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ABSTRACT 

An e x p e r i m e n t a l s t u d y w a s c o n d u c t e d t o d e t e r m i n e t h e a t t e n u ­
a t i o n p r o v i d e d b y v e r t i c a l a n d h o r i z o n t a l b a r r i e r s e x p o s e d o n l y t o 
s k y s h i n e r a d i a t i o n f r o m c o b a l t - 6 0 a n d c e s i u m - 1 3 7 s o u r c e s . M a t e r ­
i a l s of s t e e l , a l u m i n u m . , c o n c r e t e , a n d w o o d w e r e u s e d a s b a r r i e r s . 

'~ A s e a l e d r a d i o a c t i v e s o u r c e w a s p u m p e d a t a u n i f o r m s p e e d 
t h r o u g h a l o n g l e n g t h of f l e x i b l e t u b i n g to s i m u l a t e a r i n g s o u r c e . 
P o i n t - s o u r c e m e a s u r e m e n t s w e r e m a d e b y s t o p p i n g t h e s o u r c e a t a 
g i v e n l o c a t i o n . D o s e m e a s u r e m e n t s w e r e m a d e w i t h i o n i z a t i o n c h a m ­
b e r d e t e c t o r s . ; • •* „> 

M e a s u r e m e n t s of t h e a t t e n u a t i o n p r o v i d e d b y a v e r t i c a l b a r r i e r 
w e r e m a d e in a b u n k e r w h e r e t h r e e s i d e s a n d t h e t o p w e r e of s a n d ­
b a g s o r l e a d ; t h e f o u r t h s i d e w a s t h e b a r r i e r of i n t e r e s t f o r e a c h e x ­
p e r i m e n t . T h e s i m u l a t e d r i n g s o u r c e w a s s e t a t a 1 0 0 - f t r a d i u s . 
J u s t i n s i d e t h e 1 0 0 - f t r a d i u s l i n e s u r r o u n d i n g t h e b u n k e r , t h e g r o u n d 
w a s s h a p e d to r i s e u p a s l i g h t r a m p t o c r e a t e a c i r c u l a r - s h a p e d p l a ­
t e a u . T h e a n g l e of t h e r a m p w a s d e s i g n e d t o i n s u r e t h a t d i r e c t 
r a d i a t i o n w o u l d p a s s b e t w e e n 1 a n d Z ft a b o v e t h e t o p of t h e b a r r i e r s 
- o n l y a i r - s c a t t e r e d r a d i a t i o n r e a c h e d t h e b a r r i e r s . 

M e a s u r e m e n t s of t h e a t t e n u a t i o n p r o v i d e d b y a h o r i z o n t a l b a r r i e r 
w e r e m a d e u s i n g d e t e c t o r s p l a c e d in a r o u n d h o l e in t h e g r o u n d , t o p p e d 
b y t h e b a r r i e r m a t e r i a l a t g r o u n d l e v e l . A c o b a l t - 6 0 p o i n t s o u r c e w a s 
p l a c e d 100 ft f r o m t h e h o l e . S a n d b a g s o r l e a d b r i c k s w e r e p l a c e d on 
t h e g r o u n d a b o u t 6 ft in f r o n t of t h e h o l e . T h e h e i g h t of t h e l e a d 
b r i c k s w a s t h e s a m e h e i g h t a s t h e t o p of t h e s h i e l d . T h i s a s s u r e d t h a t 
t h e s h i e l d w a s e x p o s e d o n l y to a i r - s c a t t e r e d r a d i a t i o n . 

A d d i t i o n a l n n e a s u r e m e n t s a t t h i s s a m e l o c a t i o n w e r e m a d e t o 
d e t e r m i n e : (1) t h e s k y s h i n e d o s e r a t e a s a f u n c t i o n of d i s t a n c e f r o m 
a c o b a l t - 6 0 s o u r c e p l a c e d on a n a i r - g r o u n d i n t e r f a c e : (2) t h e g e o m e t r y 
f a c t o r d e s c r i b i n g a d e t e c t o r r e s p o n s e t o s c a t t e r e d g a m m a r a y s a t t h e 
a i r - g r o u n d i n t e r f a c e f r o m a p o i n t i s o t r o p i c c o b a l t ~ 6 0 s o u r c e on t h e 
g r o u n d 100 ft a w a y ; a n d (3) l i p s c a t t e r a n d w a l l b a c k s c a t t e r c o r r e c ­
t i o n s f o r a d e t e c t o r in a n o p e n h o l e e x p o s e d t o s k y s h i n e r a d i a t i o n f r o m 
c o b a l t - 6 0 . 

T h e r e s u l t s a p p l y t o a v a r i e t y of s h i e l d i n g p r o b l e r a s . O n e 

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

a n d e x p o s e d b a s e m e n t w a l l s f r o m s k y s h i n e r a d i a t i o n o r i g i n a t i n g f r o m 

f a l l o u t . 
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Chopfer 1 

INTRODUCTION 

1. 1 BACKGROUND 

About 10% of the g a m m a - r a y e x p o s u r e r a t e 3 ft above a c o n ­
t a m i n a t e d , s m o o t h , inf ini te p lane of fa l lout c o n s i s t s of a i r - s c a t t e r e d 
pho tons , u s u a l l y r e f e r r e d to as " s k y s h i n e r a d i a t i o n . " I t s e n e r g y 
and a n g u l a r d i s t r i b u t i o n m u s t be known for h a z a r d a s s e s s m e n t s of 
contannina ted f ie lds and in m a n y t y p e s of s h e l t e r s . T h i s s k y s h i n e 
c o n t r i b u t i o n t a k e s on s p e c i a l i m p o r t a n c e in foxholes and bu i ld ing 
b a s e m e n t s w h e r e the d i r e c t l i n e - o f - s i g h t r a d i a t i o n i s s ign i f i can t ly 
a t t e n u a t e d . Sh ie ld ing c a l c u l a t i o n s r e q u i r e a knowledge of the d o s e -
a n g u l a r d i s t r i b u t i o n of the s k y s h i n e c o m p o n e n t and i t s a t t e n u a t i o n 
t h r o u g h s h i e l d s in v a r i o u s c o n f i g u r a t i o n s . 

