
I 

ORNL-2748 
Part A 

2nd Issue 

RA D IAT I ON ACC I DENTS: DOS I METR IC 

ASPECTS OF NEUTRON A N D  

GAMMA-RAY EXPOSURE 

G. S.  Hurst 
R. H. Ritchie 

Editors 

‘, \>’ U N I O N  CARBIDE CORPORATION 
for the 

U.S. ATOMIC ENERGY C O M M I S S I O N  



. 1 

I 

Pr inted i n  USA. P r i ce  $2.75. Avo i lob le  from the  

O f f i co  of Technica l  Services 

Deportment of Commerce 

Washington 25, D. C. 

I LEGAL 
T h i s  report w a s  prepared a s  on account of Government sponsored work. Neither the Uni ted States, 

nor the Commission. nor any person act ing on behal f  of the Commission: 

A. Makes any warranty or representation, expressed or implied, w i t h  respect t o  the accuracy, 

completeness, or usefulness of the information conta ined i n  th i s  report, or that  the use  o f  

any information, apparatus, method, or process d isc losed i n  th i s  report moy not  in f r inge 

pr ivate ly  owned r ights; or 

B. Assumes any l i ab i l i t i es  w i th  respect t o  the use of, or for damages resul t ing from the use o f  

any information, apparatus, method, or process d isc losed i n  th i s  report. 

As  used i n  the obove, "person act ing on behalf of the Commission' '  inc ludes any employee or 

controctor of the Commission, or employee of such contractor, t o  the extent  that  such employee 

or contractor of the Commission, or employee of such Contractor prepores, disseminates, or 

provides access to, any information pursuant t o  h is  employment or contract w i t h  the Commission, 

or h i s  employment w i th  such contractor. 

. 



UNCLASSIFIED 

ORNL- 2748 
P a r t  A 

ERRATA 

Page Nos. 

iii 

45 

47 

55 

6. 

95 

RADIATION ACCIDENTS: DOSIMETRIC ASPECTS 
OF NEUTRON AND GAMMA-RAY EXPOSURES 

Errata 

F. J. Davis should be added t o  l i s t  of contr ibutors .  

U235 i n  6 th  l i n e  from bottom should be corrected t o  U238, 

0.75 g of Pu239 i n  6th l i n e  from bottom should read 0.075 g 

of Pu 239 * 

0.03380 g of U235 i n  7 t h  l i n e  from bottom should read 

0.03360 g of U235. 

Fig. 19 - 2nd value i n  9 th  column should be 4549. 

3rd and 4 th  values i n  last  colwnn should be 23.4 and 23.6, 

respect ively.  

Table V I  - last  column of numbers sh0d.d be corrected, from 

top  t o  bottom, t o  2,325; 1,265; U5; and 54. 

Ref. 17 i n  6 th  l i n e  from top should be R e f .  2. 

3 4 4 5 6  0021433 7 



UNCLASSIFIED 

0 RNL- 2748 

P a r t  A 

Second issue 

RADIATION ACCIDENTS: DOSIMETRIC ASPECTS OF 

NEUTRON AND GAMMA-RAY EXPOSURES 

G .  S .  Hurst  and R .  H .  R i t c h i e  

Ed i to rs  

HEALTH PHYSICS D I V I S I O N  

c 

Contract  No. W-7405-eng-26 

Oak Ridge Nat iona l  Laboratory 
Oak Ridge, Tennessee 

Operated by 
Union Carbide Corporation 

f o r  the 
U. S .  Atomic Energy Commission 

UNCLASS I F  1 ED 





i i  

PREFACE 

E 

The Oak Ridge N a t i o n a l  Labora tory  

and Medicine, U .  S .  Atomic Energy Comm 

was asked by  the  D i v i s i o n  o f  B io logy  

ss ion ,  t o  s tudy  methods f o r  d e t e r -  

m in ing  the r a d i a t i o n  dose rece ived by persons invo lved i n  a c c i d e n t a l  

c r i t i c a l i t y  excursions, A system o f  dos imet ry  f o r  t h i s  purpose has been 

devised and p a r t i a l l y  implemented a t  var ious  AEC c o n t r a c t o r  s i t e s  i n  the  

Un i ted  Sta tes .  One o b j e c t i v e  o f  P a r t  A o f  t h i s  r e p o r t  i s  t o  serve as an 

i n fo rma t ion  manual f o r  those persons r e s p o n s i b i l e  fo r  implementing t h i s  

system. A review and re -eva lua t i on  o f  the  dosimetry o f  p rev ious  acc idents  

i s  a l s o  inc luded i n  the i n t r o d u c t i o n .  

A companion p a r t  o f  t h i s  r e p o r t  (ORNL-2748, P a r t  B )  dea ls  w i t h  a 

review and a n a l y s i s  of the medical  da ta  ob ta ined from prev ious  c r i t i c a l i t y  

acc idents .  I t  a l s o  inc ludes  a method o f  d e f i n i n g  human r a d i a t i o n  i n j u r y  

and g ives  recommendations f o r  c l i n i c a l  and l a b o r a t o r y  observa t ions  fo r  

p o t e n t i a l  f u t u r e  cases. Par ts  A and B together  form a complete a n a l y s i s  

on p e r t i n e n t  to acu te  exposures o f  humans 

de a b a s i s  f o r  the c o r r e l a t i o n  o f  

a t i o n  dose. 

o f  d o s i m e t r i c  and medical  i n fo rma t  

t o  mixed r a d i a t i o n s ,  and thus p rov  

b i o l o g i c a l  e f f e c t s  on man w i t h  rad 
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1 .  REV 

1.1. Introduction 

Since the beg 

EW OF PREVIOUS ACCIDENT DOSIMETRY DATA 

n n i n g  of research and production a c t i v i t i e s  i n  

t h e  f i e ld  of nuclear technology d a t i n g  back to the Manhattan project, 

there have been seven major nuclear accidents involving s igni f icant  

exposures of personne t o  ionizing radiation. I n  th i s  section these 

accidents wil l  be rev ewed i n  chronological order. The sequence of 

events and  conditions of exposure which a re  pertinent to  a n  under- 

standing of the physical dosimetry wil l  be described. 

Since t h e  time of the f i r s t  of these accidents (fourteen years 

ago) there has been continuous improvement i n  the techniques and con- 

cepts of radiation dosimetry. For example, dose unlts such a s  the 

gram-roentgen a re  no longer believed to  be adequate indices of 

radiation exposure and time has served to accentuate the complexity 

of the RBE concept. I n  t h i s  report ,  an e f f o r t  has been made t o  re- 

evaluate the dose assigned to cer ta in  i n d i v i d u a l s  involved i n  nuclear 

accidents,  u s i n g  modern techniques of radiation dosimetry. 

To p u t  the physical dosimetry of past accidents on a common ob- 

j ec t ive  bas i s ,  the dose to a given i n d i v i d u a l  i s  specified I n  terms of 

the absorbed dose ( i n  rads) which would have been received by a small 

mass of s o f t  t issue located a t  the position of the individual. This 

dose wi l l  be referred to as the f i r s t  co l l i s ion  dose, consistent w i t h  

E 

1 
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1 
common usage. I t  i s  r e a l i z e d  t h a t  c o r r e l a t i o n s  o f  b i o l o g i c a l  da ta  

w i t h  a s i n g l e  dose reading w i l l  be f a r  f rom p e r f e c t  unless o t h e r  

p h y s i c a l  c o n d i t i o n s  of  exposure a r e  s p e c i f i e d .  T h u s ,  as much i n f o r -  

mat ion as i s  a v a i l a b l e  on parameters such as r a d i a t i o n  energy and 

angu lar  d i s t r i b u t i o n  w i l l  a l s o  be considered. 

The use o f  t he  rem dose uni  t i s  avoided e n t i  r e l y  i n  t h i s  re -  

po r t .  F i r s t  c o l l i s i o n  doses w i l l  be g i v e n  i n  terms o f  rads t o  s o f t  

t i s s u e  f o r  neutrons and gamma rays separa te ly .  Th is  procedure i s  

c o n s i s t e n t  w i t h  the  d e s i r a b i l i t y  o f  e s t a b l i s h i n g  RBE f a c t o r s  f o r  acu te  

i r r a d i a t i o n  o f  man from acc iden t  data. 

2 
The method which has been found most r e l i a b l e  f o r  e v a l u a t i n g  

the  neut ron  dose t o  persons exposed i n  mixed r a d i a t i o n  f i e l d s  i s  t h a t  

ob ta ined from measurements o f  the  fo rma t ion  of Na24 i n  the  body v i a  

the  r e a c t i o n  Na (n,y)Na . The neut ron  dose t o  the  body may be 

r e l a t e d  i n  a s imp le  way t o  the spectrum o f  i n c i d e n t  neutrons as d e t e r -  

mined from th resho ld  d e t e c t o r  measurements. T h i s  method o f  dose 

measurement migh t  be termed "spec t ra l "  dosimetry and i s  descr ibed i n  

d e t a i l  i n  Sec t i on  2.2 below. 

23 24 

The NaZ4 a c t i v a t i o n  engendered i n  the  

1 Th is  d e f i n i t i o n  o f  f i r s t  c o l l i s i o n  dose i s  n o t  c o n s i s t e n t  w i t h  the  
mathemat ica l l y  convenient d e f i n i t i o n  g i ven  by  Snyder ( W .  S.  Snyder, 
Hea l th  Physics 1, 51 (1958).  His d e f i n i t i o n  r e f e r s  t o  the energy 
pe r  gram imparted to  a smal l  volume element o f  t i s s u e  loca ted  a t  a 
g i ven  depth below the su r face  of  the  body by  neutrons which have 
made no c o l l i s i o n s  u n t i l  they reach the  p o i n t  i n  ques t ion .  

2 G .  S .  H u r s t ,  R. H. R i t c h i e ,  and L. C.  Emerson, Hea l th  Physics z, No. 2, 
( 1959) . 
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body i s  very  s imp ly  r e l a t e d  t o  th resho ld  d e t e c t o r  measurements of t h e  

neut ron  spectrum. Hence i f  one can es t ima te  o r  measure the neut ron  

spectrum escaping from a c r i t i c a l  assembly, t he  Na24 a c t i v a t i o n  i n  a 

man may be i n t e r p r e t e d  i n  terms o f  the f i r s t  c o l l i s i o n  dose a t  h i s  

p o s i t i o n .  

d i s t r i b u t i o n  o f  neutrons a r e  a v a i l a b l e .  Est imates o f  t he  gamma-to- 

neut ron  dose r a t i o  a r e  used t o  a l l o w  one t o  ass ign  bo th  gamma and 

neut ron  doses on t h e  bas i s  o f  Na24 a c t i v a t i o n  i n  the body. 

Th is  method has been used below whenever data on s p e c t r a l  

Dose es t imates  a r e  made o n l y  f o r  cases i n  which the  r a d i a t i o n  

exposure was acute, e x t e r n a l ,  p e n e t r a t i n g  and genera l i zed .  Doses due 

t o  alpha and be ta  r a d i a t i o n ,  e i t h e r  i n t e r n a l  o r  e x t e r n a l  t o  the  body, 

a r e  n o t  considered and a r e  thought t o  be r e l a t i v e l y  unimportant i n  

the  usual  c r i t i c a l i t y  acc ident .  

1.2. Los Alamos Acc ident  LASL-I 

The f i r s t  nuc lea r  acc iden t  occurred a t  t he  Los Alamos S c i e n t i f i c  

Labora tory ,  Los Alamos, New Mexico, i n  August 1945. I n  a c r i t i c a l i t y  

experiment i n v o l v i n g  a me ta l  system a nuc lear  excu rs ion  occurred and 

two people were exposed t o  the  mixed r a d i a t i o n  f i e l d  from t h i s  assembly, 

Case LA-1,who d i e d  f o l l o w i n g  the  acc ident ,  was touch ing  the  assembly 

when the  cha in  r e a c t i o n  occurred, and s o  rece ived a very  h i g h  dose t o  

h i s  hands and a sma l le r  dose t o  the  b u l k  o f  h i s  to rso .  He was exposed 

3 

3 L. H. Hempelman, H. L isco ,  and J.  G.  Hoffman, Ann. I n t .  Med. - 36, 
279 (1952). 
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t o  cons iderab le  gamma r a d i a t i o n  f rom f i s s i o n  products  w h i l e  dismant- 

l i n g  the exper iment and would p o s s i b l y  have surv ived had he l e f t  the 

room immediately. H i s  a c t i o n s  d u r i n g  t h i s  p e r i o d  a r e  n o t  w e l l  known 

and the t o t a l  dose received i s  cor respond ing ly  uncer ta in .  N e i t h e r  he 

nor the  o t h e r  person exposed was wearing a f i l m  badge a t  the t ime of 

the  acc ident .  Since t h e  number o f  f i s s i o n s  which occurred i n  the  

assembly i s  n o t  known accura te ly ,  the  b e s t  index o f  h i s  neut ron  ex- 

posure i s  the  Na24 a c t i v i t y  induced i n  h i s  blood. 

One may r e l a t e  t h e  Na24 c o n c e n t r a t i o n  i n  t h e  b lood t o  t h e  number 

4 
o f  i n c i d e n t  neutrons i f  one knows t h e i r  d i s t r i b u t i o n  i n  energy. 

Measurements o f  t h e  spectrum o f  neutrons escaping from t h e  God i v a  

r e a c t o r  have been made, and a r e  shown i n  Table 1 .  I t  i s  reasonable 

t o  assume t h a t  t h i s  spectrum i s  very  s i m i l a r  t o  t h e  a c c i d e n t  spectrum 

and t h a t  the l a t t e r  does n o t  vary  w i t h  d i s t a n c e  over  the range a t  which 

exposure occurred. It i s  known t h a t  t h e  a t t e n u a t i o n  o f  the tamper 

around t h e  c r i t i c a l  experiment was n o t  h igh.  5 

Using t h e  r e l a t i o n  between dose p e r  dps of Na24 per  m l  of b lood 

serum and t h e  s p e c t r a l  d i s t r i b u t i o n  g iven by t h e  Godiva t h r e s h o l d  

d e t e c t o r  measurements, Table I ,  one f i n d s  f o r  the  neutron dose, 

Dn = 5.0 K (1) 

4 See S e c t i o n  2.7 below. 

5 P. S.  H a r r i s ,  L A S L ,  P r i v a t e  Communication. 

. 
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c 

Table I 

Fas t  Neutron Ldakage Spectrum from LASL Godiva 1 

(Resu l ts  a r e  shown i n  terms o f  t he  number o f  neutrons per  

cm2 above the  th resho ld  o f  de tec to rs  descr ibed i n  Sec t ion  2) 

.*. 
Detec tor  R e l a t i v e  Flu; (n  cmm2) 

Np237 ( n , f )  

1 .oo 

. 6:?* 

0.46 

0.21 

.'. -4- 

Measurements made August 1956. A t  one meter from Godiva cen te r  

a c t u a l  Pu f l u x  was 3.0 x lo1' n/cm2 f o r  2.04 x 1015 f i s s i o n s .  

*'x'. 4 - r  237 
Inc ludes  a c o r r e c t i o n  f o r  the new f i s s i o n  cross s e c t i o n  o f  Np . 
Value adopted = 1.6 barns based on p r i v a t e  communication w i t h  

R .  6 .  Murray. See a l s o ,  H. W .  Schmi t t  and R .  6. Murray, B u l l .  

Amer. Phys. SOC. - 4, No. 5, 321 (June 18, 1959). 
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where K = dps/cm3 o f  b lood serum and Dn i s  i n  rad, 

the  q u a n t i t y  o f  Na23 per  cm3 o f  b lood serum i s  remarkably cons tan t  i n  

man a t  the va lue o f  3.2 mg/cm3 (see Ref. 1) .  This  f a c t  has been used 

It i s  known t h a t  

3 
i n  conver t ing  f rom a c t i v i t y  per u n i t  mass of Na23 t o  a c t i v i t y  per cm 

o f  b lood.  One f i n d s  a neutron dose o f  288 rads f o r  t h i s  case, us ing  

the b lood NaZ4 va lue  from Ref. 2 (see Table I I ) .  

Case LA-2 was exposed a t  a g r e a t e r  d i s t a n c e  f rom t h e  r e a c t o r  

than was case LA-1 and d i d  n o t  remain i n  t h e  v i c i n i t y  a f t e r  t h e  

excurs ion.  From measurements o f  t h e  r a t i o  o f  gamma dose t o  neutron 

dose l e a k i n g  f rom the Godiva reac tor ,  one may es t imate  t h a t  t h e  

gamma-neutron dose r a t i o  was approx imate ly  1/10 i n  the  LASL-I acc ident ,  

independent o f  d i s t a n c e  from the  r e a c t o r  i n  t h e  range o f  d is tances  o f  

LA-I  and LA-2. Table I 1  shows the  r e s u l t i n g  e s t i m a t e  o f  dose, aga in  

using the  Na24 data o f  Ref. 3. 

1.3. Los Alamos Acc ident  LASL-II 

The c i  rcurnstances surrounding t h e  second major r a d i a t i o n  exposure 

a t  Los Alamos on May 21, 1946, were q u i t e  s i m i l a r  t o  those i n  the  

f i r s t  acc ident .  Personnel f i l m  badge da ta  were n o t  a v a i l a b l e  and data 

f rom badges loca ted  on the w a l l s  o f  the room were not  very  h e l p f u l .  

