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THERMOLUMINESCENT RESPONSE 

OF LITHIUM FLUORIDE TO 

HIGH ENERGY PHOTONS

CHAPTER I 

INTRODUCTION

The unique p r o p e r t ie s  o f  lith iu m  f lu o r id e  have made i t  

th e  most w id e ly  used therm olum inescent d osim eter  m a te r ia l.

Some o f  th e  p r o p e r t ie s  th a t  have made t h i s  m a te r ia l s u it a b le  

fo r  a l l  a re a s  o f  r a d ia t io n  d osim etry  have been w e l l  docu

mented and in c lu d e  v/ide range o f  ex p o su res , dose r a te  in d e 

pendence, approxim ate t i s s u e  e q u iv a le n c e , lon g  term resp on se  

r e te n t io n , a ccu ra te  measurement o f  v a r io u s  q u a li ty  r a d ia t io n s ,  

approxim ation  o f  an id e a l  " p oin t d e te c to r ,"  h igh  p r e c is io n ,  

and e s s e n t i a l  energy independence. These p r o p e r t ie s  make 

l ith iu m  f lu o r id e  ex trem ely  u s e fu l  in  m edicine and th e  s c i 

en ces where th e  q u a n tity  o f  absorbed d ose  in  a medium i s  d e

s ir e d .

I d e a l ly ,  a d osim etry  system  fo r  m easuring absorbed dose  

in  a  medium should  have a f l a t  resp o n se  w ith  en ergy , b ecause  

th e  energy o f  exposure can vary over a v/ide range and th e  en

ergy spectrum  w ith in  a medium w i l l  vary fo r  a g iv en  exp osu re. 

Although lith iu m  f lu o r id e  has a r e l a t i v e l y  f l a t  energy r e 

sponse when compared to  o th er  d osim etry  sy stem s, i t  does ex 

h ib i t  a n o t ic e a b le  energy dependence a t  low k i lo v o lta g e  en

e r g ie s .  P ub lished  r e p o r ts  on therm olum inescent resp on se  o f

1
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l ith iu m  f lu o r id e  t o  e n e r g ie s  in  t h i s  range are c o n s is t e n t  

and a l l  v e r i f y  t h i s  dependence.

With th e  in c r e a s in g  u se  o f  m egavoltage r a d ia t io n  in  

m ed icin e , i t  i s  im portant th a t  th e  therm olum inescent resp on se  

o f  lith iu m  f lu o r id e  be w e ll  understood  in  t h i s  h ig h er  ran ge.

At m egavoltage e n e r g ie s ,  th e  resp on se o f  lith iu m  f lu o r id e  

has been g e n e r a lly  assumed t o  be f l a t .  However, s e v e r a l  

re c e n t in v e s t ig a t io n s  have been o r ie n te d  to  th e  therm olum ines

cen t resp on se  o f  l ith iu m  f lu o r id e  t o  X -ray and e le c tr o n  en er

g ie s  t o  35 T-ev, R eports o f  th e se  works are n ot c o n s is t e n t .  

S evera l in v e s t ig a t o r s  have rep orted  a d ecrea se  in  resp on se  

w ith  in c r e a s in g  en erg y , v/hereas o th e r s  have n ot observed  t h i s  

d ecrea se .

The purpose o f  t h i s  study was th e r e fo r e  t o  in v e s t ig a t e  

th e  therm olum inescent resp o n se  o f  l ith iu m  f lu o r id e  to  mega

v o lta g e  photon r a d ia t io n  and t o  exten d  th e  cu rren t inform a

t io n  t o  65 Mev,

A therm olum inescent d osim eter made o f  100^ lith iu m  

f lu o r id e  w ith  d im ensions o f  1 mm x 1 mm x 6 mm i s  v /idely  

used in  r a d ia t io n  therap y d osim etry . For t h i s  rea so n , t h i s  

form o f  lith iu m  f lu o r id e  was s e le c te d  fo r  t h i s  stu d y .

The r a d ia t io n  source was a 70 Mev synchrotron  operated  

by th e  Department o f  R a d io lo g ic a l S c ie n c e s  o f  th e  U n iv e r s ity  

o f Oklahoma M edical C en ter. The X -ray beam from t h i s  machine 

was used t o  ir r a d ia te  a s e m i- in f in i t e  v/ater phantom in  which 

th e  d o sim eters v/ere p la c e d .



3
Therm olum inescent and fe r r o u s  s u l f a t e  d osim eters were 

ir r a d ia te d  s im u lta n eo u sly  a t  th e  fo llo v /in g  en erg ies*  35 Mev, 

50  Mev, and 65  Mev, They v/ere p o s it io n e d  in  th e  phantom a t  

th e  depth o f maximum dose fo r  each en erg y . The fe r r o u s  s u l 

f a t e  d o sim eters v/ere used t o  e s t a b l i s h  th e  therm olum inescent 

resp on se per rad o f  absorbed dose a t  each  energy. These 

v a lu e s  v/ere th en  norm alized  by th e  therm olum inescent resp on se  

p er rad o f  absorbed dose t o  c o b a lt - 6 0  gamma ir r a d ia t io n  t o  

e s t a b l i s h  th e  e f f e c t  o f  in c r e a s in g  photon energy on thermo

lu m in escen t r e sp o n se .



CHAPTER I I  

THERMOLUMINESCENCE

2 .1  P h y s ica l P ro c ess

Although th e  fundam ental th eo ry  o f  therm olum inescence  

i s  n o t f u l l y  knovm, th e  p h y s ic a l p ro c e ss  i s  q u a l i t a t iv e l y  

u nd erstood . T h is  has been documented by Schulman ( I 9 6 6 ) ,  

Fov/ler and A t t ix  ( I 9 6 6 ) ,  and Cameron e t  a l .  ( I 9 6 8 ) .  For 

th e  purpose o f  t h i s  stu d y , hov/ever, a  b r i e f  d e s c r ip t io n  o f  

th e  p h y s ic a l p r o c e s s  w i l l  be g iv e n  a s  a r e fr e s h e r  in  th e  

therm olum inescent p r o c e ss .

The energy l o s t  when io n iz in g  r a d ia t io n  i s  absorbed in  

m atter p red om inately  r e s u l t s  in  th e  e x c i t a t io n  and io n iz a t io n  

o f  o r b ita l  e le c t r o n s .  In  lith iu m  f lu o r id e ,  th e  io n iz e d  e l e c 

tr o n s  and th e  a s s o c ia te d  f r e e  h o le s  can be trapped in  m eta- 

s ta b le  energy s t a t e s  b e fo re  th e y  have a chance t o  r e tu rn  to  

ground s ta te  and recom bine. These tra p p in g  s i t e s  are l o c a l 

iz e d  d e fe c t s  and im p u r it ie s  v /ith in  th e  lith iu m  f lu o r id e  c r y s 

t a l  l a t t i c e ,  and are a t tr a c te d  by coulorabic fo r c e s  t o  th e se  

charged p a r t i c l e s .

Energy l e v e l  m odels fo r  thermolumine scen ce  in  lith iu m  

f lu o r id e  have been proposed by C r is ty  e t  a l ,  ( I 9 6 7 ) ,  and 

Mayhugh ( 1970) ,  Although th e  o v e r a ll  m odels d i f f e r ,  th e  

mechanisms proposed  share one fe a tu r e :  th a t  i s ,  therm olum i

ne sconce occu rs a f t e r  e le c t r o n s  trapped a t  anion v a c a n c ie s  

recombine w ith  h o le s .  These m odels show an energy b a r r ie r

4
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o f  betw een 12 ev  and 14 ev betw een th e  v a le n c e  band and con

d u c tio n  band, and th e  energy l e v e l  o f  trapped  e le c tr o n s  i s  

on th e  order o f  6 ev  below  th e  con d uction  band. The th e r 

m olum inescent p r o c e s s  i s  i n i t i a t e d  v/hen therm al energy i s  

p u t in t o  th e  l ith iu m  f lu o r id e  c r y s t a l .  U lt im a te ly , thermo

lum ine sc e n t  p h oton s are g iv e n  o f f  a f t e r  th e  trapped  e l e c 

tr o n s  tu n n e l through th e  energy b a r r ie r  to  recom bine v /ith  

h o le s  and re tu rn  t o  ground s t a t e .  Thus, th e  phenomenon o f  

therm olum inescence stem s from th erm a lly  s t im u la ted  r e le a s e  

o f  l i g h t  p h o to n s .

The p r o b a b i l i ty  o f  t h i s  mechanism i s  dependent on tem

p era tu re  ; in c r e a s in g  w ith  in c r e a s in g  tem perature. The th e r 

mal energy re q u ir ed  to  i n i t i a t e  t h i s  p r o ce ss  i s  la r g e  enough 

t o  p rev en t th e s e  trapped p a r t i c l e s  from r e tu rn in g  to  ground 

s t a t e  a t  room tem perature. By in c r e a s in g  tem perature, a l e v e l  

v / i l l  be reach ed  where e s s e n t i a l l y  a l l  trapped e le c tr o n s  w i l l  

be r e le a s e d  to  re tu rn  to  ground s t a t e .  T h erefo re , in c r e a s in g  

tem perature v / i l l  in c r e a se  therm olum inescent ou tp u t. I t  w i l l  

p a ss  through a maximum and th en  d ecrease  w ith  in c r e a s in g  tem

p era tu re  ,

The tem perature a t  which a g iv en  trap  v / i l l  empty i s  de

term ined  by th e  energy o f th e  m eta sta b le  s t a t e .  Lithium  

f lu o r id e  has f i v e  such c h a r a c t e r is t ic  m eta sta b le  s t a t e s  v/hich 

re q u ir e  d i f f e r e n t  l e v e l s  o f  therm al energy fo r  the r e le a s e  o f  

trapped  e le c t r o n s  and h o le s ,

A p lo t  o f  th e  l i g h t  ou tp u t, or therm olum inescence, a s  a
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fu n c tio n  o f  tem perature i s  c a l le d  a glow  cu rv e , A t y p ic a l  

glow  curve fo r  lith iu m  f lu o r id e  i s  shown in  F igu re 1 , The 

d if f e r e n t  peaks in  th e  glow curve in d ic a te  tr a p s  a t  d i f f e r e n t  

m eta sta b le  energy l e v e l s  p e c u lia r  only to  l ith iu m  f lu o r id e .

Zimmerman e t  a l ,  ( I 9 6 6 ) found th a t  a f t e r  ir r a d ia t io n  

th e  peaks decay e x p o n e n tia lly  a t  room tem perature w ith  th e  

fo llo w in g  h a l f - l i v e s :  peak 1 - f i v e  m in u tes, peak 2 - t e n  h ou rs,

peak 3 - o n e -h a lf  y e a r , peak 4 - seven  y e a r s , and peak 5 - e ig h ty  

y e a r s . Peaks 1 and 2 are n ot s u ita b le  fo r  p r a c t ic a l  dosim e

tr y  s in c e  t h e ir  h a l f - l i v e s  would in te r f e r e  w ith  an attem pted  

readou t a f t e r  ir r a d ia t io n .  Peaks 3 , 4 , and 5 are th e r e fo r e  

the most s u ita b le  f o r  dosim etry due to  t h e ir  lo n g  h a l f - l i v e s .

The am plitude o f  th e  peaks in d ic a te s  th e  r e la t iv e  propor

t io n  o f  trapped  p a r t i c l e s  a t  th a t  energy l e v e l .  The shape o f  

th e  glov/ curve i s  dependent on th e  h e a tin g  r a te  and i t s  u n i

form ity ; th e  s i z e ,  shape, and therm al c o n d u c t iv ity  o f  th e  p h os

phor; th e  reco rd in g  instrum ent used; the l e v e l  o f  exposure; 

th e  typ e o f  r a d ia t io n ;  the r a d ia t io n  and a n n ea lin g  h is to r y  o f  

the phosphor; and sp u r iou s e f f e c t s ,  A com plete survey o f  

th e se  e f f e c t s  has been documented by Cameron e t  a l ,  ( I 9 6 8 ) .

The u s e fu ln e s s  o f  lith iu m  f lu o r id e  a s  a r a d ia t io n  do

sim eter  i s  based on th e  f a c t  th a t  th e  l i g h t  em itted  v/hen th e  

phosphor i s  heated  i s  a fu n c tio n  o f  the number o f  trapped  

e le c tr o n s  and h o le s  w hich, in  tu rn , i s  determ ined by the  

r a d ia t io n  d ose . The t o t a l  thermolumine scen ce  em itted  i s  e s 

s e n t ia l ly  co n sta n t per u n it  o f  r a d ia t io n  d o se . The in te g r a te d
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area  under th e  glow cu rve i s ,  th e r e fo r e , a good rep ro d u c ib le  

measure o f  dose in fo rm a tio n ,

2 ,2  In stru m en tâti  on

The in stru m en ta tio n  used in  t h i s  study to  determ ine th e  

r a d ia t io n  dose r e c e iv e d  by lith iu m  f lu o r id e  d o sim eters was 

th e  Model TLR-5 Therm olum inescent D osim eter Reader manufac

tu red  by E b er lin e  Instrum ent Company, T h is i s  e s s e n t i a l ly  

a l i g h t  m easuring d e v ic e  which can supp ly  c o n tr o lle d  h ea t to  

th e  lith iu m  f lu o r id e  d o sim eters  and record  the in te g r a te d  

l i g h t  ou tput (E b er lin e  Instrum ent Company, I 9 6 9 ) ,

The d o sim eters are p laced  d ir e c t ly  in  a h ea ter  pan. When 

th e  readou t c y c le  i s  i n i t i a t e d ,  th e  h e a te r  pan i s  brought up 

q u ic k ly  to  th e  p reh ea t tem perature and rem ains th e re  fo r  the  

duration  o f  the p reh ea t tim e . T h is  a u to m a tica lly  a n n ea ls  out 

any u n sta b le  low tem perature peaks in cu rred  s in c e  the p re

v io u s  a n n ea l. During t h i s  p reh eat tim e no l i g h t  output i s  

recorded .

At th e  end o f  th e  p reh eat t im e , th e  h ea ter  pan tempera

tu re  i s  q u ic k ly  in c r e a se d  to  the read ou t tem perature, which  

i s  co n sta n t during rea d o u t, A g ra p h ic a l r e p r e se n ta t io n  o f  

th e  e n t ir e  readout c y c le  i s  shown in  F igu re 2 , The l i g h t  

g iv en  o f f  by the d o sim eters  during t h i s  tim e i s  sensed  by 

th e  p h o to m u lt ip lie r  tub e and con verted  to  cu rren t. T h is cu r

re n t i s  th en  con verted  to  p u ls e s  which are in te g r a te d  over  

th e  readout time and r e g is t e r e d  on th e  d is p la y . The in t e 

grated  p u lse  i s  p ro p o r tio n a l to  th e  r a te  o f  l i g h t  em iss io n .
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T h is in stru m en t has a range from 1 mR to  10^ R, The 

m anufacturer l i s t s  in strum ent background a t  2 5 *C to  be t y p i 

c a l ly  l e s s  than  th e  e q u iv a le n t  o f  10 mR,

The p reh ea t and readou t tim es and tem peratures w i l l  de

pend on th e  ty p e  o f  therm olum inescent m a ter ia l u sed . For 

l i th iu m  f lu o r id e ,  the m anufacturer recommends th e  fo llo v /in g  

range o f  s e t t in g s ;

P reh ea t t i m e , 10 secon ds  
P reh ea t t emperat ure , , , , , , , , , , , 140*C 
I n te g r a t io n  t i m e , 10 seconds  
I n te g r a t io n  te m p e r a tu r e , ,255*C

The m anufacturer a ls o  recommends fo r  dose measurements 

o f  l e s s  than  10 R, 0 ,5  l i t e r s  per m inute o f  n itr o g e n  gas  

should  f lo w  through th e  h ea te r  pan. T h is i s  n ece ssa ry  to  

reduce th e  n o n -r a d ia t io n  induced background therm olum ines- 

cen c e , A itk en  e t  a l .  ( I 9 6 7 ) su g g ested  th a t  the rem oval o f  

t h i s  background i s  due t o  th e  ab sen ce o f  oxygen r a th e r  than  

any s p e c i f i c  quenching a c t io n  o f  n itr o g e n . I t  was fu r th e r  

proposed by S varcer  and Fow ler ( 1 9 6 7 ) th a t  an oxygen atm os

phere can m odify the tr a p s  near th e  phosphor su r fa c e  by the  

a b so rp tio n  o f  oxygen on th e  phosphor. Oxygen has a  s tro n g  

a t t r a c t io n  f o r  e le c t r o n s  and would th e r e fo r e  trap  them by a 

stro n g  energy bond. They found t h i s  id e a  c o n s is t e n t  w ith  the  

f a c t  th a t  th e  lu m in escen ce em itted  from th e se  oxygen sa tu 

ra ted  s u r fa c e s  read out a t  a h ig h er  tem perature than th e  ra 

d ia t io n  induced  therm olum inescence,

V/ith an oxygen atm osphere, th e  background fo r  undosed  

l ith iu m  f lu o r id e  w i l l  t y p ic a l ly  g iv e  rea d in g s e q u iv a le n t  to
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100-300 mR (Iso top es/C on -R ad , I 9 6 8 ) ,  T h is  can , however, be 

reduced to  5-25  mR w ith  n itr o g e n  g a s . The standard d e v ia t io n  

o f  th e se  measurements d ecreased  by an order o f  m agnitude u sin g  

n itr o g en  g a s .



CHAPTER I I I  

CHARACTERISTICS OF LITHIUM FLUORIDE

3 .1  D osim eters Used in  Study

The lith iu m  f lu o r id e  d o sim eters  used  in  t h i s  study v/ere 

th e  1 ram X 1 mm X 6 mm h igh  s e n s i t i v i t y  ro d s m anufactured by 

Harshaw Chemical Company, These d o sim eters  are made w ith  

XOQffo l i th iu m  f lu o r id e  under c o n d it io n s  o f  c o n tr o lle d  tem

p era tu re  and p r e s su r e . In  a d d it io n  to  th e  c h a r a c t e r is t ic s  

l i s t e d  l a t e r  in  t h i s  ch a p ter , th ey  are o p t ic a l ly  tr a n sp a r e n t, 

rugged, and ea sy  t o  hand le. T h eir s i z e ,  co m p o sitio n , and 

c h a r a c t e r i s t i c s  made them id e a l  fo r  t h i s  stu d y ,

Tv/o ty p e s  o f  ro d s , based  on th e  i s o t o p ic  abundance o f  

l ith iu m  f lu o r id e ,  were u sed , Harshaw q u o te s  th e  co m p o sitio n s  

a s  fo llo w s :  TLD-100 c o n ta in s  7 .5^  l i t h iu m - 6 and 9 2 , l ith iu m -

7 , and TLD-700 c o n ta in s  0 ,0 0 7 #  lith iu m -6  and 99.993# l i th iu m -7 .  

The u se  o f  th e s e  two ty p e s  o f  lith iu m  f lu o r id e  enab led  th e  

d isc r im in a t io n  o f  neutron and photon ex p o su res . T h is te c h 

n ique i s  d isc u sse d  l a t e r  in  t h i s  chapter

3 .2  P o in t  D etec to r

Only a  few  m illig ra m s o f  lith iu m  f lu o r id e  are req u ired  

in  order t o  make a  measurement (E ndres, I 9 6 5 ) ,  The Harshaw 

high  s e n s i t i v i t y  rod s (1 mm x 1 mm x 6 mm) co n ta in  ap p rox i

m ately  16  mg o f lith iu m  f lu o r id e .  T h is volume i s  s e v e r a l  

ord ers o f  m agnitude l e s s  than o th er ty p e s  o f  d o sim eters and 

can be co n sid ered  a "point d etecto r"  fo r  many a p p lic a t io n s ,

12
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3 .3  High S e n s i t i v i t y

Harshaw q u o te s  th e  measured standard d e v ia t io n  in  th e r 

m olum inescent s e n s i t i v i t y  w ith in  a g iv e n  b a tch  o f  h igh  s e n s i 

t i v i t y  rod s to  be between Z’fo and o f  th e  mean a t  1 r o e n t

gen ex p o su re , A g r e a te r  s e n s i t i v i t y  than  th e s e  v a lu e s  Ccin 
be o b ta in ed  by m atching d o sim eters o f  l i k e  mean resp onse  

w ith in  th e  b atch  u sed .

3 .4  T issu e  E q u iv a len t

The e f f e c t i v e  atom ic number fo r  p h o to e le c t r ic  a b so rp tio n  

in  lith iu m  f lu o r id e  i s  8 .1 4 . T h is compares fa v o ra b ly  w ith  

a ir  (Z = 7 , 6 4 ) ,  and t i s s u e  and w ater (Z = 7 . 4 2 ) ,  The r a t io s  

betw een th e  mass a b so rp tio n  c o e f f i c i e n t s  fo r  lith iu m  f lu o r id e ,  

a i r ,  t i s s u e ,  and w ater vary  r e l a t i v e l y  l i t t l e  v/ith photon  

en erg y , so  th e  resp o n se  o f  lith iu m  f lu o r id e  can be co n sid ered  

a c lo s e  approxim ation  o f  th e  dose r e c e iv e d  by an equal volume 

o f  th e  o th er  m a te r ia ls  when exposed under l i k e  c o n d it io n s .

At low  e n e r g ie s ,  however, an exaggera ted  resp o n se  should  be 

ex p ec ted  due to  an in c r e a se  in  th e  p h o to e le c t r ic  c r o s s  s e c 

t io n ,  When a h igh  degree o f  accuracy i s  d e s ir e d , c o r r e c t io n s  

should  be made f o r  photon energy dependence,

3 .5  Exposure R eten tio n

The r a te  a t  which therm olum inescence i s  r e le a s e d  from  

l ith iu m  f lu o r id e  i s  dependent on tem perature. T his r a te  in 

c r e a s e s  v/ith in c r e a s in g  tem perature. There i s ,  hov/ever, a 

m easurable l o s s  o f  thermolumine scen ce even a t  room tem pera

tu r e ,  which i s  w e l l  below th e  tem perature o f  th e  main glov/
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peak.

S tored  therm olum inescent energy decays l e s s  than 5Ŝ  p er  

y ea r  a t  room tem perature and l e s s  than 155  ̂ p er  year  a t  body 

tem perature (Cameron e t  a l . . 1 9 6 4 ), Another in v e s t ig a t io n  

( Suntharalingam  e t  a l . . I 9 6 8 ) supported  t h i s  f in d in g . The 

l o s s  o f  resp on se  was rep o rted  a s  l e s s  than 55  ̂ f o r  a tw e lv e  

week p er io d  a t  room tem perature. T h is e s t a b l i s h e s  th a t  

l i th iu m  f lu o r id e  shows a n e g l ig ib l e  decay o f  therm olum ines

cen ce  i f  th e  resp o n se  i s  measured soon a f t e r  ir r a d ia t io n ,

3 . 6  Dose Rate Dependence

L ith ium  f lu o r id e  has shown no dependence on dose r a te  
2  11from 5 X 10 to  2 X 10 r a d s /se co n d . T h is dose r a te  in d e -

2
pendence was f i r s t  e s ta b lis h e d  in  th e  range from 5  x 10  to  

2 X 10® ra d s/seco n d  (Karzmark e t  a l , ,  1964) and was l a t e r  

extended  t o  2 x 10^^ ra d s/seco n d  by u s in g  f la s h  X -ray u n it s  

(T o c h il in  and G o ld s te in , I 9 6 6 ) ,

3 . 7  Measurement o f  V arious Q u a lity  R ad ia tion

L ith ium  f lu o r id e  d o sim eters  have been used  to  d e t e c t  

alp h a  p a r t i c l e s  (J o n es  e t  a l , ,  I 9 6 6 ) ,  b e ta  p a r t i c l e s  (K a st-  

ner e t  a l , ,  1 9 6 ? ), and X- and gamma ra y s (Cameron e t  a l , , 

1 9 6 8 ) ,  p ro ton s (P arker e t  a l , ,  I 9 6 6 ) , and n eu tron s ( W ingate 

e t  , 1 9 6 7 ) ,  The on ly  r a d ia t io n s  in v o lv ed  in  t h i s  stud y  

were n eu tro n s, h igh  energy e le c t r o n s ,  and X -rays; so  th e  

o th er  ty p e s  o f  r a d ia t io n  w i l l  n o t be d isc u sse d .

There i s  a p o s s ib le  problem w ith  neutron  con tam in ation  

a s s o c ia te d  w ith  h igh  energy X -ray r a d ia t io n . F a st , i n t e r 
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m ed ia te , and slow  n eu tron s w i l l  be produced through th e  p h o to -  

n u c le a r  p ro cess  (if, n) in  which th e  h igh  energy X -ray i s  in 

c id e n t  on the t a r g e t  m a te r ia l , The neutron y ie ld  i s  d ir e c t ly  

p ro p o rtio n a l to  th e  X -ray energy and in t e n s i t y ,  and i s  depen

dent on the ta r g e t  m a te r ia l. The e x te n t  o f  neutron contam i

n a tio n  must be determ ined b efo re  th e  resp on se o f  lith iu m  

f lu o r id e  to  h igh  energy X -rays can be a c c u r a te ly  determ ined . 

