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~ OPTIMUM THICKNESS'OF PLASTIC SCINTILLATORS
; James'E}cM¢Dcnnell
B AB’STRAOT
A thin plastlc 501nt111at10n detector can be made to
’ demonstrate total absorptlon of 1ncldent gamma ray energy by

1aminat1ng it with lead - The- puroose of this the51s is to'

-.attempt to determlne the thickness of plastlc that will glve;

an appre01ab1e increase 1n the photoelectrlc peak and at the:fﬁlz

same- tlme have a reasonable resolutlon, so as to glve ‘a good‘
representatlon of the 1n01dent gamma energy spectrum

kA series of experlments_was ccnducted w1th,various,
thicanSSes of plastic laminated with,0ﬁ0304 cm'ofllead using . |
_gamma‘sources7betWeen‘O 05 mev and'3 O mev. It was found‘
‘that, as the plastlc thlckness was 1ncreased the count rate"
1ncreased but the resolutlon of the detector became worse.
'It was determlned that a plastlc 1. 270 cm thick had the best
compromlse betWeen total count and resolutlon, but none of
the plastics tested were able to resolve the two peaks in

the cobalt 60 spectrum The efflclency of the optlmum de-

5i_tector for several gamma energles was also calculated by a

Monte Carlo Compuber computatlon The eff101ency var1ed
'frcm,86o6%tfor the low enefgy gammas to 17.3% for the higher
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energies'ﬂ Ah energy absorption ratio for the plasfiC'was
-'also computed and it varied from T7:7% to 25.9%.

The lamlnated lead - plastlc sc1nt111atlon detector
for gamma detection appears to have a 11m1ted value, but

- the computer calculatlon offers a method of determlnlng the

energy absorbed in a small sample of organlc material 31nce_‘_f

".plastic has a tlssue equlvalent response to gamma. radlatlon;fgvjvv
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. CHAPTER 1:
 INTRODUCTION

The development‘of plastic materials for use in
gcintillation detectors has'opened the way for many advances
in radiation'detectiOn equipment° Plastic can be procnred
in a wide variety of sizes at moderate cost and can easily
be machined into any'desired shape‘ }It is also non—hygro—
k'.scoplc, and does not have to be permanently encased .to
f'protect 1t from m01stureoz The only requlrement for a cover

‘lS for'llghc tlghtness Slnce much thlnner covers can be

. used, beta and alpha counting are routlnely performed u51ng
plastlc detectors The use. of plastlcs for gamma detectlon
has come in for much study 1ate1y, prlmarlly because a
Dlastlc,detector has an.almost a1r—equ1va1ent response %o
.‘gamma radiation over a wide energy ‘range.  The fact that
»plaSth detectors are essentlally tissue- equlvalent in their ;

reSponse opens 1nterest1ng p0851b111t1es for use'1n~d081—

. metry measurements

: Even though plastlc offers many advantages over
lliQuidaor the~commonly used sodlumtlodlde detectors, it haet
B one very ‘big dlsadvantage as a detector. - This diSadvantage
results from 1ts 1nab111ty to demonstrate total absorptlon
of.gamma ray energy. Since plast;c 1s made up prlmarlly of
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h&drooa;bons, it has a very low atomic number. The absorp-
ﬁion'coefficient for the photoeleotric effect (which is a
total absorpclon process) varies as Zg,‘where Z 18 the
atomlc number of the materlal concerned Thus plastlo,
w1th 1ts low Z number w111 have small photoelectrlc co-
efflclents ThlS dlfflculty can be overcome by u51ng a
plastlc of suff1c1ent 81ze so that. multlple compton scatter-
'1ngs can occur and cause total absorptlon of the energy of -
the incident photon. A second po331b111ty is to Load fthe
plastlc w1th some hlgh Z materlal such as’ gold lead or
‘uranlum . The use of these materlale will increase the
"probablllty of hav1ng a photoelectrlc absorptlon and make
possible the demonstratlon of" total absorptlon of the: gamma"
ray energy . v‘ ‘ | , | : |
Cllne (1) has shown that a thln plastlc slab de-

vteotor lamlnated w1th lead. f011 is’ responslve to incldent
gamma radlatlon;"He found that, while he could detect a
photoelectfic peakAin the gamma spectrum Obtained with this.
deteotor, the increase in the count over the compton back- '
ground was 1nsign1flcant | _ |

_' The purpose of thls the51s is to 1nvest1gabe the
”p0831b111ty of 1mprov1ng the spectrum obtalned from a

laminated 1ead~p1astlc 801nt111atlon detector by varylng the'

"See list of references.



thicknes's of the plaS’cic crystal and thus determiné an
opﬁimum thickness of plastic to usee The eff101ency of
ithe optimum detector Will then be determined by a sto—
chastic technique for Several 1nCident photon energles

The response of the detector will be analyzed to determine
the possible application»of the,computer technique to the
geﬁeral problem of determining the enefgy absorbed in small

samples of organic material.



| CHAPTER 2 o
THE SCINTILLATION PROCESS -AND THE DETECTOR *

2.1 The Scintillation Process

4.~There’afe'many types of interactions that can teke

., place as an incident photon passes through matter, but most :

"”of these ocour at very hlgh or very low 1n01dent photon ‘
i%energlesoj In th;s.study the energy of the 1n01den§ photon.
will be restricted to-the limits of 0.05 mev tofs;o_mevq
This will eneempass most of the gamma rays emitted by the

e_radio-active elements 'Aoeordingly; enly three-types of

L 1nteraotlons will: be con51dered These are the compton

v”effect palr productlon and the photoelectrlc effect
o The photoelectrlc effect, as was mentioned previods— o
“j,ly,.invoives-the’tetal abSoyption of the energy of the
.',‘ipcident photonel‘The photon ihteracts with the target atom,
-and one of the‘orbital elecﬁrons is ejected With an”energyv
‘eQualzto‘the_energy ef‘ﬁhe incoming phOton'leSs*the;binding

energy of ’che'eiec"crori‘° This effect‘ﬁakes place atrphoton

| energles of'O,i mev or less in most low and‘medium Z number

: materiels,  The‘biﬁdiﬁg'energyfoffﬁhe‘electroh isvvery>

© small, so ﬁheyejecﬁed,eieetroﬁwhas_essentially'all_the
‘"5énergy offfhe‘incident phoﬁen;‘-w;' e A |
,'?airfpredueﬁieﬁ'eeeUrs{ehiy‘%ﬁenethe incideht'gamma

)_‘- N



has an energy in excess of 2 m cg,'and’results’in the
“formatlon of an electron pos1tron pair when the photon
;&1nteracts Wlth the nucleus of" the target atomoi In‘thls
.1nteractlon the photon 1s totally absorbed in: the forma-
- tlon of the palr° »Thevpos1tron is soon annlhllated by
‘combining with an.electron to produce two photons of equal
energy, The electron and positron each receive one-half of
- the. energy of the. incident'photon oter 1. Oé'mev 80 the
total energy absorbed in the sclntlllator varles from: one -
k"half of the 1n01dent photon energy to all of 1t 1f bothz
the secondary photons are_totally absorbed 1n'the material.
: "In the conpton‘effect~‘the photon interacts With the
atomic electrons of the target atoms, resultlng in a scat—f
tered electron and a scattered secondary photon ' The‘
electron will be absorbed in the sclntlllatorj and 1f the
»:‘secondary photon suffers enough 1nteractlons of 1ts own to
‘ be totally absorbed thls type of 1nteractlon .can- also
bdemonstrate the total absorptlon of The 1n01dent gamma
henergy, To insure that the secondary photon is completely
. absorbed, ‘the crystal-must be of sufflclent size 80 that
u'many compton scatterlngs are pOSSlble before the secondary
e photon escapes from the crystal |
It can be seen that each cf the above processes

blresults in tbe formatlon of at least one electron It is

, thls electron that loses 1ts energy in the detector and



’résuits in a count in the analyzer,- The'électron gives up
its energy as it passes through the material eilther by
ionization or ex01tat10n of the atoms of the material through
twhlch it is pa851ng Most of the detector systems in use
today use the 1on1zatlon collectlon pr1n01p1e, where the
amount “of 1onlzatlon produced in the materlal 1s recorded.

