Chapter 4

Learning Objectives

At the conclusion of this chapter, you will be able to:

Define matter and list its three forms

Name the fundamental particles of the atom and list characteristics of each

Draw or describe a conceptual model of atomic structure

List and describe five forms of energy

Draw a sine wave and measure its amplitude and its wavelength

Relate the wavelength of a sine wave to its velocity and frequency

Compare and contrast the characteristics of x-rays with the characteristics of

visible light , :

 Explain the relationships between potential difference, current, and resistance
in an electric circuit and state the units used to measure each '

e State the frequency of alternating current in the United States and Canada
using the correct units

e Describe the process of electromagnetic induction v :

e Draw simple diagrams of a step-up transformer and a step- -down transformer ‘

ampere (A) _ kilovolt peak (kVp)
atom .mass

atomic number matter

binding energy milliampere (MA)
chemical compound -~ molecules

circuit neutron
conductor nucleus

current photon
electromagnetic energy potential difference
electromagnetic induction proton

electron rectification
element resistance (R)
frequency sine wave

ion transformer
ionization volt (V)

K-shell wavelength
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Limited operators do not require an extensive background
in physics, but some basic principles of physical science
are essential to an understanding of x-rays and their use.
This chapter covers the basic concepts of matter, energy,
and electricity and relates these principles to radiography.
It also discusses the nature of radiation.

If your educational background includes coursework in
physics or chemistry, this chapter will provide a compre-
hensive review of the pertinent material. If you are unfa-
miliar with these subjects, it will be important for you to
master them so that you can relate well to the material that
follows.

Everything of a physical nature in the universe can be
classified. as either matter or energy. Both matter and
energy can exist in several forms.

MATTER ’

Matter is defined as anything that occupies space and has
shape or form. The three basic forms of matter are solids,
liquids, and gases. The quantity of matter that makes up
any physical object is called its mass. Although the scienti-
fic definitions differ somewhat, mass is essentally the
same thing we think of as “weight.” An object may change
in form, but its mass is unchangeable. For example, a 20 1b
bucket of water may freeze into a 20 Ib bucket of ice or it
may evaporate, resultng in 20 lb of water vapor. The
form changes, but the mass remains the same.

Laws of Conservation

Matter can be neither created nor destroyed but |t can
change form.

Energy can be neither created nor destroyed but it can
change form.

Atoms

All matter is composed of “building blocks” called atoms.
Scientists have determined that atoms may be made up of
nearly 100 different subatomic particles, but only three
basic particles concern us here. The fundamental particles
that compose atoms are neutrons, protons, and elec-
trons. All neutrons are identical, as are all protons and all
electrons. It is the number and arrangement of these parti-
cles in the atom that account for the differences in matter.

The neutrons and protons together form the nucleus
of the atom, its center. The electrons circle the nucleus in
orbits called shells. A useful model for visualizing atomic
structure is that of the solar system, with the nucleus as the
sun and the electrons as planets in orbit around the sun
(Fig. 4.1). This model was first described by Niels Bohr in
1913 and is referred to as Bob#’s atom.

Atomic particles differ from one another with respect
to electric charge. Neutrons are electrically neutral (0);

that is, they have no electric charge. Protons have a pogj.
tive charge (+). Electrons have a negative charge (—); thay
is, their charge is equal to, but opposite, the charge of ,
proton. A particle’s charge is important because it resulg
in a magnetic effect. Opposite charges attract one another,
seeking a neutral state, and like charges repel one : mother
Neutral particles neither attract nor repel and are noy
attracted or repelled by charged particles. Table 4.1 con.
tains a summary of the characteristics of the fundamentg]
atomic particles.

In its “normal” or neutral state, an atom has an equa]
number of protons and electrons, so the electric charges
are balanced and the atom as a whole has no charge. The
electrons are arranged in their orbits, with a specific num-
ber of electrons allotted to each shell. The shells are let-
tered alphabetically, beginning with the letter K nearest
the nucleus (Fig. 4.2). From the nucleus outward, each
additional shell is greater in size and can accommodate
a larger number of electrons than the previous shell
Table 4.2 lists atomic shells with their letter symbols and
the maximum number of electrons in each. Different types
of atoms will have different numbers of electrons in their
shells up to the maximum shown. From a radiography
standpoint, the most important shell is the K-shell. The
removal of electrons in this shell is one way in which
x-rays are created.