For the therm al n eu tro n s, th e  ^Li(n,od)^H  r e a c t io n  has a 

h igh  c r o s s  s e c t io n ,  about 950 b a rn s. The a lp ha p a r t ic le  and 

t r i t o n  r e le a s e  a t o t a l  o f  4 ,8  Mev o f  lo c a l  io n iz in g  en ergy .

As a  r e s u l t  o f  t h i s  r e a c t io n , TLD-100 d osim eters show a r e 

sponse to  therm al n eu tro n s.

On the b a s is  o f  energy absorbed , therm al n eu trons pro

duce about o n e-sev en th  th e  amount o f  therm olum inescence pro

duced by gamma ra y s  in  TLD-100 (Cameron e t  a l . ,  I 9 6 8 ) ,  T h is  

can be exp la in ed  by two e f f e c t s :  recom bination  o f  io n iz e d

p a r t i c l e s  a long th e  d en se ly  io n iz e d  tr a c k , and sa tu r a tio n  o f  

th e  a v a ila b le  tra p p in g  c e n te r s  a lo n g  th e  tr a ck ,

TLD-7 0 0  c o n ta in s  a lm ost e n t ir e ly  l i th iu m -7 and has e s 

s e n t i a l l y  no resp o n se  to  therm al n eu tro n s. T h is i s  due to  

an extrem ely  sm all neutron  c r o s s  s e c t io n .  The resp on se o f  

TLD- 7 0 0  to  therm al n eu tron s has been found to  be l e s s  than  

0 , 55  ̂ o f  the resp o n se  o f  TLD-100 (Cameron e t  a l , ,  1 9 6 4 ), 

T h erefo re , i t  e s s e n t i a l l y  m easures th e  photon dose in  a mixed 

f i e l d  o f  neutrons and p hotons.

The f a s t  n eu tron  resp onse o f  l ith iu m  f lu o r id e  i s  n ot
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dependent on i s o t o p ic  com p osition  a s  in  th e  therm al neutron  

c a s e . T h is  i s  b ecau se i t s  resp o n se  i s  due p r im a r ily  t o  

l ith iu m  and f lu o r in e  io n  knock-ons ( I s o t  ope s/C  on-Rad, 1 9 6 8 a ),

The therm olum inescence from lith iu m  f lu o r id e  TLD-100 or TLD-
8 2 700 which have been exposed  to  10 f a s t  n eu tron s p er cm

(about 1 rem ), i s  l e s s  than th e  therm olum inescence from an 

exposure o f  1 ro en tg en  o f  photons (Cameron e t  a l , ,  1 9 6 4 ),

Thus, i f  a mixed f i e l d  o f  p h oton s and n eu tro n s i s  p r e s e n t ,  

th e  dose c o n tr ib u t io n  from each can be measured by ir r a d ia t in g  

TLD-109 in  com bination  w ith  TLD-700 t o  th e  same f i e l d .  The 

TLD-700 g iv e s  e s s e n t i a l l y  th e  photon component, which i s  sub

tr a c te d  from th e  TLD-100 read in g  t o  ob ta in  th e  therm al neutron  

component. C o rr ec tio n s  must be made, hov/ever, f o r  i s o t o p ic  

co m p o sitio n s  in  each  ty p e  o f  m a te r ia l ,

3 ,8  Range o f  E xposures

For l ith iu m  f lu o r id e  TLD-100, th e  r e la t io n s h ip  between  

therm olum inescence and exposure i s  l in e a r  up t o  about 1 0  ̂

r o e n tg e n s . Above t h i s ,  i t  becomes su p r a lin e a r , th a t  i s  th e r 

m olum inescence in c r e a s e s  f a s t e r  than p r o p o r t io n a lly  t o  ex 

p o su re , At about 5 X 10^ rq en tg en s , therm olum inescence  

rea ch es  a maximum and d e crea se s  w ith  in c r e a s in g  exposure  

(Cameron e t  a l , , 196^U Suntharalingam  and Cameron, I 9 6 9 ) ,

T h is r e la t io n s h ip  i s  shown in  F igu re 3 ,

The d o sc -re sp o n se  r e la t io n s h ip  fo r  lith iu m  f lu o r id e  

TLD- 7 0 0  i s  n ot a s w e ll  e s ta b l is h e d . One in v e s t ig a t io n  found  

th a t  TLD- 7 0 0  had a resp on se  s im ila r  t o  th a t  o f  TLD-100, and
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th a t  th e  resp on se  per rad dose changed l e s s  than  0 ,1^  over  

the 50  t o  1500  rad dose range (P in k erton  e t  a l , ,  I 9 6 7 ) ,  An

other I n v e s t ig a t io n  showed th a t  in  th e  200  t o  1400 rad dose  

range, th e  d o se -re sp o n se  curve i s  a l i n e a r i l y  in c r e a s in g  

fu n c t io n , and th e  resp o n se  in c r e a s e s  about 1 ?^ from 200  t o  

1000 ra d s (Almond e t  a l . ,  I 9 6 7 ) ,

S u p r a lin e a r ity  has a ls o  been n o t ic e d  fo r  TLD-700 and i t s  

magnitude i s  g r e a te r  than  fo r  TLD-100, The p o in t  a t  which  

t h i s  s u p r a lin e a r ity  becom es apparent was found to  be 500  

rads (Suntharalingam  and Cameron, I 9 6 9 ) ,  C erta in  in d iv id u a l  

b a tch es o f  TLD-700, hov/ever, have shov/n s u p r a lin e a r ity  a s  

low a s  200 rads (Almond, 1 9 6 6 ) ,

A lthough th e  cau se fo r  s u p r a lin e a r ity  has n o t been w e ll  

e s ta b lis h e d , s e v e r a l m odels have been proposed (Cameron and 

Zimmerman, I 9 6 5 ; 1966; Cameron e t  a l , , I 9 6 7 » 1 9 6 7 a; Sun

th a r a l ingam, 1 9 6 8 ) ,  In  th e s e  works, th ree  p o s s ib le  ca u ses  

fo r  s u p r a lin e a r ity  have been m entioned: ( 1 ) th e  c r e a t io n  o f

a d d it io n a l tra p p in g  s i t e s ,  ( 2 ) the c r e a t io n  o f  a d d it io n a l r e 

com bination c e n te r s ,  and ( 3 ) an in c r e a se  in  therm olum ines

cen t e f f i c i e n c y .  These m odels have been f i t  t o  exp erim en ta l 

d ata , and th e  agreem ent i s  very  good c o n s id e r in g  th a t  th e  ex 

a c t  p h y s ic a l mechanism fo r  s u p r a lin e a r ity  has n o t been e s 

ta b lis h e d .

The p la te a u  in  F igu re 3 can be ex p la in ed  by r e la t in g  

the number o f  f i l l e d  tr a p s  to  the t o t a l  number o f  tr a p s .  

S a tu ra tio n  i s  reached  when th e  number o f  f i l l e d  tr a p s  i s  a



19

s ig n i f i c a n t  f r a c t io n  o f th e  t o t a l  number o f  t r a p s . At t h i s  

p o in t ,  an in c r e a se  in  dose w i l l  c r e a te  a p ro p o rtio n a l in 

c r e a se  in  e le c t r o n -h o le  p a ir s ,  but th e y  recom bine im m ediately  

s in c e  th e r e  i s  a d e f ic ie n c y  o f tra p p in g  s i t e s ,

3 .9  Therm olum inescent R esponse Below 1 ,2  Mev

I t  was f i r s t  rep o r ted  by Morehead and D a n ie ls  (1957)  

th a t  th e  therm olum inescent resp onse o f  lith iu m  f lu o r id e  was 

dependent on th e  q u a li ty  o f  r a d ia t io n . They observed th a t  

th e  energy  i n i t i a l l y  req u ired  to  produce an F c e n te r  ( th e  

s p e c i f i c  s i t e  c o n s is t in g  o f  an io n iz e d  e le c tr o n  trapped by a 

f lu o r id e  io n  vacancy) v a r ie d . I t  was about 700 ev fo r  2 Mev 

a lp h a  p a r t i c l e s ,  140 ev f o r  2 Mev e le c t r o n s ,  and 65 ev fo r  

both  c o b a lt - 6 0  gamma ra y s and therm al n eu tro n s.

The t o t a l  therm olum inescence observed  a f t e r  ir r a d ia t io n  

by a lp ha  p a r t i c l e s  was l e s s  than th a t  observed from th e  o th er  

r a d ia t io n s .  For exam ple, i t  took about 10 t im e s  g r e a te r  ex 

posure to  a lp h a  p a r t i c l e s  t o  produce th e  same therm olum ines

c e n t  re sp o n se  a s  fo r  th e  o th er  r a d ia t io n s . T h is  e f f e c t  can  

be ex p la in e d  by h igh  LET r a d ia t io n s  b e in g  l e s s  e f f e c t iv e  in  

f i l l i n g  th e  a v a ila b le  tr a p s  or a c t iv a t in g  th e  im purity  s i t e s  

(Suntharalingam , I 9 6 8 ; Suntharalingam  and Cameron, I 9 6 9 ) .

Numerous in v e s t ig a t io n s  v/ere made on th e  therm olum ines

c e n t  resp o n se  o f lith iu m  f lu o r id e  d uring  th e  te n  y ea rs  f o l 

lo w in g  Morehead and D a n ie l 's  work. These g e n e r a lly  s tu d ie d  

th e  energy range below c o b a lt -6 0  gamma r a y s , and can be char

a c te r iz e d  by th e  work o f  Cameron e t  (1 9 6 4 ) , They found*
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th a t  th e  therm olum inescent resp on se  o f  l ith iu m  f lu o r id e  TLD- 

100 was about 25^ g r e a te r  a t  30  kev e f f e c t i v e  than a t  1 ,2  

Mev.

T h is enhanced resp on se  a t  low  e n e r g ie s  can be in te r p r e te d  

a s  a resp o n se  to  absorbed energy r a th e r  than to  ex p o su re . At 

e n e r g ie s  l e s s  than 50  kev , the a b so rp tio n  o f  energy i s  p r i 

m a rily  by th e  p h o to e le c t r ic  p r o c e ss . The co n v ersio n  from an 

exposure in  ro en tg en s to  an absorbed dose in  lith iu m  f lu o r id e  

i s  g iv en  by;

f  = 0 .8 6 9  ( / t ^ )  LiF
a ir

In  t h i s  eq u a tio n , f  i s  th e  co n v ersio n  r a t io  from ro en tg en s  

t o  rads andyj^^ i s  th e  energy a b so rp tio n  c o e f i c i e n t .  The 

co n sta n t ( 0 , 8 6 9 ) i s  a con version  f a c t o r  fo r  ro en tg en s t o  rads  

in  a ir  (Joh n s, I 9 6 I ) ,  S in ce  ( /I  ) ,  .p  i s  g r e a te r  than Ojl ) . 

a t  e n e r g ie s  l e s s  than  50  k ev , th ere  i s  a g r e a te r  a b so rp tio n  

o f  energy in  lith iu m  f lu o r id e  than in  a i r .  T h is r e s u l t s  in  

a g r e a te r  s e n s i t i v i t y  fo r  lith iu m  f lu o r id e  a t  low e n e r g ie s .

At e n e r g ie s  from 200 kev up to  3 Mev, a b sorp tion  i s  p r i 

m arily  by th e  Compton p ro cess  and a l l  m a te r ia ls  absorb about 

th e  same amount per e le c tr o n  r e g a r d le s s  o f  th e  atom ic number 

(John s, 1 9 6 1 ) ,  T h erefo re , the f  co n v er s io n  fa c to r  in  t h i s  

energy range v / i l l  approach u n ity .

F igure 4  shows th e  c a lc u la te d  r a t io  between the mass en

ergy  a b so rp tio n  c o e f f i c i e n t s  fo r  lith iu m  f lu o r id e  and a i r ,  

a s  w e ll a s th e  measured data  (Cameron e t  , 1964) f o r  th e
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resp o n se  o f  l i th iu m  f lu o r id e  per roen tgen  o f  exp osu re.

A nother ty p e  o f  energy dependence th a t  depends on th e  

t o t a l  dose o f  ir r a d ia t io n  has been d escr ib ed  (N ay lor, 1965» 

Wagner and Cameron, I 9 6 6 ) ,  I t  was found in  TLD-100 th a t  th e  

d o se -re sp o n se  r e la t io n s h ip  was energy dependent in  th e  supra-  

l in e a r  r e g io n , v /ith  th e  m agnitude o f  s u p r a lin e a r ity  depen

d en t upon th e  q u a l i t y  o f  r a d ia t io n . Curves r e p r e s e n ta t iv e  

o f  t h i s  o b se r v a tio n  are shown in  F igu re 5i A l l  cu rves are
*3

id e n t i c a l  up t o  about 1 0 -̂  r a d s , b ecau se in  th e  l in e a r  r e g io n  

l i th iu m  f lu o r id e  responds on ly  t o  th e  amount o f  energy ab

sorb ed . In  th e  su p r a lin e a r  r e g io n , however, a g r e a te r  r e 

sponse i s  ob served  w ith  low er LET r a d ia t io n s ,

A model proposed  to  e x p la in  t h i s  e f f e c t  assum es th a t  

s u p r a lin e a r ity  i s  caused  by th e  c r e a t io n  o f a d d it io n a l t r a p s ,  

and th e  e f f i c i e n c y  o f form ing such tr a p s  i s  dependent on the  

q u a l i ty  o f  r a d ia t io n  (Worton and H olloway, I 9 6 6 ) ,  A lith iu m  

f lu o r id e  d o sim eter  c o n ta in s  a c e r ta in  number o f  s i t e s  cap ab le  

o f  tra p p in g  e l e c t r o n s ,  and r a d ia t io n  i s  cap ab le o f  n ot on ly  

f i l l i n g  th e s e  t r a p s ,  but a ls o  o f  c r e a t in g  a d d it io n a l tra p p in g  

s i t e s .  At low  d o s e s , the number o f  tra p s  cr ea ted  v/ould be 

sm all compared t o  th o se  a lrea d y  p r e se n t  in  th e  d o sim eter , and 

th e r e fo r e  a  l in e a r  resp onse would be ex p ec ted . At h ig h er  

d o se s , i f  th e  c r e a t io n  o f  tra p s  ex ceed s the f i l l i n g  o f  t r a p s ,  

th e  dose re sp o n se  curve would be ex p ected  to  r i s e .

From t h i s  m odel, i t  appears th a t  th e  a b i l i t y  to  c r e a te  

tr a p s  in c r e a s e s  w ith  in c r e a s in g  en ergy , and th e  d o se-resp o n se
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r e la t io n s h ip  shows a g r e a te r  s u p r a lin e a r ity  a t  h ig h er  e n e r g ie s .  

T h is i s  because a low er io n -p a ir  d e n s ity  i s  more e f f e c t i v e  in  

the c r e a t io n  o f  a d d it io n a l tra p p in g  s i t e s  s in c e  th e  energy  

i s  d is t r ib u te d  over a la r g e r  volume emd th e  p r o b a b il ity  o f  

e le c tr o n -h o le  recom bination  w i l l  be l e s s  (Wagner and Cameron,

1 9 6 6 ) ,  Thus, a s  e f f e c t i v e  energy in c r e a s e s ,  l in e a r  energy  

t r a n s fe r  w i l l  d ecrea se  and th e  g r e a te r  w i l l  be th e  amount o f  

s u p r a l in e a r ity ,

3 , 1 0  Therm olum inescent Response Above 1 .2  Mev

During an in tercom p arison  study among se v e r a l i n s t a l 

l a t i o n s  on absorbed dose measurements, p e r s i s t e n t  d if f e r e n c e s  

in  therm olum inescent resp on se  p er rad in  w ater were n o tic ed  

betv/een c o b a lt - 6 0  gamma ra y s and h igh  energy e le c t r o n  ra 

d ia t io n  (P in k erton  e t  a l , ,  I 9 6 7 ) ,  The resp on se  to  c o b a lt -  

60 v/as s ig n i f i c a n t ly  g r e a te r  than to  h igh  energy e le c tr o n s  

o f eq u a l d o se . S in ce  t h i s  was con trary  to  th e  accep ted  id ea  

o f a f l a t  resp on se  in  th e  h igh  energy r e g io n , i t  was decided  

to  fu r th e r  in v e s t ig a t e  th e  e f f e c t  o f  energy on th e  response  

o f  l i th iu m  f lu o r id e .

F urth er in v e s t ig a t io n s  showed th a t  lith iu m  f lu o r id e  Type 

7 (m anufactured by Con-Rad and s im ila r  in  com p osition  to  TLD- 

7 0 0 ) responded about 10j5 h igh er  to  c o b a lt - 6 0  than to  high en

ergy e le c t r o n s  (P in k erton  e t  , I 9 6 6 ) , T h is r e la t io n s h ip  

i s  shown in  Table 1 and h o ld s fo r  both 10 Mev and I 5 Mev e -  

l e c t r o n s .  The re sp o n ses  o f  both h igh  energy e le c t r o n  r a d i

a t io n s  v/ere n ot co n sid ered  to  be s ig n i f i c a n t ly  d i f f e r e n t  from
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Table 1 , V alues o f  Therm olum inescent Response per Rad Nor
m alized  t o  C ob alt- 6 0  fo r  High Energy E le c tr o n s  and X -rays,

R a d ia tio n
P inkerton  

e t  a l .  
19%&

Crosby 
e t  a l .

19^

Benner 
e t  a l .

1967

Nakajima 
e t  a l .

1968

Gs- 1 3 7 1 .0 0 0 + 0 .0 1 0

Co—60 1 .0 0 0 1 .000 1 .0 0 0 1 .0 0 0

E le c tr o n s

6 Kev 0 . 931+0 . 0 0 8

9 Mev

10 Mev 0 . 876+0 .0 2 1 0 . 9 2 5 +0 . 0 1 2 1 .00+ 0 .01

12 Mev

15  Mev 0 . 893+0 . 0 1 8 0 . 9 0 3 +0 .0 2 1 0 . 94+0 . 0 5 1 . 01+0 . 0 3

18 h'cv 0 . 886+0 . 0 1 5

20 Mev 0 . 91+0 . 0 5 1 . 02+0 . 0 3

25  Mev 0 . 93+0 . 0 5 1 . 03+0 . 0 2

30 Mev 0 . 92+0 , 0 5 1 . 02+0 . 0 3

33 Mev 0 , 89+0 . 0 5

35 Mev

X -rays

1 8 .5  Mev

22 Mev 0 . 9 16+0 . 0 1 2
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Table 1 , (co n tin u ed )

R ad ia tion
B inks 

Type N

1969

Type 7

Almond and 1 

C a lcu la ted

«îcCray 1970  

Measured

Cs-1 3 7 1 .0 1 9 0 .9 9

Co—60 1 ,0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0

E le c tr o n s

6 Mev 0 . 9 3 6 0 . 9 4

9 Mev 0 . 9 2 8

10 Mev 0 . 876+0 . 0 1 6 0 . 904+ 0 .0 1 9

12 Mev 0 . 9 2 7 0 .9 3

15  Mev 0 . 866+ 0 . 0 0 7 0 . 852+0 . 0 2 0 0 . 9 2 6 0 . 9 2

18 Mev 0 . 9 2 7 0 . 8 9

20 Mev 0 .8 7 ‘HO.OIO 0 . 898+0 .0 2 1

25  Mev 0 .8 7 9 + 0 . 0 3 7 0 . 9 2 8 +0 .0 2 2

30 Mev 0 .8 8 0 + 0 .0 1 0 0 . 916+0 ,0 3 1 0 . 9 3 0

33 Mev

35 Mev 0 .868+ 0 .021 0 . 916+0 . 0 2 4

X -rays

1 8 ,5  Mev 0 . 9 2 7 0 . 9 4

22 Mev 0 . 9 2 6 0 .9 3



27

each o th e r .

In  order t o  se e  i f  f a c to r s  o th er  than  energy accounted  

f o r  t h i s  d i f f e r e n c e ,  glow  cu rves were taken  a t  th e  th r e e  

energy l e v e l s .  No q u a l i t a t iv e  d if f e r e n c e  between th e  glow  

cu rves was d e te c te d , on ly  a q u a n t ita t iv e  d if fe r e n c e  between  

th e  two ty p e s  o f  r a d ia t io n  was o b served . A la r g e r  a rea  

under th e  c o b a lt - 6 0  curve in d ic a te d  a g r e a te r  r e sp o n se .

A nother in v e s t ig a t io n  r e s u l t in g  from p a r t ic ip a t io n  in  

th e  in tercom p arison  stud y  found a grad u al d ecrease  in  th e  

s e n s i t i v i t y  o f  TLD-700 a s  th e  r a d ia t io n  energy was in cr ea se d  

(Crosby e t  a l , , I 9 6 6 ) ,  T h is r e s u l t  i s  a ls o  shov/n in  T able 1 , 

and g e n e r a lly  a g re es  w ith  th e  p rev io u s  in v e s t ig a t io n .  I t  

found about a 10^ d ecrea se  in  s e n s i t i v i t y  between c o b a lt - 6 0  

and 15  Mev e le c t r o n s .  There i s ,  however, a s ig n i f i c a n t  de

crea se  in  s e n s i t i v i t y  w ith  in c r e a s in g  e le c tr o n  en erg y . T h is  

was rep o rted  a s  a r a th e r  unexpected  r e s u l t  and no p h y s ic a l  

ex p la n a tio n  was o f fe r e d  fo r  t h i s  o b ser v a tio n .

O thers have s tu d ie d  t h i s  e f f e c t  f o r  lith iu m  f lu o r id e  

TLD-100, Type 7, and Type N (m anufactured by Con-Rad and 

s im ila r  in  com p osition  t o  TLD-100) and t h e ir  r e s u l t s  are  

shov/n in  Table 1 (Benner e t  a l , , I 9 6 7 ; B inks, I 9 6 9 ) ,  They 

confirm ed th e  p r ev io u s  in v e s t ig a t io n  th a t  showed about a 10^ 

d ecrea se  in  s e n s i t i v i t y  from c o b a lt - 6 0  t o  h igh energy e l e c 

tr o n s , but f a i l e d  to  f in d  any s ig n i f i c a n t  change in  s e n s i t i v i t y  

w ith  in c r e a s in g  e le c tr o n  en ergy .

On th e  o th er  hand, i t  was found th a t  th e  resp on se  o f
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l i th iu m  f lu o r id e  Type 7 i s  dependent on e le c tr o n  energy  

(Almond e t  , 1 9 6 ? ). T h is  dependence i s  sho\vn in  F ig u re  

6 , and in d ic a t e s  a  s ig n i f i c a n t  d ecrea se  in  s e n s i t i v i t y  w ith  

in c r e a s in g  en erg y . T h is  d ata  d oes con firm , hov/ever, th a t  

l ith iu m  f lu o r id e  i s  about 10^  l e s s  s e n s i t iv e  t o  15  I^ev e l e c 

t r o n s  than t o  c o b a l t - 6 0 ,

One in v e s t ig a t io n ,  however, f a i l e d  to  f in d  any d if fe r e n c e  

in  therm olum inescent resp o n se  between c o b a lt - 6 0  and h igh  energy  

e le c t r o n s ,  or among v a r io u s  e le c tr o n  e n e r g ie s  (Nakajima a t  a l . , 

1 9 6 8 ) ,  The l ith iu m  f lu o r id e  used  in  t h i s  in v e s t ig a t io n  was in  

c r y s t a l l in e  form and su p p lied  by th e  I n s t i t u t e  fo r  A pp lied  

O p tics  in  Tokyo. The is o t o p ic  com p osition  o f  t h i s  m a te r ia l  

was n o t g iv en  and th e  exp er im en ta l d es ig n  was d i f f e r e n t  than  

th e  o th er  in v e s t ig a t io n s ,  so  any com parison o f  t h i s  d a ta  (a s  

shown in  T ab le 1 ) and d a ta  from th e  in v e s t ig a t io n s  d isc u sse d  

p r e v io u s ly  would be d i f f i c u l t  t o  in te r p r e t .

An in t e r e s t in g  com parison has been developed  betw een the  

measured and c a lc u la te d  s e n s i t i v i t i e s  fo r  lith iu m  f lu o r id e  

TLD- 7 0 0  t o  c o b a lt - 6 0  gamma r a y s , and h igh  energy e le c t r o n s  

and X -rays (Almond and McCray, .1970), As shown in  T able 1 , 

th e  measured resp o n se  confirm ed t h e i r  p rev io u s in v e s t ig a t io n s  

(Crosby e t  a l , ,  I 9 6 6 ; Almond e t  , I 9 6 7 ) which shov/ed about 

a 100 d ecrea se  in  s e n s i t i v i t y  t o  h igh  energy e le c t r o n s  and 

X -rays a s  compared t o  c o b a l t - 6 0 , and a gradual d ecrea se  in  

s e n s i t i v i t y  w ith  in c r e a s in g  e le c tr o n  en ergy .

