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Preface to the Second Edition

M a n y  CHANGES have occurred in radiology since publication of the first 
edition of this text nine years ago. These changes not only make a new 
edition of the text necessary, but also necessitate the addition of a num
ber of new topics and the revision of a considerable portion of the origi
nal text. To accommodate the required changes, most of the material on 
the physics of radiation therapy has been deleted in the revised edition. 
The deleted material, with considerable updating and expansion, is in 
preparation as a separate text on the physics of radiation therapy. The 
second edition of M edical Radiation Physics is confined to the princi
ples of radiologic physics and their applications to the principal modali
ties of diagnostic imaging.

In this revised edition, four chapters have been added on the princi
ples of diagnostic ultrasound, and one new chapter is devoted exclusive
ly to computed tomography. To accommodate an audience with varying 
mathematical backgrounds, all calculus has been removed from the text. 
The chapters on x-ray tubes, nuclear medicine imaging, roentgenogra
phy, fluoroscopy and special imaging procedures have been rewritten 
extensively to include new information. The chapters on image qual
ity, external radiation protection and internal radiation protection have 
been approached differently in an effort to make the topics more compre
hensible.

So many persons have helped in this revision that I can thank them 
only collectively rather than individually. One person has contributed so 
much, however, that to omit her name from the preface would be too 
great an oversight. I am indebted deeply to Ms. Carolyn Yandle for her 
diligence and patience in keeping the entire manuscript intact and well 
organized during the revision process.

W i l l i a m  R. H e n d e e





Preface to the First Edition

T h i s  t e x t  was compiled and edited from tape recordings of lectures in 
medical radiation physics at the University of Colorado School of Medi
cine. The lectures are attended by resident physicians in radiology, by 
radiologic technologists and by students beginning graduate study in 
medical physics and in radiation biology. The text is intended for a simi
lar audience.

Many of the more recent developments in medical radiation physics 
are discussed in the text. However, innovations are frequent in radiolo
gy, and the reader should supplement the book with perusal of the cur
rent literature. References at the end of each chapter may be used as a 
guide to additional sources of information.

Mathematical prerequisites for understanding the text are minimal. In 
the few sections where calculus is introduced in the derivation of an 
equation, a description of symbols and procedures is provided with the 
hope that the use of the equation is intelligible even if the derivation is 
obscure.

Problem solving is the most effective way to understand physics in 
general and medical radiation physics in particular. Problems are includ
ed at the end of each chapter, with answers at the end of the book. Stu
dents are encouraged to explore, discuss and solve these problems. 
Example problems with solutions are scattered throughout the text.
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1 / Structure of Matter

THE ATOM
History of the Concept of the Atom 

Matter composed of small, indivisible particles is not a new concept. 
Demokritos and the Epicurean school (400-300 B .C .) in Greece postu
lated that “the only existing things are atoms and empty space.” 1 During 
the Middle Ages and Renaissance period, however, the continuum of 
matter philosophy of Aristotle and the Stoic philosophers prevailed over 
the philosophy of atomism. Not until 1802, when John Dalton developed 
the principle of multiple proportions,2 was the atomic theory of matter 
revived. The concept of the atom was strengthened by results of studies 
by Gay-Lussac (law of gas volumes, 1809),3 Avogadro (Avogadro’s hy
pothesis, 1811),4 Prout (multiple hydrogen atom hypothesis, 1815),5 Far
aday (law of electrolysis, 1833),6 Cannizzaro (determination of atomic 
weights, 1858),7 Meyer and Mendeleev (periodic table, 1869-70),8 and 
Perrin (studies of Brownian motion, 1908).9 Few skeptics of the atomic 
composition of matter remained after publication of Perrin’s results.

Studies by J. J. Thomson in 1897 established the ratio of charge to 
mass for cathode rays, identified later as electrons.10 The electrical 
charge possessed by electrons, now accepted as —1.6  x 1 0 -19 coulomb, 
was measured in 1909 by Robert Millikan.11 J. J. Thomson advanced a 
“plum pudding” model for the atom, in which electrons were distribut
ed randomly within a heavy matrix of positive charge.12 Experiments 
performed in 1911 by Ernest Rutherford suggested that Thomson’s 
model of the atom was invalid.13

Bohr’s Model of the Atom 
Results of Rutherford’s experiments implied that the positive charge 

and most of the mass of an atom are located in a central core or nucleus 
that is much smaller than the atom. The diameter of the nucleus was esti
mated to be about 10-4 A (10-14 m). Diameters of atoms were thought to 
average about 1 A (10-10 m). Electrons surround the nucleus and are 
bound to it by the electrostatic force of attraction between particles with 
opposite charge. Why electrons are not pulled into the nucleus by the 
electrostatic force was a question puzzling to many physicists.

In 1913, Niels Bohr suggested that electrons remain outside the nu
cleus because they move at high velocity in circular orbits.14 The cen-

1
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tripetal electrostatic force exerted by the nucleus prevents the electrons 
from leaving the atom in a direction tangent to their orbits. The electro
static force exerted by the nucleus may be pictured as acting similar to 
the centripetal force exerted by a string attached to a small steel ball re
volving in a plane containing the string.

According to classical physics, electrons revolving in circular orbits 
should radiate energy and spiral into the nucleus. To justify his atomic 
model, Bohr advanced two postulates that contradict principles of classi
cal physics:

1. Electrons revolve about the nucleus only in orbits with radii that 
satisfy the relationship

nh

where p  ̂ = angular momentum of electron, h = Planck’s constant [6.62 
x 10-34 joule-second (J-sec)], n = integer (1, 2, 3 . . .), and tt = 
3.1416. . . .

2. Electrons lose or gain energy only when they “jump” from one or
bit to another. No change in energy occurs so long as the electrons re
main in specified orbits.

With these axioms, Bohr constructed an atomic model for hydrogen, a 
simple atom consisting of a nucleus and one electron. Normally, the 
electron in hydrogen occupies the innermost electron orbit, for which n 
= 1 in the preceding equation. The innermost electron orbit of an atom is 
termed the K shell. A hydrogen atom is said to be in its ground state 
when the electron is in the K shell. The atom may be excited by raising 
the electron to the n = 2 orbit (L shell), to the n — 3 orbit (M shell), or to 
other shells farther from the nucleus. Energy from an exterrfal source 
(e.g., electromagnetic radiation) must be supplied to raise an electron to 
a higher shell, because work must be done against the attractive force of 
the nucleus. Energy is released as the electron returns to a lower shell.

Measurements of the energy radiated from excited atoms of hydrogen 
confirmed the applicability of Bohr’s model of the atom to hydrogen. 
However, spectral distributions of energy radiated from excited atoms 
more complex than hydrogen were not predictable from Bohr’s model. 
To secure better correlation between model and experiment, Bohr’s 
simple model was modified by several physicists, including Arnold 
Sommerfeld,15 William Wilson,16 E. C. Stoner,17 Wolfgang Pauli18 and 
George Uhlenbeck and Samuel Goudsmit.19 The result was a model for 
multielectron atoms which is used today to explain many aspects of atom
ic physics.

Atoms in their normal state are neutral, because the number of elec
trons outside the nucleus equals the positive charge of the nucleus, as-
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suming 1 unit of positive charge is +1.6 x 10-19 coulomb. The positive 
charge of the nucleus (or the number of electrons in a neutral atom) is 
termed the atomic number Z and defines the element under which a par
ticular atom is classified. Elements with atomic numbers ranging from 1 
to 105 either exist in nature or can be synthesized in the laboratory. 
Elements with atomic numbers greater than 105 may be produced in the 
future.20

Electrons are positioned in shells or energy levels that surround the 
nucleus. The first (n = 1) or K shell contains no more than 2 electrons, 
the second (n = 2) or L shell no more than 8  electrons, and the third (n = 
3) or M shell no more than 18 electrons (Fig 1-1). The outermost electron 
shell of an atom, no matter which shell it is, never contains more than 8 
electrons. Electrons in the outermost shell are termed valence electrons 
and determine to a large degree the chemical properties of an atom. 
Atoms with an outer shell filled with electrons seldom react chemically. 
These atoms constitute elements known as the inert gases (helium, 
neon, argon, krypton, xenon and radon).

Energy levels for electrons are divided into sublevels separated slight
ly from each other. To describe the position of an electron in the extra- 
nuclear structure of an atom, the electron is assigned four quantum num-

Fig 1-1. — Electron orbits in potassium (Z = 19).



4 S t r u c t u r e  o f  M a t t e r

TABLE 1-1.-QUANTUM NUMBERS FOR 
ELECTRONS IN HELIUM, CARBON 

AND SODIUM

ELEMENT n ( m f m s

Helium (Z = 2) 1 0 0 - V 2
1 0 0 +V2

Carbon (Z = 6) 1 0 0 - V 2
1 0 0 + V2
2 0 0 - V 2
2 0 0 + V2
2 1 -1 - V 2
2 1 -1 + V2

Sodium (Z = 11) 1 0 0 - V 2
1 0 0 +y2
2 0 0 ^v2
2 0 0 +y2
2 1 -1 - y 2
2 1 -1 +y2
2 1 0 - y 2
2 1 0 +y2
2 1 1 - y 2
2 1 1 +y2
3 0 0 - y 2

bers. The principal quantum number n defines the main energy level or 
shell within which the electron resides (n = 1 for the K shell, n = 2 for 
the L shell, etc.). The azimuthal quantum number / describes the elec
tron’s angular momentum ( f  = 0, 1, 2 ,. . . ,  n — 1). The orientation of the 
electron’s magnetic moment in a magnetic field is defined by the mag
netic quantum number m e {mf  = — — / + 1,. . . , 0 , .  . The
direction of the electron’s spin upon its own axis is specified by the spin 
quantum number ms (ms = + V2 or — V2). The Pauli exclusion princi
ple states that no two electrons in the same atomic system may be as
signed identical values for all four quantum numbers. Illustrated in Table 
1-1 are quantum numbers for electrons in a few atoms with low atomic 
numbers.

Wave-Mechanical Model 
Results of many experiments have been explained with the modified 

Bohr model for multielectron atoms. Unfortunately, a number of discrep
ancies between model and experiment also have been found. In 1925 
and 1926, Max Born,21 Werner Heisenberg22 and Erwin Schroedinger23 
introduced the wave- or quantum-mechanical model of the atom. The 
Schroedinger wave equation defines space- and time-dependent proba
bility density functions for electrons. From these probability density 
functions, a model for the atom may be constructed. Experimental re
sults have been predicted more successfully with the wave-mechanical 
model than with other atomic models yet developed. Fortunately, the
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Bohr model of the atom may be used without embarrassment to explain 
most aspects of medical radiation physics. We shall not need to evoke 
the wave-mechanical model with its specter of sophisticated mathe
matics.

Electron Binding Energy and Energy Levels 
An electron in an inner shell of an atom is attracted to the nucleus by a 

force greater than that which the nucleus exerts upon an electron farther 
away. An electron may be moved from one shell to another farther from 
the nucleus only if energy is supplied by an external energy source. The 
energy required to remove an electron completely from an atom is 
termed the binding energy (EB) for the electron. Binding energies are 
negative, because they represent amounts of energy that must be s u p 

principal
ENERGY LEVEL 

n

PRINCIPAL 
ENERGY LEVEL 

n

HYDROGEN
(x2700)

TUNGSTEN

n Shell

e b

Hydrogen

(eV)

Tungsten

1 K -1 3 .5 -6 9 ,5 0 0

2 L - 3 .4 1 »—»
 

w N> oo o

3 M - 1 .5 -2810

4 N -0 .9 0 -588

5 0 -0 .5 4 -7 3

Fig 1-2.—Average binding energies for electrons in hydrogen (Z = 1) and 
tungsten (Z = 74).
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plied to remove electrons from atoms. Electron shells often are de
scribed in terms of the binding energy of electrons occupying the shells. 
For example, the binding energy is -13 .5  eV* for an electron in the K 
shell of hydrogen. The binding energy for an electron in the L shell of 
hydrogen is —3.4 eV. The energy required to move an electron from the 
Kto the L shell in hydrogen is (—3.4 eV) — ( — 13.5 eV) = 10.1 eV.

Electrons in inner energy levels of high-Z atoms are near nuclei with 
high positive charge. Inner electrons are bound to these nuclei with a 
force much greater than that exerted upon the solitary electron in hydro
gen. Binding energies of electrons in high- and low-Z atoms are com
pared in Figure 1-2.

Electron Transitions and Characteristic Radiation 
Vacancies or “holes” exist in electron shells from which electrons 

have been removed. These vacancies are filled promptly by electrons 
cascading from energy levels farther from the nucleus. As the vacancies 
are filled, energy is released, usually in the form of electromagnetic 
radiation. During the transition of a particular electron, the energy re
leased equals the difference in binding energy between the original and 
the final energy levels for the electron. For example, an electron moving 
from the M to the K shell of tungsten is accompanied by the release of 
[(—69,500)—(—2810)] eV = —66,690 eV or —66.69 keV, where the nega
tive sign indicates that the energy is released. In most cases, the energy 
is released as a photon  or packet of electromagnetic radiation. Occasion
ally, especially in low-Z atoms, the energy may be used to eject a second 
electron, usually from the same shell as the cascading electron. The 
ejected electron is termed an Auger electron. Photons emitted during 
electron transitions are considered x rays if they are sufficiently energet
ic (>100 eV). Photons with energy less than 100 eV are classified as ul
traviolet, visible, infrared or other electromagnetic radiation. Electro
magnetic radiation released during electron transitions is termed charac
teristic radiation  because the photon energies are characteristic of 
differences in binding energies of electrons in a specific atom. The ra
diation may be described as K-characteristic radiation or K-fluorescence, 
L-characteristic radiation or L-fluorescence, etc., denoting the desti
nation of the cascading electron.

THE NUCLEUS

Models of the Nucleus and Nuclear Energy Levels 
For most purposes, a nucleus may be considered to consist of two 

types of particles, referred to collectively as nucleons. The positive

°An electron volt (eV) is a unit of energy defined as the kinetic energy of an electron 
accelerated through a potential difference of 1 volt; 1 eV = 1.6 X  10-19 joule; 1 keV = 103 
eV; 1 MeV = 106 eV.
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charge and roughly one-half the mass of the nucleus are contributed by 
protons. Each proton possesses a positive charge of 1.6 x 10-19 coulomb, 
equal in magnitude but opposite in sign to the charge of an electron. The 
number of protons (or positive charges) in the nucleus is the atomic 
number for the atom. The mass of a proton is 1.6724 x 10~27 kg. Neu
t r o n s the second type of nucleon, are uncharged particles with a mass 
of 1.6747 x 10-27 kg. Neutrons and protons sometimes are considered to 
be two forms of a single particle, the nucleon. Outside the nucleus, neu
trons are unstable, dividing into protons, electrons and antineutrinos 
(see chap. 2). The half-lifef of this transition is 12.8 minutes. Neutrons 
usually afe stable inside nuclei. The number of neutrons in a nucleus is 
the neutron number N for the nucleus. The mass number A of the nu
cleus is the number of nucleons (neutrons and protons) in the nucleus. 
The mass number A = Z + N.

Expressing the mass of atomic particles in kilograms is unwieldy. The 
atomic mass unit (amu) is a more convenient unit of mass for atomic par
ticles: 1 amu is defined as V12 the mass of the carbon atom with 6  protons, 
6  neutrons and 6  electrons. Also,

1 amu = 1.6605 + 10-27 kg 

Masses of atomic particles in amu’s are:
Electron = 0.00055 amu 

Proton = 1.00727 amu 
Neutron = 1.00866 amu

Many models for the nucleus have been proposed. Niels Bohr suggest
ed that a nucleus may be considered as a droplet of liquid.25 Bohr’s mod
el is known as the “liquid drop” model of the nucleus, and has been 
used to explain phenomena such as nuclear binding energy and nuclear 
fission. According to the liquid drop model, a nucleus is composed of 
closely packed nucleons that are in constant motion. Particles are emit
ted from nuclei in ways analogous to the evaporation of molecules from a 
droplet of liquid. Experimental data suggest that discrete energy levels 
exist within nuclei. Since Bohr’s liquid drop model does not include dis
crete intranuclear energy levels, it is not useful for explaining all proper
ties of nuclei.

The shell model of the nucleus was introduced to explain the exis
tence of discrete nuclear energy states. In this model, nucleons are ar
ranged in shells similar to those available to electrons in the extranuclear 
structure of an atom. Nuclei are extraordinarily stable if they contain 2 ,8 , 
20, 82 or 126 protons or similar numbers of neutrons. These numbers are

"The neutron was discovered by Chadwick in 1932.24
f For the moment, the half-life may he* defined as In 2/X, where X is a decay constant in 

the equation P = e -xt, and P is the probability that the neutron will not decay in time t.
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Fig 1-3. — Number of neutrons in 
stable (or least unstable) nuclei 
plotted as a function of the 
number of protons. ATOMIC NUMBER Z

termed magic numbers, and may reflect full occupancy of nuclear shells. 
Nuclei with odd numbers of neutrons or protons tend to be less stable 
than nuclei with even numbers of neutrons or protons. Apparently, the 
pairing of similar nucleons increases the stability of the nucleus. Data 
tabulated below support this hypothesis:

NO. O F NO. O F NO. O F
PROTONS NEUTRONS ST A B LE N U C LEI

Even Even 165
Even Odd 57
Odd Even 53
Odd Odd 6

The number of neutrons is about equal to the number of protons in 
stable nuclei with low atomic numbers. As the atomic number increases, 
the number of neutrons in stable nuclei increases more rapidly than 
the number of protons. This differential rate of increase provides nip ra
tios greater than 1 for stable nuclei with intermediate and high atomic 
numbers. The shell model of the nucleus explains the higher nip ratios 
for heavier stable nuclei by suggesting that for nuclei with more than a 
few nucleons, the energy difference between levels for neutrons is 
slightly less than the energy difference between levels for protons.
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Ratios of neutrons to protons in stable nuclei are illustrated in Fig
ure 1-3.

A number of other models of the nucleus have been proposed. How
ever, most aspects of medical radiation physics can be explained with 
the liquid drop and shell models.

Nuclear Binding Energy and the Nuclear Force
Electrostatic repulsive forces exist between particles of similar charge. 

Hence, protons repel each other when separated by a distance greater 
than the diameter of the nucleus. However, if the distance between pro
tons is less than the diameter of the nucleus, then they remain together. 
The existence of a nuclear fo rce  has been postulated to explain this ap
parent contradiction.26 This force is stronger than the electrostatic repul
sive force and binds neutrons and protons together within the nucleus. 
The nuclear force (sometimes referred to as the strong force) is effective 
only when nucleons are separated by a distance smaller than the diame
ter of the nucleus. With a strength of 1 assigned to the nuclear force, 
relative strengths of other forces may be compared:

T Y P E  O F FO R C E  R EL A T IV E  STRENG TH  
Nuclear 1
Electrostatic 10-2
Weak 10- 13
Gravitational 10-39

Only the first two forces are important in most discussions of atomic par
ticles. No forces other than those listed above are known to exist in na
ture.

The mass of a nucleus is less than the sum of the masses of the nu
cleons in the nucleus. The mass difference is termed the mass defect  and 
represents an amount of energy that must be supplied to separate the 
nucleus into individual nucleons. This amount of energy is the binding 
energy o f  the nucleus. The relationship between mass and energy is de
scribed by the formula for mass-energy equivalence postulated in 1905 
by Einstein :27

E = me2

In this equation, E represents an amount of energy equivalent to a 
mass m, and c is a conversion coefficient equal to the speed of light in 
vacuo (3 x 108 m/sec). One kilogram of mass is equivalent to 9  x 1016 
joule, an amount of energy equal roughly to that released during detona
tion of 30 million tons of TNT. The energy equivalent to 1 amu is:

(1 amu)(1.66 x 10~27 kg/amu)(3 x 108 m/sec)2 _  j^ey  
(1.6 x lO"13 J/MeV)
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Mass Number A
Fig 1-4.—Average binding energy per nucleon versus mass number.

The binding energy of the carbon nucleus with six protons and six 
neutrons (denoted as 12C) is calculated in Example 1-1.

Example 1-1
Mass 6 protons = 6 (1.00727 amu) = 6.04362 amu 
Mass 6 neutrons = 6 (1.00866 amu) = 6.05196 amu 
Mass 6 electrons = 6 (0.00055 amu) = 0.00330 amu
Mass of components of 12C = 12.09888 amu
Mass of 12C atom = 12.00000 amu
Mass defect = 0.09888 amu

Binding energy of 12C atom = (0.09888 amu)(931 MeV/amu)
= 92.0 MeV

Almost all of this binding energy is associated with the 12C nucleus.
Average binding energy per nucleon of 12C = (92.0 MeV) per 12 nucleons

= 7.67 MeV per nucleon

In Figure 1-4, the average binding energy per nucleon is plotted as a 
function of the mass number A for nuclei with mass numbers up to 240.

Nuclear Fission and Fusion 
Energy is released if a nucleus with a high mass number separates or 

fissions into two parts, each with average binding energy per nucleon 
greater than that of the original nucleus. Certain high-A nuclei (e.g., 235U, 
239Pu and 233U) fission spontaneously after absorbing a slowly moving 
neutron. For 235U, a typical fission reaction is:

2“ U + neutron -a* 23®U —* ®2Kr + ‘^Ba + 3 neutrons + Q
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The energy released is designated as Q and averages more than 200 MeV 
per fission. The energy is liberated primarily as gamma radiation and 
kinetic energy of fission products and neutrons. Products such as 92Kr 
and 141Ba are termed fission by-products and are radioactive. Many dif
ferent by-products are produced during fission. Neutrons released dur
ing fission may interact with other 235U nuclei, creating the possibility of 
a chain reaction, provided sufficient mass (a critical mass) of fissionable 
material is contained within a small volume. The rate at which a material 
fissions may be regulated by controlling the number of neutrons avail
able each instant to interact with fissionable nuclei. Fission reactions 
within a nuclear reactor are controlled in this way. Uncontrolled nuclear 
fission results in an “atomic explosion.”

Nuclear fission was observed first in 1934 during an experiment con
ducted by Enrico Fermi.28 However, the process was not described cor
rectly until publication in 1939 of analyses by Hahn and Strassmann29 
and by Meitner and Frisch .30 The first controlled chain reaction was 
achieved in 1942 at the University of Chicago. The first atomic bomb was 
exploded in 1945 at Alamogordo, New Mexico.

Certain low-mass nuclei may be combined to produce one nucleus 
with an average binding energy per nucleon greater than that for either 
of the original nuclei. This process is termed nuclear fusion, and is ac
companied by the release of large amounts of energy. A typical reac
tion is:

2H + 3H —» 4He + neutron + Q

In this particular reaction Q = 18 MeV.
Nuclei forming products with higher average binding energy per nu

cleon must be brought sufficiently near one another that the nuclear 
force can initiate fusion. As two nuclei approach each other, the strong 
electrostatic force of repulsion must be overcome. Nuclei moving at very 
high velocity possess enough momentum to overcome this repulsive 
force. Adequate velocities may be attained by heating a sample contain
ing low-Z nuclei to a temperature greater than 12 X  106 K, roughly equiv
alent to the temperature in the inner region of the sun. Temperatures 
this high are attained on earth only in the center of a fission explosion. 
Consequently, fusion (hydrogen) bombs must be “triggered” with an 
atomic bomb. Controlled nuclear fusion has not yet been achieved, al
though much effort has been expended in the attempt.

Nuclear Reactors
Nuclear fission is controlled in a nuclear reactor. The nuclear fuel 

(e.g., 235U or 239Pu) is arranged as cylinders (fuel rods or elements) in a 
defined geometry within the reactor core. Fuel elements of 235U fission 
most efficiently when bombarded by slow (thermal) neutrons with a ki



12 S t r u c t u r e  o f  M a t t e r

netic energy of about 0.025 eV. Neutrons released during fission are fast 
neutrons, and are slowed to thermal energy (i.e., low velocity) during 
interactions with low-Z nuclei. Moderators composed of low-Z nuclei 
are positioned within the reactor core to decrease the velocity of the fast 
neutrons released during fission. A good moderator does not absorb a 
significant fraction of the neutrons. Typical moderators include graphite, 
water, heavy water and beryllium.

The number of neutrons available to initiate fission in a reactor is gov
erned by the position of control rods in the reactor core. Control rods are 
composed of materials with a high efficiency (i.e., high cross section) for 
absorbing neutrons. Boron and cadmium often are used for control rods.

Heat generated during controlled fission is removed by cooling the 
reactor core with water, heavy water, various gases or liquid metals.

THER M A L COLUMN

ROTARY 
SPECIMEN RACK

FU E L ELEMENTS

GRAPHITE REFLECTOR

CONTROL RODS

THERMALIZING 
COLUMN

SPECIMEN 
REMOVAL TUBE

BEAM TUBE  
PLUG

ION CHAMBER 
SUPPORT TUBE

PIERCING  
BEAM TUBE

ENTRAL EXPER IM ENTA L  
TH IM BLE

ROTARY 
SPECIMEN RACK 

DRIVE SHAFT

PNEUMATIC  
TRANSFER  
. TUBE

Fig 1-5. — Cross section of the core of a Triga pool-type research reactor. 
(Courtesy of Gulf General Atomic Incorporated.)
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Reactors have many uses, including the production of nuclear power 
(power reactors), production of radioactive atoms (isotope-production 
reactors), production of nuclear fuel (breeder or plutonium-production 
reactors), testing of materials exposed to large quantities of radiation 
(materials-testing reactors) and education and research (research reac
tors). One type of reactor is illustrated in Figure 1-5.

Nuclear Nomenclature 
Isotopes of a particular element are atoms that possess the same 

number of protons but a varying number of neutrons. For example, JH 
(protium), (deuterium) and (tritium) are isotopes of the element 
hydrogen, and |C, X“C, XXC, X|C, xj*C, X*C, X|C and X®C are isotopes of car
bon. An isotope is specified by its chemical symbol together with its 
mass number as a left superscript. The atomic number sometimes is 
added as a left subscript. An isotope often is referred to as a nuclide.

Isotones are atoms that possess the same number of neutrons but a 
different number of protons. For example, |He, ®Li, £Be, ®B and j*C are 
isotones, because each isotope contains three neutrons. Isobars are 
atoms with the same number of nucleons but a different number of pro
tons and a different number of neutrons. For example, |He, jjLi and |Be 
are isobars (A = 6 ). Isomers represent different energy states for nuclei 
with the same number of neutrons and protons. Differences between 
isotopes, isotones, isobars and isomers are illustrated below:

MASS 
NO. A 

Different 
Different 
Same
Same (different nuclear 

energy states)

ATOMIC NEUTRON
NO. Z NO. N

Isotopes Same Different
Isotones Different Same
Isobars Different Different
Isomers Same Same

PROBLEMS
T. What are the atomic and mass numbers of the oxygen isotope with 16 nu

cleons? Calculate the mass defect, binding energy, and binding energy per 
nucleon for this nuclide, with the assumption that the entire mass defect is 
associated with the nucleus. The mass of the atom is 15.9949 amu.

l2. Natural oxygen contains three isotopes with atomic masses of 15.9949, 
16.9991 and 17.9992, and relative abundances of 2 ,500:1 :5 , respectively. 
Determine to three decimal places the average atomic mass of oxygen.

3. Using Table 1-1 as an example, write the quantum numbers for electrons in 
boron (Z = 5), oxygen (Z = 8) and phosphorus (Z = 15).

4. Calculate the energy required for the transition of an electron from the K

*F o r those problems marked with an asterisk, answers are provided on the pages follow
ing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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shell to the L shell in tungsten. Compare the result to the energy necessary 
for a similar transition in hydrogen. Explain the difference.

*5. What is the energy equivalent to the mass of an electron? Since the mass of a 
particle increases with velocity, assume that the electron is at rest.

*6. The energy released during the atomic explosion at Hiroshima was estimat
ed to be equal to that released by 20,000 tons of TNT. Assume that a total 
energy of 200 MeV is released during fission of a Z35U nucleus and that a total 
energy of 3.8 x 109 J is released during detonation of 1 ton of TNT. Find the 
number of fissions that occurred in the Hiroshima explosion and the total 
decrease in mass.

°7. A “4-megaton thermonuclear shot” means that a nuclear explosion releases 
as much energy as that liberated during detonation of 4 million tons of TNT. 
Using 3.8 x 109 J/ton as the heat of detonation for TNT, calculate the total 
energy in joules and in kilocalories released during the nuclear explosion (1 
k-cal =4,186 J).

8. Group the following atoms as isotopes, isotones and isobars:
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2 / Radioactive Decay

W i t h  t h e  e x c e p t i o n  of ^ B i, all nuclei with atomic numbers greater 
than 82 are unstable. Many nuclei with atomic numbers less than 82 also 
are unstable. Unstable nuclei undergo transitions such as nuclear fission 
or, far more frequently, radioactive decay. Energy is released during 
these transitions. The modes of radioactive decay available to a particu
lar radioactive nuclide may be determined by identifying the radiation 
emitted during decay and the products remaining after decay.

ALPHA DECAY
Radioactive decay by emission of alpha particles was described in 

1899 by Ernest Rutherford.1 In 1911, Boltwood and Rutherford2 identi
fied alpha (a) particles as helium nuclei, two protons and two neutrons 
bound together in an exceptionally stable configuration. Many nuclei 
with high atomic number decay by alpha emission. A typical alpha tran
sition is:

22°Ra 222Rn + |He

The sum of the mass numbers of the alpha particle and the product or 
daughter nuclide equals the mass number of the parent nuclide. Similar
ly, the sum of the atomic numbers of the alpha particle and the daughter 
nuclide equals the atomic number of the parent.

The total energy released during the radioactive decay of a nucleus is

Fig 2-1 . — Radioactive decay 
scheme for alpha decay of 226Ra.
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Rq ( I 600y )

_L _L _L
86  88

ATOMIC NUMBER
9 0

16



N e g a t r o n  D e c a y  a n d  S p e c t r a 17

termed the transition or disintegration energy. During alpha decay, en
ergy is released as kinetic energy of the alpha particle. Energy also may 
be released as gamma radiation. Alpha particles from a specific nuclide 
are ejected with discrete energies.

Radioactive decay processes are described by decay schemes. The 
decay scheme for 226Ra is diagramed in Figure 2-1. A 4.78-MeV alpha 
particle is released during 94% of 226Ra transitions. In the remaining 
transitions, a 4.59-MeV alpha is accompanied by a gamma ray of 0.19 
MeV. The percent of nuclei that decay by a particular path is termed the 
branching ratio for the path. The transition energy (4.78 MeV) is the 
same for all transitions of 226Ra nuclei.

NEGATRON DECAY AND SPECTRA
In 1896 Henri Becquerel3 discovered the emission of energetic elec

trons from salts of uranium. This mode of radioactive decay usually is 
termed beta decay. Beta decay also refers to the emission of positive 
electrons from certain nuclei. These two decay processes are distin
guished more readily if one is termed negatron (negative electron) decay  
and the other positron  (positive electron) decay.

The ratio of neutrons to protons (nip or N/Z ratio) in negatron-emitting 
nuclides is greater than that required for maximum stability of the nu
cleus (see Fig 1-3). During negatron decay, the nip ratio of these nu
clides is reduced by transition of a nucleon from one form to another. 
The transition may be written:

Jn -4  Jp + _®e + v
or

Jn -> to + _°/3 + v

in which _®e represents an/dlectron ejected from the nucleus and _®/3 
^jdesigrtates-^ie^nuclegj^eilgin of the ejected electron. The symbol v rep
resents a second particle, the antineutrino, which is discussed later in

137.Cs{30y)
Emax=0.51 MeV 

95%

Fig 2-2. — Radioactive decay scheme for 
negatron decay of 137Cs.

V=0.66MeV

55 56
ATOMIC NUMBER
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Fig 2-3. —Energy spectrum for negatrons from 32P.

this section. The daughter nucleus possesses one proton more than the 
parent nucleus, and both nuclei possess the same number of nucleons. 
Therefore, negatron decay results in an increase in Zand a constant A. A 
representative negatron transition is:

A decay scheme for 137Cs is presented in Figure 2-2. A negatron with a 
maximum energy E max of 1.17 MeV is released during 5% of all decays of 
137Cs. In the remaining 95%, a negatron with Emax = 0.51 MeV is accom
panied by a gamma (y) of 0.66 MeV or by an electron ejected by internal 
conversion. The transition energy equals 1.17 MeV for the decay of 137Cs.

Although negatrons emitted by a particular nuclide have discrete max
imum energies, most negatrons are ejected with energies lower than 
these maxima. The mean energy E mean of negatrons emitted during a par
ticular transition is approximately E max/3. Negatron spectra for a particu
lar radioactive nuclide depict the relative frequency of emission of nega
trons with different energies. A negatron spectrum exists for each value 
of Emax in the decay scheme. The shape of the spectra and the values for 
Emax are characteristic of the particular nuclide. Illustrated in Figure 2-3 
is the negatron spectrum for 32P, a nuclide that emits negatrons with a 
single maximum energy.

During the decay of a particular nucleus, the transition energy almost 
always exceeds the sum of the energy released as gamma radiation and 
the kinetic energy of the ejected negatron. To explain this difference in 
energy, Wolfgang Pauli suggested in 1933 that a second particle accom
panies each negatron emitted from the nucleus.4 The energy unaccount-
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ed for during each transition is possessed by the second particle, termed 
a neutrino by Fermi. The energy Ev of the neutrino is

Ev = E max -  Ek

where Ek represents the kinetic energy of the negatron. Pauli proposed 
that neutrinos are uncharged particles with undetectably small mass, 
and suggested that these particles interact only rarely with matter. Re
finements of the theory of beta decay led to designation of two forms for 
the neutrino. One form, the neutrino (v), describes particles ejected dur
ing positron decay. The second form, the antineutrino (v), designates 
particles that accompany negatrons. Existence of the antineutrino was 
verified experimentally in 1953 during experiments by Reines and 
Cowan.5

GAMMA EMISSION
Often during radioactive decay the daughter nucleus is formed in an 

excited, unstable state. Electromagnetic radiation is released during the 
transition of the daughter nucleus from the excited state to the ground 
energy level (i.e., from one isomeric state to another isomeric state of 
lower energy). The electromagnetic radiation is termed gamma radia
tion and was described first by Villard in 1900.6 The position of gamma 
radiation within the electromagnetic spectrum is shown in Figure 2-4. 
Gamma rays and x rays occupy the same region within the spectrum. 
These two types of electromagnetic radiation are distinguishable only by 
their origin; y rays result from nuclear transitions, x rays from interac
tions of electrons outside the nucleus.

Often it is convenient to assign wavelike properties to x and y rays. At 
other times it is useful to regard these radiations as discrete bundles of 
energy termed photons or quanta .7 The two interpretations of electro
magnetic radiation are united by the equation

E = hv (2-1)

X RAYS
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t c i  c u ie m u ^ :______________________________% COSMIC RAYA M  T ELEVISION*? > J N F R A - R E D  * _ TRA V ,0 L E T  ^PHOTONS
BROADCAST r  u  ^  < ------------------------>  < ____ >  _  < ---------------

< — — >  BROADCAST ^  *  RAYS________________
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Fig 2-4. —The electromagnetic spectrum.
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In equation (2-1), E represents the energy of a photon and v represents 
the frequency of the electromagnetic wave. (Use of the symbol v for fre
quency should not be confused with its use to designate a neutrino.) The 
symbol h represents Planck’s constant, 6.62 x 10-34 J-sec. Electromag
netic radiation travels in vacuo at a constant speed c of 3  x 108 m/sec. 
The speed c is the product of the frequency v and wavelength A. of the 
electromagnetic wave

c = v\ (2-2)

The wavelength is the distance between adjacent crests in the simplified 
diagram of an electromagnetic wave shown in Figure 2-5. In this dia
gram, an electromagnetic wave is represented by an oscillating electric 
field E and an oscillating magnetic field B. The wave is moving from left 
to right in the diagram. The frequency v (cycles/sec or hertz) specifies

99
Mo ( 6 6 h )

9 9 m T ,_ _. . Tc (6.Oh)

( 9 8 . 6 % )  

X  (98 .6%)

# ,  = 0 . 0 0 2  MeV 

tf2 =O . I40  MeV 

#3=0 .142 MeV
4 2  4 3  Tc (2.1X10 y)

ATOMIC NUMBER 

Fig 2-6. — Simplified radioactive decay scheme for "M o.



the number of complete oscillations of either the electric or the magnetic 
field in 1 second. The frequency v is:

c
V ~ X

and the photon energy may be written as:

E = &  (2-3)
A

The energy in keV possessed by a photon of wavelength A in angstroms 
may be computed with equation (2-4):

E = ^  (2-4)
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Example 2-1
Derive equation (2-4) and calculate the energy of a gamma ray with a wave

length of 0.01 A.

E = —X
E (keV) = x 10~34 T-sec)(3 x IQ8 m/sec)

\(A)(10-10 m/A)(1.6 x 10-16 J/keV)
12.4

E =
A(A)

12.4
0.01 A 

= 1,240 keV

No radioactive isotope decays solely by gamma emission. Every gam
ma transition is preceded either by electron capture or by emission of an

Fig 2-7. — Radioactive decay

x
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alpha particle, negatron or positron. Often, gammas are ejected during 
the decay process. Sometimes one or more of the excited states of the 
daughter may exhibit a finite lifetime. An excited state is termed a meta
stable state if its half-life exceeds 10-6 seconds. For example, the decay 
scheme for "M o (Fig 2-6) displays a metastable energy state, 99mTc, that 
has a half-life of 6 .0  hr.

Nuclides emit gamma rays with characteristic energies. For example, 
photons of 142 and 140 keV are emitted by 99mTc. Photons of 1.17 and 
1.33 MeV are emitted during the decay of 60Co (Fig 2-7). The photons 
emitted during the decay of 60Co actually are released during cascade 
transitions of daughter 60Ni nuclei from excited to ground energy states.

POSITRON DECAY AND ELECTRON CAPTURE
Emission of positive electrons from radioactive nuclei was discovered 

in 1934 by Curie and Joliot8 during their investigation of artificial ra
dioactivity. Two years previously, Anderson9 had discovered positrons 
in cosmic-ray showers. Positron decay results from the nuclear change

on + +?e + v
or

JP

}p - *  Jn + +“/3 -I- v

in which +°/3 designates the nuclear origin of the ejected positron. The 
n/p ratio of the nucleus is increased by this mode of decay. Hence, 
positron-emitting nuclides possess nip (N/Z) ratios lower than those 
required for maximum stability. Positron decay is accompanied by a 
decrease in Z and no change in A. A representative positron transition is:

f5P -  f4Si + +«/8 + 1/

The nip ratio of a nucleus also may be increased by electron capture.

Fig 2-8. — Radioactive decay scheme for 
positron decay of 22Na.

x x
10

ATOMIC
II

NUMBER
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In this process, an electron captured from an electron shell results in the 
nuclear transition

\P + —*■ *n + v

Most electrons are captured from the K shell, although an electron may 
be captured occasionally from the L shell or from a shell farther from the 
nucleus. During electron capture, a hole is created in an electron shell 
deep within the atom. This vacancy is filled by an electron cascading 
from an energy level farther from the nucleus. Energy released during 
this transition appears as x radiation or as kinetic energy of an Auger 
electron reduced by the binding energy of the Auger electron.

Many nuclei decay by both electron capture and positron emission, as 
illustrated in the decay scheme for 22Na in Figure 2-8. The decay of 22Na 
may be written

22Na'
_®e > 22Ne + v -(10%),

(90%  ̂> o/3 + 22Ne + v

The electron capture branching ratio for a particular radioactive nu
clide reveals the probability of electron capture per disintegration of the

I______________ I______________ I____
32 33 34

ATOMIC NUMBER 
Fig 2-9. —Decay scheme f o r 74As, illustrating competing processes of nega- 

tron emission, positron emission and electron capture.
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nucleus. Generally, positron emission prevails over electron capture 
when both modes of decay occur. In Figure 2-8, the electron capture 
branching ratio is 10% for 22Na; therefore, 90% of all decays occur with 
the emission of a positron.

In Figure 2-8, the 2 m0c2 listed alongside the vertical portion of the 
positron decay pathway represents the energy equivalent of the addi
tional mass of the products of positron decay. This additional mass in
cludes the greater mass of the neutron compared to the proton, together 
with the mass of the ejected positron. The energy equivalent of this 
additional mass is 1.02 MeV or 2 mQc2, where m0 is the rest mass of the 
electron. This amount of energy must be supplied by the transition 
energy during positron decay. Nuclei that cannot furnish at least 1.02 
MeV for the transition do not decay by positron emission. Those nuclei 
increase their nip ratios solely by electron capture.

A few nuclides may decay by negatron emission, positron emission or 
electron capture. For example, the decay scheme for 74As (Fig 2-9) indi
cates that this nuclide decays by negatron emission (32%), positron emis
sion (30%) and electron capture (38%). All modes of decay result in 
transformation of the “odd-odd” 74As nucleus (Z = 33, N = 41) into a 
daughter with even Z and even N, a more stable configuration for the 
nucleus.

INTERNAL CONVERSION
Usually, a daughter nucleus releases its excess energy by emitting 

gamma radiation. However, this release is achieved occasionally by in
ternal conversion, during which the nucleus interacts with an inner elec
tron. The electron is ejected with kinetic energy equal to the energy re
leased by the nucleus, reduced by the binding energy of the electron. 
During internal conversion, no gamma ray is emitted. Instead, an ener
getic conversion electron is ejected, together with x rays and Auger elec
trons produced as the extranuclear structure of the atom resumes a stable 
configuration.

The internal conversion coefficient for a particular electron shell is the 
ratio of the number of conversion electrons from the shell to the number 
of y rays emitted by the nucleus. The probability of internal conversion 
increases rapidly with increasing atomic number and with the lifetime of 
the excited state of the nucleus.

MATHEMATICS OF RADIOACTIVE DECAY
The decay of a sample of radioactive atoms may be described mathe

matically. The rate of decay is referred to as the activity  of the sample. 
The unit of activity is the curie (Ci), defined as

1 Ci = 3.7 x 1010 disintegrations per second (dps)



The millicurie (mCi), microcurie (/aCi), nanocurie (nCi) and picocurie 
(pCi) are useful divisions of the curie:

1 mCi = 10-3 Ci = 3.7 x 107 dps
1 /iCi = 10-« Ci = 3.7 x 104 dps
1 nCi = 10-9 Ci = 3.7 x 101 dps
1 pCi = 10-12 Ci = 3.7 x 10-2 dps

A common multiple of the curie is the kilocurie (kCi):
1 kCi = 103 Ci = 3.7 x 1013 dps

One curie was defined originally as the rate of decay of 1 gm of radium. 
Although recent measurements have established the decay rate as 3.61 x 
1010 dps for radium, the curie has retained its original numerical defini
tion.

Recently, the becquerel (Bq) has been proposed as a unit of activity.10 
The becquerel is defined as

1 Bq = 1 dps = 2.7 x 10-11 Ci

Decay Equations and Half-Life 
The dependence of the activity A of a radioactive sample upon the 

number N of radioactive atoms in the sample may be expressed as
A = \N (2-5)

where A. represents the decay or disintegration constant for the sample. 
Every radioactive nuclide has a characteristic decay constant, defined as 
the fractional rate of decay of the particular nuclide in units of inverse 
time (sec-1, min-1, etc.). From this equation, the number of radioactive 
atoms remaining in the sample after a period of time t has elapsed can be 
shown to be

N = N0e~M (2-6)

where N0 is the number of atoms originally present, and e is the expo
nential quantity 2.7183. This expression can be written also as

A = A0e~u (2-7)

where A is the activity remaining after time t, and A0 is the original activ
ity. This relationship often is referred to as the equation fo r  radioactive 
decay.

The number of atoms N* decaying in an interval t is N0 — N or
* N* = N0 (1 -  e~M) (2-8)

The probability that any particular atom will not decay during time t is 
NIN0 or

P (no decay) = e~u (2-9)
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and the probability that a particular atom will decay during time t is
P (decay) = 1 -  e~M (2-10)

For small values of kt, the probability of decay can be approximated as
P (decay) ** kt

or, expressed per unit time, P (decay per unit time) k. That is, under 
certain circumstances (small values of kt) the decay constant k can be 
thought of as approximating the probability of decay per unit time. In 
general, however, the probability of decay is (1 — e~M), and the decay 
constant should be thought of as a fractional rate of decay rather than as a 
probability of decay.

The physical half-life T1/2 of a radioactive nuclide is the time required 
for the decay of half of the atoms in a sample of the nuclide. In equation 
(2-6), N = V2 N0 when t = T1/2, if N = N0 when t = 0. By substitution in 
equation (2 -6 ),

— = e~XTli2 
2

From the table in the Appendix for the exponential quantity e raised to 
selected powers:

KTm = 0.693 (2-11)

where 0.693 is the In 2 (natural or Napierian logarithm of 2). Therefore,

j, _ 0.693 _ In 2 
1/2 “ k k

and
0.693 _ In 2
T T 1 1/2 1 1/2

The mean or average life is the average expected lifetime for atoms of a 
radioactive nuclide. The mean life r is related to the decay constant X by

= J_
T X (2-12)

Since T1/2 = (In 2)/X, the mean life may be calculated from the expres
sion

r = 1.44 Tm

Illustrated in Figure 2-10 is the percent of the original activity of a ra
dioactive sample, described as a function of time expressed in units of 
physical half-life. By replotting these data semilogarithmically (activity
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TIME (T^UNITS)

Fig 2-10.-Percent of the original activity of a radioactive sample, expressed 
as a function of time in units of half-life.

on a logarithmic axis, time on a linear axis), a straight line can be ob
tained, as shown in Figure 2-11.

Example 2-2 
The physical half-life is 1.7 hr for n3mIn.
a. A sample of 113mIn has a mass of 2 fig. How many 113mIn atoms are present in 

the sample?
(No. of grams)(No. of atoms/gm-atomic mass)

Number of atoms Nn = ----------—-----~-------- ;-----------;-----------------------0 No. of grams/gm-atomic mass
(2 x 10-6 gm)(6.02 x 1025 atoms/gm-atomic mass)

113 gm/gm-atomic mass
= 1.07 x 1016 atoms



28 R a d io a c t iv e  D e c a y

TIME (Tĵ UNITS)

Fig 2-11. —A semilogarithmic graph of the data in Figure 2-10.

b. How many 113mIn atoms remain after 4 hr have elapsed?

Number of atoms remaining = N = N0e~xt

Since A = 0.693IT1/2:

N = N g-(0-693/ri/2)(
= (1°07 X 1016 atoms)e-<0-693)4 0 hr/17 hr

From the table in the Appendix for the exponential quantity e raised to selected 
powers

N = (1.07 x 1016 atoms)(0.196)
= 2.10 x 1015 atoms remaining

c. What is the activity of the sample when t = 4.0 hr?



A = KN = N 
1/2

0.693 (2.1 x IQ15 atoms)
1.7 hr (3,600 sec/hr)

= 2.4 x 10n dps

In units of activity

2.4 x 10n dps 
A = 3.7 x 1010 dps/Ci = 6,4 Cl

Because of the short physical half-life of 113mIn, a very small mass of this nuclide 
possesses high activity.

d. Specific activity is defined as the activity per unit mass of a radioactive 
sample. What is the specific activity of the ,13mIn sample after 4 hr?

Specific activity = ^'4 ^  = 3.2
2 iig fig

e. Enough U3mln must be obtained at 4 p .m . Thursday to provide 10 /u.Ci at 
1 P.M. Friday. How much 113mIn should be obtained?

A = A0e~u
A0 = A ext = A e°-693'/ri/2 

= (10 f i d )  e(0-693)(21 hr)/1-7 hr

From the table of exponential quantities in the Appendix, A0 = 51.5 mCi = 
activity that should be obtained at 4 P.M. Thursday.
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Example 2-3
The half-life of 99mTc is 6.0 hr. How much time t must elapse before a 10 mCi 

sample of 113mIn and a 2 mCi sample o f99mTc possess equal activities?

AggmTc A113min ®t time t 
A 0(99mTc) e - (0'693)</(rl/2>99mT<- =  A ^ ^  g-<0.693)//(r1/2)ii3mi„

(2 mCi) e-<0.693)t/6.0 hr = (10 mCi) e-<0.693)</1.7 hr
10 mCi A0.408 -  0 .115)1 

2 mCi
5 = g0.293<

t = 5.5 hr before activities are equal

This problem may be solved graphically by plotting the activity of each sample 
as a function of time. The time when activities are equal is indicated by the 
intersection of the curves for the nuclides.

Transient Equilibrium 
Daughter nuclides produced during radioactive decay sometimes also 

are radioactive. For example, 222Rn decays by alpha emission to 218Po,
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an unstable nuclide which decays with a half-life of about 3 minutes. If 
the half-life of the parent is not much longer than the half-life of the 
daughter, then a condition of transient equilibrium  may be established. 
After the time required to attain transient equilibrium has elapsed, the 
activity of the daughter decreases with an apparent half-life  equal to 
the half-life of the parent. The apparent half-life reflects the simultane
ous production and decay of the daughter nuclide. If no daughter atoms 
are present initially when t = 0, the number N2 of daughter atoms pres
ent at any later time t may be computed with equation (2-13).

N2 = Xl - N0(e~Klt -  e~W) (2-13)
2 1̂

In equation (2-13), N0 = number of parent atoms present when t = 0, 
Xx = decay constant of parent and \2 = decay constant of daughter. If 
(N2)0 daughter atoms are present when t = 0, then equation (2-13) may 
be rewritten as:

N2 = (N2\ e~x*  + T— 4 “ U0(e~Xlt -  e-W)
2

Transient equilibrium for the transition
132Te (T1/2 = 78 h r) * 132I (Tm  = 2.3 hr)

T I M E  (DAYS)

Fig 2-12.-Activ ities of parent 132Te and daughter 132l as a function of time, il
lustrating the condition of transient equilibrium that may be achieved when the 
half-life of the parent is not much greater than the half-life of the daughter.
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Fig 2-13.—Activities of parent ("M o) and daughter (99mTc) activities in a 
nuclide generator. About 14% of the parent nuclei decay without formation 
of 99mTc.

is illustrated in Figure 2-12. The activity of 132I is greatest when parent 
(132Te) and daughter (132I) activities are equal. At all later times, the 
daughter activity exceeds the activity of the parent, and both nuclides 
decay with the half-life of the parent. After the moment of transient 
equilibrium, the ratio of the activities of parent (At) and daughter (A2) 
can be shown to equal:

The principle of transient equilibrium underlies the production of 
short-lived isotopes (e.g., 99mTc and U3mIn) in generators for radio
active nuclides used in nuclear medicine. For example, the activities of 
99mTc (T1/2 = 6.0 hr) and 99Mo (T1/2 = 6 6  hr) are plotted in Figure 2-13 as a 
function of time. The 99mTc activity remains less than that for "M o 
because about 14% of the "M o nuclei decay promptly to 99Tc without 
passing through the isomeric state of 99mTc. The abrupt decrease in 
activity at 48 hr reflects the removal of 99mTc from the generator.
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Secular Equilibrium 
Secu lar equ ilib r iu m  is established w hen the half-life of the parent 

nuclide is much greater than the half-life of the daughter. Since X1 « \ 2 
^  î/2 Parent >:> î/2 daughter> equation (2-13) may be sim plified by assuming 
that X2 — A.! — A2 and that e~xu =  1.

n 2 =  -  e - x* )  =  ^  n 0( l  -
Ag Aj A2

After several half-lives of the daughter have elapsed, e~Kit — 0 and

•̂2^2 — K*0
0.693 N _  0.693 N 
(T1/2)2 2 (T1/2),

N* _ * 0
(Ti/2)2 (^1/2)1

(2-14)

(2-15)

Fig 2-14. —Growth of activity and secular equilibrium of 222Rn produced by 
decay of 226Ra.
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The terms and X2N2 in equation (2-14) represent the activities of 
parent and daughter. These activities are equal after secular equilibrium 
has been achieved. Illustrated in Figure 2-14 are the growth of activity 
and the activity at equilibrium for 222Rn produced in a closed environ
ment by the decay of 226Ra. Units for the abscissa (x-axis) in Figure 2-14 
are multiples of the physical half-life of 222Rn. The growth curve for 222Rn 
approaches the decay curve for 226Ra asymptotically. Seven half-lives of 
222Rn must elapse before the activity of the daughter equals 99% of the 
activity of the parent.

If the parent half-life is less than that for the daughter (T1/2parent < 
T1/2daughter, or Xj > X2), then a constant relationship is not achieved be
tween the activities of parent and daughter. Instead, the activity of the 
daughter increases initially, reaches a maximum, and then decreases 
with a half-life intermediate between the parent and daughter half-lives.

Radioactive nuclides in secular equilibrium are used often in radiolo
gy. For example, energetic beta particles from 90Y in secular equilibrium 
with 90Sr are used to treat intraocular lesions. The 90Sr- 90Y ophthalmic 
irradiator decays with the physical half-life of 90Sr (28 yr), whereas a 
source of 90Y alone decays with the half-life of 90Y (64 hr). Radium nee
dles and capsules used in radiation therapy contain many decay products 
in secular equilibrium with long-lived 226Ra.

NATURAL RADIOACTIVITY AND DECAY SERIES
Almost every radioactive nuclide found in nature may be classified as 

a member of one of three radioactive decay series. Each series consists of 
sequential transformations which begin with a long-lived parent and end 
with a stable nuclide. In a closed environment, products of intermediate 
transformations within each series are in secular equilibrium with the 
long-lived parent. These products decay with an apparent half-life equal 
to the half-life of the parent. All radioactive nuclides found in nature 
decay by emitting either alpha particles or negatrons. Consequently, 
each transformation in a radioactive decay series changes the mass num
ber of the nucleus either by 4 (alpha decay) or by 0 (negatron decay).

The uranium series begins with 238U (T1/2 = 4.5 x 109 yr) and ends with 
stable 206Pb. The mass number 238 of the parent nuclide is divisible by 4 
with a remainder of 2. All members of the uranium series, including sta
ble 206Pb, also possess mass numbers divisible by 4 with a remainder of
2. Consequently, the uranium decay series sometimes is referred to as 
the “4n + 2 series,” where n represents an integer between 51 and 59 
(Fig 2-15). The nuclide 226Ra and its decay products are members of the 
uranium decay series. A sample of 226Ra decays with a half-life of 1,600 yr. 
However, 4.5 x 109 yr are required for the earth’s supply of 226Ra to de-
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238

234

230

cr 22 6  
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“  2 2 2  
3
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£  214 
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Fig 2-15. —Uranium (4n + 2) radioactive decay series.

crease to one-half, because 226Ra in nature is in secular equilibrium with 
the parent nuclide 238U.

Other radioactive series are the actinium or “4n X  3 series” (235U —* 
207Pb) and the thorium or “4n series” (232Th —* —» 208Pb). Members of the 
hypothetical neptunium or “4n + 1 series” (241Am —> —■> 209Bi) are not 
found in nature, because there is no long-lived parent for this series.

Nine naturally occurring radioactive nuclides are not members of a 
decay series. The nine nuclides, all with long half-lives, are 40K, 50V, 
87Rb, 115In, 138La, 144Nd, 147Sm, 176Lu and 187Re.

ARTIFICIAL RADIOACTIVITY
Many nuclides not found in nature may be produced by nuclear trans

mutation. Nuclear transmutation was observed by Rutherford in 191911 
during his studies of alpha particles traversing an air-filled chamber. The 
transmutation occurring within the chamber was

4He + 14N - *  170  + }H

where }H represents protons detected during the experiment. The 
transmutation may be written more concisely as

“ N (a, p) "O

where 14N represents the bombarded nucleus, *^0 the product nucleus, 
and (a, p) the incident and ejected particles, respectively.

T I Pb Bi Po A t  Rn Fr Ra Ac Th Pa U 
81 8 2  83  84  85 8 6  87  88 89 90  91 92 

ATOMIC NUMBER



Ar t i f i c i a l  R a d io a c t iv it y 35

In 1934, Curie and Joliot8 detected radiation from aluminum bom
barded by alpha particles. To explain their observations, Curie and 
Joliot suggested that the following transmutation occurred with a half- 
life of 2 V2 minutes:

4He -I- «A1 -> “ P + Jn
Jo5p ^ 30S i +  ° B  +  V 15 14 r  + l "  T "

A large number of artificially radioactive nuclides have been produced 
since Curie and Joliot’s discovery. Artificially radioactive nuclides may 
be produced in nuclear reactors, either as by-products of nuclear fission 
(e.g., 131I, 137Cs, 90Sr) or by neutron bombardment of various materials 
(e.g., 14C, 3H, 32P, 35S, 60Co, 198Au). Other nuclides (e.g., nC, 22Na, 28Mg, 
54Mn) are produced in high-energy accelerators by bombarding materials 
with charged particles such as protons or deuterons.

Mathematics of Nuclide Production by Neutron Bombardment 
The production of artificially radioactive nuclides by neutron bom

bardment within the core of a nuclear reactor may be described mathe-

Fig 2-16.—Growth in activity as a function of time for a sample of S9Co bom
barded by slow neutrons in a nuclear reactor.
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matically. The activity A of a sample bombarded for a time f, assuming 
no radioactivity when t = 0 , may be written as:

A = -  —  , j  _  A M t,T 2)
3.7 x 1010 v ' (2-16)

where </> = Neutron flux in neutrons/sq cm-sec.
N = Number of target nuclei in the sample.
cr = Absorption cross section of target nuclei in sq cm (cross-sectional 

area presented to a neutron by a target nucleus is usually described 
in units of barns, with 1 barn = 10-24 sq cm).

Tll2 = Half-life of the product nuclide.
A = Activity of the sample in curies.

When the bombardment time t is much greater than T1/2, equation (2- 
16) reduces to

a = _<£N<r—  (2-17}
x 3.7 x 1010 ( '

where Amax represents the maximum activity in curies. The curve in 
Figure 2-16 illustrates the growth of radioactivity in a sample of 59Co 
bombarded by slow neutrons. This transmutation is written I7C0  (n, y) 
2°Co. The half-life of 60Co is 5.3 yr.

Example 2-4
A 20-gm sample of 59Co is positioned in the core of a reactor with an average 

neutron flux of 1014 neutrons/sq cm-sec. The absorption cross section for 59Co 
is 36 barns.

a. What is the activity of the sample after 6.0 yr?

20 gm (6.02 x  1023atom/gm-atomic mass)
N  = --------------------------------------------------------------- = 2.04 x  1023 atoms

59 gm/gm-atomic mass
<bNa

(MB
_  (1014 neutrons/sq cm -  sec)(2.04 x  1023atoms)(36 X 10 24sq cm) _  e -<0.693>«.oyr/s.3yr] 

3.7 x  1010 atom/sec — Ci
= 10,800 Ci

b. What is the maximum activity for the sample?

<f>Na 

Amax “  3.7 x  10*°
(1014 neutrons/sq cm — sec)(2.04 x  1023atoms)(36 X 10_24sq cm) (2-17)

3.7 x  1010 atom/sec — Ci
= 19,800 Ci

c. When does the sample activity reach 90% of its maximum activity?

(19,800 Ci)(0.9) = 17,800 Ci
17,800 Ci = 19,800 C i[l -  e-«>.693)(/5.3yr]



I n f o r m a t io n  Ab o u t  R a d io a c t iv e  N u c l id e s 37

17,800 Ci = 19,800 -  19,800 e~°MU
19,800 g-o >3i/ = 2,000

e-o.i3« =  o .i o
0.131f = 2.30

t = 17.6 yr to reach 90%  Amax

INFORMATION ABOUT RADIOACTIVE NUCLIDES
Decay schemes for many radioactive nuclei are listed in Radiological 

H ealth H andbook,12 Table o f  Isotopes,13 Trilinear Chart o f  Nuclides,14 
MIRD Pamphlets published by the Society of Nuclear Medicine,15 
Radioatom s in Nuclear M edicine16 and Nuclear Data Sheets.17

Charts of the nuclides, obtainable from the General Electric Compa
ny, Schenectady, N.Y., and from Mallinckrodt Chemical Works, St. 
Louis, Mo., contain useful data concerning the decay of radioactive nu
clides. A section of the chart from the General Electric Company is in
cluded in Figure 2-17. In this chart, isobars are positioned along 45-de- 
gree diagonals, isotones along vertical lines and isotopes along horizon
tal lines. Nuclei occupying shaded squares are stable and those in white 
squares are artificially radioactive. The energy of radiations emitted by 
various nuclei is expressed in units of MeV.

PROBLEMS
* 1. The half-life of 132I is 2.3 hr. What interval of time is required for 100 mCi of 

132I to decay to 25 mCi? What interval of time is required for decay of 7/s of 
the 132I atoms? What interval of time is required for 100 mCi of 132I to decay 
to 25 mCi, if the 132I is in transient equilibrium with 132Te (T1/2 = 78 hr)?

*2. What is the mass in grams of 100 mCi of pure 32P? How many 32P atoms con
stitute 100 mCi? What is the mass in grams of 100 mCi of Na332P 0 4 if all the 
phosphorus in the compound is radioactive?

Fig 2-17.—Section from a chart of the 
nuclides. (Courtesy of Knolls Atomic 
Power Laboratory, Schenectady, N.Y., 
operated by the General Electric Company 
for the U.S. Department of Energy.)
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“For those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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3. Some 210Bi nuclei decay by alpha emission and others by negatron emission. 
Write the equation for each mode of decay and identify the daughter nu
clide.

"4. If a radioactive nuclide decays for an interval of time equal to its average 
life, what fraction of the original activity remains?

5. From the decay scheme for I31I, determine the branching ratio for the mode 
of negatron emission that results in the release of gamma rays of 364 keV. 
From the decay scheme for 126I, determine the branching ratios for the 
emission of negatrons and positrons with different maximum energies. 
Determine the branching ratios of 126I for positron emission and electron 
capture.

*6. What are the frequency and wavelength of a 100-keV photon?
7. 126I nuclei may decay be negatron emission, positron emission or electron 

capture. Write the equation for each mode of decay and identify the daugh
ter nuclide.

°8. How much time is required before a 10-mCi sample of " mTc (Tx,2 = 6.0 hr) 
and a 25 mCi sample of U3mIn (T1/2 = 1 .7  hr) possess equal activities?

9. From a chart of the nuclides determine:
a. Whether 202Hg is stable or unstable.
b. Whether 193Hg decays by negatron or positron emission.
c. The nuclide that decays to 198Hg by positron emission.
d. The nuclide that decays to 198Hg by negatron emission.
e. The half-life of 203Hg.
/. The percent abundance of 198Hg in naturally occurring mercury, 
g. The atomic mass of 204Hg.

* 10. How many atoms and grams of 90Y are in secular equilibrium with 50 mCi of
90Sr?

*11. How many millicuries of 24Na should be ordered so that the sample activity 
will be 10 mCi when it arrives 24 hr later?

* 12. Fifty grams of gold (197Au) are subjected to a neutron flux of IO13 neutrons/sq
cm-sec in the core -of a nuclear reactor. How much time is required for the 
activity to reach 1,000 Ci? What is the maximum activity for the sample? 
What is the sample activity after 20 minutes? The cross section o f197Au is 99 
barns.

“13. The only stable isotope of arsenic is 75As. What modes of radioactive decay 
would be expected for14As and 76As?

14. For a nuclide X with the decay scheme

X

i
y

how many gamma rays are emitted per 100 disintegrations ofX, if the coef
ficient for internal conversion is 0.25?
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3 / Interactions of Particulate Radiation

A n  INTERACTION is elastic if the sum of the kinetic energies of the inter
acting entities is unchanged by the interaction. If the sum of the kinetic 
energies is changed, then the interaction is inelastic. Heavy, charged 
particles such as protons (}H nuclei), deuterons (jH nuclei) and alpha 
particles (^He nuclei) usually interact inelastically with electrons of an 
absorbing medium. Electrons and other light particles with positive or 
negative charge interact with both electrons and nuclei of an absorber. 
Neutrons lose energy by colliding elastically and inelastically with nu
clei of an absorber.

INTERACTIONS OF HEAVY, CHARGED PARTICLES
Protons, deuterons, alpha particles and other heavy, charged particles 

lose kinetic energy rapidly as they penetrate matter. Most of the energy 
is lost as the particles interact inelastically with electrons of the absorb
ing medium. The transfer of energy is accomplished by interacting elec
tric fields, and physical contact is not required between the incident par
ticles and the absorber electrons. Part of the energy lost by incident par
ticles is used to raise electrons in the absorber to energy levels farther 
from the nucleus. This process is termed excitation. Sometimes, elec
trons are ejected from their atoms, a process known as ionization. Elec
trons ejected from atoms by impinging radiation are referred to as prima
ry electrons. Some primary electrons have enough kinetic energy to pro
duce additional ionization as they migrate from their site of liberation. 
Electrons ejected during interactions of primary electrons are termed 
secondary electrons. Delta (8 ) rays are tracks of primary and secondary 
electrons in photographic emulsions and cloud chambers exposed to ion
izing radiation.

Energy transferred to an electron in excess of its binding energy ap
pears as kinetic energy of the ejected electron. An ejected electron and 
the residual positive ion constitute an ion pair, abbreviated IP. An aver
age energy of 33.7 eV, termed the W-quantity or W, is expended by 
charged particles per ion pair produced in air.1 The average energy re
quired to remove an electron from nitrogen or oxygen is much less than 
33.7 eV. The W-quantity includes the average kinetic energy of ejected 
electrons, together with the average energy lost as incident particles ex
cite atoms, interact with nuclei and increase the rate of vibration of near

40
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by molecules. On the average, 2.2 atoms are excited per ion pair pro
duced in air.

The specific ionization (SI) is the number of primary and secondary 
ion pairs produced per unit length of path of the incident radiation. The 
specific ionization of alpha particles in air varies from about 30,000 to 
70,000 IP/cm. The specific ionization of protons and deuterons is slight
ly less than that for alpha particles. The linear energy transfer (LET) is 
the average loss in energy per unit length of path of the incident ra
diation. The LET  is the product of the specific ionization and the W- 
quantity.

LET  = (SI)(W) (3-1)

Example 3-1
Assuming that the average specific ionization is 40,000 IP/cm, calculate the 

average LET  of alpha particles in air.

LET m (S/)(W)

-  K 000̂ )!33-7!?)
keV= 1 ,3 5 0 -^  cm

The range of ionizing particles in a particular medium is the straight- 
line distance traversed by the particles before they are stopped com
pletely. For heavy particles with energy E, the range in a particular 
medium may be estimated from the average LET :

Range-= j ~  (3-2)

Example 3-2
Calculate the range in air for 4-MeV alpha particles with an average LET  equal 

to the LET  computed in Example 3-1.

Range = L £T

= 4 MeV (106 eV/MeV)
1,350 keV/cm (103 eV/keV)

= approximately 3 cm air

From Examples 3-1 and 3-2, it is apparent that alpha particles produce 
dense ionization but have limited range. Deuterons, protons and other 
heavy, charged particles also exhibit high specific ionization and a rela
tively short range. The density of soft tissue (1 gm/cc) is much greater
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Fig 3-1 .—The relative specific ionization of 7.7-MeV alpha particles from the 
decay of 214Po, plotted as a function of the distance traversed in air.

than the density of air (1.29 x 10-3 gm/cc). Hence, alpha particles of a 
few MeV or less from radioactive nuclei penetrate soft tissue to depths of 
only a few microns (1 p. = 10-4 cm). For example, alpha particles from a 
radioactive source near or on the body penetrate only the most superfi
cial layers of skin.

The specific ionization (SI) and LET  are not constant along the entire 
path of monoenergetic charged particles traversing a homogeneous me
dium. The SI of 7.7-MeV alphas from 214Po is plotted in Figure 3-1 as a 
function of the distance traversed in air. The increase in SI near the end 
of the path of the particles reflects the decreased velocity of the alphas. 
As the particles slow down, the SI increases because nearby atoms are 
influenced for a longer period. The region of increased SI is termed the 
Bragg peak. The rapid decrease in SI beyond the peak is due primarily 
to the capture of electrons by slowly moving alphas. Captured electrons 
reduce the charge of the alphas and decrease their ability to produce ion
ization.

A few attempts have been made to utilize beams of energetic, heavy 
particles in radiation therapy.2 ,3 If the Bragg peak of the particles is cen
tered within the tumor, then maximum energy is delivered to the tumor 
with reduced energy deposited in surrounding normal tissue. Increased 
effectiveness of high-LET radiation for the destruction of tumor cells, and 
reduced scattering of radiation outside the primary beam, are other po
tential advantages of heavy-particle beams for radiation therapy.3 One
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CENTIMETERS OF WATER

Fig 3-2. — Ratio of the specific ionization (or “ dose” ) at depth to that on the 
surface for a “ pure” beam of negative pions with an energy of 96 MeV at the sur
face. The shaded area depicts the contribution of nuclear fragments produced 
near the end of the path of the particles. (From Curtis, S., and Raju, M.: A calcu
lation of the physical characteristics of negative pion beams—energy-loss dis
tribution and Bragg curves, Radiat. Res. 34:239,1968.)

disadvantage of heavy-particle beams is the complex, expensive equip
ment required for their production.

Recently, considerable interest has focused on the use of negative n 
mesons (negative pions) for radiation therapy.3 ,4 These particles have a 
mass 273 times the mass of the electron and are produced by bombard
ing targets with particles (e.g., protons or deuterons) accelerated to very 
high energies. Superimposed upon the Bragg peak for the pions is the 
energy released as slowly moving pions interact with nuclei of the ab
sorbing medium, causing these nuclei to undergo spallation and produce 
“stars” (Fig 3-2). Currently, radiation therapy with negative pions is be
ing contemplated or implemented at a few high-energy accelerators 
around the world.3"5

INTERACTIONS OF ELECTRONS
Interactions of negative and positive electrons may be divided into 

three categories:
1. Interactions with electrons.
2. Elastic interactions with nuclei.
3. Inelastic interactions with nuclei.

Scattering by Electrons
Negative and positive electrons traversing an absorbing medium 

transfer energy to electrons of the medium. Impinging electrons lose
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energy and are deflected at some angle with respect to their original 
direction. An electron receiving energy may be raised to an electron 
shell farther from the nucleus or may be ejected from the atom. The ki
netic energy Ek of an ejected electron equals the energy E received mi
nus the binding energy EB of the electron:

Ek = E - E B (3-3)

If the binding energy is negligible compared to the energy received, 
then the interaction may be considered as an elastic collision between 
“free” particles. The interaction is inelastic if the binding energy must 
be considered.

Incident negatrons and positrons are scattered by electrons with a 
probability that increases with the atomic number of the absorber. The 
probability for scattering by electrons decreases rapidly with increasing 
kinetic energy of the incident particles. That is, low-energy negatrons 
and positrons interact frequently with electrons of an absorber; the fre
quency of interaction diminishes rapidly as the kinetic energy of the in
cident particles increases.6

Ion pairs are produced by negatrons and positrons during both elastic 
and inelastic interactions. The specific ionization (IP/cm) in air at STP 
(standard temperature = 0 C, standard pressure = 760 mm Hg) may be 
estimated with equation (3-4) for negatrons and positrons with kinetic 
energy between 0 and 10 MeV.

s / "  ( J ?  <3-4)

In equation (3-4), v represents the velocity of an incident negatron or 
positron and c represents the speed of light in vacuo (3 x 108 m/sec).

Example 3-3
Calculate the SI and LET of 0.1-MeV electrons in air (u/c = 0.548). The LET 

may be computed from the specific ionization with equation (3-1), using an 
average W-quantity for electrons of 33.7 eV/IP.7

SI = ^(vie)2
= 45 

(0.548)2
= 150 IP/cm

LET = (SI)(W)
= (150 IP/cm)(33.7 eV/IP)
= 5.06 keV/cm

After expending its kinetic energy, a positron combines with an elec
tron in the absorbing medium. The particles annihilate each other and



I n t e r a c t io n s  o f  E l e c t r o n s 45

their mass appears as electromagnetic radiation, usually two 0.51-MeV 
photons moving in opposite directions. This interaction is termed pair 
annihilation.

Elastic Scattering by Nuclei 
Electrons are deflected with reduced energy during elastic interac

tions with nuclei of an absorbing medium. The probability of elastic in
teractions with nuclei varies with Z2 of the absorber and approximately 
with (1 lEk2), where Ek represents the kinetic energy of the incident elec
trons. The probability for elastic scattering by nuclei is slightly less for 
positrons than for negatrons with the same kinetic energy. Backscatter- 
ing of negatrons and positrons in radioactive samples is due primarily to 
elastic scattering by nuclei.

Probabilities for elastic scattering of electrons by electrons and nuclei 
of an absorbing medium are about equal if the medium is hydrogen (Z = 
1). In absorbers with higher atomic number, elastic scattering by nuclei 
occurs more frequently than electron scattering, because the nuclear 
scattering cross section varies with Z2 and the cross section for scattering 
by electrons varies with Z.

Inelastic Scattering by Nuclei 
A negative or positive electron passing near a nucleus may be deflect

ed with reduced velocity. The interaction is inelastic if energy is re
leased as electromagnetic radiation during the encounter. The radiated 
energy is known as bremsstrahlung (braking radiation). A bremsstrah- 
lung photon may possess any energy up to the entire kinetic energy of 
the incident particle. For low-energy electrons, bremsstrahlung photons 
are radiated predominantly at right angles to the motion of the particles. 
The angle narrows as the kinetic energy of the electrons increases (Fig 3-

Fig 3-3. — Relative intensity of 
bremsstrahlung radiated at 
various angles, for electrons with 
kinetic energies of 100 keV and 
1 MeV.8 9
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WAVELENGTH (A)

Fig 3-4. —Bremsstrahlung spectrum for a molybdenum target bombarded by 
electrons accelerated through 20 kV.10

3). The probability of bremsstrahlung production varies with Z2 of the 
absorbing medium. A typical bremsstrahlung spectrum is illustrated in 
Figure 3-4. The shape of the spectrum is independent of the atomic 
number of the absorber.

The ratio of radiation energy loss (the result of inelastic interactions 
with nuclei) to the energy lost by excitation and ionization (the result of 
interactions with electrons) is approximately

Radiation energy loss _  EkZ (§-g)
Ionization energy loss 820

where Ek represents the kinetic energy of the incident electrons in MeV, 
and Z is the atomic number of the absorbing medium. For example,

TABLE 3-1.-C LASS IF IC A TIO N  OF 
NEUTRONS ACCORDING TO 

KIN ETIC  ENERGY

T Y PE EN ERG Y RANGE

Slow 0 - 0 .1  keV
Intermediate 0 .1 - 2 0  keV
Fast 20 keV - 10 MeV
High-energy > 1 0  MeV
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excitation-ionization and bremsstrahlung contribute about equally to 
the energy lost by 10-MeV electrons traversing lead (Z = 82). The ratio 
of energy lost by the production of bremsstrahlung to that lost by ioniza
tion and excitation of atoms is important to the design of x-ray tubes.

Visible light is radiated by charged particles moving through a me
dium at a velocity exceeding the velocity of light in the medium. The 
visible light is named Cerenkov radiation.11 Only a small fraction of 
the kinetic energy of high-energy electrons is lost by production of 
Cerenkov radiation.

INTERACTIONS OF NEUTRONS
Slow, intermediate and fast neutrons (Table 3-1) are present within 

the core of a nuclear reactor. Neutrons with various kinetic energies are 
emitted by 252Cf, a nuclide that fissions spontaneously. This nuclide has 
been encapsulated into needles and used for implant therapy.12,13 Neu
tron beams are available from neutron generators (Fig 3-5) and cyclo
trons, in which low-Znuclei (e.g., 3H or 9Be) are bombarded by positively 
charged particles (e.g., nuclei of *H, 2H or 4He) moving at high velocities. 
For example, 14.1-MeV neutrons may be produced in a neutron genera
tor by bombarding a tritium target with deuterons (2H+) accelerated 
through a potential difference of 150 kV. The energy distribution of neu
trons from neutron generators and cyclotrons depends on the target ma
terial and on the type and energy of the bombarding particle. A few spec
tra for fast neutrons are shown in Figure 3-6.

Neutrons are uncharged particles that interact primarily by “billiard-

Fig 3-5.—A conventional neutron generator, in which a 3H target is bombard
ed by fast-moving deuterons. (Courtesy of Texas Nuclear Corp., subsidiary of 
Nuclear-Chicago Corp.)
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ENERGY (MeV)

Fig 3-6. — Relative number of neutrons per unit energy interval, plotted as a 
function of the neutron energy in MeV. These spectra are only approximately 
correct, but illustrate the energy distribution of neutrons produced during se
lected nuclear reactions: (1) spectrum for neutrons released during nuclear fis
sion; (2) spectrum for neutrons released when 16.1-MeV deuterons bombard a 
beryllium target;14 (3) spectrum for neutrons resulting from bombardment of a 
tritium target by deuterons accelerated through 150 kV; (4) spectrum for neu
trons released when a beryllium target is bombarded by 20-MeV 3He ions; (5) 
neutron spectrum predicted for a beryllium target bombarded by helium ions or 
deuterons accelerated to very high energy. Spectra (4) and (5) are highly specu
lative. (Courtesy of J. Brennan, A. Raventos and M. Mendelsohn, University of 
Pennsylvania.)

ball” or “knock-on” collisions with absorber nuclei. A collision between 
neutron and nucleus is elastic if the total kinetic energy of the neutron 
and the nucleus is unchanged by the collision. A collision is inelastic if 
part of the kinetic energy is used to excite the nucleus. During an elastic 
knock-on collision, the energy transferred from neutron to nucleus is 
maximum if the mass of the nucleus equals the neutron mass. If the ab
sorbing medium is tissue, then the energy transferred per collision is 
greatest for collisions of neutrons with nuclei of hydrogen, because the
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mass of a hydrogen nucleus (i.e., a proton) is close to the mass of a neu
tron. Most nuclei in tissue are hydrogen, and the cross section for elastic 
collision is greater for hydrogen than for other constituents of tissue. For 
these reasons, elastic collisions with hydrogen nuclei account for most 
of the energy deposited in tissue by neutrons with kinetic energies less 
than 20 MeV.

For neutrons with kinetic energy greater than 10 MeV, inelastic scat
tering also contributes to the energy lost in tissue. For example, inelastic 
interactions account for 30% of the energy deposited in tissue by 14.1- 
MeV neutrons.15 Most inelastic interactions occur with nuclei other than 
hydrogen. Energetic charged particles (e.g., protons or alpha particles) 
often are ejected from nuclei excited by inelastic interactions with neu
trons.

Certain materials (e.g., lithium, boron, cadmium and uranium) exhibit 
high cross sections for the capture of slow neutrons. Energetic, positive
ly charged particles may be ejected by certain nuclei (e.g., 6Li and 10B) 
that capture neutrons. Other nuclei (e.g., 235U and 239Pu) fission sponta
neously after absorbing a neutron. Some tumors concentrate compounds 
that contain atoms with high cross section for the capture of slow neu
trons. Densely ionizing radiation is released if a tumor that has absorbed 
one of these compounds is exposed to slow neutrons. This radiation may 
deposit large amounts of energy within the tumor. For example, brain 
tumors have been irradiated with slow neutrons after the tumors have in
corporated borax enriched with 10B .3 ,18 The reaction within a tumor is

19B(n, a)JLi

Both the alpha particles and the 7Li nuclei are densely ionizing, short- 
range particles which deposit large amounts of energy within the tumor.

PROBLEMS
*1. Electrons with kinetic energy of 1.0 MeV have a specific ionization in air of 

about 60 IP/cm. What is the LET  of these electrons in air?
*2. Alpha particles with 2.0 MeV have an LET  in air of 0.175 keV/ î. What is the 

specific ionization of these particles in air?
°3. What is the ratio of bremsstrahlung to ionization and excitation energy loss 

for 200-keV electrons traversing a tungsten absorber (Z = 74)?
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4 / Production of X Rays

X RAYS W E R E  DISCOVERED by Rontgen1 in 1895 during his investigations 
of “cathode rays” in gaseous discharge tubes. A number of studies of this 
historic discovery have been published.2"5 Reproduced in Figure 4-1 is a 
radiograph Rontgen took of his wife’s hand on December 22,1895.

CONVENTIONAL X-RAY TUBES
Requirements for the efficient production of x rays include: (1) a 

source of electrons, (2 ) a large potential difference through which the 
electrons are accelerated, (3) an evacuated path for the accelerated elec
trons, (4) a target that absorbs the accelerated electrons and (5) an enve
lope to contain the vacuum. To attenuate undesired radiation, a ray-proof 
housing should be provided for the glass envelope. Elementary features 
of a conventional x-ray tube are illustrated in Figure 4-2, and modern x- 
ray tubes are shown in Figures 4-3 and 4-4.

Electron Source
Early x-ray tubes were not evacuated completely. Residual atoms of 

gas were ionized by an electric current, furnishing positive ions that 
were attracted to a negative electrode, termed the cathode. As the posi
tive ions struck the cathode, electrons were released and accelerated 
toward a positively charged target called the anode. X rays were pro
duced as the electrons were absorbed in the target. Gaseous x-ray tubes 
were unreliable and furnished only a small number of x rays. In 1913, 
Coolidge6 improved the x-ray tube by using a wire filament heated with 
an electric current. Electrons were liberated or “boiled” from the sur
face of the heated filament. The release of electrons from a heated sur
face is termed thermionic emission  or the Edison effect. Electrons liber
ated from the filament of the Coolidge tube were repelled by the nega
tive charge of the filament and accelerated toward a positively charged 
target. X rays were produced as the electrons struck the target. The Cool
idge tube was the prototype for x-ray tubes used today.

A metal with a high melting point is required for the filament of an x- 
ray tube. Tungsten filaments (melting point of tungsten = 3,370 C) are 
used in most modern tubes. A current of a few amperes raises the tem
perature of the filament, liberating electrons at a rate that increases with 
the filament current. The filament is mounted within a negatively

51
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Fig 4-1.—A radiograph of the hand, taken by Rontgen with his wife as the sub
ject. (Courtesy of Deutsches Rontgen-Museum, Remscheid-Lennep, West Ger
many.)

charged focusing cup. Collectively, these elements are termed the cath
ode assembly.

The focal spot is the volume of target within which electrons are ab
sorbed and x rays are generated. For radiographs of the highest quality, 
electrons should be absorbed within a very small focal spot. To achieve a 
small focal spot, a small or “fine” filament is required. Radiographic 
quality sometimes is reduced by voluntary or involuntary motion of the



C o n v e n t io n a l  X -R a y  T u b e s 53

GLASS
ENVELOPE ELECTRON

Fig 4-2.—A simplified x-ray tube with a stationary anode and a heated fila
ment. (From Bloom, W., Hollenbach, J., and Morgan, J.: Medical Radiographic 
Technic [3d ed.; Springfield, III.: Charles CThomas, Publisher, 1965].)

patient. The loss of image quality caused by motion of the patient may be 
reduced by using x-ray exposures of high intensity and short duration. 
However, the rate of emission of electrons from the filament required for 
these high-intensity exposures may exceed the capability of a small fila
ment. Consequently, many x-ray tubes have two filaments. These tubes 
are termed dual-focus tubes. The smaller, fine filament is used when 
radiographs with high detail are desired and short, high-intensity expo
sures are not necessary. If  high-intensity exposures of short duration are 
needed to limit the blurring effect of motion, the larger, coarse filament 
is used. The cathode assembly of a dual-focus x-ray tube is illustrated in 
Figure 4-5.

Tube Voltage
The potential difference between the filament and target of an x-ray 

tube influences the intensity and spectral distribution of x rays emerging

Fig 4-3.- A  dual-focus x-ray tube with a stationary anode. (Courtesy of Mach- 
lett Laboratories, Inc.)
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Fig 4-4. —A dual-focus x-ray tube with a rotating anode. (Courtesy of Machlett 
Laboratories, Inc.)

from the tube. At low tube voltages, electrons are released from the fila
ment more rapidly than they are accelerated toward the target. A cloud of 
electrons, termed the space charge, accumulates around the filament 
and opposes the release of additional electrons from the filament. At low 
tube voltages, the electron flow across the x-ray tube is said to be space- 
charge limited. Curves in Figure 4-6 illustrate the influence of tube volt
age and filament current upon the flow of electrons from filament to tar-

Fig 4-5. — Cathode assembly of a dual-focus tube. The small filament provides 
a smaller focal spot and a radiograph with greater detail, provided the patient 
does not move. The larger filament is used for high-intensity exposures of short 
duration. (Courtesy of Machlett Laboratories, Inc.)
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Fig 4-6. — Influence of tube voltage and filament current upon electron flow in 
a Machlett Dynamax x-ray tube with a rotating anode, 1 mm apparent focal spot 
and full-wave rectified voltage.

get. At low filament currents, a saturation voltage may be achieved, 
above which the current through the x-ray tube does not change. With a 
voltage at or above saturation, the tube current may be varied signifi
cantly only by changing the current through the filament. Hence, the tube 
current is said to be temperature lim ited  or Jilam ent-em ission limited. 
To obtain high tube currents and x rays with energy useful for diagnostic
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Fig 4 -7 .-  X-ray spectra generated at 
different tube voltages, with a constant 
current through the x-ray tube. The x-ray 
tube contained a tungsten target.7
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radiology, high filament currents and voltages between 40 and 140 kV 
must be used. With these filament currents and at lower tube voltages, 
the current through the x-ray tube is space-charge limited. Under these 
conditions, the influence of tube voltage upon tube current may be re
duced with a space-charge com pensating circuit. This circuit is dis
cussed in Chapter 5.

Illustrated in Figure 4-7 is the influence of tube voltage upon the in
tensity and spectral distribution of bremsstrahlung x rays emerging from 
an x-ray tube containing a tungsten target. The efficiency of bremsstrah
lung production increases with the energy of electrons striking the tar-

WAVELENGTH (ANGSTROMS)

Fig 4-8.- X  -ray spectrum illustrating the contribution of characteristic x rays 
produced as electrons fill holes in the K shell of tungsten.
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get. Consequently, the number of bremsstrahlung photons emerging 
from an x-ray tube increases rapidly as the voltage is increased across the 
x-ray tube. At tube voltages of 70 kilovolts peak (kVp) and higher, a char
acteristic peak on the x-ray spectrum reflects the emission of characteris
tic x rays produced as electrons fill vacancies in the K shell of tungsten 
atoms (Fig 4-8).

During the interaction of an electron with a target nucleus, a brems
strahlung photon may emerge with energy equal to the total kinetic ener
gy of the electron. The maximum energy of the photons depicted in Fig
ure 4-8 reflects the peak voltage applied across the x-ray tube, described 
in units of kilovolts peak. Photons of maximum energy in an x-ray beam 
also possess the shortest or minimum wavelength. The minimum wave
length Xmin for an x-ray beam may be computed if the peak voltage across 
the x-ray tube is known, because the peak voltage is equal numerically to 
the maximum energy hvmax of photons in the x-ray beam:

hv max

1 hVmax (keV)

The minimum wavelength Xmin is expressed in units of angstroms.

. _  12.4
A-min — j

- m  < 4 - i )

In equation (4-1) the maximum voltage is expressed in units of kilovolts 
and the minimum wavelength in units of angstroms.

Example 4-1
Calculate the maximum energy and minimum wavelength for an x-ray beam 

generated at 100 kVp.
Maximum energy (keV) = Maximum tube voltage (kVp)

Since the maximum tube voltage is 100 kVp, the maximum energy of the 
photons is 100 keV:

12.4
-  10Q kVp 
= 0.124 A

Tube Vacuum
To prevent collisions between molecules of air and electrons acceler

ated between the filament and target, x-ray tubes are evacuated to pres
sures less than 10-5 mm Hg. Removal of air also reduces the deteriora
tion of the hot filament by oxidation. The method of evacuation includes

he
Xmin
(6.62 x 10~34 J-sec)(3 x 108 m/sec)(1010 A/m) 

Xmin (1.6 x 10-16 J/keV)
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“outgassing” procedures to remove the gas occluded in components of 
the x-ray tube. Nevertheless, tubes occasionally become “gassy,” either 
after prolonged use or because the vacuum seal is not perfect. Filaments 
are destroyed rapidly in gassy tubes.

Envelope and Housing 
A vacuum-tight glass envelope surrounds other components required 

for the efficient production.of x rays. The x-ray tube is mounted inside a 
metal case or housing which is grounded electrically and usually con
tains oil. The oil insulates the housing from the high voltage applied to 
the tube, and also absorbs heat radiated from the anode. Shockproof 
cables that deliver high voltage to the x-ray tube enter the housing 
through insulated openings. A bellows in the housing permits heated oil 
to expand when the tube is used. Often, the bellows is connected to a 
switch that interrupts the operation of the x-ray tube if the oil reaches a 
temperature incompatible with the heat-storage capacity of the tube 
housing. A lead sheath inside the metal housing attenuates radiation 
emerging from the x-ray tube in undesired directions. A cross section of 
an x-ray tube and its housing is shown in Figure 4-9.

Target and Anode 
The efficiency of x-ray production is the ratio of energy emerging as x 

radiation from the x-ray tube target divided by the energy deposited by

Fig 4-9.—Cutaway of a rotating-anode x-ray tube positioned in its housing. 
(Courtesy of Machlett Laboratories, Inc.)



electrons impinging on the target. The rate P [in watts (W)] at which elec
trons deposit energy in a target is given by:

P = VI

where V = tube voltage in volts, and / = tube current in amperes. The 
rate P' at which energy is released as x radiation is :8

P' = 0.9 x lO"9 ZVH (4-2)

where Z = atomic number of target. Hence, the efficiency of x-ray pro
duction is

^  . P' 0.9 x 10-9 ZVHEfficiency = — = ----------—--------

= 0.9 x 10"9 ZV (4-3)

From equation (4-3), it is apparent that the efficiency of x-ray production 
increases with the atomic number of the target and the voltage across the 
x-ray tube. However, x-ray production is very inefficient, even in targets 
with high atomic number. For example, the efficiency of x-ray produc
tion is only about 0 .6 % for a tungsten target receiving electrons acceler
ated through 100  kV.
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Example 4-2
In 1 second, 6.25 x 1017 electrons (100 mA) are accelerated through a constant 

potential difference of 100 kV. At what rate is energy deposited in the target?

P = (105V)(0.1 A)
= 104 W

For x-ray tubes operated at conventional voltages, less than 1% of the 
energy deposited in the target appears as x radiation. Almost all of the 
energy delivered by impinging electrons is degraded to heat within the 
target. Four requirements which a target must satisfy are: (1) high atomic 
number, (2) high melting point, (3) high conductivity of heat and (4) rea
sonable cost. Tungsten satisfies these four requirements reasonably well, 
and is the target of most x-ray tubes used in diagnostic radiology.

The high rate of energy deposition in the small target of an x-ray tube 
heats the target to a very high temperature. Hence, a target with a high 
melting point is required. Furthermore, the target must have high ther
mal conductivity to transfer heat rapidly from the target to its surround
ings. Stationary targets usually consist of a block of tungsten about 0.1 in. 
thick embedded in a large copper anode. The anode absorbs most of the 
heat produced in the target. Heat is removed from the stationary anode 
in various ways. In some stationary anode tubes, cooling oil is circulated 
through a hollow copper anode. In others, cool water is circulated
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Fig 4-10. —Therapy x-ray tube with a hooded anode.

through coils surrounding an extension of the copper anode. Sometimes, 
air is blown across cooling fins on one end of the anode.

Rotating anodes are used in almost all diagnostic x-ray tubes. A rotat
ing anode increases the volume of tungsten absorbing energy from im
pinging electrons, thereby reducing the temperature attained by any por
tion of the anode. Rotating anodes are composed of either pure tungsten 
or a mixture of tungsten and rhenium, and may be laminated with a back
ing of metal such as molybdenum. The anode is attached to the rotor of a 
small induction motor by a stem which usually is composed of molyb
denum. Anodes rotate at speeds up to 10,000 rpm. The induction motor 
is energized for about 1 second before high voltage is applied to the x-ray 
tube. The delay ensures that electrons do not strike the target before the 
anode reaches its maximum speed of rotation. Energy deposited in the 
rotating anode is radiated to the oil bath surrounding the glass envelope 
of the x-ray tube.

Secondary electrons may be ejected from a target bombarded by high
speed electrons. X rays may be produced as these electrons are absorbed 
by the glass envelope or by metallic components of the x-ray tube. X rays 
produced away from the target are referred to as off-focus x rays. Also, 
electrons accumulated by the glass envelope may perturb the motion of 
electrons traveling from filament to target, increasing the size of the focal 
spot. Hence, secondary electrons should be removed before they reach 
the glass envelope or other components of the x-ray tube. Some station
ary anode x-ray tubes possess a hooded anode similar to that illustrated 
in Figure 4-10. Secondary electrons ejected from the target are absorbed 
in the copper sleeve. Off-focus x rays produced in the copper are ab
sorbed by the tungsten shield surrounding the copper sleeve.

The quality of a radiologic image is reduced by off-focus x rays emerg-
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Fig 4-11. —Illustration of the line-focus principle which reduces the apparent 
size of the focal spot.

ing from a diagnostic x-ray tube. The production of off-focus x radiation is 
greater in x-ray tubes with large surfaces of high-Z elements such as 
tungsten. Hence, the production of off-focus radiation is greater in an x- 
ray tube with a rotating anode than in a tube equipped with a stationary 
anode. For example, off-focus radiation contributes as much as 25% of 
the total amount of radiation emerging from some x-ray tubes with rotat
ing anodes.9 Off-focus x radiation may be reduced by collimating the x- 
ray beam as close as possible to the target.

For radiologic images of highest quality, the volume of the target from 
which x rays emerge should be as small as possible. To reduce the “ap
parent size” of the focal spot, the target of an x-ray tube is mounted at a 
very steep angle with respect to the motion of the incident electrons (Fig 
4-11). With the target at this angle, x rays appear to originate within a 
focal spot much smaller than the volume of the target absorbing energy 
from the impinging electrons. This reduction in the apparent size of the 
focal spot is termed the line-focus principle. Most diagnostic x-ray tubes
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Fig 4-12. —Pinhole method for determining the size ab of the apparent focal 
spot.

use a target angle between 6  and 17 degrees. In Figure 4-11, side a of the 
projected or apparent focal spot may be calculated by

a = A sin 6 (4-4)

where A is the corresponding dimension of the true focal spot and Q is 
the target angle.

Example 4-3
Using Figure 4-11 and equation (4-4), calculate a if A = 7 mm and 0 = 17 de

grees.

a = A sin 6 
= (7 mm)(sin 17 degrees)
= (7 mm)(0.29)
= 2 mm

Side b  of the apparent focal spot equals side B of the true focal spot 
because side B is perpendicular to the electron beam. However, side B 
is less than side A of the true focal spot, because the width of a filament 
always is less than its length. The apparent focal spot usually is square.
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The line-focus principle is used in x-ray tubes with stationary and rotat
ing anodes. Dual-focus diagnostic x-ray tubes furnish two apparent focal 
spots, one for fine-focus (e.g., 0 .6  mm) and another for coarse-focus (e.g.,
1.5 mm) radiography. Which apparent focal spot is used is determined by 
the tube current desired. The small filament is used when a low (e.g., 
100 mA) tube current is satisfactory. The coarse filament is used when a 
larger tube current (e.g., 2 0 0  mA or greater) is required to reduce expo
sure time. Apparent focal spots of very small dimensions (e.g., 0.1 mm) 
are available with certain x-ray tubes.

The apparent size of the focal spot of an x-ray tube may be measured 
with a pinhole x-ray camera.10* 11 A hole with a diameter of a few hun
dredths of a millimeter is drilled in a plate opaque to x rays. The plate is 
positioned between the x-ray tube and an x-ray film. The size of the im
age of the hole is measured on the exposed film. From the dimensions of 
the image and the position of the pinhole, the size of the apparent focal 
spot may be computed. For example, the dimension a of the apparent 
focal spot in Figure 4-12 may be computed from the corresponding di
mension a' in the image by

Fig 4-13.-C o n ta c t radiograph (left) and x-ray image (right) of a star test pat
tern. From the diameter of the blur zone in the x-ray image, the effective size of 
the focal spot may be computed. (From Hendee, W., Chaney, E., and Rossi, R.: 
Radiologic Physics, Equipment and Quality Control [Chicago: Year Book Medi
cal Publishers, Inc., 1977].)
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Fig 4-14. —Pinhole image of a 
“ double banana’’ x-ray focal spot.
(From Hendee, W., Chaney, E., 
and Rossi, R.: Radiologic Physics,
Equipment and Quality Control 
[Chicago: Year Book Medical 
Publishers, Inc., 1977].)

where d x is the distance from target to pinhole and d2 is the distance from 
pinhole to film.

Focal spot size also can be measured with a resolution test object such 
as the star pattern shown in Figure 4-13. The x-ray image of the pattern 
on the right of Figure 4-13 reveals a blur zone where the spokes of the 
test pattern are indistinct. From the diameter of the blur zone, the effec
tive size of the focal spot can be computed in any dimension. This effec
tive focal spot size may differ from pinhole camera measurements of the 
focal spot along the same dimension, because the diameter of the blur 
zone is influenced not only by the actual focal spot dimensions, but also 
by the distribution of x-ray intensity across the focal spot.12 In most diag
nostic x-ray tubes, this distribution is not uniform. Instead, the intensity 
tends to be concentrated at the edges of the focal spot in a direction per
pendicular to the electron beam. The concentration of x-ray intensity at 
the edges of the focal spot is shown in the pinhole image in Figure 4-14. 
A focal spot with this configuration is called a double banana  focal spot.

For most x-ray tubes, the size of the focal spot is not constant. Instead, 
it varies with both the tube current and the voltage applied to the x-ray 
tube.13 This influence is shown in Figure 4-15 for the dimension of the 
focal spot parallel to the motion of impinging electrons. On the left of 
Figure 4-15, the growth or “blooming” of the focal spot with tube current 
is illustrated. The gradual reduction of the same focal spot dimension
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Fig 4-15. —Influence of tube current (left) and tube voltage (right) on the fo- 
cal-spotsize in a direction parallel to the motion of impinging electrons. (From 
Chaney, E., and Hendee, W.: Effects of x-ray tube current and voltage on effec
tive focal-spot size, Med. Phys. 1:141, 1974.)

with increasing levels of peak kiloVoltage is shown on the right of Fig
ure 4-15.

Low-energy x rays generated in a tungsten target are attenuated se
verely during their escape from the target. For targets mounted at a small 
angle, the attenuation is greater for x rays emerging along the anode side

Fig 4-16.—The heel effect is produced by increased attenuation of x rays in 
the sloping target near the anode side of the x-ray beam.
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of the x-ray beam than for those emerging along the side of the beam 
nearest the cathode (Fig 4-16). Consequently, the x-ray intensity de
creases from the cathode to the anode side of the beam. This variation in 
intensity across an x-ray beam is termed the heel effect. The heel effect is 
noticeable particularly for x-ray beams used in diagnostic radiology, 
because the x-ray energy is relatively low and the target angles are steep. 
To compensate for the heel effect, a filter may be installed in the tube 
housing near the exit portal for the x-ray beam. The thickness of the filter 
increases from the anode to the cathode side of the x-ray beam. Position
ing thicker portions of a patient near the cathode side of the x-ray beam 
also helps to compensate for the heel effect.

The heel effect increases with the steepness of the target angle and 
limits the maximum useful field size obtainable with any particular tar
get angle. For example, a target angle no steeper than 12 degrees is rec
ommended for x-ray examinations using 14 by 17 in. film at a 40-in. dis
tance from the x-ray tube, whereas targets as steep as 7 degrees may be 
used if field sizes no larger than 10 by 10 in. are required at a 40-in. dis
tance.

Targets with an angle of about 30 degrees are used in most therapy x- 
ray tubes. These targets furnish an apparent focal spot with dimensions 
between 5 and 7 mm. The larger focal spots reduce the nonuniformity in 
intensity across the x-ray beam, providing an x-ray beam that is reason
ably uniform over a wide area. In therapy tubes operated at conventional 
voltages (140-400 kVp), x-rays are generated predominantly in a slightly 
forward direction with respect to the motion of impinging electrons. X 
rays generated in the forward direction pass through a thickness of target 
greater than that traversed by x rays released at angles nearer 90 degrees. 
Hence, the increased intensity of x rays in the forward direction is com
pensated by the increased attenuation of these photons, and a relatively 
uniform x-ray beam is obtained when the target angle is about 30 de
grees. The target in an x-ray tube designed for operation at conventional 
voltages (<400 kVp) is termed a reflectance target, because the x-ray 
beam emerges at a right angle to the motion of electrons in the x-ray 
tube. With tube voltages of 1 million volts or more, x rays are produced 
predominantly in the direction of motion of the electrons impinging 
upon the target. Transmission targets are used in x-ray tubes designed 
for operation at these voltages. Usually, these targets consist of a thin 
layer of gold plated upon a water-cooled copper anode. X rays emerge 
from the target parallel to the path of electrons in the x-ray tube.

SPECIAL PURPOSE X-RAY TUBES
Many x-ray tubes have been designed for special applications. A few 

of these special purpose tubes are discussed in this chapter.
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Grid-Controlled X-Ray Tubes 
In a grid-controlled x-ray tube, the focusing cup within the cathode 

assembly is maintained a few hundred volts negative with respect to the 
filament over most of the voltage cycle applied to the x-ray tube. During 
this period, the negative potential of the focusing cup prevents the flow 
of electrons from the filament to the target across the tube. Only when 
the negative potential is removed can electrons flow across the x-ray 
tube. That is, applying and removing the potential difference between 
the focusing cup and the filament provides an off-on switch for the pro
duction of x rays. Grid-controlled x-ray tubes are used for very short ex
posures such as those required during angiographic radiography and 
cinefluorography.

X-Ray Tubes for Contact Therapy 
X-ray tubes with thin, hollow anodes have been designed for the treat

ment of conditions of the skin. Contact therapy (Chaoul) x-ray tubes are 
operated at a voltage between 30 and 50 kVp. With the anode of a contact 
therapy x-ray tube positioned 1 -5  cm above the skin surface, a large 
quantity of low-energy x rays may be delivered to the skin in a short 
time. The x-ray intensity decreases rapidly over the first few millimeters 
below the skin surface, primarily because of the rapid decrease in inten
sity with increasing distance from a radiation source only 1 -5  cm away. 
The high attenuation of low-energy x rays in tissue also contributes to 
the rapid falloff in x-ray intensity below the surface.

Grenz-Ray X-Ray Tubes 
Dermatologic conditions sometimes are treated with x rays generated 

at a voltage between 5 and 15 kVp. X rays produced at these voltages are 
termed grenz rays (grenz = border or boundary). To reduce the attenua
tion of x rays emerging from grenz-ray and contact therapy x-ray tubes, 
thin windows of beryllium are mounted in the glass envelope at the exit 
portal for the x-ray beam. Very high intensities of low-energy (“soft”) x 
rays are emitted by grenz-ray tubes.

Stereographic X-Ray Tubes 
Stereographic x-ray tubes (Fig 4-17) are similar to conventional rotat- 

ing-anode x-ray tubes, except that the rotating anode is bombarded by 
two beams of electrons furnished by independent cathode assemblies. 
Stereographic x-ray tubes are used for stereoradiographic and stereofluo- 
roscopic x-ray examinations.

Field-Emission X-Ray Tubes 
In a field-emission x-ray tube, the cathode is a metal needle with a tip 

about 1 /x in diameter. Electrons are extracted from the cathode by an 
intense electric field rather than by thermionic emission. At diagnostic
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Fig 4-17. —Stereographic x-ray tube with two cathode assemblies and a rotat
ing anode. (Courtesy of Machlett Laboratories, Inc.)

tube voltages, the rate of electron extraction is too low to provide tube 
currents adequate for most examinations, and field-emission x-ray tubes 
have been limited to pediatric radiography where lower tube currents 
can be tolerated. Field-emission tubes also have been used for high- 
voltage chest radiography because the higher tube voltage (300 kVp) 
enhances the extraction of electrons from the cathode.

Molybdenum Target X-Ray Tubes 
For low-voltage studies of soft-tissue structures (e.g., mammography), 

x-ray tubes with molybdenum targets sometimes are preferred over 
tubes with tungsten targets. In the voltage range of 2 5 -4 5  kVp, K-char- 
acteristic x rays can be produced in molybdenum but not in tungsten. 
These characteristic molybdenum x rays yield a concentration of x rays 
on the low-energy side of the x-ray spectrum (Fig 4-18), which enhances 
the visualization of soft-tissue structures.

RATINGS FOR X-RAY TUBES
Maximum Tube Voltage 

The maximum voltage to be applied between cathode and anode is 
specified for every x-ray tube. This “voltage rating” depends upon the 
characteristics of the applied voltage (e.g., single phase or three phase) 
and upon the properties of the x-ray tube (e.g., distance between cathode 
and anode, shape of cathode and anode, and shape of the glass envelope). 
For example, the voltage rating for a Dunlee Duratron 300-13 rotating- 
anode x-ray tube is:
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Fig 4-18. —X-ray spectrum from 
molybdenum (solid line) and 
tungsten (dashed line) target 
x-ray tubes. (From Hendee, W., 
Chaney, E., and Rossi, R.: 
Radiologic Physics, Equipment 
and Quality Control [Chicago: 
Year Book Medical Publishers, 
Inc., 1977].)

Maximum voltage: 150 kVp, fully rectified, with transformer center-ground
ed, voltage balanced to ground.

Occasional transient surges in voltage may be tolerated by an x-ray tube, 
provided the voltage surges exceed the voltage rating by only a few per
cent.

Maximum Filament Current and Voltage 
Limitations are placed on the current and voltage delivered to coarse 

and fine filaments of an x-ray tube. For example, current and voltage rat
ings for the coarse (apparent focal spot of 2  mm) and fine (apparent focal 
spot of 1 mm) filaments of the Dunlee Duratron 300-13 tube are:

Small focal spot (1 mm): 3 .0 -8 .5  V, 3 .0 -5 .5  A. Large focal spot (2 mm): 4 .0 -
14.0 V, 3 .0 -5 .5  A. Operation of the filament at maximum current results in a 
reduction in filament life and should be done only intermittently.

The current rating for the filament should be reduced for continuous 
operation of the x-ray tube, because the temperature of the filament ris
es steadily as current flows through the filament.

Maximum Energy 
Maximum-energy ratings are provided for the target, anode and hous

ing of an x-ray tube.14 These ratings are expressed in heat units, where 
for single-phase electric power

Number of heat units (hu) = (Tube voltage)(Tube current)(Time)
= (kVp)(mA)(sec)

If the tube voltage and current are constant, then 1 hu = 1 J of energy. 
For three-phase power, the number of heat units is computed as

Number of heat units (hu) = (Tube voltage)(Tube current)(Time)(1.35)
= (kVp)(mA)(sec)(1.35)
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Fig 4-19. —Rating chart for a Machlett Dynamax “ 25” x-ray tube with a 1 mm 
focal spot and single-phase, fully rectified voltage. (Courtesy of Machlett Lab
oratories, Inc.)