Each of the electrons around the nucleus is in continu-
ous motion. The distance that the shell is from the nucleus
determines the energy level of the electron. The electrons

Electrons in
Nucleus orbits
Fig. 41 Bohr’s concept of the atom.
Wi TABLE 4.1
¥ | Fundamental Atomic Particles
Particle Location Mass Number Chargé
Proton Nucleus 1 +1
Neutron Nucleus 1 0
Electron Orbital shells —1
"




~ Approx.

 Number binding
4 of  energy

electrons (keV)'-f‘i :

8 .12

Fig. 42 Atomic configuration for tungsten. Note shell number
and number of electrons in each shell. Binding energy is
higher for shells closer to the nucleus.

"] TABLE 4.2
8| Electron Shells

Shell Number  Shell Symbol Maximum Number of Electrons
1 K 2
2 L 8
3 M 18
4 N 32
5 0 50
6 P 72
7 Q 98

are held in place by a binding energy, with electrons
nearest the nucleus attached with greater binding energy
than those in outer shells. The binding energy of each
shell varies for different atoms; larger atoms have greater
binding energy than smaller ones.

Elements

The essential characteristic of an atom that determines its
type is the number of protons in the nucleus. An element
is a substance made up of only one type of atom,; that is, all
atoms of an element have the same atomic number.
Scientists have identified 118 different elements; many of
these are rare, and some of them are human made. Each
element has a name and a chemical symbol consisting of
one or two letters, and three common elements we may be
familiar with are calcium (Ca), iodine (I), and lead (Pb).
Each element also has an atomic number that represents
the number of protons in the nucleus. The atomic num-
bers for the three elements described are 20, 53, and 82,
respectively. The greater the atomic number, the greater
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Ejected
electron

©

Fig. 43 Atom of carbon, which makes up 18% of human tissue.
During an x-ray, many carbon atoms will be jonized. (A) X-ray
entering the neutral atom. (B) An outer shell electron is
ejected, leaving more protons than electrons. This atom is
positively charged and ionized. The x-ray is scattered to
another atom or outside the body.

is the element’s mass and density. In radiology, a lead bul-
let inside a body would be easier to see on an x-ray than a
calcium stone because of lead’s greater atomic number
and density. The mass number of the element is the com-
bined total of the protons and neutrons in the nucleus.
One of the most important elements used in the produc-
tion of x-rays is tungsten, which is the element inside the
x-ray tube where the x-rays are created (discussed in
Chapter 5). Tungsten (see Fig. 4.2) is represented by the
symbol W and its atomic number is 74. Its mass number is
184, indicating that the nucleus contains 74 protons and
110 neutrons. The number of neutrons is determined by
subtracting the atomic number from the mass number.

Two or more atoms may combine chemically to form
molecules. This combination occurs with the sharing of
one or more outer shell electrons between atoms. A sub-
stance that consists of only one type of molecule is called a
chemical compound. Water is an example of a chemical
compound. Its chemical symbol is H,O, indicating that it
is made up of two atoms of hydrogen and one atom of oxy-
gen. Substances that contain more than one type of mole-
cule are called mixtures.

lonization

When a neutral atom gains or loses an electron, it is called
an ion and the atom is said to be ionized. This process,
which is called ionization, produces an atom with an elec-
tric charge. If an electron is added to a neutral atom, elec-
trons will outnumber the protons and the atom will have a
negative charge. If an electron is removed, there will be
more protons than electrons, so the atom will have a posi-
tive charge. Because the outer orbital electrons are not
tightly bound to the nucleus, the application of a small
amount of energy can remove an outer orbital electron
from the atom (Fig. 4.3).

