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ABSTRAC T

The inrage quaIil-y of radiographs Ís contirrua.IIy of concerr.t

Lo radiologists. ln 1-he radiographic imaging chairr, j.t is Lhe

finiLe size of Llre focal, spoL Llrat is orre of Lhe major

contribulors t-o Lhis quaIiLy. DifficultÍes can arise i¡hen the

foca.I spoi'- dinlerrsion-,- enl.arge atrd inrage qualit.y <leter-ioraL,"-,r¡

below a leveJ. acceptable Lo radiologist.s Lhus making Lhe use

of Llìe diagnost j.c x-ray equipnte¡t uì.taccepi:able for cerLain

radios,rì-aphic exami¡al,iorrs. To mai¡ta jn quâliLy assuralrce

sLandards, meLl-rods of measu¡il-tg i-he maìluf aci-ureÌ's ' i nd.:'. cal:¡:¡d

focal spot size lrave been estabLished of which the pinhoLe

cameÌ-a alrd sLar resoluLion tesL patter n me j_hocjs are t.he

currenl-Iy accepLab.[e teclrniques. Since boi-h of these

techniques lrave cerLai rr drawbac ks - Lhe pi ¡hole c¡¿nt¡::r ¿r

Lechnique requires gerrerator setLings lhai are rnuch higher

Llrarr Lhose generalJ.y used durlìng diagrrosl-:.c x-r-ay

exan¡inat ions and the star resolul-ion patterlt invc¡l,ves a

subjccj,j.ve iìltel-prei:átt j.on o1' the exac1, reso.l.utiolt of j,lre Lest

tool f ilrn irnage by tlre individual that Ís performi.rrg the

focaì. spot nleasurenleni-, it t,ras deciclecJ Lo clevelop a ì.ìew, moì.e

oLrjec:t..ive Lechnique thaL can be used to evaluate the size of
ihe focal spoL aj: clinic.rlly used x-ray nlaclrine seLtiìrgs. FcJr

llris purpose, a compuLer a.lgoriLhm was devisecl to be u:red irr

curr-ìjtiìrction w:li-h digii-al inagit-tg teclrrriques Lo exLract- jtlìe

fcrc¿l 5pç¡'s hcirizonlal" and r.¡ertit:al dimensions from a



ciigitized image of an x-ray f ilrn image of a specially

desigr¡ed parallel w¡.re focal spoi- tesi- tool , Tlìis ì-ìew

Lechnique rroL onLy ploduces resulLs tlra j: are in agreenrenL

wiLh lroth Lhe sLar reso.IuLÍolr test tool paltern and ¡:inhol-e

cFrmera mel-hods, buL also LypicaLl^y provides results to an

overall âccuracy of ! 6"a, over a wide ralge of x-r-ay

generaLor sel-t i ngs ,
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CHAPTi:R T

INÏRODUCTION

RadioLosists are coìltinually colrcer¡ed uril-h i:lre inrage

quality of diagrroslic radiographs, whose quality is deperrdent

upon adequal,e performance of Lhe x-ray imagitrg chain of which

lhe x-ray tube is an ini,egral part. In p"rti"rl.r, in the

radiograph j.c imaging sysLem it is the f irrite size of Lhe x-

ray t.ube focaL spot. LhaL leacls Lo a lype of image blurring
called geonretrica). unslrarpness [Fig. 1] . For Liris reason, iL

is recommended LhaL radÍoLogy departments irrclude a routine

evaluaLiorr of Lhe "effeci,ive" focal spot size in their
er¡uiprnenL qualiLy assuì-ance prc)grarns [Ref . 1 ,2) - ïhe

"effective" focaL spoj, size v¡il. I hencefori-h be referred to as

Llre f oca.L spot .

It is k¡own and expecled thaL upon x-ray Lube irrslallaLion
Lhe dÍ¡rerrsions of nrosì- focal spoLs are gerrerally larger t-lran

the rrominal size quoted by lhe ma¡ufacturers. Irr fact tlre

NaLionaI EIecLr ical lYa¡uf acturers ' Associat ion ( NEl"1A ) [Re:f .

3l specification standard for focaL spots aLlows i,he acLual

focal spot dime¡sion i-o exceed 1-lre specified dinlerrsion by up

tc¡ 50% when rneasured usirrg the pinhc¡ie camera Lechrique [Re-Í".

4.] . I j: j.s a.Iso 1(nou.rrr Lhàl- cì1"r.*t' ,.-r. trer ic)d of L:'-me, t.lre x-r¿y

Lr-rbe focal spot dimension rna¡, gror4 t.o such a ciegree t.h¿rt i.t



X- rsy lub e

Foc al sooì., 

n

Object -..\

[Fis. 1]

ceomet-ric unshaì-pness ( penumbra ) iLLustration
for a typicaL x-ray tube. Diagram is noL to scal-e "
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conrpromises certaiìì Lypes of radiographic imagirrg. This irì
p¿irticularly so for magnificaLion radiography IRef . 5] , which

r-eqrrires the use of the snlal-Iest pracLtìcai f ocal spot s.t'.2e,

usual.Iy no Larger i-han O .3 rnrn IRef . 6] . To rnai ntai n quaÌ ity

assuraìtce, various irr j,ernat:ior-tal organizal-ions such as:

(¿r) the In¿ernatio¡aL Commission on RadioLogical Units
atrd l.leasurenrenl,s ( ICRU ) [Ref - 7); anc)

(b) the NaLional ELectricaÌ l.lanufacturers Association
( NE|'IA ) [Ref . :3 ]

have r-ecommended ot' eslablished standald meLhods for

evaJ.uai-inEr j:he focal spot s:'.2,:.

At. present, ICRU recomrnends that Lhe focal spot dirnensions

be del-ernlineci by mearrs of a pir-rlrole camel'a [nef . +,ô] , r,¡:.Lh ¿¡

p j-nlroJ.e diarneler ITab-Ie 1] tlrat depends on t he f oca-l spo!

size being nreasur.:cl - -fo reduce t.hr¿ uncr¡ri,aitrty in this f rrc:ai-

Erpol íneasur errenL , tlre penunrbra region of the f c)caL strot itnage

oF j,he x-ray f iJ.nr ( radi.ograplr ) * r^llrich is urravoidabl.e due t.c,

lhe finiLe size of the pinhole * has to be reduced. This is

accomplislrc-:d l¡y usirrg a pilrlrole dia¡rrej-er j:lìal, is cor.isiderabl-y

small-er tharr i:he focaJ. spot-. One clifficulLy thaL arises from

I,hér iCRU t ecornnrerrded meLhod oÒüul-s due to j,he use of ¿jr

pinhoie witlr a diameter o-f O -03 mrr , f or exampl.e, in Lhe x-ray

iniag:.rrg of focal spots wj.Llr a nominal size beLor,l L nln.

BecaLl:rc such pirrhc-'Les aI-Ìc,w very .lit.tle racliat.iorr i_o pass,

the irrvesl-igaj:or nlu:rt t-esort l-o setLi)ìg lo¡g exposur-e i:intes,

ot', ).ess c1e :;it'abLy, irrultiple €xFösur es of ll're pirrlroÌe, boLh

¡f t,,rlich arr-,f i:i. i ni.caIÌy aLypic:ai. , I n ¡¡ciclii:.:'.orr t-,ire Lr:ÌiiÈ ¡ l:



ITabIc' 1]

ICRU RecommendaLions

f¡inlrole Diameter
(mnr)

Focal Spot Size
( nrnl .)

o.o30
4.o75
o.100

below 1.O
1.O to 2.5
above 2.t'
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.l.arge value x-ray tube rnAs sett.irrgs could danrage Llre x-¡ay

Lt-rbe, r errder i ng such pÍ nhole diameLers as i mpr acl i ca.l for

cerLai¡ x-r'ay tube capaci Lies. To conlpeìrsate fol- Ll¡ii;

cJiff icult.y, NEi'14 recommerrds use of a sLar paLLern [Ref .9,1o]

for rneasuÌ-enetrL of fcrcal spots r¡.:'-Lh a nonlirral sj-ze of o.aJ inm

or .l-ess wiLh pinhole cameras uLilized for focal spots .Larger-

Lhat¡ O .3 nlnì [Tab].e ?:l .

Eve¡ Lhough the pinhole carnera is regarded as the

"si:ar¡dard " nreLho,l of measurir¡9 Llre ftrcal spot sizes, ii: has

Lhe f o.L lowi rrg pr ob l erns ;

( a ) the size of 1- l're x-ray inrage of a o.3 nìm f ocal spot
is:; so small that accurate measuf emerrt. recluires
spec i a -1. equipmerrl:;

( b ) because the x-r-ay i rrtensiLy of t.he f ocaL spoL inrage
abóuL iLs Ierrgtl-r ( alo¡g 1,he x*ray 1-ube cathode-anocle
axis ) peaks rreaì- Lhe cenLer of j:he f ocal spot and
f ades tou.,rards i-ire edges , an accuraLe nreasuì-emenL o l'
Lhe Iength c,'f Lhe focal spoL is observer depe¡dent;

( c ) t-lre eccuracy of the o .7 cÕì-ì-ec1-ion f actol- to i,he l.org
dimerrsion of i:he focaJ. spoL, wlric,h is used !o
compensate f or the u¡even f ocal spoi: i n1-err:ii¡y
clist.¡ibuLion, is somewlrat arbilrary; and

(cl ) r^rherr the pirrhole carner a is pc¡sitiorred l-he pi rrl'role
nrrrsf-. Lre aligrred to Lhe ce¡tra.l beam of the x-ray
tube. trr those cases w[r,rre the ].ight 1'.i--e.i- <l

irdicator is irraccuraj-e, this .location may be
diff icult i,o deter-mirr¿:.

As a rr¿suLt of these difficulties wiLh the pinhole carrera

nrethod, Llre star- reso.Lutior-r pcrtl-errr nreLirod has g.rirre<l

increasing acceÞtarrce, Il shor-rld be ¡oLed ti'ìaL a pirrhole

inrage of Lhe l'ocal spot gives nlore .:-¡rsight irri:o i:lre ¿rcLr:¡ii.

ic.,cai spor s,;z{r, i i)rrj i gu':,: , oir ¿ricl l. ltt,rrs:ity clirir l iliul-i c,r, ,

t,¡hi.l.e a 'öt¿:1ì ir.ii,ijT rr itn¿rgv trì c\-/iJÈr:i Jireci-:lon¡i :^rrj-orlr¿i:.:'^t,ii



ITab I c: ?]

NEI'14 Recominerrdations

Pinlrole Diamet er
(mnr)

FocaL Spot Size
( rnnr )

SLar pat. i-e I tì

o.030
o.o75 .

o . 100

þeIow 0.3

O.3 Lo 1.2
r.z Lo 1..::'
allove 2 - 5
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on Lhe resolvÍì-ìg capacity Õf the focal spol,, whì.ch is a

funcLion of botlr it-s size and radiai-ion inlensity
distribuLioìr wiLhin Lhe 3ó0" paLi,ern 

"

The drawbacks in usirrg s1-ar paLtern images to determine
't-ire f ocal spot size are twof ol.d: 1 ) is thaL it is someu,llrai-

dependent. on t.he film optical de¡sily of Lhe LesL Lool's filrr
intage and 2 ) it s1-ro¡gly deper¡ds o ì-ì the j.rrdividual that- ir¡
performing Lhe tesL (this will be illusL¡aLed in chapLer IV).

IL is Lhe purpÕse of Lhis wol-i to devise a moÌ'e versatiLe 
"r 

lrcl

object.ive melhod of determini¡g focal spot sizes,

I tr ol-der to remove 1,he obserr.¡er- sub jecliveness i r.l a f oca.l

spot measurement, a computer*auLornaLed aì-goritlrrr lras been

devised t hat uses digital i¡¡aging i-eclrtriques to exi:ract- i-he

focal spot length and æidLlr from a digilal irrrage of arr x-ray

f il.n inrase of a paraIIeI wire i-esL ¿ooI.

ClìapLer II i¡ríLL present the radiographic imaging system

1'ronr x- r-ay pr-oducì--iorr wii:l¡il-l i-he x*ray Lube Lo imag<.r

f c¡rrnation on Lhe x-ray film, and ChapLer IIf presents Lhe

expet-interrl-aI aPParaLus aìr{j Lire procedut-es enlployed 1,o o5L¿rir-r

a film irnage of the focal spoL when usil¡g a star- I'esolulion
paLLern, a bar ¡esoluj-ion pàttern [Ref . 11] , a pinlro.le canìerra

ard a para.I .le.L wil'e test Loo.l . Chapleì- IV will desct-ibe the

analysis Llra1, was dorre to nreasure Ì,lre foca.l. spoL cr'inrensiorr;

fron the valio'-rs tesL tool film images. FinaJ. ly, ClìapLer V

corTrpal'es t-lre f ocal :..-pot .-linrËìls j-o¡rs obL¡,rin€jd Llsiìr9 Lhe dig j. j-¿ j.

inagilrst rrre'',.hocl to Lhose oLrr¿irrec,l iro¡r t.lte Jirorc convçnL-iona.l



measuring techniques, and conrnreni,s orr Lhe eff ect iveness oF

tlre cJigiLa.l^ imaging technique to deLerrnine the focal spot

ts :'. z t:: .,



CHAPÏ Eii I I

THE RADIOGRAPHIC SYSTEM

Il,e* The Discovery and NaLure of X-rays

The German physicisl,, WiLhelnt Colrrad RoenLgeìì, discovered

x-rays orr November B, 1895 [Ref. 121 c]uring his

investiga j-iot¡s of "cai,lrode rays" ( elecl,rons ) in gaseous

discharge tubes. A number of sLudies of this hisLoric

dr'.scovery lrave been published IRel'. 13*16] In recognii-ior¡ oF

lris outstarrciing contribution l-o science, Roe¡tgen was awarded

j:he f ist. lrlobel Prize for Ph>,sÍcs in 1clo1 .

Tlre appl- icai,ion of x-rays i:o the FieLcJ o i medici ne was

perhaps f irsi: realized by Roelrl:gen whetr lre placed his hancl

bertween the discharge tube and a f .Iuorescent scì-een, and Lo

I'tis surpt-ise sat,J an inlage of his hand's skeleton orr t.lre

sc:r€rerr - This observaLion lalel' inspirecl RoenLgen Lo make the

f irs1, radiosr-aph r^rhile usirrg h j.s wif e's han.j as Llre sub.je'ct

orr Decernber 22, LS95, but i1, Nas not until tlre time of Ll-re

f ilsL. wor-ld r,¡al- tlrat 1-hc appLication o1' x'-ray:s j.rr nLeclicirrr':

r'.1¿:s r"irst f r-rLl->, appreciated.

It had beerr krrotnrr¡ fot- sonle tinle lrow Lhal- x-lays are a fornl

of eJ.ecL¡oi¡agnetic radiatiolr [Table 3] [Ref . L7] . Thus they

t.oo behave a\ì a [{ave Írr space arrd are enli j-ted and absorbed :'-n

i,he fol-tn of d.iscrete p:rr.ricles of errergy, k ric,r,,: l-i as F,l¡oLor-rs.

Ti-r= pr .-,1r,.- r L.r'-+s ol- x-ì ¡iys t.haL nt¿lic, tirenr icie¿;-1. Fot' 1-jreil r.ts:r¡

itr ¡ir*clical l-acl:iolrrg;, are as fo.i.loL"ls:
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L låÞte .Jl

The I I ec Ll'onag ne l- i c Spec 1; r um I

Frequeìlcy ldavelerrgLl-r Phol-orr lype of Radiation
( I"iz ) E ¡eì- sy

from 1.0 x 1o5. 3 km 413 pev Radiowaves
t.o e.o x 1ol0 o.01 m Iz4 $ev

f rorr .:.O x f oll LoO $m 12.4 trte| Irrf rarecj
t.o 3.o x 1orç 1 um 7.24 eV

from ¿.s x rOll 7oo nm I.77 eV Visible Light:
Lo 7 .5 x !ol4 4oo nrn 3.1 eV

f rcrm 7 .s x 7ol4 4oo nm 3. Lo eV U-ltravioLei,
t.o 3.o x tO16 10 nm I24 eV lisht
from O.O x rof! 10 nm L24 e't Soft x-rays
t.o 3.O x 1o18 1oo prn 12.4 ev

from e.O x f O19 1OO prn 12,4 keV Diagnostic
lo ¡.o x tol9 10 pm L24 kev x*rays

f rorn :.O x f o]l 10 pm 124 kev Deep theïapy
t.o 3.O x tO20 1 pm 1.24 lgev xrrays,/garfima

Iayf;

from 1.o x 1o?l 31o fm 4 liev RadiaLiol from
t o l. . o x 1o22 31 f rn 40 MeV LINAC

t-,. _-,_.,_, ,'ìï- åni)u.rc1 rè rrùLecl 'úhåt the regic,ns i¡r i:he sÞectì-Lim
ovel'J.ap a¡rd l-itel-e j.s rro ::uclden chalges .:.n propcrtics irr [.llc
Èìì opagatiorr f ronr orre regic,n Lo Lhe rrexL.



11

( a ) j,hey caìr perìetì-al-e matirer i

( b ) when they irrterac! wiLh mal-i-er Lhey can pr-oduce
ionizat-iol¡ and,/o\- exciLal-iorr of j-lre a1,oms i

(c) they produce f Luorescerrce (and hence visible lighL)
flonr cerLaiìr maLerialrs;

(cJ) they affect photographic emulsions; al¡d

( e ) f hey produce biologica.I ef f eq:1-s i rr I ivi ng L¡.ssues .

In the area of diagnoslic radiology i-he productio¡ of

x-rays is achieved by the use of an x-ray Lube, whose various

cc)mponenis wiLL be discussed below in some deLail.

lI.b The Diagnostic X-ray Tube

X"rays a¡-e produced wirenever a fasi: sl-réanl of elecj,rons is

s;uddenl^y decelerated as occurs i¡ Lhe "Laì-get" anode of an x-

ray Lul:e . The requit'enìenLs i:o produce x--)-ays efficiel¡LIy ale:
(a) a source Õf e.lccl-ro¡s;

( b ) a Iarge ,rotenl-iaL dif f erence I,o accelerate i:lre
¿lect.rons 1-o usable ionizi¡g elergies;

(c) an evacuaLed space t-o conLain i:he acceleraL€*d
. electrorrs arrd to allow them to move esserrtialLy

urrinrpaired f ronl l-lre cathode to Lhe ¿¡ocle;

( d ) a Larget to ef f icierrtLy absorb i:he ac,celerai-ed
electrons and ploduce x-r-ays; and

(e) a gLass enve)-ope to enclose the x-ray Lube cathode
and ar¡ode assenrbly and Lo nlairrLa jn i-he vacuunl .

Tlre rirajor cornporre¡ts of a diagnosi,ic x-ra), Lube have been

iIIusì:rat.ed in lFis. 2l .



Tung¡tan rnoda

Fll¡m.nt ----------<
lardr

¡- Orlvln g
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cPrr'¡

Rotrtlng port¡on

¡lo ly bd. nu m

rìa( kX. rry
ba¡m

[Fis. 2]

of a diagnostic x-ray

El.ctron
barm

The major compo ne nLs tube [Ref . re] .
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II.b,1 CaLhocie Assembly

Tlre negaLive i-er-nitral of an x*ray tube :.s call-ed the

caLhode , whose asserrrbly [Fig . 2] corrs-ists of a f i Lan¡ent

r¡hiclr rnay l¡e heaLed atrd ì,hereby acts as j:he soul-ce of

eleclrcrrs irr the x-ray Lube, connectì.ng r,,:ires LhaL supply t lre

anlperagc:, arrcl voJ.l-age tO IreaL i:he f ilanet¡ìt arrd a rnet.allic

electrorr f ocusi ng crtpr ,

Ii.b.1.r: FilamenL

Tlre f Í.lamenL -is Lypjcally rnade of a O.2 r¡m diarneLer

tuìrgsLell t4iì-€, t.haL j-s co.:'. led io fornt a verl-ical. spiraÌ oJ'2

mfir irr diarnet.c:r and 1cm or Iess in Iensth- The fine resistive

tungsLeì-ì r,,liì-e is lreaLed whelì aìr eleci¡ic cu.rì-eìrj, is made 1-o

f J.ow 1-hrough .i.i:. Ass j.t- is lreat.ecl , Lhe at.oms in the met.aL

åbsorb t.h,:rmal. elrergy arrd s{)nre of t-heit- electrons (:'"n

pe;rt-iculrrr ihose ne,ar t.he surface of Lhc; f j.-lame¡L ) acquÍre

errough energy Lo be "boiIed" off j-he surface of t-lre f ilaneì-lt.

fbeir escape j.s often referrecl to as tlre process of

i-hernriolri.c entissl'.orr or the Edisor ef fr:c1:. l'lrr: f i.lameni:. nlu.i i--

be heated to a Lellpet-.rtul-e of <tt l-east 2?OOoC l:o e:mi L a

use FuL ì-ìumber of elect-rons ( i,l-rernrions ) -

Evetr Lhough t.urrgsl-en may rrot. be as ef f icierrt in em-iLLirrg

€:Iecl-ì-eùs ós sonìe oi,iler kìrotJrr nìaLer j.als, it was chos€n t-{fr

iLs; ilj.Erh r'Íel.t.irrs poi)rt. i 3¡7C"C ), it.s al-¡ilii.v t.o be clrawlr ini.c.,

i l,:,'-ir t¡il.ers Lir.¡ì: ¿,1',.-, rjuLii-¿ riurai-.,i.e, .:,rrcl it:; Lerrtlr.:ircy rroit i- c-)

v;lpoT i::e - l-i-re ua-.{, r-'f i-LLirgstol ¿rs.l a f i-i;r¡re flL nl¿1t.r.j)- i.al
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therefole ensures a reasonab.Iy Iong I:'_1.e.

Tlre eLecLro¡s that have been emitLed f rorn ihe tLlngsten

f ilanlenL via t,hermiotric enlissiorr r¡iIl fornl arr elect_rorr cIc¡ucl

in the imrnediate vicinil,y of the filament, The neL effect of
l-his cLoud of electror¡ "spac{l charge" wiII be Lo repel Lhe

el.ecLrons LhaL have been emi j-Led from 1-he fiLament back to
Lhe f ilameut ( since i:lre Loss of electrol.ls causes Lhe f i.Iament

Lo açqLlir. a posiLive clrarge), thus preverrting the emission

of oLhel eiectrolrs f l-oni i-lre f ilamer,L surf¿ce untiJ. they have

oL,Lained suf f icieni- thermaL energy to oveì-come !he forces
caused by Llre space charge. The Lenderrcy o.F the space char-ge

Lo limiL the emission of rnoì-e elecLrons f rorr¡ Lhe f ilamenj, is
cal. led Lhe space charge e-ìf r-:ct:_ .

Il..b.L.ii Focusing Cup

i,Jherr 1-he elecLrolrs are "boiLed,, out of Lhe f Ílament, ljrey
áre enìitLéd in al-L dil-ecLiorrs. To focus Lhese eni.t-teci

electrorrs in a particular ciireclion a nc1 ofrto â specific
l.rca j,ion on Ll¡e positive anode ( t o be discussed i u se c:i.ior.t

ILb.5), a 'Focr.rsi¡s "cup" IFig.2] is placed behi¡rd (and

around ) Llre f ilanreni- Lo def IecL and sj-eer tlre enl j.ttecl

e leci¡o¡rs. l"J l-re n Lhe x-r-ay tube is irr operatì.olr Llte -l.oc;usirrg

"ç¡1p" is nlainta.:-lred aL Ll-ìe sanìe ìtegat ive po1_enLial ¿s t.he

f iLamerrL. Tlre clesig¡r of the -irc,cusiì-ì9 ,,cup', Lherr allor,ls the

{r it.i:ed .:leci-ì'orrs t.o convergcj r_,nto i:he ,,Liet-geL, ;:l-rod,:. l-hr:

f crcueirt "c11p" is usuall¡, nade af mol),bde;num.
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To increase 1-lre ve¡sal-iIi1-y ol Lhe x-ray Lube, Lhc

focusing "cup" is usuaLLy f iLLed L,rith Lhio f i.la¡¡ent.s [Fis. 3] .

Tlre dif f ererrces l>etween the two Filarrrenl,s Lie in llreir

Le'ngth, spiraì- diameLer arrd tungsLe¡ ulire diameLers. The

Iarge¡' (smaller ) l"ilanlelrt of t-he t r,.ro is of te¡ referred Lo a.s

lfle coa¡se (f irre) f il-amenL. The coarse f i.Iament is desigrred

to focus lhe enritted elecLrorrs oì-ìto a larger area of i-he

"l*arget" anode and is used whe¡ the x*ray Lube is Lo be

Ioaded heavily ( dur-irrg ).ong or lriglr cur¡err! exposures ). The

finer f iLarrlent is used to focus Lhe emi'¿led el"ectrons on¿o a

reIaLir.¡ely snralIer a¡ea of '¿lre "l,arge j, " arrode a¡rci is Ltsed t.ö

produce radiographs wiLh higher de!aiL (resoLut-ion). lt

should be noLed Lhai, orrly orre o1' Lhe Lwo f i lanlenl-.s ¡.s usecl

dur i rrg any sirrgl"e exposuì-e.

II.b.i;: X-ray Tube Circui!

The nr¿ri i-r conìpoìreì.tl-s Õf i:he x*r-ay 1-ube circuit arc

,i.[lustrated in IFig - 4] . The circuiL is essentiaJ. ly composed

of j,wo secLioì.ìs: a high voli-age cil'cuit Lo supply t.lrc:

ar::ceLe¡atirrg poLent ial Lo Ll-ìe cathode enitted elecLrons arrd a

low voli:age cil-cuiL to suppl¡, 1:lre cur-rerrj- i-o t.lre f ilanreul,.

Il -t,.2.i Low VoLtage CircuiL

io lreal: lhe 1"i ìamerrt to i-l-s r:rlli::sicn t.emprrl-ir.i:rire a

i-,t,tent-i¿,1 di Ff c'relrc-- of apç-.r ox.iniatc-rì), 1o \r is lecluLirecl . This

t:ro<luc,:s a f il.antelrl cul ì'c-ìlL c,f' be'ir,ueer¡ i .irrd .--, A. ßec"-ìn::c, {-irt:
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I-ilustrâtion of a focusing "cup"
f itted r.Jith two f ilaments IRef . 19] .
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poLeìttiaL dil'f ererrce in j- l-re nrain power supply is typic¿rlIy
2.-10 V IFig. a], a s!ep-dowrr transfoì-ñìer is useci to reduce Lhe

poLerrLial acÌ'oss j,he l=i IamerrÌ- .

The val-iable resisto¡ f ilarnent conLïol irr Lhe step-cJow¡

Lransfor-nler circuit adjusLs the current Lhat flows tlrrough

Lhe f i.Larnel¡L, I ncì- easi ng ( decreasi ¡s ) the resistance would

have tlre nei- effeci: of decreasing ( increasing ) Lhe r¡unrbe¡, of
ûLectrons !ha1- can be emitt-ecJ f¡onr the ssurf ace of Lhe

fl. I.rntent, t^ririclr decrs¿s65 ( increases ) i:he x-ray Lube currêrrl:
( t.he current. in ,¿he ci¡cuiL due to Lhe f Low of eleci:rons
across tlre j-ube). The flìA (mil.Iianrpere) select,or er^riLch ¡in

If is- 4] corì-esponds to Lhe cLlrre¡t that is beirrg passed

Llrrouglr tl.re step-'dourr i-ra¡rsf ornret-,s plinrary co.:'.1-.

ILb.2.ii High VolLase CircuiL

Tlre voli:age i:ira1- .1. s appl iecl acÌ-óss the x,,ray t-r.ibe is
*;upplied by a steprr_rp ¿ì-arìsf orrrer, r{hose prirnary coil is
c¡rrrner:t.ed l-o aì-r auLott-al]sf ol-nler via a rlreosj:at Iii j-g, zr] . The

funct-ic¡l¡ of tlre áutotl-ãnsf .rriner is t-o dir¡rde the rnain pohJer

lirre 's voÌl-age in ar st-ep wise fash.l'.on - The vo.lLage across l:he

prinary coil o-F Lhe step-up Lransfor¡te¡ is selected b), nreans

of t-he se.Lector suliL¡:h. Tlre ¡heostai_, r,,rhicl.r is esssrr¡t.i¿rlLy ¿¡

v¿¡.ri¿ible resÍgtor, Llren va¡ies ithè vaLLage irr a c:orrtitìuous

rììc'rì-rìlèr. Tl-re r(*ráy Lube 's kVp (peak kilovolì:a9e ) sB1-.t_ing

r:orrc:spcr-rcis t.o t.he volt_age sÈt acì-ó€is the pl-irnar¡, cc,il of t_he

sl-.ep-g¡¡ tl-atrsi'o¡ùl¿:¡' .
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In addition to the nrA and kt/p cot.ttroLs, 1:he x*ra>, t-ube

conLrol parrel afso conLains two meteì-s: orre lo rneasul-e the x-

¡ay tube curì-enL ( of i:err re1'e¡'red to as i:lìe tube ntA setl--irr9 )

arrd another for j:he x-ray tube kVp, The con¡ecLion of these

two meters I,o Lhe x-ray tube circuit is also il. lusl,l-aLed irr

If.is. 4].

The swit.ch S in [Fig. 4], opens and closes the hish

vo.lLage supply to I,he pr.:lnrary co j-l of the st,ep-up

lransformer. Tlre x-ray Lube exposure time setLing corresponds

i-o tlre i,ime the swiLch .is to be operred, Tlre swit.clr is k":pt-

open for a pre-select.ed exposure Lime by a t.irner mechanisrn

[R'3 1' . 2Õ^l "

II.b.2.iii High Voltage CircuiL Rectification

If Ll¡e circr-ril, in IFig. 1r] wet'e l-rcìt r(rcii1-ied, the voll-age

åcross the arrode and ca'chode wc.,uid have a naveforrr si.rnilal- to

i:l'r¿L oF llre nairr poøer lirre, wlric:lr is depicted in lF-ig. gal .

'f lris wor-rld impLy t.hal durins, Lhe positive r¿oltage cycle Lhe

pôIal iLy o1' the anode would be posii,ive and Llre cat lroc.íe wouJ.cl

Lre rregal-ir,re , '¿hus t.he eiecLrons emiLLed f ronl t-lre catlrc¡cle wi I I

be Lravellirrri f l',:nl caLhode j,o anode. As tlìese entit-l:ed

ei.ecl-rons impinge orr Lhe "larget" anode, 1-he anocle r,loulcJ heat

u¡r, pr-oduce x-.r'ay I'adiatiotr and subsequeni--Iy emiL e.Iect.rons

ir t.he sairle Ná), as does i-he f ilarrrenL. Irr the rregaLive r¡oLLage

c¡'clc, tlre Pc,Iat i'.t.i¡-'S Õì' i:.ì-ì¡3 ônc,cje ¿i i-rrj cei:hode þJóU id tre

i iiLelcf iarrgecl . -l'lr{: elect.rcrns enrit.Led l'roùì Lh€., ¿,rnodq: ¡loulcl ¡rour



( a ) t'tain power supply voltage waveform.

(b) X-ray Lube volLage waveform after
full wave rectification.

smoothing cond enser

x- ray ¡ntensity tube current

(c) X-ray tube current "na "-r." intens j.ty

[Fis. s]

Elec!ricai. urar¡ef orms for full wave rectificaLion IRef . z1]

¡ntensity
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bombard tlre f i.l-amer¡t and perhaps destroy r'. L , l'o prevetrL i,lris,

rectifiers mus! be placed in the x*ray Lube circuiL to act as

a swil'-ch to block Llre currenl clul'ing Lhe ìregative voltage

cycle. The x-ray Lube vo.L j,age wavef orrn of Lhe circuit as

illusi-rated in It'ig. 4] is depici:ed iìr lFis. 5irl Not:e i:h¿rL

!he ust¡ of Lhe f our serni-corrducl,or ( ciiocle ) reclif iel- [Ref .

22] arrarrgement. al.Lows 1-lre cathode pol.arity to renlaiìr

nc:gal-ive with respect to the anode during boLh lralf cycLes or'

tlre vo.li-a9e wavei=ornt, uLilizirrg tlre full poi-errtial. of Llre

m;rin power suppLy. This t-ype of rect,ificaLion is known as

full wave l'ect i f icat iol¡.

As; it is seen in IFi9. 5c] , i:he x-l'ay radiatio¡ t hat is
produced from i,he "i-arset" anode is pul.secj . Tlris inciicaj:es

LhaL a considerabLe portion of ihe exposure Lirre is lost

wlrile tlre x*t'ay l-ube r,¡oI j:age is beiweerr peaks çf t. t.,tc-'

r:Ltccessive pulses. To mininlize this, the x.-l'ay tube voltage

shou-Id be kepL as cousi,ant as possibLe-,.

Irr ¡rddii-ion i.o fulI urave rect-ification, the vc,ltage across

i-lre Lube rnay be kepì: nearly cotìslaìrL by;

( ¿r) placi ng a snrooi-lring co¡denser ( high capac i ta nce )
across Llre x*ra¡, tube ( illustrai,ed iri [F j-g. 5ir] by a
dashed I i rrc ); or-

( l¡ ) by usitrg tlrree phase poL,¡er and j:hree phase x-ray
L Libe gêrrerâLo¡s of ullriclr the¡-e are t.hË 6 pulsc ¿nd 12
pr.ì:.e sTsLen, i:7pcÉ i;re i' . ¿..-i] ; c,,

( c ) Lrf u:irg l''iS;lr f t'ec¡uerrc¡, ce,tìvert6,rs 'i h;-r L op::ratr: iuj:lìe râìrge ol'iÇ ki-lz 1,o supp|¡, Lhe por,ler- Lo i-he x-rôy
ücrìerâ!uoì as is dc,;-re, irr iire mori-j r¡oclerrt x-"y a'/
g(j ìßj l ¿i I, i:,ì'13 .
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II.b.3 X-ray Tube Current CharacLerisLics

The variat.ion of i,he elecLrorr current bet_weerr tlre cathoc.le

ârrd anode, herrceforllr referred to as Lhe tube current, with
tube kt/p setLirrg, is illusi:rated in [Fig. ó]. It is seen t.lrat

fcr low k\rp values the acceleratirrg voltage across the Lube

is l¡ot suff icie¡¡t for l-lre enlil-i:ed electrolrs to comp.Letely

Ðveì-corrre Lhe space charge effecL surrounding the cathode,

tlrus IimiLiug t-hr: Lube currenLs. As i-lre tube kVp is ilrcl.easecJ

Lhe Lube cu)-rel-ìl inc¡eases as NelÌ, since the space cl-ìarge

effecLs at-e gradrtally over-conte. As the tulte kVp is :'.trcrea¡e,d

f urther- a poinL wiLt be reached i,Jhere the Lube currerr-u wiLl
no l-ongeì- increase as fas1, as in i,lre Iow kVp regiolr. Tlris is
because t.he f ilarnent is emii:Ling almost ¿rÌl of the available
eier:t.l-ons. TIre r.roìl:age aL whiclr lii:LIe ot' lro increase iu i_uire

cl.lrrerrL is observed is known as t,he satul-ation voJ.tage.

DiaguosLic ;r-t-ay ì,ubes opel'al,e al- irigh j:ube currenLs Í lr l:he

k'r,'tr r'egion above Lhe spac;e charge effecl a¡d below the

saturaL j.otr voli,age. l'lre ex¿ct. v,ridtlr ol. tlris tuLre cut-r*rrl_

rr:rgic'rr wilL clepenc! on the filanenl cuì-ì-enL i.hat is being

t{ si e{:l .

Be:cause of Lhe residual space charge ef f ec,t, as Lhe Lube

kVp is il¡creased above the sai-ura1,ioìr volLage j,here r¡Íll t,c

¿r sl jghi i rrc;rease ilr Lhe Lube r:u¡'rent, L,lirjch is unclesirabLe

because t.he Lui--,e auì ì'erL r:àìrrr()l- Lre preciscly cotrLroli-r..d. In
Lite x*r .ry Lutre's loÞr r.rç¡.lLage ci¡c.urt , aclcliLionaJ l-esislot-s
ar'ö ;id(åij t.:r 't.lle l' j .l-.r¡lent. L:(:)rìj:r{rI t:.it.cuit j_ j-¡.:r r¿ ar.li:.¡flt¡¡ Ì_ jc¿.1 L ¡,



Soturol
Vollog

I

+

ton
e

IFis. 6]

X-ray ",ube currenL as a funcLion of

AUTOMAT lC FtLAMf\*Ì aD¡USrve 
^*i

Çç,

^Þ
": ,/

f-z
lr)
E
t
l

t!
CD
f
t-

E

,9

"uxK

tube voLLage [Ref. 24]



24

conrpensate for this rÊrsidua.I cl¡arge by sl isl-ìtJ.y decreasi rrg

the f ÍIa¡rrent lreaLirrg. One should note though, t,hat this
comPerrsati.Jn r,lill- \/ary wil-lì x-r-ay Lube and f ilanten j, cuì-rerL.

ILb.4 X-ray Tube Efficiency

Tlre e.'1'f icieìr,ry ( e ) of alr x-r-ay Lube is d,:f irred as:

€ = 9-l-re_t.9.x....--ç.t11_9.1:.s i_t,ì.g.... ,4.5_.. -X.:.:ì:.e,y ._. ì: ,4.d.i.q.!.i..9.r-ì-',.fr -s.ir-_...L.é r -s -e''.-L-- ( 1)energy deposiLccl b¡, electrons impÍngirrg orr i_aì-get

The rai,e aL wlriclr the e.Iecj:rorrs aì-€ deposiLirrg energy irr Lhe

LargeL carr be expressed as

P = trl (2)
wlrr.:re F is the pÖrrer (in. N), \/ is tlre tube voltage (in V) ancl

I is '¿l-re l-ube current. (irr A). ïire ïaLe aj: r^rlrich energy (p,)
is"¡ released as x-ray ¡adiaLion frorn the Largë¿ has beerr showrr

Lo be [tì{,f . al5] :

p'= o.9 x !o-9 z\)\ (3)
l,lhere Z is tl¡e aLonric rruml:er of Lhe i-arget ¡rrat_e¡i¿¡i.

S,-rbs1,ii:ut.ins lEq- 2l arrd [Eq.3] irrLo [Eq- j.] r,re fi¡d the x_

ray j,ube ef f icierrcy lo be expresse<l as:

c = P'/ P

= 0.9 x 1o-9 ZV (4)
Il cair be see¡r f t-onl i:he f actor j n [¡.q. ¿+] , rlr..it x*ray

Frì-oCucti':rn in a x*ray tube is a r el¿tively il.reff icierrL
pì-üce:rs u,,rhiclr depellds upoti Llre l.:rget ntatel-iaI ,s .;i,Õüri-c

rrtrrrlbe¡ àild Lhe t-ube vol t.age ( ¡irp). lf þJe take a j:ul.,e vc,,.lLage,

of 10O k\J ¿:. rrd i:lre L":¡.1's,.e t. nrdt¡tì'i.:il j_o l)É. tu t-rs-Js j:,J ì-r (.2 ,. 74),
Lheri j'r'o¡r liq. +l w {-i f irrcl i. iis- x-l-a>, t,ube's ef f icier.rcy .r.o
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produce x-r¿lys is ìro ntore Llran O.ZZ Tlris inlplies i-ha1: 99.3:;;

of the incident elecLro¡ errergy is converled to heat and

lighi- r¡lrerr i-he el.ectrons impitrge on the "l-al-geL " anocje .

II.b.5 "Target" Anode Assembly

The ¿rrode i.s j:he posil-ive eIecLt'ode oi' Llre x..ra;r tube as

is iLl.usLrated in It=lç]. 2¡ for a diagnoslic x*ray tube. The

anode has irasically i-wo f uìrctiorrs ì Lo procluce tlre x-t-ay

r¿rdia1-ion whe¡ Lhe cai-hccie erritted acceleraLec.l elecLrons

inrpÍ trge upon Lhe i:arget ( thaL has been eml¡ed¡-1ed i rr t.he

arode), and to serve as a nìea¡s of rernoving Lhe heat buiLcl up

1-lral lras resulted f¡om Llre electro¡r bonlbardnerrt. Botlr of

Lliese fu¡rcLiorrs u'ril.L be discussed beLow.

Il.b.5. i Tarset

Tile laì-ç,eL rnat.erial tira! is often used;s LungsLen or ð

l-ungst.err-rherriunt alIoy. l-rjiìgst-en was chose r f ol- iLs irigl,

ato¡)l'.c nurrber, Lhus optimizing the x-ì-ay tube eff iciency [Eq.

41 , arrcl Llie i:acl- l,hat it lras tlre fo.Ilc.,witrg character- ist j_crs:

( i:r) hi 9h nreLti¡g poirrt;

( b ) high corrclucl,ivit.y of lreat; arrcì

( c, ) reasonab.Ie cc¡sL.

t^Jhe¡r Llre iricidenL electt'otrs i¡ipi t¡ge r-ipoIr l-ire LuìrgsLeìr

Larg€;L, tire>, carr .l-os¿ thei; elrer g;r (as lhey iì-rt.eïacL ¡litlr j'he

¡iLoins oi' L.l-re t.ilSreL ) b:, ir"o f r-tricJ.intenl-ali/' üif 1:t:ì'eìrl: Érreì iJy

ÌûSsi L1ì-CJc:iigscss, r.eíc-.rri:cl t-o as r: o i l i. ::' i ¡ n ¿i ì l(,SSíj:., iinci



radial-iol'ì .L osses .

II.b.5.i.1 Electron Collisional Energy Losses

As arì elecLroìl peì-ìeLrates the surface Iayers r:.1" ì:lre

turrgsten targej-, it can undergo ¿1 Large rrumber of collisions
u,rith j-lìe 1-argeL a1,o¡ls l¡ef ore ii, Ioses all of i1,s energy ertrd

comes to rest in the targeL. DuLr j.ng a coìLision the inciclent
lrÍglr speed elecLrorr catr do one o1. ti,ro 1-hirrgs: the éIectì-olts
{]6rn excite Lhe l-ungsterr atom by rnoving one öf Lhe valence

eLecLrons tÕ an ()pLicaJ. orbit [Fig. 7a] But, becau,-¡e i:lre

t.¿1rgsìt. rnaterial is in a solid form, Lhe excited eLectrorr wiLl
not. enìiL opl,ical radiaLiot¡ wlrel¡ il_ reLurns to i_he grourrd

st.aLe (as would be the case for atolls in a gaseous sLate).
Irrstead iL 1-ransf ers tlre errergy to t lre IaLtice (aLonl)

vibraLions caLLed phonors. The energy Loss of Lhe incidenL
el.eci-rÕtì during Llris process is orrly a f ev¡ elecj-rÒìr vol Lsl

(eV). Or-r the ot.her hand, if j:he inciclent eÌectrc,lr energy is
lrigl.t c:nouglr, iL ca¡ t'enlove Llre v.rletrce L;l-ectrol.l o1. tf¡e

t.ungsterr atorn enLirely, thus ionizi ng j-he atorn . The

€ìlergy Loss of the irrcicJer-rL el-ecLì-oìl ir¡ ,¿h.:.s proceiss is nltrcir

gleàl,er Lhan the abc,ys ç¿ss, but Lhis Loo r,rill eventr-ially

aPPear as hear¿. If Lhe eìrergy loss is o1. Lhe ol-cJet- oJ. 1OO er/,

i.ire e: jecled valence elecLron ( callecl a cle_Ita t-ay ) woLLlcl the¡
urrdergo illl-{lract-iol-ìs sinril-¿1ì' i-o tlre irrc.:'.detrr.- ¡:Iecl-rorr .
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(a) Electron interactins with valence shell

( b ) ElecLron in!erâcting Nith inner sheI.l

(c) Electro¡ -inLeracLing near nucleus.

