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Thomas Edison is seen viewing the hand of his
unfortunate assistant, Clarence Dally, through a
fluoroscope of his own design. Dally’s hand rests on
the box that contains the x-ray tube.
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The Ten Commandments of Radiation Protection

1. Understand and. apply the cardinal principles of 7. The person who is holding the patient must always

radiation control: time, distance, and shielding. wear a protective apron and, if possible, protective
2. Do not allow familiarity to result in false security. gloves. i
3. Never stand in the primary beam. 8. Use gonadal shields on all people of childbearing
4. Always wear protective apparel when not behind a age when such use will not interfere with the
protective barrier. examination.
5. Always wear an occupational radiation monitor and 9. Examination of the pelvis and lower abdomen of
position it outside the protective apron at the collar. pregnant patients should be avoided whenever
G lialie, QP Gzt GIEE RnE Pl possible, especially during the first trimester.
tion. Use michgiicy’ setfinpgydevices when 10. Always collimate to the smallest field size appropri-

possible. Otherwise, have family or friends hold

the patient ate for the examination.
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INTERNATIONAL SYSTEM OF

CUSTOMARY UNIT UNITS (SI)
Quantity Name Symbol Name Symbol
Exposure roentgen R air kerma Gy,
Absorbed dose rad rad gray Gy,
Effective dose rem rem sievert Sv
Radioactivity curie Ci becquerel Bq
Multiply R by 0.01 to obtain Gy,
Multiply rad by 0.01 to obtain Gy,
Multiply rem by 0.01 to obtain Sv
Multiply Ci by 3.7 x 10" to obtain Bq
o
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Element Chemical Symbol Atomic Number K X-ray Energy (keV)* Melting Temperature (°C)
Tungsten w 74 69 3400
Molybdenum Mo 42 19 2600
Rhodium Rh 45 23 3200
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Nominal Focal Spot Size Compared With Maximum Acceptable Dimensions

Nominal Focal Spot Size Acceplable Measured

(mm) Focal Spot Size (mm)
Width x Length Width X Length
0.1 x 0.1 0.15 x 0.15
0.3 x 0.3 0.45 x 0.65
0.4 X 0.4 0.6 X 0.85
0.5 X 0.5 0.75 X 1.1
1.0 X 1.0 1.4 X 2.0
2.0 X 2.0 2.6 X 3.7
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Posteroanterior chest images
demonstrate the heel effect. A, Images
taken with the cathode up (superior). B,
Image with cathode down (inferior).
More uniform radiographic density is
obtained with the cathode positioned
to the thicker side of the

anatomy, as in B. (Courtesy Pat Duffy,
Roxbury Community College.)
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Question:

Answer:

A particular examination results in delivery
of 50,000 HU to the anode in a matter of
seconds. How long will it take the anode to
cool completely?

The 50,000-HU level intersects the anode
cooling curve at approximately 6 minutes.
From that point on, the curve to complete
cooling requires an additional 9 minutes
(15-6=29). Therefore, 9 minutes is required
for complete cooling.
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Question: A 30-keV x-ray ionizes an atom of barium
by ejecting an O-shell electron with 12 keV
of kinetic energy. What is the energy of the
scattered x-ray?

the binding energy of an O-shell electron of barium is 0.04 keV

30 keV = Es+(0.04 keV +12 keV)
E, =30keV —(0.04 keV +12 keV)
A<M =30keV - (12.04 keV)
=17.96 keV
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Atomic K-Shell Electron
Element Number Binding Energy (keV)
Hydrogen 1 0.02
Carbon 6 03
Nitrogen 4 0.4
Oxygen 8 0.5
Aluminum 13 1.6
Calcium 20 4.1
Molybdenum 42 19
Rhodium 45 23
lodine >3 33
Barium 56 37
Tungsten 74 69
Rhenium 75 72
Lead 82 88

Atomic Number and K-Shell Electron Binding Energy of Radiologically
Important Elements
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Relative probability of interaction

o
a

interaction with soft tissue for a 20-keV
x-ray is 1, how much less likely will an
interaction be for a 50-keV x-ray? How

e much more likely is interaction with iodine
20 40 6o anjgoo 120 140 (Z = 53) than with soft tissue (Z = 7.4) for
X-ray energy (keV) a 50-keV x-ray?
il o

At il g A8 e S5 e S Jeld Cpan Jlaia) 3l B
Balall (5 A daall 5 dyipdl

53 )) ol x5 68 Ala (xS e Lo Jlaia¥) 138 iy
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Question: If the relative probability of photoelectric ~ Answer: [

Skall (g A daall

EOI‘CVI_[E]‘-ODM
s0keV) \s5) 7
(_5_3];_163

3

Type of Substance Effective Atomic Number
HUMAN TISSUE

Fat 6.3
Soft tissue 7.4
Lung 7.4
Bone 13.8
CONTRAST MATERIAL

Air 7.6
lodine 53
Barium 56
OTHER

Concrete |74
Molybdenum 42
Tungsten 74
Lead 82

Effective Afomic Number of Materials Important to Radiologic Science
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Question: What is the relative probability that 60-keV
x-rays will undergo Compton scattering in
bone compared with soft tissue?

