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i d e ~ t r  7 . i  2.7: i ~ d 9 ; 2 n n  A T ~ ~ ~ s ~ s ~ s  (NAA)  has becone a widel.2 d s e d  ;;?:-I 

f m p 3 r t s n t  a n s  iy'f e a l  technique in the determ?rLat  ion of the  ino or zocs-  

t i t u e n t s  gf maz:y sernples, T h e  c o ~ p ~ s i t " n n  sf t r e s e  s s n p i e s  Kay renge 

from m u c r + q u a n e % $ i s ~  ( q r e a t e ~  t h a n  1%) down to mfcrs-quaztltles ( p a r t s  

p e r  mill?o:. ,) ,Ti-ie micro qusBltaQive and qua~tltative enabyses can  be 

p5rferaed b 9  ~G:dl.For t h l s  purpose the basic concepts  and t h e  t h e o r y  

of P ~ A A  Is i n t roduced ,The  d e f e c t i o n  ae thods  and v a r i o u s  types of d e t e c -  
G _OPS  a r e  d%scassed,The a u x i l i a r y  electronic equ:pmsnts and t h e  statist$- 

6 P 1  ~ e ~ n o d s  used in %fie e v s l u a t h s n  of t h e  r e s d i e s  a r e  a l s o  g ivec ,A  p ~ e -  

d e v e l n s e 3  cQmnuEes cede,nsmsby CO?ibAM,f s p r e s e n t e d  in o r d e r  ts unfald 

t h e  dzxm-sa j  spec%ra s 5 t a 8 ~ e d  frsa t h ~  activation snaiysis pf rnj.xc;lres 

of m s t  e r f a h s  ,The code which was prevlsiis2.y p~ograrnne2 fsr ;he IBLVI 3 6 6 { 5 ~  

@ . s ~ p r : t ~ . ~ .  1 s  ? ~ p d a t e d  f o r  klse in t h e  B O L A Z I $ ~  ~ n l ~ e r ~ : t y '  e s n p u t e r  ciT.h'E;iAZ- 

d i 3 6 , ~ h e  data from a sacsle p r ~ c l e ~ ~ ~  are used as ingQ$ to z-2- efie pz-sg- 

raz Zn B a U e e ~ ~ ~ ~ ~ t e r ~ T h e  outps5 cb t a lned  f ro-  t h i s  ruz is observed tc 

fit e x ~ c t b g  fo t h e  r e s u l t s  p r e v i o u s l y  oStained,Ffnaily the p ~ o g r a x  and  

the 9np2t l i b r a r y  a r e  recorded anco a magnetic tapesand @he necessary 
info-aatisn r e q u % r e d  ts -an t h e  program is g iven ,  



CilnUmUzde N G t r o f l  Ak t fvasyon  Ar&ihzi  (N-PIA) y 0 1 d  I l e ,  q g g l t l f  

riialzene kompoz i syon la rknda , rna Ize~~ey i  t e , k i l  e l e l l  e l e m e n t l e r i n  c i n s  ve  

miktaslarrn~n t a y i n i  o ldukqa  onex nazanalgt:%, Bw 2all$rriada,NAA0nnn 

dayand~gx  p r e n s i p l e r , g e n e l  te9ris1,analfz sbrasnnda kullanrlan d e t e k -  

t6r s i s t e ~ l e z - i  %ncelenmi$ ve  n e t i c e l e r i n  l s t ~ i t l s t 9 k i  d e g e r l e n d i ~ i i n e s i  

i q i n  k u k l a n a l a n  teknfkler tanatklm~gt:r.Eiger a n a f f t l k  y8nteaiere oran- 
la dahe h a s s a s  socdq verme GstUnlflgZne s ah ibo l an  n6%ron  sxt i v  sycn a m -  

l%z%nrc?e sonuqla rnn  degerlend%~ilmosf slrasznda ~arsrlag~l%n xzuc zaxac 

a l a n  h t e s s p i a m s l a r , b % l g f s a ~ a ~ b a r ~ _ p :  h l z l l  hesaplsma y e t e n e g i n 2 e n  y a ~ e - r l a -  
. . 

c ih la rak  ysprlnaye ~ a l ~ ~ l i i n ~ ~ " b r B '  s,-.,a$ia,dana srdce I G J . z : z - ~ ; ~ ~ ~ I S ~ ~ ~  o i s n  b f r  
. *  t i lg%ss:rar p ~ s ~ r s n r  ndaz ya ra r l az i l - ga+  ve b2 prggraa ~!J";A?; ! G Z P ~ P : : ~ ~  

gsrekl% d e g i ~ l k l i k l e r  yaprlasak saGece t a s a r i a n d f g r  C z e r e  IBi.& ~ ~ U P S C  
t i p 1  b;Lgisayarbarda deglL G ~ ~ I V A C - L I O O  t b p b  b 9 l g i  ssyar larda  da k u l l a -  

nxiabl lrnesk saglsnnxg$~r,Yrograa ~ 5 e g i ~ t l r i i m i g  n a l i  ile z a n y e t k k  b i r  

banda kay3edflnig v s  g e l e c e k t e k i  uyguiamalar  % ~ l n  g e ~ e k l i  S i1g iLer  a y r n -  

ca s a u l r n u g t u ~ ,  
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The nuelel of atons are stable only when they contain a certain numbc~ 

of neutrons and pro$ons,The number of neutrons in the nucleus of an atom 

dete~mines whether t h a t  atom is radioactive o r  s@abPe,(~here are exceptlono~ 
For a few elements there are no stable nuclei,Pn some cnses,there are other 

differences that make certain nuclei radioactive,) Thus,while all sodium 
atoms contain I b  protons, only those sodlum atoms that contain 12 neut ronz  
are stable,Fsr other elements theke may be more t h a n  one number of neu t rons  
t h $  results in stabihfty;for instance there are 10 stable atoms ( i s o t o p e s )  

of t1n;each containing a different number of neutrons in their nuclei, 

The fact t h a t  nuclei can absorb additlonai neutrons ,whf ch,$-rl many 

cases,resul%s In the conversion of a stable nucleus to a radioactive one, 

makes Keutron Aetfvatlon Analysis (M) poss%ble,Because radioactive nuelel 

decay f n  unfque ways and yield radiations that are often distinct, and can 

be neasured even in very smP1 am~unts~measurements of t h e s e  radfaQPons can 

determine the kind and the number of radioactive atons that are present, 

In orde r  to perform XAA, the first c s n d l t i e n  is that the element of 

i n t e ~ e s t  g ives  by some nucbeas reaction a radioactive bsotope,The probabl- 

PiEy sf the reaction (cross-section) ,the isotopic abundancy of  t h e  t a r g e t  

nucleus, and %he half-life of the f e ~ n e d  Isstope should be l a~ge enough t o  
a l l o w  measurements of t h  emi t ted  radia%fon,The t y p e  and the energy sf this 

rsd%stf on is also of interest ,mainly in overcomhng n u c l ~ s r  Interferences 

induced by t h e  matrix and t h e  other %mpusSties, 

Through its suc lea r  character , t h e  neutron activation tecE?n%que aLBows 

the snahysis of a wide variety of elements in widely differing m a t ~ k e e s ,  

making 8% a powerfull analytical t o o l  not onha- In trace analysis but a l s o  

in deterininin& alloy elements and minor csns%4tuen&s,Therefore the field of 

a p p l i c a t i o n  of t h e  method is very wide,It has been used to 8ete rmine  traces 

i n  ultra pure ehenents,hn biological materials and a%nernbs,fn a n a l y s e s  

where only small samples are avahlabke,in Sder?,t%flcatlon of Pndust r - la1  pro&-; 

ducts by trace character%zathon,in hndustrial analysis of steeh,%n geoehc- 

mistry for the determlnatBsn of Bso%op$c abundane9es,ete,(~l-61~6i1-60~~i-62) 



Al thaugh  N U  was proposed by von Hevesey aad Lev1 (he-36) fo l lowed  in 

1938 by charged particle actlvatlon a n a l y s i s  applf ed by Seaberg e t  al.(se-38) 

t n e  metnod was c sns lde red  as rather a curfosity urit.11 mid-forties.&l%cso 

constituents analysis by iUA,however became possible on ly  after the deve- 

lopment of h i g h  f l u x  reactors,aceel@rators and rebiab8,e sclnt9llation 

spectrometers.Basic principles of NAB are disc~ssed i n  d e t a i l  by many 

authors ( ~ s - Q g , ~ a - 4 4 , ~ - ~ j ~ ~ r - 6 l d . ~ 0 ~ ~ 7 2 ~ ~ 1 n  addition some application of 

d i g i t a l  computers  to NAA were presen t ed  at a synposium in 1942 (OK-621, 



1 e 2 -  NELFRON ACTIVATIOIG ANALYSIS 

The Brra&Pa%fon of most atomic n ~ c e ~ e l  b y  ther im1 neutrof is  causes these 

nuclei to become rad%oact%ve,The subsequent enlssion of beta or gsrnms ~ a d f -  

aTionsfrom t h e s e  nuclef I s  charae%erPstl.c of the particular hsc@spe,If the 

energy of emfssion of the sadlatlons are known,the I so tope  can  be iden5ifie6. 

The magnitude sf $he radioastfvlty 8s  d i r e c t l y  r e l a t e d  to the amount of t h e  

I s s $ s p e  p r e s e n t  in the specimen-The d e t e c t i o n  of r a d i o a c t i v i t y  r e q u i r e s  

s e n s i t i v e  %eck~niques,However neutron activation ana2ys i s  pernits the a c c u r a t e  

appraisal of very small  amounts o f  an element,Neutrons a r e  sbBe to pass 

t h r o u g h  a considerab%e t h f c k n e s s  sf most s u S s t a n c e s , % t  Ps possible,therefere 

t o  analyze materials in solfd,lhquid o r  gaseous phases 4 &a-63) 
Besides t h e  h i g h  sens$Efvf&y of thermal n e u t r o n  aetlvat$sn analysis, 

thls t ~ e h n f q u e  o f f e r s  a number of s t h e r  a d v e n t a g e s  s u c h  as  t h e  sfspl:c.ity 

of the nuclear  peaetPon,%~anspa~eney sf most rnates lahs  to t h e ~ m a l  n g u t r o n s  

and nen-destructfsn ef t h e  sampke,ete,%n p ~ f n c P p E e  this m2ens that In most 
cases  cnHy neu t r cn  cap tu re  reactions have to b e  cons%dered end that consem 

quentPy t h e y e  i s  no change in the n a t u r e  sf the I r r a d i a t e d  elements, 

U n f o r t u n a t e l y  t h e r ~ s l  NAA can not  s o l v e  a number of i m p o ~ t ~ n t  t r a c e  

analysis prablems,as f o r  i n s t a n c e  t h o s e  o r  Ilght e % e m e n t s , e , g , c a ~ b o n ,  

n i t r o g e n  and oxygen ,These problems can  ssnet Zmes be s o l ~ e d  by s g p l y l n g  

an ~ t h e r  method of activating part%ches:photons or chargee particles such  

as  protons,deu~er~ns,heh9.ons~etc~If n e u t r o n  analysis is possible f o r  the 

whole miss of t h e  sample, this is no% t r u e  f o r  charged p a r t i c l e  analysis 

as t h e s e  have a v e r y  short range,Whkle all analyeled1 t e c k n i q u e s  r eqa8 re  

some che.?icii 2. t reht~. .e . : t  S e f o r e  t h e  a n a l y s i s ,  t h e  MAA msy r equ f  re t h e  e" ,hemi~aI  

t se~tmeaat  o11Py a f t e r  drradlatfon and o f t e n  a f ' t e r  r en~va lh  ef surface ~ ~ r ? t a -  

rn i - t~c-~ , (?~p ,e  C l i ~ t k j e ~  advantage sf N M  1 s  111 nany cases  the seiect%vity or 

e v e n  s y e ~ S P l c $ t $  ef its na tu re ,%$  shou ld  be rerenbeseci t h a t  t h e  act%va%fcn 

is a y e a c t f o c  of the nucleus,and t h c s  %f ideycndent  sf the c h e ~ P e a %  s t a t e  

of  the c s n s i d e r e b  element ( S O - 6 9 ) ,  
By app ly lng  gamma scfntfblation spectscm~trg to actfvatlcn s n e i y s i s  

P t  becomes p o s s i b l e  to a n a l y z e  s imul taneous l : .  s. nurnbe~ of d 4 f r " e ~ e n t  e lements .  

A c s r r f u %  s t ~ t i s t i c e l  t r e a t m e n t  csn  d e r o n s t r e t e  t h a t  NAA c.ec be as  prscisg 

and even bette-,. t han  s t h e r  a n a l y t l c a b  ~ e t h o c ' s ,  



3 
rn ahe procedure can be sunsmarlzed as  fsllcdss i r r a d i a t e  a s a ~ p l e  ane a 

s t a a d s r d  bnder t h e  saEe cond8tPonsgcsunt both under $he  same condft%ans; 

t h e  r a t i o  sf these r a t e s  w i l l  be e q u a l  to tke rat2s of t k e  masses sf the 

element sf fnterest,ff one takes a c t i v a t i o n  i n  a t k e r m a l  reactor ,  o m  s h o u l d  

remenbey among many s t h e r  pa rane te r s  t h a t  the neu t ron  energy v a r i e s  from a 

the rma l  energy of 0,029 eV up  to about  20 HeV,GonsequentLy activation net 

only occurs  w i t h  thermal neutrons,but a l s o  w i t h  eplthezmal and f a s t  neutrons.  

Hany et%&er eo~plexltfes may be me@ during ae@ivatlon,suek a s  unsuspected 

reactisns,produ@tlcm of t h e  i s o t o p e  of f ~ t e r e s t  by second o r d e r  r e a c t i o n s  a9 

rad8sact:ve gpowth of' a d a u g h t e r  %sotspe,irreyroduclble geome&ry,~bsorp%%sn 

of rsdPatfsn,%nsta@ility of  the ins t rumentat%on,non-1lcee . rSt ;~  in d e t e c t o r  

response,ete,F~em t h f s  short list of errors it can be eoneluded t h a t  NAB f s 

a ecmplex a n a k y t f c ~ %  technique and that exper%ence 9 s  required ts e b t a l n  

s a t i s f n c t o r y  ~ e s u l t s ,  



P, 3- BASIC L;REi.iCIPLt:S OF ZAblPaU-EAY SPkCTE d ~ i ~ 1 I i Y  

The bss i c  pricclple of NAA is the deter~insZlcn of $ h e  sctivlZy of 

t h e  p r o d u c t  n u c l e i  Y f roE C k ~ e  f i c t l v a t l c n  of t r e  pa ren t  nucle:  X b2 aesnn 

of neutrons.The ~ i ~ c l e a r  reaction o f  this t y p e  can  be r e p r e s e n t e d  f n  sh63p t  

r;o%atiora,as ~ C I L Q W S  

whe re  n r e f e z s  to n e u t r o n  and k t o  t h e  e m i t t e d  p a r t i c l e s  o r  radiation du~iag 

t h e  reaztlon,If t h e  sctivatlon proces s  of nuclei X , l s  s s r u ~ ~ d  to be carried 

oiit in c o n s t s n t  neu t ron  fliiz, end if t h e  initial number of atoms of the 

p a r e n t  nuclei is a l s o  assumed t o  be c o n s t e n t , t h e n  t h e  v:ell known d i f f e r e n t i a (  

equation gcvernlng t h e  r a t e  of formation of Y w i l l  have the folloviing s o l u t i o n ,  

as given  I n  d e t s f l  :n age t ion  3 , 2 ,  

where ,  A is t h e  sctivlty of 2, atoms/seo., 
Y 

Ny i s  t h e  numbes of atoms of Y, 
N, i s  t h ~  numbes af atoms ~f X, 
A 

hy is the decay c o ~ s t s n t  for product X, s e c ,  -1 
2 6, 1s t n e  neu t ron  f l u s ,  n e u t r o n s / c ~  see,  

2 (j is t h e  sctlvetion cross-sec t ion  for prcduc t lon  cf 2 f r o n  X, c n  , 
t i s  t h e  time 09 frradiation, see, 

bhen 8 sample Ls removed from t h e  n e u t r o n  f ' lu r ,hhe  a c t ? v X y  begins  to 

l ec rease  exponentially.Then t h e  equaticn 1 . 2  beconeo, 

vhers ,  .t is t h r  c o ~ z , e c t e d  decay  tine 20 account for decay  of t h e  ssmple 

Ic r lng  EI 'Ini" coor&.e"ng timc,end i s  g l v e n  b y :  

I 
ri;crc, H S  Chc e?rre from removal f r cn  n e i i t ~ c ?  f l u x  tc the beginning of 

F 
4 : ~ ; 1 $  ~ , 3 u f i t ,  ts Is t h e  ccunticg time, t is the h a l f ' - l i f e  cp the r a d S c s o Q S v c  16% 
) F Q = ~ Q C ~  



6 
The set lvs tec2  stoms w i l l  decay t o  lower enez-+jy heceLs,fn order to 

r e a c k  m o r e  s t a b l e  s t a t e s  .If during this decay process ,  t h e  e z i t t e d  excess  

energy 1 s  Pn t h e  for% of ga%ma-~ayS9boQh q u a l f t a t l v e  sn? q u a n t l t a t l v e  aria- 

l y s P s  a r e  possible, 

The  i n t e r a c t i o n  p r i n c i p l e  sf gamma-reys wieh ma t t e r  e n r  be use& In 

MAP, t o  l d e n t l f y  the gamma emitting I s o t o p e  end its quantity in t h e  decaying 

rna t e r i a l , In  t h i s  work main reference F s  made to scintillating crystals a s  

i n t e r a c t i n g  mat te r  vzith gamma-rays, 

A sc%ntillatfon d e t e c t o r  c o n v e r t s  t h e  incoming gamma-rays i n t o  scin- 
tillatlons,and Brrto e l e c t r i c a l  sigmls th rough  a photomultiplier ( p d )   tub^, 

These e l e t r l c a l  s i g n a l s  a r e  t h e n  amplified,measured and r e g i s t e r e d ,  The 

measurements are performed by the use of m u l t i - e h a m s h  analyzers ( HCA ) 

A ~ I C A  1 s  an electronical equipment which  stores the e l e c t r i c a l  signals 

in d i f f e r e n t  Locations (channels) according to t h e i r  a r n p l i t ~ d e s ,  S f ~ c e  the 

s m p l l t u d e  of t h e  signal is proportional to t h e  incident gama-rsy energy 

a pulse height v e r s u s  energy d%str%butfon can be obta:ned,F%gure B,S is a 

p l c t  of t h e  expected t h e o r e t i c a l  response nP. a monoensgetic gamma emf t t e r  

of ecergy E and the a c t u a l  spectrometer response,l,e.,gamaar~y spsctrulr  
0 

(HP-641,  

' 4  ~ g u r e  1,l- Ccnpar'son of n t t e o r e t l c e l  and  e c t u a l  r e spozse  of a 

s c l n t l l l a t i c r .  s g e c t ~ o n e t e r  f o  R i rcnoenergetlc geema 

rn ; ld \kes  or" energy E ( ~ e - 6 4 ) .  
0 



Hs4-  GJTLENE OF THE TBESIS 

The NAA t e e k m f q u e  Bs deflned,lts use and a br ie f  h i s t o r y  Is given f n  

sec%iow 1, T h e  t h e o r y  sf %JAA 1s b r i e f l y  s t a t e d  in the subsec%l.sn i,2. 

Before going I n t ~  c amore detailed study sf the genera l  principles of XAA, 

a s h o r t  summary of the principles behind Nu are s t a t ed  and the gamna-rag 

spectrometry I s  introduced in the same s e e t i o c ,  Section 2, is a more d e t a l k -  

ed discussion of t h e  genera l  principles sf EIBQ,,Zn this sectZon,the Snterae- 

$ion of neut rons  w i t h  ma%ter,ferm%ion of radioactive nuc%ei,thc%r decay 

schemes are studledoThe f o l l su ing  subseetion def ines  t h e  t y p e s  sf I n t e r -  

action of ga redbatfon w l t h  m t t e r , T h e  form%lon sf gamm s p e r t r u ~  

is also f n t ~ o d u e e d  %n moye detail in t h i s  subseetion,The d e t e c t o r s  used 
i n  cornon N U  worka t h e P ~  princfple of operationsthe scintillation process 

and sc8ntilBatlon d e t e c t o r s  a r e  studied in subsection Z,J,Inforrnatlon on 

the electssn%c equipment used in dAA and the statistics sf' rediation can 

be found i n  subsec t ions  2,4 and 2,5 ~e%pectBvely,The use  sf computers in 

MAA being an Important  event,ssme predevelsped computer codes a re  named en  
t h e  last subseet%sn of %he second se@t%sn,Among the c s n p u t e r  cedes whfch 

w c ~ c  available f n %bfEd Computer L i b r a r y  (Em-CPL) , CBRCAH is a n a i y z ~ d .  in 

deta48,IL 1s f n  s e c t i o n  3 t h a t  COEGAX is in t soduced  and the t h e o r y  used i n  
In this csmputcs program is  given i n  sane d e t a i l  in subsection 3 , 2 ,  One 

can f i n d  t h e  experimental p ~ o c e d b r e s  considered f n  t h i s  cede Pn subsectlsn 

3.3.In t h i s  computes programsthere e x i s t  some s p e c i a l  teckLnfques,These 

teckinfques a re  g iven  i n  t h e  appendices A , B , C , D  and E,  F % n a l l y  a l i s t i n g  o r  

t h e  program,i$s flow diagramsthe i n p u t  data and the i n p ~ t  optfons,the 

updating programs and a sample problem run  a r e  given in the appendices F,G, 

M,J,k ,L  and 14, 



If a moving particle e ~ l l i d e s  with anotkLer one,k$netic energg 1 s  

exchanged between them In agaeenent with t h e  laws of conservat8on of ene~g-y  

and rnomentumeIf the p o t e n t i a l  energy of the s y s t e m  remains unehsnged , k t  netlo 

energy b e i n g  conserved du r ing  t h e  cs%lf s i o n ,  t h e  phenornensn i s  c a l l e d  ePas tPc  

scaf ter ingG'L 'he  scattering is i n e l a s t i e  if one of  the p s r t i c b e s  is left in a n  

excited stat,e a f t e r  col . l f s ion .The symbols (n,n) and (n,n" are o f t e n  used 

to denote t t r ~ese  processes in f ieutrof i  e l a s t i c  and inelastic szsttcrimag, 

deutrows m y  disappear i n  &iIi i n t e r a c t i o n  a s  e n e  s e s s l l t  of absorption sea@--. 

tions,the nsst  i m p o ~ t a n f  of which,is t h e  j n 9 g j  reactioc.Thfs process is 

a l s s  known as r e d i a t l v e  c a p % ~ ~ r e , s % n c e  cce  of t n e  p r o d u c % s  of t h e  reaction 

as t n s t an t aneous  g w m m a  x-adBsEisneNeutrons also disappear in charged=par%lcle 

a e a c t t ~ n s  suck as (n,p) or ( n , ~ )  seactisns,Some%Imss,tws or z o r e  neu t rons  

a r c  e ~ i t t e d  whey1 a nuc leus  P s  s t r u c k  by a h i g h  energy neu t ren ,The  process 

heye s r e  of &he ( n , 2 n )  or  (n,Tn) type,A clcsely related process is t h e  

{ n , p n )  r e a c t i o n ,  x h f c h  a l s o  6c@Urs w % t h  h f g k l y  energetic i n c i d e n t  aeu%:-sns, 

Finaliy,when a n e u t r o n  c o l l i d e s  with c e r t a i n  heavy nuclei,the nuckecs  splits 

I n t o  two l a r g e  f ragments  w 8 t k  t h e  r e l e s s e  of c o n s i d e r a b l e  e : ~ ~ r g y . % h P s  1 s  

tP.e flsslsn pr3eesseDete41ed d l s c u s s l o n  of t h e s e  interactfens are g i v e n  i n  

asny t e x t  books ( F g - 5 5 , h - 7 2 , ~ % - 6 4 ~ ~ ~ - 6 7  a 

En n e u t r c n  activation analysis the most isportant reaction is of the 

( n , & )  type,ThIs t y p e  of r e s c t f o n  is t h e  aos t  c o n a m  of a l l  react:ons,since 

t'riermah neu t rons  Induce t h i s  reaction i n  nee rky  a l l  n u e l e L 1 t  also occu r s  

41th a v e r y  h i g h  pso$ab%L%ty  for a number of n d c l e i  at pa~tfcular e n e ~ g % e s  

i n  the e p i t h e r a a l  rsuage O T h l ~  l a t t e r  phauaonecon is xnown as resonance c a p t u r e .  

