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Abestract
A review of magnetic resonance applied to detect and

measure the effects of ionising radiation is made. Exam-
ples of the use of Electron Spin Resonance and Nuclear
Magnetic Resonance for dosimetric purposes in medical

physics are presented.
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1 Introduction

Magnetic Resonance Dosimetry (MAGDOS) could be classified as a kind of
chemical dosimetry since what is measured are the stable free radicals that ulti-
mately are the result of scme broken chemical bonds. However the complexity
involved in the interpretation and measurement in MAGDOS justifies treatment
separate from the conventional chemical dosimetry such as Fricke Dosimetry.

Until very recently, the subject of MAGDOS was restricted to the application
of Electron Spin Resonance (ESR) to measure of spin concentration as a function
of the dose absorbed in samples that have been itradiated. Another way to assess
the effects of the dose on matier is by measuring the changes in relaxation times
of a nuclear spin system due to the paramagnetism produced by the radiation
of molecules or ions. With the advent of magnetic resonance imaging scanners
the effect of the radiation on the relaxation properties of the material can be
exploited to produce images of a phantom contrasted by the relaxation time
that give a quick information about the spatial deposition of the dose in the
phantom.

The presentation of this topic will begin with a description of the para-
magnetism exhibited by electrons. Then the basic principles of the magnetic
resonance phenomenon will be discussed for the case of electrons and protons,
namely electron spin resonance (ESR) and nuclear magnetic resonance (NMR),
followed by examples and applications of these two phenomena. The appli-
cations will be selected according to their relevance to medical physics. The
magnetic resonance theory that will be developed will be quite elementary and
the reader should consult the books of Poole & Farach [42], Pake [41).Slichter
[51) and Farrar [22] for mere details on the fundamentals of the theory of ESR
and NMR.

2 Electronic Paramagnetism

The magnetic resonance phenomenon appears in systems of particles having
angular momentum J. This may be both from orbital (L) and spin (S) motion.
The former is important for the transitions jons, except for iron in which the
crystal fields quench the effects of the orbital motion. For an ensemble of free
electrons,the main concern in these lectures, only the spin has to be taken into
account to derive the magnetic properties of the system.

The magnetic moment associated with a free electron having spin S can be
written as;

i = g(eh[2me)S = —gBS = ~4hS (1)

where the constants are defined as follows: § = ehf2me = 0.927310-2°
erg/gauss is the Bohr magneton, g is the spectroscopic splitting factor which



for a free electron is equal to 2,0023 and 7 is the gyromagnetic ratio equal to
2.8025 MH:/G. )

Now suppose that we apply a static magnetic field H, = Hok to a system
of free electrons and then ask how big the macroscopic magnetization will be,
Energy will build up in the system and for an individual electron we have:

Ei=-piH,==gfH,S, = gBH,m; (2)

where m; are the spin quantum numbers that have the values of +1/2 for a
free electron and correspond to the only allowed transitions. From equation 2
electrons in a magnetic field can have two energies, namely

E;= +1/2yH,, (3)
E_=-1/%H, (4)

which correspond to the spin antiparalell and parallel to H,, respectively.
The energies above could be obtained by a rigorous calculation using the
Zeeman Hamiltonian of a spin in a magnetic field:

W=p15§ (5)

where the § is now a tensor.

The probability of having 2 magnetic moment aligned with the magnetic
field will be given by the Boltzmann factor normalized by the probalility of
finding ¢ in any direction. Thus the magnetization in the z direction can be
written as:

_ _ o Ny=N_} _ _N1-ezp(-gBH/[kT)
M:=1fv} si= ”ﬂm =313 ezp(-gBH/kT) (€)

where N is the total number of paramagnetic centers per unit volume and
Ny, N_ are the density of spins pointing paralle] and antiparallel to the mag-
netic field. Expression 6 is cumbersome and usually a simplification is made if
the argument g8H,/2kT < 1, the so-called high temperature approximation.

We have N@RH
_ g
M, = = Y
Expression 7 can be generalized for spins other than 1/2 giving:
_ NgfI5(8 + 1)|H,
M, = AT (8)

which corresponds to the Curie law for the static susceptibility x, = M [H,.
However for the typical values of fields employed in ESR the term g8H, /2K
1K which is by no means a high temperature. Thus the expansion must retain
terms beyond the first one.
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Figure 1: Energy splitting as a function of the magnetic field

Lxpressions 3 and 4 tell us that for zero external field H, the Zeemmann
energies are zero and they change linearly with the field as shown in figure 1.
Two energy levels are created such that transitions may be induced if a quantum

AE = hv = gfH (9)

is provided by appropriate means. In order for this transition to occur a non
gero matrix element connecting the two states must exist, This is made possible
if a small oscillating field M at the frequency v is applied perpendicularly to
H,. When condition 9 is satisfied the system is said to be in resonance.

