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ABSTRACT

The image quality of radicgraphs is continually of concern
to radiclogists. In the radiographic imaging chain, it is the
finite size of the focal spot that is one of the major
centributors to this quality. Difficulties can arise when the
focal spot dimensions enlarge and image quality deteriorates
below a level acceptable to radiologists thus making the use
of the diagnostic x-ray equipment unacceptablie for certain
radiographic examinations. To maintain quality assurance
standards, methods of measuring the manufacturers® indicated
focal spot size have been established of which the pinhole
cameva and star resolution test pattern methods are the
currently acceptable techniques. Since both of these
techniques have certalin drawbacks — the pinhole camera
technigue requires generator settings that are much higher
than those generally used during diagnostic x-vay
examinations and the star resolution pattern involves a
subjective interpretation of the exact resolution of the test
tool film image by the individual that is performing the
focal spot measurement, it was decided to develop a new, more
objective technigue that can be used to evaluate the size of
the focal spot at clinically used x-vay machine settings. For
this purpose, & computer algorithm was devised to be used in
conjunction with digital imaging techniques to extracht the

3

focal spot’s horizontal and wvertical dimensions from a



digitized image of an x-vay film image of a specially
designed parallel wive fTocal spot test tool. This new
technique not only produces vesults that are in agreement
with both the star resolution test tool pattern and pinhcle
camera methods, but also typically provides results Lo an
overall accuracy of % 6%, over a wide range of x-ray

generator setitings.
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CHAPTER I

INTRODUCTION

Radiologists are continually concerned with the image
quality of diagnostic radiographs, whose quality is dependent
upon adequate performance of the x-vay imaging chain of which
the x-ray tube is an integral part. In parfioular, in the
vadliographic imaging system it is the finite size of the x-
ray tube focal spot that leads to a type of image blurring
called geometvical unsharpness [Fig. 1]. For this reason, 1t
is recommended that radiclogy departments include a routine
evaluation of the "effective" focal spot size in their
equipment quality assurance programs [Ref. 1,2]. The
"effective" focal spot size will henceforth be rveferved to as
the focal spot.

It 1is known and expected that upon x-vay tube installation
the dimensions of most focal spots are generally lavger than
the nominal size quoted by the manufacturers. In fact the
National Electrical Manufacturers’® Association {(NEMA) [Ref.
3] specification standard fTor focal spots allows the actual
focal spot dimension to excesd the specified dimension by up
to 50% when measured using the pinhole camera technique [Ref.
4] . Tt is also known that after a period of time, the x-vay

tube Tocal spot dimension may grow Lo such a degree that it
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[Fig. 1]

Geometric unsharpness (penumbra) illustration
for a typical x-ray tube. Diagram 1s not to scale.
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compromises certain types of radiographic imaging. This is

Cay

particularly so for magnification radiography [Ref. 5], which

[

vequires the use of the smallest practical focal spot size,
usually no larger than 0.3 mm [Ref. 61. To maintain quality

assurance, various international organizations such as:

(&) the Intevnational Commission on Radiological Units
and Measurements (ICRU) [Ref. 7]; and

'

(b)) the National Electrical Manufacturers Association
{NEMA) [Ref. 3]

have vecommended or established standard methods for
evaluating'ihe focal spot size.

Al present, ICRU recommends that the focal spot dimensions
be determined by means of a pinhole camevae [Ref. 4,3}, vwith a
pinhole diameter [Table 1] that depends on the focal spot
size being measured. To rveduce the uncertainty in this fooal
gpot measuremenit, the penumbra region of the focal spot image
on the x-vray Tilm (radiograph) -~ which is unavoidable due Lo
the finite size of ithe pinhole - has to be reduced. This is
accomplished by using a pinhole diameter that is considerably
smaller than the Tocal spot. One difficulty that arises from

occurs due to the use of a

o

CRU yecommended metho

4

Lhe
pinhole with a diametey of 0.03 mm, for example, in the x-ray

imaging of Tocal spots with a nominal size below 1 mm.

3

Because such pinholes allow very little radiation to pass,

O

the investligator must resort Lo setting long exposure times,

oy, less desivably, multicle exposures of the pinhole, both

[

clinically atvpical. Irn agdition the uzme of



ICRU R

[Table 1}

ecommendations

Pinhole Diameter

Focal Spot Size

(mm ) (mm )
0.030 below 1.0
C.075 1.0 to 2.5
0.100 above 2.5

N



large wvalue x-rvay tube mas settings could damage the x-ray
tube, rendering such pinhole diameters as impractical for
ceytain x-ray tube capacities. To compensate tor this

difficulty, NEMA recommends use of a star pattern [Ref. 9,10]

for measurement of focal spots with a nominal size of 0.3 mm
or less with pinhole cameras utilized for focal spots larger

than 0.3 mm [Table Z271.

Even though the pinhole camera 1s rvegarded as the

"

"standard" method of measuving the focal spot sizes, 1t has

the follo@ing problemns:

{a) the size of the x-vay image of a 0.3 mm Tocal spot
iss so small that accurate measuvement rvequires
special equipment;

() because the x-ray intensity of the focal spot 1image
about its length (along the x-vay tube cathode-anode
axis ) peaks nearv the center of the focal spot and
fades towavds the edges, an accurate measurement of
the length of the focal spot i1s obhserver dependent;

{(c) the accuracy of the 0.7 corrvection Tactor to thes long
dimaension of the focal spot, which i1s used to
compensate for the uneven Tocal spolt intensity
distribution, is somewhat arbltrary: and

when the pinhole camera is positioned the pinhole
must be aligned to the central beam of the x-ray
tube. In those cases wWhere the light field
indicator 1s inaccurate, this locatlion may be
difficult to detevmins.

-~
[OR
R

As a result of these difficulties with the pinhole camera
method, the star resolution pattern method has gainsd
increasing acceptance. It should be noted that a pinhole

ilmage of the focal spot gliwves morve Lnsight into the actual

=

= - - F —~ ey - P o P S, NN | 2 m e e e o . O - PO S
rocal spot size, contiguvation ana intensity distryipubion,
while a star patiern ilmege provides divectional informaticn



[Table 2]

NEMA Recommendations

Pinhole Diameter Focal Spot Size
Cmm ) Cram )

SLar pattern below 0.2
0.030 C.3 to 1.2
0.075 - 1.2 toe 2.5
0.100 albbove 2.5




on the resolving capacity of the focal spol, which is a
function of both its size and radiation intensity
distribution within the 360° pattern.

The drawbacks in using star pattern images to determine
the focal spot size are twofold: 1) is that it is somewhat
dependent on the film optical density of the test tool’s film
image and 2) it strongly depends on the individual that is
performing the test (this will be illustrated in chapter 1V).
It is the purpose of this work to devise & more versatile and
objective method of determining focal spot sizes.

Iin order to remove tLhe observer subjectiveness in a focal
spot measurement, a computer-automated algorithm has been
devised that uses digital imaging techniques to extraclt the
Tocael spot length and width from a digital image of an x-ray
film image of a parallel wire test tool.

Chaptey II will present the radiocgraphic imaging system
from x-vray production within the x-ray tube to image
Tormation on the x-vay Tilm, and Chapter II1I presents the
experimental appavatus and the procedures employed to obtain
a Tilm image of the focal spot when using a stary resolutlion
pattern, a bar resolution pattern [Ref. 11], a pinhole camera
and & parallel wire test tool. Chapter IV will describe the
analysis that was done to measure the focal spot dimensions
from the wvarious tesi tcool Tilm images. Finally, Chapter V
compares the focal spot dimensions obtained using Lthe digitsl

imaging method to thoses cobitained from the more conventional



measuying techniques, and comments on the effectiveness of
the digital imaging technique to determine the focal spot

Bz



CHAPTER IL

THE RADIOGRAPHIC SYSTEM

IT.a The Discovery and Nature of X-rays
The German physicist, Wilhelm Conrad Roentgen, discovered
X-rays on November 8, 1895 [Ref. 12] during nhis

investigations of "cathode rays" (electrons) in gassous
discharge tubes. & number of studies of this historic
discovery have been published [ReT. 13-16]. In recognition of
his outstanding contribution to science, Roentgen was awarded
the fist MNobel Prize for Physics in 1%01.

The application of x-rays to the field of medicine was
pevhaps Tirst vealized by Reoentgen when he placed his hard
between the discharge tube and & fluorescent screen, and to

his surprise saw an ilmage of his hand’s skeleton on the

screen. This observation later inspived Reoentgen to make the

5

Tirst radiogvaph while using his wife’s hand as the subjsct
on December 22, 1895, but it was not until the time of the

first world waer that the application of x-rays in medicine

was Tivst fully appreciated.

It had bzsen kunown for scme time now that x-rays are a form
of electromagnetic radiation [Table 3] [Ref. 17]. Thus they
Ltoo bshave as a wave in space and are emitted and absorbed in
the form of discrete particles of energy. krnown as photons.

e properties o x-vays thabt make them ideal for theiv use

llology are as Tollows:



[Table 3]
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11
(a) they can penetrate matier;

{b) when they interact with matter they can produce
ionization and/or excitation of the atoms;

(c) they produce fluorescence (and hence visible light)
from certain matevrials;

{d) they affect photographic emulsions; and

{e) they produce biological effects in living tissues.

In the area of diagnostic radiology the production of
x-vays is achieved by the use of an x-ray tube, whose vavious

components will be discussed below in some detail.

IT.x The Diagnostic X-ray Tube
X-rays are produced whenever a fast stream of electrons is
suddenly decelerated as occurs in the "target” anode of an x—
ray tube. The requirements Lo produce x-vays efficiently are:
{a) a source of electrons;

(b)) a large potential difference Lo accelevate the
zlectrons to usable ilonizing energies:

(¢) an evacuated space Lo contain the accelerabed
zlectrons and to allow them to move essentially
unimpaired from the cathode to the anode;

{d) a target to efficiently absorb the accelerated
alectvons and produce x-rays; and

(&) a glass envelope to enclose the x-ray tube cathode
and anode assembly and to malntain the vacuum.

The majov components of a diagnostic x-ray tube have been

D

Lllustrated 1n {(Fig.
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Tuagsten anode

Drilving
/ i colls

Glass
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neck
Electron / beam [

beam

[Fig. 2]

The major components of a diagnostic x-ray tube [Ref. 18].
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I1.b.i Cathode Assembly
The negative terminal of an x-ray tube is called the

filament

al]

cathode, whose assembly [Fig. 2] consists of
which may be heated and thereby acts as the scurce of
electrons in the x-ray tube, conneciing wires that supply the
amperage and voltage to hegat the Tilament and a metallic

focusing cup.

electyon
IT.b.1.i Filament

The filament is typically made of & 0.2 mm diameter
tungsten wire that is coiled to form a vertical soiral of 2
mm o in diameter and 1 cm or less in length. The fine resistive
tungsten wire is heated when an electric current is made to

Tlow through it. as it iIs heated, the atoms in the metal

aibrsorb thermal energy and some of their electrons (in

|

particular those nsar the surface of the filament) acouire

enough enevgy to be "boiled” off the surface of the filament.
Their escape is oftten referred to as the process of
thermionic emission oy the Ediscon effect. The filament must
be heated to a temperature of at least 2200°C to emit a
useful number of electrons (thermions).

Even though tungsten may not be as efficlent in emitting

hosen for

9]
O

electrons as some other known materials, it was

DT

meliing point {3370°C), its abillity to be drawn into

PR P

thin wives that ave quibe durable, and its tendency nol Lo

vapoerize . The use of tunesten as a filament material
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therefore ensures a vreasonably long life.

The electvyons that have been emitted from the tungsten
filament via thermionic emission will form an electron cloud
in the immediate vicinity of the filament. The net effect of
Lhis cloud of electron "space charge” will be to repel the
electrons that have been emitted from the filament back to
the filament (since the loss of electrons causes the Tilament
te acquivre a positive charge), thus preventing the emission
of other electrons from the filament surface until they haQe'
obtained sufficient thermal energy to overcome the forces
caused by the space charge. The tendsncy of the space charge
to limit the emission of move electrons from the filament is

called Lhe space charge effect.

IT.b.1.ii Focusing Cup

When the electyons are "boiled" out of the filament, they
are emitted in all divections. To focus these emitted
zlectyons in a particular divection and onto a specific
location on the positive anode {to be discussed in section
I1.0.5), & focusing "cup" [Fig. 2] is placed behind (and
around) the filament to deflect and steer the emitted
glectrons. When the x-ray tube is in operation the focusing

the

W]
6]

"cup" i1s maintained at the same negative potential
Tilament. The design of the focusing "cup' then allows the
emitted electvons to converge onto the "target" znode . The
T

fecuging "cup" is usually made of molybdenum.
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To increase the versatility of the x-ray tube, the

focusing "cup" is usually fitted with two Tilaments [Fig. 3].
The differences between the two Tilaments lie in their
length, spiral diameter and tungsten wire diameters. The
larger (smaller ) filament of the two is often referred to as
the coarvrse (fine) Tilament. The coarse filament is designed
to focus the emitted electyons onto a larger area of the
"target” anode and is used when the x-ray tube is to be
loaded heavily {during long or high curvent exposures ). The

finer Tilament is used to fTocus the emitted electyons cnto a

relatively smaller aves of the "target" anode i is used to

t
@

n
produce radiographs with highery detail {(resclution). It
should be noted that only orne of the two filaments is used

during any single exposure.

II.b.7 X-vay Tube Circuit

The main components of the x-ray tube circulit are
1llustrated in [Fig. 4] . The circuit is essentially composed
of two sections: a high wvoltage cirvculit to supply the

accelerating potential to the cathode emitted slectrons and a

low voltage cirvcuit to supply the current Lo the filament.

I1i.b.2.1 Low Voltage Circuit
To heai the Tilament to its emission tempsrature a

apeyoximately 10 V 1s veguired. This

i
)
o
&
o
o
-
ail
-
L
—
—
Q
hat
@
b
O
0]
[
....h

groducsEs a Tilament cuvrent of between & and % 4. Because the
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[Fig. 3]

Illustration of a focusing "cup®
fitted with twe filaments [Ref. 19].
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Simplified civcuit diagram of a
full wave rectified x-ray tube.
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potential difference in the main power supply is typically
reduce the

& step-down itransformer is used to

4]7

220 v [Fig.

potential across the Tilament .
The variable resistor filament control in the step—down

transformer circuit adjusts the current that flows through
Increasing (decreasing) the resistance would

e Lhe net effect of decreasing {increasing) the number of

the Tilament.
haw
@lectrons that can be emitted from the surface of the
gases (increases) Lhe x-ray tube current

filament; which decr
the current in the circuit due to the flow of electrons

{
across the tube). The ma (milliampere) selector switch in

LY
[Fig. 4] corvesponds to the current that is being passed
S pPrimary coil.

through the step-down transformer’

IT..2.ii High Voltage Circuit
The

The wvoltage Lthst is applied across the x-vay tube is
step-up transformey, whose primary coil is

supplled by

st

e
zcted to an autotransformer via a rheostat [Fig. 4]
function of the autotransformer is to diﬁide the main power
= voltage acress Lthe

A

connect
Lep W
is selected by means

step-up transformer
The vheostat, which is essentially

]

line’s voltage Iin a-
in a contlnucus

primary coil of the

sWwitch
) setting

of the selector
variable vesistor, then varies the voltage
manney . The x-ray tube’s kVp (peak Kilovoliage
to the voltage set across the primary coil of the

corresponds

step-upr Lranstormer
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In addition to the mA and kVp controls, the x-vray tube
contyol panel also contains two meters: one to measure the x-—
ray tube current (often referved to as the tube ma setting)
and another for ithe x-ray tube kVp. The connection of these
two meters to the x-vay tube circuit is also illustrated in
[Fig. 4].

The switch 8 in [Fig. 4], opens and closes the high
voltage supply to the primary coil of the step-up
transtormery . The x-vay Lube exposure time setting corresponds
to the timé the switch .is to be opened. The switch is kept
open for a pre-selected exposure time by a timer mechanism

[(Ref . 201 .

IT.b.2.111 High Voltage Civcuit Rectification

IT the cirvcuit in [Fig. 4] weve not vectified, the wvoltage
across the anode and cathode would have a waveform similar to
that of the main power line, which is depicted in [Fig. 5al.
This would imply that during the positive voltage cycle the

polarity of the anode would bes positive and the cathode would

be negative, thus the electrons emitted from the cathode will

0

be travelling Tyom cathode Lo ancde. as these emitted

"

zlectrons impinge on the “"target" ancde, the ancde would heat

)

U, produce x-ray radiation and subsequently emit electron

£f)

in the same way as does the Tilament. In the negative voltage
Lhe polarvities of Lhe anode and cathode would be

3 :

rons aemitied from the anode would row

AL
O
ot
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(a) Main power supply voltage waveform.

/\/\//\\/

(b)) X~-ray tube voltags waveform after
full wave rectification.

20

smoothing condenser

X-ray intensity tube current

(¢) X-ray tube current and x-ray intensity.

{Fig. 5]

Electrical waveforms for full wave rectification [Ref.

21) .
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bombard the filament and pevhaps destroy it. To prevent this,
raectifiers must be placed in the x-rvray tube circuit Lo act as
a switch to block the current duving the negative voltage
cycle. The x-rvay tube voltage waveform of the circuit as
illustrated in [Fig. 4] is depicted in [Fig. 5Sbl. Nole that

the use of the four semi-conductor (diode) vectifier [Ref.

22] arvangement allows the cathode polarity to remain

oy
I

e}
—h

negative with respect to the anode during both half cycles

the voltsge waveform, utilizing the full potential of the
maln power supply. This type of rectification is krnown as

full wave rectification.

A,

A it is seen in [Fig. 5¢], the x-ray vadiation that is

produced from the "target" anode is pulsed. This indicates

that a considerable portion of the exposure time is lost

0

while the x-vay tube wvoltage is between peaks of two

successive pulses. To minimize this, the x-vay tube voltage

+

should be Kept as constant as possibhle.
In addition to full wave rectification, the voltage across
the tube may be kepit nearly constant by:

I - i . . -

(&) placing & smoothing condenser (high capacitance)
across Lhe x-vay tube {1llustrated in [Fig. 5b] by =&
cdashed line); or

(b) by using three phase power and fhree phase x-ray

Lube generators of which theve are the & pulse and
Ied
1

L
ERetT . 2515 oy

ot

)

pulse system Lypes

Dy using high freauency converters ithat operate in
the range of 1¢ kHz Lo supply the power to the x-vay
genevaltoy as is done in the more modern x-ray

genaralors.,

iy
e
e




II.b.3 X-ray Tube Current Characteristics

The variation of the electvon current between the cathode
and anode, henceforth veferred to as the tube current, with
tube k¥Vp setting, is illustrated in [Fig. &]. It is seen that
for low kvp values the accelerating voltage across the tube
is not sufficient for the emitted electrons to completely
overcome the space charge effect survounding the cathode,
thus limiting the tube currents. As the tube kVp is increased
the tube current increases as well, since the space charge

4

effects ave gradually overcome. as the tube kVp is increased

further a point will be reached where the tube current will

no longer increase as fast as in the low kVvp region. This is

1
A

because the Tilament is emitting almost sll) of the available

electrons. The voltage at which little or no increase in tube

current 1s observed is known as the saturation voltage.

ry -
LN

\
‘

gnostic x-ray tubes operate at high tube currents in the

&

kVp yegion above the space charge effect and below the

saturation vollage. The exact widih of this tube current

vegion will depend on the filament cuvrrent that is being
used .
Because of the vesidual space chavrge effect, as the tube

KMp is increased above the saturation voltage there will be

a slight increase in the tube curvent, which is undesirable

oot

because the tube current cannobt be precisely controlled. In
Lie x-ray tube’s low voltage circuit, additioral rvesistors

ave addazd Lo the Tilament contvol civeult that sutomabically




Saturation

— Volt
. oitage
= WITHTUT
L FILAMENT &DJUSTMENT
m Ty |
S | AUTOMATIC FILAMENT ADJUSTMENT
O i

i
w 1
P '
3 1
= :
— i
el 1
E I

I

e A
40
kVp —3

[Fig. 6]

X-ray tube current as a function of tube voltage [Ref.
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compensate for this residual charge by slightly decvreasing
the filament heating. One should note though, that this

compensation will vary with »x-ray tube and filament cuvrent.

I1.b.4 X-ray Tube Efficiency
The efficiency {&) of an x-ray tube is defined as:

€ =  energy emevyging as X-ray vadiation fyom target (1)
eneygy deposited by electrons impinging on Larget

The rate at which the electrons are depositing energy in Lhe
target can be expressed as

P o= I (2)
wheve P is the power (in W), V is the tube voltage (in V) and
I is the tube current (in A). The vate at which energy (P*)
1z veleased as x~vay radiation from the target has been shown
to be [Raf. 25]:

P* = 0.9 x 1077 zvir

N
[V
Ly

where Z is the atomic number of the target material .
Sunstituting [Eg. 2] and [Eg. 3] into [Eq. 1] we find the x-

ray tube efficiency to be expressed as:

= 0.9 x 107 77 . (4)
It can be seen from the factor in [Ea. 4], that XV ay

production in a x-vay tube is a relatively inefficient

process which depends upon the targst matervial’s atomic

"1

numbey and the tube veltasge (kvp). If we take a tube voltage

~

of 100 kY and the target material Lo be tungsten (72 = 74)

e’s efficiency to

oy

4}
>

!
&
~
P
[
[on
D
{n
]

then fryom [Eq. 4] we Tind the



produce x-rays 1s no more than 0.7% . This implies that 99.3%
of the incident electron energy is converted to heat and

light when the electrons Impinge on the "target" ancde.

IT.b.5 "Target" Anode Assembly

The anode is the positive electrode of the x-ray tube as
is illustrated in [Fig. 2] for a diagnostic x-ray tube. The
anode has basically two functions: to produce the x—ray
fadiatigﬁ when the cathode emitted accelevated electrons
imeinge QPon the-target {that has been embedded in the
anode), and to serve as a means of removing the heat build up
that has resulted from the electron bombardment. Both of

these functions will be discussed below.

I1.b.5.1 Target

The target material that is often used is tungsten or &
tungsten-vhenium alloy. Tungsten was chosen for its high
atomic number, thus optimizing the x-vay tube efficiency [Eq.

e

fact that it has ths following characteristics:

p—

4i, and the
{&) high melting point;

(b) high conductivity of heat; arnc
{c¢) veasonable cost.

When the incident electrvons impinge upon the tungsten

ey interact with ithe
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radiation losses.

IX.b.5.1.1 Electron Collisional Energy Losses

AsS an electron penetrates the surface lavers of the
tungsten target, it can undergo a large number of collisions
with the target atoms before it loses all of its energy and
comes to rest in the target. During a collision the irncident
high speed electron can do one of two things: the electrons
Can expite the tungsten atom by moving one of the valence
electrons to an optical orbit [Fig. 7a]. 8ut, because the
target material is in a solid form, the excited electyon will
ot emit optical rvadiation when it returns to the ground
state (as would be the case for atoms in a gaseous state).
Instead it transfers the energy to the lattice (atom)
vibrations called phonons. The ernergy loss of the incident
electron during this process is only a few electron voltbs
{eV). On the other hand, if the incident electron energy is
high enough, it can vemove the valence electron of the
tungsten atom entirely, thus ionizing the atom. The
energy loss Qf the incident electron in this process is much
greater than the above case, but this too will eventually

appear as heabt. If the energy loss is of the order of 100 al
s 1

thne ejected valence electyon (called a delts ray ) would then

undergoe intevactions similar to the incident electron.
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(c) Electron interacting near nucleus.
[Fig. 7]

Incident electron interaction with tungsten atom.
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I7.b.5.1.2 Electron Radiation Energy losses

When the incident electrons have an even higher energy,
they could eject one of the inner—-most bound electrons [Fig.
7b] . IT a K shell electron is ejected, tLhe tungsten atom wil)
become unstable; and to place itself in & lower energy state,
one of the L, M or N shell electrons will have to undergo a
transition to the K shell. But because the L, M or N shell
electrons arve at an energy state greater than the K shell
electrons, energy will be given off during the transition as
radia{icn in the form a photon. The photon energies that
vesult from electron transitions from either L. M or N (M or
N) shells to the K (L) shell are in the A-vay energy range.,
Because these photons have sufficient energy to leave the
target material, it is possible to identify the Larget

i
i

material fryom the chavacteristic emitted rhoton energies.
That is, each type of atom will have distinct K, L, M and N

shell energy separations. For this reason, this type of
radiation is called characteristic radiation. In the case of
a tungsten targetr, the principie emission lines have been
summarized in [Table 4] [Ref. 26].

To observe any of the tungsten K shell emission lines the
incident electyon must have an anevrgy ol at least 6%.51 keV

which is the enevrgy of the K shell electrons.

Lime wWith enevgy grealer than &9.51 keV, the =lactyon can

approach



[Table 4]

Frinciple Emission Lines of Tungsten

Transition? Symbol Photon Energy Relative Number
(keV)
KWNIINIII KBZ 59 .081 7
KWMHI , I'\’Bl 67 .244 21
K*‘MII KB3 656 .350 11
K=Lyy - Kaey 59.321 100
K"LII Kaz 57 .984 58
LI“NIII Lt3 11.674 10
LII NIV L‘cl 11.285 2d
LIIIWNV LBz 7262 18
LIMMI'I LB3 $.817 37
LII T'IV LBI G .670 127
LI MH L84 9.523 2
LMy Lo 5.395 100
LMy L, 8.333 11

2

“The voman numerals specity tLhe sh sub-shell.

@
N
—
@
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[Fig. 7c¢]. Because the electron has negative charge and the
nucleus is positive, the electron partially orbits around the
nucleus due to the strong coulomb attraction. The electran
will then recede from the interaction with a reduced energy .
The loss of energy will appear as a photon with energy hv and
the incident electron will recede with energy E - hu , wheve E
is the initial electron energy. This type of radiation is
termed Bremsstrahlung vadiation, which means "braking®
Tadiatgcn in German. The word “"braking" is analogous to Lhe
electron sudden deceleration or “braking." The emitted phaton
enevgles from this process can be less than or equal to the

incldent electron energy. Because in this type of radiation

the photon energies can have many values - like that of white
light radiation - it is &lso called "white" vyadiation.

Betueen Lhe two ensrgy loss processes, the incident
electrons lose most of their energy via collisions within the
target atoms. Only at high incident electron enevgies will

the radiation loss process be more probable than the

collisional process.

I1.b.5.11 Anode
It was shown in [section II.b.4)] that approximately 1% of
Lhe incident electron’s energy is utilized in XV AY

production within an x-vay tube, whereas the femalining 99% is

R Ey fmy T g e b e e - P T S
deiivered to the tungsten target (snode Joas heast . This

3 e 1 -~ IS T P A PERRU 3 oy e e . 1 —i A e e e 4w e S
Ao Lhat LT Lng anoas 1% nol cooied off DY SomE means 1t



will quickly reach a temperature above its boiling
temperature and vaporize.

The cooling of the anode in a diagnostic x-ray tube is

often achieved by using the following technigues:

(a) a system is used toc re-circulate oil around the
outside of the x-ray tube’s glass envelope (discussed
in next section) thus removing the unwanted heat
build up;

{(b) the heating of the target is reduced by enlarging the
target area (that is, the heat load delivered per
unit target area is reduced). A means of doing this
is by using the "line focus" principle and “rotating"”
anode; and

(c) heat is also removed by passive radiation by coating

the back of the anode with a good radiative material
such as graphite.

IT.b.5.ii.1 Line Focus Principle

The theory of the line focus principle is illustvated in
[Fig. 8]. Instead of having the incident electrons impinging
upon a flat surface of the tungsten target, the electvons
are made to strike an avea that is much larger, thus
delivering less enevgy per unit target area. This is
achieved by tilting the tungsten target at some angle, 8,
with respect to the incident electron trajectories. The area
on the tungsten target which the electron "pencil" beam
bombards Ls called the "actual" focal spot. The resulting
beam of x-vay rediation, though it subltends an area that is

erved to as the "effective’

t

focal spot

~

much smaller, is re
oV Just the focsl spot. Diagnostic x-ray tubes typically use

Larget tilt angles that vary from 67 to 20°.



Tungslten

Etectrons
from cathode

’Adum’_
focal spot

'Effecfive’ focal spot

[Fig. 8]

Illustration of the line focus

orinciple

[Ref. 27].
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The incorporation of the "line focus" principle into the
ancde design not only aids in reducing the heat load on the
target, but the "effective" focal spol size can also be made
quite small with respect to the "actual" focal spot size Dy
utilizing large target tilt angles. This makes it possible
to achieve radiocgraphic images of highest quality which is
of paramount importance in diagnostic radiology.

It should be noted that the "effective" focal spot of an
Xx-yvay Lube will be divectly proportional to the physical
size of the cafhode filament and target tilt angle. The
small (large) focal spot of an x-ray tube refers to the use
of the fine (coarse) cathode filament. The "effective" focal
spot is the x-ray tube parameter that is to be determined in

this work.

IT.b.5.11.2 Rotating Anode

Even with the incorporation of the "line focus" principle
into the anode design it is still very difficult to get a
sharp plicture of a thick biological object in a very short
time and with sufficient anode cooling. For this yeason, the
rotating anode [Fig. 9] was introduced. By rotating the
anode, the electrons incident on the targeﬁ actually bombard
an area of length L and width ab; vet they appear to come
from & ryegion of area (ab x cd). With this arvangement, the
PYImary x-vay beam intensity can be grealtly increased by

increasing the tube curvent. This is made possible by the
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Illustration of rvotating anode design [Ref. 28].



fact that the incident electron beam heat loading is now
delivered to & much larger Larget area and thus is much
lower .