Ine gamna-rays wn19cih; a r e  emi t t ed  i n  t h e  ( l a s & )  ri.aztio-.: u s u e l l y  h a ~ ~ e  ePzerglaes 

~f s e v e r a l  * q e V r  

The ~ a ? s s % o n  o f t h i s  gamma radiation I s  d u e  to the r e f e a s e  of e x c e s s  
aye . -~g3. '  - cf  Cite ex;Li,ed . ~ r ; c l e u s . T h e  e n e r g y  of  tnis gB23~-,'9;' iS equal  to t h e  

l f f e r e n z e  9r: t h e  e n e r g y  i e b - e k s  of  t h e  excI5e2 and s t23 le  s t a t e s  of  t k c  

f 2 p r  the beta-~sa$:cle,ebeet~a~ c a p t u r e  o r  a l 2 h s - p s ~ t l 2 2 3  ??cay o c z y r s ,  

~ ~ p t ~ ~ e s , $ p . ~ s  e x ; i t p <  s t s t e  h s s  a c h s r a c t e r f  st" h a l f - l f  f e a? I t s  nwn - 





.a --,- p d q s . x q s n ~ ~ ~  S T  a3LcT 

J Q  amaqas XeDap aq? 2.z a z n 8 ~ j  uyeamayDs Asaap p a q w g ~ d s ~  a m m  -e U B  

Bux2tnsa~~ q s ~ x a  uoysixaatrsa a73  JGJ SKEW ahg3suzaqlB sass3 ames u~ 



The detectaon of t h e s e  gama radiaelons bg suitable 3eZsc%ors ,  and 

t h e  aaalysls of $he sgt?c$~um Psrmed by t h e s e  radfa%%ons,aay E E  used to 

identify the radiating nucPlde,iQs amount,etc,The spectrum formed by t h e s e  

g a w - r a y s , d u e  to %he reasons discussed Pi? ths P'oE10wing SLB'GS~C~,%O~S IS 

hnfa_ue,ThaQ 1s a given radionuclide kiss f t s  own spect.rum00nee the gatam 

spectrum is obta ined  from an unknbvn nuc1%de,qual%tst$ve and quantitative 

a m l y s f s  1s psss$$le  by using s p e c i a l  technfq~es,These t e chn lquea  a r e  s tud l -  

ed in d e t a i l  En many text books ( S 0 - 6 9 ~ ~ e - 6 4 ~ ~ a - 6 8 ) ~ ~  brief description of 

t h e s e  methods can be found in the following subsectisns,and a eonpute~ 

application of' a s p e c i a l l y  developed method,mmely the c s ~ ~ e l a t i o n  elgorfthm 

is p r e s ~ n t e d  Pn section 3 (EC-681, 



~ a m a - r a y s ,  l i k e  other e l - t m a g n e t l c  radintlon,have tP,? p r o p e r t i e s  

of both waves and of dfscrete  partkcles,or quanta,~t the r e l a t i v e l y  hP8k~  

enep&es of Iso-&opfc gama radiation,%he q u a n t u ~  characteristics a r e  the 

most % n p o s t a n t , T h u s , f o r  t h e  pusposes of cons ider ing  t h e i r  interaction w i t h  

matterggamma photans m Y  be regarded as particles having a g i v e n  energy, 

There are f o u r  k i n d s  of' % n % e r a ~ t % ~ n  of photons  w i t h  m t t e r , F a n o  (Fa-53) f n  
his sst%c%e s t a t e s  t h a t  these are: 

1- Basic interactl~n w i t h  Ei$omic eaectr~ns 

2- Baste interaction w i t h  nuclear particles (nucleons) 
3- Inkeraetisa w i t h  e l e c t r i c  f f e l d  surrounding charged par$%cles 

(nuc l e f  and e h e c t ~ o n s )  

4- InLeractisn w l t h  meson f i e l d  surrounding nucleons, 

And there a y e  t h r e e  e f f e c t s  t h a %  the fn tesac t iora  m y  have u p o ~  a photon,  

A-  O u t r i g h t  abso rp t ion  

B- E l a s t i c  (coherent ]  s c a t t e r i n g  

C- I n e l a s t i c  ( i ncohe ren t  ) sce t t e r f  ng, 

DPfferent types of processes may arise froin each k$cd of f n t e r a c t l o n  

(1,2,3,4) leading to each of t h e  end r e s u l t s  ( ~ , d , C ) , T h u s  t 9 e r e  a r e  twelve  

t y p e s  of processes i n  a1lei4any of these processes  a r e  q u i t e  infrequent, 

some have not  y e t  been observed,The foblowlag t n r e e  processes  are t h e  mas% 

Impor tan t  ones ,These are 6 

a )  Pho toe lec t r i c  effects,whlch 1s t h e  Sashc BnteractPon with a t ~ n l e  

electrons l ead ing  to an outright absorption, 

b) Compton sca t te r ing ,which  is the b a s i c  I n t e r a c t i o n  ~ I t h  atomic 

electrons l ead ing  t o  i n e l a s t i c  ( i n c o h e r e n t ]  s~attering, 

6 )  pair production,whi@h is the %nteraet%on x i t h  electric f h e l d  

su~~ounding chasged p a ~ t i ~ l e s  ( n u c l e i  end  e l e c t r o n s )  leading to an 

outsight abss~ption, 

PBOTGZLECTRPC EFFECT is most impor tant  f o r  photons sf l c w  energy,En t h i s  

gyscess,  an i n c i d e n t  gsmua photon Bzpinges on a bound odbftal e l e c t r ~ ~ n  and 

t r a n s f e r s  a l l  sB its energy t o  t h e  electron,sJecting it f r o n  t h e  atom, 

If Eb .IS the b i n d i n g  energy of t h e  e l c t r o n  and the recoil ecergy of the 

a t o z  i s  neylected,thcn E = hv-Eb rwhere hv is the energy of Z h e  e l c t r o -  

magnetic quantum and E is the kinetic energy kmgarted to t h e  electx-ono 

The gua%u% of r s d % a & i s n  is p o s s i b l e  only  because the r emln iees  of the atam 

can rece ive  soQe ~oaentua,The p h o $ o e l e c t ~ % c  e f f e c t  1% f r e q u e n t l y  use6  to 



d e t e r a i m  Ramma-ray ene rg i e s  . T h i s  nay be acconpllshei by measureaent of t t+ 

tots1 ionization due  t o  t h e  p h o t o e l e c t r o n s  i n  a p r o p o r t i o n a l  o r  scintilla- 

t c r  counter ,  

The photoelectric effect hns  i t s  hlghest > r o b a b i l i t y  Tor e l e c t r o n s  

t h a t  are more t i g h t l y  bol;nd.The Incident phoeor. energy must ezcepd t i le 

binding energy of the electron,of course,before this r e a c t i o e  can occur. 

For incident photon e n e r g i e s  above t h e  K-sr .e l l  bindPhg energy,experlments 

show t h a t  8 0  p of the photoelect~lc effect interactions occur with K-shell 

electroas,The p r o b a b i l i t y  f o r  this I n t e r a c t l c n s , l n c r e a s e s  r a p i d l y  with 

degreesing photon energles.Figure 2.3 shows nou the photoelectric e f f e e t  

probabkhity varies with incident photon energz, 

Figurer 2.3- P h o t o e l e c t r i c  c ross-sec t ion  as  a func t ion  of photor. energy 

f o r  Bead ( ~ a - $ a ) ,  

The discontlnultlrs occurlnj at t h e  K cxd L s h e l l  b ind ing  en r rh - l e s  - 
e r e  c a l l e d  t h e  K and L ahsorptlon edges.The p r . ' b s ~ l l i t y  of  p h o f c a l e c t ~ ~ c  

*. G $., 3 interaceion 1s  a p p s o x i m t e L y  propsr$ionad ts , of t h e  a b s o r b ~ r  and to 

.Ee3'' of the interacting photon ( i a - 6 7 )  .Thus t f . e  photoelectric ef f e e t  occurs  

wf tr h igh  2 a b s o r b e r s  and l o w  pnoton enesgkes, 



Inseead of g iv ing  up I t s  entPre energy to a bound e 2 e z t s o n 9 a  photon 

zag t r s n s f e r  only  a part of i$s energy to an e l e ~ t r o n , w r ~ l c ? ~  ic t h i s  @ass 

max be  e i t h e r  bound or f r e e ~ t l i e  p h o t e c  1s not o n l y  degraded Bn energy  but  

e l s o  d e f l e c t e d  f r o 2  i t s  o r i g i n a l  patheTh8s p r o c e s s  1 s  c a l l e d  t h e  Conptofl 

cff e @ h r  C~CPTQLS S G A T Z B I H G  named afEer  AeIi,cCompton who f i r s t  r epor t ed  it 

i n  1922 (KO-$1),Th%s e f f e c t  is shswa schematically kn f i g u r e  2-4, 

Figure:  2-4-  S s h e ~ a t l c  diagram of Cempton s c a t t e r i n &  of a gamma-ray 

by an e l e c t r o n  ( ~ r - 5 7 l 0  

Consider t h e  expression which r e b a t e s  the tots% energy of a p a r t i c l e  

E to f ts momentun p, 

The q u a n t i t y  E, is the t o t a l  energy of the particle when 12 is at r e s t  
2 and 9 s  gLven by a c where mo is the r e s t  mass sf t h e  p a r t i c l e d t  must a l s o  

0 
be reca l l ed  t h a t  the y e s t  mass of a photon i s  z e m ,  

If Eb. 9 s  t h e  energy of t h e  B n t t l e l  gamm-ray,EQ 1 s  t h e  energy of the &' 
game-ray a f t e r  being sca t t e red  by an angle  0 $EO is the r e s t  energy sf the 

e l e c t r o n  (0,5bl EaV)  ,p and f@ are t h e  momentua of' t h e  electzon and t h e  

s c a t t e r i n g  angle of %he electron r e spec%lveky ,Then  t h e  eonsex-vation sf 

t o t a l  energy sequlres t h a t ;  

The  cense~b-e t l an  of mozentum along t h e  X d i s e c t 3 . o ~  and V dlrcc%lan aTe 

Y-eP%ect hen ( a , & )  



Combfnfng equatf ons 2 , 3  and 2.4 t h e  foLlc -~* lcg  eqzaeic~s arE  ebtaf  ned , 

h Since E = d  where c is the v e l o o l t y  of Ilght,equatior. 2.6 becomes; 
W 

k where F. I s  t h e  r e s t  mass of the electron.The quantity - = 2.1126 X lG-'Qcm 
d me 

is the w e l l  known Csmpton wavelength of the e h e c t r o n , w u a t i s n  2,7 shows 
"i t h a t  fez- a given inc ldent  energy t h e r e  is a ninlm.m energy (liaximum waveleng(A4 

f o r  the scet 'eeaed gamma-say and that t h i s  o e c z r s  f o r  s c a t t e r i n g  in t h e  

backward d % % ~ c t % o n  ( c s s @ - - - 1 ) .  

For  l a r g e  i n ~ i d e n t  gamma-rag enesgfes (E g>> $E,) the rn"inimu? energy 

sf t h e  s c a t t e r e d  gamma-rays approa=hes A E  - 250 KeVeFor t h i s  r~ascln- s ~ % n t 1 1 -  
2 o- 

h ~ t i o n  s p e c t ~ a  cS high-energy gamma-reys alwaas show a nbaek-scztterBnga 

peck at & 250 KeV whf ch  9s caused by C s m p t ~ n  s c a t t e r i n g  and a v a l l e y  

between photopeak and Compton continuum whose width cor responds  t o  t h e  

miaimurn energy ( d  250 K e V ]  ca r r i ed  off by game-rays Coapton s c a t t e r ~ c t  

i n  t h e  crystal (FT-67), 
The Campton e f f e c t  is important  f o r  pho tons  In the energy range of 

O,6 t o  2,5 &eVBThe p r o b a b i l i t y  of Coagtcn interaction Increases  with 

inereeshng Z of t h e  absorber  and w i t h  decreasing energy of t h e  ganma-rag, 

The t h 9 ~ d  mechan9sm by which electomagnetic radiation can be absorbed 

is t h e  P A I R  PWODSCTION process,%he process  l s  s s  termed because it r e s u l t s  

in t h e  p~oduct%sn of a p a 9 ~  sf particles of  o y p c s l t e  sPgn,the e l e c t r o n  and 

t h e  pcsit~on,hs has been poPntad o u t  @bove,the posltson is s particle kavfng 

t h e  mass and dimensions of a n  e B e c t r o n , b u t  a positive r a t h e r  t h a n  a n e g a t i v e  

charg~,PaP p~oduetion is p o s s i b l e  a n l y  f o r  a photon hav ing  a n  energy of at 

l e a s t  B,02 i4eVoWhen such an energetic photon  t r a v e r s e s  a p o w e r f u l l  e % r c t r % e  

fleld,sueh as  that surrounding a nuc leus  , t h e   kct ton can be annihiliated 
wi th  t h e  prcductloa of a pair of p a r t i c l e s  of equal  and o p p o s i t e  c k a r g ~ ,  

In & h i s  way,$he ehectrhcal n e u t r a l i t y  sf t h e  eshgiml p h o t o n  9 s  conserved ,  



Tne E?m2kggP cqu%velen$ of $he mss of each p a ~ t k c l c  % s  G,51 KeiJ ail& $he E ~ E  

sf t h e s e  nesses,l,02 WeV,  f s  t h e  minimum photori ecergy requare2 for produc- 

tion? of partPcPes,If %he pho%on &,as a n  enere;y 1 9  excess of 1.92 H e V , " b ~ a %  

excess energy is h i s s % p a t e d  as t h e  ~ i n e & % e  energy of t h e  e l e c t r o n  and 

pos i t son  c rea tedeAs  i n  t h e  case of photoelectric effect, t n ~  k ~ c i d e n t  phc to -  

disappears i n  t h i s  processeThe positron so forned is then a n n l h f l f t i t e d  by 

coll%sfsn w i t h  o r b i t a l  e l e c t ~ o n s ~ b o t h  p o s l t r o n  and e J s c t ~ s ~  being d e s t ~ o y e c l  

in the collPs%on,Tke energy resulting from the annfhkl8ati~n process is 

emitted as  electromagnet ic  o r  gama rsdiatkon,It can be seen t h a t  pos$tron 

annlhflfation 1s t h e  reverse sf p a i r  p rodus t fo r i , i n  that the positron i s  

destroyed w i t h  t h e  cosequent  production of two 0,59 H e V  gamma photons, 

The a b s o r p t i o n  sf e gamma photon by matter through pair prociuctkon Ps 

always assocf s t ed  w i t h  t h e  emission of t h i s  relatively how energy g a m e -  

radfationo 

From t h e  figure 2,5 h t  can be s een  t h a t  t h e  p h o t o e l e c t r i c  p r o c e s s  is 

t h e  m g s t  important process below a b o u t  1 MeVcThe Compton prccess i s  f a i r l y  

impor t ac t  over  t h e  range from Ooh t o  1 0  FleV,snd pa i r  p roduc t ion  can take 

p l a c e  o n l y  above 5,02 21eVoBecause a gamma-ray can i n t e r a c t  with a d e t e c t o r  

by t h e s e  t h r e e  principal p r s c e s s e s , a  f a i r l y  eozp lex  response ,H%gure  2,6 is 
obta ined  f r o 3  t h e  s p e c t ~ o m e t e r  s y s t e a , T h e  p h o t o e l e c t r i c  p r o c e s s  which 

results I n  the total degosltion of the g a n n e - r a y 9  energy in t h e  s c % n t i l -  

lation c - rys ta l  F s  characterized by the Gaussfen-shaped f h l  energy-peak, 

Comptsn scatte~ing P s  cha rac te rkzed  by t h e  nearly flat c o n t l n u u z  below t h e  

four sRal1 peaks,The backsca t t e r  peak c s r a e s ~ o n 2 s  to the g h o t o r l e e t ~ % c  

process f o r  a source  gamms-ray whose i n i t i a l  d:rect ion of t r a v e l  was leS 
8 

away f ~ s m  the scfntfllato~ but was b a e k s c a t t e ~ e d  i n t o  t h e  crystaP,Thc energy 

of the source gamma-ray f n  excess  of t h e  rest m s s  energy of t h e  e l e c t r s n -  

positron pair (l,02 MeV) 1s t r a n s f e r r e d  t o  t h e  e l e c t r o n - p o s h t r o n  pair as 

k i r i e t l c  energyC%herfore,a small p e a k , c a l l e d  t h e  two pho ton  escape peak 

{or d ~ u b b e  escape$,v~81B occur a t  a po in t  equal eo  t h e  ssblrce gamaa-ray 

energy minus 1,02 & e v o ~ f  one of' the 0051 heir a n n i h i l i s t i o n  gems-rays 

i n t e r a c t  in t h e  c r y s t a l  $3 t h e  p h ~ t o e l e ~ t s l c  process and t h e  o t h e r  escepcs 

% n t e r a c t i o n , t h e r e  w i l l  be a small peak,called t h e  one pho ton  escape p c ~ k  

(or s ln , lo  escape),loeated at a p o i n t  @qua1 t o  t h e  Source gamaa-ray energy 

mPnns  O ,  51 &-ieVoThe t h i r d  peak,ealled t h e  a n n h h l l i a t i o n  peak, is e r e s u l t  
of photoel.gc&sec l n t g r a  c t ~ G n  of 0 .jl XeV gamna-rays produced by the p a l s  

production process  occu r ing  in m a t e r l ~ l s  o u t s l e e  t h e  s c i n t i l l a t o r  d c t r c t o r .  

Because of t h e s e  %f i t e rac t f sns ,a  gamma-ray h n t e r a c t l n g  % E  a p s r t l c u l a r  

schntih$ation c r y s t a l  produces a unique  g ~ m n a - m y  speetrua, 





FlgEre;  2.6- G s m m  spec t run  of  2' (~a nessured w i t h  a dai(T1) (1) and 

~ i t h  a G e ( L I )  ( 2 )  d e t e c t o r  (SO-691, 

$6 8 sump@akeThe r e l a t i v e  i n t e n s i t y  of t h e  sunpeak to the s i n g l e  peak 1s  a 

function of  he souFce d e t e c t o r  g e s m e t ~ g ,  

The e n e r g y  of the unknown ganna-ray can be d e t e ~ z l n e d  from t k e  p ~ P s e -  

h e i g h t  of t h e  phctopeak maximm,The e a l i b ~ a t f  on sf the spec t rometer  can be 

performed bg aeans of %so%spes emitting gsma-rays ef knoxn e n e r g i e s ,  

ca t a logues  of ganm-ray s p e e t ~ a  measured with MaI(T%) and G e ( L 1 )  d e t e c t o r s  

a y e  a l s c  avalkable $or the ic lent i f  %eat$oil of g a ~ m i  s p e e t ~ a  ( ~ ~ - 6 h 4 ~ ~ e ~ 6 4 . ~  
Le-$8),~n t a b l e  2,323 end 2,lb soae esl9bz-aticn sou rce s  ane  r e s p e c f l v e  

energies a rc  given,  

Quant j .Lut lse ea$a sf the gamma-yay intensity can b2 ob ta ined  from t h e  

a rea  or t h e  h e i g h t  of the photopeak,Sln@e sadlatlsc Bs 8 s t a t l s % Q c a %  phens-  

menonsthe phocopeak sen be d e s c ~ l b e d  a s  a GaussSan e r r o r  cUF-t,-e ,The qua11 t.8- 

t I v e  and quan$ltazLve sf comlex spe@$ra,  can be s h ~ p l i f l e d  by computer 

teck;n iquss ,The qualitative anahysls of t h e  salnple by coapsr iso?l  x i t h  t h e  

s tandards  ( reference  s p e c t r a )  can be pesforaed by means off 8 least squazea 

skethod,xhIch also allows the ca lc~iha t l s r?  of t h e  s$atls tk;%cal  erros,The use 

@f com>u.ters c a n  be appreehated I n  activathon a m l y s l s  no t  0 3 1 ~  i.rhen d e ~ l l l - o , ~  

with a k r g e  nu~ber of routine annbysls,bUt a l s o  for rar%c~:s t a s k s ,  e , g ,  
333% ~ ~ ~ ~ % y u L m  8 ~ g 1 9 3 j 3 3  8 d e ~ a y  CUTVP B Y ~ ~ ~ Y S % S  s % ~ t l s Z i c a 3  t r e s t m e n t  of daza 



cpf lmszing,C@cr~ and counting conditiens,etc .In s e c t i o n  3 a conputer  code 

' C 0 2 G 4 1 "  f c r  coalex gsmma-rsy s n e l y s r s  ,is presen tee  in de",aii.lhe ne thad  

u s e d  in this code is g i v e n  in the subsections of t h e  semc sect:on,tos~ther 

31th s corpleze l i s t i n g  of t h e  progrsm and s sszple ~roblen,in the spp r r . l l c e  

PL,K and Lm 

Isotope Energy (kei7) Isotope Er.er3- $el7) 

l_lnl 59.568 2 0.017 Qqb -*.- 
t t3.S3 t 0.07 

is11 80.166 5 0.009 6431n F34.31 t 0.07 
iS3Gd 97.43 k 0.02 Say 

ECIS.~J~ - - 0.07 
133Gd 103.18 2 0.02 2"7Bi 1C." ;a .L 0.23 

'bd..- - 
1 : : ~ ~  112.97 OCo 1173.13 ' 0.01 
1 : : ~ ~  145.44 i- 0.05 60Co 

i332.SS 2 0.05 
1 3 s ~ ~  165.84 5 0.03 

136S.40 5 0.01 
6 6 C ~ ( D . E . )  7 .  = 0.33 

1 - - 7  - - iu 208.36 20aTI(TliC"j;D.E.) 1599.3 -1 0.13 

'03Rg 279.12 0.05 2 C S a  (D.E.) 1731.6 0.16 
13i1 364.47 i- 0.005 6"T 1 5 3 d . l  5 0.07 

S6co  2035.2 2 - 0.50 
SeC~(D .E . )  -- D;)3n .a - - 0.67 

a Au 411.776 i: 0.01 "Xo, (S.E.) - - 1 -  Q .7 r o ,- d 5 0.!4 

5 8 C ~  0 5 t', ; <, - . - - 0.30 
>i i ld i la t ion  611.008 _f 9.02 208T1 (T?IC"I 9 8 1 . 3  0.09 
ro:ei 6G9.65 t 0.10 0 - 7 ;  0 i 0.12 

I # Y <  . - :s:cs 661.58 i 0.07 6eCo 
3202.4 2 0.65 

"CO 32,ji.z - 3 . ~ 2  
S jCo 3273.6 5 0.4 
60co  3152.5 2 0.75 

S.Z. = single esr:npo D.E. = doul~lc  cscnpc. 

