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High1 i g h t s  

Performance c h a r a c t e r i s t i c s  of the  U.S. Army DT-236 b a t t l e f i e l d  
personnel  dos imet ry  system were eva lna ted  us ing  the Bealth Phys ic s  
Research Reac tor  a t  Oak Ridge Nat iona l  Laboratory.  The DT-236 dos imeter  
is designed to measure t o t a l  (neu t ron  p l u s  g a m a )  r a d i a t i o n  dose using a 
radiophotoluminescent (IRPLd detector f o r  gamma r a y s  an a s i l i c o n  diode 
for f a s t  neut rons .  Areas cons idered  in t h i s  e v a l u a t i o n  included pre- 
i r r a d i a t i o n  dose i n d i c a t i o n ;  accuracy and p r e c i s i o n  of t o t a l ,  gamma, and 
neut ron  dose measurements; fad ing;  angular  response; tempera ture  depen- 
dence; and r e l a t i v e  dos imeter  response i n  a i r  and on v a r i o u s  body loca- 
t i o n s .  Experimental  r e s u l t s  f o r  a v a r i e t y  of r a d i a t i o n  f i e l d s  and dose 
l e v e l s  i n d i c a t e  t h a t  t h e  e x i s t i n g  system ove res t ima tes  t o t a l ,  neutron, 
and gamma r a d i a t i o n  doses  i n  a i r  by about 20 t o  6096 r e l a t i v e  t o  r e f e r -  
ence v a l a e s .  Assoc ia ted  measurement p r e c i s i o n s  were about 5 5% of t h e  
means f o r  doses  above approximately 8.5 Gy. Fading c h a r a c t e r i s t i c s ,  
angular  dependence, and temperature dependence of the  RPL and diode sys- 
tems were c o n s i s t e n t  w i t h  r e s u l t s  expected based on d e t e c t o r  charac- 
t e r i s t i c s  and p rev ious  performance s t u d i e s .  Recommendations t o  improve 
e x i s t i n g  r e a d e r  performance and measurement accuracy a r e  a l s o  presented .  

Performance c h a r a c t e r i s t i c s  of t he  U.S. Army DT-236 b a t t l e f i e l d  

personnel  dos imet ry  system1,a were eva lna ted  a t  Oak Ridge Na t iona l  

Labora tory  (ORNL) dur ing  September and October of 1985. This system i s  

being cans ide red  by the U.S. Army a s  a means of e s t i m a t i n g  t o t a l  neut ron  

and gamma r a d i a t i o n  doses  t o  combat f o r c e s  i n  l o c a t i o n s  where t a c t i c a l  

weapons could be used. Rad ia t ion  f i e l d s  and b a t t l e f i e l d  exposure coadi- 

t i o n s  f o r  t h i s  study were produced by o p e r a t i n g  t h e  Heal th  Phys ics  

* Work sponsored by t h e  Defense Nuclear Agency nnder Task Code 
U99QEIxkw and Work U n i t  Code 00156. 

** QECD Ralden Reactor P r o j e c t ,  P.O. Box 673, N-1751 Balden, Norway 

*** Armed Forces  Radiobiology Research I n s t i t u t e ,  Rad ia t ion  Science 
Department, Bethesda, Maryland 20814-5145 
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Rese,-rcIIP Reactor  ( IPRE) a t  OBM, i n  t he  p u l s e  mode: with severa l  

spectrum-modi fyirig shieldsl. Are%% colmsidered i n  t h i s  e v a l u a t i o n  

included p r e - i r r a d i a t i o n  dose i nd ica t ion ;  r e p r o d u c i b i l i t y  of r e s u l t s ;  

accuracy and p r e c i s i o n  of  gamma, neutrono and t o t a l  dose measnrcnents; 

fad ing:  angular  response;  temperntare  e f f e c t s ;  and r e l a t i v e  dosimeter  

response i n  ~ i r  and on var ious  body l ~ c a r t i o n ~ .  The fol lowing t e x t  pro- 

v i d e s  a summary anad eva lua t ion  of t he  r e s u l t s  o b t a i n e d  da r ing  t h i s  

s tudy.  

DES@RIPTION Okt r n E  DT-236 DBSTWLErnY SYST 

'ffu? U . S .  A r m y  DT-236 personnel  dosimeter i s  a w ~ i s t ~ ~ t c h - ~ t y l e  

d e t e c t o r  which i s  designed t o  measnre t o t a l  (gamma plus neatton) rad ia-  

t i o n  doses  r s c e i v e d  by i nd iv idua l  s o l d i e r s  apera t i i ig  ou IL nuc lea r  Bat- 

t l e f i e l d .  Although s p e c i f i c a l l y  developed f o r  m i l i t a r y  a p p l i c a t i o n s ,  

t h i s  system could a l s o  be app l i ed  f o r  area o r  persrsrnael monitoring any- 

where t h a t  h igh  l e v e l  ( g r e a t e r  than  about 0.25 Gy) gamma and/or  neutron 

doses  a r e  poss ib l e ;  e.8. c x i t i c a l i t y  acc idents .  

T h e  DT-236 dos imeter  badge, which i s  shown i n  Figure: 1, c o n s i s t s  of 

two independent s o l i d - s t a t e  d e t e c t i n g  elements4 used t o  measure $amma 

dose and f a s t  neut ron  dose.  A 1 2  x 15 x 3.5 mm r ec t angu la r  para l -  

l e l e p i p e d  of s i l v e r - a c t i v a t e d  phosphate g l a s s  is used as the  gamma- 

s e n s i t i v e  element. Gamma dose e s t ima t ion  i s  based on radiaphotoluminea- 

c e n t  ( R E )  p r o p e r t i e s  i n  which the  plaasphate glass f l u o r e s c e s  w i t h  an 

i n t e n s i t y  p ropor t iona l  t o  the  ahsorbed gamma dose when s t imu la t ed  with 

u l t r a v i o l e t  (lJ'V) l i g h t .  The neut ron  d e t e c t o r  i s  a wide-based s i l i c o n  

j u n c t i o n  d iode-  hen exposed t o  East neut rons ,  the: c r y s t a l  l a t t i c e  

s t r u c t u r e  of th2 diode i s  damaged and the r e s i s t i v i t y  of the  m a t e r i a l  

i nc reases .  Neutron dose e s t i m a t i o n  i s  based o n  measuring the  inc rease  
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i n  vo l t age  drop a6ross  the  diode a t  cons t an t  c u r r e n t .  Gamma and neutron 

readings  using these  methods a r e  non-des t ruc t ib le  and the  dosimeter  w i l l  

main ta in  t h e  cumulative dose rece ived  by the  ind iv idua l .  Both elements 

a r e  packaged i n  a wris twatch-sized con ta ine r  which can be worn on t h e  

w r i s t  o r  oa an i d e n t i f i c a t i o n  t ag  chain,  The DT-236 dos imeters  used i n  

t h i s  s tudy  had s e r i a l  nztmbers between BO05600 and B006199. 

T o t a l  gamma p l u s  neut ron  doses  a r e  eva lua ted  using a CP-696 dosime- 

t e r  r eade r  which is  shown i n  F i g u r e  2 and c o n s i s t s  of two sepa ra t e  

e v a l u a t i o n  c i r c u i t s  contained i n  one instrument .  The g a m a  p o r t i o n  is a 

W f l a sh tube  source,  o p t i c a l  f i l t e r s ,  and a photodiode s e n s i t i v e  t o  the  

RPL g l a s s  f luo rescen t  l i g h t .  The neut ron  p o r t i o n  c o n s i s t s  of a peak- 

reading vol tmeter  and a pulsed cons tan t  c u r r e n t  genera tor .  The neut ron  

and gamma channels  have check s tandards  t o  i n d i c a t e  proper  r eade r  opera- 

t i on .  For t h i s  s tudy,  t h e  CP-696 reader  was des igna ted  type 3146-1 and 

had s e r i a l  number 19-B CHR C26 As].  Power f o r  t he  r eade r  was suppl ied  

by a 24 v o l t  DC power supply (OW% Model X-93776) connected t o  the  power 

input .  