[ris. z]

IncidenL eLecLron interaction wi!h tungsLen aLom
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II.b.5.i.it ELecLron Radiation Energy Iosses

l,Jlrer¡ the irrciclenl- e.Lectrons h¿ve arr even higlrer eneì-gy,

t-hey cctild e ject orre of the irrrre¡.-mosj: l--,ou rrcl e.lectrons IFig.
7bl . f f a K slrell elec j-rotr is ejected, the tungsl_en atonl wiLl.

become unsLable; and to F:lace ilseLf irr a lower energy state,
otre of the L, I'.1 ot. N slre.LI eJ.ectrolrs wil.i lrave to undergo a

!rarrs,iLion Lo i:fìe K shelf . But because Lhe L , 1,1 or N shel l-

eÌecLrons al'e a j- an el.lergy s j,at_e grea j_er Lhaìì tlre K sh,¡I I

élect.'rors r energy wit.L be given off dul-i.rrg the t¡arrsition as

racliatiolr ilr i:lre f orrrr a pl.rot.orr. The phoLoìr energies t hal:

ì-esuIt fronl electron transitiorrs f ronl eit-heï L, yi or N ( 1,1 or

N) slrells l-o the K (L) slrelt are in Lhe x-ray ,3neì-gy rang13.

B€rcaLlse lhese phoLons have sufficient energy to l^eave Lhe

i-arget material, i1_ is possib.le i:o iderrLify tlre I,ar,5reL

rn¿:Leriai f ro¡t Lhe characteris!ic eilit_j:ed phoiorr energies.
ThaL is, eaclr i-ype of aton will lrai.re clisj:ilrc;i K, L, I.i arrrJ 1,.1

::heìI errerg¡, separ;rtions. For this reason, Lhis Lype of
radiat ior¡ is c¿iIled characi:er-isi-ic racJiai::'.orr . irì Lhe c¿E:,e c1.

€r tuirgsteì-ì target, l-he prirrciple eflrission L j.rres lrave h¡een

suiìrnìaÌ'ized ilr lTabLe 4l LRei". 2ól .

-io observe any of t.he tungsi,ern K shel. I emjssion Lines re

itrciderrl electì-on must. have an eìrergy o1. aL Ieast 6,?.5 j_ ker,r

t"rhich j.s tl¡e ene,r'g), of the K shell eLect_rc,rs.

f l- we corsti cjei Òìr{jú dg¿ìii-r j:fìrl j-r-rcioerLL el.éjcì:ì c,ìl bLr j_ Lhis
t.-ilre wi-ulr .ìn€ìrcr)/ gra.:á1,€:ì Lita¡r É:9.5,1 ke\¡, Lhe t,,Lcc,1,r-orr cãjïr

apÞt-o.1,-,1¡ vrrjì-). (jìoscj ti¡ ,;he t¡Lit,leU¡: of I,llt-r i..:.ì,s,cL ,lttùlricì
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[TabIe 4]

Prirrciple Emission Lines of Tungsten

.)ll'arrslLf O¡" Syrnbo I Photon Energy Relative Number
( ket/ )

K-NIINIII

K - i..1 ,,,
111

'' "ii

L ,- t\ ,,,t ll1

' ''tv

-t "til
-iI ''IV
I _rr.I ''II
L iu-Mv

69 . 081

67.244

ó6 . 950

59 .32r

57.944

11, -674

11.285

9.A17

9 .67Q

9 .523

I . 395

Kßz

Kß¡

Ko1

Ko2

La t̂

L ul

tßz

Lß3

Lßt

Lß4

Lol

Lo2

7

21,

'IL

100

5A

l.o

l¿4

37

L27

100

t1

?-r-1,* , on,.rr, rrumer¿tls specify the



IFis. 7c] BecaLlse Llre eIecL.¡-on has negative clrarge atrd Llre

¡ucLeus is positive, the elecLron Fartially orbits arouncl Lhe

truc-Ieus due i-o Lhe stl'otrg corr-Lonlb a j-l_ract iorr . The electt-or-r

ruilL then recede from the irrteracLion with a ¡ecluceci energ),,

Tlre Loss of energy wiJ. I appear as a plrot_orr wiLlr errergy hu .rnd

t-lre inciderrL electron wiLL rececle wiLh ener-gy E - l-ru, where E

is tlre inÍLial electron eìrergy. This type ó1. radiaj:ion is
termed Bre¡rrsstrahLung radiation, which means,,braking,,

Ïadiai-j.olr in Gel'nlarr . Tlre L.io¡d ,,bt-ak j.trg,, is ar-raJ-ogous to l_he

electron sudden deceLeraLion oì- ,,brakirrg.', The enrii,Led plìoto.
elrergies ft-onl this process can be less t.han or equal to j-he

i¡rcidenL eLecLron energy. Because in this Lype of racliai:ion
the plìoLon errergies carr lrave many values * l¡'.ke Lhat of r¡hiLe

.light. radiation - it is aJ.so ca jl"ed "HhiLe,' radiation.
Betl,jeen tlrr- t. r,.ro eìlr-'rgy .Ioss pr-ocesses, i_lre incid,:rrrt-

ç:lect¡ons .Lose most r¡f Lheir energy via col.lisions hJiLhiì-r tire
l,argel âi,orì.rs. Oì1ly at lriglr j.rrcident eLec j-rorr errei-gies wil J.

i-lle racliation loss pì-ocess be mc,re pl-obable than Lhe

coL -I isir;rr¿ I pì o..res¡i3 .

II.b.5.iÍ Anode

lt- was shoLrrr in Isection ILb.4,] t.hat approximately Leá of
i-lre irrcidetrt eìecLron,= 13¡1,:ì-9/ is ut.ilizc-,ci irr x-l.ay

r.,rc)clucticn wÍl,i.ii n ân x:ì-åy i-,rbe, whereas the rernai rrirrg 99% is
dc-ìive t-erl j:o t l¡e tutlgsj:el.r i_iir !t...rt (arrc-,cìe ) ¿rs lr¿¿-.i. Thi:l

-ilrpl-i-es tirat. .if LIti., ¿i¡¡çl;, :is ¡roi, i--oolecl ofi. b;, sc)nle ltúans it_
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wiI-L quickly reach a LenìperaLure above iLs boiling

tc-,tnps¡¿1rt. and vapor- ize.

The cool.ing of Lhe anode irr a diagnosLic x-ray trrbe is

oflen achieved by using Lhe foLlowins techniques:

(a) a system is used i-o ¡e-circulaLe oil arou¡rd Lfre
r:r-rtside of the x*ray tube's g.lass enve.J.ope ( discussed
ir¡ nexL sect.iorr ) tlrus removing tlre unr,Lal¡tecj hea j:
buiLd up;

(b) the heatirrg of the target is reducecl by enlargirrg the
lar9,3L area ( tlrat Ís, Lhe heat load de.Iivered per
urrit Large! area is reduced). A rneans of doing this
is by usilrg I,lre "Iirre focus" principle a¡d "rotat-ing"
ärrode; and

(c) heat is aLso renloved by passive radiat-j.on by coaLing
the ìrack of the anode wij:lr a good l-adiative ¡lai,erial
such as gr aphi te .

If .b.5.:ì.i.1 Line Focus principle

The theory of t.l¡e Line focus prÍncipìe is illusLraLed in

[Fig. e] Insi-ead of havi¡g lhc+ incidenL efectrons inipirrging

Lrpon a f l.at. surface of tlre LLlt-ìgst-en i-argei,, t-he ,:IecLrr:ns

a¡'e rnade Lo slrike an a¡ea thaL is much larger, lhLls

delivel-ilrg less erìeÌ'gy per unit LargeL al-ea. Tlris js

aclrieved by t ilting i-he i,urrgsl-eì1 Lat-get. at sonìe angJ.e, 9,

witlr respeci- to 1-lre j.ncident elecj,ron tra jecl,ories. Tlre area

orr !he Lungsten Larget which the eLecLrorr "penci).', beair¡

bonrbal-ds is caLled tl-ìe "acj:uaL " focal spoL. The lesulì:irrg

Lre'am of x*r'ay radiaLion, tlrouglr iL subt-encls a¡r area Lhal is
nruclr snìâIler, is t'*fr=r'l'ed to ¿1s Lhe "ef f ecLivc" fcrr:al s;¡rot-

.rr jusL the focaì srpot. Diagnost.ic x*ra¡, tubes typically use

1-drget, i-ill: ¿:¡ngles Lh.rt vêl-), fronì (', Ô i-o 2Go.
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Tlre incorpol'atiotr of Llre "Line focus" pr-i¡rciple in j,o i:he

anode design not only aids jrr reducing lhe heat Load on the
1,arge1,, b*ì- Llre "ef 1.ecLive,' .l'ocaL spol_ size can also bc nl¡rde

quite srnaJ.J. with respect tÕ tlre ,'acLua-l ,' focal spot size b¡,

ut;'. Iizir¡g ìarge ì,at'get LilL angJ.es. Tl-ris ntakes it possil>.le

to ach-ieve racliographic irnages of higlrest qua j.iLy which Ís
ot- p¿rì-anìoLlt.tL inrporl-ance in diagnostic radir:logy.

It- shoulc.l be noLed lhat the ',effective" focaJ. spot of an

x-ray i,ube w.:'. Il be direci,Ly proporl_ionaI Lo l_he phys:..cal

size of the caLhocle f ilamerrt ancl target LiJ.L angLe. The

small ( lal-ge ) focal spot tr1. an x-ray tube refers to j-lre use

of the file (coarse) caLhode filament. The ',ef fective" focal
sPoL is ì-he x-ray 1,ube parameter thal- is Lo be det.erntined ¡..rr

Lhis wor k .

Il.b.5.ii "l;a RotaLing Anode

Even wit.l-r the irrcorporá1_ioìr of j:lre ,'.Lir¡e j.ocr.rs', prir.tcip)-e

irrLo the anode clesigrr ii, is still very diff icu.Lt to get a

sharp picture of a tlrick biological objeci, in a vet-y short
t-inte and with suf f icierrt anocle coolirrg. For this reason, the
rol,ating arrode [t'ig. 9] was intro<luced. By roLat j.ng tlre
aÌrocJe, Lhe electrons incident ort the target ¿ctualLy bombard

a r-ì ¿rea oì' Ierrgtlr L .¡ncj wÍclt.lr ab; ycL they appear t.o crrne

{r'o¡l a Iegion of area ( ab, x ccl ). f^Jj.Lh this ar.r-arrg€..jmer¿, the
pt'inary x*ray irearrrt itìLeì.ìsity calr be greät.ii, inctr:ar.ied b7

-i.ì-rcreasirrg Lhe t.ube ËurÌ.errl . This is macle possib_le Lry the
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f acl- LhaL tlre it¡cidenl electrolr beanl lreal_ loacli¡rg is trow

delivered Lo a much larger LãrgeL area and tlrus is much

IÐ!¡e1ì-.

In the anode asseinbly the turrgsLen taì-get is rnachinecl

inLo a disk wiLir ¿ diantetet' Lhaj: is j_ypic¿tI,ly in ì_he rarrge

of 7 "5 i- (, 1O.O cnr . The cjisk jsr usualì.y LanlinaLe<l ul jtlr a

nrolybdenunr backitrg at-ìd is at-taclred j-o a nio_Lybdelrunì róLoì,

which i¡ turn is connecLed Lo an inclucj:ion nrot.or. lyolybdenurn

was se.LecLed 1'or its high nleli_ing i:emperature ( 2600"C ) alrd

poor heat co¡ducLivii,y. Before Lhe x-ì-ay tube is usecl to
Lake an exposure, l-lre induct:'.orr nloj:or is energizecl f ot. about_

1 sec, ensu)-ing thaL Lhe eLecLrons do nol bombarcl lhe
tLlngsteìr Lârgûi' [refol-e it reacrres i1-s ope'ai-ior¡aI roL.rj-iolrar
speed which is gerreral.ly beti4een 3,5OO arrcl 1O,OOO rprn.

Tlre Iil'e sparr of the anocle <Jisk j.s LinriLed due j:cì l:lre

t'ougherrirrg ancl pittirrg of tl-re LargeL surì.ace by the i¡cicletrl
elecì,1'otr l¡onlbat-dnler¡j:, r^rl.riclr r,lil. l t,¡:rjuce tlre x-r,ay yielcl al¡cl

change Lhe spatial cli:;t¡ibuLion. For Lhis reasorr , the
l-argeL is oft-er nlacle of å tLrìrgsLeu atloy ( 9Oe; Lungsi_en erncl

-lo% rheniurr ) - The irrcor-poratior¡ of rheniu¡¡ r eciuces surf ace

rouglterring alld iì-ìcreases l-he arrode lre¿t capac j-.i:y.

I L ir . É, GIass Envelope

Tli¡ f urrc+-.lorr c,i the g.I¿¿ss err\¡e,ìc,pe IFiS. 2l j.s Lo keep

t.l-re :st| t'c|ndirrg errvl.t-<)unlc-jnt. çj: tite ¿r¡()clc ¿¡tçt' c¿i j_itoi-re
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assentbly of Lhe x-ray tube ul.tdeì- vacuum. if g.ìs Neì-e pres.]nt-

irrs-icle the Lube, the acceleratecl electrons woulcl collide
t,liLh the gas molecr.rles, Iose eì.lergy a¡,1 cause secorrdaì-y

elecLrons to be ejecLed from the gas no.LecuLes via
iorrizal,iol¡. lhese secondary electl.ol-ls Nould i_hen l-,e

;rc:c;el^eratecl k¡y Lhe Lube's poLerrtia.l c.Jif f ererrce thus
r:oirtribul'ing to tlre j-ube's ÇLirÌ-eìrt. Because i-l-ris iorrizat iolr
process carrnol be entire.ly conLro.I Led , the preserrce of
secondaÏy elecLrorrs wiLL carrse a wide vari¿r.{-ion iu Lhe Lube

curren! and Ín the energy of the ef ecl-rons Lhat are

irnpingirrg on tlre " targeL " anode (arrd j,lrtrs re energy of I,lre

x-rays pr-oduced ). Irrdependerrt controL of Lhe acceLeraLed

elecl-t-on cLlr-t-ent atrd kinej-ic eneÌ-gy is tlrus achieved lly
evacuating 1-l-re space suì-rc,uncling 1_ hc,.r ¿¡e!¿ and cathocle

erssemb I i- e:s ,

'f Ile wir-es lhaL corr:¡ecl tÕ the i,ube,s caLhode änd arrocle

assenrblies must be sea j.ed into j:lre glass envcJ.ope's w.r.L.I j:o

Èr sure t-he integriiy of j_ l-ìe vacuum, tJhen j,he tube is
operal,irrg, bo1-lr 1-he gLass errveJ-ope arrd j_he connecl,ilrg wil.es
¡ire heal-ed Lo high temperatuf es. If 1_his heatÍrrg i.Je),e not
done, tlre different coef f.icielrLs of expansiotr 1.or glass 

"rnd
meL¿rl would break Lhe gJ.ass-metal seal, destroying Lhe

vacuunl . Pyì-ex g_L"ess is rriosL o1.1,en used as envelope lìal-eriaI.

i. l.b.7 Tube llousing

Tl-re v¿iric)us x-ray tube c()tr'rp!rrrenLs enrj_lc)sed ¡íthirr t.lre
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glass eìrvelope are nrouììted irrside a nretal housing wlrich is

eleclricalLy grounded and corrLains oiì. The oil, which is

recirculaì,ed, absorbs i-lre ¡acliated l¡r:at f rom 1,lre anede ând

al.so e.LectricaLl>, insuLates the housing from the tube's high

voILage. In addil-ioì-ì 1-o the oiI, tlre ntetal lrousitrg conLairrs

a .lead shea¿h Lhat atterruaLes x-ray radiaLiorr t hal, has

emelged fronr i,lre an(rde in ulrciesired direcj-iotrs - Two bellows,

olie placed at each end of the x-ray 1-ube, are also buiLL
j.ni-o I,lre lrousirrg Llrai, allor,¡ the heaj:ed oiI to expand wlrerr

!he Lube is irr ope,raLion. The primar-y x-ray radiatìon

enìerges f¡-onr Lhe x-ray tube lror.rsing via a snral-I berylLiun

wi ndoN .

II.b.¿.J Speclra of Primary X-ray Beâm

[f is . 1O] i I lrrsLr-aLes lhe specl-ì'al disLr ibuLion of Lhe

prirra¡'y x*rals producecj Hhen 150 keV electrons bombard a

LLlngsten LaygeL. Tlre atonlic number of Lire i-aì-get nlarerial

ì,J i L.l. determir¡e Lhe energy position c¡f the c\aracLer ist ic x-

ray r-acliatiorr ( slrarp peaks in diagram ) arrd Llre anrotrnl- ( at-eir

ur¡clèr cuì-ve ) c,f bt'er¡sstrahlurrg radiaLion thaL is produced.

Tlre errd poirrt. enelgy coì-re!:lpouds Lo i:he maxinun eltergy l:.l-ìe

x-'ray photons can achieve, which is aL j:he x-ray tube's kVp

sei:L j. t.rg . Tlre daslred I i ue i ndicaLes bremsstlah).urrg l-ar-liat j.cn

t.li¿t wou.Id have been preser¡L irr the primary x-ray bearr if

1-he g.Iass enveJ.ope o1' i:lre x-ray 1-rrLre and irrLernal. tube

j= j-ILrat.ion (oi1 a¡cl housi ng winclow) were nol pr eserL ,
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II"b," Primary X-ray Beam Angular Distribution
Tlre irrtelrsiLy distributiorr of i-he prinrary x-r-ay beanr

[Fis. 11] is not uniform throughout lhe beam, raLher it
depeuds on the arrg)-e a1, wlrich t-he x-rays are emiLted from

the focal spoL. This observaLion can be explained as

foLlows; as Llre incidenl- electrons inlpitrge uporr Lhe j-argcìt

materiaì. Lhey can produce x-rays from both the surface and

at. deplh withilr 1-he target.. In boLh cases, Llre x*ray photons

will be partiaLly absorbed by the targeL material depending

o¡ Ll-ìe angle a¡d .Iocal-ion ¡:L wlrj.ch tlre plrotor-r )'.s enìiLLed

frorn Lhe target, thus dirrrinishing their i¡tensiLy. The

maximun of tlre intensity disLribul- j.on is not at Oo s¡'.lrce i:he

phoLons Lhai, are emitted at 90o Lo t.he incident electrons

ì,ra jectory nìust pass Llrrorlgh a porLiorr of i- lr c--¡ 1-aì'geL as

wel.l", Tlris reduced pholon inlensiLy on the anode sicle is
cal. Ied the lree.l ef f ecl,, which lras Lhe neL effect of sirif tins
t.he i¡Lensit-y distribut.ion away f rc,rn tire ¡rnode ( Lhat is a

shif t of t-lre j.nl-et¡siLy nraximunl away fronr O" ).

1I.c The X-ray Film

l^lhen an x-ray tube is used in a diagrrostic exarninaLion,

tlre enrerging x*ray Lream iLself cÒìtLains no useful nledicaL

i nf orm.rtiorr aL¡ouL the patierrt , OnIy a'Fter the x-ray bear¡

passes t lrrough arrd inl-eracLs wil-h Lhe tissues of t.he

paLieri"r., ^ill ir cont"¡irr .ill tile irrf or-tnaL jotr t l'rùt (:¿lr be

l'evealed reial-.:'.ng Lo Lire exanlitrai-ion - Ihe ir¡1'ornral-iorr wit.hi¡
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Lhe pal,ienL-energerrt x-ray beam Ís represr¡nted iry Llre

v¿ir-iaLior'ì of the rrumber of x-ray phoi:ons in Lhe dif f ererrL

areas o1' tl¡e bean. The ilrforrnaj-iorr in t.his f orni cal¡ ìroL L,e

uEied di¡ ectl>, buL nrust be Lr-arrsf erl ed i-o a ntediu¡r suitabLe

1'or vieutitrg by the eye. Ilre maLerial ¡losi- of terr used to view

t.he j nf ol'irrai-ion carl ied Lry the ¿tte¡uaLed x-ray beani is

plroi,ographic enlulsion x-ray film whiclr is ide¿rI for

cliagrrost ic ladiology due Lo its exceLlent spaLiál

resoi.uLior.r. It is oFi:err refer¡ed Lo ås x.-t ây f ilnl or jr.rst

I Ìlm -

II.c,..ì. Physical CharacterisLics of X-ray FiIm

X-ray fiLn [Fis. 12] consisl,s of a plroLograplrical Iy

¿c:tive ernu.Ision coal-in9 o¡ one side ( single emulsion f ilrn )

or bo{-h sides ( d,¡ui:.1.e emulsiot-t f i lm ) o1= a i:Ì-arrsFarent slr.:eL

,lf plastic called lhe base. The einulsion layer is f ir'¡rly

aLi-aclred Lo t.lre base by '¿he use of a 1-lrin Iayer of adhesive,.

A supercoaLing layer is Lherr used tc, pì-oLecL the erruìsion

I¿ryer f ronr plrysical ol- nleclralrica L d¡rmage.

.,. l.a,1.I FIIm Base

Tlre base, whose o¡Ly function is to pr-ovicle support for

Lhe cielicate pirot-ograpll j.ç entuìsion, :.s nrade o1'r:iLher'

f:.Tiaü€tate or- polyesieì-. EecaLise boLh of !hese corrrpouncls ale

<-:.1. e.rl' arrd <-:,:l-ol iess, a ltÌr.re clye is of t.en âclde(l Lo j:lre basc:

i.c, t.iìrt. Lhe, x -r'ery f il-rir , rn¿l<irrg i'¿ c'¿lsiel' t.o ic,c,k aL arrcl
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causi.ìrg Iess eye sLrain. Tlre Lhickr-ress of tlre l¡ase is abc¡rri-

I rnil^s (o.o08 irrches ) for L:-iacelaLe and 7 miLs for

polyesLer. Tlre dif feren,:e ir.r I,he l:ase i,hickness is due io

Lhe facL that a slighLl>, thinner polyester base is lequi¡ed

t.o produce l.randling propeì'i:ies Lhat are sinilar i:o LhaL o1'a

t.r iac,eLate L-,ase .

Since the ernuLsion canrroL adhere to t-he fi¡ished base

direct-.Iy, a i,hin .Iayer of adhesive is applied beLween base

ard enr.ulsion,

II.c.1. ij. Photographic Emulsion

1-he x-ray f ilni enluls:'.on J.ayer is nar¡rrf ac j-trrecj by acldirrg

irr tol-al dark¡ess a poi-assium bromide (KBì- ) solutio¡ a¡d a

silver niLr-aLe ( agNO3) solr-ri:iorr t c', ¿:¡ soLr-rLioll o1= gelatil-ì .

The crearny so.luLiorr is Lhen heaLed and cooled inLc¡ a jeÌl^¡,-

Iike solui:ion - 'f hc: r-iìrw¿rr'ìt.úd púLassi.Llnì ìriLr¿ìL13 (t<t'lO,) r,ihi'::h

resull-s fronr l-he foIIor¡ing reacL j.,Ln:

Ê9NO3 + KBì- * AsBr + KNo3 (5)

i:; washed <-,uL of lhe maLerial prio¡ io lhe I'elreaLirig and

coat i irg crf l:.r"re b¿:'e.

It. is the silver haÌicle (gger) in Lhe fo¡¡l of sma.ll

crysl-aIs suspended in the gelaLin 1-lrat is tlre J-igl'ri,

rier¡s¡j.Live matelia] in tl¡e enlu.Lsio¡. A cl'ystaL is forrned when

ic,rrs of silver ( Açl+) aììcl bromicle (Br-) ale alralgecl irr a

c:u1¡ic l;ri: j- jce. TIre size ,¡1' Lhés--'e lr¿1I1:de ct'ysLarls ot' gtainv-:

r,r j..i j- depe¡d oìr t.l-lc cÒraeìrtì'¿t.ic,n of thÈr rral-iou:. ì r.--ácrLúrrLs,



i:he seqrlencr: and lal-e aj: whiclr i-hese chenicals at'e adclr:d,

arrd Lhe Lefiìperature at wlìich Llre reaction [Eq. s] Lakes

p.Iåce. To irrcrea:;e Ì-he enlulsiot-l seì-tsiLivi ty Lo Iight a sntrll

¡rrrounL of polassiurr iodide (KI) is also ¿dded tc¡ the gelati

sol-Lri,ioI prior to l-he heai-iDg. Tlre irrcorporåi:ion of KI

ploduces the halide, siLver iodicle (¡gI) and has i:he net

effecL of irri:roducing poinL defecLs wiLlrin the halicle

cryståL IFis. 13] . The haLides in x-ray f ilrn entuLsions aì-e

LypicalLy 90 t.o 997" AgBr aìrd abouL 1 t-o lO:d AsI.

Sr-rlfur corriairrirrg coitrpourrds such as a.llythiourea are also

added Lo the enlulsiotr Lo che¡licaI Iy serrsii-ize the crysi:a.ls .

I'he aJ.l^ythiouì-ea cornpound reac¿s witlr Lhe sj.J.ver halide arrd

fol'nis s:'.iver sull'u.r ( CgS ) whiclr .:'. s enlbedded orr t.lte sLlr.f a(:cj

of ihe crysl-a). . lL is the preserrce ûf AgS thaL initiaj-es Lhe

image formatiorr or¡ f ilnr ( see foLl-ov¡irì9 sect.ioìì ) .

The er¡uLsiorr layer, which is no i-hicker t-lran O.5 r¡iL,
c.ontains cì-ys1-ais i-lraL have aver¡lge diameters bej-ween 1"0

a¡rd 1.5 Unì L¡iLh aboul: 6.3 x 109 grairrs per cubic cÊnÌ:inlùi:er

ol' enrulr;ic¡n, and eaclr gr.rin corrLir j.ns on t-he avùrage 1x 1O6

. _1LO I i. 1O s.l 1\/üì- roììs.

The ìncorporaLic,n of gelatin in the e¡tulsion layer- keeps

tlre silver l¡alicle gì-aius welì dispers'3d aì-ìd preveni-s the

c iunrpÍrrg of gt-ains. The developirrg arrd -FixinçJ sr,,Ìulions

which .¡.re trsecl in f ilnr pr-t-rcessiì-tg can ar.Iso peneì:t-aì:e ì:he

ge,laLi¡ easily wiLhorri ciest.¡c'yirrg j.ts strerrg.i-h ¿r¡rcl,/ol'

!'ril Li,:,Lt.Jr'r,

I

n
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ILc.;.t X-ray Film Image FormaLion

To besi- describe l-he irnage fÕrnìa1-ioì1 pì-ocess otr i.iInr,
consider Ifig. 1a¡ l^lherr a liglrt phol-on jrrteracLs; wiLh a

silver halide ct'ysLal, 1,lre ener-gy of the phol-otr is absorbed

by the Br- ion wlrich gives Lhe extra valence eleciron errough

energy l-o esc-ape tlre iol-t etr1,.ireIy. Tlr¡rt_ is,

Br- + llghL photon - Br J' eLectrc,r¡ (bi

The,: neuLral^ Br atont i:hen leaves !he crysl,al ancl is taken up

b/ ttre gelaLi n ,rTì tlre enuLs¡.orr . 'lhe f l-ee elecl,¡oi.l , oìr the

ot.her hand, is i:hen captured and teflrporal-ily Lrapped by t_he

AgS ser¡sit,ivity sp,¡ck th¿rt is on tlre surl:ace of Llìe :rilver
halicle crysLaL. The eLectron that has been captured lhen
gives j-lìe tlgs sensil,iviLy speck a net ìreg¿rt-ive charge

wlr:'.clr i:lrelr ¿lj:Lracts i-he itri,et'sLiLiaI Agt io¡rs i,¡i1,|.-,i rr j_l-¡e

crysl-al . Once at'r Agf iou lras nl j.grai-ed i,o lhe speck, iL
j.E: Lherr freutt'álized t() al.olìj.c (nrel-allic) siì.ver l:;, lhe
Li-apped e.l.ecLrorr . ì'lrai: i:,

É',g -l- eleciron * Ag (7 )

hlherr a second .L i.ghL photon i rrj-eïacts with the si lver hal ide
cr-ystai l-lre el.eci:t-on Llral_ lras escaped j.roitr a secoììd Br- ion
r.'ia IEc]. 6l wilL the¡r be !ì-áppecJ by the silver atonr aL the

s€rìsiLiviLy speck, wlrir:lr irr Lurrr urill atLract a second

irrt.erstiLial A9+ ion lo pt'ocluce a seconcl silver a1,Ó¡ir . f he:

col. Iecl: j.or¡ of srlver alonls ai- tlre .ioc.rj-ion of a single i\9si

t:jcììrìit-iViLy speck urill corrti¡rue t-o ir¡c,¡e;rse via t.he ¿¿borrc.¡

nl¿cir¡ltr:.sr-ir á,:yt þJ.ts 1-r¡,poLlresrLz,:,J irl Grl.rrey ánd lÍot1: . -l'1.¡;-5 ¡-1a,,r,n
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o1' atonic silver I're¿rÌ- a serrsii-ivit.y speck is referred j,o .rs

t-he laLerrt irrage cerrter. Theì-e could be one oì' ¡rore of l_hese

ceìrtÈrs on a s.i.rrgle lralide crysL:rl.

Agr was shown above, a sing].e Light photorr allows a single
silver aLom 1-o l:e deposiLed ai- tlre serrsitivil-y speck. tJhel.l

¿r rr x-ray plìoLorr is incidenL on 1-he haÌicle crysial, it is the

eLectrorrs i:lrat lrave i:een enlitted fronr i-he x*r-ay pl.rot.otr,s

i rrteractiorr (photoelecLric absorpLion [Ref. 33] ancl CorrpLorr

scati:ering lRef . 341 ) wiLlr the free siLver l-ra.Lide in i_lre

emul.sioir ÙlraL causes i-lre Br- iolr,s eLecj,ïon to be enlil-tecj

thus ir¡itiaLing laterrt inrage cerrler f or¡iation. Because lhe
electrons enliL.ted by tlre x-ray pl.ìoLon häve r-al_lrer Lotrg

ì-anses t,hey carr i rrLeracL with nrany silver halicle crystals
( gra j.rrs ) wiLlr j.n i,he entulsioìr, n.lakiìr9 j:lrr: inage i.ornation

Ërocess rrìoì-e el'f icierrt ( !hat is producÍrrg llrousands of
s j-Iveì. aj:(lnls .ìt l¿r'¿errL inrage siles il-l ol¡e Õì' iiroÌ-e cr-yst.al_s ).

l,Jlrerr x*ray l-adiation is used to expos{3 Llre f i.Lnr , Lhe

i i-if or¡lai:ior¡ in Ll-re bean is Lì-ansmiLL€'d to j-he f ilnl via j:fre

derposiLion of ¡netal-Iic sil.ver aj- i.he var iorrs laLent iirrage

ceni,Érs locai,ed on j,lre ci'¡'sLal :lLlr-f.rces. l-lie ¿r¡totrIi- oi.

¡ìtomic si-lver deposiLed in each latenl inrage ceì-¡ter is
proporl-ional Lo the anloLlìli- of exposure - heavie¡- explrsLlres

( r.,rltel x*r-zt¡.s ËäsS t.hr-ouglr I esj!-ì opaque rrrate¡ i¡.I sirch as sof I
Lissr"le ulii-i.li l-l tl-ìe p¿ìLien1- ) prodtrce nlr-lclì silveì- , Iersse¡

r:rxposilrë (r,llren x..r'ays F.ass tlrlough bc,ne Llìtlriri t.he paL-ierrt )

cause ar s¡lalÌet iJr.:posiL cf si_ìtrel .:L t.irc I¿.r1.+rrt. i t¿rse
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ÒenLer. Sil-lce i,hesc clranges in i-he sj. lver halide grains arc:

¡ot visibLe Lo the naked eye, Lhe f ilnt is pr-ocessed i. c., make

t-lìe l"rLeìri: :.nrage cenì:r:rs visible.

II.c.3 X-ray FiIm Processing

fhe e)rLire f ilnr pr-ocessirrg procr:dure is done in a

tlalkroorrr . The exposed f iL¡l is first placed in a developing

solution ullrose fur.tci-íon is Lo colrverl, activárted silver

hal-icle cr¡,sLals tc¡ sil.ver ( bLack nretallic silver ) grains.

Tlre more meLaIIic siI\/er present at a Iai:eì.lt image siLe tlre

blacker the f ilrn will be in thal- ì-egion. Therefore, portiorrs

of tl¡e l'i Inl l-l-rat u¡el-e clilecLly e xposed by x-t- a.y r¿dia1_iorr

wiJ.J. appear as black and Lhose regions where ì-he x*lay

radiaLion has been f ili:elecl by passage LhroLlglr tlre pcrLierrt

wj.Ll have a reclucecl expÕsure a¡d Lhus wilJ. appc+ar as s:h.rcles

(j l' gì' ¿ìy .

Orce 1-he f i.l-nl has bee¡ cleveloped, tlre f il¡rr is rirsed to

rreuLralize oì- gì-e¿ri:ly cii.Lr-tte tlre various chenlicals ilr j:lte,

developing so.Lution Lhal- may be present Õn 1-iìe f ilnl . To make

a peì- ìðìtetrj- iirrage on 1"i.Lnl l-lre l.-i1-eìti: inragc cerrtel's ¡¡l'e f ixecl

irr the gclaLjir by harclenin9 t-ne enìu.lsion. This is

accomplished by pì.acirrg Llre cJeveloped f i.Lnt il¡ a f ixinc:
aic)f ut.ion, which á..lso reÍrclvës érny une>íposed arrcJ u¡developed

sjLver h¿rIiCe 1-h"rt irtigl'rt l:e pl'esenl:. Il¡e 1..i.Ìli is Llren hr.ãshùd

i-o r-eril]crtra¡ ¿1lly cilÉnrir,a.ls re¡riairirrg iìr the e¡lul-siorr after

Proce,ssirr|3, ai rLil (]t j. Ècl .
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I'he f ilnl pr-ocessing procedr-rre l-hal, is briel'Iy sunlnl¿rr-ized

abor¡e is explairred in sonre cleLail in Inef . 35,36] Irr this

work, arr arrLomat ic f ilnr processór has used, wlrc,se entire

c¡,cle fr-om the tinle i:he exposed filnr enters t-he ¡nachi rre

u¡t-iL it eßleì-ges as a viewai:Ie f ilrished radiograplr Lakes as

-l i. l L.L e ás 4 5 Lo 90 seco ¡rds .

II.c.4. Photographic Characteristics of X-ray Film

To accurately rept-esen j: I,l¡e i trf ornraj:ion of a ,liagìrosL.ic

exarnination on filn, it. is irlrper-at-ive to u¡cjersLard Lhe

relationship bet-weel the exposure a f i.Lnl receives arrd Llre

way Lhe f ilrn responds to Lhis exposure. I¡ the f olJ.owing

discussiorr i'¿ r¡iII be assumed tlraL exposllre orr f ilnl is r¡ia

x - r'ay plrotons.

I f. . - .,i . j X-ray Air Kerma

X-rây air ke-:rnra (Kinel:ic -rrçì'gy R*-'ìea-+ecj freì LÌrrj t lfirs:: )

IRef . 37] is a quarrt.ity thaL is used to def irie the I'adiat j.c,rr

outFLrl- oi' aìr x'-rãy Lube ¿rnd is Cei"irred .as:

)i-r'a¡' air kernia (K) = clE rr,zclrrr (B)

wlrere c1E,, is Lhe tótal of Lhe ilritial kirreLic erret gies o.t

al^I t.he charged jonizil¡g par'ì-icles liberated by uncharged

iorrizing p¿il j-iciès il a volunc elenlerrL of ¿ir h.:ving a nt¿sjfì

cl¡i. Thc unii- of x-r'ay kel.irra is t.he Gray (Gy), cief irred as

lr-:y = 1 .lz'l(g i n êi j.r aì: !ìT!: . (., )

'i'h.i "expc)5lu¡e " o-r" ôrJ )í-r¿ii- ¡'ilrr'r r,ui Ìì cleperrcl úrr t. h€.r r¡unibr:l-
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of x-ray photoì-ìs t-lrat. irrLeracl- wii-h 1-lre f ilnl er)lulsl'.oìr I¿iy,:'r,

which in turrr wil.L determine tlre size arrcl lengLtrs of Lhe

v¿rì- ioLrs cJer-¿elopeci si l.ver lra l. ide gì-ai rrs , Ii- Wor.rld Lhen l-,c

Logical Lo assunre i:haL Lhe f i.ln exposu)-e t^liLL be

pt- opor l, i o rra l to j-he pl.odur:L:

F.i J.m exposure q ffrA.s ( f O;

FJllere nrA is Lhe x-.ray I,ul)e cr.lrrerrL and s is t-l¡e expc,sur,r

Lirre, sirrce afte¡ aIL, Lhe higher the x-ray tube curreni, Lhe

nìore x-rayÐ tlrai, will be pr-ocluced. l'l¡r-ls arr :<*r-ay tube

curre¡t of 1oo rnA for 1sec prc,cluces a (film) exposure of

lOO nìAs - Nol-e, a sinriJ.ar f ilnl exposure can be achieved wlretr

u:ri¡g ¿ lube curr-ent of 50 nlA aTrd exposure i-irne of 2

seconds. At a giverr kVp, the gt'eåLer 1-lre x*r-;.ry Lul)e rniis

va).ue, Lhe greal-er the extent of f il¡l blackenirrg or- densiLy.

A nroì'e pì-åcLicåI qrranLity 1,o i:he l'¿.rclio.I,:gisL ¿rnd¡'or

Le:chnoLogisL is ."he relative f iJ.rrr exposul e whic,h allows
r;o¡-t- eci:ions of over-exposËLj oì- ulr,le¡exposeci fil.ins lc¡ be nl¡¡cje

by ad jusstirrg Lhe tuLre's rnAs value, without any knowledge of
l-he 1-rue exposLtre [Eq. $] .

II.c.4.ii Film Optical DensiLy

ì-he deg¡ee of f iLnr darkenirrg (or derrsiLy ) is dilectly

related to Lhe irr'i,ensit.y of Lhe light ( oì- )l-ray ) r'acliatio¡

tlral- is reaclri rrg i:lre f i.I¡r. Tlre nre¿:,Llì-eùreìlr¿ o1- ì,his

Èiaì ¿rí¡reter, whjch is c,f te n I {-f rrrreaj 1-o as ihe ii llir r:plic:r.I

d¡:rì'¡sii-)' ( Cl .D, ), :-s c,bt.rj.rreci l'r'orir i:. i-lc I cl¿i:iolt
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opLical der-rsily = Losll ltllt) (11)

wlrere IO is j-lre ilrteìrsity of .Iiglr'¿ ilrci.delrL on tlre f ilnl arrd

I, is Lhe irrLensity of Lighl tr¿rnsmiLLed by tlre film IFis.
151 . A f il.rn opLical derrsiLy of 2 nleans that fror¡ LOO

irrcidelri- pl-rotons only 1of these plrol,ons oìr aveì-age r,li ll be

LransiììitLed by the f ilm.

ILc.4.i.i:l X-ray FiIm CharacLeristic Curve

Tlre reLatittnship l>etureetr Llre j'iInl's opt-icaI cletrsiLy an<1

relative exposuì-e is plotLecl as â curve [Fis. 16] a¡d is

cal Ied the fi lnl's characLeristic ÒLrì've or i,he H - D ( a Fter

iluïLer ancl Dl'if f ieLd ) curve , named a FLer Lhe i ndividua.l-s who

f irsi: publislred tl-ris curve. The cur-ve is esselrl:ialIy

corrrpr ised of t.hree regiors: 1-he toe region, .rlre shoulcler.

region and ¿i straigl'rj: Iine (Iitrea¡) regiorr in bei-weerr .

[:ven ai, zerÕ exposuì.e, tlre curve indicai_es LlìaL ihe f ilnl

optic¿r.1. derrsiLy r,¡i.L.L be altouì- O.2 ¿nd ìrol- zero. Ihis

ilr'l-¡irs:ic f ilrû derrs;ity is due 1-o Lhe base densiLy (wl¡ich

lesults J'ro¡ll tlre trLrsorptiorr of l.ighL by i:lre plasLic .:rrcJ

LrÌue clye i-hat cÕrrrtrrise Lhe base ) ancl i-he f og clensity

(cleveloprnerrt of' untrxposed or heái- Õr backgrourrd l.adiatior-l

i nduced exposuì-e of silver halide grairrs wil-hin the

etnulsiorr). ïlrus, Lo clet.elltiì'ìc tl-ìe opt-ical. dt:n:rity (tf j:.he

'j'ilrr'r procluced by t.he exposLtre jtself it is necessary to

rrLlb'¿r'.rr: j: Lh¿ .i. lrLlitrsic i'iInl derrsiLy ( L;rpicerl Iy .rl:rouL r).1.iJ

irrl a rr.ji{ f j. lrrr ) r"rc,irr l}ìe ic,Lål- i'ilirr cjerrsit.y. Ì lr¿-, i-c.,e a¡rcl
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shotlldel indicate t,he :'egions where Llre clrangr: irr tlre fiLnl's

opLica-l c.lensiLy is smal. l even though the charrge in Lhe log

lelative exposure is r,¡Ial-ive.ly larse.

Ir diagrrostic t.adiology, the log relertive expc)sures aÌ'e

supposed lo be kepL in Llre ¡egior.l where LlreT pt'o(lrice filù

optic-;al derrsi'¿ies Lhat lie in Lhe relaLively str-aighL

( lirrear- ) portion Õf t.he curve (ol:1-eìr irrlt:we,:tr l alrd 2). Irr

i-his legion a s¡ra.li change in exposure uliJ.J. pr-oduce a

pt'opot'i-ionaI charrge ir¡ l'i Inl derrsil-y. Tlris eìrsures nì¿ìxiirìunj

fiLm corrtr-ast. , which is cief Íned as the dif fererrce in f i.Lrn

density exisì,ir-rg bel-ureelr ad jaceììj- I'egior-ts orr t.lre f iInr.

IÌ,c,5 InLensifyins Screen

Irr or-ciet to ¡'educe Lhe clireci, x*ray exposut'e oI a pal-ieni-

cjurirrg an examirration, Lhe x-ray f iInr is f il si, s¿1rrcJ!.Jiched in

a Iilm ca,sset.i-e j: lräj t-- hás a l-]-uorescenl x-ray irrterrsifyins;

:;.jr ee¡ [Rr:f . 3B] orr eôc:h side before it is exposeci .

The put-pos,:r o1' Lhe casseti:e is Lo provide a r igicl suppor j:

fr,.¡r- lhe Lwo i¡terrsif yi rrg screens so LhaL a f ilrn can be

s¿rrrclwicl¡erl in be l- r"'L r-: e F Llre Lute, --cr€'L:rr:i. 
-l-he 1=rorrL o1' Lhe

c;assel-t.e is usually nrade of ä p.lasLic iûatel'ial thaL

inl-roduces mininum f iIl-ra1-iolt effecLs i-o i-he passage of Llre

>:-ray racìiai-iol'ì , The L.,ac;k of th€, cassel-te on 1-hc-: other hand

r'- s trsrralì.y rracle of ne-:taI, eii-l¡er ¿:Ir-inlirru¡l ol- steel, uì.tli i:r

t.hi rr s;hee i of l e¡rl f o-i ì aLt.ac'hr:d tc, Lhr,. i ilrrc:t- E;'1 f acc: c¡f tltri

i,iar,: k o1' Ll-¡* üci:sr:l-l:.,¡ r Ejù ¿is t.,:r ¡s:,:is'¿ in pt ,,:r,e trj-ing bi:rck'-
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scâi*tering ì'adiation fron pellei-ì'êt. j.ìrg Llre x-ray f illt w.t'.thin

Lhe cassette. Each inLensifying screen is a sheet of plasi:ic

(b¿se) Ll¡a1, is coai:ed on orìe sj.de u.rii:h arr emuls.:i orr of a

fineLy powdered phosphor (such as caLcium LurrgsLate or

bariunr l.ead sulphaLe ) susperrded j.n sonìe carrier . Tlre base of

i.he scree¡r , which is evenly coated wiLir a wlrit.e ¡ef .lectirrg

surface orr wlriclr i-lre J.ayel of ¡rhosphor is coaLecì , j.s;

¿¡Lj:aclred irrside tlre, cassel-Le to eit.her j,ire f ¡orrl oì- back by

dc,¡-rbIe*sided adlresive i:ap+.

