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SUMMARY 

The use o f  thermoluminescent dosimeters (TLDs) f o r  be ta  dos imetry  has 

t r a d i t i o n a l l y  i n v o l v e d  i naccu rac i es  due t o  t h e  energy-dependent response o f  

t h e  TLDs. I n  o rde r  t o  c o r r e c t  f o r  t h e  be ta  energy spectrum, researchers  a t  

t he  P a c i f i c  Northwest Labora to ry  (PNL--operated by B a t t e l l  e Memorial I n s t i  - 
t u t e )  have developed a dos imeter  u s i n g  TLDs under a number o f  d i f f e r e n t  

th icknesses o f  aluminum sh ie l ds .  These s h i e l d s  p rov i de  a t t e n u a t i o n  t o  t h e  

be ta  f i e l d  t h a t  depends on t h e  t h i ckness  o f  t h e  s h i e l d  and t h e  energy o f  t he  

beta p a r t i c l e s  s t r i k i n g  t h e  dosimeter.  Th is  t ype  o f  dos imeter  i s  a b l e  t o  

a u t o m a t i c a l l y  c o r r e c t  f o r  t h e  energy d i s t r i b u t i o n  o f  t h e  be ta  r a d i a t i o n  f i e l d ,  

thus overcoming t h e  energy-dependent inaccurac ies  o f  p rev ious  TLD-based 

dosimeters. 

The PNL mu l t i - e lement  be ta  dos imeter  has been used i n  four- e lement  and 

seven-element c o n f i g u r a t i o n s .  The seven-element c o n f i g u r a t i o n s  were developed 

t o  p rov i de  b e t t e r  d i s c r i m i n a t i o n  t o  low-energy betas.  The dosimeters a re  

assembl ed and analyzed i n  t h e  PNL TLD Laboratory .  Design cons idera t ions ,  

a n a l y s i s  procedures, q u a l i t y  assurance, and e r r o r  de te rmina t ions  f o r  t h e  

dos imeters  a re  descr ibed  i n  t h i s  r e p o r t .  The methods o f  data a n a l y s i s  used 

f o r  conve r t i ng  TLD response t o  dose a r e  a l s o  descr ibed.  

These mu l t i - e lement  dosimeters have been used t o  measure be ta  and gamma 

doses r e s u l t i n g  f rom r a d i o a c t i v e  contaminants i n  t h e  Three M i l e  I s l a n d  U n i t  2 

containment b u i l d i n g .  Over 100 dosimeters have been used i n  t h r e e  se t s  of 

exper iments a t  a number o f  l o c a t i o n s  i n  t he  b u i l d i n g .  Th i s  r e p o r t  documents 

t h e  exper iments and p resen ts  t h e  doses eva lua ted  by t h e  dosimeters.  
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INTRODUCTION 

There i s  a  cons iderab le  amount o f  r a d i o a c t i v e  m a t e r i a l  con tamina t ing  many 

i n t e r i o r  su r faces  o f  t h e  containment b u i l d i n g  o f  t h e  Three M i l e  I s l a n d  U n i t  2 

r e a c t o r  as a  r e s u l t  o f  t h e  acc i den t  i n  March 1979. As work has begun on per-  

fo rming  decontaminat ion and o t h e r  tasks  i n  t h e  b u i l d i n g ,  i t  i s  impo r tan t  t o  

have an accura te  d e s c r i p t i o n  o f  t h e  con tamina t ion  on these sur faces.  Th i s  

r e p o r t  desc r ibes  dosimeters t h a t  were developed t o  measure dose r a t e s  due t o  

t h e  su r f ace  con tamina t ion  found i n  TMI-2 containment.  These dosimeters a r e  

capable o f  measuring doses due t o  be ta  and gamma r a d i a t i o n  e m i t t e d  by  r a d i o -  

nuc l i des  depos i ted  on t h e  contaminated sur faces  and suspended i n  t h e  a i r  near  

these sur faces.  Th i s  r e p o r t  d iscusses t he  des ign o f  t h e  dosimeter,  and t h e  

c a l i b r a t i o n  procedures and methods o f  us i ng  them f o r  dose de te rmina t ions .  The 

r e p o r t  a l s o  descr ibes  t h e  use o f  t h e  dosimeters i n  TMI-2 containment and pre-  

sents  t h e  r e s u l t s  o f  t h i s  a p p l i c a t i o n .  

A  dos imeter  may be p laced  near  a  contaminated su r f ace  f o r  two bas i c  pur-  

poses: ( 1 )  t o  g i v e  an i n d i c a t i o n  o f  t h e  q u a n t i t y  o f  r a d i o a c t i v e  m a t e r i a l  on 

t h e  su r f ace  and ( 2 )  t o  g i v e  an es t imate  o f  t h e  r a d i o l o g i c a l  hazard t o  a  person 

p o s i t i o n e d  near  t h e  su r face .  For e v a l u a t i n g  t h e  presence o f  r a d i o a c t i v e  

m a t e r i a l ,  t h e  q u a n t i t y  "dose," measured i n  u n i t s  o f  rad,  i s  most use fu l .  I n  

t h i s  study, dose i s  measured by dosimeters made o f  7 ~ i ~ ,  which has energy 

absorp t ion  c h a r a c t e r i s t i c s  f o r  be ta  and gamma r a d i a t i o n  t h a t  a re  ve ry  s i m i l a r  

t o  t h a t  o f  t i s s u e ,  so t h e  dos imeters  g i v e  a  good i n d i c a t i o n  o f  dose t o  t i s s u e .  

For  e v a l u a t i n g  t h e  r a d i o l o g i c a l  hazard t o  personnel ,  t h e  "dose equ iva len t , "  

measured i n  u n i t s  o f  rem, i s  most u s e f u l .  (The dose e q u i v a l e n t  f o r  be ta  

dos imetry  i s  u s u a l l y  measured a t  a  depth o f  7 mg/cm2 i n  t i s s u e . )  Since t h i s  

d i scuss ion  i s  concerned o n l y  w i t h  be ta  and gamma r a d i a t i o n ,  t h e  q u a n t i t i e s  

"dose t o  t i s s u e "  and "dose equ i va l en t "  a re  n e a r l y  numer i ca l l y  equal .  There- 

f o r e  t h i s  d i scuss ion  w i l l  always r e f e r  t o  t h e  dose (meaning "dose t o  t i s s u e " )  

measured by t h e  dosimeter.  

Another r a d i o l o g i c a l  q u a n t i t y ,  "exposure," i s  commonly confused w i t h  dose 

and dose equ i va l en t .  Th i s  q u a n t i t y  i s  s t r i c t l y  v a l i d  o n l y  f o r  photons i n  a i r ,  

and i n  t h i s  r e p o r t  i t  i s  o n l y  used when d i scuss ing  c a l i b r a t i o n  procedures 



us ing  photons. Exposure i s  measured i n  u n i t s  o f  roentgens ( R ) .  There w i l l  be 

ins tances  i n  t h i s  r e p o r t  where t h e  term "expose" i s  used, however. Th i s  te rm 

w i l l  be used, f o r  example, when a dos imeter  i s  p laced i n  a  r a d i a t i o n  f i e l d  and 

i s  t h e r e f o r e  exposed t o  r a d i a t i o n .  I n  t h i s  s i t u a t i o n  t h e  dos imeter  w i l l  s t i l l  

be used t o  eva lua te  t h e  dose. 

The dos imeter  descr ibed  i n  t h i s  r e p o r t  i s  a  pass ive  dev ice,  designed t o  

be exposed t o  a  f i e l d  o f  r a d i a t i o n  f o r  a  w e l l - d e f i n e d  p e r i o d  o f  t ime.  As t h e  

dos imeter  i s  s t r u c k  by r a d i a t i o n ,  m a t e r i a l  damage occurs i n  t h e  dosimeter.  

A f t e r  t h e  dos imeter  i s  taken from t h e  r a d i a t i o n  f i e l d ,  i t  i s  processed t o  

determine t h e  amount o f  m a t e r i a l  damage, and thus eva lua te  t h e  dose rece i ved  

by t he  dosimeter.  When t h i s  dose i s  d i v i d e d  by t h e  amount o f  t ime  i n  t h e  

r a d i a t i o n  f i e l d ,  t h e  r e s u l t  i s  an average dose r a t e .  For  t h i s  t ype  o f  pass ive  

dos imetry ,  t h e  h e a l t h  phys ics  community has found thermoluminescent dos imeters  

(TLDs) t o  be ve ry  u s e f u l .  The m a t e r i a l  has been shown t o  be rugged and r e l i -  

ab le ,  w i t h  we1 1 - de f i ned  c h a r a c t e r i s t i c s  f o r  dose de te rmina t ions .  The dose 

response o f  TLDs t o  r a d i a t i o n  i s  l i n e a r  over  a  wide range o f  doses f o r  gammas 

and be tas  o f  any energy l i k e l y  t o  be encountered i n  TMI-2 containment.  

The use o f  TLDs f o r  be ta  dos imetry  has t r a d i t i o n a l l y  i n v o l v e d  i n a c u r r a c i e s  

f o r  be ta  dos imetry ,  however, due t o  t h e  energy-dependent response o f  t h e  TLDs 

t o  betas.  I n  o r d e r  t o  c o r r e c t  f o r  d i f f e r i n g  be ta  energy spec t ra ,  researchers  

a t  t h e  P a c i f i c  Northwest Labora to ry  (PNL) have developed a dos imeter  u s i n g  

TLDs under s h i e l d s  o f  va r i ous  th icknesses.  These s h i e l d s  were chosen t o  p ro-  

v i d e  d i f f e r i n g  amounts o f  a t t e n u a t i o n  t o  be ta  p a r t i c l e s  o f  a  g i ven  energy, so 

t h a t  a  mathematical  a n a l y s i s  of t h e  TLD responses would g i v e  an i n d i c a t i o n  o f  

t h e  energy d i s t r i b u t i o n  o f  be ta  p a r t i c l e s  s t r i k i n g  t h e  dosimeter.  



PNL FIULTI-ELEMENT BETA DOSIMETER DESCRIPTION 

PHYSICAL DESCRIPTION OF THE DOSIMETER 

The researchers  deve lop ing  t h i s  dos imeter  wanted t o  demonstrate t h a t  pas- 

s i v e  be ta  dos imetry  cou ld  be accomplished w i t h o u t  t h e  resources o f  a  s o p h i s t i -  

ca ted  l a b o r a t o r y ,  b u t  cou ld  r a t h e r  be done adequate ly  us ing  t he  resources 

a v a i l a b l e  t o  most h e a l t h  p h y s i c i s t s .  The ho lde r  was made o f  heavy f i b e r b o a r d  

and aluminum. The s h i e l d s  were made o f  e i t h e r  aluminum o r  a lumin ized  mylar .  

The phosphor se l ec ted  f o r  t h i s  dos imeter  i s  35-mi l  t h i c k  TLD-700, manufactured 

by Harshaw, a  t ype  commonly used by h e a l t h  p h y s i c i s t s .  Each s h i e l d  covers 

t h r e e  TLD ch ips;  t h i s  r e p o r t  r e f e r s  t o  each s e t  o f  t h r e e  ch ips  and t h e  accom- 

panying s h i e l d  as a  dos imeter  element. Two ve rs i ons  o f  t h e  mu l t i - e lement  

dos imeters  have been used. The o r i g i n a l  four- e lement  des ign  d i d  n o t  y i e l d  t h e  

d e s i r e d  degree o f  sepa ra t i on  f o r  lower  energy be ta  spec t ra .  Therefore,  t h r e e  

a d d i t i o n a l  t h i n  s h i e l d s  were added t o  b r i n g  t h e  t o t a l  t o  seven. Each dosim- 

e t e r  package i s  comprised o f  two f o u r -  o r  seven-element dosimeters p laced  

back- to-back. Thus t h e  four- e lement  dos imeter  con ta i ns  24 TLD dos imeter  

ch ips ,  and t h e  seven-element dos imeter  con ta i ns  42 ch ips .  (See F igu re  1. 

Th i s  i s  a c t u a l l y  a  p i c t u r e  o f  t h e  new e igh t- e lement  dosimeter;  t h e  seven- 

element dos imeter  i s  i d e n t i c a l  except  t h a t  i t  has no 1 - m i l  s h i e l d . )  

It i s  d e s i r a b l e  t o  have a compact u n i t  t h a t  i s  easy t o  handle. A smal l  

s i z e  i s  a l s o  d e s i r a b l e  t o  m in im ize  t h e  e f f e c t  o f  a  r a d i a t i o n  f i e l d  t h a t  v a r i e s  

w i t h  p o s i t i o n .  The f i n a l  v e r s i o n  o f  t h e  dos imeter  i s  no l a r g e r  than  a pocket 

c a l c u l a t o r .  Because most be ta  dos imet ry  i s  performed i n  f i e l d s  o f  mixed gamma 

and be ta  r a d i a t i o n ,  i t  was cons idered impo r tan t  t o  be a b l e  t o  d e r i v e  separate  

dose va lues f o r  gammas and betas.  Th i s  requi rement  i s  met through t h e  a t tenua-  

t i o n  o f  t h e  va r i ous  sh ie l ds .  