In the anode assembly the tungsten target is machined
into a disk with a diameter that is typically in the range
of 7.5 to 10.0 cm. The disk is usually laminated with a
molybdenum backing and is attached to a molybdenum rotor
which in turn is connected to an induction motor . Molybdenum
was selected for its high melting Lemperature {2600°C) and
Ppoor heat conductivity. Before the x-ray tube is used to
take an exposure,rthe induction motor is energized for about
1 sec, ensuring that the electrons do not bombard the
tungsten targst before it reaches its operational rotational
speed which is genevally between 3,500 and 10,000 ypm.

The life span of the ancde disk is limited due to Lhe
roughening and pitting of the target surface by the incident
electyon bombardment, which will reduce the “-vay yield and
change the spatial distribution. For this reason, the
Larget is often made of a tungsten alloy (20% tungsten and
10% vhenium). The incorporation of vhenium veduces surface

roughening and increases the anode heat capacilty.

I7.b.¢% Glass Envelope

o

The function of the glass snvelops [Fig. 21 is

the suvrvounding envivonment of the anvde and cathode
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assembly of the x-vay tube under vacuum. If gas were pPresant
inside the tube, the accelerated electrons would collide
with the gas molecules, lose energy and cause secondary
electrons to be ejected from the gas molecules via
ionization. These secondary electrons would then he
accelerated by the tube’s potential difference thus
contributing to the tube’s curvent. Because this ionization
Process cannot be entirely controlled, the presence of
secondary electrvons will cause a wide variation in the tube
Curreﬁtraﬁd in the energy of the electrons that are
impinging on the "target" anode (and thus the energy of the
x-rays produced). Independent control of the accelerated
electyon current and kinetic energy is thus achieved by
evacuating the space survounding the anode and cathode
assemblies,

The wives that connect to the tube’'s cathode and anode

semblies must be sealed into Fhe glass envelope’s wall to

b

a
2nsure the integrity of the vacuum. When the tube is
operating, both Lhe glass envelope and the connecting wires

Te ng

1

ted to high Lemperatures. If this heating wevre not

m
[8)

done, the different coefficients of expansion for glass and
metal would break the glass-metal seal, destroying the

vacuum. Pyrex glass 1s most often used as envelope material .

I7.b.7 Tube Housing

ol B
P

& Vayious x-ray tube components enclosed within Lhe
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glass envelope are mounted inside a metal housing which is
electrically grounded and contains oil. The oil, which is
vecirculated, absorbs the radiated heat from the anode and
also electrically insulates the housing from the tube’s high
voltage. In addition to the oil, the metal housing contains
a lead sheath that attenuates x-ray radiation that has
emerged Trom the anode in undesived dirvections. Two bellows,
one placed at each end of the x-vay tube, are also bullt
into the housing that allow the heated oil to expand when
the tube is in operation. The primarvy x-ray radiation
emerges from the x-vay tube housing via a small beryllium

window.

IT.b.& Spectra of Primary X-ray Beam

[Fig. 10] illustrates the spectval distribution of the
prYimary x-rays produced when 150 kev electrons bombard a
tungsten tavget. The atomic number of the target material
will determine the enevgy position of the charvacteristic x—
ray vadiation (sharp peaks In diagram) and the amount (area
under curve ) of bremsstrahlung vadiation that is produced.
The end point energy corresponds to the maximum enevgy Lhe
x~ray photons can achieve, which is at the x-ray tube’s kvp
setting. The dashed line indicates bremsstrahlung radiation
that would have been present in the primary x-vay beam 1if
the glass envelope of the x-vay tube and internal tube

filtvation {(o0ll and housing window) were not present.
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Primary ®-ray beam intensity spectrum [Ref. 2971 .
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II.b.%9 Primary X-ray Beam aAngular bistribution

The intensity distvibution of the primary x-ray beam
[Fig. 11] is not uniform throughout the beam, rvather it
depends on the angle at which the x-rays are emitted from
the focal spot. This observation can be explained as
follows: as the incident electrons impinge upon the target
material they can produce x-rays fTrom both the surface and
at depth within the target. In both cases, the x-ray photons
Will be pgrtialiy absorbed by the target material depending
on the angle and location at which thé photon is emitted
from the target, thus diminishing their intensity. The
maximum of the intensity distribution is not at 0° since the
photons that are emitted at 90° to the incident electrons
trajectory must pass through a portion of the target as
well. This reduced photon intensity on the anode side is
called the heel effect, which has the net effect of shifting
the intensity distribution away from the anode (that is a

shift of the intensity maximum away Trom 0°).

IT.c The X-ray Film

When an x-ray tube is used in a diagrostic examination,
the emerging x-ray beam itself contalins no useful medical
information about the patient. Only afier the x-vay beam
passes through and interacts with the tissues of the
patient, will it contain &ll the informaticn that can be

revealed relating to the examination. The information within
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Cathode emitted
———— electron beam

X-ray beam intensity
distribution

[Fig. 11}

The heel effect [Ref. 30].



the patient-emevgent x-vay beam is vepresented by the

variation of the number of x-vay photons in the different

veas ol the beam. The information in this form

fu

used divectly but must be transferved to a medi

for viewing by the eve. The material most often

can

uin

used Lo view

not be

sultable

the information cavried by the attenuated x-vay beam is

photographic emulsion x—~rvay film which iIs ideal for

diagnostic vadiology due to its excellent spati

resojution. It is often referved to as x-ray film or

film.

IT.c.1l Physical Characteristics of X-ray Film

Jjus

X-ray Tilm [Fig. 12] consists of a photographically

active emulsion coating on one side {(single emulsion film)

or both sides (double enulsion film) of a transparent sheet

of plastic called the base. The emnulsion laver

attached to ithe base by the use of a thin laver of adhesive.

is Tivmly

T

A supervcoating laver is then used to protect the emulsion

laver from physical or mechanical damags.

Il.c.1.1 Film Base

The base, whose only fTunction is te provide
the delicate photographic emulsion, is made of
tLriacetate orv polyester. Because both of fthese

cleary and coloriess, a blue dyve 1s often added

support for

aither

compounds arve

to

Lo tint the x-vay Tilm, making 1t easier to look

the ha

st

andc

]

1

(;)
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¥»-ray Tilm [Ref.

section of a double emulsion
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causing less eve strain. The thickness of the base is about
8 mils (0.008 inches) for triacetate and 7 mils for
polvester. The difference in the base thickness is due Lo
the fact that a slightly thinner polvyvester base 1s required
to produce handling propeyiies that are similar te that of a
triacetate base.

Since the emulsion cannot adhere to the finished base
divectly, a thin laver of adhesive is applied between base

and emulsion.

IT.c.1.1ii Photographic Emulsion

The x—~ray film emulsion laver 1s manufactured by adding
in total darkness a potassium bromide {(KBy ) solution and &
silver nitrvate (ﬁgNOg) solution te a solution of gelatin.
The creamy solution is then heasted and cooled into a jelly-
like solution. The unwanted potassium nitrate (KNO3>IMhiCh
results from the following reaction:
AGND, + KBr - AgBr + KNO, (5)
is washed out of the material prior to the veheating and
coating of the base.

the silvery halide (AgBr ) in the form of small

Yo
—_
[
on

crysltals suspended in the gelatin that is the light
sensitive material 1n the emulsion. & cryysital i formed when

. + - - :
ons of silvey (Ag') and bromicde (By ) ave arvanged in a

[T

Will depend on the concentration of the various reactants,
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the sequence and rate at which these chemicals are added,
and the tempevrature at which the reaction [Egq. 5] takes
place. To increase the emulsion sensitivity fo light a small
amount of potassium lodide (KI) is also added to the gelatin
solution prior to the heating. The incorporation of KI
produces the halide, silver iodide (Agl) and has the net
effect of introducing peoint defects within the halide
crystal [Fig. 13]. The halides in x-ray film emulsions are
Lypically 90 to 99% AgBr and about @ to 10% Agl.

SulTur containing compounds such as allythioures are also
added to the emulsion to chemically sensitize the crystals.
The allythiourea compound reacts with the silver halide and
Torms silver sulfur {AgS) which is embedded on the surface
of the crystal. It is the presence of AgS that initiates the
image Tormation on film (see following section).

The emulsion layer, which is no thicker than 0.5 mil,
contains crystals that have average diameters between 1.0
and 1.5 um with about 4.3 x 167 grains per cublc centimeter
of emulsion, and sach grain contains on the average 1 X 1ob
to 1 x 107 silver ions.

The incorporation of gelatin in the emulsion laver keeps
the silver halide grains well dispersed and prevents the
clumping of gvains. The developing and fixing scolutions
which are used in film processing can also penetvate Lhe
gelatin easily without destroyving its strength and/or

sityuchurs,
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IT.¢.2 X-ray Film Image Formation

To best describe the image formation process on film,
consider [Fig. 14}. When a light photon intervacts with =
silver halide crystal, the energy of the photon is absorbed
by the Br ion which gives the extra valence electron enough
enevgy Lo escape the ion entively. That is,

By + light photon = By + electron . (&)
The neutral By atom then leaves the crystal and is taken up
by the gelatin of the emulsion. The free electron, on the
other hand, is then captured and temporarvily trapped by the
AgS sensiltivity speck that 1s on the surface of the silver
halide crystal. The electron that has been captured then
gives the AgS sensitivity speck a net negative charge
which then attracts the interstitial ag' ions within the
crystal. Once an aAg' ion has migrated to the speck, 1t
i then neutralized to atomic (metallic) silver by the
trappea electron. That is,

g’ + electron - &g . {(7)
When a second light photon interacts with the silver halide
crystal the electron thalk has escaped from a second Br  ion
via [Eg. €] will then be trapped by the silver atom at the
sensitivity speck, which in turn will attract a second

interstitial ég11 icn Lo produce a second silver atom. The

collection of silver atoms at the location of & single AgsS
sensitivity speck will continue to increase via tLhe above

o - L) ~

mechanism 8% wWwas hypothesized by Gurney and Moti. This clums
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Formation of the latent image [Ref. 33].



of atomic silver near a sensiltivity speck is referred to as
the latent image centevy. There could be one or more of these
centers on a single halide crystal .

As was shown above, a single light photon allows a single
silver atom to be deposited at the sensitivity speck. UWhen
an x-ray photon is incident on the halide crystal, it is the
electrons that have been emitted from the x-ray photon’s
interaction (photoelectric absorption [Ref. 33] and Compton
scattering [Ref. 34]) with the free silver halide in the
emulsion that causes the Br ion’s electron to be emitted
Lhus initiating latent image center formation. RBecause the
electrons emitted by the x-ray photon have rathey long
vanges they can interact with many silver halide crystals
(grains) within the emulsion, making the image Tormation
process move efficient {that is producing thousands of
silver atoms at latent image sites in ocne or more orystals).

When x-vay vadiation is used to expose the

e
ot
=
o)
—+
—
J—
<
g
st}
>
o

information in the beam is tvansmitted t©
-1 e : . L : : I S ——e t . + o
aeposition of metallic silver at the varicus latent image
centers located on the crystal surfaces. The amount of

atomic silver deposited in each latent image center is

proportional to the amount of exposure - hesavier exposures
{when x-vays pass through less opaque material such as soft
Lissue within bLhe patient) procuce much silver, lesser

zxposure {when x-vays pass through bone within fhe patient )

cause & smaller deposit of silver at the latent imege
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center . Since these changes in the silver halide grains are
not visible to the naked eve, the film is processed to make

the latent image centers visible.

IT.c.3 X-ray Film Processing

The entive fllm processing procedure is done in &

O

darkroom. The exposed film is first placed in & developing
solution whose function is to convert activated silver

halide crystals to silver (black metallic silver) grains.
The more metallic silver present at a latent image site the
blacker the film will be in that region. Therefore, portions
of the film that were divectly exposed by x-vay radiation
will appear as black and those regions where the x-ray

vadiation has been filtered by passage through the patient

will have a veduced exposure and thus will appear as shades

6]

Once the film has been developed, the film is rirnsed to
neutralize orv greatly dilute the various chemicals in the
developing solution that may be present on the film. To make
a permanant linage on Tilm the latent LM&Q centers ave Tixed
in the gelatin by hardening the emulsion. Thislis

developed film in a fixing

accomplished by placing the

sclution, which alsoe vemoves any unexposed and undeveloped

silvery halide that might be preasent. The T

film 1s then washed

ﬂ

he emulsion after

rt

Lo remove any chemicals vemaining in

processing, and dried.
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The film processing procedure that is briefly summarized
above is explained in some detail in [Ref. 35,36]. In this
work, an automatic Tilm processor was used, whose entire
cycle from the time the exposed film enters the machine
until it emerges as a viewable finished radiograph takes as

little as 45 to 90 seconds.

IT.c.4 Photographic Characteristics of X~ray Film

To accurately represeni the informaticn of a dlagnos ic
examination on film, it ls imperative to understand the
relationship between the exposure a film receives and Lhe
way the film responds to this exposure. In the following
discussion it will be assumed that exposure on Tilm is via

Xx-vay photons,

II.c.4.1 X-ray Alr Kerma
X-ray aly kerma (Kinestic Znevgy Released per unit Mass)

[Ref. 37] is a quantity that is used to define the vadiation
oubtput of an x-vay tube and is defined as:

Xevay alrv Kerma (K) = dE“/dm - (8>
Where dEU is the total of the initial kinetic energies of
all the charged ionizing particles liberated by uncharged
ilonlizing parvticles iIn a volume element of air having a mass
din. The unit of x-vay kevma is the Gray (Gy), defined as
IAKg 1in aly ab s7E. {(9)

303

he "exposure” of an x-vay film will depend on the number
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of x-ray photons that intervact with the film emulsion laver,
which In turn will determine the size and lengths of the
varilous developed silver halide grains. It would then be
logical to assume that the film exposure will be
oroportional to the product:

Film exposure o ma-s {10)
whare ma is the x-ray tube current and s is the exposures
time, since after all, the higher the x-ray tube curvyent the
more x-rays that will be produced. Thus an x-ray tube
current of 100 ma Tor 1 sec produces a (film) exposure of
100 mAas. Note, a similar Tilm exposure can be achieved whan
using a tube current of 50 mA and exposure time of 2
seconds. At a given kVp, the greater the x-vay tube mas
value, the greater the extent of film blackening or density.

A& more practical guantity Lo Lhe radiologist and/or
tacnnologist is the velative Tilm exposure which allows
corrections of overexposed oy underexposed Tilins to be made

»,

y adjusting the tube’s mas value, without any knowledge of

e
&

the true exposure [Eq. &].

IT.c.4.1i1 Film Optical Density
The degree of film darkening (or density) is divectly
related to the intensity of the light (ov x-ray) vadiation

that is reaching the film. The measurement of this

pavamneter, which 1s often veferved to as the Tilm optical

P A S ~ A R IR D R SRR B P PR [ .
densily (0.0.), is obtained Trom bLhe velatlion
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Optical density = Logw(IG/It} (115
where Iy is the intensity of light incident on the film and
Iy is the intensity of light transmitted by the film [Fig.
15). A film optical density of 2 means that from 100
incident photons only 1 of these photons on average will be

transmitted by the film.

IT.c.4.111 X-ray Film Characteristic Curve

The relationship between the film’s optical density and
relative exposuve is plotted as a curve [Fig. 16) and is
called the film’s characteristic curve or the H - D (after
Hurter and Criffield) curve, named after the individuals who

a4

first published this curve. The curve is essentially

e

compr ised of three regions: the toe rvegion, the shoulder
reglion and a strvaight line (linear) region in between.

-

Even at zevo exposuve, the curve indicates thast the Tilm
optical density will be about 0.2 and nob zero. This
intrinsic Tilm density is due to the bsse density (which
resulis from the absorption of light by the plastic and
blue dye that comprise the base) and the fog density
(development of unexposed or heat or background radiation
induced exposure of silver halide grains within the
emulzion). Thus, to determine the opltical density of the
Tilm produced by the exposure itself it is necessary to
subtract the intrinsic Tilim density (ftvpically aboub 0,15

Tor & new Tilm) fyom the total Film density. The toe and
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[Fig. 16]

tvplcal x-ray film characteristic curve.
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shoulder indicate the regions where the change in the film’s
optical density is small even though the change in the log
relative exposure is relatively lavge.

In diagnostic radiology, the log relative exposures arve
supposed to be kept in the region where Lthey produce film
optical densities that lie in the relatively straight
(linear ) portion of the curve (often between 1 and 2). In
this vegion a small change in exposure will produce a
proporticnal change in film density. This ensures maximun
film contrast, which is defined as the diffevence in film

density existing between adjacent vyegions on the film.

I71.¢c.5 Intensifying Screen
In order to reduce the divect x-ray exposure of a patient

during an examination, the x-ray film is first sandwiched in

a Tilm cassette that has a {luorescent x-rvay intensifying
screen [Ref. 38)] on each side before it is exposed.

The purpose of the cassette iIs to provide a vigid support
Tor the two intensifying screens so that a film can be
sandwiched in betwsen the two screens. The Tront of vhe

casselte is usually made of a plastic matevial that

)

ffec

o

introduces minimum Tiltration to the passage of the

f(n}

x—vay vadiation. The back of the cassette on the other hand

is usually made of metal, either aluminum or steel, with &
thin sheet of lead Toll attached o thse inner suryface of the

O O O T T . -
pack oFf Lhe casselbis, S0 as Lo
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scatiering vadiation from peneivating the x-vray film within

the cassette. Each intensifying screen is a sheet of plastic

i

mulsion of a

U]

(base) that is coated on one side with an
finely powdered phosphor {such as calcium turngstate or
barium lead sulphate) suspended in some cavrier. The base of
the screern, which is evenly coated with a white vreflecting
surface on which the layer of phosphor is coated, is
attached inside the cassette to either the front or back by
double-sided adhesive fLape.

Recause when each intensifying screen is struck DY X—vay
radiation the screen fluoresces with a blue-violet light
{ light radiation to which blue-sensitive x-vay film emulsion
is most sensitive), this implies that as a single x-ray
photon fraverses the screen it can result in the liberation
of many light photons. These light photons in turn can
axpose the x-ray Tilm within the film cassetie. The net
effect of a single screen is then to intensify the action of
x=vay yvadiation on the x-ray Tilm. Because of tLhis effect
and the Tact that two intensifying screens are used {ong in
front and one behind the x-vay film), the incident x-ray
radiation exposure of the patient can be substantially
raeduced.

Even theough intensifying soreen cassettes ave novmally
used during patient examinations, they were not used during
£

] IS [N -{Tz- -t fat ) + 1 cient + f-,'l =1 T 1 R T
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using intensifying screens, since each screen will emit
light photons in varicus divecticns above or below the x-ray
Tilm in some interwoven pattern, vesulting in some
unsharprness 1In detail within the image of the object that is

cast on the Tilm.
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CHAPTER III

EXPERIMENTAL APPARATUS

The goal of this thesis was to determine the focal spob
dimensions by using & digital imsging techrnique and then to
have its findings compared to the more conventional
measurement technligues:

(a) bar resolution patterr;

(b) star resolution pattern; and

(c) pinhole camera.
in each of these methods the focal spot dimensions were
determined (see chapter IV) from an x-ray film image of the
Lest tool that was used, whether it was a bar pattern, a
star pattern, a pinhole ov two thin parallel wires {used in
the digital imaging technique). This chapter will describe

the equipment and experimental procedures that were used.

=
—
—
o)

Experimental Procedure and Equipment used to Obtain
Focal Spot Test Tool Images

—
i~
—

a.1l Bar Resolution Pattern

.3.1.1 Test Tool

-
-
-

The x-ray focal spot test tool which was manufactured by
Radliation Measurements Incovporated {(RMI) [Ref. 39), is a
metal plate that is machined with eleven pair of bar pattern

3-

groups each of a different size. Zach bar pattern ST oup

one divrection
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spacing of the slots in the eleven bar pair groups [Table 5]
varies from 0.6 line pairs-mm™} to 3.35 line pairs-mm™} (a
line pair consists of one slot and one space between two
consecutive slots). This machined metal plate is mounted in
the center of & 10.2 cm by 10.2 cm square Plexiglass plate

f hield. This

C'
{fj
it

which contains a fluorescent screen and & lea

—~

plate in turn is mounted at the top of & 15.2 cm high

cylindrical Plexiglass base.

ITIZ.a.1.11 Experimental Procedure

The focal spot of the diagnostic x-ray tube (whose
iocation is often identified by & ved or black dot on the
tube housing) was positioned 60.%9 cm above the surface of
the x-ray (patient) table and a cardboard cassebies
containing & double emulsion Kodak TMG x-vay film was placed

o0l was than

ot

on the table beneath the x-ray Lube. The test

I

placed on top of the cardboard cassette and was aligned with
1

respect Lo the x-vay beam centvral axis by utilizing the =x-

ray collimatory alignment light field source. The focal spot-

=

to-film distance {FFD) was 60.9 (ZL"), Which gave a bar
pattern test tool image magnification of 1.33X (see chapter
IV for definition of magnification). The x-ray tube
collimatory opening wss adiusted using the collimator

slignment light so that the x-vay Tield was wibhin Lhe

cardhoa‘d cc%sette was used 1nstead of 5 cassette
ritirg intensify - t

i
i‘i!’t':-'T sifiey screen



[Table 8]

Bay Pattern Line Pair Frequencies

&0

Bar

Group Number

Line Palvs-mm

1

.80

.35
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dimensions of the fluorescent screen of Lhe test tool. The
x~-vay Tilm was then exposed o produce an image of the test
tool. [Table 6] summarizes typical x-ray tube techniques

that were used during the experiment.

IIT.a.2 Star Resolution Pattern
IlT .a.2.i Test Tool

The test toecl is distributed by Nuclear associates
division ofrvictoreen Incorporated [Ref. 40] and was
identified by the modelhgumber 07-510. The star pattern
consists of & circulary arvay of lead wedges of 0.05 mm
thickness, that are rvadially arvanged like the spokes of a
wheel with gaps between the lead wedges of the same size. In
a 2° pattern, each lead wedge (and spacing between adjacent
wedges ) diverges at an angle of 2°. The entire wedge
arrangement is embedded in a circular plastic plate having a
diameter of 45 mm.

The star resplution pattern differs from the previously
described bar resclution pattern in the following way. In
the bar pattern test tool each of the eleven bar groups has
a distinct line paiy frequency; the star pattern on the
other hand defines a continuocuslily wariable line pair
Trequency whose resolvable frequency depends on the distance
Trom the center of fhe wedge pattern (location where all
leada wedges converge ) to the neavest location of resolution.

To illustrate this, consider the fellowing: since the star



[Table 6]

Bar Pattern X-vay Tube Techrniques

62

Tube kVp Focal Spot Size Exposure Tube Film Optical
Time {(ms) MAS Density
For a Picker diagnostic x-vay tube {(Lest vun 1):
70 Small 100 .0 10 0.864
Large 50.0 10 0.80
80 U Small 125.0 12.5 1.20
Large 667 13.3 1.19
SO Small 150.0 15 1.37
Large 66 .7 12.3 1.32
For a Siemens fTluoroscoplic x-vay tube (test vun 4)
70 Small 21.0 10 0 .83
Larges 10.0 10 1.00
80 Small 29 .5 12.8 1.2G
Laygs 12.5 iz.5 1.37
30 Sinall 43 .0 146 1.445
Large 18.0 i6 1.81
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pattern contains lead wedges with angular sepavation of 2°
and exactly similar blank spaces between them, the pattern
contains 90 spokes of lead and 20 spokes of plasiic within a
given circle, in other words 90 line pairs per circle {where
a single line palry consists of two spokes one of lead and
one of plastic). At the periphery where the diameter is 45
mm and the cirvcumference is 45k mm, the line pair frequency
will be 90/45x = 0.637 line pairs-mm*. &t any smaller
diametey (D mm), the line palr fregquency of the star pattern
Wwill be given by 0.637(45/0) line pairs-mmq.

ITI.&.2.11 Experimental Procedure

The first thing that was done was to adjust the x-ray
tube mount to the centery position, pevpendicular to the x-—
ray table. Once this was done the focal spot-to-film
distance {FFD) was set at 101.6 cm (40"). Once again a
cardboard cassette was used to enclose the double emulsion
Kodak TMG x-vay film. The star pattern was placed midway
between the focal spot and Tilm Lo glve a Lest tocl image
magnification of 2X. The stary pattern was held at the FFD
midpoint by resting it on a clear plastic plate that was in
turn held by a clamp attached teo & stand. The clear plastic
plate had a square hole of sligntly smallerv dimensions than

the star patitern diameter to eliminate x—-vay beam

i

[aR

attenuation thvough the clear plastic plate. The x-vay Tiel

IS

via the collimatoy alignment light-source
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indicator to insure that the total star pattern was within
the field. The star pattern was also centered with respect
to the x-vay besam central axis. Once the star pattern was
set in place the x-ray film was exposed to produce the test
tool image.

Star pattern x-vray ilmages wevre also taken using a focal
spot-to~film distance of 182.9 cm (72"). at this FFD setiing
the star pattern was also placed midway between the focal
spot and film to give an image magnification of 2X. 3Single
enulsion Kodak OM1 x-ray film was used at both FFD settings
during test run 1. [Tables 7-10] summarize typical x-ray

tube techniques that were used during the experiment.

IIT.a.3 Pinhole Camera

II7.a.3.1. Test Tool

|

The pinhole camera was obtained from the Nuclear
Assoclates division of Victoreen Incovporated [Ref. 40] and
was identified by the model number 07-4610. The pinhole
assenbly that was used had a pinhole diameter of 0.075 mm
{model number 07-%617). The camera consists of a metallic
stand with four telescopic legs attached to a Lop and bottom
plate. The top part of the stand consists of two plates: a
metallic one and a lead one underneath. Each of these plates

has a center hole with machined threads te allow the pinhole
agsembly to be accurately screwed into place. On either side

of the central threaded hole is & single hole that has been



[Table 7]

Star Pattern X-rvay Tube Techniagues
When Using Double Emulsicn Film at FFD of 101 .6 cm {40")

Tube k¥p Focal Spol Size Exposure Tube Film Optical
Time {(ms) MAs Density
For a Pickey diagnostic x-ray tube (test run 1):
70 Small 800 .06 380 1.55
Laygs 400.0 80 1.52
80 Small 600.0 650 1.55
L.avge 300C.0 &0 i.46
20 Small 500.0 50 1.59
Largs 250.0C 50 1.52
For a Siemens Tluovoscoplc x-ray tube (test vur 4 ):
70 Small 120.0 80 1 3
Larges 80.0 30 Z2.01
g0 Small i65.0 &3 1.93
Large 653 .0 63 Z2.13
S0 Small 147 .0 50 1.92
Large 56 .5 50 3G
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Star Pattern

Table 8)

o

X-rvay Tube Techniques

66

When Using Single Emulsion Film at FFO of 101 .6 cm (40" )
Tube k¥Yp Focal Spot Size Exposure Tubs Film Optical
Time (ms) mas Density
For a Picker diagnostic x-ray tube (test run 1):
70 Small 3000 .0 300 2.26
Large 1500.0 300 2.19
80 Small 2000 .0 200 2.17
Large 100G .0 200 Z2.09
30 Sma 1l 12000 150 Z2.12
l.avae 800 .0 160 2.02




When Using Double Emulsion Film at FFD of 182.9 cm (72%)

[Table 9]

Star Patiern X-vay Tube Technigues

Tube kVp Focal Spot Size Exposure Tulbe Film Optical
Time (ms) mas Density

For & Picker diagrnostic x-vay tube (test yun 1):

70 Large 1500.0 300 1.53

50 Large 1000.0 200 1.47

F0 Large 800 .0 160 1.33
For a Siemens fluoroscopic x-rvay tube (test yvum 4):

70 Large 372.0 320 2.15

s0 Large 228 .0 200 1,96

20 Large 201.0 160G 1.30
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[Table 10]

Star Pattern X-ray Tube Technigues
When Using Single Emulsion Film at FFD of 182.9 cm (72")

Tube kWp Focal Spolt Size Exposure Tube Film OpLtical
Time {(ms) MAS Density

For a Picker diagnostic x-vay tube (test ryun 1):
70 Large 5000.0 1000 2.1
ao Large 3000.0 600 1.65

20 Large 2000.0 400 1.39
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drilled through both of the top plates. The 14.3 mm
sepavation distance between these two side holes aids in the
determination of the pinhole image magnification on film.
The bottom plate is made of clear plastic and on the surface
of the plate nearest to the pinhole i1s attached a
fluorescent screen with cross hairs, which aids in pinhole
alignment prior to film exposure.

The pinheole assembly consists of a metallic screw that is
filled with gold. A& fine pinhole is then drilled through the
center. To protect the piﬁﬁole from dust and divrt a piece of

Lransparvent Lape is used to cover the pinhole.

I17.&.3.11 Experimental Procedure

Once the x-vay tubse mount was adjusted to the center,
parpendicular position, the focal spot-to-film distarnce
(FFD) was set at 92.7 cm (36.5"). The pinhole camera was
then placed on the x-ray table beneath the x-vay tube. The
cameya was then checked to ses if it was level by using the
bottom surface of the x-ray tube collimator as the
reference. Once the pinhole camera was levelled the pinhole
assemb>ly was carefully removed. The four telescopic legs of
the camera were fully‘extended and the x-ray tube was
brought ss close as possible to the center hole. The x-ray
tube housing was aligned and the camera was centered by eve.

Camera alignment was w

i

vitied by darkening the room, taking

i

-

a test exposure ab 10 ke and 15 mas, and chserving the
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location of the spot on the camera’s fluovescent screen.
When the image of the hole was not centered on the cross-
halys of the Tluorescent screen the camera was moved and the
process repeated. Once the camera was aligred, the x-ray
tube housing was raised vertically and the pinhole assembly
was inserted. The x-ray tube was then moved to its original
vertical position and a 5.7 cm by 7.6 cm fine grain Kodak
dental occlusal film was placed on the camera base
centering it to the Tluorescent screen cross hairs. The film
was then exposéd to produce an image of the pinheole. [Table
11] summarizes typical x-vay tube techniques that were used

during the experiment.