A familiar example of ionization is the “bad hair day”
that occurs when the weather is cold and dry. The fricdon
of a hairbrush removes electrons from atoms in the hair.
In very dry air, the electrons cannot readily return to their



*MO[[O] 18T} SUONDIS I UI [1EI9P
3018913 U PassnosIp S1e suriof A31ous 953y I, “103e19d0o pair
-un| 93 01 [enusssd st A31ous dnsudewonds|s pue 431ous
omdde Jo Surpueisiopun oarsusyardurod srowr y
(9% 314)
OABM QUIS JO %440/ Jyprosnuis © [[ed SISDUDIOS 1Bt uroned e
‘onem Suneador € JO ULIO} 93 UL IND00 p[ay S ul safueyo
39y, ‘(v "S1y) Aqreonoudew pue A[eoLnose yroq
ssed Aomp yorym ysnoxys ppy oyt Jurdueyo ‘sonrodoxd
onduSeur pue dLNOJ[ YIOq 2Ry sardroud 9sayJ, ‘AS1ous
JO SWLIO} IS0 PUE ‘SIABMOIDIW ‘S9ABM OIper ‘sAeI-x 9y
Jo s1s15U00 A819US Sy T, "A30[oIper ur Aep 1949 I [Ep
am £310us jurrrodunt o st A819uUs onduSewondary
"auryorw Ae1-X 9 ur s[24d] ySry A104
01 pastex st 958e3[0A OLDDI[S MO[ PIBPUEIS AT 9STILII SABI-X
Suonpoid ur yuerrodur st 4319Us 129y *AINos)e our
pawoau0s st 431oud [enuaod smp ‘Qouerdde we ur Sngd
10 JySTyse[y B UO WIM3 3M USYAA I9J00S [[EM PIsnun ue
18 10 A1o11Eq ® UI SISIXS A8I0US OIMO9[e [enud0g AS1ous
[enusiod jo w0y S ur ISIXS Aewr ose ASIous ormoo[y
"d[durexs 10§ 9se03 oyewl pue ‘s19InduIod MO UNI ‘sowoy
o 3y 03 31 IS0 IAA "SO JO [[ 01 JEI[IUIe SI II ‘SNOLIS}
-shw wass Aeur $s9001d s y3noya[y J1om op o3 sofreyd
Amo3d Jo Aiqe I st ‘AN 10 ‘(Bious srusapy
"quIoq Te3[onU e Jo uorso[dxa oy 10 Jued romod
Tespnu € ur LR[S sonpoid 03 pasn ASxous oy TSI T,
‘soprponuorpel Aq pases|a1 A31ous o st AFous vapnN
"JE9Y 03 PIISAUOD SI QM
fe1-x a1 ur pa3esId £319Us Jo Lymofewr oy e UIES] (I
no£ 151deyo 193] B U "PS[00D USYM SIOBIUOD pue pajedy
Usym 9z1s ur spuedxo ropewr Aym surepdxs uouswou
~oyd sIy T, "Sna[onu Sy3 WIO JSYIIEJ AW O3 SUONII[ P
Sasned yorym ‘puedxs $IIQIO SYI puUE SIIGIO JIOYR UT JIISE]
30w SUOMII[D ‘sasiI dImeradua) Sy ‘uopouwr JIWOIE JO
Insa1 AU SI pUe 7724 P3[[ed A[uoururod st AG.coua jrutiaq ],
*$9559001d [€31A I9YNO AUBUI pUE JUSUISAOW
Spsnwr 10§ paxmbar A315us o1p seonpoid jes am pooy
S woyy A315u5 [eorway)) *ASIoUs [edruByOSUI 03T dUI|
~oseS o AS10uo [EOTWIAYD 91 S119AU0D durdus surjoses ¥
"a1y st A319U0 [EOTWAYP JO S[durexs Uy *Sa[NII[OW JO SUIOIE
ur soueyd [edTWaYD YInoIys pases[au st AG.aua jyauaq)