FIGURE 1 . PNL Eight-El ement Dosimeter 
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DOSIMETER SHIELD CHARACTERISTICS 

A l l  o f  t h e  s h i e l d s  use'd i n  t h e  mu l t i - e lement  dos imeter  a r e  made o f  a lumi-  

num (see F igu re  2 ) .  I n  t he  case o f  t h e  t h i n n e s t  s h i e l d ,  2  x  in . ,  t h e  

aluminum i s  depos i ted  on a  my la r  f i l m .  The o t h e r  s i x  s h i e l d s  i n  t h e  seven- 

element dos imeter  a re  square sheets o f  aluminum measuring 1.91 cm (314 i n . )  on 

a  s ide .  They have th icknesses  o f  0.013 cm (0.005 i n . ) ,  0.025 cni (0.010 i n . ) ,  

0.051 cm (0.020 i n . ) ,  0.081 cm (0.032 i n . ) ,  0.163 cm (0.064 i n . ) ,  and 0.318 cm 

(0.125 i n .  ) , r e s p e c t i v e l y .  (The four- e lement  dos imeter  used o n l y  t h e  0.051-cm, 

0.081-cm, and t h e  0.318-cm sh ie l ds . )  The mass t h i ckness  can be ob ta i ned  by 
3  3  m u l t i p l y i n g  by  t h e  d e n s i t y  o f  aluminum, 2.7 x  10 mg/cm . The mass th icknesses  

of t h e  s h i e l d s  range from 0.013 mg/cm2 t o  860 mg/cm2. Th is  i n f o r m a t i o n  can 

be a p p l i e d  t o  t h e  app rop r i a t e  range-energy cu rve  (F i gu re  3 )  (Evans 1955) t o  

determine t h e  a t t e n u a t i o n  o f  t h e  va r i ous  sh ie l ds .  For  example, be ta  p a r t i c l e s  

w i t h  an energy o f  1.9 MeV o r  l e s s  w i l l  be stopped by t h e  t h i c k e s t  s h i e l d ,  

whereas be tas  w i t h  energ ies  g r e a t e r  than  180 keV w i l l  pene t ra te  t h e  0.013-cm 

t h i c k  s h i e l d .  A l though n o t  shown on t h e  curve,  t h e  a lumin ized  my la r  f i l m  w i l l  

s t op  o n l y  those be ta  p a r t i c l e s  w i t h  energ ies  l e s s  than 3  keV. M ~ n e  o f  t h e  

s h i e l d s  w i l l  s i g n i f i c a n t l y  a f f e c t  t h e  p e n e t r a t i o n  o f  gamma photons w i t h  energ ies  

g r e a t e r  than  40 keV. 

The response o f  TLD.s sh i e l ded  as descr ibed  above a r e  shown i n  F igures  4 

and 5  (Endres, Scherpelz and Roberson 1982). I n  these f i g u r e s ,  TLD responses 

a re  presented f o r  seven-element dos imeters  exposed t o  d i f f e r e n t  sources o f  

be ta  and photon r a d i a t i o n .  The TLD response i s  l i s t e d  i n  u n i t s  o f  nano- 

coulombs (nc ) ,  cor responding t o  t h e  l i g h t  o u t p u t  f rom a  TLD reader  used t o  

analyze exposed TLDs. S ince t h e  sources had d i f f e r i n g  i n t e n s i t i e s ,  t h e  TLD 

responses i n  nc were d i v i d e d  by t h e  dose d e l i v e r e d  t o  t h e  dos imeter  ( spec i -  

f i c a l l y  t h e  dose t o  t h e  mylar- covered TLDs), produc ing normal ized responses i n  

u n i t s  o f  nc/rad. These TLD responses f o r  each dos imeter  element were p l o t t e d  

aga ins t  t h e  t h i c kness  o f  t h e  aluminum s h i e l d  cove r i ng  t h e  TLDs. These 

e m p i r i c a l  r e s u l t s  seem t o  agree w e l l  w i t h  t h e  r e s u l t s  o f  t h e  be ta  range-energy 

curve, w i t h  TLD response decreas ing as a  f u n c t i o n  o f  s h i e l d  th i ckness .  Near l y  
9  0 a1 1  t h e  be ta  p a r t i c l e s  e m i t t e d  by 9 0 ~ r /  Y (maximum energy 2.3 MeV) a re  stopped 

by t h e  t h i c k e s t  f i l t e r .  



FIGURE 2. PNL Eight-Element Dosimeter Sh ie lds  
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I n  F  

9 0 ~ r / 9 0 ~  , 
t h e  dose 

RANGE IN ALUMINIUM (mg/cm2) 

FIGURE 3. Beta P a r t i c l e  Range-Energy Curve 

i g u r e  4, n a t u r a l  uranium be ta  p a r t i c l e s  have an Emax s i m i l a r  t o  

b u t  t h e  s imultaneous emiss ion o f  low energy photons increases 

t o  t h e  TLD behind t h e  t h i c k e s t  s h i e l d .  The ' 0 6 ~ u / ' 0 6 ~ h  source 

( Emax , 3.5 MeV) i r r a d i a t e d  t h e  TLDs behind t h e  t h i c k e s t  s h i e l d ,  b u t  t h e  two 

low enerqy be ta  sources. 8 5 ~ r  and 1 4 7 ~ m .  f a i l e d  t o  i r r a d i a t e  t h e  TLDs behind -- 
t h e  0.051-cm s h i e l d .  F i n a l l y ,  t h e  be ta  p a r t i c l e s  f r om  t h e  137Cs/137mBa 

source were stopped by t h e  m a t e r i a l  encapsu la t ing  t h e  source; t h e  o n l y  TLD 

exposure was a  r e s u l t  o f  t h e  662 keV gamma photons. 

The PNL mu l t i - e lement  TLD dos imeters  a l l o w  t h e  user  t o  make a  c o r r e c t i o n  

f o r  be ta  energy when conve r t i ng  t h e  TLD data t o  dose values. Other  be ta  

dosimeters,  i n c l u d i n g  one t y p e  t h a t  was r e c e n t l y  compared t o  t h e  PNL mu1 t i- 

element dos imeter  i n  a  t e s t  a t  TMI-2, do n o t  p rov i de  be ta  energy c o r r e c t i o n  

f a c t o r s .  The importance o f  making an energy c o r r e c t i o n  i s  i l l u s t r a t e d  by 

F igures 6 and 7. Each graph compares two se t s  o f  dos imeters  exposed t o  be ta  

r a d i a t i o n  a t  t h e  same l o c a t i o n .  The r a t i o s  o f  i n d i c a t e d  be ta  dose r a t e s  a r e  

p l o t t e d  on t h e  v e r t i c a l  axes, w i t h  l o g a r i t h m i c  sca les.  The h o r i z o n t a l  axes o f  
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PNL DOSIMETER CALIBRATION FACTOR (rad/nc) 

F I G U R E  6. Comparison o f  PNL and Vendor 1 Dos imeters  

PNL DOSIMETER CALIBRATION FACTOR (rad/nc) 

F I G U R E  7. Coniparison o f  PNL and Vendor 2 Dosimeters 



these f i g u r e s  a r e  used f o r  p resen t i ng  c a l i b r a t i o n  f a c t o r s ,  t h e  va lues used t o  

conve r t  dos imeter  response t o  dose. The c a l i b r a t i o n  f a c t o r s  f o r  t h e  PNL 

dos imeters  va r y  w i t h  energy, and i n  these  s t u d i e s  t h i s  f a c t o r  ranged f rom 0.35 

t o  0.99 rad/nc.  Because t h e  dos imeters  f rom Vendor 2 r e l y  on a  s i n g l e  c a l i -  

b r a t i o n  f a c t o r ,  t h e i r  dose de te rmina t ions  w i l l  be dependent on t h e  source o f  

c a l i b r a t i o n .  I f  these  dos imeters  were c a l i b r a t e d  w i t h  90~ r ,  a  popu la r  c a l i -  

b r a t i o n  source, t h e  i n d i c a t e d  dose cou ld  underest imate,  by  as much as a  f a c t o r  

o f  5, t h e  dose as determined by PNL dos imeters .  Because TLDs a r e  known t o  

have an energy-dependent response t o  be ta  r a d i a t i o n ,  PNL's TLD dos imeter  

r e s u l t s  a re  expected t o  be more accura te  than dos imeters  u s i n g  a  f i x e d  c a l i -  

b r a t i o n  f a c t o r .  

CHARACTERISTICS AND OA PROCEDURES FOR THE TLDS 

The TLDs used i n  t h e  mu l t i - e l emen t  be ta  dos imeter  a re  0.318 cm by 

0.318 cm by 0.089 cm (118 i n .  by 1/8 i n .  by 0.035 i n . )  7 ~ i ~  ribbons  ( c h i p s )  

w i t h  a  mass o f  about  25 mg. They a re  a v a i l a b l e  f rom t h e  Harshaw Chemical 

Company as TLD-700s. The energy abso rp t i on  c h a r a c t e r i s t i c s  o f  these  TLDs t o  

be ta  and gamma r a d i a t i o n  resembles t h a t  o f  t i s s u e .  L i t h i u m  f l u o r i d e  has an 

e f f e c t i v e  a tomic  number f o r  p h o t o e l e c t r i c  abso rp t i on  o f  8.14, compared w i t h  

7.42 f o r  t i s s u e  and 7.64 f o r  a i r .  These h i g h  s e n s i t i v i t y  r i bbons  a r e  o p t i c -  

a l l y  t r anspa ren t ,  mechan ica l l y  rugged, and conven ien t l y  handled. 

When c r y s t a l l i n e  L i F  i s  exposed t o  i o n i z i n g  r a d i a t i o n  a t  room temperature,  

e l e c t r o n s  i n  t h e  va lence band a re  r a i s e d  t o  t h e  conduct ion bands. Imper fec-  

t i o n s  i n  t h e  L i F  c r y s t a l  l a t t i c e  produced by dopants can t r a p  t h e  f r e e  e l e c-  

t r ons .  Hea t ing  t h e  L i F  g i ves  t h e  e l e c t r o n s  t h e  a d d i t i o n a l  energy t h a t  t hey  

need t o  escape t h e  t r a p s  and r e t u r n  t o  t h e  va lence band. As t h e  e l e c t r o n s  
0 

r e t u r n  t o  a  l owe r  energy l e v e l ,  they  em i t  v i s i b l e  l i g h t  (3500-6000 A ) .  The 

amount o f  l i g h t  e m i t t e d  i s  p r o p o r t i o n a l  t o  t h e  number o f  t rapped  e l e c t r o n s  and 

i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  r a d i a t i o n  dose. 

The TLD-700 dos imeters  a re  t y p i c a l l y  made i n  batches o f  thousands f r om 

t h e  same ba tch  o f  TLD powder. The manufacturer  v i s u a l l y  examines a  represen ta-  

t i v e  s t a t i s t i c a l  f r a c t i o n  o f  every  ba t ch  f o r  apparent d e f e c t s  and checks f o r  

thermoluminescent response a t  an exposure o f  1 roentgen u s i n g  a  6 0 ~ o  source. 

The r e s u l t i n g  TL response da ta  a re  analyzed by a  computer code which p rov ides  

mean s e n s i t i v i t y  and s tandard d e v i a t i o n  data.  These da ta  a r e  expressed as 
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percentage o f  t h e  mean and s t o r e d  by ba tch  number f o r  f u t u r e  re fe rence .  I n  a  

batch o f  thousands t h e  t y p i c a l  measured s tandard d e v i a t i o n  i n  s e n s i t i v i t y  i s  

i n  t h e  range o f  2% t o  5% o f  t h e  mean. Batch t o  ba tch  means vary  by l e s s  than 

5%. 

Batches o f  TLD m a t e r i a l  used i n  mu1 t i - e l emen t  dosimeters r ece i ve  add i-  

t i o n a l  screening a t  t h e  PNL TLD Labora to ry  a f t e r  r e c e i p t  f rom t h e  manufac- 

t u r e r .  I n  t h e  PNL screening,  samples o f  200 o r  more TLDs randomly s e l e c t e d  

f r om each new ba tch  a r e  annealed a long  w i t h  samples o f  20-25 ch ips  f rom an 

o r i g i n a l  r e f e rence  s e t  o f  TLD m a t e r i a l  and 20-25 ch ips  f rom t h e  s e t  used i n  

s p e c i a l  s t ud ies .  The ch ips  a re  spread i n  v i c o r  d ishes and p laced i n  a  400°C 

furnace under a  n i t r o g e n  atmosphere f o r  1 hour,  then  t r a n s f e r r e d  t o  a  100°C 

oven. A f t e r  2  hours, TLDs a re  p laced i n  a  low-background s torage cave, where 

they  a r e  h e l d  f o r  a t  l e a s t  24 hours. A l l  t r a n s f e r s  o f  heated ch ips  a r e  pe r -  

formed under dim l i g h t  t o  a v o i d  u l t r a v i o l e t  s e n s i t i z a t i o n  o f  t h e  L iF.  

A f t e r  anneal ing,  t h e  samples a re  loaded i n t o  cardboard ho lders  and i r r a d i -  

a ted  w i t h  250 mR gamma f rom a  1 3 7 ~ s  c a l i b r a t i o n  source (o f f- phantom).  A h o t  

gas reader  i s  norma l l y  used t o  compare l i g h t  ou tpu ts .  I f  t h e  l a b o r a t o r y  p lan-  

che t  reader  i s  used, sample s i zes  a re  reduced. Sample means and s tandard 

d e v i a t i o n s  a re  c a l c u l a t e d  f o r  each group. The i r r a d i a t i o n / r e a d o u t  process i s  

repeated t w i c e  t o  s imu la te  t h e  e f f e c t s  o f  reader  anneal ing.  

