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CHAPTER I  

INTRODUCTION

H i s t o r i c a l l y ,  r a d io a c t iv e  is o to p e s  have been  used  to  s tu d y  o rgan  

c i r c u l a t i o n ,  f u n c t io n ,  and s t r u c t u r e  i n  v iv o . S o p h is t ic a te d  r a d ia t io n  de

t e c t o r s  and d a ta  p ro c e s s in g  system s have been  dev elo p ed  f o r  th e se  s tu d ie s .  

Advanced p h a rm a c e u tic a l te c h n iq u e s  which p e rm it h ig h e r  s e l e c t i v e  u p tak e  of 

r a d io a c t iv e  t r a c e r s  by th e  o rgan  o r  t i s s u e  b e in g  s tu d ie d  have a ls o  ev o lved . 

D e sp ite  th e s e  a d v an c es , how ever, s e v e r a l  l i m i t a t i o n s  s t i l l  e x i s t .  F i r s t ,  

th e  p a t i e n t  m ust be  g iv e n  a r a d io a c t iv e  m a te r ia l  t h a t  m ust c o n c e n tra te  in  

th e  o rgan  b e fo re  m easurem ents can b e g in , and seco n d , a f t e r  th e  m easurem ents 

a r e  co m ple ted , th e  p a t i e n t  w i l l  c o n tin u e  to  r e c e iv e  a  r a d ia t io n  dose u n t i l  

th e  r a d io i s o to p e  decays o r  i s  e l im in a te d  from th e  body. S in ce  on ly  sm all 

d o ses  o f  r a d io a c t iv e  m a te r ia l  can be s a f e ly  a d m in is te re d , th e  p a t i e n t  i s  

f r e q u e n t ly  r e q u ire d  to  rem ain  s t a t io n a r y  f o r  a  lo n g  p e r io d  o f tim e to  o b ta in  

s t a t i s t i c a l l y  s i g n i f i c a n t  m easurem ents. B lu r r in g ,  in tro d u c e d  by o rgan  mo

t i o n ,  can n o t p r e s e n t ly  be e l im in a te d  and poor d e f e c t  r e s o lu t io n  i s  o b ta in ed  

when th e  h e a r t ,  lu n g s ,  e t c .  a r e  s tu d ie d .

I d e a l ly ,  i t  would be d e s i r a b le  to  e l im in a te  th e  u se  o f  i n t e r n a l l y  

a d m in is te re d  r a d io a c t iv e  m a te r ia l s  f o r  th e s e  s tu d ie s  and to  o b ta in  th e  r e 

q u ire d  d a ta  in  a  s h o r t  p e r io d  o f tim e . A te c h n iq u e  th a t  may s a t i s f y  th e se  

i d e a l i s t i c  o b je c t iv e s  f o r  some ty p e s  o f in v e s t ig a t io n s  in v o lv e s  th e  u se  o f 

f lu o r e s c e n t  X -ra y s .

When an atom i s  e x c i te d  by th e  rem oval o f  an  e le c t r o n  from an in n e r  

a tom ic o r b i t ,  i t  w i l l  su b se q u e n tly  undergo a  t r a n s i t i o n  to  a low er energy  

l e v e l .  The e x ce ss  energy  a s s o c ia te d  w ith  t h i s  t r a n s i t i o n  i s  c a r r ie d  away 

from  th e  atom by e i t h e r  an  "Auger" e le c t r o n  o r  a f lu o r e s c e n t  X -ray pho ton . 

A l l  e lem en ts  y ie ld  f lu o r e s c e n t  X -rays when exposed to  s u f f i c i e n t l y  e n e r

g e t i c  s o u rc e s  o f  io n iz in g  r a d i a t i o n  and th e  e n e rg ie s  ok th e s e  X -rays a re  

d i r e c t l y  r e l a t e d  to  th e  atom ic number o f th e  elem ent in  w hich th ey  a r e  p ro 

duced .



S e v e ra l e lem en ts  th a t  could  b e  used as n o n ra d io a c tiv e  t r a c e r s  fo r  

in  v iv o  b io lo g ic a l  s tu d ie s  have f lu o re s c e n t  X -rays in  th e  energy  range from 

ab o u t 17 keV (Mo) to  79 keV (A u). These e n e rg ie s  a re  much h ig h e r  th an  

th o s e  p roduced  in  th e  m ajo r c o n s t i tu e n ts  of s o f t  t i s s u e  ( l e s s  th a n  4 keV) 

and a re  com parable to  th e  gamma and X -ray  e n e rg ie s  o f some r a d io is o to p e s ,  

such  as 1-125 and H g-197, t h a t  a re  n o rm ally  used  fo r  th e s e  ty p e s  o f in v e s 

t i g a t i o n s .  T hus, i t  sh o u ld  be p o s s ib le  to  d e te rm in e  th e  c o n c e n tra t io n  and 

c o n c e n tr a t io n  d i s t r i b u t i o n  o f  a h igh-Z  t r a c e r  elem ent in  a  b io lo g ic a l  s y s 

tem t h a t  i s  i r r a d i a t e d  by a s u f f i c i e n t l y  e n e rg e t ic  e x c i t a t io n  so u rce  and 

"v iew ed" by an energy  s e n s i t i v e  X -ray  d e te c to r .

T his r e s e a r c h  program  was i n i t i a t e d  to  exam ine t h e o r e t i c a l l y  and 

e x p e r im e n ta lly  th e  p o s s i b i l i t y  o f  u s in g  f lu o r e s c e n t  X -ray s  to  s tu d y  o rgan  

c i r c u l a t i o n ,  f u n c t io n ,  and s t r u c t u r e  in  v iv o . To accom plish  t h i s  o b je c t iv e ,  

s e v e r a l  p a ra m e te rs  a s s o c ia te d  w ith  th e  b io lo g ic a l  sy stem , th e  e x c i ta t io n  

so u rc e , th e  f lu o r e s c e n t  X -ray d e t e c to r ,  and th e  g e o m e tr ic a l c o n f ig u ra t io n  

o f  th e s e  com ponents w ere in v e s t ig a te d  to  d e te rm in e  t h e i r  in f lu e n c e  on con

c e n t r a t i o n  s e n s i t i v i t y  and d e fe c t  r e s o lu t io n  as a  fu n c tio n  o f r a d ia t io n  

d o se .



SECTION 2 

THEORETICAL CONSIDERATIONS

2 .1  NARROW BEAM PRIMARY SOURCE -  NARROW BEAM DETECTOR GEOMETRY

I f  f lu o r e s c e n t  X -rays e m itte d  by h ig h -Z  t r a c e r  e lem en ts  a re  to  be 

u s e f u l  f o r  in  v iv o  s tu d ie s ,  s e v e r a l  f a c to r s  in f lu e n c in g  c o n c e n tr a t io n  sen

s i t i v i t y ,  r e s o lu t io n ,  and r a d ia t io n  abso rbed  dose m ust be in v e s t ig a te d  and, 

w here p o s s ib le ,  o p tim iz e d . These in c lu d e  th e  fo llo w in g ;

1 . The n a tu r e  o f th e  b io lo g ic a l  system  in c lu d in g  th e  s i z e ,  sh ap e , 

co m p o sitio n  and p h y s io lo g ic a l  c h a r a c t e r i s t i c s  o f th e  organ  (o r  

t i s s u e )  o f  i n t e r e s t ;  th e  s i z e ,  shape and co m p o sitio n  o f any "de

f e c t s "  in  th e  o rgan  and th e  co m p o sitio n  and th ic k n e s s  o f  th e  

m a te r ia l  su rro u n d in g  th e  o rgan . D e fe c t ,  as used  in  t h i s  c o n te x t,  

r e f e r s  to  a re g io n  c o n ta in in g  a h ig h e r  o r  low er c o n c e n tr a t io n  o f 

t r a c e r  elem ent Z th a n  th e  a d ja c e n t o rgan  o r  t i s s u e  m a te r ia l .

2. The energy  spec tru m , i n t e n s i t y ,  c r o s s - s e c t io n a l  a r e a  and shape 

o f  th e  p rim ary  r a d ia t io n  beam.

3. The s i z e ,  sh ap e , e f f i c i e n c y ,  and energy  d is c r im in a t io n  o f  th e  

f lu o r e s c e n t  X -ray d e te c to r .

4 . The v a r io u s  g e o m e tr ic a l f a c to r s  a s s o c ia te d  w ith  th e  e x p e rim en ta l 

c o n f ig u ra t io n  o f  th e  p rim ary  r a d ia t io n  s o u rc e , th e  b io lo g ic a l  

sy stem , and th e  X -ray d e te c to r .

5 . The a to m ic  p r o p e r t ie s  o f th e  c o n s t i tu e n t  e lem en ts  o f th e  b io 

lo g i c a l  system .

The m anner in  w hich th e s e  f a c to r s  in f lu e n c e  c o n c e n tra t io n  s e n s i t i v i t y ,  

r e s o lu t io n ,  and r a d ia t io n  abso rbed  dose can be de term ined  from th e  t h e o r e t i c a l  

a n a ly s is  o f  th e  g e n e ra liz e d  ex p e rim e n ta l c o n f ig u ra t io n  p re s e n te d  in  F ig u re  

2 -1 . The c a l c u la t io n  p ro ced u res  used in  t h i s  s e c t io n  a r e  s im i la r  to  th o se  

in tro d u c e d  by Compton (R ef. 1) and expanded by B lokhin  (R ef. 2) and (R ef. 3 ) .
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F ig u re  2-1 G en era lized  E x p erim en ta l C onfiguration  
for C alcu latin g  F lu o r e sc e n t X -R ay  In ten sity



2 ,1 ,1  F lu o re s c e n t X-Ray I n te n s i ty

The b io lo g ic a l  system  i l l u s t r a t e d  in  F ig u re  2 -1  i s  co n s id e re d  a 

t i s s u e  s la b  c o n ta in in g  an organ  w ith  a d e f e c t .  I t  i s  assumed t h a t  th e  

o rgan  i s  a p l a n e - p a r a l l e l  s la b  o f  th ic k n e s s  -  X^ a t  a depth  X^ in  an 

o th e rw ise  co n tin u o u s  s la b  o f  t i s s u e  o f th ic k n e s s  X^. The d e f e c t  in  th e  

o rgan  i s  a  s la b  o f th ic k n e s s  X^ -  X^ a t  a dep th  X^. U sing th e  n o ta t io n ,  

th e  a n a ly s is  w i l l  be  l im i te d  to  cases  f o r  w hich . For con

v e n ie n c e , th e  b io lo g ic a l  system  has been d iv id e d  in to  f iv e  re g io n s  d es ig n 

a te d  by T^, 0 ^ , D, Og, and T^. I t  i s  f u r th e r  assumed th a t  each  re g io n  o f  

th e  b io lo g ic a l  sy stem  i s  composed o f  a m echan ica l m ix tu re  o f  a h igh-Z  t r a c e r  

e lem en t, Z, and a t i s s u e  e q u iv a le n t  m a te r ia l  W.

R e fe r r in g  to  F ig u re  2 -1 , th e  b io lo g ic a l  system  i s  i r r a d i a t e d  by a 

w e ll  c o l lim in a te d -n a rro w  beam o f  X -rays o f  i n t e n s i t y  I ^ ,  a re a  A^, and energy  

in c id e n t  on th e  t i s s u e  s u r f a c e  a t  an ang le  ([i. The f lu o r e s c e n t  X -rays 

e m itte d  by t r a c e r  e lem en t Z a re  m easured a t  an e x i t  an g le

As th e  p rim ary  X -ray  beam p a sse s  th rough  th e  b io l o g ic a l  system  to  

a  dep th  x , i t  w i l l  b e  a t te n u a te d  along  th e  p a th  x / s in  <ji in  th e  overburden  

m a te r ia l .  In  th e  d i f f e r e n t i a l  segm ent dx a t  x ,  p rim ary  beam in t e r a c t io n s  

w i l l  e x c i te  some atoms o f  elem ent Z to  th e  K l e v e l  and th e se  atoms w i l l  sub

se q u e n tly  em it th e  e n t i r e  K s e r i e s  f lu o re s c e n t  spec trum  of elem ent Z. F lu o re s 

c e n t X -rays w ith  an e x i t  an g le  ij; a re  a t te n u a te d  in  th e  overburden  m a te r ia l  

a lo n g  th e  p a th  x / s in

To l i m i t  th e  com plex ity  o f  th e  c a lc u la t io n s  a t  t h i s  p o in t ,  i t  w i l l  

b e  assumed th a t  th e  f lu o re s c e n t  X -ray d e te c to r  i s  lo c a te d  a t  a  d is ta n c e  R 

from dx w hich i s  la rg e  compared to  th e  th ic k n e s s  of th e  b io lo g ic a l  system , 

th e  d ia m e te r  o f th e  p rim ary  beam, and th e  d ia m e te r o f  th e  d e t e c to r .  This

r e s t r i c t i o n  w i l l  be im posed to  o b ta in  th e  e x p re s s io n  f o r  th e  t r a c e r  e lem ent
zK s e r i e s  f lu o r e s c e n t  X -ray in t e n s i t y  a t  th e  d e te c to r  s u r f a c e ,  I ^ ,  w hich does 

n o t  in v o lv e  e x p o n e n tia l  i n t e g r a l s .  However, t h i s  r e s t r i c t i o n  w i l l  b e  r e 

moved in  a su b seq u en t s e c t io n  o f  t h i s  r e p o r t  f o r  th e  a n a ly s is  o f  a system  

w hich u ses  a  w ide beam d e te c to r  geom etry.

At a  dep th  x in  re g io n , T^ o f  th e  b io lo g ic a l  system , th e  i n t e n s i t y

o f  th e  p rim ary  X -ray  beam, I^^  ( x ) , i s ;
-yT x / s in  

1 ,1  (x) = I ,  e I(x) = I^  e (photons/cm  - s e c )  (2-1)



w h ere: __

Ij = p r im a ry  radiation  beam  in ten sity  at the t is s u e  su rfa ce  
(photons / cm  s ec)

T = lin ea r  attenuation co e ffic ien t of p r im ary  radiation  in t is su e  
(cm -1 )

In the in crem en ta l la y er  dx the p r im ary  X -ra y  beam  in ten sity  w ill  
d e c r e a se  by:

^ ^  (p h o to n s/cm ^ -sa c ) (2-2)
S i n  9

w h ere dx/sin<}> is  the attenuation path length  in  dx. This d e c r e a se  in  in ten 
s ity  w ill r e su lt  from  sca tter in g  as w e ll as absorption . H ow ever, h ere  we 
are only in te r e ste d  in  the absorption  com ponent, and the lin ea r  attenuation  
c o e ffic ien t |j?i in  Equation 2 -2  can be rep laced  by the lin ea r  absorption  
co e ffic ien t S catter in g  in tera ctio n s w ill  be trea ted  in a subsequent
sec tio n .

2
Since Ij is  the num ber of photons p er  cm  p er  s e c  in a beam of area  

A%, the num ber of photons per  sec  incid en t on dx w ill  be 1^1 (x) / s in ÿ

and the num ber of p rim ary  photons absorbed  per s e c  by a ll atom s in the la y er  

dx, dN^l (x), w ill be:

T , _  l [ M x ) A ^ T ^ d x
dN (x) = ------------------------------    (photons/ sec )  (2 -3)

1 • ^  IS in  9

To obtain the num ber o f tr a c e r  e lem en t K -le v e l absorption s per sec
in dx, (dN ^’ ^1 (x)) , the t is su e  lin ea r  absorption  co effic ien t, in

1 1
Equation 2 -3  m u st be rep laced  by the e lem en t Z lin ea r  absorption  c o e ff i
c ien t T ^ and m u ltip lied  by (r^  - 1 ) /  r^ , w here r^  is  the absorp tion  jum p

ratio  of the K -ab sorp tion  edge of e lem en t Z. With th ese  su b stitu tion s. 
Equation 2 -3  can be rew ritten  as:

Z .T ,  M * !  T Z' T r ^ - 1
(dN j (x))^  = 2  2  * (p h o to n s/sec)

sin  4> r ^  (2 -4 )



T
Substitu ting Equation 2 -1  for   ̂ (x) in Equation 2 -4 , we get:

I j x / s i n  <|) ^  ^ Z . T
Ti , „  1 1 1 K dx (p h o to n s /s e c )(dNj 1 (xl) K = ----------------- 2----- ----------------

•f’ ' k  ( 2 - 5 )

Due to the A uger e ffe c t , a l l  K -le v e l absorption s in  tr a c e r  e lem en t Z w ill  
n ot r e su lt  in  the produ ction  o f K s e r ie s  flu o re sce n t X -r a y s , T h erefore , 
to obtain the num ber o f e lem en t Z atom s p er  s e c  in dx em ittin g  K -se  r ie s

Z T
flu o r e sc e n t X -r a y s , (dN ^(x)) ^   ̂ , equation 2 -5  m u st be m u ltip lied  by 

the K flu o r e sc e n c e  y ie ld , , or:

(d N j^ ’ ^ ' ( x ) ) ^ ^  = • 4 ^  • '  ^  (p h o to „ ./ .e c )

s in  0 (2 -6 )

Z TBy co n sid er in g  (dN^ ’ (x)) ^   ̂ as a point so u rce  at a depth x  in the b io 

lo g ic a l sy s te m , th e in ten sity  of tr a c er  e lem en t K X -ra y s  at a d e tec to r  
Z T

d ista n ce  R, d l^ ' , can be obtained from  the equation:

Z, T i

d l^ ' "̂ 1 =  --------   ^   ̂ • e K (p h o to n s/c m ^ -se c ) (2 -7)
4 ttR

w h ere :

T
= lin ea r  attenuation co e ffic ien t of tr a c e r  e lem en t K X -ra y s  

in t is s u e

X

sin  ijj = attenuation  path length  in  overburden  t is su e

The tota l tr a c e r  e lem en t K -s e r ie s  fluoiçescent X -ra y  in ten sity  at R from  
reg ion  T i o f the b io lo g ica l sy s te m , ^, can now be d eterm in ed  by

su bstitu tin g  E quation 2 -6  for (dN^ ’ l(x))j^  ̂ in  Equation 2 -7  and in te 

gratin g  o v er  X from  x  = 0 to x  = X^.



4 ' " 1 = K

4irR s in  <|> Z *̂ 0
K

Sin 4.;^^
(2-8 )

or: Z, T

a

r. -. (photons /  cm  ̂  - s ec  ) (2-9)

w he re :

B = 2 2 
4itR s in  (J)

4 - '

K

K
a  = sin4> s in  i|;

A s im ila r  p ro ced u re  can be u sed  to d e term in e  the in ten sity  o f  
t r a c e r  e lem en t K X -r a y s  a t R from  reg io n s  O j, D, O^. and T 2 . H ow ever, 
fo r  th ese  reg io n s  the p r im a ry  and seco n d a ry  X -r a y s  w ill be attenuated by 
overb u rd en  m a te r ia ls  o f d ifferen t c o m p o sitio n s .

An exam in ation  o f F ig u re  2-1  and Equation 2 -8  show s that the tr a c er  
e lem en t K X -r a y  in ten sity  at R from  r e g io n O j of the b io lo g ica l sy s te m ,  

can be obtained from  the fo llow in g  equation:
K T T \

lA - - I - ( - 4  '
z . o i  , 1 “ k  . ■'k - ‘ . ,  r " *

T< “ . _ 2  . 2 . Z

K
in (|> sin  i)y

4 ttR  s in  <|) K (2 - 10)

da

w h ere:

z,o
1

O

O

lin e a r  ab sorp tion  c o e ff ic ie n t  o f p r im a ry  radiation  in  
tr a c e r  e lem en t Z in  the organ

lin ea r  attenuation  c o e ff ic ie n t  o f p r im a ry  radiation in  
the organ

lin ea r  attenuation  c o e ff ic ie n t  of tr a c e r  e lem en t K X -ra y s  
in the organ .



W hen the in tegra tion  o v e r  x  is  com p leted , Equation 2 -10  b e c o m e s;

5
[ i  -  e

'(X^ -  X j)
(2-11)

a

w h ere:

O ^ 1
a s in  <j) s in  ijj

S im ila r ly , the tr a c e r  e lem en t K X -r a y  in te n s it ie s  a t R from  reg io n s D, 
Og, and Tg are:

Z, D T O
-Of X j -0- (Xg - X j )

1-e
a (2- 12)

Z, o -a'^X , -  a°(X _ - X ) - or°(X - X )

1 -e
a (2-13)

Z, T
Z. T2

K
= B

-a"X, -a^(X,  -X,)-cr^(X^- Xg)-a (X^- X )̂T „  O 
e 1 " “ '“ 2 "1 1-e

- n ^ ( X _ - X
D

a
(2 -14)

w h ere: t
Z, D 
1

= lin ea r  ab sorp tion  c o e ffic ie n t o f p r im ary  radiation  
in tr a c e r  e lem en t Z in the d efec t

= lin ea r  attenuation  c o e ffic ien t o f p r im a ry  radiation in 
the d efec t

D
K

= lin ea r  attenuation  co e ffic ien t o f tr a c e r  e lem en t K 
X -ra y s  in the d efec t



10

sin<{> sinip

The tr a c er  e lem en t K X -r a y  in ten sity  at R from  the e n tir e  b io lo g ica l  
sy ste m  is  the sum  of the contributions from  the five  r e g io n s , or

[ , .  . - v . - , ]  '
“  T O

T j Z , D  -o r  X ^ - a  ( X ^ - X ^ )

}  (? -15)

z
To obtain the tr a c er  e lem en t K X -r a y  count ra te , , from  a d etector  
lo ca ted  at R, 1 m u st be m u ltip lied  by the d etector  e ff ic ie n c y  for e lem en t

Z K X -r a y s , € and the d etector  area  A 2 .

<  - (  - î \

2 . 1 . 2  S ca ttered  R adiation Intensity  

?. 1. ?. 1 S ingle Compton Scattering

Since the Com pton m a ss  sca tter in g  c o e ffic ien t is  only sligh tly  
dependent on the a tom ic  num ber of the sca tter in g  m ater ia l, vary in g  a p p rox i
m ately  a s Z“®' and re la t iv e ly  low  con cen tration s of the high-Z  tra cer  
e lem en t w ill be p resen t in the b io lo g ica l sy s te m , the s in g le  Compton  
sca tter e d  radiation  in ten sity  can be ca lcu la ted  by assu m in g  that the 
b io lo g ica l sy ste m  is  a slab  of t is su e  of th ick n ess  X^.

^ R eferrin g  to F igu re 2 -2 , the in ten sity  of the p r im ary  X -ra y  
beam , I^(x), at a depth x  in the b io lo g ica l sy stem  w ill be:



11

T issu e  S u rface

'dx

T issu e

F ig u re  2 -2  E xp erim en ta l C onfiguration  for S cattered  
R adiation In ten sity  C alcu la tion s
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T / . X T x/sin<})
I j(x ) = Ij e  (photons /  cm  - s e c )  (2 -1 7 )

and the p r im a ry  X -r a y  b eam  in ten sity  d e c re a se  in  the la y e r  dx, w ill be 
g iv en  by the equation

d l^  (x) = -I^ (x ) , "y (photons /  c m ^ -se c )  (2 -18 )
1 1 1  s in ç

w h ere  the su p e r sc r ip t  T r e fe r s  to t is su e . S ince Ij is  the num ber of 
photons p er  cm ^ per s e c  in  a p r im a ry  beam  of areaAj^, the num ber of 
p r im a ry  photons s c a t te r e d  p er  s e c  in the la y e r  dx, (dN ^ (x))g , is:

rj, I^(x) A  j 0- ^  dx
(dN j(x ))g  = ----------------------   (photons / se c )  (2 -19)

s in  <j)

T
w h ere  the lin ea r  a tten uation  c o e ffic ien t /I  ̂ has b een  rep la ced  by the 
lin e a r  sca tter in g  c o e ff ic ie n t  o f the p r im ary  rad iation  in t is s u e , cr

The num ber of photons per secon d  sca tter e d  in dx through an 
an g le  8, (dN ^(x))^  is  g iv en  by :

T
-H  x/sin<j)

I A e  a- . 3(1 + co s  0)

 r r   — Ï 6 ; -------------  ^
s in  4>

T 2w h ere I ^(x) h as been r e p la c e d  by Equation 2 -1 7  and 3( 1 + cos 0 )/1 6 ir is  the
p rob ab ility  that a sc a tte r e d  photon w ill be d e flec ted  through an
an g le  0. C om pton s c a t te r e d  photons w ith an ex it  an g le  ij; w ill be
atten uated  a long the path x /  s in  ijj and the s in g le  C om pton sca tter e d
radiation  in ten sity , dl , a t a d etec to r  lo ca ted  a d istan ce  R from  dx w ill
be:
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-“s =

T
IlA iO - j

^ . 2 . 4irR sm  4>

3(1 + cos^B )  ̂ " W "   ̂ * d x
16ir (2-21)

w h ere  jH g = lin ea r  atten uation  c o e ff ic ie n t  o f s c a tte r e d  rad iation  in  
t is s u e ,

R »  Xg »  A j  

0 = <j> + i)j

The to ta l s in g le  C om pton s c a t te r e d  radiation  in ten sity  a t the d etector  
can be ob ta in ed  by in tegra tin g  Equation 2 -2 1  o v er  x  from  x  = 0 to x  = X

, n 2  . 2 .4 ttR  s in  «j>

3(1 + c o s  0
16u

A -  •J \sin<)> sinijj^
(2 - 22 )

or:

' s '
1 -  

L
(photons /  cm  - s e c ) (2-23)

w h ere:

L =
l l A ,

,  , ,2  . 2 . 4trR s in  <j)

I 3(1 + cos^G) IL 16TT J ' sin<|) sinijj

F rom  C om pton's equation , the en erg y  o f a sc a tte r e d  photon that undergoes  
a s in g le  d iffusion  through an an g le  0 is:
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E g =  - — — ---------------------_  (k e v )  (2 -2 4 )

[1 +,—  (1 - co s  0^
.  510 J

w h ere  and E g a re  g iven  in kev.

