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ABSTRACT

Microbeam radiation therapy (MRT) is a potential cancer therapy technique
that uses an intense X-ray beam produced by a synchrotron. In MRT, an array
of microplanar beams, called a microbeam, is delivered to a tumour. The dose at
each centre of planar beams is extremely large (several hundred grays) while dose
level in the valley between the peaks is below several tens of gray. Moreover, the
width of each planar beam is typically 20 — 50 pym, and the distance from a centre of
planar-beam to that of adjacent beam is 200 — 400 pm. For the latter reasons, the
fundamental requirements for the dosimetry technique in MRT are (1) a micrometer-
scale spatial resolution and (2) detection sensitivity at large doses (5 — 1000 Gy). No
existing detectors can satisfy those two requirements together.

The objective of the Ph.D. research is to develop a prototype dosimetry technique
which fulfils the requirements for measuring the dose profile in the microbeam. The
currently used approach relies on the indirect detection of X-rays; in which the X-
ray dose is recorded on a detector plate, and then the recorded signals are digitized
using a reader. Our proposed approach utilizes Sm®*-doped polycrystallites, glasses,
and /or suitable glass-ceramics (though our approach is not limited to the use of Sm
ion) for the detector plate, in which a valence reduction of Sm3*, that is the conver-
sion of Sm** to Sm?*, takes place upon irradiation of X-rays. The extent of reduction
is further read out using confocal fluorescence microscopy via the photoluminescence
(PL) signals of Sm** and Sm?*".

The work carried out throughout the course of the research includes the construc-
tion of confocal fluorescence microscopy, synthesis and characterizations of dosimeter
materials, as well as application tests of our approach for measuring the dose profile
of a microbeam used at synchrotron facilities — Canadian Light Source (CLS), Saska-
toon, Canada, European Synchrotron Radiation Facility (ESRF), Grenoble, France,
and SPring-8, Hyogo, Japan. Further, the research has shown that 1 % Sm-doped
fluoroaluminate glass is one of the best candidates for the type of dosimetric ap-

plication. It has the dynamic range of ~1 to over 1000 Gy which covers the dose
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range used in MRT, excellent signal-to-noise ratio (large extent of Sm3* — Sm?**
change), and excellent stability of recorded signal over time. The recorded signal in
the detector is erasable by heating or exposing to light such as UV. Furthermore,
with a use of confocal microscope, it has ability to measure the distribution pattern
of dose over the cross-section of microbeam. Therefore, we believe that our approach

is one of the most promising techniques available.
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CHAPTER 1

INTRODUCTION

Microbeam radiation therapy (MRT) is a pre-clinical cancer therapy technique. It
may cure many types of cancers with a very unique approach. The most distinguished
features of MRT are that it utilizes a very intense X-ray beam, which is spatially
modulated on the micrometer scale with very high gradients of dose distribution.
Here, such X-ray beam is a so-called microbeam. Typically, the X-ray doses delivered
to the patient are over several hundreds of gray for the large-dose regions and a few
grays to several tens of grays for the low-dose regions. These two levels (high and
low) of dose are distributed over tens to several hundred micrometers. The dose
rate of a microbeam in the high-dose regions is typically over thousands of grays
per second, which ensures the microbeam is delivered to the live-patient with the
structures of dose distribution designed for the therapy.

Measurement of a microbeam is a highly challenging task. The measurements

fundamentally require a detector that has two essential features:

1. It requires detection of extremely large doses. For instance, conventional ra-
diotherapies utilize doses up to 50 Gy, whereas the dose range in MRT is far
beyond (up to thousands of grays).

2. It requires detection of X-rays with the resolving power on the micrometer scale.
To date, no existing detector can satisfy these two fundamental requirements

at the same time.

Towards the goal of developing a novel dosimetry technique for MRT, we have
first proposed our original dosimetry approach for an NSERC strategic project grant
2009-2013 [1], and the work presented in this thesis is a part of the project, which
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is to develop a prototype dosimetry technique for MRT. Hence, the objective of
the Ph.D. work presented in this thesis focuses on the development of a prototype
dosimetry technique that can be used to measure high doses with high resolution for

use in MRT.

The following chapter covers the essential fundamental and engineering science
required to understand the contents of work presented in the thesis. It includes the
production and detection of X-rays. Rare earth ions for use in luminescent materials

are discussed in relation to X-ray detector and dosimetry applications.

Chapter 3 reviews MRT and dosimetric detectors that have been tested for the
purpose of measuring microbeam characteristics. Moreover, our novel approach to-

wards the detection of microbeams is described in detail.

Chapter 4 provides experimental techniques used throughout the course of this
work. It includes the synthesis procedures of dosimetric detector materials, and de-
scribes several measurement techniques used to characterize the dosimetric materials.
The techniques used characterize the optical, thermal, and structural properties of
solid-state materials. Furthermore, experimental set-ups used to characterize the
practical applications of dosimetric materials for measurement of microbeam dose
profile are also described. It includes the confocal fluorescence microscopy con-
structed, optical scanners used to digitize a conventional radiochromic film detector,
as well as the production of microbeam and the irradiation geometries performed
at three synchrotron facilities; Canadian Light Source (CLS; Saskatoon, Canada),
European Synchrotron Radiation Facility (ESRF; Grenoble, France), and Spring-8
(Hyogo, Japan).

We have started the project with a search of detector materials, which is described
in Chapter 5. The successful detector material, essentially, needs to show valence
reduction of Sm** (Sm*" — Sm?") doped in the material by X-ray irradiation. The
reduction effect, or response, should continuously last over the dose range used in
MRT, which is ~5 to 1000 Gy. Moreover, the material should be homogeneous
over the detector plate. Towards the search of successful detector materials, several

different types of Sm®*-doped materials have been tested.



Chapter 6 describes the work done with Sm**-doped fluorophosphate (FP) and
fluoroaluminate (FA) glasses. These are, in fact, the most successful dosimeter ma-
terials discovered in our approach. The contents include dose-response curves ex-
amined with varying concentrations of Sm** added. Furthermore, measurements of
microbeam dose profile are demonstrated.

A new glass-ceramic material was synthesized and studied for use as a dosimetric
detector, which is discussed in Chapter 7. The detector plate includes CaF5:Sm3*
nanocrystals uniformly distributed in an oxyfluoride glass matrix. The contents in
this chapter include characterizations of thermal properties and structure, which
were carried out in order to identify the temperature to heat the material in order
to nucleate and grow the nanocrystals and also to identify which nanocrystals have
been grown and the size. Furthermore, the valence reduction of Sm?3* is tested, and
attempts to use the device for measurement of microbeam dose and dose profile are
described.

In Chapter 8, measurements of microbeam carried out at three different syn-
chrotron facilities (CLS, ESRF, and SPring-8) are discussed. The X-ray beams at
these facilities have different properties such as mean energy and intensity; moreover,
they produce microbeam in different ways. The microbeams in these facilities are
characterized using our approach (with 1 % Sm3"-doped FA glass) as well as using
one of the conventional techniques (with a GafChromic® film (HD-810)). Further,
our dosimetry approach is characterized in comparison with the conventional method
based on GafChromic® film.

At last, Chapter 9, concludes the thesis with summary of the work, contributions,

as well as suggestions of future work for further advance of research.



CHAPTER 2

BACKGROUND AND PRINCIPLES

OF RELATED PHYSICS

2.1 Introduction

X-rays are characterized as high energy photons. These were first discovered by Wil-
helm C Rontgen in 1895, for which the first Nobel Prize in Physics was awarded in
1901. Immediately after the discovery, for its excellent transparency to human tissue
while being strongly interrupted by bones, X-rays soon found their application in
medical diagnosis. It became possible to use X-rays to image inner parts of a body
and differentiate between bones and soft tissue. Further, the unique properties ex-
tended its applications in non-destructive inspection, crystallography, radio surgery,
and so on. Whenever X-rays are used, production as well as detection of X-rays are
of fundamental importance.

Microbeam radiation therapy (MRT) is not an exception. MRT is a pre-clinical
stage cancer therapy technique. In this application, the X-ray source should be
powerful enough to deliver hundreds to over a thousand grays of X-ray dose at
one instant of time and the X-ray beam should be highly collimated. For the latter
reason, MRT is often carried out at a 3rd generation synchrotron facility. Further, the
spatial variation of X-ray dose must be measured for system alignment, to monitor
the X-ray beam delivered to the patient, to assure the quality of therapy, etc. In
this particular application, the detector requires high spatial resolution over a few
micrometer scale and dose detection over wide range. Put differently, the detector

must have a very large dynamic range, up to a thousand grays, and be able to capture
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the dose variation with high resolution.

The aim of this chapter is to provide sufficient background knowledge to under-
stand the contents of thesis. This chapter covers principles of related background
physics, which are involved in the production and detection of X-rays. X-rays are
typically produced by an X-ray tube or free electron laser such as a synchrotron.
Moreover, X-rays are detected by different ways, depending on the application. One
of the common methods is to use luminescent materials, which converts X-ray pho-
tons to low energy photons such as visible light. Therefore, the X-rays can be

detected indirectly using conventional photodetection techniques.

2.2 Production of X-rays

X-rays are typically produced by two different methods. The most common technique
is to use a so-called X-ray tube. Another method is to use a large-scale accelerator
such as a synchrotron. This section discusses how X-rays are produced by these two
methods.

An X-ray tube is the most commonly used tool to generate X-rays. In fact, the
present principle is the same as at the time of discovery by Rontgen. X-ray tubes are
widely used in X-ray applications such as medical diagnosis, non-destructive security
and inspection, spectroscopy, and elsewhere.

Figure 2.1 (a) is an illustration of an X-ray tube. It mainly consists of a cathode
electron source and an anode metal target which are located in a vacuum glass tube.
Under its operation, a high voltage is applied across the two electrodes, and the
electrons generated by the cathode element are accelerated and then strike on to
the anode target. The anode material is usually tungsten, molybdenum or copper.
The highly accelerated electrons are forced to stop inside the anode material and
lose their energy; some of the lost energy is converted into photons, which is in fact
X-rays.

A typical X-ray spectrum produced by this regime is shown in Figure 2.1 (b).

There are two components of the spectrum as indicated in the figure — characteristic
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Figure 2.1: Illustration of (a) X-ray tube and (b) typical spectrum of X-rays
generated by an X-ray tube.

and Bremsstrahlung X-rays, which have two different origins. Inside the X-ray tube,
electrons emitted from the cathode electrode are accelerated by the electrical field,
carry high energy and then collide on to the anode material. During the interaction
of the electrons with the anode material two different processes take place, which
gives rise to two different X-ray emissions. Figure 2.2 illustrates the origins of the
two different types of X-rays. In Figure 2.2 (a), an incident electron carries enough
energy to remove an electron from the K-shell of an atom in the anode material. As a
result, the created vacancy in the K-shell will be filled by an electron from the outer
shell (L) orbit, which results in a radiative emission. The energy of this radiation
is the difference of binding energies of K- and L- shells, which are well-defined by
the material itself. Thus, the X-rays produced by such a mechanism are so-called
characteristic X-rays. Further, if the incident electron has sufficient large energy to
remove an L-shell electron, then the vacancy is filled from the M-shell electrons,
which results in the X-ray emission with a binding energy difference between L- and

M-shells, and so on.

The accelerated incident electrons do not always strikes out the orbital electrons,
but they may interact with the nuclei by coulomb interactions. As illustrated in

Figure 2.2 (b), the trajectory of incident electrons is, then, bent, and as a result the X-
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ray photons are produced in the trajectory direction, which is called Bremsstrahlung
X-rays. The X-ray energy depends on the loss of the electron momentum by bending,
which in turn depends on the extent of coulomb interaction. For this reason, the
Bremsstrahlung X-ray spectrum has the continuous broad structure. Further, the
maximum photon energy of Bremsstrahlung X-rays is defined by the acceleration
energy since the maximum possible energy that can be lost by such an interaction is

the maximum energy that the incident electron possesses.

Bremsstrahlung
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X-ray o o : o
° ° e incident
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Figure 2.2: Origins of (a) characteristic and (b) Bremsstrahlung X-ray emis-
sions by an X-ray tube.

A synchrotron facility allows generation of X-rays that might not be obtained
from an X-ray tube. Such X-rays are extremely intense in a wide range spectrum.
Further, the beam is coherent, and the origin of the source size is very small. For
their unique properties which cannot be achieved by a conventional X-ray tube,
synchrotron generated X-rays provide highly specialized features in a wide range of
applications such as crystallography, spectroscopy, micro-fabrication by lithography,
medical imaging, and radiation cancer therapy.

At a synchrotron, charged particles such as electrons are accelerated to speeds
close to the speed of light. The orbit of the accelerated electrons is then bent by a
strong magnetic field, which results in Bremsstrahlung X-ray radiation. Figure 2.3

illustrates an example of a typical synchrotron facility. First, electrons are injected
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Figure 2.3: General sketch of a synchrotron facility.

into an evacuated ring chamber by the electron gun and accelerated by a linear
particle accelerator, or linac. Next, the accelerated electrons are transferred to a
booster ring where the electrons are further accelerated to relativistic speeds. These
electrons are delivered to the outer ring called the storage ring, in which the speed
of electrons are kept at relativistic speeds and stored. The electrons in the storage
ring are subject to "bending” in order to generate Bremsstrahlung X-rays, and they
are used for experiments at each beamline. Common techniques of "bending” are
discussed below. These electron paths take place in vacuum in order to avoid the

interaction of electrons with air molecules, which would prevent the acceleration.

electron
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°
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Figure 2.4: Illustrations of X-ray generations at a synchrotron by (a) bending
magnet and (b) insertion device.

The electrons in the storage ring are subject to bending. The most common

way is to bend by a pair of superconductive electro-magnetic coils as illustrated in



Figure 2.4 (a). As a result of bending the electron path, Bremsstrahlung X-rays
are generated in the trajectory direction. The X-rays have continuous and broad
spectrum (as illustrated in Figure 2.5), therefore specific photon energy can only be
selected by using an X-ray monochromator. The brilliance at the centre of the X-ray

beam generated by a bending magnet source is given by [2]:

& Ty
dody

= 1.327 x 10 E%[GeV]I[A]Hay(y) [ph-s™'-mr 2-0.1%bw '] (2.1)
h=0

where Hy(y) = y* K3 (%y), Fp is photon flux, # is observation angle in the hori-
zontal plane, 1) is observation angle in the vertical plane, I is storage beam current,
and FE is electron beam energy. Further, H, is a function which includes a modified
Bessel function of the second kind Kjy/3 and a look-up table or graph is available
for practical use elsewhere [2], y is the fraction of photon energy with respect to the
critical energy (e. = 0.665E%[GeV]|B[T]), that is y = ¢/e., and B is the magnetic
field strength of the bending magnet source.
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Figure 2.5: Illustration of spectral shapes generated by bending-magnet, un-
dulator, and wiggler sources.

An array of dipole magnets which is oriented periodically as shown in Figure 2.4
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(b) can also be used to generate X-rays at a synchrotron facility. In this device,
electrons travel between the magnet arrays and are bent multiple times periodically,
and each of the bendings produces Bremsstrahlung X-ray photons. Since this type of
device is ”inserted” in the storage ring, it is referred as an insertion device. With the
insertion device, X-rays can be generated with two different characteristics depending

upon the device design, and characterized by the following equation:

eB\,

- 21 Bmec

(2.2)

where e is the electron charge, B is the magnetic field, )\, is the period of dipole
magnets, (3 is the speed of the electron relative to that of light (5 = v/c), m, is the
electron rest mass, and c is the speed of light. When K << 1, the oscillation of
travelling electrons is small, so the resulting X-rays are distributed in a small area
with a very high brightness. Moreover, in this condition, the radiation generated from
different bendings interfere with each other, thus the spectrum shows several sharp
peaks, caused by the interferences, as shown in Figure 2.5. This type of insertion
device is called an undulator. When K >> 1, radiation generated from each section
of curves adds up incoherently, and its energy spectrum is broad as shown in Figure
2.5. This type of insertion device is called a wiggler. The X-rays that are generated
by an undulator or wiggler device are more intense and harder than those generated

by a bending magnet.

2.3 Interaction of X-rays with Matter

In order to detect X-rays, one must use an interaction with matter. Any resulting
effect by this interaction should be considered as a "measure” of the X-rays. For
example, an X-ray scintillator converts incident X-ray photons into low energy pho-
tons. The converted photons can be used as a measure of X-rays; and one can use
a conventional photodetector to detect X-rays indirectly. In this particular case, a

good scintillator should have strong interaction with X-rays into such a way that the
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incident X-ray photons are stopped in the scintillator material as much as possible,
so that more photon energy will be converted to light.

As X-ray photons interact with matter, the intensity of incident X-ray intensity
decreases exponentially with the travelling distance in the medium. The exponential

decay is expressed by the following equation:

I(t) = I exp {— (ﬁ) pt} (2.3)

where [, is the incident X-ray intensity at a surface of material, u/p is mass at-
tenuation coefficient, p is density of material, and ¢ is distance from the surface.
The extent of attenuation depends not only on the type of material, but also on the
photon energy. Figure 2.6 shows, as an example, the mass attenuation coefficient
(u/p) of air as a function of X-ray energy. Mass attenuation coefficient is a form of

attenuation coefficient that is independent of the density of material.
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Figure 2.6: Mass attenuation coefficient of air as a function of X-ray energy.
Courtesy of Professor Dean Chapman, University of Saskatchewan.

The attenuation is governed by multiple interaction processes. At low energies,

11



photoelectric interaction (7) and elastic (Rayleigh) interaction (w) are dominant. As
the energy increases, inelastic interaction (Compton scattering) (o) becomes domi-
nant, which is followed by pair production (k) and photodisintegration (). The total

attenuation coefficient () is normally written as a linear sum of all these effects as:
U=TH+w+o+K+m (2.4)

Since the energy range of our interest is a few hundred keV at maximum, only 7, w,

and o are subject to our consideration.

Figure 2.7 illustrates three different interaction processes of X-rays with an atom
— photoelectric, elastic, and inelastic interactions. As sketched in the upper-left of
figure, when X-ray energy is absorbed and transferred to an atom, the energy is so
large (larger than binding energy of an orbital electron) that an orbital electron is
ejected, hence the atom is said to be ionized. This process is called photoelectric
interaction. Subsequently, the vacancy is filled by an outside electron, resulting in the
emission of characteristic X-rays (or secondary X-ray emission). When an incident
X-ray photon interacts with the whole atom or electron elastically (upper-right), the
photon may be deflected from its original path without losing its energy. Hence,
the photon energies of incident and scattered X-rays are the same. This type of
interaction is referred as inelastic interaction, or Rayleigh scattering. The incoming
X-ray photon may interact with an atom inelastically (lower figure). In this case,
the incident X-ray photon ejects an electron from its orbit, and then the electron
gains sufficient energy to give rise to secondary ionization effects; on the other hand,
after the interaction, the incident X-ray photon loses its energy and keeps travelling

in a deflected direction. This type of interaction is called Compton scattering.

Mass attenuation coefficient of each chemical element is available in the literature
[3]. From the database, one can simulate the coefficient of an arbitrary compound

(1t/ peomp) from the following relationship:

B >, (’;) (2.5)
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Figure 2.7: Schematic views of several X-ray interaction mechanisms with
matter.

where w; and (u/p); are the weight fraction and mass attenuation coefficient of

element 7, respectively.

2.4 Dose

The ”amount” of X-rays absorbed is usually quantified by dose. Dose is radiation
energy absorbed in an object, and it is represented by an SI unit in gray (Gy). A
dose of 1 Gy is equivalent to 1 joule of radiation energy absorbed per unit mass (kg).

An absorbed dose, D(E,,), at a monochromatic energy, E,, is given by:

NabsEph

D(Eph) = M

(2.6)

where Ny is the number of absorbed photons, E,, is photon energy, and M is mass

of the absorber material. Further, the number of absorbed photons (Ns) which

13



deposits its energy to the material is given by:

Nabs = Noﬂﬂ{l_exp<_ﬂwzazt)} (27)

(1/0)s I
NO (Iu’/p)total [1 P { (p> total pt}] (28)

where N, is the number of total photons deposited to incident on the material, and
t is the thickness of material, (u/p),, is the energy absorption mass attenuation
coefficient which accounts for X-rays absorbed and resulting in energy deposition
to the material. (u/p),,,., is the total mass attenuation coefficients which is a mea-
sure of X-ray attenuation due to photoelectric absorption, Rayleigh scattering, and
Compton scattering. These coefficients are specific to the material composition and

independent on the state, such as gas, liquid, or solid, or in other words its density.

2.5 X-ray Detection Methods

X-rays are invisible to the human eye. The detection of X-rays depends on using one
of the effects of X-rays when they interact with a medium. Table 2.1 summarises

X-ray detection techniques with the associated physical effects used to detect X-rays.

Table 2.1: X-ray Detection Methods

Effects Detectors

Tonization lonization chamber, Geiger counter,
Semiconductor detector etc.

Fluorescence Scintillation counter etc.
Photoconductivity PbO vidicon
Photostimulable

Imaging plat
luminescence (PSL) maging plate

Photographic Photographic film

An ionization chamber is one of the detectors most commonly used to measure
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the radiation dose. Figure 2.8 shows an illustration of an ionization chamber. In
principle, an ionization chamber contains gas inside the chamber where two elec-
trodes are located. Here, high DC voltage is applied to the electrodes such that
electric field is created across the electrodes. When ionizing radiation such as X-
rays passes across the region between the electrodes, the confined gas on the track
of X-rays is ionized (electron-hole pairs are generated). The electrons and positive
ions that are generated by the ionization process are guided towards the anode and
cathode electrodes, respectively. The consequent electric current produced by these
events is detected by the ammeter. The detected electric current and number of

incident X-ray photons have the following relationship:

E.
i = N,e—2" iﬁ%&(l__e—mﬂﬂL) (2.9)

Ee—ion Htotal
where IV, is the number of incident X-ray photons, e is electron charge, F,, is X-ray
photon energy, .., is the efficiency of ionization chamber as a function of photon
energy, [gpa is energy absorption coefficient, p.q is total attenuation coefficient,
and L is the length of the X-ray path where the gas is ionized and the charges are
collected by electrodes.

®

Anode
X-ray N +
. S BEEE High DC
LT Voltage
Cathode B

Figure 2.8: Illustration of ionization chamber. Filled in circles are electrons
whereas empty circles are positive ions.

Similarly, semiconductor-based detector utilizes the ionization effect by X-rays in
the solid state semiconductor layer. One of the well known detectors is a flat-panel

digital X-ray detector where amorphous selenium (a-Se) is used as an X-ray sensing
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material. Figure 2.9 illustrates a cross-section of the detector. The layer of a-Se is
coated on a thin film transistor (TFT) array and the selenium layer is biased by
a high voltage. Just as in the ionization chamber, the a-Se layer is ionized upon
the deposition of X-ray photons, and consequently generated electrons and holes
are drifted by the electric field across the a-Se layer. The generated charges are
collected locally and read out through the TFT array. Each pixel on this flat panel
X-ray image detector detects X-rays incident on it and generates an electrical signal
proportional to the delivered dose. The signals from these pixels then constitute the
X-ray image. The resolution in a-Se detectors is limited by the pixel size, which

currently is around 50-100 pm.

Photoconductor

Storage capacitor
Pixel electode

TFT

Charge amplifier

Figure 2.9: Illustration of a-Se direct flat panel X-ray detector. From [4].

X-ray detection using fluorescence (XL) as well as photostimulable luminescence
(PSL) effects can be accomplished by using phosphors. A phosphor is a class of
material which converts high energy photons or radiations, e.g. X-rays, to low energy
photons, e.g. visible light. Therefore, it is basically used in such a way that radiation
is detected indirectly using conventional photodetectors. X-ray detection using a
phosphor is one of the key topics in this work; hence, it is discussed in more detail

in the following sections.
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Photographic film is one of the most traditional techniques for X-ray detection.
Just as it works with optical light, photographic film senses X-rays as well. However,
the sensitivity of film to X-rays is very low compared to optical light; therefore, it is
commonly used with an intensifier screen. An intensifier screen is also a phosphor,
which emits light upon absorption of X-rays. So, the screen attached closely with a

photographic film intensifies the X-ray signal detected by the film.

2.6 Phosphors using Rare Earths

Phosphor is generally a material which emits light upon photoexcitation. A phosphor
material often contains impurity ions which play an important role in controlling the
luminescent properties of the phosphor material. Such impurity ions absorb energy
from an external source such as light, heat, or radiation, and the electronic state is
excited. The excitation is followed by the return to the original, or ground, state
which results in an emission of different form of energy such as photon and heat. Very
often, rare earth ions are included in a host material of phosphor as the impurity (as
an activator) to activate such luminescent properties.

Rare earth ions in luminescent materials refer to the chemical elements with the
atomic number of 57 (La) through 71 (Lu). These elements have the especially
unique feature that the 4f orbital is incompletely filled by electrons, whereas the
outer 5s% and 5p® orbital shells are filled. The state of electron is commonly ex-
pressed using a term symbol as @StV where L, S, and J are quantum numbers
of the electron’s total angular momentum, total electron spin, and the total angular
momentum, respectively. For convenience, total angular momentum L is expressed
using alphabets as (S, P, D, F, G, H, I, ...) = (0, 1, 2, 3, 4, 5, 6, ...). The
multiplicity of spin is given by (25+1). The total angular momentum J is the vector
sum of overall angular momentum and overall spin (J = L + 5).

The energy levels that the 4f" electrons can take are determined by various
interactions: coulomb interaction between the electrons, spin-orbit coupling, and the

surrounding crystalline field. The energy level splitting of 4f° electrons in trivalent
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Figure 2.10: Low-lying energy levels of 4f° electrons in Sm>" ion by various
effects.

samarium (Sm>") ion by these effects is illustrated in Figure 2.10 as an example. The
electrons in the 4 f orbital interact with each other by coulomb interaction, resulting
in the splitting into different energy levels (SH, 4G, *F etc.). These levels are further
split by spin-orbit interaction. Since the spin multiplicity of ®H level is 6, it is split
into 6 energy levels ®Hss, SHyo, ®Hyjo, and so on. Moreover, these levels, split
by spin-orbit interaction, can be further split by surrounding crystal field with the
multiplicity given by (2. 4 1). Therefore, the ground level (°Hs ), for example, can
be split into (2 x 5/2 + 1) = 6 levels. It should be instructive to note here that the
number of split levels depends on the crystal-field strength in practice. The energy
levels of trivalent rare earth ions as the result of these splitting effects are summarised
in Figure 2.11, which is often referred as a Dieke diagram. The illustrated energy
levels are determined in LaCls, but in fact effectively consistent among different host
materials with slight shifts since these 4f electrons are shielded by the outer 5s? and

5p° electrons.

When these atoms interact with photons, the electrons are, upon the absorp-
tion of photon energy, excited to higher energy levels. Further, an excited electron

will return back to its ground state by emitting a photon or phonons (heat). The
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Figure 2.11: Dieke diagram. Energy levels of 4f™ electrons of trivalent rare
earth ions doped in LaCls. After [5].

19



photoemission upon optical excitation is referred as photoluminescence (PL). These
transitions between electronic states are normally governed by the selection rules.
The selection rules suggest that optical transitions that are allowed are those in
which the electric dipole parity must change, whereas the magnetic dipole is unaf-
fected. This means that, since all the 4f™ configurations have the same parity, all
the electric dipole transitions within the 4 f™ configurations are forbidden. Nonethe-
less, optical emission is still possible by magnetic dipole transitions. Magnetic dipole

transitions are governed by the following selection rules:

AL =0,+1
AS =0 (2.10)
AJ=0,£1 (J=0— J=0is forbidden.)

The magnitude of magnetic dipole transition is typically weaker by five orders of
magnitude than that of electric dipole transitions. For example, allowed 5d —
4f transitions of Eu?* are often used for radiation detection applications as such
emission is very strong and the emission spectrum (usually blue) is in excellent
agreement with a spectral response of photomultiplier tube (PMT) detector. On
the other hand, weak but sharp 4f — 4f forbidden transitions in Sm?* have the
advantage that they can be used as a probe of the localized environment in a glass
ceramic [6]. Further, the lifetime of allowed transitions is fast (ns — us), while that

of forbidden transitions is long (us — ms).

2.7 Phosphors for X-ray Imaging

X-rays are invisible to eye. Therefore, in order for us to ”see”, or detect, X-rays, we
must use a physical phenomenon caused by X-rays. One of the common methods is to
use a phosphor material. Phosphor material converts X-rays to low energy photons
(e.g. visible light) such that the converted photons can be indirectly detected by a

conventional photodetector.

There are several types of phosphors that are used in the detection of X-rays.
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A scintillator is one of the phosphor types, where light is emitted upon excitation
by X-rays. This process is called X-ray-induced luminescence (XL). Another class
of phosphors is based on using a plate to locally store the information of deposited
X-rays. Upon stimulation by light, such a phosphor emits light with the intensity
proportional to that of the original deposited X-ray. This process is called photo-
stimulable luminescence (PSL).

Scintillator and PSL materials are those phosphors that are commonly used in
X-ray radiography applications. Such applications require the detection of X-rays in
two-dimensional space. In this section, the use of these phosphors in X-ray imaging

applications is discussed.

Conduction Band Conduction Band
o g9 o
Electron trapgi_._i_
contre " AN contre "
@) . AN\ CD Stimulation . AN\
X-rays Emission ~ X-rays (hv or fiv) Emission
(hv) Hole trapE(A?'O'?_ (hv)
SR S OE R O
Valence Band Valence Band

(a) (b)

Figure 2.12: Illustrations of luminescent mechanisms in phosphor materi-
als using energy band diagrams for (a) X-ray induced luminescence and (b)
thermally- or optically-stimulated luminescence.

A scintillator material is used to convert X-rays to light. For example, upon
X-ray excitation, GdyO2S:Th3* emits green light. The scintillation mechanisms can
be very complex depending upon the type of material. However, in general, X-rays
are absorbed in the material, and then electrons and holes are generated. (This
process is indicated as (1) in a band diagram in Figure 2.12 (a)). Next, the gener-
ated electrons and holes will recombine ((2)) at localized luminescent centres such

as rare earth impurities. Further, the energy released by recombination excites the
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luminescent centres, and then light is emitted. This light emission is then detected
by conventional photodetectors such as a photographic film, PMT, CCD etc. Fig-
ure 2.13 illustrates the application in digital X-ray radiography, where a scintillator
plate is placed on an array of photodetectors gated by thin-film transistors. The
light emission properties depend on the type of luminescent centre and localized
environment. A good scintillator material should have the following characteristics

[7]:

high emission efficiency

strong X-ray absorption

emission spectrum matched to the spectral sensitivity of photodetectors
short emission decay time

durability

A ATl o S

dispersion

First, in order to obtain strong light yield, as many X-ray photons as possible should
be absorbed in the material and the absorbed energy should be transferred to lu-
minescent centres efficiently. Particularly, the scintillator material should consist of
heavy elements with large density to gain a high stopping power for X-rays. Spec-
tral matching of emission light with photodetector is of particular importance. A
typical radiographic film is sensitive with near UV to green light. A PMT is typi-
cally sensitive to blue. A Si-based detector such as a CCD is sensitive to red light.
In radiography, efficient detection reduces the exposure dose to the patient. The
phosphorescence afterglow occurring after the cessation of X-ray exposure is unac-
ceptable for real-time detection. Particularly, when used for radiography, significant
after-glow, or phosphorescence, will result in a low contrast image. Moreover, when
a scintillator is used in computed tomography (CT) applications, the decay time es-
pecially has to be short enough such that it does not affect the scanning speed. The
material should be durable for multiple uses. Last, the phosphor material needs to
be dispersed homogeneously over the detection area for X-ray imaging applications.

One of the most successful applications of PSL would be digital X-ray radiog-
raphy. The detector plate making a use of PSL effect used in X-ray radiography
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Figure 2.13: Examples of scintillator applications for X-ray detection. (a)
Indirect flat panel radiographic detector. A scintillator plate is placed on an
array of photo detectors. (b) Computed Tomography (CT). A scintillator plate
is coupled with the detector array.

is often referred as an imaging plate. Figure 2.12 (b) illustrates the mechanism of
PSL. An interaction with X-rays results in the generation of electrons and holes in
the phosphor matrix ((1)). Next, the free charges either recombine at the local lu-
minescent centres immediately ((2)), giving rise to XL, or become captured by local
trapping centres ((3)). These trapping centres are metastable, therefore the trapped
charges can be detrapped by stimulating optically (hv) (@), and then the charges
will recombine at local luminescent centres, which results in light emission. Rare
earth ions are often used as the luminescent centre. In the PSL processes, the trap
depth must be deep enough to be stable over a long time, meaning that trapped
charges do not become detrapped by ambient temperature or light exposure. Mean-
while, the trapping depth should not be too deep, so that stimulation is possible with
low energy photon. The ability of low energy photon stimulation makes it possible
to detect signals only from the PSL process without exciting the luminescent centre
directly. A radiographic system using PSL in BaFX:Eu?** (X = Cl, Br, or I) has
been developed by FUJIFILM in 1978, which was the first commercial radiographic
system after the first discovery of the PSL effect in a chalcogenide material in 1947
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[8]. An imaging plate where powderized phosphor is homogeneously distributed over
the film is used to detect X-rays, and then the recorded information is digitized using
a reader system as illustrated in Figure 2.14 as an example. The stimulation laser
beam (red) is guided to the imaging plate using a scanning mirror through a focusing
lens. The resulting PSL signal (blue) is guided to a suitable photodetector such as a
PMT. The image resolution strongly depends on the focus size of stimulation light

and the scattering of light in the imaging plate.

Scanning
Mirror

Beam Splitter

F Beam

Expander Laser

I 4

Photodiode

Filter

Light Guide

PMT ——>
Electrical Signal

Imaging Plate

Figure 2.14: Schematic of radiographic imaging plate reader. Reproduced
after [9].

2.8 Phosphors for Dosimetry

Rare earth doped materials are also used in dosimetry applications. In such ap-
plications, rare earth ions are doped in a suitable material to act as luminescent
centres. Thermally-stimulated luminescent (TSL) dosimetry is one of the kinds that
have been most widely used in dosimetry practice. Details of luminescent mecha-
nism vary depending on the detector material types, but the mechanism is briefly
described here. As shown in Figure 2.12 (b), the TSL material is ionized by ab-

sorbing the deposited X-ray energy. A fraction of generated electrons and holes will
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recombine immediately at the luminescent centres (indicated as (2)) as seen in a
scintillator material, but just as in PSL phosphor material the remainder of charges
are captured by metastable trapping centres and locally stored (indicated as (3)).
The number of captured charges is supposed to be proportional to the irradiation
dose. In the TSL material, the captured charges can be detrapped back to the trans-
port band by thermal stimulation (hv equivalent of thermal energy), and then the
freed charges will recombine at local luminescent centres resulting in light emission
(k) (indicated as (@). The detector is heated at a constant rate over a certain
temperature range. The integrated light intensity is proportional to the number of
trapped charges, which in turn is proportional to the deposited dose. Instead of
thermal stimulation in TSL, optical stimulation just like PSL-based imaging plate
has been also used. Such a method is referred as optically stimulated luminescence

(OSL) dosimetry [10].

OSL strip
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Figure 2.15: A commercial dosimeter capable with TL and OSL readout.
From [11].

An example of commercially available dosimeter is manufactured by Landauer
Inc., USA. The sensing material is Al,O3:C crystalline and distributed as a badge to
wear, as shown in Figure 2.15, and to monitor radiation dose. After a certain time
period of use, the badge will be returned to a lab and the accumulated dose over the
time is measured using a setup illustrated in Figure 2.16 as an example. The reader
setup is capable of measurement by both thermal- and optical-stimulation. For TL,
a heating element is placed underneath the sample, and the consequent luminescence
is measured by the PMT through an optical filter as the temperature is elevated. For
OSL, blue or IR stimulation is guided onto the sample, and then the luminescence

is detected by the PMT.
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Figure 2.16: Example of TL/OSL reader setup. Reprinted from [12].

Important characteristics to consider for dosimetry include:

. response linearity
. emission spectrum
. stability

1
2
3
4. energy dependence
5. tissue equivalence
6

. reusability

Detector response such as light intensity increases as the deposited X-ray dose
increases. When the response is linearly proportional to the deposited radiation
dose in the dose range of interest, it has a large advantage that the dose calibration
process needed after the signal readout is straightforward, and the errors on dose
calibration fitting is minimized.

As for phosphor materials in X-ray imaging applications, the luminescent spec-
trum should match the spectral sensitivity of photodetector. The material should
be transparent to the PL light.

A reliable dosimetric material should store the dose information without fading
until readout. Fading may occur by unexpected stimulation by the ambient tem-

perature or by ambient light exposure in which the detector is stored post-exposure.
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This may occur especially when the trap depth from the transport band is shallow.
Risk of fading is reduced when the charges are trapped at deeper centres.

It is of importance for dosimetric detector that the sensitivity is independent
to the radiation energy. An energy dependent detector requires calibration, which
always includes a certain degree of error.

Tissue equivalent materials are those that have X-ray absorption and scattering
properties equivalent to tissue. When a dosimetry detector is used in applications
such as radiosurgery, the detector material should be tissue equivalent otherwise the
detector material would block the majority of radiation at upstream of patient. Also,
tissue equivalent material can be used to simulate the radiation behaviour in human
tissue.

A reusable detector material would, of course, be economically and environmen-
tally friendly. A reusable detector is one that has an ability that the recorded in-
formation can be, somewhat, erased intentionally, and the dose-response behaviour

must be consistent regardless of erasure history.
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CHAPTER 3

MICROBEAM RADIATION THERAPY

AND ITS DOSIMETRY

3.1 Introduction

This thesis focuses on development of new X-ray dosimetry techniques. The tech-
niques are designed to be used particularly in microbeam radiation therapy (MRT)
and its research. Such radiosurgery uses an X-ray beam which is spatially modulated
on a micrometer scale; and the dose contrast between large-dose and low-dose re-
gions is extremely high. Due to the very unique properties of MRT, none of existing
dosimetry satisfactorily meets the stringent requirements — high-spatial-resolution
and large-dynamic-range in the large dose range. The work reported in this thesis
is based on developing a dose detection technology with high-resolution and large-

dynamic-range.

The next section describes how MRT is carried out and its special character-
istics. The following section (3.3) discusses dosimetry approaches and contrasts
between computational and experimental techniques. Further, Section 3.4 describes
dosimetric detectors tested for MRT in earlier studies in the literature. Finally, our
novel dosimetry technique is proposed in Section 3.5. In addition to basic concepts,

discussions from materials to instruments are made.
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3.2 Microbeam Radiation Therapy

Radiosurgery is a form of medical procedure in which radiation is delivered to a local
area of a patient to kill malignant cells, or tumour. In contrast to the conventional
surgery, radiosurgery is a non-invasive treatment. In general, radiations such as X-
rays, y-rays, proton, or neutron are directed to the tumour to destroy the tumour
during irradiation, and invariably healthy tissue is also somewhat damaged, hopefully

for minimal extent.

Microbeam radiation therapy (MRT) is a type of radiosurgery where X-rays are
used. MRT has been first reported by Slatkin et al. in 1992 [13]. Figure 3.1 illustrates
the way that MRT is typically carried out. It utilizes an X-ray beam which is spatially
fractionated and consists of a bundle of micro-scale planar rays travelling parallel to
each other. This type of specialized X-ray beam is a so-called microbeam. A typical
distribution of X-rays over the cross-sectional area of microbeam is illustrated in
Figure 3.2. The microbeam is typically produced by inserting a multi-slit collimator
(MSC) in the path of a broad and well-collimated X-ray beam. The MSC is often
made of a tungsten block where a number of micro-scale slits are cut in parallel to
each other; hence the microbeam is produced as the X-rays are transmitted through

the slits.

Some of the terminologies commonly used in MRT research slightly differ between
various disciplines; here we attempt to clarify and define the terminologies used in
this thesis. As mentioned above, a microbeam is considered as an array of microplanar
beams each with the thickness of 20 — 100 pum. Some works in the literature use this
term to refer to an individual narrow beam, however it seems like that the term in
this manner is commonly used in the dosimetry side of MRT research. The separation
of individual beams is described by using a centre-to-centre distance, which is the
shortest distance from the centre of one beam to the centre of an adjacent beam. It
should also be pointed out that, when we discuss the design of MSC, the centre-to-
centre distance refers to the shortest distance from the centre of one slit to the centre

of an adjacent slit, which is theoretically the same as the centre-to-centre distance
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Figure 3.1: Illustration of microbeam radiation therapy (MRT). (Left) Mi-
crobeam is created by inserting a multi-slit collimator in a collimated broad
X-ray beam path such as a synchrotron radiation, and then delivered to the
patient. (Right) A microbeam, in general, consists of a number of microplanar
beams oriented parallel to each other. The beam width, centre-to-centre dis-
tance, peak dose, and valley dose are important parameters to determine the
quality of therapy.

between the neighbouring maxima in the radiation pattern. The largest X-ray dose
in the microbeam is located at the centre of each individual beam, and this is called
peak dose; whereas the dose value between two adjacent beams is called the valley
dose.

One of the key advantages of using a microbeam is for its superior sparing effect.
When the patient is treated with a microbeam, human tissue experiences very large
dose at the peak (hundreds of grays) while the valley dose is maintained below the
threshold. After the treatment, under such conditions, evidence shows that partially
damaged healthy tissue located in the beam path, on one hand, will recover with the
help of adjacent healthy cells, which would have been exposed to radiation in the
valley and hence only minimally damaged. On the other hand, the cancer cells do not
show such an ability to recover (whether irradiated or not), hence the entire tumour
will necrosis. To date, the physical and biological mechanisms of this sparing effect
are not fully understood. Nevertheless, the experimental evidence shows that, for a
successful treatment, the peak dose and the valley dose have to be well controlled

and the ratio of peak dose to the valley dose is a key parameter for a successful
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Figure 3.2: An example of a microbeam pattern. It was measured using
a GafChromic® film detector at Bio-Medical Imaging and Therapy (BMIT)
beamline, Canadian Light Source, Saskatoon. The each planar beam has 50
pm width separated by 400 pym from centre to centre. Total number of planar
beams is 75.

treatment. This dose ratio is called the peak-to-valley dose ratio (PVDR). The peak
dose is understood to be strongly dependent on the dose given by the broad beam
(as shown in Figure 3.1). However, the X-rays in the valley is a contribution of
scatterings and X-ray divergence, thus the valley dose, in turn PVDR, depends on
a number of parameters including the width of micro planar beam, centre-to-centre
distance, density of patient cells, distance from the MSC etc. Optimized treatment
conditions are currently under investigation. With this sparing effect, MRT has a
great advantage over conventional radiosurgeries for being able to apply a large dose
to the patient.

Since the first report in 1993, MRT experiments have been carried out at syn-
chrotron facilities. This is because synchrotron X-ray radiation has important char-

acteristics which are essential for MRT. The key characteristics are:

1. minimum beam divergence,
2. high fluence rate, and
3. large photon energy (< 150 keV).

and the reasons are as follows. When the divergence of beam is minimum (1),
the microbeam includes minimum scattering of X-rays by MSC, which is made of
materials with a large atomic number. Therefore, the minimum divergence of beam
ensures a high contrast of peak and valley doses, thus large PVDR. (2) Bright X-
ray source enables us to deliver large dose over a very short duration of time. A

movement of patient during the treatment would result in a distortion of absorbed
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microbeam dose-profile where the peak dose value drops and the valley dose increases.
Consequently, effective sparing effect as well as tumoricidal effect are not expected
due to the low PVDR. Using a high flux microbeam would avoid the development
of a low contrast of absorbed dose caused by an unwanted movement of the subject.
(3) While the majority of low energy X-ray photons are absorbed at the surface
of the target object due to the predominant photoelectric interaction, high energy
photons (hard X-rays) have the ability to penetrate inside the body and make it
to the affected area. Figure 3.3 shows an image of the brain of a piglet after a
microbeam irradiation with an entrance skin dose of 300 Gy. It can be seen that the

microbeam has penetrated to the inner brain.

Figure 3.3: A cross-sectional image of the brain of a piglet after a microbeam
irradiation. The skin entrance dose was 300 Gy. The tracks of microbeam are
represented as lighter coloured lines. Each of the microplanar beams is about
25 pm wide and separated by about 200 pum. After [14].

