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MONTE CARLO CALCULATION OF MONOCHROMATIC GAMMA-RAYS 

ENERGY LOSS - APPLICATION FOR Nal(Tl) CRYSTALS 

H.Rc Franzen, O.Y. Mafra e F.G. Bianchini 

ABSTRACT 

A program (GINASB) using the Monte Carlo Method for calculating the energy loss 
spectra of monosnergetic gamma rays in Nal(Tl) is described, taking into account the follow­
ing primary interaction effects; Rayleigh, Photoeletric, Compton and Pair Production, 

The method can be applied for circular cylinders of various diameters and heights. 

This program supplies the energy loss spectra for point sources, broad and col-
limated parallel beams, and for incident gamma ray of energies from a few keV to 4 Me¥. 

The experimental resolution effect was taken into account by another program 
(STRECH). 

Both programs were written in Fortran-II-D for the IBM l620 - II Computer, 

In this paper, the lists of the programs, GIHASB and STRECH, functions and sub­
routines eire presented, 

A comparison between the calculated photo-fraction efficiencies and the energy 
loss - spectra with the experimental data is also presented. 

I - INTRODUCTION 

The precise knowledge of the energy loss spectra of 
gamma radiation is important in various fields of Nuclear Science 
and Technology, chiefly in Nuclear Spectroscopy. 

The theoretical and experimental values of this energy 
loss are of utmost importance for complex spectra. The program 
presented in this paper permits the evaluation of the energy loss 
spectra for any sort of detector, by employing the appropriate 
cross sections and the various physical constants which are 
caracteristics of the detector. 

In these theoretical calculations, the detector type 
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(scintillators, semiconductors, etc) is not relevant since the 
physical processes of gamma radiation interaction are the same 
and do not depend on the nature of the substance considered. This 
physical process of interaction is simulated by the Monte Carlo 
Method, the photon history being followed completely inside the 
detector. 

The informations which are obtained through gamma 
spectrometry are the measurement of the intensities and energies 
of the gamma rays. ^ 

In order tov̂ measure the gamma ray intensity it is 
necessary to know the photofraction and absolute total efficiency 
of the detector, which can be defined as follows: 

i - photofraction - is the fraction of interacting 
gamma rays that are totally absorbed (including all 
the secondary particles). 

ii - efficiency - Is the fraction of emitted source 
gamma rays that interacts at least once in the 
crystal. 

These factors can be calculated when the energy loss 
spectra is known. 

The program, written in Fortran II-D, can be supplied 
to a wide range of the basic parameters such as crystal dimensions, 
source geometries and incident gamma ray energies. 

Amongst others, one of the main reasons which led the 
authors to develop this program were the lack, in the literature 
available, of calculations with results concerning the various 
chosen parameters and the fact that there is not a good agreement 
between the results from different authors^^\ 

The program when utilized for Nal(Tl) crystal is called 
GINASB without the inclusion of Bremsstrahlung effect because of 
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the insufficiency of the IBM 1620 II cores storage. 

That is the reason why GINASB can be used only till 4 
MeV, where the Bremsstrahlung effect has a negligible influence. 
On a computer IBM/360 the inclusion of the Bremsstrahlung effect 
permits the calculation till 10 MeV. 

II - PHOTON HISTORIES 

The complete history of an incoming, photon and its sub­
sequent secondary radiation is simulated according to the follow­
ing manner.* for an incident photon of a known energy, the initial 
direction and the point at which it enters the crystal are chosen 
at random, taking into account the source distribution. 

In order to calculate the position of the first col­
lision, a random number (chosen in the interval 0 - 1 ) which 
represents the probability of a photon colliding at a distance I 
from the surface of the crystal, is related to the total cross 
section of the Sodium Iodide at the initial photon energy. The 
coordinates of the collision point are calculated and compared 
with the crystal dimensions. In the case that the collision point 
will be found to lie outside the crystal boundaries, the photon 
history ends. A count is placed in the history number counter 
and a new history is started. If the collision point lies inside 
the crystal (a count is placed in the interaction counter), a 
selection is made to choose the type of the event (Rayleigh or 
Compton scattering. Pair Production or Photoelectric Effect). The 
type of interaction is determined by a comparison of a random 
number with the ratio between the photoelectric effect cross 
section and the total cross section for the photon. If the random 
number is smaller than this ratio, the event will be a photo­
electric effect; in the contrary case, the random number is compar­
ed with the ratio of the sum of the cross sections for Compton 
scattering and photoelectric effect to the total cross section. If 
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the random number is smaller than this ratio, the event will be 
Compton scattering; in the contrary case it is compared with the 
ratio of the sum of cross sections due to the photoelectric effect, 
Compton scattering and pair production to the total cross section. 
If the random number will be smaller than this ratio, the event 
will be pair production; in the contrary case it will be a 
Rayleigh scattering. 

In the case of a Compton effect, the energy and direc­
tion of the secondary photon is calculated according to the 
Klein-Nishina distribution and this secondary photon is analyzed 
in the same way as the initial photon. The length of the Compton 

(3) 
electron track is calculated by using Wilson's theory and its 
energy is the difference between the primary and the secondary 
photon energies. In the Rayleigh effect, the energy loss of the 
photon is of 1 eV and its new direction is determined by comparing 
a random number with the critical angle 9^ (which is a function of 
the incident photon energy) and with another random number with 
the distribution dn = exp (- b cos 9^). In the pair production 
effect, the lengths of both the electron and the positron are 
calculated in order to check whether the whole track length of the 
particles lies inside the crystal or not. If the positron loses all 
of its energy inside the crystal, two annihilation gamma rays are 
produced at the end of the positron track. The direction of one of 
the gamma rays is chosen at random and, consequently the position 
of the other gamma ray is unambigously determined at 180° of the 
first. Such annihilation gamma rays are considered then in the 
same way as the initial photons. 

In the photoelectric effect, besides the photoelectron 
(which is analyzed whenever its track lies inside the crystal) 
there is the production of a characteristic gamma ray whose 
energy, for the Nal is of approximately 26 keV and has an isotropic 
distribution. This X-ray is treated in the same way as a initial 
gamma ray. 
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The energy loss spectra Is presented as a histogram, in 
which the sub-intervals have a width equal to E /n, where E is the 

^ o ' o 
incoming photon energy and n is the number of channels considered. 

Ill - GENERAL CONSIDERATIONS AND CALCULATION METHODS OF THE 
GINASB PROGRAM 

Transport Mean Free Path 

The distance between two collisions of a photon is 
chosen by hazard following the distribution: 

In (1 - C ) (1) 

where 

^ is a random number uniformly distributed in the 
0 - 1 interval, 

E is the total cross section at the photon energy. 

As the distributions (1 - and C are the same in the 
0 - 1 interval, it follows that: 

In 5 (2) 

Coordinate Systems at the Crystal Surface (Broad and Col-
limated Parallel Beams) 

Broad beam - It is assumed that the incident gamma 
rays are uniformly distributed at the crystal surface. The point 
of impact of the incident gamma ray is determined by selecting a 
random point on the face of the cylinder. 

Collimated parallel beam - The incident gamma ray is 
sampled in the same manner, except that the point of impact is 



restricted to an area defined by the radius of collimation 

initial = R cos e 
^initial = R sin G (3) 

where 

^initial ° 

R is the radial distance from the point of impact at 
the surface to the crystal center. 

This distance R can be calculated by the following 
expression 

where 

where 

^ = Crystal 

^crystal ~ crystal radius 

5 = random number from 0 to 1 

The angle 0 is chosen according to the distribution 

9 = Tr(2n - 1) (5) 

n is a random number between zero and 1 

Therefore, the final expressions for the initial 
coordinates are: 

X initial = ^crystal C-an-1)J 
^initial = Crystal X ^ " Q . C Z n - D D 

^initial ^ 

Calculation of the New Coordinates After Collision 

X = X. ,^. , + i initial cos a 

y = ^initial + ^ ^ 
z = Z j . . . . 1 + ^ initial cos Y 
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where 

i is the mean free path and cos a, cos 3 , cos y the 
direction cosines of the scattering direction. 

Von Neumann's Technique for Selecting a Uniformly 
Distributed Azimuthal Angle 

If 0 is the azimuthal angle and E. ^ and E,^ two random 
numbers uniformly distributed at the 0 — 1 interval, we can select 
sin 0 and cos 0 through the following block diagram 

start 
X = 2Cĵ - 1 

y = 5o d - X + y 

> 0 

= 0 

< 0 

2 2 
cos 0 = : y 

sin 0 = 
2xy 

cos Y 

p = cos 0 
A - first 

collision 
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Coveyou's Method for Selecting a Random Isotropic Direction 

If E,^, 5 2 three random numbers uniformly 
distributed in the 0 - 1 interval and, if K = XfT" / "^16 , the 
direction cosines can be obj:ained from the following block diagram: 

start 
x = K(2C^-l) 
y =K(25 2-1) ^2 , 2^ 2^ 2 , 2 d =(x +y +v ) 

cosa = 2xv/d 

cosB = 2 yv/d 

cosY= =(v - X -y )/d 

Kahn's Method for Randomly the Cosine of the Polar Angle of 
Scattering 

If a = E /,511 (where E is the photon energy in MeV) 
and C ^ , 5 3 are random numbers, the cosine of the polar angle 
of the scattering gamma ray, y, is obtained through the following 
diagram 

start 



9 . 

Rotation of the Coordinates. Choice of New Direction Cosines 

If cos a, cos 3s cos y are the new direction cosines of 
the incident photon, 0 the azimuthal angle, and y the cosine of 
the polar angle, the new scattering direction will be given by the 
direction cosines, cos a', cos 3 ' and cos y' by means of the follow 
ing diagram: 

< 0 cos a' = (l-ŷ )-'-̂ ĉos 0 

C O S 3 ' = (l-y^)^^^sin 0 

cos C O S Y cos Y - y 
cosy 

1 - H )l/2 
1-cos Y 

A = (— ^ ) 

cos a' = y cos a+ A(eos a cos Y cos 0 - cos 3 sin 0 ) 
cos 3 ' = y cos 3+ A (cos 3 cos Y C O S 0 + cos a sin 0 ) 
cos Y' = V cos Y- A(l - cos\)^ C O S 0 

Point Source - Forced Collisions 

The direction of the initial photon is chosen by hazard, 
uniformly distributed in a solid angle, subentended by the source 
height and the crystal diameter. 

If D is the distance from the point source to the 
crystal surface, R the crystal radius, ?-ĵ  a random number uniform­
ly distributed in*the 0 — 1 interval, the direction cosine of the 
z axis is calculated from the following block diagram 
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C O S Y = (1 - I ) - 1 

The other direction cosines can be obtained by 

e = Tr(2 ̂ 2 - 1) 

\ l-(cos Y ) 

cos Y 

^i = ̂ i C O S 9 

^i sin 9 

"i = 0 

where x^, y^, are the incidence coordinates at the crystal 
surface. 