IiY.a.4 Digital Imaging Technique
ITI.a.4.1 Test Tool

The test tool was constructed at the Manitoba Cancer
Treatment and Research Foundations workshop, whare it took
about 2 hours to build. The estimated cost of construction
was $70.00 .

The test tool [Fig. 17} consisted of two components: &
base and two parallel wires. The 15 cm by 15 cm base was

constructed out of scrylic with a thickness of % mm. The

—i

for its low x-rvay attenuation,

/

base matervial was chosen

[t

convernent machining characteristics and its availability.

- the b a S ocm by 5 oom sguare hols was cutb

A
o

=

el
o

sentary of

L
oot
"
o
4
o

¢

out toe Turther minimize x-vay attenuation through the test



[(Table 11]

Pinhole Cameva X-vay Tube Techniques
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Tube kVp Focal Spot Size

Exposure
Time {ms)

Tube

mms

Film Optical
Density

Fovy a Plcker diagnostic x-vay tube (test run 1):

70 Small
Large
80 Small
Large
18] Small
Large

7500

3800.

5000 .
2500 .

4000 .
2000 .

.0
C

750
760

500
500

For a Siemens flucoroscoplc x—vay tube (test

70 Simall
Lavrge
a0 Small
Largs
S0 Sinall

Large

2274 .
1377.

1723.
1010.

1547 .
G902 .

o O

o O

.87

.85




Tungsten wires

Acrylic base
X

Machined grooves

[Fig. 171}

ion of parallel wivre focal spot

72
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tool. Two parallel grooves (with a separation of 5 mm) were
machined on the base to guide the wires when they were
mounted. The two wives had a diameter of 0.05 mm and were
made of tungsten. The wire diameter was purposely chosen to
be very small in comparison with the focal spot dimensions
that were to be measured, to minimize the penumbra region on
film which In turn minimized the focal spot unsharpness. The
wire material was chosen for its high atomic number which
minimized radiation transmission through the wires to
optimize the contrast in the image. After the two wives had
been mounted by gluing the ends to the base with acrvylic

4 within the 5 cim by 5

cement, the wire separation distance
cm sauare hole region was measured and was found to vary
Tfrom 4.70 to 4.90 mm along the 5 cm wire separation

distance.

IIT.a.4.11 Experimental Procedure

To duplicate the experimental conditions as much as
possikzle the parallel wire test tool images were taken
with the same x-vay tube tﬁchniqueé“as those used for the
star pattern test tool. The geomeirical conditions were also
duplicated by replacing the star pattern test tool with
parallel wire test Lool once the stary pattern test tool

images had been taken. Once the test tool was centered, the

Yhe measurement was pevformed by using a 7% magnifiey
with reticle scales in 0.1 mm divisions. The uncertainty in
sach 1ndividual measurement was * 0.05 mm.



[Table 12]

Parallel Wire Test Tool X-ray Tube Technigues
When Using Double Emulsion Film at FFD of 101 .6 cm (40")

Tube Focal Spobt Wire Orientation Exposure Tube Film Optical
kKvp Size Ww.r.t c-a Axis Time (ms) mas Density

For & Picker diagnostic x-vay tube (test vun 1):

70 Small Parallel 800 .0 80 1.57
Perpendicular 800 .0 80 1.60
Large Parallel 400 .C 30 1.47
Ferpendicular 400.0 80 1.46
80 Small Parallel 600.0 A0 1.55
Ferpendicul ar £00.0 60 1.59
Large Payallel 300.0 &0 1.44
Perpendicular 300.0 &0 1.49
G0 Small Carallel 500 .0 50 1.60
Perpendicular 500.0 50 1.61
Large Parallel 250.0 50 1.583
Pevpendicular 250.0 50 1.55

For a Siemens fluoroscopic x-ray tube (test yun 4):
70 Small Parallel 19G.0 510 2.06
Paerpendicular 190.0 a0 2.0
Large Parallel 80.0 80 2.07
FPerpendicular 20.0 30 2.01
80 Small Pavalilel 165.0 63 2.04
Perpendicular 165.0 53 2.00
Large Parallel 6£3.0 63 2.08
Perpendicular 63.0 &3 2.04
SO Small Parallel 147 .0 50 2.03
Perpendicular 147 .0 50 1.95
Lavge Parallel 56.5 50 2.05%
Perpendicular 56 .5 50 2.03




[Table 13]

FParallel Wire Test Tool X-vay Tube Techniques

When Using Single Emulsion Film at FFD of 101,

cm (40")
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Tube Focal Spot Wive Orientation Exposure Tube Film Optical

kvp Size W.r.L ¢c-a Axis Time mas Density
(ms)
For a Picker diagnostic x-ray tube (test run 1):
70 Small Parallel 3000.0 300 2.25
Perpendicular 3000 .0 300 2.27
Largs Paraslilel 1500 .0 300 2.3
Perpendicular 1500.0 300 2 .37
230 Small Parallel 2000.0 200 2.21
Perpendicular 2000.0 200 2.21
Large Parallel 1000.0 200 2.28
Pevypendicular 1000.0 200 Z.2R
SO Small Parallel 1200.0 150 2.13
Perpendicular 1200.0 150 Z2.19
Large Parallel 300 .0 160 z.28
FPevypendicular G00.0 160 2 .30




When Using Deuble Emulsion Film at FFD of

Paral

[Table

lel Wire Test Tool

14]

X-vay Tube Techniques
cm (72")

182.

s
7
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Tube Focal Spot Wive Orientation Exposure Tube Film Optical

kWp Size W.Y.L ¢c—-&a AXis Time Mmas Density
{ms )

For a Pickey diagnostic x-ray tube (test vun 1):

70 LLarge Parallel 1500.0 200 1.55
Parpendicular 1500.0 300 1.49

80 Lavge FParallel 1000.0 200 1.44
Peypendicular 1000.0 200 1.46

S0 Large Parallel 800.0 160 1.43
Perpendicular 300 .0 160 1.47

For & Siemens fluoroscopic x-ray tube (test yun 4):

70 Large Parallel 372.0 320 2.19
Feypendicular 372.0 320 Z.16

a0 Large Parallel 228.0 200 1.85
Ferpandicular 228.0 200 1.92

GG Largs Pavallel 201 .0 1460 1.95
Ferpendicular 201.0 160 1.91
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fTable 15]

Pavallel Wive Test Tool X-ray Tube Technigues
Whern Using Single Emulsion Film at FFD of 182.9 cm (72"

Tube Focal Spot Wire Grientation SExposure Tube Film Optical
KV Size W.r.t c-a axis Time Mmas Density

(ins )

For a Picker diagnostic x-ray tube {(test run 1):

70 Large Parailel 5000.0 1600 2.12
Perpendicular 5000.0 1000 2.14
80 Large Parallel 3000.0 500 1.7
Perpendicular 3000 .0 500 1.93
S0 Large FParallel 2000.C 400 1.86

Perpendicular 2000 .0 4G0 1.85
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adjusted to a focal spot to table distance of 88.9 cm (35"),
which was the distance at which the meter was calibrated.
The x-vay field size was then adjusted via the collimator
openlng and its alignment adjusted via the collimator and
its alignment light source to only include the meter’s

active vegion. The meter provided a digital readout upon

i
o

gxposure that was accurate te * 2 kv in the range between
and 150 kVp. The reproducibility of the meter was
expevimentally determined to be * 0.1 k¥ (one standard
daeviation).

When & comparison was made between the kVp values set on
the x-vay generator control panel to the k¥Vp values measured
by the digital KV meter, it was observed that the KV meter
values were consistently slighter higher (highest observed

difference were typically 2.7% at 70 kVp). Recause the ervor

)

bars of the measured kYp values included the set ke values,

o

all of the guoted x-ray tube kVp values in this work are the
k¥p wvalues that were sel on the x-ray tube generator control

panel .

IT.b.2 X-ray Tube Exposure Time Measurement

=t

after the kvp meaéurement, the digital KV meter was
replaced by & model 3034 Dosimeter-Ratemeter-Timer digital
meter [Ref. 42], constructed by Radcal Corporation [Ref.
42] . The meter’s radiation sensor is & 40 mm diameter air

ionization chamber Lhat has an active air eguivalent volume
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of 10.4 cm’ whose midplane is located 40 mm from the upper
surface. Prior to exposure the x-ray tube was set at the
appropriate FFD and the collimator was adjusted to produce &
fleld that included the 40 mm diameter ion chamber (which
was delineated by a circle at the top of the meter ). The
metey upont exposure provided a digital readout of the
exposure time that was asccurate to * 1 ms. The
reproducibility of the meter was indicated as + 5% in Lhe
instruction manual and was experimentally found to be within
* 0.25 ms (one standard deviation).

When a comparison between the x-ray generator control
exposure time sebtings and the measured values was made, 1t
was tound that the digitally measured values were
consistently slightly lower (the largest observed difference
was 4 ms (8%) at the lowest gernevator control setting used,
50 ms [1/20 s}). This can be undersiood by the way in which
the meter functions, including only that portion of the
waveform durving which the exposure rate exceeds 10 mR/s,
thus losing about 2 ms at each end of the waveform. all of
the exposure time technigue seftihgs quoted in this work are
those set on the x-ray generator control panel.

The digital meter was also utilized to enable production
of test tool Tilm images of approximately equal opticsal
density for the various x-vray tubes that were used. This was
done by testing the x-vay tube cutpult exposure erior to

4

taking a test tool Tilm image. adjustments to the i-vay bube
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mAs values were then made to compensate for any changes in
exposure from that reguired. This test was particularly
useful when making the transition from single phase (1¢)
Picker generators to three phase (3¢) high freguency Siemens

genevaltors.

ITITI.c Test Tool Film Image Collection Procedure

With the exception of the pinhole camera occlusal films
where a single test was performed on each (3.2 cm by 7.6 cm)
film, six tésf tool ilmages were collected on a single 20.3
cm by 27.9 cm medical x-ray film to optimize data collection
and x-vay Tilm usage. This was done by masking off the
regions of the cardboard cassette (which contained the X=Tray
film) that were not inside the x-ray Tield with lead sheets
of 0.3 cm thickness. Lead numbers weve placed on the
cardboard cassette in the x-ray field region to identify
each test tool image procedure. The anode-cathode
orientation with vespect to the test tool image direction as

vecorded on the run data sheets,

ITI.d X-ray Film Processors

All of the x-vay films were developed in a Kodak RP ¥-
OMAT processor. The first 7 test runs used the M4 model type
that had a film processing time of 20 5. The basic opaeration
of the processor is illustrated in [Fig. 18] . The film was

vemoved from the carvdboard cassette in the dark voom and fed
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Feeder

Crossover assembly

Blower assembly

Fiim path

| o tum—|

Developed
film

Water rack
assembly

Fixer rack
assembly

Developer rack
assembly

{Fig. 18]

Baslc operation of an automatic film ProCcessor .
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into the processor via the feeder tray eniry slot also
located in the darkroom. The film was positioned in the
feeder so that its length was perpendicular to the divection
of travel. This minimized the effect of the developer
chemical induced gradients on the film that might occur due
to film processing. Once the film had entered the processor
it passed through a developer rack assembly thab contaiined
65 cm® of developer kept at & temperature of 34.4 = 0.5 °C.
The developed film then_entered a fixer vack assembly that
contained 110 cm® of Tixing solution kept at a temperature
of 31.7 % 0.5 °C. To wash the developer and fixing solutions
off the film, the Tilm was passed through water held at a
temperature of 31.7 & 0.5 °C all via a rack assembly. The
processed film was then dried by a blower set at a
Lemperature of S1.7 & 0.5 °C. Because the x-ravy tubes and
corresponding pryocessors used in test runs 8, 9 and 10 were
dedicated to the performance of mammography the Tilm
processing took place at & much longer time interwval to
bying out contvast in the Tilm image. For this reason, an
M7B model type processor was used that had a total film
processing time of 175 s. This processor operated under
conditions similar to those of the M4 model type described
above, with the following two exceptions: the wabter
temperature was set at 18.3 % 0.5 °C and 60 cm' of developer

Wasm Umed,




B4
ITY .e¢ X-ray Tubes
Test tool images were collected of ten different X—Tay

tubes [Table 16]. The manufacturer’s specified focal spot

@

sizes (also referved to as the nominal focal spot sizes)
were obtained from the labelling on the individual x-rayltube
nousing or technical specifications that accompanied the x-

ray tuba.

ITII.f Digital Imaging System

Befdre the Tocal spot dimensions could be determined from
the parallel wire test tool image on the film, the film
image had to be first captured by a frame grabber,
digitized, with the resulting digital image stoved in
computer memory. The digitized image of the two parallel
wires then is subject to a software algorithm operation that
was devised for the purpose of extracting the focal spot

dimensions (see following chapter ).

LTI . f.1 Hardware and Software
The computer system was an 18M personal computer AT <lone
manutactured by Mind [Ref. 44], with a single diskette drive

capable of reading double-sided, double-density 5%

(o R
N
[

skettes and & 25.4 cm (10" ) monochrome display terminal
manutactured by Packard Bell. The computer included 1 Moy ie
RaM system memory and a 60 Mbyte hard disk storage Capaclity.

el .

e divect connection of 5 single FPCVISIONplus Frame



[Table 16)

X-ray

Tube General Information

Test Run Dedication Generator Tube anode Focal Spot
Number Type Make aAngle’ Sizes (mm)
Small/large
1 Dliagnostic 1 Picker 13.8° 0.7/1.4
Radiocloay
2 Diagnostic 1¢ Picker 13.5° 0.7/1 .4
Raadiclogy
3 Diagnostic 1d Picrer 13.5° 0.7/1 .4
Radiology
4 Fluovoscopy/ 3d Siemans 13° 0.5/1.2
General Radiography
5 Fluoroscopy/ 3¢ Siemens 13° 0.6/1.3
Genevral Radiography
6 Tomography 1d Picker 13.5° G.7/1 .4
7 Fluoroscopy/ 3¢ Siemens 13° Q.6/1.0
General Radiowaraphy
3 Mammograpiy 3¢ CGR 7.5°%/1z° 0.1/0.3
3 Mammogy aphy 3¢ CGR 7.5%/12° 0.1/0.3
10 Mammography 1¢ Lorad 16.58° 0.1/0.3
STh@ Xx-vay tubes Lhat weve dicated to maminagraphy had
an ancde with two diffevent L1 angles. The small (lavge)
tilt angle was used for the s {lavge ) Tocel spot. also
during test run 10 the beam ai used Tor the small (lavas)
Tocal spot was 8.5° (12.5°).
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Grabber board [Ref. 45] to an expansion slot in the Mind
computer and the utilization of ITEX PCplus software [Ref.
46] provided the computer configuration with the requiraed
digital image processing capabilities. The PCVISIONplus
Frame Grabber board contained a video digitizer capable of
digitizing a standard video input signal of 512 lines by 512
lines of digitizing information per single frame, a 0.5
Mbyte on-board frame memory that was capable of storing the
digitized image and a display logic module that cculd
simultaneously display the stored image on & video monitor.
The PCVISIONplus Frame Grabber board required access to a
computer memory space consisting of a single contiguous
block of 64 kbytes of RaM. The ITEX PCplus software was a
library of image processing and graphics display subroutines
written for use with the PCVISIONplus Frame Grabber board

oy

and designed for use with an IBM personal computer a7 (or
aquivalent ). The ITEX PCplus software package was
distributed as an object code library that could be linked

Lo applications programs written in the C computer language .

III.f.2 Digitization Procedure

The description of the overall digitizing process can be
simplified by referving to [Fig. 191. The 20.2 cm by 27.9 cm
medical x-vay film containing the six parallel wire test
tool images was pleced on a 235.6 om by 43.7 cm claar glass

Plate that was positioned on top of a ilght box.
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plate Jjust covered the top face of the light box. A 35.6 o
by 43.2 cm milky colored plastic diffuser plate of 5 mm
thickness was placed just berneatbh the glass plate to yeduce
and equalize the intensity of the emerdging light. & 235.¢6 cm
by 43.2 cm overasxposed (black) film with a 5 cm by & cm
center hole cut out was placed on top of the test tocl film.
This had two functions: one to physically block off regions
of the film that were not to be digitized and two, to
provide easy centering of the test tool Tilm image of
iﬂférest; The light box contained a single 600 W
incandescent leb that was placed 30.5 cm below the Lop
glass plate. an 11.4 o by 19.0 cm black metal plate was
centered 10.2 cm above the light bulb to ensure provision of
a nearly umniform light intensity distribution. Onice the
Light box was turned on, a Cohu 5000 series television
Camera was used to produce an analog video signal of the
Tilm image (called a frame) to be captured by horizontally
scanning the entire image. The video information in each
horizontally scanned line was kept separate by the placement
of timing information between adjacent lines. The
horizontally scanned lines were divided into LWwo groups

'..

(called Tields): an even tield and an odd field, which

2

congisted of the even and odd numbered hovirzontal scan line

of the frame rvespectively. The analog signal produced by the
camera was Lhen transformed into a digital 2ignal wvia the

I >

POCVISIONPplus Frame Grabber board

<

I
0]

=
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-
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digitization process involved the sequential sampling of Lhe
analog signasl st discrete time intervals and the conversion
of each sample, or pixel, to a digital value. The resulting

pixels were then stored in the frame memory at individually

N
(]

pecified memory locations. Zach pixel in the frame memory
was sssigned one of 256 possible intensities or gray levels.
The parallel wire test tool Tilm image was then stored in
the frame memory as a 512 pixel by 512 pixel image. Once the
entive frame had been digitized and stored in the frame
memory, i£ Qéé displayed on a NEC/Multisync II lanalog red-
green-blue (RGB) color]) video monitor via the PCVISIONplus
Frame Grabber board’s display logic module which transformed
the digital values of the individual cixels back into an
arnalog format (which could then be manipulated by the video
monitor ). Because of the monitor ’s limiting vertical screen
dimensions, the stored image wss viewed as a 480 pixel by
512 pixel Image with 32 vertical lines being omitted. The
individual pixel coordinate assignments on the screen were
such that the y-coordinate (vertical) axis increased from
top to bottom and the x-coordinate (horizontal) axis
increased from left to right. This type of assignment placed
the pixel coordinate systems orvigin at the top left hand
corner of the screen. It should be noted that the 512 pixel
by 512 pixel image in MEMoOY Y wWas not compressed into a 480

ixel displayved image, but vather had the ftap

U
-
>
T
-
o
9]
P\
Y]
R

32 plxels in the vertical dimension cut off . Fach pixel on
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the monitor screen was rectangular in shape with its smaller
vertical dimension being 45t of the horizontal dimension.

On a further note, when the parallel wire test tool film
image was placed on the light box’s top glass plate, the two
sarallel wives were orientated so that they ran from top to
bottom on the displaved digitized image. To magnify the
parallel wire test tool film image furthey, a Tamron 28 to
80 mm variable focal length telephoto lens was mounted on
the video camera. The distances from the film to the center
of the lens and camera were always kept at 346.38 cm and 55.9
cm vespectively. At a focal length of 80 mm and film—to-lens
center distance of 36.8 cm, the zoom lens produced a
secondary magnification (as opposed to the primary geometric
test tool magnification) of 3.4X. During the data analvysis
of the parallel wire test tool images the zoom lens was set
to either a focal length of B0 or 80 mm depending on the

wire thickness on the film to be analvzed.
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CHAPTER 1V

DATA ANALYSIS

This chapter will present the analvysis that was performed
to determine the focal spot dimensions from the various
focal spot test tool film ilmages. Because the concept of
magnification arises quite frequently in this chapter, it

will be discussed first.

IV.a Magnification
IV.a.l Geometric Magnification

It is well KkKnown that when an object of size S, is placed
in the x-ray beam between the focal spot and film, as
illustrated in [Fig. 20], the emevrging x-rays will cast a
"shadow" of size 5; of the object on the film. This "shadow"
is referved to as the image of the object. The
magnification of the object on the film is then defined as
Magnlification = S./8 . (12)

The geometyic magnification (M} can be writiten as

a + d-

M = S

d

d 1]

(13)
cd

where d is the object distance (distance between the focal

rs

spol and the object) and a® is t

e distance (distance

—-

e iné

@

between the object and film). [Eg. 13] was derived from

5]
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—
[Fig. 20C]
Geometyy of magnified imags produced by a
noint source focal spot.
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(Eq. 12} wvia the following relation

< .
=N 51

tan(8) = - (14)
2d 2(d + o)

which was devived from the geometry in [Fig. 20]. The two
assumptions made during the derivation of [Eaq. 13] was that
the focal spot was a point source and emulsion thickness is

negligible.

IV.a.2 Enlargement Factor

The degree of enlavgement of the image with respect to
the object is known as the enlargement factor and is given
by the second term in [Eqg. 13] that is:

3

d

N
et
4

~—

M -1

i

Enlavrgement factor =
s

I¥.a.3 True Magnification

A movre Tealistic expression of the object’s magnification
on film can be determined (see appendix A) by considering a
tfocal spolt of a fTinite size. This true magnification (m) is
then related to the geometric magnification (M) by the

following expression

.i’.‘
mo=M+ (M- 1) (18)
S
where T is the finite size (diameter ) of the focal spot.
It is sesen Trom [Eg. 167, that the true magrnification

will be equal to the geometyic magnification only when Lhe
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focal spot size is very small in comparison Lo the

dimensions of the object.

I¥.b Focal Spot Calculations Using Conventional Measuring
Techniques

IV.b.1 Bar Resolution Pattern
The small focal spot's film image of the bar resolution

test tool pattern has been illustvyated in [Fig. 21]1. In this

Tilm image it is sesen Lhat some sets of bars can be seen

O

learly and some can not. The explanation of this
observation can be simplified by the consideration of ([Fig.
22] which utilizes a test tool magnification of 2¥. Since
the focal spot has a Tinite size for this analysis, it can
be apprvoximsted by two point sources located at opposite
edges. When the bars and spaces between the bars are wider
than half the Tocal spot dimensions [Fig. 22a], the images
of the bars as seen on film will be sepavated, that is, bars
Will be vesolved. If on the other hand, the bars and spaces
are navrvower than half the focal dimensions [Fig. 22bl, Lhe
images of thé bars on film will appear to be overlapped,
thus bar sepéfation Wwill not be possible. |

To eliminate repetition the focal spot dimensions will
be defined here. The dimension of the focal spot
perpendiculary to the x-ray tube’s cathode-anode axis will be

refervea to as the widih (fw) and the dimension of the fooal

spob that is parallel to the cathode~anode axis wWill be
referved Lo as the length (7).

i
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[Fig. 21]

Bar resolution test tool pattern film image of the
small focal spot of test run 2, when using a 70 kVp
tube voltage. The letters C and A above illustrate the
cathode - anode axis with respect to the focal spot
test tool (this convention will also be used in the
remaining radiographs as well).
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Focal spot

Bar pattern

NN

{z) For bars or spaces wider than half the focal spot.

Bar image

Focal spot

Bar pattern

Bar image
g \< \ _Film

{lb) For bars or spaces narrvower than half the focal spot.

[Fig. 22}

Gecometric considerations in determining the focal spot.
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Because the test tool was constructed of eleven bar
gryoups wWith each bay group containing two sets of thres
bars, one sel perpendicular to the othey, both focal spot
dimensions can be determined from & single test teool film
image. The fTocal spot length and widith were calculated from
the following eguation

™ 1

P (17)

zlf-(m - 1)

where lf is the highest barv group line pair fTrequency
rasolved from those tabulated in [Table 5] and M is the test
tool’s geometric magnification. The derivation of [Eq. 17]
is indicated in [Appendix B].

Because [Eq. 17] gives the Tocal spot dimensions from the
line pair frequencies {which is the reciprocal of twice the
width of an individual bav ), only the set of bars Lhal was
parallel (perpendiculay ) to the cathode-ancde axis as
considerved in the determination of the focal spot width
{(length). lf is the line pair frequency corresponding to the
bar group that had the three bars Jjust resolvable. To
illustrate ithis point, [Table 17] tabulates the bar group
assignment that was used in the analvysis of the bar pattern
test tool image of [Fig. 21]. M was determined from [Eq. 12]
via the measuvement of the separation distance betwesen the
two aligrnment scvews (shown in {Fig. 21] as Lwo dark spobs)

both on the Tilm and on the test tool.
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fTable 17]

Rar Group Assignment for Test Run 2
When Using a 70 k¥p Tube Voltage

Focal Spot Focal Spot Bar Group
Silze Dimensions GBossignment
Small Widtn 10

Length 3
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The uncertainty in the fTocal spot dimension (af} as

calculated from [Eq. 17] was determined from

r cilf2 dmy 2T L2
&F = I(&lf)z (—) v (5M)? '<~~>
L df af,
N s \2T172
L lf

M(M-1)

where alf and &M are the uncertainties in the assigned line
paiy Trequency and test tool magnification respectively.

The uncertainty in ifwas astimated to be half the
difference between the assigned bar groups line pair
Trequency and the line paivy freguency of the next lower bar
group. This estimate is Justified by the Tact Lhalt we are
considering the bar group that has the three bars just
resolvable (whose spaces between the bars may not be
paerfectly clear ) as opposed to the bar group (next higher
bar group set) that will have the three bars clearly visible
(spaces between bars much more clearly visible). The true
tocal spob vesolution is likely betwesen these two bar groups
line pair frequencies. Since M was determined using [Eqg.
12], i1ts uncertainty is calculated Trom

i 0
(85, (—) v (854 <-) J
i/ elyl

7

o
=
It

172

55N /6512‘3
M P+l— 0 1. (19)

S, . NSy

i

SO and Si are now the separation distances between the two

alignment holes as measured on the test teool and on the Film
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respectively. The uncertainty in each measurement, that is
&50 and 5Si, was estimated to be = 0.7 mm.

IV.b.2 Star Resolution Pattern

The small focal spot film image of the star resoluition
test tool pattern has been illustrated in [Fig. 23). In this
image 1t is seen that a reglon exist aboutb the center of the
pattern where the "vays® of the star pattern gradually
disappear . This rvegion, which depends on the focal spot size
and vadiation intensity distribution, is termed the ares of
failure of resolution. The origins of this vegion on the
star pattern’s film image can be explained by the
consideration of [Fig. 24]. Once again, when a focal spot of
finite size (f) is used to irvadiate a star pattern that has
been placed a distance "d" away, the emitted vadiation can
be considered to ovriginate Trom two point sources at
opposite edges. also, for the sake of simplicity, only a
smnall portion of the star pattern has been considered: this
entalls two absorbing sitvips each of widih "w", that are

" 1 ll Ll

separated by & gap also of width "w". The dimensions of "w
have been assumed Lo be smaller than the focal spot
dimensions. The wvarious planes in [Fig. 24] illustrate the

images of the star pattern’s two absorbers as a function of

distance from the fTocal spot. It is seen from planes & and B

H

s

that the image of the gap between the Luo absorbers is sitill

I

present. Plane C on the otherhand is at a distance where the
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[Fig. 23]

Star resolution test tool pattern film image of the
small focal spot of test run 2, when using a 70 kvp
tube voltage.
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penumnbra regions of thes two absorbers overlap and blur the
image of the gap. This is the vegion where the stay
pattern’s resclution Talls. For this region to exist, the

ovbevys has Lo

fi

mzgnified image of the gap between the two ab

{

be equal Lo the penumbra of the absorbers. Plane D contains
the penumbra veglons of the two absorbers interacting in

resulting radiation Tield within

\
)
0]
~
e]
-5
ar
<
&
=
o
{

BUCH & way a

the gap &t & mirimum as & opposed Lo a maximum &S 1t was in

©

Q

planes & and 3.

Both focal spot dimensions T, and T, were calculated

M i
from & single film image of the test tool via the following

Lon

[

Sl

57.3 M - 13
whers N is the spoke angle of the star pattern (297, M is

the test tool’s geomebvic magnification and D is the

-

the zevo contrast reglon {(in mmy. [Eg. 20) iw

Al

N o £
metlsr 01

o

devived in {Appendix ).

pot
3

yvioy to Lhe calculation of the Tocal spot dimensions,

the twe varviables D and M in [Eqg. 20], had to bs determined

3 e

M

e

T

j —

from the Tilm image of the test tool [Fig.
geomely ic magnification (M) of the test toocl was destermined

fraom

=
I
P
]
>
p—

where D 1s the diameter of the vyadigyryaphic lmage of Lh
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star pattern {in mm) and D’0 coryesponds Lo Lthe physical
diameter of the Ltest tool (45 mm). When calculating the
width of the focal spot, the zero contrast diameter (D in
[Eq. 20] and Oy in [Fig. 23] ) was determined by Tirst
scanning the star pattievyn on the vadiograph along the
corresponding cathode—-anode axis, inward Trom the periphery,
to Tind the two outermost regions in which the images of the
spokes fTirst seem Lo disappear and then measuring the
distance between these two regions. The contrast diameter (D
in [Eq. 20] and D, in [Fig. 23] ) perpendicular to Dy was
then measured In a similar fashion and subsequently used to
compute the length of the focal spot.

The uncertalinty in the geometric magnification [Ea. 21)
ot the test tool was calculated from

‘/dD 3 0\‘2 i /C§D 7 \2 i/Z
(50’0ﬂ =T (8D )t e
\am \du /

o
=
1

N0,/ \p* /

il

(22)

Foant N2 ap > 27 112
gl S ffi\ﬂi

The uncevitainty in the D°, messurement, dD°, , was taken to
0

0
be * 0.7 min. Because of the unsharpness of the cuter edges
of the test tool film image, the uncertainty in the D’
measuvement, 8D, was taken to be = 1.0 mn.

The uncevtainty 1n the focal spol measurement was
determined from the Tollowing expression

/oy rcmy2 T 12
of = |(eD) -(— | + (eM) - — ' |
L dr L

H
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(aD \2 ( &M >2} 172 (255
= 'F PRS- 5 e 23
[\ D/ M(M-1)

where 8D and &M are the uncertainties in the assigned zevro

contrast diametey and test tool magnification respectively.
Because of the image unsharpness at the edges of the zevo
contrast reglion, &0 was taken to be & 1.0 mm.