In order t o  e x p la in  th e se  r e s u l t s ,  the exp ected  resp o n ses
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were c a lc u la te d  u s in g  th e  g en er a l c a v ity  th eo ry  d er iv ed  by 

B u rlin  ( I 9 6 6 ; I 9 6 8 ; B u rlin  and Chan, I 9 6 7 ) ,  Almond and Mc

Cray d id , however, exten d  th e  B u rlin  th eo ry  to  in c lu d e  h igh  

energy e le c t r o n s  and X -ra y s,

C avity  th eo ry  i s  g e n e r a lly  used to  ex p re ss  th e  r e la t io n 

sh ip  between absorbed dose in  a  c a v ity  and absorbed dose in  

th e  medium a t  th e  p o in t  o f  th e  c a v i ty .  The p a r t o f  B u r lin * s  

g en er a l th eory  a p p lic a b le  to  t h i s  problem c o n s id e r s  the in 

term ed ia te  c a v i ty  s i z e s  in  which th e  c a v ity  d im ensions are  

comparable w ith  th e  e le c tr o n  ra n g es . The e le c tr o n  spectrum  

w ith in  th e  c a v ity  i s  n e ith e r  co m p lete ly  determ ined by th e  

medium nor by th e  c a v i ty .  Almond and McCray extended  t h i s  

th eo ry  to  accoun t fo r  th e  a t te n u a t io n  o f th e  e le c tr o n  sp ec

trum from th e medium, which i s  due to  a b so rp tio n  w ith in  th e  

medium i t s e l f ,  and the b u ild -u p  o f  th e  e le c tr o n  spectrum in  

th e  c a v ity ,  which i s  due to  photon in te r a c t io n s  w ith in  th e  

c a v i t y .

Almond and McCray a p p lied  t h i s  extended  th eo ry  to  c a l 

c u la te  the r e l a t i v e  s e n s i t i v i t y  o f  lith iu m  f lu o r id e  to  h igh  

energy e le c tr o n s  and X -rays a s  compared to  c o b a lt - 6 0  gamma 

r a y s . R e la t iv e  s e n s i t i v i t y  was taken as th e  therm olum ines

c e n t  resp on se  per rad a t  th e  energy o f  in t e r e s t  norm alized  

to  th e  therm olum inescent resp on se  per rad fo r  c o b a lt - 6 0  gam

ma r a y s .

The s e n s i t i v i t i e s  c a lc u la te d  from t h i s  th eory  p r e d ic t  

th a t  th e  resp on se  o f  lith iu m  f lu o r id e  a s  compared to  c o b a lt -
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60 w i l l  d ecrea se  w ith  in c r e a s in g  en ergy . There i s  good a g re e 

ment between th e  c a lc u la te d  and measured p o in t s  a s  shown in  

Table 1 , I t  appears th a t  t h is . t h e o r y  e x p la in s  w e ll th e  appar

en t d ecrea se  in  s e n s i t i v i t y  rep o rted  fo r  l i th iu m  f lu o r id e .  

T h erefo re , th e  observed  d ecrea se  in  s e n s i t i v i t y  i s  due t o  a  de

c rea se  in  absorbed dose v /ith  in c r e a s in g  energy  ra th er  than  to  

an energy dependence o f  l ith iu m  f lu o r id e .  I t  was concluded  th a t  

l ith iu m  f lu o r id e  therm olurainescence shov/s no energy dependence. 

D e t a i l s  o f  ex p er im en ta l c o n d it io n s  were n o t c o n s is t e n t  

among any o f  th e  in v e s t ig a t io n s  m entioned so  f a r  in  t h i s  s e c 

t io n ,  and t h e ir  r e s u l t s  can n o t be d ir e c t ly  compared. With 

one e x c e p tio n , th e r e  i s  g e n e r a l agreem ent t h a t  lith iu m  f lu o r id e  

responds l e s s  t o  h ig h  energy e le c t r o n s  and X -rays than t o  an 

e q u iv a le n t  dose from c o b a lt -6 0 . I f  t h i s  resp o n se  i s  r e a l ,  i t  

i s  rea so n a b le  to  ex p ec t  c lo s e  agreem ent among independent 

in v e s t ig a t io n s  s in c e  a l l  measurements v/ere made in  th e  dose  

range between 100 and 300  ra d s . T h is i s  below  th e  r e g io n  o f  

s u p r a lin e a r ity . No r e p o r t , however, o f fe r e d  any p h y s ic a l  

ex p la n a tio n  fo r  t h i s  re sp o n se .

An ex p la n a tio n  has been o f fe r e d , how ever, t o  e x p la in  th e  

la c k  o f  dependence o f  therm olum inescent resp o n se  on energy  

th a t  s e v e r a l in v e s t ig a t o r s  have rep o rted  (Suntharalingam ,

1 9 6 8 ) ,  Therm olum inescent resp on se  i s  p r o p o r tio n a l to  th e  

amount o f  energy d e p o s ite d  w ith in  th e  d o sim eter  m a te r ia l, and 

stop p in g  power p r o v id e s  a  means fo r  e x p r e s s in g  the mean en

ergy l o s s  per u n it  path  le n g th  in  m a tter .
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S topping power v a lu e s  as a fu n c tio n  o f  energy show a 

broad minimum from about 400 kev to  20 Mev, and g ra d u a lly  in 

cr ea se  v /ith  energy above 20 Mev (B erger and S e l t z e r ,  196^ ),

Any sm a ll changes in  s to p p in g  power in  th e  neighborhood o f  

th e  broad minimum v/ould be in s u f f i c i e n t  to  j u s t i f y  any s i g 

n i f i c a n t  change in  therm olum inescent r e sp o n se .

The energy dependence o f  th e  d o se-resp o n se  r e la t io n s h ip  

fo r  l ith iu m  f lu o r id e  has a ls o  been s tu d ie d  fo r  h igh  energy  

e le c t r o n s  and X -ra y s. There i s  l i t t l e  agreem ent among th e  

in v e s t ig a t o r s  who have measured t h i s  re sp o n se .

One in v e s t ig a t o r  measured th e  therm olum inescent response  

o f l ith iu m  f lu o r id e  Type 7 to  both c o b a lt -6 0  gamma rays and 

15  Mev e le c tr o n s  (Almond e t  a l , ,  I 9 6 7 ) .  In th e  dose range 

between 200 rads and l f̂OO ra d s, therm olum inescent response  

per rad was observed t o  be a l i n e a r i l y  in c r e a s in g  fu n c tio n  

fo r  b oth  ty p e s  o f  r a d ia t io n  ( s e e  F igure 7 ) .  I t  has been sug

g e s te d  th a t  the in c r e a se d  s e n s i t i v i t y  w ith  in c r e a s in g  dose i s  

due t o  th e  c r e a t io n  o f  a d d it io n a l tra p p in g  s i t e s  (N aylor,

1 9 6 5 ) .  S in ce  th e  cu rv es  fo r  c o b a lt -6 0  and 15  Mev e le c tr o n s  

are p a r a l l e l ,  th e  e f f i c i e n c y  o f form ing such tr a p s  must be 

th e  same fo r  both q u a l i t i e s  o f  r a d ia t io n .

Another in v e s t ig a t o r  used lith iu m  f lu o r id e  Type K in  th e  

10 rad t o  over 10^ rad range (V/orton and H ollow ay, I 9 6 6 ) ,  As 

shown in  F igure 8 , i t  was a ls o  determ ined th a t  th e  response  

v/as a fu n c tio n  o f th e  dose measured, but th a t  i t  became g r e a te r  

w ith  la r g e r  d o ses . But u n lik e  o th er  r e p o r ts , th e  response
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per rad  r i s e s  more sh arp ly  fo r  th e  h ig h  energy e le c tr o n  ra 

d ia t io n s  than  fo r  c o b a lt - 6 o . A d is c u s s io n  o f  th e  model t o  

e x p la in  t h i s  r e s u l t  was p resen ted  in  s e c t io n  3 . 9 .

Tv/o a d d it io n a l s tu d ie s  a ls o  found th a t  s u p r a lin e a r ity  in  

l ith iu m  f lu o r id e  TLD-100 was dose dependent, but found no d i f 

fe r e n c e  in  re sp o n se  between c o b a lt - 6 0  and high  energy e l e c 

tr o n s  throughout a v/ide dose range ( Suntharalingam  and Came

ron , 1 9 6 9 ; E h r lig h , 1 9 7 0 ), T h is r e la t io n s h ip  i s  shown in  

F ig u re  9 . A model f o r  t h i s  r e s u l t  has a ls o  been proposed  

based on s to p p in g  power, and was d isc u sse d  e a r l i e r  in  t h i s  

s e c t io n  ( Suntharalingam , I 9 6 8 ) ,

These s t u d ie s  dem onstrate th e  la c k  o f c o n s is te n c y  among 

th e  in v e s t ig a t io n s  on th e  e f f e c t  o f  th e  q u a lity  o f  r a d ia t io n  

on th e  d o se -re sp o n se  r e la t io n s h ip  and th e  m odels proposed to  

e x p la in  th e s e  r e s u l t s .  T h is e f f e c t  appears to  be s ig n i f i c a n t ,  

e s p e c ia l ly  a t  h ig h er  d o se s , and must be more a c c u r a te ly  de

f in e d  b efo re  measurements can be made w ith  any degree o f  c e r 

t a in t y  ,

The e r r o r s  rep orted  in  th e se  works re p r e se n t on ly  th e  

standard d e v ia t io n s  o f  th e  therm olum inescent rea d o u ts . They 

do n o t  in c lu d e  an a llow an ce fo r  th e  o v e r a l l  erro r  in  e x p e r i

m ental d e s ig n . I f  th e  o v e r a ll  erro r  had been c o n s id er ed , th e  

s ig n if ic a n c e  o f  some o f th e se  r e s u l t s  m ight be q u e s t io n a b le .

A l l  s t u d ie s  rep orted  in  t h i s  ch a p ter  used lith iu m  f lu o r id e  

in  powder form . In  a d d it io n , E h rlig h  (19?0) used lith iu m  

f lu o r id e  TLD-100 p laqu es 0 ,2 5  in , x 0 ,2 5  in ,  x 0 ,0 3 5  in .
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and found th e  resp on se  o f  t h i s  form t o  be s im ila r  t o  lith iu m  

f lu o r id e  TLD-100 powder.

The la c k  o f  agreem ent among th e  r e s u l t s  o f  th e s e  in v e s 

t ig a t i o n s  cou ld  be due t o  th e  c o n f ig u r a tio n  o f th e  phosphor. 

S in ce  t h i s  was n o t rep o r ted  by most in v e s t ig a t o r s ,  a com

p a r iso n  o f  r e s u l t s  based  on d osim eter  c o n f ig u r a tio n  cou ld  

n o t be made.



CHAPTER IV 

ABSORBED DOSE

4 ,1  Measurement

The measurement o f  absorbed dose was made by p la c in g  a 

d o sim eter  v /ith in  th e  m a te r ia l o f  in t e r e s t  and on th e  c e n tr a l  

a x is  o f  th e  in c id e n t  photon beam. T h is d osim eter re co rd s  in  

i t s  s e n s i t iv e  volume th e  energy  d ep o s ite d  by secondary e l e c 

tr o n s  produced by th e  photon beam. These e le c tr o n s  may be 

produced w ith in  th e  d o sim eter  i t s e l f ,  w ith in  th e  surrounding  

m a te r ia l , or o u ts id e  th e  m a te r ia l o f  i n t e r e s t .  To c o r r e c t ly  

in te r p r e t  such a measurement com plete in form ation  i s  needed  

on th e  o r ig in  o f  a l l  e le c t r o n s  in te r a c t in g  w ith  th e  d o sim eter . 

A lthough many au th ors have p resen ted  a d is c u s s io n  o f absorbed  

d o se , th e  read er i s  r e fe r r e d  t o  Johns ( I 9 6 I )  fo r  a d e ta i le d  

p r e s e n ta t io n .

The absorbed dose a t  any p o in t  in  th e  m a ter ia l o f  in 

t e r e s t  i s  u s u a lly  ex p ressed  a s  a p ercen t o f  th e  maximum v a lu e  

o f  th e  absorbed dose which occu rs a lon g  th e  c e n tr a l a x i s  o f  

th e  in c id e n t  beam (ICRU, I 9 6 2 ) ,  A p lo t  o f  t h i s  fu n c t io n  i s  

c a l le d  th e  d ep th -d ose d is t r ib u t io n  and i s  shown in  F igu re 10.

Curve A r e p r e se n ts  th e  d ep th -d ose d is t r ib u t io n  where 

on ly  th e  secondary e le c t r o n s  produced in  th e  m a ter ia l o f  in 

t e r e s t ,  or w ith in  th e  d o sim eter  i t s e l f ,  are  co n sid ered . T h is  

ty p e  o f  d is t r ib u t io n  i s  g e n e r a lly  ob ta in ed  when th e  in c id e n t  

photon beam i s  f r e e  o f  secondary e le c t r o n s .
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The i n i t i a l  b u ild u p  w ith  depth  i s  due t o  th e  gradual 

esta b lish m en t o f  c o n d it io n s  approaching e le c t r o n ic  eq u i

l ib r iu m , even though t h i s  s i t u a t io n  i s  n o t a c t u a l ly  a t ta in e d .  

Absorbed dose w i l l  in c r e a se  to  a  maximum a t  d , which i s  a t  

a depth  l e s s  than  th e  maximum e le c t r o n  range in  th e  m a te r ia l .  

T h is i s  due to  th e  range o f  th e  e le c t r o n s  b e in g  comparable 

t o  th e  photon ra n g e . In  th e se  d is ta n c e s ,  a t te n u a tio n  i s  

a p p r e c ia b le . Beyond th e  peak d o se , th e  curve w i l l  f a l l  

e x p o n e n tia lly  due to  a tte n u a tio n  o f  th e  in c id e n t  photon beam 

in  th e  m a te r ia l.

In  p r a c t ic e ,  however, t h i s  d is t r ib u t io n  i s  d i f f i c u l t  to  

a t t a in .  The d o s e -d is tr ib u t io n  w i l l  depend n o t on ly  on th e  

in c id e n t  photon beam, but a ls o  on any secondary e le c t r o n s  

a r is in g  from o u ts id e  th e  m a te r ia l .  E xtraneous o b je c t s ,  l i k e  

beam d e f in in g  c o l l im a to r s ,  f i l t e r s ,  e t c , , c lo s e  to  th e  su r

fa c e  o f  the m a te r ia l w i l l  c o n tr ib u te  to  th e  p rod u ction  o f  

th e s e  secondary e le c t r o n s .  They may accompany th e  in c id e n t  

photon beam in to  th e  m a te r ia l t o  about the peak dose d ep th .

Curves B, 0 ,  and D r e s u l t  from d i f f e r n t  amounts and 

e n e r g ie s  o f  e le c t r o n  con tam in ation  o f  th e  in c id e n t  photon  

beam. Beyond th e  depth d, a l l  cu rv es c o in c id e . Thus, a 

depth o f  d or g r e a te r  was used fo r  a l l  measurements in  t h i s  

stu d y . Any measurements taken a t  depths l e s s  than d, w i l l  

depend on the in d iv id u a l photon source and exp erim en ta l d e

s ig n ,  and th ere  i s  no common b a s is  fo r  n o rm a liza tio n  i f  r e 

s u l t s  are to  be compared from v a r io u s  i n s t a l l a t i o n s .
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4 ,2  C avity  Theory

The measurement o f  absorbed d ose n e c e s s i t a t e s  th e  in s e r 

t io n  o f  a d osim eter  in to  th e  medium under in ye  s t i g a t i o n . The 

d osim eter u s u a lly  d i f f e r s  in  b oth  atom ic number and d e n s ity  

from th e  medium and w i l l  th e r e fo r e  c o n s t i t u t e  a  d is c o n t in u ity  

in  th e  medium. Under th e se  c o n d it io n s  th e  d o sim eter  can be 

r e fe r r e d  t o  a s  a  c a y i t y ,

C ayity  th eo ry  i s  concerned w ith  th e  r e la t io n s h ip  betw een

absorbed dose in  th e  medium and absorbed dose in  th e  d o sim eter

or c a y i t y .  Absorbed dose a s  m easured by th e  d o sim eter  i s  a  

fu n c tio n  o f  photon energy and d o sim eter  s iz e  and co m p o sitio n . 

To r e la t e  t h i s  measurement to  an absorbed dose in  th e  medium, 

th e  com p osition  o f  th e  medium must a l s o  be co n s id e r ed ,

A g en era l c a y i t y  th eo ry  f o r  X -rays has been d er iy ed  by 

B u rlin  ( 1 9 6 6 ; 1 9 6 8 ; B u r lin  and Chan, 1 9 6 7 ; I 9 7 O ), Where 

f a c t s  in  th e  d is c u s s io n  o f  t h i s  th eo ry  are n o t r e fe r e n c e d , 

a through rey iew  can be found in  th e s e  r e fe r e n c e s .

An eq u ation  e x p r e ss in g  th e  r e la t io n s h ip  betw een absorbed

dose in  th e  medium, D^, and th e  absorbed dose in  th e  c a y i t y ,

Dq, i s :

ira f  0

where f  i s  th e  co n y ers io n  f a c to r  betw een D and D ,m c
In  order t o  in y e s t ig a t e  th e  l i m i t s  o f  th e  co n v ersio n  f a c 

t o r ,  co n sid er  an X -ray beam p a s s in g  through a medium. The 

photons in te r a c t  w ith  e le c t r o n s ,  producing io n iz a t io n .  T h is
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occurs in  both  medium and c a v ity  m a te r ia l.

I f  th e  c a v ity  d im ensions are la r g e  compared w ith  th e  

e le c tr o n  ra n g es , th e  absorbed dose co n tr ib u tio n  i s  n e g l ig ib le  

from e le c tr o n s  gen era ted  w ith in  th e  medium. The e le c tr o n  

spectrum in  th e  c a v ity  w i l l  th e r e fo r e  be determ ined by th e  

c a v ity .  Absorbed dose w ith in  th e  c a v ity  i t s e l f  w i l l  be in 

dependent o f  th e  surrounding m a te r ia l .  The absorbed dose  

w i l l  be p ro p o r tio n a l t o  the mass energy a b so rp tio n  c o e f f i c i e n t  

o f  th e  c a v i ty

The absorbed dose in  th e  medium w i l l  be p ro p o r tio n a l 

t o  th e  mass energy a b so rp tio n  c o e f f i c i e n t  f o r  th e  medium 

( / i n ^ ) ^ '  Absorbed dose in  th e  medium can then  be r e la te d  

t o  absorbed dose in  th e  c a v ity  through th e  c o r r e c t io n  f a c to r  

f ,

f  =

V alues f o r  mass energy a b so rp tio n  c o e f f i c i e n t s  have been de

term ined by H ubbell (19&9) and Evans ( I 9 6 8 ) ,  T h is  r e la t io n 

sh ip  i s  v a l id  on ly  when the p resen ce  o f  the c a v i ty  does n o t  

d istu rb  th e  photon f lu x  through th e  medium. I f  t h i s  c o n d it io n  

i s  n ot m et, a fa c to r  must be in trod u ced  in to  th e  eq u ation  to  

account fo r  t h i s  e f f e c t .

On th e  o ther hand, i f  th e  c a v i ty  d im ensions are sm all 

compared w ith  the e le c tr o n  ra n g es , photon in te r a c t io n s  gen

e r a tin g  e le c tr o n s  in  th e  c a v ity  are n e g l ig ib l e ,  and the e -  

le c tr o n  spectrum e s ta b lis h e d  in  th e  medium i s  n o t d istu rb ed
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by th e  p resen ce  o f  th e  c a v i ty .  T h erefo re , th e  e le c tr o n  sp e c 

trum w ith in  th e  c a v ity  w i l l  be determ ined by th e  medium.

To ex p ress  th e  r a t io  between absorbed dose in  th e  medium 

and absorbed dose in  th e  c a v i ty ,  an ex p r e ss io n  must be d e te r 

mined f o r  th e  e le c tr o n  spectrum  developed  in  th e  medium by 

photon in t e r a c t io n s ,  and th e  r a te  a t  which th e se  e le c t r o n s  

lo s e  energy per u n it  path  le n g th  a s  th ey  tr a v e r se  th e  two 

m a te r ia ls . T h is has been exp ressed  a s  th e  mass sto p p in g  

power r a t io  fo r  th e  e le c t r o n s  o f  the c a v ity  to  th e  medium,

f  = 1
8 :

V alues f o r  mass sto p p in g  power have been determ ined by Ber

ger and S e l t z e r  (1 9 6 4 ),

In  h i s  g en era l c a v ity  th eory  B u rlin  a ls o  c o n s id e r s  c a v i ty  

dim ensions comparable w ith  th e  e le c tr o n  ra n g es . In  t h i s  c a s e ,  

B u rlin  has developed  th e  th eory  to  account fo r  c o n d it io n s  in -  

between th e  two extrem es m entioned e a r l i e r .

For an in term ed ia te  s iz e  c a v i ty ,  th e  b a s ic  assum ptions  

fo r  th e  extrem e c a s e s  no lo n g er  h o ld . F ir s t  o f  a l l ,  th e  e -  

le c tr o n  spectrum  s e t  up in  th e  medium i s  now s ig n i f i c a n t ly  

a tten u a ted  a c r o ss  th e  c a v i ty .  The energy d is t r ib u t io n  o f  

the spectrum  changes l i t t l e  during a b so r p tio n , and i s  g e n e r a l

ly  assumed to  be co n sta n t  a c r o ss  the c a v i ty .  The e le c tr o n  

spectrum i s  a tte n u a ted  on th e  average by a f a c t o r ,  d, which  

i s  determ ined from th e  fo llo w in g  e x p r e ss io n ,

dx = 1 -  e**^  ̂ = d

dx / 3  r.
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y O ls  th e  e f f e c t i v e  mass a b sorp tion  c o e f f i c i e n t  o f  th e  e l e c 

tr o n s  in  th e  c a v ity  and g  i s  the average p ath  le n g th  o f  the  

e le c tr o n s  in  c r o s s in g  th e  c a v ity .

The second assum ption  v io la t e d  in  t h i s  in term ed ia te  

ca se  r e s u l t s  from photons g en er a tin g  e le c tr o n s  in  s ig n i f i c a n t  

amounts w ith in  th e  c a v i t y .  S ince th e  r e s u l t in g  e le c t r o n  sp ec

trum w i l l  have th e  same energy d is t r ib u t io n  a s  g en era ted  in  

th e  medium, B u r lin  has shown t h i s  t o  be a c o r o lla r y  o f  th e  

p rev io u s  c a s e . T h erefo re , the spectrum  gen erated  in  th e  

c a v ity  on th e  average b u ild s  up to  (1  -  d) o f  i t s  eq u ilib r iu m  

v a lu e ,

 (1 "  = (1 -  d)

dx

The e x p re ss io n  f o r  d i s  a p p lic a b le  on ly  when th e  c a v i ty  

d e n s ity  i s  u n ity .  C a v ity  m a te r ia ls  w ith  d e n s i t i e s  d i f f e r e n t  

than u n ity  can be co n sid ered  by r e p la c in g  th e  e f f e c t i v e  mass 

ab so rp tio n  c o e f f i c i e n t  w ith  the e f f e c t i v e  l in e a r  a b so rp tio n  

c o e f f i c i e n t .  The e f f e c t i v e  l in e a r  a b so rp tio n  c o e f f i c i e n t  i s  

c a lc u la te d  by m u lt ip ly in g  th e  e f f e c t i v e  mass a b so rp tio n  co 

e f f i c i e n t  by th e  d e n s ity  o f  the c a v i t y  m a te r ia l,

C on sid erin g  c a v ity  d e n s ity ,  B u r lin * s  e x p r e ss io n  fo r  d becomes*

Xe e '/g /’^dx 1 -  e - /4 °S

Vo dx
where y < ^ g  i s  d im e n s io n le ss ,

Almond and McCray (1970) have fo llo w e d  B urlin* s  c a v ity  

th eory  and have a rr iv ed  a t  a u sa b le  e x p r e ss io n  fo r  th e  c o r -

d =
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r e c t io n  f a c t o r ,  f . They co n sid ered  th e  p a r t ia l  a t te n u a tio n  

o f  th e  e le c t r o n  spectrum  from th e  medium in  th e  c a v i t y  and 

th e  p a r t ia l  b u ild u p  o f  th e  e le c tr o n  spectrum  in  th e  c a v ity  

due to  photon in t e r a c t io n s  in  th e  c a v i t y .  T heir e x p r e ss io n  

i s i

f  = d —  + (1  -  d)

I f  th e  c a v i ty  i s  v ery  la r g e ,  d approaches zero  and th e  

e x p r e ss io n  red u ces  to  th e  r a t io  o f  m ass energy a b so rp tio n  

c o e f f i c i e n t s .  I f  th e  c a v ity  i s  v ery  sm a ll, d approaches 

u n ity  and th e  e x p r e ss io n  becomes th e  mass stop p in g  power 

r a t i o .

