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FOURTH AEC WORKSHOP ON PERSONNEL NEUTRON DOSIMETRY 

The f i r s t  AEC Workshop on Personnel Neutron Dosimetry was he ld  Sep- 

tember 23-24, 1969 i n  Bethesda, Maryland and repo r ted  as BNWL-1340. The 

second Workshop was h e l d  J u l y  8-9, 1971 i n  New York City and repo r ted  as 

BNWL-1616. A t h i r d  Workshop was he ld  March 16-17, 1972 i n  Savannah R i ve r  

P lan t ,  Georgia, b u t  no doc~~mented  summary o f  t h e  t h i r d  Workshop was p re -  

pared. The f o u r t h  Workshop was h e l d  June 14-15, 1973 i n  Miami Beach, 

F l o r i d a  immediate ly  preceding t h e  annual Hea l t h  Phys ics Soc ie t y  meeting. 

T h i s  r e p o r t  presents  a  summary o f  t h e  i n f o r m a t i o n  presented and d i s -  

cussed a t  t he  f o u r t h  Workshop. The e d i t o r  has prepared t h e  Summary o f  

Discuss ions and p resen ts  i t  as h i s  rev iew o f  t h e  d iscuss ions  - n o t  t he  

papers presented. It was n o t  reviewed by t he  p a r t i c i p a n t s .  Readers o f  

t h i s  r e p o r t  a r e  urged t o  read t h e  p a r t i c - i p a n t s '  surr~maries f o r  s p e c i f i c  

i n f o r m a t i o n  on personnel neu t ron  dos imeter  developments and t o  con tac t  t h e  

p a r t i c i p a n t s  d i r e c t l y  f o r  t h e  bes t  c u r r e n t  s t a t u s  o f  any p a r t i c u l a r  program. 

Note a1 so t h a t  a1 1 g raph ic  m a t e r i a l s  were reproduced d i r e c t l y  f rom t h e  

copy p rov ided  t o  t h e  e d i t o r  and vary  w i d e l y  i n  r ep roduc t i on  q u a l i t y .  



P a r t i c i p a t l t s  

R. G. A l s m i l l e r  
Neutron Physics D i v i s i o n  
Oak Ridge Nat iona l  Laboratory  
P. 0. Box X 
Oak Ridge, TN 27830 

Klaus Becker 
Hea l th  Physics D i v i s i o n  
Oak Ridge Nat iona l  Laboratory  
P. 0. Box X 
Oak Ridge, TN 27830 

D r .  R. S. Caswell 
Center f o r  Rad ia t i on  Research 
Nat iona l  Bureau o f  Standards 
Washington, D. C .  20234 

W. G. Cross 
B io logy  & Hea l th  Physics D i v i s i o n  
Chal k  R iver  Nat iona l  Laboratory  
Atomic Energy o f  Canada 
Chal k  R iver ,  Ont., Canada 

Jan Cusimano 
Hea l th  Physics Labora to ry  
U. S.  Atomic Energy Commission 
P. 0.  Box 2108 
Idaho Fa1 l s ,  I D  83401 

Car l  D i  s t e n f e l  d 
Associated U n i v e r s i t i e s ,  I n c .  
Brookhaven Nat iona l  Laboratory  
Upton, NY 11 973 

B i l l  Endres 
Bat te l le -Nor thwest  
P. 0 .  Box 999 
Richland, WA 99352 

Roger Fa1 k  
The Dow Chemical Company 
Rocky F l a t s  D i v i s i o n  
P. 0. Box 888 
Golden, CO 80401 

Richard V .  G r i f f i t h  
Hazards Cont ro l  Department 
Lawrence Livermore Labora to ry  
P. 0. Box 808 
Livermore, CA 94305 

~ d w i n  G.  Gupton 
Hea l th  Physics D i v i s i o n  
Oak Ridge Nat ional  Laboratory  
P. 0. Box X 
Oak Ridge, TN 27830 

Ferene Ha j nal  
Rad ia t i on  Physics D i v i s i o n  
U. S. Atomic Energy Commission 
Hea l th  and Safety  Lab.-NY 
376 Hudson Avenue 
New York, NY 1001 4  

Dale E. Hankins 
Los Alamos S c i e n t i f i c  Laboratory  
P. 0. Box 1663 
Los Alamos, NM 87544 

Jack Hoy 
E. I. duPont de Nemours and Co. 
Savannah R i  ver  P lan t  
A i  ken, SC 29801 

K. R. Kase 
Stan fo rd  L inear  Acce le ra to r  Center 
P. 0. Box 4349 
Stanford,  CA 94305 

Lowel l  N icho ls  
Ba t te l le -Nor thwest  
P.  0.  Box 999 
Richland, WA 99352 

Ralph H. Thornas 
Hea l th  Physics Department 
Lawrence Berkeley Labora to ry  
U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, CA 94720 

Car l  M. Unruh 
B a t t e l l  e-Northwest 
P. 0. Box 999 
Richland, WA 99352 

E. J. V a l l a r i o  
D i v i s i o n  o f  Operat ional  Sa fe t y  
U. S. Atomic Energy Commission 
Washington, D. C .  20545 



Car l  -0- Wide l l  
Studsv i  k  
AB ATOMENERGI 
Fac k  
61 1  01 Nykopi ng 1  , Sweden 

P a r t i c i p a n t s  (contd)  

T. J. Yule 
Argonne Nat iona l  Labora to ry  
App l ied  Phys ics D i v i s i o n  
9700 South Cass Avenue 
Argonne , Ill i n o i  s  60439 



SUMMARY OF DISCUSSIONS 

A wide v a r i e t y  o f  d iscuss ions  and commentary was presented du r i ng  t h e  

two day workshop session. The i n fo rma l  n a t u r e  o f  these workshops was bene- 

f i c i a l  i n  t h a t  t h e  p a r t i c i p a n t s  spoke f r e e l y  o f  t h e i r  work i n  progress, 

t h e i r  successes, and t h e i r  problems o r  d i f f i c u l t i e s .  The exchange was 

f r u i t f u l  and a  c o n t i n u a t i o n  o f  these workshops on an annual t o  18 month 

frequency i s  judged app rop r i a te .  It was p a r t i c u l a r l y  po in ted  o u t  a t  t h i s  

f o u r t h  workshop t h a t  many AEC con t rac to r s  a r e  do ing  r e l a t e d  development 

work and through t h e  workshop media, e a r l y  i n f o r m a t i o n  exchange and t r a n s -  

f e r  o f  ideas i s  accomplished. T h i s  t r a n s f e r  o f  ideas i s  b e n e f i c i a l ,  bo th  

i n  expanding R&D r e l a t i n g  t o  personnel neut ron dos imetry  and min im iz ing  

development cos t s  by i d e n t i f y i n g  unproduc t i ve  areas o f  s tudy.  I n  t h e  f o l -  

l ow ing  t e x t ,  summaries o f  t h e  p resen ta t ions  a r e  i nc l uded  as presented by 

t h e  p a r t i c i p a n t s .  Not a l l  p a r t i c i p a n t s  p rov ided  summaries f o r  t h e i r  r e p o r t s  

and, u n f o r t u n a t e l y ,  t h e  c o n t r i b u t i o n s  f rom those who f a i l e d  t o  p rov ide  sum- 

maries cannot be inc luded .  

Improved neutron dosimeters a r e  becoming a v a i l a b l e  i n  many coun t r i es .  

A  thermal neut ron mon i t o r i ng  system based on a  TLD powder i s  a v a i l a b l e  com- 

m e r c i a l l y  i n  England and, s u r p r i s i n g l y ,  f o r  about  $2.25 per  u n i t .  Sw i tze r -  

l and  i s  us i ng  a  t ho r i um f o i l  f i s s i o n  fragment d e t e c t o r  w i t h  a  spark coun te r  

system f o r  eva lua t i on .  Thorium th icknesses o f  0.0005 inches a r e  used w i t h  

no s h i e l d i n g  p rov ided  around t he  thor ium.  Some have used a  uranium-235 

a l l o y  and a  t ho r i um f o i l  i n  f i s s i o n  fragment d e t e c t o r  t ype  neut ron dosimeters.  

The Kar ls ruhe  f a c i l i t y  i s  s t udy ing  t h e  wearing o f  neut ron dosimeters on 

bo th  t h e  f r o n t  and back o f  t h e i r  workers and i s  p lann ing  t o  r e p o r t  these 

r e s u l t s  i n  t h e  IAEA neutron meet ing proceedings. Germany i s  us i ng  a  f i n g e r  

r i n g  f o r  neut ron mon i to r ing ,  u t i l i z i n g  a  thor ium f o i l  and spark coun t ing  

system. Some smal l  dose t o  t he  f i n g e r  r e s u l t s  f rom t h e  thor ium f o i l  du r i ng  

t h e  wearing per iod .  They fee l  t h e  exposure i s  n o t  s i g n i f i c a n t  and i s  

rece ived,  o f  course, o n l y  by t h e  few people wearing t h e  r i n g .  The Eng l i sh  

a r e  a l s o  us ing  a  p r e c i s i o n  long  coun te r  w i t h  a  TLD m a t e r i a l  r e p l a c i n g  t h e  

BF3 tube  f o r  neut ron dose measurement. 



Car l  -0- W ide l l  f rom Sweden repo r ted  on t h e  use o f  diodes o f  a few rnm 

i n  dimensions f o r  mon i t o r i ng  f a s t  neutrons. Some fad ing  problems w i t h  t h i s  

dev ice  a r e  e v i d e n t  a1 though hea t i ng  i n  bo i  1 i n g  water improved cons is tency  

o f  t h e  response. The use o f  a 0.4 second pu lse  read ing  technique avoided 

d iode  readout  hea t i ng  problems. The diodes a r e  b a s i c a l l y  used as an emer- 

gency f a s t  neu t ron  dosimeter w i t h  a lower  d e t e c t i o n  range o f  about  0.6 rads  

i f  i n d i v i d u a l l y  c a l i b r a t e d .  Cost i s  about  $10 per u n i t  and t h r e e  t o  f o u r  

suppl i e r s  a r e  ava i  1 ab l  e. 

A t  t h e  c u r r e n t  s t a t e  o f  development, spark coun t ing  s t i l l  appears t he  

bes t  method f o r  r a p i d  e v a l u a t i o n  o f  f i s s i o n  t r a c k  de tec to r  f o i l s .  There 

may be some i n t e r e s t  .in us ing  very  low energy e l e c t r o n s  i n s t e a d  o f  spark 

coun t i ng  f o r  d e t e c t i o n  o f  f i s s i o n  f ragment  t r acks .  

There a r e  l i n e  scanning coun te rs  now a v a i l a b l e  and p robab ly  n o t  a. l o t  

o f  improvement can be made i n  t h e i r  performance. The c o s t  i s  h i g h  - runn ing  

$20,000 t o  $70,000 p e r  u n i t  - and many have exper ienced h i g h  maintenance 

c o s t s  and cons ide rab le  down t ime  w i t h  these scanners. 

Some a r e  i n v e s t i g a t i n g  t h e  use of a l a s e r  l i g h t  s c a t t e r i n g  such as 

b i o l o g i s t s  use on b lood  c e l l  work f o r  d i r e c t  coun t ing  o f  f i s s i o n  fragment 

t r a c k s .  

Considerable d i scuss ion  aga in  t ook  p lace  on t h e  "mer i t s "  ( l i m i t s )  of 

NTA f i l m .  A l so  t h e  need t o  p rov ide  mo is tu re -p roo f  packaging o f  NTA f i l m  

were reviewed. There was some d isappointment  expressed t h a t  Kodak con- 

t i n u e s  t o  use a p l a s t i c  packaging m a t e r i a l  f o r  t h e i r  f i l m  w h i l e  o t h e r  

i n d u s t r y  packagers use an a lumin ized  p l a s t i c .  The French and Swiss have 

repo r ted  no problems f rom hum id i t y  even under water  w i t h  t h e i r  aluminum 

f o i l  s e a l i n g  f o r  NTA f i l m .  Sweden repo r ted  us ing  NTA f i l m  i n  a non-water 

p r o o f  package i n  humid i t y  up t o  60 percen t  w i t h  f a d i n g  f a c t o r s  no g r e a t e r  

than  two. Most s u r p r i s i n g  i s  t h e  c o n t i n u i n g  evidence t h a t  many groups a r e  

us ing  NTA f i l m  imp rope r l y  and have f a i l e d  t o  recogn ize  i t s  l i m i t a t i o n s .  

The ques t i on  was asked, "How many p l a n t  managers r e a l l y  want c o r r e c t  

o r  much improved neu t ron  dos imetry  w i t h  t h e  accompanying r i s k  o f  f i n d i n g  

h i ghe r  neu t ron  doses?" The a c t i v i t i e s  a t  most AEC c o n t r a c t o r  f a c i l i t i e s  



would demonstrate a s i nce re  d e s i r e  by t h e  Hea l t h  P h y s i c i s t s  a t  these f a c i l i -  

t i e s  t o  a c c u r a t e l y  eva lua te  worker neu t ron  doses. Con t rac to rs  have gone t o  

g r e a t  l eng ths  t o  develop new dos imeters  and have even r e s o r t e d  t o  t i m e  and 

mot ion  neu t ron  dose s tudy  es t imates  when dos i~ i i e t e r s  were n o t  a v a i l a b l e .  

With regard  t o  Albedo-neutron dosimeters,  t h e  energy response charac- 

t e r i s t i c s  were aga in  rev iewed i n  depth.  Most agreed t h e  p rob le~ i i  i s  one o f  

c a l i b r a t i o n  and some knowledge o f  t h e  neu t ron  spectrum i n  t h e  work areas. 

The c u r r e n t  bes t  o p e r a t i n g  ph i losophy  i s  t o  c a l  i b r a t e  a1 bedo neu t ron  d o s i -  

meters i n  a neu t ron  spectrum c l o s e l y  matching t h a t  t o  which they  w i l l  be 

exposed. With p roper  hand l ing  and a p p r o p r i a t e  c o n d i t i o n s  o f  use, these 

dos imeters  appear t o  be b e t t e r  than  many o the rs  c u r r e n t l y  a v a i l a b l e ;  how- 

ever, when they  a r e  used i n  w ide l y  v a r y i n g  neu t ron  spectrums where a c a l i -  

b r a t i o n  cannot  be dev ised t o  d u p l i c a t e  exposure c o n d i t i o n s ,  t h e i r  accuracy 

w i l l  decrease s u b s t a n t i a l l y .  

Exper imental  r e s u l t s  f o r  comp le te ly  cadmium encasing albedo TDL d o s i -  

meters were reviewed. The bas i c  advantages appear t o  be t h a t  a comp le te ly  

encased dos imeter  does n o t  need t o  be i n  "near con tac t "  w i t h  t h e  body and 

does n o t  have a f r o n t  and back s i de .  These advantages should be cons idered 

w i t h  t h e  disadvantage of  a l o s s  of s e n s i t i v i t y  by about  a f a c t o r  o f  10. 

Ove ra l l ,  t h e  a c t u a l  performance of each albedo dos imeter  used needs t o  

be eva l  uated. General r u l e s  f o r  performance a r e  d i f f i c u l t  t o  develop.  It 

appeared t h a t  t h e  t o t a l l y  covered cadmium system tended t o  over -es t imate  t h e  

dose as t h e  energy approached thermal  whi 1 e t h e  p a r t i a l  l y  covered cadmi um 

system prov ided  b e t t e r  response f o r  t h e  near thermal r eg ion .  