IV - RESOLUTION EFFECTS - "STRECH" 

In the calculation of the energy loss spectra by the 
GINASB, no account was taken of the resolution effects accompany­
ing light collection within the crystal and its amplification 
through the photomultiplier system. In this chapter, those 
effects are included in the calculations. 

The function used to correct the resolution effects is 
a Gaussian curve in the form: 
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G(E, E') = — exp - I (E - E')^ / 

whose half width is determined experimentally. 

The resolution used for a Nal(Tl) 3" x 3" crystal was 
A E" 
(5) 

-1/2 
taken as R = A E + 3 , where A and B are parameters determined 
experimentally 

V - RESULTS AND COMPARISON WITH EXPERIMENTAL DATA 

Some calculations of photofraction and intrinsic ef­
ficiency were made. In order to allow a comparison with the data 
available other authors, the crystal dimensions and geometries were 
chosen accordingly. These comparisons are presented in the tables 
of the figures 2 and 3. 

The errors signed correspond only to the statistic 
fluctuations intrinsic of the Monte Carlo Method; therefore, the 
systematic errors, due to the choosen model or to the values of 
the cross section \pmployed, are not taken into account. 

In figure A we present a comparison of the photofraction 
curve with theoretical ̂'''̂  data obtained also by the Monte Carlo 
Method; it refers to point source, 10 cm far away from the Nal(Tl) 
crystal 3" x 3". 

Our results for the photofraction and efficiency can be 
considered satisfactory because of the reasonable agreement with 

(4) 
the experimental data, as can be observed in figure 5. 

A further comparison was made between the calculated 
histogram, the results obtained after the resolution correction by 

(A) 

the STRECH program and the experimental data (figure 6). 
The lack of agreement between the theoretical and the 

experimental response function can be attributed to the experi­
mental background. The fact that the experimental ph^topeak 

file:///pmployed
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considered in the STRECH program, is a perfect Gaussian and not 
a modified one are responsible for the disagreement; more correct 
approach should give rise to a deeper valley before the photo-
peak, 

VI - GINASB PROGRAM, SUBROUTINE AND FUNCTIONS FOR IBM 1620 
(Printer Unit 144 Positions) 

Function ACC 
Function POLSC 

Function REPOL 

Function NEUMAN 

random number generation, 
gives the total cross section Nal(Tl) 
crystal, 
gives the relation between the 
individual to total cross sections, 
cosine and sine of the azimuthal angle 

Subroutine GERAL 

Program GINASB 

calculates the energy loss inside the 
crystal, direction cosines and verifies 
if the electrons, positrons, gamma rays 
and X rays are or not inside the detec­
tor. 
selects the interaction type, kinetic 
energies and performs the distribution 
of energy loss in the corresponding 
channel. 

Number of Core Storage Positions Required 

ACC . 
POLSC 
REPOL 
GERAL 
NEUMAN 
GINASB 

342 
596 
2320 
8094 
680 

14730 
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Restriction 

a) maximum number of channels : 128 
b) the control card *FANDK1010 must be used in all 

functions, subroutine and main program 
c) the random number used to begin a complete calcula­

tion must have an 1, 3, 7 or 9 in the unit position. 

Sense Switch Conditions 

To interrupt the program whenever required turn on 
sense switch 2. After the program interruption, 15 cards will be 
punched. These cards contain the necessary data to a next process­
ing. 

To study the point source case, the switch number 3 
must be mantained on during the running. 

End of Processing 

The processing finishes when the total number of 
interactions in the spectra reaches 10.000. 

Equivalence 

RCRIST 
HCRIST 
RFEIXE 
DP 

IMP 

INTERV 

NI 
NH 
NC 

crystal radius (cm) 
crystal height (cm) 
beam radius (cm) 
distance from point source (cm) 
always zero to begin a complete 
calculation 
interval between the impression 
of partial results 
interactions number 
histories number 
Compton events number 

Format F7.3 
Format F7.3 
Format F7.3 
Format F7.3 

Format F7.3 

Format 16 
Format 16 
Format 16 
Format 16 
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NP pair' production events number Format 16 
NR Rayleigh events number: Format 16 
NF Photoelectric events number Format 16 
lU random number Format 110 
KANAL counts per channel Format 18 

VII - MODIFICATIONS OF GINASB PROGRAM, SUBROUTINE AND FUNCTIONS 
FOR IBM/360 COMPUTER (Model 44) 

a) In all functions J: subroutines and main program, 
replace LOG by ALOG. 

b) The random number lU must contain only 9 digits and 
must end with any odd digit,. 

c) Remove all cards *FANDK1010 of the functions, sub­
routine and main program, and also the cards LDISK, 

d) The variable IDENT in the READ instruction substi­
tutes the sense switch conditions (see list), 

e) Function ACC must be replaced by a new function ACC 
(see list). 

VIII - "STRECH" PROGRAM 

The resolution effect applied to the final results of 
GiMSB program can be obtained by the STRECH program written in 
sF'brtran II-D. The counts N(K) in a channel K can be obtained by 
the following expression: 

N (0. I(C,) -(E,-E, ) ^ / 2 a J 
= I — — e ^ ^ ^ 

1=1 \ r27a^ 
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where 
N = number of analyzed channels 

t i l 
1(E,^) = counts In the i channel (results of the 

GINASB program) 
1/2 

= BE + A(E^) where A and B are constants and E^ 
the energy of i channel 

E^, Eĵ  = channel energy i and k 
N(K) = final counts of k channel 

= 1 if i 0 and 
0)^ = 1/2 if i = first or last channel 

Sense Switch Conditions 

Sense switch 1 - ON - to interrupt the program. 
Sense switch 2 - ON - to check the niomber of the channel 

being processed. 

Core Storage Positions Required 

10418 

Restrictions 

Maximum number of channels: 145 
The program must contain the control card *FANDK1008 

Equivalence 

A,B constants in the expression 
A(E)-^^^ + BE Format 2E14,8 

E128 energy of the 128 channel Format E14,8 
N number of channels Format 14 
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RESUMO 

Neste 'trabalho apresenta-se o programa GINASB escrito em PORTRAN-II-D, para o com 

putador IBM 1620, modelo II. Este programa permite efetuar, através do método de Monte Cario 

um estudo da distribuição da perda de energia em cristais de iodeto de sódio, para radiação 

gama monoenergética, isto é, da função de resposta do cristal. 

Os efeitos de interação da radiação gama com a matéria considerados no programa 

são; Rayleigh, foto-elétrico, Compton e produção de pares. 

Podem ser efetuados com êate programa cálculos da perda de energia para fontes pon 

tuais ou feixes, para várias dimensões de cristal e para energias dos raios gama incidentes 

variando desde alguns keV até aproximadamente 4 MeV. 

Para o estudo da influência da resolução no espectro de linhas fornecido pelo pro 

grama GINASB, foi desenvolvido uiá outro programa * STRECH. 

Neste trabalho são apresentadas as listas doa programas, funções e sub-rotinasuti 

lizadas, e, também as modificações para o processamento do GINASB no computador IBM / 3éO. 

São apresentadas ainda comparações entre a foto-fração calculada pelo GINASB e va 

lores teóricos e experimentais de outros autores, assiin como uma comparação entre o espectro 

calculado corrigido para resolução e o experimental. 

RËSWiË 

Le GINASB est un programme écrit en langage FORTRAN-II-D, pour le computateur IBM 

1620, modèle II. Le programme utilize la méthode de Monte Carlo pour étudier la distribution 

de la perte d'énergie dans les cristaux d'iodure de sodium, pour des^fadiations gamma mono­

chromatiques. 

Les effets de l'interation de la radiation gamma avec la matière considérés sont: 

Rayleigh, photoélectrique, Compton et production de paires. 

Le programme permet calculer pour des cristaux de différentes dimensions, la per­

te d'énergie des rayons gamma provenant de sources ponctuelles ou de faisceaux d'énergies com 

prises entre quelques keV jusqu'à 4 MeV. 

Le rôle de la résolution dans le spectre de raies donné par le GINASB est étudié 

avec l'aide du programme STRECH. 

Les listes des programmes, fonctions et subroutines utilizées sont ici présentées 

ainsi que les modifications pour leur utilisation dans l'IBM/360. 

La comparaison entre la photofraction calculée par le GINASB, et quelques valeurs 

théoriques et expérimentales prouvées dans la littérature est faite. Nous avons calculé aus­

si le spectre affecté par la resolution et comparé avec les donnés expérimentales. 

ACKNOWLEDGEMENTS 

The authors wish to thank Professor Marcello D.de Souza 

Santos for suggestions and special interest, Mr. Achilles A. 

Suarez and Miss E. Mazzilli for valuable discussions during the 



. 17. . 

development of the work, and the Departamento de Matemática Aplic_a 
da, FFCL-USP, in the person of Mr. Maxmillian Hehl, for the use of 
IBM/360 computer. 

REFERENCES 

(1) B.J. Snyder - Nuclear Instruments and Methods, 46 (1967) 
173, 

(2) Methods in Computational in Physics - Berni Alder. 

(3) W.F. Miller, W.J. Snow - ANL 6318, 

(4) R.L. Heath - IDG 16880 - vol, 1, 

(5) CD. Zerby, H,S. Moran - ORNL 3169. 



.18 . 

LIST OF FIGURES 

Figure 1 - Variation of photofraction values against incident 
gamma ray energy. 

