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ol , ~ ABSTRACT

TH@ORETICAL INVESTIGATION OF THE,EFFICIENCY OF

. NaI(Tl) CRYSTALS 2APOSZD TO 1MeV GAMMA

' RAYS BY /PHE MONTZ CARLO ME PHOD. . ‘ A

° .
e

Zahra)Ghorayshi

3
i

The objective of .this thesis is to develop a compﬁter
f\?rogramfus;ng the Monte Qarl& method.£o ca}culaté the effi-
ciency of the\righf circular cylindrical NaI(Tl) detectors

of different sizes, for monoeqergétic gamma-rays incident
along the axi's of the cylinder. ! . :
Here the number of photons depositing all of their.
enexgy in a 3"X 3" crystal is ﬁompared to the number incident ‘%
.on the crystal. The photon deposits energy by a sériés‘qf i \
éollisions with the electrons in themcrystal. Theocasé hi s~

tories of many photons travelling inside the crystal are

-followed using the Moﬁte Carlo method

¢
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atoms occur by the emission of photons., These photons are :

* height is proportional to the total energy deposited in the

’
a

' o CHAPTER 1 -~ /
¥ , INTRODUCTION
RKINCIPLE OF OPERAITON OF A CRYSTAL SCINTILLAPION SYSTEM. /

A photon interacting in a scintillation crystal‘
produces electrons by'photoelectric and Compton effect.
Thése charged particles in turn produce excitation ang ion-
ization of atoms along their tracks. De-excitation of the
tfansmitted throuéh a shaped pipe (fig. ].1.)1 to the photo-
cathode gf a photomultiplier. There photons release elec- ol
trons which. are accelerated and fbcused onto the firsf
dynode. Fop each primary electron hitting a dynode, two to
five secondary electrons are released. Up to 14 multiplying
stages are used, and overall amplification of up fo 109 can,
be achieved. Thus one.incident photn can produce a‘meésurf

able voltage pulse at the output of the multiplier. The pu}se

scintillator by&the entering gamma-ray. / ' i

A few remarks are in order concerning the mechanism of /

“observation of gamma-rays in NaI(Tl) crystals. For a gamma- \

ray of less! than 1ieV, only the photoeffect and Compton

effeé% have to be considered. The photoeffect results in an

electrbn with an energy Ee= E‘- Eb , where Eb is the binding

energy of the electron before it was e jected by the photon.

The Compton effect produces electrons by collision. Here the
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Scintillator
. NAI(T1) crystal. . ,
L]
i
1’ N I4 -2000'
’ light pipe * , ' \
‘ Photo cathode 7 . "
‘ \ € - i / : . .
o . Y Dynode 1 |
‘ O . Dynode 2 !
A g '
2 -
Dynode 13 .
g Dynode 14 i =
‘A
E 4 . . . b
; r Fig. 1.1. Secintillation counter. A particle passing
' through the scintillator produces light which .
is transmitted through a light pipe onto a
- photomultiplier.
*
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Klein-Nishina formula2 éives the relationship between_ the

23

recoil photon energy and the electron kinetic encergy. Thg

electrons will as a rule be completely absorbed in the

crystal, Thé energy deposited in the crystal gives éige‘to‘
a number of light quanta that are seen by the Eyetompltipliér.
In turn, these photons result in a pul%e praportional to the
total electron energy deposited Eé and with a certain AE dug
to a variation in gain in the photomultiplier.” If the in—‘

cident photon loses"aél'of its energy in, the crystal it gives

rise to a peak. Thi& photon or“fullfenergygpeak is shown in

'fig. 1.2, In many Comﬁfon interactions the energy of the

recoil photon is sufficient for it to cécape frdm the crystal.
The energy deposited in the cr&stal in this case-is mMuch less
than the fdll photon energy and is equal to, the én“rgy of thq
recoil electron: The energy of the electroné produccd by the
Compton effect gepends on the angle at which they are scatter-
ed. The Comptonfeffect therefore gives }ise to the lower
portion of the spectrum as shown in fig. 1.2.

The width of the full-energy peak, measured at half-
height, depends on the number 6f light quanta produced by
the incident gammazray.' Typicaliy‘AmVE‘ is of the order of
6-8% at 1MeV for a 2 inch erstalj

. The aié of this work is the theoretical evaluation of -

NaI(Tl) 'detector efficiency (The ratio of the number of gamma

rays under the full—energyhpeak‘gp the total number of
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incident gamma-rays) as a_ function of énergy for a scintilla:

tion detector by Monte Carlo method. . \ L
. N

Because of multiple interactions by Compton effect it

d

Ls‘impossible to calculate the radiation transport by analy-

tical methods.  The problem which must be solved for this

purpose is the calculation of the transport of gamma radis-
. Lo i

tion through the detector material taking the creation of

see&ndary radiations and phokon scattering into account.
Such calculations ha§e beon.reported‘by Miller and Snowj, '
Zerby and Moraq% and Seltzer aﬂd Bergegsfor point isotropic
sphrces located on the axis of right’ circular cylindrical
detectors.: M?“rshall6 has written a program for calc@lating
the response of scintillators in complex detector geometries
but few detalls are given. -

This paper describes a Monte Carlo calculation which
determines the phdtopeak detector efficiency of a right cir-
cular cylindrical NaI(Tl) detector for monoenegetic gamma
rayé incident along the axis of the eylinder. The analysis

considers only Compton and photoelectric interactions, pair

’ *production.was not taken into account: because the calculation

was done for gamma-rays with/gnergies below the palr produc-
tion threshold. -In all calt ulations, the creation of brem-
sstrahiung and Rayleigh scattering.was neglectedi _Rayleigh‘
scattering is negligible because of the small energy loés'

associated w1th thls event, bremsstrahlung losses. are small

for moot,gigctron energies considered here.'

i ke 21 e i e bk Wbt S e
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ey o 7 2, INTERACTION OF KADIATION WIPH MATTER

[}

?.1. ABSORPTION OF GAMMA-RAYS
M ' .

. Ihe asic propgrty of the absorption of gamma-rays is
the Exponential decrease in the intensity of raéiation-as a
homogeneous beaﬁ of gamma-rays passes ‘through alﬁfif)slab of
mitter. When .2 beam pf gamma-ray photons is incident on a({
thin absorber, each photon that is removed from the beam is

. . removed individugily in a single event. The event may be an

- actual absorption process,(fig.'zf].)7,~in which case the
! | ’

- t *

photon disappears, or the photon may be scattered out of the -
beam. ‘The.“one—shot" naturé of the reﬁoval process is rgspon-
» sible for the exponential absorption. The number of ﬁhotons
Lo removed ih passing through a thickﬂess AX“of dbsorber is
proportional to AX and to the number of photons reaching ax.
| When N, gamma-rays are incident on a slab of thickness
A X, the number of interactions of gamma-rays as they pass
through*the‘slab is proportionel to the thickness and to the

numbér of incident photons; o

-

dN = -Njdx S (2-1)

whére the proportionality constant ,‘l is called the

~

= v

s gives; ” ~

N/N o

2]

i}
@®
-

attenuation coefficient. Integration of the above equation .

.
e sapnling

S - T Ty
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This equatlon glves the, number of photons N remalnlng after

a beam of initial number N has travelled a thlckness xgof

v
' a given material(fig. 2.1.) |
r,/ The characteristic exponential absbrption cﬁrve giéen
by equation (2-2) is shown in fig. 2.1. Thus we see that a
bgam of gamma-rays will never be completely stopped by a
finite thickngss of matter, but its intensity will be re-

" duced. ‘ .
. R ’ '

7
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2.2, CROSS-SECTION AND ATTENUATION COEFFICIENT

One of the most importént measurments that must pe‘made
in a nuclear or atomic reactioﬁ is the probability that the
" reaction will pcéur under given exééiimental conditions.
The reaction proyability is usually expressed in terms of an
effective area. This area is called the cross-section (&)
wﬁich has the dimensions of an area.,and is expreésed in
‘units & barns ( 1b.= 10-24 cm2 ). T '
The concept 5f an atomic ;ross~section can be most easily
vis;alized‘as the "target area” presented by an atom to an
incident particiéﬂ Each atom is pictured as having an effec-
;ive‘gfgg—;owards the incident particles and can be very
‘different from the geometricgl area of the atom. 'The cross

section for an atomic reaction of one type, or for a'parti-

cular scattering process, is defined by

1o = Number of events 'of a given type/sec/atom
. Number of 4incident photons/sec/cm*

)

_ ‘ -, .
For an incident collimated beam of N'photons/sec/cm?