Tables 2 , l n -  Calibrstlon sources f o r  ganms-ray s p e c t r o o e t r y  ( S c - 6 9 ) .  



a The %ntensItg P 8 4 , j Q  keV is taken 8 s  LOO units, 

' able :  2.lb- mergies and r c l o t i v e  intensitiese i n  t h e  decay of 1 2 0 0  y 

106~oneThe errors  quoted  are one s t s n d a r d  deuistlon. 



2 =  3- SCINTILLATION CkTZCTOWS 

One of the oldest metnods of nuclear-rs5:3t$on d p t e e t i s n  z s k e s  use  o r  

light scPntPbiati~ns~It f s  wela lm-xm. that R u t h e r P o r d  and h i s  c o H B ~ b o r a t o r s  

used  t h i s  t e c h n i q u e  fop de@ect%w alpha particles I n  the famous a lpha -ge t -  

t ~ r l n g  e x p ~ r k m ~ n t s  (Pr-64l-The prPncPple of t r e s e  d e t e c t o r s  i s  the classical 

one,long used i n  t h e  s p i n t h a r i s c o p e  also ($1-62 j  he same principle bs 

a p p l i e d  in the detectors QP radioactfvlt~ whfen are calked scintillation 

counters ;these consist of two parts,a scintillator i n  whfeh t h e  lumknsus 

e f f e c t s  a r e  prsduced,and a photomltiplfes ( P ~ : )  to convert the light pulses 

into h i g h  amplitude electrf cah s i g n a l s  = T h e  c h i e f  advantaces of sz l~l tFhl lz i tSon 

c o u n t e r s  a r e  that they provide pulses pra~ortionak to the e n e r s y  of the 

part%eles,and they have high effickency for gaaxa radiation as w e l l  having 

large se~b82*Lk~b@ 8reaSoBefure dlscussfng the sc i i= t ikL~dt :on  detection roecha- 

nhsrn, i t  is necessary $ 0  dlscuss t h e  scir l t i lLathoxa phenoueiaon itsel?,!4a?j 

T a t e ~ l a L s  are excite2 by radiation and subsequently lose p 2 r t  of t h i s  

ewcftatlon energy by the e:22ssisn of low e : l e r g  photons of radist%oa, 

V z 3 - ~ e ~ e r  ve ry  few za t e r i ak s  emit radia 'c iof i  of' a wavelength t h a t  eLjsiZy ln ' ce -  -- 
racts with ~hotomul%ipH%er phasphor material an? yet e s s l l y  penet r2 :e  eom~3i2 

glasses,Even fewer are t r snsps re :? t  t o  t h e i r  oxn e x P c t e d  radiation ( G a - S q ) ,  

L u r n i n e s c e n c ~  1s "be g ~ n e ~ a l  t e r a  describii ipl;  t h e  a b s o r p t i o n  of ei?erg;j of an;- 

t ype  by s slabs'csnce s n d  t h e  reem%ssion o f  so%? f r a c t l o r ~  of I t  as ~ h ~ t o ~ l s  

of v i s i b l e  or n e a r  v l sTbhe  light,Rsdf~tIon e n e r g y  P s  k t  one t y p e  of energy 

t h a t  can excj  k e  m a t e r i a l s  t o  i n i t l s t e  1~rolnescellce ,Two types zf lcmf neseeilt. 

emission can occuroBy a b ~ ~ ~ p t i ~ f i  of energy,elect~ons can be raise< @o h i g h e r  

e x c i t e d  s t a t e s  and can r e t u r n  to the &rou@d state either d4~ectiy or v % s  a 

a e t a s t a b l e  stzte,This d e e x c i t a t l o n  w h i c h  occurs in a t i n e  s~:oz-ter t h a ~  w 9 s  

Ps c a l l e d  f l u o ~ e s c e n s e  (fmmedlate e m l s s i ~ n ) ~ I ' h e  esergy of t h e  enitted k P s h t  

is l e s s  than  t h ~ t  of the absorbed one t o  reach the excited sta$eeThe e l e c t r o n  

o c c ~ p y f g g  me ta s t ab l e  state, can be raised to a h 4 ~ h e r  e x c i t e d  s t s t e  and 

subsequently r e t s r n  $0  t h e  ground state by e3%sslon of e photon,Th:s pFocess 
-8 c w l l e C  phosphorescence, occurs after a tirnc %-?teervab of a b o u t  10 sec a f t e r  

exc ' " , i ; a t i~n  ( d ~ l s y p d  e r n 1  sslo~) o~cIBntlhlatlclr~ b l e a r y Y  is discussed in Dore 

d a t a :  h by m n y  a u t h o r s  ( ~ 1 - 5 3 9 C u - 5 3 )  
The fol;ow%ng groups  of materfsls are xnqXn $ 0  posses s  desired cropere 

ties as sclntllketoys: 



3 8  S o l i d  org9fiic s01~tfons (p1asticsJ 

4,  L i q u i d  o r s a n i c  solutPons 

5, Ra-e qases  

Among t h e  d e s i r a b l e  p r o p e r t i e s  f o r  gocd s c l n t f  l l a t o r s  are high y i e l d  

of fluorescsflt 142ht, transparency for this e~itted hlght,rapid light-enis- 

sion in coabinatloa w i t h  t h e  lowest p o s s i b l e  2kosphorescenze and f i n a l l y ,  

a s p e c t r a l  dfst~lbution of %he light s u i t a b l e  witn regzrd to the sens$tivf%y 

of existing photomult%plierseThe demands i n  o t h e r  respeets9(dgnsity,s9ze, 

d e o m e t ~ i e a l  s n a p e , e t c , )  depend on t h e  s p e c i a l  sitsation in which the d e t e c t o r  

is to be usedOA sslrvey of' the characteristics of the zos"Lcoormonly used  

piiospkiors I s  r;%vera bn t a b l e  2,%, 

T a b l e :  2,2-  Properties of some com~snlg used pht;sghors ( ~ r - 4 4 , ~ s - 5 ~ ) ,  

The i n o r g c n i c  s c i n t i l l a t o r s  a r e  c~ys%sls of Bcsrganle sal&s,prinxrly 

the alkali-halides,eontainPng smal l  amounts of Pap1-irit4es a s  ae%hvatc~s 

f o r  t h e  lum%nesc~n",recess,The y ie ld .  of fbi-asescent l h g h t  9s  connected with 

t h e  existen~p of b u ~ l n e s c ~ n t  centers i n  t h e  cz-ystal  latt%ce,Fsr t h e s e ,  t h e  

transition from the e x c i t e d  state,to t h e  g r c u ~ ?  l e v e l  Ls  accsmpanied by t k ~  

e a i s s i e n  of a photcn, .Lualnescpnt  centers a r e  c r e s t e d  by the adeltion of 

c e r t a i n  activating subs$ancesoSodium lodide,activated by the sdditfsz of 

tnaif%um,ls the aost widely used s e ~ n t 9 % 1 ~ ~ o r  for gsxma-rag speet~oaet~::, 



m ir~t? imporcant p r o p ~ r t ? e s , e n d  Che t n e o r y  cf various ct.:er s c i r . t : l l a t o ~ s  
a r e  z i v e n  i n  !zany books ( ~ r = 6 ~ , B f - 5 3 ~ ~ ~ - j j ~ 3 o ~ b ~ ) ~  

hadiatihota zsrl b e  zessdred  bJ :he i'luosesz2:;ce phenozer,cz 1: a means 

of a e a s u s l n ~  t n e  amsiJnt sf l i g h t  p r o d ~ c e d  is a v a i l a b l e  ,The ~ n t " , s : n u i t l p h l e r  

t l tde s e r v e s  %his purpose,A Pi4 cube  k s  e phc" i ;c~t .e  i r t  ,~k,:cr e:-e  c u r r e n t s  cf 

pnoto-elec 'crofis  from t h e  t u b a s  cathode is mul"bpi9ed zlanb- times t h r o u g h  

t h e  process of e l e c t r o n  r n u l t i p b i c n t i o n . T h e  p r i n c i p l e  e l e n e L t s  in each of 

t n e s e  t u b z s  are t h e  photocathode for reless:n& t h e  p k ~ a t o e l e c t r o n s ,  t h e  

dyn*z&es fcr psaducfng t h e  electron mul t%pl ica t icn ,a f id  t h e  aacde for co l lec -  

ting t h e  current pukse,An i n c i d e n t  p h o t ~ f i  i n t e r e s t s  with trie phoCocathodc 

3sterhad ( u s u a l l y  a mPxtuse of Antimony and Gesiuz) d e p ~ s i t e d  on the i n s i d e  

of the g l a s s  c y l i n d e ~  and produces  a pho to -e l ec t ro f l eA p o s i t f v e  v o l t a g e  

applied to t h e  f i rs t  dynode with respect  t o  the phstsca tb .oee  draws t h i s  

p h o t o - e l e c t r o n  ts t h e  dynsde,The photo-e lec t ron  i s  a c c e l e r a t e d  s u f f i c i e n t l y  

te cause e l e c t ~ o n  mult%pl%cat9sn upon i t s  i f i t e rceg t fow by tke f i rs t  eynode, 

Severa l  e l e c t r o n s  are typically e a l e t s d  in t h e  PntersctPon of the photo- 

elect~oc w i t h  t h e  first dgnodeeThese, in t u r n s a r e  drawn $ 0  t k e  second dyncdc 

2ifllch is maintained at s pss$t%v@ p o t e n t i a l  h i g h e r  than %ke f i y s t  one,T3e 

electz-02 multiplication conticues in this f a s h i o n  a t  each dynoc!e until a l l  
+ , ~ e  ' electrons so  p ~ o ~ u c e 2  are ec l l ec%ed  at tne anode, whlck is l o c a t e 5  a e  
- 7 ~ n e  eaC of %he  dynode chrEn,The s ~ s u n t  of electron mulEipLicatisn at each 

dynode is a strong function of t h e  vokta6e  between dynodes,An apgrox ixa t e  

rolati~n f ~ s  t n e  multhplicatlsn factor,d,at each s t a g e  is, 

r-1i"it;r-z 'ar f s the voltsage %YI v o l t s  and K is a co f i s t an t  ,ant% t h e  tstal mu%%l.p- 

lfcatisn is g i v e n  a s  : 

;-;here E is %he multlpblcatlon at each s t a g e  czd n is the number of s tages ,  

A q2 re  d e t ~ k l e d  discasslon on PM t u b e s  Is g i v e 2  by P r i c e  ( ? ~ - ~ & ) , F P ~ U T - ~ S  

2,7 , 2,8 snc! 2 , 9  sage the schema%$c d i ag raas  cf t h r e e  t y p e  of dynode  

a r r a : l g s s s n t  for 3~~ t u b e s ,  

Tw3 Ixpcr tac% properties of Prl tdbes e r e  the r e l a t l v e  constancy of t h e  

elg~tron multiplication f a c t o r  PI and cf % h e  e r a z s l t  t i ~ e  of t h ~  e l e c t ~ c e s  

z f i r o ~ g h  ; i l u l t l p L l e r  : . s t r ~ c t ~ r c o ' I n e  fsraer p s c p e r t y  e f f e c t s  t h e  p ~ i s e -  

ceipf i t  r @ s a b u g z o n  of t h e  sclnthilstion d e t e - t c r  afi2 t k e  l e t t e r  She r e s c l -  - 
t i m e , T h e  resolut"lon of a d e t e c t o r  s j isCe= is a measu re  of WLe ext,er,"-, 



t o  w f i i ~ i -  ;lm-!oenergetlc p a r t i c l e s  produce  p u l s e  h e i g h t s  of r: s i n g l e  v s l ~ ; e .  

In gemna-ray s i ; ec t romet ry , the  spread  L n  the total-enerdg peak is a n e a s s r e  

of t b e  resoiutlon,whioh is n o r m l l y  d e f i n e d  as, 

where X is t h ?  resolution Pn $, ' 1s t h e  f u l l  w i d t h  st h a l f  m s r i m u m  (WrV), 
E, f s t i le  gamma -phcton energy ( I 4 e V s ~ ,  

1 3 7 ~ s  generally is used as a comgsrison s t anda rd  for resolution of 8 

crystal.literature v a l u e s  f o r  t y p i c a l  resolutions range f r o n  5-19 ,% (p r -6k) .  

Exhcusl seal-off 
L'ic'n fIuor.de 

i 5,,v :.) / Em~orotm xL;nt: 

Flgure:  2,7-  ASCOP p h o t o m u l t i p l i e r  t ube  w i t h  Vene t i an-b l ind  dynode 

structure, ( ~ r - 6 4 )  

1 I1 

F igure : 2,8- Cu :?one 6 2 9 2  photom.i:elpl?er tube $ d i a g r a m  a n d  pirot-graph 

30.x type  dycode s t r s c t u r e ,  ( P r - 5 4 j  



Figure: ?,9- RCA 63b2 photomultiplier tu5e;aiagram and photograph  

circularly focussed dynode s t r ~ c t u r e ,  ( ~ s - 6 4 )  

F i g u r e  2 0 1 0  is t h e  pu 

f o r  a l3'cs source. 

I s e - h e i g h t  spect rum o b t a i n e d  w i t h  a i d a ~ ( T l )  co  



T h e  resalvhwg time f o ~  coun t ing  n e a s b r e z e ~ t s  I s  t r e  ~ P n f n u m  time which 

~ z s t  @.xis% between s u c e e s i v e  even t s  i f  they a r e  to De c s ~ ~ c t e d  a s  t w o  e v ~ n t s s  

T ~ b l e  2 e 3  1 s  a cornpflae%sn of the i m p o r t a n t  p r o p e r t i e s  of  G a r l o u s  PM tubes, 

Table :  2 , 3 -  Characteristics of a few commercial p h o % s m ~ . l t i p l 9 e r s ,  ( 

Besides scintlhlation counte rs  a wide rarlety ef 2 e t c c % o r s  are- used 
f o r  -O  ,ad$at%sn eetectlon purposes , A  detailed s t u d y  of t h e s e  d e t e c t o r s  mag 

be found in r e f e r e n c e s  ~ P ~ - ~ ~ ~ c ~ - S ~ , B ~ - $ ~ ~ C ~ - ~ ~ ~ K Q - ~ ~ _ ~ G E - ~ ~ ~ D J - ~ ~ )  

g?. s ,-fill- eci d es-e cggxs, : 
Three of %Ste o l d e s t  b u t  s t i l k  v e r y  usefu-l  f z u c l e s r  rad"aat%cm d e t e c t a r  

t y p e s  a r e  the Bon%za%lsn chambers,the proportional ccunter,and t h e  G e i g ~ y -  

G f J l f e r  ( ~ f u  tubes  c T ~ e  difference i n  t h e  t h r e e  s y s t e a s  csra be s e e n  t k ~ ~ o r , c h  

t h e  puis@-he"t& v e y s u s  a p p l % e d - v ~ d t a g e  currJes of f l e u r e  2 ,Ll ,The systcia 

csnslsts of 8 g a s - f g b l p d  ci.le~obpr wit!? a e e n ' c r ~ l  e h a c t ~ d e  well i n a c l n t e C  

f r s ~  t h e  chambe? w a ] c l s , ~ k : g s p  d .-$pctors  u s e  t h e  p r l n c l p l e  of e 6 e c P ; ~ i c ~ l  

c e , ~ ~ r ; e Q ~ ~ % Q , r r  ef gas r e s u l k l r - g  f r o x  i c r . f ~ € 3 t % e n  ~ ' P O C ? ' L C P ~  @Y t h ~  n u r l e a ?  

r a d f a Q 4 , ~ n ~  



~ ~ a % c o c d ~ c t 3 r  TeZla tPen  d s t e c t o r s :  .-------- -- - =  C - P- -VF- ^ 

Ic t h i s  d e t e c e o r , a n  eleetrlc f i e l d  Is s e t  up ac ross  a sealcond~cting 

a?ecl%ua QI" l o w  e l e c t r i c a k  c o : a d u c t l v % t y , k h  8 cmrge5  p a r z f  c1.e p s s s e s  "3;i?rsQ&h 

t h e  riled:um,electron hole p a i r s  e r e  p r o d u c e d  : r ~  f t ,F 'he  c h a r g e s  a r e  s e p a r a ~ e d  

by t h e  f i e l d  as& c ~ l l e c t e d  a t  e l e c t r o d e s ,  ~ r o 2 u c P ~ g  an e l e c t r l e a l  signsl 

which  can  be a r n p b i f b e d  recorded  snd 'lased t~ & l v e  i c f o r r c n ' t k c n  abol;t  tke 

partiekes deteeteci ,  

~ e v e r e l  o t h e r  t y p e s  of d e t e c t o r s  a r e  I n  u s e  and a r e  q u i t e  "smpe"rtss,t 

f o r  spechs2fzed  detection problems,These d e t e c t o r s  a r e  Cloud Chambers, 

Nuclear  Track  P l a t e s  ,Spark Chambers ,Cklerenkov Ceulnters ,Chemical Detec to r s ,  

Caloa l~ i ie ta ic  ?wiethods, and various t y p e s  of ~ P e u t r s n  E e t ~ c t s r s ,  ( ~ r - $ k ) ,  



2 A U X I L I A R Y  ELECTRONIC EQ2 I F M E L ~  

A s  it Ps discussed  In  the prev ious  subsec t ions  %k,z c ~ t p c t  sf B s c i ~ -  

t i?Pad$opa d ~ t e c E o r  1s e l e c t r i c a l  sIgnal,Ir, order to a ~ s l y s e  t k i k s  signal 

some auxlPPary equipment is needed,A eo~plets instrcmsnt fay the messu~ewen t  

of nuclear r a d i a t i o n  consists of 8 combination of o q e t e e t o a  one or more 
electronic u n i t s  which perform t h e  f u n c t i o n s  ~ e q u P r e d , T h e  m % n  func t ions  of 

these electronic devices  a r e  s ~ p p k y i k z g  t h e  necessary v o l t a g e  to the ddetecf;~i- 

a u p l i f y i n g  the d e t e c t o r  ou tpu t  s i g n a l  t o  a su f t abbe  l e v e L g r e g L s t e ~ l n g , p ~ e -  

setting and and asmlys8ng tkie amlified slgml (D-64), 
L i k e  a 8 1  o%hers,scfntilbatisn d e t e c t o r s  alss,need a v e r y  well s t a b i l i z e d  

h i g h  v o l t a g e  supgly,whIch is used to c r e a t e  a p o t e n t i a l  d i f f e r e n c e  between 

the sucees lve  dynodes sf the 2d tubeePreanhlf%ers are us& ehe re  signals 

are so small t h a t  a normal a m p l i f i e r  1s  not  a b l e  to a m p l i f y  them s u f f i c i e n t l y  

o r  where soze amplPf'icaQion o r  fnipedenee matching is requ%r~c? .  t o  offset 

cab le  Eoss~s~FhnslLy there exists a l a r g e  v a r i e t y  of e l e c t r o n i c  equipment 

whleh is uszd as the ana lys ing  apparatus ( ~ r - 6 4 ) ,  
One sf t h e  I m p s r t s n t  p r o p e r t i e s  of a s ckn t l%%at fon  d e t e c t o r  1 s  its 

a b i l i t y  t o  give an BndBee%icn of t h e  energy of t h e  incident r a d i a t f o n , B e c a u s c  

of t h i s  p ~ o p e ~ t y  ,the pulse-height B i s t r B b u t k s n  curves from a scf  n t f  lkatian 

d e t e c t o ~  can bz used  to d ~ t e r l a i n c  t h o  energy sp~ctrum of ir:cident r a d % s t l s ~ a ~  

The obJec'r; in pulse-height analysLs 2 s  tc ddeCerinine t k e  total n u ~ b e ~  sf 

p u l s e s  shosc heights f a l l  f n  selected i n t e r v a l s  or c h a ~ ~ i e k s , E f  this a n a l y s k s  

is m d e  by sazphing one channel at a "cine, t h e  dev i ce  % s  r e f e r r e d  t o  as a 

singbe-channel pulse-height analyzer  ( S G A )  oEo~zever,Sn nany e p p h i c ~ t t o n s  it 

1s  essential to accurnu%a%e da ta  without any lsss,ss multi-channel analyzers 

( t * l C ~ )  a r e  used f c r  % h i s  pUs;po%eeThese i n s e r k ~ e n t s  a l l  consist of ssne csr a l l  
of t h e  f'o?;aos~ing elements: 1) a seetlon t h e %  associates esch  frlpu".,si&snal 

with a spac!lf'ic amplitude channel,2) a memosy,ar data s to rage  device t h a t  

con ta ins  $he infcrmation on this number of pulses hn each channel u n t i l  

$ h i s  anfa~natign 19 recorded olherwkse,3) a &sea df s p B s y  dev%ce ,&)  as-xf kiary 

readout d e v l e e s  s ~ c h  ~s c u r v e  pEotlers,peper-tripe sr card-p~nches,magn~tfc 

t a p e , t y p e w ~ % t t e ~ s , ~ t c  

Below I s  e block r2fag~arn of sn e%ectaonfc  arrongernent used  i n  pulse- 

h e i g h t  spect~or? le t r :~ ,An eves a l l  d i s c ~ s s f o n  of t h e  tecl-niqGes sf h C A %  sas 

weah as  other a p t h o d s  for p u l s e - f ; e 3 - g h t - t ~ - d i % i t a 3  c c n r d r s i ~ c  I s  g i v e n  @y 

Chase ( ~ h - 6 1 )  



Tk.e most w i d e l y  Used method employs p~lse-he;ght-to-?$me c o n v c 3 r t e r s ,  

F i g u r e  2,12 Sklus t ra tees  t h i s  p rocess .F j l r s t  t h e  signal p u l s e  ODa" is c o n v e r t e d  

to a f l~s t - - t~ 'g)peC!  one @QbPJ by means of a pulse-streching c l r c u ' i t , A t t h e  s t a r t  

of t h e  p u l s e , @  binearly rising s i g n a l  "c"  1 s  swi t cked  on,and z s e r i e s  of 

e q k s b l y  spaced p u l s e s  "drl Is s ta r t edoWhen  r e a c h e s  @ # b n , t h e  pulse train 

