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Abstract

In the past ten years, three dimensional radiation dosimetry techniques based on the dose
response of the Nuclear Magnetic Resonance (NMR) spin relaxation of the water protons in gels
have been developed. The studies in this work focus on 1) the dose response of the spin-lattice
relaxation rate, R1, of the ferrous sulfate-doped gelatin dosimeter and 2) the dose response of the
spin-spin relaxation rate, R, of the BANG (Bis Acrylamide Nitrogen Gelatin) polymer gel
dosimeter.

When the ferrous sulfate gelatin dosimeter is irradiated ferrous ions are converted to
ferric ions. A model is proposed for the R1-dose response of the dosimeter. The model includes
such parameters as the ferric ion yield and the ion relaxivities which measure the ability of the
ions to enhance the spin-lattice relaxation of water protons. The effects of gelatin and sulfuric
acid concentration on the ferric ion yield and ion relaxivities are studied. The ferric ion relaxivity
is shown to vary because of the complexing of the ferric ions resulting from gelatin-induced pH
changes or pH changes arising from variations in sulfuric acid concentration. A modified version
of the R1-dose response model accounting for ferric ion complexing is presented and tested
spectrophotometrically. The results are also examined for possible ways of optimizing the
dosimeter.

The BANG dosimeter is based on the radiation-induced polymerization of the Bis and
acrylamide monomers in the gelatin. Studies on the reproducibility of the Rp-dose response of
small volume BANG polymer gel dosimeters show that there are post-irradiation reactions and
that sufficient time delays must elapse before the value of Ry stabilizes. A preliminary fast
exchange model for the Rp-dose response of BANG dosimeters involving the polymer yield and
polymer spin-spin relaxivity is presented. Results of the effects of gelatin, Bis and acrylamide
concentration, and the NMR measurement temperature on the Ry-dose response are presented.
The results are used to determine the dosimeter compositions and NMR measurement
temperatures providing the best NMR-dose response. Also, the results are interpreted in terms of
the polymer yield and relaxivity to better understand the physical and chemical mechanisms

governing the Ry-dose response of BANG dosimeters.



Résumé

Depuis les dix derniéres années, des techniques de radiodosimétrie en trois dimensions
ont été dévelopées. Les techniques sont basées sur l'éffet de la dose sur la relaxation Résonance
Magnétique Nucléaire (RMN) des protons d'eau trouvés dans les dosimetres de gels
radiosensibles. Les études présentées regardent 1) la relation dose-effet du taud de relaxation
spin-réseau, R1, du dosimétre contenant des ions ferreux et de la gélatine et 2) la relation dose-
effet du taud de relaxation spin-spin, Rp, du dosimétre polymérique BANG (Bis Acrylamide
Nitrogen Gelatin).

Quand le premier dosimetre est irradié les ions ferreux sont convertis en ions ferriques.
Un modele représentant la relation dose-effet de R1 du dosimétre est proposé. Le modéle inclu
deux parametres d'importance, le rendment d'ion ferrique et les relaxivités qui sont une mésure
de I'abilité des ions de promouvoir la relaxation spin-réseau des protons d'eau. Les effets de la
concentration de gélatine et d'acide sulférique sur le rendement d'ion ferrique et les relaxivités
sont investigés. 1l est démontré que la relaxivité de l'ion ferrique est affectée par la formation de
complexes des ion ferriques. Cette formation est induit par les changements de pH apportés par
la gélatine ou la concentration d'acide sulférique. Une version modifiée du modele prennant
compte de la formation des complexes est présentée et verifiée en utilisant des méthodes de
spectrophotométrie. Les résultats sont aussi examinés pour les maniéres possible d'améliorer la
relation dose-effet.

Le dosimetre BANG est basé sur la polymérization, induite par la radiation, des
monoméres de Bis et d'acrylamide qui se trouvent dans la gélatine. Les études sur la
reproduction des relations dose-effets de Ry pour des dosimetres BANG démontre qu'il y'a des
reactions qui procedent apres l'irradiation du dosimetre et qu'il faut attendre un certain temps
avant que la valeur de R stabilise. Un modéle préliminaire pour la relation dose-effet de Ry du
dosimeétre BANG est présenté. Le modele comprend un parametre de rendment de polymere et
un de relaxivité spin-spin. Les résultats des éffets de les concentrations de gélatine, Bis et
acrylamide et de la température de la mesure de R) sur la relation dose-effet de Ry sont présentés.
Ils sont utilisés pour déterminer les compositions du dosimeétre BANG et les temperatures de
mesures qui produisent les meilleurs relations dose-effect de la relaxation RMN. Les résultats
sont aussi interpretés en termes de rendement de polymeére et de relaxivité spin-spin pour mieux

comprendre les méchanisms physique et chimique gouvernant la relation dose-effet de Ry.
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CHAPTER ONE

Introduction

In radiotherapy, the primary objective is to deliver a prescribed dose of
radiation to a tumour or lesion within a patient while minimizing the dose
delivered to the surrounding healthy tissue. Conformal therapies are
currently being developed with this goal in mind. However, the

implementation of conformal therapies has been limited in part by the

- unavailability of adequate three dimensional (3-D) radiation dosimetry

techniques having high spatial resolution in all dimensions. Established
dosimetry techniques and their shortcomings will be discussed. A 3-D
radiation dosimetry technique proposed in 1984 by Gore et al. and currently
being developed, combines the use of radiation sensitive gels and magnetic
resonance imaging (MRI). The goals of the work described in this thesis are
twofold. First, it is hoped that the work will lead to a better understanding of
the physical and chemical processes governing the Nuclear Magnetic
Resonance (NMR) response of existing dosimeter gels to dose. Second, the

studies are aimed at improving the NMR dose response of the gels.
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1.1 Motivation for a Three Dimensional Radiation Dosimetry

Usually when treating a patient, a compromise is made between
tumour control and complications arising from normal tissue irradiation.
One measure of this compromise, the therapeutic ratio, is defined as the
radiation dose producing complications in 50% of patients divided by the dose
providing tumour control in 50% of the patients (Johns and Cunningham,
1953). The therapeutic ratio depends on the radiobiological characteristics of
the cancerous tissue and surrounding healthy tissues and on the radiation
dose distribution achieved by the radiotherapy treatment.

Traditional radiotherapy treatments usually involve simple external or
internal irradiations of a tumour. External irradiations are normally
achieved in the clinic with photon beams produced by high energy linear
accelerators (linacs) or %9Co units. The photon beams are collimated into
regular shapes as they emerge from the treatment head of the unit. The
treatment head is supported by a gantry that can be rotated isocentrically to
any position (see Fig. 1a). A discrete number of photon beams with different
angles of incidence that intersect at the isocenter are used to produce a region
of high dose around the tumour volume (positioned at the isocenter).
Simple internal irradiations are accomplished by implanting a few
radioactive brachytherapy sources in and around the tumour or lesion. Such
irradiations are characterized by very high doses local to the tumour.

It is generally believed that the therapeutic ratio can be minimized by
optimizing the conformation of the radiation dose distribution to the tumour
volume (Kutcher et al., 1991). This is difficult with traditional radiotherapy
techniques since they do not produce dose distributions which adequately

cover tumour volumes of complex shapes and sizes while sparing normal
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Figure 1.1 a) Schematic of the frontal view of a linear accelerator or 60Co unit. The
gantry rotates about the isocenter placed within the tumour volume found in the patient;
all beams intersect at the isocenter. b) Schematic of an irregularly-shaped tumour area
irradiated by 4 rectangularly collimated beams. c¢) Schematic of an irregularly-shaped
area given a conformal therapy treatment.
tissue. The situation is further complicated if the normal tissues are critical
organs or are particularly sensitive to radiation. Radiotherapy techniques
employed to obtain a closer conformation of the dose distribution to the
tumour volume are referred to as conformal radiotherapy techniques (Webb,
1993). Note that since the tumours being treated extend throughout some
volume, conformal therapy is inherently three dimensional (3-D) in nature.
Figure 1.1b illustrates a tumour (white area) encompassed by a high-dose
region (darkly shaded) produced by a standard 4-field box treatment with
regions of low dose (lightly shaded) extending beyond the target area. Figure
1.1c shows the same tumour treated with a generic conformal therapy
technique. The high-dose region around the tumour area follows the

contour of the tumour more accurately than in the previous example such

that more healthy tissue is spared.



Many technological advances have taken place over the past twenty
years that would facilitate the conformal radiotherapy of complex tumour
volumes. For example, 3-D imaging techniques such as x-ray Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) provide the 3-D
anatomical information required to determine the extent, shape and
localization (relative to other anatomical sites) of the tumour. This 3-D
information can in turn be used in radiotherapy treatment planning to select
the position and geometry of a number of beams, so that the resulting dose
distribution conforms to the tumour volume. More powerful computers
used in treatment planning allow for more precise determination of the dose
distributions by permitting the use of improved dose calculation models.
Improved algorithms can calculate 3-D dose distributions while taking into
account tissue inhomogeneities and patient contours as defined by CT
anatomical information (Sontag and Purdy, 1991 as cited in Webb, 1993).
Advances have also been made in the delivery of treatments. For external
beam therapy they involve beam shaping using multileaf collimators (Webb,
1993; Mohan, 1993; Powlis et al., 1991; Galvin et al., 1993; LoSasso et al., 1991),
the use of non-coplanar beams achieved by couch rotation in dynamic
therapy (McLaughlin et al., 1994; Podgorsak et al., 1988, Ramani ef al., 1994)
and the automatic modulation of beam intensity (Bortfeld and Schlegel, 1993;
Mackie et al,, 1993). In brachytherapy, improvements have involved the
development of High Dose Rate (HDR) remote after-loading techniques
whereby an HDR radioactive source at the end of a steel cable is mechanically
drawn in and out of catheters imbedded in the tumour (Glasgow et al., 1993;
Chiu-Tsao et al., 1994). The source is positioned at various locations in the
tumour bed for different dwell times so that complex dose distributions can

be achieved.
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The clinical implementation of conformal therapy has been delayed by
limitations in 1) the verification of complex conformal treatments during its
delivery to the patient and 2) the verification of conformal dose distributions
calculated by the treatment planning systems prior to the irradiation of the
patient (Perez and Purdy, 1992). Verification of the treatment during delivery
involves monitoring the treatment unit settings (i.e., gantry angles,
collimator settings) (Powlis et al., 1991) and on-line beam monitoring
provided by portal imaging systems. Portal imaging involves the imaging of
the radiation field transmitted through the patient; there has been
considerable progress in this area with the development of on-line portal
imaging systems (Michalski et al., 1993; Wong ef al., 1993).

Difficulties in the verification of dose distributions has limited the
development of conformal therapy (Perez and Purdy, 1992). There are two
aspects of conformal therapy that complicate dose verification. First, to
achieve the dose distributions conforming to complex three dimensional
volumes, high dose gradients arise in the treatment volume. Second, most
conformal therapies are dynamic, thus the total dose at a given point is the
dose integrated over the entire treatment time as the radiation source follows
a complicated dynamic path. These aspects require that practical dose
measurement (dosimetric) techniques be able to integrate dose over time and
easily measure dose distributions in 3-D with high spatial resolution.
Traditional dosimeters (see Section 1.3) do not fulfill these requirements
adequately; their shortcomings are discussed in more detail in Section 1.4.

A potential 3-D dosimetry technique involving a gel dosimeter in
which dose distributions could be determined using MRI techniques (see
Section 1.3.5 below) was first proposed by Gore et al. (1984). This thesis is

concerned with studies of the dose responses of the two existing gel
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dosimeters: the ferrous sulfate-doped gels (Gore ef al., 1984) and the polymer
gels (Maryanski et al., 1993).

1.2 Basic Concepts in Radiation Dosimetry

The basic concepts in radiation dosimetry are well reviewed in the
literature (Greening, 1981; Johns and Cunningham, 1953; Khan, 1984; Attix,
1986). While a comprehensive review of radiation dosimetry is beyond the
scope of this thesis, some pertinent aspects will be discussed in this section.
The determination of the dose to tissue in clinical dosimetry is described in
Section 1.2.2. Different dosimeters respond to radiation dose differently.
Section 1.2.3 describes how a general dose response may be characterized and

optimized for different applications in terms of various parameters.

1.2.1 Absorbed Dose

Estimations of the radiation doses used for the first treatments in
radiotherapy by x-rays or y-rays were very crude and qualitative. For instance,
the skin erythema dose, was defined as the amount of x or Y rays required to
instigate reddening of human skin (Kahn, 1994). More quantitative
measurements of ionizing radiation were then made in terms of exposure, a
measure of radiation intensity based on the ionization produced in a specified
volume of air by photons. Exposure was a popular measure because of the
ease of measurement using ion chambers and electrometers (Greening, 1981).

However, exposure can only be measured in air for photons having an energy
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less than 3 MeV. A more general quantity, the 'absorbed dose' can be
determined for any absorbing medium, energy and ionizing radiation
(including neutrons, protons and electrons). The absorbed dose is the average
energy absorbed per unit mass of material from ionizing radiation. The SI
unit for absorbed dose is therefore measured in J/kg and denoted as the Gray
(Gy).

Energy is absorbed by the medium through the collision of charged
particles with atoms and molecules which become ionized or excited.
Charged particles such as electrons and protons may constitute the primary
radiation field or they may be secondary radiation products originating from
the interaction of photons or neutrons with matter. Hence, photons and
neutrons are considered indirectly ionizing radiations. Because of the
predominant use of photons and electrons in the clinic, only interactions

involving photons and electrons with matter will be considered.

Photons

There are six main interactions that photons of typical clinical energies
(<10 MeV) undergo as they traverse a material: coherent scattering, the
photoelectric effect, the Compton effect, pair and triplet production and
photo-disintegration. Although the last two interactions occur for clinical
energies their probability of occuring is negligible.

For coherent or Rayleigh scattering a photon interacts coherently with
an atom and is scattered elastically in a different direction. The photon
energy is not changed and no ionization of the atom occurs. Since no energy
is transferred during the interaction, coherent scattering does not contribute

to the dose absorbed by the medium.



The photoelectric effect involves the ejection of a bound electron from
an atom by a photon whose energy is completely transferred to the electron.
The final kinetic energy of the photoelectron is the difference between the
incident photon energy and the binding energy of the electron. The
probability of the photoelectric interaction occurring is greatest when the
photon energy is approximately equal to the binding energy of the electron.
Otherwise it varies roughly as the inverse cube of the photon energy.
Furthermore, the probability of a photoelectric event occuring when a single

2 varies

photon passes through a layer of material containing one atom per m

approximately as Z* (where Z is the atomic number of the absorbing material)

for high Z materials and as Z*® for low Z materials. An effective atomic

number, Zy¢f, for a medium consisting of several elements, i, can be defined

for the photoelectric interaction as follows (Attix, 1986):
fi(Z/A)i . 1/a

Zeff = %ij(Z/A)j z| o
J

where f is the weight fraction of element i or j and A is the atomic weight.
For the photoelectric effect 'a' is empirically determined to be 2.94
(McCullough and Holmes, 1985).

In Compton interactions, the energy of the photon is much greater
than the binding energy of the electrons and so the electrons can be
considered to be free. The photon is scattered by the free electron and some of
its energy is transferred to the kinetic energy of the electron. The energy of
the scattered photon is a function of the incident photon energy and its
scattering angle. Low incident photon energies and small scattering angles

correspond to small energy transfers to the electron. The probability of the



Compton effect occurring is proportional to the electron density of the
absorbing medium and the inverse of the incident photon energy.

For pair production, the photon interacts with the Coulomb force field
of a nucleus and gives up all of its energy to the process of creating an
electron-positron pair. Since the rest mass of an electron and positron is
0.511 MeV, a photon must possess a threshold energy of 1.02 MeV for pair
production to occur. The excess photon energy goes into the kinetic energy of
the electron and positron. A similar interaction is triplet production where
an electron-positron pair is produced in the electric field of an electron. The
probability of triplet production occurring is much less than that of pair
production for the photon energies typically encountered in radiotherapy
(<10 MeV).

The probability of a photon interaction occurring is related to the total
linear attenuation coefficient, u, which is the sum of the individual basic
linear attenuation coefficients related to the cross sections for each
interaction:

L=0%"+17+0%+K, (12)

where 6¢h 1, 6¢ and x are the linear attenuation coefficients for coherent
scattering, photoelectric effect, Compton effect and pair production,
respectively. The attenuation coefficient depends on photon energy and the
atomic number and density of the absorbing material. The relative
importance of the three main photon interactions is depicted in Fig. 1.2 for
different atomic numbers and photon energies. The curves in Fig. 1.2
represent the values of Z and photon energy for which the two bordering
interactions are equal.

The energy that contributes to absorbed dose in a particular interaction

is that which is transferred to the kinetic energy of a charged particle. Hence,
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a quantity more related to absorbed dose is the energy absorption attenuation

coefficient, nap, given by,

E
Mab = hv u (1.3)

= Tap + Oy, + Kab ,
where Eab is the average energy absorbed by the medium and hv is the
incident photon energy. The Eab is equivalent to Etr(l-g) where E—tr is the
average energy transferred into the kinetic energy of charged particles per
interaction and g is the fraction of the kinetic energy of charged particles lost
as bremsstrahlung (the photon radiation produced by the deceleration of the
particles). Coherent scattering does not factor into Eq. 1.3 because no photon
energy is transferred to charged particles. The dependence of pap on the
density of the absorbing medium, p, may be factored out to give the mass

energy absorption attenuation coefficient, (Lap/p)-

120 LA L R R AL | LR R R LY T LANNNE B e Figure 1.2 Relative
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Electrons

Electrons traveling through a medium can undergo a number of
Coulombic interactions with the nuclei or electrons in the medium. These
interactions can be either inelastic or elastic collisions. The kinetic energy of
the electron-medium system is conserved during elastic collisions. For
inelastic interactions, some of the electron kinetic energy is lost to the
ionization or excitation of atoms or molecules in the medium or to radiation
production. It has been determined that electrons with kinetic energy of 10
and 30 MeV lose ~ 4 and 12% of their energy, respectively, by radiative losses
(Greening, 1981).

The kinetic energy lost per unit distance traveled by the electron in a
medium, dE/d], is known as the linear stopping power of that medium and is
given by

s~f] [
dl col dl m, (1.4)

= Scol + Srad ,

where the subscripts 'col' and 'rad' refer to the collisional and radiation losses
of the electron kinetic energy, respectively. The dose absorbed by a medium
from energetic electrons is related to the collisional stopping power since this
describes the transfer of energy to the medium. The radiative stopping power
describes the electron energy lost to photon radiation or bremsstrahlung as it
deccelerates, and does not contribute to the absorption of dose.

The collisional linear stopping power depends on the density (p) and
electron density (Ne) of the absorbing medium as well as on the electron

energy as follows (Johns and Cunningham, 1953):
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E(E+2,) EY8-(2E+p)ueln2 (g5

Seol = 213 p Ne H2 11
2 20l (B + P«o)2

+1-B%-3

where B=v/c is the ratio of the electron velocity to the speed of light, E is the
kinetic energy of the electron, I is the mean excitation energy for the atoms of
the absorbing medium, L, is the rest energy of the electron (mocz), ro is the
classical electron radius and 8 is a correction factor accounting for the
polarization of atoms by the electric field of incident electrons. The mass
stopping power is defined as the stopping power divided by the density of the
absorbing medium, S/p.

More precisely, the absorbed dose is related to the restricted collisional

stopping power,

bl

where A represents an upper limit to the energy of secondary electrons. The
limit restricts the dose deposition (a local variable) to electrons whose
energies are locally absorbed rather than carried away by energetic secondary

electrons (delta rays).
1.2.2 Clinical Dose Measurements

Clinical dose measurements are usually made by placing a dosimeter in
a volume of material called a phantom. In radiotherapy, one is concerned
with the dose absorbed by tissue, thus dose measurements are usually made
in a phantom material that absorbs and scatters ionizing radiations similarly

to tissue. Such a material is referred to as being tissue equivalent. Water,
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being tissue equivalent, provides the ideal phantom material (Task Group 21,
1983; Khan et al., 1991; Andreo ef al., 1987) since it is readily available. In fact,
the terms tissue equivalence and water equivalence are often used
interchangeably in practice. Specialized dose measurements may be made in
anthropomorphic phantoms that simulate the human body more closely.

In photon and electron dosimetry, for example, the tissue equivalence
between the dose absorption of a dosimeter in a medium is maintained if the
density, mass energy absorption attenuation coefficients, (Uap/p), and the
restricted collision stopping powers, (L/p), of the two media are equivalent for
all energies (Constantinou, 1978 as cited in Olsson, 1991). These requirements
may be met by matching the composition and density of the dosimeter in
terms of the weight fractions of the different elements to that of the phantom
medium.

The tissue equivalence of any material can be verified by a number of
methods. The pap/p and L/p may be calculated at different energies for
different materials using elemental values of pap/p and L/p and a mixture
rule. The calculated values can then be compared to the values for water.
Similarly, the dose to a material for photon or electron irradiations may be
measured or calculated for different beam energies and compared to those for
water. For instance, Monte Carlo simulation may be used to calculate
absorbed dose for different materials. Published applications of these
methods to the gel dosimeters used for 3-D radiation dosimetry using MRI are
reviewed in Section 3.2.4.

The accuracy of a dose measurement made with a non-tissue
equivalent dosimeter needs to be carefully examined, because the dosimeter
may perturb the dose delivery to the phantom and/or it may absorb dose

differently than the phantom material. Such dose measurements may need
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to be corrected. Dose corrections are possible when the basic physical energy
absorption processes of dosimetry are considered.

There are various types of clinical dose measurements that are made in
phantoms. For example, the calibration of the output of a treatment unit is
made at a certain depth in phantom. Also, beam data for standard sets of
treatment beams are required for the computation of dose distributions
produced by computer treatment planning systems for different clinical
setups. Beam data may include percent depth doses (PDDs) and beam profiles
for different beam sizes. The PDD characterizes the depth dependence of the
doses absorbed in a medium along the central axis of the beam. Beam profiles
measure the dose deposition at a particular depth along a line perpendicular

to the beam axis.

1.2.3 Dose Response Optimization

In general, a radiation dosimeter measures some quantity M which
varies with dose, D. The general variation of M with D is illustrated in
Fig. 1.3. There are three regions apparent on the graph: a low dose region in
which the response may be slow (the toe), a region in which M varies
significantly with dose and a high dose region in which the response saturates
(the shoulder). A linear response of M to dose is preferred since relative
values of M would give the relative values of dose directly. (The
normalizations of M or D are usually performed with respect to their
maximum values, Mmax and Dp,x, respectively). However, the response of
M to dose need not be linear, but then the entire response curve has to be
calibrated. In determining the utility of a dosimeter, three variables are of

particular interest: the dose range (Dmax-Do) over which useful
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measurements can be made, the dynamic range (Mmax-M,) indicating the
extent that M changes over the dose range, and the dose sensitivity, d, which

defines the extent by which M changes per unit dose.

;

) Figure 1.3 General dose
response for a variable M

. with a practical linear

region.

An optimal response of M to dose has the lowest minimum detectable
dose and provides the best resolution for an absolute or relative dose
determination. Also, the best dose resolution provides the highest contrast
and signal to noise ratios for an image whose intensity is related to M. The
minimum dose is that dose for which the measurement M can be
differentiated from the background noise of the measuring system. For this
reason, it is often defined as the dose, D, equivalent to 3 times the absolute
dose resolution defined below (ICRU Report No. 22, 1972). For the purpose of
simplifying the following discussion, the values of M, and D, shown in Fig.
1.3 are assumed to be zero. The resolution for the absolute dose and the

relative dose differ. For an absolute dose determination given by,

D=M_| 1.6
d (1.6)
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the resolution in D, according to error propagation rules (Bevington and

Robinson, 1992), is,

o3 = o) (d) + 04

M) (1.7)
a2’

where o)y is the resolution in the measurement M and o4 is the resolution in

d. For a relative dose determination given by,

%x =100 D =100 M (1.8)

max Mmax

the resolution in %X is,

o, = 0%4( 100 )2”&% -100 M| *’ (1.9)
Minax 2

max

where o), and Oy, are the resolutions in M and Mmax, respectively. The
two resolutions, oy, and 6y, . are equivalent. By comparing Eq. 1.7 with
Eq. 1.9 it is evident that the best resolution in an absolute dose measurement,

and hence the lowest minimum detectable dose, is achieved for the smallest

oy and the greatest dose sensitivity, whereas the best resolution in a relative
dose measurement is achieved for the smallest o), and the greatest Mmax
regardless of the dose sensitivity. Of course the irradiation time required to
produce a response Mmax must be within practical limits.

Aside from resolution considerations, a large dose range is preferred
for practical reasons because it would accommodate more applications. For
example, a large dose range would allow for a better assessment of the high
doses produced in the vicinity of brachytherapy sources. In summary, an
optimal dose response has the greatest dose sensitivity, dynamic range (in so

far as it is related to Mmayx) and dose range.
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1.3 Practical Dosimetry Techniques

There are four types of dosimeters generally used for measuring
radiation dose distributions: ionization chambers, diode detectors,
thermoluminescent dosimeters (TLD) and radiographic film. These
dosimeters are well suited for the various types of clinical dose
measurements (see Section 1.2.2). For example, the radiation output of
therapy modalities is almost exclusively calibrated by ion chamber
measurements made in phantom. Diode detectors and ion chambers are
often used in current mode to quickly acquire relative dose information such
as PDD and dose profile data (see Section 1.2.2). For static radiation beams
these detectors are displaced automatically along a line through a tank of
water. For symmetric beams, only PDDs and profiles need be measured. To
measure more complex asymmetric 2-D dose distributions planes through the
distribution can be adequately scanned in raster fashion. TLD dosimeters and
radiographic film are also used to determine relative dose information from
relative readings. Dose measurements can also be made in more complex
anthropomorphic phantoms containing tissue inhomogeneities using TLDs.

The physical basis and the practical uses of the dosimeters are well
presented in most basic texts on radiation dosimetry (Attix, 1986; Johns and
Cunningham, 1953). However, the dosimeters are reviewed briefly below

prior to describing their suitability for 3-D radiation dosimetry in Section 1.4.

1.3.1 lonization Chambers

There are many varieties of ionization chambers used in clinical

practice, but generally they are all comprised of a gas-filled chamber
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containing electrodes that collect the ions produced in the gas by the ionizing
radiation. For example, a standard thimble-type chamber is cylindrical or
spherical in shape. The wall is composed of plastic or graphite and is thick
enough to provide electronic equilibrium. That is, it is greater than the range
of the highest energy secondary electrons so that all the electrons that traverse
the cavity are produced from within the chamber wall. The wall is either
conducting or lined with a thin layer of conducting material to which a high
voltage is applied. The collector electrode placed in the center of the chamber
is connected to an electrometer input near ground potential. The
chamber/electrometer setup can be used to measure the charge or current
produced by the ionizing radiation. The charge or current can in turn be
related to the absorbed dose or dose rate, respectively. Some features of the
relationship between the measurement reading and the dose to water are
illustrated below.

When the ion chamber is introduced into a phantom for dose
measurements, the cavity introduced into the phantom perturbs the dose
deposition in the phantom and the perturbation must be accounted for. For
example the dose to water is derived from Moy the reading from the
ionization chamber/reader combination as follows (TG21, 1983):

Dywater =Mcoxr N gas (L)Water Peactor » (1.10)
P /gas
where Ngas is the cavity-gas calibration factor relating Mcory to the dose
absorbed by the gas and (f/p)nggd is the ratio of the mean restricted mass
stopping power of the phantom material to that of the chamber gas. The
quantity, Pfactor, is a product of three factors accounting for 1) the ion

collection efficiency of the chamber, 2) the change in photon fluence resulting

from the replacement of the medium by the ion chamber wall and cavity, and
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3) the differences in the composition of the medium and the chamber wall.
Equation 1.10 is based on the Spencer-Attix modification (Spencer and Attix,
1955) of the Bragg-Gray cavity theory (Bragg, 1912; Gray, 1929 and 1936) which
states that under suitable conditions, the ratio of the dose absorbed by water to
that absorbed by the gas in the ion chamber is equivalent to the ratio of the
restricted stopping powers for the two media. If the dose to muscle is of
interest rather than the dose to water, then the following expression could be

used:

muscle
Drnuscle = Dwater (Es;b' ; (1.11)

water
where (Hab/P Xé(r:le is the ratio of the mass energy absorption attenuation

coefficient for muscle to that for water.

1.3.2 Diode Detectors

Diode detectors measure the ionization produced by ionizing radiation
in solid semiconductors instead of in gas. A typical diode detector consists of
a silicon p-n junction where the p-region contains an excess of holes and the
n-region contains an excess of electrons. Applying a reverse bias potential
across the p-n junction (i.e., Vn-Vp>0) causes enhancement (relative to no bias
condition) of the depletion region at the p-n junction. Ionizing radiation
traverses the depletion region producing electron-hole pairs. These electrons
and holes are swept to the n and p sides of the junction, respectively, where
they become mobile majority carriers. The resulting current can be detected,

amplified and related to absorbed dose.
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1.3.3 Thermoluminescent Dosimeters

The emission of light by certain irradiated crystalline materials when
they are heated is known as thermoluminescence. Thermoluminscence
occurs because of imperfections in the crystalline lattice produced by
impurities that create energy traps. When the crystals are irradiated energy is
absorbed, and some charge carriers become excited and then trapped in the
higher energy levels. Subsequent heating of the crystals may provide trapped
charge carriers with enough energy to escape the energy traps. Released
charge carriers such as electrons may recombine with holes at a luminescent
centers, and the excess energy is emitted as visible or ultraviolet light. The
light output can be measured using an apparatus containing a
photomultiplier tube. The total amount of light emitted is proportional to
the absorbed dose. Crystals used for this dosimetry technique are known as
thermoluminescent dosimeters or TLDs. TLDs are available in powder
format, as a powder compressed in a binding material or as small solid
crystals. TLDs can be used to measure 3-D dose distributions by placing them
in a grid of compartments machined in thin layers of solid, tissue-equivalent

phantom.

1.3.4 Radiographic Film

Radiographic film contains an emulsion of gelatin and silver bromide
(AgBr) grains. When the film is irradiated ion pairs are created that convert
some of the Ag* ions on a grain to Ag atoms. In the development process the
bromine is removed and all the Ag* ions in any grain containing a few Ag

atoms are converted to Ag atoms. What remains are opaque grains of silver.
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The variations in density of these grains throughout the film produces
variations in optical density which form the image. The optical density of
radiographic film can be measured using a densitometer, and related to dose

using a calibration curve of the optical density to dose.

1.3.5 Recent Developments

Two recent developments in dosimetry techniques involve
radiochromic film and plastic scintillator sheets. Radiochromic film
(McLaughlin and Chalkey, 1965; Chiu-Tsao, S.T. et al. 1994) is colorless and
turns blue upon irradiation, and it has the advantage that it doesn't require
development or processing. Prior to analysis, one must wait several days for
the film's radiation response to stabilize. Radiochromic film is relatively
insensitive to dose with the more sensitive types requiring doses of the order
of 10-50 Gy for an appropriate response. Also, difficulties in achieving a
uniform dose response over the entire surface of the film are encountered
leading to errors of about 5% in the doses determined (Zhu et al., 1995;
Meigooni et al., 1995). The optical density of radiochromic film is best
analysed using specialized densitometer equipment. Both radiographic and
radiochromic film can be used to measure 2-D dose distributions by placing it
between layers of tissue equivalent plastic phantom.

Scintillation is the emission of visible or near-visible light by a
material when the material absorbs energy from ionizing radiation. The
plastic scintillator sheet dosimeter (Chawla et al., 1995; Dorner, 1995; Perera et
al., 1992) emits amounts of light over its surface that are proportional to the
doses absorbed locally over the surface. A sheet can be placed in a light-tight

water tank and connected to a charge coupled device (CCD) camera whose
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signal is converted to a 2-D dose distribution shortly after the completion of
an irradiation sequence. Several 2-D distributions can be obtained by
displacing the sheet through the radiation field in the tank. Three
dimensional dose distributions can then be determined by stacking the 2-D

data.

1.3.6 3-D Dosimetry Using Gels and MRI

While most of the dosimetry techniques discussed thus far are
adequate for current clinical dose measurements, the conformal techniques
being developed require dosimetry techniques with 3-D capabilities and high
spatial resolution. The combined use of radiation sensitive gels and MRI

shows potential for such a dosimetry technique.

LT
/:f'—:‘ Figure 1.4  The general
% procedure for 3-D radiation
dosimetry using gels and MR
preparation irradiation imaging. First the gel is
prepared. Then it is
irradiated so that a dose
distribution is formed within
its volume. The gel is then
- s scanned and the resulting
— cross sectional MR images are
e @ processed by computer to
. produce dose maps.
image processing -
dose maps MR imaging

The general procedure for measuring radiation dose distributions in
3-D using radiation sensitive gels and Magnetic Resonance Imaging (MRI) is

outlined in Fig. 1.4. The gel dosimeter phantom is prepared, and then it is
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irradiated so that a specific 3-D dose distribution is produced within the gel
volume. Cross-sectional MR images of the gel are then acquired, and the
intensity distribution in the images are analyzed to produce maps of the dose

distributions.

Figures 1.5 and 1.6 are examples of MR images of the two existing types
of gel dosimeters: a ferrous sulfate-doped gel and a polymer gel, respectively
(see below). Figure 1.5a (Schreiner, Parker, Evans, Audet, Roman and
Donath, 1994) shows the MR image of an axial cut through a ferrous sulfate-
doped gelatin gel irradiated by displacing an HDR 192Ir source through five
catheters implanted into the gel. The image is T1-weighted and the high dose
regions appear bright; the gray scale corresponds to the raw MR signal
intensity. Figure 1.5b shows the dose data obtained from the image in
Fig. 1.5a binned into five ranges (>40 Gy, 30-39 Gy, 20-29 Gy, 10-19 Gy, 5-9 Gy
and <5 Gy). The lines bordering the ranges are the isodose contours predicted
by a treatment plan generated by the McGill Planning System (Pla 1989
and 1994). There is very good agreement between the contours and the
corresponding limits of the dose bins. Figure 1.6 shows two 3-D views of an
irradiated BANG (Bis Acrylamide Nitrogen Gelatin) polymer gel consisting of
thirty 3 mm thick slices. The gel was irradiated with four 1 cm2, 10 MV
photon beams with a surface to skin distance of 100 cm. The white bars in Fig.
1.6a, going counter clockwise, indicate separate irradiations with peak doses of
8, 6, 4 and 2 Gy deposited at the depth of dose maximum (~2.5 cm). Figure
1.6b shows an expanded view of the gel that is rotated 90° counter clockwise.
These two images are Ty-weighted images in which the high dose regions

appear dark.
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Figure 1.5 a) MR image of an axial cut through a ferrous sulfate gelatin dosimeter irradiated

by displacing an HDR 1921r source through five catheters implanted into the gel (Schreiner,
Parker, Evans, Audet, Roman and Donath, 1994). The image is a T1-weighted image in which
the high dose regions appear bright and the gray scale corresponds to the raw MR signal
intensity. b) The dose data obtained from the image in a) binned into five ranges (>40 Gy, 30-
39 Gy, 20-29 Gy, 10-19 Gy, 5-9 Gy and <5 Gy). The lines bordering the ranges are the isodose
contours predicted by an MPS treatment plan (Pla 1989 and 1994).

Figure 1.6 Two 3-D views of an irradiated BANG polymer gel consisting of thirty 3 mm thick
slices. The gel was irradiated with four 1 cmZ, 10 MV photon beams with a surface to skin
distance of 100 cm. The white bars in a), going counter clockwise, indicate separate irradiations
with peak doses of 8, 6, 4 and 2 Gy deposited at the depth of dose maximum (~2.5 cm). b) An
expanded view of the gel that is rotated 90° counter clockwise. These two images are Tp-
weighted images in which the high dose regions appear dark.
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The basis for 3-D gel dosimetry using MRI can be divided into three

<

main areas:

1) Response of the gels to dose

The gel dosimeters presently used for 3-D MRI radiation dosimetry are
chemical dosimeters, a radiation sensitive material in which the radiation
induces certain chemical reactions. The concentration of radiation products
can be detected by experimental means and related to the radiation dose
(Attix, 1986).