Energy ratings for the anode and the tube housing are expressed in 
terms of heat-storage capacities, which indicate the number of heat units 
that may be absorbed without damage to these components. For exam
ple, maximum-energy ratings for the anode of a Dunlee Duratron 300-13 
rotating-anode tube are:

Anode heat-storage capacity: 300,000 hu.

The heat-storage capacity of the x-ray tube housing also is important 
because heat is transferred from the anode to the tube housing. As an 
example, the housing heat-storage capacity is 1,500,000 hu for the hous
ing usually used with a Machlett Dynamax “69” x-ray tube.

To determine whether the target of an x-ray tube might be damaged by 
a particular combination of tube voltage, tube current and exposure time, 
rating charts furnished with the x-ray tube should be consulted. For 
example, the rating chart reproduced in Figure 4-19 should be consulted 
before energizing the small filament of a Machlett Dynamax “25” x-ray 
tube supplied with single-phase, fully rectified voltage. To use this 
chart, a horizontal line is drawn between the desired tube current on 
the ordinate and the curve for the desired tube voltage. From the in
tersection of the horizontal line and the voltage curve, a vertical line 
crosses the abscissa at the maximum exposure time recommended for 
the x-ray tube. The area under each voltage curve encompasses combi
nations of tube current and exposure time that do not exceed the target- 
loading capacity when the x-ray tube is operated at that voltage. The area
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Fig 4-20. —Rotating targets 
damaged by excessive loading or 
improper rotation of the target. A, 
target cracked by lack of rotation. B, 
target damaged by slow rotation and 
excessive loading. C, target damaged 
by slow rotation. (From Bavor, G.: 
Motor controls and starting 
requirements for rotating anode x-ray 
tubes, Cathode Press 19:3, 1962.)

above each curve reflects combinations of tube current and exposure 
time that overload the x-ray tube and might damage the target. Often, 
switches are incorporated into an x-ray circuit to prevent the operator 
from exceeding the energy rating for the x-ray tube. Shown in Figure 4- 
20 are a few targets damaged by excess loading or improper rotation of 
the target.

An anode thermal-characteristics chart describes the rate at which 
energy may be delivered to an anode without exceeding its capacity for 
storing heat (Fig 4-21). Included in the chart is consideration of the rate
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Fig 4-21.-Anode thermal-characteristics chart for a Machlett Dynamax “ 25” 
rotating anode x-ray tube. The anode heat-storage capacity is 72,000 heat units. 
(Courtesy of Machlett Laboratories, Inc.)
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Fig 4-22. —Housing-cooling chart for a Machlett Dynamax "25” x-ray tube. 
[Courtesy of Machlett Laboratories, Inc.)
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Fig 4-23.—Angiographic rating chart for a Machlett Super Dynamax x-ray 
tube, 1.0 mm focal spot, full-wave rectification, single phase.

at which heat is radiated from the anode to the insulating oil and hous
ing. For example, the delivery of 425 hu/sec to the anode of a Machlett 
Dynamax “25” x-ray tube exceeds the anode heat-storage capacity after
5.5 min. The delivery of 340 hu/sec could be continued indefinitely. The 
cooling curve in Figure 4-21 shows the rate at which the anode cools af
ter storing a certain amount of heat.

The housing-cooling chart in Figure 4-22 depicts the rate at which the 
tube housing cools after storing a certain amount of heat. Data describe 
the rate of cooling with and without forced circulation of air. Charts simi
lar to those in Figures 4-21 and 4-22 are used to insure that multiple ex
posures in rapid succession do not damage an x-ray tube or its housing.

When a number of exposures are made over a short interval of time, a 
target-heating problem is created which is not covered adequately in any 
of the charts described above. This target-heating problem is caused by 
heat deposition in the focal track of the rotating anode at a more rapid 
rate than heat dissipation. To prevent this buildup of heat from damag
ing the target, an additional tube-rating chart should be consulted. This 
chart, termed an angiographic-rating chart because the problem of rapid 
successive exposures occurs frequently in angiographic radiography, is 
illustrated in Figure 4-23 for a Machlett Super Dynamax x-ray tube. Use 
of this chart is depicted in Example 4-8.

For x-ray tubes supplied with single-phase (1 </>), fully rectified voltage, 
the peak current through the x-ray tube is about 1.4 times the average 
current. The average current nearly equals the peak current in x-ray 
generators supplied with three-phase (3<£) voltage. For this reason, the
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number of heat units for an exposure from a 3</> generator is computed as 
1.35 x (kVp)(mA)(time). For long exposures or a series of exposures with 
an x-ray tube supplied with 3</> voltage, more energy is delivered to the 
target, and the number of exposures in a given interval of time must be 
reduced.15 Separate rating charts usually are provided for 1$ or 3(f> opera
tion of an x-ray tube.

Example 4-4
From the tube-rating chart in Figure 4-19, is a radiographic technique of 150 

mA, 1 second at 100 kVp permissible?
The maximum exposure time is slightly longer than 0.25 second for 150 mA at 

100 kVp. Therefore, the proposed technique is unacceptable.
Is 100 mA at 100 kVp for 1.5 seconds permissible?
The maximum exposure time is 3 seconds for 100 mA at 100 kVp. Therefore, 

the proposed technique is acceptable.

Example 4-5
Five minutes of fluoroscopy at 4 mA and 100 kVp are to be combined with 

eight 0.5-second spot films at 100 kVp and 100 mA. Is the technique permissible 
according to Figures 4-19 and 4-21?

The technique is acceptable according to the tube-rating chart in Figure 4-19. 
The rate of delivery of energy to the anode during fluoroscopy is (100 kVp)(4 mA) 
= 400 hu/sec. From Figure 4-21, after 5 minutes approximately 60,000 hu have 
been accumulated by the anode. The eight spot films contribute an additional
40.000 hu [(100 kVp)(100 mA)(0.5 sec) 8 = 40,000 hu]. After all exposures have 
been made, the total amount of heat stored in the anode is 40,000 + 60,000 =
100.000 hu. This amount of heat exceeds the anode heat-storage capacity of
72.000 hu. Consequently, the proposed technique is unacceptable.

Example 4-6
Three minutes of fluoroscopy at 3 mA and 85 kVp are combined with four 0.25- 

second spot films at 85 kVp and 150 mA. From Figure 4-20, what time must 
elapse before the procedure may be repeated?

The rate of delivery of energy to the anode is (85 kVp)(3 mA) = 255 hu/sec, 
resulting in a heat load of 31,000 hu after 3 minutes. To this head load is added 
(85 kVp)(150 mA)(0.25 sec)(4) = 12,750 hu for the four spot films, yielding a total 
heat load of 43,750 hu. From the position on the vertical axis corresponding to 
this heat load, a horizontal line is extended to intersect the anode-cooling curve 
at 1.4 minutes. From this intersection, the anode must cool until its residual heat 
load is (72,000 — 43,750) = 28,250 hu, so that when the 43,750 hu from the next 
procedure is added to the residual heat load, the total heat load does not exceed 
the 72,000 hu anode heat-storage capacity. The time corresponding to a residual 
heat load of 28,250 hu is 2.6 minutes. Hence, the cooling time required between 
procedures is (2.6 — 1.4) = 1.2 minutes.
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Example 4-7
From Figures 4-19 and 4-21, it is apparent that three exposures per minute are 

acceptable, if each exposure is taken at 0.5 second, 125 mA and 100 kVp. Could 
this procedure be repeated each minute for 1 hour?

Rate of transfer of energy to the housing
= (100 kVp)(125 mA)(0.5 sec)(3 exposures/min)
= 18,750 hu/min

At the end of 1 hr, (18,750 hu/min)(60 min/hr) = 1,125,000 hu will have been de
livered to the housing. The heat-storage capacity of the housing is only 1 million 
hu. Without forced circulation of air, the maximum rate of energy dissipation 
from the housing is estimated to be approximately 12,500 hu/min (Fig 4-22). 
With air circulation, the rate of energy dissipation is 25,000 hu/min. Therefore, 
the procedure is unacceptable if the housing is not air-cooled and acceptable if 
the housing is cooled by forced circulation of air.

Example 4-8
From Figure 4-23, how many consecutive exposures can be made at a rate of 

6 exposures per second, if each exposure is taken at 85 kVp, 500 mA and 0.05 
second?

Each exposure produces (85 kVp)(500 mA)(0.05 sec) = 2,125 hu. A horizontal 
line from this position on the y-axis intersects the 6 exposures per second curve 
at a position corresponding to 20 exposures. Hence, no more than 20 exposures 
should be made at a rate of 6 exposures per second.

PROBLEMS
1. Explain why tube current is more likely to be limited by space charge in an 

x-ray tube operated at low voltage and high tube current than in a tube op
erated at high voltage and low current. Would you expect the tube current 
to be space-charge limited or filament-emission limited in an x-ray tube 
used for mammography? What would you expect for an x-ray tube used for 
chest radiography at 120 kVp and 100 mA?

*2. How many electrons flow from cathode to anode each second in an x-ray 
tube with a tube current of 50 mA? (1 A = 1 coulomb/sec). If the tube volt
age is constant and equals 100 kV, at what rate (J/sec) is energy delivered to 
the anode?

3. Explain why off-focus radiation is reduced greatly by shutters placed near 
the target of the x-ray tube.

*4. An apparent focal spot of 1 mm is projected from an x-ray tube. The true 
focal spot is 5 mm. What is the target angle? Why is the heel effect greater in 
an x-ray beam from a target with a small target angle?

*5. From Figure 4-19, is a radiographic technique of 125 mA for 3 seconds at 90 
kVp permissible? Is a 4-second exposure at 90 kVp, 100 mA permissible?

°F o r those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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Why does the number of milliampere-seconds permitted for a particular 
voltage increase as the exposure time is increased?

*6. From Figures 4-19 and 4-21, is it permissible to combine four 0.5-second 
spot films/min at 90 kVp and 100 mA with 4 minutes of fluoroscopy at 90 
kVp and 4 mA? If the technique is not permitted, then how many spot films 
should be eliminated to reduce the total heat delivered to the anode to a 
permissible level?

*7. From Figure 4-22, how many exposures are permitted each minute over a 
period of 1 hour, if each exposure is made for 1 second at 100 mA and 90 
kVp? The tube is operated with forced circulation of air.

*8. What kinetic energy do electrons possess when they reach the target of an 
x-ray tube operated at 250 kVp? What is the approximate ratio of brems- 
strahlung to characteristic radiation produced by these electrons? Calculate 
the minimum wavelength of x-ray photons generated at 250 kVp.

*9. A lead plate is positioned 20 in. from the target of a diagnostic x-ray tube. 
The plate is 50 in. from a film cassette. The plate has a hole 0.1 mm in diam
eter. The image of the hole is 5 mm. What is the size of the apparent focal 
spot?

*10. The target slopes at an angle of 12 degrees in a diagnostic x-ray tube. Elec
trons are focused along a strip of the target 2 mm wide. How long is the strip 
if the apparent focal spot is 2 mm x 2 mm?
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5 / X-Ray Circuits

E l e c t r i c  CIRCUITS in modern x-ray generators are complex and vary 
from one type of generator to another. Fortunately, x-ray generators may 
be understood conceptually by studying a few simple circuits. A simple 
x-ray generator is depicted in the circuit diagram in Figure 5-1. This dia
gram may be divided into: (1) a primary circuit, (2) a filament circuit and 
(3) a high-voltage circuit. Each of these parts may be discussed indepen
dently of the other two.

THE PRIMARY CIRCUIT
The rudimentary primary circuit in Figure 5-1 contains an autotrans

former A with switches Sx and S2, a primary winding P of a high-voltage 
transformer, a voltmeter V, a timer, and a switch S, which is operated by 
the remote exposure switch S .

Autotransformer
An autotransformer consists of a length of wire coiled around a lami

nated iron core. Alternating voltage (usually 110, 220 or 440 V) from the 
“line” or “mains” is applied across a small number of windings referred 
to as the autotransformer primary. Alternating voltage is induced across 
the remaining windings of the transformer. By connecting the kilovolt- 
major switch and the kilovolt-minor switch S2 to different “taps” on 
the autotransformer, the alternating voltage applied to the primary P of 
the high-voltage transformer may be varied. For example, when the kilo- 
volt-minor switch is fixed and a voltage of 100 V is supplied to a particu
lar autotransformer, the data in Table 5-1 depict the variation in voltage 
across the high-voltage primary as the position of the kilovolt-major 
switch is changed.

TABLE 5-1.-V O LTA G E ACROSS PRIMARY OF HIGH-VOLTAGE 
TRANSFORMER FOR D IFFER EN T POSITIONS OF KILOVOLT- 

MAJOR SWITCH (SECONDARY OF HIGH-VOLTAGE 
TRANSFORMER IS OPEN)

KILO VO LT-M AJO R POSITIO N VOLTA GE ACROSS PRIMARY

1 1 2 0
3 140
5 160
7 180
9 2 0 0

78
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Small changes in the voltage applied to the high-voltage primary P are 
accomplished with the kilovolt-minor switch S2. Usually, a change often 
steps in the kilovolt-minor switch or push-button array furnishes the 
same change in voltage across P as that provided by a change of one step 
in the kilovolt-major switch. This difference in sensitivity of voltage reg
ulation is related to the greater number of turns of the autotransformer 
included between taps for switch Sx compared to the number included 
between taps for switch S2. Kilovolt-major and kilovolt-minor switches 
should not be adjusted during exposure, because contacts between the 
switches and taps on the autotransformer may be damaged by electric 
arcing.

Sometimes a variable resistance (rheostat) is substituted for the closely 
spaced taps and selector switch or push-button array of the kilovolt- 
minor control. In principle, a large rheostat could replace the entire au
totransformer. However, this substitution is not desirable, because it 
would lower the efficiency of the voltage divider and reduce the stability 
of the voltage supplied to the primary of the high-voltage transformer.
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Primary Voltmeter
The voltage across the primary of the high-voltage transformer may be 

measured by a “load-on” or a “preread” voltmeter V. When switch S is 
open, the load-on voltmeter indicates the “open circuit” voltage across 
the primary of the high-voltage transformer. The voltmeter reading is 
reduced when switch S is closed, because voltage is applied across com
ponents of the primary circuit other than the primary of the high-voltage 
transformer. As the current increases in the primary circuit, the differ
ence between the voltage indicated before and during exposure in
creases. To compensate for this reduction in voltage during exposure, 
the voltage indicated by a load-on voltmeter before exposure must be 
higher than the voltage desired for the exposure. With a load-on voltme
ter, the pre-exposure voltage required for a certain voltage during expo
sure is determined by consulting a chart furnished with the x-ray gen
erator.

A preread voltmeter consists of a variable resistance in series with a 
voltmeter. The resistance is varied until the voltmeter reading before 
exposure reflects the voltage across the transformer primary during expo
sure. For an x-ray generator with a preread voltmeter, the kilovolt-major 
and kilovolt-minor controls are adjusted until the voltmeter indicates the 
voltage desired across the x-ray tube during exposure. No attention is 
paid to the decreased reading of the preread voltmeter during exposure.

The voltage applied to the x-ray tube depends upon the voltage in
duced across the secondary of the high-voltage transformer. When no 
load is placed across the secondary (i.e., when no current flows in the 
high-voltage circuit), the voltage Vs across the transformer secondary is

In equation (5-1), V is the primary voltage and N jN p is the ratio of sec
ondary to primary turns in the transformer. When current flows in the 
high-voltage circuit, the voltage across the transformer secondary de
creases from that predicted by equation (5-1). Listed in Table 5-2 are 
voltages across the primary and secondary of a high-voltage transformer 
with different currents flowing in the high-voltage circuit. For a given 
primary voltage, the voltage decreases across the transformer secondary 
(and across the x-ray tube) as the current increases in the high-voltage 
circuit. Charts may be compiled that relate the voltage across an x-ray 
tube to the voltage delivered to the transformer primary and to the cur
rent in the high-voltage circuit. These charts are consulted when a pri
mary voltage is selected for a particular exposure. Often, the scale of a 
load-on voltmeter provides a direct indication of tube voltage. If only a
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TABLE 5-2.-V O LTA G ES ACROSS PRIMARY AND 
SECONDARY OF HIGH-VOLTAGE TRANSFORMER 

FOR D IFFER EN T CURRENTS FLOWING IN 
HIGH-VOLTAGE CIRCUIT

PRIM ARY VOLTA GE (V)

SECONDARY VOLTA GE (kV)

NO LOAD 100 mA 500 mA

1 0 0 58 50 34
1 2 0 71 62 48
140 84 76 60
160 96 88 74
180 1 1 0 10 1 86
2 0 0 1 2 2 114 1 0 0

few different currents flow through the high-voltage circuit and the x-ray 
tube, then a separate scale for each current may be provided on the volt
meter (Fig 5-2).

A kilovoltmeter compensation circuit eliminates the need for more 
than one voltage scale on the voltmeter. This circuit consists of a variable 
resistance and a few windings of the autotransformer connected in paral
lel with the voltmeter. As different tube currents are selected, the resis
tance in the compensation circuit changes to provide a “bucking volt
age,” which causes the voltmeter to indicate the voltage across the x-ray 
tube during exposure. Sometimes the bucking voltage is varied by 
changing the number of turns of the autotransformer included in the kil
ovoltmeter compensation circuit.

Fig 5-2.- A  load-on voltmeter that indicates tube voltage for two different 
tube currents. (Courtesy of Picker X-Ray Corp.)
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Line-Voltage Compensation
In some x-ray generators, a line-voltage compensation voltmeter is 

connected across a few windings of the autotransformer. Usually, this 
meter replaces the voltmeter connected across the primary of the high- 
voltage transformer. A line-voltage compensation circuit is used often in 
x-ray generators with kilovolt-major and kilovolt-minor switches or push
button arrays which designate the voltage across the x-ray tube for each 
setting of the switches or push-buttons. A switch that selects the voltage 
supplied to the autotransformer is adjusted until the voltage indicated by 
the compensation voltmeter reaches a desired value. Often, the desired 
value is indicated by a mark on the face of the compensation voltmeter. 
With a line-voltage compensation voltmeter, the voltage supplied to the 
autotransformer and, consequently, to all components of the x-ray cir
cuit, is relatively constant from one use of the x-ray generator to the next. 
To compensate for changes in the voltage across the x-ray tube as current 
is varied in the high-voltage circuit, a variable resistance may be placed 
in series with the compensation voltmeter. This resistance increases 
with current through the x-ray tube, causing the voltage indicated by the 
compensation voltmeter to decrease. The indicated voltage is returned 
to the desired value by adjusting the selector switch for line voltage. 
Therefore, with increasing current through the x-ray tube, the voltage is 
increased across the primary of the high-voltage transformer. This in
crease in voltage across the transformer primary compensates for the 
reduction in tube voltage caused by the higher current in the high-volt
age circuit. With a variable resistance in series with the line-voltage 
compensation voltmeter, the tube voltage designated by the kilovolt- 
major and kilovolt-minor controls is accurate for all currents through the 
x-ray tube.

Exposure Switch
The switch S closes the primary circuit and permits current to flow 

through the primary of the high-voltage transformer. With many x-ray 
generators, the exposure switch is operated by hand or foot and may be 
positioned at some distance from the generator console. A remote 
switch (Sw) is included in Figure 5-1. When the switch is closed, current 
flows through coil C and magnetizes the soft-iron core within the coil. 
The insulated rod R is attracted to the magnetized core, closing the 
switch S in the primary circuit. This type of switch, termed a contactor, 
is inadequate for exposures shorter than about V60 second. Gas-filled 
tubes (thyratrons) and solid-state devices (silicon-controlled rectifiers) 
are used when an exposure switch with a rapid response is required.

Usually incorporated within the circuit for the exposure switch is a 
timer which terminates the exposure after a selected interval of time has
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elapsed. A mechanical (spring-driven), synchronous or impulse timer is 
used for therapy x-ray generators and for some diagnostic x-ray genera
tors. Exposures shorter than about V120 second require an electronic 
timer.1

Timers used with diagnostic x-ray generators may be checked and ad
justed accurately with the aid of a radiation detector and an oscilloscope. 
The accuracy of a timer may be estimated by exposing a small disk that is 
rotating upon an x-ray film. The disk is relatively opaque to x rays and 
contains a small hole along its edge. For a l<f> x-ray generator, the num
ber of images of the hole recorded by the radiograph should correspond to 
the number of x-ray pulses that occurred during the interval used for the 
exposure. For example, a full-wave rectified, single-phase x-ray genera
tor produces 2  pulses per voltage cycle or 12 pulses during an exposure 
interval of 0.1 second. If the timer is accurate, 12 images of the hole 
should be present on a radiograph obtained by an exposure of 0 .1  second 
to a full-wave rectified, single-phase x-ray beam.

To estimate timer accuracy for a 3(f) x-ray unit, the same method may 
be applied provided that the disk is rotated at a known frequency, usu
ally by coupling the disk to a small synchronous motor. During exposure, 
the hole in the disk sweeps out an arc of exposed film, and the length of 
the arc is an indication of exposure time. For example, a disk rotating at 
60 revolutions/second will yield a 180-degree arc of exposed film for an 
exposure time of V120 second (8  msec).

Phototiming
After a desired amount of radiation has reached an x-ray film, an expo

sure may be terminated by a phototimer. A simplified phototiming cir
cuit is shown in Figure 5-3. X rays transmitted through the patient and 
grid produce light as they strike a small (e.g., 4 by 4 in.) fluorescent 
screen. The light is directed onto the photocathode of a photomultiplier 
tube.* As the light is absorbed, electrons are liberated from the photo
cathode and accelerated toward the anode of the photomultiplier tube. 
The number of electrons increases as the electrons strike electrodes 
(dynodes) on their way to the anode. The resulting electric signal from 
the photomultiplier tube charges the capacitor Cf. After the capacitor

^Photomultiplier tubes are discussed further in Chapter 11.
f A capacitor (or condenser) is composed of two conducting plates separated by an insu

lator. A potential difference exists between the plates when one plate stores a charge oppo
site in sign to that stored on the other plate.

v  = c ~

where V is the potential difference between the plates in volts, Q is the charge on either 
plate in coulombs and C is the “capacitance” of the capacitor in farads.
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3
4

Fig 5-3.- A  simplified phototiming circuit: (1) patient, (2) grid, (3) fluorescent 
screen, (4) film cassette.

reaches a certain voltage, the gas-filled thyratron tube T discharges 
through coil Cv When current flows through coil Cv the exposure switch 
opens in the primary circuit. In summary, the exposure switch opens af
ter a selected number of x rays have passed through the patient and im
pinged on the film cassette. The density control of the phototimer deter
mines the number of photons that are transmitted before the exposure is 
terminated. By adjusting the density control, radiographs of greater or 
lesser density may be achieved, according to the preference of the opera
tor. With a phototimer, radiographs of acceptable density are obtained 
irrespective of variations in patient thickness and radiographic tech
nique.2

THE FILAMENT CIRCUIT
Filament Transformer

Alternating voltage for the filament circuit in Figure 5-1 is supplied by 
the autotransformer. Part of the voltage from the autotransformer is ap
plied across the primary of the filament transformer. The voltage Vg in
duced across the secondary is proportional to NJN  , the ratio of second
ary to primary turns on the filament transformer. The ratio NJN  is less 
than 1 for a filament transformer, providing a voltage of 5 - 1 5  V across 
the secondary of the transformer. A transformer used to reduce voltage 
(e.g., a filament transformer) is a “step-down transformer”; a transformer 
that increases voltage (e.g., a high-voltage transformer) is a “step-up 
transformer.”

Usually, the cathode assembly of the x-ray tube is connected to the 
secondary of the high-voltage transformer. The filament transformer iso
lates the high voltage of the cathode assembly from ground potential. 
The primary and secondary of most filament transformers are coiled 
around a soft-iron core and insulated from each other and from the core 
by oil.
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Selection of Filament Current 
In Figure 5-1, the voltage across the primary of the filament transform

er is changed with the variable resistance Rt connected in series with the 
transformer primary. The voltage across the transformer primary deter
mines the voltage induced across the transformer secondary and, conse
quently, the voltage applied across the filament of the x-ray tube. The 
current through the filament and, therefore, the filament temperature 
vary with the filament voltage. The current through the x-ray tube varies 
with the temperature of the filament. Hence, the variable resistance R, 
may be used to regulate the current through the x-ray tube.

The tube current may be varied continuously if a variable resistance 
such as Rj (Fig 5-1) is placed in the filament circuit. For variation of the 
tube current in discrete steps, a set of fixed resistances and a selector 
switch or push-button array may be substituted for the variable resis
tance. A coil sometimes is substituted for the variable resistance or set of 
fixed resistances and selector switch. The self-inductance* of the coil

FILAMENT CURRENT (AMPERES)

Fig 5-4. —Typical filament-increment chart used to select the filament current 
necessary for a desired tube current at a specific tube voltage. (Courtesy of 
Picker X-Ray Corp.)

*The self-inductance of a coil describes the voltage induced across the coil in opposition 
to a changing current in the coil.



86 X -R a y  C ir c u it s

and, therefore, its impedance to the flow of current may be varied contin
uously or in discrete steps.

If the current through an x-ray tube is space-charge limited, then the 
current varies with the voltage across the x-ray tube as well as with the 
filament current. To obtain a desired tube current at a particular tube 
voltage, a filament current may be selected from a filament-increment 
chart (Fig 5-4).

Space-Charge Compensation 
A filament-increment chart is not provided with newer x-ray genera

tors. Instead, a space-charge transformer is positioned in the filament 
circuit in parallel with a small section of the autotransformer. The volt
age induced across the secondary of this transformer is applied across 
the primary of the filament transformer in opposition to the voltage sup
plied directly by the autotransformer. With the space-charge transformer 
connected to the kilovolt-major switch, the opposing voltage supplied to 
the filament transformer increases with the voltage across the x-ray tube. 
Consequently, the filament current and temperature decrease with in
creasing voltage across the x-ray tube, and the current through the x-ray 
tube remains constant. In this manner, the space-charge compensating 
circuit eliminates the dependence of tube current upon the voltage ap
plied across the x-ray tube.

Stabilization of Filament Voltage 
A current of less than 6  A usually flows through the filament of an x-ray 

tube. The current flowing from filament to target in the x-ray tube usu
ally does not exceed 1,200 mA. Small fluctuations in filament current 
cause large changes in the temperature of the filament and in the current 
through the x-ray tube. To reduce the fluctuation in tube current, most 
manufacturers include a voltage stabilizer (constant-voltage transformer) 
in the filament circuit. The voltage supplied by the voltage stabilizer var
ies by less than ± 0 .1% for fluctuations in line voltage as large as ± 1 0 %.

Tube-Current Stabilization 
The current in an x-ray tube is affected by factors other than fluctua

tions in the voltage supplied to the filament. For example, a series of 
exposures may raise the temperature of the x-ray tube, increasing the 
filament temperature and tube current for a particular setting of the tube- 
current control. Over a long period, evaporation of tungsten from the heat
ed filament and anode may cause the deposition of a layer of tungsten 
upon the glass envelope of the x-ray tube. The deposited tungsten atten
uates x-ray photons and reduces the intensity of the x-ray beam produced 
by a certain current through the x-ray tube. Also, the diameter of the 
filament is reduced by evaporation. As the diameter decreases, the resis
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tance of the filament increases and a selected filament current heats the 
filament to a higher temperature.

A circuit for improving the stability of the current through an x-ray 
tube may be added to the high-voltage circuit. This circuit changes the 
current through the filament of the x-ray tube in response to variations in 
current through the x-ray tube. If a circuit to stabilize the tube current is 
included in the high-voltage circuit, then a voltage stabilizer and space- 
charge compensating circuit may not be needed in the filament circuit.

HIGH-VOLTAGE CIRCUIT
Self-Rectification 

The voltage induced across the secondary of the high-voltage trans
former may be applied directly to the x-ray tube. Under normal circum
stances, electrons flow through the x-ray tube only when the cathode is 
negative and the target is positive. Consequently, a pulsating direct cur
rent flows in the x-ray tube and high-voltage circuit. Since the x-ray tube 
permits current to flow in one direction only, the x-ray tube acts as a rec
tifier and the mode of rectification is termed self-rectification.

The inverse half-cycle  is the portion of the alternating-voltage cycle 
during which no current flows in the high-voltage circuit and x-ray tube. 
When the current in the high-voltage circuit is zero, no voltage is 
dropped across components of the circuit other than the x-r^y tube. 
Hence, the voltage across the x-ray tube during the inverse half-cycle 
exceeds that applied across the x-ray tube during the conducting portion 
of the voltage cycle. The x-ray tube and high-voltage cables must be con
structed to withstand this higher voltage. Also, electrons may be re
leased from a target heated during prolonged bombardment by elec
trons. These electrons may be accelerated from target to cathode during 
the inverse half-cycle and may damage the filament or cathode assembly 
of the x-ray tube.

Suppression of Inverse Voltage 
A circuit that suppresses the voltage across the x-ray tube during the 

inverse half-cycle may be included in the primary circuit of a self-recti
fied x-ray generator. An inverse-voltage suppression circuit is diagramed 
in Figure 5-5 and is used often for x-ray tubes with currents less than 30 
mA. The rectifier Re allows current to flow in one direction only. During 
the inverse half-cycle, the current flows through the shunt resistance R. 
The large voltage drop across R reduces the voltage applied to the prima
ry of the high-voltage transformer. Hence, the voltage across the x-ray 
tube is reduced during the inverse half-cycle.

A current in the high-voltage circuit and x-ray tube requires a much 
larger current in the primary circuit. Since the current through a rectifier
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Fig 5-5. -C ircu it for suppressing the voltage across an x-ray tube during the 
inverse half-cycle.

must not exceed a certain maximum, many rectifiers would be required 
to suppress the inverse voltage across an x-ray tube with a high tube cur
rent. For an x-ray tube with a high tube current, methods are used to 
remove the voltage completely from the tube during the inverse cycle.

Rectifiers
Current flows through a rectifier in one direction only. The rectifier 

symbol > designates the direction of current flow. By convention, the 
direction of current flow in a circuit is opposite to the motion of electrons 
in the circuit.

> I
Current —>

<— Electrons

Rectifier tubes (sometimes called diodes, kenotrons or valves) were 
used in x-ray circuits for many years (Fig 5-6). In these devices, electrons 
are released from a large, heated tungsten filament, which may be im
pregnated with thorium to increase the emission of electrons. The elec
trons are attracted to a cylinder surrounding the filament when the cylin
der is positive and the filament is negative. The voltage drop across the 
rectifier tube is relatively low ( 4 - 6  kVp), because electrons are emitted 
in excess by the filament and because the cylindrical anode is easily ac
cessible. Although low-energy x rays are produced as the electrons strike 
the anode, most of these x rays are absorbed by the glass envelope of the 
rectifier tube. To attenuate x rays further and to reduce the hazard of 
exposure of personnel to high voltage, rectifiers usually are placed in the 
insulated tank for the high-voltage transformer.

Solid-state, barrier-layer rectifiers have replaced rectifier tubes in new-
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Fig 5-6.—Typical rectifier tubes used in x-ray circuits. (Courtesy of Machlett 
Laboratories, Inc.)

er x-ray generators. Certain semiconducting elements (e.g., selenium, 
germanium, copper oxide and silicon) conduct electrons in one direction 
only. A rectifier element or cell is constructed by plating a conductor 
with a thin “barrier layer” of one of these semiconducting elements. A 
cell resembles a dime in thickness and size. A rectifier stack is a group of 
cells assembled upon an insulated rod passing through holes in the cen
ter of the cells. Rectifier stacks composed of selenium or silicon cells are 
used in modern x-ray generators. The drop in voltage in the conducting 
direction across a silicon rectifier is lower and more constant than that 
across a selenium rectifier. However, selenium rectifiers are less expen-

Fig 5-7.—Typical rectifier stacks composed of silicon cells. (Courtesy of 
Machlett Laboratories, Inc.)
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sive than silicon rectifiers. Advantages of solid-state rectifiers over valve 
tubes include: (1) longer life (no filament burnout or deactivation), (2 ) no 
radiation hazard, (3) greater current stability, (4) lower voltage drop in 
the conducting direction, (5) smaller size and (6 ) elimination of voltage 
supplies for tube filaments.3 Rectifier stacks of silicon cells are shown in 
Figure 5-7.

Half-Wave Rectification 
If two rectifiers are added to the high-voltage circuit, then voltage is 

not applied across the x-ray tube during the inverse half-cycle. Some of 
the problems encountered with self-rectification (e.g., increased insula
tion and the possibility of electron flow from target to cathode) are elimi
nated by this mode of rectification, termed half-wave rectification. Illus
trated in Figure 5-8 are a circuit for half-wave rectification and the tube 
voltage and current produced when this circuit is used. Half-wave rectifi
cation is almost never used in modern x-ray generators.

Full-Wave Rectification 
Full-wave rectification is achieved by placing four rectifiers in the high- 

voltage circuit. In Figure 5-9, electrons follow the path ABFEDCGH  
when end A of the secondary of the high-voltage transformer is nega
tive. When the voltage across the secondary reverses polarity, the

LI»
S§o>

A A A
T IM E

Fig 5-8.—A circuit for half-wave rectification (right), with resulting tube volt
age, tube current and efficiency for production of x rays. Rectifiers indicate the 
direction of current flow.
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Fig 5-9.—A circuit for full-wave rectification (right), with resulting tube volt
age, tube current and efficiency for production of x rays.

electron path is HGFEDCBA. With full-wave rectification, the x-ray tube 
filament is negative and the x-ray tube target is positive during both half
cycles of the voltage across the high-voltage transformer. Hence, full- 
wave rectification doubles the number of voltage pulses of desired polar
ity applied across the x-ray tube in a given interval of time. Also, the 
effective tube current is higher with full-wave rectification, because the 
current is not averaged over half-cycles of tube voltage during which the 
current is zero. Almost always, full-wave rectification is used in x-ray 
generators with tube currents greater than 100 mA.

The voltage across an x-ray tube may be kept nearly constant by plac
ing a circuit with high capacitance in parallel with the x-ray tube. Con- 
stant-voltage circuits are used frequently in x-ray generators for radiation 
therapy.

Center-Tapped High-Voltage Secondary 
The center of the secondary of the high-voltage transformer almost 

always is grounded electrically (Figs 5-8 and 5-9). A center tap that is 
grounded electrically decreases the potential difference between each 
end of the high-voltage secondary and ground and reduces the insulation 
required for the high-voltage cables and transformer. For example, if a 
voltage of 100 kVp is induced across a transformer secondary with a 
grounded center tap, then one end of the secondary is 50 kVp positive 
with respect to ground, and the other end is 50 kVp negative with re
spect to ground. A milliammeter for measuring the current through the x- 
ray tube may be inserted between the center tap and ground. The meter 
is at ground potential and may be installed on the console of the x-ray 
generator without danger to the operator.

Villard Voltage-Doubling Circuit 
Circuits have been designed to increase the tube voltage above that 

furnished by the secondary of the high-voltage transformer. An example



92 X -R a y  C ir c u it s

T
v/2

1

T
V/2

1
Fig 5-10.—Villard voltage-doubling circuit.
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is the Villard voltage-doubling circuit illustrated in Figure 5-10. Sup
pose a maximum voltage V is induced across the transformer secondary. 
During the inverse half-cycle, a voltage V/2 is developed across each of 
the capacitors and C2. When the polarity reverses, Plate 1 of C2 is V/2 
volts negative with respect to ground and Plate 2 of C2 is V/2 volts nega
tive with respect to Plate 1. Therefore, the filament of the x-ray tube is 
(V/2 -I- V/2) or V volts negative with respect to ground. Similarly, Plate 1 of 
C, is V/2 volts positive with respect to ground during the conducting half
cycle, and Plate 2 of Cx is V/2 volts positive with respect to Plate 1. Con
sequently, the target is V volts positive with respect to ground. With a 
voltage V induced across the transformer secondary, a potential differ
ence of 2V exists between filament and target of the x-ray tube. Even 
greater amplification of voltage is possible with Villard circuits connect
ed in cascade.

THREE-PHASE CIRCUITS
Many newer diagnostic x-ray generators are designed to use three- 

phase power. Single-phase (1(f)) and three-phase (3<f>) voltages are com
pared in Figure 5-11. Both voltages are full-wave rectified. The solid 
envelope in the diagram for 3(/> voltage describes the voltage across an x- 
ray tube when full-wave rectified, 3</> voltage is used. Dotted lines in this 
diagram indicate how the envelope is produced. With 3</> voltage and six 
rectifiers in the high-voltage circuit, the fluctuation in tube voltage 
(percent ripple) is about 13%. During each cycle, six voltage pulses are 
applied across the x-ray tube and six x-ray pulses are produced. Hence, a 
3(f) circuit with six rectifiers is termed a six-pulse circuit. With six more 
rectifiers added to the high-voltage circuit, the percent ripple may be 
reduced to 3 or 4%. With 12 rectifiers in the high-voltage circuit, either 
6 or 12 x-ray pulses may be produced during each cycle. An x-ray gen
erator that releases 12 x-ray pulses per cycle is termed a 3<f>, 12-pulse 
unit.

With 1(f), full-wave rectified voltage across an x-ray tube, the average
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Fig 5-11. —Single-phase (left) and three-phase (right) voltages across an x- 
ray tube. Both voltages are full-wave rectified. The three-phase voltage is fur
nished by a six-pulse circuit.

current (more correctly, effective current*) through the tube is about 
71% of the peak current. With 30 voltage and a six-pulse circuit, the av
erage tube current is about 95% of the peak current. Target-loading ca
pacities are based upon the peak current through the x-ray tube. Without 
exceeding the target-loading capacity of an x-ray tube, the average tube 
current often may be higher in a 3$ circuit than in a 10 circuit. The high
er average current permits a reduction in the time required for a particu
lar diagnostic exposure. As an example of this reduction, spot-film radio- 
graphic techniques with 10 and 30 voltage are compared in Table 5-3. 
Part of the reduction in milliampere-seconds indicated in the table re
sults from an increase in the average tube current permissible with 30 
tube voltage. The rest of the milliampere-second reduction with 30 volt
age reflects an increase in the efficiency of x-ray production resulting 
from a higher average voltage across the x-ray tube. For high-intensity 
exposures of short duration, 30 generators are preferred over 10 x-ray 
generators.4 Other advantages of 30 generators include an increase in 
the average energy of x radiation produced at a specific tube voltage and 
a reduction in the loading of the power supply for the x-ray generator. 
The principal disadvantage of a 30 x-ray generator is its higher cost. 
Problems associated with starting, timing and stopping exposures from 
30 generators have been solved satisfactorily.5*6

TABLE 5-3.-COM PARISON OF SPOT- 
FILM  RADIOGRAPHIC TECHNIQUES 

WITH 10 AND 30 GENERATORS

QUANTITY 3<f)

kVp 9 0 -1 0 0 9 0 -1 0 0
mA 200 250
sec 0.20 0.10
Focal spot 1.5 m m 1.5 m m
mAs 40 25

“The effective or root mean square (rms) value of an alternating voltage or current oscil
lating with a sinusoidal waveform is 1/Vi2 or 0.71 times the maximum or peak value.
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RESONANT-TRANSFORMER X-RAY GENERATORS 
The resonant frequency vr of an alternating-current circuit is

1
Vr 2tt V LC

where L  represents the total inductance and C the total capacitance of 
the circuit. Alternating current encounters minimum impedance in a cir
cuit if the current oscillates at the resonant frequency. In a resonant- 
transformer x-ray generator, current supplied to the primary of the high- 
voltage transformer oscillates at the resonant frequency (often 180 
hertzf) of the high-voltage circuit. Since the current induced in the 
transformer secondary oscillates at the same frequency as that in the 
primary, the current in the high-voltage circuit encounters minimum 
impedance. Consequently, a resonant-transformer x-ray generator pro
vides maximum tube current for a particular voltage across the secondary 
of the high-voltage transformer. Resonant-transformer x-ray generators 
are used frequently in radiation therapy.

PROBLEMS
*1. A peak voltage of 200 V is applied to the primary of a high-voltage transform

er with a turn ratio of 500:1. What peak voltage is induced across the second
ary under a no-load condition?

*2. A 1:10 filament transformer provides a peak voltage of 12 V to the filament of 
an x-ray tube. What peak voltage should be applied to the transformer prima
ry if the voltage across the filament is 90% of the voltage across the trans
former secondary under a no-load condition?

3. A technologist notices that when an exposure is made, the reading decreases 
on the voltmeter on the console of the x-ray generator. The technologist 
compensates for the voltage depression by selecting a higher tube voltage 
before exposure. Is this technique correct?

*4. A spinning disk is used to check the timer of a 1$, full-wave rectified x-ray 
generator. An exposure of 0.05 second is made. How many images of the 
hole in the disk should be present in the radiograph?

5. Can a spinning disk be used to check the timer of a 3<f>, 12-pulse x-ray gener
ator?

"6. An impedance loss of 20 kVp occurs in the high-voltage circuit of a radio- 
graphic generator operated at 500 mA. The generator is line-voltage com
pensated. The high-voltage transformer has a turn ratio of 500:1. What volt
age should be tapped from the autotransformer to provide a tube voltage of 
90 kVp?

"7. What effect does the rotational speed of a spinning disk have upon the accu
racy of a timer test?

f A hertz (Hz) is a unit of frequency equal to 1 cycle per second.
"F o r those problems marked with an asterisk, answers are provided on the pages fol

lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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8. In Figure 5-1, why should the voltmeter be on the left of the exposure switch 
rather than on the right?
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6 / Interactions of X and Gamma Rays
G a m m a - a n d  x-ray photons are attenuated (absorbed or scattered) in 
many ways as they traverse a medium. Of the various attenuating pro
cesses, photoelectric and Compton interactions are the most important to 
radiology. Interactions of less importance include coherent scattering, 
pair production and photodisintegration.

ATTENUATION OF A BEAM OF X OR y RAYS
The number of photons that are attenuated in a medium depends on 

the number of photons traversing the medium. This relationship may be 
expressed as

P = fil

where P is the rate of removal of photons from a beam by absorption and 
scattering, I is the number of photons traversing the attenuating medium 
and fx is the attenuation coefficient of the medium for the photons of in
terest. If all the photons possess the same energy (i.e., the beam is mono- 
energetic) and if the photons are attenuated under conditions of good 
geometry (i.e., the beam is narrow and contains no scattered photons), 
then the number I of photons penetrating a thin slab of matter of thick
ness x is

I = l0e~^ (6-1)

In equation (6-1), I0 represents the number of photons in the beam be
fore the thin slab of matter is in position. The number Id of photons ab
sorbed or scattered from the beam is

h  = h  ~ 1 
= I0 ~ h*-*"
= I0 (1 -  e~**) (6-2)

The exponent of e must possess no units. Therefore, the units for /a are 
1/cm if the thickness x is expressed in centimeters, 1/in. if x is expressed 
in inches, etc. An attenuation coefficient with units of 1/length is called a 
linear attenuation coefficient.

The mean path length is the average distance traveled by x- or y-ray 
photons before interaction in a particular medium. The mean path 
length sometimes is termed the mean free path or relaxation length, and 
may be shown to equal 1 Ip., where n  is the total linear attenuation coeffi-

96
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cient. Occasionally, the thickness of an attenuating medium may be ex
pressed as a multiple of the mean free path of photons of a particular 
energy in the medium.

The probability is e~,LX that a photon traverses a slab of thickness x 
without interacting. This probability is the product of probabilities that 
the photon does not interact by any of the five processes mentioned ear
lier:

g~lix  =  (g-o>x'\/g-TX\(g-{rxj(g-KX'\(g—irx\ =  g-let + t  + <r + k + ir)x

The coefficients w, r, o% k  and 7r represent attenuation by coherent scat
tering (o>), photoelectric absorption (r), Compton scattering (a), pair pro
duction (k ) and photodisintegration (7r). The total linear attenuation  
coefficient may be written:

f i  =  a } +  T +  cr +  K +  iT  ( 6 - 3 )

Often, coherent scattering, photodisintegration and pair production are 
negligible, and /u. is written:

(jl =  t  +  cr ( 6 - 4 )

In general, attenuation coefficients vary with the energy of the x- or y-ray 
photons and with the atomic number of the absorber. Linear attenuation 
coefficients depend also upon the density of the absorber. Mass attenua
tion coefficients, denoted by the subscript m and computed by dividing 
linear attenuation coefficients by the density p of the attenuating me
dium, do not vary with the density of the medium.

fJL (1) T  <T K TT
P m  ~  ~  %  “  “  Tm “  “  ( J m ~  p  * m ~  p  7Tm ~  p

Mass attenuation coefficients usually have units of sq cm/gm or sq
cm/mg. Total mass attenuation coefficients for air, water, sodium iodide
and lead are plotted in Figure 6-1 as a function of the energy of incident 
photons.

When mass attenuation coefficients are used, thicknesses xm are ex
pressed in units such as gm/sq cm or mg/sq cm. The thickness of an at
tenuating medium may be expressed also as the number of atoms or elec
trons per unit area. Symbols xa and xe denote thicknesses in units of at
oms per sq cm and electrons per sq cm. These thicknesses may be com
puted from the linear thickness x by

/atoms\ _  x(cm)p(gm/cc)Nn(atoms/gm-atomic mass)
°\sq cm/ M(gm/gm-atomic mass)

_ *pNn (6-5)
M
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ENERGY (MeV)

Fig 6-1 . —Total mass attenuation coefficients p,m for selected materials as a 
function of the energy of incident photons in MeV.

x (electrons\ _   ̂ / atoms'^ / electrons'̂  
e\  sq cm /  “\sq cm/ \ atom /sq cm;

= xaZ (6-6)

Iri these equations, M is the gram-atomic mass of the attenuating me
dium, Z is the atomic number of the medium and N0 is Avogadro’s num
ber (6.02 x 1023) or the number of atoms per gram-atomic mass. Total 
atomic and electronic attenuation coefficients fia and /ae, to be used with 
thicknesses xa and xe, may be computed from the linear attenuation coef
ficient jx by

/sq_cm\ _  
“\ atom /

ju,(cm~1)M(gm/gm-atomic mass) 
p(gm/cc)N0(atoms/gm-atomic mass)

= (6-7)
PN0

/  sq cm \ _  fin(sq cm/atom) 
e\electron/ Z(electrons/atom)

= fiB (6-8)
Z



The number I of photons penetrating a thin slab of matter may be 
computed with any of the following expressions:

I = I = l^e-Wa
I =  Ioe~,lmxm I  =  Zo0 _ *i ex e
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Example 6-1
A narrow beam containing 2,000 monoenergetic photons is reduced to 1,000 

photons by a slab of copper 1 cm thick. What is the total linear attenuation coef
ficient of the copper slab for these photons?

I = I0e~*x (6-1)

In — = fJLX
, /2,000 photons\ .

\ 1,000 photons) = ^  cm)
In 2 = /a(1 cm)

In 2At = -j-----1 cm
_ 0.693

M 1 cm
At = 0.693 cm-1

The thickness of a slab of matter required to reduce the intensity (or 
exposure rate —see chap. 9) of an x- or y-ray beam to one half is the half
value layer (HVL) or half-value thickness (HVT) for the beam. The half
value layer describes the “quality” or penetrating ability of the beam. 
The HVL in Example 6-1 is 1 cm of copper. The HVL of a monoener
getic beam of x- or y-ray photons in any medium is

HVL = —  (6-9)

where In 2 = 0.693 and /a is the total linear attenuation coefficient of the 
medium for photons in the beam. The measurement of half-value layers 
for monoenergetic and polyenergetic beams is discussed in Chapter 9.

Example 6-2
a. What are the total mass (ai„), atomic (fia) and electronic (aie) attenuation 

coefficients of the copper slab described in Example 6-1? Copper has a density 
of 8.9 gm/cc, a gram-atomic mass of 63.6 and an atomic number of 29.

V-m = Adp
_  0.693 cm-1

8.9 gm/cc 
= 0.078 sq cm/gm
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nM
(6-7)

(0.693 cm ‘)(63.6 gm/gm-atomic mass)
(8.9 gm/cc)(6.02 x 1023 atoms/gm-atomic mass)

= 8.2 x 10-24 sq cm/atom

(6-8)
8.2 x 10 24 sq cm/atom

29 electrons/atom
= 2.8 x 10-25 sq cm/electron

b. To the 1-cm copper slab, 2 cm of copper are added. How many photons 
remain in the beam emerging from the slab?

One centimeter of copper reduces the number of photons to one-half. Since 
the beam is narrow and monoenergetic, 2 cm of copper reduce the number to 
one-fourth. Only one eighth of the original number of photons remains after 
the beam has traversed 3 cm of copper.

c. What is the thickness xe in electrons per square centimeter for the 3-cm slab?

_ (3 cm)(8.9 gm/cc)(6.02 x 1023 atoms/gm-atomic mass)(29 electrons/atom)
(63.6 gm/gm-atomic mass)

= 7.3 x 1024 electrons/sq cm

d. Repeat the calculation in part b, using the electronic attenuation coef
ficient.

Under conditions of good geometry, a beam of monoenergetic photons

may be derived from equation (6-1). From this expression, it is apparent

1 =  1 # -#1X 
= (2,000 photons)*?"'0-693 cm-1)(3 cm) 
= (2,000 photons)#-2-079 
= (2,000 photons)(0.125)
= 250 photons

(6- 1)

x. = *„Ze a
xpN0Z 

= M

I = /fl# (6-1)

= (2,000 photons)#- (2-8 x 
= (2,000 photons)#-2-079 
= (2,000 photons)(0.125) 
= 250 photons

2.8 X 10 -2 * Sq Cm V 7.3 X lO21 electron A
electrons

electron sq cm

is attenuated exponentially. Exponential attenuation is described by 
equation (6-1) and depicted in Figure 6-2. The relationship
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£  30 
ui o 
q:IdQ- 20 Fig 6-2. — Percent transmission 

of a narrow beam of monoener- 
getic photons as a function of 
the thickness of an attenuating 
slab in units of half-value layer 
(HVL). Absorption conditions sat-

1 2 3 4 5  isfy requirements for “ good 
a b s o rb e r  th ic k n e s s  ( h v l  units) geometry.”

that the logarithm of the number I of photons varies linearly with the 
thickness of the attenuating slab. Hence, a straight line is obtained when 
the logarithm of the number of x- or y-ray photons is plotted as a function 
of thickness (Fig 6-3). However, it should be emphasized that a semi- 
logarithmic plot of the number of photons versus the thickness of the 
attenuating slab yields a straight line only if all photons possess the same 
energy and the conditions for attenuation fulfill requirements for good 
geometry.

In general, the total attenuation coefficient of a particular medium de
creases as the energy of incident photons increases. Consequently, pho
tons of low energy are attenuated more rapidly than photons of higher 
energy. A beam containing x- or -y-ray photons of different energies is 
“harder” (i.e., the penetrating ability of the beam is greater) after it has 
traversed a medium, because photons of lower energy are removed 
selectively from the beam. The transmission of a polyenergetic beam
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Fig 6-3. — Semilogarithmic plot 
of data in Figure 6-2.

does not yield a straight line when plotted on a semilogarithmic graph as 
a function of the thickness of an attenuating medium (Fig 6-4). To re
move low-energy photons and increase the penetrating ability of an x-ray 
beam from a diagnostic or therapy x-ray unit, filters of aluminum, cop
per, tin or lead may be placed in the beam. For most diagnostic x-ray 
units, the added filters are usually 1 -3  mm of aluminum.

Because the energy distribution changes as a polyenergetic x-ray 
beam penetrates an attenuating medium, no single value for the attenua
tion coefficient may be used in equation (6 -1) to compute the attenuation 
of the x-ray beam. However, from the measured half-value layer an effec
tive attenuation coefficient may be computed (see Example 6-1):

Meff
In 2 
HVL

The average effective energy of an x-ray beam is the energy of monoener- 
getic photons that have an attenuation coefficient in a particular medium
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ABSORBER THICKNESS (mm Al)

Fig 6-4. —Semilogarithmic plot of the number of x rays in a polyenergetic 
beam as a function of the thickness of an attenuating medium. The penetrating 
ability (HVL) of the beam increases continuously with thickness, because lower- 
energy photons are removed selectively from the beam. The straight-line rela
tionship illustrated in Figure 6-3 for a narrow beam of monoenergetic photons is 
not achieved for a polyenergetic x-ray beam.

equal to the effective attenuation coefficient for the x-ray beam in the 
same medium. The effective energy of an x-ray beam is discussed fur
ther in Chapter 9.

Example 6-3
An x-ray beam produced at 200 kVp has a HVL of 1.5 mm Cu.
a. What are the effective linear and mass attenuation coefficients?

-  In 2 
* *  1.5 mm Cu

= 0.46 (mm Cu)"1
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(a  ) = EelL

_  0.46(mm Cu^HlO mm/cm)
8.9 gm/cc 

= 0.52 sq cm/gm

b. What is the average effective energy of the beam ?
Monoenergetic photons of 96 keV possess a total mass attenuation coefficient 

of 0.52 sq cm/gm in copper. Consequently, the average effective energy of the x- 
ray beam is 96 keV.

COHERENT SCATTERING
Photons are deflected or scattered with negligible loss of energy by 

the process of coherent or Rayleigh scattering. Coherent scattering 
sometimes is referred to as classical scattering, because the interaction 
may be described completely by methods of classical physics. The classic 
description assumes that a photon interacts with electrons of an atom as a 
group rather than with a single electron within the atom. Usually, the 
photon is scattered in a direction near that of the incident photon. Al
though photons with energies up to 150 -  200 keV may scatter coherently 
in media with high atomic number, this interaction is important in tissue 
only for low-energy photons. The importance of coherent scattering is 
reduced further because little energy is deposited in the attenuating 
medium. However, coherent scatter sometimes reduces the resolution of 
scans obtained with low-energy, y-emitting nuclides (e.g., 125I) used in 
nuclear medicine.

PHOTOELECTRIC ABSORPTION
During a photoelectric interaction, the total energy of an x- or y-ray 

photon is transferred to an inner electron of an atom (Fig 6-5). The elec
tron is ejected from the atom with kinetic energy Ek, where Ek equals the 
photon energy hv minus the binding energy EB required to remove the 
electron from the atom:

Ek = hv — Eb (6-10)

The ejected electron is called a photoelectron.

Example 6-4
What is the initial kinetic energy of a photoelectron ejected from the K shell of 

lead (EB = 8 8  keV) by photoelectric absorption of a photon with 100 keV?

Ek -  hv — EB
= 100 keV -  8 8  keV 
= 12 keV
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PHOTOELECTRON

Fig 6-5. — Photoelectric absorption of a photon with energy hv. The photon 
disappears and is replaced by an electron ejected from the atom with kinetic 
energy Ek =  hv -  EB, where EB is the binding energy of the electron. Character
istic radiation and Auger electrons are emitted as electrons cascade to replace 
the ejected photoelectron.

The average binding energy is only 0.5 keV for K electrons in soft 
tissue. Consequently, a photoelectron ejected from the K shell of an 
atom in tissue possesses a kinetic energy about 0.5 keV less than the 
energy of the incident photon.

Photoelectrons resulting from the interaction of low-energy photons 
are released approximately at a right angle to the motion of the incident 
photons. As the energy of the photons increases, the average angle 
decreases between incident photons and released photoelectrons 
(Fig 6 -6 ).

Fig 6-6. — Electrons are ejected approximately at a right angle as low-energy 
photons interact photoelectrically. As the energy of the photons increases, the 
angle decreases between incident photons and ejected electrons.
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PHOTON ENERGY (keV)

Fig 6-7. — Photoelectric mass attenuation coefficients of lead and soft tissue 
as a function of photon energy. K- and L-absorption edges are depicted for lead.

An electron ejected from an inner shell leaves a vacancy or hole which 
is filled immediately by an electron from an energy level farther from the 
nucleus. Only rarely is a hole filled by an electron from outside the atom. 
Instead, electrons usually cascade from higher to lower energy levels, 
producing a number of characteristic photons and Auger electrons with 
energies that, when added together, equal the binding energy of the 
ejected photoelectron. Characteristic photons and Auger electrons re-
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leased during photoelectric interactions in tissue possess an energy usu
ally less than 0.5 keV. These low-energy photons and electrons are ab
sorbed rapidly in surrounding tissue.

The probability of photoelectric interaction decreases rapidly as the 
photon energy is increased. In general, the mass attenuation coefficient 
rm for photoelectric absorption varies roughly as 1 l(hv)3, where hv is the 
photon energy. In Figure 6-7, the photoelectric mass attenuation coeffi
cients Tm of tissue and lead are plotted as a function of the energy of 
incident photons. Discontinuities in the curve for lead are termed 
absorption edges, and occur at photon energies equal to the binding en
ergies of electrons in inner electron shells. Photons with energy less 
than the binding energy of K-shell electrons interact photoelectrically 
only with electrons in the L shell and in shells even farther from the nu
cleus. Photons with energy equal to or greater than the binding energy of 
K electrons interact predominantly with these electrons. Similarly, pho
tons with energy less than the binding energy of L-shell electrons inter
act only with electrons in M and more distant shells. That is, most pho
tons interact photoelectrically with electrons that have a binding energy 
nearest to the energy of the photons. Hence, the photoelectric attenua
tion coefficient increases abruptly at photon energies equal to the bind
ing energies of electrons in different shells. Absorption edges for photo
electric attenuation in soft tissue occur at photon energies that are very 
low and are not shown in Figure 6-7. Iodine and barium exhibit K-ab- 
sorption edges at energies of 33 and 37 keV. Compounds containing 
these elements are used routinely as contrast agents in diagnostic radiol
ogy (chap. 10).

At all photon energies depicted in Figure 6-7, the photoelectric atten
uation coefficient for lead (Z = 82) is greater than that for soft tissue (Z = 
7.4).* In general, the photoelectric mass attenuation coefficient varies 
with Z3. For example, the number of 15-keV photons absorbed primarily 
by photoelectric interaction in bone (Z = 11.6) is approximately four 
times greater than the number of 15-keV photons absorbed in an equal 
mass of soft tissue. Selective attenuation of photons in media with differ
ent atomic numbers and different physical densities is the principal rea
son for the usefulness of low-energy x rays for producing images in diag
nostic radiology.

COMPTON (INCOHERENT) SCATTERING
Gamma- and x-ray photons with energy between 30 keV and 30 MeV 

interact in soft tissue predominantly by Compton scattering. During a 
Compton interaction, part of the energy of an incident photon is trans-

°Z represents the effective atomic number of a mixture of elements. The determination 
of Z is discussed in Chapter 7.
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Fig 6-8.-Com pton scattering of an x- or -y-ray photon by a loosely bound 
electron. Scattering angles 0.and for the electron and photon are shown.

ferred to a loosely bound or “free” electron within the attenuating me
dium. The electron recoils at an angle d with respect to the motion of the 
incident photon, and the photon is scattered at an angle (f> (Fig 6 -8 ). The 
kinetic energy of the recoil or Compton electron equals the energy lost 
by the photon, assuming that the binding energy of the electron is negli
gible. Although the photon may be scattered at any angle <f> with respect 
to its original direction, the Compton electron is confined to an angle 6 
which is 90 degrees or less with respect to the motion of the incident 
photon. Both 6 and </> decrease with increasing energy of the incident 
photons (Fig 6-9).

During a Compton interaction, the change in wavelength of the x- or y- 
ray photon is

AX = 0.0243 (1 -  cos <f>) (6-11)

where $  is the scattering angle of the photon and AX is the change in
wavelength in angstroms. The wavelength X' of the scattered photon is

X' = X + AX (6-12)

where X is the wavelength of the incident photon. The energies hv and
hv' of the incident and scattered photons are

hv (keV) = ~
A

(6.62 x 10- 3 4  J-sec)(3 x 108 m/sec)
“  X(A)(10- 10 m/A)(1.6 x 10- 19 J/eV)(103 eV/keV)

12.4 (6-13)
m

Also,

hv' (keV) = (6-14)
A (A)

Example 6-5
A 210-keV photon is scattered at an angle of 80 degrees during a Compton 

interaction. What are the energies of the scattered photon and the Compton 
electron?
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The wavelength X of the incident photon is

1 2  4
X = ^  (6-13)

12.4
210 keV 

= 0.059 A

The change in wavelength AX is

AX = 0.0243 (1 -  cos $) (6-11)
= 0.0243 (1 -  cos 80)
= 0.0243 (1 -  0.174)
= 0.020 A

The wavelength X' of the scattered photon is

X' = X+ AX (6-12)
= (0.059 -I- 0 .0 2 0 ) A
= 0.079 A 

The energy of the scattered photon is

hv' = ^  (6-14)

12.4
0.079 A 

= 160 keV

The energy of the Compton electron is

Ek = hv — hv'
= (210 -  160) keV 
= 50 keV

Example 6-6
A 20-keV photon is scattered by a Compton interaction. What is the maximum 

energy transferred to the recoil electron?
The energy transferred to the electron is greatest when, the change in wave

length of the photon is maximum; AX is maximum when </> = 180 degrees.

(AX)max = 0.0243[1 -  cos (180)]
= 0.0243[ 1 -  (-1 )]
= 0.0486 A 
-  0.05 A

The wavelength X of a 20-keV photon is

X = ^  (6-13)
hv

_ 12.4
20 keV

= 0.62 A
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The wavelength X' of the photon scattered at 180 degrees is

X' = X + AX (6-12)
= (0.62 + 0.05) A
= 0.67 A

The energy hv' of the scattered photon is

hv' = M  (6. 14)

12.4
0.67 A 

= 18.6 keV

The energy Ek of the Compton electron is

Ek — hv — hv'
= (20.0 -  18.6) keV 
= 1.4 keV

When a low-energy photon undergoes a Compton interaction, most of the energy 
of the incident photon is retained by the scattered photon. Only a small fraction 
of the energy is transferred to the electron.

Example 6-7
A 2-MeV photon is scattered by a Compton interaction. What is the maximum 

energy transferred to the recoil electron?
The wavelength X of a 2-MeV photon is

12 4X = (6_13)
hv

= 12.4
2,000 keV

= 0.0062 A

The change in wavelength of a photon scattered at 180 degrees is 0.0486 A 
(see Example 6 -6 ). Hence, the wavelength X' of the photon scattered at 180 de
grees is

X' = X + AX (6-12)
= (0.0062 + 0.0486) A 
= 0.0548 A

The energy hv' of the scattered photon is

12.4 
0.0548 A 

= 226 keV

hv ' =  ^  (6-14)
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Fig 6-9. — Electron scattering angle 0 and photon scattering angle <f) as a func
tion of the energy of incident photons. Both 0 and <£ decrease as the energy of 
incident photons increases.

The energy Ek of the Compton electron is

Ek = hv — hv'
= (2,000 -  226) keV 
= 1,774 keV

When a high-energy photon is scattered by the Compton process, most of the 
energy is transferred to the Compton electron. Only a small fraction of the 
energy of the incident photon is retained by the scattered photon.
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Fig 6-10. —Compton electronic attenuation coefficient as a function of pho
ton energy.

Example 6-8
Show that, irrespective of the energy of the incident photon, the maximum 

energy is 255 keV for a photon scattered at 180 degrees and 511 keV for a photon 
scattered at 90 degrees.

The wavelength A' of a scattered photon is

A.' = X + AX (6-12)

For photons of very high energy, X is very small and may be neglected relative 
to AX.

X' -  AX

For photons scattered at 180 degrees,

X' -  0.0243 [1 -  cos (180)]
-  0.0243 [1 — (—1)]
•« 0.0486 A

hv' = * f #  (6-14)
A.

«  12-4
0.0486 A 

=  255 keV
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Fig 6-11. —Radiographs taken at 70 kVp, 250 kVp and 1.25 MeV (60Co). These 

films illustrate the loss of radiographic contrast as the energy of the incident 
photons increases.

For photons scattered at 90 degrees,

X' -  0.0243 [1 -  cos (90)]
-  0.0243 (l -  0)
=  0.0243 A

hv' = ^  (6-14)
A

_  12.4
0.0243 A

— 511 keV

The Compton electronic attenuation coefficient cre is plotted in Figure 
6-10 as a function of the energy of incident photons. The coefficient de
creases gradually with increasing photon energy. The Compton mass 
attenuation coefficient varies directly with the electron density 
(electrons per gram) of the absorbing medium, because Compton inter
actions occur primarily with loosely bound electrons. A medium with 
more unbound electrons will attenuate more photons by Compton scat
tering than will a medium with fewer electrons. The Compton mass at
tenuation coefficient is nearly independent of the atomic number of the 
attenuating medium. For this reason, radiographs exhibit very poor con
trast when exposed by high-energy photons. When most of the photons 
in a beam of x or y rays interact by Compton scattering, little selective 
attenuation occurs in different materials with different atomic number. 
The image in a radiograph obtained by exposing a patient to high-energy



114 I n t e r a c t i o n s  o f  X a n d  G am m a R a y s

photons is not the result of differences in atomic number between differ
ent regions of the patient. Instead, the image reflects differences in phys
ical density (gm/cc) between the different regions (e.g., bone and soft tis
sue). The loss of radiographic contrast with increasing energy of incident 
photons is depicted in Figure 6-11 and discussed more completely in 
Chapter 10.

PAIR PRODUCTION
An x- or -y-ray photon may interact by pair production while near a nu

cleus in an attenuating medium. A pair of electrons, one negative and 
one positive, appears in place of the photon. Since the energy equivalent 
to the mass of an electron is 0.51 MeV, the creation of two electrons re
quires 1.02 MeV. Consequently, photons with energy less than 1.02 
MeV do not interact by pair production. During pair production, energy 
in excess of 1.02 MeV is released as kinetic energy of the two electrons

hv (MeV) = 1.02 + (Ek)e_ + (Ek)e+

Although the nucleus recoils slightly during pair production, the small 
amount of energy transferred to the recoiling nucleus usually may be 
neglected. Pair production is depicted in Figure 6-12.

Occasionally, pair production occurs near an electron rather than near 
a nucleus. For 10-MeV photons in soft tissue, for example, about 10% of 
all pair-production interactions occur in the vicinity of an electron. An 
interaction near an electron is termed triplet production, because the 
electron receives energy from the photon and is ejected from the atom. 
Hence, three ionizing particles, two negative electrons and one positive 
electron, are released during triplet production. To conserve momen
tum, the threshold energy for triplet production must be 2.04 MeV. The 
ratio of triplet to pair production increases with the energy of incident 
photons and decreases as the atomic number of the medium is increased.

The mass attenuation coefficient Km for pair production varies almost

ELECTRON

Fig 6-12. —Pair-production interaction of a high-energy photon near a nu
cleus. Annihilation photons are produced when the positron and an electron 
annihilate each other.
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linearly with the atomic number of the attenuating medium. The coeffi
cient increases slowly with energy of the incident photons. In soft tissue, 
pair production accounts for only a small fraction of the interactions of x 
and y rays with energy between 1.02 and 10 MeV. Positive electrons re
leased during pair production produce annihilation radiation identical to 
that produced by positrons released from radioactive nuclei.

Example 6-9
A 5.0-MeV photon near a nucleus interacts by pair production. Residual ener

gy is shared equally between the negative and positive electron. What are the 
kinetic energies of these particles?

hv (MeV) = 1.02 + (Efc)e_ + (Ek)e+
(Ek)e_ = (Ek)e+ = { h v - 1 . 0 2 l M e V

_ (5.00 -  1.02) MeV 
2

= (Ek)e+ = 1.99 MeV

Described in Figure 6-13 are the relative importances of photoelectric, 
Compton and pair-production interactions in media of different atomic 
number, plotted as a function of the energy of incident photons. The 
curves in Figure 6-13 reflect atomic numbers and photon energies_for 
which adjacent effects are equally probable. In muscle or water (Z = 
7.45), the probabilities of photoelectric interaction and Compton scatter-

Fig 6-13. —Relative importance of the three principal interactions of x and 
y rays.
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TABLE 6-1.-VA RIA BLES THAT INFLUENCE THE 
PRINCIPAL MODES OF INTERACTION OF x AND y  RAYS

DEPENDENCE O F LINEAR ATTENUATION C O E FFIC IE N T ON

MODE O F 
INTERACTION

PHOTON 
EN ERGY hv

ATOMIC 
NUMBER Z

ELECTRON 
D EN SITY p e

PHYSICAL 
DENSITY p

Photoelectric 1

(hv)3 Z3 — P

Compton J_
hv — Pe P

Pair
production hv (above 

1.02 MeV)
z — P

ing are equal at a photon energy of 35 keV. However, equal energies are 
not deposited in tissue at 35 keV by each of these modes of interaction; 
all of the photon energy is deposited during a photoelectric interaction, 
whereas only part of the photon energy is deposited during a Compton 
interaction. Equal deposition of energy in tissue by photoelectric and 
Compton interactions occurs for 60-keV, rather than 35-keV, photons.

A summary of the variables that influence the linear attenuation coeffi
cients for photoelectric, Compton and pair-production interactions is 
given in Table 6-1.

PHOTODISINTEGRATION
Except for pair production, interactions of x- and y-ray photons with 

nuclei are important only if the photons have very high energy. One ex
ception to this rule is the reaction

9Be (hv, n) 8Be

which occurs with a threshold energy of 1.65 MeV. A beryllium foil 
emits neutrons after irradiation by photons with energy equal to or ex
ceeding 1.65 MeV. A silver foil adjacent to the beryllium is activated by 
the neutrons and emits gamma rays. If no gamma radiation is emitted by 
adjacent beryllium and silver foils after exposure of the foils to a super
voltage x-ray beam, then x rays with energy equal to or exceeding 1.65 
MeV are not present in the beam. If the tube voltage is increased until 
gamma rays are detected, then the most energetic x rays in the beam pos
sess an energy of 1.65 MeV. At this voltage, the voltmeter on the console 
of the supervoltage generator should indicate 1.65 MV. Other combina
tions of foils may be used to determine the energy of x rays in beams of 
higher energy. Photodisintegration interactions are important also dur
ing computation of the shielding required for beams of high-energy pho
tons.
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PROBLEMS
1. The tenth-value layer is the thickness of a slab of matter necessary to atten

uate a beam of x- or y-ray photons to one-tenth the intensity with no attenua
tor present. Assuming good geometry and monoenergetic photons, show that 
the tenth-value layer equals 2.30//n, where fi is the total linear attenuation 
coefficient.

°2. The mass attenuation coefficient of copper is 0.0589 sq cm/gm for 1.0-MeV 
photons. The number of 1.0-MeV photons in a narrow beam is reduced to 
what fraction by a slab of copper 1 cm thick? The density of copper is 8.9 
gm/cc.

*3. Copper has a density of 8.9 gm/cc and a gram-atomic mass of 63.56. The total 
atomic attenuation coefficient of copper is 8.8 x 10-24 sq cm/atom for 500- 
keV photons. What thickness of copper in centimeters is required to atten
uate 500-keV photons to one half of the original number?

4. Assume that the exponent (jlx in the equation I = is equal to or less
than 0 .1 .  Show that, with an error less than 1 % ,  the number of photons trans
mitted is I0( 1 — fix) and the number attenuated is l^ x . (Hint: Expand the 
term e~,IX into a series.)

*5. K- and L-shell binding energies for cesium are 28 keV and 5 keV, respective
ly. What are the kinetic energies of photoelectrons released from the K and L 
shells as 40-keV photons interact in cesium?

6. The binding energies of electrons in different shells of an element may be 
determined by measuring the transmission of a monoenergetic beam of pho
tons through a thin foil of the element as the energy of the beam is varied. 
Explain why this method works.

*7. Compute the energy of a photon scattered at 45 degrees during a Compton 
interaction, if the energy of the incident photon is 150 keV. What is the kinet
ic energy of the Compton electron? Is the energy of the scattered photon in
creased or decreased if the photon scattering angle is increased to more than 
45 degrees?

“8. A y ray of 2.75 MeV from 24Na undergoes pair production in a lead shield. 
The negative and positive electrons possess equal kinetic energy. What is 
this kinetic energy?

9. Prove that, regardless of the energy of the incident photon, a photon scat
tered at an angle greater than 60 degrees during a Compton interaction can
not undergo pair production.

°For those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 487-488).
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To D ESC R IBE a beam of ionizing radiation, the amount or “quantity” of 
radiation must be defined at one or more locations within the beam. In 
1928, the roentgen was defined as a unit of radiation quantity for x-rays of 
medium energy. The definition of the roentgen has been revised many 
times since 1928, with each revision reflecting an increased understand
ing of the interactions of electromagnetic radiation and of the equipment 
used to detect these interactions. Over this same period, many other units 
of radiation quantity have been proposed. In 1958, the International 
Commission on Radiation Units and Measurements (ICRU) organized a 
continuing study of the units of radiation quantity. Results of this study 
are described in the ICRU Report 19.1 Recommendations in this report 
concerning units for radiation intensity and exposure are discussed in 
this chapter. Recommendations concerning units for radiation dose are 
included in Chapter 8 .

RADIATION INTENSITY
Consider a sphere with unit cross-sectional area exposed to x- or 7 -ray 

photons. The rate at which photons pass through the sphere is termed 
the photon intensity or photon flux density (f>, expressed in units of pho
tons per area-time. If all the photons traverse the sphere in approximate
ly the same direction, then the sphere may be replaced by a plane orient
ed at a right angle to the motion of the photons. The number 4> of pho
tons passing through the sphere or plane in a finite interval of time t is 
the product

$  = <t>t (7-1)

provided (f> is constant over the interval of time. The symbol repre
sents the photon fluence, with units of photons per area (e.g., photons 
per square meter). If <j> varies with time, then the number <I> of photons 
traversing the sphere or plane in time t is

<P = f <f>(t)dt (7-2)
Jo

where (f>(t) implies that the photon flux density is expressed as a function 
of the time t.

118
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If all the photons possess the same energy hv, then the energy flux 
density if/ may be computed by

ifj = (f>hv (7-3)
where hv is expressed in units of energy per photon (e.g., J/photon or 
MeV/photon) and if/ is described in units of energy per area-time. If the
energy flux density is constant over the time interval t, then the energy
fluence 'Pin units of energy per area (e.g., J/sqm or MeV/sqm) is

V =if/t (7-4)
If the energy flux density varies with time, the energy fluence is

V = f  if/(t)dt (7-5)
Jo

where if/(t) indicates that the energy flux density is expressed as a func
tion of time t. The energy fluence of monoenergetic photons may be 
found also by

V  =  < P hv  (7-6)

If the radiation beam consists of photons of m different energies, then 
the energy flux density may be expressed

m
0 = 2  fi^hvi (7-7)

i= 1

where f t represents the fraction of photons with energy hvt in the beam. 
The symbol

i=l

indicates that if/ is determined by adding the products f^ h v .  for each 
photon energy. If the distribution of photon energies is continuous, 
as in an x-ray beam, then the summation sign must be replaced by an 
integral. The expression becomes

if/ = f  <f>(hv)d(hv) (7-8)
J  a

where a and b  represent the minimum and maximum photon energies, 
and (f>(hv) implies that the photon flux density must be described as a 
function of the photon energy hv. Expressions similar to equations (7-1) 
through (7-8) may be derived for beams of charged or uncharged parti
cles.

Although photon and energy flux densities and fluences are important
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in many computations in radiologic physics, these quantities cannot be 
measured easily. Hence, units have been defined that are related more 
closely to common methods for measuring radiation quantity. One of 
these units is the roentgen.

RADIATION EXPOSURE 
Primary ion pairs (electrons and positive ions) are produced as ioniz

ing radiation interacts with atoms of an attenuating medium. Secondary 
ion pairs are produced as the primary ion pairs dissipate their energy by 
ionizing nearby atoms. The total number of ion pairs (IP) produced is 
proportional to the energy that the radiation deposits in the medium. 
The concept of radiation exposure is based upon the assumption that 
the absorbing medium is air. If Q is the total charge (negative or positive) 
liberated as x or y rays interact in a small volume of air of mass m, then 
the radiation exposure X at the location of the small volume is

The total charge reflects the production of both primary and secondary 
ion pairs, with the secondary ion pairs produced both inside and out
side of the small volume of air. The unit of radiation exposure is the 
roentgen  (R).

1 R = 2.58 x 10~4 coulomb/kg air

This definition of the roentgen is equivalent numerically to an older 
definition:

1 R = 1 esu/0.001293 gm air 
= 1 esu/sq cm air at STP*

The roentgen is applicable only to x- and y-radiation less than about 3 
MeV. Consequently, this unit should not be used with charged-particle 
beams or with x- and y-ray photons greater than about 3 MeV.

With the W-quantity equal to 33.7 eV/IP for x and y rays in air, the 
energy absorbed in a unit mass of air during an exposure X in roent
gens is
Energy absorbed in air

[X(R)](2.58 x  10~4 coulomb/kg-R)(33.7 eV/IP)(1.6 x 10~“> J/eV)
(1.6 x 10-19 coulomb/IP)

= 86.9 x  10-“ X (7-10)
kg

°STP = Standard temperature (0 C) and pressure (1 atm or 760 mm Hg).
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Energy and Photon Fluence per Roentgen 
From equation (7-10), the energy absorbed in air is 86.9 x 10-4 X 

(J/kg) during an exposure of X R. The absorbed energy also is
Energy absorbed in air = [Energy fluence][Total energy absorption coefficient]

Energy absorbed in air = (7-11)

where (/xcn)m is the total mass energy absorption coefficient for x- or 
y-ray photons that contribute to the energy fluence. The coefficient 
(i-O™ is defined asen 'm

(VeJm ~ (j~)

where n  is the total mass attenuation coefficient of air for photons of

TABLE 7-1.-M A SS ENERGY ABSORPTION 
C O EFFICIEN TS FOR SELEC TED  

MATERIALS AND PHOTON EN ERG IES"

MASS EN ERG Y ABSORPTION 
C O E FFIC IE N T  (fien)m( sq m/kg)

PHOTON  ---------------------------------------- '--------------------------
EN ERG Y COMPACT
(MeV) AIR W A TER BONE M USCLE

0.01 0.466 0.489 1.90 0.496
0.02 0.0516 0.0523 0.251 0.0544
0.03 0.0147 0.0147 0.0743 0.0154
0.04 0.00640 0.00647 0.0305 0.00677
0.05 0.00384 0.00394 0.0158 0.00409
0.06 0.00292 0.00304 0.00979 0.00312
0.08 0.00236 0.00253 0.00520 0.00255
0.10 0.00231 0.00252 0.00386 0.00252
0.20 0.00268 0.00300 0.00302 0.00297
0.30 0.00288 0.00320 0.00311 0.00317
0.40 0.00296 0.00329 0.00316 0.00325
0.50 0.00297 0.00330 0.00316 0.00327
0.60 0.00296 0.00329 0.00315 0.00326
0.80 0.00289 0.00321 0.00306 0.00318
1.0 0.00280 0.00311 0.00297 0.00308
2.0 0.00234 0.00260 0.00248 0.00257
3.0 0.00205 0.00227 0.00219 0.00225
4.0 0.00186 0.00205 0.00199 0.00203
5.0 0.00173 0.00190 0.00186 0.00188
6.0 0.00163 0.00180 0.00178 0.00178
8.0 0.00150 0.00165 0.00165 0.00163

10.0 0.00144 0.00155 0.00159 0.00154

‘’From  National Bureau of Standards Handbook 85.3
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energy hv. The term Ea represents the average energy transformed into 
kinetic energy of electrons and positive ions per photon absorbed or 
scattered from the x- or y-ray beam.2 The average energy Ea is corrected 
for bremsstrahlung produced as electrons interact with nuclei within 
the attenuating medium. Mass energy absorption coefficients for a few 
media, including air, are listed in Table 7-1.

Combining equations (7-10) and 7-11),

^  (Hen)m = 86.9 x 1 0 -  (X)

The energy fluence per roentgen ('P/X) is
86.9 x 1 0 -

X (7-12)

where (fien)m is expressed in units of sq m/kg, ^  in J/sq m and X in roent
gens.

PHOTON ENERGY (MeV)

Fig 7-1. — Photon and energy fluence per roentgen, plotted as a function of 
:he photon energy in MeV.



R a d ia t io n  E x p o s u r e 123

For monoenergetic photons, the photon fluence per roentgen, <1>/X, 
is the quotient of the energy fluence per roentgen divided by the 
energy per photon.

<D ¥
X X(M (l-6 x 10- 13 J/MeV)

From equation (7-12),
$  _ 54.3 x IQ3

X M M *),
with hv expressed in MeV and 4> in units of photons per square meter.

The photon and energy fluence per roentgen are plotted in Figure 7-1 
as a function of photon energy. At lower photon energies, the large in
fluence of photon energy upon the energy absorption coefficient of 
air is reflected in the rapid change in the energy and photon fluence 
per roentgen. Above 100 keV, the energy absorption coefficient is rela
tively constant, and the energy fluence per roentgen does not vary 
greatly.4 However, the photon fluence per roentgen decreases steadily 
as the energy per photon increases.

Example 7-1
Compute the energy and photon fluence per roentgen for 60Co y rays. The 

average energy of the photons is 1.25 MeV and the total energy absorption 
coefficient is 2.67 x 10~3 sq m/kg (Table 7-1).

¥  86.9 x 10~4 n  10v
X ( f i j m "en'm

86.9 x 10~4 J/kg 
2.67 x 10-3 sq m/kg 

J= 3.25 sq m-K
v 1A9

(7-13)
sq m-R 

<J> 54.3 x 109

54.3 X 10* MeV/kg
(1.25 MeV/photon)(2.67 x 10-3 sq m/kg) 

photons= 1.63 x 1013
sq m-R

Ionization Measurements 
With designation of the energy absorbed per kilogram of air as E a, 

equation (7-11) may be rewritten as:
En

\Tf _  --------- 2 _

(a  )



In a unit volume of air, the energy absorbed per kilogram is

where E  is the energy deposited in the unit volume by impinging x 
and y radiation and p is the density of air (1.29 kg/cu m at STP). If J  is 
the number of primary and secondary ion pairs produced as a result of 
this energy deposition, then

E = JW

where W  = 33.7 eV/IP. The energy fluence 'P is
JW

*  = - r r v  (7‘14>PWjm

Exam ple 7-2
A 1 cu m volume of air at STP is exposed to a photon fluence of 1015 photons 

sq m. Each photon possesses 0.1 MeV. The total energy absorption coefficient 
of air is 2.31 x 10~ 3 sq m/kg for 0.1-MeV photons. How many ion pairs are pro
duced inside and outside of the 1 cc volume? How much charge is measured if 
all the ion pairs are collected?

¥  = $hv  (7-6)
„  ( 10.. P l ^ V o . i  MeV_V 1 6  x 10_,3

\ sqm  /\ photon/\ Me
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= 1.6 x 10. J L
sq m

JW
p(PeJm 

j  = VpiP-eJm
(7-14)

W
_ (1.6 x IQ1 J/sq m)(1.29 kg/cu m)(2.31 x 10~ 3 sq m/kg)(10~6  cu m/cc)(l cc) 
m (33.7 eV/IP)(1.6 x 10" 19 J/eV)
= 8 8  x 1 0 8 ion pairs

The charge Q collected is

coulomb\Q = ^ 8 8  x 108 I p V l . 6  x 10" 19
IP / 

= 1.41 x 10~ 9 coulomb

It is not possible to measure all of the ion pairs resulting from the 
deposition of energy in a small volume of air exposed to x or y radiation. 
In particular, secondary ion pairs may escape measurement if they are 
produced outside the “collecting volume” of air. However, the small 
volume may be chosen so that energy lost outside the collecting volume 
by ion pairs created within equals energy lost inside the collecting
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volume by ion pairs that originate outside. When this condition of 
electron equilibrium  is satisfied, the number of ion pairs collected inside 
the small volume of air equals the total ionization J. The principle of 
electron equilibrium is used in the free air ionization chamber.

Free Air Ionization Chamber 
X- or y-ray photons incident upon a free air ionization chamber are 

collimated by a tungsten or gold diaphragm into a beam with cross-sec
tional area A (Fig 7-2). Inside the chamber, the beam traverses an elec
tric field between parallel electrodes A and B, with the potential of 
electrode B highly negative. Electrode A is grounded electrically and is 
divided into two guard electrodes and a central collecting electrode. The 
guard electrodes ensure that the electric field is uniform over the col
lecting volume of air between the electrodes. To measure the total ioni
zation accurately, the range of electrons liberated by the incident radia
tion must be less than the distance between each electrode and the air 
volume exposed directly to the x- or y-ray beam. Furthermore, for elec
tron equilibrium to exist, the photon flux density must remain constant 
across the chamber, and the distance from the diaphragm to the border 
of the collecting volume must exceed the electron range. If all of these 
requirements are satisfied, then the number of ion pairs liberated by the 
incident photons per unit volume of air is

IP N
Unit volume AL

where N is the number of ion pairs collected, A is the cross-sectional area 
of the beam at the center of the collecting volume and L  is the length of 
the collecting volume. The charge Q (positive or negative) collected by 
the chamber is

Q = n ( 1.6 x 10- 19 £2u]2 mbj

Since 1 R equals 2.58 X  10-4 coulombs/kg air, the number of roentgens 
X corresponding to a charge Q in a free air ionization chamber is

x  = (___________ 1__________ \ _Q_ ,7_m
\2.58 x 10~4 coulombs/kg-R/ ALp

where p is the density of air.
To prevent ion pairs from recombining, the potential difference be

tween the electrodes of a free air ionization chamber must be great 
enough to attract all ion pairs to the electrodes. A voltage this great is 
referred to as a saturation voltage. Ionization currents in a free air cham
ber subjected to different exposure rates are plotted in Figure 7-3 as a 
function of the potential difference across the electrodes. For any partic-
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H ig h -vo lto ge

Fig 7-2.—A free air ionization chamber. The collecting volume of length L is 
enclosed within the region INXYZ. The air volume exposed directly to thex- or-y- 
ray beam is depicted by the hatched area.

ular voltage, there is an exposure rate above which significant recombi
nation occurs. Unless the potential difference is increased, an exposure 
rate higher than this limiting value is measured incorrectly, because 
some of the ion pairs recombine and are not collected. Errors due to the 
recombination of ion pairs may be especially severe during the measure
ment of exposure rates from a pulsed beam of x rays.5

Free air ionization chambers are used primarily with x-ray beams gen
erated at a tube voltage between 50 and 300 kVp. Electrodes in these 
chambers are separated by about 12 cm. This distance exceeds the range 
of photoelectrons liberated by x rays generated at tube voltages less than 
100 kVp (Table 7-2). However, photons greater than about 100 keV pro
duce very few photoelectrons, and the small error introduced by inade
quate separation of electrodes at tube voltages greater than 100 kVp may 
be eliminated almost completely with a small correction factor. For x 
rays produced at tube voltages between 20 and 50 kVp, the electrodes 
are separated by less than 10 cm .6 Free air chambers are used only infre
quently for x rays generated at tube voltages less than 20 kVp.

The range of electrons liberated in air increases rapidly with the ener
gy of incident x- or y-ray photons (see Table 7-2). Electrodes would have 
to be separated by about 4 m in a chamber used to measure x rays gener
ated at 1,000 kVp. Above 1,000 kVp free air ionization chambers would 
become very large, and uniform electric fields would be difficult to
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ELECTRODE VOLTAGE (VOLTS)
Fig 7-3. —Current in a free air ionization chamber as a function of the poten

tial difference across the electrodes of the chamber. Saturation currents are 
shown for different exposure rates. Data were obtained with a chamber with 
electrodes 1 cm apart. (From Johns, H., and Cunningham, J.: The Physics of 
Radiology [3d ed.; Springfield, III.: Charles CThomas, Publisher, 1969].)

achieve. Other problems, such as a reduction in the efficiency of ion-pair 
collection, are also encountered with chambers designed for high-ener
gy x and y rays. With some success, chambers containing air at a pressure 
of several atmospheres have been designed for high-energy photons. 
Problems associated with the design of free air ionization chambers for 
high-energy x and y rays contribute to the decision to confine the roent
gen to x and y rays with energy less than about 3 MeV.

A few corrections usually are applied to measurements with a free air 
ionization chamber. These include:

TABLE 7-2.-RANGE AND PERCENT OF TOTAL IONIZATION 
PRODUCED BY PHOTOELECTRONS AND COMPTON ELECTRONS 

FOR X RAYS GENERATED AT 100, 200 AND 1,000 kVp*

X-RAY
T U B E

VOLTAGE
(kVp)

PH O TO ELECTRO N S COMPTON ELEC TRO N S
ELE C TR O D E  
SEPARATION 
IN F R E E  AIR 
IONIZATION 

CHAM BER
RANGE IN 
AIR (cm )

% O F TO TA L 
IONIZATION

RANGE IN 
AIR (cm )

% O F TO TA L 
IONIZATION

1 0 0 1 2 1 0 0.5 90 1
1 2  c m

2 0 0 37 0.4 4.6 99.6 J
1,000 290 0 
°From Meredith and Massey.8

2 2 0 1 0 0 4 m
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1. Correction for attenuation of the x or y rays by air between the dia
phragm and the collecting volume.

2 . Correction for the recombination of ion pairs within the chamber.
3. Correction for air density and humidity.
4. Correction for ionization produced by photons scattered from the 

primary beam.
5. Correction for the loss of ionization caused by inadequate separation 

of the chamber electrodes.
These and other corrections to measurements with free air ionization 

chambers have been discussed by Wyckoff and Attix.7 With corrections 
applied, measurements of radiation exposure with a free air ionization 
chamber are accurate to within ± 0.5%. Free air ionization chambers are 
used to calibrate exposure rates for x- and y-ray beams in standards lab
oratories such as the National Bureau of Standards in the United States 
and the National Physical Laboratory in Great Britain.

Thimble Chambers 
Free air ionization chambers are too fragile and bulky for routine use. 

However, the amount of ionization collected in a small volume of air is 
independent of the medium surrounding the collecting volume, provid
ed the medium has an atomic number equal to the effective atomic num
ber of air. Consequently, large distances required for electron equilibri
um in the free air chamber may be replaced by lesser thicknesses of a 
more dense material, provided the atomic number is not changed.

The effective atomic number Z of a material is the atomic number of a

Fig 7-4. — Ionization in an air-filled cavity exposed to 60Co radiation, ex
pressed as a function of the thickness of the air-equivalent wall surrounding the 
cavity.
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hypothetical element which attenuates photons at the same rate as the 
material.9 ,10 For photoelectric interactions, the effective atomic number 
Z of a mixture of elements is

z  = ***VaiZ *M + a2Z22 -94 + . . . + anZn 2 -94 (7-16)

where Zx, Z2, . . . , Zn are the atomic numbers of elements in the mixture 
and av a2, . . . , a n are the fractional contributions of each element to the 
total number of electrons in the mixture.

Example 7-3.
Calculate Z for air. Air contains 75.5% nitrogen, 23.2% oxygen and 1.3% 

argon. Gram-atomic masses are: nitrogen 14.007, oxygen 15.999 and argon 39.948.

Number of electrons contributed by nitrogen to 1 gm air
_ (1 gm)(0.755)(6.02 x 1023 atom/gm-atomic mass)(7 electrons/atom)

(14.007 gm/gm-atomic mass)
= 2.27 x 1023 electrons

Number of electrons contributed by oxygen to 1 gm air
(1 gm)(0.232)(6.02 x 1023 atom/gm-atomic mass) ( 8  electrons/atom) 

(15.999 gm/gm-atomic mass)
= 0.70 x 1023 electrons

Number of electrons contributed by argon to 1 gm air
_ (1 gm)(0.013)(6.02 x 1023 atom/gm-atomic mass)(18 electrons/atom)

(39.948 gm/gm-atomic mass)
= 0.04 x 1023 electrons

Total electrons in 1 gm air
= (2.27 + 0.70 + 0.04) x 1023

= 3.01 x 1023 electrons
r .. 2.27 x 1023 electrons n

a, for nitrogen = 3  0 1  x 102a electrons = 0.753
r 0.70 x 1023 electrons

a, for oxygen = 3  0 1  x 1 0 1S erec7 r- -  = 0.233
c 0.04 x 1023 electrons « n n

a , for argon = a 0 1  x 1Qa eIectI0- s = 0  013 __________

Z air = 2-94V(0.753) 72 -94 + (0.233) 8 2-94 + (0.013) 182-94 
= 7.64

The large distances in air required for electron equilibrium and col
lection of total ionization in a free air chamber may be replaced by small
er thicknesses of “air-equivalent material” with an effective atomic 
number of 7.64. Chambers with air-equivalent walls are known as thim
ble cham bers. Usually, the walls are composed of bakelite (C43H380 7)3 
coated with graphite. Most of the ion pairs collected within the air volume 
are produced by electrons released as photons interact with the air- 
equivalent walls of the chamber. Shown in Figure 7-4 is the ionization
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C AR BO N -C O ATE D  ^
B A K E L IT E

-INSULATION 
<—A LU M IN U M

Fig 7-5. —Diagram of a thimble chamber with an air-equivalent wall.

in an air-filled cavity exposed to 60Co radiation, expressed as a function of 
the thickness of the wall surrounding the cavity. Initially, the number of 
electrons entering the cavity increases with the thickness of the cavity 
wall. When the wall thickness equals the range of electrons liberated by 
incident photons, electrons from outer portions of the wall just reach the 
cavity and the ionization inside the cavity is maximum. The thickness of 
the wall should not be much greater than this equilibrium thickness, be
cause the attenuation of incident x- and y-ray photons increases with the 
thickness of the wall. The equilibrium thickness for the wall increases 
with the energy of the incident photons. In Figure 7-4, the slow decrease 
in ionization as the wall thickness is increased beyond the electron range 
reflects the attenuation of photons in the wall of the chamber. Extra
polation of this portion of the curve to a wall thickness of zero indicates 
the ionization that would occur within the cavity if photons were not 
attenuated by the surrounding wall.

A thimble chamber is illustrated schematically in Figure 7-5. Usually, 
the inside of the chamber wall is coated with carbon, and the central pos
itive electrode is aluminum. The response of the chamber may be varied 
by changing the size of the collecting volume of air, the thickness of the 
carbon coating or the length of the aluminum electrode. Nevertheless, it 
is difficult to construct a thimble chamber with a response at all photon 
energies identical with that for a free air chamber. Usually, the response 
of a thimble chamber is compared at several photon energies to the re
sponse of a free air ionization chamber. By using the response of the free 
air chamber as a standard, calibration factors may be computed for the 
thimble chamber at different photon energies.

Condenser Chambers 
As ion pairs produced by impinging radiation are collected, the poten

tial difference is reduced between the central electrode and the wall of a 
thimble chamber. If a chamber with volume v is exposed to X R, the 
charge Q collected is

Q (coulombs) = [X(R)l(2.58 x 10~* C0^ 0^ bs)p(_M _)u(cU 

= 2.58 x 10- 4 Xpv 

If  the density of air is 1.29 kg/cu m,
Q = 3.33 x 10"4 Xv
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For a chamber with capacitance C in farads, the voltage reduction V 
across the chamber is

Q = 3.33 x 10- 4 Xv 
C C

The voltage reduction per roentgen is
V _  3.33 x IQ-* g
X C }

where X is the exposure in roentgens and v is the volume of the chamber 
in cubic meters. The voltage drop per roentgen, defined as the sensitivi
ty of the chamber, may be reduced by decreasing the chamber volume v 
or by increasing the chamber capacitance C. The chamber capacitance 
may be increased by connecting the thimble chamber permanently to a 
large capacitor. The combination is a condenser chamber (Fig 7-6). The 
capacitor consists of an inner layer of conducting carbon separated by a 
polystyrene insulator from an outer metal cylinder. The outer cylinder of 
the capacitor is connected to the inner wall of the thimble ionization 
chamber, and the positive electrode in the thimble is continuous with 
the carbon coating on the polystyrene insulator. The capacitance C of the 
entire chamber is

C = Cc + Ct

where Cc and Ct are the capacitances of the capacitor and thimble, re
spectively. Usually, Cc is much greater than Ct, and the sensitivity of a 
condenser chamber is reduced greatly from that for the thimble alone.

If an electrometer with capacitance Ce is used to measure the charge 
distributed over a condenser chamber with total capacitance C, then the 
sensitivity of the chamber may be defined as

V 3.33 x 1 0 -  6

X c + c e

The sensitivity of most condenser chamber-electrometer units is de
fined in this manner.

Fig 7-6. — Cross section of a typical condenser chamber.
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Example 7-4
The capacitance of a 100-R condenser chamber is 50 /x(jlF .  The capacitance of 

the charger-reader used with the chamber is 10 /jl/jlF . The volume of the chamber 
is 0.46 cc. What is the sensitivity of the chamber? What reduction in voltage oc
curs when the chamber is exposed to 50 R?

V 3.33 x 10- 4 v Sensitivity “  Jg “ ---- ^ + - -----  (7-18)

= 3.33 x IQ- 4 (0.46 cc)(lQ- 6 cu m/cc)
(50 + 10) x 10- 12 F

V
= 2.55

The reduction in voltage following an exposure of 50 R is

(50 R)^2.55 D  = 128 V

Condenser chambers frequently used in the United States are those 
developed by Glasser and Seitz11 and manufactured primarily by Victo- 
reen Instrument Company. Victoreen chambers with walls of different 
thicknesses and compositions are used to measure low-energy (4 -3 5  
keV), medium-energy (30-400  keV) and high-energy (400- 1,300 keV) x-

Fig 7-7. —Victoreen condenser chambers and a charger-reader electrometer. 
(1) 25 R, high-energy chamber; (2) 25 R, medium-energy chamber; (3) 250 R, 
low-energy chamber; (4) 0.25 R, medium-energy chamber; (5) 250 R, medium- 
energy chamber; and (6) charger-reader electrometer. (Courtesy of Victoreen 
Instrument Co.)
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and y-ray photons. A number of chambers with different sensitivities are 
available to measure medium- and high-energy x and y rays. For exam
ple, a 100-R chamber exposed to 100 R furnishes a full-scale deflection of 
the electrometer. The volume of air in a 100-R chamber is about 0.46 cc, 
and the sensitivity of the chamber plus electrometer is about 2.5 V/R 
(Example 7-4). A 2.5-R, medium-energy chamber has an air volume of 
about 17 cc and a sensitivity of about 100 V/R. A charger-reader electro
meter and a few Victoreen chambers are shown in Figure 7-7. Often, a 
condenser chamber together with its electrometer is referred to as an l i
me ter.

When a medium- or high-energy condenser chamber is exposed to 
radiation, the axis of the chamber should be oriented at a right angle to 
the direction of the incident photons. Low-energy chambers are de
signed to admit photons through a thin window at the end of the thimble 
and should be positioned parallel to the incident photons. During expo
sure, the metal cap of the chamber should be in place (Fig 7-7). The cap 
attenuates radiation impinging upon the condenser or “stem” portion of 
the chamber, and reduces the ionization occurring in the stem. The cap 
also shields the exposed tip of the central electrode, and greatly reduces 
the charge collected from irradiated air near the end of the chamber. Ion
ization in the stem, and that collected from irradiated air enclosed be
tween the end of the chamber and the metal cap, is termed stem ioniza
tion  or the stem effect. Correction for the stem effect may be as large as 
4 -5 %  for high-energy photons. The air within the central cavity of 
the stem also is ionized by photons that penetrate the stem. However, 
these ion pairs recombine and do not influence the measured exposure, 
because this region is shielded from the electric field.

Condenser chamber-electrometer units should be calibrated periodi
cally by a standards or calibration laboratory, the manufacturer or the

TABLE 7-3.-T Y P IC A L CALIBRATION REPORT FOR VARIOUS 
CHAMBERS OF VICTOREEN R-M ETER 

(National Bureau of Standards Calibration, Victoreen R-Meter #892)

EQUIVALEN T ADDED HVL (m m )
IN H EREN T F IL T E R OR EN ERGY CHAMBER CHAMBER CORRECTION

kVcp F IL T E R  (m m ) (m m ) (keV) MODEL RANGE (R) FACTOR

20 2.0 Be 0.0  Al 0 .062 Al 651 250 0.98
50 2.0 Be 1.0 Al 0.87 Al 651 250 1.08
75 4.0  Al 0 .0  Al 3.2  Al 131 100 1.06

100 4.0  Al 1.0 Al 5.2  Al 131 100 1.06

250 1.0 Al
f 1.0 Cul 
j l .0  Al J 2.17 Cu 131 100 1.08

®°Co 1,250 keV 553 25 0.94°

°AI1 of stem exposed.
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user. A calibration report from the National Bureau of Standards is 
shown in Table 7-3 for different condenser chambers of a Victoreen R- 
meter.

A few precautions are necessary when a condenser chamber is used. If 
a chamber is not exposed to radiation, then charge placed on electrodes 
of the chamber should remain for a reasonable period of time. If some 
charge leaks from the chamber, then either the cause of leakage should 
be eliminated or measurements should be corrected for leakage. The 
chamber should be calibrated periodically and should be stored in an 
atmosphere of low humidity (e.g., a desiccator) to reduce the leakage of 
charge caused by accumulation of moisture. Always, condenser cham
bers must be handled gently and kept clean.

ELECTROMETERS
String Electrometers 

A string electrometer used with Victoreen condenser chambers is il
lustrated schematically in Figure 7-8. The positive charge on the string 
support rod and platinum wire induces a negative charge on the deflec
tion electrode. The deflection electrode attracts the platinum wire, and 
the wire moves a distance that depends upon the amount of charge dis
tributed over the wire and the support rod. The movement of the shadow 
of the string across a scale is observed through a small microscope. With 
the condenser chamber inserted into the electrometer, the chamber,

Fig 7-8.-D iagram  of a Victoreen Model 570 string electrometer. (Courtesy of 
Victoreen Instrument Co.)
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wire and support rod are charged until the shadow of the string falls 
upon zero on the scale. When the chamber is removed from the electrom
eter and exposed to radiation, ion pairs are collected and the charge is 
reduced on electrodes of the condenser chamber. When the chamber is 
reinserted into the electrometer, the reduction in charge is shared 
among the chamber, the platinum wire and the support rod. With the 
charge on the wire and rod reduced, the attraction is decreased between 
the wire and the deflection electrode and the wire moves upscale. The 
final position of the wire reflects the radiation exposure received by the 
chamber. By applying various correction factors, the exposure in roent
gens may be computed.12

Other Electrometers 
The condenser chambers discussed so far are detached from the elec

trometer during exposure. A variety of exposure-measuring devices are 
available in which the chamber remains connected to the electrometer 
by a shielded cable during exposure. While in the x-ray beam, the cham
ber may be made sensitive to radiation for a selected interval of time, 
and the exposure rate or cumulative exposure may be determined. A typ
ical device of this type is illustrated in Figure 7-9. Shown in Figure 7-10 
is an ionization chamber designed by the Department of Medical Phys
ics of Memorial Hospital of New York especially for measurement of 
very low-energy (2 5 -4 5  kVp) x-ray beams used for mammography.

Fig 7-9.—A Keithley model 35020 Digital Dosimetry System. (Courtesy of 
Keithley Instruments, Inc.)
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Fig 7 -10 .-A  Memorial Hospital ionization chamber designed for measure
ment of mammographic x-ray beams. (Courtesy of the Southwestern Center for 
Radiological Physics, Denver, Colorado.)

EXTRAPOLATION CHAMBERS
Measurements with a condenser chamber are difficult to interpret if 

the chamber is at a location where the exposure rate changes rapidly 
with distance, because the measurements represent average exposure 
rates over the volume of the chamber. To determine the exposure rate 
accurately in such a location, a chamber with very small thickness is 
required. In the extrapolation cham ber, the spacing between electrodes 
may be varied from a few centimeters to a fraction of a millimeter. The 
rate at which ion pairs are produced in the air between the electrodes is 
measured for different distances of separation of the electrodes. The ion
ization current per unit volume of air is plotted as a function of the dis
tance between the electrodes, and the resulting curve is extrapolated to 
an electrode spacing of zero. The ionization current per unit volume at 
the intersection of the curve with the ordinate reflects the exposure rate 
at the exact location of the electrodes with zero separation distance 
(Fig 7-11).

Failla described the first extrapolation chamber in 1937.13 Extrapola
tion chambers are used often to measure the rate at which air is ionized 
at the surface of a medium irradiated by x or y rays. The backscatter f a c 
tor is the ratio of this measurement (extrapolated to zero electrode spac
ing) to a measurement of the rate of ionization with the medium re-
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ELECTRO DE SEPARATION (mm)

Fig 7-11 . — Ionization per unit volume of an extrapolation chamber, plotted as. 
a function of the spacing between electrodes of the chamber. (From Stanton, L.: 
Basic Medical Radiation Physics [New York: Appleton-Century-Crofts, 1969].)

moved. Extrapolation chambers used for measurement of backscatter 
factors have two electrodes. One is a conducting layer of graphite depos
ited upon a very thin electrode placed on the surface of the medium. The 
second electrode is a thin conducting membrane which can be lowered 
toward the first electrode.

PROBLEMS
*1. The photon flux density is 10® photons/(sq m-sec) for a beam of gamma rays. 

One fourth of the photons have an energy of 500 keV and three fourths have 
an energy of 1.25 MeV. What is the energy flux density of the beam? If the 
photon flux density is constant, what is the energy fluence over an interval of 
1 0  seconds?

*2. During an exposure of 75 R, how much energy is absorbed per kilogram 
of air?

*3. The energy absorption coefficient of air is 2.8 x 10- 3  sq m/kg for photons of
1.0 MeV. What is the energy fluence required for an exposure of 100 R? What 
is the photon fluence for this exposure?

°4. How many ion pairs are produced in 1 cc of air during an exposure of 100 R?
*5. Water is 89% oxygen (gm-atomic mass = 15.999) and 11% hydrogen (gm- 

atomic mass = 1.008) by weight. Compute the effective atomic number of 
water.

° 6 . A thimble chamber with an air-equivalent wall receives an exposure of 60 R

°F o r those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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in 1 minute. The volume of the chamber is 0.46 cc. What is the ionization 
current from the chamber?

°7. A condenser ionization chamber has a sensitivity of 2.5 V/R. The volume of 
the chamber is 0.46 cc. The capacitance of the chamber is six times the ca
pacitance of the charger-reader. What is the capacitance of the chamber?

° 8 . A miniature ionization chamber has a sensitivity of 1 V/R. The chamber is 
discharged by 270 V during an exposure to x radiation. What exposure did 
the chamber receive?

9. A Victoreen condenser chamber receives identical exposures in New Or
leans (sea level) and in Denver (5,000 ft above sea level). Is the deflection of 
the platinum wire lower or high in Denver? Why?