"dm i s  stsgped,In t h i s  manner t h e  p u l s e  h e i g h t s  a r e  c o n v e r t e d  I n t o  t r a i n s  

of c l o c k  puEses,snd different c h a n n e l s  now correspond t o  t r a i n s  with d i f f e r e n t  

numbers of c lock  pulses,These t r a i n s  of p u l s e s  can be sorted,s%ored,dfsphayed 

and r e a d  b$ v a r i c u s  techniques t ha t  have been d e v e l o p e 2  for digital 

cozputess (~h-41), 
r l  ,I 

C 

cozputess (~h-41), 
r l  ,I 

C 

Figure: 2 0 1 2 -  Schenatfc representation of pulse-heldht-to-time conversioc, 

The ?TCAOs are a logical e x t e n s i o n  cf SCAOseBy e~lcying n d f f f e ~ e n t l e l  

d : s@r8xins tors  s e t  s t  s u c c e s % v e  window l e v e l s  and each  having i t s  sxn  

c o b n t l n g  s y s t e m , s n  n-channel  a n a l y s i s  1s  obtsfned,The p r i n c i p l e  a d v a n t a g e  

cf t h i s  approach  is t h ~ t  i t s  t 9 m ~  resolutlsn cac  be s a d e  l e s s  t hac  1 psec ,  

Hiowi.ver t h e ~ a  a r e  two SPFIOUS d ~ ~ e d ~ ~ e 9 n t ; a g e ~ ~ F ~ r s ' r , ~ t h ~ s  arrangenen%,havPng 

n ssssrace c h a n n e l s  c o n s e q u e n t l y  n @%r@Lkits,is c o s t l y  t o  construct and 

malnlain,Second,%t 1 s  a d i f f ' l e u i t  des%&n t o  n s i c t a l n  e q u a l  window w i d t h s ,  

In g e r a e r ~ l  the b ' l iC~Os a r e  v e r y  sopki is t ice ted  i n s t r u m e n t s  ,wf t h  good a c c u r a c y  

and versatility, 



Tne meas~Lrezent of m c l e a r  radiait  Sor~ bJ- c7.e d e ~ e c u i o n  sys  t 2as  ; r lErc -  

ciucsd .IS p r e v i o d s  ssbsestfons , i n v o l v e  phenomers w n l c n  a r e  ~ L a t i s t i c e l  1i- i  

nature,5~ t F e ?  US@ of s t a t i s t l c s l  snalysEs,eszizstes can be  z~acle of t h e  

~ c e u r a c y  sf C k ~ e  r n e a s u r ~ m e n t s ~ a n d  p rocedures  c a r  be d e v i s e e  whlcz w911 mPcf- 

mfze  e rycrs  Cue to rsndarn n a t u r e  sf t h e  p r o c e s s e 9 b v i . o u s l y ,  the ststlstfeal 

analysis @hi?not o b v i a t e  t h e  need f o r  sound s f i a k y t l c a l  t e c h n f q u e s , b u t  un- 

n e c e s s a r y  l o s s  of operatoff time in t h e  l a b o r a t c r y  can be e l i m i n a t e d  and t h e  

y e l I a b % l l t y  sf t h e  r e s u l t s  fncreased by t h e  G s e  of s t a t i s t i c q l  me thods ,  

Two kinds of error can be ~ e t  Pn radfatlon d e t e c t i o n g l )  s y s t e m a t l e  

e r r o r s , w h f c h  d e t e r m i n e  the accuracy of  a result,2) sandon e y r o r s ,  which 

d e t e a ~ i n e  %he r e p r o c 2 u c i b i l i t y  or precfs%on.d~ s2stemst$c e r r o r s  t h e  e x p e r l -  

mental r e s u l t s  d e v i a t e  from t h e  t r u e  ~ a k u e , b e c a ; ~ s e  of  a blws,Statistics, 

on t h e  o t h e r  k.acd,deal w i t h  randon errsrs,H% m g e s  no sense to d e f i n e  an 

e r r o r  as  t h e  d e v i a t i o n  sf s msasurezent  from t r L e  true v a l u e ,  as t h e  L a t t e r  

is u s u a l l y  unknown,Thus " e r r o r m  can o n l y  be defZned  a f t e r  evsLuatfon of the 

rnc~s t  p r o b a b l e  v a l u e  o f  t h e  yuantlty aeasured ,  F o r  a number of sbse~vationr 

x ~ ~ x ~ ~ ~ ~ ~ ~ M  aade  under  %he saxe cond i t i ons  as2 all e q u a l l y  relisble,the n9 
arithmetic mean is t h e  b e s t  v a l u e  f o r  t k - 1 ~  s e t  of  observatfons, 

If 81% observatiozs a y e  no3 e q u s l l y  reliable a sta%ist%ca% ~>:.;eP@;ht FJ, 
k 

can be %n~rsduced,The most grobzbkg v a l u e  is t h e n  the *weighted  mesnm, 

sometimes eaEled "genera l  or probab le  mean" (GI--74) s 

The cho i ce  on W , t h e  weighing paramecers92.epends upon the exper imenta l  B 
conditbons and $he s c a t t e r  of d a t a , T h @  r e p s o z i ~ c L b l L l t y  sf 83 a n a k y t ? c a 1  

metbod i n  u s u a l l y  expressed by t h e  standard Cer'atior.  Q b " )  ofi e singla deter- 

mlnatlsn,Th~ standard devjation 1s  defLned a s  z:?e Equsre  r o o t  of "' ~ n e  average  

value of t h e  square of t h e  In&Lv%dual devEatbcns f ~ o m  the mcst p r s b s b l e  

v a l u e  (mean 1 ,  t a k e c  f o r  a l a r g e  number of observeZions ,Thus ,  

f - 
( x - x ,  1 2 (i-5 P i- 

n-1 i = $  

w h e ~ e  n-h I n d i c a t e s  t h e  degsees of freedom cf ::;e observatioc set, 



A S  t h e  a ~ h t k ~ n e t l e  mean for a n  Pnf%nk&e  nuzap=+ of o k s e ~ ? j a t i o n s  
13 m t  accesslble,it i s  only possible to c a l c ~ l s f e  the probsbiL?ty z k z t  this 

v a l u e  is c o ~ t a l n r d  w l t k l n  t h e  l l o l t s  E ~ A r ; . ~ i - . e  r.u;rb+r Ax c a n  bp c k o s r n  

arbitrerlly smell,T+, ' i s  coanon p r a c t i c e  " ~ o  F X F r e s s d  x In of the 
s t a r i d a r d  d e r z l a t l o n , e . g . 2 ~ x =  4 c G , where t d e p e n d s  r,r, t h e  p r o b a c i l l t j i  i p v e i  
and on the number of  deg ree s  of freedom.If t h e  l a t t e r  t 1 s  replaced 
by u . dkler-e " 'A  Is  t h e  nLmoer of s t a n d a r d  deviations Poi. l a r g e  d e g r e e s  of 

freedon.The degree of conf idence  Bncreases,as t h e  "conf idence  intprvalq@ 

i nc reases  ( s e e  t a b l e  2,&), 

"nine-ientlls ~rrm.,r." n r  

"reliable er:.orV 
"nii~ety-fiic: hii!!.l.-~~ i : i ~  i.1.sorU 

"11i11cty-rli11c I I I I I :  !:!IS c r r ~ > r ' '  

The r a d i o a c t i v e  decaJ has  a statis%lcal c i i a rac t e r , I f  radfsnue/9,&e 

is c sun t ed  s e v e r a l  t i m e s  i n  identical experimentsl cenditlons,dSffarect 

count8n~ r a t e s  (number of  coun ts  p e r  unit t i n e )  w i l l  De ~ b s e r s e d ~ e v e n  f o r  

very lsng l i v e d  s p e c % e s , % t  can be shown t h a t  % h e  p r c b a b i b l t y  P i n )  sf o b t a i n -  

i n g  n dlslntegrations i n  a t i i r . e A t  fro:]] No o r i g i n a l  redloactive atoms is 

g i v e a  by the BBsaosr%aL d1strfbu"ehan ( ~ r - 6 7 ) ,  

where ( 5 - e  -)lbt I i s  t h e  p r o b ~ b % % l t y  s f  an  a t o ~  blslntegrating In a @ I x g  &t 

-/"Be e n 3  s t k e  p a s b ~ b l l f t y  sf s u ~ a ~ f v 8 n g  th r@h<b.  t h e  t i n e  At G T k ; ~  8% n o a i e l  

d?str?butlcn msy be r e p l a c e d  by t h e  s i m p l e r  Pelssol dlstrlbutlon (~7-671, 
the p r o b s 5 l l : t y  P!wf of f i n d i n g  n d%s%nte+re t - l . cn  I s  t h e n  gLvsn  by  equs&%on 

2,15 ,where m Is % h e  averege to be expected 

ovi coradS~bon % h a t  X A ~ ~ O , O ~  and ~ l ~ h - b , 1 0 0 ,  



F8k S S S ~ ~  ~zbslntegratlon r a t e s ,  t h e  d ~ ~ r i b ~ ~ ~ ~ ; n  2s  not s y m m e z r L c d  

ardbnd n=: mlFas I G ~  n ) >  1GO and r c s  n the Esiss~n dis",rlbi~",'h.=al can 5 e  

r ep l aced  bar Zi:e normal or Gaussisn Cbstrl~~flon: 

w h ~ ~ e ,  r i s f l d  deslanet~ t h e  s t a n d e r d  deviation and tne t r u e  nesn,respectlyelg 
pfaure  2,i3 fllus5rates t h e  f o r n  of t h e  dlstributlsn a long  w i t h  i t s  most 

t m p o r t a n %  prop~rtiee, 

F f g u ~ e :  2,13- HBlust~stion t h e  n o r n a l  dfstrloutlon function ( g y - 4 4 ) ,  

1% W I S P  be n o t i c e d  t h a t  t h l s  d%strtbution is sy~@n:t,ri-,al aSaut  n=m, 

An l r n p o ~ t s n t  concept of s@a%istI@al interpretation of radioactive 
d%sin$egret$sn is t h e  cenffdenee In@ervals,dIseusse3 in d e t a i l  by ~u~%e(~u-68) 
I f  the observeG m m b e r  sf coun t s  $rcz a sample-: bacl rgoacd and f r o %  t h s  

backgrsurzd a l o n e ,  for an  equal. tbxe  of measdrement A t  , a r e  ? .espec%ive ly  C 
8-j 5 

ancl C , t h e n  t h e  z o u n t  d i f f e rence  C,= Cs+b-Cb I s  onecsure  of the n e t  s c t P v i e y  b 
of t f l e  sazp%eokowever,owing to the s t a t i s t i c a l  f h c t u n t l o n s ,  t h i s  coun t  

c= 

diff 'erealce e% t h e  averages  of t h e  baclsgr\ro:!d Cb an$ the sample Cs mo;i ~ b t s i 2  

verious vsiups, .n . t  a r e l a t l v r l y  sn ia l l  v a l u e  of C S D  t i l e  p-esance of the a c i l v i i g  

i n  the sazple Secomes douStful,Therefose a so-called * c f i t I c a l  s o l u e n  
&C 

? s  introduced,ekst is often c a l l e d  U d e c i s l c n  IlmLc" ( ~ ~ - d d ) . ~ . o r  C s  > L C  occ  

a s s u ~ ~ e s  that, t h e  sigael I s  present,for C,< LC t h e  sls.mI? k:?ll nc' be rli?",ectpd 

%e to this assu~pbfon~two k i x ? s  3f eyrors csy occur: 
i p T h r .  pensGrrd v a l u e  cs> L ~ , D ~ P  -onc:'~:ns t h a t  t h e  ~ c e l ~ l t y  > c  :.:rep 

" 

13 f a c t  i 3 1 s  ~ q u a l  t o  z e y o  ( t y p e  % e r r o r ? ,  



2-The ~ e e s u s e 2  v a l u e  C-( L , o m  ror.c ludes t h a t  the sct lvi ty  is equal to 
a @ 

zea3 when % _ a  f s c t  tP2p ~ c t % v L t y  > O ( gyp@ 2 e r r o r > ,  

As appears  f raa  figure 2,l4,the c r f t i c s i  l e v e l  x s  n c t p e a a j - i c s l l g  grven 

by : 

T h e  perameter ul h s  a m u l t i p l e  of t h e  standerd devletfon, determining 

the prooab : l l ty  of' icsking the type 1 error,bsual v a l u e s  f o r  ial are L,6&5, 
1.95~~3~000~Contaary to t a b b e  Ze4 ,this does not correspcad to a eocfkdc~ca 

level .  o f  99995 and 99.79 $ r e s p e c t i v e l y  but  to e confidence level of 95$97.5 

and 99.865 $ rsspectfvely.Indeed the probability of malting the t y p e  I e r r o r  

is respectively 5,205,0eb35 % o n l y  Qsne s i d e  of t h e  Gauss curve),Fo~ t h a t  

Y ~ ~ S O E ,  the sgabsl  w has  been ~ e p l a c e d  by u 1" 

Figure; 2,L&- S l g n s l  detectlsn,E~fhftion cf c r i t l c a 1  level L (Se-69 >, e 

a nuabcr of tests have been dsolsed to ensv:oy t h e  q c e s t l o c  as to 

whether  Or 120% a given s e t  of d a t a  P i t s  a e e r t s i n  d%stributfsn f u n c t i o n ,  

The concept 0;" poisson" ?&ex of f i i spers lor ,  Is p a r t I c u l a r 2 j r  wsePiah 'In t h i s  



e averege ~ f 3 r ~ e e I f  t h e  v s l u e  of is s u f f l ~ l e r t " , ~  b r g e  so t h a t  tkie,-e 1s s:%:x 

a s m a l l  probab$lfty ofosecurenee  of a v a l u e  t k i s  high,%t 1 s  a n  ' n c l l c a t ~ s n  

of t r o u b l e  I n  t h e  experfmen& ,Likexf  se I f  X 2  2,s s=till,th@ c o r r ~ s p o n d i c g  dzta 

shou ld  b? questioned because the spread f n  I t  is s o  srnaZ%,?hus i 2  is s e e n  

t h a t  t h e  Pslsscn Index-sf -%Bspers%on zest caC be h e l p f u l  I n  d e t e r ~ f  nlng 

whether  or n o t  t h e  csuntfng equipment 1 s  functlsnlng satlsfactorihy, 

ChaWzene~~s c~lterfon is f r equen t ly  use5  for t h e  r e J e c t 8 o n  of o u t l y i n g  

da$aoThe c ~ : % e r k o n  s t a t e s  t h a t  any one i n  a s e r h e s  ef n readings nay be 

pegected  when its dev%at%on  from the mean of t h e  s e r i e s  18 such that t h e  

probabillt~ of cccurenee of a18 dev%at%ons  f s o a  t h e  mzaa as l a rge  or l a rge r  

2s l e s s  thzn  n/2 (SO-69,~r-74), 
A n  o v e r a l l  appbfcatfsn of stat%st%cal a e t n s d s  briefly menZ8oned here 

can be found i n  the computer code G O R G A L V I , W ~ ~ C ~  is Int roduced I n  section 3 ,  



When @ x ~ e r f n e n t t % l  d a t s  resulting from a c t i v i t y  c c s c t f n g  and thus 

s u b j e c t  ZO  statistlc~l f l L k c t ~ e t l ~ n ~ , h @ v e  20 be t r ee ted ,e  saoothing routine 

c s n  2~ d e s i r e b l e . T h i s  i s  t h e  case xhen d e a l i n g  ~ i i t n  gamma spectra or d s c s y  

curvPs,whlct have t o  be ana lyzed  bjr means of 8 compui;er,Tre slmplpst smcoth- 

i n g  r o u t i n e  1 s  t h e  g r a f i e a l  smoothing,but  9% can be applied only when data 

a r e  g r a f i c s l k y  evaluated, 

Matheaaticsl clata C O P I ' V O ~ U ~ ~ O ~  ZCechnHque~ largely correct for s t a t i s t k ~ a  

sca t t e r e 'The  s k ~ p f e s t  c o n v o l u t i o n  sets the convolution Integer equal to o n e ,  

g i v i n g  rise t o  a eGrectangular"  eonvohutkon,f ,e ,  ,a normal nov?ns average, 

One aLso can use a symmetr%cal triangular @onvolut lon ,one-s9ded exponen t l a1  

o r  symmetrical exponential convolutisn,But a a o r e  exact p r o c e d u r e  can be 

act.le-red b;7 u s i n g  e; less$ squa re s  methsci,Ir, % h i s  technique c;ne t r i e s  to f B $ z  

the o e s t  ca rve  through t h e  s e t  of  p o i n t s  u n d e ~  eansideratien,In t h i s  way it 
th is p z s s i b l e  to s b % a i n  n s e t  of equations of t h e  n s r d e ~  ~ f ' z h  2n+l eoef- 

Cor f i c f  ects a s  uraknoams, It bs ob-ribous t h e t t h e  c ~ i c u l a t i o n s  rieed.;d oiae sncotheC 

p o i n t  are %:me consuzingc 

A f t e r  d a t a  smoothfng,$ke a ~ a l y s l s  of  t k , e  ,-azr,G speczl-s  can be P e r f ~ ~ a s i  

i n  s e v e ~ a 2  ways ,Wf th t h e  d ? ~ e i o p % e n t  of high aesciutfon detectsrs,uslng s 

l s r g e  number af channels p e r  s p e c t r u z , t h e  c o a p u t e r  b~con?s psacticelly 

~navcfdable for ~ m l y s l s  purposes, 

The location of  the photo-peak i n  a gaazs sgectrua,scd the e a b c z % ~ t l 3 x  

of the co~responding a r e a  1 s  of ext~eme Bapor tance  in NA40Tkhs can 5~2 don? 

by a c ~ a p u t e r  progrsm,and qgalltatfve 2nd quantitatfve ana lys:s can bz  

made y o s s l b l e  in this way,The t echn ique  etnployed in photo- pea^ p o s f t i o r , i n g  

i s  the u s e  of the f i r s t  derivative of the sasathed spectrkn,The exact 

hoc~tkon of the peak c ~ w  be found by means of  the second dez-lvat:veoBoth, 

f Irst  and second dcrixra$lve can be c ~ l c u L a Q e s  szcosc!lng to t h e  Least squayes 

met hod, 

aace $he pkl~to-peaks  have been lo@etedctk- ,e  ac t ? ,~ l i ; , y  u,rt,&er the pe8l.r~ 

can be de*Leruan;d @y subtractfag the d e t e c t e r  b s c k g r o ~ n d C 8 s  the net pho to -  

peak a c ~ ~ v ~ t ~ e s  a y e  obtaIned,one coukd conczikpf a ~ 0 ~ p l e Q e  a@tfra$i@~ 

snalysfsk program,~y treaties t h e  s p e c t r a  ef s tendarc is  and samples I n  the 

sa-2 ?jey ,an% correcting f-or i r r a d % a t . t o n  %Eae,5essy tine ,and count"8 ttme, 

&he r e s u l t s  of the analysis ten be c o a p ~ t e d ~ k r - e n  t h e  ecrspcrr,.sr,ts or cons"-,- 

$r;iec", ~ o f  a c ~ x p 3 ~ . ~  gszna s p e c t y u ~  a r e  Znd.aPiteti ,ve~y ) t i ~ ~ , i  IS o f t e n  ti-e 

case 1\5Ah9the o n l y  p r c b l e ~  is detsrmlfie  " h ~ v ?  m - ~ ~ b ~ '  of each $S prsse-e 



1' t h e  s ~ n @ % e ~ " ~ r ~  a complex s p e c t s d z  and  fro^ the spe;trs  of c o ~ p o s i n g  

s tandards  one can  coapuee t h e  b e s t  v a l u e  for tne r a t i o s  of eack  component 

to its ~ e s p e c t l v e  s t a n d a r d  and a l s o  t 2 e  szenzard deviatlcn (SO-69be 
A j r e a t  numDer of computer  pr.ogc.ias are a v a i l a b l e ,  for- che m l a L y s l s  

of ~ s m p h e x  gamma-ray spectffa ( l d ~ - C j ? L j , ~ r n o n ~  them t h e  ones s e c e n t l y  p repared  

are  g i v e n  i n  the a p p e n d i x  N, 



The importance of computers in N U  was mentPoned i n  p r ev ious  sections, 

and a l i s t  of csaputer programs developed f o r  t n e  a n a l y s i s  of gamna-ray 
syectra is also given in appendix M e  

mch of t h e s e  codes have t h e i r  own techniques  i n  unfolding cornple;~ 

&mum-ray  spectra,AlB these codes are preparea i n  order  t o  e s t i m t e  t h e  

i n t e n s i t y  coef fPcients  of t h e  g e n e r a l  lineer k y p o t h e s $ s , ~ r i , i c h  w i l l  be d i s c u s s  
sed i n  t h e  subsec t ion  3,2,There a r e  many methods f o r  e s t i m a t i n g  t h e s e  coef-  

f i c f e n t s o T h @ s e  wethods,stripping,leas& squzres,fncre~ental~f'cer~tfve~vector 

snalysis,snd stepwlse regresslon,hsve becn use& for estl~ating t h e s e  coef -  
fgclents,~l% sf t h e s e  p rocedures  may u s e  e i t h e r  Least s q u ~ r e s  6% approximate 

l e e s t  s q u s r e s  %echnfquesemWegresslon analysisNhas been Lsed to descr-be the 

least squaz-es psoeadure for fitting a dependent variabfe,e .g. ,a complex 
spectrua,to a set sf I n d e p e ~ d s n t  varl~bles, e ,g ,  ,a set cf ~ e f e r a n c e  s p e c t ~ a ,  

Because a model Is used in which on ly  slgn%Ticant va r l bbLes  a r e  r e t ~ l n e d  Pn 

t h c  f i n a l  soi~tfsz,a more a p p r o p r i a t e  description f o r  this xcrk 9 s  "Csrye- 

lation Analyc%sg - ( N L ~ ~ - c P L ~ E C - ~ ~  

among the codss a v a i l a b l e  by Mkl-CPL i n  the e x p e s i z z n z a l  d a t a  ~ r o c e s -  
s: ng f i e l d ,  eJCORi lAXCa ( A  - CosreZa%f ~ s ? ,  Ahgorithn i"cr Ciama-32,- S y e c t ~ a  ) 1s  t h e  - 
cr,e which uses e c r r e l a t i o n  analysis $3  U i l f  oidir1g g a m e - r a  y s p e c t r a ,  

I n  t h e  p r e s e ~ t  section of the thes$s,a d e t a i l e d  d~scrip%ion of CO8GkE 

will be given,The listing of t h e  program,flov: dizgrt im,%nput  data f n r  sample 

pro~lem,instrue$icn f o r  u s e r s  and the obtyut of  a s a ~ ; ~ l e  yroblem a r e  g iven  

i n  $he appendices, 

In CORGAli,a correlation ahgarltkm 1 s  coded to allox t1;e c E f s l < i n g  
a3 of c o e ~ e x  gauea-ray s p e c t s a , $ y p l s a l l y  collecte6 ic a KP-4 proz~dc~e, 

CORGAll 

a) Conpanss tes  f o r  e l a c t r o n l c  sh:E@s I n  t h e  d s t a ,  

b )  c o r r e c t s  f o r  the background, 

c )  ;<ormaBPzes t h e  d a t a  to n f i x e d  n e u t ~ o n  f l u x  l e v e l ,  

d )  ~ 1 P o t : s  8 ehacllee of ~r-reight!cg f a c t o r s ,  

e )   slows a cho ice  of meekeds f o r  c ~ l c u l o t i s n  of s t s n d a r d  

deviations, 

The code yequires a aa%r%x s f  r e f e r e n e e  banma-ra2 s F e e t ~ n , ~ h ~ s e  spgctya  
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caL b e  IL a rag da ta  fox-2-A3.b of the modificaef 0 2 s  avaflabhe te tee C o K p l e x  

