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ABSTlW!T 

The spin-lattice relaxation rate Rl of irradiated Fricke 

solution was studied as a function of the absorbed dose D. The Rl 

increases linearly with D up to a dose of ... 250 Gy after which the 

response saturates. A model describing the Rl of a solution of 

either ferrous (Fe2+) or ferric (Fe3+) ions is presented; it is based 

on fast exchange between proto~s or. water molecules in the bulk and 

protons on water molecules in the coordination shell of the ions. 

All inherent relaxation parameters of the different proton groups are 

determined. An extension of the model is made to describe the 

spin-lattice relaxation behaviour of irradiated Fricke solution. 

Good agreement between model predictions and experimental results is 

observed. The moael relates the spin-lattice relaxation rate of a 

Fricke dosimeter to the chemical yield of ferric ion, thus creating 

an absolute dosimetry technique. Various practical aspects of the 

NMR-Fricke system are described. 
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Le taux de relaxation spin-lattice Rl d'une solution Fricke 

irradiée a été etudié en fonction de la dose absorbée D. Rl augmente 

de façon linéaire avec 0 jusqu'à une dose ... 250 Gy pour ensuite 

saturé. Un modèle décrivant Rl d'une solution ionique ferreuse 

(Fe2+) ou ferrique (Fe3+) est presenté. Il est basé sur un échange 

rapide entre les protor.s des molécules d'eau non liées aux ions et 

les protons des molécules d'eau qui sont dans la couche de 

coordination ionique. Tous les paramètres de bases associés à la 

relaxation des di fférents groupes de protons sont determinés. Le 

modèle est developpé davantage pour décrire le comportement de la 

relaxation spin-lattice des solutions Fricke irradiées. Le modèle 

peut prédire très bien les résultats expér imentaux observés. Le 

modèle permet de relier le taux de relaxation spin-lattice de la 

méthode Fricke de dosimétrie au rendement chimique de l'ion ferrique, 

nous permettant ainsi de faire de la dO$imétrie absolue. Plusieurs 

aspects pratiques des systèmes Fricke appliqués à la resonance 

magnétique nucléaire sont decrits. 
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BASIC TUOity 

1.1 INTRODUCTION 

In radiation therapy the primary goal i9 the destruction of 

malignant tissue with ionizing radiations (e. g., photons and 

electrons). The radiobiological effects of exposure to radiation a.:-e 

weIl understood and very specifie protoeols for treating different 

malignancies have been set. For an optimal response to radiotherapy 

it is essential that the actual radiation ùose delivered to the 

treat~ent volume be within 5 percent of the dose prescribed by the 

particular protocol (ICRU, 1976). It becomes necessary, therefore, 

that the radiotherapy treatment units used to deliver the dose be 

calibrated and that the radiati:m dose actually delivered be well 

known. 

Presently, there are a number of techniques in widespread 

use whieh allow one to calibrate a radiotherapy treatment unit. In 

most cases the calibration involves the use of ionization chambers or 

thermoluminescent materials. These two dosimetry tools are cor.sidered 

accurate within the required 5 percent, however, there are problems 

associated with both. The dosimeter, eithel':' an ionization ehamber or 

a thermoluminescent material, is placed into a phantom which is 

irradiated. If the dosiIlleter material is not perfectly equ~valent 

(d~nsity and atomic number) to the phantom material it will perturb 

the radiation field and the dose measured may not be equal to the 



c 

c 

actual dose delivered in the absence of the dosimeter. Furthermore, 

determining the spat.ial distribution of dose to any reasonable 

resolution can be very tedious and labor-intensive. The thermo­

luminescent method has the added disadvantage that the analysis of 

the dosimeter causes the effective loss of the dose information. 

As an alternative to the ionization chamber and thermo­

luminescent methods described above, chemical dosimetry has occasion­

ally been used. Any well characterized and quantitative radio­

chemical reaction may serve as the basis for a dosimeter with the 

absorbed dose determined from a measurement of the progression of the 

radiation-induced reaction. The sensitivity of a chemical dosimeter 

is limited by the sensitivity of the probe used to quantify the 

chemical reaction. Early in the development of nuclear magnetic 

relaxation (NMR) it was observed that the spin-lattice and spin-spin 

relaxation times (Tl and T2' respectively) of certain materials 

decrease after irradiation (Abragam, 1961). It has therefore been 

suggested that NMR could be used to quantify the radio-chemical 

reaction (Gore et al., 1984). Typically, the probinq of a chemical 

dosimeter is less sensitive than that of an ionization chamber or a 

thermoluminescent material. However, the ability to use NMR as a 

chemical dosimetry probe along with the advent of magnetic resonance 

imaging suggests the possibility for a direct measurement of dose in 

three dimensions. Thus, although the chemical dosimeter lacks the 

sensitivity of an ionization chamber, the three dimensional 

capability might compensate for the relative insensitivity. 

" 



o The vork presented in th!s thes!s in an investigation of the 

use of proton NHa as a radiation dos!metry technique. In this 

chapter, the basic physics of NMR along vith its application to 

radiation dosim~try will he discussed. 

1.2 aJ:LAXA'1'ION TRJ:ORY 

1.2.1 Spin-lattice relaxation 

The basic principles of NMR are reviewed in the literature. 

As a general overview, consider a sample of particles with spins in a 
1\ 

static ruagnetic field Ho .. Boz. Each particle has a magnetic moment 

J1 = 'J11I, where 'Y is the gyromagnetic ratio and 'hl is the nuclear 

spin angular momentum of the particle. The energy of a magnetic 

moment in a field Bo can be expressed classically as E = - J1-Bo' 

Substitution of the quantum mechanical operator for J1 leads to the 

semiclassical Hamiltonian of the system ~ = - 'h"(HoIz. The energy 

state of each nucleus is determined from the eigenstates of Iz. Each 

particle has a number of possible states whose Zeeman energies are 

given by -mYhBo, where m is the magnetic quantum number and can have 

values of Iz, l ~-1, ... , -Iz. For example, spin 1/2 particles have 

magnetic quantum numbers m - ±1/2 hence there are two energy levels 

separated by "fl'lBo and the resonant frequency, known as the Larmor 

frequency, is <00 " "(Ho' Each nucleus has a distinct value of Y, 

therefore, for a given magnetic field, various nuclei will resonate 

at different frequencies and one can limit observations exclusively 

to a particular nucleus. Since only proton relaxation will be 
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studied in this thesis, the following discussion, initially developed 

by Bloembergen et al. ('948) and Solomon (1955), will be restricted 

to spin 1/2 particles. 

Any macroscopic sample contains an ensemble of weakly 

coupled spins which, when placed in the field BOl populate both 

Zeeman levels. The populations N+ and N_ of the lower and upper 

Zeeman levels respectively are described in equilibrium by the 

Boltzmann distribution (Abragam, 1961): 

(1.1) 

At room temperature, yJ'lHo « kT and, to a good approximation, the 

population ratio can be described as: 

(1.2) 

Equation (1.2) shows that a greater number of spins are 

aligned with the magnetic field thereby producing a net equilibrium 

magnetization Mo a10ng Bo' The equilibrium magnetization may be 

altered in a number of ways. A redistribution of the population of 

the Zeeman enerqy states can be achieved by changing the magnitude of 

the applied magnetic field Bo' or by applying a radio frequency 

(r. f.) field at the Larmor frequency either as a continuous 

irradiation or in short pulses. Following the perturbation, the 

spins relax toward the equilibrium distribution by exchanging energy 

with other spins and with the non-spin degrees of freedom in the 

surroundinqs, commonly refered to as the lattice. 



o In order to study the relaxation dynamics of a spin system, 

it is instructive to examine the quantum mechanical operators which 

describe the system. The Hamiltonian of a system of interacting 

particles of spin Ii in a maqnetic field .0 - Ho~ is: 

" = !Raa + "0 + " • , (1.3) 

where :HM is the Hamiltonian of the motion of the particles and 

commutes with the spin operators, "0 is the Zeeman Hamiltonian, and 

". i8 a perturbation term due to the spin-spin interaction. For two 

particles of spins I and S, the Zeeman Hamiltonian is: 

(1.4) 

There are a number of spin-spin interactions which may contribute to 

spin-lattice relaxation: scalar couplinq between magnetic moments, 

chemical shift anisotropy, quadrupo~ar and dipolar interactions, and 

the spin-rotation interaction. For protons on water molecules, 

however, scalar couplinq, chemical shift anisotropy, and the quad-

rupolar interaction do not apply and the spin-rotation interaction is 

neqligible (Sc~reiner, 1978). Thus, to a very qood approximation, it 

can be aS5umed that the spin-spin interaction results from dipolar 

coupling and hence the perturbation term i5 (Solomon, 1955): 

" . _ _ 2[ 3(Ie r)(ser) _ !!!.] 
- 'YlYsTt 5 3 1 

r r 
(1.5) 

where r i5 the distance between the spins. 
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The transition probability per unit time between two 

eigenstates of the unperturbed Hamiltonian ~o 

is, to first order, given by the Fermi Golden Rule (Solomon, 1955): 

0.6) 

where 0) •• -l.J (Ej - Ei) l'fi. with Ei and Ej the energies of the two 

eigenstates. 

For particles of spin 1/2, the four eigenstates of the spins 

can symbolically be written as: 

Iz 1 ±) = ± l 1 ±) 

Sz 1 ±) = ± t 1 ±}. (1.7) 

For a pair of spins, the four unperturbed eigenstates are 1+>1+), 

1+>1-), 1->1+), and 1->1-) with respective populations of N++, N+_, 

N_+, and N __ . 

Figure l indicates the probabilities 

for transitions between the four unperturbed eigenstates defined 

above. The time dependences of the population of each state with 

respect to the transition probabilities shown in Fig. lare: 

,.. 
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Figure 1 

1+>1+) 

1 +> I·Jeo----t----.... I·> 1 + 

1- > 1-

Diagrammatic representation of the transition 

probabilities between the four unperturbed 

eigenstates 1+>1+), 1+>1-), 1->1+), and 1->1-) 

of a pair of identical spin 1/2 particles. 

7 
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1 • i, 

dN+_ 
-= 
dt 

dN_+ 
-= 
dt 

dN __ 
-= 
dt 

In an NMR experirnent, one observes the macroscopic maqnetic 

moments (Iz> and (Sz> which have different Larmor frequencies and are 

related to the populations of the unperturbed eiqenstates: 

(Iz> oc (N++ + N+_) - (N_+ + N __ ) 

(Sz> oc (N++ + N_+) - (N+_ + N __ ) (1. 9) 

The equations of motion for tl'le maqnetic moments (Iz> and (Sz) are 

obtained by differentiatinq Eq. (1.9) and insertinq the result into 

Eq. (1. 8) : 

-= 
dt 

(1.10) 

or, 

(1.11) 



o where 10 and 50 are the equilibrium values of the magnetic moments of 

spins 1 and S. 

Equations (1.11) describe a decay which is, in qeneral, a 

linear eombination ol two exponential funetions. However, there are 

two cases whieh have solutions to Eq. (1.11) whieh are simple 

exponential funetions: 

(a) LIEE SPr.MS: If the two interacting spins are alike, they 

have the sarne qyromagnetic ratios, i.e., YI - YS' It i8 therefore 

only possible to observe the sum of th& maeroscopic maqnetic moments 

(Iz+Sz) and, by definition, 

fies to: 

, 
wl - wl' Equation (1.11) then simpli-

(1.12) 

The solution to Eq. (1.12) is a simple exponential function with a 

rate constant, termed the spin-lattice relaxation time, qiven by 

l 
(1.13) -= 

The trcmsition probabilities can be computed with respect to the 

lattice dynamics. For example, Appendix 1 shows the calculation for 

the transition probabilities for two protons on a molecule assuming 

isotropie reorientation of the moleeule. Substitutinq the calculated 

values of wl and w2 into Eq. (1.13), the followinq equation for the 

spin-lattice relaxation time for a pair of like spins i5 obtained: 
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(1.14) 

where mo - Y"o' the distance between the spins i8 r , anQ tc is the 

correlation time characteristic of the random motion of the water 

moleeules. For isotropie reorientation, tc is considered to be the 

time for the water Molecule to rotate 1 radian. Although Eq. (1.14) 

is specific to proton intramolecular relaxation due to a tumbling 

motion of the mOlec'lle, it has the general features that are obtained 

for other molecular motions. 

(b) RELAXATION IN A PARAMAGNBTIC SOLUTION: In Most atoms, 

the magnetic moments produced by the orbital electrons cancel each 

other out, however, in the transition elements such as iron one or 

more of the inne.. electron orbitaIs is not filled resulting in a 

residual magnetic moment. When one of these atoms, known as para-

magnetic atoms, is placed into a magnetic field, the time dependence 

of the large magnetic moment of the electron (ls - 658 YI) dominates 

the spin-lattice relaxation. 

The spin-lattice relaxation in a sample of pure water occurs 

primarily through the intramolecular and intermolecular dipole-dipole 

interaction between hydrogen nuclei in the same water molecule or in 

adjacent water molecules, respectively. When a paramagnetic ion is 

introduced into bulk water, the large local magnetic fields 

associated with the ion will domina~e the loca~ dipole-dipole inter-

action. To illustrate this effect consider the interaction between a 

hydrogen nucleus of spin 1 paired to the electronic spin S of a 

paramagnetic ion. The electron spin S itself does not relax very 
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efficiently through this dipole-dipcle interaction vith 1 and to a 

good approximation, Sz - So' i. e., the electron s~in state is 

constant. Then Eq. (1.11) reduces to: 

(1.15) 

where the transition probabilities Wo ' w1' and w2 are as defined 

previously. The solution to Eq. (1.15) is an exponential function 

with a relaxation time given by 

(1. 16) 

Substituting the values for the transition probabilities qiven in 

Appendix 1 leads to the following equation for the spin-lattice 

relaxation time in a paramagnetic solution: 

where ml = 'YIHo ' COs ~ 15Bo ' and tc is the correlation time of the 

random motion of the spins. Equation (1.17) describes the inherent 

spin-lattice relaxation for protons interactinq with a paramagnetic 

center with spin S - 1/2. A more qeneral form of the equation can he 

written for a pararnagnetic center of arhitrary spin S (Solomon, 1955: 

Bloembergen and Morqan, 1961). In the notation used in this thesis, 
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Equations (1.17 and 1.18) are based on a model which does 

not necessarily describe aIl paramagnetic solutions: it is derived 

for relaxation which is driven by an intramo1ecular interaction 

between two different spins on the sarne molecule. In most para-

magnetic solutions, the dipole-dipole interaction occurs between 

spins on two different molecules, i.e., it is an intermolecular in-

teraction between a hydrogen nucleus on a water molecule and an 

electron spin on a solvated ion. The relaxation time assuming an 

intermolecular dipole-dipole interaction, however, has the same form 

as Eq. (1.18) (Solomon, 1955). The correlation time 'te is not simply 

a measure of molecular dynamics but it includes the combined time 

dependence from the molecular rotation and from the electron-spin 

relaxation (Gore et aL, 1984). Bloembergen and Morgan (1961) 

lnclude the contribution of a spin ex change interaction between the 

paramaqnetic ions and the protons on the neighbouring water mole-

cules, known as the contact hyperfine interaction, but for the ion5.c 

solutions studied in this thesis this term can be neglected 

(Bloembergen, 1956: Gere et al., 1984). 

Only protons which are in the coordination shell of a 

paramaqnetic ion will relax with a rate given by Eq. (1.18) (see 

Chapter 4). This is because the effect of the paramagnetic ion 

follows an r- 6 dependence and decreases rapidly with increasing 

ion-proton distance. Thus in an ionic solution there exist two 

different types of water molecules: those in the hydration sphere of 

an ion (the so-called bound water) whose relaxation rate is given by 

Eq. (1.18) and those which are far from an ion (bulk water) and have 

relaxation rates identical to those of free water. 
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The potential of using NMR as a probe of irradiated Fricke 

solution is shown by Eq. (1.18). Irradiated Fricke solution contains 

two paramagnetic species with different spins and radii (see Chapter 

4) • Bence the measured proton relaxation rate of the solution 

depends on the relative quantity of each species which in turn 

depends on the dose ~sorbed by the Fricke solution. 