Although t h e  reader  has analog i n d i c a t i o n  of t o t a l  r a d i a t i o n  dose,  

measurements i n  t h i s  s tudy  were based on d i g i t a l  i n d i c a t i o n  from a 

vo l tme te r  ( O W  Model 10097721 connected i n t e r n a l l y  in p a r a l l e l  wi th  

the  analog meter. F igu re  3 shows the  complete instrument  s e tup  used t o  

eva lua te  the  dosimeters  inc luding  the  O W  d i g i t a l  vo l tmeter ,  t h e  CP-696 

r eade r ,  and the  24 v o l t  DC power supply. The use of t h e  d i g i t a l  voltme- 

t e r  permi t ted  more accu ra t e  readings  and allowed e s t i m a t i o n  of readings  

which were o f f - sca l e  on t h e  analog meter. To convert  from ind ica t ed  

vo l t age  t o  t o t a l  dose,  a c a l i b r a t i o n  curve was developed by comparing 

analog dose and d i g i t a l  readings.  This  c o r r e l a t i o n  has  two d i s t i n c t  
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l i n e a r  segmenes which are d e s c r i b e d  by the: fol lowing scqnatiomns: 

4 + 1478 V (V < 0.1683 

where t h e  dose is t he  analog i n d i c a t i o n  i n  rads ( i - e . ,  cGy) t i s s u e  k e r m  

and V i s  the vol tmeter  r e a d i n g  i n  v o l t s .  mcse equat ions  arc very s i m i -  

l a r  t o  previous  a n a l o g - d i g i t a l  c o r r e l a t i o n s  determined f o r  o t h e r  CP-696 

readersx. C a l i b r a t i o n  and o p e r a t i n g  procedures for the reader were i n  

Since the r e a d e r  i s  designed t o  give a s i n g l e  t o t a l  dose reading 

when t he  o p e r a t i o n  mode switch is in t h e  p'readbB p o s i t i o n ,  s e p a r a t e  nen- 

t r a n  and g a m a  dose i n d i c a t i o n s  requi red  a second o v a l n a t i o n  cyc le .  

T h i s  second reading w a s  performed with the. mode switch s a t  i n  t h e  '9gamma 

t e s t "  p o s i t i o n  which provided an i n d i c a t i o n  of the ~ a ~ ~ a - ~ ~ l y  dose. The 

neutron dose canponent was obta ined  by s u b t r a c t i n g  t h e  t o t a l  and gamma- 

only i n d i c a t i o n s  because no d i r e c t  reading o f  neukroa-only dose i s  

lava il ab 1 e.  

IATION CHARACTERISTICS 

P r i o r  t o  the  HPRR exposures,  188 of the u n i r r a d i a t e d  DT-236 dosime- 

t e r s  wexe evalua ted  us ing  t h e  CP-696 reader .  S i n c e  t h e r e  was some vaai-  

a t i o n  between d i f f e r e n t  readings  of t he  same badge, t h e  i n d i c a t e d  dose 

was taken t~ be t h e  middle va lue  of t h r e e  s n s ~ e s s i v e  readings ,  The 

v a r i a t i o n  i n  success ive  readings  f o r  the same badge 1 8 s  approximately 
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+3% abolat t he  middle va lue  wi th  most dos imeters  be ing  b e t t e r  than  2 2% 

f o r  t o t a l ,  gamma, or neut ron  doses.  

AB1 u n i r r a d i a t e d  dos imeters  gave non-zero dose readings .  Table  1 

summarizes ranges,  means, and s t anda rd  d e v i a t i o n s  of the  p r e - i r r a d i a t i o n  

t o t a l ,  neutron, and g a m a  dose i n d i c a t i o n s  f o r  the  188 badges. T o t a l  

doses  ranged from 0.16  t o  0 . 6 6  G y  wi th  a mean of 0.40 Gy and one s tan-  

dard d e v i a t i o n  of 0.09 Gy (22% of t h e  mean). Neutron doses  v a r i e d  

between 0.02 and 0 . 3 8  Gy with  a mean of 0.17 Gy and one s t anda rd  devia- 

t i o n  of 0.07  Gy (45% of the mean). P r e - i r r a d i a t i o n  gamma doses  v a r i e d  

from 0.08 t o  0.38 Gy with a mean of 0.23 Cy and one s t anda rd  d e v i a t i o n  

of 0.08 Gy (34% of the  mean). Based on t he  observed s t anda rd  d e v i a t i o n s  

and suggested c a l c u l a t i o n a l  conventions6, t h e  t h e o r e t i c a l  lower l i m i t s  of 

d e t e c t i o n  f o r  t h i s  system a r e  0.41, 0 . 3 4 ,  and 0 .36  Gy f o r  t o t a l ,  neu- 

t r o n ,  and gamma doses ,  r e s p e c t i v e l y .  The ranges,  means, s t anda rd  devia- 

t i o n s ,  and lower l i m i t s  of d e t e c t i o n  ob ta ined  f o r  t h e  u n i r r a d i a t e d  

badges i n  t h i s  s tudy  a r e  w i t h i n  about 10% of corresponding v a l u e s  

ob ta ined  i n  prev ious  DT-236 dos imeter  eva lua t ions* .  In t h e  subsequent 

ana lyses ,  unexposed dos imeter  responses  f o r  each i n d i v i d u a l  badge were 

recorded and s u b t r a c t e d  from the  exposed dos imeter  readings  f o r  t he  same 

badge t o  account f o r  background l e v e l s .  

During e v a l n a t i o n s  of t h e  p r e - i r r a d i a t e d  badges,  occas iona l  read- 

ings  much lower than  t h e  mean observed f o r  s e v e r a l  success ive  r eadou t s  

were obta ined  f o r  many of the  i n d i v i d u a l  dos imeters .  These a b e r r a n t  

readings  have a l s o  been observed i n  prev ious  performance t e s t s % ,  The 

cause of t hese  occas iona l  low read ings  was i d e n t i f i e d  a s  be ing  t h e  W 

f l a s h t u b e  which d i d  not  always func t ion  when the  "read" swi tch  was 

depressed. Without t he  f l a s h t u b e ,  t h e  gamma dose component which is 
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a t t e n u a t i o n  s p e c t r a .  The f i e l d s  range from the  unshielded r e a c t o r  which 

has a hard ( n e a r l y  U Z 3 *  f i s s i o n )  neutron energy spectrum wi th  a low gamma 

conponeat t o  a Luci te -sh ie lded  c o n d i t i o n  which h a s  a s o f t  (hydrogen- 

nodera ted l  neotron spectrum wi th  a r e l a t i v e l y  h igh  gamma component. 