Figure 2 - Table presenting a comparison betxî een the photo-
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C Kl<=it PA I R P R O D U C T I ON 
C • K K = 5 A N N I H I L A T I O N GAMMAS 
C K K = 8 P H O T O E L E C T R I C E F F E C T 
C 1<K=9 R A Y L E I G H S C A T T E R I N G 
C Kl<=10 X R A Y 
C 
Q ic-'r -V -A--A--,V -,V -A' Vf Vf ic-A' -A-Vr - , ' r Q Q (ŝ j [V] E N T S " ' ' ' ' ' ' " ' ' 
C I N T E R V I N T E R V A L T O P R I N T P A R C I A L R E S U L T S 
C IMP E Q U A L Z E R O 
C X I N , Y I N , Z I N P O I N T C O O R D E N A T E S 
C F O T O F R P H O T O F R A C T I O N 
C E I N C I N C I D E N T E N E R G Y ( M E V ) 
C K A N A L ( K L ) C H A N N E L C O U N T S 
C NH NUMBER O F H I S T O R I E S 
C NC NUMBER O F C O M P T O N I N T E R A C T I O N S 
C N l P R I M A R Y I N T E R A C T I O N S N U M B E R 
C N F N U M B E R P H O T O E L E T R I C I N T E R A C T I O N S 
C NR N U M B E R R A Y L E I G H I N T E R A C T I O N S 
C NP N U M B E R O F P A I R S I N T E R A C T I O N S 
C A L F A D , B E T A D , G A M A D - D I R E C T I O N C O S I N E S O F I N C I D E N T 

GAMMA 
C E N A T O T A L E N E R G Y A B S O R B E D 
C Y F P H O T O E L E T R I C T O T O T A L C R O S S S E C T I O N R A T I O 
C Y C C O M P T O N T O T O T A L C R O S S S E C T I O N R A T I O 
C Y P P A I R P R O D U C T I O N T O T O T A L C R O S S S E C T I O N R A T I O 
C Y R R A Y L E I G H T O T O T A L C R O S S S E C T I O N R A T I O 
C 
C 
C . v y o V . v v . , v s w i T C H 2 O N - T O I N T E R R U P T T H E P R O G R A M 
C 
C 
C ' " — " " S W I T C H 3 O N - T O S T U D Y P O I N T S O U R C E 
C 

D I M E N S I O N K A N A L ( 1 2 8 ) 
COMMON r X , S H I F T , K K , X r N , Y I N , Z I N , R C R I S T , H C R I S T ^ KS 

, K / U ^ C O S F I , S E M F I , 
1A L F A D , B E T A D , G AMA D , UL , C 0 S F I E , S E N F ! E , E I N I C , E F , E N A 

S , X S , Y S ^ Z S , A D S , B D S , 
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C 
c 
c 

2 G D S , E C P P , M A R X , l U , ! R A Y , X K R 

S H I F T - 1 0 « - - C - 1 0 « ) 
I X = 1 0 0 G 0 3 
I R A Y = 0 . . . . 
X K R = S Q R T ( 3 . ) / (I* .-•^'•^C 2 . / 3 . ) ) 

C 
C 
C 
C V r * V r , t * ^ * ^ V f S T A R T — — 

1 22 2 R E A D , 1 0 , R C R I S T , H C R ! S T , R F E I X E , E ! n C , D P 
10 F O R M A T ( 5 F 7 , 3 ) 

R E A D 9 , M I , N F , N R , N C , i \ i P , l M H , I N T E R V , I M P , l U 
9 F G R M A T ( 8 I 5 , 1 1 0 ) 

P R I N T 9 9 8 , R C R I S T , H C R I S T , R F E I X E , E I N C , DP 
9 9 8 F O R H A T C I H , 1 5 H C R Y S T A L R A D I U S = F 7 , 3 , 2 H C M , 5 X , 1 5 H C R 

Y S T A L H E I G H T = F 7 . 3 , 2 . 
I H C M , 5 X , 1 2 H B E A M R A D I U S = F 7 . 3 , 2 H C M , 5 X , 7HE N E R G Y = F7 . 

• . 3 , 3 H M E V / 7 , 1 H , 1 3 H D I 
2 S T . S O U R C E = F 7 . 3 / / ) 

R E A D 8 9 0 0 ' , ( K A N A L ( KL ) , KL = 1 , i 2 8 ) 
8 900 F O R M A T C I O I S ) 

C 
I M P = I M P + I M T E R V 

C • 
C 

I Q l E I N I C = E i N C 
M A P P P = 0 
E N A = 0 

C 
C 
C NUMBER OF H I S T O R I E S 

N H = N H + 1 
Z IN = 0 

C 
C 

I F C S E N S E S l ' ^ I T C H 3 ) 2 0 3 ^ ^ , 2 0 3 5 
; P O I N T S O U R C E 
2Q5h A X = S Q R T ( R C R I S T ' - ' R C R I S T + DP^-DP ) 

C O S M A X = - D P / A X , 
C O S G = A C C ( I U ) -'M i . t C O S M A X ) - 1 . 
R I = A B S ( D P * S Q R T ( 1 . - C O S G - " ' - 2 ) / C O S G ) 
T E T A = 3 . 1 4 1 6 * ( 2 . * A C C ( I U ) - 1 , ) 
X I N = R I - ' ^ C O S ( T E T A ) 
Y I N = R I * S I N ( T E T A ) 
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A L F A D = X | N / S Q R T ( X I M-'-X I N + Y I N-'fY I N + DP- - -DP) 
B E T A D = Y I N / S Q R T ( X I N - X I N + Y I N Y I N + D P - DP ) 
G A M A D = C O S G 
GO T O U Q S O 

C 
c 
C D I S T A N C Y F R O M C R Y S T A L C E N T E R 

20 3 5 R = R F E I X E - " - S Q R T ( A C C ( l U ) ) 
C 
C ^ v , v v r , v . V E M T A N C E C O O R D E W A T E S O F I N C I D E N T GAMMA R A Y 

k&2 T E T A = 3 . 1 4 1 6 > ' ^ ( 2 . - " - A C C ( I U ) - 1 . ) 
X I N = R - ' - - C O S ( T E T A ) 
Y n j = R * S I N ( T E T A ) 

C 
C D I R E C T I O N C O S I N E S O F I N C I D E N T GAMMA R A Y 

3031^ A L F A D = 0 
B E T A D = 0 
G A M A D = - 1 

C 
c • , 

U08G E L E C O L = - l . / P O L S C ( E I N I C ) ^ a O G ( A C C ( I U ) ) 
C 

I F C S F . N S E S W I T C H 3 ) 2 3 9 7 , 2 3 9 5 
2 3 9 7 X I N = X I N + A L F A D - E L E C O L 

Y I W = Y I H + B E T A D - " E L E C O L 
23 96 Z I N = Z I N + E L E C O L " G A M A D 
2 3 9 8 K K = 1 

C A L L G E R A L -
E N A = E M A + E N A S 
GO T O ( 1 , 1 0 2 ) , K S 

10 2 N I = N I + 1 
C 
C " ' ^ " " * ' ^ " ^ ^ ' f T Y P E OF I N T E R A C T I O N S 

1 C 5 C A L L R E P O L C E I N r c , Y R , Y F , Y C , Y P ) 
4 5 6 6 Y = A C e ( l U ) 

I F ( Y - Y F ) 1 8 , 1 8 , 1 0 7 
1 Q 7 I F ( Y - ( Y F + Y C ) ) 1 Q 8 , 1 0 8 , 1 0 9 
1 G 8 N C = N C + 1 

GO T O 8 
1 0 9 I F ( Y - ( Y F + Y C + Y P ) ) 2 8 0 , 2 8 0 , 9 1 1 1 

C 
C 
C--V,v.v-;r-,v,\"-'>-;r,vcDMPT0N , E F F E C T 

8 A L F A = E I N I C / . 5 1 1 
23 R 1 = A C C ( I U ) 

I F ( R l - ( 2 . ^ ^ A L F A + l . ) / ( 2 . - ' ' - ' A L F A + 9 . ) ) 2 1 , 2 1 , 2 2 
21 R 2 = A C C ( I U ) 
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Y = l , + 2 . - - A L F A ' ' ^ . R 2 
R 3 = Â C C ( I U ) . 
! F ( R 3 - f i . " C l . / Y - l . / Y > ' ^ ' ' - 2 ) ) 2 í i , 2 U , 23 

2k U = 1 « - 2 . ' ' ^ R 2 
GO T O 26 

22 R 2 = A C C ( I U ) . , . 
Y = (2 . - ' - A L F A + 1 . ) / C 1 . +2 »'•• A L F A ' ' - R 2 ) 
U = l . - l » / A L F A - " - ( Y - l , ) 
R 3 = A C C ( I U ) 
I F C R 3 - . 5 ^ n U " - ' ' - 2 + l . / Y ) ) 2 6 , 2 6 , 2 3 

25 A L F A L = A L F Â / Y 
EF = » 5 1 1 ' V A L F A L 
C A L L N E U M A M C I U , C O S F I , S E N F I ) 
C Â A = C ü + E I N I C / , 5 1 1 ) t " 2 C 1 . - U ) 
U L = S Q R T C C A A / ( C A Â + 1 « + U ) ) 
C O S F I E = - C O S F I 
S E N F IE = - S E N F I 
KK = 2 
K = 2 
C A L L G E R A L 
E N A = E N A + E N A S 
GO T O C l , l Q t i ) , I < S 

IQk X I N = X S 
Y l N = Y S 
Z I N = Z S 

C 
C 
C F I N A L D l R E C T I O N C O S I N E S 

A L F A D = A D S 
B E T A D = B D S 
G A M A D = G D S 
E I N I C = E F 
GO T O 105 

C 
C 
CV"A-Vc-vvr- ; "V- ; "A-pA I R P í ^ O D U C T í ON 

28Ö' • I F C E ! N I C - 1 « 5 0 ) U 5 6 5 , 5 2 8 0 , 5 2 8 0 
5 2 8 0 E C P P = « 5 > ' ^ C E I N I C - 1 « 0 2 2 ) 

N P = N P + 1 
U = C O S C * 5 1 1 / E C P P ) 
C A L L NEUMAMC ! U , C O S F ' I , S E N F I ) 
UL = U 
I F C K K - 1 ) 3 3 , 3 l + , 3 3 

33 A L F A D = A D S 
B E T A D = B D S 
G A M A D = G D S 

Sk C O S F IE = - C O S F I 
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S E N F I E = - S E N F I 
KK = k 
K = 2 
C A L L G E R A L 
E N A = E M A + EíslAS 
GO T O ( 1 , 1 , 1 0 1 0 ) , K S 

C 
C 
C F I R S T A N N i H I L A T IOM GAMMA R A Y 

1 0 1 0 X I N = X S 
Y I N = Y S 
Z !M = ZS 
X I N N ' = X S 
Y I N N = Y S 
Z I N M = Z $ 
E L E = - 1 . / P 0 L S C ( , 5 1 1 ) ' ' - L O G ( A C C ( l U ) ) 
KK = 6 

C 
c 
C D I R E C T I O N C O S I N E S O F A N N I H I L A T I O N GAMMA R A Y 

3 9 9 9 X A N = X K R ^ ' ^ ( 2 . - A C C ( I ü ) - 1 . ) 
Y A N = X K R ' ' ^ ( 2 . " A C C ( I U ) - 1 « ) 
V A N = A C C ( I U ) 
D D = X A N • X A N + Y A N * Y A N + V A N - V A N 
i F ( 0 D * D D r V A N ) t ) . i t 7 6 , l < . U 7 6 , 3 9 Q 9 

hklb A L F A 0 = 2 * " X A N ' > V A N / D D 
B E T A D = 2 « " Y A N " V A N / D D 
GAMAD = ( V A N - ' W A N - X A N * X A N - Y A N - ' - Y A N ) / D D 

2 7 3 1 X f N = X I N + A L F A D - ' f E L E 
Y i N = Y I N + B E T A D " E L E 

5kkl Z IN = Z IN + ELE^ ' ^GAMAD 
1 Ö 0 2 C A L L G E R A L 

E N Â = E N A + E N A S 
M A P P P = M A R X 
GO T O ( 1 0 1 1 , 1 , 1 1 0 5 ) , K S 

1 1 0 5 E I N I C = . 5 i l 
GO T O 1Q5 

C S E C O N D A N N I H I L A T I O N GAMMA R A Y 
leil K K = 7 . 