10. What is meant by the energy dependence of an air-wall thimble chamber?
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8 / Radiation Dose

A l t h o u g h  t h e  r o e n t g e n  is used widely to describe the quantity of x- 
or y-ray photons less than about 3 MeV, it is not used with photons of 
higher energy or with beams of charged or uncharged particles. For 
these radiations, other units of radiation quantity have been defined.1 
These units are used also with increasing frequency for x- and y-ray pho
tons less than 3 MeV.

UNITS OF RADIATION DOSE 

The Rad
Chemical and biologic changes in tissue exposed to ionizing radiation 

depend upon the energy absorbed in the tissue from the radiation, rather 
than upon the amount of ionization that the radiation produces in air. To 
describe the energy absorbed in a medium from any type of ionizing ra
diation, the quantity of radiation should be described in units of rads. 
The rad (an acronym for radiation absorbed dose) is a unit of absorbed  
dose,*  and represents the absorption of 10-2 J of energy per kilogram (or 
100  ergs per gram) of absorbing material:

1 rad = 10- 2  J/kg = 100 ergs/gm 

The absorbed dose D in rads delivered to a small mass m in kilograms is:

D (rad) = To^jTTg (8-»

where E, the absorbed energy in joules, is:

the difference between the sum of the energies of all the directly- and indi
rectly-ionizing particles which have entered the volume and the sum of the ener
gies of all those which have left it, minus the energy equivalent of any increase 
in rest mass that took place in nuclear or elementary particle reactions within the 
volume. 1

This definition means that E is the total energy deposited in a small 
volume of irradiated medium, corrected for energy removed from the 
volume in any way.

“The rad is also a unit of kerma, defined as the sum of the initial kinetic energies of all 
charged particles liberated by indirectly ionizing particles (and photons) in a volume ele
ment, divided by the mass of matter in the volume element. Under conditions of charged- 
particle equilibrium with negligible energy loss by bremsstrahlung, kerma and absorbed 
dose are identical.

139
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Example 8-1
If a dose of 5 rad is delivered uniformly to the uterus during a diagnostic x-ray 

examination, how much energy is absorbed by each gram of the uterus?

_  Elm
10- 2  J/kg-rad

E m IQ" 2 (D)(m) (8-1)

=  1 0 -2  (5  ra d ) (  1 0 -3  J s S  
\ grn /

= 5 x 10- 5  J/gm

During an exposure of 1 R, the energy absorbed per kilogram of air is 
(chap. 7):

1 R = 86.9 x 10- 4  J/kg in air 

Since 1 rad = 10-2 J/kg,
1 R = 0.869 rad in air 

The Gray
In the international (SI) system of units, the rad is replaced by the gray 

(Gy) defined as:

1 Gy = 1 J/kg

Since 1 rad = 10-2 J/kg,

1 Gy = 100 rad 

The Rem
Usually, chemical and biologic effects of irradiation depend not only 

upon the amount of energy absorbed in an irradiated medium but also 
upon the distribution of the absorbed energy within the medium. For 
equal absorbed doses, various types of ionizing radiation often differ in 
the efficiency with which they elicit a particular chemical or biologic 
response. The relative biologic effectiveness (RBE) describes the effec
tiveness or efficiency with which a particular type of radiation evokes a 
certain chemical or biologic effect. The relative biologic effectiveness is 
computed by comparing results obtained with the radiation in question 
to those obtained with a reference radiation (e.g., medium-energy x rays 
or 60Co radiation):

jljjg _ Dose of reference radiation required to produce a particular response 
Dose of radiation in question required to produce the same response

(8-2)

For a particular type of radiation, the RBE may vary from one chemical 
or biologic response to another. Listed in Table 8-1 are the results of
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TABLE 8-1.-T H E  RBE OF 60Co GAMMAS, WITH D IFFEREN T 
BIOLOGIC EFFE C T S USED AS CRITERION FOR MEASUREMENT 

(The RBE of 200-kV x rays is taken as 1.)

R B E  O F “ Co
E F F E C T GAMMAS RE FER E N C E

30-day lethality and testicular atrophy in mice 0.77 Storer et al.2
Splenic and thymic atrophy in mice 1 Storer et al.2
Inhibition of growth in Vicia fa b a 0.84 Hall3
LD 50 in mice, rat, chick embryo and yeast 0 .8 2 -0 .9 3 Sinclair4
Hatchability of chicken eggs 0.81 Loken et al.5
H eLa cell survival 0.90 Krohmer6
Lens opacity in mice 0.8 Upton et al.7
Cataract induction in rats 1 Focht et al.8
L-cell survival 0.76 Till and Cunningham9

investigations of the relative biologic effectiveness of 60Co radiation. For 
these data, the reference radiation is medium-energy x rays. From Table 
8-1, it is apparent that the RBE for 60Co gammas varies from one biologic 
response to the next.

The RBE dose  in rem (acronym for roentgen equivalent in mammals) 
is the product of the RBE and the dose in rads.

RBE dose (rem) = Absorbed dose (rad) x RBE (8-3)

The ICRU has suggested that the concept of RBE dose should be limited 
to descriptions of radiation dose in radiation biology.1

Often, the effectiveness with which different types of radiation pro
duce a particular chemical or biologic effect varies with the linear energy 
transfer (LET) of the radiation. The dose-equivalent (DE) is the product 
of the dose in rads and a quality fa c to r  (QF) which varies with the LET  
of the radiation:

DE (rem) = D (rad) x QF (8-4)

TABLE 8-2.-R E LA T IO N  BETW EEN SPEC IFIC  
IONIZATION, LINEAR ENERGY TRANSFER AND 

QUALITY FACTOR*

AVERAGE SP E C IFIC  IONIZATION
(IP/m) i n  w a t e r

AVERAGE L E T  
(keV/M) IN W ATER Q F

100 or less 3.5 or less 1
1 0 0 -2 0 0 3 .5 -7 .0 1 - 2
2 0 0 -6 5 0 7 .0 -2 3 2 - 5
6 5 0 -1 ,5 0 0 2 3 - 5 3 5 - 1 0

1 ,5 0 0 -5 ,0 0 0 5 3 -1 7 5 1 0 -2 0

°From  Recommendations of the International Commission 
on Radiological Protection.10
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TABLE 8-3.-Q U A LITY FACTORS FOR 
D IFFEREN T RADIATIONS0

TY P E  O F RADIATION Q F

X rays, y  rays and /3-particles 1 .0
Neutrons and protons 2  10 MeV 10 (30 for irradiation

of eyes)
a-Particles from natural radionuclides 1 0
Heavy recoil nuclei 20

"These data should be used only for purposes of radiation
protection."

The dose-equivalent reflects a recognition of differences in the effective
ness of different radiations to inflict overall biologic damage, and is used 
during computations associated with radiation protection. Quality fac
tors are listed in Table 8-2 as a function of the LET  and in Table 8-3 for 
different types or radiation. These quality factors should be used for the 
determination of shielding requirements and for the computation of ra
diation doses to personnel working with or near sources of ionizing ra
diation.

Example 8-2
A person receives an average whole body dose of 100 mrad from 60Co gammas 

and 50 mrad from neutrons with an energy less than 10 MeV. What is the dose- 
equivalent to the person in mrems?

DE (mrem) = [D (mrad) x Q F]Bammas + [D (mrad) x Q F ]neutrons 
= (100 mrad)(l) + (50 mrad)(10)
= 600 mrem

Exam ple 8-3
A person accidentally ingests a small amount of tritium (beta Emax = 0.018 

MeV). The average dose to the gastrointestinal tract is estimated to be 500 mrad. 
What is the dose-equivalent in mrems?

From Table 8-3, the quality factor is 1.0 for tritium betas.

DE (mrem) = D (mrad) x QF 
= (500 mrad)(1.0)
= 500 mrem

A distribution fa c to r  (DF) may be added to equation (8-4) to compen
sate for changes in the radiation response caused by a nonuniform distri
bution of radioactive nuclides within the body. Other terms may be add
ed to equation (8-4) to describe the influence of additional factors upon 
the biologic response to radiation. Then equation (8-4) is written

DE (rem) = D (rad)(QF)(DF) (8-5)
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MEASUREMENT OF RADIATION DOSE 
The absorbed dose to a medium describes the energy absorbed during 

exposure of the medium to ionizing radiation. A dosim eter responds to 
the energy that it absorbs from incident radiation. To be most useful, the 
dosimeter should absorb an amount of energy equal to that which would 
be absorbed in the medium that the dosimeter displaces. For example, a 
dosimeter used to measure radiation dose in soft tissue should absorb an 
amount of energy equal to that absorbed by the same mass of soft tissue. 
When this requirement is satisfied, the dosimeter is said to be tissue- 
equivalent. Few dosimeters are exactly tissue-equivalent, and most 
measurements of absorbed-dose in tissue should be interpreted with 
care.

Calorimetric Dosimetry 
Almost all the energy absorbed from radiation is degraded eventually 

to heat. If an absorbing medium is insulated from its environment, then 
the rise in temperature of the medium is proportional to the energy ab
sorbed. The temperature rise AT may be measured with a Wheatstone 
bridge and a thermistor.0 A radiation calorimeter is an instrument used 
to measure radiation absorbed dose by detecting the increase in temper
ature of a mass of absorbing material.12 The absorbed dose in the materi
al is

D , E_________  4.186 (J/calorie) sAT
( ’ m(10- 2 J/kg-rad) (lO" 2 J/kg-rad) K }

where E is the energy absorbed in joules, m is the mass of the absorber 
in kilograms, s is the specific heat of the absorber in calories/kg C and AT 
is the temperature rise in Celsius (centigrade) degrees. For equation (8 - 
6 ) to be correct, the absorbing medium must be insulated from its envi
ronment. To measure the absorbed dose in a particular medium, the ab
sorber of the calorimeter must possess an atomic number similar to that 
of the medium. Graphite often is used as the absorbing medium in calo
rimeters designed to measure the absorbed dose in soft tissue. A calo
rimeter used to measure radiation absorbed dose is diagramed in Fig
ure 8-1, A.

If the absorbing medium is thick and dense enough to absorb nearly 
all of the incident radiation, then the increase in temperature reflects the 
total energy delivered to the absorber by the radiation beam. Calorim
eters that measure the total energy in a beam of radiation usually contain 
a massive lead absorber (Fig 8-1, B).

0 A thermistor is a solid-state device with an electric resistance that changes rapidly with 
temperature. A Wheatstone bridge is an electric circuit used to measure small changes in 
electric resistance.
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X

Fig 8-1 . — Radiation calo
rimeters: A, for the measure
ment of absorbed dose in soft 
tissue; B, for the measure
ment of the total energy in a 
beam of radiation.
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Example 8-4.
The specific heat of graphite is 170 calories /kg°C. What is the absorbed dose 

in a graphite block of a calorimeter if the temperature of the block increases by
0.2 Celsius degrees?

D = 4.186 sAT
io- 2

= 4.186 x 102 (170 caIories/kg°C)(0.2°C)
= 14,200 rad

Photographic Dosimetry 
Photographic emulsions were used very early to detect ionizing radia

tion. The emulsion of a photographic film contains crystals of a silver hal
ide embedded in a gelatin matrix. When the emulsion is developed, 
metallic silver is deposited in regions that were exposed to radiation. 
Unaffected crystals of silver halide are removed during fixation. The

\phantom

thermistors

— mantleN
-JackeK
absorber
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amount of silver deposited at any location depends upon many factors, 
including the amount of energy absorbed by the emulsion at that loca
tion. The transmission of light through a small region of film varies in
versely with the amount of deposited silver. The transmission T is

where I represents the intensity of light transmitted through a small re
gion of film and I0 represents the light intensity with the film removed. 
The transmission may be measured with an optical densitometer. 
Curves relating transmission to radiation exposure, dose or energy flu
ence are obtained by measuring the transmission through films receiving 
known exposures, fluences or doses. If the problems described below 
are not insurmountable, the radiation exposure to a region of blackened 
film may be determined by measuring the transmission of light through 
the region and referring to the calibration curve.

Accurate dosimetry is difficult with photographic emulsions, for rea
sons including those listed below .13

1. The optical density of a film depends not only upon the radiation 
exposure to the emulsion, but also upon variables such as the energy of 
the radiation and the conditions under which the film is processed. For 
example, the optical density of a photographic film exposed to 40-keV 
photons may be as great as the density of a second film receiving an ex
posure 30 times greater from 60Co gammas. Photographic emulsions are 
said to be “energy dependent,” because their response to x- and y-ray 
photons of various energies differs from the response of air or soft tissue. 
In most cases, calibration films used to relate optical density to the expo
sure in roentgens must be exposed to radiation identical to that for which 
dosimetric measurements are needed. This requirement often is difficult 
to satisfy, particularly when films are exposed in phantoms or in other 
situations where a large amount of scattered radiation is present.

2. Compared to air or soft tissue, the high-Z emulsion of a photograph
ic film attenuates radiation rapidly. Errors caused by these differences in 
attenuation may be particularly severe when radiation is directed paral
lel to one film or perpendicular to a stack of films.

3. Differences in the thickness and composition of the photographic 
emulsion may cause the radiation sensitivity to vary from one film to an
other. Sometimes, variations in radiation sensitivity are noticeable 
across the surface of one film.

Chemical Dosimetry
Oxidation or reduction reactions are initiated when certain chemical 

solutions are exposed to ionizing radiation. The number of molecules 
affected depends upon the energy absorbed by the solution. Conse-
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Fig 8-2 .—Variation in G fortheFricke dosimeter with the LETofthe radiation. 
(From International Commission on Radiological Units and Measurements: 
Physical Aspects of Irradiation. Recommendations of the ICRU. National Bureau 
of Standards Handbook 85, 1964.)

quently, the extent of oxidation or reduction is a reflection of the radia
tion dose to the solution. The chemical dosimeter used most widely is 
ferrous sulfate. For photons that interact primarily by Compton scatter
ing, the ratio of the energy absorbed in ferrous sulfate to that absorbed in 
soft tissue equals 1.024, the ratio of the electron densities of the two 
media. For photons of higher and lower energy, the ratio of energy ab
sorption increases above 1.024, because more energy is absorbed in the 
higher-Z ferrous sulfate.

The use of solutions of ferrous sulfate to measure radiation dose was 
described by Fricke and Morse in 1929.14 A solution of ferrous sulfate 
used for radiation dosimetry sometimes is referred to as a Fricke dosim e
ter. Methods for preparing a Fricke dosimeter are discussed in NBS 
Handbook 85.15 Although the Fricke dosimeter is reliable and accurate 
(± 3%), it is relatively insensitive, and doses of 5,000-50,000 rad are re
quired before the oxidation of Fe+2 to Fe+3 is measurable. The Fricke 
dosimeter has been recommended for calibration of high-energy elec
tron beams used in radiation therapy.16

The yield of a chemical dosimeter such as ferrous sulfate is expressed 
by the G value:

G = Number of molecules affected per 100 eV absorbed

The G value for the oxidation of F e+2 to F e+3 in the Fricke dosimeter var
ies with the LET  of the radiation (Fig 8-2). Many investigators have as
sumed that G is about 15.4 molecules/100 eV for a solution of ferrous sul
fate exposed to high-energy electrons or x and y rays of medium energy. 
After exposure to radiation, the amount of F e+3 ion in a ferrous sulfate
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solution is determined by measuring the transmission of ultraviolet light 
(3,050 A) through the solution. Once the number of affected molecules is 
known, the energy absorbed by the ferrous sulfate solution may be com
puted by dividing the number of molecules by the G value.

The radiation responses of many other solutions have been studied.15 
Occasionally, these solutions are used in place of ferrous sulfate. For 
example, cerous sulfate dosimeters sometimes are used to measure ab
sorbed doses greater than 50,000 rad, the maximum dose measurable 
with aerated solutions of ferrous sulfate.

Example 8-5
A solution of ferrous sulfate is exposed to 60Co gamma radiation. Measurement 

of the transmission of ultraviolet light (3,050 A) through the irradiated solution 
indicates the presence of F e + 3  ion at a concentration of 0.0001M. What was the 
radiation dose absorbed by the solution?

For a concentration of 0.0001M, and with a density of 10- 3  kg/ml for the 
ferrous sulfate solution, the number of F e + 3 ions/kg is

Number of Fe3+ ions/kg
(0 . 0 0 0 1  gm-mol-wt/1 , 0 0 0  ml)(6 . 0 2  x 1 0 23 molecules/gm-mol-wt)

(1 0 - 3  kg/ml)
molecules= 6 . 0 2  x 1 0 19

kg

For a G value of (15.4 molecules/100 eV) for ferrous sulfate, the absorbed 
dose in the solution is

. , _  (6.02 x IQ19 molecules/kg)(1.6 x 1 0 ~ 19 J/eV)
(15.4 molecules/100 eV)(10- 2  J/kg-rad)

= 6,300 rad

Scintillation Dosimetry 
Certain materials fluoresce or “scintillate” when exposed to ionizing 

radiation. The rate at which scintillations occur depends upon the rate of 
absorption of radiation in the scintillator. With a solid scintillation detec
tor (e.g., thallium-activated sodium iodide), a light guide couples the 
scintillator optically to a photomultiplier tube. In the photomultiplier 
tube, light pulses from the detector are converted into electric pulses.

Scintillation detectors furnish a measurable response at very low dose 
rates and respond linearly over a wide range of dose rates. However, 
most scintillation detectors contain high-Z atoms, and low-energy pho
tons are absorbed more rapidly in the detectors than in soft tissue or air. 
This energy dependence  is the major disadvantage of using scintillation 
detectors to measure radiation exposure or dose to soft tissue. A few scin
tillation detectors have been constructed that are air-equivalent or tis
sue-equivalent over a wide range of photon energies.15
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Thermoluminescence Dosimetry 
Diagramed in Figure 8-3 are energy levels for electrons within crystals 

of LiF that contain trace amounts of impurities.0 Electrons “jump” from 
the valence band to the conduction band by absorbing energy from ion
izing radiation impinging upon the crystals. Some of the electrons return 
immediately to the valence band; others are “trapped” in intermediate 
energy levels supplied by impurities in the crystals. The number of elec
trons trapped in intermediate levels is proportional to the energy ab
sorbed by the LiF phosphor during irradiation. Only rarely do electrons 
escape from the traps and return directly to the ground state. Unless en
ergy is supplied for their release, almost all of the trapped electrons re
main in the intermediate energy levels for months or years after irradia
tion. If the crystals are heated, energy is supplied to release the trapped 
electrons. Released electrons return to the conduction band, where they 
fall to the valence band. Blue-green light is released as the electrons re
turn to the valence band. This light is directed upon the photocathode of 
a photomultiplier tube. Because the amount of light striking the photo
cathode is proportional to the energy absorbed in the LiF during irradia
tion, the signal from the photomultiplier tube increases with the radia
tion dose absorbed in the phosphor.

The signal from the photomultiplier tube may be amplified and re
corded as a function of the heating time or temperature of the LiF phos
phor. The resulting “glow curve” encloses an area proportional to the 
radiation dose (Fig 8-4). Thermoluminescence peaks that occur at low 
temperatures on the glow curve may be removed by annealing the LiF 
prior to use.19

Ionizing
Radiation

Conduction

Fig 8-3. -E lectron  transitions occurring when thermoluminescent LiF is irra
diated and heated.

°Therm olum inescence is more complex than this explanation implies. For a more thor
ough explanation, the reader should consult the literature.17,18
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Fig 8-4. —Thermoluminescence 
glow curve of relative lumines
cence from LiF exposed to 100 R, 
plotted as a function of the heat
ing time of the phosphor in sec
onds. Low-temperature peaks 
have been reduced by a standard 
annealing procedure.

For routine dosimetry, the signal from the photomultiplier tube is di
rected through an analog-digital converter and displayed as a digital 
count on a scaler (Fig 8-5). Optical filters between the heating pan and 
photomultiplier tube reduce the “background counts” contributed by 
infrared radiation from the heating pan.

The effective atomic number of dosimetric LiF (8.18) is close to that 
for soft tissue (7.4) and for air (7.65). Hence, for identical exposures to 
radiation, the amount of energy absorbed by LiF is very close to that 
absorbed by an equal mass of soft tissue or air. Small differences be-

SWITCH

Fig 8-5.—Apparatus for measuring thermoluminescence from materials such 
as LiF and Li2B40 7.
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EFFECTIVE ENERGY (keV)

Fig 8-6. — Relative thermoluminescence from various materials per roentgen, 
plotted as a function of the effective energy of incident x- ory-ray photons. Data 
have been normalized to the response per roentgen for 60Co gammas.

tween the energy absorption in LiF and air are reflected in the “energy 
dependence” curve for LiF shown in Figure 8 -6 .

Thermoluminescence from dosimetric L iF is plotted in Figure 8-7 as a 
function of the exposure in roentgens. Between one and a few hundred 
roentgens, the response is linear with exposure; the response is “super- 
linear” above a few hundred roentgens. At least until very high exposure 
rates are reached, the response per unit exposure is independent of the 
exposure rate.20 The response of irradiated LiF decreases (fades) slightly 
over the first 24 hr after exposure. Beyond 24 hr, the response remains 
almost constant for months. Lithium fluoride is used widely for the

EXPOSURE (ROENTGENS)
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measurement of radiation dose within patients and phantoms, for per
sonnel dosimetry and for many other dosimetric measurements. Dosime
tric LiF may be purchased as loose crystals, solid extruded rod, solid 
chips, pressed pellets or as crystals embedded in a Teflon matrix.

Lithium borate (Li2B40 7) exhibits a thermoluminescent response per 
unit exposure which decreases only slightly for photon energies less 
than about 100 keV (Fig 8 -6 ). Irradiated lithium borate emits orange light 
when heated, and furnishes a glow curve comprised of two major peaks 
(~100 C and 180-220 C). The lower temperature peak fades rapidly after 
exposure of the phosphor, and usually is omitted from the measurement 
of thermoluminescence.

Thermoluminescent dosimeters composed of CaF2: Mn are used fre
quently for personnel monitoring and, occasionally, for other measure
ments of radiation dose. Compared to LiF and Li2B40 7, CaF2: Mn phos
phor is more sensitive to ionizing radiation; however, the response of this 
phosphor varies rapidly with the energy of x and y radiation (Fig 8 -6).21

Other Solid-State Dosimeters
Photoluminescent dosimeters are similar to thermoluminescent dosim

eters except that ultraviolet light, rather than heat, causes the dosime
ters to emit light (Fig 8 -8 ). Most photoluminescent dosimeters are com
posed of silver-activated metaphosphate glass of either high-Z or low-Z 
composition. The response from both types of glass increases rapidly as 
the energy of incident x or y rays is reduced. Shields have been designed 
to reduce the energy dependence of these materials.22 For exposure rates 
up to at least 108 R/sec, the photoluminescent response of silver-activat
ed metaphosphate glass is independent of exposure rate.23 Chipping or 
scratching the surface of photoluminescent dosimeters reduces their 
sensitivity to radiation; consequently, these dosimeters must be handled 
carefully. Photoluminescent dosimeters are used occasionally for per
sonnel monitoring and other dosimetric measurements.21

. F IL T E R  . 
(Orange light)

DOSIMETER
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Fig 8-8.—Apparatus for measur
ing photoluminescence from Ag- 
activated metaphosphate glass.
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Radiation-induced changes in the optical density of glasses and plas
tics have been used occasionally to measure radiation quantity. Changes 
in the optical density are determined by measuring the transmission of 
visible or ultraviolet light through the materials before and after expo
sure to radiation. Silver-activated phosphate glass and cobalt-activated 
borosilicate glass have been used as radiation dosimeters.24 Some trans
parent plastics also have been used for dosimetric measurements.21 
Glass and plastic dosimeters are very insensitive to radiation, and high 
exposures are required to obtain a measurable response. Often, the 
change in light transmission of the dosimeter fades rapidly after expo
sure.

Erythema Dose
In early years, the amount of x radiation received by a patient was esti

mated by the redness of the patient’s skin. The total erythema dose 
(TED) was defined as the amount of radiation that produced a slight red
dening of the skin in 80% of the persons exposed. Because of the vari
able response of individuals to radiation, together with variations in the 
TED  caused by changes in exposure rate and radiation quality, the TED 
was replaced rapidly with more explicit descriptions of radiation quan
tity.

PROBLEMS
*1. An organ with a mass of 10 gm receives a uniform dose of 10 rad. How much 

energy is absorbed in each gram of tissue in the tumor, and how much ener
gy is absorbed in the entire tumor?

*>2. A particular type of lesion recedes satisfactorily after receiving 5,500 rad 
from orthovoltage x rays. When the lesion is treated with 60Co gamma radia
tion, a dose of 6,500 rad is required. Relative to orthovoltage x rays, what is 
the RBE of 60Co radiation for treating this type of lesion?

*3. An individual who ingests a radioactive sample receives an estimated dose 
of 1,500 mrad to the testes: 1,100 mrad are delivered by betas and 400 mrad 
are delivered by gamma radiation. What is the dose to the testes in mrems?

°4. The specific heat of graphite is 170 calories/kg C. A uniform dose of 1,000 
rad is delivered to a graphite block insulated from its environment. What is 
the rise in temperature of the block?

*5. With the assumption that G = 15.4, how many F e + 2  ions are oxidized if an 
absorbed dose of 15,000 rad is delivered to a 10 ml solution of ferrous sul
fate? Assume that the density of ferrous sulfate is 10- 3  kg/ml.

6 . Explain clearly what is meant by the energy dependence of a radiation do
simeter.

“For those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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9 / Radiation Quality

An X-R A Y BEAM  is not described completely by stating the exposure or 
dose it delivers to a small region within an irradiated medium. The pen
etrating ability of the radiation, often described as the quality  of the 
radiation, also must be known before estimates may be made of the fol
lowing.

1. The exposure or dose rate at other locations within the medium.
2. The differences in energy absorption between regions of different 

composition.
3. The biologic effectiveness of the radiation.

The spectral distribution for an x-ray beam depicts the relative number 
of photons of different energies in the beam. The quality of an x-ray 
beam is described explicitly by the spectral distribution. However, spec
tral distributions are difficult to measure or compute and are used only 
rarely to describe radiation quality. Usually, the quality of an x-ray beam 
is described by stating the half-value layer (HVL) of the beam, some
times together with the potential difference (kVp) across the x-ray tube. 
Although other methods have been developed to describe the quality of 
an x-ray beam, the HVL is adequate for most clinical applications of x 
radiation.

HALF-VALUE LAYER
The half-value layer (HVL) or half-value thickness (HVT) of an x-ray 

beam is the thickness of a material that reduces the exposure rate of the 
beam to one-half. Although the HVL alone furnishes a description of ra
diation quality that is adequate for most clinical situations, the value of a 
second parameter (e.g., the peak potential difference across the x-ray 
tube or the homogeneity coefficient* of the x-ray beam) sometimes is 
stated with the HVL. Once the HVL of an x-ray beam is known, together 
with the exposure or dose rate at a particular location, the absorbed dose 
rate may be computed at other locations within an irradiated medium.

Half-value layers are measured with solid absorbers (more correctly, 
attenuators) such as thin sheets of aluminum, copper or lead of uniform

°The homogeneity coefficient of an x-ray beam is the quotient of the thickness of the at
tenuator required to reduce the exposure rate to one-half, divided by the thickness of atten
uator required to reduce the exposure rate from one-half to one-fourth.

155
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TABLE 9-1.-REQ U IREM EN TS FOR ATTENUATORS 
USED TO MEASURE HALF-VALUE LAYER0

ACCEPTABLE USUAL kV D EN SITY CHEMICAL
MATERIAL kV RANGE RANGE (kg/cu m) PURITY (% )

Aluminum (Al) 10 k V -2 0  MV 10 kV - 120 kV 2.70 X 103 > 99.8
Copper (Cu) 35 k V -8  MV 120 k V -3 .5  MV 8.93 x  103 > 99.2
Lead (Pb) 350 k V -5 0  MV 1 M V -5 0  MV 11.35 x  103 > 99.9

“Compiled from data in National Bureau of Standards Handbook 85.1

thickness. The ranges of tube voltage over which different attenuators 
are used are listed in Table 9-1, together with the density and chemical 
purity recommended for each type of attenuator.

Half-value layers may be measured by placing attenuators of different 
thickness but constant composition between the x-ray tube and an ioni
zation chamber designed to measure radiation exposure. The distribu
tion of photon energies changes as attenuators are added to an x-ray 
beam, and the response of the chamber should be independent of these 
changes. Measurements of HVL always should be made with narrow- 
beam geometry. Narrow-beam geometry (sometimes referred to as good  
geom etry) ensures that the only photons that enter the chamber are pri
mary photons that have been transmitted by the attenuator. Require
ments for narrow-beam geometry are satisfied if the chamber is posi
tioned far from the attenuator and if an x-ray beam with small cross-sec
tional area is measured. The cross-sectional area of the beam should be 
just large enough to deliver a uniform exposure over the entire sensitive

Collimator Collimator Attenuator

Source
*— =.--=--_rr i

Attenuator

Detector Source „ **

N.

NARROW-BEAM GEOMETRY BROAD-BEAM GEOMETRY
Fig 9-1. — Narrow-beam geometry is achieved by using a narrow beam and a 

large distance between the attenuator and the chamber used to measure radia
tion exposure. With narrow-beam geometry, few photons are scattered into the 
chamber by the attenuator. A significant number of photons are scattered into 
the chamber when attenuation measurements are made with broad-beam ge
ometry.
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CHAMBER-ATTENUATOR DISTANCE (cm)

Fig 9-2. -Varia tion of the HVL with the diameter d of an x-ray beam at the at
tenuator, for various distances between the attenuator and the chamber. The x- 
ray beam was generated at 250 kVp and filtered by 2 mm Cu. The attenuator was 
placed 20 cm below the x-ray tube. The geometry improves with decreasing 
diameter of the x-ray beam and increasing distance between attenuator and 
chamber. (From International Commission on Radiological Units and Measure
ments: Physical Aspects of Irradiation. National Bureau of Standards Handbook 
85, 1964.)

volume of the chamber. Conditions of narrow-beam and broad-beam 
(poor) geometry are depicted in Figure 9-1. Measurements of HVL under 
these conditions are compared in Figure 9-2. With broad-beam geome
try, more photons are scattered into the detector as the thickness of the 
attenuator is increased. Consequently, HVL’s measured with broad- 
beam geometry are greater than those measured under conditions of nar- 
row-beam geometry.

Narrow-beam geometry may be achieved by placing the attenuator 
midway between the x-ray target and the chamber, with the chamber at 
least 50 cm from the attenuator. The area of the field should be no larger 
than a few square centimeters. Objects that might scatter photons into 
the chamber should be removed from the vicinity of the x-ray beam. 
Even greater accuracy can be attained by measuring the HVL for fields 
of different cross-sectional area and extrapolating the measured HVL’s to 
a field size of zero.2 ,3 This procedure is not necessary for routine clinical 
dosimetry.

An attenuation curve for x rays in copper is shown in Figure 9-3. The 
HVL is 1.86 mm Cu for the x-ray beam described in the figure. A com-
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Fig 9 -3 . -Exposure rate for an x-ray beam as a function of the thickness of 
copper added to the beam. The HVL of the beam is 1.86 mm Cu.

plete attenuation curve is not required for routine dosimetry. Instead, 
thicknesses of the attenuator are identified that reduce the exposure rate 
to slightly more than half (50-55% ) and slightly less than half (45-50% ). 
These data are plotted on a semilogarithmic graph and connected by a 
straight line. The approximate HVL is given by the intersection of this 
straight line with a horizontal line drawn through the ordinate (y-axis) at 
one half of the exposure rate measured with no attenuator added to the 
beam.

TUBE VOLTAGE
For most purposes, the HVL furnishes an adequate description of the 

quality of an x-ray beam. However, the tube voltage sometimes is stated 
also. The tube voltage may be indicated by a meter on the console of the 
x-ray generator or by the position of the kilovolt peak selector switch or 
push-button array. A few methods are available for estimating the accu
racy of the voltage indicated by the panel meter.

Sphere Gap Measurements 
The potential difference across an x-ray tube may be measured direct

ly with two polished metallic spheres. One sphere is connected to each
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high-voltage lead for the x-ray tube, and the distance between the 
spheres is reduced until an electric spark passes between them. When 
the spark occurs, the distance between the spheres, corrected for air 
density and humidity, reflects the potential difference across the x-ray 
tube.4

The high-voltage leads of newer, shockproof x-ray generators are en
closed within layers of insulating material and metallic braid. Conse
quently, special connectors are required to connect the metallic spheres 
to the high-voltage leads of these generators, and this method of high- 
voltage measurement is used only rarely.

Resistance-Tower Measurements 
Coils of nickel-chromium wire with high electric resistance, connect

ed in series to form a resistance tower, may be placed across the high- 
voltage leads to an x-ray tube. The resistance of the tower must be great 
enough to limit the current through the tower to 1 mA or less. The peak 
voltage across the x-ray tube is the product of the peak current through 
the tower and the resistance of the tower measured in ohms.

K-Fluorescence Measurements 
The potential difference across a diagnostic x-ray tube may be deter

mined by measuring the radiation scattered and transmitted by an atten
uator placed in the x-ray beam.5' 6 Two ionization chambers or scintilla
tion detectors are placed as shown in Figure 9-4. Chamber 1 detects x 
radiation transmitted by the attenuator. Chamber 2 detects x radiation 
scattered by the attenuator and characteristic x rays emitted as primary 
photons interact in the attenuator. The low-Z filter in front of Chamber 2 
absorbs most of the low-energy scattered radiation and L- and M-charac- 
teristic x rays emerging from the attenuator. Almost all of the K-charac- 
teristic x rays are transmitted by the filter.

Fig 9-4.—Technique for measuring tube voltage by the K-fluorescence 
method. Chamber 1 detects x radiation transmitted by the attenuator. Chamber 
2 detects scattered and characteristic x radiation from the attenuator. The low-Z 
filter absorbs most of the low-energy radiation from the attenuator.
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Fig 9-5. — Ratio of the response of Cham
ber 1 to the response of Chamber 2 for an 
erbium attenuator as a function of the tube 
voltage indicated on the generator console. 
The discontinuity occurs at an actual poten
tial difference of 57.5 kVp across the x-ray 
tube. (From Davison, M., and Reekie, D.: 
Measurement of peak voltage of diagnostic 
x-ray generators, Phys. Med. Biol. 13:643, 
1968.) TUBE VOLTAGE (kVp)

Initially, the ratio of the response of Chamber 1 to the response of 
Chamber 2 increases with the tube voltage. However, the attenuation of 
primary x rays increases sharply when these x rays are energetic enough 
to dislodge electrons from the K shell of atoms in the attenuator. At this 
tube voltage, the response of Chamber 1 is reduced because fewer x rays 
are transmitted by the attenuator. Also, K-characteristic x rays from the 
attenuator increase the response of Chamber 2. Consequently, the ratio 
of the response of Chamber I to Chamber 2 decreases sharply, creating a 
discontinuity in the plot of the response ratio of the chambers as a func
tion of the voltage indicated on the generator console. Results of mea
surements with an erbium attenuator in the x-ray beam are shown in 
Figure 9-5. The discontinuity in the curve occurs at 57.5 keV, the K-ab- 
sorption edge of erbium. Hence, the potential difference was 57.5 kVp 
across the x-ray tube when the discontinuity was encountered. The volt
age indicated by the meter on the generator console may be compared to 
this known voltage. By placing other attenuators with known absorption 
edges in the x-ray beam, the voltage indicated on the console may be 
plotted as a function of the potential difference known to exist across the 
x-ray tube. For any voltage indicated by the meter on the console, the 
actual potential difference across the x-ray tube may be determined from 
the curve.7*8
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A variation on this method uses a single semiconductor radiation de
tector to observe the K-fluorescence radiation from different scattering 
foils as the peak kilovoltage of the x-ray tube is varied. This method is 
capable of yielding peak kilovoltage measurements accurate to 1 kVp.9

Attenuation Measurements
The potential difference across a diagnostic x-ray tube may be estimat

ed by exposing an ionization chamber or other detector to a heavily fil
tered x-ray beam from the tube.10,11 A second exposure is made after an 
aluminum or copper cap has been placed over the sensitive volume of 
the detector. The ratio of the chamber response with the aluminum or 
copper cap in place to that obtained without the cap reflects the potential 
difference across the x-ray tube.

Differential attenuation of the x-ray beam is the technique used in the 
Ardran-Crooks method for measurement of peak kilovoltage.12' 13 This 
method uses an x-ray film cassette that contains a column of copper fil
ters of various thicknesses above an x-ray film. Adjacent to the copper 
filters is an intensifying screen with a column of optical filters between 
the screen and film. After exposure, the developed film is examined for 
the copper filter image with an optical density equal to that of the adja
cent optical filter image. The position within the columns of copper and 
optical filter images where the optical densities are matched is indica
tive of the peak kilovoltage across the x-ray tube.

EFFECTIVE ENERGY
The effective energy of an x-ray beam is the energy of photons in a 

monoenergetic beam that is attenuated at the same rate as the x-ray 
beam. For a beam of x rays with an exposure rate Xr, the rate of attenua
tion P is

P = fxXr

where /x is the total linear attenuation coefficient. The rate of attenuation 
P in a particular medium is given by the slope of the attenuation curve 
for the beam in the medium. Hence, the linear attenuation coefficient /a 
equals the slope P divided by the exposure rate Xr at the location on the 
attenuation curve where the slope is determined:

P

To determine the effective energy of an x-ray beam at a location denot
ed by Xr along the attenuation curve, the linear attenuation coefficient 
ix is computed by dividing the slope of the curve by the exposure rate 
Xr at the location chosen. Then, the energy is found for monoenergetic 
photons that have a linear attenuation coefficient equal to /x in the same
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medium. This energy is the effective energy of the x-ray beam at the loca
tion denoted by Xr. Attenuation coefficients of various media for photons 
of different energies are available in the literature.2* 14

Example 9-1
With reference to Figure 9-3, what is the effective energy of the x-ray beam 

before attenuation and after 50% attenuation?
From a tangent to the attenuation curve in copper at the point denoting 50% 

attenuation, the slope P of the curve is —9.5 mm-1. The linear attenuation coeffi
cient /j. is obtained by dividing the slope by Xr (37.0 R/min).

P
*  Xr

_ 9.5 mm~‘
37.0 

= 0.257 mm-1 
= 2.57 cm-1

The mass attenuation coefficient fim is

_  2.57 cm-1 
~ 8.93 gm/cc 
= 0.288 sq cm/gm

Monoenergetic photons of 126 keV possess a mass attenuation coefficient of 
0.288 sq cm/gm in copper.14 Hence, the effective energy of the x-ray beam is 
126 keV after 50% attenuation.

With no copper added to the x-ray beam, the slope P of the curve is —44.0 
mm-1. The linear attenuation coefficient is the slope of the curve divided by 
Xr (74.0 R/min):

P

_ 44.0 mm 1
74.0 

= 5.95 cm-1

The mass attenuation coefficient [im is

_  5.95 cm-1 
^m 8.93 gm/cc 

= 0.666 sq cm/gm

Monoenergetic photons of 84 keV possess a mass attenuation coefficient of 0.666 
sq cm/gm in copper.14 Hence, the effective energy of the x-ray beam is 84 keV 
with no copper added.

The average effective energy of an x-ray beam is defined in Chapter 6  
as the energy of monoenergetic photons that exhibit the same HVL as 
the x-ray beam. This concept of effective energy is not very useful for
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many purposes, because the effective energy may increase rapidly as the 
attenuation varies from 0% to 50%. The average effective energy is 100 
keV for the x-ray beam described in Example 9-1.

VARIATION IN QUALITY ACROSS AN X-RAY BEAM
The exposure rate on the side of an x-ray beam nearest to the anode is 

less than the exposure rate on the cathode side, because x-rays on the 
anode side are attenuated by a greater thickness of target material 
before they emerge from the anode. This variation in exposure rate 
across an x-ray beam is termed the heel effect and is discussed in Chapter
4. The greater filtration on the anode side increases the HVL of the x-ray 
beam from the cathode to the anode side. The decrease in exposure rate 
from cathode to anode across an x-ray beam is less noticeable at depths 
within a patient, because the radiation on the anode side is more pene
trating. Illustrated in Figure 9-6 are HVL’s measured in air at various 
locations across an x-ray beam from a diagnostic x-ray tube.15

SPECTRAL DISTRIBUTION OF AN X-RAY BEAM
The spectral distribution for a beam of x- or y-ray photons may be 

computed from an attenuation curve measured under conditions of good 
geometry.1 One of a variety of curve-fitting techniques may be applied to 
the attenuation curve to obtain equations that are used to compute the 
spectral distribution. The accuracy of this method of obtaining a spectral 
distribution is limited by the accuracy of the curve-fitting technique and 
by the accuracy with which the attenuation curve is measured.

Most measurements of x- and y-ray spectra are made with a scintilla
tion or semiconductor detector. The height of a voltage pulse from one of

Fig 9-6. —Variation in HVL 
from cathode to anode across an 
x-ray beam of diagnostic quality. 
(From Kemp, L.: The physicist in 
the radiodiagnostic department,
Br. J. Radiol. 19:304, 1946.)
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Scintillation

X-ray tube

40 60
PHOTON ENERGY (keV)

I00

Fig 9-7. —Energy distribution of x-ray photons in a beam generated at 105 kVp 
and filtered by 2 mm Al. Equipment used to measure the spectra of primary x- 
rays is diagramed in the inset. (From Epp, E., and Weiss, H.: Experimental study 
of the photon energy spectrum of primary diagnostic x rays, Phys. Med. Biol. 
11:225,1966).

PHOTON ENERGY (keV)

Fig 9-8. —Energy distribution of scattered radiation at 15 cm depth in a water 
phantom exposed to a 200 sq cm x-ray beam generated at 250 kVp. Equipment 
used to measure the spectra of scattered x-rays is diagramed in the inset. (From 
Hettinger, G., and Liden, K.: Scattered radiation in a water phantom irradiated 
by roentgen photons between 50 and 250 keV, Acta Radiol. 53:73,1960.)
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these detectors varies with the energy deposited in the detector by an x- 
or y-ray photon. The pulses are sorted by height in a pulse height analyz
er and counted in a scaler. The recorded counts are plotted as a function 
of pulse height to furnish a pulse height distribution, which reflects the 
energy distribution of photons impinging upon the detector. To portray 
the energy distribution accurately, the pulse height distribution must be 
corrected for statistical fluctuations in the energy distribution and for 
incomplete absorption of photons in the detector. Measured spectra for 
primary and scattered x rays are shown in Figures 9-7 and 9-8.

FACTORS INFLUENCING RADIATION QUALITY
The quality of an x-ray beam depends primarily on the energy of the 

electrons that strike the target of the x-ray tube and on the extent to 
which the x-ray beam is filtered after it emerges from the target.

Electron Energy
The energy of the electrons that impinge on the target of an x-ray tube 

is affected by (1) the waveform of the voltage supplied to the high-volt-

TUBE CURRENT (mA)

Fig 9-9. — Effect of the capacitance of high-voltage cables on the HVL of an x- 
ray beam of diagnostic quality. The effect on the HVL increases with the length 
of the cables. (From Trout, E., Kelley, J., and Lucas, A.: Influence of cable length 
on dose rate and half-value layer in diagnostic x-ray procedures, Radiology 
74:255,1960.)
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age transformer, (2 ) the peak potential difference developed across the 
transformer and (3) the type of rectification used. The electron energy is 
influenced also by the cables between the high-voltage transformer and 
the x-ray tube, because the capacitance of these cables alters the wave
form of the voltage applied to the x-ray tube. Illustrated in Figure 9-9 is 
the influence of cable capacitance on electron energy, as reflected in 
variations of the H VL of the x-ray beam.

Filtration
An x-ray beam traverses many attenuators before it reaches the object 

or patient to be irradiated. These attenuators include the glass envelope 
of the x-ray tube, the oil surrounding the x-ray tube, and the exit window 
in the tube housing. Collectively, these attenuators are referred to as the 
inherent filtration  of the x-ray tube (Table 9-2). The aluminum equiva
lent for each component of inherent filtration is the thickness of alumi
num that would reduce the exposure rate by an amount equal to the re
duction provided by the component. The inherent filtration is approxi
mately 0.90 mm Al equivalent for the tube described in Table 9-2, with 
most of the inherent filtration contributed by the glass envelope. The 
inherent filtration of most x-ray tubes is equivalent to about 1 mm Al.

In a particular medium, the probability that incident photons interact 
photoelectrically varies roughly as 1/E3, where E is the energy of the in
cident photons (chap. 6 ). Hence, lower-energy x rays are attenuated pref
erentially by material in the path of an x-ray beam. For example, the in
herent filtration of an x-ray tube “hardens” (i.e., increases the HVL of) an 
x-ray beam emerging from the target. Additional hardening may be 
achieved by adding filters of various composition to the x-ray beam. Ad
ditional hardening of an x-ray beam almost always is desirable, because 
the added filtration removes low-energy x rays which, if left in the beam, 
increase the radiation dose to superficial tissues of a patient. These low- 
energy x rays do not contribute to the absorbed dose to a lesion in radia
tion therapy or to formation of a radiologic image in diagnostic radiology. 
A few filters used to increase the HVL of an x-ray beam are listed in

TABLE 9-2.-CO N TRIBU TIO N S TO INHERENT 
FILTRATION IN TYPICAL DIAGNOSTIC 

X-RAY TU BE*

COMPONENT
TH ICKN ESS

(m m )
a l u m i n u m - e q u i v a l e n t  

TH ICKN ESS  (m m )

Glass envelope 1.4 0.78
Insulating oil 2.36 0.07
Bakelite window 1.02 0.05

“Derived from data of Trout.16
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TABLE 9-3.-F IL T E R S  USED TO HARDEN 
AN X-RAY BEAM 0

T U B E  VOLTAGE
COMMON EXTERN A L F IL T E R S , ALIGNED 

IN ORDER FROM TA RG ET OUTWARD

10 k v - 120 kv Al
120 k V - 400 kV (Cu + Al) or (Sn + Cu + Al)
400 k V -1 MV Sn + Cu + Al

1 M V -3  MV Pb + Sn + Cu + Al
10 M V -5 0  MV None (other than beam-flattening filters)

“Compiled from 
Handbook 85 .1

data in National Bureau of Standards

Table 9-3. For diagnostic x-ray units, filters composed solely of alumi
num usually are used.

Displayed in Figure 9-10 are energy distributions for x rays produced 
by 200-keV electrons and filtered by selected materials. The curve la
beled 1 mm Al represents a beam filtered by only the inherent filtration 
of the x-ray tube. By comparing curves labeled 1 m mAl and lU mm Sn + 
1 mm Al, it is apparent that the tin filter removes lower-energy photons 
preferentially. A discontinuity in the curve labeled XU mm Sn + 1 mm Al 
occurs at 29.3 keV, the K-absorption edge of tin. Photons with an energy 
less than 29.3 keV do not interact photoelectrically with K electrons in 
tin, and are transmitted by the tin filter with a probability greater than 
that for photons with an energy equal to or somewhat more than 29.3

WAVELENGTH (ANGSTROMS)
Fig 9-10. —Energy distribution for x rays from tungsten target bombarded by 

200-keV electrons. The curves reflect different amounts of filtration added to the 
beam. The K-characteristic radiation is not drawn to scale. (From Johns, H., and 
Cunningham, J.: The Physics of Radiology [3d ed.; Springfield, III.: Charles C 
Thomas, Publisher, 1969).)
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keV. Characteristic x rays — produced as primary x rays with an energy 
greater than 29.3 keV interact photoelectrically with K electrons in 
the tin filter —also contribute to the increased energy fluence below
29.3 keV.

The increased energy fluence below 29.3 keV may be reduced by plac
ing a second filter of lower Z (e.g., copper) between the tin filter and the 
patient (Fig 9-10). Since the K-absorption edge of the second filter occurs 
at an energy less than 29.3 keV, x rays less than 29.3 keV are attenuated 
greatly by the second filter. However, photons with an energy less than 
the K edge of the second filter still may be transmitted with little atten
uation. These x rays, together with K-characteristic x rays from the sec
ond filter, may be attenuated by a third filter (e.g., Al) of even lower atom
ic number. X rays transmitted by the third filter have little energy and 
are absorbed rapidly by air between the filter and the patient. Combina
tion filters are used frequently with orthovoltage x-ray generators, be
cause the increase in quality is gained with a minimum sacrifice of expo
sure rate.

The amount of filter to be added to an x-ray beam depends on the mini
mum exposure rate that can be tolerated and the quality that is desired 
for the beam. The exposure rate decreases as the beam is hardened, and 
a compromise between HVL and exposure rate may be required when a 
filter is selected. After a certain amount of filtration has been added to an 
x-ray beam, additional filtration may reduce the exposure rate without 
increasing the HVL significantly. This result suggests that more than the 
“optimum thickness” of filter has been added to the beam.

PROBLEMS
**1. Attenuation measurements for an x-ray beam from a 120-kVp x-ray generator 

yield the following results:

A D D E D  F IL T R A T IO N  P E R C E N T
(m m  Al) T R A N S M IS S IO N

1 . 0  60.2
2.0 41.4
3.0 30.0
4.0 22.4
5.0 16.9

Plot the data on semilogarithmic graph paper and determine:
a. The first HVL.
b. The second HVL.
c. The homogeneity coefficient of the x-ray beam.

°2. A resistance tower of 5 x 108 ohms conducts a peak current of 150 fiA when

"F o r those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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connected across the high-voltage leads of a full-wave rectified, single-phase 
x-ray generator. What is the peak voltage applied to the x-ray tube?

°3. During K-fluorescence measurements of tube voltage with a platinum ab
sorber (Ebk = 78.4 keV), the ratio of transmitted to scattered radiation varies 
as shown here:

T R A N S M IT T E D  R A D IA T IO N  IN D IC A T E D  T U B E
S C A T T E R E D  R A D IA T IO N  V O L T A G E  (kVp)

0.38 65
0.53 70
0.67 75
0.72 80
0.59 85
0.48 90

What is the tube voltage indicated by the meter when the actual voltage is
78.4 kVp across the x-ray tube?

4. Explain why combination filters should be used with the high-Z material 
nearest to the target and the low-Z material nearest to the patient. Would the 
quality of the x-ray beam change if the filter were reversed?
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10 / Interaction of X and Gamma 
Rays in the Body

T h e  DOMINANT m o d e  of interaction of x- and -y-ray photons in a particu
lar region of the body varies with the energy of the photons and with the 
effective atomic number and electron density (electrons per kilogram) of 
the region. For purposes of dosimetry, the body may be divided into re
gions of (1) fat, (2) muscle (or soft tissue excluding fat), (3) bone and (4) 
air-filled cavities. The effective atomic number, average density and 
electron density are listed in Table 10-1 for these constituents of the 
body.

F-FACTOR
As shown in Chapter 8 , an exposure of 1 R provides an absorbed dose 

o f0.869 rad in air:
Dair (rad) = 0.869 X (R)

The dose to a medium such as soft tissue is related to the dose in air at 
the same location by the ratio of energy absorption in the medium to 
energy absorption in air:

-  d - tN T t ® uo-i)
R A '-e n / m -la ir

= 0.869 (10-2)
KA 'enlm -lali-

In equation (10-2 ), is the mass energy absorption coefficient
of the medium for photons of the energy of interest. This coefficient 
describes the rate of energy absorption in the medium and [(^en)m]aiT 
describes the rate of energy absorption in air. In equation (10-2), the 
expression may be simplified to

Dme6 = (f)(X) (10-3)

where

/ = 0.869 [(^cn)w]med (10-4)

The expression denoted as f  is known as the f-factor and varies with the 
nature of the absorbing medium and the energy of the radiation.

171
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TABLE 10-1.-E F F E C T IV E  ATOMIC NUMBER, 
PHYSICAL DENSITY AND ELECTRON DENSITY 
FOR AIR, WATER AND BODY CONSTITUENTS

MATERIAL
E F F E C T IV E  
ATOMIC NO.

DEN SITY 
(kg/cu m )

ELECTRO N  D EN SITY 
(ELECTRONS/kg)

Air 7.6 1.29 3.01 X 1026
Water 7.4 1.00 3.34 X 1026
Soft tissue 7.4 ' 1.00 3.36 x  1026
Fat 5 .9 -6 .3 0.91 3 .3 4 -3 .4 8  x  1026
Bone 1 1 .6 -1 3 .8 1 .6 5 -1 .8 5 3 .0 0 -3 .1 9  x  1026

The f-factor is used to compute the absorbed dose D in rad in a me
dium receiving an exposure X in roentgens. The f-factor is plotted in 
Figure 10-1 for air, water, fat, muscle and compact bone as a function of 
photon energy. This plot is an explicit description of why high-contrast 
x-ray images are obtained with low-energy photons, and why image con
trast is reduced at higher photon energies where interactions are primar
ily Compton scattering rather than photoelectric absorption.

For all photon energies for which the roentgen (and therefore the f- 
factor) is defined, an exposure of 1 R provides an absorbed dose of 0.869 
rad in air. Consequently, the f-factor equals 0.869 for air and is inde
pendent of photon energy.

ATTENUATION OF X AND y  RAYS IN FAT
X- and y-ray photons with energy less than about 35 keV interact in 

soft tissue primarily by the photoelectric effect, with a probability for 
interaction that varies roughly as Z3. Compared to muscle and bone, fat

Fig 10-1.—The f-factor for 
conversion between roentgens and 
rads for air, water and different 
constituents of the body, plotted as a 
function of photon energy. Curves do 
not extend beyond 3 MeV, because 
the roentgen (and therefore the f- 
factor) is not applicable to photons 
of higher energy. Because of the 
varying composition of fat, the 
dotted curve for fat is only 
approximately correct.

o.oi o.i i io
PHOTON E N E R G Y (M eV )
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has a higher concentration by weight of hydrogen (~ 11%) and carbon (~ 
57%) and a lower concentration of nitrogen (~1%), oxygen (30%) and 
high-Z trace elements (<1%).! Hence, the effective atomic number of fat 
(Zeff = 5.9—6.3) is less than that for soft tissue (Zeff = 7.4) or bone (Zeff = 
11.6-13.8), and low-energy photons are attenuated less rapidly in fat 
than in an equal mass of soft tissue or bone.1*2 The reduced attenuation 
in fat is reflected in a lower f-factor for photons of low energy in this body 
constituent (Fig 10-1).

X- and y-ray photons of higher energy interact primarily by Compton 
scattering, with a probability that varies with the electron density of the 
attenuating medium but not with the atomic number. The electron den
sity of hydrogen is about twice that of other elements, because the nu
cleus of hydrogen contains no neutrons. Since more hydrogen is present 
in fat than in other body constituents, more Compton interactions occur 
in fat than in an equal mass of muscle or bone. For photons of intermedi
ate energy, therefore, the f-factor for fat exceeds that for other body con
stituents (Fig 10-1).

The f-factor cannot be defined rigorously for x- and y-ray photons with 
energy greater than about 3 MeV, because the roentgen is not applicable 
to photons of higher energy. Consequently, f-factors in Figure 10-1 are 
plotted to only 3 MeV. The attenuation of x- and y-ray photons in fat may 
be estimated from attenuation measurements in mineral oil or polyethyl
ene, because the effective atomic numbers, densities and electron densi
ties of these materials are close to those for fat.3*4

ATTENUATION OF X AND y RAYS IN SOFT TISSUE
The effective atomic number and density of body fluids and soft tissue, 

excluding fat, are almost identical to those for water, because soft tissue 
is roughly 75% water and body fluids are 85-100%  water. Soft tissue 
often is simulated by a water-filled phantom or by Plexiglas, Mix D° or 
pressed wood (e.g., Masonite).

Hydrogen is absent from air, but contributes about 10% of the weight 
of muscle. Consequently, the electron density is greater for muscle than 
for air, and the f-factor for muscle exceeds that for air (Fig 10-1).

ATTENUATION OF X AND y RAYS IN BONE
The effective atomic number and physical density (kg/cu m) are great

er for bone than for soft tissue. Hence, x- and y-ray photons are attenuat
ed more rapidly in bone than in an equal volume (not necessarily mass) 
of soft tissue, and the absorbed dose is reduced to structures beyond

*Mix D has the following composition by weight: paraffin 60.8% , polyethylene 30.4% , 
magnesium oxide 6.4% , titanium dioxide 2 .4% .5
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bone. On the other hand, the absorbed dose to soft tissue adjacent to or 
enclosed within bone may be increased by photoelectrons liberated as 
photons interact with high-Z atoms (e.g., atoms of phosphorus and cal
cium) in bone.

Dose to Soft Tissue near an Interface 
between Soft Tissue and Bone 

Under conditions of electron equilibrium, the absorbed dose D in rad 
to compact bone is

D = (f)(X) (10-3)

where X is the exposure in roentgens and / is the f-factor for compact 
bone exposed to photons of a particular energy (Fig 10-1). To compute 
the absorbed dose to soft tissue beyond the range of electrons escaping 
from bone, the f-factor for soft tissue is used in equation (10-3). The ab
sorbed dose to soft tissue near bone is less than the absorbed dose in 
bone but greater than the absorbed dose in soft tissue beyond the range 
of electrons from bone. In tissue irradiated by diagnostic or orthovoltage 
x rays, the region of increased dose to soft tissue extends over a distance 
of 100 /X or less from an interface between soft tissue and bone. These 
transition zones of increased dose are illustrated in Figures 10-2 to 10-4 
for x-ray beams of different qualities. Data in these figures were obtained 
with an ionization chamber and plastics designed to simulate bone and 
soft tissue.6* 7

The radiation dose delivered to soft tissue near an interface between

Fig 10-2.-The f-factor (rad/R) for 50-kVp, 0.08-mm Cu HVL x rays near an 
interface between soft tissue and bone. Arrows indicate the direction of the x- 
ray beam. (Figures 10-2 to 10-4 from Wingate, C., Gross, W., and Failla, G.: Ex
perimental determination of absorbed dose from x rays near the interface of soft 
tissue and other material, Radiology 79:984,1962.)
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Fig 10-3. —The f-factor (rad/R) for 140-kVp, 0.70-mm Cu HVL x rays near an 
interface between soft tissue and bone. Arrows indicate the direction of the x- 
ray beam.

soft tissue and bone may be computed with an f-factor intermediate be
tween those for soft tissue and bone. The f-factors for photons of different 
energies are plotted in Figure 10-5 as a function of the distance from the 
interface.

Dose to Soft Tissue within Bone 
Soft tissue that occupies cavities within bone includes the soft-tissue 

components of the Haversian system. These components include osteo- 
cytes about 5 /x in diameter, connective tissue along the walls of Haver
sian canals, and blood vessels in the walls of the canals. Haversian canals 
vary from 50 to 100 /x in diameter. In trabecular bone, spaces occupied by 
bone marrow are relatively large, averaging about 400 /x across.

The absorbed dose in small (diameter <1 /x) inclusions of soft tissue 
within compact bone is close to that computed with equation (10-3) and
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Fig 10-4.—The f-factors (rad/R) for 210-kVp, 2.1-mm Cu HVL x rays near an 
interface between soft tissue and bone. Arrows indicate the direction of the x- 
ray beam.
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Fig 10-5. — Calculated and measured f-factors as a function of the distance in 
soft tissue from an interface between soft tissue and bone. (From Wingate, C., 
Gross, W., and Failla, G.: Experimental determination of absorbed dose from x 
rays near the interface of soft tissue and other material, Radiology 79:984,1962; 
and Spiers, F.: Dosage in Bone, in Clinical Dosimetry, ICRU Report 10d. Nation
al Bureau of Standards Handbook 87,1963.)

an f-factor for bone. The dose to larger (diameter >1 fi) soft-tissue inclu
sions is less than that estimated with equation (10-3) and an f-factor for 
bone. In larger inclusions, the absorbed dose varies from a maximum at 
the bone-tissue interface to a minimum at the center of the inclusion 
(Fig 10-6).

The absorbed dose across these larger inclusions is difficult to deter
mine. Average f-factors in Table 10-2 were computed by Spiers8 for os- 
teocytes, for typical soft-tissue inclusions excluding bone marrow and for 
the soft-tissue lining of a typical Haversian canal. The average f-factors 
are highest for osteocytes because these components occupy very small 
cavities. Haversian canals, on the average, are much smaller than spaces 
in trabecular bone that contain bone marrow, and the average dose to 
bone marrow usually is not much greater than that delivered to soft tis
sue in the absence of bone. The increase in average absorbed dose in 
bone marrow spaces of different sizes is plotted in Figure 10-7 as a func
tion of the energy of incident photons. For marrow cavities of all sizes, 
the increase in dose is less than 50% of the dose to soft tissue without 
bone.

The probability of pair production increases with the atomic number 
of the attenuating medium. Consequently, the dose delivered by high-
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DISTANCE FROM C A V ITY  C E N TE R  (microns)

Fig 10-6.—The f-factor for photons of various energies, as a function of the 
distance from the center of cavities of different sizes. A layer of bone around the 
cavity provides electron equilibrium. (Figures 10-6 and 10-7 from Spiers, F.: 
Dosage in Bone, in Clinical Dosimetry, ICRU Report 10d. National Bureau of 
Standards Handbook 87,1963.)

TABLE 10-2.-A VERA G E F-FACTORS FOR INCLUSIONS 
OF SOFT TISSU E IN BONE°

PHOTON 
EN ERG Y (keV)

O STEO C YTE 
5 fJL D IA M ETER

TYPIC A L s o f t  
T ISSU E  IN BONE

10 /A LINING O F 
50 /A HAVERSIAN CANAL

25 2.80 1.73 1.50
35 3.12 2.05 1.76
50 3.25 2.27 1.89
75 2.40 1.85 1.60

100 1.52 1.36 1.26
200 1.05 1.03 1.02

°From  Spiers.8
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PHOTON ENERGY keV
Fig 10-7. — Percent increase in average absorbed dose to bone marrow cavi

ties, averaged over cavities of various sizes.

energy photons is greater in bone than in soft tissue. For example, the 
dose delivered by 10-MeV photons is about 15% greater in bone than in 
soft tissue receiving an identical exposure. Electrons released during 
pair-production interactions have an average range of about 2 - 3  cm in 
soft tissue and more than 1 cm in bone. For a thickness of bone less than 
that required for electron equilibrium, it is difficult to estimate the dose 
to bone and to soft-tissue inclusions within bone.

Dose to Soft Tissue beyond Bone
The dose delivered to soft tissue by x or y rays is reduced by bone in

terposed between the soft tissue and the surface. The reduction in ab
sorbed dose to soft tissue is influenced by:
1. The increased attenuation of primary photons in bone caused by the 

higher atomic number and density of this constituent of tissue.
2. Changes in the amount of radiation scattered to soft tissue beyond 

the location of bone. These changes depend upon many factors, in
cluding field size, quality of radiation and the distance between the 
bone and the soft tissue of interest.

Low-energy x- or y-ray photons are attenuated primarily by photoelec
tric interactions, and the attenuation of these photons is much greater in 
bone than in an equal mass of soft tissue or fat. For photons of higher 
energy, Compton scattering replaces photoelectric absorption as the 
dominant interaction. The probability for Compton interaction depends 
on the electron density of the attenuating medium, but not on its atomic 
number. The electron density is slightly less for bone than for soft tissue 
or fat, and the energy absorbed per gram of bone is slightly less than the
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Fig 10-8. —Radiation exposure and absorbed dose plotted as a function of 
depth in soft tissue containing bone.

energy absorbed per gram of muscle or fat exposed to photons of inter
mediate energy. However, the physical density (kg/cu m) of compact 
bone is almost twice the density of fat or muscle. Therefore, the energy 
absorbed per unit volume of compact bone is almost twice that absorbed 
in an equal volume of fat or muscle exposed to an identical number of x- 
or -y-ray photons of intermediate energy.0

The effect of bone upon the radiation exposure and absorbed dose at 
various depths within a patient exposed to diagnostic or orthovoltage x 
rays is illustrated in Figure 10-8. The radiation exposure, which always 
is measured in a small volume of air, is reduced at locations B, C and D 
by bone interposed between the locations and the surface. The reduc
tion in exposure at these locations reflects primarily the increased atten
uation of photons in overlying bone. The dose absorbed in bone is in
creased at A, B and C, because the attenuation of diagnostic or orthovolt
age x rays increases with the atomic number of the attenuating medium. 
The absorbed dose is reduced to soft tissue beyond bone because a 
greater number of photons are removed from the beam by the overlying 
bone.

HIGH-VOLTAGE ROENTGENOGRAPHY
Radiographic images obtained with x rays generated below about 100 

kVp exhibit high contrast between soft tissue and bone. In a roentgeno
gram of the chest exposed to 80-kVp x rays (Fig 10-9, A), the image of

®In a radiograph obtained by exposure of film to high-energy photons (e.g., “ Co y  rays), 
images of bone are displayed as regions of reduced optical density. Hence, the number of 
photons transmitted by bone is less than the number transmitted by an equal thickness of 
soft tissue. Although the energy absorbed per unit mass (absorbed dose) is less in bone 
than in soft tissue exposed to 60Co y  rays, the transmission of photons through bone is less, 
because the physical density of bone is greater than that for soft tissue.
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Fig 10-9. —Radiographs of the chest. A, 80 kVp, 1 mm Al filter; B, 140 kVp, 1 
mm Cu filter.

bone obscures the visibility of the trachea. Shadows cast by bone may be 
reduced by increasing the voltage applied to the x-ray tube and by add
ing filtration to the x-ray beam. The radiograph in Figure 10-9, B, was 
obtained with x rays generated at 140 kVp and filtered by 1 mm Cu. The 
trachea, lung and retrocardiac markings are displayed more clearly in 
this radiograph than in A. A number of persons have suggested that radio
graphs obtained with x and y rays greater than 1 MeV are useful for cer
tain examinations, particularly chest radiography.9"13

High-voltage x-ray beams have been used in diagnostic radiology pri
marily for the study of air-filled structures such as the chest, larynx and 
paranasal sinuses, for myelography (introduction of air, gas or other con
trast agent into the subarachnoid space of the spinal column) and pneu
moencephalography (introduction of air, gas or other contrast agent into 
the subarachnoid space of the spinal column and into the ventricular sys
tem of the brain), and for study of the gastrointestinal tract with a contrast 
medium when retention of some tissue differentiation is desired in struc
tures containing the contrast medium. Disadvantages of high-voltage 
radiography include (1) a reduction in contrast between adjacent soft tis
sues, (2 ) a reduction in radiographic detail caused by an increased 
amount of scattered radiation and (3) a reduction in the ability of grids to 
remove scattered radiation.
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LOW-VOLTAGE ROENTGENOGRAPHY
X rays of very low energy often are used to delineate subtle dif

ferences in soft-tissue structures.3,4,14'16 For example, mammography 
(examination of the breast) usually is performed with x rays generated at 
a tube voltage between 25 and 40 kVp and filtered lightly with alumi
num or molybdenum. Long exposure times are required in mammogra
phy because: (1) the efficiency of x-ray production is extremely low at 
tube voltages between 25 and 40 kVp, (2) the inherent filtration of the 
tube reduces the exposure rate greatly, and (3) the beam is attenuated 
severely by the patient.

CONTRAST MEDIA
Many anatomical structures may be visualized more clearly with x rays 

if a material is introduced into the structures to increase or decrease the 
attenuation of x rays. These materials are referred to as contrast agents or 
contrast media. A few radiographic examinations that may be improved 
with contrast media are listed in Table 10-3. Many of the agents contain 
either iodine or barium for reasons that are apparent in Figure 10-10. For 
all photon energies included in this figure, the attenuation coefficient for 
iodine (Z = 53) greatly exceeds that for soft tissue (Zeff = 7.4). Conse
quently, a structure containing an iodinated compound is clearly distin
guishable from adjacent soft tissue. The attenuation coefficient for bar
ium (Z = 56) is close to that for iodine, and is not included in Figure 10- 
10. The attenuation coefficient for iodine exceeds even the coefficient for 
lead between the K-absorption edges for iodine (33 keV) and lead (88 
keV). Within this range of photon energies, x rays are attenuated more 
rapidly by iodine than by an equal mass of lead. Since most photons in a 
diagnostic x-ray beam possess an energy between 33 and 88  keV, iodin
ated compounds are better contrast agents, gram for gram, than would

TABLE 10-3.- A  FEW  CONTRAST AGENTS USED IN 
RADIOGRAPHIC EXAMINATIONS

EXAMINATION COMPOUND
CONTRAST
ELEM EN T

Adult intravenous pyelography Sodium iothalamate Iodine
Upper gastrointestinal series Barium sulfate Barium
Intravenous cholangiography Meglumine iodipamide Iodine
Sinus tract Meglumine diatrizoate Iodine
Oral cholecystography Iopanoic acid Iodine
Myelography Iophendylate Iodine
Myelography Air
Pneumoencephalography Air
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PHOTON ENERGY (keV)

Fig 10-10. —Attenuation coefficients for fat, muscle, bone, iodine and lead as 
a function of photon energy.

be compounds containing lead or other high-Z elements, even if the tox
icity of these compounds did not prohibit their use. Compounds contain
ing iodine or barium are relatively nontoxic and may be used in a wide 
variety of roentgenographic examinations. One advantage of barium over 
iodine compounds is their miscibility into solutions of higher physical 
density.

Air may be introduced into certain locations (e.g., the subarachnoid 
space of the spinal column and the ventricular system of the brain) to 
displace tissues and fluids that interfere with the visualization of ana
tomical structures of interest. The density of air is very low, and x rays 
are transmitted through the air-filled cavities with little attenuation. 
Hence, the introduction of air improves the visualization of structures 
in, or adjacent to, air-filled cavities.

PROBLEMS
1. Referring to Figure 10-1, discuss why x rays generated at low voltage are used 

to distinguish between fat and muscle.
2. Referring to Figure 10-10, explain why iodine and barium are used in contrast 

agents.
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3. Why is air an effective contrast agent if the effective atomic number of air (Zeff 
= 7.65) is near that for muscle (Zeff = 7.4)?

4. Discuss the advantages and disadvantages of high-voltage radiography.
5. Plot curves similar to those in Figure 10-8 for a diagnostic x-ray beam pene

trating successive layers of muscle, fat, muscle, bone and muscle.
6 . Would 250-kVp x rays or 60Co y rays be preferable for the treatment of a soft- 

tissue lesion that invades bone?
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11 /  Detection of Radiation from 
Low-Activity Sources

D e s c r i b e d  in  t h i s  c h a p t e r  are a variety of radiation detectors that 
respond to alpha, beta and gamma radiation from radioactive sources of 
relatively low activity.

IONIZATION CHAMBERS
Ion pairs (IP) are produced as energy is deposited in a medium by ion

izing radiation. If a gas is used as the attenuating medium, the ion pairs 
may be collected by charged electrodes placed in the medium. The ion 
pairs migrate toward the charged electrodes with a “drift velocity” that 
depends on the type and pressure of the gas between the electrodes and 
on the potential difference and distance between the electrodes. In a 
gas-filled ionization chamber, the voltage between the electrodes is in
creased until all ion pairs produced by the impinging radiation are col
lected. However, the voltage remains below that required to produce 
additional ion pairs as the ion pairs produced by radiation interactions 
migrate to the collecting electrodes. Consequently, the electrodes re
ceive only ion pairs that result directly from interactions of ionizing ra
diation with gas in the chamber.

An ionization chamber designed to detect radiation from radioactive 
sources of low activity consists of parallel-plate or coaxial electrodes in a 
volume occupied by a filling gas. A parallel-plate chamber resembles the 
free air ionization chamber which serves as a calibration standard in 
most countries for ionization chambers used to calibrate x- and y-ray 
beams used in radiation therapy.1 A coaxial chamber is composed of a 
central electrode in the form of a straight wire or wire loop which is 
charged positively with respect to the surrounding cylindrical case (Fig 
11-1). The entrance of radiation into the chamber results in an electric 
current or voltage pulses produced as ion pairs are collected by the elec
trodes.

Pulse-Type Ionization Chambers
Consider a 1.75-MeV alpha particle traversing the collecting volume 

of an ionization chamber. If the gas in the collecting volume is air, then 
the alpha particle loses an average energy of 33.7 eV for each ion pair 
produced. If the kinetic energy of the alpha particle is dissipated com-

184
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Fig 11-1. —A simple coaxial 
ionization chamber.

pletely within the collecting volume, then (1.75 x 106 eV)/(33.7 eV/IP) = 
5 x 104 ion pairs are produced. Electrons liberated by the radiation mi
grate rapidly to the central electrode (anode) and reduce the positive 
charge of this electrode. Usually, electrons are collected within a micro
second after their liberation. The heavier, positively charged ions mi
grate more slowly toward the negative case (cathode) of the chamber. As 
the positive ions approach the case, they induce a negative charge on the 
case, which masks the total reduction in voltage between the electrodes. 
Hence, the total reduction in voltage between the electrodes is not at
tained until all positive ions within the chamber have been neutralized. 
Usually, a few hundred microseconds are required to neutralize the pos
itive ions. In most pulse-type ionization chambers, only that portion of 
the reduction in voltage that is created by the collection of electrons is 
utilized in forming a voltage pulse.

Example 11-1
What size voltage pulse is produced when a 1.75-MeV alpha particle is ab

sorbed totally within an air-filled ionization chamber with a capacitance of 1 0  

picofarad? ( 1 0  picofarad = 1 0  x 1 0 - 1 2  farad)
A 1.75-MeV alpha produces 5 x 104 IP = 5 x 104 electrons plus 5 x 104 posi

tive ions.

Q = (5 x 104 electrons)(1.6 x 10- 1 9  coulomb/electron) = 8  x 10- 1 5  coulomb 

The voltage pulse produced is

V = ?§§ where C = 10 x 10- 1 2  farad

y  _  8  x 1 0 ~ 15 coulomb 
1 0  x 1 0 ~ 12 farad 

= 8  x 10- 4 V 
= 0.8 mV
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In a pulse-type chamber designed to produce voltage pulses by the 
rapid collection of electrons, no interference with the migration of these 
electrons can be tolerated. Gases such as oxygen, water vapor and the 
halogens have an affinity for electrons. These gases should not be pres
ent in the collecting volume of an ionization chamber. Other gases, 
such as helium, neon, argon, hydrogen, nitrogen, carbon dioxide and 
methane, form negative ions only rarely by combining with electrons. 
These gases are used often as filling gases in ionization chambers.

The average kinetic energy of beta particles (negatrons and positrons) 
is less than that of most alpha particles. Furthermore, the specific ioniza
tion is 1/1 0 0 - 1/1 ,000  less for negatrons and positrons than for alpha parti
cles. Usually, alpha particles expend their entire kinetic energy by inter
acting with the gas in the collecting volume of an ionization chamber; 
negatrons and positrons usually strike the wall of the chamber before 
dissipating all of their kinetic energy. For these reasons, voltage pulses 
produced as beta particles traverse an ionization chamber are much 
smaller than those produced by alpha particles. Pulses produced by x 
and y rays are even smaller. Ionization chambers usually are operated in 
the pulse mode for the detection of alpha particles; other radiations with 
lower specific ionization usually are measured by operation of the cham
ber in the current mode.

Current-Type Ionization Chambers
Electrons collected by the anode of an ionization chamber constitute a 

direct current which may be amplified and measured with a conven
tional DC meter. In general, this approach is unsatisfactory because in
stability and zero-drift are introduced by the DC amplifier and accurate 
measurements are difficult to achieve.

Small currents from an ionization chamber may be measured more 
accurately with a vibrating reed (dynamic capacitor) electrometer. The 
vibrating reed electrometer consists of a capacitor with one moving plate 
which oscillates at a frequency of 200-500  Hz. The signal from the ioni
zation chamber is converted by the dynamic capacitor into an alternating 
current which may be amplified with an AC amplifier. An AC amplifier is 
not subject to the problems of instability and zero-drift encountered with 
a DC amplifier. The amplified alternating current may be measured to 
within ± 0.05% precision by one of two methods, referred to as the volt- 
age-drop m ethod  and the rate-of-charge method.

With the voltage-drop method, the amplified alternating current is rec
tified and directed through a precision resistance. The voltage devel
oped across the resistance is proportional to the current. With the rate-of- 
charge method, the current is rectified and collected by a precision ca
pacitor. The rate of collection of electric charge on the plates of the ca-
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Fig 11-2. -  A “ cutie pie” portable survey meter. The scale of the m eter is cali
brated to read directly in units of m R/hr, with a range switch which decreases 
the sensitivity of the meter by factors of 10. (Courtesy of Baird-Atomic, Inc.)

pacitor is proportional to the current. The rate-of-charge method may be 
used with currents smaller than those measured by the voltage-drop 
method. The voltage-drop method without current amplification is used 
in portable survey meters such as the “cutie pie” (Fig 11-2).

Exam ple 11-2°
A 0.001-ju.Ci sample of 14COz is contained within a current-type ionization 

chamber. The ionization current is converted to alternating current and is mea
sured by the voltage-drop method, using a precision resistance of 1012 ohms. As
suming that all the energy of the beta particles from 14C is deposited in the gas, 
and that the AC signal is not amplified, what voltage is developed across the pre
cision resistance?

(0.001 ju,Ci)[3.7 x 104 disintegrations/(sec-/xCi)] = 37 disintegrations/sec

The average energy of beta particles from 14C is 0.045 MeV = 4 5  x 103 eV. The 
average energy dissipated per second in the counting volume is

(37 disintegrations/sec)(45 x 103 eV/disintegration) = 16.6 x 105 eV/sec 

The number of electrons released per second is

^V/sec _   ̂g x jq 4 jp/sec _  4 9  x j 0 4  electrons/sec 
33.7 eV/IP

’’Examples 11-2 and 11-3 are modified from data of Chase and Rabinowitch.2



The charge liberated per second is

(4.9 x 10“ electrons/sec)(1.6 x 10- 1 9  coulomb/electron)
= 7.8 x 10- 1 5  coulomb/sec 

1 coulomb/sec = 1 A 
7.8 x 10- 1 5  coulomb/sec = 7.8 x 10- 1 5  A

The voltage drop V across a resistance is the product of the resistance in ohms 
and the current in amperes:

V = IR
V = (7.8 x 10- 1 5  A)(1012 ohms)

= 7.8 x 10- 3 V
-  7.8 mV
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E x a m p le  11 -3
Repeat Example 11-2, finding the rate of change in voltage across the plates 

of a precision 1 0 -picofarad capacitor.
The rate of flow of charge is 7.8 x 10- 1 5  coulombs/sec. Since V = QIC, where 

C is the capacitance, the rate of change of voltage V_ = QJC, where Qr is the rate 
of flow of charge:

y  _  7.8 x 1 0 ~ 15 coulombs/sec 
r 1 0  x 1 0 - 1 2  farad

= 7.8 x 10- 4 V/sec 
= (7.8 X 10- 4  V/sec)(60 sec/min)
= 46.8 x 10- 3  V/min 
= 47 mV/min

In Figure 11-3, the ionization current is plotted as a function of the 
voltage applied across the electrodes of an ionization chamber. At low 
voltages, the electrons and positive ions are not attracted strongly to the 
electrodes and some of the ion pairs are lost by recombination. The at
traction for ion pairs increases with the voltage between the electrodes, 
and a smaller fraction of the ion pairs recombine. When the voltage be
tween the electrodes exceeds the saturation voltage, the electrodes col
lect all ion pairs produced by the radiation. The saturation voltage for a 
particular ionization chamber depends upon the design of the chamber, 
the shape and spacing of the electrodes, and the type and pressure of the 
gas in the chamber. No increase in ionization current is observed as the 
electrode voltage is raised a few hundred volts above saturation, because 
all ion pairs produced by the radiation are collected. This region of volt
age is referred to as the ionization cham ber plateau. The ionization cur
rent increases abruptly at the end of the plateau. This amplification of 
the signal reflects the production of additional ion pairs, as electrons lib
erated by the incident radiation gain energy on their way to the anode.



I o n iz a t io n  C h a m b e r s 189

VOLTAGE B E TW E E N  E LE C TR O D E S

Fig 11-3.- Io n iza tio n  current from an ionization chamber, plotted as a func
tion of the voltage between electrodes. Recombination of ion pairs occurs at 
voltages below that which furnishes a saturation current. At high voltages, the 
signal is amplified by ionization produced as electrons are accelerated toward  
the anode.

Ionization chambers are operated at a voltage less than that which causes 
signal amplification. At any particular voltage, the ionization current 
produced by an alpha-emitting sample is much greater than that pro
duced by a sample that emits beta particles. The reduced signal for the 
beta-emitting sample reflects the reduced ionization produced by beta 
particles.

Uses of Ionization Chambers
Radiation from solid, liquid and gaseous samples may be measured 

with an ionization chamber and vibrating-reed electrometer.3 The activ
ity of liquid samples prepared for administration to patients often is de
termined by placing the vial or syringe containing the sample into a 
well-type ionization chamber referred to as an isotope calibrator (Fig 11- 
4). Gaseous samples may be counted by filling an ionization chamber 
with the radioactive gas. For example, ionization chambers may be used 
to measure the amount of 14COz in air expired by patients metabolizing 
compounds labeled with 14C.

Portable survey instruments such as that depicted in Figure 11-2 are 
used frequently in nuclear medicine to monitor exposure rates in the vi
cinity of radioactive sources and patients receiving therapeutic quanti
ties of radioactive material. A neutron detector may be constructed by 
filling an ionization chamber with BF3 gas or by coating the wall of an 
ionization chamber with lithium or boron. Ionization is produced within 
the chamber by alpha particles and recoil nuclei which are liberated dur
ing interactions of neutrons with the lithium or boron.
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Fig 11-4.—W ell-type ionization chamber and electrom eter (isotope calibra
tor) used to measure the activity of a radioactive sample prior to administration 
of the sample to a patient. The volume of the sample to be administered is com 
puted from the measured activity, often automatically by the isotope calibrator. 
(Courtesy of RADX Corp.)

PROPORTIONAL COUNTERS
The small signals from an ionization chamber must be amplified great

ly before they are measured. Because of the introduction of electronic 
noise and instability, amplification by electric circuits is difficult to 
achieve without distortion of the signal. This problem may be reduced if 
the signal is amplified within the counting volume of the chamber. If the 
potential difference between the electrodes of a chamber is raised be
yond a certain voltage, electrons liberated by radiation traversing the 
chamber are accelerated to a velocity great enough to produce additional 
ionization. Most of the additional ionization occurs near the anode of the 
chamber. As a result, many (106- 1 0 7) electrons and positive ions are col
lected by the electrodes for a much smaller number (103- 105) of ion 
pairs produced directly by radiation entering the chamber. This process 
is referred to as gas am plification  or the Townsend effect. The am plifica
tion fa c to r  for the chamber is the ratio of the total number of ion pairs 
produced within the chamber to the number liberated directly by radia
tion entering the chamber. The amplification factor depends upon the 
construction of the chamber and upon the type of gas enclosed within 
the chamber. The amplification factor varies from 102 to 104 for most pro
portional counters, providing a signal (approximately 1 mV) that requires 
only a small amount of external amplification.

The number of ion pairs produced in a gas-filled chamber is plotted in
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Figure 11-5 as a function of the voltage applied across the electrodes. 
The voltage between electrodes must be regulated closely, because the 
amplification factor is affected greatly by small changes in voltage. In the 
proportional region , the amount of charge collected by the electrodes 
increases with the number of ion pairs produced initially by the imping
ing radiation. Consequently, the size of the signal from a proportional 
chamber increases with the amount of ionization produced by radiation 
that traverses the chamber.

Example 11-4
An alpha particle produces 105 IP in a proportional chamber with an amplifica

tion factor of 103. How many ion pairs are collected by the electrode?
With an amplification factor of 103, 1,000 IP are collected for every ion pair 

liberated by the incident radiation. The total number of ion pairs collected is

(105 IPX103) = 108 IP
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Fig 11 -5 .-R e la tio n s h ip  between the total number of ion pairs produced in a 
gas-filled detector and the high voltage between electrodes of the detector.
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Example 11-5
Repeat the calculation in Example 11-4 for a beta particle that produces 103 IP 

within the chamber.
For an amplification factor of 103,

(103 IPX103) = 106 IP

At voltages higher than the proportional region, alpha particles and 
other densely ionizing radiations initiate ionization of most of the atoms 
of gas in the vicinity of the anode. If the chamber is operated at a voltage 
in this region, then the number of ion pairs collected is not proportional 
strictly to the ionization produced directly by the radiation. Hence, this 
voltage region is referred to as the region o f  lim ited proportionality. 
Proportional chambers are not operated routinely in the region of limit
ed proportionality.

If signals below a selected size are rejected by a “discriminator” in
serted between the proportional chamber and the device used to record 
signals, then signals produced by alpha particles may be recorded and 
signals produced by beta particles may be rejected. In this manner, the 
recording device may reflect only alpha particles from a source that 
emits both alpha and beta particles. If the voltage across the chamber is 
increased until the signals produced by beta particles also are large 
enough to be transmitted by the discriminator, then both alpha particles 
and beta particles may be recorded. The beta particles alone are “count
ed” by subtracting the alpha counts measured at a lower voltage from the 
alpha-plus-beta counts measured at a higher voltage.

A characteristic curve for a proportional chamber is shown in Figure

Fig 11-6.-Characteristic curve for a proportional flow counter and P-10 gas.
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Fig 11-7. —End-window pro- 
gas portional flow counter for rou

tine counting of radioactive 
samples.

11-6. Alpha particles only are counted if the detector is operated at a volt
age along the alpha plateau. The count rate produced by background 
radiation is very low when the chamber is operated at a low voltage. 
Both alphas and betas are counted if the voltage is increased to the beta 
plateau. For a well-designed proportional detector, the slope of the beta 
plateau should not exceed 0.2%/100 V.* Proportional counters are used 
only rarely for the detection of gamma radiation from radioactive sources 
of low activity, because the efficiency of the chambers is very low for 
these sparsely ionizing radiations. Proportional counters are useful with 
x-ray beams of high intensity, however, and are used widely in x-ray 
spectrometers.4

For proportional counting of radioactive samples, a chamber similar to 
that diagramed in Figure 11-7 may be used. The anode is a rod or loop of 
thin wire. Frequently, radiation is admitted into the chamber through a 
very thin window (e.g., 150 /-ig/sq cm of Mylar or split mica) which is 
permeable to counting gas in the chamber. Hence, the chamber must be 
flushed continuously with counting gas, and the detector is referred to as 
a flow  counter. A flow counter must be purged with counting gas prior to 
operation, because the amplification factor of the detector is reduced by 
oxygen and nitrogen present in air. In a windowless flow counter, the 
radioactive sample is sealed within the chamber while radiation from 
the sample is detected. Radioactive gases may be counted by mixing the

*The slope of the plateau may be computed by

2[(CPM) 2 -  (CPM)J 104
Slope (%/100 V) = [(CPM) 2 + (CPMJ.KV, -  V.)

where (CPM) 2 is the count rate at voltage V2 on the plateau, and (CPM), is the count rate 
at voltage on the plateau.
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gases with counting gas and introducing the mixture into the chamber. 
The voltage required for operation of the detector on the alpha or beta 
plateau is dependent on the type of counting gas used. If methane is 
used, then the beta plateau for most detectors is in the region of 3 ,0 0 0 -  
3,500 V. With “P-10 gas,” a mixture of 90% argon and 10% methane, 
the beta plateau occurs between 2,000 and 2,500 V.

Because of its rapid response to ionizing events, the multiwire propor
tional chamber has been investigated as an imaging device for nuclear 
medicine.5’ 6 By raising the pressure of the counting gas to 10 atm or 
more, the sensitivity of the chamber to y rays can be improved. The y-ray 
sensitivity also can be improved by placing high-Z foils in front of the 
chamber to convert incoming photons to photoelectrons and Compton 
electrons. Although the intrinsic resolution of multiwire proportional 
chambers is excellent, the resolution achievable in practice has been 
comparable to that for other nuclear medicine imaging devices.

GEIGER-MUELLER TUBES
If the potential difference between the electrodes of a gas-filled detec

tor exceeds the region of limited proportionality (Fig 11-5), then the in
teraction of a charged particle or x- or y-ray photon within the chamber

VOLTS

Fig 11-8. -  Characteristic curve for a G-M detector.
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f r

Fig 11-9. —Various Geiger-Mueller detectors: A, end-window; B, side-win- 
dow; C, windowless flow; D, thin-wall dipping tube; E, needle probe; F, heavy- 
metal wall.

initiates an avalanche o f  ionization, which represents almost complete 
ionization of the counting gas in the vicinity of the anode. Because of this 
avalanche process, the number of ion pairs collected by the electrodes is 
independent of the amount of ionization produced directly by the im
pinging radiation. Hence, the voltage pulses (usually 1 -1 0  V) emerging 
from the detector are similar in size and independent of the type of ra
diation that initiates the signal. The range of voltage over which signals 
from the detector are independent of the type of radiation entering the 
detector is referred to as the Geiger-Mueller region or G-M region. For 
detectors operating in this voltage region, the amplification factor is 
106- 108.

In Figure 11-8, the number of pulses (or counts) recorded per minute 
is plotted as a function of the voltage across the electrodes of a G-M de
tector exposed to a radioactive source. No counts are recorded if the volt
age is less than the starting voltage, because voltage pulses formed by 
the detector are too small to pass the discriminator and enter the scaler. 
As the voltage is raised slightly above the starting voltage, some of the 
pulses are transmitted by the discriminator and recorded. At the plateau  
threshold voltage, all pulses are transmitted to the scaler. Increasing the 
voltage beyond the plateau threshold does not increase the count rate
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significantly. Consequently, relatively inexpensive high-voltage sup
plies that are not exceptionally stable may be used with a G-M detector, 
Usually, G-M detectors are operated at a voltage about one third of the 
way up the plateau. In Figure 11-8, for example, an operating voltage of 
1,150 V might be selected for the detector. The voltage range encom
passed by the plateau varies with the construction of the G-M detector 
and with the counting gas used.

Atoms of counting gas near the anode may be ionized spontaneously if 
the voltage applied to the detector is raised beyond the Geiger-Mueller 
plateau. This region of voltage is referred to as the region o f  spontaneous 
discharge or region o f  continuous discharge, because the counting gas 
may be ionized in the absence of radiation. A Geiger-Mueller tube may 
be damaged permanently by the application of voltages higher than the 
Geiger-Mueller plateau.

A few G-M detectors are illustrated in Figure 11-9. The anode is a thin 
wire of tungsten or stainless steel in the center of the detector. The anode 
is surrounded by a metal or glass cathode which is coated internally with 
a conducting layer of graphite or evaporated metal. The efficiency of a G- 
M detector for high-energy x and y rays may be increased to 6 - 8 % by 
coating the cathode with a heavy metal, such as bismuth or lead. The 
end-window G-M detector (Fig 11-9, A) is used often for assay of radioac
tive samples. Usually, the window is constructed from split mica with a 
thickness of a few mg/sq cm. The thin window admits alpha particles 
and low-energy beta particles into the counting volume. Ultrathin Mylar 
windows between 100  and 2 0 0  ju-g/sq cm thick are available, but they 
must be used with a flow counter and a continuous supply of counting 
gas, because windows this thin are permeable to the counting gas.

Detectors with thin walls are used primarily with portable survey 
meters (Fig 11-9, B). The walls are metal or glass and are about 30 mg/sq 
cm thick. These detectors may be made very small (e.g., 2 mm outer 
diameter) and have been used to detect beta radiation in the circulating 
blood.7 With the windowless flow detector (C), the radioactive sample is 
sealed inside the chamber while it is counted. The thin-wall dipping 
tube (D) may be inserted into a radioactive solution. With the needle 
probe detector (E), the sensitive volume occupies the tip of a long, thin 
probe. These detectors may be used to locate radioactive material con
centrated in tissues within the body. The chamber with a high-Z wall (F) 
is used primarily for the detection of x and y rays.

When an ionizing event is initiated in a G-M detector, an avalanche of 
electrons is created along the entire length of the anode. The residual 
positive ions require 200 /xsec or longer to migrate to the cathode. Dur
ing the time required for migration of the positive ions, the detector will 
not respond fully to additional radiation that enters the counting volume.
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Fig 11-10. —Diagram illustrating the formation of a voltage pulse in a G-M 
detector as a function of time after an ionizing event.

The curve in Figure 11-10 depicts the response of the detector as a func
tion of time after an ionizing event. During the “dead time,” the detector 
is completely unresponsive to additional radiation. An ionizing event oc
curring within the “recovery time” produces a voltage pulse that is 
smaller than normal. The “resolving time” is the time between an ioniz
ing event and a second event that furnishes a pulse large enough to pass 
the discriminator.

Positive ions that approach the cathode of a G-M detector dislodge 
electrons from the wall of the chamber. As these electrons combine with 
the positive ions, ultraviolet and x-ray photons are released. Some of 
these photons strike the chamber wall and release electrons that cause

uv LIGHT

quench  m o lec u le
LE ACCEPTS CHARGEDISSOCIATES

Fig 11-11.—A, self-perpetuating discharge of a G-M detector caused by bom
bardment of the cathode by ultraviolet and x-ray photons which are released as 
positive ions are neutralized. B, molecules of quench gas accept the charge of 
positive ions and dissociate when neutralized near the cathode. In this way, the 
self-perpetuating discharge is prevented.



the chamber to remain discharged. If this secondary release of electrons 
is permitted to occur, the detector will be unresponsive to radiation after 
the first ionizing event. Self-perpetuating discharge of a G-M detector is 
diagramed in Figure 11-11, A.

Various methods have been devised to “quench” the self-perpetuating 
discharge of G-M detectors. The most common method is to add a small 
concentration (about 0.1%) of a selected gas to the counting gas. The 
gases used most often as “internal quench agents” are polyatomic organ
ic gases (e.g., amyl acetate or ethyl alcohol vapor) or halogens (e.g., Br2 or 
CL). Their effect is shown in Figure 11-11, B. As the positive ions move 
toward the cathode, they collide with and transfer charge to molecules of 
quench gas. The charged molecules of quench gas migrate to the cath
ode and dislodge electrons from the chamber wall. Energy released as 
the dislodged electrons combine with the charged molecules causes the 
dissociation of molecules of the quench gas. The dissociation is irrevers
ible with a polyatomic organic gas, and the useful life is 108- 1 0 10 pulses 
for a G-M detector quenched with one of these agents. Halogen- 
quenched tubes have an infinite useful life, theoretically, because the 
molecules recombine after dissociation.

The counting gas used routinely in G-M detectors is an inert gas such 
as argon, helium or neon. “Geiger gas” used in flow counters is com
posed of 99% helium and about 1% butane or isobutane. For G-M tubes
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Fig 11-12. —Portable survey meter equipped with an end-window G-M tube. 
(Courtesy of Baird-Atomic, Inc.)
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quenched with an organic gas, the plateau should be 200-300  V long 
and should have a slope not greater than l-2% /100 V. Halogen- 
quenched tubes have a shorter plateau (100-200 V) and a plateau slope 
of 3-4%/100 V.

The detection efficiency of a Geiger-Mueller counter is about 1% for x 
and y rays and nearly 1 0 0 % for alpha and beta particles that enter the 
counting volume. Of course, many alpha and low-energy beta particles 
are absorbed by the window of the detector. Windowless flow counters 
often are used to detect these particles. Shown in Figure 11-12 is a sur
vey meter equipped with an end-window G-M tube for detecting the 
presence of radioactive contamination.

SOLID SCINTILLATION DETECTORS
Gas-filled chambers are not efficient detectors for x and y radiation, 

because most of the x- and y-ray photons pass through the low-density 
gas without interacting. The probability of x- and y-ray interaction is in
creased if a solid detector with a high density and atomic number is 
used. Atoms of a solid are immobile, however, and an interaction cannot 
be registered by the collection of electrons and positive ions. Instead, 
the interaction must be detected by some alternate method. In a scintil
lation crystal, light is released as radiation is absorbed. The light im
pinges upon a photosensitive surface in a photomultiplier tube. Elec
trons released from this surface constitute an electric signal. Scintillation 
detectors may be used to detect particulate radiation as well as x- and y- 
ray photons. For example, liquid scintillators are used often to detect 
low-energy beta particles.

Principles of Scintillation Detection
When an x or y ray interacts within a scintillation crystal, electrons are 

raised from one energy state to a state of higher energy. The number of 
electrons raised to a higher energy level depends upon the energy de
posited in the crystal by the incident x- or y-ray photon. Light is released 
as these electrons return almost instantaneously to the lower energy 
state. In most scintillation detectors, about 2 0 -3 0  photons of light are 
released for every kiloelectron volt of energy absorbed. The photons of 
light are transmitted through the transparent crystal and are directed 
upon the photosensitive cathode (photocathode) of a photomultiplier 
tube. If the wavelength of light striking the photocathode matches the 
spectral sensitivity of this photosensitive surface, then electrons are 
ejected. The number of electrons is multiplied by various stages 
(dynodes) of the photomultiplier tube, and a signal is provided at the 
photomultiplier anode which may be amplified electronically and count
ed. The size of the signal at the anode is proportional to the energy dissi
pated in the detector by the incident radiation.
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Scintillation Crystals 
Gamma rays from radioactive samples often are detected with a scintil

lation crystal. Usually, alkali halide crystals are used because the proba
bility of photoelectric interactions is increased by the presence of the 
high-Z halide component. Sodium iodide is the alkali halide used most 
frequently, although crystals of cesium iodide and potassium iodide are 
available at higher cost. Crystals of sodium iodide up to 9  in. in diameter 
by 9 in. thick or 20 in. in diameter by 0.5 in. thick are available commer
cially. Smaller crystals (e.g., 2 in. in diameter by 2 in. thick) are used rou
tinely for the assay of gamma-emitting samples. The efficiency of a crys
tal for detecting x- and y-ray photons increases with the size of the 
crystal.

To be used as a scintillation detector, an alkali halide crystal must be 
“activated” with an impurity. The impurity usually is thallium iodide at 
a concentration of about 0.1%, and the crystals are denoted as Nal(Tl), 
CsI(Tl) or KI(T1).

Highly purified organic crystals (e.g., anthracene and frans-stilbene) 
are used to detect beta particles. The atomic number of these crystals is 
relatively low, and the probability is reduced that beta particles will be 
scattered out of the detector after only part of their energy has been dissi
pated. The sensitivity of an anthracene or trans-stilbene detector to y 
rays is low, particularly if the crystal is thin. Consequently, beta particles 
may be detected with limited interference from y rays.8' 9

Mounting Scintillation Crystals 
Sodium iodide crystals are hygroscopic and must be protected from 

moisture. If exposed to moisture, a Nal(Tl) crystal turns yellow and ab
sorbs much of the radiation-induced fluorescence. The yellow color 
probably reflects the release of free iodine. Crystals are mounted in a dry 
atmosphere and are sealed to prevent the entrance of moisture. A light 
pipe of Lucite, clear glass or quartz sometimes is attached to the side of 
the crystal nearest the photocathode. Other surfaces of the crystal are 
coated with a light-reflecting material (e.g., Al2Oa, MgO or aluminum 
foil). The crystal may be enclosed within an aluminum canister, perhaps 
V 32 in. thick. The canister prevents moisture from reaching the crystal 
and ambient light from reaching the photocathode. The crystal or light 
pipe is coupled to the glass face of the photomultiplier tube with a trans
parent viscous medium such as silicone fluid.

Photomultiplier Tubes 
A photomultiplier tube is diagramed in Figure 11-13. The photocath

ode usually is an alloy of cesium and antimony, often mixed with sodium 
and potassium (i.e., a bialkali photocathode), from which an acceptable
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Fig 11-13 . —A sodium  iodide crystal and photom ultip lier tube.

number of electrons are released per light photon absorbed. The spectral 
sensitivity of the alloy must match the wavelength of light emerging 
from the crystal. The spectral sensitivity of a photocathode with an “S - ll  
response” is compared in Figure 11-14 to the emission spectrum of light 
from irradiated Nal(Tl). Only 10-30%  of the light photons that strike the 
photocathode cause the ejection of electrons. These electrons are accel
erated to the first dynode, a positively charged electrode positioned a 
short distance from the photocathode. For each electron absorbed by the 
first dynode, three or four electrons are ejected and accelerated to the 
second dynode, where more electrons are released. Since photomulti
plier tubes contain 6  to 14 dynodes, with a potential difference of 
100-150 V between successive dynodes, 106- 1 0 8 electrons reach the 
anode for each electron liberated from the photocathode. The amplifica
tion of the signal is very dependent upon the potential difference be
tween dynodes, and the high-voltage supply for dynodes must be very 
stable.
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Fig 1 1 -1 4 .—T h e  em ission spectrum  of Nal(TI) is m atched closely to the spec
tral sensitivity of a pho to m u ltip lie r tube  w ith an S-11 response.
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y-R A Y  ENERGY (MeV)

Fig 1 1 -1 5 .-Detection efficiency of 3 x 3 in. and 1.5 x 1 in. Nal(TI) crystals, 
plotted as a function of the energy of incident y rays. The radioactive sources 
were positioned 7 cm from the 1.5 x 1 in. crystal and 9.3 cm from the 3 x 3 in. 
crystal. (From Lazar, N., Davis, R., and Bell, P.: Peak efficiency of Nal, Nucleon
ics 14(4):52, 1956.)

Electrons collected by the anode are converted to a voltage pulse with 
an amplitude of a few millivolts to a few volts. This voltage pulse is de
livered to the preamplifier, which often is mounted on the photomulti
plier tube.

Energy Dependence of Nal(TI) Detectors
The detection efficiency of a Nal(Tl) scintillation detector decreases 

with increasing energy of impinging y rays (Fig 11-15). The efficiency of 
a scintillation detector for detection of y rays may be improved by using 
a larger crystal and by improving the “counting geometry.” For example, 
a crystal into which the radioactive sample may be inserted (i.e., a well 
detector) may furnish a detection efficiency greater than that provided by 
a crystal that receives at best no more than half the y rays from a radioac
tive source.

LIQUID SCINTILLATION DETECTORS
With a solid scintillation detector such as a Nal(Tl) crystal, the radioac

tive sample is positioned outside the detector. In liquid scintillation 
counting, the radioactive sample is mixed intimately with the scintillat-
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ing material, and attenuation by materials between the radioactive sam
ple and the scintillating material is reduced to a minimum.10'12 Conse
quently, the detection efficiency is high for radiations with very short 
range, including weak beta particles such as those from 3H ( E max = 0.018 
MeV), 14C ( E max = 0.156 MeV) and 35S  ( E max = 0.168 MeV). Usually, light 
from the mixture of scintillator and radioactive sample is directed toward 
at least two photomultiplier tubes. The signal from each photomultiplier 
tube is transmitted by a preamplifier and amplifier to a coincidence cir
cuit (Fig 11-16). The coincidence circuit transmits a voltage pulse to the 
scaler only if a pulse is received simultaneously from both photomulti
plier tubes.

Except for very low energy particles and photons, radiation emitted by 
the sample usually produces a signal in each photomultiplier tube, and a 
pulse passes to the scaler for most disintegrations of the sample. How
ever, spurious pulses generated by “thermal noise” in the photomulti
plier tubes or preamplifiers are received by the coincidence circuit from



one direction only, and a pulse is not passed to the scaler. In this man
ner, the coincidence circuit reduces the background count rate. Without 
this circuit, the background count rate would be intolerably high. In old
er liquid scintillation counters, the scintillation mixture, photomultiplier 
tubes and preamplifiers were cooled to a few degrees above zero to help 
eliminate spurious counts. Newer photomultiplier tubes do not require 
refrigeration.

The scintillating solution or “cocktail” consists of the radioactive sam
ple, a solvent, a primary fluor or solute and, if necessary, a secondary 
fluor. Solvents used include toluene, xylene and dioxane. Toluene and 
xylene molecules transfer energy efficiently from the sites of interaction 
of the radiation to the molecules of fluor in the scintillation mixture. 
Dioxane transfers energy with reduced efficiency, but exhibits a higher 
solubility for water-soluble samples.

Molecules of the primary fluor release light upon receipt of energy 
from the solvent molecules. Usually, the primary fluor comprises about
0.5% of the scintillation cocktail. Primary fluors used most often include 
2,5-diphenyloxazole (PPO), 2,5,-bis-2-(5-T-butyl-benzoxazolyl)-thio- 
phene (BBOT), p-terphenyl and 2-phenyl-5-biphenyloxadiazole (PBD). 
Because of its lower cost, PPO (fluorescence peaked at 3,800 A) is the 
primary fluor used for most liquid scintillation procedures. For certain 
samples, BBOT (fluorescence peaked at 4,350 A) and PBD (fluorescence 
peaked at 3,700 A) may be preferred.

The wavelengths of light emitted by the scintillation cocktail must 
correspond to the spectral sensitivity of the photocathodes of the photo
multiplier tubes. Some photomultiplier tubes with quartz windows are 
sensitive to the light emitted by primary fluors. With many photomulti
plier tubes, however, a secondary fluor must be added to the scintillation 
solution. The secondary fluor is termed a wavelength shifter, because 
light of longer wavelength is emitted by the scintillation solution when 
the secondary fluor is present. The concentration of the secondary fluor 
is about 0.1%. Common secondary fluors include l,4-bis-2-(5-phenylox- 
azolyl)-benzene (POPOP) and l,4-bis-2-(4-methyl-5-phenyloxazolyl)- 
benzene (dimethyl-POPOP).

Introduction of the sample into the scintillation mixture may interfere 
with the transfer of energy among solvent molecules. To lessen this in
terference, materials such as naphthalene and anisole may be added to 
the scintillation cocktail. Frequently, materials are added to the cocktail 
to increase the solubility of radioactive samples in the scintillation mix
ture. Examples of these solubilizing agents include the hydroxide of 
Hyamine 10-X (hyamine), ethanolic potassium hydroxide, aqueous po
tassium hydroxide and a number of “solubilizers,” which are available 
commercially. In a liquid scintillation counter, the size of the voltage
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Fig 11-17. —Liquid scintillation spectra for beta particles from 3H (£max=0.018 
MeV) and 14C (£max=0.156 MeV). The dashed curves illustrate the effects of the 
amplifier gain upon the 14C spectrum.

pulse depends on the energy dissipated in the scintillation cocktail by a 
photon or particle emitted by the radioactive sample. The number of 
pulses of different sizes is shown in Figure 11-17 for beta-emitting sam
ples of 3H and 14C. By adjusting upper and lower discriminators, one iso
tope may be counted in the presence of the other. For a number of rea
sons, these spectra do not correspond exactly to the energy distribution 
of the emitted particles.

Interference with the production or transmission of light in a liquid 
scintillation solution is termed quenching. Quenching always is present 
in liquid scintillation counting, and is caused by:
1. Interference with the mechanism of energy transfer contributed by 

the sample or other components of the cocktail. This mode of inter
ference is termed chem ical quenching.