The geometry of irradiation in MRT illustrated in Figure 3.1 has been the most
common method and most intensively studied, but this has not been the only ap-
proach. This method is sometimes refereed as a unidirectional MRT in contrast to
the method which delivers a microbeam from multiple directions (multi-directional

). In the latter approach, the necessary damage of healthy tissue can be minimized
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without lowering the destructive impact to the tumour. In terms of the microbeam
design, instead of using an array of planar beams, using an array of cylindrical beams
is another optional approach [15]. In radiosurgeries, the use of radiosensitizer has
been widely studied and clinically accepted, in practice, in order to enhance the
effect of treatment; however, only a few studies have used in microbeam radiation

therapy [16].

3.3 Dosimetry in Microbeam Radiation Therapy

MRT utilizes a highly specialized X-ray beam, a microbeam. The width of each
individual beam is typically 10 to 100 pum, and the centre-to-centre distance is 100
to 400 pm. These parameters vary depending upon the design and the settings of
MSC. MRT employs higher dose than ordinary radiosurgery at the centre of the
microplanar beams (hundreds of grey) while the valley dose is controlled below the
threshold of critical tissue damage. In order for MRT to advance into the clinical
stage, it is essential for us to accurately understand the distribution of dose delivered
over the patient. The dosimetry in MRT has been done mainly by two types of
approach — computer simulation or experimental measurement.

Dosimetry by computer simulation has been extensively studied by using Monte
Carlo codes which include EGS4 [17], PSI-GEANT [18], GEANT4 [19] and PENE-
LOPE [15, 20]. These codes use different physical models and algorithms, which are
beyond the scope of this research, in order to simulate the scatterings and diver-
gence of X-rays, which in turn predicts the distribution of dose in the microbeam
deposited to the patient. A simulated microbeam dose distribution profile is illus-
trated in Figure 3.4 as an example. The simulation of the microbeam profile is an
inexpensive approach and allows invaluable estimation, which may not be easy to
achieve experimentally.

In contrast to computational dosimetry, experimental dosimetry allows the mea-
surement of the actual dose-profile which is delivered to the patient. Consequently,

experimental dosimetry finds applications that include:
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Figure 3.4: A microbeam X-ray dose distribution profile predicted by a Monte
Carlo simulation. The microplanar beams have 25 ym width, and the centre-
to-centre distance is 200 pm. [21]
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1. Quality assurance,

2. Optimization of treatment conditions,
3. Study of physical mechanism, and

4. Legal record of patient file

(1) Quality assurance cannot be done without an experimental dosimetry. In particu-
lar, the alignment of the MSC requires highly precise positioning by a goniometer. In
order to ensure the MSC has been properly aligned, the microbeam dose distribution
pattern needs to be measured as a practical matter. (2) Successful MRT parameters
need to be optimized, and experimental dosimetry would also have an important role
in this regard. The MRT parameters to be optimized include peak dose and valley
dose, PVDR, individual beam dimensions (width and height), centre-to-centre dis-
tance, number of microplanar beams etc. These parameters perhaps can be predicted
by computer simulation; however, the actual measurement could interpolate the data
caused by the unpredictable numerical parameters in the simulation such as imper-
fections in the collimator fabrication and alignment. (3) The microbeam shaped by
the MSC is guided to the patient with a minimum change of beam parameters during
the propagation. The X-ray beam suffers considerable scattering at the MSC and the
beam divergence becomes significant as it propagates in the patient’s body. These
physical interactions of X-rays with matters would especially cause an increase of
the valley dose and also the peak dose drops by the latter interaction, hence leading
to a reduced PVDR. The actual measurement of the microbeam dose profile would
help the researchers to study and understand the mechanism of the factors causing a
low PVDR. (4) Information of microbeam parameters delivered to the patient should
be recorded and filed as a legal record. The actual microbeam profiles can only be
found by an actual measurement, thus experimental dosimetry is an indispensable
asset.

As discussed above, dosimetry in MRT is both essential and indispensable for
researchers to develop a successful treatment. Both the approaches by computer
simulation and experimental measurement have their advantages, thus researchers

need to utilize the two different approaches jointly in order to advance MRT. How-
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ever, the scope of this thesis is on the experimental side of dosimetry, so we will

discuss the experimental techniques in the following sections.

3.4 Potential Dosimetric Detectors

3.4.1 Fundamental Requirements

As mentioned previously, a search for an appropriate dosimetric detector is a primary
and essential task. A successful dosimetry technique for MRT requires mainly two
tasks - spatial resolution and dynamic range. As the dose distribution of microbeam
is on a micrometer scale (each of microplanar beams in microbeam has the width of
20 to 100 pm and these are separated by 100 to 400 pm), the dosimetric detector
needs to possess the resolving power of a few micrometers in order to accurately
measure the dose distribution caused by the divergence and scattering of the X-
ray beam. Moreover, the microbeam carries a very large dose at the centre of the
microplanar beam (hundreds of grays) whereas the valley dose has to be kept lower
than the threshold of normal tissue damage. Therefore, the detectable dose range
of the required dosimeter must cover both the peak and valley doses, which is in a
range of 5 to 1000 Gy.

Since the evolution of MRT, many dosimetric techniques have been tested and
also specially developed. Bréuer-Krisch et al. [22] have reviewed the potential
dosimetries for MRT, and the different approaches are introduced in the following
sections. Table 3.1 summarises the potential dosimetries in terms of the dynamic

range and spatial resolution.

3.4.2 MOSFET

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) consists of a
gate-oxide layer (SiOg) deposited on a silicon crystal. Upon X-ray irradiation, elec-
trons and holes are generated in the silicon oxide layer, and then the charges are

collected through the gate. Since the device is oriented in such a way that the cross-
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Table 3.1: Potential Dosimetries for MRT. Data taken from [22]

Dosimetry Dose Detection Range Spatial Resolution Remarks
Flash Memory MOSFET 1 -1000 Gy 0.2 pm One dimensional
Polymer Gel Dosimetry 0.01 — 100 Gy > 100 pm Three dimensional
Fluorescent Nuclear 0.005 — 50 & 0.6 Confocal readout bilit
Track Detector (FNTD) . y 6 pum onfocal readout capability
High-Resolution _ ~
Thermo-Luminescence Detector 0.01 =500 Gy 0.5 pm
GafChromic® Film Dosimetry 10 — 400 Gy 12.5 pm Commercially available
Optical Computed Tomography 10 - 500 Gy 20 pm Three dimensional
Silicon Strip Detector 10 — 50000 Gy 10 pm Real time,

One/two dimension




section of the layer is perpendicular the X-ray beam direction (so-called edge-on
orientation), the flash memory MOSFET has a lateral resolution as much as the
thickness of the sensitive oxide layer (< 1 pm). This technique has been developed
to especially monitor the peak and valley doses of microbeam online during the ther-
apy [23, 24, 25, 26]. The detection range is sufficiently large; however, the spatial
resolution is insufficient to resolve the beam pattern. Moreover, two dimensional

mapping is preferred for MRT dosimetry.

3.4.3 Polymer Gel Dosimetry

Polymer gel dosimetry [27, 28] utilizes the polymerization of monomers dissolved
in polymer gel matrix by interaction with X-rays. The polymers after the reaction
can be detected by using a magnetic resonant imaging (MRI) technique. Since the
polymer gel is characterized as tissue equivalent, the microbeam dose distribution
as a function of the depth in the tissue can be continuously measured, with a use of
MRI readout in the three-dimensional space. However, the detection at large dose

as well as the spatial resolution needs to be improved for practical applications.

3.4.4 Fluorescent Nuclear Track Detector (FNTD)

Fluorescent Nuclear Track Detector (FNTD), shown in Figure 3.5, is an aluminium
oxide single crystal doped with carbon and magnesium (Al,O3:C,Mg) [29]. Electron
and hole charges are created by the X-ray irradiation and the free electrons are
trapped by Fa' color centres, giving rise to Fy, which emits in the near infrared
range upon UV excitation. The fluorescent signal is read out by confocal fluorescent
microscopy with high resolution. This technique has been developed for detecting
tracks of heavy charged particles and neutrons. In order to apply it for dosimetry in

MRT, the detection of high dose needs to be demonstrated.
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Figure 3.5: Photograph of fluorescent nuclear track detector (Al;O3:C,Mg).
After [30].

3.4.5 Thermally-stimulated Luminescence Dosimeter (TLD)

Thermally stimulated luminescence is often used for radiation measurement. Typi-
cally, the electrons and holes generated in the detector material by ionizing radiation
are captured by local trapping centres and stored. The trapped charges are released
back by thermal stimulation which is followed by recombination of electrons and holes
giving rise to light emission. Ptaszkiewicz et al. [31] have developed LiF:Mg,Cu,P-
based TL foils and a reader, shown in Figure 3.6, equipped with a CCD camera and
heater. The image resolution is typically limited by the pixel size of camera and the
thickness of the detector material. The thinner the thickness of detector matrix, the
better the image resolution, because the resolution is strongly limited by the scatter-
ing of light emission inside the detector matrix. On the other hand, the light yield
is lower, which results in a decrease of signal-to-noise (S/N) ratio, as the detector
volume decreases with decreasing the thickness. The TLD measurement technique
needs to be improved for detection at high dose as well as in terms of the spatial

resolution to apply in MRT.

3.4.6 GafChromic® Film Dosimetry

GafChromic® (HD-810) film (Figure 3.7) is a self developing dosimetry film specif-

ically created for radiotherapy applications, and it is commercially available world-
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Figure 3.6: A prototype of readout set-up for two-dimensional thermally
stimulated dosimetry. After [32].

wide. It turns dark (reddish) as it is exposed to radiation. Therefore, the deposited
dose is read as light transmission (or absorption); and signal readout may be done by
a micro-densitometer or ordinary optical scanner. Although it does not fully satisfy
the requirements for MRT dosimetry, it has been nonetheless used to characterize
microbeam in MRT research for its easiness of handling and for its availability in the
commercial market. Crosbie et al. [33] have attempted to measure both peak and
valley doses together by combining two different films that have different dose detec-
tion ranges; one is for measuring the peak dose and the other one is for valley dose
detection. The response seems to be insignificantly dependent on the X-ray photon
energy (30 % of decrease when the energy drops from 1.7 MeV to 28 keV [34]. Fur-
ther, the response is unstable within 1 — 2 days after the irradiation (approximately

10 % increase).

3.4.7 Optical CT

Optical computed tomography approach proposed by Doran et al. [35] use a ra-
diochromic plastic called PRESAGE™ as a detector material. The PRESAGE ™™
is a colourless and transparent material, but it turns dark by X-ray irradiation and
the change in optical density is used as a probe of X-ray dose. The detector is a

cylindrical bulk material, and irradiation is made from one side of face. The optical
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Figure 3.7: Photograph (top) and a layer configuration (bottom) of
GafChromic® film (HD-810). The images are after the manual.

density is read out by the same manner as X-ray CT but using the transmission
of visible light instead of X-rays. The PRESAGE™ is tissue equivalent, thus the

distribution of microbeam as a function of depth in the tissue can be easily studied.

3.4.8 Silicon Strip Detector (SSD)

A silicon strip detector (SSD) is often used in the studies of high energy particles
as a sensing technique to detect the position of a high energy particle. Typically,
an n-type silicon bulk is sandwiched by an array of p-type silicon semiconductor
strips deposited and a plane of electrode or another set of silicon strip array aligned
perpendicular with respect to the other set. Upon interaction with a high energy
particle, electron and hole charges are generated in the silicon bulk and then collected
by the strip channels. For its simple architecture, the strips can be densely fabricated
thus small can be achieved. A single silicon strip detector chip (Figure 3.8) has been
tested for microbeam detection by Lerch et al. [36] and Petasecca et al. [26]. The
dose detection is excellent in the high dose range, but spatial resolution needs to be
improved. In addition to the capability for a real time measurement, as in the case of

a MOSFET detector, the SSD is essentially capable for two-dimensional detection.
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Figure 3.8: An example of silicon strip based detector prototype for mi-
crobeam radiation therapy dosimetry. After [26]

3.5 Proposed Approach

In Microbeam Radiation Therapy (MRT), a spatially fractionated X-ray beam, or
microbeam, is deposited to the patient to cure a tumour such as brain cancer. In
order to resolve such an extremely high gradient of X-ray dose at a micrometer scale,
a specialized dosimetry technique needs to be developed. As mentioned before in
Section 3.4.1 a successful dosimetry should, essentially, have a few micrometer of

image resolving power with a high dose detection range, for example 5 — 1000 Gy.

Throughout the course of the research we have developed a new dosimetry tech-
nique towards the goal to fulfil the requirements. The technique is based on an
indirect X-ray detection in which X-rays are, first, detected and stored on a dosi-
metric detector plate, and then the stored information is read and digitized using a

special read technique based on confocal microscopy.

This chapter proposes and describes, in detail, our technique, and provides further

scientific and technical discussions and analysis.
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3.5.1 Basic Concept

This section briefly introduces our proposed approach to measure the X-ray dose
distribution of microbeam used in MRT. Our approach mainly consists of two parts.
One part is the detection and recording of X-ray dose distribution using a dosimetric
detector plate. The second part is readout and digitization of the stored information
on the detector plate. Figure 3.9 gives an overall illustration of our technique. Note
here that, although only samarium (Sm) ion is sketched in the figure, our approach
is not necessarily limited to using Sm ions embedded in a host material. Other
ions that show valence change under X-ray radiation can also be used but the two
valence states should have distinguishable PL characteristics. However, since only
Sm3*-doped materials have been mainly used in the research so far, the discussions
below will refer to Sm ions for convenience. (Section 3.5.2 compares different rare

earth ions as dopants that may possibly be used in the research.)

As the basic principle, we have intended to utilize a valence reduction process of
Sm3T. It is commonly understood that Sm3* ions doped in a selected material show
the reduction of valence state to the divalent state (Sm?*) upon interaction with
ionizing radiations such as X-rays or high energy particles. Therefore, as sketched
in Figure 3.9 (left), when an X-ray beam is incident on the detector material, which
is originally doped with Sm3* ions, a fraction of Sm3* ions only in the irradiated
region is reduced to Sm?*. Since both Sm3* and Sm?* ions are typically understood
to show fluorescence in defined spectral ranges, the presence of reduction should be
observable by PL measurement, which is shown on the lower left part of Figure 3.9.
Here, we simply assume that the intensity of the PL signal by Sm?* is proportional
to the number of reduced Sm?* ions, which is, further, proportional to the deposited
X-ray dose. Therefore, the dosimetry technique utilizes the extent of Sm3* — Sm?*

observed as a PL signal as a measure of the X-ray dose deposited.

The right side of Figure 3.9 is a simplified illustration of signal readout setup
based on a confocal fluorescence microscopy technique. The confocal microscopy

is a widely-used technique in various disciplines, such as biology and medicine. It
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Figure 3.9: Illustration of the proposed dosimetry approach for microbeam
radiation therapy. Sm?" ions in the detector material are reduced to the Sm?*
by interacting with absorbed X-rays, and this reduction is used as a sign of the
X-ray dose deposited and measured as PL signal (left). Confocal fluorescent
microscopy is used in order to map the PL signals of both Sm3* and Sm?* over
the detector plate, in turn X-ray dose distribution (right).

optically collects and measures fluorescence signals from a horizontal plane near
the surface of a sample and maps the signals to visualize the fluorescence emission
distribution on the detector plate. So, it is often used in biological applications such
that a biological sample of interest is stained by a fluorescent ink and then scanned
by the microscopy. Typically, confocal microscopy technique allows submicrometer
spatial resolution. In our dosimetry approach, it is used to digitize the distribution
of PL signals by Sm** and Sm?" on the sample and to store the information on a
computer for processing and analysis. The PL signal data are then calibrated to
the dose values in the incident radiation. A principle of confocal microscopy will be
discussed in Section 3.5.5 in this chapter, and the readout system we have developed

throughout the course of research is introduced in detail in 4.5.

3.5.2 Valence Change of Rare Earth Ions

In our dosimetry approach, a valence change of rare earth ion caused by ionizing ra-

diation is utilized as a probe of delivered dose. This section discusses the mechanism
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of valence change of this rare earth ion in detail.

Rare earth ions often display different properties in their different valence states.
Therefore, a change of valence state in a rare earth embedded in a medium is of-
ten studied and discussed for a variety of applications. One of the most common
methods to reduce the valence state is to synthesize the material under a reduc-
ing atmosphere such as hydrogen. Hydrogen donates its electron to the rare earth
ion, for example trivalent (3+) state, and the reaction results in the divalent (2-+)
rare earth ion. Another approach is to include an additional chemical compound,
or so-called reducing agent, during the synthesis. During the synthesis, or chemical
reaction, the reducing agent donates electrons to the rare earths without affecting
the properties of the host material [37]. Rare earths with a particular valence state
prefer to locate at a particular cation site of a given crystal structure. For example,
when an europium ion is forced to be included at strontium site in SrFy, the valence
state of europium is preferred to be divalent for charge compensation (two of neg-
atively charged chlorine ions F~ is compensated with one divalent cation) [38]. A
change of valence state of a rare earth ion cannot only perform during the synthesis
but also after the synthesis as reported in the literature. The technique to reduce
rare earth ions after synthesis includes the photoionization of host material by ~-rays
39, 40, 41, 42], X-rays [43, 44, 45, 46, 47, 48], f-rays [41, 49, 50], and focused infrared
light from a femto-second laser [51, 52, 53, 54]. The reduction by ionizing radiation

is, in fact, used in our dosimetry approach and is further discussed below.

The mechanism of valence change by photoionization is not fully understood and
the interpretation may vary depending upon the host material. However, in general,
it is commonly explained that ionized charges (electrons and holes) generated by
the photoelectric interaction are captured by trapping centres. Here, the rare earth
ions may act as either electron traps or hole traps (under certain conditions). As a
result, the valence state may be reduced by capturing an electron; or the oxidation
state may be increased by capturing a hole. To discuss the oxidation process of rare
earths, one may use the so-called Dorenbos model [55]. Dorenbos has systematically

studied the location of a series of rare earth ions doped in chemical compounds. As
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an example, Figure 3.10 illustrates energy band diagram of CaFy crystal with the

locations of divalent and trivalent rare earth ions indicated. His systematic research

over a numerous number of materials has revealed that the relative location between

trivalent rare earth ions as well as between divalent ions are consistent regardless of

the host material. However, what differs in different materials is the relative location

of ground level of divalent rare earth ions with respect to the bottom of conduction

band; also, the relative location of ground level of trivalent rare earth ions with

respect to the top of valence band differs. As it turns out, the ground level of Eu?*

ion locates at the lowest energy among the rare earth ions always, and Sm?* locates

at the next lowest energy, regardless of host matrix.
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Figure 3.10: Location of trivalent and divalent rare earth ions in the energy
band diagram of CaFsy crystal. The relative positions over the different rare
earth ions are consistent regardless of the type of host material. The position
of ground state of divalent ions relative to the bottom of conduction band and
the ground state of trivalent ions relative to the top of valence band may vary
depending on the host material. After [55].

When the energy levels of the rare earth ion is located within the forbidden band,

then the rare earth ion may act as a trapping centre. For example, Eu?*, Ce3*, Pr3+,
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and Th3* often act as a hole trapping centre [56, 57]. They capture free hole charges
from the valence band and then, as a result, become Eu?*, Ce**t, Pr*t, and Th**,

respectively. Such a reaction may be expressed as:

Eu*" + ht — Eu’" (3.1)
Ce*t +ht — Ce't (3.2)
Pr*t + h™ — Pr*t (3.3)
Tb** +h* — Th** (3.4)

Here, it should be instructive to note that these ions may act as a ”stable”
trapping centre only when the ground level of consequent valence state still remains
within the forbidden band, and also locates far from the top of valence band. If
Eu?t and Ce®* take their positions in the valence band, the captured hole will be
immediately released back to the valence band. Moreover, if the location of Eut
and Ce** are still in the forbidden band but very close to the top of valence band,
then the captured charge will be most likely released back to the valence band due
to phonon excitation etc.; therefore the trapping centre is not stable.

Now, consider electron trapping: Sm**, Eu®*, and Yb?** would be good candi-
dates as a stable trapping centre for the same reasons discussed for hole traps. The
divalent forms of these ions locate at low energy levels among other ions based on
the Dorenbos model. It means that there is a good chance that, after capturing elec-
trons, the ground energy level of resultant divalent state would still position below
the bottom edge of conduction band in such a way that the captured electron will
not easily escape. In this case, these ions act as stable electron traps. By the same

manner as hole trapping, such trapping process may be expressed as:

Sm** +e” — Sm?** (3.5)

Eu*t +e” — Eu?f (3.6)
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Yb¥ +e” — Yb* (3.7)

3.5.3 Host Material for Rare Earth lons

Our dosimetry detector medium embeds rare earth ions. As discussed earlier, the
extent of valence reduction of a rare earth ion (RE*™ — RE?*") due to X-ray irradia-
tion is to be used as a probe of X-ray dose; and it is read out as a PL signal using a
confocal microscope at high resolution. This section discusses a variety of potential
host materials in which rare earth ions are included and to be used as a dosimetric
detector plate in our research.

From the physics point of view, the host matrix must be such that the embedded
rare earth ion can change its valence state upon X-ray irradiation. In principle, as
discussed in Section 3.5.2, in order for the ions to change the valence state, they need
to act as a stable electron trapping centre. Moreover, the stable electron trapping
centre is such that the location of, for example, RE3** must be within the forbidden
band (above the top of valence band), and the location of the ion after capturing
an electron (RE*") is well below the bottom of conduction band. According to the
Dorenbos model, the energy gap between RE3* and RE?*" varies depending on the
host material; however, there is a better chance for a rare earth to be a stable electron
trapping centre when the band gap between the bottom of conduction band and top
of valence band is wide. For example, fluoroaluminate and fluorophosphate glasses,
which seem to allow the valence change, have the band gap energies of 8.25 and 7.8
eV, respectively [58]. Further, most of trivalent rare earths doped in CaF, can be
reduced by X- or v-ray irradiation at 77 K [59] where the band gap of CaF; is very
large, 12 eV [55]. As far as we are aware, the valence change of rare earths embedded
in a material with small band gap energy has not been reported.

Usually, a phosphor material for X-ray imaging applications is preferred to be
transparent to light. A scintillator plate converts X-rays to visible light in general,
therefore the plate is placed on an imaging sensor to indirectly measure X-ray inten-
sities distributed over the field of view. If the scintillator material is not transparent

to light, the converted light is scattered as it travels in the material. As a result,
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the image resolution is lost. The same idea applies to an X-ray storage phosphor, or
imaging plate. X-ray information is stored as charges trapped at localized centres.
A focused laser beam is raster-scanned over the plate, which stimulates the trapped
charges to be free, and then the charges are recombined at luminescent centres fol-
lowed by a light emission. The emitted light is digitized through a photodetector
to construct the X-ray image detected. Here, the storage phosphor material needs
to be transparent to both the stimulation and emission light. Otherwise the light
scattering would reduce the image resolution. Figure 3.11 shows an X-ray image of

an integrated circuit detected by a transparent CsBr:Eu?* imaging plate.

Figure 3.11: Example of a transparent X-ray phosphor. (a) Transparent
CsBr:Eu?* imaging plate. (b) X-ray image of an integrated circuit chip detected
by a transparent imaging plate. After [60]

The rare earth may be included in the detector medium which can be different
structures of materials. A crystal is a form of atoms, molecules or ions arranged
periodically in a three dimensional periodic lattice. In a crystal, the number of
neighbours and their orientations are well defined. Further, the chemical bonding
length as well as the angle are also well defined in the presence of long-range or-
der. When such crystal properties are extended over a certain area or volume, the
material is referred as a single crystal. With its well-defined structural properties,
numerical approaches have been widely undertaken to design and optimize the mate-
rial. Further, in general, single crystal structures, compared with polycrystalline or
amorphous counterparts, provide superior optical and electrical properties for most
applications. For example, the solar cells that give the highest energy conversion

to date is made of multiple layers of ITI-V based single crystal semiconductor [61].
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Moreover, from the literature, it seems that most of reported RE host materials that
allow the RE3* — RE?* change are crystals. Despite the excellence of material prop-
erties, it is a big challenge to grow a single crystal without (or with less) inclusion
of unwanted impurities and defects over a large area or volume. It is important that

the detector material is homogeneous over the area of interest.

Since it is not an easy task to fabricate a single crystal over a large area or vol-
ume, one may create fine crystal powder and then distribute it on a substrate. This
technique allows the fabrication of a detector film over a large area while taking
advantages of good optical properties of the crystal. This technique is commonly
used for X-ray imaging plates. For example, computed radiography invented and
commercialized for the first time by FUJIFILM is based on europium doped barium
fluorobromide (BaFBry:Eu®T) powder [62, 63]. During the digitization, the imaging
plate is raster scanned by a red laser beam, and then the consequent blue photo-
stimulated luminescence is detected. Since the readout of the imaging plate relies
on an optical method, a severe light scattering of stimulation and emission light by
the powder dramatically reduces the resolution. In addition, the larger powder size,
the poorer resolution; and uniformly distributing the powder over the imaging plate

is also a challenge.

A phosphor material can be mechanically shaped in order to improve the spatial
resolution, which is limited by light scattering at the detector medium. Figure 3.12
shows an example of such a phosphor. The crystals (often Nal, CsI or CsBr with
impurities as a luminescent centre such as rare earths) are grown in such a way that
they forms a bundle of columnar-like structure, so each fibre acts like an optical fibre.
When this is used as an X-ray imaging scintillator, it is placed on an imaging sensor.
Upon X-ray exposure, scintillation luminescence is guided along columns, hence the
light spread is minimal. When this type of device is used as a storage phosphor,
a spread of the photostimulation beam as well as consequent luminescence is also

controlled.

In contrast to crystals, glass (or amorphous solid) is characterized by the absence

of long-range order. There is only short range order in the sense that only nearest
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CsBr

Figure 3.12: SEM micrograph of X-ray imaging plate based on CsBr:Eu
grown as a bundle of columnar crystals. After [64].

neighbours are well defined. Typical structural defects that exist in the crystalline
state are normally absent in the glassy state or have no meaning. For example,
there are no dislocations or grain boundaries in the glass state. Point defects such as
vacancies have no meaning. There are many possible configurational arrangements
to the structure, which means that the glassy state has higher entropy. Unlike
crystals, the fabrication of glass does not require a challenging task to eliminate the
defects; as a result, it can be fabricated over a large area easily. For example, a
most successful direct conversion X-ray imaging detector (shown in Figure 3.13) is
based on amorphous selenium (a-Se) X-ray sensitive layer, which converts X-rays to
charges and then the charges are read out by thin-film transistor (TFT) electronics.
In this detector, a-Se is deposited on the TFT array uniformly, which allows the
detector area size large enough to image a chest. Valence reduction of rare earth
ions in a glass has been "first” reported by Qiu et al. [51] with a Sm*"-doped
sodium aluminoborate glass. The Sm?®" is reduced to Sm?* when irradiated by an
intense infrared femtosecond laser. Since then, a number of glass materials have
been reported as a host of rare earth ions which can be reduced by irradiation of
X-rays [43, 44, 45, 46, 47, 48], y-rays [39, 40, 41, 42], S-rays [41, 49, 50| and infrared
femtosecond laser [51, 52, 53, 54].

Glass-ceramics may combine the advantages of crystals and glasses. It is a type

of material that has a glass matrix which contains nano-sized crystallites distributed
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Figure 3.13: Direct conversion flat panel X-ray detector. Amorphous sele-
nium sensitive layer is coated over the thin-film transistor array. Amorphous
material has advantage to be easily fabricated over a large area homogeneously.
After [65].

over the volume. It is often fabricated as a form of glass first, and then it is thermally
treated in order to nucleate and grow nanocrystals inside the glass matrix. There-
fore, the fabrication process is as easy as that of glass, and it is also easily made over
a large volume or area. In addition, the included nanocrystals provide the distinct
advantages of the crystalline state such as strong scintillation yield [6, 66], X-ray
storage [67, 68, 69, 70, 71, 72, 73|, up-conversion [74, 75, 76] etc. The crystalline size
can be controlled by adjusting the heat-treatment conditions such as temperature
and time. The transparency of glass ceramic is proportional to the size of crystal-
lites; however it is possible to produce a glass ceramic as transparent as glass when
the diameter of crystallites is maintained less than 50 nm [77] to maintain the trans-
parency. Such glass ceramic (fluorochlorozirconate glass-ceramic) has been shown
the improved image resolution by a factor of 5 compared to a BaFBry:Eu?t powder

based film [72, 78] when used as an X-ray storage phosphor.

3.5.4 Potential Materials

There have been a large number of materials reported to show the reduction of
trivalent rare earth (RE*™ — RE?") by various methods. This section introduces
such materials as an example of potential dosimeter materials to be considered for

use in this research.
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There have been a numerous number of materials reported to be a host to give
the reduction effect under ionizing radiation. However, the majority of the reports
are in crystalline hosts. These materials include those showing the Sm3* — Sm?*
change by X-ray irradiation in, for example, CaFy [79], CaSO, [80], BaBPOj5 [81],
BaFCl [82], SrB,O; [83], SrBsO1o [83], Mgo 5910 5FClysBros [84], LiBaBgOy5 [85],
BazBP3015 [48], BaySiOy4 [86].

Table 3.2 shows a list of glass materials as potential detector materials to be
considered. The RE?*" — RE?*" change has been commonly observed in crystals,
and such phenomena have been intensively studied especially for TSL dosimetric
detector applications. In contrast, the valence change in glasses is a relatively new
field of study. In 1999, Qiu et al. [51] has reported a Sm®** — Sm?* reduction in a
B503-Al,03-NayO glass by an intense infrared femtosecond laser irradiation. This
is probably the first report or one of the first reports, as far as we are aware, of
a reduction of trivalent rare earth doped in glass by photoionization. Since then
such a reduction has been reported in borate, silicate, and fluoride glasses due to
femtosecond laser [51, 52, 53, 54], ~-ray [39, 40, 41, 42], beta-ray [41, 49, 50], and
X-ray [43, 44, 45, 46, 47] irradiations. One may notice that the majority of reported
glasses are doped with the Sm®" ion. Omne of the reasons is that, in the 1990s
and early 2000s, Hirao’s research group at Kyoto University, Japan, has intensively
studied the use of such Sm3* — Sm?" transitions induced by femto-second laser
irradiation or Sm?>* — Sm3* by red laser irradiation for three dimensional optical

memory applications based on spectral hole burning.

There are a number of samples in which the conversion has only been confirmed
by melting the glass in a reduced atmosphere (denoted as Hj). Since a glass like
Si02-Al;03 has shown the conversion by both the methods (photoionization and
reduction by Hy), it is worth testing conversion of these samples under X-rays, as

well.

In addition to the materials in the tables, pure silica (SiOs) glass may be an
interesting material for its excellent transparency and because the band gap energy

is large (8.2 eV [58]), however its high melting temperature (1600 °C) makes it
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difficult to synthesize by a conventional melt-quenching method using an ordinary
electric furnace (the melting point can be lowered by the addition of compound(s)
with a decrease in the band gap energy). Further, one may try to fabricate a high
purity SiO, glass as a phase separation of an alkali borosilicate glass (such as SiOo-
B203-Nay0) followed by acid leaching [87]. The obtained glass is heat treated to
separate into two phases: high purity silica and alkali-rich borate phases. Since silica
has a very low solubility in an acid medium, only the latter phase is extracted from
the glass bulk. The result is a glass which includes pores in nanometer to microscale
size; but, they can be removed by heat-treatment at the glass transition temperature
at ~1400 °C.

The idea of our dosimetry technique relies on the dosimeter device to show the
valence reduction of rare earth ion (RE*" — RE?") doped in a dosimeter material.
Perhaps, among the series of rare earth ions, Sm would be a reasonable choice with

which we can develop our prototype and to show the proof of principle because:

1. earlier studies have already reported a notable valence reduction of Sm** doped

in a number of materials (particularly glasses), and

2. PL and excitation spectra of both Sm3** and Sm?* are well defined regardless

of the host material.

A search for a good host material for our applications would be one of the tasks
to begin within the research project; thus it is of primary interest to test the existing
materials first. Further, the transitions of Sm*" and Sm?* may tend to occur within
the 4f orbitals, which is shielded by the surrounding 5s% and 5p° orbitals. Therefore,
the influence by the host is small, which implies that the PL and excitation spectra
do not vary significantly over different hosts. This would help us to design and
develop a single readout set-up that works for multiple types of detector samples.

Sm-doped materials have, in recent years, been widely studied in a variety of
optoelectronic applications such as X-ray imaging phosphors [88, 89, 90, 6], optical
waveguides [91, 92], three dimensional optical memories [93, 94, 95], pressure sensors

196, 97], white LEDs [98, 99, 100, 101] and solar cells [98, 102, 103].
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Table 3.2: List of glasses reported to show valence reduction of rare earth ion.

: e Bt Pt R et
1 Si02-Al; 05 Sm Sol-Gel X-rays, IR, or Hy [44, 53, 84]
2 Si05-Aly03-TiO, Sm Sol-Gel IR [54]

3 SiOs-Al,03-Nay,O Sm Melt-Quenching H, [104]

4 Si04-Aly03-B203-NasO Sm Melt-Quenching H, [104]

5 Si05-Aly03-Ti09-Z10, Sm Sol-Gel X-rays [105]

6 Si05-Al503-B503-NayO-Z1r0O, Sm or Gd Melt-Quenching (- or y-rays [41, 49, 50]
7 SiO2-Al(PO3)3-NaPO-AgNO; Eu Melt-Quenching ~-rays [42]

8 B203-NasO Sm Melt-Quenching H, [93, 106]
9 B503-Li,O Sm Melt-Quenching H, [107]

10 B,03-K,0 Sm Melt-Quenching H, [107]

11 B503-Al;03-Nay,O Sm, Eu Melt-Quenching IR, X-rays, or v-rays [51, 43, 40]
12 LisO-SrO-B2 03 Sm Melt-Quenching X-rays [45]

13 Li,O-BaO-B,04 Sm Melt-Quenching X-rays [46]

14 SrO-BaO-P,05-B,03 Sm Melt-Quenching X-rays [47]

15 MgF2‘/(*£§;)f§§ﬁ(‘)§;E;‘t§§<P03) Sm Melt-Quenching IR 58

16 MgFs-AlF3-CaFy-SrFy-YF;-Bak, Sm Melt-Quenching X-rays [108]

(Fluoroaluminate)




3.5.5 Confocal Fluorescence Microscopy

Confocal microscopy has been first invented by Marvin Minsky in 1955, and then
patented in 1957 [109]. Figure 3.14 shows one of the schematic designs of confocal
microscopy introduced in the patent file. Since the discovery, there has been numer-
ous attempts made to improve the performance of the confocal microscope; however,
in fact, the basic principle has remained the same to date. This section discusses the

principle of confocal microscopy.

FIG. 3.

INVENTOR.
MARVIN  MINSKY

E 3 ¥
! ! BYA‘MIIZL IM/%
i ATTORNEYS

Figure 3.14: A schematic design of confocal microscopy. The diagram was
reproduced after the patent filed by Minsky in 1957 [109].

The basic optical design of confocal microscope in Figure 3.14 enhances the image
resolution over a conventional wide-field optical microscope. The proposed technique
here is, in fact, to observe the transmission signal of light through a specimen;
however, it is also applied for fluorescence imaging, which is what is used in the
present work. In the figure, optical light emerging from the light source (denoted as
10) passes through a pinhole plate (14) and a beam-splitter (17) and is focused on to
a specimen (22) by an optical lens (11). The focused spot is denoted as D. Further,
the light transmitted through the focus point (D) reflects at the mirror (15) back
towards the lens (11) and then focused at the point G on a pinhole plate (24), after
reflection at the beam-splitter (17). Behind the pinhole plate (24), a photodetector

is located, which digitizes the optical signal to be processed further. Here, by the use
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of pinhole apertures, light signals arising off the focus point (D) or scattering of light
are diminished; hence the image resolution is enhanced. In the case of measuring
fluorescence light instead of transmitted light, the mirror (15) in Figure 3.14 is no
longer needed. A simplified illustration is shown on the right side of Figure 3.9.
Since the specimen is a fluorescent material, the incident light wavelength is selected
for an efficient excitation. The excitation beam is focused on the specimen to obtain
fluorescence light at a local "imperceptible” volume. The resultant fluorescence light
is collected through the lens and pinhole by the same manner as in Figure 3.14. Here,
the role of pinhole is to eliminate the detection of the out-of-focus signal as well as

scattered light at the specimen.

Figure 3.15: Illustration of various scanning methods used in confocal mi-
croscopy. (a) Stage scanning technique relies on the translation of the position
of specimen. (b) A pair of mirrors is used to guide the excitation beam at
a desired angle. Each mirror rotates around a single axis, and the two axes
are perpendicular each other. (c¢) Nipkow disk acts to produce multiple planar
beams exciting multiple spots on the specimen and also acts as a pinhole.

In order to obtain a complete two- or three-dimensional image, the measurement

27



technique, discussed above, needs to be done at the every point of the area of interest
in the specimen. Figure 3.15 illustrates three different scanning techniques used in
confocal microscopy. The simplest technique would be to translate the specimen
position while measuring the signal (Figure 3.15 (a)). Since this technique does not
require mechanical movements of optics parts, the system can be relatively easily
constructed and it does not require much maintenance. Further, the scanning area,
or the field of view (FOV) is limited not by the FOV of objective lens but by the travel
distance of the translating actuator, which is typically much larger than the FOV
of objective lens. An alternative technique of scanning is to use a couple of rotating
mirrors as shown in Figure 3.15 (b). Each mirror rotates around a single axis, and
these two axes are oriented perpendicular each other. In this construction, it is
possible to guide an excitation beam at a desired position in the two-dimensional
space. However, the scanning area is limited by the FOV of the objective lens.
Compared to the stage scanning technique, the scanning time is faster. The scanning
using a Nipkow disk (Figure 3.15 (c)) might be the latest scanning technique for
confocal microscopy. The Nipkow disk is a disk plate in which small pin holes are
arranged in an Archimedean spiral at a constant pitch. In general, two disks are
installed in the system (these are oriented just to sandwich the beam splitter and
synchronized each other). Therefore, multiple parallel beams are created by passing
a broad beam through the lower Nipkow disk; and further the upper disk works as
pinhole assembly to enhance the image resolution. The greatest advantage of Nipkow
disk scanning is the superior speed of scanning. It allows the excitation of multiple
points on the specimen, and then the fluorescence signals from the each point may
be detected separately by using photodetectors such as an area array detector, e.g.

CCD, CMOS etc.

With a use of an objective lens, a light beam is focused having a beam shape of
two cones as illustrated in Figure 3.16 (left). The interception region of these cones
carries the highest light intensity and is used to excite an infinitesimal volume of
sample. Further, upon excitation light scattering as well as out-of-focus signals are

prevented by a pinhole from being detected; therefore, the image resolution achiev-

o8



Figure 3.16: Example images of light diffraction when the light is focused by
an objective lens. The left image is the lateral diffraction pattern in the focal
plane, while the right image is the axial diffraction pattern. The image was
obtained using an objective lens with the numerical aperture (NA) of 0.65 in
a water environment (n = 1.33). The pixel intensity values are in logarithmic
scale. The images were reproduced after [110].

able is theoretically limited by the diffraction of light. Adjacent light waves interfere
constructively and destructively. The resultant intensity distribution pattern forms
over a sub-micrometer scale of space. Figure 3.16 (right) shows example images of
light diffraction patterns when a light beam is focused by an objective lens. It is
often referred as a point spread function (PSF). The numerical aperture (NA) of
lens is 0.65, and the light is travelling in water, in which the refractive index (n)
is 1.33. The top-right image is a distribution of light intensities created by diffrac-
tion of light in the lateral focal plane, whereas the bottom-right image is those in

the plane perpendicular to the lateral plane, or axial focal plane. Apparently, the
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focused light intensity is largest at the centre of the focal plane, and the intensity
drops sharply with distance from the center; this creates a ring shaped centre at a
focal point. Additional rings are observed with further distance from the centre. The
centre part of this diffraction pattern is termed as an Airy disk. Since the highest
intensity of light lies at the centre of the disk, the diameter of the inner ring is a
theoretical measure of lateral image resolution of a confocal microscope. The axial
image resolution, by the same manner, is given by the height of the focal spot at
the half maximum intensity. Apparently, the axial resolution is larger than lateral
resolution. These theoretical measures of resolution (d,, for the lateral plane and

d, for the axial plane) are given by the following equations:

A
2\
d. = N A2 (3.9)

where \ is the wavelength of light and N A is the numerical aperture of objective
lens. Usually, upon excitation of a sample, the consequent fluorescence light signal is
weak (meaning that results in low S/N of image). Therefore, larger pinhole is used

to detect more photons at a cost of spatial resolution.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1 Introduction

This chapter discusses the experimental procedure and techniques carried out through-
out the course of the present study. The chapter starts with a description of synthesis
techniques of our dosimeter materials in Section 4.2. The following section (4.3) cov-
ers various measurement techniques to characterize the prepared samples. These
characterizations are based on measurements and observations by steady-state pho-
toluminescence (PL) emission/excitation, PL life-time, optical transmittance, differ-
ential scanning calorimetry (DSC), X-ray diffraction (XRD), thermally-stimulated
luminescence (TSL), and scanning electron microscopy. Section 4.4 discusses, in de-
tail, the X-ray irradiation of the samples. The X-rays were produced either by an
X-ray tube or synchrotron facilities at the Canadian Light Source (CLS), European
Synchrotron Radiation Facility (ESRF), and SPring-8. Section 4.5 provides speci-
fications of the confocal fluorescence microscopy readout set-up, which was used to
digitize the response from the sample upon the X-ray dose deposited particularly for
the measurement of microbeam dose profile. Conventional film dosimeters, irradi-
ated together with our samples, were digitized using a scanner, which is discussed in

Section 4.6.
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Table 4.1: List of Major Samples Studied in the Research

Chemical Composition Material Structure Place of Synthesis
BaBPOj5:Sm?t Pogcéyéﬁlshsne Saskatoon
n
SrBPO5:Sm3+ Pog’rféygg;;ne Saskatoon
SrB,O7:Sm?* Polycrystalline Sofia, Bulgaria
MgFg-Ang-CaFQ—SrFQ—Sr(POg)—SmF3 Glass Wellington N7
(Fluorophosphate) ’
MgFg—Ang—Can—SrFTYFg—BaFQ—SmFg Glass Wellington N7
(Fluoroaluminate) ’
Si05-Al,03-CaFy-CaO-SmF3 (Oxyfluoride) Glass and Saskatoon

Glass-Ceramic

4.2 Sample Preparation

4.2.1 Introduction

We have tested several Sm3*-doped samples towards the use of these samples in
MRT dosimetry. These samples are either polycrystalline or glass, which has been
doped with Sm3* ions. Some samples were synthesized in our lab, while others were
provided by other research groups. The materials that we have extensively studied
in the research are listed in Table 4.1. The fluoride glass samples (FP and FA) were
synthesized by our research partner Dr. Andy Edgar’s group at the Victoria Uni-
versity of Wellington(Wellington, New Zealand). Other samples (BaBPO3, StBPOj3,
and oxyfluoride) were made in our laboratory in Saskatoon. Throughout the search
of potential dosimeter materials, these turned out to be of our particular interest
and highly promising for MRT applications. Therefore, this section describes sam-
ple preparation methods used at this university and at the Victoria University of

Wellington.
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4.2.2 Sample Preparation in Saskatoon

In our laboratory, several different Sm-doped materials were synthesized. These
samples include BaBPO5:Sm?" and SrBPO5:Sm3* polycrystallites and glasses, and
oxyfluoride glass and glass-ceramic which contains CaF;:Sm®*" nano particles. The
material syntheses were based on solid-state reaction, which is basically performed
by heating a mixture of chemical compounds. The furnaces used to heat and fuse
a mixture of compounds are illustrated in Figure 4.1. The ISOTEMP furnace (left)
was used for our initial experiments to synthesize BaBPO5:Sm?*" and SrBPO5:Sm?*"
polycrystalline samples, which require temperatures up to 1000 °C. The HOT SPOT
110 (middle) was used for syntheses which require higher temperature especially for
producing glass materials. This furnace allows samples to be heated up to 1600 °C.
The CMF1100 (right) was primarily used for annealing materials. Super-cooled glass
products contain strong internal stresses that can lead to fracture and/or adversely
affect PL properties. Therefore, the quenched glass sample is often heat-treated
around or below the glass-transition temperature for a short time just to relieve the

stress.