E i g h t  persons were exposed t o  s i g n i f i c a n t  doses i n  t h i s  i n c i d e n t .  I t  

i s  f e l t  t h a t  none o f  these v i c t i m s  received un i fo rm t o t a l  body ex- 

posures because o f  var ious  amounts o f  p a r t i a l  body s h i e l d i n g .  3 

The neut ron  doses t o  the  exposed people have been est imated as 

i n  the  case o f  the LASL-I acc ident ,  i . e .  b y  us ing  neut ron  s p e c t r a l  

. 
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Table I I 

Los Alamos Acc ident  Cases - Serum Na Data 

D ( rad)  D t  ( rad )  
Y Acc i dent Case dps/mg Na K Dn ( rad )  

(dps/cc) (5.00 K) 

LASL- I LA- 1 

LA-2 

LASL- I I LA- 3 

LA-4 

LA-6 
LA-7 

LA-8 

LA- 9 
LA- 10 

LASL-I I I LA-11 

18.0 (6) 
1.10 (6) 

74.8 (7) 

13.2 (7) 

7.1 (7)  

3.0 (7)  

2.0 (7)  

1.22 (7) 
1. d7) 

57.6 

3.5 

23 9 
42.2 

22.7 

9.6 
6.4 

4.9 
3.9 

45 1 (8) 

288 

18 

1190 

213 

117 

48 

32 

24 

19 

2200 

Uncer ta in  

2 20 

120 13 10 

21 234 

12 129 
5 53 

3 35 

2.4 26 

2 21 

6600 8800 

6 J.  G .  Hoffman and L. H. Hempelmann, Am. J. Roentgenol., Rad. Therapy and Nuclear 

7 J .  G. Hoffman, "Radiat ion Dose i n  the P a j a r i t o  Acc ident  o f  May 21, 1946," LA-687, 

8 P .  S .  H a r r i s ,  LASL, P r i v a t e  Communication. 

Med. - 77, No. 1, 144 (1957). 

May 26, 1948. 



8 

da ta  ob ta ined from the Godiva r e a c t o r  t oge the r  w i t h  NaZ4 a c t i v a t i o n  

da ta  f o r  the b lood  o f  t he  p a t i e n t s .  Table I I  shows the  doses d e r i v e d  

on t h i s  bas is .  I t  has been assumed t h a t  t h e  gamma-to-neutron dose 

r a t i o  was 1/10 f o r  a l l  those exposed. 

assumption except f o r  case LA-9 who re tu rned t o  the  scene o f  t he  

a c c i d e n t  t w i c e  a f t e r  h i s  i n i t i a l  exposure. 

T h i s  i s  p robab ly  a good 

1.4 Argonne Cases 

A r e a c t o r  c r i t i c a l i t y  a c c i d e n t  occur red  a t  t h e  Argonne N a t i o n a l  

Laboratory,  Lemont, I l l i n o i s ,  on June 2, 1952.9 Four persons were ex- 

posed t o  a mixed f i e l d  o f  r a d i a t i o n  i n  which the gamma-to-neutron dose 

r a t  

CY 1 

a P  

o was about 10. The c r i t i c a l  assembly cons is ted  o f  a quas i -  

n d r i c a l  m e t a l l i c  core  surrounded by  a n a t u r a l  water  moderator i n  

a s t i c  tank. There were no f a t a l i t i e s .  

Cases 1, 2, and 3 were wear ing f i l m  badges which were s o  blackened 

t h a t  i t  was necessary t o  eva lua te  t h e  doses i n  terms o f  t h e  reduced 

: s i l v e r  l e f t  a f t e r  development o f  t he  f i l m .  The gamma dose t o  p a t i e n t  

4 was eva lua ted  f rom a knowledge o f  h i s  p o s i t i o n  and t imes o f  exposure 

t o  prompt and delayed f i s s i o n  gamma rays. The gamma dose i s  g i ven  by 

I - l a s t e r l i k  and M a r i n e l l i 9  i n  terms o f  f i r s t  c o l l i s i o n  dose, i .e .  the  

c o r r e c t i o n  f o r  the  e f f e c t  o f  t h e  body on the  dose rece ived by  i t  has 

been made. The doses were found t o  be  f a i r l y  cons tan t  over the  bodies 

9 I?. J. H a s t e r l i k  and L. 0. M a r i n e l l i ,  Proceedings o f  the I n t e r n a t i o n a l  
Conference on the  Peaceful  Uses o f  Atomic Energy, Vol. 11, p 25 
( 1956). . 



of those exposed and can b e  considered as uniform whole body i r rad i -  

a t ion ,  

Threshold detector  measurements of t h e  neutron spectrum escaping 

from t h i s  assembly a r e  not available.  However, Hasterlik and Marinelli 

quote accurate neutron dose values de te rmined  w i t h  proportional 

counter dosimeters. These were obtained by measuring t h e  r a t io  of 

f a s t  neutron dose to  gamma dose during an experimental run of t h e  re- 

constructed reactor and applying t h i s  r a t io  to  the fi lm badge readings. 

10 

The result ing dose determinations a r e  shown i n  Table 1 1 1 .  

1.5. U.S.S.R. Cases 

A t  some undisclosed time pr ior  to July 1956, a reactor accident 

occurred i n  the U.S.S.R. result ing i n  t h e  "short general external" 

exposure of two persons to  neutrons and gamma rays. T h e  c l i n i ca l  

course of the exposures is detai led by A .  K. Guskova and G .  D .  

1 Ba i sogolov. 

b u t  do not g 

i nf orma t i on 

t h e  reactor,  

They assign doses of 300 'lrlr and 450 ''rl' to  the people 

v e  the gamma-neutron r a t io  i n  t h e  radiation f i e ld .  No 

s ava i lab le  concerning the s t ruc ture  and composi tion of 

so  that  i t  is not possible to  estimate t h i s  r a t io .  I n  

addition, the methods of dosimetry used a r e  not described. The  dose 

assignments m u s t ,  therefore ,  b e  regarded as ambiguous. 

10 G .  S .  Hurst, Br i t .  J. Radiol. 2, 353 (1954). 

11 A.  K. Guskova and G .  D .  Baisogolov, Proceedings of the International 
Conference on the Peaceful Uses of Atomic Energy,  Vol. 11, p 35 
(1956) 

. 
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Table 1 1 1  

Review o f  Argonne Acc ident  Cases 9 

Employee Gamma Dose"' Neutron Dose*" T o t a l  Dose 
( rad)  ( rad)  ( rad)  

A- 1 

A-2 

A-3 

A-4 

145 14.2 

116 9.6 

55 5.5 

10 0.8 

159 

126 

60.5 

10.8 

:x Gamma Dose - F i  l m  badge readings o f  reduced s i  l v e r  l e f t  

a f t e r  development o f  f i  l m ,  c o r r e c t e d  f o r  

readings i n  a i r  f o r  b u i l d u p  and body 

s h i e l d i n g .  

Neutron Dose - Based on D -D r a t i o  and f i l m  badge doses. 
Y "  

Values above a r e  p r e c i s e  t o  - IO$ based on 

Gos imet r ic  measurements of recons t ruc ted  

acc ident .  

.I..%. .,..,. 

. 
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. 

.. 

1.6. 

P lan t  

Oak Ridge Cases 

A c r i t i c a l i t y  acc iden t  occurred on June 16, 1958, a t  the Y 12 

a t  Oak Ridge, Tennessee. C r i t i c a l i t y  was reached when an 
12 

aqueous s o l u t i o n  o f  an enr iched uranium compound was dra ined inadver-  

t e n t l y  into a waste drum hav ing  dimensions such t h a t  a cha in  r e a c t i o n  

resu l ted .  E igh t  persons received genera l  whole body doses from the 

r a d i a t i o n s  emanating from the c r i t i c a l  system, f i v e  o f  these r e c e i v i n g  

t o t a l  doses i n  excess o f  200 rads. 

F i l m  badges were n o t  worn by any o f  those exposed t o  the  

r a d i a t i o n  f i e l d .  Blood sodium r a d i o a c t i v i t y  was chosen as the most 

r e l i a b l e  measure o f  neutron dose i n  t h i s  acc ident .  The neutron dose 

t o  a man a t  a g i ven  d i s tance  from the assembly was deduced from the 

Na24 concen t ra t i on  i n  h i s  body by employing a "phantom" ( i n  t h i s  

case, a b u r r o ) .  The phantom was exposed t o  the neut ron  f i e l d  escaping 

from a "mock-up" reac to r  o f  dimensions and composi t ion c l o s e l y  s i m i l a r  

t o  those o f  the acc iden t  assembly. 

phantom r e s u l t i n g  f rom i r r a d i a t i o n  by a measured f i r s t  c o l l i s i o n  neutron 

dose was determined and was used t o  conver t  b lood Na24 a c t i v i t y  data 

t o  f i r s t  c o l l i s i o n  neut ron  dose, assuming t h a t  the neutron spectrum 

d i d  no t  vary  w i t h  d i s tance  from the reac tor .  Dur ing another  run  o f  

the same "mock-up" r e a c t o r  a measurement of t h e  gamma-neutron dose 

r a t i o  was made and was used t o  o b t a i n  the gamma doses. Cor rec t ions  

The b lood serum Na24 l e v e l  o f  the 

12 Acc iden ta l  Rad ia t i on  Excurs ion a t  the  Y-12 P lan t ,  Y-1234, J u l y  28, 
1958; See a l s o  Ref. 2. 
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were made f o r  the  d i f f e r e n t  c o n t r i b u t i o n s  f rom f i s s i o n  produc t  gamma 

rays i n  khe two cases. C a l c u l a t i o n  o f  t h e  neut ron  and gama-ray  

leakage spec t ra  f rom the reac tor  gave dose est imates which agreed 

w e l l  w i t h  the  measured values. 

Table I V  shows the  doses f o r  the  persons exposed. None d i e d  

as a r e s u l t  of the exposure. 

1.7. Yugoslavia Cases 

I n  a n  a c c i d e n t a l  s u p e r c r i t i c a l  excurs ion  o f  a zero-power r e a c t o r  

on October 15, 1958, a t  t h e  B o r i s  K i d r i c h  I n s t i t u t e  of Nuclear  Sciences 

i n  Vinca near Belgrade, Yugoslavia,  e i g h t  persons rece ived above maxi- 

mum p e r m i s s i b l e  doses o f  neutrons and gamma rays.  l3  One man d i e d  as a 

r e s u l t  of the  i r r a d i a t i o n .  

The f a c i l i t y  cons is ted  o f  a n a t u r a l  uranium, heavy water  assembly 

i n  a c y l i n d r i c a l  tank approx imate ly  2 meters h i g h  and 2 meters i n  

diameter.  The people w e r e  loca ted  i n  t h e  range 5 t o  10 meters f rom the  

r e a c t o r  a t  the t ime o f  t h e  excursion. 

A l though o n l y  incomplete i n f o r m a t i o n  i s  a v a i l a b l e  concern ing the 

neutron and gamma leakage spectrum from the r e a c t o r  and the d i s p o s i t i o n  

of people and apparaius a t  the t ime o f  the  acc ident ,  i t  i s  p o s s i b l e  t o  

make est imates of the doses f rom Na24 a c t i v a t i o n  data f o r  the s i x  

13 Ed i t o r s  ( f r o m  an exchange of a i rma i 1 and rad i og  rams between the  
Nucleonics o f f i c e  and Pavle Savic, D i r e c t o r  of  the B o r i s  K i d r i c h  
I n s t i t u t e  of Nuclear Sc ience) ,  Nucleonics 17, No. 4, 106 (1959).  

See a l s o  references under Table V .  
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Table I V  

Oak Ridge Y-1.2 Accident  Cases Based on Serum Na Data 

Employee Neutron Dose Gamma Dose T o t a l  Dose 
( rad)  ( rad)  (rad) 

c 

OR- 1 

OR-2 

OR-3 

OR-4  

OR-5 

OR-6 

OR-7 

OR-8 

96 

89  

86 

71 

62 

18 

18 

6 

26 9 

250 

241 

199 

174 

50.5 

50.5 

16.8 

365 

339 

3 27 

270 

236 

68.5 

68.5 

22.8 

c 
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p a t i e n t s  t r e a t e d  i n  P a r i s  a t  the  Cur ie  F 0 u n d a t i 0 n . l ~  One account o f  

15 
the  a c c i d e n t  s t a t e s  t h a t  i t  i s  known f rom b o t h  c a l c u l a t i o n  and 

exper iment t h a t  t h e  thermal and ep i thermal  leakage f r o m  t h e  r e a c t o r  

a r e  equal. I t  seems reasonable t o  take t h e  f a s t  neutron leakage 

spectrum f rom t h e  r e a c t o r  t o  b e  rough ly  s i m i l a r  t o  t h a t  measured i n  

12 
the  Y-12 acc ident  study. 

neutron spectrum i n  the Yugoslavia case i s  equal  t o  t h a t  i n  t h e  Y-12 

case f o r  ep i  thermal energ ies ( > N 5 kev) ,  b u t  t h a t  the thermal f l u x  

i s  equal  t o  the t o t a l  f l u x  above 5 kev. 

Hence, i t  has been assumed t h a t  t h e  t o t a l  

Using t h i s  assumption and Eq. (18) i n  S e c t i o n  2.7 below, and 

23 
t a k i n g  the amount of  Na 

the  neutron dose t o  be 

i n  each i n d i v i d u a l  t o  be 105 g , I 5  one f i n d s  

D = 3.92 A 
n 

where Dn i s  i n  rad and A i s  the  t o t a l  measured Na24 a c t i v i t y  i n  the  

body i n  p c .  Table V shows values o f  A f o r  t h e  p a t i e n t s  together  w i t h  

t h e i r  est imateci doses (Col. 2 ) .  

The gamma doses may be deduced from these data,  us ing  a repor ted 

rneasurement13 o f  a gamma dose o f  1 mr/hr  a t  a thermal neutron f l u x  

l e v e l  o f  155 n/cm . sec around t h e  r e a c t o r  when operated i n  e a r l y  
2 

14 D r .  Raymond L a t a r j e t ,  Cur ie  Foundation, P a r i s ,  P r i v a t e  Communi- 

15 T h i s  is the  f i g u r e  quoted i n  NBS Handbook 63, p 8, f o r  t h e  standard 

c a t i o n ,  February 26, 1959. 

70 KG man. 
a t  t h i s  time. 

Data on body weights  o f  the exposed a r e  n o t  a v a i l a b l e  



Table V 

Yugos lav i an Acc i d e n  t 

Case (16) K(dps/cc blood serum) 

v 82 

M 75 

G 76 

D 63 

H 53 

B 45 

92.5 

84.6 
85.7 

71.0 

60.0 

50.8 

3 20 3 20 640 
290 290 580 

300 300 600 

250 250 500 

210 210 420 

175 175 350 

~ - ~- . 

K = 1.13 x yc 

IJ.C = to ta l  pc i n  exposed individuals 

-~ ~ 

16 A s s u m i n g  a standard man (70 KG) w i  th 105 grams o f  Na. 

17 Total f i r s t  col l is ion dose f o r  neutrons, assuming f a s t  spectrum same as  a t  Y-12 
and one thermal for  each f a s t  D n  = 3.47 K .  

18 A s s u m i n g  D y / D n  = 1.0, estimated from Ref. 13, u s i n g  gamma dose to  thermal neutron 

f lux  ra t io .  
- 9,  No. 167, 1 (1959). 

See also Pavle P .  Savic!, Bull. I n s t .  Nuclear Sciences "Boris Kidrich", 
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experiments. One estimates from th is  and from measurements of the 

neutron-gamma dose r a t i o  around s imi la r  reactors that  t h e  neutron- 

gamma dose r a t i o  was approximately 1.0. T h e  resul t ing estimates a re  

given i n  Table V. 

1.8. Los Alamos Accident LASL-Ill 

The most recent radiat ion accident occurred on December 30, 1958, 

a t  the Los Alamos S c i e n t i f i c  Laboratory. l 9  

plutonium salvage opera tion, the material a t ta ined a c r i t i c a l  s t a t e .  

Case LA-11 was standing i n  close proximity to  the c r i t i c a l  system and 

received a le tha l  dose. 

I n  the course o f  a routine 

I f  one assumes tha t  the neutron and gamma-ray f i e l d s  were 

comparable w i t h  those which were measured i n  t h e  Y-12 mock-up experi- 

ment, then t h e  neutron dose may b e  approximated as D = 5.2 K where 

K is t h e  Na24 a c t i v i t y  i n  dps per cc of blood serum a n d  D n  is the 

neutron dose i n  rad. 

between D n  and K is nearly the same as  t h a t  which one derives from t h e  

Godiva measurements. One finds a f a s t  neutron dose of 2200 rads and 

using a neutron-to-gamma dose r a t i o  of 3 ,  one f inds a gamma dose of 

6600 rads (see Table I f ) .  

12 
n 

K was found to  b e  451 dps/mg.  2o T h i s  re la t ion 

19 H. C .  Paxton, R. D .  Baker, W .  J .  Maraman, and Roy Reider, Nucleonics 
- 17, NO. 4, 107 (1959). See a l s o  LAMS-2293, February 1959. 