The s in g le  Com pton sc a tte r  count ra te , Cg from  a d etec to r  
lo c a te d  at R is  the product o f Ig, the d etec to r  e ff ic ie n c y  for  sca tter e d  
rad ia tion  €_ , and the d etec to r  a r ea  A  .o  2

Cg = Ig €g (c o u n ts /se c )  (2 -25 )

In a subsequent sec tio n  of th is  pap er, it  w ill be shown that s in g le  Com pton  
s c a tte r e d  rad iation  p rov id es a m ean s of obtaining a tr a c e r  e lem en t  
con cen tration  m ea su rem en t that i s  independent o f  the m a tr ix  com p osition  
and d en sity  o f the reg io n  o f the b io lo g ica l sy s te m  being exam in ed .

2 . 1 . 2 . 2  M ultiple Com pton Scatter in g

The en ergy  sp ectru m  and the angular d istr ib u tion  of m u ltip le  
Com pton sca tter e d  photons is  b e s t  d eterm in ed  by Monte C arlo  tech n iq u es. 
Since th ese  photons only contribute to the background rad iation  le v e l  and  
do not contain  in form ation  re la ted  d irec tly  to the con cen tration  of the 
tr a c er  e lem en t in the b io lo g ica l sy s te m , ca lcu la tio n s  of th e ir  in ten sity  
contribu tion  at the d etector  have not been  attem p ted . Instead , it  h as been  
a ssu m e d  that the background rad iation  in ten sity  can be d eterm in ed  
ex p er im en ta lly  and accou nted  for in the data reduction  p ro ced u re.

2. 1 . 2 . 3  R ay le igh  Scattering

The tota l R ayleigh  sca tter in g  c r o s s - s e c t io n  is  m uch sm a lle r  
than the tota l Compton c r o s s - s e c t io n  per a tom , the ratio  betw een the 
two being a p p ro x im a te ly ,(R ef. 4 ): *

» 1 . 1 x 1 0 - ^  '4 ^  ( 2 ^ 6 )(T Com pton E

w here E^ is  g iven  in kev.

^ R eferen ces are  lis te d  in S ection  6.
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Since the e n e r g ie s  o f in te r e s t  in th is ap p lica tion  a re  g rea ter  
than 20 kev and the e ffe c t iv e  a tom ic num ber of t is s u e  is  about 7, the 
R ayleigh  to C om pton sca tter in g  ra tio  per atom  w ill have a m axim um  
va lu e  of about 0 .0 1 4 .

2. 1. 3 R adiation D o se  C on sid era tion s

One o f the p r im a ry  co n sid era tio n s , in eva lu atin g  the u se fu ln ess  
of h igh-Z  tr a c er  e lem en t f lu o re sce n t X -r a y s  for in v iv o  s tu d ie s , is  the 
rad iation  d ose  that m u st be d e liv e r ed  to the b io lo g ica l sy s te m  to obtain  
a s ta t is t ic a lly  s ig n ifica n t f lu o re sce n t X -r a y  count. T h is w ill depend  
on the reso lu tio n  req u ired , the p ro p er tie s  o f the b io lo g ica l sy s te m , the 
en erg y  of the p r im ary  X -r a y  beam , the g e o m e tr ic a l fa c to r s  a s s o c ia te d  
w ith the ex p er im en t, and the c h a r a c te r is t ic s  of the f lu o r e sc e n t X -r a y  
d etec to r .

An equation w ill be d eveloped  in th is  sec tio n , for determ in in g  the 
num ber of photons per square cm  req u ired  to produce a su r fa ce  dose of 
1 m rad  (m illira d ) a s  a function o f p rim ary  X -r a y  en erg y . T h is equation  
w ill be used  in sub sequent sec tio n s  for the a n a ly s is  of som e p a rticu la r  
so u r c e -b io lo g ic a l sy s te m -d e te c to r  con figu ration s.

TThe en erg y  ab sorb ed  per se c  in one gram  of t is s u e , E l -  abs, 
from  a p r im ary  X -r a y  beam  of en erg y  kev and in ten sity  photons 
per cm^ per sec  is  g iven  by the equation:

® T -ab s '  sin  + (k e v /g - s e c )  (2 .2 7 )

T
w here (/i abs^ 1 ~ en ergy  absorption  c o e ffic ien t for p rim ary  X -r a y s

in t is su e

*)» = in cid en ce angle of p r im ary  X -r a y  beam  on tis su e  
su rfa ce

By defin ition , 1 m rad  is  equal to an en ergy  ab sorp tion  of 0. 1 e r g s  per  
gram  by any m a te r ia l, and s in ce  1 kev is  equal to 1. 602 x  10“  ̂ e r g s , 
the radiation  ab sorb ed  d ose  rate , D, is:

_9
D = ^ l^ l^^m -abs^T  — ) sin  (|) (m r a d s /s e c ) .  (2 -28)
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S olv in g  E quation 2 -2 8  for the ra tio  , w e obtain:

6 . 2 5  X 10^ , , 2
(p h oton s/cm  /m rad ) (2 -29)

2
Since in E quation 2 - 15  is  a lin ea r  function  of 1^, we can  so lv e  

th is  equation for the ra tio  /  I  ̂ and obtain  the tr a c er  e lem en t K -s e r ie s  
f lu o r e sc e n t X -r a y  in ten sity  at the d etector  per unit su r fa ce  d o se  rate  
I ^ /D , by com bin ing I^ /L  w ith Equation 2 -2 9 .

4  4  =1 2
^ —  = -j   . -g|- (p h o to n s/cm  /m ra d ) (2-3 0)

2 . 1 . 4  D e tec to r  C o llim ation

E quations 2-15  and 2 - 23  ind icate that p r im ary  X -r a y  beam  
sca tter in g  and tr a c e r  e lem en t f lu o re sce n t X -r a y  production  in  the t is su e  
surrounding the organ w ill produce r e la t iv e ly  high X -r a y  in te n s it ie s  at 
the d e tec to r . T h is background radiation  w ould s ig n ifica n tly  red u ce the 
s e n s it iv ity  of the d etec to r  to tr a c er  e lem en t con cen tration  changes in the 
organ  or d efec t of in te r e s t .

A  fo cu sed  co llim a to r  of the type u sed  for conventional rad iosotop e  
scanning cou ld  be added to the d etector  to o v erco m e  th is lim ita tio n . This 
c o llim a to r , in  conjunction  w ith the p r im ary  X -r a y  beam , w ould define  
the reg ion  of the b io lo g ic a l sy s te m  being exam in ed . Som e ex a m p les  o f  
how  th is m ight be a cco m p lish ed  are  p resen ted  in F ig u r es  2 -3 ,  2-4 ,  and  
2 - 5 .

With the g eo m etry  illu s tra ted  in F igu re  2 -3 ,  the h orizon ta l 
reso lu tio n  is  d eterm in ed  by the d esign  of the d etector  c o llim a to r , and 
the v e r t ic a l r eso lu tio n  is  d eterm in ed  by the d ia m eter  o f the p r im ary  
rad ia tion  beam  and the angle  0. Equation 2 - 15  for does not apply 
d ir e c tly  in th is  c a se  s in c e  the a rea  a s so c ia te d  w ith the in crem en ta l
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th ic k n e ss  dx at x  is  d eterm in ed  by the reso lu tio n  rad ius of the 
c o llim a to r , R j, w hich  is  independent of 0. Under th ese  con d ition s the 
equation  for is:

z,o

' 1 ^
T Z ,D  -cP(X  -X  )

+ — c   e
a

D

1 -e + e

> ^ 3-^ 2 (p h o to n s/cm  sec )

(2 -31)

w h ere  the f lu o r e sc e n t X -r a y  contribution  from  the t is s u e  surrounding  
the organ  h as b een  n e g le c ted  and:

.  . Z
‘■’ k

4irR^ sin  cj>

K -1

K

S im ila r ly , the s in g le  Com pton sca tter e d  radiation  in ten sity  at 
the d e tec to r  for the g eo m etry  illu s tra ted  in F igu re  2 -3  can be d eterm in ed  
by noting that the reso lu tio n  rad iu s of the c o llim a to r  d efin es the sca tter in g  
vo lu m e ttRj dx, and by changing the lim its  of in tegration  in  Equation 2 -22  
to X = X j and x  = X 4 . W ith th ese  su b stitu tio n s, the e x p r e ss io n  for Ig 
b eco m es;

1 - e (p h o to n s/cm  -s e c )

(2 -32)

w h ere  the sca tter e d  rad iation  contribution  from  the t is su e  surrounding  
the organ  h as been  n e g le c ted  and:

^1 =
I j (ttR^)

4TrR ŝin«)>

3(1 + cos 0) 
16it
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For the configuration shown in Figure 2 -4 , the horizontal 
resolution  is  determ ined by the diam eter of the prim ary radiation beam, 
and the vertica l resolution is  determ ined by the design of the detector  
collim ator and the angle ijj. Since the assum ptions used in deriving  
Equation 2-15 apply in this case , Ig  can be obtained by sim ply neglecting  
the contribution to Ig  from  the tissu e  surrounding the organ.

= B e
(  -oP(X^-Xj) -a°(X2-X,) 

1 - e + e
a O

-oP(X^-X^)
e1

a
D 1 - e

I
(photons/cm  -sec)  

(2-33)

The single Compton scattered  radiation intensity at the detector can a lso
be determ ined from  Equation 2-22 by changing the lim its  of integration
to X = X , and x  = X ..1 4

1 - e (photons/cm  -sec )

(2-34)

The two detector-collim ator a ssem b lies  shown in Figure 2-5  
illu strate  one m ethod by which tracer elem ent concentration distributions 
at severa l depths could be obtained sim ultaneously.

Although the sour c e -detector configurations in F igures 2 -3 , 2-4 , 
and 2-5  are not optimum, they are relatively  easy  to estab lish  using 
com m ercia lly  available equipment, and they could be quite useful for 
som e types of organ scanning and dynamic function stud ies. In practice, 
a prim ary radiation source could sim ply be attached externally to the 
d etector-co llim ator  assem b ly  of a rectilin ear  scanner. However, som e 
m odifications of the data processing e lec tro n ics  would be required for 
background suppression . An X -ray m achine or a radioisotope could be 
used for the prim ary radiation source.
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2. 2 NARROW BEAM PRIM ARY SOURCE - WIDE BEAM DETECTOR  
GEOMETRY

A s ind icated  by E quations 2 -1  6 , 2 -3 0 , and 2 -3 3 , the u se  of a sm a ll  
area  f lu o r e sc e n t X -r a y  d etector  at a la rg e  d ista n ce  from  the b io lo g ica l 
sy ste m  w ill r e su lt  in  a m uch  h igher rad iation  d o se  to the b io lo g ica l sy stem , 
and a s ig n ifica n tly  lo n g er  data co lle c tio n  tim e  than w ould be obtained by 
u sing  a la r g e  area  f lu o r e sc e n t X -r a y  d etec to r  near the su r fa ce  of the 
b io lo g ica l sy s te m . An ex c ita tio n  s o u r c e - flu or es cent X -r a y  d etec to r  co n fig 
u ration  of th is  type is  illu s tr a te d  in F ig u re  2 -6 .

The c o llim a to r  is  a d ep th -focu sin g  typ e, such  a s  the one d esign ed  by 
G la ss  (R ef. 5),w hich  has been  m od ified  to contain  the p r im ary  rad iation  
so u r ce  along the c en tr a l a x is . Adequate sh ie ld in g  around the so u rce  would  
be u sed  to exclu de d ir e c t  p r im a ry  rad iation  from  the d etec to r . T his g e o 
m e tr y  p erm its  the u se  of a la r g e  a rea  f lu o re sce n t X -r a y  d e tec to r  located  
at a m in im um  d ista n ce  from  the b io lo g ica l sy stem  w h ile  reta in in g  the 
d ep th -fo cu sin g  c h a r a c te r is t ic s  of the s y s te m s  illu stra ted  in the prev iou s  
sec tio n .

The m axim um  resp o n se  volum e defin ed  by the d etec to r  co llim a to r  
ap ertu re  and p r im a ry  rad ia tion  beam  is  ind icated  in F ig u re  2 -6  by a dotted  
l in e . For ca lcu la tio n  p u rp o se s , it  w ill be a ssu m ed  that on ly  rad iation  
em itted  or sc a tte r e d  in th is volum e can rea ch  the d e tec to r , and that the 
co n cen tra tio n  of tr a c er  e lem en t Z in th is vo lu m e is  u n iform . It w ill a lso  
be a ssu m ed  that the d ep th -focu sin g  co llim a to r  h as an open a rea  to total 
a rea  ra tio  o f  p.

If w e le t  E j , 1 ,̂ and A^ rep resen t the p r im ary  rad iation  beam  en ergy , 
in ten sity , and c r o s s  sec tio n a l area  r e s p e c t iv e ly  and a ssu m e  that the 
p r im a ry  beam  is  w e ll co llim a ted , the tr a c e r  e lem en t K -s e r ie s  flu o rescen t  
X -r a y  so u r ce  term  in dx at x  is :

r -1  -H- ^ ^ ^ ^ - ^ ^ ( x - X ^ )
( d N i ^ ’ = I jA j  t ‘ ^  • — -------e dx(ph otons/ sec)

(2 -3 5 )

T _
" ^ 1  1

w h ere  e is  the attenuation of the p r im ary  rad iation  beam  in  an
_ O "

overb u rd en  t is s u e  th ick n ess  of X j and e y  is  the attenuation of
the p r im a ry  rad iation  beam  in the overb urden  organ m a ter ia l.
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R eferr in g  to F ig u re  2 -7  the flux of tr a c e r  e lem en t K - s e r ie s  
f lu o r e sc e n t  X -r a y s  through th e open a rea  on the fron t su r fa ce  of the  
c o llim a to r , dF  is  g iv en  in  te r m s  of the so u r ce  in  dx at depth x  a s  
fo llo w s:

d F ^ (x )  = ( d N ^ '^ x )  ) f ’ P ■ r  — %---- 2  ® ^ K A  ^ ^ dr (2 -3 6 )
^  <  4 X r  + x l  ^

^ 2

O Tw h ere  it has been a ssu m ed  that p = p .K f\

The in tegra tion  w ill  f ir s t  be com p leted  o v er  r from  r = to r = Rg 
and the to ta l flu x  of tr a c e r  e lem en t K - s e r ie s  f lu o r e sc e n t X -r a y s  through  
the c o llim a to r  open a r ea , F  w ill be obtained by in tegratin g  d F ^  (X) 
o v e r  X from  x  = X l to x  = Xg.

T I 2  2 *If w e le t  p ^  y  r + x  = y ,  Equation 2 -3 6  b e c o m e s  ;

PjfX s e c  1),̂

or  :

■ P
d F ^  (x) =      ( P ^  seci};^) -E ^ (p  ^  x s e c  V p h o to n s /sec )

(2 -3 8 )
T Tw h ere  E^ (p ^  x  sec  and Ê  ̂ (p x  s e c  ijĵ ) a re  exp on en tia l in teg ra ls

defin ed  by the equation
00

  dyy
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S in ce  and ip 2  on ly  s lig h tly  dependent on x  over  the range

X]̂  < X < X g, th e to ta l flu x  of tr a c e r  e lem en t K - s e r ie s  f lu o r e sc e n t  
X -r a y s  through the c o llim a to r  open area  can  be obtained by substitu ting

Z OEquation 2 -3 5  for  (dN j ’ ))k  f  E quation 2 -38  and in tegratin g  over
X from  X s X j t o X n X ^ .

r- X

L x

2 o
e

1

:2 0
- p ,  X

E j (a x )  dx - E j ( b x )  dx

X

(p h oton s/ sec )  

(2 -3 9 )

r K

T
a = P k  ^ 1

T
b = Pk  s e c

By changing the l im its  of in tegration , Equation 2-39  can  be w ritten  as  
fo llow s:

1  %
e Ej (ax) dx -

L'O

X.

O• p^x  I - p ^ x
e E j (a x )d x - / e E^(bx)dx

E j  (bx.)dx (photons /  sec ) (2 -40 )
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C lo sed  form  so lu tio n s  cannot be obtained fo r  th ese  in teg ra ls . How
e v e r , th ey  can be e x p r e s s e d  in  te r m s  of exponentia l in teg ra ls  for w hich  
v a lu es  have b een  tabulated  (R ef. 6 . ) P o ly n o m in a l equations have a lso  been  
rep o rted  (R ef. 7) for ca lcu la tin g  app roxim ate v a lu es  of exponential 
in te g r a ls .

U sin g  the r e la t io n sh ip :

e (at) dt = ^  ^ In (^ + 1 ) - e  (ac) + [ (a + p) c ]

the so lu tion  of E quation 2 -40  is:

^ [ E i ( b X ^ )  -  E^ (aX^)] + E j ( a + p ° )  X j  - E ^ [  ( b + p ° ) X j

>^1

+ e ^[ E^ (a X p  -E^ (bX^)] + E j [ (b + t i ° ) X j  - E^[ (a+ p°)X  j \ ( p h o t o n s /J sec )

(2-41)

The tr a c er  e lem en t K - s e r ie s  flu o re sce n t X -r a y  count rate from  the 
Z 7d etecto r , Cj^, can now be d eterm in ed  by m u ltip ly in g  by the detector

2
e ff ic ie n c y  for th ese  X -r a y s , € ^  •

e ^  (c o u n ts /se c )  (2 -42)
■L\

2. 3 X -R A Y  PHYSICS

In th is  sec tio n , m e a su r ed  v a lu es  of the X -r a y  p a ra m eters  that apply  
to th is  problem  a re  su m m a rized  and approxim ate equations are developed  
that can  be u sed  for  ca lcu la tio n  p u rp o ses . The qu antities of in tere st  
inclu de the K -s e r ie s  f lu o r e sc e n c e  y ie ld  of e lem en t Z, the K -ab sorp tion  
jump ra tio  of e lem en t Z, and the absorption , attenuation , and scatter in g  
c o e ff ic ie n ts  of the con stitu en t e lem en ts  of the b io lo g ica l sy stem .
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2. 3. 1 K -F lu o r e sc e n c e  Y ie ld

2
E x p erim en ta l v a lu es  of the K f lu o r e sc e n c e  y ie ld ,u  , have beenK

co m p iled  for  a num ber o f e lem en ts  from  th ir ty -th r e e  r e fe r e n c e s  by B ro y le s ,
T h om as, and H aynes (R ef. 8 ) and m o r e  r e c e n t m e a su r e m e n ts  have been
rep o rted  by H ein tze  (R ef. 9) and by D avidson  and W yckoff (R ef. iQ. Although
th e se  data show so m e ra th er  w ide v a r ia tio n s  in the m ea su red  v a lu es  of

Z ZCO for a s in g le  e lem en t, the g e n e ra l r e la tio n sh ip  b etw een  co and atom ic  ■K K
num ber can  be e sta b lish e d  by taking unw eighted a v era g e  v a lu es of a ll the 
m e a su r em e n ts  rep orted . T h e se  a v era g e  v a lu es  and the num ber o f m e a su r e 
m en ts  a s so c ia te d  with each  va lu e  a r e  p resen ted  in  T able 2 -1 . A s su ggested  
by Burhop (R ef. 11), the m e a su r e m e n ts  for e lem en ts  w ith Z >  42 by B erk ey  
(R ef. 8 ,1 2 ) have been  o m itted  s in c e  th ey  h ave not b een  con firm ed  by other  
w o rk ers  and appear u n lik e ly  to be c o r r e c t  on th e o r e tic a l grounds.

2
A lso  p resen ted  in Table 2 -1  are  v a lu e s  o f co^ ca lcu la ted  from  

P in c h e r le 's  (R ef. 13 ) th e o r e t ic a l equation:

CO = [ 1 + aZ ] (2 -43)

using the va lu e  of ^  su g g ested  by B lokhin (R ef. 1).

The r e s u lt s  l is te d  in  T able 2-1  a re  i l lu s tr a te d  g ra p h ica lly  in F ig 
u re  2 -8 . It is  apparent fro m  th is graph that the ex p erim en ta l data are  in  
good a g reem en t w ith  E quation 2 -4 3  for e lem en ts  w ith  Z > 30 w hich would 
be m o st u se fu l for  in  v iv o  s tu d ies .

2. 3. 2 K -A b sorp tion  Jum p R atio

2
T he K -a b so rp tio n  jum p ra tio  of e lem en t Z, r is  defined as the 

ra tio  of the v a lu es  of the m a ss  ab sorp tion  c o e ff ic ie n t  of e lem en t  
2

Z, ( T ^ )  , on the h igh and low  en erg y  s id e s  of the K -ab sorp tion  edge.
2

A v era g e  v a lu es  of r^  co m p iled  by B lokhin (R ef. 1) from  the data of 

v a r io u s  authors a r e  g iv en  in  T able 2 -2 .
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TABLE 2-1

MEASURED AND CALCULATED VALUES 

OF K-FLUORESCENCE YIELD Z/K

Atomic 
Number Z Elem ent

Number of 
M easurements

E xp erim en ta l
Z
0)K

T h e o re tic a l
Z
“k

6 C 1 0.0009 0,00120

7 N 1 0.0015 0,00223

8 0 2 0.0421 0.00380

9 F 0 0.00607

10 Ne 3 0,0364 0.00922

11 Na 0 0.0134
12 Mg 2 0,016 0.0189
13 A1 1 0.027 0.0259
14 S i 2 0 ,041 0.0345
15 P 0 0.0450
16 S 3 0,102 0.575
17 Cl 2 0.074 0.721
18 Ar 6 0 ,101 0.0890
19 K 0 0.108
20 Ca 2 0.179 0.130
21 Sc 0 0.153
22 Ti 1 0 ,160 0.0179
23 V 1 0,190 0,207
24 Cr 4 0.262 0.236
25 Mn 1 0.220 0,267
26 Fe 7 0 ,323 0.298
27 Co 1 0,380 0,331
28 Ni 9 0,404 0. 364
29 Cu 8 0,454 0,397
30 Zn 8 0 ,496 0.430

31 Ga 0 0,462

32 Ge 0 0,494



30

TABLE 2-1 (Continued)

E x p erim en ta l T h e o re t ic a l  
Atomic Number o f  Z Z

Number Z Elem ent M easurements _____ ^

33 As 1 0 .530  0 .525

34 Se 7 0 .581  0 .554

35 Hr 4 0 .594  0 .583

36 Kr 3 0 .570  0 .610

37 Rb 0 0 .635

38 S r 2 0 .682  0 .660

39 Y 0 0 .683

40 Zr 1 0 .690  0 .704

41 Nb 0 0 .724

42 Mo 7 0 .787  0 .743

43 Tc 0 0 .761

44 Ru 0 0 .777

45 Rh 2 0 .786  0 .792

46 Pd 1 0 .835  0 .806

47 Ag 6 0 .847  0 .819

48 Cd 3 0 .822  0 .832

49 In  0 0 .843

50 Sn 3 0 .830  0 .853

51 Sb 1 0 .862  0 .863

52 Te 1 0 .872  0 .872

53 I  1 0 .880  0 .880

54 Xe 3 0 .763  0 .888

55 Cs 1 0 .890  0 .895

56 Ba 2 0 .885  0 .901

57 La 0 0 .908

58 Ce 0 0 .913

59 P r 1 0 .880  0 .919

60 Nd 0 0 .923

61 Pm 0 0 .928

62 Sm 0 0 .932
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TABLE 2-1 (C ontinued)

E x p erim en ta l 
Number o f  Z 

M easurem ents “K

T h e o re t ic a l
Z
Wjr

63 Eu 0 0 .936
64 Gd 0 0.940
65 Tb 0 0 .943
66 Dy 0 0.946
67 Ho 0 0.949
68 Er 0 0 .952
69 Tm 0 0.955
70 Yb 0 0.957
71 Lu 0 0.959
72 Hf 0 0 .962

73 Ta 0 0.964
74 W 0 0.965
75 Re 0 0.967
76 Os 0 0.969
77 I r 0 0 .970
78 F t 1 0 .942 0.972
79 Au 0 0.973
80 Hg 1 0.946 0.974
81 Tl 0 0.976
82 Pb 1 0 .890 0.977
83 Bi 2 0 .955 0 .978
84 Po 1 0 .894 0.979



32

1.0

0 . 9

0 . 8

N «
3
T3 
0  0 . 
>
us 
% 0. O U
o3

©—Av e r a g e  of  

= [1 + a ;

v l e a s u r e d
^ - 4 j - l

V a l u e s
© ( e

Z
- “ k ©

©
© ®

1

© jS
O

/ >

©
y ©

(

O

®/

> /  "

© /

/©

1

o

...... J e a ig1/ 1 1 1 1 - 1 . i .

