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I. INTRODUCTION 

The f i l m  dosimeter i n  a v a r i e t y  of forms has been used s ince  -the 

beginning of t h e  Atomic Energy Program by nea r ly  a l l  instal . l-ations hand-ling 

, s ign i f icant  q u a n t i t i e s  of' rad ioac t ive  mater ia l s .  

o r  circumventing most, of - M e  disadvantages of f i l m  dosimetry, such as t h e  

photon energy dependence, have been achieved, mainly by @acing -t;he fi1.m 

i n  a properly designed package or "badge". 

Methods f o r  overcoming 

Pardue, Goldstein and Wollan'l) s t a t e d  as e a r l y  as 1344 t h a t  a good 

pocket dosimeter should have t h e  following p rope r t i e s :  

1. Response f o r  equal exposures i n  roentgens should be, as far 

as poss ib le ,  independent of t h e  quantum energy of radj.ation. 

2. The meter shou1.d provide a means f o r  accura te ly  measuring 

doses wi th in  t h e  range 0.1 r t o  20 r. 

3. The response should be producible by ion iz ing  r ad ia t ion  

only. 

4. l%e dosimeter should be s m a l l  and l i g h t  and should be adapted 

t o  rou'Line processing i n  l a rge  numbers. 

These fundamental mquirerflents a r e  s t i l l  included i n  a properly de- 

signed and engineered f i lm dosimeter, but  t h e  requirements have been g r e a t l y  

extended 'GO provide a method t o  d i f f e r e n t r a t e  between b e t a  r ad ia t ion  and 

s o f t  X or gamma r a d i a t i o n  and t o  provide f o r  emergency monitoring i n  case 

of high gamma and/or neutron exposures, p a r t i c u l a r l y  c r i t i c a l i t y  accidents .  

(') L. -4, Pardue, N. Goldstein and E. 0. Wollan. CH-1553 (194.b). 



11. HTSTORICAL DEVELOPMZN'I'S OE' OiY'L DOSIPETEH 

A film badge using a 1 n u 1  C d  filter was f a b r i c a t e d  Prom t i n p l a t e  on 

the basis of line pioneer w0i-k by Pardue, Gol.dstein and Wollan. This bad-ge 

w a s  f irst  used on t h e  Manhattail Project at  t h e  Universi ty  of Chicago. Later, 

it w a s  adopted at some of' the  na t iona l  Laboratories,  including t h e  Oak Hid-ge 

NaLional Laboratory (OXIUL) and For a few years w a s  widely used. 

introduct ion of t h i s  " t i n"  badge a t  OlWL, t h e r e  have been Ctve bas j~c  changes 

i n  t h e  badge design. Figure 1 i s  a photograph of t hese  badges including 

t h e  " t i n "  model, No. 1. The bad.ges numbered. It a r e  i d e n t i c a l ,  except for 

col.or, as are 'chose numbered 5 and those numbered 6.  

Since the 

Basic design. c r i t e r i a  for badge meters a-t ORCJL have always included 

at'wiirpix t o  dcvelop badges t h a t  would permit, dose i n t e r p r e t a t i o n  according 

t o  t h e  curreni; recommendations of t h e  National and In t e rna t iona l  Committee 

on Radiation Protect ion.  However, changes ri.n badge design have not always 

been a d- i rect  r e s u l t  of t h e  evolutrion of ru1.e~ governing t h e  maximum periiiiss- 

i b l k  d.ose. Table L I . i s t s  t h e  types of badges and d.ose measurement methods 

used a t  ORIUL durlng tine pas t  1.7 years,  incl.uding the present  bad-ge, ORNL 

Meter, Model 11. 

111. DESCRIPTION OF THE ORNL BA4XI;E METER, MODEL IT 

I n  J u l y  1960, t h e  ORNL Badge Meter, Model 11, was put  i n t o  se rv i ce  

at, Pive AEC si tes.  Figure 2 shows t h e  compcments of ihe Model I1 Badge 

i n  exploded view. 
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Table _. Types of Sadges a m  Jose Measure:Tents 
a% OF& I'rorn l+ tc 1961 

~ - ~~~~ 

Rater  i a 1  
Method of Type UseG 2 1  Naxirr.um 

Bailye Cons t ruc t ion  Perr~is:: i b l c  Doses De Le rim i n i n g  
Yeara (F ig .  1) of Badge F i l t e r s  Cose Reported Dose1' Films Usec 

1944 l !?in Cd 0 .I rerri/duy :Ere? L: 552 
Cd ,., . . w .,,I 

n 19'14 Szcsinleuu Cd 0 .j rem/wk rnrep w 552 and 

gi-ained 
p u - t i  el e 

Stee l  \I ,I ,. Cd Yinc 

19 51 3 Stain! e s s  Cd 0.3 rer;./wk penet rac ing  F: - Ce 5 >2 
Stecl w -i. (3.2 :.ern/wk "salt" Ell' Cd N ':A 

1 Pb 0 .J re:n/wk per ic t ru t ing  ::,rep (PTR) w - Ca 552 
4 i  iy 53 4 P la s - t i c  :d % 3.: T e n l / W 6  "soi't" ilir Cd TTA 

Cu ;. j rw./wk, hands, f e e t  ( s p e c l a 1  a n a l y s i s  
Pi o f  PLrcs ind icu t ing  
w X-ray expsE-es )  

2b Blood i'orming organs,  x rep  (PTZ) W - Cd 5 33 
199 .'I Past i c Cs gonads-500 ::irem/w:i :I r Cd n TA 

Cli ( spec  ;a1 analysis 
PI of i ' i s l s  inBicaxing 
Y Soft raeiation-1500 mrcn;/wk X-yay e x p o s u e s )  

( S e e  Rule I31 SB 59) 
Symbol - Depth of Dose 

1 y  j& 4 P l a s t i c  Pb Blood forii:ing organ; 4 > 1300 s;g/crn~ C t i  5 52 
C5 gonads-330 r::rer;./wk A,] - jo .iig/cn? (w-n) -t Cd Tjpe B 

P1 
x Bo_'L Z a d i a t i o 1 i - ~ j 0 0  i:.re,~,/wl~ ever  was g r e a t e r .  

3 U  Lens of eyes-300 :nre.l./wlr D1 - 300 1iig/cx2 52 or l/2 of 
Skin-600 I:II.CIT./WX (IT-3) + Cd, whlch- 

Ds - 7( :~I~/c:.,P Not cAeze-rr~inec: 

Changes i n  undges, maxirm~r:. pe r r i i s s i s l e  dose,  an6 r e t  01' r epor t ing  d o s o  lid riot normally occur a t  tke 5a:c.e ~ L .  Li.xe. Fence, t h e  
year docs c o t  necessa r i ly  i n L i c a t c  t h a t  this was the e of a giTren change. 

Densit,y bel-inil the parzicular  sl.ieiu rcferred t o  a szhri1ar.i c a l i b r a t i o n  -urve. 



Mater ia i  
Method of  T Y P  Used i n  xaaxi3m 

Badge Construction Perni  s s i 51e Doses Deterxilining 
F i h s  Used Year" (F ig .  1) oi' E d g e  F i l t e r s  Dose Reported Doseb 

i9 58 5 P l a s t i c  Cd Blood forming organs DP Cd 552 
A1 C - O L X ~ ~ S - ~ O ~ ?  nrem/wE: D!?l 
PI > j ( N - 1 8 )  DL ~d o r  1/2 [(w-EL) + ~ d ]  Type 
W Skin-600 mrem/wk whichever w a s  

> 13(n:-15) grease r  
Bands anc fee t - i500  nrem/vk Ds Bot determir:ed 

(w-P -I. Cd 

E-2 

from fib. 
I Soft rac1iatio:1-1503 mren/w;r 

I (w-P) + Cd 5 52 
DP 

1959 5 P l a s t i c  A1 .'i Fcm/qtr D'I, 
P i  > ~(N-S) 31 i'ci or I/P [(v-PL) + ~ f i ]  
W whicn6ver w a s  Type A 

Cd u Cd C r i t i c a l  organs 

greater. 
Ds Not determined 

H ~ T I L S ,  e tc . -25  r m / q t r ,  from f i l x .  
75 r e q l y r  

Cd C y i t i c a l  organs: DC ( c r i t i c a l  organs) Cd 544 
1961 6 P l a s t i c  3 re;n/qtr, > ~ ( K - L E )  

PI Skin: 10 rerc/qtr I ) ~  ( s k i n )  2 .5  (w-p.,) -I. cd Type A 
w 30 rzm/yr (This dose based on be-ta ene rg ie s  

equiva len t  t o  those  from U !netal.) 