Electron Spin Resonance is a spectroscopic technique that measures the
amount of energy absorbed in this way by the spin system. For practical fields
obtained in the laboratory the frequency  is on the order of GHz, the so-called
microwave region of the electromagnetic spectrum.

According to the transision probability expressions the same field frequency
- that flips the spin up (antiparallel to the field) will with the same probability
flip it down. Thus is it really possible to detect any net energy absorption 7 The
answer is yes and to understand why we must bring to the scene an important
partner, the lattice. Lattice here is to be understood as a heat reservoir from
which energy may be exchanged. In this context it does not have to be an
organized array of atoms as is the case for a crystal.

Defining n = N- ~ Ny as the difference in population, we may write an
equation for the time variztion of n that results from the combined action of
the microwave field and the lattice on the spin system:



(3)-(@). (7). "

The first term is the variation produced by the microwave field and since
<+|v]|=>%=<~|v|+ >? where v is the operator corresponding to the
microwave feld Hy, it can be written as:

(%),. - (%:) - (%Vti) = P(Ny - N_) - P(N_ - N,) = 2Pn (11)

The interaction with the lattice can be described as an exponential exchange

of energy:
) -t (12)
& Juy T

where Ty is a characteristic time known as the spin lattice relaxation time .
Inserting expressions 11a and 12 into expression 10 we get:

i T (13)

In the steady state dn/dt in expression 13 is equal to zero and we have:

1
=My (m) (14)

From expression 14 we see that the population difference goes to zero if
PTy »» 1and no energy absorption will be detected, This condition is known as
saturation and must be avoided experimentally by varying P and T, by changing
the temperature of the sample.

3 The Classical View of Magnetic Resonance

The notion of mechanical resonance is common to us. Examples of an automo-
bile with unbalanced wheels that begin to vibrating at a certain speed {angular
frequency), a child being pushed in a swing or the collapse of the Tacoma bridge
come to mind when we think about resonance. It is useful, although not fully
precise, to imagine the magnetic rescnance phenomenon also in classical terms,

Suppose that we have a magnetic moment making an angle a with the
magnetization as shown in figure 2. Since the energy of the magnetic moment is
a function of the angle a, the magnetization can precess around H, like a top
precessing around the earth's gravitational field. The precession frequency can
be deduced by writing the equation of motion for the magnetization as follows:

d—d]‘tz =1(M x Ho) (15)



Figure 2: Vector magnetization M precessing in a static magnetic field H,.



The ingredients to deduce the precession Larmor frequeney w, are indicated in
figure 2:
f:).o = 7Eg (16)

In order to change the angle a a magnetic field Hy perpendicular to H,,
has to be applied. If this feld oscillates with the frequency w, and the correct
phase it causes the system to enhance the energy in the same way as when we
push a swinging child. The time of action of this field will determine the angle
formed with H, and a continuous irradiation of the sample will lend the net
magnetization antiparlallel relative to field, that after some time will relax to
the original orientation.

Felix Bloch proposed a set of equations to describe the motion of the macro-
scopic magnetization. They are valid under the assumption that H; < H,, and
in faboratory system of axis are written as:

T =, - 1)
%:v(ﬂxm,-g—: (18)
S x, - el (1)

where the M; M, and M; are the components of the magnetization along the
2,y and 2 directions. Ty is the spin lattice relaxation time and T, is the spin-
spin relaxation time. As discussed before Ty is related with the change of
the magnetization along the z direction. Ty is related with the destruction
of magnetization perpendicular to H, and has to do with the fact that the spins
experience slightly different dipolar fields from their neighbors. Having different
Larmor frequencies they start to precess in the perpendicular plane incoherently,
leading to a loss of M; and M,
Equations 19 17 18 can be solved for an oscillatory field of the form:

H, =2H, coswt {20)

The oscillating field will induce an oscillating complex susceptibility, where '
the real amplitude is called the dispersion and the imaginary amplitude " is
the absorption term. The magnetization induced by H; can be written as;