5 10 15 20 25  30 35 40 45 50 55 60 65 70 75 80 85 90
A t o m i c  N u m b e r ,  Z

F ig u re  2 -8  C om parison  of O b served  and C alcu lated  
V alu es of F lu o rescen t Y ield



33

TABLE 2-2

MEASURED AND CALCULATED VALUES 

OF K-ABSORPTION JUMP RATIO r |

A to . lc  E x p e r m e .t .1  _ 1 , 2

Number Z Elem ent ’■K   (1 - —̂ )  ^_______

13 A1 1 2 .6  17.9

14 S i 15 .6

15 P 14 .0  15.9

16 X 1 1 .0  12 .8  14.5

17 Cl 1 0 .4  11 .83  13.4

18 Ar 1 0 .0  11 .2  12.5

19 K 10 .6  11 .8

20 Ca 1 0 .1  11.2

21 Sc 9 .73  10.6

22 T l 9 .37  10 .2

23 V 9 .0 4  9 .82

24 Cr 8 .82  9 .49

25 Mn 8.58

26 Fe 8 . 8  8.38
27 Co 8.30

28 Ni 8 .3  8.21
29 Cu 8 .3  8.16
30 Zn 7 .9 8.05
31 Ga 7.98
32 Ge 6 .3  7.82

33 As 7.76

34 Se 7.66

35 Br 7.3 7.51
36 Kr 7.42

37 Rb 7.35
38 Sr 7 .4  7.25

9 .20  

8 .94

8 .71  

8 .50 

8 .31  

8 .14  

7.99 

7 .85

7 .72 

7 .60  

7 .48  

7 .38  

7 .29

7 .20
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TABLE 2-2 (Continued)

Number Z Elem ent

E x p erim en ta l
Z

% 4
^ - a b s Z

’̂ K
5 .8 8

®L]^-abs (1 -

39 Y 7.19 7 .11

40 Zr 7.07 7-04

41 Nb 7.02 6 .96
42 Mo 7.5 6 .94 6 .89
43 Tc 6.89 6 .83
44 Ru 6 .83 6.77
45 Rh 6.79 6-71
46 Pd 6 .8 6 .73 6 .66
47 Ag 7 .0 6 .70 6 .60
48 Cd 6.65 6 .55
49 In 6.59 6 .51
50 Sn 6 .6 6.54 6 0 46
51 Sb 6.49 6.42
52 Te 6.44 6 .38
53 I 5 .5 6.39 6 .34
54 Xe 6 .34 6 .30
55 Cs 6.29 6 .27
56 Ba 5 .2 6 .24 6 .24
57 La 6.20 6.20
58 Ce 6.17 6.17
59 P r 6 .13 6 .14
60 Nd 6.10 6 .11
61 Pm 6.07 6.09
62 Sm 6.04 6 .06
63 Eu 6 .01 6 .03
64 Gd 5 .98 6 .01
65 Tb 5 .96 5 .99
66 Dy 5 .92 5 .96

-  1 . 2
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TABLE 2-2 (Continued)

Atomic 
Number Z Elem ent

E x perim en ta l
Z

Z \ - a h 8

^L^-abs

Z 5 .88

(1 -

67 Ho 5.91 5 .94

68 Er 5 .88 5.92

69 Tm 5.85 5.90

70 Yb 5.85 5 .88

71 Lu 5.83 5.86

72 Hf 5.80 5.84

73 Ta 4 .2 5 .77 5 .82

74 W 5.65 5.75 5 .81

75 Re 5.72 5.79

76 Os 5 .70 5.77

77 I r 5 .67 5 .76

78 P t 6 .0 5 .65 5 .74

79 Au 5.65 5.62 5 .72

80 Hg 5.60 5 .71

81 T l 5.57 5 .70

82 Pb 5 .4 5 .55 5 .68

83 Bi 5.52 5 .67

84 Po 5 .50 5 .66

85 At 5.47 5 .64

86 Rn 5.45 5.63

87 Fr 5 .43 5 .62

88 Ra 5.40 5 .61

89 Ac 5 .38 5 .59

90 Th 5.36 5 .58

91 Pa 5.34 5 .57

92 U 2 .9 5 .31 5 .56

93 Np 5.29 5 .55

94 Pu 5 .27 5,54

-  1 . 2
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From an a n a ly s is  o f  e x p e rim e n ta l d a ta ,  i t  h as  been  su g g es ted  

(R ef. 14 ) t h a t  th e  K -a b so rp tio n  jump r a t i o  can be found from th e  

fo llo w in g  fo rm ula:

4 -  (2-44)
L^-abs

z zw here and a r e  th e  e n e rg ie s  o f th e  K and a b so rp tio n

edges o f elem ent Z.

I t  would be d e s i r a b l e ,  f o r  c a lc u la t io n  p u rp o se s , to  have an ex- 
2

p re s s io n  fo r  r ^  which depends on ly  on th e  atom ic number o f  th e  elem ent 

Z. However, e x a c t v a lu e s  f o r  th e  atom ic X -ray le v e ls  and E]^^_gyg

a r e  d i f f i c u l t  to  c a lc u la te .  S e v e ra l a tte m p ts  w ere th e r e f o r e  made to  f i t  

a  form o f M osely’s approx im ate  law fo r  th e  atom ic energy  le v e ls  to  th e

d a ta  o b ta in e d  from E q u a tio n  2 -44 . They r e s u l t e d  in  th e  e x p re s s io n :

4  -

2
V alues o f  r^  c a lc u la te d  from E q u a tio n  2-44 u s in g  B lo k h in 's  d a ta  fo r

Z
^K -abs ^L^-abs ^nd v a lu e s  o f  r ^  o b ta in e d  from E q u a tio n  2-45 a re
p re s e n te d  in  T ab le 2 -2 .

2
The m easured and c a lc u la te d  v a lu es  o f  r ^  l i s t e d  in  T ab le  2-2 a re  

p re s e n te d  g ra p h ic a l ly  in  F ig u re  2 -9 . I t  i s  a p p a re n t from th i s  graph 

t h a t  E quation  2-45 i s  in  good agreem ent w ith  th e  e x p e rim e n ta l d a ta  fo r  

e lem en ts  w ith  Z ^  30 w hich a re  o f  p rim ary  concern  in  t h i s  a p p l ic a t io n .

2 .3 .3  A b so rp tio n , A tte n u a tio n , and S c a t te r in g  C o e f f ic ie n ts

I t  w i l l  be  assumed in  su b seq u en t s e c t io n s  o f  t h i s  p ap e r th a t  each 

re g io n  o f  th e  b io lo g ic a l  system  i s  composed o f  a  m ix tu re  o f  w a te r ,  which



© —  E x p e r im e n t a l  Data  P o in t s

K-abs Lj -abs  
5. 88

N «

80 100704020
A t o m ic  N u m b e r ,  Z

U>'J

F i g u r e  2 -9  C o m p a r i s o n  of O b s e r v e d  and C a lcu la ted  
V a lu e s  o f  K -A b s o r p t i o n  Jump Ratio
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is  a " tis su e  eq u iva len t m a te r ia l ,  " w ith  a co n cen tra tion  by w eight of C ^ ,  
and tr a c e r  e lem en t Z w ith  a co n cen tra tio n  by w eight of C „ . S in ce , by 
d efin itio n , (C ^  = 1  -  C ^ ), the l in e a r  ab sorp tion , a tten uation , and sc a t

ter in g  c o e ff ic ie n ts  in any r e g io n  i  of the b io lo g ica l sy s te m  can  be e x p r e sse d  
in  te r m s  o f the co rresp o n d in g  m a s s  ab sorp tion , attenuation , and sca tter in g  
c o e f f ic ie n ts  a s  fo llo w s:

p‘ 4  (2-46)

w h ere

= lin e a r  a b so rp tio n  c o e ff ic ie n t  of p r im a ry  rad ia tion  in e lem en t Z
in  r eg io n  i

p  ̂ = lin ea r  atten uation  c o e ff ic ie n t  of p r im a ry  rad ia tion  in reg ion  i

p ^  = lin ea r  atten u ation  c o e ff ic ie n t  of e lem en t Z K X -r a y s  in reg io n  i

cr  ̂ = lin ea r  sc a tte r in g  c o e ff ic ie n t  of p r im a ry  rad iation  in reg io n  i ~
m a s s  sca tter in g  c o e ff ic ie n t  of p r im a ry  rad ia tion  in w ater =

( - m ) T

C 2  = co n cen tra tio n  by w eigh t of e lem en t Z in  reg ion  i
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1
P

Z W
= d en s ity  of reg io n  i = — ^ ^

p ^ + (p ^ -p ^ )

2
p = d e n s ity  of tr a c e r  e lem en t Z

W 3p = d en s ity  of w ater  = 1 g /c m

2
( T j^ )  j = m a ss  ab so rp tio n  c o e ffic ien t o f p r im a ry  rad ia tion  in  e lem en t Z

2
(P jjj)j = m a s s  attenuation  c o e ffic ien t o f p r im a ry  rad ia tion  in  e lem en t Z 

W(p ^ ) j = m a ss  attenuation  co e ffic ien t o f  p r im a ry  rad iation  in  w ater  

2
(p  ) = m a ss  attenuation  c o e ffic ien t o f e lem en t Z K X -r a y s  in  e lem en t Zin j\

W(|Xj^) ^  = m a s s  attenuation  co e ffic ien t o f e lem en t Z K X -r a y s  in  w ater

T h is l i s t  in d ica tes  that v a lu es  of the m a ss  absorp tion  and attenuation  
c o e ff ic ie n ts  of tr a c e r  e lem en t Z and the m a s s  attenuation and sca tter in g

c o e ff ic ie n ts  of w ater  m u st be obtained to d e term in e  v a lu es  of t   ̂ , p

and tr  ̂ . A lso , from  E quation 2 -2 9 , the m a ss  energy  absorption

co e ffic ien t of w ater ( u , ) ^ ,  is  needed  for rad iation  d o se  and d ose^ m -a b s
rate  ca lcu la tio n s.

2. 3. 3. 1 M ass A bsorp tion  and A ttenuation  C o effic ien ts  for H igh-Z  E lem en ts

A tabulation  of n a rro w -b ea m  ab sorp tion  and attenuation  co e ffic ien ts  
of X - and gam m a ra y s from  0. 01 to  100 M ev for 29 m a te r ia ls  has been p re 
pared  by G rod ste in  (R ef. 15 ) and s im ila r  data have been p resen ted  by other 
authors (R ef. 16, 17, 18). T h ese  data w e re  d er iv ed  p r im a r ily  from  th eo re t
ic a l ca lcu la tio n s w ith  ex p erim en ta l r e su lts  being used  as a ch eck  and to 
provide em p ir ica l c o rr e c tio n s .
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A lthough t h e o r e t i c a l  methods fo r  c a l c u la t in g  mass a b s o rp tio n  and 

a t te n u a t io n  c o e f f i c i e n t s  a r e  w e ll  e s t a b l i s h e d ,  i t  i s  v e ry  d i f f i c u l t  to  

c a l c u la te  a c c u ra te  v a lu e s  o f  th e se  p a ram ete rs  f o r  a l l  e lem en ts o v er a 

w ide energy  ra n g e . A c o n s id e ra b le  e f f o r t  was th e r e f o r e  devoted  to  th e  

developm ent o f  approx im ate  e q u a tio n s  t h a t  co u ld  be  a p p lie d  to  e lem en ts  

w ith  atom ic  numbers g r e a te r  th a n  30 fo r  e n e rg ie s  below  150 keV f o r  t h i s  

re a s o n . The s e l e c t i o n  o f  th e s e  atom ic number and energy  l im i t s  w i l l  be 

d is c u s s e d  in  su b se q u en t s e c t io n s  o f  t h i s  p a p e r .

B lo k l in  (R ef. 1 ) has su g g e s te d  th a t  a  s e m ie m p iric a l e q u a tio n  o f 

th e  form :

7 C 2
■ ' , 2 : 7 8  « - 5 0 )

E

w here G i s  a  c o n s ta n t ,  can be  used  to  d e te rm in e  th e  mass a b so rp tio n  co

e f f i c i e n t  o f  e lem en t Z under th e  fo llo w in g  c o n d i t io n s :

0 .4  < I  < 8 .1

< E < 125 keV

2
N orm aliz ing  t h i s  e q u a tio n  to  G ro d s te in 's  v a lu e s  f o r  (x )g  on th e  h ig h

energy  s id e  o f  th e  K -a b so rp tio n  ed g e , i t  was n o te d  th a t  th e  c a lc u la te d  
2

v a lu e s  o f  ( t )_  f o r  G ■ 16 .5  ag ree  w ith  G ro d s te in * s  r e s u l t s  w ith in  8 in c
p e r  c e n t and in  most c a se s  th e  e r r o r  i s  l e s s  th e n  5 p e r  c e n t i f  E^<E<150 keV, 

S ince  t h i s  e r r o r  i s  l e s s  th a n  th e  e s tim a te d  u n c e r ta in ty  in  th e s e  v a lu e s  (R ef. 

1 5 ) , th e  use  o f  E q u a tio n  2-50 i s  j u s t i f i e d  in  t h i s  a p p l ic a t io n .

S in ce  th e  t o t a l  mass a b s o rp tio n  c o e f f i c i e n t  i s  th e  sum of th e  p a r

t i a l  mass a b s o rp t io n  c o e f f i c i e n t s ,  th e  mass a b s o rp t io n  c o e f f i c i e n t  o f
2

elem en t Z f o r  K -s e r ie s  X -rays o f  e lem en t Z , (x )„  can be o b ta in e d  bym a  _
d iv id in g  E q u a tio n  2-50 by th e  K -a b so rp tio n  jump r a t i o  r^^:

< V k  ■ i f A r  <2-51)
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2

w h ere  r i s  g iv en  by Equation 2-45 .

To d e term in e  the to ta l m a s s  attenuation c o e ff ic ie n t  of e lem en t Z,

< V > E
2

an e x p r e s s io n  for the m a s s  sca tter in g  c o e ffic ien t, (o- )g , a s  a function of
2^

atom ic  num ber and e n erg y  is  req u ired . The c la s s ic a l  e x p r e ss io n  for (cr ) 
is  :

w h ere  is  a constant and the e m p ir ic a l re la tio n sh ip  A «  1. 4 Z ‘  ̂ has
been  su b stitu ted  for a to m ic  w eigh t. H ow ever, Equation 2 -5 3  is  only  
ap p licab le  to the lig h ter  e lem en ts  for e n e r g ie s  l e s s  than about 50 kev. When 
th e se  cond itions do not ob ta in , m o re  com p lica ted  equations w hich  include  
en erg y-d ep en d en t te r m s m u st be used .

2
An exam in ation  of tabulated  v a lu es of (c  for  e n e rg ie s  w ithinm  E

the range Ej^ < E < 150 kev  and for  e lem en ts  w ith a tom ic  num bers grea ter  
than 30, in d ica te s  that good a g reem en t w ith ex p er im en ta l data w ill r e su lt  
if  E quation  2 -5 3  i s  m o d ified  to include an en ergy  depend ence as fo llow s:

(EZ)

2
w h ere  G ro d ste in 's  v a lu es  of (or ) on,the high en erg y  s id e  of the K

m  E
a b sorp tion  edge have b een  u sed  for n orm aliza tion .

Z ZSubstituting E quations 2 -5 0  and 2 -5 4  for ( T ^ ) ^  and ( 

in E quation 2 -5 2  w e obtain:

(-'/«I£  ( £jZ<)
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S im ila r ly , from  E quations 2-51  and 2 -5 4 , an approxim ate  
2

equation  fo r  (u is: ̂ m  K

% " > 7 8  r̂  ̂ E (EZ)

7 ZC alcu la ted  v a lu e s  of ( and (u  )_  friom E quations 2-50  andm 'E  m  E
2 -5 5  fo r  iod in e  a r e  p resen ted  in T ab le 2 -3  along with the corresp ondin g  
v a lu e s  rep o rted  by G rod ste in . A dditional v a lu es  of m a ss  absorption  and 
attenuation  c o e ff ic ie n ts  for e lem en ts  w ith  a to m ic  num bers in the range  
42 < Z ^  82 can be ca lcu la ted  from  th ese  approximate equations.

2, 3. 3. 2 M a ss S ca tter in g  and A ttenuation  C o e ffic ien ts  for W ater

It w ould app ear, from  E quation 2 -5 5 , that the m a ss  absorption  
and attenuation  c o e ff ic ie n ts  for  w ater could be d eterm in ed  from  an 
equation  of the form :

E £

w here the co n sta n ts  K  ̂ and are  obtained from  exp erim en ta l data.

T his equation  p ro v id es  fa ir ly  good a g reem en t w ith tabulated v a lu es of

(u ) Yf and ( cr ) ^  if K , = 2 , 1 1 0  and = 0. 20. H ow ever, for th is  low  '^ m ' E m  E 1 2

atom ic  num ber m a te r ia l, a better d e scr ip tio n  of the exp erim en ta l data is  
obtained from  the equation:

Ej £

w h ere  ;

( ' ' m ' E
£



TABLE 2-3

MASS ABSORPTION AND ATTENUATION CO EFFICIENTS FOR IODINE (Z=53)

R eferen ce  15 
M a ss A b sorp tion

E quation (2. 50) R e fer e n c e  15 
M a ss A b sorp tion  M a ss  A b sorp tion

E quation  (2 . 55) 
M a ss A b sorp tion

E nergy
(kev)

C oeffic ien t
(cm ^ /g)

C o effic ien t
(cm ^ /g)

C o effic ien t
(cm ^ /g )

C o effic ien t
(cm ^ /g )

34. 0 35. 7 36. 3 35. 8 36. 4

40 21. 3 21. 5 2 1 . 5 21. 5

50 11. 7 1 1 . 6 11. 9 11. 7

6 0 7. 12 6 . 9 8 7. 26 7. 11

70 4. 54 4. 6 8

80 3. 21 3. 13 3. 34 3. 27

90 2 . 26 2 . 39

1 0 0 1. 71 1. 69 1. 83 1 . 81

1 1 0 1. 29 1. 42

1 2 0 1 . 0 2 1. 14

130 0. 813 0. 936

140 0 . 662 0. 783

150 . 536 0. 546 0 , 648 0. 667

-f'w
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M ass attenuation  and sca tter in g  c o e ff ic ie n ts  for w ater from  
Equations 2 -5 7  and 2 -5 8  as w e ll as th ose  rep o rted  by G rodstein  (R ef. 15) 
a re  p resen ted  in T ab le 2 -4  for com p arison . A gain , the e rr o r  r e su lt in g  
fro m  the u se  of th e se  approxim ate equations is  l e s s  than the e stim a ted  
u n certa in ty  in th e se  v a lu e s .

2. 3. 3. 3 M ass E n ergy  A bsorp tion  C o effic ien ts  for W ater

As ind icated  in Section  2. 1 .3 , the t is su e  m a ss  energy ab sorp tion  
co e ffic ien t ( u ^  , in Equation 2 -29  can be rep la ced  by the w ater

T i l — & D S  1 * AAT
m a ss  energy ab sorp tion  co e ffic ien t (U rn-abs' g  d o s im etry  ca lcu la tio n s.

'I t w as d eterm in ed  from  a grap h ica l a n a ly s is  of E vans' data  
(R ef 19 ) that the m a ss  en ergy  absorption  c o e ff ic ie n t  o f w ater can be ap
p roxim ated  by the equation:

for en erg ies  l e s s  than 150 kev. V alues of (p ,^  abs^^ obtained from  th is

equation and th o se  rep orted  by Evans for  s e v e r a l e n e rg ie s  are  l is te d  in 
T able 2 -5 . T h ese  v a lu es  a g ree  w ithin 7% o v er  the en ergy  range of in te r e s t  
w ith the la r g e s t  e r r o r  occu rr in g  at the h ig h est energy.

WWhen Equation 2 -5 9  for (p. ._ )  is  sub stitu ted  in Equation 2 -2 9m  — 3 . D S IT'

for  abs^ ' w e obtain an equation for  ca lcu la tin g  the num ber of phot
2  1 

per cm  req u ired  to pa
in cid en t photon en ergy

ons

per cm^ req u ired  to produce a su rface  d ose  of one m illira d  as a function of

^1 6 . 2 5  X 10^  , .  ̂ / 2 ,  _  (p h o to n s/cm  /m rad)
sin  ÿ

(2-60)

D r  7W . 1 - 4 5 .  10-5 e ' - ' -25

The quantity I^ /D  as a function of E for 0  = 90 is  p resen ted  
grap h ica lly  in F ig u re  2 -1 0 .
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TABLE 2 -4

MASS SCATTERING AND ATTENUATION CO EFFICIENTS FOR WATER

E n ergy
(kev)

R eferen ce  15 
M ass S ca tter in g  

C o effic ien t

(cm ^ /g)

Equation 2 -5 8  
M ass S ca tter in g  

C o effic ien t

(cm ^ /g )

R eferen ce  15 
M ass S ca tter in g  

C oeffic ien t

(cm ^ /g)

E quation  
M ass Scat 

C o effic i

(cm ^/;

2 0 0. 207 0 . 206 0. 722 0. 723

30 0 . 2 0 0 0. 195 0. 336 0. 334

40 0. 193 0 . 188 0. 245 0. 243

50 0. 187 0. 183 0 . 2 1 2 0 . 209

60 0. 183 0 . 179 0 . 1 9 6 0. 193

70 0. 175 0. 184

80 0. 173 0. 172 0. 178 0. 178

90 0 . 169 0. 173

1 0 0 0. 165 0. 167 0. 167 0. 170

1 1 0 0. 165 0. 167

1 2 0 0. 163 0. 165

130 0 . 161 0. 163

140 0 . 160 0 . 161

150 0. 148 0. 158 0 . 149 0 . 159
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TABLE 2 - 5

MASS ENERGY ABSORPTION CO EFFICIENTS FOR WATER

R eferen ce  19 
M ass E nergy  

A b sorp tion  C oeffic ien t

(cm ^/ g)

4. 2 

0. 48 

0. 14 

0. 064 

0. 038 

0. 030 

0 .0 2 6 5  

0 .0 2 5 0  

0 .0 2 5 0  

0 .0 2 5 5

0 . 028

Equation 2 -59  
M ass E nergy  

A bsorp tion  C o effic ien t

_______ (cm ^/g)_______

4 .3 1  

0 .4 6  

0. 13 

0 . 061 

0. 038  

0. 030  

0. 0263 

0. 0251 

0. 0250  

0. 0254  

0 . 0261 

0. 0270 

0 . 0279 

0 . 0289

0. 0300
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2 .4  D E PE N D E N C E  OF FLUORESCENT X-RAY INTENSITY ON EXCITATION
SOURCE - BIOLOGICAL SYSTEM  - AND FLUORESCENT X-RAY
DETECTO R PARAM ETERS

In th is  s e c tio n , the so u r c e --  b io lo g ica l sy s te m  - d etector  g eo m etry  
i llu s tr a te d  in F ig u re  2 -4  w ill  be u sed  to d eterm in e  the dependence of K- 
s e r ie s  f lu o r e sc e n t  X -r a y  in ten sity  on the v a r io u s  p a ra m eters  a sso c ia te d  
w ith  the ex c ita tio n  so u r ce , the b io lo g ica l sy s te m  and the f lu o re sce n t X -r a y  
d e te c to r . It should  be noted that th is sa m e g en era l dependence w ill apply  
to a ll o f  the sour c e - d etec to r  con figu ration s illu stra ted  in S ection  2. 1 .4  
for la r g e  a n g le s  <|) and i|j.

D eterm in in g  the f lu o r e sc e n t X -r a y  in ten sity  for a ll p o s s ib le  v a lu es  o f  
the v a r ia b le  p a r a m e te rs  w ould be an ex ten s iv e  undertaking and would r e 
q u ire  a d eta iled  know ledge o f p h ysio lo g y  and b io c h e m istr y . F or th is 
r e a so n , the p a ra m eter  v a lu e s  se le c te d  for the exam p le  ca lcu la tio n s  in 
th is  s e c tio n  illu s tr a te  the v a r ia tio n  o f flu o re sce n t X -r a y  in ten sity  that w ill  
o ccu r  under c er ta in  co n d itio n s, and do not im ply  that th ese  v a lu es  can be 
ob ta in ed  in a b io lo g ic a l sy s te m  that is  functioning n o rm a lly .

Iod ine, in m any of the ca lcu la tio n s , has been a ssu m ed  for the tra cer  
e lem en t s in ce  s e v e r a l g ra m  q u an tities o f this e lem en t are  a d m in istered  
ro u tin ely  for r a d io lo g ic a l d ia g n o stic  p u rp o ses , and a v a r ie ty  o f iodinated  
com pounds have b een  develop ed  for X -r a y  v isu a liz a tio n  o f kidney, ga ll 
b lad d er, and g a s tr o in te s t in a l tra ct, as w e ll a s  d elin ea tion  of h ea r t and 
p er ip h era l blood v e s s e l s .

2
F ro m  Equation 2 -3 3  it is  apparent that Ij^ is  a rather com p licated  

function  o f the fo llow ing;

1. O rgan depth

2. O rgan th ick n ess

3. D efec t depth

4. D efec t th ick n ess

5. P r im a r y  X -r a y  beam  en ergy

6 . T racer  e lem en t a tom ic  num ber

7. T racer  e lem en t con cen tration .
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H ow ever , w e  a r e  p r im a r ily  in te r e s te d  in the g en era l dep en d en ce of tra cer  
e le m e n t f lu o r e s c e n t  X -r a y  in ten sity  on th ese  p a r a m e te rs , and sev e r a l  
sim p lify in g  a ssu m p tio n s  can be m ade w ithout lo s s  of g e n e r a lity .

F ir s t ,  it  w ill  be a ssu m ed  that the organ d oes not contain  a d e fec t, in 
w hich  c a se  Equation 2 -3 3  r ed u c es  to:

B e '"  T Z ,0

" 5 li'® “ ”''J (z-61)
a

• i  ■ ‘ ‘ ‘' ‘ i y . 4 ^  [ , -
4 irR a  r ^

To d e term in e  the f lu o r e s c e n t  X -r a y  in ten sity  a t the d e tec to r  per unit 
su r fa ce  d o se  r a te . E quations 2 -2 9  and 2 -62A  can then be com bin ed  to g iv e :

[ i  .  e -  °<X4 -  X i ) j

(6 . 25 X 10^)  (0^  r ^ : -  1 ^ ^ 2 , 0  ^ - n ^ X ^
1 - e - a °  ( X4 - X j )

2
(p h o to n s/cm  - s e c /m r a d /s e c )  (2 -62B )

S im ila r ly , the f lu o r e sc e n t X -r a y  d etector  count ra te  per unit su rfa ce  d ose  
ra te  can be obtained  fr o m  the equation:

. A . p ( c o u n ts /s e c /m r a d /s e c )  (2-62C )

w h ere  :
2

= d e tec to r  e ff ic ie n c y  

p = co llim a to r  open a rea  to total a r ea  ra tio  

A_ = d e tec to r  c r o s s -s e c t io n a l area
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The fo llow ing  q u an tities w ill be d eterm in ed  for each  s e t  o f p aram eter  
v a lu e s , in an e ffo r t to m ake the ca lcu la ted  r e s u lt s  m ore u se fu l:

1 .

K ?. 2
2 . (p h o to n s/cm  - s e c /m r a d /s e c )  or (photons /c m  / m rad)

c :
3. ^  (c o u n ts /s e c /m r a d /s e c )  or  (co u n ts/m ra d )

Z 2The quantity I (4ttR ) /I  A  is  u se fu l b eca u se  i t  is  independent o f  the 
R 1 1

ex c ita tio n  b eam  in ten sity  and c r o s s  sec tio n a l area  a s w e ll a s  the X -r a y  
d etec to r  c h a r a c te r is t ic s .  It can then be u se d  as a starting  point fo r  
m aking sp e c if ic  sour c e - d etector  sy s te m  c a lcu la tio n s .

