. » \i\\\\ ’ R “~
. -f“‘ ) L . \yz >~ Aty
B e ”“é’.m" t . i
Canadien  Theses Servico  Sarvices des théses canadienes .. "
Ottaws, Canada , ’ ) '
K1A ONd L. ~
. ' » . B2 I / .
N \ } )
P ) ‘ \
. 0 T ~
- ' R ° . : i
. CANADIAN THESES THESES CANADIENNES -
. h \/
o . » "
- \ » | i
h NOTICE AVIS ‘

The quality of this microfiche is heavily dependent upon the
" quality of the original thesis submitted for microfilming, Every

effort has been made to ensure the highest quality of reproduc-

tion possible.

If pages are missing, contact the university whlch granted the
‘degree.

Some pages may have indistinct print especially if.the original

pages were typed with a poor typewriter ribbon or if the.univer-
sity sent us_an inferior photocopy.

Previously copyrighted materials (journal articles, publis;\ed
. tests, etc.) are not filmed.

Canadian C

neproductioj full of In part of this film’is governed by the

yright Act, R.S.C. 1870, ¢. C-30.

¥ &

© . THIS DISSERTATION
' MAS BEEN MICROFIEMED
-~ EXACTLY AS RECEIVED.

NL=339(r.06/06)

La qualité de cette microfiche dépend grandefment de la qualité
de la thdse soumise au microfilmage. Nous avons tout fait pour
assurer une quallté supérieure de reproducﬂon

S'il manque des pages, veuillez communiquer avec I'univer-
sité qui a conféré le grade,

La qualité d'impression de certaines pages peut laisser &
désirer, surtout si les pages originales ont été dactylographiées
a 'aidé d'un ruban usé ou sl I'université nous a fait parvenir
une photocople de qualité inféHeure. -

Les ¢ocuments qui tont déja 'abjet d'un droit d"auteur (articles
de revue, examens publiés, etc.) ne sont pas microfilmés. -

La reproduction, méme partielle, de ce microfilm est soumise
a Ia Loi canadienne sur le droit d'auteur, SRC 1970, c. C-30.

“

. LA THESE A ETE
MICROFILMEE TELLE QUE
' NOUS L’AVONS REGUE

: Canadia




/ i R \ ~ N *
~ we ! :
N * .
.~y ' N Lo '
N L]
- - <N

S '
A'Plfgtic"Sciqtillator As A Probe For A Portable °

- Survey Meter

-
RV

o

M. Nurul Mustafa ™

5. |

- '

} \
* N f ;
. ) -
N ' e A Thesis
: . o :
" . in . , -
’ ‘ The Department " ™~
Y - Physics By
< , -
. /
o \\ ) \
o ~ ¢ — ,

. Presented in Partial Fulfillment of the Requirements ‘-

for the Degree of Master of Science at - i

Concordia University o

Montréal, Québec, Canada |

\ ' < :

_August 1986 ' ]

t
\_ i . \ s ‘ ) i 3

© M. Nurul Mustafa, 1986 ‘ ? |

. a0 AR . %

. P

N K j

|

. - . . |

Yy o to h g |




=

‘Permission has been granted

to the National Library of

‘Canada. to microfilm this

thesis and to 'lend or sell.
)co%ies of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor

- extensive extracts from it

may be printed or otherwise
reproduced without his/her
written permission.

s
& . -

L'autorigsation a 8t& accordée
2 la Biblioth2que nationale
du Canada de microfilmer
cette th&8se et de pr8ter ou
de vendre des exemplaires ‘du
film.

L'auteur (titulaire du droit
d'auteur) se r&serve les

autres droits de publication;.
longs -

ni la th&se ni de
extraits de celle-ci ne
doivent &tre . #hprimd&s . ou
autrement reproduits sans son
autorisation ®crite.

"1SBN 0-315-32245-4

1 e




’

« o B
) ABSTRACT ' '

4

A

A Plastic Scintillator As- A Probe For A Pdrtable
Surveg Meter . '
. { N % -
: : M. Nurul Mustafa ’
., s : i

—

To use a plastic scintillator to™ estimate the
absorbed dose in a portable sﬁtéey meter, a Mogte Carlo
computer code has been developed in FORTRAN 77, The
response of. NE102A plastic écintillator;relative to ﬁuscle
has been ;tddied at various photon energies. Good agreement

was obtained between. the ‘experimental spectra and Monte

Carlo spectra. The calibration of the detector was done by*

comparing the experimehtal and Monte -Carlo spectra.

. -
! . . N
' The £o£a1 enéigy absorbed in the plastic scintillator

. £ ’
and total energy incident on the scintillator was found’

’essentially‘to be independent of incident’ photon energy.

+

The background radiation was measured with a plastic
gscintillator for three months. The results are in good

agreement with the bubliéhed values of Hanson and Komaroi?o

.
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It is "well known that’ all living things are’

exposed to radiations from natural background and man-made

radionuclides.’ With increasing use of artificial

radiopgclides and nuclear power reactors etc, there is a

‘J possible chqege in the environmental levels of .
tadioactivity.. Thxs has become a cause for concern, 80

! ] there has been increas1ng 1nterest\1n accurately measur;ngw

\ the levels of radxoactxv;ty in man and his environment.

~*

X Many types of - scintillator counters have been._
ijsed and used for radiation measurement. They' are

capablle of greaf sensztiq;;y and high count rates and can

meesurL absorbed dose, exposure or fluence/if calibrated for

energy range of interest. For each photon or particle

. ' vdetected, a single pulse is usually counted but the size ‘of

B , this pulse is related to the energy depos;ted in the

, " .scintillator. Hence a measurement can be obtained of the

energy absorbed in the-ss{g:illator. !

1
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& . -
\.' @ & \U« *
3 - .
o . ) -
.‘{ e ) \ i
. .- CHAPTER 1
f\'.. o
'/A.\ : * INTRODUCTION., . C
w%'j“

S -

N




o

’
¥ ’ , i
¢ . . (/. v >
o -0 ro-
. . . . <
 ———————— 3] S ——— .
<A ' .
“~ N .
J - cn
2. ¢
> ~N

N‘A v
The aim Yf this work is to examine a solid

detecting material ‘in which lthe ive}age ratk, of energy

& - N ~
deposition, that is absorbed dose rate, would match as

closely.as‘poésible with soft tissue (muscle). A low atomic
numﬁer (Z) material 'te@embling the atomic mumber of human
tisste is desirable, so NE102A plastic scintillator was
cﬁQSen as the detector.® .

To use a plastic séintillatér‘to estimate dose in
a portable survey.meter,'it is.ﬁecgssary' to determine the

response of such a detpctor to a variety of radiations.

There are many Monte Carld calculations of response of

NaI(TI) and Ge(Li) .detecftors to gamma rays. There are

[

1,2 3-5
> several examples of these [NaI(TI) '‘and Gg(Li) ] but few

* for plastic scingillatqrs such as References 6 and 7.

“ -

Because the photdelecftic cross-section is so

small 1@‘ the 1low-2 mate}ial of plastic, the primary
interaction is the Compton effect at low energies and pair

production at higher energies. "In calculation of dose, one

requires. only the total energy deposited per unit mass of
4iabsorb;ng material. One is less interested in déf!llg,.of

the . incident spectral distribution (such as photopeak

centroid position),, and more interested in the average
effect 6n the A%etectog'material. The response of plastic
scintillator up t6¢5 MeV is essentially due to the Compton

. S N -
scattering, hence ‘it cannot be used for spgctroscopic
b .

?urpéées which demands the de&éction of a sharp gamma 1line.
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It will be shown that the‘broportionality factor between the
ébsorbed energy in tge pligtic scintillator and the incident
energyh striking it |is essentia11§ independent of incident
gamma ray éqergy. Tﬁgs a plastic scingillator can be used
éo‘ measure the’ total energy absorbed in any environment.
Its greater efficieACy compared to ‘gas detectors qnd‘ its

ruégedness shoudd make it especially useful as a survey

f meter in low count rate situations.

J To calculate energy specira; a Monte Carlo
computer code MquA has- been developed in FORTRAN 77 to
" obtain the response of a 2"x2" NE102A plastic scintillator
This program has alsé been used_to‘calculate the energy
spectra oflmdscle. ‘The ligting, of the brogram MONCA is
.giyén in Appendix. ‘

h .

- "  To obtain the dose response curve of plastic
scintillator majerial relative to muscle, a program DOSE has
béen written. .The lisiihg of the program DOSE is given in

Appendix. .

The background radiation has been measured with

. NELO2A plastic scintillator ~and its daily variation is

o

,;howh. 'Thg program BKGRND caléulgteé the dose in rgd/h or

Roentgen/h. The program iist_ing'is given in Appendix.

|
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1.1 Usefulness of scintillation detectors for dosimeéry.

4

A

. .The usefulness of scintill&gion detectors in the
field of dosimetry for biologiéally oﬂ%ented applications
depends on the elementary process of light emission iﬁ a
scintillator in relationship to the radiation induced
procéSses in tissue, In any substance, excitation and
ionization of the atoms or molecules are the principal

’

» ‘ ¢
résults of the absorption of energetic radiations. Both

ionization and excitation 1lead to electronic transitions .

that may be accompanied by the emission of light. In

certain situations, it can bé expected that this 1ligfit

emission ' constitutes as good a measure of the absorbed-

radiation energy as the ionization of the gas- in an
ioniza;idn chamber. Moreover, the similarity in density and
atomic number between tissue and many luminhescent substances

is an added advantage compared with the gaseous detectors.

" The ‘applicability of ° scintillation. measurements' for

dosimetric purposes seems therefore promising. The use af
ionization. chambers to measure doses raises .construction

problems relating to pa}ticle types and dose rate to be

- measured. The finite drift mobility of the ions produced in

the gas results in a rather slow response time, of order of

milliseconds in most cases, which leads to an .appreciable

'dead time, during which the detector may not respond to

fresh incident radiation and a slow rise time in cﬁarge

S e e rn ?

—




- ~ collection pulses again iimiilnb the rate of detection.
/The golid detector is effecti#ely about 1000 times bigger
than a gas bountgi of the same physi§31 size.. The
ai vantage o£~ this is that pulse rate is correspondingly
éi::j: and pq}se pile—upfand sorting can be a_probleﬁ. This

A problem may be'alleviated by using.a fast PHA system.
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g CHAPTER 2

' THE INTERACTION OF 'V;RADIA?ION WITH MATTER. .-

\

Gamma rays carry ‘no charge. their main 1nteraction
q is with the electrons of atomic . electromagnetic field.
The primary interactions ‘of gamma rays with matter result in

the productxon of energetlc secondary charged particles,

usually electrons, and it is these charged part;cles and

their interaction with matter that account for  the actual’

transfer of energyhand consequently cause the biological and

chemical effects.

.

In this chapter, we shall . discuss three major
types of interaction of gamma radiation with matter,

attenuation law, miss energy transfer coefficient, and mass

energyl absorption coefficient. ' These will be required in.

the following chapter when the photon transport code will be

discussed in detail. The three major processes are;

1. Photoelectric process 1 Y,
2. Compton or incoherent process

3. Pair proéuction




e

B

'uv\ . . . v g'
M
’ -
K} / ~ j‘\
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2.1 Photoelectric ‘effecl. ~
3 .
A ‘In( the photoelectric effect, the incident photon
\/

loses all 1ts energy, with essentially all of it going to

one of, the orbital electrons, the photonxgzsappeats-and an’

electron is ejected frdm the atom. The elect:on involved

. uill be ejected ftom the atom thh an energy equal to that

of the photon, less the energy requxred to free the electron

from its orbital position, shown in figure i%l. The energy

" relation is given by the Einstein relation-

)

. E= hr - E, :
.\') L]
. N (2.1)

! . N $

.\ where E is the energy of the photoelectron, he - the eoeréy

of the photon and Ex is the binding enetgy of the X-shell
electron. The probabzlxty of this interaction is Jighest

with 'K-shell electrons if the energy exceeds ‘the K-shell

binding ¢nergy. Photoelectric absorption is the mosp .

probable process-at low photon energies.

;)

After the photoelectron is ejected, the| absorber
? | ' .
atom wilT emit its characteristic x-rays i.e; Fluorescent

£ .
radiation or Auger,electron. In'the case of ah gh atomic

numU;t absober, Ex is large and the fluorescent ra 1ation is

-

quite penetrating. . Tissue on the other hand is for the most

part. composed of 1og52-e1ements and Bx'is less than 1 keV.

™

“._

®
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e,

' Figure 2.1 SChematié'répresentation of photo-
£ _ ' . electric effect.
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In this case the very soft fluorescent radiation will be
. . . i .

absorbed very close to the point of emission and true
transfer is the same as the incident photon energy. The

fact that Eyg'is so small makes the distinction of little

A ]

practical importance. S8

The photoelectric cross sections are strong-

: functions of both energies of photon and atomic numbers of

absorbing materials. They vary over a gonsiderable range,

.approximately as

’ |
T= const. Z (hr ) . cm ¢/atom

(2:2)

The éene;al trend is a 'rapid increase in v with atomic
#number and a rapid decrease as phofon energy increases.
Figure 2.4 shows the t values for the plastic scintillator
as a function of photon energies. ’
A . -
2.2 The Compton effect.

The Compton effect involves the interactions of a
photon ‘with a free electron at rest, and is quantified by
the Klein-Nishina formula for differential cross section8 .

The Klein-Nishina theory applies when the incident photon

eneréy is large compared with th bi ng energy of the-

electron. The interaction ma} be treated as an elastic

collision between.a photon (energy h: and' momentum (hrv/c)

~
TN

¥

W
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§

and an - electron (rest energy). The photon is scattered
througan angle ¢ with lower energy h:” and momentum A
(ht7c). — The electron emerges at an angle ¢ with kim€tic

' energy E., and momentum mv shown in figure 2.2.

J I

Using conservation of momentum and en;rgy.‘ with

the relativistic relationship for electron mass m and its 7y

kinetic energy E_, S ' o /

m= mj ( 1-13) )'-l >

o~ o L (2.3)

. I 2. 2 2 -
’~ . Eces(m-mo)c =m,C ((1-87) i-l)
(2.4)
v , : "
‘where m,= electron rest mass and 8= v/c.
Then : - \\ -
e e © - - - 2 g
pc= (Ecéscg 2m0c )) :
(2.5)
The conservation of energy is given by * . .
| hrs hi's E_
Lo , T S (2.6) )
v c The conservation laws giite the energy relation of the
Compton scattered photon 9. .