Working around acce le ra to r s ,  t h e  neu t ron  t o  gamma exposure r a t i o s  

change r a p i d l y .  The l a r g e  p ro ton  component may c o n t r i b u t e  90 percen t  o f  

t h e  t o t a l  f l u x .  For  t h i s  t y p e  o f  f a c i l  i t y ,  t h e  a c c e l e r a t o r  exper imenters  

may r e c e i v e  exposure p r i m a r i l y  f rom neut rons w h i l e  t h e  maintenance crews 

w i  11 r e c e i v e  exposure p r i m a r i l y  f rom gamma r a d i a t i o n .  A1 1 - in-a1 1, one 
Ow p robab ly  needs severa l  types o f  neu t ron  dos imeters  f o r  work around d i f f e r -  

e n t  acce le ra to r s .  It would appear t o o  much t o  ask f o r  a s i u g l e  dev i ce  t o  

cover  a l l  neu t ron  energy ranges. 



Russian d a t a  seems t o  i n d i c a t e  t h a t  NTA f i l m  p r o v i d e s  an overeva lua -  

t i o n  o f  dose around h i g h  energy a c c e l e r a t o r s .  The use o f  t h i c k  f i l m  err~ul- 

s i o n s  f o r  energ ies  above 50 MeV shou ld  n o t  be over looked.  Many be1 i e v e  

t h a t  NTA f i l m  w i l l  d e t e c t  p ro tons  o n l y  up t o  20 o r  maybe 50 MeV. The NTA 

f i l m  w i l l ,  o f  course,  see a cascade of p ro tons  o r i g i n a t i n g  f r o m  a v e r y  

h i g h  energy p r o t o n  i n t e r a c t i o n .  The use of a v e r y  t h i c k  L-4 emuls ion can 

be o f  v a l u e  a l t h o u g h  one needs some exper ience  i n  scanning such an emuls ion 

t o  a p p r e c i a t e  i t s  use. Fogging i s  n o t  n o r m a l l y  as s e r i o u s  as many b e l i e v e .  

Even 100 mrads o f  gamma dose w i l l  n o t  e x c e s s i v e l y  f o g  an L-4 emulsion.  

Proper use o f  such t h i c k  emulsions r e q u i r e s  s tudy,  equipment, and a know- 

l e d g e  o f  t h e i r  p r o p e r t i e s  t h e  same as t h e  p r o p e r  use o f  any o t h e r  neu t ron  

dos imete r  system. F o r  example, i t  w i l l  t a k e  about  one week t o  p r o p e r l y  

process such a t h i c k  emulsion.  

One can use Bonner spheres w i t h  g o l d  f o i l s  f o r  t h e  d e t e c t o r  i n  t h e  

spheres and g e t  good r e s u l t s  f o r  n e u t r o n  does as l o w  as 1 mrem. The f i s -  

s i o n  f ragment  method used w i t h  Bonner spheres may be good t o  0.1 mrem. 

A l though  n o t  commonly p r a c t i c e d ,  some advocate t h a t  one shou ld  con- 

s i d e r  e t c h i n g  t h e  f i s s i o n  f ragment  m a t e r i a l s  w i t h  l o w  temperatures t o  a v o i d  

annea l ing .  Even 60" c e n t i g r a d e  i s  t o o  h i g h  a temperature  f o r  p rocess ing .  

Personnel n e u t r o n  m o n i t o r i n g  programs a r e  d i r e c t i n g  c o n s i d e r a b l e  a t t e n -  

t i o n  t o  c a l i b r a t i o n  and s tandards.  There i s  a l a r g e  c u r r e n t  i n t e r e s t  i n  

neu t rons  i n  t h e  1 keV t o  h i g h e r  energy ranges. The U.S. Bureau o f  Standards 

i s  s t u d y i n g  c a l i b r a t i o n s  i n  these  energy ranges b u t  i s  n o t  y e t  i n  a p o s i -  

t i o n  t o  p r o v i d e  such s e r v i c e s .  The use of beam s p l i t t e r s  a t  r e a c t o r s  such 

as t h e  i r o n  25 keV n e u t r o n  window and t h e  scandium f i l t e r  f o r  2 keV neu t rons  

a r e  b e i n g  cons idered.  The Bureau o f  Standards may p r o v i d e  some o f  these  

c a l i b r a t i o n s  w i t h  sma l l  beam s i z e s  l a t e  i n  FY-74 a t  t h e  e a r l i e s t .  They may 

a1 so i n v e s t i g a t e  a s i l i c o n  f i l t e r  f o r  144 keV neu t rons .  Some d i s c u s s i o n  o f  

americium-241 g row- in  i n  Pu n e u t r o n  sources serves t o  remind those  u s i n g  

Pu n e u t r o n  sources t h a t  n e u t r o n  source emiss ion  r a t e s  need t o  be e v a l u a t e d  

f r o m  t i m e - t o - t i m e .  

Growth i n  t h e  number o f  medica l  f a c i l i t i e s  d o i n g  n e u t r o n  work i n d i c a t e s  

t h a t  some f i v e  f a c i l i t i e s  a r e  c u r r e n t l y  i n v o l v e d  i n  t h i s  a c t i v i t y  i n  t h e  

U n i t e d  S t a t e s .  

-8- 



Discuss ion  o f  t h e  s t a b i l i t y  and r e p r o d u c i b i l i t y  o f  TLD ch ips  i n d i c a t e d  

t h e r e  was s u b s t a n t i a l  improvement i n  matching batches, b u t  t h a t  d i f f e r e n c e s  

between batches were s t i l l  a problem. E a r l y  evidence i n d i c a t e s  batches may 

match q u i t e  w e l l  i n i t i a l l y  bu t  w i l l  b u i l d  up s u b s t a n t i a l  d i f f e r e n c e s  w i t h  

use and repeated anneal ing.  A1 1 should be a l e r t  t o  recheck ba tch  matches 

a t  va r i ous  t imes. An i n i t i a l  s i n g l e  check upon r e c e i p t  o f  o rde r  i s  n o t  

adequate. 

Ques t ions  were r a i s e d  concern ing t he  u n i f o r m i t y  of po l ye thy lene  den- 

s i t y .  P a r t i c u l a r l y ,  i t  was mentioned t h a t  d e n s i t y  v a r i a t i o n s  between v a r i -  

ous spheres i n  a s e t  o f  Bonner spheres should be checked c a r e f u l l y .  

Canada repo r ted  m o n i t o r i n g  about  100 people w i t h  neptunium-237 i n  per -  

sonnel dos imeters .  They a r e  us ing  about 600 micrograms per  dos imeter  which 

may g i v e  r i s e  t o  a dose o f  about  35 mrads per  year .  The neptunium sources 

a r e  made as t h i n  as p o s s i b l e  w i t h  a su r f ace  area o f  about  t h ree  square 

cen t imete rs .  

I n  summary, l o t s  o f  new work was repor ted .  A l l  i n v e s t i g a t o r s  i n  t h e  

personnel neu t ron  dos imet ry  f i e l d  a r e  encouraged t o  p u b l i s h  t h e i r  f i n d s  as 

soon as poss ib l e .  Many f a c e t s  of t h e  work i n  t h i s  f i e l d  a r e  n o t  w e l l  under- 

s tood and a r e  n o t  w e l l  documented. D e f i n i t i v e  s tud ies  a r e  s t i l l  needed. 

Progress i s  be ing made - b u t  s low ly .  Personnel neut ron dos imeter  develop- 

ment work i s  d i f f i c u l t ,  b u t  a r e a l  need f o r  improved dosimeters e x i s t  and 

c o n t i n u i n g  work l e a d i n g  toward a b e t t e r  f u l l - n e u t r o n  energy spec t ra  dosim- 

e t e r  o r  f a m i l y  o f  dos imeters  i s  encouraged. 



THE CALCULATED RESPOIVSE OF ALBEDO-NEUTRON DOSIMETERS 
TO NEUTRONS WITH ENERGIES 2400 MeV* 

R. G. A l s m i l l e r  and J. Bar ish  
Oak Ridge Nat ional  Laboratory 

Oak Ridge, TN 37830 

The ca l cu la ted  response o f  several  albedo-neutron dosimeters t h a t  use 

6 ~ i ~  as the  neutron sensing element was presented f o r  neutron energies 

<400 MeV. For each o f  t h e  dosimeter geometries considered, r e s u l t s  were - 
presented f o r  bo th  monoenergetic and cont inuous i n c i d e n t  neutron spectra 

and f o r  both normal ly  and i s o t r o p i c a l l y  i n c i d e n t  neutron f luences.  Data 

were g iven t o  i n d i c a t e  t h e  e f f e c t  on the  response o f  an a i r  gap between t h e  

dosimeter and t h e  t i s s u e  phantom. 

I n  general ,  i t  i s  found t h a t  t he  r e l a t i v e  response o f  t h e  dosimeters 
6 considered, i .e . ,  t h e  r a t i o  o f  t h e  neutron-absorpt ion reac t i ons  i n  t h e  L i F  

t o  t h e  dose equ i va len t  i n  t he  t i s s u e  phantom, i s  n o t  a t  a l l  constant  as a 

f u n c t i o n  o f  i n c i d e n t  neutron energy as i t  would be f o r  an i dea l  dosimeter.  

The r e s u l t s  o f  these s tud ies  a re  repor ted  i n  ORNL-TM-3984 (Dec. 1972) 

which bears t h e  same t i t l e  and has t h e  same authors as t h i s  summary. 

* Research sponsored by t h e  U. S. Atomic Energy Commission under c o n t r a c t  
w i t h  t h e  Union Carbide Corporat ion. 



SUMMARY OF SOLID-STATE NEUTRON PERSONNEL DOSIMETRY RESEARCH AT ORNL* 

Klaus Becker 
Oak Ridge Nat iona l  Labora to ry  

Oak Ridge, Tennessee 37830 

1. Photographic F i l m  

There a r e  s t i l l  l a b o r a t o r i e s  which use photographic  f i l m s  i n  personnel 

neut ron dos imetry  ( e i  t h e r  conven t iona l  emu1 s ions  f o r  " thermal neu t ron  dosini- 

e t r y , "  o r  t r a c k  emulsions f o r  f a s t  neutrons; w i t h  t he  o l d  idea o f  a  t h i c k  

hydrogenous cover  f o r  es tab l  i shing r e c o i  1  p ro ton  e q u i l  i b r i  um up t o  h i ghe r  

energ ies be ing r e v i v e d  a t  one l a b o r a t o r y ) .  It w i l l ,  t he re fo re ,  be o f  

i n t e r e s t  t o  rev iew some recen t  l a b o r a t o r y  and f i e l d  t e s t  data obta ined by 

ou r  own as w e l l  as by o the r  groups concerning t h e  l a t e n t  image s t a b i l i t y  

( f a d i n g )  i n  bo th  types o f  emulsions a t  h i ghe r  h u m i d i t i e s  and temperatures. (1  

Care fu l  s e a l i n g  o f  t he  f i l m s  i n t o  polymers o r  polymer-metal combina- 

t i o n s  delays, b u t  does n o t  prevent  t h e  p e n e t r a t i o n  o f  humid i t y  which i s  

l a r g e l y  r espons ib l e  f o r  t he  f ad ing .  Mechanisms and k i n e t i c s  o f  phys ica l  

f a d i n g  ( thermal d i s s o c i a t i o n  a t  t he  sub la ten t  development cen te r )  and t he  

more impor tan t  chemical f a d i n g  ( c a t a l y t i c  H202 product ion,  r e s u l t i n g  i n  t h e  

o x i d a t i o n  o f  Ag4 aggregates) a r e  b r i e f l y  discussed. We be l i eve  t h a t  t h e  

use o f  NTA f i l m s  i n  t h e i r  p resen t  form produces g r o s s l y  m is lead ing  r e s u l t s  

i n  many, i f  n o t  most l o c a t i o n s  du r i ng  a t  l e a s t  p a r t  of t h e  year .  Substan- 

t i a l  f a d i n g  e r r o r s  may even occur i n  t h e  convent iona l  emulsion f o r  X-  and 

y - r a d i a t i o n  dos imetry  such as Kodak PM Type 2. 

Un fo r t una te l y ,  t h e  search f o r  a  replacement o f  t h e  NTA f i l m  i n  f a s t  

neut ron personnel dos imetry  has n o t  y e t  produced a  comple te ly  s a t i s f a c t o r y  

r e s u l t ,  b u t  encouraging progress has been made i n  severa l  areas. 

* Research'sponsored by t h e  U. S. Atomic Energy Commission under c o n t r a c t  
w i t h  t h e  Union Carbide Corporat ion.  



Var ious ' i nves t iga to rs  have attempted t o  inc rease  t h e  1 ow i n h e r e n t  f a s t  

neut ron s e n s i t i v i t y  o f  i no rgan i c  thermol uminescent (TL) m a t e r i a l s  by m ix i ng  

them w i t h  l i q u i d  o r  s o l i d  o rgan ic  r e c o i l  p ro ton  r a d i a t o r s ,  b u t  a l l  t h e  sys- 

tems descr ibed  so f a r  r e q u i r e  t h e  separa t ion  o f  t h e  c o n s t i t u e n t s  p r i o r  t o  

eval  ua t ion ,  because most hydrogen-r ich o rgan ic  compounds evaporate and/or 

d i s i n t e g r a t e  a t  temperatures we1 1 be1 ow those which a r e  r e q u i r e d  f o r  t h e  

read-ou t  and annea l ing  o f  t h e  more s t a b l e  TLD m a t e r i a l s .  Cover ing o f  TL 

phosphor l a y e r s  w i t h  r a d i a t o r s  r e s u l t s  i n  a  s t r ong  neut ron energy depen- 

dence. Organic TL phosphors fade r a p i d l y  and/or a r e  ve ry  i n s e n s i t i v e .  

I n  ou r  r e c e n t  studies,")  f i n e l y  powdered (<4 pm), h i g h l y  s e n s i t i v e  

and s t a b l e  TL phosphors such as CaS04:Dy, CaS04:Tm o r  Mg2Si04:Tb have been 

embedded i n t o  h i gh -me l t i ng  organics,  f o r  i ns tance  p-quaterphenyl  o r  

p-sexaphenyl (M. P.  ~ 4 5 0 ° C ) ~  f o r  f a s t  neu t ron  dos imetry  v i a  r e c o i l  p ro ton  

r e g i s t r a t i o n .  If exposed t o  t h e  mixed r a d i a t i o n  f i e l d  o f  t h e  HPRR, such 

de tec to r s  e x h i b i t  a  response t h r e e  t imes h ighe r  than Teflon-embedded phos- 

phors hav ing t h e  same gamma r a d i a t i o n  s e n s i t i v i t y ,  t h e  response d i f f e r e n c e  

be ing due t o  t h e  f i s s i o n  neut rons.  T h i s  i n d i c a t e s  about 50 percent  e f f i -  

c i ency  o f  t h e  r e c o i l  p ro tons  i n  produc ing a TL s i g n a l  i n  t h e  phosphor. 

For 14 MeV neu t rons  f rom t h e  (d,T) r e a c t i o n ,  t h e  response r a t i o  i s  10. 

The d e t e c t o r s  a r e  prepared by ho t -p ress ing  t h e  c o n s t i t u e n t s  i n t o  re -usab le  

p e l l e t s ,  f o l l o w e d  by out -gas ing i n  a  vacuum furr iace p r i o r  t o  f i r s t  use. An 

inc rease  i n  t he  v i s i b l e  l i g h t  s e n s i t i v i t y  was observed o n l y  i n  t h e  

p-sexaphenyl embedded ( n o t  i n  t h e  Teflon-embedded) m a t e r i a l .  

The w i d e l y  used LiF:Mg,Ti (TLD-100, 600, and 700) should n o t  be assumed 

t o  be p e r f e c t l y  stab1 e. I n  f i e l d  t e s t s ,  up t o  23 percen t  f a d i n g  has been 

observed d u r i n g  3 months o f  s to rage  i n  t r o p i c a l  c l  imates. Other phosphors 

such as CaS04:Dy and MgZSi04:Tb a r e  much more s t a b l e .  Other phosphors 

a r e  be ing developed a t  ORNL. 