In  c a lc u la t in g  th e  f a c t o r ,  d , Almond and McCray d e te r 

mined th e  e f f e c t i v e  mass a b so rp tio n  c o e f f i c i e n t , ^  , from  

th e  fo l lo w in g  e x p r e ss io n :

/3 (om^/gm) =  —
'  g l . 1 4

where E i s  th e  maximum en ergy , in  Mev, p re sen t in  th e  e l e c 

tro n  spectrum .

I t  i s  th e r e fo r e  concluded  th a t  th e  c o r r e c t io n  f a c t o r ,  

f ,  f o r  th e  in term ed ia te  ca se  be u sed  t o  e s t a b l is h  th e  r a t io  

o f  absorbed dose in  th e  medium t o  absorbed dose in  th e  

c a v i t y .  The b u i l t - i n  w eigh t f a c t o r ,  d , w i l l  c o r r e c t  f o r  

any extrem e s i t u a t io n s .  I t  should  be n oted  th a t  c a v i ty  

c o n f ig u r a t io n  i s  a s  im portant a s  photon energy and atom ic  

co m p o sitio n  o f  b oth  c a v ity  and medium. The c o r r e c t io n
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f a c t o r ,  f ,  i s  dependent on a l l  th r e e ,

4 ,3  C a lib r a t io n  Standard

The resp o n se  o f  th e  fe r r o u s  s u l f a t e ,  or F r ic k e ,  

d osim eter t o  io n iz in g  r a d ia t io n  was f i r s t  d escr ib ed  by 

F rick e  and Morse (1 9 2 ? ) , S in ce  th e n , i t  has been ex te ft-  

s iv e ly  s tu d ie d  and i t s  resp o n se  has been  w e ll e s ta b l is h e d .  

T h is d osim eter  i s  now used  f o r  th e  p r e c is io n  measurement 

o f  absorbed d o se .

R ec en tly , much e f f o r t  has been in v e s te d  in  d e sc r ib in g  

i t s  resp on se  t o  h igh  energy photons and e le c t r o n s .  As a  

r e s u l t ,  th e  fe r r o u s  s u l f a t e  d osim eter  i s  w id e ly  u sed  fo r  

absorbed dose s ta n d a r d iz a tio n  fo r  th e s e  r a d ia t io n s .

An u p -to -d a te  com prehensive rev iew  o f  chem ical do

sim etry  has been  p resen ted  by Spinks and Woods (1 9 6 4 ) and 

F rick e  and Hart ( 1 9 6 6 ); and a  thorough d is c u s s io n  can be 

found in  th e s e  r e fe r e n c e s .  For th e  purpose o f  t h i s  s tu d y , 

however, on ly  a  b r ie f  rev iew  o f  th e  mechanisms in v o lv e d  

in  fe r r o u s  s u l f a t e  d osim etry  w i l l  be p r e se n te d , A sum

mary o f  t h i s  n a tu re  has a ls o  been p resen te d  by B ro szk iew icz

( 1 9 6 7 ) .

F errous s u l f a t e  d osim etry  in v o lv e s  th e  o x id a tio n  o f  

fe r r o u s  io n s  t o  f e r r i c  io n s  in  a d i lu t e  aqueous s o lu t io n .  

I r r a d ia t io n  o f  t h i s  system  g iv e s  r i s e  t o  fr e e  r a d ic a ls  

and m olecu lar p ro d u c ts . Hydrogen atoms (H ), h ydroxyl 

r a d ic a ls  (OH), hydroperoxy r a d ic a ls  (HOg), and hydrated  

e le c tr o n s  (©g^q) c o n s t i t u t e  th e  fr e e  r a d ic a l  group w h ile
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hydrogen (H^) and hydrogen p ero x id e  (HgOg) c o n s t i t u t e  th e  

m olecu lar product group. Hydrogen atoms and hydroxyl r a d i

c a l s  are th e  a c t iv e  s p e c ie s  i n i t i a l l y  formed by th e  d i s 

s o c ia t io n  o f  w ater during ir r a d ia t io n  and are lo c a te d  a lo n g  

th e  tr a c k s  o f  th e  io n iz in g  r a d ia t io n s .  A l l  o th er  p rod u cts  

are formed during th e  d i f f u s io n  o f  th e  a c t iv e  p rod u cts away 

from th e  tr a c k s .

The chem ical r e a c t io n s  o x id iz in g  fe r r o u s  io n s  t o  f e r r i c  

io n s  in  a  d i lu t e  aqueous s o lu t io n  in v o lv e  th e  f r e e  r a d ic a ls  

and m o lecu les  m entioned ab ove. The s im p li f ie d  r e a c t io n s  

proposed f o r  t h i s  o x id a tio n  a re i

4T lon iz in g  R a d ia tio n  
+ OH" HgO--- > H + OH

Fe**"̂  + OH -- > Pe*‘'3 + OH"

H + 0% -- > KOg

Fe'*'  ̂ + HOg ----->  Fe**"̂  + HOj

HOi + HgOg

Fe"*"^ +  HgOg ----- > P e * 3  +  OH +  OH"

Each hydrogen atom forms a hydroperoxy r a d ic a l  which in  

turn  le a d s  t o  th e  o x id a tio n  o f  th ree  fe r r o u s  io n s .  Each 

hydroxyl r a d ic a l  o x id iz e s  one fe r r o u s  io n  w hereas each  

hydrogen p erox id e m olecu le o x id iz e s  two fe r r o u s  io n s .  The 

im portance o f  th e  hydrated e le c tr o n  in  t h i s  ch em ica l r e a c t io n
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i s  th a t  i t  i s  q u ic k ly  con verted  t o  a  hydrogen r a d ic a l  (H) 

in  a c id  s o lu t io n .

The u s e fu ln e s s  o f  t h i s  system  in  d osim etry  i s  th a t  

th e  chem ical change or amount o f  o x id a tio n  caused  by i r 

r a d ia t io n  i s  p r o p o r tio n a l t o  th e  absorbed d o se . T h erefo re , 

a d eterm in ation  o f  th e  q u a n tity  o f  f e r r i c  io n s  produced  

by r a d ia t io n  can be r e la te d  t o  absorbed d o se . S in ce  th e  

r a d ia t io n  induced o x id a tio n  i s  i r r e v e r s ib l e ,  th e  concen

t r a t io n  o f f e r r i c  io n s  can be co n sid ered  a s  a permanent 

measure o f absorbed d o se .

The y ie ld  f o r  th e se  o x id a tio n  r e a c t io n s  i s  ex p ressed  

by a  G v a lu e , where th e  v a lu e  o f  G (Pe^^) would in d ic a te  

th e  number o f  f e r r i c  io n s  produced f o r  each  100 ev  o f  

absorbed r a d ia t io n  en ergy . U n fo r tu n a te ly , t h i s  G v a lu e  i s  

dependent upon th e  l in e a r  energy t r a n s fe r  o f  th e  in c id e n t  

r a d ia t io n . An in c r e a se  in  l in e a r  energy t r a n s fe r  w i l l  

d ecrea se  th e  f e r r i c  io n  y i e l d .  T h is  i s  b ecau se th e  f r e e  

r a d ic a ls  are formed c lo s e r  to g e th e r , and due t o  t h e ir  h igh  

r e a c t i v i t y ,  th e y  recom bine b e fo r e  th e y  can o x id iz e  fe r r o u s  

io n s .

The recommended v a lu e s  o f  G (Fe^^) f o r  th e  fe r r o u s  

s u l f a t e  d osim eter  are 15# 5  f o r  c o b a lt - 6 0  r a d ia t io n , 1 5 . 6  

fo r  X -ray beams from 5 Mev t o  10 Kev, and 1 5 .7  fo r  X -ray  

beams from 11 Mev t o  30  Mev (IGRU, I 9 6 9 ) ,  The tem perature  

during ir r a d ia t io n  should  be between 20*C and 25*C in  

order t o  apply th e  G (Fe"*"̂ ) v a lu e s .  The v a lu e s  up t o



49

10 Mev were d er iv ed  from a su rvey  o f  p u b lish ed  m easurem ents. 

At h ig h er  X -ray e n e r g ie s ,  th e  o b se r v a tio n s  were to o  fev/ and 

to o  in c o n s is t e n t  t o  d e f in e  th e  y i e l d  f a c t o r  based  on e x p e r i

m ental d a ta . I t  had been p r e d ic te d  th a t  th e  y ie ld  v a lu e  f o r  

25  Mev X -rays should  be about Vfo g r e a te r  th a n  th a t  f o r  

c o b a lt - 6 0  r a d ia t io n  (Burch, 1959) and i t  h as been observed  

th a t  numerous in v e s t ig a t io n s  o f  y i e l d  v a lu e s  were co n sta n t  

a t  1 5 «5 fo r  e le c t r o n  r a d ia t io n s  between 1 Mev and 30  Mev 

(S h a lek  and Sm ith , 1 9 6 9 ) .  Both o f  th e s e  o b se r v a tio n s  in d i 

c a te  th a t  a v a lu e  o f  about 1 5 .7  i s  a p p ro p r ia te  fo r  X -ray  

beams from 11 Mev t o  30 Mev,

At e f f e c t i v e  photon e n e r g ie s  between 1 0  Mev and 100 

Mev, a  y ie ld  v a lu e  o f  1 5 .6  has been  proposed  (S h alek  and 

Sm ith, 1 9 6 9 ) .  T h is v a lu e , a lth o u g h  n ot supported  by e x p e r i

m ental d a ta , was c a lc u la te d  from th e  gamma ray  energy ab

so r p tio n  d ata  o f  H ubbell (19& 9). F igu re 11 shows a p lo t  

o f  f e r r i c  io n  y i e ld  a s  a  fu n c t io n  o f  photon energy a s  r e 

v iew ed  by Shalek  and Smith (1 9 6 9 ) ,

The standard  s o lu t io n  f o r  d osim etry  c o n s i s t s  o f  

0 ,001  H PeSO^ and 0 ,001  M NaCl in  a ir - s a tu r a te d  0 ,8  N H^SO^, 

In  t h i s  s o lu t io n ,  th e  f e r r i c  io n  y i e ld  i s  p ro p o r tio n a l t o  

absorbed dose over a l im it e d  ra n g e . The upper l e v e l  o f  

about 4  X 10^ rad s i s  s e t  by th e  oxygen c o n te n t  o f  th e  a i r -  

sa tu ra te d  aqueous s o lu t io n .  Above t h i s  v a lu e ,  th e  oxygen  

w i l l  be co m p le te ly  d e p le te d . T h is  s to p s  th e  r e a c t io n  betw een  

hydrogen atoms and oxygen which form s hydroperoxy r a d ic a l s .
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sto p p in g  th e  y ie ld  o f  HO2 w i l l  d ecrea se  th e  f e r r ic  io n  y i e l d .  

The low er l e v e l  o f  s e n s i t i v i t y  i s  determ ined by th e  

s e n s i t i v i t y  o f  th e  a n a ly t i c a l  method u sed  t o  d e te c t  f e r r i c  

io n  c o n ce n tr a tio n  and th e  p resen ce  o f  im p u r it ie s  in  s o lu t io n .  

The o x id a tio n  o f  fe r r o u s  io n s  i s  v ery  s e n s i t iv e  t o  th e  

p resen ce  o f  both  o rg a n ic  and in o rg a n ic  im p u r it ie s . In o rg a n ic  

im p u r it ie s  are l e s s  im portant and t h e i r  c o n tr o l may be 

a ch iev ed  by d i s t i l l a t i o n s  o f  th e  aqueous s o lu t io n .

Organic im p u r it ie s ,  however, can in f lu e n c e  th e  f e r r i c  

io n  c o n ce n tra tio n  by r e a c t in g  w ith  hydrogen atoms and h ydroxyl 

r a d ic a ls  t o  form o rg a n ic  r a d ic a ls .  T h is  p rev en ts  th e  

form ation  o f  th e  p e r o x id e s  and h yd rop erox id es which i n i t i a t e  

th e  ch a in  o x id a tio n  o f  fe r r o u s  io n s .  T h is  can reduce th e  

f e r r i c  io n  c o n c e n tr a t io n  t o  where i t  i s  no lo n g er  p r o p o r tio n a l  

t o  absorbed d o se .

The NaCl i s  added t o  s o lu t io n  t o  reduce th e  e f f e c t  o f  

th e s e  organ ic  im p u r it ie s .  The c h lo r in e  io n s  r e a c t  r a p id ly  

w ith  h ydroxyl r a d ic a ls

Cl" + OH ---- >  Cl + OH’

and th e  c h lo r in e  atom s form ed, in  tu r n , o x id iz e  fe r r o u s  io n s .  

T h is r e a c t io n  i s  much f a s t e r  than  r e a c t io n s  w ith  organ ic  

m o le c u le s .

Im p u r it ie s  may a l s o  be co n tr ib u te d  by th e  ir r a d ia t io n  

v e s s e l  i t s e l f .  For t h i s  rea so n , th e  v e s s e l s  made f o r  t h i s  

study v/ere c o n str u c te d  from t e f l o n ,  which has been found to  

c o n tr ib u te  n e g l ig ib l e  im purity  l e v e l s .  As a p reca u tio n
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a g a in s t  organ ic  im p u rity  co n ta m in a tio n , th e  new v e s s e l s  were 

f i l l e d  w ith  fe r r o u s  s u l f a t e  s o lu t io n  and th en  ir r a d ia te d  t o  

15  megarads b e fo r e  b e in g  used  fo r  d osim etry  p u rp o ses.

In  th e  absence o f  r a d ia t io n , a e ra te d  fe r r o u s  s u l f a t e  

s o lu t io n s  s lo w ly  o x id iz e .  T h is a ls o  a f f e c t s  th e  lo w er  l im i t  

o f  dose which can be measured w ith  accu racy , A c o r r e c t io n  

fo r  t h i s  o x id a tio n  can be ob ta in ed  from an u n ir r a d ia te d  

sample o f  th e  same s o lu t io n  used  a s  a  c o n tr o l ,  A spontaneous  

dark o x id a tio n  ex cee d in g  t h i s  v a lu e  in d ic a t e s  im p u r it ie s .

The form ation  o f  f e r r ic  io n s  i s  d ir e c t ly  p r o p o r tio n a l  

t o  energy absorbed betw een th e se  l i m i t s  a s  lo n g  a s  some 

oxygen rem ains in  s o lu t io n .  Any d e v ia t io n  from propor

t i o n a l i t y  in d ic a t e s  th e  exh a u stio n  o f  d is s o lv e d  oxygen and /or  

th e  p resen ce  o f  im p u r it ie s .  The form ation  o f  f e r r i c  io n s  

has a ls o  been found t o  be independent o f  dose r a te  between  

O il and 4 ,0 0 0  ra d s p er second. The y i e ld  o f  f e r r i c  io n s  

i s  l i t t l e  a f f e c t e d  by tem perature, and u s u a lly  no c o r r e c t io n  

i s  made fo r  ir r a d ia t io n s  a t  or n ear room tem perature (S h a lek  

and Sm ith, I 9 6 9 ) ,  The p o s i t iv e  tem perature c o e f f i c i e n t  a t  

th e  tim e o f  ir r a d ia t io n  i s  0 ,0 4  + 0 ,0 3  p ercen t p er  degree C 

between 0®C and 70*0  (Schw arz, 1 9 5 4 ) .

The f e r r i c  io n  c o n c e n tra tio n  was measured by d ir e c t  

sp ectrop h otom etric  o b se r v a tio n s . In  th e  d i lu t e  HgSO  ̂

s o lu t io n , p r a c t ic a l ly  a l l  o f  th e  f e r r i c  io n s  are in  th e  

FeSOj form . T h is  e n t i t y  has a b so rp tio n  maxima a t  both  

224 nra and 304 nm. Q u a n tita tiv e  measurements are u s u a lly
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made a t  th e  304 nm peak s in c e  sp ectrop h otom etr ic  adjustm ent 

i s  much more c r i t i c a l  and im p u r it ie s  have a g r e a te r  e f f e c t  

a t  the sh o r te r  w avelen gth . At th e  304 nm w avelength , th e  

molar e x t in c t io n  c o e f f i c i e n t  has been v ery  p r e c is e ly  measured 

a t  2 ,1 9 6  l i t e r s  m ole“  ̂ cm“  ̂ a t  25*C w ith  a p o s i t iv e  tem

p eratu re  c o e f f i c i e n t  o f  0,6955 per d egree C (S ch a r f and L ee,

1 9 6 2 ) ,

Once th e  f e r r i c  io n  co n c e n tr a t io n  has been determ ined , 

th e  average absorbed dose in  rads in  th e  fe r r o u s  s u l f a t e  

s o lu t io n  can be d eterm ined , Shalek and Smith ( I 9 6 9 ) have 

developed  a  co n v en ien t form ula fo r  t h i s  c a lc u la t io n ,  and 

t h e ir  method was used  in  t h i s  stu d y .



CHAPTER V 

EXPERIMENTAL DESIGN

5 .1  Photon Source

The photon  source u sed  fo r  t h i s  stud y  v/as a  70 Mev syn

chrotron  m anufactured by G eneral E le c t r ic  Company and operated  

by th e  Department o f  R a d io lo g ic a l S c ie n c e s  o f  th e  U n iv e r s ity  

o f  Oklahoma M edical C en ter.

The syn ch rotron  a c c e le r a t e s  e le c tr o n s  in  a c ir c u la r  

o r b it .  An in c r e a s in g  m agnetic f i e l d  h o ld s  th e  e le c t r o n s  in  

o r b it  w h ile  an a lt e r n a t in g  e l e c t r i c  f i e l d  a p p lie d  in  syn

chronism  w ith  th e  o r b it a l  p er io d  p ro v id es  th e  a c c e le r a t in g  

fo r c e . At th e  end o f  th e  a c c e le r a t io n , th e  o r b it  i s  changed  

a llo w in g  th e  e le c t r o n s  to  s t r ik e  a tu n g sten  t a r g e t ,  th u s  pro

ducing an X -ray beam in  th e  forward d ir e c t io n  o f  th e  e le c t r o n s ,  

A com plete d e s c r ip t io n  o f  th e  mode o f  o p era tio n , and v a r io u s  

fe a tu r e s  o f  i t s  d es ig n  and c o n s tr u c t io n  has been p resen ted  

by E lder e t  a l . (1 9 ^ 7 ),

The energy o f  t h i s  X -ray beam i s  d is t r ib u te d  over a 

spectrum , th e  maximum b e in g  determ ined by th e  energy  o f  th e  

e le c t r o n s ,  S c h i f f  (1951) has developed  a t h e o r e t ic a l  ap

proach to  determ ine th e  X -ray sp e c tr a  from m achines o p era tin g  

in  t h i s  en ergy  ran ge. S p ectra  ob ta in ed  from S c h if f * s  ex p res

s io n s  are ta b u la te d  in  Handbook 55 (195^)*

The e le c t r o n  energy i s  co n tin u o u sly  a d ju s ta b le  from 5 

Mev to  70 Mev, T h erefo re , th e  synchrotron  i s  cap ab le  o f  gen -

54
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e r a t in g  X -ray beams w ith  maximum s p e c tr a l  ed ges from 5 Mev 

t o  70  Mev, S e le c te d  s p e c tr a l  edge p o in t s  have been c a l i 

b rated  by Anderson and S w ift  (1970) w ith  an accuracy  o f  

about 155,

G eneral E le c t r ic  has l i s t e d  the maximum beam in t e n s i t y  

a t  300  ro en tg en s p er m inute a t  a d is ta n c e  o f  1 m eter from  

th e  t a r g e t ,  and th e  s tr a y  r a d ia t io n  t o  be l e s s  than 1 r o e n t

gen p er hour. Both m easurements were ev a lu a ted  a t  70 Mev, 

More r e c e n t  m easurements have been made w ith  a V ic to reen  

Condenser R-Meter and th e  maximum beam in t e n s i t y  was found  

to  be 240 ro en tg en s p er m inute w ith  s tr a y  r a d ia t io n  l e s s  

than 20  m il l ir o e n tg e n s  p er  hour.

The beam a n g le  to  h a l f  maximum in t e n s i t y  i s  2® t o  3 “ 

a t  70  Mev, The a n g le  v a r ie s  ap proxim ately  a s  th e  in v e r se  o f  

Mev, C o llim a to rs  are a v a i la b le  which o f f e r  a wide s e le c t io n  

o f  f i e l d  s i z e s  and sh ap es,
e

The d u ra tio n  o f  th e  X -ray p u lse  i s  in  th e  order o f  se v 

e r a l  m icrosecon d s. The p u ls e  r a te  o f  60 per second i s  s u f f i 

c ie n t  fo r  stea d y  s t a t e  d e te c to r  o p era tio n ,

5 , 2  Phantom D esign

S ince s c a t te r e d  r a d ia t io n  w i l l  c o n tr ib u te  to  th e  dose  

a t  any p o in t  in  th e  medium, th e  phantom should  be s u f f i 

c i e n t ly  la r g e  to  make n e g l ig ib l e  th e  e f f e c t  o f  in c r e a s in g  

i t s  s i z e .  To do t h i s ,  a s e m i- in f in i t e  medium i s  gen er

a l l y  u sed . T h is term means th a t  any change in  medium shape 

or volume w i l l  n o t  a f f e c t  absorbed dose measurements a t  th e
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p o i n t  o f  i n t e r e s t .

E s s e n t i a l l y  n o  w o rk  h a s  b e e n  d o n e  on s e m i - i n f i n i t e  me

d ium  d e s i g n  f o r  a b s o r b e d  d o s e  m e a s u r e m e n t s  a b o v e  35 Mev, How

e v e r ,  b a c k s c a t t e r  m e a s u r e m e n t s  a b o v e  35 Mev h a v e  i n d i c a t e d  

t h a t  i n c r e a s i n g  t h e  medium t h i c k n e s s  b e y o n d  tw o  mean f r e e  

p a t h  l e n g t h s  d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  m e a s u r e m e n t s  

( C r i t e s ,  1 9 7 0 ) ,  S i n c e  t h e  p h y s i c a l  s i z e  o f  t h e  medium i s  o f  

p r a c t i c a l  c o n c e r n ,  t h e  minimum v a l u e  o f  tw o  mean f r e e  p a t h  

l e n g t h s  was t h e  b a s i s  f o r  s e m i - i n f i n i t e  medium d e s i g n .

W a te r  i s  r ecom m end ed  a s  t h e  medium f o r  a b s o r b e d  d o s e  

m e a s u r e m e n t s  (ICRU, 1 9 6 9 ) a n d  was u s e d  i n  t h i s  s t u d y .  T h i s  

m a t e r i a l  was  c h o s e n  b e c a u s e  i t s  r a d i a t i o n  p r o p e r t i e s  a r e  s i 

m i l a r  t o  t h o s e  o f  m o s t  b i o l o g i c a l  t i s s u e s  a n d  i t  i s  a  medium 

i n  w h ic h  much i n f o r m a t i o n  on a b s o r b e d  d o s e  h a s  b e e n  o b t a i n e d .

The i n c i d e n t  p h o t o n  beam was  c o l l i m a t e d  t o  t v / e n t y - s e v e n  

c e n t i m e t e r s  i n  d i a m e t e r  upo n  e n t r a n c e  i n t o  t h e  medium a n d  t h e  

a b s o r b e d  d o s e  m e a s u r e m e n t s  w e re  made a t  t h e  p e a k  o f  t h e  d c p t h -  

d o s e  d i s t r i b u t i o n .  A t  65  Mev, mean f r e e  p a t h  l e n g t h  f o r  t h i s  

e n e r g y  beam i s  a p p r o x i m a t e l y  50  c e n t i m e t e r s .  T h u s ,  t h e  p h a n 

tom d e s i g n  a l o n g  t h e  c e n t r a l  a x i s  o f  t h e  beam was 110 c e n t i 

m e t e r s ,  T h i s  i s  t h e  minimum l e n g t h  r e q u i r e d  f o r  s e m i - i n f i n i t e  

medium d e s i g n  a t  65  Mev, c o n s i d e r i n g  b u i l d u p  d e p t h  a n d  p h o 

t o n  mean f r e e  p a t h  l e n g t h .

S c a t t e r i n g  m a t e r i a l  was a l s o  n e e d e d  a r o u n d  t h e  v o lu m e  o f  

w a t e r  t h r o u g h  w h i c h  t h e . i n c i d e n t  beam p a s s e s  t o  i n s u r e  s e m i 

i n f i n i t e  medium d e s i g n .  S i n c e  t h i s  m a t e r i a l  v/as n o t  w i t h i n
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th e  prim ary beam, i t s  th ic k n e s s  was d esig n ed  on secondary  

e le c t r o n  ran ge, A 65  Mev X -ray beam g e n e r a te s  an e le c tr o n  

energy spectrum  which has a mean range o f  approxim ately  10 cm 

in  w a ter . T h is c a se  i s  an alogous to  th e  photon c a s e , and two 

e le c t r o n  range le n g th s  would e s t a b l i s h  a minimum o f  20 c e n t i 

m eters o f  s c a t t e r in g  m a te r ia l o u ts id e  th e  prim ary beam.