E I N I C = . 5 1 1 
G A M A D = - G A M A D 
A L F A D = - A L F A D 
B E T A D = - B E T A D 
X I N = X I N N 
Y I N = Y I N N 
Z IN = Z I N N 
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E L E = - 1 , / P 0 L S C ( E 1 N I C ) ^ ^ L 0 G C A C C C l U ) ) 
GO T O 2 731 

C 

c 

18 
5 2 1 8 

- " - P H O T O E L E T R I C E F F E C T 
I F ( E i N 1 0 - 2 , 0 0 ) 5 2 1 8 , 5 2 1 8 , í t 5 5 6 
N F = N F + 1 • •- , 
I F ( E I M I C - . 0 3 3 1 5 ( 4 )5 2 2 0 , 5 2 2 0 , 5 2 1 9 

5 2 2 0 E L I G = » 0 0 5 1 8 7 
GO T 0 . 6 5 8 8 

5 2 1 9 E L I G = , 0 3 3 1 6 ! | 
5 5 8 8 EC IM=Eir^ i I G - Ç L I G 

C C C = ( E I N I C / » 5 1 1 ) ' ' " - ' - 2 
D D D = 1 « + 1 » 0 2 2 / E C I N , 
B C = S Q R T ( C C C " D D P / ( 1 . + C C C * D D D ) ) 

5 3 7 T E T A r S . l i + i e - K l o - A C C C l U ) ) 
A K = 2 » * B C ^ ' ^ ( 1 . + E L I G / E C I Í ^ ) 
DNDÜM = S I N ( T E T A ) - " 2 ( 1 « + AK- '^COS ( T E T A ) ) 
I F ( D N D Õ M ) 5 8 7 , 5 § " 6 , 5 8 6 

585 C O S M Â X = S Q R T ( ( 1 « + A K )^^^^21AK-'^^'^2 ) / A K - ( 1« + A K ) / A K 

D N D T E T = S i N ( T E T Â ) ^ ^ - " - 2 ^ ' ^ ( 1 , + A K ^ ' ^ C O S ( T E T A ) ) / ( ( 1 . - C O S M 
A X ' " ^ * 2 ) ' - ( 1 „ + A 1 < ' ' - C 0 S M A 

IX) ) 
I F C A C C C n J ) - D N D T E T ) 1 5 8 6 , 1 5 8 6 , 5 8 7 

1 5 3 5 U L = C O S ( T E T A ) 
C A L L N E U M A M C r u , C O S F I E , S E N F I E ) 
1 F ( I < K - l ) 9 1 ! + , 9 1 3 , 9 1 l f 

9 U A L F A D = A D S 
B E T A D = B D S 
G Â M A D = G D S 

9 1 3 [<K = 8 
K = - l 
C A L L G E R A L 
E N A = E N A + E N A S 

1 I F C M A P P P ) 9 1 1 , 9 1 1 , 1 0 1 2 
1 0 1 2 M A P P P = 0 . 

GO T O 1 0 1 1 

9 1 1 1 
8 8 86 

R A Y L E I G H S C A T T E R I N G 
I F ( E I N I C - Ú 5 0 0 ) 8 8 8-6,tt5 6 6 , í i 5 66 
N R = M R + 1 
I R A Y = 1 . , , . 
S E N C = , O 2 6 5 3 . -'̂  C 1 « / 3 „ ) --^ 511 / E I N I C 
C 0 S C = l . - 2 . ' - S E N C ' ^ S E N C 

7 í t 56 C 0 S T Q = 2 « ' ' ^ A C C C I U ) - 1 , 
I F C A B S C C O S C ) - l « ) 7 í + l l , 7 í + 1 1 ^ 1 2 7 3 
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7 f t l l 
1 2 7 3 
8 1 0 1 

1 8 C 8 
2 6 0 5 
2 6 0 7 

2 6 0 8 

2 7 1 2 

9 1 Q 5 

I F C C O S T a T C O S C ) 7 l i 5 6 , 1 2 7 3 , 1 2 7 3 
. D N = E X P ( - . 1 0 0 ^ - C O S T Q ) 
Y = A C C ( l U ) 
I F e D N - Y ) 7 l 4 6 6 , 1 8 Q 8 , 1 8 0 8 
U L = C O S T Q 
I F ( K K - 1 ) 2 6 0 7 , 2 6 0 3 , 2 6 0 7 
A L F A n = A D S 
B E T A D = B D S 
G A M A D = G D S 
KK = 9 
C A L L N E U M A M C | U , C O S F I E , S E N F I E ) 
E I N I C = E I N I C - . Q 0 1 
K = - l 
C A L L G E R A L 
I R A Y = 0 , 
E N A = E N A + . Q 0 1 
GO T O C 1 , 9 1 0 5 ) , K S 
X I N = K S 
Y I N - Y S 
Z I N = ZS 
A L F A D = A D S 
B E T A D = B D S 
GAMAD=GDS 
GO T O 10 5 

' " i - ' - ^ v V V r V r V f i V V f T O T A L C'^ 
C 
C 

9 1 1 
9 1 2 

9 1 5 

8 3 1 6 
9 1 9 
k91k 

C 
C 

2 0 1 0 
6 0 1 
1 1 8 0 

E N E R G Y D I S T R I B U T I O N 

I F C E N A ) 9 1 2 , 2 0 I G , 9 1 2 
I I = E N A / E I M C ' ' ' 1 2 8 . 
I F C I I - 1 2 8 ) í f g i l ! . , 9 1 5 , 8 3 1 6 
K A N A L C I I ) = K A H A L C I I ) + l 
GO T O 2 0 1 0 

P R I N T 9 , N H 
S T O P 1 

K A N A L C I l + l ) = K A N A L ( I 1+1 ) + l 

. ^ . v . ^ . w . , v - v * * v r p R I N T I NG R E S U L T S 
I F C S E N S E S V - ; i T C H 2 ) 9 9 6 , 6 Í 
I F C N I - I M P ) i a i , 1 1 8 0 , 1 1 8 0 
I M P = I M P + I N T E R V 
I F ( I M P - 1 0 0 0 0 - I N T E R V ) 9 9 6 , 9 9 5 , 9 1 9 

996 P R I N T 9 9 7 , N H , N I , NC , NR , N F , N P , I U , IM P 
P R I N T 8 4 9 , C K L , K A N A L C K L ) , K L = 1 , 1 2 8 ) 
L I =0 
DO 6 6 5 6 K L = 1 , 1 2 8 

6 5 6 6 L I = L I + K A N A L C K L ) 
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A L ! = L 1 
S S S = K A N A L ( 1 2 8 ) 
F O T O F R = S S S / A L I 
A M I = N I 
A N H = N H 
E F I C = A N 1 / A N H 
E R R O = S Q R T ( F O T O F R-'-( 1 . - F O T O F R) / A N i ) 
PR I N T 4 8 95 , L I , F O T O F R , E R R O ^ E F I C 

4 8 9 6 F 0 R M A T ( / 1 N , 1 0 h T 0 T A L SUM= 1 1 0 , 5 X , 1 4 H P H O T O F R A C T I 0 
. N = F 7 « 4 , 3 X , 6 H E R R O R = F , 

3 8 . 4 / 6 X , 1 0 H E F IC I E N C Y = F 5 « 3 / / ) 
I M P 1 = I M P - I N T E R V 
P U N C H 1 0 , R C R I S T , H C R I S T , R F E I X E , E ! M C , D P 
P U N C H 9 , N I , N F , N R , N C , N P , N H , I N T E R V , I M P l , ! U 
P U N C H 8 9 G 0 , ( K A N A L ( K L ) , K L = 1 , 1 2 8 ) 

I F C N I - I G O O G ) 1 0 1 , 1 2 2 2 , 1 2 2 2 
8 4 9 F O R M A T C I Q C I H , 1 3 , ! 5 , 4 X ) )• 
99 7 F O R M A T C I H , 3 H N H = I 7 , 4 X , 3 H N I = I 7 , 4 X , 3 H N C = I 7 , 4 X , 3 H H 

R = I 7 , 4 X , 3 H N F = ! 7 , 4 X , 
1 3 H N P = I 7 , 4 X , 3 H I U = I 1 0 , 4 X , 4 H I M P = I 5 / / ) 

E N D 

'-'ID I S K N E U M A M 
- " - F A N D K l O l O 

S U B R O U T I N E N E U M A M C I U , C O S F I S , S E N F I S ) 
C O M M O N . I X X , S H I F T T . 

25 X I S = 2 , " A C C C i U ) - l » 
Y I S = A C C C I U ) 
D = X I S " v 2 + Y I S " " 2 
I F C D - 1 , ) 2 7 , 2 7 , 2 5 

27 C O S F I S = C X I S-----2 - Y I S-•"'^2 ) / D 
S E N F I S = 2 . " X I S " Y ! S / D 

1 R E T U R N 
E N D 
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' • L D I S K P O L S C 
" F A N D K I O I O 

F U N C T I O N P O L S C ( X ) 
COMMON ! X X , S H I F T T 
A = . 4 3 4 2 9 4 4 3 " L O G ( X ) , , 
Y ^ ( ( ( ( ( ( ( . 1 6 3 0 8 6 9 ' ' - A h - . 0 7 9 6 5 2 9 8 9 ) ^ ' - A - . 6 5 7 2 9 6 7 5 )-'^A-

. 1 1 5 2 7 8 6 5 ) ^ - A + . 9 0 4 5 9 
1 7 0 8 ) " A - . 2 1 3 2 72 2 ) ' ' - A + , 2 4 5 7 7 6 2 5 ) ' ' >A- „58 0 6 9 2 4 5 ) - ' - A - . 6 

7 7 6 5 7 0 5 
P O L S C = l G « - ' - - - Y 
R E T U R N 
E N D 

^t, . . I * 

" L D I S K R E P O L 
" F A N D K l O l O 

S U B R O U T I N E RE P O L ( X , Y R , Y F , Y C , Y P ) 
COMMON I X X , S H I F T T 

C Y R = R A Y L E I G H / T O T A L 
C Y F = P H O T O E L E T R I C / T O T A L 
C Y C = C O M P T O N / T O T A L 
C Y P = P A 1 R S / T O T A L 

I F ( X - . 0 3 3 ) 4 0 2 , ¡ + 0 1 , 4 0 1 
401 A = . 4 3 4 2 9 4 4 8 ' : a O G ( X ) • . 