3. TSEE 

It has been r e p o r t e d  p r e v i o u s l y  (3'4) t h a t  t h e  d i f f e r e n c e  i n  t h e  

response o f  p a i r s  o f  ceramic Be0 d i s c s  can be used f o r  t h e  i n t e g r a t i n g  mea- 

surement o f  f a s t  neut rons between a t  l e a s t  0.1 and 20 MeV ( t h e  f ace  o f  one 

o f  t h e  d i s c s  i s  covered w i t h  a hydrogenous r a d i a t o r  such as po lye thy lene ,  

and o f  t h e  o t h e r  w i t h  a non-hydrogenous low-Z m a t e r i a l  such as g r a p h i t e  o r  

T e f l o n ) .  I n  t h e  1972 ORNL Dosimetry In tercompar ison Study, t he  TSEE r e s u l t s  

f o r  neu t ron  and gamna r a d i a t i o n  measurements a t  t he  HPRR r e a c t o r  were 

encouraging. ( 5 )  I n  f u r t h e r  s tud ies  on t h i s  method, t h e  d i r e c t i o n a l  response 

o f  s imple and more complex m u l t i - d e t e c t o r  u n i t s  has been i n v e s t i g a t e d .  

For a s i n g l e  rad ia to r - cove red  de tec to r ,  t he  response drops r a p i d l y ,  as 

expected, once t h e  ang le  o f  neu t ron  inc idence  approaches o r  exceeds $90". 

The d i r e c t i o n a l  response becomes l e s s  pronounced w i t h  i nc reas ing  neu t ron  

energy. Another arrangement c o n s i s t s  o f  p l a c i n g  one r a d i a t o r  between two 

Be0 d i sks .  Wi th  t h e  two r a d i a t o r - d e t e c t o r  i n t e r f a c e s  be ing read ou t ,  a 

much l e s s  d i r e c t i o n a l  dependent response i s  observed. I n  a d d i t i o n ,  i n f o r -  

mat ion  on t h e  d i r e c t i o n  o f  neu t ron  inc idence  can be ob ta ined  f rom t h e  evalua-  

t i o n  o f  such a dosimeter.  (6) An even more accura te  l o c a l  i z a t i o n  o f  t h e  

d i r e c t i o n  o f  neu t ron  inc idence  i s  poss ib l e  w i t h  a cub i ca l  u n i t  c o n t a i n i n g  

s i x  de tec to r s .  ( 5 )  Also, i n f o r m a t i o n  on t h e  average energy and energy d i s -  

t r i b u t i o n  o f  f a s t  neut rons up t o  h i g h  energ ies can be obta ined by e i t h e r  

measuring t h e  neu t ron  response as a f u n c t i o n  o f  r a d i a t o r  th ickness,  o r  by 

p l a c i n g  absorbers o f  d i f f e r e n t  th ickness  between t h e  ( t h i c k )  r a d i a t o r  and 

t h e  TSEE d e t e c t o r .  Some i m p l i c a t i o n s  o f  these r e s u l t s  f o r  personnel and 

area mon i t o r i ng  were discussed. Attempts t o  des ign a neut ron personnel 

dosimeter cove r i ng  a wide neu t ron  energy range was mentioned. It i s  based 

on a combinat ion o f  albedo techniques f o r  low and i n te rmed ia te  neut ron 

energ ies and r e c o i l  p ro ton  r e g i s t r a t i o n  f o r  h igher  neu t ron  energies,  b u t  

would r e q u i r e  o n l y  a s i n g l e  dos imeter  read-out .  

4. Track E tch ing  

A new spark counter  has been designed f o r  i n v e s t i g a t i n g  t h e  e f f e c t  o f  

ambient temperature,  humid i t y ,  and a i r  pressure on t he  spark ing  c h a r a c t e r i s t i c s .  

Pre l  im ina ry  r e s u l t s  were repo r ted .  
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PERSONNEL NEUTRON DOSIMETRY AT CRIVL 

W. G. Cross and H. I n g  
Chalk R i v e r  Nuclear Labora to r ies  
Atomic Energy o f  Canada L i m i t e d  

Chalk R iver ,  On ta r i o  KOJ 1JO 

1. Monte Car lo  Ca l cu la t i ons  o f  Fast  Neutron Spectra 

Because no neut ron d e t e c t o r  measures dose accu ra te l y  a t  a l l  energies,  

i t  i s  impor tan t  t o  know as much as poss ib l e  about t h e  neut ron spec t ra  i n  

which personnel may be exposed. Spectra f rom a  v a r i e t y  o f  sources, t r a n s -  

m i  t t e d  through and backscat tered f rom va r i ous  moderat ing m a t e r i a l  s, have 

been c a l  c u l  a ted.  T h i s  was done f o r  two reasons: ( a )  t o  p rov ide  an 

a t l a s  o f  spec t ra  l i k e l y  t o  be met i n  c r i t i c a l i t y  acc iden ts  o r  around 

sh ie lded  acce le ra to r s  and reac to r s ,  ( b )  t o  p rov ide  pseudo-experimental da ta  

aga ins t  which s i m p l i f i e d  t h e o r i e s  o f  neut ron spec t ra l  v a r i a t i o n s  cou ld  be 

checked. Monte Ca r l o  c a l c u l a t i o n s ,  us i ng  t he  ORNL 05R code, were used 

because t h e y  p rov ide  g r e a t e r  f l e x i b i l i t y  i n  geometry and m u l t i p l e  media, 

w i t h  fewer  assumptions than o t h e r  methods. Between 8,000 and 800,000 

neutrons were fo l lowed,  as r e q u i r e d  t o  g i v e  adequate s t a t i s t i c s .  These 

c a l c u l a t i o n s  a r e  con t i nu ing .  

Among t h e  spec t ra  c a l c u l a t e d  so f a r  a re :  

1. F i s s i o n  neut ron sources a t tenua ted  by va r i ous  th icknesses 

o f  H20, D20, "o rd i na ry "  concre te  and Fe. 

2. Escape spec t ra  f rom H20 and D20 spheres o f  va r i ous  r a d i i  

c o n t a i n i n g  un i f o rm  d i s t r i b u t i o n s  o f  f i s s i o n  neutrons. 

3. 14-MeV source neut rons a t tenua ted  by va r i ous  th icknesses 

o f  H20, concre te  and Fe. 

4. Monoenergetic source neutrons o f  severa l  energ ies a t tenua ted  

by H20. 

5. Neutrons from H20 and D20-moderated reac to r s ,  a t tenua ted  by 

concre te  and Fe. 



6. Neutrons from f i s s i o n  and 14-MeV sources back-scattered 

from H20 and concrete. 

Examples of spectra of neutrons passing through concrete a re  shown 

i n  F igure  1. 

The r e s u l t i n g  spectra were used t o  c a l c u l a t e  average cross sect ions 

f o r  th resho ld  reac t i ons  i n  Rh, I n ,  S, Np and Th detectors,  as we l l  as 
2  average kerma and dose per n/cm . The v a r i a t i o n s  o f  r a t i o s  o f  kerma ( o r  

dose) t o  cross sec t i on  show the  e r r o r s  o f  these "dosimeters" i n  var ious 

spectra i f  no c o r r e c t i o n  fac to r  i s  used, o r  the  c o r r e c t i o n  f a c t o r s  requi red.  

Some o f  these r a t i o s  are  shown i n  F igure  2, f o r  14-MeV neutrons passing 

through water. Resul ts  have a l s o  been app l i ed  t o  the  design of c o l l i m a t o r  

s h i e l d i n g  f o r  therapy w i t h  14-MeV neutrons. 

2. Containment o f  Np i n  Personal Damage Track Dosimeters 

The use o f  2 3 7 ~ p  i n  f iss ion- f ragment ,  damage-track f a s t  neutron dosim- 

e te rs  t o  be worn by people has been i n h i b i t e d  by the  poss ib le  contaminat ion 

and gamma r a d i a t i o n  hazards. Two methods o f  conta in ing  Np i n  such a  way 

as t o  ensure low contaminat ion l e v e l s  have been inves t iga ted .  One i s  a  

Np-A1 a l l o y ,  c a s t  i n  a  b i l l e t  and c o l d - r o l l e d  t o  a  th ickness between 2 and 
2  

3  mg/cm . Th is  i s  c lose  t o  the  optimum th ickness f o r  min imiz ing gamma 

r a d i a t i o n  w i thou t  reducing de tec to r  s e n s i t i v i t y  t o  neutrons. The sur face 

i s  p ro tec ted  by a  t h i c k  evaporated l a y e r  o f  MgF2 I n  t h e  second method, 

a  s in te red  m ix tu re  of Np02 and Au i s  sealed by heat and pressure between a  

s i l v e r  backing and a  cover of pure Au. A f te r  r o l l i n g ,  t h e  s in te red  l a y e r  
2  ( con ta in ing  5 percent 2 3 7 ~ p )  i s  2  mg/cm t h i c k  w h i l e  the  Au cover i s  0.5 mg/ 

n n 

cm' t h i c k .  Both methods gave surfaces from which about 2 dpm/cmZ o f  alpha 

a c t i v i t y  could be removed by rubbing.  Th is  i s  several t imes smal ler  than 

the  sur face contaminat ion from Th o r  na tura l  U. 

The gamma dose r a t e  from 2 3 7 ~ p  (and i t s  daughter) was ca l cu la ted  from 

t h e i r  spectra. For t h e  amount of Np proposed fo r  a  dosimeter badge - 
600 pg - the  dose a t  5 cm would be 35 mrem over a  2,000-hour working year.  

Whether o r  n o t  t h i s  i s  acceptable for  se lected personnel depends on considera- 

t i o n s  s p e c i f i c  t o  i n d i v i d u a l  s i t e s  - e.g., the  importance o f  doses received 





f rom neutrons between 0.5 and 1.5 MeV, whether o r  n o t  badges a r e  l i k e l y  t o  

be taken home, e t c .  

For unmoderated f i s s i o n  neutrons, t h e  s e n s i t i v i t y  o f  t h e  Au-Np r a d i a -  

t o r  descr ibed  i s  about  h a l f  t h a t  o f  a " t h i c k "  Th r a d i a t o r  o f  t h e  same area.  

T h i s  s e n s i t i v i t y  i s  30 percent  sma l l e r  than  would be ob ta ined  i f  t h e  same 

amount o f  Np were u n d i l u t e d  and uncovered. It i s  planned t o  double t h i s  

s e n s i t i v i t y  by us ing  Au-Np on bo th  s ides  o f  t h e  damage t r a c k  f o i l .  

U n t i l  r e c e n t l y ,  t h e  IVp ava i  lab1  e had an unacceptably h igh  s e n s i t i v i t y  

t o  thermal neut rons,  because o f  i m p u r i t i e s .  Np can now be ob ta ined  w i t h  a 

thermal s e n s i t i v i t y  t h a t  i s  n e g l i g i b l y  smal l  f o r  p r a c t i c a l  f a s t  neut ron dose 

measurements. 

3. Use o f  Rh d e t e c t o r s  f o r  t h e  Dosimetry o f  C r i t i c a l i t y  Acc iden ts  

The f o l l o w i n g  papers on t h i s  t o p i c  w i l l  appear s h o r t l y :  

"A C r i t i c a l  i t y  Neutron Dosimeter us i ng  t he  0 3 ~ h ( n , n '  ) 
103mRh React ion,"  H. I n g  and W. G. Cross, Hea l t h  Phys ics 
Vol .  25, 1973. 

"Absolute Count ing o f  K X-rays f rom 1 0 3 m ~ h  i n  Th ick  
Fo i l s , "  H. I n g  and W. G. Cross, I n t .  J. o f  App l ied  Rad. 
and Isotopes,  Vol .  24, 1973. 

4. Developments i n  t h e  Spark Count ing Technique 

The f o l l o w i n g  papers on spark coun t i ng  have been presented s i nce  t h e  

l a s t  workshop on neu t ron  dos imetry :  

"Improvements i n  t he  Spark Count ing Technique f o r  Damage Track 
Dosimeters," W. G. Cross and L. Tommasino, Proceedings o f  
F i r s t  Symposium on Neutron Dosimetry i n  B io logy  & Medicine, 
Neuherberg/Minchen, May 1972, p. 283. 

"Factors  a f f e c t i n g  t h e  Accuracy o f  Spark Count ing o f  F i s s i o n  
Fragment Damage Track Detectors , "  W. G. Cross and L .  Tommasino, 
E i g h t h  I n t e r n a t i o n a l  Conf. on Nuclear  Photography and Sol i d  
S t a t e  Track Detec to rs ,  Bucharest, J u l y  1972. 
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SUMMARY OF PERSONNEL NEUTRON DOSIMETRY 
DEVELOPMENT AT BROOKHAVEN NATIONAL LABORATORY* 

Car l  H. D i s t e n f e l d  
Assoc ia ted U n i v e r s i t i e s ,  I nc .  

Broakhaven Nat iona l  Labora to ry  
Upton, NY 11973 

INTRODUCTION 

The Hea l t h  Physics and Safe ty  D i v i s i o n  has developed a combinat ion 

thermoluminescent-thorium damage t r a c k  personnel neu t ron  dos imeter  f o r  

p o t e n t i a l  use by t h e  s t a f f  and users o f  t h e  A l t e r n a t i n g  Grad ien t  Synchrotron. 

Personnel neu t ron  mon i t o r i ng  can be improved by app l y i ng  damage t r a c k  

techniques. The m o t i v a t i n g  improvements expected a re  avoidance o f  in fo rma-  

t i o n  fad ing ,  easy readout  and known energy response. The t ho r i um d e t e c t o r  

r a d i a t o r  component o f  t h e  damage t r a c k  system a l l ows  personnel neu t ron  

mon i t o r i ng  a t  any s i t e  cha rac te r i zed  by neu t ron  r a d i a t i o n  f i e l d s  t h a t  extend 

above 1 t o  2  MeV. T h i s  would inc lude ,  b u t  n o t  be 1 i m i t e d  t o ,  a c c e l e r a t o r  

a p p l i c a t i o n .  A r e c e n t  repor t * *  descr ibes  t h e  s tudy t h a t  was t he  bas i s  o f  

t h e  p resen t  thermol  umi nescen t - t ho r i  um damage t r a c k  personnel neu t ron  dosim- 

e t e r  badge. 

SUMMARY 

T h i s  d e s c r i p t i o n  dea ls  w i t h  developments subsequent t o  t h e  above r e p o r t .  

The e a r l i e r  work i s  cons idered t o  be of l a b o r a t o r y  o r  t e s t  tube l e v e l .  

The work h e r e i n  descr ibed  r e f l e c t s  p i l o t  p l a n t  o r  semi-product ion s c a l i n g .  

P r e s e n t l y  30 badges a r e  i n  se rv i ce .  D a i l y  process ing c a p a b i l i t y  i s  about  

100 badges. 

Some comment w i l l  be made on t h e  p r o p r i e t y  o f  personnel neu t ron  dosim- 

e t r y  w i t h  r a d i o t h o r i u m  d e t e c t i o n  elements. 

* Research c a r r i e d  o u t  a t  Brookhaven Nat iona l  Labora to ry  under c o n t r a c t  
w i t h  t h e  U. S. Atomic Energy Comnission. 