2. Absorption of light by colored materials in the sample. This mode of 
interference is called color quenching.

3. Passive interference with the mechanism of energy transfer result
ing from dilution of the scintillation mixture by the sample or other 
material. This mode is termed dilution quenching.

4. Absorption of light by the scintillation vial, fingerprints on the vial, 
etc. This mode of interference is termed optical quenching.
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(RELATIVE UNITS)

Fig 11-18.— Effects of quenching on the liquid scintillation spectrum for 14C. 
The quenching agent is CCI4.

Quenching shifts the spectrum for any isotope toward pulses of 
smaller size. Shown in Figure 11-18 are spectra for a 14C-labeled sample 
dissolved in a scintillation cocktail and quenched with different amounts 
of carbon tetrachloride, a chemical quench agent.

The count rate for a particular sample must be corrected for quenching 
before the disintegration rate of the sample can be determined. Three 
methods for quench correction have been developed. With the internal 
spike m ethod  (internal standard method), a cocktail is counted before 
and after a small quantity of “unquenched” material has been added to 
the sample. The unquenched material and the sample are labeled with 
the same radioactive isotope. The count rate without the unquenched 
material is subtracted from the count rate with the unquenched material. 
The counting efficiency is the difference in count rate divided by the dis
integration rate for the unquenched material. With the channels ratio 
m ethod  for quench correction, a sample is counted in two separate 
“counting windows” or “channels,” which are defined by upper, lower 
and intermediate discriminators. The ratio of the count rates in the two 
channels varies with the amount of quenching in the cocktail. By refer
ence to a calibration curve of counting efficiency versus the ratio of count 
rates, the counting efficiency for a particular sample may be determined. 
With the external standard m ethod  for quench correction, the sample is 
counted before and after a gamma-emitting source (e.g., 137Cs, radium or 
133Ba) has been positioned adjacent to the scintillation vial. The increase
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in count rate obtained with the source near the vial varies with the 
amount of quenching in the sample. The counting efficiency is deter
mined by referring to a calibration curve of counting efficiency versus 
the ratio of count rates before and after the gamma-emitting source has 
been positioned adjacent to the scintillation vial.

Samples that are not soluble in a liquid scintillation cocktail may be 
counted by suspension counting. Gelling agents such as aluminum stea
rate, Cab-O-Sil and Thixcin furnish suspensions of radioactive samples in 
various counting solutions. Techniques have been developed for count
ing insoluble samples such as filter paper, paper chromatograms and 
Millipore filter disks. Scintillating beads sometimes are used when liq
uid or gaseous samples are counted by liquid scintillation.

SEMICONDUCTOR RADIATION DETECTORS
Semiconductor detectors are being used with increasing frequency for 

the detection of charged particles and photons emitted by radioactive 
nuclei. Semiconductor detectors exhibit many desirable properties, in
cluding: (1) a response that varies linearly with the energy deposited in 
the detector and does not depend upon the type of radiation that depos
its the energy; (2 ) a negligible absorption of energy in the entrance win
dow of the detector; (3) excellent energy resolution; (4) the formation of 
pulses with fast rise times; and (5) small size.

The mechanism of response of a semiconductor detector resembles 
that for an ionization chamber. Ionization produced within the sensitive 
volume of the detector is converted to a voltage pulse which is amplified 
and counted. The size of the voltage pulse is proportional to the energy 
expended in the detector by the incident radiation. Compared to an ioni
zation chamber, the voltage pulse is larger and reflects more accurately 
the energy deposited in the detector. Also, the rise-time of the pulse is 
shorter because the ionization is collected more rapidly.

In most gases, an average energy of 3 0 -4 0  eV is expended per ion pair 
produced. An ion pair is produced in a silicon semiconductor detector 
for each 3.5 eV deposited by incident radiation; in a germanium detec
tor, only 2.94 eV are required to produce an ion pair. Compared to an 
ionization chamber, therefore, many more ion pairs are produced in a 
semiconductor detector for a given amount of energy absorbed.

Response of Semiconductor Detectors
A semiconductor radiation detector is similar to a transistor and is dia

gramed in Figure 11-19. The p-type region is composed of a semicon
ducting element0 (e.g., germanium or silicon) “doped” with an electron  
acceptor impurity with fewer valence electrons. For example, a p-type

°A semiconducting elem ent is an elem ent with an electric resistance that decreases 
rapidly with increasing temperature.
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semiconductor may be obtained by doping tetravalent germanium with 
trivalent boron, indium or gallium. The n-type region is comprised of 
germanium doped with an electron donor impurity such as antimony or 
lithium. Electrons flow from the n-type region to the p-type region and 
establish an electric field across the junction between the two regions. 
The region in the vicinity of the junction is termed the depletion region 
and may be increased in width by applying a reverse bias  across the junc
tion (positive potential to the n-type region, negative potential to the p- 
type region). The width of the depletion region may be increased also by 
a process known as lithium drifting  to produce a Ge(Li) or Si(Li) detec
tor. If a charged particle or x- or y-ray photon loses energy within the 
depletion region, electrons are released from the valence band and at
tracted to the positive electrode (the n-type region). In the valence band, 
electrons move closer to the positive terminal by jumping to holes left by 
the released electrons. Other electrons fill the holes left by the jumping 
electrons. In this manner, holes migrate toward the negative terminal as 
if they were positively charged particles. The migration of positive holes 
in the valence band constitutes a current similar to that provided by elec
trons moving in the conducting band to the positive terminal. In fact, 
electrons released from the valence band, together with the positive 
holes left behind, constitute the ion pairs for a semiconductor detector.

If a potential difference is applied across a pure semiconductor, a cur
rent is produced even if the semiconductor is not exposed to ionizing 
radiation. This current is the sum of: (1) a bulk current that is dependent 
on the resistance of the semiconductor and the number of electron-hole 
pairs produced by thermal excitation; and (2 ) a current caused by charge 
leakage  at the surface of the semiconductor. These currents interfere 
with the identification of signals produced as radiation interacts within 
the detector. The bulk current is reduced with the p-n junction de
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scribed above, and this barrier to current flow is required in a semicon
ductor radiation detector. The p-n junction reduces the bulk current in 
silicon to an acceptable level at room temperature. Even with a p-n junc
tion, however, the bulk current in a germanium detector is too great at 
room temperature. Consequently, germanium semiconductor detectors 
must be operated at reduced temperature. Germanium detectors usually 
are mounted in a cryostat and are maintained at the temperature of liquid 
nitrogen ( — 190 C). The surface-leakage current is reduced in germanium 
and silicon by special techniques for constructing the detectors.

The size V of a voltage pulse from a semiconductor detector equals the 
charge Q collected by the electrodes, divided by the capacitance C of the 
depletion region.0 The charge Q equals Ne, where N is the number of 
electron-hole pairs produced and e is the charge of the electron; that is, 
the size of the voltage pulse is proportional to the energy lost in the de
tector by the incident radiation. The size of the pulse is not dependent 
on the specific ionization of the radiation, because the ion pairs are 
swept away immediately and cannot recombine. Consequently, the re
sponse of the detector depends on the energy deposited in the detector 
but not on the type of radiation that deposits the energy.

The energy required to produce an ion pair in a semiconductor detec
tor is only about one tenth of the energy required in a gas, and the volt
age pulse from a semiconductor detector is about ten times larger than 
the pulse from a gas-filled ionization detector. For example, a 1-MeV 
alpha particle absorbed completely in the depletion region of a silicon 
semiconductor detector produces about [10® eV/(3.5 eV/IP)] = 3  x 105 
ion pairs. The same particle produces only about [106 eV/(33.7 eV/IP)] = 
3 x 104 ion pairs in an air-filled ionization chamber. The estimated per
cent standard deviation %&IN (chap. 12) for the pulse is

% &  100
N VPulse size

For the semiconductor detector, %&IN is 0.18 for the pulse produced by 
a 1-MeV alpha particle. For the gas-filled detector, %&IN is 0.58. Conse
quently, the range of pulse heights produced by the absorption of a giv
en amount of energy is much narrower for a semiconductor detector than 
for a gas-filled ionization chamber, and the resolution of the semiconduc
tor detector is much better. A similar analysis is applicable to the com-

°The capacitance C of a semiconductor detector may be computed with the expression 

where A is the area of the junction and W  is the width of the depletion region.



parison of a semiconductor detector to a scintillation detector. Often, the 
maximum resolution obtainable with a semiconductor detector is limited 
by the preamplifier rather than by the detector.

Properties of Semiconductor Detectors 
The efficiency of semiconductor detectors is nearly 100% for particu

late radiations and relatively high for low-energy x and y rays. The effi-
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Fig 11-20.-Detection efficiency of three different germanium [Ge(Li)] semi
conductor detectors. (Courtesy of H. Fiedler, O. Tench and Canberra Industries, 
Inc.)
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ciency for detecting high-energy x- and y-ray photons is lower, because 
the depletion regions of the detectors are small. The atomic number is 
greater for germanium (Z = 32) than for silicon (Z = 14), and the gamma- 
detection efficiency is higher. The efficiency of three germanium de
tectors is plotted in Figure 11-20 as a function of the y-ray energy.

Applications of Semiconductor Detectors 
Because of their excellent energy resolution, semiconduction detec

tors are used widely for x- and y-ray spectrometry and for similar labora
tory measurements. These detectors have also been used for fluorescence 
scanning, in which quantitative estimates of iodine in the thyroid are 
obtained by measurement of iodine x rays released as the thyroid is ex
posed to low-energy x or y radiation.13 Some effort has been directed 
toward extension of semiconductor detectors to imaging applications in 
nuclear medicine. These efforts have been handicapped by the high cost 
and small size of semiconductor detector matrices constructed for imag
ing purposes.14,15

PROBLEMS
° 1. For a G-M detector operated with a voltage on the G-M plateau:

a. Is the pulse produced by an a-particle larger than a pulse produced by a 
/3-particle?

b. Do the size and shape of the pulse vary with the length of the anode? 
With the diameter of the detector?

c. Does the size of the pulse vary with the voltage?
*2. Should a G-M detector be used to measure the exposure rate in the vicinity 

of a storage safe for radioactive nuclides?
3. What type of radiation detector would you recommend for:

a. Detection of y-rays from 131I in a patient’s thyroid?
b. Detection of /3-particles from 3H-thymidine dissolved in water?
c. Detection of /3-particles from 14C in a gaseous sample of C 0 2?
d. Detection of a-particles from a plated source of 210Po?
e. Detection of radioactive contamination on a workbench in a laboratory 

where 32P is used? In a laboratory where 3H is used?
/. Measurement of the exposure rate in the vicinity of a patient with a ra

dium implant?
g. I31I in aqueous solution with 3 2P?
h. A mixture of 51Cr and 131I in blood?

°4. A y-ray from 241Am (60 keV) is absorbed completely in a Nal(Tl) crystal. The 
photomultiplier tube has 1 0  dynodes, with each dynode providing an elec
tron multiplication factor of 3. About 80% of the light from the crystal is ab
sorbed by the photocathode, which has a photocathode efficiency (number of 
electrons emitted per light photon absorbed) of 0.05. Assuming that 30 pho
tons of light are produced in the Nal(Tl) crystal per kiloelectron volt of ener
gy absorbed, compute the number of electrons received at the anode of the 
photomultiplier tube.

“For those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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"5. An a-particle from 210Po (5.30 MeV) is absorbed completely in an air-filled, 
pulse-type ionization chamber. Assuming a capacitance of 40 picofarad, 
compute the size of the voltage pulse.

6 . Compare the efficiency and resolution of a semiconductor detector and a 
scintillation detector exposed to y rays. Why are the efficiency and resolu
tion different?
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12 / Accumulation and Analysis 
of Nuclear Data

S i g n a l s  f r o m  r a d i a t i o n  d e t e c t o r s  described in Chapter 1 1  may be 
transmitted to a variety of electronic circuits for analysis and display. 
Some of the more common circuits and their applications are discussed 
in this chapter. Data displayed by different output devices must be inter
preted in terms of their statistical significance and their relationship to 
the activity and modes of decay of the radioactive sample. Also consid
ered in this chapter are some of the difficulties encountered during this 
interpretation.

COUNTING SYSTEMS
Counting systems are assembled by combining various electronic cir

cuits and display devices. A general purpose counting system is outlined 
in Figure 12-1. Each component of this system is discussed separately 
in the following sections.

Preamplifiers
Almost all radiation detectors exhibit low capacitance and high imped

ance. Signals from these detectors are distorted and attenuated severely 
if they are transmitted by coaxial cable directly from the detector to an 
amplifier some distance away. To reduce this distortion and attenuation, 
a preamplifier may be inserted near the detector. If the preamplifier 
matches the impedance of the detector to that of the amplifier, then the 
cable joining the two components may be several feet long. Preampli
fiers are used also to “clip” and “shape” the voltage pulse from the de
tector to meet the specifications of the amplifier. Provided the amplifier 
is not too far away, a preamplifier is not required with a G-M detector, 
because pulses from this detector are relatively large.

The cathode-follow er pream plifier (or em itter-follow er preamplifier) 
is a voltage-sensitive circuit used primarily to match the impedance of a 
detector with that of an amplifier. The term pream plifier is misleading 
when applied to the cathode-follower circuit, because the voltage pulse 
from the detector is not amplified by the circuit. In fact, the gain of the 
cathode follower is slightly less than 1 .°

Size of output signalGain = -------- ----------------—
Size of input signal
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DISCRIMINATOR

HIGH VOLTAGE

Fig 12-1 .-B lo c k  diagram for components of a general purpose counting 
system.

A charge-sensitive preamplifier is used with a semiconductor detector. 
The charge sensitivity of this circuit is the ratio of the size of the voltage 
pulse from the circuit to the amount of charge collected by the detector.

Amplifiers
An amplifier is used to increase the size and vary the shape of signals 

from the detector or preamplifier. An amplifier may be either voltage 
sensitive or charge sensitive, depending on the type of signal received at 
the input terminal. The increase in signal size is described as the am pli
fier  gain, which is the ratio of the height of the voltage pulse leaving the 
amplifier to the size of the signal received at the input terminal of the 
amplifier. Depending on the type of detector and the characteristics of 
circuits in the counting system, an amplifier gain of 10-50,000 may be 
required for a particular counting system.

The pulse furnished by an amplifier is plotted in Figure 12-2 as a func
tion of time. The pulse rise time is the time required for the pulse ampli
tude to increase from 10% to 90% of its maximum amplitude. The pulse 
decay time is the time required for the pulse to decrease from maximum 
amplitude to 10% of maximum. The rise time of an amplifier should be 
less than the time required to collect the ion pairs or light produced dur
ing interaction of a particle or photon in the detector. The amplifier 
pulse should be terminated rapidly to prevent the amplifier from sum
ming successive pulses from the detector. The integration time of an 
amplifier is the time required to form an output pulse. The integration 
time represents a compromise between the time required for complete 
collection of a signal from the detector and the time that causes a signifi
cant number of successive pulses to combine. The integration time is 
about 1 /usee for an amplifier used with a Nal(Tl) scintillation detector.

Large input pulses and high rates of pulse reception of input pulses 
may cause the characteristics of an amplifier to change. For example, a 
few output pulses may be distorted after a very large pulse (e.g., a pulse 
produced by interaction of a cosmic ray) has been received by the ampli-
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Fig 12-2. —Pulse delivered by an amplifier. The amplitude may be either volt
age or instantaneous current. The pulse rise time tr and pulse decay time fd are 
shown.

fier. This distortion of output pulses is termed pulse-am plitude overload
ing. Count-rate overloading  refers to distortions in pulse shape caused 
by the delivery of pulses to the amplifier at too high an input rate. Pulse- 
amplitude overloading and count-rate overloading may distort data dis
played by the output device.1

Pulses are amplified linearly in most amplifiers used in counting cir
cuits. Linear amplification may be disadvantageous, however, if pulses 
from the detector are variable in size over a wide range. For these appli
cations, an amplifier with logarithmic gain may be useful. The size of a 
pulse from a logarithmic amplifier is proportional to the logarithm of the 
size of the input pulse. With a logarithmic amplifier, a wide range of in
put pulses may be amplified without pulse-amplitude overloading and 
without the rejection of very small pulses.

Pulse Height Analyzers 
With a detector such as a scintillation or semiconductor detector, the 

height of a voltage pulse from the amplifier is proportional to the energy 
expended in the detector by a charged particle or x- or y-ray photon. A 
typical train of pulses from an amplifier connected to a scintillation or 
semiconductor detector is depicted in Figure 12-3. These pulses may be 
sorted by a pulse height analyzer to yield a pulse height spectrum that 
reflects the distribution in energy lost in the detector by incident pho-

Fig 12-3. —Train of voltage pulses emerging from an amplifier which follows 
a preamplifier and a scintillation detector or a semiconductor detector. The 
height of each pulse reflects the energy expended in the detector by an incident 
photon or particle.
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PULSE HEIGHT

Fig 12-4. —Integral pulse height spectrum fo r 1311, measured with a 2 x 2 in. 
Nal(TI) well crystal.

tons or particles. Two techniques, differential sorting and integral sort
ing, are used for pulse height analysis.

For integral sorting, a single discriminator in the pulse height analyzer 
is varied from a position where all pulses are transmitted to the display 
device to a position where all pulses are rejected. Shown in Figure 12-4 
is an integral spectrum for 131I. At any value of pulse height on the x-axis, 
the height of the curve denotes the number of pulses that are large 
enough to pass by the input discriminator and reach the display device.

A differential pulse height analyzer is composed basically of two dis
criminators connected to an anticoincidence circuit. The discriminators 
transmit pulses above a certain minimum size. In Figure 12-5, for exam
ple, the lower discriminator transmits pulses larger than size Vt and the 
upper discriminator transmits pulses larger than size V2. Pulses from the

Fig 12-5. —Diagram of a series of voltage pulses impinging on discriminators 
Vt and V2 of a differential pulse height analyzer. Pulses with height between V, 
and V2 are counted. Pulses with height less than are rejected by both dis
criminators, and pulses with height greater than V2 are rejected by an anticoin
cidence circuit.
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PULSE HEIGHT

Fig 12-6. — Differential pulse height spectrum fo r 1311, measured with a 2 x 2 
in. Nal(TI) well crystal. The peak in the spectrum represents pulses produced by 
total absorption of 364 keV y  rays in the scintillation crystal.

amplifier are applied simultaneously to both discriminators. Pulses too 
small (< V J to be transmitted by either discriminator are rejected and are 
not transmitted to the anticoincidence circuit. Pulses of size between Vx 
and V2 are transmitted by the lower discriminator only and are delivered 
to one input terminal of the anticoincidence circuit. Pulses large enough 
(>V2) to be transmitted by both discriminators are delivered simultane
ously to both input terminals of the anticoincidence circuit. The anti- 
coincidence circuit transmits a pulse to the display device when it re
ceives a pulse at one input terminal only. A pulse is not transmitted to 
the display device when signals are received simultaneously at both 
input terminals. Consequently, the display device registers only the 
number of pulses of size between Vx and V2. The range of pulse sizes 
registered by the display device may be varied by changing the settings 
Vj and V2 of the lower and upper discriminators. These settings may be 
labeled on the pulse height analyzer as “lower discriminator” and “up
per discriminator,” “E x” and “E2,” or “lower level” and “upper level.” 
Occasionally, the lower and upper discriminators of a pulse height ana
lyzer are not adjustable (e.g., in some scintillation cameras). With this 
type of analyzer, differential pulse height analysis may be achieved by 
changing the range of pulse sizes emerging from the detector or by vary
ing the amplification of the pulses in the amplifier. These changes may
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be accomplished by varying the high voltage of the photomultiplier tube 
or by changing the gain of the amplifier.

In a pulse height analyzer with discriminators that can be adjusted 
independently of each other, the range of pulse sizes transmitted to the 
anticoincidence circuit may be affected severely by small fluctuations 
in voltage applied to the discriminators. To reduce this dependence on 
voltage stability, the upper discriminator may be arranged to “ride” on 
the lower discriminator. In this manner, a constant difference in pulse 
heights may be maintained between the discriminators. The lower dis
criminator may be termed “lower level,” “threshold,” “E” or “base
line,” and the difference in pulse size between the two discriminators 
may be referred to as “window width,” “window,” “slit width” or “AE.” 
The position of the lower discriminator determines the minimum size of 
pulses transmitted to the display device, and the width of the window 
determines the increment of pulse sizes transmitted. As the window 
width is reduced, fewer pulses are transmitted to the display device, but 
the resolution of the pulse height spectrum is increased (see chap. 13). A 
differential pulse height spectrum for 131I is shown in Figure 12-6.

CENTER OF ANALYZER WINDOW 

Fig 1 2 -7 .-Average size of pulses transmitted by a pulse height analyzer, plot
ted as a function of the position of the center of the analyzer window.
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Most pulse height analyzers may be operated in either the integral or 
differential mode. In the differential mode, some analyzers may be oper
ated with independent lower and upper discriminators, or with a vari
able lower discriminator and a dependent window.

The linearity of a pulse height analyzer describes the relationship 
between the position of the lower discriminator (or middle of the win
dow) and the size of pulses transmitted to the display device. For a 
counting system with linear amplification, a straight line should be ob
tained if the average size of pulses admitted to the display device is plot
ted as a function of the position of the lower discriminator or center of 
the analyzer window (Fig 12-7). The maximum departure from a straight 
line is termed the integral nonlinearity and is less than 1% in a satisfac
tory counting system. Zero offset describes the positive or negative dis
placement from the origin of a curve such as that in Figure 12-7.

Scalers and Timers 
A scaler is used to record or count the number of pulses received from 

an amplifier or pulse height analyzer. In all modem scalers, this number 
can be read directly from the display; that is, a count of 4,431 is dis
played as the number 4431.

In some scaler-timer systems, electromechanical timers driven by a 
synchronous motor are used. The timer either may indicate elapsed 
counting time or may stop the accumulation of counts by the scaler after 
a preset counting time. Electronic timers are more accurate than electro
mechanical timers and are used in most counting systems. These timers 
consist of a scaler pulsed by a constant-frequency oscillator. Elapsed or 
preset time may be displayed visually or printed automatically.

High-Voltage Supplies 
The specifications for a high-voltage supply for a counting system vary 

with the detector used. For example, a high-voltage supply for a G-M 
tube or a semiconductor detector need not be so stable as that for a scin
tillation detector, because the signal from a G-M or semiconductor de
tector is affected little by fluctuations in applied voltage. On the other 
hand, the signal from a scintillation detector may vary by as much as 1 0 % 
for a 1% change in high voltage. The stability of a high-voltage supply 
may be affected by changes in temperature, fluctuations in line voltage 
or variations in the resistance (load) across the output terminals.

Rate Meters
Rate meters may be grouped into two categories; analog and digital. 

Pulses entering an analog rate meter result in the accumulation of charge 
on a capacitor, with the accumulated charge leaking through a resistance 
R. The charge on the capacitor increases until the rate of accumulation
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Fig 12-8.—Top, graph of meter position of an analog rate meter changing 
from a lower to a higher count rate. The equilibrium time Te for the rate meter is 
shown. Bottom left, rapid response and high sensitivity to statistical fluctua
tions in count rate are provided by a short time constant. Bottom right, data 
“ smoothing”  but a slow response is furnished by a long time constant.

equals the rate of leakage. When accumulation and leakage are equal, 
the voltage across the resistance-capacitance (RC) circuit is proportional 
to the average rate at which pulses are delivered to the rate meter. This 
voltage is displayed by a meter calibrated in units of count rate.

The product of the resistance and capacitance of an RC circuit is re
ferred to as the time constant for the circuit; that is, the time constant = 
RC. The time required to achieve equilibrium between charge accumu
lation and leakage varies with the input pulse rate and with the time
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constant. The equilibrium time is the time required for the meter of an 
analog rate meter to increase from zero count rate to within one standard 
deviation of the equilibrium count rate. The equilibrium time Te is:

Te = RC{0.5 In [2N(RC)] + 0.394} (12-1)

where RC is the time constant for the rate meter and N is the equilibrium 
count rate.2 The equilibrium time indicates the speed of response of an 
analog rate meter (Fig 12-8).

The equilibrium time is decreased if the time constant for the rate 
meter is reduced. When this is done, however, the rate meter is more 
sensitive to statistical fluctuations in count rate. Most rate meters offer a 
choice of time constants. The time constant chosen is a compromise 
between data smoothing obtained with a long time constant and rapid 
response to changing count rates provided by a short time constant.

The count-rate display of most rate meters is linear, and may be 
changed, usually by factors of 10 , by a range switch on the control panel 
of the rate meter. A few rate meters furnish a logarithmic display of 
count rate. A range switch is unnecessary on a logarithmic meter be
cause many decades of count rate are included on the meter. The count 
rate on a logarithmic rate meter is difficult to read and interpolate, and 
this type of rate meter should be used only when a highly accurate dis
play of the count rate is not required. For example, logarithmic rate 
meters often are used with portable survey meters. Some rate meters 
may be used in either the linear or the logarithmic mode.

A digital rate meter usually consists of a timer and a “buffered scaler.” 
The scaler accumulates counts over a preset interval of time, then trans
fers the accumulated counts to the buffer. Almost instantly, the scaler 
resets to zero and again begins to accumulate counts. The counts 
stored in the buffer may be displayed visually, printed or recorded on 
magnetic tape, transmitted to a computer, or used to modulate the bright
ness of the light image from a cathode-ray tube. Although the response 
of a digital rate meter lags slightly behind changes in count rate, the lag 
does not vary with the actual count rate.

Multichannel Analyzers
To determine the number of pulses of different sizes impinging upon a 

single-channel pulse height analyzer, counts must be recorded for se
lected intervals of time while the window of the analyzer is moved incre
mentally from the smallest to the largest pulse size encountered. This 
procedure is tedious and imprecise, because each pulse height “chan
nel” is sampled independently and for only a short time. Also, pulse 
height spectra for isotopes with short half-lives are difficult to measure 
with a single-channel analyzer. With a multichannel analyzer, pulses in 
each of a large number of pulse height channels are counted simultane-
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ously. With a single channel analyzer and a counting time of 1 minute 
per channel, more than 100  minutes are required to sample a pulse 
height distribution that is divided into 100 parts. With a 100-channel 
analyzer, the same data may be collected in 1 minute. Multichannel ana
lyzers are available commercially with approximately 10 0 , 400, 1 ,0 0 0 , 
4,000 and more channels.

In the multichannel analyzer, a pulse from the amplifier is fed to an 
analog-digital converter (ADC). Within the ADC, charge is stored in a 
capacitor in proportion to the amplitude of the incoming pulse. After 
receipt of the pulse, the capacitor is discharged to a certain fraction of its 
original charge, while an oscillator emits pulses at a constant rate. The 
number of pulses emitted by the oscillator reflects the amplitude of the 
original pulse fed to the ADC. The number of oscillator pulses deter
mines the location in the magnetic core memory where a binary number 
is increased by 1 to reflect receipt by the ADC of a pulse of specified 
magnitude. Each storage location in the magnetic core memory corre
sponds to a specific pulse amplitude, and the binary number stored at 
each location reflects the number of pulses of a specific amplitude re
ceived by the ADC during the counting period. These numbers can be 
displayed graphically on the screen of a cathode-ray tube or other dis
play device to portray the pulse height spectrum for the radionuclide. By 
arithmetic manipulation of data stored in the multichannel analyzer, the 
pulse height spectrum can be corrected for background counts, the pres
ence of more than one radionuclide in the sample, or other influences.

STATISTICS OF COUNTING
The moment of decay of a particular radioactive nucleus is not predict

able. Furthermore, the moment of decay is not influenced by the history 
of the nucleus (i.e., the period of time over which the nucleus has not 
decayed) or by its environment or treatment. This unpredictability is 
described as the random nature o f  radioactive decay. Because radioac
tive nuclei decay randomly, data obtained for radioactive samples must 
be interpreted with an understanding of probability and statistics.

Precision and Accuracy
The error of a measurement is the difference between the measured 

value and the “true value” for the measurement. The two categories of 
error are determ inate errors and indeterm inate errors. Determinate er
rors (sometimes termed system atic errors) result from factors such as 
inadequate experimental design, malfunctioning equipment and incom
plete correction for extraneous influences. The influence of determinate 
errors upon experimental results may be reduced by better instrumenta
tion and thorough planning and execution of an experiment. Indetermi-
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nate errors (sometimes termed random errors) are those that cannot be 
reduced by eliminating or correcting extraneous factors. In experi
ments with radioactive materials, the random nature of radioactive decay 
often is the most significant indeterminate error.

The precision  of a series of measurements describes the range or 
spread of the individual measurements from the average value for the se
ries. Precision describes the reproducibility of the measurements and 
improves with a reduction in the influence of indeterminate error upon 
the measurements. The accuracy of a series of measurements is not de
scribed by the precision of the measurements, because accuracy is 
achieved only if the measured values agree with the true value. To in
crease accuracy, the influence of both indeterminate and determinate 
errors must be reduced. The contribution of determinate error to a 
reduction in the loss of accuracy in a set of measurements is termed the 
bias  of the measurements. The distinction between precision, accuracy 
and bias is illustrated in Figure 12-9.

Poisson Distribution
If a radioactive sample with a relatively long half-life is counted many 

times, a graph is obtained similar to that in Figure 12-10. If the number 
of times the sample is counted is very large, then the probability of ob
taining a particular count may be estimated as the number of times the
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COUNT RATE (CPM)

Fig 12-10. —Data for a 137Cs source that provided a count rate of about 1,000 
CPM. A count of 10,000 was accumulated for each measurement. The results 
of 100 measurements were plotted as a function of the number of times that the 
count rate fell within successive increments of 5 (i.e., between 975 and 980, or 
980 and 985, etc.). The Poisson curve of the best fit is drawn through the data 
points. (From Low, F.: Basic Considerations in Nuclear Instrumentation, in Hine, 
G. [ed.]: Instrumentation in Nuclear Medicine [New York: Academic Press, 
1967], vol. 1.)

particular count is obtained divided by the total number of times the 
sample is counted. This probability is described accurately by the equa
tion

rne~r
P n m

where pn is the probability of obtaining a count n, and r is the true aver
age count for the sample. The term n! (n-factorial) equals (n)(n — 1) 
(n — 2) . . . (2)(1). The probability pn is termed the Poisson probability  
density  and radioactive decay is said to follow a Poisson probability law. 
The true average count or true mean  for the sample cannot be measured, 
and must be assumed to equal the average measured count or estimated 
mean f. Often, r is referred to as the sam ple mean.

f r i p —r

P n  = ~ i r  (1-2-2)

E x a m p le  12-1
What is the probability of obtaining a count of 12 when the average count 

is 15?
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(15)12£T15 
Pl2 ~  12!

_ (129.7 x 1012)(30.6 x 10~8)
(4.79 x 108)

= 0.0829

The probability is 0.0829 (or 8.29%) that a count of 12 will be obtained when the 
average count is 15. Mathematical tables in the Handbook o f  Chemistry and 
Physics (Chemical Rubber Co.) contain solutions to arithmetic expressions such 
as those in this example.

Normal Distribution 
If a large number of counts is accumulated for a radioactive sample, 

then the Poisson distribution curve of frequency of occurrence versus 
counts is approximated closely by a Gaussian distribution curve, and 
the data are described reasonably well by the equation for a Gaussian 
or normal probability density function. Illustrated in Figure 12-11 is 
the approach of a Poisson probability density curve to that for a normal
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Fig 12-11. —Probability of observing a particular count, plotted for 100 mea
surements and 1,000 measurements. Dotted curves illustrate normal probability 
density functions and solid curves illustrate Poisson probability density func
tions. Curves have been normalized to equal heights at the mean.



probability density. The equation for the normal probability density
g«is

0 = ------ - ------ p-in - r)xl2r
g" V 2r f C

where gn is the probability of observing a count n when the true count 
(estimated as the average count) is f .

E x a m p le  12-2
Using equation (12-3), estimate the probability of obtaining a count of 12 when 

the true or average count is 15.

a — ----- - ----- p-(n -  r)2/2r

1  0 - 0 2  -  15)2/2(15)

226 A c c u m u l a t i o n  a n d  A n a ly s i s  o f  N u c l e a r  D a t a

V 2 tt(15)
0.103 e- ° - 3

0.0764

METHODS TO DESCRIBE PRECISION:
STANDARD DEVIATION 

The standard deviation  for a series of measurements describes the 
precision or reproducibility of the measurements. The standard devia
tion cr is

<t = Vr

where r is the true mean and the data are distributed according to the 
Poisson probability law. If the true mean is estimated as the average 
value f for a series of measurements, then the estimated standard de
viation & for the measurements is

& = Vr~

and equation (12-3) may be rewritten as

a = ___- _____  p~(n -  o-2)2/2o-2

g” <fV27T

If only one measured value n is available, then the standard deviation 
may be estimated as V n  by assuming that the value n represents the 
true mean.

In a normal distribution, 68.3% of all measured values fall within one 
standard deviation on either side of the mean, 95.5% within two stan
dard deviations and 99.7% within limits of three standard deviations.

The standard deviation o- may be computed exactly with equation
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TABLE 12-1.-D A T A  FOR EXAMPLE 12-3

ni
(COUNTS)

n( — r 
(d e v i a t i o n )

-  r f

43,440 - 5 1 0 260,100
43,720 - 2 3 0 52,900
44,130 180 32,400
43,760 - 1 9 0 36,100
44,390 440 193,600
43,810 - 1 4 0 19,600
44,740 790 624,100
43,750 - 2 0 0 40,000
44,010 60 3,600
43,750 - 2 0 0 40,000

(12-4) for a set of actual measurements distributed according to the 
normal probability law:

I t  («, -  f)2

In this equation, N is the number of measurements from which the sam
ple mean f is determined and ni represents the individual measurements. 
The quantity (N — 1) is termed the number o f  degrees o f  freedom .

Example 12-3
Determine the standard deviation for the set of measurements in Table 12-1.

Mean = f  = 43,950 
2  (n, -  f ) 2 m 1,302,400

12  K- ~ f)2
a  V N -  1

11,302.400 
V 1 0 - 1  

= 380

The mean may be expressed as 43,950 ± 380, where 380 is understood to be 
one standard deviation.

Precision of Count Rates 
The estimated standard deviation &c of a count rate is

&

where & is the estimated standard deviation of a count n, and where the
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average count rate is determined by dividing the count n by the counting 
time t. Since

cr = v n 
n

The count n is the average count rate c multiplied by the counting 
time t.

=
Vet

Hence, the estimated standard deviation of a count rate (average or in
stantaneous) is the square root of the count rate divided by the counting 
time.

Accumulation of Errors 
If the precision of numbers A and B is denoted by standard deviations 

a A and crB, then the standard deviations of the results of arithmetic opera
tions involving A and B may be computed with expressions in Ta
ble 12-2 .

^Example 12-4
What is the net count and standard deviation for a sample if the count is 400 ± 

22 for the sample plus background, and the background count is 64 ± 10?

Sample net count = (A — B) ± V c r / + crB2
= (400 -  64) ± V (22 ) 2 -I- (10 ) 2 

= 336 ± 24 counts

Example 12-5
From repeated counts of a radioactive sample, the average sample plus back

ground count was 232 ± 16. The counting time for each count was 2.0 ± 0 . 1  
minute. What are the average (sample plus background) count rate and the 
estimated standard deviation?

Average (sample plus background) count rate
Average (sample plus background) 

Time

= 116 ± 10 CPM
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TABLE 12-2.-R E S U L T S  OF ARITHMETIC OPERATIONS 
WITH NUMBERS A AND B 

(The precision of A and B is described by the standard 
deviations <rA and crB.)

A RITH M ETIC F IR S T  SECOND
OPERATION NUM BER NUM BER R E SU L T  ±  STANDARD DEVIATION

Addition (A a A) + (B °j»> (A + B) V ^ 2 + “ a*
Subtraction (A o-,) -  (B ± V b ) (A -  B) ±

V < ta2 + a B2
Multiplication (A <rA) x  (B O'fl) (AB)[1 ± V(oril/A)2 + (<tb IB )2]

Division (A

BQ•I-b

°7>) (A/fl)[ 1 V (c r J A )2 -1- ((rBIB)2]

Example 12-6
A 10-minute count of sample plus background yields 10,000 counts, and a 

6 -minute count of background alone yields 1,296 counts. What are the net 
sample count rate and its standard deviation?

Sample plus background count rate

Background count rate

&c for sample plus 
background count rate

&c for background count rate

Net sample count rate

OTHER METHODS FOR DESCRIBING PRECISION
In addition to the standard deviation, a number of other methods are 

used to describe the precision of data. Only a brief explanation of these 
methods is provided here; the reader is referred to standard texts on 
probability and statistics for a more complete explanation.

Probable error (PE) may be used in place of the standard deviation to 
describe the precision of data. The probability is 0.5 that any particular 
measurement will differ from the true mean by an amount greater than 
the PE; PE = 0.6745o\

9/10 error may be used in place of the standard deviation to describe 
the precision of data. The probability is 0.1 that any particular measure
ment will differ from the true mean by an amount greater than the 9/10 
error.

= I0 .0W) counts _  cpM
10 min

_  1,296 counts _  2 J 6  cpM  
6  min 

JgT^ 11,000 CPM 
> f > 1 0  min 

= 100 CPM
/ £ = /216 CPM

* t ' 6  min 
= 36 CPM
= (A — B) ± V o ^ 2 + crBz 
= (1 , 0 0 0  -  216) ± V ( 1 0 0 ) 2 + (36)2 
= 784 ± V l  1,176 
= 784 ± 106
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95/100 error is similar to the 9/10 error, except that the probability 
is 0.05 that the difference between a particular measurement and the 
true mean is greater than the 95/100 error.

Confidence limits may be used to estimate the precision of a number, 
when repeated measurements are not made. For example, if a result is 
stated as A ± a, where ± a are limits of the 95% confidence interval, then 
it may be said with “95% confidence” that a second measurement of A 
would be between A — a and A + a.

Fractional standard deviation  (cr/r) may be used in place of the stan
dard deviation to describe the precision of data. If r represents the true 
mean, then a  = V77 and the fractional standard deviation (air) is 1/Vf\ 
For example, a  for the number 10,000 is 100, and the fractional standard 
deviation is 100/10,000 = 0.01. The percent standard deviation  (%cr) is 
the fractional standard deviation multiplied by 100. In the example 
above, %cr = 1. The percent standard deviation (% ac) of a count rate c is

" * *  = 100 Y7F  (12'5)

where c is the average count rate measured over a time t.

Example 12-7
For a count rate of 1,000 CPM, what counting time is necessary to achieve a 

percent standard deviation of 1%?

%o-c 

1%
1

(l,000)t 
t

Standard deviation a m o f  the mean  yields an estimate of the precision 
of the mean of a set of measurements. For N individual measurements 
constituting a mean, a m= a/N, where a  is the standard deviation of the 
individual measurements.

SELECTED STATISTICAL TESTS
A number of statistical tests may be applied to measurements of ra

dioactive samples. A few of these tests are described briefly in this sec
tion.

1 0 0 «

-  100 1
(1,000 CPM) t

=  (100)2 =  10,000

10,000 an .=  ____= 10 min
1,000



S e l e c t e d  S t a t i s t i c a l  T e s t s 231

TABLE 12-3.-CU M U LA TIVE 
NORMAL FREQUENCY 

DISTRIBUTION

f-VA LU E P t-V A LU E P
0.0 1 .0 0 0 2.5 0.0124
0.1 0.920 2.6 0.0093
0.2 0.841 2.7 0.0069
0.3 0.764 2.8 0.0051
0.4 0.689 2.9 0.0037
0.5 0.617 3.0 0.00270
0.6 0.548 3.1 0.00194
0.7 0.483 3.2 0.00136
0.8 0.423 3.3 0.00096
0.9 0.368 3.4 0.00068
1.0 0.317 3.5 0.00046
LI 0.272 3.6 0.00032
1.2 0.230 3.7 0.00022
1.3 0.194 3.8 0.00014
1.4 0.162 3.9 0.00010
1.5 0.134 4.0 0.0000634
1.6 0.110 4.1 0.0000414
1.7 0.090 4.2 0.0000266
1.8 0.072 4.3 0.0000170
1.9 0.060 4.4 0.0000108
2.0 0.046 4.5 0.0000068
2.1 0.036 4.6 0.0000042
2.2 0.028 4.7 0.0000026
2.3 0.022 4.8 0.0000016
2.4 0.016 4.9 0.0000010

Student’s t Test
This is a method for testing for the significance of the difference be

tween two measurements. The f-value for the difference between two 
measurements n1 and n2 is

t-value = K  ~ nJ _  (12-6 )
Vcr,2 + tr22

where crx and <r2 are the standard deviations for the measurements n1 and 
n2, and the vertical bars enclosing nt — n2 indicate that the absolute or 
positive value of the difference is used for the computation. With the 
computed t-value and Table 12-3, the probability may be determined 
that the difference in the numbers is simply statistical in nature and is 
not a real difference between dissimilar samples.
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Example 12-8
Livers excised from two rabbits given 99mTcS intravenously were counted for 

1 minute. The net count rate was 1,524 ± 47 CPM for the first liver and 1,601 ± 
49 CPM for the second. Is the difference significant?

,.value .  - IS  -  g j
VcTj2 +  (T22

= 11,524 -  1,6011
V(47)2 + (49)2

_ 11 
68 

= 1.13

From Table 12-3, the probability p is 0.259 (or 25.9%) that the difference is at
tributable to random variation of the count rate for similar samples. The proba
bility is 1 — 0.259 = 0.741 that the difference between the samples is significant.

Values of p greater than 0.01 or 0.05 seldom are considered indicative 
of a significant difference in values between measurements.

Efficient Distribution of Counting Time 
In this method, the estimated standard deviation of the net count rate 

for a radioactive sample is reduced to a minimum. The reduction is 
achieved by distributing the counting time in a certain manner between 
sample and background (equation 12-7). England and Miller3 have pre
pared useful graphs for the selection of counting times and the number 
of counts that must be accumulated to provide a desired precision for the 
net sample count:

I jk  + 6 = \rĈs + b (12-7)
(t)b V (c)*

where

(t)g = Counting time for sample plus background.
(t)b = Counting time for background.

(c)g + = Estimated count rate for sample plus background.
(c)b = Estimated count rate for background.

Exam ple 12-9
The count rate for a radioactive sample is estimated at 3,500 CPM, uncor

rected for background. The background count rate is about 50 CPM. A total 
counting time of 10 minutes is available. What interval of time should be used to 
count the sample, and what interval of time should be alloted to background?



S e l e c t e d  S t a t i s t i c a l  T e s t s 233

(*>« + > =

<*>. v
13,500

~ V 50
= 8.35

Also, (t)s + b + (t)b = 10 min 
Hence, 8.35 (t)b + (t)b = 10 min 

(t)b = 1.07 min 
(*), + 6 = (10.00 -  1.07) min 

= 8.93 min
The sample might be counted for 9 minutes and the background for 1 minute.

Chi-Square (x2) Test 
The chi-square test is used to determine the goodness of fit of mea

sured data to a Poisson probability density function. From a series of 
repeated measurements and equation (12-8), the value of x2 may be 
computed:

= * j?/”4 ”  ^  (12-8)
where ni represents each of N individual measurements and r is the 
sample mean. From the computed value of x2> the number of degrees of 
freedom (N — 1) and data in Table 12-4, a probability p may be deter
mined. Values for p less than 0.1 or 0.05 suggest that the data are distrib
uted over a wider range of values than that expected for data that fol
low a Poisson probability law. Values for p greater than 0.9 or 0.95 sug
gest that the data are confined to a smaller range of values than that 
predicted by the Poisson probability density function.

Exam ple 12-10
A series of 25 measurements on a radioactive sample provides a mean of 950 

and a value of 17,526 for

2  (n, -  f)2
i= 1

Do the data appear to be distributed according to a Poisson probability density 
function?

X2 =  7  5 )  (ni “  W 

= 18.5
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With N -  1 or 24 degrees of freedom, this value for x2 falls between probabili
ties of 0.9 and 0.5 and suggests that the data are distributed according to a 
Poisson probability density function.

TABLE 12-4.-T A B L E  OF CHI-SQUARE

THERE IS A PROBABILITY OF 
DEGREES of 0.99 0.95 0.90 0.50 0.10 0.05 0.01

FREEDOM THAT THE CALCULATED VALUE OF CHI-SQUARE WILL BE
(N -  1) EQUAL TO OR GREATER THAN

2 0.020 0.103 0.211 1.386 4.605 5.991 9.210
3 0.115 0.352 0.584 2.366 6.251 7.815 11.345
4 0.297 0.711 1.064 3.357 7.779 9.488 13.277
5 0.554 1.145 1.610 4.351 9.236 11.070 15.086
6 0.872 1.635 2.204 5.348 10.645 12.592 16.812
7 1.239 2.167 2.833 6.346 12.017 14.067 18.475
8 1.646 2.733 3.490 7.344 13.362 15.507 20.090
9 2.088 3.325 4.168 8.343 14.684 16.919 21.666

10 2.558 3.940 4.865 9.342 15.987 18.307 23.209
11 3.053 4.575 5.578 10.341 17.275 19.675 24.725
12 3.571 5.226 6.304 11.340 18.549 21.026 26.217
13 4.107 5.892 7.042 12.340 19.812 22.362 27.688
14 4.660 6.571 7.790 13.339 21.064 23.685 29.141
15 5.229 7.261 8.547 14.339 22.307 24.996 30.578
16 5.812 7.962 9.312 15.338 23.542 26.296 32.000
17 6.408 8.672 10.085 16.338 24.769 27.587 33.409
18 7.015 9.390 10.865 17.338 25.989 28.869 34.805
19 7.633 10.117 11.651 18.338 27.204 30.144 36.191
20 8.260 10.851 12.443 19.337 28.412 31.410 37.566
21 8.897 11.591 13.240 20.337 29.615 32.671 38.932
22 9.542 12.338 14.041 21.337 30.813 33.924 40.289
23 10.196 13.091 14.848 22.337 32.007 35.172 41.638
24 10.856 13.848 15.659 23.337 33.196 36.415 42.980
25 11.534 14.611 16.473 24.337 34.382 37.382 44.314
26 12.198 15.379 17.292 25.336 35.563 38.885 45.642
27 12.879 16.151 18.114 26.336 36.741 40.113 46.963
28 13.565 16.928 18.939 27.336 37.916 41.337 48.278
29 14.256 17.708 19.768 28.336 39.087 42.557 49.588

Figure of Merit
This test is used to determine which of two counting techniques 

provides greater precision. If Technique 1 furnishes a sample net count 
rate cx and a background count rate b v and Technique 2 furnishes a 
sample net count rate c2 and a background count rate b2, then the tech
nique that provides better precision may be determined with equa
tion (12-9):

Figure of merit = (|) (^ | ^ ) < 12-9)



If the figure of merit exceeds 1, then Technique 1 furnishes better pre
cision. Technique 2 is preferred if the figure of merit is less than 1.

If the sample net count rates are high compared to background, then 
equation (12-9) reduces to

Figure of merit = —
C2

If the net count rates for the sample are low compared to background, 
then equation (12-9) reduces to

c,2 /fc,
Figure of merit = ——rr- 

C2 /»2

and the preferred technique is that which yields the highest ratio of 
(sample net count rate)2/(background count rate).
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Example 12-11
A series of samples may be counted with either of two counting systems. 

System 1 provides an estimated net count rate of 85 CPM for the sample and a 
count rate of 25 CPM for background. For System 2, the sample and background 
count rates are estimated to be 126 CPM and 43 CPM, respectively. Which 
counting system provides better precision?

Figure of merit = ( f j  ( * ^ )  (12-9)

/ 85 \ 2 r l2 6  + 2(43)1
“  U26/ L 85 + 2(25) J 
= 0.71

Counting System 2 is preferred.

PRECISION OF RATE METER MEASUREMENTS
The precision of a rate meter reading is improved if the pulse rate 

from the detector is averaged over a longer interval of time. The esti
mated standard deviation &c of a rate meter reading c in counts per 
second is

-  V s f e  ( 1 2 - 1 0 )

where RC is the time constant of the rate meter in seconds. The percent 
estimated standard deviation %&c is

' 100
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Example 12-12
A rate meter with a time constant of 2 seconds displays an equilibrium count 

rate of 1,000 CPM. What are the estimated standard deviation <fc and the per
cent estimated standard deviation %&c?

<Tc V2 (RC)
/(1,000/60)

V 2 ( 2  sec) 
m 2 CPS______

%<f' - 100 aB )

= 1 0 0  V2(l,000/60)(2 sec) 
%&c =  12

DETERMINATE ERRORS IN MEASUREMENTS 
OF RADIOACTIVITY 

The count rate measured for a radioactive sample reflects the rate of 
decay of atoms in the sample. However, the influence of a number of 
determinate errors must be known before the activity of the sample can 
be determined from the measured count rate. The influence of these er
rors must be included in an expression for the relationship between the 
sample activity A and the measured count rate (c)g + b (equation 12-11).

(c)
A = i n  _  / A .  -  (c\  (12-11){[1 (c)s + sir} EfGBfcf wf s

where corrections to the background count rate are assumed to be 
negligible.

(c) + b = (Sample plus background) count rate in counts per minute.
(c)b = Background count rate in counts per minute, 

r = Resolving time in minutes.
E  = Detector efficiency. 
f  = Fractional emission of source.
G = Geometry correction.
B = Backscatter correction. 
f c = Sidescatter correction.
f w = Correction for attenuation in detector window, air, sample cover

ing, etc.
f„ = Correction for self-absorption.

These corrections are discussed in the following sections.

Background Count Rate 
A counting system used to measure radiation from a radioactive sam

ple almost always indicates the presence of small amounts of radiation
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when the radioactive sample is removed. The residual radiation 
(background) originates from a number of sources, including (1) cosmic 
radiation; (2) radioactive materials, such as 226Ra, 14C and 40K in the earth, 
the human body and in walls of buildings, etc.; (3) radioactive materials 
stored or used nearby; (4) radioactive materials used in devices such as 
watches and instrument dials; (5) radioactive contamination of the count
ing equipment, laboratory benches, etc.; and (6 ) radioactive fallout (this 
source contributes no more than 1 - 2 % to the total background radia
tion). Usually, radiation detectors are surrounded by lead or other shield
ing material to reduce the background count rate. Other methods to re
duce background include the use of pulse height analyzers and coinci
dence or anticoincidence circuits.

Resolving Time
The resolving time of a radiation detector is the interval of time re

quired between successive interactions in the detector for the interac
tions to be recorded as independent events. Compared to other common 
radiation detectors, the resolving time of a G-M detector is very long 
(100-300 /Ltsec). The resolving time of a G-M detector may be measured 
by the “paired-source method.”4 The resolving time of any detector may 
be measured with an oscilloscope with which pulses from the detector 
can be displayed. Sequential measurements of the count rate for a short
lived radioactive nuclide also may be used to determine resolving time.5 
The count rate c0, corrected for the loss of counts caused by resolving 
time, is

c0 = — (12-12) 
0 1 -  cr

where c is a measured count rate in counts per minute and r is the resolv
ing time in minutes. The coincidence loss is the difference between the 
uncorrected count rate c and the corrected count rate c0.

Detector Efficiency 
The efficiency of a radiation detector is the quotient of the number of 

particles or photons that interact within the detector divided by the num
ber of particles or photons that enter the detector. The efficiency of most 
G-M and proportional detectors is close to 1 for alpha and beta particles 
and about 0.01 for x and y rays. The efficiency of a Nal(Tl) crystal for the 
detection of x and y rays varies with the size of the crystal and with the 
energy of the x or y rays.

Fractional Emission 
The fractional emission of a radioactive sample is the fractional num

ber of decays that result in the emission of the type of radiation detected. 
For example, suppose that y  rays (0.393 MeV) from u3mIn are detected.
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Since the coefficient of internal conversion is 0.55 for 113mIn, the number 
of decays that furnish a y ray of 0.393 MeV is 1/(1 + 0.55) = 0.645. 
Hence, the fractional emission is 0.645 for 7  rays from u3mIn.

Detector Geometry 
The geometry correction  is the ratio of the number of particles or pho

tons emitted in the direction of a radiation detector to the total number of 
particles or photons emitted by a radioactive sample. Usually, the detec
tor is said to “subtend” a certain solid angle ft measured in steradians. A 
sphere subtends a solid angle of 477 steradians, and the geometry correc
tion G is

The expressions 2tt geometry and 4tt geometry are used to describe 
counting conditions where half or all of the radiation emitted by the 
source is intercepted by the detector.

The geometry correction varies with the radius d  of the detector and 
with the distance h  between the detector and the source. The correction 
is described in Figure 12-12 and in equation (12-13) for point and disk 
sources of radioactive material:

Point source: G = 0 .5 ^ 1----- r= = = = )  (12-13)
\ V h2 + d2'

Disk source (radius of disk = d j:
/ h \ 3 /ddj\2 / h \5

G ~ ° \  V W T d W 16 \ h2 ) W h 2 + d2>

Scattering
Radiation emitted from a radioactive source in a direction outside the 

solid angle subtended by a detector may be scattered toward the detec
tor during interactions with the sample container or with shielding

Fig 12-12. —Geometric 
relationship between a detector 
and a point or disk source of 
radioactive material.
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11

' /  ^ V sa m ple^

f-SAMPLE  .
mount sample.

Fig 12-13. — Backscattering of 
radiation from a radioactive

around the sample and detector. The scattered particles or photons are 
backscattered if they were emitted originally in a direction away from 
the detector (Fig 12-13). If the backscattered radiation originates entirely 
within the mount for the sample, the percent backscatter %B and back- 
scatter fa c to r  B are:

’(Counts with mount present) — (Counts with mount removed)
%B

- P (Counts with mount removed)
(100)

(12-14)
g _  (Counts with mount present) 5̂ )

(Counts with mount removed)

The backscatter factor is related to the percent backscatter by
%B =  100(B -  1)

For beta particles, the backscatter factor increases with the atomic num
ber of the sample mount and, initially, with the thickness of the mount. 
Saturation thickness is achieved when an increase in thickness does not 
increase the backscattered radiation. For beta particles, saturation thick
ness equals about three tenths of the range of the particles in the mount. 
Backscattering may be reduced by using a sample mount of low atomic 
number. For beta counting, for example, aluminum planchets often are 
preferred over copper or steel planchets because the backscatter factor is 
lower with aluminum. If the sample mount provides saturation thick
ness, then the backscatter factor for beta particles is almost independent 
of the energy of the betas.

Sidescatter may be reduced by moving all scattering material (e.g., 
shielding around the source and detector) far from the path between the 
source and the detector. Sidescatter may be reduced also with a sleeve of 
plastic, aluminum or other low-Z material inside the high-Z shield 
around the source and detector.
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Air and Window Absorption
All radiation is attenuated by material between the radioactive source 

and the sensitive volume of the detector. Usually at least three different 
attenuators are encountered by radiation moving toward the detector. 
These attenuators are: (1) the covering over the radioactive source, (2) air 
between the source and the detector and (3) the entrance window of 
the detector.

Self-Absorption
This term refers to the attenuation of radiation within the radioactive 

sample itself. Shown in Figure 12-14 is the increase in count rate for a 
radioactive sample achieved if the activity of the sample is increased 
with no change in sample volume. The data describe a straight line, be
cause the fraction of radiation absorbed by the sample remains un
changed. However, if the volume of the sample increases with no change 
in activity, then the count rate for the sample decreases (Fig 12-15) 
because an increasing fraction of the radiation is absorbed. In Figure
12-16, the influence upon the count rate is illustrated for a sample with 
increasing volume and constant specific activity (specific activity = 
activity of sample/mass of sample). After the sample attains an infinite 
thickness, the count rate remains constant because the increased absorp
tion of radiation by the sample compensates for the increased activity.

The self-absorption of a sample may be determined by measuring the

Fig 12-14. —Count rate for a sample 
with constant volume but increasing 
specific activity.

SAMPLE s a m p l e
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SAMPLE
SAMPLE

Fig 12-15. —Count rate for a sample 
with constant activity as the volume of 
the sample is changed.

Fig 12-16. —Count rate for a sample 
with constant specific activity as the 
volume (and, consequently, the total 
activity) of the sample is increased.

SAMPLE
SAMPLE
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count rate for a series of samples with equal specific activity but different 
volumes (and, consequently, different total activities). The measured 
count rate for each sample is divided by the mass or volume of the sam
ple, and the resulting data are plotted as a function of sample mass or 
volume. By extrapolating the curve to a sample mass or volume of zero, a 
value for the specific activity of the sample corrected for self-absorption 
is obtained. The count rate corrected for self-absorption may be deter
mined for any particular sample by multiplying the mass or volume of 
the sample by the corrected specific activity.

PROBLEMS
*1. Suppose 3,600 counts were accumulated for a sample counted for 10 min

utes. Background contributed 784 counts over a counting interval of 6  min
utes. What are:
a. The estimated standard deviation and the percent estimated standard 

deviation of the sample count rate uncorrected for background?
b. The estimated standard deviation and the percent estimated standard 

deviation of the background count rate?
c. The estimated standard deviation and the percent estimated standard 

deviation of the sample count rate corrected for background?
°2. A G-M detector that is 60% efficient for counting beta particles subtends a 

solid angle of 0.2 steradians around a sample of 204T1 (T , /2 = 3.8 yr). The 
counter registers 2 CPS. Assuming that corrections for backscatter, side- 
scatter, air, window and self-absorption all equal 1 .0 , compute the number 
of 204T1 atoms in the sample.

*3. A G-M detector has a resolving time of 300 jasec. What is the count rate cor
rected for coincidence loss if the measured count rate is 10,000 CPM? What 
is the maximum count rate if the coincidence loss must not exceed 1 %?

#4. The following data were recorded for identical samples:

“Weightless” Mylar mount 2,038 CPM
Silver backing 3,258 CPM

Compute the backscatter factor and the percent backscatter.
5. Explain why there is a saturation or infinite thickness for curves of backscat- 

tering (count rate vs thickness of backing material) and self-absorption 
(count rate vs weight of sample of constant specific activity).

6 . The following data were obtained by counting a series of weighed fractions 
of a radioactive sample:

Mass (mg) 2 4 6  8  10 15 20 25 30 35
CPM (net) 85 160 235 305 335 360 380 398 408 415

Plot a self-absorption curve and determine the specific count rate
(CPM/mg) for the sample corrected for self-absorption.

*7. An 131I standard solution was obtained from the National Bureau of Stan
dards. The following information was supplied concerning the solution: as-

°F o r those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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say of 131I at 8  a . m . ,  Jan. 1: 2.09 x 104 dps/ml ± 2%. On Jan. 15 at 8  A .M ., a 
sample o f1311 was counted. This sample had been obtained from a shipment 
of 131I in the following manner: 20 A (1 A = 1 ju.1) of the shipment was diluted 
in a volumetric flask to 25 ml; 100 A of this solution was diluted to 10 ml; 50 
A of this solution was withdrawn, mounted on Mylar, dried, and counted. 
The dried sample provided a count rate of 4,280 CPM corrected for back
ground. At the same time ( 8  A .M .,  Jan. 15) a 50-A sample of the NBS stan
dard 131I solution was mounted, dried, and counted in the same manner. The 
count rate for the standard sample was 1,213 CPM corrected for back
ground.
a. What was the specific activity (mCi/ml) of the 1311 shipment at the time 

the sample from the shipment was counted?
b. What was the total correction factor between count rate and activity for 

the system used to count 131I mounted on Mylar?
°8 . Compute the equilibrium time for a rate meter with a time constant of 2 

seconds, if the equilibrium count rate is 1,800 CPM (30 CPS).
*9. A 2-minute count of 3,310 was measured for a radioactive sample. A second 

sample furnished 4,709 counts in 3 minutes. Is the difference in count rate 
between the two samples significant?

*10. Choose the preferred counting system:

S Y S T E M  1 S Y S T E M  2 
Estimated sample net count rate 51 73
Estimated background count rate 28 37

*11. For time constants of (a) 1 second and (b) 10 seconds, compare the percent 
estimated standard deviations for a rate meter reading of 2,000 CPM.

12. A series of radioactive samples of short half-life will be counted one per day 
over several days. Explain how variations in the observed counts caused by 
fluctuations in the sensitivity of the counting system can be compensated.
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13 / Gamma-Ray Spectrometry and the 
Clinical Use of Radioactive Nuclides

A t t e n u a t i o n  c o e f f i c i e n t s  for photoelectric, Compton and pair-pro- 
duction interactions of y rays in Nal(Tl) are plotted in Figure 13-1 as a 
function of y-ray energy. For y-ray photons with energy less than about 
200 keV, photoelectric absorption is the most probable interaction in 
Nal(Tl). Compton scattering is the dominant interaction between about 
200 keV and 7 MeV, and pair production is most important at energies 
greater than 7 MeV. A y-ray photon that interacts in a Nal(Tl) crystal may 
deposit part or all of its energy in the crystal. The size of each voltage 
pulse from the photomultiplier tube coupled to the crystal is proportion
al to the energy deposited in the crystal by a particular y-ray photon. 
Pulses from the scintillation detector may be sorted with a scintillation 
spectrometer to yield a pulse height spectrum that reflects the energy 
distribution of the incident photons.1,2

PULSE HEIGHT SPECTRA
The pulse height spectrum for a particular radioactive source consists 

of peaks and valleys that reflect the energy of the y-ray photons from the 
source, the interactions that occur before the photon^ reach the scintilla
tion detector, the interactions that occur in the detector and the operat
ing characteristics of the components of the counting system. If the gain 
of the amplifier or the high voltage across the photomultiplier tube is 
increased, then the amplification of each pulse is increased proportional
ly and each pulse is displayed at a position farther along the pulse height 
scale. Hence, an increase in the high voltage or gain expands the pulse 
height spectrum over a greater range of pulse heights (Fig 13-2). The 
height of the spectrum decreases because the voltage pulses encompass 
a wider range of pulse heights and each pulse height interval contains 
fewer pulses.

As the window of the pulse height analyzer is widened, more pulses 
are transmitted to the display device for each position of the window 
along the pulse height scale. Consequently, the count rate at each win
dow position increases with the window width. With a wider window, 
however, peaks and valleys in the spectrum are defined less precisely 
and the resolution of the spectrum is reduced. Pulse height spectra for 
137Cs measured with analyzer windows of different widths are shown in 
Figure 13-3.

244
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Fig 13-1 .—Linear attenuation coefficients of Nal(TI) for photoelectric absorp
tion, Compton scattering and pair production, plotted as a function of y-ray en
ergy in kiloelectron volts.

Photopeaks
A photopeak  on a pulse height spectrum encloses pulses produced by 

total absorption of y-ray photons of a particular energy in the scintilla
tion crystal. The energy of the y-ray photon may have been deposited in 
the crystal during one interaction or during a series of interactions. The 
photofraction  or peak-to-total ratio for a photopeak is the quotient of the 
area enclosed within the photopeak divided by the total area enclosed 
within the pulse height spectrum. The intrinsic peak efficiency is the 
fraction of the y rays of a particular energy impinging upon a detector 
that produces pulses enclosed within the photopeak. The resolution  of a 
pulse height spectrum sometimes is described by the fu ll width at h a lf  
maximum (FWHM), where

FWHM — Width of photopeak at half its maximum height ^
Position of photopeak along pulse height scale

The full width at half maximum is illustrated in Figure 13-4.
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Fig 13-2. —Pulse height spectra for 137Cs, measured with different settings of 
the amplifier gain.

Compton Valley, Edge and Plateau 
Compton interactions of incident y-ray photons in a Nal(Tl) crystal, 

with escape of the scattered photons from the crystal, result in the forma
tion of voltage pulses smaller than those enclosed within a photopeak. 
The valley just below a photopeak is referred to as the Compton valley. 
The Com pton edge  is the portion of the pulse height spectrum just be
low the Compton valley where the height of the spectrum increases rap-
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Fig 13-3. — Increased count and 
decreased resolution are achieved 
as the width of the window of the 
pulse height analyzer is increased. 
Window widths are expressed as a 
percent of the highest setting of 
the pulse height scale. Spectra 
were measured for a 137Cs source 
in a 2 x 2 in. Nal(TI)well 
detector.

idly. The portion of the pulse height spectrum below the Compton edge 
is termed the Compton plateau.

The relative heights of the photopeak and the Compton edge vary 
with the size of the Nal(Tl) crystal. In a larger crystal, more scattered 
photons interact before they escape from the crystal. Hence, the height 
of the photopeak is increased and the height of the Compton plateau is 
reduced (Fig 13-5).

X-Ray Escape Peaks
Usually, characteristic x rays are released during photoelectric interac

tions of y-ray photons. Gamma rays that interact photoelectrically in a 
Nal(Tl) crystal usually eject an electron from the K shell of iodine. As the 
vacancy left by the photoelectron is filled, characteristic x rays are re
leased with an energy equal to the difference in binding energies (28 
keV) of L and K electrons in iodine. If a 28-keV characteristic x ray inter
acts in the scintillation crystal, then the light released during this inter
action contributes to the formation of a voltage pulse for the primary y 
ray, and this voltage pulse contributes to the photopeak. However, if the 
x ray escapes from the crystal, then the pulse for the primary y ray is 
smaller than those enclosed within the photopeak. If many x rays escape, 
then a peak occurs on the pulse height spectrum at a location about 28
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Fig 13-4. — Photopeak resolution, described as the “ full w idth at half m axi
m um ” (FW H M ).

keV less than the photopeak. This peak is referred to as an x-ray escape 
peak  (Fig 13-6). X-ray escape peaks are not observed for y rays with en- 
ergy greater than about 200 keV, because the lateral spread of the photo
peak for photons of higher energy obscures the presence of the x-ray es
cape peak. Also, characteristic x rays released during interactions of 
higher-energy y rays have a lower probability of escape from the crystal, 
because most of the higher-energy y rays penetrate farther into the crys
tal before interacting.

Fig 13-5.-P u ls e  height spectra  
fo r 137Cs m easured w ith Nal(TI) 
crystals of d ifferent sizes. The  
photopeaks are norm alized to the  
sam e height. (From  Heath, R.:
Scintillation Spectrometry Gamma- 
Ray Spectrum Catalogue ID O -16408  
(W ashington, D.C.: A tom ic Energy  
Com m ission, 1957].)
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Fig 13-6. —Pulse height spectrum 
for 109Cd. An iodine x-ray escape 
peak is present at a position 28 keV 
below the photopeak for the 87.5- 
keV y  rays from 109Cd. The large 
photopeak at 22 keV is produced by 
absorption of characteristic x rays 
released during decay of l09Cd by 
electron capture. (From O’Kelley,
G.: Detection and Measurement of 
Nuclear Radiation NAS-NS3105 
[Washington, D.C.: Office of 
Technical Services, Department of 
Commerce, 1962].)

Characteristic X-Ray Peak 
Characteristic x rays released as y-ray photons from a radioactive 

source undergo photoelectric interaction in the lead shield around the 
source and detector. Some of these x rays escape from the shield and 
strike the Nal(Tl) crystal, producing peaks in the pulse height spectrum. 
In Figure 13-7, the peak at 0.072 MeV reflects the absorption of charac
teristic x rays from a lead shield surrounding a scintillation detector and 
a 51Cr source. The number of characteristic x rays reaching the detector 
may be reduced by increasing the distance between the detector and the 
shield or by lining the shield with materials with an atomic number less 
than the atomic number of lead.

Backscatter Peak 
If a photon with energy greater than 200 keV is scattered at a wide an

gle during a Compton interaction, then the scattered photon has an ener
gy of about 200 keV irrespective of the energy of the primary y ray. For 
this reason, photons scattered at a wide angle during Compton interac
tions in the detector-source shield produce a peak at about 200 keV on 
the pulse height spectrum (Fig 13-8). This peak is referred to as the
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PULSE HEIGHT

Fig 13-7. — Characteristic x-ray peak at 72 keV produced by x rays from a 6 x 6 
in. lead shield surrounding a scintillation detector and a 51Cr source. The x-ray 
peak may be reduced by increasing the inner dimensions of the shield to 32 x 
32 in. (dotted curve) or by lining the shield with 0.03 in. of cadmium (dashed 
curve). The 32 x 32 in. shield was lined with 0.06 in. of cadmium plus 0.005 in. of 
copper. (Figures 13-7 to 13-11 from Heath, R.: Scintillation Spectrometry Gam
ma-Ray Spectrum Catalogue IDO-16408 [Washington, D.C.: Atomic Energy 
Commission, 1957].)

backscatter peak. The number of scattered photons received by the de
tector may be reduced by increasing the distance between the shield 
and the detector or by choosing a material for the shield in which the 
number of Compton interactions is reduced.

Annihilation Peak 
Pair-production interaction of y rays with an energy greater than 1.02 

MeV is accompanied by the release of 511 keV annihilation photons. If a 
primary y ray interacts by pair production in the detector-source shield, 
then one of the subsequent annihilation photons may escape from the 
shield and interact in the crystal. This process results in the production 
of an annihilation peak  at 511 keV in the pulse height spectrum (Fig 13- 
9). An annihilation peak at 511 keV also is present in pulse height spectra 
for positron-emitting nuclides, because annihilation radiation is released 
as the positron combines with an electron.

Annihilation Escape Peaks 
Pair production of high-energy (> 1.02 MeV) photons in the scintilla

tion crystal results in the emission of two 511-keV annihilation photons,
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Fig 13-8 (left).—The backscatter peak at about 200 keV is produced by ab
sorption in the detector of photons scattered at a wide angle during Compton 
interaction of primary y rays in the detector-source shield. The backscatter peak 
is greatest for the 6 x 6 in. iron shield, because the relative probability of Comp
ton interaction of the 0.835-MeV y rays from 54Mn is higher for iron than for 
lead. The backscatter peak is reduced if the distance between the shield and 
the detector is increased.

Fig 13-9 (right). —Pulse height spectrum for 37S, illustrating single and double 
escape peaks and an annihilation peak at 0.511 MeV.

one or both of which may escape from the crystal. Pulses that reflect the 
loss of one annihilation photon contribute to the single-escape peak  which 
occurs at a location 0.511 MeV below the photopeak for the primary y ray. 
Pulses that reflect the loss of both annihilation photons contribute to the 
double-escape peak  which occurs at a location 1.02 MeV below the pho
topeak. Single- and double-escape peaks, together with an annihilation 
peak at 0.511 MeV, are present in the pulse height spectrum in Figure
13-9 for 37S, a nuclide that decays by the emission of a /3-particle and a y- 
ray photon with an energy of 3.13 MeV.

Coincidence Peak
Many radioactive sources decay with the emission of two or more y 

rays in cascade. When y  rays from these sources are detected, more than 
one -y-ray photon released during a disintegration may be absorbed 
completely in the scintillation crystal. Coincidence peaks (sum peaks) on 
the pulse height spectrum reflect the simultaneous absorption of more 
than one -y-ray photon in the crystal (Fig 13-10). The relative height of a 
coincidence peak is reduced if the distance is increased between the
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Fig 13-10 (left).-Coincidence peak that reflects the simultaneous absorption 
of 0.705 MeV and 0.878 MeV y rays from 94Nb. The relative height of the coinci
dence peak is reduced if the distance between source and detector is increased 
from 4 cm to 10 cm.

Fig 13-11 (right). —Pulse height spectrum for 91Y, illustrating the bremsstrah- 
lung contribution characteristic of a radioactive source for which the ratio of y 
rays to /3-particles is low.

source and the detector because of the reduced probability that two or 
more photons will strike the crystal simultaneously. For high-activity 
samples, coincidence peaks may be produced by simultaneous absorp
tion of y rays released during the decay of different atoms of the sample.

Bremsstrahlung
Bremsstrahlung is released as /8 -particles from a radioactive source are 

absorbed in the source or source-detector shield. If the ratio of y rays to 
/3-particles emitted by the source is low, then the contribution of brems
strahlung to the pulse height distribution may be noticeable, particularly 
at the lower end of the pulse height scale (Fig 13-11).

PHOTOPEAK COUNTING
Often, radioactive sources that emit y rays are counted by sending to 

the display device only those pulses that are enclosed within a pulse 
height window centered over the photopeak. Other pulses are rejected 
because they are larger or smaller than the pulses transmitted by the
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window. To center the window over the photopeak, the window is po
sitioned at a desired location along the pulse height scale and the ampli
fier gain or the high voltage is adjusted until a maximum count rate is 
obtained. For example, if the photopeak for 137Cs is desired at 662 on the 
pulse height scale, then the window is centered at 662 and the gain or 
high voltage is increased until a maximum count rate is obtained. If the 
size of the voltage pulse varies linearly with energy deposited in the 
crystal, then this procedure furnishes a pulse height scale calibrated 
from 0 to 1,000 keV, with each division on the pulse height scale repre
senting 1 keV. The pulse height scale may be calibrated from 0 to 2,000 
keV by centering the 137Cs photopeak at 331, and from 0 to 500 keV 
by centering the phctopeak for a lower-energy y-ray photon at an ap
propriate position on the pulse height scale. A pulse height scale may 
be calibrated from 0 to 500 keV, for example, by centering the photo
peak for 99mTc (primary y ray of 140 keV) at 280 on the pulse height scale. 
The linearity of a scintillation spectrometer may be confirmed by locat
ing photopeaks on the pulse height scale for various sources that emit y 
rays of known energy. If the spectrometer is linear, then a plot of the cen
ter of the photopeak on the pulse height scale as a function of the y-ray 
energy describes a straight line.

The width of the analyzer window most desirable for photopeak 
counting varies with the relative heights of the photopeak and of the 
pulse height spectrum for background at the position of the window. For 
many counting situations, the background spectrum has relatively little 
structure and is much lower than the photopeak for the sample. For 
these situations, a relatively narrow (e.g., 2 %) window should be cen
tered over the photopeak. If the photopeak is not much higher than back
ground, then the maximum value of (sample net count rate)2/ 
(background count rate) may be determined as a function of window 
width. When the ratio [known as the (signal)2/background or S2IB ratio] 
is maximum, the fractional standard deviation for the net count rate of 
the sample is minimum. A plot of S2iB as a function of window width is 
shown in Figure 13-12 for a 137Cs source and a 2 by 2 in. Nal(Tl) well 
detector. The optimum window is 70 keV.

Ross and Harris3 have shown that an acceptable window usually is 
achieved if lower and upper discriminators are positioned on either side 
of the photopeak at a location where the count rate is equal to one third 
of the count rate at the center of the photopeak. About 85% of all pulses 
enclosed within the photopeak are transmitted by a window defined by 
discriminators in these positions, and the window is termed an 85% 
window. Ross and Harris suggest an increase in window width if the 
window or amplifier gain drifts or if the width of the window fluctuates. 
Under these circumstances the lower and upper discriminators should
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Fig 13-12. —Plot of S2 B for a 137Cs source and a 2 x 2 in. Nal(TI) well de
tector.

intersect the pulse height spectrum at equal heights near the base of the 
photopeak. If the gain of the amplifier is unstable, then the photopeak 
should be intercepted by the lower and upper discriminator at relative 
count rates Rj and R2, respectively, where Rt and R2 are determined by 
the expression R1/R2 = VJV.v and V1 and V2 are the positions of the lower 
and upper discriminators along the pulse height scale.

RADIOACTIVE AGENTS FOR CLINICAL STUDIES
A wide assortment of radioactive nuclides have been administered to 

patients for the diagnosis and treatment of a variety of conditions. For a 
nuclide to be acceptable for most applications in nuclear medicine, the 
half-life for radioactive decay should be between 1 hour and a week or 
two. Nuclides with half-lives shorter than about 1 hour decay too rapidly 
for the labeling and.sterilizing of radioactive compounds, and nuclides 
with long half-lives often deliver high radiation doses to patients.
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Most radioactive agents administered to patients are injected intrave
nously and must be sterile. Most agents are sterilized by autoclaving 
(e.g., heating for 15 -20  minutes at a temperature of about 125 C and a 
pressure of roughly 2 0  lb/sq in.) or by filtration through fine cellulose- 
ester membranes. The injected material usually should have a pH near 7 
and should either dissolve in an aqueous medium or form a colloidal 
suspension or a suspension of larger particles. An agent injected intrave
nously must be free of pyrogens, particles that have a diameter of 0 .05 -1  
p, and do not decompose at elevated temperature.4 The presence of pyro
gens in an agent administered intravenously to a patient causes the rapid 
appearance of characteristic symptoms which have been documented 
by Miller and Tisdall.5 Solutions are free from pyrogens only if they are 
prepared by meticulous chemical techniques. Procedures for testing for 
the presence of pyrogens are described in the United States 
Pharm acopoeia6 and other publications.7

Other considerations that are important when a radioactive pharma
ceutical is used clinically include the following.

1. Radiochem ical purity, the ratio of the quantity of the desired iso
tope (or nuclide) present in the desired chemical form to the total quanti
ty of the isotope (or nuclide) in the pharmaceutical.

2. Radioisotopic purity (or radionuclidic purity), the ratio of the activ
ity of the desired radioactive isotope (or nuclide) to the total activity of 
radioactive material in the pharmaceutical. Daughter nuclides usually 
are excluded from the description of radionuclidic purity.

3. Presence of a carrier in the pharmaceutical. A solution is carrier- 
fr e e  if all isotopes of a particular element in the solution are radioactive.

4. Presence of an isotope effect, which is an expression used to de
scribe changes in chemical behavior of the pharmaceutical which are 
caused by differences in isotopic mass between the radioactive nuclide 
and its stable counterpart. An isotope effect is observed frequently with 
compounds labeled with tritium. However, its occurrence decreases rap
idly with increasing atomic number of the radioactive nuclide and is 
rare with compounds labeled with a radioactive nuclide with an atomic 
number greater than about 15.

5. Presence of isotope exchange reactions, during which the radioac
tive nuclide detaches from the pharmaceutical and adheres to another 
compound in the body.

6 . Radiation dose delivered to critical organs and to the whole body 
of the patient.

7. Presence of degradation products caused by chemical instability 
and by self-irradiation of the pharmaceutical.

The localization of a radioactive nuclide administered intravenously, 
and the rate and mode of excretion of the nuclide from the body, are de
termined by a number of properties, which include:8
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1. The oxidation (valence) state of the compound labeled with the 
nuclide at the pH (7.4) of blood.

2. The solubility of the labeled compound in an aqueous medium. If 
the compound is insoluble, then the localization and excretion of the 
compound are determined by the size of the particles formed.

3. The tendency of the nuclide to incorporate into or to bind to organic 
compounds.

During many clinical applications of radioactive nuclides, radiation 
emitted by a nuclide distributed within the body is measured with a de
tector positioned outside the body. For these applications, the nuclide 
must emit a y-ray photon (or x-ray photon) with an energy between 
about 20 and 700 keV. Photons with energy less than about 20 keV are 
attenuated severely by the patient, and photons with energy greater 
than about 700 keV are attenuated inadequately by the collimator 
attached to the detector. Nuclides (e.g., 99mTc) that decay by isomeric 
transition are preferred for in vivo studies, because no particulate 
radiation is emitted from the nucleus during the decay of these nuclides, 
and the radiation dose delivered to the patient is reduced.

PROBLEMS
1. A pulse height spectrum for 113mIn (y ray of 0.393 MeV) was obtained with a 

single-channel pulse height analyzer calibrated from 0 to 500 keV. The win
dow width was 2%. Describe the changes in the spectrum if:
a. A 5% window were used.
b. The amplifier gain were twice as great.
c. The amplifier gain were half as great.
d. The upper discriminator of the window were removed.

°2. 24Na decays to 24Mg by /3~ decay with a T1/2 of 15 hr. Gamma rays of 4.14 MeV 
(<1%), 2.76 MeV (100%) and 1.38 MeV (100%) are emitted during the decay 
process. A pulse height spectrum for this nuclide exhibits peaks at 2.76 MeV, 
2.25 MeV, 1.74 MeV, 1.38 MeV, 0.87 MeV, 0.51 MeV and about 0.20 MeV. 
Explain the origin of each of the peaks.

3. Describe the changes in a pulse height spectrum for 51Cr if:
a. A larger Nal(Tl) crystal were used.
b. A 1-in. slab of Lucite were interposed between the 51Cr source and the 

scintillation detector.
c. A 1-in. slab of Lucite were placed behind the 51Cr source.

°4. The position of the photopeak for 137Cs y rays (0.662 MeV) changes with 
high voltage as shown in the following table when the gain is set at 4.

Position of photopeak 
on pulse height scale 520 580 650 730 820

High voltage across 
photomultiplier tube 730 750 770 790 810

°F o r those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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If the gain is reduced to 2 and the high voltage is set at 750, where is the pho
topeak for the 1.33-MeV y ray from 60Co on the pulse height scale?

5. Describe the decay characteristics desired for a radioactive nuclide used as 
a scanning agent.

6 . Describe the characteristics desired for a chemical compound used as a 
scanning agent.

°7. A shipment is labeled “30% 14C-enriched Ba 14COa —weight 2,285 mg.” This 
label is interpreted to mean “30% by weight Ba I4C 0 3, the rest being Ba 
12C 0 3 and Ba 13C 0 3.” What is the activity of 14C in the sample?

* 8 . Radioactive 14C is produced in the upper atmosphere by neutrons released 
during cosmic ray bombardment:

*n + “N -  }H + “ C

The radioactive carbon is distributed over the earth as 14COz in the air and 
NaH 14C 0 3 in the sea. Plants and animals incorporate 14C while alive. After a 
plant or animal dies, the incorporated 14C decays with a half-life of 5,600 yr. 
The radioactivity in the remains of the plant or animal indicates the time 
elapsed since the death of the organism. Determination of the age of objects 
by measurement of their 14C content is termed carbon dating. For example, 
wood from an old mummy case provides a specific count rate of 10.7 
CPM/gm. New wood furnishes 16.4 CPM/gm. How old is the mummy case?

*9. What is the specific activity (Ci/gm) of a pure sample of 32P?
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14 / In Vivo Radionuclide Studies 
and Radionuclide Imaging

M a n y  d i a g n o s t i c  s t u d i e s  require the use of a detector outside the 
body to measure the rate of accumulation, release or distribution of ra
dioactivity in a particular region inside the body. The rate of accumula
tion or release of radioactivity may be measured with one or more detec
tors, usually Nal(Tl) scintillation crystals, positioned at fixed locations 
outside the body. Images of the distribution of radioactivity may be ob
tained with a rectilinear scanner or, more often, with a stationary imag
ing device.

MEASUREMENT OF RATES OF ACCUMULATION 
AND EXCRETION

Measurement of the accumulation of radioactive iodine in the thyroid 
gland was the first routine clinical use of a radioactive nuclide. Since ear
ly tests of thyroid function with radioactive iodine, many diagnostic ap
plications of radioactive nuclides have been developed. Many of these 
applications require measurement of the change in radioactivity in a se
lected region of the body as a function of time. Some of these applica
tions are discussed briefly in this section.

Thyroid Uptake
The rate of accumulation of iodine in the thyroid gland may be esti

mated from measurements of the radioactivity in the thyroid at specified 
times (usually 6  and 24 hr) after a selected amount of radioactive iodine 
(e.g., 10 fj,Ci of 131I) has been administered orally. The measurement of 
radioactivity in the thyroid usually is accomplished with a Nal(Tl) scin
tillation crystal not less than 3 cm in diameter by 3 cm thick, which is 
positioned 2 0 -3 0  cm in front of the patient and in line with the isthmus 
of the thyroid. The  fie ld  o f  view  of the detector is the area perpendicular 
to the extended axis of the detector at the surface of the patient over 
which the count rate remains above 90% of the count rate at the center of 
the field. The detector should be collimated to restrict the field of view 
to a diameter not greater than 15 cm for adults and proportionately less 
for children.

To provide a standard sample for determination of thyroid uptake, a 
vessel resembling the average thyroid (e.g., a 30-ml polyethylene bottle

258
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3 cm in diameter) is filled with an amount of 131I equal to that delivered 
orally to the patient.0 This standard sample is placed at a depth of 0.5 cm 
behind the surface of a neck phantom composed of a cylinder of Lucite 
15 cm in diameter and 15 cm tall. The percent uptake of iodine in the thy
roid is the ratio of the net count rate measured in front of the thyroid to 
that measured under identical conditions with the detector in front of the 
neck phantom.

Uptake (%) = (100) ^  (14-1)

where
(c)t = count rate for thyroid and (c)g = count rate for standard.

The contribution of radiation scattered from tissue surrounding the 
thyroid to the total count rate measured by the detector should be re
duced to a minimum during the measurement of thyroid uptake. Radia
tion scattered from extrathyroidal tissue contributes little to the count 
rate for a thyroid uptake measured 24 hr after administration of 1311. For 
an uptake measured at an earlier time or with poor collimation, however, 
extrathyroidal activity must be considered in the computation of percent 
uptake. A pulse height analyzer may be used to reject pulses produced 
by y rays scattered into the detector from extrathyroidal tissue (Fig 14-1). 
Alternately, a lead absorber (A-block) 1.5 mm thick may be used to pro
vide an energy distribution for the y rays striking the crystal which does 
not vary greatly with different thicknesses of tissue around the patient’s 
thyroid. With another method for correction for extrathyroid activity, 
the count rates for the patient and the phantom are measured before and 
after a lead block (B-block) about V% in. thick has been placed over the 
thyroid and the radioactive source in the phantom. The percent uptake is

Uptake (%) = (100) £ £  _  (141)

where
(c)t = Count rate for thyroid.

(c)tL = Count rate for thyroid shielded by lead block.
(c)s = Count rate for standard.

(c)tL = Count rate for standard shielded by lead block.

Example 14-1
The following count rates were obtained 24 hr after administration of 10 /xCi 

of 131I to a patient:

“Sometimes a standard count rate is obtained by counting the capsule of 131I before it is 
administered to the patient.



260 I n  V iv o  R a d io n u c l id e  S t u d ie s  a n d  I m a g in g

For patient’s thyroid
For patient’s thyroid shielded by lead block 
For standard
For standard shielded by lead block

What is the percent uptake?

Uptake (%) = (100)

= (100) 

=  11

537 CPM 
193 CPM 

3,215 CPM 
182 CPM

(c)t ~ (c)tt
(C)* -  WsL 
537 -  193

3,215 -  182

The percent uptake that indicates normal or abnormal function of the 
thyroid varies widely from one laboratory to another. Hence, an uptake 
of 1 1 % may indicate hypothyroidism in one laboratory and a normal thy
roid in another.

Dilution Studies
Dilution measurements with radioactive nuclides are used for a vari

ety of diagnostic tests in clinical medicine. If a solution of volume vt

PULSE HEIGHT
Fig 14-1. —Pulse height spectra for a 1 ml, 5 p.C\ 1311 source in air and in a neck 

phantom at a distance of 30 cm from a 1.5 in. diameter, 1 in. thick Nal(TI) crystal. 
Radiation scattered by material around the radioactive source increases the 
height of the Compton plateau. (From Hine, G., and Williams, J.: Thyroid Ra
dioiodine Uptake Measurements, in Hine, G. [ed.]: Instrumentation in Nuclear 
Medicine [New York: Academic Press, 1967], vol. 1.)
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Fig 14-2.-Time-concentration 
curve obtained by recording signals 
from scintillation detectors over the 
precordium (upper curve) and over 
the lung (lower curve) after 
intravenous injection of a mixture 
of 125l and 131l. (From Johnson, D., et 
al.: Radiopulmonary Cardiography 
for Measurement of Central Mean 
Transit Time and Its Arterial and 
Venous Subdivisions, in Kniseley, 
R., Tauxe, W., and Anderson, E. 
[eds.]: Dynamic Clinical Studies 
with Radioisotopes TID 7678 
[Springfield, Va.: Clearinghouse for 
Federal Scientific and Technical 
Information, 1964].)

which contains a known concentration (CPM/ml), of radioactive material 
is mixed thoroughly with a large volume of nonradioactive solution, then 
the volume v. of the final solution may be estimated by measuring the 
specific count rate (CPM/ml), of the final solution:

(CPM/ml). /1/<ON
V' = (CFM W ),V< U 4 -2)

Since (CPM/ml), o, = total CPM [(CPM),] of the injection solution, 
equation (14-2) may be written as:

(CPM),
Vf ~ (CPM/ml),

The specific count rates (CPM/ml), and (CPM/ml),must be corrected for 
background. The difference vf —vi is the volume of the nonradioactive 
solution with which the solution of volume u, is mixed.

During some applications of the dilution technique, the specific count 
rate (CPM/ml), of the final solution must be corrected for activity that 
escapes from the volume to be measured. For example, estimates of 
blood volume with serum albumin labeled with 131I sometimes are made 
at intervals over the first hour after intravenous injection of the labeled 
compound. To correct for the escape of serum albumin from the circula
tion, the specific count rate may be plotted as a function of time and extra
polated back to the moment of injection. Alternately, the blood volume 
may be measured at a specific time (e.g., 10 minutes) after injection of 
the labeled albumin, and a predetermined correction factor may be ap
plied to the measured volume.
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Example 14-2
Ten microcuries of serum albumin tagged with 13II (radioiodinated human 

serum albumin or RISA) were injected intravenously into a patient. After the 
labeled albumin had mixed thoroughly in the patient’s circulatory system, 5 ml 
of the patient’s blood was withdrawn. The 5-ml sample yielded a count rate of 
2,675 CPM. Another 10-/x.Ci sample of RISA was diluted to 2,000 ml. A 5-ml ali
quot from this standard solution yielded a count rate of 6,343 CPM. The back
ground count rate was 193 CPM. What was the total blood volume?

Sample net specific count rate = (2,675 — 193) CPM/5 ml
= 495 CPM/ml 

Standard net specific count rate = (6,343 — 193) CPM/5 ml
= 1,230 CPM/ml 

Count rate for 10-/nCi sample = (1,230 CPM/ml)(2,000 ml)
= 246 x 104 CPM

If the volume of the injected RISA is ignored, the blood volume o,is

(CPM),
Vf (CPM/ml),

= 246 x IQ4 CPM 
495 CPM/ml 

— 5,000 ml

Time-Concentration Studies
A number of diagnostic tests have been devised in which an external 

detector is used to measure the radioactivity in an organ or in the blood 
flow to an organ as a function of time after the administration of a radioac
tive compound. For example, the mean transit time of blood between 
the right side of the heart, lungs and the left side of the heart may be esti
mated by recording the signals from detectors over the precordium and 
over the lung after intravenous injection of 131I and i25I .1 The counting 
system for the detector over the precordium records the 131I activity, and 
the counting system for the detector over the lung records the 125I activ
ity. The first peak in the upper curve in Figure 14-2 reflects the accumu
lation of activity in the right chamber of the heart, prior to its release into 
the lungs. The second peak reflects the return of activity from the lungs 
to the left chamber of the heart. The valley between the peaks corre
sponds to the time when the activity is greatest in the lungs. Data such as 
those in Figure 14-2 may be used for the detection of pulmonary hyper
tension and abnormal cardiac output.

Time-concentration curves may be used also to estimate the rate of 
blood flow to the liver and to the kidneys. The functional capability of 
the liver may be estimated by measuring the rate at which rose bengal 
dye labeled with 131I is accumulated and released by the liver.2 Hippu- 
ran tagged with 131I has been used for the study of kidney function. For
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Fig 14-3.—Renogram measured with 131l-Hippuran for a normal right kidney 
and a left kidney with increased retention of activity.

this study, two scintillation detectors are used to measure the activity in 
both kidneys simultaneously as a function of time. The renogram in 
Figure 14-3 depicts the accumulation of 131I-Hippuran by each kidney 
and its subsequent release into the urine. The greater activity retained 
by the left kidney suggests that an obstruction in the kidney or ureter 
interferes with the release of urine into the bladder.

RECTILINEAR SCANNERS 
Rectilinear scanners consist of a radiation detector which moves in a 

plane above or below the patient, and a recording device which moves 
in synchrony with the detector (Fig 14-4). In earlier scanners, the motion 
of the detector was synchronized with the recording device by a me
chanical linkage. In later versions, electronic rather than mechanical
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Fig 1 4 -4 .-Diagram of a rectilinear scanner with mechanical linkage.

linkage has been used, and the recording device usually is separated 
physically from the detector.

The first practical rectilinear scanner was developed in 1951 by Cas- 
sen and colleagues.3 In this scanner, a small crystal of calcium tungstate 
was used as the radiation detector. However, the superior properties of 
sodium iodide (Nal) for detecting y rays were quickly recognized, and 
essentially all scanners now in use employ this type of detector. In ear
lier scanners, the Nal crystal was typically 3 in. in diameter and 2 in. 
thick. In more recent scanners, the crystal diameter has increased to 5 or 
8  in. to improve the efficiency of y-ray detection. With a larger crystal, 
images may be obtained more quickly or, alternately, less “noisy” im
ages may be obtained in comparable imaging times. Although the larger 
crystals collect more y rays because of their larger field of view, they ex
hibit a more limited depth of focus, and radioactivity above and below 
the focal plane of the collimator is imaged less sharply.

Collimation
As the Nal detector moves across a patient, y rays from the patient’s 

body impinge upon the detector to produce electric pulses which are 
processed to yield an image. At each location along the path of the detec
tor, the small region of the patient’s body from which y rays are detected

[oOQOOpO]
, ° o o ^

m m
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Fig 14-6.—Simplified multihole 
focused collimator illustrating the 
focal length, focal plane and focus of 
the collimator.

is identified by a collimator attached to the detector. In almost all appli
cations, the collimator is a focused collimator consisting of small circular 
or hexagonal channels in a block of lead or tungsten (Fig 14-5). A colli
mator with hexagonal channels provides a slightly higher efficiency of y- 
ray collection. Imaginary lines through the channels converge to a point 
a few inches in front of the face of the collimator. This point is referred to 
as the collim ator focus. The plane parallel to the collimator face and con
taining the focus is termed the fo c a l plane of the collimator, and the dis
tance from this plane to the collimator face is the collim ator fo ca l length 
(Fig 14-6). In most applications of the rectilinear scanner, the patient is 
positioned with the focal plane of the collimator centered in the region 
of interest for the patient.

To localize the region from which y rays emerging from the patient 
may strike the crystal, the collimator channels must be separated by in
tervening lead or tungsten leaves, termed septa, which are thick enough 
to attenuate most of the y rays originating outside the region of interest. 
Rather thick septa are required for high-energy photons, whereas the 
septa may be much thinner for y  rays of lower energy. Hence, collima
tors may be termed high  energy, medium  energy or low  energy, depend-

Fig 1 4 -7 .-Multihole focused collimators. Thicker lead septa are required to 
attenuate high-energy photons.
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Fig 14-8. —Spatial resolution of 
collimator described as the “ full width 
at half maximum” (FWHM).

ing on the thickness of the septa and, consequently, on the energy of the y 
rays for which they are to be used (Fig 14-7). Collimators also may be 
characterized as high resolution  or high sensitivity. High-resolution col
limators have many holes of small diameter, and high-sensitivity colli
mators have fewer holes of larger diameter so that more of the crystal is

Fig 14-9.-Relative **2102
resolution of two collimators: a c o l l im a to r  #2107
high-resolution collimator (left) 
and a high-sensitivity collimator 
(right).
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exposed to radiation. Alternately, the resolution of a collimator may be 
improved by increasing the height of the collimator rather than the 
number of holes. In general, a high-resolution collimator has relatively 
low sensitivity, and vice versa.

To determine the spatial resolution of a collimator, a point source is 
moved to a variety of positions in a series of planes parallel to the face of 
the collimator, and the detector response is determined as a percent of 
the response with the source at the focus. Curves connecting points of 
equal percent response are termed isoresponse curves. The distance 
between the 50% isoresponse curves in the focal plane often is called 
the collim ator resolution width. Sometimes this width is termed the fu ll 
width at h a l f  maximum  (FWHM) for the collimator (Fig 14-8). A high- 
resolution collimator has a relatively small resolution width or FWHM, 
whereas a high-sensitivity collimator has a wider resolution width 
(Fig 14-9).

Scintillation Crystal and Electronics
When a y ray traverses the collimator and interacts in the crystal, a 

flash of light is produced which varies in brightness with the amount of 
energy deposited in the crystal by the y ray. This light is directed onto 
the photocathode of the photomultiplier (PM) tube and electrons are 
ejected from the photocathode. The number of electrons ejected is pro
portional to the incident light and, hence, to the energy deposited in the 
crystal by the incoming y ray. The number of electrons is amplified in 
the PM tube, and the resulting electron pulse is collected at the PM-tube 
anode and converted to a voltage pulse. The voltage pulse is transmitted 
through the preamplifier and amplifier to a pulse height analyzer in the 
manner described in Chapter 12.

In the pulse height analyzer, a window is available to select only the 
voltage pulses that correspond to total absorption of the y rays of interest 
in the crystal. The position and width of this window are critically im
portant to the production of high-quality images. Even with careful 
selection of the window, certain problems are very difficult to solve. 
With high patient activities, for example, 72-keV fluorescence x rays 
from the lead collimator may sum in the detector to yield voltage pulses 
corresponding to 144 keV. Even the most carefully chosen window for 
imaging " mTc (140 keV) cannot reject these pulses.

Rate Meter
In a rectilinear scanner, pulses accepted by the window of the pulse 

height analyzer are transmitted to a rate meter where the rate of receipt 
of pulses is registered on a meter or digital display. In the rate meter, the 
time over which counts are averaged to yield an estimate of count rate is 
related to the time constant of the rate meter. Usually, the time constant
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NOISY IMAGE IMAGE SCALLOPING
Fig 14-10. —Effect of rate meter response on images obtained with the recti

linear scanner. A short time constant may yield a noisy image, whereas a long 
time constant leads to image scalloping.

can be varied with a control on the front of the rate meter. A short time 
constant provides a rapid response to changes in activity as the detector 
scans over the patient. However, the indicated count rate is susceptible 
to statistical fluctuations, and the resulting image may be rather “noisy.” 
This susceptibility can be reduced (i.e., the count rate can be smoothed) 
by increasing the time constant of the rate meter. However, a longer time 
constant reduces the responsiveness of the scanner to abrupt changes in 
activity as the detector scans across the patient (Fig 12-8). This decrease 
in responsiveness leads to distortion of the image, which is referred to as 
scalloping  (Fig 14-10).

Photorecording Display Device 
From the rate meter, the count rate signal is transmitted to the display 

section where an image is made of the distribution of radioactivity in the 
patient. In the display section, a collimated light source (usually a small 
cathode-ray tube) moves across a photographic film in synchrony with 
the motion of the detector across the patient. The light source turns on 
and off in response to the count rate, with higher count rates causing the 
light source to remain on for longer periods of time. Hence, the film is 
darker in regions corresponding to higher count rates. The brightness of 
the light source, and hence the overall average density of the image, is 
determined by the density setting on the panel of the photorecording 
display device, as well as by the size of the collimator selected for the 
light source.

Contrast Enhancement Control 
In scanning across a particular region of a patient, the count rate may 

vary from background to some maximum value depending upon the ac
tivity present at each location within the region. Since the background 
count rate provides no information about the patient, many scanners 
provide a control to subtract background from the count rate furnished to
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CPM x I03
Fig 14-11.—Film density as a function of count rate at different settings of the 

contrast enhancement control.

the display device. With this control set so that count rates slightly high
er than background correspond to white in the image, and maximum 
count rates correspond to black, the entire distribution of radioactivity in 
the region of interest can be displayed as shades of gray in the image. In 
this case, however, slight differences in activity, which may represent 
pathologic conditions in the patient, may not be displayed as gray levels 
sufficiently different to be appreciated visually. To accentuate subtle 
differences in count rate, the photorecording device provides a control 
with which the available shades of gray can be applied over the count 
rate range of interest. This control may be labeled contrast enhance
ment, count rate differential, or range differential. To utilize the contrast 
enhancement capability of the scanner, the density control is adjusted so 
that the maximum count rate of interest is displayed as black in the im
age. Then the contrast enhancement control is adjusted so that the mini
mum count rate of interest is displayed as white in the image. For exam
ple, setting the contrast enhancement control at 40% on one type of scan
ner insures that count rates less than 60% of maximum are displayed as 
white areas in the image, and the available gray scale of the image is 
superimposed over the upper 40% of the measured count rates (Fig 14- 
11). Although contrast enhancement is very useful in revealing subtle 
differences in the distribution of radioactivity in the patient, the control 
must be used with care since it can also delete information from the im
age which may be necessary for diagnosis of the patient’s condition.
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The rectilinear scanner may provide a second type of display referred 
to as a dot scan. To produce this type of image, a mechanical device 
moves across a sheet of paper in synchrony with the moving detector, 
and imprints a symbol on the paper each time some preset number of 
counts has been accumulated. The number of counts per imprint is de
termined by the dot fa ctor  or scale fa c tor  set on the console of the dis
play device. With a dot scan, the operator can monitor the production of 
an image of the distribution of radioactivity in the patient. Monitoring 
the image is not possible with the photographic image, because the im
age is not available until after the scan has been completed and the film 
has been processed. Although dot scans are useful to monitor image pro
duction, they seldom are used for image interpretation because the pho
tographic display is more useful for clinical diagnosis.

Minified Images
Sometimes scan images are made life size by a one-to-one relationship 

between the motion of the detector across the patient and the motion of 
the light source across the film. However, it also is possible to change 
this ratio to provide a minified image of a region of interest in the pa
tient. Minified images are particularly useful when large areas of the pa
tient are scanned, such as whole body images of the distribution of ra
dioactivity in soft tissues or the skeleton of the patient.

Information Density 
To obtain an image with a rectilinear scanner, two control settings 

must be selected that are related to the mechanical motion of the scan
ning detector. These controls are the scan speed and line spacing. Usu
ally, the line spacing is Vs or Vi6 in., and the light collimator in the photo
recording device is chosen to correspond to this spacing. Then the scan 
speed is selected from the relationship:

/counts\ Count rate (CPM)
Information density I  1 = tt, f t  !—. . , rT .----------- :-----: rr\sq cm/ LScan speed (cm/min)JLLine spacing (cm)J

From an estimate of the average count rate over the region of interest, 
the scan speed may be selected to yield a desired information density in 
the image. Usually, information densities of 1,000-1,200 counts/sq cm 
are desired. However, lower densities are tolerated in some examina
tions in which long scan times or low patient activities are encountered.

High-Speed Rectilinear Scanner 
The high-speed rectilinear scanner utilizes a linear array of 10 crystals, 

each associated with its own focused collimator, photomultiplier tube, 
amplifier and pulse height analyzer. In one high-speed rectilinear scan
ner, the collimators, a 24 by 4.9 in. array of crystals, and associated elec
tronics are contained in a scanning head which is positioned perpendic-
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Fig 14-12.—Scanner head of a high-speed rectilinear scanner.

ular to the scanning table (Fig 14-12). Scanning is accomplished by 
movement of the detector back and forth across a distance of approxi
mately 2.5 in. perpendicular to the table axis, together with a continuous 
sweep of the scanning head parallel to the table axis. Counts from each 
photomultiplier tube are analyzed separately and stored on a magnetic 
disk. These data may be played back to a cathode-ray tube (CRT) for stor
age on Polaroid or photographic film. Storage on the disk also allows the 
data to be manipulated in a nondestructive manner. For example, back
ground may be subtracted or contrast enhanced as the data are played 
back to the CRT. The high-speed rectilinear scanner allows studies such 
as bone scans to be performed quickly as compared with the time re
quired for a traditional rectilinear scanner.

STATIONARY IMAGING DEVICES
With a stationary imaging device, areas of activity within a regional 

distribution of radioactivity may be visualized simultaneously without 
moving either the patient or the detector. Since mechanical motion of 
the detector is not required, images can be obtained much more rapidly 
with this device than with a rectilinear scanner. Also, studies can be 
made of rapidly occurring changes in the distribution of radioactivity 
within a region of interest. Because of these advantages, stationary imag
ing devices, primarily the scintillation camera, have become the princi
pal instruments in most nuclear medicine laboratories for studying al
most all body parts, with the possible exception of the thyroid and skel
eton.

The Single-Crystal Scintillation Camera
The first single-crystal scintillation camera was assembled in 1956 by 

Anger at the University of California.4 This camera contained a Va in. 
thick sodium iodide [Nal(Tl)] crystal only 5 in. in diameter. It was 
viewed by seven photomultiplier (PM) tubes, each 1.5 in. in diameter. Six
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PM tubes were hexagonally arranged about the seventh tube at the cen
ter. In 1960, an improved version of the Anger camera was made avail
able commercially. In 1963, a larger scintillation camera was built with 
an 11.5-in. crystal and 19 PM tubes arranged in hexagonal fashion. In 
this camera, as in earlier versions, the PM tubes were optically coupled 
to the scintillation crystal with mineral oil, a technique that furnished 
efficient transmission of light from the crystal but restricted the position 
of the detector to an overhead view of the patient. A major improvement 
in camera design was achieved when the mineral oil was replaced by a 
solid plastic light guide and optical coupling grease, eliminating the oil 
seals required for earlier cameras and permitting rotation of the detector 
head to any desired position.

Although the basic design of the scintillation camera has not changed 
much since 1963, many improvements have been added that have in
creased the speed and versatility of this instrument and enhanced its 
usefulness in clinical nuclear medicine. Among these improvements are 
electronic changes such as replacement of vacuum tubes by integrated 
circuits, and precision electronic components to obtain a more rapid and 
reliable signal which is less sensitive to environment and power fluctua
tions. Currently, scintillation cameras are available with crystals up to 20 
in. in diameter coupled to as many as 91 PM tubes to improve the quality 
of scintillation camera images. Another development that has enhanced 
the usefulness of the scintillation camera for certain nuclear medicine 
procedures has been the interfacing of the camera to data storage and 
processing systems. Other modifications in present-day cameras include 
the use of more efficient bialkali photomultiplier tubes in place of the 
conventional tubes used earlier, the use of multichannel analyzers for 
window selection and adjustment, and the incorporation of region of in
terest and count summation circuits into the image display network.

One factor that has contributed greatly to the popularity of the scintil
lation camera has been the widespread utilization of 99mTc. This radionu
clide emits a y ray of 140 keV, an ideal energy for scintillation camera 
imaging, with only slight contamination by particles and photons of 
undesired energies. In addition, " mTc has a short half-life (6 hr) and can 
be incorporated into a variety of compounds and drugs. Compared to 
many other radionuclides, the short half-life of 99mTc permits administra
tion of large amounts of radioactive material without excessive radiation 
dose to the patient. This increased administration of radioactivity means 
that more y rays are emitted over a shorter period of time, permitting the 
scintillation camera to be used to its full advantage.

Principles of Scintillation Camera Operation
A single-crystal scintillation camera can be separated into four sec

tions: the collimator, the detector, the data processing section, and the 
display unit.
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Fig 14-13. —Parallel multihole 
collimator.