’

.striking a target of thickness dx containing n. target atoms
¢

/cm3. the ‘fraction of incident photons (fig..z,z.) removed

* 3

from'fhe beam is 1 | » T
aN/N'=emax < (2-3)
AU '
. 0
4 g
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Cross- sectlon for atomic reactmon as géometrlcal
areas. , , .

’
.

For a slab of materlal of thlckness X the atten%?tlon

of a photon beam contalnlng N0 photons/cm /sec is.obtained

¢

by integration of equatlon (2-3), from.x =0 to x =xp

N = NO‘

e-snx

:No

‘e'f‘x

¥

» Ll

a

,

where N .is the number of incident photons/cmz/sec which pass

t

. through the slab without 1nteract10n.

The total cross-section can be wrltten ‘ag a sum of
several partla;‘cross—sectlons whlch represent the contri-
bution of the various Qistjnct end indebendent processes.
The_ total atomic cross-section. may be written 1
P = Peom + Pondt o
p=c + T B

(-
.

The attenuatlon coefficlent may be defined as the probabllity

]
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K per»unit path length that a bhoton will interact with matter.

\This quantity depends on the photon energy hv, the density Y -

and the a‘tomic number 7 of the material.
The attenuation coefficient has dimension of (lepgthj}:

the attenuation coefficient is usually denoted by fL, where

Id

units dre cm_l, by FZf for cm /gm, }w'eylibr'cmi/eledtron,
§~by af{for‘cﬁz/atom. ‘

Alsa, it is given by; « - ' "
ncya = z:eaz . .
PO U ’
J/ps netr = wz/mie’s (vay ap
CH = PNZ/A) ep = AfN/A) ap

where Z‘is the atomic number, A is the atomic weight.‘N is

' ‘ . e s 3

Avogadro's number, and fis the density-~in gm/cm .

Fig. 2.3. illustrates the mass attenuation coefficient.

A
for sodium iod;de.

-

i w
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Fig. 2.3. lass attenuation coefficients for sodium lodide.

L The "Compton total” attenuation coefficient '
(s/F) = (6a/f) + (0s/P ) is shown explicitly,
because of its usefulness in computing the
behavior of NaI(Tl) scintillators. Linear atte-
nuation coefficients for Nal may be obtained by
using ‘f= 3.67 gm/cm® Nal. \ ‘

.

\
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2.3. ' CLASSIFICATION OF INTERACTIONs A . .

Interactions of photons-withH matter, by which individual- . 1
pPhotons are removed or deflected from a primary beam of X-

or-gamma-radiation, may be classified according to:

e e o)
=

1)¢hé kind of target,e.g., electroms, atoms, or nuclei, with"
which the photon interacts, and,
Zi The type of evenf.e.g.,fscattering; absorption,pair pro-
duction,etec., which takes place. #
B ”Theée are many possible types of interaction between
electromagnetic radiation and atoms} electpons and nuclei. |
Among all these the three which usually predominate belé&
10 MeV, are the bhotoelehtric. Compton, and pair production
interactions; The relative importance of these three varies
_with the energy of the incident photon and with.the atomic
number Z of the struck atoms. The curves in fig.2.1+7 are o {
the boundaries between three regions of hy and Z within

each of which oge of the three principal modes of inter«D’

" actidn is dominant. C ' I .

o " f \
.
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5 Photoelectric Pair production
€ '80] effect dominant dominant
L ’ ‘
60 .
o3
40 T=X
Compton effect
dominant
T :
851 o1 — 10 T30 :

- hy, in MeV

Fig. 2.4, Locus of equal atomic cross-sections for Compton
‘ and photoelectric interaction (&=7T) and for
Compton and pair-production interaction (O =% ).
The incident photon energy is hy, , .and°Z is the
atomic number of the atom in the absorber. ,
. Compton collisions have larger cross-section than’
, any other mode of interaction in the entire )
, . " domain of medium energy photons marked " Compton
" effect dominant". :
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2.3.1. ATOMIC PHOTOEFFECT(PHOTOZLECTRIC ABSORPTION),
FLUORESCENT RADIATION, THE AUGER EFFECT.

.,3 l I | | ‘/

In the atomic photoeffect, a photon disappears and an

\ . ¢
electron is ejected from an atom(fig. 2.5.)

o o

Photo electron
e

[

Fig.:2.5. The photoelectric effect sometimes_cailed
Ty ;

Y L

external conversion.

The electron carries:gway all the jgergy of the absérb-

. - ed photon, minus the energy binding the e€lectron to the atom.
If the photon energy drops below the binding energy of a

- given shell, an electron from that shell cannot be ejected.

Photoelectric gbsorption cannot take place with a free

’ , - electron because a third body is needed to share, and hence - ‘

conserve, the momentum. The remaining ion.prqyides this third

body.

A . ’ ) ¢
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The process is moét efficient when the energy of %ﬁe
‘photon is just sufficient to eject the fightly bound eléctron.
The K shell electrons; which are most tightly bound, are i
the most important for this effect in the egergy region e
considered in this rep?ft. If the incident gamma photon has
an energy .less than tgat required to remove a K-electron
from the atom, there may be photoelectric absorpfioﬁ with a

.less tightly electron in another shell. , o 1

. We shall now consider two phenomena that are commonly
1 assoclated with the photoelectric absorption of X-rays,
although both are actually guite independent of tie photo-

electric process. The first of these is the phenomenon of

+
G A ARl Mk e MR N, M ¢

fluorescent radiation accompanying the excitationgof the atoms’
by the phgtoelectric process. This radiation is of course

‘just the characteristic radiation of ‘the absorber. Yor a

“r

h it Db sy B

given wavelength of incident radiation, those series of the
characteristic spectrum will appear whose initial levels can

be excited by this radiation (fig. 2.6a.): This process is

¥ s < s

éalled X-ray fluorescence because the radiated quanta are

characteristit of the absorbing material rather than of the

incident radiation, just as in ordinary optical fluorescence.

The other phenomenon associated with photoelectric

o

absorption is called the Auger-effect. In this effect, an

atom which is in an excited state reduces its excitation by

.
]

* simultancouly dropping an electron from an upper shell into

the vacant electronic state and ejectiﬁg another electron

from a yet higher shell from the atom (fig. 2.6b.).
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. It should be emphasized that thq'seconﬁ electfqn is«« _

not ejected by photoelectgic absorption, but it happené “

.t directly in the process of read justment of the atom. This
vﬂform of readjustment of an egcited atom is called an Auger

transition and the electron ejected iéfcalled an Auger

©

L}

o electron. Augef transitions occur with quite high probabil-
ity ; an atom‘may emit two or more Auger electrons in a

sequence of Auger transitions from an ekxcited state.

-

. | ‘ o ’y “Jjﬁﬁ\f ]
o | c '- _/'v Q | I
| I - , .
7 .
. - 3 o - S
/‘ " (a) ' ’ (b).

Fig. 2.6. An atom ionized by the photoelectric effect has
- an inner shell vacancy and hence an energy equal
to the binding energy of the shell. containing the
vacancy. This energy is released by two competing
processes. (a) fluorescence radiation, (b) Auger
electron. '

Photoelectric absorption occurs mostly with gamma
rays of low energy and with elements-of high atomic rumber,

' because their inner electrons are more tightly bound. The,

photoelectric cross-section of an atom varies very roughly

with 1/a2 and 29 . It is because of this fact that lead

“~
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L)

"( 82 ) or uranium (2 = 92 ),are—oftep chosen as shiélds

:

agalnut electromagnetic radiation..

2.3.2. COMPTON’SCATTERI@E

.

