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This series in diagnostic radiological physics has

been designed to provide the physics background requisite for the
proper conduct of medical diagnostic x-ray examinations. The basic
goal of the series is to bridge physics theory and radiological
practice, achieved by combining pertinent lecture material with
laboratory exercises that illustrate the clinical applications under
simnlated clinical conditions. Nine chapters contain background
physics information and laboratory exercises on the following topics:

(1) x-ray production and machine output;
(3) subject contrast; (4%)
intensifying screens;
processing; (8)

(2) radiographic contrast;
the control of scattered radiation; (5)
(6) radiographic film; (7) contrast and

quality assurance of automatic film processing; (9)
and

(10) x-ray quality assurance;

geometric factors in radiography;
(CS)

(11) reduction of unnecessary patient exposure.
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FOREWORD

The Bureau of Radiological Health develops and carries out a national program to control unnecessary human
exposure to potentially hazardous ionizing and nonionizing radiations and to ensure the safe, efficacious use of such
radiations. The Bureau publishes the rosults of its work in scientific journals and in its own technical reports.

These reports provide a mechanism for disseminating results of Bureau and contractor projects. They are
distributed to Federal, State, and local governments; industry; hospitals; the medical profession; educators;
researchers; libraries; professional and trade organizations; the press; and others. The reports are sold by the
Government Printing Office and/or the National Technical information Service.

The Bureau also makes its technical reports available to the World Health Organization. Under a memorandum of
agreement between WHO and the Department of Health and Human Services, three WHO Collaborating Centers
have been established within the Bureau of Radiological Health, FDA:

WHO Collaborating Center for Standardization of Protection Against Nonionizing Radiations;
WHO Collaborating Center for Training and General Tasks in Radiation Medicine; and
WHO Collaborating Center for Nuclear Medicine.

Please report errors or omissions to the Bureau. Your comments and requests for further information are also

encouraged.
i

John C. Viliforth
Director
Bureau of Radiological Health
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PREFACE

The Correlated Lecture-Laboratory Series in Diagnostic Radiological Physics is an integrated educational system
designed to provide the physics background requisite for the nroper conduct of medical diagnostic x-ray
examinations. The series is one part of a comprehensive teaching system for Radiology called the Badiological,

s

Learning Laboratory. The two othér components of the Learning Laboratory provide instruction in radiographic \),w

interpretation and information regarding selection of patients for x-ray examinations.

The physics series consists of nine lectures, each accompanied by a laboratory exercise correlated to its key points. ‘
As such, this series has been designed as an aid to instructors in designing and presenting diagnostic radiological
physics courses for radiolcgy residents, student radiologic technologists, medical students and others involved in the
radiological process.

The basic goal of this series is to build a bridge between physics theory and radiological practice; this is achieved by
combining pertinent lecture material with laboratory exercises that illustrate the clinical applications under simulated
clinica! conditions, Radiographic phantoms are used in most cases so the resultant films wili be similarin appearance
to those seen in the clinical department. The students themselves conduct the laboratory exercises and observe the
final results on radiographs — the everyday commodity of radiology. By actually making the films, the students learn
basic radiological techniques along with the underlying physics, and see how the resultant radiograph and its
interpretation can be affected by changes in radiologic parameters. It also provides them with a hands-on experience
to learn the operation of actual radiographic hardware. -

The lectures encompass the minimum phyS|cs information feIt to be needed for the knowledgezhle operation of
diagnostic radiographic equipment. Each lecture is presented in narrative fashion, rather than outline format, so that
the approach and level of detail will be ap parent. Some users will want to add to this materizl in their lectures and are
encouraged to do so.

The document contains a number ofgenerahza!tons which may be objectionabie to some users, since exceptions to
these generalizations are noted but not discussed in detail. Such exceptions were deliberately omitted because of their
minimal importance in practical clinical applications, and because their adequate explanation would increase the size
of this text and require a level of physics sophictication believed inappropriate for the intent and scope of this
document. It is envisioned that these particular togics would be presented in subsequent more advanced physics
courses.

The lectures and laboratory exercises in tiiis document are not intended to be ccmplete in themselves, but simply to
provide a basic foundation for the student to build upon. The student is encouraged to experimentally pursue any
question that may arise in his or her everyday work, or as a direct result of these-exercises. The teaching x-ray unit that
can be used in conjunction with these exercises is specially designed for this type of investigation: it can be instalied in
any laboratory or classroom, it does not interfere with the clinical service of the department, it cannot be readily
damaged, and it presents no radiation hazard to the operator or others present. However, with appropriate modification
of techique factors, the exercises can also be performed on a full-size general purpose radiographic unit.

The course is designed 10 be presented very early in the radiological car=er of the student, beginning within the first
three months. Many of the concepts discussed will be encountered and learned in practice; however, it is far more
efficient and productive to leam them in a'logical sequence such as presented in this course, illustrated with specific
examples.

The technique factors for the radiographs taken during the laboratory exercises were deliberately chosen to
approximate the factors used in real clinical situations. However, the specific factors used in any situation are highly
dependent upon the film processing conditions, type of radiographic film, and the particular cossettes used. Therefore
the instructor may have to modify the technique factors in the exercise to suit his or her particuiar conditions.

The two chapters on quality assurance (Chapters 6 and 8) contain considerable detail regarding specific tests. This
level of detail may not be appropriate for all groups of students who may take the course, and these lectures should
therefore be tailored to meet the needs of a particular audience. The specific laboratory exercises associated with
these two chapters are designed to illustrate the variability of film processing and of machine output within one's own
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department. A cookbook performance of all of the Quality assurance tests is not suggested, although this could easily
be added if the instructor feels that it would be appropriate and useful to a specific group of students.

Itis hoped that this coordinated approach to diagnostic radiological physics training will provide students with a
memorable and insightful experience which is relevant to their roles in the clinical radiology process.

William S. Properzio, 1:

Director .
Divison of Training and Medical Applications
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INTRODUCTION

The diagnosis of an abnormality from radiological evidence is the end product of a series of events comprising the
“radiological process.” This process consists of three distinct parts: the selection of a patient for an appropriate
radiological examination, the conduct of the examination, and the interpretation of the examination. The end product of
this process is a radiographic diagnosis. The division of the radiological process into selection, conduct, and
interpretation is quite natural because in practice each portion may be performed (or supervised) by a different
physician. The last step, interpretation, can be further subdivided into the detection of details, the description ofthose
details and how they may deviate from a normal pattern, and an evaluation of the conditions that might cause the
deviant details.

The quality of a radiograph is equated with the visibility of pertinent details, since they constitute the raw material of
the interpretation and hence the diagnosis. Their visibility depends partly upon the subjective opinions of the
interpreter, a topic outside the realm of this syllabus, but mainly upon the many physical factors chosen to conductthe
examination. Therefore this lecture-laboratory series is designed to investigate the effects of these physical
parameiers on the quality of the resultant radiograph.

Radiographic quality, however, is not the only consideration in performing an examination. Ideally, the radiation dose
to the patient should be minimized while the diagnostic information is maximized. Unfortunately, the factors that yield
" the bestradiographic quality may also yield a high patient dose, so a compromise must often be made between needed
" ‘Guality and unavoidable patient dose. The laboratory exercises in this series will investigate the various factors listed in
Figure 0-1 and the devices and techniques routinely used in clinical radiology. The resultant films will be compared not
only on the basis of film quality but also on the basis of relative patient exposure.

PRODUCTION OF A RADIOGRAPHIC IMAGE

L}

In order to produce a radiograph (or radiographs) for interpretation, a large number of decisions must be made. For
example:
Can a radiographic procedure either completely or partially supply the diagnostic information required?
Is a dynamic procedure (e.g., fluoroscopy) required, or will individual radiograghs suffice?
Is a contrast medium required to obtain the desired information?
What radiographic views are required?
What source-to-image receptor distance should be used?
What type of machine should be used (flucroscopic, radiographic, single or three phase, high mA)?
What is the predominant composition of the subject (soft tissue, air, bone, contrast medium)?
What is the thickness of the subject?
Should a grid be used? If so, what grnd?

10. Which intensifying screens should be used?

11. What type and speed of radiographic film should be used?

12. What kVp should be used?

13. What mA should be used?

14. What exposure time should be used?

15. What other devices should be used (e.g., patient immobilizing devices)?

Although the physician is ultimately responsible for the conduct of the examination, the radiologic technologist
makes most of the decisions, either directly or by consulting a technique chart. The physician usually exerts his control
by formal training of the technologist, by expressing his personal preferences of film quality, or by the formulation of the
technique chart. Therefore, it is essential that he know how various physical parameters affect film quality and also

"how they affect the radiation exposure of the patient. ' :

FACTORS AFFECTING RADIOGRAPHIC QUALITY

The quality of a radiograph, determined by the relative visibility of details depicted, is affected by many factors under
the control of the operator. Detail visibility (Fig. 0-1), which is a measure of the resolving power or resolution of the
imaging system, depends upon two completely independent physical factors — radicgraphic contrast and sharpness.
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Radiographic contrast is the difference in optical density (darkness) between the image of an object and its
surroundings. If this density difference is zero (contrast of zero), obviously the object would not be visib.e. Sharpness
(definition) on the other hand, pertains to the boundary between the image of an object and the surrounding area. If this
boundary is diffuse, a small object may be difficult or impossible to visualize, even with good radiographic contrast.

