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INTRODUCTION TO BIOMAGNETISM
Oswaldo Baffa
Physics Department
Faculdade de Filosofia Ciencias e Letras de Ribeirio Preto
Universidade de Sio Paulo
Av. Bandeirantes, 3900
14049-Ribeirdo Preto-SP, Brasil

An introduction to the ﬁe'.’? trl;geca':r(:l: area known as Bio-

magnetism is made. Emphasis is given to the instru-
mental aspects and applications involving simple instru-
mentation.
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1 Introduction

Several good reviews on Biomagnetism have been published in the last 10 years dealing
with various aspects of this new interdisciplinary research area. A good start can be
made with references [22] (6], that deal with instrumental aspects. An excellent course was
offered in Frascati and a book was published in 1983 {23]. This book is very comprehensive
and can be used as a tutorial to get acquainted with the area. To be informed in the
new developments and breakthroughs it is recommended to read the Proceedings of the
International Conferences on Biomagnetism [8][3][4][2] held in recent years.

In these notes an attempt will be made to cover material with details that are not
presented in those references. They may be used as introductory material by those who
decide to pursue research in Biomagnetiam.

What is Biomagnetism 7 An unusual way to define something is defining what this
thing is not. Biomagnetism is not magnetobiclogy. Well... What's magnetobiology ?
Magnetobiology is a research field involved with the study of the effects of magnetic
fields upon biological systems. These effects can span a wide range, from cellular and
molecular effects to more complex effects such as changes in behaviour and performance.
Biomagnetism on the contrary is concerned with the detection of magnetic fields emitted
by biclogical systems. Figure 1 shows this situation.

Figure 2 depicts some areas or organs that can produce magnetic fields. Three cate-
gories of magnetic fields can be defined according to their production: 1-by ionic currents
within the body, 2-by ferromagnetic contaminants or tracers and 3-by dia or paramagnetic
constituents of the body.

The biomagnetic fields are very weak, ranging from 50 fT to 1 nT (1Tesla = 1T =
10*gaus3s), usually restricted to a frequency bandwidth below 1 KHs. Figure 3 shows the
various signals already detected. The weakest signals are those from the brain, 10~* times
the earth’s magnetic field.

2 Detectors of Magnetic Fields

In this section a brief survey will be made of the detectors that can be used to sense
magnetic fields produced by biological systems.

2.1 Induction Coil

When asked to measure a magnetic field, probably the first method that comes to the
mind of a physicist is one using an induction ccil. By Faraday law it is known that a
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Figure 1: A pictorial definition of magaetobiclogy sad biomagnetism.



Figure 2: Typical magaetic felds produced by the human body. Differeat shades distinguish the categories
cited above.
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magnetic flux change will produce an electromotive force according to: ¢ = —# where
¢ = [ B.dA is the magnetic flux. In fact this was the first devector used in biomagnetism.
Baule and MacFee [7] employed a set of two coils having 2 10* turns o detect the signal
from the human heart. A signal to noise ratio of 1 was obtained when measuring fields of
10 pT of intensity with a pair of coils with 10 cin diameter. Problems associated with this
detector are the dependence on the frequency of the signal detected, of limited sensitivity
and spatial resolution. It should be remembered that DC fields can not be detected by
this method.

Even with these limitstions there are some applications where a torcidal ferrite in-
duction cail can be used with great sensitivity. If hiological preparations with currents
showing an axial symmetry need to be measured, a toroidal pick up coil, such as clamp
AC ammeter, can be built to detect the current with the sensitivity of a SQUID. Wikswo
et al [13][14] developed a series of magnetic sensors based on toroids. The sensors were
coupled to a very low noise amplifier and fields of the order of pT could be detected from
isolated axons and bundle of nerves.