B y m aking additional a ssu m p tio n s about the ex c ita tio n  b eam  c r o s s -  
s ec tio n a l a rea  and the de tec to r -o r g a n  sep a ra tio n  d is ta n ce , w e can ca lcu la te  

2
the quantity 1 ^ /D  w hich is  independent o f the type of X -r a y  d e tec to r  being

u sed . The f lu o r e sc e n t X -r a y  d etec to r  c h a r a c te r is t ic s  can  then be in c o r 
porated  to d eterm in e  the f lu o r e sc e n t  X -r a y  count per unit su r fa ce  d o se ,

C ^ /D .

The follow ing assu m p tion s have b een  m ade for the exam p le  ca lcu la tio n s  
p resen ted  in th is section :

 ̂ = ex c ita tion  b eam  c r o s s -s e c t io n a l a rea  = 1 cm^

= Organ -  d etector  sep aration  = 20 cm

3. lb = f lu o re sce n t X -r a y  e x it  angle  = 60°

1 . A

2 . R

3. 4;
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2
4. € = d etector  e ff ic ie n c y  = 100%K.

2
5. = d etector  c r o s s  sec tio n a l a rea  = 4 5 .6  cm  (3 in . d ia m eter )

6 . p = co llim a to r  open a rea  to total area  ratio  = 0. 5.

S ince m o st p h a rm a ceu tica ls  that have been developed  for tra cer  stu d ies  
have r e la t iv e ly  high uptake ra tio s  for the organ or t is su e  o f in te r e st , i t

T Ww ill a lso  be a ssu m ed  that a  ~  a  , or that X -ra y  attenuation in the o v e r 
burden t is su e  is  the sam e a s  w ould be obtained for w ater . Under th ese  
cond itions : ^

T W

O
O O , .

“  = t ' l

and, from  E quations 2 -4 6 , 2 -4 7 , and 2 -4 8 ,

w w w w

P 1°  = P °^ Z ° + ( P j l ' ^ P °  »  -

P K ° = ' p J k  P° ^ z °  + < P „ . ) / P °  < : - 12- <-8 )

‘2 -69 )

The approxim ate equations d eveloped  in Section  2. 3 can now be u sed  to
Z 2 Z Zexam ine the dependence of I (4itR ) , I , and C on the so u rce ,
^    XV XV

I l  ■ A j D D

b io lo g ica l sy s te m  and detector  p a r a m e te rs .
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2 .4 .1  D ep en d ence o f  F lu o r e sc e n t  X -R ay  In tensity  on T racer  E lem en t  
A tom ic  Number

. (4 ir R l Ç
F ig u r e s  2-11  through 2 -1 3  i llu s tr a te  the v a r ia tio n s  o f  ---------   > —— ,

c Z  h  ^ 1  ^
and K w ith  tra cer  e le m e n t a to m ic  num ber , under the exp erim en ta l 

D
co n d ition s l is te d  on each  fig u re .

The dependence o f  th ese  q u a n tities  on tra cer  e lem en t a tom ic  num ber 
is  i l lu s tr a te d  in F igu re 2 -1 1 , for an organ  depth o f 2 cm , an organ  th ick n ess  
(or d e tec to r  co llim a to r  a p er tu re ) of 2  cm , a tra cer  e lem en t con cen tration  
of 0 . 01, and an ex c ita tio n  e n e rg y  o f 100 k ev , A ra th er  sharp  in c r e a s e  in 

ZCj^/D is  noted w ith  in c r ea s in g  tr a c er  e lem en t a tom ic  num ber for th is  fixed

ex c ita tio n  en erg y . T h ere  a r e  two r e a so n s  for th is: (1) the K -ab sorp tion  
edge en erg y  is  approaching the ex c ita tio n  en erg y  a s  the a tom ic  num ber 
in c r e a s e s ,  w h ich  r e s u lt s  in a h igher f lu o r e sc e n t X -r a y  production e f 
f ic ie n c y , and ( 2 ) the f lu o r e sc e n t X -r a y s  from  the h igh er a tom ic  num ber 
e lem en ts  undergo l e s s  a tten uation  in the overburden  t is s u e .

A  m uch d ifferen t e f fe c t  i s  noted if  the ex c ita tio n  en ergy  ju st e x ce e d s  
the K -a b so rp tio n  edge en erg y  of each  e lem en t a s shown in F ig u res  2 -1 2

Z 2and 2 -1 3 . In F igu re  2 -1 2 , the quantity I (4itR ) /I  A is  found to have
tv 1 1

a m ax im u m  va lu e  at Z « 56. B elow  the m axim um , th is quantity in c r e a se s  
w ith in c r ea s in g  atom ic num ber b eca u se  the f lu o re sce n t X -r a y  penetration  
of overb u rd en  t is su e  is  in c r ea s in g  m o re  rapid ly  than the p h o to e lec tr ic  
ab sorp tion  c r o s s  sec tio n  is  d e c r e a s in g . A bove the m axim um , the op p osite  
cond ition  w ill  obtain . T his sa m e type o f dependence is  ob serv ed  w hen w e  

Z Zplot I / D and C ^ /D  v e r s u s  Z for E « E as shown in F ig -tv tv 1 iv-abs
ure 2- 13. H ow ever, in th is  c a se  the m axim um  is  sh ifted  to a h igher  

atom ic  num ber as a r e s u lt  o f the in c r e a se  in I^/ D w ith E^ in this 

en ergy  ran ge (s e e  F igu re 2 -1 0 ).

2
It should be noted that the v a r ia tio n  o f C ^ /D  w ith  tra cer  e lem en t

atom ic  num ber w ill a lso  depend on organ  depth, organ  th ick n ess , and tra cer  
e lem en t con cen tration .
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—  X Organ Depth = 2. 0 cm  

- Xj = Organ Thickness = 2 . 0  cm  

—  = T racer Element Concentration = 0.01

E = Excitation Energy = 100 Kev

(VI

40 50 60 70 80 90

10
-2

(M

5

10 -3

Tracer Element Atomic Number, Z

F ig u re  2-11  D ependence of I /I
1

4 itR ^/A  , I ^ /D , and C ^ /D  on T racer
1 IS. K

E lem en t A tom ic  N um ber for an E x cita tio n  B eam  E n ergy  of 100 Kev
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-  X j  = O r g a n  T h i c k n e s s  = 2 .0  c m

E  = E x c i t a t i o n  E n e r g y  = K -  A b s o r p t i o n  E d g e
Energy
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Tracer Element Atomic Number

Ui

Z 2
F ig u r e  2 -1 2  D ep en d e n c e  of I^ /I^  • 4 ttR /A^ on T r a c e r  E le m e n t  A to m ic  N u m b er  for  an 

E x c i ta t io n  B e a m  E n e r g y  That Ju st  E x c e e d s  the T r a c e r  E le m e n t  K - A b s o r p t io n  E d ge  E n e r g y
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X^-Xj = Organ Thickness = 2 . 0  cm

E = Excitation Energy = K - Absorption Edge Energy
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z zF ig u r e  2 -1 3  D ep en d e n c e  of I / D  and C /D  on T r a c e r  E le m e n t  A to m ic  N um b er  fo r  an
K K

E x cita tio n  B eam  E n erg y  That Just E x ceed s  the T ra c e r  E lem en t K -A b so r p tio n  Edge E n ergy
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2. 4 . 2 D epen d en ce o f F lu o r e sc e n t X -R ay  In ten sity  on T racer E lem en t Con
cen tra tion

Z 2 Z ZThe dependence of (4ttR  ) /I  A , I /D , and C /D  on tr a c er
fY 1 1 iX  IS.

e lem en t co n cen tra tion  can be d eterm in ed  fro m  E quations 2 -62A , 2 -62B
and 2-62C  w hen a ^ ,  a '^  and are e x p r e s se d  in term s of

by E quations 2 -6 3  through 2 -6 9 . R esu lts  o f som e exam ple ca lcu la tio n s
^ 0  

w h ich  illu s tr a te  the v a r ia tio n  of th ese  q u an tities w ith  a re  p resen ted

in F ig u r e s  2- 14 through 2 -1 7 .

Z 2The quantity (4trR is  p lotted  v e r su s  con cen tration  in

F igu re 2 -1 4  for f iv e  som ew h at random ly s e le c te d  tra cer  e lem en ts  for an 
organ  depth of 2 . 0  cm , an organ th ick n ess (or d etector  co llim a to r  a p ertu re)  
of 2 . 0  cm  and an ex c ita tio n  en erg y  that ju st e x ce e d s  the K -ab sorp tion  edge

Z 2en ergy  for each  e lem en t. Under th ese  con d itions (4itR )/I^A^ in c r e a s e s

a lm o st l in e a r ly  w ith  tra cer  e lem en t con cen tration  for l e s s  than about

5 , 0 0 0  ppm , but for h igher con cen tration s the in crea se  is  l e s s  than lin e a r .

Z ZS im ilar  cu rv es  are  obtained when 1 /D  and C /D  are  p lotted  
0v e r s u s  a-s illu stra ted  in F igu re 2 -1 5 . T h ese  cu rv es  illu s tr a te  the

im p ortan ce of tra cer  e lem en t se le c tio n . C urves o f this type w ould be 
quite u se fu l for com paring se v e r a l tra cer  e lem en ts  w hich have d ifferen t  
m axim u m  p e r m is s ib le  con cen tration s in a g iven  b io log ica l sy s te m ,

Z 2F ig u res  2- 16 and 2- 17 illu stra te  the dependence of I^(4irR )/
Z ZI A , I / D, and C / D on tra cer  e lem en t (iod ine) concentration  for  

1 1 K. R
s e v e r a l v a lu e s  o f organ depth and organ  th ick n ess . The d e c r e a se  in these  
qu an tities w ith  organ  depth shown in F igu re 2 -1 6  r e su lts  from  the atten u
ation  o f  p r im a ry  and secon d ary  rad iation  in the overburden t is su e . The 
s lo p e s  of th ese  cu rv es  w ill then depend on ex cita tion  beam  en erg y  and 
tra cer  e lem en t a tom ic  num ber.

It can be seen  from  F igu re 2 -17  that for a g iven  tra cer  e lem en t
2

con cen tration , the va lue of C ^ /D  wUl approach a m axim um  va lu e  as the
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X  ̂ = O rga n  D ep th  = 2 . 0  c m

X ^ - X j  = O r g a n  T h i c k n e s s  = 2 . 0  c m

= E x c i ta t io n  E n e r g y  = K -  A b so r p t io n
E d g e  E n e r g y Z = 62

Z = 53

Z = 79
47

Z = 42N

-4

T r a c e r  E le m e n t  C o n c e n tr a t io n ,  C °  (ppm)

Z 2
F ig u re  2 -1 4  D ependence of I ( 4 i t R ) / l  A , on C oncentration  for

I I
S ev era l T ra cer  E lem en ts
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X j = O r g a n  D e p t h  = 2 . 0  c m

X ^ - X j  = O rgan  T h ic k n e s s  = 2 . 0  c m

E j  = E x c i t a t i o n  E n e r g y  = K -  A b s o r p t i o n
E d g e  E n e r g y

Z = 62
Z = 79

Z = 53

Z = 4 7

N

N K OZ = 42

T r a c e r  E l e m e n t  C o n c e n t r a t io n ,  c "  (ppm)

z zF ig u re  2 -15  D ependence of C /D  aind I /D  on C oncentrationK K
for  S ev era l T ra cer  E lem en ts
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E j =  E x c i t a t i o n  E n e r g y  = 34 k e v
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T r a c e r  E l e m e n t  C o n c e n t r a t i o n ,  (p p m )

1 0

LnCD

Z 2 Z ZF ig u re  2 -1 6  D ependence of I (4itR ) / I ,A  , 1 .,/D , and C . . / D  onK. * 1  1\  K
Iodine C oncentration  for S ev era l O rgan D epths



X j = O r g a n  D e p th  = 2 . 0  c m
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4 1
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1. 0 c m
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F ig u re  2 -1 7  D ependence of (4 irR ^ )/l,A  , I^ /D , and C ^ D  on
1 1 K

Iodine C oncentration  for S ev era l O rgan I  h ic k n e s s e s
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o rg a n  th ick n ess  in c r e a s e s . This is  a r e s u lt  o f excita tion  beam  and flu o r e sc e n t
2

X -r a y  attenuation  in the organ , and the m axim u m  va lu e  of C ^ /D  w ill depend

on the ex c ita tio n  b eam  en erg y  as w e ll a s  the tra cer  e lem en t a to m ic  num ber  
and co n cen tra tio n .

W henever low  en ergy  gam m a e m itte r s  or high -Z  tracer  e lem en t  
f lu o r e s c e n t  X -r a y s  a re  u sed  for in v ivo  b io lo g ica l s tu d ies , the rad iation  
atten uation  along the path from  the organ  to the d etector  w ill be fa ir ly  
h ig h . H ow ever , w ith  flu o re sce n t X -r a y s  the radiation  production ra te  w ill  
a ls o  d e c r e a s e  a s  depth in the organ  in c r e a s e s .  With ra d io a ctiv e  tr a c e s ,  
the sp e c if ic  a c t iv ity  w ill  be fa ir ly  independent o f depth. It is  im p ortant 
th e r e fo r e , to exam in e  the dependence o f  the f lu o re sce n t X -ra y  production  
r a te  on depth in the organ  and to co m p en sa te  for th is e ffe c t  if n e c e s s a r y .
One m ethod o f ach iev in g  th is w ill be d e scr ib e d  in Section  2. 9.

It is  apparent from  Equation 2 -61  and F ig u res  2- 14 through 2- 17
that "thin organ" and "thick organ" ap p roxim ation s can be m ade to s im p lify
the ca lcu la tio n  o f f lu o re sce n t X -r a y  in ten sity  for som e ap p lica tion . This 
same approximation procedure has been applied to X-ray spectroscopy (Ref. 3 ).

Thin Organ A pproxim ation

If the organ  is  "thin", or the te r m  (X^ - X .)  is  sm a ll, the 
_ 0 ( X .  - X . )  4 1

exponentia l term  e ^  ̂ in Equation 2-61 can be approxim ated  by:

e"^ (^ 4 ■ ^1^ « 1 - - X^) (2 -7 0 )

The e rro r  resu ltin g  from  th is su b stitu tion  w ill be le s s  than 10 p ercen t if 

the va lu e  of a^(X^ -  X )̂ is  l e s s  than 0 .4 ,  or if:

a

w h ere  i s  a function o f tra cer  e lem en t a tom ic  num ber, tra cer  e lem en t  
con cen tra tio n , and X -r a y  en ergy . In th is c a s e . Equation 2-61  red u ces  to:

,Z „  - n ^ X i  Z, OI^  = Be"" - X j ) (2 -7 1 )
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w h ere  t ’ h as been rep la ced  by Equation 2 -6 9 . Equation 2 -7 2  illu s tr a te s
 ̂ 2  

that for a "thin organ", I is  l in e a r ly  dependent on organ  th ick n ess
Z 0(X - X ) and the dependence of on tra cer  e lem en t con cen tration  C ,4 1 iv Z

is  g iv en  by  equation:

Z C °
I^oc Z (2 -73 )

+ ( 1  - p^) C°

If the tr a c e r  e lem en t con cen tration  in the organ  is  l e s s  than about 50, 000 ppm, 
Z 0the te r m  (1 - p ) C in the denom inator of Equation 2 -73  can be n eg lected

Z 0and I is  d ir e c t ly  proportional to C .JK. jL

T hick O rgan A pproxim ation

If the organ  is  "thick", or the term  oP(X^ - X^) is  la rg e , the

exp on en tia l term  e ” ^ ^1  ̂ in  Equation 2-61 can be n eg lected . T his
ap p rox im ation  w ill  resu lt in an e rr o r  of l e s s  than 1 0  p ercen t if the value

of o-̂  (X^ - X i) is  la rg er  than 2 .3 ,  or if:

( X 4 - X i ) > ^  ( 2 - 74 )
a

U nder th e se  cond itions Equation 2-61  b ecom es:

a
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or:

(2 -7 6 )

w here ’ and a  have been  e x p r e s se d  in te r m s of by using

Equations 2 -6 9 , 2 -6 4 , 2 -6 7 , and 2 -6 8 . A s exp ected , I ^  is  independent ofK
organ  th ick n e ss  and, for v e r y  low  co n cen tra tion s of tr a c e r  e lem en t Z in the

Z 0organ, I is  d ir e c t ly  p rop ortion a l to  C .Jt\ z

E quation  2 -7 4  has p a rticu la r  s ig n ifica n ce  if one is  in te r e ste d  in  
looking for d e fe c ts  in a r e la t iv e ly  th ick  organ. If the d etec tio n  sy ste m  being 
u sed  r e q u ir e s  a 10% change in  I ^  for  p o s it iv e  id en tifica tion , then

(X^ - X^) d e sc r ib e d  in E quation 2 -7 4  is  e s s e n t ia lly  an in fin ite  th ick n ess . 
T hus, sm a ll d e fe c ts  at a depth approaching X^ would not be exp ected  to

2
produce an id en tifiab le  change in Equation 2 -74 , from  th is  standpoint,
can be u sed  as a rough ind ication  of the m axim um  organ th ick n ess  for  
w hich sm a ll d e fe c ts  in the organ can be su itab ly  delin eated . T his point w ill 
be d is c u s se d  in m o r e  d e ta il in S ec tio n  2. 9.

2. 4. 3 D ependence of F lu o r e sc e n t X -R a y  In tensity  on E xcita tion  E nergy

In th is  sec tio n , two types of ex c ita tio n  so u rces  w ill be co n sid ered !
( 1 ) m o n o en erg e tic  so u rces  such as gam m a em itting ra d io iso to p es , in ternal 
c o n v ers io n  ra d io iso to p es that em it f lu o re sce n t X -r a y s , and X -r a y  m ach in es  
fitted  w ith  seco n d a ry  rad ia to rs  (R ef. 20, 21) and (5) m ix ed  rad iation  so u rces  
such a s  X -r a y  m ach in es and beta ex c ited  X -r a y  so u rces  (R ef. 22-32 ),

2. 4. 3. 1 M on oen ergetic  E x cita tion  Source

S in ce a m on o en erg etic  ex c ita tio n  sou rce  w as a ssu m ed  in the 
develop m en t of Equations 2 -62A , 2 -6 2 B , and 2-62C , the dependence of 

Z 2 Z Z
I (4itR ) / 1 A , I / D, and C /D  can  be d eterm in ed  from  th ese  equations  
K 1 1 K K
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by m aking u se  o f  th e  assum ptions and c a l c u l a t i o n  p ro ced u re s  d e s c r ib e d  in  th e  
in t r o d u c t io n  o f t h i s  s e c t io n .  The resu lts---o f“ some exam ple c a lc u la t io n s  u s in g  
d i f f e r e n t  assumed v a lu e s  o f  th e  v a r i a b le  p a ra m e te rs  a r e  p re se n te d  g ra p h ic a l ly  
in  F ig u re s  2-18  th ro u g h  2 -2 3 .

In  F ig u re  2 -1 8 , th e  dependence o f  I ^ ( 4 ïïR ^ ) /I  on th e  r a t i o  o f  e x c i
t a t i o n  en erg y  to  K -a b so rp tio n  edge energy  i s  i l l u s t r a t e d  f o r  s e v e r a l  e lem en ts  
w ith  an assumed o rgan  d ep th  o f  2 .0  cm, an o rgan  th ic k n e s s  o f 2 .0  cm, and a
t r a c e r  e lem en t c o n c e n tr a t io n  o f  10^ ppm. S im ila r  cu rves  f o r  I^ /D  and C^/D

K K
u nder th e s e  same c o n d itio n s  a r e  p re s e n te d  in  F ig u re  2 -1 9 . I t  i s  a p p a re n t 
t h a t  a r a t h e r  r a p id  d e c re a se  i n  f lu o r e s c e n t  X -ray  p ro d u c tio n  e f f ic ie n c y  o c
cu rs  as th e  r a t i o  ^^/E j^-abs i '^ c re a s e s .  However, i t  sh o u ld  n o t b e  assumed 
from th e s e  r e s u l t s  t h a t  u nder a l l  c o n d i t io n s ,  th e  m ost s u i t a b l e  e x c i t a t io n  
energy  i s  j u s t  above th e  K -a b so rp tio n  edge energy  o f th e  t r a c e r  e lem en t.
The f a c t  th a t  t h i s  i s  n o t  alw ays t r u e  can b e  se e n  from F ig u re  2 -20  w here 
Io d in e  K X -ray  i n t e n s i t y  has been  p lo t t e d  v e rs u s  f o r  s e v e r a l  o rgan

d e p th s . I o d in e ,  in  t h i s  exam ple, i s  th e  t r a c e r  e lem en t w ith  a  c o n c e n tra t io n  
o f  1 .56  X  10^ ppm in  a 2 .0  cm th i c k  o rg a n . We se e  h e r e ,  t h a t  f o r  an o rgan
d ep th  o f  8 .0  cm, th e  h ig h e s t  f lu o r e s c e n t  X -ray  coun t p e r  u n i t  s u r f a c e  dose
i s  o b ta in e d  f o r  E i/E ^ -a b s  w hich r e s u l t s  from th e  in c re a s e d  e x c i t a t io n
beam p e n e t r a t io n  a t  t h i s  en e rg y . The m ost s u i t a b l e  m o noenergetic  so u rce
m ust th e r e f o r e  b e  de te rm in ed  from  a  d e t a i l e d  ex am in a tio n  o f  th e  b io lo g ic a l

system  p a ra m e te rs  in v o lv e d  in  any g iven  e x p e rim en t.

2 .4 .3 .2  Mixed R a d ia tio n  E x c i ta t io n  Source

The r a d i a t i o n  spec trum  from an X -ray  m achine o r  a  b e ta  e x c i te d  X -ray 

so u rc e  i s  d e te rm in ed  by th e  energy  d i s t r i b u t i o n  o f  th e  e le c t r o n s  t h a t  a re  

in c id e n t  on th e  t a r g e t ,  th e  t a r g e t  c o m p o sitio n , and v a r io u s  geom etry f a c t o r s .  

The fo llo w in g  d is c u s s io n  w i l l  b e  r e s t r i c t e d  to  B.C. X -ray  m achines fo r  

w hich th e  e le c t r o n s  s t r i k i n g  th e  tu b e  t a r g e t  can b e  c o n s id e re d  m onoenergetic  

f o r  s im p l ic i ty .  However, t h i s  ty p e  o f a n a ly s i s  can  b e  ex tended  w ith  some 

d i f f i c u l t y ,  to  in c lu d e  fu ll-w a v e  and h a lf-w a v e  r e c t i f i e d  X -ray m achines as  

w e ll  as b e ta  e x c i te d  X -ray  s o u rc e s .
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X j = O rgan Depth = 2 .0  cm

X -X  = O rgan T h ick n ess  = 2 .0  cm
o 4

C = T ra cer  E lem en t C oncentration  = 10 ppm

E , < 150 Kev

E , > 150 Kev

- 2
10

N

A tom ic
N um ber
53

V N

47
79

42

- 4

E , / E K -abs
Z 2F ig u re  2-18  D ependence of (4wR ) / 1 ^  on E xcita tion  

E nergy  for  S e v e ra l H igh-Z  E lem en ts
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X j = O rgan Depth = 2 .0  cm  

X -X  = O rgan T h ick n ess  = 2 .0  cm

= T ra cer  E lem en t C oncentration  = 10 ppm—

" E j < 150 Kev 

— E , > 150 Kev

(0

1oo
Q

O I—I

A tom ic ___
N um ber —  
•47

10

42

10 2 3 4 5

^ / ^ K - a b s

F igu re  2-19  Dependence of C ^ /D  and I^ /D  on E xcitation  
E nergy for  S ev era l H igh-Z  E lem en ts
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X^-X^ = Organ Thickness = 2.0 cm

= Tracer Element ^
Concentration = 1. 56 x 10 ppm_ 

Tracer Element - Iodine (Z = 53)

Organ
Depth

10

4 51 2 30

^ /^ K -a b s

F igure 2 -2 0  D ependence of C g /D  on E xcita tion  

E n ergy  fo r  S e v e ra l Organ Depths
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The radiation  produced by a D, C. X -r a y  m ach in e  i s  com p osed  of  
the f lu o r e s c e n t  X -r a y  l in e  sp ectru m  of the ta rg e t  m a ter ia l  su p er im p osed  
on a continuous b rem sstrah lu n g  sp ectru m . The in ten sit ie s  o f  th ese  two 
radiation  com ponents  can be e x p r e s s e d  in ter m s  of the D. C. voltage  ap
plied to the X -r a y  tube by the approxim ate equations (Ref. 1 ):

(V - abs^^ (p h o to n s /c m ^ -se c )  (2 -7 7 )

I .  _ = K (VE^ - E^) (p h o to n s /c m ^ -s e c )  (2 -78 )JL L/ Ù 1 1

w h ere  = in ten sity  o f  target m a ter ia l  K' - s e r ie s  f lu o rescen t  X -r a y s

^K' abs ~ excitation  potential o f  targe t  m a ter ia l  K ' - s e r ie s  
f lu o rescen t  X -r a y s

V = X -r a y  tube vo ltage  (V < SE^, abs^

I „  = in tensity  o f  continuous sp ectru m  at energy  E iL/ 1

and a re  constants

If the K ' - s e r i e s  f lu o rescen t  X -r a y s  from  the X -r a y  tube target  
have e n e r g ie s  g rea ter  than the K -absorption  edge energy  of the tracer

2
e le m e n t  in the b io log ica l sy s te m , can be ex p r essed  as the su m  of two
te r m s  :

= l | ( l K ' )  + l | ( l C )  (2 -79 )

2
w h ere  (IK' ) r e p r e se n ts  the tracer  e lem en t  K -s e r ie s  f lu o rescen t  X -r a y

in ten sity  at the d etector  produced by K ' - s e r i e s  f lu orescen t X -r a y s  fro m  the 
2

tube ta rg e t  and (1C) rep re sen ts  the in ten sity  resu lt ing  from  b rem sstrah lu n g  

exc ita tion .
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2
A ccord in g  to Equation 2 -6 1 , is d ir e c t ly  proportional to I

ZThus, f r o m  Equation 2 -77  for w e can w r ite  the variation  of (IK')

w ith  V as  :

(2 -80)

2
The d eve lop m en t o f  an e x p r e s s io n  for I (1C) is  s l igh tly  m ore

2
co m p lica ted . In this c a s e  I ^  and in Equation 2-61  m u st be rep laced

by d l^  (1C) and d l , to d e term in e  the in ten sity  of tracer  e lem en t  
K

flu o r e s c e n t  X -r a y s  produced by b rem sstra h lu n g  photons in the increm en ta l  
e n e rg y  range dE^ at en erg y  E^. Or;

A Z Z , e ^ " ^ X i Z ,  0
7  1 ^ 1= - r -  • • — Ô L‘ - " “4trR r ^  a

(2 -81)

T O  Z Dw h ere  a  , a  and t   ̂ ' depend on the p r im ary  X -ra y  e n e ig y  E^.