** BNL 17452, "Developmental Study o f  Personnel Neutron Dosimetry a t  t h e  
AGS. " 



DOSIMETER BADGE 

The Brookhaven Neut ron Dosimeter (BND) i s  o f  two p i e c e  c o n s t r u c t i o n ,  

a  main body and a  back ( F i g u r e  1  ) .  The f r o n t  and main body c o n s i s t s  o f  a  

m i c a r t a  b lock .  Four h o l e s  a r e  machined i n t o  t h e  r e a r  face ,  t h r e e  smal l  

ones f o r  TLD1s and one l a r g e r  stepped h o l e .  The l a t t e r  c o n t a i n s  t h e  t h o r i u m  

f i s s i o n  r a d i a t o r  r i n g  assembly, K imfo l  d e t e c t o r  f o i l s ,  s p l i t  r e t a i n i n g  

r i n g  and p ressure  p l u g .  The damage t r a c k  assembly i s  o r i e n t e d  f rom t h e  

r e a r  s u r f a c e  inward,  as f o l l o w s :  

1  ) M i c a r t a  p ressure  p l u g  

2)  Outer  g l a s s  l a m i n a t e  r i n g  and K imfo l  assembly 

3 )  Brass s p l i t  r a d i a t o r  r e t a i n i n g  r i n g  

4 )  Thorium r a d i a t o r  and brass r i n g  assembly 

5 )  I n n e r  g l a s s  l a m i n a t e  r - i n g  and K-inifol asserr~bly 

6 )  Unmounted "p iggy-back"  a c c i d e n t  exposure K imfo l  

The s i x  p a r t  assembly i s  h e l d  i n  p l a c e  by a  s t a i n l e s s  s t e e l  back p l a t e .  

The back p l a t e  extends a l o n g  t h e  t o p  edge o f  t h e  f r o n t  m i c a r t a  b lock ,  back 

and bot tom edge. The two m i c a r t a  p i n s  t h a t  ex tend f r o m  t h e  bot tom edge o f  

t h e  main body a r e  engaged by t h e  bot tom o f  t h e  s t a i r ~ l e s s  s t e e l  back. A  

s p r i n g  l o c k ,  c o n s i s t i n g  o f  a  w r i s t  watch s p r i n g  bar,  i s  housed i n  t h e  t o p  

o f  t h e  main body. A  co r respond ing  h o l e  i n  t h e  t o p  l i p  o f  t h e  s t a i n l e s s  

s t e e l  back i s  engaged by t h e  s p r i n g  1  ock, p r e v e n t i n g  a c c i d e n t a l  d isassembly .  

The TLD holes,  l o c a t e d  i n  t h e  upper p o r t i o n  o f  t h e  main body, a f f o r d  
2  2  about 1 0  mg/cm f i l t e r i n g  f o r  one, and abou t  180 mg/cm f o r  t h e  rema in ing  

two. The TLD 700 loaded i n t o  t h e  t h i n  window h o l e  m o n i t o r s  t h e  s u r f a c e  

exposure. A  TLD 600 and 700 p a i r  i n  t h e  rema in ing  ho les  d e t e c t  t h e  pene- 

t r a t i n g  gamma (TDL 700) and s o f t  neu t ron  exposure (TLD 600 l e s s  TLD 700).  

DETECTOR RING ASSEMBLY 

Glass l a m i n a t e  r i n g s  and 10 m ic ron  t h i c k  Kimfol  comprise t h e  d e t e c t o r  

assembly. The g l a s s  l a m i n a t e  m a t e r i a l  i s  1 /16 i n c h  t h i c k  p r i n t e d  c i r c u i t  

board "waste."  The board i s  o u t s i d e - i n s i d e  punched, tr immed i n  a  l a t h e ,  

decoppered w i t h  HN03, and n e u t r a l i z e d  w i t h  waste KOH. C a r t e r ' s  rubber  cement, 





a  m i x t u r e  o f  p a l e  crape n a t u r a l  rubber  and naphtha i s  a p p l i e d  t o  t he  g l ass  

r i n g  (F igure  2 ) .  The cementing t o o l  o r i e n t s  t h e  r i n g  around t h e  sp ind le .  

The t o o l  t o p  i s  d ipped i n  cement and s p i n d l e  gu ided t o  t h e  r i n g  top.  The 

coated r i n g  i s  removed and p laced cement f ace  down on a  s t r i p  o f  K imfo l  , 
d u l l  s i d e  up. A f t e r  a  10 minute r e s t ,  t h e  r i n g  can be trimmed w i t h  a  k n i f e ,  

sc issors ,  o r  h o t  k n i f e  (F igu re  2 ) .  The ho t  k n i f e  r e q u i r e s  temperature con- 

t r o l  f o r  acceptable r e s u l  t s .  

E t ch ing  w i t h  6N KOH f o r  75 minutes a t  65°C has no adverse e f f e c t  on 

t h e  cement bond. A f t e r  spark readout  t h e  Kimfo l  i s  mechanica l ly  removed 

and t he  r i n g  cleaned and reused. 

DETECTOR R I N G  PROCESS SEQUENCE 

A f t e r  wearing, t h e  i r r a d i a t e d  r i n g s  a r e  removed f rom t h e  badge assembly 

and mounted i n  one o f  t e n  numbered e t c h  rack  rods  (F igu re  2 ) .  No ta t i on  i s  

made o f  t h e  r o d  number and p o s i t i o n  on t h e  r o d  f o r  each mounted r i n g .  The 

r i n g s  remain mounted throughout  e tch ing ,  washing and d ry i ng .  They a r e  d i s -  

mounted i n d i v i d u a l l y  f o r  spark readout  t o  preserve r i n g  i d e n t i t y .  

ETCHING SYSTEM 

The e t c h  r a c k  (F igu re  3 )  c o n s i s t s  o f  10 removable l u c i t e  rods. The 

rods a r e  s l o t t e d  t o  accept  t h e  edge o f  t h e  d e t e c t o r  r i n g s .  A  t r a v e r s e  

ny lon  screw prov ides  a  s imp le  and e f f e c t i v e  means o f  c lamping t h e  r i n g s .  

The rods  a r e  i n d i v i d u a l l y  i n s e r t e d  i n t o  t h e  e t c h  rack  t r a y  and keyed t o  

r a d i a l l y  o r i e n t  t h e  d e t e c t o r  r i n g s .  T h i s  a l l ows  maximum l o a d i n g  f l e x i b i l  

i t y  and d e t e c t o r  separa t ion .  Approx imate ly  100 hours o f  e t ch ing  have had 

no v i s i b l e  e f f e c t  on t h e  rack  m a t e r i a l s .  

The d e t e c t o r  loaded e t c h  rack  i s  heated i n  a  65°C oven f o r  5  minutes 

and then lowered i n t o  the  4 l i t e r  s t a i n l e s s  s t e e l  e t ch ing  vessel (F i gu re  4 ) .  

The vessel  i s  con ta ined  i n  a  4 g a l l o n  u l t r a s o n i c  s t i r r e r .  A  Lauda K4 water 

ba th  h e a t e r - c i r c u l a t o r  supp l i es  65 t O . l ° C  d i s t i l l e d  water  t o  t h e  4 g a l l o n  

u l t r a s o n i c  tank. The Lauda ba th  i nc l udes  a  smal l  heat  exchanger. Water, 

about  15"C, i s  c i r c u l a t e d  through t h e  exchanger t o  o f f s e t  t he  heat  i n p u t  









f rom t h e  u l t r a s o n i c  s t i r r e r .  Heat t r a n s f e r  t o  t h e  KOH i s  helped by t h e  

h i g h  heat  c o n d u c t i v i t y  o f  t h e  s t a i n 1  ess s t e e l  e t c h i n g  vessel .  Convection 

t r a n s f e r  w i t h i n  t h e  KOH media i s  improved by c i r c u l a t i n g  t h e  e t chen t  w i t h  

an argon gas l i f t  pump. The pump i s  pa t te rned  a f t e r  t h e  aquarium a i r  l i f t  

method. Argon i s  used t o  avo id  chemical i n t e r a c t i o n  w i t h  t h e  KOH. A  f l o w  

r a t e  o f  1  CFH r e f l e c t s  a  d a i l y  argon c o s t  o f  about $0.30. 

A  s tudy was made o f  t h e  e t ch ing  r a t e  dependence w i t h  p r i o r  e t c h i n g  

h i s t o r y  o r  burnup of KOH. No e f f e c t  was observed f o r  5.0 g / l  o f  Kimfol  
3 d i sso l ved  i n  KOH; t h i s  r e f l e c t s  more than  10 r i n g s  per  1  i t e r .  

A  15 minute washing c y c l e  f o l l o w s  e tch ing .  The 4  l i t e r  po lye thy lene  

washing vessel  i s  supp l ied  w i t h  0.5 ga l /m in  o f  t a p  water (F igure  4 ) .  A f t e r  

washing, t he  e t c h  rods a r e  removed from t h e  e t ch ing  rack  and p laced i n  a  

65°C d r y i n g  oven f o r  about 10 minutes. 

SPARK READER 

The spark reader  (F igu re  5)  and method i s  i d e n t i c a l  t o  t h a t  descr ibed 

i n  BNL 17452. 

ADMINISTRATIVE ASPECTS OF RADIOTHORIUM USE 

The p resen t  badge con ta ins  l e s s  than 50 m i l  1  igrams ( l e s s  than 0.0055 

m ic rocu r i es )  o f  n a t u r a l  thor ium metal  f o i l .  The thor ium f o i l  i s  c a p t i v e  i n  

a  r i g i d  p l a s t i c  housing r e i n f o r c e d  w i t h  a  s t a i n l e s s  s t e e l  backing. The 

l e v e l  o f  ex te rna l  r a d i a t i o n  due t o  t he  thor ium f o i l  i s  l e s s  than 0.06 mrad 

per  hour nieasured 1  cen t imete r  f rom any sur face.  T h i s  i s  l e s s  than t h e  

w r i s t  o r  pocket  watch r a d i a t i o n  l e v e l  au tho r i zed  under P a r t  30.15, T i t l e  10, 

o f  t h e  Atomic Energy Ac t  o f  1954. A d d i t i o n a l l y ,  t h e  w r i s t  and pocket watch 

al lowance i s  a p p l i e d  t o  t h e  whole U. S. popu la t ion ,  whereas t he  thor ium- 

bear ing  personnel neut ron dosimeters would be used by those occupa t i ona l l y  

assoc ia ted w i t h  r a d i a t i o n ,  much l e s s  than 0.1 percent  o f  t h e  whole popu la t ion .  

P a r t  40.22 o f  T i t l e  10 i ssues  a  general  l i c e n s e  f o r  use and t r a n s f e r  

o f  n o t  more than 15 pounds o f  thor ium a t  any one t ime, no r  more than  150 

pounds per  year .  The general  l i c e n s e  i s  issued f o r  cornmercial, i n d u s t r i a l ,  





research, developmental , medical and educat ional  purposes. P a r t  40.22 

a f fo rds  s u f f i c i e n t  l a t i t u d e  f o r  Brookhaven Laboratory,  and o thers ,  t o  

develop and produce damage t r a c k  neutron dosimeters con ta in ing  t h e  s p e c i f i e d  

amount o f  thor ium. Issuance o f  thor ium-conta in ing badges t o  p l a n t  o r  labora-  

t o r y  users, s t a f f  members and v i s i t o r s  would be on a l oan  basis.  Genera l ly ,  

l a b o r a t o r y  and p l a n t  regu la t i ons  r e q u i r e  t h a t  dosimeter badges n o t  be taken 

t o  t he  employees' homes. Th is  requirement i s  n o t  un iversa l  and where 

appl ied,  n o t  p e r f e c t l y  enforced. It must be assumed t h a t  a f r a c t i o n  o f  

thor ium-conta in ing badges would be taken t o  t he  employee's homes du r i ng  

non-working hours. 

Par t  40.13, "Unimportant Q u a n t i t i e s  o f  Source Mater ia ls , "  au thor izes  

a l l  l i c e n s i n g  exemptions f o r  named commercial a p p l i c a t i o n s  o f  thor ium. 

Paragraph C (1 ) a l lows u n r e s t r i c t e d  manufacture, sa le  and use o f  lamps con- 

t a i n i n g  l e s s  than 50 m i l l i g rams  o f  thor ium each. The thor ium-conta in ing 

personnel neutron badge s a t i s f i e s  t he  above q u a n t i t y  r e s t r i c t i o n s ,  bu t  

un fo r tuna te l y  personnel neutron dosimetry  i s  no t  one o f  t he  s p e c i f i e d  uses. 

A r u l e  change recogn iz ing  dosimeter a p p l i c a t i o n  i s  ind ica ted .  Th is  s tep 

may be avoided by i n t e r p r e t i n g  ownership o f  t h e  dosimeter badge as belonging 

t o  t h e  lend ing  agency which has a general l i cense.  Since the  badge must be 

re tu rned f o r  readout, and s ince  personnel mon i to r ing  i n fo rma t i on  i s  gener- 

a ted  t o  s a t i s f y  l e g a l  opera t ing  requirements o f  t h e  lend ing  f i r m ,  agency o r  

i n s t i t u t i o n ,  dosimeter badge ownership should be i n t e r p r e t e d  as belonging 

t o  t h e  lend ing  agency. 



Roger B. Fa1 k  
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Rocky F l a t s  D i v i s i o n  
Golden, CO 80401 

The neu t ron  dos imetry  program us ing  TLD a t  Rocky F l a t s  i s  e s s e n t i a l l y  

t h e  same as was repo r ted  a t  t h e  Second AEC Workshop on Personnel Neutron 

Dosimetry, J u l y  8-9, 1971. For  a  d e t a i l e d  d e s c r i p t i o n  of t h i s  TLD neu t ron  

system, one i s  r e f e r r e d  t o  t h e  r e p o r t  o f  t h a t  workshop (BNWL-1616) and t o  

t h e  r e p o r t  "A Personnel Neutron Dosimeter Using L i t h i u m  F l u o r i d e  Thermo- 

1 uminescent Dosimeters" (RFP-1581 ) .  Th i s  p resen ta t i on  w i l l  c o n s i s t  o f  a  

b r i e f  summary o f  t h e  system and some comments and observa t ions  on t h e  des ign  

and use fu lness  o f  TLD a lbedo neu t ron  dos imetry  systems. 

A t  Rccky F l a t s  we a r e  ma in ly  concerned w i t h  neut rons from (a, n )  reac-  

t i o n s  on l i g h t  elements and f rom spontaneous f i s s i o n  o f  p lu ton ium con ta ined  

i n  g l ove  boxes. The boxes may be sh ie l ded  by f rom 0  t o  4  inches o f  l u c i t e .  

The s h i e l d  may be vo ided by g l ove  po r t s ,  e s p e c i a l l y  when a  person i s  work ing 

i n  t h e  g loves  a t  t h e  box. The neu t ron  spec t ra  a r e  ma in l y  m ix tu res  o f  

unmoderated, moderated, and sca t t e red  neutrons. 

We have found t h a t  a  s imp le  a lbedo- type TLD system g i ves  a  q u i t e  accu- 

r a t e  i n d i c a t i o n  o f  t h e  neu t ron  dose e q u i v a l e n t  f o r  these  cond ' t ions.  The 

o r i g i n a l  system was designed t o  be approxinrately t he  s i z e  o f  a r  NTA film 

packet and cou ld  f i t  i n t o  t h e  c a v i t y  i n  s u r  dos imetry  badge whi -h  had been 

used f o r  t he  NTA f i l m .  The c u r r e n t  system has t h e  same dimensions as t h e  

o r i g i n a l  b u t  i s  i nco rpo ra ted  as a  permanent p a r t  o f  t h e  dos imetry  badge. 

The system c o n s i s t s  o f  two p a i r s  o f  TLD, each p a i r  being one 6 ~ i ~  and -ne 

7 ~ i ~  TLD. One p a i r  i s  sh ie l ded  f rom t h e  f r o n t  by 1/64 i n c h  t h i c k  cadmrdm, 

and t h e  o t h e r  i s  sh ie l ded  f rom the  back by t h e  same th ickness  o f  cadmium. 