Radiographic contrast, that is, contrast visible on the developed film, is itself the product of two sources — the
contrast due to the characteristics of the film and the developing process (film contrast), and the contrast due to the
difference in radiopacity of the internal structure of the subject (subject contrast). Likewise, sharpness results from two
sources — the grometric factors involved in the imaging system, and radiographic mottle produced by the film-screen
imaging system. Each of these factors will he discussed in the various chapters of this document.

Detail visibility

Radiographic contrast

|

1

:

Sharpness

r

-

-

Subject contrast

Film contrast

Geometric factors

Radiographic mottle

Subject Film type Focal spotsize Film graininess
Kilovoltage Exposure Source-film distance Screen mottle
Scattered radiation Processing Obiject-film distance Processing mottle
Filtration Screen thickiess
Motion
Screen-film contact
Heel effect

Figure 0-1. Factors that affect detail visibility, i.e., film quality.
(Adapted from talk given by George M. Comey, Eastman Kodak Company)

EQUIPMENT FOR THE LABORATORY EXERCISES

The Teaching X-ray Unit

The laboratory exercises in this document were designed for use with a commercially available cabinet X-ray unit,
radiographic phantoms, grids, cassettes, and film processing equipment and chemistry. The specific equipment is
mentioned onily so that special technique factors can be utilized. This should not be construed as either an actual or
implied endorsement of such equipment.

The specific x-ray unit used for these exercises is a Faxitron 8070-320, a small self-contained machine that can
produce radiographs comparable to those from a full-sized machine. Specific features are:

1. The unit is shielded and meets the NBS recommendations for exempt installation. It can therefore be used

safely in a clasroom or laboratory. '
Both doors have interlocks io prevent exposure if either door is not completely closed.
The tube voltage is continuously adjustable from 10 to 130 kvp.
The tube current is continuously adjustable from 0 to 3 mA.
The kVp and mA controls are not truly independent; both will have to be adjusted whenever either value is
changed.
The exposure timer can be set for up to 60 minutes. '
Radiographs taken on this unit are identical to those taken on full-sized equipment. However, in making an
exposure, the low mA must be compensated for by an increase in time.

e
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8. In order to get properly exposed films, it is necessary to adjust the kVp and mA before the film is placed in the

cabinet and the time is set.
9. Because of the low mA, these machines can be operated continuously without overheating the tube.

10. This unit is equipped with a beryllium window, which does not attenuate the beam significantly. Therefore the
total filtration in the beam can be considered to be equal to the added filtration.

11. There are several slots provided at the top of the exposure cabinet for diaphragms and filters. In general, the
diaphragm should be placed below any filters being used.

12. For these exercises the shelves are numbered from 1 to 6 starting at the top of the upper cabinet (1 to 3in the
upper cabinet, 4 to 6 in the lower cabinet).

Radiation-Measuring Instrumentation

" There are many good dosimetry systems commercially available that can be usedfor the laboratory exercises. One
limitation is that the connecting cable between the electrometer and the probe must be able to pass through the Z-
access port in the back of the teaching x-ray unit. In addition, the dosimetry system should have the following features:

1. The meter should be capable of providing radiation measurements of both exposure rate and total exposure
(i.e., it should have both a rate mode and an integrate mode).
2. The chamber should be sensitive to diagnostic energy x-ray beams.
3. The probe should be small enough to be centered in the 14" x 17" exposure cabinet.
The easiest systems to use are the auto-ranging digital units. Many students who are not accustomed to meter
reading find multiple-scale meter units so distracting that their use interferes with the concepts to be learned. Low
energy dosimeters can be used (with modification of the exercises) but their relative inaccuracy and lack of direct

readout make data-taking very tedious.

Film-Screen Combinations, Grids, Processing Chemicals

Although other combinations may be used, the technique factors in this series have been refined for standard -
calcium tungstate film-screen systems. Obviously, film processing facilities must be available. Our processing
chemicals were Kodak RP developer and fixer. We employed Liebel-Flarsheim 85 line per inch focused grids where
grids were called for in the exercises.

General Equipment List

In addition, the following list of general equipment is required for the laboratory exercises:
Assortment of lead diaphragms-
Assortment of aluminum filters
Plastic shelf for exposure cabinet (can be cut to size, 15%" x 18%")
Radiographic film
Cardboard casssettes
Cassettes with par, detail, high speed, and very high speed screens
Dama'ged cassette to illustrate poor film-screen contact
Radiographic knee, pelvis, and hand phantoms
Magnification phantom (to be made by the instructor)
Distortion phantom (to be made by the instructor)
Aluminum stepwedge
Paraffin blocks
Wood supports (2 pieces of wood, 2" x 4" x 15")
Lead numbers
Sensitometer (desirable but not mandatory)
Densitometer (desirable but not mandatory)
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1

X-RAY PRODUCTION AND MACHINE OUTPUT

A prerequisite to the proper use of radiography as a
diagnostic tool of clinical medicine is an understanding of
the basic nature of x radiation and the methods of pro-
ducing x rays. This is not suggested merely for academic
interest; an understanding of x radiation and its inter-
action with matter is essential to the proper choise of
operating parameters to be used in any particular ciinical
situation. Likewise, an understanding of the process of
x-ray production will iliustrate the operating limitations of
x-ray machines and may prevent unproductive x-ray
exposure and expensive x-ray machine damage.

RADIATION AND RADIATION SOURCES

For the purposes of this discussion radiation can be
defined as the propagation of energy from point to point
through space or through matter, although the range of
propagation will be limited by any interactions that
occur in the matter. There are two distinct categories of
radiation: particulate radiation, which involves the trans-
mission of energy in the form of the kinetic energy of
subatomic and atomic particles (e.g., electrons, protons,
neutrons, alpha particles, heavy ions, etc.) and electro-
magnetic (E-M) radiation, which involves the trans-
mission of energy without the presence of a particle with
mass (e.g., radio waves, visible light, and x rays).

Our environment has always been subject to naturally
occurring radiation, the most obvious being light from the
sun and stars. However, the sun and stars, along with
other extraterrestrial sources, also shower us with x rays,
radio waves, and particulate radiation such as energetic
protons, neutrons, and atomic nuclei. At the same time,
terrestrial sources are contributing radiation through the
radioactive decay of naturally occurring radioisotopes
such as uranium, thorium, radium, potassium-40, and
carbon-14.

Man, with his technological advances, has also con-
tributed sources of radiation to the environment: nuclear
weapons and their fallout of radioactive isotopes; nuclear
reactors with their output of neutrons and radioactive
wastes; sophisticated particle accelerators; and the
expanding numbers of medical and industrial x-ray
sources. The most prevalent of all man-made radiation is
often overlooked, namely radiation in the form of tele-
vision and radio waves, visible light, and infrared
radiation.

| T
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General Characteristics of Radiation

To repeat, radiation is the propagatic=. of »~ergy from
point to point. Particulate radiation ct..siste of @ moving
particle of some mass which posse: :.:'s the energy of
motion, kinetic energy. The more energy ;. possesses, the
faster it must be moving(1). If it is stopped by an object,
the energy is transferred o the object and the propa-
gation of energy from point to point has been satisfied.
Once the particle has stopped, it is no longer “radiation,”
but merely a particle.

The concept of electromagnetic radiation(2) is more
difficult to comprehend. Electromagnetic radiation
involves the movement of energy only in discrete bundles
called energy quanta, or photons, often thought of as
particles of zero mass. The different types of E-M radia-
tion are radio waves, microwaves, infrared (heat), visible
light, uitraviolet light, x rays, and gamma rays. The only
distinction between these types of eletromagnetic radia-
tion is the amount of energy per photon. They all travel at
the same speed, the so-called speed of light, and do not
exist at any other speed. Although the speed of light has
slightly different values in different media, it is constant in
any given medium (the speed of light in a vacuum
= 3 x 10° meters/second).

The physical properties of E-M radiation can be
mathematically described if these radiations are thought
of as massless particles in some instances and as con-
tinuous waves in other instances. The wave nature of
E-M radiation is best used to describe interference and
diffraction phenomena. Although most people are
familiar with these phenomena in association with visible
light, the diffraction of x rays also occurs. (X-ray dif-
fraction spectroscopy is an important tool in the study of
crystalline substances.) Wave nature is also a basic
criterion in the design of radio and microwave antennas.
Since all E-M radiation can be mathematically described
in terms of these sinusoidal waves, each particular radia-
tion has a wavelength (A — Greek letter lambda) and a
frequency (v — Greek letter nu). The frequency is defined
as the number of complete wave cycles that will pass any
point in one second (Fig. 1-1). Each different type of
E-M radiation has a specific range of wavelengths and
frequencies as shown in Figure 1-2, the electromagnetic
spectrum, although the boundaries of these ranges are
not exact.
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Figure 1-1. Wavelength-frequency relationship of electromagnetic
radiation.