F ro m  Equation 2-78 , d l _ can be e x p r e s se d  in term s of V and E
1 0  1

by the equation:

d lfG  = (2VE^ - 3E^^) dE^ (2-82)

and d l^  ( C l ) can now be d eterm in ed  as a function of X -r a y  tube vo ltage  
T O  2  0by rep lacing  a  , a  , and ’ in Equation 2-81  by the corresponding

m a s s  absorption  and attenuation co e ff ic ien ts  according to Equation 2-63  
through 2 -6 9  and u s in g  the approxim ate equations developed in Section 2. 3, 
w hich  r e la te  th ese  co eff ic ien ts  to p r im ary  X -r a y  energy, E . The e x p r ess io n

jZfor d l , .  (C l)  m u s t  then be integrated  over  E fro m  E = EK. 1 1  K.-a.DS
to E^ = V:



73

K E K -abs

1 l _ e -«  ( E l ) [ X 4 _  X i]:

[2VE^ - 3VE^ ]dE^ (2 -83 )

zwhich r e s u l t s  in a rather com p lica ted  polynom inal e x p r ess io n  for I ' (C l)
K

in te r m s  o f  V and E^, ,K- abs.

The dependence of the in ten sity  of the K lin e  of the secondary
a

sp ectru m  o f  copper exc ited  by the continuous sp ectru m  of an X -r a y  tube 
w ith  a s i lv e r  anode w as s tu d ies  by Blokhin (R eferen ce  1), The curve of  
the data could be f i t  by an em p ir ica l  form ula :

w here E K- abs

(2 -84)

is  the excita tion  potential of the K le v e l  of copper. This

sa m e  var ia tion  of 1^ (C l)  w ith  V has been o b se rv e d  when iodine K -s e r ie s

X -r a y s  a r e  ex c ited  by the continuous radiation from  an X -ra y  tube with a 
tungsten target. T h ese  re su lt s  w ill  be d is c u s se d  in the experim ental  
v er if ica t io n  s ec t io n  of this th e s is .

F ro m  a p ra c t ica l  standpoint, it can be seen  from  Figures 2 -19  and 
2 - 2 0  that m ixed  radiation  so u r ce s  a r e  in fer ior  to m onoenergetic  so u rces  
for excit ing  high-Z tra cer  e lem en t  f lu o r e sc e n t  X -r a y s  in a b io logical s y s 
tem . This r e s u l t s  from  the fact that p r im a ry  X -r a y s  below the K -absorption  
edge en erg y  of the tracer  e lem en t  w il l  not e x c ite  K - s e r ie s  f lu orescen t  
X -r a y s  and the e ff ic ie n c y  for f lu o rescen t  X -r a y  production d e c r e a s e s  
rapidly  above this energy. H ow ever, a ll p r im a r y  X -r a y s  w ill contribute  
to the radiation  d ose  d e liv ered  to the b io lo g ica l  sy s te m . This problem  
can be m in im ized  by s e le c t iv e  filtration  but it  cannot be com plete ly  
e lim in a ted . The u se  of a m ixed  p r im ary  X -r a y  beam  can a lso  r e su lt  in 
an e x c e s s iv e  sca ttered  radiation  com ponent at the detec tor . These
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c o n s id era t io n s  w il l  be d is c u s se d  in m o r e  detail in subsequent s e c t io n s  of 
this paper and are  introduced at this t im e  on ly  to i l lu s tra te  the l im ita t io n s  
a s s o c ia te d  w ith  this type o f excita tion  s o u r c e .

2 . 4 . 4  D efec t  L o ca liza t ion

M edical ra d io iso top ic  scanning is  a w e l l  e s ta b lish ed  technique for  
lo ca tin g  organ  d e fe c ts ,  such as brain , thyroid, l iv e r ,  and bone tum ors  
in v iv o .  Depending on the p h y sio lo g ica l  c h a r a c t e r is t ic s  of the b io lo g ica l  
s y s te m  and the rad iop h arm aceu tica l involved , the d e fec t  w ill  have a higher  
or lo w er  rad ioactive  tra cer  concen tration  than the surrounding organ or 
t i s s u e .  Such r eg io n s  a re  conventionally  d es ign ated  as "hot spots" and 
"cold spots" .

Through the d evelopm ent o f  su itab le  p r im a r y  X -r a y  so u r c e s  and 
f lu o re sce n t  X -r a y  d e te c to r s ,  it is  quite p o s s ib le  that f lu o rescen t  X -r a y s  
produced in nonrad ioactive  h igh -Z  tr a c e r  e le m e n ts  can be used  to conduct  
th ese  sa m e  types of in v es t ig a t io n s .  One m u st  f i r s t  d eterm ine  the change  
in f lu o r e s c e n t  X -r a y  in ten sity  that w il l  occu r  when a d e fec t  is  p r e s e n t  in 
the b io lo g ica l  s y s t e m  being exam ined  to eva luate  this p o ss ib il ity .

F ro m  F igu re  2 -4  and Equation 2 -33 , the fractional change, F . C. 
in tra cer  e lem en t f lu o rescen t  X -r a y  in ten sity  at the detector  a s  the s o u f c e -  
d etector  a s se m b ly  p a s s e s  over a reg ion  of the b io lo g ica l  sy s te m  that con 
tains a d e fec t  is  g iven  by the equation:

F. C. =
1 ^ ( 0  + D ) -  1 ^ ( 0 )  

1 ^ ( 0 )

- X j)  |^ o °(X 2  - X j ) _ ^   ̂  ̂ - a ° ( X 4  - X 3 ) [ l - e " [

z ,  D 0 r  ^
i_ e «  (X 3 - X 2 )

, 0 D LZ
T a

(2 -85 )

w h ere  (0 + D) is  the f lu o rescen t  X -r a y  in ten s ity  from  the reg ion  of  
the organ w hich  contains a defect and (0) i s  the f lu orescen t X -r a y  
in ten sity  from  the adjacent organ m a te r ia l .  The u se fu ln ess  of this equation  
can be dem on strated  by calcu lating  values of F . C. for the following s p e c ia l
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c a s e s :  ( 1 ) a 3. 0  c m  th ick  organ containing a 1 . 0  c m  th ick  d e fec t  at its  
c en te r ,  and (Z) a 1. 0 c m  thick organ containing a 1, 0 cm  thick d efec t.
It w il l  be a s su m e d  that the tracer  e lem en t  is  iodine and that the p r im a r y  
X -r a y  en erg y  i s  50 kev for th ese  c a lcu la t io n s .

Equation 2 -8 5  in the f ir s t  c a se ,  r ed u ces  to:

Z ,D  0 ^
- a

L T j O' _

1 - e -3 a ' ( 2 - 8 6 )

and for the secon d  c a s e  w e obtain:

Z ,D  O
1 a

Z , 0  D 
■ ^ 1  “

(2 -8 7 )

Z. D , .Z  D _  D 
w h ere:  t , = (t ) p C

1 m  j Z

D D D
O' =  H- 1 +  M - / s i n  ijj

D
M-k

Z D D W
( 1  - C ° )

Values o f  (F. C. ) ca lcu lated  fro m  Equation 2 -8 6  for "hot spot"  
d efec ts  w ith  d e fe c t - to -o r g a n  concentration  ra tio s  of 1 0  and 1 0 0  are  
p resen ted  in F igu re  2 -2 1  as  a function of tracer  e lem en t  (iodine) co n cen 
tration in the organ. T h ese  changes a re  quite la r g e  com pared  to the 
fraction  changes in f lu o rescen t  X -r a y  in ten sity  for "cold spot" d efec ts  
under th ese  s a m e  conditions. For "cold spot" d e fe c t s ,  (F. C, ) v a r ie s
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from  ab o u t - 0 .2 6  to  -0 .3 0  (26 to  30%) f o r  ^  0 .1  C^, and i s  e s s e n t i a l ly  

in d ep en d en t o f  th e  r a t i o  0 ^ /0^  ( f o r  C® ^  0 .1  C^) o v er t r a c e r  elem ent con

c e n t r a t i o n  ran g e  i l l u s t r a t e d  in  F ig u re  2 -2 1 .

"Hot s p o t"  d e f e c t  f r a c t i o n a l  changes in  f lu o re s c e n t  X -ray in t e n s i ty  

f o r  d e f e c t - to - o r g a n  c o n c e n tra t io n  r a t i o s  o f  10 and 100 a re  shown in  F ig u re  

2-22 f o r  a 1 .0  cm th ic k  organ  c o n ta in in g  a d e f e c t  o f th e  same th ic k n e s s .  

A gain , th e  f r a c t i o n a l  change in  f lu o r e s c e n t  X -ray  in t e n s i t y  f o r  "h o t sp o t"  

d e f e c ts  i s  q u i t e  la r g e  and approaches th e  v a lu e  o f  0 ^ /0^  a t  low organ 

c o n c e n tr a t io n s .  Under th e s e  same c o n d i t io n s ,  th e  v a lu e  o f  ( F .C .) ,  f o r  

" c o ld  s p o t"  d e f e c ts  can be approx im ated  by th e  e q u a tio n :

Cg -  c°
( F . C . > 2  '  — — Q--  ( 2 - 8 8 )

w hich i s  e s s e n t i a l l y  -  1.0(100%) f o r  < 0 .1  C^.

2 .5  FLUORESCENT X-RAY TO SINGLE COMPTON SCATTER X-RAY INTENSITY RATIO

When a  m onoenerge tic  e x c i t a t i o n  so u rc e  w ith  an energy  th a t  j u s t  

exceeds th e  K -a b so rp tio n  edge en ergy  o f  th e  t r a c e r  e lem ent i s  u sed , two 

h ig h  i n t e n s i t y  X -ray  peaks a re  re c o rd e d  by th e  X -ray d e te c to r .  One o f  

th e s e  peaks co rresp o n d s  to  th e  K - s e r ie s  f lu o r e s c e n t  X -rays from th e  

t r a c e r  e lem en t and th e  o th e r  to  s in g le  Compton s c a t t e r e d  p rim ary  X -ray s. 

I f  we c o n s id e r  an o rgan  th a t  does n o t c o n ta in  a  d e f e c t ,  th e  i n t e n s i t y
7

r a t i o  o f  th e s e  two peaks I ^ / I g  f o r  th e  geom etry i l l u s t r a t e d  i n  F ig u re  

2-4  can be o b ta in e d  from E q u a tio n s  2-34 and 2 -61 .

Z.O ^

1 ___  [1 -  e"“ (^4 -  %l)]z ——
fx  _ g°_________________________  (2-89)

Be- .T

8^
i ti . e-8 «4 - Xl) ]
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H ow ever , s in c e  it  has been  a s su m ed  that E » E „  and, to a f i r s t
1 K-abs

ap p rox im ation , E^. % E ^  ~  E^ for la rg e  angle sca tter in g  a t low  

e n e r g ie s ,  w e  can a s su m e  that ~  ~  0^ . Equation 2 -8 9  then red u ces

to the ap p rox im ate  ex p ress io n :

( 2  90)

1

r e -

S L 0-

If the l in ea r  absorption  and sca tter in g  c o e ff ic ien ts  in this equation a re  
p laced  by the corresponding  m a s s  absorption  and scatter in g  c o e f f ic ien ts ,  
we obtain:

G C“ (2 -91)

w h ere:  , .Z

G = ---------------  = constant

z
Under th ese  conditions, the in tensity  ratio  I ^ / I  depends p r im a r ily  on

the con cen tration  of tracer  e lem en t and is  e s s e n t ia l ly  independent o f  the 
d e n s it ie s  and absorption co eff ic ien ts  of the b io log ica l sy s te m , including  
the overb urden  m a ter ia l .  This type of re la t ion sh ip  has a lread y  been  
u sed  e f fe c t iv e ly  for the a n a lys is  of o r e s  by radioisotope X -r a y  s p e c 
tro m etry  (Ref. 33) and could be quite u se fu l for in vivo  f lu o rescen t  
X -r a y  stu d ies  when the region being exam ined includes a bone, void , or 
other d isc o n tin u it ie s ,

2. 6  COMPARISON WITH CONVENTIONAL RADIOISOTOPE STUDIES

In th is  sec t io n ,  a b r ie f  attem pt w i l l  be m ade to i l lu stra te  so m e  of 
the b a s ic  s im i la r i t i e s  and d if feren ces  betw een  the techniques of using
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g a m m a  r a y s  em itted  by rad ioactive  m a t e r ia ls  and f lu o re sce n t  X -r a y s  em itted  
by e x te rn a lly  ex c ited  h ig h -Z  tra cer  e le m e n ts  for studying organ c ircu la tion ,  
function, and s tru c tu re  in v ivo . To d eve lop  the f lu o rescen t  X -r a y  technique  
d e s c r ib e d  in this r ep o rt  to a le v e l  at w hich  meaningful in vivo studies  
can be conducted w il l  req u ire  c lo s e  co llab oration  betw een  p h y sic ia n s ,  
p h y s ic is t ,  e n g in e e r s ,  and p h a rm a ceu t ica l  c h em is ts  over an extended  
p er iod  o f  t im e. H ow ever, it is  p o s s ib le  at this tim e to exam ine  the types  
of in v e s t ig a t io n s  that a re  p r e se n t ly  being  conducted with rad ioactive  
tr a c e r s  and to d is c u s s  som e of the ad van tages  and lim ita tio n s  of using  
ex te rn a lly  exc ited  f lu o re sce n t  X -r a y s  for th ese  ap p lica tion s . The following  
d is c u s s io n  w il l  be sep arated  into the two gen era l c a te g o r ie s  of dynam ic  
function s tu d ies  and scanning for con ven ien ce

2 . 6 . 1  D ynam ic  Function Studies .

D ynam ic  function stud ies  are  con cern ed  p r im a r ily  with the rate  of 
uptake, total accum ulation , and su b seq u en t r e le a s e  of a tracer  e lem en t  
fr o m  an organ or other b io log ica l s tr u c tu re .  This can be a cco m p lish ed  
in e ith er  o f  two w ays; the c ircu la tin g  blood can be exam ined to d eterm in e  
the change of concen tration  w ith  tim e o f  a m ater ia l that i s  s e le c t iv e ly  r e 
m oved  fr o m  the blood by the organ o f  in te r e s t ,  or the organ can be exam ined  
d ir e c t ly  to d eterm in e  the three  b a s ic  p a r a m e te rs  l i s te d  above. (Ref. 3 4 ) .

The exam ination  of the c ircu la tin g  blood can be ach ieved  by an 
a r te r ia l  puncture to d ivert the flow o f  blood to an extern al d e tec to r ,  by 
the ex traction  o f  a blood sam p le , or by m onitoring in v ivo  the con cen 
tration o f  the tr a c er  e lem en t in a la r g e  a r te ry  or blood pool such as the 
h e a r t  or brain . The la ter  method has been applied to the m ea su r em e n t  
of hepatic  blood flow based  on the ra te  of rem oval o f  co llo ida l p a r t ic le s  
f r o m  the p er ip h era l blood by the ret icu loen doth etia l c e l l s .  Since the 
p r im a r y  s i t e s  o f  retinculoendo the tial c e l l s  are  the l iv e r  and sp leen , the 
r a te  o f  c lea r a n c e  of co llod ia l m a ter ia l  m u st  depend m ain ly  on the blood  
flow  to th ese  organ s  (Ref. 34). C o llod ia l rad io -go ld  has been  
u t i l iz ed  for s tu d ies  of this type with the g a m m a -ra y  detector  being p laced  
la te r a l ly  over the tem poral reg ion  o f  the head. (Ref. 35- 36).

A  s im ila r  technique has been developed  to study renal blood flow  
fo llow ing the ad m in istra tion  o f I I 3 1_tagged 0 - iodohippurate (Hippuran).
(Ref. 37).
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When an organ is  exam in ed  in v iv o  to d e term in e  the rate o f  uptake, 
total accu m u lation , and rate  of d isa p p ea ra n ce  o f  a tracer e lem en t  from  
the organ, two types of tracer  m a t e r ia ls  can be em ployed: ( 1 ) tr a cer  
m a te r ia ls  that can be in jected  into the organ without being m eta b o lized ,  
and (2 ) tra cer  m a te r ia ls  that a r e  r em o v ed  fro m  c ircu la tion  by the organ.
This f i r s t  group o f  m a te r ia ls  includes noble g a s e s  such a s  X e 133 and 
K r85  ̂ w hich  can be u sed  for coron ary , (R eferen ce  38) hepatic, and brain  
c o r t ic a l  b lood -flow  (R eferen ce  5) in v e s t ig a t io n s ,  a s  well as v a r io u s  ra d io 
a c tiv e  tr a c e r s  that have been u se d  to m e a s u r e  card iac  output (R eferen ce  39 - 43). 
Included in the secon d  group a re  b ro m su lfa le in  and radio iod in e -tagged  
r o s e  bengal which have been  u sed  for l iv e r  function tests  (R eferen ce  44) 
(hepatogram ) and Hippuran, a m a ter ia l  u sed  in kidney function stu d ies  
(ren ogram ).

In each of the exam p les  g iven  above , a f ix ed -p o s it io n  ex tern a l  
g a m m a -r a y  detector  is u sed  to m onitor the concentration  of rad ioactive  
m a ter ia l  e ither  in a la r g e  blood pool or in the organ being in vest iga ted .  
T yp ica lly , c o l l im a to rs  a re  added to the d etec tor  to define the reg io n  of 
m a x im u m  r e sp o n se .

The u se  of rad ioactive  tr a c e r s  for th ese  stud ies, though w id e ly  
u sed  and providing s e v e r a l  e x c e l le n t  d iagn ostic  p roced u res , has som e  
b a s ic  l im ita t io n s .  For exam ple , when the req u ired  inform ation m u st be  
obtained in a sh ort period of t im e , such as for card iac  output ca lcu la t io n s ,  
a r e la t iv e ly  la rg e  tracer  d ose  m u st be a d m in is tered  to obtain a s ta t is t ic a l ly  
accep tab le  count rate  at the d e tec to r .  As a resu lt ,  the patient w il l  con
tinue to r e c e iv e  a high radiation  dose  rate  after the investigation  has been  
co m p le ted . The accum ulated  d o se  and depth d ose  distribution  w ill  depend  
on the gam m a ray  en ergy  as  w e ll  as the p h y sica l  and p h ysio log ica l p ro p er tie s  
of the rad iop h arm aceu tica l being used .

In ter feren ce  can r e su lt  fro m  the accum ulation  of tracer  m a ter ia l  
in adjacent t i s s u e s .  This e ffec t  can be m in im ized  by proper co ll im ator  
d es ig n  and the deve lop m en t of tra cer  m a te r ia ls  that have high uptake 
r a t io s  for the organ being exam ined , but it is  s t i l l  troub lesom e in many  
a p p l ic a t io n s .

In the even t that suitable in stru m en ts , p h arm aceutica l m a te r ia ls ,  
and c l in ica l  techniques can be developed  for conducting dynam ic function  
s tu d ies  with f lu o re sce n t  X -r a y s  em itted  by extern a lly  excited  h igh -Z
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t r a c e r s ,  s e v e r a l  unique advantages o ver  so m e  of the ex is t in g  p ro ced u res  
can be r e a l iz e d .  M ost im portant is  the p o s s ib i l i ty  of reducing the radiation  
d o se  to the b io lo g ica l  sy s te m . This can be accom p lish ed  by confining the 
p r im a r y  X -r a y  b eam  to the im m ed iate  reg ion  under in vestigation , t e r m i
nating the radiation  exposure  at the co n c lu s io n  of the study, and using  a 
low  duty c y c le  on the p r im ary  X -r a y  beam  when the tra cer  e lem en t c o n 
cen tra tion  m u st be m onitored  over  a long tim e in terva l. Although it  is 
im p o ss ib le  to p red ic t  the radiation d o se  reduction  that can be r e a l iz e d  in 
any p a rticu lar  application  until the n e c e s s a r y  instrum en ts  and p h arm a
ceu t ic a l  techniques have been d eveloped , it is  apparent from  the ca lcu la tion s  
in the proceed in g  sec t io n  that it could be substan tia l. Another advantage  
of th is  technique would be the ability  to control the reg ion  of the b io log ica l  
s y s t e m  from  which radiation that w ill  subsequently  reach  the detector  is  
em itted . P r e se n t ly ,  th is  is  being a cco m p lish ed  by the u se  of rad ioactive  
t r a c e r s  that have high uptake ra tio s  for the organ or t is s u e  o f  in te r e s t  and 
by d e tec to r  co ll im a tio n . H ow ever, if ex tern a lly  excited  f lu o re sce n t  X -r a y s  
are  u se d ,  the p r im a r y  X -r a y  b eam  in conjunction with the ap ertu re  of the 
d etector  c o l l im a to r ,  w ill  define p r e c i s e ly  the reg ion  o f  the b io lo g ica l  s y s 
tem  that is  being exam ined . In so m e  c a s e s ,  this technique could be used  
to red u ce  the in ter feren ce  that frequently  r e s u lt s  from  the accum ulation  
of the tra cer  m a ter ia l  in adjacent t i s s u e s .  A lso , s in ce  the tracer  m a ter ia l  
is  not ra d io a c t iv e ,  the study could be rep ea ted  if the radiation  d o se  is  not 
e x c e s s in g ,  or a number of stud ies involving var iou s  organs could be con
ducted s im u lta n eo u s ly  by ad m in is ter in g  one or m ore tracer  m a te r ia ls  and 
using  m ultip le  sour c e -d e  tec tor a s s e m b l ie s .

2 . 6 .  2 R adioisotope Scanning

M edical rad io isotope scanning has developed into an im portant  
d ia g n o st ic  technique. Through the d e lin ea t ion  of tracer  m a ter ia l  d i s t r i 
bution in a b io log ica l sy s te m , it is  p o s s ib le  to determ ine organ structure  
in v ivo  from  a tw o-d im en sion a l scan m ade with an external g a m m a -ra y  
d e te c to r .  Som e exam p les  of organs that a re  exam ined by scanning and the 
radio  p h a rm a ceu tica ls  frequently  used  are  presen ted  in Table 2 -6  (Ref. 45) .  
This l i s t  is  continually  expanding with the m ajor em p h asis  in radioph arm a
ceu t ic a l  s being p laced  on m edium  en ergy  iso to p es  with short h a l f - l iv e s .

Two basic  constra in ts  are  im p osed , in conventional rad io isotope  
scanning, on the concentration of rad ioactive  m a ter ia l  that can be used  to 
scan  a g iven  organ with a particular scanning d ev ice . F ir s t ,  to obtain a
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TABLE 2-6

GAMMA-RAY EMITTING RADIOPHARMACEUTICALS  
USED FOR SCANNING

Organ

B ra in

R adiopharm aceutical  

C hlorm erodrin  -

1 9 7C hlorm erodrin  - Hg 

9 9mP ertech n eta te  - Tc

131Serum albumin - I

Bone

Kidney

L iv er

85Strontium nitrate - Sr 

203C hlorm erodrin  -  Hg

1 9 7C hlorm erodrin  -  Hg 

131R ose  bengal - I 

198C olloidal gold - Au

131A ggregated  albumin - I

Q 9m
Technetium  sulfide - Tc

Lung

P a n cr e a s

P la cen ta

131M a cro-aggregated  serum  albumin -  I

M acro -a g g reg a ted  serum  albumin - ^^Cr

75Selenom ethionine - Se 

Serum  albumin - '^*^^Tc

Serum albumin - ^^^I
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TA BLE 2 -6  (CONT. ) 

P e r ic a r d in a l  C holografin  -
e ffu sion

Sérum  album in -

51S p leen  Heated red  c e l l s  - Cr

197BMHP - Hg

T hyroid  Sodium iodide - I

125Sodium iodide -  I
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s t a t i s t i c a l l y  a c c e p ta b le  r e p r e s e n ta t io n  o f  th e  t r a c e r  e lem ent d i s t r i b u 

t io n  In  a re a s o n a b le  p e r io d  o f  tim e , th e  c o n c e n tra t io n  o f r a d io a c t iv e  

m a te r ia l  in  th e  o rgan  m ust be h ig h . Second, th e  maximum p e rm is s ib le  con

c e n t r a t io n  i s  l im i te d  by th e  r a d ia t io n  abso rb ed  dose  w hich depends on th e  

p h y s ic a l  and p h y s io lo g ic a l  p r o p e r t i e s  o f th e  ra d io p h a rm a c e u tic a l b e in g  

u sed . T hus, i n  a f ix e d  sc an n in g  tim e , one can o b ta in  a h ig h  r e s o lu t io n  

scan  o f  a sm a ll a re a  o r  a  low r e s o lu t io n  scan  o f  a  somewhat l a r g e r  a re a .

I t  i s  e n t i r e l y  p o s s ib le  t h a t  t h i s  s i t u a t i o n  can be  im proved in  some 

c a se s  th ro u g h  th e  use  o f f lu o r e s c e n t  X -rays e m itte d  by h igh-Z  t r a c e r  ma

t e r i a l s  .