Because wherr each intensifyirrg screen is sL¡uck by x*ray

radiaLion tlre screen fLuoresces with a blue-violet Iight
( lisht radiation t.o wlrich blue-serrsiLive x-'ray film emulsiorr

is nrosL sensiLive), this i¡tpl j-es i,l¡a j- as a sítrg)-c. x-r-ay

plìotc-'n travel-ses Lhe screerr iL carr resulL irr t.ire liL¡erat.,ion

Ðf nany Iisht plroLot'ìs. Tliese L.:.glr1- plrot.oì-rs l.n Lurìr cal-l

irxpose i-he x*ray f i.Inl wit.hin the filnr casslet!e. The net.

effr:ct of a s.r'.rrgIe screetì is 1-lren to intetrsif y the action of

x-ray radiarl-ion on the x-ray f il¡n. Because of l-l¡.is ef fecl

and t.h€ fêcl- i:lrat t.r,¡o i lrLelrsif yirrg screet-ìs are used (one:-n
-íront and one behirrcj the x-ra), f j. lrn ), t.he irrcidet-rt x*ì-ay

ì-ådiaLiÒìì exposut-e of Lhe paLient can be subsLalri,ially

l- educed .

Ëvr:¡r LIrc,eLglr -irrterrsif ying sìcy een casseLtes ar-e rrorrnally

used durirrg pal-ient exan¡:'-rrai-':'.orrs, they hJel-e ì-¡oi, Ltsed dur-ir-rg

Lhci coÌ l^É(;tiol cf '¿lre f oc¿i.t. spoj: t.e€.-L t.c.,ol f -iltn .i.rrreiges:. This;

wa:i dc'ne L.'r cl. inr:-tr.rii-+ i'il.rn ,-ilt-::l¡.:¡t-pìr(.ss i-iìalt ì-Èj:,.rr-ll. i. s:ì ,Jlìûjtr
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Llsir'ìg in1,,3ìlsifyilrg screeìrs, siìlce e4ìclì screeìr uriII eñìi1,

light photons in various directiorrs above or below the x-ray

f ilnr in sonie irrterurovel p"lLter-ìr, resLl-Lltliing irr sonre

ur'shaÌ'prress in det.ai] wii-hin !he irnage of Lhe ol".¡ ject that is

casL olr tlre filnr.



CiìAPTER I I Ï

EXPERIIIENTAL APPARATUS

ì'lre goaJ. o1'' this thesis r,.las l_o clel:erinilrc ì:lre focal spol:

dimensiorrs by using a disital rmagirrg techrjque a.nd t_hen Lo

have its i'irrditrgs conpaired to Lhe rrìore couveìtL:'-ol¡aÌ

ùÌeasurement Lechniques:

(a) bal- t'esolutiolì pat:teì'rr ;

(b) st.ar resoLutión pattern; and

( c ) pirrlrole canrer1r..

In each of Lhese met-hocjs t.he focal spot dirnerrsions were

dei,ernirred ( see clrapl-er I t,r ) f ront a t-ì x*ï¿iy f i.Int inrage o.l. i,"he

j-est Lool LhaL was used, whet.her it was a bar patteÌn, a

si-ar paLl,ern, a p:_nhole or. j,wo Llrir-t par-alIel r,rires ( usetj in
t.he clisit.al irnagirrg technique ) . fni s clrapLet- will descril>e

ì-he equiprrrerrl- c-ìrcl expcrinrenl,al proce,lrlres j-haL we¡e userrl .

III.a Experimental procedure and Equipment used Lo ObLain
Focal SpoL Tes! Too.L lmages

IlLa.1 Bar Resolution PaLtern

I I I ..1 .1 . r'- Test Tool

The x-ray foca.l spot i-est- Lool which was manufacturecl by

R.rdiai-ion lYeâsLlre eìrLs In,:or-¡re¡¿i:ecì ( Rl.lI ) lRef . 391 , is a

rrr€ìt¿¡L plate Lhat is irr¿c,lri rrc'cl L^riLh eleven pail' of bar- peitì_erl

lJrorlp:i eaclt ,.:1- ¿.i dif 1'r:l elrL size . [¿rc..h baì. p.tLtêr n gror,tp

c:c-,lE;is'¿s of t.hlee ì-ecL¿rlgulãr sl ots (bars ) i.rr o¡e cljrecLic-,rr

anci lhlee sic,'¿s .r'r- righl- ;iirg.J-es. to Llr¡:: i" j.¡-sj: grotir.¡ - l-he
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spacing of 1,lle sIoLs iìr I,he eLeven bar pa:lt- gì.oLtps ITal]1,? 5.1

vaì'ies f¡'onl o.6 I j.ì-ìe p:rirs.n,n'-l t.o 3.38 line pai¡.s.n,n.,-1 1u

) irrer pair corrsists of one slot- arrd one space betNeen Lrdo

coìrsecutivÉ s.Ioi:s ). lhis nachined nreLaI pLate is ntoul¡j:ed ir.l

lhe center of a 10.2 cn by IO.2 cÍt squaÌ.e pLexigl^ass pìaLe

t,¡lrir:lr co¡Lcrilrs a f Iu,:rescerit scì'een and a Ieaci sliielci . This.;

plate in turn is mounted at the top of a 15.2 cnr high

cy.L i rrdr:'.c¿rI PlexigLarss barr.:.

III.a.1 .ii Experimental Procedure

The fcrcal spoL of tlre diagnostic x-ray tube ( uthose

ìrrc:¿lio¡ is of ten identif iecl by a red or bl¿¡ck doi, on t he

l-ui:e housirrg ) was posiLioneo 60.9 cftl above Lhe sut-f .rce of
l-lre x*t-ay ( pat ierrt ) tal¡Ie a nc,l a cal-dbo¿.irc.J c.f Ëy;ei:1..-.3

containing a double e¡lulsiorr Koclal.; Tl'1G x*ray íilrn was pJ.aced

üìr tlrc Lal¡Ie ltet¡ea,¿lr t.lre x*r¿ry t-ilbe. The t.esl i:ooI L.ra r:: Lhç:rr

pLacec.l c)n i:c,p oí the (iaì clL)o¿ïd casseLt€ and u,i¿s al.i€jl¡ed wii_h

respecl- i-o the x-ì-ay bea celrtra.l ¿xis by uLilizing Llre x-

ray co.lLinlatol' alignmenl- light f ielcl souÌ-Çe. The focaJ. spoL-

L-o-f ilnr disLatrce ( F-l- C.: ) v¡as 60.9 L-.rrì (24" ), urlri.,:h g.rve ;r bar-

Frai,ter I l-esL tool image ntagnif ical-io¡ of 1 .33X ( see chapter-

It/ f or def i ¡i j-ion of nragtrif i.cal-iorr ) . ì'he x*t-ay tube

coJ. I imaLol' opeli rrg was acijusted usi rrg Lhe coL L irnatol.

.:iignirrqlnt. LiglrL sc, t.l¡ai- '¿l-re x-.r.ay f .j.clc ul.r,s L,.ritlrj.n t:.I-re

3¡l cal.clL,oar¡l cas-:ette i..ias us¿cl i nste:¿rcl of å c ¡.!sse L ii-€.j

cr-r¡rl.rini ng int.etìijii'7ir-rg s,:r-eerrs [,cìe 
.1., ;0] i. c-, r: I i ¡ll i rr ¡r, 

.L 
crj.rri¿r'rsif iet scì eelì re-1.a.1,r:cj ir'irrrge bÌui.t-ile.
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climensiorrs of i-l¡e f Iuorescent scÌ-een of I,he test Lool. Tlre

x'-ray fi. lm was therr exposed Lo produce an irnage of the tesL

Lool . lTable 6] sumnrarizes Lypical x-r-ay Lube techniques

thal were used during the experirnent "

IILa,:'!. Star Resolution Patler n

IIL . a .2. i. Test Tool

Tlre Lest tool i.s disLriLruted by Nuclear Associales

divisiorr <rf VicLoreeu lncorporated [Ref - 40] atrcl was

iclenLif ied by Lhe rnodeL nun¡ber 07-51O. The sLar paLLern

consists of a circulaì- array of Leacl wedges of O.O5 mm

thick¡ess, Lhat arg¡ radially arranged like the spokes of a

wlreel w j.Lh gaps betweerr j-he Lead u¡edges of l:he sanle size. 1.. ì-ì

a 2" paLtern, each lead nedge ( arrd spacing between adjacerrt

wedges ) diverges at arr angJ.e of 2ô . Tlre enti.re wedge

arrarrgemenL is ernbedded -in a circular pLastic plate lraving a

d i anre Ler- ôf 4 5 nì[ì ,

Tlre st.ar resoLution pat.tern cJif f ers fronr the previousLy

described l¡al- resoLutiorr pai-terlr in the foLlowj.ng way, In
i:he bar paLtÈrn test l-ooL each of tlre eÌeve¡ bar groups has

a dist j.nct Iine pa:.r frequency; Lhe star pa j,tern on the

oLher hand defi¡es a cÕnLinuously r,rariabLe lirre pair

f requerrcy r,'rlrose resolvable frequency deperrds olr t-he disLance

f l"onr t.lre center of Lhe wedge pattern ( Location wlrere a-ll

Ieaci aedges cÕl-rveì'ge ) t.o the ìrearesl: locat.iol¡ o1' ¡esolul-iolr.

Tc' i.l.lustl-aie Liris, consiclel the fcrllowirrg: si. ¡rce Lhe :¡t.at-
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IrauIe a¡

Bar Patter¡ X-ray Tube Techrriques

l-uh,e k\rp Focal Spot Size Exposure Tube Film Optical
Ii¡re (ms) nlAs DensitT

For a Picker

7O

80

90

diagr-rosLic x-r.rz tube ( les j- rurr 1 ):

S¡rraÌ l- 1oo -o 10 0.84
Large 5O.O 10 O.AÐ

SnraLl 125.0 12.5 7.2O
Larse 66 .7 13 .3 1 .1?

9nial] 150.0 15 1.37
Large 66.7 13 .3 !,a!z

fluoroscopic x-ïay tube (tesL run 4):

S¡ral I 2I .O 10 0 . A6
l-argê 1O.O 10 l..OO

Small 29.5 12.5 1..2!Ð
L-ar ge 1-2.5 72.5 L.37

Si¡alL 43.o 16 )-.4rI
Larse 1B.O 76 1.81

Foì" ã

VO

S i efrre frs

80
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pátLern coììtaiìrs J.ead wedges wiLlr angular sepat'ation ol'2ô

arrcl exactly sinriLar bLank spaces between therr , 1-he pal-tern

conLaiììs 90 spokes oJ' Iead arrd 90 spokes o1' plasLic wii-hin a

give¡ circLe, írr other words 90 Line pairs per circle (where

a sitrgJ-e Lilre pair cotrsists of Lr,ro spokes o¡e of Iead alrd

orre of p.ì.asLic ) . At the per iphery Nher-e Lhe diarnet,er is 45

ntnr and tlre circunrfererìce is 45¡: nrnr, the Iine pair l"requency

wi. lI be 9Q/45r. = o.637 Iilre pai.rs.nln,'1 . Al- atry snraller

dianreter (D mm), Lhe Line pair frequency of the star paLterrr

r.riII be given by O .637(45,/D ) Ìi¡e pair-s.nrlr-1 .

III .a.2. ii ExperimenLal Proceduye

The first thing !hai: was done was i-o adjusi: the x-ray

Lube rnount Lo the cerrLer positiorr , pelperrdicu.la¡ lo the x-

ray l-ab.l-r: . Once t.lris was done l-he f ocal spol,-to*f i l.fll

ci:istarrce ( FFD ) was set- at lAI .6 c¡t ( 40 " ) . Once agai rr a

(:ardbo¿lrd c.rsseLl-e wc]s us(}cl Lo enclose tlre double entuls.:'-otr

KÕclak Tl'1G x-r'ay f i).m. The star patlerrr was placed midway

betweerr the 1'ocal spol, alrd f i Lnl i:o give a 1-est toci inrirge

magnificatior of 2\i. The s1-ar paLterri wass held at tlre FFD

m.:'.dpoinL by resLirrg it ou a cleat' plasi-r'.c pIaLe 1-h"r'i, L,tas i l-l

Lurn heLd by a clamp attached i-o a sta¡d. The clear plastic

Fl.trte lr¿rd a squaì-e lrole of slighi:l.y snr¿J.Ler cli¡¡errsions i:lrarr

tire sL¿rr paì:t.errr diameLer to elinrinat-e x-ra;, beani

atLenr,i¿L.i,rlr 1-lrlorrgl-r l-lre i;le.-rl pì.ast-ic pIa,¿e. 'l'he x -t-al 1"i-elcl

Has; a.cijusLecl vi¿ 1-he c()l.l-ifiìá¡Lor al igr-rment- .li9itt.-scru¡ce
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ir¡dicator i-o insure tirat t.he LotaJ- star paLtertì r.las wiLhi.n

the field. The slar paLtern was also centered with respect

Lo the x-ray beam cenLr¿I ax j-s. Olrce Llre sLar paLLerìì rJaEl

set i¡ place Lhe x-ray f ilrn was exposed Lo produce the Lest

LooL i ¡rrage "

Staf paLtern x*ray irnages were also Laken using a foca.l

spot*to-f ilnr disLance of 142.9 cnl ( 72" ). AL i:hi.s FFD seLi:ing

the st-ar patlern was also placed midway bet.uJeen 1-he focaL

spol arrd f ilnr to give arr image nlagr-iif icai-ion of 2X. Sir,gl."-

ernul^sion Koda k 01,11 x-ray f i lm Nas used at bollr FFD setti ngs

during test rulì 1. lTables 7-1Ol summarize typical x-ray

lr-rbe Lech¡iques lhat were used during the experinrent,

III.a.ai Pinhole Camera

III..r"3.:1. Test Tool

The pirrho.le ca¡rrera was obLained frorn the Nuclear

Associat.es division of V:'.ct-ot'een IìrcorporâLed lRef . 40] and

Nas iderrtif ied by lhe model number 07-61"O. The pinhole

asseml--'Iy Lhal was used had a pinhole dianretel- of O -O75 mnl

{model number A7*6f7 ). The carnera consists of a meLaIIic

sLand wiLlr fou¡ telescopic Iegs atLaclred Lo a j,op and boi-Lonl

pl ate . The top parL of Lhe stand co¡sisLs of 1-u,lo pLates: a

nreLa.l. Iic olre and a Iead one underneai,h - Eaclr of Llrese plaLes

h¿ts a c;e¡rter hole wi!h nrachi ¡ecl t.hreads Lo a.l 1ow Llre pinlrole

assenbly i-o l:¡e accr-iraLc:ly screwed ;l trt.o plac¡: . Orr e.:.t.l-ier s j.,:ir':,

of l"hc', ce¡-¡.rraJ Lhreaded hole is a sirrgLe ho-le i:lraL has been



ITal:Ie 7]

SLar Pattrer rr X-ì-a), Tube
t^Jherr LJsirrg Dotrble Emulsiolr FiIn¡ ai-

Tec'hniques
FFD of LO1 .r) cnr (40")

Tirbe ktlp l:ocaJ. Spol- 5.:lze ExtJosLrrÈ Tube Fi Inr Optical
T j.rrre ( rns ) As Derrsity

Ëor a P j.cker diagnoslic y.-yay t.ube ( LesL run

70 Sirr.ìII EOO,O AO
L-aïge 400.0 80

8O SnralL 600.0 6O
L.ar ge 30O . O 60

90 SrnalL 5O0.O 50
l-al !íe 25O . O 50

x-räry tube (i-est,

190.O êo
ao.o Bo

1):
'L55
\ .52

J. . 5ìl
7 .46

! .59

i-tr ri /l );

1"96
2.O:t

1 .93
2.1-).

\ .92
r.9':,)

Foì' a Sienìerrs fltioroscopic

7A Sma ì Ì
Large

AO g¡la I I
Lsr-ge

9A Snra I I
LåÌ-ge

1ó5.O
ó3 . O

147 .A
56 .5

63
63

50
50
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Star Patt er n X-ray Tube
l,iheu Usilrg Single ËliLllsion FiInt aj-

Techrriques
FFD of 1O1 .¿j cùr ( 40" )

Ttrire kVp Focal Spc)L Size fxposltl,e
f i¡le ( ms )

'l'uir,: FiLnr Opi-icaI
rrAs De ns i l-y

For a Picker

70

80

90

diagnosLic

Srna I I

Srna I I
Large

:ìnl¡ i I
L..arge

x-ray tube

3000 . o
1500.o

2000.o
1000,0

i200.o
aoo . Q

( tesL rurr 1):

300
300

200
200

150
160

2 . ?-(>
t 1<)

?_.L7
2.O9

2.O2
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[TabIe 9]

Staì' Pát Let'n X-r ay Tube
L.l he r'ì Usiì,9 DoubIe Einulsion Filrrl ¿i-

Techniques
FFD of 7A2.9 cn (72" )

T,.rbe kVp Foca I SpoL Size Exposure
tjttte (nìs,

l'ube Fi Lll OpL j.c"rì
¡TrAs De ns i Ly

For a Pickel' diagnostic x-ray Lube ( test run 1):

70 L.rrge 1I-,OO.O 3OO 1.58

€ìO Larse 1O0O.O 20O L.47

90 L.rl'ge 8OO.O 16A 1.3¿j

Fo¡ a 9iernerrs f .Luoroscopic x-ray tube (tes-u r-urr 4):

70 Lårge 37?-.O 32O 2.1,5

60 Large 228.0 2OO f .96

90 Lal'ge 20 i. . 0 160 1 . 9Ð



Ir-at]Ie 1ol

Sl,ar Pattel-rr X-ray Tube Techrriques
l,Jlrerr Usirrg Sirrg.le Einulsion Fi.lnl ai: FFD Òt: IA2.9 cì1 (72' )

Tube kVp FocaI Spol- Size Exposul-e Tube ËiIrn OpLi,::,"rI
ì'irne ( ms ) rrAs Derrsity

Foì" a Picker cliagnosLic x-ray tube (tesL run 1):

no

Lar ge 5OOO . O l. OOO Z .1.1-

Laì- 9e 3OOO . O 600 ! .65

Large 2OOO . O 4OO 1,39
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driL.Lerl tlìrough Lroth of the top plaLes. T h.,j t 1+.3 n'rnì

separatiorr distarrce bel-weerr t hese tNo side ho.l-es aids irr the

de1-erininatioìr o1' ltl-re pirrhole inage nragi-iif ic"rLion orr f iInr.

Tlre bottonr plate is rnade of clear plasLic arrd on Lhe suì-face

of t ire plal-e nearesL Lo I,he pilrhole is aLi:aclred a

fLuorescenL scÌ'een wi j-h cross hairs, uhich aids irr pirrhole

aIigr,r,rèni- priùt' Lo l"iInt exposure.

The pirrhole asserirbly consists of a mela.Llic screw Lhat is

f ilLed wiLh sold. A f irre pi¡lrole is i:lren cJl'iIIed t-hlouglr Ll-rc:

cerrLer. To protecL Lhe pir'hìole f rom clusL a rrc.l clit-L a piece of

trarrspareni- t.ape -is r.tsed Lo cover- Lhe piuhole,

III a.3.ii Experinrental Procedure

Otrce i,he x*ray tube ntouìrj: (4ås .rcljr.rsl,ed Lo the centeì-,

peì"perrdicular position, !he focal spot-to-film disLarrce

(FFD) r^las sel, aL 92-7 .(,.¡t1 (36.5" ). Tl-re pirrhole cênlera Nas

t.hen pì.aced on Lhe x-ray tab.le beneaLh Lhe x-ray tube. The

can'rera l,¡as thetr {rhecked l-- o see if i.1, w.rs ievel by using Llre

boLtoru suì-face o'F Lhe x*ray tube coLliniator as the

re1'el'ence. ol-lce I,lre pirrlro).e c.rmeì'¿.1 w"rs Ievelled t.lre pinhol.e

;issenbJ.y was caref ully rerrroved. The f oul- Lelescopic .legs of

Lhe c¿rnle¡a r^iere fuLly extel¡q-Jecj ¿¡nrJ t lre ,r-ray Lube was

bl'ought as c']os.;e as possible io Lhe cerrter hoIe. The x-ray
i-r:L¡¡: l¡orrs.ir-lg was aligned and i,l're car¡era t.Jas cet-ÌLeÌ-ed by c:ye,

Cai¡rera aligtrlretrL w¿s v.+r'ifi¿d by Ja r ke rri rrg Lhe r.r-,orn, j-aki¡rg

a tcsi: e )<posllr(: .rl: -i.,3 k!,p ¿rtril 15 tlås, .,-r.rrLJ obser-vi rrg ì-lie
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Iocai-ion o1' t.he spoi: oìt 1-lre cantera's J'luoresc;enL sr:t'een.

Nhen Lhe irrage of the hole uJas not cerrlerecì orl Lhe cì-oss-

lrairs of Lhe 1'Luorescent. scÌ-eeìl I,he canle¡a ulas nove.l aìtd Lhe

process repeated, once 1-he camera was aligrred, !he x-ray
LLrbe lrorrsir-tg was raised ve¡'1-icaIIy aud the pinlro_Ie assenlbly

i,ras inserted. The x-ray tube was then moved to its origi¡al

verl,icaI posiLior.t ancl a 5.7 cn l¡y 7.6 cit:¡ f itre grair.r l(odirk

clertal occlusal f i.lrrr was p]aced on the can¡era base

cent.ering it i,o l:he f luorescelrL screeìì c¡'oss lrairs. The f iLnt

Nas Lhen exposec.J to pt'oduce á¡ -iriage o.F t.he pi ¡hoLe . ITab].e

11] sunrnrarizes typical x*ray Lube 1-eclrniqr.res l-hat were r"rsecl

(lur i rrg tlre experirrent.

III .a.4. Digital Imaging Technique

III.a.4.i TesL TooI

The lest LooÌ was consLrucLecl at the Mal¡itoba Cancer

TreaLneìrj, aìld Reseal'ch Fo(indát-l.ons L!or kslrop , utl-rral-e il- i,t:ok

e¡bout 2 hours Lo bui ld . The estirrraLed cost óf corrst rucl,ion

w.-ìs +r7O . O0

The tesL t.ool If- i g . 17] consisLed c..¡ f tr^jo cornponents: a

b¿rse a rrc'i t,wo pat'al LeI ulires . The 15 cnr by 1S cnl base H¡ìs

constructed ouL of acrylic rdith a thickness c,f 5 mnr . Tlre

b¿rse in¿iLer- ).al t,.ras chosen l-or- iLs low x-r'a7 ¿ili,eì-ìuat-iÕìt ,

c:órrvËr"rienÍ, rrL¿chi ni ng char ac:ter istics a nd i Ls ava j ]¿rbi Ì iL>, .

Ai: I,l:e cÊìtt.ei oi' t.l-re lt¿isc "r 5 (l t ll;- 5 L-.il r sqliåTe hole ¡r¿rs c,trt-

oul- Lc¡ f urt-her r¡ìi|rtùì,ize x-ray a1'i-erru¿¡tic,n t-lrrough j-he tesi
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Pìnhole Ca¡nera X-l-ay fube Techrriques

TuL,e kVp FÕcal SpoL Size Exposure
Tinre ( ms )

Tube Fi.Lrrr Optic¿rI
nìÉ\s De rrs i Ly

Foì- a Picker diâgììostic x-ray t-ube ( ì:esL run L ):

70 Snral1 75OO.O 75O A.e7
Large 3800.0 76A O.Bb

AO SrnaLL SOOO.O 5OO 1.OO
Lar se 25OO .O 5OO O . t:l

9O Small- 4OOO.0 4AO 1.O1
Large 2O00.O 4OO O..)Ð

Fol- a 9,ieirre¡s f luoroscopic x-ray tube ( lest rur 4 ):

70 S¡nall. 2274.0 7IO Li:¿+
L. õ.r'ge 1377.A 7IO LI6

BO S¡rral I L723 .O 5OO 7 .2.J.
l-aì-ge 1O1O-O 5OO O.97

90 Sm¿rll !5ít7 .O 4OO 1..1.2
L_ar-ge .)O2.O 4OO O.9e



Tungsten wires
Ac ry l¡c base

Mach ined g roove s

lrig. 171

parai. IeI . urire f ocal spotOT
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tool" . Two para,]. lel grooves ( wiLh a sepa¡-atior-r of S nlnl ) were

machirred on the base Lo guide i-he wires wherr they were

lrrounLed . The Lwo wi ì'es i'ìåd a di.ante j,er of o . OS rrtnl and r.rere

nrade c,f !ungsLe¡. The r.rire diar¡eter Has purpose).y choserr Lo

be vely small iìì compar isot¡ wiLlr l- I're focal spoL dirrrer.rsiols

t.hat were i-o be measured, to nlinimize the penurnbra region on

f ilil wlriclr ir¡ Lurlr ntirrinlized Lhe i=ocal spoL Lltìsharpness. Thc:

¡rire ¡¡ateriaL was choserr for ils high atomÍc number which

nriuinrized radiai:iorr transnission througlr t-he wires Lc

opl,irnize the conLrast in Lhe image. After the two wires had

been rnourrLed l¡y sluir'ìg Llre errds Lo Llre base wit,lr acryl j.c

ceBìen j,, tlre vrire separaLion disi-alrce4 withitr i-he S cn l:y 5

ÇIfr squâì-e hol^e region was meagured and was found to vary

fro¡r 4.7O t-o 4.90 rnnt aloug the 5 cnl wire separaLion

disLance.

III .a ./+. i i Experimental Procedure

To duplical-e Lhe expe¡intelrla.l conditions ar¡ llLrch as

possil¡Le the paralJ.el wire test. Lool images were taken

with the sårle x-ray t-LrL-e tcclììiqLiers as Lhose used for j,he

sLar patterrr LesL tool . The geoineLì-ical corrcjitions were also

dup.l.icated by replacing tl-!e sitar pclttern i:esj* t.ool t.lit.lr t.lrc:

parallel wire LesL LooÌ orrce Lhe star- pátterrr Les j, Lool
j.nages lraci bee¡ i:aketr. Once 1,he 1,est. j,ool- was cenj:el' ecl . j:he

4Ìl'c. n,"asur-etfrerrt l¡as pe r 1'olrrrecl by usirrg a 7)i il.:gnif iel'
r,lii-.h r-cj,ici,3 Eú¿i.ìÐ it¡ O.1 ¡ri¡ divisiolrs . -llre r-rncel-t_aitrLz- .¡-tr
t,acl-r irrdivicluaÌ tieasurefrìent w3s -t O.O5 flirrr -
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[]'abIe 121

F'aralleL Wire TesL TooL X-ray Tube Teclrrriques
lìhen Usirig Doul¡Le Emu.Lsion Fi.Irn at FFD of 1o1..6 ç¡ ( 49" )

Tul¡e Focal Spot l,lire OrienLaLion
kVÞ Size N.Ì.t c-õ Axis

Exposure Tube Fi Inr Opt t.caL
Tir'e (ns) mAs Density

For a

70

Fo¡ ¿i

70

90

80

Picker diagrrostic x-r-ay tube (test run 1):

Snral. I ParaIIeI aoo.o Bo 1..52
Perpendicular AOO.O BO 1.60

Large Parallel 4OO.O 80 I.47
frerperrdicu ).ar 4OO.O BO 1-.46

Sn¡aI I Pal-al lel l¡OO . O 60 1 .slt
Perperrdicular óOO .0 60 1 .59

L¿rrge Pa|aIleI 3OO.O óO I.4.{>
tìerpendicular 3O0,O 60 !.49

Snrall Parallel 50O.0 50 1..6Ð
PerperrdicuJ.ar 5OO.O 50 7 .61"

Large P¡r¡aL lel. 25O .0 50 1 ,53
Pet'pe rrd i cu I ar 25O.O 50 1.55

Sielne¡rs f )-rroroscopir--: x-r.ìy Lube ( tesL rurr 4 ):

SnraÌl Par-a.Ilel 19O.O 8O 2.06
Perpenclictr)-at' f i0.0 ôO 2.Oj.

Large Pat-al le} ê0 . O 6Q Z .Õ7
Perperrdicular- 80 .O B0 2.OI

Srnall ParaìleL 1ó5,O 63 2,O4
Perperrdicular 165.O 63 2.OÐ

Lärge trar¿l leL 63.0 63 Z -Oa
Perpendj.cular 63.O 63 2,Ot+

Sma.l. I Paral Le.L 747 .O 50 2 . 03
Perpe trdicr"rlal. t47 .A 50 1.9t)

LargË ParaLleL 5ó.5 50 2.06
Pel'pendictrlar 56.5 50 2.O:3
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ITab].e 131

F'¡rraL.Lel t^lire Tesl TooI X-ray Tube Techrriques
When Using Sit.rgJ.e Emu.lsior¡ Fi.Lnl al, FFD o1. 101.ó cnì ( 40,,)

'l'ube FocaI Spo j- tJire Ol-ier¡1-at ion
kVp Size w.r.t c-a Ax.:'.s

ïrlbe FiIirr OpLical
nrAs Density

Expostrle
Time
(¡rs)

For a Picker

7A Srra.l L

L-d,t9v

AO Srrra.l .L

Ldr ge

90 SnraL l
L_(1rgg

cli ag rrosL i c x*ray

ParalleL
PelpendicuIar'

Parallel
Perpendictrlar

Para.lLeL
Perpendicular'

Parallel
Perpendicular

Parallel
Perpendiculai'

fcl I èì .L -L €' L

Peì-Þeìrdi-cul¿ì1-

I,ube ( Lesl-

3000 . o
3000 . o
1500 . o
1500 . o

2000 . o
2000 . o
1000 .0
L ooo . o

1200 . 0
1200 . 0
eoo.o
800 . o

run l. )r

300 2.25
300 ?-.27
300 2.36
300 2.a19

200 2.2L
200 ?- .?.1
20a 2.26
200 2 . ?:'.r

15ô ? 1?
150 2 . L')
1óO 2.2A
1{;O ?.3,Ð



Par-a I I e.L Hi
tJ he r.¡ Using Dotrble

Il'abIe 14]

re Test Too.I X*ray Tube Techrriques
Ernulsiorr Filn at FFD of 7e2.9 cn (7?." )

Tube Foca l Spoi, tl i Ì e
k\/p Size N.ì-

0rieìrl-aLion Exposure Tube t'i Inr O¡rLicaJ.
. i: c-a Axis Tirre nAs Density

(rns)

For a Picker

70 Lar ge

BO Large

90 Large

FoI a 5 i eme rrs

/\) r-.11s;{j

8O LárgÈ

diagrrosLic x-ray tubc ( Lesl- rurr 1 ):

Pa¡a.L lel 15OO . O 3OO 1 .55
Parpendicular 15OO.O 3OO f .4.9

Parall-eL 1OOO.O 2OO L,44
Per-pendicular 1OOO.O 2OO ! .4{'

Para]le.l AOO.O 160 1.43
PerpendicuLar 3OO.O ltio 1. .47

f .Iuoroscopic x-ra), tube (Lest lun 4):

P¿¡ralLe.L 372.A 32A ?^ .L9
Perperrdicular 372.O 32O 2.L6

Paraiìel. 22'ò..J 2OO 7.9J.)
Per pe ncli cul ar' 228 .O 2OO 7 .9?

Parall,:.1 2ÕI .O .Ll¡O f .'.)1t
[rerpendicular- 2O1 .O 160 1.91

90 L¿ìr9e



ITable 15]

F,al'ai. lel hliì-e Test Tool X-ray Tube Techrriques
Wlretr Usirrg Sir¡gl-e t:nltilsion Filnl nj- FFD ,¡1' 182.c) cn1 (72" )

TuLre ¡6ç¿1 Spoi- tJil-e
kVp Size l,J.r

Ol'ie¡¡Latiorr E x posLtr e
L c-a Axis Tirr¡e

(nrs)

Tube Filnl Opl:j.cal
nrAs Density

Ëor a Picket' diaglrosLic x-ray tube (test rrlr 1):
7O Large ParalLeL SOOO.O 1OOO

Perperrdicr-rJ-ar S0OO.O lOOO

8O Lê r ge par a I .l eÌ 3OOO . O óOO
Perpenclicr.rlar 3OO0 . O 600

90 La)-ge ParaLlel 2OOO.O 4OO
Per pe rrd i cu l- ar 2OOO.O 4OA

? .72
2.t/+

7 .97
1.99

1 .6ó
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adiusLed 1-o .r focal spol Lo Lable disLance of BB.9 cnl (CS" ¡,
which was Lhe distarrce at nhich Lhe me1-er was caLibraLed.

The x-ray field size was Llren acJ juste<.1 via i-he coLLinrator

<-,Penirg and its a).ignirrent adjusted via the collimatc,r arrd

iLs aligt¡ntelri- Iiglrl source t.o otrly ilrclude t-he n¡¡ter''s

acLive r-egiorr . f he meler pi'ovidec.l a digitaJ. readout uporr

exposure tlrat was ar:curl¿rte Lo t 2 kV in j_he rânge bet-ujeen 50

er rrcl 15O ¡çp . The reproducibi I it y of the r'eter r4ás

expeì'i eIliraI ly del,ernli ned 1-o be t O .1 kV ( orre sLalr<.lard

deviation ).

l,Jhen a compar ison fJas rrade L,elween the kVp values sei on

t.he x-ray genel-al:or cotrl-roI paneL Lo tlre kVp values nìeasurèd

by the digital KV rneler, j.! was observed thal the KV meLeï

valr.les were consisi:el¡j-ly sì.ighLer lriglrer ( lr.l'.ghesL observer<l

difference were LypicaIIy 2.72 aL 70 k\/p). Because the error
btil-s oT j:he ¡leasured kt/p values i rrclucled t- l-re seL kr/p v¿rIries,

¿r.ll of the quoLed x-ray lube kVp values in lhis work are the

kVp vaj.ttes l-hal- r.rere sei: oll tlre x*ray ì-rlbe getrer-al-or cont.rol

paneJ-.

III.I).;¿ X-ray Tube Exposure Ïime Measurement

Af ter t.lre kVp ineasrtrcrrLerrL, the digiLal KV nleLer was

r-eplaced by a nrodel 3O3é, Dosimeter.RaLemete¡..Tirner c.ligiLaL

n.rei,el- [Re1". 42] , corrsl-¡uc;Lecj by Radcal. Corporrrt.ion IRel..

/;i3] . ì- l-rú rûeLêr's racliatic,rr sensor is a 4O irì¡iì cliarrici:eì' aiì.

iolriz¡11-iolr clrairrl¡e l i.l-r¿r l- ilas alt aci::'.r.¡e ¿rir eqLl_r.V¿11errj: volgnte
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of 1O.4 cm3 whose nricJp).ane is LocaLecl 40 rnm from the upper

surl"ace. Priol' to èxposure tlre x*ray tube was seL ¿rl: tlre
:rpproprial,e FFD and lhe collimator was adjusted Lo pr-oduce a

field thai: inclrrded Lhe 4o nlm diainel,er iolr clrairtber (which

was cleL i neated by a circ.Le aL the Lop of t he nìeter ) . f he

nìet,3 ì' upon expôsure pt'ovided a cJigiLerI ¡-.:aclourL o1. i_he

exposure t.ime Lhat was accuraLe l_o j 1 ns. The

reproducibiliLy ol' i-he nei,er rJas iudi(:aj_ed as t 5e; in l_hr:

instruction nia¡uaI a¡d ulas experirnerLally founcl to be u.lithin
:!: O.25 ms ( orre sLal¡d¡rrd deviatiolr ).

l^lhen a corrpaì- ison bet weerr the x-ray gerreîator control
exposure i-iirre setLings atrd the neasured v¿rlues was nr"rrle, it
was found that Lhe cJigiLally nreasureci vaÌues were

consisLerrl-Iy slighLLy lower ( t he I;.irgesi_ obse¡.v,:d clif f erence

was 4 rr¡s ( 8r" ) at the lowesL generator cc,nLroL seti_ing usecl ,

50 nìs [].,/20 sl ). Ihis calr be Llr<Jersj:oo(l by t-he way irr r^lhicl.l

the nret.e.:r furrct ic,ns, irrc,luding o¡ly 1-hat port.ion of Lhe

r+aveform duling urlrich t.lre exposure raLe exceeds 1O ùìR/s,

t.hus losi rrg aL>ouL 2 nts at each encl of Lhc.l wavef ornl . Al I of
tire exposlrre i:iiìJe teclrrrique sett-iì-ìgs quoLecl in l:his ulol k arc:

those set on the x-ray gerreì-aj-.or contì-o.I parreÌ.

The dÍgii:al tìei,er was aj-so ut.:'. Iized j,o errab.l.e producLion

of t.est t-ool film i.nrages c,f approxirnaLe.Iy equal opj:ical
densiLy 1'or t.l¡e varioLrs x*.r-ay Lubes j:haL Neïe Llsed. This ,Jás

clc'rre L,), leslirrg lhc" x-r.a;, rube outpuL ëxposure prior to
Lakirrg ¿1 i,est j-ooI f i.Lrn -intarge. r\d jr,tstnrerrt,s Lcr j:irr,. x-l-¿ry l:trl_,,r;
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rììAs vaLues þleÍe theìl fnade to cotnpeììsaj-e t-or any citanges i t-t

exposure frorn Lhat required. This tesL was particu.Larly

tuse ful. wlren inakirrg i-he tr¿ìrìsit-iorr fronl sir-rgìe phase ( 1ô)

Picker geìterators to 1-lrree phase ( 3ô) lrigh f requerrcy :f iemens

ge)ìeràj:ors.

IiI.c Test Tool Film Image Collection procedure

l,Jitlr Lhe excepLion o1- tlre pinho_Ie cainera occlrrsal f ÍIrns

where ¡r sirrgJ.e LesL was, perFolned on each ( 3.2 cm f_¿y 7 -6 cnt)

f ilnr, six Lesl- tool inages were coJ. Iect,ecl on a single 20.3

crn by 27.9 c¡r nrec1icaì. x-ray f il-m to optimize daLa coLLectio¡
and x-ray f ilnr rtsage. Tlris r,¡as done by nraskirrg of 1" t_he

)-egions of Lhe c,ardboa¡d cassette (which conLained Lhe x-ì'ay

f iJ-rrì ) thai: were not itrside tlre x-ray f ield witlr Iead slreej-s

of O.3 c¡r Lhickrress. Lead numbels wer.e placecì on the

cardboard c¿ìsseLLe ilr i-he x-r.ry f ielcl region to iclentif z

each test too). image procedure. The anode-cathode

orÍentation witlr respecL to the Lesi, i_ool inrage dir.ec j_iorr as

recorcled on the run c]ata sheets.

III.d X-ray FiLm Processors

AII ol' tlre x-ray films r.¡e¡-e cfeveloped ilr a Kodak Rp )(-

OI'1AT processor. 'lhe f irst 7 LesL runs used lhe ll4 fiìoc]el type

t ha{: had a f ilnl processing i-inle o1. 9O s. The basic operal-ion

of Lhe processor is illusi:ratecl in IfiE,. 1o] The f ilrrr was

reiìLrve(j i"l-o l Lhe rlal-dllós.r(l cjas!_.ieLLr irr the dark l'rroli alrcl fec'
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inLo t-lre processor via I,lre feecler i:ray eìrj:t'y sIo1, also
Loc,ated in Lhe darkroon. The fiLm was pc.,siLiorrecl irr j_he

1'eecler so l-lr"rl- iLs Iengi-ir uras perpendicr.rlar j-o j-he clirecLion
of t-ravel . This rrinirrrizecl the ef f ect of t he cleveJ.oper

chemr'.caL irrduced gradierrts oìr tl-ìe f iLnl Lhai: lriglrl- occur cìue

lo film processirrg. once i-he f il¡rr had entered Lhe processor

it passed i-hrouglr a developer ¡ack assenlbl.y LhaL cont¿1j.rrÈd

ó5 c¡n3 of cleveJ.oper kept âL a i-empeì-aLuì-e of 34 .4 ! O.S "C.

The developed filn i-he tr.,..errLered a j-.¡'.xer rack assentbly tl¡ai:

cc,niainecl 110 c¡rr3 of fixing solution kepL at a LernperaLure

of 31 .7 ! O-5 "C. To Haslr the developer arrd f ixirrg soIuLi,>ns

off Llre fiLm, the film was passed through water helcl at a

terirperatLlrè of 31-7 I O.5 "C aIl via a rack assenrbly. l'lr<t

processed f il-r¡ was then dr j.ed Lr¡, a b).ower set aL á

tenìpÐì'äture o1" :;J. .7 !: O -5 "t . Becar-ise ì,lre x-ray j:ubes and

c;olrespondirrg pì-ocessors used irr LesL ïuns 8, 9 and 1O were

dedic.rLed i,o Ll-re perl'orirrarrce of ilìant¡losräplry i:l-re f.iÌm

pì-c)cessing 1,ook place at a rriuch J.c,rrger t.irr.re inLerval to
br i trg out cotìtì'asi, i n Llre 1- j. Inl i¡tage . Fol. t his I'e.ìson ) é:.J. n

M7B nrodel t.yFtre pÌocessÕr hras usecJ t.hat lracl a LotaL f i.Im
processi rrg i:inle o1' 175 s . This processor opera j,ed un,:jer

corcìitions sinl:ilar Lo l-hose of Lhe l'14 mode.I type descrÍbed

abo've, wii-lr Ll¡,: f oll.ot;t.rrg thro exc€-pt.!ol¡s: l:he w¿: j:et-

tefrtper'sLul'rj w¿is seL alt 1B.3 l: 0.5 "C ancl (,O c¡t3 o1. cleveloper-

l.J;rS u|iêd.
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III.e X-ray Tubes

TesL iool i¡nages were collecLed of terr different x*ray
1,r.rbes [ì-able 1ó] . The lantrf acturer ,s specif ied 1.ocaI spot:

sizes (also ïeferred to as Lhe nomirral focal spot sizes)
urere obi:¿l:ìl¡ed f I'oiìì tlre Iabellirrg orr j,lre i rrclir.¡icJtraI x-rayLube

i-rousirrg or t.echirical spec.i.f ications LhaL accofilparriec.l the x-
l'å/ l:ul)e .

lII.f Disital Imaging System

Before i:h,: focal spol: dinte'siorrs coulcl ile clei,eì-,rritìed f¡ont

the paraJ. leI wire test toúl inrage on the f ilrn, the f iln:
image had t,o l¡e f irsl, captrlrecl by a 1"rame grabber,

cìigiLized, wi!h the resu.Lting cligitaL irrtage sLored irr
conlpuLet' fiemoì-y. Tlie digiLized image of U¡e Lwo parallel

¡rires Lhen is subject Lo a sofLulare algoriLhm operation i-hat

ÞJas clevised for tlre purpose rrf exì:racj-_ing the 1.ocaI spot_

ciirre¡sions ( see f ol lowi rrg chapLer ) .