LY

t
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Figure 2.2 Schematic representation of the

Compton effect.
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hv=hv/{1+(hv/myc?) (1-cose) )

> (2.7)

The energy imparted to the Compton ;lectron is then

v E = hv=- hvE hva(l-cosg)/1+a(l-cos9)
ce . i ‘

n ¥

(2.8)

vhere og“h\ymocz.- %he maximum value of Bce corresponds to
‘ 0 . |
the minimum value of hyv; i.e. 180 scattering of photon. We

have

: ‘ f
E = h\v/(1+1/(2a )} . /
\\
\ {2.9)

\
Lo

This energy dehoges the "Compton edge”, the maximum possible

energy that the Compton eleétrqn can acquire in a - single
encountet.m The Compton edge is the high energy end of the
_Compton recoil;electron energy distribﬁtion and is seen in
tﬁe energy depostion spectrum in a scintillator as a broad
peak below the energy of the incident gamma ray.hﬂ}he reason
is that the energy distribution is broadened out somewhat by
multiple .Comptoq interactien. and by the same type of
inherent statistical fluctuations which produces the width

of the total energy peak?

The anglev of the recoil Compton electron is

. related to the photon scattering angle g, by

Al
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cote = (l+a)tana/2

Sr‘ | | : R . (2.10)

as ¢ goes from 0°to 180°, ¢ goes from 90°to 0°:

N
The 'differential cross section per electron, for

the number of photons ' scattered into a  solid an~ie

dﬂ =2»5in6doe, as derived theoretically by Klein-bhsl‘xina\8 is
Loy ran :’_5: « .
e

w0
.r A4
(0

da/cm- [:0(1 + cofeyl/i2(1 +a(l - cose)}l {1 + [a? (1 -
cose) /[ {1+ cosH (1 + a(l - coss )}1).

[

(2.11)
- -13 , .
where 5 =2.82 x 10 cm, the.classical electron radius.

The cross section o is {the probability of iny
Compton intgraciion by one photon while 'passing. thtoubh a
layer of material containing 1 electrpn/cm2 is given by
x.

o =f(do/as) 2rsined e
O

'27”5 (((1+ a)/aZ) l2(1+0)/(1"’2° )= (Ya ) lIn(1+2a )] +
1n(1+20' )/2a —(1+30 )/(142a ) } om 2/elect:\:on
- . (2.13)

-
e e - bt e e a
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The cross section for the atdm is 2 times the cross section

per electron. Figure 2.4 shows the o values for the plastic

"scintillator as a-function of photon energies.

2.3 Pair production.

< 'In the field of a charged partitle (usually an

. ?
atomic nucleus but also to some degree in the field of an

atomic electron) a photon may be totally absq;ﬁed and a

,electron-positron pair is formed, as shown in figure 2.3,

The phéton energy appears as the total energy of ihe pair
given as

_ 2 2
hv= (E + mocc)+(E++ moc )

(2.14
¢ )
A minimum 1ncident _photon energy of hvz 2m0c2, is

required for. pair productxon‘io the field of a nucleus and a

minimum of hv= 4m(F in the field of an atomic electron. In

a nuclear field, the kinetic energy of the electron-positron5

pair are dlstrxbuted continuously, each from a minimum of

zero up to a maximum of (hv- 2m0c2).

The energy spectra are essentially identical, ' and
the electron's spectrum seldom matters as the interactions
of electrons and positrons are almost similar and thejr

ranges are small. The principal difference between

o iy

T e et v

i e e
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Figure 2.3 Schematic representation of
pair bréduciion.
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L/ C . . .
electrons “and positrons is that the positron, ‘on slowing

v - L N
down and combining with an electron, releases two

annihilation photohs of energy 0;511 MeV each, isotropically

énniﬁglation photons to.travel sodg‘distanceland they can be

e

.treated similar to Compton scattered photonsin a Monte Carlo

program. :

) The atomic -cross section for nuclear pair

production increases wi‘thfz2 éxcept above 5 Mev, where\\the-

cross section increases rapidly becausé the pair is created

-at some distance from the nucleus, and streening by the
inner -atomic electrons ‘sligétly reduces the effective 2.
. Also the cross section increases with the photon energy hv.
E?iéuré 2.4 shows the pair cross section« for the plasgic

L4

‘scintillator as a function of photon energies.

2.4. The attenuation law.

s L . If 'we consider a beam of phdtons of intensity

a Ioincident upon a plane of absorber, then at a depth x

a

. incremental distance dx at x there is a further reduction in
I by an amount dI. The probability for interaction within
dx is dI1/I, and ipterﬁctionh per ‘unit distance is

(d1/1).(1/dx). This latter probability has been given

and in opposite directions. ‘It is possible for these ’

within the material this number has been reduced to 1 °

because of intéractions with the absorber. Within an -
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’
the name "lxnear attenuation coefficient" and ‘is generally

designated by the symboli'wzth the dxmensions of recxprocal

-1
) centimeters (cm ). In terms of ¢, we may write for the

decrease ir intensity. within dx, ' '

¥
-dI=u 1dx

This differential equation, when solved by using boundary

‘condition that I=Igat x=0.‘yie1ds the familiar Lambert's law

'

of exponential attenuation , c o

1 = Ipgexp(-ux)

(2.15)

' : N
. . \ &
The cross sections or attenuation coefficients can also be

expressed in units of barné)aiom and cmz/g. Ifyhhe crose'

sections are expressed in barns/atom, it can be transformed

“into cﬁlwhep‘barns/atoﬁ is multiplied by the atomic density

N, defined as.°

N= Np P /M atoms/cm 3

g s

ek o (2.16)

: -
where N,is Avogadros number, P is the density gm/cm and M is

atomic’ weight. ~The cross sections for photoelectric.

Compton and- pazr production are usually denoted by + , o and

xrespectxvely, then the total attenuation coeffzcient can be

written as R ' /

. - 1 -
. H=(t¢to+x ) cm #

. ‘ o (2.17)




and for the compound

' A ' ' o (2asy s

puzi('r-ﬁo'}'#)i cm

where r is the sum over the atoms of type i.
1" .
" The attenuation coefficient is a measure of the number of

. L
primary photons undergoing interaction per unit distance in’

n

the target. g . ‘ . ;

The mass attenuation coefficient is defined as ’ : ﬁﬁ ,
o . ‘r - . ‘ 2
" Hfp =(T+04+x)/p em /g,
. ‘,’ ) o i . : . . . L
’ o ‘ : (2.19) -
) " 0 - 1y ‘ ' 4-&

rd
[y

+ - ' .~ 1 1
\\\\\fﬂ 2.5 The mass-energy transfer coefficient, Px/p -

: o
N ‘ P S s

'The mass energy transfer coefficient of -a material

for ‘lnditeétlj . ionizing particles of specified energy is

the qﬁotlent of dEL/E by Pdl, where dEg/E is the frnction S

: ' of incident particle energy ( excluding rest energy) that 15

!

’ transferred to the kinetic energy of charged particles by

S ’
* interaction in traversing a Qistance dl in a medium of

L '  density p. “ o v

- ~

« - . .

Hylp = dEg/(pE A1)

SO ‘ C{2.20)
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For gamma phoﬁons dg energy hv ,

By /o = 1/p L7 (1-8)% B/hut % (1 =2mpe” /hv )]

- S~ (2.21)
vhere 1=photoelectric cross section

. é=average energy emitted as flourescent radiation

. per absorbed photon A

o=total Compton cross section

-

- E=average energy of the Compton electron
‘K=pair production cross section

m,c =rest energy of electron

2.6 The mass-energy absorption coefficient, ven/p‘.11

The mass energy absorption coeffiﬁient of a

~material for indirectly ionizing particles of specified

energy is the product of mass . energy transfer coefficient

for that energy and {1-G) where G is the fractxon of energy

lcst by secondary charged partioles in bremssttahlungo in

that material. Bremsstrahlung losses due to slowing down of:

electrons and positrons in the detector material which

become important only at higher energies ( greater than 6

MeV) are neglected, and we assume here G=0, 8o

Yen/p= Yk/o o

i

/)' L

.
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\

Tﬁe mass en'ergy absorption coefficient measures

/

the amount of energy dgposi:ted 'in| a medium by a photon
interacting in medium. The absorption!of energy is used in
specifying radiation dose‘,land can be described in terms of

mass energy absorpt;ior; coefficient. ' .
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. CHAPTER 3

- ' .
\ “

MONTE CARLO METHOD

rlo method consists

*

of ;imulating‘ the history of a iarg’ number of individual

The principle of the Monte

photons that pass through the scintillator. Each photon has

its initial position coordigates, initial direction cosines
and energy. The next step is. to sélect"path length' that
is the distance to the first collision in units of mean free

path. The selection is made with ‘the aid of a random

number. The routine will decide the types of interaction

4

° . processes by using a random number witﬁ“'known probability

distributions that are obtained from the cross sections of

deteétor' material. Only three types of interaction
o processes responsible for the enerqy deposition (the
photoelectric effect, the Compton e§féct and pair

productiqﬁ) are considerea. The routine then computes the
spatial coordinates of the collision point and direction
cosines. using the mean free path obtained from cross °
sections. The scattering angle is determined with the aid
of random numbers, and scattered emergy fs computed .. . The
prog;;m repeats until the photon is absorbed or escapes and

o then a new photon is considered. ] :




In this chapter, the computer program MONCA is
described in detail, in particular, descriptions are given
of the method of “forcihq interactions . of photonsin the

detector, determining types of photon interactions,

coordinates of photon and energy deposition and other
‘decision making ‘processes. The “smearing out" of the

ini;ialh spectrum from Monte Carlo calculation is also

described.

W

3.1’Randqm number generation

Selection of path length, types’ of interaction,..

angle of scattering and many nther'paramete}s are made with

the aid of a random number and ' these random numbers are

_often called pseudorandom.. The sequence of pseudorandom

numbers approximates the properties of true random numbers.

Generally, a floating point number between 0 and 1 is

desired'because other distributionscan be derived from this

» >

one.

By means of these pseudorandom numbers it is

possible to obtain a rapdom variable x from the probability

"distribution p(x') from.equatibn‘B.l3

Rff;(x')dx'(fa(x')dx'

(3.1)




24

\ | z

— r

The right side of this equation may be tabulated for a

number of x values so that if is possible to inigrpolate for

&acﬁ value of R. v

| All calbu}gtfbns have peen done on a Cyber 170~

—

o

835. ng/,psedab-randpm numbers uniformly distributed

— ¢ .
between 0 and 1 are obtained from the CDC library subroutine

RANSET(n) which initializes the seed of the intrinsic

function RANF() to generate randon numbers. This 'random

nuhber=is labeled .by R. -

o

3.2 The method of forcing interaction of photon inside the

—

In order to collect good statistics, it |is

detector. . : .

necessary to simulate the history of a- large number of

photons. ' Each . . - photon uses computer time and it is
impogtant to minimize the computer processing time where
possible. The photons which escape without interaction
inside the detector will not deposit energy in the detector.

Those pho;onsare requiredto re-process in the program;_thus

increasﬁg the coﬁputer processing time. A useful first step\

is to eliminate the photons which-do .not interact within ‘the

detector by the method of fogcing all photons to :interact

inside the detector. =




25

Y .

The point of interaction of the gamma photon in

the detector volume- is ' determined by sampling the

>exponentia1 distribution of the gamma r%?zg;tensity. The

intensity of gamma rays in the medium of total attenﬁhtion
. -1 .
coefficient ¢ ecm is distributed as a function of medium
thickness accerding to Lambert's law, |
I= Ipexp(- vr)‘
‘ 4 : (302)

where I0 is the intensityofgamma rays at the surface of

.detector and I that at a depth r into the medium. If R is a

random number between 0 and 1 then by eguation 3.1
T ‘ o .
Rigihsexp(— ur)dr/fIy exp(~ ur)dr
' 0

Solving for r, we have

= - 1n(l - R)/u = = In(R)/m
(3.3)

since R is distributed in the same way as (I;R).

If r smaller than the path available that is thickness of
the detector, then the photon is assumed to have undergone an
interaction. On the other hand if r exceeds the detector

thickness, the 'photon is pfesumed to have escapedwithout

interaction. But we want each photon to interact at least’

orice. The' probability of making no interaction is

exp(~ ud), vhere d is detector thickness.. The probability

\

N . o I

-
N
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« 7
of making at least one collision in the detector volume can
be calculated for each photon by using the expresion (1-ﬂ
exp(- ud)).. This 157 equivaleng to saying that if random
numbers between 0 and (1-exp(- ud) are SIawn and used to
calculate path length r then it will always be less than the
thickness of ,the detector. Thus each photon 1is forced to

N

Interact at leéast once in the detector.
* .
) . Cg
3.3 Decision processes. ‘

’

Various steps in the history of the gamma ray

before it escapes or is completely absorbed are simulated by

. applying random numbers modulated by known probability

ratios or distributions. In the scintillator, only three

 possible interactions are considered, the photoelecti}c

effect, - Compton effect and. pair production. The

cross-sections for all three processes are obtained. from,
: 12 ' ‘

Storm and Israel . The cross sections for these

interactions in muscle are taken from J.B.Bubbe11}3. The

.cross sections for hydrogen and carbon in barns are given in

A

table 3.1 and 3.2,§hich are used to calculate cross sections
for NE102A. The cross sections in cm 2/9 for NE102A and
muscle are given in table 3.3 and 3.4 tespecti@ely. Since
all cross sections and lthe attenuation coefficients Qere
read into the computer in tabulated-form, an interpblation

procedure was used to calculated their values at any energy

%

ad

3. i
'“ "




point which does not coincide with the tabulated energy.

/

If we label the _cross sections. for the
photoeffect; the Compton effect and pair production by T .,
o and « respectively, then the probabilgty for each type of
interaction is given by 1/u , o/v and «x/u respectively,
where u is the sum of 1, o, and x. A random numﬁer will
decide the tyﬁe of interaction. If the random number R is
in the interval between fﬁ& and 1/u then ppotoelectric
proces; wiilﬁ follow aﬁd the program MONCA will call
subroutine PHOTO. 1f R has the value between t/u and (t+
«)/y pair production will occur and the program will call
;ub:qutine PAIR. If neither of these cases is selected, a

Compton process results, and subroutine COMP will be called.

3.4 Co-ordinates of photon in the scintillator.

- The path of gamma photon, its position of
interaction and the energy losc at each interaction must be
détermihed as the photon travels through the sScintillator.
After each interaction.it needs to check whether the photon

is inside the scintillator or has escaped.

Each interaction point of the gamma photon can be
described by coordinates ‘in  the fixed system and the
direction of motion by means of the direction cosines.

After each interaction, the direction of motion of the

photon and therefore its direction _gosines are changed, so

-
%
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“

it 1s hecessary to recalculate the direction. cosines after“
each event us;ng the polar angle g and azxmutal jn le ¢ caused
gbi

by an xnteractxon. C
. /' ) ’ ‘
Each gamma sffhoton enters 'the scintillator along
J
the z-axi#ﬁ shown in figure 3.1. The initial position

coord;n§tés of the photon are
ﬁ Xop= 0

y0= o} - ) 3

z0 =0

(3.4)
and the initial direction cosines are ,
. cqsuo'= 0 -
‘ ‘ cos p, = 0 -
-w///rx/ﬁ(/¢$\ cos}b =1
’ (3.5)

Each photon when entered into the detector lséﬁdgééd to

inte?Lct at least once, as described in section 3.2.