481 Jo paads sy Je sury ySrens e ur Surpeaen
S9ABM QUIS OM) SE PIZI[ensia 39q ued uojoyd Le1-x uy gy ‘B4

146y Jo
Paads ay) yum

uopoang pley onsuben

|

p|ely 011084 —>

“opeuI ST
amsodxs oy 210joq A319us [enuatod ydry A1oa e sey
aqmy Ae1-x 91 381 UIE] [[1m noA 1ondeyd 1o3e] € Uy “AF10U2
omoup| ojul PalIoAUOD SI pue pased[dr os[e sI AJrouo
[enuatod sy ‘pasesfal st [[eq a1 usypp ‘uomisod sir joO
9snedaq [[eq Y UI , PII03S,, SI I 9STET 03 pa1mbar jzom o3
‘pay uaaq sey [[eq Surmoq e uaypp ‘AS1ous  parols, se
0 1ySnoys aq ued A3x1ous [enuslo ‘surd oy umop o]
03 4810u5 sey uonour ur [feq Surmoq e ‘O[dwrexs 10, yI0M
op 03 399[qo Suraour e Jo Afiqe o ‘vonour jo AZroud
st A31ous onoury] ‘AS1ous [enuslod 10 A310ud SmOUD
IO St PIYISSed oIy oq ued AGsous jrauvqIIpy

*oNougeuronos[d pue
OLOO9[9 ‘Iesponu ‘Jeuroyl ‘[EoruIoyd ‘reorueydour :sadAy
Suimor[oy oayp orur A815us sayIssed poypow AU ‘shem
snorrea ur A310u9 pazrr0§a1ed 4By SISOUIDS "ADLOOS[
pue 9y8I 9eay opnpur AS10Us JO SULIO} IEI[TUUE} SWIOS
*ISYIOUE 0] ULIOJ 9UO WOy paSueyd 9q Ued pUE SULIOJ [e19
-A3S UI SINDJ0 3] I0M Op 03 AMN[IqE Y3 St pIUYap St AZ.causy

LENE

*JX91 9 UT J91e[ PISSNOSIP UODEIPEI JO SI09f3 dARESou

913 jo Auewr surejdxs e 10ej ® ‘(4 "S1y) Apoq ueumy

9Y3 JO surole Sy} Ul UONEZIUOI Isned sAeI-Y °AJo[orpex
Jo pey oy ur juerrodunr AI9A ST UONEBZIUOL ULISY Y T,

“10130801 A[pooWS 1] 10U [[I4 PUE ISYPOUE SUO

woyy pafadar a1e sIrey S ‘1930 Yoea [adar sadreyo oy

osnedaq *a31eyo 9anIsod B [RIM 3] SI Iy YIEd puE ‘SIIqI0

‘WOlE 93 WOy Pa3dafs st uondspd

[1PYS-3 oY I, ‘P2qIosqe AJ[e103 saurodaq AeI-x 9y |, “UOQEZIUOL
Suisneo pue ([joys-3]) WODII[A [[9Ys JauUT ue P Funoeraur
pue Apoq uewmny 9y3 Ul wole ue Juroud Le1-Y ¢y By

Aei-x
o
jusproup

o135 AVY-X o Il LHYd 14/



Vibrating rope

Tuning fork
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Oscillating spring

Fig. 46 Sine waves are energy expressed in a recurring
waveform. Sine waves are associated with many naturally
occurring phenomena, including electromagnetic radiation.

ELECTROMAGNETIC ENERGY

As stated earlier, electromagnetic energy occurs in the
form of a sine wave. Several characteristics of this wave-
form are significant. The distance between the crest and
the trough of the wave (its height) is called the amplitude
(Fig. 4.7). More important in radiology is the distance
from one crest to the next, or wavelength (Fig. 4.8). The
frequency of the wave is the number of times per second
thata crest passes a given point (Fig. 4.9).

Electromagnetic energy moves through space at the
velocity (speed) of approximately 186,000 miles/s. All
electromagnetic energy moves at the same velocity. When
the wavelength is short, the crests are closer together, so
more of them will pass a given point in a second, resulting
in a higher frequency. Longer wavelengths will have a
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Fig. 4.7 Sine wave amplitude, the distance from crest to trough.
These three sine waves are identical except for their amplitude.

Wavelength =1 cm
<>

Wavelength = 0.5 cm
<>

Wavelength = 1.5 mm
—>| |«

Fig. 48 Sine wave wavelength, the distance from crest to crest.
These three sine waves have different wavelengths. The
shorter the wavelength, the higher the frequency. An x-ray
would appear like the bottom wavelength.