Y C = ( ( ( ( ( ( ( - a 7 0 24571^V\-.a84704039 ) ^ - A + . 6 S 9 3 9 0 4 1 ) 
' ^ A + . 1 2 7 2 6 4 5 9 ) ^ ^ A - . 9 0 . 

1 2 3 67 4 6 ) - " - A + . 2 5 9 3 G 4 4 7 ) - ' ^A - , 3 67 49 33 5 ) A + . 0 5 3 1 8 1 1 2 1 ) 
" A t , 0 2 5 6 9 8 4 O 4 t t j ; I ̂ . ! '. 

Y C = 1 0 . t " Y C ' • ' .• i ; 
I F C X - 2 , G C ) 2 5 6 , 2 5 5 , 257 . ^"\>\l^^'. 

256 Y F = ( ( ( ( ( ( ( - a 7 44 715 8 ^ A - . 0 89 2 5f3:i^65;)=FARK,tf7A0 8 6 5 9 2 ) 
' • A + , 1 2 8 $ 3 S 1 9 ) ' ' « A - 1 . 0 . ' " 

1 9 5 9 355 ) " A + , 2 1 9 9 9 9 9 7 ) ' ' A + . 5 0 0 3 20 88 ) - A - l ' . 4 7 5 1 7 7 4 ) -
A - X « 2 0 3 3 3 O 2 

Y F = 10 , - ' ^ ' ' ^YF 
GO T O 2 58 

257 Y F = 0 . 
258 I F ( X 7 l . 5 ) 1 0 , l l , l l . . . . . 

10 Y P = 0 . 
GO T O 60 
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11 Y P = ( C ( ( ( ( ( ( ( - 5 . 2 0 5 7 2 4 7 - A + l l e 7 2 9 5 24)''^A-2a291118 
)^^A-6 . 8 5 0 2 7 8 1 ) * A - 1 , . 

1552049 ) « A + , 9 3 5 3 28 72 ) t A + 4 . 2913 58 l ) ' ^ A + 5 , 5 5 Q 3 0 1 2 ) * 
A - 1 5 . 5 3 9 1 2 3 ) - > A + 1 0 , 8 

1 1 7 1 6 5 ) ' V A -3 ' .2 7 3 7 0 8 
YP = 10,'V-VYP 

60 I F C X T I . 5 ) 2 0 , 2 0 , 2 1 
21 Y R = 0 . 

GO -TO 30 , 
20 YR= ( ( ( ( - 1 . 3 5 4 7 49 4 - " -A-3 . 0 8 3 70 5 6 ) * A - 1 . 5 G 69 3 2 ) * A - . 5 

7951172 )-'-A-ia82879 
1 9 ) - " - A - U 7 49251 

YR = 10 .*''-YR 
30 RETURN 

402 YR=0 
YC=0 
YP = 0 
YF = 1 
RETURN 
END 

-'•̂ LD I S K A C C 
- ' ^ F A N D K l O l O 

F U N C T I O N A C C ( I U ) 
COMMON I X ' X , S H I F T T 
I X = I X X 
S H I F T = S H I F T T 
I U = i x * t u 

R U = I U 
A C C = R U " S H I F T 
R E T U R N 
E N D 
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• " L D I S K G E R A L 
" F A N D K l O l O 

S U B R O U T I N E G E R A L 
C 
C 

COMMON I X X ^ S H I F T T , K K K , X , Y / Z , R C R I S T , H C R I S T , K K K S , 
K E N T , U E , C O S E , S E N E , 

1 A L F E , B E T E , G A M E , U E E , C 0 S F E , S E N F E , E I N I C 1 , E F 1 , E N A S , 
X T A U X , Y T A U X , Z T A U X , 

2 A L F A U X , B E T A U X , G A M A U X , E C P P 1 , M A R X , l U , I R A Y S , X K R R 
K F = 0 • 
M F = 0 
R A R X = 0 
E N A S = 0 
I K K K = K K K 
M A R P = - 1 
K O N T = 0 
X T = X 
Y T = Y 
Z T = Z 
GO T O ( 3 0 1 , 3 0 2 , 1 , 3 0 2 , 1 , 3 0 1 , 3 0 1 , 3 0 2 , 3 0 2 ) , I K K K 

1 S T O P 
30 2 A = U E E 

B = C O S F E 
C = S E N F E 
D = G A M E 
E = A L F E 
F = B E T E 
K E = K E N T 

6 I F ( A B S ( D ) 7 l . ) 2 1 , 2 , 2 1 
21 C A = S Q R T ( l , - A - " - A ) 

G A = S Q R T ( 1 . - D - " D ) 
A A = A " E + C A / G A " C E - D ' - ' B - F ^ ^ ^ C ) 
B B = A " F + C A / G A " ( F -"^D-" B + E - C ) 
G G = A " D - C A " G A ' ' ^ B 
GO T O 3 . 

2 C A = S Q R T ( 1 . - A " A ) 
A A = CA->B 
B B = C A " C 

• • GG = D ' « A / A B S ( D ) 
3 I F ( K E ) 1 4 0 0 , 5 , 4 
1 4 0 0 I F ( I R A Y S ) 8 7 7 5 , 1 3 1 1 , 8 7 7 5 
1 3 1 1 K F = 1 

. h A L F A S S = A A 
B E T S S = B B 
G A M S S = G G 
I F ( K F ) 3 2 8 , 3 2 8 , 9 1 8 
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328 A = U E 
B = C O S E 
C = S E N E 
K E = K E - 2 
GO T O 6 

5 A L F A S = A A 
B E T Á S = B B . . . 
G A M A S = G G 
I F ( I K K K - 2 ) 7 0 1 , 7 0 i , 7 0 2 

7 0 2 E E L E T R = E C P P 1 
GO T O 50 5 

7 0 1 E E L E T R = E I N I C i - E F l 
5 0 6 D I S T A N = . 6 9 3 " L O G C E E L E T R / 1 0 . 7 4 1 5 - 1 - 1 . ) " 2 . 8 6 
2 0 3 X E = X + D I S T A N - A L F A S S 

YE=Y- i - -D I S T A N - - - B E T S S 
Z E - Z + D I S T A N ' ' - G A M S S 

1 0 0 9 X T = X Ç 
Y T = Y £ 
Z T = Z E 

301 I F ( Z T ) 1 3 0 1 , 8 , g 
1 3 0 1 ! F ( Â B S ( Z T ) - H C R1 S T X S / 8 , 9 
8 D = S Q R T C X T " X T + Y T " Y T ) • 

Í F ( D - R C R I S T ) 1 1 , 1 1 , 9 
11 GO T O ( 4 0 3 , 4 0 1 , 4 0 ' 5 , 4 0 8 , 4 0 4 , 4 1 8 , 4 1 9 , 4 2 0 , 4 0 3 1 , 3 0 3 

3 ) ^ I K K K 
9- GO T O ( 3 0 3 , 3 0 4 , 3 0 3 , 3 0 6 , 3 0 6 , 3 0 3 , 4 0 3 , 8 0 0 , 3 0 3 , 7 1 2 ) 

, I K K K 
S O O M F = 1 

GO T O 3 0 4 
4 0 8 E N A S = E E L E T R 

I K K K = I K K K - f l 
M A R P = M A R P + 1 
GO T O 5-00 

5 0 7 A L F A S S = A L F A S 
B E T S S = B E T A S 
G A M S S = G A M A S 
GO T O 203 

3 0 6 M A R P = M A R P + 1 
3 0 4 A K 1 = X T ' ' - A L F A S S + Y T * B E T S S 

R 1 Q = X T * X T + Y T ' ^ Y T 
D I S T A 1 = A K 1 - S Q R T ( AK1- '^AK1 + ( RCR I S T ' - ' R C R I S T - R 1 Q ) ' ' ^ ( 1 . 

-GAMSS- ' ' " ' ^2 ) ) , 
D I S T A 1 = D I S T Â l / ( 1 . - G A M S S - " - G A M S S ) 
I F C D I S T A l ) 1 4 7 7 , 6 7 6 - 5 , 6 7 6 5 

6 755 D ! F = D ! S T A N - D I S T A 1 
I F ( A B S ( Z + D I F " A L F A S S ) - H C R 1 S T ) 4 4 7 5 , 1 4 7 7 , 1 4 7 7 

1 4 7 7 I F ( Z T ) 2 4 7 7 , 1 4 7 9 , 1 4 7 9 
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1 4 7 9 D I S T A 1 = Z T / G Â M S S 
GO T O 4 4 7 6 

2 4 7 7 D I 3 T A 1 = ( H C R I S T + Z T ) / G A M S S 
4 4 7 6 I F C D I S T A N - D I S T A 1 ) 4 5 1 1 , 1 4 7 6 , 1 4 7 6 
4 6 1 1 D Í S T A I - D I S T A N . 
1 4 7 6 E l = ( E X PC D I S T A l / ( . 6 9 3--'-2 „ 8 5 ) ) - 1 . ) -••10. 

I F ( M F ) 5 0 1 , 5 0 1 , 4 2 1 
501 E N A S = E N A S + E E L E T R - E 1 

IKKK=I I<I<I< + 1 
6 0 0 I F ( M A R P ) 2 0 1 , 5 0 7 , 3 0 3 
4 0 4 E N A S - E H A S + E E L E T R 

K O N T = KOr.JT + l 
405 X T A U X = X £ 

Y T A U X = Y E 
Z T A U X = Z E 
A L F A U X = A L F A S S 
B E T A U X = B E T S S 
G A M A U X = G A M S S 
I F ( K O t . ! T ) 4 1 8 , 4 0 3 , 4 1 8 

4Ö3 K K K S = 2 

R E T U R N . 
201 I F ( E F 1 - « Q 3 3 ) 1 3 , 1 4 , 1 4 
14 E L E C G = " l « / P O L S C ( E F l ) - " - L Û G ( A C C ( l U ) ) 
8 813 D Í S T A N = E L E C G 

GO T O 5 0 7 
13 I F C E F l - . 0 1 0 ) 8 1 3 , 8 1 4 , 8 1 4 
8 1 4 C O E F A B = E ) í : P ( - 7 a 8 2 7 ) - ' ' ^ E F l ' V ' * - ( - 2 , 8 8 7 1 ) 

E L E C G = - 1 , / C 0 E F A B ' ^ L 0 G ( A C C ( l U ) ) 
GO T O 8 8 1 3 

813 E N Ä S = E N A S + E F 1 
GO T O 3 0 3 

4 0 1 E 1 = 0 
GO T O 501 

3 0 3 K K K S = 1 
R E T U R N 

4 1 8 M A R X = 1 
4 1 9 KKKS=í3 

R E T U R N 
9 1 8 E E L E T R = E I N I C l - s 0 3 3 1 6 4 

I F C E E L E T R ) 9 2 7 1 , 4 2 0 , 5 0 6 
9 2 7 1 E E L E T R = E I N I C 1 - . 0 0 5 1 8 7 

GO T O 5 0 5 
4 2 1 E N Ä S = E E L E T R - E 1 

GO T O 1 0 0 5 
4 2 0 E N A S = E E L E T R 

G O T O 1 0 0 6 
8 775 A L F A U X = A A 

7 415 



38 . 