T h e o r e t i c a l c a l c u l a t i o n s and a n a l y t i c a l s o l u t i o n s a r e a v a i l a b l e ' "^ 
for i dea l s o u r c e - d e t e c t o r g e o m e t r i e s . They do not p e r m i t e x a c t 
so lu t ions to p a r t i c u l a r n o n - i d e a l sh i e ld ing and s c a t t e r i n g conf igu­
r a t i o n s . The p u r p o s e of t h e s e e x p e r i m e n t s vv^as to c o m p a r e e x ­
p e r i m e n t a l da t a wi th c a l c u l a t i o n s of i dea l c o n f i g u r a t i o n s and to o-btain 
e m p i r i c a l s o l u t i o n s for p a r t i c u l a r p r o b l e m s . The e x p e r i m e n t s r e ­
p o r t e d h e r e w e r e c o n c e r n e d wi th m e a s u r i n g the c o n t r i b u t i o n of s k y ­
sh ine r a d i a t i o n and i t s a t t e n u a t i o n t h r o u g h v e r t i c a l and h o r i z o n t a l 
b a r r i e r s . R a d i o a c t i v e s o u r c e s of c o b a l t - 6 0 and c e s i u m - 1 3 7 w e r e 
u s e d b e c a u s e r e s u l t s can be r e a d i l y c o m p a r e d to t h e o r e t i c a l c a l ­
c u l a t i o n s and a r e r e a d i l y adap t ab l e to a fa l lout e n e r g y s p e c t r u m , 
as wi l l be d i s c u s s e d l a t e r in th i s r e p o r t . Within o p e r a t i o n a l l i m i t s , 
an a t t e m p t w a s m a d e to a s s u r e t h a t the r e l a t i v e d o s e - a n g u l a r d i s ­
t r i b u t i o n at e i t h e r the s h i e l d s or the open hole w a s a good a p p r o x i ­
m a t i o n of the d o s e - a n g u l a r d i s t r i b u t i o n tha t would have r e s u l t e d f r o m 
an i n f i n i t e - p l a n e s o u r c e . 

Some e x p e r i m e n t s c o n c e r n e d wi th s c a t t e r e d g a m m a r a y s at the 
a i r - g r o u n d i n t e r f a c e f r o m s i m u l a t e d p lane s o u r c e s have b e e n p e r ­
f o r m e d . ' E x p e r i m e n t s u s ing a hole in the g round a s a c o l l i m a t o r 
for m e a s u r e m e n t s f r o m s i m u l a t e d p l ane s o u r c e s have a l s o been 
r e p o r t e d . ' ' Clifforcr r e p o r t s s o m e e x p e r i m e n t a l r e s u l t s of 
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a t t e n u a t i o n by h o r i z o n t a l c o n c r e t e s l a b s of s k y s h i n e r a d i a t i o n o r i g ­
ina t ing f r o m a s i m u l a t e d p lane s o u r c e of c e s i u m - 1 3 7. 

W h e r e a p p r o p r i a t e , d a t a f r o m t h i s r e p o r t a r e c o m p a r e d wi th 
o t h e r e x p e r i m e n t a l da t a and wi th t h e o r e t i c a l c a l c u l a t i o n s . App l i ca t i on 
to a fa l lout e n e r g y s p e c t r u m i s no t ed . R e s u l t s a r e a p p l i c a b l e to a 
v a r i e t y of b a s i c sh ie ld ing p r o b l e m s . Spec i f i ca l l y , r e s u l t s p r o v i d e 
sh ie ld ing i n f o r m a t i o n for b a s e m e n t roof s and e x p o s e d b a s e m e n t w a l l s 
f r o m s k y s h i n e r a d i a t i o n o r i g i n a t i n g f r o m fa l lou t . 

1.2 O B J E C T I V E S 

The o v e r - a l l ob jec t ive w a s to m e a s u r e the a t t e n u a t i o n p r o v i d e d 
by v e r t i c a l and h o r i z o n t a l b a r r i e r s of v a r i o u s m a t e r i a l s s u b j e c t e d to 
s k y s h i n e r a d i a t i o n o r i g i n a t i n g f r o m s i m u l a t e d p l a n e s o u r c e s of c o b a l t -
60 and c e s i u m - 1 3 7. Speci f ic o b j e c t i v e s and m e a s u r e m e n t s w e r e : 

1. To d e t e r m i n e q u a n t i t a t i v e l y the s k y s h i n e d o s e r a t e * in an 
open hole a s a funct ion of d i s t a n c e f r o m a c o b a l t - 6 0 s o u r c e on the 
g r o u n d . 

2 . To d e t e r m i n e l ip s c a t t e r and w a l l b a c k s c a t t e r c o r r e c t i o n s 
for a d e t e c t o r in an open ho le e x p o s e d to s k y s h i n e r a d i a t i o n f r o m a 
s i m u l a t e d p l ane s o u r c e of c o b a l t - 6 0 . 

3 . To d e t e r r a i n e q u a l i t a t i v e l y the g e o m e t r y f a c t o r d e s c r i b i n g 
a d e t e c t o r r e s p o n s e to s c a t t e r e d g a m m a r a y s a t t he a i r - g r o u n d i n t e r ­
face f r o m a poin t i s o t r o p i c c o b a l t - 6 0 s o u r c e on the g round 100 ft 
away . 