Fig. 49 Sine wave frequency, the number of crests or troughs
that pass a fixed point per unit of time. The unit of time is
typically 1 second. :
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lower frequency and this may be expressed mathematically
as follows:

Velocity = Wavelength X Frequency

The more energy the wave has, the greater its fre-
quency and the shorter its wavelength. We can therefore
use either wavelength or frequency to describe the energy
of the wave. In radiology, wavelength is more often used
to describe the energy of the x-ray beam. The average
wavelength of a diagnostic x-ray beam is approximately a
billionth of an inch. X-rays with greater energy bhave shorter
wavelengths, have higher frequencies, and are more
penetrating.

The wavelength of electromagnetic radiation varies
from exceedingly short (even shorter than that of diagnos-
tic x-rays) to very long (more than 5 miles). This range of
energies is known as the electromagnetic spectrum and
includes x-rays, gamma rays, visible light, microwaves, and
radio waves (Fig. 4.10). Radiaton with a wavelength
shorter than 1 nm (0.000000001 m) is often called ionizing
radiation owing to the fact it has sufficient energy to
remove an electron from its atomic orbit. X-rays are one
type of ionizing radiation.

The smallest possible unit of electromagnetic energy is
the photon, which may be thought of as a tiny “bundle” of
energy. Photons come out of the x-ray tube as discrete
bundles of energy.

Applications: Wavelength:
Therapeutic x-ray | 1/100,000 nm
1/10,000 nm :
Gamma rays 1/1000 nm lonizing
1/100 nm
Diagnostic x-ray 1/10 nm
1nm
Ultraviolet rays 10 nm
100 nm
Visible light 1000 nm :
Infrared rays 10,000 nm
100,000 n
Radar | Nonionizing
Television
Radio

Fig. 410 Electromagnetic spectrum. The applications below the
bold line are nonionizing because they have longer
wavelengths. Note x-rays appear above the bold line. X-rays’
very short wavelengths enable them to ionize tissues.

Wavelength X Frequency Velocity

The velocity of electromagnetic radiation is 186,000 mileg/s.
Note that a/l electromagnetic radiation has the same velocity.

| —

« Sine waves with shorter wavelengths (higher frequency) have |

more energy.
« X-rays with shorter wavelengths are more penetrating.

Sine Wave Energy

- o Sufficient energy to remove an electron from its orbit.
» Wavelength of 1 nm or less. :
o X-rays are one form of ionizing radiation.

CHARACTERISTICS OF X-RAYS

X-rays have very unique characteristics, which are sum-
marized in Box 4.1. Because x-rays and visible light are
both forms of electromagnetic energy, they have some
similar characteristics. Both travel in stralght lines at the
same velocity.

Both x-rays and light have a biologic effect; that is, they
can cause changes in living organisms. For example, exces-
sive exposure to either sunlight or x-rays may cause burns
to the skin. X-rays are capable of producing more harmful
effects than light because of their greater energy.

Unlike light, x-rays cannot be detected by the human
senses. This fact may seem obvious, but it is important to
consider. If x-rays could be seen, felt, or heard, we would
have an increased awareness of their presence, and radia-
tion safety might be much simpler. Because x-rays are
undetectable, safety requires that you learn to know when

njox 4.1
Characteristics of X-Rays

¢ Have no mass

o Are highly penetrating and invisible

Are electrically neufral

Produced over a wide range of energies and wavelengths
Travel in straight lines at the speed of light

Can ionize matter

Produce biologic changes in tissues

Produce secondary and scatter radiation




and where x-rays are present despite being unable to per-
ceive them.

X-rays can penetrate matter. This penetration is differ-
ential, depending on the mass, atomic number, and thick-
ness of the matter. For example, x-rays penetrate air in the
lungs very readily, but there is less penetration of muscle
or bone.

The x-rays come out of the x-ray tube and into space
until they are absorbed or go through the human body. In
the body they can produce biologic changes in tissues,
such as cancer. You will study this in Chapter 11.