3.2 Fluxgate Magnetometer

A way to avoid some of the problems associated with the induction ccils, for example
low response to low frequency fields and limited spatial resolution, is to nse a fluxgate
magnetometer. This device takes advantage of the magnetic ssturation effect common
to many magnetic materials. If a non saturated magnetic material is placed in » region
where a magnetic field exists, the field lines tend to converge into the material owing to
its high magnetic permeakbility. However if the material first is saturated the magnetic
permeability ;1 = 0 and almost no field lines from the neighborhood will enter the bar (see
figure 4).If & sensing coil is mounted axially around a bar of such maserial, the coil could
detect an emf associated with the flux change linked to the neighboring fields. In practice
two cails are wound around a magnetic material, to driven by an alternating current that
will alternstely saturate the material, and the other sensing coil to detect the magnetic
field as an em{. Figure 4 illustrates the typical configuration of & fluxgate magnetometer.
The sensing cail should not detect the saturating field produced by the driven coil and
two arrangements are shown (figure 4 B and C). With this device a sensitivity of 30 rT
has been reported [16]{5].

2.3 SQUID

The Superconducting QUantum Interference Device (SQUID) is a magnetometer based
on the Josephson Effect. This effect was first proposed by Brian Josephson in 1962. He
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Proposed that if a superconductor material was interrupted by a thin resistive barrier a
supercurrent will still exist. This was poesible becanse of the tunneling of the supercurrent
through the barrier. Two equatious were deduced to describe this behavior. One describes
the behavior of the current. If the current is kept below a critical value 7., the material
is superconductor and the current flowing through the barrier is related to the critical
curreni as follows:

I=1,siné (1)

where 6 is the difference in phase angle of the current across the barrier. If a current
greater than J_ is forced through the barrier a voltage develops, expressed by:

h do
V,= T dt (2)

Figure 5 shows the behaviour of the current versus voltage and a possible way to make
a Josephson junction to implement the idea of supercurrent tunmeling. The resistive
buﬁercanbemndeindiﬂ'erentmmnmnchuanoxideburier,a.thinmylunripor
a constriction in a superconductor material where the current will be greater than the
critical current turning the material normal at this point.

The SQUID is compased of one or two junctions biased with & current I = I.bya
bias circuit. The magnetic signal to be measured is also coupled to the circuit to drive it
to the resistive region. Figure 6 shows how an RF-SQUID is built. The superconductor
ring is bissed by an RF probe and a current close to critical value is established in the
ring. From the other side the current produced by the magnetic field to be detected is
introduced in the ring. When the total current exceeds the critical value an absorption
of energy can be detected through the readout (RF) probe. This signal is amplified by
alockinmpliﬁermdfedbmktotheringbymemo{nmonduywﬂtocmuthe
system to operate as a null detector. This correction valtage can be calibrated in terms
of the magnetic field applied.

This device can be view as a “black box” with a sensitivity of s 10~ joules/Hs,
linearity ms 0.1ppm and transfer function of > 10'V/A. H the bias is provided by a DC
current, another version of this device can be coustructed known as a DC-SQUID. DC-
SQUIDs are harder to make but have a better noise figure than the RF-SQUIDs. An
additional compensation is that the electronjcs necessary are simpler than for the RF
technique.

With the available materials these devices need $o operate at liquid helium temper-
atures and a cryogenic facility needs to be get up around the equipment (see figure 7).
Some SQUIDs have been built with the new high critical temperature superconducting
materials. The results are promising and one High 7. DC-SQUID, operating at liquid
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Figure 5: Carve characteristic of the current versus voltage in a Josephson barrier and Josephson juaction
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Figure 6: Schematic disgram of aa RF SQUID. The magnetic circuit at the right, composed of the
detection coil and the input coil, is known s the fiux traasformer.
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Figure 7: Schematic drawing of a SQUID based maguetometer.

nitrogen temperature, has been reported to have the same sensitivity as the first RF-
SQUIDe produced [18).

8 Noise Rejection

Figure 8 shows that typical magnetic noise in an urban environment is several orders
of magnitude higher than the signals of interest. Theee conditions impose conflicting
demands: On one side the magnetic field detector must have a highest possible sensitivity
capable of detecting 100 {T, and on the other side the detector must reject the ambient
noise to avoid being overwhelmed.