A t o t a l  of seven p u l s e s  was conducted f o r  t h i s  s tudy  between Sep- 

tember 13 and 24, 1985. Dates ,  iIpRR p u l s e  numbers, s h i e l d  c o n d i t i o n s ,  

f i s s i o n  y i e l d ,  and r e f e r e n c e  neutron,  gamma, and t o t a l  r a d i a t i o n  doses  

( t i s s u e  kerma) a t  3 m from t h e  r e a c t o r  a r e  summarized i n  Table  3 f o r  

these  opera t ions .  F i s s i o n  y i e l d s  ranged from 3.91 t o  9.28  x l o x 6  f i s -  

sions with  corresponding p u l s e  half-widths  between about 120 and 65 

microseconds, r e s p e c t i v e l y .  Associated neutron doses  a t  3 meters  from 

t h e  HPRR v e r t i c a l  c e n t e r l i n e  v a r i e d  from 0.40 t o  3.10 Gy ( t i s s u e  k e r a a ) ,  

gamma doses  v a r i e d  from 0.12 t o  0.50 Cy, and t o t a l  doses  v a r i e d  from 

0.77 to 3.60 Gy. Radia t ion  doses  given t o  some dosimeters  were more o r  

l ess  than  those v a l u e s  s i n c e  some badges  were l o c a t e d  c l o s e r  o r  f a r t h e r  

than  3 m from the BPRR. Reference neutron doses,  gamma doses,  and f i s -  

sion y i e l d s  were deCermined u s i n g  s t a n d a r d  BPRR r e f e r e n c e  dosimetry 

 technique^^^^ and neutron d i f f e r e n t i a l  spectrum measurements. For  t h e s e  

i r r a d i a t i o n s ,  t h e  r e a c t o r  was opera ted  over P i t  1 a t  a h e i g h t  of 1 . 4  m 

above t h e  f l o o r .  

\ 

Dosimeters were exposed i n  a i r  ( a t t a c h e d  t o  r i n g  s t a n d s )  a t  a 

h e i g h t  of 1 .4  above t h e  f l o o r  f o r  most t e s t s .  When s imula t ion  of t h e  

human t o r s o  was requi red ,  40-cm-high polye thylene  BOMB phantoms w i t h  

20-cm by 30-cm e l l i p t i c a l  cross s e c t i o n s  f i l l e d  wi th  t a p  water  were 

used. A 10-cm-diameter, 40-cm-high c y l i n d r i c a l  po lye thylene  B O M B  arm 

s e c t i o n  f i l l e d  w i t h  water  was used t o  s imula te  t h e  w r i s t .  A t  l e a s t  f i v e  

badges mounted side-by-side were used f o r  t h e  a i r  s t a t i o n  and phantom 

measurements i n  each i r r a d i a t i o n ,  
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Accuracy and prec is ion assoc ia ted  w i t h  t o t a l ,  neutrnla, sand $a 

dose measurements ass e with the DT-236 system x c x e  determined. by  ~ e ~ m p a a ~ - -  

i s g  measured and reference doses f o r  a a i d e  r ange  o f  B O S S  l e v e l s  (0.04 

t o  13,88 Gy t i s s u e  %erma,8 and a v a r i e t y  o f  HPRE g a l s e d  r a d i a t i o n  f i e l d s .  

Accuracy i s  r e f l e c t e d  by the m i e m  of the individaa.1 messnrsne:Jts wade rut 

a p a r t i c u l a r  l o c a t i o n  and p r e c i s i o n  i s  g i v e n  by one s tandard  d e v i a t i o n  

of the  i n d i v i d u a l  r e s u l t s  abnue t h e  mean, Dose measnremeots presented 

i n  the fol lowing t e x t  wigre made a t  a i r  s t a t ions . ,  and r e f e r e n c e  and meas- 

axed r e s u l t s  were PepOEted i n  terms of t i s s u e  k e m a .  

Total Dose Neasurements 

Table 4 summarizes accuracy and precision r e s u l t s  f o r  21 masxxre:-- 

ments of t o t a l  dose which is what wouPd bc determined d u r i n g  b a t t l e f i e l d  

a p p l i c a t i o n  of t h i s  nyste . Data shown i n  t h i s  t a b l e  include d a t e  of 

pulse ,  s h i e l d  condi t ion ,  dosimeter  d i s t a n c e  from t h e  r e a c t o r ,  r e f e r e n c e  

t o t a l  dose, measured t o t a l  dose i n  a i r ,  measwred r a s u l t  div ided  by t h e  

r e f e r e n c e ,  one s tandard  d e v i s t i a n  a b o u t  t h e  mean, and the  p e r ~ e n t  of the 

meam af  one standard deviation, Most ind ice tcB r c s a l t s  a r c  for t h c  

nsrcshielded BPES # i t h  dosimatocs pIact6: s t  vPrious dis tamces  from the 

r z a c t o r .  Danltn for  the s t e e l - ,  c o n c r e t e - ,  and Lui-ite-. s 3 i e I d e d  ;.-;lsss a r e  

for t he  badges  l o c a t e d  a t  3 meters  from t h c  EPRQ k-hich i s  t h e  d i s t a n c e  

a t  which the  sh ic lded  r e f e r e n c e  doses  B K ~ :  best koown. Rcfercacc t o t a l  

doses  g i v e n  in t h e  t a b l e  arc the sums of thc i-efercnce gamma amd n e n d ~ o n  

doses  i n  a i r  and vary between 0.20 and 13.98 @f. 

~ v e r a g c  eea%area div ided  by re:%eretm t o t a l  doses IS 1 f ~ o c t i o n  sf 

reference; dose are shown i n  Pigaare 4.  E r r o r  b a r s  indi.cRt.a OTPB standaxd 

d e v i a t i o n  abou t  t he  mean, These d a t a  show t h a t  the? DT-236 s y s t e a  
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overes t ima tes  r e fe rence  v a l u e s  by about 20 t o  60% fox doses  between 

approximately 0.2  t o  14.0 Cy f o r  a l l  cons idered  RfRR r a d i a t i o n  f i e l d s .  

These r e s u l t s  a r e  c o n s i s t e n t  with DT-236 system accuracy observed dur ing  

previous  dosimeter  t e s t s  a t  pulsed r e a c t o r  f a c i l i t i e s a .  

Performance s p e c i f i c a t i o n s 1 , z  f o r  t h i s  system r e q u i r e  fi 4096 accu- 

racy  a t  doses  between 0.5 and 10.0 Gy and 2 0.2 Gy accuracy a t  doses  

Table 4 and F i g u r e  4 show that t he  DT-236 system does not 

meet. these  elriteria relalive I ~ Q  t he  PBR r e f e r e n c e  va lues ,  However, by 

a d j u s t i n g  the r eade r  output  ta i n d i c a t e  4 lower t o t a l  doses  ( i . e . #  

decrease  the  c a l i b r a t i o n  curves  €or  d i g i t a l  readout  o r  decrease  the 

meter i n d i c a t i o n  f o r  analog r eadou t ) ,  measured r e s u l t s  w i l l  be  wi th in  5 

20% of r e fe rence  r e s u l t s  f o r  a wide range of s p e c t r a  and doses  between 

0.2 and 14.0 Gy. Figure  4 shows an a d j u s t e d  r e fe rence  l i n e  a t  a 

measured-to-reference r a t i o  of 1.4 and t h e  2 20% l i m i t s  about t h i s  l i n e .  