( a f t e r  1958, ~ c i - ~ u - ~ d )  

Pb - Lead 
Cu - Copper 
PI - PlZStlC 
PTR - Probable Tota l  Reading 
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iVod.el_ II i s  composed of fou r  bas i c  p a r t s  as fol lows:  (1) a lan ina ted  

i d e n t i f i c a t i o n  i n s e r t ,  (2 )  a f r o n t  frame, (3)  a f t l t e r  assen1b.l.y ( s l i d e )  

and (4) t h e  badge back. 

are molded from high iiiipact styrene. 

A I 1  of t hese  p a r t s ,  except t h e  laminated photo, 

The laminated photo i s  f ab r i ca t ed  from t h e  following components : 

two shee ts  of po lyes te r  photo I D ,  each of which i s  0.005 inches tilick, 

a paper i n s e r t  from 12-1.6 pound paper, 0.003 inches th i ck ,  and (3)  a 

(1) 

(2) 

photo on coated p r i n t i n g  paper. Idhen laminated, t h e  badge f r o n t  i s  ap- 

proximately 0.017 inches t h i c k  and represents  an absorber of approximately 

52 mg/cm . 2 
It is  held i n  place by t h e  f r o n t  frame. 

The s l i d e  provides fo r  d i f f e r e n t  absorbers  which are e s s e n t i a l  t o  t h e  

system i n  t h e  determination of doses from various energ-ies of mixed radia- 

t i ons .  The system requ i r e s  t h a t  t h e  r ad ia t ion  inc ident  on t h e  Pace o f  

t h e  badge be f i l t e r e d  i n  a t  l e a s t  four areas  over Yne useable por t ion  

of t h e  photographic ernulsions used in t h e  badge. The four fil-Lered areas 

rinclude: 

Cd 0.017 inches t h i c k  each and t h i s  combination represents  an absorber of 

approximately 1000 mg/ciii , (2) %%I. aluminum f i l t e r  0.040 inches t l i iek which 

i s  an absorber of approximately 275 mg/cm , (3) a "-Lhick" p l a s t i c  a r e a  0.070 

(1) a gold f o i l  0.005 m i l s  t h i c k  placed betveen two pieces  of 

2 

2 

2 inches t h i c k  which i s  an absorber of approximately 215 mg/cm , and (4)  a 

"window" pos i t i on  where t h e  only absorbers between t h e  photographic emulsion 

and. t h e  front of t h e  badge are t h e  paper wrapper aroimd t h e  f i l m  (approxi- 

mately 28 nig/cm ) and t h e  badge fron'c (approximately j 2  mg/m ) vhich taken 

together represents a t o t a l  absorbe:? of approximately 80 mg/cm . 
components used i n  the s 1 i d . e  indude:  

2 2 

2 
O'ciner 

( 5 )  an indium f o i l ,  (6)  a sulfur 



pel.l.et, ( 7 )  a "bare" gold f o i l  arid (8) t h x e  meta-phosphate g lass  rods 

with assoc ia te  f i l t e r s  and p l a s t i c  holder.  

Applications of t h e  Mod-el. 11 bad-ge-meter j-nclude (1) rou-Line 'ue-i;s.- 

gamma and neutron dosimeti-y, ( 2 )  c r i t i c a l i t y  appl icat ions,  ( 3 )  high doses 

r e su l t i ng  ~7rorn accidents  involving gamma rad ia t ion  only, a.nd ( 4 )  s e c u r i t y  

iden t i f t ca t ion .  

IV. BETA-GMIA DOSIMETRY TECIFCVIQUXS 

A. Film Dosirnet,r-y 

Beta-gamma fi lm has the  c h a r a c i c r i s t i c s  of an absorbed energy dosimeter, 

and wibhiri t h e  useful. range, t h e  dens i ty  produced i n  t h e  fi1.m i s  proport ional  

t o  Lhe r a d  dose of i-onizing r ad ia t ion  absorbed- i n  the f i lm emulsion. Because 

of t h e  K-absorption and emission of s i l v e r  and bromine:, whi.cb are cons t i tuents  

of the  f i l m  emulsion, piioton radiation with energy s l i g h t l y  above these 

K-absorption frequencies  w i l l  be absorbed t o  a degree much grea-tier than i.P 

only Compton s c a t t e r i n g  were involved. T'hi-s photoe lec t r ic  absorption w i t h  

a t tendant  emission of acce lera ted  orbital..  elec-irons and K and. 1, X-rays produce 

secondary r ad ia t ions  within t h e  emulsion fa r  oiit of proportion t o  t h a t  

which e x i s t  i n  a i r  or sof'i, t i s s u e ;  thus, r e l a t i v e  t o  a i r  oi- t , issue t h e  

f ibfl i s  "energy dependent" at these  energies .  

I n  order t o  determine t h e  energy absorbed from an imknowii dose of 

r ad ia t ion  i n  a given f i lm  emulsion, it i s  necessary 'io debermine t h e  qiiai?'ii.ty 

of free s i l v e r  (converted fmm AgBr) per unit volume of t h e  emulsion, and. 

t o  compare t h i s  qiiani.ity with that pl-od-uced by known doses of rad ia t ion .  

- 8 -  



This i s  genera l ly  done by developing the  f i l m  and comparing t ransmission 

d e n s i t i e s  of t h e  unknowns with those of c a l i b r a t e d  - F i l m s .  It should be 

emphasized, however, Ynat d i r e c t  comparison of d e n s i t i e s  i n  order  t o  

deterniirie exposure should be performed only with films of t'ne same production 

" l o t " ,  s to red  and handled under sj-rnilar cond.itions , developed concu-Yrently 

i n  tine same solu.t ions,  and i-esd. w i t h  a s i n g l e  densitometer. Und.er t hese  

condi t ions 95$ of t h e  P i l m s  w i l l  y i e l d  readings within - t 1 - 6  of :;he a c t u a l  

value.  

'Ihe dens i ty  produced i n  the f r i lm emulsion by a ca l ib ra t ed  roentgen 

dose i s  a func t ion  of (I) the manufacturer 's  emulsion type,  (2)  t h e  pro- 

duct ion l o t ,  ( 3 )  t h e  base fog i n  -the ernulhion p r i o r  t o  development,, ( 4 )  t h e  

energy of t h e  rad-iat ion t o  which t h e  f i l m  vas exposed, (5) the type of 

developing so lu t ion ,  (6 )  t h e  concentrat ion and age of t h e  developing 

so lu t ion ,  (7) t h e  development time, (8) t h e  arnuua.t of a g i t a t i o n  during 

development, and (9) t he  r i n s e ,  stop bath,  and. f i x i n g  processes.  

dens i ty  determination i s  a l s o  subjec t  t o  Lbe accuracy of (10) t h e  densitom- 

e t e r  acd (11) t h e  c a p a b i l i t y  of t h e  operator. 

none can be considered constant or controllable over long per iods of t i m e .  

For example, manufacturers modify o r  discont inue f i l m  and developer types; 

t'nere may be d i f fe rences  of - + 10% i n  t h e  dose vs. dens i ty  response withiti 

a product-ion l o t ;  tine base fog  var ies  %ii.th t h e  age and zn.vironmental. h i s t o r y  

of t h e  f-ilm, etc. Therefore, systems of dosimetry whi.ch a r e  based upon 

cal.cul.atTons involving comparati.ve d e n s i t i e s  and which are evolved from 

s tud ie s  of dens i ty  vs. dose umder a given set of condi t ions at a given 

t i m e  a r e  subjec t  t o  considerable  e r r o r  i n  i n t e r p r e t a t i o n  at  later t imes,  

The 

O f  these eleven considerat ions,  

- 9 -  



This i s  due t o  t h e  f a c t  tha-i; t h e  emulsions most used f o r  dosimetry do not  

have produced ia them a dens i ty  which i s  a l i n e a r  fimctiofi  of t h e  dose 

which p‘roduced t h e  densi ty ,  and t h e  degree of non-l-i-nearity f o r  a given 

emulsion type va r i e s  with t h e  production l o t ,   he base fog, and t h e  to ta l .  

densi ty .  A l l  t h e  foregoing considerat ions (1) through (11.) except numbers 

( 3 )  and ( 4 )  may be obviated by using ca l ib ra t ed  films of t he  same type 

and l o t  as t h e  rnoni-ioring :Yj-l..rfls a The monritori-ng and ca l ib ra t ed  films 

should be developed concirren’cly and read. by a s ing le  operator  on a 

s ing le  dens it om-ter  . 
The base fog, considerat ion (3), i s  difficuI.5, t o  con t ro l  or pi-edi.ct 

f o r  f r i lms  which a r e  subjected t o  e levated temperatures, c e r t a i n  chemical 

vapors a.nd excessive aging. Every reasonable e f f o r t  should be made t o  

use f i l m s  which are well w i t h i n  i h e  manufacturer’s expi ra t ion  da te  and -io 

avoid umxcessary exposure t o  heat.  