1 . 2 . 2 aelaxation in heterogeneoua apin systems 

The theoretical analysis of the relaxat10n times shawn above 

explains experimental data provided that the spin b. 'stem is homoge-

neous. If, however, one i8 dealing with a heterogeneous spin ~yst~m, 

such as an ionic solution, the apparent, i.e., observed spin-lattiee 

relaxation May not he governed solely by the eçuations derived above. 

The spin rel~xation in heterogeneous systems may be influenced by the 

ex change processes between different spin groups in the system. In 

most exchange models the ex change is considered to oceur between two 

groups of spins and the coupled differential equations governing the 

evolution of the magnetizations for the two spin groups are solved 

(Edzes and Samulski, 1978; Schreiner et al., 1989). These models are 

especially applicable in the case of paramagnetic relaxation sinee 

water Molecules outside the range of influence of the paramagnetic 

ion exchange with water Molecules in the coordination shell of an ion 

by diffusion. 

Figure 2 shows the spin lattice paramcters for a system of 

two spin groups both with .... nd without exchange. When exchange i5 

present, the time dependence of the reduced magne~ization of two spin 

groups is given by the coupled differential equations: 



Figure 2 : The spin-lattice relaxation parameters for a system 

consisting of two spin groups a and b. 

(a) ~o exchange present: the parameters 

shown are the inherent parameters; the relative 

sizes of the two spin groups are Pa and Pb and 

their respective relaxation rates are Ra and ~. 

These inherent spin relaxation rates are determined 

by the molecular dynamics of the spin groups. 

(b) Exchange present: the exchange rates are 

ka and kb' Bath groups appear to relax with 
the rates À+and ~-and with magnetization 

± ± 
fractions Pa Ca and Pb Cb . The apparent 

spin relaxation ~ates are determined by the 

inherent spin rela~e r • ·-,n rates and by the ex­

change rates betwe~.. :,,~ two spin groups. 

o 



o 

a) 

a b 

LATTICE 

b) 

a ka • b 

.. 
c+ + 

C~ Ca kb Cb a 

+ 4+ + Â- ~4+ , Â-

LATTICE 
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d 8M. 
dt = - Ra 8M. - k. SM. + k. ~ (1. 19a) 

d~ 
dt = - Rb 3Mb - kb 8Mb + kb 314., (1.19b) 

where Ra and Rb are the inherent relaxation rates of the respective 

spin groups given by Eq~. (1.14 and 1.18). The inherent rates are 

the rates with which each spin group would relax if there were no 

coupling, i.e., if relaxation were determined by the dynamics of each 

group alone. The ex change constants ka and kb couple the magneti­

zation evolution of the two groups. The coupling could result, for 

example, from exchange of protons between different spin groups (e.g. 

diffusion of water molecules between groups) or from exchange of 

magnetization through spin-spin interactions (Schreiner et al., 

1989) • The reduced magnetizations SMa and 5Mb for Tl inversion 

recovery measurements (see Chapter 3) are defined by: 

(1.20) 

The solutions of Eqs. (1.19) are (Zimmerman and Brittin, 

1957) : 

(1.21) 

(1.22) 

The magnetizations of each of the two spin groups relax as the sum of 

two exponentials with the apparent relaxation rates Â- and Â+ qiven 

by: 
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· , .... 

')..t. = t {(Ra + Rb + ka + kb) ± [(Ra - Rb + ka - kb)2 + 

+ 4 kakb]1I2}. (1.23) 

The Ca ± and Cb ± are the apparent magnetization fractions of the 

magnetization evolution defined by Eqs. (1.21-1.22). They are also 

functions of the inherent relaxation rates and the exchan~e rates 

(Zimmerman and Brittin, 1957; Schreiner et al., 1989). 

The apparent relaxation rates are complex functions of the 

exchange rates ka and kb as weIl as the inherent relaxation rates Ra 

and Rb' The effect of exchanqe on the apparent relaxation rates 

depends upon the magnitude of the exchange rates relative to the 

inherent relaxation rates. Three regimes of exchanqe can be 

identified: slow, intermediate, and fast exchange. In slow exchange, 

the exchange rates are much smaller than the inherent relaxation 

rates and the relaxation can be modelled by spin dynamics alone, 

i.e., the apparent relaxation rates are the inherent rates (Â+ - Ra 

and Â- = Rb)' A system which is in intermediate exchange, i.e., with 

exchange rates comparable to the inherent relaxation rates, relaxes 

with rates given by Eq. (1.23). In fast exchanqe, however, the 

ex change rates are much larqer than the inherent relaxation rates 

(ka' kb » Ra' Rb) and the relaxation of the system becomes rnono­

exponential with a characteristic relaxation rate which is the 

weiqhted average of the inherent rates (Zimmerman and Brittin, 1957; 

Schreiner and POdgorsak, 1989), i.e., 

(1.24) 

with 

(1. 25) 
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1 • 2 • 3 Spin-.pin relaxation 

As mentioned previously, a spin which is in an excited state 

relaxes toward equilibrium through interactions wlthin the spin 

system and between the spin system itself and its surroundings. The 

interaction between the spins themselves, called spin-spin 

relaxation, can a1so be probed. Spin-spin relaxation was not studied 

in this thesis, however, and the reader is referred to the literature 

(e.g. Slichter, 1978) for a further discussion of spin-spin re­

laxation. 
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o CHURR 2 

CQMTCAL DOSI_TRY 

2 • 1 INTRODUCTION 

Chemical dosimetry is based on the chemical change which may 

occur in a material being irradiated. The material, known as the 

dosimeter, can be a solid, gas, or liquid. The most widely charac-

terized chemical dosimeters are aqueous solutions; sol id and gas do-

simeters have been studied but to a lesser extent (ICRU, 1961). 

As was mentioned in §1.1, a major problem in accurately 

determining dose is the fact that the dosimeter may perturb the 

radiation field in the material in which one is trying to determine 

the dose. Therefore, to obtain an accurate measure of the dose at a 

point in a phantom, it is desirable to have a dosimeter which does 

not differ significantly from the medium in question, i.e., the do-

simeter must have approximately the sarne density and atornic compo-

sition as the phantom. Chemical dosimeters are especially useful 

since the y offer a very broad range of flexibility in terms of 

density and atomic composition. 

A dosimeter based on chemical reactions which occur in 

aqueous solutions is comprised of a reaction cell, usually made of 

quartz, qlass or polyethylene, inside of which is the aqueous 

solution which is chemically altered as a result of exposure to 

radiation. The reaction cell wall will have no effect on the 

radiolytic reactions if the dosimeter solution is in electronic 
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equilibrium with the surroundings or if the physical dimensions of 

the cell are large compared with the range of secondary electrons 

created both in the cell wall and in the dosimeter solution. 

Accordinq to the Bragg-Gray Cavity theory (Johns and Cunningham, 

1983), in electronic equilibrium there is no net energy transfer 

between electrons created in the cell wall and in the solution 

itself. If the cell is irradiated in air but its wall is too thin, 

i. e., small compared to the range of the secondary electrons 

generated in the wall material, the chemical yield of the dosimeter 

solution may be altered (Weiss, 1952). If, however, irradiations are 

performed in phantom, then electronic equilibrium is assured and in 

order to minimally perturb the rad;ation field in the phantom either 

a very thin cell wall or a wall material equivalent to the phantom is 

desired. 

It is possible te measure doses between 0.1 and 108 Gy using 

chemical dosimetry, however no single dosimeter will reliably cover 

this range (Attix et al., 1966). Since the sensitivity of dosimeters 

varies it is necessary to account for the order of magnitude of the 

dose to be measured. Another requirement of chemical dosimetry is a 

reasenable stability of the dosimeter both before and after 

irradiation in arder to obtain reproducibl,,-., dose measurements. 

Variables which should not become factors in chemical dosimetry are 

the dose rate, quality of the radiation, and temperature. Also, the 

preparation of the dosimeter should be simple and extensive 

purification of its constituents should not be necessary. 

One dosimeter which meets most of the above requirements was 

developed about 60 years ago by Fricke and Morse (1927). The Fricke 

1 Q 



o dosimeter ie based on the oxidation of an aerated ferrous sulfate 

solution and is readily reproducible. Dose measurements with the 

Fricke technique have been calibrated throuqh intercomparisons with 

water and qraphite calorimetry (Mosse et al., 1982: Ross et al., 

1989) . The main drawbacks of the Fricke dosimeter are a limited 

measurable dose ranqe because of the relative insensitivity of the 

spectrophotometric analysis method, and a dose rate dependence at 

very hiqh dose rates (Miller, 1953). 

2.2 BASIC PRI~CIPLBS 

2.2.1 The basis ot radiolytic reactions 

The detailed theory of the procP-$ses which occur when 

radiation interacts with a chemical dosimeter has been reviewed 

extensively (Allen, 1961: Hart and Platzman, 1961; Spinks and Woods, 

1964) • In this section, a brief introduction to the physical and 

chemical basis of the radiochemical reactions which occur in aqueous 

solutions is presented. 

In dilute aqueous systbms the interactions between water 

Molecules and radiation result in the production of free radicals and 

molecular products. The initial interactions produce the ions HOH+ 

and HOH-, and hydrated electrons via the following "~actions: 

H20 ... HOH+ + e­

H20 + e- -+ HOH-

e- + '1\ H20 ..... eaq-, 

(2.1 ) 

(2.2) 

(2.3) 
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where ~ designates that the electron is hydrated by water molecules. 

The two ions quickly dissociate to form the free radicals H- and -OH: 

HOH+ -+ H+ + -OH 

HOH- -+ OH- + H·. 

(2.4) 

(2.5) 

These free radicals may combine to form other chemical species: 

H- + H- -+ H2 

-OH + -OH -+ H202' 

(2.6) 

(2.7) 

The interaction of radiation with water thus produces a free radical 

group comprised of hydrogen (H -) and hydroxy 1 radicals ( -OH) and 

hydrated electrons (eaq -) in addition to the molecular products 

hydrogen (H2) and hydrogen peroxide (H202)' At low pH, the eaq- is 

quickly converted to H· by the reaction 

(2.8) 

however, at hiqh pH, the eaq- is stable enougl! that it can react 

with dissolved substances or with water molecules in the following 

reaction: 

(2.9) 

This explains the pH dependency of most radiolytic reactions. In 

addition to reactions (2.8) and (2.9), the followinq reactions occur: 
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eaq - + e aq- (+ 2 H20 ) ... H2 + 2 OH- (2.10) 

-eaq + -OH -+ OH- (2.11) 

-eaq + H- (+H20) -+ H2 + 08- (2.12) 

H- + -OH -+ 82° . (2.13) 

The free radical and molecular product yields are usually expressed 

in terms of the quantity of Molecules or radicals formed per 100 eV 

of absorbed energy and are designated by the letter G subscripted 

with the appropriate product. Table 1 (Barr and Schuler, 1957) lists 

the measured chemical yields for the species formed as a result of 

the interaction of radiation with water. (The value of the chem­

ical yield in SI units (M/Gy) can be obtained by using the conver­

sion: 1 ion/100 eV ... 1.04 x 10-7 M/Gy.) The effect of pH is demon­

strated by the difference in the G values for Co-60 gamma rays inter­

acting with water and a 0.8 N H2S04 solution. 

2.2 .2 Calculation of dose 

Most chemical reactions which are radiation induced can be 

represented as follows: 

A + B -+ C + X. (2.14) 

The dosimeter solution itself is comprised of a species A which 

reacts with species B generated by irradiation to give products of 

which at least one, say X, can be quantitatively studied. As stated 

above, the amount of X produced as a result of the radiation exposure 

is known as G(X). When the reaction proceeds in a dose range where 
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Radiation Solution G G GH GH~2 G -
H· ·OH • 2 aq 

60 
Co y raya 0.8 N H SO 3.70 2.92 0.39 0.78 0 

2 4 

60 
Co "f raya H

2
0 0.55 2.20 0.45 0.70 2.85 

Table 1 Radiation yields (in molecules or radicals formed 

per 100 eV of absorbed energy) in aerated aqueous 

solutions (Barr and Schuler, H57). The chemical 

yields can be calculated in SI units using the con­
-7 

version factor: 1 ion/lOO eV - l.04xl0 M/Gy. 
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the amount of product ia linear vith respect to dose, the yield i8 

obtained from 

G(X) = 100 ~ , 
L\E 

(2.1Sa) 

where An is the number of molecules of X formed per unit volume 

of dosimeter solution and L\E is the energy in eV absorbed by the 

dosimeter per unit volume. There are many different methods used to 

determine An and, in fact, one goal of this thesis is to investigate 

the use of NMR to determine L\n. The energy absorbed by the dosimeter 

is determined by other dosimetry techniques such as calorimetry, 

thermoluminescence, or ionization. Attix et al. (1966) give a more 

complete discussion of these methods. 

Once the chemical yield for a particular reaction is known, 

the absorbed enerqy per unit volume, vhich is proportional to the 

dose absorbed by the medium, is obtained from Eq. (2 .1Sa) : 

~n 
6E = 100 G(X) • (2.1Sb) 

If the amount of X produced as a result of the irradiation i5 

expressed as a change in concentration L1M , the dose 0 in Gy i5 gi ven 

by: 

9 ÂM 
D=9.64xlO () , 

G X P 
(2.16) 

where âM is in moleS/liter (M), P is the density of the aqueous 

dosimeter solution in kq/m3, G (X) has units of ions or radicals 
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formed per 100 eV of absorbed energy and the constant 9. 64xl0 9 

incorporates the conversions: 1 Gy • 1 J/kg and 1 eV • 1.602xl0-19J. 

Equation (2.14) i8 general for chemical reactions with 

linear dose responses and can be used once the chemical yield for a 

particular reaction is determined. 

2. 3 "RIca J'IRROUS SULrATI DOSIMBTIR 

2.3.1 Standard l'riote doailleter 

The use of ferrous sulfate as a chernical dosimeter was first 

proposed by Fricke and Morse (1927). It has become the most reliable 

and most widely used chemical dosimeter. Fricke dosimetry is based 

on the oxidation of ferrous (Fe2+) ion to ferric (Fe3+) ion which 

occurs as a result of exposure of a solution of aqueous ferrous ions 

to radiation. 

The standard ferrous sulfate dosimeter, known as Fricke 

solution, is comprised of 1 mM ferrous ions, obtained from aqueous 

ferrous ammoni1~ sulfate [Fe(NH4 )2(S04)2] or aqueous ferrous sulfate 

[FeS04]' and 0.8 N H2504' These concentrations were initially chosen 

to provide the sarne mass :;,.bsorption coefficient for x rays in the 

ferrous sulfate solution as in air (Fricke and Petersen, 1927). 

The oxidation of the ferrous ions to ferric ions proceeds in 

three stages: 

j, 
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o (1) ~. phy.1cal .tag.: This stage comprises the ~ulk of the 

primary interactions of the solution with the incident radiation. 

Since the system does not have a very high concentration of solute, 

most of the initial interactions are between the incident radiation 

and the solvent watr.tr. These interactions occur within 10-8 seconds 

(Dyne and Kennedy, 1958) and result in the production of ionized and 

excited species along with secondary electrons. 

(2 ) The physico-chemical stage: Before any ionic or 

molecular diffusion in the system has occured, the products formed in 

the physical stage rearrange and react with each other. Within 10-11 

seconds of the previous stag~, the secondary electrons are hydrated 

and thermalized, i.e., they lose their energy through collisions with 

the medium. Hence, in the first two stages, reactions (2.1-2.3) have 

occured. 

(3) The chemical stage: As the primary species diffuse away 

from their point of origin, the chemical stage commences and the 

primary species react with solute species in the solution. At low 

pH, the first reaction to occur is reaction (2.8) followed, in an 

aerated system, by 

(2.17) 

The oxidation of ferrous to ferrie ion oeeurs according to the 

following reactions: 

.OH + Fe2+ -+ Fe3+ + OH­

H02. + Fe2+ -+ Fe3+ + H02-

(2.18) 

(2.19) 
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802- + 8+ -+ 82°2 

82°2 + 2 Fe2+ -. 2 Fe3+ + 2 08-. 