The particulate nature of E-M radiation is generally
used to describe the interacticn and energy-transfer
processes between high frequency E-M radiations and
matter. In general, any given photon must transfer all of its
energy in aninteraction process or none at all; thereis no
in-between. However, a second, lower energy photon
may be released during the interaction (e.g., the Compton
effect, see Chap. 2). This phenomenon is best flustrated
by light and x-ray absorption interactions where there is a
specific energy threshold requirement. If the energy of
the incident photons is below that threshold, there will be

no interaction even though there may be billions of such
photons available, with a combined total energy far above
the threshold. Only the full energy of one photon can be
transferred to satisfy the threshold requirement, not a
combination from multiple photons. The processes by
which x rays interact with matter wili be discussed in
Chapter 2,

The wave and particulate natures of E-M radiation are
theoretically and mathematically compatible. In fact, the
wavelength, frequency, and discrete photon energy are
mathematically interrsiated(3): hence the specification of
any one of the three defines the other two, and thus
uniquely defines the radiation. Figure 1-2, the E-M
spectrum, shows the interrelationship between photon
energy, wavelength, and frequency. The low energy, long
wavelength radiations are generaliy discussed in terms
of wavelength while ihe high energy, short wavelength
-radiations are discussed in terms of photons and photon
energy. This has come about largely because of efforts to
explain the different phenomena primarily. associated
with these radiations. Consequently, one never hears
about “radio rays” or “x waves” although theoretically
these should be as acceptable as the more common
termns.

Two other important characteristics of E-M radiation
are that it travels in straight lines and that it has the ability
t¢ penetrate objects. The amount of material that the
ragiation can penetrate depends upon ttie composition of
the material and the energy of the radiation. The medium
energy radiations (such as visible light) do not penetrats
very deeply, but the highest energy x rays and gamrm.;.
rays (and also, paradoxically, the lowest energy
radiations) can penetrate through large thicknesses.
These two characteristics (penetration and straight-line
motion) are particularly evident in the radiographic
process. When x rays penetrate an object under con-
sideration, some of them will interact with that object, but
the remainder, aftei traveling in straight lines from the
X-ray source, can then produce an image indicating the
size, shape, and internal composition of that object.
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Figure 1-2. Chart of the electromagnetic spectrum.
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lonizing Radiation: X Rays and Gaitnma Rays

High energy E-M radiations will produce ions in
passing through maiter; thus they are termed ionizing
radiation. The ionization process involves the transfer of
energy from a photon to an electron that is bound to an
atom. The energy must be large enough to overcome the
binding force between the electron and its atom, resulting
in a positively charged atom and a free negatively
charged electron. The threshold for this ionization
phenomenon depends on the binding energy of the target
atom, but is in the neighborhood of 10 eV. (An electron
volt, eV, is the amount of energy gained by one electron
when accelerated through a potential difference of 1 volt.
See also the section on Construction of an X-ray Tube,
below.) Therefore, those radiations whose photon
energies are greater than 10 ev, namely x rays, gamma
rays. and some ultraviolet radiations, are classified as
ionizing radiation. It is the ionizations and the chemical
reactions produced by the resultant ions that cause the
deleterious effects of ionizing radiation; the quantity of
energy deposited by a fatal dose of ionizing radiation is
insignificant in terms of the heat energy thata human can
absorb safely.

Although x rays and gamma rays are Classified as dif-
ferent types of electromagnetic radiation, the distinction
between the two lies purely in the manner of formation:
x rays are usually generated in machines in a controlled
process, while gamma rays are emitted in the spon-
taneous nuclear decay of radioactive isotopes. However,
once the individual photon has been created, there is no
differentiating characteristic to indicate its origin as either
a gamma ray or an X ray.

THE PRODUCTION OF X RAYS

X rays are produced as a by-product of the absorption
of high-speed electrons in any substance. This process
proceeds in a controlled manner within an x-ray tube.Ina
typical x-ray tube, electrons are accelerated to a high
velocity and then allowed to collide with a “target.” The
interaction between the incident electrons and the target
atoms results in the formation of x rays. The energies of
the resultant x-ray photons range from very low values up
to a maximum equal to the energy of the accelerated
electron; it is not possible to produce a monoenergetic
beam of x rays in this manner. Most electrons undergo
multiple interactions and produce multiple photons of
differing energies. The total energy of the incident elec-
tron will be converted to x-ray photons or heat in the
target itself. The efficiency of x-ray production is very low
in the energy range of interest for diagnostic radiology;
only about 1% of the input energy is converted to xrays,
the remainder resulting in heat. The problem of disposal
of this superfluous heat imposes design and operating
restrictions on diagnostic x-ray tubes.

oren .trahiung

There are two mechanisms by which x rays are
produced, based on the type of interaction that occurs
between the electrons and the target. The first process
involves an electron traveling in clog: *proximity to a
nucleus of the target material. The attraction between the
negatively charged electron and the positively charged
nucleus causes the electron to be deflected from.its
criginal path with the loss of some of its energy. This
kinetic energy lost by the electron is emitted as an x-ray
photon (Fig. 1-3). The resultant radiation is known as
general radiation, white radiation, or Bremsstrahlung
(German, meaning “braking radiation”). Depending on
the distance between the path of the incoming electron
and the nucleus, the electron may give up any portion of
its energy, up to and including its total energy. Thus, the
energies of the emitted Bremsstrahlung photons will
range from a very low value up to the total energy of the
incident electron.
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Figure 1-3. Generation of Bremsstrahiung.
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Characteristic Radiation

The second x-ray production process involves a
“collision” interaction between the incident electrons and
an orbital electron bound D an atom in the target. This is
illustrated in Figure 1-4. The incident electron transfers
sufficient energy to the orbital electron sothat itis ejected
from its orbit, leaving a.vacancy. This unstable condition
is rectified by an electron moving from a higher shell into
the vacancy. The t-ansition of an electron to alower shell
results in a decrease in its potential energy, and the
excess energy is emitted as an x-ray photon. This "filling”
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Figure 1-4. Generation of characteristic radiation:
a) Ejection of orbital electron
b) Emission of characteristic photons

process can take place in a single transition (one photon
emitted) or multiple transitions (multiple lower energy
photons emitted). Since the electron shell energy levels
are unique to each element, the transition en- ‘gies
between different levels are also uniqué: & .character-
istic; therefore the transition x rays are cailed character-
istic radiation.

Following either of these two processes, the deflected
incident electron goes on to engage in further inter-
actions with target atoms until its total energy has been
dissipated that is, it is totally “stopped” by the target. It
should be emphasized that the incident electron per seis
not converted into a photon; rather itis the kinetic energy
of the electron that is converted into photons ang #wat
energy. After giving up all of its energy at the tains e
electron simply continues on as part of the eléviical
circuit of the x-ray tube.

Construction of an X-ray Tube

A modern x-ray tube is actually a relatively simple
device that is complicated by design criteria. As shownin

)
Figure 1-5, it consists of an evacuated glass envelope
containing a cathode and an anode. Free electrons are
produced at the cathode and are accelerated to the
anode by a high voltage applizd between the cathode
and anode. The high speed electrons bombard the anode

- (also. referred to as the target) and produce Brems-

strahlung and characteristic x-ray photons. A portion of
these x rays pass out of the tube and form the x-ray beam.

A slightly more detailed description of the x-ray tube
will illustrate the controls and restrictions of an x-ray
system. Free electrons are produced by electrically
heating the filament, part of the cathode structure, to
about 2000°C. The therma! energy imparted to the elec-
trons is sufficient to overcome the atomic forces binding
them to the atoms of the filament. This process is known

" as thermionic emission. The electrons freed from the

filament are increased in energy by acceleration through
the high voltage applied between the cathode and the
anode. By definition, an electron starting from rest and
accelerated through an electrical potential difference of 1
volt will gain an energy of 1 electron volit (eV). The
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Figure 1-5. Stationary target x-ray tube.

voitages involved in x-ray production are in the thousand
volt, or kilovolt (kV), range. An electron accelerated
through 80.000 volts (80 kV) would gain a kinetic energy
of 80 keV (kilo electron volts).

However, not all of the electrons will receive that
energy. The high voltage supplied to the tube is an alter-
nating current, which means that the voltage varies
rapidly between zero and the maximum voltage supplied
by the high voltage power supply(4). By convention, the
voltage is described in terms of its peak kilovoltage (kVp).
The electrons that reach the anode will have different
energies (measured in keV) depending upon the value of
the high voitage at the time when they passed across the
tube. This fact, plus the fact that Bremsstrahlung photons
vary in energy fromzero tothe maxim::m electron energy,
means that there will be many low e=argy x-ray photons
and very few with the maximum possible energy. (Seethe
section on X-ray Spectra, Eifect of High Voltage Supply,
below.)

Basically, there are only three controls on an X-ray
machine; the kilovoltage control, which determines the
maximum high voltage applied across the tube and as a
result, the energy of the x-ray photons produced; the tube
current control, which determines the rate at which
electrons flow across the tube and as a result, the rate at
which x-ray photons are produced; and the timer, which
determines the total time during which x rays are pro-

“duced. The tube current, measured in milliamperes (MA),
is actually determined by the voltage and current of the
filsment circuit, which determines the temperature of the
filament. Although the two circuits are separate, the fila-
- .ant circuit controls the electron flow (the current) in the
+ray circuit and therefore the rate of x-ray production.
Therefore the mA control is calibrated and labeled in
accordance with its effect on the current flowing in the x-
ray circuit.