In  th e o ry ,  th e  ad v an tag es  t h a t  can be r e a l iz e d  by u s in g  f lu o r e s 

c e n t X -rays f o r  m e d ica l scan n in g  in c lu d e  th o se  d e sc r ib e d  above fo r  

dynamic f u n c t io n  s t u d i e s .  For exam ple, by u s in g  so u rc e  c o l l im a t io n ,  th e  

p rim ary  X -ray  beam can b e  c o n fin e d  to  th e  re g io n  o f  th e  b io lo g ic a l  sy s 

tem b e in g  "v iew ed" by th e  d e t e c to r .  The r a d ia t io n  dose to  th e  b io lo g ic a l  

system  i s  l im i te d  to  th e  minimum le v e l  r e q u ir e d  to  re c o rd  a s t a t i s t i c a l l y  

a c c e p ta b le  f lu o r e s c e n t  X -ray  coun t from each  r e s o lu t io n  e lem en t o f th e  

scan  i n  t h i s  m anner. The tim e a v a i la b le  to  com plete a scan  w i l l  th e r e 

f o r e  n o t  be  a p rim ary  c o n s id e ra t io n  i f  th e  p rim ary  X -ray beam has s u f 

f i c i e n t  i n t e n s i t y .  Or, s t a t e d  a n o th e r  way, f o r  a  f ix e d  r e s o lu t io n  and 

s t a t i s t i c a l  a c c u ra c y , th e  r a d ia t io n  abso rb ed  dose i s  in d ep en d en t o f th e  

scan n in g  speed  and th e  t o t a l  scan n in g  tim e . S in ce  th e  r a d ia t io n  dose i s  

c o n fin e d  to  th e  im m ediate v i c i n i t y  o f  th e  s c a n , a  number o f o rgans could  

be exam ined in  sequence i f  th e  dose p e r  sc a n  i s  n o t  e x c e s s iv e .

P ro p e r  a lig n m en t o f  th e  p rim ary  X -ray  beam and d e te c to r  c o l l im a to r  

can a ls o  m in im ize th e  i n t e r f e r e n c e  r e s u l t i n g  from th e  accu m u la tio n  of 

t r a c e r  m a te r ia l  i n  a d ja c e n t  t i s s u e .

A nother ad v an tage  m igh t be r e a l i z e d  i f  th e  s o u rc e -d e te c to r  geom etry 

i s  such  th a t  h o r iz o n ta l  r e s o lu t io n  i s  d e term ined  by th e  d ia m e te r  o f th e  

p rim ary  X -ray  beam (see  F ig u re  2 -4 ) .  The r e s o lu t io n  elem en t s i z e  in  th i s  

c a s e ,  can b e  d e c re a se d  by so u rce  c o l l im a tio n  u n t i l  th e  r a d ia t io n  d o se , 

which v a r ie s  as  th e  in v e r s e  sq u a re  o f  r e s o lu t io n  f o r  a  g iv en  s t a t i s t i c a l  

a c c u ra c y , in c r e a s e s  to  th e  maximum p e rm is s ib le  l e v e l .  T h is i s  an a p p ro x i

m a tion  s in c e  th e  a re a  o f  th e  p rim ary  X -ray  beam w i l l  in c re a s e  w ith
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depth of penetration  in  the b io lo g ic a l  system as the re su lt  of Compton and 
coh eren t sca tter in g . H ow ever , the e f fec t iv e  beam  broadening can  be 
m in im iz e d  by using  a p r im a ry  X - r a y  e n e rg y  that ju st  e x ce e d s  the K -a b so r p 
tion  edge e n erg y  of the tr a c e r  e lem en t. Many of the Compton sca ttered  
photons w il l  then have e n e r g ie s  that a re  too  low to ex c ite  tra cer  e lem en t  
K - s e r i e s  f lu o r e sc e n t  X -r a y s .

One l im ita t io n  of using f lu o re sce n t  X - r a y s  for organ  scanning  
i s  the inab ility  to d e lin ea te  sm a ll  d e fec ts  near the back su r face  of a thick  
organ. A s im i la r  lim ita tion , resu lt in g  fro m  attenuation, is a lso  encountered  
in rad io iso top e  scanning when low en ergy  X -  and gam m a ray e m itter s  a re  
used . H ow ever , s in c e  the lo c a l  ra te  of f lu o r e sc e n t  X -r a y  production is  
d eterm in ed  by the in ten sity  of the p r im a ry  X -r a y  beam , a unique sch em e  
can be em ployed  to produce a con cen tration  s e n s i t iv i ty  that is  independent 
of depth as  i l lu s tr a te d  in F ig u re  2 -2 3 . H e r e ,  the p r im a ry  X -r a y  beam  
in ten sity  is  graduated  to c r e a te  a f lu o re sce n t  X - r a y  production rate  that 
in c r e a s e s  with depth in the organ to co m p en sa te  for  the attenuation of p r im 
a ry  and seco n d a ry  X - r a y s  in the overb urden  organ and t is s u e .  T h is ,  in 
p ra c t ice ,  could be a c co m p lish ed  by p a ss in g  a p r im a r y  X - r a y  beam  of 
uniform  in ten sity  through a ta p ered  wedge f i l ter .  It i s  in tere st in g  to s p e c u 
la te  about the p o s s ib i l i ty  of developing a technique for m aking three  
d im en sion a l scan s  with the s o u r c e -d e te c to r  g e o m etry  i l lu stra ted  in F ig 
ure  2 -5 . T his  would req u ire  a co n s id e ra b le  developm ent effort, but the 
r esu lt s  obtained could im p rove  d iagn ostic  p ro ced u res .

2. 7 PRIMARY RADIATION SOURCE CONSIDERATIONS

The s e le c t io n  of a suitable  X -r a y  so u r ce  for h igh -Z  tr a c er  e lem en t  
excitation  w ill  depend on the following factors:

1. Type of in v es t ig a t io n  being conducted

a. dynam ic function study

b. scan

2. P e r m is s ib l e  radiation dose

3. T ra c e r  e lem en t  atom ic  number

4. T r a c e r  e lem en t  concentration
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5. X -r a y  detector  c h a r a c te r is t ic s

a. s iz e

b. e f f ic ien cy

c. energy  reso lu t ion

d. reso lv in g  tim e

6 . S o u rce -d e tec to r  g eo m etry

7. Organ depth

8 . Organ th ick ness

9. T im e  availab le  for the in vest iga tion

The m o st  important co n s id era t io n  for any in  vivo study involving the  
u s e  of radiation is  the dose  that m u st  be d e liv e r ed  to the b io log ica l sy s te m  
to obtain the required  inform ation. It i s  m andatory that the p r im a ry  X -r a y  
so u r ce  be se le c te d  with th is  point in mind.

It i s  apparent, from  the ca lcu la tion s  p resen ted  in preceed in g  s e c t io n s ,  
that if  the reg ion  of the b io lo g ica l sy s te m  being exam ined is  not too deep
( l e s s  than 8  c en t im e te r s  for iodine), the p r im a ry  X -r a y  energy  should just
e x ce e d  the K -ab sorp tion  edge en ergy  of the h ig h -Z  tr a c er  e lem en t to obtain  
the m axim um  f lu o rescen t  X -r a y  count for a g iv en  surface  dose. F or  
d eep er  reg io n s ,  the excitation  en ergy  should be in crea sed  som ew hat to 
com p en sa te  for the attenuation of p r im ary  X -r a y s  in overburden t is s u e .

Another con sid eration  in se le c t in g  a su itab le  pr im ary  X -r a y  so u rce  
i s  the energy d istr ibution  of s ca ttered  radiation  that w ill  be seen  by the 
d etec tor . The energy  of s in g le  Compton sca t te r e d  p r im ary  X -r a y  can  be 
d eterm in ed  from  Equation 2 -2 4 . H ow ever, p r im a ry  X -r a y s  that are  
co h eren t ly  sca ttered  as w e ll  a s  th o se  that undergo m ultip le  Compton diffu
s io n s  w il l  a lso  reach  the detector . S ince background radiation can l im it  
concen tration  sen s it iv ity ,  it is  im portant to s e le c t  a p r im a ry  X -r a y  energy  
and so u r c e -d e te c to r  g eo m etry  that w il l  r e su lt  in a low sca ttered  radiation  
in ten sity  near the tra cer  e lem en t f lu o rescen t  X -r a y  energy.
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F or a m ono en erg e tic  e x c i t a t i o n  s o u rc e , c o h e re n tly  s c a t t e r e d  p rim ary  

X -rays  w i l l  alw ays be more e n e r g e t ic  th a n  th e  t r a c e r  e lem ent K -se r ie s  

f lu o r e s c e n t  X -ra y s . Compton s c a t t e r e d  p rim ary  X -ra y s , on th e  o th e r  hand , 

w i l l  co v er a  w ide energy  ra n g e . The t r a c e r  e lem ent a tom ic  number and 

s c a t t e r i n g  a n g le  can be a d ju s te d  so  th a t  a l l  Compton s c a t t e r e d  pho tons 

w i l l  have low er e n e rg ie s  th a n  th e  t r a c e r  e lem en t K X -rays under c e r t a in  

c o n d i t io n s .  T h is  can be acco m p lish ed , f o r  exam ple, i f  th e  t r a c e r  e lem ent 

atom ic  number i s  g r e a te r  th an  abou t 58 and th e  s c a t t e r in g  an g le  i s  betw een 

150 and 180 d e g re e s . However, f o r  low er t r a c e r  elem ent atom ic  numbers o r  

s m a lle r  s c a t t e r in g  a n g le s ,  some Compton s c a t t e r e d  pho tons w i l l  be  s u f f i c 

i e n t l y  e n e r g e t ic  to  c r e a te  unw anted background counts in  th e  f lu o r e s c e n t  

X -ray  d e t e c to r .  T h is background in t e r f e r e n c e  can be m inim ized by s e le c t in g  

th e  p rim ary  X -ray  energy  and s o u r c e - d e te c to r  geom etry so t h a t  th e  s in g le  

Compton s c a t t e r e d  photon  and t r a c e r  e lem en t K -s e r ie s  X -ray  e n e rg ie s  can be 

r e s o lv e d  by th e  d e te c to r .

When th e  p rim ary  X -ray  beam i s  mixed o r  c o n tin u o u s , s c a t t e r e d  r a d ia 

t i o n  w i l l  alw ays be a m ajo r problem  and w i l l  p la c e  a low er l i m i t  on th e  

t r a c e r  e lem en t c o n c e n tra t io n  th a t  can be u sed .

The i n t e n s i t y  o f th e  p rim ary  X -ray so u rce  w i l l  d e te rm in e  th e  f lu o r 

e s c e n t  X -ray  i n t e n s i t y  a t  th e  d e t e c to r .  I t  i s  th e r e f o r e  im p o rtan t f o r  dy

nam ic fu n c t io n  s tu d ie s  to  s e l e c t  a so u rc e  w ith  s u f f i c i e n t  in t e n s i t y  to  p ro 

v id e  a s t a t i s t i c a l l y  a c c e p ta b le  f lu o r e s c e n t  X -ray coun t i n  a sam pling  p e r 

io d  t h a t  i s  s h o r t  compared to  th e  accu m u la tio n  and r e le a s e  c o n s ta n ts  o f th e  

t r a c e r  e lem ent in  th e  re g io n  b e in g  exam ined, An a n a ly s is  o f r a d io a c t iv e  

t r a c e r  s tu d ie s  in d ic a te s  t h a t  th e  sam pling  p e r io d  cou ld  v ary  from a  few 

seconds up to  s e v e r a l  m in u te s .

The s e l e c t i o n  o f  a p rim ary  X -ray  so u rc e  fo r  a m e d ica l scan n in g  sy s 

tem m ust be b ased  on a l l  th e  c o n s id e ra t io n s  o u tl in e d  above. I t  shou ld  be 

n o te d  how ever, t h a t  a t  c o n v e n tio n a l sc an n in g  speeds (20 to  AGO cm/min) a 

h ig h  so u rc e  i n t e n s i t y  i s  r e q u ire d  s in c e  th e  e f f e c t iv e  sam pling  tim e i s  v ery  

s h o r t .  To o b ta in  a c o n c e n tra t io n  s e n s i t i v i t y  t h a t  i s  e s s e n t i a l l y  indep en d en t 

o f  d ep th  f o r  th e  ex am in a tio n  o f  th i c k  o rg a n s , i t  w i l l  be n e c e ssa ry  to  f i l t e r  

th e  p rim ary  X -ray beam as in d ic a te d  in  F ig u re  2 -23 . Any f i l t e r i n g  o f  t h i s  

ty p e  w i l l  n e c e s s i t a t e  th e  u se  o f  a more in te n s e  p rim ary  X -ray so u rc e .
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The maximum so u rc e  i n t e n s i t y  t h a t  can be  used w i l l  depend on th e  
a r e a ,  e f f i c i e n c y ,  and r e s o lv in g  tim e o f th e  f lu o r e s c e n t  X -ray d e te c to r  
a s  w e ll  as th e  r a d ia t io n  dose d e l iv e r e d  to  th e  b io lo g ic a l  system .

B a s e d  on th ese  g e n era l  so u rce  s e le c t io n  guide l in e s ,  we can now 
c o m p a r e  s e v e r a l  p r im a r y  radiation  s o u r c e s  that could be u sed  for th is  
ap p lica tion . Som e exam ple  s o u r c e s  a r e  l is te d  in T able  2 -7  with the p r in 
c ip a l  rad ia tio n s  em itted . Of th e s e  four typ es of s o u r c e s ,  only gam m a ray  
e m it t e r s  and X -r a y  m a ch in es  with seco n d a ry  radiator ta rg e ts  can supply  
the n e a r ly  m o n o en erg e t ic  ex c ita t ion  b eam s req uired  to obtain a m axim um  
s ig n a l- to -b a c k g r o u n d  ratio  at the d e tec to r ,  and m in im iz e  the radiation  d ose  
d e l iv e r e d  to  the b io lo g ica l  sy s te m .

U nfortunately , su itab le  gam m a em itting rad io iso top es  are  not p r e s 
en tly  a v a ila b le  for m any of the h ig h -Z  tr a c er  e lem en ts  that could be used  
for in v iv o  s tu d ies . H ow ever , under exp erim en ta l conditions for which  
gam m a em itt ing  ra d io iso to p es  of su itab le  en ergy  and in ten sity  can be 
obtained  at a reason ab le  cost ,  they o ffer  m any unique advantages. In ad
d it ion  to the above advan tages, s o u r c e s  of this type a re  e a s i ly  sh ie lded  
and c o ll im a ted  and do not require e lab orate  high vo ltage  power supplies  
and co n tro l  s y s te m s .

The m o s t  v e r s a t i le  exc ita t ion  so u r ce  is  obtained by fitting a conven
t ion a l X - r a y  m ach in e  with in terch an geab le  ex tern a l seco n d a ry  radiator  
ta r g e ts .  The output from  th is  so u r ce  c o n s is t s  p r im a r ily  of the radiator  
e le m e n t  K - s e r i e s  X -r a y s  with a v e r y  weak continuous spectru m  background  
(R ef. 20). In m o s t  c a s e s ,  a seco n d a ry  radiator with an atom ic  number  
s l ig h t ly  h igher than that of the tr a c e r  e lem en t can be obtained at a r e a s o n 
a b le  c o s t .  T his  so u r ce  can be u sed  to exc ite  a wide range of tr a c er  
e le m e n ts  by s im p ly  changing the seco n d a ry  radiator and the X -r a y  in ten sity  
i s  r ea d ily  adjustable .

The seco n d a ry  radiator can be m ounted insid e  the X -r a y  tube 
en v e lo p e  to obtain a som ew hat h igh er  beam  in ten sity  (Ref. 21). H ow ever,  
the in a b il ity  to rapidly  change the seco n d a ry  radiator l im its  the u se fu ln ess  
of th is  configuration .

W hile m ixed  excita tion  s o u r c e s  do not provide a ll  of the advantages of 
m o n o en er g e t ic  so u r ce s  for this application , they do have r e la t iv e ly  high  
in t e n s i t ie s  and can provide fa ir ly  e ff ic ien t  f lu o rescen t  X -r a y  excitation.
In fact. X -r a y  m a ch in es  are  used  e x te n s iv e ly  as excita tion  so u r ce s  for  
X - r a y  f lu o r e s c e n c e  a n a ly s is  and s p e c ia l  beta excited  X -r a y  so u r ce s  have  
a ls o  b een  developed  for  th is  purpose  (R ef. 22 -32).
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TABLE 2-7

X-RAY AND GAMMA-RAY SOURCES

Source
Type

Typical
Isotopes

G am m a E m itter  Cd 109

P rin cip al
Radiations

Em itted

8 8  kev  -y-ray

.125

Beta  E m itter  
with
C on vers ion
T a rg et

Am

P m

241

147

X - r a y  M achine

X - r a y  M achine  
with Secondary  
Radiator  
T arget

Kr 85

35 kev  y -r a y  
Te K X-ray

59. 6  kev y -r a y  
Am and Np L X-rays

10-50  kev brem sstrah lung

70-150  kev brem sstrah lung  
T arget K X -ra y s

30-80 kev brem sstrah lung  
Target K X-rays

10-300 kev brem sstrah lung  
T arget K X -ra y s

Secondary Radiator K X -r a y s
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Beta  exc ited  X - r a y  s o u r c e s  are  a ttra c tiv e  for th is  application  b ecau se  
/3-em itting ra d io iso to p es  a r e  r e la t iv e ly  in ex p en s iv e ,  the X -r a y  in ten sity  is  
v e r y  stab le , no additional excita tion  equipm ent i s  req u ired , and the beta 
em itter  and target m a te r ia l  can be s e le c te d  to provide  a high X -r a y  in tensity  
at an en ergy  that ju st  e x ce e d s  the tr a c er  e lem en t  K -ab sorp tion  edge. F i l t e r s  
can a ls o  be em p lo y ed  to su p p ress  the low en erg y  reg ion  of the continuous  
X - r a y  sp ectru m  and m in im iz e  the radiation  absorbed  d ose .

T h ese  sa m e  co n s id era t io n s  apply to X -r a y  m achine s o u r c e s  but the 
ta rg e t  s e le c t io n  is  l im ited  to a few e lem en ts  in c o m m e r c ia l ly  availab le  
s ea le d  X -r a y  tubes.

Using dem ountable X - r a y  tubes, h ow ever, the anode m a ter ia l  can be 
ch o sen  to provide a su itab le  excita tion  so u r ce  for m an y  of the tr a c er  e lem en ts  
that m ight be co n s id ered  for  th is  application.

2. 8  RADIATION DETECTOR CONSIDERATIONS

A s with the s e le c t io n  of the p r im ary  X - r a y  so u rce ,  a number of 
fa c to rs  w il l  influence the s e le c t io n  of the f lu o re sce n t  X - r a y  detector . T hese  
include:

1. Type of in vest iga tion  being conducted

a. dynam ic function study

b. sca n

2. T ra cer  e lem en t atom ic number

3. T racer  e lem en t concentration

4. E xcita tion  so u rce  c h a r a c te r is t ic s

a. en erg y  spectrum

b. in ten sity

5. Source - d etector  geo m etry

6 . T im e ava ilab le  for experim ent
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T he d e tec to r  p a r a m e te rs  of in te r e s t  for th is  app lication  are s iz e ,  
d etec t io n  e f f ic ie n c y ,  en erg y  reso lu t ion , and r e so lv in g  t im e .

D etec to r  s i z e  i s  im portant b eca u se  a la r g e  d e tec t ion  so lid  angle w il l  
provide a h igh  f lu o r e sc e n t  X -r a y  count per unit s u r fa c e  d ose . The m a x i 
m um  d etec to r  s i z e  w i l l  depend on the e f f ic ie n c y  and reso lv in g  t im e  of the  
d e tec to r ,  as w e l l  a s  p h y s ic a l  lim ita tion  im p osed  by the exp erim en ta l  
g eo m etry .

The e f f ic ie n c y  of the radiation d etec tor  should be n ea r ly  100 p ercen t  
at the tr a c e r  e lem en t  K X -r a y  energy  to en su re  that the availab le  f lu o re sce n t  
X - r a y  in ten s ity  i s  fu lly  u til ized . At other e n e r g ie s ,  the detec tion  e f f ic ie n c y  
need not, and p re fera b ly  should not be v e r y  high to  provide so m e  d i s c r i m 
ination aga in st  background and scattered rad ia tion .

S in ce  the f lu o re sce n t  X -r a y s  to be m e a s u r e d  a re  accom panied  by  
s c a t ter e d  p r im a r y  radiation , the detector  m u st  have  good energy  r eso lu t io n  
to provide  a m a x im u m  sign a l-to -b ack grou n d  d e tec t io n  ratio . Som e im p r o v e 
m ent in  en erg y  d is p e r s io n  can be obtained by u sing  a d etector  f i l ter  that  
has a K -a b so rp t io n  edge that ju st  e x c e e d s  the t r a c e r  e lem en t  K X -r a y  
en erg y  and in  m an y  in s ta n c e s ,  balanced f i l t e r s  (R ef. 18, 46, 47 ) can be  
u sed  for  en erg y  se lec t io n .

To a c cu ra te ly  d e term in e  the con cen tration  of a h igh -Z  tr a c er  e lem en t  
in  a b io lo g ica l  s y s te m  in a short period of t im e , a high in tensity  ex c ita t ion  
so u rce  and a la r g e  area  f lu o rescen t  X -r a y  d e tec to r  m u st  be used . It i s  
im portant th er e fo re  to s e le c t  a radiation d e tec to r  with a short r e so lv in g  
t im e  to m in im iz e  counting lo s s e s  which would red u ce  concentration  sen s it iv ity .

The rad iation  d e tec to rs  that should be c o n s id e re d  for th is  application  
include th ose  that have r ec e iv ed  wide sp read  u s e  in f lu o rescen t  X -r a y  
a n a ly s is ;  n am ely , gas  proportional, sc in ti l la t io n , and sem iconductor  
d ete c to rs .

The h ig h -Z  tr a c er  e lem en ts  that would be m o s t  u se fu l for in v ivo  
stu d ies  have K X - r a y  en e rg ie s  of about 1 5 to 75 kev . This  w il l  r e s t r ic t  
the u s e  of g a s  proportional d e tec tors  for th is  app lication  b ecau se  of the  
low d e tec tion  e f f ic ie n c ie s  at th ese  e n e r g ie s .  Space charge  e ffects  which  
resu lt  in a d e c r e a s e d  output pu lse  height can a ls o  occu r  at high X -r a y  
in te n s it ie s .  In sp ite  of th ese  l im ita tio n s , gas  proportional counters have  
v ery  good r e so lu t io n  (Ref. 48) ( 6  -  12 p ercen t FWHM) over the en ergy
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range o f in te r e s t  and can be u sed  for so m e  in v ivo  s tud ies  if suitable p r e 
cau tion s  are  o b served .

S c in t i l la t io n  d e te c to r s ,  u su a lly  with NAI(TI) c r y s ta l s ,  have been used  
for s e v e r a l  y e a r s  in X -r a y  f lu o r e sc e n c e  a n a ly s is  with ex ce llen t  r e su lt s .  
C r y s ta ls  with a wide v a r ie ty  of s i z e s  and shapes are  ava ilab le  and a m o d es t  
c r y s ta l  th ick n ess  w il l  absorb  e s s e n t ia l ly  a l l  of the f lu o rescen t  X -r a y s  that 
s tr ik e  the  d e tec to r .  T h e se  d e te c to rs  have fa ir ly  good r eso lu t io n  (Ref. 49) 

15 to 30 p e r cen t  FWHM) from  15 to 75 kev and, with su itab le  e lec tr o n ic s  
can be u se d  at counting r a te s  in e x c e s s  of 10^ counts per second. In 
addition  to th e s e  advan tages, s c in t i l la t io n  d e te c to rs  w i l l  operate s a t i s f a c 
t o r i ly  a t  room temperature.

Sem icon d u ctor  d e te c to r s ,  both s i l ic o n  and germ anium , have rec e n t ly  
b een  applied to the m e a su r em e n t  of f lu o re sce n t  X -r a y s  and X - r a y  s p e c tr o 
m e t e r s  using th e se  d e tec to rs  are  c o m m e r c ia l ly  availab le . R eso lu tion s  of 
l e s s  than 1. 4 p ercen t FWHM have been rep orted  (Ref. 50) for the energy  
range  fro m  15 to 7 5 kev and v e ry  high counting ra tes  ( > 1 0 ^  cps) can be 
r ec o r d e d  with su itab le  e le c tr o n ic s .  T h ese  d e tec to rs  m u st  be operated  
at low  te m p e r a tu r e s  to r e a l i z e  their m axim u m  p er form an ce  but this is  not 
a r e s t r ic t iv e  req u irem en t for  laboratory  app lications. An important  
co n s id era t io n  i s  the fact that la rg e  area  sem icon ductor  d e tec to rs  are not 
c o m m e r c ia l ly  a va ilab le  at the p resen t  t im e. Continued r e s e a r c h  in 
fa b r ica t io n  tech n o logy  and new sem icon d u ctor  m a te r ia ls  could e lim in ate  
th is  r e s tr ic t io n  in  the future but, until th is  o c cu rs ,  the large  so lid  angle  
d etec t io n  g e o m e try  req uired  to m in im iz e  the d ose  to the b io lo g ica l  sy s te m  
can only  be a ch ieved  by using  an a r ra y  of th ese  d e v ic e s .
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SECTION 3 

EXPERIM ENTAL VERIFICATION

The th e o r e t ic a l  equations and exam ple  ca lcu la tion s  p resen ted  in 
Section  2  o f  this rep o rt  ind icate  that ex tern a lly  exc ited  h igh -Z  tracer  
e lem en t  f lu o r e s c e n t  X -r a y s  have potential u se  for in  vivo b io log ica l and 
m e d ic a l  s tu d ies .  To v e r ify  th ese  th eo re tica l  equations, and subsequently  
this h y p o th es is ,  a num ber of ex p er im en ts  m u st  be conducted to determ ine  
the con cen tration  s e n s it iv ity  and reso lu t ion  that can be obtained as a fu n c
tion of the radiation  dose d e liv ered  to the b io lo g ica l s y s te m . Obviously, 
m any of the p re lim in a ry  exp erim en ts  can be conducted with b io log ica l  
"phantoms" u sin g  standard laboratory  equipment. H ow ever, the full  
potentia l of this technique m u st  u lt im ate ly  be e s ta b lish ed  by actually  p e r 
form in g  in v ivo  b io lo g ica l  stud ies with an instrum entation  sy stem  that is  
d esign ed  s p e c i f ic a l ly  for this application.