With reference t o  considerat ion (4), one of t he  more d i f f i c u l t  

probl-ems with f i l m  as a dosimeter f o r  determining a i r  or t issue dose 

inv-olves the  d i f fe rence  i n  photon energy d-ependence between f i l m  emul.sion 

and air .  

200 t o  5000 kev, t h e  bare film packet would suffice 3,s a dosimeter, o r  

if the  €ilm were exposed only Lo photon ra.dia.tion of energies 20 t o  5000 kev, 

a simple system of metal1.j.c f i l t e r s  woul-d. permit conversi.on t o  t i s s u e  dose. 

If be-La ( o r  e l ec t ron )  r ad ia t ion  were t h e  only source of exposure o r  i-f it 

accompanied photon r ad ia t ion  of energies 200 t o  5GOO kev, the f i l m  dose 

may b e  compared drirect1.y with t h e  absorbed dose i n  t i s s u e ,  because t h e  f i l m  

i s  not energy dependent r e l a t i v e  t o  t i s s u e  f o r  these  radia-Lions. (However, 

If t h e  f i lm were t o  he exposed on1.y t o  photon r ad ia t ion  of energies  

- 10 - 



f o r  be ta  r a d i a t i o n  one niust, consider t h e  qu.aat i ty  of absorber and t h e  

corisequent a t t enua t ion  of Vine beta radiatLon p r i o r  t o  pene t ra t ion  t o  ti?e 

f i l m  emulsion, and. i n t e r p r e t  t he  t i s s u e  depth dose according1.y. ) If -fine 

exposure i s  to an unknown mixture of be-La and photon r ad ia t ion ,  .t'ne dose 

may be d i f f ' i cu l t  t o  i n t e r p r e t .  Much of t h e  work i n  f i l m  dosimetry at 

ORNL din ing  t h e  pas t  Few years has been d i r ec t ed  toward -finis problem. 

Sased upon t h i s  work techniques have been developed which permit us t o  

determine, wi-Lbin l i m i t s 7  t h e  dose i n  rads  from mixed be ta  and photon 

r a d i a t i o n  a t  var ious assumed depths i n  t i s s u e .  

NBS Handbook 59 and suppbements t h e r e t o  contain recommendations for 

p e m i s s i b l e  doses to persons from ex te rna l  sources of rad ia t ion .  These 

permissible  doses a r e  -functions of t h e  type of r ad ia t ion ,  t h e  por t ion  

of .the body exposed t o  t h e  r ad ia t ion ,  t h e  age and previous exposure 

h i s t o r y  of t h e  p e ~ s o n ,  and whether o r  not t h e  person i s  occupat ional ly  

exposed. Due t o  t h e  d i f fe rences  i n  blolog.ica1 importance and r aa io -  

s e n s i t i v i t y  among t h e  organs and t i s s u e s  of t h e  body,t'ney a r e  divided 

i n t o  gi-oups f o r  dosimetry. Group I includes t h e  whole body, t h e  blood 

forming orgnns a t  an average t i s s u e  depth of 5 em, the lens of t h e  eye 

a t  a d-epth of 3 mm, and t h e  gonads at aE average tissue depth of 1 ern 

(f'or t h e  male); and. Group 15 i s  all other  organs inel-uding t h e  skiri. 

Since the p e m i s s i b l e  dose t o  a l a r g e  volume of t h e  body (organs 

of Group I )  i-s no l e s s  than t h a t  f o r  t h e  m l e  gonads, which a r e  at an 

assumed d-epth of one centimeter i n  wet -tissue, t h e  dose for Group I may 

be determined n-L an equivalknt t i s s u e  dep-tin of one centimeter.  The l ens  

of the eye, a t  a t i s s u e  depth of three intl.liiii&ers, may become t h e  

- I1 - 



l imi t ing  orga-n i n  Group I under c e r t a i n  circumstances which in prac t i ce  

occur r a re ly .  Where t h e  exposure i s  prirnaj-ri.1.y .to be ta  rays,  t he  1imii;iil.g 

orgaii w i l l  normalL1y be the skin.  To quote fro111 the  recommendations of t h e  

ICHP,  Xecomrnendati.ons of t h e  In t e rna t iona l  Commi ss ion  on I-....._..______I___ Radiologl c a l  

Protect ion,  paragraph 51 f, "Where work involves exposure t o  p-rays 

of Emax >2.5 Mev, eye sh ie lds  o r  o ther  su i t ab le  sh ie ld ing  may be necessary 

to keep the dose t o  t h e  iens  within permissible l i r n t i s .  In t h e  case of 

exposure t o  B-Tays of lower energy, i f  t h e  provlsion of such sh ie ld ing  i s  

impracticable,   he small. ad.d.iti.onal. P-ray dose i n  t h e  l ens  over t h e  dose 

a l ready  permitted fo r  more penptrat ing rad ia t ion ,  such as y -rays and 

neuixons, i s  permissi.bl.e, provided t h e  dose i n  t h e  sk in  is lirriiied t o  

t h e  l e v e l  recorimended i n  paragraph 52 (a)." (Paragraph 52 (a) spcc i f iec  

t h e  recommended maximum permissible sk in  dose. ) 

The methods f o r  determining t h e  doses at ORNL arc as fol lows:  

Step 1. Cal-ibration curves f o r  t h e  f i lm  types t o  be aiialyzed arc 

based. upon t h e  doses f o r  which t h e  filris are ca l ib ra t ed  

u s h g  a rad - ium source, and t h e  net  dens i t i e s  obtained at 

the  Cd( Cd-Au-Cd) f T.l.ter area (F:i.giire 2 )  

Step 2, The dknsi ' t ies of t h e  dosimetry fIlms are determined f o r  t h e  

Window ( W )  , P l a s t i c  (PI.), Aluminum (Al)* and Cd f i l t e r  areas. 

These d e n s i t i e s  are denoted by t h e  symbols W 

Cd. r sspec t ive ly .  

PIL), AIDJ and. D' 

L) 

X A t  tho  present  t i m e  no use i s  rou t ine ly  made of t h e  Aluminum reading. 
Sect ion V I 1  proposa1.s a r e  m a d e  for its use 3.n aeterrnining t h e  e f f e c t i v e  
energy of photon exposures. 

I n  
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Step 3. The d e n s i t i e s  of Step 2 f o r  each F i l t e r  are converted t o  

readings by reference t o  the  c a l i b r a t i o n  curve ( t h e  terrfl 

"reading'' i s  preferable ,  si; t h i s  stage, t o  t he  te-m "dose", 

because t h e  dose i s  ye t  -to be calcu-lated).  These readings 

a r e  denoted by WR, PIH, AIR, and C% respec t ive ly ,  

The readings obtained i n  Step 3 are used t o  ca l cu la t e  t he  Step 4. 

doses as fo l low:  

DC A. Group 1 dose, 

D = Cdn 
C 

B. Group I1 dose, DS 

The sk in  dose, DS, i s  t h e  dose a t  ' 9  mg/cm2 of t i s s u e .  TYie f i r s t  

f a c t o r  i n  t h e  D, formula represents  the  b e t a  r a d i a t i o n  contr ibut ion t o  

the t o t a l  dose and presents  -the main problem i n  determining D 

80 mg/cx2 minimum absorber preceding the  f i l m  emulsion i n  t h e  r a d i a t i o n  

path does not allow an i n t e r p r e t a t i o n  or f i l m  densi-Ly o r  dose f o r  a l l  

energies  of b e t a  rays.  'The constant,  2.5, represents  t h e  compensation 

required by t h e  d i f fe rence  i n  b e t a  transmission through the  80 mg/cra 

window and t he  300 mg/cm2 p l a s t i c  f i l t e r  when t h z  b e t a  r a d i a t i o n  i s  from 

a s l a b  of normal uraniim. D i s  r o u t i n e l y  determined making t h i s  assump- 

t i on ;  however, i f  t he re  i s  evidence t h a t  t he  exposidre was t o  be ta  r a d i a t i o n  

of another energy, adjustment of t h e  constant may be made by r e f e r r i n g  

t o  b e t a  absorption curves, Figure 3. Permissible doses for employees 

a t  ORNL a r e  s m a r i z e d  i n  Table 2. 

i2 

'I%e S' 

2 

S 

- 1 3  - 



X
 

p- 
a
 

!
 