Although the f i g u r e  i n d i c a t e s  t h a t  t he  suggested 40% adjustment  w i l l  

provide 2 20% accuracy a t  dose l e v e l s  below 0 . 5  Gy, t h e  p r a c t i c a l  system 

accuracy st low doses  w i l l  s t i l l  be  l i m i t e d  by t he  0.40 Gy t h e o r e t i c a l  

lower l i m i t  of d e t e c t i o n  and the  0.09  Gy s t anda rd  d e v i a t i o n  observed f o r  

tbs p r e - i r r a d i a t e d  badges.  A measurement accuracy of 5 20% would 

s a t i s f y  2 25% accuracy c r i t e r i a  s p e c i f i e d  by the  American Nat iona l  Stan- 

dards  I n s t i t u t e g ,  t he  U.S.  Department of Energy lo, and the  I n t e r n a t i o n a l  

Atomic Energy Agencyxa f a r  c r i t i c a l i t y  acc iden t  dos imet ry  systems. 

t o  measurement p r e c i s i o n ,  Table  4 shows t h a t  s i n g l e  

s tandard  d e v i a t i o n s  were w i t h i n  4% of the  mean v a l u e s  f o r  to ta l .  doses  

g r e a t e r  than 1.0 e. Far  doses  below t h i s  valane, s t anda rd  devia- 

t i o n s  ranged Prom 4 t o  12% of t he  means. These r e s u l t s  a x e  ecansistemt 

wi th  d a t a  obtained ia previous  DT-236 performance t e s t s 2  which ind ica t ed  
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one srandard. d e v i a t i o n  v&Irnes o f  about 5% 04 the  means far doses above 

0.5  Gy. 

ana Dose Xeasarements 

Accuracy and precision r e s u l t s  for  ga a dose measarcnents arc sum-- 

slarized in Table 5 for the same cxposislrea cons idered  i n  the preceding 

a n a l y s i s  of t o t a l  dose measusemeats, Indicated measared d a b .  a t e  the 

background-corrected gamma doses i n  a i r  based an the PEA dete~tioa SYS- 

tern. Reference $amla doses g ivaa  in the  t a b l e  are the products of t he  

r e f e r e n c e  neatcon doses i n  gin: times t he  neatran-to-gamma dose r 

the measurement l o c a t i o n s .  Refereace v;~aBnes vary  between 0.04 and 1.70 

GY * 

Average measured d i v i d e d  by r e f e ~ e n ~ e  g a m a  doscs as a f u n c t i o n  of 

reference: dose a r c  shs pa i n  Figure  5 .  Error bars  i n  i ca te  one s tandard  

d e v i a t i o n  aboaat the m a n .  The figare, shows t h a t ,  except  f o r  one meas-- 

system overestian tes gamma doses by about 20 to 

r e f e r e n c e  valugis above 0.35 Gy. This overest i  a t i a n  is expecte 

on t h e  observed overresponse of the g a m a  d e t e c t i o n  system t o  ha 

rays and t h e  m a t r o n  s e n s i t i v i t y  of the $ 1 a 8 % ~ 9  11. Below approxi- 

mately 0.35 Gy, measured $a 8 doses show si kiificwnt v a r i a t i o n s  r e l a -  

t i v e  t o  r e fe rence  va lnas  (betweon 0.5  t o  1 .9  t i  e s  references) with 

r e l a t i v e l y  l a r g e  s t a n d a r d  d e v i a t i o n s  about the  measured means. Thlps, a t  

a doses below & o a t  0.35 Gy, which i s  vesy close t o  the t h e o r e t i c a l  

lower l i m i t  of d e t e c t i o n  determined fro nirrad ia tad  dos imeter  r e s n l t s ,  

t he  wm s y s t e  does  plot provide aceunat amma dose e s t i m a t e s  in t h e  

f i e l d s  consider& i n  t h i s  s tndy.  F igare  5 shows that  by a d j u s t i n  

reader  output  t o  i n d i c a t e  40% Bower, ga5ma doses between ebboat 0.35  and 

1.70 Gy can be measured t o  w i t h i n  $- 20% o f  r e fe rence  va lues .  
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Table 5 shows t h a t  s i n g l e  s tandard  d e v i a t i o n s  were w i t h i n  approxi- 

mately 5% of t he  means f o r  gamma doses  above 0.50 Gy. Below t h i s  l e v e l ,  

s t anda rd  d e v i a t i o n s  ranged from about 5 t o  31% of the  means wi th  most 

v a l u e s  be ing  i n  the  15 t o  25% range. These r e s u l t s  a r e  s l i g h t l y  more 

p r e c i s e  than r e s u l t s  ob ta ined  i n  prev ious  DT-236 performance t e s t s a  

which ind ica t ed  one s tandard  d e v i a t i o n  va lues  of about 20% of the  means 

f o r  gamma doses above 0.50 Gy. 

Neutron Dose Measurements 

Table 5 p r e s e n t s  accuracy and p r e c i s i o n  r e s u l t s  f o r  neut ron  dose 

measurements in a i r .  Measured d a t a  a r e  the  background-corrected nent ron  

doses  which were determined by s u b t r a c t i n g  the i n d i c a t e d  t o t a l  and gamma 

doses  f o r  each dosimeter .  Reference neut ron  doses  were based on su lphur  

p e l l e t  a c t i v a t i o n  a n a l y s i s  and dose-pes-f iss ion co r re l a t ions7 - - ' .  Befer- 

ence doses  g iven  i n  the  t a b l e  vary  between 0.16 and 12.28 Cy ( t i s s u e  

kerma).  

F igu re  6 shows measured d iv ided  by r e fe rence  neut ron  doses  a s  a 

f u n c t i o n  of r e fe rence  dose based on d a t a  g iven  i n  Table  6 .  Erro r  b a r s  

r e p r e s e n t  one s tandard  d e v i a t i o n  about the  measured mean. Except f o r  

one p o i n t ,  average measured neutron doses  overes t imate  r e fe rence  va lues  

by 20 t o  609b over  the e n t i r e  range of r e fe rence  doses  and a l l  BPaR spec- 

t r a .  Ovexestimation i s  expected based on the  observed overresponse of 

the  s i l i c o n  diode d e t e c t i o n  system t o  f a s t  neut rons  i n  airx. Figure  6 

a l s o  shows t h a t  by a d j u s t i n g  the  r eade r  output  t o  i n d i c a t e  40% lowerB 

neut ron  doses  can be es t imated  t o  w i t h i n  2 28w of r e fe rence  v a l u e s  

between about .20 and 12.00 Gy. A t  doses  below about 0.28 Gy, neutron 

measurement aecuracy is s i g n i f i c a n t l y  a f f e c t e d  by r e l a t i v e l y  l a r g e  

u n c e r t a i n t i e s  i n  corresponding low gamma dose measurements which must  be 

subtri icted from t o t a l  dose readings .  
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Table 6 shows t ha t  s i n g l e  s tandard d e v i a t i o n s  for t h e  es t imated  

nePitron doses vary from 0.3 t o  15.7% of the meanas oyer t h e  e n t i r e  range 

of re ference  aoses .  o s t  s tandard  d e v i a l l i a o s  ire between 1 and 6% o f  

t h e  means which is s i g n i f i c a n t l y  nore p r e c i s e  than  the  r a n g e  o f  v a l s e s  

obta ined  for the gamma measurements, Tlmse r e s u l t s  are c o n s i s t e n t  w i t h  

measurement p r e c i s i o n s  obta ined  i n  prsv ions  b a t t l e f i e l d  dosimeter  per- 

formance s t u d i e s z .  

Pignse  7 shows measlnlred t o t a l ,  nea t ron ,  and ~~~~~ Bostzs a t  v a r i o u s  

t imes a f t e r  exposure r e l a t i v e  to the asses  measured a t  two B s n s s  a f t e r  

i r r a d i a t i o n  f o r  t imes  up t s  15 days. Each p o i n t  r ep resen t s  t h e  average 

r e s u l t  of f i v e  dosimetces i r r a d i a t e d  t o  t o t a l ,  matron, and gamma doses 

of  3.30, 1.88, and 0.42 Gy, r e s p e c t i v e l y ,  i n  t h e  nashielded IBi 

trum. S i n g l e  s tandard  d e v i a t i o n s  assoc iaaed  with  the. i n d i c a t e d  p i n t s  

, 4%, and 10% about t he  means. of t h e  f i v e  seadings f o r  the 

t o t a l ,  neutron,  and gamma measurements ,  r e s p e c t i v e l y .  