The subjectiveness in using the star patiern test tool to
determine the focal dimensions arises from the determination
of the parameter D in [Eg. 20)], which may be estimated
slightly diffevently by each individual that is performing

the focal spot measurement.

IV.b .3 Pinhole Camera

The small focal spot test tool Tilm image as obtained
from pinhole camera imaging has been illustvated in [Fig.
Z5). The intensity distribution of the focal spot as seen in
[Fig. 28] is somewhalt of & surprise, in that it is not
miform in intensity as one could expect from the line focus
principle [Fig. 8] but rather appears to have two maxima
located at opposite edges. An explanation of this
observation has been illustrated in [Fig. 246], which
indicates that the two intensity maxima are & vesult of the
focusing cup’s influence on the trajectories of fthe cathode
emitied electryons. The deflections in the electron
trajectories then cause the emitted electrons to focus onto

the two vertical "line" vegions on the target anode.



[Fig. 25]

Pinhole camera film image of the small focal spot
of test run 2, when using a 70 kVp tube voltage. It
should be noted that this pinhole camera image has
been magnified to best show the shape of the focal
spot image.
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Focusing/////
region

Electron ___
trajectories

Filament

Focusing cup e

[Fig. 26}

Schematic of focusing cup’s Induced deflections
on cathode emitted electron trajectories. The
focusing cup and filament ave viewed from above.
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The width and length of the fTocal spot as determined from

a single pinhole camera image [Fig. 25) was calculated from

D, DM
! h
o (24)
(M - 1)
and
o7 - Di
{1 = e (25)
(M - 1)

where M is the geometric magnification of the pinhole, Dy is
the diameter of the pinhole {in mm}; D, and D, are the width
and length of the pinhole camera focal spot image (in mm).
The devivation of [Eq. 24] is indicated in [Appendix DI . The
length of the focal épot was determined diffevently than was
the width due to the observed decrease in radiation from the
ends of the pinhole camera’s focal spot image. The 0.7
correction factor in [Eg. 25] is there to compensate for
this effect.

The geometric magnification of the pinhole was determined
from [Fqg. 21] wherve D’ is now the distance between the two
alignment screws on the film pinhole test tool image (one of
which is indicated as a dark spot on [Fig. 25]) and D’, is
the distance between the two alignment screws on the upper

plate of the pinhole camera (14.3 mm). The uncertainty in

1]

the magnification was determined Trom [Eq. 22]. Th
uncertainties in the measurements of D’ and D’O, 5D’ and

ab’ were Laken as * 1.0 mm and £ 0.7 mim vespectively {the

05
uncertainty in D7 was largey than that set for BD’0 due to

the uncertainty in determining the exacht centers of the Lwo
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that Iin the uncertalinty calculation of fl [Eq. 25 and 27],
an uncertainty was not assigned to the 0.7 covrection Tactor
because this factor was specified by the formalism 1n the

pinhole camera focal speot evaluation method [Ref. 47].

IV.c Focal Spot Calculation Using Digital Imaging Technique

To determine the width or length of a given focal spot as
determined via the parallel wive test tool, the Tilm 1lmage
of this test tool had to be first "grabbed", digitized and
then stoved in computer memory. The width {length) of the
focal spot, which was detevymined from test tool film images
that had the two parallel wires on the test tool parallel
{perpendicular ) to the x-ray tube calthode-anode axis, was
then extracted from the digitized image by using the

analysis program FSPOTCaL (see Appendix €.

iV.c.1 The Analysis Program FSPOTCAL
The program FSPOTCAL wWas writiten and compiled in the C
computer language and was used:
{(a) to reconfigure the compuier, s0 that the software
kriows where the hardware registers and frame memory
are mapped;

(b) to initialize the PCVISIONplus havdware;

{(¢c) to specify the size of the PCVISIONplus Trame
Memory ;

(d) to digitize the parallel wire test tool film image
and Lo store the digitized image in Trame memory;

{e) to recall the digitized image from frame memory and
to displayved it on the video monikor screen as &

480 pixel by 512 pixel 1image;

{f) to enhance the digitized image by ultilizing the
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appropriate ITEX PCplus software subroutines: and

{g) to calculate the dimensions of the focal spot and
their asscciated statilstical and systematic ervvovas.

The sequence of events that the program FSPOTCAL followed
to calculate the focal spot dimensions from a pavallel wire
test tool film image (that had alveady been digitized and
stored in Trame memory ), are summarized in [Fig. 27]. A
description of each of these steps will be provided below.
Because steps {a) through (e) as listed above, were
performed by the program FSPOTCAL simply by calling the
appropriate ITEX PCplus subroutines [Ref. 46], these steps

Will not be discussed any further.

IV.c.1.1 Displayed Digital Filim Images
Digitized Tilm images of the parvallel wirve test toocl as
displayed on the monitor s screen are illusitirated in [Fig.

LOnSs were vesults

Tty

28] and [Fig. 29]. Both of these illustrat

of the small focal spot of test yun 2, using a 70 kVp tube

4

voltage. ThchFD was selt at 101.6 cm (40" ) and Kodak THMG
double emulsion Tilm was used.

The "nolisy" background on the test tool images, see [Fig.
28] and [Fig. 29], resulted from radiographic mottle and in
particular aquantum mottle, which is defined as the variation
in density of a uniformly exposed rvadiograph (film) that
vesults Trom tLhe vandom spatial distribution of the x-vay

guanta (within the x-ray beam) absorbed by the Tilm. It
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Display Digital Film Image

|

Image Enhancement

!

Wire Width Determination

l

Wire Width aAveraging

l

Wivre Width Correction For Wire Misalignment

l

Wire Width Conversion To SI Units

|

Geometric Magnification Calculation

l

Focal Spot Calculation

l

Statistical And Systematic Uncertainties In
Focal Spot Measurement

(Fig. 27)

Block diagvyam of the FSPOTCAL program’™s algorithm.



113

[Fig. 28]

Small focal spot digitized image of the parallel wire test
tool during test run 2, when using a 70 kVp tube voltage and
and a FFD of 101.6 cm (40"). The test tool’s wires were
orientated such that to have the wires parallel to the
tube’s c-a axis, so as to calculate the focal spot’s width.
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[Fig. 29]

Small focal spot digitized image of the parallel wire test
tool during test run 2, when using a 70 kVp tube voltage and
and a FFD of 101.6 cm (40"). The test tool’s wires were
orientated such that to have the wires perpendicular to the
tube’s c-a axis, so as to calculate the focal spot’s length.
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should be noted that because no intensifying screens were
uged screen mottling was not present. Film graininess on the
other hand, which also contyibutes to radiographic mottle
and is due to the random distribution of the deposits of
developed silver halide grains in the emulsion laver, was
noet seen on film due to the overwhelming extent of quantum
mottling. The bright and dark regions in the test tool
images, weve caused by the Heel effect on the film PrYioy to
digitization. Because the test toocl’s film images were
magnified by a magnification that wvaried between 2.1X and
3.4X, the magnified quantum mottling effect on film images
caused the edges of the wires of the test tool as seen on
the digitized image to appeared irregular.

The secondary magnification, as & opposed to the pPrimary
geomelric test tool magnification which was kept constant at
2.0X, was either Z.1X or 3.4X (which corresponded to
choosing telephoto lens focal lengths of 50 mm or 30 mm
vespectively ) for the following reasons. If the secondary

magnitication was much higher than 3.4X, both the widith of

the wires and the film mottling would have been magnified to

such an extent that the variation in the wire width would

have increased substantially, increasing the overall percent
1

uncertainty in the focal spot measurement. I the secondary

magnitication was much lower than 2.1X, the variation in the

[(a}

Wire wWidbin woul

o LU | P o o e -
3 have decreased {(due to 2 zmal le

T the Tilm mottling), but the magnitudes of

magniticstion o
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the wive widths would have also decreased, thus again
increasing the overall percent uncertainty in the focal spot
measurement . This range between 2.1X and 3.4X was
experimentally determined to minimize the percent error in
the focal spot measurements. In the above discussion the
pevcent uncertainty in the focal spot measurement was taken
to be

af
Percent uncertainty = —— x 100 % (28)
f
where f and &8f in the above equation is the average focal
spot size and the statistical variation of the focal spot
respectively as calculated by the program FSPOTCAL and as
described in (section IV.c.1l.viii) and (section IV.c.2.iii).
The film image quality (defined as the ability of the
film to record each point on the object as a point on the
Tilm) In the parallel wire test tool film image was
influenced by:
(a) radiogvaphic mottle;
(b) unsharpness; and
(¢) film resolution.

Because no intensifying screenst

were used, the only
component that contributed to rvadiographic mottle, which is

the irrvegulary mottled appearance of the film caused by small

% cardboard cassette was used instead of & cassette
containing an intensifying screen [Ref. 38)] to reduce ilmage
bluyring.
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optical density differences on the film, was quantum mottle.

The major contributor to the reduction of film sharpness
(which is the ability of the Tilm to define sharp edges) was
due to the geometric unsharpness of the test tool image
[Fig. 1] . This in turn was due to the finite dimensions
of the focal spot and the primary magnification of the test
tool. Absorption and parallax unsharprness were also present,
but made negligible contributions to the net image
unsharpness. Absorption unsharpness is due to the fact that
the wires in the test tool had a circular cross section
which meant that x-ray attenuation would have been different
depending on the path length through the wire. Parallax
unsharpness results from the fact that double emulsion film
was Used. This effect can be explairned as follows: when
double emulsion film is irvadiated with x-ray photons beth
emulsions layers will form an image of the object, but since
these two layers are separated by some small distance, a
parallax will exist when these images are viewed from some
angle (that is, the edges of the two images will not
necessary overlap).

Film resolution, which is the ability of the film to
record separate images of small objects that are placed veary
close together, not only depends on film graininess but also
on the light-scattering properties of the emulsion and on
the contrast with which the film reproduces fine detail

(fine grain film with thin emulsions yield the highest
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resolving power ).

Film vesolution is often quoted in terms of the
Modulation Transfer Function (MTF) [Ref. 48] or the Contrast
Transfer Function (CTF) [Ref. 48]}, which is a graphic
description of the Tilm’s ability to image an MTF test
object with & sinusoidal pattern or a CTF test object with a
Line pair (or dot) pattern with varying spacial frequencies.
It should be noted that in an MTF test tool the frequencies
are defined as the number of cvcles (peaks and vallevs) per
millimeter length whereas for a CTF test tool the
frequencies are in terms of the number of lines and spaces
{(line pairs) per millimeter. The modulation or contrast
transfer function then measures the ability of the film to
detect the lowest possible contrast differences between
adjacent vegions and to reflect an image that duplicates the
actual object pattern as closely as possible. A Lypical MTF
spectrum of & film is shown in [Fig. 30], and it is apparent
from this figure that both single and double emulsion Tilms
have spatial vesolutions that are not only in excess of 30
cycles/mm but also exceed the visual resolution range. The
MTF function, which is defined as the image contrast to
object contrast ratio, will have & value of 1.0 when the
Tilm resolution is perfect and a value of 0.0 when film
blurving is maximum or when film contrast is zero.

In the digital imaging system, both the TV camera and ithe

cdispley monitor influenced image contrast. The resolution of
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this system was determined by thres effects: the number of
horizontal scan lines utilized by the television camera to
record the Tilm image in frame memory (which in this systam
Was 512 lines/frame), the resolution of each horizontal scan
line (that is the number of pixels per horizontal line), and
the vesolution of the individual system components.

Because each image that was stored in frame memory was

"grabbed’ by the digitizer which operates at a rate of 30

o

Trames/s (with each frame having information for a 512 Y
£12 pixel screen), the digitizer was operated at & video
band width of 10 MHz [Ref. 45]. The break down of a typical
video band width, as in the case of the digitizer, is as
Tollows: the number of pixels that had to be "grabbed" by
the digitizer in 1 second would have been at a rate of
512-512-30 = 7.9 MHz, the remaining 2.1 MHz was necessary to
compensate for the video sigral timing information of each
pixel and the time it takes the cameva to wrap around two
adjacent horizontal lines. The video band width of the Cohu
5000 series TV camera and the display monitor were 15.75 MHz
fRef. 49] and 30 MHz [Ref. 50] rvespectively.

The vesolution of the display monitor was at 800 dots per
hovizorntal line [Ref. 50)], and since the monitor had an
active display screen width of 250 mm then the monitor’s
resolution was 3.2 dots/mm (0.2 mim dot pitch) or 1.6 line
palrs/mmn. The Cohu 5000 servies TV camera had a horizonbel

resolution of 600 lines [Ref. 49].



The overall resolution of the digital imaging system,
which was found to be in the order of 6 line pairs/mm, was
determined by digitizing a film vesolution pattern and then
displaying the patterns image on the system monitor. Because
films have typical resolutions over 20 line paivs/mm, [Fig.
30}, the gquality of the displayed image was limited not by
the film vesolution but by the overall resolution of the
digital imaging system.

When a comparison is made between [Fig. 28] and [Fig.
29), it is seen that the individual wire images of [Fig. 28]
appear to have a double projection as if produced by two
sepavyate focal spots in addition to their overall reduced
width. This observation, which was evident in all of the
sinall focal spot parallel wire test tool images (when the
test tool was placed parallel to cathode-anode axis),
resulted from a focal spot that had two intensity maxima
each located at either side of the intensity distribution

(for more details see section IV.bh.3).

IV.c.1.1i.1 Active Region of Displayed Imégé

The program FSPOTCAL was used to calculate the focal spot
dimensions from the average wire width of both wires (see
section IV.c.l.viii). To simplify the algorithm that was to
be used to determine the average wire width, the background
image noise (due to quantom mottle) and any gradient effects

had to be minimized. This was achieved by consideving only



122
the portion of the image that was in the immediate vicinity
of the wire. This enclosed region, whose boundaries are
illustrated in [Fig. 311 by the white rectangle, was set by
the program at 55 pixels in width and 475 pixels in length
and was referred to as the active region. The width of Lhe
active region was experimentally determined to minimize the
overall percent uncertainty in the focal spot measurement
{see Chapter V for more details). The length was chosen to
include as much of the wivre image as possible so as to
improve statistics. [Fig. 31) is identical to [Fig. 29] with
the exception of the superimposed delineation of the active
region.

To simplify the discussion of how the average width of a
given wive image was extracted by the program FSPOTCAL Trom
the image data within a selected active region, only
the image manipulation of the left wire of [Fig. 29] will
henceforth be illustrated. The program used a similar
technique to extract the average width of the right wive of

[Fig. 29].

IV.c.1.1i1i Image Enhancement

As seen Trom [Fig. 29], the wive image within the active
region does not stand out very clearly from the background
image noise, thus making it hard Lo detect the two edgeas .
Since the wire width was to be determined for each of the

475 horvizontal scan lines in the active vreglon from position
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[Fig. 31]

active region superposition on digitized test tool image.
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estimates of the two edges of the wire, the uncertainty in
some of these estimates created a problem. To overcome Lhis

difficulty, image processing enhancement was perTormed by

fex)

using the technigue of histogram equalization which modified

)

the appearvance of the wive in the active region. [Fig. 32]
illustrates [Fig. 31] after the application of histogram
equalization. It iz seen in [Fig. 321 that when histogram
squalization was used to enhance the wire image, it also
blurred the wire image width by approximately 2 pixels.
X-ray tubes used Tor mammography and having smaller focal
spot sizes enabled production of digitized parallel wirve
test tool images In which the edges of the two wires were
very clearly defired, making image enhancement unnecessary .
In doing this, wire image blurring by enhancement was
eliminated.
ue to the x-ray tube heel effect [section I11.b.9],

a Tilm density gradient was appavent in the achive region of

[Fig. 32].

IVv.c.1.il.1 Histogram Equalization
When all of the pixels within the active region of a

typlcal parallel wive test tool image ave consideved and a

histogram is made of their pixel values, it can be shown

that the vange of the pixel values or gray levels is quite
small, tLypically no more than 20. The enhancement of thase

pixels by histogvam equalization [RefT. 51] is achieved by
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[Fig. 32]

(Fig. 31] after image enhancement by the technique
of histogram equalization.
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expanding this pixel value or gray level rvange. This is
illustrated in [Fig. 33), which is & horizontal cross
section of the active vegion in [Fig. 31i), before (a) and
atter (b) image enhancement. [Fig. 33] also illustrates the
pixel wvalue distribution of & single horizontal row of

pixels, which shows the wire image to be a broad psak.

I¥.c.1.iii Wire Width Determination

The program FSPOTCAL was used to calculate the width of
the wire from the pixel value distribution of each
horizontal vow of pixels within the selected active region.
This meant that the wire width was determined 475 times.
This greatly improved statistics, minimizing the
corresponding uncertainty. The wive width was defined as the
Tull width at half maximum (FWHM)} of the wire image pixel
value distyibution.

The following section will utilize [Fig. 33b]l, to
illustrate the methods that were employed to extract the
width of the wive from the pixel value distribution of a

glven horizontal vow of pixels.

Iv.c.1.111.1 Maximum of Pixel Value Distribution
Before the wire width can be determined from a single

horizontal vow of pixels the maximum of the distribution

must be determinsd.

™

iecause zome of the wirve images had a double projection




255 | 1 | |
204 — |
w
LoJ
2153 - -
—d
[ g
e
—f an
oo [oln]
o2 D o e® e oo -
— Qoo DDC}DDDDDDDD Op o anPerae®fg,
o o
51 — |
a l | I
80 IGU 110 120 130

HORIZDNTQL PIXEL COORDINATE

(a) Horizontal row of plxels before 1mage enhancement.

255
oo
o o
[=] a
204 — = -
[Sp] =] (o] [w]
] o o a
—1 153 oo oo =] a [=]w] I~
a
= oo o o
1 e e
L] ]
>< 102 o ° oo -
o o
51 — |
o
0 | I T
80 100 11D 120 130

(b) Horizontal row of pixels after image enhancement .

Active region cross section before and after histogram

HORIZDNTQL PIXEL COORDINATE

[Fig. 33]

equalization.

127



izs
(and hence their single wire pixel value distrvibutions would
have beern composed of two maxima) the maximum of the main
peak was determined by smoothing the distribution. This was
achieved by fivst blurring the wire image within the active
vegion in the vertical direction by vertical pixel averaging
and then blurring the image in the hovizontal divection by
horizontal pixel averaging. These are generally utilized

digital-image processing techniques.

Iv.c.l.iii.l.a Vertical Pixel Averaging

The image within the active region was vertically blurred
Dy performing the following operation on to each of the 55
vertical rows of pixels. Consider the first 17 pixels in the
first vertical vow of pixels (pixel number increasing from
top to bottom and the first pixel location was at position
1). The gray level value or pixel value of the pixel in
position 9 was first set to O and then the pixel values of
the remaining 16 pixels were summed. The sum was then
divided by 16 and the pixel at position 2 received a value
equal to the average pixel value of the remaining 16 pixels.
The above described procedure was then re—applied Lo the
next 17 pixels in the vertical vow which were located at
positions 2 to 18. This technigue was then ve—iterated for
all of the 475 pixels that comprised & single vertical rouw.
(Fig. 34] illustrates [Fig. 31] after image enhancement and

vertical pixel averaging.
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[Fig. 34)

[Fig. 31] after image enhancement by the technique
of histogram equalization and vertical pixel averaging.
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Because of Lhe above averaging technique the first 8
pixels and the last 16 pixels of the 475 pixels in each
vertical vow of pixels do not get averaged, see [Fig. 34],
and thus the wivre width calculation is rnot performed on the
Tirst 8 or last 16 horizontal pixel rows in the active
region. This implies that over the sntire active yegion, the
wire width is determined 451 times and not 475 times as
Freviously mentioned.

The application of vertical pixel averaging to the
already enhanced wire image inﬁroduced blurring of the image
[(Fig. 34]. This blurving was greatly dependent on the
alignment of the two wires in the digitized image with the
vertical pixel coordinate axis of the display monitor. The
alignment of the test toel’s film image prior to
digitization was such that blurring of the wire image width
by vertical pixel averaging was typically of the order of 2
pixels (see section IV.c.li.v for more details).

¢ the broad peak of the distvibution may not have

53]

Becau
been completely smoothed over to produce a single peak after
the application of vertical pixel averaging [Fig. 35a] (it
should be remembered that sometimes the broad peak in the
pixel value distribution had double maxima), turther
blurving of the image was necessary. additional bBlurring was
achieved by performing horizontal image blurring to the
active vegion of [Fig. 34]. The effect of this type of

blurring on [Fig. 35a)] has been illustrated in [Fig. 35b)]
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and after wvertical and horizontal pixel averaging.

[Fig.

35]

image blurrving.

gion cross section after histogram equalization
the various types of
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IV.c.1l.iii.1.b Horizontal Pixel Averaging

Horizontal image blurving was achieved by performing
hovizontal pixel averaging to each of the 451 horizontal
rows of pixels that were contained within the active region
of [Fig. 34). The technique used to average the 55 pixels
that comprised a single horizontal vow of pixels was wvery
similar to that used for vertical pixel averaging.

The number of pixels that was averaged at any one time
(during vertical pixel averaging this number was fixed a£
17) was taken to be half the width of the left wire as it
was seen in the active rvegion (prior to image enhancement ).
The wire width was estimated as Tollows: a single cursor
(shaped like a cross hair) was superimposed on the digitized
image filvst at the left and then at the right edge of tLhe
left wive and the corresponding horizontal pixel coovdinates
were recovded (the vertical pixel coordinate was kKapt
Tixed). The difference between the cursor’s horizontal pixel
coordinates at the two edges was then taken to be the wire
width. In this example the widith was determined to be 10
pixels. Cursor coordinate selection was adjusted
interactively via the program FSPOTCAL. The left wire’s
Width was also used when performing horizontal pixel
averaging on the rvright wire,

[Fig. 35b] was obtained ¥from [Fig. 35a] by averaging the
pixel values 5 pixels at a time (half of the width of the

Wire as detevmined from the above method). Averaging was
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performed by the following technique. The pixel wvalues of
the first 5 pixels (pixel numbering increased from left to
vight with the first pixel considered to be located at
position 1) were averaged and the value of the pixel at
position 3 was replaced by the average pixel value of all 5
pixels. The next 5 pixels (ranging from positions 2 to &)
were then avevaged and the wvalue of the pixel at position 4
was veplaced with the newly calculated pixel value average.
This averaging was consecqtively applied to the remaining
pixels.

The pixel value distribution in [Fig. 33b) had the
maximum of the broad peak determined from [Fig. 35k by
scanning the distribution from left to vight and locating
the pixel with the highest pixel value. In [Fig. 35b] this
corresponded to the pixel which had & horizontal pixel
coovdinate of 111 (henceforth this pixel will he referved to

am pixel P).

IV.c.1.111.2 Full Width Half Maximum of Pixel WValue
bistribution

Because horizontal pixel averaging can introduce
additional blurving of the wire image width (typically about
2 pixels) thus introducing additional ervor to the wire

width estimate, the width of the wire as determined from &

U

single horizontal vow of pixels was estimsted from (Fig.

35a] and not [Fig. 35b)]. [Fig. 35al] was also chosen over



134

[(Fig. 33b] because it had a smooth pixel value distribution
(which could be easily manipulated by the computer
algorithm).

The steps that were followed by the program FSPOTCAL to
extract the FWHM value of the broad peak in [Fig. 3%5a] can
best be explained from the consideration of [Fig. 36].
Before the full width at half maximum could be determined
from the pixel vslue distribution, the base line of the
distribution had to be estimated. This was done by scanning
to the left and right of pixel P and then determining the
Tirst two pixel locations where Lhe pixel values are ab a
minimum {these two pixels locations have been labelled in
(Fig. 36] as Py and P,). The distvibution’s base line was
then taken to be the straight line [Fig. 36] that passed
through these two pixel locations. The base line was
determined by fitting a linear equation to the coordinalbes
of pixels P and P,. The pixel valus of pixel P at half
maximum was then calculated from

— n
iax F base

Pixel value al half maximum= (29)

- base
2

where P was the pixel value of pixel P and Plase 18 the
pixel value of pixel P at the base line. Plase WaS
extrapolated from the Titted base line equation. The full
width of the distribution at half maximum was calculated
Tvrom

+ 1

lamt
[N

O

-

Full width at half maximum = ?Ed%,z - pe@eJ
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where Lhe two terms in Lhe above ecuation are the horizontal
pixel coordinates of the pixels that corvespond to the two
edges of Lhe wire image as determined from the FWHM method .
The pixel whose location was at Pe@eJ (which corresponded to
the left edge of the wive image ) was determined by scanning
to the left of pixel P and then finding the pixel whose
adjacent pixel (pixel located further to the left) had a
pixel value that was less than the distribution’s pixal
value at half maximum [Eq. 29]. The horizontal pixel
coordinate corresponding to the vight edge of the wire image
(peweﬂ) was determined in a similar fashion by scanning to
the right of pixel P. The width of the wire image in [Fig.
36] as determined from the FWHM method was 10 pixels.

The effectiveness of program FSPOTCAL Lo determine the
two edges of the wire image and thus in turn the wire widbh
[Eg. 201, for each of the 451 horizontal rows of pixels, is
illustrated in [Fig. 37]. The value of the oixels at
locations pe@eJ and Pe@eﬁ were changed to 255 (giving the
pixel a white appearance) to bring out the two edges in the
left wive image. [Fig. 37] is identical to [Fig. 31] with

the only exception being the left wire edge enhancement .

IV.c.1.lv Wire Width Averaging
Because the wive widih for a single wire image was
determined for each of the 451 horizontal rows of pixels

that were contained within its active region, the wire widbh
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[Fig. 37]

Image edge enhancement illustration of (Fig. 31].
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average for the left wire was calculated from
457
oW
i=1
M inage, left T (31)
451

&

{1l

where w; corresponded to the wire width [Eq. 30

leculated frvom the iM hovizontal vow of pixels within the

e
a3

left wives active vegion. The associated statlstical
variation in the above average wire width estimatbe Was

calculiated from

451 - 1/2
(W = g 32 ]
o i inage,left 7
1=7 ;
OWinage,left = - (325

450
To further improve statistics, the overall widih of the
two wire images in the digitized image was then taken to be

the weighted mean of the average wire widtlh of obh wires,

that is:

Winage,left \ “inage right
- ? r 52
a) - 1 (] oy
i ( O nage, left ) COW i rage, vight / (33)
Winage = z
1 1
’ 2
£, \2 Lo, A
\ OWinage,left / L OWinage, right /
The statistical uncertainty of 5”5%% was then calculated
irem the following equation
i - 1/2
] 3
- £ N
mea;e = - Laod )
i L i ;
i - — i
LN inage Jeft <P inage,right 7
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Iv.c.1l.v Wire Width Correction for Wire Misalignment

Prior to the digitization of the test tool’s Tilm image
the film was adjusted so that the wires were vertical on the
monitor 's screen. But because the wires could rot be
pPrecisely aligrned to the monitor’s vertical pixel coordinate
axis, the calculated width of the wire [Eg9. 33] had to be
T

corrected for this misalignment. The net effect of the wire's

misalignment was to broaden the wire’s widih (see [Fig. 38]

The two dark lines in [Fig. 38] represent the wire edges
and illustrate a wire which is parallel to the monitor’s
vertical pixel coovdinate axis. The two dashed lines in turn
indicate the same wive when votated by some mizalignment
It is seen then in [Fig. 38)], that when the

angle, aﬁv

.

analysis program FSPOTCAL first determined the wire width
from a single horizontal row of pixels, the calculated wire
width corvesponded to the illustrated distance, a. In actual
Tact, it should have been distance, b. Because distance, b,
it a projection of distance, &, the misalignment correction
to the calculated wire width was taken to be

W inage,corr W inage cos(8;.) . {(35)

35] was determined from

[#9]

Recause the term w in [Eq.

&)

image
both test tool wire images, the cosine of Lhe misalignment

angle was calculated Trom

o
4]
P
B
R
!
!
i
3
1

{56)

S
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Illustration of wire misalignment.

where:

image

38])
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where 8Msl and 8. . are the individual misalignment angles of
nis, iis,

the left and vight wivres. The uncertainty in cos(é%w) Was
then calculated from
—
deos{(8,;) |2
scos(8: ) =| [scos(8.. ) -
mis mis,l 8 )
deos( his, |
e - - .
: dcos(aﬂs) 2 {1/2
¥ ojocos( @, )
i e :
! dcos( 8!718,]’) |
sin(@ms) . ) 1/2
. R 7 . L . 7 . \ .
= kOeuis,l) ! '\‘E’Qms,r) (37)

) i}
where aaﬂsJ and &anar are the uncertainties in the individual
misalignment angles,

The misalignment angle for a given wire image was
determined by the focllowing: once the two adges of the wire
for a given horizontal vow of pixels was calcu ated, tne

centey of the wire was determined and Lhe coordinates of the

o

Pixel at the wire center weve recorded. This procedure was
then vepeated for all of the 451 horizontal vows of pixels
Wwithin the active region. The wire’s central axis was then
represented by & straight line after performing a least
squares Tit. The misalignmernt angle fTor say the left test
tool wire image was then determined from

8. , = tanlimi) (38)

where my is the slope of the fitted lines. The uancertainty in

o

é%bl was then determined from
! H




i)
= ; (39)
1+ mf
The method that was used to calculate the Titted
equation’s slope and associated uncertainty, &My, has been

summarized in [Ref. 52]. It should be noted though, that
during this calculation the vertical pixel coordinates (i.e.
the v-coordinates) were multiplied by 0.8, to take 1into
account the fact that the vertical dimensions of a given

pixel were 4/5th of its horizontal dimensions.

IV.c.1l.vi Wire Width Conversion to SI Units

The average width of the wires, Winage corr* 85 it was
determined from the digitized test tool image, waé in the
units of pixels. In order to incorporate this width in the
calculation of the focal spot, (see section IV.c.1.viii), the
screen’s horizontal pixel coovdinate and in turn the wire's
width had to be converted to SI units.