‘ Thls is usually done by countlng the number of ion palrs
producéd"in thé material»per unit;timeo 'HOWever,‘the'excie

© tation prinéipieﬁdan'élso be used o detect radiation, Tn

- this process avmateriai is used which has the abilitybto

. aﬁsorb énérgy from“th¢*barticle-and-re—emit'it in the form
of 1ight photons or scintillations. These materials are
"1Ca11edvphosphéfé “In-a phospherj ‘the number of light photons:
"produced is proportlonal to the enefgy of the electron, if
5;t 1s assumed that the electron‘glves up all 1t$;energy in
'passing'thrbugh the hatéfiai (é) " To detect aﬁd measure
these - light photons, a photomultlpller tube 1is- used .The
tube detects the. llght flashes, converts them to electrlcal
energy which 1s ampllfled and transmltted as electrical

,pulsés to the countlng equlpment

“ Even though the total energy absorbed by the 501nt11—» 

',blaﬁionkmaterlal‘from a compton and photoelectrlc 1nteractlon

ié the Same, the'response of tﬁe detecﬁor%to'ﬁheSe effects

is~notQ ThlS is due to the fact that we assume thac the

%A’photoelectron is totally aosorbed 1n the detector ‘while the



eleCtron;receives only a part of the energy from a compton
scabtering° Thus the response of the detector will Dbe 1ess
vfor a compton than a photoelectrlc 1nteractlon Therefore
) the total number of 11ght flashes or 501nt111at10ns is

_proportlonal to the energy absorbed in the detector and not

to the energy 1n01dent on it.

| 2 2 The Detector

" The detector used to-measure the response of various
fbhicknesses of plasblc 1s.shown in Flgure 2,10‘ The detector
,iscthe Nuclear—Chicago DS-100 Exposed Crystal SCintillation '
' Detecbor‘using a‘Basic“DSf5 probe. _This probelis the Dumont
6292 photomultipiier tube with a buiit—in.preamplifier'and
‘cOVered with a mu;metal shieldato minimize theoformation of
secondary‘electrons and'degraded pbotons in‘the casing To
this probe a Pllot B plastic sc1nt111ator was optlcally
coupled to the photomultlpller tube us1ng Dow - Cornlng stop-
~.cock grease.,. The plastlc Wasvcompletely_(except»for‘the end
' coupled to the‘phoﬁomuitipiier”tube) wrapbed,in’aluminum
foil to -improve the light collectlon Lead foils”of varying
kthlckness were placed petween the plastlc and the source to
‘ attempt to produce total absorptlon of the incident photon
 aenergy The plastlc and lead deteotor was covered w1th an
aluminumvcan'05159 cm th;ck, Thls can serves two'purposes.
First, it provides ddlight#tigbbf00ver’for;the'deteCtor and
phoﬁomulbiplier»tube;"ahd~éecondly, it provides a weans of
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Lead Foils Mu-Metal ShieldHm Out
Dumont 6292
# z Photo-Multiplier
/ Scintillator
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Point Aluminum Can High
Gamma-ray Voltage

Source In

Figure 2.1 -A Diagram Showing the Experimental Set-up of the Lead-
Plastic Laminated Scintillation Detector to Determine

the Optimum Thickness of the Plastic Crystal.



' nttenuating the betavparticlesvthat normally accompany any
gamma emission from a radiation source. These .beta particles'
'Would affect the detector the same as the electron produced
by the 1nteractlon of the gamma ray Wlth matter. Slnce thed
purpose is to study the measurement of gamma radlation, it
is most important that these beta particles be eiiminated
from the system However, th1s alumlnum can does produce ”'
background of compton eleccrons from the 1nteractlon of
the photons with the aluminum as they pass through thecan°
The can is relatively.thin, and the probability of the
photon passing through it without interaction is greater
than 0.90 for the'energyjrangespecifiedfabove-° Tnerefore
' ‘this background will be a‘smsll fraction of the total count
“in the spectrum _ o " |
The output signal from the detector is fed to a
&wo-hundred channel Pulse Height Andlyzer Model 34—2 made
by the Radlatlon Instrument_Development Laboratory. ’ThlS
instrument has‘a very stable High Voltage Power-Supplj that
- was used to drive the detector system. The analyzer provides
C..an 1mmed1ate dlsplay of the spectrum on an oscilloscope as
~:well as ‘a prlnted record of the number of counts absorbed |
per channele The prlnted record can then be plotted.on '
graph paper to'represent‘the gamma spectrum Obtained_from
‘ the detector | |

The next chapter w111 desorlbe the experlments that
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Were'conducted to deterwmine théhépﬁimum thickness of plastic,

and the»results obtained from them.



. CHAPTER 3
THE EXPERIMENT -
3;1 -Genefal _ _ 7 7

In attempting to determlne an optimum thlckness of
plastlc to be used in a Gamma. Scintlllatlon Detector, the
| follow1ngvthleknesses Qf?plast103“wene;used: 0,159 cm,

0.315 em; 0.635 cm, 1:270 cm, 2;54O‘cm.abnd~5’;080>om° The
:plastios'were'in'the Shepe of.e'right'eirculer cjlindef and
all had a diameter of 4450 cm. Lead folls were chosen to
>1aminate the detector because lead has a high Z number, is
cheap and very ea511y obtalned and can be rolled 1nto any
shape de51red, The fells used here were 4;&50 cm in diame-
ger dnd'Q,0152 cm thick. . They were used in easpade_to
obtain the thickness of foil desired.

To compare the‘detector evef the energy ranée speci-
fied'preVidusly; tﬁfee'seuroes Were‘chosen These Were
Cobalt 60, Whlch has two gammas of 1 17 and 1. 33 mev, Ce51um
137 which emlts a single gamma of O 662 mev; and Cerium 141
whlch,decays by emitting a S;ngle‘gemma of 00145‘mev°_ The
~ source was placed a dietance of 0.635 cm from the face of
_ the alﬁﬁihum ean.en the‘exis of the*detector,

The deteetor Wes'set up as shown in Figure 2.1, and -
| operated without.afseﬁrce forvaecertain period of time to

11



_ Sl
obtaln a background count for the detector and the room |
where the detector was operated | ThlS background count was
stored 1n the memory of the analyzer, ‘and a gamma source-
was then counted for the same perlod of tlme° Whlle the
source was belng counted the background was automatlcally
| subtracted. from the spectrum . By u31ng the set—up shown in
Flgure 2.1 Where the gource 1s 1n the open a distance’ from
the detector, there is very little backscattering of gamma
rays to ﬁhe detectoro Slnce the background is removed,
’almost a pure spectrum of the gamma source being! Qountedxls
_ left. It should - be mentloned that a High Voltage settlng
7_'of 1450 volts was used on the detector throughout all the

experlments

3.2 Effect of Leadion the - Spectrum

Prlor to varylng the thickness of plastlc, the‘

| effect of various thicknesses of lead foils on the speotrumv
‘was studied, Figure 3.1 showslthe results of adding lead
to a 1,27O‘cm4ﬁhick plastic detector. It was found that
adding a single foil resulted in very little charge in the
spectrum; but by adding two folls a definite photopeak
.appeared,.indicating total absorptioo of the photon's en-
ergy. As more lead foils were added, the peak shifted
itoward the 10Wef‘enérgy region and more oounts'éppeared in »
the valley: until, with the use of eight foils, the spectrum

very'closeiyjreSembled the spectrum obtained with no lead.
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Figui® 3*1 -Variation of the Cob;it 60 Gamma-ray Spectrum Caused by

Adding Lead Foils to the Plastic Scintillator.
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The spectrum with eight folls was shifted slightly below
1fhe spectrum'ﬁith no lead added. The same type of results
. was oEtained”for all source and plestic combinations, except.'
" that there was little dlfference in the Spectrum using one
and two foils for the Ce 141 SOurce° For unlformlty, 1t
was. decided to use two f01ls for the rest of the experiment

'The reason for the small changelln the spectrum

when a single foll is added to the plastic appears to be due
to the fact that the lead foil is so thin that most of the
gamma rays are passing through Wibhoﬁt,experiencing any
interactlons | | B

On the other hands as the foil beeemes thicker, more

| . photons do have 1nteractlons in the 1ead but the interac-

: tlons are distrlbuﬁed throughout the f011 The electrons
f lose much of their energy traveling throuch the 1ead to
'reach the plastlcg and thus appear at lower energiles in the
| spectrum  This effect appears as eoﬁnts in the‘valley° The

range of electrons in lead can be calculated from (3):
Rn'(om) 10.03625 g(1. 265 0.0954 *ﬂb) | (3.1)

- Where E is the electron energy . in mev U31ng this equatlon
'the maxlmum range for electrons of the sources used are° Ce
141 (o 0125 cm), 0s137 (o 165 cm), and Co 60 (0. 446 cm)

" From these ranges, it canibe'seen that very few of the elec-

trons from a Cerium Source will get through the lead without
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Ybelng totally absorbed . The electrons from the two other
 sources w111 lose much of thelr energy in the 1ead but w111
stlll produce a photopeak. | ’ |