~In Compton scattevlng, a photon collides with an
®
electron, loses some of 1ts energy and is deflected from its  °
original dlrectlon bf travel. The basic theory of this °

effect, assuming the electron to Dpe initially free and at

Jrest, is that of Klein and Nishina. This theory has been ¢

well ccnfirmed experimentally. ) K
Dver most of*the\region in which Compt?n scattering is
major part of the total cross sectlon, the Kleln--lehlna2

-

theory 1s directly applicable. }7

ﬁy_<The rélafionship between deflection and energy loss for
Compton scattering, assumiqg the electrop to be initiaily free
and stationary, is determ%ped from conservation of momentum
and energy between the photon and the recoiling electron.
This relatioﬁ can bé?expressed asi

= ® 1 »
AR 1+ A, (1-cose)

Where\Ao}aﬁd A are the energies of theAphoton before aﬁd
after the scattering in mc2 units,moc2 is the electron rest
energy and @ is the phoybn deflected angle (fig. 2.7): If a
photon of energy IMeV is scattered in the backward direction,
the max1mum electron enefgy in a Compton 1ntergctlon is about

.025 MeV 1ess than the incident photon energy:

Troem 7
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The electron can only be scattertd in a forward

direction., Since energy is éohserved, energy of the scatteré

.ed photon plus the kinetic energy of the Compton electron is ,
. L

equal 1o the energy of the incident photon.

The cross section for a Compton interactien increases

linearly with the atomic number of the scattéring material,

and decreases slowly with increasing gamma energy.  The

5

effect is’rqlativel& more significant than photoeleetric
f LI L ,

absorption at intermediate gamma energies, and in light

* elements (see fig.2.4.).

Scattered photon degraded

'* e Compten electron
in eéenergy ' ‘

%

.

«
3 | * . )
Fig, 2.7. The photon after being scattered has a lower
. energy corresponding to a longer wavelength.
0 ' . B f "’
\ . !
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2.3.3. COHERENT SCA'I‘T%R}NG - . R

‘ For sufficiently small angle‘scattering. or le'energy
photons, thg‘Kleih-Nishina% differential cross-section reduces
fo the classical Thomson cross~-segkion. Then thefe is no’
appreciable‘éhange in phbton energy, or waﬁZLength. on
scattgfiﬁg, and the energy transferéd to ‘the eiectron is ‘
ih;ufficieqf for it to escape from;its orbit. The atom as P

a whole absorbs the momentum recoil. Under these conditions

the Wavelength of the radiation scattered by each of the

electrons in the atom is the same. There is'a fixed phase |

relationsﬁip between the scattered and the izcident radiation.

This process‘is called coherent scétte?ing because it dépends ;
upon the co-operative action.of-all the electrohs in one.atom. }

Comﬁton céllisioqs involve only incoherent.scattering, |
in which each electron acts entirely independently. and there o ;
is no fixed phase nor wavelength relationship between the <
radiations gscattered by differeﬁtlelectrons in the same afom.

Compton(modified) scattering decreases as Z increases.

°
N .
\

' . N
. - . .
KRN A 0 O prawec £ ;




CHAPTER 3

v }

USE OF THE MONTE CARLO METHOD

1.

3.1. PRINCIPLE,OF MONTE CARLO METHOD 'Y
PR 4 ( '

The Monte Carlo method consists of following and

J categorizing a large rumber of photon his%ories from emission
ét the source to absorﬁtion within the aetectorx Random Py
numper and probability theory, combined with known transport
distributions~€%e used to locate the photon collision site, \
1 - as Qell as trajectory, energy and‘éirection throughout each
;istory. Then it is necessary to have a sowrce of random . - : |
numbers which scan the interval zero to one. Eacﬁ history
Vv s begun and terminated by two steps. v
Y ' _1) We- consider thg photon flu% to be incident élong'the | N

central)axis of(éZ% cylinder and each incident gamma-ray is
. {}rced to interact with%n the! bounds of the detector,i.é.,

- photons, are not allowed to escape from the detcctor before o

méking at least one collision (sece section 3.2. for further
explanation). ‘

2) Bach history is terminated when the energy of the phofon .
falls ﬁelow a specified minimum (e.g.,0.01 MeV),or the photon

( escapes from the cryétal. ' : ‘ v

After entrace of thé photon, the follewing has to be

y

studied:

; a) How far dqes the photon travel before it interacts with

the detector ?
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b) What new energy and direction does the photon have after
pndergoing an intgraction ?

Part (a) and (b) are repeated until either the\photon weight
6r energy drops below the appropriate threshold‘value, or

the photon is not within the bounds of the detector.

3.2, CALCULATION OF INTERACTION PATH LENGTH ' ~
4

If Np photons are sent into ‘a deteztor and N photons

pass through without interacting in the crystal, the relation

\h a2
between N and NO can be written as: ’

N - KX
———2 0
No

Where fLis'the attenuation coefficient and x is the path
length. N/N, is the probability that a photon will not inter-
act in the crystal, hence J-N/NO is the probability of an

interaction in travelling a distance x, we can call this

distance x the path length Al.

Then 1-e~ﬂt&l. = probability of interatiop(P).

We can use this in a Monte Carlo method by saying tééf.if we

l 3
dﬁaw a random number RCP the photon interacts, if P no

interaction occurs. ' We have:

1-e_e4d'= P h .

Then 1-P.= ¢"F&1

°

?y teking the natural logs of both sides, we get;

'
b e b i e e

et AN s sl
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1A(IZP) = -KAL, | | o

By choosing values:of (1-P) at random, equivalent

values of Al can be derived

» ol . f /
- i

. 3.2.1 METHOD QF FORCING PHOTON TO INTERACT IN THE CRYSTAL

1

In order to collect reasonable statistics it is

necessary to follow many case histories. .Since each of these
: : \

uses time on the computer, it is important to minimize

processing where possible. A useful first step is tovéliminate.

Photons which do not interact in the crystal.
From the previous section the probability of/ a photon
. 7% ‘ :
interacting in the erystal is 1-ef‘ where X is the thickness

of /the crystal . Expressing the thickness of the crystal in

g/cm2 and using the mass attenuation coefficient (ff/}’),fop

!

a 23" crystal and 1 MeV photons the probability of an inter-
action iss =~ - -2 (
1_818.355x5.80x10 =0.65514 n
wnere the crystal thickness is 18.355 gm/cm2 and 5.80 ¥ 10
is the mass attenuation coefficient for 1 MeV photons in Nal.

This is equivalent t; saying thaf if random numbers -
| between 0 and 0.65514 are drawn : the pa%ﬁ length.Al'wili

'always be less than the thickness of the crystal and so at

least have one interaction of interest.
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By this method we have eliminated the 35% of the

incident photons which do not interact. .
1 . C

No interaction’

¢ 4

‘(\ 0y »
T 0.65514 g -
. | 19
Interaction
- ’ ‘ r !
- 0 .
. - / L]

\,\ M

. ~ . ¢
A Fig; 3.1. Probability of having or nat having an inter-

action. .
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3.2.2. THE FIRST INTERACTION'.

Havingwéélected the depth of the first interaction Al,
the typg of interaction must be cﬁosen. For 1 Mquthe cro.s
éeptioﬁ for the photoelectric and (Gmpton interaction in <3
"spdiumﬁiodide'are 366X 1073 cm2/g and 5&3)(10—5 en?/g
respectivély. Normalising their sum to one, the respec;ive
frgctions of the total cross section are 0.063 and10.937 .

" Hence if a random nymber between 0 and 1 is chosen, one of

the interactions can .be selected. .

T |
, .1
Compton effect .
e ‘ _ ‘ ¢_Random
R . number
. 0.063 —A£_ | .
e ' R o // Photoelectric effect = .

Fig.. 3.2. Illustrating the selection of 2 Compton. interaction

-

)
LY
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3!2.3. "INTERACTION BY A PHOTOELECTRIC ABSORPTION

In this case soﬁe computer time is saved by éubdivid~
ing the 0.063 range into subdivisiohs representing various
interactions. Firstly the range can. be. divided between |
interactions in sodium and iodine (see fig. 3.3 ). Next,
interactions in the various shells in iodine are considered.

Interactions in the various shells of the sodium atom were

not considered. Using crogévsection data from J.H.Hubbellsand

JﬂH.Sgbfield?L

L Y

\ » y LT

photoelectric .

I
Fluorescence °® Auger ¥luorescence - Auger

photon electron , photon electron’

8

Fig. 3.3 Division of thé photoelectric interaction.

