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Chauctcriattcl of gampa-ray colli.-atou used in’ clinical

.applicdtion- wtrc ltudicd v{th the .pncific lill o£ dcfining'nnd of °

-unp,ufying co).liuth dqucn proeedutu. R
: - .
Thi- uork 1nvolved both thoorcticnl and bxperitencnl studies.
)

YA pm1019n~ -chga{oal lcamu.n; device m conocmc«d u\d ulod in

field telpoase charpctcriuticq -.alutenent- fox variouu collinntotqa'_-

! A lodglling theory was developed to deternine annlytically the

L)

fieid teuponse pltanatets ,on.variouc collinltor-source configurations._

Response contours were then colputer ggnetated Factbtn con.idered in

this nodelling process were: ‘Lx path’ ;cngth attenuation, tiasue path

. length attenuntion possible bdﬁt absorption, and poasible~collinntor

penetrationh' v

The modelling algorithm dgveloped 1n thie work ptovided good
facsimiles of measurgd field isoresponse contours., Thus, using
algorithm, collimator characteris:ica for qgrious source-detector

cénfigurations can be reasonably determined before qurlcttidn and

experimental measirements are made.
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CHAPTER ONE

1.1 Introductioh , ) . y

Nuciear medicine is an area of medical practice where radio-
{sotopes and radioacttve matertials arerused for the purpose ({'aiding
the diagdles of diseaif. In this diqgnostic.process>tho :ndioactivp
materials introduced_into the body are 1o;alized in spefific organs or
tissues and subsequer.tly counted or.imaged. in normal practice, using
scintillation radiation detechrs.

v

The static volume distribution of the radioactive material

in a tissue delineates anatomic structure whereas changeé ih the
distribution or in the quantity of radioactiye material with ti%e
dem@nstrato argan or tissue function. |

A scintillation deiector as used in nuclear medicine is
composed of seweral components, most of which are used in conventional
gamma-rav spectrometrv systems. These are: a scintillation crvstal,
a photomultiplier, amplifiers, an energy analyser and a caler or
rate meter. A critical component of a medical radiation detector
system not usually found in a conventional spectrometry Sy‘§em is
the gamma-rav collimator which governs, to a great extent, detector
sensitivity and spatiél resolution. Scintillation detector performance
is dependent upon these two factors, and optimising performance
therefore, amounts to maximizing detector sensitivit& for a well
defined field-of-view. This raises certain problems, however, since

for reasaons of patient safety, a minimal quantity of radiation must be

used in diagnostic investigations. By demanding that the detector
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i

/f < | 2
simultanenusiy vield both high sensitivity and pgood spatial resolution,
one {is thgs confronted with the problem of (econcillng two conflicting
parameters in the design consideratitns. '

It was>thé purpose of the present work to é;udy gamma-ray
collimator characterisgics with the épecific aims of defining and of
simp}ifying collimator desién ﬁrocedures fo; various clinical measure-
ment situat&ohs.

The part{cular.clinical'situation that is considered in this
thesis is the ﬁeasurement of regional pulmonary function using an inert,

133Xe). The sciniillation detector system

diffusiblé radioactive ;as (
used in these investigations of regional lung function was débigned
and constructéd at this unfversity ( I ). Straight cylindrical
gamma-ray colllmators.were used in this instrument but the system
was not optimal with respect to sensitivity or field-of-view.

The present work was thus directed to studies of gamma-ray

collimator characteristics best suited to regional lung measurements.

' Specific aims of the optimization process were

.(1) to provide a well def{ned,inoh—overlapping flfeld-of-view
between detectors,

(ii1) to obtain maximum sensitivityv for this field-of-view,

(iii) to produce a unifdrm, or iso-sensitive counting field

at a distance from the collimator face.

1.2 Background
T;:\R}incipal types of scirtillation detector systems are

used in nuclear edicine; the counting system and the imaging system.
N .
Historically, the f{rst application of a scintillation detector in

Il

medical diagnosis was as a counting system ( 2 ).



. In terms of 1hutrumentakion, counting sysfems and imaging

Systems have much in common. However, the purpose bf each is different;

one is desiéned to efficien;ly'measure the total quantity ;f-radip—
activity, the other to efficienfly measure its distribufion.

CPunting systems are readily applicagle to studies of
dynamic organ function. As an example,‘a bolu;-(delta-function) type
of Fracer lnput can be applied to an ergan or tissue, and measurements
made of the time—ra;e of change of activity follo@ing this.“in
simila;'fashion, the uptake and clearance of a radio-l?belled"
compound, which 1is localizedkhy bipchemical ;ction, can bé measured
by such a systeﬁ.

Imaging systems on th; other hand are 1in a sense
analogous to optical camera systems. Whereas the'optiqal photo.or
image indicates the distribution and intensity of the different ;ave— -

3

léngths of light photons emitted or reflected by the object, the gamma-

ray camera system indicates the distribution and intensity of gamma

N\

[maging systems have been developed based on gémma—ray

photons emitted by thé object.

emission (2-73), gamma-ray transmission (20-2D, x-rav excitation
fluorescence (22-?4 and 1incoherent holographic (25-07)principles. A
schematic summary of these tecﬁniques is shown in Figure 1.

In an imaging system, the observed distributional variatiqn
in gamma-ray intensity results due to the fact that the radiocactive
material is biochemically accumulated in different conéentratioés by

abnormal and surrounding healthy tissues. In disease situations an

v 1"

image thus contains "hot' spots (a high local concentration) or ''cold"
spots (a low local concentration) of radiocactivity, depending on the

type of tumour or lesion involved.
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By a suitdhle choice of scintillation 6rystul<sfz¢¥ good °

sensitivigy. or detectian aificiency, can be obialned"for any given

gAMma—ray energy. However. in most medical applications, spatial

-

resolution is also an important consideration and gamma—ray co}limator

. . -

design for any particular 1pp11cation iy based upon a compromise

between the tonflicting requirements of high’ hpatial resolution and
high Lounting sensitivity. This necessary compromise 4n collimator
design has resulted in a large variety of collimatora in use, each

\ubeing particularly advantageous when applied to a particular diagnostic

(X3 . -

“

problem.

Gamma-yay collimators function by providing access to the A

detector for gamma.rays'only from éredetermined directiqns.d Camma
rays %rom oty directions are absorbed or greatly atténuated by the
collimator, The most frequently used collimator materlal is lead -

a consequénre of its high‘density.’high.atomic numhber, relatively 1ow'
cosg aqﬂipqse of_fabricgfion. Tﬁngsten ( 28), gold ( 22 ) and

brass ( 30 ) have also hé%ﬁ used as colliqator mgterials,‘although'not
as frequently as-lead. ‘

Gamma—réy collimators are specified in termskof their physical

parameters of spatial resolution, sensitivity, dépth response, and
penetratien fractian ¢ 21 ). In the following review,fthe various

types ot collimators currentiy,uéed in medical detectfbn systems, and

their particular advant,gg’ and disadvantages will be briefly discussed
(Figure 2).

_ (A) Cylindrical Straighr Bore Collimator
The first rectilinear scanning system built incorperated this
type of collimator ( 32 ). It is inherently the most sensitive of

collimators as {t exposes the greatest crystal area to a point source
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of radi-ation. However, the price paid for this high sennltivity‘ln

peor sp7t£al resolution. This {g because the solid anele suﬁrended
by the/crystal at the source 13 large; consequemxly the points in the

svurce from which gamma rays originate dre poor]y defined. These ever
conflicting requirements of spatial resolutinn and senqitivity are
betteraccommodatedwith a multichannel focused collimator which is

discussed Later. However, for situativns where the principal purpoqe

‘i to detegmine the gross distribution of total body radioactivity and

to follow the distributional variation with time, the cylindrical

straight bore collimator 1s\still the best device.

-
v

Whole body _Mmeasurements or measurements thch involve large
areas of the body such as the thoracic volume employ this type of

collimator, By using two opposed collinear detectors with straight

cylindrical collimators, a fairly uniform region of 1sosensit1ve response

through the cross section of a patient can be obtained,

[} .
(B) Focused Collimators,.

3
. ‘Includéd in this group are multichannel focused collimgtors

.

and ‘single channel conical or tapered cvlindrical collimators.

The focused multichannel collimator generally gives rhe best
combination of both high sensitivity ané high Spatial resolution. The
reason 15°that'appr0x1mate1y 50% of the crystal area is expo‘;d through
the collimator holes, thus increasing the sensitivity; the anéle from
;hich the gamma rays can reach the crystal, howeyer, is much smaller
than in the parallel single hole collimator. fhese collimators contain
many holeq or channelq, Yhich are both tapered anJ angled so that their

combined geometrical projections meet at a focal point which {g a fixed

L ]
distance from the c0111mator face.

(R



The single holg, tapered collimator ( 32 ) 1s a type of
"focuatng" collimator, byt 1t§ characteristics of resolution and
sensftivity are more related to the straight cylindrical hole collimator.

) ’ )
It tas better spatjal resolution than the straight hole: collimator .

because of {¢g taper but it {s not agq sensitive. On the other hand,
B 4

{t {3 more sensit{ve than the multihole focusing collimator hut does

not fesolve,‘%étia} chang;g’::—::SIation as well.
¢
() Papailel.Multihole Cnlli&ator
This collimator consists of a lead block with | » 000, 4,000,
15,000 or more pardllel cylindrival holes drilled 4nto it. | One of {ts
méln advantages is this relative ease of fabrication. These holes vary

in diameter from collimator to collimator,making the Septal thickness

* suitable for the energv that the collimator was designed, They are most

frequently used with large crystal scintillation cameras (?4) The spatial

resolution of 3 Parallel multihole collimator decreases steadily with
d;siance from its face. Sensitivity is also maximal at the face-of
the collimator, so this colldmator isg well suited for the imaging

of shullnw—lying lésions and tumors., It is used primarily for low
energy gamma photons because a parallel mu;t{hnle collimator, 1f not
properly designed. ig susceptible to septal hbenetration from high

energy radiation, resulting in poorly defined images.

(D) Pinhole Collimator

The ;inhole collimator is the most -analogous to an optical
System - that of a pinhole camera. It was also one of the first
collimators used for medical applicationq (35 ). The image is
inverted, and depending on the distance of the source from the-

colkimator, it may be enlarged or diminished 1n size, or at a particular
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sdistance may be equal to the object sfze. Used primanily tor viewing
small orpans, the pinhole collimator providea gensttivity approximately
equal to that of a stralght cylindrical hole coYlimmtor, and in addition

pives improved resolution due to the “"optical gain" effect of image-

enlargement . : ) ' !

Pt

(E) Rectangular,dbllim&tors »
Fach type of cellimator considered to th;s poiét, whethcr"
single hole or multtihole, straight or tapered, can have an analogous
rectangular counterpart. Generally, the sensitivities and resolv ion
of these rectangular col_llmat‘s are similar to the corres._ g
cvlindrical rnllima?ors, the only real difference heing in the‘fféld

of view. Instead of a circular field of view from a cvlindrical

collimator, a "large rectangular" field of view is obtained.

'

1.3 The Puimonary Functioh Studies System (Imiversity of Alberta)

The Pulmenarvy Fuﬁction Studies System (PFSS) is a multi-
detector counting system used to measure regional iung function using
the radicactive gas 13llXen(m ( 7 ). Certain basic phvsiological
parameters of lung function can be mea5urod and related to lung
disease. (For a detailed explanation of these basic lung parameters,
see Appendix A). e

 Each lung in the PFSS fis viewed by g pairs of collinear
Jetectors, one detector from each pair mounted anteriorlv and the other
.
mounted posteriorly (See Figure 3). It is the purpose of the preéent
work to study collimator design with particular reference ‘to this
system and to develop a collimator which will simu.taneously optimize
sensitivitv and uniformity of depth response and minimize field of

view overlap hbetween the detector pairs.
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. n'u. work involvou a cqnblnntl_on of both th.or_\: and expariment.
A -:dd'utng theory is developed and ‘mxtlineq. ar;d a ntiwber of ox.porimntal |
studies are done. The theory is firat discussed - theoretical aspects
of collimator design, with reference to the vnriou’ paramgters
. (senaitivlty, spatial resolution, atec.) ll;e conatd:-rnd in detail in

the following chapter.K o

-



CHAPTER TWO

THEORETICAL CONSIDERATIONS IN COLLIMATOR DESIGN

In any éoapnrilon betwveen collinator-. -onlitivity. resolution,
and field response need to be determined for e.ch To a large extent,
thege pnrnnerer- can be obtatned from geometrical considerations for
thé collimatore. }t is important to rcnli:o..hovever. that radiat{on

scatter, penetration effects, and thc uncertainty of a source ,
di-tribution can connidonbly altor the otfocuvcnou of a colltution
system., This chapter dealavwith these factors and considers their

individual effects on degector performance.
. /

2.1 Sensitivity ( l

:In any radionuclide detection.system, the number of én-na-rays
detected will always h‘ less than the number emitted by the sourc;.
which can be disteibuted over any voluﬁe geometry. Since a deteétion
sygtem is made up of several components, one has to Mk at the
;nfluence of .each of these separately, Following Mallard ( 36 ), we

‘Ea%’dgfine the fractional efficiency as:
7

¢ . number of output events
1 number of input events

‘!’ -

\_fotr device i. ‘It is obvious "that the complete detection system has an

&

overall efficiency egual to the produgt of all the component efficii.cies:

£ = T | 2.1
L ] . 1 1

12



o | S | u
In clintcal vork. ﬂn nurqo 19 moully dhcrt’uod ovn a
substantisl volune, sad thue t‘ ¢ .of n‘lum oy oeub“y that ta -
vu\hd by the dotoc;px u uully?}tcdu 7] dotcntno nmlyttecuy.
“’ nqt .hpouuuo. - It 1e thcnlo_u'.npprmut- in ugutuvt.ty

nitesimal potat

comaiderations to differenttate the source into {

‘. sourced over the uholo of “the vdlunt _vutrtbuiion
. ' . If Db 1 the nuhbcr of a--n-uy photons emitted pPer unit time
fritdo a 4n angulgf;lrln by a potht source nnd the exposed regions of
tha det@ctor subtend a fracttbnnl solid angle O at the source, thon
Ppil 18 the wusber of .ﬁyc-n. incident on the detector per untc gime.

1f the deteccion efficJency of the’ cryltnldphotoiultipl{dr is CD' thqn““\\\\

the counting rate will -be: "

N = PpltEy _ (2.2)

I
L[]
as.um1;§ that the other components of the counting system are ideal N

and neglectlng Scatter and collimator penetration. If these latter'tvo
e
effects are included, then the pract{cal counting rate will be larger

than the ideal omne. If C; 18 defined as éﬁe count rate due to scatterdng
alone and CP as that due to penetration alone, then the true count rate,

Cr, is given as: ; ’ ”,

. . CT =C+Ci+Cp - (2.3) _

The fractional increases in count rate due to scattet and penetratior\ .

may be defined as:

fg = CS/(:I fp = CP/CI (2.4)



Thus (.3) Ay bhe rewrftten:

Cr op;JF,D (quHp) - (2.5)

h1~g'§5).ﬁnnlv P is direetlv dependeftt on the source, atll
AT .
ng concerned with the performance of the system.  (Although

other terms he

e fp. Lh are Noviously dependent on the energv of tRe photons, they

.

are still governed

AN thv'tvpo, thickness and material of the deteg?hv
crvstal and collimator). Thus the poigt source sensitivitv (SP) of

the svstem mav be defined as

A P PR (2.6)

»

o

. 7)

r~

= hph, (

Tt is tound, however, that a line soarce of radioactivity is
i more practical ot tabricate ind work wi Ih/;7xdn-rinuw1t(llly than a
Podnt source ) it Will also be shown that it viel Is more intormation.

't s the measured count rate from . ling source of

)

tadioactivity which emity . | gamma-ray photons/unit length/unit time
o 4:0 | (2.8)

snd rewarding the Jine source aw oan intinite number of point sources,
o ZPJV ' (2.9,

where: | 15 the line sensitivity of the sveter.  The graph ot line
< i
v 4
SensltIvIey Versds transverse displacement ot the line source from the

collirator axis is called a4 line spread tunction (1.SF) . (See Figure 74 ).
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In order to obtain an LSF, the line¢ source must be moved

tramsversely across the field of view; it thus traces .out a plane. In

this way a plane Source sensitivity can be obtained:

- o v 2.10)
o
L.
]
. SA - !!FP dxdv (2.11)
0

Using (2.10), the élanv sensitivitv is therefore determined by the area
enclosed bv the ISF curve in Figure 4.

The plane sensitivitveis valuable in comparing detection
svstems because .- response to a plane source is independent of the
distance from the detector, provided the field of view 15 unf?ormly
covered by the sburce. This is because the increase 1in the area of the
plane source in the field of view as the source - detector distance 1is
increased is compensatea by the decreased response to each of the
infinitesimal p;int snércos on the plane ( /7 ), Practically, however,
scatter and penetration have an effect on the plane sensitivity but
the variations with distance are slight comparcd with other source
configurations. Attenuation of the gamma rays through the medfum has
/ll;(‘ been neglected,

The LSF is also a valuable tool in defining the spatial

resolution of a detection syvstem. This parameter is discussed below.

2.2 Spatial Resolution

Spatial resolution is a measure of a system's ability to detect --

spatial changes of gamma-ray intensity from a radioactive source

~

distribution. The npti}al analogue of resoluti{i®n expresses the
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minimum separation between two objects that can still be distinguishable
as separate in the image.