The system i s  secured on t h e  ches t  o f  t h e  person t o  u t i l i z e  t h e  neu t ron  

s c a t t e r  (a1 bedo) f r om t h e  person ' s  body. 

* Research sponsored by t h e  U.S. Atomic Energy Commission under c o n t r a c t  
w i t h  t h e  Dow Chemical Company. 



The neu t ron  dose equ i va len t  DE i s  ob ta ined  f rom t h e  equat ion 

where A i s  t h e  n e t  neut ron response o f  t h e  TLD p a i r  sh ie lded  f rom t h e  f r o n t  

by t h e  cadmium 

B i s  t h e  n e t  neu t ron  response of t h e  TLD p a i r  sh ie l ded  f rom t h e  back 

by t h e  cadmium 

f i s  a f a c t o r  determined by c a l i b r a t i o n  t o  op t im i ze  t h e  system 

response 

C i s  a c a l i b r a t i o n  f a c t o r  i n  terms of mrem per  count.  

I n  some cases i t  i s  usefu l  t o  cons ider  C as a f u n c t i o n  o f  t h e  r a t i o  

B/A. The f u n c t i o n a l  r e l a t i o n s h i p  i s  ob ta ined  expe r imen ta l l y  by c a l i b r a t i n g  

t o  t h e  range o f  spec t ra  which would norma l l y  be encountered i n  t h e  work ing 

environment. I t  may a l s o  be use fu l  t o  p lace  a c o n s t r a i n t  on t h e  va lue  o f  

t h e  r a t i o  t o  l i m i t  p o s s i b l e  va lues o f  e i t h e r  A o r  B. 

To demonstrate how t h e  system f u n c t i o n s  and t o  i l l u s t r a t e  some advan- 

tages o f  t h i s  system, cons ider  t h e  n e t  response o f  each o f  t h e  TLD p a i r s  

as a f u n c t i o n  o f  s h i e l d  th ickness  f o r  a PuF4 neu t ron  source. Data i n  

F igu re  1 a r e  ob ta ined  f rom work done by Dale Hankins and presented i n  h i s  

r e p o r t  "Factors  A f f e c t i n g  t h e  Design o f  Albedo-Neutron Dosimeters Conta in ing  

L i  t h i  um F l u o r i d e  Thenno1 um'i nescent Dos-imeters" (LA-4832) f rom h i s  F igu re  16, 

page 11 f o r  a badge c o n t a i n i n g  118 i n c h  po lye thy lene .  H is  response curve  

f o r  " p o s i t i o n  8"  corresponds t o  va lues  f o r  A and t h e  response curve  f o r  

" p o s i t i o n  1"  corresponds t o  va lues f o r  B i n  equa t ion  1 .  It i s  seen t h a t  

t he  r e l a t i v e  s e n s i t i v i t y  o f  each dosimeter p a i r  v a r i e s  cons iderab ly  as a 

f u n c t i o n  o f  t h e  s h i e l d i n g  o f  t h e  source. If a person des i r ed  t o  use c r ys -  

t a l  p a i r  A a lone  as a neut ron dos imeter  system, t h e  response would va ry  by 

a f a c t o r  o f  4 over  t h i s  range o f  s h i e l d i n g .  

I f  a two-pa i r  system were used, t h e  response o f  t h e  system cou ld  be 

irr~proved by several  methods, i l l u s t r a t e d  i n  F igure  2. I n  one method t h e  

system response would be g i ven  by 

System Response = A -0 .25~8  ( 2 )  
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With t h i s  method the  v a r i a t i o n  o f  response over t h e  g iven range o f  sh ie ld ing  

would be reduced from a  fac to r  of 4  t o  a  fac to r  o f  2.5 and would be f l a t  

w i t h i n  525 percent f o r  a  range o f  s h i e l d i n g  from 0.5 t o  5 inches. 

I f  one added a  f u r t h e r  c o n s t r a i n t  t h a t  f o r  a  r a t i o  B/A greater  than 

1.00, t h e  value o f  B  would be s e t  equal t o  t he  value o f  A, and used t h e  

equa t i on 

System Response = A-0.75xB (3)  

the  system response w o ~ ~ l d  vary by +40 percent t o  -20 percent over t h e  e n t i r e  

range o f  s h i e l d i n g  th ickness.  

One more ref inement i s  possib le,  which i s  t o  o b t a i n  a  func t i ona l  r e l a -  

t i o n s h i p  between the  r a t i o  B/A and t h e  c a l i b r a t i o n  f a c t o r  C .  I f  we l e t  

C = 1.25e - 1 ' 7 B / A + 0 . 8 ( ~ / ~ ) 2  f o r B / A < 1 . 0 0  

and 

C = 1.05 f o r  B/A - > 1.000 

and used the  method o f  equat ion (3 ) ,  we ob ta in  a  system response which 

would vary by +5 percent and -12 percent over t h e  g iven range o f  sh ie ld ing .  

I t  should be noted t h a t  a l though t h e  l a s t  method r e s u l t s  i n  t he  smal lest  

v a r i a t i o n  i n  t h e  system as a  f u n c t i o n  o f  s h i e l d i n g  thickness, s t a t i s t i c a l  

e r r o r s  a re  magnified when the  B/A r a t i o  i s  used ex tens i ve l y  as a  c o r r e c t i o n  

fac to r ,  e s p e c i a l l y  when the re  i s  a l so  a  s i g n i f i c a n t  photon DE. 

Several conclusions are possi b l  e. 

6 1. The use o f  two p a i r s  o f  L i F  and 7 ~ i ~  can r e s u l t  i n  a  system 

response which i s  s i g n i f i c a n t l y  l e s s  s e n s i t i v e  t o  d i f f e rences  

i n  neutron spectra than f o r  one p a i r .  

2. The method o f  data ana lys i s  i s  very  important  i n  ob ta in ing  an 

optimum response from a  TLD albedo neutron system. Th is  aspect 

i s  perhaps even more important  than t h e  physical  design o f  t he  

system. 



3. Even w i t h  an op t im ized  two-pa i r  system, i t  i s  s t i l l  necessary 

t o  c a l i b r a t e  t o  t h e  source and rang.e of spec t ra  which would be 

encountered. The c a l i b r a t i o n  f o r  one source may n o t  be a p p l i c a b l e  

f o r  o t h e r  sources. 

4. I n  des ign ing  a  system cons ide ra t i ons  of automation should n o t  t ake  

precedence over  cons ide ra t i ons  of optimum response c h a r a c t e r i s t i c s .  

We have found t h a t  t he  TLD neu t ron  system be ing  used a t  Rocky F l a t s  i s  

ve ry  s a t i s f a c t o r y  as a  personnel neu t ron  dosimeter f o r  t h e  range o f  neu t ron  

spec t ra  assoc ia ted  w i t h  p lu ton ium process ing i n  g love  box opera t ions .  
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The ma jo r  emphasis i n  Neutron Dosimetry Development a t  LLL over  r e c e n t  

months has been devoted t o  c a l  i b r a t i o n  f a c i  1  i ty  improvement. We found t h a t  

research  was be ing  hampered by t h e  inadequacy o f  e x i s t i n g  neu t ron  source 

i n t e n s i t i e s ,  source spec t ra ,  and m o n i t o r i n g  i ns t r umen ta t i on .  Therefore,  

ou r  e f f o r t s  have been devoted t o  upgrad ing source i nven to r y ,  f a b r i c a t i n g  

moderators f o r  use w i t h  new sources, and deve lop ing  a c a p a b i l i t y  f o r  low- 

1  eve1 , neu t ron -spec t ra l  measurements. The f o l  1  owing i s  a  s t a t u s  summary 

o f  e f f o r t s  a t  LLL: 

Source I n v e n t o r y  Upgrading 

Most o f  t h e  c a l i b r a t i o n  work i s  be ing  done i n  ou r  l ow -sca t t e r  f a c i l i t y ,  (1  

which i s  a  sh i e l ded  room 40 x  30 x  24 f e e t  h igh .  An aluminum g r a t i n g ,  sup- 

po r t ed  by an I-beam, 9  f e e t  h igh,  serves as a  f a l s e  f l o o r .  Neutron and 

gamma sources a re  i n t r oduced  i n t o  t h e  cen te r  o f  t h e  room th rough  two pheu- 

ma t i c  systems, thus  p r o v i d i n g  t h e  p o t e n t i a l  f o r  v a r y i n g  t h e  neutron-to-ga1.1.1ma 

r a t i o  i n c i d e n t  on a de tec to r .  

The c u r r e n t  source i n v e n t o r y  i nc l udes  a 2 5 2 ~ f  source t h a t  produces 
8 7 8  x  10 neutrons/sec, a  2 3 8 ~ u ~ e  source a t  8  x  10 neutrons/sec, and a 

6  2 3 8 ~ u ~ i  source a t  1.6 x  1 0  neut rons/sec.  We a r e  i n  t h e  process o f  o b t a i n -  
9  i n g  a  2 5 2 ~ f  source t h a t  w i l l  y i e l d  5  x  10 neutrons/sec t o  r ep lace  t h e  o l d  

C a l i f o r n i u m  source. We a re  a l s o  hav ing a sea led  source o f  antimony made 

t h a t  can be a c t i v a t e d  i n  t h e  Labora to ry  poo l - t ype  r e a c t o r .  The 1 2 4 ~ b  can 

then  be p laced i n  t h e  pheumatic system and f i r e d  i n t o  a  830-9 s leeve  o f  

b e r y l l i u m  p laced over  t h e  end o f  t h e  system head. We expect  t h i s  t o  g i v e  

us a  source of  25 keV (gamma, n )  neut rons w i t h  a  s t r e n g t h  o f  about 1  x  10 8 

neutrons/sec. 

* Work Performed Under Auspices o f  t h e  U.S. Atomic Energy Commission 
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I n  o rde r  t o  des ign  moderators t h a t  can be p laced over  t h e  end 

of o u r  pneumatic system f o r  use w i t h  any of these neut ron sources, 

we made a s e t  o f  Monte Ca r l o  c a l c u l a t i o n s  t o  determine t h e  t r a n s -  

m i t t e d  spec t ra  f o r  2 5 2 ~ f  and lZ4sbse  neutrons through 5-, l o - ,  20-, 

and 25-cm r a d i u s  spheres o f  D20, g raph i t e ,  water,  po lye thy lene ,  i r o n  

and aluminum. As a r e s u l t  of  these  c a l c u l a t i o n s ,  we a r e  go ing  t o  

f a b r i c a t e  5-, l o - ,  15- and 25-cm r a d i u s  s t e e l  s h i e l d s  f o r  D20 as w e l l  

as 2-, 5-, and 10-cm r a d i u s  spheres of po l ye thy lene  and a 20-cm 

sphere o f  aluminum. Each o f  these moderators can be used w i t h  a1 1 

o f  o u r  sources. We found t h a t  t h e  spec t ra  f rom g r a p h i t e  and D20 

were very  s i m i l a r  as were t h e  spec t ra  f o r  water  and po lye thy lene ,  and 

i r o n  and aluminum so t h a t  we w i l l  n o t  need g raph i t e ,  water,  o r  i r o n  

spheres. 

Neutron Spect rometry  

We f e e l  t h a t  i t  i s  necessary t o  have a measurement of  t h e  neu t ron  

spectrum i n  o rde r  t o  adequate ly  c h a r a c t e r i z e  t h e  source and source- 

moderator f i e l d s  used i n  our  c a l i b r a t i o n  f a c i l i t y .  Therefore,  work 

i s  be ing done t o  assemble a spect rometry  system t h a t  w i l l  g i v e  us 

s p e c t r a l  i n f o r m a t i o n  i n  t he  range f rom 10 keV o r  below t o  10 MeV 

us ing  p r o t o n  r e c o i l  p r o p o r t i o n a l  counters .  The system i s  now be ing  

assembled and no performance da ta  i s  ava i  lab1  e. 

The use o f  mu l t i sphe re  spect rometry  i s  a l s o  be ing  s tud ied  s i nce  

i t  prov ides  us w i t h  a s imp le r  system t h a t  y i e l d s  s p e c t r a l  i n f o r m a t i o n  

over  t h e  f u l l  range o f  neu t ron  energ ies and i s  use fu l  f o r  spectrom- 

e t r y  i n  t h e  work ing areas. Mu1 t i s p h e r e  spec t ra l  r e s o l u t i o n  i s  poor 

b u t  adequate f o r  r a d i a t i o n  p r o t e c t i o n  purposes. 

The ma jo r  concerns i n  mu l t i sphe re  spect rometry  a r e  t h e  a v a i l a -  

b i l i t y  o f  good q u a l i t y  response f u n c t i o n s  and t h e  a b i l i t y  t o  u n f o l d  

t h e  mu1 t i s p h e r e  response data.  ~anna ( ' )  has r e c e n t l y  c a l c u l a t e d  
6 response func t ions  f o r  po l ye thy lene  and water  spheres w i t h  L i I  s c i n -  

t i l l a t o r s  o r  g o l d  f o i l s  as de tec to r s .  We have s t a r t e d  us ing  t h i s  



data  and have found i t  h e l p f u l .  I n  f ac t ,  we p l a n  t o  augment t h e  da ta  

w i t h  c a l c u l a t i o n s  f o r  2 3 5 ~  t r a c k  f o i l  d e t e c t o r s  t o  p rov i de  us w i t h  a  

s e n s i t i v e ,  pass ive  " f i e l d , "  spect rometry  system. 

We f e e l  t h a t  ou r  search f o r  an u n f o l d i n g  techn ique  has ended f o r  

t h e  near f u t u r e  w i t h  LOUHI, a  computer code developed by LBL. ( 3 )  T h i s  

code seems t o  be h i g h l y  s a t i s f a c t o r y  f o r  spectrum un fo l d i ng ,  n o t  o n l y  

f o r  m u l t i s p h e r e  de tec to r s ,  b u t  a l s o  f o r  o t h e r  systems such as a c t i v a -  

t i o n  f o i l s .  

Dosimeter Development 

Our work i n  personnel  dos imet ry  has been devoted t o  development 

o f  an a lbedo dos imeter  f o r  use i n  t h e  near  f u t u r e  and t o  research  on 

t r a c k  r e g i s t r a t i o n  as a  l o n g  te rm s o l u t i o n  t o  t h e  dos imet ry  problem. 

The a lbedo dos imeter  des ign  i n v o l v e s  use of two p a i r s  o f  TLD 600 and 

700 c h i p s  on e i t h e r  s i d e  o f  a  cadmium o r  bora ted  p l a s t i c  s h i e l d .  The 

f i n a l  s h i e l d  s e l e c t i o n  wi 11 be made based on s t u d i e s  t o  be performed 

f o l l o w i n g  comple t ion  o f  c a l i b r a t i o n  f a c i l i t y  improvements. 

The t r a c k  r e g i s t r a t i o n  work has been con f i ned  t o  d e t e c t i o n  o f  

l i g h t  p a r t i c l e s ,  such as a lpha and r e c o i l  n u c l e i .  (4 )  We have avoided 

f i s s i o n  f o i l  dos imeters  due t o  t h e  p o t e n t i a l  hazard i nvo l ved  w i t h  

such m a t e r i a l s .  