Two possible means may be imagined to avoid this conflict: One is to shield the
region where the magnetic measurements are to be accomplished and the other is to
make a differential measurement. The first solution was used in early measurements
with single channel systems. Magnetic Shielded Rooms (MSR) made with aluminum
and several layers of high permeability materials such as Mumetal™™ were built. They
provided a very good noise attenuation, even at low frequencies. However the high cost

11
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{rs US$ 400K) of these MSR prevented most laborstories from obtaining one. Also,
for single channel systems the investment is not justifiable, and an alternative approach,
known as spatial discrimination was developed [1]. The basis of this method is that the
ambient noise comes from relatively distant sources (fans, elevators, building structures,
cars...), whereas the magnetic source of interest (parts of the human body for instance)
comes from a near source. Figure 9 depicts a possible configuration of coils used in this
approach. The lower coil will detect the signal of interest plus ambient ncise and the
upper coil will detect only the ambient noise, if they are connected in opposition a real
time subtraction will be performed and the signal is retrieved. It should be understood
that the signal iteelf has an intrinsic noise that will be detected if not suppressed by other
means.

To understand the advantages and limitations of this approach we model each source
as a magnetic dipale. The magnetic field is given by:

B(r) = S[—2 - 3] 3)

13



The sensors so far discussed detect magnetic fluxes. The flux threaded in a coil is:

¢=[B(r)-dA @)

where dA is an area element and the integral is over all the cail. Inserting 3 in 4 the flux
for the lower cail is given by:

b= 2201 4 Sy (5)

where d is the distance from the magnetic dipole to lower detection cail and R the cail
radius.
The flux threaded through the upper coil is:

b= B2 4 (G 2pen ©
where the base line b is the distance of separation between the two coils. Usually, the
lower cail is referred as the signal coil and the upper as the noise rejection coil. The net
flux detected is given by:
$e=dh— ¢, (M
By a Taylor expansion, it can be seen from expressions 7, 5 and 6 that for distances
d > b the net flux goes to sero, and the noise rejection is accomplished. For distances
d = 5 the net flux will be proportional to the first derivative of the field. This device
is known as an axial first order gradiometer, several other types of gradiometers can be
made, axial of higher order that cancel other terms in the Taylor series. Figure 9.B shows
a second order gradiometer that will cancel the naise up to first derivative, but will detect
the second derivative of the signal. In designing a gradiometer attention must be paid to
several factors such as the base line, self induction, symmetry, to catch the best sensitivity
from the SQUID detector.

4 Applications

Owing to the high sensitivity of the present detectors, the use magnetic measurements
to study biological phenomena is significantly increasing. It is very difficult in & himited
space to cover all the interesting applications and some selection imposes. In the following
sections some applications will be discussed based on their importance and/or on their
feasibility.

14



4.1 Brain Studies

Neuroscience is one of the most important areas of study of biomagnetism. Spatial local-
isation of cortical sources is information that can be obtained from magnetic maps of the
scalp. In this sense it is possible to produce a physiological imaging of the beain showing
areas that are activated or are abnormal. This kind of information is of great importance
for the understanding of the brain (Is it possible ? A brain knowing a brain ?) and to
detect pathological states in neuralogy.

Until very recent the electroencephalogram (EEG) was the principal method to study
the brain. Today other techniques like Computed Assisted Tomography (CAT), Magnetic
Resonance Imaging (MRI), Positron Emission Tomography (PET-Scan) and magnetoen-
cephalogram add to the weaponry to study the brain.

Information is processed in the brain through the conversion of chemical energy into
electric current. Axons are connected to other axons by means of synapses and electric
current flows inside an axon until it reaches a synapse to send the information on. In
the biomagnetism jargon this current is called impressed current, and can be modelled as
current dipole (soma) or a quadrupole (axon). There is another current in the conduct-
ing medium surrounding the dipole that obeys ohm’s law and is called volume current.
Viewed from this perspective the brain activity can be modelled by electric currents and
the detection of where and how strong are those currents is information relevant to the
neuroscientist. A way to locate and determine the intensity of a current is by measuring
the magnetic field it produces.