Figure 4.1: Electric Furnaces. (left) ISOTEMP Muffle Furnace Model 182,
FISHER, which was used to synthesize BaBPO5:Sm?** and SrBPOs5:Sm?* poly-
crystalline samples. (middle) HOT SPOT 110, Zircar Zirconia, Inc., which was
used to synthesize glass samples. (right) CMF1100, MTT Corporation, which
was used for the purpose of annealing.

BaBPO5:Sm*" and SrBPOs:Sm*" polycrystalline and glass samples were pre-
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pared by solid-state reactions. The compositions of starting compounds were:
e BaCOs3, H3BOs3, and (NH,)o,HPO, for BaBPO5:Sm?", and
[ ] SI‘COg, HgBOg, and (NH4)2HPO4 for SI‘BPO5281’I13+.

The compounds were mixed, ground and then loaded in an alumina crucible, to heat
in an electric furnace (ISOTEMP Muffle Furnace Model 182, FISHER) at 500 °C
for 5 hours, and then cooled down to room temperature. Next, the obtained prod-
uct was crushed to form powder and, then, mixed with Smy0O3. The mixture was
then loaded in an alumina crucible to heat at 950 °C for 6 hours in the furnace,
followed by slow cooling to the room temperature to synthesize polycrystalline sam-
ples. Moreover, to synthesized polycrystalline material loaded in an Al crucible was
heated in the furnace at 1200 — 1300 °C to melt and then quickly quenched on a
preheated plate around 250 — 300 °C. The entire synthesis processes were performed
in air atmosphere.

Oxyfluoride glass-ceramic which contains CaFs:Sm nanocrystals was prepared as

follows. The composition of starting materials in molar percentage is:
e 45 % SiOQ, 20 % AIQOg, 22 % CaFg, 10 % CaC03, and 3 % SmF3

Each compound was in the powder form and the weight was precisely measured using
precise electronic scales (DI-100, Denver Instruments) First, starting compounds of
reagent grade were mixed, ground and loaded in an alumina crucible. Next, the
mixture in the crucible covered by a lid was heated at 1400 °C for 1 hour and
then quenched on a pre-heated stainless plate at 200 °C. The obtained glass was
then annealed at 500 °C for 1 h to relieve the internal stresses. This synthesis was

performed in air atmosphere.

4.2.3 Sample Preparation in Wellington, New Zealand

Sm3*-doped FP and FA glasses were synthesized by a conventional melt-quenching

method by Dr. Andy Edgar’s group in Wellington, New Zealand.
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The starting materials were mixed in a glove box in a dry nitrogen atmosphere,
and loaded in a glassy carbon crucible. The mixture was, then, melted in an RF
furnace at 1000 °C for 120 min, and then the melt was quenched on a temperature-
controlled titanium plate at 380 °C in argon atmosphere. The furnace is equipped
with a glove box, thus the entire chemical reaction processes were made in the inert

atmosphere. The compositions in molar percentage were:

e 10 % MgFQ, (344 — .I') % AIFQ, 30.4 % CaFg, 15.2 % SI'FQ, 10 % ST(P03>2,
and x % SmF;3 (for Sm*"-doped FP glass), and

e 10 % MgFQ, 35 % AIFQ, 20 % CaFQ, 10 % SI’FQ, (15 — .I') YFg, 10 % BaFQ,
and x % SmFj3 (for Sm*"-doped FA glass).

Here, the variable x is a doping concentration of SmF3, which varies from 0.1 to 10
%. The quenched glass samples were annealed 380 °C for 8 hours to relieve internal

strain.

4.3 Sample Characterization

4.3.1 Introduction

After the synthesis, the prepared samples were characterized by studying the optical,
thermal, and structural properties. The characterization study involves steady-state
photoluminescence (PL) (Section 4.3.2), PL excitation spectrum (Section 4.3.3), PL
lifetime measurement (Section 4.3.4), optical transmittance measurement (Section
4.3.5), thermally stimulated luminescence (T'SL) measurement (Section 4.3.6), dif-
ferential scanning calorimetry (DSC) measurement (Section 4.3.7), powdered X-ray
diffraction (XRD) measurement (Section 4.3.8), and scanning electron microscopy
(SEM) measurement (Section 4.3.9). This section will discuss procedures and tech-

niques used for those measurements in detail.
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4.3.2 Steady-State Photoluminescence (PL)

PL is the most important property of detector materials in our dosimetry approach.
We expect a change of PL spectrum as X-rays are delivered to the sample. We use
this change in PL signal as a response of the detector, and this signal is read out and
digitized by a confocal fluorescence microscope. The detail of the PL mechanism of
rare earth doped materials was discussed earlier in this thesis (2.6), and the dosimetry
approach was discussed in 3.5.

The PL spectrum of prepared samples have been measured using different set-ups
(lab-constructed set-up or commercial set-up). Despite the differences in the instru-
ments, the principles of the measurement are the same. Typical PL measurement

set-up configuration is illustrated in Figure 4.2.
Sample
Light A, \%
Source >
Photoluminescence

I ro)\
Photo (:O ’,“2
Detector I e/ Diffraction
Grating

Slit

Figure 4.2: Typical configuration of photoluminescence measurement set-up.

A light beam from the source is delivered to the sample of interest to excite the
Sm-ions. Upon an appropriate excitation, the sample is excited and emits photons
with a variety of wavelengths as a PL signal. The PL signal is then guided to the
diffraction grating, in which the incident photons reflects on the surface of the grating
at the reflection angle which varies as a function of wavelength, # = sin™! mT’\. Here,
m is the order of diffraction (integer value), d is the spatial period of grating, and

A is the wavelength of light. The signal at a particular wavelength is selected by

inserting a slit at a particular angle 6. Therefore, the diffraction grating allows us to
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decompose the input light signal into the wavelength components by corresponding
diffraction angles. The selected light is eventually detected by the photodetector.
Consequently, this set-up allows us to obtain the spectrum of PL, when the sample
has been excited at A;, by recording signals for varying wavelength Ay while rotating
the diffraction grating, or changing the position of the slit.

In our research the PL measurements may have been performed using different
set-ups. Most of samples were tested using LEDs or laser diodes (LD) as an excitation
source, and then the consequent PL spectra were measured using a commercial
spectrometer, EPP2000, Stellar Net Inc. This is a class of spectrometer that uses a
linear CCD array sensor to measure the diffracted light at once, instead of using a
slit and photodetector together. Another set-up used in the research is a commercial
integrated system (RF5000, Shimadzu). One may refer to Figure 4.3 to represent a
simplified configuration of the PL set-up. This type of system allows you to choose
the excitation light at a desired wavelength, and the use of PMT high-sensitivity
photon detection. Moreover, the excitation bandwidth and the spectral resolution of
measurement can be readily adjusted by adjusting the slit size; the spectral resolution
can be improved by making the slit width smaller while the S/N ratio decreases.

The light source was selected depending on the characteristic of sample since
an excitation at a particular wavelength may be suitable for one sample, but may
not for others. This can be studied by measuring the ezcitation spectrum (which is
discussed in the next section. In order to excite the embedded samarium ions in the
trivalent and divalent states, we have used several different light sources: 405-nm
laser diode for BaBPO5:Sm?*" and SrBPO5:Sm?®" polycrystalline samples as well as
FP and FA glass samples and 633-nm He-Ne laser for exciting particularly Sm?* in
oxyfluoride glass-ceramic samples (Sm®* ion in this sample was excited at a different

wavelength, e.g. 460 nm (LED)).

4.3.3 Photoluminescence (PL) Excitation

A PL signal is emitted when the sample is excited optically. The intensity, and

perhaps spectrum, of emission light may depend on the wavelength of excitation,
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and the PL mechanism may be different from one sample to another. It is important
for us to know the optional wavelength to be used for exciting the samples and for

the confocal fluorescence microscopy readout.

Monochrometer 1

________________
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Figure 4.3: Typical configuration of photoluminescence excitation measure-
ment set-up. The set-up may also be used as an integrated PL measurement
system, which allows one to choose the excitation light at a desired wavelength.

While PL measurement detects the emission spectrum during the excitation at
a fixed wavelength, excitation spectrum measurement detects emission light at a
fixed wavelength as a function of excitation wavelength. Configuration of excitation
spectrum measurement is illustrated in Figure 4.3. A white light source is taken
and the wavelength used to excite the sample, A, is selected by monochrometer 1
and guided to the sample. The consequent photoluminescence emission from the
sample is next guided to monochrometer 2 which is set to a particular wavelength
of interest, and it is then detected by the photodetector. Therefore, the excitation
spectrum is obtained by detecting a PL signal at a wavelength of interest, A.,,,, which
is selected by a monochrometer 2 while changing the excitation wavelength, \.., by
the monochrometer 1.

Excitation spectra were measured at two different laboratories; our own labora-

tory and professor Tanabe’s laboratory at Kyoto University. Most of our samples
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were measured by our own lab-constructed set-up. The important specifications of
our lab-constructed set-up are listed in Table 4.2. Only the spectra of oxyfluoride
glass and glass-ceramic samples were measured at Kyoto University, during a visit

on a collaborate work, using a commercial spectrometer (RF5000, Shimadzu).

Table 4.2: Specification of Excitation Spectrum Measurement Set-up

Specifications

150 Watt Xenon UV Enhanced Arc Lamp
(Model 6253, Newport)

Monochrometer 1 Mini Monochromator (Model 78024, Newport)

Light source

Monochrometer 2 Monochromator (Cornerstone™~130 1/8 m, Oriel)

photodetector Photomultiplier tube (C7950, Hamamatsu)

4.3.4 Photoluminescence (PL) Lifetime

The photoluminescence lifetime is a property of a fluorescent material, which char-
acterizes the rate of PL intensity decay. This is often measured and studied to un-
derstand the physics of PL mechanisms, while it is also of particular interest for the
application side of the MRT dosimetry detector project. Our dosimetry approach
was described in Chapter 3.5 and the details of confocal fluorescence microscopy
readout set-up are described in Section 4.5. As described earlier, our approach uses
a confocal fluorescence microscope to read out the PL signal over the surface of the
sample. The scan by the microscope is based on raster scanning by laser, and the
signal from the target sample is measured point-by-point. During this process, the
PL afterglow limits the interval time to measure one pixel point to another because
the afterglow signal from the adjacent pixel may overlap the signal from the next
pixel area.

Lifetime of PL was measured for FA glass and oxyfluoride glass and glass-ceramic
samples using a commercial spectrometer (Quantaurus-Tau C11367, Hamamatsu)
at Kyoto University. This system is capable of measuring the lifetime from sub-

nanoseconds to millisecond range. Specifications of the spectrometer are listed in
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Table 4.3.

Table 4.3: Specification of Hamamatsu Quantaurus-Tau C11367

Specifications

LED light source (280, 340, 365,
405, 470, 590, and 630 nm)

Excitation light source

Detection wavelength range 300 nm to 800 nm
Measurement time range 2.5 ns to 50 ms
Total time resolution < 1.0 ns FWHM

4.3.5 Optical Transmittance/Absorbance

n,'n
Incident light T2

/.

L Transmitted light
i, 'f
————

Reflected light

Sample plate

Figure 4.4: Components of optical light involved as it is transmitted through
an arbitrary medium at a normal angle of incidence.

Optical transmission measurement was carried out to experimentally derive the
absorbance of the sample. Considered the system in Figure 4.4, the absorbance A(\)

can be expressed as:

AN = —In <?> +In(T2())) (4.1)

where T'()) is the transmittance at a boundary of ambient/sample at normal inci-
dence of light, T = 4nyny/(ny + n2)2. In Equation 4.1, the multiple reflections have
been neglected for simplicity. The transmittance of a plate with multiple reflections
can be found elsewhere, e.g. [111]. In many materials such as glasses, it is commonly

known that the optical transmission (or absorption) characteristics change with high
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X-ray dose deposition. After the effect, the material typically turns darker due
to additional optical absorption induced by X-rays. With the optical transmission
measurement data before and after X-irradiation, one can derive a so-called X-ray

induced absorbance as:

AN\, D) = AW\ D)— A\ D=0)
= —In (%)D +In (%)D:O (4.2)

where A(A, D) is the X-ray induced absorbance at a delivered X-ray dose of D. Here,

the change in refractive index of subject is assumed to be negligibly small.

Transmittance spectra throughout the research were measured using Perkin Elmer
Lambda 900 spectrometer (Figure 4.5). The important specifications are summarised
in Table 4.4. For the transmittance measurement, the sample surface was polished
flat and the polishing was performed such that the two surfaces were maintained

parallel each other.

Figure 4.5: The workstation for optical transmission measurement.
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Table 4.4: Specifications of Perkin Elmer Lambda 900

Specifications
Width: 0.04, 0.09, 0.45, 0.89, 1.00, 4.44 mm
Height: 11.7 mm at a wavelength of 500 nm
Holographic grating with 1449 lines/mm (UV /Vis)

Beam cross-section

Monochromator and 360 lines/mm (NIR)
Light source Deuterium (UV) and halogen (Vis/NIR) lamps
Wavelength range 180 to 3300 nm
Wavelength accuracy 0.8 nm (UV/Vis) and 0.32 nm (NIR)

4.3.6 Thermally Stimulated Luminescence (TSL)

Thermally stimulated luminescence (TSL) was studied for FP and FA glass samples
to investigate localized charged carriers which were ionized by X-ray exposure and
then captured at localized trapping centres. The trapped charges may be released by
heat stimulation and may be relaxed to the ground energy level by emitting photons.

The principle of the TSL mechanism was discussed earlier in Section 2.8.

The experimental set-up was built in the laboratory. The block diagram of the
set-up is illustrated in Figure 4.6. A pair of platinum (Pt) resistors (PT100; F3101,
Omega) act as a heating element and also as a temperature sensor, sketched at
the top and bottom in the figure, respectively. These Pt resistors were attached
to each other by high thermal-conduction cement (OMEGABOND® 600, Omega).
The power supply to the heating side of the Pt element is controlled by pulse width
modulation (PWM) control, in which the PWM signal is sent by the data acquisition
controller unit (DAC; USB-2009, National Instruments) upon the command control
from the PC. As it is heated, the temperature is monitored by the other Pt resistor,
which is attached below the heating element. The resistance of the Pt element
increases with increasing the temperature. The constant current (1 mA) is supplied
from an external circuit and the voltage drop across the Pt resistor is monitored
as the measure of temperature. The voltage values are digitized by the DAC and

stored on the PC. Here, a piece of sample is attached on the temperature sensing
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side (below the Pt assembly). The light emission as a TSL signal is collected by an
objective lens (10x/0.30NA, Meopta) and guided towards the photodetector. The
spectral region for detection is selected by a band pass filter placed between the
lens and photomultiplier tube detector (R1477-06, Hamamatsu). The temperature
control and data acquisition are instrumented by a custom-built Labview® program
on PC. The temperature control is based on a PID scheme and the parameters are

selected on an empirical basis.
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Photomultiplier tube |  J™ "~~~ """ °°7°°

Figure 4.6: Block diagram of thermally stimulated luminescence measurement
set-up.

Figure 4.7 shows the temperature control profiles of the TSL reader set-up as a
reference for the instrument performance. The temperature was controlled at the
rates of 0.1, 0.5, and 1.0 °C per second. The upper figure illustrates that the set-up
allows linear increase of temperature at a constant heating rate over the temperature
range from 30 to 450 °C. The lower graph indicates that the accuracy of temperature
control is within £2 °C. Here, the error is defined as (T'(t) — Rt), in which T'(¢) is
the temperature at time ¢, and R is the rate of temperature increase; therefore, Rt

is the target control temperature.
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Figure 4.7: Temperature control profiles of TSL reader set-up with varying
heating rates, 0.1, 0.5, and 1.0 °C per second.

4.3.7 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was studied especially on glass-ceramic sam-
ple to characterize the glass transition (7,) and crystallization (7,) temperatures of
particularly oxyfluoride glass sample. The measurement was carried out at Kyoto
University using DSC8270, Rigaku. The glass sample was powdered, and then loaded
into a platinum container for DSC measurements. Alumina powder was used as a

reference material. The sample was heated at a rate of 10 °C per minute.

4.3.8 Powdered X-ray Diffraction (XRD)

Powered X-ray diffraction (XRD) measurement was carried out on oxyfluoride glass
and glass-ceramic samples in order to study the size and structure of nanocrystals
which are embedded in a glass matrix environment. The measurement was car-

ried out at Kyoto University using Shimadzu XRD-6000, which uses CuK,; X-ray
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characteristic line. The scanning rate was 2.0 ° per minute.

4.3.9 Scanning Electron Microscopy (SEM)

Together with XRD measurements, oxyfluoride glass and glass-ceramic samples were
examined by a scanning electron microscope (SEM) in order to study the nanocrys-
tals embedded in the glass matrix. A piece of sample was first cracked, and the
cracked sharp surface was observed. Since the sample itself is electrically an insu-
lator, the sample surface was coated by a thin gold film and sample was held on a
substrate with a carbon tape from the gold film surface and to the substrate. The

experiment was performed using a JSM-890 (JEOL) at Kyoto University.

4.4 X-ray Irradiation

4.4.1 Introduction

In the course of research, the dosimetric detector samples were irradiated either
under a conventional X-ray tube available in our laboratory or at synchrotron facil-
ities. The X-ray tube was used, at a preliminary stage of characterizations, espe-
cially to investigate whether or not the Sm®**-to-Sm?* change by X-ray irradiation is
present in a newly synthesized sample. Promising samples were further investigated
with high-flux, high-dose irradiations as well as for microbeam irradiations, which
were produced at synchrotron facilities: Canadian Light Source (CLS; Saskatoon,
Canada), European Synchrotron Radiation Facility (ESRF; Grenoble, France), and
SPring-8 (Hyogo, Japan).

In this section, experimental details of X-ray irradiation carried out in the re-
search are provided. Descriptions for conventional X-ray tube irradiation can be
found in Section 4.4.2, and X-ray irradiations carried out at the CLS, ESRF, and

SPring-8 are discussed in Sections 4.4.3, 4.4.4, and 4.4.5, respectively.
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4.4.2 X-ray Tube

At a preliminary stage of sample characterization and especially for investigation
whether or not a newly synthesized sample exhibits the Sm3* — Sm?* valence
reduction upon X-irradiation, the sample was irradiated, in a laboratory, under a

conventional X-ray tube instead of synchrotron radiation for reasons of accessibility.

Figure 4.8: Faxitron (43855D) X-ray cabinet unit (left) and a sketch of X-ray
tube installed therein (right).

The X-ray source unit used in this research (43855D, Faxitron X-Ray LLC) is
shown in Figure 4.8. The X-ray tube installed in this unit uses tungsten as the anode
target material. For all the irradiations in the research, the power supply was fixed
at 110 kVp with approximately 3 mA of filament current. The produced X-rays are
guided to the sample through the beryllium window with a thickness of 0.76 mm,
which is located approximately 5 cm down from the centre of anode target. The
sample was placed at 1 cm below the window to irradiate it. The generated X-rays
have the spectrum shown in Figure 4.9. The spectrum is, in fact, a result of computer
simulation available on the SIEMENS’ website [112]. The simulation method is well
described in the literature [113, 114, 115].
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Figure 4.9: Simulation result of X-ray spectrum with 0.72-mm Be filtration
and the applied field of 110 kVp at 3 mA.

4.4.3 The Canadian Light Source (CLS)

Dosimeter materials synthesized in the research were tested towards their practical
use in MRT at synchrotron facilities. Biomedical imaging and therapy (BMIT)
beamline at the Canadian Light Source (CLS) is one of the groups engaged in MRT

research among other synchrotron facilities around the world.

The X-ray source used in this facility was the bending magnet (05B1-1). The
bending radius is 7.144 m and the magnetic field strength is 1.354 T. With the storage
ring energy of 2.9 GeV, the generated X-ray has a continuous and broad spectrum
with a critical energy of 7.57 keV as shown in Figure 4.10. After a copper filtration
with an effective thickness of 0.94 mm, the X-ray spectrum is such that the peak
energy is ~50 keV, and we used this X-ray beam for all the irradiation experiments
at the CLS. The reason for choosing this particular X-ray spectrum is because the
energy is in the spectrum range used for MRT research, which is from 50 to 120

keV. Low energy X-rays are avoided in MRT since they are significantly absorbed at
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Figure 4.10: X-ray spectrum used for irradiations at the CLS. The peak
energy is b0 keV after the copper filtration with the effective thickness of 0.94
mim.

Figure 4.11: Illustration of experimental set-up carried out at biomedical
imaging and therapy (BMIT) beamline, Canadian Light Source (CLS).
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the surface of the skin and they do not penetrate inside the body. The dose rate in
air was experimentally obtained, by Anderson et al. [116], as 7.2 (£ 0.4) mGy s™!
mA~!. Therefore, under the normal operation, the dose rate is 1.8 mGy s~ with
the storage ring current (I/g) = 250 mA. The achievable cross-sectional beam size is
240 mm x 7 mm (horizontal x vertical) at the experimental hatch, which is where
the samples were irradiated.

The schematic of the experimental set-up is illustrated in Figure 4.11. The X-ray
dose is controlled by the fast shutter. The multi slit collimator (MSC) (Usinage
et Nouvelles Technologies, Morbier, France), shown in Figure 4.12, is placed on a
motorized goniometer stage and inserted in the beam to create the microbeam (the
MSC was moved off the beam when the sample was irradiated with a broad beam).
The sample is placed on another motorized translation stage located downstream
of the MSC. The motorized stages were controlled from a computer in the control
room (outside of the experimental hatch). A video camera was used to monitor the
sample during the irradiation and to ensure that the sample is properly aligned in

the beam. The distance between the collimator and the sample was fixed to 1 m.

Figure 4.12: Photograph of multi slit collimator installed on a motorized
translation stage in the experimental hatch of BMIT beamline at the CLS.

The samples were irradiated either in air or in solid-water (SW) phantom (EMP

5001-499, IMRT-Phantom EASY CUBE, Euromechanics Medical) environment as
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shown in Figure 4.11. Samples were also irradiated inside a SW phantom. SW is
a material that consists of light chemical elements and the relative density is close
to 1. Therefore, it is equivalent to water or human tissue in terms of interaction
with radiation; hence it is often used to experimentally simulate radiation inside
the human body. For the irradiation in air, one or multiple pieces of sample were
attached onto a microscope slide. The sample slide was firmly mounted to a holder,
which is installed on the sample stage. For the irradiation in SW phantom, a piece
of detector samples was closely attached to a phantom plate and then loaded inside
into box to irradiate. The box of SW phantom consists of an outer cubic shell and a
number of phantom plates with varying thickness (1 — 10 mm) which fit in the box.
Therefore, irradiation can be made at a desired depth inside the phantom. For a
record and perhaps for comparison purposes a GafChromic® film was also irradiated
together with our samples. The orientation was such that the film and sample were
closely sandwiched by SW plates with the film at the upstream side.

All the irradiations were carried out in the dark at room temperature. Further,
after the irradiation, the samples were wrapped with an aluminium foil to protect

them from photoexposure until they were read out.

4.4.4 FEuropean Synchrotron Radiation Facility (ESRF)

Our samples were also tested at the European Synchrotron Radiation Facility (ESRF)
which is located in Grenoble, France. The experiments were carried out at the Bio-
medical beamline (ID17). Unlike the BMIT beamline, ID17 beamline is equipped
with a wiggler source. With the 1.4 T of the peak magnetic field B,,,, and the
deflection parameter K,,,, = 19.6, it produces high-fluence, high-energy, and broad
spectrum of X-rays. A series of filtrations (1 mm Cu, 1.25 mm Al, 0.5 mm Ce, and
0.5 mm Be) were inserted in the beam in order to remove low-energy X-rays, which
results in an X-ray spectrum [24] with a maximum intensity at 83 keV as illustrated
in Figure 4.13.

The irradiation experiment at the ESRF was done by the beamline scientists

from BMIT, CLS, Dr. Tomasz Wysokinski and Dr. George Belev, during their visit
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Figure 4.13: The X-ray spectrum used for irradiations at ID17 - Bio-medical
beamline at the ESRF. After [24].

Figure 4.14: Schematics of (upper left) the experimental set-up and (lower
right) multi slit collimator (MSC) for irradiations at ID17 - Bio-medical beam-
line at the ESRF.
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in July, 2012, with the support of a beamline scientist, Dr. Elke Bréuer-Krisch. The
experimental set-up is illustrated in Figure 4.14. The X-ray dose deposited from
the wiggler source to the sample is controlled by a fast shutter. The broad beam
passed through the shutter is delivered to the MSC in order to create microbeam. A
schematic of the MSC used at the ESRF is illustrated in Figure 4.14. Detailed char-
acteristics of the collimator are found elsewhere [20], but the important properties
are as follows. The MSC is an 8-mm thick tungsten block in which 125 narrow slits
are structured. Each of the slits is 100-pm in width and these are separated by 400
pm from one centre of the slit to that of adjacent slit. The MSC is manufactured
by Tecomet (Massachusetts, USA). Two blocks of identical MSCs are assembled ad-
jacent to each other, and installed in alignment such that the paths of the slits are
parallel to the beam direction to allow the X-rays to pass through. The MSC posi-
tioned at the downstream side is mounted on a precise translation stage in such a
way that the width of microplanar beams can be adjusted by translating the MSC
block in the perpendicular direction with respect to the beam path while the MSC
at the upstream side is fixed. The microbeam dimension we used in our study is
50-pum wide and 400-pum center-to-center. Moreover, at the downstream of the MSC
assembly, a pair of 5-pum tungsten slits was inserted in the centre of the beam path
horizontally to adjust the vertical size of the beam. This "narrow” microbeam is de-
livered to the sample as the sample stage is translated vertically at a constant speed.
This configuration allows the delivery of homogeneous dose over a large area (the
vertical size is limited by the travelling distance of the sample stage). The accuracy

of dose delivery is better than 95 %.

1 % Sm-doped FA glass sample was irradiated together with a GafChromic® film
inside a SW phantom. These were closely attached to each other as well as to the
adjacent SW phantom inside the phantom box. The GafChromic® film was located
upstream of the glass sample. The detector samples were located at a depth of 2 cm

from the beam entrance of phantom entrance.
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4.4.5 SPring-8

Irradiation experiments were also carried out at SPring-8, Hyogo, Japan. The X-ray
source we used was a bending-magnet at BL28B2 beamline. After the filtration by a
3-mm Cu, the beam spectrum becomes as illustrated in Figure 4.15 where the peak
energy is around 90 keV and the dose rate is 150 Gy/s [117].

The experiment was carried out by the beamline scientists from BMIT, CLS,
Dr. George Belev and Dr. Tomasz Wysokinski during their visit in October, 2012,
with a support from a beamline scientist, Dr. Keiji Umetani, at SPring-8. The
experimental set-up is illustrated in Figure 4.16. The dose deposition was controlled
by the fast shutter, which is made of tantalum. After the shutter, the broad beam
passes through a pair of tungsten blocks in order to create a microplanar beam with
a thickness of 50 pym. Only, a single planar beam can be created and delivered
to the sample at a time; therefore, delivery of multiple microplanar beams (i.e. a
microbeam) was realized by repeating the delivery of single planar beam multiple
times while translating the sample stage vertically by a distance of 400 um for each
irradiation. Consequently, the delivered beam, overall, consists of 50-pm wide beams
which are separated by 400 pm from centre-to-centre. For uniform deposition of X-
rays, which is used for dose calibration, 200-ym wide beams were delivered to the
detector sample at every 200 um. Our dosimetric detector sample irradiated at
SPring-8 was 1 % Sm3*-doped FA glass. For comparison purposes, the microbeam
was also measured by a GafChromic® film together with our test samples. In fact,
our glass detector was placed on a piece of GafChromic® film during the irradiations.

The irradiations at SPring-8 were only carried out in air.

4.4.6 Summary

Throughout the research, we have used four different X-ray production sources to
irradiate and test our dosimeter samples. Although MRT is designed and performed
at high-flux and high-energy X-ray synchrotron source, we have also used an X-ray

tube, for its convenience and accessibility, in order to characterize the dosimeter
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Figure 4.15: X-ray spectrum used for irradiations at SPring-8. The X-rays
from the bending-magnet source was filtered by 3-mm Cu. The spectrum was
calculated with SPECTRA code. After [118].

Figure 4.16: Illustrations of (upper left) the experimental set-up carried out
at SPring-8 and (lower right) the collimator used.
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Table 4.5: Comparison of experimental conditions at synchrotron facilities

CLS

Bio-Medical Imaging
and Therapy (05B1-1)

Synchrotron
Facilities

ESRF

Bio-Medical
Beamline (ID17)

SPring-8
(BL28B2)

Radiation Source Bending-Magnet

Dose Rate 6.4 mGy s~ mA~!

Peak Energy 50 keV

Absorber Air / Solid-Water (2cm)

Number of Micro- 75
Planar Beams

Length of Micro-

Planar Beams 4.5 mm

Delivery of single broad beam

Broadbeam with a vertical dimension
Irradiation of about 7 mm. (The sample
Method was precisely aligned at the

centre of the beam.)
Microbeam . T .
o Single multi slit collimator
Irﬁgt%téan (Dimensions not adjustable.)
Expected

Dimensions of
Microbeam

Wiggler
16,000 Gy s~* [119]
83 keV [119]

Solid-Water (2cm)

49

20 mm

Delivery of single
microplanar beam
while vertically
translating sample
at a constant speed.

Pair of multi slit collimators
(Dimensions are adjustable
as translating one of the
collimators horizontally
with respect to the other.)

Bending-Magnet
150 Gy s~ [117]
90 keV [117]
Air

10

14 mm

Delivery of 200 pm
microplanar beams at
every 200 pum of
vertical translation
of sample.

Pair of tungsten block

slit producing a single
microplanar plane of beam
(thickness 50 pm),

which is delivered every
400 pm as the sample

is moved vertically.

50 pm wide beams, which are separated by 400 ym at centres.




3t — Sm?* conversion and

materials such as examining the presence of any Sm
reusability of the detector.

Microbeam irradiations were carried out at three different synchrotron facilities,
CLS, ESRF, and SPring-8. We have used 1 % Sm3*-doped fluoroaluminate glass
detector to characterize the microbeams produced at these different facilities. The
production as well as delivery method of the microbeam are different from one facility
to another, so it would be of particular interest to conduct a comparison of these
microbeams. It should be emphasized that there has been no such comparison work

of microbeams to date as far as we are aware. Table 4.5 summarises the experimental

conditions at those three facilities.

4.5 Confocal Fluorescence Microscopy Readout

4.5.1 Introduction

Confocal microscopy is a key technique in this research. As discussed earlier in Sec-
tion 3.5, dose information is recorded and stored on Sm-doped dosimeter materials.
The information is stored as the extent of reduction of Sm** (Sm*" — Sm?") and
can be read out via the PL signals of the Sm-ions. With the use of confocal fluores-
cence microscopy, the stored dose information and its distribution may be read and
digitized at a micrometer-scale resolution.

Throughout the course of this research, a readout set-up based on confocal fluores-
cence microscopy was constructed and used to measure the dose information stored
in suitable dosimeter materials. This section provides the detailed descriptions and

specifications of the readout set-up developed and used in this research.

4.5.2 Optics Design

Figure 4.17 illustrates the confocal fluorescence microscopy set-up. Table 4.6 provides
a list of the optical parts used in this system. The system was refurbished and

modified from a used system (MultiProbe 2001 TM CLSM, Molecular Dynamics).
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The optics line configuration was kept as it is (the way it was built by Molecular
Dynamics), but the excitation source unit and the optical parts were re-configured

as described below.

Optical Microscope PMT1
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Figure 4.17: Illustrations of confocal fluorescence microscopy set-up used in
the research.

We used a 473-nm laser (DHOM-L-473-50, Ultralasers Inc.) as the excitation
source. The spectrum of the excitation laser is illustrated in Figure 4.18. Such a
wavelength spectrum is suitable to optically excite both the divalent and trivalent
samarium ions together [88]. The excitation beam is guided towards the sample
through several parts. The bandpass filter (BPF470) was placed in order to subtract
the near infrared emission (946 nm) from the laser, which was used to pump the laser-
gain medium to double up the energy, which hence produces the 473-nm emission.
The mechanical shutter allows the beam to pass or be blocked, and the neutral
density filter (ND) adjust the beam intensity. The dichroic mirror (DM570) reflects

light of wavelengths shorter than 570 nm, whereas light with longer wavelength is
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Table 4.6: List of optical parts used in the readout system (alphabetical
order).

Label Description
AL Apochromatic lens
BPF470 Band-pass filter
BPF600 Band-pass filter
DM570 Dichroic mirror
DM650 Dichroic mirror
LPF660 Long-pass filter
ND Neutral density filter
Obj Objective lens
(20x /0.75NA PlanApo, Nikon, or 10x/0.3NA, Meopta)
PH Pinhole with a diameter of 200 ym
PMT1 and PMT2 Photomultiplier tubes
Sample Dosimetry detector sample
Shutter Mechanical shutter

transmitted through (hence the blue excitation beam is guided down as in Figure
4.17 (right)). In the laser scanner unit, a pair of mirrors is oriented perpendicularly.
The angle of the mirrors is controlled externally as one mirror is attached to a stepper
motor while the other is attached to a galvanometer. The former is used to guide the
beam in the vertical direction, while the latter is for the horizontal position, thus the
rotation of the pair of mirrors allows two-dimensional (horizontal and vertical) laser
scanning. Further, the beam is focused by the objective lens to excite a very small
volume of the sample. For the 20x objective lens (PlanApo 20x/0.75NA, Nikon),
the field of view (FOV) is about 1 mm in full diameter, the working distance is 1
mm, and the focal diameter is 4 ym. On the other hand, for the 10x objective lens
(10x/0.3NA, Meopta), the FOV is about 2 mm, the working distance is 5 mm, and
the focal diameter is 5 um. The sample is raster scanned at a certain depth (adjusted
by the focusing actuator) over the field of view of the objective lenses. The focal

diameters were experimentally estimated.

Upon the excitation, Sm®** and Sm?* ions emit their respective PL signals. The

typical PL emission spectra of the Sm ions (due to 4f-4f transitions) are shown in
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Figure 4.18: Spectral response spectra of photodetection in the confocal
fluorescence microscopy readout. The response was experimentally measured.

Figure 4.18 (middle). The PL signals of Sm®*" and Sm?* ions are detected by the
confocal microscope as follows. The signal is collected back to the objective lens
and then guided towards the photodetection unit. As the PL emission by Sm ions is
in the red to near-infrared range, DM570 passes the PL signal and then focused to
the pinhole (PH) by the achromatic lens (AL). Here, the alignment is done in such
a way that the focal point at the sample side corresponds to the focal point at the
pinhole side; hence, only the signal at the focal point is allowed to pass through the
pinhole to be detected and the out-of-focus signal as well as scattered light in the
sample medium are eliminated. The dichroic mirror (DM650) passes the incident
light of wavelength longer than 650 nm and reflects light with shorter wavelengths.
So, it separates the PL signals from Sm®" and Sm?*. Eventually, the PL signal from
the Sm*"-ion is detected by the photomultiplier tube (PMT1) through the long-
pass filter (LPF660); while, the Sm>* signal is detected by the other photomultiplier
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(PMT?2) through the band-pass filter (BPF600). The spectral detection response of
the system was experimentally measured and shown in Figure 4.18 (bottom). Note
that the response spectra of PMT1 and PMT2 match to the PL spectra of Sm?* and
Sm3T, respectively.

Here, using the confocal microscopy set-up, the detector response (R) is defined

as:

[PMTl

IRR ]PMTQ

I
R =M (4.3)

~ Irur NIRR

where Ipyr; and Ipyre are measured signal intensities by PMT1 and PMT2, respec-
tively. As indicated in the equation, the first term takes into account the signals
from irradiated samples; whereas, the second term is for non-irradiated samples,
which subtracts the contribution of typical *G5 /2 = SHiy /2 emission peak of Sm?3+

overlapping the Dy — "Fj; emissions by Sm?*. As a result, the value of R without

irradiation is, indeed, zero.

Objective
b -~ — - -
n;
ny
Sample

Figure 4.19: Cross-sectional illustration of objective lens, excitation light,
and sample when the focal plane of excitation light is in the sample matrix.

An axial position of the objective lens may be adjusted during the measurement
as needed. Especially, light reflection from the sample surface may be used as a

measure of the relative position between the sample surface and focal plane of the
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objective lens. Moreover, the excitation beam is guided inside the sample volume
to obtain a fluorescence signal from the position of interest. Figure 4.19 is a cross-
sectional illustration of objective lens, excitation light, and sample. The distance
between the objective lens and the sample surface may be adjusted in order to vary
the axial position of the focal plane. However, the travel distance of the objective
lens for adjustment (D) is not always the same as the relative change of the focal
position (d), particularly when the refractive indices of the ambient medium and
sample are different. The relationship between D and d can be derived by ray optics
and Snell’s law, and the result is simply,

d _nm

5= (4.4)

where, n; and ns are refractive indices of the sample and medium filled between
objective lens and sample, respectively. Here, ny/ny is termed as a correction factor.

Refractive indices for FP and FA glasses and oxyfluoride glass are approximately 1.5

(58, 120].

4.5.3 Data Acquisition and Control

The detected signal by PMTs is digitized and recorded on a computer, and also the
actuators in the readout system are controlled from the computer. Figure 4.20 shows
a block diagram of the interface system between the readout system and computer.
The computer (PC) is equipped with a suitable data acquisition board (DAC; USB-
6009, National Instruments) and these instruments communicate through a USB
cable. The PMT signals are smoothen by the simple RC low-pass filter (LPF) and
then measured. The analogue voltage signal was digitized by the DAC at a quantum
resolution of 14 bit over the range from 0 to 10 V. The galvanometer (Galvo) preamp
is an analogue closed-loop feedback circuit which controls the angle of X-scanning
mirror, which in turn controls the scanning position in the horizontal direction within
the FOV of the objective lens upon receiving the control signal sent by DAC. The

minimum interval distance in the horizontal direction is 0.50 gm for the 10x and
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Figure 4.20: Block diagram of the interface (data acquisition and control)
system.
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Figure 4.21: Front panel of the Labview® program which controls the con-
focal microscopy readout set-up.



0.25 pm for the 20x objective lenses, and that for the vertical direction is better
than these values. Two 5-phase micro-stepper motors (VRDM 564/50, BERGER
LAHR) are controlled by the motor drivers (D631, BERGER LAHR) for the vertical
(Y) and axial (Z) movements. The minimum travel distance in the Y direction is
0.70 um for the 10x and 0.35 pum for the 20x objective lenses; while the 0.1 ym in
the axial direction for both the objective lenses. The mechanical shutter is actuated
with a magnetic solenoid and driven by the H-bridge circuit. The system allows less

than 10 ms to switch from open to close and vice versa.

Figure 4.21 shows the front panel of the Labview® program which controls the

reader set-up. The program offers the following functions:

Four different types of scanning: X-Y, X-Z, X-Y-Z, and Z.

e Image size and resolution.

Target area to measure.

Dwelling time between pixels.

Adjustment of Y and Z position.

PMT signal sampling rate and number of averaging for noise reduction.

Automatic dark noise subtraction.

Email notification at the end of scan.

4.5.4 Summary

The confocal fluorescence microscopy readout was used in the research project to
digitize and map the PL signals of Sm3* and Sm?* ions near the surface of a dosimeter
sample. Table 4.7 summarises the important specifications of the readout system.
Further, Figure 4.22 demonstrates the image resolving power of the system with the
20x objective. The system resolution is sufficiently high to resolve a 4-pm fluorescent
sphere (MultiSpeckTM Multispectral Fluorescence Microscopy Standard, Molecular
Probes).
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Table 4.7: Specifications of the confocal fluorescence microscopy readout sys-
tem.

Parameters Description
Photodetection range (PMT1) 660 to 720 nm (FWHM)
Photodetection range (PMT2) 595 to 615 nm (FWHM)
PMT signal acquisition mode Integration
Objective lens 10x/0.3NA (Meopta), 20x /0.75NA (Nikon)
Pinhole diameter 200 pm

Minimum increment of X position 0.50 pum (10x obj.), 0.25 um (20x obj.)
Minimum increment of Y position ~ 0.70 um (10x obj.), 0.35 um (20x obj.)

Minimum increment of Z position 0.1 pym
Excitation wavelength 473 nm
Focused excitation beam diameter 5 um (10x obj.), 4 um (20x obj.)
Scanning speed 600 pixels/min (typical)

4.6 Radiochromic Film Readout

During X-ray irradiations at three synchrotron facilities, our dosimetric samples were
irradiated together with a commercial radiochromic film (HD-810, GafChromic®;
ISP Technologies, NJ, USA). It is a self-developing film in which the optical density
(OD) increases as a function of deposited radiation dose, and the OD is stably stored
over a long time. Therefore, the OD is essentially digitized in the form of optical
transmission or absorption. While GafChromic® film is widely used in various types
of radiation therapy applications, it has also been studied for use in MRT. Therefore,
despite the fact that GafChromic® film does not fulfil the requirements for use in
MRT, as described in the previous chapter, we have used it as an experimental record

and reference.

In the present research, the film was digitized by two different instruments. One
is a flat-bed optical scanner (Perfection V700, EPSON), and the other is a wide-field
optical microscope (Diaphot-TMD, Nikon) which is equipped with a digital camera.
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Figure 4.22: An image of 4-um fluorescent microsphere which was acquired
using the confocal fluorescence microscopy readout system with the 20x ob-
jective.

Technical details of these readers are provided in next section.

4.6.1 Flat-Bed Optical Scanner

A flat-bed optical scanner (EPSON scanner) was used to digitize the optical density
recorded on a GafChromic® (HD-810) film. Figure 4.23 shows a photograph of
the scanner. A tube fluorescent lamp is equipped on the lid of the scanner which
travels vertically along the longer sides, while a line-array detector is equipped in
the bottom side of the scanner, which also travels together with the light source.
For measurements, a film is placed on the flat glass bed in such a way that it is
sandwiched by the lamp and detector. In this orientation, transmitted light through
the film from the source is detected to obtain a light transmission image.

The measurement settings were as follows. The sampling distance of image was
12,800 dpi (1.98 pm/pixel), the colour depth was 24 bit, and the image was saved
as TIFF. The acquired image may be separated into three different colour channels
(blue, green, and red) using a public-domain image processing program, ImagelJ, and

then the individual images were used for analyses.
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BMIT MRT SCANNER

Figure 4.23: EPSON scanner used to digitize the response of GafChromic®
film.

Figure 4.24 (left) is an example image of resolution test chart (1951 USAF Glass
Slide Resolution Target, Edmund Optics) obtained by the scanner. It is a transparent
glass plate which is coated by a mirror surface. The mirror coating is supposed to
prevent light from passing through the plate. So the regions in the image seen
black correspond to the mirror coating, and light image region is without the mirror
coating. It is instructive to note here that the image is represented such that the pixel
value is proportional to the transmitted light detected; and, higher the pixel value,
the brighter the image. The MTF obtained from the image is shown in Figure 4.24
(right). It is seen that it has a better resolving power along the horizontal direction
(along the line array detector) than the vertical direction (along the direction of
scan). This may be due to the mechanical vibration caused as the lamp and detector
travel for scanning. For this reason, the film irradiated with a microbeam was placed
such that the microplanar beams of microbeam recorded on the film are parallel to

the horizontal direction.

96



1.00 —mm—r—+—+——+—+1—+———

\.S. EPSON Scanner

PERFECTION V700
0.75 .. Oy T

[ ] ° .
0.50 [ e ® ¢ Horizontal 1
L °
. [ ]
Vertical = o ® o
025 e °

Modulation Transfer Function

OOO n n n n 1 n n n n 1 n n n n
0 10 20 30

Spatial Frequency, Ip/mm

Figure 4.24: Image resolution of EPSON scanner. An image of resolution test
chart (1951 USAF) (left), and MTF obtained from the scanned chart (right).