-The distance that the photon travels to the . first /%/r?\

interaction is calculated from’tﬁe relation

«

A

) X tg_ -lnR;'p "o I
7 .
' (3.6)

where R is the random number and u is the

interpolaﬁed attenuation coefficient.

)




Fzgurs 3.1 5chemat1c representation of photon
co-ordinates in detector. The photon enters’
the detector along Z-axis'. A photon with position
co-ordinatées and directions cosa,cosfand cosyis
shown.I is the path length and ¢ is polar angle.

;(

« _~g~ shows the first interactien.
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»

A néw random number - is drawn and type of

interaction processes are Ldetermined as described in section
3.3. 1If .thé interaction is ‘Gompton‘ then position o
;:oordinates and its. direction cosines are calculated asf' _»"
described below, and the scattered photc;n and electron

3

energies are calculated from the usual Compton relations,’

described in section 3.6.

- Wb -The coordinates of the first interaction are&then given
; - C, ~ .

¢ bYI _

f I "“0"' r cosag

= Yo + r cospg - .

-]
ol
I

._‘_" 'z, =“ zZp + rcosty

L o . o ’ . T (3.7)

i
N -

7

The new set of duecnon cosines, with polar angle and . .
, 14 :
azimutal angle ate to be calculated from equation (3.8) or \

(3.9) accorﬁng to the condition that

: ! -
| N when {cos)i= 1 ¢ - .

. 0 ‘ y ' p

\ . . cosa, = sin@cose ’
s ‘ ' ) . . '
T S cos B, = singsine ‘

. . {

. '( . ‘ i \'“_= Cc 3 ' . '
’ o . cos y,-= cos a( 0870/109316])

1 N ‘ o C

lf.‘ ' o« T~ 0 R 7 . “ . (3-8) ! . ,_-

Wy



- and for cosydé 1 ‘ . ) N

Y

cos 01 = COS 9 cosa0+((1-cosz

6 )/ (1-cos’y_ )

) s 8 .
5 (co 6 COsY, cos ¢-cos B, sin¢) .

cos Bl = COS5 § cosse0 +((1-cos 26 )/ (l-cos 2‘10 )] 4 . g

8ing)

. (cosa  cosB  cosé+cosh
( 0 0 ¢ S8y | .

. 2 2 k ' .
cos Y, “o::osgc:osyl0 -((1-cos “6 )/(l-cos Y )) .cos¢(1 cos%y

. . ’ | (3.9) .

After t‘pe first interaction, the distance r' that
the scattered photon travels can be calculated from equation

(3.3) with a new random. number and new attenuation

coefficient obtained by interpolaﬁion from the table of
attenuation coefficients according to the scattered photon

energy.. The coordinates of the second interaction are then

-given by S .
. /‘ ‘
. . ' . R ’ ' ’ . e
X, = X) ¥ 1’ cosa B . )
"yz =y, + ' COSBy X,
| . ‘oz, =z, +r' cosy, | |
;\1\ . ‘ . b ’ ,
g ' *\ . Lo (3.10) g Py
. \ , Lo [ l
‘\ .

o
To check %gther this interaction is . inside the . o

scintillator;‘ w\e define . /

v
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2.1 255
Us(x"+
, (x2 Yé)
‘- (3.11)

Now if U is greater than radius or z, greater than thickness

or 2,<0 then the interaction is not inside the scintillator

'which means that photon has‘escaped.. The energy deposited

is stored and a new photon is considered. 1f the
interaction is inside the scintillator, the process is
repeated until the photon is abéorbed or ;scapeé. During
the repitition process the enérgy deposited is sum&ed.' The
equations (3;49- 3.6) were used in the main program and

e
equations (3.7 -3.1l1) were used in the subroqtine COMP .,

s

3.5 Photo-electric process. : .
In the photoelectric effect the energy of the
photoelectron ié assumed. to be équal to the incident photon

energﬁ neglecting the K-shell binding energy (EK ). Tor low

. Z-materials EK is less than 1 keV. In this case the’ soft

‘fluorescent ' radiation will bhe absorbed very close to the

.

point of emission and true transfer is the same as the

incident photon energy. The fact that BK’is so small .

makes the distinction of 1little practical. importance.

Thus E= hwv.

The subroutine PHOTO was written with this

assumption even though NE102A scintillator detector is c&mpdhed‘

. .

I -
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" of low Z-elements. i . ' .
3.6 Comptoﬂ process - . \‘—wi

The polar angle of the' Compton scatteteé photon is
determined by sahpling- the differéntial Klein-Nishina

formula, A

do /dn=" €5 (1 + cos’® )/(201 + E, (1 - cos)}? | {1+
[pg (1 - coso)zf/((l + cosze )(1 + Eb (1 - cos6)}1}

(3.12) ,

: A ~13 :
where Eo = E /m0 c2 v Ty =2.82 x 10 ¢m, the classical

eleétron radius and m, is the plectron rest mass. The polar
angle ¢ which is distributed between 0°%and 180°is determined
from the relation (3.13), by _equation- (3.1) for }anom

. number, ' i

L]

’ /] ) x
F =f(da /dmdn/f(da / dﬂ/)-df)
0 0.
' (3.13) -

)

" To obtain the wvalue of ¢ from. the equation (3.13) the
expression on the right side could'be evaluatea'for various
values ofg from ooup to 180°%, At each iteration the value
is compared with the random number R.until it is equal or
jus;: exceeds F which gives 9. This procelss . of 6 evaluation

is time consuming. To save computer time, the expressioh
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was evaluated for various values of 6 in steps of 100 until
F<R. The érevious value of ¢ and current one then become .
16wer and upper limits for a second scan, this time at
0.1o increments. This process of g ﬁetermination reduces
computer processing. time By about 80% without affecting the.
results. After determining the polar angle ¢ . /'the
azimuthal angle ¢ of the Compton scattered photon is’
determined from a uniform distribution between 0 and 360°.

The scattered photan energy is determined from .the usual

relation
A ‘
E'= E /(1 + Eg(l -cosg))
©(3.14)
4 . ‘ : ,
The energy imparted to the Compton electron is then
: R *
Eceg E - E'
: 4

. . (3.15)

We assumed this electrgn's\ energy is absorbed in tie

detector. The subroutine COMP was written using the above

concepts and equations.

) For gamma rays- of energies higher'thén 2m0c2 '

pair production becomes possible. In this process it is
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L]

assumed that the kinetic energy (E - 2m ocz)is shared
equally by the electron-positron pair. Both positron and
electron may cause ionization, hence energy is stored for
each particle. 'When the annihilation of a positron qccurs.‘
two gamma photons of 0.511 MeV each are emitted. Each of
tﬁese photons is treated again in the same manner . as the

é

Compton scattered photons.

The subroutine PAIR is written according to -the above . .
: /

conditions.

/

3.8'Smearing of spectrum

To ob;ain a response spectrum, it is necessary to
introduce line broadening inté the  initially determined

spectrum derived from the Monte Carlo method. The 1line

L ]

broadening is due to the variance«gn the collection of the

_optical photon produced in the scintillator and ~ the

statistical effects associated with the detection of these

photons by the photomultiplier. The/r;heqring out 6f the

spectrga\is obtained by application of a-Gaussian resolution
functioﬁ'using an experimentally determined resolution for

' f
comparing the response spectrum with the one obtained

exper ntéliy. A measure of the ﬁeak width‘isi a gquantity .

‘calle the resolution of detector. It ls dpfined as the

full width at half maximum (denoted by F, ) of a given gamma

. . -
ray peak divided by the peak energy E, times 100%. /Ebuifif‘

.




.R is resolution, then ’ ‘ .

R= (l-"w /E) 100%

~ S (3.16)

(o ‘ g
. If C(n') represents the number of counts recorded
in the "n'th channel of spectrum obtained from Monte Carlo,

then the distribution of counts in a new spectrum aftér

applyiﬁégcaussian resof@tion function is given by

- : -
F(n)= {C(n')/0oV2T} exp(-(n-n')? /207
‘ r

where F(n) is the number of counts in the n thlchannel of
smeared spectrum and ‘
S

o= F, /2.35482

(3.18)
- since FWHM=F_ = 2NZ In2 o

with F,, beingle§perimentally determined full width at half

maximum,

This.smearing is done by the prdgram ‘SMEAR', its listing is
given in the Appendix. | ) |

The inigially,determined Monte Carlo spectra and ‘ smeared
Spect;ra for 1370 and %o are shown in figures 3.2, 3.‘3,

3.4, and 3.5 respectively.

N
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Table 3.1

The c;oss sections of
pair production (pp) .

/A

.0000E+00

4

~Hydrogen

- Photon s« pe
energy . :
(MeV)
.10E-02 .1140E+02
.15E-02 «2930E+01
.20E-02 - .1110E+01
«30E-02 .2810E+00
.40E-02 . .1060E+00
.50E-02 , .4940E-01
.603-02 026305-01
.80E-02 .9790E-02
«10E-01 .4550E-02
«15E-01  .1160E-D2
.202-01 041603-03
.30E-01 .1020E-03
.40E-01 .3760E+04
-505‘01 017302-04
.60E-01 .9160E-05
0803“01 033703-05
.10E+00 - .1550E-05
.15E+00 »3770E-06
. 20E+00 .1380E-06
»30E+00 «3360E-07
+40E+00 .1230E-07
.50E+00  .5650E-08
.60E4+00  .2990E-08
.80E+00 = .1100E-08
+10E+01 .0000E+00
.15E+01 .»0000E+00
+20E+01  .0000E+00
«30E+01 .0000E+00

"« 40E+01 .0000E+0Q0
.S0E+01

41

phoioelect:ic(pe),Compton(cbmp),
and-total, in barns/atom.

Comp

+8520E-01
»1650E+00
+2480E+00
.3780E+00
.4670E+00
«S170E+00
-5490E+00
«5830E+00
+5990E+00
.6080E+00
»6070E+00

»5920E+00 .

.5760E+00
«5590E+00
«5440E+00
.5160E+00
.4920E+00
.4430E+00
.4060E+00
«3530E+00
+3170E+00
«2890E+00
«2670E+00
« 2350E+00
«2110E+00
.1720E+00
.1460E+00
«1150E+00
.9620E-01

+8310E-01

PP

.0000E+0D
«0000E+00
«0000E+00
«0000E+00
«.0000E+00
«0000E+00
«0000E+00
.0000E+00

- .0000E+00—

.0000E+00

' +O000E+00

.0000E+0Q0
+0000E+00

«0000E*00 ™

.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000£+00
.0000E+00
.0000E+00
.0000E+00
.4400E~04
<1170E~-03
.5110E-03
.9940E-03
.1430E-02

Total

«1148520E+02
«3095000E+01
+1358000E+01
.6§90000E+00
.5730000E+00
.5664000E+00

+»5750000E+00 .

.5927900E+00
6035500E+00
61D1600E+00
.6074160E+00
.5921020E+00
«5760376E+00
.5590173E+00
.5440092E+00
.5160034E+00
.4920015E+00
.4430004E+00
.4060001E+00
*3530000E+00

"«3170000E+00

.2890000E+00
.2670000E+00
.2350000E+00
.2110000E+00
.1720440E+00
.1461170E+00
.1155110E+00
.9719400E~01
.8453000E-01




Table 3

arbon

Photon
energy
(MeV)

[

OIOE-DZ

.15E-02

«20E-02

«30E-02

.40E-02

. 50'8"02

.60E-02

.80E-02

- 103“01

© +15E-01

) .20E-01

\*\ , .30E-01

L7 .40E'°1

™ 502"01

.60E-D1

«B0E-01

.10E+00

.15E+00
<20E+00—

- 30E400

. 40E+00

.50E+00

. 60E+00

.B0E+00

.10E+01

«15E401

. 20E+01

. «30E+01

. 40E+01

. 50E+01

.2

The .cross sections of
pair production (pp)
o ]

pe

4

;43%0E+05
.1380E+05
.5980E+04
.1780E+04
.7400E+03
.3710E+03
.2080E+03
.7990E+02
.3930E+02
.1060E+02

photoelectric(pe))
and total, in barns/atom.

Comp

+3000E+00
.5900E+00
.8990E+00
<1430E+01
.1820E+01
.2090E+D1
.2290E+01.

«2550E+01 .

«.2740E+01
«3030E+01

. 41405+W1903+01
.1100E+01 © .3300E+01
.4230E+00 4.3300E+01

. 2010E+00
.1110E+00
-4240E-01
.1990E-01
.5160E-02

~ -20708-02

' 5700E-03
+2230E-03
{1080E-03
-5980E-04

.2370E-04
.11 E~-0 4 J
.00QDE+00

+0000E+00 .
.0000E+00
.0000E+00
+0000E+00

+3250E+01
«3190E+01
+3050E+01
«2920E+01
.2650E+01
'+2430E+01
«2120E+01
+1900E+01
«1730E+01
+1600E+01
«1410E+01
.1270E+01
+1030E+01
.8780E+00
+6900E+00
+5770E+00
+4980E+00

pPp

" ,0000E+00
.DDOOE+00

.0000E+00
.0000E+00
.0000E+00
.0000E+0
.ooooz+o§i
.0000E+00
.0000E+00,
.0000E+00;
.0000E+00 |
.0000E+00 |

.0000E+00
- .0000E+00 |

.0000E+00
.0000E+00
«0000E+00
+0000E+00
.0000E+00

+ODOOE+00

.0000E+00
.0000E+00
+0p0O0E+00.
.0000E+00
.0000E+00
.1600E-02
.1860E-01
+.3080E-01
.4190E-01

Total

.4350030E+05
.1380590E+05
.5980B99E+04
.1781430E+04
.7401820E+03
.3730900E+03

.2102900E+03

.8245000E+02
.4204000E+02
.1383000E+02
.7330000E+01
.4400000E+01
.3723000E+01
»3451000E+01
.3301000E+01
.3092400E+01
.2939900E+01
2655160E+01
2432070E+01
2120570E+01
1900233E+01
[1730108E+01
J1600059E+01
1410023E+01
.1270011E+01
.1031600E+01
.8844400E+00
.7086000E+00
.6078000E+00

.5393000E+00

N ,
- .