To provide exp er im en ta l v er if ica t ion  of som e of the concepts and 
th eo re t ica l  equations developed in Section  2, a num ber of p re lim in a ry  e x 
p er im en ts  w e r e  p er fo rm ed  using sp e c ia l ly  designed b io log ica l phantoms  
and the equipm ent ava ilab le  in this laboratory. Sp ec if ica lly , the f lu o r e s 
cent X -r a y  in ten s ity  per unit su rface  dose  rate was m e a su r ed  as a function  
of ex c ita t ion  beam  energy , tra cer  e lem en t  concentration  in  the organ of 
in te r e s t ,  and organ depth for a g iven tr a c er  e lem en t atom ic number and 
organ th ick n ess .  Additional exp er im en ts  w ere  conducted to in vestigate  
the p o s s ib i l i ty  of using excita tion  beam co llim ation  in defining horizontal  
reso lu t io n  for  the delineation of tra cer  e lem en t concentration  distribution.

One of the p r im ary  considerations  in deciding on the tracer  e lem en t  
for th ese  in v es t ig a t io n s  w as the d es ira b il ity  of using an e lem en t for which  
ex ten s iv e  c l in ic a l  data had been obtained from  other types of diagnostic  
p ro ced u res .  It w as  a lso  im portant to s e le c t  a high atom ic number e lem en t  
that could be a d m in is tered  in  fa ir ly  large  quantities without producing h a r m 
ful e f fe c ts .  As m entioned  p rev io u s ly ,  iodine compounds have been u sed  e x 
ten s iv e ly  in rad io iso tope  scanning and for  rad io log ica l diagnostic  pu rp oses .  
In addition, the n o rm a l thyroid gland contains a high concentration  of i o 
dine, and abn orm al thyroid iodine concentrations and concentration d i s t r i 
butions are a s so c ia te d  with certa in  d is e a se  s ta te s .  F or  th ese  reason s ,  
iodine w as ch o sen  as the tracer  e lem en t for these p re lim in ary  experim ents ,
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3. 1 E X PE R IM E N T A L  EQUIPMENT

3 . 1 . 1  E xcita tion  Source

The e x c ita t io n  so u r ce  for the ex p er im en ts  d e scr ib ed  in this r e 
port w as a portab le  radiographic  and f lu oroscop ic  X -r a y  m achine m an u 

factu red  by the P ic k e r  X -R a y  C orporation  (Cat. No. E -1 2 ) .  A photograph  
of the a s se m b le d  X -r a y  unit is  shown in F igu re  3 -1 .  The table and tube 
stand w e r e  u sed  to support and a lign  the X -r a y  tube head, b io log ica l  
phantom, and d etector  a s se m b ly .

The X -r a y  tube has a tungsten target and the inh erent f iltra tion  of 
the tube window i s  0 .5  m m  aluminum equivalent. A cone mounting a s 
sem b ly  attached  to the X -r a y  tube head p rov id es  a fixed  f i l tra tion  of 0. 5 mm  
alum inum  equiva lent and contains a s l id e  for adding additional f i l t e r s .

Controls for  the X -r a y  m achine include a m ode ch a n g e-o v er  sw itch  
(rad iograph y-f lu o r  os copy), a KV s e le c to r  sw itch , and a filam en t current  
contro l p o ten tio m eter .  M eters  on the con tro l c o n so le  m onitor the X -r a y  
tube voltage and current.

With the m od e sw itch  in the radiography position , the X -r a y  tube 
cu rrent i s  f ixed  at 15 MA and the tube voltage  can be se t  at app roxim ate ly  
5-KV in ter v a ls  from  40 to 85 KV. For f lu oroscop y , the X -ra y  tube c u r 
rent is  var iab le  from  1 to 5 MA and the tube vo ltage  can be adjusted in  
d is c r e te  s tep s  (ap p rox im ate ly  5 KV/ step) from about 50 to 85 KV.

Unfortunately, this X -r a y  m achine does not have many of the 
fea tu res  that would be d es ira b le  for the p rop osed  application. The X -r a y  
tube voltage  and cu rren t a r e  not w e l l  regu la ted  and w e re  found to fluctuate  
with line voltage  and X -ra y  tube tem p erature . It w as  a lso  noted that an  
in c r e a s e  in tube cu rren t w as accom panied  by a s l igh t d e c r e a se  in tube 
voltage for a f ixed  KV setting . The influence of th ese  factors  can be m in i 
m ized  by taking suitab le  p recau tion s , su ch  as letting the X -r a y  tube t e m 
p erature s ta b i l iz e  before  starting  the exp er im en t and making the n e c e s 
sary  m e a s u r e m e n ts  at a f ix ed  current. H ow ever, it is  apparent from  the 
data p r e se n te d  in this th es is  as w e l l  a s  the published litera tu re  on X -  
ray f lu o r e s c e n c e  a n a ly s is  that a w e l l  regu la ted  X -r a y  sou rce  is  required  
to obtain sa t is fa c to r y  r esu lts  for low tr a c er  e lem en t  concentrations.
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F igu re  3 -1  Photograph of A sse m b le d  X -R a y  Machine
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F or  th ese  ex p er im en ts ,  the X -r a y  m achine w as operated  at a m a x i 
mum pow er le v e l  of 78 KV-3MA with a tota l beam  filtra tion  of 1. 75 mm  
alum inum equivalent. The s e le c t io n  of th ese  operating conditions was  
b a sed  on X -r a y  tube heating considerations  and the data p resen ted  in  
F igu re  3 -2 .  H ere, it  has been a ssu m ed  that the X -r a y  tube voltage is  
78 KV and that an e ffec t iv e  e lec tro n  energy, Eg g££ for ha lf-w ave  r e c t i 
f ica tion  is;

E V «  0 .7 Ve, eff  rm s

w here V^.^g is  the rm s voltage for the conducting h a lf -c y c le  and V is  the 
m axim um  tube vo ltage , 78 KV. This is  only a rough approxim ation of 
co u r se ,  s in ce  the true e lec tron  energy w il l  vary  from Eg = 0 to Eg = V 
during ea ch  cy c le .

To define the c r o s s - s e c t io n a l  area  of the p r im ary  X -ra y  beam, 
two 0. 093-in . thick lead annular r ings sp aced  1. 6  in. apart w ere  mounted  
in a le a d -l in e d  b ra ss  housing that attached to the X -ra y  tube head in p lace  
of the cone.

3 . 1 . 2  B io lo g ica l  Phantom s

T hree b io lo g ica l  phantoms w ere  con stru cted  for investigating  c o n 
cen tration  s en s it iv ity  and defect loca liza tion . F igu re  3 -3  is  a photograph  
of the phantom u sed  for the concentration s e n s it iv ity  stud ies.

T issu e  s im ulation  was provided by 15. 2 x  15. 2 x  0. 635 cm  Incite  
sh ee ts  stacked  on aluminum support rods. Six of th ese  sheets  had m atch -  
d r il led  cen ter  h o les  to accept sm a ll  polyethylene containers that w ere  
used  for organ sim ulation . "Organ depth" variation s w ere  a ccom p lish ed  
by s im p ly  rearranging  the stacking order of the Incite sh eets .

The organ s im ulation  containers w e re  cy lin d r ica l  with an inside  
d ia m eter  of 1, 65 cm and length of 3. 3 cm . T h ese  w ere  f i l led  with p o ta s 
sium  iod ied  so lutions with iodine concentrations ranging from 7 83 to 
100, 000 ppm. Each container was com p lete ly  f i l led  and covered  with a 
layer  of parafilm  "M" before capping to e lim in ate  a ir  bubbles and prevent  
evaporation.
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C onstruction  of the "hot spot" d efect phantom is  i l lu s tra ted  in  
F igu re  3 -4 ,  H ere ,  four h o le s  w ith  d ia m eters  ranging from  0. 10 to
0. 33 cm  w e re  d r i l le d  rad ia lly  into  the edge of a 0. 6 3 5 -cm  thick luc ite  
sh e e t  on the m id lin e .  E ach  hole w as then f i l led  with an iodine so lution  
of 25, 000 ppm I and s e a le d  with lucite  cem en t.

"Cold spot" defect s im u la t ion  was provided  by the phantom i l l u s 
trated  in  F igu re  3 -5 .  The defect i s  a rectan gu lar  lu c ite  rod m ounted at 
one end of a c y l in d r ic a l  p la s t ic  conta in er  f i l le d  w ith  a 25, 000 ppm I s o lu 
tion.

S e v e ra l  0. 6 3 5 -cm  thick lu c ite  sh ee ts  w e r e  u sed  to e s ta b lish  defect
depth,

3. 1. 3 X -R ay  D etector

X -r a y  in ten s ity  w as m e a su r ed  with a sc in til la t ion  d etec tor  m ounted  
in a m u ltiho le  fo c u se d  co ll im a to r  which a ls o  sh ie ld ed  the d etector  from  
d irect  e x c ita t io n  so u rce  radiation.

The d etector  was fab rica ted  by coupling a Harshaw type 6 D 2-1 . 75 in. 
dia. X 0. 5 in. N al (T l )  c r y s ta l  to an RCA 6655A photom ultiplier tube having  
a b a se -m o u n ted  TMC M odel DS-11 p r ea m p lif ie r .  This a s se m b ly  w as p laced  
in  a m odified  T ra cer la b , Inc. , M odel P -2 0  D sc in tilla t ion  detector  housing.  
B ias for the ph otom u ltip lier  tube and p rea m p lif ie r  w as provided by a Fluke  
M odel 412B high vo ltage pow er supply.

The m u ltih o le  focu sed  co ll im a to r  w as  made of s t e e l  and contained  
nin eteen  0. 0 6 3 -in , d iam eter  stra ight bore ho les  focused  at 10. 5 in. as  
i l lu s tr a te d  in F ig u re  3-6 . To a f ir s t  approxim ation , the la tera l  r e sp o n se  
to a point so u rce  located  at the co l l im a to r  foca l plane can be determ ined  
from the equation (Ref. 51),

2 -1 r
R elative  R esp on se  = 1  sin  —  - -  (3 -1)

TT ttR

w here :

r = la te r a l  d isp lacem en t of point so u rce

R = reso lu t ion  radius,  r
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R ela tiv e  r e sp o n se  v a lu es  ca lcu la ted  from  Equation 3-1 for the 
d etector  c o l l im a to r  shown in F igu re  3 -6  are  presen ted  graphica lly  in 
F ig u re  3 -7 .  At the fo c a l  plane, the 50% resp o n se  width is  0.3 in. and this 
value  w i l l  r em a in  n ea r ly  constant for v e r t ic a l  d isp lacem en ts  of ± 1 in.

3. 1. 4 Scanner

Single  t r a c e  "hot spot" and "cold spot" defect scan s w e re  made  
with a m od if ied  A tom ic  A c c e s s o r i e s ,  Inc. , M odel RSC-5A chrom atogram  
sca n n er . S ince  the scan n er  or ig in a lly  had a variable  speed  rotating drum  
sy n ch ro n ized  through a gear tra in  to drive a str ip  chart reco rd er , the only  
m od ifica tio n  req u ired  w as  the attachm ent of a phantom -m ounting platform  
to the rotating drum spindle . This arran gem en t perm itted  cu rv ilin ear  
scanning of the defect phantom s w hile  the excitation  so u r ce -d e te c to r  a s 
sem b ly  r em a in ed  in a f ixed  position . N orm ally , the so u r ce -d e te c to r  
a s s e m b ly  would scan o v e r  a s ta tion ary  b io log ica l sy s tem . With the equip
m ent used  for this ex p er im en ta l  program , how ever such an arran gem en t  
w as im p r a c t ic a l  and not rea lly  n e c e s s a r y  s in ce  the resu lts  in  e ither  c a se  
w il l  be the sa m e .

Gear ra t io s  for the m otor drive can be changed to vary  the s c a n 
ning sp eed  at the chrom atogram  str ip  mounting radius in fixed  in crem en ts  
from  0 . 0318 to 30. 5 c m /m in ,  and other scanning speeds can be obtained  
by se le c t in g  the proper radius and gear  combination.

F igu re  3 -8  is  a photograph of the m odified chrom atogram  scanner  
u sed  for th ese  ex p er im en ts .

3. 1. 5 Signal P r o c e s s in g  and Readout

V oltage s igna ls  from  the p rea m p lif ie r  w ere  fed into a T echn ica l  
M ea su rem en ts  C orporation (TMC) "Gam mascope" M odel 101 m ultichannel  
an a ly zer  op erated  in the s ingle  ch an n e l-fa s t  sum m ation mode. In this 
m od e, input vo ltage  p u lse s  are analyzed  without being stored  in  the m e m 
ory, and each  p u lse  in the s e le c te d  en ergy  window generates  a +4-V out
put pu lse . T h ese  output pu lses  w ere  p r o c e s s e d  through an inverting  
a m p lif ie r  and counted with a B a ird -A tom ic  Model 134 high sp eed  s c a le r  
or a B a ir d -A to m ic  M odel 432 ra te m eter  —depending on the type of e x p e r i 
m ent being conducted.
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D is p la c e m e n t F r o m  F o c a l  P o in t  (In ch es)

F igu re  3 -7  T h eoretica l Point Source R esp on se  for  
L atera l D isp la cem en t in F o cu s  Plane
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The TMC G am m ascope p rov id es  a v e r y  rapid and convenient m ethod  
for determ in in g  the in ten s ity  under à photopeak, b ecau se  the s ingle  channel  
window b ase  and width a re  e a s i ly  adjusted  to bracket the peak. A lso ,  s in ce  
the p u lse s  a r e  a n a lyzed  without s to r a g e ,  the dead tim e is  v e ry  low. X -r a y  
in te n s i t ie s  m e a s u r e d  with  the com p lete  detector  and e lec tr o n ic s  ^ystem  
in d ica ted  a n e g l ig ib le  counting lo s s  for  count ra tes  up to 2. 5 x  10 cpm .

3. 2 EX PER IM EN TA L PROCEDURE

3 . 2 . 1  C oncentration  S en s it iv ity  M easu rem en ts

F ig u re  3 -9  is  a d im en sion a l layout of the s o u r c e -b io lo g ic a l  phantom - 
d etec to r  g e o m e tr y  that w as used  to m e a su re  the dependence of f lu o rescen t  
X -r a y  in ten s ity  on excita tion  en ergy , tr a c e r  e lem en t  concentration, and 
organ  depth. A functional b lock  diagram  of the com plete  experim en ta l  
s y s te m  is  p r e se n te d  in F igure  3 -10 .

To e s ta b l ish  the proper g eom etry , the X -ra y  tube head was s e t  for  
a 6 0 °  in c id en ce  angle on the h or izon ta l surface  of the phantom and p o s i 
tioned v e r t ic a l ly  so  that the distance from  the X -r a y  tube foca l spot to the 
m idpoint of the organ s im u lator  (sam p le)  would be 14 in. Source c o l l i 
m a to rs  w e re  fab rica ted  to l im it  the p r im ary  X -r a y  beam dim ensions to 
the c r o s s - s e c t i o n a l  a r ea  of the sam p le  in  an effort to reduce the sca ttered  
rad iation  com ponent from  the surrounding lucite . A f lu o rescen t  s c r e e n  
w as then p la ced  on top of the phantom to locate  v isu a lly  the area  being  
irra d ia ted , and the phantom w as m oved  hor izon ta lly  to center  the sam p le  
in  the p r im ary  X -r a y  beam .

To a lign  the detector  co ll im a to r ,  the detector w as rep laced  by a 
d iffuse  light so u rce  and light p a ss in g  through the co ll im ator  holes and r e 
f le c t in g  from  the phantom was u sed  to position  the co ll im a to r  on the v e r t i 
c a l  ax is  of the sa m p le .  The height of the co ll im ator  was adjusted to place  
the fo ca l  plane at the m ean depth of the sam ple .

V arious organ depths w ere  sim ulated  by s im p ly  rearranging the 
s tack in g  order  of the lucite  sh eets  and ra is in g  the phantom with a jack  
to return  the sam p le  to its  or ig in a l position .

C o r re c t  s in g le -ch a n n e l window settings  (base and width) on the 
TMC G am m ascope  w ere  s e le c te d  by f ir s t  operating the analyzer  in the 
m u ltich an n el m ode and exposing the sc in til la t ion  detector  to a 0. 92^ Ci

so u rce  (E = 5 9 .6  kev). The gain of the am p lif ier  w as then adjusted  
\
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s o  that channel 60 co rr e sp o n d e d  to 60 kev  (approx 1 k ev /ch an n el) .  With 
this app roxim ate  en erg y  ca lib ra tio n  e s ta b lish e d ,  a sa m p le  containing a 
high con cen tration  of iodine w as p la ced  in  the phantom and irra d ia ted  by 
the X -r a y  m ach in e  to a ccu m u la te  a  f lu o re sce n t  X -r a y  and sca ttered  r a d ia 
tion sp ectru m  in  the a n a ly zer .  The s c a t te r e d  rad ia tion  com ponent w as  
then su b tracted  by ir rad ia tin g  a w a ter  sa m p le  for the sa m e  p er iod  of tim e  
with the a n a ly zer  in  the su b tract m od e. With the a n a ly zer  d isp lay  sw itch  
in  the dynam ic d isp lay  p osit ion , the r e s id u a l  iodine K X -r a y  spectru m  w as  
p re se n ted  on the CRT readout, w ith  the window lo ca tio n  being defined by  
the in ten sif ied  ch an n els ,  and the window s e le c t o r  co n tro ls  w ere  s e t  to 
bracket the iodine K X -r a y  peak.

The s y s te m  w as ready  fo r  data accu m u la t ion  after  returning the 
an a ly zer  to the s in g le  c h a n n e l- fa s t  sum m ation  m od e  and connecting the 
p u lse  in v e r te r ,  high sp e ed  s c a le r ,  and e x tern a l t im er .

Photographs of the a s s e m b le d  e x p e r im en ta l  sy s te m  a re  p r e se n te d  
in F ig u r es  3 -11  and 3 -1 2 . F igu re  3-11 show s the exp er im en ta l  a r e a  and  
i l lu s tr a te s  the s o u r c e -b io lo g ic a l  ph an tom -d etector  g e o m e tr y  used  for  
th ese  ex p er im en ts .  The X -r a y  m achine con tro l and data acquis it ion  area  
shown in  F ig u re  3 -1 2  w as  sep arated  from  the exp er im en ta l  area  by a th ick  
w a ll  for radiation sa fe ty  p u rp o ses .

The seq u en ce  of events  fo r  m ea su r in g  the dependence of f lu o r e sc e n t  
X -r a y  in ten sity  on tr a c e r  e lem en t  concen tration  and sam p le  depth for  a 
given exc ita t ion  en erg y  w as  as fo llow s:

1. A w ater  sam p le  was p la ced  in  the phantom and the X -r a y  
co n tro ls  w e r e  s e t  at 78 KV - 3 MA and s ta b il ized  for 
ap p rox im ate ly  1 min.

2. Ten 1 -m in  counts of the sc a t te r e d  X -r a y  in ten sity  in the 
s in g le -c h a n n e l  window w ere  reco rd ed  w ith  the high sp eed  
s c a le r  using  an ex tern a l tim er .

3. The w ater  sam p le  w as  then rep la ce d  by a sam ple  containing a 
known concen tration  of iodine and ten 1 -m in  counts of the 
sc a t te r e d  X -r a y  and f lu o re sce n t  X -r a y  in ten sity  in the window  
w ere  record ed .
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F ig u re  3-11  Photograph of the E x p er im en ta l A r e a  for  
C oncentration  Sen sit iv ity  M ea su rem en ts
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F igu re 3 -12  Photograph of X -R ay M achine Control and Data A cquisition  A rea
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This p ro ced u re  w as rep eated  for sa m p le s  having iodine c o n c en tr a 
tions that d if fered  by a factor  of 2 from  783 to 50, 000 ppm at m ean  sam p le  
depths of 1. 75, 3. 02, 4. 29, 5. 56, 6 . 83, and 8 . 10 cm .

The dependence of f lu o rescen t X -r a y  in ten sity  on excita tion  en ergy  
(X -ra y  m ach in e  KV setting) for  a g iven  tra cer  e lem en t  concentration  and 
organ depth w as  m e a s u r e d  as follows;

1. A w ater  sa m p le  w as p laced  in  the phantom, and the X -r a y  
con tro ls  w e r e  se t  at approxim ately  49 KV-3 MA and s ta b il ized  
for 1 m in.

2. F iv e  1-min counts of the sca t ter e d  X -r a y  in ten sity  in the 
s in g le -c h a n n e l  window w ere  record ed  with the high speed  
s c a le r  using  an ex tern a l tim er.

3. The w ater  sam ple  was then r ep la ced  by a sam ple  containing  
25, COO ppm I and five 1 -m in  counts of the sca t ter e d  X -r a y  
and f lu o re sce n t  X -r a y  in ten sity  in  the window w ere  record ed .

This p ro ced u re  was rep eated  for sev e n  KV settin gs  from  about 
49 to 78 KV at 3 MA for m ean sam ple depths of 1. 75, 4 . 29, and 6 . 83 cm .

By c o l le c t in g  the data in this m anner, the iodine K X -r a y  in ten s ity  
could be d eterm in ed  by s im p ly  subtracting the w ater  sam ple  count rate  
from  the corresp on d in g  iodine sam ple count rate  and m ultiplying the 
d ifferen ce  by the appropriate  constants.

3. 2. 2 D efect L o ca l iza t io n

The g eo m etry  i l lu stra ted  in F igure 3-13  w as used  to make a p r e 
lim inary  in v es t ig a t io n  of "hot spot" and "cold spot" defect lo ca liza tion  
using f lu o r e sc e n t  X -r a y s .  A functional block diagram of the com plete  
sy stem  is  p re se n ted  in  F igure  3-14.

The d iam eter  of the p r im ary  X -ra y  beam for th ese  exp er im en ts  
w as r e s tr ic te d  by so u rce  co llim ation  to about 3 mm  at the defect location . 
This com bination  of exc ita t ion  source  and detector  co llim ation  uniquely  
defined the reg ion  of the b io log ica l phantom under investigation  and p r o 
vided a high s ign a l-to -b ack grou n d  intensity  ratio  at the detector.
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P ro p er  a lignm ent of the s y s te m  w as a c co m p lish ed  by the procedure  
d escr ib e d  in  the p reced in g  sec t ion . The gear  ratio  of the chrom atogram  
scan n er  w as s e le c te d  to provide a scanning sp eed  of 1. 27 c m / s e c  at the 
b ea m  tra ce  radius of 6 . 05 cm .

The s in g le -c h a n n e l  output of the TMC G am m ascope was fed  through  
the pu lse  invertin g  a m p lif ier  to a count rate m e te r  which provided  the d e 
f le c t io n  voltage for the s tr ip  chart r e c o r d e r  on the chrom atogram  scanner.  
As with the concentration  s e n s it iv ity  m e a su r e m e n ts ,  d e fec t  depth w as  
s im u la ted  by using overburden layers  of 0 . 6 3 5 -c m -th ic k  luc ite  sh eet .

To com plete  a s in g le  trace  scan  of the "hot spot" defect phantom, 
the phantom w as m ounted on the chrom atogram  support cone so that the 
l in ea r  d efec ts  form ed  a rad ia l pattern  from  the cen ter  of the spindle. With 
the chrom atogram  scanner turned on and the X -r a y  m achine se t  at 78 KV- 
3 MA, the scan  was in it ia ted  with a lea d -in  t im e  of about 90 s e c  to reco rd  
background s ign a l in ten sity  before  the f ir s t  defect en tered  the excita tion  
beam . A fter a l l  four d efects  p a s se d  through the excitation  beam , the scan  
w as term inated  and a 0. 6 3 5 -c m -th ic k  sh eet  of lucite  was added to the o v e r 
burden to e sta b lish  a new defect depth. This proced ure  was rep ea ted  until 
the d efect s ign a l could no longer  be d istin gu ish ed  from  variation s in the 
background count rate.

The sam e scanning procedure was u sed  for the "cold spot" defect  
phantom.

3. 2. 3 D o sim etry

The exp erim en ta l g eo m e tr ie s  i l lu s tra ted  in F ig u r es  3 -15a, b, and 
c w e r e  used  to e s ta b lish  the dependence of p r im a ry  X -r a y  dose rate on 
X -r a y  m achine KV setting, d istance from the X -r a y  tube fo ca l  spot, and 
lu c ite  overburden th ick n ess , resp ec t iv e ly .  In each  of th ese  ex p er im en ts ,  
a V ic to reen  Instrum ent Co. Model :>26 con d en ser  r -m e te r  was used  to 
m e a su r e  exposure  dose during a tim e in terv a l that w as con tro lled  by the 
X -r a y  m achine on-off switch. This cham ber is  designed  so  that the th ick 
n e s s  and com position  of the w a ll  an'd e lec trod e  m a ter ia ls  produce a ir  - 
equivalent energy  resp o n se  from 30 to 400 kev (e ffec t ive  energy) with a 
rated  accu racy  of ±10%. Radiation d o s im etry  data w ere  req u ired  to c a lc u 
late the iodine K -s e r ie s  f lu o rescen t  X -ra y  in ten sity  per unit surface dose  
rate under various exp erim en ta l conditions and to e s t im a te  the e ffect ive  
en ergy  of the excita tion  beam . The lucite attenuation m ea su rem en ts  a lso  
provided  an indication of the depth dose rate  distribution in  the b io lo g ica l  
phantom .
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F ig u re  3-15  G eom etries Used fo r  D osim etry  M easurements



SECTION 4

DATA REDUCTION AND EXPERIMENTAI RESULTS

4 .1  DEPENDENCE OF FLUORESCENT X-RAY INTENSITY ON TRACER ELEMENT CONCEN
TRATION AND ORGAN DEPTH

The r e s u l t s  from b o th  th e  c o n c e n tra t io n  s e n s i t i v i t y  and dosim etry  ex

p e rim en ts  w ere used  to  c a l c u la t e  th e  f lu o r e s c e n t  X -ray in t e n s i t y  p e r  u n i t  
s u r fa c e  dose  r a t e  as  a fu n c t io n  o f  t r a c e r  e lem ent c o n c e n tra t io n  and organ d ep th .