(2.20) 

(2.21) 

In summary, each hydrogen radical forms one hydroperoxy radical 

(H02·) and each hydroperoxy radical oxidizes three ferrous ions: one 

directly by reaction (2.19) and two indirectly by reactions (2.19), 

(2.20), and (2.21). One ferrous ion is also oxidized by a hydroxyl 

radical (-08) through reaction (2.18) and two more ferrous ions are 

oxidized by one hydrogen peroxide molecule (H202) throug~ reaction 

(2.21) • It is therefore possible to write the chemical yield of 

ferrie ion as (Attix et al., 1966) 

(2.22) 

where the yields for the hydrogen peroxide molecule, G (H202) , 

hydrogen atom, G(-H), and hydroxy1 radical, G(-OH), are given in 

Table 1. Using these values and Eq. (2.22), the ehemical yield of 

ferrie ion is 15.5 ions per 100 eV (or, in SI units, G (Fe3 +) is 

1.61xl0-6 M/Gy). 

Reaction (2.17) involves the consumption of oxygen, there­

fore standard Fricke solutions must be aerated. Once aIl the dis-

solved oxygen in the system has been consumed, reaction (2.17) can no 

longer proeeed and the hydrogen radical which would normally forro a 

hydroperoxy radical that would oxidize three ferrous ions instead 

oxidizes only one ferrous ion: 

(2.23) 



o 
The chemical yield of the ferric ion is then 

(2.24) 

which gives a value of 8.2 ions per 100 eV (8.53 x 10-7 M/Gy). This 

property of the Fricke solution implies that once all the dissolved 

oxygen in the system has been consumed, the response of the dosimeter 

will change, hence an upper dose limit for accurate measurement i5 

usually quoted as 400 Gy for Fricke solutions made with an initial 

ferrous ion concentration of 1 mM (Ellis, 1974). Reaction (2.17) 

does not abruptly cease at some dose, however, 50 the upper dose 

limit is in practical terms lower than 400 Gy. 

2.3.2 Modified Fricke dosimeter 

The chemical yields which have been quoted in the previous 

section are for aqueous solutions which are free of any impurities. 

Dewhurst (1952) noted that very small concentrations of organic 

impurities can greatly increase the chemical yields of the ferric 

ion, while phenols (Ahrens, 1967) and organic sulfides (Jayson and 

Wilbraham, 1968) inhibit the oxidation of the ferrous ion thu5 

causing a decrease in the yield. Hence, if the Fricke solution i5 

not entirely free of impurities, the chemical yield of the solution 

will differ from that determined from Eq. (2.22). 

In the presence of organic impurites (such as alcohols 

(Dewhurst, 1952), unsaturated hydrocarbons (Basson and Du Plessis, 

1967), and carboxylic acids (Hart, 1955» the organic radical 
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competes with the ferrous ion tor reaction with the hydroxyl radical 

-OH. Then, in addition to reactions (2.11 - 2.21), the followinq 

reaction chain can occur: 

-OH + RH -+ R' + H20 (2.25) 

R- + °2 ~ R02- (2.26) 

R02- + Fe2+ + H+ ~ R02H + Fe3+ (2.27) 

R02H + Fe2+ -+ Fe3+ + RO + 08- , (2.28) 

where R- represents the orqanic radical. Reaction (2.25) competes 

with reaction (2.18), and this chain of reactions can increase the 

chemical yield of the ferric ion by up ta a factor of two in the 

presence of relatively high concentrations of organic impurities. 

In order to prolect the system from hiqh chernieal yields 

resultinq from trace orqanic impurities, sodium chloride is added to 

the standard Fricke solution. The modified Fricke dosimeter is 

cornprised of standard Fricke solution together with 1 mM NaCl and it 

is this modified solution which is usually used. In the presence of 

chloride ion, the hydroxyl radical in reaction (2.25) reacts with the 

chloride ion more readily than with the organic impurity. Therefore, 

reaction (2.25) i5 replaced by 

(2.29) 

and only one Fe3+ is formed per hydroxyl radical: 

(2.30) 



o 
as is the case in uncontaminated Fricke aolu\icn. Becauae compet­

itive reactione occur, the protective eftect of NaCl ia not complete 

and, in practice, the amount of deaensitization dependa on the type 

and relative concentration of impurity. 

A qood test to determine if the system ia in fact free of 

impuritiea has been proposed by Fricke and Hart (1966). It involves 

the determination of the chemical yields both in the presence and 

absence of NaCl. If the yields are equal within experimental error, 

then the system is assumed to be adequately pure. This technique 

assumes that changes in the reaction mechanism occur only in the 

presence of impurities, and that sodium chloride has no effect on a 

pure system. Cottens et al. (1982) have shown that this assumption 

is not entirely true, and that the chloride ion does have an effect 

on G (Fe3 +) which is not related to the suppression of impurity 

effects. They found that the addition of sodium chloride decreases 

the chemical yield of ferric ion even in the absence of impurities. 

This is attributed to an initial decrease in H202 production, due to 

the chloride ion, during the diffusion of the radiolytic species from 

their site of origin. A cubic root relationship between G(Fe3+) and 

the concentration of Cl- was found. However, at a sodium chloride 

concentration of 1 mM, the drop in chemical yield is only 0.5 

percent. Therefore, if the chemical yield of ferric ion in the 

presence of sodium chloride is within 0.5 percent of the yield for 

the standard Fricke solution, the system ia considered to be free of 

impurities. 
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2. .. lœVI.. or '.rD DKnLO'MlHT 01' IIMI\ DOSI_TRY 

Chemical dosimetry has been in use for many years, however, 

it was not until 1984 that Gore et al. introduced the possibility of 

using NMR to monitor the progression of a radio-chemical reaction. 

As described above, the radiation chemistry of the Fricke ferrous 

sulfate dosimeter can be summarized as the conversion of the ferrous 

ion, Fe2+, to the ferric ion, Fe3+. For a large dose range the 

ferric ion concentration in the Fricke solution increases linearly 

with dose. Conventionally the concentration of ferric ion is 

measured spectrophotometrically. Gore et al. (1984) realized that 

since the two paramagnetic ions Fe2+ and Fe3+ have different para­

magnetic spin states and ionic radii, they have different enhancing 

effects on the proton relaxation of aqueous Fricke solution. 

Therefore the irradiated Fricke solutions should have a dose 

dependent spin relaxation behavior. Using a high power solid state 

NMR spectrometer and small samples of Fricke solution, Gore et al. 

(1984) observed a linear increase in the spin-lattice and spin-spin 

relaxation rates (T1- 1 and T2 -1) of the solutions with dose. The 

slope relating the spin-lattice relaxation rate change to the 

absorbed dose, in this thesis called the NMR sensitivity to radia­

tion, was 0.0113 s-1 Gy-1 in the absorbed dose interval 0 to 50 Gy. 

The sensitivity was slightly different than that expected from the 

established chemical yield of ferric ion. This difference was at­

tributed to experimental error. Gore et al. (1984) noted that, as 

usual for chemical dosimetry, the technique was somewhat insensitive 

to low doses but that it did have the advantage that sample sizes 
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o could be very small and that the imaqinq mOdality of NHa could be a 

further asset in NMR dosimetry. To illustrate this the y imaged a 

phantom contaildng five sample tubes with solutions which had been 

irradiated in the range from 0 to 41 Gy. There was a clear variation 

in the image intensity of the different tubes, however, no attempt to 

correlate the image intensity with the dose was made. More recently 

the group has been developing gel phantoms infused with Fricke 

solutions to use with MRI dosimetry (deGuzman et al., 1989). The 

goal is to limit the diffusion of the Fricke solution throughout the 

phantom thereby ensudng spatial stability of the dose distribution 

measurements. 

The first group to report the development of practical MRI 

dosimeters was Hiraoka et al. (1986) in Japan. They developed a 

tissue equivalent phantom containing a Fricke solution fixed in a 

cross-1inked dex~_ran gel. After irradiating the phantom to doses up 

to 50 Gy under varying conditions, the change in the spin-lattice 

relaxation rate of the phantom, as measured with a magnetic resonance 

imager, was compared to the rate change in the Fricke solution alone. 

It was noted that the NMR sensitivity to radiation was higher in the 

gel system than in the corresponding aqueous Fricke solution. Also, 

the change in the spin-lattice relaxation rate was linear in the 

whole range for the aqueous Fricke solution, however, the gel fixed 

solutions showed a linear dose response to 35 Gy only; at higher 

doses the response was saturated. Appleby et al. (1987, 1988) have 

proposed a mechanism to explain the increased dose sensitivity in the 

gel dosimeters. Essentially the gel acts as an organic impurity and 

contributes additional radio-chemical pathways thereby increasing the 

yield of ferric ion. Appleby et al. (1987, 1988) have also 
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irradiated an agarose gel Fricke solution phantom and they report a 

1 mm res01ution in a 3-dimensiona1 NMR dose determination. The 

sensitivity of the technique was increased by incorporating benzoic 

acid into the Fricke solution. Rather than report relaxation times, 

they gave their results in terms of the optical density of films 

taken of the inversion recovery MR image. The image brightness 

varied linear1y with dose up to 11 Gy at which point the dose 

response saturated. 

Szeredi et al. (1986) have also investigated aqueous and 

gel-fixed Fricke dosimeters with both NMR and MRI. For the aqueous 

dosimeters they observed an NMR sensitivity to dose for the 

spin-lattice relaxation rate of 0.018 S-lGy-l, about 60 % higher than 

that reported by Gore et al. (1984). This result has been reproduced 

by the Swedish group of 01s80n et al. (1988, 1989) using an NMR 

spectrometer. Neither group has given any explanation for the 

increased NMR sensitivity to radiation for their aqueous Fricke 

solutions, as compared with the published work of Gore et al. (1984). 

In 1986, Scielzo et al. found a linear dose response in the signal 

intensity of irradiated Fricke solution as measured with an inversion 

recovery pulse sequence with an MR scanner. The dose range 

investigated was 0 to 20 Gy. The sensitivity of their solution to 

radiation was not published. 

To date there have been a few publications, described above, 

which qualitatively describe the measurement of dose using the NMR 

technique. The motivation behind the research in this field is to 

ultimately jevelop a practical dosimeter material which, together 

with NMR or MRI, could be used for three dimensional dose 
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o determinations. However, the basic physical processes which describe 

the NHa behavior of irradiated Fricke solution have not been well 

established. Gore et al. (1984) have made the most elaborate attempt 

to formalize the basic physics of irradiated Fricke solutions, 

however, not all the basic NHa parameters of the solutions have been 

quantified. The research reported in this thesis is an attempt to 

better comprehend and to quantify some of the inherent parameters 

which govern the spin relaxation behaviour of irradiated Fricke 

solutions. The ultimate goal of this research ia to eatablish the 

NMR technique as an absolute ciosimetry technique based on an 

independent measurement of the chemical yield of ferric ions in 

irradiated Fricke solutions. 
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BXPIRIDH'1'AL 

3 .1 UltARATtJS 

3. 1 . 1 The NIIR ayatem 

The measurements were made usinq an NMR system comprised of a 

JELCO (Japanese Electronics Company, TOkyo, Japan) electromagnet 

obtained from the University of Waterloo, a home built pulse 

programmer, and a WNS (Waterloo Nuclear Spectrometer, Waterloo, 

Ontario) spectrometer operating at a Larmor frequency of 25 MHz. 

The pulse programmer, constructed by the technical staff of the 

Medical Physics department at the Montreal General Hospital, provides 

a train of two pulses, as shawn in Fig. 3. The heart of the device 

i5 centred around two TTL timer chips which enable different delays 

ranging from 10 ~s to 990 s between the pulses (TI) and groups of 

pulses (TR). The duration of each pulse (ta or tb) is controlled by 

a monostable multivibrator and can be varied from 1 to 10 ~s. The 

internaI clock is provided by a 25 MHz crystal and the output of the 

programmer is amplified with transistors ta - 4.1 V in order to trig-

ger the spectrometer. 

The spectrometer acts as a transmitter of the radiofrequency 

(r. f.) pulses and receiver of the induced NMR signal. The 

transmitter part consists of a quartz crystal which provides a stable 

J C, 4. 
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Figure 3 Diagrammatic representation of the pulse 

sequence supplied by the pulse programmer. 

The basic sequence consists of two pulses 

of lengths ta and tb separated by time TI 

and repeated after time TR. Typically, 

ta - 7.5 ~s, th - 3.75 ~s, TR - 8 s, and 

10 ms S TI S 8 s. 
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~ontinuoua radio frequency of 2S MHz which ia gated and amplified 

such that r.f. p~lses are sent to the tranamitter. The gating is 

provided by the pulse programmer. The receiver amplifies the signal 

obtained from the sample and removes the r.f. carrier envelope. The 

sample is placed into a probe consisting of a solenoidal coil which 

couples the r.f. signal from the spectrometer with the sample. Since 

the mm signal from the sample is in the microvolt range but the 

transmitter signal is of the order of a hundred volts it is necessary 

to decouple the receiver from the transmitter. This is done using 

the signal matching network included in the circuit between the 

spectrometer and the NMR probe. 

The NMR signal was recorded on a Tektronix 2221 digital storage 

oscilloscope (Tektronix, Inc., Beaverton, Oregon). Details concer-

ning the data acquisition techniques are described in §3.3. 

3.1.2 Sample Irradiation 

Irradiations were performed in the Department of Radiation 

Oncology at the Montreal General Hospital using a Theratron 780 

(AEeL, Ottawa, Ontario) cobalt-60 teletherapy unit. The unit is 

cornprised of a treatment head, inside of which is the radioactive 

source, mounted to a rotating gantry with an isocentre of rotation at 

a distance of 80 cm from the source. The radiation field is 

delineated by continuously adjustable collimators which provide 

precise beam definition. For a cobalt beam, the depth where the 

maximum dose ia depoaited in phantom, known as drnax' ia 0.5 cm. The 

dose rate at drnax in a tissue equivalent phantom for a lOx10 cm2 

, 1 



o field and a source-to-surface distance (SSO) of 80 cm was 10'7.1 

cGy/min on April 1, 1989. The calibration of the cobalt unit was 

accomplished vith an NPL secondary standard ch&~1Iber and reader 

(Nuclear Enterprises Ltd., Beenham, England), the responses of wtich 

are traceable to the National Researeh Council in Ottawa, Canada. 

The beta deeay of Co-60 can follow two paths (Johns and 

Cunningham, 1983). Most of the disintegrations (99.8 %) are an 

allowed transition with the emission of a beta particle with a 

maximum energy of 0.313 MeV. This r~sults in an excited state of 

Ni-60 which deeays very quiekly through the emis:sion of two gamma 

rays in cascade, with energies of 1.173 and 1.332 MeV. In a few of 

the initial disintegrations (0.12 %) a second beta particle with a 

maximum energy of 1.486 MeV, is emitted, leading to the lowest 

exeited state of Ni-60, however, the useful radiation in a Co-60 

therapy unit is provided by the two gamma rays. The cobalt beam is 

considered to be monoenergetic with an effective energy of 1.25 MeV. 

A schematic diagram of the irradiation geometry is shown in 

Fig. 4. All irradiations were performed in phantom in order to 

maintain electlonic equilibrium between the dosimeter solution and 

its surroundings. The phantom used in the experiments was made of 

lueite and was mounted on a lueite tray sueh that it could be placed 

in the treatment head of the cobalt unit at a distance of 51.2 cm 

from the source. Three holes were drilled into the phantom enabling 

the simultaneous irradiation of three samples. The holes were at a 

depth of 1.5 cm in phantom and there was approximately 6 em of lucite 
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Figure 4: (a) Schematic diagram showing the geometry for the 

irradiation of either 68 J1L (hole x: diameter = 0.6 cm) 

and 10000 J1L (hole y: diameter = 2 cm) samples of 

Fricke solution. When irradiating the smaller volume 

solutions, hole y was filled with alucite plug. 

(b) View from source position of the irradiation 

phantom. The 6 cm thick backscatter lucite block is 

not shown. The diagrams are not drawn to scale. 
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o hehind the holes to provide backscatter. The dose rate determination 

for each sample position in the phantom is described in the next 

section. 

3.1.3 Do.. rate c1.termination 

The dose rate at each sample position in phantom was found using 

the thermoluminescent dosimetry technique. Thermoluminescence 

(Cameron et al., 1968) can be briefly described as a particular form 

of phosphorescence whereby radiation incident on a material has s?rne 

of its energy absorbed, i.e., a dose is deposited in the material. 