From th e  p r e v io u s  d is c u s s io n  th e n , th e  miniumum medium 

d esig n  was e s ta b l is h e d  t o  be 110 c e n tim e te r s  a lo n g  th e  cen 

t r a l  a x is  o f  th e  in c id e n t  photon beam and 60 c e n tim e te r s  in  

diam eter p erp en d icu la r  t o  th e  c e n tr a l  a x i s ,  A phantom o f  

th e s e  d im ensions was co n stru c ted  o f  p le x ig la s  fo r  t h i s  s tu d y . 

The s id e  and back w a lls  are 9 mm t h ic k ,  th e  bottom  su r fa ce  1 

cm t h ic k ,  and th e  f r o n t  or ir r a d ia t io n  su r fa ce  i s  6 mm t h ic k ,  

5*3 F errous S u lfa te  D osim eters

The fe r r o u s  s u l f a t e  s o lu t io n  used  in  t h i s  study was 

prepared by K,D, Anderson H o sp ita l in  H ouston, T exas, T h eir  

standard  s o lu t io n  i s  composed o f  0,001. M FeSOj  ̂ and 0 ,001  M 

NaCl in  0 ,8  N H^SOj .̂ High p u r ity  ch em ica ls  and w ater were 

used  in  p rep arin g  t h i s  s o lu t io n .

I r r a d ia t io n  v e s s e l s  were co n stru c ted  o f  t e f lo n  w ith  th e  

fo llo w in g  s e n s i t iv e  volume d im ensions: 4 ,6  cm d iam eter and 

0 ,6  cm d ep th . The w a lls  o f  t h i s  d isk  are 0 ,1  cm t h ic k . The 

s e n s i t iv e  volume h o ld s  10 ml o f  s o lu t io n  which a llow ed  fo r  

f e r r i c  io n  d eterm in a tio n  u s in g  a  10 cm a b so rp tio n  c e l l .  

T h erefo re , dose d e term in a tio n s  can be made down t o  se v e r a l  

hundred rad s w ith  good p r e c is io n  (S h a lek  and Sm ith, I 9 6 9 ) ,
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The s e n s i t iv e  volume th ic k n e s s  was determ ined by th e  

le n g th  o f  th e  lith iu m  f lu o r id e  h igh  s e n s i t i v i t y  ro d s . Both  

d osim eter  ty p e s  were ir r a d ia te d  w ith  t h i s  dim ension p a r a l le l  

t o  th e  c e n tr a l a x is  o f  th e  prim ary beam so  th a t  absorbed en

ergy  v/ould be measured over th e  same path  le n g th . One w a ll  

o f  th e  v e s s e l  i s  rem ovable fo r  a c c e s s  t o  th e  s e n s i t i v e  volum e, 

but forms a w ater t i g h t  s e a l when in  p la c e .

I n  o r d e r  t o  p r e p a r e  t h e s e  v e s s e l s  f o r  d o s i m e t r y ,  t h e y  

w e re  f i l l e d  w i t h  f e r r o u s  s u l f a t e  s o l u t i o n  a n d  i r r a d i a t e d  t o  

15  m e g a r a d s  t o  r em o v e  a n y  o r g a n i c  i m p u r i t i e s  o r i g i n a l l y  p r e s 

e n t  i n  t h e  t e f l o n .  The  v e s s e l s  v/ere  t h e n  f i l l e d  w i t h  f r e s h  

f e r r o u s  s u l f a t e  s o l u t i o n  an d  w e r e  r e a d y  f o r  u s e .

A f t e r  e a c h  i r r a d i a t i o n ,  t h e  v e s s e l s  w e re  r e t u r n e d  t o  

i l .D ,  A n d e r s o n  H o s p i t a l  f o r  a n a l y s i s .  The f e r r i c  i o n  c o n c e n 

t r a t i o n  was m e a s u r e d  on a  Beckman DU Model 2400  s p e c t r o p h o 

t o m e t e r  u s i n g  a  10 cm a b s o r p t i o n  c e l l  and  a  w a v e l e n g t h  o f  

304  nm. The o p t i c a l  d e n s i t y  o f  i r r a d i a t e d  s o l u t i o n  was o b 

t a i n e d  a l o n g  w i t h  t h e  o p t i c a l  d e n s i t y  o f  u n i r r a d i a t e d  s o l u 

t i o n ,  From t h i s  i n f o r m a t i o n ,  t h e  a b s o r b e d  d o s e  v/as c a l c u 

l a t e d  by t h e  f o r m u l a  g i v e n  b e lo w  ( S h a l e k  an d  S m i t h ,  I 9 6 9 ) ,

E = ____________ to o  CM________________  ■■ D -  H ^
-  1 .000  tl * a ( t  -  253 £ 30 ,  ̂ ' LG ( /L n ^ ) dm r a a s

The symbols are d e f in e d  a s fo llo w s :

= absorbed dose in  rads  

C = 1 ,6 0 2  X 10  ̂  ̂ rad gm ev ^

N = 6 ,0 2 3  X 1 0^  ̂ m o lecu les  m ole”^
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B = o p t i c a l  d e n s i t y  o f  u n i r r a d i a t e d  s o l u t i o n

D = o p t i c a l  d e n s i t y  o f  i r r a d i a t e d  s o l u t i o n

L = l e n g t h  o f  t h e  a b s o r p t i o n  l i g h t  p a t h  i n  c e n t i 
m e t e r s  = 10  cm

(  = m o l a r  e x t i n c t i o n  c o e f f i c i e n t  f o r  f e r r i c  i o n  i n
^ nm l i t e r s  m o le " ^  cm~^ a t  30 î- nm = 2 , 1 9 6  l i t e r s

m o le - 1  cm- 1  a t  2 5 *C f o r  0 . 8  N HgSO^

G = m o l e c u l e s  o f  f e r r i c  i o n  fo rm ed  p e r  100 ev  a b 
s o r b e d

/ O  =  p j i y s i c a l  d e n s i t y  o f  d o s i m e t e r  =  1 , 0 2 4  gm c m ” 3  

'  “  f o r  0 , 8  K

a  = f r a c t i o n a l  i n c r e a s e  o f  e x t i n c t i o n  c o e f f i c i e n t  
p e r  *C = 0 , 6 9 2  f o r  0 , 6  N H^SO^^

t  = t e m p e r a t u r e  o f  d o s i m e t e r  i n  "C a t  t h e  a b s o r p 
t i o n  r e a d i n g

= m a s s  e n e r g y  a b s o r p t i o n  c o e f f i c i e n t  o f  medium

= m a s s  e n e r g y  a b s o r p t i o n  c o e f f i c i e n t  o f  d o s i m e t e r

T h e r e f o r e ,  f o r  f e r r o u s  s u l f a t e  s o l u t i o n  p r e p a r e d  i n  0 . 8

K an d  r e a d  o u t  i n  a  10 cm a b s o r p t i o n  c e l l ,  t h e  f o r m u l a

a b o v e  r e d u c e s  t o  t h e  f o l l o w i n g :

F = 4 . 2 9 1  X l o 5  D -  B ^ ^ n ^ ^ m  ,
m 1 + o ! o 0 6 9  ( t  -  2 5 ) ^  lOG ^  P ^ h ^ d

p.

T h i s  r e l a t i o n s h i p  i s  v a l i d  o n l y  when e l e c t r o n i c  e q u i l i b 

r i u m  h a s  b e e n  e s t a b l i s h e d .  T h i s  c o n d i t i o n  c a n  g e n e r a l l y  be  

assum ed  a t  e n e r g i e s  b e lo w  0 , 6  Mev w h e re  t h e  m e a s u r e  o f  a b 

s o r b e d  d o s e  i s  due  a l m o s t  e n t i r e l y  t o  e l e c t r o n s  g e n e r a t e d  

w i t h i n  t h e  d o s i m e t e r  v o lu m e .  A t  h i g h e r  e n e r g i e s ,  e l e c t r o n s  

o r i g i n a t i n g  i n  t h e  b u i l d u p  m a t e r i a l  e n t e r  t h e  d o s i m e t e r  v o l 

ume and  c o n t r i b u t e  t o  a b s o r b e d  d o s e .  C o r r e c t i o n s  f o r  t h i s  

c o n d i t i o n  h a v e  b e e n  d i s c u s s e d  i n  s e c t i o n  4 , 2  a n d  m u s t  b e  c o n -
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s i d e r e d  f o r  t h i s  c a l c u l a t i o n .

5 , ^  D o s i m e t e r  P l a c e m e n t

To b e s t  c o m pare  d o s e  m e a s u r e m e n t s  f rom  l i t h i u m  f l u o r i d e  

an d  f e r r o u s  s u l f a t e  d o s i m e t e r s ,  t h e  d o s i m e t e r s  s h o u l d  be  i r 

r a d i a t e d  u n d e r  i d e n t i c a l  c o n d i t i o n s .  T h i s  i s  b e s t  accom p

l i s h e d  by  s i m u l t a n e o u s  i r r a d i a t i o n  t o  e l i m i n a t e  p l a c e m e n t  

e r r o r s  a n d  v a r i a n c e  i n  t h e  p h o t o n  beam .

B u t  f o r  s i m u l t a n e o u s  i r r a d i a t i o n ,  b o t h  d o s i m e t e r s  s h o u l d  

be  r e f e r e n c e d  t o  t h e  same vo lu m e  w i t h i n  t h e  medium . T h i s  i s  

n e c e s s a r y  b e c a u s e  d o s e  r a t e  n o t  o n l y  v a r i e s  w i t h  d e p t h  i n  t h e  

p h a n to m ,  b u t  a l s o  a c r o s s  t h e  p r i m a r y  beam.

An i r r a d i a t i o n  t e c h n i q u e  h a s  b e e n  d e v e l o p e d  f o r  s i m u l 

t a n e o u s  i r r a d i a t i o n .  Two f e r r o u s  s u l f a t e  d o s i m e t e r s  w e re  

p l a c e d  e q u i d i s t a n t  f ro m  t h e  c e n t e r  i n  a  c i r c u l a r  p l e x i g l a s  

d i s k .  T h e s e  a r e  shown i n  F i g u r e  1 2 ,  The d i s k  w as  p o s i t i o n e d  

p e r p e n d i c u l a r  t o  a n d  c e n t e r e d  on t h e  i n c i d e n t  p r i m a r y  beam. 

D u r i n g  i r r a d i a t i o n  t h e  d i s k  was r o t a t e d  a b o u t  t h e  c e n t r a l  

a x i s .  I n  t h i s  way, b o t h  d o s i m e t e r s  r e c e i v e d  t h e  same d o s e  

r e g a r d l e s s  o f  d o s e  r a t e  o r  a n g u l a r  d i s t r i b u t i o n  o f  t h e  beam. 

The l i t h i u m  f l u o r i d e  d o s i m e t e r s  w e re  p o s i t i o n e d  i n  t h e  

same w a y , F i f t y  l i t h i u m  f l u o r i d e  d o s i m e t e r s  w e r e  a r r a n g e d  i n  

tv/o 5 x 5  m a t r i c e s  a s  shov/n i n  F i g u r e  12 ,  The s i d e  d i m e n s i o n  

o f  e a c h  . m a t r i x  v/as t h e  same a s  t h e  d i a m e t e r  o f  t h e  f e r r o u s  

s u l f a t e  d o s i m e t e r  s e n s i t i v e  v o lu m e .  T h e s e  m a t r i c e s  w e re  c e n 

t e r e d  a t  t h e  same d i s t a n c e  f ro m  t h e  p o i n t  o f  r o t a t i o n  a s  t h e  

f e r r o u s  s u l f a t e  d o s i m e t e r s .
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P l e x i g l a s  D i s k

I— — i

!L'ii:J_*_Lla?!̂ F e r r o n s
S u l f a t e
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— p o i n t  o f  r o t a t i o n

T i i t h i u n  F l u o r i d e — 
D o s i m e t e r s

F i g u r e  1 2 ,  D o s i m e t e r  P l a c e m e n t
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The m atrix  in  th e  upper le f t -h a n d  p o r tio n  o f  th e  p l e x i 

g la s  d isk  in  F igu re 12 shows the p lacem ent o f  th e  lith iu m  

f lu o r id e  d o s im eters . One d osim eter i s  cen tered  in  each square 

w ith  th e  6 mm d im ensions p a r a l le l  t o  th e  c e n tr a l a x is  o f  th e  

primary beam. The therm olum inescent resp on se  o f  each d o s i

m eter r e p r e se n ts  th e  average absorbed dose w ith in  i t s  sq u are. 

Thus, th e  therm olum inescen t resp onse o f  a l l  25 d o sim eters  

r e p r e se n ts  th e  t o t a l  absorbed dose w ith in  th e  5 ^ 5  m atr ix .

But th e  therm olum inescent resp o n se  w ith in  a volume th e  

same shape and s i z e  o f  th e  ferr o u s  s u l f a t e  s e n s i t iv e  volume 

was needed fo r  com parison. To accom p lish  t h i s ,  a c i r c l e  w ith  

dim ensions equal t o  th e  s e n s i t iv e  volume o f the fe r r o u s  s u l 

f a t e  d osim eter was in s c r ib e d  w ith in  th e  m atr ix . Each d o s i 

m eter read in g  was c o r r e c te d  fo r  th e  p erc en t o f  each square 

ly in g  w ith in  th e  c i r c l e .  These c o r r e c t io n  fa c t o r s  were de

term ined u s in g  a p la n im e ter  and are a s  fo llo w s :  squares num

bered 1 , 1 3 , 25^; sq uares numbered 2 , 7 7 , 2 5 0 ; sq uares numbered 

3 , 9 8 , 2 5 0 , A ll  o th er  sq u ares were tak en  a s  1000, The c o r 

re c te d  therm olum inescent resp onse r e p r e se n ts  th e  t o t a l  ab

sorbed dose w ith in  a volume equal t o  th e  s e n s i t iv e  volume o f  

th e  fe r r o u s  s u l f a t e  d o sim eter ,

5 . 5  I r r a d ia t io n  Techniouo

Lithium  f lu o r id e  therm olum inescent dosim etry f in d s  i t s  

g r e a te s t  a p p lic a t io n  in  th e  m edical f i e l d  where i t  i s  used  

to  measure th e r a p e u tic  d o se s  in  b io lo g ic a l  m a te r ia ls . Sev

e r a l hundred rads i s  r e p r e s e n ta t iv e  o f  th e r a p e u tic  d o se s .
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I t  i s  in  t h i s  dose ra n g e , th e n , th a t  th e  therraolum inescent 

resp on se  o f  l ith iu m  f lu o r id e  should  be e s ta b lis h e d .

The ex a c t  dose l e v e l  t o  be in v e s t ig a te d  was e s ta b lis h e d  

by th e  s e n s i t i v i t y  o f  th e  fe r r o u s  s u l f a t e  d osim eter . I t  v/as 

s ta te d  in  a p r e v io u s  ch a p ter  th a t  v /ith  proper p r e c a u tio n s , 

d o ses  can be m easured below  400 rad s w ith  good p r e c is io n .

T h is study used  th e  c u r r e n t ly  a c c e p ta b le  method o f  fe r r o u s  

s u l f a t e  dosim etry  in  order t o  approach t h i s  s e n s i t i v i t y .  

T h erefo re , 400 ra d s was s e le c t e d  a s  th e  dose l e v e l  f o r  t h i s  

stu d y .

I t  i s  g e n e r a l ly  a ccep ted  th a t  th e  d o se -resp o n se  r e la t io n 

sh ip  i s  l in e a r  up t o  about 10^ ra d s . Thus, any sm all v a r i 

a t io n  in  dose l e v e l s  around 400 rad s w i l l  have no e f f e c t  on 

a resp on se  p er rad r e la t io n s h ip .

Photon e n e r g ie s  o f  35  Kev, 50  Kev, and 65  l e v  were s e l e c 

te d  f o r  t h i s  s tu d y . The cu rren t in fo rm a tio n  on th e  therm olum i

n e sc e n t  resp on se  o f  l i th iu m  f lu o r id e  co v e rs  e le c t r o n  e n e r g ie s  

t o  35 Kev and X -ray e n e r g ie s  t o  2 2  Wev, S ix t y - f iv e  Kev g iv e s  

a peak dose a t  about th e  maximum depth  u sed  in  th era p y . The 

35 Mev p o in t  was chosen  t o  be a  l in k  between th e  65  Mev p o in t  

and e x i s t in g  d a ta . The p o in t  a t  50 Mev v/as s e le c t e d  t o  d e te r 

mine th e  l i n e a r i t y  o f  th e  en erg y -resp o n se  r e la t io n s h ip

S in ce  t h i s  stu d y  in v o lv ed  a com parison between th e  en

ergy  absorbed in  l ith iu m  f lu o r id e  and th e  energy absorbed in  

th e  medium which th e  d osim eter  m a te r ia l d is p la c e s  (measured  

by th e  fe r r o u s  s u l f a t e  d o s im e te r ) , th e  depth a t  which th e se
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measurements v/ere made i s  n o t c r i t i c a l .  Both lith iu m  f lu o r 

id e  and fe r r o u s  s u l f a t e  g iv e  a measure o f  absorbed en ergy , 

and th e  r a t io  o f  th e s e  v a lu e s  i s  p r a c t ic a l ly  co n sta n t over  

th e  d ep th -d ose d is t r ib u t io n .

But fo r  c o n s is te n c y  v/ith  o th er  p u b lish ed  data and con

s id e r in g  th e  depth  in  m atter a t  which absorbed energy i s  o f  

in t e r e s t  t o  th e  r a d io th e r a p is t ,  a l l  measurements o f  absorbed  

energy v/ere made a t  th e  peak o f  th e  d ep th -d ose d is t r ib u t io n  

fo r  th e  photon energy under c o n s id e r a t io n . The p le x ig la s  

d isk  c o n ta in in g  tv/o fe r r o u s  s u l f a t e  d o sim eters and tv/o s e t s  

o f  lith iu m  f lu o r id e  d o sim eters  v/ere p o s it io n e d  a t  t h i s  depth  

and ro ta ted  s lo v /ly  w h ile  b e in g  ir r a d ia te d . Thus, b oth  do

sim etry  system s v/ere exposed under id e n t ic a l  c o n d it io n s  and 

can be compared.

S ince th e  measurements v/ere made w ith in  w ater, i t  v/as 

im portant fo r  th e  w ater n o t to  come in  c o n ta c t  v/ith th e  sen 

s i t i v e  volume o f  e i t h e r  dosim etry  system . The fe r r o u s  s u l 

f a t e  s o lu t io n  was co n ta in ed  w ith in  a v/atcr t ig h t  v e s s e l ,  so  

th e re  was no in te r a c t io n  betv/een s o lu t io n  and v/ater. The 

l ith iu m  f lu o r id e  d o s im eters , hov/ever, were p laced  in  h o le s  

d r i l l e d  in  th e  p le x ig la s  d isk  and m easures had to  be taken  

so  th ey  would n o t g e t  w et. The s o l u b i l i t y  o f lith iu m  f lu o r 

id e  i s  0 ,2 7  grams per 100 ml o f v /ater, and water g r e a t ly  a f 

f e c t s  therm olum inescent resp on se (Harshav/ Chemical Company, 

1 9 7 1 ) .  A th in  f i lm  o f p la s t i c  v/as p la ced  over the su r fa ce  

o f  th e  p le x ig la s  d isk  in  order to  keep w ater o f f  both  th e
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l ith iu m  f lu o r id e  and the fe r r o u s  s u l f a t e  d o sim eters during  

ir r a d ia t io n .



CHAPTER V I

EXPERIMENTAL TESTS AND METHODS

6 ,1  E f f e c t  o f  Phantom S ize  on Dose

An in v e s t ig a t io n  v/as made t o  determ ine i f  the w ater  

phantom d escr ib ed  in  s e c t io n  5 .2  a c ted  as a  s e m i- in f in i t e  

medium. I f  t h i s  c o n d it io n  was n o t  s a t i s f i e d ,  a  change in  

th e  phantom s iz e  would a f f e c t  dose m easurem ents,

A V ic to reen  IGOR high  en ergy  io n  chamber was p la ced  a t  

a depth o f  10 cm in  th e  w ater phantom. T h is  p o s it io n  i s  

approxim ately  th e  peak o f  th e  d ep th -d ose d is t r ib u t io n  fo r  a 

65  Mev X -ray beam (Adams and P a lu ch , 19^ 5).

Exposure was in te g r a te d  t o  a read in g  o f  6 7 .6  ro en tg en s  

on the io n  chamber. T h is measurement v/as rep ea ted  w ith  an 

a d d it io n a l 30  cm o f  w ater p la c e d  behind th e  phantom and 

again  w ith  an a d d it io n a l 30  cm o f  w ater p la ced  b es id e  th e  

phantom. The io n  chamber r e a d in g s  from th e s e  measurements 

were 6 7 ,3  ro en tg en s  and 6 7 ,5  ro en tg en s  r e s p e c t iv e ly .  The 

d if f e r e n c e s  betv/een th e se  r e a d in g s  were l e s s  than 1% , S in ce  

th e  p r e c is io n  o f  io n  chamber measurements i s  co n sid ered  t o  be 

1 or 2f». (J o h n s, I 9 6 1 ) ,  th ere  was no d e te c ta b le  d if fe r e n c e  

between th e s e  th r ee  m easurem ents. I t  v/as th e r e fo r e  concluded  

th a t  the phantom was a s e m i- in f in i t e  medium fo r  photon en

e r g ie s  u p .to  65  Mev,

I t  v/as n o t n e c e ssa r y  to  co n v er t th e se  exposure m easure

m ents t o  absorbed dose in  w ater because th e  r a t io  o f  exposure

66
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measurements are th e  same a s  absorbed dose r a t io s  a t  any 

g iv en  energy l e v e l ,  (H o sp ita l P h y s ic is ts *  A s s o c ia t io n , I 9 6 9 ) .

6 .2  E f f e c t  o f  Phantom M a ter ia l on Dose

An exposure measurement was aga in  made in  th e  w ater  

phantom a t  a depth o f  10 cm u s in g  a 65  Mev X -ray beam. T h is  

was compared w ith  a measurement made under th e  same c o n d it io n s  

but w ith  an a d d it io n a l 9  mm p le x ig la s  sh e e t  added t o  th e  in 

s id e  o f  the fr o n t  s u r fa c e . The io n  chamber rea d in g s  were 

3 3 ,8  ro en tg en s and 33*7 ro en tg en s r e s p e c t iv e ly .  C on sid erin g  

the p r e c is io n  o f  io n  chamber measurements ( s e e  s e c t io n  6 , 1 ) ,  

th e se  measurements are n o t s ig n i f i c a n t ly  d i f f e r e n t .  I t  was 

concluded  th a t  th e  6  mm p le x ig la s  fr o n t  su rfa ce  d oes n ot s i g 

n i f i c a n t ly  a f f e c t  exposure measurements in  w ater. Measure

ments made in  t h i s  phantom are th e  same a s  i f  th e  e n t ir e  

b uildup  m a te r ia l c o n s is te d  o f w ater.

For s tr u c tu r a l p u rp oses, a fr o n t  su rfa ce  o f  l e s s  than  

6 mm cou ld  n o t be u sed . Water p ressu re  caused co n s id er a b le  

d e v ia t io n s  from f la t n e s s  when th in n er  m a te r ia ls  were u sed ,

6 . 3  Denth-Dose D is tr ib u t io n

The V icto reen  lOOR h igh  energy io n  chamber was used  to  

make r e la t iv g ,d e p th -d o s e  measurements a t  35 Mev, 50  Mev, and 

65 Mev, At each en ergy , a measurement was made a t  a  depth  

o f  2 cm from th e  fr o n t  su rfa ce  o f  the phantom. R eadings were 

then made a t  in c r e a s in g  d is ta n c e s  u n t i l  a maximum dose was 

reach ed . T h is in c r e a se  in  dose i s  due to  th e  gradual b u ildu p  

o f  th e  e le c tr o n  spectrum in  th e  phantom. Beyond th e  peak
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re a d in g , a d d it io n a l measurements were made a t  s e v e r a l p o in t s  

through th e  phantom t o  e s ta b l is h  th e  e x p o n e n tia l f a l l - o f f  o f  

dose due to  a tte n u a tio n  o f  th e  prim ary beam.

The r e la t iv e  d ep th -d o se  d is t r ib u t io n s  in  w ater fo r  35 

Mev, 50  Mev, and 65  Mev photon beams are shov/n in  F igu re I 3 . 

The maximum dose o ccu rs  a t  6 cm, 7 cm, and 9 cm, r e s p e c t iv e ly .  

These cu rv es  are p lo t t e d  a s  a p e rc en t o f  th e  maximum v a lu e .

A l l  measurements were made a t  th e  p o in t  o f  maximum d o se ,  

which i s  co n sta n t over  se v e r a l c e n t im e te r s  le n g th . T h erefo re , 

absorbed dose w i l l  be n e a r ly  co n sta n t  through th e  e n t ir e  

s e n s i t iv e  volume o f  b o th  th e  l ith iu m  f lu o r id e  and fe r r o u s  

s u l f a t e  d o s im eters ,

6 ,4  C a lib r a tio n  o f  F errou s S u lfa te  D osim eters

A group o f  n in e  fe r r o u s  s u l f a t e  v e s s e l s  were f i l l e d  

w ith  a standard s o lu t io n  by H,D, Anderson H o sp ita l and r e 

turned f o r  ir r a d ia t io n .  Three were ir r a d ia te d  t o  400 r a d s ,  

fo u r  t o  1 ,0 0 0  r a d s , and one to  4 ,0 0 0  ra d s . One d osim eter  . 

was u n ir r a d ia te d  and was used a s  background. The ir r a d ia t io n  

source was c o b a lt - 6 0  w ith  a dose r a te  o f  4 5 .7  ra d s/m in u te . 