CO LLIM A TO RS. —To produce an image of the distribution of radioactivity 
in a patient, the sites of absorption of y rays in the scintillation camera 
crystal must be related clearly to the origin of the y rays within the pa
tient. This relationship can be achieved by placing a collimator between 
the crystal and the patient. The most commonly used collimator is the 
parallel multihole collimator, comprised of small straight cylinders sepa
rated by lead or tungsten septa (Fig 14-13). Relatively thin septa are used

Fig 14-14.-W ith a multihole collimator, y rays emitted in line with the colli
mator holes are transmitted to the crystal, whereas y rays emitted obliquely are 
absorbed by the collimator septa.
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in low-energy collimators designed for use with radionuclides emitting 
low-energy photons. Thicker septa are required for collimators used 
with nuclides emitting higher-energy photons. The ability of high-ener
gy photons to traverse even relatively thick septa establishes an upper 
limit of about 600 keV on the photon energy range amenable to scintilla
tion camera imaging. As a general rule, the minimum path length 
through septa of the collimator should be at least 5 mean free paths (<
1 % transmission) for the photons with which the collimator is to be used.

A y ray moving from the patient toward the crystal in a direction in line 
with one of the collimator cylinders can pass through the cylinder and 
interact in the crystal, whereas a y ray emerging obliquely from the pa
tient would have to traverse one or more of the lead septa in the collima
tor before reaching the crystal (Fig 14-14). Hence, y rays emitted ob
liquely have a much lower probability of reaching the detector. By this 
mechanism, y rays interacting in the crystal can be related reasonably 
well to their origin in small discrete volumes of tissue directly below the 
collimator.

A collimator with many cylinders of small diameter is termed a high- 
resolution collimator; a collimator with fewer cylinders of larger diame
ter or with shorter cylinders of the same diameter allows more photons to 
reach the crystal and is termed a high-sensitivity collimator. In the 
selection of parallel multihole collimators, a gain in sensitivity is accom
panied by a loss of resolution, and vice versa.

As the diameter of the collimator cylinders is reduced, fewer photons 
are admitted through each cylinder into the scintillation crystal, and the 
statistical influence of variations in photon emission (i.e., quantum noise 
or mottle) is increased. The only way to prevent an increase in image 
noise is to increase either the imaging time or the emission from the 
source, so that the number of photons passing through each cylinder of 
the collimator remains constant. As an example, suppose the intrinsic 
resolution of a nuclear medicine imaging system is improved by a factor 
of two by decreasing the diameter of the collimator cylinders, and sup
pose that this improvement is accompanied by a twofold reduction in the 
number of photons reaching the crystal. To keep the quantum noise of 
the image at the original level, the number of photons incident upon the 
collimator must be increased by a factor of two. To reduce the quantum 
noise to a level corresponding to the finer resolution of the new collima
tor, however, an additional fourfold increase is required in the number 
of photons incident upon the collimator. That is, a twofold improvement 
in the resolution of an imaging system achieved by reducing the diame
ter of the collimator cylinders should be accompanied by an eightfold 
increase in photon emission or imaging time to obtain a parallel im
provement in image noise.
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Fig 14-15. —Pinhole collimator.

As the distance is increased between the face of a parallel multihole 
collimator and a radioactive object (e.g., a patient), the resolution de
creases because each open cylinder in the collimator views a larger 
cross-sectional area of the object. For the same reason, the sensitivity 
does not change significantly with the distance between a multihole col
limator and the object. Although the number of photons collected by 
each collimator cylinder from a unit area of the object decreases with the 
square of the collimator-object distance, the area viewed by each cylin
der increases as the square of the distance. These two influences coun
teract each other so that the sensitivity does not change appreciably as 
the collimator-object distance is changed.

Other types of collimators used occasionally with scintillation cameras 
include the pinhole collimator, the diverging collimator and the con
verging collimator.

The pinhole collimator (Fig 14-15) is used primarily to obtain high- 
resolution images of small organs (e.g., the thyroid) that can be posi
tioned near the pinhole. The major disadvantage of the pinhole collima
tor is its low sensitivity, since only a few of the photons emitted by the 
object are collected to form an image. Occasionally, a pinhole collimator 
with three apertures is used to provide three different views of a small 
organ simultaneously.

The diverging collimator (Fig 14-16) permits the scintillation camera

IP□r if iPI
\au, \mv

Fig 14-16. —Diverging collimator.
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Fig 14-17. —In zone plate imaging, each point of radioactivity casts a unique 
shadow onto the detector. (From Farmelant, M., DeMeester, G., Wilson, D., and 
Barrett, H.: Initial clinical experiences with a Fresnel zone-plate imager, J. Nucl. 
Med. 16:183,1975. Reprinted with permission.)

to image anatomical regions larger than the dimensions of the crystal. 
Compared to a parallel multihole collimator, there is some reduction in 
resolution with a diverging collimator. With the converging collimator, 
images with improved resolution can be obtained for organs smaller than 
the dimensions of the crystal. The resolution is improved because the 
object is projected over the entire crystal face, rather than onto a limited 
region of the crystal. Also, the photon collection efficiency is greater for a 
converging collimator than for a parallel multihole collimator used to 
image a small object. Hence, the influence of quantum noise is often less 
noticeable in images obtained with a converging collimator. Collimators 
that can be used in both the converging and diverging modes often are 
referred to as div/con  collimators.

C o d e d  a p e r t u r e  s u b s t i t u t e s  f o r  c o l l i m a t o r s . — Conventional col
limators provide the necessary positional relationship between the inter
action of a y ray in the crystal and the origin of the y ray in the patient. 
However, they are inefficient collectors of y rays because they reject all y 
rays except those arising within a relatively small solid angle. Also, con
ventional collimators often are the major factor influencing the resolu
tion of a scintillation camera image. As substitutes for conventional colli
mators, various coded apertures have been proposed. One of the sim
plest of these devices is the Fresnel zone plate, in which each point of 
radioactivity in front of the plate casts a unique shadow of the zone plate 
onto the detector (Fig 14-17). That is, points of radioactivity at the same
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Fig 14-18. —Optical reconstruction system for coded aperture imaging. (From 
Farmelant, M., DeMeester, G., Wilson, D., and Barrett, H.: Initial clinical experi
ences with a Fresnel zone-plate imager, J. Nucl. Med. 16:183, 1975. Reprinted 
with permission.)

distance from the zone plate cast shadows on the detector that are lateral
ly displaced from each other, and points at different distances from the 
zone plate cast shadows of different sizes. Because of the latter effect, 
information is projected onto the detector about the three-dimensional 
distribution of radioactivity in the patient.

To retrieve this information, the transmission data projected onto the 
detector may be recorded in coded form on film. When this coded image 
is placed in a coherent light beam, diffraction of the light produces an 
interpretable image that can be viewed telescopically (Fig 14-18). This 
image is tomographic, and movement of the eyepiece of the telescope 
allows one to visualize the distribution of radioactivity at different 
depths in the patient.

Many other coded apertures have been studied, including some that 
change continuously over the time in which radiation from the object is 
detected. All coded apertures developed so far have one major limita
tion, however; they exhibit very low sensitivity to large areas of radioac
tivity such as those usually encountered in nuclear medicine.

S c i n t i l l a t i o n  c r y s t a l . —Although Nal(Tl) crystals up to 20 in. in 
diameter are used in single-crystal scintillation cameras, the periphery 
of the crystal is always masked and does not contribute to image forma
tion. With an 11.5-in. diameter crystal, for example, only the center 10 in. 
is used to create an image. Masking is necessary to prevent distortion in 
the image caused by inefficient collection of light at the periphery of the 
crystal. To prevent physical damage to the crystal and to keep it free of 
moisture, the crystal is sealed between a thin (< 1 mm) aluminum canis
ter on the exterior surface and a glass or plastic plate on the interior sur
face.

The photopeak detection efficiency of a 0.5 in. thick Nal(Tl) detector 
varies from about 80% for " mTc (140 keV) to about 10% at 511 keV. Al
though increased detection efficiency could be achieved with thicker 
crystals, multiple scattering within the crystal also would increase, caus
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ing a reduction in the photon positioning accuracy of the camera. To fa
cilitate the escape of scattered photons from the crystal without multiple 
interactions, the thickness of the crystal is maintained purposefully at 
0.5 in.

When a y ray traverses the collimator and interacts in the crystal, it 
produces a flash of light that varies in brightness with the amount of en
ergy deposited in the crystal by the y ray. This light radiates from the 
interaction site and impinges upon the light guide between the Nal(Tl) 
crystal and the PM tubes.

L i g h t  g u i d e . — In addition to the protective glass plate, most camera 
detectors have a light guide, usually composed of Plexiglas, which trans
mits and distributes the light from the primary interaction site in the 
crystal to the surrounding PM tubes (Fig 14-19). The distribution of light 
within a light guide of properly chosen thickness (usually about 4 cm 
from the central plane of the crystal to the face of the PM tubes) results in 
increased counting efficiency and positioning accuracy. The light is 
transmitted with almost no loss because the sides of the light guide are 
coated with a reflective covering. Because the light guide is solid, the 
detector assembly can be positioned in different orientations without 
difficulty.

P h o t o m u l t i p l i e r  t u b e s . — The light transmitted to a particular P M  
tube strikes the photocathode element of the tube. In response, elec
trons are ejected from the photocathode and focused upon the first of 
8 - 1 4  positively charged electrodes referred to as dy nodes. The number 
of electrons ejected from the photocathode depends upon the amount of 
incident light. This number of electrons is multiplied in the remaining 
dynodes to yield 106- 108 electrons collected as a negative current pulse 
at the final electrode or anode for each electron released at the photo
cathode. The actual number of electrons finally collected at the anode

Fig 14-19. —Detector assembly of a single-crystal scintillation camera.
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(i.e., the size of the output signal) varies in direct proportion to the 
amount of light striking the photocathode.

One of the restrictions on image quality with a single-crystal scintilla
tion camera is the statistical fluctuation in the number of electrons eject
ed from the photocathode for a given amount of energy arriving at the 
photocathode in the form of visible light. This statistical fluctuation is 
determined primarily by the average number of electrons ejected per unit 
incident energy, and has been improved markedly by replacement of 
older SI 1-type PM tubes with tubes having photocathodes that release 
more electrons per unit of incident energy. Another improvement in 
noise reduction is the use of threshold preamplifiers that reject small 
signals from PM tubes distant from the interaction site in the crystal. 
These signals are rejected because they add significant noise without 
contributing substantially to image formation. Even with the newer 
tubes, however, statistical fluctuations in electron ejection from PM tube 
photocathodes establish a lower limit of about 70 keV for the energy 
range of y rays amenable to single-crystal scintillation camera imaging. 
Also contributing to this lower energy limit is the difficulty in using 
pulse height analysis to distinguish primary from scattered photons 
when the primary photon energies are low. For example, a 140-keV pho
ton from " mTc that is scattered at 45 degrees has an energy of 131 keV. 
This photon would be accepted by a 15% pulse height analyzer window 
centered on the photopeak and transmitting pulses corresponding to 
energies between 129.5 and 150.5 keV.

P h o t o m u l t i p l i e r  t u b e  p r e a m p l i f i e r s . — Each PM tube transmits its 
output electric signal to its own preamplifier (Fig 14-20). This circuit is 
used primarily to match the PM tube to the succeeding electric circuits; 
that is, the actual amplification of the signal usually is insignificant in the 
preamplifier. Preamplifiers offer the opportunity to tune the detector so 
that signals from the PM tubes are identical for a given amount of energy
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Fig 14-20.-D etector 
assembly and preamplifiers 
of a scintillation camera.
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Fig 14-21. —Preamplifiers and 
position encoding matrix circuits 
of the scintillation camera.

absorbed in corresponding regions of the detector. Many scintillation 
cameras use this approach to tuning the PM tube array.

POSITION e n c o d i n g  m a t r i x . —The PM tubes are positioned in a hexag
onal array above the scintillation crystal, with the spacing and separation 
from the crystal carefully controlled to provide an optimum combination 
of spatial uniformity and resolution. For the distribution of electric sig
nals emerging from the preamplifiers of these PM tubes, some operation 
must be performed to determine the site of energy absorption in the 
crystal. This operation is the function of the position encoding matrix 
(Fig 14-21). The signal from each preamplifier enters the matrix and is 
applied across four precision resistors to produce four separate electric 
signals for each PM tube. These signals are labeled: +x, —x, +y and —y.

For the PM tube in the center of the array, all four resistors are equal 
and all four signals are identical. On the other hand, a PM tube in the 
lower left quadrant in the array is represented in the matrix by +x and

Fig 14-22.—In the position encoding 
matrix for each photomultiplier tube, 
the PM signal is separated into four 
signals of relative sizes which reflect 
the position of the particular PM tube 
within the PM tube array.
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Fig 14-23. —Position and pulse height control circuitry of a scintillation 
camera.

+y resistors that are significantly different from the —x and —y resistors. 
A signal from the preamplifier of this PM tube furnishes —x and —y sig
nals that are larger than the + X  and +y signals (Fig 14-22). The actual 
magnitude of the signals from each four-resistor component of the en
coding matrix reflects the proximity of the corresponding PM tube to the 
origin of the light flash within the crystal.

S u m m a t i o n  A M P L IF IE R S .— From the encoding matrix, the position sig
nals for each PM tube are transmitted to four summation amplifiers. The 
+x signals for all of the PM tubes are added in one amplifier; the —x sig
nals for all of the tubes are added in a second summation amplifier; and 
so forth. The product of the summation operation is four electric signals, 
one for each of the four deflection plates in the cathode-ray tube.

D e f l e c t i o n  a m p l i f i e r s . — Before the signals are applied to the plates, 
however, they are transmitted to four deflection amplifiers where they 
are amplified, differentiated and shaped (Fig 14-23). Here the signals 
also are divided by the Z pulse (see below) to normalize the positioning 
signals to the summation signal representing the particular interaction. 
This normalization process permits the use of a relatively wide pulse- 
size acceptance range (i.e., a relatively wide window) without an unac
ceptable reduction in position accuracy. Among other adjustments in the 
deflection amplifiers, the signals are modified to furnish the exact size of 
image desired on the cathode-ray tube. Malfunctions of the deflection 
amplifiers often are responsible for distortions of the image, such as the 
production of elliptical images for circular distributions of radioactivity. 
Following the deflection amplifiers, the positioning signals are fed to the 
orientation control, where rotation switches on the camera console can 
be manipulated to alter the left-right and top-bottom presentation of 
the image on the camera console.
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Fig 14-24. — Cathode-ray image display device.

P u l s e  s u m m a t i o n  ( a d d i t i o n ) c i r c u i t . —In a circuit parallel to the 
deflection amplifiers, the four position signals are added to form the Z 
pulse, which is transmitted to the Z-pulse-forming circuit where it is 
differentiated and shaped. Next, the Z pulse is sent to the pulse height 
analyzer (PHA). In many cameras the PHA is a fixed bias circuit and the 
pulse height selection window is nonvariable. With a fixed bias PHA, 
pulses must be attenuated with an isotope range switch so that pulses 
representing total absorption of photons of a desired energy will be of 
the proper size to be accepted by the analyzer. Usually, the isotope 
range switch, with different attenuation settings for different photon 
energy ranges, is positioned in the camera circuitry before the position
ing signals branch to the addition circuit and deflection amplifiers.

If a particular pulse triggers the lower, not the upper, discriminator of 
the PHA, a microsecond negative pulse is transmitted to one input of an 
AND gate. The second input to the AND gate is furnished as soon as any 
previous pulse has dissipated. When the AND gate is activated, a micro
second unblanking pulse is furnished to the display cathode-ray tube, 
where it activates the CRT electron beam to produce a short burst of 
electrons. This burst of electrons produces a tiny light flash on the cath
ode-ray screen. The number of electrons in the burst, and hence the 
brightness of the light flash on the cathode-ray screen, is adjusted with 
the intensity control on the console of the scintillation camera. The un
blanking pulse also is transmitted to a scaler, which records the counts 
forming the image.

C a t h o d e -r a y  t u b e  (CRT).—The cathode-ray tube consists essentially 
of an electron gun, four deflection plates and a fluorescent screen that 
furnishes a flash of light when struck by the electron beam from the elec
tron gun (Fig 14-24). Normally, the electron beam is prevented from 
flowing across the cathode-ray tube; only during the brief interval when
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the signal from the PHA is received at the cathode-ray tube is the elec
tron beam permitted to flow and produce a light flash on the screen. Dur
ing this brief interval, the position signals are applied to the deflection 
plates so that the light flashes on the screen at a position corresponding 
to the site of y-ray absorption in the crystal.

Resolving Time Characteristics of Scintillation Cameras 
At relatively low sample activities, the count rate from a single-crystal 

scintillation camera varies linearly with the sample activity. At higher 
sample activities, however, this relationship is not maintained, and the 
count rate increases less rapidly than expected as the activity of the sam
ple is increased. The resulting loss of counts is termed the coincidence 
loss, and its magnitude depends on the resolving time of the camera. The 
resolving time is the minimum time required between successive inter
actions in the scintillation camera crystal for the interactions to be re
corded as independent events.

When scintillation cameras are used for dynamic function studies, the 
loss of counts at high count rates may be a significant problem. In studies 
of the heart, for example, a 1 5 -20  mCi bolus of activity may be present 
in the camera’s field of view. This high activity may yield as many as 
80,000 scintillations per second in the detector, and possibly even more 
if a converging collimator is used. At count rates this high, significant 
count rate losses occur, and quantitative interpretation of count rate data 
can be severely misleading.

For purposes of resolving time considerations, a scintillation camera 
may be considered as a two-component system, with a paralyzable com
ponent followed by a nonparalyzable component.5 In a paralyzable 
counting system, the minimum time required for the independent detec
tion of two separate interactions is extended if an interaction occurs 
within the recovery interval. With such a system, the count rate may de-

✓
/

/

Fig 14-25. —Count rate characteristics of a paralyzable and a nonparalyzable 
counting system.
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crease dramatically (i.e., the system may be paralyzed) for samples of 
exceptionally high activity (Fig 14-25). In a nonparalyzable system, a 
certain minimum time is required to process each interaction, but this 
time is not extended by an interaction occurring within the processing 
interval. With a nonparalyzable system and high sample activity, the 
count rate may reach a maximum plateau but will not decrease as the ac
tivity is increased. Many scintillation cameras exhibit a behavior inter
mediate between paralyzable and nonparalyzable systems. In general, 
the paralyzable component is the part of the camera that precedes the 
pulse height analyzer, and is a reflection primarily of the fluorescence 
decay time of the scintillation crystal. The fluorescence decay time of 
a Nal(Tl) crystal is characterized by a 0.25-/u,sec decay constant, with
0.8 fjisec required for 98% of all light to be released. The nonparalyzable 
component is the part of the camera, including scalers and data process
ing equipment, that follows the pulse height analyzer.

A number of methods have been proposed for correcting scintillation 
camera data for coincidence count rate loss. If the resolving time were 
known for a particular camera, for example, one could estimate true 
counts from observed counts, provided that the resolving time is inde
pendent of factors such as activity position across the detector face, and
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that the summation of small coincident pulses to produce pulses trans
mitted by the PHA could be estimated. One rather widely used method 
to correct for coincidence count rate loss utilizes the count rate from a 
small radioactive marker source positioned near the periphery of the 
camera’s field of view. In place of the radioactive marker source, an elec
tronic marker such as a pulse generator may be used.

The Multiple-Crystal Scintillation Camera
The multiple-crystal approach to scintillation camera design was 

pioneered by Bender and Blau, who introduced the concept of the auto- 
fluoroscope in 1963.6 In this device, 294 discrete Nal(Tl) crystals are 
arranged in a matrix of 21 columns and 14 rows, with each crystal 5/i6 by 
5/i6 in. in cross section and 1.5 in. thick (Fig 14-26). The center-to-center 
spacing of the crystals is 7/i6 in., yielding dimensions of 6  by 9 in. for the 
entire crystal array. For most applications, each crystal is equipped with 
its own collimator and contributes one resolution element to the image. 
Each crystal in the array is viewed by two Plexiglas light guides, with 
each guide receiving half the light released during an interaction in the 
crystal. One of the light guides is coupled to one of 21 “column” PM 
tubes, and the other is coupled to one of 14 “row” PM tubes. With this 
coupling arrangement, each of the 294 crystals is identified uniquely by 
the combination of column and row PM tubes to which it is connected. 
Pulses arising simultaneously from light flashes in more than one crystal 
are rejected by anticoincidence circuitry, so that interactions caused by 
scattering of photons between crystals in the detector matrix are not reg
istered. From each PM tube, the signal is fed through a preamplifier and 
linear amplifier to a specific location in computer memory. When a sig
nal is received, the number stored at this location is increased by 1, pro
vided that the signal represents the total absorption of a photon of inter
est in the crystal. This requirement is satisfied if the summed signal from 
all 35 PM tubes passes the pulse height analyzer, and if only one signal 
is received from all 21 column PM tubes and only one signal is received 
from all 14 row PM tubes.

In a single-crystal scintillation camera, the detection of y-ray interac
tions includes determination of the spatial coordinates of the interaction. 
In a multiple-crystal camera, the detection of an interaction does not in
clude the collection of position information, and much higher count rates 
can be processed without significant count rate loss or positioning errors. 
In the multiple-crystal camera, the resolving time is determined essen
tially by the speed with which an event can be processed electronically, 
rather than by the fluorescence decay time of the crystal.

The resolution of the multiple-crystal camera is limited intrinsically 
by the size of each detector element. However, the resolution can be
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Fig 14-27.—The Csl (Tl) mosaic multiple-crystal scintillation camera (Quanta- 
scope). (Courtesy of Harshaw Chemical.)

improved markedly by moving the patient incrementally in the x and y 
directions so that each resolution element is divided into 16 subele
ments. With this motion of the scanning bed supporting the patient, the 
294 resolution elements are subdivided essentially into 294 x 16 = 
4,704 subelements, with the final image reassembled by computer. For 
anatomical regions larger than the 9.3 by 6.3 in. viewing area of the de
tector, two successive adjacent 16-position images can be reassembled 
by computer to furnish a single image containing 9,408 picture elements.

A second approach to the design of a multiple-crystal scintillation 
camera utilizes a mosaic of 2,515 CsI(Tl) crystals, each Vs in. wide and 
Vs in. long (Fig 14-27). The crystal mosaic is positioned on the face of an 
image intensifier tube with a 10 in. diameter photocathode. This instru
ment provides pulse height discrimination with a light deflection plate 
mounted behind the output phosphor. The plate guides the light from a 
single interaction onto a photomultiplier tube connected to an amplifier 
and pulse height analyzer. If the amount of light corresponds to the total 
interaction of a y ray of interest, a returning pulse from the PHA circuit 
moves the deflection plate so that the remaining light pulse is recorded 
on photographic film. This approach to pulse height discrimination is 
somewhat marginal, because only the first part of the light pulse is avail
able for analysis, as the remainder of the pulse must either be recorded 
or not recorded. However, pulse height analysis is not required in appli
cations such as radionuclide angiocardiography. The major advantage of 
the CsI(Tl) mosaic scintillation camera is its high count rate capacity, 
limited only by the fluorescence decay time of the CsI(Tl) mosaic and 
the output phosphor of the image intensifier tube. The capacity of the
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CsI(Tl) mosaic camera to function at high count rates has facilitated ap
plications of this device to radionuclide angiocardiographic studies in 
which rapid sequential images are obtained of the passage of high-activ- 
ity boluses through the heart.7

MULTIPLANE TOMOGRAPHY
The multiplane tomographic scanner provides multiple tomographic 

images at different depths following a single rectilinear scan of the pa
tient. With a single-detector scanner, six tomographic images are provid
ed; this number of images is doubled with a dual-head scanner that has 
detectors on opposite sides of the patient. In each image, point sources 
are imaged faithfully if they are in the corresponding tomographic plane. 
They are imaged as blurred disk sources if they are above or below the 
tomographic plane. In the commercial version of the multiplane tomo
graph, an 8.5 in. diameter by 1 in. Nal(Tl) crystal is viewed by seven 3 
in. diameter PM tubes. The crystal is equipped with a collimator that is 
focused about 3.5 in. below the collimator face. The circuitry for the PM 
tubes and successive electronics is similar to that described for the scin-

Fig 14-28.—Detector assembly for the multiplane tomographic scanner. 
(From Anger, H. O.: Tomography and Other Depth-Discrimination Techniques, 
in Hine, G. [ed.]: Instrumentation in Nuclear Medicine [New York: Academic 
Press, 1974], vol. 2, p. 71. Reprinted with permission.)
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filiation camera, including a cathode-ray tube that provides light flashes 
on a fluorescent screen at locations corresponding to the sites of interac
tions of y rays in the crystal.

To understand the operation of a multiplane tomographic scanner, con
sider a detector moving from right to left across a point source in plane A 
(Fig 14-28). On the cathode-ray tube, the image of the point source 
moves from left to right across the screen. Next consider the detector 
moving from right to left across a similar source in plane B. At the pe
riphery of plane B, the source is outside the field of view of the detector 
and no image of the source is produced. As the source enters the field of 
view, an image is produced and moves left to right across the screen at a 
faster rate than the source in plane A. This situation is accentuated for a 
source in plane C, since the source appears for only a moment in the 
field of view and moves very rapidly across the screen. A source in plane 
D behaves as one in plane C, except that the image is inverted and the 
source appears to move from right to left. Similarly, plane E is like plane 
B, and plane F is like plane A, except that the source moves in the oppo
site direction.

In the photographic display unit, the apparent relative motion of the 
cathode-ray tube and film is synchronized with the motion of the detec
tor across the patient. During this motion, the image of the cathode-ray 
tube is projected sequentially and repeatedly to 6  (or 12 with the dual
head scanner) different regions of the film, with each region furnishing 
an image of a separate tomographic plane in the patient. For each image, 
the sweep frequency of the cathode-ray tube is adjusted so that the elec
tron beam of the CRT sweeps across the fluorescent screen at the same 
velocity but in the opposite direction to the movement across the screen 
of the image of a point source in the corresponding tomographic plane. 
In this manner, the image of a point source remains stationary on the 
fluorescent screen, provided that the point source is in the tomographic 
plane. That is, an in-focus image of the point source is produced on the 
screen. For a point source above or below the tomographic plane, the 
movement of the image of the source across the screen is not balanced by 
the sweep velocity of the electron beam, and the image is blurred across 
the fluorescent screen. Hence, only point sources in the tomographic 
plane are maintained in focus in the corresponding image. By changing 
the sweep velocity of the electron beam from one of the six images to the 
next, six tomographic images at different depths in the patient can be 
obtained.

The first multiplane tomographic scanner was developed by Anger in 
1969. Although in-depth resolution is available with this scanner, it is 
important to note that the blurring of activity outside a particular tomo
graphic plane may not be complete if the activity is well localized and 
considerably different from the activity in the tomographic plane.
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PROBLEMS
°1. The uptake of I31I was measured for a patient treated for hyperthyroidism 

with the same radioactive puclide 2 months previously. The count rates 
were:

For 131I standard on day 0 13,260 CPM
For 131I standard 24 hr later 12,150 CPM
For patient on day 0 before ,31I administered 6,140 CPM 
For patient 24 hr later 12,840 CPM

Compute the percent uptake of 1311 in the thyroid gland. Ignore the contri
bution of background radiation to the count rates, but include the contribu
tion from residual mI.

°2. A patient was given 3 juCi of ,31I-RISA. A second 3-ju.Ci sample was diluted 
to 3,000 ml. A 5-ml aliquot of this solution provided a count rate of 3,050 
CPM. A 5-ml sample of the patient’s blood provided a count rate of 1,660 
CPM. What is the patient’s blood volume?

3. Describe a method with a radioactive nuclide to determine the volume of a 
large container.

°4. The following count rates were recorded 24 hr after administration of 10 
/iCi 131I to a patient:

For patient’s thyroid 1,831 CPM
For patient’s thyroid shielded by lead block 246 CPM
For standard source in thyroid phantom 3,942 CPM
For standard shielded by lead block 214 CPM

What is the percent uptake?
**5. Line-source response functions were measured for a Nal(Tl) scintillation 

detector and a multihole focused collimator. Which functions resemble a 
normal probability curve more closely:
a. A response function measured with a 198Au source (y ray of 412 keV) or a 

response function measured with an 241Am source (y ray of 60 keV)?
b. A response function measured with a 51Cr source (y ray of 320 keV) or a 

response function measured with a 197Hg source (y and x rays of about 
70 keV)?

6 . Explain the use with a gamma camera of: (a) a pinhole collimator, (b) a par
allel multihole collimator, (c) a diverging collimator and (d) a converging 
collimator. Explain why the sensitivity does not change greatly as the dis
tance varies between the patient and the face of a parallel multihole colli
mator.

7. Explain why the minimum resolution distance of an autofluoroscope is 
about equal to the width of a crystal in the detector mosaic.

8 . Scalloping refers to the uneven borders of the image produced by a single
crystal rectilinear scanner. Explain why scalloping occurs. Why is scallop
ing enhanced if a longer time constant is used and reduced if a shorter time 
constant is used?

9. Explain the operation and usefulness of the contrast enhancement control 
of a rectilinear scanner.

* 10. For an information density of 1,200 counts/sq cm, what scan speed is neces
sary if the line spacing is Vi6  in. and the average count rate is 7,500 CPM?

11. Describe the reasons for limiting the useful range of a scintillation camera 
from about 70 keV to about 600 keV.

°F or those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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12. Explain why, compared to a parallel multihole collimator, a converging col
limator yields superior images for small distributions of radioactivity.
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15 / Roentgenography

T h e  EXPR ESSIO N  roentgenography refers to procedures for recording, 
displaying and using information carried to a film by an x-ray beam. Sat
isfactory images are recorded only if enough information is transmitted 
to the film by x rays emerging from the patient. Also, unnecessary infor
mation and background “noise” must not interfere with extraction of the 
information desired. Procedures for recording the information desired 
and for reducing extraneous information and noise are described in this 
chapter.

X-RAY FILM
X-ray film is available with an emulsion on one side (single-emulsion 

film) or both sides (double-emulsion film) of a transparent film base 
which is about 0.2 mm thick (Fig 15-1). The base is either cellulose ace
tate or a polyester resin. Single-emulsion film is less sensitive to radia
tion and is used primarily when exceptionally fine detail is required in 
the image. The emulsion is composed of silver halide granules, usually 
silver bromide, which are suspended in a gelatin matrix. The emulsion is 
covered with a protective coating (T coat) and is sensitive to visible and 
ultraviolet light and to ionizing radiation. Film used with intensifying 
screens is most sensitive to the wavelengths of light emitted by the 
screens. Nonscreen film is designed for direct exposure to x rays and is 
less sensitive to visible light.

The Photographic Process
The granules of silver bromide in the emulsion of an x-ray film are 

affected when the film is exposed to ionizing radiation or to visible light. 
Electrons are released as energy is absorbed from the incident radiation. 
These electrons are trapped at “sensitivity centers” in the crystal lattice 
of the silver bromide granules. The trapped electrons attract and neutral
ize mobile silver ions (Ag+) in the lattice. Hence, small quantities of 
metallic silver are deposited in the emulsion, primarily along the surface 
of the silver bromide granules. Although these changes in the granules 
are not visible, the deposition of metallic silver across a film exposed to 
an x-ray beam is a reflection of the information transmitted to the film by 
the x radiation. This information has been captured and stored as a latent 
image in the photographic emulsion.

When the film is placed in a developing solution, additional silver is
291
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 . . . . . . . . . T coat
Fig 15-1. —Cross section of an x-ray «_ e mû si m

film. The base is cellulose acetate or a 7
polyester resin, and the emulsion ( *~ b08e
usually is silver bromide suspended in adhesive
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deposited at the sensitivity centers. Hence, the latent image induced by 
the radiation serves as a catalyst for the deposition of metallic silver 
upon the film base. No silver is deposited along granules that are unaf
fected during exposure of the film to radiation, and these granules are 
removed by sodium thiosulfate or ammonium thiosulfate present in the 
fixing solution. The fixing solution also contains potassium alum to hard
en the emulsion and acetic acid to neutralize residual developer present 
on the film. The degree of blackening of a region of the processed film 
depends on the amount of free silver deposited in the region and, conse
quently, on the number of x rays absorbed in the region.

Optical Density and Film Gamma 
The amount of light transmitted by a region of processed film is de

scribed by the transmittance T, where

______ Amount light transmitted by a region of film______
Amount light received at same location with film removed

(15-1)

T =

The degree of blackening of a region of film is described as the optical 
density (OD) of the region. The optical density is

OD = log ( i )  (15-2)

Often, the optical density is referred to as the “density” of the film.

Example 15-1
A region of processed film transmits 10% (T = 0.1) of the incident light. 

What is the optical density of the region?

T = 0.1 

OD = log (A)

=  log (al)
= log (10) 
= 1

Exam ple 15-2
A second film with a transmittance of 0.1 is superimposed over the film de

scribed in Example 15-1. What is the optical density of the combination?



The transmittance of the combination is

T = (0.1X0.1) = 0.01

X -R a y  F il m  2 9 3

The optical density is

OD = log ( j )

= log (<m)
= log (1 0 0 )
= 2

The relationship between transmittance and optical density is de
picted graphically in Figure 15-2. The optical density across most 
roentgenograms* varies from 0.3 to 2, corresponding to a range of trans-

0 1 2  3
OPTI CAL DENSITY

Fig 15-2.—The relationship between optical density and transmittance of 
x-ray film.

°A roentgenogram  is a processed film that has been exposed to x radiation or to light 
from intensifying screens. A ro entgenograp hic im age  is an image present on a roentgeno
gram.
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Fig 15-3.-Characteristic curve 
for an x-ray film. The average 
gradient for the film is 1.9 over 
the density range 1.0-2.0.

I
Fig 15-4. —Photograph (A) of a plastic test object and roentgenograms of the 

object obtained with screen-type films, and an exposure on the toe (B), middle 
(C) and shoulder (D) of the characteristic curve. The contrast of the image is 
highest for the exposure on the straight-line portion of the curve. (Figures 15-4 
to 15-10 from Sensitometric Properties of X-ray Films [Rochester, N.Y.: Radiog
raphy Markets Division, Eastman Kodak Company].)
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Fig 15-5. —Characteristic curves 
for a nonscreen x-ray film exposed 
to heavily filtered x-ray beams 
generated at different tube 
voltages. Developing conditions 
were constant for all curves.

mittance from 50% to 1%. Roentgenograms with an optical density 
greater than 2  usually must be viewed with a light source (a “hot light”) 
more intense that the ordinary viewbox.

The optical density of a particular film or combination of film and in
tensifying screens may be plotted as a function of the exposure or [log 
(exposure)] to the film. The resulting curve is termed the characteristic 
curve, sensitom etric curve or H-D curve for the particular film or film- 
screen combination (Fig 15-3). The expression “H-D curve” is derived 
from the names of Hurter and Driffield, who in 1890 first used character
istic curves to describe the response of photographic film to light. The

3.5

3 .0

55 2.5  z
2.0

<
o  | ,5

a.o
1.0

0 .5

Fig 15-6. — Characteristic 
curves for a screen-type x-ray 
film developed for a series of 
times at 68 F.

0 ------------ 1------------1_______i_______i i ■
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Log (RELATIVE EXPOSURE)
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Fig 15-7. — Characteristic 
curves for a screen-type x-ray 
film developed for 5 minutes at a 
series of developing 
temperatures. Log (RELATIVE EXPOSURE)

region below the essentially straight-line portion of the characteristic 
curve is referred to as the toe of the curve. The shoulder is the region of 
the curve above the straight-line portion. A roentgenogram with optical 
densities in the region of the toe or the shoulder furnishes an image with 
inferior contrast (Fig 15-4). The exposure range over which acceptable 
optical densities are produced is known as the latitude of the film. 
The shape of the characteristic curve for a particular film is affected by 
the quality of the x-ray beam used for the exposure (Fig 15-5) and by the 
conditions encountered during development (Figs 15-6 and 15-7). Con
sequently, the tube voltage used to generate the x-ray beam and the 
temperature, time and solutions used for processing the film should be 
stated when a characteristic curve for a particular film or film-screen 
combination is displayed.

The radiation exposure to an x-ray film should be sufficient to place the
range of optical densities exhibited by the processed film along the es
sentially straight-line portion of the characteristic curve. The average 
slope of this portion of the curve is referred to as the average gradient of 
the film. The average gradient for a film is

Average gradient = : =* p 1 (15-3)log -Xg log Xj

where D2 is the optical density resulting from an exposure X2, and Dl is 
the optical density produced by an exposure Xj (Fig 15-3). Often, D, and 
D2 are taken as optical densities of 0.3 and 2.0, respectively. Films with 
higher average gradients tend to furnish images with higher contrast



X -R a y  F il m 297

1000 
800  

9  600
_  4 0 0O

200
Q>e>
cVe

u>c«■o
oo
Q.o

a
k.o

100
80
60
40

20

10

Heavy
filtration

Light

10
I I I i  m i i i i mu

40 60 100 200 600
KILOVOLTS PEAK

_L 
2000

Fig 15-8. —Exposure for an optical density of 1.0 above base density, ex
pressed as a function of the quality of the x-ray beam used to expose the film. 
The speed of the film is the reciprocal of the exposure in roentgens required for 
a density of 1.0 above base density.

(more blacks and whites and fewer shades of gray) than do films with 
lower values of the average gradient. Since contrast and latitude are re
ciprocally related, films with high average gradients also provide rela
tively short latitudes, and vice versa. The maximum value of the slope of 
the characteristic curve is termed the gamma (y) of the film. The gamma 
for a film may be defined explicitly as the slope at the inflection point of 
the characteristic curve.

Example 15-3
In Figure 15-3, D2 = 2.0, log X2 = 1.52, D1 = 1.0 and log Xt = 1.00. What is the 

average gradient for the film in this region of optical density?

Average gradient =
D„ -  D,

log X 2 -  log 
2.0 -  1.0

(15-3)

1.52 
= 1.9

1.00

Film Speed
The length of the toe of a characteristic curve and the position of the 

characteristic curve along the exposure axis are described by the film  
speed  or film  sensitivity. The film speed is

Fi m spee Exposure in R required for an OD of 1.0 above base density
(15-4)
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Example 15-4
What is the speed of the x-ray film in Figure 15-3, if 20 milliroentgens (mR) 

are required to produce an optical density of 1 . 0  above base density?

Film speed Exposure in R required for an OD of 1.0 above base density
_ J _  (15-4)

0.02 
= 50

The toe is short for high-speed film or film-screen combinations, and 
longer for film with lower speed. High-speed film is referred to as “fast” 
film and film with lower speed is said to be “slow.” The speed of a film 
depends primarily on the size of the silver bromide granules in the 
emulsion. A film with large granules is faster than a film with smaller 
granules. Speed is gained by requiring fewer x-ray or light photons to 
form an image. Hence, a fast film furnishes a “noisier” roentgenographic 
image in which fine detail in the object may be less visible (see chap. 18).

Film speed varies with the energy of the x rays used to expose the film 
(Fig 15-8). For nonscreen film, the film speed is greatest when the spec
tral distribution of the x-ray beam is centered over the K-absorption edge 
(25 keV) of silver.

Film Reciprocity
For most exposure rates encountered in roentgenography, the shape of 

the characteristic curve is unaffected by changes in the rate of exposure 
of the film to x radiation. The independence of optical density and expo
sure rate is referred to as the reciprocity law. The reciprocity law some
times fails if a film is exposed at either a very high or a very low exposure 
rate. In these situations, a particular exposure delivered at a very high or 
very low rate provides an optical density less than that furnished by an 
exposure delivered at a rate nearer optimum. However, a decrease in 
optical density usually is not noticeable unless the film is exposed with 
intensifying screens and unless the exposure rate differs from the opti
mum by a factor of at least eight.1 For film exposed with rare earth inten
sifying screens, failure of the reciprocity law has been observed over a 
more restricted range of exposure rates.2

Inherent Optical Density and Film Fogging
The optical density of film processed without exposure to radiation is 

referred to as the inherent optical density (base density) of the film. The 
inherent optical density is a reflection primarily of the absorption of light 
in the film base, which may be tinted slightly. Most x-ray film has an in
herent optical density of about 0.07.
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DEVELOPMENT TIME (Minutes)
Fig 15-9. —Effect of development time on film speed, film gradient and fog.

Fogging of an x-ray film is caused by the deposition of metallic silver 
without exposure to radiation and by the undesired exposure of a film to 
radiation (usually background radiation). For example, an exposure as 
small as 1 mR to a high-speed film may produce a significant amount of 
fogging. The optical density attributable to fog may be as low as 0.05 for 
fresh film but increases with the storage time of the film, particularly if 
the temperature of the storage facility is not below room temperature. An 
inherent-plus-fog optical density greater than 0 .2  is considered exces
sive.3

Processing X-Ray Film 
Properties of x-ray film that affect the quality of a roentgenographic 

image include contrast, speed and the ability of the film to record fine 
detail. Any two of these properties may be improved at the expense of 
the third, and a particular type of film is chosen only after a compromise 
has been reached among the various properties.

The properties of x-ray film are affected to some extent by the condi
tions encountered during processing. The speed of an x-ray film in
creases initially with development time. With a long development time, 
however, film speed reaches a plateau and even may decrease (Fig 15-9). 
Fogging of an x-ray film increases with time spent in the developing so
lution. The average gradient of a film increases initially with develop-
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ment time and then decreases. The development time recommended by 
the supplier of a particular type of x-ray film is selected to provide ac
ceptable film contrast and speed with minimum fogging of the film.

The temperature of the developing solution also affects film speed, fog 
and contrast (Fig 15-10). For films processed manually, a temperature of 
6 8  F usually is recommended for the developing solution, and the devel
opment time is chosen to furnish satisfactory contrast and speed with 
minimum fogging. With automatic, high-speed processors, the tempera
ture of the developing solution is elevated greatly (85-95  F), and the 
development time is reduced. The relationship between development 
time and temperature of the developing solution is illustrated in Ta
ble 15-1.

TABLE 15-1.-RELATIONSHIP BETWEEN 
DEVELOPMENT TIME AND 

TEMPERATURE OF DEVELOPING 
SOLUTION FOR PARTICULAR 

X-RAY FILM*

DEVELOPER TEMPERATURE
(°F)

DEVELOPMENT TIME 
(min)

60 9
65 6
68 5
70 4V4
75 3

“From Seemann.3
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Contrast, speed and fog are not affected greatly by changes in the fixa
tion time or the temperature of the fixing solution. However, a decrease 
in film speed and contrast and an increase in film fog may be noticeable 
if the fixation time is prolonged greatly.

Film Resolution
The resolution  (detail, definition, sharpness) of roentgenographic and 

fluoroscopic images is discussed in detail in Chapter 18. In general, reso
lution describes the ability of an x-ray film or a fluoroscopic screen to 
furnish an image that depicts differences in the transmission of radiation 
by adjacent small regions of a patient. A detector with “good” or “high” 
resolution provides an image with a good rendition of fine structures in 
the patient. A detector with “poor” or “coarse” resolution furnishes an 
image that depicts only relatively large anatomical structures in the pa
tient.

Xeroradiography and Ionic Radiography 
X-ray film is expensive and is not reusable, although unused silver can 

be retrieved from processing solutions. Hence, alternate methods for 
recording the roentgenographic image are of considerable interest. One 
alternate method is xeroradiography, in which a positively charged sele
nium plate replaces the x-ray film. When the selenium plate is exposed 
to radiation, the positive charge is reduced in different regions across the 
plate, depending upon the exposure delivered to each region. The re
sulting distribution in residual positive charge constitutes a latent image 
on the plate. The latent image is developed by dusting a plastic sheet 
over the plate with a blue developing powder called toner. The amount 
of toner collected in each region depends on the residual positive charge 
of the region. After the toner has settled, it is fixed into position and the

NEGATIVE ELECTRODE

1% PLASTIC SHEET
'/A   X ---------------X ---------------------X -------------------X ------------------- ----------------------T ---------

Xe+
 T T T

^  Xe+ Xe+ Xc+ Xe+
§  XENON GASe-  Xe+
f t  e" e" e“  I e" f

i l l  i I

PO SITIVE ELECTRODE

Fig 15-11. —Imaging chamber for ionic radiography. (From Hendee, W., Cha
ney, E., and Rossi, R.: Radiologic Physics, Equipment and Quality Control [Chi
cago: Year Book Medical Publishers, Inc., 1977].)
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sheet is removed and viewed by reflected light. Because the toner tends 
to accumulate at boundaries where the distribution of positive charge is 
changing, the xeroradiographic process enhances the image of edges 
between different structures in the patient.4 Xeroradiography is consid
ered by many clinicians to be the preferred imaging technique for 
mammography. Other applications such as identification of hairline frac
tures in the extremities are being developed for this technique.

A related substitute for x-ray film is electronic or ionic radiography. In 
this approach, an uncharged plastic sheet is placed on the negative elec
trode of an exposure chamber containing xenon gas under pressure (Fig 
15-11). During exposure of the chamber, the xenon gas is ionized and the 
positive ions are collected by the plastic sheet. In each region of the 
sheet, the positive charge collected depends on the amount of ionization 
occurring in the chamber immediately below the region. This distribu
tion of positive charge contributes a latent image. As in xeroradiography, 
the latent image may be developed with a dry powder, although process
ing with wet chemicals has been more successful with ionography. Since 
the plastic sheet is transparent, it may be viewed with transmitted light 
from a conventional viewbox. Although ionic radiography is a relatively 
recent development, it is a promising replacement for x-ray film.

INTENSIFYING SCREENS
For an x-ray beam of diagnostic quality, only about 2 -6 %  of the total 

energy in the beam is absorbed in the emulsion of an x-ray film exposed 
directly to the beam. The amount of energy absorbed is even smaller for 
x rays of greater energy. Consequently, direct exposure of film to x rays is 
a very inefficient utilization of energy available in the x-ray beam. This 
procedure is used only when images with very fine detail are required. 
For most roentgenographic examinations, the x-ray film is sandwiched 
between intensifying screens. The intensifying screens furnish a light 
image that reflects the variation in exposure across the x-ray beam. This 
light image is recorded by film that is sensitive to the wavelengths of

Fig 15-12. —Construction of Protective 
. r  . . .  . . .  coating -*a typical intensifying screen.
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light emitted by the screen. The mechanism for the radiation-induced 
fluorescence of an x-ray intensifying screen is similar to that discussed in 
Chapter 11 for a Nal(Tl) scintillation crystal.

Composition and Properties
The construction of an intensifying screen is diagramed in Figure 15- 

12. The backing is cardboard, plastic or, less frequently, metal. The 
backing is coated with a white pigment which reflects light. The reflect
ing layer is covered by an active layer, which is composed of small gran
ules of fluorescent material embedded in a plastic matrix. The granule 
diameters range from about 4 to about 8 microns. The thickness of the 
active layer ranges from perhaps 50 /jl for a detail screen to about 300 fx 
for a fast screen. The active layer is protected by a coating about 0.001 in. 
thick, which is transparent to the light produced in the active layer.

Desirable properties of an x-ray intensifying screen include:
1. A high attenuation coefficient for x rays of diagnostic quality.
2. A high efficiency for the conversion of energy in the x-ray beam to 

light.
3. A high transparency to light released by the fluorescent granules.
4. A low refractive index so that light from the granules will be re

leased from the screen and will not be reflected internally.
5. An insensitivity to handling.
6 . An emission spectrum for the radiation-induced fluorescence 

which matches the spectral sensitivity of the film used.
For use with conventional x-ray film, the light should fall in the blue- 

violet or near-ultraviolet range of wavelengths.
7. A reasonably short time for fluorescence decay.
8 . A minimum loss of light by lateral diffusion through the fluorescent 

layer. To reduce this loss of light, the fluorescent layer is composed of 
granules and is not constructed as a single sheet of fluorescent material.

9. Low cost.
Crystalline calcium tungstate, with an emission spectrum peaked at 

4,200 A, is the fluor used in most x-ray intensifying screens. For most 
calcium tungstate screens, the efficiency is about 2 0 -5 0 %  for the con
version of energy in the x-ray beam to light.5 ,6 Barium lead sulfate, with 
an emission spectrum peaked in the ultraviolet region (3,600 A), is used 
also as a fluorescent material in intensifying screens. This material is 
useful particularly for roentgenography at higher tube voltages. Zinc 
sulfide (4,400 A) is used occasionally in intensifying screens, particularly 
for radiography at lower tube voltages. Ter-Pogossian7 has shown that 
screens with fluorescent layers of potassium iodide activated with thal
lium (4,300 A) are five times faster than medium-speed calcium tungstate 
screens and provide almost the same resolution.
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The K-absorption edge (69.5 keV) of tungsten, the principal absorbing 
element in calcium tungstate screens, is above the energy of most pho
tons in a diagnostic x-ray beam. Increased absorption of diagnostic x rays 
would occur if tungsten were replaced by an absorbing element of re
duced Z with a K-absorption edge in the range of 35 to 50 keV. Elements 
with K-absorption edges in this energy range include rare earth ele
ments such as gadolinium, lanthanum and yttrium. These elements, 
complexed in oxysulfide or oxybromide crystals and embedded in a plas
tic matrix, have been introduced recently as substitutes for calcium 
tungstate in intensifying screens. Rare earth screens exhibit not only an 
increased absorption of diagnostic x rays but also an increased efficiency 
in the conversion of absorbed x-ray energy to light. Hence, rare earth 
screens are faster than their calcium tungstate counterparts. This in
creased speed facilitates one or more of the following changes in radio- 
graphic technique:

1. Reduced exposure time and decreased motion unsharpness in the 
image.

2. Reduced tube current and more frequent use of small focal spots.
3. Reduced tube voltage and improved contrast in the image.
4. Reduced production of heat in the x-ray tube.
5. Reduced patient exposure.

Although some rare earth screens emit blue light and can be used with 
conventional x-ray film, others emit yellow-green light and must be used 
with special yellow-green-sensitive film.8

The efficiency with which energy in an x-ray beam is converted to 
light increases with the thickness of the fluorescent layer. Hence, the

Fig 15-13.—The total photographic effect obtained by combining an intensi
fying screen and a photographic film with a wavelength sensitivity that extends 
above and below the emission spectrum for the screen.
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Fig 15-14.—The total photographic effect is reduced if the spectral sensitivity 
of the film is matched too closely to the emission spectrum of the intensifying 
screen.

efficiency of energy conversion is greater for a screen with a thick 
emulsion (i.e., a fast screen) than for a screen of medium speed (a par- 
speed screen) or for a slow screen (a detail screen). However, the res
olution of the roentgenographic image decreases with increasing speed 
of the intensifying screen. For example, the maximum resolution is 
6 - 9  lines/mm for a typical fast screen, 8 -1 0  lines/mm for a par-speed 
screen and 1 0 -1 5  lines/mm for a detail screen when measured under 
laboratory conditions. The resolution obtained clinically with these 
screens usually is considerably less.

The wavelength of light emitted by an intensifying screen should cor
respond closely with the spectral sensitivity of the film used. Usually, the 
sensitivity of the film extends to wavelengths both above and below 
those emitted by the screen (Fig 15-13). The total photographic effect is 
decreased if the spectral sensitivity of the film is matched too closely to 
the emission spectrum for the screen (Fig 15-14).

The intensification fa c tor  of a particular screen-film combination is 
the ratio of exposures required to produce an optical density of 1.0  with
out and with the screen in position.

Intensification factor
_ Exposure required to produce an OD of 1.0 without screen 

Exposure required to produce an OD of 1.0 with screen
(15-5)

The intensification factor for a particular screen-film combination varies 
greatly with the energy of the x rays used for the radiation exposure.
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Fig 15-15.—Effect of intensifying screens on exposure time and image detail. 
A, roentgenogram exposed without a screen and requiring 125 mAs. B, roent
genogram exposed with a fast calcium tungstate screen and requiring 7 mAs.

Usually, a double-emulsion film is sandwiched in a cassette between 
two intensifying screens. In some cassettes, the fluorescent layer behind 
the film is thicker than the layer in front. The resolution of the roentgen- 
ographic image is reduced severely if both screens are not in firm contact 
with the entire surface of the film.

A reduction in exposure time is the major advantage of x-ray intensify
ing screens. Shorter exposures reduce the loss in resolution caused by 
voluntary and involuntary motion of the patient. Also, the exposure of 
the patient to radiation is reduced if a shorter exposure time is used. 
Shown in Figure 15-15 are roentgenograms obtained with and without a 
fast calcium tungstate screen. The film exposed without a screen re
quired an exposure of 125 mAs. An exposure of 7 mAs was required for 
the film exposed with the intensifying screen.

The influence of scattered radiation on the roentgenographic image is 
reduced somewhat when intensifying screens are used, because scat
tered x rays with reduced energy are absorbed preferentially in the up
per portions of the phosphor layer of the screen. Many of the light pho
tons produced by these scattered x rays are absorbed before they reach 
the film.

A few precautions are necessary to prevent damage to an intensifying
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screen. For example, cassettes with intensifying screens should be 
loaded carefully with film to prevent scratching of the screen surface and 
accumulation of electric charge, which can produce images of static dis
charges on the roentgenogram. Moisture on the screen may cause the 
film to adhere to the screen. When the film and screen are separated, part 
of the screen may be removed. A screen may be stained permanently by 
liquids such as developing solution, and care must be taken to insure 
that liquids are not splashed onto the screen. The surface of the screen 
must be kept clean and free from lint and other particulate matter. Al
though screens may be washed with a soap solution or a weak wetting 
agent, organic solvents should be avoided because the active layer may 
be softened or otherwise damaged by these materials.

RADIOGRAPHIC GRIDS
Information is transmitted to an x-ray film by unattenuated primary 

radiation emerging from a patient. Radiation scattered within the patient 
and impinging on the film tends to conceal this information by produc
ing a general photographic fog on the film. The amount of radiation scat
tered to a film increases with the volume of tissue exposed to the x-ray 
beam. Hence, a significant reduction in scattered radiation may be 
achieved by confining the x-ray beam to just the region of interest within 
the patient. In fact, proper collimation of an x-ray beam is essential to the 
production of roentgenograms of highest quality.

Much of the scattered radiation that would reduce the quality of the 
roentgenographic image may be removed by a radiographic grid be
tween the patient and the x-ray film or screen-film combination. A radio-

Grid Interspace
strips material

Fig 15-16.—A radiographic grid is used to remove scattered radiation emerg
ing from the patient. Most primary photons are transmitted through the grid 
without attenuation.
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FOCUSED GRID PARALLEL GRID
Fig 15-17.—A focused and a parallel grid.

graphic grid is composed of strips of a dense, high-Z material separated 
by a material that is relatively transparent to x rays. The first radiographic 
grid was designed by Bucky in 1913. The ability of a grid to remove scat
tered radiation is depicted in Figure 15-16.

Construction of Grids
Ideally, the thickness of the strips in a radiographic grid should be 

reduced until images of the strips are not visible in the roentgenographic 
image. Additionally, the strips should be completely opaque to scattered 
radiation and should not release characteristic x rays (“grid fluores
cence”) as scattered x-ray photons are absorbed. These requirements are 
satisfied rather well by lead foil about 0.05 mm thick, and this material is 
used for the strips in most radiographic grids. Although grid strips of 
gold or platinum might have some advantages over lead strips, the high 
cost of these materials virtually prohibits their use. Grids have been de
signed with tungsten and uranium strips, but the difficulty of construct
ing these grids has precluded their use in clinical radiology.9 ,10

The interspace material between the grid strips may be aluminum, 
fiber or plastic. Although fiber and plastic transmit primary photons with 
almost no attenuation, grids with aluminum interspaces are sturdier. 
Also, grids with aluminum interspaces may furnish slightly greater re-

Linear grid Orthogonal Rhombic
crossed grid crossed grid

Fig 15-18.—Types of focused and parallel grids: linear, orthogonal crossed 
and rhombic crossed.



R a d i o g r a p h i c  G r i d s 309

duction of the scattered radiation, because scattered x-ray photons that 
escape the grid strips may be absorbed in the aluminum interspaces.11

Types off Grids
Radiographic grids are available commercially with “parallel” or “fo

cused” grid strips in either linear or crossed grid configurations (Figs 15- 
17 and 15-18). When a focused grid is positioned at the correct distance 
from the target of an x-ray tube, lines through the grid strips are directed 
toward a point or “focus” on the target. The focus-grid distance ap
proaches infinity for a grid with parallel strips. With a parallel grid posi
tioned at a finite distance from an x-ray tube, more primary x rays are at
tenuated along the edge of the roentgenogram than at the center. Conse
quently, the optical density decreases slightly from the center to the 
edge of a roentgenogram exposed with a parallel grid. The uniformity of 
optical density is improved in a roentgenogram exposed with a focused 
grid, provided the grid is positioned correctly.

A linear grid is constructed with all parallel or focused grid strips in 
line (Fig 15-18). A crossed grid is made by placing one linear grid on top 
of another, with the strips in one grid perpendicular to those in the other. 
In most situations, a crossed grid removes more scattered radiation than 
a linear grid with the same grid ratio (see below), because a linear grid 
does not absorb photons scattered parallel to the grid strips. However, a 
linear grid is easier to use in situations where proper alignment of the x- 
ray tube, grid and film cassette is difficult.

grid
strips

interspace
material

r = _h_
d GRID RATIO

Fig 15-19 (left).—The grid ratio r is the height h of the grid strips divided by 
the distance between the strips.

Fig 15-20 (righ t).-The effectiveness of a radiographic grid for removing scat
tered radiation is pronounced for small grid ratios, but increases only gradually 
with grid ratios above 8. (Courtesy of S. Ledin and The Elema Shonander Co.)
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Describing Radiographic Grids 
A grid usually is described in terms of its grid ratio (Fig 15-19):

n  a *.• Height of grid stripsGrid ratio = —  ----- ------------------ --— :—  (15-6)
Distance between grid strips
h

T. d

The grid ratio of a crossed grid is rr +r2, where rx and r2 are the grid ratios 
of the linear grids used to form the crossed grid. Radiographic grids are 
available commercially with grid ratios as high as 16. However, grids 
with ratios of 8 - 1 2  are used most frequently, because the removal of 
scattered radiation is increased only slightly with grids with a higher ra
tio. Also, grids with a high grid ratio are difficult to align and require a 
greater exposure of the patient to radiation. The effectiveness of a radio- 
graphic grid for removing scattered radiation is illustrated in Figure 15- 
2 0  as a function of grid ratio.

The improvement in radiographic contrast provided by grids with 
different grid ratios is depicted in Table 15-2. From data in this table, it 
is apparent that: (1) all grids improve radiographic contrast significantly; 
(2 ) the effectiveness of a grid for improving radiographic contrast in
creases with the grid ratio; (3) the increase in radiographic contrast pro
vided by a grid is less for an x-ray beam generated at a higher voltage; (4) 
a crossed grid removes scattered radiation more effectively than a linear 
grid with an equal grid ratio; and (5) the radiation exposure of the patient 
increases with the grid ratio. The exposure must be increased because 
the film is exposed to fewer scattered x-ray photons. Also, more primary 
x-ray photons are absorbed by the grid strips.

TABLE 15-2.-R E L A T IV E  INCREASE IN RADIOGRAPHIC 
CONTRAST AND RADIATION EXPOSURE FOR GRIDS WITH

D IFFER EN T RATIOS" f

T Y P E  O F IM PROVEM EN T IN CONTRAST IN CREASE IN EXPO SU RE
GRID AND   *-----------------------------'  < '---------------------------->

GRID RATIO 70 kVp 95  kVp 120 kVp 70 kVp 95 kVp 120 kVp

None 1 1 1 1 1 1
5 linear 3.5 2.5 2 3 3 3
8 linear 4.75 3.25 2.5 3.5 3.75 4

12 linear 5.25 3.75 3 4 4.25 5
16 linear 5.75 4 3.25 4.5 5 6
5 cross 5.75 3.5 2.75 4.5 5 5.5
8 cross 6.75 4.25 3.25 5 6 7

"From  C haracteristics and  A pplications o f  X-Ray G rids.12 
t Thickness of the grid strips and interspaces were identical for all grids.
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A radiographic grid is not described explicitly by the grid ratio alone, 
because the grid ratio may be increased by increasing the height of the 
grid strips or by reducing the width of the interspaces. Consequently, 
the number of grid strips per inch (or per cm) usually is stated with the 
grid ratio. Grids with many strips (“lines”) per inch produce shadows in 
the roentgenographic image that may be less distracting than those pro
duced by thicker strips in a grid with fewer strips per inch. Grids with as 
many as 110 strips/in. are available commercially. The lead  content of 
the grid in units of grams per square centimeter sometimes is stated with 
the grid ratio and the number of strips per inch.

The contrast improvement fa c tor  for a grid is the quotient of the maxi
mum radiographic contrast obtainable with the grid divided by the maxi
mum contrast obtainable with the grid removed. The contrast improve
ment factor may be used to compare the effectiveness of different grids 
for removing scattered radiation. The contrast improvement factor for a 
particular grid varies with the thickness of the patient and with the cross- 
sectional area and energy of the x-ray beam. Usually, the contrast im
provement factor is measured with a water phantom 2 0  cm thick irradiat
ed by an x-ray beam generated at 100 kVp.13

The selectivity  of a grid is the ratio of primary to scattered radiation 
transmitted by the grid. The efficiency of a grid for removing scattered 
radiation is described occasionally as grid clean-up. Grids may be de
scribed as “heavy” or “light,” depending upon their lead content. One 
popular but rather ambiguous description of grid effectiveness is the 
Bucky factor, defined as the exposure to the film without the grid di
vided by the exposure to the film with the grid in place and exposed to a 
wide x-ray field emerging from a thick patient.

Moving Grids
The image of grid strips in a roentgenogram may be distracting to the 

observer. Also, grid strip shadows sometimes interfere with the identifi
cation of small structures such as blood vessels and trabeculae of bone. 
In 1920, Potter developed the moving grid, referred to as the Potter- 
Bucky diaphragm, which removes the distracting image of grid strips by 
blurring their image across the film. Early Potter-Bucky diaphragms 
moved in one direction only. Modern moving grids use a reciprocating 
motion, with the grid making several transits back and forth during an 
exposure. The linear distance over which the grid moves is small (1 -5  
cm) and permits the use of a focused grid. The motion of the grid must 
not be parallel to the grid strips and must be rapid enough to move the 
image of a number of strips across each location in the film during expo
sure. The motion of the grid must be adjusted to prevent synchronization 
between the position of the grid strips and the rate of pulsation of the x-
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Fig 15-21. —Cutoff of primary 
x-ray photons with a parallel grid.

ray beam. The direction of motion of the grid changes very rapidly at the 
limits of grid travel, and the “dwell time” of the grid at these limits is 
insignificant.

Orthogonal crossed grids are not used often as moving grids. Rhombic 
crossed grids used in “super-speed recipromatic diaphragms” provide 
excellent removal of scattered radiation with no image of the grid strips 
in the roentgenogram. The travel of the grid is very short and does not 
cause significant off-center cutoff (see below). Most stationary radio- 
graphic tables contain a recipromatic Potter-Bucky diaphragm. How
ever, the development of grids with many strips per inch has reduced 
the need for moving grids. The maintenance cost for reciprocating grids 
and their poor efficiency for removing the image of grid strips during 
short exposure times enhance the attractiveness of stationary grids that 
contain many strips per inch.

The choice of a radiographic grid for a particular examination depends 
on factors such as the amount of primary and scattered radiation emerg
ing from the patient, the energy of x rays in the x-ray beam and the vari
ety of radiographic techniques provided by the x-ray generator.12

Grid Cutoff
The expression “grid cutoff” is used to describe the loss of primary 

radiation caused by improper alignment of a radiographic grid. With a 
parallel grid, cutoff occurs near the edges of a large field because grid 
strips intercept many primary photons along the edges of the x-ray beam. 
The width of the shadow of grid strips in a parallel grid increases with 
distance from the center of the grid (Fig 15-21).

The use of a focused grid at an incorrect target-grid distance also 
causes grid cutoff. This effect is termed axial decentering  or off-distance 
cu toff and is depicted in Figure 15-22. The optical density of a roentgen
ogram with off-distance cutoff decreases from the center of the roentgen
ogram outward. The variation in optical density increases with displace
ment of the grid from the correct target-grid distance. However, the ef
fect is not objectionable until the displacement exceeds the target-grid 
distance limits established for the grid. The limits for the target-grid dis-

^ F l lm
hs of grld-strip 
shadows
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shadows

Fig 15-22.—Off-distance cutoff with a focused grid.

tance are narrow for grids with a high grid ratio and wider for grids with a 
smaller ratio. The effects of off-distance cutoff are more severe when the 
target-grid distance is shorter than that recommended, and less severe 
when the target-grid distance is greater.

Lateral decentering  or off-center cu to ff occurs when rays parallel to 
the strips of a focused grid converge at a location that is displaced lateral
ly from the target of the x-ray tube (Fig 15-23). Off-level cu to ff results 
from tilting of the grid (Fig 15-24). Both off-center cutoff and off-level 
cutoff cause an overall reduction in optical density across the roentgeno
gram. The importance of correct alignment of the x-ray tube, grid and 
film increases with the grid ratio.

Air Grids
The amount of scattered radiation reaching an x-ray film or film-screen 

combination may be reduced somewhat by increasing the distance be
tween the patient and the film. This procedure is referred to as air filtra
tion or using an air grid, and is most effective at low tube voltages, be
cause low-energy x rays are scattered at a wide angle. The use of an air 
grid is accompanied by magnification of the image and an increase in 
geometric unsharpness (see chaps. 17 and 18).

Fig 15-23. —Off-center cutoff with a focused grid.
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Focus

Fig 15-24. —Off-level cutoff 
with a focused grid.

Moving Slit Radiography 
More efficient techniques for removal of scattered radiation have been 

sought for many years. One technique that has been proposed periodi
cally is moving slit radiography, in which one or more slits in an other
wise x-ray opaque shield move above the patient in synchrony with an 
equal number of slits in a shield between the patient and the film (Fig 
15-25). The long, narrow x-ray beams emerging through the upper slits 
are scanned across the patient and transmitted to the film through the 
lower slits below the patient. Radiation scattered by the patient is inter
cepted by the opaque shield below the patient and does not reach the 
film. The principal disadvantage of moving slit radiography is the possi
bility of image distortion due to motion during the time required for 
the x-ray beam(s) to scan across the patient. This disadvantage is less 
cumbersome with newer, “fast” x-ray systems using high-mA generators 
and rare earth intensifying screens.14

Fig 15-25.—Moving slit 
approach to rejection of 
scattered radiation. (From 
Hendee, W., Chaney, E., and 
Rossi, R.: Radiologic Physics,
Equipment and Quality Control 
[Chicago: Year Book Medical 
Publishers, Inc., 1977].)
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PROBLEMS
°1. Adjacent regions of a roentgenogram have optical densities of 1.0 and 1.5. 

What is the difference in the transmission of light through the two regions?
*2. Optical densities of 1.0 and 1.5 are measured for adjacent regions of a roent

genogram obtained with x-ray film with a film gamma of 1.0. If the exposure 
was 40 mR to the region with an optical density of 1.0, what was the expo
sure to the region with an optical density of 1.5?

3. Explain why poor contact between an intensifying screen and an x-ray film 
reduces the resolution of the roentgenographic image.

4. The effective atomic number is greater for barium lead sulfate than for cal
cium sulfate or zinc sulfide. Explain why intensifying screens of barium lead 
sulfate are particularly useful for roentgenography at higher tube voltages.

5. Explain the meaning of the expressions “grid cutoff,” “off-distance cutoff,” 
“off-center cutoff” and “off-level cutoff.”

6 . Explain why a crossed grid provides a greater contrast improvement factor 
than a linear grid with the same grid ratio.

7. Discuss the relationships between average gradient, film contrast and lati
tude.

8 . Define film speed and discuss its significance.
9. Describe the principal of moving slit radiography.

10. Describe two reasons why rare earth screens are faster than conventional 
calcium tungstate screens.

11. Discuss the principal of xeroradiography and ionic radiography.
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16 / Fluoroscopy

IN FO RM ATIO N  ABOUT moving structures within a patient may be ob
tained with roentgenograms exposed in rapid succession. However, the 
interval of time between serially exposed films may be too long to pro
vide complete information about dynamic processes within the body. 
Furthermore, x-ray films must be processed before they can be studied. 
Consequently, a technique is required to furnish images that reflect in
stantaneous changes occurring in the patient. This technique is referred 
to as fluoroscopy.

FLUOROSCOPY WITHOUT IMAGE INTENSIFICATION
In early fluoroscopic techniques, x rays emerging from the patient im

pinged directly on a fluoroscopic screen. Light was emitted from each 
region of the screen in response to the rate at which energy was deposit
ed by the incident x rays. The light image on the fluoroscopic screen was 
viewed by the radiologist from a distance of 10 or 15 in. A thin plate of 
lead glass on the back of the fluoroscopic screen shielded the radiologist 
from x radiation transmitted by the screen.

Using this fluoroscopic technique, the radiologist perceived a very 
dim image with poor visibility of detail. In recent years, much effort has 
been directed toward improvement of the fluoroscopic image. This effort 
has resulted in development of the image intensifier and the light ampli
fier, devices that increase the brightness of the fluoroscopic image. Al
though these components have increased the cost and complexity of 
fluoroscopic equipment, they also have improved the fluoroscopic image 
so significantly that fluoroscopy without image intensification is now 
considered outmoded.

FLUOROSCOPY WITH IMAGE INTENSIFICATION
Radiologists recognized many years ago that the poor visibility of im

age detail in fluoroscopy was related to the dim image presented by early 
fluoroscopes.1’ 2 These persons emphasized the need for brighter fluoro
scopic images and encouraged the development of the image intensifier. 
Image intensifiers increase the brightness of the fluoroscopic image and 
permit the observer to use photopic (cone) vision in place of the scotopic 
(rod) vision required with earlier fluoroscopes. Because of the brighter 
images, dark adaptation is not required for fluoroscopy with image inten
sification.

317
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X-Ray Image Intensifier Tubes
An image intensifier tube is diagramed in Figure 16-1. X-ray photons 

impinge upon a fluorescent screen (input screen) which is 5 -1 2  in. in 
diameter and slightly convex in shape. The fluorescent emulsion is a 
thin layer of ZnS:CdS:Ag or, in newer intensifies, Csl. The principal 
advantage of Csl over ZnS:CdS:Ag is the increased absorption of x rays 
because of the presence of higher-Z components in the Csl phosphor, 
and because of the increased packing density of Csl molecules in the 
phosphor granules.

For each x-ray photon absorbed, 2,000-3,000 photons of light are 
emitted by the screen. These light photons are not observed directly. 
Instead, the light falls on a photocathode composed of Sb-Cs (an S-9 pho
tocathode), Sb-CsO (an S - ll  photocathode) or Sb-K-Na-Cs (an S-20 pho
tocathode).3 Light photons that are released in a direction away from the 
photocathode are reflected toward the photocathode by an aluminum 
support on the outside surface of the input screen. If the spectral sensi
tivity of the photocathode is matched to the wavelength of light emitted 
by the screen, then 1 5 -2 0  electrons are ejected from the photocathode 
for every 100 photons of light received. The number of electrons re
leased from any region of the photocathode depends upon the number of 
light photons incident upon the region. The electrons are accelerated 
through a potential difference of 2 5 -3 5  kV between the photocathode

Fig 16-1.-C ross  section of atypical x-ray image intensifier tube.
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Fig 16-2.—A, image intensifier tube with an input screen 9 in. in diameter. B, 
the tube encased in its housing. (Courtesy of Machlett Laboratories, Inc.)

and the anode of the image intensifier tube. The electrons pass through a 
large hole in the anode and strike a small fluorescent screen (output 
screen) mounted on a flat glass support. The emulsion on the output 
screen resembles that for the input screen, except that the fluorescent 
granules are much smaller. Diameters of most output screens range from 
V2 to 1 in. Intensifies with small output screens are used frequently for 
television fluoroscopy, because the diameter of the input screen of a 
television pickup device is small also. A coating of metal, usually alumi
num, is deposited on the output screen to prevent the entrance of light 
from outside the intensifier. The metallic layer also removes electrons 
accumulated by the output screen.

Electrons from the photocathode are focused on the output screen by 
cylindrical electrodes positioned between the photocathode and the 
anode. Usually, three focusing electrodes are used. To protect the input 
screen from vapors released from the photocathode, a thin (e.g., 0 .2  mm) 
barrier of glass or other transparent material is interposed between the 
fluorescent screen and the photocathode. The entire assembly is en
closed within an evacuated glass envelope with walls from 2 to 4 mm 
thick. Residual atoms of gas inside the intensifier are ionized by a sputter 
ion pump and collected by electrodes before they interfere with the mo
tion of electrons between the photocathode and the anode. The glass 
envelope is coated to prevent light from entering the tube (Fig 16-2). 
The glass envelope is contained within a housing of mu metal, an alloy
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containing iron. The housing attenuates magnetic fields that originate 
outside the intensifier and prevents these fields from distorting the mo
tion of electrons inside. The motion of electrons and, therefore, the im
age on the output phosphor still may be distorted by a very strong mag
netic field around the intensifier. Also, an intense magnetic field in the 
vicinity of the image intensifier may magnetize the mu-metal shield and 
focusing electrodes and cause permanent distortion of the fluoroscopic 
image. Consequently, image intensifies should not be located near 
permanent or transient magnetic fields of high intensity.

With an x-ray image intensifier, four different information carriers 
transmit information about the patient to the radiologist. The x-ray beam 
transmits information from the patient to the input screen of the image 
intensifier. At the input screen, the information carrier is changed from x 
rays to photons of visible light. As the light photons are absorbed by the 
photocathode, the information is transferred to an electron beam, which 
is directed upon the output screen of the intensifier. The information is 
transmitted as a light image from the output screen to the observer’s reti
na. The information is distorted in each of these stages. Consequently, 
the resolution of the image is poorer with an image intensifier than with 
a simple fluoroscopic screen. However, the image intensifier improves 
the visualization of image detail because the increased brightness of the 
image permits the radiologist to use photopic vision.

Gain and Conversion Efficiency of Image Intensifiers 
The brightness of the image on the output screen of an image intensi

fier may be compared to the brightness of the image provided by a non
image-intensified fluoroscopic screen (e.g., a Patterson B-2 screen). The 
image intensifier and the fluoroscopic screen receive identical exposures 
to radiation and the ratio of the brightness of the two images is termed 
the brightness gain  of the image intensifier.*

, . Brightness of output screen of image intensifier
rig tness gain Brightness of Patterson B-2 screen

The brightness gain of image intensifiers varies from 1,000 to 6,000, 
depending on the particular image intensifier used and the fluorescent 
screen with which it is compared. The gain in brightness results from 
two independent processes that occur within the intensifier. These pro
cesses are image minification  and electron acceleration.

The light image produced as x rays are absorbed in the input screen of 
an image intensifier is reproduced as a minified image on the output

"The luminance or “brightness” of an object is described in units of lamberts. One lam- 
bert (L) is the luminance of a perfectly diffusing surface that is emitting or reflecting 1 lu- 
men/sq cm ; 1 m L = (1/1,000) L.
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screen of the intensifier. Since the output screen is much smaller than 
the input screen, the amount of light per unit area from the output screen 
is greater than that from the input screen. The increase in image bright
ness furnished by minification of the image is referred to as the minifica
tion gain gm and is equal to the ratio of the areas of the input and output 
screens.

Area of input screen
g  =  ------------------------------------------------

m Area of output screen
(■n74)(Diameter of input screen ) 2 

(7r/4 )(Diameter of output screen ) 2 

(Diameter of input screen ) 2 

(Diameter of output screen ) 2

For example, the minification gain is 81 for an image intensifier with an 
input screen 9 in. in diameter and an output screen 1 in. in diameter.

(9 in . ) 2

gm ~ ( 1  in . ) 2

= 81

The brightness of the image on the output screen also is increased 
because electrons from the photocathode are accelerated as they travel 
toward the output screen. As these electrons are stopped in the output 
screen, the number of light photons released varies with the energy of 
the electrons. The gain in brightness due to electron acceleration is 
termed the flux gain gf  of the image intensifier. A typical image intensi
fier has a flux gain of about 50.

The total gain g in luminance of an image intensifier is the product of 
the minification gain gm and the flux gain g~

g = (g j(g f) (16-3)

For example, the luminance gain g is 4,050 for an image intensifier with 
a minification gain of 81 and a flux gain of 50.

g = (81)(50)
= 4,050

Two image intensifies may be compared by describing the conver
sion factor for each intensifier.4 The conversion factor Gx is the quotient 
of the luminance of the output screen of the image intensifier divided by 
the exposure rate at the input screen. The luminance is expressed in 
units of candela* per square meter and the exposure rate in milliroent- 
gens per second.

“The candela is a unit of luminance and equals Veoof the luminance of a square centime
ter of a black body heated to the temperature of solidifying platinum (1,773.5 C). One can
dela is equivalent to 0.3 millilamberts.
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_ Luminance of output screen in candela/sq m 
1 Exposure rate at input screen in mR/sec

The conversion factor for an image intensifier is dependent on the ener
gy of the radiation and should be measured with x radiation from a full- 
wave rectified or constant potential x-ray generator operated at about 85 
kVp. The conversion factor of most image intensifies ranges from 50 to 
100 (candela-sec)/(mR-sq rh).

Resolution and Image Distortion with Image Intensifiers 
The resolution of an image intensifier is limited by the resolution of 

the input and output fluorescent screens and by the ability of the focus
ing electrodes to preserve the image as it is transferred from the input 
screen to the output screen. The resolution of image intensifiers aver
ages about 2 lines/mm for CdS:ZnS:Ag input screens and up to 4 
lines/mm for intensifiers with Csl input screens. Contributions to resolu
tion loss that originate outside the image intensifier include the pres
ence of scattered radiation in the x-ray beam received by the input 
screen, and unsharpness in the image contributed by patient motion and 
the finite size of the focal spot. In addition, the quality of the fluoroscopic 
image is affected by statistical fluctuations in the number of x rays im
pinging on the input screen. This influence is discussed in Chapter 18.

The resolution, brightness and contrast of an image provided by an 
image intensifier are greatest in the center of the image and reduced 
toward the periphery. The decrease in brightness along the periphery 
usually is less than 25%. The reduction in brightness and image quality 
along the border of the fluoroscopic image is referred to as vignetting. 
Vignetting is a reflection of the reduced exposure rate along the periph
ery of the input screen and the reduced precision with which electrons 
from the periphery of the photocathode strike the output screen. The 
loss of light from the periphery of the output screen also contributes to 
vignetting.

Straight lines in an object often appear to curve outward in the fluoro
scopic image. This effect is referred to as pincushion distortion  and is 
caused by the curvature of the input screen of the image intensifier and 
by the reduced precision with which electrons from the periphery of the 
photocathode are focused upon the output screen. Image lag of the input 
and output screens of an image intensifier may be objectionable during 
certain procedures such as high-speed cinefluorography.

Size of the Image Intensifier 
The diameter of the input screen of an image intensifier ranges from 5 

to 12 in. Intensifiers with small input screens are more maneuverable 
and less expensive. Also, these intensifiers require less exposure of the 
patient to radiation. A small intensifier furnishes a slight improvement in
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Fig 16-3. —An object of length s has 
an apparent length s' on the input 
screen of an image intensifier. The 
field of view of an image intensifier is 
smaller than the size of the input 
screen.

resolution because electrons from the photocathode strike the output 
screen with greater precision. However, the region of the patient encom
passed by the input screen is restricted with a small intensifier. A larger 
intensifier is more expensive and less maneuverable but furnishes a larg
er field of view and greater opportunity for magnification of the image. 
The high cost and engineering complexity of large image intensifies 
have impeded the development of intensifies larger than about 40 cm in 
diameter.

The diameter of the input screen of an image intensifier is larger than 
the diameter of the region studied within the patient. In Figure 16-3, for 
example, an object of length s has a length s' in the image on the input 
screen. If d  is the distance from the target of the x-ray tube to the object 
and d' is the distance from the target to the input screen, then the appar
ent length s' of an object of actual length s is

*' -  s(t ) (16-5)

Fig 16-4.—A dual-field image 
intensifier. By changing the 
voltage on the focusing 
electrodes, two different electron 
crossover points are produced, 
corresponding to normal and 
magnified modes of viewing.

Light
Image

MAGNIFIED
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The magnification M of the image is

Example 16-1
An x-ray tube is positioned 45 cm below a fluoroscopic table. The input 

screen of an image intensifier is 15 cm in diameter and 30 cm above the table. 
What is the maximum length s of an object that is included completely on the 
screen? What is the magnification of the image? The object is 10 cm above the 
table.

s - s'(l)
= (15 cm)

= 1 1  cm

M = — s
15 cm 
1 1  cm 

= 1.36

Dual- and Triple-Field Intensifiers
Many image intensifiers permit magnified viewing of the central re

gion of the input screen. These intensifiers are termed dual-field  intensi
fiers if one mode of magnified viewing is provided, and triple-field inten
sifiers if two magnified viewing modes are offered. The operation of a 
dual-field intensifier is diagramed in Figure 16-4. In the normal mode of 
viewing, electrons from the photocathode converge upon the electron 
crossover point at the location nearest the output screen and strike only 
the region of the output screen visible to the observer. Hence, the ob
server views the entire input screen of the intensifier. When the intensi
fier is operated in magnified mode, the voltage on the focusing elec
trodes is changed and electrons converge upon a crossover point farther 
from the output screen. Under this condition, electrons originating from 
the periphery of the input screen strike the output screen outside the 
region viewed by the observer. Only the central region of the input 
screen is viewed, and this region is seen as a magnified image. In a 22.5- 
cm (9-in.) dual-field image intensifier, only the central 15 cm (6  in.) of the 
input screen are seen in the magnified viewing mode.

If the voltage on the focusing electrodes is changed again, electrons 
from the photocathode can be forced to converge upon a crossover point 
even farther from the output screen. In this manner, a second mode of

*T 0  cm + 45 cm 
3̂0 cm + 45 cm

(16-5)

(16-6)
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magnified viewing is presented to the observer. An intensifier with two 
magnified viewing modes is termed a triple-field image intensifier. Many 
22.5-cm triple-field image intensifies provide an image of the entire 
input screen in the normal viewing mode, and an image of the central 15 
cm (6  in.) and 11 cm (4.5 in.) of the input screen during magnified 
viewing.

In the magnified viewing mode, the image on the output screen is 
produced by electrons from only the central portion of the input screen. 
Since fewer electrons are used to produce the image, the brightness of 
the image would be reduced unless the exposure rate to the input screen 
is increased. This increase in exposure rate is accomplished automatical
ly as the viewing mode is switched from normal to magnified.

Considerable effort has been directed toward the replacement of im-

nating voltage is applied across the photoconducting surface (CdS or 
CdSe) and the electroluminescent layer (ZnS or ZnSSe). These compo-

troluminescent layer is about 50 p. In regions where the intensity of inci
dent x rays is high, the electric resistance of the photoconductor is re
duced, and more of the alternating voltage is applied across the corre-

Solid-State Image Intensifiers

age intensifier tubes with solid-state image intensifiers, referred to as 
image intensifier panels. One type is diagramed in Figure 16-5. An alter-

nents are separated by an insulator opaque to light. The thickness of the 
photoconducting surface is about V2 mm, and the thickness of the elec-

sponding region of the electroluminescent layer. In regions of the photo
conductor where the x-ray intensity is lower, less voltage is applied

be ■* Fig 16-5. — Cross section of a 
solid-state image intensifier: a and e, 
conducting electrodes; b, 
photoconducting layer; c, insulator 
opaque to light; d, electroluminescent 
layer; f, glass plate.

r t n

|||
Xrays W W -*  ''9h*

W W W W

a c voltage 
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across the electroluminescent layer. Hence, the variation in voltage 
across the electroluminescent layer reflects the variation in intensity 
across the x-ray beam. Each region of the electroluminescent layer emits 
yellow-green light in response to the potential difference across (i.e., the 
electric current through) the particular region. Consequently, the inten
sifier panel furnishes a light image that corresponds to variations in in
tensity across the x-ray beam..

Until recently, solid-state intensifying panels had not been developed 
that solved problems such as undesirable image persistence and less- 
than-expected brightness gain. Recent advances in the design of these 
panels and the use of microchannel plate electron multipliers and prox
imity-type intensifier tubes suggest that these problems may be nearing 
solution.5*6

Light Amplifiers
A light amplifier differs from an image intensifier only in the place

ment of the fluorescent screen. The screen of an image intensifier is 
placed inside the vacuum envelope. With a light amplifier, the screen is 
positioned between the vacuum envelope of the image intensifier and 
the patient. The screen is coupled optically by concentric mirrors to the 
photocathode inside the envelope (Fig 16-6). Flat fluorescent screens 
used with light amplifiers resemble those used for conventional fluoros
copy. The “Cinelix image intensification system” uses a light amplifier 
to enhance the brightness of the image. With this approach, a large light 
amplifier is not required for a large field of view, because the image may 
be reduced optically before it is admitted into the light amplifier. How
ever, the set of mirrors between the fluorescent screen and the light

Fig 16-6.—A light amplifier is 
used with a flat fluorescent 
screen and an optical system.

patient

rid
luorescent screen

»   ^
Bouwers 

concentric 
mirror system

light
amplifier
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amplifier makes the resulting system large and bulky. Light amplifiers 
are relatively inexpensive to replace, and the fluorescent screen may be 
changed rapidly if a screen with coarser or finer granularity is desired.

Advantages of Image Intensification 
Advantages of image intensification fluoroscopy over conventional 

fluoroscopy include:
1. Increased visibility of detail because photopic vision is used.
2. Elimination of the need for dark adaptation.
3. A slight reduction (usually) of exposure of the patient to radiation. 

This reduction would be much greater if the observer were willing to 
accept an image comparable to that provided by non-image-intensi
fied fluoroscopy. In practice, the radiation exposure of the patient 
during fluoroscopy with image intensification is not much less than 
the exposure during earlier modes of fluoroscopy. However, the im
age is much brighter.

4. The availability of cinefluorography and television viewing. 
Disadvantages of fluoroscopy with image intensification include:
1. Slight increase in expense and maintenance.
2. Limited access to the patient because of the space occupied by the 

image intensifier.
3. Restriction of the observer’s movement when using the mirror or opti

cal viewer.
4. Reduction of the field of view.

OPTICS FOR IMAGE INTENSIFICATION
The small image on the output screen of an image intensifier must be 

enlarged with mirrors and lenses to a size convenient for viewing. The 
image may be reflected into the observer’s eyes by a plane mirror after 
the image has been enlarged to a size sufficient to encompass both eyes 
of the observer. With a few image intensifies, a smaller image is ob
served through an ocular viewer.

Exit Pupil
The exit pupil is the cone of light that emerges from an optical system 

in the direction of the observer (Fig 16-7). To see the image on the out
put screen of an image intensifier, at least one eye of the observer must 
be enclosed within the exit pupil for the optical system coupled to the 
output screen. If binocular vision is desired, then both eyes must be en
closed within the cone of light. To encompass both eyes, the exit pupil 
must have a diameter of at least 10 cm at a viewing distance o f2 5 -4 0  cm. 
An image is blurred if viewed at a distance less than about 25 cm, be
cause the eye is unable to accommodate sufficiently to provide a focused
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Fig 16-7.—O ptical system and exit pupil fo r viewing the im age on the output 
screen of an im age intensifier.

image on the retina. If the exit pupil has a diameter greater than the dis
tance of separation of the observer’s eyes, then the observer can shift 
position slightly without “losing” the image.

Lenses
The image on the output screen of an image intensifier is magnified by 

the optical system that follows the intensifier. The image seldom is mag
nified to life size, because the size of the exit pupil decreases as the 
magnification of the image increases. Instead, the magnified image usu
ally is 10-30%  smaller than the corresponding region within the pa
tient, and represents a compromise between magnification and the size 
of the exit pupil required for convenient viewing.

The objective lens (Fig 16-7) directs light from the output screen into 
the optical system. The greater the speed of the objective lens, the more 
light is gathered from the output screen. The speed of a lens is denoted 
by its f-num ber, where

r . Focal length of lens* . , .
t-number = - ~r■  ---- ~r. r FI ° (16-7)Effective diameter of lens

As the f-number of a lens is increased, the speed of the lens is reduced. A 
fast or high-speed objective lens accompanies most image intensifies 
because it provides the greatest magnification for an exit pupil of given 
size.

The field lens (Fig 16-7) forms an exit pupil of the desired size. This 
lens also may be used to increase the image magnification. The image

°The focal length o f  a lens is the distance from the center of the lens to the focal point, 
which is the location where parallel rays of light converge to a point after passing through 
the lens. The effective diameter o f  a lens is the diameter of the part of the lens that re
ceives light. The effective diameter usually is limited by an aperture of fixed or variable 
diameter positioned immediately in front of the lens.
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may be projected by the field lens onto a plane mirror, which is directed 
toward the observer. Full magnification of the image is possible if the 
field lens projects the image instead into a third lens, which is part of an 
ocular viewer. With an ocular viewer, the eye of the observer is confined 
to the viewer. A third lens may be inserted between the objective lens 
and the field lens. This permits magnification of the image to almost life 
size without restriction of the exit pupil to an unacceptably small size.

To deflect part of the light toward a cinefluorographic camera, a par
tially silvered (semireflective) mirror may be positioned between the 
objective lens and the field lens. This mirror is moved into position 
when the cinefluorographic camera is used and is removed when the 
image is viewed directly or by a television camera. A very small, fully 
reflective mirror may be used in place of the partially silvered mirror to 
deflect a small amount of light to the pickup device or cinefluorographic 
camera.

Room light incident upon the viewing mirror may pass through the 
optical system and fall on the output screen of the image intensifies This 
light reduces the contrast and visibility of detail in the image. Also, room 
light may produce a glare in the viewing mirror which distracts the ob
server. For these reasons, room light that is directed onto the viewing 
mirror should be minimized during fluoroscopy.

TELEVISION DISPLAY OF THE FLUOROSCOPIC IMAGE
The image furnished by an image intensifier may be televised by 

viewing the intensifier output screen with a television camera. The sig
nal from the camera is transmitted by cable to a television monitor. This 
method for transmission and display of an image is referred to as closed- 
circuit television, because the signal is transmitted from the television 
camera to the monitor by a coaxial cable rather than by air (Fig 16-8).

Television Cameras
Television cameras, sometimes referred to as television pickup tubes, 

average about 15 cm in length and 3 cm in diameter (Fig 16-9). A thin 
layer of photoconducting material [usually antimony trisulfide (SbS3) in 
the vidicon camera and lead monoxide (PbO) in the plumbicon camera] 
is plated on the inner surface of the face of a glass envelope and is sepa-

Fig 16-8.—Typical system for television fluoroscopy: 1, x-ray tube; 2, patient; 
3, image intensifier; 4, optical system; 5, television camera; 6, camera control 
unit; 7, television monitor.
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Fig 1 6 -9 .-A vidicon television pickup tube. 1, glass envelope; 2, transparent 
conducting layer; 3, photoconducting layer; 4, scanning electron beam; 5, 
grids; 6, electron gun; 7, alignment coil for scanning beam; 8, horizontal and 
vertical deflection coils; 9, focusing coils; 10, load resistor.

rated from the glass by a thin, transparent conducting layer. The side of 
the photoconducting layer nearest to the face of the glass envelope is 
2 0 -6 0  V positive with respect to the cathode of the electron gun. The 
photoconducting layer is an electric insulator when not exposed to light. 
When light from the output screen of the image intensifier falls upon the 
photoconducting layer, the resistance across the layer decreases; that is, 
the resistance across any region of an illuminated photoconducting layer 
depends on the amount of light incident on the region.

The scanning electron beam from the electron gun deposits electrons 
on the photoconducting layer. Some of the electrons migrate toward the 
positive side of the layer and are collected by the conducting layer. In 
any region, the number of electrons that migrate to the positive side 
depends on the resistance and, consequently, the illumination of the 
region. Electrons collected by the conducting layer furnish an electric 
signal that fluctuates in response to variations in the illumination of the 
photoconducting layer. This signal is amplified and used to control the 
intensity of the electron beam that is scanned across the fluorescent 
screen of the television monitor in synchrony with the scanning electron 
beam in the camera. Hence, the image on the television monitor corre
sponds closely to the image on the output screen of the image intensifier. 

Advantages of vidicon and plumbicon television cameras include:7
1. Low cost and simplicity.
2. Ruggedness.
3. Satisfactory performance over a wide range of temperatures.
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4. Only minor distortion of the image from statistical fluctuations in the 
x-ray beam or from other carriers of information. The distortion is low 
because the vidicon and plumbicon exhibit some image persistence 
and average the response over a finite interval of time.

Disadvantages of the vidicon and plumbicon television cameras include:
1. Relatively low sensitivity, so that a fairly bright image is required on 

the output screen of the image intensifier.
2. Persistence of the image. With early cameras, image persistence or 

lag was a major disadvantage; the persistence has been reduced con
siderably with newer vidicons and plumbicons.

3. Reduced contrast in the image with vidicons, because the modulation 
of the electric signal is not exactly proportional to the illumination of 
the photoconducting layer. The reduction in image contrast is less 
noticeable with plumbicons.

Television Scanning of Fluoroscopic Image 
As the scanning electron beam moves horizontally across the photo

conducting layer of the television camera, the signal from the conducting 
layer is modulated in response to the illumination of each photoconduct
ing element in the path of the scanning electron beam. This motion of 
the scanning electron beam is termed an active sweep. As the electron 
beam is scanned horizontally in the opposite direction (retrace sweep), 
no information is transmitted to the television monitor. The retrace 
sweep is about five times faster than the active sweep. As the next active 
sweep is initiated, it is displaced slightly below the preceding sweep. 
The number of active sweeps of the scanning electron beam across the 
image may be 525, 625, 837, 875, 945 or 1,024. Hence, the image is di
vided into 525, 625, 837, 875,945 or 1,024 horizontal lines on the screen 
of the television monitor. (This number of lines must be reduced slightly 
because of the vertical retrace; see below.) Images with a large number 
of horizontal scan lines provide better vertical resolution than those 
formed with a smaller number of lines.8

To prevent brightness flicker in the image, the electron beam of the 
television camera first scans the photoconducting layer along even- 
numbered sweeps (2, 4, 6 , 8 , . . .). The resulting set of horizontal scan 
lines or fie ld  then is interlaced with sweeps of the electron beam along 
odd-numbered lines (1, 3, 5, 7, . . .). The final image produced by two 
interlaced sets of scan lines is referred to as a fram e. A frame is com
pleted in V 30 second with voltage alternating at 60 cps, and in V 25 second 
with voltage alternating at 50 cps. The rather uncommon 1,024-line im
age is produced by scanning the image three times and interlacing all 
three sets of scan lines.

After the entire photoconducting layer has been scanned once to com
pose a television field, the electron beam is returned to the top of the
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image to begin the next set of interlaced scan lines. The return of the 
scanning beam requires about 10-4 seconds and is referred to as the ver
tical retrace. Because of the time required for the vertical retrace, not all 
of the scan lines theoretically available are realized in practice. In a tele
vision system with 525 possible lines, for example, the image is actually 
formed with about 490 horizontal lines.9 The remaining 35 lines are lost 
during the time required for the vertical retrace.

The vertical resolution of a television image is determined primarily 
by the number of active sweeps of the electron beam across the anode or 
photoconducting layer and by the Kell factor. The Kell factor is the frac
tion of the active sweeps that actually are effective in preserving detail in 
the image. The Kell factor is about 0.7 for most television systems.10

Vertical resolution = (Number of active sweeps/frame)(Kell factor) (16-8)

If the number of active sweeps is increased, then the visibility of detail 
may be improved in the vertical direction across the television image. Of 
course, a camera with more active sweeps will not improve the vertical 
resolution if the detail is not available initially in the image on the out
put screen of the image intensifier.

The horizontal resolution of a television image is determined primari
ly by the number of resolution elements available across a single hori
zontal scan line. The number of resolution elements available depends 
primarily upon the number of scan lines per frame and upon the range of 
frequencies transmitted by the electronic circuitry between the televi
sion camera and monitor. The highest frequency of signal modulation 
that is transmitted undistorted from the television camera to the televi
sion monitor is referred to as the frequency bandpass or bandw idth  of the 
television system. Bandwidths for closed-circuit television circuits used 
in radiology range from 3.5 MHz (3.5 megacycles/sec) to 12 MHz. Al
though television systems with bandwidths up to 20 MHz and higher are 
available, they are expensive and are not used routinely. A bandwidth of 
3.5 MHz is used in broadcast television. The influence of bandwidth in 
the resolution of the television image is illustrated in the simplified 
problem in Example 16-2.

Example 16-2
A 525-line television system provides about 490 active sweeps per frame and a 

vertical resolution of

Vertical resolution = (Number of active sweeps/frame)(Kell factor)
(16-8)

= (490 active sweeps/frame)(0.7)
= 343 lines

What minimum bandwidth is required to provide equal horizontal (343 resolu-
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tion elements per line) and vertical (343 lines per frame) resolution in the image? 

Number of resolution
elements transmitted = (343 resolution elements/Line)(343 lines/Frame) 
per second (30 frames/sec)

= 3.53 x 10® resolution elements/sec

To transmit this number of resolution elements per second, a television system 
is required with a bandwidth of at least 3.53 x 10® Hz. That is, a system bandwidth 
of 3.5 MHz is barely adequate for this application and may sacrifice some image 
detail for very closely spaced structures in the object.

An exact expression for the horizontal resolution in resolution ele
ments per line is9

. 2(Bandwidth)(Horizontal fraction)(Aspect ratio)Horizontal resolution =  7 =   ,WT .----- 77-------r-----------(Frames/second)(Lines/trame)
(16-9)

In equation (16-9), (1) the bandwidth is expressed in hertz; (2) the hori
zontal fraction is the quotient of the time required to complete one active 
sweep of the scanning electron beam divided by the time required for 
both the active and the retrace sweeps; (3) the number of frames per sec
ond usually is 30; (4) the lines per frame is the number of horizontal 
scanning lines per frame; (5) the aspect ratio is the ratio of the width of a 
television frame to its height and (6 ) the expression is multiplied by 2 
because resolution is described in terms of the total number of resolu
tion elements, both light and dark, that are visible in the television im
age. If the number of horizontal scanning lines per frame is increased, as 
in a high-resolution television system, then the visibility of detail in the 
image may be increased in the vertical direction. However, an increase 
in bandwidth is required if the image detail is to be maintained or im
proved in the horizontal direction. Most television systems provide an 
image with about equal horizontal and vertical resolution.

Example 16-3
An image of light and dark vertical and horizontal lines is presented on the 

output screen of an image intensifier. This image is transmitted to a television 
monitor by a 525-line television camera. The bandwidth is 3.5 MHz for the tele
vision chain. The framing time of the camera is V3 0  second. What is the maximum 
number of light and dark lines on the output screen that are duplicated without 
distortion on the television monitor?

With an aspect ratio of 1 and a horizontal fraction of 0.83 (since the retrace 
sweep is five times as rapid as the active sweep), the horizontal resolution may 
be computed with equation (16-9)

. 2(Bandwidth)(Horizontal fraction)(Aspect ratio)
Horizontal resolution = ------------- —---------;-------- JWT :----- rr------:------------(Frames/second)(Lines/trame)
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_ 2(3.5 x 1 Q« Hz)(0.83)(1.0)
(30 frames/second)(525 lines/frame)

= 370 lines

The image will be transmitted undistorted if it is composed of no more than 185 
dark lines separated by 185 light lines. As described in Example 16-2, the verti
cal resolution for a 525-line camera is 343 lines. Hence, the vertical and horizon
tal resolutions are about equal.

Data in Table 16-1 show the bandwidths required for different televi
sion systems to furnish equal resolution in the vertical and horizontal 
directions. These data were computed for an aspect ratio of 1.0 and a hor
izontal fraction of 0.83.

TABLE 16-1.-BA N DW IDTH  REQUIRED FOR VARIOUS 
TELEVISION  SYSTEMS TO PROVIDE EQUAL 

RESOLUTION IN HORIZONTAL AND VERTICAL 
DIRECTION ACROSS THE IMAGE

NO. O F SCAN
l i n e s /f r a m e FRAMES/SEC

V ERTICA L AND 
HORIZONTAL 
RESOLUTION  

(LIN ES)
BANDWIDTH

(M EGAHERTZ)

525 30 343 3.3
625 25 408 3.8
837 30 547 8.3
875 30 571 9.1
945 30 617 10.5

1,024 16.7 670 6.9

Attempts to construct a television pickup device that is sensitive di
rectly to x rays have not been very successful.11 With one method (the x- 
ray-sensitive vidicon), x rays impinge directly upon a PbO photocon
ducting plate that is 8 -1 2  in. in diameter. Changes in resistance across 
the PbO plate reflect variations in photon flux density across the x-ray 
beam. The photoconducting plate is scanned by an electron beam to fur
nish a modulated electric signal. To furnish an image of acceptable qual
ity, the photoconducting plate of PbO must be very thin. Consequently, 
only a few of the incident x rays are absorbed, and the x-ray-sensitive 
vidicon is relatively insensitive. Also, the sensitivity appears to decrease 
with use.12 Exposure rates that provide an acceptable image on the tele
vision monitor are too high for clinical radiology. Also, persistence of the 
image is severe with x-ray-sensitive vidicons developed so far.

ADVANTAGES OF TELEVISION FLUOROSCOPY 
The advantages of television fluoroscopy over fluoroscopy with an 

image intensifier equipped with a mirror or ocular viewer include:
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1. The convenience of observing the image on a television monitor.
2. Observation of the image by a large number of persons simultane

ously.
3. Alteration of image brightness and contrast electronically. In general, 

the contrast control on the television monitor should be adjusted until 
noise becomes apparent in the image. The contrast then should be 
reduced slightly and the brightness decreased until the darkest areas 
in the image are black.

4. The possibility of recording the image on videotape or video disk. 
With the original information recorded on tape or disk, the image may 
be altered for viewing without distortion or destruction of the original 
information.

5. Reversal of blacks and whites in the image, and inversion of the 
image.

6 . Transmission of the image to remote television monitors.

Disadvantages of television fluoroscopy include:
1. Increased cost, complexity and maintenance.
2. Some degradation in image quality.

PROBLEMS
*1. An image intensifier has an input screen 9 in. in diameter and an output 

screen 1 in. in diameter. The flux gain of the intensifier is 40. What is the to
tal gain in luminance?

2. In an image intensification system with a mirror viewer, trace the informa
tion and its carrier from the x-ray beam emerging from the patient to the vi
sual image on the observer’s retina. Describe the factors that contribute to 
resolution loss at each stage of this transformation.

*3. A patient 12 in. thick is positioned on a table 15 in. from the target of an x-ray 
tube. The region of interest in the patient is 6 in. in diameter and 3 in. above 
the table. Can the entire region be displayed at once with an image intensi
fier with an input screen 9 in. in diameter?

*4. A television system with 875 scan lines per frame provides 815 active 
sweeps per frame. If the Kell factor is 0.7, the horizontal fraction is 0.83, the 
aspect ratio is 1.0 and the frame rate is 30 fps, what bandwidth is required to 
provide equal resolution horizontally and vertically?

5. What is meant by vignetting in an image furnished by image intensification 
fluoroscopy? What is meant by “pincushion distortion”?
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17 / Special Imaging Techniques

CINERADIOGRAPHY
T h e  ACQUISITION of roentgenographic images separated only slightly in 
time is termed cineradiography  or serial radiography. In cineradiogra
phy, an automatic film or cassette changer is used to position cut or roll 
film automatically in the x-ray beam between exposures.

Automatic Cassette Changers 
An automatic cassette changer transfers a cassette loaded with cut film 

from a shielded storage bin to a position for exposure to the x-ray beam 
(Fig 17-1). Cassettes with exposed film are stored under the cassette with 
unexposed film and are shielded by a lead sheet on the back of each 
overlying cassette. Cassette changers may contain up to 20 cassettes for 
14 by 14 in. film and may expose as many as 12 films each second.1

Roll-Film Changers 
Film cassettes are bulky and difficult to move. Hence, serial roentgen

ograms often are obtained with a changer that transports cut or roll film 
from a shielded container into a position for exposure between intensify-

Fig 17-1.—An automatic cassette changer. Between exposures, a cassette is 
moved from the shielded storage bin to a position for exposure during the next 
x-ray pulse. Exposed cassettes are stored below the cassette positioned for 
exposure and are protected from radiation by a sheet of lead on the back of 
each overlying cassette.

337
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Upper

Fig 17-2.—A roll-film changer, illustrating the supply reel, the intensifying 
screens and the take-up reel.

ing screens. In the roll-film changer (Fig 17-2), the bottom intensifying 
screen is lowered between exposures to permit the film to move easily. 
After an unexposed segment of film has been placed into position for 
exposure, the motion of the film is stopped and the bottom intensifying 
screen is raised into firm contact with the film. Each frame of film is 12 
by 12 in. or 12 by 14 in. Roll-film changers may be loaded with up to 80 
ft of film to furnish 6 5 -7 5  frames. Most roll-film changers have a film- 
advance mechanism with which the operator may select the number of 
frames exposed each second. With some changers, as many as 12 frames 
of film may be exposed each second.2 With a programmable changer, the 
operator may vary the time between successive exposures in a series. 
For example, many frames may be exposed during the first few seconds 
of an examination. As the examination continues, the exposures may be

X-rays Upper

Fig 17-3.—A cut-film changer, illustrating the storage magazine for unex
posed film, the intensifying screens and the storage magazine for exposed film.
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separated by longer intervals. Roll film requires special equipment for 
development and processing. Although cut film may be processed more 
conveniently, fewer frames of cut film can be exposed each second.

Cut-Film Changers 
In the cut-film changer (Fig 17-3), rubber-covered wheels move unex

posed film into position for exposure. When the film is positioned for 
exposure, the bottom intensifying screen is raised into firm contact with 
the film and the film is exposed. In some changers, film as large as 14 by 
17 in. may be transported and exposed at rates up to 6  films/second.2 Cut- 
film changers hold up to 30 films, and some changers permit the operator 
to program the interval of time between successive exposures. Cut films 
may be exposed, removed from the changer and processed individually.