The two types of gel dosimeters used with MRI are the ferrous sulfate-
doped gels (Gore ef al., 1984) and the polymer gels (Maryanski et al., 1993).
Both dosimeters consist of an aqueous environment dispersed in a gel
matrix. The aqueous environment of the ferrous sulfate gel contains
ferrous (Fe2+) ions which are oxidized upon irradiation to ferric (Fe3+) ions.

Q The aqueous environment of the polymer gel contains monomers that
polymerize and crosslink into polymer macromolecules upon irradiation
of the gel. The gel matrix is typically composed of agarose or gelatin; the
purpose of the matrix is to prevent the reaction products in the liquid
environment from mixing, and maintains the integrity of the spatial
distribution of dose information. This is only partially achieved for the
ferrous sulfate-doped gel dosimeters in which the ions still diffuse slowly
(Schulz et al., 1990). After irradiation, the concentration of radiation
products within the gel will vary throughout the volume of the dosimeter
according to the distribution of absorbed dose. The agarose and the gelatin
may also participate in the radiation reactions (Appleby et al., 1988; Olsson,
1991; Maryanski et al., 1994). The gel dosimeters and their radiation

o chemistry will be reviewed in more detail in Chapter 3.
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2) Response of NMR Spin Relaxation to Dose

An equilibrium magnetization associated with the nuclear spins in a
material exists when a material is placed in an external magnetic field, such
as when a gel dosimeter is placed in the magnetic field of an MR imager.
The equilibrium magnetization can be perturbed by irradiating the material
with radio frequency energy. After perturbation the magnetization returns
to its equilibrium value by way of spin relaxation processes characteristic of
the dynamics and structure of the molecules in the material. Of particular
interest is the spin relaxation for the hydrogen nuclei or protons of water
molecules in the gel dosimeters which are mainly composed of water
(= 90% by weight). It has been established that water proton spin relaxation
of the gel dosimeters is sensitive to the radiation-induced chemical changes
in the dosimeters (see Sections 3.2.4 and 3.3.3). Hence, the proton spin
relaxation of the dosimeters can be used to monitor the dose absorbed by
the dosimeter. The studies presented in Chapters 5 and 6 are concerned
with the response of spin relaxation to dose for the ferrous sulfate-doped

gel dosimeter and polymer gel dosimeter, respectively.

3) Response of image intensity to dose

The intensity of a pixel in an MR image is a measure of the
magnetization at that pixel (Kaldoudi and Williams, 1993). The position of
the detected magnetization in a subject is determined by using magnetic
field gradients that spatially encode the data. Cross sectional images are
obtained from the detected, encoded magnetization data using
reconstruction algorithms. It is beyond the scope of this thesis to explain

how images are produced from an MRI scanner. However, it is important

1-26



©

to realize that the intensities in an image depend on NMR relaxation

parameters and hence on dose (Parker, 1995).

1.4 Utility of Dosimeters for 3-D Dosimetry

Established clinical dosimetric techniques are not well suited for
acquiring dose to tissue or water information in a 3-D volume with a high
spatial resolution. A recent report (Masterson et al., 1991) indicates that
intensive labour is required even to monitor dose distributions produced by
simple beam arrangements at a few points with ion chambers or TLDs. The
main requirements of a 3-D dosimetry technique and how they are fulfilled by

current dosimeters are discussed below.

1.4.1 Tissue Equivalence

Although radiographic film, diode detectors and TLDs are not tissue
equivalent, their perturbation of the dose deposition in a phantom is usually
considered negligible especially when the dosimeters are present in sparse
quantities. However, the effective atomic numbers (see Eg. 1.1) of these
dosimeters, being greater than those of tissue, causes their response to dose to
increase at low photon energies where the Z-dependent photoelectric effect
has a greater probability of occurring.

The perturbations of dose deposition by an ion chamber must be
accounted for when converting an ion chamber reading to the dose absorbed

by the phantom. The correction factors used to do so may introduce an error
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of about * 1.5% in the dose determination (Harrison, 1993; Curtin-Savard,
1995). The radiochromic film, scintillator sheets and gel dosimeters are
largely tissue equivalent, and hence, the dose measured by these dosimeters is
equivalent to the dose that would be absorbed by human tissue. However,
only for gel dosimeters can it be said that the dosimeter itself constitutes the
phantom, and that there are no correction factors required to correct for
perturbation of dose absorption in the medium. The tissue equivalence for
ferrous sulfate doped gel dosimeters is discussed in Section 3.2.4 whereas that

for polymer gel dosimeters is discussed in Section 3.3.3.

1.4.2 Dose Integration

The complex dose distributions required for conformal therapy are
created with multiple beam setups or dynamic treatments in which the dose
is delivered over an extended period of time. Therefore, a practical dosimeter
must be able to integrate the dose at each position of interest over the whole
time course of the irradiation. All the dosimeters described in Section 1.3
have this capacity. However, a 3-D dose distribution can no longer be probed
by scanning an ion chamber or diode detector through a water tank during a
dynamic irradiation since the correlation between dose and position of the
dosimeter is lost. Hence, the entire irradiation must be repeated for each
point in the volume. This dosimetry technique is time consuming and
inappropriate for measuring complex 3-D dose distributions.

Similar drawbacks, although less severe, are encountered for plastic

scintillation sheet detectors. Irradiations must be reperformed for each new
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position of the sheet in the water tank, however, at least a whole plane of

information is being acquired for each irradiation.

1.4.3 Tissue Inhomogeneities

Variations in absorbed dose arising from tissue inhomogeneities and
body shape can be accounted for by using anthropomorphic phantoms that
closely mimic the composition of the body in terms of radiation absorption
properties. Lung and bone represent two types of tissue inhomogeneities
since their density and average atomic number vary greatly from that of soft
tissue like muscle. Some dosimetry techniques lend themselves more easily
to measurements in anthropomorphic phantoms than others. TLDs and film
can be easily placed in or between the layers of solid anthropomorphic
phantoms.

The method of measuring dose distributions in water tanks with
detectors such as ion chambers, diodes or scintillation sheets cannot easily be
adapted to account for tissue inhomogeneities. The insertion of objects
mimicking tissue inhomogeneities in the tank would interfere with the
positioning of the detector.

One of the advantages of gel dosimeters is that they can easily be used
in the design of anthropomorphic phantoms. They could be set into molds of
any shape, and objects of varying shape and composition could be placed

within the molds (Hiraoka et al., 1992).
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1.4.4 Spatial Resolution In 3-D

Spatial resolution is very important for measuring areas of high dose-
gradients which are characteristic of the dose distributions produced by
conformal therapies. For dosimeters such as diode detectors, ion chambers
and TLDs the spatial resolution is limited by the size of the dosimeter. For
most detectors the spatial resolution that can be achieved in 3-D is limited by
the tediousness of probing a 3-D volume with detectors that integrate doses at
points only (diode detectors, ion chambers and TLDs) or in planes (film,
scintillation sheets). For instance, to measure the dose every 5 mm in a 1 liter
volume, more than 1000 TLDs would be needed. Because each TLD has a
slightly different radiation response, each TLD must be calibrated and its
identity maintained throughout its usage. To do this for a thousand TLDs is
very tedious and requires a lot of book-keeping. Also, TLDs are not soft tissue
equivalent, and if too many are present, the measured dose will not
accurately represent that absorbed by phantom. This problem can be
circumvented by using fewer TLDs but repeating the procedure for different
sets of TLDs in different positions is a more time consuming alternative.

Film possesses the highest spatial resolution in 2-D (~1 um). To
measure 3-D dose distributions, additional films need only be placed between
extra layers of phantom. The width of a layer, and hence the vertical
resolution, is however, as with TLDs, limited by the fact that radiographic
film is not tissue equivalent and cannot be present at too high a density.
Again, an alternative procedure may be to use fewer films, and repeat the
irradiations for sets of films at different spacings. Scintillation sheet detectors

have a lower spatial resolution in 2-D of about 0.6 mm. As mentioned
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previously, the drawback of scintillation sheet detectors is that the irradiation
must be performed for each repositioning of the sheet in the water tank.

The gel dosimeters can detect integrated dose data in 3-D. High spatial
resolution is possible in all dimensions because gel dosimetry does not
involve the finite displacement of probe through a detector. In a sense, a gel
dosimeter acts as a 3-D photographic emulsion. However, the spatial
resolution determined by that of the acquisition technique, MRI, is typically
limited to ~1 mm (in a plane) for a 24x24 cm? field of view and a 256x256 pixel
matrix. The resolution may be improved by decreasing the field of view and
increasing the pixel matrix size. The spatial resolution in MR images is not as
good as that for film, but will only improve with time as the field of MRI
continues to experience tremendous growth and development. Furthermore,
it is very simple to analyze dose distributions in any plane because MRI units
can readily produce cross sectional images along any axis. Film on the other
hand, cannot easily be setup in an arbitrary direction because of the way in

which phantom layers are oriented.
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CHAPTER TWO
Nuclear Magnetic Resonance and Relaxation

Nuclear Magnetic Resonance (NMR) has been very useful in
the study of the structure and molecular dynamics of materials. Of particular
interest is the nuclear magnetic relaxation of the magnetization arising from
the water protons (hydrogen nuclei) in the two gel dosimeters, the ferrous
sulfate-doped gelatin gel and the BANG polymer gel. Changes in the
molecular dynamics of the solutes in the BANG gel and in the paramagnetic
species in the ferrous sulfate gel can be induced by exposing the gels to
radiation. Since proton relaxation parameters are sensitive to these changes,
they can be related to the dose absorbed by the dosimeters. Three dimensional
mappings of dose depositions in gels may be obtained by acquiring proton
relaxation data throughout the gel using MRI. While a complete review of
NMR theory is beyond the scope of this thesis the principal concepts pertinent
to the studies presented are covered. Basic NMR theory is well reviewed in

the literature (Slichter, 1990; Abragam, 1961; Callaghan, 1991).

2.1 Magnetization

Nuclear magnetism is observable for atomic nuclei with angular

momentum, fil, and an associated magnetic moment, [l = yhI, where v is the

gyromagnetic ratio specific to a particular nucleus, fi is Planck's constant
divided by 2r and I ( = (Ix, Iy, I,) ) is the spin operator. The state of a nucleus

can be specified by the simultaneous eigenfunction, |Im>, of operators I? and
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I, which yield eigenvalues of I(I+1) and m, respectively, when they act upon
I Im> (i.e., I? 1 Im> = I(I+1) | Im> and Iz | Im> = m|Im> where m = -1, -I+1...I;
note that the symbols for eigenvalues are italicized). The value normally
quoted as the spin of a nucleus is that of I. For spin 1/2 nuclei, [ =1/2 and
m=%1/2.

In an applied homogeneous, static magnetic field, H = (0,0,H,), oriented
by convention along the z-axis the nuclear magnetic moment interacts with

H, via the Zeeman Hamiltonian, &£, (Slichter, 1990):

Fbo = WeH = -YhH,, . (2.1)

Hence, the energy eigenvalues of the Zeeman Hamiltonian are E,,=-yhH_ m
where m=-1, -I+1...I.
The expectation value of a time-dependent magnetic moment given in

terms of the time-dependent spin operator I(t) is,
(ﬁ(t))=J“"*ﬁ(t)\vdf=v’ﬁ<w'|1(t)|w), (22)

where ¥ is the generalized wave function describing an arbitrary state of the
nucleus. The generalized wave function is a linear combination of the basis

states, |m> (the I in |Im> has been omitted for convenience):

Y =) aylm>,
% " (2.3)

where the coefficients a; have both magnitude and phase. For a single
magnetic moment experiencing the Zeeman interaction equation of motion

for the spin operators is,

|8, 1(e)

dit) _
dt

1
f (2.4)



where i =X, y, z and the square brackets represent the commutation of the

arguments. For a time-independent Hamiltonian such as 3£, the solution to

Eq. 24 s,

I(t) = exp (-ifﬁl?ot/’ﬁ) I(O) exp [ i%ot/‘ﬁ)~ (2.5)
Substituting Eq. 2.3 and Eq. 2.5 into Eq. 2.2, the following expression for the
expectation value of the magnetic moment is obtained:

(PHO | ¥)=1h X ay anexp (i (En - En)t/ ) (m' [10)[m ), (@62)
m, m'
where the * denotes the complex conjugate. This expression reduces to the

following for the z-component,
I
(ndd))=vh X |an|®. (2:60)
m=-1

To determine py and Hy the operators Ix and Iy are written in terms of the
raising and lowering operators I, and L (i.e., I+ Im> = ( I(I+1) - m(m1) y1/2
Im£1>). ThatisIy=3(I,+1)andIy=-1i(I,-1). The expression for <|lx>

is then:

)
(udt)) = %’—2 (VAT D) - mm+ 1) a’yeq amexp (i YHot ) +
m=1 (2.60)

VR -mm-1) @y amexp (-i YHot ).

A similar expression is obtained for <ly> with a 90° phase shift . It is evident
from Eq.'s 2.6 that the expectation values of the transverse components of the
magnetic moment, <llx> and <[y>, have oscillatory time dependence whereas
<Uz> is static. This result concurs with the classical description in which <r1,>

precesses about the z-axis at the Larmor frequency of w,=yH, (i.e., with a static

component parallel to Hy, and a transverse component rotating in the



xy-plane). For a given field Hy, different nuclei each characterized by a
different y will have a different Larmor frequency corresponding to the energy
difference between levels. For example, for hydrogen nuclei or protons,
v = 267 rad s-1 T-1 and for deuterons, v = 41 rad s'1 T-1 where T is the magnetic
field strength in Tesla.

The above discussion has been limited to a single spin only, yet in most
materials the nuclei are usually present in large quantities. Once the material

is in the external field, a net equilibrium macroscopic magnetization given by:

M; =N (i), (2.7a)

can be observed, where i designates the axis (i=Xx, y, z), N is the number of
spins and the bar denotes the average over all the spins. According to Eq. 2.6b

the z-component of the average magnetic moment is proportional to the

. 2 .
populations of the eigenstates, [a;| ~, given as follows by the Boltzmann

factors (Slichter, 1990):

., exp
Om
2, eXp‘ KT ’

m=-1

vhH m
T ) (2.7b)

These populations imply that there are more spins aligned along the
direction of the magnetic field (m > 0 and E;; = -yhmH, < 0) than against it
(m <0 and Ey = -yhmH, > 0). The following is obtained for the longitudinal

magnetization when in the high temperature regime with BWHy/kT « 1 (an

approximation for typical fields of ~1 Tesla and room temperature):
M. =N |

=N Janl 28

_ NyhI (I+1)
T e
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The expectation values of the transverse magnetic moments, <|lx> and
<{Uy>, on the other hand are proportional to a*p+1am. The coefficients, ay,
have arbitrary phase, oy, and the product a*y+1a;,; depends on the phase
difference between the states (= lay+1!| lay | exp(-i(om-0m+1) ). Since, at
equilibrium, no phase coherence exists between spins, i.e., the phases are
randomly distributed, the average values of <llx> and <lly> are zero, and no
net transverse magnetization, Mxy, is observed. Thus, the equilibrium

magnetization of the ensemble of spins is given by M = (0, 0, Mo).

2.2 Magnetization Dynamics

As previously described, when a material is placed in an external
magnetic field an equilibrium magnetization M = (0, 0, M, ) is established. If
the material is irradiated with a time-dependent magnetic field or
radiofrequency (rf) energy oscillating at the Larmor frequency, ®,, the
equilibrium magnetization may be perturbed so that M becomes time-
dependent, and Mz # M, and My #0. Because of the resonance condition
imposed by w,, different nuclei characterized by unique values for y can be
selectively irradiated, i.e., only protons will absorb rf energy of 25 MHz in a
0.6 T field. The coupling between the rf energy and the spins creates non-zero
transition probabilities between the eigenstates. Thus, the absorption of rf can
affect the populations of the eigenstates and hence the average <W,> (see
Eq. 2.7b). The coupling also creates phase coherence in the time dependence
of the average <lx> and <Wy> making the average magnetic moments non-

zero.



Once the perturbing rf is removed, the magnetization will begin to
return to its equilibrium value M = (0, 0, My ), and the system is said to relax.
The relaxation proceeds by two different processes involving the components
of magnetization along H (i.e., the longitudinal magnetization M;) and in the
plane orthogonal to H (the transverse magnetization Myy). The longitudinal
magnetization evolves as the consequence of the redistribution of the spin
population among the different energy levels until the initial Boltzmann
distribution is re-established. In this process the spin reservoir exchanges
energy with the lattice (i.e., with the energy reservoir associated with non-
spin degrees of freedom). The relaxation of the longitudinal magnetization is
therefore termed spin-lattice relaxation. The transverse magnetization decays
back to its zero equilibrium value as the transverse components of the
magnetic moments of the spins lose coherence. The loss in coherence results
from spin-spin interactions which cause the spins to precess at slightly
different Larmor frequencies, and does not involve the transitions of spins
between the different energy levels. The decay of the transverse
magnetization is therefore termed spin-spin relaxation.

The transitions required to establish the equilibrium Boltzmann
population distribution once the perturbation is removed must be driven by
relaxation processes. Spontaneous emission is not effective in causing
transitions from higher to the lower energy levels since the probability of
transitions at typical NMR frequencies are extremely low (one transition per
1013 years; Dixon et al., 1986). As will soon be shown, it is this requirement
which enables one to use the characterization of the NMR spin-lattice

relaxation properties to investigate the physical properties of materials.
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2.2.1 Bloch Equations

The evolution of the macroscopic magnetization described above can

be described by the phenomenological Bloch equations:

dM, =y(M x H), +Mo -M, , and (2.9a)
dt T
dMX y MX y
) - M X H - LA (2.9b)

The first terms on the right-hand side of Eq.'s 2.9 describes the motion
of the macroscopic magnetization in the presence of an applied field, H. The
applied field of interest is given by H = (Hjcoswt, -Hisinwt, H,) where the z
term is the static field and the x and y terms constitute the perturbing rf field
rotating at a frequency . If the rf frequency is taken to be the resonant
frequency o, and if the system is viewed in a frame of reference which rotates
about the z-axis at @, then in this frame of reference H = (Hq, 0, 0) where H; is

arbitrarily assigned to the rotating x-axis.

The second term on the right-hand side of each of Eq.'s 2.9 account for
the relaxation of the magnetization. The time constants T1 and T, are the
constants characterizing the time evolution of the magnetization by the spin
relaxation processes. Tj is called the spin-lattice (or longitudinal) relaxation

time; T is the spin-spin (or transverse) relaxation time.

The Bloch equations can be used to establish the time behaviour(s) of
the macroscopic magnetization in two limits of interest: 1) the perturbation of
M = (0, 0, M) under the influence of an rf pulse and 2) the relaxation of the

magnetization M back to (0, 0, My) when the perturbation is removed. First,
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the determination of the evolution of the magnetization in a rotating frame
in the presence of an applied rf pulse H = (Hj, 0, 0) is simplified since, at least
in the studies considered in this thesis, the rf pulses are of such short
duration that spin-relaxation need not be considered and the last terms in
Eg. 2.9 may be neglected. The solutions of the Bloch equations in the rotating

frame (indicated by the prime) are then:
My = M, sin(yHit), (2.10)
M, = M, cos(yHit) (2.10b)

It is evident from Eq.'s 2.10 that applying a transverse tf field will cause M to
rotate away from the z-axis at a frequency 1 = YHj. The angle of the rotation
of M is determined by 6 = yH{tp where tpis the duration of the rf pulse
(Ferrar and Becker, 1971).

Second, once the perturbation rf is removed, the Bloch equations

become:
dM, _ M, - M, @.11)
dt Ty ’
dMy y _ My y
dt T, (212)

with only the relaxation terms remaining. Equation 2.11 indicates that the
longitudinal magnetization, Mz, once perturbed, will grow exponentially to
its equilibrium value M, with a characteristic time T;. Likewise, Eq.2.12
indicates that the transverse magnetization, My y, decays exponentially to

zero with a characteristic time T».



2.2.2 Spin Relaxation

While the Bloch equations describe the time evolution of the
macroscopic magnetization, they do not connect the relaxation of the
magnetization to the physics of a material. A number of approaches exist that
one can take to determine the processes which cause relaxation (Bloembergen
et al., 1948; Abragam, 1961; Slichter, 1990). A semi-classical approach to
describe the evolution of the quantum mechanical operators associated with
macroscopic magnetization (i.e., recall Mj= N (_u_i)) is sufficient for the work
presented in this thesis.

For a general spin interaction #£1(t), the equation of motion for the
spin operator, I; (where i = x, y or z), is:

M) — i 1), 3a,030,0] 213)

The time-dependent portion of the Hamiltonian associated with the spin
interaction is in general much smaller than the time-independent Zeeman
Hamiltonian, #£,, and may be treated as a perturbation (Note: the specific
example of dipolar spin interactions will be addressed later in this chapter).
In order to solve Eq. 2.13 for the slow motion of I; arising from F£1(t) rather
than for the fast motion of I; arising from 3£, it is useful to transform I; and

F£1(t) into the interaction representation (Abragam, 1961; Slichter, 1990):
I;(t) = eiFot'h I1) e-iFHoth (2.14)

where the * denotes the interaction representation unless otherwise specified.



This transformation is equivalent to working in a reference frame rotating
about the z-axis at ®,. The equation of motion is then:

BI:(t) _ i
ot H

[5(0), (0] @15)

It is evident from Eq. 2.15 that in the absence of perturbing interactions
(FL1*(t) = 0) I}* is constant, and relaxation does not occur. The solution of
Eq. 2.15, approximated using second order time-dependent perturbation

theory, is as follows (Abragam, 1961; Slichter, 1990):

di(t) _
&t

10, {3)°] [0 i), sei0] . 210
0

The first and second terms on the right hand side are first and second order
contributions to the dynamics of Ij, respectively. In general, a spin interaction

can be expressed in the following form:

#e1(t) =, eiqoot SY¢) AD (2.17)
q

The S(A)(t) are the spatial time-dependent operators which can be written
classically and the A(d) are the spin operators. The q represent the difference
in the states Am joined by the operator A(Q) (i.e.,, q=+1,-1 for I, and L,
respectively). The exponential in Eq.2.17 results from working in the
interaction representation. According to Eq.'s 2.16 and 2.17, spin relaxation
for a component q of the perturbing interaction (i.e., dIj (t)/dt #0) is only
observed under two conditions. First, the commutator, [A(9), I;*], has to be
nonzero; a condition that is always met unless q=0 (i.e., A® o I,) and I;=L,.
Second, the S(A)(t)'s must have a time dependence that counters that of the

rapidly varying exponential of Eq. 2.17 (i.e., exp(iqwot)), because the
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contribution of terms in Eq. 2.16 containing such exponentials averages to
zero.

The perturbing Hamiltonians $£1 representing the interactions
responsible for magnetization relaxation are random operators that vary from
spin to spin. When the equations of motion for the Ij (Eq. 2.16) are averaged
over the different Hy's, the first term goes to zero and the equations for like

spins become (Abragam, 1961):

*

dlf(t)z-_i i(@oorqad)t [ 0] A@)] A@]] 2.18)
dt ZﬁZqu’.e qostqo)t [[ 15(0), A@)], A5 (qo,).

The Jq(qwo) are the spectral density functions which contain the time integrals
of the time-dependent spatial operators factored out from Eq. 2.16 (see below).
The terms in the above summation only contribute to the dynamics of I;*(t)
when the exponent of the rapidly varying exponential reduces to zero, i.e., if
q=-q'. Although it is not obvious from direct inspection, the right hand side
of Eq. 2.18 is proportional to Ij* for most perturbing spin interactions, #£1.
Thus, Eq 2.18 is a first order differential equation and the I*(t) relax
exponentially as noted previously in the macroscopic Bloch equations. The
utility of Eq. 2.18 is that the relaxation is expressed in terms of the spectral
densities which encompass the contribution of molecular dynamics to spin

relaxation.

Spatial operators and J4
The spectral density functions, Jq(qmo), represent the Fourier transform
of the auto-correlation function G(d4) of the spatial operators, that is

(Bloembergen et al., 1948; Abragam, 1961):
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Jqwo) = f St) Sta)t+1) e-iawet dr,

(2.19)

GlaYr) e-i awot dt |

-00

where the bar denotes the average over the different #£; which only depend
on times, t and t', through a their difference, T (=t-t'), the correlation time.
The correlation time takes into account the finite duration of the
perturbation, and G(3)(T) gives the temporal persistence of any particular
arrangement of spins relative to each other. Because molecular motions are
thermally activated processes, the following Arrhenius relation is often

assumed for the correlation times:

T =T, exp(Eo/kT) (2.19b)

where E, is the activation energy for the motion associated with t and k is
Boltzman's constant. Temperature studies of relaxation times, such as those
presented in Chapter 6 for BANG polymer gel dosimeters, can be used to
investigate the activation energies, correlation times and hence the molecular

motions describing a system of spins.

The correlation times and functions, and thus the spectral density
functions, are specific to the type of motion experienced by the spins.
Furthermore, the magnitudes of the spectral density functions at the
frequencies qu, indicate the power made available for relaxation by the spins'

motions. For example, if the magnitudes are low then the motions are
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ineffective at promoting relaxation and the relaxation times are long.
Examples of spectral density functions will be shown below for the specific
cases of protons on water undergoing isotropic reorientation (bulk water) and

anisotropic reorientation (hydration water) and for protons on polymers.

Spin Operators, A@Q)

The effect of spin interactions on magnetization relaxation was
discussed in Section 2.2.1. It is instructive to further consider how spin
interactions contribute to the relaxation of Mxy and M, through the different
A(Q)'s (see Eq. (2.18)). The A(0) operator is responsible for spin-spin
interactions that do not cause energy transitions (q = Am =0) and conserve
energy. It does not commute with Ii-x y, and thus, is partially responsible for
the relaxation of Myy. However, it does commute with I, so that M, remains
constant under the influence of A(9). Thus, the spin-spin operators
contribute to the relaxation of My or spin-spin relaxation characterized by the

spin-spin relaxation time T».

The A(d#0) operators on the other hand describe the transitions
between energy levels (q = Am #0) that couple the spin reservoir and the
lattice (i.e., permits energy exchange or transitions between eigenstates). The
spin-lattice coupling allows the equilibrium populations of eigenstates to be
reestablished. Since the A(3*0) do not commute with I,, they promote the
longitudinal relaxation of M, or spin-lattice relaxation characterized by the
longitudinal or spin-lattice relaxation time, Ti. The A(d#0) also do not
commute with the Ix,y, and thus, are partially responsible for a spin-lattice

contribution to transverse relaxation. Because of the additional spin-spin
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contribution to transverse relaxation, To-! is always greater than or equal to
1L
Spin Interactions

There are a number of possible spin interactions which can cause
relaxation: spin-rotational, anisotropic chemical shift, scalar, quadrupolar and
dipole-dipole (Noack, 1971; Pfeifer, 1972; Farrar and Becker, 1971; Abragam,
1961). The importance of each depends on the spin environment being
considered. The spin-rotational interaction involves the coupling between a
nuclear spin and the magnetic moment produced by the electron distribution
of a rotating molecule on which the spin exists. It is strongest for small,
symmetric molecules in liquids, with water at room temperature, being one
of the exceptions (Schreiner, 1978). The anisotropic chemical shift interaction
occurs in molecules in which the spin is shielded from H, by the chemical
environment of the spin (i.e.,, H; = Hp + 8H,). If the shielding is asymmetric,
the spins will see a time-dependent fluctuation in H; as the molecule rotates
and this can drive spin relaxation. While the interaction may be significant in
high magnetic fields, it is not important for the aqueous systems and low
magnetic field (<0.6 T) used in this work. The scalar interaction is an
indirect coupling between intra-molecular nuclear spins mediated through
their interactions with the electrons within the molecule. Quadrupole
interactions are electric interactions which only occur for nuclei possessing a
quadrupolar moment, i.e., with I>1. Such spins interact with local electric
field gradients surrounding the spin. For spin systems consisting of hydrogen
nuclei or protons on water molecules and polymers, there is only one spin
interaction which is important in determining the spin-relaxation properties:

the dipole-dipole interaction between the spins themselves.
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2.3 Relaxation Via the Dipole-Dipole Interaction

As outlined in Section 2.2.2, the theory relating T1 and T, to the
dynamics and structural properties of a material is developed using a semi-
classical analysis of the spin interaction. The analysis considers the pairwise
coupling of two spins. The perturbing Hamiltonian represénting the

interaction between two spins with magnetic moments pj and p; is:

9, _W ‘3ﬁ2 3l ?l(ﬁz i) , (2.20)
r r

where Tt is the vector between two spins. This can be written in the form of
Eq. 2.17 with the time dependent spatial operators and spin operators

(Abragam, 1961):

qo_(1-3co8) A2 21, + LI + Ty
r3
S (1P sme_c%ﬁﬁ_e& o Al Al 3P0 (Ll + Tula) , (221)
r
q2 s(-z)*=sin2_e3e-i2;¢, A= A=3 o 1 1,
Tr

The S* and At represent the complex and hermitian conjugates of S and A,
respectively, and the subscripts of Iy and I refer to each of the two spins. The
equations of motion of the I;'s can be derived by substituting Eq.'s 2.21 into
Eq. 2.18 (recall that Eq. 2.18 relates the time derivative of I;*(t) to A(d) and
Jq(q®@o))- Then, for two like spins (Abragam, 1961):

d ( I, +I2z) =1 ((Ilz +IZZ> " ‘< L, "'I2z>2')< ) ,and (2.22)
dt T
% (Tix +1y) "= -% ((le +1py) " ) (2.23)
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where * denotes the interaction representation. The inverse of the relaxation

time constants (i.e., the relaxation rates) are given by:

% = g_y‘*ﬁz I (I+1) {T4(®,) + J2(20)} , and (2.24)
1 _ 2 3 15 3
1= Y2 1 (1+1) {3300) + LTwo) + 20f2000)] (2.25)

The last term in Eq. 2.22, (I1z+I22 Yo, is the equilibrium value of the spin
operators and I in Eq.'s 2.24 and 2.25 is the total spin (= [1 = ). By comparing
Eq.'s 2.22 and 2.23 to the Bloch equations, Eq.'s 2.11 and 2.12, and recalling that
the macroscopic magnetizations are proportional to the averaged expectation
values of the spin operators, one can identify T = T7 and T'= T directly.

As mentioned earlier, the spectral density functions, Jq(q®o), contain
the dependence of the relaxation times on the relative motions of the spins

and the Larmor frequency. This dependence is discussed in further detail.

2.4 Dipolar Relaxation and Molecular Motions

In this section we will illustrate the connection between spin relaxation
and molecular dynamics by considering specific examples relevant to this
thesis, i.e., the relaxation of protons on water molecules in the bulk (Section
2.4.1) and hydrating large molecules (Section 2.4.2) and of protons on polymer

molecules (Section 2.4.3).
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2.4.1 Bulk Water and Isotropic Motion

One component of the dipolar relaxation of protons on a water
molecule results from the intra-molecular dipolar interaction between the
two protons on the same water molecule. In the bulk (i.e., free water) the
water molecules reorient isotropically. For this random isotropic motion of
spins the correlation function G(d)(t) is assumed to be of the form

(Bloembergen et al., 1948; Abragam, 1961):

GY9r) =| S9(0)|* evxc, (2.26)

where T is the reorientational correlation time. Roughly, it can be taken as
the time required for the molecule to rotate ~1 radian (Homans, 1989).
According to Eq. 2.26 the spatial correlation of spins vanishes with time, i.e.,
G(9)(T)=>0 as T=>ee. Thus, the longer is T, the slower are the spin motions,
and the longer the spins retain memory of their previous positions. In
evaluating Eq. 2.19 the motion is averaged over the whole solid angle.
Substituting Eq. 2.26 into Eq. 2.19 gives,

2 T
J{qo) =[s9o)|* — T, 227)
1+ (qwo)%%
2
where | S(q)(O)l < 16, Using Eq.'s 2.26 and 2.27, the resulting relaxation rates
for intra-molecular relaxation of water molecules are (Bloembergen et al.,

1948; Solomon, 1955):

2
sz_ﬁy“[ T, 4T },and (2.28)
T 10 % |1+ w22 1+ 4w2t?

2
L = i M [310 + 51'C + 210 } ) (2.29)
T, 20 r6 1+ w22 1+ dwit?
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The dependence of the spin relaxation times on the time scale of the

motions, characterized by their correlation times 7., is indicated in Fig. 2.1.
The figure shows the spectral densities for three different 7. values and also

curves relating T; and To to the correlation times (commonly called

Bloembergen, Pound and Purcell (BPP) plots (Bloembergen et al., 1948)). The

BPP plots were calculated from Eq.'s 2.28 and 2.29 for vo = wo/2n = 20 MHz.

There are three main regimes for the molecular dynamics as observed by the

spin relaxation:

i) TcWo«1l: Here the relative motions between spins are fast, the values of the
spectral density at 0, @, and 2w, are small, T; and Ty are long and T»~Tj.
Motions in this regime are often called white non-dispersive motions

since the relaxation times are not strongly dependent on the value of ®,.

ii) TcWe = 1: As T.w, increases, the molecular dynamics slow and J1(we) and
J2(2wo) increase so that T1 (o< J1(wo) + J2(2we)) decreases and becomes a
minimum when 1.0, ~1. Furthermore, Jp(0) increases so that Tp-1

(o< Jo(0) + J1(exo) + J2(2e) ) exceeds Ty-1.

iii) TcWo»1: In the rigid lattice regime, the dipolar interactions are no longer
motionally averaged as in the other two regimes, T.> Ty, Tp is
independent of temperature and spin-lattice relaxation is extremely

inefficient.

Note that the actual spin-relaxation of bulk water is somewhat
different than the relaxation idealized in Fig. 2.1. First, the correlation time

C does not decrease continuously from 1. ~ 10-12 to 104 s since, at some point,
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Figure 2.1 The top figures illustrate the change of the spectral density functions, Jq(w), as the

lattice dynamics slow down (left to right figures) and are characterized by longer 1¢'s. The
effect of changes in Jq(®) with 7¢ on the spin relaxation times is shown in the bottom plot.
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there is a freezing transition which produces an abrupt change in 1. and hence
discontinuities in the T and Ty curves. Second, in bulk water there is an
additional contribution to the spin relaxation resulting from inter-molecular
interactions between protons on different water molecules as the molecules
undergo translational diffusion (Bloembergen ef al., 1948; Abragam, 1961).
The observed relaxation rate is the sum of the intra-molecular and inter-

molecular terms:

1
+ |—
(Tl,Z)trans ’ (230)

where the rotation term is given by the relaxation rates in Eq.'s 2.28 and 2.29.

1 (1

|
Ti12 \Ti2/0t

In general the translational term does not have the same form as (1/T1 2)rot.
However, if this motion is describable through an Arrhenius law, a BBP plot
for bulk water in which both isotropic rotational and translational motions
exist is similar to that shown for the isotropic reorientation. At room
temperature, the diffusion and rotation correlation times are both of the

order of 1012 - 10-11 s-1, 1,0, « 1, and the values of T; and Ty are both of the

order of seconds.

2.4.2 Hydration Water and Anisotropic Motion

The water in many aqueous systems is not all bulk water, but is
hydrating sites on large molecules or surfaces. This hydration water may be
hydrogen bonded to the large molecule so that the molecular dynamics are
modulated by this bonding; in particular, the reorientation of the water
molecule becomes anisotropic. The anisotropic motion of hydration water
can be broken down into a fast rotation about the axis of a hydrogen bond

described by a correlation time, t¢, and a much slower reorientation of the fast

2-20



C

rotation axis described by correlation time, Ts (Woessner, 1962; Shirley and

Bryant, 1982; Schreiner et al., 1991).

Bulk Water: Hydration Water:
Isotropic Motion Anisotropic Motions
Tslow

moderating surface

Figure 2.2 Schematic of bulk and hydration water undergoing isotropic and anisotropic
motion, respectively (the spheres represent the hydrogen atoms or protons on the water
molecule). Anisotropic motions include fast rotation about the hydrogen bond and slower
tumbling of the molecule. A water proton may rotate about the hydrogen bond such that the
angle A between the intra-proton vector and the bond (represented by the vertical line) is 90°
(middle schematic) or about 38° (schematic on the right).

The spin-relaxation for hydration water experiencing anisotropic
motion differs from that for spins undergoing isotropic motion for many
reasons. First, the correlation function for the anisotropic motion reflects the

more complex dynamics (Woessner, 1962):
G9=S9t) St +1)

=k(ﬂ AeT/ts + BeT/11 + Ce-'c/'cz).