Batches a re  accepted i f  t h e  sample mean f a l l s  w i t h i n  5% o f  bo th  re fe rence  

sample means and t h e  sample s tandard d e v i a t i o n  i s  l e s s  than 10%. When t h e  

mean o r  s tandard d e v i a t i o n  does n o t  f a l l  w i t h i n  acceptab le  l i m i t s ,  t h e  batch 

sample and re fe rence  samples a r e  reannealed and rescreened; t h e  l a b o r a t o r y  

anneal w i l l  o f t e n  s t a b i l i z e  c h i p  responses s u f f i c i e n t l y  f o r  samples t o  pass a  

second screening. I f  a  sample i s  accepted a f t e r  a  second anneal and screening,  

t h e  e n t i r e  ba tch  i s  annealed be fo re  use. 

The L i F  TLDs have a  response t h a t  i s  a  w e l l - d e f i n e d  f u n c t i o n  o f  dose over  

the  range o f  10 mrad t o  100,000 rad. When PNL's s tandard q u a l i t y  c o n t r o l  p ro-  

cedures a re  observed, t h e  TLD-700s can measure doses as low as 10 mrad w i t h  a  

s tandard d e v i a t i o n  o f  l e s s  than 10%; h i ghe r  doses can be measured w i t h  s tan-  

dard d e v i a t i o n s  as low as 2%. I f  severa l  TLDs a r e  used, doses as low as a  few 

mrad can be measured by t h e  TLD-700, b u t  w i t h  s tandard d e v i a t i o n s  g r e a t e r  than 

10%. 



CALIBRATION AND MEASUREMENT 

TLD READER SYSTEM 

The ins t ruments  used t o  measure t h e  energy absorbed by t h e  TLDs i n  t h e  

mu1 t i  -element dos imeter  c o n s i s t  o f  a  Harshaw Model 2000-A thermol uminescence 

ana lyzer  and a Harshaw Model 2080 p icoprocessor  (see F igu re  8 ) .  The thermo- 

luminescence ana l yze r  p rov ides  a means of hea t i ng  t h e  TLDs a t  a  cons tan t  r a t e  

and uses a p h o t o m u l t i p l i e r  tube f o r  measuring t h e  amount o f  l i g h t  produced 

(see F igu re  9 ) .  The amount o f  1  i g h t  s t r i k i n g  t h e  photo- cathode o f  t h e  

p h o t o m u l t i p l i e r  tube  i s  p r o p o r t i o n a l  t o  t h e  energy absorbed by t h e  TLDs. 

The p i  coprocessor,  o r  m i  croprocessor-based p i  coammeter, a1 1  ows f o r  CRT 

p r e s e n t a t i o n  and s to rage  o f  d i g i t i z e d  glow curves. A glow curve  i s  a  p l o t  o f  

l i g h t  o u t p u t  versus temperature f o r  a  TLD. A t y p i c a l  glow curve  i s  e v i d e n t  on 

t h e  v ideo  screen i n  F i gu re  8. F i gu re  10 p resen ts  a  d e t a i l e d  r e p r e s e n t a t i o n  o f  

a  glow curve f o r  a  TLD-700 read  o u t  i n  t h e  PNL TLD Laboratory .  An i n t e g r a t i o n  

o f  t h e  area under t h e  glow curve represen ts  t h e  t o t a l  l i g h t  o u t p u t  o f  t h e  TLD. 

Th i s  i s  t h e  method used t o  analyze t h e  TLDs f rom the  PNL mu l t i - e l emen t  dosim- 

e t e r s .  From t h e  t o t a l  l i g h t  ou tpu t ,  t h e  dose t o  t h e  TLD can be der i ved .  

I t  i s  n o t  necessary t o  use t h e  new p icoprocessor  descr ibed  above f o r  glow 

curve  a n a l y s i s .  Any good TLD reader  w i t h  an x- y p l o t t e r  i s  adequate. C a l i -  

b r a t i o n  o f  t h e  Model 2000-A thermoluminescence ana lyzer  i s  checked th rough  t h e  

use o f  a  b u i l t - i n  14carbon-ac t i va ted  sodium i o d i d e  ( T I )  1 i g h t  source. The 

Model 2080 p icoprocessor  has an i n t e r n a l ,  e l e c t r o n i c  c a l i b r a t i o n  source and t h e  

c a l i b r a t i o n  can be checked f rom t h e  keyboard. The complete system i s  checked 

w i t h  a  s e t  o f  r e f e rence  TLD ch ips .  These TLDs a re  i r r a d i a t e d  w i t h  a  gamma r a y  

source o f  known s t r e n g t h  such t h a t  a  wide exposure range i s  obta ined.  The 

readout  o f  t h e  prepared standards g i ves  a  c a l i b r a t i o n  cu rve  i n  exposure versus 

charge. 



FIGURE 8. Harshaw Thermoluminescence Analyzer and Picoprocessor 
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FIGURE 9. Physical Layout of Thermoluminescence Analyzer 



TEMPERATURE 

FIGURE 10. Typ ica l  TLD reader  Glow Curve f o r  a  TLD-700 

CIULTI-ELEMENT DOSIMETER CALIBRATION 

The mu1 ti -element be ta  dosimeters were c a l  i b r a t e d  by exposing them t o  

known r a d i a t i o n  sources a t  t he  PNL C a l i b r a t i o n s  Laboratory .  The be ta  sources 

used i n  these c a l i b r a t i o n s  and t h e  maximum energ ies o f  t h e  e m i t t e d  betas a r e  

presented i n  Table 1. The responses o f  t h e  dosimeters t o  these c a l i b r a t i o n  

sources a re  presented i n  F igure  4. 

TABLE 1. Beta C a l i b r a t i o n  Sources 

Maximum Beta 
Nucl i de Energy (MeV) 

147~m 0.23 

85 ~r 0.62 

2 0 4 ~ 1  0.76 

9 0 ~ r / 9 0 ~  2.3 

l o 6 ~ U / l o 6 ~ h  3.5 



The dosimeters were a l s o  exposed t o  c a l i b r a t e d  sources o f  x  rays  w i t h  

energ ies  r ang ing  f rom 15 t o  78 keV, and t o  a  c a l i b r a t e d  137Cs/137mBa 

source e m i t t i n g  662-keV gammas. These measurements cha rac te r i zed  t h e  response 

o f  t h e  dos imeters  t o  photons. The responses o f  seven element dosimeters t o  

these photon sources a re  presented i n  F i gu re  5. These s t u d i e s  demonstrated 

t h a t  t h e  a t t e n u a t i o n  o f  photons i s  dependent on s h i e l d  th i ckness  i f  t he  

energ ies  a re  l e s s  than  about 40 keV, b u t  f o r  photons w i t h  h i ghe r  energ ies,  t h e  

TLD response i s  f a i r l y  u n i f o r m  f o r  a l l  elements. Th i s  c h a r a c t e r i s t i c  o f  t h e  

dos imeter  a l l ows  t h e  use o f  t h e  element w i t h  t h e  t h i c k e s t  aluniinum f i l t e r  t o  

be used as an i n d i c a t o r  o f  gamma dose. The be ta  c a l i b r a t i o n  s t u d i e s  sum- 

marized i n  F i gu re  4  show t h a t  t h e  element behind t h e  0.318-cm A1 f i l t e r  i s  

ve r y  n e a r l y  i n s e n s i t i v e  t o  betas.  A  c a l i b r a t i o n  f a c t o r  f o r  gammas was thus  

determined f rom the  i r r a d i a t i o n  by 137~s /137m~a t o  be 0.204 rad/nc.  Th i s  

va lue  can be m u l t i p l i e d  by t h e  response o f  t h e  0.318-cni A l - f i l t e r e d  element o f  

any exposed dos imeter  t o  determine t h e  gamma dose. The TLD response o f  t h i s  

element can a l s o  be sub t rac ted  f rom t h e  TLD response o f  a l l  o t h e r  elements i n  

an exposed dos imeter  t o  o b t a i n  t h e  be ta  components o f  t h e  element responses. 

The da ta  f rom these c a l i b r a t i o n  s t u d i e s  were used t o  d e r i v e  c a l i b r a t i o n  

data used i n  de te rmin ing  t h e  be ta  doses f rom f ie ld- exposed  dosimeters.  For 

each dos imeter  exposed t o  a  c a l i b r a t e d  be ta  source, a  be ta  " C a l i b r a t i o n  Fac to r"  

(CF) was determined by s u b t r a c t i n g  t h e  gamma component ( t h e  read ing  o f  t h e  

element covered by t h e  0.318-cm A1 s h i e l d )  f rom t h e  TLD response o f  t h e  my la r-  

covered s h i e l d ,  and d i v i d i n g  t h i s  va lue  ( i n  nanocoulombs) i n t o  t h e  be ta  dose 

( i n  r ads )  absorbed by t h e  mylar- covered TLDs d u r i n g  t h e  c a l i b r a t i o n  measure- 

ment. The be ta  dose d e l i v e r e d  by t h e  c a l i b r a t i o n  source i s  de f i ned  as t h e  
2 dose t o  t i s s u e  a t  a  depth o f  7  mg/cm . Th i s  f a c t o r  cou ld  then  be used t o  

conve r t  t h e  responses o f  o t h e r  dos imeters  t o  a  7  mg/cm2 dose, as l o n g  as t h e  

dosimeters were exposed t o  a  f i e l d  o f  be tas  w i t h  t h e  same energy d i s t r i b u t i o n  

as t he  be ta  c a l i b r a t i o n  source. For  each o f  t h e  f i v e  elements w i t h  aluminum 

s h i e l d s  between 0.013 and 0.163 cm t h i c k ,  t h e  r a t i o  o f  t h e  e lement ' s  be ta  

response t o  t h e  mylar- covered e lement ' s  be ta  response was found f o r  each 

c a l i b r a t i o n  measurement. Th i s  r a t i o  was a  f u n c t i o n  o f  t h e  c a l i b r a t i o n  

source 's  energy d i s t r i b u t i o n :  h i g h  be ta  energ ies  r e s u l t e d  i n  h i g h  va lues o f  

these r a t i o s .  



T h i s  d a t a  was p l o t t e d  i n  F i g u r e  11 f o r  t h e  most  u s e f u l  b e t a  c a l i b r a t i o n  

measurements f o r  each element.  The C a l i b r a t i o n  F a c t o r  i s  p l o t t e d  on t h e  

v e r t i c a l  s c a l e  and t h e  CF v a l u e  f o r  each b e t a  c a l i b r a t i o n  sou rce  i s  i d e n t i f i e d .  

The e lemen t  r a t i o s  a r e  p l o t t e d  on t h e  h o r i z o n t a l  s c a l e .  The p o i n t s  on t h e  

graph a r e  t h e  observed v a l u e s  f o r  each o f  t h e  e lement  i n  each o f  t h e  i r r a d i a -  

t i o n s  ( t h e  e r r o r  a s s o c i a t e d  w i t h  each p o i n t  i s  l e s s  t h a n  5 % ) ,  and t h e  l i n e s  

a r e  l i n e a r  e q u a t i o n s  f i t t e d  t o  t h e  observed va lues .  

INDICATED ELEMENT RESPONSE 

FIGURE 11. C a l i b r a t i o n  F a c t o r s  Versus Element R a t i o s  



DATA ANALYSIS METHOD 

When exposed dos imeters  a re  analyzed t o  determine t h e  doses they  were 

exposed t o ,  t h e  f i r s t  t a s k  i s  t o  disassemble t h e  dosimeters and e x t r a c t  t h e  

TLDs. As t h e  TLDs a re  taken f rom t h e  dosimeters,  t hey  a re  read  o u t  i n  t h e  

thermol umi nescence ana lyzer  and p i  coprocessor.  Th i s  a n a l y s i s  r e s u l t s  i n  TLD 

responses i n  u n i t s  o f  nanocoulombs o f  1 i g h t  ou tpu t .  The TLD responses a re  

then used as raw da ta  i n  a  computer program which conver ts  t h e  TLD responses 

t o  absorbed doses. Th i s  program f i r s t  f i nds  t h e  gamma component o f  each dose, 

then s u b t r a c t s  t h e  gamma response f rom each element response, and determines 

t h e  r a t i o s  o f  A l- covered elements t o  t h e  mylar- covered element. I t  uses these 

r a t i o s ,  which a re  an i n d i c a t i o n  o f  t h e  be ta  energy spectrum, t o  s e l e c t  t h e  

app rop r i a t e  c a l i b r a t i o n  f a c t o r .  Th i s  c a l i b r a t i o n  f a c t o r  i s  then  mu1 t i p 1  i e d  by 

t h e  mylar- covered e lement ' s  response t o  determine t h e  be ta  dose. Th i s  p ro-  

cedure w i l l  be i l l u s t r a t e d  by a  sample dos imeter  ana l ys i s .  