T h is was determ ined by a  V icto reen  lOOR h igh  energy io n  cham

ber a lo n g  w ith  the ap p ro p ria te  ro en tg en  t o  rad co n v ersio n  

f a c t o r ,  b a c k sc a tte r  f a c t o r  and p e r c e n t  d ep th -d ose  f a c to r  from  

Johns ( 1 9 6 1 ) ,  A fte r  ir r a d ia t io n ,  th e  n in e  d o sim eters  were 

retu rn ed  t o  M,D, Anderson H o sp ita l f o r  dose d e term in a tio n .

The mean v a lu e s  o f  the rea d o u ts  a t  th e  th r e e  dose l e v e l s  

are p resen ted  in  F ig u re  14 , I t  can be seen  th a t  absorbed
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dose a s  measured by fe r r o u s  s u l f a t e  d o sim eters  i s  a  l i n e a r i l y  

in c r e a s in g  fu n c t io n  betw een 400 rad s and 1 ,0 0 0  r a d s . An 

e x tr a p o la t io n  o f  t h i s  curve p a s s e s  through th e  o r ig in  which  

in d ic a t e s  t h a t  im p u r it ie s  are n o t  p r e se n t  in  amounts s u f f i 

c ie n t  t o  a f f e c t  f e r r i c  io n  c o n c e n tr a t io n .

S in ce o p t ic a l  d e n s ity  i s  p r o p o r tio n a l t o  absorbed d o se , 

th e  s lo p e  o f  th e  curve r e p r e s e n ts  th e  dose r a te  a s  measured  

by th e se  d o s im e te r s . The dose r a te  was c a lc u la te d  from th e  

ex p re ss io n  in  s e c t io n  5*3 by u s in g  th e  s lo p e  in  p la c e  o f  

(D -  B) in  th e  e q u a tio n . T h is c a lc u la t io n  showed a  dose  

r a te  o f  4 5 .9  ra d s/m in u te . There i s  l e s s  than 0 ,5 ^  d i f f e r 

ence betv/een t h i s  v a lu e  and th e  tr u e  dose r a t e .  T h is  d i f 

fe r e n c e  i s  w e l l  w ith in  th e  o v e r a l l  exp erim en ta l e r r o r  o f  

t h i s  study; th e r e fo r e ,  fe r r o u s  s u l f a t e  d osim etry  v/as used  

t o  g iv e  a  measure o f  th e  tru e  absorbed dose in  th e  phantom 

a t  th e  400 rad dose ra n g e . The standard  d e v ia t io n  a s s o c i 

a ted  w ith  th e  p o in t  a t  400 rad s i s  o f  th e  mean. T h is  

cou ld  n o t be shown in  F igu re 14 due t o  th e  la r g e  s c a le .

Mine fe r r o u s  s u l f a t e  d o sim eters  were aga in  prepared  by 

M,D, Anderson H o sp ita l and retu rn ed  f o r  u s e . They were h eld  

f o r  two weeks and th en  m ailed  back t o  H,D, Anderson f o r  dose 

d eterm in a tio n . T h is was done t o  e s t a b l i s h  th e  background  

l e v e l s  a s s o c ia te d  w ith  m ailed  d o s im e te r s . The mean resp on se  

o f  th e se  d o s im eters  was e q u iv a le n t  t o  a  dose o f  l e s s  than  10 

rad s when compared t o  th e  resp on se  o f  f r e s h ly  prepared ferr o u s  

s u lf a t e  s o lu t io n .  T h is v a lu e  i s  sm all when compared t o  an
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ir r a d ia t io n  d ose o f  400 r a d s . An u n ir r a d ia te d  d osim eter was 

read  out w ith  each  group o f  ir r a d ia te d  d o sim eters t o  account  

f o r  th e  background d o se ,

6 ,5  C a lib r a t io n  o f  L ithium  F lu o r id e  TLD-700 D osim eters

Therm olum inescent d osim etry  i s  n o t  a  system  o f  a b so lu te  

d osim etry  s in c e  i t  m easures on ly  r e l a t i v e  re sp o n se . Meaning

f u l  in te r p r e ta t io n  can o n ly  be made through a  com parison o f  

therm olum inescent resp o n se  to  a known d o se . The b e s t  way t o  

c a l ib r a te  t h i s  d osim etry  system  i s  t o  expose th e  d o sim eters  

t o  a  dose w hich has been determ ined  by an a b so lu te  te ch n iq u e . 

In  t h i s  v/ay, a  c a l ib r a t io n  f a c t o r  can be ob ta in ed  t o  a cc u r a t

e l y  con vert therm olum inescen t resp o n se  to  absorbed d o se .

The accu racy  o f  a  p a r t ic u la r  dose measurement i s  d e fin e d  

a s  th e  d if f e r e n c e  between th e  measured dose and th e  tr u e  d o se . 

The two m ost im portant com ponents o f  t h i s  d if fe r e n c e  are a s 

s o c ia te d  w ith  th e  c a l ib r a t io n  f a c t o r  and th e  n o n - l in e a r ity  

o f  d osim eter  resp on se  t o  param eters l i k e  en ergy , do s e - r a t e ,  

and t o t a l  d o s e . S in ce  a l l  param eters ex c ep t energy v/ere a c 

counted  f o r  d uring  t h i s  s tu d y , th e  d if f e r e n c e  between measured 

dose and tr u e  dose can be a t tr ib u te d  t o  energy dependence.

The p r e c is io n  o f  th e  therm olum inescent dosim etry  system  

r e f e r s  t o  th e  v a r ia t io n  in  therm olum inescent resp on se  among 

d o sim eters exposed  t o  th e  same d o se . T h is i s  ex p ressed  a s  

th e  standard d e v ia t io n  in  such a s e r i e s  o f  m easurem ents. Two 

components o f  t h i s  v a r ia t io n  are s e n s i t i v i t y  v a r ia t io n ,  which  

i s  p r o p o r tio n a l t o  d o se , and background v a r ia t io n ,  which i s
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independent o f  d o se .

Background v a r ia t io n  d eterm in es th e  minimum dose th a t  

can be m easured and i s  g e n e r a lly  c o n sta n t . T h is v a r ia t io n  

i s  o f  consequence on ly  when sm a ll d o ses  are m easured. Sen

s i t i v i t y  v a r ia t io n ,  however, i s  a f f e c t e d  by param eters l i k e  

s iz e  o f  d o s im e te r , o p t ic a l  d e n s ity  o f  th e  d o sim eter , and 

therm al a n n e a lin g  e f f e c t s .  The param eters f o r  a  g iv e n  b atch  

o f  d o sim eters  are  f ix e d  and p r e c is io n  can be determ ined by 

m easuring th e  therm olum inescent resp onse o f  each  d osim eter  

exposed  t o  th e  same d o se . Thermal a n n ea lin g  e f f e c t s  can  

be c o n tr o l le d  a s  ex p la in ed  l a t e r  in  t h i s  s e c t io n .

I n i t i a l l y  a  batch  o f  100 l ith iu m  f lu o r id e  TLD-700 h igh  

s e n s i t i v i t y  ro d s  was s e le c t e d  f o r  t h i s  s tu d y . The e n t ir e  

b atch  was ir r a d ia te d  t o  400 ra d s o f  c o b a lt -6 o  gamma r a y s .

The standard d ev ia tion  of the readouts was lljS o f the mean. 

From t h is  batch , the 75 dosim eters v/hose response v/as c lo s e s t  

to  the mean v/ere se lec ted . R ecalcu lation  of the s t a t i s t i c s  

fo r  th is  group shov/ed a standard d eviation  of 3.6?$ of the  

mean. This i s  w ith in  the range of 4^ quoted by Harshaw 

Chemical Company,

Since thermoluminescent response i s  d ir e c t ly  proportional 

to  dosim eter s iz e ,  i t  was decided to  compare the s t a t i s t i c s  

on dosim eter weight with the s t a t i s t i c s  on response given  

above. Each dosim eter in  the i n i t i a l  batch of 100 was v/eighed. 

The mean weight v/as 15*5 mg and the standard d ev ia tion  of  

th ese v/eights was 110 of the mean. R ecalcu lations of the
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s t a t i s t i c s  f o r  th e  group o f  75  d o sim eters  s e le c t e d  above 

showed a  mean o f  1 6 . 0  mg and a standard  d e v ia t io n  o f  2 , 7/S 

o f  th e  mean. T h erefo re , th e r e  i s  c lo s e  agreem ent betw een  

d o sim eter  s i z e  and therm olum inescent r e sp o n se . The group  

o f  75  d o sim eters  s e le c t e d  above were u sed  in  t h i s  stu d y .

The r e la t iv e  m agnitude o f  th e  glow  curve peaks a f t e r  

ir r a d ia t io n  i s  h ig h ly  dependent on p r e - ir r a d ia t io n  h eat  

trea tm en t. The p r e - ir r a d ia t io n  a n n ea lin g  procedure adopted  

f o r  t h i s  stud y  was th a t  proposed  by Cameron e t  a l , ,  (1964^). 

T h eir  standard  procedure b e g in s  by a n n e a lin g  th e  d o s im eters  

f o r  one hour a t  4-00®C+25**C in  a  p re -h ea ted  oven. T h is  emp

t i e s  a l l  t r a p s  in  th e  phosphor. The d o sim eters  are th en  

co o le d  t o  80*0 in  10 t o  20 m in u tes (Zimmerman e t  a l . ,  I 9 6 6 ) .  

A fte r  c o o l in g ,  th e  d o sim eters  are an nealed  f o r  24 hours a t  

80*0+2*0 in  a  p re -h ea ted  oven . T h is anneal arran ges th e  

d is t r ib u t io n  o f  t r a p s  w ith in  th e  c r y s t a l  so  th e  main dosim e

t e r  peak a t  190*0  p red om in ates, and makes th e  c o n tr ib u t io n  

from th e  lov/ tem perature peaks a s  sm all a s  p o s s ib le .  At 

th e  end o f  t h i s  an neal th e y  are co o led  t o  room tem perature  

and are  ready fo r  u se .

With t h i s  p roced u re, th e  low  tem perature peaks c o n tr ib u te  

o n ly  a few  p ercen t t o  th e  t o t a l  therm olum inescence. Even t h i s  

can be reduced by w a it in g  a t  l e a s t  10  m inutes a f t e r  ir r a d ia t io n  

f o r  read ou t t o  a llo w  th e se  e f f e c t s  t o  decay o u t. A d d it io n a lly ,  

a 140*0 p re -h e a t  anneal was used  during th e  readou t c y c le  t o  

fu r th e r  reduce th e s e  e f f e c t s  (E b er lin e  Instrum ent Company,

1969).
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T h is  standard  procedure v/as u sed  b e fo re  each ir r a d ia t io n .  

I t  was fo llo w e d  a s  c l o s e l y  a s  p o s s ib le  so  th e  d osim eter tr a p 

p in g  c h a r a c t e r i s t i c s  would be th e  same fo r  each  ir r a d ia t io n .  

T h is procedure w i l l  r e s to r e  th e  tra p p in g  c h a r a c t e r is t ic s  t o  

a s  n ea r  a s  p o s s ib le  t o  th o se  o r ig in a l ly  p r e s e n t .

But even w ith  t h i s  a n n ea lin g  procedure i t  can n o t be 

assumed th a t  th e  c a l ib r a t io n  f a c t o r  w i l l  be th e  same fo r  

ev ery  ir r a d ia t io n .  In  f a c t ,  s e n s i t i v i t y  v /ith in  th e  same 

b a tch  o f  d o sim eters  has v a r ie d  a s  much a s  35/^ between i r 

r a d ia t io n s  (Beck e t  a l , ,  I 9 6 8 ) ,  The resp o n se  o f  each do

s im e te r  w ith  r e s p e c t  t o  th e  mean resp o n se  o f  th e  batch  

changed by ap proxim ately  th e  same p erc en t betw een ir r a d ia t io n s .  

To determ ine a c a l ib r a t io n  f a c t o r  f o r  each  ir r a d ia t io n ,  

th e  fo l lo v /in g  tech n iq u e  was u sed ,

1, Anneal a l l  75 dosim eters by the stand
ard procedure,

2 , Take a  random sample o f  25 d o sim eters  
from th e  b atch  and ir r a d ia te  t o  a known 
dose o f  about 400 ra d s . Read th e se  do
s im e te r s  and determ ine a mean thermo
lu m in escen t resp on se  p er  rad c a l ib r a 
t io n  f a c t o r ,

3 , Use th e  c a l ib r a t io n  f a c t o r  in  s te p  2 
t o  n orm alize  th e  rea d o u ts  o f  th e  r e 
m aining 50  d o sim eters  u sed  in  t h i s  
stu d y .

In  order t o  e s t a b l i s h  a background fo r  undosed l ith iu m  

f lu o r id e ,  25 d o s im eters  were ir r a d ia te d  t o  about 400 rad s by 

c o b a lt - 6 0  gamma r a y s . They v/ere th en  annealed  by th e  sta n d 

ard procedure and read  o u t. The mean o f  th e  rea d in g s was 

e q u iv a le n t  t o  200 mrads. T h is  procedure was rep eated
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but v /ith  0 ,5  l i t e r s  p er  m inute o f  n itr o g e n  g a s f lo w in g  through  

th e  h e a te r  pan. The mean o f  th e  re a d in g s  was reduced  t o  l e s s  

than  100 mrads. T h is  was co n sid ered  t o  be in s ig n i f i c a n t  when 

compared t o  th e  dose l e v e l  o f  400 ra d s  used  in  t h i s  stu d y .

The background u s in g  n itr o g e n  g a s  was aga in  determ ined  

a t  th e  end o f  t h i s  stu d y  and i t  d id  n o t d i f f e r  from th e  r e 

s u l t s  above. For t h i s  r e a so n , i t  was n o t n ece ssa r y  t o  make 

background c o r r e c t io n s .  N itro g en  g a s  was used  d uring  th e  

e n t ir e  study t o  m inim ize baclcground.

To in v e s t ig a t e  th e  e f f e c t  o f  t o t a l  dose on therm olum ines

c e n t  r e sp o n se , th e  75 d o sim eters  v/ere d iv id ed  in t o  15  groups 

o f  5 d o s im eters  each . Each group v/as ir r a d ia te d  t o  a  d i f f e r 

en t dose l e v e l  betw een 100 rads and 1 , 0 0 0  ra d s , A p lo t  o f  

th e  mean resp on se  o f  each  group i s  shov/n in  F igu re 1 5 . The 

standard  d e v ia t io n  o f  each  mean c o u ld  n o t be p lo t t e d  due to  

th e  la r g e  s c a le .  The average standard  d e v ia t io n , hov/ever, 

was 2 ,2 ^  o f  th e  mean; th e  s m a lle s t  b e in g  0 ,7 ^  a t  500  rad s  

and th e  la r g e s t  b e in g  3,4?^ a t  750  r a d s .

The r e la t io n s h ip  betv/een therm olum inescent resp o n se  and 

absorbed dose i s  l in e a r  up to  550 r a d s . The l i n e  o f  l in e a r 

i t y  i s  w ith in  one standard  d e v ia t io n  o f  every  mean in  th e  dose  

range betw een 100 rad s and 550 r a d s . Above 550 r a d s , th e r 

m olum inescent resp on se  in c r e a s e s  f a s t e r  than p r o p o r t io n a lly  

t o  absorbed d o se , th a t  i s  i t  becom es su p r a lin e a r . During th e  

cou rse  o f  t h i s  study no m easurements were made in  th e  supra

l in e a r  r e g io n .
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6 ,6  R esponse o f  L ithium  F lu o r id e  t o  Mixed R a d ia tio n  F ie ld  

An approxim ate d eterm in ation  o f  th e  neutron  and photon  

components in  a mixed r a d ia t io n  f i e l d  can be made by ir r a 

d ia t in g  TLD-100 in  com bination  w ith  TLD-700, The TLD-700 

g iv e s  e s s e n t i a l l y  th e  photon component which can be used  to  

c o r r e c t  th e  rea d in g  o f  the o th er  phosphor to  o b ta in  therm al 

neutron re sp o n se .

Any attem pt t o  determ ine th e  n eu tron  c o n tr ib u t io n  to  

the t o t a l  resp o n se  o f  TLD-700 in  a m ixed f i e l d  becomes a 

complex problem , Tv/o major co m p lic a t io n s  a r is e :  one, th e

glow  curve produced by n eu tron s i s  s l i g h t l y  d i f f e r e n t  from  

th a t  produced by photons; and tw o, TLD-100 and TLD-700 r e 

spond d i f f e r e n t l y  t o  photon ir r a d ia t io n ,

Reddy e t  a l ,  ( I 9 6 9 ) have d eveloped  a  tech n iq u e  fo r  meas

u rin g  b oth  neutron  and photon components in  a m ixed f i e l d .  

They determ ined  th e  r a t io  betw een n eu tron  and photon glov/ 

curve peak h e ig h ts .  From t h i s  a n a ly s i s ,  i t  was determ ined  

th a t  th e  therm olum inescent resp on se  o f  TLD-7OO t o  400 rad s

o f  c o b a lt - 6 0  gamma ra y s  was e q u iv a le n t  to  a therm al neutron
11 2f lu x  o f  about 5 X 10 n/cm , E q u iv a len t photon-neutron

11 2d oses were n o t determ ined f o r  neutron  f lu x  below 10  n/cm . 

So, from t h i s  in fo rm a tio n , a neutron  f lu x  co n sid ered  to  be 

in s ig n i f i c a n t  compared t o  a 400 rad photon dose cou ld  n o t be 

determ ined .

Mason ( I 9 7 0 ) has e s ta b lis h e d  th a t  th e  r a t io  o f  therm al 

neutron f lu x  r a te  to  photon dose r a te  i s  th e  c r i t i c a l  f a c to r



79

in  determ in ing  w hether or n o t th e  n eu tron  component c o n tr ib 

u te s  s ig n i f i c a n t ly  to  th e  therm olum inescent resp on se  o f  

Type 7 lith iu m  f lu o r id e .  H is c a lc u la t io n s  shov/ th a t  Type 7 

i s  in s e n s i t iv e  t o  therm al n eu tro n s in  a  mixed f i e l d  f o r  which
Jl P

0 / R  <  10 , where 0  i s  th e  therm al n eu tron  f lu x  r a te  (n/cm

s e c )  and R i s  th e  photon dose r a te  (m r a d /se c ) .

The maximum dose r a te  ob ta in ed  under th e  c o n d it io n s  o f

t h i s  study was ap proxim ately  10 ra d s/m in u te . T h is was th e

average dose r a te  a c r o ss  th e  d o sim eter  vo lum es. The c e n tr a l

a x is  dose r a te  v/as ap proxim ately  te n  t im e s  t h i s  v a lu e .

U sing th e  0 / R  r a t io  o f  Mason, Type 7 l ith iu m  f lu o r id e

w i l l  be in s e n s i t iv e  t o  a  therm al n eu tron  f lu x  r a te  o f  l e s s

than 10°n/cm  se c  in  a m ixed f i e l d  c o n ta in in g  a  photon dose

r a te  o f  10 ra d s/m in u te . The maximum therm al neutron  f lu x

r a te  r e s u l t in g  from th e  p hotoneutron  r e a c t io n  i s  in  th e  
2 2, 2

range 10 t o  10 n/cm se c  (Adams and P a lu ch , I 9 6 5 ) .  T h is  

was measured a lo n g  th e  c e n tr a l  a x is  o f  a  70 Mev X -ray beam,

A sm a ller  f lu x  r a te  would be ex p ec ted  a t  th e  d osim eter  

lo c a t io n .  T h erefo re , th e  therm al n eu tron  f lu x  r a te  a t  th e  

d osim eter lo c a t io n  i s  s e v e r a l  o rd ers o f  m agnitude l e s s  than  

th e  minimum d e te c ta b le  v a lu e  o f  10 n/cra sec  ob ta in ed  from  

Mason’ s  v/ork.

S ince l ith iu m  f lu o r id e  Type 7 i s  i s o t o p ic a l l y  s im ila r  

t o  lith iu m  f lu o r id e  TLD-700, a s im ila r  resp o n se  would be 

exp ected  from th e  ÏLD- 7 0 0  m a te r ia l. T h erefo re , th e  therm o

lu m in escen t resp on se  o f  lith iu m  f lu o r id e  TLD- 7 0 0  in  t h i s
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study was a  measure o f  on ly  th e  photon component in  th e  

mixed f i e l d .

In  order to  j u s t i f y  t h i s  c o n c lu s io n , 25 TLD-700 dosim e

t e r s  and 2 5  TLD-100 d o sim eters were ir r a d ia te d  sim u lta n eo u sly  

t o  approxim ately  400 rad s by a  65  Mev photon beam. T h is  

energy was s e le c t e d  s in c e  photoneutron  y i e l d  in c r e a s e s  w ith  

in c r e a s in g  en ergy . The mean o f  each group was c a lc u la te d  

and th e  r a t io  o f  TLD-700 resp o n se  t o  TLD-100 resp onse was 

0 ,8 1 , T h is procedure was rep ea ted  w ith  c o b a lt - 6 0  gamma i r 

r a d ia t io n  and th e  r a t io  o f  TLD- 7 0 0  resp on se  to  TLD-100 r e 

sponse v/as a g a in  0 ,8 1 ,

S in ce  TLD-100 c o n ta in s  7.5/^ lith iu m - 6  and TLD- 7 0 0  con

t a in s  on ly  0 ,0 0 7 0  l i t h iu m - 6 , a  sm a ller  TLD-700 resp onse t o  

TLD-100 resp o n se  r a t io  would be exp ected  i f  th ere  was a  s i g 

n i f i c a n t  n eu tron  component in  th e  mixed f i e l d .  S in ce t h i s  

was n o t th e  c a s e , both  TLD-100 and TLD-700 lith iu m  f lu o r id e  

resp on se  was due s o l e ly  t o  th e  photon component.

No attem pt v/as made to  measure th e  therm olum inescent 

resp onse t o  th e  f a s t  neu tron  component in  th e  mixed f i e l d .

The fo llo w in g  argument i s  j u s t i f i c a t i o n  f o r  n e g le c t in g  t h i s  

component.

An approxim ation  fo r  th e  neutron  en ergy  d is t r ib u t io n  in  

w ater assum es th e  h igh  energy t a i l  has an E*"̂  energy depen

dence (Adams and P a lu ch , I 9 6 5 ) ,  T h erefo re , th e  f a s t  neutron  

f lu x  r a te  should  be l e s s  than  th e  maximum therm al neutron  

f lu x  r a te  o f  lO ^n/cm ^sec, For an average run tim e o f  40
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m in u tes t o  accum ulate 400 ra d s o p era tin g  a t  65  Mev, th e
O p

therm al n eu tron  f lu x  would be l e s s  than 10 n/cm . Assuming 

th e  f a s t  neu tron  f lu x  i s  l e s s  than  th e  therm al neutron  f l u x ,  

th e  d ose c o n tr ib u t io n  from f a s t  n eu tron s i s  l e s s  than  1 rad  

in  a  m ixed f i e l d  whose photon component i s  400 ra d s . T h is  

i s  b ased  on th e  therm olum inescence from e i t h e r  TLD-100 or
p p

TLD- 7 0 0  exposed  t o  10 f a s t  neutrons/cm  b e in g  l e s s  than  

when exp osed  t o  one roen tgen  o f  photon ir r a d ia t io n  ( s e e  

s e c t io n  3 .7 ) ,  One rad i s  co n sid ered  in s ig n i f i c a n t  when com

pared t o  th e  photon component o f  400 r a d s .

6 .7  E xp erim en ta l Technique

The c e n t e r l in e  o f  th e  w ater phantom was p o s it io n e d  on 

beam c e n te r  w ith  a  ta r g e t  t o  fr o n t  su r fa ce  d is ta n c e  o f  15 0  

cm. A lignm ent was ob ta in ed  v i s u a l ly  by p la c in g  c r o s s  h a ir s  

in  th e  c e n te r  o f  th e  beam p o r t  and a t  beam c e n te r  on th e  

prim ary b a r r ie r .

The prim ary beam was measured by photograp h ic f i lm  t o  

be 27  cm in  d iam eter a t  th e  f r o n t  su rfa ce  o f  th e  phantom.

The f i lm  a l s o  confirm ed th a t  th e  phantom v/as p ro p erly  a lig n e d  

on th e  beam.