20 P.  S .  Harris,  LASL, Private  Communication. 

. 



2. RECOMMENDED DOSIMETRY SYSTEM 

2.1. General D e s c r i p t i o n  of t h e  Dosimetry System 

A system o f  dos lmetry  designed t o  determine the dose received 

by personnel  f rom c r i t i c a l i t y  i nc iden ts  must be capable of (1,) measuring 

the  dose due t o  gamma rays i n  the  presence o f  neutrons w i t h  reasonably 

sma l l  uncer ta in ty ,  say f 15%; (2) measuring the  neutron dose i n  the  

presence o f  gamma rays w i t h  reasonably smal l  uncer ta in ty ,  say 2 15%; 

(3)  g i v i n g  i n fo rma t ion  r e l a t i v e  t o  the o r i e n t a t i o n  o f  the exposed 

person so t h a t  n o t  o n l y  the f i r s t  c o l l i s i o n  dose b u t  a l s o  the cond i t i ons  

necessary f o r  d e f i n i n g  the depth dose d i s t r i b u t i o n  can be s p e c i f i e d ;  

and (4) g i v i n g  an immediate i n d i c a t i o n  o f  the persons who have been ex- 

posed s o  t h a t  the  exposed and non-exposed personnel  can be r e a d i l y  

separated. 

Because o f  the f a c t  t h a t  the equipment necessary f o r  accompl ish ing 

the above o b j e c t i v e s  i s  too  compl icated and l a r g e  t o  be worn by the  

person, much o f  i t must be a t  f i x e d  l o c a t  ions w i  t h i n  the l a b o r a t o r y  

areas. On the  o the r  hand, s ince  the dose v a r i e s  s t r o n g l y  w i t h  d i s tance  

f rom the p o i n t  o f  excurs ion  and s i n c e  i n  genera l  the l o c a t i o n  of persons 

cannot be p r e c i s e l y  determined, p a r t  o f  t h i s  system should be worn on 

the person. F i g u r e  1 i s  a diagram of t he  complete dos ime t r i c  system 

under cons idera t ion .  The p o i n t  "R" marks the  s i t e  of  the nuc lear  ex- 

curs ion .  

th resho ld  de tec to rs  which is capable o f  roughly  measuring t h e  spectrum 

due t o  f a s t  neutrons and thermal neutrons and a l s o  cons is t s  o f  a dev ice  

The "dosimeter s t a t i o n ' '  cons i s t s  o f  the  complete s e r i e s  of 

17 
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U N C L A S S I F I E D  
O R N L - L R - D W G .  36558 

R =  REACTOR OR CRIT ICAL  ASSEMBLY. 
D. S. = DOSIMETER STATION. 
S. D. S.= SECONDARY DOSIMETER STATION. 
M =  MAN WEARING F I L M  BADGE 

AND RADIATION BELT. 

DOSIMETRY SYSTEM SUGGESTED 
FOR N U C L E A R  EXCURSIONS 

FIG. I 
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s u i t a b l e  f o r  measuring the  gamma dose i n  the  presence o f  neutrons, 

e.g. g lass  needles and/or chemical dosimeters. I n  a d d i t i o n  t o  t h i s  

f i x e d  s t a t i o n ,  seve ra l  o t h e r  secondary dosimeter s t a t i o n s  may be 

l oca ted  throughout the area which would contain,  f o r  example, o n l y  

s u l f u r  and gold. I t  i s  noted t h a t  i n  the event o f  i n t e r v e n i n g  

s h i e l d i n g  between an exposed person and the  p o i n t  R, t he  dosimeter 

s t a t i o n  should be repeated. The symbol "M" represents  l o c a t i o n s  o f  

a man whose dose we w ish  t o  determine. I t  i s  noted t h a t  the p a r t  o f  

t he  dosimeter system worn by  t h e  man i s  a f i l m  badge o f  the t ype  de- 

veloped by  the  App l i ed  Hea l th  Physics Group, ORNL,'l which conta ins  

s u l f u r  and go ld  f o i l s  (bo th  ba re  go ld  and g o l d  encased i n  cadmium) f o r  

neut ron  a c t i v a t i o n  measurements. I n  a d d i t i o n ,  the  man should wear a b e l t  

which would c o n t a i n  b o t h  gamma and neut ron  dosimeters a t  f i x e d  i n t e r v a l s .  

I t  is noted t h a t  the e f f e c t i v e  o r i e n t a t i o n  of t he  i n d i v i d u a l  f o r  

neutrons and f o r  gamma rays may be q u i t e  d i f f e r e n t ;  there fore ,  t he  b e l t  

should c o n t a i n  n o t  o n l y  a gamma measuring dev ice  b u t  a l s o  neut ron  

mon i to rs .  Th i s  can take  t h e  form of the  g lass  rods spaced a t  r e g u l a r  

i n t e r v a l s  f o r  measuring t h e  gamma dose and s u l f u r  and go ld  samples for 

measuring the  neut ron  flux, The r e s u l t s  which should be o b t a i n a b l e  

from such a system o f  dos imet ry  may be summarized as f o l l o w s :  

2.1.1. Neutron Dose 

The neut ron  dose can be determined by Na24 a c t i v i t y  i n  

21 D. M. Davis,  J .  C. H a r t ,  and K. Z.  Morgan, "Personnel Meters," 
ORNL CF 58-12-39, January 2, 1959. 
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the b lood p lus  the th resho ld  de tec to r  da ta  on the  neut ron  spectrum. 

F igu re  2 (Ref. 2) shows the  p r o b a b i l i t y  o f  Na24 capture  i n  the  b lood 

system as a f u n c t i o n  o f  neutron energy. I t  i s  noted t h a t  the sens i -  

t i v i t y  f o r  thermal neutrons i s  roughly  o n e - t h i r d  the  s e n s i t i v i t y  f o r  

f a s t  neutrons.  Wi th  t h i s  curve and the data ob ta ined by count ing  

b lood samples f o r  Na24, one can determine the  neutron f l u x ;  then by 

m u l t i p l y i n g  t h i s  f l u x  by the spectrum obta ined w i t h  th resho ld  d e t e c t o r  

u n i t s ,  one can determine the neutron dose. Cor rec t ions  f o r  the  a c t i -  

v a t i o n  of Na23 by thermal neutrons can be made by means of t he  go ld  

i n  the f i l m  badge o r  i n  the  r a d i a t i o n  b e l t .  

The neut ron  dose can a l s o  be determined by us ing  t h e  neutron 

dose c a l c u l a t e d  f rom the  th resho ld  de tec to rs  a t  the  dosimeter s t a t i o n  

and by no rma l i z ing  the  s u l f u r  f l u x  ob ta ined a t  t h i s  s t a t i o n  t o  the 

s u l f u r  f l u x  obta ined f o r  the person e i t h e r  f rom the  r a d i a t i o n  b e l t  o r  

f rom the f i l m  badge. 

The neut ron  dose can a l s o  be determi ned from the  NaZ4 and from 

d i r e c t  c a l c u l a t i o n s  o f  the leakage spectrum of f a s t  neutrons. 

2.1.2. Determinat ion o f  the Gamma Dose 

The gamma dose can be determined a l s o  by th ree  methods: 

(1) The D -D r a t i o  can be determined from the dos imeter  s t a t i o n  
Y "  

s ince  i t  conta ins  a complete s e t  of th resho ld  de tec to rs  f o r  de termin ing  

the f a s t  neut ron  ciose and conta ins the  chemicals o r  g lass f o r  d e t e r -  

min ing the gamma-ray dose. 

w i t h  the neut ron  dose determined by the  above method leads t o  a separate 

Use o f  t h i s  exper imenta l  r a t i o  i n  con junc t i on  
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determi n a t i o n  o f  t h e  gamma- ray dose. 

(2) The f i l m  i n  the  f i l m  badge can a l s o  be used t o  approximate 

the gama-ray  dose. I t  i s  noted t h a t  i n  t h i s  case the  gamma-ray dose 

as read by  the  f i l m  w i  11 have t o  be normal ized f o r  o r i e n t a t i o n  o f  t he  

person as determined by the  r a d i a t i o n  b e l t .  

(3) I n  some cases the  gamma-ray dose can be determined a l s o  by 

c a l c u l a t i o n  o f  t h e  D -D r a t i o ,  and the  a p p l i c a t i o n  o f  the  neutron 

dose as determined by the  above method. 
Y "  

2.1.3. O r  i enta  t i on 

The o r i e n t a t i o n  of an i n d i v i d u a l  can be determined 

approx imate ly  by means o f  t h e  r a d i a t i o n  b e l t .  T h i s  then a ids  i n  the 

c o n s t r u c t i o n  o f  depth dose curves. For example, an i n d i v i d u a l  may be 

l o o k i n g  a t  the r e a c t o r  a t  the  t ime o f  the  excu rs ion  and o b t a i n  the 

neut ron  dose through h i s  f r o n t  sec t i on ,  whereas i f  he then runs f r o m  

the  p o i n t  o f  excurs ion ,  he w i l l  r ece i ve  p a r t  of t h e  gamma dose through 

the back. Th is  f a c t o r  can be taken i n t o  account by  the i n fo rma t ion  

ob ta ined from the  r a d i a t i o n  b e l t  which measures the  e f f e c t i v e  

o r i e n t a t i o n  b o t h  f o r  gamma rays and f a s t  neutrons. 

2.1.4. Immed i a  t e  I nd i c a t  ion  

An immediate i n d i c a t i o n  of the exposed personnel  i s  de- 

s i r a b l e  and t h i s  cou ld  be ob ta ined through the  use o f  prompt i n d i c a t i o n  

o f  r a d i a t i o n  dose by some dev ice  worn on the  f i l m  badge. Fo r  example, 

t h i s  can be the  s e l f - i n d i c a t i n g  chemical dosimeter which changes i t s  

c o l o r  immediately on r a d i a t i o n .  I t  i s  emphasized t h a t  t h e  meters 
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should be sens i t ive  to  gama rays a s  well a s  neutrons because i n  some 

cases the person could be exposed to large doses of gamma rays a n d  

comparatively small doses of neutrons . 
Another method of immediate indication is obtainable through the 

use of an  indium f o i l  located i n  the f i l m  badge. This could b e  read 

for  activation w i t h  simple radiation detecting instruments. The gold 

supplements the indium for  the purpose of immediate ident i f icat ion of 

those exposed to  neutrons. Although less  sens i t ive  than the i n d i u m ,  it 

has a longer h a l f - l i f e  permitting ident i f icat ion of the h i g h l y  exposed 

individuals for  several days following exposure. I t  i s  noted, however, 

t h a t  the indium and gold a r e  sens i t ive  only to  neutrons and not to  gamma 

rays. 

The system as outlined i n  Section 2.1 cannot be completely realized 

a t  t h i s  time because (1) some of the techniques a r e  not availab e, and 

(2) some of the information is not complete. I t  i s  recommended t h a t  

the m i n i m u m  system consist  of the threshold detectors w i t h  chem cal 

and/or glass dosimeters and fact  1 i t i e s  fo r  counting blood Na24. 

t h i s  arrangement the D -D r a t i o  would be measured and the neutron dose 

may be determined from blood Na24 and the data from the threshold 

detectors.  When available the film badge package and radiation be l t  

could be added which would provide (1) an independent estimate of the 

gamma dose and (2) a determination of the e f fec t ive  or ientat ion of the 

person for  gamma rays and fo r  neutrons. 

W i  t h  

Y n  
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2.2. Threshold De tec to r  Techniques 

2.2.1. I n t r o d u c t  i on 

The th resho ld  de tec to r  as developed by  H u r s t  e t  a l .  
22 

and Re inhard t  and DavisZ3 a l l ows  a measurement o f  t he  number of 

neutrons i n  f i v e  energy regions. 

exposing Au and Au surrounded w i t h  Cd and t a k i n g  the  d i f f e r e n c e  i n  Au 
237 238 

a c t i v a t i o n .  The f a s t  f l u x  i s  determined by use of Pu239, Np , U , 

and S 

1.5 MeV, and 2.5 MeV, r e s p e c t i v e l y .  

t o t a l  neut ron  dose can be obtained. 

The thermal f l u x  i s  determined by 

32 
which p rov ide  measurements o f  t h e  f l u x  above 1 kev, 0.75 MeV, 

From these f lux  measurements the  

2.2.2. Threshold De tec to r  System 

24 
F i g u r e  3 shows t h e  f i s s i o n  cross s e c t i o n s  a s  a f u n c t i o n  

32 
of energy o f  Pu 239, Np237, and U238 and the  S 

f o r  S32. 

the  thermal neutrons must be removed i n  o r d e r  t o  make t a s u i t a b l e  

th resho ld  de tec to r .  Np237 has a competing h i g h  therrna neut ron  cap tu re  

cross s e c t i o n  g i v i n g  Np238 which emits a 1.0 Mev gamma ray  w i t h  a 2.3 

( ~ , P ) P ~ ~  c ross  s e c t i o n  

Pu239 has a h i g h  thermal neut ron  f i s s i o n  cross sec t i on ;  thus 

22 G. S .  Hu rs t ,  J. A. Ha r te r ,  P. N. Hensley, W. A. M i l l s ,  M. S l a t e r ,  

23 P. W. Re inhard t  and F. J. Davis, H e a l t h  Physics 1, 169 (1958). 

24 D. J.  Hughes and J. A .  Harvey, Neutron Cross Sect ions,  BNL-325 

and P .  W. Reinhardt ,  Rev. S c i .  I n s t r .  2, 153 (1956). 

(1955) ; D. J. Hughes and R .  B. Schwartz, Neutron Cross S e c t i o n s -  
Supplement No. 1, BNL-325 (1957). 

See a l s o  H. W. Schmi t t  and R. B. Murray, B u l l .  Amer. Phys. SOC. 5, 
No. 5, 321 (June 18, 1959). 
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day  half 1 f e ,  and U238 usually contains a small amount of U235 wh ch 

h a s  a h i g h  thermal f i s s ion  cross sect ion.  Therefore, i t  is  advan- 

tageous to remove the thermal neutrons from a l l  of the f i s s ion  f o i l s .  

A Ello shield is  used f o r  t h i s  purpose. 

10 
The response of Pu239 shielded w i t h  various thicknesses of B 

is  shown i n  F i g .  4. The ef fec t ive  cross section i s  defined as 

= rF exp ( -  uBNB) ef f 0- (3) 

where u 

section of B ( n , a ) L i  

per cm2 i n  the boron shield.  

l /ve loc i ty  w i t h  a value of 3700 barns a t  the thermal energy, 0.025 ev. 

10 

is the f i s s ion  cross section of P u  239 , uB is  the cross F 
10 7 reaction, and NB i s  the number of B1' atoms 

The cross section u is  proportional t o  B 

I n  f i g .  5 i s  shown an exploded view of a loaded B container. 

The shield i s  designed so  t h a t  regardless of the direct ion of the i n -  

coming neutron the desired thickness of B1' i s  penetrated by neutrons 

i n  reaching the cavity i n  which the f i s s ion  f o i l s  a r e  placed. T h i s  

insures t h a t  the above equation holds fo r  the e f f ec t ive  cross section 

even though the beam is broad. The cavity is  lined w i t h  0.025 inch 

cadmium to  capture any  neutrons moderated by the sh ie ld .  

2.2.3. Threshold Detector Counting Equipment 

A l l  of the various types of f o i l s  a r e  counted on 

s c i n t i l l a t i o n  counters making i t  possible to  use the same s e t  of elec- 

tronics w i t h  each type of s c i n t i l l a t i o n  detector .  Due to the nature of 

decay the f i s s ion  f o i l s  a r e  counted f i r s t ,  then the f i s s ion  f o i l  
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s c i n t i l l a t i o n  d e t e c t o r  i s  rep laced w i t h  the go ld  de tec to r .  A f t e r  the 

g o l d  has been counted the go ld  de tec to r  i s  rep laced w i t h  the  s u l f u r  

de tec tor .  The f i s s i o n  f o i l  s c i n t i l l a t i o n  u n i t  is prov ided w i t h  a s i d e  

access door. By removing one of the two f i s s i o n  f o i l  detectors ,  the  

u n i t  is converted i n t o  a b lood sodium de tec to r .  

F i g u r e  6 shows a schematic diagram of the f i s s i o n  f o i l  counter  

and i t s  assoc iated e l e c t r o n i c s .  The f i s s i o n  f o i l s  a re  counted between 

two 4 inch  x 2 inch  sodium iod ide  c r y s t a l s .  The s i g n a l s  f rom the  photo- 

m u l t i p l i e r s  a r e  fed  through a common p r e - a m p l i f i e r  i n t o  a l i n e a r  ampl i -  

f i e r .  The a m p l i f i e r  d i s c r i m i n a t o r  ou tpu t  i s  fed  i n t o  a decade s c a l e r  

whose count ing  t ime i s  c o n t r o l l e d  by a s c a l e r  w i t h  p rese t  count o f  60 

c y c l e  cu r ren t .  The gains o f  the p h o t o m u l t i p l i e r s  a r e  i n d i v i d u a l l y  

a d j u s t a b l e  by va ry ing  the  s e r i e s  res i s tance  between t h e  p h o t o m u l t i p l i e r  

d i v i d e r  network and the  h i g h  vo l tage  supply. 