4 . To d e t e r m i n e the a t t e n u a t i o n of s k y s h i n e r a d i a t i o n f r o m s i m ­
u l a t ed p l ane s o u r c e s of c o b a l t - 6 0 and c e s i u m - 1 3 7 by v e r t i c a l b a r r i e r s 
of c o n c r e t e , s t e e l , a l u m i n u m , and wood. 

5. To d e t e r m i n e the a t t e n u a t i o n of s k y s h i n e r a d i a t i o n f r o m c o ­
b a l t - 6 0 s o u r c e s by h o r i z o n t a l b a r r i e r s of c o n c r e t e , s t e e l , a l u m i n u m , 
and wood. 

R E F E R E N C E S 

1. L . V. S p e n c e r , S t r u c t u r e Shie ld ing A g a i n s t F a l l o u t R a d i a t i o n 
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ICRU R e p o r t 10a, NBS Handbook 84, page 6 (1962) . 
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chopfer 2 

EXPERIMENTAL METHOD 

2. 1 G E N E R A L D E S C R I P T I O N 

In s h i e l d i n g c a l c u l a t i o n s of p r o t e c t i o n p r o v i d e d by b e l o w - g r o u n d 
s t r u c t u r e s a g a i n s t fa l lout r a d i a t i o n , the c o n t r i b u t i o n of s k y s h i n e 
r a d i a t i o n i s an i m p o r t a n t f a c t o r . A t t e n u a t i o n of s k y s h i n e r a d i a t i o n 
t h r o u g h a h o r i z o n t a l b a r r i e r i s i m p o r t a n t in the c a s e of a c o v e r e d 
foxhole o r a b a s e m e n t be low a l igh t s u p e r s t r u c t u r e . 

F o r b a s e m e n t s wi th w a l l s p a r t i a l l y e x p o s e d above g round , 
a t t e n u a t i o n of s k y s h i n e r a d i a t i o n t h r o u g h a v e r t i c a l b a r r i e r i s i m ­
p o r t a n t . The e x p o s e d b a s e m e n t wa l l a c t s a s a v e r t i c a l b a r r i e r and 
the r a d i a t i o n e m e r g i n g f r o m t h i s w a l l i s dependen t upon the e n e r g y 
and d o s e - a n g u l a r d i s t r i b u t i o n of the r a d i a t i o n s t r i k i n g the ou t s ide of 
the w a l l . If the g round l eve l s loped d o w n w a r d f r o m the bui ld ing o r 
if the g round v/as rough , the d o s e - a n g u l a r d i s t r i b u t i o n would be e x ­
ceed ing ly d i f fe ren t than f r o m a l e v e l , s m o o t h p l a n e . In t h e s e c a s e s , 
the s k y s h i n e c o n t r i b u t i o n p a s s i n g t h r o u g h the v e r t i c a l b a r r i e r would 
be of g r e a t e r r e l a t i v e i m p o r t a n c e . 

In sh i e ld ing c a l c u l a t i o n s of f a l l o u t - p r o t e c t i o n f a c t o r s , the a t t e n ­
ua t ion i s e x p r e s s e d a s a p r o d u c t of two g e n e r a l f a c t o r s . One f ac to r 
g i v e s the a t t enua t i on in the b a r r i e r m a t e r i a l , a s s u m i n g a p a r t i c u l a r l y 
s i m p l e type of s o u r c e and m e d i u m tha t i s c o m p l e t e l y u n i f o r m in 
d e n s i t y . Th i s f ac to r i s t e r m e d " b a r r i e r f a c t o r . " The o the r f a c t o r 
i s c a l l e d "geonne t ry f a c t o r " and a c c o u n t s for the f i n i t e n e s s of the 
b a r r i e r and for the d e t e c t o r l o c a t i o n s . 

An e x a m p l e of b a r r i e r r e d u c t i o n i s shown in F i g . 2. 1, t a k e n 
d i r e c t l y f r o m Ref. 1. In a l l t h r e e c a s e s the d e t e c t o r i s a s s u m e d to 
be i m m e d i a t e l y u n d e r (or b e s i d e ) the sh i e ld ing m a t e r i a l and th i s in 
t u r n i s a s s u m e d to be inf in i te in e x t e n t . T h e s e r e d u c t i o n c u r v e s 
w e r e d e r i v e d f rom da t a in S p e n c e r ' s r e p o r t . ^ The s i m p l e d e t e c t o r -
s o u r c e - m e d i u m a r r a n g e m e n t s for t h e s e t h e o r e t i c a l c a l c u l a t i o n s a r e 
shown in C a s e s 1, 2 and 3 of F i g . 2. 2. ( C a s e 4 d e p i c t s a p o s s i b l e 
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Fig. 2. 1 - Barrier shielding effects. 
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Fig. 2.2 - Simple detector-source-mediuxn arrangements. Case 1 - isotropic detector, plane 
isotropic source; Case 2 - isotropic detector and plane isotropic sourcej the radiation field at 
height d above the primary source is taken as a new source at a penetration distance X to the 
right of the detector; Case 3 - isotropic detector, source "isotropic" only in directions pointing 
away from detector; Case 4 - isotropic detector, source "isotropic" only in directions pointing 
away from detector, d » X. 

a r rangemen t for ve r t i ca l b a r r i e r at tenuation of skyshine radiat ion. ) 
Spencer ' s calculations assunae an infinite-plane source of contamination 
located in an infinite ocean of a i r , one side being compres sed to the 
density of ear th . Penet ra t ion calculations through thickness X of m a t e r i a 
is for a water medium. 