ClNEFLUOROGRAPHY
The image on the output screen of an image intensifier may be photo

graphed with a 16-mm or 35-mm movie camera or with a camera contain
ing 70-, 90- or 105-mm film. In Figure 17-4, a partially silvered mirror

Camera

Camera lens

Partially silvered 
mirror
-Sliding mirror 

lens
rror

Fig 17-4. —Optical system for simultaneous viewing and recording of the fluo
roscopic image. Most (85-95%) of the light from the output screen of the image 
intensifier is transmitted by the partially silvered mirror and is directed upon film 
in the cinefluorographic camera. The remaining 5-15%  is reflected to the mirror 
viewer. A small, fully silvered mirror that intercepts part of the transmitted light 
may be substituted for the partially silvered mirror.
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transmits part of the light from the output screen into the cinefluoro- 
graphic camera. The remainder of the light is reflected into a mirror that 
is viewed directly by the observer. Alternately, a small, fully silvered 
mirror may be used to reflect part of the light to the viewing mirror. Light 
that is not reflected by the fully silvered mirror is collected and transmit
ted to the camera. The partially or fully silvered mirror is removed from 
the light beam when a cinefluorographic recording is not desired.

Cinefluorography became practical in clinical radiology only with the 
advent of image intensification. Images on a conventional fluoroscopic 
screen were too dim to furnish photographs of acceptable quality. In
creasing the brightness of these images improved the quality of the pho
tograph, but raised the radiation exposure of the patient to an unaccept
able level. Although the exposure to the patient also increases significant
ly during cinefluorography with image intensification, the exposure 
increase is much less than that which would be required for cinefluo
rography without image intensification.

SYNCHRONIZATION OF FILM MOVEMENT 
AND X-RAY EXPOSURE

During cinefluorography, the film must be shielded from light after 
exposure of each frame of film to permit the next unexposed frame to be 
moved into position for exposure. In early cinefluorographic units, light 
shielding was furnished by a shutter on the cinefluorographic camera. 
The circular shutter, with approximately equal open and closed portions, 
rotated at constant speed in front of the cinefluorographic camera. 
Hence, the film was shielded from light about as often as it was exposed, 
and a frame of unexposed film was moved into position for exposure each 
time the shutter was closed. By energizing the x-ray tube only when the 
shutter was open, the exposure of the patient to radiation could be re
duced to about half that received if x rays were generated continuously. 
Also, higher tube currents could be used during exposure without over
loading the x-ray tube. In such a synchronized cinefluorographic system, 
the camera shutter actually is unnecessary since the x-ray beam is on 
only when the film is in proper position for exposure. Consequently, 
newer synchronized cinefluorographic systems do not use a camera 
shutter.

In a cinefluorographic system supplied with single-phase power, 
uniform exposure of successive frames of film can be achieved only if the 
frame rate is a submultiple of the frequency of the alternating voltage 
applied to the x-ray tube. For this reason, typical cinefluorographic cam
eras designed for use with single-phase power in the United States fur
nish frame rates of 7.5, 15, 30 and 60 frames per second. With three-
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phase power, cinefluorographic frame rates are not confined to submulti
ples of the frequency of the applied voltage.

Three methods have been used to synchronize the x-ray exposure with 
the position of the film in the cinefluorographic camera. The Dynapulse 
circuit uses a grid-controlled switching tube in the high-voltage circuit 
of the x-ray generator. The voltage across the secondary winding of the 
high-voltage transformer is applied across capacitors in parallel with the 
x-ray tube. The bias voltage on the grid of the switching tube is con
trolled by a pulse-shaping and timing circuit that is linked to the drive 
mechanism for film in the cinefluorographic camera. Current is conduct
ed through the switching tube when the bias voltage is removed from 
the grid, and energy stored in the capacitors is delivered to the x-ray 
tube. The Dynapulse circuit has been used for cinefluorography and for 
examinations such as serial angiography that require very short exposure 
times (e.g., 1 msec).

The technique of primary pulsing also has been used to apply voltage 
across the x-ray tube in synchrony with the film position in the cinefluo
rographic camera. In this method, two switching tubes in the primary 
circuit of the x-ray generator apply voltage to the primary winding of the 
high-voltage transformer when the cinefluorographic film is ready for 
exposure.

Grid-controlled x-ray tubes have essentially replaced the preceding 
methods for synchronization of the x-ray exposure with the cinefluoro
graphic film. With these x-ray tubes, the bias voltage on the focusing cup 
surrounding the filament is regulated by a timing circuit that is synchro
nized with the film-supply mechanism of the cinefluorographic camera. 
Electrons flow across the x-ray tube only when the cinefluorographic 
film is in position for exposure.

“Flickering” of the image in the viewing mirror is noticeable during 
cinefluorography with a synchronized cinefluorographic unit operated at 
frame rates slower than about 30 frames per second. The rate at which 
the image flickers depends on the number of frames of film exposed per 
second.

Cinefluorographic Film
The photographic film used for cinefluorography must be sensitive to 

the wavelength of light from the output screen of the image intensifier. 
Orthochromatic emulsions (sensitive to all visible light except red light) 
and panchromatic emulsions (sensitive to all wavelengths of visible 
light) are used for cinefluorography. A relatively high-speed film with 
high inherent contrast should be used for cinefluorography. The film 
should be able to record fine detail. No single film satisfies all these re-
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Fig 17-5. — Dimensions of single frames of 16-mm and 35-mm cinefluoro- 
graphicfilm.

quirements, and a compromise must be reached when a particular film is 
chosen for a cinefluorographic examination.

Both 16-mm and 35-mm film are used for cinefluorography. Each 
frame of 16-mm film is 10.5 mm wide and 7.5 mm long (Fig 17-5), with 40 
frames available per linear foot of film. Each frame of 35-mm film is 22 
mm wide and 18 mm long and furnishes 16 frames per linear foot. Al
though 16-mm film is less expensive and easier to project, 35-mm film 
usually provides higher-quality images because the area of a frame of 35- 
mm film is four times that for a 16-mm frame. If all the detail present in 
the image on the output screen can be captured on 16-mm film, then the 
quality of the image is not improved with 35-mm film.

Each frame of 16-mm and 35-mm film is rectangular rather than 
square. If the size of the recorded image is restricted to the smaller di
mension of a frame, then the frame is not exposed at the borders along 
the larger dimension. Expanding the image to fill the larger dimension of 
the film is referred to as overframing. Overframing causes the loss of part 
of the image at the borders along the shorter dimension of the frame. If 
the lost portion of the image is not important clinically, then overframing 
is useful because it expands the image over a larger area of film and may 
increase the image detail that is recorded.

Exam ple 17-1
An image intensifier provides a resolution of 2 lines/mm on an input screen 6  

in. in diameter. The smaller dimension of a 16-mm frame is 0.75 cm. Without 
overframing, the minification of the image on a frame of 16-mm cinefluorographic 
film is

( 6  in.)(2.54 cm/in.) _
0.75 cm



Therefore, the film should provide a resolution of

(2 lines/mm)(20) = 40 lines/mm

Commercial 16-mm film provides this resolution, and 35-mm film furnishes no 
improvement in image detail.

Example 17-2
An image intensifier provides a resolution of 3 lines/mm on an input screen 

9 in. in diameter. Without overframing, the minification of the image on 16 mm 
cinefluorographic film is

(9 in.)(2.54 cm/in.) _
0.75 cm

Therefore, the film should provide a resolution of

(3 lines/mm)(30) = 90 lines/mm 

Cinefluorographic film will not provide this level of resolution.

Example 17-3
If the image on the image intensifier in Example 17-2 is overframed, then the 

dimension of the image on the cinefluorographic film is 1.05 cm. The minifica
tion of the image is

(9 in.)(2.54 cm/in.) _
1.05 cm

Therefore, the film should provide a resolution of

(3 lines/mm)(21.7) = 65 lines/mm 

Some types of cinefluorographic film provide this level of resolution.
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Example 17-4
If 35-mm film is substituted for 16-mm film in Example 17-2, then the smaller 

dimension of a single frame is 1.8 cm and the minification is

(9 in.)(2.54 cm/in.) _
1.8 cm

The film should provide a resolution of

(3 lines/mm)(12.5) = 40 lines/mm

This resolution is provided by cinefluorographic film, and 35-mm film furnishes 
an image with resolution greater than that provided by 16-mm film.
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Cinefluorographic Cameras 
Motion-picture cameras used in cinefluorography are similar to those 

used for professional and amateur cinematography. The mechanism for 
film transport is shown in Figure 17-6. Some cameras, particularly those 
that hold large amounts (e.g., 400 linear ft) of film, possess a double 
sprocket that moves the film continuously by engaging perforations on 
each side of the film. Film is moved into position for exposure by a “pull
down mechanism,” which is operated only when the shutter is closed. 
Loops of film above and below the pulldown mechanism collect film that 
is unrolled continuously by the supply reel and store exposed film that is 
supplied by the pulldown mechanism. A “pressure plate” positions each 
frame and holds it firmly in position during exposure.

Cinefluorographic Projectors 
Projectors for cinefluorographic film (1) should run in either direction; 

(2) should provide projection rates up to at least 16 frames per second; (3) 
should change instantaneously between forward and reverse travel of 
the film; (4) should project stationary single frames; (5) should furnish 
flicker-free viewing at low frame rates; and (6 ) should possess a “fire 
gate” which drops into position automatically during single-frame 
projection or during projection at low rates of film travel to protect the 
film from heat generated by the high-intensity projection bulb.3

Image detail is sacrificed if cinefluorographic images are projected 
onto a conventional beaded screen. In place of a conventional beaded 
screen, a radiographic intensifying screen or a screen with very fine 
beads should be used.

Radiation Dose in Cinefluorography 
During cinefluorography, the current through the x-ray tube is in

creased many times more than that required for routine fluoroscopy with

Fig 17-6.-The film-transport mechanism in a cinefluorographic camera.
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an image intensifier. The increased current is necessary to provide an 
image on the output screen that is bright enough to expose each frame of 
cinefluorographic film. This exposure requires an exposure rate of 
10 -4 0  /JL R/frame at the input screen of the image intensifier,4 and an 
exposure rate 1 0 0 - 1 ,000  times this value at the entrance surface of the 
patient. Since the exposure rate increases linearly with current through 
the x-ray tube, the exposure of the patient to radiation also is increased 
many times during a cinefluorographic examination.5'7

Photospot Images 
Spot photographs of the image on the output screen of an image inten

sifier may be substituted for spot roentgenograms (spot films) obtained 
by interposing full-size x-ray film between the patient and the input 
screen of the image intensifier. Compared to full-size roentgenograms, 
the smaller photospot images obtained with 70-, 90- or 105-mm film are 
less expensive and easier to store. Also, photospot images require less 
exposure of the patient to radiation.8 Although the image quality of a 105- 
mm photospot image may be slightly less than that furnished by a con
ventional spot film, the image should be satisfactory for most examina
tions.9

AUTOMATIC BRIGHTNESS CONTROL
In x-ray image intensification fluoroscopy, an automatic brightness 

control (ABC) unit is used to maintain an image of constant brightness on 
the output screen of the intensifier, irrespective of changes in the atten
uation of the x-ray beam in the patient. An image of constant brightness 
is achieved by automatic adjustment of exposure technique variables 
(e.g., peak kilovoltage, milliamperes and x-ray pulse width) in response 
to fluctuations in brightness of the output screen. For purposes of discus
sion, an ABC unit may be separated into two components: (1) the bright
ness-sensing element, with an output used to control (2 ) the machine’s 
technique variables, which are adjusted automatically to maintain con
stant image brightness.10,11

Brightness-Sensing Elements 
The earliest technique to monitor image brightness was continuous 

measurement of the image intensifier photocathode-anode current. With 
this approach there is no simple way to compensate for bright edge ef
fects at the periphery of the image that are caused by x rays unattenuated 
by the patient. Compensation for variable collimation usually is provided 
by a shutter compensation control, which reduces the ABC’s response as 
the field size is decreased.

In systems that offer television viewing of the fluoroscopic image, a 
second approach is available to monitor the brightness of the entire im
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age on the output screen. This approach uses the intensity of the televi
sion signal as an indication of output screen brightness. In some recent 
installations the portion of the image actually monitored can be selected 
electronically. If the center of the image is monitored, bright edge and 
collimation effects are eliminated.

The most common method of brightness sensing uses a photomulti
plier tube to monitor the brightness of the output screen of the intensi
fier. The area monitored can be defined optically with lenses and dia
phragms, thereby eliminating edge and collimation effects. This ap
proach has the advantage of less sensitivity to noise and image intensi
fier aging effects and, along with the television method, is not influenced 
greatly by x-ray energy.

Technique Variables Controlled by the ABC
Three variables that can be controlled by an ABC unit are the peak 

kilovoltage, the tube current and the width of the x-ray pulses in x-ray 
units with variable pulse width.

k V p  v a r i a b i l i t y . — With systems of this type, the mA is selected by a 
continuous or fixed-step mA control and the kVp is selected automatical
ly to provide an image of desired brightness. In the automatic mode, the 
selected mA exerts some influence on the kVp required to furnish a satis
factory image; that is, high mA lowers kVp, and low mA raises kVp. On 
some machines, the kVp control establishes the maximum kVp that the 
ABC can select. On units with an Automatic/Manual control, the manual 
setting disables the ABC unit and permits the operator to select both the 
mA and the kVp. X-ray systems with kVp-variable ABC units usually 
have a faster response time than mA-variable machines, because the 
ABC unit functions by mechanical rather than thermal means. Also, kVp- 
variable units provide a wider dynamic range of brightness control.

mA v a r i a b i l i t y . — An mA-variable ABC control offers the advantage of 
operator control of kVp during ABC operation. At the kVp selected, 
however, the tube current must be sufficiently variable to furnish an 
image of adequate brightness over a wide range of x-ray beam attenua
tion. Usually, the dynamic range of an mA-variable unit is less than that 
of a kVp-variable unit. Units with variable mA have a relatively long re
sponse time because they depend on the thermal characteristics of the x- 
ray tube filament.

k V p -m A v a r i a b i l i t y .  — Some ABC units vary both the kVp and the mA, 
with both technique variables changed in the same direction (i.e., either 
increased or decreased). This approach offers a wide dynamic range but 
provides little control over the kVp selected for the examination. For this 
reason, some kVp-mA -  variable systems offer the option of manual selec
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tion of either kVp or mA. With these options, operation is identical to 
that described above for mA- or kVp-variable units.

P u l s e  W ID TH  v a r i a b i l i t y . —Machines equipped with cine cameras 
sometimes use grid-controlled x-ray tubes to vary the width (time) of the 
voltage pulse across the x-ray tube. In this manner, the brightness of the 
image can be kept constant during fluoroscopy. In most units of this type, 
the mA is set at a fixed value, and the pulse width of the x-ray beam is 
varied up to some maximum limit. Many of the units furnish some indi
cation of pulse width in milliseconds. In earlier versions of this approach 
to ABC operation, pulse widths were limited from about 0.2 to 8  msec. At 
least one recent unit provides a range from 20 fj,sec to 4 msec in the fluo
roscopic mode, and a kVp override circuit which increases the kVp 
above that selected if an image of adequate brightness is not achieved at 
maximum pulse width. The pulse width variable type of control has the 
distinct advantages of instantaneous response and, with the latter circuit 
described, a very wide dynamic range.

COM BINATION CIRCU ITS. —Any combination of the above approaches to 
ABC operation is possible, but the one most commonly used, other than 
kVp-mA variability, is the kVp override capability. This method may be 
applied to either mA- or pulse-width-variable machines. The kVp over
ride approach provides automatic compensation if the selected kVp is 
not adequate to furnish an image of desired brightness.

VIDEO RECORDING
Videotape is a plastic tape 1 or 2 in. wide. An emulsion about 1 mm 

thick on one side of the tape contains magnetizable particles, usually

Fig 17-7.—A videotape recorder. (Courtesy of Ampex Corp.)
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iron oxide. In the videotape recorder, the particles are magnetized by a 
varying magnetic field produced by the modulated electric signal from 
the television camera. The electric signal from the camera is recorded in 
a zigzag pattern from side to side and along the length of a “track” in the 
videotape. When the videotape is played back in the videotape recorder, 
the magnetization along the tape induces a varying current within a 
small coil. This current is transmitted to the television monitor and is 
used to regulate the intensity of the electron beam that is scanned across 
the fluorescent screen of the monitor. The resulting image resembles the 
image on the output screen of the image intensifier.

A photograph of a videotape recorder is furnished in Figure 17-7. The 
read-write head moves rapidly (e.g., 30 m/sec) with respect to the tape, 
which moves from 10 to 300 cm/sec. To record all the information carried 
by the video signal, the frequency response of the videotape recorder 
must be at least equal to the frequency bandwidth of the television sys
tem. In addition to the recording track for the signal from the television 
camera, videotape furnishes two channels for audio signals.

Advantages of recording images on videotape include: (1) immediate 
playback of the image; (2 ) superimposition of sound (e.g., radiologists’ 
comments or patient’s heartbeat) on the video signal; (3) playback at 
slower speeds; (4) capability for single framing; (5) recording of images 
at no increase in patient dose; (6 ) repeated playback of the recorded 
image; and (7) the capability of videotape to withstand up to 400 record
ings and erasures. Disadvantages include: (1) slight degradation of im
age quality and (2 ) increased (although moderate) cost.

The video disk recorder resembles the videotape recorder except that 
the television signal is recorded on both sides of a rigid disk rather than 
on one side of a flexible tape. The advantages of video disk over video
tape recorders include improved resolution and their usefulness in 
pulsed fluoroscopic techniques that provide intermittent fluoroscopic 
images with significant reductions in patient dose.12,13

STEREOSCOPIC RADIOGRAPHY
Two roentgenograms exposed with the x-ray tube in slightly different 

positions and viewed with a stereoscopic viewer provide an image with 
an illusion of depth. The procedure outlined below may be followed to 
obtain a pair of stereoscopic roentgenograms:

1. The patient, cassette and x-ray film are positioned as if a single film 
were to be exposed.

2. The x-ray tube is shifted parallel to the film by one-half the distance 
indicated in Table 17-1. If a grid is used, then the tube is shifted parallel 
to the grid strips.

3. The x-ray film is exposed.
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TABLE 17-1.-T U B E  SHIFTS IN INCHES FOR 
VARIOUS EXPOSURE AND VIEWING DISTANCES 

FOR STEREOSCOPIC RADIOGRAPHY*!

TA RG ET-FILM  DISTANCE E Y E -F IL M  DISTANCE
(IN.) 2 5  IN. 2 8  IN. 3 0  IN.

2 5 2 9/l6 2V4 2  Vie
3 0 3 3/l6 2 3/4 2 9/ie
3 6 3 7/e 3 7/l6 3  Vs
4 2 4 5/e 4  Vie 3 3/4
4 8 5 3/e 4 1Vi6 4 5/l6
6 0 6 13/l6 6 5  ¥2
7 2 8 5/l6 7V 4 6 n /ie

“From Seemann.14
f lf  the target-film distance equals the eye-film distance, then the 

tube-shift distance equals the interpupillary distance of 29/i6 in.

4. Steps 1 -3  are repeated with a tube shift in the opposite direction. 
The patient must remain stationary between exposures.

5. The x-ray films are subjected to identical processing conditions.
6 . The roentgenograms are viewed in a stereoscopic viewer.
The direction of tube shift should be perpendicular to prominent fea

tures in the patient. For stereoscopic roentgenograms of the chest, for 
example, the tube shift is parallel to the vertebral column because the 
borders of the ribs furnish the dominant lines. For anatomical parts con
taining long bones, the tube shift is perpendicular to the long axes of the 
bones. The direction of tube shift is not important for stereoscopic roent
genograms of the skull.

One type of stereoscopic viewer is described in Figure 17-8. The left 
roentgenogram is viewed by the left eye and the right roentgenogram is 
viewed by the right eye. The radiologist coalesces the images mentally 
to obtain an image with an illusion of depth. Stereoscopic roentgeno-

Fig 17-8. —One type of viewer 
for stereoscopic radiography. 
The images viewed by the 
radiologist are integrated 
mentally to provide an illusion of 
depth.
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grams obtained with a horizontal tube shift are viewed as though the pa
tient were standing; those obtained with a vertical tube shift are viewed 
as though the patient were lying down.

Many radiologists are able to perceive depth in superimposed stereo
scopic roentgenograms without the use of a stereoscopic viewer. The 
techniques they use include those referred to as “cross-eyed stereosco
py” and “objective stereoscopy.” 15

SUBTRACTION RADIOGRAPHY AND FLUOROSCOPY
In roentgenographic studies using a contrast medium, information that 

is not required for diagnosis may be subtracted from an image by the

Fig 17-9.—Subtraction radiography. A, roentgenogram obtained before intro
duction of contrast medium; B, roentgenogram obtained after introduction of 
contrast medium; C, subtraction mask of first roentgenogram; D, subtraction 
image obtained by combining the second roentgenogram with the subtraction 
mask. (From Ziedses des Plantes, B.: The electronic subtraction method, Elec- 
tromedica 1:23,1968.)
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technique of rad iog rap h ic  su btraction  developed originally by Ziedses 
des Plantes.16,17 If the subtraction method is used properly, only struc
tures containing contrast medium are outlined in the final image. To ob
tain a subtraction roentgenogram, x-ray films are exposed before and af
ter the contrast medium is administered to the patient. The patient must 
not move between exposures. A positive print (the su btraction  m ask ) of 
the first roentgenogram is superimposed on the second roentgenogram 
and a photograph is made of the combination. Except for structures con
taining contrast medium, dark areas on the second roentgenogram are 
matched with light areas on the subtraction mask, and vice versa. This 
matching of light and dark areas produces a final photograph that is rela
tively uniform over all regions except those that display the image of 
structures containing contrast medium. The subtraction image of the 
skull in Figure 17-9 exhibits structures that are less noticeable in the 
original roentgenogram.

Requirements for subtraction roentgenography include:18
1. The film used as a subtraction mask should have an average gra

dient close to 1 .
2. All parts of the image to be subtracted should have an optical densi

ty of at least 0.25 and should fall within the straight-line portion of the 
film’s characteristic curve.

3. The subtraction image must be a positive image with a high con
trast and should provide a homogeneous background with an optical 
density of about L

MAGNIFICATION ROENTGENOGRAPHY
If x rays are assumed to originate from a single point on the target of 

the x-ray tube, then the magnification of a roentgenographic image is:

Image size Target-film distance
Magnification = jr r i------- ;—  = —----------—----------------Object size larget-object distance

If the distance between the target of the x-ray tube and the x-ray film is 
constant, then the ratio of image to object size may be increased by mov
ing the object toward the x-ray tube. This method of image enlargement 
is referred to as o b je c t-sh ift  en larg em en t  (Fig 17-10). If the distance 
between target and object is constant, then the ratio of image size to ob
ject size may be increased by moving the film farther from the object. 
This technique of image enlargement is referred to as im ag e-sh ift  en 
largem en t.

The amount of enlargement possible without significant loss of image 
detail should be determined when radiologic images are magnified. 
With the image receptor close to the patient, the visibility of image detail 
usually is determined primarily by the unsharpness of the intensifying
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Fig 17-10. —Principle of enlargement 
radiography; f is the apparent focal spot of 
the x-ray tube, o is the object size and S D D  
represents the distance between the image 
receptor and the target of the x-ray tube.

screen. As the distance between the screen and the patient is increased 
by object-shift or image-shift enlargement, no change occurs in the con
tribution of screen unsharpness to the visibility of image detail. How
ever, the contribution of geometric unsharpness increases steadily with 
increasing distance between patient and image receptor. At some pa- 
tient-receptor distance, geometric unsharpness equals screen unsharp
ness. Beyond this distance, the visibility of image detail deteriorates 
steadily as geometric unsharpness increasingly dominates image un- 
sharpness. As a general rule, the image should not be magnified beyond 
the point at which geometric and screen unsharpness are about equal.

An image also may be magnified by optical enlargement of a processed 
roentgenogram. This technique may enhance contrast but offers no im
provement in resolution. For most procedures, magnification roentgeno
grams obtained directly by geometric enlargement of the image are pre
ferred over those obtained by optical enlargement.19’ 20

MICRORADIOGRAPHY
For small, thin sections of an object, magnification much greater than 

that furnished by enlargement radiography may be obtained by either 
contact microradiography or projection microradiography.

Contact Microradiography 
Contact microradiographs are obtained by placing a thin (i.e., 

1 0 0 - 1 ,0 0 0  /j l )  section of the object in close contact with the emulsion of a 
film with very fine grain. This composite is exposed to an x-ray beam 
generated at 1 -2 0  kVp in an x-ray tube with a thin beryllium window. 
The focal spot of the target of the x-ray tube is very small, and the region 
between the target and the object is evacuated. A vacuum cassette with a 
thin window opaque to light is used to provide intimate contact between 
sample and film. The image recorded on the fine-grained film may be 
enlarged up to 500 times without significant loss of image detail.

Projection Microradiography 
In projection microradiography, a magnified image is obtained direct

ly rather than by optical enlargement. A thin specimen is mounted on or
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placed close to a metal foil used as the target for an electron beam accel
erated through 1 -2 0  kV. The film is positioned some distance away and 
is exposed to x rays generated in the metal foil and transmitted by the 
specimen. A very small focal spot (e.g., 0.001 mm) should be used for 
projection micro radiography.14

TOMOGRAPHY
In a conventional roentgenogram, all structures within the region of 

the patient exposed to x rays are recorded “in focus” on the film. Often, 
the image of a particular structure within a patient is obscured by objects 
above or below. To improve the visualization of this structure, the image 
of overlying and underlying objects may be blurred by moving the x-ray 
tube and film during exposure about an axis through the structure of inter
est. The extent to which images of overlying and underlying structures 
are blurred depends largely on the angle subtended by the motion of the 
x-ray tube and film. The blurring of undesired images by movement of 
the x-ray tube and film is referred to as tomography. Tomography some
times is referred to as body-section radiography, planigraphy, stratigra
phy, laminography  and zonography. Although these terms may be used 
to distinguish among minor variations in technique, the principles of 
tomography are applicable to all procedures.

The principle of linear tomography is diagramed in Figure 17-11. The 
axis L2 for the motion of the x-ray tube and film is positioned in a plane 
that contains the region of interest in the patient. With the x-ray tube and 
film at the beginning of the path of motion (i.e., at the origin of the 
“track”), images of structures Lv L2 and L3 are projected to points L/, L2' 
and L3' at the left, center and right of the film, respectively. Rays through 
Lv L2 and L3 continue to strike the film at the locations L ,', L2 and L3' as 
the x-ray tube and film move toward the end of the track. Consequently, 
images are in focus on the film for structures such as L v L2 and L3 in a

Fig 17-11.—The principle of a linear 
tomographic unit. The motion of the 
x-ray tube and film about the axis L2 in 
the patient produces blurred images 
of structures above and below the 
plane of section through L2.

Motion of x ray tube

<----------------
Motion of film
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plane that contains the axis and is parallel to the motion of the x-ray tube 
and film. With the tube and film at the origin of the track, a ray through 
structure K above the axis projects to the location K' on the right side of 
the film. Toward the end of the track, the ray through K strikes the left 
side of the film. Hence, images of structure K (and of all other structures 
above the axis) are projected to different parts of the film, and these im
ages are blurred. Similarly, the images of structures below the axis are 
not apparent on the film. Images of structures are displayed clearly in the 
tomographic image only if the structures are positioned within a plane o f  
section  containing the axis of motion for the x-ray tube and film. The 
depth of the plane of section within the patient is varied by raising or 
lowering the patient with respect to the axis of motion.

Tomographic images for planes of section at different depths within 
the patient may be obtained with a series of exposures. The patient is 
raised or lowered slightly between each exposure. To reduce the expo
sure of the patient to radiation, a cassette may be designed to hold sever
al films. The x-ray films are sandwiched between intensifying screens 
and are separated by spacers. The distance from the patient to the film is 
different for each film in the cassette, and images that are in focus on one 
film are not in focus on the other films. Consequently, structures in dif
ferent planes of section through the patient are portrayed in focus on 
different films in the multifilm cassette. The sensitivity of the screen-film 
combinations in the cassette must increase from top to bottom, because 
the exposure rate decreases as the radiation traverses overlying screens 
and films. The rate of decrease in exposure rate through the cassette var
ies with the energy of the radiation. Consequently, a particular multifilm 
cassette should be used with x rays generated over a limited range of 
tube voltage.

A linear tomographic unit blurs the image of structures that are located 
above or below the plane of section and are oriented in any manner other 
than parallel to the motion of the x-ray tube and film. The images of 
structures outside the plane of section and oriented parallel to the motion 
of the x-ray tube and film are elongated and distorted but are not blurred 
enough to be indiscernible in the resulting tomographic image (tomo
gram). These distorted images (shadows) interfere with the visibility 
of image detail. To reduce or eliminate the influence of these shadows, 
motions such as curvilinear, circular, elliptical, spiral and hypocycloi- 
dal have been devised for tomography. The ideal motion for a tomo
graphic unit is one that causes the x-ray beam to originate from an infi
nite number of locations during an exposure. In this situation, the mo
tion of the x-ray tube is perpendicular to all structures in the patient dur
ing at least part of the exposure. Undesired images are eliminated more 
successfully with the hypocycloidal path of motion than with most of the 
other motions for which mechanical linkage has been developed.
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TABLE 17-2.-T Y PE S OF MOTION, ANGLE OF TUBE 
MOTION, LENGTH OF TRAJECTORY AND 

THICKNESS OF CUT (PLANE OF SECTION) FOR 
THE MASSIOT-PHILIPS POLYTOME*

T Y P E  O F MOTION

ANGLE O F 
T U B E  MOTION

(d e g r e e s )

LENGTH O F 
TRA JECTO RY 

(CM)

THICKNESS 
O F CUT

( m m )

Linear 29 56 2.3
36 69 1 .8
40 77 1 .6
48 92 1.3
60 115 1 .0

Circular 29 176 2.3
36 217 1 .8

Elliptical 40 186 1 .6
Hypocycloidal 48 451 1.3

°Used with permission of Medical Systems Division, North Ameri
can Philips Corp.

The plane of section is the slice or cut within the patient that contains 
structures in focus in the tomographic image. The width of the plane of 
section is reduced as the angle subtended by the x-ray tube and film is 
increased.21'23 If a thick plane of section is desired, then angles of motion 
smaller than 5 degrees should be used. Tomographic procedures that 
use small angles of motion are termed small-angle zonography. The rela
tionship between the thickness of the plane of section and the angle of 
tube motion is described in Table 17-2 for the Massiot-Philips “Poly
tome.”

NEUTRON RADIOGRAPHY
Radiographs obtained by exposing objects to slow neutrons (kinetic 

energy =  0.025 eV) are remarkably dissimilar from those obtained by 
exposing the same objects to x rays. Slow neutrons are attenuated pri
marily during interactions with low-Z nuclei. In tissue, neutrons are at
tenuated more rapidly in muscle and fat than in bone, because the con
centration of low-Z nuclei (primarily hydrogen) is greater in muscle and 
fat. Neutron radiographs display excellent contrast between air and soft 
tissue and between soft tissue and structures that contain a contrast 
agent (e.g., GdgOg) for slow neutrons. The contrast is poor between fat 
and muscle but may be improved by exposing the specimen to heavy 
water (water with an increased concentration of deuterium).24 Bone 
transmits slow neutrons readily, and neutron radiographs of regions con
taining bone furnish excellent detail of soft tissue without the distracting 
image of surrounding bone. A slow neutron radiograph of a rat leg, paw 
and tail is compared in Figure 17-12 with a conventional roentgenogram



356 S p e c i a l  I m a g i n g  T e c h n i q u e s

Fig 17-12.—Arteriograms of a rat leg, paw and tail, utilizing Gd20 3 as the con
trast medium: A, radiograph obtained with 20-kVp x rays; B, slow neutron radio
graph exposed with an antiscatter grid. (From Brown, M., Allen, J., and Parks, 
P.: Slow neutron imaging of fatty tissues through deuteration with heavy water, 
Biomed. Sci. Instrum. 6, 1969.)

obtained with 20-kVp x rays. A number of technical problems associated 
with neutron radiography have delayed the application of this technique 
to clinical radiology.25

PROBLEMS
1. Explain why the exposure rate required for cinefluorography is much greater 

than the exposure rate required for image intensification fluoroscopy.
2. Explain the influence of the following variables on patient dose during cine

fluorography: (a) frame rate; (b) film speed; (c) lens aperture opening (f stop); 
(d) speed of objective lens and (e) patient thickness.

3. Discuss the advantages and disadvantages of spot photographs with 70-mm or 
105-mm film compared with spot radiographs with conventional x-ray film.

4. Explain the various modes of operation of an automatic brightness control 
unit. Why is such a system necessary for cinefluorography and photospot re
cording of images?

5. Why is the maximum magnification without significant loss of image detail



greater for fluoroscopy with image intensification than for radiography with 
intensifying screens?

6 . Discuss the production of “shadows” in tomographic images. How can they 
be reduced or eliminated?
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18 / Quality of the Radiologic Image

Th e IMAGE furnished by a radiographic, fluoroscopic, nuclear medicine 
or ultrasound imaging system is useful only if it furnishes sufficient in
formation with adequate clarity. In other words, the image is satisfactory 
only if the visibility o f  anatom ical detail is satisfactory. The visibility of 
anatomical detail depends on properties of the image such as the degree 
of image unsharpness, the level of image noise and the contrast of the 
image. Image contrast refers to the difference in optical density or 
brightness between adjacent regions in the image and is influenced by 
subject contrast and detector contrast. Subject contrast describes dif
ferences in the number of x or y rays emerging from adjacent regions of a
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Fig 18-1 . —Subject contrast 
describes the variation in 
exposure across a beam of x- or 
y-ray photons emerging from a 
patient. This variation in exposure 
is converted by the detector into 
an image with image contrast. 
Image contrast is defined for film 
as the difference in optical density 
between adjacent regions of the 
image. Image unsharpness 
describes the distance in an 
image that corresponds to a sharp 
border in the object. Image detail 
is improved as this distance is 
reduced.
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patient and reflects differences in effective atomic number, density and 
thickness of the adjacent regions. Detector contrast describes the ability 
of a detector to convert differences in the number of x or y rays across an 
x-ray beam into differences in optical density or brightness in the image. 
A detector may enhance or suppress subject contrast. If film is used as 
the radiation detector, then detector contrast is called film  contrast and 
is described by the average gradient of the film.

Image detail (also termed definition, resolution  and sharpness) de
scribes the exactness with which differences in the attenuation of x or y 
rays in adjacent regions of the patient are displayed in the image. Detail 
is the opposite of image unsharpness, which refers to blurred images of 
sharp borders in the object. Radiologic contrast and unsharpness are 
depicted in Figure 18-1.

PHYSICAL FACTORS AFFECTING IMAGE QUALITY

Geometric Unsharpness
Geometric unsharpness in a roentgenogram refers to the loss of image 

detail caused by the finite size of the focal spot of the x-ray tube. In Fig
ure 18-2, a sharp border in the patient is projected undistorted onto the 
detector by x rays from a “point” focal spot. When the focal spot is in
creased to finite size, however, the image of the sharp border is expand
ed over a finite distance on the detector. This distance is a measure of 
geometric unsharpness in the image. As the focal spot is increased in 
size, the unsharpness is increased and the detail present in the image is 
decreased. As shown in equation (18-1), the geometric unsharpness in
creases with focal spot size and object-detector distance and decreases 
with target-object distance. The increase in geometric unsharpness with 
object-film distance is the principal factor limiting the amount of useful 
magnification in magnification roentgenography.
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Fig 18-3.- A ,  contact roentgenogram of a series of parallel wires spaced 1/8 
in. apart. The diameters of the wires decrease from left to right. B, roentgeno
gram of phantom with magnification factor of 3.15. (Figures 18-3 and 18-4 from 
Friedman, P., and Greenspan, R.: Observations on magnification radiography, 
Radiology 92:549,1969.)

Geometric unsharpness = /fjpj) (18-1)

where
f  = Size of apparent focal spot. 
d  = Object-detector distance.
D = Target-object distance.

Shown in Figure 18-3 are roentgenograms of a phantom containing
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Fig 18-4. —Roentgenograms of the wire phantom of Figure 18-3, obtained  
with a M achlett Dynamax 40 x-ray tube with an apparent focal spot of 1.0 x 1.7 
mm. A, wires positioned parallel to the cathode-anode axis; B, wires positioned 
perpendicular to the cathode-anode axis.

steel wires of various diameters spaced Vs in. apart.1 The roentgenogram 
in Figure 18-3, A, was exposed with the x-ray film in contact with the 
phantom. The roentgenogram in Figure 18-3, B, was exposed with the x- 
ray film displaced below the phantom to provide a magnification factor of 
3.15. In B, geometric unsharpness blurs the edges of the images of the 
wires. The images of the smaller wires exhibit higher contrast along the 
edges than at the center. The enhanced contrast along the image borders
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Fig 18-5. —Motion unsharpness resulting from motion of (left to right) the x- 
ray tube, the patient and the film cassette.

results primarily from the nonuniformity of radiation from the focal spot 
of the x-ray tube and is more apparent when the wires are parallel rather 
than perpendicular to the cathode-anode axis of the x-ray tube (Fig 18-4).

Motion Unsharpness 
Motion of the x-ray tube, patient or detector contributes to unsharp

ness in the roentgenographic or fluoroscopic image (Fig 18-5). Usually, 
voluntary or involuntary movement by the patient is the major cause of 
motion unsharpness. Image unsharpness is affected more by small move
ments of the patient or detector than by similar movements of the x-ray 
tube. Motion unsharpness may be reduced by supporting the x-ray tube 
and the film cassette or fluoroscopic system firmly and by instructing the 
patient to remain still during the examination. Image unsharpness 
caused by involuntary motion may be reduced by using very rapid expo
sures (e.g., < V 30 second).

Screen Unsharpness 
Unsharpness of the roentgenographic image also is caused by lateral 

diffusion of light between its origin in the intensifying screen and its

xrQy Fig 18-6. —Loss of image detail
caused by lateral diffusion of light 
in an intensifying screen.
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Fig 18-7. — Effect of the shape of a structure on the sharpness of the image of 
its borders.

absorption in the x-ray film (Fig 18-6). The amount of diffusion and 
therefore the screen unsharpness increase with the thickness of the flu
orescent layer of the screen and, to a lesser extent, with the average size 
of fluorescent granules in the screen. The active layer of detail screens 
often is tinted to reduce the lateral diffusion of light. The resolution var
ies from 6 - 9  lines/mm for images made with fast screens to as many as 
1 0 -15  lines/mm for images obtained with detail screens under labora
tory conditions. Resolutions this high are seldom realized clinically. The 
resolution is much poorer (2 -4  lines/mm) for fluoroscopic images ob
tained with an image intensifier. Screen unsharpness increases greatly if 
the intensifying screen and film are not in intimate contact.

Film Unsharpness 
The contribution of film to the unsharpness of a roentgenographic 

image almost always is negligible in comparison with geometric, motion 
and screen unsharpness. Film unsharpness is important only when x-ray 
film is exposed directly to x rays and when motion and geometric un
sharpness are exceptionally small. The primary contribution of film to 
image clarity is its effect on quantum mottle, with images recorded with 
high-speed film displaying more quantum mottle because of the reduced 
number of x rays used in forming the image. Film unsharpness is greater 
for double-emulsion films than for films with a single emulsion.

Effects of Object Shape on Radiographic Detail 
Illustrated in Figure 18-7 is the effect of the shape of a structure on the 

visibility of its borders in the image. Images of borders are sharper for 
the truncated pyramid on the left than for the sphere on the right, be
cause the attenuation of the x-ray beam increases gradually from the 
edge toward the center of the spherical object.
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Fig 18-8. —Some causes of distortion in the radiographic image: A, distortion 
between images of structures at different depths within the patient; B, distor
tion of the image of a structure tilted with respect to a plane perpendicular to 
the central axis of the x-ray beam; C, distortion caused by improper alignment 
of source and detector.

Radiologic Distortion
Some structures within a patient are near the x-ray film or fluoroscopic 

screen, and other structures are farther away. Hence, the magnification 
of the image varies for different structures in the patient. These dif
ferences in magnification are described as radiographic distortion. The 
image is distorted also if a structure is tilted with respect to a plane per
pendicular to the x-ray beam central axis, or if the detector is tilted with 
respect to a particular structure within the patient (Fig 18-8).

STATISTICAL FACTORS AFFECTING IMAGE QUALITY
At every location in an x-ray beam, the photon flux density varies with 

time according to a Poisson probability law (Chapter 12); that is, the 
number of x rays per unit area of the x-ray beam fluctuates continually at 
every location in the beam. As the sensitivity of a detector (e.g., x-ray 
film or a fluoroscopic screen) is increased, a response is elicited by fewer 
x rays per unit area. Consequently, the relative differences increase 
among the photon fluences that impinge upon different regions of the 
more sensitive detector. The variation in x-ray fluence across an intensi
fying screen, x-ray film or fluoroscopic screen contributes to radiologic 
m ottle or image noise, expressions that describe the mottled “salt and 
pepper” appearance of roentgenograms and fluoroscopic images.

Suppose one region of a patient transmits 10% less radiation than an 
adjacent region. If the photon fluence is 100 photons/sq. mm through the 
first region, then the expected photon fluence through the adjacent re
gion is 110 photons/sq mm. However, the photon fluence is subject to 
statistical fluctuations. The estimated standard deviations of the fluences 
are vlOO photons/sq mm = 10  photons/sq mm and V 110  photons/sq mm 
= 10.5 photons/sq mm. The probability density curve for the number of 
photons transmitted by each region is shown in Figure 18-9. The upper 
curves overlap greatly, suggesting that the probablity is only 40-50%  
that the image will depict the adjacent regions clearly. That is, fluctua
tions in photon fluence across the x-ray beam tend to obscure differences
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Fig 18-9. —Probability density functions for the photon fluence emerging 
from adjacent regions of a patient with a 10% difference in transmission. The 
lower curves reflect a tenfold increase in the photon fluence over that depicted 
in the upper curves. Fluctuations in photon fluence across the x-ray beam are 
more significant when fewer photons are required for a radiographic image.

in the transmission of x-ray photons through adjacent regions of the pa
tient, especially if these differences are not very great (i.e., low subject 
contrast). If the photon fluence transmitted by the adjacent regions is in
creased tenfold (1,000  photons/sq mm and 1 ,100  photons/sq mm, respec
tively), then the probability is increased greatly that the regions are dis
tinguishable in the image (Fig 18-9, bottom). However, a tenfold in
crease in the photon fluence requires a tenfold decrease in the sensitivi
ty of the detector.

Fluctuation in the photon fluence across a beam of x-ray photons limits 
the sensitivity of a detector used to obtain a roentgenographic or fluoro
scopic image. Most x-ray film exposed with conventional intensifying 
screens requires a photon fluence of at least 105 rays/sq mm to produce 
an acceptable image, and image noise does not contribute significantly 
to the loss of image quality in roentgenography with these screens. With 
more sensitive rare earth screens, images may be noticeably affected by 
image noise.

During fluoroscopy with an image intensifier, as few as 40 photons/sq 
mm may be received by the input screen during the integrating time of 
the eye (approximately 0.2 second). In this case, fluctuations in photon

REGION | REGION 2
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Fig 18-10. —R adio log ic  m ottle  in roentgenogram s exposed w ith  intensifying  
screens. A, roentgenogram  exposed w ith firm  contact betw een screens and  
film , B, roentgenogram  exposed w ith  a separation of 1 /1 6  in. betw een film  and  
screens. (From  C leare, H., Splettstosser, H., and S eem ann, H.: An experim ental 
study of the  m ottle  produced by x -ray  intensifying screens, Am. J. R oentgenol. 
8 8 :16 8 ,1 9 6 2 .)

fluence across the x-ray beam are one of the major contributors to loss of 
image quality.

In nuclear medicine and computed tomographic imaging, im age noise 
also is a significant factor in the overall quality of the image. Image noise 
is illustrated in Figure 18-10, A, in which a roentgenogram exposed with

Quantum m ottle  S tructure  m ottle  Film  grain iness

Fig 18-11. —C onstituents of rad io log ic  m ottle  (im age noise).
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Fig 18-12.-Im age noise in Eastman Kodak 
Royal Blue film for “ flash” exposures at 70 
kVp with calcium tungstate screens: A, 
roentgenogram obtained with medium-speed 
screens: B, roentgenogram obtained with fast 
screens. (Figures 18-12 to 18-16 from 
Rossmann, K.: Some physical factors affecting 
image quality in medical radiography, J. Photo.
Sci. 12:279, 1964.)

intensifying screens is reproduced. The roentgenogram in Figure 18-10, 
B, was exposed after the intensifying screens were displaced Vi6 in. 
above and below the film. This displacement increases the diffusion of 
light from the screens and decreases the capability of the film to record 
the unevenness in light flashes across the screens.2 The mottled appear
ance of the roentgenogram in B is attributable primarily to the size of 
granules in the film emulsion, and is described as film  graininess. The 
increased mottle of the roentgenogram in A is described as screen m ottle 
and is caused primarily by fluctuation of the flashes of light in the active 
layer of the screen. The fluctuation of the light flashes reflects the irregu
lar structure of the screen emulsion (structure mottle) and the random
ness with which x-ray photons are absorbed in the intensifying screens 
(quantum mottle). Radiologic mottle is a reflection of both screen mottle 
and film graininess (Fig 18-11). Usually, screen mottle is the more im
portant constituent, primarily because of the presence of quantum 
mottle.

The lateral diffusion of light from the active layer increases with the 
thickness of an intensifying screen. Hence, screens with thick active 
layers (fast screens) reduce the effect of quantum mottle.3 That is, the 
optical density is more uniform across a roentgenogram exposed with a 
thick, fast screen than across a roentgenogram exposed with a slower 
screen. Fast screens do not improve the quality of the roentgenographic 
image, however, because structures are defined less sharply. The influ
ence of screen speed upon radiologic mottle is illustrated in Figure
18-12.

DESCRIBING THE QUALITY OF A RADIOLOGIC IMAGE
A number of phantoms have been developed to test the resolution of 

radiologic imaging devices. For radiographic units, phantoms often con
tain opaque wires or strips with separations that diminish gradually from 
one side of the phantom to the other. The resolution of a roentgeno
graphic or fluoroscopic unit is described as the maximum number of 
lines per millimeter visible in the image.

The resolution furnished by a radiographic system may be evaluated
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Fig 18-13. —Test object for evaluating the resolution of a radiographic system.

with a test object developed originally by VanAllen and Morgan.4 In this 
test object, two metal jaws opaque to x rays are separated by a slit of ad
justable width (Fig 18-13). A screen-film combination or a fluoroscopic 
screen is exposed with the test object positioned between the film cas
sette or fluoroscopic screen and the x-ray tube. Results are shown in Fig
ure 18-14 for different combinations of intensifying screens and film 
exposed to radiation transmitted by the test object.

The sharpness of the image of the slit between the metal jaws of the 
test object may be described by the line spread function . The line spread 
function is determined from measurements of the transmission of light at 
increments across the image of the slit. Line spread functions, normal
ized to a transmission of 1.0 at the center of the slit, are plotted in Figure
18-15 for roentgenograms exposed with medium and fast calcium tung- 
state screens. The image of the slit is less sharp in the roentgenogram ob-

Fig 18-14. —Roentgenograms of 
a 10-ju, slit on Kodak Royal Blue 
medical x-ray film exposed: A, 
without intensifying screens; B, 
with medium-speed calcium 
tungstate screens; C, with fast 
calcium tungstate screens.
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Fig 18-15. —Normalized line spread functions for slit images obtained with 
calcium tungstate screens. Curve 1, two medium-speed screens; curve 2, two 
fast screens.

tained with fast screens. Consequently, structures in a patient also are 
recorded less sharply if fast screens are used.

M odulation transfer functions (MTF) may be computed from normal
ized line spread functions.5-7 The modulation transfer function for a radio- 
graphic system describes the capability of the system to furnish an im-

Fig 18-16.—Modulation transfer functions computed from the line spread 
functions in Figure 18-15. Curve 1, slit images obtained with medium-speed 
screens; curve 2, slit images obtained with fast screens.
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Fig 18-17 (left) .—Suppression of contrast in the image with increasing fre
quency of variation in transmission of x rays through an object.

Fig 18-18 (right). — Modulation transfer functions for components of a roent- 
genographic system and the composite modulation transfer function for the 
entire system. Curve A, MTF for screen-film combination; Curve B, MTF for a 1 - 
mm focal spot with 90 cm between the focal spot and the object and 10 cm be
tween the object and the film; Curve C, MTF for 0.3-mm motion of the object 
during exposure; Curve D, composite MTF for the entire system. (From Morgan, 
R.: The frequency response function, Am. J. Roentgenol. 88:175,1962.)

age that varies in optical density or brightness in exactly the same way 
that a test object or patient varies in the transmission of x radiation. The 
modulation transfer function sometimes is termed the sine-wave re
sponse, contrast transmission function  or frequency response function; 
however, the expression “modulation transfer function” has been rec
ommended by the International Committee for Optics.8

Modulation transfer functions for the line spread functions depicted in 
Figure 18-15 are plotted in Figure 18-16. The modulation transfer func
tions in Figure 18-16 describe the capability of two different screen-film 
combinations to provide discrete images of the thin slit in a test object as 
the number of slits per millimeter (lines or cycles per millimeter) in
creases.

For an object with a sinusoidal variation in transmission of x radiation, 
the radiographic image may be distorted in several ways. Amplitude dis
tortion  refers to the suppression of contrast in the image with increasing 
frequency (lines/mm) of variation in the transmission of radiation 
through the object (Fig 18-17). Usually, amplitude distortion is the major 
contributor to reduction in the modulation transfer function. Harmonic 
distortion  refers to the introduction into the image of variations in con
trast which do not reflect differences in transmission through the object. 
Harmonic distortion in roentgenography is caused primarily by the non
linear response of x-ray film to light from an intensifying screen. Phase
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Fig 18-19. —Modulation transfer functions for components of a fluoroscopic 
system and the composite MTF for the entire system. Curve A, MTF for a 1-mm 
apparent focal spot with a ratio of 3 between target-object distance and object- 
screen distance; Curve B, MTF for the image intensifier; Curve C, MTF for a 525- 
line television system; Curve D, composite MTF for the entire system. (From 
Morgan, R.: Physics of Diagnostic Radiology, in Glasser, O., et al. (eds.): Physi
cal Foundations of Radiology [3d ed.; New York: Harper & Row, 1961].)

C Y C L E S /  cm

Fig 18-20. —Modulation transfer functions for various isotope-imaging de
vices. Curve A  MTF for Picker Magnascanner with a 3 in. crystal and a #2102A 
31-hole intermediate focus collimator; Curve B, MTF for Nuclear Chicago 
Pho/Gamma II single-crystal scintillation camera equipped with a multihole col
limator; Curve C, MTF for Picker Magnascanner with a 3-in. crystal and a #2107
19-hole collimator; Curve D, MTF for Argonne Cancer Research Hospital brain 
scanner with an isoresponse collimator designed for 203Hg; Curve E, MTF for 
Picker Magnascanner with a 3-in. crystal and a #2102 31-hole fine focus colli
mator.
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Fig 18-21. —Relative operating 
characteristics (ROC) curves for
two imaging systems, with System 1 
yielding superior results.

distortion refers to the blurring of boundaries in the image caused by the 
inability of the screen-film combination to reproduce sinusoidal varia
tions in transmission of radiation through the object. Phase distortion 
usually is not important in roentgenography but may cause severe distor
tion of fluoroscopic and nuclear medicine images.

For a complete radiologic imaging system, the modulation transfer 
function is the product of the modulation transfer function for each com
ponent of the system. In Figure 18-18, the MTF for a complete roentgen- 
ographic system (curve D) is the product of the MTF for the screen-film 
combination (curve A), the MTF for the focal spot of the x-ray tube (curve 
B) and the MTF for the motion of the object (curve C).9 The modulation 
transfer function for a fluoroscopic system with an image intensifier and 
a television monitor is shown in Figure 18-19.10 Modulation transfer 
functions for selected nuclear medicine imaging devices are shown in 
Figure 18-20.11

Although the modulation transfer function is an elegant description of 
the resolution of an imaging system, it is not a complete assessment of 
the ability of an imaging system to furnish high-quality images. One ob
vious omission from the modulation transfer function is the effect of im
age noise. Another omission is the transfer of information from the image 
to the radiologist, a very important step in successful utilization of the 
information. To encompass these factors as well as image resolution, an 
approach known as relative operating characteristics (ROC) analysis has 
been used. In the application of this approach to the assessment of ra
diologic imaging systems, a series of images obtained with each of the 
systems is shown to a group of viewers. Each of the images may or may 
not contain an abnormality. If a viewer detects the abnormality in an 
image, the result is scored as a “true positive.” If a viewer detects the 
abnormality when it is not present in an image, the result is scored as a 
“false positive.” A plot of true positives versus false positives (Fig 18-21) 
reveals the relative performance of the imaging systems in terms of their
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ability to yield accurate diagnoses, with the superior system occupying 
the more elevated position in the upper left quadrant of the plot.

QUANTUM LEVELS AND CONVERSION EFFICIENCIES
The number of x-ray photons or light photons per unit area may be 

described at each stage of transformation of information in an x-ray beam 
into a visual image. These numbers are termed quantum levels. For 
example, a typical roentgenogram may require an exposure of 3  x 107 x- 
ray photons per sq cm to the intensifying screen (Fig 18-22). About 30% 
of the x-ray photons may be absorbed in the screen. For each x-ray pho
ton absorbed, 1,000 photons of light may be liberated. About 50% of 
these light photons escape from the screen and interact in the emulsion 
of the x-ray film. In a typical photographic emulsion, 200 photons of light 
are absorbed for each photographic granule affected. In curve A of Fig
ure 18-22, the number of photons per unit area is lowest at the stage of 
absorption of x-ray photons in the intensifying screen. This stage is 
termed the quantum sink. The quantum sink determines the major influ
ence of quantum mottle upon the resolution of the roentgenographic 
image.

X-RAY OR LIGHT PHOTONS PER UNIT AREA

3 °  © *-*W *- ON 00 O

Fig 18-22. —Quantum levels for stages of information conversion in roentgen
ography and fluoroscopy. Curve A, roentgenogram with intensifying screens; 
Curve B, conventional fluoroscopy. (Figures 18-22 and 18-23 from Ter-Pogos- 
sian, M.: The Physical Aspects of Diagnostic Radiology [New York: Harper & 
Row, 1967].)
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X-RAY OR LIGHT PHOTONS PER UNIT AREA
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Fig 18-23. —Quantum levels for stages of information conversion in atypical 
cinefluorographic system.

Quantum levels for stages in fluoroscopy without an image intensifier 
are depicted also in Figure 18-22. The x-ray photon fluence is 2  x 105 
photons/sq. cm on the fluoroscopic screen during the integrating time 
(0.2 second) of the eye. In this mode of fluoroscopy (and in fluoroscopy 
with image intensification), the quantum sink is the stage of absorption 
of light photons in the observer’s retina. In Figure 18-22, only 4 x 103 
light photons are absorbed in each square centimeter of the retina during 
the integrating time. Consequently, the effect of quantum mottle upon 
image resolution is more pronounced in fluoroscopy than in roentgenog
raphy.

Quantum levels for stages of a cinefluorographic system are depicted 
in Figure 18-23. The quantum sink is the stage of absorption of x-ray 
photons by the input screen of the image intensifier.

PROBLEMS
1. Illustrate by diagrams the change in geometric unsharpness with:

a. Size of the apparent focal spot of the x-ray tube.
b. Distance between the object and the detector.
c. Distance between the x-ray tube and object.

2. Define the expressions “subject contrast,” “detector contrast” and “image
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contrast.” Discuss the influence of subject contrast and detector contrast 
upon image contrast.

3. Discuss the concept of quantum mottle and how quantum mottle limits the 
useful brightness gain of an image intensifier used for fluoroscopy.

4. Describe the influence of each contribution to radiologic mottle in (a) im
age intensification fluoroscopy and in (b) roentgenography with intensifying 
screens.

5. Discuss the meaning of the expression “image detail” or “image resolution,” 
and one method for measuring the resolution of a roentgenographic or fluoro
scopic system.
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19 / Computed Tomography

I n  c o n v e n t i o n a l  r o e n t g e n o g r a p h y , subtle differences of a few per
cent in subject contrast (i.e., x-ray attenuation in the body) are not visible 
in the image for the following reasons:

1. The projection of three-dimensional anatomical information onto a 
two-dimensional image receptor obscures subtle differences in x-ray 
transmission through structures aligned parallel to the x-ray beam. Al
though conventional tomography resolves this problem to some degree, 
structures above and below the tomographic section may remain visible 
in the image if they differ significantly in their x-ray attenuating proper
ties from structures in the section.

2. Conventional image receptors (i.e., film, intensifying and fluoro
scopic screens) are not able to resolve small differences (1 - 2 %) in the 
intensity of incident radiation.

3. Large-area x-ray beams used in conventional roentgenography pro
duce considerable scattered radiation that interferes with the display of 
subtle differences in subject contrast.

To a significant degree, each of these difficulties is eliminated in com
puted tomography (CT), and differences in subject contrast of a few 
tenths of a percent are revealed in the image. Although the spatial reso
lution of 1 -  2  mm provided by computed tomography is notably poorer 
than that obtained by conventional roentgenography, the superior visu
alization of subject contrast, together with the display of anatomy across 
planes (e.g., cross sectional) that is not accessible by conventional imag
ing techniques, makes computed tomography exceptionally useful for 
visualizing the anatomy in the head and promising for visualizing anato
my in many other regions of the body.

HISTORY
The image reconstruction techniques used in computed tomography 

were developed for use in radio astronomy,1 electron microscopy2’ 3 and 
optics.4*5 In 1961, Oldendorf explored the principle of computed tomog
raphy with an apparatus using an 131I source.6 Shortly thereafter, Kuhl 
and colleagues developed emission and 241Am transmission CT imaging 
systems and described the application of these systems to brain imag
ing.7’ 8 In spite of these early efforts, computed tomography remained 
unexploited for clinical imaging until the announcement by EMI Ltd. in

377
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1972 of the first commercially available x-ray transmission CT unit de
signed exclusively for studies of the head.9 The prototype for this unit 
had been studied since 1970 at Atkinson-Morley Hospital in England, 
and the first commercial unit was installed in the United States in 1973. 
The same year, Ledley and colleagues announced the development of a 
whole body CT scanner.10 In 1974, Ohio Nuclear Inc. also developed a 
whole body CT scanner, and clinical models of both units were installed 
in 1975. By 1977, 16 or so commercial companies were marketing more 
than 30 models of transmission CT scanners, and two companies had 
developed emission scanners for use in nuclear medicine, principally for 
positron imaging. This commitment by commercial organizations re
flects the proven value of computed tomography in neuroradiologic diag
nosis and the potential of this technique for radiologic diagnosis in many 
other anatomical regions. The commitment reflects also the large invest
ment of the medical community in computed tomography, as each trans
mission CT unit costs<$ 100,000 to $1 million. In all likelihood, the ad
vent of computed tomography represents the beginning of a transition in 
diagnostic radiologic imaging from direct film recording methods to 
quantitative imaging processes using electronic radiation detectors and 
computer data processing.11’ 12

PRINCIPLE OF COMPUTED TOMOGRAPHIC IMAGING
In earlier CT imaging devices (“scanners”) a narrow beam of x rays is 

scanned across a patient in synchrony with a radiation detector on the 
opposite side of the patient (Fig 19-1). If the beam is monoenergetic or 
nearly so, the transmission of x rays through the patient is given by the 
equation (see Chap. 6 )

I  =  70e - ^ x

where the patient is assumed to be a homogeneous medium. If the x-ray

Object Scintillation

Fig 19-1. — Principle of operation of a first-generation computed tomographic 
scanner in which x-ray transmission measurements are accumulated while an 
x-ray source and detector are translated and rotated in synchrony on opposite 
sides of the patient. (From Brooks, R. A., and DiChiro, G.: Principles of com
puter assisted tomography [CAT] in radiographic and radioisotopic imaging, 
Phys. Med. Biol. 21:723, 1976. Copyright 1976 by The Institute of Physics. Re
printed with permission.)
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beam is intercepted by two regions with attenuation coefficients and 
(jl2 and thickness xx and x2, the x-ray transmission is

I = /0e_(#1 ixi +

If many (n) regions with different linear attenuation coefficients occur 
along the path of x rays, the transmission is

I = *ixi

where — 2"=1 /x.x. = ~ (p1x1 + p,2x2 + . . . + p nxn)x, and the fractional trans
mission I/I0 is

Hxi

With a single transmission measurement, the separate attenuation coeffi
cients cannot be determined because there are too many unknown val
ues of fx. in the equation. However, with multiple transmission measure
ments at different orientations of the x-ray source and detector, the sepa
rate coefficients can be distinguished so that a cross-sectional display of 
coefficients is obtained across the plane of transmission measurements. 
By assigning gray levels to different ranges of attenuation coefficients, a 
gray scale image can be obtained that represents various structures in 
the patient with different x-ray attenuation characteristics. This gray 
scale display of attenuation coefficients constitutes a CT image.

In earlier (first-generation) CT scanners, multiple x-ray transmission 
measurements are obtained by scanning a pencil-like beam of x rays and 
a Nal detector in a straight line on opposite sides of the patient (Fig 19-2, 
A). During this translational scan of perhaps 40 cm in length, multiple 
(e.g., 160) measurements of x-ray transmission are obtained. Next, the 
angular orientation of the scanning device is incremented 1 degree and a 
second translational scan of 160 transmission measurements is per
formed. This process of translational scanning separated by 1 degree in
crements is repeated through an arc of 180 degrees, so that 160 x 180 = 
28,800 x-ray transmission measurements are accumulated. These mea- 
.surements are transmitted to a computer equipped with a mathematical 
package for reconstructing an image of attenuation coefficients across the 
anatomical plane defined by the scanning x-ray beam.

RECONSTRUCTION ALGORITHMS
The foundation of the mathematical package for image reconstruction 

is the reconstruction algorithm, which may be one of four types.13
1. Simple back  projection. — In this method, each x-ray transmission 

path through the body is divided into equally spaced elements, and each 
element is assumed to contribute equally to the total attenuation along 
the x-ray path. By summing the attenuation for each element over all x-
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Fig 19-2. — Scan motions in computed tomography: A, first-generation scan
ner using a pencil x-ray beam and a combination of translational and rotational 
motion: B, second-generation scanner with a fan x-ray beam, multiple detectors 
and a combination of translational and rotational motion; C, third-generation 
scanner using a fan x-ray beam and smooth rotational motion of x-ray tube and 
detector array: and D, third-generation scanner with rotational motion of the x- 
ray tube within a stationary circular array of 600 or more detectors. (A, B and C 
from Brownell, G.: New Instrumentation for Computerized Tomography, in 
Proc. Conference on Computerized Tomography in Radiology, St. Louis, Mis
souri, April 25-28,1976 [Chicago: American College of Radiology, 1976], p. 15. 
Reprinted with permission.)

ray paths that intersect the element at different angular orientations, a 
final summed attenuation coefficient is determined for each element. 
When this coefficient is combined with the summed coefficients for all 
other elements in the anatomical section scanned by the x-ray beam, a 
composite image of attenuation coefficients is obtained. Although the
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simple back projection approach to reconstruction algorithms is straight
forward, it produces blurred images of sharp features in the object.

2. Integral equations.— This reconstruction algorithm was pioneered 
by Radon14 and uses a one-dimensional integral equation for the recon
struction of a two-dimensional image. In the convolution method of us
ing an integral equation, a deblurring function is combined (convolved) 
with the x-ray transmission data to remove most of the blurring before 
the data are back-projected. The most common deblurring function is a 
frequency filter that removes the high-frequency components of the x- 
ray transmission data. These components are responsible for most of the 
blurring in the composite image. One of the advantages of the convolu
tion method of image reconstruction is that the image can be reconstruct
ed while x-ray transmission data are being collected. The convolution 
method is the most popular reconstruction algorithm used today in com
puted tomography.

3. Fourier transform. — In this approach, the x-ray attenuation pattern 
at each angular orientation is separated into frequency components of 
various amplitudes, similar to the way a musical note can be divided into 
relative contributions of different frequencies. From these frequency 
components, the entire image is assembled in “frequency space” and 
then reconstructed by an inverse Fourier transform process into a spa
tially correct image. For high-resolution images, the Fourier transform 
reconstruction process requires a computer of considerable size.

4. Series expansion. — In this technique, variations of which are 
known as ART (algebraic reconstruction technique) and SIRT (simulta
neous iterative reconstruction technique), x-ray attenuation data at 
one angular orientation are divided into equally spaced elements along 
each of several rays. These data are compared to similar data at a dif
ferent angular orientation, and differences in x-ray attenuation at the 
two orientations are added equally to the appropriate elements. This 
process is repeated for all angular orientations, with a decreasing frac
tion of the attenuation differences added each time to insure conver
gence of the reconstruction data. In this method, all x-ray attenuation 
data must be available before the reconstruction process can begin.

SCAN MOTIONS
Early (first-generation) CT scanners used a pencil beam of x rays and a 

combination of translational and rotational motion to accumulate the 
many transmission measurements required for image reconstruction (see 
Fig 19-2, A). Although this approach yields satisfactory images of station
ary objects, considerable time (4 -5  minutes) is required for data accu
mulation, and the images are subject to motion blurring. Soon after the 
introduction of pencil beam scanners, fan-shaped x-ray beams were in
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troduced so that multiple measurements of x-ray transmission could be 
made simultaneously (see Fig 19-2, B). Fan beam geometries with incre
ments of a few degrees for the different angular orientations (e.g., a 30- 
degree fan beam and 10-degree angular increments) reduced the scan 
time to 2 0 -6 0  seconds and improved the image quality by reducing the 
effects of motion. Computed tomographic scanners with x-ray fan beam 
geometries and multiple radiation detectors constitute the second gener
ation of CT scanners.

In late 1975, the third generation of CT scanners was introduced. 
These scanners eliminate the translational motion of previous scanners 
and rely exclusively upon rotational motion of the x-ray tube and detec
tor array (see Fig 19-2, C) or upon rotational motion of the x-ray tube with
in a stationary circular array of 600 or more detectors (see Fig 19-2, D). 
With these scanners, data accumulation times as fast as 2 seconds are 
achievable.

The three generations of CT scanners that have evolved over the six 
years since CT scanning was introduced reflect improvements in scan
ner design (e.g., elimination of translational motion) and in the x-ray 
source used for data accumulation (e.g., substitution of rotating-anode for 
stationary-anode x-ray tubes). Further major reductions in scan time are 
not foreseeable in the immediate future because the present scanners 
are constrained by fundamental limitations such as x-ray fluence and 
detector response time rather than by the time required for motion of the 
x-ray source and detector. It is conceivable that CT scanners with multi
ple x-ray sources and detectors might be used to reduce the CT data ac
cumulation time into the millisecond range, and research currently is 
under way to investigate this possibility.15

X-RAY SOURCES
Both stationary- and rotating-anode x-ray tubes are used in CT scan

ners. Many of the translate-rotate CT scanners have an oil-cooled, sta
tionary-anode x-ray tube with a focal spot on the order of 2 x 16 mm. The 
limited output of these x-ray tubes necessitates a sampling time of about 
5 msec for each measurement of x-ray transmission. This sampling time, 
together with the time required to move and rotate the source and detec
tor, limit the speed with which data can be accumulated with CT units 
using translational and rotational motion.

To reduce the sampling time to 2 - 3  msec, most fast-scan CT units use 
rotating-anode x-ray tubes, often with a pulsed x-ray beam, to achieve 
higher x-ray outputs. Even with rotating-anode tubes, the heat-storage 
capacity of the anode may be exceeded if cooling periods are not ob
served between sets of successive images.
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Fig 19-3. —Display of a three-dimensional volume of tissue (voxel) as a two- 
dimensional element in the CT image (pixel). (From McCullough, E.: Factors 
affecting the use of quantitative information from a CT scanner, Radiology 124: 
99,1977. Reprinted with permission.)

COLLIMATION
After transmission through the patient, the x-ray beam is collimated to 

confine the transmission measurement to a slice with a thickness of a few 
millimeters and to reduce scattered radiation to less than 1% of the pri
mary beam intensity. The height of the collimator defines the thickness 
of the CT slice. This height, when combined with the area of a single 
picture element (pixel) in the display, defines the three-dimensional 
volume element (voxel) in the patient corresponding to the two-dimen
sional pixel of the display (Fig 19-3). A voxel encompassing a boundary 
between two tissue structures (e.g., muscle and bone) yields an attenua
tion coefficient for the pixel that is intermediate between the values for 
the two structures. This “partial volume artifact” may be reduced by nar
rowing the collimator to yield thinner slices. However, this approach 
reduces the number of x rays incident upon the detector, and the result
ing detector signals are subject to greater statistical fluctuations, yielding 
a noisier image in the final display.

X-RAY DETECTORS
To reduce the detector response time, all detectors used in CT scan

ning are operated in current rather than pulse mode. Also, rejection of 
scattered radiation is assigned to the detector collimators rather than to 
pulse height analyzers. Detectors for CT scanning are chosen on the ba
sis of detection efficiency (greater than 50%), short response time and 
stability of operation, and are either gas-filled ionization chambers or 
solid scintillation detectors. Scintillation detectors include Nal (Tl) and 
Csl crystals and newer bismuth germanate (BiGeO) detectors chosen for 
their high detection efficiency and low fluorescence decay time. Ioniza
tion chambers used so far contain xenon pressurized up to 25 atm to im
prove the x-ray detection efficiency. With any detector, the stability of
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response from one transmission measurement to the next is essential for 
the production of artifact-free reconstruction images. With a pure rota
tional source and detector geometry, for example, detector instability 
gives rise to ring-shaped artifacts in the image. Minimum energy de
pendence of the detectors over the energy range for the CT x-ray beam 
also is important if corrections for beam hardening are to be applicable to 
all patient sizes and configurations.

VIEWING SYSTEMS
The numbers computed by the reconstruction algorithm are not exact 

values of attenuation coefficients. Instead, they are integers termed CT 
numbers, which are related to attenuation coefficients. On most newer 
CT units, the CT numbers range from —1,000 for air to +1,000 for bone, 
with the CT number for water set at 0. CT numbers normalized in this 
manner are termed Hounsfield units and provide a range of several CT 
numbers for a 1% change in attenuation coefficient.

To portray the CT numbers as a gray scale visual display, a storage os
cilloscope or television monitor may be used. This viewing device con
tains a contrast enhancement feature that superimposes the shades of 
gray available in the display device (i.e., the dynamic range of the dis
play) over the range of CT numbers of diagnostic interest. Control of 
image contrast with the contrast enhancement feature is essential in x- 
ray computed tomography, because the electron density and therefore

TABLE 19-1.-E L E C T R O N  D EN SITIES OF 
VARIOUS BODY TISSU ES"

ELEC TRO N  D EN SITY PHYSICAL D EN SITY 
T ISSU E  (ELECTRONS/CC) (gm /cc)

Water 3.35 x  1023 1.00
Bone 3 .7 2 -5 .5 9 1 .2 -1 .8
Spleen 3.52 1.06
Liver 3.51 1.05
Heart 3.46 1.04
Muscle 3.44 1.06
Brain

White matter 3.42 1.03
Gray matter 3.43 1.04

Kidney 3.42 1.05
Pancreas 3.40 1.02
Fat 3.07 0.92
Lung 0.83 0.25

"D ata were calculated from the atomic composition and physi
cal density. (From Geise, R., and McCullough, E .: The use of 
C T scanners in megavoltage photon-beam therapy planning, 
Radiology 124:133, 1977. Reprinted with permission.)
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Fig 19-4. —Display of x-ray attenuation data at four positions of the window 
level of the contrast enhancement control.

the x-ray attenuation are remarkably similar for most tissues of diagnostic 
interest. This similarity is apparent from the data in Table 19-1. The 
same cross-sectional CT data displayed at diiferent settings of the “win
dow” of the contrast enhancement control are illustrated in Figure 19-4. 
In addition, the viewing console of the CT scanner may contain auxiliary 
features such as image magnification, quantitative and statistical data 
display, and patient identification data. Also, many scanners permit the 
display of coronal and sagittal images by combining reconstruction data 
for successive slices through the body.

PATIENT DOSE
The radiation dose delivered during a CT scan is somewhat greater 

than that administered for an equivalent roentgenographic image. A CT 
image of the head requires a dose of about 1 - 2  rad, for example, whereas 
an abdominal image usually requires a dose of 3 - 5  rad. These doses 
would have to be increased significantly to improve the contrast and spa-
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tial resolution of CT images. The relationship between resolution and 
dose is expressed as

where D = patient dose, s = signal/noise ratio, e = spatial resolution, 
h = slice thickness and a  = constant. From equation (19-1), it is apparent 
that:

1. A twofold improvement in the signal/noise ratio (contrast resolu
tion) requires a fourfold increase in patient dose.

2. A twofold improvement in spatial resolution requires an eightfold 
increase in patient dose.

3. A twofold reduction in slice thickness requires a twofold increase 
in patient dose.

EMISSION-COMPUTED TOMOGRAPHY
The principles of computed tomography may also be applied to imag

ing the distribution of radioactive nuclides in the body. A number of 
investigators have explored this application,1618 and at least two emis
sion-computed tomographic units are available commercially.

Perhaps the most promising application of emission tomography is for 
imaging the distribution of positron-emitting radionuclides in the body. 
In this application, each detector is operated along with a number of 
detectors on the opposite side of the body. This arrangement facilitates 
the precise localization of the origin of 511-keV annihilation radiation 
released in the body as positrons emitted by the nuclide are annihilated. 
Among the more promising nuclides for positron imaging are cyclotron- 
produced nC, 13N and 150 ,  which can be labeled isotopically into com
pounds of biologic interest, and generator-produced 68Ga, which is 
formed by decay of its longer-lived parent 68Ge.

ULTRASOUND-COMPUTED TOMOGRAPHY
Another application of computed tomography is in ultrasound imaging 

of certain anatomical structures, including the breast.19’ 20 To obtain an 
ultrasound-computed tomographic image, a transmitting transducer on 
one side of the patient is moved in synchrony with a receiving transduc
er on the opposite side of the patient in a manner identical with the mo
tion of the x-ray tube and detector in an x-ray CT scanner. By measuring 
the intensity of the transmitted ultrasound at multiple positions of the 
transducers, an attenuation image is obtained that is similar to that for x- 
ray transmission tomography. An ultrasound CT image of a young female 
breast with some development of fibrocystic disease is shown in Figure
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Fig 19-5.—Transmission ultrasound-computed tomographic image of suc
cessive planes through the breast of a young woman with some indications of 
fibrocystic development.

19-5. Alternately, the transducers can be used to measure the time of 
flight of ultrasound beams through the body. These data can be used to 
reconstruct a speed-of-sound image. In this type of image, the speed of 
sound through different structures in a cross section of the patient’s anat
omy may be portrayed as shades of gray.

PROBLEMS
1. Compare the spatial and contrast resolution of conventional roentgenographic 

and CT images.
2. List three reasons why contrast resolution is improved in CT imaging com

pared with conventional roentgenographic imaging.
3. Describe the mechanical features of the three generations of CT scanners.
4. Briefly describe the simple back-projection approach to image reconstruction, 

and explain how the convolution method improves these images.
5. What are the two major constraints on further reductions in CT scan time?
6 . Explain the relationship between a voxel and a pixel.
7. What types of detectors are used in CT scanners?
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8 . Define a Hounsfield unit and explain the purpose of contrast enhancement in 
a CT viewing device.

9. Explain how image noise and patient dose in CT scanning are influenced by 
the signal/noise ratio, the size of each resolution element and the slice thick
ness.
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20 /  Ultrasound Waves

U l t r a s o u n d  is a mechanical disturbance that is propagated as a wave 
through a medium. When the medium is a patient, the propagation of the 
wavelike disturbance is the basis for use of ultrasound as a diagnostic 
tool. Hence, an appreciation of the characteristics of ultrasound waves 
and their behavior in various media is essential to understanding the use 
of diagnostic ultrasound in clinical medicine.1'6

WAVE MOTION
A fluid medium is a collection of particles such as atoms or molecules 

that are in continuous random motion. The particles are represented as 
filled circles in Figure 20-1. When no external force is applied to the 
medium, the particles are distributed more or less uniformly throughout 
the medium. When the medium is acted upon by a force (represented by 
movement of the piston from left to right in Figure 20-1, B ), the particles 
are concentrated in the region in front of the piston. The region of in
creased particle density is termed a zone o f  compression. Because of the 
forward motion imparted to the particles by the piston, the region of in
creased particle density begins to migrate away from the piston and 
through the medium. That is, a mechanical disturbance introduced into 
the medium travels through the medium in a direction away from the 
source of the disturbance. In clinical applications of ultrasound, the pis
ton is replaced by an ultrasound transducer.

As the zone of compression begins its migration through the medium, 
the piston might be withdrawn from right to left, creating a region of 
reduced particle density immediately behind the compression zone. 
Particles from the surrounding medium move into this region to restore 
it to normal particle density, and a second region, termed a zone o f  rare
faction , begins to migrate away from the face of the piston (Fig 20-1, C). 
That is, the compression zone is followed by a zone of rarefaction also 
moving through the medium.

If the piston is displaced again to the right, a second compression zone 
is established and follows the zone of rarefaction through the medium. If 
the piston oscillates continuously, alternate zones of compression and 
rarefaction are propagated through the medium, as illustrated in Figure 
20-1, D. The propagation of these zones establishes a wave disturbance 
in the medium, which is termed a longitudinal wave because the motion

390
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Fig 20-1. —Production of an ultrasound wave: A, uniform distribution of parti
cles in a medium. B, movement of the piston to the right produces a zone of 
compression. C, withdrawal of the piston to the left produces a zone of rarefac
tion. D, alternate movements of the piston to the right and left establish a longi
tudinal wave in the medium.

of the particles in the medium is parallel to the direction of wave propa
gation. One compression zone followed by a zone of rarefaction is re
ferred to as a wave cycle, and the number of these cycles established in 
the medium each second is termed the frequency  of the wave. A wave 
with a frequency between about 2 0  and 2 0 ,0 0 0  cycles per second or 
hertz (Hz) is a sound wave that is audible to the human ear. An infrasonic 
wave is a sound wave below 20 Hz that is not audible to the human ear. 
An ultrasound (or ultrasonic) wave has a frequency greater than 20,000 
Hz and also is inaudible. In clinical diagnosis, ultrasound waves of fre
quencies between 1 and 2 0  million cycles per second [1 - 2 0  megahertz 
(MHz)] are used.

As a longitudinal wave moves through a medium, particles at the edge 
of the wave slide past one another. Resistance to this shearing effect 
causes these particles to move somewhat in a direction away from the 
moving longitudinal wave. This transverse motion of particles along the 
edge of the longitudinal wave establishes shear waves that radiate trans
versely from the longitudinal wave. In general, shear waves are signifi
cant only in a rigid medium such as a solid. In biologic tissues, bone is 
the only medium in which shear waves are significant.

WAVE CHARACTERISTICS
A zone of compression and an adjacent zone of rarefaction are termed 

one cycle  of an ultrasound wave. A cycle may be represented diagram- 
matically in a graph of particle density versus distance in the direction of
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the ultrasound wave (Fig 20-2). The distance covered by one cycle is 
termed the wavelength X of the ultrasound wave. The number of cycles 
introduced into the medium each second is referred to as the frequency v 
of the wave, expressed in units of hertz (Hz), kilohertz (kHz) or mega
hertz (MHz). The maximum height of the cycle in Figure 20-2 is the 
amplitude of the ultrasound wave. The product of the frequency and the 
wavelength is the velocity c of the wave; that is,

c = vX

In most soft tissues, the velocity of ultrasound is roughly 1,540 m/sec, 
and frequencies of 1 MHz and greater are required to furnish ultrasound 
wavelengths suitable for diagnostic imaging (i.e., wavelengths on the 
order of 1 mm or less).

ULTRASOUND WAVEFRONTS
Often the centers of compression zones of an ultrasound wave are rep

resented by lines perpendicular to the motion of the the particles and the 
ultrasound wave in the medium. These lines are referred to as wave
fronts. For an ultrasound source of large dimensions (i.e., a large-diame- 
ter transducer), ultrasound wavefronts are represented as equally spaced 
straight lines such as those in Figure 20-3, A. Wavefronts of this type are 
termed planar wavefronts, and the ultrasound wave they represent is 
termed a planar or plane wave. At the other extreme, an ultrasound wave 
originating from a source of very small dimensions (i.e., a point source) is 
represented by wavefronts that describe spheres of increasing diameter 
at increasing distance from the source. Spherical wavefronts for a point 
source are diagramed in Figure 20-3, B.

For the practical case of ultrasound production for diagnostic use, 
sources of exceptionally small or large dimensions are not used routine
ly. Instead, sources with finite dimensions are used. These sources can 
be considered as a collection of point sources, each radiating spherical
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Fig 20-3. — Ultrasound wavefronts from a source of large dimensions (A) and a 
source of small dimensions (B).

wavefronts (termed wavelets) into the medium, as shown in Figure 20-4, 
A. In regions where compression zones for one wavelet intersect com
pression zones for another, a condition of constructive interference is 
established. With constructive interference, the wavelets reinforce each 
other and the total pressure in the region is the sum of the pressures con
tributed by each wavelet. In regions where compression zones for one 
wavelet intersect zones of rarefaction for another wavelet, a condition of 
destructive interference is established. In these regions, the particle 
density is reduced.

With many spherical wavelets radiating from a transducer of reason
able size (i.e., the diameter of the transducer is considerably larger than 
the ultrasound wavelength), many regions of constructive and destruc
tive interference are established in the medium. In Figure 20-4, B, these 
regions are represented as intersections of lines depicting compression 
zones of individual wavelets. From this figure it is apparent that the rein
forcement and cancellation of individual wavelets are most noticeable in 
the region near the source of ultrasound, and are progressively less dra-

Fig 20-4.—A, ultrasound 
sources may be considered as a 
collection of point sources, each 
radiating spherical wavelets into 
the medium. B, interference of 
the spherical wavelets 
establishes a characteristic 
pattern for the resulting net 
wavefronts.
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FRESNEL ZONE FRAUNHOFER
ZONE

Fig 20-5. —Divergence of the ultrasound beam in the Fraunhofer region. The 
angle 6 is the Fraunhofer divergence angle.

matic with increasing distance from the ultrasound source. The region 
near the source where the interference of wavelets is most apparent is 
termed the Fresnel (or near) zone. For a disk-shaped transducer of radius 
r, the length D of the Fresnel zone is

D Fresnel
1*2
X

where X is the ultrasound wavelength. Within the Fresnel zone, most of 
the ultrasound energy is confined to a beam width no greater than the 
transducer diameter. Beyond the Fresnel zone, some of the energy es-

TABLE 20-1.-TRA N SD U C ER RADIUS AND ULTRA
SOUND FREQUENCY AND TH EIR RELATIONSHIP 

TO FRESN EL ZONE DEPTH AND 
BEAM DIVERGENCE

FR E SN EL
FREQ U EN CY W AVELENGTH ZONE D EPTH  

(MHz) (cm) (cm)

FRAUN H O FER
DIVERGENCE

ANGLE
(d e g r e e s )

Transducer radius constant at 0.5 cm
0.5 0.30 0.83 21.5
1 .0 0.15 1.67 10.5
2 .0 0.075 3.33 5.2
4.0 0.0325 7.80 2.3
8 .0 0.0163 15.33 1 .1

FRAU N H O FER
DIVERGENCE

FR E SN EL ANGLE
RADIUS ZONE D EPTH IN W ATER

(cm) (cm) ( d e g r e e s )

Frequency constant at 2 M H z
0.25 0.83 1 0 .6
0.5 3.33 5.3
1 .0 13.33 2 .6
2 .0 53.33 1.3
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capes along the periphery of the beam, producing a gradual divergence 
of the ultrasound beam described by

sin 6 = 0.612 (^)

where 6 is the Fraunhofer divergence angle in degrees (Fig 20-5). The 
region beyond the Fresnel zone is termed the Fraunhofer (or far) zone.

For medical applications of ultrasound, beams with little lateral dis
persion of energy (i.e., a long Fresnel zone) are preferred. Hence, a rea
sonably high ratio of transducer radius to wavelength (r/\) is required. 
This requirement can be satisfied by using ultrasound of short wave
lengths (i.e., high frequencies). Unfortunately, the absorption of ultra
sound energy increases at higher frequencies, and ultrasound frequen
cies for clinical imaging are limited to 2 -2 0  MHz. At these frequencies, 
a transducer radius of 10A or more usually furnishes an ultrasound beam 
with adequate directionality for medical use. The relationship of trans
ducer radius and ultrasound frequency to the depth of the Fresnel zone 
and the amount of beam divergence is illustrated in Table 20-1,

VELOCITY OF ULTRASOUND
The velocity of an ultrasound wave varies with the physical properties 

of the medium transmitting the wave. In low-density media, such as air 
and other gases, particles may move a considerable distance before they 
influence neighboring particles. In these media, the velocity of an ultra
sound wave will be relatively low. In solids, particles of the medium are 
constrained in their motion, and the velocity of ultrasound waves is rela-

TABLE 20-2.-APPRO XIM A TE VELO C ITIES OF ULTRA
SOUND IN SELEC TED  MATERIALS

V ELO C ITY BIOLO GIC V ELO CITY
NONBIOLOGIC MATERIAL (m/sec) M ATERIAL (m/sec)

Acetone 1,174 Fat 1,475
Air 331 Brain 1,560
Aluminum (rolled) 6,420 Liver 1,570
Brass 4,700 Kidney 1,560
Ethanol 1,207 Spleen 1,570
Class (Pyrex) 5,640 Blood 1,570
Acrylic plastic 2,680 Muscle 1,580
Mercury 1,450 Lens of eye 1,620
Nylon (6-6) 2,620 Skull bone 3,360
Polyethylene 1,950 Soft tissue

(mean value) 1,540
Water (distilled), 25 C 1,498
W ater (distilled), 50 C 1,540
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tively high. Velocities intermediate between those in gases and those in 
solids are attained by ultrasound waves moving through liquids. With 
the notable exceptions of lung and bone, the velocity of ultrasound in 
biologic tissues is roughly similar to the velocity of ultrasound in liquids. 
In different media, changes in velocity are reflected in changes in wave
length of the ultrasound waves, with the frequency remaining relatively 
constant. In ultrasound imaging, variations in the velocity of ultrasound 
in different media introduce artifacts into the image, with the major arti
facts attributable to bone, fat and, in ophthalmologic applications, the 
lens of the eye. The velocities of ultrasound in various media are listed 
in Table 20-2.

It is important to distinguish the velocity of an ultrasound wave from 
the velocity of particles in the medium whose displacement into zones of 
compression and rarefaction constitutes the wave. The particle velocity 
describes the velocity of the individual particles of the medium, whereas 
the wave velocity describes the velocity of the ultrasound wave through 
the medium. Properties of ultrasound such as reflection, transmission 
and refraction are characteristic of the wave velocity of the ultrasound, 
rather than the particle velocity.

ULTRASOUND INTENSITY
The intensity I of an ultrasound wave is the rate at which energy is 

transmitted by the wave, described usually in units of watts per square 
centimeter. The intensity usually is described relative to some reference 
intensity I0 and expressed in units of decibels (dB). The ratio of intensi
ties of two ultrasound waves is described as

Intensity ratio (dB) = 10 log |jh |

where I and I0 are the intensities of the two waves. If two ultrasound 
waves differ in intensity by a factor of 10 , then the intensity ratio is 10 
dB, since

Intensity ratio (dB) = 10 log QijjJ = 10 log (10-1) = —10

where the negative sign indicates that the intensity I is less than the 
intensity I0. Similarly, two waves differing in intensity by a factor of 100 
have an intensity ratio of 2 0  dB:

Intensity ratio (dB) = 10 log = 10 log (10-2) = —20

The rate of energy transmission (i.e., the intensity) of an ultrasound
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wave is related to the maximum particle velocity Vm and the maximum 
wave pressure Pm by the expressions

PcVl PII =
2 pc

where p is the density of the undisturbed medium and c is the wave 
velocity of ultrasound in the medium. Substitution of these expressions 
for intensity in the expression for the intensity ratio yields

Intensity ratio (dB) = 20 log J~. m. 1 = 20 log
L'  ' m ' o - l

Pm
- N o 

where (Vm)0 and (Pm)0 are the maximum particle velocity and wave pres
sure of the reference ultrasound wave.

The decibel notation of intensity difference is particularly useful in 
describing the attenuation of an ultrasound wave as it moves through a 
medium. For example, suppose that the intensity of an ultrasound wave 
is reduced by a factor of 10 in moving through a particular medium. The 
attenuation of the wave is 10 dB. An intensity ratio of 0 dB implies no 
attenuation of ultrasound. Occasionally, the attenuating characteristics 
of a medium are described in terms of the half-power thickness, defined 
as the thickness of attenuating medium required to reduce the intensity 
of the wave to half. A half-power thickness corresponds to a reduction in 
intensity of 3 dB.

Attenuation of an ultrasound wave also may be described in units of 
nepers per centimeter:

Attenuation (nepers/cm) = In

ACOUSTIC IMPEDANCE
In most diagnostic applications of ultrasound, use is made of ultra

sound waves reflected from interfaces between different tissues in the 
patient. The fraction of the impinging energy reflected from an interface 
depends on the difference in acoustic impedance of the media on oppo
site sides of the interface. The acoustic impedance Z of a medium is the 
product of the density p of the medium and the velocity of ultrasound in 
the medium:

Z — pc

The acoustic impedances of several materials are listed in Table 20-3.
The larger the difference in acoustic impedance between two media 

(i.e., the larger the impedance mismatch), the greater is the fraction of
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TABLE 20-3.-APPROXIM ATE ACOUSTIC IMPEDANCES OF
SELEC TED  MATERIALS

NONBIOLOGIC
MATERIAL

ACOUSTIC IMPEDANCE 
(kg-m-2 — sec-1) x  10-4

BIOLOGIC
MATERIAL

ACOUSTIC IMPEDANCE 
(kg-m-2 -  sec-1) X 10-4

Air at standard Fat 1.38
temperature and Aqueous and
pressure 0.0004 vitreous

Water 1.50 humor of eye 1.50
Polyethylene 1.85 Brain 1.55
Plexiglas 3.20 Blood 1.61
Aluminum 18.0 Kidney 1.62
Mercury 19.5 Human soft
Brass 38.0 tissue,

mean value 1.63
Spleen 1.64
Liver 1.65
Muscle 1.70
Lens of eye 1.85
Skull bone 6.10

impinging ultrasound energy that is reflected at the interface. For an ul
trasound wave incident perpendicularly upon an interface, the fraction 
a R of the incident energy that is reflected is

where Zx and Z2 are the acoustic impedances of the two media, and the 
fraction reflected is known as the reflection coefficient aR. The fraction of 
the incident energy that is transmitted across an interface is described 
by the transmission coefficient a T:

4ZtZ2 
^  (Zj + Z2)2

Obviously, a T + aR= 1.
With a large impedance mismatch at an interface, much of the energy 

of an ultrasound wave is reflected, and only a small amount is transmit
ted across the interface. For example, ultrasound beams are reflected 
strongly at air-tissue and air-water interfaces because the impedance of 
air is much less than that of tissue or water. At a muscle-air interface, 
Zj = 1.65 and Z2 = 0.0004 (both multiplied by 10-4 with units of kg-m-2 — 
sec-1).

[1.65 -  0.000412 _  4(1.65)(0.0004)
U .65 + 0.0004J (1.65 + 0.0004)2

= 0.9995 = 0.0005
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Fig 20-6. —Range of magnitudes of echoes from biologic interfaces and 
selection of internal echoes to be displayed over the major portion of the gray 
scale of an ultrasound display unit. (Reprinted with permission from Kossoff, G., 
Garrett, W., Carpenter, D., Jellins, J., and Dadd, M.: Principles and classification 
of soft tissues by grey scale echography, Ultrasound Med. Biol. 2:90,1976.)

So 99.95% of the ultrasound energy is reflected at the air-muscle inter
face and only 0.05% of the energy is transmitted. At a muscle-liver inter
face where values of Zx and Z2 are typically 1.70 and 1.65,

_  f l.70 -  1.6512 = 4(1.70X1.65)
Ll.70 + 1.65J Ut (1.70 + 1.65)2 

= 0.015 = 0.985

At a muscle-liver interface, slightly more than 1% of the incident energy 
is reflected, and about 99% of the energy is transmitted across the inter
face. Even though the reflected energy is small, it often is sufficient for 
visualization of the liver border. The magnitudes of echoes from various 
interfaces in the body are described in Figure 20-6.

Because of the high value of the coefficient of ultrasound reflection at 
an air-tissue interface, water paths and various creams and gels are used 
during ultrasound examinations to remove air pockets (i.e., to obtain 
good acoustic coupling) between the ultrasound transducer and the pa-
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Fig 20-7. —Reflection of 
ultrasound at an interface, where 
the angle of incidence Lt equals the 
angle of reflection Lr.

tient’s skin. With adequate acoustic coupling, the ultrasound waves will 
enter the patient with little reflection at the skin surface. Similarly, 
strong reflections of ultrasound occur at the boundary between the chest 
wall and the lungs and at the millions of air-tissue interfaces within the 
lungs. Because of the large impedance mismatch at these interfaces, 
efforts to use ultrasound as a diagnostic tool for the lungs have been 
unrewarding. The impedance mismatch also is high between soft tissues 
and bone, and the use of ultrasound to identify tissue characteristics in 
regions behind bone has had limited success.

The discussion of ultrasound reflection above assumes that the ultra
sound beam strikes the reflecting interface at a right angle. In the body, 
ultrasound impinges upon interfaces at all angles. For any angle of inci
dence, the angle at which the reflected ultrasound energy leaves the in
terface equals the angle of incidence of the ultrasound beam; that is

Angle of incidence = Angle of reflection

This relationship is depicted in Figure 20-7.
In a typical medical examination that uses reflected ultrasound and a 

transducer that both transmits and detects ultrasound, very little reflect
ed energy will be detected if the ultrasound strikes the interface at an 
angle more than about 3 degrees from perpendicular. A smooth reflect
ing interface must be essentially perpendicular to the ultrasound beam 
to permit visualization of the interface.

REFRACTION
As an ultrasound beam crosses an interface obliquely between two 

media, its direction is changed (i.e., the beam is bent). If the velocity of 
ultrasound is higher in the second medium, then the beam enters this 
medium at a more oblique angle. This behavior of ultrasound transmit
ted obliquely across an interface is termed refraction  and is illustrated in 
Figure 20-8. The relationship between incident and refraction angles is 
described by Snell’s Law:

Sine of incidence angle _  Velocity in incidence medium 
Sine of refraction angle Velocity in refractive medium
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Fig 20-8. — Refraction of 
ultrasound at an interface, where 
the ratio of the velocities of 
ultrasound in the two media is 
related to the sine of the angles of 
incidence and refraction.

For example, an ultrasound beam incident obliquely upon an interface 
between muscle (velocity = 1,580 m/sec) and fat (velocity = 1,475 
m/sec) will enter the fat at a steeper angle.

If an ultrasound beam impinges very obliquely upon a medium in 
which the ultrasound velocity is increased, the beam may be refracted so 
that no ultrasound energy enters the medium. The incidence angle at 
which refraction causes no ultrasound to enter a medium is termed the 
critical angle. For any particular interface, the critical angle depends on 
the velocity of ultrasound in the two media separated by the interface.

Refraction is a principal cause of artifacts in clinical ultrasound im
ages. For example, the ultrasound beam in Figure 20-9 is refracted at a 
steeper angle as it crosses the interface between medium 1 and 2 ( c 1 > c2). 

As the beam emerges from medium 2 and reenters medium 1, it re
sumes its original direction of motion. The presence of medium 2 simply

Fig 20-9. — Lateral 
displacement of an ultrasound 

J beam as it traverses a slab
i interposed in an otherwise
1 homogeneous medium.
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displaces the ultrasound beam laterally for a distance that depends upon 
the difference in ultrasound velocity in the two media and upon the 
thickness of medium 2. Suppose a small structure below medium 2 is 
visualized by reflected ultrasound. The position of the structure would 
appear to the viewer as an extension of the original direction of the ultra
sound through medium 1. In this manner, refraction adds spatial distor
tion and resolution loss to ultrasound images.

ATTENUATION OF ULTRASOUND
As an ultrasound beam penetrates a medium, energy is removed from 

the beam by processes such as absorption, scattering and reflection. As 
illustrated in Figure 20-10, the energy remaining in the beam decreases 
approximately exponentially with the depth of penetration of the beam 
into the medium. The reduction in energy (i.e., the decrease in ultra
sound intensity) may be described in decibels, as noted earlier. For 
example, an energy attenuation of 1 dB/cm indicates a 90% reduction in 
the intensity of an ultrasound beam traversing 10 cm of medium. The 
attenuation of ultrasound in a material is described by the attenuation 
coefficient oc in units of decibels per centimeter. Values of a  for common 
biologic materials are listed in Table 20-4. Many of the values in Table
20-4 are known only approximately and vary significantly with both the 
particular sample chosen for measurement and the conditions of the 
sample at the time of measurement.7 From Table 20-4, it is apparent 
that the attenuation of ultrasound is very high in bone. This property, 
together with the large reflection coefficient of a tissue-bone interface, 
make it difficult to visualize structures lying behind bone. Little attenua
tion occurs in water, and this medium is a very good transmitter of ultra
sound energy. To a first approximation, the attenuation coefficient of

Fig 20-10. — Energy remaining 
in an ultrasound beam as a 
function of the depth of 
penetration of the beam into a 
medium.
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TABLE 20-4.-ATTENUATION CO EFFICIEN TS 
a  FOR 1-MHz ULTRASOUND

MATERIAL (dB/cm) MATERIAL (dB/cm)

Blood 0.18 Lung 40
Fat 0.6 Liver 0.9
Muscle Brain 0.85

(across fibers) 3.3 Kidney 1.0
Muscle Spinal cord 1.0

(along fibers) 1.2 Water 0.0022
Aqueous and vitreous Castor oil 0.95

humor of eye 0.1 Lucite 2.0
Lens of eye 2.0
Skull bone 20

most soft tissues can be approximated as 0.9^, where v is the frequency of 
the ultrasound in units of megahertz. This expression implies that the 
attenuation of ultrasound energy increases with frequency in biologic 
tissues. That is, higher-frequency ultrasound is attenuated more readily 
and is less penetrating than ultrasound of lower frequency.

The energy loss in a medium composed of layers of different materials 
is the sum of the energy loss in each layer. For example, suppose that a 
block of tissue consists of 2 cm of fat, 3 cm of muscle (ultrasound propa
gated parallel to the fibers) and 4 cm of liver. The total energy loss is

Total energy loss = (Energy loss in fat) -I- (Energy loss
in muscle) + (Energy loss in liver)

= (0.6 dB/cm)(2 cm) + (1.2 dB/cm)(3 cm)
+ (0.9 dB/cm)(4 cm)

= 1.2 dB + 3.6 dB + 3.6 dB 
= 8.4 dB

For an ultrasound beam that traverses the block of tissue and, after re
flection, returns through the tissue block, the total attenuation is twice 
8.4 dB or 16.8 dB.

ATTENUATION PROCESSES
Relaxation processes are the primary mechanism of energy dissipation 

for an ultrasound beam traversing tissue. These processes involve re
moval of energy from the ultrasound beam and eventual dissipation of 
this energy primarily as heat. As discussed earlier, ultrasound is propagat
ed by displacement of particles of a medium into regions of compression 
and rarefaction. The displacement of a particle into a compression zone 
requires energy, which is provided to the medium by the source of ultra
sound. As the particle attains maximum displacement from an equilibri-



404 U l t r a s o u n d  W a v e s

Fig 20-11. —Ultrasound 
attenuation as a function of 
frequency, with the maximum 
attenuation occurring at the 
relaxation frequency of the 
medium.

um position, its motion stops and the energy of the particle is translated 
from kinetic energy associated with the particle’s motion to potential 
energy associated with the particle’s position in the compression zone. 
From this position, the particle begins to move in the opposite direction, 
and potential energy is transformed gradually into kinetic energy. The 
maximum kinetic energy (i.e., the highest particle velocity) is achieved 
when the particle passes through its original equilibrium position, 
where the displacement and potential energy are zero. If the kinetic 
energy of the particle at this position equals the energy absorbed origi
nally from the ultrasound beam, then no dissipation of the particle’s en
ergy has occurred and the medium is an ideal transmitter of ultrasound 
energy. Actually, the conversion of kinetic to potential energy (and vice 
versa) always is accompanied by some dissipation of the energy. There
fore, the energy of the ultrasound beam is gradually reduced as it passes 
through the medium. The rate at which the beam energy decreases is a 
reflection of the energy attenuation properties of the medium.

An analogy to the propagation of ultrasound in a medium is the oscilla
tion that occurs when a stretched spring is released (i.e., relaxed). A 
spring that oscillates for a long time with little reduction in amplitude 
experiences only a gradual dissipation of energy from the energy conver
sion process. A spring that exhibits a rapid dampening of the oscillation 
indicates a more rapid loss of energy. This energy loss, termed relaxa
tion energy loss, occurs as the spring is stretched and relaxed. The same 
term is used to describe similar energy loss mechanisms that occur as an 
ultrasound beam traverses a medium.

In any medium, the rate of energy loss varies with the frequency of an 
ultrasound beam. This dependence of energy loss on frequency is illus
trated in Figure 20-11. Frequencies at which maximum attenuation oc
curs are termed the relaxation frequencies  of the medium. At frequen
cies v well below a relaxation frequency, the dissipation varies with v2; at 
frequencies near the relaxation frequency, the dissipation varies more 
nearly with v. Hence, ultrasound may be attenuated more strongly in one
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TABLE 20-5.-VARIATION OF ULTRASOUND 
ATTENUATION CO EFFIC IEN T a WITH 

FREQUENCY v IN MHz, WHERE a. IS THE 
ATTENUATION CO EFFIC IEN T AT 1 MHz

T ISSU E
FREQUENCY
VARIATION TISSU E

FREQUENCY
VARIATION

Blood a =  aj X V Liver a  =  a, x /
Fat a =  aj X V Brain a  = a, x /
Muscle Kidney a =  a, X /

(across fiber) a  =  a, X  V Spinal cord a  =  a, X /
Muscle Water a =  a, X / 2

(along fiber) a =  a, X V Castor oil a =  a j X / 2
Aqueous and Lucite a =  a. X /

vitreous a  = a , X  V
Lens of eye a  = a , X  V
Skull bone a  = a , X  V2

medium than another because the ultrasound frequency may be near a 
relaxation frequency in one medium and far below a relaxation frequen
cy in another. The effect of frequency on the attenuation of ultrasound in 
different media is described in Table 20-5.8' 11 Data in this table are rea
sonably good estimates of the influence of frequency on ultrasound ab
sorption over the range of ultrasound frequencies used diagnostically. 
However, complicated structures such as tissue samples often exhibit a 
rather complex attenuation pattern for different frequencies, which prob
ably reflects the existence of a variety of relaxation frequencies and other 
molecular energy absorption processes that are poorly understood at 
present. These complex attenuation patterns are reflected in the data in 
Figure 20-12.

The attenuation of ultrasound also varies strongly with the tempera
ture of the medium. The influence of temperature is illustrated in Figure
20-13 for three frequencies of ultrasound traversing blood. Contrary to 
the data in Figure 20-13, other media may display an increase in attenua
tion at elevated temperatures.

The attenuation of ultrasound is about 50 times greater in lung than in 
most other tissues. This heightened attenuation may be caused by min
ute bubbles of air in lung tissue which absorb energy from an ultrasound 
beam and then radiate the energy as spherical wavelets in all directions. 
The effect of these small bubbles of air is termed stable cavitation. If an 
ultrasound beam is intense enough and of the right frequency, the ultra- 
sound-induced mechanical disturbance of the medium can be so great 
that microscopic bubbles are produced in the medium. The bubbles are 
formed at foci, such as particles in the rarefaction zones, and may grow to 
a size of 1 cu mm. As the pressure in the rarefaction zone increases dur-
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Fig 20-12. —Ultrasound attenuation coefficient as a function of frequency for 
various tissue samples. (Reprinted with permission from Wells, P. N. T.: Absorp
tion and dispersion of ultrasound in biological tissue, Ultrasound Med. Biol. 1: 
370,1975.)

ing the next phase of the ultrasound cycle, the bubbles shrink to perhaps 
10-2 cu mm and collapse, creating minute shock waves that seriously dis
turb the medium if produced in large quantities. This effect, termed 
dynamic cavitation, is introduced into a medium only at ultrasound in
tensities considerably above those used diagnostically. Dynamic cavita-

TEMPERATURE
Fig 20-13. —Attenuation of ultrasound of three frequencies in blood as a func

tion of temperature.
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tion is most noticeable at frequencies around 30 -100  kHz and is detect
able only at exceptionally high intensities in the megahertz frequency 
range.

PROBLEMS
1. Explain what is meant by a longitudinal wave and describe how an ultra

sound wave is propagated through a medium.
"2. For a disk-shaped 2-MHz (0.075 cm \) transducer of radius 0.5 cm, compute 

the length of the Fresnel zone and the divergence angle of the Fraunhofer 
zone.

°3. An ultrasound beam is attenuated by a factor of 20 in passing through a me
dium. What is the attenuation of the medium in decibels?

*4. Determine the fraction of ultrasound energy transmitted and reflected at in
terfaces between: (a) fat and muscle, and (b) lens and the aqueous and vitre
ous humor of the eye.

*5. What is the angle of refraction for an ultrasound beam incident at an angle of 
15 degrees from muscle into bone?

6 . Explain why refraction contributes to resolution loss in ultrasound imaging.
*7. A region of tissue consists of 3 cm of fat, 2 cm of muscle (ultrasound propagat

ed parallel to fibers) and 3 cm of liver. What is the approximate total energy 
loss of ultrasound in the tissue?
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21 / Ultrasound Transducers

A TRANSDUCER is any device that converts one form of energy into an
other. An ultrasound transducer converts electric energy into ultrasound 
energy, and vice versa. To accomplish this conversion, most ultrasound 
transducers use the piezoelectric effect, in which an electric signal is 
produced in response to ultrasound (pressure) waves incident on a trans
ducer.1'4 The same transducer is capable of generating pressure (ultra
sound) waves when an electric signal is applied to the transducer.