The i n p u t  da ta  f o r  t h e  computer program c o n s i s t s  o f  t h e  TLD responses f o r  

a l l  ch i ps  i n  t h e  dosimeter.  The program f i r s t  l ooks  a t  t h e  TLD responses i n  

se t s  o f  t h r e e  f o r  each element. I d e a l l y  these t h r e e  ch ips  should  a l l  have 

n e a r l y  i d e n t i c a l  read ings.  The program f i n d s  t h e  mean and s tandard d e v i a t i o n  

f o r  each s e t  o f  th ree ,  and i f  a s tandard d e v i a t i o n  i s  g r e a t e r  than  5%, i t  

checks t o  see i f  two o f  t h e  read ings  a r e  c l ose  t o  each o ther ;  i f  so i t  r e j e c t s  

t h e  " f l i e r , "  and uses t h e  mean va lue  o f  t h e  o t h e r  two. I f  a l l  t h r e e  readings 

a r e  q u i t e  d i s s i m i l a r ,  i t  r e j e c t s  a l l  t h r e e  i f  t h e  element i s  one o f  4, 5, o r  6 

(of t h e  seven-element dos imeter ) ;  o therw ise  i t  accepts  a1 1 th ree .  Th i s  system 

i s  necessary t o  p reserve  da ta  t h a t  i s  necessary f o r  t h e  ana l ys i s ,  b u t  r e j e c t  

susp ic ious  da ta  t h a t  i s  unessen t i a l  and may confuse t h e  r e s u l t s .  

Table 2 p resen ts  t h e  "raw" da ta  f rom a four- e lement  dos imeter  f o r  an 

example da ta  a n a l y s i s  t o  i l l u s t r a t e  t h e  ope ra t i on  o f  t h e  computer code. I n  

t h i s  example o n l y  t h e  mean va lues o f  t h e  t h r e e  TLD read ings  f o r  each element 

a r e  recorded. 



TABLE 2. Raw Data f o r  Exposed Four-Element Dosimeter 

Gamma + Beta be ta  
S h i e l d  ( n c )  ( nc )  

The read ing  f o r  t h e  TLDs under t h e  t h i c k e s t  f i l t e r  was used t o  i n d i c a t e  

t he  gamma dose, and t h i s  va lue  was sub t rac ted  f rom t h e  o t h e r  element readings 

t o  g e t  responses due t o  betas alone. Ra t i os  were then determined f o r  t h e  

elements under each o f  t h e  two t h i n n e s t  aluminum s h i e l d s  t o  t h e  mylar- covered 

element, and these  two r a t i o s  i n d i c a t e d  t h e  energy d i s t r i b u t i o n  o f  t h e  be ta  

r a d i a t i o n  i n c i d e n t  on t h e  dosimeter.  These r a t i o s  were used t o  s e l e c t  t h e  

a p p r o p r i a t e  energy-dependent be ta  c a l i b r a t i o n  f a c t o r  f o r  each s h i e l d  f rom t h e  

s e t  o f  c a l i b r a t i o n  f a c t o r s  determined by  t h e  c a l i b r a t i o n  i r r a d i a t i o n s .  The CF 

va lues were determined by app l y i ng  t h e  f i t t e d  equat ions shown i n  F i gu re  11. 

These equa t ions  a r e  l i s t e d  i n  Table 3. 

The average o f  t h e  two c a l i b r a t i o n  f a c t o r s  found by equa t ions  f o r  #4 and 

#5 was then  m u l t i p l i e d  by  t h e  mylar- covered e lement ' s  be ta  response t o  d e t e r -  

mine t h e  be ta  dose. The worksheet f o r  these c a l c u l a t i o n s  based on t h e  raw 

da ta  o f  Table  2, i s  presented i n  Table  4. 

TABLE 3. Equat ions f o r  Conver t ing  Element Ra t i os  t o  
C a l i b r a t i o n  Fac to rs  

S h i e l d  Thickness 
E l  emen t (cm Equat ion 

2  0.013 CF = -1.0032 * R + 0.9943 

3  0.025 CF = -1.0960 * R + 0.9471 

4  0.051 CF = -0.7438 * R + 0.6028 

5 0.081 CF = -1.1420 * R + 0.5885 

6  0.163 CF = -6.1597 * R + 0.6215 



T A B L E  4. Analysis of Exposed Four-Element Dosimeter 

Shield 
Beta Calibration Factor 
El emen t Averaae 

(cm> Ratio (rad/nc) ( r a d / k )  

Beta Dose = (201 nc) * (0.409 rad/nc) = 82.4 rad 
Gamma Dose = (342 nc) * (0.204 rad/nc) = 69.8 rad 

The final two 1 ines of Table 4 show the conversion of TLD response t o  

dose. The beta dose calculation uses the beta component of the mylar-element 

response, with the calibration factor selected in Table 4. The gamma dose 

calculation uses the TLD response from the element shielded by the thickest 

aluminum shield,  with a gamma calibration factor determined by the calibration 

irradiations.  

A similar method of using beta-component responses t o  calculate rat ios  of 

aluminum-shielded elements t o  mylar-shielded elements was used in the analysis 

of data from seven-element dosimeters. A se t  of raw data from a seven-element 

dosimeter i s  presented in Table 5. 

TABLE 5 Data for  Exposed Seven-Element Dosimeter 

Gamma + Beta Beta El emen t Cal ibration 
El ement Shield (nc> (nc) Ratio Factor 



The gamma dose f o r  t h i s  example was found by m u l t i p l y i n g  t h e  TLD response 

o f  e lement 7 by t h e  gamma c a l i b r a t i o n  f a c t o r :  

(160.5 nc )  * (0.204 rad /nc )  = 32.7 rad. 

To eva lua te  t h e  be ta  dose, a c a l i b r a t i o n  f a c t o r  cou ld  have been found by 

averag ing  t h e  CF va lues f o r  elements 2-6: 0.566 rad lnc .  However, i t  would be 

poor  p r a c t i c e  t o  i n c l u d e  element 6 i n  t h e  be ta  c a l i b r a t i o n  f a c t o r  determina-  

t i o n ,  s i nce  no betas pene t ra ted  t h e  f i l t e r - - t h e  TLD response was zero.  There- 

f o r e  l i m i t s  were s e t  on t h e  r a t i o s  o f  each element: i f  t h e  r a t i o s  were below 

t h e  lower  l i m i t s ,  t h e  element was d is regarded  i n  t h e  be ta  CF de te rm ina t i on .  
9 0 I f  t h e  r a t i o  was above t h e  upper l i m i t ,  t h e  CF f o r  a 9 0 ~ r /  Y spectrum was 

ass igned t o  t h a t  element. The reasoning f o r  s e t t i n g  t h e  l owe r  l i m i t  was t o  

avo id  u s i n g  t h e  r e s u l t s  o f  t h i c k - f i l t e r e d  elements i n  a low-energy f i e l d  where 

these elements would be i n s e n s i t i v e .  From t h e  r e s u l t s  o f  t h e  c a l i b r a t i o n  

s t ud ies ,  t h e  lower  r a t i o  l i m i t s  were s e t  f o r  elements 4, 5, and 6 as t h e  r a t i o  

va lues cor responding t o  t h e  uranium spectrum. No lower  l i m i t s  were s e t  f o r  

t h e  two t h i n - a l u m i n u m- f i l t e r e d  elements ( 2  and 3 ) ,  s ince  these a r e  t h e  most 

s e n s i t i v e  f o r  t h e  low-energy f i e l d s .  Upper l i m i t s  were s e t  f o r  a l l  elements, 
9 0 2-6, cor responding t o  r a t i o s  f o r  a gost-/ Y be ta  f i e l d .  The l i n e a r i t y  o f  

t h e  r a t i o- CF  equa t ions  a r e  suspect f o r  be ta  energ ies  above t h i s  l i m i t ,  so t h e  

conse rva t i ve  assumption was made t o  ass i gn  t h e  9 0 ~ r / 9 0 ~  CF va lue  t o  any element 

response w i t h  a r a t i o  h i g h e r  than t h i s  l i m i t  r a t i o  value. The average CF f o r  

a dos imeter  exposure was t h e r e f o r e  found as t h e  average o f  t h e  CF va lues f o r  

a l l  elements w i t h  r a t i o s  above t h e  lower  l i m i t .  For t h i s  exanlple, t h e  average 

of CF va lues f o r  elements 2 and 3 was 0.6041 rad/nc.  Thus t h e  be ta  dose was 

c a l c u l a t e d  as: 

(79.8 n c )  * (0.6041 r a d l n c )  = 48.2 rad. 

The d i scuss ion  o f  l i m i t s  t o  t h e  r a t i o  va lues i l l u s t r a t e s  t h e  advantage o f  

t h e  seven-element dos imeter  over  t h e  four- e lement  dosinieter.  I n  t h e  f o u r -  

element dos imeter  a lower  l i m i t  cou ld  n o t  be s e t  f o r  t h e  two impo r tan t  

aluminum-covered elements, s i nce  t h e  two t h i n n e s t  f i l t e r s  were n o t  a v a i l a b l e .  



( I n  F i gu re  11 t h e  equa t ions  f o r  these two elements were shown as dashed 1 i nes  

above t h e  uranium CF, showing t h a t  these segments were used f o r  t h e  f o u r -  

element dos imeter  ana l ys i s ,  b u t  n o t  f o r  t h e  seven-element dos imeter  ana l ys i s . )  

Thus i n  low-energy be ta  f i e l d s  we had t o  r e l y  on t h e  r a t i o s  f rom t h e  0.051-cm 

and 0.081-cm A1 f i l t e r s ,  even though t h e  0.013-cm and 0.025-cm f i l t e r e d  e l e -  

ments would have g iven  more re1  i a b l e  CF values. 

A computer code, RATI07, has been w r i t t e n  and used a t  PNL f o r  t h e  dosim- 

e t e r  data ana l ys i s .  Th i s  code i s  l i s t e d  i n  Appendix I. 

E r r o r  Ana l ys i s  

The major  components o f  t h e  e r r o r  i n  a dos imeter  measurement comes f rom 

u n c e r t a i n t i e s  i n :  

TLD ch ips  

TLD reader  

C a l i b r a t i o n  measurement and curve  f i t t i n g  

Dosimeter placement and i r r a d i a t i o n .  

A thorough a n a l y s i s  o f  t h e  measurement e r r o r s  would i n v o l v e  i s o l a t i n g  each 

i n d i v i d u a l  f a c t o r  a f f e c t i n g  each component i d e n t i f i e d  above, de te rmin ing  t h e  

v a r i a b i l i t y  o f  each f a c t o r ,  and combining a11 o f  these f a c t o r s  i n t o  one 

mathematical express ion.  A s i m i l a r  s tudy  was performed f o r  t h e  Hanford 

Mu1 t i  purpose Dosimeter, and t h i s  s tudy  was r e c e n t l y  pub1 i shed  (F i 81 ) .  Since 

t h i s  t ype  o f  e r r o r  a n a l y s i s  i s  beyond t h e  scope o f  t h i s  s tudy,  t h e  e r r o r s  i n  

each dosimeter measurement were e m p i r i c a l l y  approximated based on t h e  r e s u l t s  

o f  each dos ime te r ' s  ana l ys i s .  

The bas i c  fo rmu la  f o r  conve r t i ng  a dos imeter  response t o  measured dose 

i s :  

D = CF * TLD, 

where D i s  t h e  dose, CF i s  t h e  c a l i b r a t i o n  f a c t o r ,  and TLD i s  t h e  TLD response 

o f  t h e  app rop r i a t e  element ( f o r  gammas, #7; f o r  betas,  # 1  w i t h  gamma response 

sub t rac ted  o f f ) .  The e r r o r  a n a l y s i s  f o r  these dos imeters  c o n s i s t s  o f  eva lua t -  

i n g  t h e  observed v a r i a t i o n  f o r  each o f  t h e  two components, CF and TLD, and 

combining these i n t o  a t o t a l  e r r o r  f o r  t h e  measurement. The v a r i a t i o n  i n  CF 



f o r  be tas  i s  found by e v a l u a t i n g  t h e  s tandard d e v i a t i o n  o f  t h e  i n d i v i d u a l  

element CF va lues  t h a t  a r e  averaged t o  f i n d  t h e  CF va lue  used t o  determine t h e  

be ta  dose. The s tandard d e v i a t i o n s  o f  t h e  t h r e e  TLD counts  f o r  elements 1 and 

7  were a l s o  eva lua ted  and combined f o r  t h e  be ta  e r r o r :  

These two s tandard d e v i a t i o n s  were then  combined t o  g e t  t h e  t o t a l  be ta  e r r o r :  

The e r r o r  f o r  t h e  gamma dose was found i n  a  s i m i l a r  manner, u s i n g  t h e  

same equa t ion  f o r  OD. However, s i n c e  a  f i x e d  va lue  was used f o r  CF, t h e  

s tandard  d e v i a t i o n  f o r  CF was f i x e d  a t  0.093*CF, based on u n c e r t a i n t i e s  i n  t h e  

c a l i b r a t i o n  measurements. UTLD was s imp le r  f o r  t h e  gamma dose than  f o r  t h e  

be ta  dose, s imp ly  t h e  s tandard d e v i a t i o n  of t h e  t h r e e  TLD ch ips  i n  element 7, 

t h e  element used f o r  t h e  gamma dose de te rmina t ion .  