Table 2 

- 
Maxi.mum Maximum 

L i m i t  i n  g Age ProratLon Yearly Qi.ia-i-terly T i s  sue 
Tissue or F’oi-n;ula Dose Dose Dept‘n Dose 

Group Oi*gan Rern Rern Ren (Absorber ) Symbol. 

I Mal e 
Gonad 

5( ri-18)* 
2 

I2 3 1 crn 

DC 
(1.000 mg//cm ) 

II Skin  30( N-18) 30 10 

* N is the  age in years of t‘nc c-riployce. 
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B. Glass Dosimetry 

S i l v e r  rneta-phosphate g lass  rods are used i n  t h e  OHNL bad-ge dosimeter 

t o  measure gama radiai,ion doses above LOG rads.  Ti12 coraponents of t h e  

g l a s s  system and t h e i r  o r i en ta t ion  i n  t h e  badge have been described earliel- 

i n  this repor t .  There i s  a dual. reason f o r  having a three-rod system. 

F i r s i ,  t he  approximate e f f e c t i v e  cnergy of t he  r ad ia t ion  may be detzrmincd 

by comparing 'Lhe r e l a t i v e  responses of the lead,  copper, and pJ.astic 

shielded rods; and second, t h e  p o s s i b i l i t y  of 1-osing dose information as 

a rcsi1l.t of damaging a rod i s  grmztly decreased.. 

The glass has been s tudied  by Schulmari (E'3), and. o the r s (LC75J6)  with 

regard t o  i i s  dosimeiry cha rac t e r i s t i c s  a,nd i t s  reponse i s  round t o  

depend on t h e  energy of the incident  photons. P'ieur:: 4 shows l,be calcul.ated 

r e l a t i v e  energy responsp of t h e  shielded and unshieldcd g lass  based on 

energy absorbed. (7) Fjgure j i s  a ploi of t h e  ratios of unshjel.ded t o  

Cu-shielded and Pb-shielded g l a s s  rzspect ively.  With these  r a t i o s  a 

good estima-te of t he  e f f e c t i v e  photon energy may be made and t h e  dose 

determined by cor rec t ing  f o r  energy depend-ence. To evaluate t h e  dose 

(') J. H.  Sehulman, X. J. Ginther, and C. C. Klick.  J. Appl. Phys. 22, 
14'19 (1951 1. 
J. H. Schulman and H. W. Etzel .  

N. J. Kri.edl and G. E ,  B l a i r .  

H, \h i .  Etze l ,  R. D. Kirk and J. 8. Schul:man. 

Science 118, 184 (1953). 
Nuxkonics ljC ( 3 ) ,  82 (1955). ( 4 )  

(5) 
- 

Ka-Det 8(2), -.- 4-9 (1-955). 

(6) A. L. Riegart ,  H. E. John.~ and J. W. T. Spj.nks. Nucleonics 14(11) ,  - 
134 (1956). 

(7) W, T. Thornton and J. A. Auxier. OIWL-%.?:I.% (1960). 
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Fig. 5. Ratios o f  the response of unshielded g l a s s  t o  lead and copper 
filters i n  badge dosimeter. 
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received by a g l a s s  rod a comprison of i.ts f luorescence reading with 

those  of 3 set of rods whose responses have been cal ibrated.  ris made. 

Botn t h e  sliandards and t h e  samples a r e  read using t h e  same instrument.  

( 8 )  The thermal neutron s e n s i t i v i t y  of t h e  g l a s s  has been reported.  

9 nt/cm 2 . 
One roentgen equi.valent & m a  response i s  produced by 3 x 10 

Therefore, f o r  t h e  dekeminat ion  of a gamma dose in a mTxed neutron- 

ganma f i e l d ,  t h e  thermal component a:; measured by t h e  Cd-shielded and 

m s h i e l d e d  A u - P o 3 . l ~  must be subtracted.  There i s  no s i g n i r i c a n t  reading 

induced i n  t h e  g l a s s  by fast neutrons of Lhe energies  most prevalent  i n  

a c r i t i c a l i t y  event .  The response of t,he glass per rad of fast  neutrons 

r e l a t i v e  t o  a rad. of Co 60 gama rays  has been found t o  be less t'nan 0.7% ( ' 7 )  

Present ly ,  at ORNL, each employee has t h r e e  rods i n  each of two 

badges which are worn alterna1;ely f o r  l3-week periods.  A survey of 

about 600 rods worn for a qua r t e r  shows 110 detecta'ole damage due t o  

ins-tal.l.ation, wearing, o r  removal. F igwes  6 and '7 show t h e  Bausch 

and. Lamb Microdos3meter Reader alid handling equipment. 

C. Chemical Dosimeter 

Chemical. dosimetry continues -to be considered as a p o t e n t i a l l y  

important adjunct  to personnel monitoring. An acceptable  chemical 

dosimeter would perform t h e  very use fu l  func t ion  of allowing a quick 

v i s u a l  i nd ica t ion  of t h e  exposed persons following an inc ident  involving 

g m a  r a d i a t i o n  and/or thermal neutrons.  

(8) S. Korido. Iiealth Phys. - 4(1-), 21 (1960). 
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Fig.  '7.  Silver metaphosphate glass handling equipment. 
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A. Routine 

Hou-Line iieirtror dosimetry i s  accornplished through t h e  use of t h e  

NTA neutron s e n s i t i v e  emu.l.sions rnanufact,ureri. by t h e  Eastman Kodak 

Compa.r?y. idhen exposed t o  fast neutrons, proton r e c o i l  t r acks  are produced 

i n  t h i s  film because of t h e  e l a s t i c  c o l l i s i o n  of ileutron and hydrogen 

nuc le i  i n  t h e  fi lm base, t h e  emulsion, and. t h e  f i lm wrapper as shown 

i n  Figure 8. 

sensitive t o  -Lh.emiaI. neutrons which a r e  captured by elemental- ni t rogen 

i n  t h e  f i l m  resul.ting i.n t h e  production of C and. a recoil.. proton 

according to t h e  r eac t ion  (n,p) 6C- . Thus the Cast neutron flux i s  

proportional. t o  t h e  nurnber oI' proton t r acks  i.n t h e  f i lm behind t h e  cadmium- 

gold-cadmium sh ie ld ,  and t h e  the?-mal. neutroii f lux i s  proportional.. t o  tlhe 

d i f f e rence  i.n -;,he number of proton t racks i n  t h e  port ion of t h e  f i l m  at 

t h e  open window and the  por t ion  behind t h e  cadmiurfi-~ol.d-cadr~iulr! shield-. 

?'he eiil.u!.sioi? a t  t h e  "window" pos i t i on  of Model. II is 

I.)+ 

1~4 

?'he measurement of neutron f lux i s  not a measure of dose s ince  dose 

per  neu-iron i s  a funct ion of energy. Based on t i s s u e  composition and t h e  

prL&bJ-e h i - s tor ies  of neutrons of s eve ra l  s p e c i f i c  energies,  Snyder and 

Ne~.Yri l~d(~)  of ORNL have calcu1a.i;c.d 'io~ta1 o r  iilul t i p l e  coll.isi.on dose per 

neutron inc iden t  norrrially on a body. 'The values obtained by Snyder and 

Neufeld are used t o  de Lemine Maxj.mum Permissihlk Exposure (MF'E). 

s i nce  a T i b n  badge meter i s  worn next t o  t h e  body so t ha t  r e f l e c t e d  neut;rons 

However, 

(9) National Bureau of Standards, Handbook 63. 
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again impinge oil the f f . I m ,  a f i r s t - c o l l i s i o n  dose curve will. give a b e t t e r  

measure of iiie body dose. Such a curve wac, csl  CUI a t ed  on t h e  bas i s  of 

published cross  sections, and> i n  general ,  i t s  iiiagmi.tude i s  about 2/3 of 

-Line t o t a l  d.ose. 