‘\ —

. I't has become common practice to describe resolution by
considering the response to sinusoidal distributions of radioactivity.
In this way, any‘object or source distribution can be describgd by.a
set of spatial f- un;ies. A diffuse object with poor definition 1is
thus described . - spectrum of low spatial frequencies while an object
that has sharply defined edges requires in addition high frequeacy

"cqmponents to describe it. A mathematical a logue is found in
Fourier ser‘ps and transforms used to approximate dge and step

functions.

Sources, or more meaningfully, source edges, can be regarded

as alternating "activity amplitudes" with maximum activity Om N and
a
minimum activity Cmin' The source mddulation is then defined as
m. = “max - ®min (2.12)
) 0 + 0
max min

The imaging system, in turn, produces an image of this modulation,

which is called the {image modulation:

m, = Cmax - (min (2.13)
C

+ C
max min

where Cmi and Cmdx are the minimum and maximum counting rates, respec-—
n 1 . -

o
tively. The ability of the detection system 1ntfﬁksferring the source

modulation to an image modulation 1is represented by the modulation

transfer function (MTF),

I4

El

3

"y

0
s |

(2.14)



The source may be regarded as made up of humerous-line elements and
therefore'the response of the detection system may be calculated by
th; convolution éf each element with the LSF of.the system. Thus,

from (2.14):

S, (x) cos(2mux)dx
MTF(v) = Yo L (2.15)

(o]
SL(X) dx.
(o)

-X .

Mallard .(36)

It is evident from this consideration’ that the MIF {s pro-
portional to the Fourier transform of the LSF, Thé variable v is the
spatial»frequency‘parameter;andhhas dimensions length -1 (See Figure 4).

Although the MTF is a valuable index of spatial resolution,

in a detection system where resolution is not the prime criterion for

design considerations, the MTF need net be taken into account. In

, .

single hole collimator counting ;ystemsa resolution is degrgded to .
orovide for increased sensitivity. 'Visualization” is not riquired
and .so-"the index of resolution refers mainly to the field of view. In
the P%SS this determination of the field of view is an important
consideration, since.regional lung fuﬁction is studied and overlap
from adjacent regions will cause a '"blurring" effect in the hata analysis.
The field of view is determined solely from collimator geometry although
edge penetration will incre;se the calculaéed values somewhat,. Appenaix

B derives the configurations of the fields of view froﬁ cylindrical

and rectangular collimators. It 1s shown that the field of view area

increases as the square of the distance from the collimator face.

2.3 Field Response
The field response of a collimator system is valuable in

determining both the spatial resolution and sensitivity of thatesystem.



19

.o , v .
It is defined as the response of a detection system to a point source )
! | : - A~ .
of radiation located anywhere in space. Practically, it is measured

as .the count’rate of a system as a function of source point position.
This parameter was measured for a variety of collimators and the

results are presented in Chapter 4. Analytically, the field response,

F(x,y,z), iIs Cr from equation (2.5) measured over a source volume:

F(x,y,2) = o, O(xiy,2) Ep(x,y,2z) [1 + f _(x,y,2) + f_(x,y,2)]
P D S 13 -
(2.16)
/

F(x,y,z) is usually normalized to Ct . If all points (x,y,z) that
max

Q

satisfy F(x,y,z) = constant are Joined together, an isoresponse or
isocount respbnse liné is formed. When several values of constants
are used, isoresponse contours are geAerated. The depth Qé the field
fesponse contoﬁrs indicates the sensitivit? of the detection system as
a function of distance; the broadness or width of the 1soresponse
lines indicates spatial resolution capabilities of the system. By
comparing these i{sorespanse curves from different collimators, and
collimator systems, both sehsitivity and resolution can be optimized
for particular purposes. The methods used to measure field response

-

are considered in Chapter 3 - Experimental Design.



CHAPTER THRFF,

EXPERTMENTAL QRESIGN

¢

3.1 Instrumentation
3.1.1 Raster Scanner ' -

In order to measure field response of the several collimators -

~4

studied! a ‘23yue source distribution was needed. It was decided that ‘“
-

the required source distribution could be most easily attgined.by
integrating a point source of radiation over the appropriate volume.
In practice, this integration is achieved by mechanically ”scannipg"
the point source ovetr the volume. Major design criteria for this e
scanner were the precision and accuracy required in sour;e - detector
positioning. Commerecial scanning devices were initially considered
for these studie$, but none was available that could be modified to
sutt our requirements. rhe adaptation of a micro-manipulation device,
such as is used in scanning microscopy, was then coqsfdered a; a basis
for our scanning unit. However, the available range of movement with
these devices is generall? limited to about 5.0 cm on a side, which
was insufficient fot our proposed measurements of about 2S5 cm a side
(an approximation to the thorax dfmensiohs).

fﬁ% cost of these several commercial devices was also high,
thus it was decided to undertake phe design and construction of the
raster scanner for'this particular application. The mechanical
arrangement in this design isvshown in Figure 5, ~

Two Herst synchronous motors drive the source platform at a

constant speed of 0.25 mm/sec in x or y directions (Figure % ).

20
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The maximum range of the scanner {9 25 cm in the x direction and 26 cm
in the v direction. The ranges can be varfed within these maximum
values by means of aluminum "stops” and micgoswitches.

An electronic logic device was designed to control the motion
ot the scanner (Figure 7)), In operation, the scanning system is
initialized with the source platform at (x,y) equal to (0,0). A
pushbutton "start" provides power to the x motor which drives the
platform to the end of the desired x scan length. A microswitch
4t this end-point provides a signal to stop the x-drive motor and start
the v-drive motor for a preset time. This preset "on-time'" of the
v motor is controlled by means of a variable resistor and ranges between
40 nsec to 40 sec in duration. F&r the scans reported in this thesis
the v motor was set to be driven for 10 seconds, during which time
the plattorm and x motor assembly moved 2.5 mm. At the end of this
preset time the vy ﬁotor is'shut off and the x motor started in reverse,
bringing the platform back to the initial x value. At this point it
is again stopped by a microswitch, and the y motor driven for another
period of 10 seconds. One cvcle of this system 1s completed after this
latter 10 second period when the y motor is shut off.

In this way, the source platform traverses the area desired
in a raster pattern. The scanning assemblv stands at a height of
about 15 ¢mr with the collimator-crvstal combinations mounted underneath
the motor platform and the source suspended from the platform on a
rigid rod. The source was positioned in the same plane as the detector
longitudinal axis so that the (assumed) symmetrical response of the

crvstal could be used for calculation purpouses.
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%

Each detector used was coupled to a pulse-ahaﬁlhg pre.lplffier.
! , T . .
The pulse from the amplifier was negative, 2 psec in length and

‘ .
nominally 10 mv in l1ght for the 80 keV photopeak of 13?Xe. The

3.1.2 Data Aquisition System

signal was then routed to an amplifier (HAMNER RC NA-11) and amplified
to a 2-8 volt ¥#nge (depending on the energy of the original incident
gAamma ray).It was then routed to a single channel analyser which was
set to accept pulses corresponding to an energy range equal to that
of the incident gamma rays, If the {nput pulse was in the c;rrect
energy "window' then a positive 10 volt pulse was provided to a scaler
to record the event. Six 10 MHz sralérs were linked in a '"daisy chain"
with-a timer-scaler, and magnetic .tape controller for a CIPHFR seven
track,.:ri}e—only tape transport. Tﬁe data on the scalers could thus
be stored‘on magnetic tape after a preset data gatherinp period. After
each record was written on the tape. the ‘scalers were initialized and
a new counting period was begun. A "recoré” on the tape was composed
of a 42 digit BCD number. Eac? group of six digits comprised‘the
count from one scaler, and therefore, each individual scaler é;uld be .
identified.

At the end of each x-scan, by means of the microswitch on
the source platform, a positive 5 volt bulse was sent to a "y position'
scaler. By inspection of this scaler, the position of the source could
be determined for any time interval, or\for any particular data record.
At the end of a complete scan, a microswitch provided a pulse to the
appropriate scaler, thus ''labelling' the termination of the scan. In
the studies reported here, five scalers were used for data acquisitioﬁ )
and coordinate position determination. The scalers in the "daisy chain”

%
. .
. &%ot in use were recorded on tape as having a zero count.
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The data co yan chosen to bhe ?0 scconds, during
which time the mource moved 2.5 mm, At the end of ‘the Jatn lcq'ullltlon
period, the contents of the several scalers we}e written on tape and the
scaling system reset. Fach record was th 10 necondu apart in time
and 2.5 mm apart {n space.

In these atudies a normal scan of 20 cm by 23 cm required
about 20 hours to complete and comprised some 7500 individual data
records on tape. Data "blbcking" could not Eo achieved with the
magnetic tape unit available to this tnvestigation, thus each scan
occupied about 150 meters of tape. These data tapes were subsequently
blocked and rewritten prior to processing using the I8M 360/67. Under
normal circumstances about 20 individual'scans weré stored on one

180 meter tape reel.

J.1.3 Data Analysis

The data was read from tape and all records stored in core,
each record being corrected for radioactive decay. A search was made
for end—of-x-scan points by looking for two consecutive non-zero
records from the particular scaler attached to the x-scan microswitch.
By comparing x-scan lengths, artefacts due to line noise_could be
re jected, and the data then segmentgd into a number of one dimensional
scans as detailed schematically i;iFigure 8 . \

The maximum count in the scan matrix was then fownd ;ﬁd all
records normalized to this value. This normalization procedure reduced
the data from "count rate' to fractions of the maximum count rate. A
plot file was then prepared by storing these fractions in 4a matrix

array, the individual matrix elements corresponding one to one to an

individual record in time and space. When the matrix was completed a
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least-squares curve -fitting technique joine.d cqual-valued records into
an 1socount response curve.  This plot was stored into o final plot
file and an isoresponse contour map drawn bv . Calcomp plotter. The
number of vontours in this map and their values could be arbitrarily
chosen by the opurJtyr and could be entered as parameters into the
Y

program via kevboard.

he interact Ive proyrar (Appendix V) wae wri tten in Fortran IV
md ran under the MTS CPerating system o!f the IPM O 360/A7 computer .,

T TIAr provrams were used to analvse scans trom one, two, or three

. Mode T ing
'noaddition to making experimental measurements of field

response for varions sounrce—detec tor contigur arion It was decided to
tiso s imulate these contigurat ions and determine §field respense using
the theorctical considerat ions discussed i Chaprter 2. The purpose
oborhg ~mulation woae to deterrine he vialidiroy of by theoretical

, . e . A .
e bl o bt ents o ro o dlution and sensttivity o with 7y vlrect COmMpAarison

Pt v rimiental result s, Also, usinge thia "rodetling” theory,

1y hlbearations cncoantered by o the PESS detectors which could not
o tetire b experinent ally o coul 1obe el it For wvoople, rib
o e e were fntrc to. 0 into the v b Tled proyram orresponding

K e
Pt Snonise s calonlateds thia o 0 e U the expeginent gl
SooAn e Y item, e approasch takes in dovioioa, o0 modelling algorithm
L B T

v

As dicen o b inTChapter Y SR S T N | tSOLTCre

Sorrit ation Qs otooalealate podnt responaos e el ot cquallv
i~

el dnts dn ot Lodrce volume and dateerate thege Teshonse s, With

the raster soanner, o plane source response is meanared, This plane i
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.
p;n‘qllil to the lomyitudinal axis of the cylindrical crvstal. Makimg//th(;
P ’
approximation that the crystal responce is circularly svmmetric, the plane
i

response. can be rotated about the crystal axis and a three-dimensional
volume response obtained. This method, however, assumes the source
‘medium is homogeneous 1{in absorption characteristics. In most clinical
situations this is not true. For example in the limg (as viewed bv the
PFSS) the location trom which a gamma-rav ig emitted from the interior
of an altveolus, and jts direction, govern the amount ot air and tisue
absorber that it must pass throuph before reaching the detector. Part
ot this path might alse Tie through o rih.

model {5 needed that ace ounts tor these situiations of

-
dabsorber {nhomogeneitv. The approach taken was the use of A rav-
tracing yrid system.  The source plane was broken Up o into an array of
source points, The rvsral face was also replaced by 3 privd svstem

-

of points, Ivin, in the 770 plane in normal 3-space.  The collimators,
dabsorber configurations (such as ribs), and tissue planes were described
walveic ol Ly, pach point on ecach prid had a unique set of cartesian

Frectareal e oordinates assiyned to {t. The Jdetector yrid (DG) was

Used s the Poteronce vrid, From wach point (I’I)) on the DG, lines were

venerated ot g1l nagnge. ”).\) onothe Ssofree yrid (SGY. The t-cguati()ns
cb ot Tinaeee weee o, reined, and the \.le'l’ull‘; collimator, bone, and
Dlsoime bt o Matances, ¢ anv., onl i. The theorv of this
Ty tracingy merhod i detailed in Appendil -

R N R T iny attenuation of rhe y.‘imr.n.l ravs by hmn: *
Al ot ssie 0o gl ae e Attenuation “due to passihle collimator

¥

critetratien, the Solid anele factor for cachk detector-source point

I e tedtor mﬁmw arranzement had also to he determined,
!



The calculation of these solid angles is detailed in Appendix D.

me thod

consists of replacing

30

The

used is that described by Gardner and Verghese ( % ) and

the crystal disk bv an equal area right polygon

with total number of sides n, where n is even.

This so0lid angle, © (S,R,L»), where s {5 the height of
the source ;mint above the crvstal, R the radius of the crvstal,
nd 5 the distance Hetween the center of th crvstal and the projection
Cf the cource point on the crvstal plane, must be calculated for each
source prid point. Let

i (S,R,. ) (3.1
[

for source p«"dn[ i with coordinates (Xg, yg, .zg). ‘1 will be the jolid
anple sabtended by the total crvstal face fror point i. However, the

crvstal will be broken up into an array, and therefore, each

detector

point must be considered separatelyv., This is achieved by weighting
I aryd points, relative to each other, with respect to the soligd
iy e, Since g osolid oangle depends on the area exposed and the
dlstance fror the subtendedopoint, these were the criteria chosen to
brtermine the weicht ing tactors., For a4 Jdetector point i and a source
velnt b (Figare 9ty welghtineg tactor hecomes:
“oy - ““i..i‘ (3.2)
’ r;. .
i
EL o the rea o el Sqaare on the detector i&lt’ﬂtit‘;ll, then the

reloct e

the anpele trom the vert i

al

H.l.at

the

rav

i

j

tre s exposed by each square will be direct lv proportional to

makes, Hence the need for
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the cosine term in (3.2). Now, define

1§ "43 h (3.3)

Qii is the assigned relative fraction of the total solid angle Qi

for the detector point j. In summarizing, if the source point i emits

Xi gamma-LAys per unit time into a 47 geometry, then
o b

L

. K4
per uni® time are incident on the crystal. The detector point J receives

“{Xi gamma photons

.

Qijxi of these. Of course the beam ig further attenuated by tissue, air,
and possibly bone and collimator material. Thus the portion of activity

from innt i that point | detects is
\
» . -t A D VI D S VIS

' e e e (3.4)

where T o, “b' b are the linear attenuation coefficients for
a co <

tissue, air, bone, and collimator material Respectively for a given

gamma-rav energy and Li" a . hi)' Cij are the corresponding path
] i

Tengths through these materials for the rav 1j. By summing Ai over

)
elther of its indices, interestirg values are obtained. YAi, is the
{ ]
Jtotal amount of radiation that reaches detector point j. XAij is the
. S

amount of activity that is'detected by the total crystal from a source
pofant 1, and is cqual to the field response parameter F(x,y,z) from

cquation (2.16). For a raster scanner simulation, the value
stored 1n g location corresponding to source position i (xs,
“ter all ravs have been traced, idcntical values are joined to form

LSocount response curves,
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.Most configurations scanned were also modelled, as.described

above; the algorithms hsed_are described in Appendices C and D..

The results of both the experimental and modelling}studies

are presented in the next section.
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CHAPTER FUUR
RESULTS AND DISCUSSION-
4.1 Introduction
Four types of ccllimators were studied: (1) straight cylindrical,
(2) tapered -cylindrical, (?) straight rectanguiar and (4) tapered

rectangular.
.

A total of twenty-eight scans were done. Each collimator
arrangement! was assessed for a photon source in poth air and water. The
* 22 133

responses for both Na (551 keV) and Xe (80 keV) were détermi;ed.
.

The experimental source-detector configurations studied are summarized

in Table 1.

The experimental studies were carried out in parallel with .
theoretical'simulations'of the same source-detector geometries, employing
tih nmdellfng theory developed earlier. These simulated isocount contours
wére compared with the experimental results in order to determine the
range of applicability of the theoretical model. In this way, response
curves from source-detector geometries that we were unable to duplicate
oXxperimentally could be obtained from the theoretical model.