COMPILATION O F  DATA 

DESCRIPTION OF EXPERIMENTS 

Multi-element beta dosimeters have been exposed in three sets  in the con- 
tainment building of the Three Mile Island Unit I1 reactor. The three se ts  
were used in the following experiments: 

pre-gross decontamination experiment 

post-gross decontamination experiment 
pre-flushing TLD t ree.  

In the pre-gross decontamination experiment, dosimeters were exposed 
between Deceniber 3 and Deceniber 15, 1981. Ten dosimeters were used in the 
vicinity of the dome monitor and on the elevator shaft  roof, thirteen were 

placed on the 305 f t  elevation, and 15 were placed on the 347 f t  and 367 f t  

elevations. These dosimeters were returned t o  PNL and read out in the TLD 

readers in February 1982. The computer run used to  analyze the data i s  

presented in Appendix 11. A summary of the dosimeter placements and the 

resulting dose rates are presented in Figures 12a, 12b, and 12c; and in 
Tables 6a, 6b, and 6c. 

Tables 6a through 9 l i s t  four dose rates for  each dosimeter location: 
the beta dose rates for  the front and back of the dosimeter and the gamma dose 

rates for  the front and back. With each dose rate  i s  1 isted the associated 
error ,  expressed as one standard deviation. In some dosimeter analyses th i s  
error was larger than the evaluated dose rate  i t s e l f ,  and i f  th i s  error  were 

subtracted from the evaluated dose ra te ,  the value would be less than zero. 
Such a value would, of course, be nonsense. Any dose rate  of zero (or 
smaller) should be interpreted as being lower than the dosimeter's minimum 

level of detection. 



FIGURE 12a. Pre-Gross Decontaminat ion Experiment Dosimeter Placement 
and Resu l t s  - Dome Mon i t o r  and E l e v a t o r  S h a f t  Roof 



FIGURE 12b. Pre-Gross Decontani inat ion Exper iment Dosimeter Placement 
and Resu l t s  - 305 f t E l e v a t i o n  



FIGURE 12c. Pre-Gross Decontaminat ion Exper iment Dosimeter Placement 
and R e s u l t s  - 347 and 367 f t  E l e v a t i o n  



TABLE 6a. Pre-Gross Decontaminat ion Experiment Dosimeter Placement and Resu l t s  - 
Dome Mon i to r  and E l  e v a t o r  Shaft  Roof 

Date and Time Exposure Beta Dose Rate Gamma Dose Rate 
Type TLD Loca t ion  Time Fron t  Back Fron t  Back 

Surface # # Locat ion D e s c r i p t i o n  ( h r )  - --  -- - (mrad/hr) (mrad/hr) (mrad/hr) (mrad/hr) 

m e  
1 H8-1 Hor izon ta l  surface, t o p  o f  mon i to r  12/3/81 12/15/81 288 37.0 k 20.1 131 * 125 48.8 k 4.6 68.2 12.1 

c n 
7 7  

12:oo 12:OD 

32  
n n H8-2 V e r t i c a l  surface, s i d e  o f  mon i to r  12/3/81 12/15/81 288 11 3 * 92 1820 k 440 552 i 52 606 k .57 
a %  12:oo 12:oo 
S o  

0 
3 H8-3 V e r t i c a l  surface, s i d e  o f  mon i to r  12/3/81 12/15/81 288 827 * 57 

0  x 
3 0  

12:oo 12:oo 
m 7 
a. 

X N  4 H8-4 V e r t i c a l  surface, s i d e  o f  mon i to r  12/3/81 12/15/81 288 1400 k 89 0 113 k 11 138 k 14 
0  0  

3. g 12:oo 12:oo 

g E. 
7 5 H8-5 V e r t i c a l  surface, s i d e  o f  mon i to r  12/3/81 12/15/81 288 516 * 268 33.0 * 22.9 138 * 13 155 * 15 

12:oo 12:oo 

- m  I- 6 H8-6 Facing s t a i r s  and i n  f r o n t  o f  12/3/81 12/15/81 288 333 k 83 3670 k 79 391 * 39 417 * 39 
0  0 7 < hatch, TLO on immediate r i g h t  12:OO 12:OO -. LY 
N R 
0 0  7 
a 7 

H8-7 Facing s t a i r s  and i n  f r o n t  o f  12/3/81 12/15/81 288 191 * 72 3070 k 250 398 k 40 428 * 41 
rt LY V) 

TLO on immediate l e f t  12:OO 12:OO - 5 

V )  8 H8-8 Facing s t a i r s  and back t o  s t a i r s ,  12/3/81 12/15/81 288 110 k 23 4020 * 280 379 k 36 440 k 41 
C R 
7 TLD on l e f t  corner  o f  r o o f  12:OO 12:OO 
I. m 
P 0  
0 0 m - h  9 H8-9 Facing moni tor  and back t o  s t a i r s ,  12/3/81 12/15/81 288 6 9 . 9 k 3 3 . 5  1 1 7 0 0 * 3 7 9 0  6 6 1 k 6 3  7 7 9 * 7 4  - TLD on r i g h t  corner  o f  r o o f  12:OO 12:OO 

Cont ro l  10 H8-10 Car r ied  t o  roof  and brought  o u t  12/3/81 12/3/81 1 45.9 k 20.2 49.0 k 33.3 221 k 21 219 * 21 
12:OO 13:OO 

Notes: 
1. HPR-214 

H o r i z o n t a l  and v e r t i c a l  measurements - f r o n t  s ide  o f  TLO system a g a i n s t  mon i to r  sur face.  
2. E leva to r  Roof Measurement 

H o r i z o n t a l  measurements - back side o f  TLO system a g a i n s t  roof  surface. 



TABLE 6b. Pre-Gross Decontamination Experiment Dosimeter Pl acement and Resul ts - -- 
305 Foot El evation 

Date and Time Exposure 
Ti  me 
( h r )  

148.2 

Beta Dose Rate 
F r o n t  Back 

(mrad/hr) (mrad/hr) 

0 0 

Gamma Dose Rate 
F ron t  Back 

(mrad/hr) (mrad/hr) 

625 62 666 * 63 

Loca t ion  
# 

13 

Exposure 
I n  Out -- Location Descr ip t ion  

V e r t i c a l  surface, taped t o  l i n e r  'W f e e t  
above f l o o r ,  NE area Rx Bldg. 

H o r i z o n t a l  surface, taped t o  f l o o r ,  
NE area o f  Rx Bldg., SE area under CF-T-1A 

V e r t i c a l  surface, taped t o  underside of 
j u n c t i o n  box, NE area Rx Bldg. 

V e r t i c a l  surface, taped t o  D- r ing  w a l l  
'W f e e t  above f l o o r ,  SE area Rx Bldg. 

H o r i z o n t a l  surface, taped t o  West area of 
h a t c h  cover, SE area Rx Bldg. 

V e r t i f i c a l  surface, taped t o  f r o n t  s i d e  o f  
a i r c o o l e r  B 'W f e e t  above f l o o r ,  SE area 
Rx Bldg. 

H o r i z o n t a l  surface, taped t o  f l o o r ,  SW 
area o f  Rx Bldg., NE area under CP-T-18 

V e r t i c a l  surface, taped t o  O- r ing w a l l  
'W f e e t  above f l o o r ,  NW area Rx Bldg. 

V e r t i c a l  surface, taped t o  l i n e r  'W f e e t  
above f l o o r ,  NW area Rx Bldg. 

V e r t i c a l  surface, taped t o  D- r ing  wa l l  
'U f e e t  above f l o o r ,  W area o f  Rx Bldg.  

~ o r i z o n t a l '  surface, taped t o  f l o o r ,  
West area Rx Bldg. 

V e r t i c a l  surface, taped t o  underside o f  
j u n c t i o n  box 'LB f e e t  o f f  f l o o r  

H o r i z o n t a l  surface, taped t o  f l o o r ,  
SW area o f  Rx Bldg. 



TABLE 6c. Pre-Gross Decontamination Experiment Dosimeter Placement and Resul t s  - 
347 and 367 Foot Elevations 

Date and Time Exposure Beta Dose Rate Gamma Dose Rate 
Loca t ion  Exposure Time Fron t  Back F r o n t  Back 

# Locat ion D e s c r i p t i o n  I n  Out ( h r )  -- - (mrad/hr) (mrad/hr) (mrad/hr) (mrad/hr) 

V e r t i c a l  surface, taped t o  l i n e r  'U f e e t  
above f l o o r  by ha tch  cover, NE area Rx Bldg. 

V e r t i c a l  surface, taped t o  D- r ing  w a l l ,  
'W f e e t  above f l o o r ,  NE area Rx Bldg. 

V e r t i c a l  surface, taped t o  l i n e r  behind 
enclosed s t a i r w e l l  'M f e e t  above f l o o r  

V e r t i c a l  surface, taped t o  o u t s i d e  enclosed 
s t a i r w e l l  wa l l  24 f e e t  above f l o o r  

V e r t i c a l  surface, taped t o  D- r ing  w a l l  
'W f e e t  above f l o o r ,  SE area Rx Bldg. 

Hor i zon ta l  surface, taped t o  f l o o r  near SW 
corner  o f  hatchcover, South area Rx Bldg. 

V e r t i c a l  surface, taped t o  Ess t  s i d e  o f  head 
stand, SW area Rx Bldg. 

Hor i zon ta l  surface, taped t o  t o p  o f  head 
stand, SW area Rx Bldg. 

V e r t i c a l  surface, taped t o  D- r i n g  w a l l  
'W f e e t  above f l o o r ,  West area Rx Bldg. 

Hor i zon ta l  surface, p laced on f l o o r  below 
j u n c t i o n  box, West area Rx Bldg. 

Hor i zon ta l  surface, taped t o  f l o o r  'ul f e e t  
south o f  open s t a i r w e l l ,  West area Rx Bldg. 

V e r t i c a l  surface, taped t o  l i n e r  'W f e e t  
above f l o o r ,  West area Rx Bldg.  

63 Hor i zon ta l  surface, West a x i s  o f  i n  co re  12/9/81 12/15/81 147.52 46400i14800 248000i21000 7860 i 1280 6090 i 640 
ins t rumenta t ion  area 1507 1838 

13 Hor izon ta l  surface, 367 f o o t  e leva t ion ,  12/9/81 12/15/81 147.52 353 i 34 7950 i 810 347 i 32 375 i 36 
t o p  D- r ing  wa l l ,  East area Rx Bldg. 1507 1838 

V11 V e r t i c a l  surface, 367 f o o t  e leva t ion ,  12/9/81 12/15/81 147.52 182 i 136 525 i 123 766 i 72 743 i 70 
taped t o  i n s i d e  D- r ing  w a l l ,  East area 1507 1838 
Rx Bldg. 



The post- gross decontaminat ion exper iment was performed between March 25 

and A p r i l  22, 1982. Fourteen dos imeters  were exposed on t h e  305 f t  e l e v a t i o n ,  

seventeen were exposed on t h e  347 ft e l e v a t i o n ,  and two were exposed on t h e  

367 f t  l e v e l .  The dos imeters  were read  o u t  i n  t h e  PNL TLD Labora to ry  i n  May 

1982. The con~puter  runs ana l yz i ng  these dos imeters  a re  p resen ted  i n  Appen- 

d i x  11, and t h e  dos imeter  placements and eva lua ted  dose r a t e s  a r e  presented i n  

F igures  13a and 13b and i n  Tables 7a and 7b. 

I n  t h e  p r e - f l u s h i n g  TLU t r e e  exper iment ,  f o u r  mu l t i - e l e m e n t  dos imeters  

were p laced  on each o f  f o u r  TLD t r e e s .  These t r e e s  were lowered f r om t h e  

305 f t  e l e v a t i o n  down i n t o  t h e  r e a c t o r  basement t o  measure r a d i a t i o n  l e v e l s  

be fo re  f l u s h i n g  of t h e  282 f t  e l e v a t i o n  w a l l s .  Each t r e e  a l s o  con ta i ned  

dos imeters  p rov i ded  by Panasonic and Harshaw, p r o v i d i n g  f o r  rough comparisons 

between t h e  d i f f e r e n t  t ypes  of dosimeters.  The dos imeters  were exposed on 

June 22, 1982 f o r  about t h r e e  hours.  The n iu l t i -e lement  dos imeters  were 

re tu rned  t o  PNL and t h e  TLDs read  o u t  i n  J u l y  1982. The computer a n a l y s i s  i s  

l i s t e d  i n  Appendix 11. F i gu re  14 shows t h e  placement o f  t h e  TLD t r e e s  f r om t h e  

v i ewpo in t  o f  t h e  305 f t  l e v e l  and Table  8 descr ibes  t h e  placement o f  t h e  

t r e e s .  Table  9 p resen ts  t h e  dose r a t e s  determined f rom t h e  PNL mu1 t i - e l e m e n t  

dos imeters  and compares them t o  t h e  doses determined by  t h e  Panasonic and 

Harshaw dosimeters.  Comparisons o f  t h e  doses determined b y  t h e  d i f f e r e n t  

types o f  dos imeters  a re  presented i n  F igures  6 and 7. 