Ffom Figure 3.1 we conclude that the use of two lead
foils will giVe the best photopeak in the specﬁrum for all
~thickhesses of plastic end for all the sources. Hence ink
"all the rest of the expermments, 0. 0304 cm of lead foil was

used on the plastic being tested

3.3 Effect of Plastic Thickness

The next step was to vafy the thickness of plastic

- used invéhesdetector? and observe the change in the spectrum.
It beoame»immediately_apbarent'thatfthe thickness of'the
Aﬁlasﬁic hsdfa,direcf'effeot on the ﬁotal count obéained‘from
a given souroe; The greater thiokness of plastic present ‘
ihcreases fhe pfobability of having‘an interaction between
the photon aod the‘material and aiso increases the probabil-
1ty of the secondary photons haV1ng multlple 1nteractlons in
 ﬁhe detector - The- three souroes were tested w1th varlous
‘thlcknesses of plastlc and all showed a steady increase in
the total count as the thlckness of the plastic was in-
creased. Flgures 3.2, 3.3, and 3. 4 show the results of in-
creaS1ng the plastlo thlckness from 0. 635 cm to 2,540 cm for
each of the three~sources It can be seen that 1n each case,.
doubllng the thlckness of the plastlc results in the counts

in the photopeak more than doubllngy The total count in the
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speetrum increases’more than three-fold in all cases. Ihl
each oase the photopeak seems to shlft to the left by ag
much ag. twenty channels as the detector thickness 1S in-
creased. ;
| Obviously 1t is desired to use the detecter that
absorbs the most energy from the-photqn, buteit.musﬁ also
give a true representation of the energy distribution from
the phoﬁen; ‘One’ﬁeaSurevof this aceuraey Of:repfesentation'
is the resolution of the detector. Resolution is_éefined as
the full width ofsthe photopeakbas measured at enefhalf the
maximum count rate dilvided by the pulse height at the peak
7»(4),l.Thus, resolution is a measure of the degree of. broad-

| ening of the photopeak ‘The' broadenlng of the photopeak is

< due to statistlcal varlatlon of the energles of the rela—

tlvely small number of electrons 1n the photopeak It may
also be said that resolutlon is a measure of a deteotor's
ability ?o distlngulsh photopeaks,close together Experlence
has shown that, if a detector has a resolution of 12% or
“less, it is cens;dered to be a‘goodldetector, The deflnltlon »

of resolution may be written as’

Wy

2
Cm

Res = (3.2)
' Where Wl is the width of. the photopeak at one-half the maxi—
mum count rate expressed in number of channels, and C

.ithe‘channel number at which the maximum point of the



photopeak occurs., BIf a-baeeline bilas 1is applied to each of
the spectrums to eiiminate most of the Compton backgrodnd in
the- spectrum, the resolutlon of the spectrums shown in Flg—
.. ures 3 2, 3. 3, and 3.4 can be ccalculated. The results are
shown 1n’Tab1e I, and also in Figure 3.5. It oan be seen_
thaﬁdin'no case is the reso1ution of theddeﬁeotor‘lé%-or“
less, but for Cs 137, it is approached For allmthree‘
»dsouroes, the 1ead~p1astlc oombinatlon that has the best
resolution is the 1.270 cm,plastic detector, with 0.0304 cm
of lead. , | ‘

It appears that the thinner‘plastio allows‘many of
the incident photons to pass through without_any type of
tinteraotion' This results in.a low count rete.and hence,
'the few photoelectrons in the photopeak have very Wldely
spacedenergies° ThlS results in a broad peak and 1ow reso—
lution, On_the other hand,.the th;ckerdplastlcs have more
,interactions taking place including the absorption-of many
more secondary ﬁhotonsm. Since these scattered photons ere'
~of all energies, many additionai‘absorptions take place at
energles near photopeak energy MoSt of The gamma inter-
vactlons take place 1n the. part of the detector nearest the
source' To show thls,‘a 1 270 em detector w1th an opaque
shleld in it a dlstance of 0. 635 cm from the front face was;
| used. The spectrum obtalned from. thls detector is oompared '

with the spectrum from 1.270 cm and 0[635 cm plastics.



Table I: Resolution of Detectors
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Gamma Source-

Channel Width
at Half Maximum

* Channel No.

at Maximum

& Detector Countuw~(W%) Point (Cp) Resolution

Ce 1441 o R
2,540 cm 27 137 0.199
1.270 cm 23 150 1 0.153
0.635 cm S 26 160 0,162

- Cs 137 o - -

- 2,540 cm 22 117 0.188
1.270 cm 16 128 0.125
0.635 cm 18 130 O.14h

Co 60 , -
2.540 cm 21 . 116 - -0.181
1.270 cm 18 132 1 0.136

- 0.635 cm 22 143

0,186
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Figure 3*5 -Resolution of the Laminated Detector as a Function of

Plastic Thickness for Three Gamma Ray Sources.
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This eempariSon,is saown:in Figure 3.6 and.clearlj indicates
that in a 1.270 cm plastic which has a maximum ph@topeak
'count of about 2800, the max1mum count 1is reduced to about
900 counts by the addltlon of the opaque shield. The de-
tector with the»shleld closely approximates a 0,635 cm |
plastie but the speetrum for the modified detecter is
sllghtly less than that for the 0. 635 cm plastlc Since

‘ most of che 1nteractlons in a thlcker plastlc take place
further from the photomultipller tube, the 1nten81ty of the
sc;ntlllatlons is degraded somewhat by the plastlc They
are observed by the photomultipller tube at this degraded
intensity and the variation of»energies near the photopeak
 is Wider, and the resolution conSeQuently'is poorer |

A factor that exerted cons1derab1e 1nf1uence on the

e total oount Was the optlcal coupllng of the plastlc to the

| photomultiplier tube It was found thaﬁ poor coupllng could
make a 507 dlfference in the count obtalned from the same
lead-plastic combination.

It is apparent that the 1 270 cm plastlc with a

_AO 0304 cm lead foil is the optlmum thickness to be. used over
‘the energy range spe01f1ed In the follow1ng chapters a _

Monte Carlo program to calculate the efficiency of the opti-
: mum detector will be developed and the efflclency for several

‘gamma. souroes will be calculated



Counts per Channel

Co 60

Conversion Gain

per Channel
Coarse Gain 1/16
5000 N Fine Gain 100
Live Time 10 min

1.270 cm Plastic

0.635 cm Plastic
1.270 cm Plastic
with Shield
3000
1000
I
0 40 80 120 160 200

Channel Number
Figure 3.6 -A Comparison of the Spectrum from a 1.270 cm Thick Plastic
with an Opaque Shield 0.635 cm from the Front Face, and the

Spectrum from 1.?70 cm and 0.635 cm Thick Plastic Detectors.



CHAPTER 4
SCINTILLATOR SYSTEM EFFICTENCY

4.1 Intrinsic Efficiency
. The next step in d&scussihg,the'laminated lead-
"‘piastic’scinﬁiliator should be_thé‘determination of the
éfficienéy of the detector. The intrinsic efficiency of a
scintillationvdeteﬁtof'can bé célculated by the following

formula (5):

c - L[l-escp (-] da. (1)
°F T oae | »
where 4 is the total absqrptibn‘coéfficient for the material
making up the,scintiliation crystal, 0, is the solid angle
subtendéd by the crystal as measured from the source, and X
is the(maximﬁm thickneés of the crystal.

| The_abovefequaﬁion,wil} giye an‘estimatiéﬁ of the
'efficiéhcy:ofvthe de%ébfgf;‘bu£ &i11,‘ih'most ééses-give é
value higher.thantheﬁécttaloné,;ffhisuis_due‘tO'ﬁhe fact
thaﬁ tﬁe électronic'cirpuitry-rejects some’of'the smailer
puisesd In mahy complicatéd syééém geometriesgrit is diffi-
7vcui%'t¢vdetermine théyéolid ahglé, Also in using the above
_éQuaﬁioh; iﬁ;is assﬁméd thét,éaéh‘ihtergcﬁion results in a
count and,ﬁhe diétancé tfaVeieé by‘this photohris,the maxi-
mum péssible:in the detector maferial. Thus thé angle at

25
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which the pﬁbson ihtersects the-eeﬁector is ignored, as is
‘the fact that 1t would be entlrely possible. for the photon
to escape from the detector in a- much shorter range than the'
d;stance x. A much_more accurate method of calculating the

efficiency of the detector is the Monte Carlo method.

L, 2 The Monte Carlo Method

| The Monte Carlo or Random Walk Technlque 1s essen—
tlally a staﬁlstlc compllatlon from a limited number of
indlvidual events, through Whlch'ltﬂls possible to predict
the average’behavior of a system of events. The'compilation
of such a set of data can be done on a desk celcﬁlator, or
by siide rule, but this can involvevmuch tedious work. Con-
seQuentij‘it is much more cenvenienﬁ to use a high speed
computer. Thevmodefn high speed digital computef cen rapild-
1y make the—many ealculstions required in very complex |
problems, then make intelligent decisions and follow dilver-
gent paths based on these decisions - The computer makes -
these decisilons by 31mp1y comparlng two numbers and then
‘folloW1ng one path for the larger number, or a second path
7for the smaller number.,

| When a gamma ray passes through matter, there may be
no interactlon between the gamma and the matter, or there
”mlght be one of three types of 1nteractlons These three
”are the compton effect, pair productlon ‘and the photoelec—

trlc effect. All other types of 1nteractlons Whlch occur at
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ieither’veryvhigh of’very Tow eﬁefgies are ignored in this
| study. One or another of . the four events listed above must

foccur 1007 of the tlme, but each does not o¢cur one- fourth -
of the time. The llnear attenuation coefflcients for the
ivarlous processes are measures of . the probability of the
occurrenceﬁd”the’partlcular type of lnteractlono For exe
ample if ﬁhe photoeiectfic effect'is considered.'the
probablllty of a glven photon travellng a dlstanCe x w1th—i‘,

lout having a photoelectric 1nteraction 1s glven by
= exp (-Tx) : (4.2)

where p is ‘the probability of no interaction and T is the

’11near attenuatlon coeffi01ent for the photoelectrlc effect_‘

‘Slmllarly the pPObablllty of no 1nteractlon for the compton'”' “

effect, pair production, or of noylnteractlon of any type

can be calculated° The sum of ﬁhe*probabilities of the

four events must aiweys,equal_uniﬁy, |
If a number lying between,zero and unity can be