Answer:  Mass density of bone = 1850 kg/m*

Mass density of soft tissue = 1000 kg/m*
LTI
1000

i a0

salall A8, 4383le ¢ Laalall) yaliaial)

Substance Mass Density (kg/m’)
HUMAN TISSUE

Lung 320
Fat 910
Soft tissue, muscle 1000
Bone 1850
CONTRAST MATERIAL

Air 13
Barium 3500
lodine 4930
OTHER

Calcium 1550
Concrete 2350
Molybdenum 10,200
Lead 11,350
Rhenium 12,500
Tungstate 19,300

Mass Density of Materials Important to Radiologic Science
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x\ Answer:

Question:

(0 BES (o 0y 3 o) 5]

Assume that all x-ray interactions during
mammography are photoelectric. What 1s
the differential absorption of x-rays in

microcalcifications (Z = 20, p = 1550 kg/
m?) relative to farty tssue (£Z = 6.3, p =
910 kg/m?)?
Differential absorprion due ro aromic
number:
> 3
(—0 — ENEY Joe et
6.3 250
Differentuial absorpuon due ro mass densiry
1550
= =1.7:1
910

Tortal differential absorprion
=32x1.7=54.4:1

Question:

Answer:

whad g 0

What is the probability that an x-ray will
interact with iodine rather than soft tissue?
Differential absorption as a result of atomic
number:

3
(5_3] ~367:1

7.4
Differential absorption due to mass density
4.93
=——=4.93:1
1.0

Total differential absorption
=367x4.93=1809:1
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X-ray energy (keV)

Number of x-rays

72kVp

whad (g0

kVp @5l te Gudaall Al o<l agal) i

Question: Answer:  The area under the curve and the output
Suppose the curve labeled 72 kVp covers a intensity are proportional to the square of
total area of 3.6 cm?and represents an x-ray the ra_[io of the kVp change. A ratio can be
quantity of 1.25 mGy. What area under the established.

T i 82\?
curve and'x ray quantity would be expected ("_—) (3.6 cm?) = (1.3)(3:6 cm?) = 4.7 em?
for operations at 82 kVp? 72)

and
(1.3)(1.25 mGy,) = 1.63 mGy,
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Factor

Effect

Tube current
Tube voltage
Added filtration

Target material

Voltage
waveform

Amplitude of spectrum

Amplitude and position

Amplitude; most effective at low
energy

Amplitude of spectrum and position
of line spectrum

Amplitude; most effective at high
energy

i a0

i) i) Cada e 5 5i5all Jal gl

An Increase in

Results in

Current (mAs)

Voltage (kVp)
Added filtration

Target atomic
number (Z)
Voltage ripple

An increase in quantity; no change
in quality

An increase in quantity and quality

A decrease in quantity and an
increase in quality

An increase in quantity and quality

A decrease in quantity and quality
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Exposure (i Gy /mAs) at 100 cm

150 kVp
125 kVp
110 kVp

100 kVp
90 kVp

80kVp
70kVp

60 kVp
50 kVp

40kVp

2 | | 1 | |

1 2 3 4 5
Total filtration (mm Al)

These curves apply only for single-
a1 Rhase, full-wave—rectified apparatus

L) A iV 308 e 5 figall Sl sall

Ad sl

sanl 5 Loc L)y gucill Aadiil 8 Aipuad) 431 A 305 (5
(MGyq) slsell gl Sl

MGy /s, (Clasl g el a w2l Jaa G4 p
MGy,/min, mGy,/mAs

eS¢ e delad) de ja el dadY) il jaai p
1 2 e dldy 50 UGy /mMAS @ 3 cul b LS 70 4iad

il Gyl

i) AV 3ad e 5 5igall Sl sal)

The Effect of Image Receptor
Increasing X-ray Quantity Is  Exposure Is
mAs Increased Increased
proportionately
kvp Increased by Increased by
( kVps )2 (ksz i
kVp, kVPI
Distance Reduced by Reduced by
(&) (&)
d! dg
Filtration Reduced Reduced
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X-Ray Quantity and mAs

where |, and I, are the x-ray intensities at mAs,
and mAs,, respectively.