Us ing  c e l l u l o s e  n i t r a t e  (CN) as r e g i s t r a t i o n  m a t e r i a l ,  we f i n d  

t h a t  t h e  p r o t o n  t r a c k s  appear as p i t s  w i t h  a  mean apparent d iameter  

o f  abou t  1 .5  microns when measured w i t h  a  TV t y p e  p a r t i c l e  a n a l y s i s  

system. The t r a c k s  a r e  revea led  o n l y  w i t h  l ow  temperature e t ch i ng ,  

e i t h e r  a f t e r  about  4  hours i n  61V KOH a t  22°C o r  1/2 hour i n  t h e  same 

s o l u t i o n  a t  40°C. Use o f  6N NaOH appears t o  i nc rease  t h e  necessary 

e t c h  t ime  by a  f a c t o r  o f  two. Us ing t h e  p a r t i c l e  a n a l y s i s  system, 

we found t h a t  an average t r a c k  d e n s i t y  o f  two CN p ieces  on e i t h e r  s i d e  

o f  a  po l ye thy l ene  wafer was about  700 t r a c k s / ~ r n - ~ / r e m - '  w i t h  a  13 per -  

c e n t  spread f o r  t h e  t h r e e  neu t ron  spec t ra  used; i .e., bare 252~ f ,  

2 5 2 ~ f  th rough  10-cm s t e e l ,  and 2 5 2 ~ f  th rough  20-cm H 2 0  However, t h e  



a r t i f a c t  background u s i n g  o p t i c a l  c o u n t i n g  was e q u i v a l e n t  t o  a  dose 

o f  abou t  20 rem. We f i n d  t h e  r e s u l t s  encouraging and p l a n  t o  conduct  

f u r t h e r  s t u d i e s .  
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Since t h e  l a s t  workshop meeting, we have con t inued  t o  i n v e s t i g a t e  t h e  

p o s s i b i l i t y  of r e p l a c i n g  ou r  e x i s t i n g  f i l m  badge w i t h  a TLD system. We 

would 1 i ke t o  have a TLD system which would have an automated read o u t  

c a p a b i l i t y  and i n c l u d e  an albedo neutron dosimeter.  To do t h i s  t h e  smal l  

a lbedo-neutron dosimeter descr ibed  a t  t h e  l a s t  meet ing and i n  LA-5261 has 

been m o d i f i e d  by c u t t i n g  a s l i t  across t h e  t o p  o f  t h e  dos imeter  t o  a l l o w  a 

card  c o n t a i n i n g  TLD1s t o  be i n s e r t e d  i n t o  t h e  dos imeter .  T h i s  r e q u i r e s  

( 1 )  t h e  removal o f  t h e  cen te r  1 /16- inch t h i c k  p iece  of po lye thy lene  and 

( 2 )  a 1 i p  o f  cadmium has t o  be p laced around t h e  s l i t  t o  decrease t h e  

thermal -neut ron 1 eakage. 

Removing t h e  cen te r  p iece  of po lye thy lene  from t h e  dosimeter reduces 

t he  f as t -neu t ron  s e n s i t i v i t y  o f  t h e  dos imeter  by ~ 1 1  percent .  The therma l -  

neut ron leakage i n t o  t h e  s l  i t  increases t he  thermal -neut ron s e n s i t i v i t y  

t o  ~ 5 0  percen t  h i ghe r  than  d e s i r e d  t o  match t h e  fas t -neu t ron  s e n s i t i v i t y .  

Th is  may be s a t i s f a c t o r y ,  however, s i nce  t h e  f i n a l  model would have a 

p l a s t i c  case which i s  expected t o  reduce t h e  thermal -neut ron leakage 

th rough t h e  s l i t .  A t  present,  t h e  thicknes, and t ype  of p l a s t i c  case has 

n o t  been es tab l i shed  and we have n o t  determined t h e  thermal -neut ron sens i -  

t i v i t y  o f  t h e  f i n a l  dos imeter .  

We conducted a 6-month comparison s tudy  us ing  a s i m i l a t e d  TLD system and 

t h e  f i l m  badge. The a lbedo-neutron dosimeters were taped t o  t h e  bottom o f  

t h e  f i l m  badges t o  assure us t h a t  bo th  were s i m i l a r l y  exposed. I n  t h e  ac tua l  

dos imeter  one p a i r  o f  TLD1s would be used b u t  i n  t h i s  s tudy,  e i g h t  TLD's 

were p laced i n  t h e  a lbedo-neutron dos imeter  and t h e  average read ing  o f  t h e  
6 7 f o u r  L i  and f o u r  L i  TLD1s was used. A d d i t i o n a l  TLD1s ( f o u r  compared t o  

two t h a t  one would norma l l y  use) were p laced i n s i d e  t h e  f i lm-badge h o l d e r  t o  

measure t h e  garnma exposure and thermal -neut rons.  The e x t r a  TLD1s were used 

t o  s tudy  s t a t i s t i c a l  v a r i a t i o n  one would o b t a i n  f rom t h e  use o f  fewer  TLD's. 

* Research sponsored by t h e  U.S. Atomic Energy Commission under c o n t r a c t  w i t h  
t h e  Los Alamos S c i e n t i f i c  Laboratory .  
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The r e s u l t s  o f  t h e  s tudy were r a t h e r  complex b u t  g e n e r a l l y  i n d i c a t e d  

t h a t  f o r  t h e  neut ron component o f  t h e  dose, reasonable agreement was found 

i n  t h e  2 3 8 ~ u  areas. I n  areas where t h e  dose r a t e s  were l ow  ( < I  mrem/h) t h e  

f i l m  repo r ted  o n l y  a  smal l  p a r t  o f  t h e  t o t a l  neut ron dose. For t h e  t o t a l  

neu t ron  and gamma exposures, we found t h a t  an overresponse o f  t h e  f i l m  t o  

low-energy gamma rays  gave a ne t  r epo r ted  dose t h a t  was approx in ia te ly  co r -  

r e c t  except f o r  one area o f  t h e  p l a n t  where i t  was h igh .  

We conducted a s tudy o f  1°B-loaded p l a s t i c  t o  use i n  p l ace  o f  cadmium 

t o  surround our  dosimeters.  The 1°B-loaded p l a s t i c  i s  on l o a n  from D ick  

G r i f f i t h  a t  LLL. The amount o f  1°B i n  t h e  p l a s t i c  was v a r i e d  u n t i l  t h e  

thermal -neut ron leakage was approx imate ly  equal t o  t h e  f as t -neu t ron  

response. U n f o r t u n a t e l y  a t  t h i s  load ing ,  t h e  f as t -neu t ron  response o f  t h e  

dos imeter  was decreased t o  approx imate ly  one-ha l f  t h e  s e n s i t i v i t y  o f  a  

30 M i l  cadmium covered dos imeter .  Th is  reduced s e n s i t i v i t y  was f e l t  t o  be 

t o o  low f o r  a  p r a c t i c a l  dosimeter.  Fu r the r  work has been d iscon t inued  on 

l0B-loaded p l a s t i c s .  I t  i s  u n f o r t u n a t e  t h a t  1°B p l a s t i c s  cou ld  n o t  be used, 

s i nce  they  would have been l i g h t e r ,  e a s i e r  t o  manufacture, and have no 

thermal neu t ron  cap tu re  gamma problem. The dosimeters would p robab ly  have 

been more expensive because o f  t h e  h i g h  c o s t  o f  1°B. To reduce t h e  cos t ,  

we a l s o  s tud ied  normal boron and found t h e  th ickness  o f  p l a s t i c  r e q u i r e d  

was t oo  l a r g e  f o r  a  p r a c t i c a l  dosimeter.  

A t  t h e  l a s t  meet ing I discussed a technique us ing  a 9 i n c h  sphere 

remmeter and 3 i n c h  sphere w i t h  12 M i l  Cd cover t o  determine t h e  c a l i b r a -  

t i o n  f a c t o r  f o r  t h e  a lbedo-neutron dos imeter  i n  f i e l d  a p p l i c a t i o n s .  The 

3 i n c h  sphere w i t h  t h e  12 M i l  cadmium cover  has a response t o  f a s t  neu t ron  

very  s i m i l a r  t o  t h a t  o f  t h e  albedo-neutron dosimeter.  Un fo r t una te l y  t h e  

spheres a r e  n o t  s e n s i t i v e  t o  t h e  d i r e c t i o n  o f  t h e  neutrons and would, i n  

cases where t h e  neut ron a r e  coming from t h e  r e a r  of a  phantom, g i v e  a c a l i -  

b r a t i o n  f a c t o r  d i f f e r e n t  than  one ob ta ined  f rom dosimeters p laced on t h e  

f r o n t  o f  t h e  phantom. A technique t o  c o r r e c t  t h e  sphere response t o  agree 

w i t h  t h e  phantom r e s u l t s  has been developed. Th i s  c o n s i s t s  o f  p l a c i n g  t h e  

bare probe o f  t h e  remmeter a t  t h e  equator  o f  t h e  sphere and by moving t h i s  

probe around t h e  sphere one can determine t h e  approximate d i r e c t i o n  o f  



i nc idence  o f  t h e  neutrons. T h i s  procedure i s  descr ibed  i n  LA-5261. 

A l though i t  i s  o n l y  approximate, i t  gave good agreement i n  an exper imenta l  

f i e l d  t e s t .  

The s i z e  o f  t h e  phantom f o r  neu t ron  s tud ies  o f  albedo-neutron dosim- 

e t e r s  i s  impor tan t .  We found t h a t  t h e  response on t h e  upper and lower  

ches t  o f  a  phantom v a r i e s  by about 30 percen t  f o r  a  phantom hav ing l ung  

c a v i t i e s .  A g a l l o n  j u g  g ives  a dos imeter  response 1.1 0 percen t  h i ghe r  than  

one ob ta ins  f rom t h e  upper ches t  of  t h i s  phantom w i t h  l u n g  c a v i t i e s .  We 

a l s o  i n v e s t i g a t e d  t h e  p e n e t r a t i o n  o f  neut rons through t h e  phantom and found 

t h i s  v a r i e d  g r e a t l y  w i t h  neut ron energy (see LA 5261). 

Albedo neutron dosimeters a r e  very  energy dependent. A smal l  decrease 

i n  t h e  average energy o f  t h e  neut ron spectrum causes a s i g n i f i c a n t  inc rease  

i n  t h e  dos imeter  response. To determine t h e  e f f e c t  o f  these spec t ra l  

changes on t h e  accuracy o f  t h e  dosimeters used a t  LASL, we made a s tudy  a t  

ou r  r e a c t o r  and our  P lu ton ium f a c i l i t y ,  us i ng  t h e  9 and 3 i n c h  sphere tech-  

nique. The r e s u l t s  have been p l o t t e d  i n  F igures  1 through 4. One can 

determine t h a t  an accuracy o f  +40 percen t  cou ld  be obta ined i n  a l l  areas 

except i n  t he  2 3 8 ~ u  f a c i l  i ty  (F igu re  2 )  where a 1 a rge r  spread of +60 and 

-40 percen t  would be requ i red .  The r e l a t i v e  TLD s e n s i t i v i t y  v a r i e s  f o r  t h e  

d i f f e r e n t  f a c i l  i t i e s  and t h e  c a l  i b r a t i o n  f a c t o r  v a r i e s  p r o p o r t i o n a l  l y .  

There fo re  we must know where t he  exposure occurred if we a r e  t o  a c c u r a t e l y  

eva lua te  t h e  exposure. Th i s  i s  t h e  major  disadvantage o f  an albedo-neutron 

dosimeter system. 

I w i l l  g i v e  a r e p o r t  o f  t h e  Eng l i sh  a lbedo-neutron dosimeter and t h e  

Swiss spark-counter system. Both o f  these dos imeter  systems were discussed 

w i t h  t h e  developers d u r i n g  my recen t  t r i p  t o  Europe. 
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FIGURE 1. Resu l t s  o f  a  Survey a t  a  Plutonium-Metal  F a b r i c a t i o n  F a c i l i t y  
Taken w i t h  t h e  9- and 3- Inch Spheres Showing t h e  V a r i a t i o n s  i n  
t h e  R e l a t i v e  S e n s i t i v i t y  o f  t h e  Dosimeter as a  Func t i on  o f  Dose 
Rate 
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FIGURE 2. R e s u l t s  o f  a  Survey a t  a  P lu ton ium 238 F a c i l i t y  Taken w i t h  t h e  
9- and 3 - Inch  Spheres Showing t h e  V a r i a t i o n s  i n  t h e  R e l a t i v e  
S e n s i t i v i t y  o f  t h e  Dosimeter as a  Func t i on  o f  Dose Rate. 
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FIGURE 3. Resu l ts  o f  a  Survey a t  a  P lu ton ium Recovery F a c i l i t y  Taken w i t h  
t h e  9- and 3 - Inch  Spheres Showing t h e  V a r i a t i o n s  i n  t h e  R e l a t i v e  
S e n s i t i v i t y  o f  t h e  Dosimeter as a  Func t ion  of Dose Rate 
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FIGURE 4. Resu l ts  o f  a  Survey a t  t h e  OWR Reactor Taken w i t h  t h e  9- and 
3- Inch Spheres Showing t h e  V a r i a t i o n s  i n  t h e  R e l a t i v e  S e n s i t i v i t y  
of t h e  Dosimeter 



PERSONNEL NEUTRON DOSIMETRY AT SLAC* 

T. M. Jenk ins  and K. R. Kase 
Stanford L i n e a r  Acce le ra to r  Center 

Stanford, CA 94305 

A t  SLAC more than 90 percen t  of t h e  recorded personnel doses a r e  

caused by photon r a d i a t i o n .  Consequently neut ron exposures a r e  a minor  
6 7 problem. We use a L i  F /L i  F personnel dosimeter f o r  b o t h  photons and neu- 

t r ons .  The neu t ron  doses a r e  eva lua ted  by a method t o  be d iscussed s h o r t l y .  

I n  1972 t h e r e  were 25 neut ron exposures i n  excess o f  100 mrem o u t  o f  a t o t a l  

o f  1763 people monitored. The h i g h e s t  neu t ron  dose was 300 mrem. 

The method of e v a l u a t i n g  neu t ron  doses was a r r i v e d  a t  th rough  a number 

o f  s t u d i e s  which determined t h e  TLD response as a f u n c t i o n  o f  f a s t  t o  t h e r -  

mal neu t ron  f l u x  r a t i o  and t h e  f l u x  r a t i o  i n  t he  area where personnel a r e  

exposed. Us ing a Pu Be source we found t h a t  when t h e  f a s t  t o  thermal f l u x  

r a t i o  i s  l e s s  t han  10, t h e  dosimeter,  p laced on a r o t a t i n g  phantom, essen- 

t i a l l y  i s  responding t o  t h e  thermal neut rons from t h e  source. Consequently, 

t h e  c a l i b r a t i o n  i n  terms of l i g h t  o u t p u t  as a f unc t i on  of f a s t  neut ron dose 

v a r i e s  w i t h  t he  f a s t  t o  thermal f l u x  r a t i o .  

Measurements made i n  t h e  SLAC research areas show t h a t  t h e  mean f a s t  

t o  thermal f l u x  r a t i o  i s  3 : l  w i t h  a v a r i a t i o n  f rom 5 : l  t o  1.2:1. We use 

t h e  mean f l u x  r a t i o  t o  eva lua te  t he  personnel neut ron doses. T h i s  means 

t h a t  our  neu t ron  dose assignments may be h i g h  by as much as a f a c t o r  o f  3 

i f  t h e  r a t i o  i s  r e a l l y  1.2:1, o r  low by 60 percen t  i f  t h e  r a t i o  i s  r e a l l y  

5 : l .  

More s t u d i e s  a r e  be ing  done t o  eva lua te  t h e  TLD response as a f u n c t i o n  

o f  f a s t  t o  thermal f l u x  r a t i o  us ing  neu t ron  sources o f  d i f f e r e n t  energ ies.  

* Work performed under auspices of t h e  U.S. Atomic Energy Coniniission. 



THE HAlVFORD THERMOLUMI NESCENT MULTIPURPOSE DOS IMETEP 

L. L. N i cho l s  and G. W.  R. Endres 
B a t t e l l  e-Northwest 
Rich land,  WA 99352 

T h i s  r e p o r t  b r i e f l y  covers  some of t h e  problems t h a t  were encountered 

d u r i n g  t h e  f i r s t  yea r  o f  o p e r a t i n g  exper ience w i t h  t h e  Hanford Mu l t i pu rpose  

Dos-inieter. 