M, = 2¢'H, coswt + 2" H; coswt (21)

Solving Bloch equations and comparing with expression 21 we obtain y' and x"
as follows:

Y = XoTaw, TQ(AW)
T2 \1+TF AW 42N T;

(22)



X" = x"T_ﬂw" 1 (23)
2 \1+TF(AufF +PHITLT,

In equation 22 Aw is the difference between the actual and the resonance
frequencies. Since what is measured in a magnetic resonance experiment is
the power absorbed from the microwave field that establishes H; by the spin
system when it changes from the low energy level, parallel to H,, to the high
energy level, antiparallel to H,,, let us use the classical model to calculate the
average power, in a period T, absorbed by the magnetization induced by the
oscillating field H;. The following expression can be written for the energy of a
magnetization in 2 magnetic field:

1 T
P=T‘£ AR | (24)

Substituting M and H in expression 24 and carrying out the integration we
get the net power absorbed per cycle as:

P= %wx"(2H;_)2 (25)

Substitution of x" on equation 25 and comparison with equation 14 from
the previous section gives the saturation parameter P as;

H . .
P= E(’)'Hl )2T2 (26)

This result is the same as the one obtained from exact quantum mechanics
calculations

4 Hyperfine Interaction

So far we have talked about the interaction of an electron with an external
magnetic field H,, or Zeeman interaction. Electrons can also interact with the
magnetic moments of neighbor nuclei in what is called hyperfine interaction.
This interaction can be divided in two contributions; One part is anisotropic
due to the interaction of the electron and nuclear magnetic moment and can
be written in the same way as two interacting magnetic dipoles 4 and 4.
The other part is isotropic and has no classical analog. It is due to the finite
probability of finding the electron on the nucleus (Fermi contact interaction).
For powder and frozen solution samples the anisotropic contribution averages
to zero and only the isotropic part contributes to the hyperfine interaction. The
Hamiltonian 5 can be written now to include the nuclear interaction as follows:

N=wgfS B+ AS - T4gupul. A (27)



In this expression the term A represents the hyperfine interaction and we
include also the nuclear Zeeman interaction (last term). I is the nuclear spin,
g is the nuclear g factor and Sy is the nuclear magneton.

The energies can be written as:

E =gB.ms + Amsm; — gy SnHomy (28)

Here ms and my are the electronic and nuclear quantum numbers. Since the
electron mass is much less than the nuclei mass, the magneton for the nucleus is
much smaller than the electronic and we can neglect the last term when studying
electronic transitions. Consider a simple case when § = } and I = L. Now
the energy levels obtained previously by equation 2 will be modified because for
each electronic level there is a possibility of having the nuclear moment adding
or subtracting a small field from the static field H, and the previous levels will
be displaced a little bit up and down as shown in figure 3. Now instead of only
one allowed transition we can have two, with the selection rules Ams = £1 and
Am; = 0. The distance between the peaks is A and the center of the spectrum
determines the g factor. A spectrum with resolved hyperfine lines is very useful
in the identification of the paramagnetic species under study.

5 The ESR Spectrometer

Figure 4 shows the basic components of an ESR spectrometer. Electromagnetic
microwaves are produced by a Klystron or Gunn oscillator and directed to a
magic T trough waveguides or strip lines. Magic T can be thought as the
microwave analog of a Wheatstone bridge. The microwaves are divided in the
magic T in one part that goes to the sample cavity and in another part that
goes to the reference arm. After being reflected by the sample in the cavity and
by the reference arm the waves will interfere and are directed to the detector,
usually a diode. The sample cavity is resonant at a fixed frequency and this
enhances the oscillating magnetic field H; at certain cavity positions where the
sample is inserted. The phase shifter in the reference arm allows the detection
of the real (x') and imaginary parts (x") of the magnetic susceptibility since
they are 90° out of phase,

The resonant cavity is inserted in a gap of an electromagnet to produce the
static field H,, typically 5kG for 2 resonant frequency of 9 GHz (X band). We
can imagine an ESR experiment either by changing the Klystron frequency until
the energy quantum from the microwave matches the energy gap (equation 9)
or by fixing the microwave frequency and changing the energy gap until it is
equal to hv. For technological reasons the latter is more easier. The field is
changed at a slow rate. When resonance occurs energy absorption from the
microwave field is detected. To improve signal detection this slowly varying
magnetic field is modulated by a small alternating field of frequency on the
order of 100 kHz. This allows the lock-in technique to be used to detect the
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Figure 3: Energy level for a electron interacting with a nuclear spin 1 {2. The
absorption lines are also shown.
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signal and a significant improvement in the instrumental sensitivity is obtained.
When using lock-in detection the only spectral component that is detected is the
one that has the same frequency as that of the modulation fleld. The microwave
power absorption signal can be expanded as a Taylor series in the amplitude of
the modulating field AH:

§S=5,+5AH+8"(AH)? - (29)

where S, is the signal for a constant magnetic field H, and 5'¢ are derivatives
relative to the modulating field. From equation 29 we see that the only term
that has the same frequency as the modulating field is the second. Thus when
this technique is used the first derivative of the signal is detected.

6 Quantitative ESR

To realize quantitative measurements in ESR dosimetry several factors have
to be under control to guarantee reproducible measurements from sample to
sample. Expression 30 shows that the signal sensitivity can be written as a
function of the incident power P, the amplifier bandwidth Av, the quality factor
Q and the filling factor n,among other factors.

_ 2Px"Qin’?
§==—F— (30)
To increase the sensitivity we want to work at the highest possible microwave
power. However care must be taken to avoid saturation. So before any system-
atic measurement is started a saturation curve has to be taken in order to know
the maximum working microwave power. Modulation field is another concern
and we should not overmodulate if we want to correlate the peak to peak first
derivative intensity with the spin concentration. Only when modulation is small
compared with the linewidth is there a proportionality between these quantities.
The Q and n factor are influenced by the interaction of the sample with the
microwave field inside the resonant cavity. There are no knobs to turn to adjust
these two factors and we should take care that: sample preparation, humidity,
packing, positioning and size are as reproducible as possible from sample to
sample. One way to correct for variation in these parameteris to use a secondary
standard. The best is to have a reference sample inside the cavity, with g factor
apart from the one we are interested, so there is no overlapping of spectral
features. In this way change in one of the parameters before mentioned that
affects the signal intensity can be normalized by the intensity of the standard
signal. Usually Ruby is a good standard for ESR dosimetry, the Crt® in a
matrix of A0 has a g=3.140 which signal lies far way from the free radical
signal.

12



7 Nuclear Magnetic Resonance

As far as theory is concerned the description for ESR in the previous sections can
be applied to the understanding of the NMR phenomenon just by considering
the appropriate constants for nuclei instead of electrons. Magnetic Resonance
Imaging (MRI) will be the subject of other Jectures in this college and here
only a few points necessary to the understanding of MAGDOS will be stressed.
Namely, how the relaxation times T and T> can be changed.

8 Mechanisms that influence T; and T;

The local field experienced by one proton in a molecule is the summation of
the Jaboratory field and the magnetic fields produced by the neighboring nuclei,
Since this molecule is in motion the fields produced by the nearby protons are
fluctuating. Usually a molecule will move in a random fashion and one way
to describe this motion is to suppose that the molecule stays still for a time
T, known as correlation rotation time, and then collides with another molecule
changing its orientation. A Fourier analysis of this kind of random motion can
give spectral contributions with frequencies starting from 0 to 1/7, Hz. If the
resonant frequency w, is in this interval a transition can be induced by this
random motion. In general there is a compromise between the amount of power
in this kind of motion and its range of frequencies. The wider the range less
intense will be the Fourier components. The spectral density function describes
how the power will change with the frequency. One way to influence the shape
of the spectral function is by changing the viscosity of the medium, changing
in this way the correlation time 7,. This can be accomplished by temperature
changes.

The dipole-dipole is the most important interaction in this process, and
it can be modulated by changing the intensities and/or number of interacting
dipoles. The importance of employing paramagnetic impurities to affect the
relaxation times is immediately recognized since the 4, for electrons is 657 times
stronger than 7y for protons. The influence of paramagnetic impurities on the
relaxation times was studied by Bloembergen and others|11,8), expression 31
shows the relevant parameters affecting 7;:

A 1 _ 122%42nu2N
L/~ 5T

where 1 s the viscosity,N is the number of paramagnetic ions per unity volume,
# the magnetic moment and 7 the gyromagnetic ratio.