4.6.2 Wide Field Optical Microscope

GafChromic® film may be scanned using a conventional optical microscopy tech-
nique. The microscopy set-up we have used in the present research is illustrated
in Figure 4.25. In fact, the set-up is more or less given as the original commercial
product (Diaphot-TMD, Nikon) besides the objective lens and digital camera. The
light emitted from the halogen lamp transmits through the diffuser and is guided
to the film detector via the condenser lens. The optical diffuser was used to ensure
homogeneous illumination over the film, and the condenser lens focuses the light on
to the film. The film is sandwiched by two glass plates as shown on the right side
of the figure. It ensures that the film is placed firmly flat and perpendicular to the
optical axis. The position of the objective lens is set such that the focal plane is
within the sensitive layer of GafChromic® film. The light transmitted through the
region of the film focused by the objective lens is guided to the digital colour camera
(D3200, Nikon) to detect. The camera is equipped with a 24.2 megapixel CMOS
imaging sensor, which allows, in this configuration, approximately 157,000 dpi (0.16
pum/pixel). The image was acquired as the RAW (.NEF) format, and decoded us-
ing an open source code (DCRaw; http://www.cybercom.net/~dcoffin/dcraw/)

for image processing. ImageJ was used for image processing for splitting the colour
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channels (red, green, and blue) and to obtain the pixel values.

Figure 4.25: A microscopy set-up used to digitize the response of
GafChromic® film.

Figure 4.26 shows the way the set-up works from the spectral point of view. The
top image is the spectrum of the halogen lamp, middle is the transmittance spectra
of GafChromic® films irradiated by different X-ray doses, and the bottom is the
spectral responses of red, green, and blue channels of the digital camera (D3200,
Nikon). These spectra were experimentally obtained by us. The light emitted from
the halogen lamp has broad and continuous spectra over the visible range. The
GafChromic® films (HD-810) has two main absorption peaks centred around 610
and 670 nm. It means that red light emitted from the lamp is more strongly ab-
sorbed than green or blue, meaning less red photons are transmitted with increasing
radiation dose. However, especially for those irradiated by larger doses, the tail of
absorption lies over the green and blue regions. The transmitted light is next col-
lected by the image sensor of the digital camera. The image sensor detects light in
the visible range. With the use of a color sensor, it can detect light distinguished by
the spectral regions (red, green, and blue).

Figure 4.27 provides a representation of the image resolution that can be achieved
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Figure 4.26: Spectra of components involved in the optical microscopy set-up:
(top) halogen lamp, (middle) transmission of GafChromic® film, and (bottom)
camera response for each channel.

using the microscopy set-up. Note here that the image of bar patterns (left) is in
much higher magnification than that shown in Figure 4.24 (left). For example, the
width of one bar for the element 4-2 (at the left top) is 27.86 pm; on the other hand,
the bar width of the element 0-2 at the left top image of Figure 4.24 (left) is 446.43
pm. Both images are obtained from the same test chart. With the use of higher
magnification as well as larger pixel density (157,000 dpi), the microscopy set-up
has much higher resolving power than the flat-bed scanner. The right side of Figure
4.27 shows the MTF obtained by the wide field microscopy in comparison with that
from the EPSON scanner. It is obviously seen that the microscope has a much
higher contrast (resolving power) than EPSON scanner. Particularly, comparing the
contrast at the line width of 50 um (top axis), which is the width of each microplanar
beam of the microbeam used in this study, the microscope has nearly full contrast

while the contrast of the EPSON scanner is approximately 60 %. This indicates that
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the microscopy set-up is able to measure the response value which corresponds to

the peak dose without the signal loss by contrast.
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Figure 4.27: Image resolution with a microscope setup. An image of resolu-
tion test chart (1951 USAF) (left), and MTF obtained from the scanned chart
(right).
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CHAPTER 5

A SEARCH FOR DETECTOR MATERIALS

5.1 Introduction

The research project had started with a search of an appropriate detector material
for MRT. Such a material fundamentally should be those that show Sm3*t — Sm?*
conversion by X-ray irradiation, and this was, in fact, our immediate goal of the
project. Detailed discussions on the potential dosimeter materials in our project
were made in an earlier chapter (Section 3.5). An investigation of such the reduction
of Sm in various host media is appropriate for choosing the dosimetric detector
material. As a host material for Sm-ions, it seems to be easier for Sm3*t to be
reduced in crystals than glasses; however, it is well known, in general, that it is a
challenging task to grow a certain area size of crystal-based detector plate which has
a homogeneous feature over the area range of interest and at a submicron scale. In
contrast, this issue may be fairly easily overcome by using a glass or glass-ceramic
material, both of which can be readily prepared in large areas. However, the number
of reported glass materials with the Sm®" — Sm?* conversion is limited, and, as
far as we are aware, no relevant report has been found for glass-ceramics. For these
reasons, our initial task in the project had been to find a material, preferably a glass
for reasons mentioned in Chapter 3, showing a valence reduction of Sm3* under
X-ray irradiation.

This chapter focuses on our initial work done to find a Sm3*-doped materials
showing the Sm3* — Sm?* change by X-ray. Moreover, we will discuss possible
improvements of such material, if we find any, for use as a practical device for high-

resolution and large-dynamic-range dosimetry in MRT.
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The dosimetric materials that were finally used, fluorphosphate and fluoroalu-
minate glasses, and oxyfluoride glass-ceramics will be described in Chapter 6 and
7. This chapter only addresses our initial search for a host medium in which we
can observe the Sm*™ to Sm?* conversion, and some of the unusual and unexpected

observations noted during this search.

5.2 Methodology

We have tested the X-ray induced Sm** — Sm?* conversion in a number of different
materials. The materials had been obtained by not only synthesizing in our labora-
tory but also collected from other research groups. In addition, Sm-doped materials
from our previous research were also tested. All the materials tested in our initial
investigation of the project are listed in Table 5.1. The valence reduction of Sm*"
by X-ray irradiation in BaBPOs:Sm3" [121] polycrystaline materials had been re-
ported earlier, and the synthesis procedure was reproducible in our laboratory. Also,
for the similarity, an isostructural material (STBPO5:Sm3") was synthesized by the
same manner. Moreover, these polycrystal samples were melted and quenched to
produce glasses, which were also tested. SrB,O; polycrystalline sample was pro-
vided by Professor Gospodinov’s group at the Bulgarian Academy of Science. In
this material, the concentration of Sm was quite high (about 10 %), and there was
a large fraction of excess Sm ions in the divalent state (Sm?") included already in
the as-prepared sample. Li;O-SrO-B;03 [45] and SrO-BaO-P,05-B2O3 [47] glasses
were selected since these glasses were reported earlier to show the valence reduction
of Sm3* under X-ray irradiation. These materials were reproduced in our laboratory
followed by the preparation procedures described in the literature. ZrF,-NaF-AlFs-
LaF3-SmF3-BaF,-BaCly was synthesized and provided by Dr. Edgar’s group at the
Victoria University of Wellington, New Zealand. This glass composition is often ref-
ereed as fluorochlorozirconate (or FCZ) glass; and it was used in a previous project
on transparent X-ray scintillator applications [37]. The FCZ glass can be made into

a glass-ceramic, which includes BaCly nanocrystals, by a heat-treatment procesure in
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a particular temperature range (225 — 270 °C). Both SiO3-NaO-Al,O3-LaF3-PbF,-
SmO3; and La0O3-B303-GeOs-SmO3 were synthesized and provided by Dr. Jha's
group at the University of Leeds, UK.

Table 5.1: List of Sm-doped materials tested for initial investigation of
project. SK, BG, NZ, and UK indicate our group, Professor Gospodinov’s
group at Bulgarian Academy of Science, Dr. Edgar’s group at Victoria Uni-
versity of Wellington, New Zealand, and Dr. Jha’s group at the University of
Leeds, UK, respectively.

o Material Place of
# Composition Structure Synthesis
1 BaBPOy:Sm?* Polycrystal SK
and Glass
2 StBPOs5:Sm™* Polycrystal SK
and Glass
3 SrB,O7:Sm3 2+ Polycrystal BG
4 LiQO—SrO—B203-8m203 Glass SK
5 SI’O-B&O-PQO5-B203-SH1203 Glass SK
6 ZrF,-NaF-AlFs-LaF3;-SmF;-BaF,-BaCly Glass and N7
(fluorochlorozirconate (FCZ)) Glass-ceramic
7 SiOQ-NaQO-AlgOg—L&Fg—Png—SIﬂOg Glass UK
8 LaO;;-BQOg-GeOg-SmOg Glass UK

In order to investigate the valence change of Sm, all the samples listed in Table
5.1 were irradiated under an intense X-ray beam at the biomedical imaging and
therapy beamline (BMIT; 05B1-1), Canadian Light Source, Saskatoon. The facility
specifications are described in Section 4.4.3 in detail. Further, PL spectra of each
sample were measured before and after the irradiation. The samples were excited
using a 405-nm laser diode, and a CCD-based spectrometer (EPP2000, StellarNet
Inc.) was used to detect the resulting PL spectrum through a 550-nm long-pass
filter to prevent the measurement of the scattered portion of excitation light beam.
The resolution of spectrometer is about 8 nm as given by the manufacturer. For the
purpose testing the reusability of the detector material, irradiations were done under

an X-ray tube (43855D, Faxitron X-Ray LLC), and 460-nm LED was used for PL
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measurements. The dose values used here are air kerma (kinetic energy released per
unit mass) and represented in Gy.

In order to detect the dose distribution of the microbeam, the detector material
needs to be homogeneous on the micrometer scale. Therefore, the surface of the

polycrystalline and glass samples were observed by a confocal fluorescent microscope

described in 4.5.

5.3 Photoluminescence spectra

Almost all the samples before the irradiation showed typical PL spectrum of only
Sm?* ions, which is due to the 4 f-4 f transitions. The only exception was the SrB,O~
polycrystalline sample in which both Sm3* and Sm?* ions coexisted as prepared.
Figure 5.1 compares the PL spectrum of an as-prepared SrB,O7:Sm3"2* sample
with that of BaBPO5:Sm?* as a reference. The valence change of Sm was also tested
for the glass and glass-ceramic samples.

After X-ray irradiation, valence reduction (Sm®*" — Sm?") by X-ray irradiation
was observed as the appearance of an Sm?* signal in PL spectra in all the polycrys-
talline samples we tested. Although Sm?" was already present from the beginning,
even further increase of Sm?* signal was observed in SrB4O. Figure 5.2 illustrates
the difference in the PL spectra of STBPO5:Sm3* before and after X-ray irradiation
as an example. After the irradiation at approximately 90 Gy, the PL spectrum is
dominated by Sm?* ions generated by the X-rays. Moreover, the appearance of Sm?*
signature in the spectrum was clearly detectable after irradiation at ~ 16 mGy. Fig-
ure 5.2 clearly convinces the capability of X-ray sensing using the appearance of PL
by Sm?" after X-ray irradiation. Further discussion will be presented in the next
section.

To our disappointment, none of the glass and glass-ceramic samples we tested
have shown any measurable Sm3" — Sm?* conversion even after X-ray irradiation
with very high dose (over 5000 Gy). Figure 5.3 shows PL spectra of BaBPOs5:Sm3*"

glass before and after X-ray irradiation as an example. It was surprising that we
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Figure 5.1: PL spectra of Sm-doped BaBPO; and SrB,O; polycrystalline
samples before irradiation.
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Figure 5.2: PL spectra STBPOs:Sm®" polycrystalline with different X-ray
irradiation doses delivered.
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could not observe any reduction of Sm3* in Li,O-SrO-B,05 and SrO-BaO-P,0s-
B203 glasses despite the evidence by earlier studies [45, 47]. Despite the the absence
of any detectable Sm?* signal, the colour of the materials became darkened, and
the shape of PL spectra were distorted as illustrated in the figure. Moreover, the
relative PL yield is reduced dramatically. This should have been caused by the
darkening of the host matrix by X-ray irradiation. The darkening of a material
is a common phenomenon associated with the absorption of X-rays. The X-ray
irradiation generates electron-hole pairs in the host material, and these are, next,
trapped by localized centres (electron or hole traps), which cause strong optical
absorption, typically in the UV-blue region. As a result, the blue excitation light
cannot penetrate the sample and cannot excite the whole volume of sample, which
results in a low PL yield. Further, the side-band of the X-ray induced absorption
may overlap to the Sm3* emission range, so the PL emission by Sm3* is self-absorbed

which causes the distortion of the spectral shape.
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Figure 5.3: PL spectra of Sm-doped BaBPOj5 glass sample before and after
irradiation.
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5.4 Dose-response for dose calibration

Since we would like to use the extent of change in the PL spectrum due to Sm?*
— Sm?T as a measure of X-ray dose delivered, we have to be aware of the corre-
spondence between the degree of signal change and the delivered X-ray dose. For
this purpose, dose-response curve, which is a detector response as a function of X-ray
dose delivered, is often presented used for dose calibration. Also, the dose-response
provides information on the detectable dose range that the detector can handle. The
dose-response curves of Sm-doped BaBPOj5, SrBPOs;, and SrB,O7 are illustrated in

Figure 5.4. Here, the detector response is defined as a non-dimensional variable:

PL6707830nm (DOSG) PL6707830nm (0)
Response(Dose) = P L350-660nm( Dose) - P L350-660nm () (5.1)

where the first term is a ratio of the integrated PL intensity over the range of 670
— 830 nm to that of 550 — 660 nm for a given X-ray dose value (Dose). The former
range corresponds to the PL emission range of Sm®* and the latter is for Sm?*.
The second term in the above equation is the value without X-ray irradiation. Here,
instead of using absolute intensities, the PL ratio is used as a response so that the
response value is independent of the excitation intensity and we can maintain the
measurements with high degree reproducibility. The subtraction by the second term
is to remove the interference of the *G5/5 — ®Hiq /2 emission by Sm**, which overlaps
to the spectrum of Sm?*. From Figure 5.4, it is clear that the dose-response varies
depending on the host material. Particularly, the response change in StBPO5:Sm?"
extends over a large dose range up to approximately 500 Gy. Although it is desirable
to have an ability of detection at higher doses, some MRT researches have used the
doses that may be covered by this material. For the SrB,O; polycrystalline material,
we were unable to observe saturation in the dose-response curve even over 5500 Gy
which shows that the SrB,O7:Sm3* should be a highly potential detector material

in terms of the dynamic range.
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Figure 5.4: Dose-response curves of Sm3"-doped BaBPOjs;, SrBPOjs, and
SrB4O7 polycrystalline samples.

5.5 Response stability

The proposed dosimetry approach is based on an indirect detection method. It
means that a dosimetry detector material is irradiated by X-rays to detect and store
the dose information, and then the detector is brought to a readout set-up to read
out and digitize the PL signals from the Sm-ions. Therefore, the stability of such
stored information, or dose-response value, is an important consideration. A series
of PL spectra of STBPO5 were measured over a period of time after X-ray irradiation
(about 1500 Gy) and illustrated in Figure 5.5 (a). Between the measurements, the
sample was kept in the dark to prevent any unnecessary fading of Sm?* by exposure
to ambient light. The results suggests that the generated Sm?* is quite stable even
after several days. It is instructive to note here that a fraction of the slight decrease
in the response over several measurements is due to the photobleaching effect by

405-nm excitation beam during the actual PL measurements.

The conversion stability was also tested under high temperature conditions. The
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PL spectra of an irradiated piece of sample were measured after every heat treat-
ment while the heat-treatment temperature was elevated up to 700 °C. The relative
response value against heat-treatment conditions is illustrated in Figure 5.5 (b). The
relative values are those with respect to the as-irradiated value. The response de-
creased dramatically after heat-treating at 200 °C for 1 h, and it further decreased
with increasing temperature as well as time. Eventually, the response value dropped
closed to zero after heating the sample at 700 °C for 10 h; as explained above, a zero
response represents the absence of Sm?* ions.

Consequently, the X-ray generated Sm?*-ions seem quite sensitive to heat espe-
cially at elevated temperatures whereas it is fairly stable at room temperature, and
when it is not exposed to excess light. This fact suggests that the materials are
erasable by heat-treatment; thus this may open up the possibility for the detector
materials to be used multiple times if the response is consistently repeatable. The

next section will discuss the reusability of these polycrystalline materials.

5.6 Reusability

In order to test the reusability of Sm3*-doped polycrystalline materials for dosime-
try sensing applications, we have, first, measured the dose-response curves, next we
attempted to erase the response by heat-treatment, and then the dose-response was
measured again after the erasure. Further, the erasure and dose-response measure-
ment were repeated as needed.

Figure 5.6 shows the dose-response curves recorded on an as-prepared sam-
ple and heat-treated sample after the previous dose-response measurement for (a)
SrBPO;:Sm?" and (b) BaBPOj5:Sm*" polycrystalline materials. The heat treatment
was performed at 700 °C for 5 hours under the ambient air atmosphere. The response
here refers to the value with respect to that of an as-prepared sample. Particularly for
SrBPOs5, the response values of the first plots of the 2nd- and 3rd-time uses are way
larger than that corresponding to the 1st-time use. This indicates that the response

value was not completely erased by the heat treatment. Despite the difference of ini-
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tial response values, the curves of 2nd- and 3rd-time uses are very closely correlated.
This fact suggests that the material may be still re-usable (as long as the curves
are consistent after the lst-time use). On the other hand, for BaBPOjs, most of the
response values recorded were erased after the heat-treatment, and Figure 5.6 (b)
shows a better agreement between the dose-response curves of the 1st- and 2nd-time

uses.

5.7 Homogeneity

Detector material needs to be homogeneous at a submicron scale and over an area of
microbeam detection. The MRT dosimetry requires resolving microscale patterns of
high-contrast X-ray dose over the area of the microbeam, which may be on a scale of
30 cm? (specific protocol has not been determined, yet we assume that the size should
be equivalent to a tumour size). As discussed earlier in Section 3.5.3, the host matrix
of the detector may be in various forms, for instance single crystal, polycrystalline,
or glass. Figure 5.7 compares microscopy images of (a-1) as-prepared polycrystalline
material (SrB4O7), (b-1) polycrystalline after grain size control (YAG:Ce®*"),; and
(c-1) BaBPOj5 glass samples. The signal profiles over the diagonal line drawn in the
images are also given in (a-2), (b-2), and (c-2), respectively. The magnification of
the images is 10x. The YAG:Ce3" ceramic sample was provided as a courtesy of
Professor Tanabe’s research group at Kyoto University for the purpose of testing
the surface quality of a ceramic material in which the grain size is controlled. The
surfaces of SrB,O7 polycrystalline and BaBPOj5 glass were polished by the same
method, and the YAG:Ce?" ceramic was prepared by pressing powder under high
pressure and then heating sample at high temperature. The controlled powder grain
size is <1 pm. The figure clearly illustrates that the inhomogeneous feature of the
polycrystalline surface, which includes grain boundaries and voids between grains
and these defects lead to scattering. After grain size control, the homogeneity has
improved dramatically; however, it seems that the surface is not as smooth as glass.

Therefore, at this magnification and image resolution of our interest, a glass material
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should be the best choice as a host matrix for Sm-ions in terms of the image quality.

5.8 Conclusion

We have examined a number of Sm*"-doped materials in order to search for a poten-
tial dosimetry detector materials to be used for MRT. Such a material must allow the
Sm3*t — Sm?* change by X-ray irradiations and the PL signals of Sm3* and Sm?*
must be measurable. Since the valence change is used as a measure of radiation dose,
the response should be present in a dose range of interest. Further, the detector ma-
terial needs to be homogeneous over the cross-sectional area of microbeam and also
at submicron scale.

The tested material types include polycrystalline, glass, and glass-ceramic sam-
ples with different chemical compositions. All the materials showed the typical PL
spectrum of Sm3* due to the 4f-4f transitions. In addition, Sm?* emission due to
4f-Af transitions was observed in the SrB,O7; polycrystalline sample, implying that
Sm?T ions are included and optically active in the as-prepared sample.

Among all the samples we tested, any expected conversion of Sm3* ions in glass
and glass-ceramic samples was not observed. To our surprise, our glasses reproduced
from the earlier works, LioO-SrO-B2O3 [45] and SrO-BaO-P,05-B;03 [47] which were
reported to show the conversion of Sm** to Sm?*, did not show this conversion. This
suggests that the conversion process is likely to be very sensitive to the preparation
conditions. However, notable response against delivered X-rays was found in poly-
crystalline BaBPOjs, StBPOs, and SrB4O;. The PL signature of Sm?* suggested
that the PL emissions are due to typical 4f-4f transitions in these materials.

The Sm3* — Sm?* conversion induced by X-ray dose strongly depends on the host
material. The saturation of response was found to be around several tens of grays for
BaBPO:Sm?*" polycrystalline and several hundreds of grays for S"BPO:Sm3*, and we
did not observe any saturation up to ~ 5500 Gy for SrB4O7 polycrystalline samples
(the lower detection limit strongly depends on the instrument specifications such as

the sensitivity of spectrometer used and strength of the excitation laser). Therefore,
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these materials, especially StBPO5; and SrB,O, have good potential for satisfying

the requirement of large dynamic range needed in MRT.

The X-ray generated Sm?' ions are quite stable at room temperature in the
dark, and the extent of response was kept stored over several days with little change
of signal in converted Sm?* ions. However, the stability of Sm?* ion is dramati-
cally reduced at elevated temperatures, and almost all the Sm?T can be removed
(that is converted back to Sm3") after heating the sample at 700 °C (in the case of
BaBPO:Sm?*" polycrystalline samples). Since the heat-treated sample after irradia-
tion showed further Sm3* — Sm?* conversion under X-rays, and the dose-response
curve follows that observed before the heat-treatment, the heating technique can be
used to erase the recorded dose information and the detector material is reusable

multiple times.

Despite these excellent features of polycrystalline samples discussed above, the
observation of the sample surfaces suggested that the materials are not suitable
for MRT dosimetry. The surface of these polycrystalline samples is coarse even
after polish as it contains pores, cracks and other defects due to the nature of the
polycrystalline structure. Even with the control of crystalline grain size less than 1
pm, the surface was not homogeneous enough at the microscopic scale of interest.
One of the possible ways may be to use a transparent ceramic. The transparent
ceramic consists of nanometer sized powders of crystal with the cubic crystalline
structure. When the powders were made into a ceramic in such a way that the
boundaries of powders are ”fused” to each other, the whole ceramic bulk becomes
optically transparent. It is because the crystal boundaries are well arranged that
there are no refractive index differences across the powders. Unfortunately, the
crystalline materials we tested in this work do not have a cubic structure; thus,

further research is needed to explore cubic polycrystalline hosts.

Since the polycrystalline materials (especially STBPO5:Sm3") are highly sensitive
to X-rays and the signal is stable, the material may also have a potential to substitute
for an ordinary digital radiographic film. The commercially available imaging plate

uses the PSL effect by crystalline powders such as BaFBr:Eu?" which are distributed
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uniformly over the plate. The resolution of an imaging plate using the PSL effect is
strongly limited by the focused spot size of stimulation light and by the nature of the
PSL effect; the stored information is instantly lost after the exposure. In contrast to
the PSL based phosphor, our Sm-doped polycrystalline materials have very stable
signal as the generated Sm?*-ion even after the PL measurement to extract the
information. This is an advantage especially when the digitization is done using
a confocal configuration with a pinhole at the detector side. In this configuration,
only a selected dot within the excited spot can reflect as a single pixel and the
spatial resolution can be dramatically improved compared to conventional medical

radiography.
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CHAPTER 6

SM>T-DOPED FLUOROPHOSPHATE AND FLUO-

ROALUMINATE (GLASSES

6.1 Introduction

We use the valence change of doped Sm?* ion (Sm*" — Sm?") due to interactions
with X-rays as a measure of the X-ray dose delivered to the sample [122], [123]. A
transparent glass is an ideal candidate as a successful dosimetric imaging material
since the transparent matrix significantly reduces unwanted light scattering during
readout. In addition, at the microscopic scale of interest (submicrons at finest),
the glass structure is uniform and the glass property is homogeneous. Sm?3*-doped
fluorophosphate (FP) and fluoroaluminate (FA) glasses were the first transparent
glass materials (fabricated in collaboration with the Dr. Edgar’s group at Victoria
University of Wellington, New Zealand) that we found to show the Sm3* — Sm?*
conversion by X-ray irradiation. One of the easiest techniques to investigate whether
or not the doped Sm?* ion has been converted by X-ray irradiation is to measure
the photoluminescence (PL) spectra, using a straightforward steady state photolu-
minescence technique, of a piece of glass sample before and after x-ray irradiation,
X-ray irradiation can be done using an ordinary X-ray tube. It is a significant task
for us to investigate such a conversion using the synchrotron X-ray source as well as
confocal fluorescence microscopy readout. The microbeam radiation therapy (MRT)
is typically carried out using high flux and high energy synchrotron X-rays. Since
there is a good chance that the dosimeter material has flux and energy dependences,

and the flux and energy profile generated by an X-ray tube are very different, it is
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very important to use synchrotron X-ray in order to accurately evaluate the dosime-
ter material which is to be used in MRT applications. Furthermore, the degree of
conversion may not be the same over the entire volume at a certain level of x-ray
exposure; rather it decreases as a function of the X-ray penetration depth inside the
sample. Therefore, it is very important for us to readout at a consistent depth in the
sample over several measurements with different samples, and this is possible using

the confocal microscope readout.

6.2 Methodology

This chapter covers the study of Sm*"-doped FP and FA glasses as high-dose and
high-spatial-resolution X-ray detector material for use in Microbeam Radiation Ther-
apy applications. One of the most important properties is the dose-response (that
is, response against delivered dose). For dose-response measurements, a bulk glass
sample of one kind was cut into pieces (approximately 3 x 2 x 0.5 mm?), and then
the surfaces were polished. X-ray irradiations were carried out at the BMIT (05B1-1)
beamline, CLS. A set of samples for each given composition was subject to irradia-
tion by a broad beam with varying doses from ~ 1 Gy to over 1000 Gy, and then
the response of each sample piece was read out using a confocal microscopy readout
set-up. Hence, plotting the measured response values against the X-ray dose deliv-
ered yields a dose-response curve. In addition, the samples were also irradiated by a
microbeam to investigate the ability for the glass detectors to store the distribution
of X-ray dose in microbeam (i.e. dose-profile) and also to investigate the ability for
confocal microscopy set-up to read out the response information recorded on the
detector sample.

After the X-ray irradiation, some of the samples were, further, exposed to blue
(460 nm) or UV (254 nm) light, and then the response values were measured in the
same manner mentioned above. For light exposure, a 3-W LED (OSRAM) and a UV
tube lamp (DE-4, UVP)were used, respectively. In the case of the exposure by LED,

the samples were exposed inside an integrating sphere in order to ensure a uniform
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exposure over several pieces of sample, whereas UV exposure did not require such a
technique as the intensity was fairly uniform along the tube. Moreover, together with
investigations including optical transmittance, thermally stimulated luminescence
(TL), and photobleaching techniques, the mechanism of Sm*" — Sm?* conversion

is discussed in the following sections.

6.3 Experimental Results

6.3.1 Response of Valence Conversion upon X-ray Irradia-

tion

The valence conversion of Sm (Sm*™ — Sm?") upon X-ray irradiation may be used
as a probe of X-ray dose delivered as mentioned previously. After the X-ray irra-
diations, the appearance of Sm?" emissions in PL was found for both Sm-doped
FP and FA samples. Figure 6.1 illustrates the dose-response curves, which present
response values as a function of delivered X-ray dose, of FP and FA glasses doped
with different concentrations of Sm®*. The response values were normalized to be
unity at saturation. It is worth noting that every point on these graphs corresponds
to an individual piece of sample. Put differently, we avoided building up cumulative
doses on a single sample. This approach allows more flexibility in the experiments
since we can then also examine post-treatment effects on individual samples. In
addition, the latter approach provides samples for TL measurements, as well. Fur-
ther, by using an individual sample for each point, i.e. for each dose, we avoid the
effects of bleaching that would otherwise occur had we used one sample throughout
all dose measurements. In both the host materials, continuous valence conversion
was confirmed from a dose of ~ 1 Gy up to over 1000 Gy, where saturation occurs,
thus limiting the dynamic range at the upper end. As seen in Figure 6.1, the valence
conversion rate as well as the dynamic range seems to vary with the concentration of
Sm3*-dopant, and appears to be different for FP and FA host matrices. The samples
with the highest concentrations of Sm** (5.0 % and 10.0 %) are not shown in Figure
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6.1 because the extent of conversion was so small that the results (or the response)
had significant noise. Figure 6.2 illustrates the response values at saturation against
the concentration of Sm3* for both FP and FA glasses. It is clear that the response
value at saturation decreases with increasing Sm** dopant concentration. Namely,
the conversion rate seems to decrease for larger Sm concentrations, while the dy-
namic range appears to be larger for FA than FP glasses. Also, the response values

at saturation appear to be independent on the host glass matrix.

6.3.2 Stability of Response Signal

After the irradiation, it is important that the dosimetric detector stores the dose
information over a long period of time until the stored information is read out and
digitized. Figure 6.3 shows the change of response as a function of time after the
irradiation. A set of glass pieces of one kind (i.e. of a given composition) was
irradiated by 500 Gy of radiation all together, and then the response value of each
piece was digitized at varying times after the irradiation. Therefore, each plotted
point in the graph represents an individual glass piece.

It seems like that the stability of response depends strongly on the concentration
of Sm3* ions added into the detector glass. The lower the concentration, the stronger
is the fading after the irradiation. However, eventually the response values are
stabilized after 1 day. For those doped with 1 % of Sm?3*, it seems that the response

value is very stable from just after the irradiation (1 h).

6.3.3 Dose-profile of Microbeam

With a glass detector (0.2 % Sm3*-doped FA glass), we have attempted to measure
X-ray dose distribution of microbeam (dose-profile) to show the capability of our
approach. Three pieces of glass were irradiated by a microbeam at the CLS at
different entrance doses. For these irradiations, a broad X-ray beam of approximately
14, 140, or 1400 Gy was delivered to the MSC, and the produced microbeam was
delivered to the sample. The recorded dose-profile by the sample was further digitized
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Figure 6.3: Stability of response after X-ray irradiation. Detector samples
were irradiated by 500 Gy.

by using a confocal microscopy and the ratio of the PL signal from the Sm?* to that
from the Sm*-ions (i.e. PL(Sm?")/PL(Sm?")). Figure 6.4 shows the as-acquired
image by the confocal microscope reader. The two peaks of microbeam have been
successfully detected in the two-dimensional space, and it is clearly seen that the peak
intensity increases as the entrance dose increases. Further, the response values were
averaged along the microplanar beams and the averaged values were calibrated to
the dose values based on the dose-response curve acquired earlier in Figure 6.1. The
results are a one-dimensional representation of dose-profile as illustrated in Figure
6.5. We have successfully detected both valley and peak doses together over a high
dose range. Further, our results unveiled that the peak shape is more or less flat at
the centre of microplanar beams, while the tail of beam caused by X-ray scattering
is well represented. Figure 6.6 compares our experimental observation with Monte
Carlo simulation data by Nettelbeck et al. [124]. These two independent works agree

very well, thus the result shows that our measurement technique is highly promising.
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6.3.4 Colour Change due to X-ray Irradiation

Both as-prepared FP and FA samples were visually transparent with slight yellowish
colouration. However, upon X-ray irradiations, the samples became darker and the
darkening was much stronger in the FP than the FA sample. These observations
are summarised in Figure 6.7, which compares X-ray induced absorbance spectra of
as-irradiated, blue-exposed and UV-exposed Sm-doped FP and FA samples. The
light treatments were carried out after the X-ray irradiation. It is clear that the
induced absorbance was stronger in the FP glass than that of FA, and blue (~ 2.7
eV) or UV (~ 4.9 eV) light treatment reduced the induced absorbance in both the

samples. This bleaching effect was more pronounced for the UV light treatment.
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Figure 6.7: X-ray induced absorbance of Sm-doped FP and FA. The con-
centration of Sm for both the glasses was 1 %. The dotted curves show a
presentation of the induced absorbance in an FP glass as a sum of Gaussians.
Three of them are tentatively associated with phosphorus-oxide hole centers

(POHCs) [125].

6.3.5 Thermally Stimulated Luminescence

In Figure 6.8, TL glow curves of irradiated Sm-doped FP glass and that of FA glass
are compared. The concentration of the initial Sm** dopant was 1.0 %. The dashed
lines are Gaussian curve fits. For both FP and FA glasses, the spectra of the TL
emission (not shown here) were for the f-f transitions of Sm®* ions. In both the TL
spectra, two major peaks were observed; however, an additional peak was present in
the FP glass. This may imply the existence of an additional charge trapping level
in the FP glass compared to that in the FA glass. In addition, the two major TL
peaks in FA glass appeared to be at higher temperatures by ~ 60 °C, with respect
to those of FP glass.
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Figure 6.8: TL glow curves of irradiated Sm-doped FP and FA glasses. The
delivered X-ray dose was about 1500 Gy. The heating rate was 1 °C/s.

6.3.6 Effect of Dose-Response upon Post-Irradiation Optical

Treatment

Figure 6.9 compares the dose-response curves of FP and FA samples with and without
optical treatments by blue and UV light. To facilitate the comparison, all the graphs
were plotted twice: with absolute response values in the upper part of the figure and
with values normalized to that at saturation in the lower part. As can be seen in the
upper part of the figure, the absolute values decreased by the optical treatment for
both types of host glass. This effect may be attributed to the optically stimulated
conversion of Sm?** — Sm?®", or commonly referred as photobleaching of Sm?*. In
the case of Sm-doped FA glasses, the effects of blue and UV photobleaching on the
response curves were approximately the same. On the other hand, the effects of
photobleaching on the normalized dose-response curves of the FP glass, as shown in
the lower part of Figure 6.9, depend on whether blue or UV bleaching is used. In
particular, the UV treatment of FP glass has led to the disappearance of saturation.

But, this comes at the cost of sensitivity.
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Figure 6.10 compares measured microbeam dose-profiles with large peak doses.
The detector material used was 1 % Sm®**-doped FP glass. Since the as-irradiated
FP glass plate does not have an ability to detect above 1000 Gy, the measurement
of peak dose could not be achieved as shown in Figure 6.10 (top). However, with
a cure of UV treatment, the detection dose range can be expanded, thus peak dose

was successfully detected as shown in Figure 6.10 (bottom).

6.4 Discussions

The experiments showed that both Sm-doped FP and FA glasses exhibited effec-
tive valence conversion of Sm ions under X-ray irradiation. The dynamic range of
conversion, i.e. the irradiation dose necessary to reach saturation, exceeded several
thousands of Grays which is very promising for dosimetric detector applications in
MRT. The response signal is very stable over a long-time period. The stability seems

to depend on the concentration of Sm*" added, and we did not find any fading of
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Figure 6.10: An example of microbeam measurement at high-dose using UV
treatment technique. The detector plate is 1 % Sm3*-doped FP glass in which
the saturation takes place around 1000 Gy and above. The UV treatment
technique with an appropriate dose calibration enables to measure large dose.
The detected dose at the peaks is approximately 3000 Gy.

signal when the glass detectors (both FP and FA) are doped with 1 % Sm3* ions.
However, all the tested materials showed no change of response after 24 hours af-
ter the irradiation. As shown in Figure 6.5, we have demonstrated, with the use
of confocal microscopy readout, that our approach enables the detection of the dose
distribution of the microbeam (dose-profile) which contains very large doses, and the

detected profile is in an excellent agreement with the simulation data [124].

The conversion rate seems to depend on the concentration of Sm dopants and on
the composition of host matrix. It is worth noting here that a similar dependence
on the host environment has also been observed in some crystalline materials [122].
The comparison of Sm-doped FP and FA glasses shows that the conversion reaches
saturation at a lower dose in FP than FA glass as seen in Figure 6.1. On the
other hand, Figure 6.2 indicates that the total numbers of converted Sm?* ions were
the same for the both hosts. These experimental observations imply that FP is a

more sensitive dosimetric material. Below, we will discuss this fact using a charge
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trapping model and a phosphorous-oxygen hole center (POHC), which is present in
an FP glass system.

Sm3*-doped FP Sm3+-doped FA

o,

—0-0-0000— Sm™ —0-00000— Sm™
X-rays X-rays
N | o AN

20,0, 0y Hole Traps Hole Traps (F, [O7])

v

Figure 6.11: Suggested band diagram models of Sm3*-doped FP and FA glass
detectors.

The interconversion of Sm-ions may be explained using a band diagram as il-
lustrated in Figure 6.11. Here, we assume that Sm3* ions act as electron-trapping
centres in order to become Sm?*. The X-ray irradiation generates numerous electron-
hole pairs. Some of the electrons are captured by Sm3" ions (which then become
Sm?") (indicated as (C)) while the corresponding holes must be captured by some
hole-trapping centres to ensure persistent Sm*™ — Sm?* conversion (indicated as
@) (and B))). Figure 6.2 indicates that increasing the concentration of electron-
trapping centres (Sm3" ions) did not increase the total number of converted Sm**
ions. Moreover, PL measurements indicated that most of the Sm" ions stayed un-
converted at saturation. These facts imply that, when the conversion reaches its
saturation, some of the electron-trapping centres, i.e. Sm3", are still available to
capture electrons, while the hole trapping centres are fully occupied. Therefore, it
is safe to say that, in our glass systems, the Sm*" — Sm?" conversion process is
controlled by a hole-trapping process rather than electron trapping.

There are several models of hole-trapping centres in fluoride glasses. One of the

models was put forward by Griscom et al. [126]. According to this model, the
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existence of hole-trapping centres in heavy-metal fluoride glasses is associated with
F- and O-ion vacancies. FP glass has O-ions as one of the main compositions, and
FA glass may contain O-ions as a foreign impurity. These trapping centres may be
illustrated as in Figure 6.11. In addition, Ebeling et al. suggest that in the FP glass
some of the phosphorous-oxygen bonds are converted into POHCs by trapping holes
(indicated as (A)) [125]. The POHCs give rise to strong optical absorption bands
in the UV region and this was indeed observed in our experiments (Figure 6.7).
Our TL measurements support this idea as the glow curve in the FP glass showed
an additional peak at around 375 °C compared to that of FA. This peak may be
associated with the release of holes from POHCs. This conclusion is supported by
the effective bleaching of induced absorbance by annealing at the same temperature

range.

The same idea of additional hole-trapping center in FP glasses may explain the
difference in the dose-response curves of FP glasses between UV- and blue-treatments
shown in Figure 6.9. During the X-ray irradiation, multiple types of hole capture
centers, including POHCs, operate at different speeds or have different time scales.
More particularly, trapping rate of (A) and (B) (indicated in Figure 6.11) may not be
the same. Exposure to UV would bleach POHCs more efficiently than the others
(indicated as (), which would lead to a reduction in the concentration of Sm?*"
(indicated as (D). As a result, the dose-response curves after UV-treatment represent
the Sm valence conversion rate, in arbitrary units, disregarding the effects of POHCs.
Further, the Sm-doped FP samples under UV treatment did not show saturation.
This implies, in turn, that the POHCs and corresponding number of Sm?* ions
populate at a higher rate, which give higher sensitivity to the Sm-doped FP glass
with respect to the Sm-doped FA glass. Thus, if there existed no POHCs in FP
glass, the dynamic range would be larger. In other words, with the functionality of
hole trapping with phosphorous-oxygen bonds, the dynamic range of FP glass may
be smaller, but the detector sensitivity is higher. Moreover, FP glass could be used
as a "flexible dynamic range” dosimeter material as the dynamic range of FP glass

can be enlarged with UV-treatment, at the cost of sensitivity, if needed. The latter
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effect was demonstrated and illustrated in Figure 6.10. The large peak dose, which
cannot be measured by the as-irradiated sample, was successfully detected using the
UV-treatment technique. However, the S/N ratio decreased as significant amount of
Sm?T ion was also removed by UV exposure. The signal-to-noise ratio also depends
on the performance of the readout instruments, thus the improvement of microscopy

set-up should overcome this issue.

6.5 Conclusion

We have studied Sm3*-doped FP and FA glasses with varying concentrations of
Sm?" dopants as potential X-ray dosimetric detector materials for high-dose high-
resolution applications in MRT. This type of dosimeter employs the degree of Sm** to
Sm?* conversion as a measure of the delivered X-ray dose. The detailed examination
of dynamic ranges of the samples have unveiled excellent coverage of the dose range
used in MRT, from ~ 1 to over 1000 Gy, followed by saturation. Our demonstration
of microbeam measurement, with such a material, showed a remarkable ability to
detect the dose distribution of microbeams with a large dose. When the concentration
of the Sm®*" dopant was higher, the saturation seemed to be reached at a higher dose.
In other words, the dynamic range of the detector may be controlled by the doping
concentration of Sm3*. Moreover, the saturation dose also seems to depend on the
choice of the host glass; the saturation was reached at a higher dose in FA glasses than
that in FP. The conversion response was further studied with optical bleaching and
TL experiments in order to understand the charge trapping mechanisms. The results
indicate that the POHC present in the FP glass plays a major role in increasing the
sensitivity of this Sm-doped glass system. On the other hand, the dynamic range
of the FP glass can be controlled by UV-treatment, which allows us to achieve over
1000 Gy of dose detection.

In fact, Vahedi [127] and Morrell [128] have shown that the Sm** ions generated
by X-ray irradiation in FP and FA glasses can be reset to the trivalent state by
exposing to light a UV lamp, a strong purple laser, or by heating the detector
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material to a temperature around its glass transition temperature. Furthermore,
these "erased” glasses are reusable multiple times. Therefore, we strongly believe
that Sm®*"-doped FP and FA glasses are probably the best candidates for the detector
material to be used to measure the distribution of high-dose X-rays on the micrometer

scale such as in a microbeam.
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CHAPTER 7

SAMARIUM (IIT)-DOPED OXYFLUORIDE GLASS-

CERAMIC

7.1 Introduction

In Chapter 3, we have proposed a novel X-ray dosimetry technique for large-dynamic-
range and high-spatial-resolution to be used in Microbeam Radiation Therapy (MRT).
[122, 123]. The technique uses a dosimeter material which is a host material that has
been doped with Sm3* ion in which the embedded Sm?* ion is converted to Sm?*+
ion under X-ray exposure. The extent of this conversion is then used as a measure
of the radiation dose delivered, and this conversion is read out, at a submicron of
resolution, as photoluminescence (PL) signals using a confocal microscopy readout.
Potential dosimeter materials in our approach are clearly those that allow the
Sm3*T — Sm?T reduction to occur under irradiation; examples of irradiation include
X-rays [47, 45, 48], y-rays [39] and intense infrared femtosecond laser [51]. In Chapter
5, we have studied a number of Sm3t-doped materials. However, the Sm?*t —
Sm?" conversion by X-ray irradiation is not observed in all possible host materials,
but only in selected hosts. It seems that the conversion is more commonly found
in crystals rather than glasses. Such host crystals include CaFs, SrFy, BaBPOs,
SrBPOs;, SrB,O; and a number of others. These can be easily fabricated into powder
and distributed on a film, but during the readout, the excitation as well as the PL
signal are scattered by the powderized material, leading to a poor readout resolution
(see Figure 5.7). In order to avoid this issue of light scattering, one can use a single

crystal; however, the fabrication of specialized large area crystals is challenging and
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usually expensive. On the other hand, in Chapter 7, we have successfully fabricated
Sm3*-doped fluorophosphate (FP) and fluoroaluminate (FA) glasses, both of which
are excellent materials showing the desirable Sm3* — Sm?* conversion by X-ray
exposure. The latter works have been already published in the literature [129], [123],
[127]. These glasses are transparent and can be easily fabricated into a sufficiently
large area. However, from our investigation, it was found that the converted Sm** ion
in these glasses shows a PL signal which is dominantly due to the radiative transition
within the 4f orbital shell (the 4f-4f transition). Such a radiative transition is
understood to have a long lifetime (typically on the order of milliseconds in the
case of 4f-4f transitions of rare-earth ions). This means that it takes more than a
millisecond to readout one pixel point; thus it requires quite a long time to read out

the entire sample.

