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Preface

The physician who enters the field of nuclear medicine often finds that he
has forgotten most of the physics to which he was exposed in college. Yet,
in order to appreciate both the advantages and the limitations of nuclear
imaging, he must understand the basic principles of radioactivity and
radiation detection. This book presents those principles in as elementary a
way as possible. Thus no attempt has been made to be comprehensive, but
rather only that material is presented which will enable the physician to
understand the equipment and the techniques used in his specialty. In
addition, brief descriptions are given of some of the newer types of detectors
and gamma cameras. We believe that these instruments, while not yet fully
developed or widely available, will soon have a major impact on the field
of nuclear medicine and that the physician who wishes to keep abreast of
his specialty should understand the physical principles behind them.

The presentation is based on our experience in teaching physics to
radiology residents, other M.D.’s, and nuclear medicine technologists. As
an aid to self-study, problems and questions are included at the end of each
chapter. These questions are of the multiple-choice type, so that the reader
may determine if he has understood the subject matter.

Nuclear medicine technologists should find that this book covers most
of the physics material for which they are held responsible on their certifica-
tion exams. Also, this book may be of use to medical students who have the
opportunity to take an elective in nuclear medicine, since an understanding
of the basic principles and equipment will make their exposure to the field
more interesting and profitable.
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Foreword

There are many quotations which have become so cliched due to repeti-
tion that they lose all impact. A few, however, express so much truth that
they still serve a purpose. One of these is the old adage that one must learn
to walk before one can run. To do other than this is just about impossible.
This is particularly applicable to the field of Nuclear Medicine, where
persons who attempt to practice it as physicians or to perform procedures
as technicians without understanding the physical principles involved could
not expect to be able to define the limitations of their methods, select the
appropriate studies, or to be able to properly use, care for, and calibrate
their instrumentation. Without the knowledge of the basic physics, one
would have to function by rote methodology, depending upon “cook book”
procedures and interpreting studies through empiric recognition. Such a
situation shortchanges the patient and places the physician treating that
patient in jeopardy.

This book presents, in a simple and concise form, the physics necessary
“to learn how to walk.” No attempt has been made to inform the reader of
the facts that do not relate directly to the studies or to the instruments
which the practitioner will have to use. Some of the mathematics may seem
detailed but working through the examples is not difficult, and the reader
should at least know how his or her consulting or visiting physicist comes
up with the magic numbers needed for new procedures or for health safety
purposes. In addition, these types of calculations turn up with disturbing
frequency on Board and Certification examinations.

Having spent considerable time teaching Nuclear Medicine principles
to physicians, technicians, and students, I welcome this book. It clearly
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answers a need as a text for the physics lectures for students, residents, and
technologists. In addition, it stands by itself as a self-study text for those in
the field who need to walk leisurely and carefully through its pages in order
to better compete in the Nuclear Medicine race.

MELVIN H. FREUNDLICH, M.D.
Program Director of Nuclear Medicine;
Clinical Associale Professor of

Radiology and Medicine, College of
Medicine and Dentistry, New Jersey
Medical School, Newark, New Jersey
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A review
of elementary
mathematics

To clearly explain physics without mathematical ideas is difficult. Although
every attempt has been made to minimize the mathematical formalism,
inescapably exponents and logarithms will be dealt with throughout this
book. Therefore these mathematical ideas need to be discussed before going
on to the physics of nuclear medicine.

POWERS AND EXPONENTS

WnoLE NUMBERS. Supposing y is any number and m is its exponent
which can be any positive whole number, then

Wiy S S vt v s isiione m times. (1.1)
Thus, 3* =8 X3 X3 X 3orb8=5X5XA5.
Also,
ym X yn =ymEn. (1.2)

As an example, take
y =3, m =4,n =2, then

8% 3 82 = 38,
The division rule is
:,, = yim=m, (1.3)
Again,if m =4,n=2,andy = 3,
Sl

guu-2 — 32,

'3_._:
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In equation (1.3), if n > m, then the exponent is negative. For example,
take m = 2,n =4, y = 3, then

3X3 1 1
3X3X3X38x3 3
Use of equation (1.3) gives
32 ) N pos: 3
31 — 3@2—4) — 32
suggesting
Q9 1
Bt =
In general,
1
—m 1.4
¥ g (1.4)