The brightness of 2 MRI image pixel will depend on several factors. Two
common ways to excite the sample and get the desired information is by the
spin-echo and inversion-recovery pulse sequences. The intensity of the signal
will be given as follows [33] :

(31)

13



I{SE) = N1 - exp(Tg - TR)/T)|exp(~T¢ /Ty) (32)

I(IR)= N|1- (2~ exp(Te + T = To)/Trexp(T: /1 )Jexp(-Te/T2) (33)

where Tg is the time to echo, T is the inversion time, N is the spin con-
centration at the image pixel and T; and T are relaxation times. From expres-
sions 32 33 it can be seen that the signal intensity will depend on the relaxation
times T} and 5. If a way could be found to change these parameters by means
of irradiation a new route to investigate the interaction of radiation with matter
could be followed.

9 Examples

In this section an overview of ESR dosimetry will be given. This technique has
been applied to dose assessment for a wide range of materials such as minerals,
fossils, amino acids, cloth, etc. We will group the studies by the type of material
utilized, since their ESR signals are similar. The method consists of measuring
the concentration of spins in a given sample that has been exposed to radiation
and then calibrate the material by additional irradiation with known doses in
the laboratory, to assess the sensitivity to a specific kind of radiation. As
pointed out previously careful measurements have to be done to find reliable
spin concentrations. From the spin concentration data a fitting can be made
to derive the relevant quaniities such as sensitivity (slope of the curve} and the
previous dose or total dose (TD) the sample received during the past.

HYDROXYAPATITE

Hydroxyapatite {(HA) and collagen are the main constituents of bone. HA
is the mineral content of bcnes and teeth, it can change in bones due to growth
or demineralization but, supposedly, it does not change appreciably in tooth
enamel,

lonizing radiation can produce stable paramagnetic centers in the mineral
matrix that can be used for dosimetric purposes. These centers have been found
in fossil samples 10° years old. The paramagnetic center formed in HA is the
CO}~ radical trapped in t1e mineral matrix. This radical has been extensive
studied by Ceve,Tochon and Doi [13,18,64]. Do et al. made a comparison
of the ESR signal produced by X-rays in bone, enamel and HA doped with
carbonate,leading to the conclusion that the paramagnetic center created by
radiation in bone and enamel is indeed the COS™. The signal exhibits axial
symmetry with the g values g, = 2.0025 and gy = 1.997, as shown in figure 5.

14



The symmetry of this center was studied by making measurements at Q band
frequencies at different angles of the sample relative to the magnetic field. The
results indicate that there is a preferential orientation along the bone axis as
shown by the graph in figure 6. Collagen 2lso give a broad unstable signal, not
good for dosimetric purposes. Heating at 70° during 10 minutes is enough to
quench this signal. Figure 5 shows a typical ESR spectrum of bone (bovine
tibia) irradiated with 50 Gy, C'o% « rays after heat treatment.

Several authors [10,35,31] [17,14,29,40] have pointed out theimportance of
this radical in the case of personal accident dosimetry or for the determination
of the radiation exposure history to the exposure of low level radiation. Some
of the survivors of the atomic bomb explosion in Japan have had their dose
estimated by this method with quite good results [35,27). Caracelli ¢t al. [14]
made  study to obtain the sensitivity of bone as 2 dosimeter. The minimum
dose that can be detected is 0.5 Gy for 7 rays from a Co® source according
to these authors. Figure 7 shows the calibration curve obtained for different
irradiation sources in the dose range from 0 to 30 Gy.

The ESR. dosimetry using this radical has been useful also for dating pur-
poses [29,3,36] of human or animal remains. Figure 8 shows a typical ESR first
derivative spectrum of a piece of human skull that was buried in the soi} for
approximately 5 thousands years. The signal is composite showing the super-
position of the free radical signal produced in the mineral part and the Mn2+
sextet due to the absorption of manganese from the soil. This is possible be-
cause bone is very porous and behaves like an open system. The CO%™ signal
is shown in figure 9 for the same sample before and after irradiation. Figure 10
shows the growth curve of the signal intensity I as a function of the dose. Ex-
trapolation to zero ESR signal intensity gives the total dose (TD}) the sample
had received. If the annual dose rate is known where the sample was found the
age of the sample can be determined.