: choSeh by_some rendom‘prooess, it can be compared to the

probability of occurrence of each of the four processes, and

one of them can be selected as having occurred, For example, e

assume that the probability for a compton iﬁteracﬁion has
beén‘determined by EQuation (4.2) as 0.625, and the number -
selécted has a value of 0.510. ‘It would then be said that

'a*comptoh interaction had occurred. However if the‘random
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1number had been 0. 810, 1@ Would be conoluded that a compton
interaction had not occurced, and further checking would be
requlred to determlne what type dld ‘oceur. | |
In the computer program,_the random number is select-
'ed‘by a prooess‘whlch,w111 be discussed in thevnext sectlon,-
_and compared to the prooabilityrfor a given type of inter-
ﬁ ’aotioh.' Ifbﬁhe comﬁuter decidééiﬁhat an ioteractioﬁ-of thej_
_ty@e in;qﬁestion did_occur,'iﬁeproceeds to makejceﬁtain -
: calculafionsolelf the interaction did not occur, the computer 
follows a secondary path and makes othef calculations. Tt
'is this ability of the computer to make such comparisons
. rapidly and then make 1og10a1 de0181ons that makes the Monte
5 Carlo technlque possible “ | R
‘7 It is also p0531b1e to - obtaln much more 1nformatlon;
than just the efflolency from the solutlon to a Monte Carlo
progrem° For examp1e3 by proper pfograming, it is possible

 €07obtain'§he:humber of photonsiof a given energy'that‘have

‘_interactlons “the number of secondary photons that have |

'“1interactlons, and ‘the number of photons that escape the de-

tector without hav1ng any 1nteraotlons

'4.3-1Random Number Generation"

In thls program, use 18 made of the computer to
._.generate the random numbers needed in the computatlons
Obvmous]y the use of the compuﬁer to generate random numbers

must be based on some system and hence their ramdomness is
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open to question. But bhe»random numbers used to determine
: certain.evenbs do not always occur in the same sequence
| since all,parts‘of’bbe-prOgram ere'nob'used forreech histery,
‘ There‘is éise“tbe'advantage in‘using a system to generate
' the numbers, in that numbers will. always be generated in
- the same sequence and the . results of a computatlon can be
"_cheeked if neeessaryi | o A
| The_éystem used in this program consists_of multiply—‘
ing an eight—digit random number by the factor tWenty—three
The number twenty three was- selected since it is a relaﬁlvely
”'1arge prlme number° The number obtalned by the mu1t1p110a~ |
tion is then reduoed to an elght diglt number by retalnlng
~only the eight low order p051tlons Th;s elght—dlglt number
is then multlplled by twenty three to obbain the'next'random"-
number. This system operates onvcallrwnen needed byrthe
program, and bhe process ‘can contlnue 1ndefiniteiy'es‘thef
’program,runs Provi81ons are made to‘stop the prOgram if a
random number ‘consisting of all zeros. 1s generated.
| The starting random number is.included as a part of
‘the 1nput data when a new serles of hlstories is begun "The:‘
startlng number can have any value - In this thesis a starﬁ~b
'ing,number was selected and the same number is‘used as'the ‘
starting number for allvcalculations,v This was done to
' e}iminate;dne variable from the edmputaﬁions and make bne‘

 comparison of the calculated efficieneies more meaningful.



The value of the random number lS 11m1ted to numbers greater-

than zero but 1ess than unity for all computatlons

4;4 Computing Equipment

' The: computer used 1n solv1ng for the efficiency is
the IBM 650 digltal computer It has.a'two thousand-word
drum storage capacity and a sixty—word core storage which

: prov1des an,lmmedlate access feature. Also there are three
.four~digi£ Indexihglﬁegis%ersy.ahdAprovisions for the em-
 p1oyment of floabing de01ma1 p01nt arlthmetlc An accouhting |
machine can optlonally be employed to glve an 1mmediate |
prlnted record of the output of the computer as it performs'
its computatlons° The program allows the operator to selecc
either tohhave the anSWers punched on cards»or,prlnted by V
the‘accounting machiheq, This.iévdone‘hy_placing a plus sign
in ﬁhe‘storage entry SWitches on fhe‘compuﬁer cohsole for a
pﬁnched“output;'or‘a minus sign'for‘a printed output.

The program to compute the efficiency of the detector

was 1n1t1a11y programed 1n a symbollc 1anguage, then opti- :__‘~1“f

' mlzed and placed in machine language by the use of a SOAP X
'routlhe developed by the Numerlcal Analy51e Laboratory at
the Universiﬁy of Arizona (6). This routine"converts.the,
Asymbols to ten~d1g1t ”WOrds” and places these words in
storage locatlons on’ the computer drum that will enable it
to run as fast as poss;ble by minimizing the time the com-

puter "hunts" for thetdata it'oeedsg
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At GhiS pOLnt a word about the floatlng p01nt feature =

’seems in’ ordero ThlS prov1des a- means of automatlcally keep~- ﬁJA

ing traok of the de01ma1 p01nt in the long and involved cala-i'
f ou1at1ons required‘in the problem In floatlng point each

'word is treated as an elght dlglt word with a two diglt
”.charaoterlstlc in the Plght tWO 1ooations,‘ The digits “50” o
C;are used as a base, S0 the value of the characteristlcs can ::

,:range from 00 to 99, A oharaoterlstlc of 50 1ndloates that e

| the de01ma1 pomnt is to the left of the first positlon of

'””the elght-diglt word Whlle a charaoteristlc of 4g- would

_show one zero betWeen the flrst dlglt and the de01ma1 p01nte
A few examples of floatlng point are shown 1n Table I and i

should make the procedure clear
Table II:‘EXamples of Floating Point Numbers

o Nwmber  Floating Point

001234567890“ ) ,;' U 1231567850
123.48678900 . . . 1234567853
10.0001234567 - 1a23hseTonT

The reason for discuSSihg‘the'floating decimal
point feature is that the program uses floatlng p01nt 1n all
xlts computatlons However,‘ln some cases- it is necessary to .

"first place a number in 1ts normal form in the program, then f

:fconvert it to floatlng p01nt at some 1ater tlmeo For example;}ﬂ e

lpthe number of histories to be considered is first entered in

i1ts normal form and one is subtraoted;from 1t eaohvtlme a
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fhistofy is'terminated However.‘when we comﬁute the effi—
ciency of the system we want the number of histories in
flpatlng point‘_ So it 1s converted to floating point by the 
computer at this %1me, and proper,account of the decimal
p01nt is thus maintalned | :

The next chapter will describe in detaill. the steps

thatAﬁhe computer goes‘through to solve the problem.



CHAPTER 5
THE COMPUTER PROGRAM

‘551 General N

A'general flow dlagram ofethe computer program
.deVeloped to determlne the efflclency of the 1am1nated lead-~
plastic gamma sc1nt111atlon detector is shown in. Flgure 5. 1
~ The procedure for puttlng the requlred 1nput into the com-~
puter and the data requlred will be dlscussed in the next
chapter. In thls,chapter, the equations:and general pl"ooe~
dure used Willfbe‘discussed in some detail. . The procedures
will generally follow the. methods for random walk problems
developed by Cashwell and Everett (7)

' The Monte Carlo program, as 1t will be used here,,
con31sts of follow1ng a certaln number of indlvidual mono - e
energetlc gamma rays as they pass through matter Determlna-
“tion is made as- to whether the ray passes through the materlal
‘ w1thout experlencing ‘an 1nteractlon, or 1f it does have an
1nteractlon, what klnd 1t was,. <As was dlscussed-ln sectlon’
2, 1, each 1nteractlon produces at least one electron Whlch
:has some energy. equal to or less than the energy of the |
initial‘gamma;' It“is assumed_that any of these electrons
whioh‘reach:thexblastio portionAof the scintiilator will'
lose thisvenergy by'absorption and=Wi11 result in a»oount°

 33



Set
No. of Histories
Gamma Energy (E)
Other Input Data

Is There an Inter-
action in the
Aluminum Can?

Yes

Compute Coor— Compute E', Ec
. dinants and Cos tyz Cos Yz
Has Requl]lfed No. Directional For Particular
of Hlstgrles Been Cosines of Type of
Considered? Photon Interaction
7T\
Determine
Compute Cross Sections
Efficiencyl For E Compute Photon Yes Does Electron Get
Path Length Through Lead Foil?
in the
Detector
Print .
Answers Is the End Point Oount One
Yes of the Path No j Escape
Outside The
Detector?
Read New
Input Data Count Compute E1, Ec
One Cos f, , Cos
Escape For Particular
Type of
Interaction
UUUUIv Vilw y
Absorption T
Is E' Yes

Determine Cross
Sections For E’

Figure j.l1 -General Flow Diagram For the Computer Program to Calculate the Detector Efficiency.