The ray-tracing algorithm derived was general and allowed the
study ot several source-attenuator-collimator-crystal models. Bogh
homopeneous and inhomogeneous distributions of radioactive sourée and
attenuating média were evaluated. -Source to tissue surface distance
and tissue surface to collimétor and crystal distance could be varied.
The gamma ray enerwy considered was also varied as required for any one
model but monoeneryetic sources were assumed. Collimator type (e.g.

cvlindrical, conical, rectangular ) and construction material could also

be chanped as required.
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TABLE 1.- Experimental- Detector - Source Configurations
COLLIMATOR SO JRCE ENERGY MEDI UM PAGE NO.
(keV’

cC 133y 80 AIR 4n , 41
1

cs Fye 80 AIR 40 , 41

cD 133ye 80 AIR 40 , 41

R-O° 13346 80 AIR 42 , 43

k-30° 133y, 80 AIR 42, 43

R-45° 133ye 80 ALR 42 , 43

R-60" P33y 80 AIR 42 , 43

CC e 80 Hy0 48 , 49

cs e 80 H,0 48 , 49

CDh 133 80 H,0 48 , 49

R-0° 1334 80 H.0 50 , 51

<

R-30° P3dye 80 H,O 50 , 51

R-45" 133y 80 H,0 50 ,-51

R-60" 133y, 80 H,0 50, 51
7

cc 2%Na 511 ALR 56 , 57
22

cs Na 511 AIR 56 , 57
3

CDh ““Na 511 AIR 56 , 57
(&) 22

R—0 Na 511 AIR 58 , 59
) 22

R-30° ““Na 511 AIR 58 , 59
S 22

R-45 Na 511 AIR 58 , 59
. 22

R-60" Na 511 AIR 58 , 59
22

ce Na 511 H,0 64 , 65
bS]

S ““Na 511 H, 0 64 , 65
> )

)] ““Na 511 H,0 64 , 65




TABLE 1 - Cont fnued.......

COLLIMATOR SOURCE eNERGY MEDIUM PAGE NO
S . (keV)
o 2 ]
R-0 Na 511 “20 b6, 67
0 2
R-30 Na 511 H,O 66 , 67
2
R-45" “Na 511 H, O 66, 67
‘)
K-60" “Na 511 H,0 bt , b7
; 133
Miniature Xe 80 AIR 72
Miniature ! U)(0 80 H, O 72
Mo 133 "
Miniature Xe 80 H, 0 + SRULL 72
>
Coincidence “Na 511 AlTR 73
o . 22
Coincidence Na 511 H,0 74
Legend:  ©C LCvlindrical Converging
S Cvlindrical Straight
h Cylindrical Diveryging
R-0" Rectangular - 0" Taper trom Normal '
k- 30" Rectanpular - 30" Taper from Normal
R-45" Rectangular - 457 Taper trom Normal
R-60' Rectangular -~ »0" Taper trom Normal
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4.2 Details of Collimators Studied

'he straight cylindrical collimator was made of lead, 6 mm thick
'he crystals used were 25.4 mm diameter, 12.7 mm thick NalI(TQ) (Huréhuw
Chemical Company), and were »laced 7.6 ¢m back from the face of the
collimators.,

®

he tapered cvlindrical collimator was machiined from a st ock
brass cvlinder, 6.35 ¢m in diameter. The inside diameters ot this
collimator were 3.17% ¢m and 1.905 ¢m respectively: the total lengeh of
the collinator was 7.6 cm oand taper angle 4.7600  This collimator was
used in both converyinge and diverging directions.

he rectangular collimator was fabricated trom 0.635 ¢m cold-~
rolled steel plate, and itg dimensions are shown in Fiyure 10
Me side was designed to  swivel d.ound its end, permitting
Medsurements to be made ot ‘1.t.1p(’rc«i rectanyular col limator, with
varving devrees ot taper.

A miniature detector svstem, comprising a 0.6 cm diameter, 1.27
“thick Naltla) Crvatal was also, studied. Ihe crvstal was recessed 9 cm
from ethe tace ot g straight, cvlindrical, stainless stecl and lead
collimator (.07 om tnternal diameter. In these particular studies, a
Rhesus monkev skull woas piaced apainst the collimator tace to simulate
RAMmMAr v scattering ottfects in bLone.

o wddition to the sinyle photon Measurement s, coincidence scans

Yy

.
in both uir and water were performed, withouot collimation, using a Na
Sl ce.,

In the model ling program, the crvstal Was alwavs assumed o he

4 rivht oviinder, although two ditterent SizZes were used. Une crvstal

om
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was taken to be 2.54 c¢m in diameter, 1.27 cm thick, of cheatypeéUde in
the PFSS; the other was 0.6 cm diameter, 1.?7 cm thick as used in the
minfature sy;tem for cerebral blood flow studies. The 2.54 cm diameter
arystal was replaced by a square grid with points spafed at 2 mm for a

.

total of 129 points. Thé source grid points were set at a spacing of- 5 mm

but the source array was made much larger, with 40 x 40 grid points.

4.3 Experimental Scans and Models

Jhe experimental and simulated scans are presented in Figures
11-47 . For a particular combination pf source and atténuating medium,
tield responses for the cylindrical straight, converging and diverging
collimators are presented in the sam# figure. Field responses for the
rectangular Collimthrs (straight and tapered) for the same source-~
dattenuator combinations are presented immediately following the
cvlindrical results in order.to facilitate coapérisons. The simulated
scans for particular experimental arrangements are presenteg folioying
the experimental data. The jaggedness of the isocount congpurs in the
vxperimental scans is due to random fluctquions in source activity.

Scan numbers prefixed with an M are those produced from the computer.
L
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4.4 Comparison of Collimators

In «'umpurln;{culllm.lturs, {t {8 apparent that the cylindrical
strafipht collimator had response lines whlcl"n- fatrly Flat,{i.e.unfform

e
with depth, 'he enhancement of thid parameter. {s desired in the PFSS, but

a‘.flu(tvr tield respouse ~an be obtained with diverging or rectangular
cokllmators.,

Fhe cylindrical converging collimator has the }‘h‘he_st_o spatial re-
solution ot all the large collimators tested, as can be seen by the narrow-
ness of the response lines, ’ Howevor, a high spatial resolution {s not

. i -
required in the PFSS amd conscquently offis particular collimator is not

EY
constdered with respect to lung function studies. Possible applications of

i - Bl

this type of co.w;lptor:tould be fn regfonal studies of smaller organs such
P L P e %y

s the k'fancy or Lhy\roid.' Spatlal resolution could be made equal to that of

S

the minfature detection svstem, shown {n Figure 43 but the svna,{tlvity' would
. »

v
be larper for the converging collimatos, due to the larger crystal.

rhe cylindrical divorging'collima‘.Y.yielded fairly uniform iso-
response Hnes for all source-medium~detector configurations. While this
is a desired charactcrisglc tor the PFSS, a major drawback in this tvpe of
collimitor is the circular field-of-view. With this field-of-view, certain
ryginns of the lungs are not "scen” by the do' . tors; consequently, analysis
J
is complete.

.I'ho rectangular strafight collimator viclded the flat:test isoresponse
lines. r,? the height of the collimator s increasee from the height of .he <
measured collimator(7.6 cmy), tﬁe res;nnso lines would become flatter still.
e tield-of-view of this collimator i{s yiven by equation (B.15) in
Appendix B and 1s rectangular, with the corners slightly rounded off. It
ls this type of collimator that can view the complete lung, with minimal

overlap.

22
In the higher energy scans, using Na (Figures 27 and 29), the
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U hareout” Gt the coda 1. due to collinator penctrat fon da. Lo improper
Shfelding ot the crvatal at the back of the collimator and shoald be
<|i‘-l'\'){.ll'<[(u1.

For tapered recranpeular ool fmators, only Hdiverying collimators

Werte tested o asoa L tield=ot-view 1n the PESYS 1o desired and this cannot

Peoachireved readily with converying collimatores., three taper angles were

o)

[ ) . .
Medsured 30 Yoo, aand oo te the normal., Alt hougn . diverging roct -

‘ . ) .
e ulan cllimators pive shicht iy better tlat ticld tesponse, particalarly

tor the 30 diverging collimitor, the tield Hines cventually curve at the
. 4 . ‘
cids, Mis end vu*’t’un- Arises stuce the collimator oo lonyeres limfes
T »

the crvetal, and g digt e dquared dependence resulta, Thia et tect be-

.
CUHIeS MoTe promingnt th larger taper angle.  the "t arcout " atethe ends,

e

M'vit"l}-n*.gg semg ot the m\ms‘"m. i3 apain due to improper crvstal shielding

and’ should b ‘lisn'gﬂrﬂv(L
’ ”

“

. . Y d v N -

with v‘trl‘an)' 7}1 tepth the "tayhites: and most unitorm fso-
5

-

response Lines wern \‘f;’l:l«'\f tor the positron coine idence coans, which in-
‘o *

Yyolved .Ax""plp\\;‘t‘fl' M imat o, che reasons tor this oxcel lent ticld-ot-
Civw ar -h'.w’xv\h'l, o kirse posdd ron annihilation rosales in twa gamma
tavs tr vl iing n directions 180 apart. In order tor o \'Uincid“ence
cvent ot Ceoodetected, the H%li')il.l' ton o event s constrained to occur in

tth svomet o gl space ot the cylinder tormed between the two crystals,
whioh thorotore makes il‘w tield-of-vijow disl.‘lrn‘\"indepundv_nl . Second
S0 e the annihilat ion raddation is ot 4 reasonably high cncrgy (551 keVy |
he .|Hmm.n'linn In tissue is not as depth-dependent as for £0 keV gamma
ravs. However, the major probiem in using positron emitters for clinical
work is o that most hove stoogt halt~-lTives and must be Accelerator produced.

Also, the radiation dose to the patient 1s usually larger than for

.

"single photon! radiolsotopes since large amounts ot activity must be
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used dn oorder to o obtarn shyndfloant nambers ot corne iden. o cvent s, .

For overall compas Fsons . o comparing souree cnerpy, , is apparent
that the higher vnerpy soans (991 key ) have decper cqui-valned dsocount
response Tines than the RO keV soans tor the same poeomet rics, This of
cenrse i due to the preater attenuatfon ot the lower CRCTY Y ammag rays
by the medium they traverse,

ln comparing source media,a higher density mediam(water as compared
teair) moved the $socount curves closer to the crvat gl tace, making the

. -

depth n&mmg shallower. T'his again is due to the hipher lineap dattenuat ion

coctticient for the denser med{um which emphasives attonuat jon 3% o function

ot path length.

Wiater or tissue also scattors pammi rays more than air and this is

evident trom the scans made U water since the isocount curves are mu -h

hroader than the corresponting scans made in dair, The broadening results
trom scattering which allows the crystal to detect pamma ravs whose path
. 9
direction would not normally hiave beoen through the (rystal.

The hiph energy scams are also slightly broader than their low

M v
vadhpEy counterparts. This eftect results from edge penctration ot the col-
Limator Pdvee penctration ocears for gamma ravs from just outside ﬂ\e Leo-
o

Metrival tiold-0t-view of the collimator, and is mor. prominent in a brass
coltimator than in o lead collimator.

AlD the collimators vielded roughly the same depth response for
s partiounlar energy,with the 507 isoresponse line Iving botween 8 and 10 ¢m
Proms the c ol limator tace for 80 keV famma rays in air and 5 and 7 ¢m in water.

, . . ) ] .
the major ditterences between the several scans i the ticld-of
view, which 15 retlected in the bregdness ot the Isocount curves. The ticld-
of-view, which was discussed in Chapter 2.is dependent mainly on collimator

peometry. Bearing in mind that nelther the smallest tield-~of-vicew nor the

largest s necessarily the best field-of-view for any particular application,
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thiv gy yldndrical converging collimator gave the narrowest tield-otf-viow
amony, the collimators, with the cyvlindrical diverging and rectangular

-
diverping collimators having the broadest values, Ihe isocount contours
tor any one scan also retlect the widening of the ficld-ot-view w'lth
9

increasing distance trom the collimator face. Ihis canhe seen by com-

3 Y y (& &,
piring a 950" response contour with a 75% contour and noting that the 507

Yo,

contour, which lies deeper, ks-also wider than the 757 response line,

The modelling scans, pretixed with an M in the Jdiagrams, simulate
the experimental results quite well, The-major difterences seen arise
trom camma rav scattering in the experimental studies which wis not
dccounted tor o an the simulations.  However, these eftects were not large
cnouph to create signifreant alterations in the isocount protdles, Of
part Lealar inL’éﬁ’st are scans MR1 .m@ MR which simulate lung geometry that

-
could not be measured experimentallv.  Scan MR] has one rib, 1.25 cm

diameter, across the middle ot the detector field tew; while scan MR2

Assutes two ribs 1Tie in the tield of view, both 1.25 }en in

‘e .

the scans show the amount ot radiovactivity that is incident o
.8

crastal as o tunction ot crvstal position (vector ;\] detined previously).

this vector, Ai + which is the total amount ot activity that reaches
i ]
i

detector podint j, 1s not g usetul parameter in o osanyle collimator

countiane evstem, since the photomultiplicr attached to the crvstal cannot
>

ditterentiate spatial events inside the crystal.  However, it is useful
INoan imaying system emploving a multihole collimator. ';i’ .»\H would then
be the amount of agetivity that is imayed in position | on the crvstal
tace. By comparing simulated images from known source distributions to

experimeat al imapes, reasonable estimatdions of the UNKNOWNL soutee

distributions can be obrtained.



CHAPTER FIVE
SUMMARY AND CONCLUS[ON
It was the purpose ot this study to (nvest irate pamma-ray
collimator characteristics with spoecific aimg of detining and of
'l
simplifying collimator design procedures for varSous clinical measuremert
sttuations.  The particular clinfcal situation considerdd in this study
5
is the measurement of regional pulmonary functior using an inert, diffusible

. 133 . . . .
radiovactive pas ( Xe ). Specific goals ot the optimization process are:

(i) to provide a well defined, non-overlapping field-of-view

between detectors,

(i11) to obtain maximum sensitivity tor this ficld-of view , and

(tii) to produce a uniform, or iso-sensitive counting tjeld

at a distance trom the collimator face.

As discussed in Chapter 4, all collimators tested vield roughly
the same sensitivity with depth in anv one medium. In comparing the
response ot the rectangular straight ¢ollimator to the responses of the

. . . , 5 . 133,
«vlindrical straight and diverging collimators for Xe in water, it
can beosceen that the straight rectangular collimator provides the
. .
broadest ticld responsc.  Also, since the field-ot-view ot 4 rectangular
vollimator is rectanyular, this type of collimator on the PFSS will view

the complete lung and not just cvlindrical sections as in the c“ircnt

svstem, Field~ot -vicew overlap can also be more easily minimized usiny

v
v

rectanygular collimators,
As an optimum condition in the PFSS, a field-ot-view width of

8 ¢m is dc5{red at a distance 13 ¢m from the collimator tace.  The

field-of-vicw is also required to include the chest trom the sternum to

the side ot the rib cage, a distance of approximately 15 cm. In

considering the results of this studv, the ideal collimitor for

Il



-

\upl\tnlz. Wy these several parameters would be o tapered 1. tapgular
\ S ,

tollimator. The crystal end dimensions should be square, having sides

cquunl to the diameter ot the crystal. The face end Jdimensions should be
a width cqual to the rystal diameger; lhu\l.uv cnd length 7.6 om., The
overall length of this collimator should be 17.7 om and only the :-'idc‘

v distal to the sternum should be tapered.  This collimator will have

sood sensitivity and collimators of this type used in the PFSS will view
L]
the complete lung with minimal overlap between detectors.,

. Ag an additional concluding remark, the modelling programs s |

used in this work may be atilized in testing characteristics of potentﬁ, ‘

collimaters.  Using the programs, since collimator specifications can be

varied casily abhd quickly, corresponding fleld respongses for different

)

configurations can be determined analvtically without the need of

tabrication and twestinyg.
2
‘.'
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e APDPERDEY A

The Phvsics of the L'ung
o

A continuons and adequate supplv of oxveen is a fundamental

requirement he metabolism of all mammalian cells, In additiono,

v means is peeded o remove unwanted metabolic bv-nroducts ot thu:’

cells - orircipallyv carbon dioxide. The organ which meets these

reguirements s thes Tung,

(ntil recently the lung could only be studiced "in vivo"
bvomaking measurements at the mouth, or by bronchospirometrv in which
) * . - Ly . ce o
the patient must be anesthetized 'in order to studv individual lung

- [
lobes.  Nuclear medicine has been important in furthering our
knowlodee of regional lune function at the lower anatomical scale

in! this Apnendix will discuss some of the phvsical processes involved.
B e

A.l Mechuanices nf‘ Respiration
ol Papansion o and Contraction

MA> Tine itself is passive and has no musculature except

.

tor osome sAceth moscle in the airwavs and blood \'wﬂé(*ls.. [ts main
purpose is te brine blood And air verv close tovether to enable gas
ey This it Joes via the alveolar membrarne, waiciv is ot the
stber ot one micreon in thickness and has o total surface area for
hoth lunves in the normal male adult of about 70 square meters.

Mhe act of breathing dt‘ends upon the fact that thae
thoracic cavity is a4 closed compartment and the lunue contained

in 1t is open to the exterior via the trachea. (The basic anatondy of

.



’ . .

-

the Tung {5 shown 13 Figure 48), Thus, when the total volume of the

cavity increascs, negative pressure (with respect to atmospheric)

in the cavity causes air to be drawn inward through the trachea; ’

.

when the volume decreases, the pleural pressure roes toward atmosphe™c

N Al
and lung volume decreases (Figure 49), The lung is theréfore able to
"br::athv" by periodic expansions and contractions of the thoeracte, )
-./.,\ ’ .'. . . >
cavity brought about by intermittent contractlons of the respiratory

.
1

muscles and passive recoil of the clast’ic lungs.