FIGURE 13a. Post Gross Decontaminat ion Experiment Dosimeter Placement 
and Resu l t s  - 305 Foot E leva t i on  



FIGURE 13b. Post Gross Decontamination Experiment Dosimeter Placement 
and Results - 347 and 367 Foot Elevations 



TLD 
# - 

TABLE 7a. Post Gross Decontaminat ion Exper iment 
305 Foot E l e v a t i o n  

Date and Time 
Loca t ion  Exposure 

# Loca t ion  D e s c r i p t i o n  I n  Out -- 
13 V e r t i c a l  surface, taped t o  l i n e r  24 f e e t  3/25/82 4/22/82 

above f l o o r ,  NE area Rx Bldg. 1500 1057 

H7 Hor izon ta l  surface, taped t o  f l o o r ,  NE area 3/25/82 4/22/82 
o f  Rx Bldg., SE area under CF-T-1A 1500 1057 

84 Hor izon ta l  surface, p laced on t o p  o f  j u n c t i o n  3/25/82 4/22/82 
box, NE area Rx Bldg. 1500 1057 

V9 V e r t i c a l  surface, taped t o  D- r ing  w a l l  'U f e e t  3/25/82 4/22/82 
above f l o o r ,  SE area Rx Bldg. 1500 1057 

H6 Hor izon ta l  surface, taped t o  west area o f  3/25/82 4/22/82 
ha tch  cover, SE area Rx Bldg. 1500 1057 

V8 V e r t i c a l  surface, taped t o  f r o n t  s i d e  o f  3/25/82 4/22/82 
a i r c o o l e r  B 'U f e e t  above f l o o r ,  SE area 1500 1057 
Rx Bldg. 

34F Hor izon ta l  surface, taped t o  f l o o r ,  sou th  3/25/82 4/22/82 
area Rx Bldg. 1500 1057 

67W V e r t i c a l  surface, taped t o  O- r ing  w a l l  3/25/82 4/22/82 
'U f e e t  above f l o o r ,  NW area Rx Bldg. 1500 1057 

63 V e r t i c a l  surface, taped t o  D- r ing  w a l l  3/25/82 4/22/82 
'U f e e t  above f l o o r ,  W area Rx Eldg. 1500 1057 

V5 V e r t i c a l  surface, taped t o  south equipment 3/25/82 4/22/82 
ha tch  w a l l  'U f e e t  above f l o o r  1500 1057 

H3 Hor izon ta l  surface, taped t o  f l o o r ,  West 3/25/82 4/22/82 
area Rx Bldg. 1500 1057 

55P V e r t i c a l  surface, taped t o  D- r i n g  w a l l  3/25/82 4/22/82 
'U f e e t  above f l o o r ,  SW area Rx Bldg. 1500 1057 

83 V e r t i c a l  surface, taped t o  unders ide o f  3/25/82 4/22/82 
j u n c t i o n  box f e e t  o f f  f l o o r  1500 1057 

50F Hor izon ta l  surface, taped t o  f l o o r ,  SW 3/25/82 4/22/82 
area Rx Bldg. 1500 1057 

Dosimeter Placement and Resu l t s  - 

Exposure Beta Dose Rate Camma Dose Rate 
T i  me F r o n t  Back Fron t  Back 



TABLE 7b. Post Gross Decontaminat ion Experiment 
347 and 367 Foot E leva t i ons  

Loca t ion  * Locat ion Descr ip t ion  

V e r t i c a l  surface, taped t o  l i n e r  'U f e e t  
above f l o o r  by hatch cover, NE area Rx Bldg. 
V e r t i c a l  surface, taped t o  D- r ing w a l l  
'U f e e t  above f l o o r ,  NE area Rx Bldg. 
V e r t i c a l  surface, taped t o  l i n e r  'U f e e t  
above f l o o r ,  NE area Rx Bldg. 
V e r t i c a l  surface, taped t o  D- r ing w a l l  
'U f e e t  above f l o o r ,  East area Rx Bldg. 
V e r t i c a l  surface, taped t o  l i n e r  behind 
enclosed s t a i r w e l l  Q-4 f e e t  above f l o o r  
V e r t i c a l  surface, taped t o  o u t s i d e  enclosed 
s t a i r w e l l  w a l l  'U f e e t  above f l o o r  
V e r t i c a l  surface, taped t o  D- r ing w a l l  
'U f e e t  above f l o o r ,  SE area Rx Bldg.  
H o r i z o n t a l  surface, p laced on t o p  j u n c t i o n  
box, SE area Rx Bldg. 
H o r i z o n t a l  surface, taped t o  f l o o r  near SW 
corner  o f  hatch cover, South area Rx Bldg. 
V e r t i c a l  surface, taped t o  East s i d e  o f  head 
stand, SW area Rx Bldg. 
H o r i z o n t a l  surface, taped t o  f l o o r  by D- r ing  
wa l l ,  SW area Rx Bldg. 
H o r i z o n t a l  surface, taped t o  top o f  head 
stand, SW area Rx Bldg. 
V e r t i c a l  surface, taped t o  l i n e r  'U f e e t  
above f l o o r ,  SW area Rx Bldg. 
V e r t i c a l  surface, taped t o  D- r ing  w a l l  
'U f e e t  above f l o o r ,  West area Rx Bldg. 
H o r i z o n t a l  surface, p laced on top  o f  j u n c t i o n  
box, West area Rx Bldg. 
H o r i z o n t a l  surface, taped t o  f l o o r  'L4 f e e t  
South o f  open s t a i r w e l l ,  West area Rx Bldg. 
V e r t i c a l  surface, taped t o  l i n e r  24 f e e t  
above f l o o r ,  West area Rx Bldg. 
H o r i z o n t a l  surface, 367 f o o t  e leva t ion ,  
t o p  D- r ing  wa l l ,  East area Rx Bldg. 
V e r t i c a l  surface, 367 f o o t  e leva t ion ,  taped 
t o  i n s i d e  D- r ing  wa l l ,  East area Rx Bldg. 

Date and Time 
Exposure 

1 n Out -- 

Dosimeter Placement and Resu l t s  I 

Exposure 
Time 
( h r )  

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

645.5 

Beta Dose Rate 
F r o n t  Back 

(mrad/hr) (rnrad/hr) 

Carnrna Dose Rate 
F r o n t  Back 

(mrad/hr)  (rnrad/hr) 



FIGURE 14. P r e f l u s h i n g  o f  t h e  Reactor B u i l d i n g  Basement 
TLD Tree Measurement Locat ions 



TABLE 8. Placement of TLD Trees During Pre-Flushing of the Reactor 
Building Basement 

Tree # Loca t i on  D e s c r i p t i o n  

1 TLD t r e e  lowered through penetra- 
t i o n  220, behind CF-T-1A and 
a g a i n s t  t h e  eas t  w a l l  of t he  
r e f u e l i n g  canal  on the  305 f o o t  
e l e v a t i o n  i n t o  the  basement. 

W 
m 2 TLD t r e e  lowered through the  NE 

s e c t i o n  o f  t h e  basement equipment 
hatch on t h e  305 f o o t  e l e v a t i o n  
basement. 

3  TLD t r e e  lowered through penetra-  
t i o n  R-37, west o f  CF-T-IB and 
a g a i n s t  t h e  " A"  D- r ing w a l l  on t h e  
305 f o o t  e l e v a t i o n  i n t o  the  
basement. 

4 TLD t r e e  lowered down the  seismic 
gap by t h e  cab le  chase area (NW 
area o f  Rx. Bldg.) on t h e  305 f o o t  
e l e v a t i o n  i n t o  t h e  basement. 

O r i e n t a t i o n  o f  TLD Tree Comments 

The f r o n t  s i d e  o f  t h e  TLD t r e e  was There was no problem w i t h  t h e  
f a c i n g  toward t h e  e a s t  w a l l  o f  t h e  l o w e r i n g  o r  r a i s i n g  o f  t h e  TLD 
r e f u e l  i n g  cana l .  t r e e .  

The f r o n t  s i d e  o f  t h e  TLD t r e e  was There was no problem w i t h  t h e  
f a c i n g  toward personnel  a i r l o c k  # l .  l o w e r i n g  o r  r a i s i n g  o f  t h e  TLD 

t r e e .  

The f r o n t  s i d e  o f  t h e  TLD t r e e  was There was a  s l i g h t  problem w i t h  t h e  
f a c i n g  toward t h e  "A" D- r ing  w a l l .  l o w e r i n g  and r a i s i n g  o f  t h e  TLD 

t r e e .  

The f r o n t  s i d e  o f  t h e  TLD t r e e  was There was no problem w i t h  t h e  
f a c i n g  toward t h e  containment l o w e r i n g  o r  r a i s i n g  o f  t h e  TLD 
l i n e r .  t r e e .  



TABLE 9. Pre-Flush ing Exper iment TLD Tree - Beta and Gamma Doses f rom 
Three Types o f  Dosimeters 

PNL Dosimeter Dose Rates Dose Rates 
T LD E l  eva- Exposure Dates Beta  Camma Panasonic Harshaw 
Tree  TLD t i o n  I n  Out Exposure F r o n t  Back F r o n t  Back Beta  Gamma Be ta  Gamma 

# # ( f t )  Date  & Time Date  & Time ( h r s )  ( r a d / h r )  --- ( r a d / h r )  ( r a d / h r )  ( r a d / h r )  ( r a d / h r )  ( r a d / h r )  ( r a d / h r )  ( r a d / h r )  



CONCLUSIONS 

The PNL mu l t i - e l emen t  be ta  dos imeter  i s  a  r e l i a b l e  dev i ce  f o r  de te rm in i ng  

doses i n  f i e l d s  o f  mixed be ta  and gamma r a d i a t i o n .  The s t u d i e s  t h a t  used 

these dos imeters  i l l u s t r a t e d  t h e  importance o f  us i ng  an energy-dependent c a l i -  

b r a t i o n  f a c t o r  f o r  be ta  dose de te rmina t ion :  us i ng  a  f i x e d  c a l i b r a t i o n  f a c t o r  

can r e s u l t  i n  a  poor  es t ima te  o f  t h e  dose. As i l l u s t r a t e d  by F i gu re  7, us i ng  
9  0  o n l y  t h e  c a l i b r a t i o n  f a c t o r  f o r  betas f r om  9 0 ~ r /  Y can r e s u l t  i n  an u n d e r e s t i -  

mate o f  t h e  dose as l a r g e  as a  f a c t o r  o f  5. The comparisons between t h e  PNL 

dos imeter  and dos imeters  supp l i ed  b y  Vendor 2, t h e  PNL dos imeters  eva lua ted  

h i g h e r  be ta  doses than  those eva lua ted  by t h e  o t h e r  dos imeters ,  i n d i c a t i n g  

t h a t  t h e  PNL dos imeters  were o p e r a t i n g  as expected. 

I n  F i gu re  6, a  comparison between t h e  PNL and Vendor 1 dos imeters ,  t h e r e  

i s  no w e l l - d e f i n e d  t r e n d  as t o  which t ype  determines a h i g h e r  o r  l owe r  dose. 

The PNL dos imeters  measured h i g h e r  doses than  t h e  Vendor 1 dos imeters  i n  

r ough l y  h a l f  o f  t h e  comparisons and lower  doses i n  t h e  o t h e r  comparisons. 

Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  bo th  PNL and Vendor 1 use energy-  

dependent c a l i b r a t i o n  f a c t o r s .  

There i s  one impo r tan t  f a c t o r  t h a t  cou ld  c o n t r i b u t e  t o  t h e  d isc repancy  

between t h e  PNL, Vendor 2, and Vendor 1 dos imeters  i n  dose eva lua t i on- - poss ib l e  

n o n u n i f o r m i t i e s  i n  t h e  be ta  r a d i a t i o n  f i e l d  be ing  measured. Since t h e  range 

o f  be tas  i n  a i r  i s  q u i t e  s h o r t  compared t o  photons and neut rons,  a  v a r i a t i o n  

i n  t h e  concen t ra t i on  o f  be ta  e m i t t e r s  on a  su r f ace  can l e a d  t o  a  s i m i l a r  

v a r i a t i o n  i n  t h e  i n t e n s i t y  o f  t h e  be ta  r a d i a t i o n  s t r i k i n g  nearby dosimeters.  

Thus two dos imeters  p l aced  severa l  inches a p a r t  f r om  each o t h e r  a g a i n s t  a  con- 

taminated w a l l  cou ld  be exposed t o  d i f f e r e n t  be ta  doses i f  t h e  con tamina t ion  

on t h e  w a l l  were n o t  un i form.  It i s  q u i t e  l i k e l y  t h a t  t h i s  e f f e c t  occur red  i n  

some o f  t h e  dos imeter  comparisons. 