PIEZOELECTRIC EFFECT
The piezoelectric effect is exhibited by certain crystals that, in re

sponse to applied pressure, develop a voltage across opposite surfaces of 
the crystal.5 This effect is utilized in the production of an electric signal 
in response to incident ultrasound waves, where the magnitude of the 
electric signal varies with the wave pressure of the incident ultrasound. 
Similarly, application of a voltage across the crystal causes deformation 
of the crystal — either compression or extension depending upon the po
larity of the voltage. This deforming effect, termed the converse piezo
electric effect, is used to produce an ultrasound beam from a transducer. 
Although a variety of crystals exhibit the piezoelectric effect at low tem
peratures, many are unsuitable as ultrasound transducers because their 
piezoelectric properties do not exist at temperatures near room tempera
ture. The temperature above which a crystal’s piezoelectric properties 
disappear is known as the curie point of the crystal.

For the generation of an ultrasound signal, a large deformation of the 
piezoelectric crystal is desirable when a given voltage is applied to the 
crystal. Deformation of the crystal is described as the strain S :

g _  Change in crystal thickness 
Original crystal thickness

The strain is related to the electric field intensity E  by
S = dE

where d  is the transmission coefficient of the crystal, and the electric 
field intensity E is the voltage across the crystal divided by the crystal 
thickness. Large transmission coefficients are desirable for a transmitting 
crystal.

408
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TABLE 21-1.-P R O P E R T IE S  OF SELEC TED  
PIEZO ELECTRIC CRYSTALS

M ATERIAL

TRANSMISSION 
C O E FFIC IE N T  d  

(m/V)

ELECTROM ECHANICAL 
COUPLING C O E FFIC IE N T

K

CURIE
POINT

°C

Quartz 2.3 x  lO"12 0.11 550
Rochelle salt 27 x  1 0 -'2 0.78 45
Barium titanate 6 0 -1 9 0  x  1 0 -'2 0.30 120
Lead zirconate

titanate (PET-4) 290 x  lO"12 0.70 328
Lead zirconate

titanate (PET-5) 370 x  10~12 0.70 365

For reception of ultrasound, the electric field intensity E produced by 
a wave pressure P applied to the crystal is described as

E = gP

where g is the reception coefficient of the crystal. Large reception coeffi
cients are desirable for a receiving crystal.

A common definition of the efficiency of an ultrasound transducer is 
the fraction of applied energy that is converted to the desired energy 
mode. This definition of efficiency is described as the electromechanical 
coupling coefficient kc of the transducer. If mechanical energy (i.e., pres
sure) is applied,

Mechanical energy converted to electric energy 
2  =   —  — -

c Applied mechanical energy

If electric energy is applied,
Electric energy converted to mechanical energyW =   ■——  --------------------------

0 Applied electric energy

Values of d  and k2c for selected piezoelectric crystals are listed in Ta
ble 2 1 -1 .

Essentially all clinical diagnostic ultrasound units use piezoelectric 
crystals for the generation and detection of ultrasound. A number of pi
ezoelectric crystals occur in nature [e.g., quartz, Rochelle salts, lithium 
sulfate tourmaline and ammonium dihydrogen phosphate (ADP)]. How
ever, crystals used clinically are almost invariably manmade. The most 
common manmade crystals are barium titanate, lead metaniobate and 
lead zirconate titanate.

TRANSDUCER DESIGN 
The piezoelectric crystal is the functional component of an ultrasound 

transducer. The crystal usually is designed as a circular disk with a thick
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ness t equal to half the wavelength of the ultrasound desired from the 
transducer. A crystal of this thickness resonates at a frequency v:

Q
v = — where X = 21 

A.
 c_
~ 2t

For a 1.5-mm-thick quartz disk (velocity of ultrasound in quartz = 5,740 
m/sec):

_ 5,740 m/sec 
V ~ 2(0.0015 m)

= 1.91 MHz

To establish electric contact with the piezoelectric crystal, faces of the 
crystal are coated with a thin conducting film and electric contacts are 
applied. The crystal is mounted at one end of a hollow metal or metal- 
lined plastic cylinder, with the front face of the crystal coated with pro
tective plastic to provide efficient transfer of sound between the crystal 
and the body. The front face of the crystal is connected through the cyl
inder to ground potential. The remainder of the crystal is insulated elec
trically and acoustically from the cylinder.

With only air behind the crystal, ultrasound transmitted into the cylin
der from the crystal is reflected from the cylinder’s opposite end. The 
reflected ultrasound reinforces the ultrasound propagated in the forward 
direction from the transducer. This reverberation of ultrasound in the 
transducer contributes energy to the ultrasound beam and extends the 
time over which the ultrasound pulse is produced. Extension of the pulse- 
formation time is no problem in some clinical uses of ultrasound such as 
continuous-wave and pulsed-Doppler applications. For these purposes, 
ultrasound probes with air-backed crystals are used. However, most ultra
sound imaging applications utilize short pulses of ultrasound, and sup
pression of ultrasound reverberation in the transducer usually is desir
able. The suppression or “damping” of reverberation is accomplished by 
filling the transducer cylinder with a backing material such as tungsten 
powder embedded in epoxy resin. Sometimes rubber is added to the 
backing to increase the absorption of ultrasound. Often the rear surface 
of the backing material is sloped to prevent direct reflection of ultra-

Fig 21-1.—A typical ultrasound case backing
transducer.
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sound pulses back to the crystal. The construction of a typical ultrasound 
transducer is illustrated in Figure 21-1. The crystal may be flat, as shown 
in the drawing, or curved to focus the ultrasound beam. A crystal of this 
design can generate ultrasound signals as short as two to three cycles 
when stimulated with a momentary voltage pulse.

As a substitute for physical damping with selected materials placed 
behind the crystal, electronic damping appears promising. In certain 
special applications, including those that use small receiving transduc
ers, a resistor connecting the two faces of an air-backed crystal may pro
vide adequate damping. Another approach, termed dynamic dam ping , 
uses an initial electric pulse to stimulate the transducer, followed imme
diately by a voltage pulse of opposite polarity to suppress the continua
tion of transducer action.

FREQUENCY RESPONSE OF TRANSDUCER
An ultrasound transducer is designed to be maximally sensitive to 

ultrasound of a particular frequency, termed the resonance frequency , of 
the transducer. The resonance frequency is revealed by a curve of trans
ducer response plotted as a function of ultrasound frequency. In Figure 
2 1 -2 , the frequency response characteristics of two transducers are illus
trated. The curve for the undamped transducer displays a sharp frequen
cy response over a limited frequency range. Because of greater energy 
absorption in the damped transducer, the frequency response is much 
broader and not so sharply peaked at the transducer resonance frequen
cy. On the curve for the undamped transducer, points f  and f 2 represent 
frequencies on either side of the resonance frequency where the re
sponse has diminished to half. These points are called the half-pow er 
points, and they encompass a range of frequencies termed the band
width  of the transducer. The ratio of resonance frequency f 0 to the band
width f —f i s  termed the Q value of the transducer. The Q value de
scribes the sharpness of the frequency response curve:

Transducers used in ultrasound imaging must furnish short ultrasound 
pulses and respond to returning echoes over a wide range of frequen
cies. For these reasons, heavily damped transducers with low Q values 
(e.g., 2 -3 )  usually are desired. Since part of the damping is provided by 
the crystal itself, crystals such as PZT (lead zirconate titanate) or lead 
metaniobate with high internal damping and low Q values generally are 
preferred for imaging.

The efficiency of propagation of an ultrasound beam from a transducer 
into a medium depends on how well the transducer is coupled to the
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Fig 21-2. —Frequency response t  
curves for undamped (sharp curve) “  
and damped (broad curve) 
transducers.

medium. If the acoustic impedance of the coupling medium is not too 
different from that of either the transducer or the medium, and if the 
thickness of the coupling medium is much less than the ultrasound 
wavelength, then the ultrasound is transmitted into the medium with lit
tle energy loss. Transmission with almost no energy loss is accom
plished, for example, with a thin layer of oil placed between transducer 
and skin during a diagnostic ultrasound examination. Transmission with 
minimum energy loss between transducer and medium occurs when the 
impedance of the coupling medium is intermediate between the imped
ances of the crystal and the medium. The ideal impedance of the cou
pling medium is

7  =  \ P 7  X  7coupling transducer medium
medium

Also, the energy loss is minimized when the protective covering over the 
crystal is a quarter wave matching layer (i.e., the thickness of the protec
tive covering is an odd multiple of quarter wavelengths of the transmit
ted ultrasound).

In a similar manner, coupling of the transducer to the transmitting 
medium affects the size of the electric signals generated by returning 
ultrasound pulses. These signals also are diminished by the cable be
tween the transducer and associated electronics. For this reason, the 
cable should be as short as possible.

Two methods are commonly used to generate ultrasound beams. For 
continuous-wave beams, an oscillating voltage is applied with a frequen
cy equal to that desired for the ultrasound beam. A similar voltage of pre
scribed duration is used to generate long pulses of ultrasound energy, as 
shown in Figure 21-3, a. For clinical ultrasound imaging, short pulses 
usually are preferred. These pulses are produced by shocking the crystal 
into mechanical oscillation by a momentary change in the voltage across 
the crystal. The oscillation is damped quickly by the methods described 
above to furnish ultrasound pulses as short as half a cycle. The duration
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Fig 21-3.—Typical long (a) and s h o r ty  ultrasound pulses.

of a pulse usually is defined as the number of half cycles in the pulse 
with an amplitude greater than one-fourth the peak amplitude. The ef
fectiveness of damping is described by the pulse dynamic range, de
fined as the ratio of the peak amplitude of the pulse divided by the am
plitude of ripples following the pulse. A typical ultrasound pulse of short 
duration is illustrated in Figure 21-3, b.

Because the transmission and reception patterns of an ultrasound 
transducer are affected by slight variations in the construction and man
ner of electric stimulation of the transducer, the exact shape of an ultra
sound beam is difficult to predict. Consequently, beam shapes or profiles 
usually are measured and displayed for a particular transducer. One ap
proach to the display of the characteristics of an ultrasound beam is with 
a set of pulse-echo response profiles. A profile is obtained by placing an 
ultrasound reflector some distance from the transducer and scanning the 
transducer in a direction perpendicular to the axis of the ultrasound 
beam. During the scan, the amplitude of the electric signal induced in 
the transducer by the reflected ultrasound is plotted as a function of the 
distance between the central axis of the ultrasound beam and the reflec
tor. A pulse-echo response profile is shown in Figure 21-4, A, and a set of 
profiles obtained at different distances from the transducer is shown in 
Figure 21-4, B.

In Figure 21-4, A, the locations are indicated where the transducer 
response decreases to half ( - 6  dB) of the response when the transducer 
is aligned with the reflector. The distance between these locations is 
termed the response width  of the transducer at the particular distance 
(range) from the transducer. If response widths are connected between 
profiles at different ranges (Fig 21-4, C), 6  dB response margins are ob
tained on each side of the ultrasound beam axis. Similarly, 20 dB re-
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sponse margins may be obtained by connecting the Vio (—20 dB) re
sponse widths on each side of the beam axis.

Response profiles for a particular transducer are influenced by many 
factors, including the nature of the stimulating voltage applied to the 
transducer; the characteristics of the electronic circuitry of the receiver;
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Fig 21-5. —Isoecho contours 
for a nonfocused transducer.

and the shape, size and character of the reflector. Usually, the reflector is 
a steel sphere or rod with a diameter of three to ten times the ultrasound 
wavelength. Response profiles may be distorted if the receiver elec
tronics do not faithfully represent low-intensity signals. Most commer
cial ultrasound units cannot accurately display echo amplitudes much 
less than Vio (—20 dB) of the largest echo recorded. These units are said 
to have limited dynamic range.

Another approach to describing the character of an ultrasound beam is 
with isoecho contours. Each contour depicts the locations of equal echo 
intensity for the ultrasound beam. At each of these locations, a reflecting 
object will be detected with equal sensitivity. The approach usually 
used to measure isoecho contours is to place a small steel ball at a variety 
of positions in the ultrasound beam, and to identify locations where the 
reflected echoes are equal. Connecting these locations with lines yields 
isoecho contours such as those in Figure 21-5. In this figure, the region

~  Fig 21-6. —Side lobes of an 
/  / ultrasound beam.
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of maximum sensitivity at a particular depth is labeled 0 dB, and isoecho 
contours of lesser intensity are labeled —4 dB, -1 0  dB, and so on. Iso
echo contours help depict the lateral resolution of a transducer, as well as 
variations in lateral resolution with depth and with changes in instru
ment settings such as beam intensity, detector amplifier gain and echo 
threshold.

Accompanying a primary ultrasound beam are small beams of greatly 
reduced intensity that are emitted at angles to the primary beam. These 
small beams are termed side lobes  and are illustrated in Figure 21-6. 
Side lobes sometimes produce image artifacts in regions near the trans
ducer.

The preceding discussion covers general-purpose, flat-surfaced trans
ducers. For most ultrasound applications, transducers with special 
shapes are preferred. Among these special-purpose transducers are fo
cused transducers, double-crystal transducers, ophthalmic probes, intra- 
vascular probes, esophageal probes, composite probes, variable-angle 
probes and transducer arrays.

FOCUSED TRANSDUCERS
A focused ultrasound beam is a beam that is narrower at some distance 

from the transducer face than its dimension at the face of the transduc
er.6'9 In the region where the beam narrows (termed the fo c a l zone of the 
ultrasound transducer), the ultrasound intensity may be heightened by 
100  times or more compared with the intensity in front of or behind the 
focal zone. Because of this increased intensity, a much larger signal will 
be induced in a transducer if the reflector is positioned in the focal zone. 
The distance between the location for maximum echo in the focal zone 
and the element responsible for focusing the ultrasound beam is termed 
the fo c a l  length of the transducer.

Often, the focusing element is the piezoelectric crystal itself, which is 
shaped like a concave disk (Fig 21-7). An ultrasound beam also may be 
focused with refracting lenses or reflecting mirrors in a manner analo
gous to the effect of lenses and mirrors on visible light. Focusing lenses 
and mirrors are capable of increasing the intensity of an ultrasound beam 
by factors much greater than 100. Focusing and defocusing mirrors, usu
ally constructed of tungsten-impregnated epoxy resin, are illustrated in 
Figure 21-8. Since the velocity of ultrasound generally is greater in a 
lens than in the surrounding medium, concave ultrasound lenses are

Fig 21-7. — Focused transducer. ;
CONCAVE
C R Y S TA L
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Fig 21-8. —Focusing and defocusing 
mirrors.

focusing and convex ultrasound lenses are defocusing, as shown in Fig
ure 21-9. These effects are the opposite of those for the action of optical 
lenses on visible light. Ultrasound lenses usually are constructed of ep
oxy resins and plastics such as polystyrene.

Zone plates and zone lenses that cause diffraction and interference of 
ultrasound wavelets also can be used to focus an ultrasound beam (Fig 
21-10). Zone lenses are particularly useful, because they furnish in
creases in intensity of 200 times or so. The main disadvantage of any 
zone lens is its restriction to ultrasound of a single frequency.

For an ultrasound beam with a circular cross section, focusing charac
teristics such as pulse-echo response width and relative sensitivity along 
the beam axis depend on the wavelength A. of the ultrasound, and on the

Fig 21-9. —Focusing and defocusing 
lenses.
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Fig 21-10. —Zone plate (left) and 
zone lens (right).
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focal length/ and radius r of the transducer or other focusing element.* 
These variables may be used to distinguish the degree of focus of trans
ducers by dividing the near field length r2/X by the focal length/(Table
21-2). For cupped transducer faces on all but weakly focused transduc
ers, the focal length of the transducer is equal to or slightly shorter than 
the radius of curvature of the transducer face. If a plano-concave lens 
with radius of curvature r is attached to the transducer face, then the fo
cal length/is

/ =
1 “ CJ CL

where cM and cL are the velocities of ultrasound in the medium and
lens, respectively.

The length of the focal zone of a particular ultrasound beam is the dis
tance over which a reasonable focus and pulse-echo response are ob
tained. One estimate of focal zone length is

(f\ .Focal zone length = 2 \

TABLE 21-2.-DEGREE OF FOCUS 
OF TRANSDUCERS EXPRESSED 

AS A RATIO OF THE NEAR 
FIELD LENGTH r2/*. TO THE 

FOCAL LENGTH /

D E G R E E  O F FOCUS
NEAR F IE L D  LEN G TH  

FO CA L LEN G TH

Weak

i-HVI
s?

Medium weak 1.4 < r2/\/< 6

Medium 6  < r2/\f ̂  2 0

Strong 2 0  < t*/hf

“The ratio fid  sometimes is described as the f-number of the transducer or other focus
ing element.
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Fig 21-11. —Stand-off ophthalmic 

probe with a water column.

where d = 2r = the diameter of the transducer. In ultrasound imaging, 
however, focal zone lengths usually are assumed to be three to seven 
times this length.

Transducers with slight focusing characteristics (i.e., weak and me
dium-weak focused transducers) are used commonly in contact ultra
sound imaging units to improve the lateral resolution of the ultrasound 
beam at the depths of interest within the patient. Medium and strongly 
focused transducers are used with water paths to place the rather limited 
focal zone at the depth of interest within the patient. These transducers 
also are used for surgical applications of ultrasound where high ultra
sound intensities in localized regions are needed for tissue destruction.

OPHTHALMIC PROBES
For ultrasound examinations of the eye, only a shallow depth of pene

tration of the ultrasound beam is required, and high-frequency (5 -1 5  
MHz) ultrasound may be used to improve the axial resolution of the ul
trasound beam. The lateral resolution may be improved simultaneously 
by using small-diameter, focused transducers. To detect echoes from 
superficial structures in the eye, a water column often is interposed be
tween the transducer and the cornea. A “stand-off” ophthalmic probe 
with a water column is illustrated in Figure 21-11.

INTRAVASCULAR PROBES
Very small ultrasound probes have been developed for intravascular 

work. Since the crystal diameter is small, the Fresnel zone is short and 
the beam diverges rapidly away from the transducer. Short pulses are 
difficult to obtain with these probes because little damping material is 
present.

DOPPLER PROBES
Doppler transducers consist of separate transmitting and receiving 

crystals, usually oriented at slight angles to each other so that the trans
mitting and receiving areas intersect at some distance in front of the 
transducer. Since a sharp frequency response is desired for a Doppler 
transducer, only a small amount of damping material is used. A typical 
Doppler transducer is shown in Figure 21-12.
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Fig 21-12. —Front (left) and side 
(right) views of a typical Doppler 
transducer.
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TRANSDUCER ARRAYS
The assembly of a series of ultrasound transducers into a phased trans

ducer array permits display of a continuous, complete ultrasound image 
to the observer. To obtain this “real-time” image, each transducer trans
mits an ultrasound pulse and then receives echoes from structures with
in the field of view of the transducer. The pulsing of the transducers is 
phased so that only one transducer is transmitting and receiving at any 
moment. In one commercial system, the transducer array is 8  cm long 
and contains 20 crystals, with each transducer pulsed 150 times per 
second.

TRANSDUCER DAMAGE
Ultrasound transducers can be damaged in many ways. The crystals 

are brittle and the wire contacts on the crystals are fragile; hence, trans
ducers should be handled carefully. Excessive voltages to the crystal 
should be avoided, and only watertight probes should be immersed in 
water. A transducer should never be heated to a temperature exceeding 
the curie point of the piezoelectric crystal.

PROBLEMS
1. Explain what is meant by the piezoelectric effect and the converse piezo

electric effect.
*2. For a piezoelectric material with an ultrasound velocity of 6,000 m/sec, what 

thickness should a disk-shaped crystal have to provide an ultrasound beam 
with a frequency of 2.5 MHz?

3. What is meant by damping an ultrasound transducer and why is this neces
sary? What influence does damping have on the frequency response of the 
transducer?

°4. What is the estimated focal zone length for a 2-MHz (A = 0.075 cm) focused 
ultrasound transducer with an/-number of 8 ?
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22 / The Doppler Effect

U l t r a s o u n d  is used not only for display of static patient anatomy but 
also for identification of moving structures in the body. Approaches to 
the identification of moving structures include real-time pulse-echo 
imaging, motion mode (M mode) display of reflected ultrasound pulses 
and the Doppler-shift method. Discussed in this chapter are the basic 
principles of the Doppler-shift method. The Doppler method has a 
number of applications in clinical medicine, including detection of fetal 
heartbeat and multiple pregnancy, placenta localization, detection of air 
emboli, blood pressure monitoring, detection of blood flow and localiza
tion of blood vessel occlusions.1’ 2

When there is relative motion between a source and a detector of ultra
sound, the frequency of the detected ultrasound differs from that emitted 
by the source. The shift in frequency is illustrated in Figure 22-1. In 
Figure 22-1, A, an ultrasound source is moving with velocity vs toward 
the detector. After time t following the production of any particular 
wavefront, the distance between the wavefront and the source is (c — vs)t, 
where c is the velocity of ultrasound in the medium. The wavelength X 
of the ultrasound in the direction of motion is shortened to

c -  t>
X  ---------5

vo
where v0 is the frequency of ultrasound from the source. With the short
ened wavelength, the ultrasound reaches the detector with an increased 
frequency v.

— £ — c
v ~  X (c -  vs)lv0

= * 4 ^ )

That is, the frequency of the detected ultrasound shifts to a higher value 
when the ultrasound source is moving toward the detector. The shift in 
frequency Av is
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Fig 22-1. —Principles of Doppler ultrasound: A, source moving toward sta
tionary detector d; B, source moving away from stationary detector d.

If the velocity c of ultrasound in the medium is much greater than the 
velocity vs of the ultrasound source, c — vs — c and

A similar expression is applicable to the case in which the ultrasound 
source is stationary and the detector is moving toward the source with 
velocity vd. In this case the Doppler shift frequency is approximately

where c »  vd.
If the ultrasound source is moving away from the detector (Fig 22-1, 

B), then the distance between the source and a wavefront is ct + vst = 
(c + vs)t, where t is the time elapsed since the production of the wave- 
front. The wavelength X of the ultrasound is

c + v
X = --------- -

vo
and the apparent frequency v is



424 T h e  D o p p l e r  E f f e c t

Fig 22-2.—A, angle 0 between an incident ultrasound beam and the direction 
of motion of the object. B, for a dual probe with separate transmitting and re
ceiving transducers, the angle 0 is the average of the angles 0, and 02 that the 
transmitted and detected signals make with the direction of motion.

That is, the frequency shifts to a lower value when the ultrasound
source is moving away from the detector. The shift in frequency Av is

Av = v — vn = v j  ) -  v0
0 °\c + v j  0

=  * 4 r ^ )

where the negative sign implies a reduction in frequency. If the velocity 
c of ultrasound is much greater than the velocity vs of the source, c + vs — 
c and Av = v0(—vjc). A similar expression is applicable to the case where 
the ultrasound source is stationary and the detector is moving away 
from the source with velocity vd.
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when c »  vd.
If the source and detector are at the same location and ultrasound is 

reflected from an object moving toward the location with velocity v0, 
the object acts first as a moving detector as it receives the ultrasound sig
nal, and then as a moving source as it reflects the signal. As a result, the 
ultrasound signal received by the detector exhibits a frequency shift 
(when c »  v0)

A f = 2 v 0 —  u c

Similarly, for an object moving away from the source and detector, the 
shift in frequency Af is

where the negative sign indicates that the frequency of the detected ul
trasound is lower than that emitted by the source.

The discussion above has assumed that the ultrasound beam is parallel 
to the motion of the object. For the more general case where the ultra
sound beam strikes a moving object at an angle 6 (Fig 22-2, A), the shift 
in frequency A f  is

A f = cos 6

A negative sign in this expression implies that the object is moving away 
from the ultrasound source and detector and that the frequency of detect
ed ultrasound is shifted to a lower value. The angle 6 is the angle be
tween the ultrasound beam and the direction of motion of the object. If

Fig 22-3.—Atypical Doppler ultrasound unit.
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the ultrasound source and detector are displaced slightly (Fig 22-2, B), 
then 6 is the average of the angles that the transmitted and reflected 
beams make with the motion of the object. For the small displacement 
between ultrasound transmitter and detector commonly used in Doppler 
ultrasound units, this assumption contributes an error of only 2 -3 %  in 
the estimated frequency shift.3

As an example of Doppler shift frequencies, 10-MHz ultrasound fre
quently is used for the detection of blood flow. For blood flowing at 15 
cm/second toward the ultrasound source, the Doppler shift frequency is

a , = 2 v j^ )

"  (2,(1° ^ Hz)( l 54~6ocTcm/sec)
= 1.9 kHz

Ultrasound blood flow detectors usually are sensitive to Doppler shift 
frequencies up to about 6  kHz. For fetal heartbeat detectors, ultrasound 
frequencies of about 2 MHz usually are used, with the detector sensitive 
to Doppler shift frequencies up to 1 kHz. These Doppler shift frequen
cies are audible, and a loudspeaker, stethoscope or earphones can be 
used to detect the output signal from the Doppler unit.

A typical Doppler unit is diagramed in Figure 22-3. Characteristics of 
the Doppler probe, consisting of separate transmitting and receiving 
transducers, are discussed in Chapter 21. Application of a continuous 
electric signal to the transmitting transducer produces a continuous ultra
sound beam at a prescribed frequency and at an intensity on the order of 
30 mW/sq cm. As the beam enters the patient, it is reflected from station
ary and moving surfaces, and the reflected signals are returned to the 
receiver. Suppose that two signals are received, one directly from the 
transmitting transducer and the other from a moving surface. These sig
nals interfere with each other to produce a net signal with a “beat fre
quency’  ̂equal to the Doppler shift frequency. This Doppler shift signal 
is amplified in the rf (radiofrequency) amplifier with a gain of around 60 
dB. The amplified signal is transmitted to the demodulator, where most 
of the signal is removed except the low-frequency beat signal. The beat 
signal is amplified in the audio amplifier and transmitted through the 
filter (where frequencies below the beat frequency are removed) to the 
loudspeaker or earphones for audible display. In practice, many moving 
interfaces reflect signals to the receiver, and many beat frequencies are 
produced. Differentiating among these frequencies to identify the signal 
of interest is one of the more difficult aspects of the clinical application of 
the Doppler effect. Instruments (sound spectrographs) to facilitate this 
differentiation and to furnish quantitative information about the ampli-
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tude of different beat frequency signals are used in a few institutions to 
extract more useful information about patients examined with Doppler 
units.4

At the present time, Doppler ultrasound units are used principally for 
two purposes. The first is detection of characteristic signals from the fetal 
heart and placenta.5' 6 Obstetric Doppler units operate at about 2 MHz 
with a Doppler probe that exhibits maximum sensitivity 5 cm or so in 
front of the transducer. The second application of Doppler ultrasound is 
for determination of the presence or absence of blood flow in arteries 
and veins.7’ 8 For this application, detectors are operated at 5 -1 0  MHz 
with a Doppler probe that exhibits a maximum sensitivity about 1 cm in 
front of the transducer. The reflected signals originate from blood cor
puscles moving through the artery or vein being examined. Blood flow 
monitors have been used primarily to verify the presence or absence of 
blood flow in selected arteries and veins. However, units to provide 
quantitative estimates of blood flow are being developed, and their 
emergence into clinical use is expected in the near future. Although ear
lier Doppler units did not distinguish between blood flow toward and 
away from the transducer, newer directional Doppler units have this 
capability.

The use of Doppler units is accompanied by a number of difficulties. 
Voluntary and involuntary motions of the patient add large artifacts to a 
Doppler signal. In addition, stray signals not related to moving struc
tures are a constant problem with Doppler units. The structure produc
ing a particular Doppler signal often is difficult to identify, because re
flected signals may originate within a rather large volume of tissue. Lo
calization of a particular structure sometimes can be improved by obtain
ing reflected signals from a number of angles. The detection of Doppler 
shifts with pulsed ultrasound promises to yield better in-depth localiza
tion of moving structures as well as quantitative information about the 
rate of movement. Pulsed Doppler instruments have recently entered 
the commercial market.

Notwithstanding the problems described above, the use of Doppler 
ultrasound units is increasing rapidly in clinical medicine.

PROBLEMS
*1. Estimate the frequency shift for a 10-MHz ultrasound source moving toward 

a stationary detector in water (c = 1,540 m/second) at a speed of 5 cm/ 
second.
Is the frequency shifted to a higher or lower value?

For those problems marked with an asterisk, answers are provided on the pages fol
lowing the appendixes (see pp. 4 8 7 -4 8 8 ) .
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°2. Estimate the frequency shift for an object moving at a speed of 10 cm/second 
away from a 1 0 -MHz source and detector occupying the same location.

3. What is meant by a beat frequency ?
4. Identify some of the major medical applications of Doppler systems.
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A n  u l t r a s o u n d  SIGNAL reflected from tissue is received as one or more 
pressure wavefronts impinging on the transducer. In response, the ultra
sound transducer produces one or more voltage signals with amplitudes 
corresponding to the pressure of the returning ultrasound wavefront. 
These voltage pulses are processed and displayed usually in one of three 
presentation modes: A mode (amplitude modulation), B mode (bright
ness modulation) and M mode (motion modulation). Each of these modes 
of presentation has specific applications to medical diagnosis.

A MODE PRESENTATION
In the A mode presentation of pulse-echo images, a pulse generator 

applies a momentary high voltage (i.e., a few hundred volts for a few to a 
few hundred nanoseconds) to a 1 -2 0  MHz ultrasound transducer. In 
response to this electric shock, the transducer vibrates and creates an 
ultrasound pulse of a microsecond or so duration corresponding to sever
al pulse cycles. With proper coupling between the transducer and skin, 
this ultrasound pulse is transmitted into the body. Following the initial 
shock, the transducer remains quiescent for a millisecond or so to re
ceive returning echoes from the body.

Echoes returning from the body induce voltage signals of a few milli
volts across the crystal of the ultrasound transducer. These pulses are 
amplified in the first stage of the display device, termed the r f  
(radiofrequency) am plifier in Figure 23-1. An rf amplifier is required to 
handle frequencies without distortion in the megahertz frequency range. 
A preamplifier also may be used between the transducer and the rf am
plifier. To compensate for the increased attenuation of ultrasound sig
nals returning from greater depths in the body (i.e., at longer times after 
release of the ultrasound pulse from the transducer), the gain of the am
plifier usually is increased with time after electrically shocking the trans
ducer. This increasing gain is controlled by the swept gain generator in 
Figure 23-1 and is known by a variety of terms such as swept gain, time 
gain com pensation  (TGC) and tim e varied gain  (TVG). The influence of 
the swept gain generator is illustrated in Figure 23-2.

After amplification of the voltage signals from millivolts to a few volts 
in the rf amplifier, the signals are transmitted to the demodulator where 
larger pulses are rectified and smoothed and smaller pulses are rejected.
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Fig 23-1. —Basic components of an A mode ultrasound unit.

From the demodulator the pulses are amplified by a factor of ten or so in 
the video amplifier and fed to the cathode-ray display tube where they 
are applied to the vertical deflection plates.

Immediately after the exciting voltage pulse is applied to the ultra
sound transducer, a steadily increasing voltage is applied to the horizon
tal deflection plates of the cathode-ray tube (CRT) display device. This 
increasing voltage causes the electron beam to sweep from left to right at 
a constant rate across the phosphor screen of the display unit. Synchrony 
of the transducer exciting pulse, the swept gain generator and the CRT 
trace is maintained by the start pulse generator shown in Figure 23-1. 
Receipt of the echo voltage signal by the vertical deflection plates causes 
a sudden vertical deflection of the electron beam to produce a vertical 
spike on the electron beam trace. The position of this spike along the 
horizontal axis indicates the time of receipt of the echo. This time of re
ceipt varies with the transit time of the transmitted and reflected ultra
sound pulse to and from a reflecting interface in the body. That is, the 
transit time is an indication of the depth of the reflecting interface below 
the skin, and interfaces at greater depths below the skin are displayed on 
the CRT display as spikes at increasing displacements to the right. By 
varying the initial delay and sweep velocity of the electron beam in the 
horizontal direction, the positions at which returning echoes are dis
played on the CRT display may be related to interfaces at specific depths 
below the skin. The height of the CRT spike indicates the fraction of

Fig 23-2. —Influence of the z
swept gain generator on the gain < 
of the rf amplifier. ®

TIME  
(TISSUE DEPTH)
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I 7 Fig 23-3. —Echoencephalo-
V J  graphic display without (left) and

  /  with (right) midline displacement.

wavefront pressure that is reflected at the interface and the degree to 
which the reflecting interface is perpendicular to the ultrasound beam. 
The propagation of the ultrasound pulse and the display of returning 
echoes are accomplished in a millisecond or less, and the entire process 
may then be repeated according to the pulse repetition frequency (PRF) 
of the instrument. For a permanent record, the phosphor screen of the 
CRT may be photographed with Polaroid or conventional photographic 
film.

By far the major applications of A mode presentations are in studies of 
the brain (echoencephalography) and the eye. A mode presentations are 
used also in setting the swept gain control for other presentation modes, 
and in distinguishing solid from cystic masses in the body. In echoen
cephalography, echoes from the head are studied to detect anomalies 
such as midline displacement, which may indicate the presence of a tu
mor or vascular abnormality. In this application, one transducer is placed 
against the right side of the skull and echoes reflected from midline 
structures of the brain are registered as an upward deflection on the CRT 
trace. A second transducer on the left side of the skull then repeats the 
process, except that the echo spike is deflected downward rather than 
upward in the CRT display. The appearance of the spikes at the same 
horizontal location on the CRT display indicates no midline displace
ment, whereas a horizontal displacement of the upward and downward 
spikes reveals a displacement of midline brain structures. A mode dis
plays with and without midline displacement are shown in Figure 23-3.

In echoencephalography, little use is made of the amplitude of the 
voltage spike appearing on the CRT display, even though this variable 
provides information about the character of the reflecting interface. In 
other applications of A mode presentation, efforts have been directed 
toward the use of pulse amplitudes to gain information about the nature 
and orientation of the reflecting interfaces.1'3

B MODE PRESENTATION
In principle, a B mode presentation is simply an A mode display 

viewed from above. In this presentation mode, the location of a reflect
ing interface is indicated by the position of the echo dot on the CRT, and 
the reflected ultrasound pressure is revealed by the brightness of the
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Fig 23-4. —Simple linear B 
mode image of the object on the 
left. OBJECT DISPLAY

echo dot rather than by the amplitude of an echo spike. In simple linear 
B scanning, the transducer is moved in a straight line along the edge of 
an object, as illustrated in Figure 23-4. As the transducer moves, a series 
of horizontal electron beam traces is initiated across the CRT display so 
that the position of each trace is synchronized with the location of the 
transducer at that moment. Along each trace, echoes are displayed as 
bright dots rather than as echo spikes. In the completed image, the dots 
form a composite image of structures in the object that produce the 
echoes (Fig 23-4).

Fig 23-5.—A classification 
of B mode scanning methods. 
(From McDicken, W.: Diagnostic 
Ultrasonics: Principles and Use 
of Instruments [London:
Crosby Lockwood Staples 
Limited/Granada Publishing 
Limited, 1976], p. 143. Reprinted 
with permission.)
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Fig 23-6.—Basic components of a B mode ultrasound unit.

If all interfaces in the object were perpendicular to the scanning ultra
sound beam, then a simple linear B scan would furnish an acceptable 
ultrasound image of the boundaries of internal structures in the object. 
In anatomical objects, however, interfaces may be present at any angle, 
and those at angles greater than about 5 degrees from the perpendicular 
often will not reflect enough ultrasound energy toward the transducer to 
be displayed clearly in the image.

To improve the visualization of oblique interfaces, compound (sector) 
scanning often is preferred over simple linear scanning. In compound 
scanning, the orientation of the transducer is changed continuously dur
ing the scan so that the ultrasound beam is more likely to strike inter
faces at a right angle during at least part of the scanning interval. Usu
ally, changes in the transducer orientation are achieved by rocking the 
transducer from side to side as it is moved either in a straight line or over 
the surface of the patient. A combination of rocking and linear motion, 
termed com pound linear B scanning, is used frequently when the scan
ning is performed in a water bath. For abdominal scanning, a water bath 
is seldom used, and the transducer is rocked and moved across the skin 
surface in a pattern referred to as com pound contact B scanning. Differ
ent motions of the transducer can be achieved either manually or by the 
use of small motors. Various combinations of transducer orientation dur
ing the course of an ultrasound examination are depicted in Figure 23-5.

In a B scan image, the line of echoes on the display device must al
ways be oriented in the same direction as the path of the ultrasound 
beam through the patient. To accomplish this synchronization, the hori
zontal and vertical coordinates of the transducer, as well as its angular 
orientation, must be monitored continuously during the examination. 
For this monitoring, potentiometers or other position encoders are used 
with characteristics that change with the position and angular orienta
tion of the transducer. With these position sensors, signals are generated
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Fig 23-7. -  A variable-persistence cathode-ray tube.

that change with transducer position and orientation. These signals are 
fed to the x and y deflection plates of the display device. In this manner, 
echoes can be portrayed at the proper locations on the display device.

Electronics for a B mode ultrasound scanner are similar to those for an 
A mode unit with the addition of the transducer coordinate and angular 
orientation components (Fig 23-6). In a number of B mode scanners, the 
display device also is similar and is essentially a cathode-ray tube with a 
few additional components termed the electron flo od  guns, the collector 
mesh and the storage mesh. The mesh components are positioned be
tween the electron guns and the fluorescent screen (Fig 23-7). This mod
ification of a conventional cathode-ray tube is termed a storage or vari
able-persistence cathode-ray tube. As the writing electron beam is 
moved across the fluorescent screen in response to position coordinate 
signals from the transducer sensors, the intensity (current) of the elec
tron beam is altered in response to echo signals from the transducer. As 
electrons from the writing electron gun impinge on the storage mesh, 
they cause the ejection of electrons from this component. The ejected 
electrons are captured by the collector mesh. In this manner, the image 
is stored as regional variations in positive charge across the storage 
mesh, with the areas of greatest positive charge corresponding to the 
periods of highest intensity of the writing electron beam, and vice versa.

For display of the stored image, low-energy electrons are sprayed to
ward the storage mesh by the electron flood guns. As these electrons 
approach positive regions of the storage mesh, they are accelerated 
through the mesh and onto the fluorescent screen. Since the amount of 
light released by the fluorescent screen varies with the energy of the 
impinging electrons, an image is produced on the screen that reflects to a 
limited degree the distribution of positive charge across the storage 
mesh. Images may be stored for several minutes in a variable-persis
tence scope and for several hours if the electron flood guns are disabled. 
The major disadvantage of conventional cathode-ray tubes and variable- 
persistence scopes for display of B scan images is their limited gray scale
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dynamic range. That is, images are displayed in only a few shades of 
gray, and little gray scale differentiation of echo amplitudes is available. 
To improve the gray scale display of ultrasound images, various ap
proaches have been developed, including the use of computers, short- 
persistence cathode-ray tubes with direct photographic recording of the 
short-lived echo dots and television monitors. The most successful of 
these approaches has been the use of television monitors and associated 
image storage devices termed scan converters. Almost all compound B 
scan units currently available commercially are equipped with these 
storage and display devices.

A scan converter is similar to a cathode-ray tube except that the flu
orescent screen is replaced by a storage target capable of retaining elec
tric charge on its surface (Fig 23-8). An electron beam from a heated 
filament is focused by focusing electrodes onto a small spot on the stor
age target. The spot can be positioned anywhere on the target by deflec
tion plates similar to those in a cathode-ray tube. The field mesh in front 
of the target causes electrons from the filament to approach the storage 
target perpendicularly. The storage target is composed of a conducting 
layer backed on the electron gun side by a million or so tiny squares of 
insulating material.

During a scanning procedure, the electron beam in the scan converter 
sweeps across the storage target in a direction corresponding to the path 
of the ultrasound beam in the patient. Upon receipt of an ultrasound 
echo signal, the voltage on the electron gun furnishing the electron 
beam is changed from zero to a small negative value. This change causes 
the deposition of more electrons on the storage target until the voltage 
on the particular region of the storage target equals the negative voltage 
on the electron gun. In this manner, each echo is recorded as a small 
negatively charged area on the target, with the magnitude of the nega
tive voltage indicating the amplitude of the echo signal. If an interface is 
detected at more than one orientation of the transducer, the negative 
voltage at the corresponding location on the target represents the maxi
mum signal received rather than the sum of the signals received. This
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Fig 23-9. — Left, black-and-white display of a sagittal ultrasound image of the 
pelvis with the patient’s head to the left. Included are the bladder (B), pubic 
bone (PB) and prostate (P). Right, gray scale display of a transverse ultrasound 
image of the abdomen. Included are the liver, inferior vena cava (IVC), portal 
vein (PV), aorta (Ao), stomach (St), and spleen (Sp).

feature prevents strongly reflecting interfaces from being “overwritten” 
in the images.

To retrieve the image from the storage target of the scan converter, a 
low-energy electron beam is scanned across the target in a succession of 
closely spaced parallel lines. At each location, the number of electrons 
reaching and flowing through the target varies with the voltage of that 
region of the target, in a manner similar to a vidicon television camera. 
This target current is used to control the intensity of the electron beam in 
a television monitor that moves the electron beam in a raster pattern 
identical with that in the scan converter. The stored pattern of voltage is 
destroyed very slowly during this readout procedure, so that the image 
may be viewed on the television monitor for 10  minutes or so by re
peated readout of the stored image in the scan converter.

In addition to the high-resolution gray scale display of images, scan 
converters offer several advantages, including (1) superposition of the 
gray scale display over selected regions of echo amplitude (variable 
dynamic range); (2 ) zoom display to provide magnified images of select
ed anatomical regions; (3) storage of separate images on different regions 
of the target; (4) certain data processing options; (5) television display 
with accompanying color, videotape and video disk options and (6 ) use
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of hard-copy electrostatic printers. In Figure 23-9, a gray scale ultra
sound display obtained with a scan converter tube is compared with a 
black-and-white display of similar anatomy.

M MODE PRESENTATION
The M mode presentation of ultrasound images is designed specifical

ly for display of the motion of internal structures of the patient’s anato
my. In the display, a trace of the position of each interface detected is 
presented as a function of time. The most frequent application of M 
mode scanning is echocardiography, in which the motion of various in
terfaces in the heart is depicted graphically on a CRT display or chart 
recording.

In a typical M mode visualization of motion, the structures of interest 
are located and portrayed as a series of dots (i.e., a B mode display) on 
the CRT display device. The position of the transducer is portrayed at 
the top of the display, and the depth of echo-producing structures is rep
resented by the vertical distance of the corresponding dot from the posi
tion of the transducer. With the transducer in a fixed position, a sweep 
voltage is applied to the CRT deflection plates, and in response the dots 
sweep to the right across the CRT screen. The speed of the horizontal 
sweep is controlled by the operator to capture the information desired. 
For stationary structures, the dots form horizontal lines in the image. 
Moving structures produce vertical fluctuations in the horizontal trace,

Fig 23-10.—Atypical M mode echocardiographictracing.
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thereby depicting the motion of structures along one line through the 
object. The image may be displayed on a short-persistence cathode-ray 
tube or a storage scope, and may be recorded on film or, more frequently, 
a chart recorder. A typical M mode recording of the heart is shown in 
Figure 23-10.

FUTURE DEVELOPMENTS
Ultrasound imaging is destined to make significant advances in the 

near future. Just emerging into the commercial marketplace are multi
transducer array B mode imaging devices that offer superior resolution 
and the possibility of real-time imaging of dynamic structures such as the 
heart. Computed tomography with transmitted ultrasound also is being 
explored to provide reconstruction images of the attenuation and veloc
ity of ultrasound through selected planes of the patient’s anatomy.4 ,5 The 
application of holographic imaging techniques to provide high-resolu- 
tion, three-dimensional, real-time images is being explored, although 
initial efforts have been somewhat disappointing.6*7 Other methods for 
three-dimensional presentation of ultrasound images also are being pur
sued.8 Pulsed Doppler systems are a promising technique under devel
opment to obtain information about specific moving structures in the 
body.9

PROBLEMS
1. Distinguish among A mode, B mode and M mode image presentation tech

niques.
2. Explain the purpose and operation of the swept gain generator.
3. Describe how the A mode presentation is used in echoencephalography, and 

how the images are obtained.
4. Explain how the composite dot image is compiled in a B mode presentation, 

and the different scanning techniques used to obtain B mode images.
5. Describe the operation of the scan converter image display device.
6 . Outline the procedure for obtaining M mode images.
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24 / Protection from External Sources 
of Radiation

F o r  a  f e w  YEARS after their discovery, x rays and radioactive materials 
were used with little regard for their biologic effects. After a few years, 
the consequences of careless handling and indiscriminate use of radia
tion sources became apparent. These consequences included severe 
burns and epilation and, later, leukemia and other forms of cancer in 
persons who received high exposures to radiation. Persons affected in
cluded many who pioneered the medical applications of ionizing radia
tion.

Since ionizing radiation had proved beneficial to humans in many 
ways, the question to be answered was: Can individuals in particular, 
and the human race in general, enjoy the benefits of ionizing radiation 
without suffering unacceptable consequences in current or future gener
ations? This question often is described as the problem of risk versus 
benefit. To reduce the risk of using ionizing radiation, advisory groups 
were formed to establish upper limits for the exposure of individuals to 
radiation. The advisory groups have reduced the upper limits recom
mended for radiation exposure many times since the first limits were 
promulgated. These reductions reflect the use of ionizing radiation by a 
greater number of persons, the implications of new data concerning the 
sensitivity of biologic tissue to radiation and the improvements in the 
design of radiation devices and in the architecture of facilities where 
persons use radiation devices.

The philosophy underlying the control of radiation hazards is a philos
ophy o f  risk. With this philosophy advisory groups attempt to establish 
upper limits for radiation exposure that minimize the hazard to individ
uals and to the population but do not interfere greatly with the beneficial 
uses of radiation.1 This philosophy of risk is depicted in Figure 24-1. The 
total biologic damage to a population is expressed as the sum of individ
ual effects, such as reduced vitality, morbidity, shortened life span and 
genetic damage, which may result from receipt of some average dose 
rate over the lifetime of each individual in the population. The total bio
logic damage is assumed to increase gradually as the average dose rate 
increases to a value of perhaps 1 rem/week. Damage is assumed to in
crease more rapidly beyond a dose rate of about 1 rem/week. Although 
the exact shape is unknown for the curve of total biologic damage versus

440
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Fig 24-1 . —Total biologic dam age to a population, expressed as a function of 
the average dose rate to individuals in the population. The cost of protection is 
reduced as greater biologic damage is tolerated. (From Claus, W.: The Concept 
and Philosophy of Permissible Dose to Radiation, in Claus, W. [ed.]: Radiation 
Biology and Medicine [Reading, Mass.: Addison-Wesley Publishing Co., Inc., 
1958].)

dose rate, the curve in Figure 24-1 probably is a reasonable estimate. 
The region of the curve enclosed within the rectangle labeled the Area 
of Uncertainty is the region of greatest interest to persons concerned 
with radiation protection; unfortunately, this part of the curve also is the 
region for which few data are available. As indicated by curve c, the 
damage may remain at zero for average dose rates below some threshold 
value. Conceivably, the curve for total biologic damage may fall below 
the axis near the origin (curve d), suggesting that very low dose rates are 
beneficial; however, few experimental data support this hypothesis. 
Perhaps the curve rises rapidly at the origin, as suggested in curve a. The 
data are meager for the biologic consequences of radiation exposure at 
low dose rates, and curve b usually is assumed to be correct. This curve 
suggests that the total biologic damage to a population is linearly propor
tional to the average dose rate down to a dose rate of zero for individuals 
in the population. This suggestion is referred to as the linear hypothesis 
o f  radiation dam age.

Adequate data are not available for the area of uncertainty depicted in 
Figure 24-1. Consequently, the cost of radiation protection must be bal



442 P r o t e c t i o n  f r o m  E x t e r n a l  S o u r c e s  o f  R a d i a t i o n

anced against unknown biologic effects that might result if adequate pro
tection were not provided. The cost of protecting individuals from ioniz
ing radiation (e.g., by shielding, remote-control techniques, monitoring 
procedures and personnel restriction) is plotted as a function of the aver
age dose rate acceptable to the population. The cost increases from al
most zero with no restrictions on radiation exposure to a cost that ap
proaches infinity if the population desires no exposure to radiation. 
Somewhere within the area of uncertainty, an upper limit must be ac
cepted for the exposure of persons to radiation. This limit should be rec
ognized as an upper limit for personnel radiation exposure that provides 
a risk acceptable to the population without depriving the population of 
benefits derived from the judicious use of ionizing radiation. In practice, 
the exposure of individuals to radiation should be kept as low as reason
ably achievable.

MAXIMUM PERMISSIBLE DOSE
The responsibility for recommending limits for radiation exposure has 

been delegated to advisory groups composed of persons experienced in 
the use of ionizing radiation. In 1922, the American Roentgen Ray Soci
ety and the American Radium Society began a study of acceptable levels 
of radiation exposure. In 1928, the International Congress of Radiology 
formed the International Commission on Radiological Protection, re
ferred to commonly as the ICRP. This organization is recognized as the 
international authority for the safe use of sources of ionizing radiation. 
The U.S. Advisory Committee on X-Ray and Radium Protection, known 
now as the National Council on Radiation Protection and Measurements 
(the NCRP), was formed in 1929 to interpret and implement recommen
dations of the ICRP for the United States.

Radiation Dose to Occupationally Exposed Persons
For the purpose of developing recommendations for the upper limits 

of exposure of personnel to ionizing radiation, the ICRP and NCRP as
sume that a population contains various groups of persons.2,3 For per
sons whose occupation requires exposure to radiation, recommendations 
concerning maximum perm issible doses (MPD) are provided in Table 
24-1. Maximum permissible doses such as these include contributions 
from radiation sources both inside and outside the body but exclude con
tributions from medical exposure and background radiation. The total 
dose in rems accumulated by an occupationally exposed person should 
not exceed 5(N — 18), where N is the age of the person in years. An area 
where a yearly whole body dose of 1.5 rem or more may be delivered to 
an individual should be considered a controlled area and should be su
pervised by a radiation protection officer. Persons working in a con-
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TABLE 24-1.-M AXIM UM  PERM ISSIBLE DOSES 
FOR OCCUPATIONALLY EXPOSED PERSONS0

MAXIMUM MAXIMUM
Q UARTERLY YEA RLY
DOSE LIM IT DOSE LIM IT

ANATOMICAL REGION (r e m ) ( r e m )

Whole body, gonads, eyes, red 3 5
bone marrow (see note 1)

Skin (other than hands and
forearms) 15

Hands 25 75
Forearms 10 30
Other organs and organ systems 5

(see note 1)
15

°Data from NCRP report no. 39.
N otes: 1. It is assumed that generally a person will accumulate 

dose throughout the year in a random fashion and that the applica
tion of a maximum yearly dose limit is adequate. In cases where 
this is not true, e.g., in situations where an individual is likely to 
accumulate dose more or less uniformly from day to day at a rate 
that would allow the maximum yearly dose limit to be exceeded in 
a time interval less than one year, the application of maximum 
quarterly dose limits, or dose limits based on shorter time inter
vals, is advised.

2. The values in Table 24-1 may be modified according to the 
individual. For example, the pelvic dose limit for pregnant women 
is 0.5 rem throughout gestation.

3. The dose limits in Table 24-1 are to serve as guides for estab
lishing responsible radiation protection procedures. To be consis
tent with the conservative philosophy of radiation protection, how
ever, the NCRP recommends that every effort be made to hold 
the actual dose to an individual to as low a value as possible.

trolled area should carry one or more personal monitors for the measure
ment of radiation dose (e.g., a film badge, thermoluminescent dosimeter 
or pocket ionization chamber), and access to the area should be re
stricted.

Various problems arise when recommendations such as the foregoing 
are applied to particular individuals. For occupational exposures, some 
of these problems involve:

1. Persons with an unknown previous exposure. For the period of 
unknown exposure, the person is assumed to have received a maximum 
permissible dose for each year of age beyond 18.

2. Persons restricted by maximum permissible doses established in 
earlier years. Earlier MPD’s were higher than those recommended now. 
Hence, these persons may have accumulated a dose greater than that 
given by the expression 5(N -  18). The yearly dose received by these 
persons should be reduced below 5 rem/yr until the total accumulated 
dose is reduced below 5(N — 18).
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3. Persons beginning work at an age less than 18 years. For these per
sons, the dose-equivalent to the gonads, red bone marrow and whole 
body should not exceed 5 rem/yr and the dose accumulated by age 30 
should not exceed 60 rem.

4. Women of reproductive capacity. These women should be em
ployed only in situations where the dose to the abdomen is limited to 1.3 
rem during any period of 13 weeks. Under this condition, the dose to an 
embryo should be considerably less than 1 rem during the first 2  months 
of organogenesis, the period during which the embryo is most sensitive 
to radiation.

5. Pregnant women. When a pregnancy has been determined, condi
tions of employment should be arranged to insure that the dose to the 
fetus is reduced below 0.5 rem during the entire gestation period.

Radiation Dose to Members of the Public 
Personal monitors are not feasible for members of the public exposed 

occasionally to radiation. The effectiveness of protective measures for 
these persons is evaluated indirectly by sampling the air, water, soil and 
other elements of the environment. The expected dose for members of 
the public is computed from analyses of the environment and from 
knowledge of the living habits of the members. The dose limit for mem
bers of the public excludes the radiation dose contributed by back
ground radiation and by medical exposure and is one tenth of the whole 
body maximum permissible dose for occupationally exposed persons. 
That is, the maximum permissible whole body dose is 0.5 rem/yr for 
members of the public.

Radiation Dose to a Population 
The average radiation dose to an entire population is influenced not 

only by the radiation dose to individual members of the population but 
also by the total number of persons exposed in the population. Concern 
for the genetic effects of exposure to radiation underlies recommended 
limits for the exposure of a population to radiation. The genetic dose to a 
population is the radiation dose that, if received by each member of the 
population from conception to the mean age of childbearing (assumed to 
be 30 years of age), would provide a genetic burden to the entire popula
tion equal to the burden furnished by individuals in the population who 
actually are exposed to radiation. A perm issible genetic dose  is one that 
furnishes a genetic burden that is acceptable to the population. The ge
netic dose should be kept as low as possible and should not exceed 5 rem 
for all sources of radiation additional to background and medical expo
sure. Background contributes about 120 millirem/yr to the genetic dose. 
In most countries, medical procedures contribute about 1 rem to the
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TABLE 24-2.-E ST IM A T E S OF AVERAGE RADIATION DOSE TO 
GONADS FOR VARIOUS CLINICAL EXAMINATIONS0

DOSE IN M ILLIRADS AVERAGE NO.
< * . FILM S PER

EXAMINATION TESTIC U LA R  OVARIAN EXAMINATION

Skull < 1 4 3.7
Cervical spine 8 2 3.1
Upper extremity (excluding shoulder) 2 1 2.3
Lower extremity (excluding hip) 96 <1 2.4
Chest

Roentgenography 5 8 1.4
Photofluorography < 1 8
Fluoroscopy 1 71

Thoracic spine 196 9 2.1
Shoulder <1 <1 1.8
Upper gastrointestinal series

Totalf 137 558
Roentgenography 130 360 4.4
Fluoroscopy 7 198

Barium enema
Totalf 1,585 805
Roentgenography 1,535 439 3.5
Fluoroscopy 50 366

Cholecystography 2 193 3.7
Intravenous or retrograde 2,091 407 5.0

pyelography
Abdomen 254 289 1.7
Lumbar spine 2,268 275 2.5
Pelvis 717 41 1.5
Hip 1,064 309 2.3

°From  Penfil and Brown.4
fTotals were obtained by adding doses from roentgenography and fluoroscopy, because 

both fluoroscopy and one or more roentgenograms are included in most of these exami
nations.

genetic dose.2 The average dose to the gonads is estimated in Table 24-2 
for various clinical examinations in the United States.

The genetically significant dose  to a population is the average annual 
gonadal dose to members of the population, adjusted for the expected 
number of children conceived by each individual after exposure to radia
tion. Factors influencing the genetically significant dose are the average 
annual gonadal dose and the age and sex of the individuals exposed. 
Contributions to the genetically significant dose are depicted in Figure 
24-2 for various clinical examinations. The genetically significant dose 
contributed by medical procedures is estimated to be about 2 0  millirem 
for the populations of the United States and other medically advanced 
countries.5
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Fig 24-2.—Estimated 
contributions of various radiologic 
examinations to the genetically 
significant dose for the population 
of the United States in 1964. (From 
Penfil, R., and Brown, M.:
Genetically significant dose to the 
United States population from 
diagnostic medical radiology, 1964 
Radiology 90:209, 1968.)

RECOMMENDATIONS FOR SOURCES OF X AND 
y RADIATION

Using recommendations of the ICRP for guidance, members of the 
NCRP have suggested a number of guidelines for evaluating the safety 
of x-ray equipment and sources of y  radiation. A complete description of 
these recommendations is available in Report 33 of the National Council 
on Radiation Protection.6

PROTECTIVE BARRIERS FOR RADIATION SOURCES
The walls, ceiling and floor of a room containing an x-ray machine or 

a radioactive source may be constructed to permit the use of adjacent 
rooms when the x-ray machine is energized or the radioactive source is 
exposed. With a MPD of 5 rem/yr for occupational exposure, the maxi
mum permissible average dose-equivalent per week equals 0.1 rem. A 
dose of 0 .1  rem/week (or less) is used when computing the thickness of 
radiation barriers required for controlled areas. For areas outside the 
supervision of a radiation safety officer, a value of 0 .0 1  rem per week 
usually is used. Since the conversion from roentgens to rads is nearly 1 
for x and y rays, and since the quality factor also is 1 for these radiations, 
the maximum permissible exposure often is taken as 0.1 R/week or 0.01 
R/week for computation of the barrier thicknesses for sources of x and y 
rays. In a shielded room, primary barriers are designed to attenuate the 
primary (useful) beam from the radiation source and secondary barriers 
are designed to reduce scattered and leakage radiation from the source.
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Protection from Small Sealed y-Ray Sources 
The exposure X in roentgens to an individual in the vicinity of a point 

source of radioactivity is
r  At /nA 1N

X = (24-1)
a2

where
X = Exposure in roentgens.
T = Exposure rate constant in (R-sq cm)/(hr-mCi) at 1 cm.
A = Activity of source in millicuries. 
t — Time in hours spent in the vicinity of the source. 
d = Distance from the source in centimeters.
B = Fraction of radiation transmitted by a protective barrier 

between the source and the individual.

The exposure may be reduced by: (1) increasing the distance d  between
the source and the individual: (2 ) decreasing the time t spent in the vi
cinity of the source and (3) reducing the transmission B of the protective 
barrier (Fig 24-3).

E x a m p le  24-1
What is the thickness of lead that reduces the exposure to 0.1 R/week for a 

person who sits at a distance of 1 m from 100 mg radium [0.5 mm Pt(Ir)] for 40 
hr/week? The exposure rate constant is 8.25 (R-sq cm)/(hr-mCi) for radium 
filtered by 0.5 mm Pt(Ir).

T Af
X = (24-1)

B = Xd2 
r  At 

"(0 .1)( 100)2 
“  (8.25)(100)(40)
= 0.03

From Figure 24-3, about 7 cm of lead is required for the radiation barrier.

Primary Barriers for X-Ray Beams
For an individual some distance from an x-ray unit, the maximum ex

pected exposure to radiation depends on:
1. The emission rate of radiation from the unit. As a general rule, a 

diagnostic x-ray unit furnishes an exposure rate of less than 1 R/min at 
1 m for each milliampere of current flowing through the x-ray tube; that 
is, the exposure rate is f: 1 R/(mA-min) at 1 m.

2. The average tube current and the operating time of the x-ray unit 
per week. The product of these variables has units of mA-min/wk and is
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Fig 24-3. —Transmission through lead of y rays from radium, 60Co and 182Ta. 
(Figures 24-3 and 24-4 from International Commission on Radiological Protec
tion: Report of Committee III on Protection against X Rays up to Energies of 3 
MeV and Beta and Gamma Rays from Sealed Sources, ICRP publ. 3 [New York: 
Pergamon Press, Inc., 1960].)

termed the w orkload W  of the x-ray unit. Typical workloads for busy ra
diographic installations are described in Table 24-3.

3. The fraction of the operating time that the x-ray beam is directed 
toward the location of interest. This fraction is termed the use fa c tor  U. 
Typical use factors are listed in Table 24-4.

4. The fraction of the operating time that the location of interest is 
occupied by the individual. This fraction is termed the occupancy fa ctor  
T. Typical occupancy factors are listed in Table 24-5. For controlled ar
eas, the occupancy factor always is 1 .

5. The distance d  in meters from the x-ray unit to the location of inter
est, because the exposure decreases with l/(distance)2.

The maximum expected exposure to an individual at the location of 
interest may be estimated as

Maximum R/mA-min at 1 m)(mA-min/week)(Use factor)(Occupancy factor)
e x p e c te d -------------------------------------------(Distance)*
exposure
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TABLE 24-3.-T Y PIC A L WEEKLY WORKLOADS FOR 
BUSY INSTALLATIONS*

W EEK LY  WORKLOAD (W )  M A-M INt

DIAGNOSTIC
DAILY 

PATIEN T LOAD 100 kV or less 125 kV 150 kV

Admission chest 
(miniature, with 

phototiming grid) 
Chest 

(14 X 17: 3 films per 
patient, no grid) 

Cystoscopy
Fluoroscopy including 

spot filming 
Fluoroscopy without 

spot filming 
Fluoroscopy with image 

intensification including 
spot filming 

General radiography 
Special procedures

100

60
8

24

24

24
24

8

100

150
600

1,500

1,000

750
1,000

700

600

400

300
400
280

300

200

150
200
140

“From National Council on Radiation Protection and Measurements: Structural Shield
ing D esign  and  Evaluation f o r  M edical Use o f X  Rays and  G am m a Rays o f  E n erg ies  up to 
10 M eV . Recommendations of the NCRP, Report 49 (Washington, D.C., 1976). 

tPeak pulsating x-ray tube potential.

TABLE 24-4.-U S E  FACTORS RECOMMENDED BY THE ICRP*

Full use (C7 = 1)

Partial use (U  =  V4,) 

Occasional use (U = Vie)

Floors of radiation rooms except dental installations, doors, 
walls and ceilings of radiation rooms exposed routinely to 
the primary beam 

Doors and walls of radiation rooms not exposed routinely to 
the primary beam; also, floors of dental installations 

Ceilings of radiation rooms not exposed routinely to the 
primary beam. Because of the low use factor, shielding 
requirements for a ceiling usually are determined by 
secondary rather than primary beam considerations.

“Tables 24-4 and 24-5 from R eport o f  C om m ittee III  on Protection against X  Rays up to 
E n erg ies  o f  3  M eV  and  Beta ana  G am m a Rays fro m  Sealed  Sources, ICRP publ. 3 (New 
York: Pergamon Press, Inc., 1960).

= m r  (24-2)
d 2

This exposure can be reduced to a maximum permissible level Xp 
(e.g., 0.1 or 0.01 R/week) by the introduction of an attenuation factor 
B into equation (24-2).

WUT
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TABLE 24-5.-OCCUPANCY FACTORS 
RECOMMENDED BY THE ICRP

Full occupancy 
(T = 1 )

Partial occupancy
(t = m

Occasional occupancy 
(T = Vie)

Control spaces, offices, corridors and waiting spaces large 
enough to hold desks, darkrooms, workrooms and shops, 
nurse stations, rest and lounge rooms used routinely by 
occupationally exposed personnel, living quarters, children’s 
play areas, occupied space in adjoining buildings 

Corridors too narrow for desks, utility rooms, rest and lounge 
rooms not used routinely by occupationally exposed person
nel, wards and patients’ rooms, elevators with operators, 
unattended parking lots 

Closets too small for future occupancy, toilets not used rou
tinely by occupationally exposed personnel, stairways, auto
matic elevators, pavements, streets

1.0
0 .5

m
IEoHO<u.

0.2
0.1

0.01

o
»-<

0.001

0.0001

0 2 4 6 8 10
LEAD THICKNESS (mm)

Fig 24-4.—Attenuation in lead of x rays generated at tube voltages from  5 0 to  
250 kVp. The curves w ere obtained w ith a ha lf-w ave-rectified  x-ray  generator  
and w ith a 90-degree  angle betw een the e lectron beam  and the  axis of the  x-ray  
beam . The  inherent filtra tion  was 3 mm of a lum inum  fo r the  150 kVp to 250 kVp  
curves and 0.5 mm of a lum inum  fo r the o ther curves. X -ray beam s generated  
w ith a constant tube voltage require barriers 10%  th icker than those indicated  
by the curves.
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TABLE 24-6.-T H IC K N ESSES OF LEAD EQUIVALENT TO 
THICKNESSES OF ORDINARY CONCRETE (DENSITY 2.2 GM/CC) 

AT SELEC TED  TUBE VOLTAGES FOR BROAD X-RAY BEAMS0

TH ICKN ESS LEAD EQUIVALEN T (MM) FO R  X RAYS GEN ERATED AT
O F CO NCRETE FO LLO W IN G VOLTAGES (K V p )

:cm) 50 75 100 150 200 250 300 400 500 1,000 2,000

5 0.4 0.5 0.6 0.5 0.5 0.6 0.8 1.1 1.6 4.0 6
10 0.9 1.2 1.4 1.2 1.2 1.7 2.2 3.0 3.9 8.6 13
15 1.4 2.0 2.4 1.9 2.1 3.0 3.8 5.4 7.1 13 22
20 2.0 2.8 3.4 2.7 2.9 4.4 5.8 8.5 11 21 31
25 2.5 3.6 4.4 3.4 3.8 5.8 7.9 11 15 29 40
30 3.1 4.3 5.4 4.2 4.7 7.3 10 14 19 37 49
35 — — — 5.1 5.6 8.6 12 18 24 45 58
40 21 28 54 67
45 24 33 62 76
50 37 71 85
60 46 88 103
75 60 112 130
90 138 159

“From Appleton and Krishnamoorthy.7

The attenuation factor B is

B = V  (24-3)
WUT

With the attenuation factor B and the curves in Figure 24-4, the thick
ness of concrete or lead may be determined that reduces the exposure 
rate to an acceptable level. Listed in Table 24-6 are the thicknesses of 
lead that are equivalent to concrete walls of different thicknesses.

Example 24-2
A diagnostic x-ray generator has a busy workload of 1,000 mA-min/week at 100 

kVp. The x-ray tube is positioned 4.5 m from a wall between the radiation room
and a radiologist’s office. The wall contains 3 cm of ordinary concrete. For a use
factor of 0.5, what is the thickness of lead that must be added to the wall?

Y //2
B = (24-3)WUT v '

Since the radiologist’s office is a controlled area for occupationally exposed 
persons, X = 0 .1  R/week, T = 1 and

R = 0 1 *
WUT

(0.1)(4.5) 2

(1,000)(0.5)(1)
= 0.004
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From the 100-kVp curve in Figure 24-4, the thickness of lead required is 1.0 mm. 
A 3-cm thickness of concrete is equivalent to 0.4 mm of lead (Table 24-6). Conse
quently, at least 0 . 6  mm (or Vm in.) of lead should be added to the wall.

Secondary Barriers for Scattered X Radiation 
Radiation may be scattered to a location that is not exposed to the pri

mary x-ray beam. The amount of scattered radiation varies with the in
tensity of radiation incident upon the scatterer, the area of the x-ray 
beam at the scatterer, the distance between the scatterer and the location 
of interest and the angle of scattering of the x rays. For a scattering angle 
of 90 degrees with respect to a diagnostic x-ray beam 400 sq cm in cross- 
sectional area that is incident upon a scatterer, the exposure rate 1 m 
from the scatterer is 1/1 ,000  of the primary beam exposure rate at the 
scatterer (Fig 24-5). At other distances from the scatterer, the exposure 
rate varies as l/(distance)2.

Over a week, the exposure at the scatterer (the patient) is

Exposure at scatterer = W UT
d*

W
d*

where U and T are 1, since the beam is always directed at the patient 
and a patient is always present. At some location a distance d' from and 
at right angles to the primary beam, the exposure due to scattered radia
tion is

I i\

1  I V

I I \ 
I \

I \

Fig 24-5. —Geometry for determining the radiation exposure XQ at a distance 
d' from a scatterer where the exposure is XT. The exposure Xs at a distance of 1 
m from the scatterer is 1 /1 ,000 XT.
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.................... (W/d2)( 1 / l,000)(F/400)
Exposure per week from scattered radiation = ------------ ^ 7^------------

(24-4)

where 1/1 ,000  is the ratio of scattered radiation at 1 m to primary radia
tion at the scatterer, F  is the area of the x-ray beam at the scatterer, FI400 
corrects the ratio 1/1 ,000  for more or less scattered radiation from fields 
larger or smaller than 400 sq cm, and (d')2 corrects the scattered radiation 
for the inverse square falloff of exposure with distance. The use factor al
ways is 1 for scattered radiation. With insertion of an occupancy factor T 
for the location of interest, the exposure per week to an individual from 
scattered radiation may be estimated:

to T X r e d  4 S “ eeek) = W (F / 400)(T )
(a )z

To reduce the exposure to an acceptable level X , a secondary barrier 
may be interposed between the scatterer and the location of interest. 
The barrier introduces an attenuation factor B into equation (24-5).

„  (W/d2)(l/l,000)(F/400)(D,„x
x*  m  i ]

The attenuation factor B is

B _ W ?   (24 .6)
(Wld!)( 1/ 1,000)(F/400)(T)

In diagnostic radiology, x-ray beams almost always are generated at
tube voltages less than 500 kVp. Radiation scattered from these beams is
almost as energetic as the primary radiation, and the barrier thickness for 
scattered radiation is determined from curves for the primary radiation.

Example 24-3
A diagnostic x-ray generator has a busy workload of 3,000 mA-min/week at 100 

kVp and an average field size of 20 x 20 cm. The x-ray tube is positioned 1.5 m 
from a wall between the radiation room and a urology laboratory with uncon
trolled access. The wall contains 3 cm of ordinary concrete. For an occupancy 
factor of 1 , what thickness of lead should be added to the wall if the primary 
beam is not directed toward the wall?

B _    (2 4.6)
(WM!)(1/1,000)(F/400)(T) ' ’

If  the radiation scattered to the wall originates within a patient positioned 1 m 
below the x-ray tube, then

„  __________(0.01)(1.5) 2__________
[3,000/( 1)2]( l/l,000)(400/400)( 1)
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where the maximum permissible exposure is 0.01 R/week for persons in the urol
ogy laboratory. From the 100-kVp curve in Figure 24-4 the thickness of lead re
quired is 0 . 8  mm.

Secondary Barriers for Leakage Radiation 
Radiation escaping in undesired directions through the x-ray tube 

housing is termed leakage . radiation. According to the ICRP, this radia
tion should not exceed 0.1 R/hr at 1 m at the highest-rated kVp for the x- 
ray tube and at the highest mA permitted for continuous operation of the 
x-ray tube. To determine the maximum tube current for continuous oper
ation, the anode thermal characteristics chart for the x-ray tube must be 
consulted (Fig 24-6). From this chart, it is possible to determine the max
imum heat units per second that the x-ray tube can tolerate during con
tinuous operation. By dividing this value by the maximum rated kVp for 
the x-ray tube, the maximum mA for continuous operation is computed. 
At this mA value, the exposure rate due to leakage radiation should not 
exceed 0.1 R/hr at 1 m from the x-ray tube.

To determine the maximum exposure per week at 1 m due to leakage 
radiation, the workload in mA-min/wk is divided by the maximum mA 
for continuous operation. The quotient is the effective operating time W' 
of the x-ray unit for purposes of computing the exposure due to leakage 
radiation. The exposure at a location of interest a distance d  from the x- 
ray tube is

Exposure due to leakage radiation =
b0 az

where W' has units of minutes per week and 60 is a conversion from 
minutes to hours. The use factor for leakage radiation always is 1 be
cause leakage radiation is emitted in all directions whenever the x-ray

^  5 6 0 0 0  
o'
$  4 8 0 0 0  x
g 4 0 0 0 0  
x
>  3 2 0 0 0  

~  2 4 0 0 0

z  1 6 0 0 03
H  8 0 0 0

0  1 2  3 4  5 6

TIME IN MINUTES 
Fig 24-6.—Atypical anode thermal characteristics chart.
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tube is used. To determine the exposure to an individual due to leakage 
radiation, an occupancy factor T for the location of interest should be 
added to the equation

0.1 W'TExposure to individual from leakage radiation = (24-7)

By adding an attenuation factor B to the equation, leakage radiation 
may be reduced to the permissible level Xp.

0.1 W'T
-  S o ^ (B)

The attenuation factor B is
60 Xndz

B ~ 0.1 W'T 2̂4' 8^

Since leakage radiation is at least as energetic as the primary beam, the 
thickness of a barrier that provides the attenuation factor B is determined 
from curves in Figure 24-4 for the primary x-ray beam.

A barrier designed for primary radiation provides adequate protection 
against scattered and leakage radiation. For a barrier designed for scat
tered and leakage radiation only (i.e., a secondary barrier), the thickness 
is computed separately for each type of radiation. If the barrier thickness 
required for scattered radiation differs by more than three half-value lay
ers from that required for leakage, the greater thickness is used for the 
barrier. If the thicknesses computed for scattered and leakage radiation 
differ by less than three half-value layers, then the thickness of the barri
er is increased by adding one half-value layer to the greater of the two 
computed thicknesses. Half-value layers for diagnostic x-ray beams are 
listed in Table 24-7.

TABLE 24-7.-H A LF-VA LU E LAYERS IN M ILLIM ETERS OF LEAD 
AND IN CEN TIM ETERS AND INCHES OF CONCRETE FOR

X-RAY BEAMS GENERATED AT D IFFER EN T TU BE VOLTAGES0

a t t e n u a t i n g
m a t e r i a l 50 kVp

h a l f - v a l u e  l a y e r  
70 kVp 100 kVp 125 kVp 150 kVp 200 kVp 250 kVp

Lead (mm) 
Concrete (in.) 
Concrete (cm)

0.05
0.17
0.43

0.15 0.24 0 .27 0.29 0.98  
0.33 0.6 0.8 0.88 1.0 
0.84 1.5 2 .0  2.2 2.5

0.9
1.1
2.8

a t t e n u a t i n g
m a t e r i a l

h a l f - v a l u e  l a y e r  
300 kVp 400 kVp 500 kVp 1,000 kVp 2,000 kVp 3 ,000 kVp

Lead (mm) 
Concrete (in.) 
Concrete (cm)

1.4
1.23
3.1

2.2 3.6 7.9 12.7
1.3 1.4 1.75 2.5
3.3 3.6 4.4 6.4

14.7
2.9
7.4

"From  National Council on Radiation Protection and Measurements, Report 34, 8
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Example 24-4
For the x-ray tube with a maximum rated kVp of 100 and the anode thermal 

characteristics chart shown in Fig 24-6, determine the maximum mA for con
tinuous operation and the thickness of lead that should be added to the wall 
described in Example 24-3 to protect against both scattered and leakage radia
tion.

From Figure 24-6, the maximum anode thermal load that can be tolerated by 
the x-ray tube is 300 hu/sec.

Maximum mA for continuous 
operation at maximum kVp

Effective operating time W'

B

From Figure 24-4, the thickness of lead required to protect against leakage radia
tion is 0.6 mm Pb. From Example 24-3, the thickness of lead required to protect 
against scattered radiation is 0.8 mm Pb. The difference between these thick
nesses is less than three times the half-value layer of 0.24 mm Pb for a 100-kVp x- 
ray beam (see Table 24-6). Hence, the total thickness of lead required to shield 
against both scattered and leakage radiation is (0.8 + 0.24) = 1.04 mm Pb. The 
concrete in the wall provides shielding equivalent to 0.4 mm Pb, so 0.64 mm or 
V 3 2  in. of lead must be added to the wall.

Special Shielding Requirements for X-Ray Film 
X-ray film is especially sensitive to radiation, and film storage areas 

and bins often must be shielded to a greater extent than areas occupied 
by individuals. For film storage areas, shielding computations are identi
cal with those described above, except that maximum permissible expo
sures Xp must be reduced to much lower values. As a rule of thumb, the 
exposure should be limited to no more than 1 mR for the maximum stor
age time of the film (e.g., 2  weeks).

Estimation of Patient Dose in Diagnostic Radiology 
The radiation dose delivered to a patient during a roentgenographic 

procedure may be estimated with reasonable accuracy with the rule of 
thumb of 1 R/mA-min at 1 m from a diagnostic x-ray unit. Frequently, 
this estimate is needed when a patient examined radiographically is dis
covered a short time later to have been in an early stage of pregnancy 
during the examination. In this case, an estimate of fetal dose is re
quired. One procedure for estimating fetal dose is outlined in Exam
ple 24-5.

300 hu/sec _
100 kVp

3,000 mA-min/wk , „„„ . , ,  ----   = 1 , 0 0 0  min/wk3 mA
60 Xpd2
0.1 W'T 
60(0.01)(1.5)2 
0.1 (1,000) (1)
0.0135

(24-8)
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Example 24-5
A patient receives 2 minutes of fluoroscopy (80 kVp, 3 mA) and four spot films 

(80 kVp, 30 mAs) over the 20-cm-thick lower abdominal region. The x-ray tube- 
to-tabletop distance is 0.5 m for the x-ray unit used for the examination. A short 
time later it is determined that the patient was 3 weeks pregnant at the time of 
the examination. Estimate the dose to the fetus.

The rule of thumb of 1 R/mA-min yields [1 R/mA-min/(0.5)2] or 4 R/mA-min at 
a distance of 0.5 m. The exposure at the skin delivered during fluoroscopy is

Fluoroscopic exposure = (4 — —— )(3 mA)(2 min)\ mA-min/
= 24 R

The exposure at the skin delivered by the spot films is

„ (4 R/mA-min)(30 mA-sec/film)(4 films)
Spot him exposure = ------------------- —------;—;---------------------oO sec/min

= 8  R

The total exposure at the skin is 24 R + 8  R = 32 R. For average-size patients, the 
transmission of the x-ray beam through the abdomen is roughly 0 .1 -0 .5 %  of the 
incident exposure. With the assumption that the fetus is positioned midway in 
the abdomen, the exposure to the fetus may be approximated as the square root 
of the transmitted exposure, or 3 -7 % . With a conservative estimate of 7% , the 
exposure to the fetus is

Exposure to fetus = (32 R)(0.07)
= 2.2 R

Since the exposure in roentgens is approximately equal numerically to the dose 
in rad, the absorbed dose to the fetus is roughly 2 . 2  rad.

AREA AND PERSONNEL MONITORING
The radiation exposure must be known for persons working with or 

near sources of ionizing radiation. This knowledge may be obtained by 
periodic measurements of exposure rates at locations accessible to the 
individuals. Furthermore, persons working with or near sources of ioniz
ing radiation should be equipped with personnel monitors that reveal 
the amount of exposure the individuals have received. The monitor used 
most frequently is the film badge containing two or more small photo
graphic films enclosed within a light-tight envelope. The badge is worn 
for a selected interval of time (1—4 weeks) at some convenient location 
on the clothing over the trunk of the body. During fluoroscopy, most per
sons wear the film badge under a lead apron to monitor the exposure to the 
trunk of the body. After the desired interval of time has elapsed, the film 
is processed and its optical density is compared with the optical density 
of similar films that have received known exposures. From this compari-
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Fig 24-7. —Film badge for measuring the exposure of individuals to x and 
y radiation and to high-energy (S radiation. (Courtesy of R. S. Landauer, Jr., 
and Co.)

son, the radiation exposure may be determined for the film badge and, 
supposedly, for the individual wearing the film badge. Small metal fil
ters mounted in the plastic holder for the film permit some differentia
tion between different types and energies of radiation that contribute to 
the exposure (Fig 24-7). Types of radiation that may be monitored with a 
film badge include x and y rays, high-energy electrons and neutrons. 
Special holders have been designed for wrist badges and ring badges 
that are used to estimate the exposure to limited regions of the body. 
Although film badges furnish a convenient method for personnel moni
toring, the difficulties of accurate dosimetry with photographic film limit 
the accuracy of measured exposures. Other methods for personnel do
simetry include pocket ionization chambers and thermoluminescent and 
photoluminescent dosimeters.

PROBLEMS
*1. What is the maximum permissible accumulated dose-equivalent for a 30- 

year-old occupationally exposed individual?
#2. A nuclear medicine technologist received an estimated 200 mrem whole

" F o r  th o s e  p r o b le m s  m a rk e d  w ith  an  a s te r is k , a n s w e r s  a r e  p r o v id e d  o n  th e  p a g e s  fo l
lo w in g  th e  a p p e n d ix e s  ( s e e  p p . 4 8 7 - 4 8 8 ) .
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body dose-equivalent during the first 2 months of pregnancy. According to 
the NCRP, what is the maximum permissible dose equivalent over the re
maining 7 months of pregnancy?

°3. The exposure rate constant is 2.2 R-sq cm/hr-mCi for 131I. What is the 
exposure over a 40-hr week at a distance of 2 m from 200 mCi of 131I?

°4. For a workload of 750 mA-min/week for a dedicated 125-kVp chest roentgen- 
ographic unit, determine the shielding required behind the chest cassette at 
a distance of 6  ft from the x-ray tube if an office with uncontrolled access is 
behind the cassette.

°5. For the chest roentgenographic unit in Problem 4, determine the shielding 
required to protect against radiation scattered to a wall 2  m from and at right 
angles to the chest cassette, if the area behind the wall has uncontrolled ac
cess with an occupancy of 1 .

* 6 . Repeat the computation in Problem 5 if film with a turnover time of 2 weeks 
is stored behind the wall.

*7. For the x-ray tube described by the anode thermal characteristics chart in 
Figure 24-6, determine the shielding required for leakage radiation at a wall 
2  m from the x-ray tube, if the area behind the wall has uncontrolled access 
with an occupancy of 1. The x-ray tube is rated at 125 kVp maximum.

* 8 . For the wall in Problem 7, 1.0 mm of Pb is required to shield against scat
tered radiation. What thickness of shielding is required to protect against 
both scattered and radiation leakage?
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25 / Protection from Internal 
Sources of Radiation

H a z a r d s  a s s o c i a t e d  with radioactive nuclides deposited internally 
are controlled best by minimizing the absorption, inhalation and inges
tion of radioactive materials into the body. The hazards of a radioactive 
nuclide deposited internally may be estimated by reference to the maxi
mum permissible body burden for the nuclide.

BODY BURDENS AND CRITICAL ORGANS
The body burden  of a particular radioactive nuclide in an individual is 

the activity of the nuclide that is present at some moment in the individ
ual’s body. The body burden is influenced by the rate of accumulation 
and physiologic elimination of the nuclide and by its rate of radioactive 
decay. The maximum perm issible body burden  is the constant activity of 
a particular radioactive nuclide that results in a maximum permissible 
dose to the whole body or to one or more organs in the body.1 The maxi
mum permissible body burden is computed with the assumption that the 
radioactive nuclide of interest is the only radioactive nuclide in the 
body. A nuclide retained in the body at a constant activity less than the 
maximum permissible body burden should cause macroscopic damage 
to the individual or to his progeny in only the rarest of instances.

The maximum permissible body burden for a radioactive nuclide of a 
bone-seeking element (e.g., strontium, calcium, radium or plutonium) is 
the number of microcuries required to deliver to bone a dose in rems 
equal to that provided by 0.1 /xCi of 226Ra in equilibrium with its decay 
products. This amount of radium distributed over the skeleton of an 
adult produces observable damage in only the rarest of instances. Body 
burdens for radioactive nuclides other than bone-seekers require the 
identification of “critical organs” for the nuclides. The selection of a crit
ical organ or organs for a particular radioactive nuclide in a particular 
chemical form requires the evaluation of many factors, including (1) the 
concentration of the nuclide in different organs; (2 ) the sensitivity of 
different organs to ionizing radiation; (3) the importance of different or
gans to the health of the individual and (4) the radiation dose to the 
whole body and to the organs irradiated during intake and elimination of 
the nuclide. In most cases, the concentration of the nuclide in various 
organs is the dominant influence in the selection of a critical organ or or
gans.

460
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Fig 25-1.-D etector assembly and tilting chair for a whole body counter. 
(Courtesy of Colorado Department of Health.)

If a radioactive nuclide is distributed fairly uniformly throughout the 
body, then the whole body may be selected as the critical organ. For a 
nuclide with the whole body as the critical organ, the maximum permis
sible body burden for occupational exposure is the activity present con
tinuously in the body that delivers a dose-equivalent of 5 rem/yr to the 
whole body. Radioactive nuclides (e.g., 35S and 127mTe in soluble form)
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GAMMA-RAY ENERGY

Fig 25-2 .— Pulse height spectrum furnished by a whole body counter. (Cour
tesy of Colorado Department of Health.)

that concentrate in the testes are assigned maximum permissible body 
burdens for a dose of 5 rem/yr to the testes. Nuclides that concentrate in 
abdominal organs (e.g., liver, spleen, kidney, thyroid and gastrointes
tinal tract) are given limiting body burdens that provide 15 rem/yr to 
these organs.

Body burdens for gamma-emitting isotopes may be measured with a 
whole body counter.2 Shown in Figure 25-1 is a whole body counter that 
includes a large Nal(Tl) crystal and a 512-channel analyzer. The person 
to be counted sits for a few minutes in a tilted chair directly under the 
crystal. The room is shielded heavily to reduce background radiation.

The pulse height spectrum in Figure 25-2 was obtained during a 40- 
min count of a nuclear medicine technologist. The percent abundance is 
0.012 for 40K in natural potassium, and a photopeak indicating the pres
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ence of this nuclide occurs in whole body pulse height spectra for all 
persons. The 137Cs photopeak reflects the accumulation of this nuclide 
from radioactive fallout of nuclear explosions. The low-energy photo
peak represents 99mTc, which probably was deposited internally as the 
technologist “milked” a 99mTc generator or worked with a 99mTc solution.

MAXIMUM PERMISSIBLE CONCENTRATION
Restricting the uptake of radioactive materials into the body is the 

most effective method for reducing hazards associated with radioactivity 
deposited internally. Restriction of the uptake of radioactive nuclides 
into the body may be achieved by controlling the concentration of ra
dioactive nuclides in the air and water that persons breathe and drink. 
Maximum permissible concentrations in air and water have been estab
lished for exposures of 40 hr/week and 168 hr/week.1 Concentrations in 
air and water less than the maximum permissible concentrations for a 
particular radioactive nuclide should provide a body burden for the nu
clide that is less than the maximum permissible body burden.

TABLE 25-1.-M AXIM UM  PERM ISSIBLE BODY BURDENS AND 
MAXIMUM PERM ISSIBLE CONCENTRATIONS FOR A FEW  

RADIOACTIVE NUCLIDES IN SOLUBLE AND INSOLUBLE FORM*

m a x im u m  p e r m i s s i b l e
MAXIMUM CONCENTRATION (/xCl/CC)

P E R M ISSIB L E  <■ A-----------------------------------
RADIOACTIVE BODY 4 0 -H R  W EEK  1 68 -H R  W EEK
NUCLIDE AND ORGAN O F BURDEN  < ■---------------- .   *---------------

MODE O F DECAY R E F E R E N C E t (juCl) (M PC)W (MPC)a (MPC)w (M PC)a

3H(3H2O)03-) (sol.) Body tissue 103 0.1 2 x  10-® 0.03 5 x 10-®
JTotal body 2 x  I03 0.2 2 x  10-® 0.05 7 x 10-®

3H (immersion) Skin 2 x  IO"3 4 x IO-4
7Be (ec,y) G I (LL1)\ 0.05 io-® 0.02 4 x 10-®

Total body 600 6 6 x  IO"6 2 2 x 10-6
(sol.) Kidney 800 9 8 x  10-® 3 3 x 10-6

Liver 800 9 8 x  10-« 3 3 x IO"6
Bone 2 x  103 20 2 x  10-® 7 6 x IO”®
Spleen 4 x  103 50 4 x  10-® 20 2 x IO"®

(insol.) L u n g io-® 4 x 10"7
G I (L L I) 0.05 9 x  10-® 0.02 3 x IO"6

» s  (0 -) Testes 90 2 x  10~3 3 x  IO"7 6 x  10"“ 9 x IO'®
Total body 400 7 x  10~3 io-® 3 x  IO"3 4 x IO"7

(sol.) •Bone 800 0.02 2 x  10-® 5 x  IO"3 8 x 10-7
Skin 3 x  103 0.07 10-® 0.02 3 x IO"6
GI (LLI) 0.2 4 x  10"® 0.05 10-®

(insol.) L u n g 3 x  IO"7 9 x IO"8
G I (L L I) 8 x  10~3 10-® 3 x  IO"3 5 x 10-7

“From National Bureau of Standards Handbook 6 9 .1 
t Critical organ shown in italic.
|GI = gastrointestinal tract; L L I = lower large intestine.
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A few maximum permissible body burdens and maximum permissible 
concentrations are listed in Table 25-1. Limits for each organ represent 
the estimated values necessary to provide a maximum permissible dose 
to the organ. Maximum permissible concentrations and maximum per
missible body burdens are important for the estimation of the hazard to 
an individual following intake of one or more radioactive nuclides into 
the body.

EFFECTIVE HALF-LIVES
The concentration of a radioactive nuclide in a particular organ 

changes with time after intake of the nuclide into the body. The change 
in concentration reflects not only the radioactive decay of the nuclide, 
but also the influence of physiologic processes that move chemical sub
stances into and out of various organs in the body. The effective half-life 
for uptake or for elimination of a nuclide in a particular organ is the time 
required for the nuclide to increase or decrease to half its maximum con
centration in the organ. The effective half-life fo r  uptake (Tup) of the ra
dioactive nuclide is computed from the half-life Tx for physiologic up
take, excluding radioactive decay, and the half-life T1/2 for radioactive 
decay. The effective half-life fo r  elim ination  (Teff) of a radioactive nu
clide from an organ is computed from the half-life T b  for physiologic 
elimination, excluding radioactive decay, and the half-life for radioactive 
decay. Expressions for the effective half-life for elimination and for up
take are stated in equations (25-1) and (25-2).

Decay constant for elimination of nuclide
= Decay constant for physiologic elimination 

+ Decay constant for radioactive decay
^■eff A j/2

The decay constant \1/2 equals (0.693)/T1/2. Similarly, \b = (0.693) I T b  

and \eff = (0.693)/Teff, where T b  is the half-life for physiologic elimina
tion, excluding radioactive decay, and Tea is the effective half-life for 
elimination.

0.693 = 0.693 0.693 
Teff T b T m

T e t t  T b  T m

Terr = r Y r  (25 ' 1)
1 b +  1/2

An expression for the effective half-life TUP for uptake may be derived 
by procedure similar to that above.



Tup = (25-2)
l l + ■*1/2

where Tx is the half-life for biologic uptake, excluding radioactive decay.
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Example 25-1
35Sulfur in soluble form is eliminated from its critical organ, the testes, with a 

biologic half-life of 630 days. The half-life is 87 days for radioactive decay of 
35S. What is the effective half-life for elimination of this nuclide from the testes?

T T
r p ___________ 6  1/2
* e f f  —  T  4- T

l b " r  1 1 / 2

(630 days)(87 days)
(630 days) + (87 days)

= 76 days

Example 25-2
123Iodine is absorbed into the thyroid with a half-life of 5 hr for physiologic 

uptake. The half-life for radioactive decay is 13 hr for 123I. What is the effective 
half-life for uptake of 123I into the thyroid?

T T 
r  -  1 1 / 2

UP r p  . r p

i l  +  1/2
(5 hr)(13 hr)

(5 hr) + (13 hr)
= 3.6 hr

RADIATION DOSE FROM INTERNAL RADIOACTIVITY
Occasionally, radioactive nuclides are inhaled, ingested or absorbed 

accidentally by individuals working with or near radioactive materials. 
Also, radioactive nuclides are administered orally and intravenously for 
the diagnosis and treatment of patient disorders. The radiation dose de
livered to various organs in the body should be estimated for any person 
with a radioactive nuclide deposited internally.

Standard Man
To compute the radiation dose delivered to an organ by radioactivity 

deposited within the organ, the mass of the organ must be estimated. 
The ICRP has developed a “standard man,” which includes estimates of 
the average mass of organs in the adult.3 These estimates are included in 
Table 25-2.
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TABLE 25-2.-AVERAGE MASS OF ORGANS 
IN ADULT HUMAN BODY0

ORGAN MASS (gm) % O F TOTAL BO D Y f

Total bodyt 70,000 100
Muscle 30,000 43
Skin and subcutaneous tissue! 6,100 8.7
Fat 10,000 14
Skeleton

Without bone marrow 7,000 10
Red marrow 1,500 2.1
Yellow marrow 1,500 2.1

Blood 5,400 7.7
Gastrointestinal tractf 2,000 2.9
Contents of GI tract

Lower large intestine 150
Stomach 250
Small intestine 1,100
Upper large intestine 135

Liver 1,700 2.4
Brain 1,500 2.1
Lungs (2) 1,000 1.4
Lymphoid tissue 700 1.0
Kidneys (2) 300 0.43
Heart 300 0.43
Spleen 150 0.21
Urinary bladder 150 0.21
Pancreas 70 0.10
Salivary glands (6) 50 0.071
Testes (2) 40 0.057
Spinal cord 30 0.043
Eyes (2) 30 0.043
Thyroid gland 20 0.029
Teeth 20 0.029
Prostate gland 20 0.029
Adrenal glands or suprarenal (2) 20 0.029
Thymus 10 0.014
Ovaries (2) 8 0.011
Hypophysis (pituitary) 0.6 8.6 x  10-6
Pineal gland 0.2 2.9 x  10-«
Parathyroids (4) 0.15 2.1 x  lO-6
Miscellaneous (blood vessels, 390 0.56

cartilage, nerve, etc.)

°From  International Commission on Radiological Protection: Report
o f C om m ittee II : Perm issible D ose fo r  Internal Radiation  (New York:
Pergamon Press, Inc., 1969).

tD oes not include contents of the gastrointestinal tract.
f The mass of the skin alone is about 2,000 gm.

Internal Absorbed Dose 
Consider a homogeneous mass of tissue containing a uniform distribu

tion of a radioactive nuclide. The instantaneous dose rate to the tissue 
depends on three variables:

I. The concentration C in /uCi/gm of the nuclide in the tissue.
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2. The average energy E released per disintegration of the nuclide.
3. The fraction </> of the released energy that is absorbed in the tissue.

The average energy E released per disintegration may be estimated as:
E = n,E, + n2E2 + n3E3 + . . .

where E v E2, E3, . . . are the energies of different radiations contribut
ing to the absorbed dose, and np n2, n3, . . . are the fractions of disinte
grations in which the corresponding radiations are emitted. The average 
energy £ abs absorbed per disintegration is

Eabs = + n2E2<f>2 + n3E3(j>3 + . . .

where </>j, </>2, <f>3, . . . are the fractions of the emitted energies that are 
absorbed (i.e., the absorbed fractions). A shorthand notation for the 
addition process is

Eabs = n1E 1(f)l + n2E2(f)2 + n3E34>3 + . . .
= 1niEi4>i

where 2  indicates the sum of the products nE</> for each radiation. The 
instantaneous dose rate R may be written as:

R(rad/sec) = C(juCi/gm)Eabs(MeV/disintegration)(3.7 x 104 disintegrations/ 
sec-/u.Ci)(1.6 x 10- 6  erg/MeV)(0.01 rad/erg/gm)

= 5.92 x 10" 4 C'ZniE.<l)i (25-3)

The instantaneous dose rate may be expressed in units of rad per minute 
or rad per hour by multiplying equation (25-3) by 60 sec/min or 3.6 x 103 
sec/hr:

R(rad/min) = 3.55 x 10_2C2niE i</)j 
R(rad/hr) = 2.13 C1lniEi<l)i

By representing 2.13 niEi by the symbol A{, the last equation may be 
written

R(rad/hr) = C2A{̂ >{ (25-4)

where A{ is termed the absorbed  dose constant in units of gm-rad//xCi-hr.
Locally absorbed radiations are those that are absorbed within 1 cm of 

their origin. For these radiations, the absorbed fraction usually is taken 
as 1. Locally absorbed radiations include: (1) alphas, negatrons and posi
trons; (2) internal conversion electrons; (3) Auger electrons and (4) x and 
y rays with energies less than 11.3 keV. Photons below this energy are 
absorbed in 1 cm of muscle with a probability exceeding 95%. Charac
teristic x rays considered to be locally absorbed radiations include: K-
characteristic x rays from elements with Z < 35, L-characteristic x rays 
from elements with Z < 85 and M-characteristic x rays from all elements. 

Radiations that are not absorbed locally have an absorbed fraction less
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TABLE 25-3.-A B SO R B ED  FRACTIONS FOR 140-keV 
y RAYS FROM 99mTc DEPO SITED  IN VARIOUS 

ORGANS OF THE STANDARD MAN*

SOURCE AND 
TA RG ET ORGAN

A BSO RBED
FRACTION

SOURCE AND 
TA RG ET ORGAN

ABSORBED
FRACTION

Bladder 0.102 Lungs 0.421 E-01
Brain 0.139 Ovaries 0.181 E-01
Gastrointestinal tract

(stomach) 0.863 E-01 Pancreas 0.379 E-01
Gastrointestinal tract

(small intestine) 0.128 Spleen 0.660 E-01
Gastrointestinal tract

(upper large intestine) 0.710 E-01 Testicles 0.389 E-01
Gastrointestinal tract

(lower large intestine) 0.569 E-01 Thyroid 0.280 E-01
Kidneys 0.614 E-01 Total body 0.306
Liver 0.134

“From Snyder, W., et al.: Estimates of absorbed fractions for monoener
getic photon sources uniformly distributed in various organs of a hetero
geneous phantom, MIRD pamphlet 5, J. Nucl. Med. 10 (Suppl. 3), 1969.

than 1. Generally, these radiations are x and y rays with energies > 11.3  
keV. Illustrated in Table 25-3 are absorbed fractions for 140-keV y rays 
from " mTc deposited in various organs of the standard man. More com
plete data on absorbed fractions, as well as extensive listings of absorbed 
dose constants, are available in publications of the Medical Internal Ra
diation Dose (MIRD) Committee of the Society of Nuclear Medicine.0 
Included in the MIRD compilations are absorbed fractions for organs at 
some distance from an accumulation of radioactivity. For these situa
tions, the absorbed fraction is 0  for locally absorbed radiations and less 
than 1 for more penetrating radiations.

The instantaneous dose rate varies with changes in the concentration 
C of the nuclide in the mass of tissue. If the nuclide is eliminated expo
nentially,! then

C = CmaxS
= Cmaxe-0'693"7̂

where t is the time elapsed since the concentration was at its maximum 
value Cmax. With exponential elimination

R(rad/hr) = Cmaxe-0-693'/reff XAi<f)i

For a finite interval of time t that begins at t = 0  when C = Cmax, the 
cumulative absorbed dose D is

“Available from the Society of Nuclear Medicine, 475 Park Avenue South, New York, 
New York 10016.

t If the assumption of exponential elimination is too great a simplification, then the elim
ination of the nuclide from the tissue must be described by a more complex expression.
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D(rad) = C max(1.44 Teff)(l -  e-° ̂ Tetf) 2A .<*>.

with t and Teff expressed in hours, and with 1.44 Ten termed the average 
life  for elimination of the nuclide. More often, t and Tea are expressed 
in days, and the equation becomes

Drad = 34.6 CmaxTeffd -  (25-5)

The total absorbed dose during complete exponential elimination of 
the nuclide from the mass of tissue is obtained by setting t = °o in 
equation (25-5). The exponential term e~°-693tlTen approaches zero and

D(rad) = 34.6 CmaxTeftSA^ (25-6)

That is, the total cumulative dose depends on the three variables that 
affect the dose rate (concentration, energy released per disintegration 
and fraction of the released energy that is absorbed), together with the 
time (represented by Tea) that the nuclide is present in the tissue.

If the effective half-life for uptake of a radionuclide is short compared 
with the effective half-life for elimination, equation (25-6) may be used 
to estimate the total dose delivered from the moment the nuclide is dis
tributed in a mass of tissue until the time it is eliminated completely. If
the uptake of the nuclide must be considered, then it may be reasonably
accurate to assume that the uptake is exponential. If elimination of the 
nuclide also is exponential, then the concentration C at some time t is

C = C max (e -0-0®«/reff -  e-0.693(/rup)

From this expression and equation (25-4), an expression may be derived 
for the total cumulative absorbed dose:

D(rad) = 34.6  C maxTeff 1̂ — —  ̂ SA^ ^ ^

with TUp and Tetf expressed in days. If Tett — 20 TUP, the effective half-life 
Tup for uptake (i.e., the term 1 — Tuj T ef{) may be neglected with an error 
no greater than 5% in the total cumulative absorbed dose.

Recently, a simplification of the MIRD approach to absorbed dose 
computations has been prepared for radionuclides absorbed in specific 
internal organs. In this approach, the quotient of 2A{(j>. divided by the 
mass of the organ containing the radionuclide is recognized as having a 
specific value for a particular nuclide, source organ (organ containing the 
nuclide) and target organ (organ for which the absorbed dose is to be 
computed). This specific value is symbolized as S, and the absorbed dose 
may be computed as

D(rad) = AS (25-8)

where A is the cumulative activity in the organ. For exponential elimi
nation and short uptake times, A is simply AmaxTave> where A max is the
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maximum activity in the organ and TavR = 1.44 TWf. Further information 
on the “S method” of internal dose computation is available in MIRD 
pamphlet 11, available from the Society of Nuclear Medicine, 475 Park 
Avenue South, New York, New York 10016.

E x am p le  2 5 -3
One millicurie of Na2 35S 0 4 is given orally to a 70-kg man. Approximately 0.5% 

of the activity is absorbed into the blood, and 50% of the absorbed activity is 
concentrated rapidly in the testes. What are the instantaneous dose rate, the dose 
delivered over the first week and the total dose delivered to the testes?

From Table 25-2, the mass of the testes is 40 gm in the standard man. For 3 5S, 
only locally absorbed radiation is emitted, with an average energy of 0.049 MeV 
per disintegration. The total activity reaching the testes is (1,000 nCi)(0.005)(0.5) 
= 2.5 ju.Ci. The instantaneous dose rate fL is

Rp = 5.92 x 10- 4 (25-3)

= (5.92 x 10-4)f2:  ̂ ^ClVo.049 MeV)\ 40 gm /
= 1 . 8  /arad/sec

From Example 25-1, the effective half-life is 76 days for elimination of 35S from 
the testes. Assuming rapid uptake and exponential elimination, the dose deliv
ered over the first week is

Dp = 34.6 CmaxTeff (1 -  £A.<£. (25-5)

= 34.6 ,f f j f  W  days)(l -  e-°-693(7/76>)(2.13)(0.049 MeV)\ 40 gm /
= 1.08 rad over the first week

The total dose delivered to the testes during complete elimination of the nu
clide is

Dp = 34.6 CmaxTeff (25-6)

= 34.6 days)(2.13)(0.049 MeV)V 40 gm /
= 17.1 rad

TABLE 25-4.-V A LU ES OF S FOR 99mTc 
(source organ: liver) 0

t a r g e t  o r g a n  S

Liver 4.6 E-05
Ovaries 4.5 E-07
Spleen 9.2 E-07
Red bone marrow 1.6 E-06

“From Snyder, W., et al.: “S ,”  A bso rbed  D ose  
Per Unit C u m u la ted  A ctivity fo r  S elected  Radio
n uclides and O rgans, M IR D  pamphlet 11, Soci
ety of Nuclear Medicine, 475 Park Avenue South, 
New York, New York 10016.
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E x am p le  2 5 -4
Estimate the absorbed dose to the liver, ovaries, spleen and bone marrow from 

the intravenous ingestion of 1 mCi of 99mTc-sulfur colloid that localizes uniformly 
and completely in the liver. Assume instantaneous uptake of the colloid in the 
liver and an infinite biologic half-life.

A = 1.44 TeffAmax
= 1.44 ( 6  hr)( 1,000 fiCi)
= 8,600 ^tCi-hr 

D = AS
Du = (8,600 //.Ci-hr)(4.6 x 10“5) — 400 mrad

Dov = (8,600 /u.Ci-hr)(4.5 x 10-7) = 3.9 mrad
DSP = (8,600 /u.Ci-hr)(9.2 x 10~7) = 7.9 mrad
Dbm = (8,600 /i,Ci-hr)(1.6 x 10-6) = 14 mrad

E x am p le  2 5 -5
Estimate the absorbed dose to the bone marrow from an intravenous injection 

of 1 mCi of 99mTc labeled to a compound that localizes 35% in bone (A = 3,000 
/aCi-hr) and 5% in the_total body (A = 400 /xCi-hr), with the remaining activity 
excreted in the urine (A = 600 /u,Ci-hr for the bladder).

TABLE 25-5.-V A LU ES OF S FOR " mT c“

SOURCE ORGANS 
CORTICAL TRA BECU LA R TO TA L BLADDER 

TA RG ET ORGAN BONE BONE BODY

Red bone marrow 4.1 E-06 9.1 E-06 2.9 E-06 2.3 E-06

“From Snyder, W., et al.: “S,” A b so rbed  D ose Per Unit C u m u la ted  A c
tivity fo r  S elected  R adionuclides and O rgans, M IR D  pamphlet 11, Society of 
Nuclear Medicine, 475 Park Avenue South, New York, New York 10016.

For the activity in bone, assume that half is in cortical bone and half is in tra
becular bone.

D = AS
Dbm = 0.5 (3,000 jU,Ci-hr)(4.1 x 1 0 -6) = 6 . 2  mrad from activity 

in cortical bone 
= 0.5 (3,000 ju.Ci-hr)(9.1 x 10~6) = 13.7 mrad from activity 

in trabecular bone 
= (400 /iCi-hr)(2.9 x 10-6) = 1.2 mrad from activity in the 

total body
= (600 ju.Ci-hr)(2.3 x 10-6) = 1 .3  mrad from activity in the 

bladder

The total dose to the bone marrow is

(DbmU i = (6-2 + 13.7 + 1.2 + 1.3) mrad 
= 22.4 mrad
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RECOMMENDATIONS FOR SAFE USE 
OF RADIOACTIVE NUCLIDES

Persons working with unsealed radioactive sources must be protected 
not only from radiation emitted by the sources but also from ingestion, 
absorption or inhalation of radioactive material into the body. Pro
cedures to minimize the intake of radioactive nuclides into the body 
depend on the facilities available within an institution and vary from one 
institution to another. A few guidelines for the safe use of radioactive 
materials are included in publications by individuals4*5 and by advisory 
groups such as the ICRP and NCRP.6-13
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Appendixes

REVIEW OF MATHEMATICS

1. Exponents
A L G E B R A IC  N O T A T IO N  

X° =  1 

X1 =  X

X2 = (x)(x)

X5 = (x)(x)(x)(x)(x)
x a+6 =  ( * « ) ( * * )

x°b = (xa)b

xa~b = (xa)(x~b) = xalxb

(x°)-b = x~ab 

x112 = Vx~
X 2/5 =

(xlla)(xllb) = xlla + 1/6

2. Powers of Ten
6  x 1 0 4 = (6 )( 1 0 4) = 60,000 
600 x 1 0 “ = (600)(104) = 6 ,0 0 0 , 0 0 0  

600 x 1 0 ~ 4 = (600)(10-4) = 0.06 
6  x lO' 4 = (6 )(1 0 -4) = 0.0006

N U M E R IC A L  E X A M P L E

4° = 1

4 1 = 4

42 = (4)(4)

45 = (4)(4)(4)(4)(4)

45 = (42 )(43) or (4*)(44), etc.