The magnetic field produced by a current can be calculated by one of the following
procedures:

B(R) =V x Af) =V x| j @m] (8)

where the substitution Jdl' = Jdv was made in the latter equation (Biot-Savart law).
The concept of current dipole ¢ comes from the Biot Savart law if we imagine a small
region that has a J # 0. In this situation 7, is approximately constant and we end up
with a volume integral of J that will have dimensions of current times distance. In a
multipole expansion this will be the dipolar term §.
The magnetic field intensity of a current dipole at a distance r from § making an angle

18
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Figure 10: The magaetic field produced by a curreat dipole § and the volume current associated.

¥ with ¢ is given in the SI system as:

_ BoQaen¥
B= B (10)

From Biot-Savart’s law it can be deduced that the field lines of will be circular in a
Plane perpendicular to @, also the distance dependence will be with r—°

The volume current gives no contribution to the magnetic field if the conductivity of
the medium is homogeneous, they are ohmic (paseive) currents produced by gradients of
the potential & associated with the current dipole (active). If J = oV - § is inserted in
the expression for the magnetic field 9 the result will be sero,

If the current dipole is immersed in a semi-infinite conductor, oriented in the y direc-
tion, the normal component of the magnetic field to the surface can be expressed as:

= #Q z
B.= Axd (14 23 + 2ph (1)
If the dipole is at a distance d below the surface of the hemispace and oriented in the

y direction, and the x y coordinates are expressed in units of d the equation 11 will give
the value of B, for any point on the surface,

This expression is valid even if different conductivities, piece wise constant, are pre-elit




fields, tonotopic localisation and pain evoked fields (see the list of references).

4.2 Biosusceptometry

In patients with thalassemia or hemochromatosis an iron liver overload eventually develops
that modifies the behavior of the liver tissue in a magnetic field. Normal diamagnetic
liver tissue becomes paramagnetic, if the iron concentration is high. Iron is normally
stored mainly in the liver, spleen and heart. Kupfer cells and hepatocyte in the liver
normally store iron inside hemosiderin malecules as a paramagnetic complex. It is of
clinical importance to develop a non invasive method to assess the iron content in the
liver. In principle this can be accomplished by measuring the magnetic susceptibility.

The magnetic susceptibility x of a sample is defined as the ratio of the magnetisation
produced in the sample M to the external applied field B. If a field is applied to a
biclogical sample and the increase in the field can be measured the magnetisation will be
determined and x can be calculated. Once the susceptibility is determined a model can
relate this quantity to the concentration of paramagnetic particles in the sample.

The magnetic susceptibility can be given by:

X= m-ﬂﬂ (12)

B(r)
where M (?)andB(t'-‘) are the magnetisation and applied magnetic field.
The magnetisation will be the average density of all magnetic moments present in the
sample. In this way it can be related to the individual moments as follows:

M = N(®) (13)

where N is the concentration and (1) is the mean value over the microscopic dipoles.

Figure 11 shows a typical experimental arrangement for performing a susceptibility
measurement in a subject’s liver. The signal given by the SQUID can be calibrated with
phantoms containing an iron salt similar to that found in the liver and this calibration
factor is used to infer the amount of iron present in a patient.

4.3 Gastric Emptying

Magnetic measurements present an attractive method to study the dynamics of the gastro
intestinal tract. Since magnetic tracers that are inert and harmless of different sises can
eagily be produced, a variety of studies can be designed to assess the diverse functions
of the stomach. Bennair et al. [24] and Di Lusio et al. [21] used different magnetic

17
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measurements to study the gastric function. In the former a susceptometer consisting of
ope energizing and two detection cails were incorporated in a bed to measure a test meal
with iron contents of about 20% [24], and in the laiter a superconductor magnetometer
based on a SQUID was used to follow the motion of & small steel sphere through the
gastro intestinal tract {21]. The first method showed some drawbacks such as the necessity
for high iron content in the test meal and some non localisability of the measurement.
The second, despite being close to the ideal experimental situation in terms of patient
disturbance, is expensive and rarely found in a hospital environment.

In this section the construction of an ac bicsusceptometer, based on an axial first
order gradiometer, to study the stomach emptying is discussed. Owing to its simple
construction, high sensitivity and low cost, this instrument can be widely used in medical
studies.