',
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T, - 558 X,10’5 b/atom = 5.58 X107 0.0262 xcvmz/gm/
= ],.’;'62 X107 cm?/gm |

Ty = 9.11 x10"1 b/aton = 9.11x1jo”1 _0.001;7116 en’/em .
= 4,324 )(10“3 cmz/gm :

_ To find the cross-section of Na and I out' of the total
photoelectric cross-sec?ion. we use their atomic weights,

Atomic weight of Na = 23

Atomic welght of I = 127 ¥
B . 45 |
Oywa = 1 IJ‘LZ’; 1123 X23 . 2.2k2 %10 6 cm?j/gm
| -3 - | C2
Cb.324 X107 %127 3
o5 = 127F 23 = 3.661 X10 cm /gm

3

o‘ld- O= 3.661%x10 ~ + 2.242 ><1o"6 = 3.661242 163cm2/gm
NQ ' .

The percentage of random’ number of Na = 6.12X 10"

*

The percentage of random number of I = 0.999388

These percentages are out of the total rand'om number
of the photoelectric part which occupies 0.063 of total ran-
dom number. . Then’portion of random numbers for Na and I is : I/
R of 1 = 0.999388X0.63172 = 0.0631333 ‘

L

R of Na = 6.12 10~ 'x 0.063172 = 0.0000387

J

e s e s i ot o 2 o
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.€lectric absorptiong are with iodine(I) atom, the calculation

~28-
‘ \..,' 3
\ 0.063172 - —
*
0.0000387"
v Ol . ’
4

Fig. 3.4. Illustrating the selection of a I or Na atom

interactjion in a photoelectric absorption.

When there is a photoelectric absorption, a photon‘of
an Augef el;ctron could be produced, then it should be
established which one of these two is producea.uand from
which shell it is coming. Sin¢e almost all of the photo-

: [}

are performed just for I.

To determine the shell that the collision occurg, the

K shell L1 shell L2 shell 1Y shell
(b/atom) 0.75201 0.081289 o.bgffo57 | .0061475

-
‘—zm miﬂrn..ruwuwk‘
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" probability, and it is given below;
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TNa

ur\l
1

. . ? .

. Pig. 3.5.. Division of photéelectric cross-section for Nal.

1fK + Tij +'ti? + fLB = 0.8451 504 b/atom

‘The fraction of cross-section for each shell is 1

F, = 0.081289/0,8451504 = 0.0961829
ﬁLz = 0.0057057/0.8451504 = 0.0067511
FL2 = 0.0061457/0.8451504 = 0.0072717

The range of random numbers for intgracfions in each shellis

normalized so that their sum equals the total photoelectric

N\

n

0.063172 - 0.0000387
10.0631333 %0.8897943
0.0651333 X 0.0961829

o]
1

0.0631333
0:0561757
0.0060723

R

=
=
i

0.0004262

= 0.,0631333 X0.0067511

o)
=
~
1

=
t
!

= 0.0631333 X 0.0072717 = 0.0004591

L] . L]




0.063172

i

0.0069963

0.000924

0.0004978

0.0000387 -
0

d

- Compton effgct

7

RK =,0.0561757 -

. Ri, = 0.0060723

PR

Ry, = 0.0004262
Ry, = 0.0004591

Rya = 0.0000387

Fig. 3.6. When random’number falls into one of these
' . " different regions, then that is the reaction:
: which occurs. ' ,

.gl?
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Ve now know,‘iy a photdelectrig interaction occurs, 'in
which atom'and in which‘'shell the colliéibn occurs.

The ejected photoelectfon leaves a\vacancyyin the a‘tom
which is filled by an ?lectron transition from an upper shell.
Here two possibie mechanisms compete, radiat;ve and Auger
transitions.

If a fluorescence photon is emitted then it will have .

to be followed further in the crystal, whereas if an Auger

electron is produced, it is assumed that all of its energy

~is deposited in the crystal.

The relative numbers of fluoréscence photons for K and
L shell vacancies are given by the fluorcscence yields‘”K.L
whicﬁ are defined as the fraction/gf vacancies filled by
radiative transitions. Va;ue oflﬁk;L are available from
W.Bambyne%)gj dl, and are given in Table 3.1.

The energies’of fluorescence photons and their relative.
intensities for iodine atoms are given in Table 3.2. These -
were taken from Storm and<Isfaef} It can be seen fhat the
photons fall into two grouﬁs'with similar energies,K-L and
K-M. Only these two groups were considefed in the program.
Fig. 3.7 summarizes the relative probabilities of zarious
emissions following K-shell transition by photoelectric

effect,

-

53
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_g -
| '
| I
i | | ~ Shell . K L, ( L, Iy
i * . . K , , . R .
' Probability of - 0 ) ]
having a photoniw). 0.882 0.0S% 0.992. 0.097 A
Probability of | : : o s
having an Auger -|0.118 0.942 | 0.909 0.903 ,
: electron. . ‘
) _ ‘ |
: Table. 3.1. Fraction of vacancies filled by radiative.
} ; ‘ " transition. .
i ’ ° !
' - . l
’ ) N a
. - |E transferred from - - -
; Kto L or M shell. | Kz | K-Ij K-My KMy
!, - 2] : ! @
: Energy in KeV. 28.318 28.613 32.’232 32,294 “
L N ! s - v -
' Relative inten- )
sities of kX-rays. 541 100 9.39 0.0914 i
§
G : , 8
s Table. 3.2. The energibs of fluorescence photons and their ‘ .

relative intensities for jodine atoms, -

A} N v
. ' .
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Fig. 3.7. The& relative probabilities of the emitted
' particle following, the photoelectric interaction ‘
. in the K-shell of iodine.. :
| * By choosi ~yandom number from 0 to 1, one of
these possibilities is selected.
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’3.2;u.. THE CQMPTON EFFECT

If an interéction takes place by the Compton effect
then it is necessary to select the energy of'ﬁhe recpil
,photon (A ) by drawing a random number. Once A is kno&n
then the recoil electron energy .( deposited in the crystal)
is just AO—lA,where Aois the energy of the photon before the
co}iision. .From a knowledge of A, and A the angle through

which the,ﬁhoton is ‘'scattered is also deduced by the equa-

-

'

tion;g

= AO/(l P Ag(l-cos8) ) .

To select the recoil photon energy, integials of the -
. differential cross section inA dinded'by the fotal~cross
section were compared to\bandom numbers. This is illustrat-

ed in fig. 3.8. The cross section da was integrated from

dA
the minimum A value AO/}#ZAO up to a selected value of 4 .

_If this expression as a fraction of the total cross “section

’

was less than the random number the range of the integraﬁ

was extended to A+ dA and the comparison repeated. Finally ,' .

this can be written asi o

A S ;
A{(dc-/dA ) m&gu/cm )dA ' .
- Fdﬁ/dA yas OO0 g - '
. J | ‘ . ’

. Ml'r,

2 inite A 3
N\

Enargy of A and A, is in mc” units.
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Fig. 3.8.. Method of finding - the energy of the recoil photon
‘ A by drawing a rar’xdog number. ,A is the recoil

. , photon energy, if M(dﬂ'/a)dn/f:“.dd'/da)’dn ' -exceeds

the random number drawn. The ratio in this case
is the shaded area-under the curve t& the total .
area under the curve
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2
G; is given by Nelms as

2
n?
G-T e )[’q( ‘HT;'_) (?-+~—-—Fi )(Znn _ln P zﬁ,)
\ A’— \ _\__+ ﬂev \+LA.']

ot et e

—= (2
Ao 2R, \+2-Ao( Ao "2(142A ))+ Ao

and;

4R Az A A AE AT~ A.A A Ao

\

Vihere v;. is the classical radiusﬁgf the electron. Hence;

!

- R(N) = “Y;‘ [H(H)(—-——*‘ )"(7—"’7""‘4‘ )(enﬂ(n)_.- -
6}ﬁo | <
Ao v (L . Atmy_
én |+2Ao)~ H("’ ZAo ) V4+2A,

Ro
14-__— _—
( Ao L\x2A,)

)+ (v 22 .