ELECTRICITY

X-ray energy is human made and is produced electrically.
To understand this process, it is helpful to know some-
thing about electric current. Electric current will flow in a
vacuum, in certain liquids (saltwater, for example), and
through certain metals called conductors. Copper wire is
an excellent conductor and is commonly used for electric
wiring. It is connected to form a circuit, namely a contin-
uous path. Current will flow in the circuit when there is a
difference in electric charge — a potential difference —
between two points in the circuit. Current is produced
when negatively charged electrons flow toward a positive
charge. A positive potential can be maintained at one point
in the circuit by means of electric energy from a battery or

a public utility.

Electric Units

Three electric factors are part of an electric circuit: resis-
tance, current, and potential difference. Practically, only
current and potential difference are important in our
understanding of how x-rays are created from an electric
circuit.

Resistance is any property of the circuit that opposes
or hinders the flow of current. The unit used to measure
resistance is the ohm, represented by the Greek letter
omega (2). Resistance depends on several factors: the
material of the conductor, its length, and its diameter.
The longer the conductor, the more resistance it will pro-
vide. Resistance is decreased when the wire diameter is
greater.

Current is the guantity of electrons flowing in a circuit.
The ampere, abbreviated A, is the unit used to measure
the rate, or volume, of current flow in the circuit. In your
home the electric circuit to the toaster may require 8 amps
and the circuit to a lamp may require only 1 amp. In radi-
ology, every body part will require a different amperage
setting on the generator.

Potential difference is the force, or speed, of the elec-
tron flow in the current. The volt, abbreviated V, is the
unit used to measure potential difference. In your home
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the electric circuit to the stove or dryer that contains
220 V has twice the amount of electricity as the 110 V cir-
cuit going to your television. In radiology, every body part
will require a different voltage setting on the generator.

In our daily work in the radiology department we never
use the terms current and potential difference. Instead,
the units amp and volt are used in every x-ray we take
because these are two of the factors set on the x-ray gen-
erator to send electricity to the x-ray tube. Limited opera-
tors can separately control the volts and amps.

The electric requirements for x-ray tubes are much dif-
ferent from those for household appliances (Table 4.3).
The voltage provided by public utilities for general house-
hold use is 120 V, and a common household circuit has
a current of 15 to 30 A. X-ray tubes use much greater vol-
tage and less amperage. A typical x-ray tube operates at
a range of 40,000 to 125,000 V (very high numbers). The
x-ray tube current is less than 1 A at approximately 0.025
t0 0.5 A (very low numbers). For this reason, it is conveni-
ent to use the kilovolt peak (kVp), equal to 1000 V, to
measure the voltage across an x-ray tube, and the milliam-
pere (mA), equal to Y00 of an ampere (0.001 A), to mea-
sure x-ray tube current. Using kVp and mA makes it easier
to relate to values. For example, for the typical x-ray tube
voltages described earlier, the range would be described as
40 to 125 kVp; note the smaller numbers used. For the
amperages described above, the range would be 25 to
500 mA; note the lack of decimal points and zeros. The
volt and amp numbers are to relate to when using kilovolts
and milliamps. The significance of these units in x-ray
producton is discussed in Chapter 5.

Table 4.4 lists units of electric measurement that are
important for radiographers to remember.

TABLE 4.3
M| Electric Supply Requirements: Household
Versus X-Ray Tube

Volts Amps
Household circuit 120V 30.0 A
X-ray circuit 120,000 V 0.3A
TABLE 4.4
M| Electric Units
Measurement Unit Abbreviation
Current Ampere A
Milliampere mA
Kilovoltage Voit vV
Kilovolt peak kVp
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Electric Clrouits

An electric circuit is a continuous path for the flow of elec-
tric charges from the power source through one or more
electric devices and back to the source (Fig. 4.11). Electric
circuit diagrams are “maps” of circuits that show how cur-
rent flows through the devices connected in the circuit.
Table 4.5 contains some common symbols used in these
diagrams. Circuit diagrams are used in this text to demon-
strate electric principles and to explain the function of the
x-ray machine, so it will be helpful for you to become
familiar with these symbols.

Direct Current and Alternating Current

The electric service provided by a public udlity is in the
form of alternating current (AC). The polarity (positive or
negative electric potential) of the power source reverses at
regular intervals, causing the current to flow first in one
direction, then in the opposite direction (Fig. 4.12). The

Power supply

\\/
SRS
o

A\

=

Fig. 411 Current flow through a circuit.