The ¢nldrgemedt of the thorax during quiet breathing is,

brought ahouat primarily bye diaphragmatic contraction and bv movements
. .
o1t the ribs, sternum, and vertebrae.® As the intercostal muscles contract

the ribs move unwards bringiang the lan¢ ,of the ribsg nearer to a perpen-—
o p §a p

- y M . ‘ :
dicular with the vertebral column, thus increasing the thoracic volume.

v -

R
The most important insp.iratqu muscle is the diaphragm, which

N\

SerVves as g "piston” in oo thoracic "evlinder™ - It ig dome shaped,

die parely o to negative intrathoracic pressure and pPartlv to positive

intrda-abdominal bressure which produce approximately 10 Newtons ,of
.
torce aoting over its surtac e, lts direction of movemnent is vertical,
< .

prith o surtace arca of approximately 250 square centimeters. "A destent

~ R s

thercetore o centimeter incgeases thoracic volume by about 250 cc,
. f

N

Vooothis i 0 increase in volume in the cavity at a4 constant temporaturc,
Sovlie' law dictates that the pressure must decrease, which forces. the
» lunps to expand thus drawing in air from the,airwavs. Thig process is

reversed as the diaphragm makes 1ts revnlated ascent . The excurgion
_ Phray :

0t the dome Averages 1.25 em durine o+ rmal breathing (.00 ),

-
°
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Vol Respitatory Prevanre - e ooy Pamp
Avothe rabs expand ot the gtart (R0 B S RN
infrathora i pressare ds reduced to about  -Smml e
*

i

which i

~ othe pressure vxinting in the air Passiaves

an

]

Tration, the

subhaten by g

Hestat ive pressure dn turn attocts ghe intrapalronary [vlw;unr‘
.

the

thveol

within the Junys. Daring normal breathing, ntrapalmenary pressure
within ¢hae alveoli ranges trom about - immig abatmospheric Juring
"'h.
tnspiration to tmoapheric ot the ond of inspiration, to + immily at
n . . - N .
tre BN ing ot Cvpiration and tinallv back to atoag i
vt ey expiration, tihge completing one vl (V)
Corral antrapalmoni Pressate thactaatyon . R N S N LR O Y
coe b A LR R [RET O S T A othe davspie oot cendratory
e eri e breath holdinge Wit the lottis Pl Vialue an hiph
! Pty and el bammbe Can b produaced bat to arevent yont,
L 4
Try bt ory depresai o the ot Pange of o maxima o are o about - M o
ARSI e e o tor thiia L dircalators lepres . cion fa rhat the
Mol e rhin-walled collansihd, tubes, and it the outside Pressure
: viviater than the inside driving Pressure, the tube wi}l collapse
et low wr bl ostop 0 ).
Aoy romplimee and Word
Ventilation ot the qleeal i requites that the reanirarory mage | eo
CEomTe several o tvpes 06 resistan e e work done by thea,. miscles oo bhe
Crrate b o mnl el v ing e mean force of mos gl ar contraction by the mear.
Rt omuasc e movement fhese measurement s o an be made using miniature
Toome * oy tradn cages and microcle o trodes Implanted in the museles.
MWV T ter the Tune | a4 muca casier an i dccepted wav o is oto CEpPress the wor!
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done fnTterms of pressure vh.m.go' (AP) times volume change (AV)Y, both
-~

o which can be measured asing efther an fntracsophapeal balloon or g

less tranamatic hoey plethvamopraph ¢ 1) ),

A\ wraph ot lTung volume chinge verses fntraplearal pr«-s";uru
change  prves o compliance diayram (Fipure S50),  cCompliance is the
thility o the lungs to be expanded, It is (il‘tilll'l’ 15 the ratdio ot
Solume chanve to pressure change and can be either o static or
vicamt, phenomenon, The lungs Alunv,.whw') removed trom thay chest,are
iy twice as distenasible ae thf- Tnunps and thoras tovether because
I y‘;ur.;A oo care itselt must alaeo be stretched o normatl breathing,

- J

wiie b i an "IH‘{"\’(JIJiH on the respiratory muso les.,

e overall mechanical cnacr ey expended by the respiratory
<

e les s ased ap o dn three main wave:s 1) Flastic work is the work
teaaired o Stretoh the elastic tisoues of the langs ant thorax and
At calvalate b otram Compliance diaprams, 2) inertial work is related

Pre o terce needed to Set tissues such s the liver, diaphragm and

st owal b i motion. (However this s siynificant only at hi 'h rates
» ¥

ettt i aewligible in pormal Preatninae) o md 3 work done
' Seet o LWV re s istanc e is that enersv expend i in moving the
ool ry e o taromh thee i rway -, Voo he seen trom Figure o0
CETw b b e et o mider portion of the avatlable energy,
EESEERTCE B B T iecnscet in preater ot ail oin thee tollowing sect jon,

- e tot g work otheroetor, oo be determine U and has heen
MERERE I roanwe i normal Ah et between V=004 Toute b gt

Troow it gl etticien v oot thisg Breathiny fs detined o phe
respirartoor u.wrh(\\nv per o anit ot oxveen reanired tor the work, or

work per liter
heocost per liter.



9%

’ yd ’

This et ficicney I8 about 8% in normals and depénds upon the frequency

'
and depth of breathing.

- Q

A.T.4  “urtace Tension and Flasti. Recol 1

Fhe elasticity of the Ihmg i1g not due solely to its elastic
tibers. 0t equal importance tor «-l:mtl(*. Pecotll {5 the surfactant
that covers alj lung alveoli. In 1929 von Neergaard inflated the lungs

ot anaesthetized cats and measured deflation pressures ( 1° ). We

-
.

used both pas and rhvsiologic liquis te distend the lungs and found
that the pressure required to maintain any glven lung volume with
thuid, ander static conditions, was less than halt that required to
-

miintain the same volume of an afr filled luny . Von YMeergaard deduced
that there must he g Tiquid-air interface on the alveol i which tends
to reeract the alveoli, thus contributing to the lung recoil]. Filling
the Jane with ligaid would eliminate the fluid-gas interface and its

“recoil torce.,

Psing Taplace's [aw,

I
r- (A1)

md oapproximating the alveolus as a sphere, the pressure (P) is
related to the surface tension (1) and the radtus (r) of the ”huh‘le".
Assuming that the J]Qonldr film ¢exerts a surface tension of 50 dvnes/cm
which fv equal o that of plysma, it has baen calculated that the recoil
prossurg of the Tung ioe roughly 2 x 10 dynes/cm? or about 20 cm H_ 0 for
votalle h1fIxt»J1 lung.

Tis is verified experimentally but it i< almost an order of
Tuknitade too large at normal or low lung volumes, e implication 1is

that the surface tension of the alveol{ must be 5 - 10 dynes/cm instead



’

’
ot 50 dynes/em.  This, however, could only oceur (1 the

alveolar

nembrane was l{ned with something that teduced the Kurtwee tension.

Thi. f{ndeed in the e as the walls of the alveolt sSecrete g mutfl‘i‘l

with a high dipalmitoyl lectthin concentration which reduces the surface:

tens{on

by a factor as great as 15. The surfactant's abhilitv to reduce

~Rnﬁ}uw-tenslnn depends upon 1t voncentration. Therefore, when the

“lveolus {« deflated, the concentration (per unit surface arca) is high

and the surface tensfon {s very low, so that the aiveolus f« ¢ xpanded

without difficulty, However, as |t expands, the concentration of the

surtfactant decreases and the surface tension fncreases, unttl a point
of cquiltbrium

Is reached at maximum expansion. Upon vxhaling the

increased surface tension helps to collapse the alveolus and expel the

afr trom jt.

Consider for example that

during inhatatton the radius of an
t

2 .
alveolus expands from about 0.5 x 1072 to 1.0 x 1n- cm (1), Asslmd\ng

Losurface tensfon of 50 dvnes/ecm, the pressure differences required to

.‘-
intlate an alveolus would be:

A.2)

= 2 x 19" dvnes/cm? = 15 mmHg
™is means that the alveolus

e
~3 mmHg inside ict.

gaUuge pressure I‘O outside the

would have to he 15 mmHe léss than the pressure Py =

Mus Poowould he 18 mmHge, However,

the intrapleural brossure is only

about’ -4 mrlly . So that the pressure difference s only about 1 mmHg, or

Iy times less than would be required. Pulmonary surfactant overcomes

this difficuley.
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.

Bemiden reducing muscular effort in Inflatinyg the lunga,
pulmonary uurfuvtnnt helps to stabtilize the alveolar pas bubhlen and
keep them from collapstng.  Alveold vary fn_ wlrze throupyhout the lungs,
Kome having radll -4 ({mem that of others. Lap.ace's Law whows that
Tf the surface tensfon was equal for bubbles of Aiffiring radti, th;'
smailler bubbles would collapue and the larger ones would overexpand.
The lung tthvfnre. would constiat of one hyperlnfla(qd alveolus, with
all other alveol betng }ﬂllapqu. That ehts 1< not tie case 1s due

selely to the surfa. tant., A collapsed alveoluys without a4 coating of

surfactant wonld behave ke o bubble being tormed on the end of a

straw’ (Figure 951). e alveolar pressure would have to fncrease to
Tygdatively high levels betore the alv;’ulus would "pop’ open., 'eroafu"r.
less pressure would he required to expand the alveoluas to o higher
volume , |
—

Fable A-1 Shows the elastio properties of the (hest wall and
lungs, PUods apporent from this table that the lunpgs svek lower
volume cven gy tesidual volume (2907 of lupg capacitv) while the chest
wall has an expanding tendency until the lungs a‘l:-- intlated to
Ipproximately 507 (igal vapacity, lung volume greater than 507 vital

ety v sults din the chest wall recoiling inward rather than outward

s it el helow 507 vital capacity,

L2 Flow Dvnamics
AU Lodumes ad Capacities
e b, nomenc lature of “ulmonary fonction . wiven 1n

Fivure 5. a Phvstoioricallv, the main hronchi, hrw"("n'nh“i, and terminal

‘

F‘r,‘vnnhiulvx, which Jdo not plav i part in actual pas eXchinee, can he

\ll.issiﬁed A5 airwavs.,  The respiratory bronchicle~ an ' the alveali
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onothe other hand, mav he cone i dered the basic Tung units invel ved

with oxveen transfer to the blood colls, There are therefore two main

N

Areas of the Lung , one involved with transport, and the other with

Cas o exchange . Making the Assumption that all units are bhaei allv the

e, the whole orean can he depicted as shown in Figure 53,0 Tvpleal
valuess are incladed. .
SO0 Kates and Flows

. . g :
Avo ot Tined breviously ) the total force exertoed by respiratory
. /
muscles must overcome several tyvpes of resistance in ventilating the

pulmonary leend g, The main one 04 airwavs resistance,

vt laid tlow,

K Drivipg~rrvssuzu (A.3)
Flow - . hd
where RS the rewistance to flow in the tube or tubes. 'n the lung

HOWever s there gre two tvpes of flow, lTaiminar and turbulent, and each

et e s 0 Tt tereny driving pressuare.,  The first step therefore, is
' TeTert e wWhat tera ot Lo exioat e At various levels in the svstem.
.
Pl B o aving the Revoolds! number, '
rv, -t (A%

T e U T P O ! Visoo o At dn average speed of
v throush o tahe ot radius ¢ i laminar as long as the Revnolds' number
[ Less than [nng Note that both the viscosity and the JonsitQ of the
sl question are important.  Table A= Tiats both &f these parameters

Por eases dnvolved in respiration. Table A~3 piven +he calculated Rednolds!'
ausber At viarious sites in the respirdtor. ' racg. e o velocity of air

tlow in the Glvecli ie yeneral I thourht to be wmall enough to he negligible.
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VOLUMES

~

TIDAL VOLIME

100

L\

ANATOMIC DEAD SPA(E
0.15 L '

FLOWS

~ MINUTE VOLUME

0.5 1 6.0 L/MIN
,,/‘
. (12 BREATHS/MIN)

ALVEOLAR GAS

ALVEOLAR VENTILATION
J.o L

/4.2 L/MIN
(V)

PULMONARY CAPILIARY
B1.OOD
PRS] mvl

v. 2
\,‘/1-) - - 0.84
5.0 PULMONARY BLOOD
FLOW
5.0 L/MIN
Q)

“ MBERS ARE IYPICAL VALUES ONLY AND THERE

I~ CONSIDERABLE VARIATION. NOTE THA! NOR-

MAL RATIO OF VENTILATION TO BLOOD FLOW IS
1

FIGURE 53

\
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N TABLL A-2  (TAKEN FROM EAO, F.FK. 19/2) (158)
GAS n -6 i -
(POISKE x 10 ) (/ML x 10 )
at Atmospheric
b . ._i - - — - [
OXYGFN 214 126
NITROGEYN 184 ) 110
co, . . 156 173
;
WATER VAPOR : 1013 70 . %
HEL. 1™ 2071 15.6
v .
RESPIRED AIR 180 112
— — el —_ L - P ————— IR
TARLE A- 3 REYNOLD'S NUMBIR (ADAPEED FROM MFAD, 1961) (£4)
LOCATTON RADITI'S Vo= 6 L/MIN Vo= 60 1L/MIN Vo= 200 L/MIN
(MM
NASAL CANAL 2.5 210 , 2090 6000
PHARNY X n 400 4000 12000
GLOTT TS 4 800 8000 24000
\
TRACHE A 105 £25 6250 18500
BRONCHI 3.5 455 4550 13650
45 350 3500 10500
K5 2850 8550
? 95 Q59 2850
0.5 17.5 175 525
_ - _ 1 - . ]
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Where the yas flow is laminar, Poiscuille's law states that:

Q .
ar = v B0 Lo (A.5)
4 1
mr

. [}
which relates the volume flow per unit time (V) to the pressure gradient
»

AP 'in a tube of lengtﬁ £ and radius r, n being the viscositv. It is seen

®»
R[ - 84n
‘ ﬂr[‘ . (A.6)
“where RL i{s the resistance to laminar flow,
Where the flow is turbulent,
2 kLp -2 _ (A.7)
AP = = :
A \' 7 2 v RT

© being the density of the gas and k a constant relating to frictional

etfects between the cas and the wall. Here,

’ J R = kep (A.8)

. 2
-

where RT Is the resistance to turbulent flow. Note that ﬁk depends
mainlty on the gas viscoéity, while RT depends primarily on gas density.
In smooth, straight tuses, turbulent flow occurs only at high
velocities which are present in the main bronchi and trachea. The flow
rates in the smaller anatomical lévels Are very low because the total
airflow is divided among hundreds of thousands of tubes and the total
cross-sectional area of these tubes 1is very large leading to very low
flow velocity. However, eddy formation mav occur at each hranch[ng of

the tracheobronchial tree and the pressure required for eddy flow is

approximatelv the same as for turbulent flow. Turbulence or eddy
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formation at low rates I[s particularly apt to occur when th@re are

frrepularities tn the tubes.  To th: respiratorv svstem ai flow 14,

bath laminar and turbulent with eddy f(\rm:atlrnﬁ\ Rohrer's fon
combines these int luences and the flow pressure-relatfonshi or this
"impure" phvsiologic state ts
U S (A.9)
. T

* {

WFiguro 54 shows an experiment al determination oY this equation. The slope
of the curve at any point gives the resistance to flov at that p&rticular

Pressure and flow rate. ’

A.3} The Limg and Gas Exchange
A.3.1 The Pressures

Only a few of the cells of human tissues could survive extended
direct exposure to the partial pressures of gases present in the earth's
atmosphere ( ;7). Oxvgen at sea IOVﬁ} pres;ures is distin;tly toxic,
and so the pulmonary structure evolved {n man has had to provide a
portable gaseous environment. This is the environment found in the
alveoli and is considerably different from that of the ambient

- Q
atmosphere.,

In respiratory gas exchange, the separatc behaviours of cpo
Vé;ious gases must be considered, since their phv-t. logic roles are
slso different from cach othgr. This state goes well with Dalton's law,
which enables the partial pressures of each gas to he treated distinctlv.
The partiqg.pressure of a gas is of extreme importance both in the

physical d¥namics of pulmonary - blood - tissue £as exchange and in the

participation of the was Yn the chemical processes of me tabol ism.
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_\//
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V (L/MIN)

THE FLOW—PRESSURE CURVE OF THE RESPIRA- v

TORY SYSTEM. THE EXPERIMENTAL DATA POINTS

I.LIE CLOSEST TO THE CURVE WITH EQUATION:

P(cm H,0) = 0.0417 V + 0.0009 V°
(FROM MEAD 1960) (88)

. FIGURE 54
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I'hyee wo o madn paves tnvolved In tespitation are oxypen and « irbon
dioxide., Oxypen supplics enerpy necded by the bodv's cella tor thedr
metabolic procedses and carbon dloxtde io the by prodact of tsaoe

et abo g, In addition, there is the "inert tractaion ot the atmos-
phere s const st ing Primarile of nitropoen, but also dncludine trace
Amennts ot arpon, xenon, krvpton, hvdrogen and helinam (Fable A 4.

anwmiﬂt ot the individuLl s molecules by the time they

teach the alveoli o barpelv “TUWHiJHt but hecause ot prossure pradients,
Mase movement ocenrs by d{ftaslon from the hivher partial pressure ot

Fas o ta the Tower partial pressure. At this level, each was behaves

to a vood approximit ion according to the idea! pas law and can he

treated completely by applicatfon of the kinetic hyvpothesis, It is in
this wav that the lunyg tunceions, bringing blood and air vers close
tovether, separated only by the alveolar membrane. With an alveolar
P”} ot 100 mmile and g venous b lood PO ot 40 srHg, 4 driving pressure
o b ity torces oxvgen into the hlood where roct of it combines with

L]

petowlobin Chable A=y Fipure 550 Fiuure 59 shows that verv little time
Pooregaired tor cquilibration of alveolar with pulmonary rdpill?rv PHJ.
Thi~ cquilibration occurs even during exercise when the pulmonarv
apiilare rtransit time i decreased, Fivnre S showe how this rapid
cquilibration «an he usset hy alteration in the diffusion nroperties
o othe alveolorapillary merhran.e, Increased thickness of this membrane
tnereases the time required tor eauilibration. It the defect is severe
enoneh the svsteris arterial blood will be incompletely ouveenated.,
Converselv, a4 venous blood Pfﬂjbof roughly 46 mmHg and alveolar PC02

ot 4 mmbig results in oa PCO | eradient tavorable for elirmination of

carbon dioxide tror the body,
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ALY ttasion and the Alveoliar Membrane

Diftustion {4 a verv fmportant phystoloyic progess {n the hody.