The f i s s i o n  f o i l  s c i n t i l l a t i o n  assembly i s  shown i n  F ig .  7. The 

s c i n t i l l a t i o n  d e t e c t i o n  heads c o n s i s t  of  two 4 inch  by 2 inch sodium 

i o d i d e  c r y s t a l s  (Harshaw type 16B8) w i t h  6364 DuMont p h o t o m u l t i p l i e r s .  

The de tec to rs  a r e  pos i t i oned  w i t h  respec t  t o  each o the r  by a spacer 

assembly. The spacer assembly a l s o  prov ides a sample s l i d e  and a lead 

f i l t e r .  The sample s l i d e  enables one t o  d ispense f o i l s  f rom the ou t -  

s i d e  of the counter  s h i e l d  i n t o  the  count ing  p o s i t i o n  w i t h o u t  opening 

and c l o s i n g  h e a v i l y  sh ie lded  doors. 

sample s l i d e  a t  the oppos i te  end f ram 

f i s s i o n  f o i l  i s  withdrawn from the  count ing  pos i t i on ,  the standard i s  

a u t o m a t i c a l l y  p u t  i n t o  the  count ing  p o s i t i o n .  

A Cs137 s tandard i s  l oca ted  i n  the  

the  sample ho lder .  When a 

A more d e t a i l e d  view o f  
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the lead f i l t e r s  w i t h  respect to the crystals  i s  shown i n  F i g .  8. The 

237 f i l t e r s  were provided primarily for  Np counting. Np237*has a s o f t  

gamma background suf f ic ien t  to overload the amplifier i f  not f i l t e r e d  

out. Close tolerance has been specified for  the spacer assembly a n d  

lead f i l t e r s  i n  order to obtain close intercomparison of measurements 

w i t h  a large number of counters. 

The gold f o i l  s c i n t i l l a t i o n  counter i s  made u p  of a 1-1/2 inch 

sodium iodide c rys ta l  (Harshaw type 6D4) and  a RCA t y p e  6655 photo- 

multiplier tube shown i n  F ig .  9. A f o i l  holder for  positioning the 

f o i l  on the c rys ta l  i s  a lso shown. The f o i l  holder contains a 1/16 

inch a l u m i n u m  f i l t e r  to  eliminate the 0.96 Mev beta. The shield for  

the gold and su l fur  counter is shown i n  F i g .  10. Access to  the counter 

is  obtained by rol l ing back the top of t h e  shield.  

The su l fur  counter is  shown i n  F ig .  11. A p las t i c  s c i n t i l l a t o r  

32 1-7/8 inch x 1/16 inch is used to  detect  the 1.71 Mev P beta ray. 

Ne102 p la s t i c  s c in t i  l l a t o r ,  manufactured by Nuclear Enterprises L td . ,  

has been found to be most successful. T h e  phototube is a RCA type 6655, 

the same a s  used i n  t h e  gold detector.  

The major parts of the electronic  equipment a re  standard compo- 

nents which a re  commercially available from a number of d i f f e ren t  

manufacturers. 

the 4-1326 Rg preamplifier have been found qui te  re l iab le  over long 

periods of time. For added temperature s t a b i l i t y ,  the res i s tors  i n  the 

feed-back loops of both amplifier and  preamplifier have been replaced 

The O R N L  A-1D l inear  amplifier model 4-1326-1 R2 and  
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with IRC type MBC 1% resistors. An additional input connector was added 

to the preamplifier, as shown in Fig. 12,  to accommodate the dual input. 

In cases where a large number of foils are to be handled, the 

ORNL scaler timer model 4-1743 has proven useful. The reset and count 

operations are controlled from a single switch; the counting time can 

be quickly manipulated by changing the preset count setting on the 

ti mer s ca ler . 
The selector switch shown in the high voltage control schematic 

diagram, Fig. 13, permits checking the fission foi 1 detectors separately. 

The resistor network maintains a constant load impedance to the high 

voltage supply while dropping the voltage on the undesired counter to 

make it inoperative while adjusting the gain on the other counter. 

Scintillation Co,unter Specifications 

Amp1 if ier 
Preamplifier 
High Voltage Supply 

Scaler 
Line Voltage 
Fission Foil Scintillator 

Fission Foil Photo- 

Gold Foi 1 Scintillator 
multiplier 

Gold Foil Photomultiplier 
Sulfur Scinti llator 

Sulfur Photomultiplier 

Atomic 218 or equivalent 
Atomic 219 or equivalent 
Positive 500-1500 V, Atomic 
312 o r  equivalent 
1 p.-sec resolution 
Regulated 1% 

Nal 4 inch by 2 inch Harshaw 
type 16B8,lO to 12% resolution 
DuMont 6364 

Nal 1-1/2 inch by 1 inch Harshaw 
type 6 D 4 , l O  to 12% resolution 
RCA 6655 
1-7/8 inch by 1/16 inch Plastic 
Nel02,Nuclear Enterprises, Ltd. 

RCA 6655 



38 

UNCLASSIFIED 
ORNL-LR- DWG. 36570-A 

t H V  

PREAMPLIFIER 

I -  
I 
I 

+ H V  
h 

FIG. 12 PHOTOTUBE COUPLING 
FOR DUAL COUNTERS 



. 

UNCLASSIFIED 
ORNL-LR-DWG. 36571-8 

I POLE 
I 1  POS 
SHORTING 

I W  I W  
IOOK I O 0  K OUTPUT 

v 

0.1 mfd .01 mfd 
4.71M 3 K V  3 K V  - GLASS-1  GLASS^ 

MIKE = - MIKE 

I Iw 
I W  

100 K 

4.7 IM HELIPOT 

- 

I W  

FIG. I3 HIGH VOLTAGE CONTROL FOR 6364 PHOTOMULTIPLIER 



40 

The following drawings may b e  obtained from t h e  U .  S .  Atomic 

Energy Commission, Technical Information Services Extension, P. 0 .  

Box E, Oak Ridge ,  Tennessee: 

ORNL Draw i n q s  

Fission Foi l  Detector Assembly 

P la te ,  s l i d e  and sample holder 

Upper and lower s p i d e r  ring and s leeve clamp 

Assembly and w i r i n g  v i e w  of phototube housing 

Stacked and c a s t  lead door frame f o r  lead p i g  

Retainer p l a t e ,  l i n e r ,  door, and p i n  d e t a i l s  

Assembly of counter, d e t a i l  of lead br icks  

Assembly and Materials List f o r  Sulfur a n d  Gold 

Detai ls  of Sulfur  and Gold Counter Shield 

Gold Counter Cs137 Holder 

Detai ls  of Sulfur  Counter 

Deta i Is of Gold Counter 

Sulfur  Counter Standard 

B I O  Fission Foi l  Container 

Detai ls  of Sealed Fission Foi l  Cans 

Detai ls  of Np237 Pressed Sealed Can 

Placement Container Deta i Is 
Details 8,  9, 13 f o r  Sulfur and Gold Counter Shield 

Label f o r  Location of U n i t  

Photomultiplier Tube  and Socket Wiring Diagram 

Counter Shield 

(6364 to 6655) 

HPD D 701-706 

HPD D 701 

HPD D 702 

HPD D 703 

H P D  D 704 

HPD D 705 

HPD D 706 

HPD D 707 

HPD D 708 

HPD D 709 

HPD 710 

HPD 711 

H P D  A 712 

H P D  C 713 

H P D  A 714 

HPD A 715 

HPD D 716 

HPD D 717 

H P D  D 718 

HPD B 719 
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2.2.4. Operat ion and C a l i b r a t i o n  of the F i s s i o n  Product Counters 

I n  o rde r  t o  make accura te  measurements w i t h  s c i n t i l l a t i o n  

counters o f  t he  gamma a c t i v i t y  induced i n  the  f i s s i o n  f o i l s ,  i t  i s  

necessary t o  ma in ta in  a cons tan t  b i a s  l e v e l .  

Np238 i s  produced by neutron capture i n  Np237, 

As p r e v i o u s l y  po in ted  out, 

Np238 emits  a gamma ray  

o f t h e  o rde r  of  1.0 Mev and decays w i t h  a 2.1 day h a l f  l i f e .  I f  the 

Np237 f o i l s  a r e  counted a t  a d i s c r i m i n a t o r  s e t t i n g  equ iva len t  t o  1.2 

238 
Mev the  e f f e c t  due t o  the  1.0 Mev Np gamma ray  i s  e l im ina ted .  

Rather than s h i f t  the  d i s c r i m i n a t o r  s e t t i n g  f o r  var ious  types o f  f i s s i o n  

f o i l s ,  t h i s  d i s c r i m i n a t i o n  l e v e l  has been adopted f o r  a l l  f i s s i o n  f o i l s .  

Cs137 has been found t o  be a s u i t a b l e  gamma-ray source f o r  

s tandard i z i ng the  sys tern 

and has a long h a l f  l i f e  

advantage t h a t  the  d i s c r  

I t  i s  a monoenergetic gamma e m i t t e r  (661 kev) 

(30 years) ,  I t  does, however, have the  d i s -  

m ina to r  s e t t i n g  has t o  be s h i f t e d  f rom the 

s t a n d a r d i z a t i o n  p o s i t i o n s  t o  the  count ing  p o s i t i o n .  For  example, w i t h  

Cs137 s t a n d a r d i z a t i o n  i s  accomplished by a d j u s t i n g  the  g a i n  so t h a t  a t  

a d i s c r i m i n a t o r  s e t t i n g  o f  33.0 v o l t s  a l l  pulses o f  a h e i g h t  g r e a t e r  

than those due t o  the  t o t a l  abso rp t i on  o f  t h e  0.66 Mev gamma rays a r e  

accepted. For  count ing  f i s s i o n  f o i l s  the  d i s c r i m i n a t o r  i s  s e t  a t  60.0 

v o l t s  which then corresponds t o  an energy o f  1.2 MeV. 

I n  o r d e r  t o  s tandard ize  the  proper  count  r a t e  must be determined 

f o r  the Cs137 source t o  be used w i t h  a p a r t i c u l a r  system. Curve 1, 

F i g .  14, shows the  d i s t r i b u t i o n  o f  pu l se  he igh tsobta ined when t h e  

c r y s t a l s  a r e  i r r a d  i a  ted w i  th 0.66 Mev gamma rays f rom Cs137. The peak 
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a t  A is d u e  to  t h e  t o t a l  a b s o r p t i o n  of gamma-ray e n e r g y  d u e  t o  t h e  

p h o t o e l e c t r i c  effect. C u r v e  2 i n  F i g .  14 is t h e  c o u n t  r a t e  a s  a 

f u n c t i o n  of d i s c r i m i n a t o r  s e t t i n g  a n d ,  t h e r e f o r e ,  r e p r e s e n t s  t h e  i n t e -  

g r a l  of C u r v e  1. T h e  p o i n t  A '  a t  t h e  p o i n t  of i n f l e c t i o n  o n  C u r v e  2 

t h e n  c o r r e s p o n d s  to  p o i n t  A a t  t h e  p e a k  of C u r v e  1. C u r v e s  1 a n d  2 a r e  

o b t a i n e d  b y  p l o t t i n g  t h e  d i f f e r e n t i a l  a n d  i n t e g r a l  o u t p u t  v e r s u s  p u l s e  

h e i g h t  s e t t i n g  from a s i n g l e - c h a n n e l  p u l s e  h e i g h t  a n a l y z e r ,  

p l o t t i n g  t h e  d i f f e r e n t i a l  C u r v e  1 t h e  c o u n t  ra te  i s  p l o t t e d  a g a i n s t  

E +AE/2 ,  w h e r e  E i s  t h e  p u l s e  h e i g h t  s e t t i n g  a n d  AE is t h e  window 

w i d t h .  P o i n t s  A a n d  A '  a r e  d e t e r m i n e d  g r a p h i c a l l y  a n d  t h e  c o u n t  ra te  

When 

137 a t  A '  i s  t h e  s t a n d a r d  c o u n t  f o r  t h a t  p a r t i c u l a r  C s  source. I t  is 

to b e  n o t e d  t h a t  t h e  i n t e g r a l  c o u n t  ra te  i n  t h e  v i c i n i t y  of p o i n t  At, 

C u r v e  2,  F i g .  14, is q u i t e  s e n s i t i v e  to t h e  g a i n  of t h e  c o u n t i n g  s y s t e m .  

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

c o u n t  ra te  w i t h  r e s p e c t  to  g a i n  is a b o u t  l O : l ,  i,e. a 1% d r i f t  i n  g a i n  

w i l l  r e s u l t  i n  a lO$ c h a n g e  i n  t h e  i n t e g r a l  c o u n t  rate.  

I n  t h e  t w o - c r y s t a l  c o u n t i n g  system t h e  c o u n t  ra te  a t  p o i n t  A '  is 

d e t e r m i n e d  s e p a r a t e l y  fo r  e a c h  c r y s t a l  a n d  a v e r a g e d .  F o l l o w i n g  t h i s  

p r o c e d u r e  t h e  a v e r a g e  c o u n t  of t h e  s t a n d a r d  s h o u l d  d e t e r m i n e  t h e  g a i n  

w i t h i n  0.5% of e a c h  o t k  r .  

T h e  gamma a c t i v i t y  i n d u c e d  i n  t h e  f o i l s  b y  n e u t r o n s  is m e a s u r e d  

w i t h  s c i n t i l l a t i o n  c o u n t e r s .  From t h e s e  d a t a  o n e  c a n  d e t e r m i n e  t h e  

number of f i s s i o n s  a n d  t h e r e b y  o b t a i n  t h e  n e u t r o n  f l u x  t h a t  p r o d u c e d  

them. S i n c e  t h e  i n d u c e d  a c t i v i t y  i s  m e a s u r e d  a t  some time a f t e r  f i s s i o n ,  

i t  is n e c e s s a r y  to  correct f o r  f i s s i o n  p r o d u c t  d e c a y .  The  s i m p l e  power 
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law does not hold t rue f o r  a l l  values of t ,  naking i t  d i f f i c u l t  to cal-  

cu la te  decay rates to a h i g h  degree of accuracy. Factors which a f f e c t  

the measured decay ra te  a r e  the exposure t i m e  to the neutron f lux ,  t h e  

mass o f  the parent atom, and the pulse h e i g h t  discriminator s e t t i ng .  

Decay corrections a re  therefore made by comparing the count r a t e  of 

a f o i l  exposed to an unknown f l u x  to a s i m i l a r  f o i l  exposed to a known 

f lux.  

f i s s ion  products is t h e  same when the f i ss ions  a r e  produced by e i t h e r  

I t  has been shown by Hurst e t  a1.22 t h a t  the decay ra te  f o r  

f a s t  o r  thermal neutrons. D u e  to  t h e  a v a i l a b i l i t y  o f  cal ibrated 

thermal neutron sources such as the ORNL standard p i l e  a n d  the Los 

Alamos water bo i le r ,  e tc . ,  absolute ca l ibra t ions  a re  done w i t h  thermal 

neutrons. 

Calibration i s  accomplished by i r rad ia t ing  a t h i n  (3/4“ diameter, 

0.100 g) Pu239 f o i l  w i t h  a known thermal neutron f lux  f o r  a period of 

f ive  minutes or  less  and measuring the count r a t e  as a function of 

t i m e .  T h e  thermal neutron f l u x  incident upon the f o i l  is determined by 

means of small gold f o i l s  placed next to  the P u  The count r a t e  

CT due to the thermal act ivat ion i s  corrected to a count ra te  c ( t )  

which would have been obtained from a 1 gram f o i l  i r radiated w i t h  a 

f a s t  neutron flux equal t o  10” n/cm . 2 
The normalized count c ( t )  would 

be 

“C 1 1o1O 

‘T X x- r - - -  
‘( t, 239 P u  “T 239 FT P u  

(4) 
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where cr is the thermal f i ss ion  cross sect  on for  Pu239, crF is  the f a s t  T 
f i ss ion  cross section for  Pu239 shielded w t h  6 10 , F r  is  the thermal 

2 
f lux ( d u n  ) to  which the f o i l  has been irradiated,  W 

i n  grams of Pu239 i n  the cal ibrat lon f o i l ,  and C, the count r a t e  ob- 

tained from the cal ibrat ion f o i l .  A curve is then constructed s lmilar  

to  the one shown as Curve A i n  F ig .  15 by plot t lng the normalized count 

ra te ,  c ( t ) ,  against  time. 

is t h e  weight 
P"239 

Due to the s h i f t  i n  yield of f i s s  ion products w i t h  t h e  mass of 

the parent atom the decay curves for  the U238 and Np237 activation 

d i f f e r  from t h a t  o f  Pu239, By assuming the perturbations i n  the decay 

curve of f i ss ion  products to be proportional to the atomic mass of the 

parent atom, one can calculate  the decay curves of Np237 and U238 from 

the decay curves of Pu239 and U235. I n  other words, the c ( t )  curve for  

Np237 should f a l l  midway between the decay curves of Pu239 and U 235 . 
A more convenient method of correcting for  Np237 and U238 f i ss ion  

product decay is t o  ca l ibra te  w i t h  thermal neutrons the same as for  

Pu239 b u t  u s i n g  Np237 a n d  U238 equivalent fo i l s .  These a re  f o i l s  made 

up  of a mixture of Pu239 and  * to the proper ra t ios  where they w i l l  

decay l ike  Np237 a n d  U235 b u t  have t h e  e f fec t ive  thermal cross section 

2% 

23 9 of Pu . 
The amounts of U235 and Pu239 which give the same number of 

f i s s ions  i n  a given thermal f lux can be eas i ly  calculated by se t t ing  

the products ( f i ss ion  cross section times the number of atoms) of each 

nuclide equal to  one another. 
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U u235 
- 23 9 U 

x w  239 - 235 wu235 
Pu 

23 9 P u  

235 x tr 239 235 x 793 

= 1.344 - - wu235 P u  - - 
239 x O- 235 239 x 580 

U 239 P u  

where W 235 and W 239 a r e  the  respective weights of U235 and P u  23 9 
U Pu 

and u a r e  the thermal cross sections.  I f  one, therefore,  and cr 239 u235 P u  

takes 1.344 g of U235 and mixes w i t h  1 g of Pu239, one wi l l  have a f o i l  

which decays l i k e  Np237 b u t  has the e f fec t ive  thermal ac t iva t ion  of a 2 g 

f o i l  of Pu239. Actually, our standard Np237 is  made up of 1/20 of these 

amounts so tha t  it  has the e f f ec t ive  thermal ac t iva t ion  of a 0.1 g P u  239 

f o i l .  