IS ————
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v - energy
‘ , (MeV)

.10E-02
.15E-02
+20E-02
-»40E-02

.60E-02 _

. .80E-02
g ' .10E-01
' .15E-01

T .. .202-01

- , ) 0308-01

. .40E-01

! oSOE"OI‘.
«60E-01
«10E+00
.15E+00
«20E+00
.30E+00
.40E+00
.50E+00
.60E+00
.80E+00
«10E+01
«15E+01
«20E+01
| o -+30E+01
. . «40E+01
‘ : - «50E+01

° Photon .

g TR o

Table 3.3

NE102A Plastic

pe

.206259E+04
.654303E+03
.283523E+03
.843905E+02
+350781E+02
.175888E+02
.586102E+01

.378795E+01 -
.186314E+01 "

+502523E+00
.196266E+00
«521475E-01

+ «200530E-01

»952871E-02
+526214E~02
+201003E-02
+943384E-03
+244614E-03
+981296E-04
+270210E-04
.105713E-04
.511973E-05
+283481E-05
«112349E-05
+549865E-06
.000000E+00
.000000E+00
.000000E+00
.000000E+00

".000000E+00

»

" Comp

.186793E-01
.3660205~01
.555928E~01
.875666E-01
.110711E+00
.126126E+00
.137282E+00
.151385E+00
.161229E+00
.175439E+00
.182979E+00
.187407E+00
.186570E+00
.183310E+00
.179682E+00
.171580E+00
.164162E+00
.148798E+00
.136434E+00
.118966E+00
.106653E+00
.971297E-01
.898161E~-01
.791350E-01
.712428E-01
.578253E~01
.492596E-01
.387257E-01
.323854E-01
.279550E-01

Y]

PP

v

«000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

-+ 000000E+00

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

.000000E+00

.000000E+00
.0C000Q0E+00
.000000E+00
.000000E+00
+.000000E+00
.000000E+00
.000000E+0Q0
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.781460E~04

s

a

«311393E-03 .

.908421E-03
«151200E~-02
.iOGQ?BE-OQ

o
The cross sections of photoelectric(ps).Compton(cdmp),
pair production (pp) and total in cm</g.

L]

Total

. 206261E+04
«654591E+03

«283579E+03 -

.844781E+02
- 350892E+02

.177149E+02

.999829E+01
.393933£+01
«202437E+01
.678022E+00
.379245E+00

.« 239555E+00

. 206623E+00
.192839E+00
.184944E+00
.173590E+00
«165105E+00
.149043E+00
<136532E+00
.118993E+00
-106664E+00

"«971348BE-01

.898189E-01-
.791361E-01
.712433E~01

«579035E-01

. 495710E~01
.396341E-01
.338974E-01
.300160E-01




Table 3.4

The cross sections of
pair production (pp)

Muscle

Photon
energy
(MeV)

.10E-02
.15E-01
+20E-01
. 30E-01
«40E-01
.50E-01
. 602-01
.80E-01
.10E+00

«1SE+00

«20E+00

.30E+b0 °

.40E+00
«50E+00

. +60E+00

.80E+00
‘ \10E+01
‘©15E+01

" «20E+01

- «30E+01

.40E+01

«50E+01

:‘pe

.4880E+01

.1320E+01
.5260E+00

-«1440E+00
.5730E-01

«2810E-01
.1580E-01
.6310E-02
.3040E-02

. «8320E-03

«3350E-03
.9590E-04

+4110E-04,

.2220E-04
.1390E-04
.6990E-05
.4330E-05
.2030E-05

«1290E-05.

v 7LBOE-06°

.4890E-06
+3730E-06

-

=

44

photoelect}ic(pe) Compton(Comp),
2

and total, in cm® /g.
Erg

Comp PP
.2120E+00  .0000E+00
.2080E+00 - ,0000E+00
.2050E+00  ,0000E+00
.1980E+00  .0000E+00
.1920E400 .0000E+00
.1860E+00 " .0000E+00
.1810E+00  ,0000E+00
.1710E+00 .0000E+00
.1630E+00  ,0000E+00
.1470E+00  .0000E+00
.1350E+00  .0000E+00
.1170E+00  .0000E+00
.1050E+00  .0000E+00
.9580E-01  ,0000E+00
.8870E-01  .0000E+00
.7790E-01  L0000E+00
.7000E-01  0000£+00
.5690E-01  .9690E-04
.4860E-01, .3B860E-03
.3820E-01  ,1110E-02
.3190E-01  ,1800E-02
.2750E-01  .2410E-02
L]

e .

® , -

Total

.5090000£+01
.1530000E+01
.7310000E+00
.3420000E+00
.2490000E+00
.2140000E+00
.1970000E+00
.1780000E+00
.1660000E#00
.14BD000E+00
.1350000E+00
.1170000E+00
.1050000E+00
.9590000E-01
.8870000E-01
.7790000E-01
.7000000E~01
.5700000E-01
.4890000E-01

" +3930000E-01

«3370000E-01
«3000000E-01 -
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CHAPTER 4 . f
o
v CALCULATION OF DOSE.

This chapter outlines the relation between energy
absorbed and exposure, gamma-flux and exposure, and
" calculation of the gamma ray constant. The response of

plastic relatjve to muscle is deséribed;
. . .

4.1 Exposure(X) ‘1.

! e

The exposure X, is the guotient of d4Q by dm,
where dQ is the absolute value of the total charge of the
ions of one sign produced in. air when all electrons
.(negairons and posittonsi liberated by photons in a volume

element of air whose mass is dm are completely absorbed,

¢

X= 40/dm

o (4.1)

1! ' 4
The ipecial unit of exposure is Roentgen and 1R=

2.58x10_4Coulomb'/kg of air. - .-

4.2 Exposure rate.

. The ' Exposure rate, X, is the quotient of dX by dt

vhere dk is the increment of exposure in time interval dt.

]

»




at}

A — A
B
6 .
X= dx/dt

~

A special unit -of -exposure rate §is any quotient of the
roentgen or its multiple or submultiple by a suitable unit

of time (R/s, R/m, R/h, mR/h etc).

4.3 Absorbed dose.

Absorbed dose is defined as the quotient dE by dm
where dE is the méan energy imparted by ionizing radiation

to the mass dm of matter in the volume element,
D= dE /dm

(4.2)

The absobed dose from gamma tayéwcan be calculated
. .
if the transPort and absofrption of secondary electrons are

included as wéil as the transpoit of the primary gamma rays, -

fluorescent 'X-rays, ‘Compton scattered photons  and

annihillation quanta. However, the fluorescence X-rays and

)
electrons are assumed to be .stopped where they were.

l generated.
The special unit of absorped dose- is Gray denoted 'by the
symbol Gy, . . (

1Gy= 15 kg =100 rad

" ’:‘-“"—Wﬁﬂ.

B
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&

4.4 Absorbed dose rate.

‘The absorbed dose raté?’b,—is.the quotient of 4D by dt where -

dD is the increment of absorped dose in time #nterval dt.

D= dp/dt

A special unit of absorbed dose rate is any quotient of the
rad or its multiple or submultiple by a suitable unit of

--time (rad/s, rad/m, rad/h, mrad/h etc).

- 4.5 Calculation of absorbed dose from gaﬁma radiation.

. In principle, the calculation of absbrbgd dose is
rather ‘simple. One determines the photon flux density at
the point of interest, multibly the energy Sf photons to get
the energy flux density and then by the mass energy
absorption coefficient to determine howlmuch of the energy
is actually deposited at the point of interest. Finally,
applying the appropriate constant to convert the units into

rads or Gy and multiplying by the time during which the

photon flux density was present yields. absorbed dose.

Mathématically,

D(rad)= 1.6x10° o(cri” sec )E(MeV) Ven/o (€m> /g)t(sec)

In actual practice, however, the calculation of.

absorbed dose i% very difficult and compléx. To use the

4
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above equation, we have to make some approximgtions, such as
all photons have same énergy and photon interactions are
absorptive. The basic cause of the difficulties is the fact

that not all photon interactions are purely absorptive.

We have to account, for the energy spectrum of the
* photons " since in general the source will not be
ﬁonoenergetic.l Even if it were, there will be an energy

distribution of that photon passing through the medium.

/
dn flux densit§~¢aicu1ation, weAhéve to consider
absorption }nd scattering, so we use the Monte Carlo mgthod
which yieldsamore accurate calculation of dose.

i

4.6 Relation between gamma flux density.and exposure fate.

-4
One Roentgen is equivalent to 2.58 10 Coul/(kg of

air)

1R= 2.58 10'7Coul/(gm of air)

= 2.58 107’ /1.602 10'¥%on pairs/gm air
=(1.6121 1012 /gm) (34 eV/ion pair)
= (5.482 10 3ev/gm) (1.602 10" '%rg/ev)
= 87.7 erg/gm
= 87.7 10"’ rad

X Ry

(4.3)
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The absorbed energy in air at a point where the

exposure is iR is 87.7 ergs/gm. The absorbed dose at'a

poiné in air whére exposure is R Roentgen is given by
-4
D,;* 87.7 10 Gy

(4.4).

‘The number of rad per Roentgen in air is 0.877.° When the

medium- involved is other than ~air, and if ' electronic

equilibrium exists, then dose in the medium is

]

B,=0.877 (ven/fdmea /(Ven# lair rad
(4.5)

f/\'rotal energy per sguare cm cortespondiné to a dose: rate of

one Roentdén is given as
2
E = 87.7/(VMgnh )aip ‘€rgs/em -R ~
\ ., (4.6)

‘ 2
vhere E;= energy fluence incident per Rcentgen(ergs/cn -R)
and (pe'n/as mass energy absorption coefficient(cmz/gm).

The absobed energy in units of ergs per gms is given as = -

-6 _
Bp (4 /o )giE 1,602 10 "0E( ven/y )

air air

(4.7)

where #= particle tlﬁenc‘e, and E is the energy of phbton.

e
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The number of photons per square cm per - Roentgen,
)

a quantity obtained By dividing equaffon (4.6) by energy of

-photon, : .

R/hr= 5.475 10' /EGu_ /p )

Ee/E= 87.7/E( u ¢n/p )ze  €r98/MeV cm°R
" 97.7/10.602 10 E: en/p)ai) Photons/en’-R
= 5.475 10 /E(uen/p Jair photons/cm =R
' (4.8)

/'\

The number of photons/seg-cm2 corresponding to a dose

rate of one Roentgen/hr can be calculated from the following

eguation

. 3 g
pir(3'6 10 )_photons/sec-ém

A

" (4.9)

4.7 épecific'géﬁma ray constant, r.

The exposure rate for gamma-radiation 'has usually
been taken as equivalent to I{ uen/ﬁﬁ), where I is the gamma

f;;‘intensity qnd ( uenA’) is the mass energy absorption

coefficient bf air for the particular energy involved. The .

" constant T is determined by calculating the absorbed dose

rate for the flux density of photons produced at a distance’

of one meter through an area of ‘one cm? from a source, which

has ictivity 1 mCi. The photon absorption a;ongbihe air

g -
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path from source to the point in question is assumed

negligible. The specie}c gamma ray constant T at one meter

.can be calculated from the fallowing formula15 /

7 3
r = 3.7 10 (disintegration/sec-mCi) 3.6 10 (sec/h)
. -10 - -3 3. '
los(qV/MeV) 4.803 10 . (esu/electron) 1.293 10 (g/cm. air)

(1/(4n ioqcm?‘)g(l/bd)(ion pair per eV)L_(hv&(MeV[y-réy)”

2
n;(Y-rays/disintegration) ( uep/e ); cm /g

= 19.36 Iny(hv);( upp/P ) MR/MCi-hr at one meter.

\ o O (4.10)

_where nj photons ©of energy (h§)iare _emitted per

disintegration, ahd the average iggzgzli\i:fi;ﬁé/aﬂ\{on pair
in' air has been assumed to be 3¢.0 eV. ér " the values of

I'will be calculated for various isotopes to check the -

accuracy of the Monte Carlo method. —

4.8 .The ;energy absorbed in the "bléstié scintillator is

r

iﬁdebendent of incident photon energy.

1

o

To calculate a proportionality factor (K), between
_ the total energy abosrbed by the scintillator and the total
' energy ihcident, the Monte Carlo program was run for 10,000

photons of energies between 50 keV to 1250 keV. The number
A '

&

ofiinqident photons .at the incident energy corresponding to

\ . N s

\

i
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10,000 interacted. photons is calculated from the relation,

N =Ng(1 - exp(- ¥d))

No=N /(1 - exp(- ud))

S

' o (4.11)

where Ng= Number of incident photons
N = Number of interacted photons

p=total attenuation coefficient

- and d'= detectof,thickness.

If we denote N(E) the number of counts at ‘the energy E of

A

the Monte Carlo energy spectrum, and .Ntfhe number of
incident photonsof energy E each, incident on the detector,.

- then the propértipnality constant K, may be defined as

K(E. )=£N(E)B/ND o -

§

(4.12)

-~ . . Y

" The. values ‘of K calculated are shown 1n the table 4 1. The

maximum difference og\l 's from each other is less than1o8.

The K valqeg are plotted as'a function of incident enerqy'

" . shown in figure 4.1; ' Thus the absorbed energy in NELO2A.
‘ plastic scintillator is lndépenéent .of incident. radiation i

. ené:gf.

£



53 °

‘Table 4.1 ‘

The proportionality constant (K) between the total
energy absorbed and total energy incident on NE102A
plastic scintillator. 1

»

Energy of N(E)E I G
incident "

" photon

- (MeV) ' {MeV)

.S0E-01 .1149E+03 143
<10E+00 .2214E+03 .126
«20E+00 .5549E+03 L4139 -
.30E+00 .9969E+03 .151
<40E+00 .1479E+04 . .155
.S0E+00 - .1996E+04 .155
.60E+00 .2556E+04 o ,156
.70E+00 .3106E+04 ©,155
«80E+00 «3708E+04 .153

_ «90E+00 .4276E+04 .151
+10E+01 «4890E+04 .148 |
.125E+01 .1113E+05

.161




54

0.20

e

4
~ © 3
[T .
=
ﬂ ¢
©
>
in
°-
o -
¢ 00 "800 Y200 a0
Energy!KeV)
N <

o

Figure 4.1
absorbed and total energy i
~ of incident photon energy.

* <

.

The ratio(K) between the total energy
ncident is independent

;

.
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The relatively constant value of K as a function

of energy can be explained as

K(E )=SN(E)E/NyEg

NE/N, E;
ENg (1-exp(- v d) ) /NoEp
(E/Eq)(l-exp(-ud)) -

ft

(4.13)

where (E/EO) is increasing slowly with Egwhere as
(1-exp(-ud)) %s slowly decreasing and the product that is
»

K, is varying slowly with the incident photon energy.

[

4.9 Response of plas}ic scintillator relative to muscle.

[N

Mass-energy absorption coefficient is a measurefof1
‘incident photbns undergoing absorption, thus it determines
the energy absorbed by the medium and, therefore dose,
Ionization in a free-air chamber is the standard process for
measuring gamma-ray respénse. The response of a free -air
chamber as' a ' function of photon energy is nearly
proportional to the product of energy fluence and mass
energy absorptior; .co'efficient (Men/p);iixn cm Ygm. The usual
way of expressing the enegry-dependencg of a scintillation
detector for photons is to compare its responée with that of
a free air chamber. The ratios of mass épe;gy‘ absorption
céefﬁ}cients~ of two media as a function of energies will

A

yield a response curve with respect to one another. The

© et —te « =
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response will not be correct because scattering of photons
in-the media involved Qegs not taken into account .in the
mass energy absorption ‘coefficient. The response c?n be
calculated by taking the ratios of energy absorbed in- the
media " as a fuﬁction of incident’ photon energy. An:
investigation has been made to «<alculate the response of
plastic scintillator with respect to muscle due to photons
from 50 KeV-to 1330 KeV in oyder to compare with the
calculated ratios of mass energy absorption coefficients of

plastic and muscle.