The procedure that was used to determine the conversion
factor will be indicated below. When the program FSPOTCAL was
used to digitize a test tool film image, the program Tirst
cleared the monitor’s screen and then displayed a blank
Scfeen Wwith a superimposed cross hair. & thin piece of clear
plastic with a cross hair marked on it was then taped on Lhe
screen so Lhat both cross haivrs were aligned. This was dorne
Lo have a phyrzical representation of the screen’s hovizonbtal

sewed on

1=te

and vertical axis when the test tool Tiim image was v
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the monitor screen priov to digitization. The film that
contained the various test tool images was then placed on top
of the light box and the test tool film image to be analyzed
was 1isolated. Once the test toeol film image was positioned so
that the two wires were parallel to the monitor’s vertical
pixel axis, a clear plastic ruler was placed on top of the
Tilm. The ruler was then aligned with the screen’s horizontsl
pixel coordinate axis by ensuring that the top edge of the
ruler was pavallel and aligned with the horizontal line of
the cross hair that was taped onto the monitor;s screen. The

S

test tool’s film image was then digitized. The conversion

factor was then determined from the digitized film image as

0

Tollows: a single cursor (shaped like a cross hair) wa
superimposed on the displayed digitized test tool image at

two different positions near the top edge of the ruler [Fig.

()

2], and at each location the cursor’s horizontal pixel

oordinates weve vecorded. The horizontal distance between

Y

these two cursor positions was then determined both in
millimeters and in pixels. The conversion factor, C, was then
determined from

<l

m
C = (40)
oixel
wheare dm and dpnd are the separation distance between the

two cursoy positions in millimeters and in pixels. Cursor
coordinzie selection was adjusted intevactively wia the

progyam FSPOTCAL . The uncertainty in the conver=ion factor

A
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[Fig. 39]

Illustration of method that was used to
calculate the conversion factor.



was calculated from

dd.\2  / dd_. N2 11/2
6C:{§dm‘ m) + deﬂ‘ Nwﬁm> j
- dc dc ,

od ;.
P pixel ‘ (41)

dpixel

Because the term dm in [Eq. 40)] was a physical distance
taken from a calibrated ruler, the uncertainty in this
pavameter was assumed to be negligible. The uncertainty in

the distance d TARLES calculated from the following equaltion

pixe
dPp \2 dr, 271/2
ad... ., = |lep, + ———) + (&P, - —————~\ 1
pirel ! o ; 2 )
ddpixel ddpixel -
‘] 1/2
[{apl)z + (8P (42)

where Piand P, are the horizontal pixel coordinates at the
two cursor locations. The uncertainty at each of these two
cursory locations was taken to be * 1 pixel.
The avevage wire width on film as determined from digital
imaging was then calculated from
Wila = © 7 Wipage,corr

= £ - W - cos( 8 ; (43)

inage his )
As a consistency check, Wity (which for this example was
1.12 £ 0.07 mm, see [Table 20] for more details) was compared
to the actual average widih of the wivres on film
(which was 1.15 mm as determined from a magnifving glass
having a built-in scale of 0.1 mm divisions and 7¥X
magniftication) and for all of the analvzed digitized film

lmages, agreament was found within the ervor bars. The

b=
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conversion factor, C, as determined from [Fig. 41] was 0.11
mm/pixel (that is dyp = 13 mm and dpna = 117 pixels).
IV.c.1.vii Geometric Magnification Calculation

In order to calculate the focal spot from Wiln, the test
tool’s geometric magnification, M, had to be determined. This
was done using an equation similar to that of [Eq. 13] in
[section IV.a.1). Recalling, that

2
i1

(44)
d

where @’ is the image distance (distarnce between the test
tool and the film) and d is the object distance {distance

between the focal spot and the test tool ). The uncertainty in

the test toocl’s geometric magnification was aetermined from

/ del*\ 2 / dah27] 12
oM = (@d — ]+ sd et

L\ dm / \ dm

[ 7d” 6d\2 54 N2 T s

Ly a / v d

The uncertainty in each measurement , &d and &d’, was

estimated to be 2 3.2 mm (or + 1/8").

IV.c.1.vill Focal Spot Determination

that produced the parallel wire test

..—-f
-
o
G
¢
Iy
(Jf
T
o]
{y
o
d
®
gy

tool image on Tilm was determined from the digitized test

1 Y

tool image by the following equation
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g Rl P -
film wire
f = (46)

M- 1

where Weilp 18 the wive width on film as determined from the
digitized test tool image (in mm), Wyire 18 the physical wire
diameter (in mm) and M was the test tool's geomeiy ic
magnification. The wive diameter was verified by using a 7%
magnifier containing a reticle scale of 0.01 mm divisions and
was Tound to be 0.05 mm. The above equation has been derived

in {Appeﬂdix F1.

IV.c.2 Uncertainties in Focal Spot Determination
In the calculation of the focal spot, f, various factors
were present that contributed to the overall uncertainty.
This section, which considers the following equation
Winage C - ocos(8 )~ Wy, M

T = (47
Mo 1

to derive the various errors, will present beth the

statistical and systematic error contvibutions.

vl

IV.c.z2.1 Statistical Ervor

The only statistical ervror contribution to the focal spot
measurement avose from the manner in which the average wire
width Wipage WES determined from the digitized image (see
section IV.c.l.iv for details). The focal spot uncertalnty

due to this erroy was calculated from
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N _ dwiraage
(é }Sta = 61‘3}:[}1395 - .,.___:________‘.,.,...
adf
We: Sl
film inage
s B . (48)
M- 1 wiﬁiage

The statistical uncevtainty in the wire width, OW i page*

was

given by [Fa. 34]

IV.c.2.i1 Systematic Errors
IV.c.2.ii.1 Physical Wire Width
Because Lhe physical diameter of the test tool Wwires,

W entered inte the focal spot calculation [Eq. 471, the

wire:
uncertainty in this krnown wire width also contributed to the
overall focal spot uncertainty. The magnitude of the focsl
spot uncertainty as a vesult of this systematic error was

determined Trom

1
i

wire
ef = duwy, o
v
¢
T e e S { A4S
- j SWyire (49)
M - i

The uncertainty in the physical wire Wwidth, &w We

]

wire?®

estimated to be & O.005 mm.

IV.c.2.11.2 Wire Width Conversion Factor

Before the Tocal spot dimensions could be determined, the

which was in the dig 1

8]

[

Fte

=

calculated average wive width, W inage*

Yo

imaging systems units {(pixels)y, had Lo be converted to a

{
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width in SI units. Because the conversion factor, C, had an
uncertainty assoclated with it, this tco contributed as a
sysltematic ervor to the overall focal spot uncertainty. The
contribution of this error to the overall focal spot

uncertainty was calculated from

ac
B'f:2 = E)C . PR
cf
W 5C
film
= L (50)
Mo~ 1 C

where a&C has been given by [Eq. 41].

IV.¢c.2.11.2 Wire Misalignment Correction

Because the digitized test tool wire images might not have
been parallel to the monitor’s vertical pixel coordinates
axls, the calculated wire width Wipage WAS corvected for the

zffect of this misalignment. Since this correction also had

an assoclated uncertainty, this error also acted as a
systematic ervor to the overall focal spot uncertainty. The
magnitude of the overall focal spot uncertainty that was

attyibuted to this effect was calculated from

ar
N
qum O(,O:)( Qi'ﬂisjl ,
= . . (513
Vi -~ ~ ey .
M 1 COSY 'Bmsj
The uncevtainty in this correction factor, aooa(@%m}b WES

calculated from {(Eo. 37].



IV.c.2.i1.4 Test Tool Geometric Magnification

Because the test tool’s geometric magnification M also
entered into the calculation of the focal spot [Eq. 47], the
uncertainty in the magnification M also contributed a
systematic ervor. The contribution of this error to the

overall focal spot uncertalinty was calculated from

i
5f4 R L -
kil
Wi ™ Wl
_ wire film C aM (52)
(M~ 1)?

where the uncertainty in the geometric magnification, &M, was

calculated from {Eg. 45].

IV.c.2.11.5 Wire Image Blurring

When the average wire width, w was determined from the

image
digitized test tool film image, it was extracted from an
image whose active region had previously undergone histogram
equalization and vertical pixel averaging. Because of this
image manipulation, the wire images had been blurred to some
degree. Even though the net blurring effect at each edge of a
given wire image was typically an increase of about 2 pixels,
this effect did not have a large contributioﬁ in the focal
spol measurement. This can be seen in [Fig. 40] from the

close agreement between the enhanced edges of the two wire

-+

images and

[t

heir actual edges. This blurving effect, which

Was not incorporated as a systematic ervor, was
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[Fig. 40]

Wire edge enhancement of both wire images.



experimentally found to be compensated for by defining the
Wire width, Winage, @5 the FWHM of the pixel value distribution
: +

and not as the full width (seec section IV.c.1.iii).

IV.c.2.ii.4 Test Tool Misalignment

When the test tool was set up prior to its exposure, it
may have been set so that the plane containing the two wires
was nol perpendicular to the x-ray beam’s central axis. This

t

“

effect would have caused each wire to have a different te

ot

Ltool geometric magnification. Because this physical effec
could not have changed the wire’s object and image distance
by more than 1 mm, the term &M in [Eqg. 52] as calculated from
[Eq. 45} would have been small (it should be pointed out that
auring test runs with a FFD of 101.6 om (40") the wires
object and image distances wevre both approximately 50.8 cm
(20")), and thus the systematic error contribution to the
overall uncertainty in the focal spot would have been

negligible.

IV.c.2.11.7 Pixel Width

Because the edges of a given wire are represented by a
single pixel [Fié. 40], there will be an uncertainty of + 0.5
pixels associated with each edge point, due to the width of &
given pixel. Since the widith of the wire on the digitized

t

o

st tool Tilm image is determined from two edge points (fTor

a given hovizontal vow of pixels) then the uncertainty in the



wire’s width due to this effect would be £ 0.7 pixels
{calculated by adding in guadrature the uncertainty of * 0.5
pixels twice). Because the statistical uncertainty in the
average wire width estimate (which was typically between
0.8 and & 1.0 pixels) inherently contains the abowve * 0.7
pixel uncertainty, this effect was not included as an

independent systematic error contribution.

IV.c.2.11.8 Overall Systematic Error Contribution

The overall systematic errvor contribution to the focal
spot uncertainty was calculated by adding in gquadrature the
Tirst four systematic errors, that is

(&f Joys = .
.:1

La -
IY.c.2.1ii Owverall Focal Spot Error

The overall ervor in the fTocal spob measurement was taken

to be



CHAPTER WV

RESULTS AND DISCUSSION

V.s Data Representation

~ll of the focal spot data that was collected duving test
runs 1 through 7 is summarized in [Appendix Gl, [appendix H]
and [Appendix I] respectively. The data in these appendices
is vepresented in the form of comparison plots to illustrate
similarities in the focal spot data betweern the conventional
focal spot measuring technigues and that of the digital
imaging system. Tﬁe ovdinate of these comparison plots was

taken to be the focal spot size and the abscissa the K=V ay

tube kVp settings (which was chosen to illustrate any kvp

o

dependence in the focal spot data).
On a further rnote, all of the data in the above three

{3 ave the weighted mean results of two independent

9
0
T
(6]
o)
;_ﬂ
O
©
1]

analyses that weve performed two weeks apart. The digital
imaging system’s Tocal spot data in [appendix G] andg
[#ppendix I are the results from test tool film images that
utilized Kodak TMG double emulsion film and weve taken at a
FFD of 101.6 cm (40"). BRecause all of the focal spot data in
[appendix H] were taken at two different FFD settings, the
FFD settings have been identified on each plot for greater
clarity. In addition to the above, all of the focal spol data

G eddl

=

i ; dix HI (with exception to test vun 1) were oblained

using Kodak THMG double emulsion Tilm.



To comment on the various information that is contained
within & given comparison plot, consider [Fig. 41) which is
identical to a plot illustrated in [(appendix G]. As shown in
[Fig. 41], the focal spot data representing the length of the
focal spot were deliberately plotted at a kVp value that is 2
kVp lower then what was actually used. This was introduced
for two reasons: 1) to simplify data comparison by reducing
errory bar cluttering; and 2) to separate the two focal sSpot
dimensions. It is also seen in [Fig. 41] that two horirontal
lines (ﬁné for each focal spot dimension) have beern
superimposed in each plot to signify the nominal focal spot’s
maximum NEMA tolerance values. These NEMA focal spot limits
[(Ref. &] which have been tabulated in [Table 18] signify the
meximum focal spot dimensions that are allowed by NEMA for &

given nominal focal spot.

V.b Bar Resolution Pattern Comparison Results
All of the bar pattern Tocal spot results are summarized
in [Appendix G]. It is seen from these 7 test runs that on
the average the digital imaging system’s focal spol. data does
appear to be in agreement with the bar pattern’s focal spot
data (two data points ave said to be in agreement when their
assoclated error bars overlap, that is both data points are
Within evrror of each other ). It is also evident from this
colliected bay pattern data that on Lthe averags Lhe size of

the YTocal szpol is independent of the tube’s kvp setiing. The



NEMA Nominal Focal Spot Maximum Tolerance Values

[Table i8]

Focal Spot Dimensions (mm)

Neminal Focal Spot Size

NEMA Tolerance Value

Width Length
0.10 .15 0.15
0.15 0.23 0.23
0.20 0.30 0.30C
Q.25 0.40 Q.40
G .30 0.45 C.45
0.40 0 .60 0.85
0.50 0.75 1.10
0.60 G.90 1.30
0 .80 1.20 1.6C
1.60 1.40 2.00
1.20 1.70 2.40
1.40 1.90 2.80
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Tollowing reasoning can be used to justify this finding: as
seen in [Eq. 17] the focal spot dimensions as determined from
the bar pattern test tool film image depend upon the line
palr fyrequency of the bar group that has the three bars just
resolvable. But, since the bar pattern test tool has only 11
bar groups (or line pair frequencies), for a given focal spot
dimension the bary pattern can provide only one of 11 possible
values. This implies that if the change in the focal spot
slze with tube kVp is less than the following difference:

af = f2 - “Fl . (55)
where T, and fz are the focal spot values as determined from
the bar group number that has the three bars just resolved
and from the next lowey bar group number, then the bar
resolutiorn pattern method will be insensitive to such a focal
spot changs .

Another observation that may be made from the data in
[Appendix G] is that for most cases, the digital imaging
system’s Tocal spot measurements arve consistently slightly
greater than those of the bar pattern method. This
observation can be justified as follows: when the focal spot
dimensions are determined from a bar pattern test tool film
image, the line pair frequency that was used in [Eq. 17] was
that of the bar group that had the three bars just resolvable
and not the thvee bars clearly visible. What this meant was
that if the true focal spot value had & line pair Fregusncy

that was, for example in between that of bar group 7 an 8,



then from this method of bar detection it is the line pair
frequency of bar group 8 that was used in the determination
of the focal spot. The end result of this would be to provide
a focal spot value that was slightly smaller then the true
value .

Focal spot size comparison of the digital imaging system
technique vesults, to the bar resolution pattern method
results was made for the sake of completeness. Even though
the subjectiveness of the bar vesoclution detection method and
the limitiﬂg line pair frequency property of the bar pattern
inhibited the bar pattern method from becoming a
manufacturer’s standard technique in the determination of
focal spots.

The bar pattern method produced focal spot results that
had on the average an overall ervor of * 11%. The digital
imaging system on the other hand produced results that had on
the average an overall ervor of * 6% [Table 19]. It should be
noted that the overall ervor data presented in [Table 19] are

the average results of test runs 1 through 7.

V.c Star Resoclution Pattern Comparison Results
All of the star pattern focal spot results have been
summarized in [Appendix H]. After close inspection of these

comparison plots it is evident that on the average the

digital imaging system’s focal spot data does appeay to hbe

3

in good agreement with the star pattern’s Tocal spot data atl

La
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[Table 19]

Digital Imaging System’s Focal Spot Overall Evyor summaryy

FFD Focal Spot Focal Spot Average Overall Ervor
Setting Size Dimensions
Tube kVp

70 30 <0
40" Small Width 7 .1% + 7 .8% t 8.0%
L.ength + 5.0% * 5.4% T 6.2%
40" Large Width + 5.8% T 6.9% t 7 3%
l.ength * 6.0% * 5.9% T H.1%
72" Large Width + 5 .4% +r 7 .3% + 7.5%
Length + 5.2% * 5.7% +* 5.7%

‘ L
[N
N
o

Focal Spot Overall Evvor:
(obtained by averaging above values)




let
both 101.6 cm (40") and 182.9 cm (72") FFD settings.

Contrary to the bar pattern’s focal spot data, the star
pattern’s data as well as the digital imaging system’s data
does indicate that there is a slight decrease in the focal
spot dimensions with an increase in the tube’s kVp setting.
This finding can be justified from the Tollowing phenomena:
when a current is passed through the filament, electrons will
be boiled off the filament and these electrons will undergo
an acceleration towards the anode. The trajectories of these
amitted electyons will now undergo deflections as a result of
the tube’s magnetic Tield that exists between ancde and
cathode. Now, when the tube’s kvp (potential difference) is
increased the deflections of these emitted electrons will be
reduced due to their increased acceleration. This has the net
effect of decreasing the size of the spot on the anode upon
which they impinge. It should also be mentioned that as the
Ltube kVp i1is increased the space charge effect is also
diminished similarly contributing toe a decreased focal spot
size.

1t appears from the comparison plots of [Appendix H] that
the star pattern’s focal spot data are consistently slightly
greatey than the digital imaging system’s focal spot data.
This trend may be attributed to the difficulty in determining
the zero contrast diameter in the star pettevn image on Tilm.
The poorest agreement Ln these comparvison ploets inveolved the

lavrge fTocal spot data, which had the largest zevo contrast
P s =



diameters and were most difficult to accurately determine.

Another reason why the star pattern®s focal spot data are
slightly greater then the digital imaging system’s may be
attributed to the fact that the star pattern method involves
measurment of the focal spot s dimensions from the focal
spot’s rescolving powey where more scatbter ing occocurs whereas
the digital imaging system technique determines the focal
spot dimensions from the actual size of the spot in a
situation of diminished scattering.

Cf the three conventional focal spot measuring techniques
that were compared to the digital imaging system technigue,
the star pattern focal spot data provides the closest
comparison on the basis that almost identical technique
parameter generator settings and experimental conditions were
used Lo collect the data. It was also obsevved that this
Tocal spot data is in best agreement with the digital method.

The star pattern method produced focal spot results that
had on the average an overall ervrvor of * 5%. It should be
noted that within these overall error calculations ervors
that might arise due to the manufacturing of the star pattern
test tool (such as the error in the angle and width of the
lead spokes) were considered negligible. The quoted
uncertalnty in the star pattern focal spot data was somewhat
underestimated, since the assigned urncertainty in the zero

contvast region’s diameter ftook into account the uncertainty

in the measursment itself and not the uncertainty in the
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detection of the region’s boundaries {(which will wvary with

the individual that 1s performing the measurement ).

V.d Pinhole Camera Comparison Results

All of the comparison plots that involved the pinhole
camera focal spot data have been summarized in [Appendix I].
It is seen Trom these comparison plots that on the average
there is good agreement between the pinhole camera focal spot
data and the digital imaging system focal spot data. As was
the case Tor the star pattern focal spot data, the pinhole
camera data generally indicate a slight reduction in the
focal spot dimernsions when the tube kVp settings are
increased.

From the comparison plots of [appendix I} it appears that
the cigital imaging system focal spot data are consistenitly
slightly larger than the pinhole cameva data. This
observation can be Jjustified from the following: if we
conslder a pinhole camera and a parallel wire fest tool whose
pinhole and wire diameter dimensions are both "w", then from
purely geometric considerations the penumbra region of the
wire on film will be greater than that of the penumbra vegion
of the pinhole, for the case where both test tools are placed
with their respective centers on the x-vay beam’s central
axis and at the same distance from the fTocal spot and film.
Thus, even though both methods may measure the tiue

dimensions of the focal spot in & similar fashion (see [Eq.

&,



241 and [Eqg. 46] ), the digital
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imaging system will evaluats &

somewhat lavrger Tocal spot value due to the enlarged penumbra

yegion.

It should be remembered that duving the digital

imaging system’s analysis the dimensions of the focal spot

are determined fTrom

the calculated wivre width

of the

dlgitized test tool Tilm image (which is dependent on the

penumbra region of the wive on film).

Another observation that is made from the comparison plots

in [(Appendix 1]

focal spot length data. This Tinding was

since one of Lhe difficulties exists

that

is that the worst agreement occurs in the
not surprising

in the pinhole

camera method is in the determination of the length of the

Finhole image (see Chapter 1.

From all three conventional Tocal

technigues tLhat

technique, the pinhole camera

oryovided the most dif

ferent comparison based on ths

Spot measuring
werve compared to the digital imsging system

focal spot data would have

K=ray

tube mAs settings reguived being qQuite different {for

instance during the small

vyun 3, the mas setiting for

70 k¥p was at 80 when using the digital

tool at an FFD of 101.6 cm (40" and was at

the pinhole cameva). It is nonetheless seen
apot data are in good agreement.
The pinhole camera method produced {focal

had on the average an overall ayror

of + 9%,

focal spot data collection of test
the x-ray tube when operating at

imaging system’s Lest

750 when using

that the focal

0
o
C

o
@
o
v
-

=
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V.e Digital Imaging System Results

Since it 1s known that film image blurving can increase by
the use of double emulsion film (see parallax unsharpness in
section IV.c.1.i), which can in turn introduce additiona
uncertainty in the focal spot measurement, pavallel wire and
star palbtern Ltest toocl film images were also collected,
during test vyun 1, using single emulsion film (see appendix H
for vesults). The parallel wire test teool results for both
single and double emulsion films have been plotted in [Fig.
421 and indicate that the digital imaging system technique of
determining the focal spot is independent of whether the film
is single or double emulsion type. Because of this finding,
the remaining & test vyuns weve performed using double
emulsion Tilm only. The use of double emulsion film was
preferred over single emulsion film for the reason that lower
tube mAs values (see Tables 12 through 15) could be used thus
attaining fTocal spot data that was close to clinical imaging
settings.

Ta determine whether the digital imaging system technique
of measuring the focal spot size had any dependence on the
film optical density of the test tool film image, parallel
wire test tool images were collected during test r@n 1 at
different tube mas values (and thus different vresultant film

ts of this test (performed

p—

optical densities). The resu
using Kodak TMG double emulsion film at a FFD of 101 .4 om

(40" )y which are illustrated in [Fig. 43], indicate that the
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digital imaging technigue is independent of Tilm optical
density in the range between 1 and 2.5. This implies that
this technique can be used on test tool film images that have
Film optical densities anywhere on the linear portion of the
Tilm’s characteristic curve (see [Fig.16]).

The focal spot data in [eppendix H] was collected at 101 .6
cm (40") and 182.9 cm (72" ) FFD settings, mainly to obtain
data that was in accordance with standard dizgrostic
radiology focal spot-to-patient distances. To illustrate aiey
comparisons betwsen the focal spot data at 101 .6 cm (40" )y and
182.2 cm (72") FFD setting, the digital imaging system’s
vesults arve summarized in [Fig. 44) (which was the focal spot
data from test vun 1). After inspection of [Fig. 44)], it
becomes evident that the digital imaging system technique is
capable of producing focal spot results that are consistent
at both of these FFD settings. This finding not only
illustrates the digital imaging technique’s diversity in
performing focal spot data at a wide range of FFD settings
but it also confirms the effectiveness of the computer
_algorithm to extrvact the focal spot dimensions from the width
of the wives in the digitized test tool film images. It
should be’ﬂoted that not only will the parallel wire test
teool Tilm images at a 182.9 cm (72") FFD setting have a much
larger penumbra region (and thus more image blurvying) than

g -

- ~ - FARE AN AT ey de e 4 g b . -
2 101 .6 am (40" ) FFD setting, bub, the

1
i

Lhose film images

3

wire image itself in the digitized image (ory Tilm) will have
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a reduced x-vay beam intensity at this distance thus making
eclge detection more difficult.

To illustrate a typical breakdown of the experimental
data that was involved in a determination of the digital
imaging system focal spot size, consider [Table 20)
which tabulates the vesults for the test tool film image
illustrvated in [Fig. 29}. It is seen from this table of data
that the correction of wire misaligrnment, which was typically
about 2°, did not contribute very much change to the overall
Tocal spot measurement. These effects would only have been
significant if much larger misalignment angles had occurred.
When the widths of the two wires in the digitized test tool
Tilm image are compared, the left wire's widih appears to be
narvower by ¢.45 pixels. This difference in width arises from
the fact that the left wire in [Fig. 22] was physically

located nearevy to the anode than was the right wire {recall

Al

that duving this test the parallel wire test tool was placed
paerpendicular to the c-a axis so as to measuve the small
focal spot’s length). Aafter close inspection of the data
in [Table 20] it is seen that the largest contribution to the
absolute uncertainty in the focal spot measurement was due to
the statistical variations in the width of the two wires in
the digitized film image.

fe veduce the statistical variations in the width of the

Wwives tLhus reducing the overall uncertainty Iin bthe Tocal

4o -

spot measurements, variocus asttempls were madse to optimize the
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Digital Imaging System Focal Spot Calculation Breakdown

Experimental Data

Left wire misalignment angle: 1.561 + 0.004 deg.
Right wire misaligmment angle: 1.564 + 0,003 deg.
fiverage wive misalignment angle: 1.563 & 0.002 deg.
Cosine of average misalignment angle: 0.9996 * 0 .0001
Left wire width: 2.84 * 0.93 pixels
Right wWire width: 10.29 + 0,77 pixels
Welighnted mean of two wire widbhs: 10.10 + ©0.59 pixels
Pixel calibration Tactor: O.111 &+ 0.001 mm/pixeal
Average wire wWidth covvected for misalignment
and converted to SI units 1.12 £ 6.07 mm
Test toocl geometric magnification 2.000 & 0.009
Eyyor Analvsis

Parameter Evvrory In Pavameter Ervyor in Focal Spot
Statistical ervoy:
Averagse wire wiabh * 0.064 mm + 0.0646 mm
Systematic evvrors:
Calibration constant % 0.001 mm/pixel £ 0.014 mm
Cos{misalign. angle) £ 0.0001 X 0,000 mm
Physical wire width + 0,005 mm + 0.010 min
Test tool magn. + 0.009 + Q0.010 mm
Total systematic evyor 0020 mmn
Overall ervror: X 0.069 mn
Focal spot size 1.02 & 0.07 mm
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cigital imaging technique. The one parameter that was found
to influence the overall uncertainty in the focal spot
measurement was the width of the active vegion. This finding
was not surprising since the results of the wire image
enhancement after histogram equalization [Fig. 32] were very
much dependent on the size of the background vegion within
the active vegion. It is appavent that, the larger the
background region within the active region the greater the
influence this background will have on the smoothing
routines. In ordey to obtain the active region width that
gives the besi overall results, a test was performed pyiory Lo
test yun 1 when using double emulsion film that was exposed
at a FFD of 101.6 cm (40"), using a 70 kVp tube potential
difference. The vesults of this test, which are summarized in
[Table 21], indicated that an active region width of &5
pixels provided the best conditions.

Because the pixels that were located within the wire image
nad pixel values that were comparable to the values of the
pixels that were located in the background vegion [Fig. 33a)
of the active region, baékQYOUﬁd subtraction methodololgy
could not be successfully applied to the digitized test tool
Tilm images.

The reproducibility of the overall digital imaging system
technique was determined by obtaining 7 test tool Tilm images
at. ldentical tube mAs and kVp settings and then analyzing the

3.

digitized film images. The vesults of this test, which were
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[Table Z1]

fActive Region Width Optimization

Focal Spot Pervcent Ervor

Active Region Small Focal spot Large Focal Spot
{pixels) Width L.ength Width Length
30 * 9.8% * B.4%
40 + 9 .4% + 5 .8% T B8.7% + 7.5%
45 * 8.7% * 6.7% T 8.9% T 7 .4%
50 * 8.5% t 6.5% + B.3% 27 3%
55 * 8.2% * 6.5% * 8.3% + 7 .2%
&0 * 8.7% &5 6% L g3.5% * 7.5%
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pervformed at 80 kVp and at a 101.6 cm (40") FFD setting,
are summarized in [Table 22] and show that this method of
focal spot measurement was veproducible to 2.9%. The
consistency in a given focal spot measurement was also
determined for the digital imaging technique by re-analyzing
a single digitized test tool film image 7 times. The resultis
of this test are presented in [Table 23] and indicate that a
single measurement can typically be reproduced to 2.6%. The
data in [Table 22] and in [Table 22} were obtained from the
same Picker diagriostic x-vay tube. The overall
veproducibility of the system could then be determined by
adding in quadrature the above two effects, which is found to
be about 4%,

£~
I

Al of the focal spot data that had been determined from

test vuns 1 through 7 were obtained from »-ray tubes that hacd
neminal focal spot values between 0.5 mm and 1.4 mm. In order
to check the limitations of the digital imaging technique to
calculate focal spot sizes, tests wevre also performed on x-—
ray tubes that were dedicated to mammography which had
nominal focal spot sizes between 0.1 mm and 0.3 mm . The
results of these test vuns have been summavized in [Table
24]. It was not possible to verify the results in this table
with the conventional focal spol measuring techniques that

A

were used before, for the following reasons:

(a) the smallest focal spot that could have been measured
by the bar vesolution pattern was 0.5 mm (which
corvasponded to a tesh toel bay separvation of bar group
11). Becsuse the largest spot of the mammography tubes
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[Table 22]

Reproducibility of Digital Imaging Technique

S Focal Spot Measurements

Test Small Focal Spot Large Focal Spot
Widith Length Width L.ength

{mm) Cmm ) (mm ) Cmm )

1 0 .54 1.03 1.49 1.98

Z C.57 1.01 1.51 1.93

3 0 .59 1.00 1.40 2.12

4 0.58 1.00 1.48 1.98

5 0.57 1.06 1.43 1.99

€ 0.56 1.03 l.48 1.98

7 0.55 1.05 1.42 211
Mean 0.57 1.03 1.46 2.01
S. Dev. 0.02 0.02 0 .04 Q.07
% Ervror 3.5 1.9 2.7 3.5
System Reproducibility: 2.9%

(calculated by averaging above row)
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[Table 23]

Consistency in Digital Imaging Technique

Focal Spot Measurements

Test Small Focal Spot Large Focal Spot
Width Length Width Length

(mm ) (mm) Cmm ) Cmm )

1 G .60 0 .28 1.40 2 .00

z 0.56 0.99 1.45 1.86

3 0.55 0.94 1.40 1.89

4 0.59 1.04 1.40 1.94

5 0.58 1.03 1.41 1.97

& 0.60 1.00 1.43 1.98

7 0.57 0.97 1.40 1.94

Mean 0.58 0.99 1.41 1.94

5. Dev. 0.02 0.03 G.0z2 0.05
% Ervor 3.4 2.0 1.4 2.5
Consistency in a single measurement: 2.6%

(calculated by averaging above row)




[Table 24]

Focal Spot Results7 of Test Runs 3, 9 and 10

Test Run Mominal Focal NEMA Max. Focal Size
Spot Size Tolerance Width Length
( rem ) Cmm ) Cmm )

.15 JdzZ2 % .02 14 0E

45 .31 * .02 47 *

15 P R~ .0z 14

.45 .35 £ .02 48 %

15 12 * .02 15 +

45 .34 =% oz ISIC I+

tube mAas of 4.