ITI l'.1- HardHare atrd Software

Tlre c.rrrpr.tì:er sysLenl L cìs alt l:BH përsÕn¿J. cornpuLe' AT c.Lor¡e

rnanufactured by t'1i¡d IRef . 44], wiLh a single c.liskeLte cJr-ive

capabÌe o1' readilrg drruble-sicled, clouble-clellsi1_y 5*,'

diskeLLes and a ZS.4 cnr ( 1O" ) rrrorrochrc,ntè displáy terrrrirral

rrìánLii'á,rt.LrrËcj by Pa.:karcl Bc-Il. The conìputer inclu,Je,-j 1 l"lbyle

fi A¡'1 s,ysl-etrt ifrelliJl'y ancl ¿¡ 6O Hbyt_e hárcl disk sLÒr-age capac-ity.
'l-hÐ d j.rÈcl ,-ìoìlt'rËct j.on c,j' .; ::;:.ngl.Fr FiC\rTSr'Ol.lpLus Ft.aille



85

Lt.1Þte 1()J

)i* r ay Tube Gerrera.L lrrf ornialior¡

Test Run Dedic,a j,iorr
Nr.l inb e r

Gerier¿rLoì- Tube Artc.¡de. Focâl SpoL
Typ.: M¿ ke rì r',g I er S i zes ( ,¡nr )

5nr:rIl,/Large

Diagnosi-ic
Radiology

DiagnosLic
Radi,:Iogy

Diagnosl-ic
Radiology

F I r"lor oscoPY,/
Ge r¡er a.L Rad i ography

FILtot'oscopy,/
Ger¡er"rI Rad i ogr ap h7

Tonrography

F I rror oscopy,/
Ge net'a I R"rcìiogr-aplry

l'lamnrogr ap hy

l'lanlllog¡aphy

l'1a nrnr o g r ap lry

iô Picker 13.5" o.7/I .4

1Ô Picker' 13.5" o.7,/I.4

30

3ô

1ô tricker' 13.5" O.7/L4

5 i enre ns 13"

S i enre ns 13"

o.6/L.2

o.6/L.3

1Õ

3ô

3ô

3Õ

1ö

Pi,:ker 13.5" e.7/!.4

5 i enre rrs L3" o.6,/t.Õ

cGR 7 -50,/L2è O .r./o .3

10

L l)Ì-.

Lr:t'acJ

7 .5" /12" o .r,/a ,3

16.5" Q.r/a.3

Sf ha 
"- 

ì-3y tuL)es i:.hát. r{eì'e cie cj j.r:aLed tó t.ratrriltogl,êiphy lreicl
;1i] .-1 ìr(lì(lÊ:j i{iLh i:r.rÒ ciif i"e ¡-cnr¿. l:iI j: ai-i:Jl.es. îl-rc È;ma.L j ( larse )tilt. a¡gIe ila:.- usecl for t.he s.,ma J. I ( Ìal.ge) -l.c,,cal sF¡oi_. Éjsodt¡-irrg i:csL ì-uìr 1O tl-rr: lle¿inr ;:rrajlc ¡-lsed j.or' t.lie s.r¡r¿J-I ( i"-1,g,: )f i-,ca ì. spc,¡ Nas e .5(' ( :t2 .5c ) .
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Grabbe¡ boald lRel' . 451 to atr expansiorr sLol_ i tr i,he lli trtl

coÍipuLer arrd the uti.liza!ion of ITEX pcplus software [Ref .

4ó] pt',¡r,,Íded t,lr,-: contpuLer. conf igurat_ joìì r.:ith j,he r-equir.ecl

cligilal irnage processirrg capabilit ies. The pCVIStONplus

Franre Gr.rbber boal-cj cot¡Lai¡red a vÍcle,r digii:izer c¡rpal:Ie of
cJigiLizirrg a sLarrdard video input sigrral of 51,2 ).ines by 512

Iit'res o1' digiLizt.rrg il¡forrrr¿ttion per single f rane, a O.S

l'1byLe on-board franre menìory i,hat was capable of s!orirrg the
digitiz.ed image and a clisplay J.ogic nrodr.rle Llrat could
sinrulta¡eousLy cljsplay the st_ored image on a vicleo rnc,¡itoì-,

The PCVISIONpILIs Frane Grabber board required access to 
"r

corr)put.eì- iner¡or), space cc)¡sisting of a single contiguous

l¡lc,ck of 64 kbytes oi' RAt'l . l-he IIEX pCpIus sof i:ware u¡as ¿

.lil:¡ary of irirage processing a¡c1 graphics clispLay subì-outines

wÌitLen for Lise wiLlr tl-re pCVISIONplus Franìe Grablrt;r bo¿ircl

;rrid desigrred f or use with ãn IBl.l peì'sorral cornpuLer AT ( ol.

equiva-.ì.err1- ). TIre ITEX p{lpLus sof Lware package u^ias

clistr-iL¡uLed as an objecL code J-_ibr-ary Lhat coulcl be Ìinkec]

to appLIcai:ions p¡ogr-arns wr iLi,en itr the C co¡tp(jLeÌ. Iarrg,tag,: .

IILf .2 Digitization Procedure

The clescripi-io¡ o1' Ll-¡e ove¡al. I digii:izi.¡g pr.ocess c¿ììr be

s;irnpLif ied k,y ref eì-ì-irrg to [FÍg. 1cr] . The ZO.3 crn l,)y ?7 ., cttl

nredic¿.1 x-r;iy f iirl c{rì-r]-ain j. ì-ìg l:l:e six ÞaraJ. Ic.L rJiri.r Lé}.st

i.oo1 inr¿g¿.:r ti:rS placed c)ìr a :r:,.ó cnr l-r y 1+3.2 cnt c:leaI g-l¿iss

Pì.1t.{ji i:ir,r1, l¡¡¡ts posjil:j-Õt€d c)ìr Lep ol: a iighl- bö)\. Tllcr Ui:ril:Í
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PlaLe :iust covered Lhe .t_op f ace o1. t-he tight l>ox. rl 3S.(> ¡rßr

bY 43.2 cm rnilky colorecJ pLastic cliffuser pLaLe of 5 mrn

Lhickl¡ess was pLe.rcecl jusj: bcìrea1_h t:lre glass plâ j_e LÒ t-etjr.rcc:

¿.¡ rrcJ equaLize Llre il'rLensity of the emergins light A ag.6 cît

by 4a3.? crrl oveì-expose<l ( bLack ) f ilnt with a 5 Çrrl by 5 (:nr

ceìrLer hoJ.e cuL out l^ras Þ-Lacecl orr Lop of t he Lest tooL f iLnr -

This hacJ Lt¡o i'rr-rci:iol-ìs; o'lè Lo prrysicaLly r>Iock off regio.¡:
of Lhe f ilm 1-haL Nere not Lo be cligitized arrcl LHó, LÕ

pl'ovicle easy cerrLer irrg o1" the t-esl- Loo.L f ilnl iniage c.l.

i rrteresL . The .L i9ht box contai¡ecl a sing.Le 6OO l^j

irrcandescetrL bulb i-hai, rJâs placed 30.S clì below Llre Lop

grlass plal-e. Ar L1 .4 crt F¿>, 19.0 cin b.Iack ntelal pLate was

celrt.e¡ed 1O.2 cirl above j-lre Ligl-rL brill¡ i,o ensLtì-e pÌovl'.si(,ì..ì of
:r nearly uniforrr Light interrsit_y (.listriL:utiorr . Once Lhe

Iiglrt- box was ttrrtrecl ,tn, a Col.ru 5OOO seì.ies j-eIev.:..sion

Çaneì. a wers used Lo pl-oduce an ana.log vicleo s;ignal of Llre

f iI¡r i¡rage ( c;rllecl a fralrre ) Lo be capì:rrred by horizorrta j.ly
s;canrring Lhe e¡tire image. The vic.leo in'Fornration in eacl-l

irol'izcrrtaL ly scarrtre<1 Iine uLas kept sepâì,at,e by 1_lre placentr::nL

<¡f Liming irrfor-rratiolr beLr,,ree¡ acìjacerrt lines. The

horizolrlally scanrrerJ Iines were divide<l ini:o turo groups
( c'ailecj f ieLcJs)r arr even f ie.lcl arrcl ¿rr odcl fielcj, which
cotrsist-ed oi' i-he eveìr aì.rd odd nrlmLrel-ed ltor izolrt.rl scan lin.:s
öf j:ile f rarle respecLively _ The arraìog sigrraÌ pì-c;dqç6ç1 by tlre
caiirer¡r wãrs l-lrún i.l'anr:lf crt-irle.J irrt.o a cJigit¿l s j.gna j. via j:.he

Fc:VISIOl.lpLuo ¡:ì.ame G.rai:be¡- boa¡cl's,,,:ij.siLizer. -Ihe
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clisiLizatio. process ir¡volvecf Lhe seq,ential sanlpl_ilrg o1. i:h<z

ernalog signal at discrete tir¡re i¡LervaLs arrcl the conversiorr
o1' each sample, or pixeI, Lo a cliE,iL.rJ. v¿i.Ir-re. Tlre resu.Lt..irrg
pixeLs we¡e then storec.j in Lhe frarne me,mory aL irrcliv j.clual ìy
specif ied nrenory IocaLions. Each pixel it.r l_lre .l"ranle mènroì,y

was assigned one of 25ó pc,,ssible irrtensities oì- gì-a), levels.
The paralì.e.L wire tesi: tool f ilnr iirrage uLas tlren sLor.ed ir.l
the f rarre Írenìory as a S12 pixe.L by 512 pixeÌ image. Once the
etrtire frane lr¿¡d beet¡ digiL:lzed ¿rnd storerl i¡ j:he .l.ranle

nìefllory, it r¡as cl,ispLayed orr a NEC,/MuLtisy¡c II [arraLog rec]_
gree¡*bIue ( RGB ) colorl video n.ronii-or via j,l¡e pC\/ISIONpLu:j

Frarrìe crabber board's display logic moduLe which trarrsf ornrecl

Llre ,ligiL¿J. values ot- tl¡e it¡tlividual pixels b¿rck irr1,o ar-r

ar-r¿iLo9 f orrrat ( which coulcj then be manipuJ.atecl by the, vic]eo
nloì-riLor ). Beca,.rse r¡f '¿l¡e 

'olritor,s .linlitir¡g ver j,ical scr¿¡Èjtl

c.litf eng,,ions, lhe storecl inrage was viewecl a.j õr ¿tge pixe.L by

51? pixel ir¡ase aitlr 32 ver j:ic¿iI J..:'. rres beir.rg orn j.l:.Le.J. -l.h(,J

irrclividuaì pixeJ. coordinaLe assignnrents orr the screen uJere

sucjì th.'ÌL ì-lre y-coorditr¿rte (vertical ) axis ii.ÌLìreased f roiìi

t.Õp to boLtorl ¿irrd the 'x-c:oc_,r.cli rrate ( horizorrtal ) axis
incr-e.rsecl fronl Le1.t j-o righi_. This Lype of âssigrrinent. placed
t.he pjxeL ccrorclirrate sysLenrs oligin at the Lop .IefL hancj

cúì-n13r' o1' Llre scì.ee)r. IL sholrld be troted 1- lr¡r I, j:he 5 j.Z pixel
b)' 512 pixel irrage in nrentor.y was rroi: cjompì-essecl ini:o å 4gO

PixeL l¡'¡' 512 pixeÌ. clispIayL.cJ iiìì¿gÊ, l:r-rL riri_het. ha,l lhe l-oi:l

::iì? F ixelg. irr t l-re vel.i-_ical cl i rn e., 
.r-rs i o l.l cu1_ of f . Each pixe.L c,rr
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the rnolritor screen uJas rectangu.Iar in shape r,¡iLh its s¡n¿lLer

verLica,I clilletrsion being 4z5th of t.lre horizontal clj.mension.

Or a f urther rrote , when the paraL LeL wire Lest tool f i.l-m

image was placed oìr i,lìe IÍght: box's top g)-ass pIate, Lhe t-wo

¡rara). lel wi¡es were oì-ientaLed so LhaL Lhey rarr frorn top Lo

bottoni oìr t.he displaye,l dig j.Lized inage. To magtlify Lhe

¡iara.lJ.eL {^ril-e Lest tool" f ilrr irrrage f urther, a Tarrì-orr 2g to

80 ßrm variable focal Iet-rgLh Lelephoto lens L.:as mounted on

the video camera. The distances fronr the f ilrn Lo Lhe cenLer

o1' tlre lens and ca tera urere always kept at 36 . B cnì and 55 ..9

cnì respectivel.y. AL a f ocaL ìengt h of EO rrrrrr ancl f iLrrr-to*lens

cer.rLer disi-ance of 3ó.4 cnr, tire zoo¡n Ietrs produced a

secorrdary rrragnif ication ( as opposed Lo the prinrar¡, geometric

Lest. 1,ool nlagnif icai-ion ) of 3.4)<. During 1,l-re daL"r "rnalysis
of Lhe paralleL wi¡e iest tool images Lhe zoorrr Lens Nas seL

Lo eitlrer a focal lerrgl:.lr of 50 or EO nltì depeuding orr t-he

nire th"ickness on i:.he f il¡l t.o be analyzed.
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CHAPTER IV

DATA ANALYSIS

This chapter wiII preseni, the ar¡alysis j:l¡at was perl'ormed

Lo determine the focaJ. spot dinierrsions f l-orn Lhe various

focal spot tesL i,ooI f ilnr iinages. Because Lhe concepL o1'

magnificatiorr arises quite f requent.Ly in this chapter, iL
will be discr,tssed firsL.

IV.a Hagnification

IV .a ..1 Geometric l,lagnif ication
It is urel I knourn thaL wheu a ì-ì ob ject- of size So is claced

in i:he x-ray beafi bel-L,reen Lhe focal spot and f r'. lm, as

j.ìIustrated in lFig. 2Ol , Lhe enier-girrg x-rays wiL.l cast a

"slradow " ol' size Si crf Lhe obiecj: on Llre fiIm- Ihis "slradou.r "

is ref erred to .rs t.he irrrage of t he ol) ;[ecL . The

nragnificaLion of the object c¡n the filn¡ is Lhen cief ined as

l'lagrrificatior'r = S i,/So (L2)

The geonleLr ic nragnif i.cai,ion ( l'1 ) cân be wrii:telr as

d + d'

cl

d'
-lJ.

cl

( 13 )

where d is Lhe objec! distance ( dist.arrce between the focaL

spoÌ- atrd Lhe ob jecì: ) arrd d' is Lhe iirrage disl-ance ( <iisr1-"rrice

Lre1,r,¡een Lhe oLrject. ancl f iJ.nr ). IEq. 13] was der j.ved f l-ont



Focal spot

Film plane

IFis. 20]

GeomeLì-y of a magnified ima€e Produced by a
Þ¡i l-r'" source f oca I spot .



[Eq. 12] via Lhe followirrg reìation
$o si

tan( 8)
2( cl + d')¿Õ

whiclr was derived fronl tlre geÕmetry ir¡ [Fig. 20] . Tire i:wo

assunptions rrrade dulins Lhe clerivation of [Eq. 13] was LhaL

tlre focal spoL ,¡as r-r poirrì: source and enulsiorr th j.cknes:rs ir;

neg I igible .

( 14 )

( 1s )

IV ,¿\ .2 EnlargemenL Factor

The degree of enlar-gernerrL ol" i-l¡e inrage with

t.lre objecL is known as the enLarge¡r¡ent factor
by Lhe second ternl in [Eq. 13] Lh.rt is:

c.l '
Enlargement f ac Lor

d

ì-espect- Lo

and is given

Ii/.¿.ll True Magnif ication

A nìorù realisi-ic expressiotr of the object.'s nragtrif icaL.ion

on f iJ-m carr be cJete¡ mirred ( see Appe¡rdix A ) by considerirrg a

focal spoL of a f i¡ite size. I'lris trLre nagìrÍf ical-ion ( m ) is

then reìaLed to Lhe geomeLt ic mag¡ification ( l'1 ) by the

1'o I l- oi,l i ng expression

I

m = iu1 ì'(V - r¡--
5

t)

( ta ¡

whel'¡: f is the f inile size ( clian¡eter' ) of Lhe focal sp¿¡.
.,.1l.L LlJ sVYll r ùlli LLL-,. Lt,l ) LlratL l-¡ìC LILI¡j tll¿,glll l1C.¿J1". IQìt

wj. lì be c-,qual Lo t.llt', get'rrre!ric m¿rgnificaLion orriy i¡Iren Lhe
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1'ocarI spot size is ver-y smaJ- I in cotnparison l-o j-l¡e

dirrre¡siorrs of Lhe ob.iect.

IV.b FocaL Spot Calculations Using Conventional Measuring
Techniques

IV.F"r.1 Bar Resol.ution PaLLer n

I'he srnall 1'ocal spoi,'s f ilnl inlage cr1" tlre bar resolrrt-ion

tesL tool paLLeì u has been iJ..Lirstt-ated in IFis. 21] . ln this

f ilin iinage .:'. t is :;eetr 1,lraL some sets oJ' bars calr be E;een

c)^ear Iy and some can rrot . The exp.la¡aLion c,f this

observaliorr can be simplif ietl by the considel'al:ion o1' [Fig.
2?l Nhich utiLizes a test tooL magrrLfication of 2X. Si¡ce

the fc¡r:aI spoL lras a l'iniLe size for 1-lris arralysis, iL can

be appt-oxintaLed l:y tNo poinl sources locaLed at opposite

edges. Whelr tlre bars a¡rd spaces beLween tlre bars are t¡icler

t.lran haLf the l'c,caJ. spot- dinerrsions IFig - 22a), Lhe images

of Ll-le ba¡'s as seeìr on f illn w.:1 lI be sepirrari:ec1 , t.hat, is, b.rr-s

wilL be resc).lved. If orr Lhe oi,her harrd, the bars a¡d spaces

are lraì'roHer j,lralr lrall' l-ire 1=ocaI dinensior-rs Ii'ig. ZzlJJ, l:.htt

i.nrages of the bars on filrr will áppear to be overlapped,

Llrus l¡ar separal-ion wiLl not be possible.

To e.linlinate r-epeLitiorr the focaì spoL climensions will

be def i¡ed here. The dinrelrsiolr o1" Lhe foca). spot-

¡;,erpendicular to the x-r'ay tube's cathode-a¡rode axis r.lilL be

rel'elret'j t.o ¿s Llre r,:icJi:h ( l'u) and ti¡e dinretrsioll ol' ilre j=o,::.ri

spc,L i- lr¿.r t is pi:r.r-a'IIe ì tÒ j-ha cal,lrode-alrocJ,.: ¿rxis i,riÌì bi;

l ef t:l rec] Lo as Lhe lensth ( Fr).





Focalspot

( a ) For bars or spâces r.rider Llran half Lhe f ocaL spoL.

Focâlspot

( b ) For bars or sÞaces naì-ror^rer than half lhe f ocal spot .

f ç I n )"1

GeômeLric consideratj.ons in deLermining Lhe f ocaJ. spet-.
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BecaLlse Lhe j:est 1-col- was constructed o1- eIr:ven bar

groups wiLh each bal gr-oup corrtairri¡g Lwo sets of three

bars, orre sel, perpendicular to the otlret', botlr '1'ocaI spot-

dirrensic¡rrs can l¿e deter-mj.ned f rorrr a single test t-ool filnr

image. Tlre 1'ocal spoL Ierrgth ar¡d i,¡idj,lr urer,: caI,:uIaLed l'r'om

Lhe f ol.Lowi ng equaLiorr

f = _. (r7)
2If (r'1 " 1)

where J.¡ is Lhe highest bar- gloup lirre pair frequency

resolved f l-orr those LabuLated irr [TabLe 5] arrd I'i j.s the test

LooI's geonreLric nlagr¡il"icatiolr. The derivaLior¡ of [Eq. 17]

is indicaLecl Ín [Apperrdix B] .

Because lf:q. f Z] gives tlre 1'ocal spot climensions flonr the

Lirre pai¡ frequencies (which is !he ¡-eciprocal of Lwice Lhe

wiclt-lr of arr individ'.raI bar ), only i-he seL o1' l¡ars l:h.lL urì1si

l:araLLel (perpe¡dicuLar ) Lo the cathode-anode axis as

colrsi<1er-ed irr Lhe deLer¡rirrat iorr o1- the focal spot- wiclLl-l

(lenslh). l¡ is i,he I j.ne paj.r frequency corì-esponding to Lhe

L,arr group t.haL had Lhe Lhlee bars jusl resoLvabLe. To

i.L.Lusl:raLe j-hie poilri-, [ì'ab).e 17] LabuI¿1Les tlre baÏ group

assignnrenL that Ras used in the ana.Lysis of the bar patLeïn

LesL LooI iinage of IFig. 21] l'1 was dete¡mitred 1'ronl [Ecl . 12]

r,ria Lhe nreasu¡'enient of the separaLic..,n distarrc,e bei-r,,reen lhe

Lu¡o aligrrrnerrL scì'eris ( sliowtr in [Fl.g. 21] as 1-w,¡ dar k spots )

b.rth orr Lhe f i.l¡'r årrcl orr t.he Lest- Loo.l .



lTabLe 1zl

Báir Group Assignr¡ent for fest Run 2
Whetr Usirrg a ZO kVp Ïube VoILage

Foca.l 5po t
f;ize

Focal SpoL
Din¡ensiorrs

Bar crou.p
Assigrrrrient

$nLa.L.L W i c.lt. h
LensLh

t^o
.i3
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fhe uì-ìcertainLy irr the focaL spot diinensiou

calculated fronr IEq. 17] was deLernrined fronr

Í ¡ct-tÀ2 /dv¡2¡172
¿¡ = l(or,)2 (-') + (òv)'? (--) 

IL \¿r / \arl I
T/ôìÀ2 ./ 8r.4 \211/2=rIl-) .l )l (rc¡!_\trl \v(¡¡-r).'_l

where a.l¡ and õìf are j:he urrceri-ainties irr the assigned .l^irre

pair frequency and Lest Lool magrrif ical-ion respectively.

The ¡ll¡cer1,ait-li-y ir¡ l¡ øas estinrated Lo be lralf the

difference between the assigned bar groups Iilre pair

frequency .ná ¿h. ìine pair frequency of the nexL Lower bar

gr-oLrp. This estinlaLe is justif ied by the facL t-hair we are

considerirrg the bar group thal has tlre three bars just

resoLvable ( utlrose spãtces betureen Lhe b.rrs may not be

perfectLy c.Iear ) as opposed Lo irhe bar group ( next higher

bar gror"ip seL ) Lhaj: urilì lrave t-he three b¿irs clearly visible
( spaces l--reLweerr l--,ar s much rnore clear Iy visible ) . The Lrue

l"ocaL spol- r-esolr"rtiorr is IikeIy beLweelr these two bar grotrps

lirre pair f requerrcies. Since YI was determirred using [Eq.

12] , i.l:s uncet'1,ai rrt.y is calcrllaLed f ronl

r /ds \ 2 
'6q 

1 2-1 1/2

afl = ìr¿s.12 . l-ul + (òs,)2 .f 
-'l I

U¡r,' ' i' \¿u/ -l
1'T/òsÀ' /ösi\" t,,.=Hll-"ì +/--:i | (1e)t\- \- t ,

L_ \Jo \,i

5o arrd Si are nor.¡ the separaLion disLances b¿Lwee¡¡ the Lwo

aligrrrner¡L l¡oles ¿rs rrreasured on l-he LesL Lool" a:¡d c,lr i.he -Fi.Lrr



100

respeùLivel/. Il're uìrceri,airrLy iìt e.lcjh flÌe¿rsLtrBnlenl, , tlrai- Ís

òslo arrcJ òSi , was esLimated ¿ô be t O .7 nrm ,

I\/.b.2 Star Resolution PatLer¡r

l-he srnaLI focaì. spol- f ilnr i¡rage ot- tlre stat' resolr,rl-iolr

Lesi: tool paLteì'n has beerr ilìustrated in [Fig. 23]. I¡ this

inrage it -is seen tlìai: a region exisL .rbor,rL uhe cerrLt:l- of Llìe

patt.ern where the ":-ays" of the sl-ar patLeì-rr graduaLL),

disappear . This region, wlricl¡ clepends on LIre 1'ocaI spoi- size

and radiatio¡ inLensiL¡, disLribuLion, is Lermed the area of

failtrre of resolul-ion. The ol'igins of this region orr 1-he

stár patLern's f i.lnr image can be exp.Iainecl by Lhe

colrsideratiot¡ of [Fig. 24]. once again, L,llren a f,:c¿tI spol- of

f ini!e size ( f ) is useci to irl'acliaLe a s!ar pat.i:ern Ll-rat has

been placecì a disi,al¡ce "d " away , i:hr: emit.ted radiaLion carr

be corrsidered to originate fro¡¡ Lwo poirrt sources á1-

oPPosil,e .l(lges. AIso, 1'or the sake of sirlplicity, {rnIy a

s;inaJ. J. portio¡ of the sLaì- patteì-rr has been consjde¡edi Lhis

entails two aL:sorl¡iìrg s1-ì'ips e"rch of uricit-lr "H", LIlat ¿{rL.

srepaì-at,Ë'd L'>, a gap ¿lso of wiclt.h "1.r". The dinrensiotrs of "w"

have been assumed l-o be smal Iel' l-lran Llre f ocarl s;po1,

cliruerrsic-,ns- The va¡ious pJ.anes in [Fie.24] ilLustraLe Lhe

iirtages ol' t-he Bl-aì' pa1-Lerìl's Lþto ¿rbsorbel-s as a frrnci-iorr of

disLarrcc¡ f ¡onr '¿he f c,c¿¡l spot. It is seerr f ì'onì plarres A arrd B

tlraì: i-l¡e j¡n¿ge of i-fle sj¡1p beLr.reerr Lhe i-r.lo a'osolbers is si:iIl.
prcìsÉrrt. Pl^arre C on the c,tlìeì h¿¡cl is aL a dist.arrce wl¡ere L j¡e





f- f --r

Plâne D

i
d

i

IFis.
sLâr traLtern inrages as a
f rn¡n f hâ l-â<l- l^.^l

function of d isLance
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perurrrbra r-egi.)ns o1' Lhe i-wo al¡sorbers oveÌ'I;ip atrd blul- tl¡e

j.nage of the gap. This is Lhe regic,rr uLhe¡e Lhe s!ar

pat-ter n 's reso.Ir,il-ion fai Is . I'or Llrjs regiolr Lo ex isi: , l: lrc.,

ßrargtrif iËci j¡r,age of Lhe gap beLweerr Ll¡e Lr^ro absorbel-s has i-c,

be equaì tÒ I,ilË pe nrri¡L¡r-.r ol- Llre al:,:¡olber-s . P.Iarre D cotrt.a.i lr::r

lhe peìru¡rrbïa i.egions of the two ¿bsort,eÌs inter¿,cl-irrg irr

suçh ¿i uJ.ly <ìs t,:., l-r¡'v,: i-l¡e resuit j.nS r-ad.iai:.r.olr i'.:lelcl L,rt-Lhin

t.le gap ót ¿, nrj ri;lir¡nr as è oppc,sË:i t.c, ê r'¿¡:i n:ut'i ¿s iL w¿t, -ilr

p -L è ll(js h <rìt(..i ¡J,

[ic¡t.h foca] spoL clinterrsiorrs' fu and fr) NeÌe c¡i.lcuìal-t'd

frorr a sil'gle filnr inrage of Lhe test tool via the followirrg

ecìtr¿Liorr

hl D

f - 
- 

(.2o)
57.) ( r'1 * 1)

r¡lrel.e l.i is Lhc.', si,'ol<e arrgle of li-,e sì,4ì' pdtteì rr ( a" ), l'1 is

lrhË tú5t Loc,I's geon,.ji:r'ic nlagnif ica j:io¡r arrci D is tl^re

,:ii;-,r,ret.er of Lh¿ 7-er-o cont.rast regic¡r'r (irr nrtrr ). [ãq . 20] i:,'

<ier ived ilr i¿\pp¡:rrci j.x ül

íi'l ioi' Lc) t.lre caLcuJ.aLio¡ c,f the focal spoi cìÍflren:,ic,l-rg: ,

Lhe l:wo v¿il'ial-:les D .irrcl l'1 irr [Eq. 20] , i¡acl to be cle j,er-nri rred

'ir'r,irr 1-lrr: f iìni in'¡sr¿ c,f the LÉst. Locl If ig. 2?j . -iire

ge{lnìeLIi,: rrragrrif icaL j.orr ( ¡1 ) oj- Llìe Le'-si: t.ool r,l¡is cieteltn j-ned

fror¡

l)'
r'1 = (zt¡

li'o

wire¡l ':. D' is Lhe, rli¿¡¡¡ete,r' i..,í Lhe l á !1 i {, ü ì' ¡: i-, ¡ :i i. -iir¡age o-[ f, lrej
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s1-ar patLer n ( i n mm ) and o 'o corresporrds to Lhe physic.rl

diarrreLer oi' the i:es1- t.ooL (.15 inm). t^lhen caI,:uIaLirrg 1,lre

w j.clLh of the focal spot, Lhe zero córrtrasL dianreler ( D irr

[Eq . 20] arrd O1 i ìr [Fis . 23] ) H;{s dei-errni rred by f irsL

scarrning the star patterrr on the radiograph along Lhe

correspond:'.rrg caLhocje-anode ax is, i nwar-d frorrr Llre per iphery,

Lo f irrd Lhe two ouLernrost regions in which the in¡ages of the

spokes first seenr j:o disappear' ¿ind then neasuÌ- ing l-he

distance betweerr these two regions. The contrast dianreter' (D

in [Ëq. 20] ar¡d D2 in [Fis . 23) ) perpencliculàr I,o Dt Has

Llren ne¿rsured in a simi Iar 1'aslrion and sttbseqtteni-Iy used t.o

conipute the l^ength of Lhe focal spoL.

The uìrcert-air¡ty il¡ the geornei-r'ic n¡agn.if icaLiorr IEq. 21]

o]' the 1-est too.l was caLcuLaled fronr

r /¿D' .\.2 7.¡9 ' , 2 -11/2
| ., / 0' , \ Iorl = I(åD'o)' .l- r.(òD')" ,-- ) |

L t¿¡l , \cJltl ,/ I
¡,.^,.2 '^^'.2-L/2I ÕL' o\ /ou'\- l- -

= r4i- .r i- ) I (zz1
L'.o'o I \o' ,/ -l

The unce¡ lainty in Lhe D'o nreasuretrrent, òD'¡ , wâs Lakerr Lo

be I o.7 rrm. BecâLrse of the unsharpness oF the outer edges

ol' Llìe j:esi- tool f il.n irnage, 1*ire urrcertairrty in thc, D'

meåsuì-emerrt, õD' , was Laken to be i 1 .0 rnrn.

Tl-ìcj u ìlcer i:¿l .r'- rr t y irr l-lre focal spol, r¡ìeasul- eiìle r-ìt wás

cleLernrir¡ecl r'r'c¡n i-he following expressiorr

T /dt;\2 oM\21 I/2

õ'F - l(oo)2 '(- ) * (¿¡r)2 -' I

¡ \rir'I rclt' '



[/ bD \2 / ¿'Y ' 2-1 tt2

=f l{-r -¡--) 
|

L\ o 7 \N( u-r ),/ J
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(zz 1

Nhere òD arrd òl'1 are the uncerLainties in the assigned zero

coìri-ì-âs1, dianreLer a¡d I,esl- tool nragnif icatiolr respectively.

Because of the inrage unsharpness aL the edges of Lhe zero

cor"ìtrast r-egiorr ) òD was takerr to be ! 1.o nnì.

The subjecLiveness irr using the star paLterr test tool Lo

deLernlitre t-he foca.I dinlensions arises 1'r,-rnr tl-ìe det.ertûiìla.tiÕr'l

of Lhe paranìeLer D in [Eq. 20], which rray be esLinraLed

slight-Iy dif f ereni-).y by eaclr ir¡clividual Lhai: is performilrg

the f ocal spoL rireasuì-emerrt.

IV.b,:l Pinhole Camera

-lhe sma.l I focaL spot test 1-ool r'ilrr inrage as obtained

front pinlrole calrìeì-a icragirrg lras Lreetr iIIusi-raLed in IFig.
f5l . The inLensiLy disLribution of the focal spot as seen in

[Fis. 25] is s,rnewlrai'- o1'a srtrprise, in i:lrat it is l¡ot

uniform i¡ interrsity as one couLd expect fronr the lÍne focus

prirrciple IFig. 8] l¡lrl- I'at het- appears Lo have Lwo nr¿lxÍ¡n¿¡

l^ocated at, opposiLe edges. Arr explanation of this
observai,ion lras beer¡ iIIusl-raLed in [Fig. 2ó], which

irrdic¿rtes that the two irrtensity rnaxima are a result ef Lhe

'1'octtsitrg cr.rp's irrf Ir"reì-lce oìl I,lre Lra jecl,ol-ies o1" I,hù c¿ìLlìo,l(¿

orn i Lled elecLr orrs. fhe de Flet:1-Íons in the elect-rorr

Lt-a jecl-ot-ies tlr,:t'r car.rse t-he enli{'-Led elecl-rot.ts t,o l'octrs oni:.rt

t.he li.ro verLical "lirre" regic,ns on Lhe LargeL anode.





Elecùron
t¡ajector¡es

Focuôing cup Cathode

IFig. 26]

Sclrerììatic of focusit-rg cup's itrduced def IecLions
orr cat.hode etrliLted electron Lraiectories. The
focusing cup atrd filamenL are viewed fronl above '



Tire width and leìrgi,h

a singLe pinhoLe camera

D - D. t1
t¡

rH - -.(r'1 - 1)

a r¡d

'l -
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of t,he focal spot as qleLernlined fl-om

i¡lage IFig. 25] was calcu.laLed f rorn

(24)

( 2E )
o.7 DI

(M - 1)

wlìeì-e l'1 is Lhe geomel-ric magnification of Llre pinhoLe, D¡ is

Lhe diameLer of Llre pinirole ( in mnr ) i DH âì-ìd D1 at-e Lhe wicJLh

a n,,1 Iength of Lhe pinlrole camera focal sPot irnag,¡ ( in inm).

Ihe clerivatiorr of l?cl . 2a) is indicated in [Appendix D]. The

IengLlr of Lhe f ocal spol: Has dei-ernìi tred dif f erenl,Iy 1'h¡rn u¡aç¡-

t.he wicllh due to the observed decrease in racliatiorr from the

e¡ds of tlre pinhole caneÌ-a's focal sPot iniage. I'lre O.Z

corl-ection factor irr [Eq. 25] is there to corrpensate for

tl..lis effeLìtt .

The geometric rragnif icatiorr of the pinhole was determined

f ronr [Eq. 21] wlrere D' is ìrow tlre ciisl-atrce betweelr Lhe 1-wo

a.Lignment screr.rs o¡ the f ilr¡ pinhole Lest tooL image ( one of

r^rlriclr is indicated as a dark spoL on [fig. 25] ) ard D'o is

the disl,ance beLween the Lwo aligntnetri- screws on Lhe upper

p.l^a1,e of Lhe pinlroLe camera ( 14.3 mnì ), The uncertairrty in

i: h,: magnif ical-ion r,J"ls cleLernlined f l'onl l7q. 221 - 'll¡e

urc,ert-ainLies in the measure¡ìenLs of D' and D'0, ôD' and

òD'0, ujere i,akerr as l: 1.0 rntrl an,-l I o -7 iìl rn resPeci:iveIy ( Lhe

uncc'rLainLy in ¿D'was lar-gel- t.han thaL seL for aD'o clue Lo

Llìe uìlceri,ai¡ry irr cel,er'¡rining j,lre exac:i: L-ìelll,el s o1' i-lre Lwc.r
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Llrat. ir¡ i:lie uncerLair.rLy calcr,tlal-ion of fl [Eq, 25 ancl 27f ,

an urrceri-aiì-ìLy l4as rrot assigned Lo I,he O -7 correcLiotr facl-or

because Lhis facLor was specifiecl by Lhe f orrnalism in lhe

pirrlrole caiììeÌ-a focal spol- evalttation nletlrod IRe1'. 47] .

I\/.c Focal Spot Calculation Using DigiLaI Imaging Technique

To determi ì-ìe i- l-ìe r.li,lLh or letrgLh ol" a giveìr f ocal" spot as

determined via the para.l .Ie.l wit'e Lest Loo.L, the f iLrr image

o1' t his tesi- tool had to be 1-irsi, "grabbed " , digii:ized arr<J

Lhen sLc)red in coniput.er melrrory. The widLh ( Ierrgtl¡ ) of the

1=ocaI spoi: , wlrich was detertnir-¡ed 1-ron j,esi: tooL f ilnt inlages

LhaL lrad the lLro paral.lel wires on the test tool Pal'a.Ile].

( pel-pelrd j.cr.rIa¡ ) Lo the x-ì-ay t,rbe ca j-hode-anode .'ìxis, t4s::i

t.hen ext)-acLed f rorrr Lhe digit.ized image by usi¡g Lhe

arralysis progì-an FSPOTCAL ( see ApPerrcli x F ) .

IV.c.1 The Analysis Program FSPOTCAL

The progranr I--SPOICAL r¡¡as wrii:Len an,J conrpil.ed ilr lhr: C

c.rnrputer Larrgu¿9e ¿nd was used:

( a ) L.r recorr'ligure 1-he coinpLlLer , so i:lr¿rL Lhe sol'i'ware
lirroNs t¡here Lhe lrardware registers and frame mernory
ar e merppe.J ;

( b ) to j.nit ialize the PcVISIoNplus hat-dware;

( c ) Lo specif y tlre size of t.lre PcVISIoNPlus f r¡rme
ñìefiroì'y ;

(cl ) to cjigit.ize lhe para.ILeL wile tesL tooÌ fiLn' image
and t,o store the digitized irnage in f raßre meflìc,ry;

(e) to recalL the cJigitized inlage frorn f t'anre ntemoly arrd
Lo displ.ryed ¡-L orr I,lre video tnolri Lol- scl-eeìl ãrs a
4.ao pixel b'y 512 pj.xeI irrrage;

( f ) to enhance Lhc¡ dig j.i:ized intage l--,y trl,;'. lizing Lh,¡
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¿ppropì'iate ITEX PCplus s{lfi,Nare sullroutiìres; and

( s ) i:o calculaLe t he dirnensions of llre f ocal spot and
their associaj:ed st-al,islical aud sysLen¡aL j.c et'rot-s.

'l.he sequerrce of ever'ìts thal Lhe program FSPOTCAL folIowed
j:o calculai-e the focal spoL dinerrsions f ront a paralLel wil'e

!e,st t.ool Fil,m irnage ( thát had already beerr dis,itized ¿rnd

si:ored irr f rame nenìoÌ-y ), al'e sunì¡lari7-ed in [f :'.g - 27] - A

clescr-ip1,ion c)f each of Lhese steps wiI). be prov-ided be-ì.ow.

BecausÐ steps (a) i-l¡rough (e) as l.islecl above, werè.,

p+rformed by tlre program FSPOTCAL simpl-y by caÌ).ing the

approprial,e ITEX PcpIus subr<¡uLirres [Ref . 46] , these st.eps

wi.Il not be discussed any furLher,

IV .c .1 . i Displayed Disital Fi.l-m Images

Digitized f i.l.nr inlages of r-l-re pa¡all.eI wire Lest j-ool as

tJisplayed orr j-he mon-i i:-ol- 's screen are i.l .Iustra¡ed irr Il=is.

2Bl arrcl LF:ü.29). Bcrtl¡ of t.lrese i.l-l.ustrat-¡'.onB were l-esuLts;

of the srnall- f ocal spoL of 1.esL ì'un 2, uo-il-rg a 7O kvp t-.ube

vol.Lage . Ihe FFD LJas sel- aL 10L .6 cm ( 40 " ) arrd Kodak Tlf G

dc.,ubIe emulsiol-t f ilm was usecl .

'fhe "noisy" backgrour-rd on the l-esi- i:ÒoI inr;ages, see IFig.

1Z8l ancj lF ig. 29), resuLl-ed from radiographic rrroi:tle a¡d itr

par'Licu.Lar quantuùr nloLj-Ie, L^rlr j.cìr is def ined as Lhe r.¿al-ia1-icrn

ilr densiLy of a r:rrj.forrn.ly exposecJ racliograph (-l'i.Im ) that-

r-r,¡sitlLs l-rcnr i: ll,: r ¿ndc--¡r sp;rt iaì. rlist.r ibLrLiolr of l:he x-ì-.:iy

ctuarri:a (wiihj.n t.lre x-ray bc¡arÍ) aL¡sorbecl by the f il.rn. Ii.
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I
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I
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Geoûretric l'lagnif ication Calculatio¡

FocáI Spot Calculation
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Block cliasramr of the FSPOTCAL progranì's a.l9orÍthr¡.

Statisi:ica.l A¡d sysLenìatic Uncertai¡lj.es Irr
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Erhould be noi-ed i-hai- because ¡o interrsifyirrs scÌ-eerrs u,Jer-e

ugred screerr rnoLtLirrg r¡as ìlo1- pres€rrrL. FiLrn grainirress on Lhe

otller hatrd, whiclr aJ.so colrLr.:'.butes to radiographic nottlc:
ard is due Lo the rarrdorn distribution of Lhe cjeposits of
developed sil.vet' lratide grains in tlre enlulsiot.r ìayr:r, r,;i.r s

ncL se6.'n orr f iLrn due Lo ihe overwheÌrring exlent of quarrLum

moì-tIing. The bl iglri- and dar k regiorrs in Llre tesi_ t_ool.