This,is reas6nab1e éincg_an'eléctron éan be ﬁotally abéorbéd.‘
in a cubic centimeter of a phoSpher,(E)a -Each hi§tory is =
followed until the photon either escapes or is absorbed by
some procéss”within the detector. If a secondary photon is
produced‘by the interaction, it isvﬁreated as a new photon
‘_and is'tracéd in the same manner asythe primary;photon’wés;:i
:'The effiéienéy of the‘detecﬁor is‘computed by dividing the "'
' number‘bf'pfimary photons'that'we?e absorbed by the total
numbér of photons considered.

To reléte tﬁé’above'pfoéess to the specific detector

‘used in this experiment;_thefmaterials that make up the

”detéctor and;the_geométry of the detector system are used'as,;""

parameteﬁs uﬁdn-Which the qomputer,wiil make many of 1ts
decisions. -As an iﬁtégralzpart‘of the program,}the_linear
éﬁtenuation COefficients fof théhthfée types of inﬁeractions
- are stored in the drum storage of The computero - The values
of these coeff101encs are. shown in Appendlx B, and are used
Within the program to 301Ve for the photon path 1ength type'u

‘rof interactlon, and other data.

5.2 Assumptions

In drawing up the computer prégram the following
assumptlons were made:

a. The source 15 a monoenergetic p01nt source lo-

~

cated on the axis of the detector system

b. Any electron that reaches the lamlnated detector



%
»f'w111 be totally absorbed and an absorptlon will be counted

'é; If a photoelectrlc effect oceurs, all the: |
_energy of the incident photon is transferred tocthe electron
prodﬁcéd; |

“d. If a pair pfoductioﬁiintefaction occurs; the
pos1tron is annihllated at the point of 1nteractlon and the
tWo secondary photons are considered to have been born at -
this p01ntq | |

e. The direction of the electron produced in the
photoelectric and pair production interactions'willghave the
same dlrectlon as that of the 1nc1dent photon

c:f@' When a secondary photon reaches an energy of

0. 05 mev, 1t will be forgotten : Thls 18 Egip in the program;-f”s

5.3 Location of the Interaction

The initialﬂsﬁeps in the program provide the means
of storing the 1nput 1nformatlon indthe proper‘IOCations‘in
- the computer,~ Among the data to behsﬁofed'is the»number of
'hiétorieS'to‘be con31dered , ThlS informatlon is placed in
one of the indetlng reglsters and‘by subtractlng one from
this register each time a hlstory is términatéd, an account
of the number of histories can be maintained. Eacﬁ time a
history is terminated the 1ndex reglster is. checked to see
| 1f it is zero | At this p01nt the computer makes the first
of 1ts many declslons |

If the 1ndexing reglscer is zero, 1t meéns that the



}requlred number of hlstorles has been followed ”his:is
shown in Flgure 5.1. Now the efflclency of the detector is
determined by subtracting the number of dbsorptilons caused _
'by secondary photons from the total number of absorptlons

-~ and div1d1ng by the total number of. historlese Slnce the
'effi01ency 1s defined as. the P&th‘Of the number'of'phoﬁons
-~ that are absorbed to the total number of photons that strike
,‘:the detector (8), the result of the above celculatlons will
Vbe the eff101ency of thellaminated detector for‘thelpartic—
'ular photon‘energy'trecedo The‘ontput information Will be
punched or printed in a format thabt Wwill be described in the
next Chepter: A1l the storage 1ocatlons are reset fo zero,
‘another 1nput data card is read by the computer, and a new
set of hlstorles is- beguno ‘

If, on the other hand, the lndex1ng register was not
zero the requlred number of hlstorles has not been traced
‘Hand the computer takes the second path in the program 'The
flrst step in this portion is to determlne the 1inear attenu~
atlon coefflclents for the energyvof the 1ncoming photon,
AThis,iS performed by the computer«thﬁough'the.uselof a table"
1look-up pfdcedure nhefeb§”the broﬁercvaiues of the coeffi—
01ents are extracted from the table 1n the computer storage
and placed in kaown locations where they w111 be avallable'
to the program wh.enneeded° A% thls p01nt 1t,;s necessary

to determine if the photon has any type of interaction as it
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passes through the alumlnum can on its way to the lamlnated :

detector° ThlS can be determlned by
rl—exp(LLO t) ' .'(5,1)' 

iwhere LL 1svthe total attenuatlon coeff101enc for alumlnum,
'r1 is ‘a random number, and t 1s the thlckness of the can.,
Since the exponentlal glves a probabllity of not having an'
1nteract10n,'1t can be sald that if the above expre851on lS
‘negatiVe'therevls.no 1nteractlon in the can, and the photon:
passesvbhrbugh the cdvefvﬁo'ihteract With the lead—plaétic’
detector. - If the expre351on is pos1t1ve the photon did

'_experlence an 1nteraction 1n ﬁhe can and the method of

handling these computatlons will be dlscussed 1n Sectlon‘5 7. n.g‘

Throughout thls paper, r refers to a random number, Where

n
: n denotes the sequentlal order of the random numbers

5°ﬁ. Ihteraction‘ig:the Laminated,Detector’ - .
Once -1t has been"determinedathat-the'photbn has
paSSedfthrough the aluminum cah,¢the next step is %o compube

the coordinates and the directionalfcesiﬁes‘mf'the gamma rayl

as lt enters the 1ead—p1astlc portlon of the detectorov As

shown in Flgure 5. 2 the center of the coordlnate system is
‘at the center of ‘the lead- plastlc portlon 'rThe dlrectlonal
0051nes are found by choosing a point unlformly distrlbuted }‘"

on a unlt sphere oentered on the p01nt sourcea From‘
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Figure 5.2 it can be seen that the maximum value that the
directional cosine in the z direction (wy) can have is given

by

Wy = R l ' - (5.2)
[P ]E o

It can also be seen that the maximum value of the angle952‘~ e

' in’the'xy‘plane‘één‘be‘givgn‘by”

i qbe ;:arc ?an DsRi~ - . f(5,3)

‘It can be shown that the values Qf(i)and w can be randomly
determined through the uée of Probability Density FunctionsA-
_(7) as ' ‘
W':}w2(2r251) o » (5.4)
v ¢:¢2(~21"341) i ) (5=5)
Referring to Figure 5.2, it is apparent that the remaining
two directlon cosines can be calculated by first finding P

from

pP= [i-wQ]% o o . (5.6)
Then | »
- uzpesin@d | (5.7)

V= pcos¢ | o | (5.8)



The dlstance from the source to the face of the detector

.can be found by

D _ Ds-L - | - (5.9)

"Nowlthe coordinates»of the‘pointiQfAintersection of the .

gamma ray with the lead plastiC“deﬁector are

ypesd o (5.11)
k3 S O ae)
P

The next problem is to determlne the path length of
‘the photon in the detector The distance that a photon
travels in a materlal can be determlned randomly byvassumiﬁg
a‘probability of no interaction of f4 and-findiné a path
»1ength that wwuld give thls probablllty To‘dg:this,

vKuatlon (5. 1) can be- wrltten as.
fru mxp(-aow) o (5.13)

. Where,Q is the path length %o be determlned andzjot is a
total attenuatlon coefficient for 1ead and plast;c,_llot can

'be determlned by the folloW1ng formula (3)

Ly = (,uol)(w ) + (,czopx oy

Whérexwopkand,u%l are ﬁhe total attenuation coefficients. for

‘plastic and lead respectively and W? and W, are the fractions



by welght of plastic and lead in the laminated detector.
The'weights of the‘véridus‘thiéknesses’of plasﬁics and lead *
‘f011s used in the experlments can be found in Appendlx A.

By taklng tne natural logarithm of both 31desy Equatlon (5 13)’

can be wrltten as
RN BRCED)
or rearranging
,Q—Mm(g,__) 0 (5.8)
ot LTy - -
The direction cosines of the photon do not change as
it moves along this path length. It is now possible to de-

termlne the coordlnates of the end points of the path length

as follows

x! = X+L1,Q o . | (517)
y' = y+uf o | (5.18)
2z zew - (5.9)

Hach coordinate'of the end point of the path-length is now
'chééked to see'if the end point‘is in,qr out of the detector.
This "1s doné“by‘checking each coordinate against'the proper

dimension of the laminated detector as fQ11owS:
jx'| - R (5.20)

lvi] -t | o (5.21)
2] - R =k | o (5.22)

] 1}
5N
N
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'If one of the above equations is positi?e, the photdn‘has_
.-passed through the détector without having an interaction
of ény type. So one'eécape'is %eéorded and the computer
.:reﬁurnsuto ﬁhe“starting point and begins a new history. If
'511 the above équations are negative, the photon has experi-
enced”an\interactiqn:ihfthé‘detéctqf?and‘the'type must now

'be”determineda

' 5 5 Type of Interactlon ) \
. The first step in thls portlon of the program is to
convert the energy'of the‘incom;ng photon to a rest mass

energy by dividing thé‘energy;in mev by the electron rest

©  mass. All the computationsvare carried. out in these units.