(2.31)
The correlation times 11 and 1 are weighted sums of inverse slow and fast
correlation times: T1-l=1T¢l + 151 and 191 = 47¢1 + 15-1. The kq's are

constants (i.e., kg=4/5, k1 =2/15., k =8/15). The A,B and C are geometric
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factors that depend on the angle, A, of the intra-proton vector with the axis of
fast rotation (i.e., A = 90° or 38°; see Fig. 2.2). For example, A = }(3cos?A-1)2 =1
for A =90°. The geometric factors are determined by averaging the spatial
operators over these portions of the solid angle covered by motion specific to
each correlation time. They differ from the |S(q)(0)|2 factors for isotropic
motion (Eq. 2.26) which are averaged over the whole solid angle. The spectral
densities Jq(qwo) are calculated from the Fourier transforms of the G(@)'s (see
Eq. 2.19) and also contain three components, one for each correlation time,
weighted by the geometric factors. The relaxation rates are again given by
Eq.'s 2.24 and 2.25 for the new Jq(qwo). The rates are (Woessner, 1962; Shirley
and Bryant, 1982; Schreiner et al., 1991):

137 [ ap
d -5 757 1(ts) + B D1(71) + C D1(12) ] , and

T1 10 r (2 32)
2
1 -3 Y™ [ A bz + B Dyft) + C Dyfry) |
T, =30 o LA DA%+ BDyn)+ CDyfny)]
where D1(t) and D(t) designate the Debye terms:
) 1+720% 1 +4203 (2.33)

Dyt)=%+—2T 42T
1 +7203 1+ 4203

Figure 2.3 shows the resulting BPP plots for the spin relaxation times of
the anisotropically reorienting water along with the isotropic case for
comparison. The anisotropic times were calculated using Eq. 2.32 with
Vo = 0o/2m =20 MHz. The probability between the 90° and 38° orientations of
the intra-proton vector were assumed to be equal (see Fig. 2.2) and 15 was
taken to be 100ts. Unlike the curve for isotropic motion, the curve for

anisotropic motion possesses two minima due to the large discrepancy in the
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magnitude of 15 and the magnitudes of t; and 1, which are of the same order
of magnitude as t¢. These minima illustrate the superposition of effects of

different motions on T1-1.
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g Figure 2.3  BPP plots for
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= - isotropic and anisotropic
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It is also apparent from Figure 2.3 that spin-lattice relaxation for
hydration water undergoing anisotropic motion is more efficient (i.e., T1 is
less) than that for bulk water. This is a result of the increased efficiency of the
spin-lattice relaxation due to the slower correlation time ts. While the above
BPP plots are again somewhat idealized, this T1 behavior is, in fact, observed.
At room temperature bulk water has a T1 of ~ 1-2 s while hydration water has
T1 of ~100 ms in low hydration samples of DNA (Schreiner, 1985) and
polyacrylamide (Zhang, 1990), and T; ~ 350 ms in tissue (Sobol and Pintar,
1987). Note that at room temperature, the T35y of water undergoing
anisotropic motion is actually ~3 orders of magnitude longer than the 1. of

bulk water (Schreiner et al., 1991).
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Figure 2.3 also shows the spin-spin relaxation to be more efficient for
hydration water than for isotropically reorienting bulk water. Spin-spin
relaxation is more efficient for slow motions in general, since Tp-l is
proportional to 1 (see Eq.'s 2.29 and 2.33) and in particular, for anisotropic
systems in which the dipolar interactions are not averaged out completely.
The Ty's of bulk water are of the order of 1-20 seconds whereas the T2's of
water undergoing anisotropic motion can be as short as 100 usec (Schreiner et

al., 1991; Zhang, 1990).

2.4.3 Polymers

Polymers are macromolecules consisting of repeating units or
monomers. The dipolar relaxation of protons along the polymer can be
modeled by considering three types of polymer motions (Kimmich, 1977a,b).
These motions are 1) the anisotropic motion of short segments whose ends
are defined by kinks or defects in the polymer molecule and perhaps by side
chains, 2) the longitudinal diffusion of defects along the molecule, and 3) the
fluctuations in the overall configuration of the polymer molecule. These are
characterized by the correlation times 75, T} and 7Tf, respectively. The first
motion is a fast local motion whereas the last two are slower and are
determined by the long range dimensions of the molecule. The longitudinal
diffusion correlation time is often assumed to be the average of a distribution
of such correlation times. The correlation times have the following
dependencies on the polymer molecular weight, My: 15 = constant, T o My,
and 1 o My3. The relative magnitudes of the correlation times are T>7>1
(Kimmich et al., 1977b). Each component of motion is considered to be largely

independent of the others and, as a result, the total correlation function can
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be taken as the product of the correlation functions for the three motions

(Kimmich, 1977b):
G =G¥ G, G;. (2.38)

The total spectral density, the Fourier transform of the total correlation
function will equal the sum of the spectral densities for the component
correlation functions. Hence, the contributions of each type of motion to the
relaxation rates will be superimposed. Furthermore, for a specific frequency
o, spin-lattice relaxation will be dominated by those motions that best satisfy
the condition Tw, ~ 1 while spin-spin relaxation will be determined primarily
by the slowest motion (i.e., the longest t). This condition for efficient spin-
lattice relaxation is best satisfied by slower motions if the T7's fall on the left
side of the Ty minimum in a BPP plot (i.e.,, Two < 1). Conversely, the
condition is best satisfied by faster motions if the Ty's fall on the right side of
the T1 minimum in a BPP plot (i.e., Two > 1).

Experimental BPP plots for polymer protons are shown in Fig. 2.4 in
terms of inverse temperature, B=1000/T, which is related to T (see
Section 2.2.2). It is evident that at higher temperatures, Ty depends strongly
on the molecular weight of the polymer whereas T; does not. This behavior
indicates that transverse relaxation is dominated by the slower long range
motions whereas longitudinal relaxation is dominated by the faster local
motions. The BPP plot for T; exhibits a single broad minimum even though
the polymer motions are described by several correlation times. This is
typical for motions characterized by distributions of correlation times since
the result of superimposing many minimums is a single broad minimum

(Noack, 1971).
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Also apparent in Fig. 2.4 is a decrease in the temperature dependence of
T, with molecular weight. This indicates that molecular entanglements
introduce a solid phase in which dipolar interactions cannot be motionally
averaged. This is particularly pertinent to polyacrylamide gels. They possess
physical crosslinks similar to entanglements that can restrict the motion of

the polymer and contribute to transverse relaxation through dipolar

broadening.
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Figure 2.4 The BPP plots for different molecular weight samples of a) cis-polyisoprene
(adapted from Charlesby and Folland, 1980) and b) poly(ethylene oxide) (adapted from Allen
1967). The numerical labels on the curves indicate the molecular weight of the polymer.
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2.5 Paramagnetic Relaxation of Water Protons

Early in the development of NMR it was noted that the proton spin-
relaxation of many systems could be enhanced considerably by the
introduction of paramagnetic centers (Bloembergen ef al., 1948; Pound, 1953).
The relaxation mechanism for these systems remains a dipolar interaction,
however, it is between a proton and the large magnetic moment of the
unpaired electron associated with the paramagnetic center (Ye = 658 Yp). For
water hydrating a paramagnetic ion (with spin S), the protons (with spin I)

relax with rates (Solomon, 1955):

2
1.2 1 ’YIZ’Y:ZS' S(S'*‘l) Tc + 31 + 67 :| (2.35)
1 15 16 1+(07- 05212 1+aftd 1 +(op+wsf 12
1 — 1 ﬁzYIZY% S(S+1) X
T, 15 " (2.36)
47, + T + 3 + 61 + 6t } ,
1+(07-wsPt2 1+0ft2 1+0it 1+(o+osP1?

where wg and @) are the resonant frequencies for electrons and protons,
respectively, and r is the ion to proton distance. Equations 2.35 and 2.36
account only for the dipolar interaction between the proton and the electron,
and neglect the contact hyperfine interaction. The latter interaction may be
important for the spin-spin relaxation of ferric and ferrous ions (Duzenli,
1995), but can be neglected for spin-lattice relaxation (Gore ef al., 1984).

Recalling that the correlation time 1. reflects the temporal persistence
of the spins we can write:

1-14,1,1 (237)
T T Th Ts,



where T, is the rotational correlation time associated with the tumbling of the
hydrated ion and 7 is the correlation time accounting for the exchange of
protons to and from the ion. The electron spin relaxation time, 7s,
characterizes the electron spin flip-flop rate resulting from the interaction
between the paramagnetic centers themselves. According to Eq. 2.37, the
value of 1. is dominated by the fastest process. The exchange process is very
slow, and may be neglected. Thé rotational correlation time 1, is of the order
of ~10-11 s and does not vary much from one ionic species to the next. The
electron spin relaxation time s has similar order of magnitude as 7y,
however, it can vary greatly for different ions. Although the spin S and the
distance r differ for different ions, it is the variation of 15 that is largely
responsible for the differences in the ability of different ions to enhance
proton relaxation in aqueous solutions (Gore et al., 1984).

The basis of the ferrous sulfate-doped gel dosimeters considered in this
thesis relies on the difference in the ability of the Fe2+ and Fe3+ ions to relax
hydrating water protons. Table 2.1 contains some of the parameters required
to calculate the spin-spin and spin-lattice relaxation rates, (R; = 1/T; and
Ry = 1/Ty, respectively) for water hydrating the Fe2+ and Fe3+* ions (Eq.'s 2.35
and 2.36) and for bulk water (Eq.'s 2.28 and 2.29). The ratios of the rates are
shown in Table 2.2 for comparison. Since the ionic radii and the radius of a
water molecule are of the order of 1 A and 2 A, respectively, the ratios in
Table 2.2 involving the ion to proton distances and the intra-molecular water
proton distance will not change the magnitude of the ratios of the rates
significantly. It is apparent that Fe3+ ions are more efficient at relaxing
hydration water than Fe2* ions, the efficiency being greater for spin-spin
relaxation than spin-lattice relaxation. The main reason for the greater

efficiency of Fe3* ions is that 1.3+ /1.2* = 34. The ratios of relaxation rates for
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hydrating water to that for bulk water are very high, indicating that dipolar

relaxation between electron spins and protons is much more efficient than

that between water protons.

Table 2.1 The spin and characteristic
correlation times for the different dipolar

species.
spin Te
(sec) at 27°C
Fe2+ S=2 b15x 1012
Fe3+ S=5/2 b5.1x 1011
aH,O I=1/2 c1.7x 1011

a for simplicity, only the isotropic contribution to relaxation is considered (Eq.'s 2.26, 2.27 and
2.31); the diffusion contribution, which is of the same order of magnitude, is neglected for the
purpose of the qualitative intercomparison of rates.

b Eisinger et al., 1962

C Schreiner, MSc thesis 1978

Table 2.2 Different inherent relaxation rate ratios for vy =25 MHz and 27°C.
The r2+ and r3+ are the distances between the ferrous and ferric ions,
respectively and the water protons, and b is the intramolecular proton-proton
distance.

Ratios of Relaxation Rates

spin-lattice 3 2
P Ry ~14_g(ﬁ)6 R ~105(b_|°® __ng'+ ~108( b_|¢
I‘3+ r2+

relaxati —
xation Rl2+ RXvater R Water 3+
spin-spin | p 3+ 24\ 6 R2+ 3+
. 2 r<t 2 5( b6 Ry b \6
relaxation ~18.6 ——] ~10 ( ) ~106(_b_
R%+ r 3+ Ravater r2+ R’,vzvater 0 3+
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2.6 Relaxation in Heterogeneous Spin Systems

Thus far, the discussion of spin relaxation has been limited to
homogeneous spin systems in which all the spins are considered to be in
identical environments, e.g., protons on bulk water molecules. In fact, most
spin systems are heterogeneous, and the spins exist in environments where
they may experience different interactions or undergo different motions on
different time scales. The protons in the ferrous sulfate doped gelatin gel
dosimeters exist in four distinct spin groups: 1) on the gelatin macromolecule,
2) on water molecules hydrating the ions and 3) the gelatin, and 4) on free or
bulk water molecules. The aqueous solutions of polyacrylamide and gelatin
contain polyacrylamide protons, gelatin protons, water protons hydrating the
polyacrylamide and gelatin, and bulk water. As noted above, these different
groups of protons will have very different relaxation properties.

Each of the spin groups has inherent relaxation properties determined
by the molecular dynamics and spin couplings experienced by the spins. If the
spin groups are not isolated, an exchange of magnetization information may
occur between the spin groups so that the observed or apparent relaxation
may differ from the inherent relaxation. The simple Bloch equations (Eq. 2.9)
may no longer express the magnetization evolution of the heterogeneous
spin system wherein some form of exchange occurs. This exchange may
proceed in a number of manners. There may be a physical transfer of spins
from one spin group to another (i.e., water molecules diffusing from the
hydration layers around macromolecules or paramagnetic ions to the bulk
environment). Protons may actually be mixed between environments
through the chemical exchange between different molecules (i.e., an NH

group and a water molecule may exchange protons) (Schreiner et al., 1991;
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and Lynch et al., 1983). Also, magnetic coupling may occur arising from the
simultaneous spin flips induced by the dipolar interaction between two
nuclei of different spin groups. The spin flips are analogous with the action
of the spin operator A (see Eq. 2.23).

The influence of exchange on the observed spin relaxation can be
illustrated by considering the simple example of a heterogeneous system with
spins existing in two different environments (a and b). The fraction of spins
in each environment is p; and the inherent relaxation rate for that
environment is R;. When exchange occurs there are additional terms in the
Bloch equation to account for the loss or gain of the magnetization caused by
the exchange (Zimmerman and Brittin, 1957; Schreiner, 1985). For example,

the longitudinal Bloch equation (Eq. 2.11) for the 'a' group becomes:

dMg, _ Ri14(Moa - Mya(t)) - koMoo{t) + koMpt) | (2.38)

with a corresponding equation for M,p. The k, and ky, are the exchange rates
specifying the rate at which the magnetization is exchanged between the two
groups. Thus, the magnetization evolution of the two groups is described by
two coupled differential equations. The observed total magnetization will
evolve as:

MM, _ ety ceht

M, (2.39)

The total magnetization (Maz + My;) still evolves as a two component
magnetization. However, the apparent rates A+ and A~ are complex functions
of inherent spin-relaxation rates and of the exchange rates (Zimmerman and
Brittin, 1957):

AE =%(Ra +Rp +k, +ky) £ ((Ra -Ry, +k, -ky) 24 4kakb)1/2 (2.40)
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Similarly the apparent magnetization fractions C* and C- of the evolution
associated with A* and A~ are complex functions of pa, pp, Ra, Rp, ka and
kp.

The effects of the exchange will depend on the efficiency of the
exchange processes, i.e., on the magnitude of k, and k. The exchange can be
categorized into three regimes i) slow, ii) intermediate and iii) fast (see

Fig. 2.5):

i) If the exchange rates are slow compared to the inherent relaxation rates (i.e.,
kab « Rap) then the observed relaxation rates are equivalent to the
inherent relaxation rates (i.e., A* = R, and A" = Rp), C* = p, and C ™ = pyp.
Thus, the parameters characterizing the observed magnetization evolution

are the inherent magnetization fractions and relaxation rates.

ii) For the intermediate exchange regime, k, p ~ Ra b, and the observed rates
and magnetization fractions remain complicated functions of the inherent
relaxation rates and exchange rates. It is apparent from Fig. 2.5 that the
exchange causes the apparent relaxation rates to increase relative to the

inherent rates.

iii) For the fast exchange regime, k;p » Ry p, the magnetization equations

reduce to a single exponential form:

M(t) - Mo= (pa + po)e™ ¢ . (2.41)

The observed rate becomes the average of the inherent relaxation rates
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weighted according to the relative sizes of the two spin groups, p, and py,

that is,

A =p.Ra+ puRy - (2.42)

This solution may easily be extended to more than two spin groups as

follows:

A= ; L (2.43)

in which the p; is the fraction of spins in each of the environments in the

system.

In the above discussion it has been assumed that both spin groups
resonate at the same frequency, and that there is no chemical shift between
the two groups (i.e., A®w = wa-wp = 0). In the presence of a chemical shift the
expressions for the magnetization evolutions are cumbersome and difficult to
interpret. However, under the fast exchange regime spin-lattice relaxation is
identical to that in the absence of a shift (Eq. 2.42), and spin-spin relaxation is
described by (Zhong et al., 1989),

A2 = paRaa + pvRap +M (A (0)2 ) (2.44)
ka + kb

2-33



a) 100

10 —

A shH

A
T l_flllll\llllllll

1
slow fast
exchange =~ exchange

0.1

10 102 10! 10° 100 10° 10°
kama
i —— ]

5 :\ :

Q

E T Poh 7

Q

g10F ;

.§ : f

& [ |

=

&Q -

1
10 102 10! 10° 100 100 10°

Figure 2.5 Apparent relaxation rates (a) and magnetization fractions (b) for a two spin group
system as a function of the exchange rate ky between the groups (normalized to Rp). the

inherent conditions were taken as Ra=1s'1, Rb=1(]s'1 and pa=pp=50%. At low kj the relaxation
parameters are identical to the inherent relaxation parameters. In the fast exchange limit

(ka»Ra) only one magnetization component is observed with A-l=paR; + PbRp since the value
of C+ approaches zero.
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2.7 Summary

In this chapter , the relationships between proton NMR spin relaxation
times and molecular motions have been outlined. This relationship was
derived from the time dependence of the spatial operators describing the
dipolar interaction between spins. It was shown that spin-spin relaxation is
more efficient for protons experiencing slower and/or anisotropic motions
mainly because Tz1 aJp(0) ot and because the slow motion component of
anisotropic motion dominates spin-spin relaxation. Spin-lattice relaxation is
most efficient for motions satisfying the condition twy~1. For the systems
studied in this thesis the molecular motions are relatively fast at room
temperature such that the inherent Tq's are found on the left side of the Ty
minimum in a BPP plot (i.e., 1m,<1). Hence, within the range of fast motions,
the slower and/or anisotropic motions dominate spin-lattice relaxation. All
of these aspects of relaxation have a number of implications for the dosimeter
systems studied in this work.

Consider the BANG polymer gel dosimeter studies made at v,=25 MHz
in the temperature range of 5-40°C. One can expect that bulk water protons,
monomer protons and water protons hydrating the monomer to all have
relatively long T1's and T»'s because these are all small molecules undergoing
relatively fast and isotropic reorientation. For the protons on water hydrating
the gelatin and polymer, shorter T1's and Tp's can be expected as the motions
are slower and more anisotropic. The Tq's and Ty's of gelatin and polymer
protons are expected to be even shorter. In the presence of the exchange
between the different proton groups the relaxation rate observed for bulk
water (the major constituent of the dosimeter) will be increased. The basis for

the BANG polymer gel dosimeter is that the monomer and polymer affect the
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relaxation of the bulk water differently and that the relaxation rate of bulk
water will change with dose as monomer is converted to polymer. Spin
relaxation in the BANG polymer gel dosimeter will be discussed and studied
in more detail in Chapters 3 and 6.

It was also shown that spin relaxation is enhanced by paramagnetic
species. Furthermore, the spin relaxation of water hydrating Fe3+ ions is
greater than that of water hydrating Fe2+ ions. This provides the basis of the
ferrous sulfate-doped gel dosimeter since the Fe3+ and Fe2* ions affect the
bulk water relaxation differently so that the apparent relaxation rates of the
dosimeter will change with dose as FeZ+ ions are converted to Fe3+ ions. The
spin relaxation of the ferrous-sulfate doped gelatin dosimeter will be

discussed in more detail in Chapters 3 and 5.
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CHAPTER THREE

Background: Gel Dosimeters

The background necessary to understand the gel dosimeters used for
the MR imaging of three dimensional (3-D) dose distributions is presented in
this chapter. Section 3.1 introduces some radiation dosimetry concepts
common to chemical dosimeters, in general, and to the gel dosimeters, in
particular. The chemistry and physics of the 3-D gel dosimeters of interest,
the ferrous sulfate doped gel dosimeters and the polymer gel dosimeters, are

described in Sections 3.2 and 3.3, respectively.

3.1 Radiation Dosimetry

3.1.1 Chemical Dosimetry

When radiation interacts with a medium it loses some of its energy
producing highly unstable ionized and excited atoms and molecules in the
medium. These products can further react with the other molecules in the
medium to produce free radicals and secondary ions. The radicals and ions
may then react to form stable chemical products.

Chemical dosimetry is the determination of absorbed dose from a
quantification of the radiation induced chemical changes. The sensitivity of a

chemical dosimeter is gauged by the radiation chemical yield G(x) for a
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product, x, and is analogous to the inverse of the mean energy absorbed per
ion pair, 1/W, used in ionization chamber dosimetry. The chemical yield as
defined in ICRU Report No. 33 (1980) is the mean amount of product divided
by the mean energy imparted to the dosimeter, and its SI units are mol J-1.
However, the traditional definition for yield employed in this thesis for the
ferrous sulfate-doped gels is the mean number of product entities produced
per 100 eV (1 entity/100 eV = 9.65x106 mol J-1); this is termed the G-value. A
practical yield is introduced in Chapter 6 (Section 6.2.2) for the polymer
formed in the BANG polymer gel dosimeter. For reasons that will become
evident, this yield is defined in terms of the percent weight fraction of
polymer formed per unit dose (%w/Gy).

Ideally, a chemical dosimeter should satisfy the following requirements

(Makhlis, 1972):

1) The dosimeter should be equivalent to tissue in terms of dose absorption
characteristics (see Section 1.2.2). One of the unique advantages of
chemical dosimeters is that their composition and phase can be varied to
match that of any tissue of interest. Tissue equivalence greatly simplifies
the calculation of dose which would otherwise require correction factors
that can decrease the precision of the dosimeter (see Section 1.3.1).

2) The reaction cell (glass, polyethylene, quartz) within which many
dosimetric substances are contained must also be considered to assure
electronic equilibrium in the dosimetric substance. Without this
electronic equilibrium the absorbed dose is perturbed by the cell wall
(Johns and Cunningham, 1953). For irradiations in air, electronic
equilibrium is accomplished if the cell wall is thicker than the range of

the secondary electrons produced in it. For irradiations in thin-walled



cells imbedded in phantoms, the depth of measurement should exceed
the range of electrons in phantom.

3) The dose response must be known. A linear dose response is preferred to
simplify relative dose determinations. A single valued nonlinear
response is acceptable, but requires that the detector response for the
entire dose range of interest be calibrated (Attix, 1986).

4) The dose response should be independent of the energy and the intensity
(i.e., dose rate) of the radiation, the temperature and environment, as
well as the presence of impurities in the detecting medium.

5) The measurements should be reproducible over a wide dose-range, possess
a high sensitivity, and be stable over time.

6) The dosimeter should be easy to prepare and use.

3.1.2 R4 and Rz Dose Response

A typical dose response of the spin-lattice and spin-spin relaxation
times, Ry and Ry, respectively, of the systems considered herein is shown in
Fig. 3.1. The dose response is linear over a certain dose range and saturates at
a maximum rate, R ,MaX, and at a saturation dose, Dg,¢. According to the
general dose response characterization described in Section 1.2.3, the dynamic
range is Ry oMax - R1 7(0Gy), the dose sensitivity, d, is given by the slope of the
linear portion of the response, and the dose range is given by Dga:. The
saturation dose can be defined as the dose at which the response begins to

deviate from linearity. It can be alternatively approximated as follows:

max
Dy, = N2 -R1,2(0Gy].

3.1
1 (3.1)




Hence, the Dgyt is simply the dose at which an extrapolation of the linear

max Tt is evident

portion of the dose response intercepts the value of Ry
from Eq. 3.1 that the three response characteristics are interrelated, however,
for the studies in this thesis they will be dealt with individually to illustrate
the effects of various parameters on the dose response. A second reason to
deal with the dose response parameters separately is that the best dose

resolution can be obtained for the greatest dose sensitivity or the greatest

dynamic range for relative dose determinations (see Section 1.2.3.).

Figure 3.1 Typical Ry, Ry
dose response for ferrous sulfate
gel and BANG polymer gel
dosimeters.
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3.1.3 Water Radiolysis

Water radiolysis is the study of the chemical response of both the
ferrous sulfate doped gels and BANG polymer gel dosimeters (since both
systems are between 87-96% water by weight). Radiolysis of water is the study
of the molecular and radical products formed in irradiated water, and has
been extensively studied (Draganic and Draganic, 1971; Allen, 1961; Spinks
and Woods, 1964). Because water is tissue equivalent, the majority of
chemical dosimeters are dilute aqueous solutions in which the radiation
energy is absorbed primarily by water (typically present in molar
concentrations) and not the solutes (typically present in mM concentrations).
The chemical changes observed in aqueous chemical dosimeters result from
the indirect action of the products of water radiolysis on the solutes.

In the first stage of water radiolysis the water molecules are either
ionized to produce an electron (e”) and a water cation (HyO") or an excited

species (H20 *),

H,0 - e + H,O0*, H,0" .

(3.2)
In the next stage the following reactions occur:
e”+ nHy0 — e3q, (3.3)
H,O" + HO — H30" + OHe, and (3:4)
H,0" - He + OHe . (3.5)

In Reaction 3.3, the secondary electrons become thermalized and then
hydrated by n water molecules to produce aqueous electrons. In the next

Reaction 3.4 a hydronium ion (H3O*) and a hydroxyl radical (OHe) are



produced. In Reaction 3.5 the excited water molecule decomposes into a
hydrogen radical (He) and a hydroxyl radical.

In the last stage of water radiolysis the primary species (eaq, OH®, H30*
and He) diffuse from their point of origin and react with either themselves,

water molecules or solutes, i.e.

C;lq +H,0 — He + OH’ (high pH) (3-6)
€5q + H30" — He + HO (low pH) | (3.7)
2e;1q +2H,0 - Hy; +2 OH" (3.8)

e;q +OHes - OH" | 3.9)

e;q +He + H O - Hy + OH", (3.10)
He + He > H, ’ (3.11)

He + OHe - H,0, and (3.12)

OH- + OH* - H,0,; . (3.13)

3.2 Ferrous Sulfate-Doped Gel Dosimeter

The ferrous sulfate-doped gel dosimeters for the MR imaging of three
dimensional radiation dose distributions were first proposed in 1984 by Gore
et al.. The aqueous Fricke dosimeter upon which this gel dosimeter is based
was developed in 1927 by Fricke and Morse and is described in Section 3.2.1.
The Ri-dose response of aqueous Fricke dosimeters is described in terms of a
previously developed physical model (Podgorsak and Schreiner, 1992) in

Section 3.2.2. The composition and chemical response of the ferrous sulfate
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gel dosimeter are described in Sections 3.2.3; previous investigations of the

dosimeter are reviewed in Section 3.2.4.

3.2.1 Fricke Dosimetry

Of the many chemical dosimeters that have been developed, only the
aqueous Fricke dosimeter developed in 1927 by Fricke and Morse has gained
widespread use. The standard Fricke solution consists of 1 mM ferrous ion,
FeZ+ (obtained from ferrous ammonium sulfate or ferrous sulfate) and 0.4 M
sulfuric acid (H»SO4). The standard solution must be aerated, and can be
modified by the addition of 1 mM NaCl to counteract perturbations to the
response of the dosimeter caused by organic impurities.

When the aqueous Fricke solution is irradiated, the ferrous ions are
oxidized to form ferric ions, Fe3*. The amount of Fe3+ ions produced in the
Fricke solution is proportional to the absorbed dose. The Fricke solution is
96% water by weight; therefore, the radiation chemistry is dominated by water
radiolysis. The products of water radiolysis oxidize the Fe2* ion through a

series of reactions:

He + Oy -5 HOype, (3.14)

Fe?* + HOye — Fe3t + HO3 | (3.15)
HO3 + H30" —» Hy0, + H0, (3.16)
Fe?* + Hy0, — Fe>* + OHe +OH" | and (3.17)
Fe?* + OHe — Fe3* + OH" . (3.18)

The three chemical species produced by water radiolysis that can cause the
oxidation of FeZ* ions are the hydrogen radical, He, the hydroxyl radical, OHe,

and the peroxide molecule, HyO7. The hydrogen radical is indirectly
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responsible for the oxidation of three ferrous ions, through Reactions 3.14,
3.15, 3.17 and 3.18. Each peroxide molecule formed results in the oxidation of
two ferrous ions by Reactions 3.17 and 3.18. Each hydroxyl radical oxidizes
one ferrous ion by Reaction 3.18. The G-value for the ferric ion, G(Fe3+), can

be given in terms of the G-values for the water radicals as follows:

G(Fe3*) = 2 G(H,0,) + 3 G(He) + G(OHe). (3.19)

The individual G-values for HoO, He and OHe are 0.78, 3.7 and 2.92 ions per
100 eV, respectively for 0Co y-rays (cited in Attix, 1966). The yield of
15.8 ions /100 eV calculated using Eq. 3.19 agrees very well with the measured
yield of 15.5+0.3 ions/100 eV recommended in ICRU Report No. 14 (1969) for
maximum photon energies ranging from 0.6 to 50 MeV and that of
15.6 £ 0.6 ions/100 eV recommended in ICRU Report No. 37 (1984) for 1 to
30 MeV electrons (Kahn, 1984).

The Fricke dosimeter meets most of the requirements for an ideal
chemical dosimeter listed in Section 3.1.1. It can provide dose measurements
to within an accuracy of 1% (Fricke and Hart, 1966). Its response is
independent of photon energy above 1 MV (Greening, 1981). The Fe3+ ion
G-value drops to 12.5+ 0.3 ions/100 eV for 5 keV photons (Greening, 1981).
The G-value is constant in the temperature range of 15°C to 30°C. The
practical dose range of the Fricke dosimeter is limited to ~ 400 Gy at which
point the yield drops to 8.2 ions/100 eV (Spinks and Woods, 1964) because of
oxygen depletion (see Reaction 3.14). The dose range can be significantly
improved by aerating the dosimeter during irradiation; however, 400 Gy is
large enough for most dosimetry applications. The response of the aqueous
Fricke dosimeter is independent of dose rate between 103 to 106 Gy/sec (Attix,
1986).



Because of its elemental composition (~10.8 %H, 1.2 %S and 88% O; by
weight) the aqueous Fricke solution is essentially tissue equivalent (10.2% H,
88.7% C+0+N) over most photon energies of interest. At 50 keV the
photoelectric effect cross-section of the sulfur present in the aqueous Fricke
solution in the form of sulfuric acid becomes important, and the dose
absorbed by the Fricke solution can exceed that absorbed by tissue by as much
as 13%.

There are two main disadvantages of the Fricke dosimeter. The dose
response of the dosimeter is very sensitive to impurities in the solution.
Hence, stringent requirements on the purity of the chemicals and on the
procedures used in the preparation of the aqueous Fricke solutions are
necessary. Even trace amounts of impurities on the glassware (Podgorsak and
Schreiner, 1992) can affect the dose response of the system. In addition, the
spontaneous oxidation of ferrous ions imposes a constraint on the time
elapsed between sample preparation and irradiation and between irradiation
and analysis.

The dose, D, absorbed by a Fricke dosimeter can be calculated from a
measurement of the change in ferric ion concentration, A[Fe3+], using the
following expression (Johns and Cunningham, 1953):

AlFe*| =D G[Re3+) 100 | (3.20)
N A€
where A[Fe3+] is in mM, G(Fe3+) is the G-value in #ions/100 eV, D is in Gy, p
is in kg/liter, Na is Avogadro's number and ‘e’ is the number of Joules per
electron volt. Different experimental techniques may be used to measure the
concentration. Fricke originally monitored ferric ion production using a
titration method (Fricke and Morse, 1927). The most widely used method is

spectrophotometry which will be discussed in more detail in Section 4.4.
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Basically it involves measuring the dose-induced change in optical density of
the dosimeter solution at a particular wavelength. An alternative for Fricke
dose quantification has been introduced that involves nuclear magnetic

resonance spin relaxation techniques.

3.2.2 NMR Dosimetry Using Aqueous Fricke

In 1984, Gore et al. proposed that the radiation induced changes in
ferric ion concentration of a Fricke dosimeter could be measured using proton
Nuclear Magnetic Resonance (NMR) methods. Although these methods are
less precise than spectrophotometry, they were deemed important since they
opened up the prospect of a three dimensional (3-D) radiation dosimetry
using MRI, an imaging modality based on NMR.

The NMR methods exploit the differences in the abilities of Fe2*+ and
Fe3+ to enhance proton relaxation in water arising from the dipolar coupling
between the magnetic moments of the water protons and the paramagnetic
ions (see Section 2.5). The relaxation enhancement is greater for Fe3+ than for
FeZ+ so that the spin-spin and spin-lattice relaxation rates, Ry and Ry,
respectively, of an irradiated Fricke solution increase with absorbed dose. The
relationship between the proton R; and the concentration of ions and hence
the absorbed dose is well understood and is discussed below (Gore et al., 1984;
Podgorsak and Schreiner, 1992). The relationship was derived by assuming
fast exchange (see Section 2.6) between the water found in three different
environments in the irradiated dosimeter: the bulk water and the water
hydrating the Fe2* and Fe3+ ions. The longitudinal magnetization recovery
for a system in fast exchange is characterized by a single exponential and

apparent relaxation rate Rj. A general expression for the apparent Rj of a
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heterogeneous system in terms of the inherent rates of the protons in each
environment or group was presented earlier (Section 2.6). For the aqueous

Fricke dosimeter the equation for R; becomes,
R = P3+ R%+ + P2+ R%+ + (1 - P3+ - P2+ )R‘{vater , (3.21)

where Ril (i = 2+, 3+, water) is the inherent rate for the respective
environments of water protons and p! is the fraction of all the protons in
each environment. The proton fractions can be expressed in terms of solute

concentrations as follows:

p3+ = k3+[Fe3+] and pZ* = kZ*[Fe2+], (3.22)

where ki is the fraction of water protons per unit solute concentration and [i]
is the concentration of the solute.

Regrouping the terms in Eq. 3.21 one obtains:

R; = k> (R} - Ry [Fe*]| + k2* [R}* - R [Fe®] + RY™™,  (3.23)
where the coefficients of the concentrations are the relaxivities of the
respective solutes. The relaxivities are a measure of the ability of a solute to
enhance spin-lattice relaxation of water protons, and can be determined from
the slopes of plots of R; versus [i]. Expressing the relaxivities as,

ri =ki (Ryi -Rywater) | (3.24)
and noting that the sum of the Fe2+ and Fe3+ concentrations is always equal to

the original Fe2+* concentration prior to irradiation (i.e., [Fe2+] +

[Fe3+] = [Fe2+],), Eq. 3.23 becomes:

Ry = (13* - 12+) [Fe¥*] + 24 Fe?*], + R}, (3.25)

where the last two terms are independent of dose. It is the difference in the

Fe2*+ and Fe3* relaxivities which enables Ry to be used as a probe for dose.
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Using Eq. 3.25, a change in ferric ion concentration, A[Fe3+], can be expressed

in terms of the measured change in the longitudinal relaxation rate, ARy, as:

3+ ARl
A[Fe ] = m .. (3.26)

Substituting Eq. 3.26 into Eq. 3.20, the following expression is obtained for the

absorbed dose in terms of the longitudinal relaxation rate:

_ AR 9.64x10° (3.27)
3+ - %) G(Fe™) p
A fast exchange model will be presented for a ferrous sulfate doped

gelatin system in Chapter 5.

3.2.3 Ferrous Sulfate-Doped Gel Dosimeter

The reactants and radiation products (Fe3+) in an aqueous Fricke
solution diffuse freely throughout the volume of the solution. Thus, a Fricke
dosimeter only provides a measure of the average dose absorbed within the
container holding it. A ferrous sulfate solution can be prepared in a gel
matrix to limit diffusion so that the ferric ions remain close to their point of
production, and better maintain the spatial integrity of the dose distribution
in the dosimeter. In addition to spatially stabilizing dose information, the gel
also contributes to the oxidation of ferrous ions during irradiation, thus
enhancing the chemical yield of ferric ions and increasing the dose sensitivity
of the dosimeter.