Over the  15 day e v a l u a t i o n  period,  t h e  average t o t a l  dose decreased 

by only  abont 7% r e t  d i v e  t a  the valnc obta ined  two lnours 

sure. Most of t h i s  fading occurred  w i t h i n  t b e  f i r s t  seven days a f t e r  

i r r a d i a t i o n .  Very l i t t l e  fad ing  was e x h i b i t e d  f o r  t o t a l  dose beyond t h e  

i n i t i a l  seven day period, Neutron dose r e s u l t s  dec reased  by about  1396 

over  t h e  1 5  day evaluation time with  most fad ing  (approximately 8 

o c c u r r i n g  i n  the  f i r s t  two days a f t e r  i r r a d i a t i o n .  The RE,-measured 

garsinta doses  showed an i n c r e a s e  of abont 19% over i n i t i a l l y  measured 

r e s u l t s  i n  1 5  days. Most of t h i s  increase  (approximately 7%) occurred 

in t h e  f i r s t  dag a f t e r  i r r a d i a t i o n .  The i n c r e a s e d  gamma respsnse  a f t e r  

i r r a d i a t i o n ,  which i s  c h a r a c t e r i s t i c  of RPL m a t e r i a l s x x ,  p a r t l y  
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compensated f o r  t he  decrease i n  neutron response due t o  fading t o  reduce 

t h e  decrease i n  t o t a l  dose i n d i c a t i o n  t h a t  might be expected i n  a s t rong  

neut ron  f i e l d .  The q u a l i t a t i v e  and q u a n t i t a t i v e  performance observed i n  

t h i s  s tudy f o r  fad ing  of t h e  t o t a l ,  neutron,  and gamma components of t h e  

DT-236 system a r e  c o n s i s t e n t  w i t h  r e s n l t s  of  perv ious  performance 

t e s t s % .  

ANGULAR RESPONSE 

To determine t h e  e f f e c t  of angular  o r i e n t a t i o n  on dosimeter  

response,  groups of f i v e  badges were placed on t h e  c e n t e r s  of t h r e e  

B O W  t o r s o  s e c t i o n s  and exposed t o  t h e  tanshielded HPRR spectrum w i t h  

the  minor a x i s  of t h e  e l l i p t i c a l  phantoms p o s i t i o n e d  a t  O o  ( f r o n t -  

f a c i n g ) ,  4 S 0 ,  and 90° ( s ide- fac ing)  r e l a t i v e  t o  t h e  i n c i d e n t  Field.  I n  

a l l  c a s e s ,  badge c e n t e r l i n e s  were l o c a t e d  3 meters from t h e  r e a c t o r .  

The t h r e e  dosimeter  components ( t o t a l ,  neutron,  and g a m a  responses)  

showed s i m i l a r  performance c h a r a c t e r i s t i c s  f o r  t h e  t h r e e  o r i e n t a t i o n s .  

Average t o t a l  dose responses  decreased by 4% and 3596 a t  4 5 O  and 900, 

r e s p e c t i v e l y ,  compared t o  t h e  d i r e c t  i r r a d i a t i o n .  Mean neutron doses  

decreased  by 6% and 37% a t  450 and 9 0 ° 9  r e s p e c t i v e l y ,  r e l a t i v e  t o  d i r e c t  

incidence.  Gamma responses  decreased by 1% a t  4 5 O  and 33% a t  90° com- 

pared t o  t h e  Oo O r i e n t a t i o n .  U n c e r t a i n t i e s  a s s o c i a t e d  wi th  these  

r e s u l t s  a r e  about t; 4% f o r  t h e  t o t a l  and neut ron  measurements and 2 10% 

f o r  t he  gamma measurements f o r  one s tandard  d e v i a t i o n  about t h e  mean. 

Thus, a t  a n g l e s  of incidence between d i r e c t  and $So r e l a t i v e  t o  t h e  

i n c i d e n t  f i e l d ,  t h e  dosimeter  e x h i b i t s  low s e n s i t i v i t y  t o  angular  or ien-  

t a t i o n .  A t  90° incidence,  t h e  dosimeter  response decreases  by about 35% 

r e  1 a t  i v  e t o  d i r e c t  i nc  i d e  nce . 
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a t a  f o r  the  neut ron  and gamma components of t h e  dos imeter  response 

showed t h a t  t he  RPL gamma system was much more s e n s i t i v e  t o  temperature  

changes than  t h e  diode neut ron  d e t e c t o r .  Consider ing t h e  ho t  t e s t s ,  

neut ron  and gamma i n d i c a t i o n s  decreased by 24% and 16%, r e s p e c t i v e l y ,  

fo l lowing  h e a t i n g  t o  45OC and reading  a t  t h e  e l eva ted  temperature ,  How- 

eve r ,  subsequent h e a t i n g s  and coo l ings  t o  room temperature  produced 

almost  no v a r i a t i o n  i n  neut ron  dose e s t i m a t i o n  fo l lowing  t h e  i n i t i a l  

decrease  while  t h e  gamma dose e s t i m a t e s  increased  by about 20 t o  40% 

between the  hot  and room temperature  readings .  Cold t e s t s  i n d i c a t e d  

t h a t  coo l ing  the  i r r a d i a t e d  badges t o  O°C and reading  a t  co ld  or room 

temperature  had almost no e f f e c t  on neut ron  response.  However, t he  

gamma system was much more s e n s i t i v e  t o  temperature  v a r i a t i o n s  i n  t h a t  

t he  gamma dose e s t i m a t e  a f t e r  the i n i t i a l  coo l ing  and reading  a t  O°C 

i nc reased  by 22% r e l a t i v e  t o  the  o r i g i n a l  room temperature  reading.  

Subsequent cool ing  and hea t ing  cyc le s  produced approximately 20 t o  40% 

v a r i a t i o n s  i n  gamma response between 0 4 C  and room temperature  with a 

h ighe r  response obta ined  a t  t he  cold temperature .  

Those d a t a  i n d i c a t e  t h a t  f o r  s t rong  neut ron  f i e l d s ,  hea t ing  the  

badge by 25OC a f t e r  exposure a t  room temperature  can cause a s i g n i f i c a n t  

decrease  (about 23%) i n  t o t a l  dose response i f  t he  dos imeter  i s  read 

hot .  Even i f  t h e  hea ted  badge is allowed t o  cool  t o  room temperature  

b e f o r e  reading ,  a permanent r educ t ion  i n  dos imeter  response of about 

14-194b can  be expected. While some of t h i s  r educ t ion  can be a t t r i b u t e d  

t o  fading,  much of it can be a t t r i b u t e d  t o  temperature  s e n s i t i v i t y  of 

t he  neut ron  p o r t i o n  of the  dosimeter .  Temperature v a r i a t i o n s  below room 

temperature  produce much sma l l e r  e f f e c t s  on t o t a l  and neut ron  response;  

i .e . ,  changes which a r e  w i t h i n  experimental  u n c e r t a i n t i e s  of t he  dose 
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read a t  rocm temperature a f t e r  exposure. A f t e r  a response decrease  f o i -  

lowing i n i t i  5 h e a t i n g .  t he  neutron d e t e c t o r  i n d i c a t e s  s i g n i f i c a n t l y  

lower s e n s i t i v i t y  t o  tamperatare than  tho WPL gamma systemm. 