As mentioned'préQiously, there are three types of interac-
tlons possible in ‘the scintillator. The probability of any
~of thesé oééurring is givén:by thévliﬁéar attenuation co--
efficieni_fbr‘thatfpafticuiar type 6f«interaction; The
fracfion of theitime that a photpeléctrié effect'wquid_occur
is given by dividiﬁg the-phoﬁoeléctric oross section (T) |
by‘fhelﬁétai céosskSection‘(ng)o We then select a random
'.humbéf e and 1f this humbef‘isilesé»than the-fraction:&i,

a photoelec%rlc interaction has occurred »'The mééhanics of
- this. effect are shown in Flgure 5 3 and the equatlons to be

,solved by the computer‘program_are.as follows

Ec S E o ‘ : (5.23)



Atomic
Nucleus

Pair Production

Atomic
Atam Electron

Ec\
Xy e~

Photoelectric Effect Compton Effect

E -Energy Cﬁ?Incoming Photon in Rest Mass Units
E* -Energy of Secondary Photon in Rest Mass Units

Ec -Energy of Electron in mev

Figure 5*3 -A Diagram Showing the Relationship Between the Incoming

Photon, Secondary Photon, Scattered Electron, and Scat-
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tering Angles in the Three Gamma-ray Interaction Processes.
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| qos‘qyg_:'1~ : o o C(5.24)
‘Provisioné are_alsb‘madé to set’thévenergy of thé Secondary
photon'and”its spaftering angle to.zero.
v Buﬁ if thevrandom number r5 is greater than the ratio
T

-L, the ratio for pair productidn-'ii— must be added to the
Mo . o : Ao

previous‘ratib»and this sum is checked against the random‘

numbér'(PS). If this number is greater than the ratio
%~ + 5|, pair production has. occurred. This effect is
o [} N - . . ‘

also shown in Figure 5.3 and the equations to be solved are

Ec = 1/2 (E- 2m002) o ’(5025)
CE' = w2 - (5.26)
¥y =1 (sen

cos W,

+ g  (5.28)

If.it,is de@ermiﬁéd»that.a‘pair ﬁfoduéﬁion ihter5  

_ actioﬁ d{d hét,bdcur; fhén the interaCtion muét haVe béenia‘
comptonyeffect° This 1s the most llkely effect in the
détec‘toﬁ:’° In?fact it 1s the only possible effect that w111
occur iﬁ theAplastic port;pn of the detector. This type‘of |
interaction is‘illﬁstrated in Figure 5.3. Iﬁ cén‘be shown
that the following equations will provide the necessary

data (%)

E' - E ’ | (5.29)
1 + sty + 2(E-8)ro> S -
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s = E ‘ -

-~ TH+05625E ~ (5.30)

Ec = (E-E') o (5.31)
s, =1 ,1_ 1 (5.32)
T ! +E E' : S
cbs\yé - 'Cos¥g | (5.33)

(E—E ) + 2(E-E') %

All the'valués needed to record the abSorption of‘“
“the electron and to follow the secondary photon to its

'termlnation have now been calculated

5, 6 Termlnation of the Hlstory

“, Using the. values for the data calculated in the
‘previous section the next step is to record one absorption
:l'ln the total absorption counter, and also to record one |
‘absorptlon‘ln the storage 1ocat;0niequal tc thc,energy of thé}

electron.  If there was no secondary phctoﬁ prcdaced,_this

R terminates the history-and the‘ccmputer returns to the start

of the program to begin a new hlstory

But if a secondary photon was produced by the 1nter—
actlion 1n the detector, thls photon’s energy must be checked‘
to see 1f 1t is greater than Emin’ the cut-off energyu If |
it is less than E_, , the history is terminated and bhe éom—"
puter‘returns to'stapt;alnew history. If it is‘greater, it
Vié‘tréaﬁcd-as a new photon:of.Enefgy-E"and lts'histoﬁy is

ﬁraced;‘ It can be shown (7) that the mnew directional cosines



e

are: , : :
u'= l}in\y Cos @Tr Jwu - sin Cﬁr ]//P+(cosgy )u (5034 )‘
w =w cos‘{/ - S:Ln\:}_/ cos (1Tr y ‘ (5. 34 )

v'= [sa.n\ifl‘cos (ﬂ‘r )Wv - sin (1Tr8)u]/ j’—l—(cos\if )v (5 31!- )

The values for the interaction attenuatlon coefflclents are,
then determined for»ﬁhe energy of thessecondary photon u81ng
the'table look—up procedure previously described. A count
of one is added to the running total of secondary photons
and the computer returns to a determlnatlon of a path length
~for this secondary photon. This is shOwn graphically in

Figure 5.1,

.‘.55,7 - Interaction in ‘the Aluminum Can,"_

| 4If'there had been an intefacﬁionlbetween the phoﬁon'
‘and the alumlnum can, - the computer would have followed a
slightly dlfferent path. The- procedure to determlne the
- type of interaction and the Values of the equatlons described
in Section 5.5 is the same except that the attenuation co-
efficients for aluminum are used, instead of those for lead
~and‘p1aetic The electron produced 1s, of course, produced
in the alumlnum can and stlll must travel through the lead
f011 before it reaches the plastlc where lt loses its energy
land produces a 301ntillatlon The range of electrons is
very short and. they can be totally absorbed in small‘thlck—

nesses of most materials. The range of the electron in lead
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can be calculaﬁed'by writing Equation (331) as
= 0.03625 Ec®  n =1.265-0.0954 1n Ec  (5.35)

The effective thickhess‘cf the'lead to.ﬁhe passage of‘the‘
" The effective thlckness of the 1ead to the passage of the‘
electron is glven by | | SR TR '}’o
| | ?eff :_cost 2- o ‘ ‘, (5936)‘
The range of the eiectron,can then‘bejsubﬁracted.from the
éffeceive thickness of the lead foil and if the range is
. greater the electron has passed through the foil and is
absorbed in the plastlc - The computer then goes to the ter~e
' minatlon of the hlstory sectlon of the program - If the‘
electron is absorbed in fhe f011, an escape 1s recorded andlf‘
the computer proceeds to the check of‘the secondary photon,
These paths are shown on Figure‘Bola' |

This completes the discussion of the General Flow

Diagram for the computer program. Mention should be made of . .

the fact that there are several sub—routlnes used within the‘
‘<,program to perform various calculatlcns such as random nums :
»ber computatlon,'and calculatlon of; the 31ne ‘of an angle
These sub—rcutlnes can be used several tlmes w1thin the
“program,and Save many steps. The next chapter w111 dlscuss
the inpﬁé and output formet offthe,programlend will giVevthe,

results offthe,efficiency'calculation for several energies°



CHAPTER 6
PROGRAM INPUT, OUTPUT AND RESULTS

6,1'-Input Format |

' In this chapter, the input and output formats are
discussed:to enable'the>réader,to operate’thé program. The
results of a séries of'computations‘using this program aisor
will be presented. '>

Prior tb;éttempting‘to‘place input’daté in the

pfégram,'it is necessary to understand the progrém so the‘
’}data will be entered in the proper form. All the input
ihformation for both the program and fhe input data is en-
tered on a standard eight;wordﬁcard. The program itself
is.entered in a five-instruction ?er‘éérd format produced
by the computer during the optimizatiéﬁ and tfanélatiOn
phase. These prdgram céfds are brecéeded by a two-card
‘1oading fbutine and are then 1oaded’intb the computer‘first;‘
‘The input data cards fgllow and may numbef as many as
‘desired, | | | |

| A Since the inpuf datalis'aiso placed on eight-word
cards the number of'pieces of input_information_is 1imited
- ,to'eight; Naturaliy, the elements that vary from problem to -
probiem should be entered asﬁinput. Since these number‘more .
than a single card caﬁ hold, eight pié§es of data were se-
iected’to be entered and the other variables ¢an be

49
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- calculated from these eigh‘t° The elements selected were iheV
: number of histories to be follewed, the energy of the in-
coming photon, the starting random number, the thickness of
';:1ead7fCilsg the distance L, the meximum-angiegDé,'thejffac—
'tlon by weight of plastlc, and the dlstance Sd. These must
Valways be entered 1n the same order and in the same format.
Thevflrst two elements are entered in normal form,.but'the
- last six are entered in floating point., An ekample of a
 jproper1y prepared 1nput card is shown in Flgure 6.1. It
should be mentioned that ‘the gamma energy is determlned by
xriwritlng‘an,energy of,1°33 mev as 133° Then an energy~of |
0.67 mev-woﬁld be written'es‘o67, and one,gf 0.067 as 0067.
| 4Thus.this'progfam can be uéed to Solve’preblems for
'i’aﬁy thiokness of plastic'orllead foils, and for any source
distence Sd from.the can face. It -can also solve'problems
for any gamma energy between 0.05 and 3.0 mev. These 11mit$i
are caused by the attenuation coefflclents placed in the
storege_° The range could be extended by placlng more co-
,efficients 1n the drum storage of the computer° The program-r
ieeeise limited to a monoenergetic source; but for a multi—
energetic“source, each energy could be calculated‘seperately,
‘_then comblned by hand at the end of the problem. | -
An 1mportant point to understand is that a plus sign
must be entered in the Tenth digit positioq of each word of

the input data card. If this is not done, the input unit of



Word 1 O Word 2 O Word 3 D Word 4 D

Word 5 0

Word 6 D Word 7 o

\ 0000001000 1170000000 1532738650 3040000049 6350000050 3770000050 7760000050

Word
Word
Word
Word
Word
Word
Word
Word

O JoUdbdwN

O

Figure 6.1 -Example of

-No. of Histories

—Gamma-ray Energy

-Starting Random Number
-Thickness of Lead

-Distance L / X
-Maximum Angle [C23217
-Percent by Weight of Plastic
-Distance Sd