The p le x ig l a s  d isk  v/hich h e ld  th e  2  fe r r o u s  s u l f a t e  

d o s im eter s  and 50  l ith iu m  f lu o r id e  d o s im eters  was mounted 

on a  p l e x ig l a s  s h a f t  and suspended from th e  top  o f  th e  phan

tom by 2 p le x ig la s  arm b r a c k e ts . These h o ld  th e  s h a ft  on 

th e  c e n t e r l in e  o f  th e  in c id e n t  photon beam and a llo v / th e  

d isk  t o  r o ta te  f r e e l y  about th e  c e n t e r l in e .  T h is e n t ir e
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assem b ly  cou ld  be p o s it io n e d  a t  any p o in t  a lo n g  th e  le n g th  

o f  th e  phantom a llo w in g  th e  d is k  t o  be p o s it io n e d  a t  any 

depth from th e  f r o n t  su r fa c e . R o ta tio n  was powered by a  DC 

m otor mounted on to p  o f  th e  arm b ra ck et mount. The motor 

s h a f t  was con n ected  t o  th e  d isk  by means o f  an 0 -r in g , Ro

t a t i o n  speed  was s e t  a t  1 r e v o lu t io n  every  4  secon d s. T h is  

se tu p  i s  shown in  F ig u re  l 6 ,

A p le x ig la s  c y l in d e r  ex ten d in g  from th e  to p  o f th e  phan

tom down through th e  c e n t e r l in e  o f  th e  in c id e n t  photon beam 

was u sed  t o  h old  a lOOR h igh  en ergy  V ic to re en  io n  chamber 

v /ith  i t s  s e n s i t iv e  volume cen tered  in  th e  beam, A p lu g  v/as 

put i n  th e  bottom  end t o  make th e  c y l in d e r  v/ater t i g h t .  I t  

was p o s it io n e d  in  th e  r e a r  o f  th e  phantom, 100 cm from th e  

f r o n t  s u r fa c e . The io n  chamber co u ld  be removed from th e  

c y l in d e r  f o r  re a d o u t. T h is chamber was u sed  t o  measure 

in te g r a te d  exposure and i s  shov/n in  F igu re  l 6 .

The r e la t io n s h ip  between io n  chamber exposure and th e  

a verage  absorbed d ose t o  th e  fe r r o u s  s u l f a t e  d o sim eters was 

e s ta b l is h e d  a t  35 Hev, 50 Dev, and 65  Mev, With a m onitor  

on th e  in te g r a te d  ex p o su re , dose l e v e l s  o f  ap proxim ately  

400 r a d s  t o  th e  fe r r o u s  s u l f a t e  d o s im eters  v/ere easy  t o  

o b ta in .

F i f t y  l ith iu m  f lu o r id e  TLD- 7 0 0  d o sim eters  were s e le c t e d  

a t  random from th e  b a tch  o f  75  and p la ced  in  th e  p le x ig la s  

d is k . Each m atrix  co n ta in ed  25 d o s im e te r s , A la y e r  o f  t h in  

p l a s t i c  ta p e  was p la c e d  over th e  d isk  su r fa ce  t o  prevent
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F igu re 16, E xperim ental Setup Showing Syn
chrotron  I r r a d ia t io n  P o r t , V/ater Phantom, and 
D osim eter Mount,
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w ater from rea ch in g  th e  d o s im eter s . Two fe r r o u s  s u l f a t e  

d o sim eters  were p la ce d  in  th e  d is k  and taped  in t o  p la c e .  The 

d is k  was th en  mounted in t o  th e  arm b ra c k e ts  and th e  e n t ir e  

assem bly  p la ce d  in  th e  w ater phantom. The d is ta n c e  from  

th e  f r o n t  su r fa c e  o f  th e  phantom t o  th e  c e n te r  o f  th e  d isk  

was a d ju sted  t o  th e  depth  o f  maximum dose f o r  th e  energy  

under c o n s id e r a t io n . The io n  chamber was charged  and p la ced  

in  th e  r e a r  o f  th e  phantom. The se tu p  was th e n  read y  t o  be 

ir r a d ia te d  a t  th e  energy under c o n s id e r a t io n .

A fte r  i r r a d ia t io n ,  a l l  d o s im eter s  were removed from th e  

d isk  and prepared  f o r  rea d o u t. The two fe r r o u s  s u l f a t e  do

s im e te r s  a lo n g  w ith  a b lank  v/ere s e n t  t o  M.D, Anderson Hos

p i t a l  f o r  r e a d o u t. Once th e  f e r r i c  io n  c o n c e n tr a t io n  and 

tem perature o f  readou t had been determ in ed , absorbed  dose in  

w ater v/as c a lc u la te d  by th e  method o u t lin e d  in  s e c t io n  5 , 3 .

Readout o f  th e  f i r s t  m atrix  o f  25 d o sim eters  was done 

in  th e  order a s  shown in  F igu re 1 7 , I t  v/as n e c e ssa r y  t o  

keep tr a c k  o f  th e  p o s i t io n  o f  each  d osim eter  so  th e  appro

p r ia t e  square t o  c i r c l e  c o r r e c t io n  fa c to r  co u ld  be a p p lied  

( s e e  s e c t io n  5 « ^ ). Each d o sim eter  rea d in g  was m u lt ip lie d  

by th e  a p p ro p r ia te  square t o  c i r c l e  c o r r e c t io n  f a c t o r  t o  

o b ta in  th e  p o r t io n  o f  therm olum inescent resp o n se  ly in g  in 

s id e  a  volume eq u a l t o  th e  s e n s i t i v e  volume o f  th e  fe r r o u s  

s u l f a t e  d o s im eter .

The in d iv id u a l co r r e c te d  v a lu e s  were summed over th e  

m atr ix  and d iv id e d  by 1 9 ,6 4 , v/hich i s  th e  a rea  o f  th e  c i r c l e
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in s c r ib e d  in s id e  th e  25  square u n it  m a tr ix . T h is  g iv e s  an 

average therm olum inescent resp on se  p er  d osim eter w ith in  a  

volume corresp on d in g  t o  th a t  o f  th e  fe r r o u s  s u l f a t e  dosim e

t e r  s e n s i t iv e  volum e. T h is  readout procedure was rep ea ted  

on th e  o th er  m atrix  and th e  two v a lu e s  averaged .

The d o se s  c a lc u la te d  from both  fe r r o u s  s u l f a t e  rea d o u ts  

were averaged . T h is v a lu e  was used  t o  n orm alize th e  average  

therm olum inescent resp o n se  t o  o b ta in  a resp on se  p er  rad fo r  

th e  energy under c o n s id e r a t io n .

In  order t o  e s t a b l i s h  a c a l ib r a t io n  f a c t o r ,  th e  r e 

m aining 25  l i th iu m  f lu o r id e  TLD-700 d o sim eters  were ir r a d ia 

te d  t o  400 ra d s by c o b a lt -6 0  gamma r a y s . C a lib r a t io n  o f  th e  

c o b a lt - 6 0  so u rce , in  term s o f  rad s in  w a ter , was done by 

means o f  a lOOR h igh  en ergy  V ic to reen  io n  chamber w ith  a  

N a tio n a l Bureau o f  S tandards d er iv ed  c o b a lt -6 0  gamma ray  

c o r r e c t io n  f a c t o r ,  and by ap p ly in g  th e  ap p ro p ria te  roen tgen  

t o  rajd co n v er s io n  f a c t o r ,  b a c k sc a tte r  f a c t o r ,  and p ercen t  

d ep th -d ose f a c t o r  from Johns ( I 9 6 I ) ,

The t o t a l  therm olum inescen t re sp o n se  o f  a l l  d o sim eters  

was d iv id e d  by 25  t o  g iv e  th e  average resp o n se  p er  d o sim eter . 

N orm aliz ing  t h i s  v a lu e  t o  400 rad s in  v/ater* e s t a b l i s h e s  th e  

c a l ib r a t io n  f a c to r  (resp o n se  p er rad ) fo r  th e  o th er  50  dosim e

t e r s  ir r a d ia te d  by h igh  energy p h oton s.

The resp o n se  per rad t o  h igh  energy photons was then  

d iv id ed  by th e  resp on se  p er  rad to  c o b a lt -6 0  gamma r a y s .

T h is g iv e s  a resp on se  r e l a t i v e  to  c o b a lt -6 0  and a llo w s  f o r
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th e  d e te c t io n  o f  a  d if f e r e n c e  in  resp o n se  "between c o b a lt - 6 0  

and h igh  energy p h oton s.

T h is e n t ir e  procedure was run 5 t im e s  a t  each  o f  th e  

fo llo w in g  e n e r g ie s :  35 Mev, 50 Hev, and 65  Mev. Between 

each run, th e  standard a n n ea lin g  c y c le  v/as u sed , A sample 

c a lc u la t io n  fo r  one run a t  one energy i s  shov/n in  Appendix 

A,



CHAPTER V I I

RESULTS Aim CONCLUSIONS

7 .1  Measured Therm olum inescent Response

The measured v a lu e s  o f  th e  therm olum inescent resp o n se  

p er  rad norm alized  t o  c o b a lt - 6 0  gamma ra y s  are shown in  

T able 2 , Each v a lu e  r e p r e se n ts  an average fo r  one run; - 

th a t  i s ,  an average therm olum inescent resp on se  o f  th e  two  

m a tr ic e s  o f  25 TLD-700 d o sim eters  each  d iv id ed  by th e  a v er 

age absorbed dose o f  th e  two fe r r o u s  s u l f a t e  d o sim eters  and 

norm alized  by th e  therm olum inescent resp on se  p er rad f o r  

c o b a lt - 6 0  gamma r a y s .

The mean v a lu e  X v/as c a lc u la te d  by summing th e  in d i 

v id u a l v a lu e s  and d iv id in g  by th e  number o f  v a lu e s ,  n ,  

i . e .

X = - n

The standard d e v ia t io n  o f  th e  mean was c a lc u la te d  from th e  

e x p r e ss io n

S =
X y i r

v/here S i s  th e  standard  d e v ia t io n  o f  th e  in d iv id u a l v a lu e s .

I . e . v2

n -  1

The mean and standard  d e v ia t io n  have been p lo t t e d  in  

F igu re 18 -along w ith  th e  corresp on d in g  c a lc u la te d  v a lu e s  

from th e  n ex t s e c t io n  f o r  c o b a lt -6 o  gamma ra y s  and 35 Mev,

88
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Table 2 . Measured Therm olum inescent Response o f L ith ium  
F lu o r id e  TLD-700 High S e n s i t iv i t y  Rods to  High Energy Pho
to n s  R e la t iv e  to  C ob alt-60  Gamma Rays,

Energy

(Mev)

Thermolumine sc e n t  
Response per Rad

(n orm alized  to  c o b a lt -6 o )

Mean

(X)

Standard  
D e v ia t io n  

o f  Mean
(s_)

X

35 0 .9 1 8
0 ,9 1 2
0 ,882
0,891
0 .8 9 3

0 ,8 9 9 0 ,0 0 7

50 0 ,8 8 0
0 ,9 0 8
0 ,9 3 0
0 ,8 9 6
0 ,9 2 2

0 ,9 0 7 0 ,0 0 9

65 0 ,8 9 8
0 .9 4 4
0 ,8 9 3
0 ,9 1 9
0 ,879

0 ,9 0 7 0 ,0 1 1
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Photons R e la t iv e  t o  C ob a lt-6 0  Gamma Rays.
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50 Mev, and 65  Kev p h oton s. The d o tted  l i n e  r e p r e s e n ts  th e  

mean o f  th e  m easured re sp o n se s  a t  th e  th r e e  h ig h  energy pho

to n  l e v e l s ,

7 ,2  C a lcu la ted  Therm olum inescent Response

The ex p ec ted  therm olum inescent resp on se v/as c a lc u la te d  

u sin g  th e  g e n er a l c a v ity  th e o ry  d er iv ed  by B u r lin  ( I 9 6 6 ; 

1 9 6 8 ; B u rlin  and Chan, I 9 6 7 ) and extended  t o  in c lu d e  h igh  

energy e le c t r o n s  and X -rays by Almond and KcCray (1 9 7 0 ), 

T h is th eo ry  v/as d evelop ed  in  s e c t io n  4 ,2 ,

The r a t io  o f  absorbed dose in  th e  lith iu m  f lu o r id e  do

s im eter  t o  th e  absorbed dose in  th e  w ater medium i s  g iv e n  

by th e  r e la t io n s h ip :

DH2 O

The therm olum inescen t resp o n se  t o  h igh  energy photons r e l a 

t i v e  t o  th e  therm olum inescent resp o n se  t o  c o b a l t - 60  gamma 

ra y s  i s  g iv e n  by f^  in  th e  fo l lo w in g  ex p re ss io n :

f  = ^Photons _ ^^Lip/^^2^ ̂ Photon 5
^ ^Co- 6 0  ^^Lip/^HgO^Co-éO

From th e  th e o ry  d evelop ed  in  s e c t io n  4 ,2 ,  th e  f  f o r  both  

high  energy photons and c o b a l t - 60 i s  c a lc u la te d  from th e  

fo llo v /in g  ex p r e ss io n :

f  = d  L g —  + (1 -  d)

^LiF
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Some g en era l assum ptions v/ere made in  c a lc u la t in g  d.

The mean f r e e  path  a c r o ss  th e  d o sim eter , g ,  was ta k en  a s  

6 mm. T h is  le n g th  was p o s it io n e d  p a r a l le l  t o  th e  in c id e n t  

r a d ia t io n . U sing t h i s  v a lu e  fo r  g assum es th a t  o n ly  th e  

prim ary r a d ia t io n  c o n tr ib u te s  t o  absorbed d o se . There i s ,  

however, a sm all c o n tr ib u t io n  from secondary r a d ia t io n .

T h is v a lu e  i s  an over e s tim a te  fo r  th e  mean f r e e  p ath  a c r o ss  

th e  d osim eter  w hich, in  e f f e c t ,  under e s t im a te s  d . B ut, d 

w i l l  o n ly  in c r e a se  by about Ifo u s in g  a g v a lu e  o f  5 mm, so  

th e  o r ig in a l  v a lu e  o f  6 mm was u sed . A lso , th e  e x p r e ss io n  

t o  c a lc u la t e  ^  v/as f o r  b e ta  ra y s  in  aluminum. T h is  ex p res

s io n  was used  because th e  d e n s ity  o f  l ith iu m  f lu o r id e  i s  c lo s e  

t o  th e  d e n s ity  o f  aluminum, and no em p erica l e x p r e ss io n  was 

a v a ila b le  fo r  lith iu m  f lu o r id e ,  , however, i s  n o t g r e a t ly  

a f f e c t e d  by d e n s ity  so  th e  ex p r e ss io n  fo r  aluminum should  be 

good t o  a f i r s t  approxim ation fo r  lith iu m  f lu o r id e .  In  s p i t e  

o f  th e s e  assu m ption s, th e  c a lc u la te d  v a lu e s  o f  d do show an 

in c r e a se  w ith  in c r e a s in g  en ergy . T h is v/as th e  ex p ected  

re sp o n se .

The mass energy a b so rp tio n  c o e f f i c i e n t s  were taken  from  

H ubbell ( 1 9 6 9 ) and from Evans ( I 9 6 8 ) ,  They were ev a lu a ted  

from th e  c o e f f i c i e n t s t h e  c o n s t itu e n t  e lem en ts  

and v/eighted  p r o p o r t io n a lly  accord in g  t o  th e  v /eight o f  th e  

i —  c o n s t i t u e n t .  The mass stop p in g  powers were ob ta in ed  

from B erger and S e lt z e r  ( I 9 6 4 ) ,

Both th e  mass energy a b so rp tio n  c o e f f i c i e n t s  and mass
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s to p p in g  powers were determ ined a t  th e  mean secondary e l e c 

tro n  en erg y , v/hich was assumed t o  be o n e -th ird  o f  th e  m axi

mum photon  energy (J o h n s, I 9 6 I ) , . .T h e  e x a c t  mean e le c tr o n  

en ergy  i s  n o t c r i t i c a l  s in c e  th e  r a t io  o f  a b so rp tio n  c o e f 

f i c i e n t s  and th e  r a t io  o f  s to p p in g  powers are u sed  in  c a l 

c u la t in g  f .  These r a t i o s  are f a i r l y  co n sta n t over th e  en

t i r e  en ergy  range under c o n s id e r a t io n .

The c a lc u la te d  v a lu e s  fo r  f^  are shown in  T able 3 ,

These v a lu e s  have a l s o  been p lo t t e d  in  F igu re 18 t o  show 

th e  com parison betw een  c a lc u la te d  and measured re sp o n se ,

7,3 C onclusions

The r e s u l t s  o f  th e  exp erim en ta l measurements norm alized  

t o  c o b a l t - 6 0  gamma r a y s  show a 10^ d ecrea se  in  therm olum ines

ce n t  re sp o n se  from c o b a lt - 6 0  gamma ra y s  t o  h igh  energy pho

t o n s ,  There w as, hov/ever, no d if f e r e n c e  among th e  re sp o n ses  

a t  th e  th r e e  h ig h  en ergy  photon l e v e l s  t o  w ith in  approxim ately  

I f o ,  The mean o f  th e  re sp o n se s  a t  35  Mev, 50  Mev, and 65  Mev 

f a l l s  w e l l  w ith in  one standard d e v ia t io n  o f  each  in d iv id u a l  

v a lu e .

C a v ity  th eo ry  p r e d ic t s  th e  10^ d ecrea se  in  therm olum i

n e s c e n t  resp on se  from c o b a lt - 6 0  gamma ra y s  t o  h igh  energy  

p h o to n s . But th e  t h e o r e t ic a l  approach a ls o  p r e d ic t s  a  

d e c r e a se  in  s e n s i t i v i t y  from 35  Mev t o  65  Mev, The c a lc u la te d  

v a lu e  a t  35  Mev f a l l s  w ith in  one standard d e v ia t io n  o f  th e  

m easured v a lu e ;  b u t a t  65  Mev, th e  c a lc u la te d  v a lu e  i s  ap

p ro x im a te ly  two standard  d e v ia t io n s  below  th e  measured v a lu e .
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Table 3 , C a lcu la ted  Therm olum inescent Response o f  Lithium  
F lu o r id e  TLD-7 0 0  High S e n s i t iv i t y  Rods to  High Energy Pho
to n s  R e la t iv e  to  C o b a lt-6 0  Gamma Rays,

R ad ia tion Thermo]uminescent 
R esponse per Rad 

(norm alized  to  c o b a l t - 6 0 )

35 Mev Photons 0 .9 0 1

50 Mev Photons 0 . 687

65 Mev Photons 0 . 880
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A p o s s ib le  e x p la n a tio n  fo r  th e  d ecrea se  in  c a lc u la te d  

v a lu e s  w ith  in c r e a s in g  photon energy l i e s  in  th e  d o sim eter  

c o n f ig u r a tio n . I f  th e  d osim eter  d im ension  i s  sm all compared 

w ith  th e  e le c tr o n  r a n g e s , th e  v a lu e  o f  d approaches 1 f o r  

both  c o b a lt - 6 0  gamma r a y s  and h ig h  energy  p h oton s. S in ce  

th e  mass sto p p in g  power r a t io  o f  l ith iu m  f lu o r id e  t o  w ater  

i s  r e l a t i v e l y  constaint through t h i s  energy ran ge, no d ecrea se  

in  resp on se  w ith  en ergy  would be found.

T h is  was v e r i f i e d  by c a v ity  th eo ry  c a lc u la t io n s  f o r  a  

1 mm th ic k  d o sim eter . The c a lc u la te d  s e n s i t i v i t i e s  r e la t iv e  

t o  c o b a lt - 6 0  gamma r a y s  fo r  35 Kev and 65  Mev X -ray beams 

were 0 ,891  and 0 ,8 8 9  r e s p e c t iv e ly .  Thus, a  1 mm t h ic k  do

s im eter  w i l l  show ap p roxim ately  a  lOjo d ecrea se  in  s e n s i t i v i t y  

from c o b a lt - 6 0  gamma r a y s  t o  35 Mev X -rays but no fu r th e r  

d ecrease  up t o  65  Mev,

S in ce th e  measured re sp o n se s  from 35  Mev t o  65  Mev a c t  

a s  though th e  d o sim eter  dim ension i s  sm all compared w ith  th e  

e le c tr o n  ra n g es , th e  assumed v a lu e  o f  g  (6  ram) in  c a lc u la t in g  

d cou ld  have been an o v e r e s t im a te . By assum ing a  sm a lle r  

v a lu e  o f  g , a  100 d ecr ea se  in  s e n s i t i v i t y  from c o b a lt - 6 0  

gamma ra y s  t o  35  Mev X -rays co u ld  be p r e d ic te d  w ith  no fu r 

th e r  d ecrea se  w ith  in c r e a s in g  energy up t o  65  Mev, But no  

ex p re ss io n  was a v a i la b le  t o  g iv e  a b e t t e r  e s tim a te  o f  g .

Thus, th e  p h y s ic a l d im ension  o f  th e  d o sim eter  was u sed  in  

th e  t h e o r e t ic a l  c a lc u la t io n .

Agreement betw een measured and c a lc u la te d  v a lu e s  i s  good
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c o n s id er in g  th e  assum ptions made in  th e  t h e o r e t ic a l  approach. 

But i f  c a v i ty  th e o ry  i s  t o  be u sed  t o  p r e d ic t  therm olum ines

cen t resp on se  t o  h ig h  energy r a d ia t io n s  w ith  p r e c is io n  o f  

l e s s  than  a  few  p e r c e n t , a d d it io n a l work needs t o  be done 

in  r e f in in g  th e  assum ptions made in  th e  t h e o r e t ic a l  approach.



CHAPTER V III  

SUI.ÏÏ.IARY

Most r e c e n t  in v e s t ig a t o r s  have found a ten  p ercen t de

cr ea se  in  therm olum inescent resp on se  p er  rad fo r  l ith iu m  

f lu o r id e  from c o b a lt -6 0  gamma ra y s to  e le c t r o n s  and X -rays  

up t o  35 Mev, T h is  d ecrea se  was p r e d ic te d  from c a v ity  

th eory  c a lc u la t io n s .  T h is stu d y  confirm ed th e  te n  p erc en t  

d ecrease  in  resp o n se  u sin g  lith iu m  f lu o r id e  ÏLD-7 0 0  h igh  

s e n s i t i v i t y  rod s in  th e  35 Mev t o  65  Mev X-ray energy ran ge,

A few o f  th e  in v e s t ig a t o r s  observed  a d ecrease  in  r e 

sponse w ith  in c r e a s in g  e le c t r o n  or X -ray en erg y , and t h i s  

decrease was f a s t e r  than p r e d ic te d  from c a v ity  th eo ry  c a l 

c u la t io n s ,  In  t h i s  s tu d y , however, no d if f e r e n c e  was ob

served  between th e  measured therm olum inescent re sp o n se s  

a t  35 Mev, 50  Mev, or 65  Mev, C avity  th e o ry  p r e d ic te d  

approxim ately  a  one p ercen t d ecrea se  in  resp on se  over t h i s  

energy ran ge, but c o n s id er in g  th e  apTjroximations used  in  

t h i s  c a lc u la t io n ,  th e  p r e d ic te d  resp on se  can be assumed 

t o  be f l a t .