As stated above, the efficiency of x-ray production is
very low in the diagnostic energy range. Of the total elec-
tron energy carried to the anode, about 99% (depending
on the voltage) results in heat which, unless eliminated,

will damage the anode. Therefore, the anode must have
the following qualities: a high atomic number, a high
melting point, and a high rate of heat dissipation. The first
criterion is necessary because the efficiency of x-ray
production is roughly proportional to the atomic number |
of the target atoms. In the choice of anode material, how-
ever, a compromise must be made, since the highest
atomic number materials (such as lead) are easily melted
and therefore cannot withstand the heat generated by x-
ray production. The most suitable target material from all
standpoints is tungsten. It has a reasonably high atomic
number and a high melting point. But since copper has a
higher heat conductivity and therefore can better
dissipate the heat than tungsten, the anode structure is
often made of copper with only a smatt piece oftungsten,
called the “target,” imbedded in it. Tubes of this design
(Fig. 1-5) are known as stationary ariode tubes.

That particular region of the target which is bombarded
by eivctrons from the cathode and which produces the
x rays is called the focal spot. By proper design of the
cathode, the electrons can be focused onto the target in
any size and shape focal spot that is desired(5). The focal
spot should be as small as possible so that “good”
resolution of small details in the object being x-rayed can
be achieved (this will be dealt with in Chap. &). Also, to
reduce artifacts due to motion of the object, the exposure
ti-ye should be as short as possible (also discussed in
Chap. 6). Unfortunately, if both these conditions were
met, it would result in such a high intensity of electrons
falling on the focal spot and so much heat being gener-
ated that the tungsten would melt before the heat could
be carried away. Therefore, compromises in focal spot
size and tube operation must be made.

X-ray photons are emitted in almost equal numbers in
all directions from the target, a fact that is exploited in
decreasing the heat problem. If the target face is oriented
at some angle (usually 20°) with respect to the cathode
as shown in Figure 1-6, the focal spot appears to be

20°

Anode

Actual focal
spot size

Effective focal spot size . [

Figure 1-6. Focal spot size.



smaller than it actually is, that is, the effective focal area
(which determines resolution characteristics of the x-ray
beam) is smaller than the actual focal area (which deter-
mines the heat distribution and thus limits the rate of x-ray
production). At 20 degrees, the actual area is about three
times the effective area, Nevertheless, high intensity
x-ray exposures often require that a larger focal spot be
used to spread the electron bombardment over a larger
area, or that longer exposure times be employed to
decrease the rate of heat production.

The stationary anode tube design is commonly used in
dental radiography and in therapeutic radiology, altfiui:ah
therapeutic tubes generally have special anode cooling
systems. (The tube inthe teaching unitis also a stationary
anode type.) However, almost all medical diagnostic
tubes are now of the rotating anode type. The rotating
anode principle greatiy increases the actual focal area by
making the anode a rotating tungsten disk, as shown in
Figure 1-7. As heat is generated the disk is rotating,
constantly bringing cooler regions of the anode into the
electron beam. Thus, the actual focal area is a large ring,
and as a result, the tube can be designed with a much
*maller effective focal spot than a stationary anode tube.
However, because the anode must be rotated at high
speed s0 that the heat is distributed even in very short
exposures, the rotating anode tube is inherently a com-
plicated device and consequently is more expensive and
less reliable than a stationary anode tube.

a) Cathode with

filament

Rotating
anode

Figure 1-7. Rotating anode tube:
a) Side view
b) End view of anode (showing actual focal area).

All diagnostic x-ray tubes are supplied.with rating
charts which give the maximum allowable values of kilo-
voltage, milliamperage, and time that the tube can
tolerate in one exposure. Exceeding these limits will
probably result in localized damage to the focal spot
region. Most tubes also have a cooling chart, which gives
the time intervais necessary between exposures so that
the .total heat limit of the anode and the structure
enclosing it will not be exceeded; this would cause more
generalized damage.

In most schematic diagrams of an X-ray system, the
x-ray beam is depicted as a small, well-defined field
emanating from the tube target and incident on the

patient. This is a rather misleading image. As stated
above (in discussing the heat problem), x rays in the
diagnostic energy range are emitted in roughly equal
numbers in all directions. Only a small proportion of these
x-ray photons can be effectively used in exposing a
radiograph; the remainder must be eliminated. This is
accomplished by enclosing the entire x-ray tube within a
housing that is lined with lead shielding except for an
x-ray “window." Since lead is very efficient in absorbing
x-ray photons (as you will see in Chap. 2), only the usefu!
peam passes out of the tube through the window, the
remainder of the x-ray output, which is a large per-
centage of the total, having been eliminated. The elimina-
tion of these extraneous x rays is s‘mply another factor
contributing to the inefficiency of the x-ray production
process. Besides the shielding function, the housing
contains the electrical coils for rotating the anode, oil for
transmitting heat from the tube to the housing (where it is
transmitted to the surrounding air), and insulated con-
nections between the high voltage cables and the
cathode and anode.

The window is generally a glass section of the tube
housing which is positioned close to the glass envelope
of the tube itself. Therefore, the x-ray beam nasses
through two layers of glass but a minimum of oil. Although
some x rays are absorbed in the glass, most of these are
extremely low energy photons, which are not very pro-
ductive in a radiological examination. In some special
cases where these low energy photons are necessary,
special x-ray tubes are made with only a beryllium
window between the tube and the outside of the housing.
Because of its low atomic number (Z = 4), tewer low
energy photons are absorbed in the beryllium window as
compared to a glass window. These special tubes are
mainly used for radiobiological research. Because of the
intense low energy component of tha beam, the tube
should be checked for the proper amount of added filtra-
tion with every use of the machine. (See the section on
Effect of Filtration, below.)

Beyond the window, there are two other important parts
of the x-ray head: the filter holder and a device for limitirg
the beam area. Filters (usually sheets of aluminum) are
placed in the beam to alter the relative proportions of high
and low energy photons in the beam. in general, the low
energy photons contribute little to a radiologic image
especially when examining thick parts, becauss-of their
poor penetration. Aluminum filtration absorbs many of
these low energy photons before they can reach the
patient, without appreciably atfecting the higher energy
photons. Proper filtration, therefore, results in decreased
patient exposure.

The x-ray beam area is limited by using either col-
limators, devices with adjustable lead jaws to alter the
size and shape of the field; or cones, metal tubes that
yield a predetermined size and shape field. By keeping
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the x-ray field as small as possible, not only is the patient
exposure significantly reduced, the resulting radio-
graphic image is also improved (to be discussed in
Chap. 3).

X-RAY SPECTRA

The relative distribution of different photon energies in
a photon beam has significant effects on the radiological
examination. The contrast of the image, the thickness of
patient that can be radiologically visualized, the exposure
to the patient, and the amount of stray radiation in the
room are all affected by the photon energy composition of
the beam.

The photon energy distribution of an x-ray beam is
described graphically by an energy spectrum. This is
obtained by plotting the photon energy along the x-axis
and the relative number of photons of that particular
energy along the y-axis. A typical energy spectrum for a
beam incident on a patient is shown in Figure 1-8. The
maximum photon energy expressed in keV is equal in
magnitude to the peak accelerating voltage (kVp), but
there are very few photons of this energy. The number of
photons increases with decreasing energy down to about
30 keV, where it is decreases again and essentially
becomes zero at about 10-15 keV. This smooth curve is
the spectrum due to Bremsstrahlung interactions.
imposed on top of this spectrum are some “spikes” due
to characteristic radiation. The particular energy of these
spikes depends on the material of the target. For a tung-
sten target, there are two spikes at about 58 keV and two
at abcut 68 keV. These spikes are a minor portion of the
overall spectrum and require a minimum tube voltage of
70 kVp for formation. The actual shape of the energy
spectrum is strongly influenced by three factors: thefiltra-
tion in the beam, the tube voltage, and the particular type
of high voltage supply.

Characteristic

,7 radiation “‘spikes”

Relative number of photons per

energy interval

Bremsstrahlung

KV
Photon energy {keV) P

Figure 1-8. Generalized x-ray spectrum.

Eflsct of Flltration

An x-ray beam passing through any material will be
reduced in intensity because of photon absorption within
the material (to be discussed in Chap. 2). The photon loss
is not equal across the energy spectrum since a low
energy photon is more likely to be absorbed than a high
energy one. (Therefore, high energy photons are said to
be "more penetrating” than low energy ones.) If the
material in question is a patient (composed of different
amounts of air, soft tissue, and bone), the beam absorp-
tion will be nonuniform across the x-ray field. This non-
uniform absorption consequently yields a nonuniform
emergent beam containing information about the internal
structure of the patient. Even though many photons are
absorbed within the patient, obviously some must pass
through to the imaging device or there will be no informa-
tion transmitted. For this reason, the extremely low
energy photons are useless in a radiological examination
since they will be essentially completely absorbed within
the patient across the entire field and will not yield any
information about the internal structure. Therefore, it is
desirable to eliminate the low energy photons from the
beam while retaining the higher energy photons which
will penetrate the patient and result in some radiographic
information. This is accomplished by placing some suit-
able material in the beam to “filter” out the low energy
photons. The total filtration in the beam actually consists
of two portions, the inherent filtration and the added filtra-
tion. The inherent filtration includes all of the parts of the
x-ray tube through which the beam passes, namely the
glass tube envelope, the insulating oil, and the window.
Added filtration is purposely placed in the beam to
achieve the desired total filtration. Aluminum is generally
used for this purpose in radiography, but copper, alu-
minum, and tin combinations are often used in x-ray
therapy. '

Figure 1-9 illustrates the efiect of filtration on x-ray
energy spectra; the spectra are measured at various
distances from the focal spot after the beam has passed
through different amounts of aluminum filtration. Spec-
trum A is the theoretical energy distribution that would be
observed at the focal spot of the x-ray tube, if it could be
measured. Unlike the spectrum in Figure 1-8, this one
includes photons of all energies down to a theoretical
fimit of zero. In the Bremsstrahlung production process, -
most electrons undergo multiple interactions, distributing
their energy to many low energy photons rather than
giving up all their energy to a single photon. Therefore, the
number of photons increases with decreasing photon
energy. This is intuitively evident if you think of the
nucleus of an atom as being in the center of a circular
target that extends out as far as the effective interactive
force between the nucleus and a moving electron. An
electron passing through any part of that area can create
a Bremsstrahlung photon, but only a direct hit will
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Figure 1-9. Effect of filtration on Bremsstrahlung spectra— 100 kVep.

produce a maximum energy photon. Therefore, the
probability of low energy photons being produced is far
greater than the probability of high energy photons being
produced.