7Both test vyuns wevre performed without phototiming. They
poth invelved use of the grid and standard Mo filter.
vun 8 (%) (10) was pevformed at 25 (27) (25) kvp,
65.0 (63.3) {65.0) cm and at

PR
(=99
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Was G.3 mm this test tool was clearly unsuitable;

(b) the star resolution pattern that was used was of the
2° type. In order Lo make focal spobt measurements on
Xx—ray tubes with nominal focal spots in the range
between 0.1 mm and 0.3 mm, a star pattern test tool
with an angle of 1° must be used; and

(c) the pinhole camera that was used had a pinhole
diameter of 0.075 mm. As it is seen from [Table 1] &
pinhole diameter of 0.03 mm is recommended for VeEyy
small focal spot sizes.

f [Table 241, the digital imaging

AS seen in Lhe results

o]
[w]

technique can determine the small (large) focal spot
mammography x-ray tubes.

Y.f Conclusion

The main goal of this work was to develep & technigue that
could be used to determine the focal spot dimensions of a
wide vange of focal spot sizes currently in use in dliagnostic
radiology x-vay machines in such a way as Lo eliminate the
subjectiveness of the individual that is performing the
measurement. This was done by digitizing a parallel wire test
tool film image and then extracting the focal spot dimensions
from the digitized film image via the application of the
analysis program FSPOTCAL, which utilized digital imaging

techniques. The fTocal spot results fyom this method indicate

S

that not oily are vesults comparable to the pinhcle camers
and stay pattern methods possible, bul they can be attained

with an overall avevage uncertainty of the order of *+ 6%.

o

Inm order to caloulate the Tocal spol dimensions from ©h
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Lhree conventional Tocal spot test tools, the optical density
of the test tool film images had to be between 0.8 - 1.2, 1.3
- 1.7 and 0.8 - 1.2 for the bar pattern, the star pattern and
the pinhole cameva respectively. aAny deviation from these
film optical density wvalues might result in evroneous Tocsal
spot measurement results. The digital imaging system on the
other hand has been shown to be independent of film optical
density in the range of 1.0 - 2.5,

It also has been shown that the digital imaglng technique
can measuve fTocal spots with nominal sizes betwesen 0.1 mm to
1.4 mm, while using the same parallel wire test tool {(which
utilized two tungsten wives each of 0.05 mm diameter ). The
other three conventicnal focal spohl measuring technigues,
with the exception of the bar resclution pattern test tool,
reguire the use of different range test tool models,
depending on the Tocal spot size Lo be measured (in the star
pattern test tool 1t is the spoke angle thalt is changed
whereas on the pinhole camera test tool 1t is the pinhole
diameter ). The utilization of & single test tool to make
focal spot measurements over a wide vange of nominal values
makes the technique more versatile.

Nﬁen the conventional fTocal spot technigues arve used to
perform measurements, Lhe various btest Lools are vequired to
be set up at prescribed FFDR’s and using specified technigue

settings. This has the disadvantage of obtaining focal spot

0

gata that may not be at clinically used technique setting



180
In the digital imaging technique, it has been shown that
focal spot results can be obtained that are independent of
the resultant film optical density (0.D) over the 0.D. range
1.0 - 2.5 that encompasses most clinically used technique
seLtings.

In the conventional focal spot techniques, single emulsion
Tilm is recommended. The disadvantage of this is that higher
tube mAs values must be used to produce a useable test tool
film image. The end result is that the focal spot measurement
i taken at tube mAs values that are often beyond the normal
clinically used vange. The digital imaging system technique
has been shown to produce results that are independent of
whether the film is of single or double emulsion tvpe.

In conclusion, the main advantage that the digital imaging
system technique has over the existing recommended focal spot
measuring techniques, is that it can perform focal spot
measurements that arve closer to normal clinical operating
conditions and in a manner that removes the subjectiveness of

the investigator that is performing the measurement .
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APPENDIX A

TRUE MAGNIFICATION

The one assumption that was made in the calculation of
geometric magnification (M) on film was that the focal spot
Wwas a point source. Even though this assumption may hold true
when the focal spot dimensions are negligible in compafison
to the focal spot-to-film distance, it does not hold true for
the radiological distances that are often used. Thus, to
properly calculate the tyrue magnification (m) of an object on
film the focal spot dimensions must also be considered.

In the following figure, which will be used in the
derivation of m, 2R is the focal spot dimension, d is the
focal spot-to-object distance, d’ is the object-to-film
distance, S, is the size of the object and $; is the size of

the image on film.

Focal spot
————
R R

r
o
.. B



From the above figure, we have

tan{a) = = =
a Zh 2( o i )

Now from [Eq. Al] we have

b i 5,
2 2R
) 50

.{.‘

and

a5

0
b =

SiLnce

o = a + b
we hawve

I b
RN 1 Bt

3 o

and after the substitution of [Eq. aA2]

Now from [Eg. al1] we also have

S, (d” + b))

o)
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(ALl)

(A2)

(A3)

(A4

into {[{Eg. A4] we find

(A5

(A& )

(A7)
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after the substitution of [Eqg. a3] and [Eg. As].

Fyom the definition of magnification, m, and [Eqg. a7] we

have
<.
i

m = -
>0
T-d° o’

pieg + + 1 - (AB)

d-s ]

Rut since the geometric magnification, M, is calculated from

d o+ o’
M = —— N (A9)
cl
and thus
d}
= (M = 1) (A810)
's|

the true magnification can then be shown to be

(M - 1) — (A11)

_..
-+

m =

'

41

0

once [Eq. Al10] is substituted into [Ea. as).
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APPENDIX B

FOCAL SPOT CALCULATION WHEN USING BAR RESOLUTION PATTERN

When a bar resolution pattern is used to determine the
dimensions of the focal spot, the following phenomenon is

observed on the x-ray film image of the test tool.
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Bar image

In the above figure a focal spot of dimensions f, which
has been represented by two point sources separated by a
small distance f, is shown to irradiate only two bars of a
given bar group (recall that the width of each bar and the
space between the bars are equal for a given bar group).

The focal spot measurement is made from the bar group
image on film that is Jjust resoclved, that is when the

separation distance between the two bar images on film is

slightly greater than zero. The above figure illustrates the
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limiting case when the sepavration distance is zero, which
occurs when the magnified image of one of the bars from one
point source equals the magnified image of the space between
the two bars from the other point source. To derive a
mathematical expression for this, consider the following

figure which uses only a single bar:

From the definition of magnification, we have

i
M (B1)

“Whar

where 1 is the image width of the bar on film due to point
source A and Wpar is the physical width of the bar. Now from
similar triangles we have
i TF
= (B2)
Wbar TO

from point scurce A and
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— = (83)
TG

fyom point source B.
Substituting the relation OF = TF - TO into [Eq. B3] we have

e = f-(M - 1) (B4)

e

aTter seeing from [Eg. BZ] and [Eg. B1)} that M = TF/T0. In
the above expression e is the image of the bar on film from
poeint source B.

Now once agaln consider the top figure. The image size of
the Tirst bar on film as produced by point source A will be
given by i. Since the separation distance between the two
bars is equal to the width of a single bhar, the image size of
this separvation distance on film from point source B will be
glven by e. Thus after equating e to i we find
po e DT (BS)

(M - 13

Since the line paiv frequency, lf, of & given bar group is

defined as
1
lf = {RBs)
< Whay

then [Eq. BS] can be rewritten as

M
f = X (B7)
2l (M - 1)
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APPENDIX C

FOCAL SPOT CALCULATION WHEN USING STAR RESOCLUTION PATTERN

When a focal spot of dimensions f irrvadiates a star
pattern test tool,

the film image of a small section of the
test tool will appear as follows:

=
d
Star pattern |
~ 4
Plane A
Plane B / y
/ .
/ _,’] 4 d
! / Py %
P :
/ i :
/S
f : L i
/ . L
Plane C / :
/] ] i

\
e

1 kt
b \
; ] 1 T Y A
Plane D

It is seen above that on the film, the penumbra of the two
absorbing strips interacts and obscures the image of the gap
between the two strips

For this to occur,

the magnified
image of the gap (seen in plane B8) must be equal to the

penumbra of either absorber (seen in plane C). Since the
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penumbra region of the absorbers on film is given by e in
[Appendix B] and since the magnified image of the gap is
given by 2i where, i, is defined in [Appendix B}, then after
equating e to 21 we find

2:Mw o= Fo(M - 1) (c1)
whevye w is the physical width of the gap between the two

absorbers. Rewriting [Eq. C1] we then have

Fo (cz)
(M = 1)

Because of the star pattern’s construction (see [Fig. 23]
Tor illustrationj, the width of the absorbers (lead wedges)
which is also given by w, will vary depending on the distance .
from the center of the star pattern. Thus, for a distance r
from the center of the star pattern the width of the
absorbers will be given as

I\

W = - Znry {(C3)
360

where N is the angle of the lead wedges on the star pattern
test tool. After the substitution of [Eq. €3] into [Eq. C2]

and then solving for f we find

N 2nr -
f =
180 (M -~ 1)
N M-d
= . {c4)
57 .3 (M - 1)

where d is the diameter, equal to 2r. Since the distance Md

is determined from the test tool’s film image and is sgual



to the diameter, D, of the zero contrast region, then [Eq.

C4] becomes

N O

57 .3 (M - 1)

(c!
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APPEMDIX D

FoCAL SPOT CALCULATION WHEN USING THE PINHOLE CAMERA

When a pinholes camera is used to detevmine the dimensions

ct the focal spot, the geometry of the test tool with respect

to the focal spot 1is as follows.

d
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It should be noted that this figure is identical to the one
shown in [Appendix &), with the only difference being that

the object in question is now taken to be the camera’s

pinhole. From [Appendix A) then, the true magnification (m)

pinhole on film is then given by

of the
fu
mo=M+ (M- 1) — {(D1)
Dy
where M i1s the gsometric magnification of the pinhole camera,

hysical diametey of the pinhole and fﬂ 1s the

Ls]

Dh iz the



width of the focal spotl.

From the definition of magnification, we have

m = (D2)

where D, is the diameter of the pinhole in the test tool’s x-—

vay film image. Then by equating [Eq. D2] to [Eg. D1} we find

D, f
— =M (M- 1) . (D3)

Dh Dy
The width_of the focal spot can then be determined fyom
[Eq. D3] and is found to be
D” e Dh‘M

f, = : (D4 )
(M- 1)
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APPERNDIX E

DIGITAL IMAGING ANALYSIS PROGRAM

In this appendix the program FSPGTCAL is presented in tLhe
form it was used to perform the data analysis. The program
was written and compiled in the C computer language in such a
manney to access the object code library of the ITEX PCplus
software package. Because of the header files: pepitex.h and
pepent.h, this code as it is shown can be compiled only at
the Maﬂigéba Cancer Treatment and Research Foundation where
it was written and tested.

In the code that follows, various records were greater
then 80 characters long and because of this these records
weve carvied over to the Tollowing line. These records were
leTt unchanged to avoid alteration of the information Lthat
iz displayed on the computer terminal while the analysis
program is activated. It should be noted that the user
comnunicates intevactively with the program via the
computer tevminal while image manipulation is performed on

the display monitor.

The analysis program FSPOTCAL

Written by: Konstantinos Chantziantoniocu
Version # : 21 Date: August 24, 1989

Hinclude (pocpitex.hy
finclude {(pcpont.hd
fHinclude {(svrdioc.h>
finclude dpath. b
#include <(limits. ho



main )

FILE
FILE
FILE
char
char
char
char

SN
#inputdata;
*outpul:
name {20] ,comment [20] ,filename[20] ,filenamel [20];
test,filedata[20] ,date[20]) ,local20],filml[20];
fes[20] ,junk,film2[20] ,film3[20] ,film4[20] ,orin[20];
kvp [20] ,mas [20] ,dummy [70] ,outdata[20] ;
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int gain,offset ,answer ,answera,answerb,answeyc,xcoord;
int ycoord,answerd,answare ,answerf ,answerg,xl,x2,y1,v2;

int
int
int
int
int
int
int
float
float
float
Tloat
tloat
float
float
float
float
floatl
float
float
Tloat
float
tloat

#deTine

guestionl

fidefine question2

fidetine
correctly

#define
into Tile
fdefine

ny:"

fcdet ine
offset (v

or

fault

question3

T}

questiond

questiond
or ni:"

count ,ker [49] ,ansdata,conti,answeri,xmin;

xcoordl ,xcoord2,ycoordl ,ycoordz,pixel ,answerh,xmax;
ymax ;ymin,kernel [9] ,center ,1fwhm,rfwhm,lp[490];

rp [490] ,sonum,cw[490] ,counter ,kern[9] ,x,y,dx,dy;
kerl[17] ,datum,ansdatal;
Limit,dutl,dut2,datal9] [480] ,type _key,automa;
tfnumberl ,tfnumber?,pixelx,scale,actives;
sigma,mean,sigmnad,alpha,beta,gamma,meanl ,sigmal;
meany ,sigmar ,xpl,ypl,eta,mu,xql ,xa2,yql ,ya2;
meant ,sigmat,width,swidth,a,b,da,db,gammal;
gamma2 ,fsrange ,fudisterr ,wfdisterr ,starerr;
sxl,sxi2,syl,svi2,sxyl,delta,sl,s2,s3,sdelta;
fspot ,sfspot ,addl ,add2,add3,add4 ,adds;

fwdist ,wfdist ,odl,od2,starl,starierr ,star2;
stavyZery ,dial ,dialery ,diaz,dia2err ,dia3,dia3err;
diad,dladery ;magn,magnerr,diab,diaSery ,dias;
diabery ,dia”,dia7evr ,dias ,dis8err ,magnl ,magnlery;
pinl,pinlery ,pin2,pinZery ,dtotal ,df1,df2,df3;
baril,barlery ,barz,bar2err,dtheta,dcos,scalex;
dscalex,dxl,dy2,uu,dthetal ,dthetar ,dfsl ,dfs2,dfs3;
dfspotl ,dfspotz,dfspot3,dfspot4s,dfspots,dfspoté;
dfspot7;

"What image data file do wish to view:"

"State file comment:"

1y s

rou did not answer the question
"Save the entire screen (8-bit pixels)
"Do you wish Lo digitize x-vay Tilm (v

"Do vou wish fto adjust the gain and



fdefine
are:’

#iclefine

fgdefT ine

#define
{yv or n):"

fidefine
stored"

#idefine
ny:"

#det ine
values (v
fcdetine

vertical/horizontal line:

#clefine
#fidef ine
fdefine
fideTine
#define
(v or n):"
#idefine
n):"

#define

or

#define statementz?

et ine
designate
ficdefine

sufficient (v or

fclefine
equalizati
fcefine
averaging
#cdet ine
#det i
use:s "
gdefine
deltermine
ficletine
#define
data (v or
#clefine
Lo use "
#define
fdefine
curser: "
#icef ine
#def ine
ftdefine
#def ine
#cdef ine

ANV P

ne statement2s

st

atement

statementil
statement?2
statement3
statementd
statement10
statementii
oy ny:t
statement 1
statemantlsd
statementis
statementis
statementl”/
statementl1e
statement20

statement2l

statement23

active area:
statement24

ny:"
statementzs
on { v or n
statementzé
{ v or n):"*

statementz?”

statement2e
Wire
statemaent30
statementt3l
ny:"
statement3z

statemen
statement34

Ltement 35
meeﬂloo

ment3b
sment39

"The

maxima:
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The default values of gain and offset
“Enter the new gain value:"
"Enter the new offset wvalue:

"Are you fTinished adjusting

the offsets

"The x-vay Tilm has been digitized and

"Do you wish to sharpen the image (v or

"Do you wish to store & line of pixel

"State

two points on the
x—coordinate:

v—coovdinate:
"Point two x-coordinate:
"Point two vy-coordinate:
"Do you wish to stretch

"Point
"Point

one
cne

the LUT values
"Do you wish to storve modified image (v

"Which image file do vou wish to use:™
min and max pixel wvalues used were

"Define two points on & diagonal to

i

"Is this rectangular active aresa
"Do
):H

"[)O

you wish to pevform a histogram

you wish to perform horizontal
n)s "

"Ave you Tinished with code (y or

"Which input data file do vou wish to

"Estimate wire thickness via curser to

"Estimated wire width ig:"
"Do ryou wish to stove the calculated

“Which data file (xx.dat) do vou wish

my:"

via

"Do you wish to continue (y or
"Estimate pixel scale factor

on scale {in mm):”

on scale (in pixels):"
ress any key to continue:”
Width of active "

area:
"Do vou wish the

"Distance
"Distance

H b

N
“

~

gefault active

gyaa
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fidefine statement40 "xxx Note no histogram gqualization has
been performed sk

A e e e e e
Performs the IBM PC Vision Plus system initialization
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ */
sethdw{ 0x300,0xA0000L ,DUAL
uetdim(Slz,q12 8);
initialize( );
select_mem{ MEM_A); /% Selects frame memory A %/
/)g __________________________________________________________________
Start of program
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ */
conti = ’y°*;
while ( conti == ’y?*)
{
cls{ ;s /#% Clears computer terminal =/

/% Reads in the input data file that contains the various
information that is pertinent to the focal spot
calculation and identification of experimental
conditions. */

p1ian(”°5ob' ;Statementz8);
scanfT( "xs",filedata);
printf{"\n");

Toper( filedata, "v" )
fscanf{inputdata,"%s" ,date );
fscanf(inputddtd,"%s“,loca);
Tscanf( inputdata,"%d" ,&tfnumbert );
Tscanf(inputdata, "%d" &t fnumber2);
fscant( inputdata, "%s ,kvp};
fscanf{inputdata, “%s" ,mas);
fscanf(inputdata,"st" ,&fsrange);
fscanf(inputdata, "%s",ovin);
Tscanf( inputdata,"%s",filml);
fscanf(inputdata,"ss" ,film2);
Tscanf(inputdata,"ss",film3);
fscanf{inputdata,“%s“,film4);
fscanf(inputdata, "%f" ,&odl );

fs dﬂl\lﬂputddtd,”%fu,&Odé)a
13:auT(anu1daLa, %5
fscant(inputdata, "%f %5 ST ", &fwdist , dummy ,&Twdisterr );

(ﬁ



Tscanf{ inputdata,"%f %3 T &wfdist , duminy ,&wlfdistery );
close(inputdata);
/% Stores the input data in the output data file. %/

printf{ "%62s" ,statement31 );
ansdata = getkey( );
ansdatal = ansdata;
printf( " \n");

if ( ansdata == ’y*)
{
printf{ "%56s" ,statement32);
scanf( "%s" ,outdata );

output = fopen{outdata, 'w");
forintfloutput,” Focal Spot

Results\n");
ferintT(output,

R e A ),
fprintfloutput,"\n");
fprintf{output,” Date:%s" ,date);
torintf(output, Xx~ray tube
location:%s \n",loca);
fprintf(output, " Y

fprintf(output,
~~~~~~~~~~~~~~~~~~~~~ AN IS

fprintf(output,"\n"J;

Tprintf(output, "X-Ray Tube Information n" s

Tprintfloutput, "~—— AN

ferintfloutput,"\n" J;

Tprintf(output,” mas:zs\n",mas);

fprintfloutput,” KkVp:igsin',kvp)

3

fprintf(output," Nominal focal spot size (in
mm):%3.1F\n", fsrange );
fprintf(output," Focal spot size

identification:as\n",fas);
fprintf{output, " \n");
Tprintf(output,"X~Ray Film Information \n");
Terintf(output ,"—~————vom AT
fprintfloutput, "~Nn");
fprintfloutput," Type used:Zs\n" ,Tilml );

fprintf{output.," Color sensitivity:%s\n",film2);
Tprintf(output,” Was screen used ? ze\n" ,film3);

it

forintf{output , Single or double emulsion
used: s \n" ,Tilma);

ferintf{output," Optical)l density (pase +
fogl:ix4 . 27\n" ,odi );

fprintf{output, Optical density {image
background): %4 .2f\n",o0d2);

+



fprintf(output,"\n");
Tprintf(output,"X-Ray Image Information\n");

Fprintf{output , -~ e NNt
Fprintf(output,” Test number:zdin®,tfnumberi );
forintf(output," Frame number :zd\n",tfrnumber2);

fprincf{output,"\n" );

fprintf(output, "Experimental Setup\n”);
fprintf(output " —————-mmmm e — Nnt )
fprintf{output,"\n");

fprintf{output," Wire focal spot target orientation

w.r .U cathode-anode axis:%s\n",oriny;
fprintf(output," Focal spot to wire plane distance(in
mm ) %6 LT +/~ %31\, fwdist,fudisterry };
fprintf(output," Wivre plane to film distance {in mm):
%6 .1T /- 3.1 \n" ,wlidist,wfdistery );
fprintf(output,"\n"J;
}
dial = Twdisterr;
diaz = wifdisterry;
7% Performs the following functions: grabs the test tool

film image, displays it on the monitors screen and stores
it in frame memory. */

printf("\n");
Printf( "%56s" ,questiond );
answer = getkev( );
printf("\n");

sclear( 255 ); /% Clears imagling screen %/

rectangle(340,250,110,1,0); /x Places alignment cross

rectangle(395,195,1,110,0); hairs on imaging screen x/
if ( answer == ’y’ || answer == ’'n’ )}
s
]w
itT { answer == °y* ) /% Creates and displays image */
r
L

printf( "s\n");
printf( "%61s" ,question3);
scanf( "%s" ,name );
printf{ "%31s" ,question? };
scanf{ "%s" ,comment J;
printf{"\n");



setgain{gain); /¥ Sets default gain %/
setofiset{offset ); /% Sets default offsets x/

printf( "%54s" ,statement };
printf( "zd,sxd\n" ,gain,offset);

printf{ "%463s" ,questiond);
answera = getkey( );
printfC\n");

if ( answeras == ’y* 3}
{
answerb = *n’;
while { answerb == ’*n° )
{ /% Sets gain manually =/

printf( "%37s" ,statementl );
scant( "%d" ,&gain);

. /4% Sets offsets manually */
printf{ "%39s" ,statement2 );
scanf( "%d" ,&offset );

setgain{gain };
setoffset{offset );

printf{ "%60s" ,statement3 );
answerb = getkeyl( );
printf{"\n");
3

3

orintf("\n");
printf{ "%38s" ,sbatement37
type_key = getkev( );
printf"\n");

stopgrab{ NO_WAIT );
/¥ Saves digitized image in frame memory */
saveim{0,0,511,511 ,EIGHT_BIT, name ,comment };

printt{"\n");
printf( "%56s" ,,statementd );
printf{ "\n");
printf{ "\n");

readim(0,0,Sll,511,name,comment);

}

elge /% Displays digitized image from frame memory */

I

{
printf{"\n");

Ito. !

printf{ "%49s"  questioni );
scanT{ "%s" ,name );
printf{ "%3is" ,questions y;



ng,

scanf{ "%s" ,commant );
printf{ " \n"J;

veadim(0,0,511,511,name ,comment J;

;

3
J

else
printf( "%58s" ,fault );

datum = 1;

while (datum < 3)
{

/% Defines the programs active area. */

it ( datum == 1)
{
printf{"%72s" ,statement29);
printf("\n");

cursorsettingi{ );

printf{"\n"}; /% Sets wire width seed x/
printf( "%36s" ,statement30); /% for horizontal pixel x/
scant{ "%d" & imit); /H averaging */
printT("~\n");

printf( "%51s" ,statement34);
printf{"\n");

cursorsettingli{ );

printf("\n"); /% Determines pixel */
printf{ "%38s" ,statement3%);/% calibration constant x/
scanf( "%d" ,ascale);

printf( "%42s" ,statement36);

scanf( "sd" ,&pixelx);

pyintf( "N\n");

sclear (255 );
readim{ 0,0,511,511 ,name ,coemment );

3

printf( "%69s" ,statement23);
printf("\n");
cursorsetting( );

(L

orintT{"\n");

it (datum == 1)
r

[



printf( "%57s" ,statement39);
attoma = getkey( );
printf{"\n");

)

if (automa == ’y’)

r

iS
it {datum == 1)

(
printf( "%35s" ,statement14);
scanf{ "%d" ,&xcoordl );
printf{"\n");

¥

if (datum == 2)

Yooordizs;

{
pYintf{ "%35s" ,statementl14);
scanT( "%d",&xcoordl };
printf( "\n");

} .

yecoordz=475;

dx=55;
3
if (automa == ’n’)
{
if (datum == 1)
15

,
printf{ "%35s" ,statementisd);
scanf{ "sd",&xcoordl );
printf( "%35s" ,,statementi5);
scanf( "%d" ,&ycoordl );
eyintf({ "%35s" ,statementis );
scanf( "%d" ,&xcoord2 };
printf( "%35s" ,statement1? );
scanf( "%d" ,&ycoord2);
printf("x\n");

}

if (datum == 2)

{ .
printf( "%35s" ,statementid);
scant( "%d" ,&xcoordl );
printf( "%35s" ,statementls );
scanf( "%d" ,&xcoorda };
printf(*sn");

3

dx=xcoord2-xcoordl;

¥

/% Sets default active area dimensions x/
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x=xcoordl; /% Sets active area to any dimensions %/

va=veooordl s
dy=ycoord2 - vcoordl:

vyectangle(x,y,dx,dy ,2585);

printf{ "zé64s" ,statement24 );
answerg = getkev( );
Frintf("Nn");

while (answerg == ’n?*)

{

sclear( 255 };
readim(o,0,511,511 name ,comment );
cursorsetting(
pyintf{"\n");
if (automa == ’y*)
r .
T
it (datum == 1)
f
{
pTinL;(“°3os ,statementls);
scanf( "% ,&xcoordl};
printf("\n");
)
if (datum == 2)

\_/

3

p11ntf("°“v *,statementid );
scanft{ "%d" ,&xcoovdl );
prinef{"\n");

b

yeoordli=5;
vyoeoovydzZz=475;

ax=55;
}
it (automa == °’n’)
{
it (datum == 1)

printf{ "%38s" ,statement14);
scanf( "sd" ,axcoordl };
oyintf{ "%35s" ,statementl15);
scant{ "sd" ,Avycoordl );
pwintf(“9505 ,Sstatement16 );
scant( "%d" ,&xcoords );
Pilan(“°”55 ,aidnement17};
scanf{ "%d" ,&ycaordz)

printt{ "\n");
?
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if (datum == 2)
{
printf{ "%35s" ,statementid);
scanf( "%d" ,axcoord?l );
printf{ "%35s" ,statementls );
scanf( "%d" ,&xcoord2);
printf{"\n");
}

dr=xcoord2-xcoordi;

}

Xx=xcoordl;
v=ycoordl ;
dy=ycoord2 — ycoordl;

rectangle( x,y,dx,dy, 255 };
Printf( "%64s" ,statement24);

answerg = getkey( );
printf{"\n");

"

¥

/% Performs Histogram Egqualization. %/
if (fsrange » 0.4) /% For focal spots > 0.4 mm %/

setlut(RED,5);
histeq(RED,S,x,y,dx,dy);
maplut{RED,5,x,y,dx,dy );
Linlut(RED,S);
Linlut{ GREEN,5);
linlut{BLUE,5);
3

else /% For focal spots ¢ 0.4 mm */
1
printf("\n");
printf( "%69s" ,statementd0 );
princf{"\n");
]

/% Performs vertical pixel averaging. *x/

Tor (counter=0;counter<{=16;counter++) kerl[counter]=1;
ker1{91=0;
convol( x—1,y~1,dx+3,dy+9,4,0,4B5,1,17 . ,kerl);

/% Finds the wire center and width for all of the horizontal
row of pixels found within a given active area. */

Ki=x+1;
x2=x+dx-1;
counter=0;



g

fo
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re
re
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fo

v (count=(y+1 jicount{(=(y+dy );count++)

counter=counter+1i;
Tindcenter{x1l,x2,count ,icenter,limit);
cwlcounter}=center;
Tindwirewidth(count,center ,&lfwhm,&r fwhm,limit );
lp[counter]=1fwhm;

vp[counter] =y fwhm;

3

lear (255 );
adim{0,0,511,511,name,comment);
ctangle( x,y,dx,dy,255);

Uunter=0;
v {count=(y+1+5);count(={y+dy-1-19);count++)
{ i
counter=counter+1;
wpixel( lp{countey+5] ,count ,255);
wpixel{rplcounter+5] ,count ,255);
i (datum == 1 )
r
{
data[1] [counter]=lp[counter+5];
data[2] [counter]=rp[counter+s] ;
aata[4] [counter]=rpl{counter+5)-lp[counter+5]+1;
data[3] [counter]=(rplcounter+5]-lp[counter+5]+1)/2;
b
J
i (datum == 2 )
.
1S
data[5] [counterl=lp[counter+5];
data[6] [counter]=rplcounter+5];
data[8] [counter]=rp[counter+5]-lp[counter+5]+1;
data[?][counter]=(rp[counter+5]wlp[counter+5]+1)/2;

)

A
g

datum = datum +1;

printf{"~n");

3
Determines the wires misalignment angle. x/
3X1 = Q] /% Least squares fit of left wire centers %/
sxi2 = Q3
syl = O;
sYiz2 = 03 /% Note the 0.8 factor arises from the x/
sSxyil = 0; /% fact that the y-coord pixel dimensions */
1 = 0.0; s are 4/5 th of the x-coord pixels =/
52 = 0.0; /% dimensions. So the y-coord pixels must #*/
s2 = 0.0, S+ be multiplied by 0.8 to make the #/
sdelta = 0.0; /% y-coord scale the same as the 4/
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lelta = 0.0; /% x-coord scale. %/

dutl = 1:
while ( dutl (= counter )
{
sxi = sxi + (long)datal[3] [duti];
sxi2 = sxi2 + (long)ldata (3] [dutilxdata[3] (dutl];
syl = syl + (long) duti+ycoordl+5)x0.8;
syiz2 syiz2 +(long)(dutl+ycoordli+s)
#¥(dutl+ycoordli+5)%0.8%0.8;
sxyl = sxyi + (longldatal[3] [dutl]l*(dutl+ycoordl+5)x0.8;
sl = s1 + (float)datal[3] [dutilxdata[3] [dutl)
/(duti+ycoordl+5)/0.8;

I

s2 = s2 + (fleoat)i/(dutl+ycoordl+5)/0.8;
83 = 83 + (float)data{3] [dutl]/{dutl+ycoordl+5)/0.8;
dutl = duti +1;
}
delta = counterxsxi2 -~ sxi*sxi;
sdelta = s2%sl -~ s3%33;
/% LLinear eg’n is * v = b¥%x + g %/
a = (sxiz2xsyl - sxixsxyi)/delta:

da = sgrt{si/sdelta);
b = {counterxsxyi-sxixsyi)/delta;
ab = sart(s2/sdelta);

gammal = atan(b);

dthetal = db/(1 + bxb);
dihetal = dthetax180/3.1415327;
gamma = gammal;

addl = gammal;

cls( ); /% Clears computer terminal x/
printf(" Experimental
data\n");
privtf( "
————————————————— NIEBH
printf(" Left wive was misaligned by:

%6 .3T +/-%6 3T degrees\n" ,gammal ,dthetal );

gammal = cos(gammal );



sxl = 0;
SX1Z2 = 0;
syi = 0}
syl2 = 03
sXyi = 03
a = 0.,0;
b = ¢.0;
51 = 0.0;
g2 = 0.0;
33 = 0.0;
sdelta =
da = 0.0;
db = 0.0;
dutz = 1;

/% lLeast squares fit of right wire centers %/

0.0;

while { dut2 (= counter )
e

\

sxi = sxi + (long)datal([7] [dut2];
sx12 = sxiz2 + (longldata{7] [dut2]*data[7] {dut2];
syl = syl + (long) dut2+ycoordi+5)%0.8;
syiz = syi2 + (long ) dut2+ycoordl+5)
*{ dutZ+ycoordl+5 )%0.8%0 .8
sxyl = sxyli + (long)datal[7] [dutz]*(dut2+ycoordl+5 ¥x0
sl = s1 + {float)datal[7] [dut2]xdatal[7] [dut2]
/(dutzt+ycoordi+s)/0.8;
2 = 82 + (float)1/(dutZ+ycoordi+5)/0.8;
83 = 83 + (float)datal7] [dut2] /(dut2+ycoordl+5)/0.8;
dut2 = dutz +1;
}
delta = (float)counterkxsxiz - (fleoat )sxiksxi;
sdelta = (float)s2xsl - (float )33%s3;
a = (sxi2xsyli - sxixsxyl)/delta:
b = (counterxsxyi-sxiksyi)/delta;
da = sart{sl/sdelta);
db = sqrt(s2/sdelta);
gammaz = atan(b);
dthetar db/(1 + bxbd;
dthetar = dthetarx180/3.1415927;
gamma = (gammatgammaz )/2;
add2 gaminaz;
add3 = gamma:
dtheta = dthetalxdthetal + dthetarxdthetar:
dtheta = sqgrt(dtheta);
dtheta = (flcoat )i/2xdtheta;

pripr( "

Rignt wire was misallgned by:

209

.8
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%6 .37 +/-%6.3F degrees\n" ,gamma2 ,dthetar );
printf (" Straight average of wire misalignment
is: %6 .3F +/-%6 .37 degrees\n" ,gamma ,dtheta);
gammaz = cos(gammaz );

gamma = {gammal + gamnaz 3/ 7;

deos = sqrt(l - gammakxgamma )/2xsqrt{ dthetalxdthetal +
dthetar=dihetar );

printf(” Cos{misalignment angle) is:
%6 .47 +/- %6 4T\n" ,gammna,dcos );

/% Determines the mean left and right wire widths in
pixels. %/

meanl = 0.0;
Tor (sonumzl;sonum<=counter;sonum++)

p
¥
meanl = meanl + datal[4] [sonum];
b

meanl = meanl/counter; /% Left wire width mean =/

sigmal = 0.0;
sigmad = 0.0;

sonum = 1;

while { sonum (= counter )
s
L
sigmal = datal4 [sornum] -~ meanl;
sigmad = sigmalxsigmal + sigmad;
Sonum =sonum +1;

sigmal = sigmad/(counter-1);

sigmal =sqrt(sigmal );

printf( " \n");
priptf” Left wire width is:
%6.2T +/- %4.2f pixels \n",meanl,sigmal );

meam = 9.0;
for (Sonumzl;sonum<=counter;Sonum++)
1
meany = meany + datals] [sonum];
3
Meany = meanr /counter; /% Right wire width mean %/
sigmary = O.0;

sigmad = 0.0;
sonum = 1
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while ( sonum (= counter )

¥
k
sigmar = data[8] [sonum] - meanr;
slgmnad = sigmar*signar + sigmad;
SOTUm =sonufr +1;
1

sigmar = sigmad/{counter-1);

sigmar =sart(siamar );

printf" Right wire width is:
%6.2F +/- %4.27 pixels \n",meanr ,sigmar };

P

»

Weighted mean of left and right wire widths #*/

sigmat = 1/(Sigmal*sigmal}+1/(5igmar*sigmar);
sigmat = i/sigmat;
meant = meanl/(sigmal*sigmal)+meanr/(sigmar*sigmar);

meant = meantxsigmal:
sigmat sart{sigmat );

i

printf(" Weighted mean of two wive widths is:
%6.2T +/- %4 .2f pixels “\n",meant,sigmat );

/% Determines the pixel calibration constant. #/

scalex = (fTloat yscaele/pixelx;

dscalex = scalexxsart(2)/pixelx;

printf"\n");

pryintf{ " Pixel calibration factor was:

%6 .31 /- %4 .3F mm/pixel \n",scalex,dscalex ):
7% Determines the corrected average wive width. x/
wWwldth = meantkxgamma*rscalex:
swidth = width#sigmat/meant;
printf(" Wirve width corvected for misalignment
is: %6.2f +/- %4.2F mm it Lwidth,swidth);
printf{"\n");

/% Determines the test tool geometric magnification. #/

magn = $.0:;
magnerr = 0.0;
magn = (fwdist + widist )/ Twdist;

magneyvy = diaixdialswfdistswfdist/fudist/Twdist



stTwdist/fwdist;
magneyy = magnery + diazxdiaz/fwdist/fwdist:
magnery sart{magnery );

!

oyintf(" Geometric magnification was:

%6 .37 +/-%6.3f \nr",magn,magnery );

printf{"\n");

printf{"\n");
printf( "%38s" ,statement37);
ansdata = getkey( );
printf('\n");

/# Determines the statistical and systematic ervors in
the focal spot measurement. */
Junk = ’%’;
cls( ); /% Clears computer terminal *x/
printf(C e Evvor Analysis
—————————— AT
primtf(" Parameter Uncertainty
Focal Spot Uncertainty\a");
printf(" e
~~~~~~~~~~~~~~~~~~~~~~~ \n"J;
printf{"\n");
printf( " Statistical\n"J;
printf{(" e nt s
printf{"\n"J;
7% Wire width statistical ervor. #/
dfspotl = swidth/(magn~1);
printf(" Wire width +/~ %4.3F mm
T/-%6.3F ma\n",swidth,dfspot1);
printf( "\n");
printf(" Systematic\n" };
printf{" e NNt
printf{"\n");
/% Calibration constant systematic error contribution. #*/
dfspot2 = meantxgamma*dscalex/( magn - 17
erintf{" Calib. factor +/~ %4 .3
mm/plxel /%6 3T min\n" ,dscalex,dfspot2 ¥;