The e x p e r im e n ta l d a ta  f o r  each f lu o r e s c e n t  X -ray i n t e n s i t y  measurement 
c o n s is te d  o f te n  1-m in s c a t t e r e d  r a d ia t io n  coun ts from a  w a te r  sam ple and te n
1-min c o u n ts , under th e  same e x p e rim e n ta l c o n d i t io n s , from a sam ple c o n ta in in g  
a known c o n c e n tr a t io n  o f io d in e .  S ince a la rg e  number o f  such m easurem ents 
w ere made, a  program  was w r i t t e n  f o r  th e  U n iv e rs i ty  o f Oklahoma IBM 360/40 
com puter to  c a l c u la te  th e  av e ra g e  count r a t e  from each sam ple, th e  d if f e r e n c e  
count r a t e  betw een each  s e t  o f  sam p les , and th e  ex p e rim e n ta l s ta n d a rd  d ev ia 
t i o n s .  The r e s u l t s  of th e s e  c a lc u la t io n s  a re  p re s e n te d  g ra p h ic a lly  in  F ig u re  
4 -1 , and exam ple d a ta  f o r  a s in g le  p o in t  on t h i s  graph a re  l i s t e d  in  T ab le  4 -1 .

Smooth cu rves  drawn th ro u g h  th e  e x p e rim e n ta l d a ta  p o in ts  in  F ig u re  4-1 
w ere o b ta in e d  by f i r s t  c a l c u la t in g  th e  q u a n t i ty  I ^  (4ttR^)/I^A ^  from E q u a tio n
2-62A f o r  s e v e r a l  assumed m onoenerge tic  e x c i t a t io n  so u rce  e n e rg ie s .  Those 
cu rves w hich p ro v id e d  th e  b e s t  agreem ent w ith  th e  e x p e rim e n ta l r e s u l t s  w ere 
th en  n o rm a lize d  to  th e  e x p e rim e n ta l d a ta  p o in ts  fo r  an io d in e  c o n c e n tra tio n  

of 50,000 ppm. S in c e  a h e a v i ly  f i l t e r e d  co n tin u o u s r a d ia t io n  spectrum  from 

an X -ray tu b e  o p e ra t in g  a t  78 KVP w i l l  have a  peak  in t e n s i ty  a t  about 52 keV 

th e se  v a lu e s  do n o t seem u n re a so n a b le .

I t  i s  a p p a re n t from F ig u re  4 -1  and T ab le  4-1  th a t  i n s t a b i l i t i e s  in  th e  

prim ary  X -ray  s o u rc e  and d e te c to r  e le c t r o n ic s  and a h ig h  s c a t t e r e d  r a d ia 

t io n  I n t e n s i t y  r e s u l t e d  in  la rg e  e x p e rim e n ta l s ta n d a rd  d e v ia t io n s  a t  low 

io d in e  c o n c e n tr a to n s . The im p o rtan ce  o f  t h i s  i s  c l e a r ly  dem onstra ted  by 

th e  io d in e  K X -ray count r a t e  d a ta  in  T ab le  4 -1  w hich show an e x p e rim en ta l

117
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F igu re  4 - 1  Iodine K X -R ay  Count Rate as  a Function of Iodine 
C oncentration  for S e v era l  Sam ple Depths
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TABLE 4 -  1

EX AM PLE IODINE K X -RAY INTENSITY DATA

Sam ple Mean Depth: 4. 29 cm

Iodine Concentration: 3, 125 ppm

W ater Sam ple Iodine Sam ple
Count (1 min) Count (1 min)

1 6 9 ,0 0 5  7 3 ,112

2 6 8 ,7 1 6  72, 523

3 6 9 ,1 0 8  72 ,636

4 6 9 ,0 2 6  72, 680

5 6 8 ,9 5 8  7 2 ,9 2 2

6  6 8 ,4 1 5  7 3 ,4 8 8

7 68 ,267  72 ,615

8  6 8 ,302  72 ,575

9 6 8 ,500  72, 649

10_____________________________69, 047_________________________ 72, 236

A verage Count Rkte and
E xperim en ta l Standard D eviation  6 8 , 734 ± 335 cpm 72, 745 ± 350 cpm

D ifferen ce  Count Rate
and E xperim en ta l Standard Deviation: 4 ,0 0 1  ± 485 cpm  

Total Water Sample Count: 687, 340 counts  

Total Iodine Sam ple Count: 7 2 7 ,4 5 0  counts  

D ifferen ce  Count Rate and VN: 4, 00 1 ± 63.5 cpm
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s ta n d a rd  d e v ia t io n  th a t  i s  o v er fo u r  tim es g r e a te r  th a n  would b e  ob
ta in e d  (/N) i f  th e  in s tru m e n ta t io n  w ere p e r f e c t ,  and th e  s c a t t e r e d  
X -ray i n t e n s i t y  n e g l ig ib l e .

Since  the d istance betw een  the X -r a y  tube ta rg e t  and the b io lo g ica l  
phantom w as changed for each  sam ple  depth, the a ir  d ose  rate at the 
phantom su r fa ce  in each  position  w as determ in ed  by f ir s t  m easu r in g  the 
va r ia tio n  in a ir  dose  with d istance from  the X -r a y  tube target. The  
r e s u lt s  of th ese  m ea su r em e n ts  are  p resen ted  in F ig u re  4 -2  and a re   ̂
co n s id e re d  accu ra te  to about ± 10%. To fa c il i ta te  extrapolation , a 1 /r  
dependence w as a s su m e d  and the exp erim en ta l data w e re  found to be 
su itab ly  d e scr ib e d  by:

D = — (r /m in )  (4 -1 )

w here r is  in inches.

The iodine K X -r a y  in ten sity  m ea su rem en ts  from  Figure 4 -1  w e re  
divided by the appropriate a ir  dose ra tes  at the phantom surface  to 
con stru ct  the cu rv es  shown in F igure  4 -3 .  It should be noted that the  
ordinate in F igu re  4 -3  is  lab e led  a s  the iodine K X -r a y  intensity  per  
unit su r fa ce  dose rate, w h ereas  only a ir  dose ra tes  at the su r fa ce  w ere  
actua lly  m ea su red . This d irec t  con vers ion  of units is  ju st i f ied  in th is  
c a se ,  s in ce  the uncertainty in the a ir  dose  rate m ea su r em e n ts  (± 1 0 %) 
w as g r ea ter  than the d ifference  between the ab sorb ed  dose per rontgen  
and the ab sorb ed  dose per rad in Incite (~7%).

Since the exp erim en ta l g eom etry  used  for th ese  m e a su rem en ts  is  
quite s im ila r  to that shown in F igure 2 -3 ,  Equations 2 -1 6 , 2 -2 9 ,  and
2-31  can be com bined to obtain the following e x p r e s s io n  for the iodine  
f lu o re sce n t  X -r a y  count rate per unit surface  dose rate:

C k 6 . 2 5 x 1 o ' ' ( , R ^ ) a ^ £ ^
1 - e

(4-2)



79 KVP, 3 MA,
1. 75 m m  Al equivalent f i l t e r

14

1710D =

o 1 0

1312 1511 1410

N3

D istan ce  F r o m  F o c a l  Spot (inches)

F ig u re  4 -2  D ependence of A ir  D o se  Rate on D is ta n ce  F ro m  X -R ay  Tube T arget



122
S a m p l e
M e a n  D e p th  ( c m )

O E x p e r i m e n t a l  
— T h e o r e t i c a l

1. 75

3. 02

M3CO 5. 56

MilCL
6. 83

c3O
O

c
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Iodine Concentration for S e v era l  Sam ple Depths
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In th is  c a s e ,  approxim ate va lu es  of the energy-in d ep en d en t te r m s
are:

2 2 
ttR j = e ffec t iv e  c o ll im a to r  reso lu t ion  a rea  = 0 .9 5 4  cm

= d etec to r  open a rea  = 0 .3 7 6  cm^

2
e = d e tec to r  e f f ic ie n c y  ~  1 0 0  % cm

K

2
CO = iodine f lu o re sce n c e  y ie ld  = 0 . 8 8

K

Zr ^  = iodine absorption  jump ratio  = 6 .3 4

(j) = p r im a ry  X -r a y  in c id en ce  angle = 60°

X^ = sam ple  depth + 0 .0 , 1.27, 2.54, 3 .81 , 5.08, 6.35 cm

X^ - X^ = sam ple  th ick ness  = 3 .3  cm  

R = sa m p le -d e tec to r  d istan ce  = 26. 7 cm

The e ffec t iv e  co ll im a to r  reso lu tion  a rea  (irR^), w as determ ined from  
F igure  3 -7  using the in tegration  scherhe i l lu s tr a te d  in F igu re  4 -4 . This  
was a c co m p lish ed  by m ultiplying the in crem en ta l  a rea  dA at a radius r 
from  the foca l point in the foca l plane by the re la t iv e  resp o n se  at this
radius, r| (r), and integrating  the product ov er  r from  r = 0 to r = R , the
reso lu t io n  radius .

R r
TT R^ = y  T| (r) • 2 IT r dr (4-3)

0

F or s im p lic ity ,  it  w as a ssu m ed  that t) (r) could be d escr ib e d  by the straight  
line ■' -

r | ( r ) = l - 3 . 3 3 r  (4-4)

for which the e ffect ive  co llim ator  reso lu t ion  a rea  is  0. 607 cm^.
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R ela tiv e
R esp o n se

dr

dA

F ig u re  4 -4  G eom etry  for C alculating E ffec tive  
C ollim ator  R eso lu tion  A rea
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E van s (Ref. 51) has  shown that if  the so u rce  i s  sp h er ica l  in stead  of p lanar, 
the e ffec t iv e  c o l l im a to r  reso lu t ion  a rea  should be in c r ea se d  by the ratio
0. 107 R p /0 .0 6 2 5 .  Since the cy lin d rica l sam ple  h o ld ers  for th ese  e x p e r i 
m ents  w ere  m o re  n e a r ly  sp h er ica l  than planar, the e ffect ive  co l l im a to r  
r eso lu t ion  a rea  w as taken as 0 .9 5 4  cm^.

If Equation 4 - 2  i s  c o r r e c t  one should be able to ca lcu la te  the f lu o r e s 
cent X -r a y  count p er  unit surface  dose  from  the en ergy  spectru m  of the 
exc ita tion  s o u r c e .

To substantiate  th is  line of reason in g  and in turn to varify  the th e o 
r e t ic a l  ca lcu la tion s  p r esen ted  in Section  2, the en ergy  spectru m  of the 
e x c ita tion  so u rce  u sed  in th ese  ex p er im en ts  w as m ea su red  by p lac in g  the 
sc in t i l la t io n  d e tec to r  250 cm  from  the X -r a y  tube foca l spot and co v er in g  
a l l  h o le s ,  ex cep t the cen ter  h o le , of the d etec tor  co ll im a to r  with 0. 0 9 4 - in . - 
th ick  lead  sh eet .  The m ea su red  en erg y  sp ectru m  divided into 5 -k e v  en ergy  
in ter v a ls  i s  p re se n ted  in F igure  4 -5 .  F or  ca lcu lation  p u rp oses , a l l  of the 
p r im a ry  photons in each energy  in terv a l w ere  a ssu m ed  to have the m ean  
energy  of that in terv a l  and the sp ectru m  was c o r r e c te d  to an a ir  attenua
tion path length of 35 cm  as indicated by the dotted l in es  in F ig u re  4 -5 .
It should be noted at th is  point that Equation 4 - 2  is  only applicable for  
p r im a ry  X -r a y s  with e n e r g ie s  grea ter  than the K -absorption edge en erg y  
of the tr a c e r  e lem en t .  A ca lcu lation  procedure m ust th ere fo re  be d e v ised  
which properly  accounts for the radiation dose  d e liv ered  to the b io lo g ica l  
s y s te m  by low en ergy  pr im ary  X -r a y s  (Ej < ^K-abs^" ^  equation form ,  
a suitab le  p roced u re  can be defined as fo llows:

K
D

' 1 m ax

^ 1  ^ K -a b s

' 1  m ax

I
E =E, .

1 1 m in
L=1

A .  i.

(counts /  mrad) (4-5)

H ere , Ij denotes the fractional in ten sity  of p r im ary  X -r a y s  with en erg y  
E l ,  and (C ^ /D )' is  the f lu o rescen t X -r a y  in ten sity  per unit surface  dose  
rate ca lcu la ted  from  Equation 4 -2  for excita tion  energy  E^. F or  this  
a n a ly s is ,  a com puter  program  was w ritten  to ca lcu late  values of (C ^ /D ) ,
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I

and appropriate  va lues  for D/I^ and 1̂  w ere  obtained from  F ig u r es  2 - 1 0

and 4 -5 ,  r e s p e c t iv e ly .  V alues  o f C ^ /D  ca lcu la ted  by use  of this technique

for mean, sam p le  depths of 1 . 75, 4 .29 , and 6 . 83 cm  are  shown as dotted  
l in e s  in F ig u re  4 -3 .

The c lo s e  ag reem en t betw een  the exp er im en ta l  and th eoretica l r e su lt s  
is  fortu itous in v iew  of the num erous a ssu m p tion s  involved in the c a lcu la 
t ion s  and the e r r o r s  a s so c ia te d  with the exp erim en t. Important so u r ce s  of 
e r r o r  in  the th e o r e t ic a l  ca lcu la tion s  are  the a ssu m p tio n s  that were made 
concern in g  the d etec tor  co ll im a to r  reso lu tion  area , the en ergy  sp ectru m  
of the p r im a r y  X -r a y  b eam , the ex p er im en ta l  geom etry , and the atom ic  
p ro p er t ie s  of the b io lo g ica l  phantom. E r r o r s  in the ex p erim en ta l va lues

z  . . . ■of C ^ /D  could r e su lt  fro m  g eo m e tr ica l  m isa lig n m en t of the sy s te m  c o m 
ponents, in s ta b i l i t ie s  in the X -r a y  m achine and d e tec to r  e le c tr o n ic s ,  the 
s ta t i s t ic a l  nature of the accum ulated  data, a s  w e ll  a s  u n certa in ties  in  the 
dose  rate  m e a s u r e m e n ts .

2,

It should be noted that the va lues  of C /D  p resen ted  in F igure 4 -3

are 15 to 20 t im e s  s m a l le r  than the va lues  ca lcu la ted  from  Equation 4 -2  
for a 3 5 -k ev  m o n o en erg e tic  excita tion  so u rce  under th ese  sam e e x p e r i 
m ental conditions.

4 . 2  DEPENDENCE OF FLUORESCENT X-RAY INTENSITY ON 
EXCITATION ENERGY

In th is  s e r i e s  of e x p er im en ts ,  the dependence of the iodine f lu o rescen t  
X -r a y  count rate on X -r a y  machine KV setting at 3 MA was m easu red  for  
a sa m p le  contain ing 2 .5  x  10^ ppm I at m ean sam ple  depths of 1. 75, 4. 29, 
and 6 . 83 cm . The r e s u lt s  of th ese  m ea su rem en ts  are  p resented  graphi
c a l ly  in F ig u re  4 -6 .  The calcu lated  exp erim en ta l standard deviations are  
ind icated  by v e r t ic a l  bars  through each data point, and horizonta l bars  
ind ica te  the e s t im a te d  uncerta inty  in reading the KV m eter  (± 1 kev). The 
dotted c u r v es  on this graph were obtained by norm aliz in g  Blokhin's (Ref. 1) 
em p ir ic a l  equation;

4
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to the e x p er im en ta l  data points at (V - ^j^-abs^ “ 36 kev. This en erg y  
w as s e le c te d  for  norm aliza tion  b eca u se ,  th eo r e t ic a l ly ,  the dotted c u r v es  
should fa ll  b e low  the m ea su red  va lu es  of as the X -r a y  tube vo ltage  i s

in c r e a s e d  beyond the tungsten ta rg e t  K ex c ita tion  le v e l  (69 .5  1 kev). Above  
th is  en erg y  le v e l ,  the iodine K -se  r ie s  f lu o r e sc e n t  X -r a y  ex c ita tio n  by the 
continuous sp ectru m  i s  supplem ented by tungsten  target K X -ra y  e x c ita t io n  
which i s  d e s c r ib e d  by the dependence:

‘k  " -  ^K-abs>'-

Such an e ffec t  is  noticeab le  on the two lo w er  cu rv es  w here the continuous  
sp ectru m  i s  h ea v ily  f i l tered  by overburden Incite , but at th ese  vo ltage  
l e v e l s  only a sm a ll  fraction  of the ex c ita tio n  i s  provided by tungsten  t a r 
get K X -r a y s .

The ex p er im en ta l  data p resen ted  in  F ig u re  4 -1  indicate that the e f f e c 
tive  exc ita t ion  en erg y  in c r e a s e d  from  about 40 to 50 kev a s  the sam p le  
m ean depth in c r e a s e d  from  1 .75  to 6 . 83 c m . One would th ere fo re  exp ect  
reason ab ly  good agreem en t betw een the iodine K X -r a y  count rate and the 
in ten sity  of 4 5 -k ev  X -r a y s  in  the continuous spectru m  which can be c a lc u 
la ted  fro m  Equation 2 -7 8 . This  dependence is  ind icated  by the so l id  cu rv es  
in F igu re  4 -6  w here  the th eo re t ica l  ca lcu la tion s  w ere  again n o r m a lize d  to 
the data points at (V - abs^ ” 36 kev.

Both of the calcu lation  proced u res  d e scr ib e d  above provide r e s u lt s  
that are in good agreem en t with the e x p e r im en ta l  data over  the KV range  
used  in th ese  ex p er im en ts .

To d eterm in e  the iodine K - s e r ie s  f lu o re sce n t  X -ra y  in ten sity  per unit 
surface  dose  rate as  a function of X -r a y  m achine KV setting, a ir  dose  rates  
w ere  m e a su red  for s e v e r a l  KV settin gs  at 3 MA using the g eo m etry  i l l u s 
trated  in  F ig u re  3 -1 5 . The resu lts  of th ese  m ea su rem en ts  are shown in  
F igure  4 -7 .  The sm ooth curve through the data points was obtained by 
norm aliz in g  the equation

M
D = K V (4-6)

to the dose rate  m ea su rem en ts  at 49 and 69 KV. A ssum ing  that th is  dose  
rate dependence on voltage does not qhange appreciably  with d istan ce  over



130

11

10

d
• Ha
h
(U ■u 
(i 
«  
d)

— r
— /l o i
—

— i - e -/
- /

T 21 X 10 , y 2 . 4 7

— yy/
L . ,  1 1 .. i 1 1 . . 1. . . _ L _  L

50 60 70
KV Setting on X -ra y  M achine

80

F ig u re  4 -7  Dependence of A ir D ose Rate on X -R ay M achine KV Setting



131

the sh o r t  range of in te r e s t  in  th is  application , one can  u se  the r esu lts  
p r e se n te d  in  F ig u r e s  4 - 2 ,  4 -6 ,  and 4 - 7  to ca lcu la te  the dependence of the 

Zratio  C /D  on X - r a y  tube vo ltage . The r e su lt s  o f  th ese  ca lcu la tion s  are  
K

p r e s e n te d  in  F ig u re  4 - 8 .  The sm ooth  c u r v e s  on th is  graph w ere  c a lc u 
la te d  fr o m  the equation

n o r m a lize d  to the exp erim en ta l data points at (V - E ) = 36 kev.
2  K -ab s

T h ese  r e s u l t s  show a gen era l  in c r e a se  in C ^ /D  with in creas in g  X -r a y  
tube v o lta g e .

4. 3 D E F E C T  LOCALIZATION

P r e l im in a r y  ex p er im en ts  w ere  conducted to exam ine "hot spot" and  
"cold spot" defect lo ca liza t io n  using com bin ed  excita tion  source  and X -r a y  
detector  co ll im a t io n  with the geo m etry  i l lu s tra ted  in F igure 3 -1 3 . The 
r e s u l t s  o f  th ese  ex p er im en ts  are  p resen ted  in F ig u r e s  4 -9  and 4 -1 0 .

The "hot spot" d efect phantom scan s  in F igure  4 -9  show that the
0. 2 5 - c m -d ia m e te r  defect can be su itab ly  defined at a depth of 3. 49 cm  
and that the 0 . l 8 - c m -d ia m e te r  defect is  c le a r ly  v is ib le  at a depth of
1. 59 cm . R e su lts  of subsequent ex p er im en ts  using th is  sam e equipment  
with a new d etector  co llim ator  show that the 0. 2 5 -c m -d ia m e te r  defect  
can s t i l l  be r e s o lv e d  at a depth of 5. 4 cm  (Ref. 52 ).

It can be seen  in F igure 4 -1 0  that the "cold spot" defect produced  
a s ign if ican t d e c r e a se  in count rate for d efect depths up to 3. 35 cm . 
H ow ever, at g r ea ter  depths the change in count rate at the defect could  
not be d is t in gu ish ed  from  background count rate v ar ia tion s.

The r e s u lt s  p resen ted  h ere  a r e  only p re lim in ary , and sev e r a l  
changes in ex p er im en ta l  equipment and techniques could be made to 
im p rove  the delineation  of tracer  e lem en t d istr ibutions in a b io log ica l  
s y s te m . F or  exam ple , a substantial im p rovem en t would resu lt  from  
the use  of a m on oen ergetic  excita tion  sou rce  with an energy  that just
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e x c e e d s  the K -ab sorption  edge en ergy  of the tr a cer  e lem en t.  Such a 
so u r ce  would provide an in c r e a s e  in the s ig n a l-to -b ack grou n d  in ten sity  
ratio  at the detector  with a lo w er  dose  rate  to the b io lo g ica l  s y s te m .
In addition , with an ex c ita t ion  so u rce  of th is  type m any of the C om pton- 
s c a t te r e d  p r im a ry  photons would not have su ffic ient en ergy  to e x c ite  
K - s e r i e s  f lu o rescen t  X -r a y s  in the tra cer  e lem en t .  This would l im it  
the e ffe c t iv e  d iam eter  of the exc ita tion  beam  and im prove reso lu t ion .
Other re f in em en ts  include the u se  of a radiation detector with b e tter  
en e rg y  reso lu t ion  and a so u r c e -d e te c to r  configuration  that would m a x im ize  
the f lu o re sce n t  X -r a y  count per unit su rface  dose .

In sp ite  of the l im ita t io n s  of the equipm ent u sed  for th ese  
e x p e r im e n ts ,  the r e su lt s  a re  v e r y  encouraging and indicate the need  for  
continued ex p erim en ta l w ork  in th is  area .



SECTION 5 

SUMMARY

The app lica tion  of f lu o rescen t  X -r a y  techniques to b io log ica l stud ies  
i s  not new. A num ber of in vest iga tion s  have been rep orted  (Ref. 21 y 53 - 6 6 ) 
in w hich  bone, t i s s u e ,  and blood sa m p les  w ere  ch em ica lly  an a lyzed  using  
X -ray  f lu o r e s c e n c e  sp e c tro sco p y .  H ow ever, in each  c a se ,  the sa m p les  w e re  
e x tr a c te d  from  the b io log ica l sy s te m  pr ior  to a n a ly s is  and in many  
in s ta n c e s ,  the sa m p les  w e re  ch em ica lly  p r o c e s s e d  to in c r e a se  the 
concen tration  of the trace  e lem en ts  being studied.

The r e su lt s  obtained in this p re lim in a ry  exp erim en ta l program  
v e r i f y  a number of the th eo re t ica l  concepts and s e m ie m p ir ic a l  equations  
p resen ted  in Section  2, and indicate that ex tern a lly  e x c ited  h ig h -Z  
tr a c e r  e lem en t  f lu o re sce n t  X -r a y s  could be useful for som e types of  
in vivo b io lo g ica l  and m ed ica l in vest iga tion s  that a re  p resen t ly  being 
conducted with  rad ioactive  t r a c e r s .  An ex ten s iv e  r e se a rc h  effort,  
h o w ever , involving c lo se  cooperation  betw een ph ysic ian s, p h y s ic is ts ,  
e n g in e e rs ,  and p h arm aceutica l c h e m is ts  w ill  be required  to fully  
evaluate  the u se fu ln ess  of this technique.

T h ree  m ajor ob ject ives  in designing a f lu o rescen t X -ra y  
instrum entation  sy s te m  for conducting in v ivo  b io log ica l and m ed ica l  
stud ies are:

1. To obtain a f lu o re sce n t  X -r a y  s igna l of su itab le  in ten sity  from  
a lo c a l iz e d  reg ion  of the b io lo g ica l  s y s te m  with a m in im um  
radiation  d ose  rate

2. To sep arate  the f lu o rescen t  X -r a y  signal from  background  
"noise"

3. To p r o c e s s  and d isp lay  the inform ation obtained in such a 
m anner that it is  ea sy  to understand and interpret.

136
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These ob jec tives  can only be accomplished by ensuring that the exc ita 

t io n  source, the f lu orescen t X-ray d etec tor , and the source-detector geo
metry are s e le c te d  to  achieve optimum performance under the constraints  

imposed by the b io lo g ic a l  system. I t  i s  p oss ib le  therefore that a number 

of instrumentation systems or modifications of a particu lar  system w i l l  

be needed to  perform d if fe re n t  types of in v est ig a tio n s .

Fortunately, much of the technology required for the application  

described in  th is  report has been estab lished  for fluorescent X-ray 

chemical a n a ly s is ,  nuclear medical s tu d ie s ,  and rad io log ica l d ia g n o st ics . 

A wide variety  of e x c i ta t io n  sources and fluorescent X-ray d etectors , as 

w ell as the techniques for  using these devices to maximum advantage, have 
been developed through severa l years of research in the f i e ld  of fluores

cent X-ray chemical a n a ly s is .  Medical radioactive  tracer studies with 

both sta tion ary  and scanning detection  systems have provided an exce llen t  

understanding of the problems associated  with data acq u is it ion  and in ter 
preta tion  In add ition , high-Z elements ( e .g .  iodine and barium) have 

been used ex ten s iv e ly  to improve contrast for rad io log ica l d iagnostic  

procedures. By combining the basic  technologies that e x is t  in  these  

three separate d is c ip l in e s  and making the necessary m odifications in  ex

perimental equipment and techniques, i t  i s  f e l t  that a new and useful  
method o f  studying organ c ircu la t io n ,  function, and structure in  vivo can 

be developed.
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