< ———

@ TABLE 4.5
Electric Circuit Elements: Their Symbols and

Functons
Circuit Symbol Function
Element
Ammeter @ Measures electric current
Voltmeter Measures electrical potential

Increases or decreases voltage
by fixed amount (alternating
current only)

Diode Allows electrons to flow in only
> I one direction

Transformer %“

Modified from Bushong SC: Radiologic science for technologists, ed 10, St Louis,

2013, Mosby.

change is not instantaneous. In a household circuit, fq,
example the electric cycle begins with the voltage at 0,
increases to a positive 120 V, where it peaks, and the,
declines to 0 again. At this point the polarity changes ang
the voltage increases from 0 to a megative 120 V, peaks
and again returns to 0 (Fig. 4.13). In the United States and
Canada, public utilities deliver AC at a frequency of 6
cycles/s. The unit of electromagnetic frequency is the
hertz (Hz); thus the duration of each cycle is /0 second,
Half a cycle is called an impulse. There are 120 impulses/;
with 60 Hz AC, so the duration of 1 impulse is Y120 s. Ij
radiology, high-frequency generators are used and for
these the frequency is increased from 60 Hz to as high as
6000 Hz. These are described in Chapter 6.

This alternating polarity produces electric current that
is constantly changing. The current flow increases, peaks,
and declines as the voltage changes. The current flow
changes direction when the polarity changes.

AC can be converted so that it flows in one direction
only. This process is called rectification. The x-ray tube
cannot produce x-rays unless the current is rectified.
Rectified AC is sometimes also referred to as direct current,
it differs from direct current (DC) produced by a batterv
in that it is pulsating rather than constant (Fig. 4.14). In
the x-ray room, electricity comes in as AC, 120 V, 90 As,
60 Hz. The transformer of the x-ray machine will change

Current flow
_
—————x
—/+
Power
source @ Q)
AC
+/-
— >
(———

Fig. 4.12 Simple electric circuit, alternating current (4C). The
polarity of the power source alternates between positive and
negative at regular intervals. 4, Ammeter.

1120 s
(1 impulse)
<>

1/60 s
(1 cycle)

AC in United States and Canada: 60 cycles/s (60 Hz)

Fig. 413 Voltage waveform of alternating current (4C).



1120 s
(1 impulse)
<>

+100

2
S 0
-100

1/60 s
(1 cycle)

Fig. 414 Voltage waveform of rectified alternating current.

Fig. 415 When a conductor moves in and out of a magnetic
field, alternating current will flow in the conductor. N, North
magnetic pole; S, south magnetic pole.

this to DC, variable 40 to 125 kVp, variable 50 to 500 mA,
and up to 6000 Hz. This transformation of electricity is
discussed in Chapter 6.

ELECTROMAGNETIC INDUCTION AND

TRANSFORMERS

Magnetic fields and electric energy are interrelated.
Magnetic fields can be used to produce electricity and,
conversely, electric currents create magnetic fields.
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Fig. 416 When a magnetic field moves in relaton to a
conductor, alternating current will flow in the conductor.
N, North magnetic pole; S, south magnetic pole.

When a conductor is placed in a magnetc field and
there is movement between the lines of magnetic force
and the conductor, electric current will flow in the con-
ductor. This principle can be demonstrated by moving a
circuit in and out of the force field surrounding a magnet
(Fig. 4.15). The same result is obtained by moving the
magnet in relation to the conductor (Fig. 4.16). This pro-
cess is called electromagnetic induction. When the
direction of the movement changes, the direction of the
current flow is reversed, creating AC. This effect also
occurs with a change in the influencing pole of the mag-
net. For these reasons, induced current is ahways AC. This is
the principle used to generate electric power. When cur-
rent is flowing through a circuit, it creates a magnetic field
surrounding the conductor (Fig. 4.17). If this current is
alternating, its magnetc field will be in constant motion.
This moving magnetic field can be used to induce current
to flow in another conductor (Fig. 4.18). The circuit that
is connected to the power supply is called the primary cir-
cuit, and the circuit that carries the induced current is
called the secondary circuit. Note that the two circuits are
not connected to each other.