The t o t a l  number o f  dos imeters  read d u r i n g  1972 i nc l udes  over  25,000 

mu l t i pu rpose  w i t h  f i v e  TLD's each p r o v i d i n g  dose es t imates  f o r  bo th  neu t ron  

and beta-gamma exposures, and 7,400 bas ic  dos imeter  cards w i t h  one TLD each. 

These f i g u r e s  do n o t  i n c l u d e  exper imenta l ,  q u a l i t y  c o n t r o l  and c a l i b r a t i o n  

dos imeters  t h a t  were a l s o  processed. To ta l  o p e r a t i n g  t i m e  on t h e  automat ic  

reader  t o  da te  i s  over  1,000 hours.  As expected, most dos imeter  r e s u l t s  

were zero;  however, t h e r e  were 1,500 f a s t  neu t ron  dose i n t e r p r e t a t i o n s  

above 50 mrem and 2,100 p e n e t r a t i n g  gamma i n t e r p r e t a t i o n s  above 300 mrem 

f o r  t h e  mu l t i pu rpose  dos imeters .  The bas i c  dos imeter  r e s u l t s  i n c l u d e  110 

i n t e r p r e t a t i o n s  g r e a t e r  than  300 mrem. 

The f a s t  neu t ron  c a l i b r a t i o n  procedure was mod i f i ed  t o  more c l o s e l y  

match t h e  f i e l d  exposure c o n d i t i o n s .  Th i s  was done by an -intercornparison 

between t h e  t i s s u e  e q u i v a l e n t  p r o p o r t i o n a l  coun te r  (TEPC) and t h e  mu1 t i - 
purpose dos imeter .  The TEPC and dos imeter  were exposed t o  f a s t  neut rons a t  

severa l  l o c a t i o n s  around Hanford. Using t h i s  data,  t h e  l a b o r a t o r y  f a s t  

neu t ron  c a l i b r a t i o n  procedure was mod i f i ed  t o  match t h e  r e l a t i v e  s e n s i t i v -  

i t y  o f  t h e  dos imeter  when i t  i s  exposed under f i e l d  c o n d i t i o n s .  

An a d d i t i o n a l  s tudy  was made t o  eva lua te  t h e  f a s t  neu t ron  response o f  

t h e  dos imeter  as a  f u n c t i o n  o f  p o s i t i o n  on t h e  body. The i n i t i a l  s tudy  

was done i n  t h e  l a b o r a t o r y  us i ng  a  phantom. T h i s  s tudy  was done i n  t h e  

f i e l d  us ing  vo lun tee r  employees. T i g h t  f i t t i n g  t e e - s h i r t s  hav ing t h r e e  

i n t e r n a l  pockets  were used t o  p o s i t i o n  t h r e e  dos imeters  ove r  t h e  stomach, 

* Work sponsored by t h e  U. S. Atomic Energy Commission under c o n t r a c t  w i t h  
B a t t e l l  e-Northwest. 



r i g h t  ches t  and t h e  sternum o f  each employee. The t e e - s h i r t  kep t  t he  dosim- 

e t e r s  i n  c l o s e  c o n t a c t  w i t h  t h e  body. A  f o u r t h  dos imeter  was worn c l i p p e d  

t o  t h e  l e f t  ches t  pocket  o f  a  l oose  f i t t i n g  c o v e r a l l  o r  l a b  coa t .  A l l  

dos imeters  were worn f o r  a  l -month p e r i o d  w h i l e  t h e  employee performed h i s  

normal work. Data f rom t h i s  s tudy i n d i c a t e d  t h e  dos imeter  worn on t h e  l oose  

f i t t i n g  c o v e r a l l  averaged 70 percen t  o f  t h e  average f a s t  neu t ron  response 

o f  t h e  o t h e r  t h r e e  dos imeters .  There was no s t a t i s t i c a l  d i f f e r e n c e  i n  

t h e  f a s t  neu t ron  response o f  t h e  dos imeters  a t  t h e  o t h e r  t h r e e  l o c a t i o n s .  

Th i s  70 pe rcen t  f a c t o r  was i nco rpo ra ted  i n  t h e  f a s t  neu t ron  c a l i b r a t i o n  p ro -  

cedure f o r  t h e  dos imeter  so t h a t  i t  i s  a u t o m a t i c a l l y  f a c t o r e d  i n t o  t h e  dose 

e q u i v a l e n t  i n t e r p r e t a t i o n .  

6  For f a s t  neu t ron  measurements t h e  mu l t ipu rpose  dos imeter  has two L i F  

b locks  t h a t  a r e  0.32 x  0.32 x  0.089 cm. One b l ock  has a  cadmium-tin f i l t e r ;  

t h e  o t h e r  has a  t i n  f i l t e r .  The f i l t e r s  a r e  ad jus ted  i n  t h i c kness  t o  be 

e q u i v a l e n t  f o r  photon r a d i a t i o n .  The d i f f e r e n c e  i n  t h e  read ings  of  t h e  

two b l ocks  can be r e l a t e d  t o  i n c i d e n t  thermal neut rons s i n c e  t h e  cadmium 

w i l l  absorb e s s e n t i a l l y  a1 1  thermal neut rons which impinge on i t .  

6  For  f a s t  neu t ron  measurements t h e  L i F  b l o c k  behind t h e  t i n  f i l t e r  

responds t o  i n c i d e n t  thermal ,  backsca t te red  f a s t  neut rons and backsca t te red  

thermal neut rons.  Fas t  neu t ron  dose e q u i v a l e n t  i s  de r i ved  by s u b t r a c t i n g  

o u t  i n c i d e n t  thermal neut rons and c o r r e c t i n g  f o r  backsca t te red  thermal  neu- 

t r o n s  as determined f rom c a l i b r a t i o n  exposures. Response due t o  photon 

i n t e r a c t i o n s  i n  t h e  TLD's i s  co r rec ted  f o r  by us i ng  a  7 ~ i ~  block  and a  t i n  
6  f i l t e r  s i m i l a r  t o  t h a t  i n  f r o n t  o f  t h e  L i F  b locks .  
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PERSONNEL NEUTRON DOS:[METRY STUD1 ES 
AT THE LAWRENCE BERKELEY LABORATORY* 
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1. I n t r o d u c t i o n  

It i s  g e n e r a l l y  recognized t h a t  personal  neu t ron  dos imetry  i s  a d i f f i -  

c u l t  task,  bu t  i t  i s  perhaps around high-energy a c c e l e r a t o r s  t h a t  t h e  prob-  

leni i s  most severe. F i r s t l y ,  a high-energy a c c e l e r a t o r  i s  a p o t e n t  source 

o f  r a d i a t i o n - - f o r  example, ~ i s t e n f e l d ( l )  has r epo r t ed  t h a t  t h e  A1 t e r n a t i n g  

Grad ien t  Synchrot ron (AGS) c o n t r i b u t e s  80 percen t  - 90 percen t  o f  bo th  t h e  

gamma and neu t ron  exposures t o  Brookhaven personnel .  Secondly, t h e  v a r i e t y  

o f  r a d i a t i o n  f i e l d s  i s  g r e a t .  A t  p ro ton  a c c e l e r a t o r s  neut rons u s u a l l y  domi- 

na te  t h e  r a d i a t i o n  f i e l d  o u t s i d e  t h i c k  s h i e l d s ,  b u t  l a r g e  d i f f e r e n c e s  i n  

neu t ron  spectrum a r e  observed(2)  which can make t h e  i n t e r p r e t a t i o n  o f  mea- 

surements made w i t h  a s ing1 e dos imeter  d i f f i c u l t .  Furthermore, under p o o r l y  

sh i e l ded  c o n d i t i o n s  ( f o r  example ad jacen t  t o  p r imary  p a r t i c l e  beams) t h e  

garnma:neutron r a t i o  may change by more t han  two o rde rs  o f  magnitude. (3)  A t  

many h i g h  energy e l e c t r o n  acce le ra to r s ,  too,  neut rons a r e  be ing i d e n t i f i e d  

as an impo r tan t  component o f  t h e  r a d i a t i o n  environment.  (4  

2. Personal  Dos imetry  a t  A c c e l e r a t o r s  

T h i s  a u t h o r ' s  exper ience a t  many high-energy l a b o r a t o r i e s  w i t h  severa l  

d i f f e r e n t  t ypes  o f  acce l  e r a t o r s  have 1 ed him t o  t h e  f o l  1 owi ng conc l  us ions  

concern ing i n d i v i d u a l  dos imet ry  f o r  a c c e l e r a t o r  personnel .  

a. The "Un i ve r sa l "  Dosimeter - which i s  dose-equ iva len t  responding 

under a l l  t he  v a r i e d  r a d i a t i o n  c o n d i t i o n s  e x i s t i n g  around a h i g h  energy 

a c c e l e r a t o r  does n o t  e x i s t  a t  t h e  p resen t  t ime .  It probab ly  i s  a phys i ca l  

i m p o s s i b i l i t y  g i ven  t h e  p resen t  a d m i n i s t r a t i v e  d e f i n i t i o n s  o f  dose-equiva lent .  

* Work sponsored by t h e  U.S. Atomic Energy Commission under c o n t r a c t  w i t h  
t h e  Lawrence Berke ley  Labora to ry .  



b. Neutron Dosimetry - Necessary. I n  most work ing environments around 

p ro ton  a c c e l e r a t o r s  (and a t  many e l  e c t r o n  accel  e r a t o r s  t o o )  neut rons a r e  

dominant. It i s  t h e r e f o r e  n e a r l y  always necessary t o  mon i t o r  t h e  i n d i v i d u a l  

neut ron exposure. (For  example, i t  makes l i t t l e  sense t o  a t tempt  t o  e s t i -  

mate 90 pe rcen t  o f  t h e  dose equ i va len t  c o n t r i b u t i o n  due t o  neut rons f rom a  

measure of  10 percen t  o f  t h e  dose e q u i v a l e n t  w i t h  a  gamma dos imeter .  ) 

c .  More than  One Dosimeter Necessary. A t  l e a s t  two personal dosim- 

e t e r s  a r e  necessary--one f o r  photon exposures, a t  l e a s t  one f o r  neut rons.  

I f  personnel a r e  exposed t o  a  wide range o f  neut ron energ ies two o r  more 

neut ron dos imeters  may be necessary. 

d. The App rop r i a te  Dosimeter? In te rmed ia te  energy neut rons r a r e l y  

p resen t  a  ma jo r  problem a t  acce le ra to r s ,  a l though they  may do so under ce r -  

t a i n  s h i e l d i n g  c o n f i g u r a t i o n s ,  e.g. s t e e l  ~ h i e l d i n g ! ~ ) a t  t h e  ent rance t o  

1  a b y r i  n ths  p e n e t r a t i n g  s h i e l d i  ng!6) For these unusual c i rcumstances a1 bedo- 

t ype  dos imeters  would be most h e l p f u l .  A t  most p ro ton  a c c e l e r a t o r s  t h e  

neut rons making t h e  dominant c o n t r i b u t i o n  t o  t h e  dose e q u i v a l e n t  l i e  i n  
(2) t h e  energy range 0.1 MeV-20 MeV. Th i  s  energy range i s  f a i r l y  we1 1  hand1 ed 

by nuc lea r  t r a c k  f i l m - - a l t h o u g h  t h i s  dos imeter  i s  anathema t o  some i t  i s  

s t i l l  w i d e l y  used by those  who have a  need t o  mon i to r  neut rons.  F i s s i o n  

f o i l  t r a c k  d e t e c t o r  combinat ions have a l s o  been used t o  some degree i n  t h i s  

energy r e g i o n  a t  acce le ra to r s .  (1 

Under c e r t a i n  c o n d i t i o n s  (e.g. s h i e l d s  w i t h  a  h i g h  water  c o n t e n t )  

t h e  c o n t r i b u t i o n  t o  t h e  dose e q u i v a l e n t  due t o  neut rons g r e a t e r  t han  20 MeV 

i n  energy may be more than  50 per~ent(~! -even f o r  a c c e l e r a t o r s  i n  t h e  GeV 

energy reg ion .  A d d i t i o n a l l y ,  a t  a c c e l e r a t o r  energ ies i n  t h e  hundreds o f  

GeV range t h e  energy s e n s i t i v i t y  o f  neu t ron  personal dosimeters must extend 

w e l l  beyond 20 MeV. It i s  w i t h  t h i s  ex tens ion  o f  neu t ron  personal dosim- 

e t r y  t o  h i ghe r  energ ies t h a t  we have been concerned w i t h  a t  Berke ley d u r i n g  

t h e  pas t  yea r .  

3. Personal Dosimetry Stud ies a t  Berke ley 

Neutron t r a c k  f i l m  has proved t o  be i n v a l u a b l e  i n  assess ing personal 

neut ron exposures. We do n o t  f i n d  ourse lves i n  agreement w i t h  those  who 

f i n d  i t  of no va lue  i n  r o u t i n e  use. The most se r i ous  t e c h n i c a l  d e f i c i e n c y  



c la imed f o r  neut ron t r a c k  f i l m - - t r a c k  f a d i n g - - i s  n o t  se r i ous  a t  t h e  r e l a -  

t i v e l y  low h u m i d i t i e s  which o b t a i n  a t  Berke ley.  Many s tud ies  now show t h a t  

a t  moderate temperature and RH e r r o r s  i n  DE e s t i m a t i o n  due t o  t r a c k  f a d i n g  

a r e  l e s s  than  20 percent!7) Furthermore, i f  t r a c k  f ad ing  i s  s i g n i f i c a n t  i t  

may be adequately c o n t r o l  l e d  by f i l m  packaging!7) As an example o f  r o u t i n e  

use packaged nuc lea r  t r a c k  f i l m  has been s u c c e s s f u l l y  used a t  t h e  Ru the r fo rd  
6 Laboratory ,  i n  con junc t i on  w i t h  a  crude L i F  albedo t y p e  dos imeter  t o  o b t a i n  

good es t imates  o f  neu t ron  dose equ i va len t  i n  a  v a r i e t y  o f  r a d i a t i o n  
(8) environments. 

a. Th i ck  Emulsions 

A t  neu t ron  energ ies above 20 MeV t h i c k  nuc lea r  emu1 s ions  may be u t i -  

l i z e d  as personal dosimeters.  A t  Berke ley 600 p t h i c k  I l f o r d  L4 emulsions 

and NTA f i l m s  were exposed t o  neut rons o f  nominal energy 4.5, 14, 25, and 

225 MeV. I n  a d d i t i o n ,  emulsion s e n s i t i v i t y  was compared w i t h  f i s s i o n  f o i l  

de tec to r s .  These exposures have been descr ibed  i n  d e t a i  1  e l  sewhere!') I n  

summary, i t  was found t h a t  t he  normal ized s e n s i t i v i t y  o f  L4 emulsion was 

g r e a t e r  than  t h a t  o f  NTA f i l m  a t  a l l  energ ies because o f  t h e  g r e a t e r  emul- 

s i o n  th ickness  and t h e  g rea te r  s e n s i t i v i t y  o f  L4 emulsion t o  h i ghe r  energy 

p ro ton  r e c o i l  t r acks .  The s e n s i t i v i t y  o f  t h e  technique i s  adequate: f o r  
5  example, a t  225 MeV a neu t ron  f l  uence o f  2  x  10  n cm-2 (about  10 mrem) may 

be measured i n  a  scanning t i m e  o f  l e s s  than  30 minutes. An i n t e r e s t i n g  

observa t ion  was t h a t  NTA f i l m  showed a s i g n i f i c a n t  response t o  t h e  225 MeV 

neutron beam which cannot be exp la ined  i n  terms o f  l ow  energy contaminat ion.  