Figure 12 depicts the AC susceptometer. An astatic pair of coils, or a first order
detecting gradiometer coupled to a pair of exciting cails, is mounted in a PVC plastic
tube of 5.0 cm diameter.

The internal coils (2 and 3) wound with 55 turns AWG 30 copper wire, separated by
5.0 cm, are the exciting pair. The external coils (1 and 4) wound with 200 turns of AWG
35 wire, separated by 7.5 cm, are the sensing ones, These sense cails were connected in
series with opposite polarity to cancel the detected voltage. However when one end of the
susceptom=ter is appraximated of a magnetic material & voltage is detected. This signal
can be calibrated to give the mass of the magnetic material. A test meal containing a
10 % by weight manganese ferrite powder is ingested by the subject. Measurements were
made over the stomach region at a 10 minute interval to assess the quantity of the test
meal present.

Figure 13 shows the resulis obtained with the susceptometer and with radicactive
measurements of the meal simultanecusly labeled with the radicisotope technetium.

4.4 Animal Studies

Many studies with animals have been reported. Isolated axons from lobster were used
for the detection of the action field associated with the membrane depolarisation wave
[13]. Guinea pigs were raised in an ambient with magnetic dust to simulate deleterious
conditions found in mines and to study the lung clearance of magnetic particles. Turtle
brain has been used for in vitro studies of evoked fields and effects of conductivity bound-
aries [25]. Magnetic dipoles were implanted in rabbits head to further develop techniques
of source localisation [12]. Recently the magnetic field associated with a small electric
fiah (G. Carapd) was studied by our group [17). The magnetic measurements allowed
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meats in tar water and B in water containing anesthetics

the determination of the electric current and the internal resistance of the electric organ.
These measurements are now being used to assay anesthetics. Preliminary results show
that it is possible to detect a dose effect by measuring the electric current and potential.
Figure 14 shows the characteristic voltage versus current curve for normal conditions and
those modified with anesthetic.
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. _ Abstract .
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 ultimately are the result
of some 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 vi MAGDOS was restricted to the application of Elec-
tron Spin Resonance (ESR) to measure of spin concentration as a function ot the dose
absorbed in samples that have been irradiated. Another way to assess the eflects of the
dose on matter 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 ad-
vent of magnetic resonance imaging scanners the effect of the radiation on the relaxation
properties of the material can be exploited to produce images of & 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 paramay .etism ex-
hibited 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 applications 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 more details on the fundamentals of the theory of ESR and NMR.

2 Electronic Paramaguetism

The magnetic resonance phenomenon appears in systems of particles having angular mo-
mentum J. This may be both from orbital (L) and spin {$) motion. The former is
important for the transitions ions, 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:

4= gleh/?me)§ = —gBS = —hS§ (1)
where the constants are defined as ollows: g = eh/2me = 0.9273107% erg;/ gauss is the

2

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 MHz/G.

Now suppose that we apply a static magnetic field #, = H,k 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=—pH, = -gfH,8, = gaH,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 mnagnetic
field can have two energies, namely

E, = +1/2H, 7 ()
E_=-1/4H, 4)

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

H=4 4§ (5)

whete the g is now a tensor.

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

{N. —N.) N1-—ezp(-gBH/KT)

M’=l/vzﬂ":g'ﬂ(N++N_)29'8_2—1+e1p(—g,3H/kT} (6)

where N is the total number of paramagnetic centers per unit volume and ¥, N_ are

the density of spins pointing parallel and antiparallel to the maguetic field. Expression §

is cumbersome and usually a simplification is made if the argument g8H,/2tT < 1, the
so-called high temperature approximation. We have
Ng&H

M. = 0T (1)

Expression 7 can be generalized for spins other than 1/2 giving:

Ng*B%S(S + 1)]H,
T )

M, =



r—r

ENERGY

MAGKETIC FIELD ———
Figure 1: Energy splitting as & function of the magnetic field

which corresponds to the Curie law for the static susceptibility y, = M/ H,. However for
the typical values of fields employed in ESR the term gAH, /2R ~ t K which is by no
means a high temperature. Thus the expansion must retain terms beyond the first one.