Geometry reduction is i l lus t ra ted in Fig. 2. 3, a lso taken from 
Ref. 2. The D = 100-ft curve was obtained by graphical interpolat ion 
by using F igs . 28. 15, 28. 17, B37, B38, B41 and B42 of Ref. 2 a s 
guides. 

* Cases 1, 2, and 3 were taken from Ref. 2. 
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SOLID-ANGLE FRACTION, w= l-COS 9 MAX 

Fig. 2. 3 - Geometry factor describing detector response 
to skyshine radiation. 2 Case 1 - conical detector pointed away 
from a plane isotropic source; Case 2 - conical detector pointed 
90O from the source-detector line, point isotropic source. 
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2 . 2 S O U R C E - D E T E C T O R - S H I E L D A R R A N G E M E N T S 

Within o p e r a t i o n a l l i m i t a t i o n s the s o x i r c e - d e t e c t o r - s h i e l d a r r a n g e 
m e n t s in t h i s e x p e r i m e n t w e r e c h o s e n such tha t the r e l a t i v e d o s e -
a n g u l a r d i s t r i b u t i o n of r a d i a t i o n at e i t h e r the sh i e ld o r open hole w a s 
a good a p p r o x i m a t i o n of the d o s e - a n g u l a r d i s t r i b u t i o n due to an i n ­
f i n i t e - p l a n e s o u r c e . A r r a n g e m e n t s w e r e c h o s e n to a p p r o x i m a t e i d e a l 
c o n f i g u r a t i o n s u s e d for c a l c u l a t i o n s and t h o s e m o s t r e a d i l y adap t ab l e 
to p r a c t i c a l a p p l i c a t i o n s , such as in a fa l lout s i t u a t i o n . 

The s h i e l d s w e r e 5 ft s q u a r e . S ince we w e r e p r i m a r i l y c o n ­
c e r n e d wi th b a r r i e r - r e d u c t i o n f a c t o r s , s h i e l d s w e r e l a r g e c o m p a r e d 
wi th d e t e c t o r s i z e . L o w - Z m a t e r i a l s of wood, a l u m i n u m , s t e e l , and 
c o n c r e t e w e r e u s e d for p r a c t i c a l a p p l i c a t i o n s . 

2 . 2 . 1 Open Hole 

It w a s d e s i r a b l e to m e a s u r e the dose r a t e of s k y s h i n e r a d i a t i o n 
v e r s u s so l id angle sub tended by a d e t e c t o r a s a funct ion of d i s t a n c e 
f r o m a c o b a l t - 6 0 s o u r c e . In A r e a 1 at NTS an a r e a 35 ft wide and 
560 ft long w a s g r a d e d and s m o o t h e d . At one end, a hole 4 ft in 
d ianne te r and 6 ft deep w a s dug . S t ee l c a s i n g 3 / 1 6 in. t h i ck w a s 
p l aced in the hole a s an e a r t h r e t a i n e r . A l ead l ip 4 in-wide and 4 in-
deep w a s p l a c e d a r o u n d the hole such tha t the top w a s f lush wi th the 
g round s u r f a c e . To r e d u c e wa l l b a c k s c a t t e r i n g , a 1/8-in. l e ad l i n e r 
w a s p l a c e d on the w a l l s and f loor of the h o l e . 

A c o b a l t - 6 0 s o u r c e w a s p l a c e d on the g r o u n d a t v a r y i n g d i s t a n c e s 
r ang ing f r o m 5 to 440 ft fronm the c e n t e r of the h o l e . Dose r a t e 
m e a s u r e m e n t s w e r e m a d e at v a r i o u s d e p t h s a long the c e n t e r l i n e of 
the hole for e a c h s o u r c e p o s i t i o n . M e a s u r e m e n t s w e r e r e p e a t e d raany 
t i m e s at the 100-ft d i s t a n c e s ince t h i s was the p o s i t i o n in wh ich a l l of 
the sh ie ld da t a w e r e t aken . L a t e r , a n o t h e r ho le of the s a m e d i m e n ­
s ions was dug in Yucca d r y - l a k e bed and m e a s u r e m e n t s w e r e m a d e 
with s o u r c e - d e t e c t o r s e p a r a t i o n d i s t a n c e s f r o m 60 to 1500 ft. Th i s 
d r y - l a k e bed w a s e x t r e m e l y f lat , t hus p rov id ing v e r y good g e o m e t r y 
for s i m u l a t e d s m o o t h - p l a n e s o u r c e s . 

To c \ a l u a t e the l ip s c a t t e r and wal l b a c k s c a t t e r c o m p o n e n t in 
the opeii ho le , m e a s u r e m e n t s w e r e m a d e wi th the hole having the 
following lip and wal l c o n f i g u r a t i o n s : 

1. Lead lip and s t e e l wal l l i n e r , 
2. Lead lip and lead wal l l i n e r . 
>. E a r t h l ip and e a r t h wal l . 
Pliotet) r a p h s and d r a w i n g s showing o p e n - h o l e c o n f i g u r a t i o n s a p ­

p e a r in F i g s . 2 . 4 t h r u 2. 6. F i g u r e s 2. 4 and 2, 5 show the tubing 
Layout and d t^ t ec to r -pos i t i on ing m e c h a n i s i n for the "Cut i e P i e " se t of 
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o p e n - h o l e m e a s u r e m e n t s . The m e c h a n i s m for p o s i t i o n i n g t h i s d e t e c t o r 
w a s d e s i g n e d such tha t t h e r e would be no s c a t t e r i n g o r a b s o r b i n g 
m a t e r i a l above the d e t e c t o r ( s ee F i g . 2. 6). The da t a by the " C u t i e P i e ' 
i n s t r u m e n t w e r e t a k e n e v e r y 6 in . going down in to the h o l e , s t a r t i n g 
wi th the top of the d e t e c t o r 1 in . be low g r o u n d l e v e l . 