This absorption occurs in lattice defects which trap the secondary 

electrons which result from the interactions between radiation and 

the thermoluminescent material. The lattice defects can be emptied 

by increasing the temperature vf the material. The stored energy is 

re-emitted in the form of visible or ultraviolet light and the amount 

of light emitted can be correlated to the radiacion dose absorbed by 

the dosimeter. The thermolumii'lescent method is a standard dosimetry 

technique used extensively in many radiotherapy departments. 

Lithium fluoride crystals, known as TLD-IOO (Harshaw Chemical 

Co., Solon, Ohio), were used as the dosimeter material. The crystals 

were first irradiated in the cobalt beam at a reference position with 

a known dose rate, i. e. , at dmax in a standard polystyrene 

calibration phantom with an SSD of 80 cm and a 10xIO cm2 field. The 

calibration factor for the particular crystals used was determined by 

correlating the amount of light emitted by the heated crystal to the 

absorbed dose to water at the position of the crystal. Three TLD-lOO 
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crystals were irradiated in the phantom and the absorbed dose was 

determined using the calibration factor previously found. This 

procedure was repeated three times and the average dose rate at the 

sample holes was found to be 2.5 Gy/min on April l, 1989. The dose 

rate on subs&quent days was calculated using the measured dose rate 

quoted above and the half-life of Co-60 (5.3 years) • 

3.2 SAMPLB PUPARATION 

The basic constituents of Fricke solution, as described in 

Chapter 2, are ferrous ions (Fe 2+), sulfuric acid, and sodium 

chloride. The ferrous ion was obtained from aqueous ammonium 

iron (II) sulfate hexahydrate (Aldrich Chemical Co., Milwaukee, 

Wisconsin) of 99+% purity. The sodium chloride (ACP Chemical Co., 

Montréal, Québec) and sulfuric acid (ACP Chemical Co., Montréal, 

Québec) were reagent grade. Ferric ion (Fe3 +) was obtained from 

aqueous ferric sulfate (Anachemia, Montréal, Québ~c) and was also 

reagent grade. The ferric sulfate was used to mimic irradiated 

Fricke solution (see Chapter 4). The water used was triply distilled. 

3.2.1 'l'reatlllent of glassvare 

AIl glassware was cleaned according to the following procedure. 

First, the glassware was rinsed with triply distilled water to remove 

any macroscopic impurities. The glassware was then washed with 

sul furie acid to remove microscopie organic impurities and rinsed 

again three times with distilled water. To remove paramagnetic 

impurities, sorne of the qlassware was cleaned usinq the procedure 
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o outlined by Peemoellel: (1980). The qlassware was immersed in a 1:1 

mixture by volume of nitric and sulfuric acid for 12 hours, rinsed 

with distilled water, immersed in a 0.01 M solution of EDTA (Aldrich 

Chemical Co., Milwaukee, Wisconsin) for another 12 hours and th en 

rinsed 1~ times with distilled water. The paramaqnetic impurities 

are bound by EDTA, therefore rinsinq with EDTA should remove ~1y such 

impurities from the qlassware. Fol1owinq rinsinq with EDTA, a few 

sample tubes were also baked at 400°C for 24 hours to remove orqanic 

films from the qlass. 

Experiments were performed with qlassware cleaned usinq the three 

techniques outlined above - simple cleaninq with water and sulfuric 

acid, further rinsinq with EDTA, and bakinq. It was found that the 

extra. cleaning procedures usinq EDTA and baking produced no 

differences in the results. Therefore it was deemed sufficient to 

simply rinse once each with distilled water and sulfuric acid, and 

then three more times with distilled water. 

3.2.2 Sample size 

The volume of solution to be analyzed in a sample tube is limited 

by the size of the r.f. coil in the NMR system. Close to the edges 

of the coil, the r.f. field is perturbed relative to that in the 

center of the coil. The entire sample must be within a homogeneous 

region of the radiofrequency field, hence it is recommended 

(Fukush1ma and Roeder, 1981) that the sample be within the Middle 

third of the coil. Following this recommendation, the maximum length 

of solution in the sample tube was 8 mm corresponding to a volume of 

68 ~L. Smaller eamples result in a lower signal-to-noise ratio. 
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Most of the experiments were performed with the Fricke solution 

analyzed and irradiated in the same Pyrex sample tube (Fisher, 

Montréal, Québec), hence the volume 'of solution was limited to 68 ~L. 

Modification of the phantom allowed a larqer volume of solution to be 

irradiated, however, because of the coil limitations described above 

only 68 pL of the solution could be analyzed at a time. 

3.3 SPIN-LATTIeR RELAXATION 'fINI: MRASUaZMBN'l' 

As discu5sed in Chapter l, a sample placed into a magnetic field 

will have a resultant magnetization, }mown as the longitudinal 

magnetization, Il Mo·Moz, parallel to the main magnetic field Bo 

supplied by the magnet. This magnetization is stable and will remain 

parallel to Bo until some external perturbation causes a re­

distribu~ion of the spin states within the samp1e. As previously 

mentioned, one way of changing the spin state distribution is by 

applying an r.f. pulse. The re-distribution of spin states caused by 

the time dependpnt magnetic field created by the r.f. pulse can be 

described as a tipping of the macroscopic magnetization away from the 

equilibrium dir~ction~. The magnetization now a1so has a cornponent, 

known as t:le transverse cornponent, in the xy plane. The angle 

betw~en the equilibrium magnetization and the magnetization after the 

r.f. pulse is a~plied depends upon the pulse length and height. A n 

pulse, for exarnple, tips the rnagnetization through n radians, or 1800 

and, similarly, ,~ n/2 pulse with the same height tips the 

magnetization through 90°. 
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Sinee the spin-lattiee relaxation time (Tl) describes the 

dynamies of the re-establishment of the equilibrium spin 

distribution, Tl is related to the evolution of the lonqitudinal maq­

netization subsequent to the application of the perturbation. 

Therefore the maqnetization in the i direction must be monitored when 

determininq the Tl of a sample. However, the axis of the receivinq/ 

transmittinq eoil is perpendicular to the i axis, i.e., it is in the 

xy plane. Therefore, only the transverse maqnetization component can 

in fact induce a current in the coil and be measured. Hence, it is 

necessary to measure the lonqitudinal magnetization component indi-

rectly by measurinq the transverse maqnetization component and then 

relatinq it to the lonqitudinal component. The technique is outlined 

below. 

The r. f. pulse sequence used to measure the spin-Iattice 

relaxation time in the experiments performed for this thesis was the 

inversion recovery sequence. The main features of this pulse 

sequence are outlined in Fiq. 5 and they can be schematically 

represented as: 

1t pulse - TI delay -1t/2 pulse - Data acquisition (3.1) 

where siqnal acquisitions are made for several TI's. 

The 1t pulse prepares the macroscopic maqnetization while the 1t/2 

pulse measures the maqnetization after a certain waitinq periode The 

preparatory 11: pulse inverts the maqnetization such that it is 

antiparallel to Bo; the maqnetization becomes exactly -Mg and there 
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Figure 5 Diagrammatic representation of the evolution of 
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transverse (MXy ) magnetizations irradiated with 

the r.f. pulses of an inversion recovery sequence. 

The external magnetic field is Ho' 
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o is no transverse magnetization, hence it is not possible to directly 

observe the effect of the pulse. In fact, this feature of the n 

pulse is used to set the pulse length. As stated above, to monitor 

the magnetization it is necessary to create a transverse component 

vhich can induce a current in the coil. This is accomplished by 

applying a 'IC/2 pulse sorne time TI after the 'IC pulse. Just before 

application of the fC/2 pulse, the longitudinal magnetization has 

relaxed towards its equilibrium direction. The n/2 pulse then 

rotates the magnetization by 90° creating a transverse component 

equal in magnitude to the longitudinal component which vas present 

just before the n/2 pulse was applied. Thus, the current which is 

induced in the coil after the fC/2 pulse is applied produces a signal 

A(TI) which is proportional to the longitudinal magnetization. The 

experiment is repeated several times with different TI delays. The 

recovery of the amplitude, proportional to the relaxation of the 

longitudinal maqnetization, is of the form 

A(TI) - ~ [1 - 2 exp(-TI/Tl)] , (3.2) 

where ~ is the signal obtained for infinite TI. 

The spin-lattice relaxation time Tl was determined from a 

semilogarithmic plot of the reduced maqnetization [Aoo-A (TI) ] /2Aoo 

versus TI, as shown in Fig. 6. For all sarnples studied, this plot 

was linear, hence the relaxation was monoexponential and it could be 

concluded that the samples behaved as a homogeneous system (see 

54.3.1). A linear fit of this plot has a slope of -l/Tl . Analysis 

of Fig. 6 shows that the two samples had markedly different 

relaxation behaviors, with sample (a) having the longer Tl' The data 
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plotted as a function of the delay time TI for 

(a) unirradiated Fricke solution and (b) Fricke 

solution irradiated to 100 Gy. 
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o were analyzed on a Macintosh Plus (Apple Computer Inc., Cupertino, 

California) personal computer using software developed in the NMR 

laboratory at the Montreal General Hospital. The linear regression 

fit included readings up to~6 , of the maximum amplitude, i.e., the 

fit was made up to a delay time TI resulting in a magnetization which 

had almost fully relaxed back to equilibrium. The fitting routines 

vere based on a veighted fit of logarithmic data (Bevington, 1969) 

and the measured error in each amplitude reading vas found to be 

constant at 2 percent. 

To maximize the signal-to-noise ratio (SIN), the measured signal 

amplitude for each TI vas acquired ten times and then averaged. 

Typically, this averaginq process improved the SIN from about 15:1 to 

approximately 50:1. The time base of the data acquisition scope was 

set su ch that the signal could be viewed for 100 ~s after application 

of the ft/2 pulse. The dead-time of the system was 16 ~s and the 

signal amplitude was read 30 ~s after the tc/2 pulse. This did not 

introduce Any errors since the samples studied were liquids with 

spin-spin relaxation times (T2) of approximately 8 ms hence there was 

no visible signal decay in the first 100 ~s after the application of 

the tc/2 pulse. The base-line was taken as the signal amplitude just 

before the tc/2 pulse was appliedi this amplitude corresponded to the 

signal with no sample in the coil. A second oscilloscope set at a 

1ms time-base was used to observe the signal after the ft pulse to 

ensure that the maqnetic field maintained proton resonance during the 

data acquisition. If the magnetic field did in fact drift such that 

the protons precessed at a frequency different from the spectrometer 

frequency, the magnet current could be re-adjusted and the data 

re-acquired. 

AD 



1 

1 
1 , 

( 

( 

; ; 

ClUB. 4 

DISCUSSIOB 

4.1 S.0.'1'ADOU8 OXIDA'rIOB or riRROU8 ION 

Aerated ferrous ions in solution slovly oxidize to ferric ion. 

This oxidation proceeds at a rate which is proportional to both the 

square of the ferrous ion concentration and the first power of the 

oxygen concentration (Huffman and Davidson, 1956). An experiment was 

perfor.med in order to detenmine the rate of spontaneous oxidation of 

the Fricke solution dosimeter. The spin-lattice relaxation time of 

unirradiated modified Fricke solution vas monitored for three months. 

It was found that the Tl of the unirradiated solution decayed at a 

rate of 3 ms/day. Since the spontaneous decay rate is proportional 

to the square of the ferrous cOicentration and the first power of the 

oxygen concentration, it i5 expected that irradiated Fricke solution, 

containing lower ferrous and oxygen concentrations, will have a 

smaller decay rate. This was in fact experimentally observed: the Tl 

of modified Fricke solution irradiated to 50 Gy was found to decay at 

a rate of approximately 1 ms/day. Unless the oxidation is allowed to 

continue over many days, the spontaneous oxidation of ferrous to 

ferric ion in the Fricke dosimeter is not significant; particularly, 

if the Fricke solution is irradiated and probed within a few days of 

preparation, the change in Tl due to the spontaneous oxidation can be 

neglected. In experiments performed for this thesis, Fricke 

solutions were used within 2 days of mixinq and their relaxation 

rates were determined within two hours of irradiation. 
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4.2 .... UALYSIS or lJUW)IADD rRlca SOLO!IOR 

t • 2 .1 ilIocS1fied l'zoicke aolution 

As described in Chapter 2, radiation impinginq on a solution of 

aqueous ferrous ions resul ts in the oxidation of ferrous ions to 

ferric ions. There are a number of physical differences between 

ferrous and ferric ions which are important vith respect to nuclear 

spin relaxation. Equation (1.18) shows that the relaxation rate of a 

paramagnetic solution is dependent on the qyromaqnetic ratios of the 

proton and electron spins, the spin state of the paramagnetic ion, 

and the correlation times for electron relaxation and the rotationa1 

motion of the ion. Ferrous and ferric ions differ in al1 of the 

above variables (Eisinger et al., 1961), therefore the two ions 

should also differ in their ability to enhance proton relaxation in 

ionic solutions. The ferric ion is a more efficient relaxation sink 

th an the ferrous ion. 

Because of the different efficiencies for promoting proton 

relaxation between ferrous and ferric ion, solutions containinq both 

ions but at different concentrations will have marked differences in 

their relaxation times. Since the ferrous ions are oxidized to 

ferric ions in the irradiated solution, the relative concentration of 

each ion in solution depends upon the absorbed dose. Therefore the 

relaxation time of Fricke solution a1so depends upon the dose 

absorbed by the solution. The dependence of the spin-lattice 

relaxation rate of modified Fricke solution on radiation dose is 

shown in Fiq. 7. The irradiation was performed according to the 
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Figure 7 : Measured spin-lattice relaxation rate of modified 

Fricke solution as a function of absorbed radiation 

dose. The linear part of the solid line is a least 

squares fit of the data and numerically represents 

the NMR sensitivity of the dosimeter. A repre-

sentative error bar is shown. 
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procedure out~ined in Chapter 3. Modified Fricke solution vas made 

usin; the usual recipe (1 mM Fe2+, 1 mM ~aCl, and 0.8 N 825°4)' A 

linear relation vas founà between the spin-lattice relaxation rate 

and the absorbed dose up to .. 250 Gy. The slope of the linear portion 

of Fig. 7, termed the NHa sensitivity of the Fricke solution to 

radiation, ia 0.0182 ± 0.0004 s-l Gy-1. This value is in excellent 

agreement vith the NMR sensitivity to radiation of aqueous Fricke 

solution reported by Szeredi et al. (1986) and Olsson et al. (1988). 

At doses higher than 250 Gy, the dose response of the Fricke 

solution is no longer linear and the change in the relaxation rate 

vith increasing dose saturates. This is a result of the progres­

sively lover concentration of dissolved oxygen in the solution as the 

irradiation proceeds. The reactions vhich result in the oxidation of 

ferrous ions require a supply of oxygen dissol ved in the solution. 

As the Fricke solution is irradiated, the chemical reactions vhich 

oxidize the ferrous ions consume the dissolved oxygen at a constant 

rate. Eventually the concentration of oxygen is no longer sufficient 

for the reactions to proceed at the same rate and the chemical yield 

for ferric ion begins to decrease. The removal of oxygen at high 

doses a1so affects the spin-lattice relaxation of the solutions (see 

be10w) . Ul timately, all the ferrous ions are depleted by the 

radio-chemical reactions and additional ferric ions are not produced 

as the irradiation continues. At this stage the relaxation rates 

remain constant as the absorbed dose is increased. 

The reproducibility of the dose response of the modified Fricke 

solution vas investigateà. Samples from eight difff!rent solutions 

vere irradiated to 25 and 50 Gy. The relaxation rates of the 
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irradiated samples, as weIl as of an unirradiated samp1e tram each 

batch, are plotted in Fig. 8. The standard deviation of the 

relaxation rate measurements for samples of different solutions ir­

radiated ta 0, 25 Gy, and 50 Gy are 0.02 s-l, 0.04 s-l, and 0.03 s-l, 

respectively. The8e errors are 1es8 than the precision of each 

specific relaxation rate measurement, therefore it can he concluded 

that the Fricke solution can he prepared reproducibly. 

The reproducihility in the relaxation rate measurement for 

different Fricke solutions quoted above, however, can only he 

achieved if very eareful preparation procedures are followed. 

Initially, the standard deviations of the relaxation rates hetween 

different samples were larqer th an the precision of the NMR system, 

and it was not until the very specifie eleaning and rnixing protocols 

deseribed in Chapter 3 were implernented that the inter-sarnple 

reproducibility was deemed acceptable . 