Expressions 3 and 4 tell us that for zero external field #, 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 (o

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

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

According to the transition probability expressions the same field frequency that flips
the spin up (antiparallel to the field) will with the same probability flip it down. Thusisit
really possible to detect any net energy absorption ? 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 organizc” array of atoms as is the case for a crystal.

L]

Defining n = N_ — N, as the difference in population, we may write an equation for
the time variation of n that results from the combined action of the microwave field and

the lattice on the spin system:

()-(2). (&), w

The first tecin is the variation produced by the microwave field and since < + [ v}
— »3=c — | v| + > where v is the operator corresponding to the microwave field Hy,

it can be wrillen as:

dn dN_ aN, L
(;ﬁ')u :(T)“( ar )=P(N+"N-)*P(N—hN+)—zln (11)

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

dn) n,— 1N
o7l B (12)
( dt tatt T

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

dn ~-2Pn4+n,—n
(I) ST (13)

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

" ="°(1 +;PT|) (1)

From expression 14 we see that the population difference goes to zero f PTy» 1 and
no energy absarption will be delected. This condition is known as saturation and must be
avoided experimentally by varying P and Ty 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 automobile 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 alse in classical terms.
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induced by the osciliating field H,. The following exptression can be written for the
energy ol a magnetization in a magnetic field:

Lo
‘P_-fj; i -dM (24)

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

o
P-= Tl (2H,)? (25)

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

P = 3(H)'T; (26)

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

4 Hpyperfine 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 a:-d
nuclear magnetic moment and can be written in the same way as two interacting magnetic
dipole ;i) and 47, 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 - :nples the anisotropic contribution averages to zero and
only the isotropic part contributes to the hyperfine interaction. The Ham'tonian 5 can
be written now to include the nuclear interaction as follows:

=-gBS H+AS T4+ gnBni-f (@n

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

The energies can be written as:

E = gd.ms + Amgm; — gnSvH.my (28)

\ 1
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Figure 3. Energy level for a electron interacting with a nuclear spin 1/2. The absorption lines are also
shown.

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 Lransitions.
Consider a simple case when § = } and [ = 1. 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
Amg = +1 and Am; = 0. The distance between the peaks is A and the center of the
spectrum determines the ¢ [actor. A spectrum with resolved Liyperfine 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 mi-
crowaves 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 Wheat-
stone bridge. The microwaves are divided in the magic T in one part that goes to the
sample cavity and in another part !'.at goes to the reference arm. After being r~flected 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 ‘requency and
this enhances the oscillating magnetic field H, at certain cavily positions where the sam-
ple 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 99° out of phase.

The resonant cavity is inserted in a gap of an electromagnet to produce the static field
H,, typically 5kG for a resonant frequency of 3 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 tlow rate. When resonance occurs energy absorption
from the microwave ficld is detected. To improve signal detection this slowly varying
magpetic field is modulated by a sniall alternating field of frequency on the order of 100
kHz. This allows the lock-in technique to be used to detect the signal and a significant
improvement in the instrumental sensitivity is obtained. When using lock-in detection
the only spectral component that  detected is the one that has the same frequency as
that of the modulation field. The microwave power absorption signal can be expanded as
a Taylor series in the amplitude of the modulating field A H:

S=S5,+5AH +5"AHY .. (29)

where 5, is the signal for a constant magnetic field H, and S 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
firet derivative of the signal is detected.

6 Quantitative ESR.

To realize quantitative measuremer*s in ESR dosimetry several factors have to be under
control to guarantee reproducible measutrements from sample to sample. Expression 30
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Figure 4: Block diagram of an ESR spectrometer
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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 ,among other factors.

5 - 2PXQunPs?
A

To increase the sensitivity we want to work at the highest possible microwave power.

However care must be iaken to avoid saturation. So before any systematic measurement

(30)

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 concestration.
Only when modulation is small compared with the linewidth is there a proportionality
between these quantities.

The Q and 5 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 parameter is 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 Cr*3in a
matrix of 4,0, has a g=3.140 which signal lies far way from the free radical signal.