A% Wire misalignment angle systematic error contribution. #/

dfspot2 = meantxscalexsxdecoss/(magn ~ 1);
praintf{" Cos{misal .ang) + /-
T/ =%6 3T mo\n" ,dcos ,dfspot3);

5,41

N



/% Physical wire width systematic error contribution. #x/
dfspotd = magn/{magn - 1)*0.005;
crintf(" Physical wire width +/- 0.005 mm

+/-%6 3T mm\n" ,dfspotd );

/#* Geometric magnification systematic error contribution. %/
dfspot5 = ~(0.05 - width)/(magn - 1)/{magn - 1 )kmagnerr ;
orintf(" Magnification +/- %4 .31

+/=%6 3T mn\n" ,magnery ,dfspots);

/% Total systematic error in focal spot measurement. x/

difspoté = dfspot2xdfspotz + difspol3xdfspot3 +
dfspotdxdfspots;
dfspots = dfspoté + dfspotSkdispols;

dfspoté- = sqrit(dfspots );

printf('\n");

pPrintf( " Adding the above four errvors in
quadrature +/=%6.3F mm\n" ,dfspoté);

/% The focal spot value. %/

Tspot = (width -~ 0.05%magn)/(magn - 1);
/% Absolute error in focal spot measurement . #*/
dfspot? = dfspotlxdfspoti + dfspotéxrdfspots;

dfspot? = sgrt(dfspot7);
printf{"\n"):

orintf(" Final vesultin");

printf(" TN s I

printf( "\n");

printf(" Focal spot size is %6 .2T

/%5 . 2F mm (%4 .2f
%C)\n“’fspot,dfspot7,deP0t7/f5pOt*1oo>junk);
printt("\n");

7% Stores the calculated data in the output file. %/

if ( ansdatal == ’y*)

y
1

fprintf(output,"\n");
feprintfloutput, "Focal Spob Size Determined Using Wire
Test Tool\n"d;

fprintfloviput "= e
=Nty
o U R ol _ n noN
fovintf(output, "\n" 3;
fprintf{output," Experimeantal