The response of NTA f i l m  t o  h i gh  energy neu t ron  spec t ra  i s  wor th  se r i ous  

s tudy because t h e r e  may be some s i g n i f i c a n t  response f rom protons i n  equ i -  

l i b r i u m  w i t h  t h e  neut ron component o f  t h e  nuc lear  cascade. 

b. E l  e c t r o n i c  Personnel Dosimeter 

P re l im ina ry  s tud ies  l e a d  us t o  be1 i e v e  t h a t  i t  i s  now t e c h n i c a l l y  

f e a s i b l e  t o  produce a smal l  personal neut ron mon i t o r  (abou t  t h e  s i z e  o f  a  

Hewle t t  Packard pocket  computer) .  A t y p i c a l  ins t rument  m igh t  u t i  1  i ze a 

0.5- inch x  4.6 i n c h  l o n g  BF3 coun te r  (20 cm Hg f i l l i n g ,  96 percent  'OB) 

moderated by 0.36 i n c h  po l ye thy lene  surrounded by cadmium. Such a coun te r  

worn on t h e  body would generate 350 counts/mrem f o r  252-Cf neu t rons- -eas i l y  



de tec tab le  above background!' O) The bas ic  e l e c t r o n i c  techno1 ogy i s  now 

a v a i l a b l e  and a f t e r  some bas i c  des ign work i t  would appear f e a s i b l e  t o  pro-  

duce these  dos imeters  f o r  1 ess than  $1 000. (Consul t a t i o n  w i t h  manufacturers  

would a lmost  c e r t a i n l y  lower  t h i s  f i g u r e . )  
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THE SOLID-STATE 'TRACK-RECORDER FAST-NEUTRON DOSIMETER 
EMPLOY ED AT ARGONNE NATIONAL LABORATORY * 

Thomas J. Yule 
Argonne Nat iona l  Labora to ry  

Argonne, I l l i n o i s  60439 

Before I desc r i be  our  p a r t i c u l a r  fas t -neu t ron  dos imetry  system, l e t  me 

j u s t  say t h a t  t h e  m a t e r i a l  w i l l  be presented i n  d e t a i l  i n  a  for thcoming 

i ssue  o f  Hea l t h  Physics under t h e  t i t l e  "So l i d -S ta te  Track Recorder Person- 

ne l  Neutron Dosimetry a t  Plutonium-Fueled Zero Power Fas t  Reactor F a c i l i t i e s  

(ZPR-6 and ZPR-9)," by Raymond Gold, Roland J. Armani , Gordon K. Rusch and 

myse l f .  Because t h e  m a t e r i a l  w i l l  appear r a t h e r  s h o r t l y ,  I would r a t h e r  

concen t ra te  on t h e  bas ics  o f  t h e  system, than g e t  t oo  i nvo l ved  i n  t h e  

d e t a i l s .  My approach i s  a l s o  somewhat d i f f e r e n t  than t h e  one f o l l owed  i n  

t h e  paper. I f  t h e r e  e x i s t e d  an i d e a l  neut ron dosimeter,  t h a t  i s ,  one w i t h  

t h e  p roper  energy response, good s e n s i t i v i t y ,  made from non- tox ic  m a t e r i a l s ,  

and n o t  a  source o f  r a d i a t i o n  i t s e l f ,  then much o f  what I have t o  say today 

would be o f  1  i t t l e  p r a c t i c a l  i n t e r e s t .  F i r s t ,  l e t  me say how we g o t  

i nvo l ved  i n  t h e  problem, s i nce  none o f  us a r e  h e a l t h  p h y s i c i s t s .  Back i n  

1969 p lu ton ium was in t roduced as a f u e l  i n  t h e  r e a c t o r s  a t  Argonne IVational 

Labora to ry  i n  I l l i n o i s .  The use o f  t h i s  f u e l  c rea tes  a dose hazard because 

o f  t h e  presence o f  f a s t  neutrons f rom spontaneous f i s s i o n  decay and subse- 

quent m u l t i p l i c a t i o n  o f  these neut rons i n  t h e  s u b c r i t i c a l  assembly. Per- 

sonnel work ing around t he  r e a c t o r s  have t o  be moni tored.  A t  t h e  t ime  t h e r e  

was no s a t i s f a c t o r y  f as t -neu t ron  personnel dos imeter  a v a i l a b l e .  The neu t ron  

s e n s i t i v e  f i l m  badges a lmost  always showed l i t t l e  o r  no dose, even though 

we knew t h e  doses were severa l  hundred mrem i n  t h e  r e p o r t i n g  pe r i od .  One 

t h i n g  should be immediate ly  emphasized--the t ype  o f  neu t ron  source we a r e  

d e a l i n g  w i t h .  The source i s  a  degraded f i s s i o n  source w i t h  t he  peak o f  t h e  

d i s t r i b u t i o n  appear ing a t  severa l  hundred keV; a lso ,  more than  95 percent  

o f  t h e  dose a r i s e s  i n  our  environment f rom f a s t  neut rons.  

We choose as a system t o  mon i to r  t h e  dose a ca rd  c o n t a i n i n g  two s o l i d -  

s t a t e  t r a c k  recorders  w i t h  U-235 sources--one reco rde r  and source i s  con ta ined  

* Work sponsored by U.S. Atomic Energy Commission under c o n t r a c t  w i t h  t h e  
Argonne Na t i ona l  Laboratory .  
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i n  an aluminum package, t h e  o t h e r  i s  cadmium covered. The dose i s  d e t e r -  

mined f rom t h e  number o f  f i s s i o n s  i n  t h e  two recorders .  The f i s s i o n  t r a c k s  

a r e  counted ~ i i a n u a l l y  w i t h  an o p t i c a l  microscope (%200X). A s k i l l e d  r eade r  

can determine t h e  number o f  t r a c k s  on b o t h  r eco rde rs  i n  about 20 minutes.  

F i g u r e  1  shows a  s o l i d - s t a t e  t r a c k  recorder .  F i g u r e  2  shows a  photomicro-  

graph o f  a  r eco rde r .  The mica i s  pre-etched t o  enable  t h e  reader  t o  d i s -  

t i n g u i s h  t r a c k s  a r i s i n g  f rom spontaneous f i s s i o n  o f  t h e  uranium i m p u r i t i e s .  

The l a r g e  diamond i s  such a  t r a c k ;  t h e  s m a l l e r  ones a r e  from f i s s i o n  i n  t h e  

source. 

The obv ious  ques t i on  i s  how can t h e  f i s s i o n  r a t e s  i n  these  two reco rde rs  

be used t o  determine t h e  dose. N e i t h e r  r e c o r d e r  has t h e  p roper  energy 

response. They b o t h  have a  h i g h  s e n s i t i v i t y  t o  in te rmed ia te -energy  neu t rons  

and a  non-rem response t o  f a s t  neut rons.  The answer t o  t h e  ques t i on  i s  t h a t  

a1 1  we can determine i s  an upper l i m i t  on t h e  dose rece i ved  by t h e  wearer.  

The conceptua l  approach o f  t h e  dos imeter  was t h a t  t h e  cadmium covered 

r e c o r d e r  c o u l d  be used t o  determine an upper l i m i t  by c a l i b r a t i n g  i t  i n  t h e  

hardes t  spect rum-- the spectrum i n  which t h e  number o f  t r a c k s  pe r  mrem would 

be lowes t .  The cadmium r a t i o  ( t h e  response o f  t h e  aluminum covered r e c o r d e r  

d i v i d e d  by t h a t  o f  t h e  cadmium covered one) would be used t o  c o r r e c t  f o r  

d i f f e r e n t  r e l a t i v e  c o n t r i b u t i o n s  f r om in te rmed ia te -energy  neut rons.  One 

may c o n s t r u c t  a  s imp le  model o f  t h e  neu t ron  spectrum i n  o u r  environment t o  

show why t h i s  m i g h t  be t h e  case. The model i s  exp la ined  i n  t h e  paper r e f e r -  

r e d  t o  a t  t h e  beg inn ing  o f  t h e  t a l k ;  however, t h e  exper imenta l  de te rm ina t i on  

o f  t h e  neu t ron  environment showed t h a t  severa l  o f  i t s  assumptions were n o t  

c o r r e c t .  

The manner i n  which t h e  dose i s  r e l a t e d  t o  t h e  cadmium-covered t r a c k  

d e n s i t y  Tcd and t h e  cadmium r a t i o  CR ( t h e  o n l y  two independent v a r i a b l e s  i n  

t h e  system) i s  obvious i f  we demand t h a t  doses rece i ved  under t h e  same con- 

d i t i o n s  i n  t h e  consecu t i ve  t i m e  i n t e r v a l s  tl and t2 be a d d i t i v e ,  t h a t  i s  
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where DSSTR denotes doses determined f rom t h e  t r a c k  recorders .  Since t h e  

t r a c k  d e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  exposure t ime,  DSSTR must be a  l i n e a r  

f u n c t i o n  o f  t h e  t r a c k  d e n s i t i e s .  Thus, t h e  form we must use i s  

where a  and b  a r e  cons tan ts .  

Now, t o  c a l i b r a t e  t h e  dos imeter  i t  i s  necessary t o  determine t h e  con- 

s t a n t s  a  and b  i n  such a  way t h a t  we always o b t a i n  a  DSSTR t h a t  i s  equal t o  

o r  g r e a t e r  than  t h e  t r u e  dose. A minimum s e t  o f  measurements r e q u i r e  t h e  

measurement o f  doses and t r a c k  d e n s i t i e s  a t  va r i ous  l o c a t i o n s  i n  t h e  area 

where personnel w i l l  be present .  O f  course, one wants t o  g i v e  some con- 

s i d e r a t i o n  t o  where exposures a r e  made; i t  i s  necessary t o  have a  measure- 

ment i n  t h e  hardes t  spectrum and one i n  t h e  s o f t e s t  spectrum. Thus, i f  we 

a r e  d e a l i n g  w i t h  a  f i s s i o n  source, we need t o  have one measurement as c l o s e  

t o  t h e  source as p o s s i b l e  and one f o r  which t h e  source i s  i n  i t s  most f u l l y  

sh ie l ded  c o n f i g u r a t i o n .  

Having presented t h i s  background i n fo rma t i on ,  I would l i k e  t o  show 

what we found f o r  ou r  p a r t i c u l a r  environment.  F i gu re  3 shows one o f  t h e  

ZPR r e a c t o r s .  You can see t h e  c o n t r o l  rods and t h e  m a t r i x  tubes, which 

c o n t a i n  drawers which c o n t a i n  t h e  r e a c t o r  f u e l  and o t h e r  m a t e r i a l s .  Per-  

sonnel must go between t h e  ha lves  of t h e  r e i . c t o r  t o  l o a d  i t .  F igu re  4 

shows a  t o p  view o f  t h e  c e l l  c o n t a i n i n g  t h e  r e a c t o r .  The cross-hatched 

rec tang les  rep resen t  personnel sh ie l ds ,  which a r e  used t o  decrease t h e  neu- 

t r o n  and gamma-ray doses. They a r e  moveable and i n  t h r e e  sec t i ons .  The 

most impo r tan t  c o n s t i t u e n t  o f  t h e  s h i e l d  i s  a  hardboard-type m a t e r i a l .  The 

x ' s  i n d i c a t e  p o s i t i o n s  a t  which dos imet ry  s tud ies  were c a r r i e d  ou t ;  t h e  

c i r c l e d  x ' s  a r e  l o c a t i o n s  a t  which more d e t a i l e d  s tud ies  were undertaken 

and c o n s t i t u t e  a  r e p r e s e n t a t i v e  s e t .  These p o s i t i o n s  w i l l  be t h e  o n l y  ones 

I w i l l  d i scuss .  

I n  a d d i t i o n  t o  measuring t h e  doses a t  t h e  va r i ous  l o c a t i o n s  w i t h  a  

p o r t a b l e  rem meter, we made o t h e r  measurements t o  c h a r a c t e r i z e  t h e  neu t ron  

environment. Measurements were made w i t h  bare and cadmium-covered BF3 
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counters .  These measurements can be used t o  determine t h e  thermal f l u x  and 

an equ i va len t  in termediate-energy f l u x .  Measurements were a l s o  made w i t h  

a p o r t a b l e  f as t -neu t ron  coun te r  t o  determine t h e  fas t -neu t ron  f l u x .  These 

measurements a lone  g i v e  a cons iderab le  amount of in fo rmat ion  about t h e  

environment and f o r  an unknown degraded f i s s i o n  source environment would 

p robab ly  a l l o w  one t o  i n t e r p r e t  t h e  dos imeter  response. I n  a d d i t i o n  t o  

these measurements we made some spectrum measurements w i t h  p ro ton - reco i l  

p r o p o r t i o n a l  counters .  The technique i s  r a t h e r  soph i s t i ca ted ,  and i n  t h i s  

case t h e  r e s u l t s  a r e  l i k e  f r o s t i n g  on t h e  cake. However, they  do i n d i c a t e  

i n  a very  g raph i c  way t h e  neu t ron  environment. F i gu re  5 shows t h e  spectrum 

between t h e  halves. The o r d i n a t e  i s  i n  u n i t s  o f  f l u x  per  u n i t  l e t h a r g y  o r  

E t imes o f  ( E ) .  We n o t i c e  t h a t  t h e  spectrum peaks a t  severa l  hundred keV. 

A lso  shown on t h e  s l i d e  i s  t h e  energy dependent f l ux - t o -dose  convers ion 

curve. We see t h a t  t h e  spectrum extends over  an energy r e g i o n  o f  r .apid 

v a r i a t i o n  i n  t h e  dose convers ion  curve. We a c t u a l l y  found t h a t  f o r  t h e  

var ious  l o c a t i o n s  t h e  dose pe r  f a s t  neut ron v a r i e d  over  a f a c t o r  o f  f o u r .  

F i gu re  6 shows t h e  spectrum between t h e  halves when t h e  s h i e l d s  a r e  i n  

p lace.  The f as t -neu t ron  i n t e n s i t y  i s  s u b s t a n t i a l l y  reduced; t h e  peak has 

a l s o  moved o u t  t o  a h i ghe r  energy. F i gu re  7 shows a spectrum measured i n  

t h e  room away from t h e  r e a c t o r .  We s t i l l  n o t i c e  t h a t  a lmost  a l l  t h e  dose 

comes f rom high-energy neutrons. F i gu re  8 shows t h e  e f f e c t  o f  a human t o r s o  

on the spectrum. The spec t ra  were measured i n  f r o n t  o f  a gap i n  t h e  s h i e l d s  

w i t h  and w i t h o u t  a phantom present .  The dose i s  o n l y  s l i g h t l y  changed by 

t h e  presence o f  t h e  phantom. However, s c a t t e r i n g  f rom t h e  phantom substan- 

t i a l l y  increases t h e  number o f  low-energy neutrons. The t r a c k  recorders ,  

which a r e  s e n s i t i v e  t o  low-energy neutrons, must be exposed on a phantom 

d u r i n g  c a l i b r a t i o n .  

Table 1 shows t h e  dose r a t e ,  thermal f l u x ,  equ i va len t  1/E f l u x ,  and 

f a s t  f l u x  observed a t  t h e  c i r c l e d  p o s i t i o n s .  The dose r a t e  v a r i e s  f rom 

severa l  hundred mrem/hour between t h e  ha1 ves t o  1 ess than  one mrem/hour 

away f rom t h e  r e a c t o r  w i t h  t h e  s h i e l d s  i n  p lace.  We found t h a t  between t h e  

ha lves t h e  presence o f  t h e  phantom increases t h e  thermal f l u x  by a f ac to r  

o f  twen ty  and t h e  in termediate-energy f l u x  by a f a c t o r  of f o u r .  The number 
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