Spectrum B shows the energy distribution after the
beam has passed through the inherent filtration. The
number of low energy photons has been reduced tre-
mendously while the number of high energy photons has
been relatively unaffected. »

Spectrum C and spectrum D are measured after the
beam has passed through different amounts of added fil-
‘tration. This merely extends the process started by the
inherent filtration, that is, the composition of the beam is
changed by decreasing the percentage of low energy

photons (this increases the average photon energy of the
beam). In the process, of course, the number of photons
of all energies is decreased, but the percentage of low
energy photons lost is far greater.

There is no definite amount of filtration that is “best" for
a radiographic procedure. As more filtration is added, a
point will be reached that will result in visible changes in
the radiograph. This will be at a lower filtration level forthe
radiograph of a hand, which is easily penetrated, than for
the radiograph of an abdomen. Therefore, the proper
amount of filtration for a multipurpose machine is difficult
to determine. The National Council on Radiation Protec-
tion and Measurements (NCRP) gives the following

recommendations:




Minimum Total Filtration

(Inherent plus added)
0.5 mm aluminum
1.5 mm aluminum
2.5 mm aluminum

Operating Tube Voitage

Below 50 kVp
50-70 kVp
Above 70 kVp

Note that these are minimum amounts of total filtration
required to meet the currently accepted standards of
protection; many machines are used routinely with
greater amounts of filtration. In many cases, the visible
changes caused by extra filtration do not reduce the total
information content in the radiograph and the diagnosis is
not affected, while the patient exposure is significantly
reduced. The radiologist, however, may have to learn to
“interpret” films that are different in appearance from
what he is accustomed to viewing.

Beryllium window Xx-ray tubes have very little inherent
filtration and produce an x-ray spectrum similar to spec-
trum A. Their use without added filtration is not warranted
in diagnostic radiology because of the intense radiation

fields and the tremendous skin dose delivered. With
appropriate safeguards, they are useful for training
purposes since the total filtration can be decreased t0
essentially zero.

Two terms commonly encountered in the discussion of
x-ray beams are quantity and quality. Quantity refers to
the total number of x-ray photons in the beam. The quan-
tity is always decreased as filtration is added. Quality
refers to the average energy of the beam. As filtration is
added and low energy photons are selectively removed,
the average energy of the beam increases (higher
quality). However, as the quality increases, i.e., the
percentage of photons in the beam capable of pene-
trating a given thickness of material increases, the quan-
tity of photons decreases.

Effect of Tube Kllovoltage

Increasing the accelerating potential that is applied to
the x-ray tube appreciably changes the energy spectrum
(Fig. 1-10). The number of photons of all energies is
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Figure 1-10. Effect of kV change on x-ray spectra.
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increased, but more importantly, many higher energy
photons are added. As was the case with increasing fil-
tration, the average photon energy is increased.
However, adding high energy photons to the beam will
have a greater effect on the resuitant radiographic image
than removing low energy ones.

Etfect of High Voitage Supply

In all x-ray circuits the voltage is increased by a trans-
former from the line voltage of 110 or 220 volts to the
desired kVp. The electrical waveform ooks the same as
the waveform of the supply line, but greatly increased in
amplitude.

Electrical power is produced as alternating current
(ac). If one were to measure the voltage of an ac line, it
would vary smoothly from zero to a maximum, back to
Zro, 1o a negative minimum, and back to zero again
(Fig. 1-11a). Electrical current produced in the U.S. has
60 such cycles per second. In effect, current flows for-
ward and backward 60 times each second. Although
much electrical apparatus is not sensitive to the direction
of electron flow, an X-ray tube cannot tolerate electron
flow from the anode to the cathode. This problem is
solved by the appropriate design of the X-ray circuit and
involves some method of rectification, that is, some
process by which the negative ac voltage cycles are
eliminated.

In the simplest x-ray circuit, the x-ray tube is con-
nected across the secondary winding of the transformer.
In this case the x-ray tube itself serves as the rectifier,
since current can only flow through the circuit when the
target is positive with respect to the filament (i.e., during
the positive potential portion of the ac cycle). During the
negative potential portion of the ac cycle, there are no
free electrons available at the target (which is now nega-
tively charged) to be attracted to the filament (which is
now positively charged). In this self-rectified x-ray tube,
however, as electrons hit the target, they heat it to
extreme temperatures. At such high temperature, elec-
trons can boil off the target and during the negative
potential portion of the ac cycle, the electrons may be
accelerated back toward the delicate filament and
destroy it. This is the reason for the development of half-
wave and full-wave rectified circuits. In a half-wave
rectified circuit the negative potential portion of the ac
cycle is eliminated with a separate rectifier, the voltage
remaining at zero during that portion of the cycle. Hence
electrons are not accelerated toward the filamentandthe
X-ray tube has a greater life expectancy.

In a self-rectified or half-wave rectified circuit, the
electron flow is blocked during the negative part of the
cycle so only half of the total cycle is used (Fig. 1-11b). In
a full-wave rectified circuit the negative portion of the
cycleis inverted (Fig. 1-11c) and there are twice as many
useful pulses per second as in the previous case. Thus,
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Figure 1-11. Electrical waveforms.

full advantage is taken of the whole electrical cycle,

In both the half-wave and full-wave rectified circuits,
the voltage applied to the tube varies between zero and
the peak kV, and can be referred to as a pulsating poten-
tial. Thus at any instant in time the X-ray energy spectrum
is different, and the spectrum summed over a complete
exposure has more low energy photons than it would if
the voltage were constant. Most x-ray systems use a full-
wave rectification circuit because of its relative simplicity
and efficiency.

A further refinement is the use of a three-phase x-ray
generator (Fig. 1-11d). The voltage supplied to the tube
varies from the peak to a minimum of about 20% less than
the maximum, although with various circuit modifications
this variation can be decreased to about 5%. In this case,
the voltage may be referred to as constant potential (cp).
Since the voltage applied across the X-ray tube is never
at a low value, the energy spectrum for a three-phase
generator is shifted to the right of the spectrum for a
single-phase (full-wave or half-wave rectified) generator
(Fig. 1-12). For the same generator settings, more x rays
will be produced having a higher average energy. Con-
sequently, the radiographic technique factors (i.e., kVp,
mA, and exposure time) appropriate for a particular pro-
cedure will be different if the tube voltage of the x-ray unit
is constant potential.

Effect of Milllamperage

Variation of the milliamperage has no effect on the
energy spectrum. Theoretically, the mA only affects the
rate of x-ray production, not the energy of the photons(6).
The combination of mA and exposure time (in seconds)
determines the total number of x rays produced at any
given kVp (mA multiplied by seconds of exposure equals
the exposure factor called mAs). As a result, the mA can
be changed, and as long as the time is changed
accordingly (to keep the mAs constant) there will be no
difference in the radiographic image.
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Figure 1-12. Three phase vs. single phase x-ray spectra.

To summarize, filtration, kilovoltage, and type of
generator all affect the energy spectrum of the x-ray
beam. However, the latter two factors have the greatest
effect on the high energy photons which play a larger role
in the formation of the radiographic image. Filtration
affects the low energy photon distribution and therefore
does not -have as appreciable an effect on the image but
does have a significant effect on the patient skin dose.
However, if the average photon energy of the beam is
increased by any method, thus making the beam more
“penetrating,” the total radiation dose tothe patient will be
reduced.