#

because ) (n the (‘l, froalone poverns the transport ot orypen trom the

Pungs and thereby to the mitochondria of cells, The diffus{ion ot o,
/ *

andd (‘HJ that fa vvsential to palmonary pas exchanye takes place between
s and tissae that is between paseous and liquid phases. Thus the
solubility ot the gas in the ligquid now becores fmportant ., Henry's Law
States that the volume of o4 tafrly insoluble gas that dissolves {n a
Viquid ar 4 piven temperature is almost directly proportional to the
partial pressure of that gas, Since the diffusion rate of a gpas yithin
A quid depends on its pressure gradient, the preater the solubility
of a4 pas, the more rapid will be its rate of diffusfon. The relative

solubjlities of €0 and O, in water are nearlv 25 to 1 which cxplains

why 0 diffuses far more rapldlv between alveolit and capillary blood,

even thouprh the pressure pradient for 0, 1s much hiyher than co,

« P

However, the ability of hemoglobin to combine chemically with 0, and

release €O s a'factor of preater importance in the diffusibility of
these vases, but detailed consideration of these phenomena s not

within the scope ot this work.
Vveolar walls can be as thin as 0.2 micron, and calculations

have shown t)')‘at dittusion of pas in a normal alveolus is ROY complete

in 9,002 oo it the diffusion distance {s 0.5 mm. However, there are

)
o

several diseases which can cause the alveolocapillarv membranes to

thicken dramatical lv (alveolocapillarv block). These give good evidence

to the importance ot the length of the diffusion path as discussed above.
Pt is alse obvious that the area of the diffusing surface 13

important, tor the bodv must not only maintain a highly inflexible rate

v
i
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ot oxygen transport, but a stringently governed volume of oxygen uptake
‘@ .

A% well, Cortaln discases can destroy alveolar walls, decreasing the

Aarea from fts normal average of 70 square meters,

In addition to these prohlems, hlood was mixing {8 alsao
fmportant, There are capfllarfeq in the lung that do not pertuse
ventilated alveoli, and the deoxveenated blood In them {8 sent through
the bodv g second time. This lowers the percentage of oxypenated
.hvm(“plohln, which, In turn, decreases the oxvgen -iqulv to tac
hetabolizing tissues,

In summarv, mechanics, flow dvnamics, Jdiftusfon and physfoelogtic
and anatomic dead space all contribute to the broader category of ‘
pulmonary vwv)llldtlnn. The matching of ventflation with blood flow
determines, to a large extent, the degree to which the peripheral
tissues will bhe oxygenated. By asiny radioactive materials and appro-
priate mvt;uuinlngios, scintillation detectors positioned over the
chest can provide in}ormation‘nhout the distributions of wventilation.
The Jdetector is therefore very important in the assessment of general
L 4

luny performance, and anv improvements in it mav allow more accurate

diavnosis ot lung impairments.



APPENDIX B

Collimator Fleld ot View Derfvat fonns

For wingle hole collimators, the (ndex of wpatial resolution
reters to the diameter or lenpth of the t{eld-of-vicw. The tield-ot -
View m.—w be detined as the area exposed to the cor v«;t.nl,\\ geomet rically
limited by the collimator, at any distance trom the colltmabpr tace.
This appendix detatls the calculations for tield-of-view perigeters

and areas, tor both eviintrical and rectangular collimators ot '

viartable dimenstions.

Bl Cvltndrical Collimators
For ovlindrical collimators (Figure 56 ) b diameter of

the tield ot vrew, at g distance s from the collimator tace i< given

hy
S S U R +rl) : (B. I
N ('-—
where ot and are the radii ot the collimator end. a2t the (rvstal
1 .
and gt o the tace respectivelv, and h 15 the collimator tenweth, Note
. /'

that (B is valid tor a1l rl and r | whether the (ollimator is

Y
converying, Jdiverging, or straight. ’

The area seen by this (ollimator at o distance g iw:

z S + ) N
AL s oo ¢ St (B.2)
c ’ -
> hr
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Ao directly relates to the plane seositiviey of the Jdetector,
¢

A5 can be deduced from cquation (2, 11).

Rectanyular Collimatoras
For rectangular collimitors (Figure H6) the lengeh of the

Plobd-otcview (') and the width (w') are given bv:

13
T . +~ L+ ) (B.3)
0 h 2 l
- . ,
w' Wb W # w]) (B.4)
- il .
[ ]
WwWhore o cotte the denprie 0 the collimator ondde g the crystal
1 - .
ol ot e 0 recpectively, an \.'1 " Ale by, correspondine e
AlTohoch oot ovitent trom Fivure 0, the perimeter ARCH [re ]y
LN Prom diaonal Iy tar Cornere ot the collimiat.o
The arca seen by e collimator at g !Mistance o 1
. e e
= W+ Tolw b W)+ o2 !
: . | | h -
: (v,
e 2 Wt
. he ’
o Paes g s e et v tor crvet s are e lindrical,
Wit TR Povvi=sect fon, Foapaat fon (B9 however ASSUMes
“
e st Tt have ) rect meular cross-section, v ddroalary
PVl a o e ed ey cavare collirator ot voss - oo fonag) s ide
lenweh sl VoWl B P radlus of the dinsor iheed crvstal,
thion b el Voo oy At oo Toreer he Yesoribed b cpiat fon
tRB.h . Celteads o more omp gt e CvXPression i derive ! oy, thee
Pora o poiner ol CHRe s awany brert the b ot .
ol limator chir ey b Phe  ner dmeter ot g Pield-ot -, From



Fipaure 5, , it the crvstal tace dies i o the o O plavne an o normal 3-
Spacey centered on ox o= L and it oanv point on the perimeter
Ol the crvstal face ia fenoted by l’h ()-:]), v]). /D) then all such points
N Satisty:
) U
) ) )
(x,. - ~ ) & (v v ) R
] ( ( I (
(B.6)
s =N
N D
he line Joiaine o point [’I) tooany point }’5; with coordinates xg’ Y
. . 4
7ooodw desoribed PATametrically by:
o= (v - vt A
" 3]
S R R (BR.7)
D S n
+ (. - ot
A} S 18}
vweoit thie ool lir wtor Jength is b, (Figure 5/) and P lies on edege A,
M
it aorddn ates satisty " < Moo RIS 7L h. Using cquation
(B. 7y, the line l"_l‘_“ Is theretore described by:
D
[C1 - w4 x4 (I—t)xn, 02 ¢ 21
- e () r)v,) (H. %)
+ h .
IR e o, ot b , » o and equations (B.%) becop,.:
!
Do ](‘ + b S . I
b |20 I - I N L
e ’ h h " -
(3 + h . B9
I T (8.9
. + * -
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'he point (xD, yD, zn) obviously satisfies equation (B.6), a

s it lies on the circle.  Thus X,y o Yy and ZD may be eliminated

nsing (R.6) and (B.9), to vield an expression relating x,v to x

c’ ’c

This expression {s:

4
(s + h), .2 (s + h) .2 2s”
. - x + R _ L H [ - — = -
x [\(: R( 1) Y ] \ [y( + R o 1 R >
h
ONETE T | (B. 10)
Z = 8 + h

o
Fguation (BU10) therefore detines the perimeter of the tield-of-view of
Lae orvatal arean over one edye of the collimator, in a plane a distance
s trom o the Collimator face. The other three edpes mav he treated

similariv, and corresponding ticlds—of-view detined. In all cases,

. .

. . . . S , . .
the expressions define circles with ragius R~, but with ditfering
h

centers:

Pdre Ay Centres:

S+
x = x. ¥ R(21x - I)(i}T-H, Yo o]
(B.11)
s + h
voEov o+ R( T
Fodee entres: N
+ h
X = (( - R( h‘“)
(B.12)
s+t
SO GUFE B G SR



Edge ¢

Edge D

Centres:

Cen

el oL
X ook HRQa- DN 000 _
(B.13)
VT Ve oo R(~%*~l’1
tres:
X = X + R(S—i—fﬂ)
VoS vk R(2 - 1)(‘1}':-—“», 0 < o (B.14)

4

Yigure 58 shows the tield-of-vicew a4t various distances < from the

collimat

Imposing

or

face as calculated from these cquat ions., AS can he seen
v

the constraint that the crvstal is circular rounds the

corners oft in the field-of-view response describod by equation (B.5),
and decreases the area viewed., The area is given by:
L]
)
N ;’Qh
A - 4L - TR R.15S
R Ao o 2 ( )
h
where .-\R is defined in (B.5) and :l = .= w1 = w, = 2R.
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APPENDIX €

Mathematics of Riy-Traciny

Assuming any two points,

Py = g e 2p) \ (.
PS = ()S‘ Vo 7‘.\‘) Cc.2)

on the detector prid and source grid respectivelv, the Jdistance between

these points is
D S lxg = x )T+ (v - v YT+ (2 - 2T

DS S D S D N D

The cquation of the line joining I‘D and P is piven parametrically by:

x =X + (x‘\ - x! )t
N + (v‘\ - vn)t c.d)
= . + B -
7 ptoGrg Tt
Vhiee Lu‘i'lf
H ; )
? = X, , V., 7
A ( 1\ }‘\ A

on the Skin surtace throupgh which the line I’D}‘< passes must be found.
Assumine that the skin sartace is parallel to the detector plane and

lies in the nlane 72 = ;’,\‘ the coordinates ot I’,\ hecome:
. I'e




XA D + (XW ~ x“)('A “)
(Vg /”)
VA - v + (v - VI3)( ‘AT 'l)) (C.4)
Crg =4y
A = /1\

The digtan. e H‘\ between Pooand P

= { .- - . - , , - N
Noa TG x0T e vy Crg =t

i+ the Tencth ot tissue absorber throupgh which the vamma 1oy mogt piass.

»
Cevtecting collimation, the remaining length, HY - D i< the lenpth

AAN SA

o ottt absorber which the FATMA-T AV Must also traverse.

The crvstal will hee surrounde d by o collimator, and cdpe
penetration eftocts maust he token into account . [n cross sedtion,
the vollimator will be a4 heivht h above the crvstal tace. Whether ft
s tapered or straight cvlindrical, or tapered or straivht rectangalar
collinator, 1ts geometry may be et inedd analvticallv.,  Then, intersection
polats ot tne line PDP“ with the collimator can he found and the distance

Shroagh collimator material determine.d and hence the attenuation

ol ate o

| coeagdrical Straivht Collimator
Fivure DY onows g section of the col limator ot length h

thove the detector vrid, whose axis passes throusrh the point (x

B

[N ,',‘1 and whose inner an! outer radii are R oand K respectively

: B o

Tieosartace ot this collimator can thus be described by the equations:
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tor the {nside and
2 2 2 .
(x - x )+ (y -y ) =R (c.6)
1 1 3)
tor the outside. In both cases, the z-coordinate is -estricted to
the length of the collimator, f.e N
0 - - <h «c.?
R' R‘, is the collimaitor thickness and h is its length. Consider
t
the two points Pl) and l"\, given by (C.1) and (C.2). The line that joins
these points {s characterized by the set of equations (C.3). Ry
Solving (003 and (C.95) simultancously, « ue - atilc equation tor t is
derived:
3y ) 3
, )T+ (G - et o 2 - - + - - t
[ (v vy (x, D) Jt [(vD yl)(vs VD) ()% xl)(xS )QD)]
2 2 2 0 g
+ ; + - ) - = .
[(YD \1) (x') ‘(1) R1 ] (C.8)
Ry wubstitating for the .liffcrvnrcs:’ thhat appear in (C.8), it mav be
simplifiecd. let
r = xk:‘— Xp
= v - v (C.9)
R n
e
< n
and
A = N - )(l
bBo= v _ .
\l) vI C.10)
C= 2, - ¢
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Then (C.B) is solved tor t, and plves:
2 2 2ty
LMl (M B e R T p?y - (A - B ] Ty
e v |
’ ‘12 + {%2 (12 + |<‘)

Using l\his vialue ot t, equations (C.3) hecome uniquely defined.

t must be chosen so that the z intercept {s greater than zero. Since

Pl) will always

inside the cylinder and on 7 = ZD' there will always

be onlv one positiung] 2 intercept (assuming N will normally be zero).

The pointe so defined (F), will be the polnt ot entrv of the line PqP

D

into the collimitor ., The exit point (F) mav be determined in an

exXxdctly similar tashion, and is characteri zed bv [F:
RO LA
tF oA+ B) 4+ [R T 4+ T) - (A - B | (C.11)
-~ )
5 ) - ) I
4+ 82 12 +

From Fig. voo 00 ) there are thre.o possible wavs in which PDP\i will

mmtersect the colltmator.

Cane (1) [f !*(..\'}‘,, v}'_, z{_j) has 7I " h then there will be no penetration
hrough the collimator.

Clase )y it ZF © h and the v>.(1t point F()%, VF, ZF) which is uniquelv
defined by substituting (C.11) into (C.3) has '/.F ~-h, then

the ray PI)P\‘ passes through the top tace of the collimator

and the new coordinates of F will he given from (C,4) as:

Xp = Xp + (XS - xn)fh ~_zD)
(zq - zD)
= + , - -
- (z. - z)
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the z coordinates of the poi
The equafions for x and v
climinating t, to yvive % in
(v - v )(x
D D
It 4 4 x. and v, # v, four
Case (A X N
) S D] S
Possible dides involved: !
I R O T
[ 9] J D .
Side o (v = L O
i N K n .
idcle o (v - v ) (x - X
o n ] D ¢
i (, ( - (X - X
e . 0 1) X, X
ise | ) X ~xo, : V
Iy S ") \‘
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and I’q are equal and can be ignored.

in (C.3) can be solved simultancously,

terms of vy oor vico versa:
XS) = (x - xl))(v” - \'\_)
possibilities exist:

| (A

[l l Ay
- (x“ - \j) (\'I) -y
y L b x:) (VH-‘ VS)
. (‘I) - xl) (VI) - V\)
A xl) (\'D - v
N

oY 1 [l
y (,\(y - ,\_3) (v - "I))
N T TR R
[ ;-.1> (v * - )
N xl) (v Vo
C T
) ( . x”) (vh - )
oo - ')) (vh o
I ¢ ).:”) (v“ - v

(= XY (v -y



Case D) x X v v
( D ST D S
Possible sides involved: O I |
1 () 1 O
Side H: - v X. - X X, - X Vo - v.)
e v v) (xg n o (xy n) (Vg n
Side | Y, — Vv X, - X (x, - x Ve = v..)
U ¥y n) (% n) 3 p Vs D
Sside H o v - x, - X, - x) (v. - v%
de e o yp) (Xg =)t (x, n Vg D
Stde 1 v, - v X, - X : X, - X Vo = Vv
o v, noOxg 2Ly n (v n’
I ewry case, only one outside plane and one inside plane will
Sattsty the conditions., In all four cases, i1 the lett hand side equals
the rtivht hand side, then the projection intersects the corner of
the rectansyle.
et cases:
X=X, v vo = osides ¢ and o
h S I i o
X X,y N ve = sides T, and 1
D < n . O
> = = sides J, and 1
0 X \IW oV des joAan o
= Xy v v = sides 1P, and i
D ~ I i o
X X Vb T Y Tne penetration tactor possible.,
Meeo the cenetration sides have been determin e, <ince anwv
PRI i+ boa desn ! 1!‘(‘\1 b
A S A AR (C.19)
TES RN AT 1] e oM, 0, b, K odre piven in Fipure ) tor dach of the
Puine ooty oy, tlae ot v trom (. ) will be
K1 N (C.16)
o= T Tt
RS SR n(‘,\f\'“) + P(f’.‘\_"']))
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he entrv and exit points £ oand F will then be viven in (C.3) tor
Case (3), where an Inside wall will be used tor 1 and an outside wall
tor ¥.  For Case 2y, it - - h and Ze b the point F will have
coordinates given by (c.12y., The absorber thickness @ is piven by

(1)

C.4 Tapered Rectangular Collimators

The last case to he vnnsidvrv(l'i‘; that ot o tapered diverging
tectangular collimator, Mormally, only two opposing sides will be
meled, the other two opposing sides being left parallel to the »
tXis (Piyare ). The probhlem of choosing the pProperv intersection
planes sl exists, but the method of selection is different since
the cquations ot rhe tapered planes are more complicated. t can be
deternined from (C.16) tor both z{i an.d "i’ and the corresponding values
ot e v ,'}':) caleculated from (. 3. It, for example | the ZF value

ot plane i, i« nepative, assuming 2y T 1, the planc ‘,i must be used.
i

nothe other hand, if the Z value of plane 1. i« neyative, the plane
. : i

hi rust be used, me of the intersection points must he positive,
while the other . constrained to be negative. Mter one of the two
Plane. YL hoen chosen, its correspondineg vooovalue s checked to see
Tl e o d it fon
.