.. • 2 • 2 B:U'ect o~ N.ICl 

Careful cleaning of all glassware used to prepare a chernieal 

dosimeter ls essentiëll, however, it may not be sufficient. Organic 

impurities rnay he introduced into the chernical solutions at various 

points, even after thorough macroscopic cleaning procedures have been 

fo11owed. The impurities may be present in the distilled water or in 

the constituent chemicals which comprise Fricke solution, or they rnay 

be released from the glassware as it is irradiated. In order to 

determine the extent of contamination of the solutions, the 

relaxation rate versus 3.bsorhed dose curve for modified Fricke 

solution (containinq NaCl) was eompared to that Ohtë ~,ned for standard 
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the points indicates the mean spin-lattice 

relaxation rate. 
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Fricke solution (vithout NaCl). The results are shown in Fig. 9. 

The relaxation rates of unirradiated samples of the modified and 

standard Fricke solutions vere identical, hovever, the sensitivity of 

the standard Fricke solution was about 11 percent higher th an that of 

the modified solution. This diff~~ence in sensitivity, implying a 

difference in the chemical yields, suggests that although very 

careful cleaning procedures were followed, impurities still 

contaminated the solutions. Hence, to minimize the variability in 

the NMR sensitivity of Fricke solution due ta organic impurity 

contamination, modified Fricke solution was used in al! further 

experiments. The chloride ion (Cl-) protects the modified solution 

from the increase in chemical yield which results from organic 

impurity contaminati()n. In the absence of impurities the chloride 

ion lowers the chemical yield by less than 1 percent (Cottens et al:, 

1982; Simoen, 1978; Délvies and Law, 1963; Shalek and Smith, 1969). 

4 • 3 NHa RBLAXA!ION MBASOl'U!:MBN!S AS AH ABSOL'O!Z DOSlME'rZl\ 

For doses below 250 Gy, the spin-lattice relaxation rate of 

Fricke solution i5 directly proportional to the dose. Also, the 

chemieal reactions describing the oxidation of ferrous ions to ferric 

ions in irradiated Fricke solution suggest that there is a direct 

proportionality between the absorbed dose and the amount of ferric 

ions produced. In faet, the chemieal yield of ferric ion i5 weIl 

established (Attix et al., 1966). Tharefoce, if the spin-lattice 

relaxation rate of Fricke solu.tion can be related to the ferric ion 
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concentration, the NMR-Fricke measurement of dose would satisfy the 

criteria for an abaolute doaimetry technique; i.e., the absorbed d~ae 

could be calculated directly trom the NMR apin-lattice rel~xation 

time and some basic physical quantitiea. It i8 with this motivation 

that a model describing the NMR apin-lattice relaxation of Fricke 

solu\ ions is described below. The model, initially proposed by Gore 

et al. (1984), is based on the NMR relaxation of protons on water 

molecules which are exchanginq between three different environments. 

In this thesis, the model is further developed and the results of 

experiments to detennine the inherent NMR parameters of the model are 

reported . 

.. . 3 .1 Bxchan;8 modellin; of the RMR. apin-lattice relaxation 

Even though Fricke solutioa contains both ferrous and ferrie 

ions, it is instructive to begin the description of the exchange 

model of the NMR spin-Iattice relaxation with separate solutions of 

either ion. In an aqueous solution of ferrous (or ferric) ions, 

water molecules exist in two different environments. Some water 

molecules are in the coordination shells of ions (termed, for this 

thesis, bound water Molecules) and the others are ip the bulk. The 

protons on the bCJund water and the bulk water protons relax b'f 

different mechanisrns (see Chapter 1). The bound water protons 

experience the enhanced relaxation resulting from the local 

paramagnetic centres while the bulk water protons have relaxation 

rates characteristic of pure water. The two proton environments are 

mixed because of diffusion of water Molecules between the 

coordination shell of the ion and the bulk. Therefore, as discussed 

previously, the measured spin-lattice relaxation rates for a solution 



o of paramagnetic ions is a function of the inher~nt relaxation rates 

of bulk and bound vater Molecules, the fraction of protons in each 

vater group and the exchange rates between the tvo environments. The 

ex change of water Molecules between the two environments is assumed 

to be very fast 80 that the ex change modified spin-relaxation is in 

the fast ex change limit (Hertz, 1973; Gore et al., 1984). The 

apparent spin r.elaxation rate of a heterogeneous spin system with 

exchange in the fast ex change limit is the weighted average of the 

inherent relaxation rates of the different spin groups of the system. 

Thus the observed relaxation rate of a solution of either ferrous or 

ferric ions can be written as: 

~ - Pb Rin + (1 - Pb) Rw , (4.8) 

where Pb is the fraction of protons in the solution which are on 

water Molecules in the (~oordination shell of the ion, Rin is the 

inherent relaxation rate of the protons on these bound water 

Molecules, and Rw i5 the relaxation rate of the bulk water protons. 

The fraction of protons on water Molecules which are in the 

coordination shell of an ion is assurned to be proportional to the 

concentration of ion [Cl in the solution: 

Pb - • [Cl. (4.9) 

The' is a proportionality constant related to the number of water 

Molecules associated with each ion. Equation (4.9) is valid since 

the number of water Molecules in contact with each ion throughout the 

solution i5 constant. The bound water fraction Pb discussed above is 
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identified vith the first hydration sphere of the ion only. It ia 

assumed that the ionic concentrations of the solutions are lov enough 

that there is no overlap betveen the hydration spheres of 

neighbouring ions; therefore, the constant' in Eq. (4.9) is related 

directly to the coordination number nh vhich gives the number of 

vater molecules in actual contact vith the ion: '-nh/55.5 M-1, where 

55.5 mol/L is the molarity of vater (Oeverell, 1969). The 

apin-lattice relaxation of the protons on the water molecules in the 

higher order hydration spheres surrounding the ion i8 not expected to 

contribute significantly to the relaxation of the total spin mass of 

the solutions (see below) and so these protons are not accounted for 

in Eqs • (4 • 8 and 4. 9) . As is typical for most divalent and 

polyvalent ions (Deverell, 1969; Horvath, 1985) the coordination 

number for ferrous and ferric ions is six at th2 low pH of the 

solutions used in this study (Cotton and Wilkinson, 1966). 

Therefore, in the aqueous solutions studied here, l - 1.08xlO-4 mM-1 

for both ions. 

In Eq. (4.8) it is implied that the spin-lattice relaxation of 

only the water protons in the first hydration shell is perturbed by 

the paramagnetic ion. The activation energy for the binding of the 

water molecules in the first hydration sphere of either ion is 

approximately 9 kcal/mol (Genser, 1962; Swift and Connick, 1962). 

Therefore, these water molecules are bound to the ion and have a 

fixed reside~ce time in the first hydration sphere (see below) during 

which they are affected by the unpaired electron spins of the 

paramagnetic ion. One might also expect some interaction between the 

ion and the water protons in higher order hydration spheres. 

However, the paramagnetic ion-proton interactions will be less 
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significant than that of the tirst shell sinee the distances betveen 

the ion and the protons ia inereased and the interaction goes as r-6 • 

Aleo, the dynamics of the coupling changes: the vater molecules in 

the higher order hydration spheres do not bind to the ion for any 

substantial amount of time (Hertz, 1973) and the time dependence of 

the dipolar coupling is the result of translational diffusion of the 

vater molecules about the ions. Detailed discussions of outer sphere 

effects can be found in the literature (Dvek, 1975; Koenig and 

Epstein, 1975; Pfeifer, 1962; Hauser and Noack, 1965) and are beyond 

the scope of this thes '.S. The point of interest for this thesis is 

that the contribution from the outer shells is minimal. It is 

estimated that the contribution to the total spin-lattice relaxation 

from water molecules in the outer shell of an ion i8 less than 6 % 

(Dwek, 1975) or 10 , (Koenig and Brown, 1984). On the other hand, 

water Molecules in the first hydration shell dominate the apparent 

relaxation processes. Therefore, in this work the explicit 

contribution to the apparent spin relaxation of the ionic solutions 

from the higher order hydration spheres is iqnored. 

Equation (4.8) can be written as 

(RT - Rw) -. [C] (Rin - Rw) , (4.10) 

which directly relates the concentration of the ferrous or ferric ion 

to the measured spin-lattice relaxation rate RT' The spin-lattice 

relaxation rate of the bulk water Rw is known: for pure water Rw i5 

0.28 s-1 (Hertz, 1973), The Rw of the triply distilled water used in 

the experiments performed for this thesis, however, was measured as 

0.42 s-l. The discrepancy between the measured rate and the rate for 
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pure vater is the result of impurities, mostly dissolved oxyqen, 

vhich are present in the vater (Fukushima and Roeder, 1981). Oxygen 

is paramagnetic and, just like any other paramagnetic impurity, it 

enhances the relaxation rate of the vater. Glasel (1972) has shovn 
, 

that oxyqen dissolved in vater causes an increase of up to 40 , in 

the spin-lattice relaxation rates compared to degassed vater. The 

oxygen dissolved in the vater used in these experiments vas not 

extracted since the Fricke reaction mechanism requires oxygen and the 

dosimeter solutions had to be aerated. The perturbation of the total 

apparent spin-lattice relaxation of the ionic solutions introduced by 

using aerated vater will be shown belov to be negligibJ.e in the 

linear region of Fig. 7. 

To quantify Eq. (4.10), the spin-lattice relaxation rates ef 

aqueous solutions with concentrations of ferrous and ferric ions 

varying from 0.01 mM ta 100 mM vere measured at a constant pH of 1. 

(The requirement of low pH is discussed below.) The data are 

presented in Fig. 10 as plots of (RT - Rwl versus the ionic 

concentration [Cl for separate aqueous solutions of ferrous (Fe2+) or 

ferric (Fe3+) ions. The data for a~eous Fe3+ aqree with those from 

experiments performed by Solomon (1955). The solid lines in Fig. 10 

show least square linear fits of the measured data. T:.e slopes of 

these lines, representing the increase in the relaxation rate per 

unit concentration of either ion, are defined to be the constants f 

(for the Fe2+) and 9 (for the Fe3+), i.e., f -. [Rin2+ - Rwl and g­

• [Rin3+ - Rwl. From Fig. 10, f - 0.45 ± 0.01 s-lmM-1 and 9 • 7.98 ± 

0.08 s-lmM-l for the ferrous and ferric ions, respectively. The 

constants can be put into more basic units using Avogadro's number 
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and the mOlarity of vater qivinq f - (S.03tO.05)xlO. s-1 proton/ion 

and q - (8.87±O.09)xlOS s-1 proton/ion. 

If the acidity of the solutions is not kept constant at the low 

pH of 1, the increase in the relaxation rate i8 not directly 

proportional to the concentration of ions, and the analoqous plot to 

Fig. 10 is no longer linear (Gore et al., 1984). As the pH is raised 

&bove 2, the iron ions form condensed complexes whose chemical 

compositions are dependent on the pH of the solution (Cotton and 

Wilkinson, 1966). The ferric and ferrous ions in these complexes 

have different water coordinations dependinq on the pH of the 

solution. The coordination number for water molecules surroundinq 

these complexes, nh' is not necessarily six at the hiqher pH' s. 

Therefore, the parameters describinq the exchanqe processes are pH 

dependent and the experimentally determined constants for the model 

proposed above will not adequately describe the spin relaxation of an 

ionic solution whose acidity is not kept below pH - 2. To maintain 

ferric and ferrous ions in the hexaquo ionic form (nh =- 6), it is 

recommended that the pH be close to 0 (Cotton and Wilkinson, 1966). 

Since Fricke solution exists at a pH of 1, it was decided to perforrn 

the experiments described above at a pH of 1. An added bene fit of 

maintaining a low pH in Fricke solutions is that the spontaneous 

oxidation of ferrous ion proceeds at a lower rate than at hiqher pH 

(Cotton and Wilkinson, 1966). 

The inherent spin-lattice relaxation rates Rin2+ and Rin3+ can he 

calculated from the fitted constants f and q since both , and Rw are 

known. The inherent rates for the water protons bound to the ferrous 

,..,.. 
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and the ferric ions at 25 MHz are Rin2+ - 4.1'lx103 8-1 and R.in3+ -

1.39xlO" s-l, respective1y. The assumptions made in developing the 

model ~escribing the spin-lattice relaxation of the ferrous and 

ferric ionic solutions can be validated using the theoretical 

equations for proton relaxation by paramagnetic centres discu8sed in 

Chapter 1. The inherent rates R.in2+ and Rin3+ are given by Eq. 

(1.18) for t.he ferrous and ferric ions, respectively. Equation 

(1.18) can be simplified since the electron spin resonance frequency 

ms is 658 times larger than the resonance frequency for a proton spin 

OlI (Abragam, 1961), 1. e. OlS » COI' Thus Eq. (1.18) can be written 

as: 

(4.11) 

The correlation times te for the ferrous and ferric ion are 

1. 5xlO-12s and 5.1x10-11s, respeetively (Eisinger et al., 1961), 

therefore at a proton NMR frequency of 25 MHz, (Ols 'tc )2 « 1 for the 

ferrous ion and (COs'te)2 »1 for the ferric ion and the second term on 

the right hand side of Eq. (4.11) will differ depending on whieh ion 

is in solution. The dependence of the spin-lattiee relaxation rate 

of either ionie solution on the NMR frequency can be shown by noting 

that for both ions at 25 MHz, (COI'tc)2 «1. lneorporati~g this limit 

Along with the appropriate electron spin limit «Olste ) 2) into Eq. 

(4.11) gives 

2+ 1.98 x 10
18 

't 
R~ • 6 e 

3+ 
Rin -

r 

2 • 88 x 10 
l 7 

[ 7'te ] 3tc +- , 
6 A,2.2 

r -a"c 

(4.12a) 

(4.12b) 
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wher. the constants 1.98 x 1018 and 2.88 x 1017 incorporate the 

factors 2SCS+1)b2 YI 2
YS2/1S for the ferrous (S-2) and ferric (S-5/2) 

ions, reapectively and have units of 16s-2 • Equations (4.12) show 

that the spin-lattice relaxation of a solution of ferrous ions has no 

frequency dependence while the relaxation of a solution of ferric 

ions is dispersive around 25 MHz. These findings have been confirmed 

by Bloemberqen and Morgan (1961) and Koeni\'1 and Brown (1984) for the 

spin-lattice relaxation of solutions of ferrous or ferric ions, 

respectively. It is understood, then, that the value of the inherent 

. 1 il' f .. R 3+· 1 . d 1 sp4n- att ce re axat40n rate or the ferr4c 1on, in ' 1S va 1 on y 

for a proton NMR frequency of 25 MHz. The Rin 2 + , al though 

non-dispersive around 25 MHz, will have a frequency dependence above 

.. 100 MHz. 

The ratio of the inherent spin lattice relaxation rates for 

protons in the coordination shell of the two ions can be calculateè 

from Eqs. (4.12) qivinq It is this 

relation which quantifies the potential of the NMR method of 

measurinq the relative concentration of ferric and ferrous ions in 

irradiated Fricke solution. Since the ratio of the ion-proton 

distances (r2+/r3+) is expected to be close to unit y (see below), the 

ferric ion has an inherent relaxation rate which is approximately 16 

times that of the ferrous ion. A small chanqe in the ferric 

concentration, such as that produced by irradiatinq a sample of 

Fricke solution, will therefore produce a larqe chanqe in the 

spin-lattice relaxation rate of the sample. The constant 16.1 

which relates the ratio of the inherent spin-lattice relaxation rates 

to the ion-proton distances for the two ions differs sliqhtly from 

that obtained by Gore et al. (1984) since they operated at 20 ~iz. 



o The ion-proton distances r 2+ and r 3+ are the distances betveen the 

proton (hydrogen atom) on a vater molecule which is in the first 

hydration sphere of an ion and the center of the ion itself. For t.he 

ferrous and ferric ions, the ionic radii are 2.12 A and 2.04 A 

respectively (Marcus, 1983, 1985). The radius of a vater Molecule is 

1.4 A, therefore the ion-proton distances r 2+ and r 3+ are 3.52 A and 

3.44 A, respectively, and the ratio r 2+/r3+ is 1.023. The calculated 

ratio of the inherent relaxation rates is therefore approximately 

18.5. Experimentally, the ratio of the inherent relaxation rates is 

determined to be 17.7 which differs only slightly from the 

theoretical value. This difference is a resuit o~ the fact that sorne 

approximations have been made in both the utilization of Eqs. (4.12) 

and in the empirical determination of the inherent spin-Iattice 

relaxation rates. Firstly, the ionic radii used above are average 

values calculated from the crystal ionic radius. The actual radii of 

the ions in an aqueous electrolytic solution deviate from ideal 

crystal values becaus~ of the change in the electrical or coulombic 

attractions between the ions; therefore, the ionic radii and the 

ion-proton distances quoted above are only approximations (Horvath, 

1985). Secondly, whereas the outer hydration shell contributions to 

the spin-relaxation are included in Eqs. (4.11 and 4.12), they are 

neglected in Eq. (4.10) thus causing some uncertainty in the values 

of the empirical inherent relaxation rates. However, in spite of 

these approximations, the experimental ratio between the inherent 

relaxation rates Agrees very weIl with the theoretically derived 

value. Therefore, the inherent rates Rin2+ - 4.17x103 s-1 and Rin3+ 

- 7.39xl0 4 s-l are considered reasonable. A more complete analysis 

of the two site exchange l'I\odel for the spin relaxation of the ferrous 

and ferric solutions could be undertaken with studies of the 
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t.emperature and trequency dependences ot the spin-lattice relaxation 

rates of the solutions. This, hovever, ia beyond the scope ot the 

present vork. 