Since the initial proposal of the aqueous Fricke NMR dosimeter, most
dosimeters investigated have been gels infused with ferrous sulfate. A

ferrous sulfate-doped gel (or Fricke gel) typically consists of 1 mM ferrous
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ammonium sulfate, 1 mM NaCl (optional), 0.05 M H,SO4 and 1-2% agarose or
~5% gelatin by weight. The reasons for this composition, and the effect of the
gel dosimeter's composition on various practical aspects of the gel dosimeter,

will be reviewed in Section 3.2.4.

Gel Matrix

A gel is a 3-D network or matrix of crosslinked polymer molecules that
retains the solvent in which it is swollen (Encyclopedia of Polymer Science
and Eng., 1985). Without the solvent the matrix would collapse. A polymer
on the other hand is a macromolecular chain of repeating monomer units.
The polymer may be natural or synthetic, and may be crosslinked by strong
chemical covalent bonds or weak bonds such as hydrogen bonds. Covalently
bonded gels are insoluble in solvents that do not degrade the gel. Hydrogen
bonded gels will dissolve or undergo a transition from the gel phase to a
liquid phase as they are heated beyond their melting point. Typically ferrous
sulfate-doped gel dosimeters contain either agarose or gelatin gel. Both
substances are crosslinked mainly by hydrogen bonds, and both are natural
polymers. Agarose, a polysaccharide with the repeating unit C12H1405(OH)y,
is extracted from the agar found in red algaes (Olsson, 1991). Gelatin is a
polypeptide chain of amino acids obtained from denatured collagen. It does
not have a single particular repeating unit, but its average formula is given

by, C3.44NO2 20Hg 9 (Kron et al., 1993; Keller, 1993).

Reaction Scheme
A radiation reaction scheme, based on that for aqueous Fricke solutions
in the presence of organic additives, (Spinks and Woods, 1976) was proposed

for ferrous sulfate gels by Appleby et al. (1988). The scheme can be divided

3-13



into three steps: the initiation, propagation and termination of gel
macroradicals (Olsson, 1991).

The initiation step, involves the production of gel macroradicals, Re,
from the reaction of some products of water radiolysis with gel

macromolecules RH, i.e.:

ex + H30" - He + H,O, (3.28)
OH+ + RH - Re + H,0, and (3.29)
He+ RH - Re+ H;. (3.30)

Reaction 3.29 competes for OHe with Reaction 3.18 seen previously in the
aqueous Fricke reaction scheme in which Fe2+ is converted to Fe3+. However,
Reaction 3.29 dominates, because [RH] is much higher than [Fe2+]. Hence,
Reactions 3.14 to 3.17 describing the oxidation of Fe2* for aqueous Fricke
solutions, still occur in the presence of gelatin whereas Reaction 3.18 is
superseded by Reaction 3.29.

The propagation step involves a chain reaction whereby macroradicals

are continuously being produced:

Re+ Oy - RO;,e

’ (3.31)
Fe’* + ROy + H30" - Fe’* + ROH + Hy0 532
RO,H + Fe** - Fe** + ROe + OH", and
(3.33)
RO+ + RH - R*+ ROH -
(3.34)

Reaction 3.31 indicates that oxygen is required for the chain reaction to take
place. The chain reaction occurs because the gel macroradicals, Re, required
for Reaction 3.31 are continuously produced in Reaction 3.34 of the

propagation step.
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The chain reaction is terminated by the following reactions:

Fe3* + Re + HO — Fe?* + RX + H307, (3.35)
Fe3* + Hy,O + ROye — Fe?* + H30" + 0, + RX, (3.36)
Fe’* + Re - Fe’* + R, (3.37)

Fe?* + H;0" + RO* — Fe** + H,0 + ROH,, (3.38)
Fe?* + OHe — Fe** + OH". (3.39)

where RX and ROH are the reduced and oxidized forms of RH, respectively.
Termination occurs because each reaction eliminates a radical.

The above reaction schemes indicate that the gel provides additional
pathways to those observed in aqueous Fricke for the conversion of ferrous

ion to ferric ion, and thus, increases the ferric ion yield.

3.2.4 Literature Review: Fe2+-Doped Gel Dosimeters

Gore et al. (1984) were the first to propose the combined use of ferrous
sulfate doped gel dosimeters and magnetic resonance imaging to detect and
measure 3-D radiation dose distributions. Past investigations of the
applications and practical aspects of the dosimeter are reviewed below.
However, few studies have dealt with modeling the dose response of proton
relaxation in ferrous sulfate-doped gel dosimeters. Such studies are presented
in Chapter 5.

Applications

Ferrous sulfate-doped gel dosimeters have been used in basic studies
involving rectangular beams of high energy x-rays or y-rays and electrons. As
early as 1986, Hiraoka ef al. produced MR images of dose distributions

produced by photon and electron beams in homogeneous and
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inhomogeneous ferrous sulfate-doped Sephadex gel phantoms. They also
presented two other electron beam studies involving ferrous sulfate-doped
Sephadex gels (Hiraoka et al., 1992 and 1993). However, the resulting MR
images of the complex isodose distributions were not verified by comparisons
with other dosimetry techniques or with calculated treatment plans. Hiraoka
et al. (1993) did show excellent agreement between simple central axis percent
depth doses (PDDs) determined using both MRI methods and an ion
chamber. In another study, sophisticated chest and head anthropomorphic
phantoms containing actual bone, and lung substitutes were used (Hiraoka et
al., 1992). Thomas et al. (1992) also looked at the effect of lung
inhomogeneities on the isodose distributions using an agarose-based ferrous
sulfate-doped gel dosimeter irradiated with a 60Co beam. Slight discrepancies
(~3%) were found under the lung inhomogeneity between MR isodose curves
and isodose curves calculated using a treatment planning algorithm. These
were thought to arise from susceptibility artifacts in the MR images. Both
Appleby et al. (1987) and Olsson ef al. (1990) employed agarose based gel
dosimeters and found qualitative agreement between MR PDD data for high
energy photon and/or electron beams and PDDs determined using ionization
chamber or diode detectors; the MR PDD data with 20% scatter was well
centered about the alternately determined PDDs. However, the MR
determined doses near the surface of the gel were found to be too high
(Olsson et al., 1990). Prasad et al., (1991) found qualitative agreement between
MR-determined and calculated isodose contours in an axial plane through
the dose distribution produced by a 6 MV rectangular photon beam. In a low
energy x-ray study (Kron and Pope, 1994) the central axis PDD data obtained by

MRI with agarose-based dosimeters were within 10% of calculated PDDs.

3-16



Furthermore, difficulties were encountered trying to determine the
maximum dose at the surface of the dosimeter.

Other applications for which the high spatial resolution and the 3-D
MRI gel dosimetry are particularly well suited include radiosurgery and
brachytherapy; both techniques are characterized by high dose gradients and
can provide complex dose distributions. Radiosurgery involves the
irradiation of lesions (usually cerebral) using narrow beams that intersect at
the lesion, but originate from many directions. This technique usually
involves a stereotactic frame for localization of the target volume. Olsson
et al. (1991) employed a gamma knife (consisting of 201 hemispherically
distributed and collimated ¢0Co sources) to irradiate a head-shaped phantom
containing a ferrous sulfate agarose dosimeter and produce a spherical dose
distribution 10 mm in diameter at 50% relative dose. The measured isodose
contours were in good agreement with those calculated using a treatment
planning system, however, the measured center of the dose distribution
differed by 1 mm from the localized center determined using the stereotactic
frame. Schulz et al. (1993) obtained agreement within 1 mm between the
position of the localized target center and that of the measured center of a
spherical dose distribution; the distribution was produced in a head phantom
containing ferrous sulfate gelatin using McGill technique dynamic rotation of
the couch and gantry. Rousseau et al. (1994) presented a more elaborate study
where an anthropomorphic skull phantom of agarose-based gel was
irradiated with a double isocenter to give an asymmetric dose distribution.
The MRI isodose contours agreed with the calculated isodose contours to
within 1 mm. Similarly, an agreement to within 5% was found for a skull
phantom of gelatin gel irradiated with five narrow intersecting non-coplanar

beams (Chan and Ayyangar, 1995a). The resulting dose distributions were
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viewed in 3-D, and evaluated in 3-D with the use of a cumulative dose
volume histogram (fraction of the total irradiated volume irradiated from
100% of the total dose to x% of the total dose versus x%). Three dimensional
views of brachytherapy radiation dose distributions have also been produced
(Schreiner et al., 1995).

Ferrous-sulfate doped gel dosimeters are practical for detecting dose
distributions of High Dose Rate (HDR) brachytherapy procedures where the
irradiation times are relatively short compared to the diffusion of ions and
concurrent loss of dose information (see below). Diffusion problems have
been observed for a ten hour irradiation of an eyeball phantom with a low
dose rate 106Ru eye applicator (Olsen and Hellesnes, 1994). Very good
agreement between PDD data measured by MR gel techniques and calculated
PDD data or PDD data measured by alternate methods has been observed for
HDR irradiations of ferrous sulfate-doped gelatin gels (Olsen and Hellesnes,
1994; Parker et al., 1994; Schreiner et al., 1994b) . In the two latter references a
novel method was used for determining the MR dose distributions directly
from MR intensities. Magnetization to dose calibration curves relating MR
intensity for specific pulse sequences to dose were used. Previous MRI dose
determinations typically involved converting multiple MR image sets to Ry
or Ry maps which could be related to dose using established or calibrated

relaxation rate dose responses.

Practical Aspects
In Section 3.1.1 it was stated that an ideal dosimeter should have a
number of features. The studies addressing these requirements for ferrous

sulfate doped gels are reviewed below.
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C

i) ease of preparation and use / impurities  Aside from using precise

quantities of dosimeter constituents, certain precautions must be taken
when preparing the gel dosimeters. For instance, the oxygen in agarose-
based dosimeters that is lost when the gel is heated beyond its melting
point (~95°C) must be replaced since it is required for the oxidation of Fe2+
ions to Fe3+ ions (Appleby et al., 1988; Olsson et al., 1989). This does not
pose as great a problem for gelatin-based dosimeters which have a much
lower melting point (~45°C).

It has been observed that the response of agarose-based dosimeters was
affected by the cooling rate (Olsson et al., 1991), heating duration
(Gambriani ef al., 1994; Kron et al., 1993) and by the time between heating
and addition of the ferrous ion solution (Kron ef al., 1993). Thus, the
heating history of a dosimeter during preparation must be regulated in
order to obtain reproducible responses. This may be difficult to achieve for
large volumes of agarose-based gels and variable dose responses may exist
throughout the volume of the gel because of nonuniform cooling. Also,
storage temperature and light may affect R1 and Ry throughthe
spontaneous oxidation of ferrous ions in the dosimeter.

Impurities appear to have little effect on the dose response of ferrous
sulfate-doped gels. Appleby et al. (1987) originally believed that the high
yield of ferric ions observed in an agarose gel containing benzoic acid
impurities arose from the impurities. More recent studies revealed that
benzoic acid had little effect on the dose response of ferrous sulfate-doped
agarose (Gambriani ef al., 1994) and gelatin gels (Duzenli ef al., 1994; Keller,
1993).
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ii) energy /dose rate The dose response of the ferrous sulfate-doped gel

dosimeters has been found to be independent of dose rate over a range of
at least 0.4 to 24 Gy min-l. It was also independent of radiation energy for
high energy photons over a 6 - 18 MV range and high energy electrons
over a 6-18 MeV range (Olsson, 1991) as well as low energy photons over a

range of 30 - 70 keV (Kron et al., 1993).

iii) temporal stability The dose information in a ferrous sulfate-doped gel

dosimeter is not stable over long periods of time because of the
spontaneous oxidation of ferrous ions and the diffusion of ions. The
diffusion coefficient of ions has been found to be about 2 mm? hr-1 for
agarose-based gels (Schulz et al., 1990; Olsson et al., 1992; Kron et al., 1994)
and polyacrylamide-based gels (deGuzman ef al., 1989). In other studies
the effect of diffusion was observed on the shape and width profiles
through imaged dose distributions (Hiraoka et al., 1986; Appleby et al.,
1987; deGuzman et al., 1989; Olsson et al., 1992; Hiraoka et al., 1992;
Gambriani et al., 1994; Hiraoka et al., 1993; Schreiner et al., 1994b). The
general consensus is that the dosimeter should be imaged within at most a
few hours after being irradiated. Ayyangar and Chan (1995) have found
that diffusion effects were less for dose distributions having low dose
gradients and hence low ferric ion concentration gradients, and that the
dosimeters may be imaged much later.

The spin relaxation times have been found to decrease a few ms per
hour because of the spontaneous oxidation of ferrous ions ( Olsson ef al.,
1989; Kron et al., 1993; Keller et al., 1993; Duzenli et al., 1994). In addition,
spontaneous oxidation caused the Rj and Ry dose response of gelatin gels

to shift upwards with time without changing the shape of the dose
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response curves (Keller ef al., 1993; Duzenli et al., 1994). This is contrary to
findings by Gambriani et al. (1994) which indicated that the dose
sensitivity of agarose-based gel dosimeters changed with time. It is
possible that the rate of spontaneous oxidation rate may be affected by the
storage temperature of the dosimeters.

Thus, the temporal instability of the ferrous sulfate gel dosimeters
places constraints on the time elapsed between preparation and
irradiation, on the duration of the irradiation and the time delay between
the irradiation and an imaging of the gel. While this makes the
dosimeters inappropriate for low dose rate irradiations, the constraints can

be met for most high dose rate applications.

iv) reproducibility and resolution The degree of reproducibility of the dose
response observed in several studies appears to depend on the preparation
procedure. Appleby et al. (1988) found that their results were reproducible
within 15%; the greatest deviations were observed when the O; content of
the gels was varied. Studies in which the heating and oxygenation
protocols were relaxed indicated a 50% variability in the dose sensitivity of
agarose-based dosimeters (Kron et al., 1993; Rousseau ef al., 1994).
However, by using strict preparation procedures, Gambriani et al. (1994)
achieved a variability in dose sensitivity of less than 1%.

The reproducibility of doses measured by MR imaging is difficult to
assess for ferrous sulfate-doped gels because the temporal instability of the
dose information does not allow repeated imaging of an irradiated gel.
However, the MR reproducibility may be evaluated by using the polymer

gel dosimeters in which dose information is permanent.
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The minimum detectable dose or dose resolution quoted for ferrous
sulfate-doped gel dosimeters typically ranged from 0.5 to 1 Gy (Hiraoka et
al., 1986; Olsson et al., 1989). Spatial resolutions of 1 mm are readily
available for MR images with fields of view of about 24 x 24 cm? and
composed of 256 x 256 pixels. The spatial resolution may be improved by

decreasing the field of view or increasing the number of pixels.

tissue equivalence The tissue or water equivalence (see Section 1.2.2) of
various ferrous sulfate-doped gel dosimeters has been established using
different methods. Olsson and Mattsson (1991) compared the calculated
mass attenuation coefficients and mass stopping power ratios (see Section
1.2.1) of an agarose-based dosimeter to those of water, and found that the
quantities agreed within 1% over an energy range of 0.01 to 50 MeV. Kron
et al. (1993) investigated the tissue equivalence of various gel dosimeters
for a low energy photon range. The effective atomic number (see Eq. 1.1)
and CT numbers (x-ray computed tomography parameter related to the
linear attenuation coefficient, electron cross sections and electron density)
compared very closely to that of water. Also the Ri-dose response was
found to be independent of photon energy over a low energy range. Chan
and Ayyangar (1995b) used Monte Carlo simulations to calculate the gel to
water energy deposition ratio for different gel dosimeters, and for both
electrons and photons of varying energies. The ratios were determined
along the central axis, an off-centered axis and a profile of the dose
distribution produced by a 10 x 10 cm?2 radiation field. The variability in
energy deposition was typically <2%, and the gel dosimeters were
classified as water equivalent for the photon and electron beams used in

radiotherapy.
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Dose Response Studies

A number of studies have investigated the effect of different variables
on the R; and Ry dose response of ferrous sulfate-doped gel dosimeters. It is
difficult to compare the results of these investigations since many variables,
such as the gel, ferrous ion concentration, sulfuric acid concentration and
oxygen concentration, change from one study to the next. Also, the studies
were not usually performed with the direct goal of optimizing the dose
response in terms of dose sensitivity, dose range and dynamic range (See
Section 3.1.2). Nevertheless some general observations can be made. To
assist in this discussion the dose sensitivities, dose ranges and dynamic ranges
reported by various workers, are extracted from their data, and presented in
Table Al-1 in Appendix 1.

Three main gels have been studied for MR-based dosimetry: agarose,
gelatin and Sephadex (see Table Al-1). The dose response of these gels
differed significantly. The Fe3*+ G-values of the agarose-based dosimeters
(~ 100 ions/100 eV) were about twice those of the ferrous sulfate gelatin
(~50ions/100 eV) which in turn were about three times that of aqueous
Fricke (~15.8ions/100 eV). The Rj-dose sensitivity in turn was of the order
of 0.1-0.2 s1Gy-1, 0.04 s'1Gy-1 and 0.1s"1Gy-! for the agarose, gelatin and
Sephadex-based dosimeters, respectively (at 20 MHz).

The sensitivity of the Fricke-gel dosimeters has also been measured as a
function of other preparation parameters. The dose sensitivity has been
found to decrease with increasing gel concentration in both agarose (Olsson
et al., 1989) and gelatin (Olsson et al., 1989; Duzenli et al., 1994) based
dosimeters. Schulz et al. (1990), on the other hand, reported that the dose

response remained constant with agarose concentration. Contradictory
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results have been observed for the dependence of the ferrous sulfate gel
dosimeters on initial ferrous ion concentration [Fe2+],. Appleby et al. (1988),
Olsson et al. (1990) and Kron and Pope (1994) all reported a decrease in
chemical yield and dose sensitivity with increasing [Fe3+], (from 0.1 - 2 mM).
Schulz et al. (1990) and Hazle et al. (1991), on the other hand, reported no
dependence of the response on Fel+ jon concentration above 0.5 mM
although it did decrease for [Fe3+], < 0.5 mM. The dependence of the dose
sensitivity on [H2SOj4] seems to vary with the gel system. In agarose-based
dosimeters the sensitivity was essentially constant for [H2SO4] ranging from
0.05 to 0.4M (Schulz et al., 1990; Olsson et al., 1990). In gelatin-based
dosimeters the chemical yield and dose sensitivity increased with increasing
[H2SO4] (Duzenli et al., 1994).

Most studies have focused on the effect of variables on the Rj >-dose
response as a whole when, in fact, the response is governed by two separate
mechanisms, the chemical response of the dosimeter to radiation as expressed
by chemical yields and the response of R; and R to the ferric ions. This
breakdown becomes evident when physical models relating R > to dose are
considered such as those for aqueous Fricke dosimeters (Gore et al., 1984;
Podgorsak and Schreiner, 1992) or ferrous sulfate-doped gelatin dosimeters
(Audet et al., 1993; Duzenli et al., 1994). The ability of Ry to respond to
radiation-induced increases in ferric ion concentration has been gauged by the
ratio of the ferric ion relaxation rates to the ferrous ion relaxation rates,
R, 3*/Ry,2* (recall Section 2.6). In aqueous Fricke systems, calculated and
measured Ri3+/R;2+ ratios have been found to vary from about 17 to 19 for
frequencies ranging from 20 to 64 MHz (Gore et al., 1984; Podgorsak and

Schreiner, 1992; Prasad et al., 1991). The ferric and ferrous ion relaxivities,
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r;,3% or r,,2* can also be used to gauge the response of Ry 2 to dose (see Section

3.2.2); some published values are listed in Table 3.1.

Table 3.1 Published relaxivity data for different dosimeter systems and NMR resonant
frequencies. The relaxivities r{ and ry correspond to the spin-lattice and spin-spin relaxation
rates R and Ry, respectively.

Vo r12+ r13+
Aqueous Fricke
(Gore et al., 1984) (37°C) 20 MHz 0.43 8.37
(Prasad et al. 1991) 64 MHz 0.5 9.6

122+=0.4 ry3+=10.2

(Podgorsak and Schreiner , 1992) 25 MHz 0.45 7.98

9 MHz 0.45 12.1
12% Gelatin (Duzenli et al. , 1994) 100 MHz rn2t=171 ry3+=15

The resonance frequency at which R; is measured affects the dose response
(see Table A1-1). Schulz et al. (1990) found that in agarose dosimeters the dose
sensitivity and dynamic range both increase with an increase in frequency
from 20 MHz to 85 MHz whereas the opposite was observed in an aqueous
Fricke dosimeter for an increase in frequency from 9 MHz to 25 MHz
(Podgorsak and Schreiner, 1992). Duzenli ef al. (1994) observed an increase in

the Ry of ferrous sulfate gelatin dosimeters with frequency.
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In addition to being essential for the dose response of ferrous sulfate-
doped gels, oxygen can also affect the dose sensitivity, dose range and dynamic
range of the dose response. Olsson ef al. (1989) found that oxygenation was
necessary in agarose gels to obtain a linear dose response, and that the dose
sensitivity increased with oxygen content. Appleby ef al. (1988) found that the
ferric ion G-value and the dose range of agarose-based gels increased with
oxygenation. Recent studies indicate that the dose response of gelatin-based
dosimeters may also improve somewhat with additional oxygenation. Keller
(1993) found that by oxygenating the gel, the gel's dose range increased from
40 to 80 Gy and its dynamic range increased from 1.7 to 3.5 s1 whereas its dose
sensitivity remained unchanged. Duzenli et al. (1994) found that smaller
samples in which air could easily penetrate the whole volume, had a dose
range of 120 Gy and a dynamic range of 7 s1 instead of the 50 Gy dose range

and 3 s dynamic range observed for larger, less aerated samples.

Conclusion

The chemical dosimeter systems providing the best response can
be determined from the data compiled in Table 3.1. The greatest dynamic
range and dose range was found for gelatin gels and seemed to be limited by
oxygen depletion since not all the ferrous ions have been converted when the
response saturates (Keller, 1993; Duzenli ef al., 1994). The greatest dose
sensitivity observed was about 0.2 s'1Gy-! for the Ry-dose response of an

oxygenated agarose-based gel dosimeter (Gambriani et al., 1994).
Gelatin-based dosimeters, although less sensitive to dose, were chosen
for the ferrous sulfate gel dosimeter studies in this thesis (Chapter 5). Gelatin
is inexpensive (Sephadex ~$4000/kg; agarose~$2000/kg; gelatin $40/kg) and

the gelatin-based dosimeters are easier to prepare. As mentioned previously,
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agarose gels must be heated to higher temperatures during preparation thus
necessitating reoxygenation procedures. Also, the higher temperatures will
create greater cooling gradients that could affect the uniformity of the dose
response throughout the gel's volume. Rj-dose responses of the ferrous
sulfate gelatin dosimeters were studied instead of Ry-dose responses because

the response is easier to model.

3.3 Polymer Gel Dosimeters

Three dimensional radiation dosimetry by MRI can also be performed
with polymer gel dosimeters which offer certain advantages over the ferrous
sulfate-doped gel dosimeters (see Section 3.3.3). The basis for the polymer gel
dosimeter is that radiation induces the polymerization and crosslinking of
monomers in a gel matrix. Section 3.3.1 introduces some general concepts of
polymerization, and some specific concepts that will be used later in Chapter 6
when polymerization in the presence of a gel matrix is discussed. The
monomers used for the polymer gel dosimeter studied in this thesis are
acrylamide and Bis monomers which form crosslinked polyacrylamide gels in
the absence of a gel matrix. The composition and structure of crosslinked
polyacrylamide gels are described in Section 3.3.2. Finally, a review of the
literature on polymer dosimeters, and their radiation response is given in

Section 3.3.3.
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3.3.1 Polymerization

General

While, the subject of polymerization is well covered in standard
textbooks (e.g., Odian, 1991) a brief review is presented here. A polymer is a
macromolecule consisting of a larger number of repeated units or monomers.
The process by which polymers are synthesized from monomers are termed
polymerization. In general, there are two types of polymerization: step and
chain polymerization. In step polymerization, two reactive monomers can
combine to form a dimer, and a third monomer can react with the dimer or
another monomer to form a trimer or another dimer, respectively, and so on.
Any two molecular species can react with each other, hence the polymer grows
in a stepwise fashion. Chain polymerizations, on the other hand, involve the
formation of a reactive center from a monomer. The reactive center can be
either a free radical, cation or anion. As monomers successively bond to the
reactive center, the polymer molecule grows, increasing in chain length by one
unit each time. For chain polymerization, the monomers cannot react with
one another as they do for step polymerization. Chain polymerizations that
involve two kinds of monomers or co-monomers are called co-
polymerizations. Important in the study of polymer gels are chain co-
polymerizations in which the reactive center is formed by a free radical rather

than by an ion.

Reaction Schemes
The reaction scheme for radical chain co-polymerizations consists of
three steps: the initiation, propagation and termination steps. These are the

same steps listed earlier for the reactions occurring in the ferrous sulfate gels
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(see Section 3.2.3). In the initiation step an initiator or primary radical, Ie,

reacts with the co-monomers, Mj and M, to form monomer radicals:

I +M;—= Mje, and (3.40)
Ie +My— Mpe (3.41)

There are several methods available to produce the primary radicals. By
applying heat to a monomer solution, thermal initiation produces monomer
radicals directly and causes the dissociation of an additional compound into
two primary radicals. Redox initiation produces primary radicals by oxidation-
reduction reactions. In photochemical initiation, a compound in the system is
excited by the absorption of UV or visible light, and either decomposes into
radicals or interacts with a second compound to form radicals. For the studies
in this thesis, initiation is achieved by ionizing radiation which excites and
ionizes the monomers, water molecules or gelatin in the BANG polymer gel
dosimeter to form primary radicals. Since the dosimeter is mainly composed
of water, most monomer radicals are expected to be formed indirectly by the
action of primary water radicals.

For radical chain polymerizations in general, the propagation step
involves the reaction of a polymer radical, Mp*, consisting of 'n' monomers

with a monomer, M, to form a polymer radical that is one unit longer, i.e.:

kp
Mpe +M - Mp,q* (3.42)

where kp is the propagation rate constant. The co-polymerization of two
monomers, M1 and My, is more complex, and will depend on the monomer at

the propagating end as follows:

kp11
M +M; » Mpe, (343)
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kp12

Mis +M; — Mye, (344)
kp21
Mj* +M; - Mje, and (3.45)
kp22
My* +M,; — Mpe, (3.46)

where the subscripts of Mj® and Mje refer to the monomer found at the
propagating end of the polymer and not to the length of the polymer. The

overall propagation rate is given by:

Rp =kp11[M1*][M1] + kp12[My *][Mo] + kpoa[Ma #][M>] + (3.47)
kpo1[M2*][M1] .

In the termination step, two polymer radicals can combine to form non-
reactive dead polymer. The three possible reactions for the radicals ending in

different monomers are:

ke11
Mj* +M;* — dead polymer, (3.48)
k22
My +Mjye — dead polymer , and (3.49)
kt12
Mj* +Mjye — dead polymer, (3.50)

where k; is the termination rate constant. The resulting rate of termination is

given by:

Rt = 2k¢11 [M1°]2 + 2k¢1o [M10][Mg ]2 + 2kon [Mpe]2. (3.39)

It is possible that in the BANG gel dosimeter the gelatin radicals may also

participate in the termination process.
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Chain Transfer and Inhibition
There are two other types of reactions which can affect polymerization:
chain transfer and inhibition. During chain transfer a substance XA
prematurely terminates a propagating radical by transferring species X to the

polymer macroradical, Mp®*, as follows:

kgr

My + XA-> M-X + A (3-52)

The radical Ae might re-initiate more polymerization however with a
different initiation efficiency. In the inhibition reactions, a substance Z reacts
with initiating and propagating radicals to produce non-radical species, My, or
radicals with very low reactivity, Ze or MpZse, i.e,,
kg
Mp*+Z—- My +7Ze or MjZs (3.53)
For example, oxygen is a powerful inhibitor that can react with the radicals to

form a relatively non-reactive peroxy radical,
Mn‘ +02 g Mn-OO' . (3.54)

This peroxy radical in turn reacts with other radicals to form non-reactive
species. The radiation response of the BANG polymer gel dosimeter is

inhibited unless it is purged of oxygen during preparation.

Kinetic Chain Length and Autoacceleration
It is necessary to address two polymerization concepts for the
explanations proposed in Chapter 6 on radical chain co-polymerization in the
BANG gel. The kinetic chain length, v, is defined as the average number of
monomer molecules consumed per radical formed. Alternatively, V can be
considered to be the number of growth steps between initiation and

termination of the polymer reaction. The kinetic chain length can be written
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in terms of the propagation and termination rates defined earlier (Odian,

1991),

V=Rp/Ry. (3.55)
The kinetic chain length is useful for relating the polymerization dynamics to
the amount of polymer formed. Also, as apparent from its definition, the
kinetic chain will be instrumental in defining the polymer yield for the BANG
dosimeter (see Chapter 6).

Autoacceleration is a process in which the rate of radical chain
polymerization increases rapidly as more monomer is converted to polymer.
As polymerization proceeds, the viscosity of the solution increases and the
diffusion of the reacting species decreases. The diffusion of the larger
macroradicals through the solution is more inhibited than that of the smaller
monomers. Hence, the termination reaction rate involving two large radicals
decreases more than the propagation rate involving a large radical and a small
monomer. According to Eq. 3.55, this implies that the kinetic chain length
(Rp/Ry) or amount of monomer converted per radical increases with the
extent of monomer conversion. Eventually, after large conversion of
monomer to polymer, the supply of monomers is exhausted and the value of

the kinetic chain length levels off.

3.3.2 Polyacrylamide Gels

The radical chain co-polymerization of acrylamide and Bis co-
monomers to form crosslinked polyacrylamide gels is the basis for radiation

dosimetry using the BANG gel. Crosslinked polyacrylamide gels have been

extensively investigated in the past because of their use in gel permeation
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chromatography and gel electrophoresis (Hsu and Cohen, 1984; Richards and
Temple, 1971; Weiss and Silberberg, 1977; Hsu et al., 1983; Geissler et al., 1982;
Ruchel and Brager, 1975). Both these techniques exploit the sieving action of
the porous gels to separate mixtures of macromolecules into components with
different sizes or net charge.

The polyacrylamide gels consist of two types of repeating units, the
acrylamide monomers and the crosslinking monomers or crosslinkers, N,N'-
methylenebisacrylamide (Bis or Bisacrylamide). Polyacrylamide gels are
formed by the radical co-polymerization of these co-monomers. During the
co-polymerization process (see Section 3.3.2), the carbon double bonds of
monomers are broken as the monomers bind to the reactive site of a polymer
macroradical and extend the macroradical. Because acrylamide monomers
only have one reactive carbon double bond, they form linear chains. The Bis
monomer, however, is a diene with two carbon double bonds. Both bonds can
link chains when activated and hence form a crosslink (see Fig. 3.2). Note that
in polyacrylamide the crosslinks are established through chemical covalent
bonds as opposed to the weaker hydrogen bonds which occur in agarose or
gelatin gels.

Polyacrylamide gels are characterized by the concentrations of co-
monomers in the solution prior to the synthesis of the gel. The specifications
most commonly used are the percent weight fraction of the gel that is co-
monomer (acrylamide and Bis), %T, and the percent weight fraction of all the

co-monomer that is crosslinker Bis, %C:

9T = 100 Mass of acrylamide + Bis
total mass of solution

(3.44)

%C =100 mass of Bis
mass of acrylamide + Bis

(3.45)
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Figure 3.2 Chemical structure of acrylamide, Bis and crosslinked polyacrylamide gel.
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Hence, 100 grams of gel containing 6 grams of co-monomer and 3 grams of
crosslinker is characterized as 6%T and 50%C. The upper limits of %T and %C
that can be used practically are defined by the solubility of the Bis (~3g/100g of
water). Both %C and %T affect the structure and properties of the gel. Many
studies have been performed to determine the effect of the gel's composition
on the physical properties of the gel, i.e., porosity, structure, sieving action, etc.
A review of these studies, partially outlined below, is given by Zhang (1990).

In the early 1970's, it was believed that the structure of polyacrylamide
gels was formed by a homogeneous network of connected acrylamide chains
defining the boundaries of the pores (Calvert, 1975). According to this model,
the size of the pores is of the order of tens of angstroms which agrees with the
size of the macromolecules normally fractionated by the gel. However,
further studies have indicated that the polymer gel structure consists of a
heterogeneous network of two phases, the polymer phase and the water phase
(Hsu and Cohen, 1984; Richards and Temple, 1971; Weiss and Silberberg, 1977;
Hsu et al., 1983; Geissler et al., 1982; Ruchel and Brager, 1975). This result is
consistent with a model proposed in 1958 by Kilb in which each reactive center
is taken to form a cluster of high co-monomer concentration. If the
concentration of co-monomers is too low, the clusters do not crosslink, and
system remains in the liquid-like, sol phase. As the concentration of co-
monomer increases so does the number of clusters accrued and, at a high
enough co-monomer concentration, the clusters crosslink together to form a
gel phase.

Electron micrograph studies of polyacrylamide gels have established the
structure of the heterogeneous gel as the gel composition is varied. The main
findings are reviewed here (Ruchel and Brager, 1975; Ruchel et al., 1978). The

pores containing the water phase, are much larger, than originally predicted by
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the model for homogeneous gels and are of the order of microns. The pore
size initially decreases with %C until a minimum size is reached at 5%C after
which it increases. The pore size decreases with %T. The pore limits are
defined by the polymer phase. The polymer phase may reach thicknesses of
the order of tens of microns. The walls thicken with %T. The structure of
polyacrylamide is mostly affected by %C, and varies from parallel leaflets of
polymer at low %C to random aggregation of highly condensed polymer beads
at high %C. The beads are large enough to scatter light and are responsible for
the increase in opacity of the gels with increasing %C. The scanning electron
micrographs of polyacrylamide gels were also found to be independent of the
temperature of polymerization, and of the motion of the system during
polymerization.

The formation of beads at high %C is pertinent to some results
presented in Chapter 6, and merits further attention. Gelfi and Righetti
(1981a) found that the polymerization kinetics slow down with increasing %C.
They attributed this to the formation of highly condensed gel regions into
which unreacted monomers have difficulty penetrating. They also found that
above 30% C of Bis (at 20°C) the gel regions are condensed enough to form
beads causing the gel to become opaque and hydrophobic. In another study
(Gelfi and Righetti, 1981b), it was found that lower %C gels became opaque if
the polymerization temperature was reduced low enough. This result was
attributed to regions of higher Bis concentration arising from the hydrogen
bonding of the Bis molecules. The hydrogen bonding hypothesis was
supported by the lack of opacity observed for a gel in which an anti-hydrogen

bonding solvent was used.
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3.3.3 Literature Review

Polymer gel dosimeters were developed for 3-D radiation dosimetry
using MRI by Maryanski et al. (1993) in search of a solution to the main
limitation of ferrous sulfate doped gels: the diffusion of the ions and
concurrent loss of spatial dose information over time. Other dosimeters
involving polymers or polymerization have been proposed in the past. Some
of the dosimeters consisted of dilute solutions of high molecular weight
polymer that degraded upon irradiation (Alexander and Fox, 1954; Feng, 1958;
Boni, 1961; Weisner, 1961; Audet, 1991). The absorbed dose was usually
determined from the resulting decreases in the systems' viscosity although
the dose could also have been determined by measuring the changes in NMR
transverse relaxation times (Audet, 1991). One dosimeter, an aqueous
monomer solution, involved the radiation induced polymerization of the
monomers, and was used to detect the threshold dose at which the solution
gelled (Hoecker and Watkins, 1958). These dosimeters, however, have never
gained widespread use, and are not eligible for 3-D radiation dosimetry since
the radiation-induced changes are spatially uncorrelated. Spatial correlation
has been achieved for polymer gel dosimeters by introducing acrylic
monomers into a gel matrix (Maryanski et al., 1993, 1994 and 1995) which
moderated the polymerization and crosslinking reactions of the monomers
so that the reactions did not propagate throughout the volume of the
irradiation cell. Thus, the amount of polymer formed was related to the dose
absorbed locally.