&an%a-raJ spec t ra  are a l s o  a v a i l e b l e  tc $k,e refer@fice gamia-ray spectra, 

I n  add%t%on,e decay correctPon ks a v a i l a b l e  f a r  the r e f e r e n c e  gamma-yay 

s p e c t r a  , O n l y  t r ~ e  ref erefice gamma-ray spectra, tbt--at :rltens'.cy eoeffici e n t ~  

which have  sfdnlfhcance at a p r e s c r i b e d  Leve l  cf s i 5 ~ - f f i c a f i c e  a r e  r e t a i n e d  

iri t h e  final! sslut80neThe %ra te rmed ia t e  ones, 8 , e ,  ,$nose solutions t k c , - , a t  c o n t s l 7  
R reference qanms-say spectra wnich have nons2,filf:canc kntesity c o e f f i c i e n t s  

at t h e  prescribed level,are p r i n t e d  sute7her@fore,severa1 s~l~tlons sre 

hmbedde? in t h e  f i n a l  soluticn, 

A backward eEBmf natlon least squares  aetk.06 is entployed ,The ~ll i%lraat%r,  n 

1s one 211 which t h e  studentDs t value sf each 2-?tensity f s  coxpared to a t 

value at a p r e s c r l b e d b e v e h  of sfdnlffcance (Gr-?b),~he calcul8tlsn of the 

s t z c d a r d  dev%at%sn for each Intensity coefficiezts accounts  for randomness 

i r ,  b c t k  'ckie coapiex and refe~ence gaama-ray spectra, 

Currently the program is restricted to a pz-oblen of 400 c h a n n e l s  and 

15 r e f e r e n c e  s p e c t r a  ,There wsuld be nc d f P f P ~ u l t j -  Pn expandi~g this to s s  

zacy  a s  4096 q L T a n n e h s o h o ~ T ~ v e r , t b L e  number of reference spectra I s  linitee 
- ,  by the aceurac3- desi rec!  in1  the % f i a r e r s i ~ n p r o c e z i : r e ~ ~ f i e  fr~versksn prograz  

c u r r e n t l y  bein& ~ s e d  w o ~ l d  s L f f e r  (from t h e  accbraog stacd2olnt) if t h e  

nkaber sf r e f e r e n c e  spectra were &seater than 25, 

C O k ~ h i i  Is s anoveh method of unfoldi~g cozpaex  - ~az rna - r ay  sl;ectra becai4se 

the v a r i a n c e  c a i c l ~ l a t i o n s  include c@ntslb~t%ans from both tho ccnplex an2 

rrference spectra,Ahso,onl:r reference spectra S : 8 t  rave  f n t e n s i t y  c c e f f f c i e ~ - , " 1 ~  

wi.ich are signiffcant at a p r e s e l ~ c t e d  l e v e l  a r e  re ta ined.  fa the o u t p u t ,  

The i~tercedfate results can be pr%nted,an? tke level of slgalffcance sf 

e s c h  of the Intensity coefffclents can ba o o s e r v e d ,  

A t y p l e a l  a n a l y s i s  , i n v o l v ~ ~ g  256 channels and 14 ref e ~ e n c e  s p e c t r e  

and using r e f e r e n c e  spectra which were s u i i t a b l y  akl~ned,re(-lufres less t han  

P nPnute  o f  executeon t i m e  on I B ~ ?  36Q/400 
6 cow;ar.I was cofsed f o r  EBfl 360,lSO u s i n g  Fo- t ren  I V , l e v e l  G c A n  i n t e ~ e d i a t e  

disk s to f f age  $ s  ~ e q u ~ ~ e d , T h e  source  d e c k  contefns f3G3 c a ~ d s , T h ~  code 1s  

Updnted by t I L e  a ~ % h o r  for ~ i ~ ~ i ~ ~ ~ - b L 0 6  U s i r A g  Fa-Eran SV end Cokol,The updated 

f o r ~  of the code 9 s  recoyded onto n magnetlc t a p e  for further use i n  

BU-5Z Gepartment , 

The ta2e con ta in s  Ir- t h e ,  

L,F%~@: BB~VI 3 6 ~ / 5 0  version of COR4Gh5; sssple d e t e ,  

2 ,   FIB^; ~~IVAG-L~O~ vers%cn of COj ~h?:, 
3 , F i l e ;  Sample p r ~ b l F ' 3  % g p U t  d a t @ ,  

4, ~ i l e ;  Sanp le  problem Q " ~ P " %  d e t @ *  



fs f o r ce d  to proceed,the radioactivity of t h e  p ~ a d u c t  nuclei P,is directly 

proportional to the number of  cf the atoms of the parenhnuclci X , T k e  

equaeioc governkng the r s t e  of f o s ~ ~ t i o n  of  Y i s  g i v e n  by the well known 

differectial equation, 

~qkier t; , 
~4 13s Lkie  tine depencieat r iuclfde ( M )  concec i t r a t f an ,  

N is t r le  de r iva tbvg .  w i t h  r e s p e c t  to t i ~ e ,  

L4B 
is 5he % i c e  dependent pa ren t  nbellde { X )  cascentrktgcn, 

is %he microscap%c activetion cross-section, 

i s  t h e  tiae dependent  neztron f l h x ,  

T h e  pz renhb?uc l ld ig  concentration can be g i v . ~ ~  in t e . - . ~ s  r;' i~ acd t j , e  i C f t i a i  

0 psrent nuciiC@ csncentraticn, NoQas 

T h e r e f o r e  e q u e t i o n  3 , 2  can be written as, 

7 -l If t h e  n e i a t ~ c : ~  T l ~ x  $ s  a cons tan t  ,@ -0, then equatisc 3,4 hzs  2 i . 1~  fa-'lot;~zg 
%-+ 

solution, 

I t  cafl b? fi-c.3 eqsiaeion 3.5 t h a t  the tlne d ~ e : l d e c c ; r  cf iqG cap. t.t. 

:&n3:.ed if e.5, <<A o r  G@,h<<l .oD 
The  f o l l o y ~ i n g  t a b l e  1 s  c o r t l a ~ i o n  of ,A , C i ~ 7 . 3  ~ 4 ,  values 10'" Rany 

r? of eaeaPn ts  use?  $n conr;lor; &$A ~.ork. 'I t?e y s l u ?  fa? +, U s e d l  in t h z s  k ~ b L e  
7 ., ,--rl 



of the N U c L l c e s m  $y DoToGoldman 1 9 $ j ,  

I 

I cQ$bo I -a sa see xlO 



where % is t h e  t i n e  sf nes t ron  flux exposure ,  t~ : s  tfie t f ~ e  a f t e r  ~ e n a v a a  

fro2 t h e  neu t r cn  f l u x ,  ,@, 1s the n e u t r o n  fbux,e c o n s t a n t a  

When t h e  a c t l v l t y  is predomln&nt ly  gamma radl&:iofi ,kat% s q ~ ~ i i t a t i v e  

and quantitative a n e k y s i s  can be performed t h r o ~ g h  %hie use of a gsnna-ray 

spectroineter  system and t h e  p r c p e r  data anwbys la  p r ~ c e d u r e ,  

The gamma-ray spectrum sf a complex sacpbe contaic:ng seveynl  Ssotcpes 

4m in n ~ ~ b e ~ )  may be represented by: 

where, Y is t h e  coun t s  r e g i s t e r e d  i n  channel i @f 8 i 
E i j  i s  the c o u n t s  r e g i s t e r e d  i n  c h a n n e l  1 from J t h  c o s t i t u e n t  i s o t o p e  

Reference gzmna-ray spectra a r e  c o l l e c t e d  f o r  each of the m c o n s t f t ~ e f l t  

i s o t o p e s  using known q u a n t i t i e s  of radioisotopes,The r e f e r e n c e  gamma-rey 

s p e c t r a  of each sf the rn constituent i s o t o p e s  are r e l s t e d  t o  t h e  ccaplex 

gamma-ray spec t rum by, 

where, B ,  i s  t h e  i n t e n s i t y  c o e f f i c i e n t  f o r  9setope 3 , I e e o , a  csefflcient 
J 

p r o p o r t i o n a l  t o  t h e  q u a n t i t y  of i s o t o p e  j in t h e  complex s a n p l e ,  
th 

x 1 s  @he counts reg%stered in channe l  i f r o x  t h e  j l s o t s p e  cf r j 
known quan t  h t y , 

"i 
is t h e  devkation at polnt f ~f t h e  estimated v a l u e  of y q ,  

2 xisBj , f r o m  t h e  observed value,yi, 
J=i 

Since  negative quantities sf r a d i o a c t i v i t y  are physi~alby Bmp@ssible,the 
4.- lo13owhng restriction I s  necessary:  

&'quatior. 1,8 ~ n e  IaequsLlty 3.9 form a c o n s t r e i n e d  ;enerel  llnfer h y ~ o t e s l s ,  

Ti.lprefore,t;le Frablep- 1 s  to e s t ima t e  t h e  i n t e z s i t q  c o e f f l c i e n t s o ' T h e  %zi?ial- 

z a t n ~ f i  sf- the of t h e  s q u e r r e d  erros,f.e,,!.esst S q ~ a I ' c S , # e R e r s l ~ ~  y i e l d  

e s t f m s b c r s  f c ~  $he 1 n e e n s I ~ ; y  cooffhcients w i t h  d e s f ~ a b l e  s t e t I s t 9 c a l  

p r o p e r e i p s  , e c g c  , l ees t  squares e s t i n s t o r s  o r e  u n o i s s r d  f f t h e  dstp. are free 



where 

Y:: (nxl) .iecCor sf dependent  v&.riable-  v a l ~ e s ,  

X: (nxa) m a t r i x  of i n d e 2 e n d ~ f l t  vsrlablr v a i u e x ,  

B; (ax;) ~ ~ e c t o r  of solution v a l u e s ,  

e :  (nxl) v e c t o r  of e r roys  (devfatlon v51uesjn 

n: n u ~ b e r  of data points (channels), 

m: number of r - e f e ~ e n c e  isotopes, 

The sum of the squared errors 9 s  g iven  by: 

w h i c h  r e d u c e s  to, 

The estimatox-, b for B results f r o z  n i n l ~ l z l n g  e c e , I f  t h e  e l ez i en t s  

of B a r e  linearly i ~ d e p e n d e n t ,  e o e  is differrntfsted w i t i ;  respect t o  esch  

e l e c ~ n t  of B,terx by term,the result is equated to zero,aaJ arranged Pn 

aatrfx fo rm a f t e r  8 Is r e p l a c e d  by ?ts es t i rna tc r96 ,This  resz l ts  in; 

T-i   he ~stinete~b,$s obtsined 5y s o l v i n g  equstion 3.13 for b: 

Irresp~ctive sf the error probability d i s t r i b u t f o n  fu~ctlon~the estimates, 

b ,for t h e  t r ~ e  para:sletes*s ,B,calculae;ed f ro11  ec,ua"cion 3,14 af n l m l z a  the sun 

.sf the sqca~ed e r r o r  eEewrf ting e q u z t i o i ~ s  3 o13 and 3.14. and i n e h u d l n g  the 

error iTariailce-covar%al?_ce matrixF;,ti2e fol lo~zrl i lg  equa tkons  a:-@ o b t a b n e d ( ~ 1 - 7 b ;  

-1 where V $j i n v p r s e  of the e r r o r  v ~ ~ * I ~ ~ C ~ - @ O V G ~ ! , E ~ C  natrSsx a ~ d  1s 

Dfcen d e n o t e s  as a weightins matrix, h a  



9 e 

.L! t c e  e r r a r s  a r e  assuaed t o  be ststi~ti:slay % c d ~ ~ p : . < p ? ~ ~  the 

c s v ~ ~ i 9 n c e  terns f o r  P %ill be z e r o  ace e s t i z a t e  for t i le ver:gr:i-,e of 
" 5  A c 

F 2 < e  be o b ' c a f ~ e d  f rom,  f 

wfiere ~'(r. : ) r  the variance of t h e  counzs  i n  chantiel I f r o n  isotope j 
i-J 

G ' ( B ~ )  x a r l ~ n c e  of the estimator for the j th:aotops, 

An iterstla@ approaah i s  used to solve for b , a s  follows: 
Z l , $ s t ims te  G. (ei),g:ven in equation 3-18 using o n l ; ~  G2(y, ), 

6. 

2,CalculaLe the f i rs t  estlaate, bl,of  b given Pn equation 3e66  
1 usif ig t h e  e s t i m a t e d  ( e  ) from step k,, 

a f 
jeEstima2e (el ) by using bl f o r  B and G2(b, ) for G2{ b )  in e g u s t l o c  

-b d 

3,3-8, 

i ~ , C a l c u l s t e  b2 using t h e  estisated G:(ei) 
ScContfnue t h i s  procedure  unt%S, a t e r - n l n s t i s n  cri t . - r ion  is .7let, 

This iterq'clv-e procedi.n-e caa be r n a t h e a a t i c a l l y  stated as,  

The t~rminwtion criterion used Is: 

~iailE?Z?@ 
a 

>( x Chi squared ,  1 e . , 
A=4 

U xCsnfldonce lnte~val f~ctor, 
P 
DFzC~g~ees sf f r e e d 0 n , 4 ~ e ~ ~ n - z - l ~  

, /DF;~S. c a l l e d  @he quality of flt n h . b e r ,  

b "aceor coyresponds  t i p  a desfi-ed leve l .  of  ~ ? ~ : ~ I f i c s ? c e , S ~ n c e  numc;- 
P E 

r a t o r  of x, f s t h e  glnfmizatlon cr! terhon use2 i n  t h i s  ae*in,oc';, at 1s  no& 

ren,scnaole to sssuze t:..,gt. t h e  i t ~ r e ' t l c ? ~ l  ~~~~~~~~@ w 4 ~ 1  i-cress,o xyBF 
?;rr@: 'areionl~ a oneGsi5sd r e d i o n  i.s Sr:ci.ude? h~ e.;_uatbon 3,?2 ( ~ ~ , ~ ! 3 ) ,  

The as. , thematf;=si  m o d e l  of t h i s  a g p - i _ ? ~ ~ i :  can be  fo~ lnd  sc.22 d e ' c s i l  Ir_ 



The least squares is a Poglcal 3e thbd  t c  d e t e r ~ l n e  t n r  i n t e n s i t y  

c ~ - e f f f @ i @ n t s  f o r  iGAA p r o b l e r  (Ax-77) ,kowpijer, one cf tne d k f f i c s l c i e s  

:fl a p p l y i n g  l e r s t  squeres t e c k l n i q u e  to the resolhtlon of gaE,na s p e c t r s  

i s  that t h e  cabcdhated i n t e n s i t y  coefflcPents can be 2ega thve  o r  it mag be 

difficult t o  d ? t e r n 8 n @  the reference sp~ctra t f i a t  c o ~ ~ ~ h s e  t h e  complex 

speetrUm,Fcr exazple,the least squarss t e c h n i + e  aa2- y a p a d  positive i n t e n -  

s i t y  c o e f f i c i ~ n t s  f o r  all the reference speccra,bul soae may n o t  be siqnf- 

ficant,Ts overcone those diffbcultles,the t v a l u ~  for the null hypotkesls 

f s calculated f o r  each Sntsnsltj coefficient { G P - ~ & )  c ~ h ~  t v a l u e s  t h e n  sre 

used in the @orrelat%on algo~lthm to ellnlrfite refere~ce spectra for which 

the calculated intensity coefficients are negative oa not significant. 

An outline of the csr~el%t%on aigorltkim used in t k e  code 1s g iven  i n  

figure aoloSonae o f  &he s t a t l s t l c a l  t echn iques  used  i n  C O B ; A i i i , m , n e l y ,  

prcperties of e s t i a a t o r s , k e a s t  sqdares  tecn~i.que,cur-~e fitting ~ e t h o d ,  

%r,terpola%ioia and d e t e r z i n a n t  e v a l u a t i o n  .getho2s are giver ,  in t ' r ~  eppend ices  

Azld a more de th%ked.  _bobic diagram is a l s o  gBk-en in tf le a p p e ~ d l x  4 , E f  needed 

a c o a p l e t e  descriptfon of the a e t k ~ o d s  Used  in COf?Jil,.,l ce.9 be found fa its 

manual, 

T h i s  ecde ,CORZA$l  h a s  been uszd to a n a l y z e  many ganma-ray spectra 

f r o m  s e v e r a l  c e r e a l  and feed g r a i n  samples ( ~ c - 6 8 ) ~ ~ a c h  s a x p l e  was irra- 

6iq'ceCl i n  t h e  r o t a r y  spezhrnen rack of a KSL~ TEXGA Aark  IT ~ U c l e a r  ~ e a c t s r  

at 100 klJ P O i i P T  for 15 minuQesGA z~aal (0,02 dm) coppe? p o a d e r  sanple w a s  

irradiated w i t h  each g r a i n  sa3pleoThe ares sf the 00j41 X e V  p h e t o p e a k  
4b from 0~ was c s e d  f o r  neutron f l u e n c e  normalization,Eack sample  was 

t r a n s f p r e d  to a nonirracll3ted contsiner and \:as counted at 10 cn f r o %  

3" x 389 aaH(~1) s c i n t i l l e t h o n  crystal,e;rh"rch -das in%@~.f~c@c? t o  a T,v?~-b096 

m2ltipara:raeter systersa,The ~ ~ i a r e n c e  spectra. required by C C R j a r l  had been 

c o l l e c t e d  In an identical manner (~e-683, 
Due to t h e  ~ 2 e c L a l  purpose of cereaL ~ A ~ " T S ~ S  prcble~s,the ~eference 

spectra contained In @he l i b r a r y  of t h e  C O ? ~  9s  f ~ r n e d  f'roL3 $nose s p 2 c t r a  

sf tile e 9 ~ a ; e n t s  contqlned 4 n agr%c~!!.tural s z n p l e s  ,These refereficcl % s o t o p a s  
4,3 * ,  -1 52 62 kgCo 28 27f,7r 6 1  

2??;"e x 24d~a9 -K.,30$:n,'u~h,B'k3rc Br, 3 Al9 ioa ~ r , , ~ ~ ~ : ~ e n c l ' ~ s . B ~ f  1% 1s 

passable r e p l a c e  t h e  reference s p e c t r a  by t h e  ones  n e e d e d  fos t h e  aria- 

lysis of o t h e r  rgixtures,a$ should be r e m e ~ b e r e d  thac t h e  refereace da%a 

co lge r , t%on  2nd $hat  of e i ~ r  complex one shou ld  b e  done i r l  i d ~ f i t l c o l  con?.P4;hoa; 
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P r e v i U o ~  Uze of CORGAM w ~ B  %or the rou l%ne  amlysia  of agricultural 

samp8eseHn ozder to perform t h i s  aralysls,  the experimental procedure used 

is glvea  in this sec t ion  (~@-68),%he input  data of gh? same experiment is 

used to run the program,The Efstang of the inpug data and that of the output 

obtained Prom the esaaple prsblernn run aye given in the appendix LODuring 

t h e  data c o l d e c l 3 . o ~  of the sample problem the fo l l owlw equlpmen$ were used, 

1, Shledaed 6 0 U i 2 $ i ~ 2 g  &rrang@aen$:A'.l&ad sh%old$3 C O M ~ ~ Q R ~  cavity ~ i t h  % n $ e ~ i o P  - - - - 
diaensions of 2%" x 2be8 x T O e  uas eonstrue$ed of %@ s 4* x 8" lead bricks, 

w i t h  e x t e r i o r  w a l l s  bS3 thPeB,  and top and bok%om 2* thfckoThe i n t e r i o r  of 

the c a v i t y  was l i n e d  w i t h  OOO%$e t h i c k  caclrnlua sheet followed by Q,02jm t h i c k  

copper shee%,Sh3.eldad counting cavity and waPL construction details are 

h l l u s t r a t e d  i n  figure 3,2,By us ing  t h i s  cavity background is reduced by a 

factor of 20 $ .  
2. Detector assemblygThe sefntiblatfon c r y s t a l  used Ps EIarshaw 3 " ~ 3 ~  MaI(T1), 

s o l f d  t y p e  crystal,Model 12512,seriaB ~ 6 3 4 2  i n t e g r a l  l%ne,It uses an RCA 

8044 photomult%pller tube,$he resolutf on of the crystal is 8,07 $, 
3,  Breamplif%e~ssTwo main purposes of a preamplifier are  to serve an fmpedanea - - 
matching and an ampEifPcatfom fune$ion,The presmpblf%er used in this e s g s ~ 9 -  

men% w a s  Ti96 model BS-&3 with a gain of a p p r o x i m t e l y  2,0,  

g ! ~  enaByzergThe multfcb&~eB amlyz9r  i s  used to sort and s%ore 

vol tage  pulses a c ~ ~ r d i ~ a  to t h e i r  s e s p a ~ t i v e  he%gh$s,%he pulses are sorted 

i n t o  d l f f e r e n t l a l  pulse heigh t  unlts,l,e, , f ron v o $0 v, v , T h t  function 

is carried out  by csnvertfng the pulse height ts time and measuring the 

elapsed tame from pulse base $0 pulse height ,The a m ~ y z e r  used  In t h i s  

experiment was the THC 4096 nultiparaneter S Y S ~ E ~ ~  

5 ,  MeuQyon souycegl(SW Mask 11 nuelear  ~ X ~ C ~ O Y  was used as a SOUYce of - 
thermal neutronson typ ica l  j.rradga$hon f o r  n e u t ~ s n  Q % $ ~ V E $ ~ O E  ailnlalysis is aa&G 

in e%@key pnecmt i@ t r ans f e r  unit or in t h e  ro ta ry  specimen za@k,Ea t a b l o  

3,2 t h e  appyaxlmte n e u t ~ e n  f l u x  values per  Eet% of' poyzcr at those  t w o  

The block 6-98gsan of the fns%rumel:tation system is shown In $ I g u r e  

$ n f o r ~ ~ t % ~ ~  about each of these conpounds 



Analog %o 

Bf g i t a l  

Converter 

F i @ ~ r @  s 3,3- Block Bhagra~ sf' $he 1dLU Instru~entatlsn system,  



@ The first nunber k s  the Isradiatlon time In mlwutes,The second 

The ~ e f e r e n s e  spectra were asllectsd using the folEst~Png procedureg 
A: ~ m l l  EEQQEG [ 4 gram) of each spectrsscopkeakly pure reference 

compomd,and a snaxk a m ~ u n t  sf copper powder were 2rrndiat~d in %he rotary 
specenen pacic C B ~ W )  of t h o  TRSGA ~ 2 a ~ k  %I fiuclerr reactax- fop  %he t i l e e  
Pven i n  table 3 e 3 0 b f $ ~ ~  t h e  respec t ive  times k d  ebapsed,the refeyenee s p p c ~  

ra pjeae e~LLec$ed $ 0 ~  the @ ~ u n $ l ~ g  time given in %eb%e 3=.3,csIng the s o l i d  

23% JJaIgTL] ecZntiLaation crystab, 



Figure:  3,2- Shielded counting cavity dimensions and d e t a i l s  (EC-68). 