U238 deviates 1/4 as much as U 235 ; therefore,  the proper mixture 

f o r  a 0.100 g equivalent f o i l  would be 1.344/40 = 0.033PO 6 g of U235 and 

0.07s 
-Q;75 g of Pu239. I n  computing c ( t )  the weight is  again considered as 

0.100 g. 

Curves B and C i n  F i g .  15 show the c ( t )  values for  U238 and Np 237 , 

respectively,  obtained by the previous method. 

comparison i s  the decay of a normalized U235 f o i l  activated by thermal 

Curve D shown for  

neutrons . 



2.2.5. Operation and Calibration of th.e S u l f u r  Counter 

32 32 
The S ( n , p ) P  reaction is used to  determine the to ta l  

number of neutrons h a v i n g  energies greater  than 2.5 MeV. 

produces P32 which is a 1.71 Mev beta emitter w i t h  a h a l f  l i f e  of 14.23 

days. 

The reaction 

The P3’ betas from the 1-1/2 inch x 3/8 i n c h  su l fur  sample a r e  

counted w i t h  p l a s t i c  s c in t i  l l a to r s  as a1 ready described. 

height discriminator se t t ing  was chosen to  b e  j u s t  su f f i c i en t  to 

exclude photomultiplier noise. A t  th i s  point the curve (count ra te  

pulse height discriminator se t t ing)  has a very small s ope and t h u s  

count ra te  is re la t ive ly  insensit ive to small changes n overall  ga 

Cs137 i s  used to standardize the s u l f u r  counting system. T h e  

The pulse 

vs 

the 

n.  

standardization count ra te  is determined a t  the time of cal ibrat ion.  

The system is calibrated by i r radiat ing a sample of P3’ h a v i n g  

the same dimensions as the s u l f u r  sample, w i t h  a known number of thermal 

neutrons. 

a cross section o f  0.19 barns. Comparison of the P cross section w i t h  

the S (n ,p )P  cross section of 0.229 barns enables one to make a 

cal ibrat ion for  f a s t  neutrons on su l fur .  

P32 atoms are  formed by a neutron capture reaction having 

32 

32 32 

Actual cal ibrat ion and standardization is performed b y  i r rad ia t ing  

10 a P31 disc  1-1/2 inches i n  diameter by 3/8 inch thick to 10 

neutrons. 

to prevent contaminating the counter. 

se t t ing  is s e t  to  5 volts and the gain adjusted to give 533 net counts 

per minute per 10 The count r a t e  o f  t h e  Cs137 standard is 

thermal 

The P31 sample i s  placed i n  a 0.001 inch thick aluminum dish 

The discriminator pulse height 

10 neutrons. 
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then determined f o r  t h i s  d i s c r i m i n a t o r  pu lse  h e i g h t  s e t t i n g  and gain.  

Q u i t e  o f t e n  s u l f u r  samples a r e  encountered which do n o t  have 

s u f f i c i e n t  a c t i v a t i o n  t o  g i v e  a s i g n i f i c a n t  count  ra te.  I t  has been 

32 
shown23 t h a t  by  bu rn ing  o u t  the  s u l f u r  i n  an aluminum d i s h  the P re -  

mains i n  the d ish.  By bu rn ing  o u t  the s u l f u r ,  the count r a t e  o f  the 

s tandard 1-1/2 inch by 3/8 inch s u l f u r  sample i s  increased by a f a c t o r  

of approx imate ly  18. The s u l f u r  sample i s  weighed and then p laced i n  

a 0.001 inch  t h i c k  aluminum d i s h  ( I tem 2, ORNL Dwg. HPD-C-710). The 

d i s h  i s  p laced on a h o t  p l a t e  and a f t e r  t h e  s u l f u r  i s  mel ted i t  i s  

i gn i ted .  A Prepo t o r c h  has been found u s e f u l  i n  i g n i t i n g  the mel ted 

s u r f u r .  

s u l f u r  i s  approx imate ly  45 minutes. Frequent ly  a sma l l  amount o f  un- 

burned s u l f u r  w i l l  remain i n  the d ish.  Th is  can be removed by app ly ing  

a very " s o f t "  flame from a to rch  d i r e c t l y  t o  the  s u l f u r ,  t a k i n g  care n o t  

t o  burn  through the t h i n  aluminum d ish .  F i g u r e  16 shows a photograph 

of  the s u l f u r  i n  var ious  stages of the  bu rn ing  process. A f t e r  t he  s u l f u r  

has been burned out, the  d i s h  i s  formed i n t o  a d i s c  by f o l d i n g  down the 

sides. When count ing  t h e  burned s u l f u r  sample, a lead r e f l e c t o r ,  shown 

i n  F ig .  11, is used t o  increase the  count ing  e f f i c i e n c y .  

The t ime requ i red  f o r  a complete burn  o u t  of  a 21 g sample of 

2.2.6. Operat ion and C a l i b r a t i o n  o f  the Gold Counters 

The thermal neut  o n  f l u x  i s  measured by i r r a d i a t i o n  o f  two 

go ld  f o i l s ,  one w i t h  and one w thout  a Cd envelope and t a k i n g  the 

d i f f e rence  i n  t h e i r  a c t i v a t i o n  

by a 0.411 Mev gamma and has a 2.69 day h a l f  l i f e .  

Au198 emi ts  a 0.97 Mev be ta  fo l l owed  

The go ld  f o i l s  may 
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be counted on a 1-1/2 inch by 1 inch  Nal c r y s t a l ,  as a l ready  descr ibed. 

When count ing  go ld  w i t h  s c i n t i  l l a t i o n  de tec tors ,  the  d i s c r i m i n a t o r  

pu lse  h e i g h t  s e t t i n g  i s  s e t  t o  accept a l l  pulses g rea te r  than those due 

t o  0.33 Mev gammas. Cs 137 i s  used as a standard and the s tandard i za t i on  

count r a t e  i s  determined i n  the same manner as descr ibed f o r  t h e  

f i s s i o n  f o i l  system. The s tandard is mounted i n  a ho lde r  i n  o rder  to  

p rov ide  rep roduc ib le  geometry each t ime the standard i s  used. 

2.2.7. Placement o f  Threshold Detec tor  S ta t i ons  

F i g u r e  17 shows a th resho ld  d e t e c t o r  con ta iner .  A l l  

f i s s i o n  f o i l s ,  be fo re  load ing  i n  the conta iner ,  should have t h e i r  back- 

ground measured on the  count ing  system. The i r  backgrounds should be 

recorded i n  a l o g  book a long w i t h  t h e i r  weights and o t h e r  sample 

fac to rs .  A placement c h a r t  which i s  u s e f u l  i n  keeping a record of the 

th resho ld  d e t e c t o r  f o i l s  and t h e i r  l o c a t i o n s  i s  shown i n  F i g .  18. 

2.2.8. Counting Techniques 

The count ing  r a t e  o f  f i s s i o n  products f a l l s  o f f  r a p i d l y  

w i t h  the elapsed t ime s ince  exposure; t he re fo re ,  i t  i s  o f  utmost 

importance t h a t  the f i s s i o n  f o i l s  a r e  recovered and counted as soon as 

poss ib le  a f t e r  i r r a d i a t i o n .  The f o i l s  should be removed from the ex- 

posure conta iner  a t  a pre-arranged l o c a t i o n  and o n l y  the th resho ld  

de tec to r  f o i l s  should be brought  t o  the count ing  room 

Due t o  t h e i r  s i z e  (approx imate ly  0 . 1  g ) ,  Np237 f o i l s  a r e  lowest  

23 9 i n  induced a c t i v i t y  and a r e  counted f i r s t ,  f o l l owed  by U238 and Pu . 
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Once a l l  o f  the f o i l s  have been counted, severa l  repeat  counts should 

be taken. 

Upon complet ion o f  f i s s i o n  f o i l  count ing,  the  f i s s i o n  f o i l  de- 

t e c t o r  i s  disconnected and the go ld  counter  i s  connected i n t o  the 

system. A f t e r  the  pu lse  h e i g h t  s e t t i n g  i s  s tandard ized the  go ld  f o i l s  

a r e  counted. 

Next, the s u l f u r  de tec to r  i s  excha.nged w i t h  the j o l d  detecLor  

and the pu lse  h e i g h t  s e t t i n g  i s  aga in  s tandard ized.  To avo id  contami- 

n a t i o n  o f  the counter  the s u l f u r  d i scs  a r e  placed i n  the 0.001 inch  

aluminum burn ing  dishes f o r  count ing.  I f  a s i g n i f i c a n t  count  r a t e  i s  

n o t  obta ined,  the  s u l f u r  d i scs  a r e  then weighed and burned b e f o r e  

count ing  again.  

Dur ing the f i r s t  hour o r  so a f t e r  i r r G d i a t i o n ,  selenium i m p u r i t i e s  

i n  the s u l f u r  may c o n t r i b u t e  selenium a c t i v a t i o n  products  causing the  

count r a t e  t o  be 10 t o  2076 too high. 

A t y p i c a l  data sheet which i s  convenient f o r  bo th  reco rd ing  da ta  

and computing f l u x  i s  shown i n  F igs.  19 and 19a. A summary sheet which 

i s  use fu l  i n  computing dose i s  shown i n  F ig .  20. 

2.2.9. F l u x  C a l c u l a t i o n  

F i s s i o n  f o i l  f l u x  c a l c u l a t i o n  

As p e v i o u s l y  po in ted  ou t ,  f i s s i o n  f o i l  f l u x e s  a r e  d e -  

termined by compar ng the  f o i l  a c t i v a t i o n s  t o  a c t i v a t i o n  o f  a f c r l  

exposed t o  a known f l u x .  From Eq. (4) we o b t a i n  the normal ized count  

r a t e  c ( t )  which i s  equ iva len t  t o  the count r a t e  t h a t  would be ob ta ined 
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from a 1 g Pu239 f o i l  exposed to lo lo  f a s t  neutrons. The  f l ux  

2 (neutrons/cm ) f o r  a g i v e n  count ra te  of a 1 g f o i l  exposed to  a n  

unknown f lux  would be  

10 C 
f lux  = - x 10 

where C is t h e  n e t  count ra te  and t h e  value for  c ( t )  is taken from 

Curve A i n  F i g .  15, corresponding to  t h e  elapsed time a t  which the 

count ra te  f o r  t h e  unknown f o i l  was taken. 

Since m o s t  samples vary i n  t he i r  weight, a sample f ac to r ,  S f ,  

must b e  applied t o  E q .  ( 5 ) .  

f luxpu = 

c x Sf 
23 9 P u  

c( t )  239 Pu  

where 

1 

10 x 10 

Fluxes f o r  Np237 a n d  U238 a r e  computed u s  i n g  t h e  same general 

equation as  Eq. (6).  

c x s, 
10 ' 237 

Np x 10 - - 
237 

NP c ( t )  237 
NP 

(5) 
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where c ( t )  

15) corresponding t o  a t ime equal  t o  the elapsed t ime s ince  exposure 

o f  the Np f o i l  be ing  measured, b u t  the sample f a c t o r  now inc ludes  the 

c o r r e c t i o n s  f o r  cross sec t i on ,  

237 i s  the  va lue  read from the  c ( t )  curve (Curve C,  F ig .  
NP NP 

1 2 1 
(r 239 

X = -  Pu 
X - - s, 

237 1.6 
NP 

237 
' 237 u 237 

NP NP 
NP 

a r e  the  f a s t  cross sec t i ons  f o r  Pu239 and 239 and 237 where u 

NP * 

237 Pu NP 

The uranium f l u x  i s  computed s i m i l a r l y :  

c x s, 
10 

' u238 
x 10 - uxu238 - 

'( t, u238 

where 

1 2 1 
Pu 239 - - x -  x - = -  S ,  

TU238 uu238 wu238 0.55 wu238 

238 
i s  the  f a s t  cross s e c t i o n  fo r  U . and uu238 

F i g u r e  21 shows f l u x  c o r r e c t i o n  f a c t o r s  t o  be used when the 

f o i l s  a r e  exposed fo r  times longer than f i v e  minutes. The elapsed 
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FIG. 21 F L U X  CORRECTION FACTORS FOR VARIOUS E X P O S U R E  TIMES 
ELAPSED TIME FROM MEAN EXPOSURE TIME (hours) 
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t ime i s  taken as the t i m e  elapsed from the mean o f  the  exposure t i m e .  

S u l f u r  f l u x  c a l c u l a t i o n  

The s u l f u r  f l u x  i s  g i ven  by 

1.29 x C T 

x 10' 
- A t  f l u x  32 = 

S e 

where A f o r  P32 i s  2.03 x 10-3/hr,  C i s  i n  counts per  minute ob ta ined 

f o r  the  s u l f u r  sample and counter  geometry p r e v i o u s l y  descr ibed,  and t 

i s  recorded i n  hours. For a burned-out sample, the  f l u x  becomes 

C 7 

f l u x  = 1.33 x x 10' 
w e-At 

S 

where Ws i s  the we igh t  i n  grams o f  the  s u l f u r  sample. 

Thermal f l u x  c a l c u l a t i o n  

The thermal f l u x  i s  g iven  by 

6 0,303 

e 
FT = ( h  - Cd ) -Xt  x 10 

'Au 'Au Cd 

-2  
where h f o r  Au i s  1.07 x 10 

minute o f  the  bare  and Cd sh ie lded Au, WAu and WAu Cd a re  the weights  

of the two go ld  f o i l s  and t i s  measured i n  hours.  

/ h r ,  CAu and CAu Cd a r e  the  counts per  
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2.2.10. S e n s i t i v i t y  of Various Threshold Detec tors  

The s e n s i t i v i t y  of the var ious  th resho ld  de tec to rs  i s  

shown i n  Table V I .  The counter background and the sample background 

a r e  shown i n  columns 2 and 3, r e s p e c t i v e l y .  The n e t  number of counts 

a t  one hour a f t e r  exposure t o  l o l o  n/cm 

p a r t i c u l a r  element i s  shown i n  column 4. The l a s t  column shows the  

n e t  count r a t e  produced f o r  a 10 rad Godiva exposure. 

2 
above the  th resho ld  o f  each 
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Table V I  

Sensitivity and Background of t h e  Various Foi 1s 

Background Exposure 
TY Pe 
of 
Foi 1 10 rads of Godiva 2 Counter Foi 1 lolo n/cm 

( c/m) ( c/m) Above Threshold Neutrons 
(c/m/g) * (c/m/g) * 

AU 50 0 33,700 

Pu 280 970 5,260 

NP 280 0 4,470 

U 280 80 1,440 

S "burned" 22 0 750 

* 
1 hour a f t e r  exposure 
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2.3. Blood Sodium Techniques 

2.3.1. l n t r o d u c t i o n  

As mentioned i n  2.1 an a n a l y s i s  o f  Na24 a c t i v i t y  i n  the  

blood, together  w i t h  i n fo rma t ion  on the neutron spectrum obta ined w i t h  

th resho ld  de tec to rs  as descr ibed i n  2.2, leads t o  a de te rm ina t ion  o f  

neutron dose received by the i n d i v i d u a l .  I n  t h i s  s e c t i o n  the method 

of NaZ4 ana lys i s  w i l l  be descr ibed. 

2.3.2. Prepara t ion  of Blood Samples 

Blood samples should be taken from the exposed i n d i v i d u a l s  

as soon as p o s s i b l e  a f t e r  exposure, i n  p a r t i c u l a r  be fo re  new sodium i s  

g iven t o  the i n d i v i d u a l  through food o r  medica l  t reatments.  The amount 

o f  b lood requ i red  f o r  Na24 measurements depends on the neut ron  dose. 