The BANANA (Bis Acrylamide Nitrous oxide ANd Agarose) polymer
gel dosimeter was the first to be developed (Maryanski ef al., 1993). As

indicated by its name, the dosimeter was an agarose gel whose aqueous phase
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contained Bis and acrylamide monomers. The gel was saturated with nitrous
oxide gas during preparation to purge oxygen which could inhibit the
polymerization of monomers (see Section 3.3.1). Agarose was later
substituted by gelatin as a gel matrix because the lower Rp of gelatin
broadened the dynamic range of the resulting 'BANG' dosimeter (Maryanski
et al., 1994; US Patent No. 5,321,357, 1994). A new polymer gel consisting of
acrylic acid monomers instead of acrylamide monomers produced improved
dose responses (see Table Al.2; Maryanski et al., 1995). Sodium hydroxide
which acted as a buffer, was added to the system to maintain a neutral pH.

The tissue equivalence of polymer gel dosimeters in terms of dose
absorption was assumed based on the density, atomic composition, electron
density and effective atomic number of the dosimeter (Maryanski et al., 1995).
Direct verification of the tissue equivalence by determination of the dose
absorption properties of the polymer gel dosimeters has not yet been
performed.

A compilation of published dose response data for polymer gel
dosimeters is presented in Table Al.2. The data indicates that R is at least ten
times more sensitive to absorbed dose than R; (Maryanski, 1993). Hence, R;
has been used for most polymer gel studies including the ones presented in
this thesis. In addition, the Rp-dose response is independent of irradiation
temperature. Furthermore, the Rjy-dose response can be improved by
decreasing NMR measurement temperature and increasing measurement of
frequency (Maryanski et al.,, 1993 and 1994). The best dose response, observed
at 85 MHz and 20°C for the BANANA polymer gel dosimeter, demonstrated a
dose sensitivity of 0.67 s1Gy-1, a dynamic range of 10 s-1 and a dose range of
15 Gy (Maryanski ef al, 1993). These values, although they show

improvement over the 0.2 s"1Gy-1 dose sensitivity and 7 s-1 dynamic range
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observed for ferrous sulfate-doped gel dosimeters (see Section 3.2.4), could be
improved by lowering the NMR measurement temperature, or varying the
composition of the gel ( see Chapter 6).

The main advantages of the polymer gel dosimeters over the ferrous
sulfate-doped gel dosimeters are their temporal stability, neutral pH, high
sensitivity and their visually observable dose response (Maryanski et al.,
1994). The crosslinked polyacrylamide formed in the polymer gels is spatially
fixed by the gel matrix and does not diffuse through the dosimeter volume as
do the ions in ferrous sulfate-doped gels. It was found that the Rj-dose
response of the polymer gel dosimeters did not vary significantly over the
span of several months (Maryanski et al., 1993; Wong et al., 1995). The
neutral pH of polymer gels prevents the MR imaging artifacts arising from rf
attenuation. These artifacts have been observed for Fricke solutions of large
enough volume (Maryanski et al., 1994). The polymer gels become opaque
when they are irradiated to an extent that is related to the dose through the
amount of polymer formed. Thus, the polymer gels can provide immediate
qualitative visual information.

Dosimetry applications of the polymer gels have demonstrated very
good quantitative agreement with measured or calculated dose data.
Irradiations of polymer gels that have been performed with high energy
electron and photon beams (Maryanski et al., 1993, 1994; and 1995), Iridium-
192 HDR remote after brachytherapy (Maryanski et al., 1994 and 1995) and
stereotactic radiosurgery (Maryanski et al., 1995). The use of polymer gels as
part of a dosimetry service, where dosimeters are shipped to remote sites, and
their use for quality assurance procedures for various clinical irradiation

modalities, have also been investigated (Ibbott et al., 1995).
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The BANG gel studies presented in Chapter 6 investigate in greater
detail the effects of NMR measurement temperature and gel composition on
the Ry-dose response of BANG gel dosimeters (data presented in Chapter 6
and reported in concurrent publications have not been included in this
review). The results are used to determine how the Rp-dose responses can be
optimized in terms of dosimeter composition and measurement
temperature. They are also used to investigate a preliminary model of the Rp-
dose response, and to better understand the mechanisms governing the dose

response of the BANG dosimeter.
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CHAPTER FOUR

Methods and Materials

The methods and materials pertaining to the two gel dosimeters are
presented separately since the studies on each were performed at different
institutes. All the procedures for the ferrous sulfate-doped gelatin dosimeters
were performed in the Medical Physics Department, McGill University
situated at the Montreal General Hospital, Montreal, Quebec whereas those
for the polymer BANG gel dosimeters were performed in the NMR Research
Group, Department of Diagnostic Radiology, Yale University, New Haven,

CT.

4.1 Measurement of T1 and T2

4.1.1 The Free Induction Decay (FID)

As mentioned in Chapter 2, a bulk sample of spins placed in a
homogeneous magnetic field, H=(0, 0, Hy), has a net, macroscopic equilibrium
magnetization oriented parallel to H along the z-axis, M=(0, 0, My). The
pulsed NMR methods used to measure the relaxation times of the gel
dosimeters involve perturbing the equilibrium magnetization through
irradiation with rf pulses and detecting the signal associated with the

evolution of the magnetization back to equilibrium.



An NMR spectrometer produces and transmits the rf pulses to the
sample by way of a coil or antenna oriented perpendicular to the main
magnetic field which is taken to be along the z-axis (see Fig. 4.1). The samples
are irradiated by a train of rf pulses commonly called a pulse sequence. The
duration of each pulse in a sequence is conventionally specified by its action
on the macroscopic magnetization. A 90° pulse, for instance, rotates the
magnetization by 90°. If the 90° pulse is acting on the equilibrium
magnetization M = (0, 0, My), it will rotate M away from the z-axis until it lies
in a perpendicular plane. Similarly, a 180° pulse will invert M = (0, 0, M,) to
M = (0, 0, -My).

After the application of a pulse the magnetization components relax to
their equilibrium values. For example, after a 90° pulse, Mxy approaches zero
as it rotates about the z-axis at a frequency of w, (see Eq.'s 2.9a and 2.9b ). This
oscillating and decaying magnetization induces a signal in the rf coil that is

directly proportional to Myy:
Myy (1) = My (0) exp (-4T3), @.1)

where T2™ is the decay constant. The detected signal is known as the Free
Induction Decay, FID (see Fig. 4.2).

The decay constant of the FID, T7*, is not governed solely by the spin-
spin relaxation time, Tz, determined by the structure and dynamics of the
spin system (see Chapter 2). It is also affected by the presence of static
magnetic field inhomogeneities, AH in H,. The field inhomogeneities
produce a spread in the Larmor frequency of Am=yAH. Hence, some of the

magnetic moments will be precessing faster than others. The range of the
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precession frequencies may contribute to the dephasing of the magnetic
moments and hence to spin-spin relaxation. The resulting decay constant of
the FID signal is given by (Farrar and Becker, 1971),

1 =L+l'yAH (4.2)
T, T2 2 '

4.1.2 RF Pulse Sequences: T2

While the FID is not characterized by the true Ty decay, Ty may still be
determined by using special rf pulse sequences. The effects of the pulses may
be described in terms of their effect on isochromats, i.e., the macroscopic
magnetizations of groups of spins precessing in phase. These sequences
refocus the isochromats dephased with respect to one another by using
additional 180° echo generating pulses. Thus, the spin-echo pulse sequence
(Hahn, 1950) consists of two pulses (see Fig. 4.2). The first pulse is a 90° pulse
which brings the magnetization into the transverse plane. The second pulse,
a 180° pulse, is applied a time, t = TE/2, later. On a microscopic level the 180°
pulse has the effect of flipping the isochromats 180° about the x-axis. Before
the 180° pulse the faster precessing isochromats are preceding the slower ones
and the shaded area depicted in Fig. 4.2 is increasing. After the pulse, the
faster precessing isochromats are behind the slower ones and the shaded area
is decreasing. Thus, a time, t=TE, after the 90° pulse the isochromats
rephase. As they do so, a signal or echo with a height proportional to
Mxy(t =TE) is produced. Unlike the field inhomogeneities which are
temporally stable, the dephasing arising from inherent T processes is not
undone by the 180° pulse because these processes are random in time. By

repeating the sequence with different TE's the Myy(t) curve corresponding to
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the real spin-spin relaxation can be established and T, can be determined. It
c should be noted, however, that if there is significant diffusion in the system,

the echo amplitude will be affected somewhat (see below).

dephased rephasing rephased
A
-y ’% ﬂ @%‘ @ precessing Wxy's
/& y /‘ e
o

180°

Measure:

A(TE) o My (TE)

TE/2 ECHO

@ Figure 4.2 Schematic depiction of the Hahn spin-echo pulse sequence, and the creation of a
spin echo induced by the rephasing of the precessing magnetic moments by the 180° pulse. The
dashed curve represents the decay of Mxy(t) according to Eq. 4.1 with Ty* replaced with Tp.
The x' and y' axes in the sketch show the precessing magnetic moments in a reference frame
rotating at ®g. The double and single arrows represent precession that is faster and slower than

0o, respectively.

A more practical pulse sequence than the spin-echo sequence is the
Carr-Purcell (CP) sequence (Carr and Purcell, 1954) which consists of a 90°
pulse followed a time, TE/2, later by a series of 180° pulses each separated by a
time t =TE. The single CP sequence produces a train of Hahn echoes. This
decreases the acquisition time drastically from that needed for the several
separate spin-echo sequences to produce the same number of echoes. The

amplitude of the nth echo in the CP train is given by,

A(nTE) = A0) exp{%ﬂ -Ln VG*D TE|. (4.3)
2



The additional term in the exponent in Eq. 4.3 accounts for losses in the
transverse magnetization decay arising from the diffusion of protons, D,
through magnetic field gradients, G. The diffusion effects can be minimized
by reducing, as much as possible, the time TE over which diffusion can occur.
The true Ty can thus be determined directly from the negative inverse of the
slope in a semi-log plot of the magnitude of the echo heights versus time (see
Fig. 4.5). The echoes in the train are alternately positive and inverted because
of phase differences. A variation of the CP sequence involving rf pulses with
alternating phases is the Carr-Purcell-Gill-Meiboom (CPMG) pulse sequence
(Meiboom and Gill, 1958; Farrar and Becker, 1971) that produces only positive
echoes in the train. The CPMG sequence has the added advantage that even if
the duration of the 180° pulses is slightly misadjusted, such errors are not

accumulative over the echo train.

4.1.3 RF Pulse Sequences: T4

The spin-lattice relaxation time, Tq, characterizes the recovery of the
longitudinal magnetization M, after perturbation. However, M; can not be
probed directly by the rf coil and, therefore, a pulse sequence which
incorporates a read pulse must be employed to monitor the recovery of the
longitudinal magnetization. In this work, T{ was measured using the
inversion recovery pulse sequence consisting of two rf pulses (see Fig. 4.3).

The first rf pulse is a 180° preparation pulse immediately after which
M;(t=0) = -M,. A time TI later, a 90° read pulse is applied; immediately after
this read pulse, Myy(TT) = Mz(TI). The signal amplitude A(TI) corresponding
to the ensuing FID's peak, is proportional to M,(TI). A(TI) is measured as
early as possible on the FID, typically 40 usec in this work, to avoid any signal

decay from T7 effects. One can define a reduced magnetization signal '[A(o)-
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A(TI)]/2A(s)" which gives the difference of the recovered magnetization
signal A(TI) from the equilibrium magnetization signal, A(e~), measured by a
single 900 pulse. The reduced magnetization signal evolves as :
In A(oo) - A(TI)) __TL (4.4)
2A() Ty’
and T can be determined from the reduced magnetization curve (see Fig.

4.4). Before repeating a pulse sequence for the different TI's, one must wait

for a time of about TR = 5T so that the magnetization can return to its
equilibrium value before the next rf excitation. In fact, this condition applies

for any pulse sequence.

| 90°  1f pulses

FID signal

Measure:
A(TD oo M(1 - 2 exp(-TI/Ty))

Figure 4.3 Shown is a schematic of an inversion recovery pulse sequence. The sample is
placed in the rf coil whose axis is perpendicular to the direction of Hg. The arrows representing
the magnetization vectors increase exponentially with time. The 180° rf pulse prepares the
magnetization and the 90° rf pulse at time TI rotates the evolved M; into the transverse plane
so that an FID (proportional to Mz(T1)) can be detected by the rf coil.



4.2 NMR Apparatus and Data Acquisition

4.2.1 Ferrous Sulfate-Doped Gels

The ferrous sulfate-doped gelatin dosimeters were analyzed with an
NMR system consisting of a Varian electromagnet (Varian Associates, Palo
Alto, CA), and a WNS (Waterloo NMR Spectrometers Inc., Waterloo, ON)
spectrometer operating at 25 MHz.

An inversion recovery pulse sequence was used to measure the T; of
the ferrous sulfate-doped gelatin dosimeters. The FID signal amplitudes were
measured using a Tektronix 2221 60 MHz digital storage oscilloscope
(Beaverton, Oregon, USA). The FID height, A(TI), was measured 40 psec after
the read pulse to avoid the receiver dead time of 15 usec between the end of
the pulse and the start of the FID. The FID decay signal did not decay
appreciably in the 40 psec interval since 40 psec « Tp. Typically, 6 to 10 TI's
ranging from 200 ms to 5sec. were used to characterize the longitudinal
magnetization decay, and TR was about 5sec. The signal for each TI was
averaged about 10 times. The longitudinal magnetization decays for all the
samples were exponential over a one decade range (see Fig. 4.4). The spin-
lattice relaxation times were determined using an exponential least squares
fit; the uncertainties quoted for the relaxation times are the standard
deviations obtained by the fits. All T1's were measured at 20°C within one
day of sample preparation. The Ti's for any sample containing Fe2+ were
measured 2 hours after preparation to avoid variations in T; brought about by

the spontaneous oxidation of Fe2+.
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The gelatin protons accounted for about 3% of the total magnetization
for the 10% gelatin solution. The contribution of the gelatin's magnetization
to the total magnetization was considered negligible, and the T; of water

protons was determined directly from the total magnetization.

4.2.2 Polymer BANG gels

The polymer BANG gel dosimeters were analyzed on a desktop Bruker
IBM minispec desktop relaxometer (Bruker Instruments, Billerica MA)
operating at 20 MHz and 40°C. The system consists of a permanent magnet
and a built-in pulse programmer and data acquisition system. The transverse
relaxation times were measured using a CPMG pulse sequence with
TE = 500 ps and TR =15 s since the T1's of the samples were at most 2-3 s.
Only every 8th echo was sampled, and the maximum number of echoes
allowed by the system was 140. For samples measured at 40°C the signals of

the echo train were averaged 16 times. For the temperature dependence



studies, the samples were equilibrated for 1 hour in an automated water bath
(Haake A81, Karlsruhe, Germany) at temperatures ranging from 5°C to 40°C
prior to analysis. Although the relaxometer operated at 40°C, the temperature
of a sample did not appear to change significantly over the 1 to 2 s duration of
a CPMG measurement. The Tp's reported for the temperature studies are the
average of 4 separate measurements made after the sample temperature was
re-established in the water bath. The uncertainty quoted for T is the standard
deviation in the 4 separate measurements.

The Ty's were calculated from the transverse magnetization decay
using an exponential least squares fit. Figure 4.5 shows some typical
transverse magnetization decays for BANG gel samples irradiated to different
doses. The minimum normalized echo amplitude measured was usually
20%. The mono-exponentiality of the transverse magnetization decay over a
greater range was verified by separate measurements on a 85 MHz NMR
system which allowed a longer echo train to be sampled (i.e., > 140 echoes).

A small but very quickly relaxing magnetization from the polymer and
gelatin protons was thought possible. However, no such component was
observed and all decays were mono-exponential. This is not unusual
considering that the first echo is acquired at 8 ms and the transverse
relaxation time for polyacrylamide protons in a 10%T and 1%C solution is
~ 13 ps (Zhang, 1990) and that for gelatin protons is expected to be of similar
magnitude. Under such conditions the polymer and gel proton

magnetization should decay to zero by the time of the first echo.
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4.3 Sample Preparation and Irradiation

4.3.1 Ferrous Sulfate-Doped Gels

All the Fe2+ and Fe3+ solutions were prepared by dissolving ferrous
and ferric ammonium sulfate salts (99%+ purity, Aldrich Chem. Co.,
Milwaukee, WI), respectively, in triply distilled water containing 1 mM NaCl
(reagent grade, Aldrich) and either 0.05 M or 0.19 M H3SO4 (reagent grade,
Baker Analyzed Reagent, Phillipsburg, NJ). All the solutions used for the
dose response studies contained 1 mM Fe2+. The Fe3* ion concentrations
were not calculated using the molecular weight of ferric ammonium sulfate
salt alone, because of the wunstable hydration of the salt (i.e.,
FeNH4(SO4)2+xH70O where x is variable). Instead, the Fe3+ concentration of a
0.4 M H3SOy4 solution of Fe3+ ion containing a known mass of the salt was

determined from a spectrophotometric absorbance measurement in Optical
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Density Units (ODU) assuming an extinction coefficient of 2205 ODU M-lcm-1
at 25°C (ICRU Report No.'s 17 (1970) and 21 (1972)). The appropriate
molecular weight was determined to be 351 instead of 482 corresponding to
hydration by 4.7 water molecules instead of a nominal 12 water molecules.

Acid-cured swine skin gelatin (Type A, 300 bloom, Aldrich) was slowly
stirred into the ion solutions, and heated to about 45°C at which point the
gelatin appeared to be completely melted. The solution was then quenched to
room temperature (~21°C) by immediately dispensing pl quantities into NMR
sample tubes of 5 mm LD. or ml quantities into UV-grade, methacrylate,
spectrophotometry cuvets with a 1 cm path length. The gelatin
concentrations varied from 5% to 15% by weight.

All ferrous sulfate gel samples were irradiated in phantom with a
Theratron 780 60Co y-ray unit (AECL, Kanata, Ontario) in the Department of
Radiation Oncology, Montreal General Hospital. The radioactive source is
housed in a standard treatment head which is mounted to a rotating gantry
with an isocenter 80 cm from the source. The output dose rate of the T-780
was calibrated with an NPL secondary standard ionization chamber and
reader (Nuclear Enterprises Ltd., Beenham, England) calibrated for 60Co y-rays
at the standardization laboratories of the National Research Council (Ottawa,
Canada). The dose rate at the depth of dose maximum, dyax = 0.5 cm, in
tissue equivalent phantom for a 10x10 cm? field at a source to surface distance
(SSD) of 80 cm was measured as 1.32 Gy/min on Oct. 1, 1992. Dose rates on
subsequent dates were calculated using the known exponential decay of 60Co
with a half-life of 5.26 years.

Different irradiation setups were used for the NMR samples in tubes
and the spectrophotometry samples in cuvets. The cuvets were placed with

their center at the depth of dose maximum in tissue equivalent media, and
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surrounded with tissue equivalent Lucite sheets. They were irradiated with
the same setup used for calibrating the output (i.e., 10x10 cm? field, 80 SSD).
The other setup for the gels in NMR sample tubes consisted of a phantom
mounted on a Lucite tray that fit into the accessory rails of the treatment head
(51.2 cm from the source). Three samples were fitted into holes spaced 3 cm
apart at a depth of 1.5 cm in a Lucite block mounted on the source side of the
tray. The dose rates at the three sample positions were determined using
thermoluminescent dosimetry with lithium fluoride crystals (TLD-100's).
The TLD's responses were first calibrated to known doses by placing them at
dmax in phantom in a 10x10 cm? field at an SSD of 80 cm. The light output
from the crystals was read using a Harshaw Model 2000 Thermoluminescence
Analyser (Harshaw Chemical Co., Solon OH). The calibrated TLDs were then
used to determine the average dose rate for all three sample hole positions
centered in a 17x17 cm? field. An average dose rate of 3.18 Gy/min was found

for each position on March 18, 1993.

4.3.2 Polymer BANG Gels

All BANG gel samples were prepared using acid-cured swine skin
gelatin (300 bloom, Sigma Chem. Co., 5t. Louis, MO), electrophoresis grade
acrylamide monomer and N,N'-methylene-bisacrylamide crosslinker (Bis)
(Bio-Rad, Richmond, CA) and water purified by ion exchange.

The gels were prepared in 100 ml quantities. The gelatin was dispersed
in the water at room temperature, and dissolved by heating the mixture to
60°C. First the acrylamide and then the Bis were added and dissolved by
stirring the mixture constantly at 60°C. Two milliliter quantities were poured

directly into the test tubes (13 mm O.D.) used for NMR analysis, and the test
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tubes were kept in a 60°C water bath. The samples were deoxygenated by
blowing heated and humidified argon or carbon dioxide containing less than
10 ppm O9 over the surface of a sample at a flow rate strong enough to agitate
the solution without causing it to foam. The samples were bubbled for 2
minutes before hermetically sealing and refrigerating them.

The BANG gel dosimeter compositions varied depending on the Ro-
dose response study. The gelatin concentrations ranged from 4% to 6% by
weight, the percent total monomer weight fraction varied from 4%T to 8%T,
and the percent weight fraction of Bis monomer ranged from 16%C to 83%C.
The most widely used compositions were of 5% gelatin, 6%T at 50%C or
67%C.

The BANG gel samples were irradiated at room temperature (~21°C)
with 250 kVp x-rays using a Siemens Stabiliplan Orthovoltage unit
(Department of Radiotherapy, Yale New Haven University Hospital). The
samples were irradiated in a Lucite phantom that fit into the collimator collar
on the output port of the unit. The dose rate at the samples was calibrated
using Fricke dosimetry and found to be 16.8 Gy/min and 3.5 Gy/min, for an
unfiltered beam and a beam filtered with 2 mm of Al, respectively. The
higher dose rate was more practical for delivering large doses on the order of
300 Gy. It was verified that the Ry-dose response was the same for both dose

rates.
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4.4 Spectrophotometry

When visible light passes through aqueous solutions of transition
metal ions, some frequencies can cause transitions to occur between the
electronic energy levels of the ions and photon can be absorbed in the process
(Segal, 1985). Different ionic solutions are characterized by different
absorption spectra. The fraction of incident radiation that is absorbed by a
sample is proportional to the concentration, [x], of the absorbing species in the
sample and can be measured with a spectrophotometer. This fraction is
known as the absorbance or optical density and for a particular wavelength ()

is given by (Johns and Cunningham, 1953),

Ay=¢g1 [X] , (4.5)

where Ay is in Optical Density Units (ODU), [x] is the molar concentration of
species x, €), is the extinction coefficient in ODU M-1 cm1 and [ is the optical
path length through the sample cell in cm.

The dose absorbed by a ferrous sulfate-based dosimeter can be related to
the change in the optical density of the dosimeter arising from the conversion
of Fe2+* to Fe3+ since the extinction coefficient for the two ions differ.
According to Eq. 4.5 and Eq. 3.20 the dose in Gy to the dosimeter can be related
to the change in absorbance, AAj), in ODU as follows:

D= A[Fe3+] 100Ny e,
p GlFe*) (4.6)
_ AA; 100N, e
ex! p GFe3Y)’

where A[Fe3*] is the change in the molar ferric ion concentration, p is the

density of the dosimeter in kg/1, G(Fe3+) is the G-value for the ferric ion in
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#/100 eV, Np is Avogadro's number, and 'e' is the number of Joules per
electron volt.

The response of the optical density to dose and to Fe2+ and Fe3+ ion
concentrations was measured for the various Fe2+ and Fe3* ion gelatin
systems mentioned in Section 4.3.1. These data provided the AAj/D and &)
necessary to determine the G(Fe3+) for the different systems. All these optical
density measurements were made at a wavelength of 304 nm and at 25°C
using a Spectronic 1001 spectrophotometer (Bausch and Lomb Canada,
Longueuil, Québec). This wavelength corresponds to one of the two peaks in
the absorption spectrum of a 0.4 M H;SO4 and Fe3+ solution which has a
corresponding extinction coefficient of 2205 ODU M-1 cm-1 at 25°C (ICRU
Reports No. 17 (1970) and 21 (1972)). The extinction coefficient for the Fe2+
ion at 304 nm is negligible.

The dose rate calibration of the BANG gel irradiation setup was
accomplished with Fricke dosimetry by irradiating the aqueous Fricke
samples for a known time and measuring the optical density of the Fricke
solution in a quartz cuvet with a 1 cm path length. The optical densities were
measured at 304 nm and 25°C on a Beckman dual beam spectrophotometer
(Fullerton, CA) with a Gilford adaptation (heated chamber). The dose
absorbed by the sample was then determined using Eq. 4.6, with
€ = 2205 ODU M1 cm! and G(Fe3+) = 15.5 ions /100 eV (Attix, 1986).
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CHAPTER FIVE

Results and Discussion:
Ferrous Sulfate-Doped Gels

While some of the radiation chemistry and practical aspects of the
ferrous sulfate-doped gel dosimeters have been investigated in the past (see
Section 3.2.4), a physical model for the Rj-dose response of the water protons
in gel dosimeters has not been developed. Such a model is presented for
gelatin-based dosimeters. It extends the three-site fast exchange model for the
aqueous Fricke system (see Section 3.2.2) by including a term for water
hydrating the gelatin. While this extension may seem trivial, it is
complicated by effects of the gelatin on the iron ion hydration. Furthermore, a
model for the Ri-dose response also allows for an absolute dosimetry whereby
the absorbed dose can be derived from fundamental physical variables instead
of a calibration of the dosimeter's response.

The model for the Rj-dose response allows for a better understanding of
the two mechanisms governing the dose response: the chemical response of
the dosimeter to dose and the response of R; to the ferric (Fe3+) ion produced
by radiation-induced oxidation of the ferrous (Fe2+) ion in the dosimeter. The
chemical response and the Rj-response are described by the ferric ion G-value
(G(Fe3+)) and the ion relaxivities (r2*+ and r3+), respectively. The effects of
gelatin concentration and sulfuric acid concentration on G(Fe3+) and r2+3+ are
studied, and the results are examined for possible ways of optimizing the

dosimeter. The fast exchange model is verified in two ways. First, it is
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compared to the r2+ and 13+ data. Second, the G(Fe3+) or NMR G-value,
determined using the NMR model, is compared to the G(Fe3+) determined by
‘standard spectrophotometry techniques (see Section 4.4). (Note that the

conclusions to this chapter are presented in Chapter 7).

5.1 Results

In order to establish the model relating the NMR spin-lattice relaxation
rate to dose, two categories of data were obtained. One category of data
established the dependence of Rj on the Fe3+ and Fe2+ ion concentrations; for
a linear dependence, the relaxivity of the ions was determined as the slope of a
fit through the data. The other category of data established the dose
dependence of Rj; the dose sensitivity was determined as the slope of the
linear portion of these data. The plots of the data used to determine
relaxivities and dose sensitivities are referred to as relaxivity plots and dose
sensitivity plots, respectively. The dose sensitivities and relaxivities were
then used to calculate the NMR G-values for the Fe3+ ion. Spectrophotometry
G-values were also determined for comparison using measured absorbance
dose sensitivities and extinction coefficients. The G-value results are
summarized later in Table 5.1. While many of the results have appeared in
previously published works (Audet et al., 1993; Audet and Schreiner, 1994;
Audet and Schreiner, 1995), they were all based on this thesis work and are
presented here for the first time in a complete and comprehensive fashion.

Figure 5.1 gives relaxivity plots in which longitudinal relaxation rates,
R1, are shown as a function of the Fe2+ and the Fe3+ ion concentrations for
various gelatin concentrations (in percent weight fraction). The measurement

error for all relaxation rate data shown in Fig.'s 5.1 to 5.4 is <1% which is
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Figure 5.1 The spin-lattice relaxation rate dependence on the paramagnetic ion
concentration in gels having different gel concentrations labeled on the graph (in % by weight).
The data are shown for both a) ferrous ions, Fe2+ and b) ferric ions, Fe3+. All samples contained
0.05 M sulfuric acid. The measurement error for the relaxation rates is < 1% which is smaller

than the data symbols.
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smaller than the data symbols. The solvent used to make the samples
contained 0.05 M sulfuric acid according to the established preparation
protocol (Appleby et al., 1988; Olsson, 1991; Hazle et al., 1991). The Fe2+ ion
data for the different gelatin concentrations follow parallel lines whose
intercepts increase with increasing gelatin concentration. The slopes of the
three lines give an average relaxivity, r2+, of 0.41 £ 0.02 s’ImM-! for the Fe2+
ion. (Note that unless stated otherwise all uncertainties presented are the
standard deviations determined from least squares fits). The intercepts of the
lines seem to overestimate the rates measured for the 0 mM Fe?+ ion
concentration which were not included in the fits.

The behavior for the Fe3+ ion is quite different from that of the Fe2+
jons; in particular the Fe3+ relaxivity seems to vary with gelatin concentration.
The data for the 5% and 10% gel concentrations are essentially linear; the
measured zero Fe3+ ion concentration is slightly greater than the intercept of
the linear fit. The slopes decrease with increasing gelatin concentration and
give relaxivities, r3+, ranging from 7.12 to 8.99 s’IlmM-! for gelatin
concentrations ranging from 0% to 10% For the higher gelatin concentrations,
12.5% and 15%, the data are no longer linear, and the R; values are not stable
over time.

Figure 5.2 shows the effect of increasing the sulfuric acid concentration,
from 0.05 M (see Fig. 5.1) to 0.19 M, on r2* and r3+ for the 5% and 10% gelatin
concentrations. The Fe2+ ion data for 0.19 M H»SO4 follow the same behavior
as that observed for 0.05 M HySOy4, and 12+ remains 0.41 s’lmM-1. For a given
gelatin concentration, the r3+ increases with sulfuric acid concentration. For
0% gelatin, r3+ ranges from 8.99 s"ImM-1 to 9.17 s-ImM-! for an increase in
sulfuric acid concentration of 0.05M to 0.19 M. For 10% gelatin, r3+ ranges

from 7.12s'ImM-1 to 873s-ImM-1 for an increase in sulfuric acid
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concentration of 0.05M to 0.19 M. Also, at 0.19 M H2SO4 discrepancies no
longer exist between the rates for the zero Fe3+ ion concentration and those
predicted by the fit intercepts.

As the ferrous sulfate-doped gelatin dosimeter is irradiated the ratio of
the Fe3+ to Fe2+ ion concentrations increases while the sum of the two
quantities remains fixed at the initial ferrous ion concentration. This
radiation effect was mimicked by preparing samples with varying ratios of
Fe3+ to Fe2+ ijon concentrations while keeping the sum of the two
concentrations constant at 1 mM. The spin-lattice relaxation rates of such
samples (5% gelatin and 0.19 M HpSOy4) are plotted in Figure 5.3 as a function
of increasing Fe3+ ion concentration and decreasing Fe2+ ion concentration.
The resulting slope of 8.43 +0.05 s"ImM-1 agrees very well with the difference
in the measured ion relaxivities, r3+-r2+, of 8.54 + 0.07 s"ImM-1 represented by

the dashed line.



The Rj-dose dependence of the ferrous sulfate-doped gelatin dosimeter
was investigated. Figure 5.4 shows Rj as a function of dose for samples
containing 0.05 and 0.19 M H3SO4, and 5% and 10% gelatin. The data show a
linear behavior until about ~ 40 Gy, where the rates begin to level off. The Ri-
dose sensitivities are listed in Table 5.1 for the various acid and gelatin

concentrations, and the dynamic range is ~ 1.6 s"1. The results in Table 5.1
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indicate that the NMR dose sensitivity decreases with decreasing sulfuric acid
concentration and with increasing gelatin concentration.

Spectrophotometric measurements, including extinction coefficients
and spectrophotometric dose sensitivities, were also made to support the
NMR observations. The extinction coefficient €, the spectrophotometric
analog of ion relaxivity, is defined as the change in absorbance in Optical
Density Units (ODU) per unit increase in Fe3+ ion concentration in mM and
per unit optical path length in cm (ODU mM-1cm-1). The spectrophotometric

dose sensitivities, given in ODU Gy-l, are determined as the slope of the linear
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Figure 54 Rj-dose responses for a) 5% gelatin and b) 10% gelatin and 0.05M and
0.19 M H2504. The dose sensitivities (slopes) decrease with increasing gelatin concentration
and decreasing sulfuric acid concentration. The dashed lines represent fits to the linear portion
of the R} dose-response for 0.19 M H3SO4. Saturation of the Rj-dose response begins at about
40 Gy because of the depletion of oxygen in the dosimeter.
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portion of absorbance versus dose data. Dose sensitivity plots are shown in
Fig 5.5 for 0.19 M H3SO4 ferrous sulfate doped-gelatin samples containing a)
5% gelatin and b)10% gelatin. The extinction coefficients and
spectrophotometric dose sensitivities decrease with increasing gelatin
concentration and decreasing acid concentration; this is the same behaviour
which was observed in the relaxivity studies.

The NMR and spectrophotometry data along with the derived G-values

are reviewed in Table 5.1.
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Figure 5.5 The spectrophotometric absorbance-dose response for a) 5% gelatin and b) 10%
gelatin at 0.19 M H2504. The different points represent samples from different batches, and
their agreement indicate very good reproducibility. The dashed lines represent fits to the

linear portion of the responses. The slopes of the lines are 0.0093 and 0.0091 £°0.0001 ODU Gyl
for 5% and 10% gelatin, respectively.
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Table 5.1

Calculated NMR and spectrophotometric G-values for various sulfuric acid and gelatin
concentrations. The r2+=0.410.01 s"ImM-! for all samples. The NMR G-values were derived

using Eq. 5.14 presented in Section 5.2.5.

NMR
[H2SO4] [gelatin] r3+ dose sensitivity G
(s"1Gy1) #Fe3+/100eV

M)  (Bbywt) (s 'mM-1) (£ 4%)
0.05 0 8.99 £ 0.04

5 8.50 = 0.07 0.0390 £ 0.0003 459

10 7.12 £ 0.06 0.0309 % 0.0006 43.4
0.19 0 9.17 £ 0.09

5 8.95 £0.05 0.0399 £ 0.0002 44 4

10 8.73 £ 0.06 0.0370 %+ 0.0006 429
0.40 0 9.82 £ 0.09 0.0154 £ 0.0002 15.8
0.036 0 7.46 £ 0.07

‘ Spectrophotometry
[H2SO4] [gelatin] extinction dose G
coefficient sensitivity #Fe3+/100eV

(M)  (®bywt)| (ODUmM-leml) (ODU Gy) ( 4%)

_ 1+ 0.0001 ‘
0.05 0

5 2.080 £ 0.014 0.0097 44.6

10 1.955 £ 0.013 0.0085 41.7
0.19 0

5 2.063 £ 0.014 0.0097 44 8

10 1.998 + 0.029 0.0091 43.1
0.40 0 12.205 + 0.033 10.0035 15.3
0.036 0 1.932 + 0.028

T extinction coefficient suggested by ICRU Reports No. 17 (1970) and 21 (1972);
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5.2 Discussion

The fast exchange model relating the measured spin-lattice relaxation
rate of the water protons to dose is presented (Section 5.2.1). The model is
then compared to the relaxivity data (Section 5.2.2) and subsequently modified
to account for the anomalous behavior observed for the ferric ion relaxivity
data (Section 5.2.3). The Rj-dose sensitivity data are discussed in Section 5.2.3.
To verify the model, the NMR G-values, determined using the model and the
relaxivity and dose sensitivity data, are compared to the spectrophotometric

G-values (Section 5.2.5).