I n s t s b i P i t l e s  in the spectrometer s y s t e s  used to c o l l e c t  the gamma-reg 

s p e c t r a  can cause s h i f t s  to occur in t h e s e  spec t ra ,Ts  conpensste for these 

inconsistencies, the gsma-ray photopeaks of the spectra aeye fit to a G s u s s l * , h  

functlon using a linearized least  squeres method.The mid-point corresponding 

to t h e  gamm-ray energy w a s  calculated from the relation, XOzE/j6 wheke E is 
the g a m - r a y  energy in FifeV,IP a reference spectrum conta ins  nore t h e n  om 

gamma-ray photopeak ,these nid-channel va lues  were used to ce l cu l e t e  the s lope 

and i n t e r c e p t  of t h e  relation, E a. C-X, ,where E is t h e  gamua-ray snepgy in 

H e l l  and xo is the mid-channel v a l u e  of the photopeak,hoiu.ever ,iB the reference 

8gect r -a~  con$&lna enly one phstsgeak,Ghe In te rcep t  ~ ~ 8 s  assumed t o  be zero,  
Using ehesc pcrane%ers,~sch spectri;m ties s h i f t e d  to n s lope and P n t e ~ c e g t  of 

l"t.5 irelr\oh anB z o r o , r o r p e c t l v e l y . ~ c h  of' t h e  g s m m s - m y  photopeaks in the 

sh i fzed  spectre t:zs f i t t e d  to a Gaussian funetLon [ EC-68 1, 
A more detailed dcscrj,p$%on of t h e  procedure and v a r i o u s  applicatloas 

performed by COBGAH can be found f n  t h e  ~ e f e k e n c a  EC-68, 



The Importance of neutron actPwatPon ~ , m H y s % s ? ~ ~ a s  men$lsned i n  t h e  

preTlous subsect%onsoI% is ahso mentioned t h a t  the d e t e s m ~ m t % ~ n  of t h e  micro 
constituents of a complex samq3le was poss ib le  dswn to the ppn (parts p e r  

mill~on) Bevel,In the study of %he principles of biAA, %% fs notleee t h a t  t h e  

%n%esactlon of gama radiation wl%h the d e Q e ~ t ~ r  r a a k e r l a l  w%s very  important,  
Tke gama-rays resultfag from t h e  deeay sf aedkvated nrrcle8,fnferact w i t h  the 

dete@$or,If %he 1~fater9a.l of the detector is a phosphor,scPntkBlatfons ere 
produced in t h e  phosphor resulting frob the interaction sf the incoming 

photons w i t h  the d e t e c t o r  m t e r f a l e T h e s e  scintihlations~.are transformed I n t o  
e l e c t ~ l c s l  signals by t h e  photomultiplier tube,The signals a re  then  amliffed 

measured and recorded by the use of' proper electronic equipnents,The nost 

widely  used e l e c t r o n i c  equipment i s  a mul%ichsmeL analyzer,whfch gives a 

distribution of the inearning photons with respect to t h e i r  energ%es,Thfs 

amlitude versus energy d$stributisn sf the photons is ca l l ed  the gamma-ray 

spectrum sf the activated nucPei,Due t o  t h e  cha rac t e r  of t h e  interactions sf' 

gamma-rays w i t h  a p a r t i e u l a ~  scintillation ~ r y s t a l ~ p r o d u c e s  a unique gamm- 

ray spec$rum,The a n a l y s i s  of t h i s  spectrum by t h e  methods deser lbed  In t h i s  

work,gives t h e  necessary i n f o r n a t i o n  abou t  t h e  m t u s e  and %he c o c c e n t r a t l e n  

of t h e  constituents of t h e  camplev saapBe.Ansng the methods used i n  common 

kKM* v~ork , the  correlation a l g o r 1 t h  2s found to be the best nethod for t h e  

resolutisn of gama-ray spectra,  

A pradeslgaed computer code which uses  t h e  c o r r e l a t i o n  a l g o r i t h m  i n  

the u n f ~ k d i n g  p~oee&cse of a cenplex gamma-ray s p e e t r u ~  is a l s o  analyzedc 
In t h i s  a ~ a l y s i a  2% 1s observed that t h e  pregszn 1s res%rT@ted to a problea  

of bO0 channels end 15 rerereace spe@tsaoThere  t:ould be ns d f f f l c u l t y  in 

expanding t hes  $ 0  as m n y  as b096 chnanels,Es~:svoa due te th= eccuaecy 

d e s L ~ e d  in t h e  ~ ~ ~ j + ~ ~ s ~ o n  procedure, t h e  numbez Of' reference  i s o t o p e s  is 

L ~ R - % , $ ~ ~ , ~ Q E G A I ~  1s a novel method of unfolding conplex gamn-rag spect ra  

becznse onkg r e f e ~ e n c c  spec t ra  t h a t  have % n t e n s i t y  cosff%elents which are 
~ign2fic?nt a$ a pyeseaecled l e v e l  ass re ta ined  Pn t h e  ~ U Q g u t  and %lie var i@ncc 

cslcclaglons i n c l u d e  contrlbutlons rron b o t h  :he refereoce coglerr speoti;.e. 

The large computing %erne requi red  by the JJFA cefl be e l h r n k ~ s t e d  by the use of 

8 cozputer prograze& t y p i c a l  n n g l y ~ i ~ , i f i ~ ~ l ~ ? n t :  256 channels  and LLI referesee 
S p e c t p a , ~ e q u ~ p p ~  Less t hen  L minute cf erecuttoll  time on En ZBll 360/50.  
bEtho~2gh %he cgaT~te?  GemQFy seqv.iseeents aye &=we fo r  %he eorselate~n 



algorithm as it was programed fop t h e  ~ B r t  36G/50,it is possible to segment 
the program fcn. adaptation to a s rml lk r  conpu t .~ r , In  order  to g s e  t h i s  program 

in i'dM,changes should be made on t h e  re fe rence  spec t ra  and on the f l u x  

reference spectra ac@ording $0 the l abo ra to ry  eoaditfons,The e2,oice of t h e  

spectrsmetr system a f f e c t s  the r e s u l t s  In var lozs  waysewhen a mIQT1) c r y s t a l  
is used the interferences of' the various re fezsnce  spectra b e c a m  sPgn i f i cnn tp  

B 

ijsc of a ~ e ( L h )  sem8conduetsr de tec to r  e l imina tes  these  i n t e ~ f e ~ e n c e s  to a 

desire2 l e v e l ,  

P r e s e w t l y  the code conta ins  eleven reference spectra  kn its llb~ary, 

f f  needed these  spectra can be @Imaged by the ones requlree POP a s p e c i f i c  

analys%~~SPn@e the number of' reference spectra % s  Limited by Bg %sotopes,et 
each spec i s1  p~sblem,need may arise to change @he reference PBbrary,I$ is 

concluded t h a t  t h i s  proeedu~e was ve ry  t ime consuming when the spectometer 

system is not branched to %he computer where t h e  grsgram w i l l  be runo 
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-BR OP ERT I ES OF EST 114BTORS 

The eatbcato of the  intensity coefflcienta (ccn-entrntions) of the 

equation 3 , B B  t z ~ e  khe f o l l o u l a  propertiso; 

a ) (irabkneed (GP-61) 1 A n  esClrr ; tc~,s ,Poz the  paraceter is defined 
as aa unbiased est~malor of w if 

where E represents the mtkeml l ea l  expec$ation,The mthenatlcah 

espeetatlsn is defined by the following theorem [ ~ s - 6 3 ) ,  
Tl~eorent L e t  x be e randon oarlabbe with density P(x).The expected - 
v a l u e  sF a P'dnctiasn ps of the randsra vex-fable x is, - 

Thersfare,the ~ a t h e z a t 9 c a l  expee ta t l an  is j u s t  t h e  mean va lue  

t h e  functhon u sf the sasdan variabLe x, - 
b @ % n l ~ ~ ! a  var%aneee~r-6B 1 x An estkma$or,n, 8s defined to be tha 

nin%ayrsa variance estimator sf the p a ~ e n s t e ~  4 If 

L C ~  E~ h7 ( 2 )  . ag h2(2$ o o" OT- hk(z? be n s o t  of s t z t i s t ~ c $  - - -- 
a ~ &  a$ - h f ( g J  , n; h$(_x) - .L hi(&] be any cthep set 
see GP e s C 2 r n t o ~ s  ~ h l o h  Cre no% bz?EctLe~s of G ~ , ~ ~ ~ ~ ~ ~ ~ I P  y(ac/n), 

e- - U 

the e ~ n & P ~ ~ o ~ ~ ~  dengltg f~?nc lkan  of g?.ven - e,does no$ f n v o l v c  

, t h ~  a j , ~  called n s e t  sf sEff%cleb?-& ~ k i $ i c ' i ; a c s , T h i ~  n e a ~ , ~  



d )  Cc&r,s:stency ('10-63)r If 2 is o sequence of estlnators of u ,they a r e  
simple c s n ~ l s % @ n t  @ s % P ~ a c i ~ r ~ , i f  for every E>0 

~ ~ r t h e r , t h e  e s t i m a t s ~ s ,  a ,are squarcd e n o r  conszstent estimators - 
of a ,In" 

Sque~eci error @onsPstency imlies t h a t  both the b%as and variance of 

a approach z e r o  as  the nuiaber sf sampke p o i n t s  i n c r e a s e ,  - 
e )  Zff~clencg (Bz-65): ef 'flciency of an es t imator  is def ined  to be the 

r a t i o  of the variance of the m%n%mum varPznce est%~ators to the 

variance ef t h e  estimator in quest90neThus,m%nimum varP8nce es t lmtors  

are said t o  be efficient estimators , 



The method  is used t o  determine t h e  intensity coefficBents f o r  the 

HAA pro%%e~.,To k % h u s t r a k c s  the method,csnsider n s e t  sf n p o i n t s ,  ( x , y ) ,  
 he p o i n t s  a r e  assumed to be related by the linear hypothesis (GI--74): 

where el is the deviatlcn st point  I of' the estimated vslue,from its observed 

va1~e,y~,B,,B~ are  the t r u e  values of the i n t e rcep t  and slope,respectively, 

The estimatox-s, bo and bL,Por B and B can be obtained b y  minimizing t h e  
0 I 

sum of the squared errors ;  

S 1s rn%nin%zed by dPfferent8atPng w i t h  respect to B, ,and B, and equating 
A 

the results to zero,dlso,bo and b19the estlmafors,sre substituted f o r  B, and 

B1,The resulting equations are; 

Equations B-'3 and B-4 egn be rearranged i n t o  a form cal led  t h e  normal equat%o~s, 



Equation 8-1 onn be r e v ~ r l t t c n  in terms of the estlmetqr,bl,and the mean value 

2 and ? , th rough  the use sf equation B-8, 

Equat%on B-9 @an be ~ewritton in matrix foam as, 

where g ,- ( y - F ) ~  (eax1) v e c t o r  of %he dependent va lues  
f3 

~ = ( x - x )  - ~~.(maxn) matr ix  of t h e  $esdapenden$ variables, 

In rnatri2~ form, t h e  linear hypsthssls model,equatlon B-1 ,is ac re  appropr ia te ly  

wr i t t en  as, 

where z0- Ps the taenspose sf the (mzxm) mat r ix  X 
BQ Bs t h e  t r anspose  sf the (mxlj solution v e c t o r  B - 

is the (nxB) vec to r  of dev%at$sns ,  

More o f t e n  equation B-11 1s wrfttcn fn'the following form: 



-CURVE FITTING RETBOBS 

The folZowing method was used to f%t t h e  photopeaks to a Gaussian 

funct ion ( ~ c = 6 8 ) ,  

~ p =  J, exp(-(xi-xo)"/bol , g c-2 1 
y e  1s t h e  counts in charnel .I of a photcgeeli, 

y Bs %he count corresponding t o  ch~rzriel x 
0 Q" 

x Bs the mean charnel of the Gaussian sunceeo~ 
0 
x, 1 s  the charnel  wunbes - 

Z 
bo- 2 G ,  

Gz Is t h e  variance sf the Gaussian f%ne%ion, 

muat ion  6-1 1s non Bfnear and %has% be l i n e a r i z e d  to a p p l y  the prPnc8ple  sf 

l e a s t  squares ,The logarithm of equation C-R yf eEds a L h n e a ~  form, 

Equation C-2 can be r e ~ ~ m i t t e n  Sn terms sf new vez - fab le s ,  



c o n s o ~ i d  of the x2 values  

X-s the transpose of X, 
Z is a (nrl) vector  of %he a values ,  

B 
u is a (nxn) diagonnl weighting matrix ;iPiose elensfits are the inverge  

of the variances of the z ,  values ,  
lL 

n is %he nwnbez of data poin ts ,  
~ h s  variacce GP z can be obto?nsd by a 

~t should be aoted that by applying the p ~ i n c i p i s  of I s n s t  sqraei-es to e q ~ ~ t l o o  

C-3 ins tead of to equation C-l the ninPnun t o t n l  squared deviation is, 

The  desired miuimxa total deviation is, 

Minimizing SL doer not guarantee s irlnimum for SD 'To minimize SD requires 
an i t e r a t i v e  t echc l r j ue  which enploys a TaylorQs se r i e s  expansion and ccn 

r e s u l t  in unstab:o solutions for oases r ~ i t h  vorlatlons in the data.In n d & l t l o n  

t h i s  method requkros a sigaiflcantlg lonser a~c i l c t  of co iqu ta t ion  time. 

Variance v ~ l u e s  of y 
0 J53 

.and bogcould t e  obtnlned by 

t?hepe 
a, 9 ~ Z  ,n3 ore t h e  oPencntn of t h e  vector ~,agd C. f i g  C , Cqg 

-1 
' r e  the d i s g o m l  e lensnts  of t h e  ( x ~ ~ J X )  B~~F~E.S?ECB the yo an!.ue 1s Jcs? 

3 norm~a3g&$$ox $ern,%t eould also bz c a h ? ~ b a ~ @ d  by nlfii2iz"g S af t@? x D Q 

ifid b weyo obszlined by oinin le ing  SL0Th*s ecti2e9 xielded Lo:;er v a r i n ~ c g  
0 



where 
n is t h e  numbep of data p o i n t s  used In the fit, 

2 ki - exp(-[a: -x,) /b0) 
1 k In d e r f v i n g  equation C-12 P t  was assumed ths;"cw - -  

1- YI a 



This inte~psla@Lon method is used %a t h e  subprog~am EEFHN,ts i n L e ~ -  
p o l a t e  between the decay spectra  of a referenee i s o t o p e ,  

T h e  method f s based on polynsmiah f nt ergolatlng func t ions  (81~-77 1, 
Assume that a function y f (x) 1s given at (n-kf poin&s,s~g E ,x ,z , ,,,x , 
and detex-mine a pslynomia% ~ ( x )  sf degree n or  less sueh t h a t  

It may be proved that the polynomial exists and it 9s un%que.For t h i s  parpose 

two a l t e r n a t i v e  p ~ o o f s  w i l l  be given, 

Proof  1 : 

Let F ( x )  function I s  written as 

where 

- 
It fs clear t h a t  each L (x) term Ps a pabyn~mSal of degsee n or l e s s  and a 
rewrltting I t  expl%@itly as 

I t  is obs-ious t h a t  f x )  because Foi' jp?  here = a LL(rg) 

tepms aye z e T e , ~ s y  J5% case k i ( x J 3 9  and therefcse, 



An s l t ~ x - n a t i v e  method t o  d e t ~ m l c e  the lnterpoleting polynomial w i 2 l  

~ P ' G ~ F P ~  u s i n g  the method of u n d ~ t e r m l n e d  coefficients. 

( 8  ) being any convenient velue,then 

The coefficien-bs C e s 6 B P e e e * 9 C n  w%IL be such t h t  

1 s  satlef%ed,Obviously,Cg coefficients must sat?sfg the fo l lo tz lng system of 

l i n e a r  a l g e b r a i c  equations, 

T h i s  system oP n-l equstions in terms of n-l unknowns w i l l  have a s o l u t i o n  

i f  t h e  coefficient matrLr i s  nonslnguler.The determinant  of t h e  c o e f T i c i ~ n 5  

matr%x,v~h$ch is known as Vandermonde d ~ t e r r n $ n s n % , i s  written a s  

S i n c e  x a r e  dlstlnct,lt. fo l lows t h s t n *  c and Cg cnz bz cniqlre ly  f 15 

daternined,&uite o f t e n  eomputatlcns a=O L S  t eken  (29-74). 



 his method 2s used in t h e  subprogram EZT in o ~ d e a  to e v a l u a t e  the 

d e t e r ~ i n a n t  of t h e  (XoPJX)  mats8x, 

T h i s  method cont inuous ly  reduces the order of t h e  determinant by one, 

using a s e r i e s  sf subtractions (Bk-a%),For t h e  exp2ar . t ion  of the method 

suppose a ( b o b )  matrix A is given ,  

where 
4 2 3  

Qlz 0,; = - / 0; = 0.- Q 9.4 
Qff Q #f / Q & = -  Gf4 

ic t h e  second s%ep,pe~fsrming t he  fo l%o id~ng  operations, 

1: (2ndaio) - a:L z ( 1 5C coi- l 
2; ( j r d  coj.) .. a:j a ( 4'' 

6' 

3: (4'" cal.) - O-(4 a ( d s e  col.) y i e l d s  a reduc-Z%on in the 

o r d e r  of the determ%~an-k j  



-DEBmYPTZON OF TBE PROGB&MS 

~ s n $ r o l B e d o T h % ~  pyogram is used $0; 

B,  Bead t h e  program f low pa~ameters, 

2 0  Def%ne many 04 t h e  data pemne te ra ,  

3. ReaC the input date which descr ibes  the experimental conditions. 
such as Irradiation t%ae,@ountkwg t%nes,e$c, 

4, Besd t h e  complex spectrlbm,P.e.,the speo t run  to be analyzed. 

5, Subt~sct backgrocnd from %he com2lex sge@trum,ncraaPize f t ,and 

s h i f t  it t o  conpensate f o r  e l e c t r o n i c  TwstabSHPties I n  t h e  fijCAo 

6 ,  Calculate  t h e  P~sad%aQ%on and decay t 4 ~ e  c o r r e c t i o n  f ac to r s ,  

7 .  Form t h e  ( , X 0 k ~ 1 ~ )  natrlx, 

8, Calculate  t h e  concentration estfmatozs, 

9 .  Delete any and a l l  nsn-significant. s e g e ~ e n c e  I so topes ,  
10, P r i ~ :  or punch t h e  output  in formi t ion ,  

The PolEssring 19 subprog~cizs a m  c a l l e d  by @QBGAN9'cine%a d ? s c ~ l ~ t L o ~  

are g l v e n  In the following pages,.znd t h e y  are Lis ted In oreer c a l l e d ,  

1, INTT 

20 PBQTO 
3 1 kujJ 

4, EbQEi 

5, shmaa 
6 SL3E;i'TS 

7 o t.,k:2TE 

8, RE7S 

q s  ~ ~ ~ ~ h l  

10, XFOB$I 

11, PEAK8 
-I a-% 
A L B  SAVE 

13, D E  
I&, DELETE 



The foliowliig is t h e  ilsting of the s u b p r o g ~ s n s  celled by CORiiAlrl. 

The description of t h e  subprograms are a l s o  g iven  t c g e t h o z  wi th  t h e  v a r i a b l e s  

used acd t h e i r  options, 

1, IiLITx - 
~ h l s  ~ubgrogram is used to i n i t l a l l z e  the irradiation and decay coa - 

r e c t l o n  fectozs and many of the program control parameters. 

ilIT&Fi: ~ ~ u z b e s  of  iterations used i n  va r i ance  c a l c u l a t i o n s  

hAT: CosresEion factor 

SWV; Correction factor 
th 

C(I); Cor rec t i on  f a c t o r  f o r  t h e  I r e f e r ence  isotope,if -1,Q i s  entered f o r  
d h  

value,the I i s o t o p e  I s  d e l e t e d  f r ~ o  t h e  analysis, 

ISOCMN: Mumbes sf c h a n ~ e l s  in t h e  complex spectrum, 

PIODE: d Read b y 5 ~ 9 4 , 8  format 

2 Read by A format 

NBMCD: 0 no baclcground subbraetion 

ether w i l l  s u b t r a c t  background 

WBXG :: 0 no new background will be read 

Qtk@r,a  new background w F l h  be yead 

I<S%iFT s 0 ,no spectrum shifting 

Olher9hP1B shirt  s p e e t ~ u ~  

NPE: i$Cimber of peaks %n complex spectruin used  in shifting 

@Po Index of  peak used in shf  f t i n g  ratio 

NORi3i: O,ns nsrmalbzat8on of complex spectrum 1s needed 

O t h e r ,  normnlkze $he complex spectrum 

b J C ? I & :  O,read p r e c a k e u k ~ t e d  corsecCion factors 

Otb?er,read u n i t y  (or l ess  tklwn z e ~ o  Scr deletion) 

:~ABEA: O , ~ a e d  pk?stopcak ayefa f c ~  coppen. reference 

L,caleukote pp age@ f o r  Cu refo ,read C u  spectrum ( r e a ~  any) 

2,use same as previous spectruno 
6 



N C ~ C ~ I  .P<uobep. of chsnnels  2 ~ .  Ct reference spectrum, 

SCULL: LOWET fit 12n2.t on Cu re fe rence  photopeak. 

NCULJL: UpPer f i t  19n3.t on Fd ~ e f e r e n c e  photopeak. 

m O  0,mill r.o",unM ssh l f t ed  output 

O l h e p , v ~ i l l  punch s h i f t e d  ou tpu t  
NuMVBR: Number of V B T ~ B ~ C ~ S  t o  be avsraged 

NVAB: 1,read variance by 5 ~ 1 4 ~ 8  format 

2Pvariance :BOO 

3Dvnr f snce  :Who 
4,use variance gzeviously read 

idRwS: O,wevz s a t  of reference  spectka a r e  reed 

l,no new reference spectra are  to be reed 

I T E 3  : I~lexhrnurn number of iterations oil variance 

NII: O,celculaCe average weight variance from t h e  long wag 

Other, F ~ S B ~ : Y A V E \ Y ~ ~ ' ~ U W - E  

N k i t  O,r911 e o t  punch s h H t e d  output. for reference spectra 

Other,wS11 punch sh l f t ed  output for ~ef ' e rence  spec t r a  

LCChNg Lowex- channel of' l e a s t  squares  fit 

NEilCHi ' j :  Upper channel of Peast squayes ff t 

NC:AT\J: liuz8ber of channel in va~iance spectrum i f  variance are to be r e a d  

KC: Number of reference  spec t r a  which have a set of decay spec t ra ,These  

s p e c t r a  must be in order  and t h e y  must be t h e  f i r s t  o f  t h e  reference  

s p a c t r z  to be reed in, 

dVAE : O,variance of reference syectrun;ref  e r eme  spectrue;? 