ALANINE

Effects of radiation on proteins and amino acids were first studied by GORDY
et al[24]. Alanine was further studied by this group [37) and the spin Hamil-
tonian was determined. It was found that the radical formed is of the form
CHCHR, where R is a group that has no detectable magnetic influence. The
hydrogens of the methyl group CHy have an isotropic hyperfine interaction of
26 G and that of the CH group is isotropic with 20 G amplitude and anisotropic
with 7 G amplitude. Figure 11 shows the ESR spectrum of this radical and 2
calibration curve, Usually the peak to peak amplitude is correlated with the
doge received by the dosimeter, and the results agree well with the double inte-
gration of the spectrum when made simultaneously. This dosimeter has reached
a'stage of practical use both for gamma rays{15,55,44,45] [6,7), electrons[49] and

15
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Figure 10: Typical ESR signal of alanine irradiated with ~rays, from refer-
ence 45,
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fast neutrons[50). The tachnical aspects and progress with this kind of dosime-
bry were also reviewed by Regulla et al.[43,46]. Usually the alanine crystals
are embedded in paraffin and pressed into a small cylinder. Recently [32] it was
proposed the use of polystyrene as a binder in the preparation of this dosimeter.

NMR DOSIMETRY

The idea of NMR dosimetry is to combine the recently developed Magnetic
Resonance Imagining (MRI) technique to give information about spatial distri-
bution of dose. Thus if an image can be produced contrasted by a property
that results from the intaraction of radiation with matter a correspondence can
be made between the MRI signal intensity and the dose delivered at a certain
position. This can be ve-y useful especially in cases where a complex radiother-
apy treatment needs to e checked. Since MRI scanners are used primarily to
diagnose pathologies a saperposition of the region of interest in Lhe patient and
a duse MRI images in the phantom could be made to verify that the treatment
planning was accurate. _

The interaction of ionizing radiation with matter can produce effects that
aller the proton relaxation times Ty and To. As said before if the viscosity of
the medium is changed, the tumbling rate of the molecules will be modified and
consequently Ty and Tp . A viscosity dosimeter was proposed by Boni [5] based
on the degradation of a polyacrylamide gel. The viscosity was measured as a
function of the dose for X and 7 radiation with good sensitivity in the range
between 0.5-75 Gy. A shantom of this material can be made to reflect the
dose distribution as a function of changes in relaxation times due to viscosity
changes. However the da-a reported in |5 shows that the viscosity corresponding
to high dose is very low. Therefore a new range of polymer concentration has
to be studied that will give viscosity dose alteration and still retain information
regarding the position at which the dose was delivered.

Another way to alte- Ty and T; is by the introduction of paramagnetic
impurities in the medium. Expression 31 gather the factors that modify the
refaxation time Ty due to the presence of a paramagnetic species. The transition
metal ions have a strong magnetic moment and are very effective in influencing
Ty. Both Fe?* and Fet are paramagnetic species that can strongly shorten the
relaxation times of wate. The trivalent ion is more effective than the divalent
ion owing to its magnetic moment and to the electron spin relaxation time that
enhances by thirty times the correlation rotation time of the Felt compared
with that of the Fe**. That the iron behaves in this way is very fortuitous
because the Fricke dosimetry is based on the Fe?* — FeS+. Gore et al. [23]
studied the variation of 7, of a Fricke solution in the range of 0 to 50 Gy (figure
11) and obtained images of test tubes containing irradiated soutions.

Appleby et al. [2] have produced phantoms based on agarose gels containing
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Figure 11: Relaxation rates T, for a ferrous sulfate solution as a function of
the dose, from reference 23.
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Figure 12: MRI of a agarose phantom containing ferrous sulfate solution. The
maximum dose is 10 Gy.

Fricke solution that have been irradiated with 4 rays and a 6-14 Mev electron
beam. In figure 12 a profile of the dose produced by a 14 Mev electron beam is
shown, The solid line is the dose obtained with an jonization chamber. Ancther
candidate which produce a dose MRI phantom is the addition of spin trapping
molecules to agarose gel. The radicals produced by radiation will be stabilized
in & nitroxide that will change the relaxation time Ty [12} of some portions the
gel.

At least one report [47) has been published in which a decrease of Ty was
noticed in rat brain tissue that was irradiated sn vivo with a helium beam.

There are a few points, among many, such as: stability of the phantom,
diffusion of the paramagnetic species towards the low density region of this
species that deserves more attention in this kind of dosimetry.
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OTHER MATERIALS

Other materials such as: clothing{30], organic molecules [39,56], dental resto-
rative resins {34), carbonates [28,52] and nitroglycerol {48] have been cited in the
literature as ESR dosimeters. Other citations where ESR was used in conjuction
with thermoluminescence or other classical dosimetric procedure are also listed
in the references,
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