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 aubject of other lectures in this college and here only a few points necessary to the
underatanding 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 expetienced by one proton in a molecule is the summation of the laboratory
field and the magnetic fields produced by the neighboring nuclei. Since this malecule is
in motion the fields produced by the nearby protons are fluctuating. Usually a molecule

12

will move in a random fashion and one way to describe this motion is Lo suppose that the
molecule stays still for a time 7., 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 starung from 0 to Ifr, 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 r.. This can be
accomplished by temperature changes.

The dipole-dipote is the most important interaction in this process, and it can be
modulated by changing the intensities and/or number of interacting dipoles. The impot-
tance of employing paramagnetic impurities to affect the relaxation times is immediately
recognized since the v, for electrons is 657 times stronger than s for protons. The .-
fluence of paramagnetic impurities on the relaxation times was studied by Bloembergen
and others[11,8]. expression 31 shows the relevant parameters affecting T\:

2,2
A (L) = M (31)
T 5T
where 3 is the viscasity,N is the number of paramagnetic ions per unity volume, p the

magnetic moment and 7 the gyromagnetic ratio.

The brightness of a MRIimage 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] :

I(SE}= N[l — exp(Tg - TR)/Tilexp(-T&/T2) (32)

HIR)= N[1-(2-exp({Te +T: - Tr)/ Trexp{T1/T1)exp(—Te/T3) (33)

where T is the time to echa, T; is the inversion time, N is the spin concentration at
the image pixel and T and T; are relaxation times. From expressions 32 33 it can be seen
that the signal intensity will depend on the relaxation times T, and T5. 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.

13



9 Examples

In this section an overview of ESR dosimetry will be given. This technique has been
aprlied 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 apins
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 poinied out previously careful measurements have to be
done to find reliable spin concentrations. From the spin concentration data a fitting can
be ma-e to derive the relevan! quantities 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 bones and teeth, it can change in bones due to growth or demireralization but,
supposedly, it does not change appreciably in tooth enamel.

Ionizing 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 CO3" radical trapped in
the mineral matrix. This radical has been extensive studied by Ceve,Tochon and Doi
(13,13,54]. Doi et al. made a comrarison of the ESR signal produced by X-rays in bone,
enamel and HA doped with carbenate leading to the conclusion that the paramagnetic
center created by radiation in bone and enamel is indeed the COF. The signal exhibits
axial symmetry with the ¢ values g, = 2.0025 and g = 1.997, as shown in figure 5. The
symmetry of this center was studied by making measurements at Q band frequendies at
different angles of the sampls ielative 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 also 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, C0% v 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 expo-
sure 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
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Figure 6: ESH spectrum of a bone sample irradiated with 5 rays, frotn reference 14
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Figure 7: Spin concentration in hone a sample as a function of the dose from Co®" 5 tays  Different
symbols indicate irradiation made at different radiation facilities, data from refercnce 14

results [35,27]. Caracelli et al. [i4] made a study to obtain the sensitivity of bone as a
dosimeter. The minimum dose Lhat can be detected is 0.5 Gy for 5 rays [rom 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 10 Gy.

The ESR dosimetry using this radical has been useful also for dating purposes {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 soil for approximately 5 thousands years,
The signal is composite showing the superposition of the free radical signal produced in
the mineral part and the Mn?* sextet due to the absorption of manganese from the soil.
This is possible because bone is very porous and behaves like an open system. The CO5”
signal ic shown in figure 9 for the same sample before and after irradiation. Figure 10
shows the zrowth curve of the signal intensity | as a function of the dose. Extrapolation 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.
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Figure 9: The ESR signal before {a) and after (b} Co®® irradiation, from reference 35
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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 Hamiltonian was
determined. It was found that the radical formed is of the form CH,C HR, where R is
a group that has no detectable magnetic influence. The hydrogens of the methyl group
C Hy have an isotropic hyperfine interaction of 26 G and that of the CH g1 up is isotropic
with 20 G amplitude and anisotropic with 7 G amplitude. Figure 11 shows the ESR
spectrum of this radical and a calibration curve. Usually the peak to peak amplitude
is correlated with the dose received by the dosimeter, and the results agree well with
the double integration 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
fast neutrons[50]. The technical aspects and progress with this kind of dosimetry were aiso
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.
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NMR DOSIMETRY