Since it has been shown that the inherent relaxation rates Rin2+ 

and Rin 3+ have values predicted by theory, the assumption of fast 

e:ltchange can be asaessed. It May seem obvious that the bound and 

bulk water spin groups are in the fast exchange limit since 

experimentally, the spin-lattice relaxation of a solution of either 

:lOlll La found to be monoexponential. (A typical magnetization 

l'ec:overy for a 1 mM ferraus ion solution is shawn by the zero dose 

curve in Fig. 6.) However, the fraction of protons on the water 

ml:>ll!cules which are in the coordination shell of an ion is typically 

lt~ss than one percent of the total spin mass and are not resol vable 

with the current spectrometer which has a SIN of 50:1. Therefore one 

ca,nn.ot invoke the fast exchange limit based solely on the shape of 

th«, ma.gnetization recovery curve. The model can be justified with 

SOIl\e other criteria. The lifetimes of water Molecules in the first 

hydration spheres of ferrous and ferdc ions are t 2+ - 3.1x10-7 5 

(Swift and Connick, 1962) and t 3+. 3.3x10- 4 ~l (G~n5er, 1962), 

respectively. If the inherent spin-lattice relaxation time for both 

proton groups is much longer than the lifetime of a water Molecule in 

the first hydration sphere of an ion, then the spin system i5 

d.efinitely in fast ex change (Zimmerman and Brittin, 1957). This 

c.~riterion is fulfilled for the ferrous ion solution. However, the 

ferric :ton solution has an inhE'rent relaxation time which is shorter 

than thel lifetime of a water Molecule in the hydration sphere of the 

ic'n and it is not entirely ()bvious from the Zimmerman-Brittin 

cdterior\ that the ferric spin s~'stem is in fast ex change . Schreiner 

~'7 



o and Podqorsak (1989) have shown, however, that the fast exehange 

limit oeeurs when k/[Pb(Rin-Rw)] > 10 where k is the exehange rate 

between water Molecules in the hydration sphere of an ion and water 

molecules in the bulk, i.e., k is the inverse of the lifetime of a 

water mol.ecule in the hydration spnere of an ion (k - t-1 ). For the 

ferric spin system, this criterion is satisfied at all ionic 

concentI~tions lower than 50 mM so we can conclude that the ferric 

spin system is in fast exchange only l'-.t ferrie ion concentrat: ons 

less than 50 mM. The measured data shown in Fig. la indicate 

the range of ionic concentrations over which the fast exchange model 

is valide According to Eq. (4.10), there should be a linear 

relationship between the rate difference RT - Rw of an ionic solution 

and the ionic concentration if the two spin group~ involved are in 

fast ex change . This criterion of linearity is satisfied over the 

entire ferrous ion concentration range studied, however, for ferric 

ion concentrations higher than 50 mM, the linear relationship breaks 

down. Hence in calculating the slope of the solid line in Fig. 10 

for the ferric ion (recall that this slope is equal to the constant 

g), d~ta for concentrations higher than 50 mM were neglected. This 

apparent deviation of ferric ion solutions from fast exchanqe at 

concentrations higher than 50 mM does not create any inconsistencies 

when describing irradiated Fricke solution with the fast exchange 

model and its empirical parameters described above because the 

maximum ferric ion concentration in Fricke solution is 1 mM, well 

inside the linear portion of Fig. 10 for both ions. 

The two site exchanqe model has been justified and it describes a 

solution of either ferrous or ferric ions quite well. In order to 

describe irradiated Fricke solution which contains both Fe2+ and Fe3+ 
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ions, however, it is necess&ry to extend the two site exchange model 

to three sites. In irradi.lted Fricke solution, protons on water 

Molecules in the coordination shell of either ion are exchanqing both 

with each other and with free protons not bound to either ion. The 

relaxation rate RT of a solution containing both ions can thus be 

written: 

Aqain the bound fractions Pb 2+ and Pb 3+ are proportional to the 

concentration of ion in solution and the ionic concentration is low 

enouqh that there is no overlap of the hydration spheres. After sorne 

algebraic manipulations, Eq. (4.13) can be written: 

where f and q, as defined earlier, represent the ability of the 

respective ion to promote relaxation and are equal to the slopes of 

the lines in Fig. 10 for ferrous and ferric ion, respectively. 

To verify whether the extension to the three site exchange model 

is valid for irradiated Fricke solution, the spin-lattice relaxation 

rates of solutioQS containinq both ferrous and ferric ions at a total 

ionic concentration of 1 mM were determined, i.e., [Fe2+] and [Fe3+] 

individually varied but [Fe2+] + [Fe3+] remained constant at l mM. 

This total ionic concentration was chosen because it mimics the total 

ionic concentration of Fricke solution. The results are shown in 

Fig. 11; the points are the measured relaxation rates and the line is 

the relaxation rate behaviour predicted by Eq. (4.14). The agreement 
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of the data with the three site fast exchanqe model ia excellent. 

This experiment vaa repeated for solutions of ferrous and ferric ions 

including 1 mM NaCl and it was found that the chloride ion had no 

effect on the relaxation behavior. This ia not unexpected since low 

concentrations of NaCl are known not to perturb Rw (Hertz, 1973); 

therefore the relaxation rate of a l mM NaCl solution does not differ 

from that of the bulk water. In extendinq the two site model 

describinq the spin-lattice relaxation of individual ferrous and 

ferric solutions to the three site model describing the relaxation of 

the irradiated Fricke solution it i5 assumed that the two ions do not 

interfere with each other's hydration or their inherent relaxation. 

Therefore, the slope of the least squares fit to the data in Fig. 11 

should be numerically equal to the difference of the co~stants f and 

9 determined for the individual solutions. This is the case: f·· 

0.45 ± 0.01 s-lmM-1, 9 - 7.98 ± 0.08 s-lmM-1 and the slope of the 

line through the data points in Fig. 11 is 7.53 ± 0.07 s-lmM- l . 

Hence the extension of the two site exchange model to the three sites 

in irradiated Fricke solution is valid. 

The saturation value of the spin-lattice relaxation rate in 

Fig. 7 should be identical to the spin-lattice relaxation rate of a 

l mM solution of ferric (Fe 3+) ions in Fig. 11. T'üs is not 

observed. The discrepancy results from the diftelent oxygen con-

centrations in the Fricke rnirni=king solutions and the actual ir-

radiated Fricke solution. While the Fricke rnirnicking solutions are 

all ~qually geratéj, the irradiated FrIcke solutions have a dissolved 

oxygen concentration which depends on the absorbed dose. As des-

cribed above, oxygen is paramagnetic and enhances the spin-lattice 

relaxation of the solutions. Calculations using the data of Fig. 11 



o show that the enhancement caused by dissolved oxyqen can be neqlected 

in the linear reqion of Fiq. 7 (dose < 250 Gy). The relaxation 

enhaneement caused by the oxyqen becomes more siqnificant at qreater 

doses, i.e., larger Fe3+ concentrations, because of the already short 

relaxation times of these solutions. While ~he relaxation behaviour 

of Fricke soll.\tions irradiated to very hiqh doses cannot be 

accurately predicted with the present model, the spin-lattice 

relaxation rateb of Fricke solutions irradiated to doses below the 

saturation dose are well modelled. The oxyqen effect can be neqlected 

for the lower dos\!s and it is possible to use the derived relaxation 

parameters to devise an absolute dosimetry system. Before this can 

be achieved, it ls necessary to establish the chemieal yield of 

ferdc ion in irrac\iated Fricke solution. 

4.3" 2 Determination ot the chemical yield. 

The three-site exehange model for the spin-lattice relaxation of 

aquE~ous solutions of ferrous and ferric ions can be used ta determine 

the chernical yield of the Fricke solutionfl through Eq. (4.14). In 

the irradiated Fricke solutions the total iron ionic concentration 

(say q) reméiins constant independently of the dose absorbed during 

the irradiation, Le., [Fe2+j + [Fe3+j - q throughout the ionie 

evolution of the Fricke solution. Therefore, Eq. (4.14) can be 

written as: 

(4.15) 
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The relaxation rates RT and Rw are those measured for the irradiated 

Fricke solutions and the bulk vater, respectively; the f and gare 

determined from the spin relaxation measurements of the separate 

solutions of the ferrous and ferdc ions and the q if\ set in the 

preparation of the Fricke solution (in this work q - l mM). Solvinq 

Eq. (4.15) for the concentration of ferric ion [Fe3+] gives: 

[Fe3+] = {Rr - Rw - f
q}. 

q - f 
(4.16) 

The chemieal yield of the Fricke solution is defined to be the 

amount of ferric ion fOlmed per enerqy absorbed by the dosimeter 

(ions per 100 eV). Sinee the energy absorbed is the absorbed dose 

multiplied by the rnass of the solution, the chernical yield can a1so 

be qiven in terms of the f0110wing quantities used in this work: the 

molarity of the ferdc ion and the absorbed dose. Equation (4.16) 

with the assurnption that the ferric ion concentration was zero before 

irradiation qives: 

where D i5 the absorbed dose. Therefore, if the relaxation rate data 

for the irradiated Fricke solutions is p10tted as (RT - Rw - fq) 

versus (g - fl D, the data should lie on a straight 1ine with s10pe 

equal ta the chernieal yield G. Figure 12, based on the relaxation 
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c rates plotted in the linear region of Fig. 7 (recall that the 

saturation of the NHa dose response occurs at ... ~so Gy), is such a 

plot and gives a ehemical yield of (23.4 ± 0.6) x 10-7 M/Gy or, in 

more conventional units, G - 22.5 ± 0.6 ions/100 eV. 

As the dose response curve for modified Fricke solution is known 

(see Fig. 7), the chemical yield can be ca1culated empirically since 

the relaxation rate dependence on the ferric ion concentration in the 

Fricke solution has also been determined in this work (see Fig. 11). 

A number of aqueous solutions containing different concentrations of 

ferrous and ferric ions but with a total ionie concentration fixed at 

1 mM were prepared and their spin-lattice relaxation rates 

determined. As stated earlier, these solutions simulate the changes 

of ionic concentration in an irradiated Fricke solution. The 

relaxation rate increases linearly with increasing ferric 

concentration and the slope of the least squares fit of the data in 

Fig. 11 is 7.53 ± 0.07 s-1mM-1. The NMR sensitivity of the Fricke 

solution to radiation dose as determined from the data shown in Fig. 

7 is 0.0182 ± 0.004 s-1 Gy-1. The chemical yield for the Fricke 

solution is the ratio of these two slopes: empirically G = (24.2 ± 

0.8) x 10-7 M/Gy (or, G = 23.3 ± 0.8 ferric ions per 100 eV). This 

value for the chemical yield is determined from measurements on 

solutions eontaining both ionie speeies and is in excellent agreement 

with the value (G = 22.5 ± 0.6 ions/100 eV) predicted by the three 

site exehange model with the constants f and g determined from 

separate solutions of either ion. This agreement is not unexpected 

sinee the spin-lattice relaxation of solutions eontaining bath 

ferrous and ferric ions is accurately described by the three site 

exchange model (see Fig. 11). The slight diserepancy between the two 



o numerical values of G results from the fact that the determinations 

of G require the fittinq of three independent sets of data. 

Although the measurements described above qive the chemical yield 

for the NMR Fricke dosimetry technique, they cannat be used to 

establish an absolute NMR Fricke dosimeter since the spin-lattice 

relaxation rate of an irradiated Fricke solution is not determined 

in terms of the basic NMR parameters of the solution. To establish 

an absolute NMR Fricke dosimetry system the spin-relaxation model for 

the Fricke solutions must be employed (see below). 

The chemical yields determined by both methods ab ove are equal 

within experimental error althouqh they are siqnificantly hiqher than 

the accepted value of 15.5 ions/100 eV (Attix et aL, 1966). In 

practice, the chemical yield is very sensitive to the presence of 

impurities in the Fricke solution and to the volume of the irradiated 

dosimeter (see §4. 6). Therefore, it is necessary to determine the 

chemical yield for the Fricke dosimeter preparation protocol 

established in a particular laboratory. However, as shown in this 

work, the reproducibility of the NMR Fricke dosimetry is excellent 

once the experimental technique is properly established and the 

chemical yield need only be determined once. 

4.3.3 Absolute dosimetry formalism 

Since aIl the inherent relaxation parameters describing the 

spin-lattice relaxation of a solution of ferrous and ferric ions are 

known, the NMR-Fricke dose measuring technique can be made absolute. 

Incorporating the definitions of the constants f and g in terme of 
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the inherent relaxation rates for the ferrous and ferric ions, Rin2+ 

and Rin3+ respectively, into Eq. (4.16) gives: 

&r - iCI R~: - Rw h-iq) 

• (Rï: - Ri~) 
(4.18) 

where • is the proportiona1ity constant between the fraction of bound 

water MOlecules and the ionic concentration for both ions and q is 

the total ionic concentration. The dose D absorbed by an irradiated 

Fricke solution is the ratio between the concentration of ferric ions 

produced by the radio-chemical oxidation of ferrous ions and the 

chemical yield for ferric ion ([Fe3+]/G), therefore: 

(4.19) 

Since the chemical yield for the ferric ion has been estab1ished, Eq. 

(4.19) can be used to determine the dose absorbed by a Fricke 

solution directly from a measure of the solution 1 s spin-latti~e 

relaxation rate RT' 

The methodology used in deriving the spin-lattice relaxation 

model for irradiated Fricke solution can be used to determine either 

the absorbed dose, using Eq. (4.19), or the chemical yield, using 

Eq. (4.17). The chemical yield i8 best determined by experiments 

which do not depend explicitly on the spin ex change model for the 

spin-lattice relaxation. The method of determining G using the ratio 

of the NMR sensitivity and the dependence of the spin-relaxation rate 

of the Fricke mimicking solutions on the ferric ion concentration, 

described in §4.3.2 above, gives su ch a model independent 

1(, 
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determination. That this empirical value of the chemical yield 

aqrees vith that predicted by the three site spin exchanqe model is a 

verification of the model. However, this value of the chernical yield 

for the ~MR Fricke dosimetry technique alone cannot be used to 

establish an absolute NMR Fricke dosimeter sinee it does not relate 

the spin-lattice relaxation rate of an irradiated Fricke solution to 

the basic NMR parameters of the solution. The relationship between 

the relaxation rate of an irradiated FrickG solution and the ferric 

ion concentration is qiven by the three"site \'!xchange model. There-

fore using Eq. (4.19), based on the spin-relaxation model, with the 

chemical yield determined independently of any other dosimetry tech­

nique establishes an abso1ute dosimeter. 