A s  observed i n  t h e  Easiman 'Qpe LZ packet (Figure 8)  the. t o t a l  response 

curve corresponds t o  t h e  dose cuv t?  up t o  about 4 Mev, beyond vhich it 

becomes increasi-ngly too  high u n t i l  a t  1.1-t Mev it i s  approximately twice 

as high as t h e  dose cur-vc. Cheka has demonstrated 'chat by repl-acing 

t h e  black paper between t h e  f i l m  and. wrapper with a 85 mg/cm 

f o i l  (TabJ.e 3 )  t h e  f i l m  response wiJ.1- be proport ional  t o  t h e  dose up 

t o  approximately 14 Mev (Figure 9). 

2 
al.uminuin 

While t h e  fad-ing of t h e  la tcn- t  image i s  very s l i g h t  f o r  be-ta-gmma 

moni'coring f i l m s ,  t he  niYA emflu-lsions are f a i r l y  unstable  ual-ess they  a re  

packaged i n  a moisture-proof wrapper. 'I'he r a t e  of de t e r io ra t ion  i s  a 

funct ion of temperature and humidity. The e f f e c t  on t r a c k  populaiion 

of t h r e e  d i f f e r e n t  sets  of s torage c o n d i t i o m  between exposure and develop- 

ment ar.2 shown i n  Figure I C .  4s iudicaLed by l i n e n  of Figure 11, Film 

sea led  i n  "pouch paper" (a  three- layer  lamination of paper, alwnrinim f o i l ,  

and plast j ic)  shows a l o s s  of only about 5% of t h e  t r acks  i n  60 days. Thus, 

f i lm packagpd i n  t h i s  manner ~ i a y  be processed on a lriorithly, o r  longer,  

cycle wiJAi 110 appreciable t r ack  l o s s .  

'The average permissible  exposulae rate t o  fast  neutrons over a period 

of one week, 100 mrem/b&, produces approximately 1000 recognizable tracks/ciii . 

(lo) J. S. Cheka. 

? 

__..-_1 

ORNL->~( (19>0). 
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Table 3. Laminatlions of Hydrogeneous Mater ia l  and 
Aluminun F o i l  Around NTA Film t o  Adjust 
Track Response t o  Fas t  rku-troa Tissue Dose 

Energy of Proton Wnose 
Range Equals Cumulative 

Thicknes s T'nickness of Maberial 
M a t  ;3 r i a1 ( l r l g / C l n q  to Emulsion ( M e V )  

Cellulose (or f r o n t  film) 

A l u m i n u ~ ~  

> 1.4 - 
11.05 

Cellulose 24.2 8.0 

Cel-lulose (Film Wrapper)* 10.3 

AI. urn i. num* 27 
Film Base* 28.5 

6.4 

5 *9 
4.37 

Emulsion-E 

Blank Film* 

Aluminum* 

Cell.ulose (Film Wrapper)* 

28.5 4-37 
27 
10.3 

5 -9 
6.6 

Cellulose 24.2 3.0 

Alum irtum 85 11.05 

Cellule se > - 76 - > 1.4 

Jc These cons t i tuents  are present i n  the  packet as supplied by the manufacturer. 
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Fig.  9. Film response to ca lcu la t ed  first-col-J-ision dose. 
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The f igure  f o r  thermal neutrons i s  almost t h e  same, Considering the  srfla1.1 

s i ze  of the developed sil-v-er grains,  i.e., a few tenths  oT a micron, and 

the  f a c t  t h a t  tra,cks domi t o  3 grains a re  counLed., it i s  necessary t o  use 

high m.agnif ica t ion  and dark f i e l d  illumination. A t  95OX the  a rea  of one f i e l d  

i s  2 x 1-0-4 em2, and. consequently amnxiinum permissible exposure r a t e  for one 

week produces approximately 0.2 track/field. 

B. C r i t i c a l i t y  

The use of elemental ''foi1.s" i f1  Model I1 of the  ORNL badge-rncter 

depends f o r  axcura-Le dosimetry upon concurrent i i se with t h e  Surst threshold 

de t e et o r  s ys t ern. 

pelle-t  of su l fu r  and two 0.005 inch th i ck  by 7/16 inch diameter gold f o i l s .  

As shovm i n  F igme 2, these " f o i l s "  inchlde a 1/2 g r a ~  

The so-called- bare g d - d .  f o i l  i s  rinser-Led i n  the cavity behtnd t h e  su l fur .  

The other gold foil-  i s  the  gold component of the cacirnillm-gold-ca.~Ili~i 

sandwich f i l t e r  descrlbed previously. When bombarded by neutroa s Lhe 

f a i l s  show r, response which can be r e l a t ed  t o  dose through Yne use of 

r e l a t i v e l y  simple courting techniques . (I1) y7neMna.l neutron response i s  

detcrrnined from t he  gold f o i l s ;  high energy (>2.5 Mev) neutron response 

i s  determined from the  su l fur  e Exposure t o  intei-med3.ate energy neutrons 

is  de-teicnined by r e fe r r ing  t h e  data  from t h e  badge t o  t h a t  from dosimeter 

s t a t ions  i n  the  v i c i n i t y  of the badge wearer, or by f i t t i n g  .the data  from 

the  badge Lo the  spectrum a t  t h e  point of exposure, if  such otherwise i s  knowfi. 

In e f fec t ,  t h e  badge allows for a deterridnation of a "point i n  space'' dose 

where t h e  point i n  space represents t h e  "effective" positioi-1 of the person 

('I) G. S .  I-lurst and. I < .  H. Ri-tchie, "Radiation Accidents I Dosimetric 
Aspects of Neutron aud Gmma-Ray Exposures", om~-2711-8. 
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on whom t h e  badge i s  located.  The dose t o  the person can then be 

ca l cu la t ed  when -the o r i e n t a t i o n  of tile badge and the person i s  known wit‘n 

respect  t o  ’ihc sou.rce o f  r ad ia t ion .  Thus, i f  orj-entation f a c t o r s  a r e  

resnl.ved., and t h e  badge accompanies t h e  person throughout t h e  exposure 

interval, t h e  dose received. by t h e  badge i s  ind ica t ive  of t h a t  received 

by t h e  person. O n e  so lu t ion  t o  t h e  o r i e n t a t i o n  problem includes the  xse  

of a dosimeter be3.t w h l c h  contains a s e r i e s  of f3, 7 ,  and N de tec to r s  spaced 

a t  in te iva ls  a’oout t h e  mid-see-Lion of t h e  wearer. Othzr me-Lhods include 

techniques invoI.ving activa-Lion ana lys i s  of samples of h a i r  removed from 

port ions of t h e  body, pieces  of jewelry, buttons,  penc i l  c l i p s  and. othei- 

substances which lilight be c a r r i e d  on the person of an exposed individual .  

Even tlioug’n these  I - a t t e r  techniques are useful. and i n  many cases  adequaixl, 

t h e  r e so lu t ion  of the orienLat?.on problem where t h e  gama dose i s  a 

prominent f a c t o r  l i e s  with the u s e  of mult iple  de t ec to r s  spaced over 

the body as i s  provided i n  -the d.osimel;e:r bel-t concept. 