dataxn");
fprintf(output,”
~~~~~~~~~~~~~~~~~~ ity
Tprintfloutput,"\n");
ferintfloutput," Left wire was misaligned by:

%6.37 +/-%6 .3 degrees\n",addil ,dthetal );
fprintfloutput," Right wire was misaligned by:
%6.3T +/-%6.3f degrees\n",add2,dthetar );

fprintf(output," Straight average of wire misal ignment
is: %6.3F +/-%6.3Ff degrees\n" ,add3,dtheta );
tprintf(output," Cos(misalignment angle) 1s:

o
o

AT /- %6 4F\n” ,gamma ,dcos );

fprintfloutput,"\n");

Tprintfloutput,” Left wire width is:

2T /- %4 .27 pixels \n*,meanl ,sigmal );

Tprintf(output,” Right wire width is:

5.2T /- %427 pixels \n",meanr ,sigmar );
Tprintf(output," Weighted mean of two wire widths is:

%6.2T +/- %4.2f pixels \n",meant,sigmat );

fprintf{output,"\n");

o
[

a0
]

Tprintfloutput," Pixel calibration factor was:
%6.37 +/- %4 .3 mm/pixel \n",scalex,dscalex);
Tprintf(output," Wire width corrected for misalignment

is: %6.2f +/- %4.2f mm \n",width,swidth);
Teprintf(output,"\n");
fprintf{output," Geometric magrification was:
%6 .3F +/-%6.3F \n",magn,magnerr };
Tprintf(output,"\n");
fprintf(output , " Ervor
analysis\n");
fprintf{output , "

““““““““““““““““ Nt )
Terintf(output, "\n");
Tprintfloutput,” Pavameter Uncertainty

Focal $Spoil Uncertainty\n");
Tprintfloutput," —w-we—e—e

Tprintf(output,"\n");
fprintf(output,” Statistical\n"};

fprintfloutput,” ———eeemeeaoo N1t )

fprintf(output, "\n");

Tprintf(output,” Wire width +/~ %4, 3T mm
+/-%6.3F mm\n" ,swidth,dfspotl );

Tprintf(output, "\n");

fprintf(output," Systematic\n");

fprintfloutput," ———ee—eeao- AN

fprintf(output, "\n" );

fprimtf(output," Calib. factor +/— %4 . 3F

min/plxel /%6 .37 mm\n" ,dscalex ,dfspotz );
iprintfoutput, " Cos(misal .ang) /- %5 4F
v%6 037 mmin" ,dcos ,dfspotl);
fprintf(output," Physical wire width +/= 0.005 mmi



/%6

3T mim\

fprintf{output,

n"
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,dfspotd );

Magnification +/~ %4 .3f

+/-%6.3F mm\n" ,magnerr ,dfspots);
fprintf{output, "\n");
ferintf{output,” adding the above four ervors in
aguadrature +/=%6 .3 mm\n",dfspoté);
frrintf(output,"\n" J};
fprintf{output,” Final resulti\n”);
fprintfloutpul ,” —=——eeree——n Nt
fprintfloutput,"\n");
fprintf{output," Focal spot size is %26 .27
+/=%5.2F mm (%4 .2F
Zc\n",Tspot ,dfspot? ,dfspol7/fspotx100, junk );
close(output );
}
pyintfC"sn" J; :
pwlntf(“°458",btatemanx33}
contl = getkey( );
Printf{"\n" J);
)
h
/* _______________________________________________________
Subroutine : Cursorsetting
Displays the cursor on the image display screen.
_____________________________________________________________ ‘/-k/’
Cursorsetting{ )
{
int answevc,answerd,answere,xcoord,ycoord,value;
#define statementS "Do you wish to display cursor (v or

ny:"

#clefine
Adefine
fdeT ine
n):

fidetine

position (¥ or

statementsé
statement?
statements

statement9

nj):"

"x—coordinate assignment:”

"v—coorvdinate

assignment:"

“Are you fTinished with the cursor (v or

"Do you wWish to clear previous cursor

f#idefine statementis

position is:"
prlntf( '%E ,statem
answerc = getkey( };
if { answeyc == Cy°
{
answerd = "n’;
while { answerd ==

i

"The pixel value st this ccoordinate

ents );
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printf("~\n");
printf("“368",Stdtementé)>
scanf( "%d" ,&xcoord);
printf( "%36s" ,statement? );
scanf( "sd" ,&ycoord};
printf(”%595”,Statement18);

value = rpixel(xcoord,ycoord]’;

pPrintf( "%d",value);

printf( "N\n");

dispcurs( xcoord,ycoord,FALSE );
printf( "%54s" ,statements );

answerd = getkey( );
printf( "\n"“);

if {( answerd == ’n* )
{ ,
printf( "%67s" ,statement9);
answere = getkey( );
if ( answere == *y’ )
clrcecurs( xcoord,ycoord);
3
3
}
3
A o e e e e e e e

Soubroutine : Cursorsettingl

Displays curser along a horizontal row of pixels, this
is used when determining the wire width seed and pixel
calibration constant. The y-coord of the pixels on
this horizontal row were all set at 250.

cursorsettingil )

LTt answerc,answerd,answere,xcoord,ycoord,value;

fdefine statement "Do vou wish to display curscr (y or
n):"

fidefine statementé "x-coordinate assignment:"

#idefine statementd "Are vou finished with the cursor (v or
ny:"

#idetine statementy "Do you wish to clear previous cursor
position (v or n):"

fidetine statementld "The pixel value at this coordinate
pogition is:"



printf{"%51s" ,statements);
answerc = getkey( );

1f ( answerc == *y’' )
{
answerd = 'n’;
While ( answerd ==
¢
L
printf{ "\n");
printf{ "%36s" ,statementsd );
scanfT( "sd” ,&xcoord);
printf( "%59s" ,statementls );

3

n’ )

value = rvpixel{xcoord,250);

printf( "sd" ,value);
printf{ "\n");

dispcurs{ xcoord,250 ,FALSE );

printf{ "%54s" ,statements );
answerd = getkey{ );
printf("\n");

it ( answerd == *n’ )
{
printf{ "%é67s" ,statement9 );
answere = getkey( );
it { answere == ’y?* )

clrcurs{ xcoord,250 );

|
7

Soubroutine : Findcenter

Finds the center of the wire for a given horizontal
row of pixels by performing horizontal pixel averaging.
—————————————————————————————————————————————————————— %/

Findcenter(xxi,xx2,yyl,cwire,wlimit)

ar
L

int *cwires

int num,ymaxp,countt,pixelll,pixell2,pixell3,pixelll;
int inc,n,numm,spx;

nun=0;
YiNaxp=0;
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}

wlimit = wlimitrs2;
countt = xx1 + wlimit;

while ( countt (= (xx2-wlimit+1} )

{

n o= 1;
numin = 03
B3pxK = Q}

while ( numm < wlimit )
{
pixelll=rpixel{countt+numm,yyi);
SpPX = SpxXx + pixelll;

nyumm = numm ¥ 1
n o= n +1;
numm = 1;

while ( numm ¢ wlimit h]
I
pixelll=rpixel(countt—rnumm,yyl);
spx = SpxXx + pixelll;

numm = numm + 1
no=n +1;

b

5

pixelll = spx/(n-1);

if ( pixelll > ymaxp )
¢
{
ymaxp = pixelll;

inc = countt ;
3
countt = countt + 1;
N
2/
XCWire=inc;
A e e e e e e e e e e

Subroutine : Findwirewidth

This code will find the FWHM width of the wire for a
given horizontal row of pixels.

Findwivewidth( ¥yl ,wcen,Twhml ,Ffwhnr ,climit)
int *fwhml ,*Twhmr;

.‘.
S



int rugab,minl ,minZ,pix,pixm,minyl , miny2;

int stop,backyc,height;
float slope;
int numbl,numb2,minla,min2a;

minl = Q;
minz = 0;
numbl = climit/2;
pixm = vpixel(wcen,vyvyl);
stop = 03
while ( stop == 0 )
{
pix = rpixel(wcen -
if ( pix (= pixm )
{
minl = wcen - numbi;
pPlxm = Pix;
¥
else
{
stop = 1;
3
numbl = numbl +1;
hY
i

numbz = climit/Z;

/% Finds left minimum x/

numbl vyl );

/¥ Finds right minimum x/

pixm = rvpixel{wcen,yvl);
STOop = O
while {( stop == ¢ )
{
pix = rpixel{wcen + numb2,vyyl);
iT { pix (= pixm )
{
minz = wcen + numb2:
PIXM = Pix:
3
el=e
1
[N
stop = 1;
3
numb2 = numb2 +1;

)

minyl = vpixel(mini,yyl);
ninyz rRpixel{minZ,yyl J;

slope = {minyz -
backyce = slopex(wcen -
height
height = helghtr/2;

1l

minyl )/ {min2 -
minl) 4+ minyls
vpixel(wecen,yyl) ~backyc;

minl);
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height = rpixel(wcen,yyl) -~ height;

numb = 1; /% Finds left FWHM point x/
pixm = helight;
stop = 03
while ( stop == ¢ )
{

Ppix = rpixel(wcen - numb,yyl);
if ( pix = pixm)

{
minl = wcen — numb;
3
else
{
stop = 1:
3
numl> = numb +1;
}
mumb = 13 /% Finds right FWHM point x/
stop = Q3
while ( stop == ¢ )
{
pix = rpixel{wcen + numb,yyl):
if ( pix >= pixm )
{
min2 = wecen + numb;
1
Kl
else
{
stop = 1;
)
numb = numb +1;
)
*fwhml = mini;
*fwhmy = minz;
3
S A e e e

Subroutine : Storepixelline
This code stores the pixel values of a horizontal line of

pixels in a specified data file.

Storepixelline(al,az,al3)
p

-~

FILE #fname:
char datafile[20];
int rumber ,plx;
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#define statementl2 "Which data file (xx.dat) do you wish

to use:!"

}

printf{ "%56s" ,statement12);
scanf( "%s" ,datafile);
printf{"~n");

fname = fopen(datafile,"w"

number = als;
while ( number (= a2 )
g
T
pix = vpixel{number ,a3);
fprintf(fname,” %d %d Zd\n",number ,a3,pix);
numbey = number+1:

}

close{ fname);

Subroutine : Storepixeldif

This code stores the differences in the pixels of a
given horizontal line of pixels in a specified data file.
————————————————————————————————————————————————————————— */

Storepixeldif{bl,b2,b3)

{
FILE xenter;
char datadif[20];
int numbers,pixdif ,pix;
fideTine statementl1Z "Which data file (xx.dat) do yvou wish
to use: "
printf( "%56s" ,statement12);
scanf( "%s" ,datadif );
printf("\n");
enter = fopen(datadif,"w");
numbers = bl+1;
while { numbers (= b2 )
{
pix = rpixel{numbers ,b3);
pixdif = rpixel(numbers,b3) - rpixel{ numbers-1,b3);
Tprintflenter," %d %d %d Zd\n" ,numbeys,b3,pixdif,pix);
numbers = numbers+l;
)
J
close(enter );
3

Ak End of program */
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APPENDIX F

FOCAL SPOT CALCULATION WHEN USING PARALLEL WIRE TEST TOOL

The geometric representation of the parallel wire test

tool image on film has been illustrated below.

where :
wwire = 2I’

2R = focal spot width {f)

l\ 3 +

wmre

Wire image

T ¥
E
3]
~

Before the above figure is used to derive the focal spot
dimensions, the variable definitions will be made here:

R is the radius of the focal spot;

f is the width of the focal spot;

d is the test tool’s object distance:

d’is the test tool’s image distance;

s 1is the distance from the central x-ray beam axis to the
wire center on the test tool;

v is the physical rvadius of the wires;

Wyire is the physical width of the wires; and

Wity is the wire image’s width on film.

It should be noted here that the focal spot dimensions, f,
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are assumed to be symmetric and that the focal spot is
assumed to behave as two point souvces that have a separation
distance of f.

From the above figure it can be shown that
R (s + 1) ¥

tan(a) = = = - (F1)
b a (d* + a)

It can then be shown fyom [Eg. F1)] that

y = ' (Fz2)

&

= ; (F3)
(s + v) a

Now since
d=a+ b

wa then can show that

d b
RS [ C—
a &
3 + v + R
= (Fa)
s o

after the substitution of [Eq. F3]. Rearranging [Eq. F4]
inte the form
d-(s + v)

o - (F5)
5 + v+ R

&

and then substituting this expression into [Eq. F2] allows

orne to rewrite [Eq. F2] as
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d’-(s + v + R) + (s + v)
y o= . (F&)
d

From the above figure it can alsoc be showrn that

R (s - v) v’
tan(B) = = = . (F7)
c (d + <) (d’” + d + &)
From [Eq. F7] we then have the velations
(s -~ v )-{d” + d + ¢)
v o= (F8)
(d + <)
and
R C
= . : (F9)
(s - v) (d + ¢)
Rearrange [Eq. F9) into the form
R-d
Cc = {F10)

(s ~ R - 1)
and then substituting this expression into [Eq. F8] we can
show that
(d” + dys - (d” + d)r - d°R

g o= . (F11)
d

Because the width of the wives image on film is shown to be
“iilp = Y T Y (F12)
in the above figure, then after the substitution of [Egq. F&)]
and [Eq. F11] into [Eg. F12], we can show that

2v-(d + d?*) 2Rd”

“filn = ; " J - (F13)
Q

Since we have defined

Wyirg = €7 (F14)
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T = 2R (Fi15)
then after the substitution of [Eq. F14] and [Eq. Fis] into
[Eq. F13] we can solve for the width of the focal spot,
which is

dd d

fom w0 ——— S
fil
11m d° o

(F16)

Because the geomelric magnification of the test tool is

M= 1 + (F17)
B d

and thus

d 1.

—E (F18)

d’ (M - 1)

we can then substitute [Eq. F18] into [Eq. Fl16] to express

the focal spot dimensions as

Weilg = Wy M
£ = filn Wire _ (F19)
(M - 1)




APPENDIX G

BAR RESOLUTION PATTERN COMPARISON RESULT

G.a Results from test run 1

SMALL FOCAL SPOT SIZE (mm)

LARGE FOCAL SPOT SIZE (nm)

b

N

N

S0

. 26

.02

.78

.54

. 30

.20

.78

. 36

.94

.52

1 | | i
NEMA  MAXIHAUM
TOLERANCE, LENGTH
NEMA MAXIMUM 1 I ]
—  TOLERANCE, WIDTH ff 1 —
| % % %, 3
B BAR PATTERN METHOD, FOCAL SPOT LENCTH O aAR PATTERN METHOD, FOCAL SPOT wibTit
© WIRE METHOD, FOCAL SPOT LENGCTH O WIRE METHOD, FOTAL SPOT WIDTH
I T T i
50 60 70 80 30 100
TUBE VOLTAGE (kVp)
| { | |
B BAR PATTERN WETHOD. FOGCAL SPOT LENGTH O BAR PATTERN WETHOD, FOCAL SPOT WIDTH
a WIRE METHOO, FOCAL SPOT LENGTH O WIRE WMETHOD, FOTAL SPOT wWIDTH
NEMA MAXIMUM
] TOLERANCE. LENGTH I
~__NEMA MAXIMUM I i —
TOLERANCE, WIDTH } ]‘: T
T T T T
50 s0 70 20 20 100
TUBE VOLTAGE (kVp)

226



G.b Results from test run 2

SMALL FOCAL SPOT SIZE (mm)

LARGE FOCAL SPOT SIZE (mm)

. 50

. 26

.02

.78

. 54

. 30

. 20

. 78

36

. 94

.52

| ] 1 t
NEMA MAXIMUM
TOLERANCE, LENGTH
NEMA MAXIMUM - T T
— TOLERANCE, WIDTH % .
B gaR PATTERK METHID, FOCAL SPOT LENCTH O BAR PATTERN METHROD, FOCAL 5P0T WIBTH
B WIRE METHOO, FOCAL SPOT LEHETH © WIRE HETHOD, FOCAL SPOT WIOTH
[ i T T
50 60 70 80 S0 180
TUBE VOLTRGE (kVvp)
! i i J
BAR PATTERN WETHQD. FOCAL SPOT LENGTH D BAR PATTERN LETHOD. FOCAL SPFOT WIOTH
& WRE WMETHQD, FOCAL SPOT LEHCTH O WIRE KETHOD, FOCAL SPOT WIDTH
NEMA MAXIMUM
7] TOLERANCE, LENGTH -
~1_ NEMA MAXIMUM } T I —
TOLERANCE, WIDTH
1 T T I
50 60 70 80 80 100
TUBE VOLTAGE (kvp)

227
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G.c Results from test vun 3

1.50 !

NEMA MAXIMUM
TOLERANCE, LENGTH

—{
b

NEMA MAXIMUM I _
1.02 ~{ TOLERANCE, WIDTH i L

SMALL FOCAL SPOT SIZE (nm)
|

B pAR PATTERN METHOD. FOCAL SPOT LENCTH £ BAR PATTERN METHOD, FOCAL SPOT Wil

& WIRE METHOO, FOCAL SPOT wWiDTH O WIRE UETHOD. FOCAL SPOT WIDTR
0.30 l l | T
s0 60 70 80 S0 100
TUBE VOLTRCE (kVp)

B BAR PATTERN WETHOOD, FOCAL SPOT LENGTH O BAR PATTERN METHOD, FOCAL SPOT wiDTH

@ WIRE METHOD, FOCTAL SPOT LENGTH O WRE METHOD. FOCAL SPOT WIDTH

NEMA  MAXIMUM
2.78 4 TOLERANCE, LENGTH

__NEMA MAaXiMUM
TOLERANCE, WIDTH

H——
t-@—rt
He—t
I

LARGE FOCAL SPOT SIZE (ma)

t.10 T T I i
s0 50 70 80 50 100

TUBE VOLTARGE (kVvp)



G.d Results from test run 4

.50 ! !
: NEMA A XIMUM
. i.26 — TOLERANCE, LENGTH |
Lt
~J
+—
w
02 1 I i
—
e}
o NEMA  MAXIMUM I ? ?
o TOLERANCE, WIDTH 1 1 1
_ . -
o= 0. 78
&)
jan
[
i
_1D.54 —
T
=
(D B BAR PATTERMN MLTHOD, FOCAL SROT LENCTH D BAR PATTERN METHOD, FOCAL SPOT wilTH
© WIRE WMETHOD, FOCAL SPOT LENSTH O WIRE METHOD, FOCAL SPOT WDTH
0. 30 i ; T T
50 50 it 80 380 100
TUBE VOLTRGE (kvp)
* ## BAR PATTERN WETHOD, FOCAL SPOT LENSTH [ BAR PATTEARN METHOD. FOCAL SPOT wWiDTH
o WRE METHOD, FOCAL SPOT LENCTH O WIRE METHID., FOCTAL SPOT WIDTH
=
=
- 2. 78 — P
L
~J
—
o NEMA  MAXIMUM
2. 36 —| TOLERANCE, LENGTH b
-
o)
o
w0
_J ] |
T 1. 84
)
-] NEMA  MAXIMURM I
L iy ?
TOLERANCE, WIDTH I i T
(]
n 1.52 — T —
o=
a-
]
S0 60 70 80 30 100
TUBE VOLTAGE ( kVp)
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G.e Results from test run 5

SHMALL FOCAL SPOT SIZE (am)

LARGE FOCAL SPOT SIZE (nm)

. S0

. 26

.02

.78

.54

.30

. 20

.78

. 36

. 94

.52

.10

| 1 J 1
NEMA MA XIMUM
—] TOLERANCE, LEMNGTH -
NEMA MAXIMUM T { ;
TOLERANCE, WIDTH 1 T
® BAR PATTERN METHOD, FOCAL SPOT LENGTH D BAR PATTERN SETHOD, FOCAL SPOT WIDTH
© WIRC WMETHOD, FOCAL SPOT LTHCTH O WIRE MET+HID, FOCAL SPOT wWiDTi
T I I i
50 &0 70 80 30 100
TUBE VOLTAGE (kVp)
1 1 | i
# BAR PATYTERN METHOD, FOCAL SPOT LENGTH [ BAR PATTERH METHOD. FOCAL SPCT WOTH
a WRE HETHOD., FOCAL SPOT LENGTH O WIRE HETHOD, FOCAL SPOT wiIDTH
NEMA MAXIMUM
TOLERANCE, LENGTH
NEMA _MA XIMUM I T 1
TOLERANCE, WIDTH
i 1 T T
50 60 20 80 S0 100

TUBE VOLTAHRGE (kvp)
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G.f Results from test run 6

SMALL FOCAL SPOT SIZE (nn)

LLARGE FOCAL SPOT SIZE (nmm)

1.58
1,26
1.02
0.78
0. 54
0. 30
3. 20
2.78
2. 36
1.94
1.52
1.10

] | | 1
NEMA MAXIMUM
TOLERANCE, LENGTH
NEMA  MAXIMUM |
~| TOLERANCE, WiDTH } % } —
A BAR PATTERN METHOD, FOCAL SPOT LENGTH [ BAR PATTERHM WETHOD, FOCAL SPOT wibTH
€ WRE WMETHOD., FOCAL SPOT LEHCTH O WIRE HETHOD. FOCAL SPOT WIDTH
T i i I
50 514 70 80 a0 100
TUBE VOLTRGE (kvVp)
1 [ | i
B BaR PATTERN METHOD, FOCAL SPOT LENGTH D 8AR PATTERN METHOD. FOCAL SPOT WIDTH
a wWIRE METHOD, FOCAL SPOT LENCTH O WIAE METHOD, FOTAL S3POT wWIOTH
NEMA MAXIMUM
] TOLERANCE, LENGTH [~
—  NEMA MAXIMUM T T l —
TOLERANCE. WiDTH T
I T 1 i
50 60 70 80 30 100

TUBE VOLTAGE {(kVp)
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G.g Results from test run 7

SMALL FOCAL SPOT SIZE (nn)

LARGE FOCAL SPOT SIZE (mm)

.50

. 28

.02

.78

.54

. 30

. 20

.76

.32

. 88

.44

.00

TUBE VOLTAGE (kvp)

| | !
NEMA MAXIMUM
| ToLErANCE, LENGTH i
NEMA  MAXIMUM %T 1
TOLERANCE. WIDTH 1 l I
| BAR PATTERM METHOD. FOCAL SPOT LENGTH O BAR PATTERN WMETHOD. FOCAL SPOT wWIDT=
® WRE METHOD, FOCAL SPOT LEHGTH O WIRE WUETHID, FOTAL SPOT wiDTH
I I ] i -
50 60 70 80 80 100
TUBE VOLTAGE (kVp)
i 1 | 1
H BAR PATTEARN HETHOD, FOCAL SPOT LEMNCTH 13 BAR PATTERN LETHOD, FOCAL SPOT wiGTH
€ WIRE METHOD, FOCAL SPOT LENCTH QO WIRE WMETHCD, FOCAL SPROT wIDTH
NEMA MAXIMUM
TOLERANCE, LENGTH
— NEMA MAXIMUM H T T L
TOLERANCE, WIDTH %
<o I T T T
60 70 80 g0 100

232
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APPENDIX H

STAR RESOLUTION PATTERN COMPARISON RESULTS

H.a Results from test run 1

FFD = 40"
1.50 ' . . :
NEMA  MAXIMUM
— TOLERANCE, LENGTH
=
=
— 1.26 — -
L1
~
— i
o NEMA _MAXIMUM T T
1. 02 — TOLERANCE, WIDTH & i —
}— .
' :
& ]
¥}
_ . |
= 0. 78
o
)
Lo %
—J
T3 0.54 -
o ?
= SINGLE EMULSION FILM
w B STAR PATTERN METHOD, FOCAL SPOT LERCTH D STAR PATTERN METHOD, FOCAL SPOT WIDTH
© WRE METHOD, FOCAL SPOT LEHGCTH O WIRE WETHOD, FOCAL SPOT wADTH
50 [S3t] 70 80 g0 100
TUBE VOLTAGE (kVp)
FFD = 40" a
i.50 : . :

NEMA A XTMUIM
TOLERANCE, LENGTH

NEMA  MAXIMUM i i
1.02 — TOLERANCE, WIDTH 1 I

e bt
[

0.5 % % _

DOUBLE EMULSION FILM

B STAR PATTERN METHOD, FOCAL SPOT LENCTH O STAR PATTERN METHOD. FOCAL SPOT wiDTH

SMALL FOCAL SPOT SIZE (mm)
l
i

@ WRE METHOD, FOCAL SPOT LENGTH ~ 1 = O WiRE METHOD, FOSAL SPOT wiDTH
8. 30 T T T i
S0 50 70 80 90 i00

TUBE VOLTAGE (kVp)




LARGE FOCAL SPOT SIZE (nm)

LARGE FOCAL SPOT SIZE (am)

3. 20
2.78
2. 36
i.94
1.52
1.16
3. 20
2.78
2.38
1. 94
1.52
1.10

FFD = 40"
| i | ]
B STAR PAYYEAN WETHOD, FOCAL SPOT LENGTH D STAR PATTERN uETHCO, FOCAL SPOT wIDIH
© WRE METHOD, FOCAL SPOT LEHGTH O WIRE HETHOD. FOTAL SPOT wIDTH
SINGLE EMULSION FILKM
NEMA MAXIMUM
T TOLERANCE, LENGTH -
:F
—— NEMA MAXIMUM I o
TOLERANCE, WIDTH 1 . l
T i T T
SC 50 70 20 S0 100
TUBE VOLTARGE (kVp)
FFD = 40"
| | | |
B STAR PATTERN uTTHQD, FOCAL SPOT LENGTH [ STAR PATTERI METHOD, FOCAL SPOT wWiDIH
a8 wiRE HITHO0., FOCAL SPOT LENGTH O WIRE WETHAD, FOTAL SPOT WIDTIH
DOUBLE EMULSION FILKM
NEMA MAXIMUM o
] TOLERANCE, LENGTH
— NEMA MAXIMUM i ; I
TOLERANCE, WIDTH 1 ! 1
I T T T
50 60 70 80 380 100
TUBE VOLTAGE (kvVp!
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LARGE FOCAL SPOT SIZE (nm)

LARGE FOCAL SPOT SIZE (nm)

3. 20
2.78
2,36
1.94
1,52
1,10
3. 20
2. 78
2. 36
1. 94
1.52
1.10

FFD = 72"
| | | |
H STAR PATTERN METHOD, FOCAL SPOT LENGTH O STAR PATTERN METHOD, FOCAL SPOT wWiDTH
@ wiRE METHOD, FOCAL SPOT WIDITH O WIRE WETHOD. FOCAL SPOT WIDTH
SINGLE EMULSION FilM
NEMA  MAXIMUM
"] YOLERANCE, LENGTH =
T
—~— NEMA MAXIMUM I L—
TOLERANCE, WIDTH l 1 l
T i T i
S0 B0 70 80 18] 100
TUBE VOLTARGE (kVp)
FFD = 72
| i 1 |
8/ STAR PATTERN HETHOD. FOCAL SPOT LENGTH D STAR PATTERM WMETHOD, FOCAL SPOT WiDIH
@ WRE METHOD, FOCAL SPOT LENCTH O WIRE WETHOD, FOTAL SPOT wWiDTH
DOUBLE EMULSION Fil.M
NEMA MAXIMUM
] TOLERANCE, LENGTH —
) 1
- N‘EMA A X IMUKM T I I —
TOLERANCE, WIDTH l 1 1
T 1 I T
50 50 70 80 30 100
TUBE VOLTAGE (kVp)
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H.b Results from test run 2

FFD = 40"
1 I ; !
NEMA  dAAXTIALI
TOLERANCE, LENGTH
NEMA  saXinUiM I

1.02 — TOLERANCE, WIDTH

—B—ot—

SMALL FOCAL SPOT SIZE (nm)
|

& WiRE METHCOD, FOCAL SPOT LENGTH

o

B STAR PATTERN METHOD, FOCAL SPOT LENGTH [DSTAR PATTERN METHOD. FOTAL 5POT DT

O WIRE METHCD, FOCAL SPOT widT#

0.30 T i a i
50 60 70 80 90 100
TUBE VOLTARGE (kVp)
FFD = 40"
i { ] i
3. 20
B STAR PATTERN METHOO, FOCAL SPOT LENCTH [ STAR PATTERHN MITHOD, FOCAL SPOT wiDT#
B WiRE METHOO. FOUAL SPCT LENGTH O WIRE WETHID. FOCTAL 3POT wiDTH
=
= NEMA  MAXIMUM
— 2.8 TOLERANCE, LENGTH
Lt
™~
—
[Op
2. 36 — -
]__
—
el
EI:J 1. 84 — NEMA MAXIMUM % ol —
[ TOLERANCE, WIDTH 1 I
(e
L
Ld
(¢ !1.52 % I—
[t
[ T
—
1,10 T 1 T T
50 50 70 80 30 100
TUBE VvOLTAGE (kVp)
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LARGE FOCAL SPOT SIZE (mm)

. 20

.78

. 36

.94

.52

.10

FFD = 72"
! | | |

H STAR PATTERN METHDD, FOCAL SPOT LENGTH [ STAR PATTERN METHOD, FOCAL SPOT wiDTH

a WRE METHOD. FOCAL SPOT LENGTR O WIRE WETHOD, FOCAL SPOT WIDTH

NEMA MAXIMUM

TOLERANCE, LENGTH

NEMA  MAXIMUM

TOLERANCE, WIDTH

8
et —i—8—
—a—{ B

56

i I I ]
60 70 80 30 100

TUBE VOLTRHGE (kVp)
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H.c Results from test run

SMALL FOCAL SPOT SIZE (nm)

LARGE FOCAL SPOT SIZE (nm)

. S0

. 26

.02

. 78

.54

. 30

.20

.78

. 38

. S4

.52

[

3

FFD

= 40"

NEMA  MAXIMUM

TOLERANCE, LENGTH

NEMA MAXIMUM

TOLERANCE, WIDTH

B STAR PATTERN METHOD, FOCAL SPOT LEHGTH [ STAR PATTERN WMETHOD, FOCAL SPOT wIDTH

® WIRE METHOO, FOCAL SPOT LENGTH

bt
I —

O WIRE METH3D, FOQAL SPOT wilTH

50

T
60

TUBE VOLTRAGE

i
70

FFD
|

T I
80 S0

(kVp)

= 40"

B STAR PATTERN METHOD, FOCAL SPOT LENGTH O STAR PATTERN WETHOD, FOCAL €E0T

@ WRE MLTHOD, FOGAL SPOT LENGTH

NEMA MAXIMUM

O WIRE WETHOD, FOTAL SPOT wWiDTH

TOLERANCE, LENGTH

NEMA MAXIMUM

TOLERANCE, WIDTH

H

?

et
bt

S0

TUBE

T
70

VOLTARGE

80 80
( kvVvp)

100
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LARGE FOCAL SPOT SIZE (nm)

3. 20

2.78

2. 36

FFD = 72"
| | | !
B STAR PATTERN MWETHOD, FOCAL SPOYT LENGTH 0O STAR PATTERN METHOD, FOCAL SPOT WilTH
@ WRE METHOD, FOCAL SPOT LEHGTH O WIRE METHOD, FOCAL SPOT wiDTH
NEMA  MAXIMUM
TOLERANMNCE, LENGTH
% ) 1
@
— NEMA MAXIMUM | T T —
_L —_
TOLERANCE, WIDTH I
1 | ] I
S0 &0 70 £0 S0 100

TUBE VOLTARGE (kVp)
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SMRLL FOCAL SPOT SIZE (mm)

LARGE FOCAL SPOT SIZE (nnm)

Results from test run 4

. 50

. 26

.02

.78

.54

. 30

.20

. 78

. 36

.94

.92

FFD = 40"

NEMA MAXIMUM

TOLERANCE, LENGTH

NEMA MAXIMUM I

- —{
H—a—

TOLERANCE, WIOTH

H STAR PATTERN METHOD. FOCAL SPOT LERGTH 03 STAR PATTERN METHOD, FOCAL SPOT wWiDTH

& WRE METHOD, FOCAL SPOT LENKCTH O wiRE WMETHODD, FOCAL SPOT wIDTH
T | T 1
50 60 70 80 S0 100
TUBE VOLTRGE (kVvp)
FFD = 40"
| | 1 |
& STAR PATTERHN METHCD, FOCAL SPOT LENGTH [ STAR PATTERN METHOD, FOCAL SPOT wiDIH
@ WRE WITHOD, FOCAL 5POT LEHGTH O WIRE METHOD, FOCAL SPOT WiDTH
NEMA  MAXIMUM
— TOLERANCE, LENGTH —
T
b )
] il }
NEMA  MA XIMUN 1]’ I
TOLERANCE, WIDTH T EE l%
1 T H T
S50 B0 70 80 30 100

TUBE VOLTRGE (kVp)



LARGE FOCAL SPOT SIZE (am)

. 20

.78

. 36

. 94

.02

.10

FFD = 72"
| | | 1

H STAR PATTERN METHOD. FOCAL SPOT LENGTH [ STAR PATTERN METHOD, FOCAL SPOT wiDTH

@ WIRE METHOD, FOCAL SPOT LENGTH O WIRE METHOD, FOTAL SPOT WIDTH

NEMA MAXIMUM

TOLERANCE, LEMNGTH

NEMA MAXIMUM

-
g
44— |—a8—

TOLERANCE, WIDTH % %

0
[t e I ]

50

I I I I
60 70 80 30

TUBE VOLTAGE (kVp)

100
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H.f Results from test run 5

FFD = 40"
1. 50 | | ] 1
= NEMA  MAXIMUM
=
w 1.26 — TOLERANCE. LENGTH -
Ll
~J
—
o i
1. 02 — I n
- I
S NEMA  MAXIMUM T
wd TOLERANCE, WIOTH
s | 3 —
= 0. 78
)
(e
Lo %
1
1 0.54 H —
-
=
m B STAR PATTEAN MITHID, FOOAL SPOYT LEHGTH [J STAR PATTERN METHOD, FOCAL SPOT WIDTH
® WIRE WETHOO, FOCAL SPOT LEMNGTH C WiRE METHOD, FOCAL SPOT WIDTH
0.3¢0 T I T T
50 60 70 80 [0 100
TUBE VOLTAGE (kvp)
FFD = 40"
3. 20 ! ! ! !
B STAR PATTERN METHOD, FOCTAL SPOT LENGTH O SYAR PATTERN UETHOD., FOCAL SROT WIDTH
B wWIRE METHOD, FGOAL SPOT LENGTH O WARE METHOD, FOTAL SPST wWiIDTH
2. 78 — b
NEMA  MAXIKMUM
TOLERANCE, LENGTH
2. 36 — L

b - g —
@ —|
[N -

LARGE FOCAL SPOT SIZE (nm)

.94 — I
INEMA  MAXIMUM
TOLERANCE, WIDTH % % %
1,52 — % % .
1.10 ~

i I I
50 &0 70 80

TUBE VOLTARGE (kvVvp)

o
o -
&



LARGE FOCAL SPOT SIZE (mm)

. 20

.78

. 36

. 84

.52

.10

243

FFD = 72"
] | i |
B STAR PATYERN METHCD, FOCAL SPOT LENGTH [ STAR PATTERN METHOD, FOCAL SPOT WIDTH
8 WIRE METHOD, FOCAL SPOT LENCTH O WIRE METHCOD, FOCAL SPOT wiDTH
NEMA MAXIMUM
TOLERANCE, LENGTH
S
f %
NEMA MAXIMUM
TOLERANCE, WIDTH % %
i | | 1
S0 60 70 80 90 100

TUBE VOLTRGE (kVp)



H.g Results from test run 6

SMALL FOCAL SPOT SIZE C(mm)

LARGE FOCAL SPOT SIZE C(nnm)

. 50

. 26

.82

78

.54

. 30

. 20

.78

. 36

.94

.52

FFD = 40"
| | | !
NEMA MAXIMUM
TOLERANGE,LENGTH
NEMA WA XIMUM
—  TOLERANCE, WIDTH } { (—
B STAR PATTERN METHOD, FOCAL SPOT LENSTH [ STAR PATTERN METHOD, FOCAL SPOT WIDTH
& WIRE METHOD, FOCAL SPAGT LENCTH © WIRE MITHOD, FOCAL SPOT WIODTH
] T T T
50 60 70 80 ag i0g
TUBE VOLTRGE (kvVp)
FFO = 40"
| | i i
B STAR PATTERN WETHOD, FOCAL SPOT LENGTH O STAR PATTERN METHOD. FGCAL SPOT wiDTH
& WIRE METHOO, FOCAL SPOT LENLTH O WIRE MECTHOD, FOCAL SPOT wiDTH
NEMA  MAXIMUM
] TOLERANCE, LENGTH .
—  NEMA MAXIMUM + % % —
L
TOLERANCE, WIDTH I I
T T 7 H
50 [3) 70 80 30 108

0
TUBE VOLTRGE (kVo)
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LARGE FOCAL SPOT SIZE Cam)

. 20

.78

. 36

. 84

. 52

.10

|

FFD = 72"
; 1

[

B STAR PATTERN METHOD, FODCAL SPOT LENGTH ) STAR PATTERN METHOD, FOCAL SPOT WIDTH

B WRE METHCD. FOCAL SPOT LENGTH

NEMA MAXIMUM

O WIRE WMETHDD, FOCAL SPOT WIDTH

TOLERANCE, LENGTH

NEMA MAXIMUM

TOLERANCE, WIDTH

—lg-t--
8-

bl

% %
] I i [
S0 60 70 80 a0 100

TUBE

VOLTAGE

(kVp)
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H.h Results from test run 7

SMALL FOCAL SPOT SIZE (am)

LARGE FOCAL SPOT SIZE (mm)

. S0

. 26

.02

.78

.54

.30

. 28

.76

.32

. 88

.44

.00

FFD = 40"
{ 1 | |
NEMA _ MAXIMUM
_| TOLERANCE, LENGTH |
: I
NEMA MAXIMUM % I iT
TOLERANCE, WIDTH i 1 i%
1 STAR PATTERN WETHOD. FOCAL SPOT LENGTH DO STAR PATTERN METHOD. Folal SPOT WIDTH
@ WRE METHO0, FOCAL SPOT LEKGTH O wIRE METHDD, FOCAL SPOT wWiDTH
T T I T
S50 50 70 80 S0 YO0
TUBE VOLTAGE (kVp)
FFD = 40"
| 1 | 1
B STAR PATTERN NMETHOID, FOTAL SPOT LENGTH [ STAR PAYTERN WMEIHOD, FOCAL EPODT wiblr
@ WIRE METHOO, FOCAL SPOT LENGTH Q WIRE METHDD, FOTAL SPOT wilTH
NEMA MAXIMUM
| TOLERANCE, LENGTH
] NEMA MAXIMUM 5 T -
TOLERANCE, WIDTH % i 'f
T I T 1
50 6 70 80 90 300

0
TUBE VOLTRHGE (kVvp)
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[\

N

FFD = 72"
! ! | |
HSTAR PATTERN METHCSO, FOCAL SPOT LENGTH 0 STAR PATTERN HETHZO, FOCAL SPOT WODTH
@ WIRE METHOD, FOCAL SPOT LENCTH O WIRE METHOD, FOCAL SPOT wWIDTH

NEMA MAXIMUM

—_

-y

TOLERANCE, LENGTH

s a4
-4
-]

LARGE FOCAL SPOT SIZE (am)

NEMA  MAXIMUM i T [~
TOLERANCE, WIDTH % ;
I T i I
60 70 80 30 100

TUBE VOLTARGE (kVp)



APPENDIX I

PINHOLE CAMERA COMPARISON RESULTS

I.a Results from test run 1

SMALL FOCARL SPOT SIZE (mn)

LARGE FOCAL SPOT SIZE Can)

1.

50

. 26

.02

.78

.54

. 30

.20

.78

. 36

. 394

.52

NEMA MAXIMUM

TOLERANCE. LENGTH

NEMA  MAXIMUM

+—

— TOLERANCE, WIDTH

e

1 PINHOLE CAMERA UETHOOD. FOCAL SPOT

® WIRE METHOD, FOCAL SPOT LERSTH

LENGTH

t B

¥ u

e

1

O PEVHOLE CAMERA METHOD, FOCAL SPOT wWIDTH

QO WIRE WETHOD, FOTAL SPOT WIDTH

]

i
50 (518] 70

I I
80 90

100
TUBE VOLTAGE {( kVp)
1 | i |
H PINHOLE CAMERA KETHOD, FOCAL SPOY LERSTH O PINHOLE CAMERA HETHOD, FOCAL SPOT wiDTH
@ WIRE WETHOD. FOCAL SPOT LENGTH © WIRE METHOD. FOCAL SPOT WIDTH
NEMA MAXIMUM
TITOLERANCE, LENGTH -
—{ NEMA  MAXIMUM I g T
TOLERANCE, WIDTH ; T
i I ; =
1 T i 1
50 50 70 a0 380 130
TUBE VOLTARGE (kVp)
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I.b Results from test run 2

] 1 ] 1

NEMA  MaXIMUKM
TOLERANCE, LENGTH

NEMA MAXMUM
1. 02 —TOLERANCE, WIDTH —

-
-
o

SMALL FOCAL SPOT SIZE (nm)
!
|

0. 5S4 — —
B PINHOLE CAMERA METHOD, FOCAL SPOT LENGTH O PINHOLE CAMERA METHCD, FOCAL SPOT wiDTH
© WIRE METHOD, FOCAL SPOT LENGTH O WIRE METHOD, FDCAL SPOT WIBTH
50 60 70 80 30 100
2. 20 | | ] |
B PINHOLE CAMERA MLTHOC, FOCAL SPOT LENSTH 0 PNHOLE CAMERA METHOC, FOCAL SPOT wiliTe
© WIRE METHOD, FOCAL SPOT LENGTH © WIRE METHOD. FOCAL SPOT WIOTH

NEMA MAXIMUM
TOLERANCE, LENGTH

. 94 —{ NEMA MAXIMUM I
TOLERANCE, WIDTH

152 i {% }% B

i T I
50 60 70 80 S0 100

TUBE VOLTAGE (kVvp)

—t—y
N

LARGE FOCAL SPOT SIZE (mn)




LARGE FOCAL SPOT SIZE (nn)

SMALL FOCAL SPOT SIZE Cmm)

Results from test

run 3

.50 L

NEMA MAXIMUM

TOLERANCE, LENGTH

NEMA MAXIMUM

.02 —TOLERANCE, WIDTH

—1
-t

78 — % |
.54 — |
H PNHOLE CAMERA METHOD, FOCAL SPOT LENGTH D PINHOLE CAMERA MLTHOD, FOCAL SPOT WIDTH
@ WIRE METHOD, FOCAL SPOT LENGTH O WIRE WETHOD, FOCAL SPOT WiIDTH
.30 T T I .
50 60 70 80 S0 100
TUBE VOLTRGE (kvp)
1 : i ]
- 20 B PNHOLE CAMERA MWECTHOO, FOUAL SPOT LENGTH 0 PiNHOLL CANERA METHOO, FOCAL SPOT wWIDTH
& WIRE METHOD, FOCAL SPOT LENGTH © WIRE MTTHOD, FOCAL SPOT wiDTH
NEMA  MAXIMUM |
. 78 T1TOLERANCE, LENGTH
35 — —
.94 — NEMA MAXIMUM I ) 1 E —
TOLERANCE, WIDTH I i I
I -
52 — % % %
10 T T T T
5D 60 70 20 ag 100
TUBE VOLTRGE (kVp)

250



I.d

SMALL FOCAL SPOT SIZE (nn)

LARCE FOCAL SPOT SIZE (mm)

Results from test run 4

1,50
1.26
1.02
0.78
0.54
0. 30
3. 20
2.78
2. 36
1.94
1.52
1.10

| | ! |
NEMA MAXIMUM
_| TOLERANCE, LENGTH |
NEMA MAXIMUM % ¥ T
TOLERANCE, WIDTH } I
H PINMOLE CAMERA METHOD, FOCAL SPOT LINGTH O PINMOLE CAMERA METHROO, FOCAL SPCT wIDTH
o WIRE METHOD. FOCAL SPOT LENCTH O wWRE WETHOD, FOCAL SPOT WIDTH
! ] I I
S0 690 70 80 a0 100
TUBE VOLTRGE (kVp)
1 1 | |
B PINHOLE CAUERA UETHOD, FOCAL SP0T LENSTH 0 PNHOLE CAMERA WETHOD, FOCAL SPDT WIDTH
e WIRE WMETHOD, FOCAL SPOT LENGTH O WIRE METHOD. FOCAL SPOT WIDTH
NEMA MAXIMUM
"I TOLERANCE, LENGTH -
NEMA  MAXIMUM { l
TOLERANCE, WIDTH % 1
1 H T T
5S4 60 70 80 80 100

TUBE VOLTAGE (kVp)
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I.e Results from test run 5

NEMA MAXIMUM

i . 26 — TOLERANCE, LENGTH

MNEMA MAXIMUM

TOLERANCE, WIDTH

SMALL FOCAL SPOT SIZE (mm)
|

o Bt 0—{
—H—
——t—
[

—0—{
H-86-+

0. 54 — —
B PNHOLE CAMERA HETHOD, FOCAL SPOT LENGTH O PINHOLE CAMERA METHOD, FOCAL SPOY WIDTH
© wiRE METHOG, FOCAL SFOT LEMRSTH O wiRE KETHGO, FOCAL SPOT wIDTH
0. 30 T T T T
SG 50 70 80 90 100
TUBE VOLTAGE (kvp)
3. 20 | [ ] ]
B PINHOLE CAMERA HETHOD, FOCAL SPOT LENGTH 0 PIHHOLE CAMERA METHOD, FOCAL SPOT wWinTH
@ WIRE METHOD, FOCAL SPOT LENCTH O WIRE METHOD, FOCay SPOT wWIDTH
=
=
- 2. 78 — |
ﬁ NEMA  MAXIMIUM
i TOLERANCE, LENGTH
wo
__ 2.36 L
o)
Q.
(D]
. _
T 1. 94 T -
8 NEMA MAXIMUM i I T
T
0 QLERANCE, WIDTH J I I
|
(D 1. 52 % |
o
[
]
1.10 T Y ; I
S0 B0 70 80 S0 100
TUBE VOLTAGE (kVp)
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I.f Results from test run 6

SMALL FOCAL SPOT SIZE Cpm)

LARGE FOCAL SPOT SIZE (nm)

1.94

| 1 H |
NEMA MAXIMUM
TOLERANCE, LENGTH
NEMA MAXIMUM
TOLERANCE, WIDTH l
B PIHNHOLE CAMERA METHOD, FOCAL SPOT LENGTH O PINHOLE CAMERA METKOO, FOCAL SPOT wA0TH
€ WRE WETHOD, FOCAL SPOT LENKGTH O WIRE METHQD, FOCAL SPOT WiDTH
[ T 1 T
50 &0 70 80 90 108
TUBE VOLTAGE (kVp)
[ i | I
B PINKOLE CAMERA WETHOD, FOCAL SPOT LENGTH O PINHOLE CALERA METHOD., FOCAL SPOT WIOTH
& WRE METHOD, FOGAL SPOT LEKGTH O WIRE METHOD, FOCAL SPOT WIDTH
NEMA MAXIMUM
TOLERANCE, LENGTH ’
— NEMA MAXIMUM ji T 1 -
TOLERANCE, WIDTH & %
i T ] T
50 50 70 80 30 100
TUBE VOLTAGE (kVvp)
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I.g

SMALL FOCAL SPOT SIZE (nn)

LARGE FOCAL SPOT SIZE Cam)

Results from test run 7

. S0

. 26

0z

.78

.54

. 30

. 20

.78

.32

. 88

.44

.00

| | | !
NEMA MAXIMUM
—] TOLERANCE, LENGTH _
NEMA MAXIMUM T l
TOLERANCE, WIDTH i’ 1 1
B PINHOLE CAMERA METHOD, FOCAL SPOT LEMNGTH D PINHOLE CAMERA WMETHOD, FOCAL SPDOT WIDTH
& WRE HETHOD, FOCAL SPOY LEHGTH Q wiRE UETHOD, FOZAL SPOT WIOTH
T i T T
S0 60 70 80 S0 180
TUBE VOLTAGE (kVp)
| { i |
H PINHCLE CAMERA WETHOD, FOCAL SPOT LENCTH [ PINHDLE CAMERA METHOD, FOTAL SPOT WIGTH
9 WRE METHOD, FOCAL SPOT LEHGTH Q WIRE METHOD, FOCAL SPOT WIDTH
NEMA _MAXIMUM
TOLERANCE, LENGTH
— NEMA MAXIMUM I % I—
TOLERANCE, WIDTH % L |
S g %
I T I I
50 60 70 80 S0 100

TUBE VOLTRGOE (kVp)
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