- Othes,jrezd variance of reference s p e c t ~ u m  

T: StudentQS t v a l u e  f o r  nula h ~ r p o t h e s i s  test 

U3L.A; Copper ref  arearcs photopeak normaBSzed a r e s  

BliGTili: C s u ~ t i l n g  t i n e  of bacBg~sued (minute)  

TIi.IIBB s Coa~Eezr sample 9rraeBation time ( n l n u t e ;  

FREL: F lux  P B ~ ' ~ P C ~ I C ~  h ~ l p - l i f ~  ( I ~ ~ I I U $ G )  

(I?: U $.EC<O? of C h j - - s q u ~ ~ ~ e d  t e s t  ( C Q C C ~ ~ C E G ~  k n t e ~ ~ ~ l  f a c t o ~ )  
P 

::MC 32.;; ; Conplan sppekyun nsrnalizat2on constant ,  

r p t ~  139s . subprog~an  f s  read on49 for  the eozph?2c spectrun whose data  aye 

not g:~,.-p~ f n $he B~guhs ,n lng  of t h e  ~ ~ i g h  p ~ B p ' B L ? ~ G - d 3 e ~ a 3 .  Lhe f i ~ s t  eomples 

s p ~  ctrum 6 s  given DATA s t a t e ~ e n t a a n d  BE? sPIdi.SELISToTH?e ecnpbex s9ectyz-n 

v a r i a b l e s  f ~ L L o w g y ~  f l rs t  cl?ne are  i lalkiaLized 'a3 t h i s  subprogaam, 



This program Ps u s e d  f i t  the photopeek dnLa of a spec t ruz l  t o  a li- 
neerlzed form of' the Laussian function.The f i t t i n g  tech-'nique is d i s c u s s e 3  

in t h e  Appendix G o  

,t h RES(I) : counts  r e g i s t e r e d  st t h e  i channel of  t h e  flu;; re ference  spectzum, 
~ 0 ;  xo ( x  s ~ b  O) of t h e  equa t ion  C-l of appendix C. 

IPPLL: NCULL(ds4kned in IMIT) 

IPPUL: N C u U E Q d e f  %ned %n I N P T )  

EPP: Midpoint energy of t h e  photopeak of i n t e r e s t  ( f ~ ~ e v J ,  

AREA: de f ined  In INST 

3 .  SlalI~?lVo, 

s u b p r ~ g r s n  i s  t r ~ e  s c i e n t i f i c  subroutine designed f o r  the I B d  36c 
t o  i n v e r t  s y m m e t r i c  rna%r%ces,It  IS modifbed by t h e  a u t h o r  by its G ~ I V A C  

version in order  t o  use i n  Bo&azl$I bniversitg computes. 

R ( 1 , J )  r I ' ~  row 9 ~ e h  coloumn element of t h e  mat r ix  

N: Order of t h e  m a t r i x  

The  su$?rcgrzm fs used t o  obta fn  t h e  i n v e ~ s e  cf a symnetry m s t ~ : x  

o f  o r d e r  &.JoOnEy the upper  t r l a n g u ~ a ~  p a r t  of A 1 s  stored,Qn exit the i r l v e r s e  

r e p l s c e s  a i n  storageoThe i nve r se  matr ix  I s  found by succes lve  congruent 
t r a ~ s f o y m ~ t j , o n s  $G o b t a i n  t h e  d%agonaboInver l ing  the dlnbonal elements  an: 

9 e r f ~ r r n f n ~  t h e  congruent. tsansfsrmatisns i n  r eve r se  g5ves the i n v e r s e  

ma%r8x0In t h i s  code A % s  the  (XOWX) m a t r i x =  

a trio-eiment"onel matpix as  a row vectoreIt is applicable only f o r  symmet--i,,\ 

m t r i c e s , I%  ablolgs re ference  a t ~ o - d % K U e f i t i ~ ~ ~ -  E Z ~ P ~ Y  ~ l % h  subscgppgs 

(I,J a PZW t p  ~ R ~ F I E :  IS S ~ O E " ~ C !  as a v @ @ t o s o  



FUPiGY'IQaj ItJaEx (18~~8,~:) 
18; E ~ : J  or mat rPx  

d8o Csloumfi of matrlx 

N: O ~ d e r  of m a t r i x  (mxlnus?  va lue  15) 

bihile c nmtr::: of orden. N has NXCJ elenen5n2 th$ sane ctrl;; sto2c.d 
2 as a v e s t o r  r i i l L  hsvo ( R  +ii)/2 elenent~~provkded t k t  the mn2-lx is sym-. t r lc  

In this w a i  storage space is reduced, 

50 SE-raFTs 
-4 

This program 1 s  used to ca lcu la te  the input parameters to 88IFTS. 

SUBRCL;TINE S ~ I F T  (NCNN,-WK~L~P,M~~I'PE,Y,~O) 

MCBN: ISOCBM (defined In INIT) 
NPK: d e f i n e d  h n  IMIT 

LPPx de f ined  in INIT 
NWRITE; PBBO (def ined  %a INIT) 

th Y ( 1 ) r  RHO(I),cownts r e g i s t e r e d  at t h e  I c h a r ~ - e l  of  t h e  complex sprctrun 

~lmax :400,i0e.,up to b O O  channels cen be u s e d ) .  

PO: IdentPPlcatloc number of t h e  spectrum to be shifted, 

This progran 1s used to s h i f t  a spectrum t o  a nen gala and basel ine,  

hence it w e l l  coapensste f o r  electrcnlc instnbiiitles i n  tile ilCA. 

@h 
BP%CT(Y)r Coui-12~ r e g i s t o r e d  at t h e  1 ehlnne!. cf eke u~si:'f+ted j c.4:uJ, '-1.7 .L4ii& c 

-'th 
8:I) I Counts y c g c s t e r e d  at t h e  L charnel of t 5 e  ~hZftec3 ep~ctrun by using 

SPECT(1) 

XATSQ; S h l P t S c g  sat90 

NCS:;gIgOCEN (defined e n  I M ~ T  1 ,unsh4P@ed channel  nunber, 

N652J2g The s h i f t e d  wew c h ~ w n c l  6?t1nb~r,  

EkS;:FT 2 Bssellne s : ~ S f t ,  



70 kjATZ,2 --. 
P? b h s s  progrna is used to establish the or igf .wl  forrz of t h e  reighsiag 

matrl .xoIt  c a i e u i n t e s  or r e a d s  t h e  weight f a c t o r s  and r e& s; set var i ances  

using ( A )  as s:orageo 

I JCS-M:  BeTlned B n  IBZT 

R H O : ~ )  r Counts ~ e g f s t e r e d  at the channel of t h e  conplex sp~ctrum. 
x ~ C O F I :  Defined in TNIT 
111: Identification n%rnbe~ of t h e  complex specfrun (if several  oopplrx spectra 

are % @  be analyzed, 
- t i2  0~2(H) z a element sf t h e  var iance  vec to r ,  

A ( 1 )  t I" eeiement of t h e  vec to r  X in ( 2 i o i j X )  maty;xC 

80 BE?% 

r n r  ~ n - 8  4 progacn is used to read a11 p e r t i z e n t  re ference  s p e c t r a  ccncern:~a 

each spec%s~a,Qptfsns a re  psovided for each sgectrun to kmve a backgroun2 
- subtract%on,to be normallzed,and to be e o r ~ e c t e d  fox- d e c o ~ ~ l n  additIon,a set 

of refeyenee s p e c t r a  (up to f i v e )  P a r  an ekenect t:hich upon 3.rradIatio.n 

p r @ 5 u @ ~ s  s e ~ e r a l  nara s epa rab le  I s s t o p e s  , such  as BY Br 8 8  
,E: " ,mcy be read 

l.n,T;~Ss grsgrGa ~ s e s  t h e s e  data by %nLeTpc le t4@s % @  o b t a i n  t h e  refe-rence 

s2ectrus at ehs Geca;~ time OF t h e  complex spcctzcn, 

LIIISQ: ,\?amber of reresc:xcc ' s s @ a ~ e s  used in E P ~ ~ F S ~ S  or %he eonyle::. s2cet,-Gn 

ijkiICF?,": Dzf.lgzed j.gl %$JET 
A 
bh ISo(a)  g & ~ p y  elmneo%c i n  $he 1 s@ferec@e E p e @ & s u ~  

X~$CZ:-~; 1:@rl;t3 z ~ : : .  a~ws taa t  
1) g =@o_.i,&p;pf,ee?.-4 -, a - 31. - J T ~ c  *-,, --a ;? 

$he 7s"~c"cs  E ~ ~ c * ~ T G ~  



T \ o  -@ii f-k- A T ( X P Y , ,  Counts re~bsterad a t  t h e  I , c h a n e l  cf the s-" reference  spec t rco  
t h  8 ~ ; i ~ ( 6 ) 1  couats  rsgLstere8 at t h e  1 channel of the bac'.g:cr;nd spectrumo 

tJ2;; Daf in HI\lIT 

BZC-iY: Decay time f a r  complex spectrun (minute)  
@O23T s Counting t%ce for complex spectrum (mimat  

Gefined in kJ.&TE 
th NFAC(I) : C ~ C ~ Y  time speelf%sat%on f o r  the I refeyeace f sotope 

FRRML: Wefe~wtce spee%run,f'hux reference %setope  b k E - 1 9 f e  (m$cute)  
~(1): Irrod%ation tine,in m8wa%es,of sererenee sanphe spectrun 
B( 1 ) : BGL%-liPe,%n nfnutes ,  sf FeQe~enee  i s s t a p e  spec t run  

~ ~ I C Z  Befined fn INIT 
NO: @Jmber of decay spec t ra  sf t h e  rererenee Isotope (max 5 )  
W B O & Z )  ; Def Bned In WATE 

A (  I ) : Beflnsd i n  bidTE 

g o  REFIY"J: -- 
This program 1s used tc % ~ a t  ekpoLate, chamel by c~hsranel batwean those  

spectra  discussed in REFS,by Ugrangian method,The method is discussed 

in the eggentlks Do 

111: Deflnzd In REFS 
T-t i-l T(K)r Decoy CZae in minutes of t h o  K" decay spec t ra  of tile , reference 

h 1 
t4 L'l 

C ( K ) :  Couiztiw i n  minutes of the K" Ccccy spQsC-r of' tile J reference 
th CT(I,l{)s C ~ l i r i t , ~  r eg is teyed  at channel 1 of the iieb Ceccr spectro f o r  J 

r e f emnee  isotope 
MC? Def%%~ed % n  REF8 

A s  Tag nn@o 0 4  t h e  ~efesewce isotopC? 
J J ~ ~ ; ~ ~ ;  Dzfinc6 En 

~ 0 ! J ~ ~ g  Do'%k:e5 4n REFS 

19395 1 : B~Paf ice  $3 

Eg@(x) ; CefLnzd i n  kJATE 

A (  2 a g D S ~ ~ ~ C C  nnhTB 
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P A W -  2-20 P b A & 3 2  --- 
This proslon is used to s r l e c t  t h e  d o t ~  Real etch ~ i ~ c k o - p a a k  uh:ch 

is to be us rd  I n  t k o  area-of-Gntel-est u n r a l d l ~  p : ~ e ~ c ~ ~ ~ ~ ,  

R ~ A B ( % )  : D b f i ~ c d  in kjflgE 

L O C ~ L ~ :  Berlned L a  IfijHT 

MkiICh~4x  Defined en EMIT 

N I S O :  Defined %n BEFS 

$11: Defined in BEPS 

120 SAVE: 
-1 ThSs p%ogYcn 1s used to s to r e  t h e  o ~ P g I n a 1  (XoliiPk:) mtriz anG the 

ecr~espondlng reference s p e e t ~ a  %dentlfi~st%on t ags  in s r d e ~  to a l low  

s t a c k i n g  sf t h ~  complex spectra  

A~ISO: Defined hw REFS 

O(5): The  tag PABO of the reference sgeetrun 

OI(J)x O(d) 
c B 

RHQ1,S) s T h e  (Xokj2 i )  matrix 

R I X ( f , 3  ) s  BI(IDG,? 

13, D a a  --- - - 9  

Th" pyog-sc 2s used e u o l c 2 t ~  the de%crn%n3~% bg 2:votal cccdepszG 

h -1 
8 ;  The ~ a t r l x  t e  bc used ( X Q k J X j  



This progren 2s used te 2 e i e t e  from t h e  ar&lysls t h e  re fe renee  sgecksc 

~ h i c k  ere R C ~ ;  signiffcant a t  a pre-seleched 1~17e1 

M I S O :  Defined In REFS 

REMOVZ: HntermedSat e vg luc  for t h e  r e f e ~ e n c e  Psotope 

ISCCPN:  Defined in I N I T  

~ E T A ( I  ) I Mew eoncentration esti~ator f o r  Tith zefei.er.ce iscf cpe 

I?(I ,J)r  The w mat r ix  
@(J) : B e f  ined i n  REPIN 

O ( J  ) :  Cefined In REFS 

T~ETA(J ) ; B e f  Lnsd i n  XFORf4 

L: Tag naDz of t h e  d e l e t e d  isotope 

15, STAT: 

T h i s  program is used to c a l s u b s t e  t h e  s t a n d a r d  deviations sf t h e  

concentrs$%on estlnstors,%c a d d 9 t i o n  if some average weighting m ~ t r i x  1s 

~ s g d  iu t.he analysis,this program is u s e d  to cor rec t  the standsrd e e v % a t i e n g  

for t h l s  cahculatfons, 

WE!4OVE; EefLned I n  DELETE 

BETBs B e f 2 ~ a d  2n DELETE 

REOSGD; ( W h O ( X ) )  2 

iU80s CefSnec! % K  REFS 

LQCNM; EefLned i n  I N L T  

i lBICBNs D e P i a ~ d  in IikJHT 

W ( I , J  J :  DcC lned  in DELETE 

O ( J  ) : Eef %net! in REFS 

A T ( J  ,b : Defined in REFS 
A (  I ) z Defined in t!ATE 

RES ( P 1 : D e f  lnsd I n  Ph8TO 



Ei?fi,?g D~efSned In TrJlT 

ST: T -the s t u d e n 2 9  t v a l u e  

BITE?: bum be^ of ltcsat2ows ts be performe3 
F: F va lue  foz w i l l  hgpotheeis 
WCOER : Cs~re ;=at lon  eoef TicLent 
P :  Tag nane i?02 t h e  reference %sotope 

i@?YACQN$ Rem2lnlcg number sf lsotoges a f t e r  defetisas 

REOSsafil: z ( E E O ( E ) )  

X8:ORi4: Defined in REFS 

EVAXg Befzned In %NIT 
I S O :  BefSaed i n  BBZS 

IIE z D e f l ~ e d  ic REPS 

16 k r n - ~ r t ~  
T h l s  pYogT&rn Is used to p ~ l n t  t h e  esncent~atPon est%mato~s,standard 

d e v i a t % s n s  ,t va lues  , e t e ,  

4!3IT&9~ Iters%Pcn nunbcr 
I T m :  Aaxia2n & t s ~ @ $ % o n s  

OQ I ; Tag nuebe- of the refesence i so tope  

BZ3.A: Ccneen$~a$bon estimato~s (ppn) 

STDDV B S*kcndarc2 Ceviat%o~s of BETA 

ST: CaBcuLatcd t ~ ~ l w e  
fiJ-J-50; & d e y  of khc :so$opc %hasp valt!cs e?C g 0 9 ~ g  b2 p r l n d L e d  

F: c a % e ~ % ~ % c d ,  F %-aLug 

E@QZB g Ca2"eSatlen ceeff i c l snk8  
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ĉ f C9 
o :2 
b d  0 \ 

f P  0 
C? :3 
8 e-? 
0 1-6 

m 
(9 
E" 
0 
3 
m 

0 
m 
r3. 
Y' 
E3 

c+ 
8 
"3 

c7-J 

m 
g: 
to a 
p, 
2i 
I-I 
2: 
M 

C 
$;. 
7" 
Z 
d"a 
m 
P9 

%. 
w 

0 
Ex 
0 
w 
en 
p3 
0 
M 
C 
.a * 
e3 

w 

pl 
Q 
<-a 

i2 
C) 

2 z 
$4 

G 
E 
-3 

Z 
b-4 
Cb) 
0 
t 3  

z 
:i=- 
b d  ,'\ 
0 
0 2 

W 

0 
P3 

'-@ 
II 

8 
Y) 

03 
tsl 
d 
$> 

W 

5c 
I- 
<:* 

0 
30 
P;J 
*-> 
==d 

QP 
3- 
C"' 
0 
cn 
0 

E 
Y 
0 
P 





Listln: of h p u t  d a t a  and i n p u t  o p t i o n s .  
t. --------- * 

The fol.lo7.:ing card:: sand d e c k s  a r e  r e a d  by  C0i:GG.l: 

A. 1 Card One (1.51;4 for-.--'-' L..,~L l- . identification c a r d  f o r  t h e  set. of  d a t a  i ~ h i c h  
may c o n k a i n  ii!OiL^C t h a n  one co-:ples spectruz1. 

A. 2 Card T:.J~ (2513 f o r m : )  : _ 
. XISO = nur:5cr of isoto~fs used in anal.yzing a l l  conp lex  s p e c t r a  of  the 

d a t a  sett.  A 3 7  z n a l y s i s  for which a  s 2 e c i f i c  i s o t o p e  i s  n o t  d c s i r c d  
may b e  removcZ by catering a n e g a t i v e  u n i r y  i n  t h e  p r o p e r  l o c a t i o n  
~f tiif frrac'i izt~.cin and decay t i a e s  c o r r e c t i o n  f a c t o r  c a r d ,  

WCASES = number of cor;,iex s p e c t r a  con tz ined  i n  the data set. 

S3.x other s o ~ t r o f  p a r a z e t e r s  a r e  c a r e f u l l y  d e f i n e d  i n  t i le c o a ~ e n t  c a r d s  
s f  t h e  p r o g r a x .  

A, 3 C x - 2  Three (2523 f o r n z t )  : 
NCZIG]. - 0; no rh2;i.i.': 5~ ',T''r: 

ir - See t h e  comeri t  c a r d s  in COZ,GS*! 
f o r  t he  c!eLrini_tion of t h e  v a r i a 5 l c s  in P:,'L.Il 

%;%GI = I; change i2 :;_'l:i, 3clox.z is a list. of t?lc: s t - n i z 1 - d  valuer; of 
the vari,-.51=.s c i  ""," i..:~il.. 2ead one o r  n?c:-c.. cards w i t 1 1  the 
n e c e s s a r y  I n p r ! t  d z t a  

NG!!22 = 8 ;  c3 c h a n g ~  i2 ?:?.?I2. T h i s  xlr:r.?elfst c o n t a i ~ s  t h e  i r r a d i a t i o n  2:1d 
decay t h e  c 3 r r c c t l o n  factors 

I?CFIG2 = P; c t i a i ~ ~ c  I n  ::.A'.I2, The s t a n d a r d  value for a l l  of t h e s e  c o i - r c c t i o n  
i a c t o r s  2.s i i n i t y .  Read one o r  n o r e  c z r d s  v i t h  t h e  n e c e s s a r y  
. input  data 

MCIIG3 =: 0 ;  no change i n  'LY23. Sze t h e  conmr-nt cards  f n  CORGk2.I 
f o r  tile d e i i n i . t i o n  of tile v a r j  a b l e s  in :7.213, 

NCHG3 = P; change i n  :1.i:,f3, Th i s  i s  t h e  s t a n d a r d  vz lue  f o r  1JCHG3 beca:?sc 
n o t  a l l  o f  t h e  n e c e s s a r y  in~ut 3ata i s  cie4-i--> -- .LLc.  ' be lo^.? i s  2 - 7 -  S.ist of t h ~ i  s t a : i da rd  values f o r  thtl var.:a:)lss of NLY.;3, Reed 
one o r  n!ore c a r d s  w i t h  t h e  n e c z s s a r y  i n p t  d a t a  

A . 4 ,  Card  Four (15A4  for:-::): Identification card  of a  s p e c i f i c  c o n p l e s  
spectl.u;n fro3 the group wiiici-A i s  to h c  analyzed. 

( 5 2 1 4 , s  cr i5>:,1?F'GOO,2X Eoriyat) : Thjs  i s  the conp1g;lr specsr'sL.x-+ 
-=- 

B n t e :  Csrd Five and  Pcck T.JO a r e  :lot n e e l c d  if XBE<GC = O o r  
hTLT r,i;G = 0 

A, 6 .  Cnrd  Fi i -c  (15A1.4 ior::.lt) : I d r n t i i i c ~ . t S r ? n  card f 0:- t h c  32ckground s p e c t r : ~ 3  a 



Dcck  %:c (6X,l?F6.0,2:: f o r a ~ d t )  : T h i s  i s  f h c  b-round spectrr;:. & !  -----.- 
c 

Note: Czr l  Six and Eeck 1 T ~ r c e  are n o t  necdec! u n i e s s  :;.GEA = 1 

li.8 C a r d  S i r  (15-44 f o r ; a r j :  I d e n t i f i c a t i o n  cz.rd f o r  t h e  f l u s  r e f e r e n c e  speccrunr 

A.9 Deck l%r-e (6?;,12FG.O ,2X format) : 'iliis i s  tile flux r e i e r e i l c c  s.sec?l+u~ 
i 

Bote: C a r d  Seven and Cards E i g h t  a re  n o t  needed i f  KSF-IT = 3 

W-10 Card Scvcn (81'10 ,C. for- at) : Ziis c a r d  c o n t a i n s  iFie g a i n  @leV/ch) t o  ~ i l i c h  
t he  corple; :  s p e c c r u n  i s  t o  be s h i f t e d  

A,IP C a r d s  Eighi. ( i i ( 1 3 , 7 3 : , ~ 1 0 , 0 )  f o m a t ) :  These car& c o n t a i n  t h e  a p p r o x i - l a t e  
pnjd p o i n t  arid ene rgy  of  e a c h  photopeak u s t d  i n  s h j f t i n g  t i l e  
complcs sp2c t rum 

Hote:  Ii liITllK = 1, Deck E'cur i s  needed 

A,].? D c k  Four  ( 5 E l ( i .  S i ~ ~ > r : ~ )  : 'JJ1is deck con tail,^ a v a r i a n c e  spei: trum c o r r e s -  
i- 

ponding  t o  t h e  coaplc>: s p e c t r u a .  

The follo;,:i'ng c a r d s  and 6~~1:s a r e  r e a d  64. subprogran  f,EFS. 

A d i s k  i s  r:eeded f o r  Entc;-:;;.c?riate st0l:ac.e. 
i -- - 

N c t c :  T h e r e  : . 7 i l l  b e  K I S O  decks c o n s i s t i n g  of Card One and Card 
t;:o pl-us a decli of  cont l -e l  parar l? t t . r s  and  a r e f c r c r i c e  
Spt?ctrui!l 

B , 4  Card Glie ( A 4 , 9 % 3  fc::;,:; ) : T h i s  c a r d  c o n t z i n s  an  f d c n t i f i c a t i o n  t 2 g  an3 
s e v e r a l  c,"?.:rol p a r a z e t e r s  f o r  a - ~ ~ - ? - r  L , L < - L  ,._._ce 7 7  spr:ct~:un.  See sub- -  
program X-:I:iS connezt  c a r d s  f o r  d e f i n i _ t l i c i ~ s  

'do 2 Card %.;.a (Ci~1~0,O f o r x  t )  : This  caz-d c n n t a f p s  the !;alf lrf e ( i n  r r , i l :~ ' i e s )  , 
i:he i r r e 2 i z t i o n  t i n e  (in mir-iutes), flu:< r ~ f e r c n c e  j so r ;ouz  h a l f  
l i f e  (i~. r i n u t e s ) ,  and the r e f e r e n c e  spr-ct~-u::l n o y r j : n i i z a t i o n  

, - c o n s t a n t .  This n o m ~ l i z a t i o : ~  consta2C i s  r e a d  as uli5r-j- 1 1  t h e  
;trefcrenc? spcct runi  is t o  be  norn;tllizcd. 