-images, r'JeÌ'e causecl by the Heel effecL on i-he .Filin pr-:iol t.o

digit.izat.ion. Because i:he Lest tool's f iln inrages werr.:

masnif iecl by a rnagrrÍf icaLior i-hat. \/aì- ied betuleert 2 .IX artc)

3 .4X, i,he magrrif ied quál1j,unl nloLl_liììg ef f ect orr f j-l.nl iniaùcìG

caused the edges of the L^Jires of the tesi- Lool as see¡ on

i:he digitized r'-mage to appeared :.r-regular.
'l'he secorrdary rnagnif ication, as a opposed i:o t he primary

geonretric t{3st i:ooI nlag'if :.caLiÒrr hhich wäs kr?p j_ consj-ant_ .ÌL

?.OX, L,Jas eil-her 2.1X or 3.1+X ( which corresporrcled to
clroosirrg l-elephoLo lerrs focaL l.engtlrs of SO mrì or Bô irm

ì-especLi\/eLy ) f or the f o.LLowÍrtg reasc)ns. If the secondar-y

nragirif icaLiorr vJàs nruch l-riglrer l_han 3.4X, boLh j:lre wi.di:h c: f"

j:he wi¡es and t lre f ilrrr rnottìing aroulcl have beerr magn_if iet:1 t_o

such a¡ exterrL LhaL LIre variat.iot.t in tlre wire wicltlr woul.d

h¿ive ;ncreased substarrt j.al-Iy, irrcreasing tlre ove¡all percent
uìlcjerl-ai ìrl-y .:l l-l 1-lrr: f ocaì. spot- riltlásLLrentent . If Lhe secondår,y

m¿:is-:nif icat.ic¡n was rnrrclt ìowe' Li-ran 2.1X, i.he varial,i.orr i.rr i:lre
l,Jj-re i,Jidt-.1ì wor,il-,j li¿ve |¿r;re.rsrc-rú, ( cluc ì:o ¿ snlaj. l,:l
ßráisirriiicat.i{)n c,f t hc-r f ilrn ri.t.L.ìi¡g), but the rnagnit.ucle¡,; of
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Ll¡e wire widths worrld lrave also decreased, thlrs again

i rrcreasing Lhe overa-Ll percert uncertainLy in 1,he foca.l spot

rfleasuì'enìe¡L. Tlris range bet.ween 2.1)< and 3.4)( r^ras

experimentally deLermi¡ed to mini¡nize the percerrt error in
Lhe focal spot measurentenLs. In Llre above discussior¡ tlrt¡

pelcelL uncerLairrLy in the focaL spoL measut-emerrL was takerr

Lo b¡¡

ôf
Percetrj- tlrrcertainl-y = -- x 1OO Z (Ze;

f

where 1'and of in t.he above equatioir is t.he average focal
spoL size arrcJ the stat.isticaL va¡iation of the focal spoL

respect ively as calctrlirted by t lre progranr FSPOTCAL at-ìd a:ts

described in ( section IV.c.1 .viii ) and ( sectiorr IV.c.2. iii ).
Tlre filn intage qr.raIiLy ( def ir-red as tlre al¡iIii:y of t.he

film to record each point orr lhe object as a poinl_ on the

f :i. Im ) irr Lhe parallel r,rire i:esL tool .l.iInr inrage was

i nf J. ue nc;ed by:

(a) radiographic nrr>t1,Ie;

(b) unsharpnessi and

(c) fi Im ì-e\soILr j-ion,

Because no ini,eltsifyirrg scr- ee nu 6 *.r. r.rsed, Ure only
conìpone¡t Lhal cont.ribul_ed to radiographic nloLtLe, which is
the irreguJ.aì- itì()t.tIed appearance of the film caused by small

6A c'al-ciboald c:assetLe was usecl instead of a casselLe
corrLairrirrg atr i rri:ensif yi rrg screen lRef , 3s] Lo redr.tce .:'. ma gc:
bl^ulr-irrg-
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opLicaL derrsiLy dif f ererrces on r-he f i).nr, L,ras qLj¿l¡i,LlÍì rnot,Lre.

T lre-. major corrtribuj,or t.o the rec1uction of f iLrn sharpness
(which is the abilil-y of tlre f i l.nr i:o define sharp ec19es ) uras

due to the geomeLric urrsharpness of l_he tesl Lool inrage

IFis. 1] Tlris il.t i:urrr ul¿rs due Lo tlre i.ini j:e dimer¡s.;io¡rs

of the focaL spoL and t.he Þt,imary magnification of Lhe tes!
LooI. AbsorpLion and paraì-Iax utrsharpness ulere also present,
but made negl j.gible contributions to the net inrage

tunslra'pness. Absorpt iorr rrrslrarpness is due to i_he f ¿rct t.hat

the wires in the tesl tooL hac] a circu.Iar cross section
whiclr meatri, thaj- x-l'ay aLte¡uaLl'.ou woultl lrave been clif J.er e,.¡ rrt

depending orr t.he paLh length Lhrough the wire. paralLax
trtsharpness results fro¡r Lhe i"act tlrar- doul-..,Ie enrulsiorr 1.ilnr

was used. Th j.s effec! can be explainecl as f ol. lows: Nhen

double enuls j.otr f i Inl is j.rradiated wiLlr x*ray plroLons boi: l.l

<.:niu.Lsions J.ayers wilL f orrn an irnage of the object, but since
i-hese tuJo )-aryers are sepnì-tr1,ed by solre s¡ì¿1II clistauccr, ¿r.

¡laraLLax wilL exist when ì-hese images are viewec.l f ronl sorne

angle ( Lhat is , Lhe edges ol. bhe Lwo -images l.l i I I nct
rrecessaì-y over I ap ).

Film reso.lution, which is Lhe abiliLy of the f il.m to
ì-ec()rc1 separ¿ìte iintrges of snaLl objecLs that are placecl r.¡ery

cLose Logether, rrot on.ly cJepends on f i-lnr grairrirress but. aLso

oÍr Lhe Iiglr j:-scat.Lering properLies of l:he einr,rlsiorr ancJ ou

t.he cr-rntl ast wjLh whjch the f iLnr ¡.eproduces f irre cletail
( t-irre grairr 1'.:lIrl w jtlr tlri r¡ e¡lirLsioì.rÉ yiùId the hÍghe:sl
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¡ esolvi ng p,)14et- ).
Fil.m resoJ.uLion is often quoted in Lerrrs of Lhe

lfodulaL j-olr Iransj'er Fur¡cj,iolr ( MTF ) tRef . 4Bl or Llre Coììtra!_at

Transfer Furrctio¡ (cTF) [Ref . 4e], which is a graphic

descr iptior¡ o1' Lhe fiLnr's ability L<:r image au t.lTF test:

object with a sinusoidaL patterr or a CTF tesL object wiLh a

lirre Pair (or ,Joi:) pat.terrr witlr varyirrg spacial l.reqrre¡cirls.

It shouLd be ¡oted thaL in a¡ l'1TF tesL too.l Lhe fl-equenc,ies

are Cef iìred as the ìrLlmber of cycles ( pea ks and val.Leys ) per

rnillineter lerrgLh whereas for a cTF test tool the

frequencies are i. r.t ternls o1' the nr"lnlber of L:Lnes and spaces

( Line pairs ) per rnillirneter . The n¡ocluLation or conLrast

tralrsfer funcl,iotr tl¡eir rneasur-es the al¡iIiLy Õ1. the f ilnl t-c,

delecL Lhe lowest possibLe conLrast differences belween

adjâce)rt regioì-ìs ancl to ref Iect- an irrrage LhaL r:luplicaLes j:.ltcr

ac1-uaL ob ject patLer n as cLose.Iy as possible . ê LypicaL t"lTF

spectïunì of a f ilnl is shor,l l.l irr [Fig. 30] , arrd iL is appareì..1L

from this figure that both sirrgJ.e and doub¡Ie ernulsion f iLrrs

lrave spat.ierl resolui:ions Lhat arÈ ì-ìol_ orrly in excess o[:3O

cycles,/nrnr Lrut also exceed the visual resolution range. The

l'lTF f uìrction , which is del.i ned as the inrage contra€ìt to
object. contì-ast ì-al-io, will have a v&lLle of 1.O r,lherr the
f il¡r resolui:ion is peì-f ect- arrd a v¡jlue ol. O.O r,ilrel¡ l.i,ln
bLurring is m¿xirnum ol- wlren film corrLrast is zero.

Irr Ll¡,¡ digii:aI inlagirrg sysLent, irotlr the TV c.ìnlera cì ììcl j:h{)

ciispLay rrÒrriLo)- influenced intage corrlrasl-. The resolutiorr of
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llris sysLenr was deterirlirrecl by Lhree ef.f.e,:Ls; the nuilll:er of
horizorrLaL scan Lirres utiLizecJ by the television canlera to
record tl'¡e f ilnl inrage in frarne inernot'y (whiclr in Llris syst-enr

ÞJas 512 Ìirres,zf ranle ), the resoLuLio¡ of each horizonLal scan

line ( l-hat is the lrunrber o1. pixels per horizorrLal lir¡e), ¡r ¡,,1

tlre r-esoluLion of Lhe i nclividuaJ. system col.rporrenLs .

BecaLtse each inrage thal_ was sLorecl ilr 1=r-.rir.re rnenlol.y uJas

"gt'abbed' by Lhe digitizer which operates at a rate óf 30

1'ranes,/s ( r.riLh eaclr f ranle havi¡g irrformai:ion f or a s!?- l)y
512 pixeL screen), the c]igitizer Nas opeì-aLecj at a vicleo

bar-¡d widtlr of 1O tyt{z IRef . 4S] I'he br-eak dourn of "r Lypictil
t¿ideo band widlh, as in Lhe case of the c.ligÍtizer, is as

foIIor.¡s; tlre nr-ii¡lbel' o1' pixels tlrat l-ra,J 1,o be ,'grai:bed', by

t.he cJigitizer in 1 secc,rrd woulcl have been at a râLe of
51.2'572 '30 = 2.9 MHz, t_he t-einai-nír¡g 2.1 l'jl-Jz hì.ìs ìrecessårZ t_o

Lìóltpensate f or 1-he video signal^ Lirni ng i ¡f ormation of each

p-i.xeì arrd Lhe ti¡ne ii: Lakes the canlera Lo r,Jrap "rrotrrr.J two

iidjaceriL horizontaL Lirres. The vic.leo band wic.lth of the Cohu

5O0O series T\/ cânìeì'a and t:he display nlonitor Fjere 15.7g úHz^

[Ref . 49J ancl 30 i'1Hz [Ref . 50] r'espectiveLy.

The resoltrtiolr o1' Lhe display ilrotriLor r as aL BOO do{-s per

hor izc,rrLaì line IRef . 50] , and since Lhe r¡oni1,oy had an

acLive display s(:l'eeìr ulidth o1. 2SO mnì tlren i,he monitol.,s
resoJ.ut ion was 3.2 doits,/fllin (e.3 mi¡ì clot pitch) or L.ó line
pa.:'.rs,/nrnr. Ilre Colrtr 5OOO set-ies TV Lìá1irreì-a lr¡rtJ a horizc,t¡t_al-

resoJ-ui-iol-r of óoo J. ines lRef . 491 .
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Tlre overall resolrrl-iol¡ o1' Lhe d_igii:aI irnaging sysLerì,

which ulas found Lo be in the order of ó Ìine pairs,/mm, was

dr:l,errrlilred by diSiLizing a f ilnt resolr.ri-ion pâj:t,ern arrd Lhen

displaying Lhe patter¡s inrage on Lhe systefi moniLor. Because

films have t.ypical resoluLions oveÌ' 20 line ptrirs,/nln, [l"iü.
3Ol , Lhe quality of the clisplayecl image was Iinrited not by

Lhe l=Í Lnr resolui,iorr buL by the over.rII resolr.il-iolr of Lhe

cligital imagi¡g systern.

14hen a compar-isotr is inade beLu¡een [Fig. 26] and [Fig.
29) , it- is see¡ Lhat the i¡divicjual. wire irrrages of [Fis. 2S]

appear to have a double projectiotr as if prodr.rced l:y two

$epaì-ate focaJ- spots in adclÍtion Lo Lheir oveyalJ- reducecl

width. Ihis observat,ion, wlricir was evident in a.Ll of the

s¡nalI focal spot- parallel wire t,est tool irrrages ( r-rhen Lhe

Lest LooI tnras placed pa¡-aIleI to cathode*.rnocle ax j.s ),
l-esul-ted from a focal spot Lhat hacJ lwo int.ensiLy naxirra

each Iocatecl at eitlrer- side of the irrterrsil-y cjisr:r ibrrt.iolr
( for nrore detai Ls see secLion IV . i.¡ .3 ) .

IV.c.1.i.1 Active Region of Dispiayed Image

Tlre progranr FSPOTCAL was used to caLculate the 1.oca.I spot

cliÍreìlsiÕrrs f rom the aveì-age wire wicjlh of both wires ( see

seci-ion It/.c.1.viii ). To sin¡pIify tlre .rIgor-itlrin tl¡.rL Nas i:c-)

L-,e used to clet.ernrine t.he average wire widLh, Lhe backgrourrd

image rroise ( rJrle to qLrartLonl nloLLle ) arrd arry gracl-ient. ef f ec,t.s;

l-rad tc, 1.,e ¡iininlizecl , This was acl-rieved Lry consider-ing orr.Ly
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tlre pori:iorr of t-he inrage tlrai, was ir.l tlre i¡lntedial,e viciniLy
of the l.rire. This enclosed regiorr , whose bouncJar ies are

illtrsLrated in [rig. 31] by the wlrite recl-angIe, u:.ts sei: by

the program at 55 pixeLs irr wic.lth atd 475 pixeì.s in length
ancl ulas refe¡red Lo as Lhe aci,ive region. l-he widi:h r:f 1:lr<:

active regiorr was experimenLally deLermirrec.l to rrrinimize Lhe

overall perceìrL u)rcertait.tty in the focal spot ineasrtremeìlt

( see Chapt-er V f or more cletai.l.s ). The lens!h was chosen t.o

irrclude as rnuclr of i,he wire irntrge as possible so as i-c)

inr¡:¡sys statistics. IFis. 31] is iclentical Lo IFig. 29] with
Lhe excepl-ion of the superimposed derineaLiolr or" tlre act-iv<¡

tegiorr .

-lo simpJ.ify Lhe discussion of how the average niclLh of a

gj.veti wire i rage was exi:racl-et1 by Lhe progrant FSpOTCAL 1.rÒnì

t.he inLage data wit.hin a selectecl acLive r.egiorr , onLy

i,l-re irnage manipulai:iol.ì o1. the Iefj- wire of [FiS. 29] wiII
herrcef orth be iLLust¡ated. The progì-arn used a sinrilar
Leclrnique i-o exLì-acj, the average uriclj:lr of tlre riSlrL wire of
lrie. 2e¡ .

IV.c.1 . ii fmage Enhancement

As seen f rom [Fig . 29] , tlìe wir.e inrage witlri lr Llre ac j_ive

region does not sta¡d out very clearly from the backgrou¡cl

image noise , thus inaki rrg i j: hard i:o detecl- the i-wo edgeì:ts .

S;ince Lhe wire width was tc¡ be c.leLel-rninecl fol. each of the
475 lro¡ìzotrLa.I scau Iines iri i_he aci_ive region .1"ron posil_ion
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esi,l.maj:es of i:he tulo eclges of Lhe ulÍre, the ulrcet-l-ail.li:y in
sorne of these estimal-es created a problem. To overcome th-is
dif f icul-l:y, .image- process j-rrg e:ulTaìrcìenìeìlt was perf ornted b;,

us;ing t.he technique of histog¡am equa.lizatio¡ which rnodif ied
1,he appeararce of Lhe wl.re itr Lhe ac1_ivc-, regiÕìr. iFig. 321

i.l.Lust.rates IFis. 31] af ter ihe applicai.iorr of hist.ogram

equal.izal-ior¡. Il- is seerr in IFig. 32] Llrat wlren lristogr-arnr

equaìization was usecl to enhance t.he wire image, it a.ìso

blurred Llre urire inlage ulidt.h by approxim aLe)"y 2 pixe.ls.

X*rery t.ubes used for rnarnmography a¡d hat¿ing smaller foca_l

spot sizes errabled produclion o1" digi j:izecl paralLel wit-<.:,

Lest lool inrages in which the eclges of j:he tu¡o wires were

t¡et-y clear Iy def i rred , nrakir-rg iinage errl-rancemeìrL Llnl-ìecessary.

f n doing Lhis, wire irn.rge blrrr-ril-¡g by enhance¡rrerrt was

e l. i nl i i-ra t-ed .

DLle Lo tl-re x-ray Lube ireel ef f eci; Isect.ior II b.9] ,

a f ilnl derrsit-y gì'a(:iierri'- t{as airpaì-eììi iri r-hc- aci:i,,,c. r-ègi,irr o.l.

lF \s. 32J .

IV.r- .1. j.j.. L Histogram Equalization

l^Jheu all of Llre pixe.Is witl¡t. lr the active regiori o1" a

t.ypicaì. paral lel l,\jire t.esi tool irnage are consiclered arrcl a

histogran -lls nla,-le of their pixel values, it. can l_.e sliornrtr

t.hart Lhe rarrge c.' f Lhe pi xe.l varf ues ol' gr,äy .l.evels is qu j iel

sntaì1, j:),t"-.,icálI¡ ir r'r nr<'-.,r e tl.ìarr :ìO . The errhanr-.,t:nterrt. of Lhi.:*;c

p j^xel.s b), ir.ist.os:t.airr ec¡ua.ìizat..i.orr IRe-f , 51] is ach j.cved L:,,
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expandiì-ìg this pixel. value or gray Ievel rangÈ. Tlris is
Í.lJ.usLrated in IFig. 33], which is a horizontal cross

secLiou of the acl-iv,3 region in [Fig. 31], l¡efore (a) ancl

¿rf t.er ( b ) inrage enharrceifte¡l-. IFig. 33] also iL]ustraLes the

pixel value dist-t'ÍbuLion ot- a sirrgle horizontal row of
F,ixel,s, which shows the wire intage Lo be a broad peak.

I\/.c.1.ii:. l,lire Nidth Determination

Tlre pr-ogt'anr FSPOTCAL was used Lo caLculaLe the widj-lr o1.

the wire from the pixel value clistribulion of each

ho¡'izonLaì row o1' pixels wiLhirr the selecLed act-ive regt.otr _

This rneanL t.hat the wire ulidLh was determi rted 475 times.

Tlris gl-eatly inlproved st-ai,istir:s, nriirinrt.zirr9 1:he

corresporrdirg uncerl-ainty. The wire widLlr was defi¡ed as the

fuII width at- lralf naxiinlliìì ( rl,lHH ) of the l.lire ilrage pixel
t¡a ì ue distr ibuLion .

The f olJ.owirrg section wiLÌ uti. lize Ifig. 33b] , to
Í I Iusl-rat e the nleLlrods LlraL r,rere employed i-o exi:ráct the

wiclLh of Lhe wire frorr Lhe pixel vaJ.ue distrib,ution of a

giveìr ¡lor izonLal t'or^: o1' pixr:ls .

lV.c.L.iii.1 Maximum of
Bel'ore i:lre ulire wirJt l.t

horizontal ¡'or,l of p.l- xeJ.s

Pixel Value DisLribution

c¿¡l be de j:ernrined froin a ,sir.rgJ-e

the ¡raxiniurrr of t he disir ibul-io¡
nìt¡sl- l)e ,let.e Ì-rììi rrrtd .

n(iìcause sorne of tlre wire im¿r9es haci a cioul_., _ì. e projecLion
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[Fis. 33]

Active region cross section before and after hj.stogramequalization.
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( aud lre'ce their sirigLe wir-e pixel value disLr il:utions wo*ld
have been composed of two maxinla) Lhe maxirrrunr of the rrrai¡r

peak was del:s¡¡¡i¡r.¿ by snrootlring the dÍstr il¡ur j,ion . This uraE;

achieved by first l¡l^urri rrg Lhe wire inrage within the active
region i tr Llre verLicirl direci,ion by verl-icaL pixel averagi r.tg

arrrd Lhen b.lurr i rrg 1-he irrrage i ¡ Llre hor izorrLal clirectiorr by

hol'izontal pixel averagirrg. Tlrese are gerrerally r.rLiI izerl
<1i9i.t.al-irnage processi rrg lechniques .

IV .c . f . ii i .1 .¡¡ Vertical pixel Averaging

Tlre imase withi¡ the active regiou L¡as verr-ic¿.rlly blurred
by perf orrning Lhe f oJ.Lowing operation on to each of the 55

vert-icaL rours of pixels. Colrsicler l:he .l.irsl, 17 pixe.Is ilr t.he

f irst verticaL r oL.,l of pixe-Is ( pixel nurnber increasing f rom

1,op to boitoiìl and tlre f irsi_ pixel local:ior¡ Nas ai, posii_icr.¡

1). The gray level value or pixeJ. value of the pixeL irr
position ? þr¿ìs firsL sej, i:o O arrd then Ll.re pixeJ- val.ues o.F

the ¡'ç¡¡¿i¡ing 16 pixels were surnnrecl . Tl-le suin was Lherr

divided by 1l> and the pixel .: t- posit-ion g ¡eceiverl a valr¡e

equaL Lo Lhe average pixeÌ value of Lhe remairrirrg 16 pixels.
Tlre above clescribed procedure was Lhen re-applie<J j-o tlre
rìext 17 pixels i¡ t.he verticaL r.oa urhich Nere LocaLecl a-L

posii--ions 2 Lo 7A. This Leclrniqcre was then re-iteraLed for
¿¡ll of Lhe 475 pixeLs thaL conprisecJ a sirrgle vertical rc,i,.r -

lFig.3a] il.l ustraLes lFjsr. 311 a1.j:er irnage ¿nlrarrc¡:tnell: ¡r¡cJ

\/cILicál- pixe) a,.'eÌagi rrg.
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Because oi' I,lìe above averagilrg j,echìrique ìe firsL I
pixeÌs and the Last 16 pixels of lhe 47S pixels in each

veri,ical row of pixels do ¡ro1: gej, averaged, see [Fig. 34] ,

¿¡ncl thus the wire width caLcuLaLion is nol performecl ón Lhe

f il-sL ô or lasL 1ó lrorizorrLal pixel rot^:s in t-he act.ive

t-egiol. This implies that over the enLire acLive region, Lhe

wire widLh is deLernined 451 i-inles arrd rtoL 478 Limes ¿rs

previously r¡entioried.

Tl-rr: app). icatiorr o1' vertical pixel aver-agirrg j:o Lhe

aLready enhanced wire inrage i¡Lroduced bLurri¡g of Lhe image

[l''ig. 34] . This bltrrrirrg was greatly clepelrdenL on tlre
alignnrent of the l-wo wires in Lhe digitizecj image with Lhe

vert icai pixel coorcìitrai-e axis o1. i:he display ¡ron j_Lor . l-he

aligrrrrrenL of the t.esL LooL's f ÍLm inlage prior Lc¡

digitizaLiolr was suclr tlrat. bllrrring ot^ tlre wire image u,rirJt_ir

L:y vertical pixel aver-aging was LypicaLly of t.he order of 2

pi XeLs ( see secl,ion IV.c.l..r,, fol' rnore rJetails),

ñjer:,ause the broad peak of Lhe disl,r ibution nìay not have

i:eetl contpìel-eIy sirrool-hed over Lo prodr:ce a sirrgle peak afì-er
t he application of vel.tical pixel averaging [fig. 35a] ( j.t

slrould be remenlbered Lhat sonlei,ines tlre broad peak itr l-hc,,

¡:ixeL value disLril-.¡uLiorr had cloubìe maxirrra ), f urLher

blut-r'i-ng of Llro iilrage was necess¿ìÌ-)/ - A,lcl:ll-ional bltrr¡irrg L,.r as

achieved by perf or-rrring horizorrLal image blurring to the

¿rctir.¿e regiotr oi= lF ig - 3/r] . The ef l-ecl_ o1" i.lriss itype of
Lr-ì.urrirrg orr lFig. :lsal has beerr il.Iusi:r-atec.l iri [Fig. 3Sb].
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(a) Horizonta.L row of pixels after image enhancement
and NiLh ,.,erticaL ÞixeIs averaging,
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(b) FjorizontaL row of pixeLs after imâge enhancement
and after verLj.cal and horizontal pixel averaging.

lFig. 3sl

AcLive region cross sectioìr afLer histogrant equaLization
and af Leì- the ver i-ous LyF,ês of image b.l.urr i ng .
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IV. c .1 . i i i .1 . h Horizontal pixel Averaging

Hor izorrLa.L inage b-Irrrl j.ng was achievecl by perf orrrri rrg

horizonLa.L pixel averaging !o each of Lhe 451 horizc,ntal
rows of pixels Lhai, were coì1Laiìred hiLl.ìiìl the acl_ive ì-egiot.ì

of [Fig. 34]. The techrrique usecl Lo average Lhe 55 pixe.Ls

1,lrat. contpr ised a sirrgle hor izonL¿rI row o1. pJ^xeIs t,las very
E¡imilar Lo that used for verLicaL pixel avet.aging.

Tl¡e rrumber o1' pixels Lhat, was ;rveragecl aL aì-ìy oi¡e t.inle

( during verticá.L pixel averasins Lhis nun¡ber was íixed ai
17 ) was taken i:o be half Lhe wicll,h of t he lef L r,rire as it
Nas see¡ in Lhe active regiorr (prior to inrage errhancenrenL ).
The ulire widLh was esi,iinated as f olLows: a single cut,sol-

( shaped like a cross hair) was superinposed on Lhe cligitizec.l
image f irst at Lhe Ief i: arrd Ll.ìen .1j: i:he l-ighL edge of I,lre

Left wi¡e ancl Lhe coì-responcling horizÕntaL pixeÌ coordinates
l.re¡e recordecl ( Lhe ver LJ.c¿ìl pi xeI coordi nirl-e was kepL

'l'ixecl ). The cJif f et-errce between the cu¡.sc,r ,s hot.-izorrtaL pixel
coordi naLes ¿lL i-lre Lwo edges was Llrelr j,aken t.o be 1-lre t^lil,e

widì-h. In Lhis exanrple the r,liclth w¿s cleterrnirrecl Lo be 1O

Pixels. CLlì-sor cooì-dl'.rräLe sel,scLion was adjust-ed

inLeracliveì.y via the prc)grarn FSPOTCAL. The left wire's
widt.h was also trsecl uiherr perf ornrirrg horizontal pixel
âv€,ragirrg on the right l.rire.

lF j.g. ,¡Sbl was obt:ainec-{ l.ronl lf ig. a¡al by averaging ì:irc.

p.ixel vaLues 5 pixels at a .¿inie ( iralf oí the ¡ridth of tlre

l.tire. as del-erini¡ed 1'r6¡¡ j-þe ¿11)c)VÈ i¡etho,l ) . Avet-aging uJ;it:_ì
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peì-i:or¡'red by i:lre 1'oJ. loL.ring i_echn:'.qr.te. The pixel va.Iues o1=

t.he first 5 pixeìs (pixeI rruñìber ing increased f ronl ìeft to
riglrL wiLh tlre firsL pixel considerecl Lo be locaLecJ ¡rt-

posiLiorr 1) were averaged arrd the vaLue of Lhe pixeL aL

posiLiotr 3 nas leplaced by tlre average pixel value of all S

pixeLs. The nexL 5 pixels (ranging f ì-orn positions 2 Lo 6)
were i,lren averaged a¡d ì,he va.Ir.re of Lhe pixel at, posil_¡'.on /i

was; replaced with Llre rrewìy calculated pixe.l vaJ.ue a\/erage.

Tlris averaging was cc)nsecul-ively applie,-l to Lhe renairring

¡rixeì.s.

The pixel va.Lue distribuLion in [Fig. 33b] hacl the
nlaxiirru¡l of Lhe broad peak det.ernlilred fronl IFig. 3s,i:,] by

scarrrrirrg the clisLribuLio¡ from left Lo righL ancl l^ocáting

the F:ixel r,ritlr r,l¡e lrishesL pixel value. In IFig. 35b] t.l-ris

corre-porded to the pixe.L which had ¡r horizonl,al pixel
cÐoì'diì'ìaLe o1' 111 ( lrerrceforl-h Llris pixel wiII be refe¡.r-ecl j:,:,

as pixel- P).

IV.c.1.iii.;t FuII t^Ji.dth HaIf Maximum of pixel Value
Distr ibution

Because horizonLa.l pixel averaging can irl,rocluce

adcjit ional bIr-r¡¡-i'g o1' rhe wire i*rage width ( LypicaIJ.y about

? pixels ) thus i ntroduci ng adclitiorral et. r or Lo Lhe nire
uridth esi:inr:tLe , the width of Ll-,e i,rire as cìet_e¡-¡l;ltreti l"ron¡ ¿¡

s;irgle hol izc-.,rrLaÌ I'ow of pi xeìs Nas ej:l,inraLecJ -Frorn IFi9 .

35al ar-rd not [Fig. aJSl]l . [l'^ig. aJsa] r¡¿:l s also chosen ot¡er
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[Fis. 33t]l because it. hacj a smooLh pixel v¿rIue distt-il¡uLion
(which could be easiJ.y rrianipu.lated by the conìputer

algoriLhnr).

The steps Lha! were followed by Lhe program FSPOTCAL Lo

extracl, Lhe FtJHt'j value of Lh,¡ broad peak in IFig. 35"r] cõrn

LresL be expla.i ned f ¡orrr the corrsideral-io¡ of IFig. 36] .

Before l-lre fu.l .1. widtlr ¿rt heI.l. maxinlu¡t cou.Lcl be clete¡¡lined

f r c.,rn the Þixe.L vaLue d jstribution, the base l^ine of the
dj.strÍbutiol¡ lrad to be esLimated. This r4as doì-ìe by sc.rnning

to Lhe left and righl of pixeL p ancl Lhen cleter.nri¡ing the

f irsl, 1-wo pixel IocaLiolrs whe¡'e i:lre pixel values arÐ ai: ¿jr.

r¡irrinrurn ( these Lwo pixels local_ions have been labellecl in
[Fig.3O] as P, aird P2). Ih": clisLl.ibution,,s [-r¿aç Iile uras

ther-i Laken i,,¡ Ì:e tlre si-raigirL Iitre [f is.3ó] jrhat passecl

through these LNÕ pixel locatiorrs. The base Ii¡e ¡ras

deLernrir¡ed by f itLirrg .l Linear equarl,iorr Lo tlre coorclitrai:es

c:f pixels F,, and P2. The pixel vaLue of pixeL p aL half
tnarxi-rnurn r.¡as Lhen caLculaLed fro¡¡

t)' basePi xeI r¡aLue "rL lraI l' nlaxilnrini= ,LÒ' ' ba se
(2e )

hJhere Pt¡ax was the pi xeì value of pi xel p ancl pbase is Lhe

p.ixeL value of pixel p at Lhe base line. p6rr, tJás

ext.r¿rPo-Iâl-ed f ronl Llìe f itted b¿rse Iirre equat-iotr. Tlre fuIì
t.ri.dth of the distribuLiorr at ha.Lf maximurn t,ras calculatecl

1- t- onl

i'r-iIl nidLir a! half nlaxiíiurir ,. pedge,2 - pedge,l + 1 ( 30 )
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IFis. 361

11a¡ipu.IaLion of lFig . 35âl Lo e){i-ì-åcr- the f uL I u.lidth
at haLf iììâ)lii¡um of t lìe pixel ,_'alue dist_ribution .
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wlìere i'he tLJo terins iri r-rre al)ove eq'ai-iorr are r,lre rrorizolrL¡¡.r

pixel coordinaLes of Llre pixeLs tl.ìaL corresponcl to the LNo

edges of j:he u¡ire i¡lage as cleternrilred f l.on .l_he FL.lHlf net-horl .

The pixel whose locaLion was at pedse,l (which corresponclecl to
Lhe lef t edge of lhe w jl-e inlage ) was <Je.t_ermined by scanning
to i-he Iefi, o1" pixel p al¡d ther¡ f irrclitrg Lhe pixel urhosr:r

ercljacent pixel (pixe-l locaLed further to the lefL) hacj a

pixel value 1-haL was Iess Lhan lhe <lisLribrri_iorr,s pix,lI
v¿.r..1. ue ai- haLf ¡raxirriunl IEq. Z9J . ï!:,e horizorrtaì pixel
coordilrate corresporrdir-rg to Lhe rigl¡L edge of Llre urire image

( Pedse,e ) was cleLernli ¡ecl i n a sinli Lar f ashion by scanni ng i-o
Lhe riglrL of pixel p. The widl_h of Lhe w j.re image in [Fig.
36] as clei:errnitred f roill Lhe Fl^lHl,i nretlrod r,lras 1O pixels,

The ef f ecLiverress of prograrr FSpOTCAL Lo cjei_er¡ìine Llìe

two edges of the wt'.i-e inrage ar-rd tlrus in Lulrtr Ll¡e r,lir.e wi,JLh

lEq. 3Ol , for each of the 45L horizonLa.L ¡or¡s of pixels, is
iLltrsi-l-aLeci iìì lFig. 3Zl . l-he va.Ltre o1. Llìe píxeIs êìt.

l.ocaliorrs Pedge,l and tredge,2 Nere changed to 255 ( giving the
pixel a white appearance ) Lô bì- i rìg out t-he two edges i. I the
ÌeJ'L raire ii[age. IFis. 3Z] is icle¡ri-icaI Lo IFis. 31] with
l-he onìy exception being the left wir-e edge enlrancement.

IV.c.l. ..iv Wire t¡idth Averaging

ÐecâLrse the r,rire wiclt-lr for a,single r.rire inlage was

deier llined for each of j:he 451 horizc,ntaL rcæs of pixels
tl'1a1, ulere colrL.ii rred wii:hi û iLs áci:ive r.egion , t-he r,ril.e ulirjl_ j.l
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IV . c .1 . v l,lire Width Correction f or l^jire MisalignmenL

Pri<rr tc¡ Lhe cl i S i t i z a I, i i) ìr öf tlre j:esL j,c..,oI's f ilnt inrage

l-he f ilrl was acljusLed s c., LhaL the r,!ires; hr€j)-e v€rticai on the
I[rÐr-ìiLoì-'s scleen. But because LhÈ wi.res cou]-d ¡roL l¡c

pì-ecf sel.y à_L igrred Lo t.he rrroniLor',s vertical pixe J. coorclirrat.e

axis, Llre caÌcu.l.atecl wicltll ,rf the btiì-e lf.-.-1. aU, hatj t.o l-,e

correcLed for tl-ris misa).igrrn.renL. Tlre net ef f ect of Lhe wire,s
nrisal ignnretrt r!as to broaderr tl¡e wÍre,s wid j:h (see IFig. 3s]
'Fc..,r i L.IuslraLion ).

îlre Lwo dark Lirres in IFig. 3B] represerrt lhe wire edges

and il-.IusLraLe a wír'e which is paralLel 1:o i_h,: molrit,ot-,s

r¡eriicaL pi xel^ coorciÍ rra..e ax is . The t_wo dashed I i rreE; i rr Lur n

l'-rrdicaL€ Lhe same wire wlrelt ì'oLal-ecj by sc.,irie nrisalignntent.

arrgle, Ênis- it is seen Llrel-r i.n [t=ig. sa] , Lirai- wlrerr the
analysis progì-am FSPOTCAL first. deternrined Lhe wire wicjth

fro¡r a s j.trgle hol'izon'¿a-I roul of pi>,eJ.s, t-hc- caìcuiai-ed t¡ire
Ni clt-h corl-csporrded rr tlre iìlJStl¿rLccl .ljs:årrcÉj, .1.- Ir acrUa.l

1'¿cL, iL slrouÌcj have beerr dis j,alrr:e, b. Because d j.st.ance, l:,
-i r. a p¡o¡a"t.iorr c,f disLarrc,e, er, the, nrisjal--:Lgrrrfierrj_ correcijon
1-o Lhe caicui.ateci l",¡irL- wicl{:lì was takerr tc¡ b e,,;

hinage,corr - himage cos( Ç1, ) ( 35 )

Because i,he i-eln himage i'ì [Eq. 3S] was deler¡tinecÍ fronl

br-rl-ir test i:ooL wire iirrages, Llre cosirre o1. j,he nìisèrIi.'nìeìrL

a ngle ,ras caìcr.rlale cj f roin

rc,=.i$... ) ." ...c'tr €-,^. )
:.c,r( ân,r) '.1"':-- - -.-- ''"1- i.;t )

¿-



where ¡

[Fig. 3e]

IIIustraLion of wire misa).ignment .

tmage



f-t cr'os( 8-,-) -r :2
ocos( ân1r) = | locos( 4ir,l) ""--- 

i
I | .lcos( âi,,1)LL

| 6cos( g.;") - z',tlz+ ¡ocos(Qiu,,) I ;= j

. sin( 4ir) I-. ^ .1 l ttz
.r I 

u4lt'r )z * ( o€ni''' )2-.i ( :r ¡

where aâr1r,¡ ald a$ir,, are the uncerLai¡t.ies -in the indiviclual
misaJ. ignmenL angLe¡ -

r47

Nhere Ohis,l ur,d %i,,, are lhe irrcl j.vidual nris;rl ignnrerrt angles of
'¿l're Ieft and t'igirt u,¡il-es. l-l-,e urrcel-1-aiìri:y in cos( O*i.) u.r,r.,

t.hen c¿Iclrl.ai-ed f rorr,

Tl-'e nrisaJ.ignment. angle for a given llire -irnage was

dej-erntirred by Lhe followingì oìrce t.he i_wo eclges o1. L.he wire
for a giverr horizontaL t-ow r¡f pixeLs was caLculaLed, lhe
center of j-he wire was deLerml'-t-ted ancj j,lre coordin¿tes of i_he

pixel al- tlre wire cerri,er hr€jre recot-cjed. Th j.s ptoceclure was

tlrerr repeaLed for al.l. of Lhe 45L horizontal rowrt of pix,:ì.*
withirr the act-ive region. Tbe wi¡e,s centraÌ axis was then
l epreser-it-ed by a straiglrt I i tre af 1_et- per-f orn.ri ìrg a least-

square:ì f it. The misarligrrmerit. a¡gLe -For say t.he .lef t i:esL

Lool w:.re intage was thet¡ dej,ernlj.¡red fl-om

4;r,t = ì:¿rr-r( ml) ( 38 )

where-' in1 is Lhr_: slope c,f Lhe f iLLecl _lirre. The urrc;ertairrl-y irl
801r,1 was' t.herr cJelermj.necl fronl

r:lB.;. 
r

of,..:- ! - åfir, ---- :
1511 I

'-r n r '
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The rrethod Llìãi- i^iasl usecl to calculate t he f itt.ecl
equai-ion's slope and associal_ed ulrcertainLy, om¡, has been

summa¡-ized in [Ref , 52]. It should be rrol,ed though, tl.ri:t

during Lh-is calculalion Lhe vertic¿rl^ pixe.l coorclirrates ( i.e.
1-he y-coordiuai-es ) r^rer e rnultiplied by O.A, to .cake into
accounL the faci- thai: the vertical dimensiol¡s of a given

pixel- were 4,t5lh of iLs horizontal clirnensions.

IV.c.1^.vi. t^lire Uidth Conversion to SI Units
The average r¡icJLh of t.he wir es, winage,corr, as it wa.s

deler-nirred f l-om i*he digitized Lest LooI inage, ulas in 1,lre

urri!s of pixels. In order to incorporate this widLh in i:he

calculalion c¡f Lhe f oca). spot, ( see secl_iol.t IV.c. j. .viii ), the
screen's ho¡izo¡iLal pixel cooì-dirraie arrcl in t.urrr tl¡c+ wire,s
wiclLlr hacl to be cot¡v,:rted i_o SI unl_t.s.

Ihe procedure Lhat was used to cletet-nline Lhe conve¡sion
faci-or w)'. IL be ilrdicai:ed beIow. tJIret-ì the pì-oaJrarn FSpOICAL .,¡:ts

ussed i-o digiL j.ze a test. too^l f i.Lnl i¡nage, Ure program f irst
cleared the nlonitor-,s sc¡een an<l tl¡en displayed a bla¡rk

screen wilh a superimposecl cross hair. A thin piece of clear
plast j.c i,.rii-h a cross ha:'.¡ nlar ked otr i j- was j-hen taped on l_hr¡

screen so thaL bc;lh cross l¡¡r-irs were aL j.grre.,ci. Tlris was tlorre

j: r¡ have ¿l frlì)'.t j '-al- repreEjet-r,úat-iol¡ c,j- t-he s;cl-eelr's hol izo¡ll:¿.;rl-

and vertic¿ri. axis Lilt€rr t.h.:r t <":::i t.t¡c¡,1. f iì.rn i.mage rniaÉ: vi.eneci orr
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Lhe nloniLor screen pt'ior Lo digitizat.ion. The fi lm LhaL

contained Lhe various tesL tool irnages was tlren placed orr tot)

of Llre liglrt box atrd 1-he Lest Lool f ilnr .t.mage t.o be analyzecJ

was isoLated. Once the t.est Lool film irrrage was posiLioned so

LhaL Lhe l-u¡o wires were paraJ.J.eI to the molriLor,s vertl'.caI
pixel axis, a cJ.ear plas1-ic l'uLer was placed orr top of Lhe

'FiJ.nr. Tlre ruler t¡¿s 1,hen aL j.grred w j.tlr Llre sc¡een's horizoni_aI
pixel" coordinale axis by errsuring thaL tlre Lop edge of Lhe

ruler was pat'all.el arrd al-iglred wit-h the holizonLal lirre c,.F

t.he cress hair thaL was taped o¡to the mon_iLoì-,s screen. The

t.esL Lool's f iIn inrage was ilre¡r disiLized. Tlre colrversiorr
'iaclor Nas lhen deLermined frorn .i_he clisitizec] film image as

fol.Lows: a single cur-soì- ( slraped Iike a cross hair ) Hârs¡

superimposed ol i-he displayed digÍtized test Lool^ irnage at
i-r¡o dif fel enl, posit.iorrs near Lhe top edsÈ of the l-uier IFig.
39] , arrd at each -Location tlre curso¡,s horizontal pixeJ.

cooì-dinâtes l,,rere Ì'ecorcle d. The lrtrt'izonLal distatrce beLu¡een

tlrese two cuì-sóf posil-ions uLas: -uhe n det.erm-irrecJ F_,ot. h i¡r

nriJ^Iinrel,er-s and ir-l pixels. Tlre conver-st.olr factoì-, C, was 1_hc:rr

de ter m -i ned f I'onr

.lm
c = (+o¡

.t- plxeI

wi-rere d.^ arrcl c1";,"¡ are Lhe separation dist.arrce betwec,,n Ll-ret Pl¡cl
'iri¡o cursìor púsitions iri rniLLirnej,ers and irr pixels. Cursor

c-cot-dÍtì¿l:.Ð :-jc.l.r=c1-,.:.ol-r rnras .rj jusl,ecj i ìl'¿èì.¿cLiverÌ7 r,r j¿ ¡¡1.

pì Õgrain [5PûlCAL. Tlie ulrc.:rtainty :in i.he conversiorr .iactc,r
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was calculaLed fr om

oc = ft.r,, #)' / ddo',r,¡z I rzz
* {òdpittl\ du / -)

^ õ.lpi 
r e I

trPi 
xe I

Because the l-erm cìrllì in [Es. 4o] was

taken from a calibraLed ruLer, Lhe unce

palameter was assunled to be negl.igible.

Lhe distarrce dpixel was calcuLated from L

f/ ,lf:', \2 t dP^ \
òd^r".r = llup, ' ) * /aer. ' \Pr¡ël l\ I ,,L\ d,lpirrl ddpirrl .'

r -1 1,/2
= l(up,)2 + (¡p^)2 |

L t ' ¿'-l
where Pt arrd P2 are i-he hor izontal^ pi xeL

t-hJo cursor Locations. The uncerLainLy a

cursor locat iolrs was Laken to be t 1. pi

The average w.ire widlh on film as de

inlagirrg was then calculated f¡om

tfiln - ç 
^image,corr

= c ^ir^gu cos( 8r¡, )

( 41)

a plrysical distance

rtaint-y in Lhis

The u rrce r ta i ìli-y in

he fol lowi ng equal-iorr

2-,L,/2

l

i42)
coor d i rraLes aL Lhe

t each of Lhese Lwo

xeI.

Lerrni ned from digit.al

( 43 )

As a corrsistency check, hf il,, ( wlriclr f or this exanrple was

7.f2 ! 0.O7 nlm, see [Table 20] for more deLails) was compared

to lhe acLual average widLh of the ulires on film
( v¡lri.clr was l- .15 mm as determined f ronr a magtrÍfying 9la:is
having a bu-ilt*irr scale of O.1 mm divisiol-¡s and ZX

nlag¡if ica'¿ j.o¡ ) atrd fol' al.L of t-he arral,-zec1 disit.izecl f ilnl
images, âgre,trrli-:rrt. was founcl r,lji:lr_in t.he el-l or bars, The
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coìrversiort factor, c, as cleLerrnirrecl f l-orrl [Fis. a1] Has o.l.L

mrnlpixel ( Lhat -is dr, = 13 rnrn arrd dpixel = 112 pixeLs ).