Initially 100 intervals from A min T Ap were used but
it was found that the 3e ranges are not flne enough for our
purposes. To improve the accuracy of the selection in the
above method, a second comparison was made. The first series
of integrétions‘allow the determination of :Eé rhoton_energy

in the range A to A + dA . This range of width dA '
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was then subdivided into gnother«loo intervals and phe o

process described above repeated. This is equivalent to .

e e e e it e 3 Mt O
[
.
-
S
-

using 100 100 intervals but saves a great deal .of computing

time.

1
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CHAPTER 4

_THE PASSAGE OF A PHOTON IN THE CRYSTAL
k.1, INTRODUCTION

The path of the photon} its’position of iﬁteraction
and the energy loét at each interaction must be followed as
the photon travels through the crystal. In addition each
point of interaction must be tested to see if the photop is
still inside the crystal. ' _ : -

At'eéch collision it is necessary to know the digect-
ion the photon is travelling before the interaction (direct-
ion cosines cosot, cosf,cos¥ ),the distance travelled from
the previous interaction Alj, and the position of the pre-
vious interaction Xi0 X5, Z;- From these-it is possible to
test if the interaction takes place in the crystal., If it

does, then the type~of interaction is determined as-discuss-

ed in the previous chapter, and the energy lost by the inter-

action is calculated..

If the interaction at Xi+]. Y1+1, Z +1 is by the
photoelectric effect it is #ssumed that any fluorescence
photon emitted ié isotropic so that the polar angle is .
selected raridomly ‘from values befween O° and 180° and the *
azimithal angle from values between 0" and 360 .o

For the Compton effect the polar angle © is glven by

the energy of ﬁhe recoil photon and the azimuthal angle is

~ .assumed to he uniformly distributed between ¢ and 366'.

?
The relationships between the scattering angle and

' . N 1
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Fig. 4.1,

¢

The geometry used) « ,3,¥ are the direction cosines,
Al; is the path length of the photon passing through
the cr'ystal 1s the polar angle, and’ <P is the

‘ azzmu;tT
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actions are: o ' .
| XO= 0

Yo= 0 )

4p= Al]‘

and the initial direction is:

cos C'><1=0 ) - |

cos B,= 0 S |

cos b,= 1

1

~o-

the distance travelled are shown in fig. 4.1,

Lk.2. THE FIRST INTERACTION

o

.Each photon enters the crystal along the Z axis and
forces to interact in the crystal by an appropriate choice

of random numbers. The co-ordinates of, the first inter-

- . '

From the interaction the new dlrectlon of travel is detemln-

ed by selection of the polar angle 6 and the azimuthal angle
CP. The new set of direction cosines( cosX,, oS f&z,

12
cos 32 ) is given by the standard transformatlon.

.

il

cos°<2 cose cosoc' + (s:.n 9/s:.n K (cosO< cos % cost\)
| , - cos[} sch)
cos e cc>sp1 + (sm e/sm &1) (cosf3 cos \61 cos<P

+ cos°<1 sin )

cos K7_= cosg cos¥, -(sinze /sinzx‘ )f(sinzk\ ?cosCI>

1]

cos [32

. ' 2
Except when (1~ cos K, ) approaches zero, in which case 1
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by

cos 04, = sin@Qcos P - ‘ : . %
cos [&2 = sin@sin ¢
cos K2= (cos%,/\cosk,\) cosB

4L,3. THZ SECOND AND SUBSEQUEKT INTERACTION

The first interaction will produce a photon with a
new energy so that in order to determine its path length.

before it interacts a new set of mass attenuation coefficienzs

is needed. These are interpolatéd from data already read in

by the program(see Table. 5.1, 2.). The path length to the

: &
- . . [ . L
next interaction is defined from:

Alz=:Lé%;L'

The co-ordinate of the interaction are given by: .

X,= Al, . cos®4+ X

2 2 2 1
Y2= A12 . ,cos%'i' Yl
ZZ= A12 R cosxz-r Z1

To test if this location is irn the crystal, we define:

2 2, 2
If Szi's greater than the radius of the crystal then the 5\

interaction hds taken place ouside of the crystal, i.e. the
r;hoton has ewgaped. The energy deposited in the crystal by
the first interaction is recorded and the next photon entering
the crystal iIs considered. " Ir addition if Za.is grelater than

the thickness of the crystal the photon has escaped.

(-
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If the site of interaction is in the crystal then the
t&pe of iﬁteractién ( Compton or photoelectric ) is chosen,
new arigles and photon energy found etc,and the process re-
peéted.

Photons were followed u;til they escapéd from the
crystal or their energy'dropped below 10 Kev, in which case
it was assumed they were absorbed in the crystal.

The total energy deposited by each photon was recorded

and the resulting spectrum is shown in the next chapter.

ot

¥




SRV

CHAPTER 5
RESULTS AND DISCUSSION

- )
5.1. RESULT .
Using t&p method described previously a FORTRAN pro-
gram was written to track the passage of individual photons
through a sodium iodide crystal. All cross sections of the

Compton and'photoelect}ic interactions were taken from

8 .
tabulation by J.H. Hubbell which is shown in Tables 5.1, o

5.2, A Flow Chart of the Prqgram is. shown in Appendix 1.

The program was run for xyev photons incident along
the axis of a 33(5'sodium iodide crystal and the output gave
the energy deposited in the crystal as a fraction of'the
incident photon energy in 100 intervals. The resultg are
shown in fig. 5.1. fof 16.000 interacting photons. It can

be seen that the figure divides into two parts. The large

peak is due. to photons stopping in the’crystal‘and depositing

all of their energy. The lower section of the curve is caus-
ed by the escape of photons from cr&stal.« Here the photons
deposit only a fraction of their energy. | '

The number 6f photons in the main peak expressed as a
fraction of the total numbers incident gives the counting
efficiency. In this case for 10,000 photoné interécting‘in
the crystal there are 1843 counts in this‘peak. In order to
calculate the efficiency it is necessary to khow the number’
of incident photons. that proddce 10,000 interactions.

The number of photons passing th}ough the crystal will

A

»
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‘" account and followed. ’ N

‘ %
N . by

-

be given by the familiar equation;

. ) -k
N = NO e

where Q)ls the number 1n01dent /4 is the af%enuation co-
efficient fpr 1MeV }‘otons in NaI( M = 5.8)(1‘0—2) and x is
the thickness of the crystal (x =,3"), the number interacting

3

(10,000) is given by Ng- N, or:

10,000 = Ny- I *
- -_— 'X
. = Ng- Np e ¥ _ -
= Ny (1 - e~ P, - .

Hence NO' the numbers incideﬁt in order to give- 10,000
interactions is equal to 15,264,
\ .
Using this value for the number incident and the 1,843

counts under the peak gives 0.0059 as the absolute eff1c1ency

of the crystal This absolute efficiency compares well w1th'

the absolute efficiency, 0.0055, calcﬁlated by R.L.Heathli.
Fig. 5.2. shows the comparison of theoretical and
experimental results.
5.2, DISCUSSION
In any Mont; Carlo program compromises between‘the
running time"anddapproximation havé to be made. Here.it has

been ‘assumed that all electrons produced are stoped in the

crystal and that photons below 10 keV are stopped in the

-crystal., The bremsstrahlung pfoduction was not taken into

LI
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PHOTON ,

ENERGY ‘COMP(T) ~ PHOTO(T) TOTAL I(PHOT)  NA(PHOT)
1.00E-02 ©  1.65E+01 1,36E+02 1.36E+02 1,58E+02 1. 50E+01
2/00E-02  '1.59E-01 2,11E+01 2.12E+01 2.46E+01 ' 1.70E+00
3.00E-02 1.54E-01 .6.70E+00 6.86E+00 7.83E+00 M4 66k-01
3. 32E-02 1.52E-01 5.03E+00 5.19E+00 5.88E+00 3¥00L-01
3.32E-02 1.52E+01 -3.03E+01 3.0LE+01 3.57E+01 2.00:-01 -
4.00E-02 1.49E-01 1.88E+01 1.89E+01 2,21E+03 1.88E-01 °