In r a d ia t io n  dosim etrj', therm olum inescent d o sim eters  

are u s u a lly  c a l ib r a te d  w ith  c o b a lt - 6 0  in  order to  make dose  

d eterm in a tio n s a t  d i f f e r e n t  e n e r g ie s . T h is  study has ex 

tended th e  u s e fu ln e s s  o f  t h i s  procedure t o  65 Mev,

97



APPENDIX A

SAMPLE CALCULATION OF THE THERMOLUMINESCENT RESPONSE PER RAD 

FOR HIGH ENERGY PHOTONS RELATIVE TO COBALT-6O GAMMA RAYS

Table 5 g iv e s  an example o f  th e  method used to  d e te r 

mine th e  therm olum inescent resp on se  per rad fo r  h igh energy  

photons r e la t iv e  to  c o b a lt -6 0  gamma r a y s . The th ir d  run a t  

65  Mev w i l l  be used to  i l l u s t r a t e  t h i s  c a lc u la t io n .
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Table 4, V/orksheet fo r  C a lc u la t in g  th e  Therm oluniinescent 
Response per Rad R e la t iv e  to  C ob a lt-60  Gamma Rays fo r  the  
Third Run a t  65  Mev,

65  Mev Photons

Thermolum inescent Square C orrected
Response t o Thermolumine scen t

C ir c le Response
C orrection

P o s it io n M atrix 1 M atrix 2 F actor M atrix 1 M atrix 2

1 2732 2719 0 .1 3 2 5 365 360
2 2627 251 6 0 .7 7 2 5 2029 1944
3 2956 2929 0 .7 7 2 5 2284 2263
4 2894 2944 0 .9 6 2 5 2843 2892
5 2936 3090 1 .0 0 0 0 293 6 3090
6 3111 3009 0 .9 8 2 5 3057 2956
7 3431 3331 0 .7 7 2 5 2650 25738 3391 3500 1 .0 0 0 0 3391 3500
9 3084 3546 1 ,0000 3084 3546

10 3469 2817 0 .7 7 2 5 2680 2176
11 3348 3637 0 .1 3 2 5 444 482
12 3742 3433 1 .0000 3742 3433
13 4143 3624 1 .0000 4 1 4 3 3624
14 3453 3572 1 .0 0 0 0 3453 3572
15 3478 3312 0 .1 3 2 5 461 43916 3654 4 l6 6 0 .7 7 2 5 282 3 3218
17 406 3 4065 1 .0000 4 0 6 3 406 5
18 h-203 3861 1 .0 0 0 0 4 2 0 3 3861
19 3883 3785 0 .7 7 2 5 3000 2924
20 5045 4577 0 .9825 49 5 7 449721 43 5 3 4829 1 .0000 4 3 5 3 482922 4381 4497 0 .9825 4 3 0 4 4418

5134 5131 0 ,7 7 2 5 39 6 6 3964
24 49  80 4910 0 .7 7 2 5 3847 3793
25 5711 6421 0 ,1 3 2 5 757 851

T o ta ls 1 9 .6 4 73835 73270

M atrix 1 TL Response per D osim eter = — 718^^—  _ 

M atrix 2 TL Response per D osim eter = — —  = 3731

Average TL Response per D osim eter = 37^5
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T able 4 . (co n tin u ed )

F errou s S u lfa te  D osim eter 1 = 410 rads  

F errou s S u lfa te  D osim eter 2 = 426 rads  

Average Rads in  Water = 4 l8

TL Response p er Rad = — —  = 8 ,959

C ob a lt“ 60 Ganna Ravf

T h ern o lu n in esoen t Response o f  25 D osim eters

4 l l 6 4173 4100 38OO 4204
4382 409 2 3516 3928 4o45
3743 3742 4 5 5 4 3862 4007
3635 3868 4 l6 6 3755 4509
4084 4264 4104 3717 3925

ta l TL Response = 100291

A verage TL R esponse per D osim eter = — —  = 4012+263  

Rads in  V/ater = 400

TL Response p er  Rad = — —  ~ 10 ,030  •

(TI. R o s p o n r e  p e r  R a d ) ^ ^  ^
(TL R e s p o n s e  p e r  R a d ;^ ^ _ ^ Q  1 0 , 0 3 0  ' *



BIBLIOGRAPHY

Adams, G.D. ,  and P a lu ch , I . R . ,  I9 6 5 . "Neutron Measurements 
R e la tin g  to  P a t ie n t s  Treated w ith  X -rays from ?0 Mev 
Sychrotron ,"  P h y s ic s  in  M edicine and B io lo g y , v o l .  10, 
pp. 335-3^^.

A itk en , M.J . ,  R eid , J , ,  T i t e ,  M.S. ,  and Flemming, S . J . ,  196?, 
"Quenching o f  S purious Thermoluminescence by N itrogen ."  
Luminescence D osim etry , pp. 4 9 0 -4 0 1 . P roc. I n t .  Conf , ,  
S ta n fo rd , I 9 6 5 . AliC Symp. S e r , , v o l .  8 . CONF-6 5 0 6 3 ?.
USAEC.

Almond, P . R . ,  I 9 6 6 , "The P h y s ic a l Measurements o f  E lec tro n
Beams from 6 -18  Mev," P h y s ic s  in  M edicine and B io lo g y ,
v o l .  11 , p. 146 ( a b s t r a c t ) ,

Almond, P . R . , I 9 6 8 . _ "C^ V alues fo r  High Energy X -r a d ia t io n ,"
P h y s ic s  in  M edicine and B io lo g y , v o l .  I 3 , pp. 285-286 .

Almond, P . R . , and McCray, K ., 1970. "The Energy Response o f  
LiF, CaF^, and Li^E^^O :Mn to  High Energy R a d ia tio n s."  
P h y s ic s  in  M edicine and B io lo g y . y o l ,  15» pp. 335“3^2.

Almond, P . R . , W right, A ., and L ontz, J . F . ,  I 9 6 7 , "The Use o f  
Lithium  F lu o r id e  Therm olum inescent D osim eters to  Mea
sure th e  Dose D is tr ib u t io n  o f  a I 5 Mev E lec tro n  Beam." 
P h y s ic s  in  M edicine and B io lo g y , v o l .  12, pp. 389-394 .

Anderson, D.W., and S w if t ,  S . C . ,  1970. "Energy C a lib ra tio n  
P o in ts  fo r  C l in ic a l  E lec tro n  A c c e le r a to r s ."  P h y s ic s  in  
M edicine and B io lo g y , v o l .  1 5 , pp. 349-354 .

Beck, V/.L., C a l l i s ,  B . L . , and C lo u t ie r , R . J . ,  I 9 6 8 . "Phantom 
Depth-Dose M easurements w ith  Extruded LiF in  a Low-Ex- 
posure-R ate T ota l-B od y  Ir r a d ia to r ,"  P roceed in gs o f  the  
Second I n te r n a t io n a l C onference on Luminescence D osim etry , 
pp. 9 7 6 - 9 6 9 . Ga t l in b u r g , 1 9 6 8 . CONF-68 O9 2 O. USAEC.

•Benner; S . ,  Johan'sson, J . H . ,  L indskoug, B . , and Nyman, P.T.  
1 9 6 7 . "A M in iature LiF D osim eter fo r  In Vivo Measure
m ents," Sol i d  S ta te  and Chemical R adiation  D osim etry in  
M edicine and B io lo g y , pp. 65 - 7 3 , Symp, P r o c , , V ienna, 
1 9 6 6 , STl/PUB/1 3 8 . IAEA,

B erger, M.J , ,  and S e l t z e r ,  S . H , , 1964, "Tables o f  Energy Los
s e s  and Ranges o f  E le c tr o n s  and P o s itr o n s ,"  S tu d ie s  in  
P en etra tio n  o f  Charged P a r t ic l e s  in  M atter, pp. 205-268 , 
N a tio n a l Academy o f  S c ie n c e s , N a tio n a l Research C ouncil 
P u b lic a tio n  11 3 3 .

101



102

B inks, C . , I 9 6 9 , "Energy Dependence o f  Lithium  F lu o r id e  Do
s im eter s  a t  E lec tro n  E n erg ies from 10 to  35 Mev." Phy
s i c s  in  M edicine and B io ]o«^ . v o l .  pp. 327-328 ,

B roszk iev /icz , R.K. ,  I 9 6 ?,  "Chemical D osim etry o f  I o n iz in g
R ad ia tion ,"  S o ]id  S ta te  and Chemical R ad iation  Dosime
tr y  in  M edicine and Bioloc^/, nn, 213-240 , Symp, P r o c , , 
V ienna, I 9 6 6 , S ^ P U B /1 3 8 . ÎÂEA,

Burch, P . R . J . ,  1 9 5 9 . "A T h e o r e t ic a l I n te r p r e ta t io n  o f  th e
E f f e c t  o f  R ad ia tion  Q u a lity  on Y ie l d  in  th e  F errous and 
C eric S u lfa te  D osim eters,"  R ad iation  R esearch . v o l ,  11,  
pp, 4 8 1 -4 9 7 ,

B u r lin , T , E , , I 9 6 6 , "A G eneral Theory o f  C avity  I o n is a t io n ,"  
B r it is h  Journal o f  R adiolor-j. v o l .  39, pp. 727-73^ .

B u r lin , T . K , , I 9 6 8 , "Cavity-Chamber Theory," R ad ia tion  Do
sim etry  , chap, 8 , v o l .  I ,  2nd ed.  E d ited  by F,H, A tt ix  
and V/.C, R oesch, Academic P r e s s , Nev/ York,

B u r lin , T , E . , and Chan, F ,K . ,  I 9 6 7 , "Some A p p lic a tio n s  o f
C avity  Theory to  C ondensed-State R adiation  D o sim etry ,"
Sol id S ta te  a^d Chem  ̂cai Radi a t io n  Dosim etry in  Medi
c i n e  and Bi o l o ^ y , nn. 393-405. Symn, P r o c , ,  V ienna,
19^ ,  STI/PÜB7 1 3 8 . '  IAEA,

B u r lin , T ,E , ,  and Chan, F .K. ,  1970. "The Energ^/-Size Depen
dence o f  the Response o f Thermolum inescent D osim eters  
to  Photon I r r a d ia t io n ."  Bealth P h y s i c s , v o l , 18,
pp. 3 2 5 - 3 3 2 .

Cameron, J . R . ,  DeV.'erd, L , , ’.Vagner, J , , V/ilson, C, , Doppke, K, , 
and Zimmerman, D , , 1 9 6 7 a, "N on-L inearity  o f  Thormolumi- 
n escen ce a s  a F unction  o f Dose fo r  LiF (TLD-lOO),"
Sol id S ta te  and Chemical Rndiat ion Dosim etry in  Medicine  
and Biolof^y, op,  77-89 .  Symp, P r o c , ,  V ienna, I 9 6 6 , 
STI/PÜB/1 3 8 , "IAEA,

Cameron, J . R . ,  Suntharalinm am , N ,, and Kenny, O.K. ,  I 9 6 8 ,
Thermoluminescen t D osim etry .' The U n iv e r s ity  o f  W isconsin  
P r e ss , Madison,

Cameron, J . R , ,  and Zimmerman, D ,’.'/,, I 9 6 5 , "TL v s  R in  LiF:
A Proposed M athematical Model," COO-1105-102, USAEC,

Cameron, J . R , ,  and Zimmerman, D.W,, I 9 6 6 , " M o d ifica tio n s  
o f  th e  M athem atical Model Reported in  COO-1105-102," 
COO-11 0 5 - 1 1 3 , p t ,  1 , USAEC,



103

Cameron, J . R . , Zimmerman, D.V/., and B land, R.W., I 9 6 7 ,
"ThermolumineRcence v s .  R oentgens in  Lithium F lu o r id e:
A Proposed M athem atical Model ," Luminescence Dosime
try  . pn , ^7- 5 6 , P roc, I n t .  C onf , ,  S tan ford , I 9 6 5 .
AEG Symp, S e r , , v o l .  8, CONF-6 5 0 6 3 7 , USAEC,

Cameron, J . R , , Zimmerman, D , , Kenney, G ., Buch, R ,, B land, R ,, 
and G rant, R, ,  196^, "Thermoluminescent R ad ia tion  Do
sim etry  U t i l i 7.in g  LiF." H ealth  P h y s ic s , v o l ,  10,
pp. 2 5 - 2 9 ,

C h r is ty , R.'V. ,  Johnson , N.M., and V /ilbarg, R ,R , , 19^7, "Ther
mo] um inescence and C olor C en ters in  LiF," Journal o f  
A nnlied P iu 's ic s . v o l .  3 8 , pp, 2099-2106,

C r it e s ,  T , R , , 1970,  " B a ck sca tter  o f  fo rm a lly  In c id e n t  I n te r 
m ediate Energy/ B rem sstrahlung from S e m i-I n f in ite  Media 
o f V arying Atomic Humber." Ph.D. D is s e r ta t io n ,  U niver
s i t y  o f  Oklahoma, L’orman,

Crosby, E . H , , Almond, P . P . ,  and S h a lek , R . J . ,  I 9 6 6 , "Energy 
Dependence o f  Iiithium  F lu o r id e  D osen eters a t  High Ener
g i e s . "  P h y s ic s  in  M edicine and Bi_olpgy, v o l ,  11,
pp. 1 3 1 - 1 3 2 ,

E b er lin e  Instrum ent Company, 196 9 , "TLD Reader Model TLR-5 
T ech n ica l Manual."

E h r lic h , M, , 1970, "Response o f  Therm olum inescent D osim eters  
to  15  Mev E le c tr o n s  and C obo.lt-60 Gamma R ays," H ealth  
P h y s i c s , v o l ,  18 ,  pp. 2 8 7 - 2 8 9 ,

E l d e r , P . R , ,  G urev/itsch , A.M., Langmuir, R.V. ,  and P o l l o c k ,  H, C , , 
19 1̂7 , "A 70  Mev Synchrotron . " J ournal o f Anri ied  Phy
s i c s , v o l .  18,  pp. 810-818 ,

Endres, G.W.R,, I 9 6 5 , "Dosim etry Technology/ S tu d i e s ,"
BWWL-3 3 9 ,

Evans, R ,D , , I 9 6 8 . "X-ray and 2T-ray I n te r a c t io n s ,"  R adiation  
D osim etry . chap, 3 , v o l .  I ,  2nd ed. E dited  by F.H, A tt ix  
and Roesch,  Academic P r e s s , Hew York,

Fow ler, J , F . ,  and A t t i x ,  F . H , , I 9 6 6 , " S o lid  S ta te  In te g r a t in g  
D osim eters."  Radiat ion Dosi m etry . chap, I 3 , v o l .  I I ,
2nd ed.  E d ited  by F.H. A t t i x  and W, C. Roesch, Academic 
P r e ss , New York,

F r ick e , H. ,  and H art, E . J , ,  I 9 6 6 . "Chemical D osim etry,"
Radi a t i  on Dosimetr^'. chap, 12, v o l ,  I I ,  2nd ed.  E d ited  
by F,H, A t t i x  and V»,C, Roesch,  Academic P r e s s ,  New York,



1 0 k

F r ick e , H ,, and H orse, S . ,  1927, "The Chemical A ction  o f  
Roentgen Rays on D ilu te  Ferrous S u lfa te  S o lu t io n s  as  
a I'easure o f  D ose," American J ournal o f  R oentrenolo^y  
Radium Therany N uclear l i e d i o j n e , v o l ,  18,  pp, 430-4^ 2,

Handbook 55? 195^ ,̂ " P ro tec tio n  A ga in st B etatron-Synchrotron  
R adiation  up t o  100 H i l l io n  E le c tro n  V o l t s , "  N a tio n a l  
Bureau o f  Standards,

Harshav/ Chemical Company, 1971, P r iv a te  Communication,

H o sp ita l P h y s ic is t s *  A s s o c ia t io n , 19^9. "A Code o f  P r a c t ic e  
fo r  th e  D osim etry o f  2 t o  35 I-V X-ray and Caesium -137  
and C ob a lt-6 0  Gamma-ray Beams," P h y s ic s  in  Medicine 
and Bio l  O'"', y o l ,  I k ,  pp, 1 - 8 ,

Hubboli , J . H . ,  1 9 6 9 , "Photon C ross S e c t io n s , A tten u a tio n  
C o e f f ic ie n t s ,  and Energi»  ̂ A bsorption  C o e f f ic ie n t s  From 
10 keV t o  GeV," N a tio n a l Standard R eference Data Sys
tem, N a tio n a l Bureau o f  S tandards, 29.

ICRU, 1 9 6 2 , " C lin ic a l D osim etry."  Rocommend a tio n s  o f  th e  
In te r n a tio n a l  Commission on R a d io lo g ic a l U n its  and Mea
surem ents , Report lO d ,  (iiiiS Handbook 8 4 ) ,

ICRU, 1 9 6 9 , "R adiation  D osim etry; X -rays and Gamma Kays 
v/ith Maximum Photon E n erg ies  Between 0 ,6  and 50  Mev,"
Recommendations o f  th e  in te r n a t io n a l Commission on 
R a d io lo r ic a l Uni t s  and ; e a su r e n e n ts . Report i k ,

1 sotopes/C on-R ad , I 9 6 8 , "Thermoluminescence D osim etry Sys
tem O perations Manual,"

1 8 ot ope s/C bn-Rad, 19 6 8 a , "Thermoluminescence D osim etry Sys
tem D osim eter Manual,"

Johns, H , E , , 1 9 6 1 , The P h y s i c s  o f  R ad io lom /, 2nd ed , Char
l e s  C, Thomas, S p r in g f ie ld ,

Jon es, D , E , , P e tro ck , K, ,  and Denham, D ,, I 9 6 6 , "Thermolumi
n escen t M a ter ia ls  fo r  P erso n n el M onitoring in  Gloved Box 
O perations,"  TID-^500, UC-41,

Karxmark, C, J , ,  White,  J , ,  and Pov/ler, J , F ,  , 196^, "Lithium  
F lu orid e  Therm olum inescent D osim etry," P h y s ic s  in  Medi
c ine  and B i o l o g y , y o l ,  9 , pp, 2 7 3 - 2 8 6 ,



105
K astn er , J . , Hukkoo, R ,, and Cltman, B.C. ,  I 9 6 7 . "Lithium  

F lu o r id e  Therm olum inescent D osim etry fo r  B eta Rays."  
Lum inescence D osim etry , pp, 48 2 -4 8 9 , P roc. I n t .  C o n f . , 
S ta n fo r d , I 9 6 5 . ABC Symo. S e r . , v o l .  8 . CONF-650637. 
USAEC.

Mayhuf^h, M.R.,  1970, "C olor C en ters and th e  Thermolumines
cen ce  Mechanism in  LiF," J ournal o f  A pplied  P h y s ic s , 
v o l ,  4 1 ,  pp, 4 7 7 6 - 4 7 8 2 .

Mason, E,V/, , 1970, "The E f f e c t  o f  Thermal Neutron I r r a d ia 
t io n  on th e  Therm olum inescent Response o f  Con-Rad Type 
7 L ithium  F lu o r i d e , "  P h y s ic s  in  M edicine and Biolof?/^, 
v o l .  1 5 , pp, 79 - 9 0 ,

Morehead, F . F , , and D a n i e l s ,  F . , 1957.  "Thermoluminescence 
and C o lo ra tio n  o f L ithium  F lu o r id e  Produced by Alpha 
P a r t i c l e s ,  E le c tr o n s , Gamma.Rays, and N eutrons,"  The 
J ou rn al o f  Chemical P h y s i c s , v o l ,  27,  pp. 1318-1324 ,

Kakajima, T, , H iraoka, T .,  and Habu, T , , 196 6 , ^'Ener^y De
pendence o f  LiF and Cap2 Therm olum inescent D osim eters  
f o r  High Energy E le c tr o n s ,"  Health P h y s i c s , v o l .  14,
pp , 2 6 6 - 2 6 7 .

N aylor, O . P . ,  1 9 6 5 . "Therm olum inescent Phosphors: V a r ia t io n
o f  Q u a lity  Response v/ith  Dose." P h y s i c s  in Medicine and 
Bio lOFv, v o l .  10,  pp. 5 6 4 - 5 6 5 .

Parker, C . V . , B lak e, K , R , , and Kelson,  J , B , ,  I 9 6 8 , "The Re
sp on se o f  Therm olum inescent D osim eters to  P rotons w ith  
E n e r g ie s  to  137 Mev," Proceeding's o f  th e  Second I n te r -  
n a t io n a l  C onference on LuminesceTice D osim etry . po, 4 3 8 -  
4 5 5  ̂ G atl inburg, 19^8. COHF-6 8 0 9 2 0 . USAi-:C.

P in k erto n , A , P , , Hol t ,  J . C . ,  and L au gh lin , J . S . ,  I 9 6 6 , "En
ergy  Dependence o f  I.ith ium  F lu o r id e  D osem eters and High 
Energy E le c tr o n s ."  P h y s ic s  in  Medicine and B i o l o r y , 
v o l ,  1 1 , pp. 1 2 9 - 1 3 0 ,

P in k erto n , A , , Hol t ,  J . G . ,  L au gh lin , J . S . ,  and Almond, P . R , , 
1 9 6 7 . " D irec t In tercom parison  o f  Absorbed Dose by Ther
m olum inescent D osim etry."  Luminescence Dosim etry . pp, 
3 6 3 - 3 7 1 . P roc, I n t ,  Conf.  , S ta n fo rd , 1 9 6 *1, AEC Symn, 
S e r . , v o l ,  8 . COKF-6 5 0 6 3 7 , US/mC,

Reddy, A . R . ,  Ayyangar, K ,, and Brownel l ,  G , L , , I 9 6 9 , "Ther- 
m olum inescencc Response o f  LiF to  R eactor N eutrons,"
Radia t i  on Research, v o l ,  40,  pp, 552 - 5 6 2 ,



106

S ch a rf, K ., and Lee,  R.M., 1962. " I n v e s t ig a t io n s  o f  the
S pectrop hotom etric  Kethod o f  M easuring th e  F err ic  Ion  
Y ie l d  in  th e  Ferrous S u lfa te  D osim eter,"  R adiation  
R esearch , v o l .  16,  pp. 11^-124^,

S c h i f f ,  L . I . ,  1 9 5 1 . "Energj^-Angle D is tr ib u t io n  o f  Thin Tar
g e t  B rem sstrahlung."  P h y s ic a l R eview , v o l .  8 3 , pp.
2 5 2 - 2 5 3 .

Schulman, J . H . ,  I 9 6 7 . "Survey o f  Lum inescence D osim etry."  
Lum inescence Do s im e tr y . pp. 3**33. P ro c . I n t .  Conf. , 
S ta n fo rd , 1 9 6 5 , AEG Symn. S e r . , v o l .  8 . CORF-6 5 0 6 3 7 .
USAEC,

Schwarz, H.A. ,  195^. "Temperature C o e f f ic ie n t  o f  th e  R adia
t io n  Induced O xidation  o f  Ferrous S u lfa te ."  J ournal o f  
th e  American Chemical S o c i e t y , v o l .  7 6 , pp. I 5 8 7 - I 5 8 B.

S h a lek , R . J . ,  and Sm ith, G.E. ,  I 9 6 9 . "Chemical D osim etry
fo r  th e  Measurement o f  High-Energy Photons and E le c tr o n s ."  
Annals o f  th e  New York Academy o f S c i e n c e s , v o l .  I 6I ,  
a r t .  i ,  pp. 4 4 -6 2 .

S p in k s, J.V/ .T. ,  and Woods, R . J . ,  1964. ^  In tr o d u ctio n  t o
R ad ia tion  C hem istry . Jolm W iley and Sons, I n c . ,  New 
York,

Suntharalingam , N .,  I 9 6 8 , "Thermoluminescence Response o f
Lithium  F lu o r id e  to  R a d ia tio n s  o f  D if fe r e n t  LET," Ph.D.  
D is s e r t a t io n ,  U n iv e r s ity  o f  W iscon sin , Madison,

Suntharalingam , N , , and Cameron, J . R . , 1968, "Thermolumines
cen t R esponse o f  L ithium  F lu o r id e  t o  R a d ia tio n s  w ith  D if 
fe r e n t  LET," P h y s ic s  in  M edicine and B io lo g y , v o l .  l 4 ,  
pp. 397-410 ,

Suntharalingam , N ,, and Cameron, J . R . , I 9 6 9 , "Thermolumines
cen t R esponse o f L ithium  F lu o r id e  t o  High Energy E le c 
tr o n s ."  A nnals o f  th e  New York Academv o f  S c ie n c e s , 
v o l ,  1 6 1 , a r t ,  1 , pp. 77-85 ,

S v a rcer , V ., and F ow ler, J . F . ,  I 9 6 7 , "Spurious Thermolumi
n escen ce and Thermolum inescence in  L ithium  F lu o rid e  Do
sim etry  Powder," Lum inescence D osim etry , pp. 2 27 -235 . 
P roc. I n t .  C o n f . , S ta n fo rd , I 9 6 5 , AEC Symp. S e r , , v o l ,
8.  CONF-6 5 0 6 3 7 . USAEC,

T o c h i l i n ,  E . , and G o ld s te in , N ., I 9 6 6 . "Dose Rate and Spec
t r a l  Measurements from P u lsed  X-ray G enerators,"  H ealth  
P h y s ic s , v o l .  12,  pp. 1705-1713,



107
Wagner, J . , and Cameron, J . R , , I 9 6 6 , "The E f f e c t  o f  th e

Q u a lity  o f  R a d ia tio n  on th e  Thermolum inescence o f  LiF  
(TLD-lOO)," COO-1 1 0 5 - 1 1 7 . USAEC.

W ingate, C . L , , T o c h i l in ,  E , , and G o ld s te in , N , , I 9 6 7 . "Re
sponse o f  L ith ium  F lu o r id e  to  N eutrons and Charged P ar
t i c l e s , "  Lum inescence D osim etry , pp. 4 2 1 -4 3 4 , P roc . 
I n t .  C o n f . , S ta n fo rd , I 9 6 5 . AEC Symp. S e r , , v o l .  8 . 
CONF-6 5 0 6 3 7 . USAEC.

Worton, R.G, ,  and H ollow ay, A . F , , I 9 6 6 , "Lithium  F lu o r id e  
Therm olum inescence D osim etry."  R adiolofcy. v o l .  8 7 ,
PP. 9 3 8 - 9 4 3 .

W yckoff, H.O.,  1 9 6 7 , "Standards and Q u a n t it ie s  in  R a d ia tio n  
D osim etry ,"  S o lid  S ta te  and Chemical R a d ia tio n  Dosim e
t r y  i n  T 'edicine and B i o l o a v . pp, 333-347 . Symp. P r o c . , 
V ien n a , 1 9 6 6 . STI/PUB/I3 8 . IAEA.

Zimmerman, D.V.’, ,  Rhyner, C . R , , and Cameron, J . R . , I 9 6 6 ,
"Thermal A nn ealing  E f f e c t s  on th e  Thermolum inescence 
o f  Lithium  F lu o r id e ."  H ealth  P h y s ic s , v o l .  12 , pp. 525 -
5 3 1 .