The mass energ§ absorpt%oh coefficient (Hen/p) 'for
C, H, 0O, N and air were taken from Hubbe116 , and given: in
table 4.2. The mass energy absorption coefficient for‘
plastic was determined according to the ratio
H:C=1.10417 ﬁnd that for tissue according. to the weight
percent elemental composition defined by ICRU18 as 10.2% H,
12.3% C, 3.5% N, and 72.9% O.. The mass' energy absorption.
coefficients of NE102A plastic scintillatoe and muscle are
given in table 4.3. The ' plot of the ratios of
( ven/ prastic/ (en # )Imuscids shown in figure 4.2a as a
function of energy, Since the fesponse from _mass energy
absorption coefficients is not correct as explained, the
Monte Carlo met¥od- is used to determine the energy absorbed
in the plastic and in the muscle. The ratios of energy.
absorbed per incident photon in plastic ahd muscle, as a

\‘functidnlof incident energies will give true response.

Ty




Table 4.2

.- - . .
Mass energy-absorption coefficients, u,/p  in cm 2 /g.

‘.Photon
energy
(MeV)

.10E-02
«15E-02
«20E-02
.?03‘02
0‘02‘02
.S0E-02
“0602-02
.80E-02
«10E-01
~.15E-01

. 20E~01
».30E-01
-408-01
»50E-01
.60E-01
+80E-01
+10E+00
«15E+00
»20E+00Q
.30E+00

<40E+00

.S0E+00
.60E+00
. «80E+00
. «10E+01
»15E+01
. 20E+01
+30E+01
. 40E+01

+.S0E+01

H

®

.6823E+01
.1753E+01
.6652E+00
.1697E+00
.6564E-01

T ~,3288E-01

.2002E-01
.1161E-01
.9854E~01
«1102E~01

“«1355E-01

.1864E-01
.2315E-01
.2709E-01
.3053E-01
.3620E-01
.4063E-01
.4812E-01
.5255E-01

"+5695E-01

»5B59E~01
058992-01
.5875E-01
.5739E-01
+5559E-01
«S074E-01
.4649E-01
.3992E~01

«3523E-01

.3175E-01
+

.
¢

o

<

~.2216E+04

.6738E+03
.2907E+03
.B641E+02
+3589E+02
.1798E+02
.1016E+02
.4089E+01
.2003E+01
.5425E+00
.2159E+00
.6407E-01
.3264E-01
.2360E-01
.2078E-01
.2029E-01

+2143E-01

.2448E-01
.2655E-01
.2869E-01
.2949E-01
.2968E-01
.2955E-01
028852-01
.2791E<01
.2548E-01
.2343E-01
.2046E-01
.1848E-01
.1709E-01

N

© .3312E+04

.1089E+04
.4781E+03
.1442E+03
.6032E+02
.3041E+02

\1726E+02

. ¢6955E+01 .
«3445E+401

«9421E+00
«3751E+00
«1069E+00

.4932E-01

.3160E-01
-2517E-01
+2199E-01
.2225E-01
«2470E-01
%+ 2664E-01

028725’°l ’

«2951E-01
.2969E-01
.2956E-01
.2885E-Q1

--27915‘01‘

« 2548E-01
«2345E-01
«2054E-01
.1848E-01
«1733E-01

o)

«4588E+04

«1560E+04 ~

.6942E+03
.2140E+03
.9105E+02
+4645E+02
«2659E+02
.1095E+02
.5447E+01
.1507E+01
.6023E+00
.1687E+00

-« 71365E-01
.4335E-01

-3164E-01
.2451E-01
.2347E-01
.2504E-01
.2678E~-01
.2877E-01
.2953E-01
.2971E-01
.2957E-01

«2886E-01 -

.2508E-01
.2458E-01
.2346E-01
.2063E-01
.1880E-01
.1756E-01

Air

+3608E+04
«1199E+04
.5287E+03
«1607E+03
«7602E+02
.3901E+02
«2245E+02

«9261E+01

.464BE+01
.1304E+01
.5266E+00
.1504E+00
.6706E-01

_ .403BE-01

.3008E-01
«2394E-01
.2319E-01
«2494E-0)

.2672E-01 .

028725-01
«2949E-01
-29663‘01
«2952E-01
.2882E-01
.2787E-01
«2545E-01

.2342E-01 .

+2055E-01

' .1868E-01

.1739E-01

i
H
i
1




Table 4.3 A _ )
‘Mass energy-absorption coefficients, #en/p

" Photon
energy
{MeV)

«10E-02
«15E-02
. 2°E'02
. 305-02
-40E;02
+50E-02
. 603-02
«80E-02
. IOE-OI
. 208-01
+30E~01
+40E-01
.60E-01
.80E-01
+1I0E+00
+1S5E+00
«20E+00
«30E+00
+40E+00

.60E+00
+B0E+00
+10E+01
<1SE+01
‘4 20E+401
+30E+01
~ «40E+01
i .S0E+01

+SOE+00 .

=

Plastic
NE102A

-

.2032E+04°
.6178E+03
+2666E+03
.7923E+02
.3291E+02
.1649E+02.
.9316E+01

'.3749E+01

g
H

.1845E+01
14983E+00,
.1991E+00

* «6032E-01"

«3189E-01
«2394E-01

«2164E-01 -~
+2167E-01

$2310E-01
«2653E-01
.2880E-01
.3114E-01
+3222E-01
.3208E-D1
+3132E-01
.3030E-01
.2767E-01
+2543E-0),
«2215E-01

©R.1993E-01

_+1836E-01

.

Muscle

re

.3738E+04

.1260E+04
+5593E+03

«1719E+03 .

.7300E+02

+3719E+02

".2127E+02

.8741E+01
«4353E+01
.1201E+01

-4B07E+00

«1367E+00

- «6187E-01

»3842E-01
«2965E-01

" +2485E-01

. 2469E-01
.2706E-01
.2911E-01
.3135ExQ1

T .3219E-D1

.3240E-01
.3225E-01
«3148E-01
«3045E-01
«2714E-01
. 2557E-01

.2237E-01°

.2024E-01

.1877E-01

Air

.3608E+04
.1199E+04
.5287E+03

in

«1607E+03

.7602E+02

- +3901E+02

«2245E+02
+9261E+01
.4648E+01
«1304E+01
.5266E+00
.1504E+00
.6706E-01

-+4038E-01

.3008E-01

. 2494E-01
«2672E-01
«2949E~-01
«29656E-01
«2952E-01
.2882E-01
.2787E~01
«2545E-01
.2342E-01
«20S5E-01
.1868E-01

«2394E-01 -
«2319E-01"

. 17392-01 .

iyl
[N

cm? /g,

"Plastic
Air ratio

.5632E+00°
«5153E+00
.5042E+00
.4930E+00
«4329E+00
.4226E+00
«4150E+00

.4049E+00

+3969E+00
«3821E+00
«3780E+00
«-4011E+00
+4755E+00
«5928E+00
+7195E+00
.9054£+00
»9960E+00
«1064E+01
»1078E+01
*1084E+01
+1085E+01
«1086E+01

.1087E+0} -

«1087E+01
«.1087E+01
.1087E+01
.1086E+01
.1078E+01
+1067E+01
«10S6E+01

Muscle
Air ratio

«1036E+01
«.1051E+01
+1058E+01
«1070E+01
.9603E+00
«9533E+00

«9473E+00 -
.+9439E+00

«9366E+00
«9210E+00
+9129E+00
.9087E+00
+9226E+00
+9514E+00
+9856E+D0

»1038E+01 -
+1065E+01 .

.1085E+01
.1089E+01
.1091E+01
.1092E+01
.1092E+01
.1092E+01
.1092E+01
+1093E+01
.1067E+01
.1092E+01
.1088E+01
.1083E+01

- +1079E+Q1
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. 60 ' ?
The Monte Carlo program was run for photon energies Between
50 keV to 1330 KeV with a 5:.08 cm.detector thickness : for '
0,000 photons. The number of photonsto be interacted in
muscle (NIPM) was determined compafed with plastic by using _ Ty

the relation (4.14), so that the number of incident photons

in both plastic and muscle would be the game

‘. NIPM= {(1-exp(-n+“d)/(1_- exp(-upd)}loooo

-

(4.14)

; ' vhere u,, and up are the interpolated total  attenuation

coefficients for muscle. and plastic respectively,
corresponding to the incident photon energy:TheMonte Carlo
érbgra; was run for those number of photons (NIPM) in '
muscle. To calculate dose response\\a program DOSE was
developed. The dose per incident photon per unit ﬁass was
determined by taking the sum of tge product of the number of
photons' in the energy b@hnnel uith'the corresponding energy
of the channel in the initially determined Monte Carlo ' ;
: spectfum,. and then 'aividing by the mass‘of detector and . &

total number of incident photons. This dose calculation. was x

- done by the su§routines P?DOS and TSDOS.for plastic and ?
. . muscle repectively and the ratio. of dose was determined, |
shown in table 4.4. The plot .of the ratios of doses in
plastic and in muscle as a fﬁnction of ' incident phoion

energies is shown in figure 4.2b.

~
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/
Table 4.4
. h o e t
The response (R) of NE102A plastic relative to muscle.
’Eneréy of . 'R T
incident ' ) ' Q
photon, :
(MeV) : ) : ;
. g [}
«.S0E-01 .851
«10E+00 .847
«20E400 .958° '
«30E+00 .981 \
' +40E+00 .983
” «S0E+00 .982
v «60E+00 .986
«70E+00 .986
«80E+00 .987 ’ °
0908"'00 -985 ) K o
+10E+01 .984
\
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4.10 Accuracy of ﬁonte‘Catlo progiam.

To check the honte Carlo program whether it yields
correct results, a comparison ha# been made between the the
-dose in Roentgep/photon, calculated from Monte Carlo and the
- dose 'in Roentgen/photon, calculated from the equation (4.10)
" for a specific gamma ray constant for the\engrqies 50 xév to
1#30 KeV. The doses are withiniot except for 50 KeV where
it 1is moére than 233, shown in table 4.5. From the results,

it implies that the Monte Carlo program is correct.

8
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 Table 4.5 . o o - \

The gamma dose in Roentgen/photon calculated from : T
gamma-ray. constant (') and from Monte Carlo method
for NE102A plastic scintillat r. ‘ .

.‘6133’;4

Energy Y-dose/photon T-dose/photon
of from Y-ray- -from

' photon constant Monte Carlo
(MeV) (R/photon) (R/photon)

.+50E-01 .2941E-15 +3835E-15
+10E+00 .3378E-15 +3246E-15 u
+20E+00 +7783E-15 .7140E-15 »
+30E+00 .1255E-14 +1157E~14

- +40E+00 .1718E-14 +1580E-14
+60E+00 '.2580E-14 .2389E-14

. «70E+00 .2978E-14 .2766E-14

~B80E+00 .3358E-14 .3131E~-14
+90E+00 - +3715E-14 +3463E-14
+125E+]1 .4854E-14




EXPERIMENTAL TECHNIQUE

: The block diagram of experimental set ub uged in
. . N . ‘~.
this investigation is shown in figure 5.1.

The description of = detector assembly,
qmplificaiion system, data 'accumulation. linearity of

detection system, spectrum. transfer and the method of

calibritionfcf the plastic detector are given in this

v I_ . chapter.

L

5.1 \betector assembly.

‘ The detecéﬁt, used is a cylindrical 2"x 2" NE102A
plastic scintillator, manugaciured by Nuclear Enterprises
Ltd. According to the manufacturer it has an excellent
balance of properties} high. lighl outpu£ (658 anthracine),
good iight transmission (2.5 m technical aftenuation
ienqth), fagt decay time (2.4 nanosecond), ratio H:C atoﬁs
il‘ 1.104 - and the density is 1.032 gm/cm3 . The
ph;tomultiplier used is the 9626/8D8/DM1-2 , ;lso supplied
by Nuqleaf Enterprises. For dete;tor bias, we used ajhigh

voltage regulated power supply medel 2K-10,.
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Plastic Detector
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N o re-amplifie Amplifier ND 220D
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CYBER
CDC-170

Figure 5.1 Block diagram of experimental
. , setup.
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Power Design Pacific. Inc.

5.2 Amplification system.

The system consists of a preamplifier model 401
FET of Mech-Tronics, Nuclear Corporation and a linear

amplifier model M-31 of Simtec Ltd. The preamplifier

‘eircuit requires 8 mAmp from -24 Volts supplied‘thtouqh al

provided externally. The

'conversion gain of the preamplifier is 100 mV/picocoulomb.

The course gain was set at 64 and fine g¢gain at 1 on ‘the

amplifier. The preamplifier pulses are amplified and shaped

in the linear amplifier. .

5.3 Data accumulation.

The data for our g}periment w;s‘collected with a
Nuclear Data ND-2201D series MCA with 100 megahertz 8192
channel analog-to-digital converter (ADC). The conversion
gain was set at 1024. The lower cut-off for the spectrum
has beéﬂ chosen on the analog-tokdiéital converter (ADC) so
that the influence of electté‘ic ndisg is negligible. The

lower level discriminator was set at about 9 mV.
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5.4 Linearity of detection system.

. The linearity of the system with amplifier and
1000 channels pulse heightAanalyzet was tested with a BNC

ramp pulse generator model LG-1 and pulser model BH-1. The

curve is shown in figure 5.2, The upper channel of 6OCc:‘

—~—

spéctrum is about 278.

— If the analyzer is linear, an equal number -of
counts will be stored in each channel and the plot will be
straight line. Deviation from the straight 1line is an
indication of differential nonlingafity. The differeﬁtial
nonlinearity (DNL) of an ana}yz;r may\be computed by: 1

DNL= 100(1- N, /N,,) §

A 4
U

wvhere N _ = number of counts in chanﬁel\ x. Na>average
number, of counts .in all channels. ‘

The differential non-linearity over channels‘}‘io 400 is S5
% ' | |

5.5 Spectrum transfer.

A MSI6800 (SS-So,bus)4microcomputer was used to
trﬁnsfer the sﬁectrum from the MCA-memory .. to the Cyber.
170 (main University computer) via leased telephone line for

analysis. The MSI6800 is linked with MCA by a Parallel

e ——— e
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Figure 5.2 Linearity ofoﬁetectioﬁ system,upper
channel of 6 Co is about 278 as shown.
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Interface Adapter(PIA) boagd connected via long ribbon cable
to the "printer’B" connector\of the MCA. A program MCAINTER

(written by Nicole Ranger and lodified by Dr. N. Eddy) is

'used to read the spectrum into the memory of the MSI6800 from
the memory of the MCA. ‘ .