AIR-TO-P W,,SPONSE 

T o t a l  d o s e s  measured wi th  the  badges msnnted on the c e ~ ~ t e r s  of 

BO t o r s o  arid arm sections r e l a t i v e  t o  va lues  obta ined  ipi.--air (on 

r i n g s t a n d s )  are  given i n  Table  8 for four HPRR s p e c t r e ,  For these i r r a -  

d i a t i o n s ,  a l l  badges w e r e  l o c a t e d  wi th  t h e i r  vertical c e n t e r l i n e s  a h  3 

m e t e r s  from the r e a c t o r  and a l l  were  p o s i t i o n e d  w i t h  t h e i r  tops perpen- 

d i c u l a r  t o  the i n c i d e n t  f i e l d .  D o s 4 m s t a . r ~  mounted on. t h e  %OM 

c e n t e r  ( i . e . ,  wor1: on an i d e n t i f i c a t i o n  chain a x o ~ u d  t h e  neck) i n d i c a t e d  

t o t a l  doses  which were 7 t o  18% higher than  those measnred i n - a i r  for 

t h e  same exposure c o n d i t i o n s ,  The l a r g e s t  air-to-phantom i n c r e a s e s  were 

e x h i b i t e d  f o r  t h e  hardes t  neutron energy s p e c t r a  with the  lowest gamma 

components (anshie lded  and s t e e l - s h i e l d e d ) .  Badges maanted on  t h e  arm 

section ( i = e . ,  P B Q ~ I I  on the w r i s t )  i n d i c a t e d  t o t a l  doses 7 t o  12% higher  

thorn those obtained w i t h  dosimeters  on r i n g s t a n d s .  N e  obvious c o r r e l a -  

t i o n s  between r a d i a t i o n  f i e l d  c h a r a c t e r i s t i c s  and observed r e s u l t s  a r e  

e v i d e n t  f o r  thc air-to-arm-phantom resnll t s ,  Unacertwi;n6 i e s  ss;soc ia tsd  

w i t h  t h e  r a t i o s  given i n  Table  8 ~ r s :  abont 4% for one s,ta;aalerd dovia- 

t ion. 

Based OQ these d a t a ,  t o t a l  doses  neasnred r7it.h t h e  badge  worn on 

t h e  ches t  or the wais t  can  bc  at l e a s t  3% and a s  much as 123% higher than 

values measured i n  a i r  f o r  HPRR or s i m i l a r  s p e c t r a .  The i n c r e a s e  in 

t o t a l  d e t c c t o r  r e s p c ~ s c  on II polyrthylenr phantom r a l a t i v c  t o  a i r  i s  due 

p r i m a r i l y  t o  con t i  ib is t ions  of  inc jdent  n e u t r o n s  s c a t t e r e d  by the: phas ; ,$o~ 

and secondary gamma rays prodaced by n e u t r o n  c a p t u r e s  in t h e  hydrogenous 

phantom (body)mater ia l  . 0 
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SUMMARY 

The fol lowing summary s t a t emen t s  concerning performance of the U.S. 

Army DT-236 personnel  dosimetry system a r e  based on r e s u l t s  presented  in 

the  preceding t e x t :  

1. There was about 3- 3% v a r i a t i o n  i n  d i f f e r e n t  r ead ings  of  the 

same badge. The ind ica t ed  dose was taken t o  be t he  middle 

va lue  of t h r e e  success ive  readings .  

2. A l l  u n i r r a d i a t e d  dos imeters  gave non-zero dose readings .  Pre- 

exposure t o t a l  dose readings  ranged from 0.16 t o  0.66 Gy wi th  

a mean of 0.40 Gy and one s tandard  d e v i a t i o n  of 0.09  Gy. 

Corresponding gamma readings  v a r i e d  between 0.08 and 0 . 3 8  Gy 

wi th  a mean of 0.23 Gy and one s tandard  deviat . ion of 0 .08  Gy. 

P r e i r r a d i a t i o n  neutron doses  ranged from 0.02 to 8 . 3 8  Gy with 

a mean of 0.17 Gy and one s tandard  d e v i a t i o n  of 0.07 Gy. 

Basad on t hese  r e s u l t s ,  t h e o r e t i c a l  lower l i m i t s  of d e t e c t i o n  

f o r  t h i s  system a r e  0.41, 0.34, and 0.36 Gy f o r  t o t a l ,  neu- 

t r o n ,  and gamma doses ,  r e s p e c t i v e l y .  

3. Under pu l se  i r r a d i a t i o n  cond i t ions  us ing  the HPBR, t he  DT-236 

system ove res t ima tes  t o t a l  doses  i n  a i r  by between 20 and 60% 

r e l a t i v e  t o  r e fe rence  doses  between about 0.2 t o  14.0 Cy and a 

wide range of i nc iden t  r a d i a t i o n  f i e l d s .  Neutron doses  a r e  

a l s o  overes t imated  by t h i s  amount f o r  r e fe rence  neut ron  va lues  

between 0.20 and 12.00 Gy, For r e fe rence  gamma doses  between 

approximately 0.35 and 1.70 Gy, the system a l s o  ove res t ima tes  

gamma doses  by 20 t o  6896. Below 0.35 Gy, measured gamma 

r e s u l t s  show significant v a r i a t i o n s  r e l a t i v e  t o  r e fe rence  d a t a  
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with large standard d e v i a t i o n s .  The t o t a l  dose performance 

does not satisfy suggested .f- 40% accuracy requirements foe 

t h i s  system betviean 0 .5  and 20.0 Gy. 

4.  Measurememt p r e c i s i o n s  f o r  t h e  DT-235 systerr, we;%'@ abasst 

atrd 5% f o r  one s tandard  d e v i a t i o n  about t he  m e g ~  f o r  t o t a l ,  

mantrom, and gamma doses  greater  thm about 0.5 Gy, respec- 

t i v a l y .  Below this v a l u ~ . ~  s tandard  d e v i a t i o n s  increased s ig-  

n i f i c a n t l y  for a l l  three dose meaSuPelDcntS.  61S0, p r e c j  8iOP1. 

for neutron measurements was g e n e r a l l y  b e t t e r  than that 

obtained for corresponding ~~~~~ measurements. 

5 .  CB3pser~wdciorms of bosiaetenr response BYBX a 15-day period ind i -  

c a t e d  t h a t  the measured t o t a l  dose decreased  by approximately 

7% r e l a t i v e  t o  t h a t  ob ta ined  two hours  a f t e r  exposamsa. Nen- 

a measurements 

increased  by 11 over itbe 15 day e v a l u a t i o n  per iod .  

6. Average dosimeter  responses  for t o t a l ,  g~~~~~ end neutron mea- 

surements decreased by about a t  exposure angles  of 

45" and WQ, r e s p e c t i v e l y ,  compared t o  the  response  ~ Q X  a 

d i r e c t  incidence i r r a d i a t i o n .  

7. Heating t h e  dosimeter  folPowing exposure can r e s u l t  in a sig-  

n i f i c a n t  r e d a c t i o n  i n  t o t a l  and neutron response. T ~ ~ ~ ~ r ~ ~ ~ ~ ~  

v a r i a t i o n s  below room ~ ~ ~ ~ e r ~ t ~ ~ ~  fol lowing i r r a d i a t i o n  pro- 

&ace r e l a t i v e l y  small e f f e c t s  on m a a ~ a ~ e d  t o t a l  and laentron 

doses.  For the r a d i a t i o n  f i e l d s  considered i n  t h i s  study, the 

IpH& gamma system e x h i b i t s  much g r e a t e r  s e n s i t i v i t y  t o  tempera- 

t u r e  changes than  the n e ~ t . r o n  system. 

8 .  Based on r e s u l t s  o b t a i n e  with dosimeters mounted on polyethy- 

l ene  phantoms, t o t a l  doses m e a s u ~ e d  w i t h  the badgc worn on the 
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ches t  or wrist can be a t  l e a s t  7% and a s  much a s  18% h ighe r  

than  v a l u e s  measured in a i s  depending on t he  i n c i d e n t  spec- 

trum. 