Question: A laferal chest fechnique
calls for 110 kVp, 10 mAs, which results
in an x-ray intensity of 320 uyGya at the
position of the patient. If the mAs is
increased to 20 mAs, what will the x-
ray infensity be?

whad (g0

Answer:

X _20 mAs
320uGy, 10 mAs
<= 320uGy.) 20 mAs
10 mAs

=640 Gy,

i) AV 3ad e 5 5igall Sl sal)

X-Ray Quantity and mAs

h_mAs

[z I'I'IAS;»

where |, and I, are the x-ray intensities at mAs,
and mAs,, respectively.

Question: The radiographic fechnique
for a kidneys, ureters, and bladder (KUB)
examination uses 74 kVp/60 mAs. The
result is a patient exposure of 2.5 mGya.
What will be the exposure if the mAs
can be reduced to 45 mAs?2

whad g 0

X _45mAs
2.5mGy, 60 mAs
_ (2.5 mGy,)(45 mA

Answer:

s)

60 mAs

= 1.9 mGy,
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where C (coulomb) is a measure of electrostatic du“‘ ’

charges and 1 C = 6.25 x 10" electrons.

Question: A radiograph is made at 74 kVp/100 mAs.
How many electrons interact with the
target?

Answer: 100 mAs= 100 mC

=6.25x10" electrons

whad (g0

i) A 3as e 3 )55l Jal gl

X-ray Quantity and kVp oS Jdme o e aa 130 dindl 4adY 508 s p
h =[m] At il e Gilaall 50 eS)) agal

i kVp:

Iz

where /; and [, are the x-ray intensities at kVp,
and kVp,, respectively.

0.32 mGy, _ [ 110 kVp ]1

Question: A lateral chest technique calls for 110 kVp, Answer: I, 125 kVp
10 mAs and results in an X-ray intensity of [ s
0.32 mGy, (32 mR). What will be the I =(0.32 mGy 125kVpY
intensity if the kVp is increased to 125 kVp 2 - 3BmGy.) 110kV
) BcEed p
and the mAs remains fixed? . i
=1(0.32 mGy,)(1.14)

=(0.32 mGy,)(1.29) = 0.41 mGy,

i a0
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X-ray Quantity and kVp

L (kvp Y

b \kVpa

where I; and [, are the x-ray intensities at kVjp;y
and kVp,, respectively.

An extremity is examined through a Answer:
technique of 58 kVp/8 mAs, resulting in an

entrance skin exposure (ESE) of 240 uGy,.

If the technique is changed to 54 kVp/8 mAs

to improve contrast, what will be the x-ray

quantiry?

Question:

I ( 54 kVp ]’
240 pGy, 58 kVp

54kVpY
58 kvp]

= (240 pGy,)(0.93)

= (240 puGy,)(0.867) = 208 uGy,

I=(240 uCy_][

whad (g0
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Question: A radiographic  technique «calls for Answer: | _(15mAs (92 kVp !
80 kVp/30 mAs and results in 1.4 mGy.. 1.4 mGy, | 30 mAs ][ 80 k\"p]
What is the expected ESE if the kVp is v —
increased to 92 kVp (+15%) and the mAs I=1.4 mGy, L mas ][ i
30 mAs /\ 80 kVp

reduced by one half to 15 mAs?
= 1.4 mGy, (0.5)(1.32)= 0.92

whad (g0

\

mGy,

i) A 3as e 3 )55l Jal gl

X-ray Quantity and Distance Rl Jaza D el LASQ 37\3:3“]\ M‘Y\ PR k._\ut\ﬁ >
TlL: (%".)z Y sl drias Cana e il

where I; and I; are the x-ray intensities at
distances dy and d:, respectively.

b

13mG 91 cm V2
Question: Mobile radiography is conducred at 100 cm Answer: MJI_TCJL:{ lol(;cn; ]

SID and results in an exposure of 0.13 mGy, [ 3

(13 mR) at the image receptor. If 91 cm is by ={0.13m(}y;)[ 190 "m]

the maximum SID that can be obrained for 91cm

a particular examinartion, what will be the =(0.13 mGy,)(1.1)*

image receptor exposure? =(0.13 mGy,)(1.1) = 0.14 mGy,

i a0
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X-ray Quantity and Distance

L (i]z
L, \d

where /, and /; are the x-ray intensities at

distances d, and d;, respectively.