¢

5.6 Calibration of detector.

In{detectér materials with high atomic numbefs (2)

: and‘teasonable size, the total eneérgy absorption peak {
photopeak) is oﬁse;ved. However, with low i materials in
the energy range up to 5 MeV7 the primary \interaction is
essentially Compton scattering. There was therefore no
- total energy.absorption peak found in the gamma ray spectrum
of the NE102A plastic scintillator. Due to multiple
scattering and statistical broadening of .the response -
spectrum, the "Compton edge" is not represented by a sharp
edge in the spectruﬁ. The calibration of enefg{“xespénse of
the system'~wasl done by a ‘method based on 9btaining an
agreement between the results of Monte Carlo calculations of

13

energy response and the experimental spectra for ZCs.aﬁd'

6OCo. The energy corresponding to a channel in experimental
spectrum is known from Monte Carlo spectrum and

subsequently an energy calibration curve (kev/channel) was

constructed. , . . \\g

- . ,

GRS

.
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Experimental spectra ;wete‘ collected for the
nourcesl?7Cs (0.6616 MeV) and 60Co' (l.}? and 1.33 Mevl,
shown in figures 5.3 and 5.5 respectively. The response
spectra'iqitially?ﬁeterminedey Monie Carlo Ealculatioﬁ§§f0t

13%3 and 6°Co were smeared out by usingagaussian resolution

function as described in section 3.7. The calculated and

experimental spectra were then normalized for the same

number of photons. Both spectra were plotted by adjusting

“

x-values by trial and - error until best agreement was
obtained. Here the x-value %s the energy in the Monte Carlo
spectrum ‘and channel number in the egpgriméntal spectrum.
Figures 5.4 and S.é are for the source; 137Cs and 60Co
respectively. Using the half-height and mid-point of the
Compﬁon peak, the calibration curves were constructed, shown
in figures 5.7 ;nd 5.8 mmpéctively. P;om both curves, the
energy per channel was found to be identical, and equa1  to

t

6.1 $ KeV/channel. - 4,

5.7 Dose determination with plastic scintillator.

The spectrum has to be collectéd for . a specified
time with the plastic scintillaﬁor. The energy per cﬁannel
is knéwn from the calibration curve. The number of counts
in' each channel is to be multiplied by the energy of each

channel and the response, which will give the total energy

_deposited in the detector for that specified time. The

*
i

e e



v
o - - W
< »

. ) “ “ . ¢ . ®
St ——— _u--i-i-i‘----iﬁa--i------lllilllllillll Yy
1 ‘b . e ‘
72,
A ’ . - ] Y +
total energy of the spectrum divided by the mass of the
detector and . the time of collection of the spectrum, which
. :
is then multiplied by a conversion factor to convert it into
. 5
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CHAPTER 6 L , » {

g

BACKGROUND RADQ?ON
! ,

- \K
The importance of knowing the radiation of natural ' \‘ |
: ~/

origin lies in the fact that mankind has always been exposed
to natural background radiation at chronic low level doses.
~The doses due ~to natural origin can be used as standard

reference -to those due to 9rtificia1 sources.

¢

The doses to human beings due to externally

incident radiation vary with the type of soil and the

area, and therefore with the type of rock from thch'it was ¢ ‘ :

derived. The terrestrial gamma iay ‘ﬁose inside the . el

buildings will, in general, be different from the value

outdoors,l owidg to the different tadioqgtive content of the
. building materials and attenuation.effects of the walls tor-

the radiation from outside the building. Studies of these

. . 19
. . effects have been made by Spiers et al .

The measurements of background. radiation spectra :
were made at Concordia University, Montreal with the NE102A '
plastic scintillator. A typical \ background spectrum o \{.
collectgd for 1,000 segé is shown in figure 6.1. These
spectf; were used in the program BKGRND ‘to calculate the

radiation dose in rad/h or Roentgen/h. The number N ‘
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‘of counts in each channel is multiplied by the corresponding

energy of each channel and then by the response which gave
the energy spectrum. The energy per channel is obtained
from the calibration curve. The‘energy of the spectrum is
summed and converted into ﬁicrg-rad/h or migrojroentgen/h.
The daily . variation ©of b;ckground tadiétion in
micro-roentgen/h 1is shown in the figure 6.2. All samples

were collected between 12.00 and 2.90 P.M.

The méasured background here at Montreal |is
coméhred with world wide avera;es of . rad}gtion .lévei
estimated by Hanson and Komarovzobased on the&'data from the
UNSCEAR * tqport21 + Their estimatea values for indoor dose
rate range bétween 2 and 9 micro-rad{h. The measured
background radiation with plaséic scintillator ranged from
1.8 micrb~;ad/h (2 micro-Roentgen/h) to 9.6 micro-rad/h (10

. !
micro-Roentgen/h).
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CHAPTER 7

DISCUSSIONS

The results obtained from the Monte Carlo
calculations and the experiment indicate good agreement
between them, as shown in figures 5.4 and 5.6. The energy
absorbed in the scintillator 'is independent of incident

photon energy so it can be used to measure dose where the

energy spectrum is unknown. and the response\is also good in’

the energy range of our interest. The energy independent
measurement of absorbed dose of gamma rays of any survey

meter is always desirable”

. Background spectra were measured for 400 sec, 1000

sec, 4000 sec, 8000 sec, 40000 sec, and 80000 sec to test
how much time it would take tWe background radiation.
All results are within 2% of & measuremené, s0 400 sec (5

to 6 minutes) can be used to ﬁeasure béckground.‘

The background radiation measured with .the NE102A.

plastic deéector is in good agreement with published walues.

o

The ionization chamberzzis among the . oldest

devices "used in radiation measuremént. In order to provide

, ) k9
the necessary.independence of radiation -energy, ionization

chambers are the method of choice for the measurement of

T Al A . g1, P 5

o st A e s

T



84

total dose. The early investigations of natural radiation
: /

vwere made using ionization chambers with electrometers as

the recording instruments but this technique was supergeded,

on the grounds of speed and convenience of measurement, by
an instrument of a type originally designed by Sie;ert which
uses an elecfromeQer”'tube circuit. to provide a direct
' reading. ‘Sievert's instrument consists of an 8-liter steel
jonization chamber containing nitrogen at 30 atm, and has.a
sensitigihy sufficient to enable a measurement of background
dose rate to be made in a period of less than 1 minut623.
Owing ‘to the difference in atomic composition between wall
and filling gas and bgcause.of ion recombination effects,
coﬁsié:f;ble care is necessary in the derivation of absolute

measurements, in “terms of absorbed dose in tissue with this

-

type dinstrument. For tissue-equivalent ionization chambers,

a mixture of gases is required. Since it is usually

*

impractical to provide mixed gases in continuous flow, these

chambers are ordinarily filled and sealed off. The gas is

thén.s}owly abso}béa’ot adsorbed by tﬁe chamber components,
which means that gas pressure and the éensitivity of the
chamber will decrease with\time.. Another .complication may
arise“"if one of the gases is preferentially absorbed faster

than the hers.

\ ) . g; -
Geiger counters have been widely used  for the

““detection of" gamma/ radiation at natural levels. However,

) . \ '
their response varies markedly with photon energies and they

|
»

/
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can not be used with an accuracy as dose-rate meters except
: Yy xcep

.

where the energy spectrum'is weil,knowna v

Advantages of plastic scintillator.

Plastic scintillators usually have' very short

-

recovery gime “(of the order of tens of nsecs) enabling tpe*”f”

plastic scintillator to be used in conjunction v}‘itha fast
photomultiplier tube to provide scintillation~detectors with

‘ N - 9 i . v '
time resolutions of less than 10 sec. Plastic scintillator

-

l permits great fiexibility in, size. and shﬁpelof radiation -

detector elemepts, such as thin foil, fine filaments,‘tubeé;

beads and massive blocks. This property enables high gamma .

ray detection” efficiency to .be obtained wusing large
scintillation volumes. Such - detectors can'prdvidé‘cheap.
latge‘volume devices for ihteg;a1~épectrum'coqnting or 'very

aimple Y-ray spectrometry.‘ They have beeh use for

assaying bulky ¢linhical samples with;bigh efficiency as well

' 24,25
as for body radicactivity measurements 423

The large  -hydrogen content of | plastic

scintillators allows them to be used for fast neutron

detection and spectromet}y by absorﬁtiop of séintilla;ions.

due to recoil - protons K within the materials. . The solid

' N & %
' detector is effectvely 1000 times bigger than the gas

detector of the same physical size so the count rates argj'

correspondingly higher. L:m; - ﬁ?“‘ &,

i} )

=~ ‘
! ) .




Disadyantages of plastic detector.

/ '\\\ N . B
The main disadvantages associated = with
¢

scintillation detectors are electrical. High voltage power

supplies must be stable to prevent gain changes inthe

photomuliiplier ’tube.’ fhey also requiré more  precise
preamplifier, amplifier and pulse height analysis.g}rcuits.
Due to the high count rate associated with high efficient
angd fast pulses, pulse pile up and sorting caﬁ be a’' problem.

This can be allgviatgd by using’'a fast EﬂA'system.

Extreme humidity and  temperature are often
bothersome while variations in temperature alter the
electronic noise produced at the photocathode of the
photomultiplier tube and also affect photocathode
efficiency 2. Photomultiplier noise is 1low in amplitude-

-

and usuvally eliminated by discriminator circuits.

When a scintillator detector Lé placed in

operation, ‘it is important to ensure; that the

photomultiplier tube voltage, amplifier gain ‘and

discriminator settings are-adjusted so that the radiation of
interest produces pulses which the electronic circuits are
capable of handling. If some pulses are exceégively large,
amglifier circﬁkté tend. to block for a time after each

exqes;ive pulse and hence cause a prolongation of the dead

time of the instrument,

,
cren b mee e e b ——— A O
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T In the 1iyHt Jf above observations;—it leads to a "3
conclusion that to design a portable dose rate meter with an .
NE102A plastic scintillator will Bgauseful -exercise. . |
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' MONTE CARLO ROUT TO DETERMINE THE ENERGY RESPONSE SPECTRUM
OF NE102A pLAsrxé SCINTILLATOR. L

EP ¢¢.v... PHOTON ENERGY IN CROSS-SECTION TABLE
SPRPE......p§ BABILTY OF PHOTOEFFECT IN SCINTLLATOR

SPRC cvecee "/po COMPTON -

SPRP tvevee PAIR .

NIP ....s. MBER OF INITIAL PHOTON

EK vees«.TOTAL ELECTRON ENERGY AT THE END OF COLLISION
R > ......,RANDOM NUMBER \

i s

E «eees’s INITIAL ENERGY OF PHOTON
.E/.511006

C
(o

C

c

c

c

c

c

c

Cc

c

C EO see e N !

c RO oo +/o+-CLASSICAL ELECTRON RADIUS '
c PSCSCO..{..SCINTILATOR COMPTON CROSS-SECTION(KLEIN-NISHINA)

C F L .-.DIFFERENTIAL e ( e )

c s ov/o e+ F/PSCSCO (RANDOM NUMBER) . '

c El «f+»+.SCATTERED PHOTON ENERGY T

c ECE ......ELECTRON ENERGY

c MUT Z.....ATTENUATION COEFFICIENT

c RADI/......RADIUS OF SCINTILLATOR ‘ . \ ‘ ]
c THIK ......THICKNESS OF SCINTILLATOR . ;
c EPEP ......ELECTRON ENERGY IN PHOTOEFFECT :

c EK ¢es++.TOTAL ELECTRON KINETIC ENERGY

o CPCNL.:....COUNTS PER CHANNEL \ .-

c K «s0 .0+ .CHANNEL, NUMBER

c El.......FIRST INTERACTION ABSORPTION'

C rn‘..-n.&SEamﬁTﬂﬁﬁmuﬁ1°N~”“ﬁ_v_

C .

c

)

PROGRAM MONCA(INPUT,TAPE4,TAPE6=INPUT,OUTPUT)
COMMON EP(30),SPRPE(30),SPRC(30),SERP(30),PNU(30)
COMMON/INIT/ X0,Y0,20,COSALPO, cosaeré COSGAMO N ‘ .
COMMON/SPEC/ NG,DIS1,PMUT,EK, RADI THIK :

COMMON/FLG/ PRFLAG

COMMON/COUNT/ CPCNL(1330)

DO101 I=1,30

READ(4, *)EP(I) SPRPE(1),SPRC(I),SPRP(I),PMU(I)
PRINT*,EP(I),SPRPE(I),SPRC(I),SPRP(I),PMU(I) _ .
CONTINUE

CPCNL(K) =0 . - ) ‘
PE1=0 ‘ \\\\\\\;\\\
PE2=0" ) -
READ(ﬁ,*)NIP,E7 'RADI ITHIK ¢
READ(6,*)NIP,RADI,THIK , : : o ,'
PRINT*,NIP,E7,RADI, THIK ' ~ 5 , \
NPID=0




C...
c'l....
c.t"..

125
126

500

765
" 785
COI
C..

THE RANSET SUBROUTINE CALL INITIALIZES THE SEED OF INTRINSIC
FUNCTION RANF,TO GENERATE RANDOM NUMBER

i [

CALL RANSET(2)

DO 500,NG=1,NIP

PRINTS5037NG :
FORMAT (3X,11HPHOTON NO=',15)
CALL COB(E7)

E=E7

PRINT*,E -

EK=0 v
FRFLAG=0

X0=0.0

Y0=0.0

20=0.0

COSALP0=0.0

COSBET0=0.0

COSGAM0=1.0

pO125 I=1,30
IF(E.LE.EP(I))GOTO126
CONTINUE

PMUT=PMU (1)~ (PMU(1)-PMU(I-1))* (EP(I)~E)/(EP(I)~EP(I-1))

PX=EXP(-PMUT*THIK)
R=RANF()

R=R*(1.-PX)

DIS1 =-ALOG(1l.-R)/PMUT !