I f  i t  i s  be l i eved  t h a t  the dose i s  more than 100 rads o f  neutrons, the 

amount requ i red  i s  o n l y  about 10 cc o f  b lood serum; i f  the dose i s  

less  than 10 rads, 100 cc should be taken. I t  i s  convenient  t o  count 

j u s t  the  b lood serum which may be removed f rom whole b lood by f i r s t  

a l l o w i n g  the  b lood t o  c l o t ,  then c e n t r i f u g a t i o n .  A f t e r  separa t i on  the 

serum i s  prepared f o r  count ing  by p l a c i n g  the  measured volume i n t o  a 

standard po lys ty rene  box. I t  i s  recommended t h a t  the  t o t a l  sodium con- 

t e n t  per  cc o f  serum be determined f o r  each i n d i v i d u a l .  Most c l i n i c s  

a r e  equipped w i t h  f lame photometers s u i  t a b l e  f o r  t h i s  purpose. 

2.3.3. Blood NaZ4 Count inq 

The f i s s i o n  f o i l  s c i n t i l l a t i o n  counter  shown i n  F i g s .  6 
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and 7 may be converted e a s i l y  t o  a b lood Na24 counter  by removing the 

upper p h o t o m u l t i p l i e r  c r y s t a l  assembly together  w i t h  the lead f i I t e r .  

Blood samples placed i n  the  po lys ty rene  boxes may now be admi t ted  

through the l a r g e  s i d e  door on the lead s h i e l d .  A f t e r  do ing t h i s  the 

count ing  arrangement w i l l  be as shown i n  F ig .  22. Under these cond i t i ons  

the  count ing  geometry G i n  f r a c t i o n s  o f  Na24 d i s i n t e g r a t i o n s  counted 

i s  g iven  i n  F ig .  23, assuming i n t e g r a l  pu lse  h e i g h t  s e t t i n g s  o f  2.0 

Mev and 2.5 MeV. The curves show G as a f u n c t i o n  o f  volume o f  b lood 

serum i n  the po lys ty rene  box. I f  the sample i s  counted a t  less  than 

f o u r  hours a f t e r  the exposure, the counter b i a s  should be s e t  a t  2.5 

Mev so t h a t  C1 gamma rays w i  11 n o t  be counted. 38 25 

For p lann ing  purposes one may assume t h a t  i n  the case o f  f i s s i o n  

neutrons the number o f  d i s i n t e g r a t i o n s  o f  Na24 per  second and pe r  cc 

o f  b lood serum i s  equal t o  the  neutron dose i n  rads d i v i d e d  by f i v e .  

Thus a 50 cc sample o f  b lood serum gives a count r a t e  o f  about 0.7 

counts per second per  rad compared t o  a t y p i c a l  background r a t e  of 1.5 

counts per  second a t  the 2.0 Mev b ias .  

C 

25 S t r i c t l y  speaking, C138 ( h a l f - l i f e ,  37.5 min) may be found a t  very  
e a r l y  count ing  times. This  presents no d i f f i c u l t y  s ince  the h a l f -  
l i f e  of Na24 i s  15 hours. 
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2.4. Gamma Dosimetry with Chemical Techniques 

2.4.1. Introduction 

Chemical dosimeter systems generally applicable for the 
6 dose range of approximately 5 rads to 2 x 10 rads may be used to 

measure the gamma component in a mixed radiation field. 

system as utilized for gamma dosimetry consists of tetrachloroethylene 

which contains a small amount of free radical chain reaction retarder, 

overlayered with an aqueous phase containing a pH indicator, Fig. 24. 

Chemical chain reactions induced by radiation liberate water soluble 

acids. The amount of acid formed is directly proportional to dose, 

within a given range. 

the acid produced by change in conductivity of the solution or by 

change in pH as measured electrometrically or colorimetrically. 

The chemical 

The response may be evaluated by titratib,i of 

2.4.2. Radiation Characteristics 

Tetrachloroethylene, when irradiated in a two-phase 

aqueous system or when irradiated with a soluble pH indicator dye, 

liberates acidic products. 

suggest i ng that a cha i n mechan i sm i s opera t i ve. Cha i n reactions, 

although highly sensitive, are often influenced by dose rate, tempera- 

ture and the presence of impurities. These complicating factors, 

undesirable in chemical dosimetry, can be made unimportant by the 

addition of stabilizing agents such as ethyl alcohol, resorcinol and 

The acid yields are high (G,, 5 up to 6 0 0 0 ) ,  

ionol. Although the sensitivity to radiation is thereby greatly re- 

duced (G value approximately 3 0 ) ,  the use of: stabilizers has made i t 



. 

69 

INHlBl T E D  
HALOGENATED 
HYDROCARBON 

CHEMICAL DOSIMETRY 

G L A S S  A M P U L E  

DYE, WATER SOLUTION 

NOMENCLATURE 
TCE DOSIMETER 

FIG. 2 4  

. 



70 

p o s s i b l e  t o  produce TCE dosimeters which can r e g i s t e r  doses i n  the 

range 5 rads t o  2 x 10 
6 

rads and wh i ch show e x c e l l e n t  reproduci  b i  l i  t y .  

The response o f  t h i s  system t o  f a s t  and thermal neutrons has 

been adequately inves t iga ted .  The TCE two-phase system produces 

approx imate ly  3 t o  4% as much a c i d  f rom a rad of  neutrons as i s  p ro-  

duced by a rad o f  gamma r a d i a t i o n .  The TCE system, because o f  t he  l ack  

o f  hydrogen, absorbs a r e l a t i v e l y  low amount of energy f rom the  f a s t  

neutron p o r t i o n  o f  a mixed r a d i a t i o n  f i e l d .  When exposed i n  a l i t h i u m  

s h i e l d  system, the  TCE system w i l l  p rov ide  r e l a t i v e l y  accura te  values 

of gamma dose i n  the  presence o f  f a s t  and thermal neutrons. 

The chemical dosimeter designed f o r  t he  dosimeter s t a t i o n s  used 

i n  the  nuc lear  acc iden t  dos imetry  program i s  ;,aused i n  a l i t h i u m  con- 

t a i n e r  (F ig .  25 ) .  The energy dependence o f  the chemical dosimeter 

i n s i d e  the  conta iner  i s  shown i n  F ig .  26. The dosimeter i s  e l e c t r o n i -  

c a l l y  evaluated over  a range from 15 rads t o  30,000 rads, and has the  

f o l  low i  ng r a d i a t i o n  charac ter  i s t i cs: 

Rate independence ----- r a t e  independent - + 8% t o  10" rads /hr  

Temperature ----------- temp. independent 2 5$ f rom 5°C to 55°C 

Energy --_--------__--- energy independent It 8% f rom 90 kev t o  
10 Mev 

6 Dose 1 i n e a r i  t y  - - - - - - - -  l i n e a r i t y  o f  response t o  2 x 10 rads 
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2.4.3. Spectrophotometric Measurements of pH Changes i n  Chlor 

Phenol Red Indicator 

Chlor Phenol Red, as used i n  the tetrachloroethylene 

two-phase dosimeter system, has two peak absorption bands, 580 mp 

and 432 mp. As the pH of t h e  dye  i s  reduced from 6.0 to 5.0 (red to  

yellow), t h e  percentage transmission a t  580 mp increases while the 

percentage transmission a t  432 mp decreases (Fig. 27 ) .  The precise 

evaluation of t h e  pH from the r a t i o  of the percentage transmission 

a t  these two peaks is accurate only i f  the dye concentration, tube 

s ize ,  l i gh t  source, glass thickness, temperature e f f e c t s ,  buffering 

act ion,  and impurities a r e  controlled and r e l a t ive ly  constant. 

2.4.4. Evaluation 

Uti l iz ing a r a t i o  recording, two band, absorption f i l t e r  

colorimeter,  i t  is possible to  evaluate eas i ly  and accurately t h e  above- 

mentioned ra t io .  A special  ampoule holder is required to  v i e w  only t h e  

center  sect ion of t h e  dye system through a 0.070 inch hole,  This hole 

s i z e  was chosen to  g i v e  m i n i m u m  glass  curvature aberrat ion and an area 

large enough t o  reduce t h e  e f f ec t  of f i e ld  spots and scratches.  The 

ampoules a r e  h e i g h t  and area positioned by hand. 

i n  glass wall thickness, i n s i d e  diameter and aberrations of t h e  non- 

precision ampoules used, reproducibil i ty can be as great  as 

reasonable economy. Ampoules a r e  centrifuged to 5000 rpm prior  t o  

readout t o  remove hydrocarbon droplets  from the dye area i n  the two- 

phase system. 

Allowing f o r  changes 

3% w i t h  



74 

90 - 

e432 my. 
0 5 8 0  m p  

0 , - 
6.4 6.2 6 .O 5.8 5.6 5.4 5.2 5.0 

PH 

Yo TRANSMISSION AT 5 8 0 m p  AND 

FIG. 27 
4 3 2 m p  AS A FUNCTION OF pH 



75 

2.4.5. Determination of Exposure Dosage 

Dosimeters a r e  produced a t  a chosen pH value and i n  the 

required s e n s i t i v i t i e s .  They a r e  t h e n  aged for  possible a lka l i  

leaching, and color selected f o r  uniformity. 

Before exposure, t h e  dosimeters a r e  evaluated f o r  t h e i r  pre- 

exposure r a t i o  ($T 580 mp)/($T 432 m p ) .  Dosimeters a r e  t h e n  g i v e n  

known dose exposures and spectrophotometrically evaluated fo r  t he i r  

post-exposure r a t i o  ($T 580 mp)/(%T 432 mp). A curve of delta-rati 'o- 

u n i t s  change (post-exposure minus pre-exposure ra t io)  versus dose 

is drawn ( F i g .  28 ) .  Once th i s  curve is drawn, one can convert 

de l ta - ra t io-uni t s  change d i r ec t ly  to dose f o r  one spec i f i c  range of 

dosimeters. All t h e  dosimeters m u s t  s t a r t  a t  t h e  bottom of the 

s t r a i g h t  portion of the r a t i o  versus dose curve i f  l i nea r i ty  is to  

r e su l t .  If accidental  over-exposure r e su l t s ,  t h e  dosimeters a r e  not 

l o s t  b u t  can be evaluated by t i t r a t i o n .  I f  a dosimeter is not exposed 

to  i ts  l i m i t ,  i t  can b e  exposed again provided i t s  t o t a l  integrated dose 

range is not exceeded. 

2.4.6. Shelf L i f e  

The recommended disposi t ion of chemical dosimeters i n  

the lithium can is: 

No. o f  Chemical Ampoules Dose Range (rad) 

25 - 200 

100 - 800 

400 - 1600 

1000 - 30,000 
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All these except t h e  lowest range (25 - 200 rad) a r e  s t a b l e  indefini te ly .  

The lowest range may show appreciable de te r iora t ion  i n  n i n e  t o  twelve 

months, and fo r  t h i s  reason t h e  chemicals should b e  inspected and 

possibly replaced every n i n e  months. 

2.5. Glass Dosimetry 

2.5,l.  General 

Metaphosphate glasses containing s i l v e r  may be u s e d  to  

measure gamma radiation dose i n  t h e  range of  f i v e  to  several  thousand 

rad. T h e  g lass ,  I n  t h e  form o f  small glass  rods (1 m diamter by 6 

mm long), F i g .  29, and a convenient reader, F igs .  30 and 31, a r e  

26 
commercially available.  

Many o f  the properties of t h e  system have been reported by 

S ch u 1 man 27’28 and others .  29-31 The composi tion of the glass ,  by 

weight, is 46% A1(P03)3, 23% Ba(P03)2, 23% KP03, and 8% AgP03. 

the glass  i s  exposed to  ionizing radiat ion,  loosely bound electrons 

When 

26 Bausch and Lomb Optical Co., Rochester, N.  Y .  

27 J.  H .  Schulman, R. J .  Ginther, and C .  C .  Klick, J .  Appl. Phys.  22, 
1479 (1951). 

28 J.  H .  Schulman and H .  W .  Etzel,  Science - 118, 184 (1953). 

29 N. J. Kreidl and G .  E .  Blai r ,  Nucleonics Pi, No. 3, 82 (1956). 

30 H .  W. Etzel, R .  D .  Kirk, and J .  H .  Schulman, Ra-Det 8, No. 2, 49 
(1955). 

31 A .  L .  Riegert ,  H.  E. Johns, and J .  W .  T. S p i n k s ,  Nucleonics 2, 
No. 11, 134 (1956). 
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a r e  f reed from negat ive  ions and m ig ra te  through the glass,  some o f  

them a r e  trapped by i n t e r s t i t i a l  s i l v e r  ions t o  form a s p e c i a l  type 

o f  F-center .  Th is  F-center ,  o r  photoluminescent cen te r ,  can be ex- 

c i t e d  by u l t r a v i o l e t  l i g h t  and i t  then re tu rns  t o  the ground s t a t e  by 

e m i t t i n g  a photon i n  the  red reg ion  (6400 A ) .  

temperature dependence, and dose r a t e  e f f e c t s  on the response o f  the  

g lass t o  r a d i a t i o n  have been descr ibed. 27-31 

read no less  than 24 hours a f t e r  exposure unless they have been 

s p e c i a l l y  c a l i b r a t e d  f o r  reading a t  some s h o r t e r  i n t e r v a l  as the  

response increases f o r  seve ra l  hours a f t e r  exposure, a f t e r  which t ime 

the luminescence i s  s t a b l e  i n d e f i n i t e l y  except a t  e leva ted  tempera- 

tures.  The system i s  dose r a t e -  independent over a wide range. 

The s t a b i l i t y ,  

The rods should be 

32 2.5.2. Snerqy Response 

From the  genera l  d e s c r i p t i o n  and a knowledge o f  t h e  

response o f  dos ime t r i c  f i l m  as a f u n c t i o n  o f  photon energy, i t  might  

be supposed t h a t  the response o f  t he  g lass per  roentgen exposure as a 

f u n c t i o n  o f  photon energy would be s i m i l a r  t o  t h a t  o f  f i l m .  T h i s  has 

been found t o  be the case and severa l  s tud ies  o f  the energy dependence 

have been repor ted.  31y33  

a func t i on  o f  photon energy i s  shown i n  F ig .  32, The response has been 

normal ized t o  t h a t  f o r  Co gamma rays;  the lower energy photons a re  

The response o f  the  g lass ,  per roentgen, as 

60 

32 In fo rma t ion  repor ted  i n  these sec t i ons  w i l l  appear i n  more d e t a i l  
i n  a thes i s  by W .  T. Thornton, V a n d e r b i l t  U n i v e r s i t y  ( t o  be 
publ ished as an ORNL r e p o r t ) .  

33 T .  Bowstad and T. Henr icksen, B r i t .  J .  Radio l .  3, 163 (1958). 
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f rom a narrow beam o f  a p p r o p r i a t e l y  f i l t e r e d  X rays .  

of c e r t a i n  f i l t e r s  o r  s h i e l d s  placed around the  g lass  and intended t o  

improve the energy response i s  i n d i c a t e d  i n  Fig.  32. For broad spec t ra  

such as the  f i s s i o n  gamma spectrum, the 20 m i l  Ta-15 m i l  T e f l o n  

f i l t e r  i s  s u f f i c i e n t  for l i m i t i n g  e r r o r s  due t o  energy dependence to  

The e f f e c t i v e n e s s  

- -4- 10%. 

32 
2.5.3. Fas t  Neutron Response 

The response o f  the glass rods t o  f a s t  neutrons i s ,  

r e l a t i v e  t o  gamma rays, n e g l i g i b l e .  Honoenergetic neut ron  exposures 

i n  the reg ion  o f  0.5 t o  1.5 Mev i n d i c a t e  an upper l i m i t  of response, 

r e l a t i v e  t o  Co60 gamma r a d i a t i o n  of l ess  than 1% i n  t h i s  energy 

region, F i g .  33. 

32 
2.5.4. Thermal Neutron Response 

Exposures o f  the  g lass  rods i n  the thermal column o f  the  

ORNL g r a p h i t e  r e a c t o r  y i e l d e d  a thermal neut ron  response e q u i v a l e n t  t o  

1 rad of gamma rays f o r  about 5 x l o 9  n /cm2. 

h i g h  t o  necess ia te  encapsu la t ion  i n  l i  thium cans f o r  accura te  measure- 

ment of gamma r a d i a t i o n  c o e x i s t e n t  w i t h  thermal neutrons. The sma l l  

dimensions o f  the  g lass  j u s t i f y  t h e  use o f  l i t h i u m  enr iched i n  L i  . 
A research model f o r  p o s s i b l e  use i n  the  dosimeter s t a t i o n s  i s  shown 

i n  F ig .  34. 

Th is  i s  s u f f i c i e n t l y  
t 

6 

2.5.5. Cleaning of  Glass and Reader 

Almost a l l  substances f l u o r e s c e  when i r r a d i a t e d  w i t h  
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u l t r a v i o l e t  l i g h t .  

as found on the hands. The g lass rods must be cleaned thoroughly  be- 

f o r e  each reading; c lean tweezers, o r  forceps,  and chuck assembly a r e  

e q u a l l y  important.  I t  has been found convenient t o  r i n s e  the rods i n  

acetone, d i s t i l l e d  water, and abso lu te  methy l  a l coho l ,  i n  t h a t  order ,  

and then t o  d r y  them i n  a stream o f  f i l t e r e d  and d r i e d  a i r  f o r  

seve ra l  seconds. I n  a d d i t i o n ,  the rods a r e  he ld  f o r  seve ra l  more 

seconds t o  a s c e r t a i n  t h a t  they a r e  back t o  near room temperature be- 

f o r e  reading. A low power microscope i s  used t o  examine t h e  rods f o r  

ch ips  o r  f r a c t u r e s  be fo re  reading as the  g lass i s  q u i t e  f r i a b l e .  The 

more thorough the  c lean ing  the g rea te r  the accuracy, e s p e c i a l l y  a t  

low dose values. A t y p i c a l  low dose c a l i b r a t i o n  curve i s  shown i n  

F ig .  35 f o r  Co gamma rays. 