The idea of NMR dosimetry is to combine the recently developed Magnetic Resonance
Imagining {MRI) technique to give information about spatial distribution of dose. Thus
if an image can be produced contrasted by a property that results from the interaction of
radiation with matter a correspondence can be made between the MRIsignal intensity and
the dose delivered at a certain position. This can be very useful especially in cases where
a complex radiotherapy treatment needs to be checked. Since MRI scanners are used
primarily to diagnose pathologies a superposition of the region of interest in the patient
and a dose MRI images in the phantom could be made to verifv thai the treatment
planning was accurate.

The interaction of ionizing radiation with matter can produce effects that alter the
proton relaxation times Ty and 75 As said before if the viscosity of the medium is
changed, the tumbling rate of the molecules will be modified and consequently T; and
Ta . 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
v radiation with good sensitivity in the range between 0.5-75 Gy. A phantom 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 data reported in [3] shows that the viscosity
corresponding to high dose is very low. Thetefore 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 alter Ty and T3 is by the introduction of paramagnetic impurities in
the medium. Expression 31 gather the factors that modify th- relaxation time T; due to
the presence of a paramagnetic species. The transition metal ions have a strong magnetic
moment and are very effective in influencing T,. Both Fe** and Fe®* are paramagnetic
species that can strongly shorten the relaxation times of water. The trivalent ion is more
effective than the divalent ion owing lo its magnetic moment and to the electron spin
relaxation time that enhances by thirty times the correlation rotation time of the Fe®*
compared with that of the Fe?t. That the iron behaves in this way is very fortuitous
because the Fricke dosimetry is based on the Fe?* —v Fe®t. Gore et al. [23] studied the
variation of T, of a Fricke solution in the range of 0 to 50 Gy {figure 11) and obtained
images of test tubes containing irradiated solutions.

Appleby et al. [2] have produced phantoms based on agarose gels containing Fricke
solution that have been irradiated with v 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 ionization chamber. Another candidate which produce a dose MRI
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phantom is the addition of spin trapping molecules to agarose gel. The radicals produced
by radiation will be stabilized in a nitroxide that will change the relaxation time T [12]
of some portions the gel.

At least one report [47] has been published in which a decrease of 7, was noticed in
rat brain tissue that was irradiated in mvo 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.

OTHER MATERIALS

Other materials such as: clothing[30], organic molecules [39,56], dental restorative
resins [34;, carbonates [28,52] and nitroglycerol [48] have been cited in the literature as
ESR dosirneters. Other citations where ESR was used in conjuction with thermolumines-
cence or other classical dosimetric procedure are also listed in the references.
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Post-Scriptum:

Since these lectures notes were written the interest for
ESR and NMR dosimetry continue to grow and many relevant works
have been published. ESR is being pushed forward as a technique
for accidentai dosimetry using diverse new materials such as:
sugars [68, 72], hair [67], teeth [62] and watch glass [73]). Tissue
equivalent dosimeters made with alanine are being adopted for
intercomparisons between laboratories and efforts are under way
to extend the low dose limit to the radiotherapy range [52, 66].
The interest for bone dosimetry has been renewed in order to
assess dose when patients are subjected to systemic therapy of
bony metastases with radiopharmaceuticals [59]. Commercial ESR
dosimeters and readers are now available that overcome many of
the problems of doing precise quantitative measurements in
multipurpose ESR spectrometers. A book was recently published
that that covers many aspects of ESR applied Dosimetry, Dating
and Microscopy [63] and it has an extensive bibliography data base
for those interested in enter the field. A Conference on ESR
Dosimetry was held in Munich last year and the Proceedings will
be published soon as a special issue of Applied Radiation and
Isotopes.

NMR dosimetry is also being investigated in many centers.
One problem that seems difficuit to solve is related with the
stability of spatial distribution of Fe®* ions. Since regions that
receive high doses will have a higher Fe®* concentration, there is
always diffusion of these ions. Work has been directed to find the

right gel to support the ferrous iron solution at low pH with low
diffusion coefficients.
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