IV.c.L.vÍ¡1 Geometric Magnification Calculation
In order l-o calculaLe t.Ire focal spot fronr w¡i¡r, 1_he iesl_

lool 's geonret'ic rilagì-ìif icatión, rf , lrad i-o be deLernlilrecl . T l-r.r'. s

u,tas done usi ng an equatiorr sirni lar to LhaL of IEq . 13] i rr

lsecLiol-r lV.a.L] Reca.ILirrg, l-ha.i;

ci '
l'1 = 1 + 

- 
(++¡

d

urhere d' is the image distance ( distarrce bel_ween Lhe t.est

tool. aìrd the filnt) arrd cJ is i_l¡e objecj, distalrce ( cJistanc,e

beLween the focal spot and Lhe Lest Loc,.l ). The uncert.ainLy itr
Lhe t.est LooI's geonletl-ic magrrif ical_ion was del,erminecl f rom

f I .Jd'\2 ,' dcl,z- r/2
â>M = i í"¡, -- ) r :¡rl --- :

L\ ,ll¡ / \' J¡i

f ,d' ¡,d\2 .,ú,'.2- L/;.:
--t \\

I ri2 l \,¿,2

The urrr:eri-a:.rrl-y in each neasur enìLì tì.ì: , òu. aì-ìd òcj , , uJas

€sLimaLcjcj t.c¡ t¡e I3-2 mm (or.l 1,/S").

( 45 )

ïV.c.1"vi.:'. l' FocaI Spot DeterminaLion

The 1'ocal. spot- !rl'.2,? Llraì: prooucecl Lhe paraJ. leI Nirr: Lest
t.oo-ì. image o¡r f i.L¡n br¿1s .leL€rrrninecl from Lhe cligit.-ized t,est.

t ool j.rr.:gu- Ì:;, a,,,= f c,l le¡,;i ìrü ,,-quõ1--;(rri
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( +a¡
M* I

where w¡1¡.- is lhe wire wiclth orr film as dete¡mirreci f¡onr the

cJ.igitized tesi- tool image (irr rnm), wtire is tlìe physical wire
dianeLel- (itr nrm ) arrtì l'1 r^ras 1,he test Loo.I's geonei:r- j.c

magnif ication. The wire cliarrrete,r' Nas verif iec.l by using a 7X

nagnif ier- contairring a rei-icle scale of o.O1 ntm divisions arrd

was found to be O.O5 miû " The above equation has been derivecl

l.ì-l LÉìPPè)ìC] X i-J

IV.c.2 UircertainLies j.n FocaI Spot DeLerminaLion

Ir¡ Lhe calculatÍorr of the .1.ocaI spot-, f, var-ious facLors
were present- tha! con!ribuLed ito Lhe overall uncertainLy-
Tlris section , wlriclr considers t.he f oI Iowí rrg equaLion

wr-"-^ C coslâ ì * r'r . t'4j 1fi39e - -'-. "nIS, "'tdire

t4*1.

Lo clel-ive Lhe various error's, wj.Ll preselrL botlr t.lre

sLaj:i.rLicaL arrcì systematic error cotrt.t' j.but.:.o¡l,s,

(47)

IV .c .2. i StatisticaL Error
'[lre only stai-isLicaI error conLribuLion Lo t lre focal spot

measurement arose fTom t.he ma¡rrer irr which Lhe ar¡erage ¡lire
widtir wirun, t,las detelnl j. lre.l ft'onl i.he tjiSiLizc-ci intage ( see

seci:iorr fV.c .1 . i i.¡ fol details ) - lhe focal spot uncertainLy
duc 1-o l1i.: r=r i-C,l' r...lC c¿r j-e r,J-aLe. 1=1.¡¡.
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( òf )sta =
dr,¡, _^--

¡ Lld Yr
-''tllLaoÊ- cl f'

hfiln ò*imrg,

f.1 - 1 ur
i flla9e

T lre si:at,isticaÌ urrcertai rri-y

glVeìr Dy Li:q. :j4l

( +s;

:'- r¡ the w:'-te wicit.h, ôwin¿ge, wii.:ì

I.V .c.2. íi SysLematic Errors

IV . ¡: .2 . :'- i . 1- Physical t¡ire Uidth

Because i:lre physical di¿nlel,el- of j-he t.es j_ LooI wires,
t4*iì.e, entered inLo Lhe focal spoL calculatiorr [Eq. 47), t_lte

uncerLaint.y in this krrown wire wiclth al.so conlributecl Lo the

overal. I f ocal spol- uncerì,ainty. Tlre nagtriLude of Lhe i.oc¿I

spot uncertainl,y as a resuLt of this systerr.iatic error L^ras

cJt:Lermi lrecì f ¡,:in

- t-i^ni*
õf , = õ t\ìI UltÉ

cJJ"

ti
' ö*uir, ( 49 )M-l

The uncerLairr1-y in Lhe physical wire wiclt.h, òwflire, hlas

esLinraLed i-o be :! O.OO5 mnr _

7l .c .2. ii .2 t^Jire t^Jidth Conversion FacLor

Eefo¡e Llre 1'ocaL spoL cline:lr:;ic,rrs cou.ld be clej:ernlilrecl , the
c.:l.cuÌatecl a\/€it-äge wi;e wicitl, ,in,gr, rn'llich r¡a:r it-r .¿ lr,¡, cligital
i¡l¿çiirrg s¡'s:1,ellt:+ uLnits (pixeis), h¿rcì to be conr¡c-,,r-t_ecJ Lo a
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i¡iclt.h irr SI uniLs. Because t-he coìrversion facl-or, C, lrad an

uncertaiìlty associaLed with ii:, Lhis too contributed as a

sysl-ematic error Lo the overall focaL spo.i_ urrcerLairrLy. 'lhe

contribuLion of Lhis erl-oì- Lo tlre overall focal scot

unceì-tai ìlì:y was calcul-aLed frorr

(ru
or2 - <)L -''-

{l.F

wf iln' õ(l

t'1 - L c:

rrhere ôc has been given by lfc. ¿r]

= - '!1u ö'o"-( %i')-,
M - t. cos( âri, )

The uncertáin1,y in Lhis colrecl*iolr

caIcuJ-aj:ed f¡onr [Ei]. 371 .

( 50 )

( s1 )

l'¿cror , ¡¿'¡"( t-r^) " w.i¡_ ' u¡15' '

IV.c.2. i'. i .r.l t^,lire Misalignment Correction

Because tire digitized test tool v¡ire images nriglrt. not lrave

been paralle.l. to i-he monilor,s verticaL pixel coordil-lates

axis, tlre caJ.culate d wire r,ridLlr wimage was cort-ecLed for j-hc:

ef f ect of 1-lris nrisalignment . Si rrce j,lris col'reci_ion aÌso lracl

arr asjsociai,ed uncertainLy, this error al^so acled as a

sysLemal-ic error to Lhe or-¿eraIl focal spoL uncer.l_ainLy. Tire

Iriagrrj.Lude of the overall focal spot uncerl,ainty Lhat was

aL1,l-ibui,ed Lo l:lrÍs effect L,¡as calcuLaLed .Fl'om

òf, = òcos( 9ri, )
dcos( 4ir)
cl l'
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IV.c"2.l'-i,¿r Test TooI Geometric MagnificaLion

Eecause t lre Lesi, LooI's geonleLric magnificaLion M also
eni,ered inLo the caLcuLatiorr of the focal :;poL IEq. +z], the
uncertai nty i r¡ Lhe magrrif ícatiotr ly aLso cont.r ibut ecl a

systematic error. The conLribution of this error to j_he

overal-l focal spoL unceì't.ailly was calculated fro¡n

cll"t
èf4 = òl'1 *-

_ wirire '- r{fi}m 
u* (sz)

( ¡,r - r)2

where l-he uncerLainty irr Lhe geomeLì-ic magnification) òM, hlas

calculaLed from [Eq. 45] .

IV .c -2. ii .5 Wire Image Blurring
tolhen tire aveì-age wire widLh, winage t,las deLernrinecl fl-om t_hc

digitized 1,esl- Lool. f iIn inrage, iL was ex j_ì-acted front an

irnage whose aci-ive region lrad previous.Iy undergorre hisLogram

equalizatiolr and verticaJ. pixel averagitrg. Because of i,lris

-itnage manipul.aLion, Lhe wire images had beer blur¡ed to some

cjegree. Even Lhouglr t lre rreL l¡lurrirrg effec1, at, eaclr edge of a

giverr wire image was typicaLly an increase of abouL 2 pixels,
i- h.:'. s effect did not have a Large cotrLribution irr the focal
spoL rneasurernent. This calr be seen in IFig.4o] from !he
close agreen'leìì j-- lfetween the enhanced edges of j:he two wire
irnages a.nd iheir ac1-ual cdges . f his blurr irrg ef f ec! , wlrich

tJasi ììot incorf-loraLed as a systenlatic erì.oì-, Naîj
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ex'rer inlentall.y Ì'ound t. c.r be compensai,ed for by def itritrg tlre

wire width, Hinase, as the F l"lFil'1 of the pixe.l- value distr_ibuLion
and r)oi- as the full width (sr-:e secLÍo¡ IV.c.1.iii)-

IV.c.2. ji.ó Test TooI Misalignment

l,Jher¡ tlre i:es1- l-oöl was seL up prior- to iLs ex¡-,osrlre, i i--

rnay have beerr set so Lhat Lhe plarre conl,ainirrg Lhe two wires
was nol- perperrdicul.lr l_o tl-ìe x-ray beam,s cerrLral axis. l-lr:'.rs

effect wouLd have caused each wire to lrave a differenL test
tool geórneLric rnagnif icat j.orr. Because this plrysical effect-
could not have changed t.he wire,s objec-u ancl image c.lisLance

by nrore than l- mm, t-he Lernl òty in [rq. 52] as caicr.ilaLed fronr

IEq. a5] would have been snra.II ( it shouLc.l be pointecl out thaL

during Lest ruìrs rri j,l¡ a FFD of 1O1.6 (:m (40,') l:he uJil-es

object and i.mage disstances were both approxitnatëly 50.6 cm

(aO" ¡;, ånd i-hus thrr syEjl,entaL.l'.c errol' col¡i-ribuLion i-o t.ire
overal-L u)-rcerLailrty i¡ the focaL sF,ot. wouÌd have bee¡

neslisible,.

.tv .c ,2. i i .7 PixeL t^Jidth

Because Lhe edges of a girren wire aì-e represerrted by a

single pixel [Fi.g - 40] , t.hel-e u¡iIl be ån uìrcerLaiìrty of f 0.5

¡ri xe ls associal-ed wilh each eclge poi rri , c.lue t.o Llre nicll_h c,f a

g j.ven pixel - S j.rrr-;e Llre ulic'Lir ol. tlìe r¡i¡e on 1_he disitizr.lcl
t.esl tocl f i.Lrrr inrage is rlete r¡nined fronr Lwo rlclge poinLs (fc.,r

a gir.re¡ ho¡izonl,al l-or¡ oÍ pix*.1.s ) tlrerr t.l'ìe Ll n c e r l: á, i rr l: y ir-r i-lrt:
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vJire's widt-lr due i:o tlris ef f ect would be t O.7 pixel.s

( calculated by acldirrg irr quadraLure Lhe urrcertainl-y of I O.5

pÍ xeIs rr.,¡ice ). Because the stat isLical ulrcertainty irr Lhe

aver-age wire widt.h estirnate (which was Lypically between

t O.B arrd j: 1.O pixeLs) ilrherently conLains the abor,re t O.Z

pixel urcertainty, Lhis effecL Nas not irrcÌuded as arr

i ndepe rrde n t sysLenatic erroì- contr-ibution.

IV .c.2. ii .8 OveraII Systerrat.ic Error Contribution

Tlre overal I sysLenal-ic el-ì-or conl-r ibul:ion i-o the f oc¿:.1

spot uncertainty was calculaled by addirrg in qrladralure t.he

f irsi, four sysLenraLic errors, tlraL is
l- lt - 7/2

(öf ).". = l¡(¿fr)¿ (s3)
t.lì=:t

IV.c,2.iij. OveralI FocaL SpoL Error

The over-aLl. error irr l-lre f'ocaL spoi, rrieasurenleìtt {,Jas 1-aken

i,o be

f z 2 -,!/2
¿,r-= [{af )r,u + (ôf )syJ ( 54 )
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CHAPÏER V

RESULTS AND DISCUSSION

V - /:r Data Representation

ALl of Llre focal spol data that was colLecteci clurirrg LesL

rurrs 1 1-lrrough 7 is suntrrar jzed irr [Appendix c], IAppeì-ìd.]. x t-il

arrd lApperrdix I_ì respecLively. 'lhe dai:a irr t hese appendices

is represenLed irr Lhe fot-nl crf conìparison plots j:o illust¡at.e.
sitnilar j.t.ies irr the f ocal spot dai-a betweerr Lhe corrverrt iona j

focaJ. spot, nleasuri ng Leclrrriques arrd i:hat. of the cligii:aI
imaging sysLem. The ol-dirrate of Lhese conrparison plots was

i,akerr Lo l¡e tlre focal spot size alrij Llre abscissa Lhe x*ray

lube kvp sei:Li ngs ( which Llas chosen lo i.L LustraLe arry kVp

dependence ilr Ll-re focal spoL daLa ).
On a f Llrt her rroLe, all^ of the dala irr Lhe above j:hree

apperrdi<:es are t.he r,teighLed nleau resuli-s of i:L,Jo t-ncìeperrdenì-

alaJ^yses i-haL ùiere perFormed t.wo r,,ree l<s apaì-L - The cJigiLaÌ
j.m.cging sysl-ern's focal spot. dal-a ilr IApperrdix G] ancl

Ilrppendix ]l are i-he resu-li:s f t-orr'r lest. tool .F j Ln irnages thal_

u j-:. lizecl Kodak Tl'1c c.louble emul.si.otr f i.l-nl ancl wel'e t-akelr ¿t- a

FFD of 101 .6 cm (+O';. Because alL of the focal spoL clata irr

fApperrdix H] were l-aken at- two dif f ererrt FFD seLLings, the

F'FD seiLings have beerr iderrtif -ic-,cl on eaclr plot for gì-eateï

claliì:.y. I¡ ¿dcjil:.orr j-o i-he ;rbove, ¿rll .r l. t.he f ocal spoi: Jata

.i. r-r [ApFe:r'c]j x H_ì ( r,r i. 1.. h r,rxcc.itrt iÒ¡ r;o tcst ì'un 1 ) L,le.r e, obLaii-red

usi nsj r(odak Tl',iG dor_ibÌe e¡.rul-s.l.or¡ .1.:l Inr.



155

ïo conlmenl, orr I,he various irr'l.ormaLiol.t j_l-rat is corrtairred

u,riLh j n a given compar isorr pLot , consicJer lf is . 411 which is
iderri-icaI i:o a pIoL illusLraj,ed -in [Apperrdix c]. As slrowrr in
lFig. 411 , the foca] spoL data represent irrg Lhe length of Lhe

i'ocaI spot ¡tere delt'.beraLely plot.tec.l aL a kVp vaìue 1,haj_ is 2

kVp loL^rer Lherr wlraL was actuaLLy used. Tlris uras introcJuc:ed

for t.wo l-easoìrs: i ) i:o simplil.y clai,a conrparison by reducing
error bar cluLtering; artd 2 ) Lo separate tl.ìe Lwo f ocal spot

dimelrsior-rs. lt is also seetr itr lf.ig. 41-l thaL Lu¡o horizonta.l
Lirres ( orre for each focal spot_ c.iinrerrsiol) have beerr

super-imposecl in each pl.ot Lo signify the nonlitral f ocal spoL,s
maximum NEI'14 ¿o.Ierance rra.Lues. These NEMA f ocaL spot limit_s

lRef . 6l wirich have been tabulai:ecj irr ITab.].e 1al sigrrif y Lhe

m¿rxirnurn focal spot dirrensiol'rs that are allowecj by NElf A fc..¡r a

g i ve rr rrom i na.I f oca l spÐi: .

V,b Bar Reso.lution pattern Comparison ResuILs

Al. I of '¿he bat- patLerrì focal srpot resu.ILs aì-e sumn.ìaÌ-ized

-in Inppendix G]. Ii: is seen ì"rom tlìese 7 test. ru¡rs that orr

Lhe avet-age i,ire clisital .:lnraging syst-enì's focal spot. daLa doer;

app€,ar to be in agì-eement with Lhe ba)- pattern,s focaÌ spot

data ( two daLa poilìts are said Lo be in agreement wherr t.hi;ir-

associated erl-or bars o\/erlap, thaL is bolh data poirrl,s are

wiLhirr el'rol' of each ot.lr¡;r-). l- it is also evidenL f ronl i_his

cÒ1.ìect.ecl L,ai Oua**''t, d¿rta t-hat. o¡ 1-h€: â\,/el-¿ge the :;ize of
i-l-re i',:c¿.1 :,po1- :.s .:l nrjc,pe rrtlerrt c¡i Llrc= j:.u!:e's kr¡ir :rc-tl_i.rù. T,.re
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[Table 1s]

NEI'14 NominaL FocaL Spot Maximurn Tolerance Values

f:oca L Spot Dimensions (mm)

NominaÌ Focal SpoL Size NEI'1A Tolerarrce Value
uJidrh Length

o .10

o.15

o .2a

o .30

O,1+O

o.50

o .60

o.Bo

1 . OO

1 .20

1 .40

o.15

4.23

o.30

o .40

0 .45

o.60

o.75

o .90

1 .24

I.40

r .70

1..90

o.15

o.23

o .30

o.4.o

o .45

1.10

1 .:JO

I .6A

2.OO

2 .40

2 -AQ
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f ol-Lowilrg reasorriug catr be used Lo justify Llris f irrc.Ji rrg; as

seerr in IEq . 17] the focal spoL dimensiorrs as deteì-rnined from

1-he bar patterl'r l-es j- Lool. f¡. Im j.mage depencl uporr the line
pair fr-equency of ihe ba¡" group Lha! has the lhree bars just-

r-esolvabLe. BuL, since Lhe l¡ar patl-erìr i,es1, tool has olrl.>, 1L

bar groups ( or Ìirre pair f ì-equer¡cies ), f or a giverr f oc,al spot

dinrension 1-he ltar paLLern can provide otrJ-y orre of 11 possible

va.lues. This implies lhat if the charrge irr Lhe f ocal spot

size Hith tube kVp is Iess thal¡ the followirrg difference:
( 55 )

hlher-e 'Fl and f2 are t-he focal spoL va.Iues as determined from

Lhe bar group rrurnber thaL has Lhe Lhree bars just resolved

and from tlre nex j- Iower bar group trumber', Lhen t-he bar

resolutio¡r paLLern method will be insensitive to such a focal
spol chango.

Arrother observatio¡ tìrat rnay I'e rrtade f rorn t he dat a i ¡¡

IAppendi x G] is Lhat f o¡ mosi: cases ) Ll-re digil-aI inragi rrg

ssystetrr 's f oca.L spoL measuremer¡Ls are consisLenl-l-y slightly
greaLer than Ll'ìose of i-he bar p¿ìLter ìì method . Tlr:'.s

otrservat-io¡r cia¡ be justi f iecj as f oL lc¡ws: bJheì-r the f ocal spoL

dinrensious are deLernlined front a bar patterìr i-est Lool f ilnl
image, Lhe line pair frequerrcy t-hat was usecl in [Eq, 1Z] was

1,lra1- of i-lre bar gì-oup that h¿¡d the t.hree bal-s jusl: re:rolvaltle

and not Llre three bars clear.ly r.risible. i^Jhat th.is rrrearrl- uvas

Llrat; .r'. i" Llte 1,1 r-re focal spoi: v.rllLe lr":r<J ä .l_it.te paiì- l.rçquÈnc:y

LhaL was, for exampLe i¡ beLween i:hát. of bar group Z arrcl g,
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1-hen f¡onl Lhis mej-hod of bar cietecl_iorr it is the Iine pair
'trequency of bar group I Lhat was used in Lhe cleLermilìation

of Lhe 1'ocaI spo1,. Tlre encj resuIL of this w,¡uld be Lo provicle

a focaÌ spot value that was slighLLy smaller Lhe¡ Lhe true
value.

Focal, spot size compar-ison of Lhe disital irnaging system

'cechnique resulLs, Lo Lhe bar resoluLion patLer-n nethod

resllÌLs was made for the sake of completeness. Even Lhough

the subjectiveness of Lhe bar resoluLiotr detecLion method and

Lhe limiLirrg .Iine pair frequerrcy pl-oper!y of t lre bar paLtern

inhiLrited the bar patterrr nlet hod fronr beconring .e

manufactureì-'s standaì-d technique irr the deterrnination of
focal spots,

T e bar pattern rnethod produced focaL spot results that
had orr i:he average an overalL err-or of ! IIZ . The clisi j:aI

irrragirrg siyst€m orr the: otlrer ha¡d producecl ïesuLt.s thaL hac1 ol
i: l-re average ar¡ overalL errot- o.t I óZ ITal]le 191 . It slrouLd be

¡ot.ed t-hat Lhe or¿eraLl error daLa trresented in [Tabì.e 19] are

Lhe average resu-LLs of i:esL runs L tlrrough Z.

V.c Star Resolution pattern Comparison Results

AII of the star pattern focal spot resuìts lrave beell

summa¡ized j.n IAppendix l]1 . Aft.er close inspecLion of these

conrpar ison plol-s it is ev j.dent. LhaL on l_he average t he

<jigital irnagi rrg system's f ocal spot. dal-a c1oe.s appear i:o be

l'. n good agreemenl, witÌr the :rLar p.zLl-er-tr's f ocal- srro j_ dáj,a art
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boj:lr 1.01.ó cnr ( 40" ) an<l 182.? cnr (7"" ) FFD seLi-ings.

ConLrary Lo Lhe bar pattern's foca.l spoL data, Lhe sLar

pattern's data as welL as Lhe digii:aI inraging systenì's data

does inciicate Lhat Lhere is a sLight decrease irr Lhe focal

spot dimensiorrs wii-lr an inclease ir¡ the Lube's kVp seLLing.

Tlris f indirrg carr be justified from Lhe f oLlot¡irrg pheno¡rerra:

when a curre¡L is passed Lhrough Lhe filament, elecLrons wil.L

be boiLed off the filamenL and these eLecLrons wiLL undergo

arr accele¡-a1-io¡ towards Lhe anode. fhe Lrajectories of these

enritted elecLrons wilL now urrdergo defLections as a result of
j,lìe Lube's magneLic f ield LhaL exisLs betrleen ar¡ode arrd

calhode. Now, when the tube's kVp ( polential. ciifference ) is

increased Lhe def IecLiorrs of Lhese enitted eleclrorrs u,Jil. I be

reduced due Lo l-heir increased acceleration. This has the net

effecÈ of ,,lecleasing tlre size of l-he spol- on Llre alode upon

which they irnpi rrge . It should aLso be nrenl-ioned that as the

tube kVp is j.rrcleased l-he space clrarge effect is also

dimi nished sirni lar.ly cont.r ibut i rr9 to a decreased f ocal spot

-ì-..-

I1- appears from Lhe comparison ploLs of [Appendix H] Lhat

i,lre star- pat.Lerìr's focal spoi- daLa are co¡sistenLly slighj:Iy

greater 1,han the digita.L irnagi¡g system's f oca] spol data.

Tlrj.s j,relrd may be a1-i,ril¡u1,ed Lo Lhe diff ÍcuIt-y in deLel'ninil'rg

the zero conLrasL diamei-er in Lhe s1-ar pati-ern irnage on f iLm.

The pÕÒì-esi- agteenrerrl- in these conrpar-ison pI()Ls i r-ìvolvecj Lire

.lat-ge f ocal spo! dai:a, which lrad the largesi- zeì-o corrtrast.
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clianreLers arrrJ we¡-e nlosj- dif f l.cuIt. Lo accut-ateJ-y deLel-milre.

Al¡oLher reason why tlre star paLt€jrn's f ocal. spc-ri- cjai-a are

sliglrLly greaLer Lherr the d:lgit¿.1. inrag j-n9 systenì's niay be

attributed Lo the fact Lhal Lhe sterr patterrr meLhÖd invoìves

measurrneni- of i:lte fc,caL spol-':; clintensj.ot¡s f l-om t-he foca.l

spot 's resoL,.,ing Fowel where., inore scaLter ing occurs ulhereas

i:he digital irnagirrg systenl j,echtrique detel'mines t,lre focal

s¡:ot dirrrerrsions f rom the acLuaL size' of Lhe spot i n a

situaLiolr of cij.m i r¡ islred scati:et't'.rìg,

Of lhe three co¡velrtional focaL spol, measuring LeclrniqLres

t hal, were compared i:o t-he dig:'.tal inlag.:'.ng system Leclrrrique,

tlìe si:ar paLtern focal spot daLa p¡ovides t.lre cLosesL

compaì- isorr on the bas j.s Lhat almosi- idelri:ical Leclrrric.lr-rr¿

p¿lrarret.er generaLor settings and exper-irnenLaL condi!ions Nere

used Lo co.IIect tlre da1,a. It rJas ¿J.so obser-ved tlrai- tlrie:

l'c,caL spot daLa is in best agì-13emerL with the c1-igilaÌ nte j-hod 
-

Tlìe st.ar pâLtern meLhod produced focal sp<tL results that.

lrad orr tiìe average an overaLl error of I 5 r.1 . It should be

¡oted thaL wi.Llrirr these ovet-a.l..l errrrr calculatioi-ls err()r'r¡

thaL might arise due t.o t.he manufactut-ing of the s'Lar p¿itt.ern

test. Lool (such as the error ilr the atrgle and w.:ldtlr of Lhe

.Lead spc,ke:') were considered negligible" The quot.ed

urr';el- l-aj-ìlty in the sLar pal,l-eì'n l'ocal- spot dal-a was sor¡euthat:

r¡]lderestirnat.ed, sir¡le t.lre erss.ì.g;nc.:d uncertairrty j. rr the zet-o

c.orii-tast-- t i;gion's diamei-e r t.ooli ilrLo ácaouni, 1,lre un¿€!¡¡¿ j.¡,1,i

ilr lhe r[€rasLrretrerl! its;c"-lf arrd rrot t.he t:rrcert.airrty irr Lhe:
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detec j-ion of Lhe l-egiorr's boundaries ( r¡lrich will vary wii:h

Lhe indivicluaL LhaL is performing the measurement ),

V.d Pinhole Camera Comparison Results

ALI of tlre conrparison pIoLs Lha1, ir¡volved i:lre pirrhole

camera foca). spot daLa have Lreerr summarized irr IApperrdix I].

I j: is seen f l-om these corììpaÌ- ison pIoLs Lhat orr Lhe avet'age

the¡e is good agreemenL betweerr the pinhole cameì-a focaì. spot

daLa and tlre digiLal inragi trg system focaJ- spot dat.a . As was

lhe case for Lhe star patlern foca.L spot data, lhe pinhole

camera daLa generaLly ir¡dicaLe a sliglri, reductiolr ir-i i,lre

f ocaJ- spot dimerrsions when tlre tube kVp sett,i ngs are

1 I t(i I e¿ siri( l

From the comparison plols of [Appendix I] it appears thaL

Lhe disital imagirrg sysl,enì focal spot data are consisteni:Iy

sLishL.ly larger thalr the pinhc,le camera data. This

observation can be just-if ied l"ronr the l"oIIowing; l'. f Ne

consider- a pinhole câmera a¡d a paraLLe.I wire tesl tooL whose

pirrlrole and wire diar¡eLer dimensiorrs are both "w", 1-hen flom

pure.Ly geornet.ric considerat.iorrs the penurnbra regiorr of the

r,Jire oìr f ilnr wiIJ. be greai:et- 1-lrarr thaL of Lhe perrunrbra reg-iorr

of lhe pinhoLe, for the case where both Lest tools are placed

with theil respect ive cenLers on tl'ìe x-r'ay beanr's cenLra.L

axis arrd aL Lhe same dis!arrce f rorn the f c,ca.I spol- and f i Lirr.

Tlrus, everr thougl-r 'or,th ¡teLhods [ray nteaËul-n: i:lre t.l-tre

c'jilne¡sio¡rs of Lhe focaì spot i¡ a rsimilar fasl-rion (see IEq.
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24) an,3 [Ec. 4ó] ), Lhe cJigii-aI inlagirrg sysLenr r,lil I er.¡al-uatr-> ¿r

someNhat .larger focaJ. spot value due to Lhe enLarged penuinbra

ì-egi.on. I1, sholr.Id be I'enlemberecl LlraL dr:r-i ng I,lre digiL¿rl

Írnaging sysLem's analys-is Lhe dimensions of Lhe focaL spot

are dei-ermined from Llre calculated wile uridLlr of tire

cligjLized tesl Lool f ilrrr irnage ( which is dependent. orr Lhe

penunrbr-a regioìr of 1-he wiì'e on 1' j. lnr ) .

Alother ol¡servatiorr thal is made from Llre comtrarison ploLs

irr [Appendix I] is tirat l-he i4orsj, agreement ûccurs ilr the

f ocal spot .length dala . This f i rrdi rrg has rJoL surpr isi ng

b-ilrce ot're of the dif f icr-ili:ies LhaL exisLs i.n Lhe pirrlrole

camera rneLhod is in Lhe deLerminatio¡ of the lelrgLh of the

pinlro.le i.nrage (see Ch¿rpt.er I).

From aJ. I 1-hree convenLio¡al focal. spo! rreasuì-irrg

iechniques 1-l¡at r,¡el-e comparecl i:o tlre digii-al imagilrg systent

t.r-:cl-rnique, j:he pinlrol.e carfreì'a f ocal spot c]ai-a wouLd have

pr-ovided t.h'l nìost dif fererrt coirtparisotr based c,n i,hÈ x-ray

lube rrrAs sett irrgs required being quite differe¡L (for

insLance durirrg j:lre snlall focal spot da1,a colleci:ion <:f test,

rurr 3, il-re rrrAs se1-tilìg f or the x-ray tube wher operating at

70 kVp uJas aL 80 wlren using Llre dt'-giLaI imagi¡g systen'r 's tèst

tc¡ol^ ai: an FFD of 1O1.6 cm ( 40" ) and r"ias êt 75O wherr using

l:lre pilrhole ca0rera ). It, is l¡orrellre.l-ess seeìì tlìaL j:ire Fo+al.

sìpot dala are irr good ãgì-eemerrt.

Ilrt l: , ¡'f'; ìq-r ,. ¿.rr-r'¿ 'tietlrc,d ,:r',icjuc.:r'j l r;¿..ì ¡¡,..1 j {: rril L-+ Liìiìl-

h,-.:r cl c¡rr the average ¿irr o\reì-áiLJ. e¡rol- of l. 99;.
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V.c, Digital Imaging System ResulLs

Since i. j- is krrown that filnr image blurrirrg catr incr-ease by

lhe use of doubLe enlulsion f ilm ( see palallax Llrishaì-prress irr

sectiot¡ IV.c.L.i), wlrich can irr 1-urn inLroduce addi l-iorr¡:I

urrceì-tainty in the f oca.l spot rneasureiìenl , paralleL wire and

sLar pai,terìt 1-esL LooI f iLm .:.mages were also co.IIecLed,

during lest run 1, usirrg single enu.l"sion f ilm ( see êpperrdix l^1

for resulLs). fhe parallel wire tesL tool resu.LLs for both

singLe and doub.le emulsion f ilrns have bee¡ pIoLLed in [Fis.
42f and i rrdicat e tha j: Llre digilal imagi ng systenr Leclrnique of

detertnirring Lhe focaL spot is independenL of whether !he fiLm

is si rrgle or doubLe enrulsiorr Lype . Becåuse of i-his f i lrdi ng ,

Lhe remaining ¿) Lest runs hlet-e perf ornred using double

enlu.Lsion f ilnr only. l he usè oF doubie ernulsion f ilm w¿:s

preferred over singJ-e emulsion f i lrrr for lhe ¡eason Lhat. Ìower

tube mAs values ( sec= ì-abIes 12 Llìì'ough 1.5 ) cor-rl-d be use,l 1,hu,;

alLa-ini¡9 focaL spot data lhaL was c.lose lo c.linica.I irnaging

5{jLL-tllgii-

To deter-nine whether the digital imaging systerrì lechnique

o1" measuring the 1=ocal spoL size had arry dependence o t'ì the

f i.lm opLical clensity of the test Lool f iLnt image, paraLl.eL

wire Lest tool images wer-e col.Lected dul'irrg test rulr L aL

cJif f erent Lube rrAs va.lues ( and Lhus cliffererrt resulta¡t f iIm

opt ici:I densities ). llre resulLs of 1,his i:est ( performed

usirig Kodal< fl'lG cjoubl e e¡tuLsi¿rr f i.lirr .rL ¿r l'FD of 1O1.ó crr

(4o" )) r¡hj.clr are j. Ilustrated in [F:ig. 43] , it-rdicåLe llr¿¡i: l:he
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diSiLal Ímagirrg l,echrrique is indeperrclerrj_ o1' f.iIm opLical
densil,>, in the range betweerr l and 2.5_ This imp_Lies that
t his i-echnique caìì ire used on 1,est toc¡l f i lnr images Llral- h¿ys

'tilm optical densiLies anywhere on Lhe linear portion of Lhe

f i.Lm's characLerisLic L-ìul've (see [¡=ig.re] ).
The foca.L spol data irr iAppe¡dix Hl Nas collected at 1O1.6

cnr (z¡9' ) arrd 182.,7 cnl (72" ) FFD seLLings, nrair.r.Ly i:o ob j:ain

data that was in accordarce L.Jil-h stanc.jard cliagrrostic

radi.ology l-ocaJ. spot-to-pat ieut disLatrces. To iIlustr-ate arry

comparisorrs between Lhe foc;al spol- data aL 1O1 .6 crrt (40,') arr<1

182.9 cm (72" ) FtrD settiì-ìg, the digiLal inraging sysiem,s

result.s are summarized in lFíg, 44) (which was the focaL spot

dal,a fronl l,esi- ì-un 1). Ai.i,er- i nspecì:iotr of [F j.g. 44], i1:

becornes evidel'it that Llre digital irrraging sys¿ern Lechnique is
capable ol" pr-oducirrg FocaI spol- r-esr_rL1_s tl¡¿L al-e consist-er¡t

¿rt, both of Ll-rÉse FFD settÍngs. This f i¡dirrg not örrly

il. lusj:raLes the digiLai inragirrg technj.que,s dir.¡ersit./ i.n

perf ormi n9 f ocaJ. spol- data at a wide range of FFD sel-Li rrgs

b¡-ri i{- also r:onf irms i-he effecLiveness of i-he cofiput.r3)-

al"gorithm to exLracL i:he focal spot dimensions f rc,r, Lhe uli<lLh

of j-he wires in Lhe disiLizÐd t.esL tool f ilnt inrages. IL

:.rhould be noted lhat rrot- onjy wiLl Lhe para.Llel Nire Lest
1.-ool f ilnl inragr::o.. ai- a 182.9 cnl (ì2") lfD sei_1_iì-lg lrave a nluch

-l¿ir-geì- penumbra Iegion ( arrcl t.lrr.rs inore irnage Lrlurrilg) i_ha¡r

tlrose f iIn¡ inrages- â1: å LOi.t, cirl (rrO" ) iFD s,:rt.i.i n9, r"_rul,, t.lre

u j re., image. it-self .ir the,disitize,cj iirr-ge (cr- -í-iìnL ) wi.L.l have,





170

a reduced x-ray beanl ir¡t-ensi I,y al, ì:lris disLance thus nraking

eclge cìeLection more difficult .

To iLLust¡aì,e a typical breakdor¡n of the experimenl-aI

data that rlas involved in a dete¡'rrrinaLion of t.he cligiLal
inraging sysi-em focal spot size, consider ITable 20]

which Labu-Iates tlre results f c,,r Lhe test LooÌ f ilrn image

i.Ilustrated irr [Fig. 29). It is sc-en fro¡t this Labie of <l¿ t-¿r

LhaL Lhe correction of urire misalignmenL, wlrich u,las Lypically

"rbou 
j, 2", did rrol: corrLribui,e very irruch chatrge Lo th¡¡ overalL

focal spoL measurement. These effecLs i4ouLcj only lrave been

sigrrif icalrt-- if nluch ì.arger nrisaligrrnren{- ang.Ies lra,.J occurru:d.

L^Jhen Lhe widt hs of t.lre lwo r¡ires in Lhe c.ligitizec] Lest Lool

f iIm inrage are compared, Llre lef t wit-e's wicJi:h appear-s 1_o t,e

n¿irrower by A.45 pixeLs. This difference in widt.h arises front
j,he facl: LhaL Lhe .Lel=L wire irr [f is. 2']f v,t as plìysr'_cal.I),

.l-c,cated rrearer Lo the arrode L[an was the ì- ight r¡ire ( ¡ecall
t-hat- dul'ing j,his Lesj- t.he pal-âJ. IeI L,ri.l'e i,est tool r^räs pI¿ced

perpendi.cuÌar to the c-a axis so as tó measure the snlalL

f ocal spo1,'s lerrgLlr ) Af1,er close it¡speci-ion of 1-lre clai:a

irr [Tab]e 2Ol it is seen Lhat Lhe largesL contributiorr to Lhe

absolul,e uì1cet- Lainl,y irr Llre 1'ocal spol- nreasurerneìlt vlae due t.o

the staListic,aL var iations i¡ tlre wiclth of Lhe tw.-r wil-es i r¡

lhe cJigil-izeci f iÌnr irna!¡e.

Tc, r-educe t.he statis!i.cai vari.atiorrs in the widt.lr of tl.ìe

i¡lil-eg j:l¡r-rs rr:duciì19 Lh¿ ,¡ve t-.:.1 .1 u ìlc r,- ì- Lir i rrL )' j. ¡¡ j-he .[o.:¿:l

:ipot tnË,áist1ì--.ìfiìeì-tLs, t;;rl iOLrs ¡iLtenìpj-s wete rrt¡clç .rÓ ¡p¡ intize, t ht,



IlabIe 20]

Digital Inraging System Focal Spot CalcuLaLion Breakdowl-t

Exper irnent-a.l Data

Left wÍre misalignrnent arrg).e i 1 .561, -! O.OO4 deg.
Riglri: wire nrisalignmerrl- aìrgl.e i ! -564 ! O.OO3 dÈg.
Average wire rnisalig¡rnenL ãrrgle: 1.5ó3 I O.OO2 cjeçJ.

Co':irre of average rrrisalignnrerrt- angle: O -,)996 t O.OOO1

Lef t wire widt l'ì: 9 .A4 ! O .93 pi xels
Riglr1: u.:ire þridLlì; IO.29 t O.7Z pixels
tJeighLed mean of Lr^ro r,lil-e widthsr j.O.1O:t O.59 pixels

Pi xe]- cal ÍbraLiolr f ac1,or : O . 11i jj O . OO1. mm,/pi xr:J,

Average wire width co:-rected fc-,r rnirottnnrn"na
and coììve¡l:ed j:o SI rinii:s 1.12 ! O.OZ ntnì

Test Lool geometric magnificaLiorr 2.OOO r O.OO9

Pal-ameter

Error AnaLysis

Error i n Paranteter E¡ ¡ol' i rr FocaI Spol-

Stai:istic;aI er ror :

Ave)- áge r,,ri Ì e uvidlh

liySLcìùìaLi c et't'or S :

C:"ilibraLioì-l co rrs La nt
Cos( misal ign . ar¡gLe )
Physica-l Ni re wiclt h
Test tool nìag ìr .

'lotaI sjystetfiatic errot

Overal I er-ror:

:t 0 .0óó ri rrì :! 0.066 mm

j

1
:!
Ì

t
I'

t
I
-1.

O . OOL f]lrl'|,/pj xel
o . 0001
O.Oo5 mm

o.oo9

O . O 11+ rnm

0 . OOO ir¡n1

O.O1O rìrrì

O.Oi-O mnl

O - O2O rrm

O . 069 mnr

Itroc-a -l spol- size 1.O2 l: O.07 nìnì
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dig,:.Lal inagirrg 1-eclrrrique. The ùne paráme1-et. tlrat was foulrcl

t-o inf luerrce the ovet-all uncel-LainLy in the focal spot

nìeasuÌ'eileì-ìt was j:lre L^tidLh of the aci:.ive regioìr. Tlris f ilrclirrg
ì,"J as rrot surprising sirrce the resuLLs of the wire image

eì-rhar"ìcerrìeìlj: a1't.er hisj-ogranr equaliz¿tion IFi9. 32] weì-e vÈì'y

much dependenL orr lhe size of the backgrourrd region hjithin
I,he aci,ive legiotr. It is appaì-eìrl- that, 1,lie Iarger i_he

backgrourrd regiorr withirr the acl-ive regiorr Lhe greater the

irrl'Iuence tlris backgro,-rrrd will lrave orr the smooLlring

routirres. In order to obtain Lhe active region width tlraL
gives 1-he bes j: overal I resu.l.t s , a 1-esL uJas peì-f ormed pr iot. t_o

tesL ì-u¡ 1Nhen using doubLe emu.Lsio¡ fiLm thaL was exposed

aL a FFD o1' L01.6 cm (40" ), usi¡rg a ZO kVp tube poLenì_.:'.aI

difference. The lesults of Lhis test, which ar.e surnmarizecl j.rr

ITable 21], itrclical-ed thaj: alr acl,ive regior.r r^liclLh Õ1: gs

pi"xeLs provided Llre best conditiorrs.

Because the pixels Lhal, i^rere locaLèd ulij,lrirr Lhe wile inage

had pixeL vaLues that were cornparabì.e Lo the va.lues of the
pj.xels t.hal- L.iere Located in i-lre backgt-trund regioìl IFig. 3:?á.]

of the acLive regiorr , t,ackgroLlrrcJ subtract-ion methodoLolgy

could r¡oL be successfuLLy applied i-o Llre <ligi{:ize,J Lest_ tool
fi lm i mages .

Tlre reprodr-rcibility of the overaLl digiLal imagi¡g s),sjtenr

L,::chnique r*as r-iel,ernlii-red ity obtaiììl'.ìrg 7 j,es j: Lool .l'j. Inl inrages

¿rt. icler¡tj.cal LlrL-,e mAe; al-rcJ kVp se1-tirrgs alrd thefl arlalyzirrg the

clir¡it j.z¡:d f iì.n'r j.ntages. Tl-re resLr.l-t.s of tlris ,¿esi,, i¡lriclr r¡ei,.:
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[Iable :?1]

AcLive Region hidth optimization

FcJca I Spot Percent Error

AcL i ve Reg i o n
i pixels )

Snr"r I I FocaI spoì-
l^lidth Length

Larse FocaI Spot
Nidrh Length

:3O

40

50

60

7A

x I .42

! a .22

! 6 -AZ

! 6 .52

! 6 .52

l: 6 -6%

! 7 .trá

! 6.72 t 7.52

:! 8.9% ! 7.42

1 8 -3e6 l:7.3e;

t ø.32 ! 7.22

t 8.52 ! 7.5r;

'L B,1tZ ! 7.6"4
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peì-f oì'med at BO kvp aìrcl ai, a 101 .6 cnl ( 40 " ) FFD sÈtt-irr9,

are sunilárized in ITable Zz) and shor"r .LhaL this rnetlrod of
focal spol- nteasurement was Iept-oducible Lo 2.9%. f l¡e
consistency in a given focal spot measurefiìenL was aLso

deLernlineci for 1-lre disii:aI intagÍng ì:eclinique by re-anarlyz:l n9

;r sing).e digitized test 1,ooL film image 7 Limes. The resul_Ls

of Lhis Lest are presented in ITabìe 23] and inclicaj,e j:hai: ¿r

si ngle ¡ìeasuì-ement. can Lypical.l-y be repro¿Lrced Lo 2 .62 . Ihe
deri-a i n iTabIe ?-2) a¡¡d i n It'ab].e 231 were obtai rred f ron¡ l:lre

s;ame Picker diagrlosLic x-ray ì_ube. The olreral.L

t'eproducibilii:y of t-lre sysLi::m could j_lren be determined by

acldirrg in quadrature Lhe above two effect s, which is found to
be-- about 4%.