5.2.1 Four-Site Fast Exchange Model for the

Ri-Dose Response

The spin-lattice relaxation of water protons in an irradiated ferrous
sulfate doped-gelatin dosimeter depends on the four groups of water existing
in their associated environments: the bulk water, the water hydrating the Fe2+
and Fe3* ions, and the water hydrating the gelatin. More specifically, it
depends on the inherent relaxation rate of each group, Rii, where i=2+, 3+, gel
or water, and the exchange of magnetization occurring between the groups
and the protons fraction in each group (recall Section 2.6). The water is
expected to exchange quickly between the four environments so that
relaxation in the ferrous sulfate doped gelatin dosimeter should fall under the
fast exchange regime. Fast exchange is expected, because it exists in both the
aqueous Fricke (Gore et al., 1984; Podgorsak and Schreiner, 1992) and the
aqueous gelatin systems (Maquet et al., 1986). In the limit of fast exchange, the

magnetization recovery is characterized by a single exponential and hence by
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single apparent longitudinal relaxation rate, R, where Ri is equivalent to A~
in Eq. 2.43, Section 2.6. Different expressions for the apparent rate can be
derived along the same lines as in Section 3.2.2. To begin with, Ry is simply
the sum of the inherent rates each weighted by the fraction of protons, pi, in

their respective groups, i.e.,
Ry =p* R}* + p2* R + pol RE + (1 - p3* - p2 - pee RY™™.  G.D

The proton fractions can be expressed in terms of solute concentrations as

follows:

p3+ = k3+[Fe3+], p2t = k2+{Fe2+], and pgel = kgel[gel] , (5.2)
where ki is the fraction of water protons hydrating solute i, per unit solute
concentration [i]. Regrouping the terms in Eq. 5.1 the following is obtained:

Ry = k> (Rf* - RY™) [Fe®*] + k2 (R} - R¥™) [Fe?*] + (53)

k& (R%'al - RV [gell+ Ry,

The coefficients of the concentrations in Eq. 5.3, ki(Ri-Rywater), gspecify the
ability of a solute to enhance spin-lattice relaxation of water protons, and are
the relaxivities, ri, of the respective solutes. As mentioned previously, the
relaxivities can be measured as the slopes of R; versus [i] plots. Expressing
Eq. 5.3 in terms of relaxivities and noting that the sum of the Fe2+ and Fe3+
concentrations is always equal to the Fe2+ concentration prior to irradiation,
[Fe2+],, the following is obtained (Audet et al., 1993; Audet and Schreiner,
1995):

Rl = (r3+ - I'2+) [Fe3+] + Ro ’ (54)

where R, is a constant for a given gelatin concentration and is given by,

5-12



Ro = {124Fe?*, + reelgel] + Ry} (5.5)

A similar fast exchange model has been proposed for the Ry-dose response of
ferrous sulfate-doped gelatin dosimeters by Duzenli et al. (1994). However,
the term accounting for the chemical shift between hydration water and bulk
water protons, which could influence Ry, was not considered (see Eq. 2.44 for
A2” (=R2)). This term does not affect Rj.

The basis for using spin relaxation as a probe for radiation dose in
general, and Rj in particular, is indicated by Eq.5.4. Rj depends on dose
because of the difference in the relaxivities of the Fe2+ and Fe3+ ions, and the
dependence of the Fe3+ ion concentration on dose. The relaxivity difference is
a more suitable parameter than the ratio Ri3+/R12* for quantifying the ability
of Ry to detect variations in Fe3+ concentration.

The radiation induced change in concentration of Fe3+ in mM as a

function of dose is,

34] _ [pad+] _[med+] 3410p
AlFe*] = [Fe**] - [Fe**], = D G[Fe?*) Nio’ (5.6)

where G(Fe3+) is in number of ions per 100 electron volts, NA is Avogadro's
number, p is the density in kg/liter and e is the number of Joules per electron
volt. Substituting Eq. 5.6 into Eq. 5.4 and assuming that initially [Fe3+],=0, one
obtains,

= { G(Fe3+) (£3+ - 124 —1110 P } D+R, ,.

A€ (5.7)

=d D+R,,

where the coefficient of the dose, d, is the dose sensitivity of the dosimeter.

The fast exchange model for the Ri-dose response suggests a linear
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relationship between Rj and D for constant d. A linear dependence over a
dose range has been established experimentally for various ferrous sulfate-
doped gel dosimeters (see Sections 3.2.4 and 5.1) indicating that the dose
sensitivity is constant with dose. Beyond the linear dose range the response
eventually saturates to a certain Ri-value because oxygen depletion decrease
the G-value (Duzenli et al., 1994; Keller, 1993). The dose sensitivity is
determined experimentally as the slope of the linear portion of the Ry versus
dose plot. Equation 5.7 indicates that the dose sensitivity is governed by two
mechanisms: the response of the dosimeter to radiation as described by G(Fe3+)

and the response of R; to the ions as described by (r3+-r2+).
5.2.2 Relaxivity Determination and the Effect of pH

Gelatin systems containing Fe3+ or Fe2+ ions, separately, were used to

determine r3+ and r2+, respectively. For these systems, Eq. 5.4 simplifies to,

R; = i |Fel] + (reefgel] + RY2=r), (5.8)
where i=2+ or 3+. The fast exchange model represented by Eq. 5.8 assumes that
ion relaxivities, ri, are not affected by the presence of gelatin, and are the same
as those in pure aqueous solutions, i.e., [gel]=0. Hence, for both the Fe2+ and
Fe3+* jons the Ry versus ion concentration data for different gelatin
concentrations should follow parallel lines of identical slope (=ri). Also, the
intercepts of these lines should increase with increasing gelatin concentration
by an amount rgel [gel] (see Eq. 5.8). *

For the Fe+ data, the expected behavior is observed although a slight

non-linearity exists at 0 mM Fe2+ where the linear fits to the data slightly

overestimate R (see Fig. 5.1a ). Similar behavior was observed by Hazle et al.,
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(1991), and may be attributed to a slight spontaneous oxidation of the FeZ* ion
in the time between preparation and NMR measurement. The r2+ was
measured as 0.41s"'mM! for all gelatin concentrations. The Fe3+ ion data on
the other hand does not follow the expected behavior (see Fig. 5.1b ). The Ry
values decrease with increasing gelatin concentration, the r3+ are not constant
but increase with [gelatin] and for gelatin concentrations exceeding 12% the R
dependence on [Fe3+] is no longer linear.

An alternate comparison of NMR data and the fast exchange model are
shown in Figure 5.6 in which the R; of various Fe2+ and Fe3+ gels is plotted
versus gelatin concentration (Keller, Audet and Schreiner, 1993). The
predicted R1 dependences on gelatin concentration (See Eq. 5.8) for the various
gels are shown as lines. They were determined using values for r2+, r3+ and
r&el measured for separate aqueous Fe2+, Fe3+ and gelatin systems, respectively.
The data for samples with a constant Fe2+ ion concentration (~1 mM) and for
samples with constant gelatin concentration agree with the model whereas
those for samples with a constant Fe3+ ion concentration (~0.137 mM) do not.
A lower Fe3+ concentration was used in order to obtain R; values comparable
to those of the other two gel systems.

The disagreement observed in Fig.'s 5.1b and 5.6 between the R; data for
the Fe3+ jon-doped gelatin and the R;'s predicted by the fast exchange model
suggests a break down of the model. The model may misrepresent the spin-
lattice relaxation in the Fe3+ ion and gelatin system for a number of reasons:
fast exchange may not exist between the water hydrating the Fe3+ ion and bulk

water, or fast exchange may exist but the presence of the gelatin may affect the
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system so that the fraction of water protons hydrating the ferric ions (k3+), or
the inherent rate of the water hydrating the ion (R13+) vary with Fe3+ ion
concentration. Fast exchange probably exists for the ferric ion and gelatin
system because it exists separately in both the pure aqueous ferric ion solution
(Gore et al., 1984; Podgorsak and Schreiner, 1992) and in the gelatin systems
(Maquet et al., 1986). Also, it is highly unlikely that the fast exchange would
occur for the Fe2+ ion, whose data in Fig.'s 5.1a and 5.6 supports the fast
exchange model, but not the Fe3+ ion. It is much more likely that the gelatin
perturbs the influence of the Fe3+ ion on Rj by altering k3+ and/or Ry3+, but
does not perturb the influence of FeZ+ on R;. Any parameter affecting the
normal hexaquo hydration configuration of the Fe3+ will affect k3+ since k3+ is
the fraction of protons-hydrating Fe3+ per unit concentration of Fe3+. Also any
parameter affecting the dynamics or correlation time of the water hydrating

the Fe3+ ion will affect R13+ (see Section 2.4).
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The gelatin can affect k3+ or Ry3+ either indirectly, by changing the
initial pH of the solvent, or directly, by binding with the ion (Audet et al., 1993;
Duzenli et al., 1994; Audet and Schreiner, 1995). The pH changes occur because
gelatin is amphoteric, meaning that the gelatin can act as a base in an acidic
solvent with its amino groups gaining hydrogen ions or as an acid in a basic
solvent with its carboxyl groups losing hydrogen ions. When gelatin was
added to a 0.05M H)SOy4 solvent, a change in pH of 1 to 2 was observed for
concentrations ranging from 0 to 12.5% by weight. Similar results were
observed by Duzenli et al., 1994. An increase in pH causes an increase in the
formation of ferric ion hydroxide complexes. The following reaction

represents complexing,
(Fe(H20)8) " & (Fe (H0)%0H)> + H* (59)

Equation 5.9 shows how, according to LeChatelier's principle, an increase in
PH (or a decrease in hydrogen ion concentration) will force the reaction to the
right so that more ion complexes are produced. The possible complexes that
can form are FeOH2*, Fe(OH),", Fer(OH)»4*+ and Fe(OH)4". The Fe3+ ions are
able to form complexes at a pH of 3 or less whereas the Fe2+ ions, having a
lower charge, only complex extensively above neutral pH (Koenig et al., 1985).
Figure 5.7 shows how complexing of the Fe3+ ion affects the number of water
molecules hydrating the ion, that is, k3+.

The binding of ferric ion onto the gelatin matrix may also affect k3+ and
R13+. The binding of Fe3+ occurs between the negative carboxylate groups
(COO-) on gelatin molecules. As mentioned previously, the number of
carboxylate groups existing in gelatin solutions is low in acidic environments
and high in basic environments. Thus, extensive binding is not expected for

the gelatin systems studied in this work. To verify this, additional
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Figure 5.7 The schematic depicts the formation of a ferric ion hydroxide complex (right) from
a ferric ion in its hexaquo form (left). The complexes are characterized by a decrease in the
number of hydrogen atoms (protons) found in the hydration sphere of the ion.

experiments were performed on the 10% gelatin and 0.05 M HSO4 solution.
In particular the 13+ for the Fe3+-doped gelatin was compared to that for an
aqueous Fe3+ solution having identical pH. The 0.05 M H2SO4 gel has a pH of
~ 1.38 as extrapolated from a plot of pH versus H2SO4 concentration (Duzenli
et al., 1994) for a 10% gelatin. The pH of 1.38 corresponds to a sulfuric acid
concentration of 0.036 M in an aqueous solution. The ferric ion relaxivity in a
0.036 M HSO4 aqueous solution was measured as 7.46 s’IlmM-1. Given the
error introduced by using the pH versus H»SO4 data by Duzenli et al. (1994),
this relaxivity compares very well with the relaxivity of 7.12s"ImM-1
measured for the 10% gelatin solution. Thus, complexing is also observed in
the aqueous solution where no Fe3+ binding can occur, and hence it is largely
responsible for the discrepancy between the ferric ion relaxivity for 10% gelatin
and that predicted by the fast exchange model.

In order to reduce complexing, the gelatin induced pH increases were
countered by increasing the concentration of HoSO4 to 0.19 M. The results in
Fig. 5.2 show an increase in the ferric ion relaxivities for the 5% and 10%
gelatin concentrations. However, unlike the ferrous ion data, the relaxivities
are still less than that for the 0% gelatin indicating that complexing and pH

increases still occur. Differing Fe3+ ion relaxivities are observed in the absence
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of gelatin for varying HpSO4 concentrations (Table 5.1). Again this indicates
that complexing and not binding is responsible for the observed r3+ behavior.
The gelatin relaxivity, rgel, albeit for spin-spin relaxation, has also been
found to vary with pH and the gelatin concentration (Duzenli et al., 1994),
however, this does not modify the model greatly. The increase of R1 with
dose depends on the dose sensitivity which is related to the differénce of the
relaxivities of the iron species in the dosimeter (recall the dose sensitivity is
given by the terms in brackets in Eq. 5.7). The rgel contributes only in
establishing the zero dose intercept, Ro, which only shifts the Ri-dose response
by a fixed amount. Thus, r8¢l drops out of any calculation of absorbed dose in

terms of changes in Rj.

5.2.3 Effective Fast Exchange Model for R4

When the Fe3+ ion complexes, a number of water molecules are
displaced from the hydration sphere of the ferric ion such that the hexaquo
configuration assumed by the model is no longer maintained (see Fig. 5.6). A
decrease in hydration water and thus, in k3+ (see Eq. 5.3), is consistent with the
lowering of Ry, observed in Fig. 5.1, with the addition of gelatin for a particular
Fe3+ concentration. The fast exchange model for R1 expressed in Eq. 5.4 can be
modified to take the various Fe3+ complexes into account. Each form 'j may
represent a different water environment with its own proton fraction p+ and
inherent spin-lattice relaxation rate, Ry,3+. The expression for the apparent
relaxation rate, R1, becomes,

Ry =z p}”*Rﬁ +pg°1R“1;el +(1 - z pjz‘+ -pgel) Ry (5.10)
i i
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where Pj3+= kj [Fe3+]j. In terms of relaxivity, rj3+ (= kj3+(R1,j3+ - RpWwater))
Eq. 5.10 becomes,

R;= Z r]?’+ [Fe3+] i+ {rgel[gel] + vavm} . G.11)
i

Equation 5.11 cannot be verified experimentally since it is difficult, if not
impossible, to know what the concentrations and the relaxivities of the
different Fe3* complexes are for systéms of a given pH, total ferric ion
concentration and gelatin concentration. Equation 5.11 can be simplified for
the Fe3+-gelatin systems which exhibit a linear dependence of Ry on Fe3+ (i.e.,
5% and 10% gelatin and 0.19 M HySO4 solutions). It can be assumed for these
systems that because the relaxivity is constant with Fe3+ concentration, the
fractions, fj, of the different Fe3+ complexes are also constant with Fed+

concentration. It then follows that,

[Fe?*]; = £;[Fe?] (5.12)

where fj is a pH-dependent fraction. Substituting Eq. 5.12 into Eq. 5.11, the
following is obtained (Audet and Schreiner, 1994; Audet and Schreiner, 1995),
R; = (Z r3 fj) [Fc3+] +{..), (5.13)
J

where the term in brackets, (er3+fj), is an effective relaxivity, I‘eff3+, which is
constant for given HSO4 and gelatin concentrations. An important result of
Eq. 5.13 is that the effective relaxivities may be determined experimentally,
and that they are equivalent to the measured relaxivities reported in Table 5.1.
Furthermore, the fast exchange model for the Ri-dose response expressed in
Eq. 5.7 still holds. The decrease in reg3+ with increasing gelatin concentration

and decreasing H2SO4 concentration (see Table 5.1) is consistent with

5-20



complexing-induced decreases in hydration water, and hence, in k{+.
Although less obvious, the complexing of Fe3+ jons may also cause the Ry 3+
to decrease. Decreases in both kj3+ and Rl,j3+ will cause the component rj3+'s
(= k13+(R1,j3+ - RiWater)) of rg* to decrease also.

Duzenli et ai., (1994) have also determined the ion relaxivities of ferrous
sulfate-doped gelatin dosimeters, but from 100 MHz R; data instead of 25 MHz
Rj data. The rp2+ and rp3+ for a 0.15 M HpSO4 and 12% gelatin system were
1.71 sImM-1 and 15.0 s'ITmM-1, respectively. These relaxivities exceed those
presented in Table 5.1 because the inherent rates are greater for spin-spin
relaxation than spin-lattice relaxation at high frequencies (Duzenli et al., 1994).

The 23+ was also found to decrease with gelatin concentration to a value of

14.2 s’ITmM-1 for an aqueous Fe3+ solution.

5.2.4 Dose Sensitivity Determination and the Dose Response

The ferrous sulfate gelatin dosimeter and R1 were chosen to study dose
response model because the dosimeter is easier to prepare and R is easier to
measure. Although these studies were not meant to optimize ferrous sulfate
gel dosimetry and the measured dose responses are far from the best reported
in the literature, the studies can still provide information on the effect of pH
and gelatin concentration on the dose sensitivity, dynamic range and dose

range.

Dose Sensitivity
The dose sensitivities for the different ferrous sulfate-doped gelatin
systems were measured to determine the NMR G-value which was used to

verify the dose response model. A dose sensitivity of 0.0399 s"1Gy-! for the 5%
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gelatin concentration agrees with previous measurements (Olsson, 1991; Hazle
et al., 1991). The dose sensitivities listed in Table 5.1 are much less than the
0.2 s'1Gy-1 observed by Gambriani et al. (1994) for the Rp-dose response of
oxygenated agarose-based dosimeters and the 0.091 s"1Gy-1 observed by Duzenli
et al., (1984) for the Rp-dose response of oxygenated gelatin-based dosimeters.
These dose sensitivities are greater because the gels are oxygenated, the Fe3+ G-
values for agarose are greater, and the spin-spin relaxation is more sensitive to
ferric ion concentration than spin-lattice relaxation (Duzenli et al., 1994).

The decrease in dose sensitivity with increasing gelatin concentration
indicated by the results agrees with previous observations made by Olsson et
al. (1989) for agarose and gelatin-based dosimeters, and Duzenli et al. (1994) for
gelatin-based dosimeters. However, Schulz et al. (1990) found that the dose
sensitivity was independent of agarose concentration, and ascribed the
discrepancy with Olsson's data to preparation procedures and agarose brand.

The increase in dose sensitivity with HpSO4 concentration indicated by
the results summarized in Table 5.1 agrees with previous studies on gelatin-
based gels (Duzenli et al., 1994), but not those on agarose-based gels (Olsson et
al., 1990; Schulz et al., 1990). The reason for this discrepancy in behavior for
the two gel systems is not well understood and could be the subject of future

research.

Dynamic Range and Dose Range
It has been shown that the dynamic range and dose range in ferrous
sulfate gelatin dosimeters are limited by the saturation of the dose response
due to oxygen depletion (Keller et al., 1993; Duzenli et al., 1994). The dynamic
range and dose range indicated by Fig. 5.4 are ~ 1.5 s1 and ~ 40 Gy, respectively.

This data supports saturation by oxygen depletion, i.e., for the 5% gelatin and
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0.19 M H2SO4 solution (Fig. 5.4a ), the relaxivity of 8.9 s’IlmM-1 and dynamic
range of 1.5s7], indicate a ferric ion concentration of about 0.17 mM at 40 Gy.
Therefore, at 40 Gy, there is still 0.83 mM of Fe2+ available in the dosimeter for
conversion. By oxygenating the dosimeters Keller (1993) and Duzenli et al.
(1994) were able to extend the dynamic range to 3.5s™1 and 7 s°1, respectively,
and the dose range to 80 Gy and 120 Gy, respectively. A greater dose range of
400 Gy and dynamic range of 7s1 was observed for the aqueous Fricke
dosimeter (Podgorsak and Schreiner, 1992) than for the gelatin dosimeter.
This is probably because more oxygen was lost in the gelatin dosimeter by
reactions with the gelatin macroradicals (see Section 3.2.3, Eq. 3.24) and by the
heating of the gel during preparation.

The spectrophotometric dose response of the ferrous sulfate gelatin
dosimeters appears to saturate earlier than the NMR dose response. It is
believed that the considerably smaller sample sizes used for the NMR studies
accounts for this. For small samples, a large fraction of the volume is
comprised of the surface area exposed to air and reoxygenation of the sample
may be enhanced. Comparing surface area to volume ratios, 2.45 cm-! is
obtained for 80 ul samples in 0.5 cm I.D. NMR sample tubes and 0.22 cm-! is
obtained for 4.5 ml samples in cuvets with 1 cm?2 cross-sections.

The spectrophotometric dose responses measured for different batches
of the 5% (Fig. 5.5a ) and 10% (Fig. 5.5b ) solutions, represented by the different
symbols, agree well indicating good reproducibility. This result contradicts
claims of poor reproducibility assumed for the Fricke-gelatin by some previous

workers (Gambriani et al., 1994; Prasad et al., 1991).
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5.2.5 NMR G-Values

The four-site effective fast exchange model for Rj is verified in these
studies by measuring the dose sensitivity and the relaxivities, calculating the
NMR G-value and comparing it to that determined using spectrophotometry.
Equation 5.7 can be used to express the NMR G-value in terms of the

measurable quantities d and ri as follows:

| Fe3+) = 1 Nae ) .
G{Fe3*)=d e 107 (.14)

This expression for the NMR G-value, first proposed by Audet et al. (1993), is
similar in form to that presented by Gore et al. (1984) and Podgorsak and
Schreiner (1992) for aqueous Fricke solutions. However, it is based on the
effective fast exchange model for R involving ref3+, the effective relaxivity of
the Fe3+ ion complexes in a particular gel dosimeter. The calculation of an
NMR G-value, by Gambriani et al. (1994), for an agarose-based dosimeter using
the r2+ and r3+ determined for aqueous Fricke solutions by Prasad et al. (1991)
is questionable.

The G-values summarized in Table 5.1 show that the calculated NMR
G-values and the spectrophotometric G-values agree within error, thus
supporting the effective fast exchange model for the Rj-dose response in
ferrous sulfate doped-gelatin dosimeters containing 0% to 10% gelatin and
0.05M to 0.19 M HSO4. The NMR G-value of 15.8+ 4% ions/100eV
determined for the aqueous Fricke dosimeter agrees very well with the
independently established value of 15.6 ions/100 eV (ICRU Report No. 14,
1969). The G-value study excludes both the higher gelatin cohcentrations,

characterized by complicated nonlinear relaxivity plots (see Fig. 5.1a ), and acid
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concentrations greater than 0.2 M, because the gels degrade and become too
soft for clinical use.

The yields decrease slightly with gelatin concentration decreasing by
about 5% for an increase in gelatin concentration of 5% to 10%. This result
suggests that the Ri-dose response of the dosimeter is insensitive to slight
variations in gelatin concentration. It contradicts claims made by Prasad et al.
(1991) and Gambriani et al. (1994) that G(Fe3+) is irreproducible for ferrous
sulfate gelatin dosimeters. Organic impurities, such as gelatin, can cause
irreproducible dose responses when they are present in a Fricke solution in
small uncontrolled amounts (Allen, 1961). The stability of the ferric ion yield
at high impurity concentrations has been observed by others. Studies on the
ethanol doping of pure Fricke solutions (Podgorsak and Schreiner, 1992) show
that the yield increases with ethanol concentration, and eventually saturates at
a high enough concentration. Adding benzoic acid to ferrous sulfate doped-
gelatin dosimeters has been shown to have little effect on the yield (see
literature review; Section 3.2.4) for dosimeters already containing enough
gelatin. |

The NMR G-values do not change significantly when the HSOg4
- concentration is varied from 0.05 M to 0.19 M. This result is at odds with the
increase in G-value of 55 ions/100eV to 62 ions/100eV observed by Duzenli et
al. (1994) for a 4% gelatin dosimeter in which the H2SO4 concentration was
increased from 0.05 M to 0.15M. However, it should be noted that in
determining these G-values Duzenli et al., assumed that r3+ remained
constant with increasing [HSO4]. This assumption is not the case and so the
constant G may be inaccurate.

The conclusions derived from the studies presented in this chapter will

be discussed in Chapter 7, Section 7.1.
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CHAPTER SIX

Results and Discussion: BANG Polymer Gels

A novel polymer gel dosimeter for three dimensional radiation
dosimetry using MRI has recently been introduced (Maryanski et al., 1993). It
is based on changes in the NMR relaxation properties of the water protons in
the gel as the radiation induces polymerization and crosslinking of the
monomers. The composition of the dosimeter was determined by
considering the following: the dosimeter had to be tissue equivalent, rigid
enough for handling, contain very reactive monomers and it had to have a
sufficiently high crosslinking density to produce significant changes in the
transverse relaxation rate upon irradiation (Maryanski et al., 1994). While
few compositional modifications and some practical applications have been
reported previously (Maryanski et al.,, 1994 & 1995, see Section 3.3.3),
systematic studies of the effect of different composition, preparation and
measurement parameters on the dose response of BANG gels have not yet
been undertaken. These studies have been undertaken in this thesis. They
enable the performance of the dosimeter to be optimized, and are required to
better understand the underlying radiation response mechanisms and NMR
behavior of the dosimeter. Of particular interest is the dose response of the
spin-spin relaxation rate, Ry, of the water protons in the BANG gel dosimeter.

A practical preparation protocol was designed especially for these
studies. Additional studies were performed to establish the reproducibility of

the Rp-dose response for dosimeters prepared by this protocol (Section 6.1). A
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physical model for the Rp-dose response of the BANG polymer gel dosimeter
has been developed (Section 6.2). The model relates the Ry-dose response to
the fundamental physical radiation and NMR parameters. Results of the
effects of gelatin concentration, crosslinker fraction (%C), total monomer
fraction (%T), and NMR measurement temperature on the Ry-dose response
are reported and discussed in Section 6.3. The results were analyzed in terms
of the effects on the physical parameters of the model and the parameters of
the Rp-dose response to be optimized (i.e., dynamic range, dose sensitivity and
dose range; Section 3.1.2). The studies presented in Section 6.3 were not
intended to provide a comprehensive understanding of the mechanisms
governing the dose response. Nonetheless, the resulting insight was deemed
useful especially with regards to suggesting future research directions. (Note

that the conclusions to this chapter are presented in Chapter 7).

6.1 Reproducibility Studies

The studies of polymer gel dosimeters published to date have been
restricted to large volume phantoms containing liters of gel. These studies
either involved measuring dose distributions in 3-D (Maryanski et al., 1994
and 1995) or studying the dosimeter's Ro-dose response (Maryanski et al., 1993
and 1994). For the Ry-dose response studies presented, it was considered more
practical and less costly to prepare and irradiate small volumes (~ml) in the
test tubes suitable for NMR analysis by the desk top spectrometer. The small
volume dosimeters better accommodate, for example, the studies of the effect
of gel composition on the Ry-dose response since a different dosimeter batch
is required for each composition, and many batches are required to cover a

range of compositions. The use of large volume gels would either have



c involved the impractical extraction of samples for spectrometer analysis or
the NMR characterization of whole gels using the MR imager. The use of the

MR imager for the basic relaxation studies was avoided, because:

1) The availability of the imager is limited, and the complete
characterization of composition effects would be very time consuming (in
terms of imaging time for individual dosimeters and total time to analyze
many samples).  The study of the effect of the duration between irradiation
and Rz-measurement on the Rp-dose response (Secfion 6.1.2) requires
flexible access to the imager at hourly intervals over the period of days.
2) MR imagers are less precise than spectrometers for Ry-measurements
(Rosen et al., 1984; Johnson et al., 1987). For spectrometers, the samples are
in immediate contact with the rf transmitting and receiving coil, and the
o magnetization can be detected and analyzed directly with a good
signal/noise ratio. For MR imaging, the magnetization data is spatially
encoded using magnetic field gradients and the data is processed using
reconstruction algorithms to produce image intensities. Since the
intensities are a more indirect measure of magnetization data, the signal
to noise ratio is much lower and the R1 and Ry determined using these
intensities are less precise. MR images can also contain artifacts arising
from rf attenuation and concurrent variations in flip angle throughout
large sample volumes (Maryanski et al., 1994). Other geometric distortions
in MR images may also arise (Sumanaweera et al., 1993 as cited in Duzenli,

1995).

The desktop spectrometer on the other hand was very accessible and was
Q designed specifically to determine conveniently, quickly and accurately the

spin relaxation rates of samples. It was more convenient than an MR imager
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for the measurement temperature dependence study, because the long MR
imaging times would have required a temperature controlled environment
to keep a sample volume at a temperature other than room temperature.

The use of small sample volumes not only simplifies the NMR
measurements, but also simplifies the preparation procedure. The main
difference in procedure for the small and large volume gels was that the
deoxygenation step was performed at different times. For the large volume
gels, the monomer solution was deoxygenated prior to the addition of the
gelatin powder and to the subsequent distribution into irradiation containers.
The small volume gels on the other hand were purged of oxygen in the
irradiation containers, i.e., test tubes, after the addition of the gelatin powder.

Although it was apparent that small samples were more appropriate
for detailed Rz-dose response studies, they had not been used in the past
because reproducible Rp-dose responses could not be achieved (Maryanski,
1994). The aim of the studies presented in this section was to establish
reproducible Rp-dose responses for the small samples. Reproducibility is
essential for the composition studies (Section 6.2) if the variations observed
for the Ry-dose response as a function of composition are to be attributed to
composition and not some unknown preparation factor. The reproducibility
of the Ry-dose response for separately prepared polymer gel dosimeters had
been demonstrated for a limited set of large volume phantoms (Maryanski
et al., 1994). Hence, it was expected that reproducible responses for small
volume samples was feasible.

Figure 6.1 shows the radiation response of the water proton spin-spin
relaxation rate for several batches of small volume gels prior to establishing a
preparation protocol. The different symbols represent different batches of

BANG gel, and the error bars represent a 2% measurement error applicable to
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all points (this applies to the error bars in Fig.'s 6.2, 6.3, 6.4 and 6.6 as well).
The error excludes any possible error due to preparation. As for all the
studies in this section, the dosimeters were composed of 5% gelatin by weight,
67%C (unless stated otherwise) and 6%T; the NMR measureménts were

performed at 40° C (unless stated otherwise).

3.0 > 7

- - 3 Figure 6.1 The pre-study

- reproducibility of the Rp-
dose response is shown for
several batches BANG gel
1 dosimeter each represented
by a different symbol. The
error bars represent a 2%
measurement error applic-
able to all points.

2.0

R, (s'l)

1.0 67%C / 6%T

0.0 10.0 20.0 30.0 40.0
Dose (Gy)

It is clear from Fig. 6.1 that the response of the different dosimeter
batches varies drastically, with Ry values of identically irradiated samples
differing by as much as 100% at higher doses. Despite the variation it is
encouraging that the data for each batch lie on a smooth curve with little
scatter. This suggests that for each particular batch the dose response is well
behaved and reproducible.

To determine the source of inter-batch irreproducibility the effect on
the Rp-dose response of the bubbling gas, the temperature of irradiation, the
cooling procedure prior to irradiation and the time delay between irradiation
and measurement were investigated. The results are presented and discussed

in the following sections.
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6.1.1 Effects of Some Preparation and Irradiation Conditions

The preparation of small volume BANG gel dosimeters (see Section
4.2.2) involved mixing the gel, pouring them into separate test tubes, and
then purging the melted samples of oxygen by bubbling them with gases such
as nitrogen, argon or carbon dioxide. To avoid foaming during the bubbling
of the gas through the gel, the purging gas was blown over the surface of the
melted sample at a flow rate high enough to agitate the sample. Once
deoxygenated, the samples were hermetically sealed and then cooled by
immersion in a water bath for two hours to either 2° C or 20° C. The samples

were then irradiated at these temperatures.

3.0 : T : T - T 5
x 2°C B X
. ‘O' _200 C Q' -
~2.0F a 7 Figure 6.2 The effect of
2 ¥ cooling and irradiation
N temperature on the R2-dose
~ Q response of BANG gel
1.0 - - dosimeters.
0 . 0 1 1 1 i
0.0 10.0 20.0 30.0 40.0

Dose (Gy)

Figure 6.2 shows the effect of the cooling and irradiation temperatures
on the Rp-dose response of BANG gel dosimeter purged of oxygen with argon.
The data observed at the two temperatures agree very well. This result agrees
with those previously observed for the large volume BANG dosimeters

irradiated at temperatures of 0°C and 25°C (Maryanski et al., 1994). The
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cooling temperatures in this study were not specified. Thus, it may be
concluded that possible changes in the cooling and irradiation temperatures
are not the source of the inter-batch irreproducibility observed in Figure 6.1.
Figure 6.3 shows the effect on the radiation response of using different
gases to purge the oxygen from the dosimeter. The data for the argon
bubbling gas and that for CO; do not differ significantly. Hence, the Rp-dose

response seems unaffected by the choice of gases used to purge the oxygen

from the gel.

3.0 . . : . : ,
x CO, -
..0--AT & Figure 6.3 The effect of
2.0 o . using different bubbling
- -y gases, CO2 and argon, on the
=, R2-dose response of BANG
~ gel dosimeters. The data for
1.0k 5 4 the two gases agree very
e well.
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6.1.2 Effects of the Post-Irradiation Time

Figure 6.4 shows the spin-spin relaxation rate for two identical BANG
gel samples irradiated to 33.6 Gy as a function of the time delay between
irradiation and the NMR measurement of the samples. For one sample the
Ry was measured 3 hours after irradiation whereas for the other, designated
longer-cured, Ry was measured 2 days later. Subsequent measurements of Ry

yielded constant values, however, the value was greater for the longer-cured
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sample (i.e., 2.5 s’ instead of 1.4 s'1). The longer-cured sample also appeared
more opaque, indicating more crosslinked polyacrylamide had formed. These
observations suggest that the polymerization and crosslinking reactions
proceeded for some time after irradiation until the R of the sample was
measured. The stabilizing effect of the R measurement probably has to do
with the preparation of the samples for analysis. The preparation of any
irradiated sample in these studies involved uncapping the sample and
removing the amount of sample in excess of 1 ml (this volume is the limit
allowed by the size of the rf coil in the spectrometer). In the process, the
sample was exposed to oxygen which can inhibit crosslinking and
polymerization (recall Section 3.3.1). Hence, oxygen can "fix" post-irradiation
reactions before they terminate naturally. The 3 hour sample was exposed to
oxygen sooner after irradiation, had less time for complete polymerization to
occur and contained less polymer and had a lower Ry than the longer-cured

sample. The slow reaction kinetics will be discussed in further detail shortly.
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It may be argued that the post-irradiation reactions are not
C polymerization and crosslinking processes, but the progressive precipitation
of insoluble polymer. Precipitation, however, cannot account for the constant
Rz-value of a sample after it is exposed to oxygen since precipitation is not
affected by oxygen.

Figure 6.5 shows the results of a more detailed post-irradiation time
study of Ry using a set of identical samples exposed to oxygen, or fixed, at
different times. Two sets of Ry-data obtained at 20°C are shown for 67%C
samples irradiated to 16.8 Gy, and 50% C samples irradiated to 7 Gy. The spin-
spin relaxation rate increases with time and saturates at about 20 and 55 hours
for the 50%C and 67%C BANG gels, respectively. The curves are meant as an

aid to the eye.
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The results of Fig. 6.5 confirm that the radical polymerization and
crosslinking reactions continue to propagate after irradiation. They also give
a more precise determination of the duration of the reaction. The post-

Q irradiation reaction explains the lack of agreement between the Rj-dose

6-9



responses in Fig. 6.1 for different batches of BANG gels, because the responses
were measured at different post-irradiation times. It can also explain why the
dose responses agree, for example, within Fig. 6.2 for differing irradiation
temperatures, but disagree between Fig.'s 6.2 and 6.3. The times between
fixation were the same for samples within each figure, but were different for
the two studies. One can see from the data in Fig. 6.5 that periods of one and
two days should be allowed to elapse before fixation and analysis for the 50%C
and the 67%C gels, respectively.

The post-irradiation reactions observed in Fig. 6.5 may occur because
the polymerization propagation and termination rates discussed in
Section 3.3.1 decrease in the presence of gelatin. Both propagation and
termination reactions are diffusion controlled reactions, and are likely to be
affected by the high viscosity of the gelatin solvent. As the viscosity increases
the diffusion of monomers and macroradicals is impeded, and the
propagation and termination rates decrease.

Slow propagation and termination have been observed previously in
other viscous polymer systems. For example, in the later stages of
polymerization in a liquid solvent when most of the monomer has been
converted to high molecular weight polymer, the system becomes viscous
and the reaction kinetics slow down (Odian, 1991). Electron spin resonance
studies of polymerization kinetics have shown the presence of long-lived
macroradicals in viscous solvents (Sato et al., 1984). Long-lived radicals are
also thought to be responsible for the edge-enhancement effects observed in
regions of high dose gradients in a BANG gel (Maryanski et al., 1994). The Bis
and acrylamide monomers from low dose regions diffuse and react with
macroradicals found at the édges of high dose regions causing additional

polymerization not expected from the dose at that point alone.
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The longer stabilization time observed for the 67%C BANG gel than for
the 50%C gel is consistent with the slower reaction kinetics observed using
spectrophotometry by Gelfi and Righetti (1981a) for pure polyacrylamide gels
with high %C. As %C increases the polymer becomes more rigid and con-
densed and the viscosity of the solution increases. The increaée in viscosity is
thought to decrease the reaction kinetics because the reactants have more
trouble diffusing through the polymer (Gelfi and Righetti, 1981a,b).

One might argue that the difference in the stabilization time observed
in Fig. 6.5 may be attributed to the difference in absorbed dose, 16.8 Gy for the
67%C gel versus 7 Gy for the 50%C gel. However, dose is not expected to be a
factor since it should only determine the number of actively polymerizing
radical centers throughout the gel. The centers, being fixed should not "see"
each other and affect each other's polymerization dynamics until very high
doses where the density of centers is large.