In addition to crystals and glasses, glass-ceramics are another class of materials
that have recently attracted much attention. It typically has a transparent glass
matrix which contains nanocrystals uniformly distributed over the volume. There-
fore, it may be possible to design a glass-ceramic as a new dosimeter material in
such a way that the Sm3*-doped nanocrystals, which are already known to show the

3% — Sm?* conversion, are included in a glass matrix. A Sm**-doped oxyflu-

Sm
oride glass is a primary candidate. In this particular glass, it is understood that,
doped rare earth ion (in this case Sm®") acts as a nucleation centre, and then CaF,
nanocrystals can be grown upon an appropriate heat treatment schedule. As a re-
sult, we may obtain a glass-ceramic containing CaF, nanocrystals doped including
Sm**. (The Sm®" ions are actually embedded in CaF; nanocrystals.) As mentioned
above, Sm3* embedded in CaF, crystals are known to be reduced to Sm?* by X-ray
exposure [79, 130, 131, 59, 132]; while, Sm?* included in CaF, is reported to show
PL emission which is dominantly, at room temperature, due to the 5d — 4f transi-
tion [133], the lifetime of which is typically on the order of nanoseconds [134, 135].
The PL lifetime is one of the key parameters that limit the readout speed since the

detector sample is scanned point-by-point. Many materials that exhibit the Sm3*

— Sm?* reduction by X-ray irradiation seem to typically show a PL lifetime on
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the order of milliseconds due to the parity-forbidden f-f transitions. Oxyfluoride
glass ceramics containing CaFy nanocrystals have been widely studied with vari-

ous rare-earth dopants for applications such as up-conversion, quantum cutting etc.

(74, 75, 76, 136, 137, 138, 139, 140].

7.2 Methodology

The experiments have been planned and carried out as illustrated in Figure 7.1.
First, Sm3*-doped oxyfluoride glass (45Si05-20A1,03-22CaF,-10Ca0-3SmF3 in mol.
%) was synthesized by a conventional melt-quenching method. (The detailed de-
scriptions of the synthesis can be found earlier in Section 4.2.) It is instructive to
note here that this type of glass-ceramic is obtained by heat-treating an as-prepared
glass at an appropriate temperature and for an appropriate duration of time such
that nanocrystals is nucleated and grow in the glass matrix, which then becomes a
glass-ceramic. Suitable heat treatment temperatures can be obtained by examining
DSC measurements. Following the synthesis of a dosimetric glass sample, DSC mea-
surements were carried out to obtain the temperature, at which the nucleation and
growth of CaFy nanocrystals occur; if such nanocrystals can be grown in the host of
interest.

Next, the structural analysis was carried out by XRD and SEM measurements.
An as-prepared sample as well as samples after heat-treatment at different tem-
peratures were subject to XRD measurements to investigate whether or not CaFy
nanocrystals had been formed in the glass matrix as well as estimating the nanocrys-
tal size, if any. The range of heat-treatment temperature was based on the DSC
measurement result obtained earlier. Further, observations by an SEM was carried
out to find out the 2-dimensional distribution of nanocrystals on a suitably curt sur-
face in addition to the XRD measurements. The nanocrystals need to be uniformly
distributed at the nano- or sub-micrometer scale since, ideally, the material is ex-
pected to be used to detect X-ray doses distributed on a micrometer scale and the

valence change of the Sm-ions embedded in CaFy nanocrystals store the dose values.
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Figure 7.1: Illustration of experimental procedure.

Optical properties were also investigated for the samples with and without heat-
treatment and with and without X-ray irradiation. The irradiation was carried
out with the FAXITRON X-ray unit. Particularly, measurements of PL spectra
before and after irradiation was of primal technique to investigate whether or not
the Sm3* — Sm?* change by X-ray irradiation is present. Moreover, PL excitation,
PL lifetime as well as optical transmittance measurements were carried out to study

optical properties of the material.

Last, applicability of this new material as a dosimetric detector to be used in
MRT has been tested. The study includes the dose-response (i.e. response against
delivered X-ray dose), which tells us the dose range over which the material can
measure the dose, and dose-profile of the microbeam (i.e. X-ray dose distribution

in the cross-sectional area of the microbeam). The irradiation was performed at
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the BMIT, CLS. In order to obtain the dose-response, several pieces of sample were
irradiated with varying doses from ~ 1 Gy to over 10 kGy, and the response values of
each piece were measured using a confocal microscopy readout set-up. The samples
were polished prior to the irradiations, and the response was, at all times, measured
at a depth of 20 pum inside the sample from the surface; a good portion of the
incident X-ray photons are absorbed in this region. In addition, the reusability of the
material was also tested. The tests included the erasability of the response measured
in the material and the reproducibility of the dose-response curve. The erasure was
attempted by either heat-treatment or UV exposure. Samples were irradiated in the
FAXITRON unit. The response was obtained form PL measurements with a 633-nm

excitation.

7.3 Results and Discussion

7.3.1 Thermal and Structural Properties

The DSC curve shown in Figure 7.2 indicates a glass transition (7,) at 608 °C and
two crystallization peak temperatures at 687 °C (7},;) and at 853 °C (T}2) where
the crystallization rate is maximum, as marked on the thermogram. These charac-
teristics are typical for a glass which can be transformed into a glass-ceramic by an
appropriate heat treatment; the exothermic peak at the lower temperature (about
690 °C) in Figure 7.2 typically corresponds to the nucleation and growth of nanocrys-
tals, while the exotherm at the higher temperature corresponds to the crystallization
of the glass matrix as discussed in various papers in the literature; see for example
references [6, 37].

The XRD results are illustrated in Figure 7.3 for samples that are (a) as-prepared,
(b) heat-treated at 700 °C for 4 h and (c) heat-treated at 750 °C for 30 min. Figure
7.3 (a) shows only a broad halo peak at 20 ~ 27° for the as-prepared glass sample,
the signature of which is typical for an amorphous structure. However, for those

samples which have been heat-treated at the temperatures between T),; and T, at
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Figure 7.2: DSC curve of as-prepared glass sample 455105-20A1,03-22CaF ;-
10Ca0O-3SmF3. Exothermic heat flow is upwards.

700 °C for 4 h and 750 °C for 30 min, additional sharp diffraction peaks were detected
as in Figure 7.3 (b) and (c), respectively. The diffraction pattern agrees with the
standard card data for the CaF; crystal (JCPDS 35-0816), indicated at the bottom
of the figure. These peaks are, as expected, attributed to the CaFy crystals which
are embedded in the glass matrix; we effectively have a glass-ceramic structure. The
average linewidths for the (1 1 1), (2 2 0), and (3 1 1) diffraction peaks were used
to estimate the mean diameter of crystal grains using the Scherrer relation [141].
(It is important to emphasize that this is only an estimate inasmuch as one should
also account for the strain in the nanocrystals as, for example, in the case of BaBrs
nanocrystals in reference [68]. In our case, the instrumental broadening of diffraction
peaks has been estimated by measuring the diffraction pattern from a standard Si
powder material in which the grain size is known. The estimated average nanocrystal
sizes were 37.4 nm and 145.0 nm for the samples heat-treated at 700 °C for 4 h and
750 °C for 30 min, respectively, with the higher heat-treatment temperature resulting

in a larger nanocrystal.

138



750°C, 30min

0

c

>

e

< | (b) 700°C, 4h

>

2

3 [ (a) »mm As-Prepared

[
= S o - =
~ “: o ~
T § & 88

T T T — q
10 20 30 40 50 60 70 80

26, degree

Figure 7.3: XRD curves of samples: (a) as-prepared, (b) annealed at 700 °C
for 4 h and (c) annealed at 750 °C for 30 min. The standard card of CaFs
(JCPDS 35-0816) is shown together in the bottom of the figure as a reference.

Figure 7.4 shows two typical SEM images. In the top image, the dark coloured
structures indicated as A are vacancies left behind by nanocrystals (the light coloured
particles indicated as B) that had come off the sample. These objects are randomly
distributed in the glass matrix, indicated as C, and this is also confirmed in the lower
magnification image on the bottom of Figure 7.4. The estimated nanocrystal size

above agrees with the SEM observations.

7.3.2 Optical Properties

Figure 7.5 shows the optical transmittance spectra of samples with different treat-
ment histories. The glass-ceramic sample was still transparent (indicated as (b))
when heat-treated at 700 °C for 4 h; however it became milky when heat-treated
at 750 °C (not shown in the figure). Upon X-ray irradiation, the irradiated sample
became brownish due to the induced strong absorption band in the UV- and visible

region as indicated as (c) in Figure 7.5. In our earlier work, we have also observed
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Figure 7.4: SEM image of the sample annealed at 750 °C for 30 min observed
at two different magnifications, (top) x60000 and (bottom) x25000.
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Figure 7.5: Transmittance curves of samples, (a) as-prepared glass, (b) glass-
ceramic heat-treated at 700 °C for 4 h, (c) glass-ceramic which was heat-treated
(700 °C, 4 h) and then X-irradiated under X-ray tube (1 h, 110 Vp), and (d)
glass-ceramic which was first heat-treated (700 °C, 4 h), and next X-irradiated
(1 h, 110 Vp), and then heat-treated at 550 °C.

X-ray induced absorbance in Sm-doped fluorophosphate and fluoroaluminate glasses
[123, 127]. Despite the colouration in the excitation and, perhaps, emission range,
the samples are still suitable as MRT dosimetric plates since we only measure the
PL signal very near the surface of the sample by using a confocal microscope; thus,
the colouration effect is practically negligible. Figure 7.6 illustrates the absorption
coefficients induced by X-ray irradiation in an as-prepared glass and a glass-ceramic
heat-treated at 700 °C for 4 h. In addition, the induced absorption due to the Sm3*
— Sm?* change in a CaF; crystal by 7-ray irradiation is plotted in the same figure
for comparison. The latter was derived from the work of O’Connor et al. [79]. Due to
X-ray irradiation, strong and broad absorption band was observed in the as-prepared
glass, whereas the glass-ceramic showed additional weak absorption bands at ~ 2

and 3 eV (indicated as V in the figure). Since the latter spectral positions agree
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Figure 7.6: X-ray induced absorption coefficients in as-prepared glass sample
and that of glass-ceramic sample. The glass-ceramic was heat-treated at 700
°C for 4 h. Weak absorption bands in glass-ceramic is observed on top of broad
band in the glass matrix. The origin of the weak bands is attributed to the
Sm3*t—Sm?* change in CaF, nanocrystals by X-ray irradiation. The induced
absorption by CaFy:Sm3*— Sm?* change by ~-ray irradiation is also plotted
as a reference.

with those observed by O’Connor et al., we attribute the origin of these bands to

3% 5 Sm?* conversion in CaF, nanocrystals by X-

the induced absorption by Sm
rays. (An additional peak at 4 eV was not clearly pronounced in our measurements.
The reason is because its location is near the absorption edge of the glass and the
measurement accuracy in this range is limited due to the small signal. The same
arguments should also apply to the mismatch in the absorption curves of glass and
glass-ceramic samples at the large photon energies. On the other hand, the observed
broad absorption in the glass sample is from defect centres generated by X-rays since
the sample contains neither CaF; nanocrystals nor Sm?* ions (discussed in the next

paragraph). The irradiated sample returned to being colorless after a suitable high

temperature heat-treatment, shown as (d) in Figure 7.5. The valence reduction is
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further discussed in detail below.

The excitation and emission spectra of PL were measured for the glass-ceramic
samples before and after X-ray irradiation. Heat treatment was done at 700 °C
for 4 h and then the sample was irradiated with X-rays for 1 h under an X-ray
tube. Before the X-ray irradiation, we only detected typical PL emissions due to the
4f — 4f transition of Sm3* ions (spectra not shown). However, after the irradiation,
additional broadband emission centred at ~730 nm was observed as shown in Figure

7.7.
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Figure 7.7: Excitation and emission PL spectra of irradiated Sm-doped glass-
ceramic sample. Upper spectra for Sm®*" and lower spectra for Sm?*. Note
that the excitation spectra are for observing PL emission at 645 nm (Sm?"),
and PL emission at 750 nm (Sm?"). Further, PL spectrum for Sm** is excited
at 401 nm and that for Sm?* is excited at 620 nm.

We attribute the origin of this broad emission to Sm** ions embedded in CaF,
nanocrystals because of the following reasons. (a) First, the appearance of this broad
emission was only observed in samples heat-treated above the first crystallization

temperature T,,. As-prepared glass and any sample heat-treated below 7}, did not
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Figure 7.8: PL decay curves: (left) the 4f55d" — "Fj transition by Sm*" ion
in X-irradiated glass-ceramic. (right) the G5,y — 9Hy/p transitions by Sm®*
ion in glass-ceramic.

show this emission (not shown in figure). (b) The next argument is the observation
of a broadband signature in both emission and excitation spectra. As illustrated in
Figure 7.7, the excitation spectrum of the broad emission also has a broad structure.
The latter property is typical for the Sm** ion due to the 4f°5d! — "I} transition
in CaFy crystal, which is an allowed transition by the selection rules. (¢) The third
reason is the spectral position. Unlike the f-f transition in the trivalent rare earth
ions, the 4f°5d! excited level in Sm** is not shielded, thus it is strongly affected
by the lattice crystal field. Assuming that the Sm?* ion is located in the CaF,
nanocrystal, the spectral position reasonably agrees with the one reported by Mikhail
et al. [133]. (d) The fourth argument is the observed fast lifetime for this ~730 nm
emission. Figure 7.8 illustrates PL decay curves of the broadband emission as well as
the *Gs/2 — ®Hy ) transitions by Sm®* ions in the glass-ceramic sample. The decay
curves are fitted with double- and single-exponential decay functions, respectively.

As a result, the derived time constants are 0.59 ms and 1.70 ms for the former
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decay curve (Sm3") and for 42.6 ns for the latter decay curve (Sm®"). Since the f-f
transitions are parity forbidden, the *Gs/; — ®Hy /o transitions of Sm** showed a
long lifetime on the millisecond time scale. In contrast, the broad emission showed
a much faster lifetime on the order of nanoseconds. This fast lifetime implies that
the PL emission is due to transitions which are allowed by the selection rule, i.e. the
4f55dt — "I} transition of Sm?* ions. This is also supported by the fact that our
measurement seems to agree with the reported lifetime in the case of Sm** doped
CaFy crystals by Payne et al. [134] and Chase et al. [135]. Consequently, based on
our observations above, we attribute this PL broad emission to the 4f°5d' — "F
transition of Sm?* ions which are embedded in CaF; nanocrystals, and reduced from
the trivalent state by the X-ray irradiation. Further, the lifetime of Sm?* is much
faster than that of the f-f transition, which is more commonly found in materials
that show Sm3* — Sm?* reduction by X-ray irradiation. Therefore, we can expect
a much faster readout speed during the readout of PL emissions in laser scanned
fluoroscopic microscopy; a distinct advantage. It is worth pointing out here that
only a small fraction of Sm3" may have been reduced by X-ray irradiation because
of the fact that the optical absorption bands by Sm3* in the 800 - 1000 nm range
have only a negligibly small difference before and after irradiation as seen in Figure
7.5. Moreover, weak absorption bands due to the reduction of the Sm®* ion in a CaF,
nanocrystal seen in Figure 7.6 implies that only a small concentration of nanocrystals
are embedded and that the majority of Sm®" ions remain unconverted in the glass
matrix. However, due to the large oscillator strength of Sm?*, the total PL intensity

is comparable to that of Sm®". (See the discussions in references [6, 37]).

7.3.3 Response Stability

The stability of the response, or in other words the stability of generated Sm** by
X-ray irradiation was tested at room temperature. Figure 7.9 shows the measured re-
sponses against time after the irradiation at 500 Gy. Each plot represents a response
value measured from an individual sample piece. It seems like that the response is

stable over several days (tested up to 8 days). The material can be used to store the
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dose information until it is digitized.
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Figure 7.9: Response values after X-ray irradiation (500 Gy). KEach plot
represents individual piece of detector sample.

7.3.4 Applicability for Large-Dynamic-Range and High-Spatial-
Resolution Dosimetry

Figure 7.10 shows a typical dose-response curve of one of our Sm-doped glass-ceramic
samples, as measured at the CLS. The heat treatment was done at 700 °C for 4 h
in air. The figure shows that our glass-ceramic sample exhibits a sufficiently large
response range from ~1 Gy to about 10,000 Gy to detect the X-ray dose at the
peaks and valleys of the microbeam in a single measurement, which is essential for
monitoring the dose-profile in MRT. It is worth noting here that a commonly used
GafChromic® film detector (HD-810) only allows detection from ~10 to several
hundreds of grays [22]. Notice that some saturation in the response to the total
dose is observable at 10* Gy. The inset shows the energy spectrum of the MRT

beam. Figure 7.11 demonstrates a dose-profile of a microbeam recorded using the
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Figure 7.10: Dose-response curve of oxyfluoride glass-ceramic containing
CaF5:Sm?®*" nanocrystals. The as-prepared glass sample was annealed at 700
°C for 4 h to nucleate the nanocrystals. The dose values are dose in air at the

sample surface.
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Figure 7.11: Dose distribution of microbeam recorded using an oxyfluoride
glass-ceramic containing CaF,:Sm® nanocrystals and digitized, using confocal

microscopy.
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glass-ceramic sample. The dose-response curve displayed in Figure 7.10 was fitted
by a mathematical equation and then used for the dose calibration. Although the
excitation wavelength was not the best choice, we successfully read and digitized the
microbeam pattern and resolved the two peaks which are detected to be separated
by 400 um and the FWHM of the peak is detected to be 50 um. Both of these values
are in agreement with the properties of the microbeam used in this BMIT beamline,

and verified by other techniques such as Monte-Carlo simulations.

7.3.5 Reusability

One of the glass-ceramic samples, which was heat-treated at 700 °C for 4 h to nucleate
CaFy nanocrystals, was used to study the reusability as a dosimeter material.

Figure 7.12 and 7.13 show the change in PL peak intensity by Sm?" while the
erasure process was in progress by heating the sample and/or by exposing it to UV
light (254 nm) after an irradiation for 1 h under the X-ray tube, respectively. The
heating time was fixed to 30 min at all the temperatures. When the sample was
heated at lower temperatures, interestingly, the Sm?™ PL peak increased despite our
intention to erase the sample. When the temperature reached 300 °C, the PL in-
tensity was the highest, and then it decreased at higher temperatures. Ultimately,
the PL signal was completely eliminated after heating at 550 °C, at which the X-ray
induced absorption was also eliminated and the sample had returned to its trans-
parent state (see Figure 7.5 (d)). An observation of similar behaviour was reported
[127] for Sm-doped fluorophosphate glass, in which Sm?* ions were also produced
by X-ray irradiation. In contrast, when we attempted erasure by UV exposure, the
PL intensity simply decreased, and the PL signal was completely removed after 200
min of exposure.

Figure 7.14 and 7.15 compare the dose-response profile of the PL intensity by
Sm?* against X-ray irradiation time (i.e. dose) before and after erasure by heat-
ing at 550 °C for 1 h and by UV exposure for 17 h, respectively. For both the
erasure methods, the response curves were well reproduced with very good agree-

ment. Therefore, the Sm-doped oxyfluoride glass-ceramic synthesized in this work is
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Figure 7.12: Photoluminescence spectra recorded during the heat erasure at
varying temperatures (left), and the corresponding integrated photolumines-
cence intensity (right). The excitation wavelength is 633 nm.
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exposure at varying exposure times (left), and the corresponding integrated
photoluminescence intensity (right). The excitation wavelength is 633 nm.
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Figure 7.14: PL intensity by Sm?" against X-ray irradiation dose recorded
before and after heat-erasure at 550 °C for 1 hour. The dose values are dose in
air at the sample surface. The excitation wavelength is 633 nm.
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Figure 7.15: PL intensity by Sm?" against X-ray irradiation dose recorded
before and after erasure by exposing to UV (254 nm) light for 17 hours. The
dose values are dose in air at the sample surface. The excitation wavelength is

633 nm.
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reusable as a dosimetric detector material for MRT with both thermal and optical
erasure methods. The heat treatment temperature, as apparent from the DSC ther-
mograms in Figure 7.2, is actually below T}, and T,;. At present, we do not have an
explanation for the origin of the thermally erasure of Sm?* at 550 °C. However, it
seems reasonable to expect some detrapping of holes that result in the reconversion
of Sm?* to Sm3*. Holes detrapped in the glass matrix near or around nanocrystals

can diffuse to Sm?* ions and convert these to Sm3*

7.4 Conclusions

A Sm3*-doped oxyfluoride glass-ceramic was synthesized as a new dosimeter material
to be used for MRT applications. The new material may be modeled as illustrated

in Figure 7.16.

Si0, AlL,O, CaF, CaO SmF, @) Sms*ion

@9 Sm?2*ion

Dosimeter Plate

Oxyfluoride /—V

glass matrix Sm3* — Sm?* in

CaF, by X-irradiation

CaF, nanocrystal $m3* ion-
included in CaF,

Figure 7.16: Illustration of oxyfluoride glass-ceramic detector which contains
CaF5:Sm?" nanocrystals.

When the as-prepared glass is heat-treated, CaFy nanocrystals are nucleated and
grown in the oxyfluoride glass matrix. The doped Sm?** ions are reduced to Sm?**
during the X-ray irradiation of the glass-ceramic samples, and this valence reduction
process takes place only in the CaFy crystal environment, that is, within the CaFy
nanocrystals. As a result, the PL of Sm?* is predominantly due to the parity allowed

4f55d" — TFy transition. The lifetime (42.6 ns) for this transition is much faster
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than that of the f-f transition, which is more commonly found in glasses showing
the Sm3* — Sm?* reduction by X-ray irradiation. Hence, using our new Sm-doped
glass-ceramic material, the recorded dose information can potentially be read out us-
ing a laser scanning technique, such as confocal fluorescent microscopy, with a much
faster speed than that used for Sm-doped glasses. Further, the potential practical
usefulness for MRT has been demonstrated by carrying out measurements under an
X-ray microbeam generated at the BMIT beamline at the Canadian Light Source
(the Canadian synchrotron). The glass-ceramic is able to detect X-ray doses up to
several thousands of grays over a dynamic range suitable for MRT. Further, by mak-
ing use of the scanning ability of the confocal microscope developed in this work,
we were able to obtain the dose distribution profile across the beam cross section,
which agreed with the known characteristics of the microbeam. Cross-sectional dose
distribution of the microbeam has been successfully detected using our new detector
material. Furthermore, the recorded dose information on the detector is erasable
either thermally (by suitable heat treatment at a high temperature) or optically (by
UV radiation), and the erased detector is reusable. The new Sm-doped oxyfluo-
ride glass-ceramic with CakFy nanocrystals reported in this work shows potential for

practical use in high-dose and high-resolution dosimetry for MRT.
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CHAPTER 8

MEASUREMENTS OF MICROBEAM

AT CLS, ESRF, AND SPRING-8

8.1 Introduction

Measurement of the characteristics of a microbeam is a challenging task. X-ray
dose is spatially modulated over the cross-section of microbeam, in which very large
gradient of X-ray dose is distributed on a microscopic scale. Such a dose distri-
bution cannot be accurately measured by any existing technique. Thus, we have
been developing a novel dosimetry technique which meets nearly all the dosimetry
requirements. Such a dosimetric technique should have the detection ability for large
doses in the range of 5 - 1000 Gy and microscopic spatial resolution, both together.
The earlier studies of dosimetry for MRT and our original approach were discussed
in Chapter 3.

It seems that the dosimetry using a GafChromic® film (HD-810) is the most
commonly accepted technique in the field of radiosurgery which involves large ra-
diation doses. The GafChromic® film is primarily used for quality assurance and
system calibration in general. In addition, nowadays it is most commonly used for
MRT studies. It has excellent stability in ambient temperature and light exposure
over a long time period, tissue equivalence, and no energy dependence over a wide
photon energy range. Previously, Brauer-Krisch et al. [22] have reported that the
dynamic range is not satisfactory (10 — 400 Gy) for MRT applications, and the image
resolution is ~12.5 um using a microdensitometer readout technique.

In Chapters 5, 6, and 7, we have characterized various dosimetric detectors
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towards the high-resolution and high-dose dosimetry applications for MRT. Our
demonstrations showed that Sm3T-doped FP and FA glasses and CaF,:Sm?**-contained
glass-ceramic seem to have the ability to detect the dose distribution of the mi-
crobeam. In particular, the FA glass has an excellent degree of Sm** — Sm?*
conversion and a sufficiently large dynamic range to detect low and large doses in
the microbeam. Further, the excellent long-term stability allows us to transfer the
samples to the reader without any fading of signal after irradiation. The PL lifetime
is much slower than that of CaF5:Sm3"-contained glass-ceramic detector. However
the readout speed is of less importance since our main objective is large-dose detec-

tion at microscopic image resolution.

This chapter focuses on the measurement of the microbeam. The measurements
were done by two different methods; using Sm3*-doped FA glass and GafChromic®
film detectors. The basic dosimetry concepts of these detection techniques are dif-
ferent as the former uses a change in the PL signal induced by X-ray irradiation as a
measure of the radiation dose whereas the latter measures a change in the absorption
(or transmission)of light. However, for a proper comparison, the readout set-up has
been built to measure these detectors under the similar conditions as closely as pos-
sible. The details of the instruments were described earlier in the thesis in Sections
4.5 and 4.6. The measurements on the microbeam were carried out at three differ-
ent synchrotron facilities: CLS (Saskatoon, Canada), ESRF (Grenoble, France), and
SPring-8 (Hyogo, Japan). As discussed in Section 4.4, the microbeams are produced
by different methods and the irradiations are done by different geometries between

these facilities. These differences are summarised in Table 4.5.

Throughout this chapter, we will compare the characteristics of two dosimetry
methods: Sm-doped FA glass and GafChromic® film detectors. Further, we will

compare the properties of microbeams produced at different synchrotrons.
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8.2 Methodology

For microbeam measurements at CLS, ESRF, and SPring-8, we have used 1% Sm?3-
doped FA glass as well as GafChromic® film (HD-810) for a reference. The glass
sample was cut into pieces each with size approximately 2 mm X 3 mm x 0.5 mm,
and one side of each sample piece was polished. The detectors were irradiated by
both a broad beam and microbeam at each synchrotron facilities. The main dif-
ferences of the beamline specifications for our consideration are the X-ray energy
(spectrum), the dose rate, and the production of the microbeam. For all the mea-
surements, regardless of the facilities, the FA glass detector and GafChromic® film
were irradiated together in a consistent orientation with respect to the beam: the
film and glass were held physically attached to each other and the samples are at the
up-stream side. Moreover, the FA glass piece was always placed with the polished
side facing towards the up-stream of the X-ray beam. Several sets of detectors were
irradiated with a broad X-ray beam with varying dose to obtain dose-response curves
(response value vs. dose delivered). Some of the other sets of detectors were irradi-
ated by the microbeam with a few different entrance doses. After the irradiations,
the film and glass detectors were each covered by an aluminium foil in order to avoid
unexpected fading of the signal until the readout stage. The GafChromic® film
was digitized using a flatbed scanner (Perfection V700, EPSON) or widefield optical
microscope described in Section 4.6, and Sm-doped FA glass detector was digitized
using a confocal microscope, which is described in Section 4.5. The response values
obtained for each broad beam irradiation were plotted against the corresponding
dose delivered (to obtain the dose-response curve), and then fitted by a so-called Hill

function:
Dn

R(D) = R(o<) 1

(8.1)

where R(D) is the response value at the irradiation dose D, R(00) is response value
at saturation, n and k are curve fitting coefficients, which reflects the slope and

shoulder of curve, respectively. The fitted curve was used for calibrating dose values
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obtained from detectors irradiated by the microbeam. We use this function as it
accurately fits the dose response curves, particularly at the shoulder of the curve, of

both GafChromic® film and Sm-doped FA glass detector.

8.3 Results and Discussion

8.3.1 Dose-response
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Figure 8.1: Dose-response of GafChromic® film (HD-810) tested at CLS,
ESRF, and SPring-8. The films irradiated at varying doses were digitized by
the wide-field microscopy and then the acquired colour images were further

split into the individual channels. The notations (air) and (sw) are air and SW
absorbers, respectively, in which the films were irradiated.

Figure 8.1 shows dose-response curves of GafChromic® film for three colour chan-
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nels (red, green, and blue) tested at different facilities (CLS, ESRF, and SPring-8).
The films were digitized using a wide-field microscopy. Here, the response R(D) for

a given dose D is defined as:
R(D) = I,(0) — I,(D) (8.2)

where I;(D) is the transmitted light signal through a film which is irradiated at a
dose of D, and I;(0) is transmitted light signal through a non-irradiated film.

It seems that there is no significant difference in the increase rate of response
regardless of the facilities where the irradiations were carried out. These facilities
use different X-ray spectra and dose rate as well as the irradiation geometry varies.
Muench et al. [34] have uncovered the energy dependence of GafChromic® film (HD-
810) as a 30 % drop of response as the effective photon energy decreases from 1710
keV to 28 keV. Mass attenuation coefficients (u/p) of GafChromic® film against
that of water are shown in Figure 8.2. In the high-energy region, coefficients of
GafChromic® film and water are close to each other. However, at lower photon
energies, the interaction of X-rays with film becomes less than that in water. As a

result, the response also decreases.

Since the main optical absorption of GafChromic® film induced by X-ray irra-
diation takes place in the red region (~ 610 and 670 nm), the response in the red
channel (which is a measure of transmission of red light) is, as expected, the most
sensitive. The sensitivity of the green and blue channels follow next, respectively.
The dynamic range seems to cover the range from 10 Gy to several hundreds of grays
when using the red channel, and up to approximately 2000 Gy for blue channel. As
far as we are aware, the microdensitometer used in the earlier studies is equipped
with a He-Ne laser. Therefore, the response was read out only for the red colour
(633 nm). In contrast, our wide-field optical microscopy reader set-up is equipped
with a white light source with a colour image sensor. This allows the detection of

large doses, particularly using a blue channel.

Figure 8.3 (top) shows dose-response curves of FA:1%Sm?" glass detector when
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Figure 8.2: Mass attenuation coefficients of water, GafChromic® film, and
FA:1%Sm?* glass detector. The coefficients of GafChromic® film and water
were reproduced from [3] and those for FA glass were calculated based on
Equation 2.6.

irradiated at the CLS, ESRF, and SPring-8. Overall, the detector showed the ability
to detect the X-ray dose of range used for MRT (~1 Gy to over 1000 Gy). The
dose-response curves measured at different facilities, the dependence (the shape of
the response-dose curve) of response on the dose delivered seems to vary between
the synchrotron facilities unlike the GafChromic® film (HD-810). The dose-response
curves measured with irradiations at ESRF and SPring-8 are very well-correlated,
whereas the measurements at the CLS showed a higher increase in the rate of re-
sponse values against X-ray dose delivered, which results in the saturation of response
taking place at a lower dose. The largest difference between these two groups is in
the X-ray photon energies. The peak energies at ESRF and SPring-8 are reasonably
close, but the one at the CLS is much lower. In fact, the mass attenuation coef-
ficients (u/p) of 1 % Sm3*"-doped FA glass (Figure 8.2) clearly illustrates a much

stronger interaction with low energy X-ray photons and, particularly, a significant
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Figure 8.3: Dose-response curves of 1% Sm3*-doped FA glass irradiated at
CLS, ESRF, and SPring-8. The bottom figure compares the dose-response

curves measured when irradiations were carried out in air and SW phantom
with the thickness of 2 cm.
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non-linear X-ray interaction with the glass matrix by the L-edge of Barium ion, lo-
cated approximately around 40 keV. Approximately 10 at.% of Ba ions is included
in the glass. Furthermore, additional secondary X-rays associated with the L-edge
are expected to emitted from the detector material itself. Therefore, for the reasons
above, there is a good chance that this FA glass detector has an energy-dependent
characteristic and the sensitivity is larger for lower energy photons especially ~40
keV. (See Suggestions for Future Work, in Section 9.5.)

Figure 8.3 (bottom) compares dose-response curves of 1 % Sm3*-doped FA glass,
which were measured in the ambient air environment and in the SW phantom. The
distance between the entrance of the beam and detector was 2 cm. The measurements
were done at the CLS. Inside the phantom, the beam intensity becomes weaker and
the X-ray spectrum shifts towards higher energy. However, since these two curves
show an excellent agreement, it indicates that the dependence of detector response
on the X-ray energy and intensity difference associated with the SW phantom is not
significant. This observation may indicate that the hardening of the X-ray spectrum
due to the absorption by the phantom and secondary emission of lower X-ray energy
were somewhat balanced out because the former effect tends to reduce the response

while the latter effect tends to increase the sensitivity.

8.3.2 Dose-profile

Figure 8.4 illustrates example images of films irradiated by a broad beam and mi-
crobeam, which were digitized by the flatbed scanner described above and a wide-field
microscope. The films were irradiated at the ESRF. Figure 8.4 (a) and (b) are broad
beam and microbeam images digitized by the flatbed scanner, respectively. Figure
8.4 (c) is a closed-up image of (b), and (d) is a microbeam image digitized using a
wide-field microscope. For its large field of view (FOV), the flatbed scanner is suit-
able for use in extracting the general characteristics of the microbeam. The designed
dimensions of the entire beam cross-section are 2 cm x 2 cm. However, the image
resolution is not as good compared to that digitized by the microscope.

The dark regions in the middle of films shown in Figure 8.4 (a) and (b) are where
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(a) (b)
() (d)
Figure 8.4: Example images of GafChromic® films irradiated by a broad
beam and microbeam. (a), (b), and (c) were digitized by EPSON flatbed
scanner and (c) is a closed-up image of (b). (d) is an image of the same film
as (b) and (c) but digitized by a wide-field microscope. (c¢) and (d) are the

images of blue channel. The objective lens used for the microscopy readout
was 10x /0.3NA.
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the glass detector sample was attached during the irradiations. It indicates that the
region where the glass piece was attached suffered a larger dose. The main possible
reason is by the build-up of X-ray dose scattered at the glass detector into the film.
As X-ray interacts with matter, the incident X-ray photons get scattered, and also
secondary X-rays are emitted. Indeed, there is a strong L-edge absorption associated
with the Ba in the glass (Figure 8.2), which would lead to an L-edge fluorescence.
These phenomena give rise to an additional dose deposited into the film from the
glass. Figure 8.4 (b) was actually irradiated inside a solid-water phantom. The dose
build-up effect in the film is apparently stronger in the presence of glass than the
phantom since the glass detector has larger mass-attenuation coefficients and density,

hence simply more X-rays are scattered.
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Figure 8.5: Lateral profiles of microbeam detected by GafChromic® film
(HD-810) which were digitized using a flatbed optical scanner (blue line) and
wide-field optical microscope (red line). The blue channel was used for both
the profiles.

Figure 8.5 compares the lateral profiles of images acquired by two digitization
methods — flatbed scanner and wide-field microscope. Notice that the vertical axis

is not calibrated for dose values but represents a normalized response; it does not
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necessarily have linear correspondence with the dose value. Nevertheless, it is clearly
seen that the dose distribution, especially at the peaks, is more accurately represented
by the microscopy readout. The peak values when read out by the flatbed scanner
are approximately 60 % of the case for a wide-field microscopy readout. In fact, this
peak signal drop is as expected by the difference of in the MTFs of the two digitizing
methods (Figure 4.24 and 4.27). The contrast value MTF at 10 lp/mm, which
corresponds to a bar width of 50 ym (same as the width of microplanar beam in the
microbeam) is also 60 % by the flatbed scanner but almost 100 % with the wide-field
microscopy. Moreover, the peak shape by the flatbed scanner readout seems to be
more smeared. Despite these differences, the structure around the valley regions
(between the peaks) seems to have a good agreement between the two digitization
methods. This may suggest that the flatbed scanner still may be able to handle the
digitization of the valley dose and perhaps its distribution.

Figure 8.6 illustrates example microbeam profiles obtained using an FA glass de-
tector doped with 1% Sm3" ion. The image was acquired using a 20x objective. The
FOV of objective lens is ~1 mm of diameter. The optical power of excitation was 0.5
W at the detector sample. The excitation intensity was set such that the intensity
is sufficiently strong for the microscope to detect signals with a decent S/N ratio,
and also such that the intensity is small enough to avoid unwanted photobleaching
during the measurement in the mean time. Furthermore, the sampling pitch was 10
pm, which is sufficiently large to prevent the photobleaching of adjacent pixel areas
while a measurement of a single pixel is excited. Despite the noise level and coarse
sampling distance compared to the images obtained by GafChromic® film with the
reader introduced earlier, we have successfully detected two peaks of the microbeam

structure. The detailed analyses will be made in the following sections.

The distribution of X-ray dose in the cross-sectional area of the microbeam
has been measured by both GafChromic® film and FA:Sm>®* glass detectors. The
obtained values in the two dimensional space were further processed to average
along the lines of micoropanar beams. The results are a representation in the one-

dimensional space as shown in Figure 8.7 and 8.8. Figure 8.7 shows the dose-profiles
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Figure 8.6: Microbeam profiles obtained using 1 % Sm®*'-doped FA glass
detector. The images are represented in the forms of (a) two and (b) three
dimensions. Notice the values are response. The entrance dose is 1000 Gy.
The objective lens used was 20x /0.75NA

obtained by GafChromic® film (digitization by the wide-field microscope) for the
CLS, ESRF, and SPring-8. The red channel was used for low dose range up to
300 Gy and blue channel was used for higher dose than 300 Gy. The bottom figure
illustrates the dose-profiles measured using 1 % Sm?3*-doped FA glass detector. Inter-
estingly, the peak-to-valley dose ratio (PVDR) seems to vary between the irradiation
facilities despite the fact that major beam dimensions and delivered entrance dose
expected are the same (beam width = 50 um, centre-to-centre distance = 400 pm,
and entrance dose = 1000 Gy). The PVDRs for the CLS(air) and SPring-8 are the
largest (~50). Further, the valley dose for SPring-8 measured by the GafChromic®
film is larger than that measured by the FA glass. We believe that this is because the
GafChromic® film does not have sufficient sensitivity to measure low valley doses,
which leads to inconsistent results. The discussions will be extended in the following

sections with more detailed analyses.

8.3.3 Peak Shape

From the dose-profile obtained, we have further studied the shape of detected mi-

croplanar peaks in the microbeam. The shape is studied by examining the normal-
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Figure 8.7: Dose-profiles of microbeam measured using GafChromic® film.
The top part is by blue channel and the bottom is red channel.
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Figure 8.8: Dose-profiles of microbeam measured using 1 % Sm3*-doped FA
glass.
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ized dose value versus the distance from the centre of microplanar beam. Figure
8.9 compares the peak shapes of the microbeam measured by a GafChromic® film.
Together with the experimental data, a simulation results by Nettelbeck et al. [124]
are plotted. The simulation was done using a standard Monte Carlo code against the
same design of multi-slit collimator (MSC) model. All the entrance doses for these
curves are 1000 Gy. The data are from blue channel. Clearly, it has been observed
that the dose values are consistent (flat) over the top region of peak, and the dose
dramatically drops off farther away from peak. Further, it seems that microbeam
at SPring-8 has the sharpest edge among the others and has an excellent agreement
with the Monte Carlo simulation. The peak edge of microbeam at the ESRF has
the second sharpest structure and is only slightly off the simulation line. The peak

shape for the CLS is the most smeared.

Figure 8.10 shows the peak shapes of the microbeams at the CLS, ESRF, and
SPring-8, which were measured by using a 1 % Sm3*-doped FA glass detector. As
for the GafChromic® film, the flat profile on the top of the peak was clearly observ-
able. However, the edge for SPring-8 measurement was not as sharp as seen by the
GafChromic® film, so the measured profile falls off the simulation data. Otherwise,
the tendency of the sharpness of the other peaks is consistent, that is, the peak at
CLS appeared to be the most smeared structure. In fact, later we discovered that
the cause of the smeared peak at the CLS was mainly due to the imperfection in the
MSC alignment. In another experimental opportunity, we have attempted to align
the MSC more precisely using an online X-ray camera. Figure 8.13 compares the
peak shape of the microbeam at SPring-8 with that of CLS after the improvement
of the alignment. Both the irradiations were carried out in air. As seen in the graph,

the agreement between the two curves has been dramatically improved.

Otherwise, the shapes for CLS and SPring-8 obtained by Sm-doped FA glass
detector are in a better agreement with the Monte Carlo simulation by Nettelbeck
et al. particularly in the valley region compared to the measurement results by the
GafChromic® film. Only the valley dose of the microbeam at ESRF showed much

higher values. One possible reason would be due to the X-ray scattering in the
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phantom. Since the detectors were irradiated through a 2-cm phantom, scattered X-
rays as well as the corresponding secondary radiations should also reach the detectors.
However, our follow-up experiments did not completely answer this question. The
Figure 8.12 compares the peak shapes of the microbeam measured in air and SW (2
cm) absorbers. Irradiation was done at the CLS. Despite the different absorbers, the
peak shapes seem to reasonably agree especially at the edge; and, a notable increase
in the valley dose has not been confirmed.

We believe that the reason for the sharpest structure seen for the SPring-8 arises
mainly from the orientation of irradiation. While the irradiations at CLS and ESRF
are made in such a way that the microplanar beam lines lie vertically (perpendicular
to the orbital plane of storage ring), the irradiation geometry at the SPring-8 is made
so that the microplanar beams are produced horizontally. Since the X-ray photons
generated by a bending magnet or wiggler source propagate in a ”"fan shape”, the
beam divergence in the horizontal direction is much larger than that in the vertical
direction. As a result, the microbeam produced by the irradiation geometry for the
SPring-8 has a small divergence towards the valley regions, hence the edge of the
peak is sharp. On the other hand, for the microbeam irradiations at CLS and ESRF,
the beam divergence is larger in the direction towards the valley regions, which is
the horizontal direction with respect to the storage ring orbit. As a result, the edge

of the microplanar beam is not as sharp.

8.3.4 Characterization of the microbeam

The peak doses, valley doses, PVDR, and FWHM of microbeams have been measured
with varying entrance doses at CLS, ESRF, and SPring-8. Here, the entrance dose is
defined as the broad X-ray dose measured at up-stream of MSC. The GafChromic®
film was used for the measurements. The measurements were done using Sm3*-doped
FA glass and GafChromic® film detectors. Figure 8.11 (left) shows the measured
values using GafChromic® films. The film was digitized using a wide-field microscope
as described previously. The red channel was used for the valley dose as well as

peak dose measurement when the entrance dose was smaller than 300 Gy. For over
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Figure 8.9: Peak shapes of microbeam at CLS, ESRF, and SPring-8 measured
using GafChromic® film with a digitization by a wide-field microscopy reader.
For comparison, a Monte Carlo simulation result by Nettelbeck et al. [124] is
plotted together. The entrance dose was 1000 Gy.

I WA | I
2 1 % E
5 L Entrance Dose =
S 1000 Gy A
@
)
0
o
@]
5 0lF . cLS(ai E
N [ *  ESRF(sw)
© = SPring-8(air)
£ Simulation
) (Nettelbeck et al.)
Z
001 L0 el L1 sl L sl PR
0.1 1 10 100

Lateral Distance, um

Figure 8.10: Peak shapes of microbeam at CLS, ESRF, and SPring-8 mea-
sured using 1 % Sm>®*-doped FA glass detector. For comparison, a Monte Carlo
simulation result by Nettelbeck et al. [124] is plotted together. The entrance
dose was 1000 Gy. 168
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Figure 8.11: Characteristic parameters of microbeam (peak dose, valley dose,
PVDR, and FWHM) for varying entrance doses measured using (left) Sm-
doped FA glass detector and (right) GafChromic® film. CLS(air*) indicates
the data obtained with an improved alignment of MSC than CLS(air) and

CLS(sw).

169



several measurements with different entrance doses, the detected microbeam peak
doses appeared to be substantially smaller than the entrance doses. Such a difference
is present regardless of the difference of the dose level. Earlier measurements with
a flatbed scanner also showed smaller values for the peak dose, but the reason was
thought to be due to the insufficient resolution of the scanner, MTF = 0.6 at 10
Ip/mm (10 Ip/mm corresponds to bar patterns having the width of 50 um). However,
the contrast in the case of the microscope reader is almost 100 % at this spatial
frequency. Earlier studies by Nariyama et al. [118] have also shown the smaller
detected peak values compared to Monte Carlo simulation. They argued that the
cause was due to the small volume of the irradiated region by the microbeam, where
electronic equilibrium is not fulfilled. However, the mismatch between the measured
dose value and entrance dose they have observed was only less than 15 - 20 %, while
our observation showed much greater differences. The valley doses could not be
detected when the entrance dose was smaller than 100 Gy and when the peak dose

was 280 Gy at SPring-8.