This  i s  p a r t i c u l a r l y  t r u e  o f  greases and o i l s  such 

60 

Operat ion,  care,  and maintenance o f  t h e  reader a r e  adequate ly  

descr ibed by the manufacturer.  

2.6.  F i l m  Badge f o r  C r i t i c a l i t y  Acc ident  A p p l i c a t i o n s  

2.6.1. I n t r o d u c t i o n  

The Oak Ridge Na t iona l  Laboratory  badge dosimeter ( o r  

badge) has been mod i f i ed  f o r  the a d d i t i o n  o f  m a t e r i a l s  which pe rm i t  

immediate i d e n t i f i c a t i o n  of those persons who may have received 

med ica l l y  s i g n i f i c a n t  doses due t o  a combinat ion o f  neutron and gamma 

r a d i a t i o n .  These m o d i f i c a t i o n s  supplement the p r e v i o u s l y  incorpora ted  

fea tures  o f  the  badge, such as p rov i s ions  f o r  wide range beta-gamma 
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34 
dos imetry  and low l e v e l  neutron dos imeter .  

F i l m  dosimeters o f  var ious  types have been u;ed s i n c e  the  be- 

g inn ing  of t he  Manhattan P ro jec t .  

a f fo rd  the  advantages o f  smal l  s i ze ,  n e g l i g i b l e  weight, low cost ,  long 

s t a b i  l i  t y ,  wide range, and permanent record.  F i lms have sane unde- 

s i rab le  c h a r a c t e r i s t i c s ,  most o f  which a r e  o f  minor concern and which 

may be minimized by a v a i l a b l e  techniques o f  a p p l i c a t i o n ,  i n t e r p r e -  

t a t i o n ,  and a d m i n i s t r a t i o n .  However, the photon energy dependence o f  

the f i l m  emulsion has been a problem o f  pr ime concern, and many 

methods f o r  overcoming o r  c i rcumvent ing t h i s  c h a r a c t e r i s t i c  have been 

developed. I n  a l l  cases, t h i s  has been accomplished by a system of 

f i l t e r s  o r  absorbers combined i n t o  a package o r  "badge" which conta ins  

the f i l m  packet. 

The d e n t a l  s i z e  f i l m  packets used 

I n many i ns t a l  l a  t i ons the f i l m  dos imeter has been comb i ned w i  t h  

the  s e c u r i t y  i d e n t i f i c a t i o n  dev ice.  Th is  system (1) permi ts  one dev ice  

t o  serve f o r  two s i m i l a r  dev ices,  (2) a f f o r d s  e x c e l l e n t  a d m i n i s t r a t i v e  

c o n t r o l  assur ing  t h a t  the dosimeter w i l l  be worn, and (3) insures 

dos imet ry  coverage f o r  a l l  employees. 

The badge dosimeter i n  which i s  combined a s e c u r i t y  dev ice,  an 

adequate system o f  f i l t e r s ,  and a wide range f i l m  dosimeter packet, 

w i l l  p rov ide ,  w i t h i n  the l i m i t a t i o n s  o f  any smal l  s i n g l e  p o i n t  

dosimeter system, a means o f  determin ing personal  exposures i n  

f a c i l i t i e s  where there  is no neutron exposure. I f  o n l y  low l e v e l  

34 E .  D. Gupton, Rad io l .  66, No. 2, 253 (1956). 
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neutron doses may be encountered, a nuc lear  t r a c k  emulsion may be i n -  

c luded t o  complement the dosimeter f i l m  packet. However, the ranges 

of  such emulsions a r e  l i m i t e d ,  and t h i s  has prompted development o f  

techniques f o r  h i g h  l e v e l  dosage de terminat ion .  

2.6.2. D e s c r i p t i o n  o f  Badge 

F i g u r e  36 i s  an assembly drawing o f  the r e c e n t l y  modi- 

f i e d  ORNL badge. I t  prov ides a compartment f o r  two dosimeter f i l m s  

and a s l i d e  arrangement f o r  i n s e r t i n g  and removing the f i l m s .  There 

a r e  f o u r  f i l t e r s  i n  t h e  f r o n t  o f  the badge: (1) a combinat ion f i l t e r  

o f  0.020 inch p l a s t i c ,  0.015 inch cadmium, 0.005 inch go ld ,  0.015 

inch cadmium, and 0.012 inch  p l a s t i c ,  i n  t h a t  o r d e r  f rom the  f r o n t  

sur face  o f  the badge; (2) 0.020 inch p l a s t i c ,  0.040 inch aluminum, and 

0.012 inch p l a s t i c ;  (3) 0.082 inch  p l a s t i c ;  (4) 0.020 i n c h  p l a s t i c .  

There a r e  two f i l t e r s  i n  the rear  o f  t h e  badge: (5) 0.062 inch  p l a s t i c  

and 0.010 inch  lead; and (6) 0 062 inch p l a s t i c .  A one-ha l f  g p e l l e t  

of e lementa l  s u l f u r  and a 7/16 inch d iameter ,  0.005 inch t h i c k  g o l d  

f o i l  a r e  i n  a c a v i t y  i n  t h e  s l  de. An indium f o i l ,  1-1/4 inch  by 

1/4 inch by 0.015 inch t h i c k  and p e r f o r a t e d  w i t h  an i d e n t i f i c a t i o n  

number, i s  loca ted  i n  the f r o n t  o f  the  badge. The s e c u r i t y  dev ice  

completes the  assembly. 

Recent improvements inc lude:  (1) a tamper-proof i n s e r t  w i  t h  

m a g n e t i c a l l y  o r  mechanica l ly  operated l a t c h ;  (2) p r o v i s i o n s  f o r  i n -  

c l u s i o n  o f  chemical  and/or s i l v e r  phosphate g lass  dosimeters when 

a v a i l a b l e  f o r  personal  dos imetry  a p p l i c a t i o n s ;  (3) p r o v i s i o n  f o r  
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sa lvag ing  components f o r  re - i ssue ;  and (4) improvements f o r  increased 

e f f i c i e n c y  i n  assembly o f  the badge and a d m i n i s t r a t i o n  o f  the  personnel  

mon i t o r  i ng p roced u res . 
The beta-gamma dos imet ry  a p p l i c a t i o n s  o f  the badge i n v o l v e  a 

system o f  f o u r  f i l t e r s  i n  the  f r o n t  o f  the  badge and two f i l t e r s  i n  the  

r e a r  o f  the  badge. These f i l t e r s  were se lec ted  through experiment t o  

p rov ide  an accu ra te  and a s imp le  method f o r  de termin ing  var ious  

absorbed doses o f  beta-gamma-X rad ia t i on .35  The du Pont packet 553, . 
w i t h  a "hard" gamma dosage range o f  50 to  500,000 m i  11 i rads ( f  i r s  t 

c o l l i s i o n ,  t i s s u e  equ iva len t )  under r o u t i n e  c o n d i t i o n s  o f  development, 

i s  used i n  c o n j u n c t i o n  w i t h  these f i l t e r s ,  
36 

When a v a i l a b l e  f o r  such a p p l i c a t i o n s ,  gamma dosimeters o f  the  

chemical o r  phosphate g lass  type  w i l l  be p rov ided and used i n  the 

procedure f o r  r a p i d l y  de termin ing  the h i g h l y  exposed i n d i v i d u a l s .  

Rout ine  neut ron  dos imet ry  i s  accomplished through use o f  Eastman 

NTA f i l m  which has a maximum usable usage of  approx imate ly  20 t o  10,000 

m i l l i r a d s  f rom 3 Mev neutrons. 

The h i g h  l e v e l  (g rea te r  than approximately 10 rads) neutron 

features depend f o r  accura te  dos imet ry  upon concur ren t  use w i t h  

s t a t i o n a r y  dosimeter s t a t i o n s ,  as exp la ined i n  2.1. 

The f i l m  badge, F i g .  36, has incorpora ted  i n  i t s  s t r u c t u r e  a 

35 App l ied  Hea l th  Physics Semi-Annual Report,  July-December, 1956, 
Oak Ridge Na t iona l  Labora tory  Report CF 57-1-173. 

36 The range of t h i s  f i l m  may be extended by a f a c t o r  o f  ten  by 
s p e c i a l  developing techniques. (M. E h r l i c h  and W .  Snedegar, Ra-Det 
5, NOS.  7-5, 16-18, 1952). 
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one-hal f  g p e l l e t  of s u l f u r  and two 0.005 inch  t h i c k  by 7/16 inch 

diameter go ld  f o i l s ,  one of  which i s  i nse r ted  i n  the c a v i t y  w i t h  t h e  

s u l f u r ,  and the o t h e r  i s  a component of the cadmium-gold f i l t e r  

descr ibed p rev ious l y .  These items a r e  a c t i v a t e d  by neutrons such t h a t  

count ing  techniques permi t  de termina t ion  o f  the thermal neut ron  ex- 

posure from the two go ld  f o i l s ,  and h i g h  energy ( g r e a t e r  than 2.5 MeV) 

neutron exposure from the s u l f u r .  The count ing  procedures a r e  per -  

formed w i t h  the same counters used i n  ana lys i s  o f  samples f rom the 

dosimeter s t a t i o n s .  Exposure t o  in te rmed ia te  energy neutrons i s  de- 

termined by r e f e r r i n g  the data from the badge t o  t h a t  from dosimeter 

s t a t i o n s  i n  the  v i c i n i t y  o f  the badge wearer, o r  by f i t t i n g  the data 

f rom the badge t o  the spectrum a t  the p o i n t  o f  exposure, i f  such 

o therw ise  i s  known. 

2.6.3. E f f e c t s  o f  O r i e n t a t i o n  

The badge a lone i s  n o t  an abso lu te  neutron dosimeter 

f o r  such exposures, b u t  i t  permi ts  de te rm ina t ion  o f  a " p o i n t  i n  space" 

dose, where the p o i n t  i n  space i s  i n t i m a t e l y  assoc ia ted  w i t h  the  person 

on whom the badge i s  located.  The dose t o  the  badge and the dose t o  

the  person w i l l  be a f u n c t i o n  o f  the r e l a t i v e  o r i e n t a t i o n  o f  t he  badge 

w i t h  respect  t o  the source o f  r a d i a t i o n .  I n  any event,  the badge would 

accompany the person throughout the exposure i n t e r v a l  and rece ive  a 

dose p r o p o r t i o n a l  t o  t h a t  received by the  person. E r r o r s  i n  dos imetry  

due t o  l a c k  o f  knowledge o f  r e l a t i v e  o r i e n t a t i o n  du r ing  exposure o f  

person and badge could be reduced apprec iab ly  by inc reas ing  the  number 
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o f  dosimeters on the  person. However, the problems assoc ia ted  w i t h  

wear ing m u l t i p l e  badges would be r a t h e r  l a r g e .  A proposed supplement 

t o  t h e  badge and dosimeter s t a t i o n s  i s  a b e l t  which would c o n t a i n  i n  

i t s  s t r u c t u r e  smal l  d e t e c t o r s  which would be loca ted  a t  i n t e r v a l s  

about the mid-sec t ion  o f  t h e  wearer. These would a f f o r d  i n f o r m a t i o n  

which would permi t more n e a r l y  accura te  de terminat ion  o f  t i s s u e  dose. 

2.6.4. Personnel Screening 

Immediately f o l l o w i n g  a nuc lear  i n c i d e n t ,  those persons 

who may have received s i g n i f i c a n t  exposure t o  neutrons may be 

segregated e a s i l y  by measurement o f  the r a d i a t i o n  f rom the  a c t i v a t e d  

indium f o i l  i n  t h e  badge. 

o c c u r r i n g  n a t u r a l l y ,  has a thermal neutron a c t i v a t i o n  cross s e c t i o n  

116) 37 o f  155 barns w i t h  a h a l f  l i f e  o f  54 minutes f o r  the  r e s u l t a n t  I n  

Table VI1 i s  a l i s t i n g  o f  r e s u l t a n t  dose r a t e  readings obta ined subse- 

quent t o  exposing badges t o  f a s t  and thermal  neutrons i n  the west 

animal tunne l  o f  t h e  X * l O  g r a p h i t e  reac tor  and t o  thermal neutrons i n  

the thermal column o f  the  same reac tor .  The a c t i v a t e d  go ld  f o i l  a l s o  

serves t o  i d e n t i f y  t h e  persons exposed t o  neutrons. A l though i t  i s  

less  s e n s i t i v e  than t h e  indium, i t  serves as a va luab le  compliment 

s i n c e  i t  has a much longer  h a l f  l i f e  than t h e  indium. 

( Indium 115, which c o n s t i t u t e s  96% o f  t h a t  

I n  the  event  o f  exposure t o  gamma r a d i a t i o n  o n l y ,  the  bare  

chemical system conta ined i n  t h e  badge must be r e l i e d  on t o  i d e n t i f y  

37 "Neutron Cross Sect ions ,'I AECU-2040, 1952. 

. 
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Table V I 1  

Neutron A c t i v a t i o n  of the ORNL F i  l m  Badge 

Inst rument  Reading i n  Radium Equ iva len t  
m r / h r  when i n  "Contact" w i t h  Badge 

(Hours a f t e r  exposure as ind ica ted)  

Neutron Exposure 

0.5 2 3 6 

10 l1  thermal neutrons/cm 2 150(38) 40(38) 20 (39) 3(39) 

( thermal  column o f  X-10 
graph i t e  reac to r )  

100 rads f a s t  neutron dose 
-t- 10 l1  thermal neutrons/cm2 
(west animal tunne l  of X-10 
graph i t e  reac to r )  

9 2 10 thermal neutrons/cm 
( thermal  column of X-10 
graph i te reac to r )  

38 Readings taken w i t h  ORNL Cu t ie  P ie  i n  "contact"  w i t h  badge. 

39 Readings taken w i t h  V ic to reen  model 389C probe i n  "contact"  w i t h  
badge, s h i e l d  c losed. The s h i e l d  open t o  s h i e l d  c losed read ing  
r a t i o  was 2 t o  1. 

. 
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the exposed persons. A gamma dose of 25 rads changes the  c o l o r  from 

red t o  ye l low.  

n/cm produces the same c o l o r  change. 

A thermal neutron f l u x  of approx imate ly  1.5 x 10 11 
2 

2.7. Assignment o f  i n d i v i d u a l  Exposure Doses 

2.7.1. Neutrons 

I t  may be 

neutron dose i s  r e l a t e d  

2/ 
shown from R e f . Y t h a t  the f i r s t  c o l l i s i o n  

t o  the sodium a c t i v i t y  i n  a c y l i n d r i c a l  

phantom having a 15 cm rad ius ,  as fo l l ows :  

fD0(E) $ ( E )  dE 

f d E )  $ ( E )  dE 

K 8 0  Dn = 9.5 x 10 

0 

where D 

between E and E + dE, D (E) i s  the f i r s t  c o l l i s i o n  dose per u n i t  

neutron f l u x  a t  energy E, €(E) i s  the p r o b a b i l i t y  t h a t  neutrons o f  

i s  the neut ron  dose i n  rads, q(E)dE i s  the  number o f  neutrons n 

0 

energy E w i l l  be captured i n  the  phantom as thermal  neutrons, and K 

i s  the sodium a c t i v i t y  i n  d i s i n t e g r a t i o n s  pe r  sec (cor rec ted  back t o  

the t ime o f  exposure) per  cm3 o f  b lood serum and i s  equal t o  cor rec ted  

counts per  sec d i v i d e d  by the geometry c o r r e c t i o n .  The above ex- 

p ress ion  app l i es  t o  the case where the concen t ra t i on  o f  sodium i n  

3 
serum i s  3.2 mg/cm , a number which i s  remarkably constant  f o r  man 

and o the r  warm blooded animals.  
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The i n t e g r a l  Do(E) $(E)dE may be expressed i n  terms o f  the s 0 

f l u x  measurements made w i t h  the th resho ld  de tec to rs  as f o l l o w s :  

fDo(E) $(E)dE = 0.028 NT -k 1.0 NpU -k 1.4 N f 0.6 NU + 0.7 Ns) x 
NP 

0 

(16) 

where the  dose i s  i n  t i s s u e  rads, and the symbol N r e f e r s  t o  the number 

o f  neutrons per  cm2 as obta ined w i t h  each of .ihe de tec to rs ,  

The i n t e g r a l  €(E) $(E)dE may be expressed a l s o  i n  terms o f  s 0 

the th resho ld  d e t e c t o r  data.  Using the curve a p p l i c a b l e  t o  the 15 cm 

rad ius  c y l i n d e r  i n  F ig .  2, i t  i s  seen t h a t  

€(E) $(E)dE = 0.18 NT + 0.50 NPu s 0 

Thus, 

( 18) 

0.028 NT + 1.0 Npu + 1.4 N + 0.6 NU + 0.7 NS 
NP 

0.18 NT + 0.5 HpU 
D = 0.95K 

n 

I t  i s  

dose g 

a t  the 

mpor tant  t o  no te  t h a t  the assignment o f  the f i r s t  c o l l i s i o n  

ven by  the above equat ion  holds o n l y  i f  the neut ron  spectrum 

p o i n t  where the i n d i v i d u a l  i s  exposed i s  e s s e n t i a l l y  the same 
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as the  spectrum a t  the most favo rab ly  loca ted  dos imetry  s t a t i o n .  