While it would have been interesting to perform further studies of the
effect of factors such as %C, %T and gelatin concentration on the time course
of the polymerization and crosslinking in the BANG gel dosimeter, such
studies are considered to be beyond the scope of the present study.
Preliminary observations indicate that heating samples slightly to 26°C after
irradiation brought the samples to full opacity and perhaps termination
within hours instead of days. This probably arises from a decrease in viscosity
of the gelatin, and a concurrent increase in the diffusion of reactants. Also,
reaction rates are usually considered to be thermally activated (i.e., through
an Arrhenius relation) and so the rates themselves increase with
temperature. This phenomena brings up the interesting concept of using
heat to "develop” the irradiated BANG gel. A parallel may be drawn between
the BANG gel dosimeter and a 3-D photography insofar as an irradiated gel
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could be "developed” using heat and "fixed" with oxygen. The possibility of
reducing the time of analysis by reducing the time required for Ry values to
stabilize using development by heat is encouraging, and would increase the

clinical practicality of 3-D dosimetry with polymer gels.
6.1.3 Post-Study Reproducibility

Having found that the post-irradiation time delay is a possible source of
the irreproducibility of the Rp-dose response, the reproducibility was
reassessed for irradiated dosimeters analyzed with adequate time delays.
Figure 6.6 shows the reproducibility of Ry for 50% C samples irradiated to 8.4
Gy and analyzed one day after irradiation once curing was complete. The
three different symbols represent dosimeters prepared in separate batches.
The standard deviation of Ry-values for each of the batches is about 5%. This
error exceeds the 2% measurement error in the Rp-values indicated by the
error bars. The additional error may be explained by variations in the
concentration of polymer formed in the presence of spurious amounts of
oxygen and impurities that remain despite preparation precautions. The
error in data presented in the remainder of this chapter is taken as + 5%. The
error propagates as a percentage of any Rp-value since Ry is proportional to
polymer concentration (see Section 6.2.2).

The average spin-spin relaxation rates for each batch agree quite closely
indicating good inter-batch reproducibility. Neglecting the encircled outlying
point the averages for each batch are 1.47, 1.47 and 1.48 s'1. The line in Fig. 6.6
represents the 1.47 s'1 average value. These averages for the different batches
agree much better than the Ry data, measured after insufficient time delays,

for the different batches shown in Fig 6.1. The shaded area in Fig. 6.6 roughly
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indicates the range of inter-batch Ry's from Fig. 6.1 before reproducibility was
established. Thus, reproducible Rz-dose responses can be obtained from:
different batches of small volume BANG gels with the appropriate
preparation protocol and post-irradiation time delay prior to NMR
measurement. The outlying data point in Fig. 6.6 indicates that an odd

sample may be improperly prepared and have an exceptionally high error.

Figure 6.6 The repro-
ducibility of Rp is shown for
several 50%C samples
irradiated to 8.4 Gy. Rp was
measured at least one day
after irradiation to assure
completion of the poly-
merization and crosslinking
reactions. The different
symbols represent different
batches. The average R2 for
each batch was about 1.47 +

0.08 s°1.
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Once the reproducible Rp-dose responses were achieved for different
batches of BANG gel dosimeter, studies of the effect of composition on the Ra-
dose responses of the dosimeter were made possible. Before these studies are
presented, it is interesting to note the clinical implications of reproducible
dose responses. Of concern is the reproducibility of the Ro-dose responses for
BANG gel dosimeters prepared from a single batch and that for dosimeters
prepared separately from different batches. For different dosimeters prepared
from a single batch of gel, the preparation protocol may be relaxed if the Rp-
dose response to known doses can be calibrated. Since all gels within é batch

are considered identical, the dose response of one dosimeter could be applied
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to any of the remaining gels in the batch. Such a calibration procedure is
characteristic of dosimeters such as film in which H&D curves (named after F.
Hurter and V.C. Driffield who first published such a curve in 1890) are used to
relate optical density to absorbed dose for a given batch of film and specific
dosimetric and film processing conditions. Similarly, M&D curves
(Magnetization to Dose curves) have been used to relate MR intensity to dose
for ferrous sulfate-doped gels irradiated to known doses and for specific scan
parameters (Schreiner et al., 1994). Inter-batch reproducibility, however,
allows for an absolute dosimetry and one would not be restricted to a
dosimetry requiring a calibration step. For the studies presented in the
following sections, different batches of gel were required for each variation in

composition.

6.2 Dose Response Mechanisms of the BANG Polymer Gel

The BANG gel dosimeter is based on the premise that radiation
induced conversion of monomer to crosslinked polymer affects the NMR
relaxation properties of the water protons in the dosimeter. To establish this
connection, the spin-spin relaxation in the BANG gel dosimeter is now
discussed. A preliminary model relating the water proton spin-spin
relaxation rate to the dose absorbed by the dosimeter is proposed in
Section 6.2.2. Also introduced are the model parameters and optimization
parameters used to characterize the Ry-dose responses presented in

Section 6.3.

6-14



6.2.1 Spin-Spin Relaxation in the BANG gel

Before describing the model relating the proton spin-spin relaxation
rate, Ry, to the dose it is important to establish what the measured Ry for the
BANG gel actually represents. The protons in the BANG gel dosimeter exist
in a number of groups: on the monomer, polymer, gelatin and water
molecules. The protons in each group exist in a different environment, and
each group can be characterized by an inherent or intrinsic relaxation rate;
these rates are those that would be observed in the absence of all the other
groups (see Section 2.6). The intrinsic rates directly reflect the molecular
dynamics and structure of each proton group. However, since the groups are
not isolated from each other, the observed relaxation of the system will most
likely be modulated by the exchange of information between the groups |
(recall Section 2.6). The observed spin relaxation (the observed relaxation
rates and magnetization fractions) are functions of the inherent spin
relaxation (the inherent relaxation rates and magnetization fractions) and the
exchange rates. The observed quantities cannot be interpreted directly to give
fundamental information about the spin system such as, the fraction of
protons in, or the molecular motions of the different spin groups.

Because the BANG gel dosimeters consist mostly of water (proton
fraction > 92%) the description of the observed relaxation for the dosimeter is
based on how the radiation-induced structural changes in the monomers and
polymers affect the relaxation of the water protons. These effects are
mediated by the water at the interface, i.e., by the water hydrating the

molecules.
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Monomer Hydration Water

The exchange scheme between water protons hydrating monomers and
the monomer protons has not been investigated specifically in these studies.
However, it was observed that the Ry of pure water did not change
significantly when typical amounts of Bis or acrylamide monomer (~6%T)
were added to it. The intrinsic Rp's of dilute small oligomers are very similar
to that of bulk water (Liu and Ullman, 1968; Schreiner et al., 1991b; Schreiner
et al., 1994c), because the dynamics of the small molecules are very similar to
that of water. That is, these molecules also undergo fast isotropic
reorientation. Thus, in the dilute aqueous monomer system the spin
relaxation of all water and monomer protons is dominated by intra-
molecular and inter-molecular dipolar interactions characterized by short
correlation times, t.. Since the spin relaxation of water hydrating the
monomers is not expected to be very different from that of the bulk water, the
water hydrating the monomers was omitted as a separate spin group in the

treatment of spin-spin relaxation in the BANG gel dosimeter.

Polyacrylamide Hydration Water

Previous studies (Zhang, 1990) of crosslinked polyacrylamide gels at
low water content have indicated that, on the scale of the spin-spin relaxation
times, the exchange processes between the polymer and hydration water
protons are in, or very close to, the slow exchange regime. That is, the
exchange rate of polymer and water protons << Rz of polymer and water
protons (see Section 2.6). Thus, the measured or observed Rs's and
magnetization fractions corresponded to the intrinsic Ra's and actual proton
fractions of the polymer and water. This behaviour has also been observed

for other large molecule systems of low water content (Schreiner et al., 1991).
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Since equal, if not stronger, coupling is expected between polymer and
hydration water protons in low-hydration systems than in the highly
hydrated polyacrylamide gels used in this work, the effects of exchange are
also assumed negligible in the spin-spin relaxation of the polymer
dosimeters.

It should be noted, however, that the slow exchange regime for water
and polyacrylamide protons is not applicable to the spin-lattice relaxation,
because the Riy's of the water and polymer protons are much smaller than the
Ra's, and may be comparable to the exchange rates. Thus, exchange between
polymer protons and hydration water protons would have to be considered in
any analysis of the Rj-dose response of the polymer gels (Zhang, 1990; Shirley
and Bryant, 1982; Schreiner et al., 1991; Stanley and Peemoeller, 1991; Sobol

and Pintar, 1987; Lynch, 1983 and references therein).

Gelatin Hydration Water

Whether or not the spin-spin relaxation of water protons hydrating the
gelatin is inherent or affected by exchange of magnetic information with the
gelatin protons is not an issue for the preliminary treatment of the spin-spin
relaxation of the BANG dosimeter being presented. The treatment assumes
that the gelatin or its relaxation properties are not affected by the formation of
the polymer (results will be shown later that support this assumption).
Hence, the gelatin is not expected to contribute to the Rp-dose response of the

BANG gel dosimeter via its effect on hydration water.
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Resulting Rz for Water

According to arguments presented above the observed Ry's of the
hydration water in the BANG gel dosimeter are assumed to be the intrinsic
spin-spin relaxation rates, Rpi, where i=p or g for the polymer or gelatin,
respectively. In the BANG gel dosimeter there is also a third water proton
group, the bulk water with an intrinsic rate, RaW. At room temperature the
physical exchange of bulk and hydration water typically proceeds very rapidly
(Resing, 1972; Lynch, 1983; Sobol and Pintar, 1987 and references therein) and
an exponential transverse magnetization decay characterized by a single R is
observed. As for proton groups undergoing fast exchange, the observed R; for
the water protons is just the sum of the inherent water Ry's weighted by the

fraction of protons, pl, in their respective group, ie.,

Ry =pPRS + peR5 +( 1 - pP - p8 ) RY 6.1)
This expression is similar to that for the spin-lattice relaxation of the ferrous
sulfate-doped gel dosimeters in which the different water proton groups were
the water hydrating the ions and the gelatin, and the bulk water (recall
Eq.5.1).

As noted in Chapter 2, the inherent Ry of the water protons hydrating
the polyacrylamide in the BANG gel dosimeter, or macromolecules in
general, is greater than the Rp of bulk water protons (i.e., RoP > Rp%¥). This is
the result of the modulation of the dynamics of the hydration water by the
hydration: the reorientation becomes anisotropic and the motions slow down
(Lynch, 1983; Schreiner et al., 1991; Shirley and Bryant, 1982). The rigorous
analysis of the R2 of the polymer gel would require one to establish the
dynamics of the hydration water (Zimmerman and Brittin, 1957; Schreiner et

al., 1991; Shirley and Bryant, 1982; Zhang, 1990) and perhaps account for
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distributions of correlation times associated with different hydration sites
(Lynch, 1983). This is beyond the scope of this study. However, it is clear that
the increase in polymer hydration water fraction, pP, in the dosimeter as
monomer polymerizes and crosslinks will result in an increase in the R of
the BANG polymer gel dosimeter with dose. A model for the Rz-dose

response in the dosimeter based on Eq. 6.1 is presented below.

6.2.2 Model for R2 vs Dose

As the weight fraction of the polymer, [p], in the dosimeter increases
with dose so does the fraction of water protons that are hydrating the

polymer, pP. The two quantities are related as follows,

pP = kP [p] 6.2)

where kP is the fraction of water protons hydrating the polymer per weight
fraction of polymer in the dosimeter. The following is obtained by

substituting Eq. 6.2 into Eq. 6.1,
Ry = kP (R} - RY ) [p] + {peRS + (1-p8) RY) 6.3)

As the dosimeter is irradiated, the last term in parantheses is assumed to be
constant with dose; in fact, it is considered equivalent to Rp(0 Gy), the spin-
spin relaxation rate for the unirradiated dosimeter for which [p]=0. The term
multiplying the polymer concentration is the polymer transverse relaxivity,
rP, defined as the ability of the polymer to enhance the observed transverse

relaxation rate of the water protons. Thus, Eq. 6.3 may be rewritten as

R, = 1? [p] + Ry(0Gy) (6.4)
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The percent weight fraction of polymer formed in the BANG gel can be
given by:

[p]=GP D (6.5)

where GP is the polymer yield in units of percent weight fraction of polymer
formed per Gy (=]/kg).

The polymer yield differs from the chemical yield which is customarily
expressed in units of moles per Joule. It is difficult to define a chemical yield
for the polymer, because the polymer is a growing entity with an evolving
molecular weight. Hence, the amount of polymer formed is difficult to
describe in terms of moles. The chemical yield is appropriate for describing
dosimeters in which there is a direct correspondence between the number of
products formed and the number of reactants. The polymer yield as defined
here, is an effective yield which is more easily related to the Ry-dose response
of the polymer gel dosimeter.

The following expression relating Ry to the dose is obtained by

substituting Eq. 6.5 into Eq. 6.4,
Ry ={r® G? } D+ Ry(0Gy), (6.6)

where the term in parentheses is the dose sensitivity, d. The dose sensitivity
in Eq. 6.6 is similar in form to that written for the ferrous sulfate-doped
gelatin dosimeters in Eq. 5.7: the radiation product is now polymer rather
than Fe3*+ and the disappearing species is monomer rather than Fe2+.
Equation 6.6 is a general expression that applies to BANG dosimeter systems
in which rP and GP might vary with dose giving nonlinear Ry-dose responses.

There are the two processes considered in the model for the Ry-dose
response of BANG gel dosimeters (Eq. 6.6). The response of the polymer gel

requires the radiation induced polymerization of the system and a change in
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hydration water relaxation as the monomers polymerize. The chemical
response of the dosimeter to radiation is represented by the polymer yield, GP,
and the response of Ry to the polymer formed is represented by the relaxivity,

rP.

6.2.3 Determination of rP and GP

In terms of the model presented, the Ry-dose response is governed by
the polymer relaxivity rP and the polymer yield GP. Thus, these parameters
will be used in the analysis of the effects of dosimeter composition and of
measurement temperature on the dosimeter's Rp-dose response.

Ideally, the polymer relaxivity should be determined independently by
measuring R as a function of [p] much as the relaxivities of the iron ions in
the Fricke solution were determined in the last chapter. However, this is not
possible for two reasons. First, the dose variation of the exact structure and
composition of the irradiated polymer is not known. Second, even if it were
known, it would be difficult to produce these specific polymers independently
so that they could be used in model solutions in the same way iron ions were
used in the analysis of ferrous sulfate gels ( see Fig.'s 5.1 and 5.2). However,
values of Ry for known amounts of polymer in BANG gels may be estimated
from the measured R-dose responses, given certain assumptions. After
saturation of the dose response, when sufficient curing times have passed and
R2=RpMmaX, the amount of polymer formed is equivalent to the initial amount
of monomer, i.e., [p]=%T, assuming that all the monomer has reacted. Given
the high reactivity of the monomers this is a reasonable assumption since it is
unlikely that some monomers remain unpolymerized in the presence of the

excessive amounts of water or gelatin radicals created at high doses. Also, the
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fact that Ry does not change at all over a large range of doses after saturation
(i.e., tens to hundreds of Gy's) suggests that no additional polymerization
from slower reactions with low dose sensitivity occur. This observation is
supported by the high monomer to polymer conversions (=98%) typically
observed for pure, chemically crosslinked polyacrylamide.

Thus, the polymer relaxivity can be estimated by:

P ~ (Rlznax' R2(O%T )

’ (6.7)
%'T

where 1P is in units of s1 per percent weight fraction of polymer formed in
the dosimeter (i.e., s1/%w) and Ry(0%T) is the apparent rate for water in the
presence of the gelatin only.

The polymer yield was not determined directly since, as noted above,
the weight fraction of polymer formed for a given dose could not easily be
measured directly. However, GP can be estimated from the dose at which
saturation occurs and all of the monomer has polymerized so that the percent

weight fraction of polymer formed is the initial %T. Thus,

GP =%T

6.8
Dt (6.8)

It is interesting to note that for the ferrous sulfate-doped gels, the
concentration of Fe3+ after saturation is not equivalent to the initial
concentration of FeZ+ because saturation is due to the depletion of oxygen not
Fe2+. Hence, the yield for Fe3+ could not be determined in the same manner
as that for the polymer. However, oxygen, or any other compound for that
matter, are not required in the polymer gel for the polymerizations to
proceed, rather it inhibits polymerization.

The polymer relaxivity and yield are all interrelated with the

parameters used to characterize the Rp-dose response (recall Section 3.1.2), i.e.,
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the saturation dose Ds,t, the dose sensitivity d, and the dynamic range (Rpy™ax-
R2(0 Gy)). The dose sensitivity, the slope of the linear portion of the R>-dose
response, and the dynamic range are both determined directly from the Rp-
dose response. The relationships can be made evident by combining Eq.'s 6.7
and 6.8 and Eq. 3.1 to give:

Dy = (Rgax - R2(OGY)) =%T - P%T 6.9)
d GP d

Despite these connections, all five parameters will be dealt with
independently so that the data can be more easily interpreted for information
on both the dose response mechanisms (parameters rP and GP) and on the
optimization of the Rp-dose response for practical use (parameters Dgat, d and
dynamic range (Rpmax-Ry(0Gy)) ).

The linearity of the Rp-dose response for the BANG polymer gel
dosimeter implies that the polymer yield and relaxivity determined using
data from the saturation region of the response should apply throughout the
whole dose range to saturation. Examples of the linear portions of Rp-dose
responses for various BANG gel dosimeters are shown in Fig. 6.7. According
to Eq. 6.6, a linear response of Ry to dose implies that the dose sensitivity, d, is
constant with dose. Hence, the relaxivities and polymer yield are probably
also constant with dose so that their values determined using Rymax and Dsat
apply at any dose. It is highly unlikely that a linear dose response would be
obtained, for example, by increases in polymer yield GP with dose countered

by concurrent and equivalent decreases in polymer relaxivity rP with dose.
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6.3 R2-Dose Response Studies
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Figure 6.7 Examples of
the linear portion of the Rp-
dose responses for different
BANG gel dosimeters.
Unless specified otherwise,
the dosimeters consist of 5%
gelatin, 50%C and 6%T, and
were measured at 20°C.

The effects of a number of variables, such as the gelatin concentration,

%T and %C and NMR measurement temperature on the Rp-dose response of

BANG gel dosimeters are studied in Sections 6.3.1, 6.3.2 and 6.3.3, respectively.

As noted in the previous section, the results will be analyzed in two different

ways. One analysis deals with the effects of the variables on the polymer

yield and relaxivity in order to better understand the dose response

mechanisms. The other analysis deals with the effects of the variables on the

dose sensitivity, dynamic range and saturation dose for the purpose of

optimizing the dosimeter's response for practical applications.
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6.3.1 Effect of Gelatin

Lmeartty of the Ry-Dose Response
The presence of gelatin in the BANG polymer gel dosimeter has a
profound effect on the behavior of the radiation response of Bis and
acrylamide monomer. Figure 6.8 shows two dose responses, one for the Ry of
a 50%C and 8%T solution of acrylamide and Bis without gelatin (adapted
from Maryanski et al, 1993) and another for the Ry of a 67%C and 6%T BANG
gel dosimeter containing 5% gelatin by weight. All data were measured at

40°C.

0.8 L L T i M 4
Figure 6.8 The effect of
gelatin on the radiation
response of BANG gel
dosimeters. An Ri-dose
2 response is shown for a
P 50%C and 8%T Bis and
o acrylamide  solution
o 50%C/8%T w~  without gelatl.n (adapted
from Maryanski et al., 1993)
o 67%C/ 69:” 10 and Rz-zl}:)se response is
5% gelatin shown for a 67%C and 6%T
1. BANG gel dosimeter

00 100 20 0 300 400 50.0 containing 5% gelatin.
Dose (Gy)

0.6

-1) .

R, (s

04

In the absence of gelatin, the dose response of the longitudinal
relaxation rate, R1, was shown to be a step function; R1 did not vary with dose
until a threshold dose of about 15 Gy where R1 suddenly increased to a
saturation value (Maryanski et al., 1993). This threshold behaviour is
identical to the response of the "go-no-go" aqueous monomer dosimeters,
proposed by Hoecker and Watkins (1958). The same behavior is expected for

R in the absence of gelatin since Ry and R; respond similarly to dose in the
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presence of gelatin; they both increase linearly with dose before saturating at a
certain value (Maryanski et al, 1993). The similarity follows directly from the
likelihood that Rj, like Ry, depends on polymer concentration.

The threshold behavior of the radiation dose response for Bis and
acrylamide in the absence of gelatin is best described in terms of the kinetic
chain length, v, which is the average number of monomers consumed or
polymerized per radical formed. As noted in Section 3.3.1 v is equivalent to
the ratio of the polymerization rate, Rp, to termination rate, Ry. Since the
number of radicals formed is related to the dose absorbed by the system, v is
related to the number of monomers consumed per unit dose, a measure of
the polymer yield, GP, defined in Eq. 6.5. Hence, the important result that the
polymer yield is related to the reaction dynamics through the parameter, v, is
obtained (i.e., GP o< v o< Rp/Ry).

With the relationship between GP and the reaction dynamics in mind,
the threshold behavior may be explained as follows. As polymer is formed
the viscosity of the system increases and the reactants and products diffuse
less readily. Thus, both Rp and R; decrease. However, Ry decreases more
than Rp because termination, involving two large radicals, is more hindered
than polymerization, involving a large radical and small monomer. The net
effect is that v and hence, the polymer yield GP, increases with dose as more
polymer is formed. This phenomena is referred to autoacceleration (recall
Section 3.3.1).

In the presence of gelatin, the Ry-dose response of the polymer system
is altered and the spin-spin relaxation rate increases linearly with dose until
saturating at constant value Ry™Max after the dose Dg,t (see Fig. 6.8). Thus, it
seems that the polymer yield GP is constant with dose in the BANG gel

dosimeter. It is postulated that the gelatin acts to control the viscosity of the
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system so that the gelatin and not the polymerization alone determines the
diffusion of reactants and products in the dosimeter. The polymerization and
termination rates would be determined by the gelatin as well. Thus, in the
presence of gelatin, Rp and Rt do not vary significantly as the amount of
polymer increases, and v and GP remain constant throughout the whole dose
range. By decreasing the diffusion of products, the gelatin also stabilizes the
spatial dose information over time so that the gel dosimeters may be analyzed
any time after irradiation for 3-D radiation dose distributions.

Also, in the absence of gelatin the polymerization propagates
throughout the whole volume of the dosimeter container whereas in the
presence of gelatin the amount and hence spatial extent of the polymer
formed are limited. Thus, the distribution of effects observed in a large

BANG gel are representative of the doses absorbed locally.

GP and rv

Preliminary data demonstrating the effect of gelatin concentration on
the Rp-dose response of 50%C and 6%T BANG gel dosimeters are shown in
Fig.'s 6.9a and 6.9b. The gelatin concentration was varied from 4 to 6% by
weight and Ry was measured at 20°C and 20 MHz. It is obvious that varying
the gelatin concentration from 4 to 6% has little effect on the Ry-dose
response. This supports the assumption in the model for the BANG gel's Ra-
dose response that the gelatin relaxivity plays an insignificant role in the
response.

The polymer relaxivity remains constant at about 0.67 + 0.03 s'1/%w
when the gelatin concentration is varied from 4-6%. In so far as rP is a
measure of the composition and structure of crosslinked polyacrylamide (see

Section 6.3.2), its insensitivity to gelatin concentration suggests that the
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gelatin does not affect the nature of the polyacrylamide formed significantly.
It also suggests the reverse, the polyacrylamide formed has little effect on the
gelatin and its relaxivity. This observation supports the assumption made in
the model that the water hydrating the gelatin does not play a role in the Rp-
dose response of the BANG gel dosimeter.

The polymer yield, as determined from the Ry-dose responses using
Eq. 6.8, increases from 0.50+0.05 to 0.68+0.07 %w/Gy when the gelatin
concentration is decreased from 6% to 4%. This behavior supports the
proposition made earlier that the polymer yield is determined by the gelatin.
It suggests that as the gelatin concentration is decreased, the diffusion of the
monomers increases more than that of large radicals, and hence, v (=Rp /Ry)
and GP also increase. If the gelatin concentration were to be decreased further,
the linear response of Ry to dose, characterized by a constant GP, would be
expected to revert to the nonlinear, threshold response observed in the
absence of gelatin, characterized by a variable GP.

Two additional sets of data supporting these observations are shown in
Fig. 6.10. The data show rP as a function of %C which determines polymer
composition and structure. The variation in rP with %C confirms that the
value of rP is a reflection of composition and structure. This aspect of the data

is further discussed in the next section.
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Figure 6.10 The polymer

1 relaxivity, rP as a function
$ of %C for a 6%T BANG gel
1.0 40°C_-] samples measured at 20°C
3 -7 (filled circles) and 40°C
e 1  (open circles). The dashed
. lines represent fits to data
0.5F .-° 7 obtained at 40°C for
e chemically crosslinked
o .- 1 samples of 5%T poly-
0.0 ----- e.-%2.7 | acrylamide without gelatin
: (Kennan et al., 1995).

0.0 25.0 50.0 75.0 1000
%C (%wW)

The first set of data, analyzed at 20°C, is for 6%T BANG gel dosimeters
containing 5% gelatin. The behaviour of interest is the sudden increase in rP
at about 30%C which coincides with the %C where the opacity of the BANG
gel has been observed to change from transparent to milky in pure
polyacrylamide systems containing no gelatin (Gelfi and Righetti; 1981a,b).
The onset of opacity is associated with the formation of condensed regions of
highly crosslinked, bead-like structures of polyacrylamide called "coagula”
whose sizes are of the order of the wavelength of light. The agreement
between the %C at which rP changes suddenly for polyacrylamide formed in
5% gelatin and where coagula begin to form for pure polyacrylamide seems to
indicate that the gelatin does not affect the formation of coagula.

The second set of data shown in Fig. 6.10 were measured at 40°C for
6%T BANG gels containing 5% gelatin (empty circles) and for 5%T pure,
chemically crosslinked polyacrylamide (dashed lines representing fits to data

obtained by Kennan et al.; 1995). The data for the 6%T BANG gel and the 5%T
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pure polyacrylamide agree closely, so to a large extent the gelatin does not
affect the composition and structure of the polyacrylamide that would be

formed in the absence of gelatin.

Dosimeter Optimization

According to the data in Fig. 6.9 the saturation dose increases slightly
from 8.8 £ 0.9 Gy to 12.1 + 1.2 Gy when the gelatin concentration is increased
from 4 to 6%. The dynamic range (=Rp™aX - Ry(0Gy)), however, remains
constant at about 4.0 + 0.2 s'1. The dose sensitivity decreases with gelatin
concentration (see Fig. 6.9b) and ranges from 0.45 to 0.32 + 5% s 1Gy-1 when
the gelatin concentration is increased from 4% to 6%. This decrease in dose
sensitivity arises from a decrease in GP since rP remains constant over the
4% - 6% gelatin range (recall discussion above). However, gelatin
concentrations below 5% are too low to provide adequate rigidity of the
BANG gel. Also, if the gelatin concentration were lowered too much, the Ro-
dose response might revert to the nonlinear step function form observed in

the absence of gelatin .

Summary

The gelatin in the BANG gel dosimeter affects the polymer yield, GP, of
the polyacrylamide. It moderates the radiation response of polymerization so
that GP is constant with dose and a linear response of Ry to dose results.
Increasing the amount of gelatin in the dosimeter decreases the value of the
polymer yield. The gelatin appears to have little effect on the relaxivity of the
polymer. Thus, the structure and composition of the polymer formed seems
unaffected by the gelatin. Significant improvement of the Rp-dose response

by changing the gelatin concentration is not possible.
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6.3.2 Effect of Polymer Composition (%T,%C)

The effect of the polymer composition and structure on the Ry-dose
response of the BANG gel dosimeter was investigated by varying the
monomer content in terms of either the total weight fraction of monomer
(acrylamide + Bis) in the solution, %T, or the weight fraction of Bis
crosslinker per total monomer, %C (recall definitions in Section 3.3.2).
Figures 6.11a and 6.11b show that the Rp-dose response is affected by %C and
%T, respectively, but that it keeps its general form, an initial linear response
followed by a saturation of Ra. The effects of the polymer composition on the
relaxivity and chemical yield of the BANG gel dosimeter, as well as the
optimization of the Rp-dose response, are discussed below in terms of %C and

%T.

Effect on the Polymer Relaxivity ¥

Figure 6.12 shows the variation of the relaxivity of the polymer as a
function of the percent weight fraction of Bis ( = %C x %T/100 ) and
acrylamide ( = (100 -%C) %T/100 ) in the gel. The rate measurements were
made at 20°C and 20 MHz and the gel samples contained 5% gelafin. The data
in Fig. 6.12 were plotted versus the weight fraction of Bis instead of %T or %C,
because it allows two sets of data, one in which %C was varied while %T was
fixed at 6%T and another in which %C was fixed at 50%C while %T was
varied, to be compared directly. Both sets show an initial slow increase in rP
with % Bis followed by a sharper increase after about 2% Bis.

The increase in relaxivity with amount of crosslinker is not
unexpected. Studies of pure crosslinked polyacrylamide show that separate

increases in %C and %T make the polyacrylamide more rigid (Weiss and
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Figure 6.11 The Rp-dose responses for BANG gel with varying polymer composition:

a) %C varied and %T held constant at 6%T
b) %T varied and %C held constant at 50%C

All samples contained 5% gelatin; the NMR measurements were made at 20°C
and 20MHz. RpMaX data at ~ 300 Gy from which most of the horizontal dashed
lines extend are not shown in the graphs.
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Silberberg, 1977). The same behavior is expected in the presence of gelatin
since, according to the results of the previous section, the structure and
composition of polyacrylamide do not seem to be affected significantly by
gelatin. If the motions of the hydration water are indeed modulated by those
of the polymer (recall Section 6.2.1), then as the polymer rigidity increases, the
motions of hydration water should also be affected. This change in the
hydration water dynamics should cause the inherent spin-spin relaxation rate
of the hydration water, RoP, and hence the polymer relaxivity, rP (= kP (RpP -

RpW) ), to increase.

Figure 6.12 The poly-
L ' P lamid laxivit

. . acrylamide relaxivity

1.2 L | % acrylamide ,IJI:' -| plotted as a function of the

O =%Bis [y constant %T | absolute weight fraction of

= 6%T - % Bis )/ (6%T) Bis crosslinker in the BANG

o gel. Data are shown for

0.8 - e - samples of constant %T

& ‘" “constant %C (6%T) and varying %C, and
<,

(50%C) 1 for constant %C (50%C) and
varying %T. The gelatin
0.4 | A - concentration was 5% for all
o samples and the NMR
i - 7 measurements were made at
J‘J;- --o-0 20°C. The curves through
0.0 the data are for visual
0 2 4 6 guidance only.
% Bis (%w)

r? (s Y/%w)

Greatér increases in the polymer relaxivity with %Bis are observed for
the samples with varying %C and constant 6%T than those with varying %T
and constant 50%C. This agrees with the greater increases in polymer rigidity
observed for high %C than for high %T. For high %C polyacrylamide the
aérylamide chain length between crosslinks is much shorter. The two sets of

data intersect where the samples’ compositions are equivalent, i.e., 3% Bis.



Before the crossover the constant %T samples contain more acrylamide and
less Bis than the constant %C samples, hence the acrylamide chains between
crosslinks are longer, and the polymer rigidity and relaxivity are lower. The
reverse is true after the crossover. This behavior further supports that the
spin-spin relaxation of polyacrylamide is determined by polymer rigidity and
the water hydrating the polyacrylamide.

It is also interesting to note that the polymer relaxivity remains
constant with %T until about 4%T or 2% Bis (see Fig. 6.12). Assuming that
increases in the amount of polymer formed with dose can be mimicked by
increases in %T, the constancy of rP with %T supports the hypothesis
proposed in Section (6.2.1) that rP remains constant with dose throughout the
linear portion of the Ry-dose response. The increase in rP with %T beyond
2% Bis may be an indication of a change in phase of the polymer being
formed. It may be possible that below 4%T the density of polymer is too low
for the radical centers distributed throughout the gelatin to connect and gel.
Hence, the polyacrylamide within the gelatin exists only in a sol phase
whereas above 4%T it exists in a gel phase. An easy way to detect a change in
phase would be to attempt to melt the samples since polyacrylamide in the gel

phase does not melt.

Effect on the Polymer Yield GP
Figure 6.13 shows the polymer yield as a function of the % weight
fraction of Bis in the gel. As for Fig. 6.12, the data are shown for samples with
constant %C (50%C) and varying %T, and for samples of constant %T (6%T)
and varying %C. Although far from complete, the set of constant %C data,

obtained from a preliminary study (see Fig. 6.11b ) is informative nonetheless.
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The chemical yield for the constant %T samples decreases with increasing %C

C whereas the GP for the constant %C samples increases with increasing %T.

1.0 ' ' - R Figure 6.13 The polymer
cm('zt;f.;;% T yield, GP, as a function of
N the % weight fraction of Bis
- I R 1 in the BANG gel. Data are
& ‘% constant %C shown for samples of
B S -~ ~1 (50%C) constant %T (6%T) and
R 0.5} o «\é’ 4 varying %C, and for
o ¢ > constant %C (50%C) and
© = varying %T. The gelatin
| % acrylamide ‘\\ ] concentration was 5% and
ol =% o the measurements were
RS i made at 20°C. The lines are

0.0 bl = 6%136 Bis | o aids to the eye only.

0.0 2.0 40 6.0
% Bis (%ow)

As mentioned in Section 6.2.2 the polymer yield is related to the kinetic
chain length (v=Rp/R¢) and hence the dynamics of the reaction. The decrease
in the yield with increasing %C is consistent with the slower reaction kinetics
observed spectrophotometrically by Gelfi and Righetti (1981a) for pure
polyacrylamide gels with high crosslinker fractions. It is also consistent with
the results of Section 6.1.3 where it was observed that the post-irradiation
reactions last longer for the 67%C BANG gel than for the 50%C gel. The
reaction kinetics are thought to decrease with %C because, as the structure of
the polymer becomes more rigid and condensed, the reactants have more
trouble diffusing through the polymer (Gelfi and Righetti, 1981a). The rel-
ative decrease in diffusion of the monomers is likely to be greater than that of
the macroradicals. Hence, Rp should decrease more than Ry, and the polymer
yield should decrease. So far it has been proposed that diffusion mediated

e changes in the polymer yield for an aqueous monomer system can arise from
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the amount of polymer formed or by the addition of gelatin (see Section 6.3.1).
It is also apparent that polymer yield changes can arise from changes in the
structure of the polyacrylamide brought on by varying %C.

The increase in the polymer yield with %T observed for the constant
%C samples can also be explained in terms of the kinetic chain length
(=Rp /R¢). It was shown in Section 3.3.1 that the polymerization rate, Rp,
depends linearly on the monomer concentration whereas the termination
rate, R¢, does not. Hence, the kinetic chain length and the chemical yield
should also increase linearly with monomer concentration. Although
limited, the chemical yield data for constant %C in Fig. 6.13 supports a linear

dependence of GP on %T.

Effect on the Dose Sensitivity

Figure 6.14 shows plots of the dose sensitivity, d, versus the Bis weight
fraction of the BANG gel for samples of constant %T (6%T) with varying %C,
and of constant %C (50%C) with varying %T. The gelatin concentration was
5%, and the NMR measurement temperature was 20°C for all samples. The
dose sensitivity was determined from the slope of the linear portion of the
Rp-dose response. For the constant %T data, the dose sensitivity peaks at
about 3% Bis (=50%C). The constant %C data, although limited, suggests a
constant increase in dose sensitivity with increasing %T.