1mmed.iateIl.y f oll.owing R nuelcar accident those persons who may have 

recerived s i g n i f i c a n t  exposure t o  neutrons may be determined casily by a 

si.mp1.e measurement of t he  radi_ati.on which has been induced i n  t h e  indium 

foi l .  located i n  the  bad&:. 

occurring n a t u r a l l y  i n  nature, has a thermal neutron a c t i v a t i o n  c ross  

sec t ion  of 1-55 barns w i ’ i h  a ha1.f l.ife of 54- mj.nutes f o r  t h e  r e s u l t a n t  

In 

subsequent t o  exposing badges t o  fas t  aatl. thermal neu-:rons i i i  the  w e s t  

animal i;u.oncl of ihe X-1-0 graphi te  r e a c t o r  and t o  thermal nc.ut;~-ons i n  iht: 

‘12) 

(1ndi.m 1-15, which c o n s t i t u t e s  96% of that 

Tab1.e 4 i s  a l i s t i n g  of 1-esul.tant dose r a t e  readings obtained 
166) (12) 

Neutron Ci-oss Section, AECU-2&0( 1952) 
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Table 4. Neutron Activation of the ORiK Film Edge  

Instrument Reading i n  Radium Equivalent 
mr/hr .when in "C0nt8,ct'~ wFth Badge 

(Hours a f t e r  exposure as indicated) Neutron Exposure 
0.5 2 3 6 

tliemal. neutrons/cm 2 150(a) 40(a) 20 (b 1 p) 
( t h r m a l  columa of  X - 1 0  
Eraphi t e re  ac tor  ) 

100 rads f a s t  neutron dose 22Q (4 20 (b 1 
+ 101-1- t~iemal. neutrons/c& 
(west, animal tunnel of  x-io 
graphite reactor) 

109 the  mal  neutron/ em- ? 12 (b  ) 
(t'nermal column of X-10 
graphite reac tor )  

Readings taken with OEWL (Xitie Pie in "con1;act" with badge, 

Readings takcn with Victoi-een model 389C probe i n  "contact" with 
badge, sh ie ld  closed. The sh ie ld  open t o  shield closed reading 
r a t i o  % T ~ G  2 t o  1. 

(b) 
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'ihemtal colwm of -the same reac to r .  The act,iva-ted gold. foi l .  a l s o  serv-es 

-to i d e n t i f y  t h e  persons exposed. t o  neutrons.  Although goJ..d. i s  less  s e n s i t i v e  

t o  neukron a c t i v a t i o n  than  is 7.nd.imiJ gold serves  as a val.uab1.e complernwit 

s ince  i-t has a much longer  half l i f e  than  t h e  ind.imi. 

A.  Dose Hanae ofFiLm 

The s e n s i t i v i t y  of s eve ra l  commercially ava i l ab le  ei:flul.sions has been 

measured using the  film cal ibraLion f a c i l i - t y  (Frigure 12) which. [.:ontatns 

two r a d i u m - g m a  sources ,  one 98 mg and-  rile other  500 mg. 

a r e  r a p i d l y  pos i t ioned  by means of a vacuum pwrip. Xach source i s  contained 

i n  an a1.uminum can and i s  enclosed i n  a p l a s t i c  t i h e  at t'ne t i m e  of exposure. 

One-half cent imeter  of p l a s t i c  i n  f r o n t  of -the fi lm eiisures e l e c t r o n i c  

equi l ibr ium for the  radium exposure. Behind the film 5 em of p l a s t i c  

s imulates  backsca t t e r  condi t ions which wou1.d p r e v a l l  i n  a personal 

exposure being monitored by 1;'n:: f i l m  badge. 

'These sources 

A coinprison of s e n s i t i v i - t y  of t h e  low range emulsions consid-ered i s  

o f f e red  i n  Figure 13, arid t h e  h igh  range emul.si.ons i n  Figure 14.  

l i m i t  of air* emulsion's ranze i s  determin6,d. by t h e  dose a t  which a d.ensrity- 

of 2.0 i s  prod-uced. A t  t h i s  dens i ty  the f i l m  t r ansmi t s  only one p e r  cent  

of t h e  inc ident  vi .s ible  I-ight.  

DuPon-i; 555 and 83'-1-, were chosen to cover t h e  d.esired range of doses with-  

ou t  exceeding a densri.-t,y of 2 . G .  T h e  555 ernul-sion range covers 50 mrad 

t o  5 rad between d-ensity l i m i t s  or 0.04 and 2.0. The range of t h c  834 

emu]-sion i s  5 rad t o  150 rad. f o r  respec t ive  d e n s i t i e s  of 0.10 and 2%0. 

Tile upper 

The cmul..sioins f o r  t h e  ORNL film dosimeLer, 



Fig. 12. Radium-gama c a l i b r a t i o n  r ing .  
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Customarily the f i l m  i s  not  used as the  primary dosi-meter above 100 rad; 

the Ag-metaphosphate g l a s s  i s  considered primary above 1..00 rad.  

B. Photon Energy Hesponse of Film 
._.__.lll_II 

The response of the aforementioned emu]-sions t o  x-rays i n  i’ne 20 

to 200 Kev range w a s  detei-mined using a modified Westinghouse Quadrocond-ex 

X-ray machi.ne, By  using s tandard NBS f i l t e r s ,  ’che energy spectrum of 

t h e  x-rays w a s  na:rrowed and thc exposure energ ies  repor ted  are e f f e c t i v e  

energies* as determined by V i l l f o r t h ,  e t  al. (13 who descr ibed t h e  f i l - t e r ed  

spectrum f o r  Ynis machine. It w a s  imprac t ica l  t o  narrow -i;iie x-ray 

spectrum s u f f i c i e n t l y  to produce i d e a l  rflonv -energe t ic  condi t ions because 

of t h e  J-engthy exposure t i m e  t h a t  would be requi red  t o  expose t h e  l a r g e  

iium’oer of f i l m s  involved-. Therefore,  t h i s  i n f o m a t i o n  should not  ‘ue 

constzued as t h e  real. energy response of an emulsion, but  ii gives t h e  

comparative r e l a t i v e  energy responses of t he  ernulsion t e s t e d .  Exposure 

f i e l d  mapping showed a uniformity w i t h i n  t ?$I over an area sui”l^icient - 

t o  expose fou r  badges simultaneously.  “Wo similar emulsions were used 

per  exposu?.:?. The exposure dose rates were measured w i L h  a 25r Victoreen 

condenser r-meter. Figures  1 5  through 22 show the r e s u l t s  of t h e s e  

exposures f o r  t h z  var ious  f i l t e r s  i n  the badgtA when normal-ized t o  the  

response ru;’ g m n a  rays .  The non l inea r i ty  of i ~ i e  dose vs dens i ty  

curve f o r  i i l r r i  w a s  taken i n t o  account by comparing each dens i ty  t o  a Co 60 

-.- 

f The e f f e c t i v e  energy of a hcterochromaiic x-ray beam i s  t h e  enerqy of 
a monochromatic bean w1iicIi has t h e  sane absorp’cion coe’ficient as a 
given beam i n  an increlnenta? th ickness  of s tandard filter mater ia l .  

(13) J. C. V i l l i o r i h ,  R. D m  H?rkhoff ,  H. H. Hubbcll, J r .  0RNIJ-2529 (1958). 
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c a l i b r a t i o n  curirve 'LO ge t  t h e  apparent dose, and then  a r a t i o  of t h e  

apparent dose t o  t h e  exposure dose gave t h e  re la t i -ve  response. 

111 t h e  case of DuPont's 555 emulsion, measurements were made to v e r i f y  

t h e  energy response t o  more nea r ly  monoenergetic r ad ia t ion .  This w a s  d.one 

using t h e  250 K e v  x-ray machine and r a d i a t o r s  'io produce f luorescence  

r a d i a t i o n  i n  a manner s imilar  t o  t h a t  descr ibed by Seemann, (14) 

choice of r a d i a t o r s  vas made so as t o  provide f luorescence of an energy 

which would bracket  t h e  energy where the  f i l m  eniulsion w a s  most s e n s i t i v e .  

This energy w a s  assumed t o  be Vile K-absorption edge of s i l v e r ,  25.5 Kev. 

T'able j shows the r a d i a t o r s  and f i l t e r s  used and t h e  photon energLes achieved. 

Vi1-l-forth, et 31 (13) descri.be t h e  f luorescence spec t r a  of t'ilese rad- ia tors  

i n  great,er d e t a i l .  T'he f i l t e r s  were chosen t o  a t t enua te  t h e  K emission 

t o  10  pes cent of i - t s  o r i g i n a l  in tens i ty- ,  while a t t enua t ing  the component 

r e l a t i v e l y  J - i t t l e .  Yne response of the 555 emulsion a t  t h e  fl.uorescence 

x-ray energies  w a s  normal.ized t o  .tha'c f o r  Go 

previously descr ibed.  Exposure t o  Go w a s  made us ing  a NBS c a l i b r a t e d  

source and geometry s i m i l a r  t o  t h a t  f o r  t h e  x-ray exposures. 

were monitored by a 250 mr Victoreen condenser r-meter t o  which a l l  f i l m  

doses were r e l a t ed .  The doses as measured by Lhe Vietoreen were cor rec ted  

f o r  t h e  atLenua-tioii by t h e  f i lm packet.  