PRINT222,PMUT,THIK,1.-PX, R +ALOG(R), DIS1

FORMAT(zx 6(El12.4))
IF(DIS1.6T.THIK)GOTO 500
NPID=NPID+1

CALL PROB(E,PRPE, PRC,PRP)
R=RANF ()

IF(R.LE.PRPE)THEN -

CALL PHOTO(E,PE3,PEl)

ELSE IF(R.LE.(PRP+PRPE))THEN
CALL PAIR(E,G) i

ELSE

CALL COMP(E,El,PE4,PE2)
ENDIF

CONTINUE
PRINT*,NIP,NPID
PRINT765,PE1

FORMAT (2X, 'FIRST INTR ABS=',E12.4)

PRINT785,PE2

FORMAT( 2X, 'COMPT INTR ABS=',E12.4)

FINAL RESULTS
DO 1002 K=1,1330

e




¢

v . R " 94

IF(CPCNL(K).LE.0.0)GOTO 1001
PRINT700,K,CPCNL (K)

1001  CONTINUE

700 5 PORMAT(lOX,I‘IBX,ElZQS)\ ) o

1002  CONTINUE | \ , :
STOP . \ : ' N

\

'END A

SUBROUTINE COB(E7)
© BCO1=1.33 |
ECO2=1.17 -

PCOL=. 50 ' -
PCO2=. 50 | \

R=RANF () , C
IF(R.LE.PCO1)THEN . / '
v E7=ECO1
ELSE : //
E7=ECO2
ENDIF
~ “RETURN
END . |
c.. ' \
SUBROUTINE PROB(E,PRPE,PRC,PRP) :
) COMMON EP(30),SPRPE(30),SPRC(30),SPRP(30),PMU(30)
\ COMMON/SPEC/ NG,DIS1,PMUT,EK,RADI, THIK
DO103,1I=1,30
IF(E.LE.EP(1))GOTO 104
103  CONTINUE '
104  PLPE=SPRPE(I)-(SPRPE(I)-SPRPE(I~1))*((EP(I)-E)/(EP(I)-EP(I-1)))
~ PLC=SPRC(I)-(SPRC(I)~SPRC(I-1))*((EP(I)~E)/(EP(I)-EP(I-1)))
PLP=SPRP(I)-(SPRP(1)-SPRP(I-1))#((EP(I)-E)/(EP(1)-EP(I-1)))

PRPE=PLPE
PRC=PLC
PRP=PLP.
c PRINTS,E,EP(1),SPRPE(I), SPRC(.I),SPRP(I), pnpz,pac PRP -
(o] PORMAT(IO(lx E12.3)) C,
c9 FORMAT(2X, 'E=',E12.4,2X, 'ES=',E12.4,2X, "RE=' .312.4,2x, .
€ _+ 'RC=',E12.4, 2x,'ap= «E12.4) S
RETURN P ¢
END ' -
C.. , .
SUBROUTINE PHOTO(E,PE3,PEl)
COMMON/COUNT/ CPCNL(1330)
COMMON/SPEC/ NG,DIS1,PMUT,EK, RADI.THIK
C..
' P21-1¥P31 '
EKT=E| ' ) : v
x=1nq1;ooo*nxry |

/

!

!

s A ey

et e o .
.
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C...

L]

c‘.

C..
C..

. CPCNL(K)=CPCNL(K)+1

RETURN ARV I
END -

susnourms PAIR(E,G)

COMMON/INIT/ X0,Y0,20 cosan;o,cosss-ro coscmo
COMMON/SPEC/ NG, 0151 PMUT,EK,RADI, THIK
COMMON/FLG/ PRFLAG

COMMON/COUNT/ CPCNL(1330) -

. EXPE=THE KINETIC ENERGY OF THE CREATED POSITRON -ELECRON PAIR

EEPP=ELECTRON ENERGY IN PAIR PRODUCTION
EPHMX=PHOTON ENERGY, AFTER ANNIHILATION OF THE POSITRON.

IF(E.LT.1.022)RETURN

EXPE= (E-1.022) -
PRFLAG=1

EEPP=EXPE/2

,K=INT(1000*EEPP)
"CPCNL(K)=CPCNL{K)+1 .
IF(PRFLAG. EQ. 1)cpcun(x)-cpcux(x)+1
. EPHMX=0,511006

E=0.511086

CALL COMP(E,El,PE4,PE2)

RETURN

END

SUBROUTINE COMP(E,El,PE4,PE2) -

COMMON EP(30),SPRPE(30),SPRC(30),SPRP(30),PMU(30)
COMMON/INIT/ X0,Y0,20,COSALPO, COSBETO COSGAM(O-
COMMON/SPEC/ NG,DIS1,PMUT,EK,RADI, TBIK . e
COMMON/FLG/ PRFLAG o

DIMENSION §(18),T(18) .
COMHO%/COUNT/ CPCNL(1330) N 4

NCI'NO OF COMPTON INTERACTION
NCI=1 -
R0=2.818 E-13

© A=3.141592654*R0**2

c...v

C304

(o4 +

c

c.ocboo
304

THE FOLLOWING EQN. IS KLEIN-NISHINA FORMULA . :
PSCSCO=2.%3.141592654*R0O**2*((2.5E0**4+18.*E0**3+ .

16.*E0**2+4 ,*E0+(J.+2,*E0)**2* (E0**2-2.%(1, +E0))
*ALOG(1.42.%E0))/2.%E0**3#%(].+2.%E(Q)**2)

E0=E/.511006

Pl=2.*A

P2=(4.%E0+16.*EQ0**2+18,%EQ**3 +2 ,!0‘*4)
P3=2(1,+2.%EQ0)**24(E0**2~2,%(1.+E0) )*ALOG(1.+2.*EQ)
P4=2,*EQ**3%(1.+2.*EQ)**2

L

W




1110
5001
C5001

. P5«P2+P3

PSCSCO=P1*P5/P4 ' "
B2d,.+10.%E0+B,*EQ*42+E0**3

FROM HERE TO TETA=T1,WE CALCULATE TETA TO DETERMINE SCATTERED
PHOTON ENERGY. \
R=RANF( ) ~ '

DO305 I=1,18

T(I)=(1.74532925E-01)*]

COST=COS(T(1)) ‘
B=4.410.%E0+8 . E0**2+E0**3

C=(4.+16 .*E0+16.#E0**2+2,#EQ0**3)4COST T :
D=(6.%E0+10.*EQ*#24EQ0**3)#(COST)**2 ~ Z,¥EQ**2*(COST)**3
V=2, %EQ#42% (1, +E0*(1,-COST) )*+2
UO=((E0**2-2.%(1.+E0) ) *ALOG (1. +E0*(1.-COST]) ] /E0*#3 '
F=A*(UO+(B - C + D)/V) )
§(1)=F/PSCSCO

. 'IF(R.LE, S({1))G0T05201
" IF(R.LE.S(1))GOTO 5001 A
CONTINUE ‘ )

D0306 N=1,17 - <y
IF(R.LE.5(1))G0OTO5201 "\
IF(R.LE.S5(N+1))GOTO 5001

CONTINUE |

DO1110 L=1,100

Ti=(1. 745329258-03)*L o

COST1=COS (T1) '
Bl=4.+10.%E0+B, *EQ*»2+E0*+3
Cl=(4.+16.%E0+16.*E0**2+2,*E0**3) *COST1
D1=(6.*E0+10.*EQ*#2+4EQ*#3)# (COST1)#%2 ~ 2.%EQ**24(COST1)**3
V1=2,4EQ*#2#% (1, +E0*(1.~COST1))#**2
Ul=((EO**2-2.#(1,+E0))*ALOG(1.+E0*(1.-COST1)))/E0**3

Fl=A*(Ul+(B ~ C1 + D1)/V1)
S1=F1/PSCSC
IF(R.LE.S1)GOTO 5011

CONTINUE i ,
TE=T(I-1) , -
TE=T(N) -
DO1010 L=1,100

T1=TE+ (1774532925E-03)*L
COST1=COS(T1)
Bl=4,+10.*E0+8, *EQ*#2+E0**3
Cl=({4.+16.%E0+16, *EO*#2+2, *EQ*#3) *COST1
D1=(6.%EQ+10.*EQ**2+EQ**3)*(COST1)**2 ~ 2, *EO‘*Z*(CQSTI)**B
V1=2,#EQ*#*2# (1, +E0*(1.~COST1))*#*2
Ul=({(E0*#2-2.*(1,+E0))*ALOG(1.+E0*(1,~COST1)))/E0%#3
F1=A*(UL+(B - C1 + D1)/V1)

e i g e .
T,

o




909
C..

81=F1/PSCSCO -
IF(R.LE.S1)GOTO 5011
CONTINUE

TETA=T1
COSTETA=COS(TETA) .

IF(NCI GT.1)GOTO807

X1 =X0+DIS1*COSALPO

Yl =Y0+DIS1#COSBETO -

Z1 =Z0+DIS1*COSGAMO ' . \
U  =SQRT(X1**2+Y1%%2)

HERE CALCULATE SCATTERED PHOTON ENERGY.
El=E/(1.+E0*(1.-COSTETA))

ECEsE-E1

EK=EK+ECE \ ‘
PRINT909,X1,Y1,21,COSALPO,COSBETD,COSGAMO, TETA ,DIS1,PMUT,E1,EK
FORMAT(11(E12, 3)) S

R=RANF() . :
PHI=2.%3.141592654*R N\
TRANSFORMATION OF SCATTERING ANGLE INTO REFERENCE CYLINDER
SINTETA=SIN{TETA) .
SINPHI =SIN(PHI) ‘ e , -

COSPHI =COS(PHI) .

ACZ=ABS (COSGAMO ) ~

IF(ACZ.GE.1.0)GOTO808

SQl=(1l.~ (COSGAMQO)**2)
SQ2=SINTETA/SQRT(SQl)
COSALP1=COSTETA*COSALPO + SQ2*

+ (COSALPO*COSGAMO*COSPHI - COSBETO*SINPHI)

COSBET1=COSTETA*COSBETO0 + SQ2

# *(COSBETO*COSGAMO*COSPHI + COSALPO*SINPHI)’

C..
808

809

907

COSGAM1=COSTETA*CQSGAMO - -SQ2*SQ1*COSPHI

"GOTO809

-

COSALP1=SINTETA*COSPHI '
COSBET1=SINTETA*SINPHI . -
COSGAM1= (COSGAMO/ACZ ) *COSTETA

E=El : - .
CALL PROB(E, PRPE,PRC,PRP) : ~ | «

. R=RANF()

PRINTS07,E,PRPE, PRC,PRP,R ’
PORMAT(/,6(1X,E12.3))

IF(R.LE.PRPE)GOTO 4040

IF{R.LE. (PRPE+PRP))GOTO 5022

DO125 1=1,30. ,




« IF(E.LE.EP(1))GOTOL26

125  CONTINUE '

126  PMUT=PMU(Z)- (PMU(I)-PHU(I 1)) (EP(I)-E)/(EP(I)-EP(I 1))

' R=RANF () -
DIS1 =-ALOG(R)/PMUT o | - , P j

"X0=X1 - ;
Y0=Y1 - . .o
2021 - 7 S !
COSALPO=COSALP1 : . - .
COSBET0=COSBET1 ;o
COSGAMO=COSGAM1 :
X1 =X0+DIS1*COSALP0 ~ o
‘Y1 =Y0+DIS1*COSBETO0 o . . ‘

Z1 =20+DIS1*COSGAMO : . - “
U  =SQRT(X1%#24Y1%42) - S e . .
IF(U .GT.RADI)GOTO501:-. -~ | « i h
IF(Z1.GT.THIK)GOTO501 ' :
IF(21.LE.0.0 )GOTOS501
NCI=NCI+1 g .

; | GOTO 304 - .

St e

C. PHOTO-ABSORPTION
‘4040  EKT=E+EK
K=INT (1000*EKT)
'CPCNL (K)=CPCNL(K)+1 .
' PE2=1+4PE2 . . 0
. RETURN : e : .
C.. PAIR PRODUCTION S
c EXPE=THE KINETIC ENERGY OF THE CREATED POSITRON-ELECRON PAIR
c EEPP=ELECTRON ENERGY IN PAIR PRODUCTION
c.. EPHMX=THE PHOTON ENERGY, AFTER-ANNIHILATION OF THE POSITRON.
5022 IF(E1l.LT.1,022)GOTO501
_ EXPE=(E1-1.022)

PRFLAG=1 . - : o

EEPP=EXPE/2 ° L . - ) >,
' - K=INT(1000*EEPP) ‘ ‘ . : o
5 .+ - CPCNL(K)=CPCNL(K)+1 ;
LY IF (PRFLAG.EQ. 1)CPCNL(K)=CPCNL(K)+1 :
. . EPRMX=0.511006 - '

E=EPHMX . \
GOTO 304 ‘ «

501  IF(EK.LT..001)EK=.001 - : ‘ )
K=INT(1000%EK)" ~ _
c IF(K.GE.500)PRINT#,NG

. CPCNL(K)=CPCNL(K)+1 ~ o

RETURN :
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100

i

PROGRAM DOSE(INPUT,TAPE3,TAPE4,TAPES, TAPEG,OUTPUT)
c ‘
C....THIS PROGRAM CALCULATE THE DOSE PER PHOTON FROM MONTE CARLO
. C..s.SPECTRUM- AND FROM SPECIFIC GAMMA RAY CONSTATNT,
C....AND ALSO CALCULATE THE RESPONSE OF NE102A RELATIVE .
C....TO MUSCLE.
C....1.602E-8=CONVERT MEV/GM TO RAD.AND/.877 convznrs RAD TO RONG
C....PHOTON FLUX PER ROENGEN=5.475E+7/E* (MUEN/RHO)AIR - PH/CM**2-R .
C....ROENGEN/HR=5 475E+7/3.6E+3*E* (MUEN/RHO)AIR  PH/CM#**2-SEC . ‘
Ceoe.1/4PHI(100)**227,9577471E-6 ,
C...AREA=PI*RADIUS**2= 1 CM#+*2 - , -
C....EP=ENERGY OF PHOTON IN PROB, TABLE FOR pnaswxc -
C....PRPE=PROBABILITY FOR PHOTO-EFFECT
C....PRC=PROBABILITY FOR THE COMPTON EFFECT . o
C...,PRP=PROBABILITY FOR PAIR PRODUCTION ' .
C....PMUT=TOTAL . CROSS SECTION OF NE102A
C....ARMS=MASS ENERGY ABSORPTION CO-EFFICIENT OF AIR
C....ARPL=RATIO (AIR/PLASTIC) OF MASS-ENERGY ABSORPTION COEFFICIENT
+Ce++ ARMM=RATIO (AIR/TISSUE) OF MASS-ENERGY ABSORPTION COEFFICIENT
. C....E=ENERGY IN MONTE CARLO SPECTRUM FOR PLASTIC.
C....CPCNL=COUNT PER CHANNEL,.....SET=ENERGY IN MEV "
C....ES=ENERGY OF PHOTON IN TISSUE PROB. TABLE ro :
C. . . .TSPE=PROBABILITY FOR PHOTO-EFFECT IN TISSUE
C....TSC=PROBABILITY FOR THE COMPTON EFFECT )
C. a. . TSP=PROBABILITY FOR PAIR PRODUCTION ’ o ‘ -
C....TSMUT=TOTAL CROSS SECTION OF TISSUE .
C....V=ENERGY IN MONTE CARLO SPECTRUM FOR TISSUE
C....TSCNL=COUNTS PER CHANNEL (TISSUE SPECTRUM)
C....TSET=ENERGY IN MEV : P K
C....H=THICKNESS OF DETECTOR , _ .
C....E2=INCIDENT ENERGY ‘ _ ' 4
C....NDP=NO.OF DATA POINT IN SPECTRUM i '
C....PNI=(1-EXP(-XMU) FOR PLASTIC o .
Ce.ee.TSNI=(1-EXP(-XMU) FOR TISSUE : , .
"Cese.1E+4=10000 INTERACTED PHOTON IN pnasrxc . C Y
C....TAU=SPECIFIC GAMMA RAY CONST. - ‘
C....CIHR=CURIE PER HOUR - ' -
C....DMS=DETECTOR MASS ‘ ' ‘
C....DOSK=ENERGY PER GRAM PER PHOTON - T - "
C, . ..DOSP=DOSE/PHOTON IN.ROENTGEN [ ‘ )
'Ce s «.DOSS=TOTAL DOSE IN ROENTGEN .
C... .RPPH=ROENTGEN/PHOTON FROM GAMMA CONST. :
C....RPPHM=ROENTGEN/PHOTON FROM MONTE CARLO (PLASTI?)
C... .RTSHM=ROENTGEN/PHOTON FROM: MONTE CARLO (TISSUE
C....RMED=AIR-MEDIUM ABSORPTION RATIO

C'.....'...l.'........‘.ll"l'.'C.-O..

c

. ' ' Soar e
& , - ‘ i -



COMMON/TI1S/ ES(22),TSPE(22),TSC(22)',TSP(22),TSMU
COMMON/TMSL/ Vv(1000),TSCNL(1000),TSET(1000) :
COMMON H,E2,NDP

H=5.080
E2=1.00
-DO700 I=1,30
READ(3,*)EP(1),PRPE(T),PRC(I),PRP(1);PMUT(I),ARMS(I), ARPL(I)
700  CONTINUE
IF(E2.EQ.1.00)NDP=1000 ~
DO10 K=1,NDP | . :
READ(4,*)E(K),CPCNL(K)
10 CONTINUE .
: . DO705 K=1,22
READ(S5, *)ES(K) , TSPE(K), TSC(K)  TSP(K) , TSHUT(K) , ARTS (K) , ARMM(K)
705  CONTINUE
DO15 K=1,NDP .
READ(6,*)V(K), TSCNL(K)
15 CONTINUE :
CALL PLDOS(PNI,RPPHM)
CALL TSDOS(TSNI,RTSHM)
C.... PLTS=RATIO (PLASTIC/TISSUE) OF ENERGY ABSORBED (ROENTGEN/PHOTON)
PLTS=RPPHM/RTSHM .