The nonun i f o rm i t y  o f  be ta  r a d i a t i o n  f i e l d s  cou ld  a l s o  c o n t r i b u t e  t o  a  

poor dose de te rm ina t i on  by a mu l t i - e l emen t  dosimeter.  The a n a l y s i s  of o u r  

dos imeter  assumes t h a t  t h e  e n t i r e  dos imeter  i s  exposed t o  a  cons tan t  r a d i a t i o n  

f i e l d .  There have been some ins tances  i n  which i t  i s  obv ious t h a t  some e l e -  

ments were exposed t o  h i g h e r  dose r a t e s  than  were o t h e r  elements. There were 

dos imeters  t h a t  showed h i g h e r  TLD responses i n  elements t h a t  were covered by 

3 8 



t h i c k  s h i e l d s  than i n  t h e  my1 ar- covered element, i n d i c a t i n g  a  nonuni form 

f i e l d .  The da ta  a n a l y s i s  f o r  such a  dos imeter  u s u a l l y  r e j e c t e d  t h e  c o n t r i -  

b u t i o n  o f  such an element, s i nce  t h e  r a t i o  t o  t h e  my la r  c h i p  would be o u t s i d e  

t h e  a l lowed range, b u t  t h i s  r e s u l t e d  i n  a  l o s s  o f  p o t e n t i a l  data.  Smal ler  

d i sc repanc ies  cou ld  perhaps n o t  be re j ec ted ,  b u t  i n s t e a d  would i n t r oduce  some 

con fus ion  i n t o  t h e  da ta  ana l ys i s .  The e r r o r  a n a l y s i s  r o u t i n e  was designed t o  

ca tch  such d isc repanc ies  and s i g n a l  t h e  p o s s i b i l i t y  o f  a  poor dose determina-  

t i o n  by i n d i c a t i n g  a  l a r g e  e r r o r .  An example o f  an appa ren t l y  nonuni form be ta  

f i e l d  can be seen i n  t h e  r e s u l t s  f rom dosimeter #3, back, i n  t h e  post- gross 

decontaminat ion exper iment.  For t h i s  dosimeter,  elements 4, 5 ,  and 6 had 

h i ghe r  TLD responses than  element 1. The eva lua ted  e r r o r  f o r  t h i s  be ta  dose 

was l a r g e r  than  t h e  eva lua ted  dose i t s e l f .  

Another p o s s i b l e  e r r o r  occurs  when a  s i g n i f i c a n t  amount o f  low energy 

x- rays a re  present .  The r e l a t i o n s h i p  between TLD response and absorber t h i c k -  

ness i s  f l a t  f o r  photons w i t h  energ ies  g r e a t e r  than  about 40 keV, so t h a t  t h e  

response o f  these photons would be c o r r e c t l y  sub t rac ted  f rom t h e  element 

responses t o  g i v e  t h e  be ta  response. Photons w i t h  low energ ies,  however, a re  

weak pene t ra to r s  o f  aluminum, and F igures  4  and 5 show t h a t  t he  r e l a t i v e  

responses o f  t h e  elements a r e  s i m i l a r  f o r  betas and low-energy x- rays.  The 

presence o f  these low energy x- rays would t h e r e f o r e  be an i n t e r f e r e n c e  i n  t h e  

dos imete r ' s  dose eva lua t i on .  P r e l i m i n a r y  s t u d i e s  o f  r ad i onuc l i des  i n  t h e  

TMI-2 containment b u i l d i n g  have i n d i c a t e d  t h a t  t h r e e  rad ionuc l i des ,  1 3 4 ~ s  , 
1 3 7 ~ s  and 9 0 ~ r  (and t h e i r  r a d i o a c t i v e  progeny),  a re  r espons ib l e  f o r  produc ing 

most o f  t h e  dose observed i n  t h e  b u i l d i n g  (NRC 1981). Dur ing  t he  r a d i o a c t i v e  

decay o f  these nuc l  i des ,  t h e  r a d i a t i o n  e m i t t e d  c o n s i s t s  a lmost  e x c l u s i v e l y  o f  

betas and gammas; x  rays  w i t h  energ ies  l e s s  than 40 keV make a  n e g l i g i b l e  

c o n t r i b u t i o n  t o  t h e  dose (Kocher 1981). Thus, t h e  presence o f  l ow energy 

x- rays d i d  n o t  appear t o  be a  se r i ous  problem i n  t h e  TMI-2 dos imeter  exposures. 

The presence o f  a  ve r y  h i g h - i n t e n s i t y  gamma f i e l d  i n  a long w i t h  t h e  betas 

cou ld  be an i n t e r f e r e n c e  due t o  poor  coun t i ng  s t a t i s t i c s .  S ince t h e  da ta  

a n a l y s i s  depends on s u b t r a c t i n g  t h e  gamma c o n t r i b u t i o n  t o  t h e  TLD response of 

each element, a  smal l  be ta  response i n  t h e  presence o f  a  h i g h  gamma response 

would r e s u l t  i n  a  h i g h  e r r o r  f o r  t h e  be ta  response. Gamma i n t e n s i t i e s  d u r i n g  

t he  TMI-2 exposures never seemed t o  be h i gh  enough t o  cause such 

i n t e r f e r e n c e .  



Since be tas  a re  a t t enua ted  by r e l a t i v e l y  t h i n  absorbers,  any m a t e r i a l  

p laced between t h e  aluminum s h i e l d s  and t h e  source of betas w i l l  a t t e n u a t e  t h e  

be ta  r a d i a t i o n .  For use i n  a  contaminated environment such as t h e  TMI-2 

containment b u i l d i n g ,  i t  i s  necessary t o  enc lose t h e  dos imeters  i n  a  p l a s t i c  

bag t o  a v o i d  con tamina t ion  o f  t h e  dos imeter  i t s e l f .  Th i s  p l a s t i c  packaging 

ac t s  as an a d d i t i o n a l  absorber  ove r  t h e  dos imeter .  The p l a s t i c  has t h e  e f f e c t  

o f  s t opp ing  some ve ry  low energy be tas  t h a t  o therw ise  would have produced a 

response i n  t h e  dos imeter ,  and g e n e r a l l y  reduc ing  t h e  number o f  be tas  o f  a l l  

energ ies  t h a t  s t r i k e  t h e  dos imeter .  The dos imeter  t h a t  i s  packaged i n  p l a s t i c  

t h e r e f o r e  records  a  be ta  dose t h a t  i s  a  b i t  l ower  than t h e  dose t h a t  -would 

have been recorded  by an unpackaged dosimeter.  

None o f  t h e  u n c e r t a i n t i e s  i d e n t i f i e d  i n  t h i s  d i scuss ion  a r e  seen as s e r i -  

ous l y  a f f e c t i n g  t h e  use o f  t h e  mu l t i - e lement  be ta  dosimeters.  A l though t h e  

dosimeters a re  s t i l l  under development, e s p e c i a l l y  i n  deve lop ing  improved 

a l go r i t hms  f o r  dose analyses, t h e  dos imeter  i s  an impo r tan t  t o o l  f o r  r e l i a b l y  

e s t i m a t i n g  be ta  and gamma doses. 
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APPENDIX  I 

SOURCE CODE L I S T I N G  FOR R A T I O 7  

C 
C This Program Analyzes Multi-element Beta Dosimeters. 
C It is designed to handle either 4-element or 7-element 
C dosimeters, with 3 TLD's in each element. 
C 
C Written b y  R. I. S. 7/82 
C Altered 1 /83 
C 

CHARACTER31 ANSI BACK/ 'B ' /, STAR (2001 77 3) 142009 ' ' /  
CHARACTER33 OLDNEW, OLD/ 'OLD ' / 

CHARACTER35 FRNTBK (2) / 'FRONT ' 8  'BACK ' /  
CHARACTER98 HDG(7)/'MYLAR #1', ' .  005" #2', ' .  010" #3'3 '. 020" #4', 

1 '. 032" #5'r '. 064" #6'r '. 125" #7'/ 
CHARACTER324 FLNM 
CHARACTER*80 TITLE 

DIMENSION R A W ( 2 0 0 , 7 , 3 ) ~ A V E ( 2 0 0 , 7 ) ,  IPCT(200,7)1RATI0(200,6), 
1 CAL(200,6), DOSE(200), ID(2OO)n IFB(200), COEF(6), YINT(6), 
2 R A T I O M A X ( ~ ) ~ R A T I O M I N ( ~ ~ I B E T A ~ ~ O O ~ ~ ~ I  GAMMA(20O),GAMDOS(200), 
3 ERBDOS ( 200 ),  ERGDOS ( 200 ) HR ( 200 ) 
DATA CAL/ 120030. /, RATIO/ 120030. / 
DATA HR/200*2. / 

C 
C OPEN FILES 
C 

WRITE(6, 10) 
10 FORMAT(/' Enter filename for input data: ' J  3 )  

READ ( 5 1  20 ) FLNM 
20 FORMAT(A24) 

OPEN (UNIT=lO, FILE=FLNM, STATUS= 'OLD ', READONLY 1 
OPEN(UNIT=l5, FILE='RATIOOUT. DAT', STATUS='NEW'r 
1 DISPOSE='PR INT/DELETEJ ) 

C 
C PRESET VALUES 
C 

COEF(2)=-1. 0032 
COEF ( 3 )=-I. 0960 
COEF ( 4 ) =-. 7438 
COEF(5)=-1. 1142 
COEF (6 )=-6. 1597 
YINT(2)=. 9943 
YINT(3)=. 9471 
YINT(4)=. 6028 
YINT(5)=. 5885 
YINT(6)=. 6215 
RATIOMAX (2)~. 7800 
RATIOMAX(3)=. 6A41 
RATIOMAX(4)=. 5174 
RATIOMAX (5)=. 3325 
RATIOMAX (6 )=. 0655 
RATIOMIN(2)=0. 
RATIOMIN(3)=0. 
RATIOMIN(4)=. 2996 
RATIOMIN(S)=. 1871 
RATIOMIN(6)=. 0392 
CALMAX=. 218 
GCOEF=. 2037 
DESCR=5. 



IDESCR=IINT(DESCR) 
C 
C INPUT 
C 

WRITE(6, 100) 
100 FORMAT(/' Input') 

READ( 101 11O)TITLE 
110 FORMAT(A80) 

DO 160 I=1,200 
READ(10, *)ID(I) 

IF(ID(I).LE.O)GOTO 170 
READ( 101 130)ANS 

130 FORMAT(A1) 
PRINT*, ID( I ) I  ANS 

IFB(I)=l 
IFtANS. EQ. BACK) IFB( I )=2 
READ( 10, *)HR( I) 

DO 145 IC=1,7 
145 READ(lO,*)(RAW(I,IC,J),J=1>3) 
160 CONTINUE 

ND=200 
WRITE(6, 165) 

165 FORMAT(/' *** LIMIT OF 200 DOSIMETERS -- ANALYSIS PROCEEDS 999') 
170 READ( 10, 171, END=174)OLDNEW 
171 FORMAT(A3) 

IF(0LDNEW . NE. 0LD)GOTO 174 
C 
C Use old Calibration Factors (Dosimeters read out before 3/82) 
C 

COEF(4)=-1. 5103 
COEF ( 5 =-2. 3398 
YINT(4)=. 9901 
YINT(5)=. 9901 
CALMAX=. 351 1 
RATIOMAX (4 )=O. 4231 
RATIOMAX( 5)=0. 2731 
GCOEF=. 2394 

174 CONTINUE 
C 
C PROCESS RAW COUNTS 
C 

WRITE(6, 175) 
175 FORMAT(//' OFF AND RUNNING...',//) 

IF(ND. NE. 200)ND=I-1 
DO 200 I=1, ND 

WRITE(6,177)ID(I),FRNTBK(IFB(I)) 
177 FORMAT( 18, 1 x 1  AS) 

DO 164 IC=l, 7 
AVE( 1 1  IC )=O. 
SUMX2-0. 
SUMX=O. 
DO 179 J=ls 3 
AVE( I, IC)=AVE(I, IC)+RAW( 1, IC, J) 
SUMX=SUMX+RAW( I, IC, J )  

179 SUMX2=SUMX2+RAW(I,IC, J)*RAW(I, IC, J) 
AVE(1, IC)=AVE(I, IC)/3. 

SD=O. 
IF(SUMX2-SUMX*SUMX/3. . GT. 0. ) 
1 SD=SQRT((SUMX2-SUMX*SUMX/3. )/2. ) 

IF(AVE(1, IC). GT. 0. )SD=SD/AVE(I, IC) 
180 PCT=SD*100. 