4® = (42 ) 3 or (41)6, etc.

4 - 2  = - I  
42

4 - 1  = 4 2 - 3  = (42)(4“3) = (42)/(43) = ~

( 4 2 ) - 3  =  - J _  =  X  =  4 - 6

'  ' (42 ) 3 4®

41/2 = V 4  

42/5 = ^ 4 2 "

= v T

4 - 2 / 5  =  -.5/ _L
v 42

(41/2 )(4I/3) = 4 I/2 + 1/3 = 45/®

474
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The logarithm y of a number x to a base a is the power to which the base a must 
be raised to yield the number x.
That is, if

y = loga x, then ay = x 
Common logarithms (denoted as log) are logarithms to the base 10. 

y = log x 
1 0 y = x

Natural (Napierian) logarithms (denoted as In) are logarithms to the base e (e = 
2.7183).

y = In x 
ey = x

Common and natural logarithms are related by the constant 2.3026. 
log (x) = (1/2.3026) In (x)

In (x) = 2.3026 log (x)
Logarithms are composed of two parts, a decimal fraction (the mantissa) which is 
always positive, and an integer (the characteristic) which may be positive or neg
ative. In the example below, the characteristic is 1 and the mantissa is .699. 

log (50) = 1.699
The logarithm to the base 10 of a number x is positive if the number is greater
than 1, and is negative if the number is less than 1. A few examples are shown
below:

log (1 ) = 0  because 1 0 ° = 1  

log (1 0 0 ) = 2  because 1 0 2 = 1 0 0  

In (e) = 1 because e l — e

log (1.56) = 0.193
log (15.6) = log (1.56 x 101) = log (1.56) + log (101) = 0 .1 9 3 + 1  = 1.193 
log (156) = log (1.56 x 102) = log (1.56) + log (102) = 0.193 + 2 = 2.193 

log (0.156) = log (1.56 x 10"1) = log (1.56) + log (10"1) = 0.193 -  1 = -0 .807  
log (0.0156) = log (1.56 x 10-2) = log (1.56) + log (IQ-2) = 0.193 -  2 = -1 .8 0 7

3. Logarithms

MULTIPLES
M U L T I P L E P R E F I X S Y M B O L

109 giga G
106 mega M
103 kilo k
10-1 deci d
io-2 centi c
10"3 milli m
10-« micro
10-9 nano n
10-12 pico P
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SELECTED ABBREVIATIONS OF UNITS
A angstrom
A (or amp) ampere
amu atomic mass unit
Ci curie
CPM counts per minute
CPS counts per second
dpm disintegrations per minute
dps disintegrations per second
eV electron volt
gm gram
hu heat unit
HVL half-value layer
Hz hertz
IP ion pair
J joule
LET linear energy transfer
m meter
mAs milliampere second
MPC maximum permissible concentration
MPD maximum permissible dose
N newton
C Celsius
F Fahrenheit
n ohm
R roentgen
RBE relative biologic effectiveness
Rhm roentgens per hour at 1 meter
V volt
W watt
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MASSES IN ATOMIC MASS UNITS FOR NEUTRAL ATOMS 
OF STABLE NUCLIDES AND A FEW UNSTABLE NUCLIDES 

(DESIGNATED BY*)

E L E M E N T
MASS

NO.
ATOMIC MASS

(a m u ) E L E M E N T
MASS

NO.
ATOMIC MASS 

(AMU)

o " 1* 1.008 665 i2M g 23* 22.994 125
.H 1 1.007 825 24 23.990 962

2 2.014 102 25 24.989 955
3* 3.016 050 26 25.991 740

2 He 3 3.016 030 13 A l 27 26.981 539
4 4.002 603 14 Si 28 27.976 930
6* 6.018 893 29 28.976 496

3 Li 6 6.015 125 30 29.973 763
7 7.016 004 ,5P 31 30.973 765
8* 8.022 487 1 6 ^ 32 31.972 074

4Be 7* 7.016 929 33 32.971 462
9 9.012 186 34 33.967 865

10* 10.013 534 36 35.967 090
5b 8* 8.024 609 , t C 1 35 34.968 851

10 10.012 939 36* 35.968 309
11 11.009 305 37 36.965 898
12* 12.014 354 isAr 36 35.967 544

eC 10* 10.016 810 38 37.962 728
11* 11.011 432 40 39.962 384
12 12.000 000 i*K 39 38.963 710
13 13.003 354 40* 39.964 000
14* 14.003 242 41 40.961 832
15* 15.010 599 2oC a 40 39.962 589

rN 12* 12.018 641 41* 40.962 275
13* 13.005 738 42 41.958 625
14 14.003 074 43 42.958 780
15 15.000 108 44 43.955 490
16* 16.006 103 46 45.953 689
17* 17.008 450 48 47.952 531

8o 14* 14.008 597 21 Sc 41* 40.969 247
15* 15.003 070 45 44.955 919
16 15.994 915 22Ti 46 45.952 632
17 16.999 133 47 46.951 769
18 17.999 160 48 47.947 951
19* 19.003 578 49 48.947 871

«F 17* 17.002 095 50 49.944 786
18* 18.000 937 23v 48* 47.952 259
19 18.998 405 50* 49.947 164
20* 19.999 987 51 50.943 962
21* 20.999 951 24 Cr 48* 47.953 760

10Ne 18* 18.005 711 50 49.946 055
(Continued)

Source: Weidner, R., and Sells, R.: Elementary Modern Physics (2d ed.; Boston: Allyn & Bacon, Inc., 1968). Reprinted 
by permission of the publisher.
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ELEM EN T
MASS
NO.

ATOMIC MASS 
(AMU) ELEM EN T

MASS
NO.

ATOMIC MASS 
(AMU)

19* 19.001 881 52 51.940 514
20 19.992 440 53 52.940 653
21 20.993 849 54 53.938 882
22 21.991 385 25 Mn 54* 53.940 362
23* 22.994 473 55 54.938 051

„Na 22* 21.994 437 26Fe 54 53.939 617
23 22.989 771 56 55.934 937
57 56.935 398 95 94.905 839
58 57.933 282 96 95.904 674oU<N 59 58.933 190 97 96.906 022
60* 59.933 814 98 97.905 409

28Ni 58 57.935 342 100 99.907 475
60 59.930 787 44 Ru 96 95.907 598
61 60.931 056 98 97.905 289
62 61.928 342 99 98.905 936
64 63.927 958 100 99.904 218

29 Cll 63 62.929 592 101 100.905 577
65 64.927 786 102 101.904 348

30 Zn 64 63.929 145 104 103.905 430
66 65.926 052 45Rh 103 102.905 511
67 66.927 145 46Pd 102 101.905 609
68 67.924 857 104 103.904 011
70 69.925 334 105 104.905 064

31 Ga 69 68.925 574 106 105.903 479
71 70.924 706 108 107.903 891

32 Ge 70 69.924 252 110 109.905 164
72 71.922 082 4?Ag 107 106.905 094
73 72.923 463 109 108.904 756
74 73.921 181 48 Cd 106 105.906 463
76 75.921 406 108 107.904 187

33 As 75 74.921 597 110 109.903 012
34 Se 74 73.922 476 111 110.904 189

76 75.919 207 112 111.902 763
77 76.919 911 113 112.904 409
78 77.917 314 114 113.903 361
80 79.916 528 116 115.904 762
82 81.916 707 49 In 113 112.904 089

35 79 78.918 330 115* 114.903 871
81 80.916 292 soSn 112 111.904 835

36 Kr 78 77.920 403 114 113.902 773
80 79.916 380 115 114.903 346
82 81.913 482 116 115.901 745
83 82.914 132 117 116.902 959
84 83.911 504 118 117.901 606
86 85.910 616 119 118.903 314

37 Rb 85 84.911 800 120 119.902 199
87* 86.909 187 122 121.903 442
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MASS ATOMIC MASS MASS ATOMIC MASS
E LEM EN T NO. (a m u ) ELEM EN T NO. (a m u )

38 S r 84 83.913 431 124 123.905 272
86 85.909 285 s i  Sb 121 120.903 817
87 86.908 893 123 122.904 213
88 87.905 641 s z T e 120 119.904 023

39 Y 89 88.905 872 122 121.903 066
4 0  Z r 90 89.904 700 123 122.904 277

91 90.905 642 124 123.902 842
92 91.905 031 125 124.904 418
94 93.906 314 126 125.903 322
96 95.908 286 128 127.904 476

4 i Nb 93 92.906 382 130 129.906 238
42 Mo 92 91.906 811 5 3 1 127 126.904 470

94 93.905 091 54Xe 124 123.906 120
126 125.904 288 160 159.925 202
128 127.903 540 161 160.926 945
129 128.904 784 162 161.926 803
130 129.903 509 163 162.928 755
131 130.905 086 164 163.929 200
132 131.904 161 87 Ho 165 164.930 421
134 133.905 398 6g E r 162 161.928 740
136 135.907 221 164 163.929 287

55 Cs 133 132.905 355 166 165.930 307
5 6 ® ® 130 129.906 245 167 166.932 060

132 131.905 120 168 167.932 383
134 133.904 612 170 169.935 560
135 134.905 550 69Tm 169 168.934 245
136 135.904 300 70 Yb 168 167.934 160
137 136.905 500 170 169.935 020
138 137.905 000 171 170.936 430

5 7  La 138* 137.906 910 172 171.936 360
139 138.906 140 173 172.938 060

58 136 135.907 100 174 173.938 740
138 137.905 830 176 175.942 680
140 139.905 392 71 Lu 175 174.940 640
142 141.909 140 176* 175.942 660

5 9  P r 141 140.907 596 72 Hf 174 173.940 360
eoNd 142 141.907 663 176 175.941 570

143 142.909 779 177 176.943 400
144* 143.910 039 178 177.943 880
145 144.912 538 179 178.946 030
146 145.913 086 180 179.946 820
148 147.916 869 73Ta 181 180.948 007
150 149.920 915 7<W 180 179.947 000

62 Sm 144 143.911 989 182 181.948 301
147* 146.914 867 183 182.950 324
148 147.914 791 184 183.951 025
149 148.917 180 186 185.954 440

(Continued)
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ELEM EN T
MASS
NO.

ATOMIC MASS 
(AMU) ELEM EN T

MASS
NO.

ATOMIC MASS 
(AMU)

150 149.917 276 7 5  Re 185 184.953 059
152 151.919 756 187* 186.955 833
154 153.922 282 76 Os 184 183.952 750

6 3 ^ 1 1 151 150.919 838 186 185.953 870
153 152.921 242 187 186.955 832

64 Gd 152 151.919 794 188 187.956 081
154 153.920 929 189 188.958 300
155 154.922 664 190 189.958 630
156 155.922 175 192 191.961 450
157 156.924 025 77 Ir 191 190.960 640
158 157.924 178 193 192.963 012
160 159.927 115 78 Pt 190* 189.959 950

65Tb 159 158.925 351 192 191.961 150
66 Dy 156 155.923 930 194 193.962 725

158 157.924 449 195 194.964 813
196 195.964 967 205 204.974 442
198 197.967 895 82 Pb 204 203.973 044

79Au 197 196.966 541 206 205.974 468
soHg 196 195.965 820 207 206.975 903

198 197.966 756 208 207.976 650
199 198.968 279 8 3 ® i 209 208.981 082
200 199.968 327 9oTh 232* 232.038 124
201 200.970 308 9 2 U 234* 234.040 904
202 201.970 642 235* 235.043 915
204 203.973 495 238* 238.050 770

81 Tl 203 202.972 353
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NATURAL TRIGONOMETRIC FUNCTIONS

ANGLE 
D EG R EE RADIAN SINE COSINE TANGENT

ANGLE 
D EG REE RADIAN SINE COSINE TANGENT

0 .000 0.000 1.000 0.000
1 .017 .018 1.000 .018 46 0.803 0.719 0.695 1.036
2 .035 .035 0.999 .035 47 .820 .731 .682 1.072
3 .052 .052 .999 .052 48 .838 .743 .669 1.111
4 .070 .070 .998 .070 49 .855 .755 .656 1.150
5 .087 .087 .996 .088 50 .873 .766 .643 1.192

6 .105 .105 .995 .105 51 .890 .777 .629 1.235
7 .122 .122 .993 .123 52 .908 .788 .616 1.280
8 .140 .139 .990 .141 53 .925 .799 .602 1.327
9 .157 .156 .988 .158 54 .942 .809 .588 1.376

10 .175 .174 .985 .176 55 .960 .819 .574 1.428
11 .192 .191 .982 .194 56 .977 .829 .559 1.483
12 .209 .208 .978 .213 57 .995 .839 .545 1.540
13 .227 .225 .974 .231 58 1.012 .848 .530 1.600
14 .244 .242 .970 .249 59 1.030 .857 .515 1.664
15 .262 .259 .966 .268 60 1.047 .866 .500 1.732

16 .279 .276 .961 .287 61 1.065 .875 .485 1.804
17 .297 .292 .956 .306 62 1.082 .883 .470 1.881
18 .314 .309 .951 .325 63 1.100 .891 .454 1.963
19 .332 .326 .946 .344 64 1.117 .899 .438 2.050
20 .349 .342 .940 .364 65 1.134 .906 .423 2.145

21 .367 .358 .934 .384 66 1.152 .914 .407 2.246
22 .384 .375 .927 .404 67 1.169 .921 .391 2.356
23 .401 .391 .921 .425 68 1.187 .927 .375 2.475
24 .419 .407 .914 .445 69 1.204 .934 .358 2.605
25 .436 .423 .906 .466 70 1.222 .940 .342 2.747

26 .454 .438 .899 .488 71 1.239 .946 .326 2.904
27 .471 .454 .891 .510 72 1.257 .951 .309 3.078
28 .489 .470 .883 .532 73 1.274 .956 .292 3.271
29 .506 .485 .875 .554 74 1.292 .961 .276 3.487
30 .524 .500 .866 .577 75 1.309 .966 .259 3.732

31 .541 .515 .857 .601 76 1.326 .970 .242 4.011
32 .559 .530 .848 .625 77 1.344 .974 .225 4.331
33 .576 .545 .839 .649 78 1.361 .978 .208 4.705
34 .593 .559 .829 .675 79 1.379 .982 .191 5.145
35 .611 .574 .819 .700 80 1.396 .985 .174 5.671

36 .628 .588 .809 .727 81 1.414 .988 .156 6.314
37 .646 .602 .799 .754 82 1.431 .990 .139 7.115
38 .663 .616 .788 .781 83 1.449 .993 .122 8.144
39 .681 .629 .777 .810 84 1.466 .995 .105 9.514
40 .698 .643 .766 .839 85 1.484 .996 .087 11.43

41 .716 .658 .755 .869 86 1.501 .998 .070 14.30
42 .733 .669 .743 .900 87 1.518 .999 .052 19.08
43 .751 .682 .731 .933 88 1.536 .999 .035 28.64
44 .768 .695 .719 .966 89 1.553 1.000 .018 57.29
45 .785 .707 .707 1.000 90 1.571 1.000 .000 00
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COMMON LOGARITHMS
(To obtain Napierian [natural] logarithm of a number; multiply these logarithms by 2.3026.)

N 0 1 2 3 4 5 6 7 8 9

0 0000 3010 4771 6021 6990 7782 8451 9031 9542

1 0000 0414 0792 1139 1461 1761 2041 2304 2553 2788
2 3010 3222 3424 3617 3802 3979 4150 4314 4472 4624
3 4771 4914 5051 5185 5315 5441 5563 5682 5798 5911
4 6021 6128 6232 6335 6435 6532 6628 6721 6812 6902
5 6990 7076 7160 7243 7324 7404 7482 7559 7634 7709
6 7782 7853 7924 7993 8062 8129 8195 8261 8325 8388
7 8451 8513 8573 8633 8692 8751 8808 8865 8921 8976
8 9031 9085 9138 9191 9243 9294 9345 9395 9445 9494
9 9542 9590 9638 9685 9731 9777 9823 9868 9912 9956

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374

11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755
12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106
13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430
14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732
15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014
16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279
17 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529
18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765
19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201

21 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404
22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598
23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784
24 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962
25 3979 3997 4014 4031 4048 4065 4082 4099 4116 4133
26 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298
27 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456
28 4472 4487 4502 4518 4533 4548 4564 4579 4594 4609
29 4624 4639 4654 4669 4683 4698 4713 4728 4742 4757

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900

31 4914 4928 4942 4955 4969 4983 4997 5011 5024 5038
32 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172
33 5185 5198 5211 5224 5237 5250 5263 5276 5289 5302

34 5315 5328 5340 5353 5366 5378 5391 5403 5416 5428
35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551
36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670

37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786
38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899
39 5911 5922 5933 5944 5955 5966 5977 5988 5999 6010

40 6021 6031 6042 6053 6064 6075 6085 6096 6107 6117
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N 0 1 2 3 4 5 6 7 8 9

0 0000 3010 4771 6021 6990 7782 8451 9031 9542

41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222
42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325
43 6335 6345 6355 6365 6375 6385 6395 6405 6415 6425
44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522
45 6532 6542 6551 6561 6571 6580 6590 6599 6609 6618
46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712

47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803
48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893
49 6902 6911 6920 6928 6937 6946 6955 6964 6972 6981

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067

51 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152
52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7235
53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316

54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7396
55 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474
56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551

57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627
58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701
59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846

61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917
62 7924 7931 7938 7945 7952 7959 7966 7973 7980 7987
63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055

64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122
65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189
66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254

67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319
68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382
69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506

71 8513 8519 8525 8531 8537 8543 8549 8555 8561 8567
72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627
73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686

74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745
75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802
76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859

77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915
78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971
79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079

81 9085 9090 9096 9101 9106 9112 9117 9122 9128 9133
82 9138 9143 9149 9154 9159 9165 9170 9175 9180 9186

(Continued)
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N 0 1 2 3 4 5 6 7 8 9

0 0000 3010 4771 6021 6990 7782 8451 9031 9542

83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238
84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289
85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340
86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390

87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440
88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489
89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586

91 9590 9595 9600 9605 9609 9614 9619 9624 9628 9633
92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680
93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727
94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773
95 9777 9782 9786 9791 9795 9800 9805 9809 9814 9818
96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863
97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908
98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952
99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996

100 0000 0004 0009 0013 0017 0022 0026 0030 0035 0039

N 0 1 2 3 4 5 6 7 8 9



A p p e n d i x e s 485

EXPONENTIAL QUANTITY e RAISED TO 
SELECTED NEGATIVE POWERS (e~x)

X 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 1.0000 0.9900 0.9802 0.9704 0.9608 0.9512 0.9418 0.9324 0.9231 0.9139
0.1 .9048 .8958 .8869 .8781 .8694 .8607 .8521 .8437 .8353 .8270
0.2 .8187 .8106 .8025 .7945 .7866 .7788 .7711 .7634 .7558 .7483
0.3 .7408 .7334 .7261 .7189 .7118 .7047 .6977 .6907 .6839 .6771
0.4 .6703 .6637 .6570 .6505 .6440 .6376 .6313 .6250 .6188 .6126

0.5 .6065 .6005 .5945 .5886 .5827 .5769 .5712 .5655 .5599 .5543
0.6 .5488 .5434 .5379 .5326 .5273 .5220 .5169 .5117 .5066 .5016
0.7 .4966 .4916 .4868 .4819 .4771 .4724 .4677 .4630 .4584 .4538
0.8 .4493 .4449 .4404 .4360 .4317 .4274 .4232 .4190 .4148 .4107
0.9 .4066 .4025 .3985 .3946 .3906 .3867 .3829 .3791 .3753 .3716

1.0 .3679 .3642 .3606 .3570 .3535 .3499 .3465 .3430 .3396 .3362
1.1 .3329 .3296 .3263 .3230 .3198 .3166 .3135 .3104 .3073 .3042
1.2 .3012 .2982 .2952 .2923 .2894 .2865 .2837 .2808 .2780 .2753
1.3 .2725 .2698 .2671 .2645 .2618 .2592 .2567 .2541 .2516 .2491
1.4 .2466 .2441 .2417 .2393 .2369 .2346 .2322 .2299 .2276 .2254

1.5 .2231 .2209 .2187 .2165 .2144 .2122 .2101 .2080 .2060 .2039
1.6 .2019 .1999 .1979 .1959 .1940 .1920 .1901 .1882 .1864 .1845
1.7 .1827 .1809 .1791 .1773 .1755 .1738 .1720 .1703 .1686 .1670
1.8 .1653 .1637 .1620 .1604 .1588 .1572 .1557 .1541 .1526 .1511
1.9 .1496 .1481 .1466 .1451 .1437 .1423 .1409 .1395 .1381 .1367

2.0 .1353 .1340 .1327 .1313 .1300 .1287 .1275 .1262 .1249 .1237
2.1 .1225 .1212 .1200 .1188 .1177 .1165 .1153 .1142 .1130 .1119
2.2 .1108 .1097 .1086 .1075 .1065 .1054 .1043 .1033 .1023 .1013
2.3 .1003 *9926 *9827 *9730 *9633 *9537- *9442 *9348 *9255 *9163
2.4 0.0 9072 8982 8892 8804 8716 8629 8544 8458 8374 8291

2.5 0.0 8208 8127 8046 7966 7887 7808 7730 7654 7577 7502
2.6 0.0 7427 7353 7280 7208 7136 7065 6995 6925 6856 6788
2.7 0.0 6721 6654 6587 6522 6457 6393 6329 6266 6204 6142
2.8 0.0 6081 6020 5961 5901 5843 5784 5727 5670 5613 5558
2.9 0.0 5502 5448 5393 5340 5287 5234 5182 5130 5079 5029

3.0 0.0 4979 4929 4880 4832 4783 4736 4689 4642 4596 4550
3.1 0.0 4505 4460 4416 4372 4328 4285 4243 4200 4159 4117
3.2 0.0 4076 4036 3996 3956 3916 3877 3839 3801 3763 3725
3.3 0.0 3688 3652 3615 3579 3544 3508 3474 3439 3405 3371
3.4 0.0 3337 3304 3271 3239 3206 3175 3143 3112 3081 3050

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

3 0.0 4979 4505 4076 3688 3337 3020 2732 2472 2237 2024
4 0.0 1832 1657 1500 1357 1228 1111 1005 *9095 *8230 *7447
5 0.00 6738 6097 5517 4992 4517 4087 3698 3346 3028 2739
6 0.00 2479 2243 2029 1836 1662 1503 1360 1231 1114 1008

7 0.000 9119 8251 7466 6755 6112 5531 5004 4528 4097 3707
8 0.000 3355 3035 2747 2485 2249 2035 1841 1666 1507 1364
9 0.000 1234 1117 1010 *9142 *8272 *7485 *6773 *6128 *5545 *5017

10 0.0000 4540 4108 3717 3363 3043 2754 2492 2254 2040 1846

°Each  number denoted by an asterisk should be considered as being preceded by 0.0  
(e.g., °9926 is 0.09926).
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EXPONENTIAL QUANTITY e RAISED TO 
SELECTED POSITIVE POWERS (e*)

X 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 1.000 1.010 1.020 1.031 1.041 1.051 1.062 1.073 1.083 1.094
0.1 1.105 1.116 1.127 1.139 1.150 1.162 1.174 1.185 1.197 1.209
0.2 1.221 1.234 1.246 1.259 1.271 1.284 1.297 1.310 1.323 1.336
0.3 1.350 1.363 1.377 •1.391 1.405 1.419 1.433 1.448 1.462 1.477
0.4 1.492 1.507 1.522 1.537 1.553 1.568 1.584 1.600 1.616 1.632
0.5 1.649 1.665 1.682 1.699 1.716 1.733 1.751 1.768 1.786 1.804
0.6 1.822 1.840 1.859 1.878 1.896 1.916 1.935 1.954 1.974 1.994
0.7 2.014 2.034 2.054 2.075 2.096 2.117 2.138 2.160 2.181 2.203
0.8 2.226 2.248 2.270 2.293 2.316 2.340 2.363 2.387 2.411 2.435
0.9 2.460 2.484 2.509 2.535 2.560 2.586 2.612 2.638 2.664 2.691
1.0 2.718 2.746 2.773 2.801 2.829 2.858 2.886 2.915 2.945 2.974
1.1 3.004 3.034 3.065 3.096 3.127 3.158 3.190 3.222 3.254 3.287
1.2 3.320 3.353 3.387 3.421 3.456 3.490 3.525 3.561 3.597 3.633
1.3 3.669 3.706 3.743 3.781 3.819 3.857 3.896 3.935 3.975 4.015
1.4 4.055 4.096 4.137 4.179 4.221 4.263 4.306 4.349 4.393 4.437
1.5 4.482 4.527 4.572 4.618 4.665 4.712 4.759 4.807 4.855 4.904
1.6 4.953 5.003 5.053 5.104 5.155 5.207 5.259 5.312 5.366 5.419
1.7 5.474 5.529 5.585 5.641 5.697 5.755 5.812 5.871 5.930 5.989
1.8 6.050 6.110 6.172 6.234 6.297 6.360 6.424 6.488 6.554 6.619
1.9 6.686 6.753 6.821 6.890 6.959 7.029 7.099 7.171 7.243 7.316
2.0 7.389 7.463 7.538 7.614 7.691 7.768 7.846 7.925 8.004 8.085
2.1 8.166 8.248 8.331 8.415 8.499 8.585 8.671 8.758 8.846 8.935
2.2 9.025 9.116 9.207 9.300 9.393 9.488 9.583 9.679 9.777 9.875
2.3 9.974 10.07 10.18 10.28 10.38 10.49 10.59 10.70 10.80 10.91
2.4 11.02 11.13 11.25 11.36 11.47 11.59 11.70 11.82 11.94 12.06
2.5 12.18 12.30 12.43 12.55 12.68 12.81 12.94 13.07 13.20 13.33
2.6 13.46 13.60 13.74 13.87 14.01 14.15 14.30 14.44 14.59 14.73
2.7 14.88 15.03 15.18 15.33 15.49 15.64 15.80 15.96 16.12 16.28
2.8 16.44 16.61 16.78 16.95 17.12 17.29 17.46 17.64 17.81 17.99
2.9 18.17 18.36 18.54 18.73 18.92 19.11 19.30 19.49 19.69 19.89
3.0 20.09 20.29 20.49 20.70 20.91 21.12 21.33 21.54 21.76 21.98
3.1 22.20 22.42 22.65 22.87 23.10 23.34 23.57 23.81 24.05 24.29
3.2 24.53 24.78 25.03 25.28 25.53 25.79 26.05 26.31 26.58 26.84
3.3 27.11 27.39 27.66 27.94 28.22 28.50 28.79 29.08 29.37 29.67
3.4 29.96 30.27 30.57 30.88 31.19 31.50 31.82 32.14 32.46 32.79

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

3 20.09 22.20 24.53 27.11 29.96 33.12 36.60 40.45 44.70 49.40
4 54.60 60.34 66.69 73.70 81.45 90.02 99.48 109.9 121.5 134.3
5 148.4 164.0 181.3 200.3 221.4 244.7 270.4 298.9 330.3 365.0

6 403.4 445.9 492.7 544.6 601.8 665.1 735.1 812.4 897.8 992.3
7 1097 1212 1339 1480 1636 1808 1998 2208 2441 2697
8 2981 3295 3641 4024 4447 4915 5432 6003 6634 7332
9 8103 8955 9897 10938 12088 13360 14765 16318 18034 19930



Answers to Selected Problems

C h a p t e r  1
1. 8 ; 16; 0.1369 amu; 127.5 

MeV; 8.0 MeV/nucleon
2. 15.999 amu
4. Tungsten, 58,220 eV; 

hydrogen, 10.1 eV
5. 0.51 MeV
6 . 2.37 x 1024
7. 15.2 x 1015 J;

3.63 x 1012 k-cal
C h a p t e r  2

1. 4.6 hr; 6.9 hr; 156 hr
2. 3.5 X 10~7; 6 .6  X  1015;

1.8  x 1 0 -6
4. 36.7%
6 . 2.4 x 1019 sec"1; 0.124 A
8 . 3.14 hr

10. 6.15 x 1014; 9.2 x IO"8 gm
11. 30.3 mCi
1 2 . 1.09 days; 4,100 Ci; 16.4 Ci
13. 74As, positron decay and/or 

electron capture; 76As, 
negatron decay

14. 80 
C h a p t e r  3

1. 2.02keV/cm
2. 51,900 IP/cm
3. 0.018 

C h a p t e r  4
2. 3.12 x 1017; 5,000 J/sec
4. 11.5 degrees
5. No; yes
6. N o; 1 should b e elim inated
7. 2perm in
8 . 250 keV; 0.023; 0.05 A
9. 2  mm

10. 9 .6  mm

C h a p t e r  5
1. 100 kV
2. 133 V
4. 6
6 . 220 V
7. None 

C h a p t e r  6
2. 0.59
3. 0.94 cm
5. 12 keV; 35 keV
7. 138 keV; 12 keV; decreased
8 . 865 keV 

C h a p t e r  7
1. 1.06 X 109 MeV/(sq m-sec); 

1.06 x 1010 MeV/sq m
2. 0.65 J/kg
3. 310 J/sq m; 1.94 x 1015 

photons/sq m
4. 2.1 x 1011
5. 7.4
6 . 1.53 x 10- 10 A
7. 52 pF
8 . 270 R 

C h a p t e r  8
1. 10-4 J ;1 0 -3J
2. 0.85
3. 1,500 mrem
4. 0.014 C
5. 1.44 x 1018 

C h a p t e r  9
1. (a) 1.5 mm Al; (b) 2.15 mm 

Al; (c) 0.7
2. 75 kVp
3. 76.2 kVp 

C h a p t e r  11
1 . (a) No; (b) yes; yes; (c) yes
2. No

487



488 A n s w e r s  t o  S e l e c t e d  P r o b l e m s

4. 4.25 x 106
5. 0.6 mV 

C h a p t e r  12
1. (a) 6  CPM, 1.67%; (b) ~  5 

CPM, 3.56%; (c) 8  CPM, 
5.8%

2. 3 .6  x  1 0 10
3. 10,500; 2,000
4. 1.60; 60%
7. (a) 75 mCi/ml; (7?) 0.064
8 . 5.56 sec
9. t-value = 2.31; p = 0.022

10. Figure of merit (1:2) =
0.67; system 2 preferred

11. (a) 1 2 .3 % ; (b) 3 .9 %  
C h a p t e r  13

2. 2.76 MeV = photopeak; 
2.25 MeV = single-escape 
peak; 1.74 MeV = double
escape peak; 1.38 MeV = 
photopeak; 0.87 MeV = 
single-escape peak; 0.51 
MeV = annihilation 
peak; 0.20 MeV = back- 
scatter peak

4. About 580
7. 220 mCi
8 . 3,400 yr
9. 2.84 = 105 Ci/gm 

C h a p t e r  14
1. 59%
2. 5,500 ml

4. 43%
5. fa)241 Am; (b) 197Hg

10. lOOcm/min
C h a p t e r  15

1. 10% and 3%
2. 125 mR 

C h a p t e r  16
1. 3,240
3 . Yes
4. 9 MHz 

C h a p t e r  2 0
2. 3.33 cm, 5.2 degrees
3 . -1 3  dB
4. (a) a T = 0.989; = 0.011 

(b) a T = 0.99; a R = 0.011
5. 33.5 degrees
7. 6.9 dB

C h a p t e r  21
2 . 1.2  mm
4. 9.6 cm 

C h a p t e r  2 2
1. 325 Hz; higher
2. 1.3 kHz 

C h a p t e r  24
1 . 60rem
2. 300 mrem
3 . 440 mR
4. 2.0 mmPb
5. None
6 . 0.4 mm Pb
7. 0.7 mm Pb
8 . 1.27 mm Pb



Index
A

Abbreviations: of units, 476 
ABC: technique variables controlled 

by, 3 4 6 -3 4 7  
Abdomen: ultrasound of, 436 
Absorbed

dose (see Dose, absorbed) 
fractions of 99mTc, 468 

Absorption 
air, 240
coefficients, mass energy, 1 2 1  

edges, 107
photoelectric, 104-107, 245 

of photon, 105 
self-absorption, 2 4 0 -242  
window, 240 

Accumulation
of errors, 2 2 8 -2 2 9  
rate of nuclides, measurement, 

258-271 
Accuracy, 2 2 2 -2 2 3  
Acoustic impedance: of ultrasound, 

39 7 -4 0 0  
Active sweep, 331 
Activity: decay rate as, 24 
Addition circuit, 282 
Ag-activated metaphosphate glass: 

photoluminescence 
measurement from, 151 

Agents: radioactive, for clinical 
studies, 2 5 4 -2 5 6

Air
absorption, 240
effective atomic number for, 172 
electron density for, 172 
f-factor for conversion between 

roentgens and rads for, 172 
grid, 313
physical density for, 172 

Algorithms: reconstruction, in 
computed tomography,

. 379 -381
Alpha

decay, 1 6 -1 7  
of radium, 16 

particles, 16
from polonium decay, 42 

Aluminum equivalent, 166 
A mode ultrasound, 429-431  

unit, 430 
Amplification 

factor, 190 
gas, 190 

Amplifier, 2 1 4 -2 1 5  
charge sensitive, 214 
deflection, 281 
gain, 214 

swept gain generator and, 430 
integration time of, 214 
light, 3 2 6 -3 2 7  
pulse delivered by, 215 
radiofrequency, 429 
summation, 281 
voltage sensitive, 214 

Amplitude distortion, 371 
Analog rate meters, 219, 220 
Analysis: of nuclear data, 2 1 3 -243  
Analyzers 

multichannel, 2 2 1 - 2 2 2  

pulse height, 2 1 5 -2 1 9  
increased count and decreased 

resolution with, 247 
linearity of, 219 

Angiographic rating chart: for
Machlett Dynamax x-ray tube, 
73

Angle 
critical, 401
Fraunhofer divergence, 394 

Annihilation 
peak, 250 

escape, 250-251  
photon, 114 

Anode, 51 
heat-storage capacity, 70 
hooded, 60 
rotating, 54, 6 8

489
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Anode (cont.)
cutaway of, 58 

stationary, 53 
in dual-focus x-ray tube, 5 3  

target and, 5 8 -6 6  
thermal characteristics chart, 454 

for Machlett Dynamax x-ray tube, 
72

Answers: to problems, 487 -488  
Antineutrino, 17 
Area monitoring, 4 57-458  
Arsenic: decay scheme for, 23 
Arteriography: (in rat), 356 
Artificial radioactivity, 3 4 -3 7  
Atom, 1 -6  

Bohr’s model of, 1 -4  
history of concept of, 1 

masses in atomic mass units for 
neutral atoms of nuclides,
477 -  480 

Atomic 
mass units, 477
number, effective, for air, water 

and body constituents, 172 
Attenuation

of beam (see Beam, attenuation of) 
coefficient(s)

Compton electronic, 112 
effective, 1 0 2

for fat, muscle, bone, iodine and 
lead, 182 

linear, 96
linear, of sodium iodide, 245 
linear, total, 97
mass, photoelectric, of lead and 

soft tissue, 106 
mass, total, 98 
of ultrasound, 403, 405, 406 

in lead of x rays, 450 
measurements, 161 
of ultrasound (see Ultrasound, 

attenuation) 
of x rays and gamma rays 

in bone, 173-179 
in fat, 172-173  
in soft tissue, 173 

Attenuators 
erbium, 160
to measure half-value layer, 156 

Auger electron, 6

Autofluoroscope: detector assembly 
and light pipes for, 284

Automatic 
brightness control, 345 -347  
cassette changers, 337 

Autotransformer, 78 
Avalanche of ionization, 195 
Average

effective energy, 1 0 2  

gradient of x-ray film, 296 
Axial decentering, 312

B

Background count rate, 236 -237  
Backscatter, 239 

factor, 239 
peak, 249 -  250, 251 
percent, 239 

Badge: film, for measuring radiation 
exposure, 458 

Bandpass: frequency, of television 
system, 332 

Bandwidth 
of television, 332, 334 
of ultrasound transducer, 411 

Barriers 
primary, 446 

to x rays, 4 47-452  
protective, for radiation sources, 

4 4 6 -4 5 7  
secondary, 446 

for leakage radiation, 4 5 4 -4 5 6  
to scattered x rays, 4 52-454  

Base density: of x-ray film, 298 
Beam 

attenuation of 
of gamma rays, 9 6 -1 0 5  
of x rays, 9 6 -  105 

of monoenergetic photons, 
transmission of, 1 0 1 , 1 0 2  

pion, negative, 43 
polyenergetic, x rays in, 103 
ultrasound (see Ultrasound, beam) 
x ray (see X ray, beam)

Beta decay, 17 
Binding energy 

definition, 5 
electron, 5 - 6
for electrons in hydrogen, average, 

5
nuclear, and nuclear force, 9 -1 0  
per nucleon, average, vs. mass 

number, 1 0
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B mode (see Ultrasound, B mode) 
Body

average mass of organs in, 466 
burden, 4 6 0 -463

maximum permissible, 460 
maximum permissible, of 

nuclides, 463 
-section radiography, 353 
whole body counter (see Whole 

body counter)
Bohr’s model: of atom, 1 -4  
Bone

attenuation coefficients for, 182 
attenuation of x rays and gamma 

rays in, 173-179 
soft tissue in 

f-factors for, 177 
dose to, 175-178 

Bragg 
curves, 43 
peak, 42 

Braking radiation (see 
Bremsstrahlung)

Breast: transmission ultrasound-
computed tomography of, 387 

Bremsstrahlung, 45, 252 
relative intensity of, 45 
spectrum for molybdenum, 46 

Bridge: Wheatstone, 143 
Brightness 

control, automatic, 3 4 5 -3 4 7  
gain, 320
-sensing elements, 3 4 5 -3 4 6  

Bucky factor, 311 
Burden (see Body, burden)

C

Cadmium-109: pulse height spectrum 
for, 249 

Calibrator: isotope, 189, 190 
Calorimeters: radiation, 144 
Calorimetric dosimetry, 143-144  
Camera 

cinefluorography, 344
film-transport mechanism in, 344 

light guide for, 278 
scintillation (see Scintillation, 

camera) 
television, 329-331  

Candela, 321

Capacitance: of high-voltage cables, 
effect on half-value layer, 165 

Capture: electron, 2 2 -2 4  
Carbon: electrons in, quantum 

numbers for, 4 
Carrier 

-free solution, 255 
in pharmaceutical, 255 

Cassette changers: automatic, 337 
Cathode, 51 

assembly, 52
for dual-focus x-ray tube, 54 

-follower preamplifier, 213 
-ray image display device, 282 
-ray tube, 2 82 -283  

storage, 434
variable-persistence, 434 

Cavitation: dynamic, 406 
Center-tapped high-voltage 

secondary, 91 
Cerenkov radiation, 47 
Cesium: radioactive decay scheme 

for negatron decay of, 17 
Cesium-137 

pulse height spectra for, 246, 248 
source, data for, 224 

Chair: tilting, for whole body 
counter, 461 

Chambers 
condenser (see Condenser, 

chambers) 
extrapolation, 136-138

ionization per unit volume of,
137

imaging, for ionic radiography, 301 
ionization (see Ionization, 

chambers) 
thimble, 128-130  

with air-equivalent wall, diagram 
of, 130 

Changer 
cut-film, 338, 339 
roll-film, 3 3 7 -3 3 9  

Channels ratio method: for quench 
correction, 206 

Chaoul x-ray tube, 67 
Characteristic(s)

anode thermal characteristics chart, 
454

curve of x-ray film, 294 
nonscreen, 295 
screen-type, 2 9 5 -2 9 6
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Characteristic(s) (cont.) 
shoulder of, 296 

radiation (see Radiation, 
characteristic) 

of ultrasound wave, 391 -392  
Charge 

leakage, and current in 
semiconductors, 208 

sensitive 
amplifier, 214 
preamplifier, 214 

Charger-reader electrometer, 132 
Chemical 

dosimetry, 145-147  
quenching, 205 
radiochemical purity, 255 

Chest x rays, 180 
Chi-square 

table of, 234 
test, 2 33 -234  

Cinefluorography, 3 3 9 -3 4 0  
camera, 344 

film-transport mechanism in, 344 
film, 3 4 1 -3 4 3  

dimensions of single frames of, 
342

projectors, 344 
quantum levels for, 375 
radiation dose in, 3 4 4 -3 4 5  

Cineradiography, 337 -  339 
Circuit(s) 

addition, 282
closed-circuit television, 329 
combination, 347 
diagram for x-ray generator, 79 
Dynapulse, 341 
exposure switch, 8 2 -8 3  
filament, 8 4 -8 7  
for full-wave rectification, 91 
for half-wave rectification, 90 
high-voltage, 8 7 -9 2  
phototiming, 84 
position encoding matrix, of 

scintillation camera, 280 
pulse height control, of scintillation 

camera, 281 
pulse summation, 282 
six-pulse, 92, 93 
space-charge compensating, 56 
three-phase, 9 2 -9 3  
Villard voltage-doubling, 9 1 -9 2

x-ray, 7 8 -9 5  
primary, 7 8 -8 4  

Classical scattering, 104 
Clean-up: grid, 311 
Closed-circuit television, 329 
Coaxial ionization chamber, 185 
Cobalt

activity growth as function of time, 
35

radioactive decay scheme for, 2 1  

Cobalt-60 
gamma rays from, transmission 

through lead of, 448 
gammas, RBE of, 141 
radiation, ionization in air-filled 

cavity exposed to, 128 
Coded aperture 

imaging, optical reconstruction 
system for, 277 

substitutes, for collimators, 
2 7 6 -277  

Coefficient(s) 
absorption, mass energy, 1 2 1  

attenuation (see Attenuation, 
coefficient) 

reflection, 398 
transmission, 398 

Coherent scattering, 104 
Coincidence 

loss, 283 
peak, 2 51 -252  

Collector mesh, 434 
Collimation, 2 6 4 -2 6 7  

in tomography, computed, 383 
Collimator 

coded aperture substitutes for, 
276-277 

div/con, 276 
diverging, 275 
focal length, 265 
focal plane, 265 
focus, 265 
high energy, 265 
high resolution, 266, 274 
high sensitivity, 266, 274 
low energy, 265 
medium energy, 265 
multihole 

focused, 265 
parallel, 273 

pinhole, 275
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for rectinlinear scanner, 264 
resolution, 266 

width, 267 
for scintillation camera, 273 -276  

Color quenching, 205 
Combination circuits, 347 
Compensation 

line-voltage, 82 
space-charge, 8 6  

Compound 
contact B scanning, 433 
linear B scanning, 433 

Compression: zone of, 390 
Compton 

edge, 246
electronic attenuation coefficient, 

112
electrons, ionization produced by, 

for x rays, 127 
plateau, 247
scattering, 107-114, 245 
valley, 246 

Computed (see  Tomography, 
computed)

Concentration 
maximum permissible, 4 63 -464  

for nuclides, 463 
time-concentration (see  Time, 

-concentration 
Condenser chambers, 130-134 

typical, cross section of, 132 
Victoreen, 132 

Confidence limits, 230 
Constant
absorbed dose, 467 

time, 2 2 0  

Contact
microradiography, 352 

radiograph, 63 
of parallel wires, 361 

therapy, x-ray tube for, 67 
Contrast 

detector, 359
enhancement control, 2 6 8 -2 7 0  
improvement factor for grid, 311 
media, 181-182  

for x rays, 181 
subject, 359 
suppression of, 371 
transmission function, 371 

Converse piezoelectric effect, 408

Conversion
efficiency(ies)

of image intensifiers, 320 -322  
quantum levels and, 374 -375  

internal, 24 
Converter: scan, 435 
Count

increased, and pulse height 
analyzer, 247 

rate(s), 240-241  
background, 2 36 -237  
characteristics of paralyzable and 

nonparalyzable counting 
system, 283 

differential, 269 
film density as function of, 269 
overloading, 215 
precision of, 2 27 -228  

Counters 
proportional (see under 

Proportional) 
whole body (see Whole body 

counter)
Counting 

photopeak, 2 52-254  
statistics of, 2 22 -226  
systems, 2 1 3 -2 2 2

general purpose, components of, 
block diagram for, 214 

high-voltage supplies for, 219 
paralyzable and nonparalyzable, 

count rate characteristics of, 
283

time, efficient distribution of, 
2 32 -233  

Critical 
angle, 401 
organs, 4 6 0 -4 6 3  

CRT, 2 8 2 -2 8 3  
Crystals

scintillation (see Scintillation, 
crystals)

sodium iodide (see Sodium iodide, 
crystals)

Csl (T l) mosaic multiple-crystal 
scintillation camera, 286 

Cumulative normal frequency 
distribution, 231 

Curie point, 408 
Current 

effective, 93
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Current (cont.) 
filament, selection of, 8 5 -8 6  
in ionization chamber, free air, 127 
ionization, from ionization 

chamber, 189 
maximum filament, of x-ray tube, 

69
in semiconductors, 208 
-type ionization chambers,

186-189 
of x-ray tube (see X ray, tube, 

current)
Curve(s)

Bragg, 43
characteristic (see Characteristic 

curve) 
isoresponse, 267 
thermoluminescence glow, 149 
time-concentration, from

scintillation detectors, 261 
Cut: in tomography, 355 
Cut-film changer, 338, 339 
“Cutie pie” portable survey meter, 

187
Cutoff 

grid, 3 1 2 -3 1 3  
off-center, 313 

with focused grid, 313 
off-distance, 312 

with focused grid, 313 
off-level, 313 

with focused grid, 314 
of primary x-ray photons with 

parallel grid, 312 
Cycle: wave, 391

D

Damping: dynamic, 411 
Decay 

alpha, 1 6 -1 7  
of radium, 16 

beta, 17
equations, 2 5 -2 9  
negatron, 1 7 -1 9  

of cesium, 17 
of polonium, specific ionization of 

alpha particles from, 42 
positron, 17, 2 2 -2 4  

of sodium, 2 2  

pulse decay time, 214

radioactive, 16 -39  
equation for, 25 
mathematics of, 2 4 -3 3  
random nature of, 2 2 2  

scheme for arsenic, 23 
scheme for cesium, negatron 

d ecay ,17 
scheme for cobalt, 2 1  

scheme for molybdenum, 2 0  

scheme for radium, alpha decay, 
16

scheme for sodium, positron 
decay, 2 2  

uranium series, 34 
rate, as activity, 24 
series, 3 3 -3 4  

Decentering 
axial, 312 
lateral, 313 

Definition: of image, 360 
Deflection amplifier, 281 
Defocusing 

lenses, 417 
mirrors, 417 

Degrees of freedom: number of, 227 
Density 

base, of x-ray film, 298 
electron densities of body tissues, 

384
film, as function of count rate, 269 
function 

Gaussian, 225 
normal probability, 225 
probability, for photon fluence, 

366
information, and rectilinear 

scanner, 270 
optical (see Optical, density) 
photon flux, 118 
Poisson probability, 224 

Depletion region, 208 
Detail, 360 

effect of object shape on, 3 64-365  
image, 360
loss by light diffusion, 363 

Detector 
assembly

for autofluoroscope, 284 
of scintillation camera, 279 
of scintillation camera, single

crystal, 278
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for tomographic scanner, 
multiplane, 287 

for whole body counter, 461 
camera, light guide for, 278 
contrast, 359 
efficiency of, 237 
Geiger-Mueller (see Geiger- 

Mueller, detectors) 
geometry, 238
nuclide field of view of, 258 
radiation, semiconductor (see 

Semiconductor detectors) 
scintillation (see Scintillation, 

detectors) 
semiconductor (see Semiconductor 

detectors) 
sodium iodide, energy dependence 

of, 2 0 2

x-ray, in computed tomography, 
383 -384  

Determinate errors, 222 
in radioactivity measurements,

236 -  242 
Deuterons: to bombard hydrogen 

target, 47
Developing solution temperature: for 

x-ray film, 300 
Development time: of x-ray film, 300 
Deviation (see Standard, deviation) 
Diaphragm: Potter-Bucky, 311 
Differential sorting, 216 
Digital

Dosimetry System, Keithley model 
35020, 135 

rate meters, 219 
Dilution 

quenching, 205 
studies, nuclide, 2 6 0 -2 6 2  

Diode, 8 8

Disintegration energy, 17 
Display 

device
cathode-ray image, 282 
photorecording, 268 

television, of fluoroscopic image, 
3 2 9 -3 3 4  

ultrasound systems, 4 2 9 -4 3 9  
Distortion, 365 

amplitude, 371 
harmonic, 371 
phase, 3 7 1 -3 7 3

pincushion, 322 
Distribution 

efficient, of counting time, 232-233  
factor, 142
frequency, cumulative normal, 231 
normal, 225 -226  
Poisson, 223-225  

Div/con collimator, 276 
Diverging collimator, 275 
Doppler 

effect, 4 22 -428  
probe, 419
transducer, views of, 420 
ultrasound (see Ultrasound, 

Doppler)
Dose 

absorbed, 139 
constant, 467 
internal, 466 -471  
to marrow, 178
in soft tissue containing bone,

179
-equivalent, 141 
erythema, 152 
genetic, 444 

permissible, 444 
genetically significant, 4 4 5 -4 4 6  

of various radiologic 
examinations, 446 

limit for public, 444 
maximum permissible, 4 4 2 -4 4 5  
radiation, 139-154 

in cinefluorography, 3 4 4 -3 4 5  
to gonads, 445 
from internal radioactivity, 

465 -471  
measurement of, 143-152  
to occupationally exposed 

persons, 4 4 2 -4 4 4  
to population, 4 4 4 -4 4 5  
to public, 444 
units of, 139-142  

in radiography, estimation of,
45 6 -4 5 7  

RBE, 141 
to soft tissue 

beyond bone, 178-179  
near interface between soft tissue 

and bone, 174-175  
within bone, 175-178  

in tomography, computed, 3 8 5 -3 8 6
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Dosimeter, 143 
Fricke, 146 

G variation for, 146 
tissue-equivalent, 143 

Dosimetry 
calorimetric, 143-144 
chemical, 145-147 
Keithley model 35020 Digital 

Dosimetry System, 135 
photographic, 144-145 
scintillation, 147 

energy dependence and, 147 
thermoluminescence, 148-151 

Dot 
factor, 270 
scan, 270 

Double banana x-ray focal spot, 64 
Double-escape peak, 251 
Dual-focus (see X ray tube, dual

focus)
Dynamic 

cavitation, 406 
damping, 411 

Dynapulse circuit, 341 
Dynodes, 278

E

Eastman Kodak Royal Blue film: 
noise with, 368 

Echocardiography: M mode, 437 
Echoencephalography, 431 
Edison effect, 51
e, exponential quantity e raised to 

selected negative powers,
485

selected positive powers, 486 
Effective 

atomic number, for air, water and 
body constituents, 172 

attenuation coefficient, 1 0 2  

average effective energy, 1 0 2  

current, 93 
energy, 161-163  
half-life (see Half-life, effective) 

Efficiency 
conversion (see Conversion, 

efficiency) 
detector, 237 

Efficient distribution: of counting 
time, 2 3 2 -2 3 3

Elastic 
interactions, 40 
scattering by nuclei, 45 

Electromagnetic 
spectrum, 19
wave, simplified diagram of, 2 0  

Electrometers, 134-135 
charger-reader, 132 
with ionization chamber, well-type, 

190
string, 134-135 

Victoreen Model 570, 134 
Electron(s), 1  

acceleration and image 
intensifies, 320 

acceptor impurity, 207 
Auger, 6

binding energy, 5 - 6  
capture, 2 2 -2 4
in carbon, quantum numbers for, 4 
Compton, ionization produced by, 

for x rays, 127 
density 

of air, water and body 
constituents, 172 

of body tissues, 384 
donor impurity, 208 
energy, 165-166 
equilibrium, 125 
flood guns, 434
in helium, quantum numbers for, 4 
in hydrogen, average binding 

energies for, 5 
interactions of, 4 3 -4 7  
orbits in potassium, 3 
photoelectrons, 104 

ionization produced by, for 
x rays, 127 

primary, 40
scattering by, 4 3 -4 5 , 111 
secondary, 40
in sodium, quantum numbers for,

4
transitions

characteristic radiation and, 6  

in thermoluminescence, 148 
valence, 3 

Electronic attenuation coefficient: 
Compton, 112 

Electronics: and scintillation crystal, 
267



I n d e x 497

Elimination; effective half-life for,
464 

Emission 
-computed tomography, 386 
field-emission x-ray tube, 6 7 -6 8  
filament-emission limited x-ray 

tube current, 55 
fractional, 2 37 -238  
thermionic, 51 

Emitter-follower preamplifier, 213 
Energy 

average effective, 1 0 2  

binding (see Binding energy) 
dependence 

scintillation dosimetry and, 147 
of sodium iodide detectors, 2 0 2  

disintegration, 17 
distribution 

of scattered radiation, 164 
of x-ray photons, 164 
of x rays from tungsten, 167 

effective, 161-163 
electron, 165-166 
fluence per roentgen, 121-125 
high, collimator with, 265 
kinetic, neutron classification 

according to, 46 
levels, 5 - 6  

nuclear, 6 - 9  
linear energy transfer, 41 

relation to specific ionization and 
quality factor, 141 

loss, relaxation, 404 
low, collimator with, 265 
mass, absorption coefficients, 1 2 1  

maximum, of x-ray tube, 6 9 -7 4  
medium, collimator with, 265 
photon, mass energy absorption 

coefficients for photon 
energies, 1 2 1  

spectrum for negatrons from 
phosphorus, 18 

transition, 17 
Enlargement principle: in 

radiography, 352 
Envelope: for x-ray tube, 58 
Equation(s) 

decay, 2 5 -2 9  
integral, in reconstruction 

algorithms, 381 
for radioactive decay, 25

Equilibrium 
electron, 125 
secular, 3 2 -3 3  

of radon, 32 
thickness, 130 
time, 2 2 1  

transient, 2 9 -3 1  
Equivalent: aluminum, 166 
Erbium attenuator, 160 
Error(s) 

accumulation of, 228 -229  
determinate, 2 2 2

in radioactivity measurements, 
236 -242  

indeterminate, 2 2 2  

9/10, 229 
95/100, 230 
probable, 229 
random, 223 
systematic, 2 2 2  

Erythema dose, 152 
Escape (see Peak, escape)
Excitation, 40
Excretion rates: of nuclides,

measurement of, 258-271  
Exit pupil, 3 2 7 -3 2 8  
Exponential quantity e raised to 

selected negative power, 485 
selected positive powers, 486 

Exponents, 474 
Exposure 

radiation, 120-134 
switch, 8 2 -8 3
time, and intensifying screens, 306 

External standard method: for 
quench correction, 206 

Extrapolation chambers, 136-138 
ionization per unit volume of, 137

F

Far zone, 395 
Fat

attenuation coefficients for, 182 
attenuation of x rays and gamma 

rays in, 172 
F-factor, 171-172, 174-175, 176 

for conversion between roentgens 
and rads for air, water and 
body constituents, 172 

for photons, 177
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F-factor (cont.)
for soft tissue in bone, 177 

Fibrocystic development: of breast, 
387

Field
-emission x-ray tube, 6 7 -6 8  
in television scanning, 331 
of view of nuclide detector, 258 

Figure of merit, 2 34 -235  
Filament 

circuit, 8 4 -8 7  
current, selection of, 8 5 -8 6  
-emission limited x-ray tube 

current, 55 
-increment chart, 85 
maximum filament current and 

voltage of x-ray tube, 69 
transformer, 84 
voltage, stabilization of, 8 6  

Film
badge for measuring radiation 

exposure, 458 
cinefluorography, 3 4 1 -343  

dimensions of single frames of, 
342

cut-film changer, 338, 339 
density as function of count rate, 

269
gamma, 2 9 2 -2 9 7  
graininess, 368 
Kodak Royal Blue, 369 

noise with, 368 
roll-film changer, 3 37 -339  
synchronization of film movement 

and x-ray exposure, 3 4 0 -3 4 5  
-transport mechanism in

cinefluorographic camera, 344 
unsharpness, 364 
x-ray (see X ray, film)

Filters: to harden x-ray beam, 167 
Filtration, 166-169  

inherent, 166 
Fission 

by-products, 1 1  

nuclear, 1 0 - 1 1  

Flow counter (see Proportional, flow 
counter)

Fluorescence: K-fluorescence 
measurements, 159-161 

Fluoroscopy, 3 1 7 -3 3 6  
modulation transfer functions for, 

372

optical system for simultaneous 
viewing and recording, 339 

quantum levels for, 374 
subtraction, 350-351 
television 

advantages of, 334-335  
typical system for, 329 

television display of image, 
329 -334  

television scanning of image, 
331 -334  

with image intensification, 
3 17 -327  

without image intensification, 317 
Flux gain, 321 
f-number: of lens, 328 
Focal 

length 
of collimator, 265 
of lens, 328
of ultrasound transducer, 416 

plane of collimator, 265 
spot

double banana x ray, 64 
size, 65

zone of ultrasound transducer, 416 
Focus

dual-focus (see X ray, tube, dual
focus) 

line-focus principle, 61 
off-focus x ray, 60 

Focused grid (see Grid, focused) 
Focusing 

lenses, 417 
mirrors, 417 

Fogging, 2 9 8-299  
effect of developing solution 

temperature on, 300 
effect of development time on, 299 

Force 
nuclear, 9 -1 0  
strong, 9 

4 7 t geometry, 238 
Fourier transform, 381 
Fractional 

emission, 2 3 7 -2 3 8  
standard deviation, 230 

Frame: in television scanning, 331 
Fraunhofer 

divergence angle, 394 
region, 394 
zone, 395
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Free air ionization chamber, 125-128 
current in, 127 

Freedom: number of degrees of, 227 
Frequency 

bandpass of television system, 332 
cumulative normal frequency 

distribution, 231 
radiofrequency amplifier, 429 
relaxation, 404 
resonance, of ultrasound 

transducer, 411 
response 

function, 371 
of ultrasound transducer,

4 1 1 -4 1 6  
v of wave, 392 
of wave, 391 

Fresnel zone, 394 
Fricke dosimeter, 146 

G variation for, 146 
Full

-wave rectification, 9 0 -9 1  
circuit for, 91 

width at half maximum, 245, 248, 
266, 267 

Fusion: nuclear, 1 0 -1 1  
FWHM, 245, 248, 266, 267

G

Gain 
amplifier, 214 

swept gain generator and, 430 
brightness, 320 
flux, 321
of image intensifiers, 3 2 0 -3 2 2  
minification, 321 
swept, 429
time gain compensation, 429 
time varied, 429 
total, 321 

Gamma 
emission, 1 9 -2 2  
radiation, 19 
ray(s)

attenuation of, in bone, 173-179 
attenuation of, in fat, 172-173  
attenuation of, in soft tissue, 173 
beam, attenuation of, 9 6 -1 0 5  
interaction with x rays in body, 

171-183 
interactions of x ray and gamma

ray (see Interactions of x ray 
and gamma ray) 

protection from small sealed 
sources, 447 

sources, recommendations for,
446

spectrometry, 2 44 -257  
transmission through lead of, 448 

RBE of 60Co gammas, 141 
Gas(es) 

amplification, 190 
inert, 3

Gaussian density function, 225 
Geiger-Mueller 

detectors 
characteristic curve for, 194 
self-perpetuating discharge of,

197 
types of, 195
voltage pulse formation, diagram 

of, 197 
region, 195 
tubes, 194-199  

end-window, 198 
Generator 

neutron, 47
swept gain, and gain of amplifier, 

430 
x ray

circuit diagram for, 79 
resonant-transformer, 94 

Genetic dose, 444 
permissible, 444 

Genetically significant dose, 4 4 5 -4 4 6  
of various radiologic examinations, 

446
Geometric unsharpness, 3 60-363  
Geometry 

correction, 238 
detector, 238 
4tt, 238 
good, 156 
narrow-beam, 156 
poor, 157
for radiation exposure 

determination, 452 
2tr, 238

Germanium semiconductor detectors: 
detection efficiency of, 2 1 0  

G-M (see Geiger-Mueller)
Gonads: radiation dose to, 445 
Good geometry, 156
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Graininess: of film, 368 
Graph: semilogarithmic, 28 
Gray: the, 140 
Grenz-ray x-ray tube, 67 
Grid, 307-314  

air, 313 
clean-up, 311 
construction of, 3 0 8 -3 0 9  
contrast improvement factor for,

311
-controlled x-ray tube, 67, 341 
cutoff, 3 1 2 -313  
describing grids, 310-311  
effectiveness for removing 

scattered radiation, 309 
focused, 308 

off-center cutoff with, 313 
off-distance cutoff with, 313 
off-level cutoff with, 314 

lead content of, 311 
linear, 308 
moving, 3 1 1 -3 1 2  
orthogonal crossed, 308 
parallel, 308 

cutoff of primary x-ray photons 
with, 312 

radiographic, 3 07 -314  
ratio, 309, 310 
rhombic crossed, 308 
selectivity, 311 
strips per inch, 311 
types of, 309 

Guns: electron flood, 434 
G variation: for Fricke dosimeter, 146

H

Half-cycle: inverse, 87 
Half-life, 2 5 -2 9  

apparent, 30 
effective, 4 6 4 -4 6 5  

for elimination, 464 
for uptake, 464 

Half-power points, 411 
Half-value 

layer, 99, 155-158  
attenuators to measure, 156 
effect of capacitance of high- 

voltage cables on, 165 
of lead, 455 
variation of, 157, 163 

thickness, 155

Half-wave rectification, 90 
circuit for, 90 

Harmonic distortion, 371 
Heavy, charged particles: interactions 

of, 4 0 -4 3  
Heel effect, 65, 6 6 , 163 
Height (see Pulse, height)
Helium: electrons in, quantum 

numbers for, 4 
High-voltage 

cables, capacitance of, effect on 
half-value layer, 165 

circuit, 8 7 -9 2
supplies for counting system, 219 
x ray, 179-180 

Hippuran: 131I-, for renogram, 263 
History 

of concept of atom, 1  

of tomography, computed, 3 7 7 - 378 
Hounsfield units, 384 
Housing 

-cooling chart for Machlett 
Dynamax x-ray tube, 72 

for x-ray tube, 58 
HVL (see Half-value, layer)
Hydrogen 

electrons in, average binding 
energies for, 5 

target bombarded by deuterons, 47 
Hypothesis: linear, of radiation 

damage, 441

I
ICRP

occupancy factors recommended 
by, 450

use factors recommended by, 449 
Image 

(See also Scanning) 
cathode-ray image display device, 

282 
detail, 360 

intensifying screens and, 306 
loss by light diffusion, 363 

distortion with image intensifiers, 
322 

fluoroscopic 
television display of, 3 29 -334  
television scanning of, 3 31 -334  

intensification (see Intensification 
of image)
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intensifiers (see Intensifies, image)
minification, 320
minified, 270
noise (see Noise)
noisy, 268
photospot, 345
quality (see Quality of image) 
resolution (see Resolution) 
roentgenographic, definition, 293 
scalloping, 268 
sharpness, 360 

effect of structure shape on, 364 
-shift enlargement, 351 
unsharpness, 359, 360 
visibility of anatomical detail, 359 

Imaging 
(See also Scanning) 
chamber for ionic radiography, 301 
special techniques, 3 37 -358  

Impedance: acoustic, of ultrasound, 
3 9 7 -4 0 0  

Incoherent scattering, 107-114 
Indeterminate errors, 222 
Inelastic 

interactions, 40 
scattering by nuclei, 4 5 -4 7  

Inert gases, 3
Information density: and rectilinear 

scanner, 270 
Inherent filtration, 166 
Integral 

equations in reconstruction 
algorithms, 381 

nonlinearity, 219 
sorting, 216 

Integration time: of amplifier, 214 
Intensification 

factor, 305 
of image 

advantages of, 327 
in fluoroscopy, 3 1 7 -3 2 7  
optics for, 3 2 7 -3 2 9  

Intensifier(s) 
dual-field, 3 2 4 -3 2 5  
image 

brightness gain of, 320 
conversion efficiency of, 3 2 0 -3 2 2  
dual-field, 323 
exit pupil for, 328 
gain of, 3 2 0 -3 2 2  
image distortion with, 322 
optical system for, 328

panels, 325 
resolution with, 322 
size of, 322-324  
solid-state, 3 25 -326  
solid-state, cross section of, 325 
triple-field, 325 

triple-field, 324 -325  
tubes, x-ray, 3 18 -320  

cross section of, 318 
Intensifying screens, 302 -307  

composition of, 3 03 -307  
construction of, 302 
effect on exposure time and image 

detail, 306 
mottle with, 367 
properties of, 3 03 -307  

Intensity 
of bremsstrahlung, relative, 45 
photon, 118 
radiation, 118-120 
ultrasound, 3 9 6 -3 9 7  

Interactions 
elastic, 40 
of electrons, 4 3 -4 7  
of heavy, charged particles, 4 0 -4 3  
inelastic, 40 
of neutrons, 4 7 -4 9  
of particulate radiation, 4 0 -5 0  
of x ray and gamma ray, 9 6 -1 1 7  

in body, 171-183 
relative importance of three 

principal interactions, 115 
variables that influence principal 

modes of, 116 
Internal 

absorbed dose, 466-471  
conversion, 24 
spike method for quench 

correction, 206 
standard method for quench 

correction, 206 
Intravascular probe, 419 
Intrinsic peak efficiency, 245 
Inverse 

half-cycle, 87
voltage suppression, 8 7 -8 8  

Iodide (see Sodium iodide)
Iodine

attenuation coefficients for, 182 
daughter, activities of, 30 

Iodine-131 
-Hippuran for renogram, 263
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Iodine-131 (cont.) 
pulse height spectrum for, 216, 

217, 260 
Ion pair, 40
Ionic radiography, 301 -302  

imaging chamber for, 301 
Ionization, 40 

in air-filled cavity exposed to 60Co 
radiation, 128 

avalanche of, 195 
chambers, 184-190 

coaxial, 185 
current-type, 186-189 
free air, 125-128 
free air, current in, 127 
ionization current from, 189 
Memorial Hospital, for 

mammography, 136 
plateau, 188 
pulse-type, 184-186 
uses of, 189 
well-type, 190 

current from ionization chamber, 
189

measurements, 123-125 
per unit volume of extrapolation 

chamber, 137 
produced by photoelectrons and 

Compton electrons for x rays, 
127 

specific, 41 
of alpha particles from polonium 

decay, 42 
relation to linear energy transfer 

and quality factor, 141 
stem, 133 

Isobars, 13
Isoecho contours: of ultrasound 

transducer, 415 
Isomers, 13
Isoresponse curves, 267 
Isotones, 13 
Isotope (see Nuclide)

K

Keithley model 35020 Digital 
Dosimetry System, 135 

Kell factor, 332 
Kenotron, 8 8

K-fluorescence measurements, 
159-161

Kinetic energy: neutron classification 
according to, 46 

Kodak Royal Blue film, 369 
noise with, 368 

kVp variability, 346 
kVp-mA variability, 346-347

L

Lamberts, 320 
Laminography, 353 
Lateral decentering, 313 
Law

Poisson probability, 224 
reciprocity, 298 

Lead
attenuation coefficients for, 182 

photoelectric mass, 106 
attenuation in lead of x rays, 450 
content of grid, 311 
equivalent, thicknesses of, 451 
half-value layers of, 455 
transmission through, of gamma 

rays from radium, 60Co and 
182Ta, 448 

Leakage radiation, 454 
secondary barriers for, 4 5 4 -456  

Lens, 3 2 8 -3 2 9  
defocusing, 417 
effective diameter of, 328 
f-number of, 328 
focal length of, 328 
focusing, 417 
zone, 418 

Light 
amplifiers, 3 2 6 -3 2 7  
diffusion causing detail loss, 363 
guide for camera, 278 
pipes for autofluoroscope, 284 

Line
-focus principle, 61 
spread function, 369, 370 
-voltage compensation, 82 

Linear 
attenuation coefficient, 96 

of sodium iodide, 245 
total, 97 

energy transfer, 41 
relation to specific ionization and 

quality factor, 141 
grid, 308
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hypothesis of radiation damage, 
441

tomography, principle of, 353 
Linearity: of pulse height analyzer, 

219
Lithium drifting, 208 
Logarithms, 475 

common, 4 82-484  
Longitudinal wave, 390 
Low

-activity sources of radiation 
detection of, 184-212 

-voltage x ray, 181 
Luminance, 320

M

Machlett Dynamax x-ray tube 
angiographic rating chart for, 73 
anode thermal-characteristics chart 

for, 72
housing-cooling chart for, 72 
influence of voltage and filament 

current on electron flow in, 55 
rating chart for, 70 

Magic numbers, 8

Magnification radiography, 3 5 1 -3 5 2  
Mammography: Memorial Hospital 

ionization chamber for, 136 
Marrow: absorbed dose to, 178 
Mask: subtraction, 351 
Mass(es) 

in atomic mass units for neutral 
atoms of nuclides, 4 7 7 -4 8 0  

attenuation coefficients
photoelectric, of lead and soft 

tissue, 106 
total, 98 

average, of organs of body, 466 
defect, 9
energy absorption coefficients, 1 2 1  

number, average binding energy 
per nucleon vs., 1 0  

Massiot-Philips polytome, 355 
Mathematics 

of nuclide production by neutron 
bombardment, 3 5 -3 7  

of radioactive decay, 24 -  33 
review of, 4 7 4 -4 7 5  

Matter: structure of, 1 -1 5  
mA variability, 346

Maximum 
energy of x-ray tube, 6 9 -7 4  
filament current and voltage of k- 

ray tube, 69 
Maximum permissible 

body burden, 460 
for nuclides, 463 

concentration, 463 -464  
for nuclides, 463 

dose, 4 4 2 -445  
Maximum voltage: of x-ray tube, 

6 8 -6 9
Mean 

free path, 96 
path length, 96 
sample, 224
standard deviation of, 230 
transit time, 262 -263  
true, 224 

Measurements 
attenuation, 161
of half-value layer by attenuators, 

156
ionization, 123-125 
K-fluorescence, 159-161 
of nuclides 

accumulation rates, 258-271  
excretion rates, 258-271  

of photoluminescence, 151 
of radiation dose, 143-152 
of radioactivity, determinate errors 

in, 2 3 6 -2 4 2  
rate meter, precision of, 2 3 5 -2 3 6  
resistance-tower, 159 
sphere gap, 158-159 
of thermoluminescence, 149 

Memorial Hospital ionization
chamber: for mammography, 
136

Merit: figure of, 2 3 4 -2 3 5  
Mesh 

collector, 434 
storage, 434 

Metaphosphate glass: Ag-activated, 
photoluminescence 
measurement from, 151 

Metastable state, 22 
Meter (see Rate, meter) 
Microradiography, 3 5 2 -3 5 3  

contact, 352 
projection, 3 5 2 -3 5 3
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Minification 
gain, 321 
image, 320 

Minified image, 270 
Mirrors 

defocusing, 417 
focusing, 417 

Mix D, 173 
M mode 

echocardiography, 437 
ultrasound, 4 37-438  

Model(s)
Bohr’s, of atom, 1 -4  
of nucleus, 6 - 9  
wave-mechanical, 4 - 5  

Modulation transfer functions, 
370-371  

for fluoroscopy, 372 
for isotope scanning, 372 
in radiography, 371 

Molybdenum 
bremsstrahlung spectrum for, 46 
parent, activities of, 31 
radioactive decay scheme for, 

simplified, 2 0  

Molybdenum 
target x-ray tube, 6 8  

x-ray spectrum from, 69 
Monitoring: of area and personnel,

4 5 7 -4 5 8
Monoenergetic photons: transmission 

of beam of, 1 0 1 , 1 0 2  

Motion 
of ultrasound wave, 390-391 
unsharpness, 363 

Mottle, 365 
(See also  Noise) 
constituents of, 367 
with intensifying screens, 367 
quantum, 368 
screen, 368 
structure, 368 

Moving slit radiography, 314 
MPD, 442
M TF (see Modulation transfer 

functions)
Multichannel analyzers, 2 21-222  
Multiples, 475
Muscle: attenuation coefficients for, 

182

N

Nal(Tl) (see Sodium iodide) 
Narrow-beam geometry, 156 
Natural radioactivity, 3 3 -3 4  
Near zone, 394 
Negative pion beams, 43 
Negatron(s) 

decay, 1 7 -1 9  
of cesium, 17 

from phosphorus, energy spectrum 
for, 18 

Neutrino, 19 
Neutron(s) 

bombardment, nuclide production 
by, mathematics of, 3 5 -3 7  

classification according to kinetic 
energy, 46 

generator, 47 
interactions of, 4 7 -4 9  
number in stable nuclei plotted 

as function of number of 
protons, 8  

radiography, 3 55 -356  
relative number per unit energy 

interval, 48 
slow-neutron radiography, 356 

9/10 error, 229 
95/100 error, 230 
Noise, 365 

(See also Mottle) 
with Eastman Kodak Royal Blue 

film, 368 
Nomenclature: nuclear, 13 
Nonlinearity: integral, 219 
Normal 

distribution, 225 -226  
frequency distribution, cumulative, 

231
probability density function,

225
nip ratios, 8 , 17, 22 
Nuclear

binding energy, and nuclear force, 
9 -1 0

data
accumulation of, 213 -243  
analysis of, 2 13 -243  

energy levels, 6 - 9  
fission, 1 0 - 1 1
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force, 9 -1 0  
fusion, 1 0 - 1 1  

nomenclature, 13 
reactors, 11 -1 3  

Nucleon(s), 6

binding energy per, average, vs. 
mass number, 1 0  

Nucleus, 6 -  13 
elastic scattering by nuclei, 45 
inelastic scattering by nuclei, 

4 5 -4 7  
models of, 6 - 9  

Nuclide(s), 13 
accumulation rates, measurement 

of, 258-271  
calibrator, 189, 190 
clinical use of, 2 44 -257  
detector, field of view of, 258 
dilution studies, 260 -262  
effect, 255
exchange reactions, 255 
excretion rates, measurement of, 

258-271  
imaging {see Scanning) 
information about, 37 
masses in atomic mass units for 

neutral atoms of, 4 7 7 -4 8 0  
maximum permissible body

burdens and concentrations of, 
463

production by neutron
bombardment, mathematics of, 
3 5 -3 7  

purity, 255
recommendations for safe use of, 

472
studies in vivo, 2 5 8 -2 9 0  
thyroid uptake of, 2 5 8 -2 6 0  
time-concentration studies, 

2 6 2 -2 6 3  
Number(s) 

atomic, effective, for air, water and 
body constituents, 172 

of degrees of freedom, 227 
magic, 8

mass, average binding energy per 
nucleon vs., 1 0  

quantum, for electrons in helium, 
carbon and sodium, 4 

NIZ ratio, 17, 22

O
Object-shift enlargement, 351 
Occupancy factors: recommended by 

ICRP, 450 
Occupationally exposed persons: 

radiation dose to, 442 -444  
Off-center cutoff, 313 

with focused grid, 313 
Off-distance cutoff, 312 

with focused grid, 313 
Off-focus x ray, 60 
Officer: radiation protection, 442 
Off-level cutoff, 313 

with focused grid, 314 
Ophthalmic probe, 419 

stand-off, 419 
Optical 

density, 2 9 2 -2 9 7  
inherent, 298-299  
relationship to transmittance x- 

ray film, 293 
quenching, 205
reconstruction system for coded 

aperture imaging, 277 
system for simultaneous viewing 

and recording in fluoroscopy, 
339

Optics: for image intensification, 
327- 329 

Organs 
average mass, in body, 466 
critical, 4 6 0 -4 6 3  

Orthogonal crossed grid, 308 
Overframing, 342 
Overloading 

count-rate, 215 
pulse-amplitude, 215

P

Pair 
annihilation, 45 
ion, 40
production, 114-116 

Peak 
annihilation, 250 

escape, 250-251  
backscatter, 249-250 , 251 
coincidence, 2 5 1 -2 5 2  
double-escape, 251
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Peak (cont.) 
escape 

annihilation, 250-251  
double-escape, 251 
single-escape, 251 
x ray, 247 -248  

intrinsic peak efficiency, 245 
photopeak (see Photopeak) 
single-escape, 251 
sum, 251
-to-total ratio, 245 
x ray

characteristic, 249, 250 
escape, 2 47-248  

Pelvis: ultrasound of, 436 
Percent 

backscatter, 239 
standard deviation, 230 

Permissible genetic dose, 444 
Personnel monitoring, 4 5 7 -4 5 8  
Phantom wires: radiography of, 

3 61 -362  
Pharmaceutical: carrier in, 255 
Phase distortion, 3 71 -373  
Phosphorus: energy spectrum for 

negatrons from, 18 
Photodisintegration, 116 
Photoelectric 

absorption, 104-107, 245 
of photon, 105 

mass attenuation coefficients of 
lead and soft tissue, 106 

Photoelectron(s), 104 
ionization produced by, for x rays, 

127
Photofraction, 245 
Photographic 

dosimetry, 144-145  
process, 2 9 1-292  

Photoluminescence: apparatus for 
measuring from Ag-activated 
metaphosphate glass, 151 

Photomultiplier tube(s), 200-202 , 
2 7 8 -2 7 9  

position encoding matrix for, 280 
preamplifier, 2 7 9 -2 8 0  

Photon(s), 6 , 19 
annihilation, 114 
energies, mass energy absorption 

coefficients for, 1 2 1  

f-factor for, 177

fluence 
per roentgen, 121- 125 
probability density functions for, 

366
flux density, 118 
intensity, 118
monoenergetic, transmission of 

beam of, 1 0 1 , 1 0 2  

photoelectric absorption of, 105 
scattering, 1 1 1

x ray, energy distribution of, 164 
Photopeak, 245-246  

counting, 252-254  
resolution, 248 

Photorecording display device, 268 
Photospot image, 345 
Phototiming, 8 3 -8 4  

circuit, 84 
Physical 

density of air, water and body 
constituents, 172 

factors affecting image quality,
360- 365 

Piezoelectric 
crystals, properties of, 409 
effect, 4 0 8 -4 0 9  

converse, 408 
Pincushion distortion, 322 
Pinhole 

collimator, 275
image of double banana x-ray focal 

spot, 64 
method, 62 

Pion beams: negative, 43 
Pipes: light, for autofluoroscope, 284 
Planar 

wave, 392 
wavefronts, 392 

Plane wave, 392 
Planigraphy, 353 
Plateau threshold voltage, 195 
Poisson 

distribution, 223 -225  
probability 

density, 224 
law, 224

Polonium decay: specific ionization 
of alpha particles from, 42 

Polyenergetic beam: x rays in, 103 
Polytome: Massiot-Philips, 355 
Poor geometry, 157
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Population: radiation dose to, 
4 4 4 -445  

Position encoding matrix 
circuits of scintillation camera, 280 
for photomultiplier tube, 280 

Positron decay, 17, 2 2 -2 4  
of sodium, 2 2  

Potassium: electron orbits in, 3 
Potter-Bucky diaphragm, 311 
Powers: of ten, 474 
Preamplifier, 213-214  

cathode-follower, 213 
charge sensitive, 214 
emitter-follower, 213 
photomultiplier tube, 2 7 9 -2 8 0  
of scintillation camera, 2 7 9 -2 8 0  

Precision, 2 22 -223  
of count rates, 2 2 7 -2 2 8  
methods to describe, 2 2 6 -2 3 0  
of rate meter measurements, 

235 -236  
Primary 

pulsing, 341 
x-ray circuit, 7 8 -8 4  

Principle(s) 
of Doppler ultrasound, 423 
line-focus, 61 
of tomography 

computed, 3 7 8 -3 7 9  
linear, 353 

Probability 
density function(s) 

normal, 225 
for photon fluence, 366 

of observing a particular count, 225 
Poisson 

density, 224 
law, 224 

Probable error, 229 
Probe 

Doppler, 419 
intravascular, 419 
ophthalmic, 419 

stand-off, 419 
Problems: answers to, 4 8 7 -4 8 8  
Processing: of x-ray film, 299-301  
Projection 

microradiography, 3 5 2 -3 5 3  
simple back, of reconstruction 

algorithms, 379-381  
Projectors: cinefluorography, 344

Proportional 
counters, 190- 194 
flow counter, 193 

characteristic curve for, 192 
end-window, 193 

region, 191
region of limited proportionality,

192
Protection from radiation 

external sources, 4 4 0 -459  
gamma ray, small sealed sources, 

447
internal sources, 4 6 0-472  
radiation protection officer, 442 

Protective barriers: for radiation 
sources, 4 4 6 -4 5 7  

Protons, 7 
number of, number of neutrons in 

stable nuclei plotted as 
function of, 8

Public 
dose limit for, 444 
radiation dose to, 444 

Pulse
-amplitude overloading, 215 
decay time, 214 
delivered by amplifier, 215 
-echo response profile of

ultrasound transducer, 414 
height 

analyzers, 2 1 5 -2 1 9  
analyzers, increased count and 

decreased resolution with, 247 
analyzers, linearity of, 219 
control circuits of scintillation 

camera, 281 
distribution, 165 

height spectrum, 2 44-252  
for 109Cd, 249 
for 137Cs, 246, 248 
for 131I, 216, 217, 260 
resolution of, 245 

for 3 7S, 251
of whole body counter, 462 
for 91Y, 252 

rise time, 214 
summation circuit, 282 
-type ionization chambers, 

184-186 
ultrasound pulses, long and short, 

413
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Pulse (cont.)
width variability, 347 

Pulsing: primary, 341 
Pupil: exit, 327-328  
Purity 

nuclide, 255 
radiochemical, 255

Q
Quality across x-ray beam: variation 

in, 163 
Quality factor(s), 141 

for different radiations, 142 
relation to specific ionization and 

linear energy transfer, 141 
Quality of image, 3 59 -376  

describing, 3 68-374  
physical factors affecting, 360 -365  
statistical factors affecting, 3 65 -368  

Quality of radiation, 155-170 
factors influencing, 165-169 

Quantascope, 286 
Quantum, 19 

levels
for cinefluorography, 375 
conversion efficiencies and, 

37 4 -3 7 5  
for fluoroscopy, 374 
for radiography, 374 

mottle, 368
numbers for electrons in helium, 

carbon and sodium, 4 
sink, 374 

Quenching, 205 
chemical, 205 
color, 205 
correction of, 206 
dilution, 205
effects on liquid scintillation 

spectrum, 206 
optical, 205 

Q value: of ultrasound transducer,
411

R

Rad, 139-140 
Radiation

(See also Radiography, X ray) 
barriers to (see Barriers) 
braking (see Bremsstrahlung)

calorimeters, 144 
Cerenkov, 47 
characteristic 

definition, 6

electron transitions and, 6  

“Co, ionization in air-filled cavity 
exposed to, 128 

damage, linear hypothesis of, 441 
detectors, semiconductor (see 

Semiconductor detectors) 
dose (see Dose, radiation) 
exposure, 120-134 

film badge for measuring, 458 
geometry for determining, 452 
in soft tissue containing bone,

179 
gamma, 19 
intensity, 118-120 
leakage, 454 

secondary barriers for, 454 -456  
from low-activity sources, detection 

of, 184-212 
particulate, interactions of, 4 0 -5 0  
protection from (see Protection 

from radiation) 
protection officer, 442 
quality, 155-170 

factors influencing, 165-169 
risk philosophy, 440 
risk vs. benefit problem, 440 
scattered 

effectiveness of radiographic grid 
for removing, 309 

energy distribution of, 164 
Radioactive 

agents for clinical studies, 254 -256  
decay (see  Decay, radioactive) 
nuclides (see  Nuclides) 

Radioactivity 
artificial, 3 4 -3 7  
internal, radiation dose from, 

465-471  
measurements, determinate errors 

in, 2 3 6 -2 4 2  
natural, 3 3 -3 4  

Radiochemical purity, 255 
Radiofrequency amplifier, 429 
Radiograph 

first, of hand, 52 
at 1.25 MeV, 113 
at 70 kVp, 113



I n d e x 509

at 250 kVp, 113 
Radiographic grid (see Grid) 
Radiography, 291 -316  

(See also Radiation, X ray) 
body-section, 353 
cineradiography, 337-339  
contact, 63 

of parallel wires, 361 
detail (see Detail) 
distortion (see Distortion) 
dose in, estimation of, 4 56 -457  
enlargement principle in, 352 
ionic, 3 01-302  

imaging chamber for, 301 
magnification, 3 51-352  
microradiography (see 

M icro radiography) 
modulation transfer functions in, 

371
mottle (see Mottle) 
moving-slit, 314 
neutron, 3 5 5 -3 5 6  
of phantom wires with

magnification, 3 61 -362  
quantum levels for, 374 
resolution (see Resolution) 
serial, 337 
slow-neutron, 356 
stereoscopic (see Stereoscopic 

radiography) 
subtraction, 350-351  
xeroradiography, 3 0 1 -3 0 2  

Radioisotope (see Nuclide)
Radiology (see Radiation, 

Radiography, X ray) 
Radionuclide (see Nuclide)
Radium

decay producing radon activity 
growth and secular 
equilibrium, 32 

gamma rays from, transmission 
through lead of, 448 

radioactive decay scheme for alpha 
decay of, 16 

Radon: activity growth and secular 
equilibrium of, 32 

Random 
errors, 223
nature of radioactive decay, 2 2 2  

Range differential, 269 
Rarefaction: zone of, 390

Rate
-of-charge method in ionization 

chambers, 186 
count (see Count, rate) 
of decay, as activity, 24 
meters, 219-221  

analog, 219, 220 
digital, 219
measurements, precision of,

235 -2 3 6  
for rectilinear scanner, 267-268  

of nuclide 
accumulation, measurement,

258 -  271 
excretion, measurement of, 

258-271  
Ratio(s)

channels ratio method for quench 
correction, 206 

grid, 309, 310 
n/p, 8 , 17, 22 
N/Z, 17, 22 
peak-to-total, 245 

RBE, 140 
dose, 141
of 60Co gammas, 141 

Reactors 
nuclear, 1 1 -1 3
Triga pool-type research, cross 

section of core, 1 2  

Reciprocity 
law, 298
of x-ray film, 298 

Reconstruction algorithms: in 
computed tomography, 
379-381  

Recorder: videotape, 347 
Recording: video, 347-348  
Rectification 

full-wave, 9 0 -9 1  
circuit for, 91 

half-wave, 90 
circuit for, 90 

self-rectification, 87 
Rectifier, 8 8 -9 0  

stacks, 89 
tube, 8 8 -8 9  

Rectilinear (see Scanner, rectilinear) 
Reflectance target, 6 6  

Reflection 
coefficient, 398
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Reflection (cont.)
of ultrasound at interface, 400 

Refraction of ultrasound, 400 -402  
at interface, 401 

Region
of continuous discharge, 196 
depletion, 208 
Geiger-Mueller, 195 
of limited proportionality, 192 
proportional, 191 
of spontaneous discharge, 196 

Relative biologic effectiveness (see 
RBE)

Relative operating characteristics, 373 
Relaxation 

energy loss, 404 
frequency, 404 
length, 96 

Rem, 140-142
Renogram: with 131I-Hippuran, 263 
Resistance-tower measurements, 159 
Resolution, 360 

of collimator, 266 
width, 267 

decreased, and pulse height 
analyzer, 247 

high, collimator with, 266, 274 
of intensifiers of image, 322 
photopeak, 248 
of pulse height spectrum, 245 
test object to evaluate, 369 
of x-ray film, 301 

Resolving time, 237 
Resonance frequency: of ultrasound 

transducer, 411 
Resonant-transformer x-ray 

generators, 94 
Retrace 

sweep, 331 
vertical, 332 

Rhombic crossed grid, 308 
Risk (see Radiation, risk)
R-meter, 133 

Victoreen, calibration report for,
133 

ROC, 373
Roentgen: energy and photon fluence 

per roentgen, 121-125  
Roentgenogram: definition, 293 
Roentgenographic image: definition, 

293

Roentgenography, 291-316  
(See also Radiation, Radiography,

X ray)
Roll-film changer, 337-339  

S

Sample mean, 224 
Saturation 

thickness, 239 
voltage, 125, 188 

Scale factor, 270 
Scalers, 219
Scalloping: of image, 268 
Scan converter, 435 

tube, 435 
Scanner 

rectilinear, 263-264  
collimator for, 264 
high-speed, 270-271 
high-speed, head of, 271 
information density and, 270 
with mechanical linkage, diagram 

of, 264 
rate meter for, 267 -268  

tomographic, multiplane, detector 
assembly for, 287 

Scanning, 258 -290  
(See also Image, Imaging) 
coded aperture, optical

reconstruction system for, 277 
compound 

contact B, 433 
linear B, 433 

devices, stationary, 2 7 1 -2 8 7  
dot scan, 270
modulation transfer functions for, 

372
motions in computed tomography, 

380, 3 81 -382  
noisy, 268 
scalloping, 268 
television (see Television, 

scanning) 
zone plate, 276 

Scattered radiation (see Radiation, 
scattered)

Scattering, 2 3 8 -239  
classical, 104 
coherent, 104 
Compton, 107 -114 , 245
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elastic, by nuclei, 45 
by electrons, 4 3 -4 5 , 111 
incoherent, 107 -1 1 4  
inelastic, by nuclei, 4 5 -4 7  
photon, 1 1 1  

Scintillation 
camera

circuits of, position encoding 
matrix, 280 

circuits of, pulse height control 
281

collimators for, 2 73-276  
detector assembly for, 279 
multiple-crystal, 285 -  287 
multiple-crystal, C sl (T l) mosaic, 

286
operation principles, 2 72-283  
preamplifier for, 2 79 -280  
resolving time characteristics of, 

2 8 3 -2 8 5  
single-crystal, 2 71 -272  
single-crystal, detector assembly 

for, 278 
crystals, 200, 2 77 -278  

electronics and, 267 
mounting, 2 0 0  

detection, principles of, 199 
detectors

liquid, 2 0 2 - 2 1 1  

solid, 199-202
time-concentration curve from, 

261
dosimetry, 147 

energy dependence and, 147 
liquid 

detectors, 2 0 2 - 2 1 1  

quenching (see  Quenching) 
spectra, 205
spectra, effects of quenching on, 

206 
Screen

intensifying (see Intensifying 
screens) 

mottle, 368
unsharpness, 3 6 3 -3 6 4  

Secular equilibrium, 3 2 -3 3  
of radon, 32 

Selectivity: of grid, 311 
Self-absorption, 2 4 0 -2 4 2  
Self-rectification, 87 
Semiconductor detectors, 207 -211

applications of, 2 1 1  

current in, 208
germanium, detection efficiency of, 

210
p-n junction, 208 
properties of, 2 1 0 - 2 1 1  

response of, 207 
Semilogarithmic graph, 28 
Sensitivity 

high-sensitivity collimator, 266, 274 
of x-ray film, 297 

Serial radiography, 337 
Series expansion: in reconstruction 

algorithms, 381 
Sharpness, 360 

effect of structure shape on, 364 
Shielding requirements: for x-ray 

film, 456
Shift

image-shift enlargement, 351 
object-shift enlargement, 351 

Shoulder: of characteristic curve of x- 
ray film, 296 

Sidescatter, 239
Silicon cells: for rectifier stacks, 89 
Simple back projection: of

reconstruction algorithms, 
379-381  

Sine-wave response, 371 
Single-escape peak, 251 
Six-pulse circuit, 92, 93 
Slice: in tomography, 355 
Slit: moving slit radiography, 314 
Slow-neutron radiography, 356 
Sodium: electrons in, quantum 

numbers for, 4 
Sodium iodide

attenuation coefficients of, linear, 
245 

crystals, 2 0 0

detection efficiency of, 2 0 2  

photomultiplier tube and, 2 0 1  

detectors, energy dependence of, 
2 0 2

emission spectrum of, 2 0 1  

Soft tissue 
attenuation of x rays and gamma 

rays in, 173 
in bone, f-factors for, 177 
containing bone, radiation exposure 

and absorbed dose in, 179
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Soft tissue (cont.) 
dose to (see Dose, to soft tissue) 
photoelectric mass attenuation 

coefficients of, 106 
Solid-state image intensifiers, 

3 2 5 -326  
Solution: carrier-free, 255 
Sorting 

differential, 216 
integral, 216 

Space charge, 54 
compensating circuit, 56 
compensation, 8 6  

Specific ionization (see Ionization, 
specific)

Spectral distribution: of x-ray beam, 
163-165

Spectrometry: gamma ray, 2 4 4 -2 5 7  
Speed of x-ray film, 2 97-298  

effect of developing solution 
temperature on, 300 

effect of development time on, 299 
Sphere gap measurements, 158-159 
Stabilization 

of filament voltage, 8 6  

tube-current, x-ray, 8 6 -8 7  
Standard 

deviation, 2 2 6 -2 2 7  
fractional, 230 
of mean, 230 
percent, 230 

man, 4 6 5 -4 6 6  
Stand-off ophthalmic probe, 419 
Star test pattern, 63 
Statistical 

factors affecting image quality,
365 -  368 

tests, 2 3 0 -2 3 5  
Statistics: of counting, 2 2 2 -2 2 6  
Stem 

effect, 133 
ionization, 133 

Stereographic x-ray tube, 67, 6 8  

Stereoscopic radiography, 3 4 8 -3 5 0  
tube shifts in, 349 
viewer for, 349 

Storage 
cathode-ray tube, 434 
mesh, 434 

Stratigraphy, 353

String electrometers, 134-135 
Victoreen Model 570, 134 

Strong force, 9 
Structure 

of matter, 1 -1 5  
mottle, 368 

Student’s t test, 231-232  
Subject contrast, 359 
Subtraction 

fluoroscopy, 350-351 
mask, 351
radiography, 350-351 

Sulfur-37: pulse height spectrum for, 
251

Sum peak, 251 
Summation amplifier, 281 
Suspension counting, 207 
Sweep 

active, 331 
retrace, 331 

Swept gain, 429 
generator, and gain of amplifier, 

430
Switch: exposure, 8 2 -8 3  
Synchronization: of film movement 

and x-ray exposure, 340 -  345 
Systematic errors, 222

T

Table: of chi-square, 234 
Tantalum-182: gamma rays from,

transmission through lead of, 
448 

Target 
anode and, 5 8 -6 6  
molybdenum target x-ray tube, 6 8  

reflectance, 6 6

rotating, damaged by excessive 
loading or improper rotation, 
71

transmission, 6 6  

tungsten, 69 
Technetium: daughter, activities of, 

31
Technetium-99m: absorbed fractions 

of, 468 
Television 

bandwidth of, 332, 334 
cameras, 329 -331
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closed-circuit, 329 
display of fluoroscopic image, 

329 -334  
fluoroscopy 

advantages of, 3 34 -335  
typical system for, 329 

frequency bandpass of, 332 
scanning 

field in, 331
of fluoroscopic image, 3 31 -334  
frame in, 331 

vidicon pickup tube, 330 
Tellurium: parent, activities of, 30 
Temperature

of developing solution for x-ray 
film, 300 

limited x-ray tube current, 55 
Ten: powers of, 474 
Tests 

chi-square, 2 33 -234  
statistical, 2 30 -235  
t, student’s, 2 31 -232  

TGC, 429
Thermionic emission, 51 
Thermistor, 143 
Thermoluminescence

apparatus for measuring, 149 
dosimetry, 148-151 
electron transitions in, 148 
glow curve, 149
relative, for various materials per 

roentgen, 150 
Thimble chambers, 128-130 

with air-equivalent wall, diagram, 
130

Three-phase circuit, 9 2 -9 3  
Threshold: plateau threshold voltage, 

195
Thyroid uptake: of nuclides, 2 5 8 -2 6 0  
Tilting chair: for whole body counter, 

461
Time

-concentration
curve from scintillation detectors, 

261
studies, 2 6 2 -2 6 3  

constant, 2 2 0

counting, efficient distribution of, 
2 3 2 -2 3 3  

equilibrium, 2 2 1

gain compensation, 429 
resolving, 237
resolving time characteristics of 

scintillation camera, 283 -285  
transit, mean, 262-263  
varied gain, 429 

Timers, 219 
Tissue(s)

electron densities of, 384 
-equivalent dosimeter, 143 
soft (see Soft tissue)

Tomography, 353 -355  
computed, 377 -389  

collimation in, 383 
dose to patient in, 385 -386  
emission-, 386 
history, 377-378  
principle of, 378 -379  
reconstruction algorithms in, 

379-381 
scan motions in, 380, 3 81 -382  
ultrasound-, 3 86-387  
ultrasound-, transmission, of 

breast, 387 
viewing systems, 3 84 -385  
x-ray detectors in, 383-384  
x-ray sources in, 382 

cut in, 355
linear, principle of, 353 
multiplane, 287 -288  

detector assembly for, 287 
plane of section in, 354 
slice in, 355 

Toner, 301 
Total 

erythema dose, 152 
gain, 321 

Townsend effect, 190 
Thermal characteristics chart: anode, 

454 
Transducer

Doppler, views of, 420 
ultrasound (see Ultrasound, 

transducer)
Transformer 

filament, 84
resonant-transformer x-ray 

generators, 94 
voltage across, 78, 81 

Transient equilibrium, 2 9 -3 1
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Transit time: mean, 262 -263  
Transition energy, 17 
Transmission

of beam of monoenergetic photons, 
101, 102 

coefficient, 398
contrast transmission function, 371 
targets, 6 6

ultrasound-computed tomography 
of breast, 387 

Transmittance T, 292 
Triga pool-type research reactor: 

cross section of core, 1 2  

Trigonometric functions: natural, 481 
Triplet production, 114 
True mean, 224 
t test: student’s, 2 31 -232  
Tube(s)

cathode-ray (see Cathode, -ray 
tube)

Geiger-Mueller, 194-199 
end-window, 198 

photomultiplier (see
Photomultiplier, tube) 

rectifier, 8 8 -8 9  
scan converter, 435 
shifts in stereoscopic radiography, 

349
vidicon television pickup, 330 
voltage, 158-161 
x-ray (see X ray, tube)

Tungsten
target, x-ray spectrum from, 69 
x rays from, energy distribution, 

167 
TVG, 429 
27r geometry, 238

U

Ultrasound 
of abdomen, 436 
acoustic impedance, 3 97 -400  
A mode, 4 29 -431  

unit, 430 
attenuation, 4 0 2 -4 0 3  

coefficients, 403, 405, 406 
processes, 4 0 3 -4 0 7  

beam
response margins of, 414 
response profiles of, 414

side lobes of, 415, 416 
B mode, 431-437  

classification of methods, 432 
unit, 433 

-computed tomography, 386-387  
transmission, of breast, 387 

display systems, 429-439  
Doppler 

principles of, 423 
unit, typical, 425 

future developments, 438 
intensity, 396-397  
lateral displacement of, 401 
M mode, 437 -438  
of pelvis, 436
pulses, long and short, 413 
reflection at interface, 400 
refraction, 4 0 0 -4 0 2  

at interface, 401 
transducer, 408-421  

arrays, 420 
bandwidth of, 411 
damage, 420 
design, 409-411  
focal length of, 416 
focal zone of, 416 
focused, 416 -419  
frequency response of, 411 -416  
isoecho contours of, 415 
pulse-echo response profile of, 

414
Q value of, 411 
resonance frequency of, 411 
response width of, 413 -414  
typical, 410 

velocity of, 3 95 -396  
wave, 3 9 0-407  

characteristics, 391 -  392 
motion, 390-391  
production of, 391 

wavefronts, 3 9 2-395  
Unit(s) 

abbreviations of, 476 
atomic mass, 477 
Doppler ultrasound, 425 
Hounsfield, 384 
of radiation dose, 139 -1 4 2  
ultrasound 

A mode, 430 
B mode, 433 

x-ray, workload W of, 448
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Unsharpness, 359, 360 
film, 364
geometric, 360 -363  
image, 359, 360 
motion, 363 
screen, 363 -364  

Uptake: effective half-life for, 464 
Uranium: radioactive decay series, 34 
Use factors: recommended by ICRP, 

449

V

Vacuum x-ray tube, 5 7 -5 8  
Valence electrons, 3 
Valve: for rectifier, 8 8  

Variable-persistence cathode-ray tube, 
434

Velocity: of ultrasound, 3 9 5 -3 9 6  
Vertical retrace, 332 
Vessels: intravascular probe, 419 
Victoreen

condenser chambers, 132 
Model 570 string electrometer, 134 
R-meter, calibration report for, 133 

Video recording, 3 4 7-348  
Videotape recorder, 347 
Vidicon television pickup tube, 330 
Viewer: for stereoscopic radiography, 

349
Viewing systems: in computed 

tomography, 3 8 4 -3 8 5  
Vignetting, 322
Villard voltage-doubling circuit, 

9 1 -9 2
Visibility of anatomical detail: an 

image, 359 
Voltage 

across transformer, 78, 81 
-doubling circuit of Villard, 9 1 -9 2  
-drop method in ionization 

chambers, 186 
filament 

medium, of x-ray tube, 69 
stabilization of, 8 6  

inverse, suppression, 8 7 -8 8  
line-voltage compensation, 82 
plateau threshold, 195 
saturation, 125, 188 
sensitive amplifier, 214 
tube, 158-161

of x-ray tube, 5 3 -5 7  
maximum, 6 8 -6 9  

Voltmeter 
load-on, 81 
primary, 8 0 -8 1

W

W, 40 
-quantity, 40 

Water
effective atomic number for, 172 
electron density for, 172 
f-factor for conversion between 

roentgens and rads for, 172 
physical density for, 172 

Wave 
cycle, 391
electromagnetic, simplified diagram 

of, 2 0  

frequency, 391 
frequency v of, 392 
full-wave rectification, 9 0 -9 1  

circuit for, 91 
half-wave rectification, 90 

circuit for, 90 
longitudinal, 390 
-mechanical model, 4 - 5  
planar, 392 
plane, 392
sine-wave response, 371 
ultrasound (see  Ultrasound, wave) 

Wavefronts 
planar, 392 
ultrasound, 3 9 2 -3 9 5  

Wavelength, 392 
Wavelets, 393
Well-type ionization chamber, 190 
Wheatstone bridge, 143 
Whole body counter 

detector assembly and tilting chair 
for, 461

pulse height spectrum for, 462 
Window absorption, 240 
Wires: phantom, radiography of,

361-362  
Workload W, 448

X

Xeroradiography, 3 0 1 -3 0 2  
Xray(s), 5 1 -7 7 , 2 9 1 -3 1 6
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X ray(s) (cont.)
(See also Radiation, Radiography) 
attenuation of 

in bone, 173-179 
in fat, 172-173 
in lead, 450 
in soft tissue, 173 

barriers to, primary, 4 4 7 -4 5 2  
beam

attenuation of, 9 6 -1 0 5  
exposure rate as function of 

thickness of copper added to 
beam, 158 

filters to harden, 167 
quality across, variation in, 163 
spectral distribution of, 163- 165 

chest, 180 
circuit, 7 8 -9 5  

primary, 7 8 -8 4  
contrast media for, 181 
detectors, in computed 

tomography, 3 83 -384  
exposure, synchronization of film 

movement with x-ray exposure, 
3 40 -345  

film, 2 91 -302  
average gradient of, 296 
base density, 298 
characteristic curve of (see 

Characteristic, curve, of x ray 
film)

cross section of, 292 
exposure time and intensifying 

screens, 306 
fogging (see Fogging) 
gamma, 2 9 2 -2 9 7  
gradient, effect of development 

time on, 299 
inherent contrast, effect of 

developing solution 
temperature on, 300 

latitude of, 296 
optical density, 2 9 2 -2 9 7  
photographic process, 2 9 1 -2 9 2  
processing of, 299 -301  
reciprocity, 298 
relationship between 

development time and 
developing solution 
temperature, 300 

resolution, 301

sensitivity, 297
shielding requirements for, 456 
speed (see Speed of x-ray film) 
transmittance, relationship to 

optical density, 293 
generator 

circuit diagram for, 79 
resonant-transformer, 94 

high-voltage, 179- 180 
intensifier tubes, 318 -320  
interaction with gamma rays in 

body, 171-183 
interaction of x ray and gamma ray 

(see Interactions, of x ray and 
gamma ray) 

ionization produced by
photoelectrons and Compton 
electrons for, 127 

low-voltage, 181 
off-focus, 60 
peak

characteristic, 249, 250 
escape, 247 -248  

photons, energy distribution of,
164

in polyenergetic beam, 103 
production of, 5 1 -7 7  
radiograph (see Radiograph) 
roentgen, energy and photon

fluence per roentgen, 121-125 
scattered, secondary barriers to, 

452 -454  
sources 

recommendations for, 446 
in tomography, computed, 382 

spectrum
generated at different tube 

voltages, 55 
from molybdenum, 69 
from tungsten target, 69 

tube
Chaoul, 67
for contact therapy, 67 
conventional, 5 1 -6 6  

current filament-emission 
limited, 55 

current, maximum filament, 69 
current stabilization, 8 6 -8 7  
current, temperature limited, 55 
dual-focus, cathode assembly for, 

54
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dual-focus, with rotating anode, 
54

dual-focus, with stationary anode, 
53energy of, maximum, 6 9 -7 4  

envelope, 58 
field-emission, 6 7 -6 8  
grenz-ray, 67 
grid-controlled, 67, 341 
housing, 58 
intensifier, 3 1 8 -3 2 0  
intensifier, cross section of, 318 
Machlett Dynamax (see Machlett 

Dynamax x-ray tube) 
molybdenum target, 68 
ratings for, 6 8 -7 4  
space-charge limited, 54 
special purpose, 6 6 -6 8  
with stationary anode and heated 

filament, 53 
stereographic, 67, 68 
for therapy with hooded anode, 

60
vacuum, 5 7 -5 8  
voltage, 5 3 -5 7

voltage, maximum, 6 8 -6 9  
voltage, maximum filament, 69 

from tungsten, energy distribution 
of, 167 

unit, workload W of, 448

Y

Yttrium-91: pulse height spectrum 
for, 252

Z

Zone 
of compression, 390 
far, 395
focal, of ultrasound transducer, 416 
Fraunhofer, 395 
Fresnel, 394 
lens, 418 
near, 394 
plate, 418 

imaging, 276 
of rarefaction, 390

Zonography, 353 
small-angle, 355