M o s t of the o p e n - h o l e d a t a w e r e t a k e n wi th 1 0 - m r and 1 -mr 
c h a m b e r s . To nn in imize the effect of d e t e c t o r a n i s o t r o p y the top 
c h a m b e r w a s o r i e n t e d such tha t the s t e m w a s po in ted p e r p e n d i c u l a r 
to the s o u r c e - d e t e c t o r l i n e . F o r o the r p o s i t i o n s the s t e m po in ted 
down. The top p o s i t i o n w a s such tha t the top of the 1 0 - m r c h a m b e r 
w a s 5 /8 in. be low g round l e v e l , and the 1-mr c h a m b e r , 1/8 in. below-
g round l e v e l . O t h e r p o s i t i o n s w e r e l o c a t e d abou t e v e r y 6 in . down in to 
the h o l e . 

F o r the l a r g e - d i s t a n c e m e a s u r e m e n t s in Y u c c a d r y - l a k e bed a 
s p h e r i c a l a i r - e q u i v a l e n t ion c h a m b e r 7«-]/2 in. in d i a m e t e r w a s u s e d . 
It vi^as l o c a t e d at only one p o s i t i o n , the top of the c h a m b e r be ing 1/8 
in. be low ground l e v e l . 

2 . 2 . 2 V e r t i c a l Shie ld 

In F i g s . 2 . 1 and 2. 2 s i m p l e d e t e c t o r - s o u r c e - s h i e l d a r r a n g e ­
m e n t s in inf ini te m e d i a a r e u s e d for t h e o r e t i c a l c a l c u l a t i o n s r e a d i l y 
adap t ab l e to p r a c t i c a l a p p l i c a t i o n s . A s i m p l e d e t e c t o r - s o u r c e - m e d ­
ium a r r a n g e m e n t tha t m i g h t show the d e s i r e d g e o m e t r y for the 
v e r t i c a l b a r r i e r a p p e a r s a s C a s e 4 of F i g . 2 . 2 . In t h i s con f igu ra t ion , 
d e t e c t o r r e s p o n s e wi l l depend upon (among o t h e r f a c t o r s ) the d o s e -
a n g u l a r d i s t r i b u t i o n of g a m m a r a d i a t i o n at the v e r t i c a l w a l l . The 
d i s t r i b u t i o n i s e x p e c t e d to be i s o t r o p i c in a p l a n e p a r a l l e l to the 
s o u r c e p lane and to follow the g e o m e t r y r e d u c t i o n a s in C a s e 1 of 
F i g . 2 . 3 in a p l a n e p e r p e n d i c u l a r to the s o u r c e p l a n e . In d e s i g n i n g 
the a c t u a l e x p e r i m e n t a l a r r a n g e m e n t , t h e s e e x p e c t e d d i s t r i b u t i o n s 
w e r e kep t in m i n d . 

By choos ing a r i n g s o u r c e the d i s t r i b u t i o n in a p l ane p a r a l l e l 
to the s o u r c e p lane a t the d e t e c t o r - s h i e l d a r r a n g e m e n t (at the c e n t e r 
of the r ing) w a s e x p e c t e d to be i s o t r o p i c . An e x a m i n a t i o n of t h e o r e t ­
i c a l c u r v e s f r o m S p e n c e r i n d i c a t e s an idea l r a d i u s for the r ing s o u r c e 
in a h o m o g e n e o u s m e d i u m of a i r would be about 300 ft for the c o r r e c t 
r e l a t i v e d o s e d i s t r i b u t i o n for a p l ane p e r p e n d i c u l a r to the s o u r c e 
p l a n e . H o w e v e r , an e x a m i n a t i o n of the s a m e c u r v e s i n d i c a t e s the 
a n g u l a r d i s t r i b u t i o n i s a s lowly v a r y i n g funct ion of s o u r c e - d e t e c t o r 
s e p a r a t i o n d i s t a n c e . We a r b i t r a r i l y c h o s e a r a d i u s of 100 ft b e ­
c a u s e of the l i m i t a t i o n of s o u r c e s t r e n g t h s and d e t e c t o r s e n s i t i v i t y . 
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To l e s s e n the a i r - g r o u n d i n t e r f a c e i n f l uence , we c h o s e to s h i e ld 
the u n s c a t t e r e d c o m p o n e n t n e a r the s o u r c e r a t h e r than n e a r the 
d e t e c t o r (F ig . 2. 7). Th i s a l s o i n s u r e d tha t g a m m a r a y s s t r i k i n g 
the sh ie ld h a d a l r e a d y u n d e r g o n e a t l e a s t one a i r s c a t t e r . 

P h o t o g r a p h s and d r a w i n g s showing l o c a t i o n s of d e t e c t o r s , 
s o u r c e s , and s h i e l d s a p p e a r in F i g s . 2. 8 t h r o u g h 2. 11 . 

Note in F i g . 2. 7 t ha t the b u n k e r a r r a n g e m e n t a l s o i n c l u d e d a 
s q u a r e b u n k e r open a t the t o p . T h i s w a s to be u s e d for the h o r i ­
zonta l b a r r i e r e x p e r i m e n t s but w a s abandoned a f t e r the f i r s t se t of 
m e a s u r e m e n t s b e c a u s e of p r e s u m e d p o o r g e o m e t r y . (Ganama r a y s 
tha t had s c a t t e r e d l e s s t han about 4 ° could not r e a c h the h o r i z o n t a l 
s h i e l d . ) 

A l ead l i n e r w a s m o u n t e d on the i n s i d e w a l l s of the v e r t i c a l 
b u n k e r to r e d u c e b a c k s c a t t e r . A n o t h e r l e a d s h e e t w a s fornaed o v e r 
the s a n d b a g s a r o u n d the edge of the b u n k e r to r e d u c e r a d i a t i o n l e a k ­
age t h r o u g h the s a n d b a g s and wood f r a r a i n g . 