C 
C Test for fliers in the TLD data 
C 



IF(PCT . LE. DESCR) GOT0 183 
C12=100. *ABS(RAW(I, IC, 1)-RAW(1, IC, 2) )/RAW(Ib IC, 2) 
C23=100. *ABS(RAW(I, IC, 2)-RAW(1, IC, 3) )/RAW(I, IC, 3) 
C31=100. *ABS(RAW( I, IC, 3)-RAW( I, IC, 1 )  )/RAW( I, IC, 1 )  
NLO=O 
IF(C12 .LT. DESCR)NLO=NLO+l 
IF (C23 . LT. DESCR ) NLO=NLO+I 
IF ( C31 . LT. DESCR ) NLO=NLO+l 
IF(NL0 .GE. 2)GOTO 183 
IF(NL0 .EQ. 1)GOTO 1830 

C -- accept AVE as is for thin elements & elt.7 
IF(IC .LT. 4 .OR. IC . EQ. 7)GOTO 183 

C -- if % > DESCR+3, reject element data for elt.4-6 
IF(PCT . LT. DESCR+3. ) GOT0 183 
AVE( 1, IC)=O. 
DO 1820 J=1,3 

1820 STAR(I,IC,J)='*' 
GOT0 183 

C -- one TLD is a flier 
1830 IF(C12 . LT. DESCR) ISTAR=3 

IF(C23 . LT. DESCR) ISTAR=1 
IF(C31 . LT. DESCR) ISTAR=2 
STAR( 1, IC, ISTAR)='*' 
AVE(1, IC)=(3. *AVE(Is 1C)-RAW(1, ICI ISTAR))/2. 
KK= 1 
IF( ISTAR .EQ. 1 )  KK=2 
PCT=100. *SQRT(2. )*ABS(RAW(I, IC, KK)-AVE(Is IC) )/AVE(I, IC) 

183 IF(IC . EQ. 1 )SD2CTS=(PCT/100. *AVE(I, 1 )  )**2 
IF ( IC . EQ. 7 )SDZCTS=SD2CTS+ (PCT/i00. *AVE ( I 7) ) **2 
IF( IC . EQ. 7)ERGDOS ( I )=SORT ( .  093*. 093 + PCT/ 100. *PCT/100. ) 
IPCT(1, IC)=INT(. 5+PCT) 

C 
C Subtract off Gamma Component of TLD responses 
C 
184 CONTINUE 

DO 185 IC=116 
BETA(1, IC)=AVE(Ia 1C)-AVE(IP7) 

185 IF(BETA( 11 IC). LT. 0. )BETA( I, IC)=O. 
GAMMA( I )SAVE( It71 

C 
C Determine Calibration Factors 
C 

IF(BETA(Ial).LE. 0. GOT0 189 
DO 188 J-286 

188 RATIO(1, J)=BETA(I, J)/BETA(Is 1) 
189 IF(AVE( 1 ~ 2 ) .  GT. 0. . OR. AVE( I, 3). GT. 0. . OR. AVE(I16) 

1 . GT. 0 .  ) GOT0 190 
C -- 4-Element Dosimeter 

DO 1892 J=4, 5 
CAL(I,J)=RATIO(IIJ)*COEF(J)+YINT(J) 

1892 IF(RATIO(1, J) . GT. RATIOMAX(J)) CAL(I8 J)=CALMAX 
CAL( I, 1 )=(CAL( I, 4)+CAL(I, 5) )/2. 
SD2CF-2. *(CAL( 1,4)-CAL( 1, 1 )  )**2 
GOT0 1995 

C -- 7-Element Dosimeter 
190 ICAL=O. 

SUMCF=O. 
SUMCF2=0. 
DO 199 J=2,6 
IF(RATIO( 11 J) . LT. RATIOMAX(J) ) GOT0 192 
CAL ( I, J 1 =CALMAX 
ICAL=ICAL+l 
GOT0 195 



192 IF(RATIO( I, J) . LT. RATIOMIN( J) ) GOT0 199 
CALCIaJ) = RATIO(I,J)*COEF(J) + YINT(J) 
ICAL=ICAL+l 

195 CAL(1, 1 )  = CAL(1. 1 )  + CAL(1, J) 
SUNCF=SUMCF+CAL(I,J) 
SUMCF2=SUMCF2+CAL ( I I J) *CAL ( I I J ) 

199 CONTINUE 
CAL(Is 1 )  = CAL(1, 1)/ICAL 
SD2CF=(SUMCF2-SUMCF+SUMCF/ICAL)/(ICAL-l) 

C 
C Calculate Doses 
C 
1995 GAMDOS(I)=GAMHA(I)*GCOEF 

ERGDOS(I)=ERGDOS(I)*GAMDOS(I) 
DOSE( I )=CAL( 1, 1 )+BETA( I, 1 )  
ERBDOS ( I 1 =O. 
IF(DOSE(1) .EQ. 0. )GOT0 200 
ERBDOS(I)=SGRT(SD2CF/CAL(Is l)/CAL(I> 1 )  + SD2CTS/ 
1 BETA(1, l)/BETA(I, l))*DOSE(I) 

200 CONTINUE 
C 
C OUTPUT RAW DATA 
C 

WRITE(6#205) 
205 FORMAT(/' Creating output') 

WRITE( 15,21O)TITLE> HDG 
210 F O R M A T ( l H l , A 8 0 , / / 5 5 X , ' S U M M A R Y  OF DOSIMETER READINGS', 

1 //6XI 'Dosimeter', 7(7X, AB), /13Xa 7(11X, '(nc) ' ) )  

I L=O 
DO 250 I=l,ND 

I L= I L+ 1 
IF(1L. LT. 7)GOTO 215 
WRITE( 151212) 

212 FORMAT(//lOX, ' (  it indicates a rejected flier ) ' )  

WRITE( 15,210)TITLEr HDG 
IL=1 

215 WRITE(15,220)ID(I)~FRNTBK(IFB(I)), (RAW(I*,IC* l)*STAR(I, IC, I), 
1 IC=1,7) 

220 FORMAT(//3XI 16, lX, AS, ' Raw', F8. 2, Al, b(F14. 2, Al) ) 
DO 225 J=2,3 

225 WRITE(15,230) (RAW(1, ICL J),STAR(I, IC, J), IC=l, 7) 
230 FORMAT( 17X, 'Raw', F8. 2, Al, b(F14. 2, A1 ) ) 

WRITE(15s240) (AVE(1, IC), IPCT(1, IC). IC=l, 7)s 
+(BETA(I, IC), IC=1,6), (RATIO(1' IC), IC=2,6) 

240 FORMAT(/l7X, 'Ave', F8. 2, '+I- ' .  12, '%' ,  b(F9. 2, '+/-', 12. ' % ' I ,  
+/lbX, 'Beta', F8. 2' 5F15. 2, 1 1 X ,  '0. OO', /16X, 'Ratio'. 3x1 '1. OO', 5F15. 4) 

250 CONTINUE 
WRITE( 15,212) 

C 
C OUTPUT RESULTS 
C 

WRITE( 15,255)TITLE 
255 FORMAT ( 1H1, A808 //28X, '*** RESULTS *** ' a  4 5 X ~  'CALCULATED DOSES ' 8  

1 //1X, 'Dosimeter', 19x1 'Calibration Factors', 2 3 X ~  'Mylar Chip ', 
2 5X, 'Calculated Beta', 7X4 'Calculated Gamma', 
3 /12X, ' .  005" ', 5x4 '. 010" ', 5X, '. 020" ', 5x8 ' .  032" ', 5Xr ' .  064" ' r  

4 7 x 8  'Ave. ', 6x1 'Reading ', 8 X ,  2( 'Dose Error '. 9 X ) ,  
5 / ~ X J  6(2Xn '(rad/nc) ' ) ,  7x1 '(nc) ', 2(8X, '(rad) (?ad)')) 
I L=O 

DO 280 I=i,ND,2 
IL=IL+l 
IF( IL. LT. 17)GOTO 258 
WRITE( 15,255)TITLE 
I L=O 



258 WRITE( 15,259) 
259 FORMAT(1X) 

W R I T E ( l 5 ~ 2 6 0 ) I D ( I ) ~ F R N T B K ( I F B ~ I ~ ~ ~  (CAL(1, J), J=2,6),CAL(I, l ) r  
+BETA(I, 1)) DOSE(I), ERBDOS(I1, GAMDOS(I)>ERGDOS(I) 

260 FORMAT( 14, iX ,  AS, F7. 2, 5F10. 2, F13. 2,2(F13. 2, F9. 2) ) 
IP=I+l 
WRITE(15,260)ID(IP), FRNTBK(IFB(1P) ) ,  (CAL(IP, J), J=2,6), 

+CAL(IP, 1 ) ~  BETA(IP, ~),DOSE(IP)I ERBDOS(IP), GAMDOS( IP), ERGDOS(1P) 
280 CONTINUE 
L 

C Output Summary Page of Doses, Dose Rates 
C 

WRITE( 15,300)TITLE 
300 F O R M A T ( ~ H ~ > A ~ O , / / ~ E X I  '999 SUMMARY OF DOSES AND DOSE RATES ***', 

1 //1X, 'Dosimeter ', 5X8 'Beta', bX, 'Gamma', 3X, 'Exposure', 3X, 
2 'Beta Dose Rate ', 5XJ 'Gamma Dose Rate', /9X, 2(6X, 'Dose'), 7X, 
3 'Time', 2(15X, 'Error'), /lox, 2(5X, '(rad) '),AX, '(hr) ', lX, 
4 2(3X, '(rad/hr) (rad/hrfl)) 
I L=O 
DO 350 I=1* ND, 2 
IL=IL+l 
IF( IL . LT. 17)GOTO 310 
WRITE(15,300)TITLE 
I L=O 

310 BETADR=DOSE(I)/HR(I) 
GAMMADR=GAMDOS(I)/HR(I) 
ERRBDR=ERBDOS(I)/HR(I) 
ERRGDR=ERGDOS(I)/HR(I) 
WRITE( 15,259) 
W R I T E ( 1 5 r 3 2 0 ) I D ( I ) r F R N T B K ( I F B ~ I ~ ~ ~ D O S E ~ I ~ ~ G A M D O S ~ I ~ ~ H R ~ I ~ ~ B E T A D R ~  
1 ERRBDR, GAMMADR, ERRGDR 

320 FORMAT( 13. 1x1 A58 1 x 1  2FlO. 2, F10. 1, 1PEil. 2E2, E9. 2E212X3 2E9. 2E2) 
I P= I + 1 
BETADR=DOSE(IP)/HR(IP) 
GAMMADR=GAMDOS(IP)/HR(IP) 
ERRBDR=ERBDOS(IP)/HR(IP) 
ERRGDR=ERGDOS(IP)/HR(IP) 
WRITE(15,320)ID(IP), FRNTBK(IFB(1P) ),D0SEtIP), GAMDOS(IP), HR(IP)* 
1 BETADR, ERRBDR, GAMMADR, ERRGDR 

350 CONTINUE 
L 

C Final Comments 
C 

WRITE(6,400) 
400 FORMAT(//5X,'END OF RUN',/) 

CLOSEtUNIT-10) 
CLOSE(UNIT=15~DISPOSE~'PRINT/DELETE') 

STOP 
END 



APPENDIX I1 

OUTPUT LISTINGS FOR RATIO7 RUNS 



VAX/VMS SCHE RATIOOUT 13- JUN- 1983 1 3 .  3 8  TTA4: 13- JUN- 1983 1 3 .  38 DISKSUSER-DISK1 : CSCHE. BETDOSIRATIOOUT. DATi  1 VAX/VMS 
VAX/VMS SCHE RATIOOUT 13- JUN- 1983 1 3 :  38 TTA4: 13- JUN- 1983 1 3 :  38 DISKSUSER-DISK1 : CSCHE. BETL)OSIRATIOOUT. DAT; 1 VAX/VMS 
VAX/VMS SCHE RATIOOUT 13- JUN-1983 1 3 :  3 8  TTA4: 13- JUN- 1983 13: 38 DISKSUSER-DISK1 : CSCHE. BETDOSIRATIOOUT. DATI 1 VAX/VnS 

ssss cccc-  H H EEEEE 
S C H H E  
S C H H E  

SSS C HHHHH EEEE 
S C H H E  
S C . . . - - - - - - - - - - - - 

ssss C c E  K 

RRRRRRRR AAAAAA TTTTTTTTTT IlIIII W O O 0 0  000000 UU UU TTTTTTTTTT 
RRRRRRRR AAAAAA 1 TTTTTTTTT I l I I I I 000000 000000 UU UU TTTTTTTTTT 

RR RR AA A A TT I I 00 00 00 00 UU UU TT 
RR RR AA A A TT I I 00 00 00 00 UU UU TT 
RRRRRRRR AA AA TT I 1  00 00 00 00 UU UU TT 
RRRRRRRR AA A A TT I I 00 00 00 00 UU UU T T  
RR RR AAAAAAAAAA I 1  O0 !?"'- TT -- - . 0'2 __-- TT 00 uu _-_ ""_ _ 
RR RR AAAAAAAAAA TT I I 00 00 00 00 UU UU T T  

RR RR AA A A TT 111111 000000 000000 UUUUUUUUW T T  . . . .  
RR RR AA A 4  TT IIIIlI 000000 000000 UUWUUUUUU TT . . . . 

DDDDDDDD AAAAAA TTTTTTTTTT ;;;I 11 
DDDDDDDD AAAAAA TTTTTTTTTT i i i i 11 
DD DD AA A A TT ;;II i l l 1  

DD DD AA A A TT 1 6 8 1  11 
DD DD AA A A TT a ; ; ;  11 
DD DD AAAAAAAAAA TT ~ i i i  11 
DD DD AAAAAAAAAA TT 

- - DD - DD AA _ A A T! - _ - -- 
DD DD AA A A TT 
DDDDDDDD AA A A TT ; I  111111 
DDDDDDDD AA A A TT i ;  lllill 

SSSS CCCC H H EEEEE 
S C H H E  
S C H H E  

SSS C HHHHH EEEE 
S C H H E  
S C H H E  

SSSS CCCC H H EEEEE - - - 

VAX/VMS SCHE RATIOOUT 13- JUN- 1983 1 3 :  3 8  TTA4: 13- JUN- 1983 13: 3 8  DISKSUSER-DISKI :  CSCHE. BETDOSIRATIOOUT. DATI 1 VAX/VMS 
VAX/VMS SCHE RATIOOUT 13- JUN- 1983 13: 38 TTA4: 13- JUN- 1983 13: 3 8  DISKSUSER-DISKI:  [SCHE. BETD0SlRATIOOUT. DATI 1 VAX/VMS 
VAX/VMS SCHE RATIOOUT 13- JUN-1983 1 3 :  38 TTA4: 13-JUN-19133 1 3 :  38 DISK*USER-DISKI:  CSCHE. BETDOSIRATIOOUT. DATi  1 VAX/VMS 
















































































