MEASUREMENT OF X-RAY BEAMS

Half Value Layer

The “penetrating ability” or quality of an x-ray beam is
described explicitly by its spectral distribution. However,
the spectrum concept is difficult to work with. For
instance, it would be difficult to estimate the average
energy of a beam after passing through some object. A
more useful concept to describe and measure x-ray
beam quality is the half value layer (HVL). The half value
layer is defined as that thickness of a standard material
which is required to reduce the number of x-ray photons
transmitted to one-half their original number. The
material ordinarily used for HVL determinations in diag-
nostic radiology is aluminum. A beam of low energy
photons will be greatly reduced by a small amount of fil-
tration (see the previous discussion on Effect of Filtration)
and hence will have a low HVL; the higher the average
photon energy of the beam, the higher the HVL, since the
high energy photons are much less affected by the alu-
minum filtration. (Most diagnostic x-ray machines are
operated above 70 kVp and have HVL's of 2.5-3 mm alu-
minum.) From the previous discussion about filtration, we

also realize that the HVL is not a constant quantity but
increases with increasing filtration, since the average
beam energy increases. Therefore, the second HVL, the
amount of material required to reduce the intensity of the
beam from one-half to one-fourth (one-half of one-half) of
its original value, will necessarily be greater than the first
HVL. Only a monoenergetic beam of photons would have
equal successive HVL's and such an x-ray beam is not
practical for diagnostic radiology. (Cobalt-60 therapy
machines do emit essentially monoenergetic gamma ray
beams of equal successive HVL's.) Additional filtration
selectively removes the lower energy photons ‘and
results in a better approximation of a monoenergetic
beam. Therefore, the difference between successive
HVL's gets smaller and smaller, although there will
always be some increase between successive HVL
thicknesses.

Exposure and Exposure Rate

The direct measurement of the energy carried by an
x-ray beam is difficult to accomplish and could not be
used for routine monitoring of x-ray output. Therefore, an
indirect measurement of the effect of the x-ray beam on
another system must be used. Various indirect methods
employed have been biological methods (erythema pro-
duction, destruction of bacteria); chemical methods
(Fricke dosimeter which utilizes the oxidation of Fe*? to
Fe*?); physicochemical methods (film- dosimeters); and
physical methods (thermoluminescent dosimetry, scin-
tillation crystals, ionization of gases). The presently
accepted standard is the measurement of the ionization
produced in air by the x-ray beam, which was chosen
because of its reproducibility and simplicity. Itis based on
the fact that the amount of ionization in a small volume of
air surrounding a point of interest is proportional to the

. energy carried by the beam at that point. The amount of

<

ionization that occurs in asmall volume of air is defined as
exposure, and the special unit of exposure is called the
roentgen (R), defined as that amount of exposure
necessary to produce 1 esu of ions of one charge per
0.001293 gram of air (the mass of 1 milliliter of air at
standard temperature and pressure). An equally
important and widely used unit is the milliroentgen (mR)
which is one-thousandth of a roentgen. One roentgen is
also defined as the exposure necessary to produce
258 x 107 coulomb of ions of one sign per kilogram of
air. In the International System of Units (SI), the unit of
exposure is 1 coulomb per kilogram (C/kg), which is
therefore equivalent to 3876 roentgens. It must be
emphasized that exposure is strictly a measure of the
effect of x-ray and gamma ray photons on air afid cannot
be directly applied to the x-ray exposure of any other
substance. The exposure per unittime, i.e., the exposure
rate, is used to describe x-ray machine output.



lonization Chambers

A device for measuring the exposure at some point in
the beam is an ionization chamber. An ionization cham-
ber consists of an enclosed volume of air which can be
placed at the point of interest, and two collecting elec-
trodes to collect the ion pairs that are released by photon
interactions in the air volume. By.applying a voltage on
the electrodes, the total charge of the ions can be col-
lected and measured. The ratio of the charge collected to
the volume of the chamberis proportional to the exposure
in roentgens. In addition to Mmeasuring the total exposure
during some time period (an integrating dosimeter) many
dosimeter systems also allow the instantaneous readout
of the exposure rate at any time (a dose ratemeter).

Absorbed Dose

The quantity of significance in biological and medical
work is not the amount of radiaticn passing through a
point in air, or for that matter, the amount of radiation
passing through a point in any substance of interest.
Rather, it is the amount of energy absorbed by the sub-
stance at that point—the absorbed dose. The absorbed
dose is the quantity of primary importance in radiation
dosimetry; exposure is often used merely as anindication
of the absorbed dose (as the exposure incident on a sub-
stance increases, so does the absorbed dose, all other
things being equal).

The most commonly used unit of absorbed dose of
radiation is the rad, defined as 100 ergs deposited per
gram of substance, or 107 joules per kilogram. Even
though 100 ergs per gram is an extremely small energy
density(7), it can cause considerable damage to those
cells that are directly affected. The radis a universal unit
defined for all ionizing radiations and for all substances.
Since the rad is a unit of energy density, if one gram of
Mmaterial received one rad of x irradiation, then one-half of
that material received one-half of the energy but the
same energy density, namely one rad.

The SI unit of absorbed dose is the gray (Gy), defined
as 1 joule per kilogram. One gray is therefore equivalent
to 100 rads.

SUMMARY

The properties of x radiation, the production of the
X-ray beam, and the various modifers of X-ray beam
quantity and quality are topics prerequisite to the
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informed conduct of radiological examinations. X rays,
which are high eneigy electromagnetic radiations cap-
able of penetrating thicknesses of material, are produced
in a polyenergetic spectrum by the collision of high
energy electrons on the tungsten target of an x-ray tube.
The rate of x-ray production can be altered by the fila-
ment voltage which produces changes in the tube
current. The quality of the x-ray beam is dependent upon
the type of high voltage supply, the accelerating voltage
(kVp), and the filtration. The penetrating ability of the
beam can be expressed in terms of its half value layer
(HVL); its exposure (a measure of the total energy con-
tent of the beam) can be measured in roentgens (R); and
the energy deposition of the beam (absorbeddose)in any
tnaterial can be measured in rads. Based upon these
fundamentals, the succeeding chapters in this series will
investigate the practical aspects of clinical radiology.

REFERENCES AND NOTES

1. The relativistic situation (where, as particulate energy
increases, the mass increases) is not a significant
phenomenon at the energies utilized in diagnostic
radiology.

. The term “electromagnetic” derives from the physical
description of E-M radiation as electrical and mag-
netic fields which vary both in time and space.

3. E = hv = he/A, ¢ = Av where E = photon energy
(electron volts), A = wavelength (meters), v = fre-
quency (cycles/sec), ¢ = speed of light = 3.0 x
10° meters/sec, and h = Planck's constant = 4.1 x
107" electron-volt second. ,

4. In some x-ray machines, special circuits are used to

depress these voltage oscillations.

. Occasionally there are sources of radiation in the
X-ray tube other than the focal spot, caused by poorly
focused or scattered electrons striking other struc-
tures. This radiation is referred to as off-focus or extra-
focus radiation.

- Technically, however, as the mA is increased, the
electrical load on the system increases and the kilo-
voltage may decrease, which will change the energy
spectrum.

. 42 x 10° ergs per gram of water (420,000 rads) will
raise its temperature 1 degree centigrade,



LABORATORY EXERCISE 1
X-RAY PRODUCTION AND MACHINE OUTPUT

The output of an x-ray machine is dependent on the
accelerating voltage {kVp), the tube current (mA), the
exposure time (seconds), and the filtration (mm Al}in the
beam. An understanding of the effects of these variables
on x-ray output is necessary for the knowledgeable
development of specific techniques. A secondary pur-
pose of this exercise is to familiarize the student with the
use of an ionization-measuring device.

Equipment

This exercise is to be conducted in the Radiological
Health Sciences Learning Laboratory and will require the
use of the following apparatus:

Smalt teaching x-ray machine
Radiation-measuring instrumentation
Assortment of lead diaphragms
‘Assortment of aluminum filters

Procedure
Center the ionization chamber on the shelf.at level 5.

1. Variation of kVp
Exposure parameters:
Filtration — 2.5 mm Al added
Diaphragm — 3 inch diameter
lieasure and record the exposure rate under the
following conditions:
Tube Current (mA) Tube Voltage (kVp)
1.5 110, 90, 70, 50, 30
3.0 - 110, 90, 70, 50, 30

Piot the data on linear graph paper with x-ray output as
a function of kVp.

2. Variation of mA

Exposure parameters:
Fiitration — 2.5 mm Al added
Diaphragm — 3 inch diameter

Measure and record the exposure rate under the
following conditions:
Tube Voltage (kVp) Tube Current (mA)

50 3.0,25,20,15,1
110 3.0,25,20,15,1

Plot the data on linear graph paper with the x-ray output
as a function of mA.

3. Variation of mAs

The mAs is the product of the tube current and expo-
sure time (mA times seconds = mAs). On many tech-
nique charts only the kVp and mAs is given leaving the
choice of specific time and current settings to the
operator.

Exposure parameters:
Tube voltage — 80 kVp
Filtration — 2.5 mm Al added
Diaphragm — 3 inch diameter

Measure and record the total exposure delivered in
the following situations:

Tube Current (MA) x Time (secs) = mMAs
1 30 30
2 15 30
3 10 30
1 120 120
2 60 120
3 40 120

4. Variation of Filtration

Exposure parameters:
Tube current — 1 mA
Diaphragm — 3 inch diameter

Measure and record the exposure rate under the
following conditions:

Tube Voitage (kVp) Added Filtration. {mm Al)

50 0,05,15,25,35,6.0
110 0,05,15,25,35,6.0

NOTE: This machine is equipped with a beryllium
window tube and can be considered to have zero
inherent filtration; therefore the total filtration in the beam
is equal to the added filtration.

Plot the data on semilogarithmic graph paper. (A curve
of x-ray output vs. filtration is called an attenuation curve.:
A straight line on semilogarithmic graph paper indicates
that all successive HVL's are equal, i.e., the beam is
homogeneous.)
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QUESTIONS

- Express the proportionality between output and the

following: kVp; seconds; mA.