9. P r e - i r r a d i a t i o n ,  p r e c i s i o n ,  and fad ing  c h a r a c t e r i s t i c s  ob- 

served i n  t h i s  s tudy  a r e  c o n s i s t e n t  w i th  r e s u l t s  ob ta ined  i n  

p rev ious  DT-236 system performance eva lua t ions .  

RECOMMENDATIONS 

Based on r e s u l t s  of t h i s  s tudy,  t he  fol lowing recommendations a r e  

submit ted:  

1. Some method t o  i n d i c a t e  proper  W f l a s h t u b e  ope ra t ion  dur ing  

dos imeter  readout  should be cons idered  t o  prevent  p o s s i b l e  

s i g n i f i c a n t  underes t imat ion  of t he  t o t a l  dose.  Without the 

f l a s h t u b e ,  which does not  always ope ra t e  when the  "read" 

swi tch  is depressed ,  t he  gamma dose component based on RPL 

d e t e c t i o n  is  not included i n  the  i n d i c a t e d  t o t a l  dose. A 

des ign  change such a s  an i n d i c a t o r  l i g h t  o r  W l i g h t m e t e r  may 

be necessary  t o  i n d i c a t e  f l a s h t u b e  o p e r a t i o n  under b a t t l e f i e l d  

cond i t ions .  

2. The CP-696 r eade r  output  should be a d j u s t e d  t o  i n d i c a t e  about 

40% lower t o t a l  doses  t o  ensure compliance with performance 

s tandards .  This can be accomplished by decreas ing  the  meter 

i n d i c a t i o n  f o r  analog readout  or dec reas ing  the  c a l i b r a t i o n  

curves  or r eade r  output  for d i g i t a l  readout .  Such a cor rec-  

t i o n  i s  recommended based on observed over responses  of t he  

diode d e t e c t i o n  system t o  f a s t  neut rons  i n  a i r '  and of the  RPL 

system i n  mixed-field c o n d i t i o n s * l .  Th i s  change w i l l  provide 
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measured t o t a l  doses (tissue k c m a )  w i t h i n  2 20% of rcfarsslcc 

r e s u l t s  for a wide range of inc ident  spectra  and doses bc tvaen  

about 0.2 and 1 4 , O  Gy. 

3 .  The convention a s s o c i a t e d  wi th  the indicated doses should % e  

reviewed and, i f  necessary ,  changed t o  correspond t o  reporting 

requirements. The present tissue b r m a  convention is recorn-- 

mended if doses i n  a i r  are d e s i r e d .  However, i f  doses bo per- 

sonnel are required, the convention shoul be changed SO that  

ind ica ted  valoles represent  tiximum absorbed dose t o  the body; 

e.g. ,  element 5'7 d o s e l f .  These convent ions  BEE u s e d  i n  

acc ident  dosimetry experimental s t u d i e s a  sand are recommended by 

i n t e r n a t i o n a l  s c i e n t i f i c  agencies%'.  
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>DIODE CONTACTS 
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Figure  2 .  The U. S.  Army CP-696 b a t t l e f i e l d  dosimeter reader .  
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CP-696 READER ' 

DIGITAL VOLTME 

Figure  3 .  Experimental s e tup  used t o  eva luate  the b a t t l e f i e l d  dos imeters .  
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Table 1 .  Ind ica ted  doses  for  188  DT-236 dosimeters  before i r r a d i a t i o n  

Tota l  0.16-0.56 0.40 0 . 0 9  (22) 

Ne at r on 0 $02-0.38 0 . 1 7  0.07 ( 4 5 )  

Gamma 0.08-0.3 8 0,23 0 . 0 8  (34 )  
-I--.. III-------U---- ----- - ---- -- ---1-11_-...--..-. 

a One standard d e v i a t i o n  about the mean i n  Gy (percent  of the mean of one 
standard deviation). 
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a 
Table 2, Characteristics o f  rad i B. t, i om fie I d s  

None 1.306 0,790 6 . 2  

13-cm s t e e l  0.780 0.430 19.8 

2O-car: c0racret.e 0.6485 0.16% 2 . 2  
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Table 3 ,  Pulse data for the battlefield dosimeter e v a l u a t i o n  

9/16/85 100s None 8.85 3.10 0.50 3 . 6  

9 / 1 8 / 8 5  1806 Concrete 8 * 4 7  0.56 0.25 

9 / 1 9 / 8 5  10 9 . 2 8  1.41 0.1 1.59 

9 / 2 0 / 8 5  1008 L n c i t e  7.11 0.40 .33  8.113 

9 / 2 3 / 8 5  1009 None 6 .69  2.34 0.38 2.72 
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a 
Table 4 .  Keiisilred and re fcreacc  t o t a l  dose d a t e  

9/16/85 

8/16/85 

9/23/85 

9/16/85 

9/23/89 

9/23/85 

9/16/85 

9/13/85 

9/23 I85 

8/23/85 

9 I 1 3  I 85 

911 91 85 

9 / 2 3 / 8 5  

9/16/85 

9/23/85 

9 / 2 4 /  85 

9/18/85 

9/23/85 

9/20/85 

9/16/85 

9/16/85 

No ne 

Nom 

Nons 

None 

None 

Nont? 

None 

None 

None 

None 

None 

S t e e l  

None 

None 

None 

S t e e l  

Concrete 

None 

L a c i t e  

None 

None 

1,43 

1.66 

1.50 

2.06 

2 .oo 
2 . 5 0  

3 .OO 

2.00 

3 -00 

3.50 

3 .oo 
3 .OO 

(1.00 

4.97 

5 .OO 

3.00 

3.80 

6.00 

3 .OO 

7.35 

15 "00 

13 9 8  

10.51 

9 . 6 1  

7 .13  

5 . 6 5  

3.77 

3.60 

3 -30 

2 , 7 2  

2.06 

1.59 

1.59 

1.52 

1.4s 

1.09 

1.05 

0.81 

0.78 

0.77 

0.72 

0.20 

17.01 

1 6 . 4 9  

14 .16  

11.22 

7 . 4 1  

4.59 

4.96 

4.20 

3.45 

2.58 

2.13 

2.03 

2.01 

2 . 0 9  

1.57 

1 . 3 9  

I. .I5 

1.07 

0.99 

0.98 

0.29 

1.22 

1.55 

1.46 

1.54 

1.31 

1.24 

1.38 

1.28 

1.27 

1.25 

1.34 

1.28 

1.32 

1.44 

31.32 

1.42 

1.37 

1.28 

1.36 

1.45 

0.20 (1.2 1 

o.n l (o .7 i  

0.43(3.0) 

0.20 (1. $1 
0.'78(1.l .  1 
O . l O ( 3 . 9 )  

0.13 (2.6) 

0.03(0.7) 

0.07 ( 2  .o 1 
0 .05  QZ .o 
0.03(1.6) 

O . O l ( 0 . 6 )  

0.05 (2.5) 

o.os(3.2) 

O . l O ( 6 . 4 )  

O,Ol(l .O) 

0.09(7.1) 

0.11(10.0) 

0.05 ( 4  . 0 )  

0.07 ( 7 . 4 )  

0.04(15.0) 

C 
Doses g iven  i n  terms of t i s s a e  herma. 

standard d e v i a t i o n  about the mean i n  Gy (percent  of the mean of one 
standard d e v i a t i o n ) .  
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a 
Table 5 .  Measured and re ference  gamma dose  data 