4.4 PRECISION 01' TRI NMR DOSIMITRY 'l'BCHNIQUI 

One measure of the utility of any dosi.metric technique is the 

lowest dose which can be accurately measurec\. The probing 0 f 

chemical dosimeters is inherently less se'nsi tive than that of 

ionization chambers or thet'moluminescent materials and the NMR 

technique of measuring the dose response of Fricke solution is 

further limited by the accuracy of the measurement of the relevant 

NMR parameters. Analogously to the minimum detectable activity 

(ICRU, 1972), the minimum detectable dose can be defined as that ~ose 

which increases the spin-lattice relaxation rate of the Fricke 

dosimeter by an amount equal to three times the st.'indard deviation in 

the relaxation rate of the unirradiated dosimet~r (01sson et al., 

1989). 01sson et al. (1988) found a minimum detectdble dose of 1 Gy 
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while Gore et al. (1984) claim that their system i8 capable ot accu­

~ately measuring the changes in Fricke solution produced by an 

absorbed dose of 4 Gy. The zero dose precision in the relaxation 

time measurement with our present NMR spectrometer is 2 percent which 

lildts the minimum detectable dose to 4 Gy. The dose resolution of 

the NMR-Fricke method, assuminq a reso1ution of 0.01 s-l in the 

spin-lattice relaxation rate measurement, is 0.5 Gy. With respect to 

othel' dosimetry techniques, the minimum detectable dose and the dose 

resol\\tion of the NMP. dosimetry system do not cc.mpare favourab1y for 

Medical physics purposes. However, the three dimensional potential 

of the NMR Fricke method indicated by Gore et al. (1984), Hiraoka et 

al. (196'6), Szeredi et al. (1986), and deGuzmann et al. (1989) moti­

vates an investigation into the possibility of improving the minimum 

detectab1e dose and the dose resolution of the NMR dosimetry system~ . 

There are a number of ways by which the minimum measurable dose and 

the dose resolution of the NMR Fricke dosimetry technique can be 

improved. These are all based on the choice of the dosimeter itself 

and are independent of the speetrometer and any hardware used in the 

relaxation til'ne measurements. One method of improvinq the NMR Fricke 

dosimetry technique, based on the addition of organie impurities to 

the Fricke solution, is addressed in the next section • 

.. • 5 IHCRIASIH" THB SEHSITIVITY or rRICKE SOLUTION 

It has been demonstrated that sensitizers such as benzoic aeid 

(Balkwell and Adams, 1960) and ethanol (Dewht.rst, 1952) have the 

ability to increase the chemical yield of ferric ion in Fricke 

solution (recall the discussion in Chapter 2\. This has also been 

"'7n 
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observed in NMR studies of Fricke solutions containing organic gels 

(Gore et al., 1984b; Biraoka et aL, 1986; Appleby et aL, 1987, 

1988; Olsson et al., 1988). These latter studies were undertaken 

primarily to devise phantcms whose ionic distributions would be 

spatially stable and thereby could be used as a three dimensional MRI 

Fricke dosimetry technique. Hiraoka fit al. (1986) have shown that 

the NHa sensitivity to radiation of the qelled Fricke dosim~ter was 

greater than that of conventional aqueous Fricke solution. An 

increase in the NMR sensitivity to radiation of the dosimeter results 

in a lower minimum detectab1e dose and a better dose resolution and, 

in fact, 01sson et al. (1989) have found that the minimum detectable 

dose is a factor of approximately two lower in the gelled Fricke 

solution than in the aqueous solution. App1eby et al. (1987) have 

shown that the mechanism by which the sensitivity to radiation of 

Fricke solution doped with gels is increased is similar to that in 

solutions doped with other organic impurities. 

To study the enhancement in the sensitivity of the Fricke 

dosimeter, modified FriCke solution was doped with varying 

concentrations of 100% ethanol (Consolidated Alcohol Limited, 

Toronto, Ontario). As a pre1iminary study, the dose responses of the 

Fricke solutions were determined. They were found to be linear to at 

least 100 Gy ovet the entire doping concentration range studied. It 

was also determined that the spin-lattice relaxation rate of 

unirradiated Fricke 50' '.ltion is not affected by the ethanol dopant. 

The linearity of the dose response curve along with the invariance in 

the unirradiated spin-lattice relaxation rate with increasing ethanol 

concentration imp1y that a full dose response curve is not needed in 

order to determine the sensitivity to radiation of a doped Fricke 
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solution. l'ith this consideration, moditied Fricke solution vas 

doped wlth vl\ryinq concentrations of 100' ethanol. The dosimeters 

were prepared independently four tl.mes and vere subsequently 

irradiate'd to 50 Gy. Fiqure 13 shows a plot of the spin-lattice 

relaxatio.n rate of each dosimeter as a function of the dopant 

concentration. The spin-re11xation rates for the irradiated 

solutions increa.se very quickly with ethanol concentration peaking at 

,a concentration of "0.02 M. The relaxati,)n rate at the maximum is 

approximately 1.6 times the rate for the solution which was not 

dc.,ped. The ethan,)l dopant has the effect c"f increasing the amount of 

ferric ion whlch is produced by a fixed absorbed dose, in this case 

50 Gy. This impli'2s that t:he chemical yield of ferric ion increases 

with increasing ethanol dopant concentratior.' up to 0.02 M. Similar 

behavior has been noted by Dewhurst (1952). There i5 a significant 

spre,ld in the me,:lsured relaxation rates for the different dosimeters 

with doping concentrations less than 0.02 M. The spread cannet be 

expla.lned by th\~ measurement error assoc.lated with the NMR 

measur,;,ment procedure as undoped solution gives very reproducible 

results. The variation is probably the result of. human error in the 

chemical doping of the solution; the likelihood of errors when 

workinq with very small concentrations of ethanol is increased. A 

lack of ,,:eproducibill.ty has also been noted pnwiously (Schulz, 

1989) . At higher dopi.ng concentrations the relaxation rates, and 

hence the chemical y ieIds, are not maximized, however, the 

reproducibility of the results is better and the relaxation rate is 

much less sensitive to the concentration of ethanol. Therefore, 

ethanol concentrations in the range 0.05 M to 0.07 M should be added 

to the modified Fricke solution in oIder to increase the chemical 

yield of the dosimeter reproducibly. In this range of ethanol 

91 



J " ~'" • 

o 

3.2 

Q) 3.0 +J cu 
14 

c: - 2.8 
o,.-i 
.... 1 

2.6 +J 
cu CIl 
~ -cu 2.4 roi 
Q) 
~ 

2.2 

2.0 -4 -3 -2 -1 
10 10 10 10 

Ethanol doping concentration 

(M) 

Figure 13 The spin-lattice relaxation rate of a modified 

Fricke solution as a function of ethanol 

doping concentration. Different symbols rep-

resent data from different dosimeter prepar-

ations. The line is not a fit but an aid to 

the eye. A representative error bar is 

indicated. 

82 



( 

( 

concentrations the sensitivity of Fricke solution is increased by a 

factor cf -1.5. 

Simi1ar experiments were a1so performed with standard Fricke 

solutions containing no NaCl: even hiqher sensitivities were 

achieved. However, the spin-1attice relaxation rates measured for 

different solutions doped to the satne ethanol concentration and 

irradiated to the some dose were not reprodueible. This is expected 

sinee the ehloride ion is not available to stabilize the Fricke 

reaetions (see Chapter 2). Attempts to increase the chemical yield 

of standard Fricke solutions (without NaCl) by doping them with 

organic impurities are not practical . 

.& • 6 VOLUME OF IRRADIATED SOLUTION AND ITS RELATION TO NMR 

SENSITIVITY 

The NMR sensitivity of the Fricke ~olution determined in this 

laboratory (0.0182 ± 0.0004 s-l Gy-1) is in excellent agrep.ment with 

that reported by Szeredi et al. (1986) and Olsson et al. (1989). 

This sensitivity corresponds to a ferric ion chemical yield of -23 

ions per 100 eV, higher than the accepted value of 15.5 ions per 100 

eV (Attix et al., 1966). Gore et al. (1984), however, have published 

a Fricke NMR sensitivity of 0.0113 ± 0.0002 s-l Gy-1 corresponding to 

a ferric ion chemical yield of 15 ferI"ic ions per 100 eV of absorbed 

energy, in close agreement with the accepted value. The 

discrepancies between the pUblished sensitivities may result from a 

number of factors. As indicated in §3.2 and §4.5, organic impurities 

rnay elevate the chernlcal yield of ferric ion in Fricke solution. 

n", 



o Therefore, for absolute dosimetry it is essential that every 

component of the Fricke dosimeter (the chemicals and the glass 

containers utilized in the dosimeter preparation and storage and the 

dosimeter cells used for the dosimeter irradiation) be free of 

macroscopic and microscopie impurities. It is expected that all the 

workers discussed above used equally qood chemical techniques and 

macroscopic cleaninq protocols. Variations in glassware cleaninq 

procedures and in the concentration and type of orqanic impurity . 
which may contaminate different glass make the assessment of the 

removal of microscopie impurities by different laboratories more 

diffieult. For example, it has been reported that it is possible to 

remove the microscopie organic impurities by pre-heating the 

dosimeter cells (Attix et al., 1966), however, this procedure showed 

""l0 effect on the NMR sensitivity and chemlcal yield of the Fricke 

dosimeter used in the~e experiments (see Chapter 3). Also, some 

microscopie irnpurities which infiltrate the glassware are released 

only during irradiation (Hart and Matheson, 1952; Armstrong et al., 

1963) . These contaminants can be rernoved by pre-irradiating the 

dosirneter cells to about 10 5 Gy (Attix et al., 1966); at the dose 

rates typica11y availab1e in the c1inica1 setting month long 

irradiations are required for this cleaning. Therefore, pre-

irradiation of the dosimeter cells has not been performed in this 

work. None of the other groups mentionnd above describE' explicitly 

their particu1ar microsopic cleaning protocols nor do they specify 

the type of glassware used. This makes a comparison of the different 

r.eported NMR sellsitivities (ai1d associated chemical yields) based on 

an assessroent of the removal of microscopie impuritif1s aven more 

di.Eficult. 



o The only recognizable difference between the techniques used in 

our laboratory and those employed by Any of the other research groups 

is the volume of dosimeter which is irradiated. Ln this work the 

volume of irradiated Fricke solution was 68 P.L while Gore et al. 

irradiated l mL of solution; Szeredi et al. (1986) and Olsson et al. 

(1989) do not quote the volume of their dosimeter cells. The dif-

ferent NMR sensitivities reported for the different dosimeter volumes 

suggest that there is a relationship between the volume of Fricke 

solution irradiated and its NMR sensitivity. To study this 

relationship modified Fricke solution was irradiated in samples of 

both 68 ~L and 10000 ~L volumes; all glassware was cleaned 

identieally aeeording to the protoeol outlined in Chapter 3. The 

glass cells in which the solutions were irradiated were composed of 

similar quality and type of glass. For the NMR spin-lattice 

relaxation measurement of the Fricke solution irradiated in the 

larger dosimeter cells, 68 P.L of the solution from the cell was 

transferred into an NMR sample tube. The resultinq spin-lattiee 

relaxation data are shown in Fig. 14. The NMR sensitivity of the 

larger volume of Fricke solution was 0.0146 ± 0.0003 s-l Gy-1 (G -

18.6 ± 0.4 ions/100 eV), which is ~25 percent lower than that of the 

68 J.1L sample. The inerease in ehemieal yields for the Fricke 

solutions irradiated in the two different volumes with respect to the 

accepted value is considered to result from organic impurities in the 

dosimeter cell walls which are released by the irradiation. Both 

dosimeters have enhanced NMR sensitivities and chemical yields, 

although the enhancement ~or the larqer volume dosimeter is less 

pronouneed. This is expeeted sinee the ratio between the surface 

area of the dosimeter cell in contact with Fricke solution and the 
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o solution volume is different for the two dosimeters: the ratios are 

"'1 mm- 1 and "'0.23 mm- 1 for the t'8 JiL and 10000 JiL dosimeters, 

respectively. Since the impurities oriqinate in the cell walls, 

these ratios imply that the relative impurity concentration is higher 

in the smaller volume dosimeter than in the larqer one. It is 

interestinq to note that the dosimeter in the experiments perfo~ed 

by Gore et al. (1984) had a volume of 1000 JiL, which is between the 

two volumes irradiated in this work, yet the NMR sensitivity for his 

dosimeter corresponds to the accepted ferric ion chemical yield. 

This may be explained if Gore et al. (1984) used irradiation cell~ 

that were infiltrated by a lower number of microscopie impurities, if 

their cells had a different geometry with a surface area to volume 

ratio lower than that of this work, or if the dosimetry cells were 

pre-irradiated. Unfortunately, these experimental details were not 

reported. 

This preliminary work suqqests that there is a relatio!1ship 

between the ratio of the surface area to volume for the irradiated 

dosimeter and its NMR sensitivity. The enhancement of the ferric ion 

chemical yield seems to result from orqanic impurities which are 

released from the dosimeter cell wall durinq the irradiation. Two 

previous experiments corroborate this explanation. The sensit.i.vity 

of modified and standard Fricke solutions differ implying that 

organic impurities are present in the Fricke solutions. From this 

experiment alone one cannot conclude whether the impurities are 

introduced during the Fricke solution preparation or during the 

irradiation of the dosimeter. To investigate the source of the 

impurities, further experiments were performed on modified Fricke 

solution prepared at the National Research Council (NRC) in Ottawa, 

n.., 
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Canada, where, since the NRC ie a standardization laboratory, 

str.icter dosimeter preparation protocols are used. T~e dosimeters 

vere irradiated in the dosimeter cells from our laboratory. The NMR 

senstivity was identical to that for Fricke dosimeters prepared by 

the author. This suggest~ that the cleaning protocol established in 

this laboratory is suff!cient to remove any macroscopic impurities 

from the dosimeter and the chemicals used in the dosimeter 

preparation are adequately pure. Impurities which infiltrate the 

solution arise from the dosimeter cell wall. This presents a problem 

if an absolute dosimetry system is to be established because the type 

and concentration of impurity in the dosimeter cell wall is 

inherently dependent on the particular type of glass which comprises 

the cell wall. However, the elevated NMR sensitivity is highly 

reproducible and has been reported by other groups (Szeredi et al;, 

1986: Olsson et al., 1989). It also results in a dosimeter with an 

improved minimum detectable dose and dose resolution. Therefore, 

from the point of view of practical absolute dosimetry, it is not 

necessary to remove the microscopie impurities from the dosimeter 

cell wall since the chemical yield, although different from the 

accepted value, is constant at N23 ions/100 eV. The reproducibility 

of the elevated chernical yields obtained by different research groups 

casts sorne suspicion on the conclusion that the effect results solely 

from contamination with impurities originating in the dosimeter cell 

wall. It is possible that varying interface effects at the cell wall 

for different irradiation geometries cause the differences in the 

chemical yields implied in Fig. 14. New experiments are being 

undertaken to improve the understanding of the source of the elevated 

sensitivity and its implication for the NMR Fricke dosimetry 

technique. 

RR 



o " • 7 ItA~IOllALB I"OR tJSIHG 1 mil raDOUS lOB IH nlaœ SOLOTIOH 

The standard and rnodified Fricke solutions are prepared with a 

1mM initial ferrous ion concentration. Historically, this concen­

tration was chosen so that the ionic solution had the sarne mass 

absorption coefficient for x rays as does air (Fricke and Petersen, 

1927) • In this section an analysis of the spin-Iattice relaxation 

data for aqueous solutions with different concentrations of ferrous 

and ferric ions is outlined. The analysis supports the choice of an 

initial ferrous ion concentration of 1 mM for a practical NMR 

dosimetry technique. 

The most prec1se measure of dose is obtained from a dosimeter 

whose re~ponse is greatly affected by the irradiation. In NMR Fricke 

dosimetry, the response is the spin-Iattice relaxation time of the 

Fricke solution, hence a large response implies a large difference in 

the T1 's measured before and after the irradiation. Although not 

intuitively clear, it can be shown that the NMR response is dep~ndent 

on the initial ferrous concentration in the Fricke solution. The 

total iron ionic concentration q in a Fricke dosimeter is equal to 

the initial ferrous ion concentration used in the preparation of the 

solution. The q remains constant throughout the history of the 

dosimeter: after the dosimeter absorbs a dose D, a certain 

concentration of the ferrous ions [Fe2+] i8 oxidized te ferric ions 

[Fe3+], but [Fe2+] + [Fe 3+] - q. The spin-Iattice relaxation rate 

for a solution containing ferrous and ferric ions in concentrations 

of [Fe2+1 and [Fe3+1, respectively, i5 given by Eq. (4.14). The 
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measured spin-lattice relaxation time is the inverse of the rate: 

Tl - l/~. Before irradiation, the total iron ionic concentration of 

the Fricke solutLon is q - [Fe2+] and the Tl is: 

1 
Tl = (4.20) 

fq + Rw 

Th9 Tl of the solution a1:ter irradiation i8: 

As defined in §4. 3, the f and gare dependent on the inherent 

relaxation rates of thl9 protons on water molecules in the 

coordination shells of the ferrous and ferric ions, respectively, and 

the Rw is the spin-lattice l:elaxation rate of the bulk water protons. 