X VooloY vV (C.17)

Ut e ot he casie s then no penetration of the tapered
SR RPN Do s ih e, It e, 17y 1y truc, o tinal cheek 4 made to See
whether 7\ b ot hs Contraint alao bolds, then the ontry point
iohas been foun., I by, no penetration of the collimator occurs
(Case (hy) . Assuring an entry point has been found on . or J,

1 1
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then t {s calculated tor B or | respectively, and (Xl\. Vi )
(9] (84 : ¢

determined. The condition

v, (C.18)

i checked tor validity. I't it holds, then e tor the suter plane is
compared wioh h. Yor Case (2), F is y.ven by (Co12), and tor case (3),

the value of € tor the outer plane is inserted Into (C.3) to vield

(x vz ).
FTOT F
When (CLHR) does not hold tor Vi but an entryv poeint b oexists
on H_l or oo then the ray must pass through 6 or | respect ivelyv. A
1 O Oy
. ) - v . . R ines if . ane is G or 1
simple test Y \h‘ or YD Vg Jetermines if the plane is o o

tespectivelv,  Once this is done, ¢ tor ¢ or I can be tound trom (C.16)
. O O

and the exit point F determined from (C.3). Apain it p h, F is given
ARV (R N I

It (Co17) is ot true, then the rav must pass through either

tyot 11- Apvain, Yo Ve Ty vy determines if the plane is (;i or
Ii' respective ]y, ihe entrv point if on the plane is then found, 1f

Sy I, e penetration ocours. It Ly h, the entryv point bk on the
in=1de o lane is tound. t is caleualated tor HU ar ‘IU, whitichever (lel,iUS.

gnd 0 oIH s tested. The same procedure. as betore determines if one
Pothese cater tapered planes is involved. It not, then oo I(‘,

whichever applics, 15 used and t calculated tor one ot these and F found.
Fore ddeternined trom oelther vase ) or Case (3. Finallv, | the

dattenaation distance, I pgiven by (c.13).
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CYLINDRICAL COLLIMATOR MODELLING

PROGRAM
FTIN
ProoNan L MmOt
CYE NS [0 xlunu(u),tFRo~(Q),vBONt(Q).zdn~E(9).HBONE(Q).OR(DF)
[+ 1F kK Lw(b),uA]E(Q),YAPF,ISH(IHM),IDR(DH),ITI(5);172(5)
~t AL UALR, TS, MuUBUN, MuE UL
I ATA rLu/l/,TAPF/Q/,UR/!JOnﬂ.@/
CALL Wrerar (L Uu)
IFlLuguT o) TLom
C
. ALURESSE o mMFANING UNITS
C 3 -
L 8 . .L
c i LRY quatﬁ‘ms_ CM
C 1 COLLI4AY R WEIOHT Ch
. ~ 1 CYLe CULL, CNYSTAL END RANDLSS (]
. <’ CYL, LOLL, FaCt END RALTIUS (o
r ; COLLIMATUR THICKNESS ™
¢ 150k S TiS>lir SUKFACE=CRYSTAL FACF Stw~, o]
L YL L,SY1, 5
C SYZ,aY e, 302 SAURCFE PLANE CDRNEK
C AY D, Y 0,548 COURDINATES Cm
C SYa,8Ya,3574
L e NuMBER UF ATTENUATING HUMES -
. Vel ] INTITaL X COUNDINATE OF HONE ] ™
C py(: o (]) FINAL & CYORODT JATE Nt BONE ] (]
C Cbee (1 IMITIAL Y COURUINATF OF 4ONE | (o
e InE (D INITIAL 2 COOROINATE OF BONE I (o]
GNE () RaD1S OF BONE 1 (of ]
TUA LK Alw LINtAN ATTENUATION COEFF, CMay
S B AN TISStE | INFAW ATTENUAT TN, COLFF, TCMa g
CRRSES HUNE | INEA? ATTENUATION COEFF, (Met
L CLol CULL. MATERTAL L INEAR ATTEN, COEFF, CM=
C Sl tA SOURCE ACTIVITY PEN UN]IT GRID PNOTU~S/YY~F/SQ.CF
C Gre b GAMMA RAY ENERGY REvV
C )
. N-TTR FTRT I TAL MUDEL PARAMFTEWS

TR CILU, YY)
~FactlLu,®) ISCN
sRLTRECLE 0 ,91)
A (1e ,92) LOATE(TL), Im1,4)
~ate s, 4)) 1SCh,(UATE(IJ.I'l.9)
Aa-lTE(IL 1, 100)
CFEA I, ®) (Re
Rl (6,2 0) (CrA
el TE e, 2001
=1 Te (Il s 10 d) \\
Cha s (L, vy MHyrl , Ry, KN
crelTe e, 20 81) m,Ny,R2
B ERE X
~PUTE (n,2A082)
p s bl O, 10e)
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NF“U(IL"") SXI,SVI.SZI
RITE (A, 20mn) Sxt,SY1,821 ,
lte tilu,1n2)
READ (LY, ») SX2,5v2,822
nPth(b,?_v’/) SX?,SY?.SZ?
CRITE(ILU,108)
dFAl)(lL"l‘) SXJ,SVJ'SZJ
nERITE (0,e¢v8) SxS5,8Y3,924
~sRLTe (LU, 10ny)
“EAODLLILY, vy SX4,5Y4,574
HLITE (6, 2n9) Sx4,S5v4,524
~RPLTe LI, 109)
“EAa(Tia, ) [SCFyS
~FITE(n,2nY) TSCtS
RLITECIL S,
KEAUD(IL 1) WK
TE(Nm e ) Gty
ARlTE(O,2103 Ny
SRPITECIL o, 11 1)
a4 1z, i -
~H111(1(u,1!2}’v
HAO(TI L, my x(nuu(l),x#aqu(l).vaNt(l),luONf(IJ.RHONt(I)
~mlTE(Nn,212) I,xlauu(l),xFuON(x),vunwf(l).ZBDNt(1),Rb0~E(IJ
q CONT [ NgF [
IR BV . |
3 cHLTr A, 21 )
2y fi.ch(lL ly tvianr)
.~1iL(ll.l'1‘.4]) . . 1y
~FAU (T, &) MiATw
~»ITlE (]It I NV
tAClen, wny MOl IS
~RLTRCILI,10049)
~FADLT L, &) Mgy
FITeCIL 1, tvaa)
SEAD CTL o, ey ey
~lic o, eM4)
PITefb,2431) ~iatla
TN, 2132) ATy
=1lTetn,  va3) wiimon
~elleten,2naa) A OL
NITe (i, 114
~FAL L, %) SluMa
CRIT(n,214) SIGHA
PITe (i, 119
cRA LU, ) GRE o,
ST r 0, 219) GREN
IR, 291

. PO A L (L, " T W SC AL NUMBER S «")
Floor MRaT i, ENTER DATES eny
Y2 rivRnal (Ya2)
e v rhoma X, "ORYS T AL RaV[ue? (Cm): ")
W ly FOWMaY (La, "bATER CULLIMATON HETIGMT (CMm) e ")
TV P oAl (1x, "gr TR HEIGHNT, CWRYSTAL £..0 RADIUS , FACE END",
2" NANIUS AWl LT STUE RADIUS" /" DnF COLLIMATOR IN THAT ORDER"Y,
R (Cr)e ") .
ledv FORMAY (1 x, " INE AR ATIFNUATION CUOEFFICIENTS §F I (CH=1)2sn)
1e4] Fownal)l (1x,"alR: ") :



1142
1rad
1044
10d
16
1v?
18
vy
114

11

— .
- -
-\

2wv4]
2v 4y
2v4Y
2344
2n5

PAZE S

w7
2vl
2y
21

211

<10
2Ow
251

RIZED
dni
Sy
S 1

PORMA
(AL A VN
FPrNMAT
rin 1AY
b ORmMAY
Foinemay
v MaA
Fte~MaT
rOR AT
2" x ax
tINmMAT
2" Y Al
FAON Al
M mATY
YA SR
FOokmAaT
2"t "
FoonmAT

[ A A

(1
(W
(1
(1
(1
(W
!
(1
(1
1S
(1
v

(W
(1
UF
(1
}

(1x,

- " ® w o w w

oMo o™ M oM M M R
- -

PR

-

» S > kN om
—

("
(",‘I"
ot
QR
e |

"o

’

1
X
b 3
Ly
<
/"
“

" "
R

2V i oAty

2" vyl
’ oA
Jr1o,.1,
4 e AT
et

r(vu‘r..l

v,
MLV
"‘.'
ool
\l’vnl|
Cape

"oan
VA

213," Sty
313," SeCs”

PO~ AT

[ AT A ST I

FARQT
FNw1al

L/

1«,
LI5)
i,

"TISSUE: en)

"BHOUNE 2 ")

"COLLTMAT IS mATERTAL:S ")

"TLISSHE SUNFACE = CHRYSTAL FALCE SEPARAT ION? (Lm)t
"X,Y,2 COORDINATES OF SOURCF PLANF RT, P17 (CM)B
"P??: ._u)

"PI2: )

"p‘?: .."‘

"NUe HF CYLINORICAL BONES OFSIRED, PARALLEL 10",
ETwkty SUHRCEL /M AND CRYSTAL?: -

sTENTER INTIYAL AND FINAL X VALUESE INITIAL",

vALU'ES; AND THe wALTULS FOR EACH bONE (CM): *)
"DU'JL " u'l"": ‘_")

“TTe e LINCAN ATTENUATINN COEFFICILMT UF BUNE",
Y SIRWAL GAMAa rAY ENERGY (CHM=1): ")

._")
._”)

"suuucg ACTIVITY PER UNIT GRIO (PHUTONS/UNIT TIME)",

"GAMMA RAY FNBEARGY (" SOURCE PLANE? (KEV)S -")

s IX,MSCAN "L 18, 20K ,982,05(/71X))

s "THE CRYSTAL RADIUS IS ",F6,3," Cr")

e "Tme CTHLLIYMATOR SHAPE IS CYLINOWILAL")
JTCOLLIMATAR NETGHY " ,F6,3," (HM;"," CRYSTAL",
IS L,FR .8, CMgpryn FACE EcinD WANlUSE",F 6,3,

M THE FACE Eny THICKNESS OF fHE CCLL IMATUR IS )

s "LT 4P AR AT TENUATTON CUEFFICIENTS USED™

:Ql)

COX,"AIRT " L,FY .6

ZAIN,M"TISS et "L, FY.0)

25%,"d0ONES " ,Fy,0)

1ex, "COLLTIMATOR MATEWRTIAL: ",F9,n)

¢ "TISSUE SUWFACE « CHYSTAL FaCt SEPARATJON: ™,
) ~
"R L LOURDINATES UF SOUNKCE PLANE PT, P12 w,
1) vl)

I8x,"P2% ",AFB.3," (LM)")

IBx,"P31 ",3rB8,3," (CM)")

3Bx,"Pal ",5Fb.3," (CM)")

¢t "THERE ARE", 12," BONES HRETWEEN SOURCE AND™,

TG ACT AS AASORBERS AND SCATIERERS")

P " THENE ARE MO BONE ABSORBERS USED 1IN THIS",
) :

" U')"t 'n’rl’u XI‘",F?.J," KF:"'Fy.d.

e LTI, F7.,38," RAUIUSI",F72.3," (CMY™)

$"SCIRCE ACTIVITY PEn UNIT GRIO AREA uUStkEDL",
OBYOMS/ZUNLY T Mp")

fMOOUREE GAMMA waY ENERGY USEDI",FB,2," KFy")

’H IC)

TEXECOTION STARTEL ATE ", I3," HRS ",13," MINS *
ZIX, 100, "STIPPED AT L ", 18," 4~S ",13," MINS ",

}

[6)

oFH,9)

[



o N ol oN o

INITIALTZING DETECTOR POINY

ALt EXPCCIY,T1TY)

1" CBURK /A0 ¢ w0 D

v ae INL/Z1TS A « 2405
CINCe] 3Cel /2.0
LTS INC /2

I ERIPE BELITE D W N S

1 Yrntya Yo/ e

TF LalnU it g TINLY [WCeINCed

Jraxlan.eedTINUY InvadsTINDed

1rwxl=fwl/?
ICwrY (2] ws/2
/3N,
xCEBLAN, A

Yrs)An,

FARAMETEtRS

P11 1aLT12ING SUJIRCE POINT PARAMETERS

TLELS iR (SX?2=SXx 1) ea2e 5Y2ebY]1)anle

(S22«501)2m2,)/P,9 + A,

ITAZ (S IRTI(SXI=SX2) nal+(SY3=bY2) e

(SLI=SL72)»na2)) /71,08 ¢ AS
FLAVE- LR EEE |
N S l"\’l

1y R A ], NK A
|P=(’\-")'1.\"/'4Yh.1.n‘
21 SSAl eIy Xde Y e Tw
Y1337 3¢ (1yYdeSY 1 VYaTnw
FvEnlle(>2A=571)aTn
223542 ¢(Hx e s5x2)nTw
Y2=Y2+ (3 Y3=S5Y 2 mT A
PENL2r (5SS 2)Y 0T A

&=

LY RS, NRL

(Al =1)e] (/7 T 2) v
Al+ (L2 =X]1 )T

Yie (Y 2=Y1)a])

Sl e (2=t 1 )wlL

<
oo

~ <
1

~re T (i T ((SX=xL)an,s e (SYeyY()ee2)
Chul o Sa iR, S, L ,38,50uLAaN)
RLlTr (s ,571) SuAav

Ra] ye )

DT e
ax

'T’l.i'



c

el

16

14

10

12

l46

TALM CanTRULL ING SEGRMENT

gh Ixz1,1nC ‘
X E(=]Crex [ ¢ (Ix=1)YwA_ 4 «+ N0
IFdu,obt .l L) OTY 7
imJe]
T2 (ICNY [+0)m2 «
1F(li,LE o InC) GNTO 6
N EINIE D

IR IS

78] ey

o Ty=y, 41

YEl=iCrr (o)) « ([v=1)12d, 4 + 1N A
ARSI EUE S |

ABUA=XL

R Y ey

A P3IS A= L

vk fsSYy=a)y -
A s ey

ELaA/ (AL a2 lanlenaltanl)an] 5
T2 e

BRI A ymy],ma

LEINS L) oAY LDl g

oAl s

L ED AN I SR .
4l JH= L, N f‘
Hm Y eYrggnk ()R

L= gk Ly Ry
R RSN G i)
AL M (R, 89, 80, 0BT ,GAM, HONTH)
SN EE X R =N e N T H ) e ENAY
Al P BAM LT T
cov L gk
b ay
oAl
LN I B S R
CALL TSSO S, bR, Y,V 5%, 8Y,82,ALP ,HET,GAM, TISTH,XBONT)
wilrn,e42) 1T15TH
TTIsatlstalP (=Ml ] SaT]STH)
AR |
(HLAI=(:ﬂ(—NdruL-CbL14)*
w1t {(0,e¢vad) LOLTRA
CALL ATH(ALP ,BET ,GaA, ATRTH,TISTH,RUNTH,CULTH)
ST AT SEXP (=MuA[ReAIRT )
skl Te(n,2%at ) ATWRTH
AN
[F{nZ=~~tYy 13,04,15
CALL COTelx, 007, Z,Sxsy3Y,SZ,A,0,L,8LP, 8601 ,58%,T,81,R2,r,COLTH)
Livla e
CALL !3?1(11,)v,‘],%x,iY,S[,A,h,(,ALP,HFT,GAF,“‘iﬁ,HZ,N,CULTH)
v'[,l| I'w
Lorbe Ladrviia g, f V:’1:3(157051"‘:“'(‘1‘1-",5&"G""110H11R2""1L0LTH)
YRR NURES W o}
CEiNv3uan AT aY[SAals (AT RAIRAT
TR (Ju)esarl v o+ LRI



—

1/

I~ZAF § ¢ Sk
l’vrl’\u}‘
et preooy
R N S A U e “ATN[x INDLICeS AuD
N MAPE N 1 APk
1"\.'"‘)"..)“‘) S
1/ X331, It
Penldx s (gx) s nt
‘ SN ot
LS (LS )zSny/al
I e L R AW I SR Sty olwe
SLTein, 8¢ ) ISR(TIS)
o T e sy
Aar il e vl ) (1S oy

Il‘ll[lzlcN'\L)
U G Y ¢
Ciuw ()

O N - I TaY,tilsy,J 0

ExtC(s,140man)

Vo
LTI 2 S 2NV U R O -

RPIEE IR T ‘Yl(4).1'1(3),111(2),IT2(4),YT?(3).172(2)
S B S

Tk
. or

L B A VIO S R RN G T

AR R A PN SR S A L I N (I A NI
LR P S (ly.),i(d"),¢(d.ﬁ1,‘(QM),L<(V*',
Yy P

L2

Ted, a1 99.h8

PR =,y
L S0 N

2 w1

s - /4

Ad63 | s )0

TEST LX)