In contrast to the results obtained by the GafChromic® film, Figure 8.11 (right)
shows measurement results obtained by the FA:1%Sm?3" glass detector. Unlike the
measurements by GafChromic® film, the peak doses reasonably agree with the en-
trance doses. (Here, the entrance dose is defined as the X-ray dose measured at
upstream of the MSC). Further, the detected valley doses are well correlated to the
entrance dose as well as the irradiation environment. The valley dose increases as a
function of entrance dose. The valley dose of the microbeam at the SPring-8 seems
to be the lowest, CLS is next, and the values at the ESRF are noticeably higher than
the others. It should be emphasized that the irradiations at the CLS and SPring-8
were carried out under an air environment while at the ESRF the detectors were
irradiated through a 2-cm SW absorber. It is commonly understood that X-ray
scattering as the microbeam is transmitted in a phantom adds to the dose in the
valley. The effect is seen clearly when we compare the values obtained at the CLS
with and without the SW phantom. However, the difference is not as significant as

that observed at the ESRF.
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Figure 8.12: Peak shapes of microbeams measured in air and SW phantom
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The measured characteristics of microbeam at the ESRF are notably different
from those measured at other facilities. The peak dose is significantly lower and valley
dose is larger. One may think that the main cause may come from environment in
which the microbeams were measured — air or SW phantom. For the measurements
at CLS when irradiated through a phantom, the valley doses may be slightly larger
by 15 % than in air. However, the increase is not as significant as observed at
the ESRF. Further increase of valley dose may be explained by the observation by
Siegbahn et al [25]. In our case, they have shown a significant increase of valley
dose with increasing microbeam height. The height of microbeam at the ESRF is
much larger (20 mm) than the others (CLS is 4.5 mm, and SPring-8 is 14 mm).
Furthermore, the 5 pym slit inserted between the MSC and detector, which the CLS

and SPring-8 do not have, may cause additional scattering of X-rays.

Another correlation observed is that the valley doses measured at the SPring-8 are
lower than those at the the CLS when irradiated in air. The lower valley dose leads
to a large PVDR. At both the CLS and SPring-8, the irradiations were carried out in
an air environment (unlike ESRF); however, we observed different characteristics in
the microbeam. We believe the major reason is that the alignment of the MSC at the
CLS was not optimized. The detected FWHMs of microplanar beams for the CLS are
approximately 10 gym smaller than the SPring-8 (and ESRF). The latter indicates
that the MSC was approximately 0.07 degree off axis. After the improvement of
alignment (CLS(air*)), the FWHMSs increased to 48.4 pum, the peak dose increased
while the valley dose decreased, and as a result the PVDR increased. In fact, it
is commonly understood that, for example as discussed in [19], narrower FWHM
would lead to a higher PVDR,; however our observations conflict with the latter
notion. It is, most likely, that PVDR decreases by the misalignment of the MSC by
a small angle; however, PVDR increases with greater angle of misalignment where the
FWHM becomes sufficiently small that the scattering effects become insufficient, but
the contribution by the ratio between peak width and the centre-to-centre distance
takes over. Spiga et al. [19] have shown by Monte Carlo simulation that PVDR

decreases with increasing width of microplanar beams as 25, 50, and 75 um with a
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fixed centre-to-centre distance (400 pum), respectively. Also, our separate observation
with the accidentally misaligned MSC showed ~1000 of PVDR, where the detected
FWHM of the micoropanar beams were ~5 um. In the latter case, the estimated

angle of misalignment was ~0.3 degree.

8.3.5 Microbeam in Solid Water

Characteristic parameters of a microbeam may vary as it transmitted through a
patient’s body. The microbeam was measured at varying depths in a SW phantom.
The measured values for peak dose, valley dose, PVDR, and FWHM are summarised
in Figure 8.14. The measurements were done at the CLS using a Sm-doped FA glass
detector. The entrance dose was 300 Gy. At the vicinity of the entrance surface (1
mm), the peak dose, valley dose, and PVDR were found to be the highest. As the
beam penetrates deeper and deeper, their magnitudes decrease. The fact that the
PVDR decreases with the decreasing peak dose suggests that the build-up effect of
X-rays at the close to the entrance surface was more pronounced for peak dose (due
to simply larger dose). Despite the decrease in PVDR, a significant change in the
FWHM has not been observed.

The fact that the PVDR decreases as a function of X-ray penetration depth means
that the decay rate for the peak dose is slower than the valley dose. The reason is
perhaps due to the fact that a build-up dose effect of X-rays is more pronounced
for peak dose than valley in the region close to the side of beam entrance. Despite
the significant decrease in the PVDR, FWHM seems to be consistent. At a depth of
100 mm, the peak dose is approximately 10 % of the entrance dose. It may imply
that a healthy tissue in the region closer to the entrance of a patient’s body may
be significantly damaged more than the affected part. We believe that the main
cause arises from the fact that the X-ray energy spectrum used at the CLS includes
more of low energy photon than the ESRF or SPring-8. The harder the X-rays (the
greater their energy), the more build-up dose effect occurs. Hence, we can expect a

larger dose even at the inner part of a patient.
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Figure 8.14: Characteristic parameters of microbeam as a function of distance
from the entrance surface inside a SW phantom. The measurements were
carried out at CLS using 1 % Sm-doped FA glass detector. The entrance dose
for all the measurements was fixed to 300 Gy.

8.4 Conclusion

We have studied the microbeam measurement ability of a 1 % Sm3*-doped FA glass
detector in comparison with GafChromic® film (HD-810) detector. The GafChromic®
film covers approximately the range 10 — 400 Gy when the absorption (or transmis-
sion) of red light is used, which agrees with the earlier study. However, with the
reader set-up, which is capable of detecting a different colours, the detection of
larger doses is possible (particularly up to ~1000 Gy when the blue channel is used).
On the other hand, the Sm-doped FA detector has a dose detection range from ~1
Gy to over 1000 Gy. When we tested the dose-response of the glass detector at CLS,
ESRF, and SPring-8, an energy dependence for the response of the glass detector has

been observed. For low energy X-rays, the sensitivity is high whereas the sensitivity
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is lower at higher energies. The reason is most likely due to the L-edge absorption by
the Ba-ions contained in the detector material; the L-edge is located around 40 keV.

With the GafChromic® film, no such strong energy dependence has been observed.

Image resolution of the GafChromic® film has been tested by two different dig-
itization methods. One was a high-resolution flat-bed optical scanner (Perfection
V700, EPSON), which is often used to digitize a GafChromic® films. The other
technique was a use of a wide-field optical microscope. The flatbed scanner is a
useful tool for characterizing the entire dose picture for microbeam due to its large
FOV. However, the spatial resolution is not sufficiently high to resolve the dose pat-
tern of microbeam dose distribution with full contrast. Therefore, the peak value
drops by approximately 40 % when the width of micoropanar beam is 50 um. On
the other hand, the microscopic reader has sufficient resolving power to be useful in
determining the microbeam dose profile, but the FOV is much smaller, depending
on which objective lens is used. Nonetheless, the microscopic reader is a particularly
useful tool when one needs to measure the peak dose accurately, and also when one
needs to study the distribution of the X-ray dose on a microscopic scale. In fact, the
shoulder of the microbeam shape seems to be very well represented and agrees with
Monte Carlo simulation results [124] especially for the microbeam at the SPring-8.
The sensitivity of the GafChromic® film used in this study may not be sufficient to

detect valley doses; the detected valley doses appeared to be inconsistent.

When we used a Sm-doped FA glass detector, the microbeam dose-profile was
also successfully obtained. The measured peak dose agrees well with the entrance
dose, which implies that the resolution is sufficiently high to resolve the 50 ym fine
pattern of the microbeam. Also, it is supported by the fact that our demonstration
in Figure 4.22 has shown the ability to resolve a 4-pum fluorescent sphere. The valley
dose can be also detected together with the peak dose since the detector has a dose
detection range of ~1 Gy to over 1000 Gy. Hence, the Sm-doped FA glass plate is
an excellent detector to measure both the peak and valley doses together, that is,
the PVDR. The peak shape detected using the glass detector may not be as sharp
as that obtained by the GafChromic® film especially for the microbeam at SPring-
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8, which has the finest edge shape. The possible reason is that the glass matrix
itself strongly interacts with the X-rays, so it produces severe scattering of X-rays
or secondary radiation. The effect is so strong that it deposits additional dose in
the adjacent regions which blurs the edge regions of the micoropanar beam shape
as recorded on the film. In order to confirm this hypothesis, we will need to carry
out the experiment with a dosimetric detector that has a smaller mass attenuation

coefficients and lower density.

The characteristic parameters of the microbeam have been measured at the CLS,
ESRF, and SPring-8. It seems that the valley dose at the ESRF is much higher than
the CLS and SPring-8. The main cause should arise from the fact that the mea-
surement at the ESRF was done inside a SW phantom, which leads to additional
scattering of X-rays, and also the length of the microbeam along the microplanar
beams are notably longer than the others. This leads to smaller PVDR values.
Furthermore, misalignment of the MSC at the CLS was detected by examining the
FWHM of the microplanar beams. The FWHM was approximately 10 pym smaller
than expected, in which case the MSC was only 0.07 degree off the axis. In addi-
tion, this misalignment caused additional dose in the valley region due to the X-ray
scattering at the MSC, leading to a lower PVDR. When the MSC is misaligned at
even a greater angle, then the PVDR dramatically increases, e.g. a 0.3 degree of
misalignment led to a PVDR of ~1000 in which the FWHM of micoropanar beams

was ~5 um while the centre-to-centre distance was fixed to 400 pm.

The characteristic parameters of a microbeam may vary with the depth inside a
patient’s body. The measurements at the CLS using a Sm-doped FA glass detector
indicated a dramatic decrease of the peak dose over 100 mm from the entrance
surface. It indicates that the majority of the X-ray dose may be observed before the
microbeam actually reaches to the target tumour. The selection of a high dose at
the target tumour would mean more damage would be given to the healthy tissue in
the entrance region. Despite the dramatic decrease of peak dose, on the other hand,
the decrease rate of the valley dose is smaller; hence the PVDR is highest at the

vicinity of the entrance region and decreases gradually as a function of penetration
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depth. This observation may indicate that the build-up dose effect is strongest close
to the entrance region, mainly because the X-rays at the CLS include a number of
low energy photons, which tend to be strongly absorbed near the surface due to the
photoelectric interaction. The X-ray beams with higher energy, as used at the ESRF
or SPring-8, should give a stronger build-up effect in deeper regions of the body and
it should allow more efficient treatment. The BMIT at CLS have been developing
a new beamline with more preferred design for the MRT, based on a wiggler X-ray

source, and it will be available to general users in the near future.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

9.1 Introduction

The objective of this Ph.D. work was to develop a prototype of novel dosimetry
technique for use in research on Microbeam Radiation Therapy (MRT). A successful
dosimetry technique requires having a few micrometer of spatial resolution together
with a large dynamic range in a relatively large dose range (~5 to over 1000 Gy).
In the course of study, we have proposed an original dosimetry technique which
is briefly summarised in the next section. The following section (9.3) summarises the
works done to characterize potential dosimeter materials tested, and describes the
best candidates of material used as a dosimetric detector in our approach. Further,
Section 9.4 summarises the works done on actual measurements of microbeam using
our dosimetry approach and conventional methods. The microbeams produced at
three different synchrotron facilities (CLS, ESRF, and SPring-8) were characterized.
The last section (9.5) suggests potential future works to further the research towards

commercialization or clinical use.

9.2 Proposed dosimetry technique for large-dynamic-

range and high-spatial-resolution

Our approach towards a measurement of microbeam was described in details in
Chapter 3, but briefly this section summarises the the principles and how it was suc-

cessfully implemented, demonstrated and verified. The technique uses a luminescent
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material to detect an X-ray dose in which the emission spectrum, upon photoexci-
tation, changes as a function of X-ray dose delivered. Such a detector plate may be
a Sm**-doped material since a number of reports have already shown the reduction
of the valence state (Sm** — Sm?*") of this ion included in various materials by
exposing to various types of radiations, including X-rays. The Sm3* and Sm?* ions
exhibit photoluminescence (PL) spectra in different spectral regions, so these two
signals can easily be separated and measured individually. Moreover, the extent of

3% 5 Sm?* reduction seems to be dependent on the radiation dose; thus, the

Sm
extent of Sm** — Sm?* reduction may be used as a measure of the X-ray dose de-
livered. The response as a change in luminescence spectrum, or PL, is further read
out and digitized using a confocal fluorescence microscope. The confocal microscopy

technique allows us to read out the response signals, in turn X-ray dose, distributed

over the area of detector plate on a micrometer scale of resolution.

9.3 Characterization of detector materials

9.3.1 Verification of valence reduction by X-ray irradiation

We have first started the project with a search for suitable detector materials. The
materials we have examined include several types of Sm3*-doped polycrystalline,
glass and glass-ceramic materials. Although the dosimeter plates in our approach
are not limited to Sm-doped materials, it would be one of the most appropriate
materials to start the project with since a number of Sm3*-doped materials with the
functionality of valence reduction by X-ray irradiation have been already reported
elsewhere. In search for a detector material, which is basically material that shows
the Sm3" — Sm?* reduction by X-ray irradiation, a number of Sm3*-doped materials
were synthesized at the university here, and collected from various research groups
across the world. The samples were tested by simply comparing the PL spectra

before and after X-ray irradiation.

Among the materials we have tested, only few glass samples have shown the
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reduction effect by X-rays, and the majority of others did not. Very surprisingly,
glass materials (Li;O-SrO-B,03 and SrO-BaO-P505-B203), which were reproduced
by us by following the synthesis procedures reported in the literature, did not show
any reduction, despite the evidence of reduction by earlier studies [45, 47]. On the
other hand, polycrystalline materials such as Sm3"-doped BaBPOs; and SrBPOs, as
well as SrB,O; co-doped with Sm3* and Sm?* have shown notable reduction effects.
However, the glasses made out of these polycrystalline materials did not have the
reduction feature at all. After examining many glass samples, it became apparent
to us that it is a very challenging task to have the Sm3* ions reduced by X-rays in

glasses.

Later, Sm3*-doped fluorophosphate (FP) and fluoroaluminate (FA) glasses, pro-
vided by Dr. Andy Edgar’s group, have been found to show an excellent extent of
the Sm3* — Sm?* conversion upon X-ray irradiation. In fact, it turned out these
glasses are the best candidates for detector materials for use in our detector tech-
nology. The extent of reduction depends on the concentration of Sm?" added. The

higher concentration, the smaller degree of conversion, which was a surprising result.

Furthermore, we have designed and synthesized a new type of glass-ceramic mate-
rial (45S10,-20A1,03-22CaF,-10Ca0-3SmF3 in molar %), which contains CaF5:Sm3*™
nanocrystals inside the oxyfluoride glass matrix. It is first produced as glass by a con-
ventional melt-quenching technique. Further heat-treatment induces nucleation and
growth of the nanocrystals. The DSC measurements suggested that the nucleation
of CaFy nanocrystals takes place around 690 °C and above, but the heat-treatment
temperature should not reach close to 850 °C otherwise the entire glass ceramic
crystallizes, that is the entire glass matrix crystallizes. The size of nanocrystals can
be controlled by the heat-treatment temperature. When the glass is heated at 700
°C for 4 hours, the average nanocrystal size ("diameter”) was 37.4 nm (estimated
by XRD analysis), and the entire glass-ceramic matrix is as transparent as that of
glass. On the other hand, when it is heat-treated at 750 °C for 4 hours, the averaged
diameter was 145.0 nm (estimated by XRD and SEM). The sample had become

milky after the heat-treatment. The valence reduction takes place only for Sm*"
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ions which are included inside the CaF, nanocrystals, while the Sm®* ions in the
glass matrix do not change the valence state by X-ray irradiation. The generated
Sm?* ions shows a broad structure of PL emission spectrum due to the 4f°5d' —
7Fy transition instead of the 4f-4f transitions, which is typically observed in most
of the materials, especially in Er-ion doped glasses. In fact, among the dosimeter
materials we have tested, this glass-ceramic is the only material that shows the PL
emission by the 4f°5d! — 7F, transition of Sm**. Such transitions are allowed by
the selection rule of electronic dipole transitions; therefore these transitions are more
efficient (intense emission) as well as the lifetime of PL decay for such transitions
is very fast. The time constants measured is ~ 43 ns whereas the time constant
for the 4f-4f transitions of Sm>* in a glass host is ~ 0.6 and 1.7 ms (having two
time constants because the decay curve is composed of two exponential functions).
In our dosimetry technique, the fast PL lifetime allows us to increase the scanning
speed, especially when the scanning is based on the point-by-point readout. The fast
lifetime allows us minimize the dwell time between the adjacent pixels of readout
as the signals from the two adjacent pixels may overlap each other if the scan time

between adjacent pixels is short compared with the PL lifetime.

9.3.2 Stability

The stability of the detector’s response is very important as our approach relies on
an indirect detection method, meaning that the response signal needs to remain in
the detector plate until it is read out. All the materials we have tested are sufficiently
stable, at room temperature, to be digitized at least a few days after the irradiation.

In particular, the response in polycrystalline STBPO5:Sm?3™ is stable over 10 days
with some fading of about 30 % (a fraction of the fading is due to the photobleaching
effect during the PL measurements).

The stability in Sm3*"-doped FP and FA glass detectors seems to strongly depend
on the concentration of Sm®* ions added. The smaller the concentration, the more
fading occurs. However, the fading of signal is only present within 24 hours after the

irradiation, and the response signal seems to be very stable beyond this period. For

181



both FP and FA glasses doped with 1 % of Sm3*, the response signal seems to be
very stable immediately after the irradiation, and no fading was observed up to 10
days.

The response of the CaF5:Sm?* included in an oxyfluoride glass-ceramic detector

plate seems to be stable over several days (up to 8 days have been tested).

9.3.3 Dose-response

The response change against the delivered X-ray dose was examined for the materials
that had shown the Sm®*" — Sm?" change by X-ray irradiation.

The dynamic range as well as the valence reduction rate against the X-ray dose
deposited vary depending on the host material. Polycrystalline BaBPO5:Sm?* shows
a response change from 0.1 Gy to approximately 50 Gy. Above 50 Gy, no change of
response was seen, so the reduction process has been saturated. For STBPOs:Sm?3*,
the extent of reduction is much larger than BaBPO5:Sm?", so the signal-to-noise
ratio is better. The dynamic range is from 0.1 Gy to approximately 500 Gy, which
is followed by saturation. For SrB,O7:Sm?3*,Sm?*, the saturation was not observed
over 5500 Gy.

For Sm3*-doped FP and FA glasses, the dynamic range depends on the type of
host glass and the concentration of Sm3* added. For a fixed concentration of Sm3*
ions, the FA glass seems to have a better detection ability in the higher dose region.
In other words, the response saturation takes place at a higher dose for the FA glass
whereas FP has better sensitivity for low dose. For the dependence on the doping
concentration, the dynamic range shifts towards higher doses with increasing doping
concentration of Sm3*. The dynamic range of 1.0 % Sm3*-doped FA glass covers a
very wide range from ~ 1 Gy to over 1000 Gy, which matches the dose range used
in MRT.

Furthermore, we have found that detectable dose range of Sm**-doped FP glass
detector can be enlarged towards higher dose by UV-exposure treatment after X-ray
irradiation. The phenomenon was interpreted as effective photobleaching of hole

trapping centres associated with phosphorus-oxygen hole centres (POHCs), which
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resides in the glass matrix, by UV exposure. The POHCs are created in the FP
glass matrix by trapping holes that have been generated by X-ray irradiation; and
the corresponding number of electrons is trapped by Sm** to become Sm?*. However,
POHCSs are not the only hole traps, so the number of Sm?* created is proportional
to the sum of all the hole trapping centres. Since POHCs seem to populate at a high
rate against the X-ray dose, this leads to the Sm?* ions to populate at a high rate and
the population saturates in a relatively low dose region. However, effective removal
of POHCs by the UV exposure after irradiation results in the removal of these Sm?*
ions populated at a high rate. Therefore, the number of Sm?* ions that remain are
those that correspond to other hole trapping centres, which were populated at a lower
rate than POHCs. As a result, the dose-response curve with a post UV exposure has
shown larger dynamic range, and the saturation of response in the large dose region
has disappeared. Nevertheless, since the UV-treatment removes quite a number of
Sm?**, the decrease of the S/N ratio cannot be avoided.

For oxyfluoride glass-ceramics containing CaF,:Sm3" nanocrystals, the Sm3™ —
Sm?* reduction was confirmed from 1 Gy to 10 kGy, which comfortably covers the

dose range used in MRT.

9.3.4 Homogeneity

The detector material must be homogeneous over an area equivalent to the cross-
sectional area of microbeam; and also the homogeneity needs to be maintained at a
micrometer scale. The observations of sample surface have shown that polycrystalline
samples, when the grain size is not controlled, have a surface that seems to be visually
very rough even after polishing and the large grains and ores can be observed even
with a relatively small magnification (10x). When the grain size is controlled to be
smaller than 1 pm, the homogeneity is dramatically improved. However, it is still
not as uniform as glass material; glasses are well known to be homogeneous.

For the glass-ceramic samples, the observations by SEM have shown that CaF,
nanocrystals are uniformly distributed over the sample. Since the Sm3*t — Sm?*

reduction takes place only in the nanocrystals, it is clear that the valence reduction
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feature is distributed uniformly over the detector plate.

9.3.5 Reusability

When polycrystalline materials are heated at elevated temperatures, the X-ray gen-
erated Sm?* seems to become unstable, which leads to Sm?* — Sm3* change, hence
the response value decreases. This heating technique may be used to "reset” the
dosimetry plate for multiple use and may allow us to reuse the detector multiple
times. For BaBPOs:Sm?*, the response was almost completely erased after heat-
treatment at 700 °C. The detector materials may be reusable after the erasure. In
fact, the dose-response curves of BaBPO5:Sm3* polycrystalline detector measured
before the heat-treatment (700 °C), or on an as-prepared sample, was in a good
agreement with that recorded after the erasure. On the other hand, the response
of StBPO5:Sm?*" cannot be erased completely after heating at 700 °C, but the ma-
jority of response can be removed. The unerased response signal may affect the
dose-response curve. Indeed, the values in the low dose region are higher than those
of the as-prepared sample. Hence, the response curve of the erased sample did not
agree with the one measured on as-prepared sample. Nevertheless, the response curve
measured after further erasure agrees very well with the one measured just after the
first erasure. Therefore, STBPO5:Sm?* may be still be usable multiple times with a

heat-treatment erasure technique.

A study on the reusability of Sm3"-doped FP and FA glass detectors is beyond
the scope of the thesis. However, Vahedi et al. [127] and Morrell et al. [128] have
shown that the response can be erased completely by heating and also by exposing
to light, especially UV light. Furthermore, the erased detectors can be used multiple
times.

The new glass-ceramic dosimeter material is reusable as well. The recorded dose
information on the detector can be erased either by heating at elevated temperatures
(550 °C and above) or by exposing to UV light. The dose-response curves measured

before and after the erasure agree with each other.
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9.3.6 Summary

Throughout the project, we have found a number of materials which show the Sm**
— Sm?* reduction by X-ray irradiation. Perhaps, the best candidate to date may
be 1 % Sm3*-doped FA glass. The dynamic range covers the dose range used in
MRT, so it is capable of measuring the peak dose and valley dose together. The
detector response as dose information stored on the detector is very stable and no
fading was found over 10 days after the irradiation. Furthermore, the glass matrix is
homogeneous over a large area, so an accurate measurement of dose distribution is
expected. The polycrystalline materials have the severe disadvantage of poor image
resolution due to the inhomogeneous surface by crystalline grains even after the grain
size was controlled below 1 pm.

The glass-ceramic is another candidate as a dosimetric material. This material
system has a distinct advantage because the PL lifetime is so fast that the speed
of readout can be dramatically improved. However, the most efficient excitation
source is red, which conflicts with the rest of our samples, in which blue excitation
is the most efficient. Therefore, the confocal microscope has been built with a blue
excitation laser source before the discovery of this material system.

For the reasons above, we have expanded our studies of the applicability of our
dosimetry technique for the measurement of microbeam dose profile using a 1 %

Sm3*-doped FA glass detector.

9.4 Characterization of microbeams at CLS, ESRF,
and SPring-8

The research of microbeam radiation therapy (MRT) has been committed at sev-
eral synchrotron facilities across the world. The specifications of each beamline as
well as the irradiation geometry of microbeam may vary depending on the facility.
Therefore, we have measured and characterized the microbeams produced at differ-

ent synchrotrons (CLS, ESRF, and SPring-8) using our dosimetry approach (with
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1 % Sm*"-doped FA glass detector) and one of conventional dosimetry techniques

based on using a GafChromic® film.

The GafChromic® film changes, by X-ray irradiation, its optical absorption in the
red region (610 and 670 nm). However, as the radiation dose increases, the side-band
of absorption overlaps in the green and blue region, in the mean time the increase of
absorption in the red region may be saturated. Therefore, the dose-response curve
varies depending on the colour channel used. The dose-response of red channel is
the most sensitive, which shows detectable response value from ~10 Gy to 400 Gy.
When the blue channel is used, detection of even larger dose is possible up to ~1000
Gy, whereas the sensitivity of blue channel at low doses is poor. We have observed

that the dose-responses obtained at different facilities are consistent.

FA glass detector shows detectable response in a wider dose region (~1 Gy to over
1000 Gy). However, the results seem to indicate that the response curve depends
on the type of X-rays used for the dose-response measurements. The increase in
the rate of response (against X-ray dose) seems to be faster with the X-rays at the
CLS, whereas the curves obtained at ESRF and SPring-8 are in a good agreement.
We think that this is due to the intrinsic property of the energy dependence of the
linear attenuation and energy absorption coefficients since the FA glass has a strong
non-linearity of X-ray interaction around 40 keV, which is due to the L-edge of Ba
within the FA glass matrix. Because the peak energy of CLS (50 keV) is the closest
to this L-edge of Ba than the peak energies at ESRF and SPring-8 (83 and 90 keV,
respectively), the mismatch of dose-response curve was more clearly pronounced

when measured with the X-rays at CLS.

The image resolution depends on which dosimetric detector has been use and
what reader is used to digitize the recorded response values. GafChromic® film de-
tector irradiated with a microbeam was digitized with two different ways: commer-
cial flatbed scanner (Perfection V700, EPSON) and wide-field microscopy (Diaphot-
TMD, Nikon) equipped with a digital camera (D3200, Nikon). The flatbed scanner
has a large FOV; therefore, it is a strong tool to digitize the entire picture of mi-

crobeam. In particular, it enables us to measure the macro-features of a microbeam
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such as the beam height and number of microplanar beams. In contrast, the mi-
croscope readout has much higher spatial resolution, which gives us micro features
of microbeam such as width of microplanar beam and shape of dose distribution
in the vicinity of microplanar beams. The edge of peak shape was very well repre-
sented: the microbeam measured at SPring-8 has the highest gradient at the edge
of microplanar beams. The detector film itself may not have sufficient sensitivity to
detect the low doses in the valleys of the microbeam, so measurement of PVDR is

still a challenge.

FA glass detector also has sufficient image resolution to resolve the dose distribu-
tion pattern of a microbeam when a confocal microscope was used for readout and
digitization. However, the detected peak shape appeared to be not as sharp as that
obtained by GafChromic® film especially for the microbeam at Spring-8, which has
the sharpest edge. We believe that the reason is because of the severe scattering
of X-rays by the detector matrix. The mass attenuation coefficient is much higher
than GafChromic® film, so the intense X-rays are scattered at the peak blur the
edge shape. Otherwise, the FA:Sm3*t glass detector has sufficient resolution and

sensitivity to measure peak and valley doses.

Further, our studies unveiled the characteristic parameters of microbeams pro-
duced at different facilities. Particularly, the valley dose measured at ESRF is sig-
nificantly larger than the others. The main cause should be the long beam height of
microbeam (20 mm) at this facility. The valley dose is a product of X-rays scattered
in the peak regions, so the longer the height of microplanar beams the more X-rays
scattered, hence larger the valley dose. In addition, the irradiation of a SW phantom
by a microbeam seems to increase the extent of X-ray scattering, leading to a larger
valley dose. However, the effect of solid water phantom seems to be insignificant

compared to the effect of beam height.

Imperfections in the collimator alignment was also detected at CLS. The measure-
ments showed that the beam width was ~40 pm instead of ~50 ym. This difference
was caused by the misalignment of collimator by only 0.07 degree (estimated) of

rotation angle with respect to the beam axis. Such a small angle of misalignment
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was found to a cause higher value of valley dose, leading to the smaller PVDR.
We believe that the cause is the increased extent of X-ray scattering at the MSC.
However, further angle of misalignment may increase the PVDR as the peak width
is significantly small; when the peak width was ~5 pum, the PVDR measured was
1000, where the angle of misalignment was 0.3 degree.

Moreover, we have simulated a change of characteristic parameters of microbeam
as it penetrates inside the body of patient using a SW phantom. The peak dose
is the highest at the vicinity of the entrance surface, and it dramatically decreases
over 100 mm of penetration depths. On the other hand, the decrease rate of valley
dose is smaller than peak dose. Therefore, the PVDR is highest at the vicinity of
an entrance region and decreases gradually as a function of depth. FWHM of the

microplanar beams are consistent over the depths we measured up to 100 mm.

9.5 Suggested future works

A fluoroscopic confocal microscope has been constructed and is continuing to be used
to demonstrate the proof-of-principle of our proposed dosimetry approach. However,
further improvements of the instrument are recommended for further advance of

research and practical applications.

1. A variety of wavelengths for the excitation source should be available on the
confocal microscope reader. Currently available excitation source is only a
473-nm blue laser. This wavelength is one of the best choices for exciting both
Sm3"™ and Sm?" efficiently, in which the emissions are due to 4f-4f transitions.
However, as we have explained earlier, another type of material may prefer
different wavelengths; for example, red light is the best choice for exciting
CaF3:Sm?*. Having a flexibility of excitation source will help us test a variety

of potential detector materials and speed up the research.

2. The FOV should be enlarged in order to capture the entire dose distribution

across the microbeam. Currently, the scanning is possible only within the FOV
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of the objective lens. The use of a motorized translation stage has allowed us

to to cover the entire area of the detector plate to scan.

3. Scanning speed should be increased for practical applications, especially when
the scanning area becomes larger. The scanning speed is limited by both the
PL decay time of detector material and the speed of scanning instrument.
Currently, our glass-ceramic containing CaF5:Sm?* is capable of fast scanning.

But the current reader instrument only allows ~30 min per frame.

4. One should examine the dependence of the response on the dose rate and the
peak energy. Such a study would provide a deeper understanding of the mech-
anism involved in the Sm**-ion reduction. Moreover, the study would open up

a discussion on the use of our dosimeter materials for other applications.

Moreover, the search of a new dosimeter material should be continued for better

dosimetric performance.

1. Other rare earth ions or transition metals should also be considered as a lumi-
nescent centre to be included in the dosimeter plate. So far, only Sm-ion has
been of our interest to start off the project and to prove the principle of our
approach. However, Sm-ion is not the only choice. Other kinds of luminescent

centres may give better results.

2. The dosimeter material should be equivalent to tissue. Such a detector would
show a better measurement of the actual dose delivered to the tissue. More-
over, such a detector absorbs less X-rays (or, in other words, is transparent
to X-rays); therefore, it may allow us to measure the microbeam, during the
actual therapy, at upstream of patient without affecting the microbeam char-

acteristics.

3. A transparent ceramic may be an interesting material to examine. It consists
of polycrystallites of cubic crystal structure, in which the adjacent crystallites

are closely in contact with each other. As a result, the mismatch of refractive
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index at the grain boundary is dramatically improved, and the entire matrix
is as transparent as that of single crystal. It would give us further choices for

the dosimetric material.

. The dosimeter may not need to be a bulk plate but a thin film. Generally
speaking, the resolution of an imaging plate depends on the thickness of the
sensing layer. The thicker the layer, the wider is area for the light to spread;
hence spatial resolution decreases. When the detector plate is made in a form of
thin film, an area scan camera detector may be used to read out the signal while
keeping the image resolution high. Moreover, the use of an area scan camera

would dramatically increase the speed of readout over scanning readout.
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1 Introduction Microbeam Radiation  Therapy
(MRT) is a synchrotron based cancer treatment radiother-
apy technique which uses arrays of 20-100 pm wide planar
X-ray beams. Irradiation with such microbeams spares the
normal tissue, including the central nervous system, and
preferentially damages tumors as described in the literature
[1, 2]. During MRT the maximum skin-entrance absorbed
dose can reach very high values (1000 Gy and more) with-
out causing tissue necrosis. MRT dosimetry should record
not only the total dose delivered to the tissue but also the
peak to valley dose ratios, i.e. the ratios between the dose
in the centre of the beam and the dose in the center of the
region between two adjacent peaks. The valley dose should
be as low as possible and should not exceed a certain
threshold (~20 Gy) to ensure efficient healthy tissue repair

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

within the irradiated microslices. Since the microbeams
vary in thickness from 20-100 pm and the gaps between
the latter are in the range 100-400 pm, the standard do-
simeters lack the spatial resolution to precisely record the
dose distribution typical for MRT. Many dosimetric detec-
tors like Gafchromic film, gel dosimeters, MOSFET detec-
tors, TLD dosimeters have been tested [3]; however the
readout spatial resolution for all these detectors is limited
to 20-30 um which does not fully satisfy the requirements
for MRT dosimetry. MRT is part of the scientific program
of the Biomedical Imaging and Therapy Beamlines at the
Canadian Light Source (CLS) in Saskatoon, Canada. We
have recently started a comprehensive research program in
an attempt to develop a dosimetric technique having an
adequate dynamic range and spatial resolution for MRT.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It is well known that in variety of Samarium-doped
materials, exposure to soft X-rays can lead to a relatively
stable change in the oxidation state of Sm-ions, i.e.
Sm* — Sm?" [4]. The concentration of Sm*" ions created
in this way should be proportional to the delivered radia-
tion dose and the latter can be used for radiation dose
measurement purposes [5]. The conversion Sm*" — Sm”*
is accompanied by a distinct change in the photolumines-
cence (PL) spectrum of the material. This localized
valency conversion in irradiated regions allows the possi-
bility of a non destructive and completely optical very high
spatial resolution (better than 1 um) fluorescent dose read-
out method based on confocal microscopy [6].

In the course of our initial work we have exposed a va-
riety of Sm®* doped media, from single crystals to glass-
ceramics, to a high dose X-ray radiation to examine the
suitability of these materials to act as radiation detector
media based on a possible Sm*" — Sm** conversion. The
main goals for these initial experiments were to examine
the conversion Sm*” — Sm?" under high doses of relatively
high energy X-rays in different materials, how stable are
the Sm** ions produced by the irradiation, the measure-
ment of the dose response curves of various Sm-doped ma-
terials that convert, and the study of some accompanying
effects such as the photodarkening that occurs in almost all
materials under exposure to high doses of X-rays. We re-
port the results from these investigations at the CLS and
discuss the challenges that need to be overcome to develop
a high-resolution high-dynamic range dissymmetric detec-
tor for use in synchrotron based radiation therapy tech-
niques.

2 Materials and methods For the needs of this ini-
tial work we have used Sm-doped materials that were al-
ready prepared for various other research projects. The
tested materials include: fluorochlorozirconate glasses and
glass-ceramics, Si0,-NaO-Al,O,-LaF;-PbF,-SmO; glasses,
La0;-B,0;-Ge0,-SmO; glasses, and SrB,O; polycrystal-
line material. We have also specially fabricated a few ma-
terials for which Sm*" — Sm*" conversion under X-rays
have been reported in literature. We have fabricated Sm-
doped Li,0-SrO-B,0; glasses following closely the com-
position and the preparation conditions published in [4].
We have prepared SrBPOs:Sm*” and BaBPOs:Sm’* poly-
crystalline materials following very closely the solid state
reactions and preparation conditions in [7]. We have also
prepared glasses from the SrBPOs and BaBPOs polycrys-
talline materials using conventional melt quench tech-
niques. The irradiated samples had an effective thickness
for the incident X-rays in the range 0.5-4 mm.

The sample irradiation was performed on the Biomedi-
cal Imaging and Therapy Beamline (05B1-1) at Canadian
Light Source, Saskatoon, Canada. The X-ray beam was fil-
tered with Cu filters having an effective thickness of 0.94
mm. The resulting spectrum shape is shown in inset of Fig.
1. The irradiation was done 26 m away from the source. At

wWww.pss-c.com

the point of irradiation the dose rate was estimated to be
around 4 Gy/min for an air absorber.

The luminescence spectra were recorded with a fiber
optics spectrophotometer (Stellar-Net Inc) having a 200
pum entrance slit and covering the range 230-1100 nm. The
spectrophotometer resolution is about 8 nm as stated by the
manufacturer. It was possible to record both PL and X-ray
(XL) excited luminescence from the samples. All the spec-
tra were measured at room temperature (23 °C). In the case
of photoluminescence measurements we used a 408 nm la-
ser diode as an excitation source. The spectra were re-
corded through a 550 nm long-pass filter to eliminate the
influence of the scattered excitation light.

3 Results and discussion Almost all samples be-
fore the irradiation showed PL and XL spectra that are
typical for Sm** ions. The only exception were the SrB,O;
polycrystalline samples in which both Sm*" and Sm*" ions
were present in the non-irradiated sample. None of the
glass and glass-ceramic samples irradiated by us showed
any measurable Sm*" — Sm”" conversion even after irra-
diation to very high doses (60 min of irradiation time).
Oxidation state changes occurred for the Sm-ions in all
polycrystalline samples. The changes in the PL spectrum
observed for STBPOs:Sm®* and BaBPOs:Sm®* polycrystal-
line materials are illustrated in Fig. 1. After ~1 min of irra-
diation the PL spectrum is dominated by Sm*" ions pro-
duced by the irradiation. Changes in the PL spectrum were
clearly detectable after irradiation with duration of only 0.1
s (~0.7 mGy for an air absorber). Figure 1 clearly illus-
trates that the integrated intensity of the spectrum in the
range 670-830 nm can be used as a measure of the Sm*"

®  Non irradiated
* Irradiated for 558

o000
3§.00 ASAASE £ 2L 4
cray bearn ntensity

Photoluminescence, arb. units

I S A R i
550 600 650 700 750 800 850 900

Wavelength, nm

Figure 1 PL spectra for a StBPOs:Sm* polycrystalline sample
before and after X-ray irradiation. The duration of the irradiation
was 55 s. The shape of the X-ray spectrum is illustrated in the in-
sert. In the irradiated sample, the spectrum is dominated by char-
acteristic features arising from Sm”" ions.
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. Figure 3 Decay of the Sm*" ion concentration with time after the
Figure2 Dose-response  curves for  SrBPOs:Sm’* and 9 Y

BaBPOs:Sm®". The integrated intensity in the band 670-830 nm is
used as a measure for the Sm”" ion concentration. The signal is
also normalized to the intensity of the Sm®* peak around 600 nm
to account for small changes in the excitation and light collection
conditions due to the gradual photodarkening of the samples dur-
ing the irradiation.

ion concentration in the material. The small band around
710 nm due to Sm*" ions causes only a little offset in the
signal and can be corrected for if necessary. The dose re-
sponse curves shown in Fig. 2 use this approach to esti-
mate the Sm”" ion concentration. It is very encouraging
that the dose response curves measured for the SrBPOs
sample cover more than 2 orders of magnitude which
comes close to the dynamic range required for MRT do-
simetry.

For the SrB4O; polycrystalline material (not shown) we
were unable to observe saturation in the dose response
curve even after two hours of irradiation (total dose to air
240 Gy) which shows that the conversion rate in this mate-
rial is such that a dosimeter with a very high dynamic
range is possible. However, practical applications of this
material will be difficult because Sm”" ions in significant
concentration are present in the non-irradiated material due
to the preparation technique.

All samples without exception have shown “photo-
darkening” or “discoloration” as result of the X-ray expo-
sure. This effect is most likely due to the formation of col-
our centres under the influence of the radiation. The
photodarkening effect is varies in magnitude and appear-
ance in the materials we have examined. For example, it is
much less pronounced in SrBPOs than in BaBPOs. The
darkening is an undesired effect because it changes the ex-
citation and light collection conditions during the meas-
urement; the detector readout and calibration would be ad-
versely affected by the darkening effect. For example, the
observed saturation in the dose response curves in Fig. 2
can be due to changes in the excitation and light collection
conditions and not necessarily due to the saturation of the
Sm*" — Sm*" conversion reaction. Some of the colour
centres formed by the radiation are obviously related to the
reduction of the Sm®* ions to Sm>* ions and the electron
exchange with a defect centre in the process while others

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

X-ray irradiation. Some of the observed decay is due to the exci-
tation light during the measurements. The dashed line is only
guide for the eyes.
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Figure 4 Effects of different annealing conditions on the concen-
tration of the Sm?" ions formed by the X-ray irradiation. It is pos-
sible to convert almost all Sm*" ions to their initial 3+ state by
choosing suitable annealing temperature and annealing time (du-
ration).

are formed independently of the latter process. In many
samples we were able to almost completely bleach the
photodarkening by annealing the sample at low tempera-
tures (200 °C) without affecting too much the concentra-
tion of Sm>* ions (see Fig. 4).

To further check the stability of Sm>" ions we have
measured the decrease in their concentration with time af-
ter the X-ray irradiation. The samples were kept in the dark
between the measurements. The results are presented in
Fig. 3. Only a slight decrease in the Sm** concentration
over time is evident. At least part of this decrease is caused
by the excitation light during the PL measurements.

Finally we have tried to convert the Sm>" ions back to
their starting Sm®" state by annealing the irradiated sample
at different temperatures and for different durations. As il-
lustrated in Fig. 4 we have succeeded to almost completely
“erase” the Sm’" ions created by the X-ray irradiation,
which opens the possibilities for the creation of an erasable
detector media for multiple use. This idea is further sup-
ported by the fact that when irradiated again the “erased”
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samples showed dose response curves very similar to those
shown in Fig. 2 for the as-prepared samples.

The glass materials are a natural choice for the fabrica-
tion of a dosimetric detector plate for MRT for a number of
reasons. The glasses are easy to work with and most im-
portantly, have uniform properties to a very fine spatial
scale. Compared with a polycrystalline medium, glasses
exhibit very little light scattering, and so they would allow
a very high resolution fluorescent microscopic readout.
Thus, it is disappointing that we were not able to observe
the desired Sm*” — Sm”" conversion in any of the glass
materials investigated in this work so far.

The Li,O—SrO-B,0; glasses produced by us following
the conditions described in [4] showed no detectable pres-
ence of Sm*” ions even after a very high dose of X-ray ir-
radiation. The failure of conversion in this particular glass
can be due to small differences in the purity of the starting
materials, preparation conditions, and glass post-treatment.
Another significant difference is the spectrum of the X-
rays used to irradiate the samples. The authors of [4] have
used X-ray tube with Cu anode to irradiate the sample. The
spectrum in this case is dominated by the Cu-K line (8.9
keV). These X-rays are very soft and are absorbed com-
pletely at the surface of the samples. In the case of our
work the X-rays were much harder and they deposited their
energy in the volume of the sample. Thus, it is also very
difficult to compare the doses delivered to the samples in
[4] and in our work.

We were also unable to observe any Sm*>" — Sm*" in
the borophosphate glasses prepared in this work in spite of
the fact that the starting polycrystalline material shows

very clear radiation induced conversion as described above.

X-ray induced reduction of Sm*"ions in very similar
glasses prepared with very similar technique has been de-
scribed in [8]. The reasons for the lack of radiation induced
conversion in the oxidation state of Sm ions can be the

same as that described above for the Li,O—SrO-B,0; glass.

Additionally, it is known that BaBPOs is an incongruently
melting compound [9] and for the latter reason the proper-
ties of the borophosphate glass can be strongly affected by
the conditions under which the starting polycrystalline ma-
terial was melted and the melt was quenched.

4 Conclusions We examined various materials for
the presence of Sm*" — Sm*" conversion under the influ-
ence of X-ray irradiation for developing a medium for use
in a high-dose high-resolution dosimetric detector for ra-
diation therapy applications such as MRT. Among all the
materials examined by us so far we have found the Sm** to
Sm*" conversion only in polycrystalline BaBPOs, SrBPOs,
and SrB4O;. No changes in the Sm ion oxidation state un-
der X-ray irradiation were observed for any of the glasses
studied in this work; our results for some of the glass com-
positions do not agree with previously published results.
Our studies suggest that the conversion of Sm*" to Sm*"
under X-ray irradiation is not universal. It depends very

wWww.pss-c.com

much on the host material and on the preparation condi-
tions.