B E T A U X = B B 
G A M A U X = G G 
E L E R = - 1 . / P 0 L S C ( E I N I C D ^ ' - L O G C A C C C ! U ) ) 
XE = X + E L E R ' - A L F A U X 
Y E = Y + E L E R " B E T A U X 
Z E = Z + E L E R " G A M A U X 
GO T O 1 0 0 9 

4 0 3 1 X T A U X = X E 
Y T A U X = Y E 
Z T A U X = Z E 
K K K S = 2 
RE T U R N 

1 0 0 5 1 F ( E I N I € 1 T . 0 3 3 1 6 U ) 6 0 1 1 , 5 2 1 1 , 5 2 1 1 
5 2 1 1 C O E F X T 2 3 . 1 6 5 0 5 6 
5 2 1 2 E L = - 1 . / C 0 E F X ' - L 0 G ( A C C ( l U ) ) 
3 999 X A N = X K R R - - ^ C 2 . ^ > ' A C C ( I U ) - 1 . ) 

Y A N = X K R R - ' ' - ( 2 . ' - A C C ( I U ) - 1 . ) 
V A N = A C C ( l U ) 
D D =X A N " X A N + Y A N " Y A N + V A N VAU 
I F ( D D ^ ' D D - V A N ) 5 i 4 7 5 , 5 4 7 6 , 3 999 

54 76 F A D = 2 . '"̂  X A N V A N / D D 
T A D = 2 , ' ' ^ Y A N ' W A N / D D 
AM A D = ( V A N " V A N - X A N ' ' X A N - Y A N Y A N ) / D D 

2 7 3 1 X X I N = X + F A D ' ' > - E L 
Y Y I N = Y + T A D ' ' E L 
Z Z I N = Z + E L ' - Â M A D 

8 79 X T = X X I N 
Y T = Y Y I N 
Z T = Z Z I N . 
I K K K = 1 0 
GO T O 301 . . 

30 33 I F ( E I N I C I T , 0 3 3 1 5 4 ) 6 0 1 1 , 5 0 3 3 , 5 0 3 3 
5 0 1 1 E N A S = E N A S + . 0 0 5 1 8 7 

GO T O 3 0 3 . . 
5 0 3 3 E N A S = E N A S + , 0 3 3 1 5 4 

G O T O 3 0 3 , . 
7 1 2 I F C E I N I C l - . 0 3 3 1 6 4 ) 3 3 2 , 3 3 3 , 3 3 5 
3 3 3 E N A S = E N A S + . 0 0 5 1 8 7 

GO T O 3 0 3 
33 2 E N A S = E N A S 

GO TO 3 0 3 
END 
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C 
C 
C *> , - f - ,.t^ ^1, .1 . ^1, .^!, .1^ j:^ , | „ .,.1, «,1, ,.1^ ,.1, .. . I , ^1, 1̂̂  ^1. ^t , .̂ 1̂  .,.1̂  ,̂ 1̂  ,.1^ ,.1, .1^ - I , ^'^ „1^ fci* . t , ^1, ,.1^ .1^ » u ,.1- » t - » 1 . ^ i , , ,1.. ,1^ 

/ \ / \ *N / » / * f\ t\ t\ / * /S f\ t\ f\ /S .-1 /̂  /\ J\ ,\ / \ * \ /V * \ / * /V / I /% / * * \ / \ #11 <S #\ #V /V 7s / f V . / » 

c 
c 
C V R ^ . ^ . t ^ ^ V r V r . V . V F R ^ R V R . V . V V R . V . V M O B R E M S S T R A H L U N G 
c 
p ^1- . . I - .jV. . J i - .1 . .1̂ .. ^1, ,1^ ^t^ ^1, ^ i^ y„ ..r^ . . I . y , ^ i , y , y , y , ..t^ . . i^ ..I. . ^'^ ,1 . 

,1 , ^ J . ^ i , y , y- y- ŷ .. y , y , .1« 

CVc-V-V<-VfVc'VrVrV.-V'-.'";r-.'"A"A"A--A"A- | D E N T I F I C A C T I ON 
C Kl<=2 C O M P T O i J E F F E C T 
C KK = I+ P A I R P R O D U C T I O N 
C K K = 5 A N N I H I L A T I O N GAMMAS 
C K K = 8 . P H O T O E L E C T R I C E F F E C T 
C K K = 9 R A Y L E I G H S C A T T E R I N G 
C K K = 1 0 X R A Y 
C 
C V f ^ - - V - t > V V c - V ^ V ^ y V - - i V V r ^ V r V r i V ^ ^ ' c C O ^ i M E N T S " " 
C I N T E R V I N T E R V A L T O P R I N T P A R C I A L R E S U L T S 
C IMP E Q U A L Z E R O 
C X I N , Y I N , Z I N P O I N T C O O R D E N A T E S 
C F O T O F R P H O T O F R A C T I O N 
C E I N C I N C I D E N T E N E R G Y ( M E V ) 
C i < A N A L ( K L ) C H A N N E L C O U N T S . 
C NH N U M B E R O F H I S T O R I E S 
C NC N U M B E R OF C O M P T O N I N T E R A C T I O N S 

C N l P R I M A R Y I N T E R A C T I O N S NUMBER 
C N F N U M B E R P H O T O E L E T R I C I N T E R A C T I O N S 
C NR N U M B E R R A Y L E I G H I N T E R A C T I O N S ' 
C NP N U M B E R O F P A I R S I N T E R A C T I O N S 
G A L F A D , B E T A D , G A M A D - D I R E C T I O N C O S I N E S O F I N C I D E N T 

GAMMA 
C E N A T O T A L E N E R G Y A B S O R B E D 
C Y F P H O T O E L E T R I C T O T O T A L C R O S S S E C T I O N R A T I O 
C YC C O M P T O N T O T O T A L C R O S S S E C T I O N R A T I O 
C Y P P A I R P R O D U C T I O N T O T O T A L C R O S S S E C T I O N R A T I O 
C Y R R A Y L E I G H T O T O T A L C R O S S S E C T I O N R A T I O 
C 
C 
C 
c 
C"- " ' - ' " -1 D E N T E Q U A L Z E R O - B R O A D O R N A R R O W B E A M 
C " — ' - ' - I D E N T E Q U A L O N E - P O I N T S O U R C E 
C 

D I M E N S I O N K A N A L ( 1 2 8 ) 
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G 
C 
C 

COMMON I X , S H I F T , K K , X I N , Y I N , Z I N , R C R I S T , H C R I S T , KS 
, K , U , C O S F I , S E N F I , 

1 A L F A D , B E T A D , G A M A D , U L , C 0 S F I E , S E N F I E , E I N I C , E F , E N A 
S , X S , Y S , Z S , A D S , B D S , 

2 G D S , E C P P , M A R X , l U , I R A Y , X K R 

S H I F T = 1 0 « * * ( - 1 0 , ) 
I X = 1 0 O Q O 3 
I R A Y = 0 . , , . 
X K R = S Q R T C 3 , ) / (4 o ( 2 . / 3 « ) ) 

C 
C 
C 
C * V r V - V f V r V r * VrV^ S T A R T 

1 2 2 2 R E A D 1 0 , R C R I S T , H C R I S T , R F E I X E , E I N C , D P 
10 F O R M A T C 5 F 7 . 3 ) 

R E A D 9 , M I , N F , N R , H C , N P , N H , I N T E R V , I M P , l U , I D E N T 
9 F O R M A T C S 1 6 , 1 9 , 1 2 ) 

P R I N T 9 9 8 , R C R I S T , H C R I S T , R F E I X E , E I N C , D P 
9 9 8 F O R M A T d H , 1 5 f l C R Y S T A L R A D I U S = F 7 . 3 , 2 H C M , 5 X , 1 5 ! i C R 

Y S T A L H E ! G H T = F 7 . 3 , 2 , 
I H C M , 5 'X , 1 2 H B E A M R A D I US = F 7 . 3 , 2 H C M , 5 X , 7 H E N E R G Y = F 7 . 

, 3 , 3 H M E V / 7 , 1 H , 1 3 H D I 
2 S T , S 0 U R C E = F 7 » 3 / / ) 

R E A D S 9 0 Q , ( K A N A L ( K L ) , K L = 1 , 1 2 8 ) 
8 9 0 0 F O R f ' I A T d O l S ) 

C 
I M P = I M P + I N T E R V 

C 
C 

101 E I N I C = E ! N C 
M A P P P = 0 
E N A = A 

0 
C 
C N U M B E R O F H I S T O R I E S 

N H = N H + 1 
Z I N = 0 

C 
C 
C P O I N T S O U R C E 

I F ( I D E W T ) 2 0 3 4 , 2 0 3 5 , 2 0 3 4 
2 0 3 4 A X = S Q R T ( R C R I S T - R C R 1 S T + D P - D P ) 

C O S M A X = - D P / A X , 
C O S G = A C C C I U ) * ( 1 . + C 0 S M A X ) - 1 « • 



. 41 . 