L) 2N 308 e 3 el Jal gl
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A G gl deias Caaa (e ddldl)

Question: A posteroanterior (PA) chest examination & cwer ;=( 300 ‘:m]
(120 kVp/3 mAs) with a dedicated x-ray 0.12mGy, \100 cm
imaging system is taken atan SID of 300 cm. 300 cm )
The exposure at the image receptor is 1=0.12 mCy.[ 100G J
0.12 mGy, (12 mR). If the same rechnique N -
is used at a SID of 100 ¢cm, what will be the =(0.12 mGy.)(3)*

X-ray {‘.‘CPOSU!’C:’

whad (g0

=(0.12 mGy, )(9) = 1.08 mGy,

The Square Law
mAs; _ SID}

mAs, SID?

where mAs, is the technique at SID;, and mAs; is

the technique at SID;.

i a0

i) A 3as e 3 )55l Jal gl

83l ) die i il e Guld (g a0 e Llaall p
305 334 ) AndY) G gl Caan 5 ISl Le ddliall
Alall 5 Jase & ye 4y MAS oY) L

Question: What should be the new mAs in the previous
question to reduce the x-ray quantity to
0.12 mGy, at 100 cm?

Question: A posteroanterior (PA) chest examination
(120 kVp/3 mAs) with a dedicated x-ray
imaging system is taken ar an SID of 300 cm.
The exposure at the image receptor is
0.12 mGy, (12 mR). If the same technique
is used ar a SID of 100 ¢cm, what will be the
X-ray exposurc?

12
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The following data were obtained with the
radiographic tube operated at 70 kVp,
while the detector was positioned 100 cm

Absorber thickness X-ray quantity

DATA

(mm Al) (mR)

from the target with 1.0-mm Al filters 1.0 0 1.18

inserted between the target and the detector. 1 0.82

Estimate the HVL from observation of this oe 2 0.63

data. Then plot the data to see how close ) 3 2;5;:]
you were. b

0.6 5 0.29

One half of 1.18 pGy, is 0.59 uGyy
therefore, the HVL must be between 2 and

0.4

X-ray quanity (mGya)

0.2

c HVL=2.4 mm Al
3 mm of Al A plot of the data shows the o T T T T T
HVL to be 2.4 mm Al 1 2 3 4 5
Radiation detector Absorber thickness (mm Al)

whad (g0

Led st 213 33 ML 5 Al sl o Gadaal) Al jeSh) agadl 534 ) ae Laeled) 4 jall B350 2235
Lo 4880 sl Canil) Ak dad Lgna 2o i

Kilovolt Peak

i) i) 32 ga Ao 3 figall Jal g2l

Half-Value Layer (mm Al)

50 | g
75 2.8
100 3.7
125 4.6
150 5.4

whad g 0
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Unfiltered
beam

§ e #Q&AJMJ}M\JAE“\MMTJLJ(Z:]S) Al »
N et seSl L A8 dmitia il g3 sh (g alal
J Copper (Z =29), tin (Z = 50), gadolinium(Z = »
ot 64), holmium (Z = 67)
X-ray energy
Al (g 0

i) i) 32 ga Ao 3 figall Jal g2l

Adlae ol Al L) e lalll el 5 3eal 8 cilad ) oS5

A jad Lol Lo ye Agaedl ol Al 511 4030 7 5 04 3380 J<is p
o aedadll 238 335 ¢ 0.5 MM Al ) sno 4iad jai g cday)
Ol sl cdaad) e il LAy ca il 05 el 5 e

o e sale (g e ladll g2l ) gal Slea b AxdY) ws.sssu sl p
ToTAL 2.5 mm Al O] mm Al; L@.A.\.w.. ::)3 ).SS,U e}:\l‘):\.\l\

sl Gana sl 5 a8V 5 5A B30 (A e ilba Ciliad B
1 mm Al slaie gl 5 Jaad s cdaiY)

T mm Al elaie lags 55 5 seall 355500 Jia oUai Capiny
Auacaid) 31 ) J};}%Mij\z\a‘};
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Compensating filters. A, Trough filter. B, Wedge filter. C, “Bow-tie”
filter for use in computed tomography. D, Conic filters for use in
digital fluoroscopy
o

i) i) 32 ga Ao 3 figall Jal g2l

.
W Filter
h§
\ \
= %N
/& mm 13 mm\2 mm",
’ I i \

(X
|
|
Use of a wedge filter for Use of a trough filter for examination of the Arangement of apparatus with the
examination of the foot chest use of an aluminum step-wedge for

serial radiography of the abdomen
and lower exfremities
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Factors That Affect X-ray Quality and Quantity

An Increase in

X-ray Quality

X-ray Quantity

mAs
kVp
Distance
Filtration

None
Increased
None
Increased

Increased
Increased
Reduced
Reduced
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FIGURE 11-1 Some x-rays interact with the patient and are
gg scattered away from the image receptor (a). Others interact

with the patient and are absorbed (b). X-rays that arrive at the
3‘\ image receptor are those transmitted through the patient

without interacting (c) and those scattered in the patient (d).
x‘\ X-rays of types ¢ and d are called image-forming x-rays.