The behavior of the dose sensitivity with % Bis can be interpreted in
terms of the basic dose response mechanisms described by the relaxivity (Fig.
6.12) and the polymer chemical yield (Fig 6.13). According to Eq. 6.6 the dose
sensitivity for constant %T samples increases with %Bis because of an
increase in the polymer relaxivity (see Fig. 6.12). However, a concurrent

decrease in the polymer yield (see Fig. 6.13) eventually dominates the
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relaxivity increase causing the dose sensitivity to peak and then decrease with
increasing % Bis. The peak observed in Fig. 6.14 can essentially be reproduced
by dividing the relaxivity data in Fig. 6.12 by yield data in Fig. 6.13. Similarly,
the increase in dose sensitivity with %Bis for constant %C samples is a result

of simultaneous increases in polymer relaxivity and yield with % Bis.

| T I

0.50 L __| % acrylamide constant %C | Figure 6.14 The effect of

g = % Bis % (50%C) %weight fraction of Bis on

=6%T - % Bis the dose sensitivity. Data

& 1 are shown for samples of

7 R constant %T (6%T) and

0.25 + o /B N - varying %C, and for

/ & constant %C (50%C) and

“ N varying %T. The gelatin

constant %T  ° concentration was 5% and

- o (6%T) the measurements were at

0.00¢g-~ 7 20°C. The curves are for
visual guidance only.

d (s' GyhH

0.0 2.0 4.0 6.0
% Bis (%w)

Dosimeter Optimization

The effects of polymer composition on the optimization parameters,
i.e., the dynamic range (=RpmaX-Ry(0Gy)), dose range (Dgsat) and dose
sensitivity (d), are shown Figure 6.15. The polymer composition is expressed
in terms of %T and %C as opposed to %Bis, because these are the standard
variables used to describe the polymer composition. Presenting the data in
this fashion provides easy reference when customizing the composition for
the dose response requirements of a particular application. One must bear in

mind that there is a practical limitation to the composition of the gel imposed
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Figure 6.15 The dependence of various dose response parameters on the polymer composition
(%C or %T). The parameters were the dynamic range (a,b), the dose range (c,d) and the dose
sensitivity (ef). The data in plots a), ¢) and e) are for 6%T dosimeters whereas the data in
plots b), d) and f) are for 50%C dosimeters. All dosimeters contained 5% gelatin.
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by the precipitation of Bis for Bis weight fractions exceeding 6% in the BANG
gel.

Figures 6.15a and 6.15b indicate that the largest dynamic range is
obtained for high %C and %T, respectively. Figure 6.15¢ indicates that the
greatest saturation dose is obtained for high %C. This suggests that at high
%C small variations in %C due to preparation may cause large fluctuations in
Dgat. Figure 6.15d shows that, over the composition range studied, changes in
%T have little effect on the dose range.

It is apparent from Fig.'s 6.15e and 6.15f that best high dose sensitivities
are obtained for crosslinker concentrations of about 50%C and high total
monomer concentrations, respectively. However, it is interesting to also note
how preparation errors in %C might affect uncertainties in the dose
sensitivity. The dose sensitivity varies least with %C at about 50%C where
the slope is a minimum (see Fig. 6.15e ). Hence, small errors in %C at 50%C
will cause smaller errors in dose sensitivity than at higher or lower %C.
Thus, not only is the sensitivity optimized at 50%C but, also, some of the
preparation constraints may be relaxed for this composition.

The optimal crosslinker fraction producing the maximum dose
sensitivity is about 50%C (Fig. 6.15e ), however, beyond 50%C the dynamic
range (Fig. 6.15a) and dose range (Fig. 6.15c) increase whereas the dose
sensitivity decreases. Thus, a compromise must be made between the dose
sensitivity, and the dynamic and dose ranges when éhoosing the best
crosslinker fraction for a certain dosimetry application. This type of
compromise is often encountered for other types of dosimeters such as the
Fricke dosimeter where the addition of cupric ion can increase the dose range
by a factor of 24, but decreases the dose sensitivity by the same factor (Attix

et al., 1966).
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6.3.3 Effect of NMR Measurement Temperature

Previous results have indicated that the dose sensitivity of BANG gels
varies with NMR measurement temperature (Maryanski et al., 1993). Figure
6.16 shows the effect of NMR measurement temperature on Ry-dose response
| of a 67%C and 6%T BANG gel dosimeter containing 5% gelatin. It is obvious
that both the dose sensitivity and the maximum spin-spin relaxation rate
increase with decreasing temperature. Data such as that presented in Fig. 6.16
can be interpreted, as in previous sections, for effects on the various dose
response parameters. The data can also be used to provide a preliminary
interpretation of the molecular dynamics of the system although they were

not acquired with this goal in mind.

12.0 . T .
10°C
5.0 | . | Figure 6.16 The effect of
—_ o 20°C NMR measurement temp-
T P et erature on the R)-dose response
o o Pt 1 of a67%C and 6%T BANG gel
o ¥ dosimeter containing 5%
4.0 - g~ e o __40%C 4 gelatin.
RN L PR
- PR e
b.-¢" p--bBT
e
0.0 ' ' :
0.0 25.0 50.0
Dose (Gy)

Molecular Dynamics
Temperature studies of relaxation times can yield information about
the molecular dynamics in a system, in particular, the activation energies for
the motions may be determined. As shown in Section 2.2.2, the relaxation

times depend on molecular motions through the correlation times, t, of the
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motions. Because molecular motions are thermally activated processes, the
following Arrhenius relation, given previously in Eq. 2.19b, is often assumed

for the correlation times (Farrar and Becker, 1971):
T = T, exp{Eo/KT), (6.10)

where E, is the activation energy and k is Boltzman's constant. For simple
homogeneous systems whose motions and relaxation times are easily
characterized in terms of correlation times, the activation energy may be
determined from the Ry versus temperature data (recall Eq. 2.33) shown on a
BPP plot (see Section 2.4.1). However, for more complex systems where exact
characterization in terms of t's is not possible, effective activation energies
may still be extracted from BBP plots to give qualitative information about
molecular motions (Hsi et al., 1976).

The temperature dependence of the observed spin-spin relaxation
times of 5% gelatin, 67%C and 6%T BANG gels irradiated to different doses
are shown in Fig. 6.17a along with the T,'s of pure water (Krynicki, 1966) and
hydration water in low hydration polyacrylamide (Zhang, 1990). As discussed
previously, the observed spin-spin relaxation is modulated by the exchange
processes between the different water environments in the gel (Section 2.6).
The inherent T;P's (=1/RyP), independent of exchange processes, better
characterize the temperature dependence of the spin-spin relaxation of the
polymer hydration water protons. They are extracted from the observed T)'s

using:

1 —pp(l _1 1

— =pP - + ,

e T‘z”) T0Gy) o1
where polymer hydration water proton fraction, pP, are determined from

stoichiometry and the bulk water spin-spin relaxation time, Ty¥, is
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determined from measurements at 20°C (T2 =2.38 s) using an activation
energy of 4.2 kcal mol ™! appropriate for purified water (Krynicki, 1966).

The resulting ToP temperature dependencies of BANG gel dosimeters
(67%C, 6%T and 5% gelatin) irradiated to different doses are given in
Fig. 6.17b. Since the data for samples irradiated to different doses
approximately follow parallel lines, the activation energies for the different
doses are essentially the same. The average of these activation energies is
about 6.2+ 0.3 kcal mol-1. A similar average activation energy
of 6.7 £ 0.5 kcal mol™! is found for 50%C, 6%T and 5% gelatin BANG gel
dosimeters irradiated to different doses. These activation energies agree
closely with that of the 6.5 kcal mol™! associated with the hydrogen bonding of
the hydration water in low water content polyacrylamide gels (Zhang, 1990).
They are also greater than the activation of bulk water, 4.2 kcal mol !, and less
than the activation energies of polymer motions (10-100 kcal moll; McBrierty
and Packer, 1993). These comparisons support the idea that the restricted
motion of hydration water is involved in the spin-spin relaxation of BANG
polymer gel dosimeters.

In addition, it can be deduced from the decrease in ToP with decreasing
temperature that there is no chemical exchange occurring between the NH
and NH protons and the water protons over the 5°C to 40°C temperature
range. The observed rates are expected to increase with temperature in the
presence of chemical exchange. Similar behavior was observed for pure
crosslinked polyacrylamide at neutral pH (Zhang; 1990), where Ry decreased
with temperature below 76°C and increased with temperature above 76°C

indicating the onset of chemical exchange.
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Figure 6.17 a) Temperature dependence of the spin-spin relaxation times of 5% gelatin, 67%C
and 6%T BANG gel dosimeters irradiated to different doses along with the T2's of pure water
(Krynicki, 1966) and polyacrylamide and hydration water in low hydration polyacrylamide
(Zhang, 1990). b) Temperature dependence of the T2 of polyacrylamide hydration water in the

BANG gel dosimeter (5% gelatin, 67%C and 6%T).
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P an GP

Figure 6.18a shows the effect of the NMR measurement temperature
on the polymer relaxivity, rP, of 6%T and 5% gelatin BANG gels of varying
%C. The relaxivity increases with decreasing temperature, the effect being
more pronounced for higher %C. As discussed previously, this increase is
expected to arise from the changes in the spin-spin relaxation resulting from
the slowing of the hydration water dynamics (i.e., T decreases with increasing
temperature). Recalling that rP = kP (RoP - Rp%), an increase in rP with
decreasing temperature is expected because RpP changes more rapidly than
Ro% as temperature decreases (E;~6.2 and 4.2 kcal mol ™, respectively).

It is apparent from Figure 6.18b that the NMR measurement
temperature has no effect on the polymer yield regardless of the crosslinker
fraction. This is to be expected since the amount of polymer formed is

determined by the curing of the dosimeter before measurement occurs.

Optimization
The independence of polymer yield on temperature observed in Fig. 6.18 also
indicates that Dg,¢, which is inversely proportional to yield (i.e.,
Dsat = %T/GP), should not be affected by the measurement temperature
either. Hence, the dose range cannot be optimized by manipulating the
measurement temperature.

Figure 6.19a shows that the géneral dose sensitivity dependence on %C
does not vary with the measurement temperature. The dose sensitivity peaks
at 50%C at 10°, 20° and 40°C, but the magnitude of the effect decreases with
increasing temperature. The best dose sensitivities are obtained for low
measurement temperatures. The increase in dose sensitivity with decreasing

temperature is most pronounced for the 50%C BANG gel (see Fig. 6.29b ). The
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CHAPTER SEVEN
Conclusions

7.1 Ferrous Sulfate-Doped Gelatin Dosimeter

A physical model was proposed in Section 5.2.1 for the dose response of

the spin-lattice relaxation rate of water protons in the ferrous-sulfate doped
gelatin dosimeter. The model assumes fast physical exchange between the
water hydrating the ions and gelatin and water in the bulk. It also assumes
‘that the gelatin did not interact with the ions. Experimental testing of the
model provided a better understanding of the dosimeter. The testing was
accomplished in two ways: 1) by comparing the behavior of R; as a function of
ion concentration for different gelatin concentrations with that predicted by
the model and 2) by comparing NMR G-values for Fe3+ determined using the
model for the Ri-dose response with the G-values for Fe3* determined using
spectrophotometry.

Agreement between the behavior observed for Rj as a function of Fe2+
ion concentration for different gelatin concentrations supports the model.
However, such agreement wés not observed for the Fe3* ion. It was found
that in the ferrous-sulfate gelatin system the gelatin interacted with the Fe3+
ions indirectly by increasing the pH of the solution. This enhanced the ability
of the Fe3+ ion to complex and, hence, to decrease the Fe3+ ion relaxivity. The
gelatin-induced pH changes were not great enough to affect the ferrous ion

relaxivity. Thus, the model correctly assumes fast exchange between all the



That is, absorbed dose can be directly determined for a given R; from the basic

NMR and radiochemistry parameters r2+, 13+ and G(Fe3+).

7.2 BANG Polymer Gel Dosimeter
7.2.1 Reproducibility

The studies of Chapter 6 indicate that reproducible Ry-dose responses
can be obtained for BANG gels prepared in small volumes and in separate
batches. It has been shown that the reproducibility of the Ry-dose response is
not affected by the gas (Ar or CO2) used to purge oxygen from the gel and the
cooling and irradiation temperature. However, the duration between
irradiation and NMR measurement has to be taken into account since the
Ry's of irradiated BANG dosimeters increase with time as post-irradiation
polymerization and crosslinking reactions proceed. After sufficient time
delays the reactions terminate and the Rp-value stabilizes. The Rj-dose
responses are then temporally stable and reproducible at room temperature.
About 1 and 2 days are required for the Ry-dose response to stabilize for the
50%C and 67%C samples (6%T), respectively. Assuming a given dosimeter
composition and NMR measurement température, the main factors
determining the reproducibility of the dosimeter are the presence of
impurities and Oz and the post-irradiation time delay.

It might be possible to reduce the post-irradiation time delay required
for Rj to stabilize by "developing” the gel by heating it slightly to accelerate
the polymerization dynamics. This process would be interesting to

investigate further.
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7.2.2 Governing Mechanisms of the Ro-Dose Response

A model has been proposed for the dose response of the water proton
R; in BANG polymer gel dosimeters. The model is based on the fast
exchange of the water molecules between the water hydrating the polymer,
that hydrating the gelatin and the bulk water. The model is given in terms of
two parameters, the polymer relaxivity, rP, and the polymer yield, GP. The
relaxivity essentially characterizes the greater inherent spin-spin relaxation
rafe of the water protons hydrating the polymer. The GP indicates how the
concentration of crosslinked polymer increases with dose.

The effects of dosimeter composition and NMR measurement
temperature on rP and GP and the resulting effects on the dose sensitivity

(o rPGP; see Eq. 6.6) are summarized in Table 7.1 below.

Table 7.1 Effect of BANG gel dosimeter composition and NMR measurement temperature on

GP, tP and d. The arrows indicate whether the parameters are increasing or decreasing. The
thin and thick arrows represent weak and strong dependences, respectively.

GP rP d

Mgelatin] d constant U
fonc U ) peak at 50%C

ToT T T U

MTemp. N/A U U

7-4



One of the more interesting observations was the peaking of the dose
sensitivity at 50%C arising from the opposing effects of increases in rP and
decreases in GP with increasing %C. Future more thorough studies could
involve acquiring data for a greater range of monomer compositions. The
conclusions, derived from the above results, for rP and GP are summarized

below.

Polymer Chemical Yield, GP

It has been proposed in Section 6.2.2 that the polymer chemical yield is
related to the polymerization dynamics through the kinetic chain length, v,
which is equivalent to the ratio of the polymerization rate to the termination
rate, Rp/ R;. Thus, the effects of any variable on GP can be explained in terms
of effects of the variable on the reaction dynamics.

For gelatin concentrations exceeding 4% the Rj-dose response is linear
and GP is probably constant with dose. This linear response differs from the
go-no-go polymer dosimeters developed previously (see Section 3.3.3). It
seems that the gelatin moderates the polymerization by increasing the
viscosity of the dosimeter so that the diffusion of reactants is moderated. In
the absence of gelatin, the diffusion of reactants is determined by the amount
of polymer formed and GP varies with dose to produce a non-linear threshold
dose response (Maryanski ef al., 1993). It would be interesting to investigate
the effect of gelatin concentration on the Rj-dose response in more detail to
better characterize the move from a step-function-like response to a linear
one. However, this is of academic interest only since a threshold dose
response is not practical for 3-D radiation dosimetry.

Both the percent weight fraction of Bis per total monomer, %C, and the

percent weight fraction of monomer in the gel, %T, have been known to
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supports the assumption made by the model that the gelatin does not play a

significant role in determining the Ry-dose response of the BANG dosimeter.

‘Constant r* and GP

Several observations and results support the assumption that GP and
rP are constant with dose. First of all the Ry-dose response of a particular
polymer dosimeter is linear (see Fig. 6.7). Second, rP may be constant with
dose because it is constant with %T below 4%T (see Fig. 6.12). Third, a
polymer yield that is constant with dose is well explained by the proposed
theory relating GP to the kinetic chain length and polymerization dynamics.
Future studies could be used to verify that GP is constant with dose by
measuring the polymer proton magnetization fractions for samples irradiated
to different doses. These magnetization fractions are proportional to the

amount of polymer formed.

7.2.3 BANG Dosimeter Optimization

The results of the effect of BANG dosimeter composition and NMR
measurement temperature on the optimization parameters of the Rj-dose are
summarized in Table 7.2 below.

If one is only concerned with relative doses for a given dosimetry
application and irradiations can be performed to span the dose range within a
practical time frame, then the error in the maximum dose delivered can be
minimized by maximizing the dynamic range (see Section 1.2.3). The
dynamic range is greatest for high %C and %T and low NMR measurement
temperatures. However, the post-irradiation Ry-time responses presented in

Section 6.1 suggests that higher %C BANG gels may take longer to stabilize,

7-7



and that one may have to compromise greater dynamic ranges for quicker

stabilization.

Table 7.2 Effect of dosimeter composition and NMR measurement temperature on the
parameters characterizing the Ry-dose response. The arrows indicate whether the parameters
are increasing or decreasing. The thin and thick arrows represent weak and strong dependence,

respectively.

dynamic range dose range dose sensitivity
RoMax-Ry(0Gy) Dsat d
ﬂ[gelatin] constant T U
TewC ) ) peak at 50%C
Mo%T M T M
ﬂTemp. U constant U

For the determination of absolute doses the lowest minimum
detectable dose and the highest dose resolution are obtained with dosimeters
having the highest dose sensitivity (recall Section 1.2.3). The highest dose
sensitivity is obtained for low measurement temperature, 50%C for 6%T and
high %T for 50%C. The greatest %C and %T that can be used for either
absolute or relative dosimetry applications is limited by the solubility of Bis
(~3-4 g per 100 g of BANG gel). While the 50%C BANG gels exhibit the
highest dose sensitivity, these gels are also the most sensitive to temperature.
This emphasizes the importance of allowing the BANG gel dosimeters to
equilibrate thoroughly to the ambient temperature prior to magnetic
resonance imaging so that the Ry-dose response is uniform throughout the

dosimeter.



The increases in dynamic range and dose sensitivity with decreasing
measurement temperature suggest that it would be worth while designing a
method for analyzing gels in an MR imager at temperatures below room

temperature.

7.3 Ferrous Sulfate-Doped Gels vs Polymer gels

Three parameters, the dynamic range, dose sensitivity and dose range
can be used to evaluate the performance of gel dosimeters studied herein and
in the literature (see Section 1.2.3). For relative dose determinations in which
the whole dynamic range of a dosimeter's dose response can be spanned
within a practical time frame, the best dose resolution and minimum
detectable dose are obtained for dose responses with the greatest dynamic
range and the minimum measurement error (see Section 1.2.3). Similarly,
for the determination of absolute doses, the best minimum detectable dose
and dose resolution are obtained for the highest dose sensitivity (recall
Section 1.2.3). Wide dose ranges are preferred for high dose irradiations such
as those produced by brachytherapy treatments.

The best dynamic ranges for relaxation rates have been observed for the
polymer gel dosimeters. The maximum dynamic ranges observed for any gel
dosimeter were 9.6 57! for the Rp-dose response of a 67%C, 6%T and 5% gelatin
BANG gel dosimeter measured at 5° C and 20 MHz (see Fig. 6.20) and ~10s™!
for a 50 %C, 8%T BANANA gel measured at 20°C and 85 MHz (Maryanski
et al., 1993; see Fig. A1.2). These dynamic ranges could be further extended by
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increasing the %T and the measurement frequency, and slightly decreasing
the NMR measurement temperature.

The dynamic range of R; for the ferrous sulfate-doped gelatin
dosimeter studied in Chapter 5 theoretically could reach 8 - 10 571, however,
the depletion of oxygen limits the range to about 2 - 3 sl Greater Rp-dynamic
ranges of ~ 6 st énd ~ 75! have been observed for well oxygenated ferrous
sulfate agarose dosimeters (Gambriani et al., 1994) and small aerated ferrous
sulfate gelatin dosimeters (Duzenli et al., 1994), respectively. However, the
dynamic range observed for small aerated samples is not expected to apply to
large volpme dosimeters where enhanced aeration is hard to achieve beyond
3 mm depth from the surface (Duzenli et al., 1994).

Greater dose sensitivities are observed for polymer gels than for ferrous
sulfate gels. A maximum dose sensitivity of 0.52 s'1Gy-1 has been measured
for a 50%C, 6%T and 5% gelatin BANG gel dosimeter measured at 5° C and
20 MHz (see Fig. 6.19). This compares closely to the dose sensitivity of
0.44 s"1Gy-1 reported for a gel of identical composition, prepared using a
different protocol, and measured at 0°C and 64 MHz (Maryanski et al., 1994).
It is expected that the dose sensitivity could be increased further by increasing
%T and decreasing the NMR measuremeﬁt temperature. The highest dose
sensitivity reported for a ferrous sulfate-doped gel system is 0.20 s-1Gy-! for
the Rp-dose response of an oxygenated 1% agarose-Seaplaque gel at room
temperature and 63 MHz (Gambriani et al., 1994). These dose sensitivities are
much greater than those of ~ 0.04 s'le'1 observed for the ferrous sulfate-
gelatin gels (see Table 5.1). Results in Chapter 5 indicated that neither gelatin
nor sulfuric acid concentration affected the dose sensitivity of the gelatin-

based gel significantly enough.
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The maximum dose range observed for any gel dosimeter is ~120 Gy
for the small well aerated ferrous sulfate gelatin dosimeters, but again this
dose range does not apply to large volume dosimeters (Duzenli et al., 1994).
The greater dose ranges that can be observed for larger volume dosimeters are
~ 80 Gy for a 83%C, 6%T and 5% gelatin BANG gel (see Fig. 6.15). This
saturation dose is much higher than the ~ 10 Gy previously reported for
polymer gel dosimeters (Maryanski et al., 1993; see Table Al1.2) and those of
~40 Gy for aerated ferrous sulfate gelatin dosimeters (see Chapter 5).

Overall, it would appear that the polymer gels provide the best spin
relaxation dose responses, and hence, the best dose resolutions and
minimum detectable doses for 3D radiation dosimetry using MRI. The
resulting dose resolution and minimum detectable dose would depend on
the resolution of the measurement, either intensity or relaxation rate, from
the MR imager. Their actual determination for the optimal BANG gel
dosimeter compositions and NMR measurement temperature could be the
subject of future investigations. Other advantages of polymer gels mentioned
in Section 3.3.3 include their temporal stability (after termination of post-
irradiation reactions), neutral pH, and visually observable dose response
(Maryanski et al., 1994). The advantage of the ferrous sulfate-doped gel
dosimeters remains their ease of preparation, low cost and availability of dose
information immediately after irradiation. Both dosimeters offer the
possibility of an absolute dosimetry given the physical models presented in

Chapters 5 and 6 that relate R; and Rj to dose.
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Appendix A1

Compilation of dose response data taken from various sources in the literature.
Table Al-1 reviews the results of studies on the various ferrous sulfate-doped
gels while Table Al-2 presents the data for the polymer gel dosimeters. In some
cases the various parameters have been taken directly from the literature, in
others the parameters have been extracted by the author from published dose
response curves.

All NMR measurements were at room temperature unless otherwise stated.
Proton frequency specified in MHz. If the preparation of the dosimeter differs
from the standard, the changes are specified in the Conditions Column.

The symbol 2 indicates that the real dose range could not be obtained from the
published dose response since the saturation dose was not reached.

The GNMR and Gspect are the G-values found using NMR and
spectrophotometric methods, respectively. If G is specified without a subscript
then the yield was determined by some alternate method.

Any data presented in Chapters 5 or 6 of this thesis which may have been

reported previously at conferences or in the literature are not included in these
tables.
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Table A1-1: Ferrous Sulfate ( Fricke ) Dosimeters

NMR Sample Dose Response
frequency Condition dose
sensitivity | dynamic| dose | G-value*
(s7Gy™) range | range (#Fe3+/100eV)
(R1 unless (s
specified) (Gy)
Aqueous Fricke solution
(1 mM Fe2+,1 mM NaCl, 0.4 M Hp504 )
Gore et al., 1984 | | |
20 MHz 37°C 0.0113 GNMR=13 4
0.0121 (Rp)
Hiraoka et al., 1986
4.2 MHz 0.0105
Olsson et al.. 1989
10 MHz 0.05 M H2504 0.018
0.4 M HoSO4 0.016
Podgor rei | | | |
25 MHz 0.0182 7 400 GNMR..23
(increased due
to wall
9 MHz 0.0263 10 400 impurities)
Prasad et al.. 1992 | | |
64 MHz 0.018
0.019 (Rp)
1.32 mM benzoic 0.086
Hirgoka et al., 1992 | | |
0.028
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Table A1-1(con't)

NMR Sample Dose Response
frequency Condition dose
sensitivity d . d
Al ynamic ose G-value*
(7Gy™) range range value
R1 unless #Fe3+ /100
Spedied ) Gy | eIV
Agarose Fricke gel
A 1., 1987
(1.5% agarose; 0.4 mM Fe2+; 0.025 M H,SO4; 5 mM benzoic acid)
10 GSPect = 101
Appleby et al., 1988
(1% agarose; 0.025M H2504)
20 MHz  air / 0.4 mM FeZ* 0.090 215 8 GSspect=98 8
air/ 0.9 mM Fe2+
12 Gspect=61.7
air/ 10 mM Fe2+
- Gspect=37 1
O3/ 0.4 mM Fe?+ -
12 Gspect=134
N,/ 0.4 mM Fe2+ .
4 Gspect=37
Qlsson et al., 1989
(Agarose + )
1% agarose/air - not linear
1% agarose/ Oz 0.074 23 240
1.5% agarose/ Op 0.020
Qlsson et al.. 1990
(1.25% SeaPlaque Agarose + 0.25% Seagel)
10 MHz 0.05-.4 M HySO4 0.11-0.12
0.5 mM Fe2+ 0.2 3 15
1 mM Fe2+ 0.13 >5 >40
1.5 mM Fe2+ 0.12 G=94

>4 240
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Table A1-1( Agarose Fricke gel con't)

NMR Sample Dose Response
frequency Condition df)s.e '
e | e e | G
(R1 unless (#Fe3* /100eV)
specified) (sh (Gy)
Schulz et al., 1990
(1% agarose; 1 mM FeZ*; 0.5 mM Nal, oxygenated)
20 MHz 20 150
1-2% agarose + 0.5-5 mM Fe2* 0.10 4 20
0.25 mM Fe2* 0.07
85 MHz , 0.13 5.5 20
12-50 mM HpSO4 0.10 35 20
250 mM HpSO4 0.11 4 20
Qlsson et al., 1991
(1.5% agarose; 3 mM Fe2+; ImM NaCl; 50 mM H3504)
10 MHz 0.108 >4 240 G=93.9
Kron et al., 1993 ‘
(1.5% agarose; 0.125 M HSOy4; 0.5 mM Fe2+)
63 MHz 0.084 1 10
0.09 (Rg) 1 10
Gambriani et al., 1994
(1 mM Fe2*; 1mM NaCl; 0.05 M HySO4)
64 MHz 1% agar-agar+O2 0.09 21.5 215
1% Seaplaque O7 0.2 6 35 GNMR=185
- (1.5% agarose; 0.5 mM FeZ*; .125 M HpSOy4)
64 MHz 0.08 15 20
Rousseau et al: 1994
(1 mM Fe2*; 0.05 M HSO4; 1% agarose; 1mM NaCl)
20 MHz 0.039-0.058
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Table A1-1 (con'’t)

NMR Sample Dose Response
frequency Condition dose
seniih’vlity dynamic | dose G-value*
(s7Gy™) range range
(R1 unless (#Fe3*/100eV)
specified) (s (Gy)
Gelatin Fricke gel
Apvl .
(1mM Fe2+, 0.025M H2S04)
20 MHz 4% gelatin 0.041 >1.5 >40
8% gelatin 0.031 >1 >40
azle et al.. 1991
(5% gelatin; 0.05 M H3SO4; 1 mM NaCl)
64 MHz 0.5-2 mM Fe2*+ 0.04492 2.3 50
<0.5 mM Fe+ <0.045 <23 <50
Keller et al., 1993
(5% gelatin; 1mM Fe2+; 0.05 M H2SOy4)
25 MHz 0.04 2 50
aerated 0.041 17 40
oxygenated 0.043 35 80
Duzenli et al., 1994
(4% gelatin; 1 mM Fe2+; 0.05M H2SO04) ,
100 MHz 0.077 (Rp) >3 >40 GNMR=55
4% gel; 0.15M H3S04 0.091 (Ry) >3.5 240 GNMR=g)
8% gel " 0.082 (R3) >33 240 GNMR=54
12% gel " 0.069 (Rp) 7 120 GNMR=44
64 MHz 1 mM Fe2+;0.IN HS0y; 0.031
7.5% gelatin; Ry ;
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Table A1-1(con't)
NMR Sample Dose Response
frequency Condition dose
sensitivity dynamic dose
(s'Gyh) i?nge ransge G-value*
(R1 unless . (#Fe3* /100eV)
specified) (s) (Gy)
Sephadex Fricke gel
Hiragka et al., 1986 } }
crosslinked Sephadex 0.105 30
G-200
Hiraoka et al., 1992 ‘ ‘
2-4% Sephadex G-200 gel; 0.107 3 30
Hiraoka et al., 1993
(1 mM Fe2+; 0.4 N HSOy4; 1% sephadex + 3.8% Sumikagel)
0.0476 15 30
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Table Al1-2: Polymer-gel Dosimeters

—_—

NMR Sample Dose Response
frequency Condition dose
senjiti\-'lity dynamic| dose
(sGy™) range | range
(R1 unless (s™)
specified) (Gy)
BANANA gel
(4% Bis, 4% acrylamide, 1% agarose)
20 MHz 40°C 0.024 0.40 ~15
0.22 (Rp) 4 R2)
64 MHz 20°C 0.015 0.32
0.28 (R) 5 (R)
85 MHz 20°C 0.014 0.25
0.67 (R2) 10 (Rp)
BANG gel
Maryanskiet al. 1994
( 3% Bis, 3% acrylamide, 5% gelatin) ‘
64 MHz  irradiation temperature none none none
dependence
25°C 0.25 (R2) 3 8
0°C 0.44 (Ry) 37 8
(3% Bis, 3% acrylic acid; 1% NaOH; 5% gelatin) ‘ {
64 MHz 20°C 0335 (R2) >4 > 10
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Appendix A2:
List of Symbols

(Note that the page numbers also apply to the symbols that follow and have
no page number indicated)

Symbol

MRI
CT
HDR

Zeft

Hab
Hab/p

Scol
Srad

S/p

L/p
PDD

ef’ ‘ TLD

Description

CHAPTER ONE
Introduction

Magnetic Resonance Imaging

Computed Tomography

High Dose Rate

effective atomic number

atomic number

atomic weight

linear attenuation coefficient

energy absorption attenuation coefficient
mass energy absorption attenuation coefficient
mass density

linear stopping power

collisional stopping power

radiative stopping power

electron density

mass stopping power

mass restricted collisional stopping power
Percent Depth Dose |

Dose

dose sensitivity

Thermoluminescent Dosimeter

A2-1

Page
#

1-4
1-7

1-8
1-9

1-10

1-11

1-12
1-13

1-16



FeZ+

Fe3+

NMR

=i

i ®

2]

ferrous ion 1-22

ferric ion

CHAPTER TWO
Nuclear Magnetic Resonance and Relaxation

Nuclear Magnetic Resonance 2-1
magnetic moment of a nucleus with spin with

components Wy, Ky, Kz

Plank's constant

spin operator with components operators Iy, Iy, I,

gyromagnetic ratio

spin operators with eigenvalues [(I+1) and m,
respectively, and eigenstates |Im >, where I is designated
the spin of the nucleus

applied magnetic field 2-2
Zeeman Hamiltonian

generalized wave function _

energy eigenvalue of the Zeeman Hamiltonian

coefficients of the constituent eigenstates |m> of ¥

raising and lowering operators, respectively 2-3
Larmor frequency

macroscopic magnetization with components My, My, 24
M,

Boltzman's constant

the expectation value of the magnetic moment averaged
over all spins

angle of rotation of M produced by an rf pulse . 28
duration of the rf pulse
spin-lattice or longitudinal relaxation time

spin-spin or transverse relaxation time

A2-2



GT(Q)

perturbing Hamiltonian of the spin interaction

spatial time dependent operators of 3£1
spin operators of %1

difference in the states joined by A(Q) (=Am)
spectral density functions

correlation function

Gentlemen's Quarterly or auto-correlation function of
the spatial operators

activation energy

distance between two spins

Debeye terms describing spin relaxation of anistropically
reorienting water

molecular weight of the polymer

total correlation function for protons on polymer
molecules with components Gs(@), G; and Gg for
segmental, longitudinal diffusion and fluctuation
motions of the polymer molecule

electron spin

spin-lattic relaxation rate (=1/T)

spin-spin relaxation rate (=1/T»)

inherent fractions of spins in groups 'a' and b’
inherent spin relaxation rates of two proton groups 'a’
and 'b'

rates at which magnetization is exchanges between
proton groups 'a' and b'.

apparent or observed relaxation rates

apparent or observed magnetization fractions

A2-3

2-9
2-11

2-12

2-16
2-23

2-26

2-29
2-30

2-33



HyO»
OH-
A[Fe3+]
Na

~ Ry

ki

CHAPTER THREE
Gel Dosimeters

chemical yield or G-value for radiation product x
dose at which a response saturates

maximum spin-lattice or spin-spin relaxation rate that a
R >-dose response saturates to.

excited water molecule

water cation

hydrated electron

hy;lronium ‘ion

hydroxyl radical

hydrogen radical

peroxide molecule

hydroxyl ion

change in ferric ion concentration
Avogadro's number

number of Joules per electron volt

i=2+, 3+; inherent fractions of water protons hydratine
Fe2+ or Fed+

i=2+, 3+ or water; inherent spin-lattice relaxation rate for
water hydrating ferrous or ferric ion and bulk water

i=2+, 3+; fraction of water protons hydrating ions per
unit ion concentration

concentration of species x

i=2+, 3+; ion spin-lattice relaxivity for ferrous sulfate gels
ferrous ion concentration prior to irradiation

gel macroradicals; ® denotes the radical form

gel macromolecule

A2-4

3-1
3-3

3-6
3-8

3-10

3-11

3-12

3-14



© Rom

BANG
%T
%C

BANANA

FID
TE

TI

A(t)
ODU
SSD

reduced form of RH

oxidized form of RH

initiator or primary radical

two co-monomers

reaction rate constants

polymer molecule consisting of 'n' monomers
propagation rate for polymerization reaction
termination rate for termination reaction
kinetic chain length

Bis Acrylamide Nitrogen Gelatin dosimeter
percent weight fraction of a gel that is comonomer

percent weight fraction of all the monomer that is
crosslinker

Bis Acrylamide Nitrogen ANd Agarose dosimeter

CHAPTER 4
Methods and Materials

spin-spin decay constant of the FID
Free Induction Decay

time between the application of a 90° rf pulse and the
formation of an echo in a spin-echo rf pulse sequence

magnetic field gradient

spin diffusion constant (otherwise dose in all other
chapters)

time between the application of the 90° pulse and 180°
pulse in the inversion recovery pulse sequence

signal amplitude at time 't'
optical density units
surface skin distance

absorbance of a sample at wavelength A

A2-5

3-15

3-29

3-30

3-31

3-32

3-38

4-6

4-12
4-13
4-16



"

Ry

pgel
ngel

ksel

Ro

extinction coefficient at wavelength A

optical path length

- CHAPTER §
Results and Discussion: Ferrous Sulfate-Doped Gels

observed spin-lattice relaxation rate of the water protons
in ferrous sulfate-doped gel dosimeters

fraction of water protons hydrating the gelatin

inherent spin-lattice relaxation rate of the water protons
hydrating the gelatin

fraction of water protons hydrating the gelatin per unit
concentration of gelatin

the spin-lattice relaxation rate of an unirradiated ferrous
sulfate gelatin dosimeter

fraction of water protons hydrating the jth complexed
form of Fe3+

inherent spin-lattice relaxation rate of the water protons
hydrating the jth complexed form of Fe3+

fraction of the Fe3+ ions that is the jth complexed form

spin-lattice relaxivity of the water protons hydrating the
jth complex

CHAPTER SIX
Results and Discussion: BANG Polymer Gels

observed spin-spin relaxation rate of the water protons
in the BANG polymer gel dosimeter

spin-spin relaxation rate of the polymer hydration water
protons

spin-spin relaxation rate of the gelatin hydration water
protons

spin-spin relaxation rate of the bulk water protons

fraction of the water protons hydrating the polymer

A2-6

5-1

5-12

5-19

5-20

6-18



[p]
P

fraction of the water protons hydrating the polymer

fraction of the water protons hydrating the polymer per
weight fraction of polymer in the dosimeter

. polymer yield

polymer weight fraction

spin-spin relaxivity of the polymer

A2-7

6-19
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