R I = A B S ( D P ^ ^ S Q R T C1 „ ) / C O S G ) 
T E T A = 3 . 1 4 1 6 * ( 2 . * A e C ( I U ) - 1 . ) 
X ! N = R ! ' ' - C O S ( T E T A ) 
Y I N = R ! - - S I M ( T E T A ) 
A L F A 0 = X 1 N / S QR T ( X ! M - X ! N + Y I N Y ! f i + D P D P ) 
B E T A D = Y I H/SQRT ( X ! N-''X I N + Y I N - Y ! N + D P - DP ) 
G A M A D = C O S G 
GO T O 4 0 8 0 

C 
c 
C D I S T A M C Y FROM C R Y S T A L C E N T E R 

2 0 3 5 R = R F E ! X E - ' ' ^ S Q R T ( A C C C l U ) ) 
r 
CV."A-VRVRVREF,jTANCE C O O R D E N A T E S OF I N C I D E N T GAMMA R A Y 

4 6 2 T E T A - 3 a 4 1 6 ^ ^ ( 2 . ^ ^ A C C ( I U ) - 1 . ) 
X I N = R " C O S ( T E T A ) 
Y ! N = R ^ ^ S I f i C T E T Ä ) 

C 
C D I R E C T I O N C O S I N E S OF I N C I D E N T GAMMA R A Y 

3 0 3 4 Ä L F A D = Ü 
B E T A D = 0 
G A M Ä D = - 1 

C 
C 

4 0 80 E L E C 0 L = - 1 , / P 0 L S C ( E ! N ! C ) ' ^ A L O G ( A C C ( l U ) ) 
C 

I F C ! D E N T ) 2 3 9 7 / 2 3 9 6 , 2 3 9 7 
23 9 7 X N ! X I N + A L F A D " E L E C 0 L 

Y ! N - Y ! N + B E T A D - E L E C O L 
2 3 9 6 Z I N - = Z I N + E L E C O L ' - G A M A D 
2 3 9 8 K K = 1 

C A L L G E R A L -
E H A = E N Ä + E N Ä S 
GO T O ' ( 1 , 1 0 2 ) J < S 

10 2 N I = N ! + 1 
C 
CVov -vv r - v -Wr -A -A -TYPE O F I N T E R A C T I O N S 

1 0 5 C A L L R E P O L ( E I N I C , Y R , Y F , Y C , Y P ) 
4 5 5 6 Y = A C C ( I Ü ) 

I F ( Y - Y F ) l ö , 1 8 , 1 0 7 
107 I F ( Y - ( Y F + Y C ) ) 1 0 8 , 1 0 8 , 1 0 9 
10 3 N C = N C + 1 

GO T O 3 
1 0 9 I F ( Y - ( Y F + Y C + Y P ) ) 2 8 0 , 2 8 0 , S 1 1 1 

C 
C 
C ^ — ^ ^ ^ - ^ ^ ^ " C O M P T O N E F F E C T 



8 A L F Â = E I M I C / . 5 1 1 
25 R l = A C C ( I U ) 

I F ( R I - ( 2 ,-- ' -AL F A + 1 . ) / ( 2 . - ' - A L F A + 9 . ) ) 2 1 , 2 1 , 2 2 
21 R 2 = A C C ( 1 U ) 

Y = 1 , + 2 . ' ' ^ Â L F A " - R 2 
R 3 = A C C ( | U ) , 
i F ( R3 - 4 . --̂  ( 1 . / Y - 1 . / ¥>'"> 2 ) ) 2 4 , 2 h, 2 3 

2k U = 1 » - 2 . " R 2 
GO T O 26 

22 R 2 = Â C C ( I U ) , , . 
Y = ( 2 . A L F A + i « ) / ( 1 . + 2 . * A L F A ' ^ R 2 ) 
U = 1 . - 1 . / A L F A ' ' - ( Y - 1 . ) 
R 3 = Â C C ( I U ) 
I F C R 3 - . 5 ( U 2 + 1 . / Y ) ) 2 6 , 2 5 , 2 3 

26 Â L F A L = A L F A / Y 
E F = , 5 1 1 - ' ' ^ A L F A L 
CA L I . NE UM AM ( I U , C O S F' I , S E N F 1 ) 
CAA== ( 1 . +E I N I C / . 5 1 1 ) t*2-'>-( 1 . - U ) 
U L = S Q R T ( C A A / ( C A A + i . + U ) ) 
C O S F IE = - C O S F I 
S E N F I E = - S E N F I 
KK = 2 
K = 2 
C A L L G E R A L -
E N A = E N A + E N A S 
GO T O ( 1 , 1 0 4 ) , K S 

104 X I N = X S 
Y I N = Y S 
Z I N = Z S 

C 
C 
C F I N A L - D I R E C T I O N C O S I N E S 

A L F A D = A D S 
B E T A D = B D S 
G A M A D = G D S 
E I N I C = E F 
GO T O 105 

C 
C 
C-vv-v,--v-v*>v-,v-;,-pÄ| R p ß O D U C T ! ON 

2 80 I F ( E l W I C - 1 . 5 0 ) 4 5 6 5 , 5 2 8 0 , 5 2 8 0 
5 2 8 0 E C P P = . 5 ' ' ^ ( E I N I C - 1 . 0 2 2 ) 

N P = N P + 1 
U = C O S ( . 5 1 1 / E C P P ) 
C A L L N E U M A M ( l U , C 0 S F I , S E N F I ) 
U L = U 
I F C K K - 1 ) 3 3 , 3 4 , 3 5 
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53 

3 4 

C 
C 
C 

Â L F A D = A D S 
B E T A D = B D S 
G A M A D - G D S 
C O S F 1 E - - C O S F ! 
S E M F I E - - S E N F ! 
I<K=4 
K = 2 
C A L L G E R A L 
E M A = E N A + E N A S 
GO T O ("1,1 , 1 0 1 0 ) , K S 

1 0 1 0 
F I RS 
X ! N = 
Y l M = 
Z IM = 
X I N N 
Y I N Í 

T A N r . l ! H ! L A T I O N GAMMA R A Y 
X S 
Y S 

i = Y S 
l=ZS Z I N M = 

E L E = - 1 . / P O L S C C „ 511 ) A L O G ( A C C ( ! U ) ) 
KK = 6 

D 1 R E C T 1 O M C Q S I M E S OF A M M I H I L A T I O M 
3 9 9 9 X A N = X K R - - ' ( 2 . - ' - A C C ( I Ü ) - 1 , ) 

YAM = X K R " C 2 . ' - Ã C C ( ! U ) -1 , ) 
V A M = A C C ( i U ) 
Ü D = X A N * X A N + Y A N * Y A H + V A N * V A N 
! F ( D D ^ - b D r V A N ) 4 4 7 6 , í i U 7 6 , 3 9 99 

4 4 7 5 A L F A D = 2 « - X A M - ' ' ' V A M / D D 
B E T A D = 2 , * Y A H ' W A N / D D 
G A M A D = ( V A N * V A N - X A H * X A N - Y A N * Y A N ) / D D 

2 7 3 1 X i N = X I N + A L F A [ ) " E L E 
Y I Í J ^ Y I N + B E T A D - E L F 
Z I N = 2 I M + E L E * G A M A [ ) 
C A L L G E R A L 
E H A = E H A + E M A S 
H A P P P = M A R X 

5 4 4 1 
1 0 0 2 

1 1 G 5 
GO T O ( 1 0 1 1 , 1 , 1 1 0 5 ) ; K S 
E I N I C = . 5 11 
GO T O 105 

G 
C 

1 0 1 1 
S E C O N D A N N ! H I L A T ! O N 
KK = 7 , 
E I N IC = . 5 1 1 
G Â M A D = - G A M A D 
A L F A D = - A L F A D 

lAMMA R A Y 
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B E T A D = - B E T A D 
X f N = X I N N 
Y l M = Y I N N 
Z I N = Z 1 W M 
E L E = - 1 « / P 0 L S C ( E I N I C ) " A L O G ( A C C ( t U ) ) 
GO T O 2 731 

C 
C 
C ^ . v . v . v . v . v p H O T O E L E T I Í ! C E F F E C T 

18 I F ( E I N I C - 2 à O C ) 5 2 1 8 , 5 218 , 4 5 5 6 
5 2 1 8 N F = N F + 1 - . 

I F ( E I N I C - , 0 3 3 1 6 4 ) 5 2 2 0 , 5 2 2 0 , 5 2 1 9 
5 2 2 0 E L I G = * 0 0 5 1 8 7 

GO T O . 5 5 8 8 
5 2 1 9 E L I G = , 0 3 3 1 6 4 
6 5 8 8 E C I N = E I N I C - E L I G 

C C C = ( E l N I C / » 5 1 Í ) ' - > 2 
D D D = 1 » + 1 . 0 2 2 / E C I N , 
B C = S Q R T ( C C C D D Q / ( 1 . + C C C D D D ) ) 

5 8 7 T E T A T 3 , 1 4 1 5 ^ ^ ( 1 . - A C C ( l U ) ) 
A K= 2 . * B C í 1 . + F L I G / E C U J ) 
D N D O M = S I N ( T E T A ) " " 2 ( 1 . + A K '^C O S ( T E T A ) ) 
I F C D N D 0 M ) 5 S 7 , 5 < ^ 1 6 , 5 8 5 

5 8 6 C O S M A X = S Q R T ( C l . + A K )-"-"-2 tÂK ' ' ' - ' -2 ) / A K - ( 1 . + A K ) / A K 
D N D T E T = S I N C T E T A ) ^ ' ^ ' - ' 2 ' ^ C 1 . + A K ^ ^ C O S C T E T A ) ) / C C l . - C O S M 

A X ^ ' ' ^ 2 ) " C 1 . + A K " C 0 S M A 
I X ) ) 

I F C A C C C i U ) - D N D T E T ) 1 5 8 6 , 1 5 8 6 , 5 8 7 . 
1 5 8 6 U L = C O S C T E T A ) 

C A L L N E U M A M C I U , C O S F I E , S E N F I E ) 
I F C K K - 1 ) 9 1 4 , 9 1 3 , 9 1 4 

9 1 4 A L F A D = A D S 
B E T Â D = B D S 
G A M A D = G D S 

9 1 3 K K = 8 
K = - l 
C A L L G E R A L 
E N A = E N A + E N A S 

1 I F C M Â P P P ) 9 1 1 , 9 1 1 , 1 0 1 2 
1 0 1 2 M A P P P = 0 

GO T O 1 0 1 1 
C 
C 
C " " " " " R A Y L E I G H ' S C A T T E R I NG 

9 1 1 1 I F ( E I N I C - 1 . 5 0 0 ) 8 8 8 6 , 4 5 6 5 , 4 5 6 6 
8 8 85 N R = N R + 1 

I R A Y = i 
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S E N C = . O 2 6 1 5 3 « ( 1 « / 3 . ) " . 5 1 1 / E I N I C 
C 0 S C = 1 . - 2 . * S E H C ' ' ^ S E N C 

7 4 6 6 C 0 S T Q = 2 . . * A C C ( I U ) - 1 . 
I F ( A B S ( C 0 S C ) - 1 « ) 7 4 1 1 , 7 4 1 1 , 1 2 7 3 

7 4 1 1 I F ( C 0 S T Q 7 C 0 S C ) 7 4 6 5 , 1 2 7 3 , 1 2 7 3 
1 2 7 3 DM = E X P ( - a O O ^ ' - - C O S T Q ) 
8 1 0 1 Y = A C C ( I L í ) 

I F ( - D N - Y ) 7 4 6 5 , 1 8 0 8 , 1 8 0 8 
1 8 0 8 U L = C O S T Q 
2 6 0 5 I F ( K K - 1 ) 2 6 0 7 , 2 5 0 8 , 2 6 0 7 
2 6 0 7 A L F A D = A D S 

B E T A D = B D S 
G A M A D = G D S 

2 6 0 8 K P ; = 9 
C A L L rJEUlMAMC l U , C O S F I E , S E N F I E ) 
E I N I C = E I N I C - . 0 0 1 

2 7 1 2 K = - l . 
C A L L - G E R A L 
I R A Y = 0 , 
E N A = E N A + „ 0 0 1 
GO T 0 ( 1 , 9 1 0 5 ) , K S 

9 1 0 5 X I N = - X S 
Y I N = Y S 
Z I N = Z S 
A L F Â D = A D S 
B E T A D = B D S 
G A M A D = G D S 
G O T O 1G5 

C^v,v,v-;.-.v-v-;ov, ' :- .VTOTAL E N E R G Y D I S T R I B U T I O N 
C 
C 

911 1 F C E N A ) 9 1 2 , 2 0 1 0 , 9 1 2 
9 1 2 I l = E N A / E I N C ' ' - 1 2 8 . 