Electromagnetic induction is the basis for the transfor-
mer, the device used to produce the high voltage required
for x-ray production. A transformer consists of primary



50 FAET N ¢ X-Ray Science

and secondary coils, usually surrounding an iron core
(Fig. 4.19). Electric current always flows from the primary
to the secondary coils.

When different numbers of turns, or “windings,” are
used in the coils of the primary and secondary circuits, the
kilovolt peak across the two coils will also be different.
This makes it possible to change voltage by means of elec-
tromagnetic induction, which is the primary purpose of a
transformer. When there are more windings in the sec-
ondary coil than in the primary coil, the voltage on the
secondary side is greater, and the transformer is called a

Wire

Magnetic
field lines

Current

Fig. 417 A magnetic field is created around a conductor when
current flows through the circuit. When the current is
alternating, the magnetic field is in constant motion.
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step-up transformer (Fig. 4.20). On the other hand, if the
secondary side has fewer turns, the secondary voltage wil]
be less than the primary voltage and the transformer ig
called a step-down transformer (Fig. 4.21). The voltage
increase or decrease produced by a transformer is directl
proportional to the number of turns in each coil. For
example, if the secondary side has twice as many turns as
the primary side, the secondary voltage will be twice the
primary voltage.

A transformer always increases or decreases the incom-
ing voltage by a set multiple called the transformer ratio.
The first number in the ratio is always the number of

Primary Secondary
coil coil

Fig. 419 A transformer consists of two circuits coiled around an
iron core that enhances the magnetic fields. Because the

circuits are insulated from the core, current cannot flow

directly between the circuits.

Ammeter measures
induced current

Secondary
circuit

Fig. 418 When a conductor is placed in the magnetic field of an alternating current AC) _c'irquit, induced current will flow through
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Flg. 420 A step-up transformer has more windings on the
secondary side. This type of transformer is used in x-rays to
increase the volts to kilovolts.

Primary

3 Secondary

Fig. 4.21 A step-down transformer has fewer windings on the
secondary side. This type of transformer is used in x-rays to
reduce the amperage down to milliamperage levels.

windings on the secondary side. For example, if the vol-
tage across the primary side were 200 V and the transfor-
mer had 500 secondary turns for each primary turn, the
ratio would be 500:1 and the secondary voltage would be
200 X 500, or stepped up to 100,000 V (100 kVp). On
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the other hand, a transformer with 90 turns on the primary
side and 30 turns on the secondary side would have a
1:3 ratio. If the primary voltage were 150 'V, the secondary
voltage would be 150 + 3 or stepped down to 50V,
Mathematical caleulations involving transformer ratios
and voltage are covered in Chapter 3.

Itis helpful to remember that both voltage and amper-
age flow in an electric circuit and thus, amperage also
flows through the transformer; however, kilovoltage and
amperage are inversely proportional while flowing through
the transformer, It is important to remember that as a
step-up transformer increases voltage from primary to
secondary, amperage is decreased. Conversely, as a step-
down transformer decreases voltage from primary to sec-
ondary, amperage is increased. An x-ray machine uses
both step-up and step-down transformers. These will be
discussed in more detail in Chapter 6.

SUMMARY

The atom is the basic building block of all matter, consist-
ing of positively charged protons and uncharged neutrons
in its nucleus and negatively charged electrons in orbits
around the nucleus. Ionization takes place when a neutral
atom or molecule gains or loses an electron, which results
in one or two charged particles.

Energy exists in many forms and can be converted from
one form to another. X-rays are one form of electromag-
netic energy. Electromagnetic energy exists in the form of
sine waves, whose energy is a function of their wavelength.
X-rays have no mass and are not visible. They travel in
straight lines at the speed of light and can penetrate mat-
ter. They have a very short wavelength and very high
frequency. ;

Electric current is the flow of electric charges in a cir-
cuit. Potential difference (voltage) causes current (amper-
age) to flow through resistance. A conductor in which AC
flows is surrounded by a moving magnetic field. This field
can induce current to flow in a circuit that is adjacent to it.
This electromagnetic induction is the principle of the
transformer, a device used to change voltage in the x-ray
circuit.