-Indicates a Plus Punch

1000

1.17 mev
0.15327386

0.0304
0.635
0.377
77.656
0.6J5

cm
cm
rad

the Input Data Card for the Monte Carlo Computer Program

Word 8 0

6350000050y
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the.com@utor-will reject the card. Aﬁother very important
point is that, while many programs require the input card
.»to be "load punched” in dlglt position one of che first word
thls must not be done to these cards ~If it is done the |
 computer w111 accept the 1nformatlon as part of the program
deck and not as 1nput 1nformation | |

To start the programg the numbers 70 1951 0034 are
‘placed 1n.the storage entry sw;tches of tho computor_eonsolej"o
“ by hand ~The two-card 1oading routiné;rthe program’deCK 1
and the data cards are placed in the input unlt of the com-
puter»and run 1S‘started, A copy‘of~the program deck in-
five—instruction per oard format can be found in the Library
of the Numerlcal Analysis Laboratory at the Unlver31ty of

Arlzona

6.2 Output Format

Bs previously mentioned, the operator selects the
type‘of output desired by placing a plus or minus‘sign in
the étorage.entry-switchesﬁwhen ﬁe starts the program;"lf
the punched oubput is selected, 1t can be prlnted later by
the accountlng machine.

The output<will oonsiét of three cards or three lines
printed on a sheet for each data card enéeréd  The first
twenty ~one elements of 1nformatlon will have the total number
| of absorptions by electron energy recorded ihe first three

digits in each element ldentify the energy in the manher:
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describéd above, while the last four digits speéify_thé
tdtal number of absorptions of that energy. Word twehéy—two
hés the tobal number of absorptibns of all eﬁérgies in the.
fbﬁr 19w.ofder,digit positions; Word twenty—ﬁhree has the
total number of photons that escaped the detector without |
'having.any type>of interaction in the same format as word
ﬁwenty—fwo, The efficiency of the detector for the giVén
gammawenefgy is showh‘in’word'tWenty—four in floating poihﬁr
form., An example of the third card of the three—card‘output

is shown in Figure 6.2,

6.3 Results

The program was_ruﬂ to determine the efflciency of
the detector in counting the sQurceé used‘to déterminevthe
optimum thickness of plastic to be used for gammé éountiqg.
All of_fhe_séufces except the Cobalt 60 SOurceéAemit‘a‘single
»gamma_and‘forvthese, one thousand histories were traced. For
the Cobalt 60 which emits two]gammaé, five hundred hiSﬁqriés
Weré‘fﬁllowed fér eaéh'and the resulﬁs were added tcgether,
The;fesults of these computations afe tébulated‘in’Appendixl.

As shbwn’in Apﬁendixlc, the efficiency of the opti-
mum;detegtor for the'three gamma ehergles under considera~
tibn‘ﬁarieé fr6m‘17°8% to 86;67}‘ The latter figure is for
_he Ce 141 source. The reason for such a high efficiency is

that at'the gamma réywehefgy'df 00145 mév, the linear



Word 1 Word 2 Word 3 Word 4 Word 5 Word 6 Word 7 Word 8

1G000COCG1 1500000000 2000000000 2500000000 3000000000 0000000018 0000000088 1200000050

Word 1 indicates one absorption of a 1.0 mev electron.

Word 2 through 5 indicates no absorptions at those energies.
Word 6 indicates there were a total of 18 photons absorbed.
Word 7 indicates there were 88 escapes of primary photons.
Word 8 indicates an Efficiency of 12S.

Figure 6.2 -An Example of Card Three of the Three-card Output From the Computer Program.
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: Avphotoelectrlc coefflclent is a maximum; and is about two

. orders of magnitude greater at the maximum then at any other'
p01gt Slnce the path length of the photon varles as 1/K

  Wheré K is the photoelectrlc coefflclent ‘a large value of"‘

, ‘K will result 1n a short path 1ength in the materlal A

shor% path 1ength will increase the probablllty of an 1nter—
actlon;and give a high efficiency for the detector° This
COmpﬁted value is probablyihigher.than the actual value, and
- if many more histories were tabulated, a more reaiistic effi-
‘ciéncy‘would’be obtained. The results of the program,cal—
culatibné show that the efficiency of the detector increases
as the incident gamma energy is decreased. This is as
expecfed; sincé;'as‘thé energy decreases the'probabﬁlityyoﬁf.
interaction increases, and‘more absorptions'take place.,

_ Thé_program was also run for a 2.540 cm and 0.635 cm
plastic using EhefCo 60 source. It was determined that the
2.540 cm plastic had an efficiency of 20.2%, and the 0.635 -cm
plastic had an éffioiency of 14.8%. This indicates that the
éfficiency will incréase as the piastic thickness is‘in—
CPeasedn This result agrees with the experimental results
shown in Figure 3.2, 3.3, and 3.4,

Tﬁe efficlency of a scintillation detector is on the
order éf"ioo times‘greater ﬁhan that of a Geiger~Mu11er
':COuntér The efflclency of a Geiger—Muller counter for most

: cathode materials is between 0. 027 and 0. 26% (8) The
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values of the effiéiency calculated by the Monte Carlo
;’program are Within lOO tlmes of these values except for the.
Ce 141 source, | | |

. The major drawback to thls method of calculatlng
.efficiencles is the excessively long runnlng time of the
program, . To compute-loo histories requires the computer
abprbximately twelve minutes. There appears‘to be no satis-
faetory way to scale ﬁhe progreﬁ toAsheften the running tiﬁe

ahd not affect the ététistiCal'aCcuracy of the results.

6.4 Energy Absorptioh-Ratio

Another value that can be determlned from the results :

of the computer computatlons is the Energy Absorptlon Ratio.
This ratio can be defined as the total amount of energy ab-
esorbed in the plastic detector from the gamma rays in01dent '
Con it lelded by the total in01dent energy. The absorbed
energy,can be determined by multiplying the total number of
absorptions in any energy interval by the avefage Value of
the enefgy interval, then summing éli these valueé fbr.allr
the energy intervals. When these calculatlons are carrled
1out for the computer results shown in Appendix C, it is
found that the energy absorptlon ratlo for Ce 141 is 0. 259,
»for Cs 137 1% is°0.108; and for Co 60 it is 0. 078 This
ratlo is a measure of the abillty of the material, in this
' icase the plastlo deteetor, to absorb radlation 1ncident on

it. ThlS raﬁlo was- calculated by hand in this problem, but-iv



with a few _modificatio_n’sg the computer could be made to
‘perfo‘rni‘_jthis calculation and»punch‘or print the answers

" directly.



“CHAPTER 7
CONCLUSIONS

7.1 The.Laminated Detector

. The 1.270 cm plastic detector leminated with 0,0304
cm of lead is the optimum. thickness fdr‘a'plastic‘scintilla—v'
‘bor° Thlcker plastlcs will glve much hlgher count rates,
and 1n the thlcknesses used here, 1nterna1 absorption of
11ght pulses by the detector materlal did not appear to
cause any problems. But as the plastic becomes thlcker the
-resolutlon of the detector becomes WOPSED When the plastlc
was too thln, many of the photons passed through with no
interactions and the result was'a small count in the Spece
trum, a broad photopeak,'and poor resolution. In all the
 detector systems tested,_the‘feeelutioh was very poor, and
ih no case was the’detecﬁer,able;to resolve the two}peaks
in the Cobalt 60 spectrumo it ebpears that any actioh_to
increase the count in'thebphetopeak_results in a poorer
" pesolution and increaSed’eounting in the velley" Hines and
Cardarelli found generally the same effects in worklng w1th
conical plastic solntlllator (9) | ‘ |

It was found that if the decector was callbrated

‘;with a known source it woqu be poesible to identify other»
monoenergetlc gamma sourcee° In Flgure 7 1 a detector was -
ealibreﬁed with Cobalt 60. It was assumed that “the energy

: : >'”5857 _
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1500
Conversion Gain
per Channel 20

Coarse G<in

Fine Gain

Live Tine F0 niin

Plastic Size 1.?7 cm
P 1000
= £’ I-F3er
&
O
3
5 -
3 pttrj i.

t
60 3.2

Channel Number
Figure 7.1 -A Comparison of the Cs 137 and Co 60 Spectrum Using the
Optimum Laminated Scintillator Detector. The Co 60 Source

Was Used to Calibrate the Multi-channel Analyzer.
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of the photopeak was' 1. 25 mev and by a simple proportlon,
the photopeak of the other source was found at an energy of
10.635 mev which would identify the other source as Cs 137.
However, 1t appears that a laminated lead-plastic scin-

tillatien detector of this type has little pfgctical value,.