[P SRR

Saz(Nep 1 /4

ALz (=) /g

PRI B PR o |

Mt A SN R N A S RN G T A B
FAOONF oL e e ) ST g
R NP A S TR C R

Plex™Ier 1F nNny2 5 R " 4
[ A
LN SR X I ]
Thlx N2, i, 0,

T, N, DD

ALCaL Al fuN Uk "N (Iwn) T1F AN BN
1Y w2l ,rada
vl ix

.f‘~)=xv/a.nv(V-\!.(V!/A.A-Plnnxn/au;-



O

ST (PlaXin/X~eP /4, AP /x1) /B0
EENT DR FYP I
14 INaNdAQ, D

W3 (Nep )/ )am ] w
11 TlR) BV (R
IR EVEER TS
CALUCULATTON 1k N (IwY Tp /72 i
‘- 21 IWNe), a4 '
ATrne [
A «'lNlllﬂtb[N(Hl/a.ﬂ-v'/(z.w.xM)OP]-x[H/xth

/\1«(Hl/a,n—P1/(?.A-lw\wPl-:IN/lu)/nﬁ
(241 )=. 0

22 twaNn, 04

bRz (i) /oa W

s il ) ze g IR
d. R B (PR
Sl iNet w2
T3 [N
S TOAINYES il ima e T e )y (o' 2ny) )/

IOl A=l Ve R e T2 (D, AN )
CO8Y Izl N )
RN
an TLem )2 X/ e )RS IN (2 2t Inml Jti)oP] /0 ) 704
SR LS BT B
XV DR SE IR VAN G Vi
Al Jwsl,n2
|(w:n.5u~l(l(!«)--/'vflwln.(*nnnz)
“':r~\1~)-g1(LQ)pnyon-az)-x(Ik)nYLIHW
PN )EAT A L (TUR/HAGT)

» R (lnY Do, 41, 4
= L) BE M [ K er]
G ceT ot
Y sy,
TSP (1~‘l)-t20Y\I"‘n-2-g.~.Lh([n)n

A

,A';~)nv(1\)Q(hm(I«\--)).(.([h).-zyon.u’
LS |»;..2,.(x(x~01\.-2)0?,a-tn(1w)-x(IR¢1J-
USRI -é.ﬂ'(f"(lﬂ)t-?)'x(IW0IJ'X(IkJ

EUSN L T ) ST
S T (SkR)
(*\‘n)-(ntﬁvx(l%vl)-l(lﬂ))—X(INOI).Y(lH)
J2a "y (TOP/RLT)

tTerv)n1,a%, 45
SR ) ek ]
Lre p

]

(]
-

v .
PR
T X w

—
-~
.-
-~ 2

‘s

4./ fi~)®8¢r f

' N

Jor (IR) [ )

—~n
—

AvE,

a3 W=}, p

21N VLANE S Arie) Ne (12
[EX S}

-

MIlR E NS SUANOL T INE

Soam b e T e iR, v, 4L, st TyGAP,BUO T~
'P)l=(~d"311(WF1-)?*GA”-tZ)-(bEYﬁnC-bAﬂnnd)'-(
[FTeSTY 1,1, »

1 N Term L



|49
~F UK
b ~ﬁ¢!d=z,nnsuh!(7t811/(Hfl-02¢uAM--2)
AT U T AN
)

'aNala!

I'15S i Tl | ek 08 SUKMKNOGT | iy

- -

R ENE T I CTSCES, DX, DY, 0L, 9%,SY, 52, ALP,BET,GAM, TISTH, XaONT)
LR UISCES, LT S22 1,010 1
T15Trza,an
R R NI |

! MXEOIRNCALPa(TH(FS=D¢)/5aM
YRV et T e (THOFS=N/)/GaM
)yqzk(5!-‘!)t.(#(qy-A').t?’(Sz-YSCrS)..2)
TYSTHESORT (SRR jmx Aoy

1y FrvMAT (10 ,ElvgD)

~t T’
[ Gl

(. CYL D e MILAL LD WvERGING CULLTMATOR SQUNNUUT T

-

Y ST S B ﬂ(lm(<A,)Y,VZ,Sx,bV,SZ,A,d,L,ALP,bET.bA".Y.H!,“2,“.
L)

TN e

BT e 2 )/ ) e

SHa~ /IR eR?)

tr LM Tedn A Paniatst TeoxwalanlamM
)ynBK.(AQGAN—f.A[9)QQ)OR-(MtbAM-C.HEY)‘.)-(A.HtY-uﬁALp).'2
IFASHA L Tovgw) STH)PA4

Y22 S N T (SKNy
t rv‘ALPQQJQHPltnz-Rt(bAMntz)

EPE I LU IM Y JEDEN .
TPl b et M) S FDF
Lrrit, e ) IR PR PP FAFIL S TS S 4
RS I B LR, C,ALP,BET, LA
Fledo, et} R0, bnamt JENymM2, b Ut SeORW e, TEM]
1. A N O A I R |
NlZeLa-xTt Py

LF (b)) 11,2

~
n

1 r7=odvoarm b v
7 [F b dmmy 5,0,k
(.
%‘
P SRR IV T AT
Pt Ley 7,7, 8
K bt le=t7)a,7,/
| srzb e
NER SUR) -
&) L THa s N
~F LN
.
5 v va o= (rld=12)7.4a"

L AR



“—

190

et ent TalEpan

JMl e ([ AMA L Pesart )
B s e (Al Peadetl laa/ o (AnHt TenwagF)eey
PSR L g ) STOES

'4Z=S)N‘(5Nk)

tH3ALPessont [agy

Pyl b St g ) Ll s
sl e gm2 ) 7R OF
Flm(r i =FNOM2)) /FDE N

A S K

PR L) 1A, Y
Gavm by
Ak =) 1,139,198

‘
"
N
+

—_

brawz (bt /=0l ) /A

LB RO SN

B
v
va _ rent TaTr A
' .

YE oA eA R e ) s u

YI Y e A La e} )Y s aM

t2 in T (b=t xjanlde (FrapY)aa2e (el Ven?)

[ SRS

v DAt STralonT (ol LImMATOR S0 TINE

’ R4 ST ( (,'\Y,JI,SK,DV,SZ,A,U.L,ALp,b(",f:A'4,Y.H1,"’?,".
NEARR
’ .
» o S=(a® (reriapyb 1D
b Su, b endent Taay
’ 4 e va e Y HUT 2}

S~vsw s ulran) ey Yn.,)-(A.ht]-‘éj'uALP)ttz *

B R AP TR RIS I B IR |

IS ~T (Shw)

N
R U R SR WS BV AR S
R T L=y o 22)/70EN
A"‘\Ul“".') ",(’.'l"l,' -)o [’o,SnN,T"‘L;Y“I

[ N B D B S I

LR I N T ,‘,),‘

Fzoale,a et by

PRy G, v, N

J3 (v A ]

brdm 6,k —
ST gz

-
X



cCCoccoc

o

c

3

it rANRS (Li=Dl)/0ANM
tYBDIXCA| PoltPrAN
tyadYenk [ e[ P AN
Yan)eT

TEGR BT

(VA R VAT N N
IF(FL) H, ™, 9
P78yl vHAMR (M
]‘(‘/"") 1"pll011

Fraxs(r/l=17)754aM
YEpAeaA|l PalbkPaw
VE Yot TolF A
Nnrag 312

Ty

-

¥3OANYAL PR (Mo /) /A A
YIUYenbla | meD)Y/6A

-

» 7=

Wk Ty,
[

CrlyvoxIcar DIvE~SING CULLIMATOR SUBRODUYINE

-

TP

. S~

2 {({(mR ] ) /) ua)
rawmt /S (A=~

= e

Pt Az (AvAl P trvanF e el /5N 1)

Frana (Aa0AM=CalAl Pl el enan(3aGAN=( a3ET) wn?
(ks lmiad| P)any

Pl m T oY) STara

raaM2zy )T (SKiW)

COENTA Paneit Tarl =Rl AYan,

3

TEeU 3t Al er NG M2 ) /EUFR N
Ervl3(eNg v l=bENUMR2) /EDFN

t /sl v Al
IF(+2) 1v,1,2
E2BUL+ A 1Tt M1
[P (L) &H,06,2
LN tms, |0

~F TRN

LF(tL=rt) 8,b,n0
L PA~NS(E/L =)L)/ A~

rYyBOX+AL Pl P AR
cvVEi)Yensp I mTt Paw

COL T B3R T ((h X=X )nale(FYapY)an2e(Flabl)nn2)

RO U T INE CL T (DX IY 02,5, 5Y,S2,A,8,C,ALP,tFY,GAM,Y KY,R2,H,



" Ccoc ¢

Pt e (ARAL P oisant 1)
\wwlinnt)-(ALP--?onLY--2)-(A-ntY-HQALP)--? v
PP OSSR G T 0,0 ) ST 7

FPrUMesSan T (SKk )

FNENBALPat2eHt laay

Ty g8 r qut] et NuMZY /PO
TP &N IMTabn jM2) /FF N
F2ZEOLS GA1mlb

IF(FL) Yo, 10,1,
FP2ROleGAaAanTE M)

LFirdZarm) 11,138,019
TFPARSB (P /o)) 7 am

FYX3oara el FPAN
FYSOYerse [ wlhpAw
AT N 1 &

Fys3hmedPe(Hal, /) /08
byz Yool e (red /Y /hu 4 ¢
r/ rq

;ﬁll|i§qdf((PK‘t\)"2‘(’V't')"?’(’l'fl)'.z)

~f ),
| A

Ale Tr w2 SS SJU*‘O“TINF

Yo UYL et ;‘1,,“Lp'.§tr'L,AH'AIQYN,YlSI’N,RhNYH,C(»l_YH)
,vb:;unf(ALP-.JOQtVtt)’GAM.'2)
N Vh"!luIS-fISYNOF‘q'vT 1-CNLTH

R NN A .
,ob
| SR
. J)
s
'
-,
Ar
ce



F TN

(ol ol oW IS Il ol Sl ol el & I ol NN G Sl oEE o

P

| S SR Y G G i T R

-

=

~ b

\ 1954
RECT “CULAR COLLIMATOR MODETLING
PROGRAM ’ ¢
AR T - U T
STRRNS L xTu0 ), XFROA(Q) , YBNE (9) , 28ONE (9) , wBUNE (9) , PR (50)

srTREGERN LU (SY, DATE(Q) , TARPE, ISR (1), IDR(S54),17105%),172(5)
CFal L1, L, "Gl NG, KGT, MR, N R ], T, NI, KJT,MIT,NTT, kT
~EAL MO, 0l kL0, MA0, N0, kMO0, MI 3, N0, [O,*J0,NJD KD
~FAL fuAlk, 0T 1S, MURBUN, ¥ SCOL >
TN |)X,DY,[‘[,§X,%V,S[,A,B,C,ALP,HC1,GA“,Y,HX,N2,H,RU.TSCFS
Commadte CLLTHAIRTI S, TISTH, BUNTH, ML I ,NGI,PGTL ,KLI,MLO,NGN,PGO,KGN
CPvrgn MAT el ,Prl KT, MU0, NHO,PHD ,KHO, ™11 ,NIT,PIT,KIT,MIO,NID
CrommadnN PIO,KIO, T ,NJL,PJT,KJI,MJO0,NJO,PJO,XJO,XBONT,Bl,bC(C

A LLU/ZY /L, TARPE /G, UR/71 31,0/

TALL R PAR L)

NG S D & IVE T

A1 ~EeSSES ) MEANING LNTS
LA L<YSTapL <A TuS (O
n CAILL IMATUN E JomT cw
U nE L Tolle CRYSTAL END LENULTH L
~1 RE_o 7oL, CRYSTAL ENO wlninm LM
'« ~“tL. “T.LL, FAaCt ENL LENGT™ Cm
v & KtC, T L. FACE tnhh wTIDTH (™
! - i WLLIMATUR THICKNESS (]
FaLE S TTSNtb SUNFACE-(RYSYAL FACE SEP, L~
‘ll;i)‘l,sll ,
Sy Y, 0Ll SOURCE PLAWE (GURNEN
SV, oY 8,823 CUORDINATES L~
SY 4 ,NYE, 54
PR W R A S e
I,'-"lr""‘r“"l
LA O PR A AP O O
R P S R S N | KECTANGYL Aw LULL IMmATOR
e LY PioANE PANAMETENS L~
,‘P‘_‘,P" ,&N\,
P GV A B
PERTES RS A SN A
feny NoampE s GF AT TENGAYTTNG BAINES -
L T PN I' 11 TAL ¢ © G INATE OF S804tk ] ™
[ N FL AL X CNTWDTINATE OF wONF ] C™
Ctve (40 IrfrrTaC ¥ COORNDINATE v aF ] LM
Lt (1) NA T AL 2 CUuUROINATE N nNNE T L™
~ Ntk (] ~a)1S QF RONE ] (.
YUA LR ~ LINEAR ATTENUATION CORFF, (Mey
~ TS .osut U INEAR ATTENUATICN CUEBFF, (M=
RN RFAR Moter L ITNEAR AT TENUATIUON CUERFF (Met
Co LJLt, ~alEwTal LINEAR AYTEN, CUOEFF, (M
SiLGmA SO RCF ACTIVITY PER UNIT GrRIU PHOTUNS/TIFE/SO.CN
LRE GA~MA NAY ENERGY KEV



T

-

~ p 3

sNPLT O TRTTTAL MODEL PaARAMETERS

a ool , 9

FAan oo, wy S0

t‘t(ll.""‘l}

a (i, ¥e) (AT Ty, 121, 4)

[Te (A, 90 TSUN, (CATE(T),In1,9)
TR UL v )

Ao u i, ™) ko

A TE e, ev) (AW

FTe (o, 2v12; -'

L

e Gl 1LY

AL LTl i, a)

[ AN N WA A .
ol ,wy MGL RGPS L ARG
A O P R '

N L R I W

T Ie s ie2)

O Slaai UL, TR

cTech ,1nm23)

CTe pw) ™ML ,~ gy ,PIY, kT

Lte (it vslwea)

S S S SR SRR N I T ~

LTe Lie 1,1 21)

O RS T IRV Uy

M L I

flgflx .A.??J ' ‘ «

VAl = T, [ e,k

Pr ULl s de 28y

N LN N A Al KRR N

A N S W)

T o, 2007 L1, ',1,Prl,'\f;l,r‘HI,'.'11,9?‘11,!\?—‘1' .
l""i’bll"r\Tll’JX!"!I"JJI'“JI

LTt le 2 23

R R e N I I N PO TV SINIAL SIS SURRIVE SESITE SPS o
PRI A PR DR, '
TS (ke @ g T

St ey (e (P el

FTAnbia | =R,y

N N A

N T IP R R P S I SRR

Te (., 72792

Ve (e e

RS N R T AN A BN A |

Tt Sy, ST, 82

che T, T
2 NN ;" S, NY e, 822
ST s, Se,8v 0,670
S TV AN
EEE N S SN AU TN X

R N I s B RN e N AR TR

: - X «,NYa,n/4
ile e ,209) Sqa,5v4,S¢4
Al

R R VD S .
Ao vt e TSOR S

LT, e 150 S . .
ITetie vl ) i
A LT, A ) e



t‘{“".t'.‘
e e,
R L Te (L
T4 1a)
RITELTL
oA, (o
~Alt!l.,
‘- (B A S AV
[ B T
3 =1TF (r,
p ST N W
LT gL
mh s e
~ 4t ol
kAL
~ 1 Te 00
Faoel
U S
Sl
'-Alf.(",
‘Xjr.\""
LTe e,
CEPURE S ’
, e,
LA
NN
“.‘L("l
“RLlie o LU
~Fa L (T
L. le e,
“'AYL\",
. )
.1 Poomwm
o, - A Y
PN rooo- ol
Lo lw rowew T
Lovee w0 s w0
" T vh
,\'-L..‘t .
R T Y A |
127 - 0 A
1 28 e T
1. 0¢ oA ()
R W o
1 fe - ne AT
MR . ST
1.4 oAl ()
1aoad - AT
tvaa > o gt (g
15 v mera 7t
1.6 o osal
1 7 4 ~ At
. ~ 3 aar
09 N N |
11 ronrAa ] )
2" a Ax LS
111 Pt T

3

P R N D |

dla) N
e 11 1)

) e

y 1Y 2 1
o~} L
JY2) N, w1

P
e (1),'knuu(1),vngwd'(;),l&ﬁw[(]),nnnwt(1)
CT) AR sONCL) YUt (1) dLBONE (L) ,RBONE (1)
: w

211,
el av )
Uyl A1
, ")
1 42)

Irs B
Q})

Mg e,

44,

e

v 4y )

» ~

Mlra T

» =

Joord
1

I

MealRe
RN INY
RSN

“if ‘\’L

)
;
Y]
)
R
STiava
S.0Gta
5)

. Lwepe
CwFn

)

N

"y

‘,_n;,

I o

LT

R N
en)

DR .

SaTe

-
-

’I'(' ‘ll)
(Caﬁ: ")
RECTANGULAN FLANES

\",(/Xl),ﬂ#x

RYST2AaL WAl u82 ()3
CIr R COLUEMATOR mEIGH]
FTER M RDINATES OF
I S ~ N P
",

s "PLANE ~d
s UPL AN T ")
7x,"s L act L ")

" TSIl PLavE ST a
o8 "y
Ie an
TNl

wy
"F
ro P

._n)

N P KU (/X)) X,

COtFrICIENTS USEL
J

T aT [0 (CH=p )2
«')
"T1S5 ¢t 2
AU S
N T
"TISS
"X, v, 2
"R
"y
"rPar:

ey
.