. How does output vary with mAs?
. A technician has brought you a chest radiograph

(100 kVp, 1/2 sec, 20 mA) that is properly exposed
but is partially blurred due to diaphragmatic motion.
What new parameters would you tell him to use?

- A radiograph of the elbow (60 kVp, 1/2sec, 5mA) has

been grossly underexposed and you wish to increase
the exposure by a factor of 4. From the relationships
determined from your data, what values would you
use if you changed only the kVp? the sec? the mA?
What disadvantages are there in the three different
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solutions? How accurate are the three solutions in
producing the desired increase?

. Comment on the accuracy and useful kVp range of

this common rule of thumb: “Increase kVp by 10 to
double the output.”

. The National Council on Radiation Protection and

Measurements (NCRP) recommends that all diag-
nostic radiographic units operating above 70 kVp
have at least 2.5 mm Alequivalent totalfiltration in the
beam. Does this seem reasonable from your data?
Why has this recommendation been made?

- What are the HVL's of the two beams in part 4?
. If this machine were to be used with 2.5 mm Al total

filtration permanently in place, what would be the
HVL’s of the beams in part 4?
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RADIOGRAPHIC CONTRAST: SUBJECT CONTRAST

The physical actions involved in the production of a
radiograph can be divided into three categories: produc-
tion of the x-ray beam, interaction of the beam with the
object being examined, and the formation of an image for
interpretation. The interaction of the beam with the ot
is the topic of this chapter. The importance of this topic is
obvious; the beam-object interaction is the only part of
the process in which information about the structure of
that object is generated. Once the beam has left the
patient, steps can be taken to maximize the visualization
of that information, but the information present cannot be
increased.

The x-ray beam incident on the patient is reasonably
uniform throughout the x-ray field both in the numbers of
photons and in the energies of photons. However, in
passing through the patient, most of the photons will
interact, and only about 5% of the incident photons will
emerge unaffected. These remaining photons are then
used to form the radiographic image. The radiation field
emergent from the patient has localized variations in
intensity due to the internal anatomy. For example, far
more photons will pass through expanded lungs than will
pass through the immediately adjacent vertebral column.
These differences in intensity are termed subject
contrast. ’

There are four basic factors that affect the subject
contrast: the structure and composition of the subject
itself, the kVp, the beam filtration, and the amount of
scattered radiation. Variation in these factors will change

~ the overall contrast ultimately displayed in the radio-

graph. However, changes in patient dose also go along
with changes in any of these factors. in many cases the
patient dose can be altered substantially without appre-
ciably altering the information content of the radiograph.
For example, reasonable variations in kVp and filtration
can be made that will change the radiation exposure to
the skin by as much as a factor of five, yet will produce
radiographs that are acceptable to most radiologists. it is
therefore imperative that every radiologist have a working
knowledge of the four factors mentioned above and their
effects on subject contrast and patient dose. With this
knowledge, he can then decide in his own mind which
technique factors are appropriate for every examination.

THE COMPOSITION OF THE SUBJECT AND
ITS EFFECT ON SUBJECT CONTRAST:
X-RAY INTERACTIONS

It is obvious that a radiograph of two objects of equal
thickness and identical material will exhibit no contrast,
while unequal thicknesses will shc* contrast. Likewise,
equal thicknesses of dissimilar materials wilt show con-
trast, but it is possible to pick appropriate thicknesses of
two dissimilar materials so that there will be no contrast
between them. Therefore, the contrast in a radiograph is
a reflection of the thickness, the density, and the atomic
number (which will be discussed later) of the object being
radiographed. )

The body is made of muscle, fat (which is slightly less
dense than muscle), bone, air passages, and compart-
ments with fluid. Therefore, different thicknesses of these
components and different combinations of them (one
component partially overlying another) will resultin a dif-
ferential absorption across the radiographic field.

One might expect that the film darkening at any point in
the radiographic image is inversely related to the total
effective tissue mass (an expression taking into account
both the thickness and the density of the various tissue
compongsnts) along that x-ray path. Thus, if an air cavity
were included, the total effective mass would be reduced
and the film darkening would be greater (Fig. 2-1). How-
ever, this is only partially true, since alt materials do not
absorb radiation equally on a gram-for-gram basis. Thus,
mass considerations alone are not the sole determinant
of the x-ray image of an object.

In the kilovoltage range of diagnostic procedures
(30-120 kVp) there are two processes involved in the
absorption of photons: the photoelectric effect and the
Compton effect(1). Depending on the energy of a par-
ticular photon and the atomic number of the absorbing
object, the photon may interact with the object by either
the photoelectric.or Compton process, or it may pene-
trate the object without interaction.

The Photoelectric Effect

The photoelectric effect is an interaction between an
x-ray photon and an electron tightly bound to an atom of
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Figure 2-1. Relationship between object mass and film density.

the absorber (Fig. 2-2). (Notice the similarities and dif- -

ferences between Figs. 2-2 and 2-3, and Figs. 1-3 and
1-4.) The total energy of the photon is absorbed and
transferred to the electron(2) and the photon therefore
ceases to exist. The range of photoelectrons is only a few
micrometers so that the photoelectric effect is essentially
alocal process, with all of the photon energy being trans-
ferred to the absorber near the point of interaction. The
atom will emit characteristic X rays in filling the vacancy
left by the emitted electron; however, the energy of these

16

X rays is very low (for the elements of normal biological
tissues) and they too are essentially absorbed locally.
The photoelectric process occurs in a highly selective
manner, the probability of absorption being much greater
in high atomic number (Z) materials. (The probability of
photoelectric absorption varies approximately as the
third power of the atomic number of the absorbing
materials.) This accounts for the high efficiency of lead
(Z = 82) in absorbing X-ray photons of diagnostic
energies. Therefore, if the photoelectric process werethe
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photon

Figure 2-2. The photoetectric effect.

only mode of absorption in biological tissue, bone would
be particularly prominent in a radiograph because of its
large amount of calcium. The differential photoelectric
absorption of bone as compared to an equivalent mass of
soft tissue is almost 4 to 1. For equivalent thicknesses of
bone and soft tissue, the differential is about 7 to 1
(because the density of bone is 1.85 gm/cm® as
compared to 1 gm/cm? for soft tissue).

The Compton Effect

The Compton effect, on the other hand, is not a local
process. This effect (Fig. 2-3) consists of an interaction
between an x-ray photon and a free electron (or one very
loosely bound to an atom, such as an electron in the
outermost energy levels). The law of conservation of
momentum (photons carry momentum as well as energy)
does not aliow the Compton electron to receive the total

O

Figure 2-3. The Compton effect.

energy of the incident photon, so the remainder istrans-
ferred to a newly created photon. This lower energy
photon, called a scattered photon, moves in a different
direction than the incident photon, and therefore does not
contribute to the formation of the x-ray image (actually it
makes a negative contribution to the image which will be
discussed later). The probability of Compton interaction
is essentially equal for all materials on a gram-for-gram
basis. This means that equal thicknesses of different
materials absorb x rays by this mode in proportion totheir
densities.

Thus, if the photons of the x-ray beam depicted in
Figure 2-1 would interact in the patient only by the
Compton process or pass through unaffected, the
subject contrast (intensity variations) of the emergent
beam would be inversely related to the effective tissue
mass (i.e., if the effective mass increased, the emergent
intensity would decrease). However, if the photons would
interact only by the photoelectric process or not interact
at all, the subject contrast would be inversely related to
the effective tissue mass in the beam, but also inversely
related to the atomic number of the tissues (i.e., if the
atomic number of the tissue increased, the emergent
intensity would decrease, assuming the effective mass
stayed the same). Since the atomic number and the
density of solids are roughly proportional, the effective
mass in a vertical section and the atomic number some-
what parallel each other. Therefore photoelectric inter-
actions will result in higher subject contrast than will
Compton interactions.

In reality the Compton and photoelectric processes will
both occur and contribute to producing a radiograph; the
relative percentage of total interactions that occur by one
process or the other depends on the energy of the
photons (see the Effect of Kilovoltage, below). Therefore,
subject contrast does depend on the effective mass
composition of the subject and also on the atomic
number composition of the subject.

As an aside, two frequently misunderstood terms per-
taining to the interaction of radiation with matter are
attenuation and absorption. Absorption of radiation
refers to the local deposition of the radiation energy in the
object being irradiated. However, when an X-ray beam
interacts with an object, not all of the incident energy is
absorbed locally — some is emitted as scattered photons
as well. Therefore, attenuation is defined as the reduc-
tion in intensity of the x-ray beam as it traverses matter,
by either absorption or scattering. Thus absorptionrefers
to the absorption of primary photons and.attenuation
refers to reduction of the primary beam by all
interactions.

in general, patient dose is dependent upon the absorp-
tion of the beam while the machine exposure factors and
darkness of the film are dependent upon the attenuation
of the beam by the patient. This is actually a rather loose
interpretation of the two terms since a portion of the



patient dose will be due to the absorption of scattered
photons. and a portion of the peam reaching the film will
consist of scattered photons.

THE EFFECT OF KILOVOLTAGE

As discussed in the previous section, the pre-
dominance of photoelectric or Compton interactions will
cause higher or lower subject contrast respectively,
assuming that the subject is composed of various
materials of different atomic numbers. Therefore, to
appreciate the effect of kilovoltage on subject contrast,
one needc to know the relative amounts of photoelectric
and Compton interactions at different photon energies.