" 5,00E-02 - 1.44E-01 1.03E+01 1.058+01 1,22E+01 9.2§P-02
6.00E-02 1.40E-01 6.28E+00. 6.42E+00 7.40E+00 5.21E-02
8.00E-02 1.33E-01 2.87E400 3,00E+00 3.39E+00 2.07E-02
1.00E-01 1.27E-01 1.52E+00 1.64E400 1.79E+00 1.01E-02
1.50E-01 1.14E-01 4.76E-01 "54\90E-01. 5.60E-01 2.78E-03
2.00E-01 1.05E-01 ‘é.09E7Q1_;§)]hE-01 2.47E-01 1.12E-03
3.00E-01 9.098-02 6.68E-02 1.58E-01 7.88E-02 3.25E-0bL
4.00E-01 8.15E-02 3.10E-02 1.17E-01 7.88E-02 .1.39E-Ok
5.00E-01 7.44E-02 1.77E-02 9.21E-02_ 2.09E-02 7.49E-05 -
6.00E-01 6.88:-02 1.14E-02 8.02E-02 1.34E-02 4.,66E-05
8,00E-01 6.05E-02 5.88E-03 6.63E-02 6.93E-03- 2,36E-05

~ 1.00E+00 5.43E-p2 3.66E-03 5.80E-02 4.32E—93 1.46E-05

. Table. 5.1 Tabulation of .cross-sections for energies less

than 1MeV for Compton, photoelectric, tetal:
(Gcomp+ T Phete), for iodine and sodium(when
there is photoelectric effect). *All the cross
sections are in units of cm/gm.
. ), ‘
. e -
« . hd n
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Table. 5.2

Y g on 1

PHOTON

ENERGY (MeV)

1,0000E-02
1.5000E-02
2,0000E-02
3.0000E-02
3.3134E-02
3.3399E-02
4.0000E-02
5.0000E-02
6.0000E-02

8.0000E-02 .

1.0000E-~01
1.5000E-01
2.0000E-01

3.0000E-01.
1 ,0000E-01

5.0000E-01
6.0000E-01
. 8.0000E-01
" 1.0000E+00

Bl e L A b e a AT W b WY RN TSRS Bt A (| St et wed e vty e L v

b

K-SHELL
0.0000E+00,

0.0000E+00 |

0.Q000E+00

'0.0000E+00

0.0000E+00
6.0611E+03

. 3.8135E+403

2.1201E+403
1.2942E+03
5, BL6LE+02
3,1211E402
9.8370E+01

" 4,3309E401

1 . 391 ] E‘?O]
6.4163E400
3.6209E+00

+2.3201E400

1.2031E+00
7.5201E-01

’

energies less ‘th
of iodine.

units of cni/gm.

L

All the

_/ L-SHELL.

2. 8968E+0

8., L9l 5E+0

L4.06378+03
1.3046E+03
9.8L97E+02
9.6297E+02
5.7688E+02
3.04B6E+02

1.8055E+02

7376423+oi
4,.1170E+01
1.2687E+01
5.5355E400
1.7643E+00
8.1019E%01
L, 55465-01
2.9077E-01

1.49805-01
9.3141E-02

M-SHELL

: 5.5148Et93
. 1.0165E403

8.1735E402
2.6161E402
1.9745E402
1.9308E402
1.1557E402
6. 104LE+01
3.6142E+01
1.5743E+01
8.2L20E+00
2. 541 4E+00
1.1094E+0Q
3. 5384E-01
1.6247E-07
9.1338E-02
5.8304E-02
3.0024E-02
1.8656E-02

Tabulation of photoelectric cross-section for
1Mev for K, L, and M shell.

cross-sections are in
4
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10)

11)
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THE FLOW CHART OF THE PROGRAM.
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/
,\ i
’ /’l
. b
\
L . A ®
' [Choose a random number R] 4 ‘ \ .
Initial energy = 1MeV, store previous i ‘ ‘

, energy deposition. )

|

| a

é Stop J&—

N ¥

- {Set the initial direction co-ordinate as
o<,=f3 = 90, and ¥,= 0 , increase N, the
v | " {number of photons.

From R and &1; = In(R)/} distance into
crystal for the first interaction

; X =¥ =0, and 3 = AL -
’ [Choose 2 random number R |

& |

i _ o
R

; .




» - [

set J = J+1, and call a.random number. (J is
the number of collisionsthat one photon makes).

bt e i ot e A AR e e TR bt Wrarth <1
s .
»
S
a

‘ [set T = 1 %o 101]

A ! . . - K
3 ‘ calculate the energy of the photon . .
' . A (L) produced by the Compton eff-
’ " lect and”the random number R (L).

. yes :
set L =1 to 101, A, = A (L) -
and Ay = 4 (L-1)

4 h - i . B (‘\x

A (L) = (L-1) (A,~A1)/100 + A4 “ _
\
fcalculate R (L)

’\ ‘;‘?et energy of scattered photon
| = A (L) calculate, g from the
¢

|

a néw photon direction.Record energy !
Y deposition. .

o




y T [photoelectric effect]

‘ .
fchaose a random no. |.

- fluorescent radiation |

‘ set A0L = 00,0285 MeV
> . lor 401 = 0.032239 randomly

L 4
choose g from 0 to 180

. : choose & from 0 to 360,

.
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Set Ao].

a)

et ET =

o]

-t [ET=E+‘:Elost Fe
(Set A = A1 |

' ,}f
VA

Read the total cross-sectlon of the photon
and the length which it travels to make g
the second interaction.
«
| The
L interaction . yes "
takes place

out of
rystal.

NO

Calculate the angles ox,, Bz angd €,, and
the ?o—ordinate X,1.Y,, 4 fromg and AL, .

4

-




Lo
R e e ] ey 1Y SV Yo

o L o Y ""ﬁ e

% [
% , : .

E i N . ] ] 5 .

| , ‘ ‘ .

| : 1
! .

}

L1

i

! .

! <

; yes :@

4 Y /;’ . I/% l ‘

q
i
| ) !
/

calculate (AL3 }'°f3'B3" -&3

)

\ Read 'the cross sections for. new photon
'energy the range of random number for
different interaction in different shell.
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_APPENDIX "2"

. LIST OF THE PROGRAM FOR CALCULATING THE

EFFICIENGY OF Na(Tl) CRYSTALS EXPOSED (
TO 1MeV GAMMA RAYS BY MONTE CARLO METHOD.
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2.1

APROGRAM FOR CALCULATING [HE EFFICIENCY OF NalI(T1) CRYSTALS

_EAPOSED TO 1MeV GAMIA-RAYS BY MONTE CARLO METHOD FOR A 3X3

INCH CRYSTAL. :

N

00010 FROGRAM CORRECT (INPUTyOUTFUT s TAFES-GUTFUT s TAFES)
00020 DIMENSION NCOMP(101)yNFHOTOCLO1) »iSFHOT(101) v BO(20)
00030+ ~  $XMUL(20)+SIGMAPH(20) ySIGMACL{Z0) y SIGHANA(DRO) »
00040+ SIGHMAI(20)»A(301) yR(301)yCOCRG) » SIGIHAK(R0) y
00050+ SIGMAL1(20) ySIGMALR(20) »SFECT( 104 )rNiPHOT(iOI)
00060+ yKAFHOT(101) .

00070 RAD=3/2

00080 RAL=RALX3,447

00090 DEFTH=3,

00100 DEFTH=(UEFTH) 3,667 -
00110 .  XN=0.

00120 NCOMP (N)=0

00130 NFHOTO(N) =0 :

00140 ET=0.0 : Coe o

00150 . REALly TARLE? K

00140 CALL GET(SHTAPES, TABLE7+0,0)" ,

00170 . REAL(S»99)TOMIC L .t
00180 99 FORMAT(A1L) ) '

00190 TOND 23 I=1 419 i - B
00200 REALN( Sy 25)ROCI) » SIGHACCI) y SIGMAFH I ) s XMUL ()Y
00210+ +SIGMAT(I) SIGMANACT) :

00220 25 FORMAT(AH(ED,2»3X))
00230 23 BO(I)=R0O(I)/0.,311006

00240 REAL'y TAELES .
00250 CALL GET(SHTAPES,TARLE8B8+0s0)
00260 READ(S»992)TOFIC ' ,
00270 ng 24 1=1,19 . ’ ‘
. 00280 READ(S5r26)CO(1)»SIGMAK(I) »SIGMAL LT} ySIGMALRLT)

00290 26 FORMAT(E10.4y3X»3(E10.4,2X)) "
00300 24 CO(IN=CO(I)/0.511006 .