The measured dose response curves for STBPOs poly-
crystalline samples cover more than 2 orders of magnitude
and come close to meeting the requirements for MRT do-
simetry applications. The Sm”" ions created by the X-ray
irradiation are relatively stable and their concentration
shows little change with time after the irradiation. On the
other hand, by suitable annealing, it seems possible to al-
most completely erase the effects of the irradiation induced
Sm**—»Sm*" conversion, which creates the possibility for
creating a detector plate for multiple use.

One undesired effect of high-dose irradiation is the
discoloration of the sample induced by the irradiation itself
that might interfere with the proposed optical readout tech-
nique.

Nonetheless, based on our initial findings we think that
it is possible to create a practical high resolution high dose
dosimetric detector for MRT applications using the
Sm*" — Sm** conversion as the radiation detection mecha-
nism and we will continue our search for suitable host ma-
terials for the latter purpose.
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The measurement of spatially resolved high doses in microbeam radiation therapy has always been
a challenging task, where a combination of high dose response and high spatial resolution
(microns) is required for synchrotron radiation peaked around 50 keV. The x-ray induced Sm** —
Sm*" valence conversion in Sm>" doped fluorophosphates glasses has been tested for use in x-ray
dosimetry for microbeam radiation therapy. The conversion efficiency depends almost linearly on
the dose of irradiation up to ~5 Gy and saturates at doses exceeding ~80 Gy. The conversion
shows strong correlation with x-ray induced absorbance of the glass which is related to the
formation of phosphorus-oxygen hole centers. When irradiated through a microslit collimator, a
good spatial resolution and high “peak-to-valley” contrast have been observed by means of confocal
photoluminescence microscopy. © 2011 American Institute of Physics. [doi:10.1063/1.3633102]

Microbeam radiation therapy (MRT) is an experimental
form of radiation treatment which has the potential to improve
the treatment of many types of cancer compared to customary
broad-beam radiation treatment.'* It is based on the markedly
different response of tumor and normal cells to this form of
treatment.” A potentially interesting approach for MRT do-
simetry is the effect of valence conversion of rare earth ions
embedded in a suitable host material as discussed by the pres-
ent group.” Various papers have demonstrated the possibility
of valence conversion of different rare earth ions in a variety
of host materials under different forms of excitation such as
x-rays, y-, and f-irradiation as well as near-infrared (NIR)
optical excitation.>™' Among the rare earth ions, Sm*" to
Sm>* conversion is of particular interest because the domi-
nant emission bands of Sm>" and Sm*" ions are very easy to
distinguish, all dominant bands are situated in a red region
of the spectrum and make a good match to silicon based
detectors used in optical measurement. It should be stressed
immediately that Sm*" — Sm*" conversion may provide sub-
micron spatial resolution with respect to optical storage of
information as was recently demonstrated.”®

We present data on Sm-doped fluorophosphate (FP)
glasses as a potential dosimeter material to measure both the
dose and the peak-to-valley dose ratio (PVDR), a critical pa-
rameter for efficient MRT therapy. We demonstrate the effi-
ciency of Sm®™ — Sm?" conversion in these glasses,
measure the dynamic range of the effect, and illustrate the
feasibility of a spatially resolving dosimetric sensor based on
the confocal detection of photoluminescence (PL).

FP glasses used in this paper have been already
described.!' The x-ray irradiation was performed using syn-
chrotron radiation at the Biomedical Imaging and Therapy

®Electronic mail: cyril.koughia@usask.ca.

0003-6951/2011/99(12)/121105/3/$30.00

99, 121105-1

05B1-1 bend magnet beamline, Canadian Light Source, Sas-
katoon, Canada. The spectrum of filtered x-ray radiation had
a maximum around 50 keV and is shown in the inset of Fig-
ure 1(a). The intensity of x-ray irradiation corresponded to
an approximate dose of 4 Gy/min. The steady-state PL spec-
tra were measured using an ASEQ Fiber input Mini-
spectrometer with spectral resolution better than 1 nm within
the 200-1200 nm range. The excitation source for all the
photoluminescence spectra was a laser diode with an emis-
sion wavelength at 405 nm.

Figure 1 shows the transformation of PL spectra due to
Sm*" — Sm*" valence reduction appearing under Xx-ray irra-
diation. Chemically, this process may be presented as a sum of
two reactions Sm>" + ¢~ — Sm*" and PO + h* — POHC,
where ¢~ and i are the electron and hole appearing under
x-ray irradiation, PO represents a phosphate group and POHC
stands for phosphorus-oxygen hole centre. The possible atomic
models of POHCs are discussed by Griscom.” Figure 2(a)
shows the spectrum of optical absorption induced by x-ray
irradiation, and Figure 2(b) demonstrates that this spectrum
may be presented as a sum of several overlapping Gaussians.
Three of them marked as G1, G2, and G3 are of particular
interest and their average parameters are presented in Table I.

It is widely accepted that the radiation induced absorp-
tion is related to atomic scale defects appearing in a glass
structure and in some glasses these defects have been identi-
fied by comparing the induced optical absorption with EPR
spectra, e.g., Refs. 5, 12-14 show an example of such an
identification in fluorophosphate glass. It has been proven
that the POHCs in phosphate glasses form several absorption
bands in the visible and near UV parts of spectrum.'” Table T
lists their typical properties and compares them with our
results in this work. The agreement of the results implies that
x-ray induced absorption in our glasses is related to POHCs.

© 2011 American Institute of Physics
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FIG. 1. (Color online) The evolution of PL spectra under synchrotron x-ray
irradiation. The irradiations times are (a) 2 s, (b) 50 s, and (c) 2000 s, respec-
tively. Experimental data are shown by symbols. Emissions of Sm*" and
Sm** ions are shown by thin (red and purple) solid lines. The inset in (a)
shows the spectrum of the x-ray irradiation. Broken line in (c) represents the
x-ray induced absorbance.

Further, the excellent match between the G1, G2, and G3
bands with those reported by Ehrt et al. would deem the
absorption arising from Sm*" to be a minor effect.

Figure | suggests that the Sm®' appearance during
x-ray irradiation may be characterized by the ratio
R(t) = [0 PL(Sm**)dz/ [ PL(Sm**)d2, where PL(Sm®*)
and PL(Sm>") are the PL spectra of Sm”>* and Sm**, respec-
tively. The time ¢ in R(¢) is simply the duration of exposure in
which 1 min corresponds to a dose of 4 Gy. The choice of
integration range from 676 to 713 nm is based on two factors.
First, there are PL bands of both Sm** and Sm>*" in this
spectral region. Second, the influence of x-ray induced darken-
ing (which occurs invariably under intense x-ray irradiation) is
not as important in this spectral range as at shorter wavelengths,
as illustrated by the x-ray induced absorption data depicted in
Figure 1(c).

Figure 3 shows that for a large variety of Sm-
concentrations, the time dependence of R(f) may be
universally approximated by R(f) = Ro[1 — exp(—t/7)], with
T =~ 270 s where the parameters R, and t do not depend on

Appl. Phys. Lett. 99, 121105 (2011)

FIG. 2. (Color online) (a) The evolution of an induced absorbance under
synchrotron x-ray irradiation. The thickness of samples is 3 mm. (b) Tenta-
tive presentation of induced absorbance after 5000 s of irradiation in the
same sample as a sum of Gaussians associated with x-ray induced defects.

the concentration of Sm. These results demonstrate that the
present material, as it is, may be used as a quasi-linear dose
recording sensor in a wide dynamic range covering about
three orders of magnitude up to ~5 Gy and as a non-linear
sensor up to ~80 Gy where the saturation is reached. Figure
3 also shows that R(#) seems to be practically independent of
the Sm concentration over a wide range of concentrations.
This fact implies that the rate of Sm*" to Sm>* conversion
and the subsequent saturation of the Sm>" concentration are
controlled and limited by some dominant process which is
independent of the Sm concentration. The limiting process is
likely to be the formation of POHC. The results in Figure 3
support this hypothesis by showing a good correlation
between R(#) and the amplitude of POHC related absorption
bands.

Figure 4 shows a typical result from laser scanning confo-
cal photoluminescence microscopy measurements on an irra-
diated sample. It is clear that Sm*" — Sm®" x-ray induced
conversion in fluorophosphate glass can be used for x-ray

TABLE I. The comparison of central wavelengths (1), central energies (E),
and widths (W) of Gaussian absorption bands (G1-G3) observed in the pres-
ent paper with POHC data from Ebeling ef al. (Ref. 13) The widths (W) of
Gaussian bands refer to the full widths at half maxima.

Present paper Values by Ebeling et al.

Bands  / (nm) E (eV) W(eV) 4 (nm) E (eV) W (eV)

Gl 32110 3.86*0.12 133 325
G2 430+4  283*0.03 097 430
G3 5213 238+0.01 0.56 540

382+0.04 1.12
2.89+0.04 1.00
2.30+0.02 050
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FIG. 3. (Color online) The ratio R(¢) for glasses with varying concentration
of Sm and the intensity of x-ray induced Gaussians absorbance bands
(G1-G3) vs. irradiation time/dose. The lines are based on an exponential rise
with T 2 270 s and varying values of R.

dose measurements at high spatial resolution. Figure 4 repre-
sents the dose distribution in a FP10 glass sample irradiated
through an 8 mm thick tungsten/air microslit collimator
(MSC) manufactured by Usinage et Nouvelles Technologies,
Morbier, France. The microbeams are 50 um wide and have
centre-to-centre distance of 400 pum. The simplified construc-
tion of the MSC is shown in the inset of Figure 4. The irradia-
tion time was chosen to be 5 min corresponding to a peak
dose ~20 Gy which is close to the upper limit of the linear
response region. The dose distribution was evaluated by using
a modified CLSM (confocal laser scanning microscope) man-
ufactured by Molecular Dynamics with custom-designed soft-
ware. The PL excitation was done by a high-brightness LED
with maximum emission peaked around 460 nm. In this
experiment, the integrated PL of Sm*" and PL of Sm>" were
measured simultaneously and independently by two photo-
multipliers supplied with different optical filters covering the
spectral ranges 560-670 nm and 650-850 nm, respectively.
The ratio R(300 s)=PL(Sm>")/PL(Sm*") was computed
numerically. Figure 4 demonstrates the good spatial resolution
of the detector. The measured values for FWHM of the peaks
and the PVDR are comparable to those recently published for
FDTNs, which have the potential to be a prime candidate as a
dose verification tool in MRT."”

Initial experiments indicate that the current Sm-doped de-
tector plate is reusable after uv bleaching. On the speed of
measurement, Figure 3 shows that a significant transformation
of the PL spectra at the peak occurs in a few seconds, but
allowing for a peak to valley ratio of ~100, this suggests that
an irradiation time of approximately a few minutes is required
for a satisfactory measurement. The 4f-4f transitions of the Sm
ions used here have lifetimes in the ms region, which necessi-
tates scanning times of a few minutes in a scanning confocal
microscope to achieve an adequate signal to noise ratio.

Appl. Phys. Lett. 99, 121105 (2011)

FIG. 4. (Color online) The Sm®* — Sm** conversion pattern induced by x-
rays through a microslit collimator and readout by luminescence confocal
microscope as the ratio R(300s) = PL(SmH)/PL(SmH). The line is a guide
to eye. The inset shows the geometry of the experiment. The irradiation time
is 5 min which corresponds to ~20 Gy.
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Microbeam Radiation Therapy (MRT)

Microbeam Radiation Therapy (MRT) is a promising cancer treatment technique. During the treatment, a
micro-planar lattice of narrow X-ray beams called a microbeam (each narrow X-ray beam is typically 20-
100 um wide separated by 100-400 pum) delivers a very large dose (>1000 Gy) onto a tumor. Sm>*-doped
glasses that involve the reduction of the Sm-valency (Sm** — Sm?*) upon X-ray irradiation are one of the
potential dosimetric detectors for this particular application. With this class of detectors, we use the
extent of valency reduction as a measure of the delivered X-ray dose, and the response read out using
a confocal microscopic technique via the Sm?*/Sm>* photoluminescence. This method enables us to
measure the dose distribution of the microbeam. In this paper, we show that both Sm**-doped fluoro-
phosphate and fluoroaluminate glasses exhibit a dynamic range for the conversion response from 1 to
over 1000 Gy, which satisfies the dose range for MRT applications. The dynamic range depends on the
concentration of Sm>* dopants as well as the detector glass composition. Moreover, X-ray induced absor-
bance, photobleaching and thermally-stimulated luminescence (TL) measurements suggest that the hole
trapping process during X-ray irradiation is a dominant factor for the valency conversion, and the accom-
modation of precursor POHCs in fluorophosphate glasses gives rise to an acceleration of the conversion
process.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In order to advance MRT research and bring it to the clinical
application stage, it is a fundamental requirement to accurately

Microbeam Radiation Therapy (MRT) is a promising cancer
treatment technique, and it has been intensively studied with a
view to clinical applications since the 1990s [1]. During the treat-
ment, a micro-structured, high energy and large dose X-ray beam
(called a “microbeam”) is directly aimed at a tumor from a se-
quence of directions, all with a common focus on the tumor; as a
result, the tumor undergoes necrosis from the intense irradiation
which strikes all parts of it. Such a microbeam is produced by
inserting a multi-slit collimator (MSC; slit width = 20-100 pm, slit
separation = 100-400 um) in a well-collimated X-ray beam such as
that from synchrotron radiation with the energy range of 50-
150 keV, and a wide range of X-ray dose (a few Grays to more than
1000 Gy) is distributed over the cross-sectional area of the
microbeam.

* Corresponding author.
E-mail address: safa.kasap@usask.ca (S. Kasap).

0925-3467/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.0ptmat.2012.10.049

measure and understand the dose distribution profile of micro-
beam. Successful detectors must have a large dynamic range (1-
1000 Gy or larger) and have a resolving power of a few microns.
To the best of our knowledge, no existing detectors have success-
fully measured the distribution of microbeams for MRT with satis-
factory resolution and dynamic range.

In the past few years, we have been developing a dosimetry
technique especially for MRT applications. It is well known that
trivalent rare-earth ions (such as Eu* and Sm*®*) included in some
host glasses exhibit a valency change from the trivalent to divalent
state when irradiated with ionizing radiation, such as X- and
y-rays [2-4]. In our approach, we use Sm>*-doped glasses as a
dosimeter and use the X-ray induced Sm>* to Sm?* valence reduc-
tion as a measure of the dose delivered. This effect is easily quan-
tified using photoluminescence (PL) of Sm>* and Sm?* ions; in
addition, scanning confocal microscopy can be used to achieve
dose distribution mapping with a high spatial resolution of a few
microns. We initially proposed this approach for MRT dosimetry
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in order to overcome the detector limitations (dynamic range and
spatial resolution) [5]. Subsequently we have demonstrated suc-
cessful readout of the Sm valence states, and measurements of
the delivered dose distributed over the microbeam cross section,
justifying its potential for MRT dosimetry [6].

In this paper, we report studies of the dynamic range, optical
absorbance, photobleaching and thermally-stimulated lumines-
cence (TL) of Sm**-doped fluorophosphate (FP) and fluoroalumi-
nate (FA) glasses with different dopant concentrations. Also, we
discuss physical models explaining the experimental observations
concerning Sm*" « Sm?* inter-conversion. Sm-doped glasses have
currently received much interest for various applications, such as
X-ray imaging, dosimetry and solar cells [7-9].

2. Experimental procedure

sm>*-doped FP and FA glasses were synthesized by a
conventional melt-quenching method as described in [10]. The
compositions of samples are: for FP glasses, 10MgF,-(34.4-x)
AlIF3-30.4CaF,-15.251F>-10Sr(PO3 ),-xSmF; (x = 0.2, 0.5, 1.0, and
10.0 mol%) (x=0.2, 0.5, 1.0, and 10.0 mol%); and for FA glasses
10MgF,-35AIF5-20CaF,-10SrF,-(15-X)YF3-10BaF,-xSmF; (x = 0.1,
0.5, 1.0, 5.0 and 10.0 mol%). Sythesized bulk samples were cut
in smaller pieces and polished for the following experiments.

The polished samples were irradiated with X-rays at Canada’s
synchrotron facility, Canadian Light Source Inc. An X-ray beam
with the peak energy of 50 keV, which is a common choice of en-
ergy used in MRT, was realized by filtering the soft X-ray compo-
nent from the bend magnet synchrotron source (05B1-1
beamline, Biomedical Imaging and Therapy) using copper filters
with an effective thickness of 0.94 mm. The dose rate was experi-
mentally estimated to be 1.6 Gy/s at 250 mA of the storage ring
current. Several pieces of each sample type were irradiated for dif-
ferent times (0.5-20,000 s) in the dark. After the irradiations, sam-
ples were wrapped in an aluminum foil and stored until the
following experiments were carried out.

Some of the irradiated samples were bleached optically. They
were exposed to a 3-W 460-nm LED (OSRAM) or a 254-nm UV tube
lamp (DE-4, UVP) for a defined duration of time. In the case of the
LED exposure, samples were exposed inside an integrating sphere
in order to ensure a uniform exposure over several pieces of
sample.

The extent of Sm®*" — Sm?* conversion upon X-ray irradiation
before and after the optical bleaching was read out using a confocal
microscopy technique. Details of the readout setup may be found
in our prospective papers, but briefly: the excitation light from a
473-nm DPSS laser was guided to the sample with mirrors and
an objective lens (20x, 0.75 NA, Plan Apo, Nikon), then the beam
was focused to a point at 20 pm depth inside the samples. The
resulting PL emissions from the Sm** and Sm?* ions were guided
back through the objective lens, optical filters and a pinhole to-
wards two individual photomultiplier tubes (PMT; R1477-06,
Hamamatsu). Optical filters were selected such that one of the
PMTs measures the PL emission from Sm>* ions in the range of
570-660 nm (Ipmr(3+)) and the other measures the PL emission of
Sm?* ions in the range of 670-800 nm (Ipmr(2+)). These two separate
signals were measured simultaneously. The intensity at the focal
spot of the objective lens was estimated to be ~10 W/cm?. Here,
the Response was defined as follows and used throughout in our
experiments:

Irvres ()

Response = ;P MT(24 )I

PMT(3+) lirradiated Ipur(s non-irradiated

where Ipyr(2+) and Ipyr(s+) are measured signal intensities from the
two photomultipliers, which measure PL emissions from Sm?* and

Sm>*, respectively. As indicated in the equation, the first term takes
into account the signals from irradiated samples; whereas, the sec-
ond term is for non-irradiated samples, which subtracts the contri-
bution of typical *Gsj; — ®Hy1j> emission peak of Sm®* overlapping
the >Dy — ’Fo; emissions by Sm?*. As a result, the response value
without irradiation is, indeed, zero.

X-ray induced optical absorbance was computed using optical
transmittance measurement data of non-irradiated, as-irradiated
and photobleached samples recorded on a spectrophotometer
(Lambda 900, Perkin Elmer).

TL spectra of irradiated samples were measured using a labora-
tory-constructed set-up based on an earlier work by Quilty et al.
[11]. Two platinum resistive elements (F3101, Omega) were cou-
pled using thermally conductive cement in which one served to
heat the sample while the other measured the temperature. The
luminescent signal was collected by an objective lens (10x,
0.30 NA, Meopta) and detected by a PMT (R1477-06, Hamamatsu).
A data acquisition interface (USB-6009, National Instruments) with
a custom Labview® program was used for the PID (Proportional-
Integral-Derivative) feedback temperature control and recording
data. The contribution of infrared emissions in the TL glow curves,
which originates from the heating element above 400 °C, was mea-
sured separately and numerically subtracted. The heating rate was
selected to be 1°Cfs. The sample size was approximately
1x 2 x 3 mm’.

3. Results

The valency conversion of Sm (Sm>* - Sm?*) upon X-ray irradi-
ation may be used as a probe of X-ray dose delivered. After irradi-
ations, the appearance of Sm?* emissions in PL was found for both
Sm-doped FP and FA samples. Fig. 1 illustrates the dose response
curves, which present response values as a function of delivered
X-ray dose, of FP and FA glasses doped with different concentra-
tions of Sm®". The response values were normalized to be unity
at saturation. It is worth noting that every point on these graphs
corresponds to an individual piece of sample. Put differently, we
avoided building up cumulative doses on a single sample. This ap-
proach allows more flexibility in the experiments since we can
then also examine post-treatment effects on individual samples.
In addition, the latter approach provides samples for TL measure-
ments, as well. Further, by using an individual sample for each
point, i.e. for each dose, we avoid the effects of bleaching that
would otherwise occur had we used one sample through all dose
measurements. In both the host materials, continuous valency con-
version was confirmed from a dose of ~1 Gy up to over 1000 Gy,
where saturation occurs, thus limiting the dynamic range at the
upper end. As seen in Fig. 1, the valence conversion rate as well
as the dynamic range seems to vary with the concentration of
Sm>* dopant, and appears to be different between FP and FA host
matrices. The samples with the highest concentrations of Sm**
(5.0% and 10.0%) are not shown in Fig. 1 because the extent of con-
version was so small that the results (or the response) had signif-
icant noise. Fig. 2 illustrates response values at saturation against
the concentration of Sm>* for both FP and FA glasses. It is clear that
the response value at saturation decreases with increasing Sm>*
dopant concentration. Namely, the conversion rate seems to de-
crease for larger Sm concentrations, while the dynamic range ap-
pears to be larger for FA than FP glasses. Also, the response
values at saturation appear to be independent on the host glass
matrix.

Both as-prepared FP and FA samples were visually transparent
with slight yellowish coloration. However, upon X-ray irradiations,
the samples became darker and the darkening was much stronger
in the FP than the FA sample. These observations are summarized
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Fig. 1. Dose-response curves of Sm-doped FP and FA glasses with different dopant concentrations. Every plot corresponds to a response value recorded on an individual

sample.

Fig. 2. Response values at saturation against concentration of Sm dopant.

in Fig. 3, which compares X-ray induced absorbance spectra of as-
irradiated, blue-exposed and UV-exposed Sm-doped FP and FA
samples. The light treatments were carried out after the X-ray irra-
diation. It is clear that the induced absorbance was stronger in FP
glass than that of FA, and blue (~2.7 eV) or UV (~4.9 eV) light
treatment reduced the induced absorbance in both the samples.
This bleaching effect was more pronounced for UV light treatment.

In Fig. 4, TL glow curves of irradiated Sm-doped FP glass and
that of FA glass are compared. The concentration of the initial
Sm>* dopant was 1.0%. The dashed lines are Gaussian curve fits.
For both FP and FA glasses, the spectra of the TL emission (not
shown here) were for the f-f transitions of Sm>* ions. In both the
TL spectra, two major peaks were observed; however, an additional
number of peaks was present in the FP glass. This may imply the
existence of an additional number of charge trapping level in the
FP glass compared to that in the FA glass. In addition, the two ma-
jor TL peaks in FA glass appeared to be at higher temperatures by
~60 °C, with respect to those of FP glass.

Fig. 5 compares the dose response curves of FP and FA samples
with and without optical treatments by blue and UV light. To
facilitate the comparison, all the graphs were plotted twice: with

3 T T T T T T T T T T
Fluoroaluminate (FA)

Fluorophosphate (FP)

As-Irradiated
As-Irradiated
Blue-Treated

Blue-Treated

Induced Absorbance, a.u.

.
UV-Treate
N I I I

6 1 2 3 4 5 6
Photon Energy, eV

Fig. 3. X-ray induced absorbance of Sm-doped FP and FA. The concentration of Sm
for both the glasses was 1%. The dotted curves show a presentation of induced
absorbance in FP glass as a sum of Gaussians. Three of them are tentatively
associated with phosphorus-oxide hole centers (POHCs) [13].

Fig. 4. TL glow curves of irradiated Sm-doped FP and FA glasses. The delivered X-
ray dose was about 1500 Gy. The heating rate was 1 °C/s.
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Fig. 5. Dose-response curves of Sm-doped FP and FA glasses before and after optical treatment. The concentration of Sm was 1%. To facilitate comparison all the graphs are
plotted twice: with absolute response values (upper part) and with normalized values to that at saturation (lower part). Every plot corresponds to a response value recorded

on an individual sample.

absolute response values in the upper part of the figure and with
values normalized to that at saturation in the lower part. As can
be seen in the upper part of the figure, the absolute values de-
creased by the optical treatment for the both types of host glass.
This effect may be attributed to the optically stimulated conversion
of Sm?* - Sm>*, or commonly referred as photobleaching of Sm?*.
In the case of Sm-doped FA glasses, the effects of blue and UV
photobleaching on the response curves were approximately the
same. On the other hand, the effects of photobleaching on the nor-
malized dose response curves of the FP glass, as shown in the lower
part of Fig. 5, depend on whether blue or UV bleaching is used. In
particularly, the UV treatment of FP glass has led to the disappear-
ance of saturation. But, this comes at the cost of sensitivity.

4. Discussion

The experiments showed that both Sm-doped FP and FA glasses
exhibited effective valence conversion of Sm ions under X-ray irra-
diation. The dynamic range of conversion, i.e. the irradiation dose
necessary to reach saturation, exceeded several thousands of Grays
which is very promising for dosimetric detector applications in
MRT. The conversion rate seems to depend on the concentration
of Sm dopants and on the composition of host matrix. It is worth
noting here that similar dependence on the host environment
has also been observed in some crystalline materials [5]. The com-
parison of Sm-doped FP and FA glasses shows that the conversion
reaches saturation at a lower dose in FP than FA glass as seen in
Fig. 1. On the other hand, Fig. 2 indicates that the total numbers
of converted Sm** ions were the same for the both hosts. These
experimental observations imply that FP is a more sensitive dosi-
metric material. Below, we will discuss this fact using a charge
trapping model and a phosphorous-oxygen hole center (POHC),
which is present in an FP glass system.

We assume that Sm>®" ions act as electron-trapping centers in
order to become Sm?*. X-ray irradiation generates numerous elec-
tron-hole pairs. Some of the electrons are captured by Sm>* ions
(which then become Sm?*) while the corresponding holes must
be captured by some hole-trapping centers to ensure persistent

Sm>* - Sm?* conversion. Fig. 2 indicates that increasing the con-
centration of electron-trapping centers (Sm>* ions) did not increase
the total number of converted Sm?* ions. Moreover, PL measure-
ments indicated that most of the Sm>* ions stayed unconverted
at saturation. These facts imply that, when the conversion reaches
its saturation, some of the electron-trapping centers, i.e. Sm>*, are
still available to capture electrons, while the hole trapping centers
are fully occupied. Therefore, it is safe to say that, in our glass sys-
tems, the Sm>* — Sm?* conversion process is controlled by a hole-
trapping process rather than electron trapping.

There are several models of hole-trapping centers in fluoride
glasses. One of them is put forward by Griscom et al. [12]. Accord-
ing to this model, the existence of hole-trapping centers in heavy-
metal fluoride glasses is associated with F- and O-ion vacancies. FP
glass has O-ions as one of the main compositions, and FA glass may
contain O-ions as a foreign impurity. In addition, Ebeling et al. sug-
gest that in FP glass some of the phosphorous-oxygen bonds are
converted into POHCs by trapping holes [13]. The POHCs give rise
to strong optical absorption bands in the UV region and this was
indeed observed in our experiments (Fig. 3). Our TL measurements
support this idea as the glow curve in the FP glass showed an addi-
tional peak at around 375 °C compared to that of FA. This peak may
be associated with the release of holes from POHCs. This conclu-
sion is supported by effective bleaching of induced absorbance
by annealing at the same temperature range. A more detailed TL
investigation is currently under way.

The same idea of additional hole-trapping center in FP glass
may explain the difference in dose-response curves of FP glasses
between UV- and blue-treatments shown in Fig. 5. During X-ray
irradiation, multiple types of hole capture centers, including
POHCs, operate at different speeds or have different time scales.
Exposure to UV would bleach POHCs more efficiently than the oth-
ers, which would lead to a reduction in the concentration of Sm?*.
As a result, the dose response curves after UV-treatment represent
the Sm valency conversion rate, in arbitrary units, disregarding the
effects of POHCs. Further, the Sm-doped FP samples under UV
treatment did not show saturation. This implies, in turn, that the
POHCs and corresponding number of Sm?* ions populate at a high-
er rate, which give higher sensitivity to the Sm-doped FP glass with
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respect to the Sm-doped FA glass. Thus, if there existed no POHCs
in FP glass, the dynamic range would be larger. In other words,
with the functionality of hole trapping with phosphorous-oxygen
bonds, the dynamic range of FP glass may be smaller, but the
detector sensitivity is higher. Moreover, FP glass could be used as
a “flexible dynamic range” dosimeter material as the dynamic
range of FP glass can be enlarged with UV-treatment, at the cost
of sensitivity, if needed.

5. Conclusion

We have studied Sm>*-doped FP and FA glasses with varying
concentrations of Sm®" dopants as potential X-ray dosimetric
detector materials for high-dose high-resolution applications in
MRT. This class of dosimeter employs the degree of Sm*>" to Sm?*
conversion as a measure of delivered X-ray dose. The examination
of dynamic ranges of the samples have unveiled excellent coverage
of the dose range used in MRT, from ~1 to over 1000 Gy, followed
by saturation. When the concentration of Sm** dopant was higher,
the saturation seemed to be reached at a higher dose. In other
words, the dynamic range of the detector may be controlled by
the doping concentration of Sm>*. Moreover, the saturation dose
also seems to depend on the choice of host glass; saturation was
reached at a higher dose in FA glass than that in FP. The conversion
response was further studied with optical bleaching and TL exper-
iments in order to understand the charge trapping mechanisms.
The results indicate that POHC present in FP glass plays a major
role in increasing the sensitivity of this Sm-doped glass system.

Acknowledgements

The present research has been performed at the Canadian Light
Source, which is supported by NSERC, NRC, the Canadian Institutes
of Health Research, the Province of Saskatchewan, Western Eco-
nomic Diversification Canada, and the University of Saskatchewan.
We express our gratitude to NSERC and the New Zealand Ministry
for Science and Innovation for financial support, and Teledyne-
DALSA for sponsoring the project through an NSERC Strategic
Grant.

References

[1] D. Slatkin, P. Spanne, F. Dilmanian, M. Sandborg, Med. Phys. 19 (1992) 1395.
[2] J. Qiu, K. Hirao, J. Mater. Sci. Lett. 20 (2001) 691.
[3] Y. Huang, C. Jiang, K. Jang, H. Lee, E. Cho, M. Jayasimhadri, S. Yi, ]. Appl. Phys.
103 (2008) 113519.
[4] S. Fan, C. Yu, D. He, X. Wang, L. Hu, Opt. Mater. Express 2 (2012) 765.
[5] G.Belev, G. Okada, D. Tonchev, C. Koughia, C. Varoy, A. Edgar, T. Wysokinski, D.
Chapman, S. Kasap, Phys. Status Solidi C 8 (2011) 2822.
[6] G. Okada, B. Morrell, C. Koughia, A. Edgar, C. Varoy, G. Belev, T. Wysokinski, D.
Chapman, S. Kasap, Appl. Phys. Lett. 99 (2011) 121105.
[7] A. Edgar, C.R. Varoy, C. Koughia, D. Tonchev, G. Belev, G. Okada, S.0. Kasap, H.
von Seggern, M. Ryan, Opt. Mater. 31 (2009) 1459.
[8] C.Koughia, A. Edgar, C.R. Varoy, G. Okada, H. von Seggern, G. Belev, C.Y. Kim, R.
Sammynaiken, S. Kasap, ]. Am. Ceram. Soc. 94 (2011) 543.
[9] K. Kawano, B.C. Hong, K. Sakamoto, T. Tsuboi, H.J. Seo, Opt. Mater. 31 (2009)
1353.
[10] H. Ebendorff-Heidepriem, D. Ehrt, Opt. Mater. 18 (2002) 419.
[11] J.W. Quilty, ]J. Robinson, G.A. Appleby, A. Edgar, Rev. Sci. Instrum. 78 (2007)
083905.
[12] D. Griscom, J. Non-Cryst. Solids 161 (1993) 45.
[13] P. Ebeling, D. Ehrt, M. Friedrich, Opt. Mater. 20 (2002) 101.

219




JOURNAL OF APPLIED PHYSICS 115, 063107 (2014)

Optically erasable samarium-doped fluorophosphate glasses for high-dose
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Previous work has demonstrated that fluorophosphate (FP) glasses doped with trivalent samarium
(Sm>") can be used as a dosimetric detector in microbeam radiation therapy (MRT) to measure high
radiation doses and large dose variations with a resolution in the micrometer range. The present
work addresses the use of intense optical radiation at 405 nm to erase the recorded dose information
in Sm3+-doped FP glass plates and examines the underlying physics. We have evaluated both the
conversion and optical erasure of Sm>"-doped FP glasses using synchrotron-generated high-dose
x-rays at the Canadian Light Source. The Sm-ion valency conversion is accompanied by the
appearance of x-ray induced optical absorbance due to the trapping of holes and electrons into
phosphorus-oxygen hole (POHC) and electron (POEC) capture centers. Nearly complete Sm”" to
Sm>" reconversion (erasure) may be achieved by intense optical illumination. Combined analysis of
absorbance and electron spin resonance measurements indicates that the optical illumination causes
partial disappearance of the POHC and the appearance of new POEC. The suggested model for the
observed phenomena is based on the release of electrons during the Sm>* to Sm** reconversion
process, the capture of these electrons by POHC (and hence their disappearance), or by PO groups,
with the appearance of new and/or additional POEC. Optical erasure may be used as a practical
means to erase the recorded data and permits the reuse of these Sm-doped FP glasses in monitoring
dose in MRT. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864424]

. INTRODUCTION Recently, we have investigated the Sm’" to Sm?"
valency conversion in Sm-doped fluorophosphate (FP) and
fluoroaluminate glasses for potential use as dosimetric plates
with high spatial resolution for Microbeam Radiation
Therapy (MRT).”' This is an experimental form of radia-
tion treatment that has the potential to improve the treatment
of many types of cancer compared with customary
broad-beam radiation treatment; the microbeam that is used
in this form of therapy is normally generated at a synchrotron
facility.""™"° The MRT is based on the markedly different
responses of tumor and normal cells to this form of treatment
at the cell level as recently discussed in a paper by Crosbie
et al."® In practice, the radiation is applied in the form of a
grid by passing the highly collimated x-ray beam from a syn-
chrotron through a microplane collimator, which is a stack of
parallel plates of two materials with dramatically different
x-ray transparencies.'”"'®

The accurate, simultaneous recording of peak and valley
doses that differ by hundreds of grays, and the large dose
gradients (hundreds of grays over several microns) in the
whole x-ray energy range of interest for MRT (50-250 keV)
are an extremely challenging task. No current detector can
Ye-mail: cyril.koughia@usask.ca satisfactorily meet all these requirements. The research and

Radiation induced valency conversion of rare earth ions
in various solids is of great scientific and practical interest.
Numerous researches have demonstrated the possibility of
valence conversion of different ions in a variety of host
materials under different forms of excitation, such as x-ray,
y- and f-irradiation as well as optical excitation.'® Among
the rare earth ions, Sm>" to Sm*" conversion is of particular
interest because the dominant emission bands of Sm>* and
Sm?" ions are readily distinguishable. In addition, all domi-
nant bands are situated in the red region of the spectrum.
There is therefore a good match to silicon-based detectors
used in optical measurements. Recent work has also demon-
strated that Sm>" to Sm>* conversion may provide submi-
cron spatial resolution with respect to optical storage of
information.'” Samarium, of course, is not the only
rare-earth element that can possess multivalency states,
depending on the host medium. Europium is another good
example of a multivalent ion whose valence changes can be
optically detected.”®

0021-8979/2014/115(6)/063107/8/$30.00 115, 063107-1 © 2014 AIP Publishing LLC
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development of detectors suitable for MRT has therefore
become an important goal if MRT is to advance further.
Detectors, such as ionization chambers, alanine dosimeters,
MOSFET detectors, Gafchromic® films, radiochromic poly-
mers, Thermoluminescence Detectors (TLDs), polymer gels,
Fluorescent Nuclear Track Detectors (FNTDs, based on
Al,O5:C, Mg single crystal detectors), optically stimulated
luminescence detectors, and floating gate-based dosimeters
have been reviewed with respect to their potential applica-
tions in MRT."” The latest attempts to solve the problem are
based on using damage caused by x-ray irradiation to biolog-
ical objects,”® aluminum oxide fluorescent detectors,' high
resolution optical calorimetry,” confocal laser microscopy
of the radiophotoluminescence (PL) of silver activated phos-
phate glass,”® thermoluminescence of Ge-doped silica
fibers,”* silicon strip detector,” and spectromicroscopic film
dosimetry.”® Another novel approach is the valence conver-
sion of rare earth ions embedded in a suitable host material
upon irradiation as discussed by the present group.>’

In an earlier work, we showed the applicability of Sm-
doped FP glasses as a potential dosimetric material to mea-
sure both the dose and the peak-to-valley dose ratio (PVDR),
a critical parameter for successful MRT. We demonstrated
the efficiency of Sm*" — Sm?" conversion in these glasses
and illustrated the feasibility of a spatially resolving dosimet-
ric sensor based on the confocal detection of photolumines-
cence.” We also demonstrated that the effects of irradiation
may be erased by annealing at temperatures exceeding
the glass transition temperature 7, (= 450-470°C for
these glasses).'” Meanwhile, annealing at lower temperatures
leads to a “thermal enhancement” effect, which was also dis-
cussed in detail in Ref. 10. It seems obvious that the use of
thermal annealing at temperatures exceeding 7T, for the era-
sure of previously collected information is not a particularly
convenient procedure that can be quickly implemented in
field, and allow the reuse of the detector soon after it had
been irradiated. Therefore, in the present paper, we discuss
the possibility of erasure by using intense UV light and
discuss the related problems associated with this type of
erasure.

Our choice of a fluorophosphate glass as a host for
Sm*" is based on three important factors. First, fluorophos-
phate glasses are known to be good hosts for rare-earth ions
and have been of recent scientific interest.”®>’ Secondly,
there is considerable published work on Sm**-doped fluoro-
phosphate  glasses, in particular, on their optical
properties.m’32 Thirdly, and most importantly, compara-
tively few glasses show x-ray induced conversion of Sm** to
Sm>", as we have reported in previous papers,'” 27 but
Sm-doped fluorophosphate glasses show good conversion,
even under low dose exposure that can be easily detected by
photoluminescence experiments. The latter interesting obser-
vation is connected with the formation of hole and electron
centers as discussed below. Another relevant observation is
the fact that Sm®* ions embedded in various types of poly-
crystalline samples do seem to convert relative easily to
Sm*" when exposed to x-rays.”’ However, polycrystalline
samples are not suitable for MRT dosimetery as they do not
allow high resolution confocal fluorescence readout from
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converted Sm*" ions inasmuch as light scattering broadens
the detected signal, reducing the effective spatial resolution.

Il. EXPERIMENTAL

FP glasses can be thought as a combination of fluoride and
phosphate glasses with a variety of possible cationic species.
The composition and preparation are based on the FP10 com-
position published by Ebendorff-Heidepriem.”> The FP10
batch composition, given in mol. %, is 10.0Sr(PO3),-34.4AlF;-
10MgF,-30.4CaF,-15.2SrF,. The FP10 glasses were doped
with Sm®" by adding the SmF; in amounts from 0.001 to
0.5mol. %. The quenched glass samples were cut and polished
flat for x-ray and optical measurements.

The x-ray irradiation was performed by two different
methods. The first method used a synchrotron radiation at the
Biomedical Imaging and Therapy 05B1-1 bend magnet beam-
line at the Canadian Light Source (CLS), Saskatoon, Canada.
The spectrum of filtered x-ray radiation had a maximum around
50keV.” The intensity of synchrotron x-ray irradiation corre-
sponded to an approximate dose rate of 2Gy/s (+20%). The
second irradiation method, which was more convenient, simply
used the emission produced by a commercial FAXITRON
x-ray tube with a tungsten anode operating at 110 kVp (3mA
filament current) with an approximate dose rate of 0.8 Gy/s.
The x-ray tube has a 0.76 mm Be window through which the
radiation passed onto the sample, approximately 5 cm from the
anode. The mean photon energy was 45.2keV. The quoted
dose rates represent dose in air at the surface of the sample,
which is the usual manner in which dose is reported for MRT.

We have also exposed the samples to an x-ray microbeam
at the CLS of the type that would be used in MRT. The
microbeam was produced by passing a highly collimated x-ray
beam through an 8 mm thick Tungsten/Air multislit collimator
(MSC) manufactured by Usinage et Nouvelles Technologies,
Morbier, France. The microbeams are 50 um wide and have
centre-to-centre distance of 400 um (which is the spatial perio-
dicity). Further details may be found elsewhere.’

The steady-state PL spectra were measured from 200 nm
to either 1100 or 1200 nm. For 200—1100 nm measurements,
we used a Stellar Net EPP2000 fiber input mini-
spectrometer, with a spectral resolution around 4 nm. For
200-1200 nm measurements, we used an ASEQ fiber input
mini-spectrometer with spectral resolution better than 1 nm.
The excitation source for the photoluminescence spectra was
typically a laser diode with an emission wavelength at
405 nm and power 15 mW, which can be used to excite both
the Sm>" and Sm*" ions.* The intensity of excitation was
kept as low as possible to minimize the effect of
Sm*"—Sm>" reconversion during the measurements. The
transmittance spectra were measured using a Perkin-Elmer
Lambda 900 spectrophotometer. Electron Spin Resonance
(ESR) spectroscopy experiments were conducted on a stand-
ard Bruker EMX 10/2.7 instrument.

The erasure illumination was typically carried out by
using a violet LED operating at 405 nm with power density
of ~100 mW/cm? on the sample. In one set of experiments
(Figure 1) a laser diode emitting at 405 nm was used, which
gave a power density ~30 mW/cm? on the sample.
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lll. RESULTS AND DISCUSSION

Figure 1 summarizes the essence of the problem that is
being addressed. The x-ray microbeam exiting a multislit colli-
mator is made incident on a Sm-doped FP glass plate, and
induces Sm>" to Sm>" conversion. The spatial variation of this
conversion on the Sm-doped FP glass is recorded and digitized
by examining the PL of Sm*" and Sm>* ions, excited by a low
power laser diode operating at 470 nm through a confocal scan-
ning fluoroscopic microscope. Numerically, the degree of
Sm’* to Sm*" conversion may be characterized by a response
ratio function R(7), or simply called “response,” defined by

R(I) = l:’LSm” (t) /PLSmL (t)a

where PLg,2+(f) and PLg,,:+(¢) are the integrated photolumi-
nescence of Sm>" and Sm>* bands, respectively, which
depend on the time (duration) of irradiation #; note that the
total dose is proportional to this time 7, given that the dose rate
is constant. The exact method of calculating the response R(f)
is discussed in detail in our previous work.'®** Figure 1 shows
the spatial distribution of response R after ~5 kGy dose deliv-
ered through the multislit collimator as measured by a confo-
cal fluoroscopic microscope. After the dose distribution has
been measured, the specimen must be re-initialized for a sec-
ond measurement. In other words, the results of previous irra-
diation should be erased so that the glass plate can be reused.
We have already shown that the full erasure may be achieved

FIG. 1. X-ray irradiation dose profile images (a) two dimensional and (b)
one dimensional before and after optical erasure for different durations of
erasure illumination. The peak dose was ~5 kGy. PL excitation wavelength
was 470 nm. The optical erasure source was a laser diode emitting at a wave-
length of 405 nm. The average erasure illumination power density was ~30
mW/cm2 on the sample.
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by annealing at temperatures above the glass transition, which
is typically around 450—470°C for FP glasses.'” An alterna-
tive to erasure by annealing is an erasure by an intense optical
illumination. Figure 1 shows the general effect of optical era-
sure by intense illumination at 405 nm for different durations
of illumination. Figure 2(a) highlights the effect of erasure by
showing the evolution of the PL spectra from an FP10 glass
doped with Sm>". The initial spectrum of “as-prepared” non--
irradiated glass contains only emission bands associated with
Sm>* ions. X-ray irradiation induces additional bands, typical
for Sm>* ions, which are an indication of the partial conver-
sion of Sm>* into Sm>". The subsequent erasure reduces and,
within 20 min, nearly erases all Sm>* emission bands, which
suggests the successful reconversion of Sm>* back into Sm>".
Figure 3(a) shows that the process of Sm** to Sm** reconver-
sion is relatively fast and, at the given intensity within 50 min,
optical illumination reduces the response by a factor of 100,
which corresponds to a nearly full erasure.