[$ a t  66.2 Kv. 

m r  Vietoreen. The I-el-ative response of the 555 emulsion i s  i l l u s t r a t e d  i n  

Figure 23. The choice of x-ray energ ies  showed t h e  marked e f f e c t  of t n e  

K-edge of s i l v e r  on t h e  f i l m  se i l s i t i v i ty .  Ext rapola t ion  of t he  response 

The 

P 

60 
i n  the  same wa.y as w a s  

60 

AJ.1 exposures 

This va r i ed  from 48% at  17.4 Kv  t o  

No cor rec t ion  w a s  lisade for t h e  energy dependence of t h e  250 

(I4) 2. E. Seemaan. Rev. of Se i .  I n s t .  21(4), 314 (1950). - 
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Table 5 

- _ _  

Applied 
Kv Radiator Fi It e :r 

Photon Energy Dose R a t e  
( K e d  mr/min 

50 Sn Cd 25.2 
65 mg/cm2 

20.1 

10.5 

1.8; 

Table 6. Relative I)ensi.ty 

. . 

F i l t e r  
Film No. None Lead .020" Cadmium .030" Copper .040" 
- 

I A  1.. 00 0*75 0.71 0. '75 

I B  1.00 1.12 1.04 1.00 

I1 A 1,oo 0.79 0.71- 0. '(5 

I1 -3 1.00 0.91 0.86 0.91 

111 1.00 1-33 1.19 I.. 09 

I V  1.00 1.00 1-00 1.00 



t o  t h e  d i scon t inu i ty  a t  25.5 Kev ~ U ' L S  t h e  peak rcsponse a t  35 times 

t h e  Co response. The extrapo1at)ed por t ions  of the curve a r c  shown as 
6C 

broken l i n e s .  

C. Beta t o  Gamma Response 

For  many years  uranium 

curves were used at OWL t o  

be ta  a.s well a s  radium gamma cal.i.bration 

Fnterpre t  deasitries.  It w a s  no t iced  that  

t h e  r a t i o  of t h e  open-window uranium b e t a  response t o  -tin:: Cd-shield 

ra,dii~mi gamma response w a s  a constant  wi th in  t h e  l i n e a r  range of the  

f i l m .  Tine r a t i o  of b e t a  t o  gama  response was tes ted by t h e  fol-lowing 

experiments: 

contac t  with a s l a b  of normal uranium produced a, dens i ty  of 0.52 

per  r a d  compared with 0.50 per  rad or rad.l.um g m a  rn.essured behind 

t h e  Cd fi.Lter; and ( 2 )  a s t ack  of f i lm packets w a s  given a d.ose of 5 

r a d  from a normal. uranium sur face  and t h e  d e n s i t i e s  produced at var ious  

depths were used t o  ex t r apo la t e  t o  a "surI?a~e" (7 mg/cm ) dens i ty  va1.11.e 

of 1.68. 

1.71 under Cd f i l t e r .  It appears,  t he re fo re ,  t h a t  f o r  be t a s  from iiormal 

urani.im, t h e  dens i ty  produced per rad i n  film i s  equal  t o  t h e  dens i ty  

produced under t h e  Cd f i l t e r  per  r ad  i n  film by radium gamma. 

(1) fi lm wrapped. i n  a '7 ilig/cm* absorber and placed. i n  

2 

A corresponding 5 r a d .  dose from r a d i u m  produced a dens i ty  of 

Poddar (15) has repor ted  t h a t  t h e  d e n s i t y  per  u n i t  dose prcduced 

by var ious  bcta emitters i s  a func t ion  

averag- encz-gy of the be ta s ,  i. e . ,  

Density = 

-.- -.- 

(15) Poddar, 3. K., Indian Journa l  of 

of t h e  specFfic  ion iza t ion  and t h e  

Q( elcc- t roas  em) .--d-- 
Physics - 29(j-t) (1955).  
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and t h a t  Lhe d e n s i t y  p e r  u n i t  dose v-ari.es slowly wi th  the average b e t a  

energy over a f a i r l y  wi.de range.  Hence, i-n i t s  a p p l i c a t i o n  for r o u t i n e  

personnel  dosimetry,  f i lm i s  considered e q u a l l y  s e n s i t i v e  for beta and 

gcarnma r a d i a t i o n s .  

D . 1ntens i f ica t i .on  of F i . h  Blaclienirig wi th  Meta1.l.j.c Fi1tet .s  

Silice t h e  meaning of bl.ackeiii.iig cJn a. film i s  ambiguous wi.thout a 

knowledge of the type  and approxima-Lc: energy o f  t h e  radia.ti.on producing 

it, one must have a system of f i l t e r s  i n  a f i l m  dosi-meter. The necessary- 

proximity of t h e s e  f i l- ters g ives  r i se  t o  'ol.ackening on t h e  f i l m  which 

does not  a l w a y s  s i g n i f y  an exposure dose.  

IJsing r a d i a t i o n  sources ,  as descr ibed  above , aind metalI.i.c filters 

r ep resen t ing  a wide range of atomic riumbers, f i lm w a s  exposed t o  s tudy 

t h i s  e f f e c i .  'I%e cases shown i n  Figure 24 i l l u s t r a t e  the experimental  

arrangements used t o  demonstrate t h e s e  e f f e c t s .  T'ne redi.ula-,gama. soiurce 

used w a s  enclosed. i n  860 mg/cm2 of aluminum and 300 ing/cm2 of l u c i t k .  

T'ab1.e 6 (page 4'7) s h o ~  :;he dens i t , i e s  found us ing  var ious  f i l t e r s  r e l a t i v e  

'to t h e  d e n s i t y  of  an  unshielded film. I h e  fo l lowing  i.nformation shoiuld 

be considered i n  apply ing  heavy me-tal- f i l t e r s  i.n film dosinietry: 

Case I A - The m e t a l l i c  fi.ltei-s reduce t h e  gmna. r a d i a t i o n  by fuinc- 

t i o n i n g  as absorbers .  Mos-t, i f  no t  all., oi' tire el-ectrons f o r e s c a t t e r e d  

Prom the metals, are absorbed i n  the 1.1.0 mg/cm 

wrapper between the meta l  and t h e  film. 

2 
of p l - a s t i c  and f i lm 

Case 1 R - The absorbing e f f e c t  of tlne filters is  t h e  same as 

f o r  Case I A, b u t  t h e  e l e c t r o n s  backsca t t e red  from t h e  meta ls  are not 

2 
a l l  absorbed i n  t h e  30 mg/crn f i l m  wrapper, wLt'n t h e  r e s u l t  t,hat t'ne 

- "1-9 - 



-. ~ ..I._._I__ - _ _ _ ~  
Film Wrapper 30Mg./cm' 

U N C L A S S I  FIE0 
O R  N L- L R - D W G  56193 

CASE I 

* 

Film A 

Film and Wrapper  

CASE 

CASE ID 

150 Mg./crn2FiIrn and 

'1 Lucite  * -  

\-Filter Film 

Filter 1 
Fig .  24. Schematic representation of film and filter orientations. 



ef fec t  of' backscatter i s  equal t o  o r  grea te r  -Lhm that of the  incident 

Si l - t ra t ion I 

t o  involve thermal neutrons. 

Such exposures wi-th only Cd. f i l t e r s  could be misinterpreted 

Case 11 A - T h i s  case i s  similar t o  Case I A, except t h a t  t h e  absorber 

2 
between %he metals and the  f i lm i s  30 mg/cm* instead of 110 mg/crn e 

per cent increase i n  f i h  dens i ty  under t h e  lead filter over t h a t  f o r  

Case I A i s  probably a real. ind-ication of the e f f e c t  of foresca t te red  

electrons.  Since t n e  p l a s t i c  between t h e  Cd or  t h e  Cu and f i l m  makes 

no difference i n  the film density,  it would appear t h a t  these  lower 

atomic number rneka1.s do not contr ibute  s ign i f icant  e lec t ron  forescatter 

2 
capable of penetrat,ing ti-le 30 mg/cm 

The 5 

wrapper. 