ALL o'F '¿he focal spot data Lhat lrad beerr de!erntirrecl from

LesL ì-utls 1 tlrrouglr 7 Heì-e obLailrecl ft'om x-r-ay Lubes Uì¿ij, had

nomirral focal spoL val-ues beLween O -ó mrn ¿rnd 1 .4 ¡rm. f n orc1e¡

ì-o check t.lre L imii:a1-ior¡s of i:he digiLal inragj.ng teclrrrique to
üaLcul.aLe f ocaÌ spot sizes, lesLs Nere also per.f orr¡lecj on x-
ray tubes j:h¿ìt t"Jere dedical-ed Lo ntamnìography vrlrich lracl

rorninal. focaJ. spol, sizes betu,reen O.j mnr and O.3 m¡t. Ther

results of t lrese Lesi- rLlìrs l¡ave been summat'ized irr [Tal>Ie

241 . ft Nas noL possible to ver.ify the results i¡r this table
witlr Llre corrveni-iolra.I focal spc,l- rneasuring l,eclrniques tl¡":rj:

ÞJeì- e usi.ici Lref<,r e , fot' t he fol I owi ng r éaso¡s :

(a) i-i'e s;nl¿il.lesj- 1'ocaI spr,i-, i- l-r¡:'¿ c.¡r"rlt'1 h¿¡r.¡e L.t-re ir nleasuirecl
by 1-he bat- resoluLiori ¡:atter ri r,.'r¿1s O.5 nim ( ahÌ.-;lr
cot I'espondcd i:o a tesl: t.oOl- I:)¿:r )- -ep.lì-¿ t-ot-l o1. i¡ar ç¿l.oui,,
:li ). B¿cause t:he J.argesL tìpoL Õl t- hr.j nramnrograph¡, Lu!:e,s
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ITab]. e 22.1

ReproducibiJ.ity of DigiLal Imaging Technique

ïes1--

F c-rca Ì SpoL

Snìa L L Focal Spoj:
ÞJidt-h Length
(mnr) ( nrnt )

luleasur erne nts

Larse FocaI gpo t
r,Jidrh
( rrrnr )

Lenglh
( nr nr )

1

3

4

6

7

o .54

o .57

0 .59

o .58

o.57

o .5ó

o .55

1 . 03

1.01

1 . OO

1.OO

1 . 06

1 . 03

1 . 05

t .49

7 .çJL

1,40

1 - 48

1^2

1 .48

t.4,3

2.t2

I.'tat

7 .c)9

1.9A

2.LL

l'1ea ìt o.57 I . 03 r.46 2.01_

S . Dev o.02 o . 02 o . 04 o .47

/o È.f f (Jl I .9 2.7 3.5

Systenr Reproducibi.l" ity :

( ca-lcul-atec1 by averagi¡g above roN )
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ITabIe 23]

Consistency i¡ DigitaL lmaging Technique

Test

FocaL Spot

Strrall FocaI Spot
NidLh Lerrgtlt
(mn) (mm)

iYeasur eme nts

Large FocaI Spot
r,JidLh
(mnr)

Length
( nr nr )

I

2

3

4

5

(>

7

0.60

o .5ó

0 .55

o .59

o .56

o . ó0

o.57

0 .98

o.94

t.04

i . 03

1.OO

o.97

t .4.o

1 .45

t .40

7 .40

t.4r
1 .43

I.40

2.OO

I.A6

t.a9

7 .94

r .97

1 .98

L -c)4

Mea ì-ì o .58 o.99 1.41 L -.) 4

S . Dev . o.o2 o.03 o . 02 o.05

Z Erl-ô¡ 3.4 3.O r -4 2 .{5

Cotrsistency i n a si ngl-e measurenlènt :

(caLcuìated by averaging above row)
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Itab ] e a¿+l

Focal SpoL Resu}LsT of TesL Runs B, 9 and 10

TesL Rur Nonlinal Focal
l'.lunìbel- Spôt Size

(mnr)

NEHA llax. Foca.I SpoL
ToLerance t^lidth

( nrnl ) ( nrni )
Le ng! h

( nrnr )

o.1

o.3

o.1

U.J

0.1

o.3

o.15 0.12 t O.02

O.45 0 .31 :r O.02

o.L5 0.12 t o.02

o.45 0_35 I O.O2

o.15 0.12 t O.02

o.45 0.34 t O.02

o.14 t o .0l

o .47 ! O .A2

a.L4 ! O.O?

o.48 I O.02

o.15 l o.02

o.53 1 0.03

TBot h t.est ì-uns ì.^leì- e perf or-med r,rii,houl- phoLoLinting. They
iroth i¡rvolved Lise of i:lre gr-id :rrrd starrdat'd l'1o 1.:.il:,lr'. f es1:.
r-urr B (9) (1a ) was perf o:-med at 25 (27 ) (e¡) ¡9p, aL a FFD of
ó5 .O ( ó3.3 ) ( ó5 .O ) c¡l at-rd ¡¡t a tul¡e nìAs út" rj^.
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r,Jas O.3 rrìnì t.his i-es1- tool was clearLy urrsuii:ab.Ie;
( b ) i-he star resoLuLion pal-Ler n j:hai- ¡las usecl was of the

2" type. In or-der i-o nake focaì. spot. measurenleììì_s on
>t-ray Lubes w.iLh rrominaL f oca.l spr-,Ls irr the range
bei,weqr[ì O.1 fl]nl and O.3 nìnì, a sLaÌ- paj,i,et-rr l-est: i_ooI
r,lit.h an angle of 1o rrust be used; and

(c) {:he pirrlrole caD.ieÌ-a Lira j- was usetl lratl a pirrl.roJ.e:
diamel,er of O.O75 rnm. As it is seen f rorn ITable 1] äpinl'role clianietr:l o1" O.O3 rnm is recomnlencled for ver-y
snlal I focal spoL sizes_

As seeìr in j-he ì'esuIi:s r:f [Tabl.e 24), t-he digil,aI inragi¡rg

t.echn j.que carr deterrri rre lhe srrral I ( La¡-ge ) f ccal spc-,t

dinensior¡s Lo .e ì-ì aveÌ-age overall utrcerLaint.y of IgZ ( 52; ) for
mammogr aplry x-ray tubes.

V , f' Conclusion

The main goaL of this work was Lo clevelop a teclrnique thal-

co',rId be used Lo del,et-mil¡e i-he .j.ocaL spoi- dinterrsions ol. a

ÞJide ì-arrge of focaJ. spot sizes currelrtly in use irr diagrrc)slic

radiology x*ra7 maclrines in such a t¡ay as i-o elinlir¡¿j,e t-lre

subjectiverress of ihe incjividual thaL is performing Lhe

nreasul-eineìrt . Tlris was done by digiLizing a par-alleL w j.re tesl,
lc,oI f iln¡ irnage arrd i-lìe¡ extract-ins Lhe focal spot clirrrensions

fl'om tlre digiLized f iLnr inage via tlre app.licatiorr of Llre

ar¡alysis pì'ogì-am FSPOTCAL, whici.t util-ized digitaL imaging

Leclrniques. rlìe f{r(traI spr-..r1- r'esr-rlt-s iì'onì tlris rne j,lrod inclic¿rLc:

t hat. rrol, olly are resuLts conrparable Lo t.he pirrhole cämerã.

atrd sLal' paì,tc.rn nrel,lrocjs possihrle, bul- they ccin be al:tairrecl

wii-h an ot¿e¡¿r-IJ- avelã¡ge uncet-LairrLy of Lhe ortJel. of ! 69¿.

irr oì'deì- to c:"¡.lcul¿lte j:he foc¡rI spoL dinrerr,:iic¡rrs fl-onl l_ite
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j-hÍee cóì'rventional focal spot tesj- i:ooIs, Llre opLical derrsity

of the LesL LooL f i.Irn irrages had to be betuleen O.a - 1.2, 1.3

- 1.2 anci o.8 * 1.2 foì- 1-he bal- pati-erìr, the sLaI paLLer-n .errd

Lhe pinhole cameì a respectirreìy. Arty deviation from these

f ilnl optical der¡sity values nrighl- resuli- irr err-oneous foca.l.

spot inùasuïefiient ì'esulLs, The digiLa.I imaging systeir¡ on the

ot.her harrd l¡as been slrown 1-o be independenL of f ilnl optica.l

densil-), in the rarrge of I .O - 2.5.

It also has been shou.rn Lhai, Llre digii:al imagi n9 1-eclrnique

ca)r measuì-€ f ocal spoi-s wi!h rromi naL sizes be j-Neen 0 . 1 rnm to

L .4 n'ìm, wlrile using Llre same parall,el i,lire test. I,ool ( wlrich

util^ized LNo lungsLen wires eãrcil of O.05 rnm diamei,er ). The

o'¿l¡er three convenl,ior¡a.I foca.I spot nìeasur i ng Lechniquc.r'-,

with '¿he exceptiolr c.¡ f Lhe bar resolution patter n Lest Lool ,

requÍt'e Llre ttse of difl'er-errL raìrge test l-ool nrode.ls,

depending ou the focaì. spot size to be rrreasured (Ín the star

paLl-er'ìr l-esL LooL it is 1,he spoke arrgle thal- j.s changed

u¡hereas on Lhe pirrhoLe cameì-a test tool it is Lhe pi¡ho.le

dia¡reter ). The uLilizaLiorr of a sirrgle Lest. Lool Lo nrake

f c,cal spoL measureflìenLs oveÌ- a wide l ange of noirrirra.L values

nrakes 1-lre Lechniqrre more versaLi Ie .

l¡Jhen the conr.¡entiona.Ì focaL spot techrriqLles are u¡l€d l-o

perfornr nrÈ.tsL1r-enleìrt-s, 1-he vcìrl'.ÒLls Lesi- i:ooIs are lequir-ed !o

be set up aL prescrib'ed FFD's ¿rrrcl using specified Lechrrique

se i:Lings. This l¡¿rs 'Lhe dl'-,:.:rlr¡arr1,age c¡f oI-¡1-c¡irri¡r:¡ f oc.,. I :srrc,i:

cl¿ita t.h¿rt ma)' rrct L,e ai cl j- rricaLJ.y usec.l t'.echniqu€ì setti¡!JS.
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In Llre disital imagir¡g t-echnique, il_ lras been slrowl¡ Llrat.

foca.l spot result-s can be obtained thaL are inclependent of
t-he r-esultarrt f ilnl op1-ical densit_y (O.D) over the O.D. range

7.O - 2 -5 thaL encornpasses most c.linicaìly used technique

set-t i ììgs .

l¡ the converrLio¡aL focal spot techniques, singìe emulsiol
fi Im is recommended. The disadvaìltage of tlris is Llrat lriglrer
LLlbe mAs vaLues must be used to produce a useabLe test tool
f i Im inlage . The er¡d result is that_ i,he j.ocaI spot- nìeasuremerrt

is; taken aL tube mAs values LhaL are ofLerr beyond Lhe normal

clitiically used range . Tlìe digi La l imagilrg sysi,em i-ecllric¡ue

h¿rs been show¡ Lo produce resuLts i,hal are indepenc.lent of
urhetlrer Llre f iIm Ís of silrgle or double enrulsj.on 1,ype.

I¡ co¡c]usion, Lhe main advanLage that the cligiLaì inraging

sysLenì teclrrriqrre has over tlìe existiìrg recomntetrded focal :rpc,1-

me+asuring Lechniques, is Lhat iL can perf oì-rn f ocal spo.L

'ìeasurenle)ti-s Llrat are closer to l¡ornral cLirrical operaLir.rg

cc,ndil-ions and in a manner thai- removes Lhe sul¡jecLiveness of
llre ir¡vesl,igal-or Lh.1L is per.f or-nriì19 the nreasurement.
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APPENOIX ê

TRUE MAGNIFICATION

Tlre one assumpLion that was made in the calculaLion of
geometric magnification (¡4) o¡ f i}m was LhaL the foca). spot
was a point source. Even though this assumpLion may hold Lr.ue

Nhen Lhe focal spot dimensions are negl.igible irr comparison

Lo the focal spot-to-fiLm distarrce, it does not hold t-rue for
!he radio.Logical dislances LhaL are often used. Thus, to
properly caLculaLe Lhe true nragnif icaLion (m) of an objecL on

f iÌm the f ocal. spot dimensions must al.so be considered,

In the foLLowing f igure, wl.rich r¡iII be used in the

derivation of m,2R is the focal. spot dimension, d is the

focal spoL-to-objecL disLance, d, is the ob.ject-to-fiInr
dÍslance, So is the size of the object and Si is Lhe size of
the image on f i lrn .

d

d'

I

I
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Fronr th'3 above figure, we have

Fì So 9i
t¿n( cr ) ( A1 )a 2¡o 2(d'+ b)

Now f ¡onl IEc. A1] hre have

Ð :-r
(,

¿r 2R

= 
tto

f 
( A2 )

and

¿r'li
b = u 

¡,.,.- r
'f. t^"'

where f is the cjinle¡sion of Lhe focal spot, that is 2R.

Since

cl =ar'b

we havr¿

lt()

(A4)
¿ì ¿l

¡rnd afler Lhe substitutio¡ of llq. Þ,2) into [Eq. A4] we f i¡cl
cì l'

(as1
1- .r So

Now fron [Eq. Af] we also lrave

9.'( d' + b)
-!''l \ êo,

l)

whicir is equal Lo t- l-,e d;ipressÍor.r

t,l

!,. = --- (f t. s, ) I c-I "0' Jo
r::l

(A7)
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åf teì- the subst iLuLion of [Eq . A3] ar¡d [Fq. Atr] .

From the def irritÍc,n of magrrificaLiorr , m, and IEq. aZ] we

havc:

si
m=-

5o

f d' cJ'
+ 

- 
r- 1 (Ae)

d5o d

Br-tt. since Lhe georrrelric magnif ication, M, is calculated f I'orn

cl -l' d'
r.1 = _ (Ae)

CJ

and l:hus

d'
-- = (r4 - 1)

cl

Lhe t.¡ue magnification can Lhen be shown Lo be

( nro;

f
flì = f.1 i.(r * r¡._ (A11)

tìo

o¡ce [Eq . A]-ol is subsl,ituted i nLo [Eq . AB] .
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APPENDIX B

FOCAL SPOT CALCULATION WHEN USING BAR RESOLUTION PATTERN

tllìen a bar resolution patLern is used Lo deLermine Lhe

dinrensions of t he f ocal spot, Lhe f oìÌowirrg phenorlrenon is
obselved on the x-ray film inlage of Lhe Lest Lool.

tsar image

In the above figure a focal spoL of dimensions f, which

has been represenLed by two point. sources separated by a

srrial..L dist.ance f, is shown Lo ir¡adiaLe onLy Lwo bars of a

given bar g¡oup (recaLl that Lhe width of each bar aird Llre

space between the bars ale equaL for a given bar group),

The focal spoL measurement is made front Lhe bar group

irnage on f iLnl Lhat is jusl resolved, thal is when the

separatiorr distance beLween the Li,Jo bar inrages on film is
sìightly greaLer tharr zero. The above figure Íl.LusLrates Lhe

f- f __3
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Iimiting case wlren the separaLion disLance is zero , which

occurs when Lhe magnified image of one of the bars from one

point source equa)-s tlre magnified image of tlre space between

Lhe ¿wo bars from the ot.her point source. To derive a

nrathenì¿rtical- expression for this, consider Llre following
figure which uses onLy a singl.e bar:

From the definition of magnification,

i
11 =-

wbar

whel-e i is Lhe image width of Èhe bar orr

source A aìrd wr., is tlre physical widLh of0.tl

s im i I a¡' Lr- ia n9I es we have

.L tt-

wbar To

f rorn poinL source A and

we have

f i l-m due

the bar

( 81 )

Lo poi nt

Now frc¡m

(82)
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( e: ¡fTO
from point souì-ce B.

Sr-rbsLituting the reLation OF = TF - TO i¡to [Eq. Bg] we have

e = f (M - 1) (s+)

¿rf ter- seei.ng f roni [Eq. 82] arrcl [Eq. 81] t hai: i'1 = TF,zTo. l¡
Llre above expression e is i,he image of Lhe bar on l.iInl j.ronl

PclinL source B-

Nour once again consider Lhe Lop f igul-e. The image size of
l-lre first bar on f ilnl as produced by poinL source A wiII be

given by i, Since Lhe separation distance between the tt,to

bars is equal to l,he wicltl-r of a single bar, Lhe image size of
!hi.s separation distance on f il-m f rorrr point souÍce B will be

sivelì by e. Thus after- equatit-ìg e to i we find

( Bs )
( r'1 * 1)

:lince the line pail frequency, l¡, of a given bar group Ís
(r{jlI¡leQ cll¡

1.

Ir = (86)
2'rb

then [Eq. 85] can be rewriLten as

i"l

f=
2Lf '( r'1 - 1)

( BZ )
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APPENDIX C

FOCAL SPOT CALCULATION I¡HEN USING STAR RESOLUTION PATTERN

l4hen a foca). spot of dimensions f irradiaLes a sLar

paLtern Lest LooL, Lhe f iìrn image of a smalL secLion of Lhe

LesL tool wil.I appear as follows:

It is seen above thaL on Lhe fiLm, Lhe penumbra of Lhe two

absorbing sLrips interacls and obscures the image of the gap

beLween Lhe two slrips. For this to occur, the magnified

inrage of Llre gap (seen in plane B) must be equarl Lo Lhe

penunbra of eiLher absorber (seen irr pìane C), Sirrce the

d

I

i
I

d'

Sta r pattern
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peìrußrbra regioì-ì of I,he absorbers on fiInì is giverr by e in

lAppendix Bl and since i,he rnagnif ied irrrage of Lhe gap is
given by 2i wlrere, i, is de j.irred in lAppendix B] , irheu al"l:er

equating e Lo 2i Ne f irrd

2'r4.w = f .(M - 1) (c1)

wl¡ere w is Lhe physicaì width of the gap beLwee¡ Lhe two

absorbers. RewriLing [Eq. C1] we thel¡ lrave

2.w.f,l
f = (c)\

( r.1 - 1)

Because of the star patLer¡'s colìstì-uction (see IFig. 23]

1'or i.LLusLraLiorr ), tlre widtlr of t.lre absorbers ( Iead r,ledses)

which is also gir,ren by w , wi I Ì vary dependi rrg on Lhe disLance

fronl j-lre cenLet- r¡f Llre si:cìr pa1_Lern. Tlrus, fol a distauce I
from the cenLer of the sLar paLtern the width of the

absorbers wiII be given as

t'l
w - 

- 

' ¿lLI
3l-'o

( ca )

u"rhere N is the angle of t he j.ead wedges on ¿he star patl,ern
j-esL i-ooI. A1'j-er the subsl_itiltion of [Êq. Ca] iììto lËq. (l;ll
and Lhen solvirrg for f we f irrd

N 2xr.llç-_
(N " 1)

i"] . cl

( c4 )

, equaJ. Lo 2\' Si nce Lhe disLa¡ce l,1d

test. t'-ooI 's f i lnl inrage arrrd -is e,qr:*1.

180

t'{

57.3 (r"t " 1)

where cl is tire diarlret,er

is r.ie Le l-n i t¡ed i'ron.r Llre



to the diameter,

C4] beconres

N

O, of t. he

o

Lnen Lhq .

( c5 )

zero contIasL regron,

57.3 (t1 - 1)
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APPËI..{D IX D

FOCAL SPOT CALCULATION I^JHEN USING THE PINHOLE CAMERA

LJhen a pinhoLe camera is used to deLermine the dimensions

lhe focal spo¿, the geometry of tlìe test tooL r+iLh respect

t he focal spot is as f ol, Ior,¡s .

þ-- D*__ _ __1

I! shouLd be noLed lhat this figure is identical Lo lhe one

shown in [nppendix A], r.rith the only difference beins thal
the object in queslion is now taken to be the camerâ,s

pinhole. From lAppendix Al then, ¿he true magnificaLion (m)

of the pinhoLe on fiLm is Lhen siven by

i
I

I

d

I
¡

I

i

d

!

I
I

i

I

i

¡ ,.

r¡ = lf + (u - r ).j
Df

!.Jilere i1 is lhe gecmetric rnagni

D¡ is ihe physica.L diameLer cf

( or ¡

ficaiion of the pinhole câmera

the pinhole and fu is the
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wirll,h of Ll.re focal sp,ri,.

From Lhe definit.ion of magnification, we have

l)*
= _ (D2)

Dh

whe:-e Dn is Lhe diameter of the pinho.Le j.n Lhe !es! Lool's x-

ray fiLm irnase. Then by equating IEq. D2] Lo IEq, D1] we find

Du f"k

- r'1 + (M - 1).- (D3)
Dh Dh

The uuidLh of Llre foca). spot can then be delermined from

[fq. o:] arrd is four¡d I,o bc:

D.. - D..M
-B[f , = 

- 

(D4)
( f,l - 1)
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APPEII]D I )( E

DIGITAL IMAGING ANALYSIS PROGRAM

I n Lhis apperrcji x the prograrì FSPOICAL is presente<J i lr j,lre

form iL was used to perfolnr the daLa analysis. The program

was wrii-j:elr atrd conrpiJ.ed in j:he C coitìpL1j_er lariguage in strch ¿r

máinrrer t.o access the objecL code l ibrary of !he iTEX pcp.Lus

sol:Lw¿ire ptrckage. BecaLlsè of the header files: pcpitex.h ¿rnd

FcpcnL. h, this code as it is shot.rrr can be coílpilecl on.l¡, at
i;.lre I'fa¡i.toba Canceì- TreaLfiteì-ìt and Research For-indation where

i.t was writte¡ and tested.

In 1*he code thaL I-o_IIows, various records urere gÌ-earLer

therr Bo characteì-s .long and bec:ause of Lhis these recorcls

u¡ere car¡-ied ovel- tc.¡ Llre f ol.Iowirrg Ii¡e. l-lrese recor-ds were

Left unclranged to avoid alteraLion of Lhe irrf oì-rnaLion that
is displ¿ryed ol 1,he contputet' Lr¡rntinaL L¡hile tlre a¡ralysis
pf ograrrl is aclivaLed. It should be rroted l_hat Lhe user

coÌrìinLlìricaLes inLeracl,ively wit.h i,he progralì via t.he

(:c)iripu1,eì- LeÌminal while irriage mauipulation is performed orr

Lhe d.:'- sp L ay lloììÍtöì' .

./1¡ ..------*
The analysis program FSPOTCAL

t^Jr i tte n by: Kc,nstanti nos CharrLziantorriou
Version * | 2I Date; 6qglt5¡ 24 79A9

li i rrc I ucle (pcpiLex.h)
l{ÍncLr"idc (pc¡r¿¡¡¡ . ¡1¡
tl ir¡clr"rde (st.,iio. h)
+l i ncìucir:¡ iirr¿r t il .l-r )
i,i irrcLucle ( I iririts .l-r)
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flr.i j. n( )
{

Y::l:?l:_::::::l:tl: ------ x/
FILE xi ì'1 ;
FILE xi nputdaLa;
FILE xoul-pul-;
char rrame [2O] ,comment [20] ,f ilenarne Izo] ,filenamel [20];clrar Lest,fil_ed¿rta[20],daLeIZO],Iocat2ol,fi.Inìt [2o] ;char fss [20] , junk,f ilrn2[2o],f iìnr3[2o],fiLm4 lZol ,orin[ZO];char kvp [20] , ¡ras [2o] ,dunlnry IZO] , ouLclaL a l"A) t
i nL gai rr, of f seL, answeÌ', ê nsidera, answerb, ansuJerc, xcoor c1 ;

i nt ycoor d ,.r nswer d ,anst4ere,arrsurer-f , a nsweÌ- g ,xI ,x2,y! ,yZ;-int courrt, ket' [49],ansdaLa,conLi,arrsweri,xrrrin;
i nL xcoordl, xcoord2, ycoord1., ycoord2,pi xe I, ansurerh, )(inax ;
j, rt yfiìa x , ynri rr , kerneL Il] , center , ìf whnl ,rf whrn,lp [49o] ;
i rrt- l-p [49o] ,sonum,c{,r [49o] ,counLer, kern [9] , x,y,dx ,cly;i rrL kerL [17] ,daLum,ansdaLal;
int I j.miL,duLl. ,duL2,daLa [9] [+eo¡ ,¡"o._key,auLoma;
i rrt Lf number 1, tf number2, pÍ xel- x,scaL e, acLi ve ;
f Ioat sigma ,rneatr, siginad,a.Ipha , beLa , gamma ,nearrl ,sigmal.;f loaL nrea¡r ,sigrnar' ,xp! ,ypl,eta,rnu,xq1 ,xq2 ,yq]" ,yqZifloal- rnea u t , sigrnat , widl,ir , sr.lidLh , a , b ,da , db , ga rra L ;
f loaL ga¡¡ma2, f srange, f wdisterr, wf disLer r, st af er r ;'1'Loai, sx i,sxi2,syi,syi2,sxyi,deJ.La,s1,s2,s3,sdeIl-a ;fLoat fspot ,sfspot ,add1 ,add2 ,add3,add4 ,ac1c15;
f IoaL fr,Jdist,w Fdisi:, od j., od2,s1_ar L, star lerr,sLar2 ;
f -loat slar'2err ,dia1 ,dialerr ,diaZ,clía?et-r ,clia3,c1ía3err;
1-loai- d i¿r4, d i a4er r', nìag ìì, flìagr,eÌ- r, d t.a5, cj i.a5er r, d i a6 ;
f loaL dia6er ¡', d j a7, dia7e¡ r, cliaS, di aBerr, nragrrl, fiagrrL er r ;
f loal- pitrl ,pinlert' ,pitr2,pirr2er-r , d1,o La I ,df I ,df 2,cJf 3;fLoat barl,bar1err,l:ar2,l>ar2err,dtheta,dcos,scalex ;
f Ioai'- dscalex, dx 1, dy2,uu, dt hetaI, dtheLar', df s1, <lf s2,df s3 ;fLoat dfspotl,dfspoL2,dfspoL3,dfspot4,dfspot5,dfspoLó;
f Ioat df rrpot.T ;

/>R --------

_____la.a..ent assignments
---*-- *:/

lldef i rre questio¡1 "l,JhaL
d <Jef i ne quesLiofl2 "State

*lclef :L ne fault "'r,ou
correctìy l "

# clef i ne qu€sLiorr3 "Save

inage daLa file do wislr t-o vier,r:
f ile comnrerrL: "

dicl not arìsuJer i-lre quesl-iorr

the enl,ire screeÌr ( s-bit pixels )irrì-o f iIr; : "

ll<lef i ne quest- j. o rÌ4 " Do ),ou
ol n ); "

llclef i re quesi-ic,r'r5 "Do you
ol=f:sel- ( y ol t¡ ): "

l^rish to digiLize x..ray f ilrn ( y

xish tc' adjusc Lhe gaiti ¿rrd
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üdef ine sLaterìleìrj- "Tl¡e qJefatrl j: values of gain ând of l-seìj:

tlcJef ine staterrentl "En1-er the ¡ew gairr value:,,
flclef iue stâLenleìrt2 "Eni,el- tlre r¡er.i ol..1.set vr:Iue: ',

ildef ine sLaLe¡rrent3 "Are you fi¡ished acljusting Lhe offsets(y or n):"
tlclef ire si:aLefttenL4 "The x-ray fiLn¡ has been cligitizecl arrcj

s t.o r e<l "
i+clef iiìe staLerrenLlO "Do you wish Lo sharpen Llre inrage (y orn): "

l,lde'Firre statenlerrLll "Do you wish to siore á lirre of pixeL
values (y or n):"

iiclef ire staLern€?rrt13 "State !wo poirrLs on Lhe
verticaL,zlrol'izont,aI I i rre; "

llclefire sLâterrenLl4 "poini- orre x-coordinatc-.:r,,
lidef i.rre st-âLenenL15 "poinJ, one y-coor-dinat-ri."; ,,

ilclefine staLem¡en¿16 "point Ll.io x-coordirraLe: ,'

1.lde1-ine staterneìrt17 "Point 1-wo y-coordiì-latÈ;,,
tlcief irre stateùìent19 "Þo you Ì,Jish Lo stretch the LUT va.Lues(y or n); "

+lclef irre sLatement2o "Do you wish Lo store ¡noc.lif ied inlage (y
oÌ n ) r "

{tclt:f ine sta!ernent2L " hich image f ile do you wish to use: "
#def ine sLatentellj:22 "Ihe nlin arrd nlax pixel valrres rlsed uJet,e:,,

llclef ire staLer¡ter,t23 "Define tt.Jo points on a cJiagonaL to
clesignaLe act-ive ¿ìÌ- e¿l i "

llclefine sLateûìent24 "Is Lhis rectanguJ.ar active area
strff icienj, (/ or n):"

{1<Je'tille statement25 "Do yÒu wish to perf orrn a hisLogranr
eqr,ralizatiorr ( y ot. ¡):"

Itclef i¡e st.aterre¡t2ó "Do you ,,Jish Lo perforni horizorrtal
averagi ìr9 ( y or n ): "

{ldef irre statefiìerrt27 "Aì'e yÒu f inished wil_h code ( y or n ); ,,

ti,jef -ir¡e sLaLelìent,28 "tJlrich ir.tpu1, da1_a file clo you wisl.r 1-o
Llaie: "

#<lef irre slal,ernent29 "Esl-intaLe wire l,lrick¡ess via curser Lo
del-erini ne wiì-e iìraxiflr¿t: "

{lcief irre stal,enrerrt3O "Esti¡raLed wire wic.lth is: "
tldef ine st.ai:enrerrt3l "Dú you w j.sh Lo st_ore j_lre calculated

ciata (y or n): "

Itclef ine stâtenrerrt32 "luthich daLa f ile ( xx.cJaL ) c1o yorr wishto Llse: "

+lclef irìe slatemerrt33 "Do ),olr r.¡ish Lo corrti rrue (>, ol- n)r',
#rlef i ne sLal-eltent34 "Es1-iinai:e pixe)- scale j..¡cLor via

C;Uf Sef ì 'l

#clef j rre siatemenl,35 "Dis.t-ance c,n sca.Ie ( il-r nrm):,,
iicìei'it¡e s1:.¿ìi-.jflteu1:36 "Disj:arr{:r? o r-r sr.:¿Le ( irr pi.x.:ìs ): "
{fdcf irre stat.enrÉ:nt-:j7 "Fì.ess arry ke¡. Lo conli.nue:,,
*idej'irre sl:Áitente)1t38 "l,lidt-l¡ o1. aci,ive Ëìr¡lcr: ',

1Jclc.:f irre sLat.eÛrÊ:lrt3.i "Do yc,u wish t.he cjef auLL act.j_ve ¿trea (>,
ol' ìl)i "
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ftdef il¡e sLai:ernetì1-40 "xr,x ¡o¡. n,> hisLogranl equalizatic.,n ha:;
beerr performed r:x* "

,/¿: --------
_:::j:II:_:i:_]:1 pc Vision plus sysrem iniriarizarion

set irdur( o x 3oo , o x AoooOL , DUÉìl. ) ;
s,;e Ld i rrr( 572 ,51"2 ,A ) i
ir¡iLi¿lize( );

seLect_mem( HEM_A ); /x Selects frame memory A ¿./

*,/

*-_-__::"tt of prosram

conti = 'y';
t.r h i. Ie ( conLi == 'y')

{

cls( ); ./x Clears comÞuLer termi nal x,/

/* Reads in the inpuÈ data file that contains the variousinformation tha! is pertinent to the focal spotcalculation and identification of experimental
conditions - )+:,/

pì. i n{:f ( " % 53s " , s Lat ernc.rrL2E ) ;

s;ca nf ( "2s" , fi LedaLa );prirrtf( "\n" );
fopen( fÍLedaLa, "r
fsca nf( i npuLd.rta ,
f sc¿r nf ( i nputdata ,
'I sca rrl'( i npulclat a ,
f sc:a rrf ( i npuldat a ,
f sca rr f ( i nprrtclaLa ,
fsca nf( i nputdaLa ,
f sca nf ( i r¡pu j:daLa 

,
fsca nf( i npuLdaLa ,
f sca trf ( i nputdaLa ,

f sca nf( i npuLclata ,
fsca rrf( i. rrprri-daLa ,
f sca rrf ( i nÞu tdaLa ,
1'sca n 1'( i ìrputdãLâ ,
f sca rrf ( i nF-.utdata ,
1'sca lrf ( i nprlLdal,a,
f sc6 ¡¡1 i npul-daLá ,

,)
"%s " ,dai:.c );
"?s",Loca);
":;d " , &tf rruntberl );
"%d",&Lf nunlber 2 );
"%s",kvp);
"%s",rras);
" Z1- " , &f sl-a nge );
" %s " , or i n );
"%s",f iInrl );
"2s" ,f il¡r¡2);
":¿s",f i-Inr:3);
":¿s",film4);
rÞ.r., e_-r^\,

'.\v\J¿ ) '"ZÈ",1'ss)j
"%f 2s Zf ",&f wclisL,durrtrry,&f wclisLerr );
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f scarrf( i rrpr,tt.data, " Zf ,¿s %f ", 3.w1=c1isl-, cluill¡iy, &wl.dister r ) ;

c I ose( i npuLda i: a );

/¡. Stores the input data in the output data file_ ¡,,2

pr i rrLf ( "Z62s",stal-enreìrL31 );
a rrsdata = geL key( ) ;
a t¡sda ta 1 = al¡sdat.a;
pr i nLf( "\rr " );

if ( arrsclaLa =,. 'y')
,{

pr i ntf( "256s",státernent32);
sca lrf ( "%s",or-rL<lat,"r );

outpuL = f ope n( outdata , ,'w " ) ;

l'p¡'i riLf( otrl,put, , "
ResuLts\¡" );

fpr i rrtf( oLrt plti, , "

== == ====\ n ,, );
f pritrtf ( ouirput , "\n" );l"printf(output,"
l'p¡int:f(outpuL,"

Dal,er16s",cla!e);
x-ray Lui:e

Focal Spot

IocaLion: %s \n " ,loca );
l-pl'i rrLf ( outpui: , " ----- ,' 

) ;

_____l::::ll!::::::, \rr" );'Êprintf( oui-put, "\rr,, );
1'pl i nt-f ( oLlLpul, , "X-Ray l'ube Itìj.orn.ìa1-i,¡tr \n" );
f prirrLf{ outpul, - \rr ");
fpr ir¡tf( ouì-pr.rt, "\n " );
fpr i ntf( ouLput , " rrAs:e;s\rr ',,¡ias);
fprirrtf( out.puL, " kVp; z;5¡¡' ", kvp );

. f prirrtf( oulput, " Norninal f ocaì. spot size (irr
mm ) : eá3. 1l'\lr ",fsrar¡ge ) ;

f pr i rrLf ( outpltL, " FocaL spot size
ideni:if icerLion; s\ri " ,1.ss );

f pl' j rrtf ( ouLpLlt , '\rr " );
fprini:f(ouLput, "X-Ray Fi.Ln Ilrformation \ir', );
f pr i nt.f ( outpLlL - \n " );
1"pr i lrLf( otrLpr.rt, " tlr " ) ;fpr i nt.f( outpuL , " T¡,pe usecJ :%s\n",f ilnil );1'prirrLf( oritptr1,, " CoIor sE¡lrsit-ivity:Zs\r.r',,i.iInl2 );fprirrLf(ouLput,,' Nas scree¡ used ? %s\n,,,f iLrn3);l"priirtt( otrl-ptrj-, " S:l rrgle or cjoL{b_le L.ìr¡lLtIsi(lt.ì

used;Zs\Tl",f iInr4 );
f pt-irrtf ( ouL.pul_, " opii ca l cìerrsiLy ( base +

l:og ): ?¿ z1 . iìí'\ri " ,o<lJ. );'[prinLf( oui,put_, " Opt.ical c.1en:.;I t.¡, ( inrage
backgr ourrd ) ; :¡4 . 2f\u ", od;l ) ;
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fpri r¡tf( ouLpul-, "\n " ) ;
f pr i rrtf ( ouLput , "X-Ray I nìá 9e Ì rrf oÌmation\n" );
f pr i ni:f ( out-pqt --\¡r " );
fprinLf(outpuL, " Test lurnber : Zd\n " , Lf rrunrber'1);
1'pritrlf ( ouLPuL, " Fra¡ne rrunrbeì': %d\¡ ",i-1'rru¡rb,al2 );
fpr i nLf( ouLput , "\n" );
fprintf( ouLput, "ExperinlenLal SeLup\t¡" );
'Fpr i rrLf ( ouLpul -------*ln " );
fp¡ Í rrtf( oLll-frLri,, "ln " );
fpri nLf( ouLput , " Nire focal spot tárget or ientation

ui, r .1, caLhocle*anode axis;%s\lr",orirr);
f prinLf ( output, " FocaL spot Lo wire p.Lane disLarrc;e( irr

nrnr ) ; "46.!1 1-/- %3.1f\n",1'wdisL,fwdisj:err );
fprirri:f( output, " t^lire plane Lo f i.Lm distance (in ninr ):
26 . L1- 1-/- 23.1f\ìr",wfdisi,,wfdisterr );
fprinLf( output, "\n " ) ;

)

cli¿r1 = f u,:clist.err;
dia2 = w1'disLer-r;

,/x Performs Lhe following functions: grabs the test tool
film image, displays it on the monitors screen and stores
it in frame memory. *./

pr- i rri:f ( " \rr " ,l;
pr i nLf( "256s " ,queslion4 );
answer = getkey( );
pr i nLf( "\n " );

sc!e¿{r( 255 ); /* Clears irnaging screen x./

recLalrgle( 34o ,25o,11o,1 ,a); lx places alignment cross
recl,arrgle(395,195,1,11o,o); hairs on imaging screen ir,/

i1' ( arnswer I I ar¡swer ='= 'n' )

if I "n.ru, == 'yr ) /x creates and displays image x,/

pr i ntf( "\n" );
pì'i ntf ( "261s " ,quesLion3 );
scanf( "%s",rrame);
pr-i nL l'( " %31s " ,qUesi-iorr2 );
scanf( " %s " , comrnenL );
pr i ntf( "\n " );

Errab(o)i

g¿ì j n =. :l¡ti
offset = 83;
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seLgai¡( gain ); ,/ìr Sels default gain +/
setof 1'set( ol'1'seL ); ,/á: SeLs def ault offseLs x/

pr i rri:f ( "254s",stat.eflleul- );printf( "2c1 ,2"d\rr ",gajrr , offseL );
prinj:f( " %63s " , ques j-ior¡5 );
a nsi,JeÌ.a = getkey( );
pÌ i nLf( "\n " );

i f ( answer a ='= 'y' )
{.

answerb = 'rr ';
whi Ie ( ¿r¡rsurerb == 'r.l ' )

{. / x Sets gai n manual Iy ,, ,/
pr ilr j:f ( " Z37s " ,si-(rLeinenLl );
scarrf ( "%cJ" ,&gairr );

/x Sets offsets manually x,/
pr i rri:f ( " Z39s " ,sLaj-enelrL? );
:i;canf( "zd ",&offset ) ;

seLgain(gain);
setof f se t.( offset );

pr i nLf( "Z6Os",staLeirìenl-3);
answerb = get key( );
pI i nLf( "\n " );
)

)

pr- j ntf( "\n" );
pr i ni:f ( " z3Bs " ,sl-atenjeììi:.37 );
Lype_key = get key( );
¡:r i nt 1'( "\n" );

si:opgr ab( NO_l^lA I T );
/;{. Saves disitized image i n f rame memory x,/

save i r( 0 , o , 51 1 , 5 L 1 , E I GH T BII, u¿lnte,conrnerrt );

Fì- i ntf ( "\n" );
pl i nL 1"( "z56s",s1:aLemerrt4);
pr i nLf( "\rr " );
pI i rrLl=( "\n " );

l- eadirr( o,o, 51 1.,51 1, nanìe,corrnlerrt ) ;

)
e.lEe /x Displays digitized image from frame memory r.,z

¡rt-inl,f( "\n" );
pl-i ni: l( "e:1t'?s",qttesì-iorri- );
s;r:ânf( "."¡s', nalne ) ;
Pr i rrtf ( ":;31s " ,qttest.ion;? );
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/:+

sca nf ( "%s " ,comnreni, );
pr i nlf( "rn" );
reaclinr( o,o,51l^ ,511 , nanre,conìmet.tt
)j

e.lse
prini:f( "%55s ",fau.Lt ) ;

d¿r t.unl = 1;

while ( datuflr ( 3)
(

Defines lhe programs acLive area.

if ( daLunr == 1)
{
pr i ntf( "Z72s",slatenìent29 );
p¡' i nl:f ( "\n" );
cursorsetLÍrrg1( );
pr-intf( "\n" ); /*
pr i nt.f ( "%36s",sLai-enleui-30);,/r:

SeLs wire width seed xz
for horizontal pixel x,/
averaging */

Determines pixel à:/
calibraLion constant *,/

);

);

sca n1=( "%d",Àlimit ); /e,
pr i nLf( "\n " );

Pr i ntf( " eó51s " , sta t eme nL34 );
pr i nLf( "\n" );
cu l'sor setL i n91( );

printf( "\r¡" ); /x
pr i rrLf ( " %38s " , statenìe ¡L35 );,/x
sca n l'( "%d",&scaIe);
trì- i nlf ( " Z42s" , st a tenre nL3ó );
sca nf( "zd " ,&pixeJ.x )i
p:- i ntf ( "ln" );
scleart i:55 l;
r ead i rn( o , o , 51 1 , 5 L 1 , rrarrre , cor'lre rrL
)

r'r i nLf ( "269s",sLaterrrenL23 );
pr i nl:f ( "\¡r " );

cur sor se j,L i rrg( ) ;

pr-i rri:f ( "\n " );

if ( d¿rt.urr == r)
{
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pì' i )ìLf ( "257s" ,sLai,enìeni-39 );
¿¡utoma = get ke),( ) ;
pr i ntf( "\n " );
)

if ( atrLoma == 'y')
{
if ( daLunr == t)

{,

Pr i ntf( " %35s " , sta tenìe nL 14 );
scauf( "%d",&xcoord1 );
pr i ntf( "\rr " );
)

if ( datunr == 2)
{
pr i ntf( " z35s " , stateme nt 14 );
scanf( "Zd",&xcoordl );
pì- i ntf ( "\n" );
)

ycoot-d1=s; ,/t Sets defauLL active area
y coo\- d?=47 5 ;

dx=55;
)

if (au1,onra == 'n')
{:

if ( daLunr == 1)
{
rrr i nLf ( " Z35s " ,st atefiìe nt 14 ) i
scarrf( "%d",àrxcoot-d1 );
pr inL t( "z35s ",slate¡tenl15 ) ;
scanf( "%d ",&¡,coordL ) ;
pr i nt-f ( "Z35s",stalerrìen¿16);
sca rrf ( "Zd" , &xcoord? );
pr- i nlf ( " Z35s " , s taLerìe ¡L 17 );
scarrf( "%d " ,&ycoord2 );
pr i ntf( "\¡" );
)

if ( daLunr == 2)
(
trì- inLf( "%35s ",statemenL14 ) ;
sca lrf ( "%d",&xcoordl );
pr i nt.f ( " 235s " , st-atenìe nt 16 ) ;
scarrf( " 2d " , & x coor d:? );
F¡r- i nLf( " \n " );
)

dx-xcoor c]2- xc:oordl ;
1

dimensions x,/
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x==xcoordl i ,/t* Sets active area Lo any dinrensions x,/
)',-yÇ()clI (!_L I

dy=ycoord2 - ycoor cJI I

recl:angle( x ,y,dx ,dy ,25!5);

pr i nLf( "z64s",statemelrl24 );
.ì nsr,,Jer g = getkey( );pl'intf( "\rr " );

while ( answerg -= 'rr')
{

sc.t ear ( 255 );
r ead im( O , O ,511 ,511 , nanie , comme nt ) ;
cr.rrsorset.t i ng( );
pr i ¡tf( "\rr" );
if ( automa == 'y' )