7.2 'The.Cemputéf ?fogfeﬁ, |

f The compﬁtefjsolutien of a Monte CEflo‘ealeﬁlation
"of.the.efficiencyvof the laminated,detectOr_yields.good
resultsa_.ln addition, much ihformation about the behavior
of thevbhofens in the detector ean be obtained from such a
program. This 1nformatlon is not available from a 31mp1e
calculatlon of the 1ntr1n51c efflclency of a detector system.
Thls‘programrls 11m1ted to the‘geometry of avsystem such as
that described in Fi‘gur‘e 5.1; howéver it can e modified to
accept different geometrles and dlfferent materials. The

main drawback to the program is the long runnlng time.

7.3 Areas for Further:Wobk

- Further work dnrthe 1aminatedvdetect0ﬁ could conbinue
| using different elements as folls with the obgect of 1ncreas—
ing the ratio of counts in the photopeak to bhe compton |
background in the gamma spectrum _Plastlcs Qflother shapes
could also be used as aetectors | | | o

The computer program offers many opportunltles for

further Work° Attempts should be made to shorten the running
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_time in some manner w1thout 1031ng the accuracy The pro-
gram oould also be modlfled to accept other geometries° A 
most prom1s1ng use of the program comes from the fact that
'plastlc has a response to gamma radlatlon very much like
.the human tissue As shown in Section 6, 4 the energy ab-
'“sorptlon ratio can: be calculated from the results of the
computer computatlons, By modlfylng the program so that the
geoﬁetry used in ﬁhejprogram can be varied to approx1mate
‘the organs-in the,humao body, the amount of ehergy absorbed
by the‘organ could be calculated. A procedure such as this
B offers a real opportunlty to extend our knowledge of the
'effects of radlatlon on parts of the human body and to make
some accurate estimatlons as to the amount of energy an

"organ absorbs from a glven radlatlon source.



| APPENDIX A R
WEIGHT OF PLAS’I‘IC SCINTILLATORS AND LEAD FOILS

Each 1ead f011 ‘is 4 a5 em in dlameter, O 0152 cm
‘, ~thlck and welghs 3 1 grams ' ‘

f 8 Each plastlc 301nt111ator is also 4. 45 cm in dlam;'ﬁl
 é€er The weight of each scintlllator by - thickness is |

7shown below

Table III Weights of Plastic Sclntlllators

Thlckness of

801nti11ator (cm) : Weight (Grams)
5.08 . . 96. b
2.54 42.0
.27 : : 21.4
- 0.64 10.9
- 0.32 - ‘ 6.3

0.16 - 2.8
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- APPENDIX B-
LINEAR ATTENUATION COEFEICIENTS

The follow1ng linear attenuatlon coeffic1ents for
‘ the three materlals maklng up the detector were determined -
us1ng‘the graphs for the mass attenuatlon coefflclents shOWn
_ ;in Evans”(é) ‘The 11near attenuatlon coefflclents were. \
_fcalculated by multlplylng the value of the mass attenuatlon
coefflclents determined from the graph for the particular
energy by the density (o) of the materlal concerned The -
results of the computatlons are shown in Tables v, Vv, and
VI. These’coefflclents are used as constants in the Monte
;éarlo;computer program and must-be‘placed in computer memory
Wlth the program. data.
| Pilot Chemicals Inc R produced the scmntlllatlon
':crysﬁals for this experlment The comp081tlon of these Pilot
© B plastlc crystals is. given as being 1007 hydrocarbon ,Thelv
w"r*ey‘x:i_o of hydrogen to carbon-ls 1qlo,-and the ratio by Weighﬁ
is 0.0916. The fraction-of hydrogen by welght is 0.0839, the
fraction of carbon by weight is 00916; and the density of |
 the crystal is 1.02 grans'per cublc'centimeber,l Cline (l)
has shown that the use of -the attenuatlon coefficients for
»Water are accufate approximations of the coefflclents for
'thls type of plastlc The graphs fcr‘water were used in
jdetermlnlng the values'in'Table,IV;'
o : ’635f‘;“
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Table Ive Llnear Attenuatlon Coeff101ents for
, Plastic (/9 1.02 grams/cm3)

Energy Photo- - - Pair- S Total
o electric Production 4
(mev) (em-1) _ (Cm 1 (cm~1)
0.05 0.015 - 0.000 0.204
0.06 0.013- 0.000 - 0.199
0.07 0.008 0.000 0.189
0.08 - 0.005 0.000 0.183
0.09 . 0.003 0.000 - 0.179
0.10 0.002 0.000 0.173
0.15 0.000 0.000 0.153
0.20 0.000 0.000 0.150
- 0.25 0.000 - 0.000 0.143
- 0.30 0.000 0.000 0,135
0.40 0.000 0.000 0
0.50: 0.000 0.000 0.097
0.60 - 0.000 - 0.000 0.091"
- 0.70 0,000 0.000 0.084
0.80 0.000 0.000 - 0.079
0.90 0.000 . C.000 0.075
1.00 0.000 . 0,000 0.071
- 1.50 . 0.000 - - 0.000 0.061
- 2,00 0.000" 0.000 0.049
2,50 0.000 ° 0.000 0.043
3.00 0.000 0.000 0.039

104



Table V Llnear Attenuation Coefflclents for
Aluminum (}9 2.7 grams/cm )

Energy . Photo- . Paitr . Total
. ~ electric _ Producﬁlon N
(mev) (em-1) RCE (enh)
0.05. 0.430 T o OOOOO 0.837
0.06 ©.0.243 - , - 0.000 0.675
- 0,07 - . - 0,135 <. 0,000 0.567"
0.08  0.095 - ..0.000 : 0.486
- 0.09 .. 0.065 - 0.000 . 0.459
0.10 - 0.024 ‘ 0.000 ' 0.431
0.15 0.014 - - 0.000 0.378
0.20 . 0.005 - 0.000 0.351
.0.25 0.000 -~ 0.000 0.324
0.30 0 0.000 . A 0.000 0.270
0.40 0.000 - - -~ . 0.000 A 0.243
0.50 - - 0,000 - - .. - 0.000 - 0.219
. 0.60 ~ 0.000 - 0.000 : , 0.210
- 0.70 ‘ 0.000 0,000 o 0.196
0.80 0.000 ~ 0.000 - . 0.186
- 0,90 R 0.000 g -~ 0.000 © o 0.175
1.00 . ' 0.000. 0.000 0.165
- 1.50 0.000 0.000 , 0.135
- 2.00. 0.000 - 0.000 ( : 0.116 .
2,50, . . 0,000 . 0.003 . 0.105
3.00 © 0.000  0.005 | 10.095
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Table VI: Linear Attenuatlon Coefficients for
Lead (Jo.. 11.35 grams/bm3) : A

Photo- l , Pair -~ Total

-electric’ - Production ;
(em=1) (Cm-L) : (cm=1)
0.05° 55.280 0.000- : ' 56.900
0.06 - 29.000 . 0.000 - 30.060
0.07 - T17.740 : 0.000 , 19.300
0.08 - 12.670 0,000 - 14,200
- 0.09 83.570 0.000 ’ - 85.000
0.10 55.420 . 0.000 . 56.750.
0.15 16,960 -~ 0.000 18.150
0.20 - 8.500 : '0.000 . 9.650
0,25 - . 5.100 .0.000. 6.240
0.30 . 2.880 , 0.000 3.860
- 0.40 - 1.590 0.000 S . 2.390
0.50 .0.850 ‘ 0.000 o 1.590
0.60 - 0.568 0.000 - - 1.420
1 0.70 -0.349 - 0,000 1.030
0.80 0.318 - - 0.000 0.910
0,90 0.220 : - 0,000 0.790
1,00 - 0.204 0.000 0.770
"1.50 . 0.097 . 0.018 . ... 0.580
2,00 - 0.062 - .0.051 - . 0.510
- 2.50 0,047 - 0.085 : ~ - 0.480
- 3.00

0,036 . 0.114 © 0,460




APPENDIX - C

Table VII: Resulfs'of Computer Calculations

Energy Interval

Total Number of Absorptions

mev). .per Interval
: Ce 141 Cs 137 “Co 60
0,00-0.05 - 852 83 32
0.05-0.06 39 11 4
0.06-0.07 11 8. . 4
~ 0.07-0.08 T 13 3
0,08-0.09 6 6 5 -
- 0.,09-0.10 13 Th 3.
0.10-0.15 89 30 . 15
0.15-0.20 0 27 T
0.20-0.25 -0 31 12
0.25-0.30 0: 17 10
"~ 0.30-0.40 0 59 8-
0.40-0.50 0 56 6
0.50-0.60 .0 0 10
- 0.60-0.70" -0 0 11
0.70-0.80 0o 0o 10
0.80-0.90 0 -0 18
0.90-1.00 0O 0 32
1.00~1.50 -0 0 12
1.50-2.00 -0 0] 0
2.00-2.50 0 0 -0
2.50-3.00 0 0 0
Total number ‘ : '
.Absorptions 1017 - 355 - 211
Total number ‘ e o
. Escapes . 134 784 822
- Efficiency - 86.6% 21.6% 17 .8%
Energy Absorption - ‘ '
Ratio v ' 0.259 0.108
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