F i g u r e 2. 8 i s an a e r i a l p h o t o g r a p h of the v e r t i c a l b u n k e r s i t e . 
The t e s t pad and a p p r o a c h e s w e r e o i led to r e d u c e t h e d u s t p r o b l e m . 

F i g u r e s 2. 9 t h r o u g h 2 . 1 1 show d e t e c t o r p o s i t i o n s in r e l a t i o n to 
b u n k e r d i m e n s i o n s . D e t e c t o r s w e r e m o u n t e d and he ld in p l a c e by 
1/8 in,of p l e x i g l a s s . T e m p e r a t u r e ef fec ts w e r e m i n i m i z e d by s h a d ­
ing the d e t e c t o r s in the u n s h i e l d e d c a s e . Sh i e ld s w e r e p l a c e d at the 
face of the b u n k e r . 

2 . 2 . 3 H o r i z o n t a l Sh ie ld 

The h o r i z o n t a l sh i e ld m e a s u r e m e n t s w e r e m a d e by p l ac ing 
the s h i e l d s o v e r the hole u s e d for the o p e n - h o l e e x p e r i m e n t s ( see 
F i g . 2 . 6 ) . Da ta w e r e t a k e n at v a r i o u s d e p t h s in the c e n t e r of the 
hole f r o m a poin t s o u r c e l o c a t e d 100 ft away . C a r e w a s t a k e n to 
obta in a s c l o s e to an i d e a l g e o m e t r y a s f e a s i b l e . 

To p r e v e n t any d i r e c t r a d i a t i o n f r o m r e a c h i n g the s h i e l d s , s a n d ­
bags a n d / o r l ead b r i c k s w e r e p l a c e d onthe g r o u n d about 6 ft in f ront 
of the h o l e . The he igh t of t h i s b a r r i e r in e a c h i n s t a n c e w a s the e x ­
ac t he igh t of the top of the sh i e ld . T h i s a l s o i n s u r e d t h a t the top of 
the sh i e ld v/as e x p o s e d to the t o t a l s k y s h i n e c o m p o n e n t . 

The s h i e l d s w e r e p l a c e d o v e r the hole such tha t the o v e r l a p w a s 
g r e a t e s t in the d i r e c t i o n of the s o u r c e . F i g u r e 2 . 12 shows th i s 
o r i e n t a t i o n . T h i s i n s u r e d tha t the o v e r l a p w a s g r e a t e r t han the sh ie ld 
t h i c k n e s s in th i s d i r e c t i o n . The m a x i m u m sh ie ld t h i c k n e s s w a s 4 in­
fer c o n c r e t e , 2 - 1 / 2 in-for s t e e l , 5 in-for a l u m i n u m , and 10 in-for 
wood. A s m a l l e r r o r p r o b a b l y o c c u r r e d in the 10- in .wood m e a s u r e ­
m e n t s b e c a u s e of only an 8-in. o v e r l a p . Any e r r o r b e c a u s e of the 
4- in . o v e r l a p in the oppos i t e d i r e c t i o n i s a s s u m e d to be n e g l i g i b l e . 
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Fig, 2. 7 - Vertical shield bunker arrangement. 
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Fig, 2.8 - Aerial view of vertical shield bunker site. 
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Fig. 2.9 - Vertical shield bunker, showing detector positions. 
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2 . 3 E X P E R I M E N T A L TECHNIQUE 

2 . 3 . 1 S o u r c e - H a n d l i n g S y s t e m 

Handl ing of the r a d i o a c t i v e s o u r c e s for t h i s e x p e r i m e n t w a s 
done by the Mobi le R a d i o l o g i c a l M e a s u r i n g Unit (MRMU). T h i s 
s y s t e m u s e d a m o v i n g , r a d i o a c t i v e s o u r c e h y d r a u l i c a l l y p u m p e d 
t h r o u g h p o l y e t h y l e n e tub ing . S ince the s o u r c e t r a v e l e d at a u n i f o r m 
speed , a r i n g s o u r c e o r a r e a s o u r c e could be s i m u l a t e d . The s o u r c e 
could a l s o be p u m p e d to a l oca t i on and s topped , enab l ing p o i n t - s o u r c e 
e x p e r i m e n t s to be m a d e . E q u i p m e n t r e q u i r e d for pumping the s o u r c e 
t h r o u g h the po lye thy l ene tubing h a s been d e s c r i b e d in de t a i l in p r e v ­
ious r e p o r t s ^ - " and i s t h e r e f o r e only m e n t i o n e d b r i e f l y h e r e . 

A s c h e m a t i c d i a g r a m of the h y d r a u l i c s y s t e m for s o u r c e c i r c u l a t i o n 
i s shown in F i g . 2. 13. The p o l y e t h y l e n e tubing w a s a t t a c h e d to a 
c o b a l t - 6 0 m u l t i - s o u r c e sh i e ld (S-1) . Within t h i s s h i e l d w e r e s e v e n 
S - s h a p e d s t a i n l e s s - s t e e l t u b e s in which a to t a l of s ix r a d i o a c t i v e s o u r c e s 
could be s t o r e d . One tube w a s r e s e r v e d for the w a t e r - r e t u r n l ine but 
could a l s o p r o v i d e e m e r g e n c y s t o r a g e of a r a d i o a c t i v e s o u r c e , if needed . 
A m e a n s had b e e n p r o v i d e d to c o m p l e t e l y s e c u r e and lock s o u r c e s not 
in u s e . 