(
if ( daLunr == 1)

{
pì intf( "Z35s",stäLenrenti.4 );
scarif( "2ód ",&xcoorcll ) ;
pr i ntf( "\n" );
)

if (daLurrr == 2)
{
pr- i nLf ( '235s",sLatenrenLj4 );
scanf( "%d ",&xcor¡r-<11 ) ;
pr i nLf( "\n" );

¡'coor d1 =5 ;
ycoord?=,475;

clx=55;
)

i f ( auLonra == 'n' )
{
if (daLurrr == 1)

t
pr i ntf( " 235s " ,sLaterrrerrLl4 );
scanf( "%d",&xcoordl );
pr irrtf ( " %35s " , sLaLenre nL 15 ) ;

s<,:a rrl'( "%d " ,&ycoo¡cl1 );
p¡-i rrLf ( " Z35s " , st aLeme rrt 16 ) ;
sca lìf ( " 2d " , &xcoord2 );
pr i nLf ( "Zi.r5s " ,stateirrenLlT );
sc;rnf( "%d ", &yc--ot:l'd2 ) ;
p¡jnLf( "\rr ");
l
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if ( datunr == 2)
{
pr i nLf( " 235s " , staLerre ¡t 14 );
scanf( "%d ",&xco()rclL ) ;
pr i ntf( "Z35s",stateme¡j_16);
scalìf ( " 2"d ", &xcool'd;l ) I
pr i ntf( "\n" );
)

dx=xcoord2-xcoo¡d1;
)

x=xcoordl;
y=ycoorrll I
dy=ycoordZ - ycoor d L ;

recLangle( x,y,dx,dy,25lj ) ;
pr i ntf( "%64s",sLatemenL24 );
ansr.reì-g = setkey( );
pr i nLf( "\n" );j

/t Performs Histogram EqualizaLion - x,z

if ( f st'ange > O.4 ) /:F For focal spots > O.4 mrt xt/
I
seL I ut( RED ,5 );
h j.steq( RED ,5, x ,y,dx ,dy );
rrrap I ut( RED,5, x ,y ,clx ,dy );
Linlut(Rb:D,5);
.Linlut(GREEN,5);
linlui:(BLUE,s);
)

eLse /x Foy focal spoLs < O-4 nn x/
{:

pr i nlf( "\n" );
pr i rrLf ( " 269s " , sLaterììent4o );
pr i nlf( "\n " );
l

,/x Performs verticaL pixel averaging. x/
for ( counLer=O; count er ( =1ó; counter++ ) ker I [counter] =1 ;
ker I ['t] ==o ;

c:onvoL( x-1,y-1,dx+3,dy+9,4,O,48S,1,,f7,ke1-L );

/;i: pin¿= the r¡ire cenÈer and widLh for alL of the horizontal
row of pixels found uithin a given active area. x/

X1:.r({.1;
x2=x+clx-L i
cÐu ìl j:er ,.O ;



for' ( counL=( y+1 ); cout-ì1: ( =( y+dy );cor,ìrLr.+ )
{
courrl.eì- =coU nLeì- + 1 ;
f i nd,:e lr1,er ( x L , x 2 , cou ìrt , &ce n ter , .1. i nl i i_ ) ;
c.w Icounter] =cerrLeì ;

f ir¡dwirer,ridi,lr( corrtrl- ) ce nl,eì- ,&lf L,llrnr , &rf whnr,linrit_ )lp IcounLer ] =l^f r.¡hm;
rP Icou trt-er ] =l'f whm ;

)

sclear( t:55 );
r- ead i n( o,0,511 ,s11 , narne,cornrrenL );rectarrgle( x ,y,dx , {-iy , 258 );

cou nLer =O ;
fo¡ ( count-=( y+1+5);count (=( y+d>,-!-79 ) ; cou nLÌ+ )

{:

counter=counter+1 ;
wpi xe l( Ip [courrl,er' +s], couìrì:
wpixel( rp fcoun1-er +5] , courrt
i f' ( datunr == 1 )

{
data lfl lcou¡¡terl =lp [counLer+5] ;
data [2] [counter] =rp lcoulrter.r'5] ;
dat a14) [ cou nLer ] =rp I cou rrler +S] -lp I cou nter + 5] +1;
claLa [:;] fcounter] =( rp fcorrnter+5] -lp lcounLer'"rSl 1.L)/2;
)

i1= ( datr.rm ==. 2 )

[cou nt er ] =lp [cc¡u nLer+5] ;

lcotinl-erl =rp Icoçnt €rr.5] i
I cou nLer ] =rp fcounter+5] -Lp [counter+5] +1;
Icor.rnter] =( ¡p Icor,rrrLeì'+5] --Ip IcÕunLer+S] +I)/Zi

,255 ) ;

,255 ) i

t

dert.a Is]
dat¿r [6]
<ia La [8]
dat a [z]
)

j

cJ¿ tum - d¿lLunl +1;
printf( "\n" );
)

./.t, p.t"tr ' nes the uires misalignment angle - >r,/

sxi = O; ./)*
sx i2 .' O;

'õyi2 = Q; ./:+.

sxyi = O; /:i1
sl. =. O.O; ./^

s3 =.0.Oi /:¡,
sclelt.a = O.0;

Least squares fit of left r.Jire centers x,/

Note the O-8 factor arises f rorn the *,2
fact that the y-coord pixel cíimensions
are 4/5 th of the x-coord pixels ):/
dimensions, So the y-coord pixels must
be muJ-tipl-ted by O.8 to make the x7

,/ x1 y.-cooyd scale the same as Lhe ¿,/

l. ,/
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dclta = O.O;
a = O.O;
|Jcl - V,\.,,!

l: = 0.Oi
db = a.o;

,/x x-coord scaIe. lr,/

duLl = 1i
whiLe ( dutl (= counLeÍ )

{.

sxÍ = sxi + ( Long )clata [3] [c.]utf l ;sxi2 = sxi2 r- ( Iong )dai:a [3] [dut1]xdata [3] [duL1] ;syi = syi + (long)(c1ut1+ycoorcJl+s)xO.e;
syi2 = syi2 +( Lorrg )( dLr j,1.r.ycoord1+5 )

*:( dut.1+ycoor cl1+ S )*O . exo . 8 ;sxyi = sxyi + ( long )dai:a t3l ldut1] x( dutl+ycoordl+5 )xO .A j
s1 = s1 + ( f loaL )cjata l3l IduL1l xdaLa l3l Idut1]

./( dtrt l +ycoordl +S )/O . A;
s2 = s2 + ( float )!,t(duLl+ycoordl+5 )/O .ei
s3 = s3 -r- ( fJ.oat )daLa i3l IduL1] /( dr.ri,1*ycoor111r,S ),/O .e;dutl = duLl +1;
)

delta = counterxsxi2 - sxixsxi;
sdelLa = s2xs1 - s3xs3;

./:t ¡in""r eq 'n is : y = bxx + a x/
¿ = (sxiZxsyi - sxixsxyi ),udeILa;da = sqrL( sl,zsdelta );b = ( cotrr¡j:erxsxyi-s¡ixsyi ),zdeIta;
cib '= sqrt.( s2,zsdelta );
ganrirral =. ¿rLa rr( b ) ;

dLhelal = .lL)/( L + bxb);
d j:lrej:aI = dLheLaxLBO/3.IALS')?-T t

Sarrìûìa = gammal i
acld 1 = garnma 1 ;

cLs( ); ,/x CLears compuLer terminaL x,/

p¡ i ntf( " Exper inrenLaJ.
lrdLët \ ,;

pr i ni:1"( "

-----\n " );prini:f ( " Lef I u¡ire was irrisaligrred by:
266 -3'f + /-26.3f degrees\n",gamrfial,clthetaL );

gamirìa1 = cos(galnnlal );
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sx i = 0 ; ,/r{: Least squares f it of r ighL wire cenLers x,/
SXIZ :: O;
syi = 0;
syi2 = O;
sjxyi = O;
¿r = O.O;
b = O.o;
:s1 = O.O;
s2 = O.Oi
s3 = O.O;
sclelta = O.O:
clå = O.Oi
db = o.o;

dut2 =, 1;
wbiLe ( dut2 (= courrter )

sxi = sxi + ( Ions )daLal77 [dut2];sxi2 = sxi2 + ( Iorrg )daLa[z] [dut2J xdala [Z] [duL2];syi = syi * ( long )( duL2+ycoordl+5 )xO.A;syi2 = syi2 + ( long X dut 2.rycoordl+s )
*:( dul2+ycoor d1+S )xO.gxo.e;sxyi = sxyi + ( Iorrg )data [Z] [dut2] x( duL2+ycoordl+S )xO.a;

sì1 = s1 + ( fLoat )daLalT) [duL2] xclata [7] [dut2]
,z( dut2+ycoordl +5 ),/O . B;

s2 = s2 + (f)^oat)tl(dutZ+ycoÒrdl+5),/O.A;
s3 = s3 + ( floaL )daLa IZl ldut 2) /( dul,2+ycoord1I).5)/o.at
dui-2 = c.luL2 +1;
)

ciei.ta = ( f Loat )courii,erxsxi2 * (fLoat)sxixsxi;
sdeILa = (fIoaL)s2xs1 - (fIoaL)s3xs3;

¿ - (sxi2xsyi - sxixsxy:,)/delLa;
¡¡ = ( courrLerxsxyi-sxixsyi ),zdeIta;
da = sqrL( sl,zsdeLta );
db = sqr L( s2./sde L L.r ) ;

samma2 = atan(b);

dtheLar- = dt;,/( t + bxl: ) ;
dLheLar = dthetaì-x1eO,/3.I415927 i

garnna = ( gamnra.r- gamm d2 )/ Z;
add2 = gaûìma2;
add3 = g¿ì mrn a i

dLheLa = dLhetal;<dthetal + dtheLarxdthel-ar;
dL he t¿1 = sqri:( dtlrei-a );
cJtheLa = ( f loaL )1/z*clLheLai
pr i ntl=( Riglrl: w.ire was nrisa^ligned by:
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zt!',3f 1. /-26.3f degrees\tr",gamrrra2,dt.heLal. );
FlrinLf ( " Straight average of wire rrrisa.l.ignflienLis: %6.31' 1- / -26. 3f cJegrees\rr,,,garrrma,._liheta);

ganìma2 = cos( garrma2 );
garnnra = (ganrn'ra1 r. samÍìt¡ì2 )/;l;
dcc's = sqrt( 1 - gamma x-gam na ) /2ä,9qy L( c.lt hetalxdtheLaì +

d L he Lat-:l,,li: lre 1_al. );
pr-irrLf ( " cos( rrrisalignnLerrt angle) is:26,41' +./- %ó . 41'\ tr " , ganìiua , clcc,r¡ ) ;

,/.{ Determines the mean IefL and righL wire r.ridths in
Pixels. +,,u

rneaìrI = O.O;
for ( sonum=1 ; soììufti ( =counteï ; sonunt++ )

i
meanL = rnear.I Ì daLa14) [sonurr¡] ;
)

rneanL = nrearrl./counLer; ,/x LefÈ wire widLh mean x,/
sismal = O. O;
sigmad = O.O;
so t-ìunt = l- ;
urhile ( soni.rrr (= counter )

{
signral = da1,a [4] [sorrum] - irreanL;
signrad = s.i gnta I xs i gnl¿.r.I {. sigirtacl j
sc) nLi nì -sonunt J 1;
l

sigma.L = sisrrad/( counl_er-1 );sisrùaI =scr L( sisnt¿rL );
pr i nLf( "\n" );
pr i nLl-( " Lef t urire widLh is :

2í6,2-f + /- :¿4 .2f pi xeLs \rr ",nean).,sigmal );
nreanì- = O.O;
f or ( sorrurr=1 ; sorrum(=courrtef ; sonurTr++ )

{
Dleanf = rfiearrì- + daLa Ie] [sonuri-] ;

)

rrreânr = nìearlr/counteÌ- i ,/x Right t¡ire uidth mean å,,/

signritr' = Ð.O;
s;igrnacl = O.O;
sjÒtìufn ,' 1;



211-

while ( sontlnì (= <:ourri:er- )
{
signìar = daLa [e] lsonum] - meanr;
s i grna cl = signrat.*.sigrìat' r signrad;
sonult =so Ftufiì +1;
)

sigrnar = sigmad/( courrter*1 );siginar =sclrtt( sigrnal' ) ;

FrírrLf( " Right wire width is:
26.2f i-/- 24.2f pixels \rr ',,meanr-,s.r'.girrar. );

/rl t^J"inna"O mean of lefL and right wire widths xZ

s i gnìat = 1,2( sigin.rlxsignraì. )+ 1,/( sigm,lrr:sig¡l¿ìt. ) i
s i grrra L = 1,/signìät;
nreant. = neanl/( sigrrralxsigmaL )+¡¡er¿¡,¡7ç signrarxsigmar );
nlea uL = nteanL;xsigm¿ri:;
srigmat = sqrt( signlaL );
prirrLf( " LJeighted r¡ean of Lwo wire widLhs is;2á6,2-f +,/- 24 .2f píxels \n",iìlearl ,sigrrrat);

./'ir D"a"t*tnes the pixel calibraLion consLant. ,.,/

scalex = (1'loaL )scaIe,/pixeI)(;
dsca.l e x -- scalexxsqrL(2)/pixelx;
pr i rrt'.f ( "\n" );prinlf( " Pixel caJ.ibrat.io¡r facLoì- i4as:26.3f i-,/- %4.31, 1ït/pixeI \Jr',,scaIex,cjscaIex );

,/:r< Determines the correcLed average wire Nidth. x,/

widi:h = nìeat-ìl,xgamnì¡t.tiscê, lrlx ;

$widt.h = r,L i c]t h.*s i g Ítal /ÍteanL;

printf( " l,Jire width c{rrrecLed 1"or rnisalignlrentisi 26.2f +,/- %ri.Zf nrn \rr ",wic.lth,swidth);
prinj-f( "\n " );

./x DeLermines the tes! tool. geometric magnification- */
nlaE,ìr = ô.O;
mag ner ì- = O .O;

nlagn = ( t'wd.ist + w1.di:st )/f !.rdisL;

rågnerr = cl i a L x cl i ¿¡ 1 x t{ f d-isl_*-iaf clis:t/f uclist,/f wc.lisL
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,z J=wd i s j-,2 f wdist;
rrragnerr = rT¡agrrerr + c]ia2*dia2,/f wdist,/f wclist;
nagrìerì- = sqrL( rrragnerr- );
pr i ntf ( " Geo¡netr ic rnagnificatiolr was :

2¿6 .3f 1./*26.3f \)ì " ,fltagrr,nlagrrert- );
Ë)ì-irìtf( "\rr" );
pr i nt.f ( "\n" );
pr i nt.f ( " Z3Bs " , stateme rrt3Z );
ansdat a = seLkey( );
pr i nLf( "\n" );

,/:tr Determines the statistical and systenratic errors inthe focal spot measuremenL. */
jutrk = '2;';

c.l^ s( ) ;

printf( "
---__-__..\.''\,\rr / t

pr i nLf ( "

,/x CIears computer terminal *,/

Error Analysis

Paranrêtey UÌìceïLainty

Sys Lenla t ic\lr " );
*r----*---\n " );

FocaI SPoi- U nceì-La i nLy\ n " )i
F,r i nLf ( "

--\n " );
SLâi,istr'.caI\n" ) j*___\n,, );pr i nLf( "\n " );

/x tiire width statistical Ê-ryoy _ ,,./
df spotl = sr,¡idLh,z( nagn-1 );
pr i nt.f ( " tJi r e width + /- ?á1 .3f rrm

+ /-%6 .3f nnr\rr ",swt'.dt.lr,c{fspoi-1 );pr i ntf( "\n" );
pr i ni:f ( "
pr i nLf ( "

pr i ntf( "\¡" );
pr i l¡tf ( "
pr i nLf ( "

pr i ntf( "\n" );
,/x Calibration constanÈ sysÈematic error contribut.ion, x,z

dfspot2 = meaìlL*ganria*dscaLex,/( irragn - 1);
pì- i ¡Lf ( " Cal ib . facl-or +/- z4 .2fnlrn,/pixeI +/-26,?,f n r\n,,,dscaIu::<,tlfspot.?);

/'* l,iire misalignment angle systematic error contribution. _l,Z
df spoL3 = iì¡e.enj,r<scaìlexxdcc-rs./( nagn -, 1 );
nl i ntf ( " Cc,s( rr,isal.arrg ) +/- "4î,.¿ifr,/-26.31' nir¡l \ t-, ' , dcos , (Jf spot:3 ) i
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,/* Physical wire widLh systematic error contribution, :l ,z

,Jf spc-,j,4 = nlagn,/( iìagtì -- 1)xO.OOS;
pr-inLf( " Physica] wire wiclth +,/- O.OO5 rrm

+,/"26 .31 rrrrìt\t.l " ,dl.spotL+ );
./jt GeomeLric magnification sysLemaLic error contribution. x,/

dfspoL5 = *(O.O5 - wiclt-lr ).t ( nragn - t)/(lìagìr - 1)xmagner-r;
F)rinlf ( " llag¡if ication + /- z4.3f+/-26.3f nrnr\n ",mag¡et-r,df spot_S );

.z,t ToLal systematic eì-ror in focal spot measurement. x,/

dl'spoLó = dfspor-ZxdfspoL2 r. df spot,3*df spot3 -f
df sËo t 4xclfspot4 ;

cl1'spoLó = df spoi,l¡ r' df spoL5)kdì.s¡:e¡¡1 ;
clf spoL6 = sq)- L( df spoL6 );
pr- i ni,1'( "\n" );pri¡Lf( " Adding the ab.¡ve four errors inquadral-ure +/-%6 .3f rnnl\rr,, ,<-1f spoLó );

,'r, T¡'r. focal spot value. *../

fspoL = (¡ridth - O.O5xnagrt)/(nagn - I);
,z;+. AbsoluLe error in focal spot measurement. ,.,/

df spoi:7 = d1'spo1,1xcll.spo{_1 + df spÒt ó+cjf spottr;
clfspoLT = sqr L( dfspotT );
pì'r:. ntl'( "\n " );
pr i nt.f ( " Final r-esult\n,');
pì'i ìr',: t( ---.-* -\n " );
¡rr int.f ( "\n " );
Prini,f( " Focal spot sizc..: is Z6.Zf+/-ZS.2f nn (z¿4.21

.e6c )\ n ", f spot, df spoL7, clf spoLT,zf spolx 1 OO, jun k ) ;
pr i nLf( "\n " );

/x Stores the cal-culated data in the outpuL f ii.e. xz

if ( alrsdaLat == 'y')

f pr i rrtf ( ouLpLli-, "\n " );
fpr i ntf( ouLpLlt , "F(rcåI SpoL Size Del_er¡lined Usillg Uire

Te.st- Tool\rr " );

fprintf( ou Lput.
---\n " );

f pr i rrLf ( c)utput., "\rr ,' );
1'pt'inLf( or-ri,put, " Exp¿r;'.llet¡i-¿rl.
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daLa\n " );
f pr i rrtf ( ou j-put , "*---*-\n " i;
f pr i nLf( output , "\n" );
1'pr i ntf ( out-pr"r1,, " Lefl: wire uras ¡lisaliglred by:e66.3f +/-".é6.3f degrees\rr ', ,add1 ,clLheLal. );1'priuLf( ouLpul-, " Righ{: wil-e u:as nlisaligned by;Z6.3f + /-26.3f degr-ees\n,, ,ac]cl2,clthetar );fpr i ntf( oul,pLll, , " SLraighi_ average of wire inisal igrrinerrf-is: Zó -3f +7-26.3f degrees\rr ', ,adci3,cltheta );
1'pr.:'. nL1'( oLr j,puL , " Cos( nrisalignnrenL angle) is:26.4f 1'/- 26.4f \n" ,garTrma,dcos );
fpr.:f. ni:f( oul-pr.rL , " \n " );
fpr i rrLf( ouLput , " LefL wire wicllh is ¡

26.21' +/- 24.21'- pixels \r.r,,,nieauJ.,sigmaJ. );fprinLf( output, " Right wire width is:
26 .2f 1-,/* eá4 .21= pixels \n', ,meanì- ,signlal, );ff¡ri nLf ( out,put, " ñei9hLecl mean of t r,ro r^.,il,e wiclths isr
%6 .2f +/- %4 ,2f pixels \n",mean1_,signiaj: );fprirrLf( ouLput, "\n" );

1'pr i rrLf ( oui-pu1-, " PixeI calibrat,ioìr .1.acLot. was:7¿6.31 +/- 24.3f n¡n/pixeJ. \n,, ,scalex,dscalex );
. fprinLf( outp.i-, " t^lire uridLh corr-ected f or nr i sa J. i g nnre tr 1:is: Zó ,2f +/- Z4 .2f Ílrt \n,, ,wiclLh,swicjth );

1'prir-rtf( oul-puL, "\n,, ) ;
fprini_f ( outpuL, " Geornetr ic rÍagrrÍf icai:ion was:

26.31' -,t/-26.3f \rr " ,nragrr,iìlagnerr );

Eì- r'Õr'

'Fpr i ¡tf ( ouLpuL,"\n,');
f pr i nt.f ( out-p11i, , "

a¡ralysis\n " );
1"pr i rrLf ( ou l-pul'. , "

_____1n.,);
fpr i ntf( ouLput, "\n,');
fprirrj,f ( output, " parameter

FocaI Spoi: Utrcer-1,airrLy\n" );
UncerLairrt¡

+/- 9¿4,3f nrrrr

+/"- %4 .arf
, (J 1'spo i,;l );

1./* :z5.1f

fpr i rrLf ( outÞut , "--;;;;;;;¿;;;;;;;;i;; ;'" )'
f pr i lrtf ( oui,put , " Stal:isLicaI\n" );
f pri ntf ( out.put , " *----\n', );1'prirrtf( ouLpuL, "\n " );
f pri ntf ( outpuL, " tJire wic]lh

+/-26 .31: rnn\n ",swidLh,dfspotl );
f pr i rrt.f ( c,uLpLtL, "\n " );
fpr int f ( outpuL, " SysLefiìa j:ic\ìr,' );'Fprintf( ouLput, " -----\n" );i'pt irrLf(or,i:p,,tL,"\rr " );j'printf(outpuL, " Calib. factor

nrrn z'p :- x e I 1'/-%6 .3f nrrrr\ ri " ,dscaJ.e;<
f frr-i. r¡l-f ( c-,rrtput , " Cc,s( nrisal . ans )

-r / -. ?"6 .'-3 1' trrnì\ ìl ", dcost, d 1.sipo f- :3 ) ;

f prirrt.f ( output, " physicaL wire wi<]th +,,'- o . oO5 r,fli
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+/-26 ,3f ßllll\)'ì' ,clf spot-4 );
f pr i nl,f ( outpuL , " l'1agnÍf icat ion i-,/- Z4 .3f

../ -26 .3f mnì\ n " , ntag ìter r , df spoL5 ) ;
fpr i ntf( output , "\n" );
f prinLl'( oLiltput , " Addi¡rg the above 1.out- er rors ilr

c¡uadr aLul e +/-26.3f min\n",df spot6);
l'printf( oLrtpui,, "\n " );
fprirrtf( output, " Final resull\¡r " );'t'pri¡rtf( out-put-, " -\rr" );
fprinLf( ouLput., "\n " );
fprini:f( otrl-put, " FocaI spoi: size is 26.21.

+ ,t -r"l¿ .2f ntn (%4 .2f
Zc )\n " ,1'spoL , df spoLT , d1'spo1,7,zf spotxlOO, junk );

c L ose( output );
l

pl i ntf ( " \n " );
pr i r¡t.f ( " 245s " ,sLai:enteni:33 );
c.o n1, i = geLkey( );
pr i nlf( "\n" );
)j

,r'x --------
Subroutine : Cursorsetting

::::l3r:_:f :_::r:::_:t_:l:_¡1:::_9t:t'"" screen -
_-_--_._, */

Cur sor set I, i n9( )
{:

j. lt ¿rnswer c, answer d, a nsi4eì' e, x cooì- d, ¡,coor cì, va J- ue ;
tÌ'-jef ine sj-aLenleìtt5 "Do you wish j_o clispl.ry cursc-rì' ( y Òr

n ): "

fldef i rre stateFrerrtó " x-"coordírrate assigrrment:,,
ddeì'ine staLenleni-7 "y*coordinaLe assigrrntenl: ; "
{l def irre slatenrent8 "Are you f irrished with the cursor (y orn):'
$iclef ine sLãterfrent9 "Do you wj.sh Lo c.].ear previous cjursoì-posil-iorr (y or n); "

#cie'f ine staLernentls "The pixel value at this coorclinaLeposiLion is: "

pr i ntf( "251s",s¡atemrent5);
a lrsr.rer c =. geLkey( );

t'.'f ( answet-c == 1y ' )
{
answerd = 'rr' ;
wlriLe ( ¡¡lrsulerd == '¡-r' )

i:
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pì'i nl,f ( "\n" );
pr i ntf( "9ó3ós " ,stat-ement6 );
scarrf( "%d ",&xcoorcl );
pr i ntf ( "Z36s",stai,errìentZ );
scanf( "2,1 " , &ycoorcJ );
pr i nLf( " Z59s " , sLaterre nt 18 ) ;

value = rpi xeI( xcoord , ycoor,J );
pr i rrLf ( "%cl " , vaLue );
pr i ni:f ( "\n" );
dispcut s( xcoorcJ,ycoor d,FALgf ) ;

pr i rLf( " Z54s " , sLatentenL6 );
answerd = get key( );
p¡'i rrlf( "\rr " );
if ( a¡swerd == 'n' )

{
pr i ntf( "267s",statement9 );
c1tìswer e - gjetkËy( );

if ( answere == 'y' )
c I rcur s( xcoor d , ycoor,l );

)
)

)
l

SoubrouLine : Cursorsetti ng1

Displays curser along a horizontal row of pixel-s, Lhisis used uhen deLermining tlre wire width seerj and pixel
calibraLion constant, The y-coord of the pixels on

i!::_!:::_':l_t:]_I"* nere arr ser ar 2so-

ctrrs<rrseLi-irr91( ) 
--- á'/

{

i nt answer c, ar:swercl, answer e, xcoorcl, ycoor d, value ;

ildef i ne si,atenìet-jt.S "Do you wislr Lo display (:rlrsor ( y ol,¡ ): "

{lclef i ne sLaLemeni,6 "x-coor-dinate assigìrinenL:,'
#de l'ine sl-ai-ènretìL6 "rlre yoti j"irrislred u:i j:h j,lrc cursor ( y or

n ): "

{ldef ine s,1,éiLeÍlte¡t9 "Do you wislr Lo !ì.I(jór prer/ious úuf so.l.posil-iol-l (y c", ¡ n): "
liclef i rre st-êLeinentLB "The p j.xe.I val"ue aL Lhis cc,orclj.n¿rLep()Eiì:iotì is: "
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pr i ILf( " 251s " ,sLaì:enìeì-ìL5 );
a nsi4e.r. c = geLkey( );

if ( atrswerc == 'y' )
{
ansute¡d = 'll' j
¡¡hiLe ( answerd == 'n' )

{
pr i nLf( "\n " );
pr i ììtf ( " 236s " , sLè1Lelìe n t6 );
s:ca rrf ( "?d " ,&xcoord );
pr i trì:f ( "%59:s",s1,ai,enterr{:18);

r.¡a I ue = ì'pixel( xcoord,2SO);

pt-i nLf ( "%d " ,vaLue );
pr i ntf( "\n" );

d i spcur s( x coo ì- {l ,25O,FALSE );
pr i nLf( " %54s " , staLementB );
answerd = getkey( );
prinlf( "\¡" );

i1' ( arrsuierd == 'n' )
{
pr i ntf( " 267s" , statementg );
a ì'ìst.Jer e = sej:key( );

i.f ( answer e == 'y' )
clrcurs( xcool-d,250 ) ;

)
)

)
)

/'x --------
Soubroutine : F i ndce nter

Finds the center of the wire for a given horizontal
row of pixels by performing horizontal pixel averaging.

Finclcèìrter( xx1 ,xx2,yy1 ,cwire,wlinii: )
i nt. xçLai¡ç;

{
j. ¡rt rrurrr,ymaxp, counLL,pi xeL L l,pixeì l2,pi xel l3,pi xell I ;
i ni- i l¡c ,ll J ìtr.tl..¡lì , spx i

ftLlrrt=O;
Y in¿1X f)::O i
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wIiniL = wIirniL.¡2;
counLL = xx1 + NLir¡it;
wlrile ( counti, (= ( xx2-t"rlinrit+L ) )

{
ìr '" L;
numrm = O;
spx = o;

whi.Le ( nurìrrn ( wLimit )
{
pixeI L L=rpi xeI( courrLL+nurnm,yy1 );spx=spx+pixelII;
nufftm = numrû + L;
]] = ìì .t-L;

)

ìlunlm *. 1;

whii.e ( nur¡m ( wl^imit )
{
pixel Il=rpixel( countt-rrurrrrn,yyl ) ;
spx=spx+pixelll;
nutfi¡T¡ = numm + 1;
ì-t = u J.J-;

)

pixelll = spx,/( n-1 );

if ( pixellL ) ynaxp )
{
yr¡axp = pi xel I j. ;
i nc = counl-t. ;
)

cou nLi- = cou ìrl- j- + 1 ;

xcNire=.iìlc;
)

/x --------
Subroutine : Fi ndwirewidth

This code wiII find the FTJHH width of the wire for a

:¡Y::_!::l::l::r_'"* of pixers - ___-_ x/
F i irdi^,¡ i r- ew i d L lr( yy 1. ,wcen,f whm). ,1.wlrinr ,cI intiL )

i rlt ì-f ¡lhntl,xf wlrnlr;
{
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i nl: rrunrb, nri n1, nri rr2, pi x, pi xin,fl ri ny1, rir i nyz ;

i rrt stop ,L,ackyc , heisht ;
l'loat slope;
i rrt rrunlbl , nuflìb2 , rni n1a ,n'ttn?a;

{¡rinl ., O;
nin2 = O;

nunrbl - clinrit,z2 t /x Finds Left minimum x,upixn = rp.:lxeI( wcen,yy j- );

sLc,P = O;
trlìile ( sLop =:. O )

{
pix = rpixe.l( wcerr - ¡umb1 ,yyI);if ( pix 1= pixnr )

{
mi nL = wcer - r¡urnbl- ;
pixnr = pix;

eLsc
{
Et-op = 1;
)

¡unrb1 = nr.rnllll +l.;

numbz = ÇIiriíL,/2i /x Finds right minimum ),,/pixm = rpixel(wceì.ì,yyL );
s-Lop = O'
whi le ( si-op ==. O )

{
pix = rpixeL(wcerr + nuinb2 ,yyf )i
i1'( pix 1= p jxnr )

{
nrin2=Ncen+numb2;
pixnt = ¡:íx;
)

{
stoÈ = 1i
)

nu b2 = ìruntb2 + l. ;
)

nri rry 1 = ì'pixel( mirr1,yy1);
niìry2 = rpixel( nirtZ,y'tI)t

$.Ic'ps = ( r¡ri ny2 - nri rryL ),t ( r¡i n2 - r¡i n1 );
backyc = sl.epsr:(H{len - nìirìl ) .1, iìrin,--i;
l-ieight = ì'p j.xel( uJcen,yyL ) *L,ac,k>,c;
he i girt- = lìrliSirt./'2;



220

heighL = rpixel( L,rcen,yyl ) - heiglrL;

numb = 1; /x Finds left FWHM point *,2
pixni = h¿.ighLi
$tóP = O'
wlrile ( stop =:. O )

{
pix = rpixel(wcen - numb,yyl)i
i1'( pix ¡= pixrrr )

i
n¡in1 = wceìl - nunìl-r;
)

ê ì --
(.

stoP = 1'

nufib = numb +1;
)

nurnb = 1 ; /x Fi nds r ig'ht FI^JHM poi nt x./
stop .= O'
whi).e ( stop == O )

{
pix = rpixel( wcen + nur'b,yy1 )ì
if ( pix ¡= pixlr )

{
fftín2 = wcen l. nur,b;
]

eLse
{
st'oP = 1;
l

nunìb = nurnb +1;
)

x FwlrnrL = nri n1 ;
xf ÞJhmr =. ¡t i ¡rZ i

i
/Å. --------

Subroutine : SLorepixelLine

This code sLores the pixel values of a horizontaL line of
f:l:l:_ll_:_:l:_:lfi"d data f ire .

----- x'/

SLol'epixel. Iine(.r1 ,a2,tr3 )
{

F I L-f -àf t-ralle ;
char clat af i le Izo] ;
i nL. rrunber ,pix i
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Sdef ine sLåtentet-ìt 12 "tJhicl¡ d¿rta 1"i Ie ( xx.daL ) <1o yotr wish
Lo use : "

pr i nLf( "25ós " , sLa teme nL 12 );
scarrf( "%s",d"rtaf i Ir,: );
pr i nLf( "\n" );
l"rranre = 1'operr(daLaf iIe, "w" );

¡urûber = aL;
urlri Ie ( lrurnber ( = a:,? )

(
plx = rpixeL( nu¡lber,a3);
fpr i ntf( f nanre , " Zd Zd %d\n,,,r¡unlber,a3,pix );
nunrb e r = nutrìber+1;
)

close(fname);
)

¡'r,
Subroutine : Storepixeldif

This code stores the differences in the pixels of a

:::::-!:::_:l::]-1i"" or pixers in a speciried data rire'
----- x'/

$torepixeldif( ilt" ,b2,b:3 )
{

FILE xenter;
char daLadif [20] ;
iliL nunlb¿rs,pixdil',pix ;

{ldef jne st.aternent.l2 "l,lhich data f iLe ( xx.clat ) c1o you wishLo Lrse: "

pr i rt-f ( " %56s " , sLateme rrt l2 );
scar¡f ( "Zs " ,ciaLarJi j');
pr i nlf ( " \n " );
el-ìt.eì' = T:opeìr( cfatadif , "w " );
numbe¡'s = b1+1;
urlrile ( rìuirlbers (= b;j )

{
p j. x = rpi xel( nunrbers , b3 );pÍxcli1' = rpixe.L( r¡uinbers,b3 ) -. r-pixel( nunìbers-1,ir3);
fprinLf(enter, " Zd 2"d Zcl Zd\n,',nunrbers,b3,pixclif ,pj.x );
nu ¡nber s = nunlbers+ L;
)

c I ose( eut et' ,ì;
)

l¡' End of Progrâm ):/
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APPENDIX F

FOCAL SPOT CALCULATION I.JHEN USING PARALLEL WIRE TEST TOOL

The geometric represerrLaLion of Lhe paraIIeI wire Lest

LooL image on fiLm has been ill.usLrated beLow.

w* ,"= 2r
2R = focal spot w¡dth(f)

crosS

rqT-;l

t 

-w,Iñ--¡.- 

y'-----------¡

Before Lhe above figure is used Lo derive Lhe focal spoL

dirnensions, Lhe vat'iable definitions wiLl be made here;

R is the radius of the focaL spot;
f is Lhe width of Lhe focal spoL;
cJ is Lhe test tooL's object dista¡ce;
d'is the Lest LooI's irnage disLance;
s is the distance from the cenLraL x-ray beam axis to the

wire center otì Lhe Lest tool-;
r is Lhe physical. radius of Lhe wires;
wnire is the plrysical widLh of Lhe wires; and
Hfilù is Lhe wire image's wid!h on film.

It should be rroLed here thaL the focal spoL dimensions, f

Wire imãge
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àì-e assunled Lo be symnreLric and tlraL Llre fot-;al spot is
¿ìssuined to behave as two poinL sources 1-hat have a separation
dista nce o F J' .

From the above figure it can be shown that

R (. + r-) y
La n( cx )

b a (d' + a)

IL ca¡ t-hen be shown f t-orn lf q. f f l that
(s + r') (d' + ã)

a rr<l

Rb

(s'r'r) a

t\r ul^¡ 5I ce

d=a+b

i,.iÈ i:hen can slrow Lhat

,l t)

a¿i

$+fl'R

( F1 )

(F2)

( ra ¡

(F4)

( F5 )

rs l- t'

al"ter- the substitut-ion of [Eq. f3]. Rearrangins [Eq. F4]

inLo Lhe forrn

d.(s + r )

sr'r t. lì

¿rrrd then subst-itu!i¡g Lhis expressiorr irrLo IEq. F2] allou,is

o ne to l-eLnì- i l-Ë lEq . F2] as



d''(s + r- r.R) + (5 + ¡')

CI

Fr-om Lhe above figure it carr also be shown thal
R (s - ì') y'

' (r7 )c (d + c) (d' + d + c)
From [Ecl . F7) we Lhen have Lhe re].ations

(s - r)'(d' +,1 r.c)

?-24

(l-6)

( Fe )

and

(d + c)

r\(;

(s * r') (d + c)

Rearrange [Eq. fç] int.o the for¡t

R.d

(s - R - r)

(Fe)

( F1o )

a¡rd then sLlbsLituLing this expression inLo [Eq. FE] we carr

s lìohr t-hat:.

(d' + ¿).s - (d, + cj ).r - d,R
(111)

cl

B€rcause the wiclth of the wires irnage on fÍlm is shown Lo be

t4filn=Y-Y' (re.¡
i n the above f igure , Lherr af ter the subsl,itr_rLion of IEq. Fó]

and [Eq. F11] into [Ec. F1Z], {4e can show t,hat

ar.(cl + cJ') 2Rd'
rdfiln = 

-'- 
(rre)

d

S i rrce we lrave def inecl

l.J 
Hi re = 2']' (Ft4)



':)É-

alld

.t = 2R (rrs¡
1-lre¡r af Ler tlre subsl-i1-uLion of IEq. F1a] and IEq. F15] inLo

LEq. F13j we can soLve for the width of lhe focal^ spot,
wirich is

f - *filo r wrir, 1 + 

- 

(F16)
d, ¿'

BecausÈ the geomel-ric rnagnificalion of the j_est. LooL is
,1 ,

lv1 = 1 + 

- 

(Fr7)'cl

a¡d Lhus

dt.
( rre ¡d' ( l'1 - r)

we can t,hen subsLitute [Eq. F1e] into [Ec, F1ó] Lô expresE

tlre focal spoì, dinerrsions as

tiJ 1i 1* 
* wn¡rr'f1

( F1e )(rr .' 1)
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APPENDIX G

BAR RESOLUTION PATTERN COHPARISON RESULT
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c..d Results from test run 4

LLJ
f\
(_J)

Où
CJ)

_)
G(-J
c)
L-L

-__)_l
G
T
(¡-)

G
=
- 2. '74

L.IJ

aJ)
2.36

O
L
U)

t' r.sø
CJ
O
L-L

LrJ
¡¡ I.52
ol
G
-__)

r . 50

r . 26

1.02

0. 78

0.54

0. 30

3.20

6û l0 a0 90
TUBE vOLTÊGE ( kVp)

6û ?0 a0 90
ïUBE VOL TÊGE ( k Vp )

TOLÉR¡NCE. LENGTH

TOLERANCE. \TIDTH

sÞor LB:cù O e{R



G..e Results from test run 5

?
5
L!

(_t)

O
L
<J)

___)
Gc)O
t-L

-_-)
Jct
-U)

1.02

0. 78

0.54

0. 30
9060 ?0 a0

TUBE VOLTÊGE ( kVp)

E

LL,

(_J)

. 2. 36
O
o-
U)

c L '-
(J
O
L-r-

É
C
-__)

60 70 a0 90
TUEE VOLTÊGE ( k Vp )

IÏI
ïï*jl rt

TOLERANCE, LENGÌH

TOLERANCE. W¡OTH



G.f Results from test run 6
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APPENDIX H

STAR RESOLUTION PATTERN COMPARISON RESULTS
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H.b Results from test run 2
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H.c Resul¿s from test run 3

rUBE VOLTÊGE ( kVp)
FFD : 40"

TOLEF¿ANCE. LENô'fH

60 10 ao
TUBE VOLTÊGE ( kVo)

0. 30

3. 20

-l

- 
r . 25

L-TJ

ar)
I _ 02

clù
U)
- l - -^ct u. /ö
C-J
O
L-.L

l U.54
c
I
U)

==* 2.7A
L-TJ

(,t)
2.36

Où
u-)

c- r . sa
(J
O
t-L

LIJ(-5 l. 52È
C
-J



srñ 
- 

'?.),,

t s1^R PAf_faRN r.¡ETlloo. FoèÂL sÞof LEflõlH o sraR PATIERN MElFtoô, FOCAL SPOr \YrClH

a YIRE MET|-iOO. FOC L SPOÍ LElrCfH o WlhE METHOÞ. FOCrI SPOÍ ìflOTH

TOLER,qNCE, L ENGT H

fOLERÂNCE. WIDIH

3. 20

==
- 

2. 1A

LLJ

()1

Où())

(--J
O
L-.L

l,l
a) t. r¿
Éct
___J

60 10 a0
TUBE VOLTtrGE ( k Vp )



H.d Results from test run 4

=
L-!J
f\

U)

cf
o_
U)
)
C
(--)
O
fJ-
__J

-JC
-U)

ê
Ê
- 

2. '7A

L-r-l

(_t)

2. 36
Où())

o r. sa
(--)
Õ
L-i-

Lrl(! l. 52Èc
--_)

l . 50

r . 26

1 . A2

0. 78

0.5¿

0. 30
60 10 a0 90

TUBE VOL-l ÊGE ( k Vp )

60 70 a0 90
TUBE VOLTÊGE ( kVp)



=5
L-L.I
f\
U)

cf
L
U)
__J
cf
(--J
O
L-L

L!(J
É
C
-=)

3. 20

2. 1A

1.94

1.10

¡ SIAR PAIIERN HFÌIIOÞ, FOCAL SPOI LEHGTH O SIA.R P T'rERN I¡EIHOÞ, FOCÄL SÞOI W]OIH

awrR€ qErHoÞ. Foc-^L sÞoT LEr.JcfH O \¡/tÊE !ËrHOO.

TOLERANCE, L ENGT H

TOLERANCE, WIDTH

TUBE VOLTÊGE ( kVp)



H.f ResuLts from test run 5
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H,g Results from tesL run 6
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H.h Resuìts from tesL run 7
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APPENDIX I

PINHOLE CAMERA COHPARISON RESULTS

Results from test run 1
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I.b ResuILs from Lest run 2
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I.c Results from test run
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I.d Rèsults from test run 4

1 S0

0. 30

=E_ 1 . 26
L!
t\
(n

1 . 02
C)
o.-()')

jo.ue
(--)
O
L-L

:ll 0. s4
G
=LN

?
=

IlJ

(-.t)

2. 36
O
ô_
(_t)

:l t.94
(--)
O
L-r_

Lrl(-: 1.52
ù
G
-J

1- 10

50 70 80 90
TUBE V0LTRGE ( k Vp )

70 80
TUBE VOLTÊGE ( kVp)

3.20

ToLERANCE, wlolH lT Ii9tj Ll

t¡

o PwioE sveM

T.LERAN.E w orH 
tå It 

i*



I.e Results from Lest run 5
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Lf ResulLs from tesL run ó
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I.g ResuILs from test
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