The response of the dosimeter is the \;nange in the measured 

spin-lattice relaxation time' before and after irradiation, ~Tl (the 

difference between Eq. (4.~~O) and Eq. (4.21». The ferric ion 

concentration after irradiation is F!~ual to the absorbed dose D 

multiplied by the c'emical yield G; i.e., (Fe3+] = DG. Therefore, 

the NMR response is dependent on the concentration of ferric ions 

formed by the irradiation and on the total iron ionic concentration q 

in the dosimeter. Also, although the chemical yield of the Fricke 

solution is independent of q (Krenz and Dewhurst, 1949)/ the response 

of the dosimeter varies with q. The initial concentration q which 

gives the optimum response of the Fricke solution can be determined 

by maximizing the rate of change of the response with respect to the 

ferric concentration since dAT1/dD - (l/G) dâT1 /d[Fe3+]. From the 

on 
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difference of Eqs. (L20) and (4.21), the rate of change, 

dàT1/d[Fe3+J, ia: 

= ---..;,,(g:.,,-... :I.: .... ) __ ,_ 

{fq + (q-f) [l;oe31 + Rw}2 
(4.22) 

This quantity is plott'ed as ./1 function of q in curve (a) of Fig. 15. 

There i8 an inve:.:se relationship between the dosimeter respon.:e 

resultinq from the production of. a qiven ferdc concentration and the 

total ionic concentration q, For a qiven dose, the dosimeters with 

the smallest q have the large st responses. This is expected since 

even though a dose D will produce an identical ferric concentration .. 
irrespective of q, lower values of q will result in a greater 

dosimeter response. For a very high q, the relative number of ferric 

ions is small and the perturbation in Tl resultinq f~om the radiation 

created ferric concentration is minimal. In terms of the NMR 

measurement technique, it is desirable to maximize the relative 

response in order to reduce the relative error. With this 

consideration alone, curve (a) in Fig. 15 suggests that Fricke 

solutions with lower initial ferrous concentrations are better 

dosimeters since they have larger responses. However, the 

relationship between the total ionic concentration and the saturation 

dose for that q is also important (curve (b) in Fig. 15). When the 

initial ferrous ion concentration in the Fricke solution is low, 

saturation ùf the ferric ion concentration and of the NMR response 

oceurs at lower doses and the system becomes unreliable. This has 

been noted by 01sson et al. (1988) for a Fricke solution prepared 

with 0.01 mM ferrou5 ion. It i5 necessary to make a compromise 

n4 
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o between dosimeters with high responses or those with hiqh saturation 

doses. The conventional choice of l mM for the initial ferrous 

concentration is a qood compromise, from both dosimetric and NMR 

considerations. 
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CORCL17SIORS 

The motivi tion for the experiments perfoll11ed in this thesis .o"s 

to study tiaP physical processes which determine the NMR spin­

relaxation of Fricke solution exposed to Co-60 radiation. Histori­

cally, spectrophotometry has been used to determine the relative 

proportion of ferrous and ferric ions i~ irradiated Fricke solution 

(Scharf and Lee, 1962), however, NMR has recently been proposed as an 

alternative probe (Gore et al., 1984). It was fot;nd that there i8 a 

linear relationship between the spin-lattice relaxation rate ef 

irradiated modified Fricke solution and the abaorbed dose up to a 

dose of about 250 Gy. For higher doses, the response is no longer 

linear and at doses higher th an .. 270 Gy the response of the Fricke 

dosimeter saturated. 

The reproducibility of the NMR spi.n-lattice relaxation rate 

measurements was studied. It was determined that unless very precise 

P!"otocols are used in the preparation of the Fricke solution 

(including the cleaning of al! glassware), the reprodudbility of the 

dose response is not adequate. The problem does not result from 

inaccuracies in the NMR measurements, but arises from variations in 

the Fricke solutilln chemistry which may alter the f~ose response of 

the dosimeter. Onc,~ the dosimeter preparation protocols described in 

this thesis were implemented, the Fricke solution was no longer a 

variable ir. the experiments. Any subsequent variability in the 
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measurement of ~he dose response, although minhlal in these 

experiments, would resul t from the precision of the mm system. 

In developing a model for the spin-lattir:e relaxation behaviour 

of irrt..:!iated Frick~ solution containing both ferrous and ferric 

ions, the behaviour of a spin system consl.sting of separate aqueous 

solutions of either ion was first investigated. A model based on 

fast exchange bet\l'een protons on bulle wateJ: molecules and those on 

water molecules in the coC'rdination sheH of an ion was proposed and 

experimentally verified. This model was th en extended to irradiated 

Fricke solution by considering three spin groups: protons on bulk 

water molecules exchanging with protons on water molecllles bound to 

either a ferrous or ferric ion. Gc.'re et al. (1984) have mathe-

matically characterized the relaxation behavior of irradi ated Fricke 

solution, although the inherent spin-lattice relaxation rates of 

protons on water Molecules in the coordination shell of an ion were 

not quantified. In derivinq the model for this thesis, man y of the 

published inherent parameters (Gore et al., 1984) describing the 

spin-lattice relaxation of ferrous and ferric ionic solutions were 

reproduced and the inherent relaxation rates for ~rotons o~ water 

molec'.lles in the coordination shell of an ion were quantified for the 

first time. This quantification of the inherent relaxation rates 

allows the extension of the Nlo1R dosimetry technique to an absolute 

dos imet ry , provided that the chemieal yield of the ferde ion is well 

established. The model also allows one to predict the NMR dose 

response of a Fricke dosimeter which is prepared using a non-standard 

recipe. An example of this use of the model is presented ir" this 
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thesis: a theoretical justification of the use of 1 mM init1.al 

ferrouB concentration in the preparation of Fricke solution is 

described. 

The NMR sensitivity of the Fricke dosimeter determined in this 

thesls was identical to that re1;>orf".ed by 01sson et al. (1989) and 

Szeredi et al. (1986), although it was app:'eciably high.ar than that 

given by Gore et al. (1984). This implies tl.at there are variations 

in the chemical yields for the Fricke dosimeter. If the NMR tech­

nique i5 to be established as an absolute dosimetry systerr., the 

chemical yield must be constant, or the reasons for variations in the 

yield must be well understood. Since it is e~pected that the Fricke 

solntion preparation protocols used in the different laboratories 

were equally good, the differences in chemical yields must be the 

re&ult of sorne other factor. A possible explanation for the discrep­

ancy in chemh.al yields j.s proposed :i n thi~ thesis. It is based on 

an irrndiation-induced release of microscopie organic impurities from 

the dosimeter cell wall. The magnitude cf the effect appears ta be 

related to the ratio between the surface area af the Fricke solution 

in c.ontact with the dosime~tar cell wall and t.he volume of the 

solution itself. Although only preliminary st..ldies have been 

described in this the~is, future work in this labaratory will invalve 

a more complete characterization of the physical processes which 

govern the effect. 

One measure of the usefulness of any dosirnetric tool is the 

lowest dose which can be accurately measured. 

the NMR technique of rneasuring the dose response 

As described above, 

of Fricke solution 
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is limited by the precision of the NMR measurements. Gore et al. 

(1984) claim that their system is capable of accurately resolving the 

changes in Fricke solution produced by an absorbed dose of 4 Gy while 

Olsson et al. (1988) found a minimum detectable dose of 1 Gy. The 

minimum measurable dose for the dosimeter used in this thesis was 4Gy 

with a dose resolution of C. 5 Gy. For comparison, the spectro-

photometrie method of determining f~rric concentration in Fricke 

solution has a minimum detectable dose of 0.08 Gy (Mattson et al., 

1382) . Therefore, in comparison to the star dard method of measuring 

the dose response of a Fricke dosimeter, the NMR method is relatively 

insensitive. There are a numbc.r of ways in which the minimum measur-

able dose and the dose resolution can be improved. If the NMR 

sensitivity of the Fricke solution can be increased, su ch dS with the 

addition of organic impurities, the minimum measurable dose will ~e 

lower than that of undoped solution and the dose resolution will be 

improved. Fricke solution doped ~ith ethanol was extensively studied 

in this thesis. It was found that the sensitivity of the solution 

increased with incr! asing concentration of ethanol, as expected, 

however, above a dopant conc0ntrati:m of 0.02 M the sensitivity 

slightly decreased. It is suggested that to increase the sensitivity 

of a Fricke do~imeter reproducibly, ethanol in concentrations of 

0.05 M to 0.07 M should he added to the dosimeter. Ethanol dopant in 

this concentration range increasE:s the NMR sensitivity and reduces 

the minimum detectable dose of the Fricke dosimeter by a factor of 

... 1.5. 

In the process of conducting the research described in this 

thesis, an ~MR laboratory consist1ng of a 25 MHz spec~rometer and an 

electromagnet has been established at the Montreal General Hospital. 

Strict protocols for the preparation of Fricke solution were 
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determined. Future vork in the NMR laboratory will involve the 

improvement of the accuracy of the NMR-Fricke technique by studyinq 

the responses of different dosimeter materials. Many of the tech-

niques developed in this thesis will be utilized to characterize the 

dose responses of these nev dosimeters. 
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U'DOIX 

The following discussion shows the detailed calculation of 

the probability for transitions between the eigenstates of the spin 

operators. To illustrate the procedure, the intramolecular relax­

ation mechanism driven by isotropie reorientation of the water 

molecules associated with Broynian motion is derived. As described 

in Chapter l, the major contribution to the spin-lattice relaxation 

i5 from the dipole-dipole interaction. The total Hamiltonian of a 

spin system comprised of two spins 1 and S coupled by the 

dipole-dipole interaction is given by Eq. (1.3), with the perturbation 

term se' given by Eq. (1.5). This perturbing Hamiltonian can t5e 

written in the followinq form (Solomon, 1955): 

:Je' = [IzSz-7(I+S_+LS+)]Fo + (I+Sz+IzS+)Fl + 

+ (LSz+lzSJF~ + I+S~2 + I_S_F; (A. 1) 

The raising and lowering operators I+ and I_ are defined as: 

I+ - Ix + i Iy 

L - Ix - i Iy 

(A.2) 

(A.3) 

and similarly for S+ and S_. The Fj(t) are the Fourier spectra of 

the position coordinates for a spin located at (r,O, (9) with the 

origin at the other spin in the water molecule. The molecule is 

considered rigid and the motion which governs the interproton vector 

is molecular tumbling. Therefore the interproton distance r is fixed 
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and only the angle coordinates of the interproton vector are variable 

in time. The Fj(t) are thus qiven by (Bloembergen et al., 1948): 

Fo(t) = k [1-3cos2e<t}1 

Fl(t) = -tk sin9(t) cos9(t) eicp(t) 

F2(t) = -7k sin29(t) e2icp(t), 

(A.4) 

(A.S) 

(A. 6) 

The functions given by Eqs. (A.4-A.6) will vary randomly 

with time because of the molecular reorientation. The motion is 

isotropie henee the time average of the funetions Fj(t) will be zero. 

Sinee the motion of the spins is statistieal in character, we can 

define a correlation funetion of Fj(t) given by: .. 

(A.7) 

The Kj (t) contains information about the correlation between the 

positions of the spins at different times. The correlation function 

is assumed to be an even function of t and to be independent of t 

(the turnbling is a stationary random process). It is given by the 

following relation (Bloembergen et al., 1948) 

Kj(t) - (Fj(t)Fj*(t»av e-Itl/te -

_ (1 F j (0) 1 2) e - l 't 1 /'te (A.8) 

A statistieal average over the spatial eoordinates of the Fourier 

spectra gives (Bloembergen et al., 1948): 

100 



0 
( 1 Fol 2) = t k 2 (A. 9) 

(I Fl I 2)=.l. k2 
10 

(A.lO) 

(IF212)=10 k2, (A. 11) 

with k as defined above. 

The transition probabilities can then be calculated using 

the formalism which was introduced in Chapter 1. Equation (1.6) 

includes the matrix element (mjl"'lmi) which must be calculated for 

each transition. As an example the explicit calculation will be 

shown for wl which i8 the protJability for a transition from 1->1+) to 

1+>1+). Introducing the condensed notation 

( 1 +> 1 +) 1"1 1 1-> 1 +) ) ~ (++ l "'1-+) t (A.12) 

leads (with the Hamiltonian ". qiven in Eq. (A.l») to matrix 

elements of the form: 

(A.13) 

The spin states are orthonormal and from the definition of the 

raisinq and lowerinq operators (Eqs. A.l and A.2) the only nonzero 

term in (A.13) is (++1 I+Sz 1-+). The probability for a transition 

from 1->1+) to 1+>1+) is therefore: 



c 

( 

(A. 14) 

Similar expansions can be made for the other transitions shown in 

Fig. l thereby giving the following transition probabilities 

t 
1 II.!. F(t') e-i(COI-olS)t' dt' 12 Wo =-

tt\2 4 0 
0 

(A.15) 

1 1 lit 1 Fl(t ,) e-iO)st' dt' 1
2 wl =- -

tt\2 2 
(A.16) 

1 If 1 F
2
(t') e -i(O)r+O)s)t' dt' 12. W2 =- -tt\2 2 

(A. 17) 

Before the integrations in Eqs. (A.14-A.17) are performed, it is 

useful to distinguish between the two cases described in Chapter 1. ~ 

(a) LIK2 SPINS: For the case of two identical spins, YI = 1S = 

~ ml - COs - COo, and the inteqrals reduce to (Solomon, 1955) 

te 
( 1 F 012) Wo =-

8Tl.2 (A. la) 

1 te 
( 1 Fl 12) 1 wl = Wl = -

2112 1+m
2t 2 

e 

(A.l9) 

2'te 
( 1 F212) 

1 
w2 =-

Tl. 2 1+4Q)2t~ 
(A.20) 

The values of the averages of the Fourier spectra (Eqs. A.9-A.ll) can 

now be substituted into Eqs. (A.18-A.20) to qive the probabilities for 

transitions between spin eigenstates in a system of identical spins: 



o (A. 21) 

1 (A. 22) 

3 h 2y. 4'tc 
w2=--

20 r 6 1+40)2t~ 
(A. 23) 

These transition probabilities can be substituted into Eq. (1.14) to 

obtain a relation for the spin-lattice relaxation time for a system 

of identical spins. 

(b) ONLIEZ SPINS For the case of a system which is 
t. 

comprised of spins of two types (qyromaqnetic ratios YI and yS) , 

Eqs. (A. 14-1,.. 17) qive the followinq relations for the probability of 

transitions between eigenstates of the spins in the system: 

te 
< 1 F 012) 

1 w =-
o 8h2 

1 +(mC{J)s)2t~ 
(A.24) 

te 
< 1 Fl 12) 

1 w1 =-
2112 l+<o2t2 

! e 
(A.25) 

1 te < 1 Fl 12) 
1 

wl = -
2112 1+m2t 2 

S t: 

(A.26) 

2tc 
< 1 F212) 

1 
w2 =- . 

112 
1 +<mI+O)s)2t~ 

(A.27) 

Insertinq the values of the averaqes of the Fourier spectra given in 

Eqs. (A.9-A.l1) into Eqs. (A.24-A.27) qives the followinq values for 

the transition probabilities: 
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1 fL2fz'fs 'te "0 = - (A. 28) 6 
1 +(O)I-Oli't~ 10 r 

3 fl2fz'fs 'te 
CA. 29) "1 .= - 6 l+Ol~~ 20 r 

• 3 fl2'fx'fs 'te 
(A. 30) "1 = 20 6 1+Ol~~ r 

6 fl21xts 'te 
(A. 31) "2 = 6 

1 +(mI+O>s)2't~ 10 r 

A relation for the spin-lattice relaxation time for an aqueous 

solution of paramaqnetic ions can be obtained by substituting the 

transition probabilities qiven in Eqs. (A.28-A.31) into Eq. (1.17) . 

.. 
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