00310 B0 90 KK=1 s 101
00320 " 90 - SPECT(KK)=0, - .

00330 © NRAND=21175 oot
00340 10 CALL RANDU(NRAND;NRAND:RANDOM) )
00350 .' Y=RANDOM

00340 A0=1,/0.511006

00370 KK=(ET/A0)%10041 . .
00380 103 FORMAT(F10,4:3X»14)

00390 SPECT(KK)=SPECT (KK)+1 I

00400 IF(XN.GT,100,)60 TO 40 ‘ ‘ :

00410 XMU=5.80/¢10,%%2) . .

00420 H=0,79428E-25 . '

T 00430% ROX¥2=

00440 J=0 S S L ‘

o




1
; ¢
! 2.2
004% = (2, 718281828 %k (~XMUXDERTH)Y : .
00460 Y=YX(1-F) P . - .
00470 XN=XN+1 [
00480 DELTA1=( -ALOGCY) ) /XHU o
; 00490 ALFAI=90:%(3,141592654/180,) o
: ‘ 00500 BATAI=90.%(3.,141592654/180,)
09510 GAMAL=0, -
00520 X1=0."
00530 Y1=0. ' .
[ : 00540 L Z1=NELTAL . '
i 00550 CALL RANTIUCNRANITY NIRANT s RANDOM )
; 0540 Y=RANDIOM
; 00570 IF(YLE.0.043172)G0 TO 40
H 00580% b e o e e e e e ot o e e 4 ret o o ot e o
00520% : ) -
4 . 00600% . . COMPTON EFFECT
' 00610%. . : ' . .
00620% o e e N
00630 100 NCOMF(N)=NCOMI(N)+1 - . \\\<
00640 SIGRT=2.%3,14159265 4¥(H)*K((;0+Hu)/éOX*2)*(((2.
00650+ KC1o4A0I)/ (1,42, %A0) )~ {ALGH LT+ 11 XA0Y)
, 00660+ ) /Ab))L(ALoo(4.+ KADI Y ALZCRAGI (1 43 kA0
00670+ C L L. +2.%A0) k%2 '
. 00680 "B=(3.141592654%H) /SIGCT
c 00690 J=J+1
. £ 00700 . CALL RANDU(NRANIG NRANL RANDIOM)
00710 Y=RANDOM “
00720 [0 41 N=1 » 101 ,
00730 - LA =C(N-1 )% (A0 A0/ (1, +(2.*AO);;);7160+A0/(1 +
‘ _ 00740+ (2.%A0))
./ 00750 R(N)=<BA(50*$41)*(A<N)*<(2./Ao>+11./<p04%2)))—
) © 00760+ ’(2.&(2./90)—A0)*(ALOG(A(N); ALCG A0/ (L ot
\ ‘ 00770+ S (2,%A0)) Y (L AN Y FCCAIND RERE S/ (20 XA0) ) -
00780+ . (1 /(Lo H(20%A0) ) IR (2,4 (1 /05 +{A0/ (2K (1,
00790+ +(2,.%A0))) )+ (1 (2. KACI IV AGS ) N
. 00800 IF(Y.LT.RC(N)IGD TO 42 .
00810 41 CONTINUE . , ‘ , \ .
00820 42 A2=A(NI. . ' .
. 00830 - AL=A(N=1) ; ‘ < s .
00840 DO 43 N=1,, 101 ' S \
00850 A(NY=(N-1)%(A2-A1)/100+A1 : S
00840 | RONY=CE/ (A0KK2) DK (A CNIKCCD . /A0) #4404/ A0KK2) ) )~ ' |
00870+ (2w+(Z.VAO)—AO)*(ALUB(A(N))—QLGU(AO/(i 1 *
00880+ - T 20KA0II It ZAINI I FCCAINS ARSI /(2. %A0) ) - -
00890+ (1./(1.+(2.*AO)))*(2.+(1./ao>fkn0/( IS / .
00900+ Q'+Yz.*ao>f>))+<c1.&<2.tno>>,9“s, N L .
00910 - IF(Y.LT.R(N)) GO TO 45 - - ’ "




.
P
-

1]

-

00920
00930
00940
00950
00960 -
00970
00980
00950%

43
. 45

* 01000%"

" 01010%

01020%
01030%
01040

- 01050

"01040
01070%

60

01080

01090%
01100
011710%
01120
01130k
01140
01150%
01160.
01170
01180
‘01190
01200%
01210
01220
01230
01240%
01250

©.01260

01270
01280
01290
01300

" . 01310

01320
01330
. 01340
01350
01360
«.01370.
01380
01390

&

o

&4
11

¢

. Y=RANIIOM

“K-M2 OR K-M3 TRANSITION " , . s
" A01=0,032239/0.511004 : .

© ELOST=A0~A01 . .

'CONTINUE - .«
AOL=ACN) .

TATA“ACD“(l +1./00-1, /AOI) . . ‘

CAL L RANIU (NRANE » NRANTLy RANTION )
Y=RANIIOM \

FUY=YX(2.%3.141592654) . “ o ., -
GO TO 20 - . !

NFHOTO (N =1
J=1 : . -

IF(YLE,0.,063172,AN0.Y.GT.0.C067543500 TO 66

THE SCATTERING IS 'ON THE K SHEI.L
IF(Y.LE.0.D062963,4N0LY.LGT.0.0007540)60 TO 79
THE SCATTERING IS ON THE LI SHELL
SIF(YLE.0,0009240,ANTI.Y.GT.0.,0004378)G0 TO 79
THE SCATTERING IS ON L3 SHELL
IF(Y,LE, D.0004978.AND.Y .GT. 0.6006387
FHE SCATTERING IS ON L2 SHELL
IF(Y.LE.0.,000038700)060 TO 79 ¥
THE SCATTERING IS UITH THE - SUNT U HIUM
CALL RANINU(NRANID s NKANL» RANDOM )

00060 TO 79

IF(Y.LE»0,0580) GO TO 42
IF(Y.GT.0,0580) GO TN 64

GO TO 11"
A01=0,028514/0,511006

K-L2 OR K-L3 TRANSITION

cALL RANDU{NRAND:NRANU:RANDOM)

Y=RANLIOM °

TATA=Y¥3,141592654 , .

CALL RANDU(NRQND:NRAND;RANHOM) S )
Y=RANDQM . . A
FUY=YX(2.%3,141592654) - R {
 IFCADL.LT.(,01/0.511004))401= 0, S

IF(J/.EQ,1)ET=0.,0 -

ET=ETHELOST o S ,
_A0=A0T ‘ .
IF (AOL.LT.(0.01/0,511006))60 TG 0 , :
DO 27 I=1 » 19 : et

IF(AOL.LT.ROCI)) GO 10 28

¢

conrlnug ! L




01400
: - 014104
01420

. 01430
01440

01450

01460

. 01470

. 01480
. 01490

01500

© 01510

i 01520
P 01530
§ , 01540,
§ 01550
i " 01560
01570+
01580
T01590
01400
01610

! 014620
( / 01630
014640

C 01650
016460
01670+
014680+

. 01690
01700+

e
L

e e e a1 < P

20

92 .