Experience has shown t h a t  the  f a s t  spectrum does n o t  d r a s t i c a l l y  

change w i t h  d is tance,  b u t  the  r a t i o  NT/NpU i s  s t r o n g l y  a f f e c t e d  by a 

number o f  f a c t o r s ,  i n c l u d i n g  d i s tance  from the source, s l i g h t  amounts 

of i n te rven ing  sh ie ld ing ,  room s i z e ,  and d i s p o s i t i o n  o f  m a t e r i a l s  i n  

the room. For t h i s  reason i t  i s  suggested t h a t  the secondary dos imetry  

s t a t i o n s ,  con ta in ing  Au and S ,  be used f r e e l y .  I n  t h i s  case we may 

adopt the f o l l o w i n g  procedure. 

account f o r  changes i R  the  N T - N  Pu r a t i o  by us ing the  Au and S f lux, 

I .e. 

The above equat ion  may be modi f ied t o  

(19) 

0.028 NTB + 1.0 Npu + 1.4 N + 0.6 NU + 0.7  NS 
NP 

0.18 NTB + 0.5 Npu 
Dn = 0.95K 

where B = (NS/NT)(NT/NS)S, and (NT/Ns)s i s  the r a t i o  o f  the  thermal 

f l u x  t o  t h e  s u l f u r  f l u x  evaluated a t  the secondary s t a t i o n  c l o s e s t  t o  

the exposed i n d i v i d u a l .  I n  many cases the r a t i o  N / N  i s  much less  

than u n i t y  and these e x t r a  procedures a re  n o t  necessary. 

T Pu 

2.7.2. Gamma Rays 

The gamma-ray exposure dose may be determined ,by 

( 2 0 )  D = ( D / D ) x D  n Y Y "  

where ( D  / D  ) i s  the  measured gamma t o  neutron dose r a t i o ,  and Dn i s  
Y "  
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the neutron dose as determined above. T h e  r a t i o  D / D  should not d e -  

pend strongly on room s i ze ,  distance or location of material  i n  the 

room, unless, of course, these materials a r e  located on the ray paths 

drawn from the source to  t h e  individual. The r a t i o  D / D  fo r  the most 

sui tably located dosimetry s t a t ion  should be used .  

Y "  

Y n  
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3. OUTLINE AND SYNOPSIS OF ORNL-2748, PART B 

3.1. O u t l i n e  o f  ORNL-2748, P a r t  B 

Rad ia t ion  Accidents:  Medica l  Aspects of Neutron and Gamma-Ray 
Exposures, N. Wald, M.D., and G. E. Thoma, Jr., M.D. 

1. R E V I E W  OF PREVIOUS ACCIDENT MEDICAL DATA 

1.1. Rad ia t i on  Syndrome 

1.1.1. Dose response r e l a t i o n s h i p  
1.1.2. Rad ia t ion  i n j u r y  groups 
1.1.3. Hypo the t i ca l  c l i n i c a l  case i l l u s t r a t i o n s  

1.2. Ana lys is  o f  Acc ident  Cases 

1.2.1. C l i n i c a l  s igns and symptoms 

1.2.1.1. i n i t i a l  s tage 
1.2.1.2. man i fes t  i l l n e s s  stage 

1.2.2. Laboratory  f i n d i n g s  

1.2.2.1. methods of p resen ta t i on  and ana lys i s  
1.2.2.2. hema t o  logy  
1.2.2.3. b iochemis t ry  
1.2.2.4. miscel laneous 

C 1 i n i  ca 1 ma nagemen t I .  2.3. 

2. RECOMMENDED CLI N I  CAL PROCEDURES 

2.1. D i agnos t i  c Procedures 

2.1.1, Recommendations f o r  i n j  u ry  groups 
2.1.2. U t i l i z a t i o n  o f  data 

2.2. C l i n i c a l  Management 

2.2.1. Recommendations f o r  i n j u r y  groups 
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rad 

who 

the 

3.2. Synopsis o f  ORNL-2748, P a r t  B 

3.2.1. Review o f  Previous Acc ident  Med ica l  Data 

Rad ia t i on  syndrome 

When man i s  exposed t o  a s i n g l e  whole-body dose of 

i o n i z i n g  r a d i a t i o n ,  he e x h i b i t s  c e r t a i n  c l i n i c a l  s igns,  symptoms and 

l a b o r a t o r y  f i n d i n g s  which a r e  c o l l e c t i v e l y  termed the r a d i a t i o n  syndrome. 

The frequency and s e v e r i t y  o f  these man i fes ta t ions  a r e  rough ly  r e l a t e d  

t o  the dose rece ived and the s e n s i t i v i t y  o f  the  i n d i v i d u a l  p a t i e n t .  

Exposures t o  l ess  than 100 rads r a r e l y  r e s u l t  i n  c l i n i c a l  symptomatology, 

so  t h a t  f o r  our p resent  purposes the  r a d i a t i o n  syndrome may be thought 

of as those c l i n i c a l  f i n d i n g s  assoc ia ted  w i t h  a to ta l -body  dose o f  

a t i o n  o f  over  100 rads. 

The t y p i c a l  ch rono log ic  sequence o f  events f o l l o w i n g  a l a r g e  

e-body r a d i a t i o n  exposure can be d i v i d e d  i n t o  f o u r  c l i n i c a l  stages: 

i n i t i a l  o r  prodromal stage, the  l a t e n t  per iod ,  the m a n i f e s t  i l l n e s s  

stage, and the  recovery stage. The prodromal c l i n i c a l  f i n d i n g s  i nc lude  

anorex ia ,  nausea, vomi t ing ,  extreme sweating, f a t i g u e ,  and p r o s t r a t i o n .  

These symptoms r e m i t  i n  about two days and the  p a t i e n t  en te rs  t h e  l a t e n t  

p e r i o d .  A f t e r  two t o  th ree  weeks o f  w e l l  be ing  a number o f  developments 

beg in  w i t h i n  a s h o r t  t ime  o f  each o the r .  These inc lude  fever ,  o v e r t  o r  

o c c u l t  i n f e c t i o n s ,  s c a l p  hyperesthesia and e p i l a t i o n ,  purpura and 

s ,  ca rd iovascu la r  co l lapse,  severe l e t h a r g y  

By approximately the  end o f  the  s i x t h  week 

on i s  u s u a l l y  resolved. C l i n i c a l  improvement 

i s  rap id ,  b u t  f a t i g u e  o f t e n  p e r s i s t s  f o r  many 

homorrhage, d i a r r h e a ,  i l e  

and changes i n  sensorium. 

a f t e r  exposure the  s i t u a t  

o f  t he  s u r v i v i n g  p a t i e n t s  
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months . 
About 15% o f  p a t i e n t s  exposed t o  a dose o f  100 rads may be ex- 

pected t o  show some o f  the s igns and symptoms o f  the syndrome. The 

frequency increases sha rp l y  up t o  approx imate ly  200 rads a t  which 

l e v e l  most o f  those exposed may be expected t o  e x h i b i t  some c l i n i c a l  

symptomatology. A f a t a l  outcome i s  probably  i n e v i t a b l e  above about 

the 800 rad dose l e v e l .  I n  the acc idents  reviewed i n  t h i s  repo r t ,  

death d i d  no t  occur i n  any t r e a t e d  p a t i e n t s  w i t h  known exposure t o  

less  than 500 rads. 

I n  s p i t e  of the f a c t  t h a t  t he re  i s  a genera l l y  u s e f u l  r e l a t i o n -  

s h i p  between magnitude o f  r a d i a t i o n  dose and s e v e r i t y  o f  c l i n i c a l  

sequelae, i t  i s  considered e s s e n t i a l  t o  approach the problem o f  

i n d i v i d u a l  p a t i e n t  management f rom a somewhat d i f f e r e n t  s tandpo in t .  

Even i f  i d e a l  cond i t i ons  e x i s t e d  and a l l  o f  the dos ime t r i c  procedures 

discussed i n  P a r t  A o f  t h i s  r e p o r t  were performed, the response o f  one 

person t o  a known exposure would s t i l l  d i f f e r  f rom t h a t  o f  anothe 

I t has, therefore,  been deemed u s e f u l  i n  the management o f  r a d i a t  

acc idents  t o  a r b i t r a r i l y  d i v i d e  p a t i e n t s  showing var ious  symptoms 

s igns o f  the acu te  r a d i a t i o n  syndrome i n t o  f i v e  d i f f e r e n t  " r a d i a t  

on 

and 

On 

i n j u r y ' '  groups. 

summarized as fo l l ows :  

The p e r t i n e n t  c h a r a c t e r i s t i c s  o f  each group may be 

Group I :  Most o f  these p a t i e n t s  a r e  complete ly  asymptomatic; a 

few may have min imal  prodromal symptoms. 

Group I f :  These p a t i e n t s  develop t h e  acute r a d i a t i o n  syndrome i n  

a m i l d  form. A f t e r  t r a n s i e n t  prodromal nausea and vomi t ing,  l abo ra to ry  
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and m i l d  c l i n i c a l  evidence o f  hematopo ie t i c  derangement dominates the  

p i c t u r e .  

Group I l l :  A se r ious  course occurs i n  these p a t i e n t s :  Compli- 

ca t i ons  o f  hematologic m a l f u n c t i o n  a r e  severe and, i n  the  upper p a r t  

of the group, some evidence o f  g a s t r o i n t e s t i n a l  damage may a l s o  be  

present  . 
Group IV: An acce le ra ted  ve rs ion  of the  acu te  r a d i a t i o n  syndrome 

occurs. Compl icat ions of g a s t r o i n t e s t i n a l  i n j u r y  dominate the  c l i n i c a l  

p i c t u r e .  The s e v e r i t y  of hematopo ie t i c  d is tu rbances  a r e  r e l a t e d  t o  the  

l eng th  of s u r v i v a l  t ime f o l l o w i n g  exposure. 

Group V: These p a t i e n t s  have a f u l m i n a t i n g  f a t a l  course w i t h  

marked cen t ra  1 nervous sys  tern i mpa i m e n  t. 

A case r e p o r t  of a h y p o t h e t i c a l  p a t i e n t  t y p i c a l  o f  each group i s  

presented i n  d e t a i  1. 

Ana lys i s  of acc iden t  cases 

C l i n i c a l  da ta  o f  a l l  p e r t i n e n t  acc iden t  cases were reviewed and 

the p a t i e n t s  were assigned thereby t o  the  a p p r o p r i a t e  r a d i a t i o n  i n j u r y  

groups . 
Anorexia,  nausea and vomi t ing  were present  i n  a l l  p a t i e n t s  i n  

Group 1 1 1  and above w i t h i n  an hour a f t e r  exposure. These g e n e r a l l y  

cont inued f o r  about two days. I n  Group I 1  the t r i a d  was somewhat 

s lower i n  appearing, beg inn ing  w i t h i n  s i x  hours,  b u t  cont inued i n t e r -  

m i t t e n t l y  f o r  about the  same d u r a t i o n .  Two of the  e i g h t  p a t i e n t s  d i d  

n o t  vomit  a t  a l l .  Only f o u r  o f  the fou r teen  Group I p a t i e n t s  had 



103 

. 

anorex ia o r  nausea, and o n l y  two o f  them vomited. 

Diar rhea o n l y  occurred i n  the  Group IV and V cases. A l l  t h ree  o f  

these p a t i e n t s  died. I t  appeared on day 4 i n  bo th  Group i V  p a t i e n t s ,  

and i n  45 minutes i n  the  Group V p a t i e n t .  

Other symptoms which were f requent  almost e x c l u s i v e l y  i n  Group 

1 1 1  and above inc luded c o n j u n t i v i t i s ,  erythema, sweating, and 

paresthes ias.  Immediate c e n t r a l  nervous system symptomatology i n c l u d i n g  

a t a x i a  and d i s o r i e n t a t i o n  was seen o n l y  i n  Group V. 

i n i c a l  evidence o f  i l l n e s s  a f t e r  

h ighe r  groups developed f u r t h e r  

as descr ibed above, i n  va ry ing  

P a t i e n t s  i n  Group I showed no c 

the i n i t i a l  stage subsided. Those i n  

s i gns o f  the acute rad i a t  i on syndrome 

degrees o f  s e v e r i t y .  

A method, c a l l e d  " p r o f i l e  scor ing" ,  was developed f o r  g rad ing  

the s e v e r i t y  o f  r a d i a t i o n  i n j u r y  as i nd i ca ted  by l abo ra to ry  tes ts .  

Where the same t e s t s ,  performed i n  many i n d i v i d u a l  cases, f e l l  i n t o  

reasonably un i fo rm t ime per iods,  r e s u l t s  were tabu la ted  and repor ted  as 

mean scores f o r  the var ious  r a d i a t i o n  i n j u r y  groups. This  was p o s s i b l e  

o n l y  i n  the category o f  hematologic tes ts .  

3.2.2. Recommended C l i n i c a l  Procedures 

D i aqnos t i c procedures 

I n  a g i ven  acc ident  the  exposur 

response t o  i t  a r e  the two means by which l o g  

can be planned. Therefore,  t h e  h ighes t  p r i o r  

da t ions  i n  the e a r l y  post-exposure pe r iod  a r e  

dose and the p a t  i e n t  ' s  

c a l  c l i n i c a l  management 

t y  d i a g n o s t i c  recornmen- 

planned f o r  the 
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accumulat ion o f  s u f f i c i e n t  i n fo rma t ion  t o  e s t a b l i s h  t h e  response 

" p r o f i l e "  o f  t he  i n d i v i d u a l  under s tudy i n  comparison w i t h  those o f  

o thers  who reacted i n  a s i m i l a r  manner t o  whatever dose o f  r a d i a t i o n .  

D e t a i l e d  methods f o r  performance o f  t h i s  comparison a r e  given. When 

t h i s  i n fo rma t ion  i s  a v a i l a b l e ,  reasonable e s t i m a t i o n  o f  prognosis  

and management p lann ing  can proceed even i n  the  absence o f  dos imetry  

informat ion.  I t  i s  h i g h l y  des i rab le ,  o f  course, t o  o b t a i n  dos imetry  

in fo rmat ion  as soon as poss ib le  t o  supplement the c l i n i c a l  es t imate  

o f  i n j u r y .  

C l i n i c a l  management 

I t  i s  d e s i r a b l e  f o r  a l l  cases w i t h  a p o s s i b i l i t y  o f  acu te  

i n j u r i o u s  r a d i a t i o n  over-exposure t o  be h o s p i t a l i z e d  f o r  c lose  obser- 

v a t i o n  and bed r e s t .  Using the i n i t i a l  s igns and symptoms and the 

b lood count  p r o f i l e  scores [made up o f  scores f o r  counts of ery th rocy tes  

o r  hematocr i t ,  leucocytes, neutrophi  I s ,  lymphocytes and p l a t e l e t s ) ,  i t  

i s  poss ib le  t o  determine t e n t a t i v e l y  the s e v e r i t y  o f  t he  r a d i a t i o n  

i n j u r y  which an acc iden t  p a t i e n t  w i l l  develop. The procedure i s  

g r a p h i c a l l y  i l l u s t r a t e d  i n  F ig .  37. 

Pa t ien ts  assigned by t h i s  method t o  r a d i a t i o n  i n j u r y  Group I I  o r  

above should be cont inued as h o s p i t a l i z e d  p a t i e n t s  under adequate 

medica l  care. Recommendations of h e l p f u l  procedures i n  medica l  manage- 

ment o f  these cases a re  made i n  d e t a i l .  The o t h e r  p a t i e n t s  can be 

assured o f  t h e i r  f avo rab le  prognosis and re leased from i n - p a t i e n t  care 

when asymptomatic. Suggested fo l l ow-up  procedures a r e  tabu la ted  f o r  

a l l  i n j u r y  groups. 
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UNCLASSIFIED 
ORN L-LR- DWG. 41433 

. 

I. Observe and Record Time of Onset 

2. Perform Daily Blood Count. 

of Clinical Signs and Symptons. 

Nausea, Vomiting, Diarrhea 
Within Minutes 

and 
Ataxia, Disorient a tion, Shock, 

Coma in Minutes to Hours 
- 
Injury Groups 
I, 1 1 ,  Ill, I V  

1 d 

Nausea and/or Vomiting and 
Some Derangement of 

Blood Count Within 2 Days 

I +  
Injury Groups 

Marked Leucocyte and Lymphocyte 
Count Derangement in 3 Days 

+ 
Injury Groups 

I l l  , IV 

I +*TJ Diarrhea Within 4 Days and 
Marked Platelet Derangement 

Injury Group 

Within 6 to 9 Days 

FIG. 37 PRELIMINARY ESTIMATION OF CLINICAL RADIATION INJURY 
FOLLOWING OVEREXPOSURE 
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