At very low photon energies the photoelectric effect is
essentially the only interaction process occurring. With
increasing keV, the relative importance of the photo-
electric process decreases; above 80 keV the Compton
effect is essentially the only process occurring(3). The
two are of approximately equal importance at about 26
keV, as illustrated in Figure 2-4. The exact shape of this
curve depends upon the atomic number of the absorbing
material (or the effective atomic number of materials
composed of more than one element). This specific
figure is the curve for water or muscle, both of which have
an effective atomic number (Zen) of 7.4. Table 2-1 lists the
effective atomic numbers and densities of some pertinent
materials.

Table 2-1. EFFECTIVE ATOMIC NUMBERS
AND DENSITIES

Material Zett Density (gm/cm?)
Fat 5.92 0.91

Muscle 7.42 1.0

Bone 13.8 185

Water 7.42 1.0

Air 7.64 0.00129
Aluminum 13 2.7

Lead 82 11.0

Materials with higher effective atomic numbers yield
curves similar to Figure 2-4; however, since the photo-
electric process has a higher probability with higher Z
materials, the curve will be shifted to the right. The curve
for bone is shown in Figure 2-5.

As you recall from Chapter 1, x-ray beams are com-
posed of all photon energies up to some maximum
depending upon the “peak” kilovoltage (kVp) supplied to
the tube. Thus, any change in the kVp increases the
number of photons of all energies; but more importantly, it

. adds new high energy photons to the spectrumwhich did
not exist in the previous spectrum (shaded areas, Fig.
2-6). These photons have the highest probability of pene-
trating through the patient to the film and therefore
affecting the image. Since these "new" photons are of
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percentages of photoelectric and Compton

higher energy than those of the previous spectrum, the
average beam energy is increased and Compton atten-
uation is increased relative to photoelectric attenuation.
The end result is a decrease in contrast because of the
lower inherent contrast of Compton attenuation; the sub-
ject contrast between equal thicknesses of bone and soft
tissue decreases from almost 7 to 1 for photoglectric
attenuation to less than 2 to 1 (the ratio of their densities)
for Compton attenuation. Although decreasing the kVp of
the beam will increase the subject contrast, it will also
decrease the overall “penetrating” ability of the beam.
Therefore, to allow a sufficient number of photons to
reach the film, many more photons must be produced,
which ultimately increases the patient dose.

3%



Relative number of photons per energy interval

Photon energy (keV)

Figure 2-6. The ettect of kilovoltage on the photon energy spectrum.

THE EFFECT OF FILTRATION

In a similar manner, the effects of filtration on the beam
are best illustrated by the change in the energy spectrum
(Fig. 2-7). The inherent filtration in an X-ray tube removes
some of the low energy photons; however the spectrum
still’ contains many of these photons. Aluminum is a
desirable material for filtration of diagnostic machines

Relative number of photons
per energy interval

Incraasing
filtration

W

Photon energy (keV)

kVp

Figure 2-7. The eftect of increasing filtration on the photon energy
spectrum. :

because it attenuates mainly by the photoelectric pro-
cess. It is therefore very efficient at low photon energies
and decreases in attenuating efficiency with increasing
photon energy. Modest increases in aluminum filtration
cause little change in contrast because the low energy
photons removed would have contributed little to the
image. However, this increase in filtration will yield a
marked decrease in patient dose, particularly the
entrance skin dose.

The effects of low and high energy photons on contrast
and patient doses are illustrated in Table 2-2. This tabu-
lates the percentages of monoenergetic photon beams
which pass through 18 centimeters of muscle plus 2
centimeters of either air, lung, fat, muscle, or bone. The
increase in contrast with decreasing photon energy is
remarkable. With 30 keV photons, 170 times more
photons pass through the section with air than through
that with bone while at 100 keV thefactoris only 1.9 times.
However, to achieve this contrast with adequate film
darkening would involve a significant increase in patient
dose. To obtain equal film densities through the all-
muscle section, over 40 times (3.3/.08) the skin dose
must be delivered to the patient using 30 keV photons as
compared to 100 keV photons!

Table 2-2. TRANSMISSION OF X RAYS
THROUGH BIOLOGICAL TISSUES(4)

Photon Energy
(monoenergetic)
30 keV 40 keV 60 keV 100 keV

. Tissue Section

18 cm muscle + 2 cm air A7 % 95% 26% 4.7%
18 cm muscle + 2 cm lung 13 % .83% 23% 42%
18 cm muscle + 2 cm fat 10 % .63% 1.8% 34%
18 cm muscle + 2 cm muscle .08 % 57% 1.7% 33%
18 cm muscle + 2 cm bone .001% 21% 1.1%  2.5%

THE PROBLEM OF SCATTERED RADIATION

The scattered photons resulting from the Compton
effect cannot be ignored. At the energies involved in
diagnostic radiology, scattered photons radiate equally
well in all directions. Due to their origin within the object
being irradiated, scattered photons are often referred to
as secondary radiation.

Because of this scattering phenomenon, the object
being examined is an undesirable source of radiation. Not
only does this radiation create a radiation field in the
immediate area, but it also imposes an overall exposure
on the x-ray film, partially masking the useful image
(Fig. 2-8). The effect of this overlying exposure is to
reduce the contrast between gradations in the image,
thereby decreasing their visibility. Since scattered radia-
tion is produced as a consequence of the Compton inter-
action, scattered radiation is another factor contributing
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Figure 2-8. Production of scattered radiation in an object.

to the decreased contrast of higher kVp techniques.
Besides the patient, other sources of scattered radiation
are materials beyond the film plane (the table top or the
film holder) which can contribute scatter back to the film.
Methods by which scattered radiation are controlled are
discussed in Chapter 3.
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SUMMARY

The contrast seen on the radiograph (i.e., radiographic
contrast as defined by the variations in optical density) is
a function both of film and screen characteristics (to be
discussed in Chap. 5) and, most importantly, of subject
contrast. Subject contrast, i.e,, the variations in beam
intensity emerging from the subject, is dependent upon
the structure and composition of the subject, the kVp, the
beam filtration, and the amount of scattered radiation.
Each of these contributes to the pattern and energy dis-
tribution of information-carrying x rays that expose the
film. But also, each of these contributes to the deter-
mination of patient dose. Therefore, the appropriate
technique factors should only be established after the
effects on subject contrast and patient dose are
considered.

REFERENCES AND NOTES

1. Coherent scattering has been ignored in this exercise
because of its negligible contribution to the diagnostic
process.

2. A portion of this energy is required to overcome the
forces binding the electron to the atom; the remainder
appears as kinetic energy of the electron.

3. A useful rule of thumb is that the effective keV is
approximately equal to 1/3 kVp for a full or half-wave
rectified x-ray generator.

4. Adapted from Ter-Pogossian, M. The Physical
Aspects of Diagnostic Radiology, Harper and Row,
New York, 1967, pp. 171-176.



LABORATORY EXERCISE 2
RADIOGRAPHIC CONTRAST: SUBJECT CONTRAST

The overall radiographic contrast evident in a radio-
graph is the result of marny contributing factors. Radio-
graphic contrast can be subdivided into two categories:
subject contrast and film centrast. This faboratory exer-
cise illustrates the effect of the following factors on
subject contrast: the composition of the subject itself, the
kVp used, the beam filtration, and scattered radiation.
Film contrast wii. be considered in Chapter 5.

Equipment

This exercise is to be conducted in the Radiological
Health Sciences Learning L+doratory and will require the
use of the following apparatua:

Small teaching .-ray e zhine
Radiation-measuring instrumentation
Assortment of aluminum filters: -
Asgsortment of ivad diaphragms
Cassettes with par speed scraens

F  “ographic film

F .ographic kree pha~tom

£ minum stepwedge

P.raffin blocks

Lead numbers

Procedure -

1. Effect of the Subject Itsslf

Make the fcllowing anterinr-posterior (AP) radiograph
of the knee phantom. (AP or A notation denotes the path
of the x-ray beam during exposure; in an AP radiograph,
the x-ray tub= is on the anterior side of the patient and the
film is on the yostarinr side.) Tape a steel washer, a coin,
or some other higit atilic number material to the phan-
tom near the knee joint. Be sure that the phantom is not
“rocking” back and forth when you expose your film or
you will have a good iliustration of patient motion on your
radiograph.

Exposure parameters:
kVp — 80
mAs — 10
Filtration — 2.5 mm Al added
Diaphragm — 3 inch diameter
Distance — shelf 5
Cassette — 10 X 12 inch, par speed screens

Process the film and examine the contrast and detail of
the different materials of the phantom: the “tissue,” the
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bone, and the high atomic number material taped to the
phantom. Also notice the effect of the different thick-
nasses of "tissue” in different portions of the radiograph.

2. Effect of Kilovoltage

Exposure parameters:
Diaphragm — none
Distance — shelf 5
Cassette — 10 x 12 inch, par speed screens

Using constant filtration, make three exposures of the,
stepwedge on the same sheet of film (in order to eliminate
film and processing variations). Shield all of the film thatis
not under the stepwedge with lead rubber. Be sure to
identify the different exposures with lead numbers.

kVp mAs 