Case 11 B - The differences i n  t h e  f i l m  d e n s i t i e s  of t h e  respec.tive 

f i l t e r s  i n  Cases T 11 and 11 €3 ind ica te  t h e  increase i n  backscatter with 

the atomic. number of the backscat terer  . 
Case III - With no incident  C i l t r a t i o n  arid only 30 mg/cm2 absorber 

between t h e  m e t a l  and t h e  fi lm, t h e  backscatter increases t h e  dose t o  t h e  

f i l m  u,p t o  33% f o r  a lead  backscatterer.  

2 
Case IV - Essent ia l ly  a l l  backscatter i s  absorbed. i n  t h e  110 mg/cm 

layer  of p l a s t i c  and- wrapper between the backscat terer  and t h e  fi lm. 

E. Latent Image S t a b i l i t y  of Beta-Gmma Fibn 

IL'here have been three  separate tes ts  fievised t o  determine t h e  s t a b i l i t y  

of t h e  be%a-gamma emulsions which a r e  commercially avai.Lable, The fol-lowing 

i s  a descripkioiz o f  these  and a summary of the resu.l.ts. 
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1. Sens i t i ve  Emulsrions - Exposures of t h e  L)u.Poi~i; 502, 508, and 555, 

and t h e  Eastman Type 3 ( s e n s i t i v e )  were made f o r  a per iod  of fou r  

months. The magnitude of t h e  exposures w a s  one roentgen of radium 

gamma i-adiation and. the frequency of exposure <.nereased as -the 

t i m e  f o r  development approached. 

taneoiis3.y and read on t h e  same Ansco Densitometer. Figure 25 

shows t h e  r e su l - t s  obtained. The dashed l i n e  a s soc ia t ed  wi th  each 

emulsion r ep resen t s  t h e  average d e n s i t y  of a l l  its exposures. The 

t o t a l  v a r t a t i o n  i n  t h e  dens i ty  per  roen”igen over t h i s  per iod w i l l  

be assumed due t o  emu]-sion i n s t a b i l i i y  and reproduct ion of t h e  

exposure on t h e  film r i n g  (Figure 1 2 ) .  

show t h e  sp rzaJ  i n  t,he readings of -the fou r  films used at, each 

exposure. 

..._I-.-_-. -- 

All lilms were developed si.mul.- 

Tine e r r o r  limits represented 

For t h e  DuPont 502, 508, and ?>> eniulkions, t h e  maximum v a r i a t i o n s  

from t h e  average d e n s t t i e s  are 5%, Is%, and. 9%, respec t ive ly .  

t h e  Eastman Type 3 ( s e n s i t i v e )  t h e  maxirrium var ia t i -on  i s  15%. 

t h i s  about 2% i s  due t o  t h e  non-reproducib i l i ty  i n  t h e  exposures. 

It r . i i l l  be noted from Figure 25 t h a t  t h e  dens i ty  per  exposure f o r  t h e  

Eastman Type 3 increased  in s t ead  of faded with time. I n  t h e  o-thcr 

emulsions, t h e  fogging and fad ing  e f f e c t s  seem t o  o f f s e t  each o the r  so 

t h a t  no obvious trend i s  seen. 

2* I n s e n s i t i v e  Eknul_si.ons - This -Lest i s  s i m i l - a r  t o  t h e  one mentioned 

above except t h a t  a 100 roentgen exposure w a s  gi-veil and t h e  dura t ion  

of t h e  t e s t  w a s  one month in s t ead  or^ f o u r  months. 

For 

Of 

Figure 26 shows 
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the  Eastman Type 3 ( in sens i t i ve )  and I)uPont 8311 and 1290 -Lo be 

very s tab le  over t h i s  period of time. 

tlian 2$ variat ion.  

3. 

exposed t o  10 mr/day for Ynree months, and it was I?ou.r.td. i n  each case 

t h a t  t he  accumulated dose read from t he  Plilrn densi ty  agreed with the  

exposure dose within 5%. This experirnen-t i s  continuing and included 

i n  t h e  study are 10 mr/day exposures of the  glass r e d s  t o  evaluate 

t h e i r  use as a long term integrator .  

N o  emulsion showed greater 

Integra-Lion Consistency - The DuPont 502 and 555 have each heen 

VII. MIALYSIS OF BETA-GMm DOSIMETRY TECHNIQUES 

I n  view of the  .rtlaximum permissib1.e l i m i t s  and khe dose determinations 

required by the  NCHP as presented i n  Section III A, it i s  necessary t o  

consider how well  t he  present system fulfill-s tlicse requirenients. %ne 

prac t i ca l  measurement of the dose t o  t h e  c r i t i c a l  organ, DC, presen'is t he  

problem of measuring t h e  garrrrna and x-ray exposures over a range of 0.0% 

t o  5 Mev. That i s ,  does using the  Cd f i l t e r  reading t o  simulate the  dose 

wh.ich would penetra-Le t o  a d.epth of' one centimeter i n  'cissue ac tua l ly  

represent this dose over the  e n t i r e  energy range? A cslcul.ation of t he  

r e l a t i v e  trsnsriission of one mi of t i s s u e  and a similar calculat ion f o r  

t he  Cd  f i l t e r  are shown as a fuulc-Lion of energy i n  Figure 27. They are 

curves A and 1-3 respectively.  W'nen the  increase i n  apparent dose t o  the  

f i l m  due t o  t h e  increased s e n s i t i v i t y  of t h e  f i l r a  belox 200 Kev i s  added 

t o  the  transmission through the  Cd-llu f i l t e r ,  Curve C i n  Figure 27 r e su l t s .  

Tlne energy response used was tha,t determined f o r  t he  DiPont 555 emulsion 
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by the  monochromatic x-ray source reported i n  Sccti.on V E. 

two things become apparent. F i r s t ,  an overestimation of D occurs 

between 70 ~lrid 80 K e v  and 'oetween 90 and. about 200 Kev; aid. secorid, 

the dose i s  underestiaiated below 70 K e v  aid not recorded a t  aLI below 

60 K e v .  

-f i It er . 

From Figure 27 

C 

Iiowever, low energy photons could be scattered un.d.er. the  C d  

To determine tine D dose the  be ta  contribution milst be measured i n  S 
? 

Since there i s  a.n 80 mg/cm- addi t ion t o  t he  X and gamma radiat ion.  

minimum absoyber Lnterposed between t h e  film and the  sou-rce, i-l; i s  

impossible .to i n t e rp re t  t he  fi lm density as the  dose a t  7 mg/cin 

knowing t h e  be ta  energy, Routinely, i t  i s  assumed -tinat the radiat ion 

i s  from natura l  uranium which e m i t s  8 l.7 Mev beta.  Beta rays of t h i s  

energy a re  approximately '1-6 absorbed 5-n 80 nig/cm . 
l imi t a t ion  of .tine badge dosimeter with regazd t o  be ta  dosimetry i s  

e s sen t i a l  i f  meaningful results a re  -Lo he obtained from it,. 

2 
without 

2 
Recognizing the 

VI I1 e PROPOSALS RND RECOMI!4l3NT)ATIONS 

The following are proposed as additions t o  'Lhe film dosirnetry 

system which would make tt more useful. i n  cases of unusual exposure: 

1. U s e  .ihe r a t i o  of t he  aluminum and. cadmium f t l t e r  readings 

t o  make a;i estimation of t he  e f f ec t ive  energy of tile photon 

radiatiori. Once 'ihis i s  done, the dose cou1.d. be de-temined 

from - t h e  aluminum reading by correcting f o r  energy dzpencl.ence. 

2" Verify t h e  response of f i l m ,  when shielded by 0.040 in .  

o f  almlnum and by 0.034 i n .  of Cd and 0.005 i n .  of Au, t o  



.-/ 

mono-energetic x-rays siiiiilar t o  those descr ibed i n  Sect ion V E. 

Those energ ies  should be expanded t o  cover t h e  ra.nge from 70 

t o  100 Kev. 

3. U s e  IBM t o  process all. f i l m  d e n s i t i e s  s o  t h a t  every exposure 

may be examj-ned. t o  see i f  t h e  e f f e c t i v e  energy of t h e  gxma exposure 

i s  such t'nat a co r rec t ion  need be iliade in D 

4.. 
C" 

Maintenance of c lose  liaison between the  area surveyor and. 

t h e  personnel monitoring sec t ion  t o  i n t e l l i g e n t l y  inieryre- t  b e t a  

exposures. 
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