/

K]

SMI=1E+4*TSNI/PNI ‘
PRINT555, SMI ' .
555 FORMAT({2X, 'PHOTON TO BE INTERACTED IN TSO=',E12.6)
. PRINT1111,PLTS
1111 FORHAT(ZX,'PLSTK/MUSCLs',EIZ 3)-
STOP
END
cl.'."l....lll..‘.ll....l..‘.....‘ '
c
SUBROUTINE PLDOS (PNI,RPPHM)
COMMON/PLA/ EP(30),PRPE(30),PRC(30), pnp(ao),puur(so)
COMMON/RPL/ ARMS(30),ARPL(30)
COMMON/PLMEN/ E(1000),CPCNL{1000),SET(1000)
COMMON H,E2,NDP
PRINT400
400 FORMAT ( 2X, 6HPLASTK)
PRINTSQ0,H,E2 . ~
500 FORMAT(2X, ' THIKNESS CM=',E12.4,3X,'ENERGY IN MEV  =',E12.4)
RHO=1.032
DMS=RHO*H
SETJI=0

T
4% . ’ '5
. 101
\ ‘ —
COMMON/PLA/ EP(30) ,PRPE(30),PRC(30) ,PRP(30) ,PMUT(30)
COMMON/RPL/ ARMS(30),ARPL(30) .
COMMON/RTS/ARMM ( 22) ,ARTS ( 22) \
COMMON/PLMEN, E(1000),CPCRL(1000),SET(1000) ‘&
{22)




1000

300

350

250
450

C'I.
600

402
403

888

404
405

110
+200

CPCNLK=0' ,
DO1000 J=1,NDP ‘ '
IF(CPCNL(J) .EQ.0)GOT01000 . - '

+ SET(J)=(E(J) /1000) *CPCNL (J) ‘ . .

CONTINUE
DO300 J=1,NDP o o=
SETJ=SETJ+SET(J)
CPCNLK=CPCNLK + CPCNL(J)
CONTINUE
PRINT350,CPCNLK, SETJ
RMAT(2X, ' PHOTN INTRK=' ,312 6,3X, 'ENERGY IN SPKTRM=',El12.4)

SNDT=SETJ
'TPI=CPCNLK

DO 250 J=1,30

IF(E2.LE.EP(J))GOTO450

CONTINUE

PMU=PMUT(J )~ (PMUT(J)-PMUT(J 1))*((EP(J)-E2)/(EP(J)~-EP(J-1)))
PRINT*,PMU

XMU=PMU*H

PNI=1~EXP(~XMU)

NIP=NO.OF PHOTON INCIDENT

NIP=TPI/PNI '

ENCON=SETJ/ (NIP*E2)

PRINT600,NIP, ENCON

FORMAT ( 2X, ' PHOTN INCDNT=',17,2X,'PROP CONST.K=',E12,3)
DOSK=SNDT/ ( DMS*NIP)

- DO 402 J=1,30

IF(E2.LE.EP(J))GOT0403
CONTINUE

RMED=ARPL(J)~ (ARPL(J)&ARPL(J-I))*((EP(J)-EZ)/(EP(J)-EP(J-I)))

PRINT888,RMED

FORMAT(2X, 'MUENR AIRMED RATIO=',E12.4)
DOSP=(1.602E-8)/. 877*DOSK*RMED

DO 404 J=1,30

IF(E2.LE. sp(a))coro4os

CONTINUE -

ARMU=ARMS(J) - (ARMS(J)-ARMS(J-I))*((EP(J)-EZ)/(EP(J)-EP(J-I)))

PRINT*,ARMU ,
DOSS=DOSP*NIP ‘
TAU=19.4*E2*ARMU

CIHR=1.332E+14

" RPPH=TAU/CIHR

RPPHM=DOSP*?7.9577471E-6

PRINT110,DOSK,DOSP

PRINT200,DOSS,TAU

' PRINTS555,RPPH, RPPHM
FonMAr(zx,'zNRG/Gn/prms',212 4, 3x,'Dossypwn IN RON =',312 4) ~

FORMAT(ZX,'DO’TOT(RON)",EIZ 4,3X, 'GAMA RAY CONSTNT=',El2. 4)

ST

|



- 103

|
o

555 FORMAT( 2X, 'GAMA DOSRAT='.ElZ.d.BX,fDOéRATE MONTKRLO="',E12.4)
RATIO=RPPH/RPPHM
. PRINT9000,RATIO ' .
9000 FORMAT(2X, 'GAMMA DOSE RATIO.FOR PLASTIC=',El12.6) .
* RETURN '
END

CIIIIIl.ll.‘l...l.....l'.ll.‘xl..‘..Ql.

c
SUBROUTINE TSDOS(TSNI,RTSHM)
COMMON/TIS/ ES{22),TSPE(22),TSC(22),TSP(22),TSMUT(22)
COMMON/RTS/ ARMM(22),ARTS(22) ‘
COMMON/TMSL/ V(1000),TSCNL(1000), TSET(1000)
COMMON H,E2,NDP
PRINT400
400  FORMAT(2X, snrxssus)
' RHO=1.000 .
PRINT500,H, E2 .
500  FORMAT(2X, 'THIKNESS CM=',E12.4,3X,'ENERGY IN MEV =',E12.4)
TSETJI=0 .
TSCNLK=0
DO1000 J=1,NDP .
IF(TSCNL(J) .EQ.0)GOTO1000 5
: TSET(J)={V(J)/1000)*TSCNL(J) ‘ .
1000 .  CONTINUE
DO300 J=1,NDP
. TSETJ=TSETJ+TSET(J) .
TSCNLK=TSCNLK + TSCNL(J) :
3000 CONTINUE
PRINT350, TSCNLK, TSETJ
350 . FORMAT(2X,'PHOTN INTRK=',E12.6,3X, 'ENERGY IN SPKTRM=',E12.4)
TSDT=TSETJ
TSI=TSCNLK
DO 250 J=1,22
1F(E2.LE.ES(J))GOTO0450
250  CONTINUE , : .
450  TSMU=TSMUT(J)~(TSMUT(J)~-TSMUTTI=T))*((ES(J)~E2)/(ES(JT)~ES(I~1)))
c PRINT*, TSMU , o
DMS=RHO*H
XMU=TSMU*H
TSNI=1-EXP(-XMU)
NIP=TSI/TSNI
PRINT600,NIP
600  FORMAT(2X, 'PHOTN INCDNT=',17)
DOSK=TSDT/ (DMS*NIP)
DO 402 J=1,22
IF(E2.LE.E6(J))GOTO403
402  CONTINUE
403  RMED=ARMM(J)-(ARMM(J)-ARMM(J-1))*((ES(J)~E2)/(ES(J)~ES({J-1)))

.

e i e P R




L PRINT8§8,RMED ~
888 PORMAT(2X, *MUENR AIRMED RATIO=',El2.4) |
DOSP=(1.602E-8)/.877*DOSK*RMED \
DO 404 J=1,22
1F(E2.LE.ES(J))GOTO405
404 CONTINUE
405 \ ARMU=ARTS(J)- (ARTS(J)-ARTS(J-I))*((ES(J)-EZ)/(ES(J)-ES(J-I)))
c PRINT*,ARMU :
; ‘ DOSS=DOSP*NIP
, ‘ TAU=19 .4*E2*ARMU
- CIHR=1.332E+14
RPPH=TAU/CIHR
RTSHM=DOSP*7. 95774712-5
PMICRH=(0.015208/(E2*ARMU) o ,
PRINT110,DOSK,DOSP . , 1
- ' . PRINT200,DOSS,TAU . : ~ :
- <o PRINTS55,RPPH, RTSHM ) _

110 FORMAT(ZX,'ENRG/GH/PTN=',EIZ.4,3X,‘DOSE/PTN IN RON =',E12.4)

200 FORMAT(2X, 'DOSTOT(RON)=',E12.4,3X, 'GAMA RAY CONSTNT=',E12.4)

555 FORMAT (2X, 'GAMA DOSRAT=' ,312 4, 3x,'DOSRATE MONTKRLO="',E12.4)
RATIO=RPPH/RTSHM' .
PRINT9000,RATIO ' ‘

9000 FORMAT(2X,'GAMMA DOSE RATIO FOR TISSUE=',El12.6)

: RETURN
END

— ,
.




101

106

©
.

105

108
103

PROGRAM SMEAR( INPUT,TAPES=INPUT,OUTPUT)

THE SMEARING OUT OF THE MONTE CARLO RESULTS IS DONE
BY THIS PROGRAM "SMEAR". '
C(N)=NO.OF COUNTS IN N'TH CHANNEL /
SIGMA= FWHM/2.35482

GAUSSIAN DISTRIBUTION IS F(I)

F(I)=[C(N)/SIGMA*SQRT 2P] EXPO-(I-N)**2/2*SIGMA**2
S(M)=NO.OF COUNTS IN SMEARED SPECTRUM

DIMENSION F(1000),C(1000),S(1000) ///

DO 100 I=1,266
READ(5,*)C(I)
CONTINUE
FW=30 ,
SIGMA=FW/2.35482
DN=SQRT(2%3.1415926)*SIGMA’ )
DN2=24SIGMA**2 -
DO105 K=1,252 4 ‘
N=15+K-1 ‘
DO 101 J=1,30 '1/
© F(J)=(C(N)/DN)*EXP(-(J+K-2-N)*#*2/DN2)
PRINT103,J,C(N),F(J) // .
CONTINUE Y
DO106 L=1,30 " ‘ //
M=L+K-1 )
S(M)=S(M)+F(L). /
CONTINUE "
. CONTINUE /
DO108 M=1,300 . , -
PRINT103,M,S(M) .
CONTINUE )
FORMAT(2X,14,3X,E12.4) .~ .
sTOP /
_END , ‘ ‘




L 106

PROGRAM BKGRND(INPUT TAPE4=INPUT, OUTPUT) . ;)

C....NC-NO OF CHANNEL,......CPCNL'N0.0P COUNTS IN CHK“NEL
C....TCN=TOTAL NO. OF COUNTS,......AVEC=AVERAGE COUNTS

C....RSPSRESPONSE.......H-THICKNESS,......RDUS‘RADIUS «
C....DMS=DETECTOR MASS

w

C. . . +BKGPS=BACKGROUND- PER SEC IN MEV

C....BGRPS= re re MICRORAD

C'.’- o'-BGRDH: ry HOUR

Cee+.BGMRNH= ,, - MICROROENTGEN
C. ae oBGGYHz oty re MICR
CODQOBGGY= vy YEAR MILIGRAY
c‘......‘.......‘.'...‘-.......'....'.;..‘.

c .

" 500

100

"900
505

300

200

DIMENSION X(1020),CPNL(1020)
PRINT*,'DATE 7 8 1 PM' C ‘
CPNLK=0 ' . 3
TCN=0 ‘ ‘
NC=499

TIM=1000

PRINTS500,TIM

FORHAT(5X,'TIME IN SECOND= ,312 4)

* DO 100 I=]1,NC

READ(4, *)X(I),CPNL(I)
READ(4,*)CPNL(I)
CONTINUE

DO 900 K=1,NC .
TCN=TCN+CPNL(K)
AVEC=TCN/NC .
CONTINUE )

* PRINTS505,TCN ,AVEC

FORMAT(/,6X, ' TOTAL COUNT=' '212 4, 2X,'AVERAGE= ,El2 4).
DO300 J=1,NC’

IF(J.LE.10)RSP=,851 '
IF(J.GT.10.AND.J.LE.20)RSP=,858

IF(J.GT.20.AND.J.LE.
IF(J.GT.40)RSP=, 983
ENC=6.1

DO200 K=1,NC ' . .
CPNLK=CPNLE+CPNL(K) :
CONTINUE |

H=5.08 o >
RDUS=2.54 o o
RH031q032 '
PI=3,141592654 ;

T ‘
> Al



105
107

106

107

nus=pxinao*n*nous*aous e :
TC=CPNLK : ‘
BKGPS=TC/( TIM*DMS) ‘ . .
BGRPS=1.602E-11*BKGPS '
BGRDH=3600*BGRPS*1E+06 ‘ .
BGMRNH=BGRDH/.877 -
BGGYH=BGRDH*1E-02
BGGY=24*365*BGGYH*1E-03
PRINT105,BKGPS,BGRPS
PRINT107,BGRDH, BGMRNH
PRINT106,BGGYH, BGGY ‘
FORMAT(/,GX,'BG(KEV)/SEC= .912 4,2X, 'BGRAD/SEC=',E12.4)
FORMAT(/,6X, '"MICRAD/HR=" ,E12.4, 2x,nMICRON/BR",EIZ.4)
FORMAT(/, ex,'ac MICGY/HR=',El2. 4 2X, ' BGMLGY/YR=',E12.4)
STOP

END
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