Figure 4 addresses the issue of reproducibility of
response R(t) after erasure. Figure 4 compares the responses
R(7) before and after two consecutive cycles of optical era-
sure. The time of erasure was chosen intentionally short to
avoid a complete recovery. It is worth noting that within a
given dose range, R(f) vs. dose behavior seems to be a linear
function with a unique slope which is unaffected by erasure.
This is a very promising result in that it appears as though
optical erasure may be a convenient method of reconversion

FIG. 2. The effect of intense 405 nm illumination (erasure) on (a) the photo-
luminescence and (b) optical transmittance of FP10 glass doped with Sm>*,
and previously x-ray irradiated for 2 h (total dose delivered was ~14 kGy).
The “as-prepared” trace was measured on the same glass prior to x-ray irra-
diation. “As irradiated” traces refer to the glass prior to any erasure. The
times (durations) of erasure are values in minutes indicated above the corre-
sponding curves. The spectra in (a) are shifted vertically to facilitate the
comparison. The erasure illumination was at 405nm (from an LED) with a
power density of ~100 mW/cm? on the sample.
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FIG. 3. The effects of intense (~10()mW/cm2 on the sample) 405 nm illumina-
tion (erasure) from an LED (a) on the response R(t):PL(SmZ’)/PL(Sm3 )
(b) x-ray induced transmittance; (c) ESR signals in FP10 glasses doped with
0.5% of Sm*>" and previously x-ray irradiated for 2 h. All values are shown
with respect to their initial values measured in “as irradiated” samples prior to
any erasure. (a) Displays the PL twice: in linear and log-log scales. The labeling
of Gaussians in (b) is done in accordance with Figure 5 and Table 1. The label-
ing of ESR lines in (c) is done in accordance with Figure 6 and Table II. All
lines are guides to the eye.

of Sm>* to Sm>*. However, further experiments, and
deeper insight reveal some hidden potential obstacles con-
nected with the creation and transformation of so-called
“color centers.”

FIG. 4. Response vs. dose behavior, and the influence of x-ray irradiation
before and after two consecutive cycles of optical erasure. The values above
the curves in the figure show adjustable parameters giving the best fit to ex-
perimental data. Notice that the slope of R(#) vs dose is the same in all three
cases. (The erasure illumination was at 405 nm from an LED with a power
density ~100 mW/cm2 on the sample)
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It is widely known that changes of ion valency due to
irradiation are usually accompanied by the formation of ESR
and/or optically active defect centers.”>™ The nature of
these centers strongly depends on the nature of the glass
itself. As an example, in germanium doped silica, they are
usually associated with electrons trapped on germanium
or/and silicon at the site of an oxygen V'cu:'cmcy.‘“"47
Meanwhile, in heavy metal fluoride glasses, they are usually
connected with the presence of neutral fluorine vacancies or
interstitial atomic fluorine or impurities (e.g., oxygen).*® In
fluorophosphate glasses of this work, these centers are com-
monly associated with holes and electrons captured by
phosphorous-oxygen complexes.”'-30-32-3%

Figure 2(b) shows the effect of x-ray irradiation and sub-
sequent optical erasure on the optical transmittance. It can be
clearly seen that the x-ray irradiation significantly reduces
the transmittance, while the subsequent erasure partially
restores the “status quo.” However, even after 100 min of
erasure, one can still detect substantial induced absorption.
Figure 5 reformulates this effect in terms of induced absorb-
ance and presents a so-called band separation analysis,
which allows us to quantify the processes of erasure. The
technique of band separation presents the induced absorb-
ance as a sum of Gaussians, which may be assigned to differ-
ent electrons and hole centers.*****°

Figure 5 shows that in FP glasses, x-ray induced absorb-
ance may be simulated using six overlapping Gaussians. The
arrows in Figures 5(b)-5(d) show the evolution of four of the
Gaussians under erasure, (b), (c); and annealing, (d). It
should be noted that in our earlier work, we used only four
Gaussians.” There is no contradiction here because the ab-
sorbance curve of “as-irradiated” sample alone may be fitted
with the same level of accuracy using only four bands (this
is shown by a dashed curve in Figure 5(a)). However, the ab-
sorbance curves collected during erasure require the addi-
tional band marked as GS5. Furthermore, it should be
emphasized that the band G5 appears also in a band separa-
tion analysis of absorbance in the undoped FP sample (with
no Sm-doping) that had been just irradiated as shown in
Figure 5(e). Meanwhile, the band G4 seems to appear only
after thermal annealing as shown in Figure 5(d).

It seems appropriate to mention here that Sm-ions may
also contribute to absorption within the 200-600 nm spectral
ramge.50 However, in our particular case, this contribution
seems to be negligible. Indeed, Sm’>* is known to have a
prominent absorption peak at 400 nm, which may be seen as a
tiny feature (a very small dip at 400 nm) in the transmittance
spectra in Figure 2(b). Similarly, Sm>" has a peak absorption
at around 360-380 nm,” but this feature is again negligibly
small. The contribution of absorbance from the excitation of
Sm-ions has been therefore neglected in the analysis of the ab-
sorbance spectra and their evolution during irradiation and
bleaching. The inclusion of absorption by Sm-ions does not
change the analysis within the margins of error.

Table I compares our results of band separation with
published data and shows a very reasonable agreement.*5*
The only disagreement is the position of the band G6. The
disagreement can be explained by the fact that the G6 band
could only be captured partially in our experiments, being
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FIG. 5. X-ray induced absorbance in FP10 glass doped with 0.5% of Sm®"
and initially x-ray irradiated for 2 h (total dose of ~14 kGy) (a)—(d) and
nominally undoped FP10 glass irradiated for 30 min (e). Note that (a)—(c)
show the evolution of x-ray induced absorbance under intense 405 nm illu-
mination (erasure). (d) demonstrates the effect of annealing at 350°C for
30min. The experimental data (symbols) are approximated by a sum of
Gaussians (thick solid lines). The individual Gaussians from G1 to G6 are
shown by thin (solid and broken) lines. All Gaussians but G6 are marked at
their centers. The center of G6 lies outside of the present figure. The broken
line in (a) shows that the presence of the band G5 is not necessary prior to
erasure in Sm-doped samples.

TABLE I. The comparison of central wavelengths (1), central energies (E),
and widths (W) of Gaussian absorption bands (G1-G6) observed in the pres-
ent paper with earlier data by Ebeling et al.** The widths (W) of Gaussian
bands refer to the full width at half maximum (FWHM).

Present paper Ebeling et al.

Bands A, nm E,eV W,eV J,nm E, eV W, eV Structural unit
Gl 525 236*0.03 047 540 2.30*=0.02 0.50 POHC

G2 433 2.86*+0.02 0.74 430 2.89+0.04 1.00 POHC

G3 320 3.88+0.12 1.27 325 3.82*0.04 1.12 POHC
G4 265 4.68£0.09 1.10 265 4.68*0.08 1.00 PO,

G5 242 5.13+0.02 122 240 5.12x0.06 1.00 PO,

G6 190 6.53+£0.08 147 210 590*0.06 1.00 PO;
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centered outside our spectroscopic range of measurement. In
FP glasses, the absorption bands are usually associated with
electron and hole capture within phosphorous-oxygen molec-
ular ions or units.>®*** Table I shows an example of such
associations, reproduced from papers published else-
where.*®*° Thus, the bands in the visible region (G1-G3) are
associated with so-called POHC (phosphorous-oxygen hole
centers), while the bands G4, G5, and G6 are supposedly
related to PO,, PO4, and POj electron centers (POEC),
respectively.*” Figure 3(b) shows the effect of optical illumi-
nation (erasure) on the intensities of the Gaussian G1-G6
bands. It shows that the erasure effectively reduces POHC
related absorption bands G1-G3, while seemingly leaving
the POEC related G6 band unchanged, and surprisingly
increases the band G5, seemingly associated with POEC.
This is a somewhat discouraging result, because it shows
that although an intense optical illumination can successfully
reconvert Sm>" back to Sm>*, it leads to the appearance of
new color centers in the host glass. The new color centers,
however, are in the UV range and thus do not prevent the re-
cording of Sm*" and Sm** PL signals.

Figures 6(a)-6(c) present the ESR signal from our FP10
glass doped with 0.5% of Sm>" and x-ray irradiated for 2 h. It
is appropriate to emphasize here that the there was no detecta-
ble ESR signal prior to irradiation, and the ESR signal appeared
only after x-ray irradiation. For the following interpretation, the
experimental data have been approximated by a sum of the first
derivatives of four Lorentzians (shown in Figure 6(b)) and six
Gaussians (shown in Figures 6(a) and 6(c)). We assume that
these ten individual lines belong to five doublets whose
spin-Hamiltonian parameters are summarized in Table II. The
identification or association of ESR lines was reported previ-
ously by Ebeling et al.*® The comparison of present data with
the results by Ebeling ez al.*” allows us to identify the doublets
L; and L, as belonging to POHC, while the doublets T'y, I,
and I'; may be tentatively associated with PO,, PO3, and PO,
complexes, respectively. Figure 3(c) summarizes the influence
of optical erasure on the ESR components. It shows that POHC
related Lorentzian doublets L, and L, decrease with erasure,
while the POEC related Gaussian doublet I, increases and
Gaussian doublets I'; and I';, also related to POEC, remain
seemingly unaffected. Overall, based on the ESR data, the
effects of erasure are the same as those based on the band sepa-
ration analysis above; in other words, optical erasure seems to
reduce the POHC while inducing some additional POEC. Note
that the lines in Tabel II were used for all ESR spectra that
were recorded after each step of bleaching, and only the inten-
sities of the lines change with erasure time (see Figure 3(c)).

From a chemical point of view, we can summarize the
effect of optical erasure by a set of chemical reactions in
which Av represents optical excitation

Sm>* + hy — Sm>t + ¢, (1)
POHC + ¢~ — PO, 2)
PO + ¢~ — POEC, 3)

where ¢~ stands for an electron released by Sm*" under optical
illumination, PO represents a phosphorus-oxygen based defect
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FIG. 6. The ESR signal of FP10 glass doped with 0.5% of Sm>" and x-ray
irradiated for 2 h (total dose of ~6 kGy). (a) is an overview of a spectrum
where the two rectangles (b) and (c) show the regions which are presented in
(b) and (c), respectively. (b) shows strong and narrow lines in the central
part of the spectrum, while (c) shows the weak wings of a spectrum.
Experimental data (symbols) are approximated by a model (thick solid line)
which is a sum of Lorentzians in (b) and Gaussians in (c), shown by thin bro-
ken lines. The Lorentzians in (b) are usually associated with
phosphorous-oxygen hole centers (POHC), while the Gaussians in (c) repre-
sent three doublets (I';-I'5) which are normally associated with POEC. The
effective g-values shown in the figure correspond to the centers of corre-
sponding Lorentzian and Gaussian components.

precursor, and POHC (POEC) stands for a phosphorus-oxygen
center with a captured hole (captured electron for POEC). In
other words, Sm>" ions become optically excited and relax to

TABLE II. The lines used for approximating the ESR signals of FP10 glass
doped with 0.5% of Sm*" and x-ray irradiated for 2 h. The total dose deliv-
ered is ~6 kGy. Three doublets have Gaussian (I') and two have Lorentzian
(L) lineshapes. ¢ and ¢ are the effective g-values for each line of a dou-
blet. gaverage 18 the average of ¢V and g?. A is a splitting of two lines of a
doublet. W is the full width of each line at half maximum. W and A are
defined for a nominal frequency of 9.8 GHz. Possible interpretation of struc-
tures related to appropriate doublet is based on comparison with Ebeling
etal®®

Doublets I, I, I L, L,
average 2.030 2.044 2.076 2.014 2.009
A, Gauss 276 695 908 28 31
W, Gauss 251 123 173 28 21
g? 2.111 2248 2.350 2.022 2.018
@ 1.949 1.840 1.803 2.006 2.000
Nature POEC POEC POEC POHC POHC
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Sm>" with the emission of electrons which are captured by PO
precursors, producing POEC with an outcome that depends on
the nature of precursor and/or by POHC reconverting to PO
groups. We should also emphasize that the above three sets of
equations represent an oversimplification of the optical erasure
process, because the optical illumination itself may erase and
create several types of POHC and POEC.

Applying the same rationale to the effect of x-ray irradi-
ation, we can write another set of chemical reactions of the
form

PO + " — POHC, )
Sm* + 7 — Sm*F, 5)
PO + ¢~ — POEC, (6)

where ¢~ and 4" stand for electrons and holes generated
under x-ray irradiation. In the case of x-ray irradiation, the
absorbed x-ray ejects a primary projectile electron, from an
inner shell, that ionizes the medium and generates electrons
and holes. Equation (6) is a new addition to our previous
approach.g’m It is worth noting that Eqs. (3) and (6) are iden-
tical, which means that certain types of POEC may appear
under different types of excitation, in particular, x-ray irradi-
ation and/or optical erasure.

Naturally, Egs. (1)—(3) and (4)—(6) should be supple-
mented by a charge conservation condition that can be writ-
ten as

Cronc(t) = Cgpp+ (1) + Cporc(t), (@)

where Cpopc(t), Csm2+(f), and Cpogc(?) are the concentra-
tions of the species POHC, Sm?>*, and POEC, respectively,
at any given instant of time 7. The above equations clearly
show that under x-ray irradiation, the electrons are shared
between two competing processes: Sm®" to Sm*>* conver-
sion and POEC formation.

We still need to answer the question, “What is the maxi-
mum Sm>" concentration for a good conversion efficiency?”
Figure 7 tries to answer this question. It shows the response
R as a function of concentration of trivalent samarium Cg,s:
for several x-ray doses (D) corresponding to different irradia-
tion times. The response is plotted as a function of D and
Csms+ Figure 7 shows that there are two distinctive regions
in the R(D,Cgp3+) vs. Csya+ dependence. At low concentra-
tions, R(D,Csm3+) = const(D), which depends on the dose D.
At higher concentrations, R(D,Cgy3+) seems to be inversely
proportional to Cgps+, i.e., R(D,Csp3+) o< (CSmH)’l. For fur-
ther interpretation, it seems reasonable to assume that the rel-
ative intensity of the PL is approximately proportional to the
ratio of the ionic concentrations, i.e., R(D,Cgps:)
Csm2+(D)/Cspp+, where the constant of proportionality,
among other factors, would include the optical oscillator
strengths of the PL transitions in Sm>* and Sm?*. Therefore,
R(D,Csps+) ~ const(D) means simply that Cgp2+(D)
Csm3+. In other words, the more Sm>** we add, the more
Sm?" conversion takes place within a given irradiation time,
that is, at a given dose rate. Meanwhile, R(D,Cgy3+)
(CSmH)’l should be interpreted as Cg,,2+(D) ~ const(D). The
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FIG. 7. Response R = PL(Sm*")/PL(Sm>") of FP 10 glass at different deliv-
ered doses versus doping (Sm>") concentration. The PL excitation wave-
length was 470 nm.

latter constant depends only on the dose D and does not
depend on Cgp+. From a practical view, this result means
that the addition of Sm>" over a critical concentration,
Cerie(Sm*™), does not create additional converted Sm>*, and
further doping may be considered ineffectual.

The above observation may be explained by the concen-
tration quenching effect, which typically starts to set in at
around the concentration where the graph in Figure 7 has a
“knee” (begins rolling off), i.e., 0.5-5%, where one rare
earth ion has a good chance of being sufficiently close to
another rare earth ion to be able to affect the radiative transi-
tion. This effect would be dose independent, as observed.
We would expect that for “high” concentrations of Sm>", the
Sm?" could relax from its excited states through a
Forster-Dexter type mechanism,”’ giving its energy to a
nearby Sm**, assisted by the overlap between a broad 5d
band and the sharp 4f lines. This would certainly reduce the
PL intensity ratio for Sm>*/Sm**+ through both the numera-
tor and denominator. Alternatively, the luminescence satura-
tion effect may be connected with the host glass itself where
the number of sites for Sm>" to Sm>" conversion may be
limited by the organization of the host glass ionic network.
In any case, further experiments are needed to shed light on
the possible origins of “the concentration quenching” effect.

IV. CONCLUSIONS

X-ray induced Sm®* to Sm** valence conversion in
Sm>"-doped FP glasses, and subsequent reconversion of
Sm>* to Sm>* under intense optical illumination, has been
investigated for potential use in a re-useable dosimetric de-
tector for MRT. It was shown that x-ray irradiated Sm-doped
FP glasses can be optically erased by illumination under
405nm light so that they can be reused in measuring the
dose in microbeam radiation therapy. The Sm*" to Sm? " va-
lence conversion is accompanied by the formation of POHC

J. Appl. Phys. 115, 063107 (2014)

and POEC responsible for x-ray induced optical absorbance.
The use of intense optical illumination seemingly achieves
near-complete Sm>* to Sm** reconversion. However, the
examination of optical transmission spectra shows that opti-
cal illumination only partially erases existing x-ray induced
bands, and, at the same time, induces new absorbance bands.
We have used a band-separation analysis to interpret the
induced absorbance, based on reported possible defect struc-
tures in the literature. Combined analysis of absorbance and
ESR measurements indicates the optically stimulated erasure
of POHC related defects and the development of new POEC
related defects. The suggested model for the observed phe-
nomena is based on the release of electrons during Sm>* to
Sm> " reconversion, the capture of these electrons by POHC
(and hence their disappearance) or by PO groups (with the
appearance of additional EC defects). The latter conclusion
shows that the direct x-ray induced Sm>" to Sm** conver-
sion seems to be directly competing with POEC formation.
The conversion ratio (the response of the detector) does not
depend on the initial concentration of Sm*" in the glass up
to a certain critical concentration Co (Sm*") ~ 0.16 at. %.
Beyond this critical concentration, it monotonically
decreases with the Sm>™ concentration. The latter observa-
tion may be connected with the concentration quenching
effect, which usually occurs at similar concentrations or with
the host glass itself where the number of possible sites for
the Sm*" to Sm*" conversion may be limited by the organi-
zation of the host glass ionic network.
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There is a special need to develop a dosimetry technique with a
large-dynamic range and high-spatial resolution to characterize
the microstructured X-ray beams used in microbeam radiation
therapy (MRT) for cancer. We report the synthesis and char-
acterization of oxyfluoride glass-ceramic (SiO,-Al,O3;—CaF,—
CaO-SmF;) plates, which contain trivalent-samarium-doped
calcium fluoride (CaF,:Sm>*) nanocrystals, for use as a dosi-
metric detector material, particularly for MRT a!)plications.
Our approach utilizes the extent of Sm>*—Sm*" valence
reduction caused by X-ray irradiation as a probe of the X-ray
dose delivered; and confocal fluorescent microscopy is used to
read out the distribution of valence reduction through the pho-
toluminescence (PL) signal. Our study showed that the
Sm**—Sm>”* valence reduction takes place in CaF, nanocrys-
tals, but not in the glass matrix. The Sm>* shows PL emission
predominantly due to the fast 4/°54'—7F, transition, which
allows us to read out the detector plate at a high scanning
speed. Further, our experiments showed that the detection dose
range reaches several thousands of grays, and X-ray dose dis-
tribution is detected at a micrometer scale. In addition, the
Sm>* signal can be erased either by heating the irradiated
sample at a suitable high temperature or by exposing it to UV
light; and the erased glass-ceramic plate is reusable. The new
Sm-doped oxyfluoride glass-ceramic with CaF, nanocrystals
reported in this work shows potential for practical use in high-
dose and high-resolution dosimetry for MRT.

I. Introduction

M iIcROBEAM radiation therapy (MRT)'™ has recently
attracted much attention as a promising new tech-
nique for cancer therapy. A specialized X-ray dosimetry tech-
nique that is capable of measuring high doses with a high
spatial resolution is required for monitoring the dose profile
in MRT to advance it to the clinical trial stage. The MRT
utilizes an intense and microstructured X-ray beam (known
as a microbeam), which requires the dosimetry technique to
have submicrometer of X-ray image resolving power and a
wide range of dose detection capability (a large dynamic
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response) at least from 5 to 1000 Gy.® In the past few years,
we have proposed and demonstrated an approach based on
monitoring the samarium (Sm)-valence reduction.”'> Our
dosimetry technique mainly consists of two parts: (1) confo-
cal fluorescence microscopy for high-resolution image read-
out; and (2) Sm>"-doped material as a dosimetric detector,
which undergoes Sm**—Sm?" reduction as a result of X-ray
irradiation. Here, the dose profile of the X-ray beam is
recorded on the detector plate as an extent of Sm-valence
reduction, and then the recorded dose information is read
out by confocal microscopy via the photoluminescence (PL)
signal of Sm ions. Potential dosimeter materials are clearly
those that allow the Sm*"—Sm”" reduction to occur under
irradiation; examples of irradiation include X-rays,'*'
gamma-rays'®, and intense infrared femtosecond laser.'”
Among those materials, we have tested several Sm-doped
crystals, glass-ceramics, and glasses including Sm-doped fluo-
rophosphate (FP) and fluoroaluminate (FA) glasses.” '
Among the glasses, the Sm-doped FP and FA glasses have
been found to be successful dosimetric materials for this par-
ticular application. The valence reduction in Sm** by X-ray
irradiation was confirmed, and the dose measurement range
was demonstrated to cover doses over a thousand of grays.
Moreover, the fine X-ray pattern used in MRT was
successfully recorded and read out by confocal fluoroscopic
microscopy.

Oxyfluoride glass-ceramics containing CaF, nanocrystals
have been widely studied with various rare-earth dopants for
applications such as up-conversion, quantum cutting, etc.'®2°
The CaF, crystal is of particular interest as a host for the
Sm** ion because earlier studies have reported that Sm®~-
doped CaF, crystals show the Sm**—>Sm>" reduction by
X-ray irradiation,* " as well as Sm>" ions in the CaF, crys-
tal is known to show PL due to the parity-allowed S5d—4f
transition,?' the lifetime of which is typically on the order of
nanoseconds.’>>* The PL lifetime is one of the key parame-
ters that limit the readout speed as the detector sample is
scanned point-by-point. Many materials that exhibit the
Sm**>Sm>" reduction by X-ray irradiation seem to typi-
cally show a PL lifetime on the order of milliseconds due to
the parity-forbidden f~f transitions.

The aim of this work was the synthesis, characterization,
and dosimetric testing of an oxyfluoride glass-ceramic con-
taining CaF,:Sm> " nanocrystals as a new potential dosimeter
material to be used for MRT applications. It should be
emphasized that Sm-doped glasses and glass-ceramics in this
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work are not necessarily limited to applications in MRT,
inasmuch as Sm-doped materials have, in recent years, been
widely studied for a variety of optoelectronic applications
such as X-ray imaging phosphors,™* 37 optical wave-
guides,*3? three-dimensional optical memories,**** pressure
sensors,“’44 white LEDs,‘tHx and solar cells.*#%>°

II. Experimental Procedure

An oxyfluoride glass was prepared by a conventional melt-
quenching method as described elsewhere.'®!” The starting
materials  (45Si0,-20A1,03-22CaF,-10CaCO5-3SmF;, in
mol.%) were melted in an alumina crucible at 1400°C for
1 h and then quenched on a preheated stainless plate at
200°C to create an oxyfluoride glass. The quenched glass
product was then annealed at 500°C for 1 h to relieve the
internal strains arising from quenching.

The thermal properties of the prepared glass sample was
studied by differential scanning calorimetry (DSC) (DSC8270;
Rigaku, Tokyo, Japan) at a heating rate of 10°C/min. As-pre-
pared samples were subsequently heat-treated to nucleate and
grow CaF, nanocrystals. The heat-treatment temperature was
determined based upon the result of DSC measurement and
described in the following section. The structural studies
involved scanning electron microscopy (SEM) (JSM-890;
JEOL, Peabody, MA) and X-ray diffraction (XRD) (XRD-
6000; Shimadzu, Kyoto, Japan) measurements to examine
whether the heat-treated glass samples contain nanocrystals
and to determine the crystal type and estimate the average
crystal size. For XRD analysis, we used CuK,; X-ray charac-
teristic emission, and the scan rate was 2.0°/min.

To investigate the valence reduction in Sm ions by X-irradi-
ation, we exposed as-prepared and heat-treated samples under
an X-ray tube (43855D; Faxitron X-Ray LLC, Lincolnshire,
IL) set to 110 kVp with the filament current of 3 mA. The air
kerma dose was experimentally measured to be ~50 Gy/min
using an ionization chamber (Model 96030; Keithley, Cleve-
land, OH). We measured the optical transmittance using a
spectrophotometer (Lambda 900 spectrophotometer; Perkin
Elmer, Waltham, MA), and PL emission and excitation spec-
tra using a Shimadzu photospectrometer (RF5000; Shimadzu).
Furthermore, the lifetime of the PL emission was measured
using a fluorescence lifetime spectrometer (Quantaurus-Tau
C11367; Hamamatsu Photonics, Hamamatsu, Japan).

Selected samples were further studied to demonstrate the
ability of the present material system as a dosimeter material
for MRT application at the Canadian Light Source (CLS),
that is, the Canadian synchrotron in Saskatoon. High-dose
X-ray irradiations were performed at the Biomedical Imaging
and Therapy (BMIT; 05B1-1) beamline at the CLS. The dose
rate as air kerma was experimentally estimated to be ~1.7-
1.9 Gy/s at 250 mA of the storage ring current using an ioni-
zation chamber,”’ and the dose rate was used for our total
dose estimation delivered to the sample during irradiation
experiments. Note that the term dose, here, refers to the total
dose, that is, accumulated dose, as the sample exposure time
is prolonged to accumulate more dose. Further, the quoted
dose value are for dose in air at the surface of the sample
The X-ray beam was filtered by a series of Cu filters with an
effective thickness of 0.94 mm, which results in the spectrum
with a peak energy of 50 keV and a full width at half maxi-
mum (FWHM) is approximately 25 keV (see the inset of
Fig. 8). Heat-treated samples were cut in several pieces and
polished, and then each sample was irradiated by a broad
X-ray beam at various dose-values for dose-response
measurements. Another set of samples was irradiated by a
microbeam (of the type used in MRT) for a dose profile
measurement. The microbeam was created by inserting a
multislit collimator (a block of tungsten with 75 slits of
50 pm width and 400 pm of center-to-center distance, manu-
factured by Usinage et Nouvelles Technologies, Morbier,
France) in the broad X-ray beam. The distance between the
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multislit collimator and sample was 1.0 m. After the irradia-
tion, each sample was wrapped in an aluminum foil to avoid
exposure to light until readout. The response (Sm>*—Sm>”"
upon irradiation) of each irradiated sample was measured by a
confocal microscopy readout setup as two PL signals, one
from Sm** and the other from Sm>*. The brief description of
the readout setup can be found elsewhere,*!* and the detailed
description will be reported in a future paper. A 470-nm
diode-pumped solid-state laser was used as the excitation
source in these measurements. The confocal microscope set-
ting was such that the signal originated from a spot at the fixed
depth of about 20 pm from the surface of sample.
Furthermore, the reusability of the Sm-doped glass-ceramic
material as a dosimetric detector was also tested. A reusable
dosimetric material requires having the ability to reconvert
the reduced Sm>”" ions to Sm>* jons as well as the ability to
have, after the erasure, the same response behavior as before.
In this research, the erasure was tested by two methods: ther-
mal and optical treatments. We have used an electric furnace
(CFM1100; MTI Corporation, Richmond, CA) to heat the
sample, in which the sample was placed in a crucible to pre-
vent radiative heat exposure. For the optical erasure, an UV
fluorescent lamp from an erasable programmable read only
memory eraser (DE-4; UVP, Upland, CA) was used. The UV

light source has the main emission at 254 nm, and the optical

irradiance incident on the sample was ~ 10 mW/cm? PL
spectrum was measured with a CCD spectrometer (EPP2000;
StellarNet Inc, Tampa, FL) to observe the change in PL upon
X-ray irradiation and erasure. He-Ne laser (31-2082-000;
Coherent Inc., Santa Clara, CA) operating at 633 nm was
used as an excitation source to excite Sm*> " ions (Sm** is not
excited by this excitation wavelength).

III. Results and Discussion

(1) Thermal and Structural Properties

The DSC curve shown in Fig. 1 indicates a glass-transition
(T,) at 608°C and two crystallization peak temperatures at
687°C (T},;) and at 853°C (T),,) where the crystallization rate
is maximum, as marked on the thermogram. These character-
istics are typical for a glass which can be transformed into a
glass-ceramic by an appropriate heat treatment; the exother-
mic peak at the lower temperature in Fig. | typically corre-
sponds to the nucleation and growth of nanocrystals,
whereas the one at the higher temperature corresponds to the
crystallization of the glass matrix as discussed in various
papers in the literature; see for example Refs. [37,52].

The XRD results are illustrated in Fig. 2 for samples that
are (a) as-prepared, (b) heat-treated at 700°C for 4 h and (c)
heat-treated at 750°C for 30 min. Figure 2(a) shows only a
broad halo peak at 20 =~ 27° for the as-prepared glass
sample, the signature of which is typical for an amorphous
structure. However, for those samples which have been heat-
treated at the temperatures between T, and Ty, at 700°C
for 4 h and 750°C for 30 min, additional sharp diffraction
peaks were detected as in Figs. 2(b) and (c), respectively. The
diffraction pattern agrees with the standard card data for the
CaF, crystal (JCPDS 35-0816), indicated at the bottom of
the figure. These peaks are, as expected, attributed to the
CaF, crystals which are embedded in the glass matrix; we
effectively have a glass-ceramic structure. The average line-
widths for the (1 1 1), (2 2 0), and (3 1 1) diffraction peaks
were used to estimate the mean diameter of crystal grains
using the Scherrer relation.® It is important to emphasize
that this is only an estimate inasmuch as one should also
account for the strain in the nanocrystals as, for example, in
the case of BaBr; nanocrystals in Ref. [54]. In our case, the
instrumental broadening of diffraction peaks has been esti-
mated by measuring the diffraction pattern from a standard
Si powder material in which the grain size is known. The
estimated average nanocrystal sizes were 37.4 and 145.0 nm

229




July 2014
60 —————————————
T,=853°C|
a0t
(2]
%
= I
&)
[%0)
S 20 T ,=687°C 1
|
’ _
T =608 °C
O |g| L 1 L 1 L 1 L
500 600 700 800 900 1000

Temperature, °C

Differential scanning calorimetry curve of as-prepared glass

Fig. 1.
Exothermic heat

sample 45Si0,—20A1,05-22CaF,-10CaO-3SmFj;.
flow is upwards.

@ 750°C, 30min
c
=
£
< [(b) 700°C, 4h
2
2
o |@ As-Prepared
[
= § = S <©
Z N poy S o
c NI
I II I TI L I .I :
10 20 30 40 50 60 70 80
206, degree

Fig. 2. X-ray diffraction curves of samples: (a) as-prepared, (b)
heat-treated at 700°C for 4 h, and (c) heat-treated at 750°C for
30 min. The standard card of CaF, (JCPDS 35-0816) is shown
together in the bottom of the figure as a reference.

for the samples heat-treated at 700°C for 4 h and 750°C for
30 min, respectively, with the higher heat-treatment tempera-
ture resulting in a larger nanocrystal. Figure 3 shows two
typical SEM images. In the top image, the dark-colored
structures indicated as A are vacancies left behind by nano-
crystals (the light-colored particles indicated as B) that had
come off the sample. These objects are randomly distributed
in the glass matrix, indicated as C, and this is also confirmed
in the lower magnification image on the bottom of Fig. 3.
The estimated nanocrystal size above agrees with the SEM
observations.

(2) Optical Properties
Figure 4 shows the optical transmittance spectra of samples
with different treatment histories. The glass-ceramic sample

Sm-Doped Glass-Ceramic Dosimeter

2149

Fig. 3. SEM image of the sample heat-treated at 750°C for 30 min
observed at two different magnifications, (top) x60000 and (bottom)
x25000.
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Fig. 4. Transmittance curves of samples, (a) as-prepared glass, (b)
glass-ceramic heat-treated at 700°C for 4 h, (c) glass-ceramic which
was heat-treated (700°C, 4 h) and then X-irradiated under X-ray
tube (1 h, 110 Vp), and (d) glass-ceramic which was first heat-treated
(700°C, 4 h), and next X-irradiated (1 h, 110 Vp), and then heat-
treated at 550°C.

(b) was still as transparent as that of as-prepared glass (a)
when heat-treated at 700°C for 4 h; however, it became
milky when heat-treated at 750°C (not shown in the figure).
Upon X-ray irradiation, the irradiated sample became
brownish due to the induced strong absorption band in the
UV- and visible region as indicated as (c¢) in Fig. 4. In our
earlier work, we have also observed X-ray-induced absor-
bance in Sm-doped FP and FA glasses.®”!*1? Despite the
coloration in the excitation and, perhaps, emission
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wavelength range, the samples are still suitable as MRT dosi-
metric plates as we only measure the PL signal at the surface
of the sample by using a confocal microscope; thus, the col-
oration effect is practically negligible. Figure 5 illustrates
absorption coefficients induced by X-ray irradiation in as-
prepared glass and glass-ceramic heat-treated at 700°C for
4 h. In addition, induced absorption due to Sm®* —Sm>*
change in a CaF, crystal by y-ray irradiation is plotted in

T T T T T

-1

Glass

N
o

Induced Absorption Coefficient, cm
o

Photon Energy, eV

Fig. 5. X-ray induced absorption coefficient in as-prepared glass
sample and that of glass-ceramic sample. The glass-ceramic was
heat-treated at 700°C for 4 h. Weak absorption bands in glass-
ceramic is observed on top of broad band in the glass matrix. The
origin of the weak bands is attributed to the Sm>"—-Sm>* change in
CaF, nanocrystals by X-ray irradiation. The induced absorption by
CaF,:Sm> " —Sm?" change by y-ray irradiation is also plotted as a
reference [26].
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Fig. 6. Excitation and emission PL spectra of irradiated Sm-doped
glass-ceramic sample. Upper spectra for Sm>* and lower spectra for
Sm?". Note that the excitation spectra are for observing PL
emission at 645 nm (Sm*"), and PL emission at 750 nm (Sm>").
Further, PL spectrum for Sm®" is excited at 401 nm and that for
Sm*" is excited at 620 nm.
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the same figure for comparison. The latter was derived from
the work of O’Connor et al’® Due to X-ray irradiation,
strong and broad absorption band was observed in as-pre-
pared glass, whereas the glass-ceramic showed additional
weak absorption bands at photon energies ~2 and 3 eV (indi-
cated with v in the figure). As the latter spectral positions
agree with those observed by O’Connor et al., we attribute
the origin of these bands to the induced absorption by
Sm*"—Sm>" conversion taken place inside the CaF, nano-
crystals by X-rays. (An additional peak at 4 eV was not
clearly pronounced in our measurements. The reason is
because its location is near the absorption edge of the glass
and the measurement accuracy in this range is limited due to
the small signal. The same reason should also apply to the
mismatch of curve by glass and glass-ceramic at high photon
energies. On the other hand, the observed broad absorption
in the glass is from defect centers generated by X-rays as it
contains neither CaF, nanocrystals nor Sm>* ions (discussed
in the next paragraph). The irradiated sample returned to
being colorless after a suitable heat-treatment, shown as (d)
in Fig. 4. The valence reduction is further discussed in detail
below.

The excitation and emission spectra of PL were measured
for the glass-ceramic samples before and after X-ray irradia-
tion. Heat treatment was done at 700°C for 4 h and then the
sample was irradiated with X-rays for 1 h under an X-ray
tube. Before the X-ray irradiation, we only detected typical
PL emissions due to the 4/-4f transition of Sm®* ions (spec-
tra not shown). However, after the irradiation, additional
broadband emission centered at ~730 nm was observed as
shown in Fig. 6. We attribute the origin of this broad emis-
sion to Sm’>" ions embedded in CaF, nanocrystals because
of the following reasons. (a) First, the appearance of this
broad emission was only observed in samples heat-treated
above the first crystallization temperature 77,;. As-prepared
glass and any sample heat-treated below 7},; did not show
this emission (not shown in figure). (b) The next argument is
the observation of a broadband signature in both emission
and excitation spectra. As illustrated in Fig. 6, the excitation
spectrum of the broad emission also has a broad structure.
The latter property is typical for the Sm>* ion due to the
4/°5d"' -"F, transition in CaF, crystal, which is an allowed
transition by the selection rules. (¢) The third reason is the
spectral position. Unlike the f~f transition in the trivalent
rare earth ions, the 4/°5d' excited level in Sm>* is not
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Fig. 7. PL decay curves: (left) the 4/°5d' —"F, transition by Sm?>"
ion in X-irradiated glass-ceramic. (right) the 4Gs;y—C°Hy) transitions
by Sm** ion in glass-ceramic.
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shielded, thus it is strongly affected by the lattice crystal field.
Assuming that the Sm** ion is located in the CaF, nano-
crystal, the spectral position reasonably agrees with the one
reported by Mikhail er al.*' (d) The fourth argument is the
observed fast lifetime for this ~730 nm emission. Figure 7
illustrates PL decay curves of the broadband emission as well
as the 4G5,2—>"H7,r3 transitions by Sm>” ions in the glass-
ceramic sample. The decay curves are fitted with double- and
single-exponential decay functions, respectively. As a result,
the derived time constants are 0.59 and 1.70 ms for the for-
mer decay curve (Sm>") and for 42.6 ns for the latter decay
curve (Sm*>"). As the f-f transitions are parity forbidden, the
4G5,‘266H7‘,2 transitions of Sm>* showed long lifetime on the
millisecond timescale. In contrast, the broad emission showed
a much faster lifetime on the order of nanoseconds. This fast
lifetime implies that the PL emission is due to transitions
which are allowed by the selection rule, that is, the
4/°5d" -"F, transition of Sm>* ions. This is also supported
by the fact that our measurement seems to agree with the
reported lifetime in the case of Sm>*-doped CaF, crystals by
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Fig. 8. Dose-response curve of oxyfluoride glass-ceramic containing
CaF,:Sm>" nanocrystals. The as-prepared glass sample was heat-
treated at 700°C for 4 h to nucleate the nanocrystals. The dose
values are dose in air at the sample surface. The inset is the X-ray
spectrum used for irradiation.
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Payne er al.*? and Chase et al.** Consequently, based on our
observations above, we attribute this PL broad emission to
the 4/°5d' -"F, transition of Sm>* ions which are embedded
in CaF; nanocrystals, and reduced from the trivalent state by
the X-ray irradiation. Further, the lifetime of Sm>” is much
faster than that of the f~f transition, which is more com-
monly found in materials that show Sm** —>Sm*"* reduction
by X-ray irradiation. Therefore, we can expect a much faster
readout speed during the readout of PL emissions during
laser scanned fluoroscopic microscopy of converted Sm>”"
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Fig. 10. PL spectra recorded during the erasure process: (top) heat
erasure and (bottom) optical erasure. The integrated PL intensity is
plotted in the insets. The excitation wavelength is 633 nm.
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incident on the sample. The dose values are dose in air at the sample
surface. The excitation wavelength is 633 nm.
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ions; a distinct advantage. It is worth pointing out here that
only a small fraction of Sm*" may have been reduced by X-
ray irradiation because of the fact that the optical absorption
bands by Sm** in the 800-1000 nm range have only a negli-
gibly small difference before and after irradiation as seen in
Fig. 4. Moreover, weak absorption bands due to the reduc-
tion in the Sm>” ion in a CaF, nanocrystal seen in Fig. 5
implies that only a small concentration of nanocrystals are
embedded and that the majority of Sm>" ions remain uncon-
verted in the glass matrix. However, due to the large oscilla-
tor strength of Sm>*, the total PL intensity is comparable to
that of Sm®". [See the discussions in Refs. (37,52)]

(3) Applicability for Large-Dynamic-Range and High-
Spatial-Resolution Dosimetry

Figure 8 shows a typical dose-response curve of one of our
Sm-doped glass-ceramic samples, as measured at the CLS.
The heat treatment was done at 700°C for 4 h in air. The fig-
ure shows that our glass-ceramic sample exhibits a suffi-
ciently large response range from ~1 Gy to about 10 000 Gy
to detect the X-ray dose at the peaks and valleys of the
microbeam in a single measurement, which is essential for
monitoring the dose profile in MRT. It is worth noting here
that a commonly used GafChromic® film detector (HD-810;
Ashland Inc, Covington, KY) only allows detection from
~10 to several hundreds of grays.® Notice that some satura-
tion in the response to the total dose is observable at
~10* Gy. The inset shows the energy spectrum of the MRT
beam. Figure 9 demonstrates a dose profile of a microbeam
recorded using the glass-ceramic sample. The dose-response
curve displayed in Fig. 8 was fitted by a mathematical equa-
tion and then used for the dose calibration. Although the
excitation wavelength was not the best choice, we successfully
read and digitized the microbeam pattern and resolved the
two peaks which are detected to be separated by 400 pm and
the FWHM of the peak is detected to be 50 um. Both of
these values are in agreement with the properties of the mi-
crobeam used in this BMIT beamline, and verified by other
techniques such as Monte—Carlo simulations.

(4) Reusability

One of the glass-ceramic samples, which was heat-treated at
700°C for 4 h to nucleate CaF, nanocrystals, was used to
study the reusability as a dosimeter material. Figure 10
shows the change in PL peak intensity by Sm*>* while the
erasure process was in progress by heating (top) and by
exposing to UV light (254 nm) (bottom) after an irradiation
for 1 h under the X-ray tube. The heating time was fixed to
30 min at all the temperatures. When the sample was heated
at lower temperatures, interestingly, the Sm>* PL peak
increased despite our intention to erase the sample. When
the temperature reached to 300°C, the PL intensity was the
highest, and then it was followed by decrease at higher tem-
peratures. Ultimately, the PL signal was completely elimi-
nated after heating at 550°C, at which the X-ray-induced
absorption was also eliminated and the sample had returned
to being transparent [see Fig. 4(d)]. An observation of similar
behavior was reported’ for Sm-doped FP glass, in which
Sm>* ions were also produced by X-ray irradiation. In con-
trast, when we attempted erasure by UV exposure, the PL
intensity simply decreased, and the PL signal was completely
removed after 200 min of exposure.

Figure 11 compares the response profile of the PL intensity
by Sm>* against X-ray irradiation time (dose) before and after
erasures by heating at 550°C for | h (top) and by UV exposure
for 17 h (bottom). For both the erasure methods, the response
curves were well reproduced with very good agreement. There-
fore, the Sm-doped oxyfluoride glass-ceramic synthesized in
this work is reusable as a dosimetric detector material for
MRT with both thermal and optical erasure methods.
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IV. Conclusions

A Sm**-doped oxyfluoride glass-ceramic was synthesized as
a new dosimeter material to be used for MRT applications.
When the as-prepared glass is heat-treated, CaF, nanocrys-
tals are nucleated and grown in the glass matrix. The doped
Sm** jons are reduced to Sm>* during the X-ray irradiation
of the glass-ceramic samples, and this valence reduction pro-
cess takes place only in the CaF, crystal environment, that
is, within the CaF, nanocrystals. As a result, the PL of
Sm?" is predominantly due to the parity allowed 4/°5d' »"F,
transition. The lifetime (42.6 ns) for this transition is much
faster than that of the f~f transition, which is more com-
monly found in glasses showing the Sm**—Sm?>" reduction
by X-ray irradiation. Hence, using our new Sm-doped glass-
ceramic material, the recorded dose information can poten-
tially be read out using a laser scanning technique, such as
confocal fluorescent microscopy, with a much faster speed
than that used for Sm-doped glasses. Further, the potential
practical usefulness for MRT has been demonstrated by car-
rying out measurements under an X-ray microbeam gener-
ated at the BMIT beamline at the CLS (the Canadian
synchrotron). The glass-ceramic is able to detect X-ray doses
from ~1 Gy up to several thousands of grays over a
dynamic range suitable for MRT. Furthermore, by making
use of the scanning ability of the confocal microscope, we
were able to obtain the dose distribution profile across the
beam cross section, which agreed with the known characteris-
tics of the microbeam. Cross-sectional dose distribution of
the microbeam has been successfully detected using our new
detector material. Furthermore, the recorded dose informa-
tion on the detector is erasable either thermally (by suitable
heat treatment at a high temperature) or optically (by UV
exposure), and the erased detector is reusable. The new Sm-
doped oxyfluoride glass-ceramic with CaF, nanocrystals
reported in this work shows potential for practical use in
high-dose and high-resolution dosimetry for MRT.
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