The s o u r c e could be s t a r t e d , s topped , r e v e r s e d , and c o m p l e t e l y 
c o n t r o l l e d r e m o t e l y by a c o n t r o l c o n s o l e in a l a b o r a t o r y t r a i l e r l o ­
ca t ed up to 1000 ft away . The s m a l l nae ta l b o x e s a t t a c h e d to the 
tubing in F i g . 2 . 4 w e r e s o u r c e - p o s i t i o n i n d i c a t o r s , a l lowing the 
c o n s o l e o p e r a t o r to know the l o c a t i o n of the s o u r c e at a l l t i m e s . 

2 . 3 . 2 S o u r c e s 

The s o u r c e s u s e d in th i s e x p e r i m e n t w e r e c o b a l t - 6 0 and c e s i u m -
137. The c o b a l t - 6 0 s o u r c e s t r e n g t h s w e r e a p p r o x i m a t e l y 1 2 . 5 , 200, 
and 1100 c u r i e s . The c e s i u m - 1 3 7 s o u r c e s t r e n g t h w a s a p p r o x i m a t e l y 
300 c u r i e s . 

Al l the s o u r c e s w e r e e n c a p s u l a t e d in m a g n e t i c s t a i n l e s s - s t e e l 
c o n t a i n e r s a c c u r a t e l y m a c h i n e d to p a s s t h r o u g h the po lye thy l ene t u b ­
ing . The c a p s u l e s w e r e H e l i a r c - w e l d e d and p a s s e d a l l AEG l e a k 
t e s t s . (See F i g s . 2. 14 and 2, 15. ) 

Al l s o u r c e s w e r e c a l i b r a t e d at the C E T O - E G & G N e v a d a T e s t 
Site c a l i b r a t i o n f ac i l i t y . A p h o t o g r a p h and d r a w i n g of t h i s f ac i l i t y 
a p p e a r in F i g s . 2. 16 and 2 . 17. Two s e t s of N B S - c a l i b r a t e d V i c t o r e e n 
c o n d e n s e r - R - c h a m b e r s w e r e u s e d . A s o u r c e w a s p u m p e d by the 
MRMU s y s t e m into c a l i b r a t i o n pos i t i on d i r e c t l y b e t w e e n two p o s t s 
(A and B) at a he igh t of 10 ft D o s e - c a l i b r a t i o n m e a s u r e m e n t s w e r e 
m a d e p e r p e n d i c u l a r to the long ax i s of the s o u r c e at a d i s t a n c e of 
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Fig. 2.14 - Photo and detail drawing of 200-curie cobalt-60 source. 
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Fig. 2.15 - 300-curie cesium-137 source. 
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Fig. 2.16 - Calibration facility, CETO-EG&G, Nevada Test Site. 
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4 5 ° 
6 0 ° 
7 5 ° 
9 0 ° 
4 in 

B D 

1 6 . 9 5 
1 6 . 9 5 
1 6 . 9 5 
1 7 . 9 8 
2 2 . 4 4 
3 2 . 7 9 

6 5 . 18 
2 4 0 . 9 3 

1 6 7 . 7 9 

B C 

3 1 . 4 5 
1 4 1 . 64 

C D 

2 6 8 . 2 7 
2 3 7 . 3 5 
1 9 4 . 0 9 
1 8 0 . 9 0 

1 9 4 . 0 9 

where Dj 

D2 

X 

B 

M 
K 

Co^» 

0 
90° 

D i x 2 

Da Be-''='K 

= dose rate a t 1 ft 

= measured dose rate 

cor rec ted to S .T .P . 

= dis tance from source to 

de t ec to r 

= a i r -bu i ldup factor 

= l inear absorption coeff ic ient 

- ground backsca t t e r 

cor rec t ion factor 

= 14.53 r / h r / c u n e a t 1 ft 

D j / D j for C s ' " 

A n e l e 

5° 
1 0 " 
2 0 ° 

3 0 ° 
4 5 ° 
6 0 ° 
7 5 ° 
9 0 ° 
4 m 

B D 

1 7 . 0 0 
1 7 . 0 0 
1 7 . 0 0 

1 8 . 0 3 
2 2 . 4 7 
3 2 . 7 8 
6 5 . 1 6 

2 4 1 . 5 6 
1 6 7 . 7 4 

3 1 . 4 4 
1 4 1 . 5 5 

C D 

2 6 8 . 0 7 

2 3 7 . 0 4 
1 9 4 . 3 3 
1 8 0 . 7 9 

1 9 4 . 3 3 

Cs'' •• 4 . i q r / h r / c at 1 ft 

Fig. 2.17 - Flan view, CETO-EG&G calibration facility. 
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4 m e t e r s and a t the s a m e he igh t above g r o u n d a s the s o u r c e . R e l ­
a t ive d i r e c t i o n a l c a l i b r a t i o n s w e r e a l s o done on a l l the s o u r c e s 
and a r e i l l u s t r a t e d in F i g s . 2. 18 and 2. 19 for two of the s o u r c e s . 
E x p o s u r e t i m e s w e r e a p p r o x i m a t e l y 1 h o u r . The cho ice of d o s i m ­
e t e r s w a s such tha t the d o s e r e c e i v e d w a s about m i d - s c a l e on the 
r e c o r d i n g i n s t r u m e n t . S e v e r a l e x p o s u r e s w e r e m a d e for e a c h 
s o u r c e . All r e a d i n g s w e r e wi th in 5% of the a v e r a g e for a p a r t i c u l a r 
s o u r c e . Effec t ive s o u r c e s t r e n g t h s w e r e d e t e r m i n e d by c o r r e c t i n g 
for d i s t a n c e , a i r a t t e n u a t i o n , a i r bu i ldup , and g r o u n d b a c k s c a t t e r i n g . 