é

! ' 01710+

| 01720
. 01730+

: . 01740
| I 01750
W S 01760
01770

© 01780
- 01790

B 01800

) . ¢ 01B10
01820

L 01836
. . .. -. 01840
, 01850
01860+

13

"14

i9

21

L

XMUE=((A01- O C(T~1)) /{ROCTI~KOCT-1 533 & {AMULCT )~
XMUL CL-10) #XMULCT =10

IF(J.OL.2)B0 TO 4

CALL RANLU (NIRANTTy NKARTI S RANDOM)

Fl

Y=RANDOM

DELTAR=(~ ALOG(Y))/XMU[ ' oo
ALFA2=ACOS(SINCTATA) XCOS (FUY)) e . '
BATA2=ACDS(SIN(TATAIKSIN(FUY)Y)
Ghﬁéq"hCUS((CUS(GAMAI)/APS(EUS(umun;:z)*CO”(TATA)) ¢

X2=(DELTAZ)X(COS (ALEAZY) . :
Y2=(DELTAZ) ¥ (COS(RATAR)) - &
Z2=(DELTA2XCOS (GAMAZ) ) +71 o '
S=SART((X2)XX2+(Y2)¥%2) . .. ‘ - :
IF(S.GT.RAINGO TO 10 ’ :
IF(Z2.,LT.0,0.0R.72.6T.DEFTH)GO TG 14

GO TO 33 .
FORMAT(3(F8.4r3X) s 1XsF 10, 4,5x,F,V.«~&x,F1o*4,

3XyF10.4) :
cAlL ﬂANnuannNn,NhaNu,ﬂANn0ﬁ> >
Y=RANDOM - _ 4

DELTAZ=(~ALOG(Y ) ) /XMUE )
IF(YEQ.2)G0 TO ¢ . :

v

. ALFAZ=ALFA3 ’ ) . c "

EATAZ=RATA3
GAMAZ=GAMAZ

IF (ARS(COS{GANAR) ) EQ, 146D TO - i3
r

ALFA3=ACOS(COZ(TATAIKXCOS (ALTAD) FIGINITATA)
/9 TN(GAMA"))*GCO"(A{FAJ/«(&S(O&ﬂﬁﬂ’*POS(IUY)

- COS(RATAZIXRSINCFUY))) o ,

BATA3= ACOS(CUS(TAFE\E%dZ(RATﬁS)+(?]N(TATA) :
/SIN(GAMARY YX(CTS(BATAR 4 COHS{GAMAD I RCOB(FUY) . ..
+COS(ALFARIXSIN(FUYD D) : . 3

GAMAZ=ACOS(COS(TATAIKCOS (GAMAZ >~ (SIN(TATA)/ -

‘ SIN(CAMA“))*(Jm(CO“(CAMnﬁ))*RQ)#CDS(FUY))
GO TO 14 - ’ ‘ -
ALFAZ=ACOS(SIN(TATA)XCOS(FUY)) .

BATA3=ACOS(SIN(TATAYXSIN(FUY)) .

GAMAZ= ACOS (COS(GAMAR) /ARS (COSLGAMAZ) JXCOS(TATAY) | -
IFCJLEQ.2)G0 TO 19 , ) ' [
X2=X3 \ e / .

Y2=Y3 ) . .
72=723 ’ ' . . .

X3= (DELTQ3)*(COS(ALFQ3))+X° <

Y3=(DELTA3) X (COSCEATAI NG Y2 -

Z3=((COS(GAMAZ) )X (DELLTAZ) )+ 72
IF (CABS(X3)) .GT.RADNOR. (ARS (Y33

5T
Z3.LT. 0 O0DRVZ3.GTWREPTHIGG T4 10

...,_—-‘r

KOl OR.

’ L N L




P e st A BIICICE (O PR S SRV L ¥ naat Liiids. )

2.5 .
Oj8;o*““~n_,“_,*“~,hmm~M,“~_m“_m_Wm-wwum*mm,-dh»-m.mmm”mﬁ )
01880% . IN THIS FART OF FROGRAM THE COMFUTER GOFS

. 01870% THROUGH THE TARLES AN RY KNOWING THE VALUE ¢
01900% COF ENERGY IT CALCULATES THF'CROSSTUNHTNG
01910% “VALUES QF CROSS SEC[IUNG .
01920% F=PHOTOELEYR1C CROSS SECTION FOR Lmnnb\ AO01-
01930% C=COMF'TON CROSS SECﬂIUN FOR ENERGY, AOL .
O 1 @ 0K e o et e e o e o e
019250 33 ’P?((AOI*BO(I*I))/(ﬁO(I)"HO(I“I)))*(SIGHAPH(I)%
01260+ . SIGMAFH{(I-1))48IGMAFH(I~1) : :
01?70 ’ ‘C=((AOI"BO(I~1))/(BO(I)—HO(Iwi)" (B1GHACCID - )
7019804 ’ STGMAC(I-1))4+8IGMACCTI~1)

v
v
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01990 | SIGNA=((AOI-BO(I~1))/(RBOCII~BHOCI~13 3 )X (STGHANACT ) -

02000+ SIGMANA(I-1))+SIGMANACI-1)

02010 . SIGI*((AOl"BQ(I~1))/(RO(I)~BO(I~"))*(SIGMAI(I)"

02020+ SIGMAI(I-1))+SIGMAT(I-1) ’ ‘ .
02030 no 35 B=1 » 19 ‘

02040 CIFCAOLLLT.COCINIGO TO 16

02050 35 CONTINUE . ,
02060 " 16 SIGK=((A01-CO(I~13)/(CO(II~COCT~155 3% (BLEMAK(I)

02070+ ~SIGMAK(I~1) ) +STIGMAK(I~1) .
02080 SIGLI=C((A0L-COCI~1))/CCOCT)~COCT~05 3 )k(SIGMAL L (1)
02090+ . =STGMALT (I=1) ) +81GMALL CT~1) ,
02100 SIGL2=C(A0L-COCTI~1))/CCOCI)~CoCi~1) M)X(GIGMAL2(T )
02110+ . ~SIGMAL2(T~1))+8IGMAL2(T~5) |
021 70*"‘“‘ e 9 015t 2 1 tin S e ot B i S g S S48 G008 et B e a1 50 4T 20 e 41 o L 721 e . S St b o e o 1 < e
OR130% .  IN THIS PART OF PROGRAM THE FORTION OF RANIOH
021 40% NUMEER FOR THE COMIM'TON FFFECT » FROTOCLECTRIC
02150% © EFFECT, SODIUM AND 10DNINE Wil BE LALCULATED .

021.60% T..I8 THE TOTAL CROSS SECTION )
02170% FF IS THE FRACTTON OF FHOTOELCOTRTS EFFECT o

. 02180% . FC IS THE FRACTION or COMMTON EFFECT & ‘

. 02190% . TNA IS THESODIUM CROSS SECTION FER ELECTRON. . )
02200% - TI IS THE- IODPNE cnosa SECTION FER ELECTRON .
02210%  .FNA IS THE FRACTION OF OF N& + . -
02220% . FI IS THE FRACTION OF § .- _— .
02230% . YNA AND YI ARE THE FORTION OF R r.om NUMRER
02240% FOR NA AND I .. .
oLkso*"w_mL_w_»—_~aw~“m,_,M_w-,""_m”mn_m;mwmmmmm“qu~~~~uv. \
02260 T=F4+C ° . - -
02270 YE=P/T -,
02280 YC=C/T o
02290 calL RANDU(NRAND NRANn,RANnnﬁ) . .
02300 . CY=RANDOM - o .
02310 IFCY.GT.YF) GO TO 100 ) , . : . .
02320 © NFHOTOC(N) = NFHOTO(N)+1 . . - o
02330 , NENES I . e , ) L L
02340 TNA=(SIGNAX23) /150, R \ v . ) S




FEAN

02350
02360
02370
02380 -
02390
02400
02410
02420
02430
02440
02450

- 02460

02470
02480
07490
0250
02510
02520
2530
O“ 40
02550x%

02560%

02570%
02580
02590
02400
02610
024620
02630
02640
02650
READY .

66

80

.79

40

21

2.6

, .
S 3

TI=(SIGIX*127)/1%50
FI=TI/(TNA+TI)

YI=FIXYP

FR=STGK/ (SIGL1+SIGLIHSIGR)
YR=YI¥FK

IF(YJLE.YR)GO 'TO 79

'KPHOT (N) =K*HOT (N) +1 ' -
CALL RANDUCNRANID y NRANITy RANLOM)

Y=RANDOM .
IFCY.LE.0.118) GO TO 80
KFPHOT(N)= hFFHOT(N)+1 Ty
GO TO Jhl -

KAFHOT(N) = hAPHOT(N){J
A01=0,0

GO TO 20 _ o

D0 97 KK=1 » 101 -
WRITE(6sP1)KKsSPECT(KK)
FORMAT(10XsT410XsFb4,0)
STOF

ENI

-

RANDDM NUMBER FUNCTION

SUBROUTINF RANDU(IXrIYyYFL)
DATA M/2B1474976710658
N=2147483651%1X :
TYy=MOD(NrM) n
YFL=IY SO
YFL=YFL*.3JSQ/136F 14

. RETURN

E N;I:l

s

»