I F ( I 1 - 1 2 8 ) 4 9 1 4 , 9 1 5 , 8 3 1 6 
9 1 5 K A N A L C I I ) = K A N A L ( I I ) + l 

GO T O 2 0 1 0 
8 3 1 6 P R I N T 9 , N H 
9 1 9 S T O P 1 
4 9 1 4 K A N A L C I 1 + 1 ) = K A N A L C I I + l ) + l 

C 
C 
C * * . v , v , v v f - v , v <vvrp R i h J T I N G R E S U L T S 

2 0 1 Ô GO T O 6 0 1 
601 I F C N I - I M P ) 1 0 1 , 1 1 8 0 , 1 1 8 0 
1 1 8 0 líVIP= I M P + I N T E R V 

I F C I M P - 1 0 0 0 0 - I N T E R V ) 9 9 6 , 9 9 6 , 9 1 9 
9 95 P R I N T 9 9 7 , N I ! , NT , N C , N'R , N F , N P , I U , I M P 
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P R I N T 8 4 9 , ( K L , ! < A N A L ( K L ) , I < L = i , 1 2 8 ) 
L I - 0 
D O 6 6 6 6 K L = 1 , 1 2 8 

6 6 6 6 L I = L ! + K A N A L ( K L ) 
A L I = L I 
S S S = K A N A L C 1 2 8 ) 
F 0 T 0 F R = S 5 S / A L I 
A N I = N I 
A N H = H H 

E F I C = A N I / A N H 
E R R O = S Q R T C F O T O F R-'^ ( 1 , - F O T O F R ) / A N I ) 
P R I N T 4 8 9 5 , L I , F O T O F R , E R R a , E F I C 

4 8 9 5 F 0 R M A T ( / 1 H , 1 9 H T 0 T A L S U M = 1 1 0 , 6 X , 1 4 H P H 0 T 0 F R A C T I 0 
. N = F 7 . 4 , 3 X , D H E R R 0 R = F . 

3 8 . 4 , e X , 1 0 H E F I C I E N C Y = F 5 « 3 / / ) 
I I v i P l = I M P - I N T E R V 

PUNC rt 1 G , R C R I S T , H C R I S T , R F E I X E , E I N C , DP 
P U N C H 9 , N I , N F , N - R , N ' C , N P , N H , I M T E R V , I M P l , l U , I D E N T 
P U N C H 8 9 0 0 , C K A N A L C K L ) , K L = 1 , 1 2 8 ) 
I F C M I - 1 0 0 0 0 ) i 0 1 , 1 2 2 2 , 1 2 2 2 

8 4 9 F O R M A T C I O C I H , r 3 , ! 5 , 4 X ) ) 
9 9 7 F 0 R M A T ( 1 H , 3HNK= 17 , l»X, 3HN I = I 7 , 4 X , 3 H M C = I 7 , 4 X , 3 H M 

R = l 7 , 4 X , 3 H M F = r 7 , 4 X , 
1 3 H N P = I 7 , 4 X , 3 H I U = I 9 , 4 X , 4 H I M P = 1 5 / / ) 

E N D 

F U N C T I O N A C C C I U ) 
I U = I U - 6 5 5 5 9 
I F C I U ) 5 , 5 , 6 

5 I U = I U + 2 1 4 7 4 8 3 6 4 7 + 1 
6 Y F L = I U 

A C C = Y F L ' ' ' . 4 5 5 6 6 1 3 E - 0 9 
R E T U R N 
E N D 
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' ^ F A N D K I O G S 

C-.'cVfVrVf-;fV";c-'";";fVrVw'fVfV-sTRECH I B M 1 5 2 0 
CVwV-v-iV-,v-vVf>vsTRECH P R O G R A M * — 
C 
C 
C A , B - C O E F F I C i E N T S O F S I G M A = A-''-E + B - E " - . S 
C E 1 2 8 - E W E R G Y ( M E V ) O F C H A N N E L N O a 2 8 
C N - N O , O F C H A N N E L S 
C N - C O U N T S / C H A N N E L - O U T P U T F R O M G I N A S B P R O G R 

AM 
C C ( N ) - C O U N T S A F T E R T A K I N G I N T O A C C O U N T T H E R E S 

O L U T I O N E F F E C T 

C S V J I T C H 1 - O N - T O I N T E R R U P T T H E P R O G R A M 
C S W I T C H 2 - ON - T O C H E C K T H E C H A N N E L T H A T I S BE 

I N G P R O C E S S E D 
C S W I T C H 3 - ON - T O C H E C K T H E L I M I T S M A X I M U M A N D 

M I N I M U M O F T H E 
C I N T E G R A L 
C 
C 

D I MENS i ON C ( 1 U 5 ) , A N ( 1 45 ) , C N ( 1 4 5 ) 
I R E A D 1 0 / A / B , E 1 2 8 , M 
I I F 0 R M A T ( 3 E 1 4 ; 8 , 14) 

F N = N 
0 0 30 • • | = 1 , N 

3 0 C N C I ) = 0 . • I 
• - R E A D 9 , ( C ( M ) , M = 1 , N ) 

PR I N T 3 0 0 0 , ( C ( M ) , M = 1 , N ) 
3 0 0 0 F 0 R M A T ( 1 0 F 9 , 2 ) 
9 FORM A T (101 8 ) 

S O M A = 0 
DO 1 9 1 M M = 1 , N 

1 9 1 - S O M A = S 0 M A + C ( M M ) 
P R I N T 4 0 8 0 , S O M A 

40 80 F 0 R M A T ( / 1 H , 1 0 H T O T A L S U M = E 1 4 , 8 / 7 ) 
A I - N T = E 1 2 8 / F N . 
I = N • 
K O N T = 0 

9 0 F I = I 
DO 1 0 1 L K K = 1 , N 

101 A N ( L K K ) = 0 
S I G M A = A ' ' ^ S Q R T ( F I * A I N T ) + B * A I N T ' ' ^ F I 
S I G M A 2 = S I G M A " " 2 
S E X P = 0 • 
DO 5 K = 1 , N 



. 4 8 . 

I F C S E N S E S W I T C H 2 ) 1 0 7 , 1 0 8 
1 0 7 T Y P E 9 / 1 , K 
10 8 F i<=K . 

X = C F l - F K ) ' ' ^ n / C 2 . * S I G M A 2 ) * A I N T * * 2 
I F C A B S ( X ) - l C i . ) 2 0 2 , 2 0 2 , 5 . 

2 0 2 S E X P = S E X P + E X P ( r X ) . 
C O N S T - C C I ) / ( C 2 . * 3 , i m 6 X ' ^ ^ . S ' ^ S I G M A ) 
A N C K ) = E X P C - X ) ' ' ^ C O N S T 

5 C O N T I N U E , 
F A T N = C2 ,'-'5 . 1 4 1 6 5 * S I G M A / S E X P 
I P C | - N ) 4 0 2 , 1 7 1 , 4 0 2 

171 W= . 5 , • • , . • . 
4 0 2 Y = W * F A T N * C ( I ) / C 1 , E - 0 3 - S 1 G M A - C 2 . - 5 , 1 4 1 6 ) * * , 5 ) 

F l = l 
I F C Y ) 2 0 8 ' 9 , 20 -90 , 2 0 8 9 

2 0 8 9 K M A X ̂  F I + 1 . / A IN T '"f C 2 . * S I G M A 2 * L 0 G ( Y ) ) * * , 5 
KM I N = F I - 1 . / A I N T ' ' - C 2 , - ' -S I G M A 2 * L 0 G ( Y > ) * * . 5 
•GO T O 9 9 0 2 

20 90 K M Â X = - F I 
K M I N = F I 

9 9 0 2 I F C S E N S E S W I T C H 3 ) 1 9 0 2 , 1 9 0 1 
1 9 G 2 P R I N T 9 a : 2 , K M I N , K M A X . 
9 0 2 F 0 R M A T C 2 I 4 ) 
1 9 0 1 I F C K M A X - N ) 7 0' 0 , 7 Q- 0 , 7 0 2 
70 2 K M A X = N ' 
7 0 0 ' I F C KM'I N - 1 ) 6 9 8 , 6 9 8 , 5 6 9 
6 9 8 K M I N = i 
6 6 9 I F C S E N S E S W I T C H 3 ) 2 9 9 2 , 3 9 0 1 
2 9 0 2 P R I N T 9 02 , -KM I N , KM A X 
3 9 0 1 DO 4 4 7 - J J = KM I N , KMAX 

CN C J J ) =C N C J J ) + A N C J J ) ^W'^fF A T N 
4 4 7 C O N T I N U E 
7 0 1 I F ( K 0 N T ) 3 1 , 3 1 , 3 2 
31 W = W + . 5 

GO T O 5 5 5 
3 2 W = l 
555 1 = 1 - 1 . 

I F C W - 1 . ) ' 9 0 , 4 0 3 , 4 0 3 
4 0 3 K 0 N T = 1 

I F C l - 1 ) 4 0 ' 6 , 4 O ' 6 , 7 O O 0 
7 0 0 0 I F C S E N S E S W I T C H 1 ) 4 0 - 6 , 9 0 
4 0 6 P R I N T I G O , C K K , C N C K K ) , K K = 1 , N ) 
1 0 0 F O R f ' I A T C l O C l H , r 3 , l H ) , F 8 . 1 / l X ) ) 

S O M A C W = 0 -
D O 5 5 8 - M L - l , N 

5 5 8 S OMAC N= SOMAC N+ C N C M L ) 
P R I N T 4 O 8 0 , S O M A C N ' 
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P R I N T 2 6 5 5 
2 5 6 5 F 0 R M A T ( / / 1 H , 2 4 H P H 0 T 0 P E A K N O R M A L I Z A T I O N / / ) 

C C 1 2 8 = C N ( 1 2 8 ) 
DO 59 8 M L = 1 , N 

5 9 8 C N ( M L ) = C ( 1 2 8 ) / C C 1 2 8 ' V C N ( M L ) 
PR I N T 1 0 0 , ( K X , C N C K X ) , K X = 1 , N ) 
GO T O 1 
E N D 