. Note: Czrd "I'rcc i s  needed on ly  i f  ?TO, the nun'ser s y n c t r a  
coxpos ing  a s e t  of r c i ~ r e i ~ c e  deczy  s p e c t r a ,  i s  ~ i ~ i t y .  

I5,3 Card '?hri.c (CF10.0 f c r : z t ) :  Th i s  card conta- ins  t-he decay :ir;:e (L;-1 ; r i .nutps)  
and cour.:i~.g tinle ( i n  ri!inutes) for-  ilacl: s- ,ectr~l; i :  i.11 tl:e szc of 
~ e f e r r n c c  Zecajr s p e c t r a .  ?'here Zc; a i?.ia:ii~::urn of f S v e  s p r . c t r a  
a%lo:.red -1:: ~ z c h  s e t  c;f reference 6ecay s?cc~r : j . ;  a12 the' s-2:s of  
rrferc:;.r- eec2.q s p e c t r a  :r:u..;t ccr:r.:c firs; i;: r r . f e r e n c 2  s r ' i t i a  r - 
d c c k s  ; 23.' czcil spcctr::i:i i n  a s e t  oi ref t L e n c c  -,,- l ?c?-y  s p e c z r a  
n u s t  be i~. ox-ccr of t he  decay t i l aes .  . . 

7- . R o t e ;  C,lr-zs Four ,  p l v e ,  Deck Cnc, S'ard S i x ,  Deck %:o, arc?. n o t  
1;epded if 1;0 is z e r o  o r  ur:iVy 



B, 5 Card  Five (81'10.0 fo r ; - .a ; !  : Ztis ce rd  c r ~ n t a i r ~ s  1712 bzckground c o u ~ l t i  i i ~  

tint) ( i n  :nil-.u'ic:s) , tiic iclt~:.: rc:ic:rcncc dcccly t i . 1 7 ~  (jri z ~ l ~ i u t e s )  , 
$he sn :np iz  1,:ci2lit ( i n  gra;!is) , t h e  x.;ci ght o f  tlic T l u : ~  refci-iince 
( i n  gr:ii::s j , and the f l u : ;  r c f e r e n c c  c o u i l t i c ~  ~ i ~ : c  ( i n  n i n u ' i e s )  . 

B , &  Deck One (5E ! I ; .S ;hS ,12FC, .C ,Z ) ; ;  or SF10.0 fori , iaf)  : Tflis deck c o n t a i n s  t ' ; ~ e  
s e t  of d e c z j x e i ' e r e n c e  s - . . 

Note: I f  ?<OI:Z: i s  z e r o ,  C:;rd S i x ,  Declr Tvo,  Card Scven,  Card E i g h t ,  
and Card Nix? a r e  n o t  r , ~ e d e d .  I f  NtiEKG i s  )7~.:.7, Card S i x  
and Dc?clc ?t,io a r e  n o t  needed. 

B , 7  Card Six (1584 fo r r ! !a~) :  I d e n t i f i c a t i o n  ca rd  f o r  the baclcground spec t rum 

B , 8  Deck 3 . 7 0  (6X, 12F6,0, 2 5  fo rmat )  : %"'is deck ci;rlt:aips the background socc;rurr. 
C 

Iqote: There  will KO decks c c ~ ~ ~ p o s c i l  of car2 Sevc, Card E l g i i t ,  
4 

and Cer2s Sine  

B.9 C a r d  S c s ~ e n  (1'513 iornat): This c a r d  coni-zins the nunher of peaks 2nd t h e  
p i v o ' i a l  pezk u s e d  i n  shi f i r i r ig  t h e  r e f e r t n c e  spcctruri?. 

B ~ I O  Card E i ~ h t :  Scc Card $?veil of COP,GiL'.I 

B.11 Card :Cine: Sen Card Eight of COF;GPP~l_'I 
.. - I2ote: it :13 i s  z e r o ,  s o z e  o r  a i l  of t h e  f o i l o r . ~ i n g  c z r d s  o r  
dec1:s 21-e neecied. I f  120iIP i s  z:?i_i-y, Card Teil acd C ~ r d  
E l c v e n  2 - e  needed.  

B , 1 2  Czird Tcn: See Card Foxr o f  EiZ'S  

B,13 Card Elex.-cn !:S?10,0 fc-r;::at) : This czr:! c o ~ ~ t a - i n s  :?-LC tcunting tir.le ( i n  
z i f n u t e s )  zr?.d t h e  infori.!aEion contaicec?; on Crird F i v e  of Ri'FS 
f o r  each r c 5 e r e n c e  snect-run 

I3,I.L) Deck T h r e e  (5"t44. C ; 6 X J , ,  1 2 % 6 . 0 , 2 X  o r  GFL0.O Io?;:iat) : This deck c o n t z i n s  
the rcEere r ic i~  ~-3ectrurn. . 

s o t ~ :  If 1J02? i s  n o t  ec,uFl t3 u n l t y ,  Card Tc.:el::e, Deck Tcu:, 
Cards F o u r t e e n ,  Card Y r i t e e n  end 32ck l r ive a r e  n o t  n c c d c d .  
If E.:Ul;l:G 2s z e r o ,  Card 'i':r:~li;e a114 Pr:cl-c ?.o;!r are r io t  n e e d e d .  

3.95 c z r d  ?:..iel~~..e (45>,i;l f om!~ : ) :  I d e n t ? l f i c a i i ~ ~ l  card f o r  the backgl-cunci spec'irm. 

B,%G 1)c:r.L 5 (6;:,12FG ,3,2x Cormzt) : %is ci2cI: cent-alps a background s p e c t r u r !  
L. --- 

B.17 Card T'r,,irteefi: ' S e e  Card Seven o f  COIZGIVI, 

8,18 C2rd F ~ I J : - I - ~ E ~ :  See Care, E i g i l t  of  C3I:GX.I. 

$ 9  . i f  ( 3 ,  - Idpi;:: f i  c z t l  cn card  f o r  ti:e flu:,: ref cl-ence 

~ ~ E i ~ t ~ i l : i  



The f o l i o r ~ i n g  c a r d s  and decks a r e  r e a d  by su3progran  XESOFJI 

Note:  I f  RF0X.I = 1, t h e  f o l l o ~ i i n g  deck i s  needed: 

C . 1  ?&C~L_QI~ ( 3 E 2 4 . 1 8  f o r ~ a t )  : This deck c o n t a i n s  t h e  
X x ina t r ix  vhjch bas  been fon.:ed previously ---  --- - - 

Note: If SF0K7I = 2 ,  no o t h e r  I n p u t  i s  r e q u i r e d  
If KFOI3.1 = 33, t h e  io l lor ; . i~ lg  two c a r d s  a r e  needed.  

6,2 Card One (2513 format ) : T h i s  card  c o n t a i n s  the 
number of peaks needed f o r  t h e  a r e a  of i n t e r e s t  
(~01) u n f o l d i n g  procedure  and t h e  nunbcr of 
c h a n n e l s  on e i t h e r  sj-de of rhe  rid--poj.nt  channel 

o f  t h e  photopeal: used i n  t h e  A01 u n f o l d i n g  p r o c e d u r e .  

C 0 3  C a r d  %io (2513 f o r n a t ) :  Th i s  ca rd  c o n t a i n s  t h e  channe l  
nun~bers  r.:'!lich c o s r e s p o ~ d  t o  ezch peal: used i n  t h e  
A 0 1  u n f c l d t n 2  p r o c e d a r e ,  
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- L I S T I J G  6F  Tbh ILSUT DATA FOWSBWBLE PR0BLK-i 

The f s k B o w i w g  k s  the listing of the Insue &a%a cnyds used for t h e  

analysis of the sample problea data.They ere l l s t c d  in o ~ d e -  of sppearenoo 

in the prcgzamoPsr fur$kier use ckmnge of socs cf the c o s t r o l  c c r d ~  P G  

sufflc?entoThe Cata can be read Prom punched cards 8 s  w e l l  es from a s%csage 

f X L e  or  f soa  a magnetic tapeoThe listing sf the I n p u t  da te  Ps a l s o  given 

t o g e t h e r  s l t h  t h e  read formatsoThe options are  g iven  In  the c s m e n t s  cards 

of CORGArl on8 In the appendix F, 

1,~ard:[15.Ik) ID card  f o r  the complex spectraurn 

ZSCardz(25I3) 

N I S O  g2J '~~be-  sf $ S G ~ O ~ ~ S  in @smpa@x spectra used in the EfiahysIs  

MCASES:Sumber of es~2lex s p e c t r a  t o  be azalgzed 

bRES :Resonance calcu9at%cn c o n t r o l  pa~eae te i -  ( o p t i o n a l  ) 

iiFOR1'1 ~Lcast-squares f i t  c o n t r o l  paranz te r  ( o ~ t I o n a 1 )  

MkQIIT x ( X o  WX) mat~lx w~ltlng csa t r s l  p a ~ a m z t e r  (optional) 

&COXB :Cos~clation coef f i e l e c t  c o n t r o l  pr-zmeter ( o p t i o n a l  ) 

NIPjTFa Zn$er%ereneas c a l c u l a t i o n  centrcl p z r s ~ z t e r  (spticnal) 

MIESpJsIfisntSty m s t ~ i x  c o n t r o l  parameter (s~t%snaB) 

30Card:(2513) 

i?168G% :Change i n  NAMB (optional) 

HCBGZ x Change in NAM2 ( op t  i o n n l  1 
N C K 3  :Change i n  E A R 3  (optis-ml)  

($3AA9,:~1~:$2,l:~jpI3 aye t h e  ~ ~ A ~ ~ 4 ~ L H S T  v a ~ i ~ i a ~ c e  2 
4,card change an NBIdI  1s requls ' ed ,ne!~  v F ~ ~ u ~ s  e y e  gLve5 by t h i s  c a ~ d  

SeCard; 55 P,11M2 P3 t? I 2  

6 card : 68 fii.!> l4'J C) n t~ 

";906a~d : o ~3 
C3 F3 c3 

EA;.:~ col2i;alns ISQCB~] ,  $ j o ~ ~ ~  NBIIGD, 1mBY.G ,:i2?4T 9 !pliD =? 9 2j93X9 PICTEN 



C O Z G L L ~ : . T ~ E ~ E  vnrinbles a r e  eneered i n  t h e  proglem by a  CAT^ stzteoant,kf 

~ 2 ~ i . g ~  9 8  r 'cquLi.edsthia 1 s  done i n  the 3.card and the r.ea y-eiues aye glven 
i' ir. 4, ,5. ,a. ar,8 7 ,  ~ n ~ d s o l f  a S p ~ c i r l c  isotope t ront  be u s e 2  Tn t h e  a n a l y s t s  

i: 
,b.^ -i,O w i l l  be en te red  in t48132 f o r  the C ( 7 )  v a l u e  of t h e  i s o t ~ ~ ~ . F o r  the 

cozplex s p o c ' h n  ToPLowlng the first  one (if any)  , t h e  input parcce",ers are 
read % ~ c m  @he  subgac~~arn  IMIT, 

Pl la-s I-. .q 2s '&he ccnplex s p e c t ~ u m  da ta  ret.The vaz-inb2s nccs is R E O ( I )  

where f b s  f%om 1 $ 0  ISO@BPJeISOCB~~? 8s t h e  laumber of t h e  c i m n n ~ 9  contained 

in thz cca2lex spe@6runoMax8mum va lue  of I can be bOG,anP 1 2  va lues  apE 

punched on each card,IP t h e  channel numbers are l e s s  thaa  400 ( a s  I n  tho 

case cf senpEe p ~ o b l e ~  256),oaly the values prespecifled a r e  r ead ,  

31 ~ a ~ d  : ( ) Background ID card 

32,Card up to 53,Card ( i n c l u d e d )  ( 6 ~ , 1 2 { ~ 6 ,  O,ZX) ) s ~ c e k ~ ~ o u r a d i  spect rum deck ,  
Thc va~ia3le nama 2s B X G ( 1 )  where I f s  from 1 t o  ZSOCB?J 

jhc6ards Flux referenee spectrum ID card 

5poCard up to 58,Ca~d (In-,Luded) (6~,b2(~6,0,2;!)): Flux r e fe rence  spectl-cm 

d a t a  s e t o T h e  v a r i a b l e  nane 2s R E S S E )  where 1 is frcn 1 to i1JC1zCLio 

dCHCW is t h e  channel mmber contained En the flux reference s p e c t r u a ,  

~ ~ . C ~ Y ~ ; ( ~ F Z O ~ O )  The ga ln  of the system %c MeV,/ch,~he v z r l a b l e  nacz is G A ~ N  

60,e~~~~(4(rp,~x,~3,0~0)) IXO(I),E(I) 1 from 1 t o  DPM,wheye t h e  s s ~ l ~ b k e  

%j;Q is t h e  s~p~oximate nld-point  s f  phetopeak,E ks  the e n e r g y  sf the 

gaana photopeak in AsVoBo$h values a re  Tor t h e  canplez spect~ua,P!pK 

- FPsing $he mnbsr  of t h e  photopeaks Lw the complex specti-ua, 

6Ee~ardr;(a4,9"%) o [ E ) ~ I E ~ ~ ( I ) ~ P P K , ~ P , N c R F ~ ~ ~ ~ D ~ , N F A C ( I ) , N O  
th 

Ok I) :Ta& name of t h e  1 i so tope  
t h  

fSC(1) s N u n b s ~  of ch~nnsls in t h e  9 sef'e?ezss I s c t o ? c  



'These Z o t c  a r e  Poi. t h e  reference decay specti.a.rihe?-e T ( J )  I s  the deed9 
t h tine in m i W t A t f . 3  of the J decay specerg snd C(2) 1s count  t l ~ o  . . 

in minuten of t h e  J decsy speeCro.2J0 helng t h e  cczbzz of  thz 
decay s p s e t ~ e ,  

6:.~1r6:125I1) h%BXG,I;C;ILL9ECJOLQNCII~u,~~tig~ 

?~dBL<G:Backg~swnd spec t r a  speeif f catioa 

I U C U U Z L O I ~ ~ E T  fit l i ~ l f  on CoppeP ref  erencs  photopcak 

NGUi.j,L:bpper 89 t3 n 53 

NC%CuriJum'ser  of channels in copper re fe rence  i p ~ c t r u ~  

bJ6rLB&:izJ~mber or channels f n background spectrun 

66 ,Ca rCs  (8~19. O )  C3UN,DECA,BKGI1d9 CbCEC9bbiTD dT60 96dCT 

CObrdsCclililtlng %llne ,%n mlnutes,for refcreilce s p e d r u n  

BECA:Dec%y tkze,in mlnutes,for r e fe rence  spec%mm 

BXGTTnsdackg~ound counting time,in minutes, f o r  spectrum 
CUDXC:Dacay Llme,in ml~utes,fos f l u x  ~ e f e ~ e n c e  s ~ e c t ~ z n  

WT zbieSght ,An gxans,cF t h e  r e f ' e ~ e n c c  i s c t o p e  

XTCZ :MeLgh%,in gra~s,of t h e  flex r e f e r e n c e  iso{;cpe 

67.~ard up t o  1660eara (5ELbc8) C T ( J , N )  J from I t o  TSoCSPI, i i ~  from 1 to 310 

These ase Ghz decay speczya of t h e  refeyence f so topes  ,ishere @ T ( J  9 2 1 )  
th I s  t h e  ccuc ta  ~ e g l s t e z - e d  st 5 channel  of t h e  seferencc i s s t o p a  

hlth Ceeay tlaeoNO L S  t h e  nunber cf decay spoctre.If an i s o t o ? ~  doosnot 

have a decay spec t ra  K is wssuoed t o  be eqfia3 to 8 ,  

1 9 2 ,  ~ a ~ 2  : s z n a  as card 66 
E9J0Ca-;.e and t!?e ?~2'io;.-is;& dec?:eeame ~s 63.7, ~2:-d an2 the Schlor~ln;.  Cec:;, 

u s i ng  sene foyaa ts  as  I n  t h e  f l ~ s t  spectx=uc, 

Qj9,Cazd ?sari2 r s  card3  



463.6ardasaze ES card 7 
46be~ard:szz3e rs car5 8 
Y 6 5 , ~ s r ~ i  up tc "RboCnrd;snne 8 s  t h e  9. ca rd  ug t o  3 3 .  card 

The ssne  order  r e p e a t s  I t s e l f  till a l l  the comglsx s p e c t r a  STe road in. 
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The f l r ~ t  p?ogran b s  used to record t h e  ccctent of t h s  m g n ~ G i @  t ape  

o b t a 9 ~ s d  f ~ 0 2  23E4-62L to t h e  w i n  storage cf G c f 3 6 3 ~ $ 0 ~  

in B o & ~ z % ~ i  ~~~~~~~~~~~~,The ~ a 9 n  prsgzan and the ssn22c p z o b L ~ s  w e T e  
recorded on to khe scme fi2eOThe ma%& pyegmn a ~ d  t h e  ser2Lc %n?uk data 

ere loaded oeparcteig i n t o  $310 d i f f e ~ e c e  f I l e s , C O B G A i l  and E:i."Cd r e c p e c t l v f l r  

The  nanaLLs% is ~ e n o a c e  Prou the 9Go l i n e  to the 4, LSne due to the r e q u i -  

rements of the UMIVAC @ o ~ p u t $ w g  sgstem,These Ere d ~ n e  by the help of t h e  

2, and 3 ,  p r o g ~ a a s  ,The &, psogTsn is used to updote t h e  codlng s y ~ b c l s  

for U ~ I I V A C - ~ ~ G ~  Card Weader and LLne P~lnter,lc o r d e ~  t o  execx%e t h e  PYO~FER) 

by the sample Input data,the 5, pffsgTan i s  use2 to yencsTe t h e  ma:n pzsgTan 

i n t o  t h e  2,eycle sf t h e  Plle,bee~wse $he f irst  cyc le  ccn takns  the progkrm 

i n  data fs~a,bg rcmovlng 9% t o  ths 2 ,  cycbe,lt I s  t s a n s f o ~ a e d  i n t o  an 

e ~ e c u % a $ L e  $orm,P9na>%g the 6 ,  p?sSTaE 1s usee t o  r u c  t h z  preg:-em usfng 

the sanp2.z da t a  as i n p u t ,  



B D E L E T E , ~ ~  ' B O G R U N .  
m&SG ,U P B06 RU No 
&USE ROO W U  PJ, 

m C O B ,  ISE 
I D E ~ T I F I C A T I O N  DIVISION 
P R O G R A M - I D ,  PEIP-OKUNA 
E N V l  ROPJi-!EN7 D I V I ~ I U N ~  
C O N F I G U R A i 7 0 F ~  SECTIOM,  
S ~ U R C E - C O ~ I P U  TER, U-1106 
OBJECT-CC~~QUTEP.  u01;06 
INPUT-CUTPUT SECT:QNG 
FELE-CCi7,17FiDh. 

SELECT 7 A ~ S I L N  T O  
DATA D I V I S I O & e  
F I L E  S E C T I O N ,  
B D  7 

LABEL R E C D R J S  DMPTTEG 
R E C O R D I N G  NODE 1 5  F G  

01 S - H E C  p j r  ~ ( 8 0 1 .  
FI? f -  

R E C D R D I L G  HOD: 15 sni.. 
01 F-REC P I C  X ( B C ) ,  
PROCEDURE DIVISICN. 
A C ,  OPE& IE!PbT T U I T h  P:fJ fiEU! 
OPEN OUTPUT F, 
OKUo READ T A T  E N D  G O  TO SONo 

#DVE P-RZC T0 F-TEC, 
WRITE F - R f C ,  
G O  TO QKLI -  - 
SON. CLOSE 7 W I T R  VO R E u I ~ ~ J D ,  

CLOSE F,  

e D A B W , I ,  BOG RUN, 
e F  EN 



PF?OFRAM - 3 L o a d  sample p r o b l e m  data - 
@RUN 
m A S G , A  B O G R U  N o  
eFELET&,C DAFCA,  
@ A S G  ,U P DAFCA, 
mDATA ,B_ B O G 8 6  No,  DAFC A ,  
- i , B 2 9 5  
B E N D  
B F I R  

PROGRAM-  --- 4 - 2. U p d a t e  of main p r c g r a m  

mWUN 



_I----- - 
aiSU P1 
aAS&,P, C O R G W K ,  
eA§G,UP r D R G A M j i . l f ,  
BFTM,US C O P G A M l a l )  
aAD3,DP COWLAM,  
aFGiil 

3 U p d a t e  o f  ma i r  p r o g r a m ,  

P R O G R A M  - 6 Run of main p r o g r a m  w i t h  
-3 

~isaulld sample  p r o h i e m  ir:patd;ita. 

mDELETE,& 20, 
aASG, ldP 2. 
a a a % G , b i p  18, 
~3iPTfi1, S CURGAW,YAIN 
mP RE $ CORGAM,  
mMAP, 1 Dc,,GfiP,o,, 1, 
I N  CORGAP4,P'lA IN 
6653 CORbAM,  
sXQP C B R G A H  ,F-lA IN 
a A B D , D P  DAFCA, 
mF; 1 PJ 



The fo l lo l~ l iag  PS n 21nt of the cauputer programs code& fey e::gerlczne~l 

da ta  proce~slng~usod Bn coamon neutron nctlvotion nnalgs$s, 

1- TOAD r t 3 ~  coepater  coda POP P ~ ^ O C ~ S S G -  game-ma- s p e c t ~ a ~ ~  

Reactor cod2 abst ract :  333, Coded fsz: U N I V A C - 1 1 0 8  

hnguzge:  Po r t r an  I V  Issued at a June, 1968 

2- CORGAi4 :@A correlation algosLLhm f o r  gaEm-reg s P e c t - ~  m 

R e a e t a ~  code abstract s 3 9 0 ,  Coeed fop: IEM 3 6 0 / 5 ~  
Language: F o ~ t r a n  IV-G Issued at, g $ & ~ , 1 ~ 6 0 /  

3- ALPhizwI-I.l I nResolutlon of gamm-?ad spectrea (Improve& versloi? of -gmm) 

R e a c t o r  code a b s t r e c t  s 413, C@&ed f s r  : IBM 360 
Langvaga; Fo r t r an  IV,C95 Issue6 at : Ecccmbcr 8970 

4- GSSUM1B : q3Leas$ squares phctcpeak spectra codeE 

Weactor cs2e a b s t ~ e c t  : 457D Gsdec! TOT; U t J I V A C - 1 1 0 3  

Language: Fsztren IW,@PL I s sue<  at: Suna 1972 

5- GASBBN :*Complex gamma-~ey spectra a n ~ l y s b ~ ~  

Beactor code abst rac%; 44-35, Cs6e2  OF: C36 6600 
bnguege:  F o r t ~ a n  IQ Issue6 et: Jaa6~1:aky 1972 

- 
B-Cornpute~ codes avaklabhe In b T E \ - C % L 9 d ~ p ~ ~  

7- 8ADAK :c32jeu%ro~ and Earns spsecrun unTs3dZa~zc2 
, - 

Progsan abstracts E 437 codgc p ~ r :  IB*; 270 
hngungsz P o ~ z s a n  EV 
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