9/16! 85 

9/16/85 

9/23 i s 5  

/16/85 

9/23 / 85 

9S23i85 

9/16/85 

9/13/85 

9/23/85 

9 /23 /  85 

9/13/85 

9/19/85 

8/23 /85 

9/16/85 

9 / 23 / 85 

9/24/85 

9/18/ 85 

9/23/85 

9/20/%5 

3/16/85 

9/16/85 

None 

Mono 

No ne 

Hone 

No ne 

Now€ 

None 

No ne 

No ne 

No ne 

None 

S t e e l  

None 

None 

None 

S t e e l  

Conclre t e 

None 

Luci te  

None 

No ne 

1.43 

1.56 

1 .58 

2.05 

2 .o 
2.58 

3 .oo 
2 .oo 
3 .oo 
3 S O  

3 .QO 

3 .OO 

4.00 

4.97 

5 .O0 
3 -00 

3 -00 

6.8 

3 -00 

7.35 

15 .00 

1.70 

1.32 

1,19 

0.91 

0.72 

8.50  

0.58 

0.42 

0.38 

0.29  

0.22 

0.18 

8.24 

0.22 

0.17 

0.12 

0.25 

0.12 

0-37 

0.12 

0 "04 

2.15 

1.87 

1 .54  

1.41 

0.98 

8.65  

0.83 

0.59 

0.47 
0.33 

0.34 

0.11 

0.27 

0.42 

0.14 

0.06 

8.41 

0.08 

0.48 

0.20 

8.11 

1.26 

1-42 

1.29 

1 .§f 

1.36 

1.3 

1.66 

1.40 

1.24 

1.14 

1.54 

0.61 

1.12 

1.91 

0.82 

0.50 

1.64 

0.67 

1.38 

1.67 

2.75 

0.02 (8.7 1 

0.05  (4.1 

0,05(5.24 

0.12(14.8) 

0.06 ( 9.4) 

0 . 0 4 ( ~ . 6 )  

8.04(11.86 

0.05(15.0) 

8 . 0 3 ( 3 0 . 9 )  

0.04(13.7) 

0.10 (23.1 1 
0.01 (5.4) 

0.02(25.0) 

8 .05 (12 .O) 

0 .04(4 .6)  

.06 t 12.2 1 
0 .OS (23 .0) 

0.02 (20.8 3 

'Doses g iven  i n  terms o f  tissue kerma. 

ne standard d e v i a t i o n  about the mean in Gy (percent  of the mean o f  one 
standard d e v i a t i o n ) .  
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9 / 1 6 l 8 5  

9 / 3.6 I 85 

3/23/85 

9/16/85 

9/23/85 

9/23/85 

9/l6/85 

9/13/85 

91 23 1 85 

9 / 2 3 / 8 5  

9/13/85 

9/19/85 

9/23 1 8 5  

9/16/85 

9 1  23 / 85 

9/24/85 

911 81 85 

9 / 2 3 / 8 5  

9/20/85 

9/16 185 

91 16 I S 5  

None 

None 

None 

Nons? 

No ne 

None 

None 

None 

None 

None 

None 

Steel 

None 

None 

None 

S t e e l  

Cone re t e 

None 

Luc i t.e 

None 

None 

1.43 

1.66 

1.50 

2 .os 
2 .oo 
2.50 

3 .oo 
2.00 

3 .oo 
3.50 

3 .OO 

3 .OQ 

4.88 

4.97 

5.80 

3 .oo 
3 .OO 

6 .OO 

3 -00 

7.35 

15 .OO 

12 -28  

9.29 

8-48 

6.22 

4.93 

3 "27 

3 -10 

2 ,$8  

2,34 

1.77 

1.37 

1.41 

1,38 

1.23 

0.92 

0.93 

0.56 

0,66 

0.40 

0.60 

0.16 

14.86 

14.62 

12 - 6 2  

9.81 

6.44 

4 .04  

4.13 

3.53. 

2 . 9 8  

a - 2 5  

1.79 

1 .a2 

1.74 

1.67 

1. .42 

1.34 

0.74 

1.00 

0.51 

0.78 

0.18 

1 . 2 1  

1 . 5 3  

1 .49  

1.58 

1.31 

1.24 

1.33 

1.25 

1.27 

1.27 

1.31 

1.36 

1.26 

1.36 

1.54 

1.44 

1.32 

1.51 

1.28 

1.30 

1.12 

0.1 g(P.2) 

0.05 (0.5 1 
0.42 (3.3 1 
0.23(2.3) 

0.13(2.0) 

0.08(31.99 

0.12(3.0) 

0.07 (1.91 

O.lO(3.4) 

0 .Q2 I l . 8 )  

0.07 (4.1 1 
0.03 ( 1  . $ I  

0.03(1.8) 

0 . 0 9 ( 5 . 5 )  

0.11 ( 7 . 9 )  

0.11 (8.3 1 
0.08(10.4) 

0.11 (11.2) 

0.08(15.7) 

0.05 ( 6  .O 1 
0 .OB (3.2 1 

---I "..------- _----."~%."̂ ---- ----.----_I ".l 

a Neutron doses  measured i n  a i r  (on r i n g s t a n d s ) .  

bDistance from reactor v e r t i c a l  c e n t e r l i n e  to the dosimeter c e n t e r l i n e .  

c Doses g iven  i n  terms of  t i s s u e  kermcn. 

standard d e v i a t i o n  about the  mean i n  G y  (percent  of the meam o f  one 
standard d e v i a t i o n ) .  
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2 1 .oo a ead a t  room temperature 

S to red  and read  
a t  new temperature 

S to red  and read  a t  
room t empe r a t ux  e 

8 t o r e d  and read  a t  
new temperature 

S to red  and read a t  
mom temperature 

S to red  and read a t  
E~BW temperature 

S to red  and read  a t  
room temperature 

24 0.77 

28 0.86 

48 0.77 

52 0.81 

72 0.77 

76 0.81 

1 .oo 

1 .OQ 

0.99  

1.01 

0.99 

1.03 

0 .96  

1 .00 

0 . 7 6  

0.79 

0.76 

0.76 

0.75 

0.76  

1 .oo 

1 .00 

0 .99  

0 . 9 8  

1 .00 

0.97 

0.97 

1 .oo 

0.84 

1.25 

0.81 

1.08 

0.85  

1.12 

1 .oo 

1.22 

0.93 

1.13 

0.92 

1.27 

0.87 

easnxed dose d i v i d e d  by t he  va lue  measured a t  room temperature two hours a f t e r  
exposure. 

o t  temperature = 45" C. 

c Cold temperature = 00 C. 

%oom temperatnre = 200 C. 



3 8  

T a b l e  8 .  T o t a l  dose  r e s p o n s e  0x1 t o r s o  and arm phantoms 

r e l a t i v e  t o  t h e  responsc i n  a i r  B 

-------- ____ll_l-.__\ ---c - --".*..J.--I-I---̂ I .-.-....-- 

R a t i o  of  phantom-to-a i r  measured t Q t . a l  doses 

U n s h i e l d e d  1 . 1 5  1 .07  

S t e e l  1 .18 1 . 1 0  

C o n c r e t e  1 . 0 7  1 . 0 8  

L u c i t e  1 .07 1 . 1 2  

a 
Measurements  made with d o s i m e t e r  c e n t e r l i n e s  a t  3 m e t e r s  from the RPRR. 

torso s e c t i o n  -I e l l i p t i c a l  20 cm x 30 cm c r o s s  s e c t i o n  
and 40 cm h i g h ,  Phantom is  made of  p o l y e t h y l e n e  and  f i l l e d  w i t h  t a p  
w a t e r .  

B O W  a rm s e c t i o n  - r i g h t  c i r c u l a r  c y l i n d e r  1 0  cut i n  d i a m e t e r  and 40 car 
h i g h .  Phantom i s  made of p o l y e t h y l e n e  a n d  f i l l e d  w i t h  t a p  water. 

c 
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