1 oA
")

L

AT TR
S IRFACE

CGIRDILATES

‘"t

"y

")
LYLTINEORILAL »bORES DESIRt D,

SUOgRCEY /¢ AMU CRYSTAL?: "
T ITIAL Anb FINAL X VALUESS INITTALY,

~ATE~TAL : 'Y
- LQVS!AL FACF_ SEPAHAYIUN?
OF SOURCE PLANE P1, P17

(L™) e
(Cm):

A, N
3tV7.vttN
X, "t ~T¢R

PARAL LEL To",

‘

"p(/l,)g



156

o0y A / VALOES: AND Trr wavluS Fi)R FACH BONE (M) 3 %)
117 PoomAT (L, "R ee W ", 1Y, «")
11 v ow caT (P, Tew LINEAR ATTIENUATION CORFRICTENT Ur BOUNET™,
AP OUR SR SIKELT M LAMA4A HAY PHNERGY (CmM=1): ")
1. PR AT (T A, TSl ACTIVITY PR OONTT GRID (PHOTURNS/Z/UNLT TIME)",

Pl |l
110 PORMAT LLA,"GAMAA Ray FNERGY F SUDRCKF PLANE? (REVY S ")

IO AAT (M, 1 P SCAN ® ", 1, X, 9A2,D(/1r))

2 PR bAL (""" Tre (YSTAL ~AQTIUS IS ",ER.Y," CHR"M)
2ole rom Al ("N " e LOLLIMAYT IR SHARE IS RFCTANGULAR")
vl r it AT (M L "R FCTANGULAR CNLLIMATOR PLANE CONKDINATESE",

D071 k), Y aa,"INST e PLANE S " N P XK")
Pvle romlEAT (0" ,22%X,"GY M L,A(FO L 2,2X),/1X,22K,"n: "4{Fb,2,2X),

AL, UL M L,A(F6,2,2X), /1% ,22x,""0 "A(F6,2,2K)) s

2 o al ut ot xS T OF PLAGESS i . N 3 ")
2ela v teaad (0 MO L L YATOR M oIS L FE6 3, CM g, CrYSTAL",

P A VA O ST B - N T TP o A wlUTHI" ,FH 8, M3, /,

A Palt ¢ s LENGIRE" , F 8, (P2 "," AJOTRIM,F6.3," CH")
P28, 0~ AT U M T ke FALE END THIUKHESS NFOTHE CNLLIMATOR TS v,
A '
Dvne rima (M, "L TR AR ATTE LOATIUN CUFPFICIENTS ULSED™
20 VL= ) ) ®
O 3 v o AT U1, 206X ,MTAINT " ,FEY 6
Qv b v RTAT (L, 23x,"TISS5UEY ML, .0)
Qe 1Y rrmmaTl (1,252 ,"R0NE S ",F9,.0)
244 i mral (1A, lvx,"CULL T=ATOR mMATERLAL: ",FY9,58)

¥
J
2
i
3z
—-
—

SULMTISSUE SuRFACE = (WYSTAL FACE SERFARATIONT ™,
Lr".d o r.“u']
Qo emEmal ("o, e, Y, 0 LYu=DINATES UF SUURCE PLANE KT, PE: Y,

. (LMY ")
o7 PamrMA T (Y a,38a,"P2T YL, 3 FEH LS, (CM)M)
2. , sl Ul , 8nx ,"P3Y ", 3F8,3," (LM)™)

\¥)
I
<
I
-
-
-

1 Sax,"Pat ", AF8,3," (CHMY"™)
2. P AL (", " T mERE ARE",T2," BONES nE TWtE SOUKLE AND®,
U oULNY s al I ACT AS ABRSORBERS AND SCATTERERS™)

P fo b U, " T e RE ARE () BONE O ABSURHBERS USED Iv THLS",
sV 1 Yo AT LD O

2l oAt moaNE &, xR L3, XFINL,F7,9,
v LT e, LR R L8, <ALTUSEIT L F2 .8, (Cr) )Y

PN .o TS RCE ACT vy PER OUNIT GRTU AREA USEOLI™,
A A PV S VARV A IR I O A A S N L |

PR Co e S RCE S SaAMA WAY ENERGY SENDTIY,EB .72, KEAV")

T C T, "

R T a0 et Ty sTarTEL AT M, L8, RS M, T, MINS T,
LA N ONT /e, LA, TSTINPPE Y AT Y, T8, Ry T, T8, s,
4 \"- N [

e t “ral (]«
DS o A ] o)

it

»
4

(283

[ A SO RVU SR Ye TRl POINT PARASY TERS

e pxta oYL, by
OBl R~y Do. o5 . 4

NEEEVE. DS Y I PPN UiV R A B S I



CcCcCcoCoOc

o

C.

TTUEIS IR ((SX2=Sx])aa2e (SY2eq0Y])na2e

l

e

xlrCesl iCaj /2,0
11TuCelngrs2

KT vUPRINURY /2 0
[TwusInps2
[FAXINCL,LE,TINCY INCoTti(Ww?
I# (XINUGLEL[INU) INOSINU®t

IrkximainC/s2
[ICRY[=]wurz?2
VR Y
LB A
xCaldo,»2

A YT

INITLALTILING SUURCE POINY PANAMETFERS

(SLL=841)w22))/0,% & A%

TTAB (SR ((SX3=SX2)ww2¢ (SYS=SY2)naye

(SL3=522,2802)Y/1,¢ + 4.5
N8 Y.
hABNT . e

.

o A E L, Ry ;

P8 (Aw=]l}a]l W/ NTral, n
X1 8SK1+(5X4aSP )aTh
YIES STl e (S51a4=SY1)aTh
1V35¢1+(524=871)aTn
K2ZS5KL+ (SA3=Sx2)YnT,,
YP2RSY24(5Y3=S5Y2)elnm
(2885L2+(S23=S522)eln
1S9

vy L3, Rt
PLstaL=11m) v /T )
SYBL e (X2=x) )n]

SYBY le(Yrsz=v])al
3/BLIe o=l )T

e BSUNT ((YXeXL) 224 (SY=Y(C)an2)
LPLL 3L (LwR,82,1/HU,36,SuLAN)

ISa]5e)

e
J'=
bp_—'\'L\
Ji

-8,
Pl LR ING SEGMENT

e s, ING

pEl=llNal * (lX=1))nA, 4 o
IFLIJGGE L IND) GO 2
Jel+]

P

157



ltrtl+J)m2 + 1

R
Iy (Ll gl L C)Y GNYO B
t2JJe)
R SN
1721 =y
s Trzy o, !
VB (LEYTH)) e (LYY= ) e, A+ 1AM, N
NEEE ISENE N |
B
C® Y my
e 1/ =/0
Al T T 3N 1
ol yYyee ¢
A Sy -
s /A Mamesesk l aaPen A anoYan] | Y
YT A e,
.k oA eSS n .
i LR P G A TR Y R~ B
i - .1
Ll EA s
TSI I L
SR fwmY o) b (U}
R ek (Jky
RN 2R R 2 A |
(. A
ATEr ar{el GHONanL ) e gt AT
A a3 A i T e TR
[P A B 4
L
) N
IR [
T oWtz xR =Y ST ST ) .
) w b
O N T N TR N N ST I AR
R N
"'Al=F_l”\-"ul\1HAAl-[|—<)
, 2 aasg AT AT [SATaCUL ATAALRAT
v I BAE L e R T
DU S | + ol
! o
R th
S Pl be el MATRTx INUILES
orarp w TAPE
L I sal g 1) Niaw
i/ x=t 0
AR (JR) /Al . .
Lt
S Lt ) BN/ T
Iy [ AT A B U S T £ e
D, N 1) TR,

A

DIIMP




[

o
TS
tTetd, » ') (LSRR (LIL)Y, 11Ty, NL)
T ot
she Gy o) thm I, Isy,J0)
Le EXFLUY, 1nAadH)
[ U G SRR G N O 0 |
plr i, ) 11V 04) L, ITL(S), 111 (2),1T72(4),1T12(3),172(2)
Pir (o, so D
N 1)‘?‘
1 Al E SURRG T
P NE DU AN N, R, NG, ST AN
P o n G (YN LG9, L (YY), Em (YA,
1) oA {2
’A
20 R B Y A N
EENEPR Vo A
& L/ e
R N
vAS . Leal)/d
Tl b /)
s S v 29
WS = /0 ’
“E2B | e=mA )y M
A1 3INZae)
NE(RL/A e (BO/CB(PI/XN) )
oK L T s Y STOPY
S emN e 3T SHeR)
PEoeriNt T R/ D TS G aw FVEN
P A
S ieq, wxN?
VA e )2 .Y, 2
P S AR AN
TR E o tleY TR W/ EvE
D31, A4
J')_Ar‘/(.A,.r‘.:wl’u(H!/d.y‘-P‘.‘!N/‘N}.
(rlexln/al oV /4 APl /xt ) /000
4':(&5//."
- |wm 444,22
CE L N*2 )/ -]
) zey (VN
AN
C oo Al [ b ,*In) TF /¢ UL
N (P=1,.24
o) .
1<::u‘~‘>.4LPL/4..-PI/(.«....)-X»PI-XIR/X":)-,
A A V=PI /(2 ,AeX iV eP laxw DWAIL
G e
2 IRE L, ND -
SN2 ) /2 * a
Lo ) Be ) {Tre) “
[ P 4 -

159



<

[ e

P

e

I

i F

‘

WEAL KN

160
31 INET L, N

(TN ST

(Tw)esS] " ((x jed , VaxIn)apP )}/ (2. rex~))/
SlilaNad, e [W)eabP /7 (2,00XN))
Y JNEY, .y

= | h

(RIS (IR v ) S EN( (2 20X weal MY RP /X~ ) /il
IY Nz,

Ir)Enr =y (K}

41 InNz),r2

FEaSUh T X (Eh) 2al+Y ([ )amdtHnny)

T (e )a (X (IR)ae2ean2)eax (Trh)nyY (]x)
n)3ATan (Tuk/sALT)

POl ), a0, 91

L3 () ep ]

B IR 3
[} !

-~ — -

to"?
L' daZey ({rlasgal2 SafM(jn)a

.
Tanaar (i (E (I R) XD M (X (W) aRy) stimiae
L}

Cam)a e (x (el Yam? )42 NRLr (Lh,ax{ ntl)n

el 2 gt MR ar ) ey [ (we] )X (]NW)

.

PN ' e ) Sy 2

Ly m

.
e yiga T ( Skt

A

LAz, o2

Perm Iy a(moenex (et ) aa( ) )ea(IKel)ayY(][R)
JBATA(TLH /R T)

\I"‘))D‘rds'db

Tw)=r ([~ , ¢+ 17

U

LGN 3 BN

Tmzst (L) emp ([R)

2

,.
-~

‘ .

a9 IN=1, .0

LAVED O Avey "'l'(‘l ~)

Ty~

L I B I I G S N N e Y SATTT A UV =

~ o er T
DRGNS /lMl"lNl‘Y"‘:’oM"YoNr'I"‘HI"“1laVl[,‘l];“ll,"J[,KJY
W T, U GO, MR, e, KU, MIO,NTO R LD, MIJU,NJU L, K
Lo, g T IS, Mu R ON , M
o, :)l,uY,l‘[,bX,SV,SZ,A,H,C,ALP,HtT,bA4'T0Rl"‘"?auo“r‘olsc;s
T L, AR, TUSTH, RNTH, MG NG, PGT,KGT , G0, N6D,PGD, KGN
AP “'»‘T»'-H‘.""Y:"ﬂ."‘"4”.’4"U,PW‘,KML),NII,NII,PIX,KII,MIO,NIO
AT B e 0, M, T, PO, J T, M0 NIN,PJUL,KJD, XONT , BB, BC
ST3(wHaw ) (0F --2vr;Ar«-az)-(fs.FT-nc-GA'1.R$\)n.g
TrS i t,1,2

A !:.,.A

—

wr by~
WA

T2 AR URTUTESI ) (BETan2ehLA4an)

R NURE N
e

t

1SS Tref o amESS Sun~tiaTINE



1
v

o
[
C
L

«d
[

1
(9%

/

5

\

4
L
C

13
L

1l
[T Y S A 2

ORI WX EATR PR G STR AP D GPRRE D SO0 SR B I BPELUD I PR IR PN BFRLYIN D PR SN IR §
bosl IR RCEVES I TSR I N0 DA TP R A ISR b O S NP VD N 4 I O (HA RPIRR IV I N VPRI RO TN SN N ¥
Pl C AR P LS, My N, maCoal

b DR Y gl S ,8Y,52,A,8,CLALP,nEl ,GAaM, T, KL ,rk2,n,R,TSCFS
1w CoL M, AIRTH, TISTH, BuNTH,NLI,NGT,PLT, LT, M60,NGCO,PGN,KGD

CEA s M e T, P T K T A NHD P, k10, M, 1,PIL,RIT,MI0,NID

GO N P L, KTO,MIT N T, P, .JT,MJO,NJ0,PIN,XKJO,¥30KRT ,88,BC

FFCTSCr S T ,572) b

(BB AR RIS

'L BRUAR S

LY B as AL Pe (TSCFS=D7) /754"

FYZOY ekl e (TS(rSe. /Y)Y /GAaN

S 3 (oX=AX )M/ e (SY =AY )aa2e (S5I=TS(FS)nn2)

ST T AT (G ) ex T

ro AT (1, Bl o) Py

Pl i

ab DT aAac,pAn (LAY R SudKOUT [ e

Sooare g Y it W Tl

hAL LiaLe s MOT LT, ALT, AT, I"\“I:”II"‘I}lKlIo"JXaNJI:'\JI
boAy »-,.’,n,m.u,M.r),nnn,uno,xv1(l,nxu,n10,5[«),HJ(),NJ0,KJ,)

. i A, Y, L, S, SY,S2,A,B8,C,ALP,RET,GAM,T,R]1,N2,H

S0t CLUL P, ARRTH, TISTH, BONTH, MGI , WG I ,PGT ,,KGT ,MGO,NGN,PGN, KGN

Coxs a0 A e T, Pl KHT , w40 ,NHO,PHC , k4O, MTT ,NIT,P]T,K]IT,M10,NID
AR IL L RT,Mg Y N, PO Al ,MJO N0, PI0 K0, TSCFS

AN AL P e ET P (1 naAM

(e v, Eue te¥) GUTL 1

s npleMrlaDXeNH]agY=PH]aNZ2)/0DFN

- -
-~ - -

-
—

b 21rs /e AN a Tt ]

L te 11112

b3 Il aALPenNI I wBET+PIIabAM

it bueg, ) GUTE o

CJlstRy =l aDxan]aDY=P jTeN2) /DEN
r 7802 +(amaT ]

P /70y 6,n, 8

- . - -

oz thimatrer )l apFler ITayan

Phlur it b ) 60T a

ctlE(r =Ml apx e Jle. Yap Sl aDNZ)Y/0EN

v Jas L rarwT 0

v/l A8,

1f e/ Jd=tbrvm3 3, 0, 4

EAN- TN B AVAVE TRV

| 2]

AT o 1y °2
(FRaxB (b /=Y /s &
Ik g Lo
EY a0 U B .

rva L Yepb T aTLE AR

PP lY2 b,y AN b Y Le,YS) LDTO 11}
[ TR S T



>}

‘z'

/[ -

A

‘el b AN
10,08, ~

Vor A
vy, 14
*toJunnt i +» [ )e A
RS RN SIRY
fim e ] wgyvar? Jyaldygy g,
To
LN AR A e R Y
PR R B ST
« L R N A | A DI BV A SRV
4
NI B A B A I siYro 17
- ety e ]
+ S
.- s 20
RV WA
v /Y S
’ - Y s |
‘)I ’I.',(
+ v e v,
. * oo T 2
A a=L e YeR [N Y/
b
PP |
T
. .
- [ w Nl e &« , 0
.,‘ iy, T /\
By L= e Y ey « NV /N
' 5.
L . .
R T O
L RN A ST A LA
'~‘| . I SRR
i A=l e vYer 1w/ )Y/0EN
Tt
, N
’ ’
1
[
ol
.
v r ‘
- L - FRUUR T

|6



[ ST SN

ﬁL”uA"-

(P /-

B Loy 1’

LN A N

I
-
i \

1

d
' o
. +
Y a

1

st

Ity

. NeW) Guil.y nA
R .X-”".l."’A-Nf"lirl)V-P’:r'“[)/DtN
= f(]
Ny SV, o,
Tl
O
S, 18,14
Pl lr Yy =F sk p Yab Y a0 (et () anl)
Lt LS S 0 Tk
| .t sl
lk/ﬂ"“:l’)\'rlK\‘\vIV"'II("'IIV 'Xl”ll.Jll"‘ll."‘JI,NJI."JY
v, A T AL SRR PR B ALY AR SRS IR IV BN I SR O SRR o N
JA T, ,1|Q,'4\.‘(11I,W!(;1I
Yo, v, [,j,x,gv,',],n,h,!‘,ALt’,HzT,('A-‘.T,Rl,n},ﬂ,ﬁh,l‘i{js
Lo v",-Iu"‘l,a’[\fﬂ,r\ﬁ'd(ﬂ,|UI,va,],"’\,l,K\,Y,V',fb,h(,ﬂ,p(,(l,KGr‘
N, e ;,vM[,\»1[,~r10,'unl,i"'(),‘('(",“1I.’*IT;"IIp'\IIo“IUer”
Ll‘,n;n,MJ[,AJY,PJ]'AJI,MJU,NJJ,pJn,lJ”,'HHVT,HH,HC

Lrae et a Ve, A Y anyg)

femra ) i T e N Tt