If m = n in equation (1.3), then
ﬂ — Y0 — y(m—m)
gy — ) y
But it is evident y™/y™ = 1, therefore for any value of y,
Yo = 1. (1.5)
If y™ is raised to power n, then
(ym)n —— y(mxn)_ (]6)
Form =4,n=2,andy =3,
(892 = 3t4x3) = 38,
FractioNs. The equations (1.2), (1.3), (1.4),and (1.6) are valid even
though the exponents are fractions. Supposing m is still a whole number,
then 1/m is a fraction and

=\ (1.7)
If m = 2, then
Ww=Yy;
orm —4,
4_——
=Ny
Also,
=V . (1.8)
For example, if m = 2, n = 3, then
3 —
y% — V y‘.! )

It also follows from above equations,

10
PV& — 0.5 — yB/10 — | yB;
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but
yV.’ — V ’
which suggests that

Yy =Vys.

LARGE AND SMALL NuMBERS. This book will deal with extremely large
and small numbers. Therefore it is necessary to have an idea as to their
magnitude. The velocity of light is a very large number, while the wave-
length of yellow light is a very small number. How small or large are they?
The velocity of light is known to be 30,000,000,000 cm/sec, i.e. 30 billion
centimeters per second. The wavelength of yellow light is 0.000,058 cm, i.e.
58 times one millionth of a centimeter. Obviously these numbers are hard
to deal with in this manner. A more convenient method using powers of
ten is necessary.

To write the large numbers, positive whole-number powers of 10 are
used.

10™ — one followed by m zeros. (1.9)
If m = 0, 10° = 1 in agreement with equation (1.5),
101 = 10; 102 = 100; 108 = 1,000,000,
102 = 1,000,000,000,000 and so on.
Similarly, to write small numbers, negative whole-number powers of 10

are used.
10—m — A decimal point and (m—1) zeros followed by 1 (1.10)
The value of 10— for m = 0 1sstill 1; 10— = 0.1
10—2 = 0.01; 10—¢ = 0.000,001,
10—12 = 0.000,000,000,001 and so on.
Now the velocity of light and the wavelength of yellow light can be

written in the above notation:
velocity of light = 30,000,000,000 cm/sec
= 3 X 10,000,000,000 cm /sec = 3 ¥ 10 cm /sec,
wavelength of yellow light — 0.000,058 cm
— 5.8 X 105 cm.
This notation also simplifies multiplication and division of numbers.
For example, divide the velocity of light by the wavelength of the yellow
light. If these numbers are not written in exponential form, it would be
very difficult to carry out this operation.
velocity of light 3 X 10 cm/sec
wavelength of yellow light = 5.8 % 10—% cm
83X 1010 % 106
=7 58 °
o X 1015 sec —1
538
= 0.52 % 1015 sec —1
= 5.2 % 104 sec -1,

ec —1
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Similarly the square of the velocity of light is

3% 1010%) 2 — 82 % (1019) 2 cm? sec—2

=9 X 1020 cm? sec—2.

LOGARITHMS
Consider the equation
5=y

Sometimes it is necessary to find the value of m, given y and z. If z = 100
and y = 10, then

100 = 10™.
In this case m = 2, which is not difficult to figure out. However, the expon-
ent m may not be a whole number, in which case it would be difficult to
find the value of m.
For example, consider

12 = 10m;
Since 10! = 10 and 102 = 100, the value of m is somewhere between 1 and
2. In order to solve this kind of problem, the logarithm is very helpful. In
general, the number m in the equation:

m = log,z (1.11)
is called the logarithm to the base y of z. Here y and z can be any positive
number, whole or fractional, except 0 and 1. In the example, 12 = 107,

the value of m = logy, 12. Then the logarithm of 12 to the base 10 can be
found.

The common logarithms tabulated in mathematical handbooks are
usually to the base 10, which is found to be convenient to many calculations.
The logarithm taken to the base e is also useful sometimes. The value of ¢
is 2.71828. The logarithm taken to the base ¢ is called the natural logarithm,
represented by In. Which base should be used: 10 or ¢? For many calcula-
tions, base ¢ may be more convenient.

Consider the equation

Zi==0m (1.12)
where m is any positive or negative number. The value of m that satisfies
this equation can be obtained by taking logarithms on both sides:

Inz=mIne.
But In ¢ = 1, therefore
m = In z.

The natural logarithms and the values of the functions e=™ and e are
tabulated in many mathematical handbooks. The availabilty of hand and
desk calculators in many institutions makes these calculations even simpler.

The functions of the kind e~™ and e™ are important for understanding
radioactive decay and absorption of radiation in matter. The value of the
function e¢~™ decreases from 1.0 when m = 0 very rapidly in the beginning