—— Image receptor
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PERCENT INTERACTION Ferctt -
kVp Photoelectric Compton Total Transmission ool Photoelectric
50 79 21 399 <1 g

60 70 30 >99 <1 £ o

70 60 40 >99 <1 =

@ 404

80 46 52 98 7 g

90 38 59 97 3 = e

100 31 63 94 6
110 23 70 93 7 5
120 18 83 91 9

Through 10 cm of Soft Tissue

sl 0

! p ¥ N
70 kVp/120 mAs 80 kVp/60 mAs 90 kVp/30 mAs
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Grid Surface X-ray Absorption Question: When viewed from the top, a particular grid

% x-ray absorption shows a series of lead strips 40 pm wide

width of grid strip %100 separated by interspaces 300 um wide.

width of grid strip How much of the radiation incident on this
+widih of grid interspace grid should be absorbed?

Answer:  If 300 + 40 represents the total surface area
and 40 represents the surface area of

Question: A grid is constructed with 50-im strips and absorbing material, then the percentage
a 350-um interspace. What percentage of absorption is as follows:
x-rays incident on the grid will be absorbed 40 um X
by its entrance surface? m =0.118=11.8%

Answer: 50 um

——————=0.125=12.5%
50 um+ 350 um
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Question: A grid is fabricated of 30-um lead grid strips
sandwiched between interspace material

that is 300 pm thick. The height of the grid Grid Ratio
is 2.4 mm. What is the grid ratio? h
2 Grid ratio= —
Answer:  Grid ratio= 8 _2400im =§: D

D 300um
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Question: What is the grid frequency of a grid that has

Answer:

whad g 0

330 um/line pair

agrid strip width of 30 pm and an interspace
width of 300 um?
If one line pair=300 pm+ 30 pm=330 pm,
how many line pairs are in 10,000 pm
(10,000 um = 1 ¢m)?

10,000 pm/em - 30.3 lines/em
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Question: An aluminum step wedge is placed on a
tissue phantom that is 20 cm thick and a
radiograph is made. Without a grid, analysis

of the radiograph shows an average gradient Contrast Imprayement Factor

(a measure of contrast) of 1.1. With a 12:1 k= image contrast with grid
grid, radiographic contrast is 2.8. What is image contrast without grid
the contrast improvement factor of this grid?

Answer: 2.8
k= #- IS5
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Bucky Factor
Incident remnant x-rays
" Transmitted image—forming x-rays

__Patient dose with grid
" Patient dose without grid
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Approximate Bucky Factor Values for Popular Grids

Grid BUCKY FACTOR AT
Ratio 70kvp  90kVp 120kVp  Average
No grid 1 1 1 1
5:1 2 25 3 2
8:1 3 3.5 4 4
12:1 3.5 4 5 5
16:1 4 5 6 6
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Question:

Answer:

A 16:1 parallel grid is positioned for chest
radiography at 180 cm SID. What is the
distance from the central axis to complete
grid cutoff? Will the image satisfactorily
cover a 35- x 43-cm image receptor?

Distance to cutoff = % =11.3cm

Distance to edge of image receptor
=35+2=17.5%m

No! Grid cutoff will occur on the lateral 6.2 cm
(17.5-11.3) of the image receptor.

A, Radiograph taken with a 6 : 1
parallel grid at a source-fo-
image receptor distance (SID)
of 76 cm.

B, Radiograph taken with 6 : 1
parallel grid at an SID of 61 cm.
Optical density decreases from
the center to the edge of the
image and to complete cutoff
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Approximate Entrance Skin Radiation Dose
for Examination of the Adult Pelvis with a 400-

Speed Image Receptor . : i ) |
Approximate Change in Radiographic Technique for

Type of R Standard Grids
ol kv . ey Grid Ratio mAs Increase kVp Increase
No grid 0.4 0.35 0.25 K
5:1 1.4 1.1 s No grid ' 0
8:1 %6 1.4 1.0 5z1 2 x +8-10
12:1 2.1 2.0 15 8:1 4 x +13-15
16:1 2.6 2.4 1.9 12:1 5 x +20-25
5:1 crossed DT 2.0 1.5 16:1 6 x + 30-40
8:1 crossed 29 27 2.0
il (g 0
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