2 . 3 . 3 I n s t r u m e n t a t i o n 

I n s t r u m e n t s u s e d for r a d i a t i o n m e a s u r e m e n t s i nc luded s t r a y -
r a d i a t i o n c h a m b e r s , V i c t o r e e n m o d e l 239 (0 to 10 m r ) and V i c t o r e e n 
inode l 208 (0 to 1 m r ) . T h e s e i n s t r u m e n t s w e r e c h a r g e d and r e a d on 
a V i c t o r e e n m o d e l 687c m i n o m e t e r . S p h e r i c a l a i r - e q u i v a l e n t i o n ­
i z a t i o n c h a m b e r s wi th an e l e c t r o m e t e r s y s t e m , d e s i g n e d and bu i l t by 
EG&G Santa B a r b a r a w e r e a l s o u s e d and, in add i t ion , a N u c l e a r 
Ch icago m o d e l 2586 Cut ie P i e and two l o w - r a n g e ( 0 - 1 m r ) L a n d s -
v e r k m o d e l 120 c h a m b e r s . 

The e n e r g y and a n g u l a r r e s p o n s e of the V i c t o r e e n m o d e l 239 and 
N u c l e a r Ch icago Cut ie P i e w e r e m e a s u r e d at EG&G San ta B a r b a r a . 
The e n e r g y r e s p o n s e c u r v e s a r e p r e s e n t e d in F i g . 2. 20. A n g u l a r 
r e s p o n s e m e a s u r e m e n t s of the 1 0 - m r V i c t o r e e n c h a m b e r s show a 
7% d e c r e a s e in s e n s i t i v i t y in the d i r e c t i o n of the s t e m . 

The i n t e g r a t i n g ion c h a m b e r s w e r e c a l i b r a t e d wi th an N B S - c a l i -
i b r a t e d c o b a l t - 6 0 s o u r c e . A c t u a l d o s e s g iven to t h e s e d e t e c t o r s w e r e 
c a l c u l a t e d by c o n s i d e r i n g d i s t a n c e , a i r a t t e n u a t i o n , a i r bu i ldup , and 
g round b a c k s c a t t e r . S e v e r a l c h a m b e r s w e r e s e l e c t e d at r a n d o m and 
e x p o s e d s e v e r a l t i m e s to ob ta in an a v e r a g e d o s e and s t a n d a r d d e ­
v i a t ion at s e v e r a l p o i n t s o v e r the e n t i r e r a n g e of the i n s t r u m e n t s . 
Both s o u r c e and d e t e c t o r s w e r e p l a c e d about 6 ft above the g r o u n d 
on th in a lunainum s t a n d s . O t h e r d e t e c t o r s w e r e c a l i b r a t e d in l ike 
m a n n e r . 

2 . 3 . 4 Sh ie lds 

Shie ld ing m a t e r i a l s t e s t e d w e r e wood, a l u m i n u m , s t e e l , and 
c o n c r e t e and w e r e a l l 5 by 5 ft and v a r i e d in t h i c k n e s s . The plywood 
s l a b s w e r e f r o m 1/4 to 1 in. t h i ck . The a l u m i n u m w a s type 6 IS and 
1/2 i n . t h i c k . The s t e e l w a s 400 s e r i e s m i l d s t e e l 1/4 i n . t h i ck . The 
c o n c r e t e w a s p e a g r a v e l ( l e s s than 3 /8 in. a g g r e g a t e ) and c e m e n t 
p o u r e d in a s t e e l p e r i p h e r a l f r a m e v / o r k wi th r e i n f o r c e m e n t r o d s e x ­
tend ing f r o m the p e r i p h e r y 6 in, into the c o n c r e t e . The t h i c k n e s s of 
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180° 

210° 
150° 

Fig. 2.18 - Relative directional calibration, cesium-137 source. 

330° 
300° 

210° 
150° 

Fig. 2.19 - Relative directional calibration, cobalt-60 source. 
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EFFECTIVE EMERST, l«CV 

Fig. 2. 20 - Energy response of detectors used in experiment. 



th i s sh ie ld w a s 2 in . E a c h sh i e ld w a s we ighed ind iv idua l ly to o b ­
t a in the m a s s p e r uni t a r e a . 
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chapter 3 

PHESiNTATlON OF DATA 

E x p e r i m e n t a l d a t a a r e p r e s e n t e d in t a b u l a r f o r m s e p a r a t e l y for 
the t h r e e m a j o r s e t s of m e a s u r e m e n t s . P o i n t - s o u r c e d a t a w e r e 
n o r m a l i z e d to m i l l i r o e n t g e n s p e r h o u r p e r c u r i e ( m r / h r / c ) and 
r i n g - s o u r c e d a t a to m i l l i r o e n t g e n s p e r h o u r p e r c u r i e p e r foot of 
c i r c u m f e r e n c e ( m r / h r / c / f t ) . T h i c k n e s s e s of s h i e l d s a r e g iven 
in m a s s t h i c k n e s s ( I b / s q ft) i n s t e a d of l i n e a r t h i c k n e s s . F o r o p e n -
hole and h o r i z o n t a l - s h i e l d d a t a , s o l i d - a n g l e f r a c t i o n s (w ) a r e a l s o 
g iven at e a c h d e t e c t o r p o s i t i o n . T h e s e w e r e c a l c u l a t e d by a s s u m ­
ing the c e n t e r of the d e t e c t o r a s the d e t e c t o r l o c a t i o n . The va lue of 
to w a s s e t equa l to 1. 0 a t a so l id angle of 2 w s t e r a d i a n s . N e a r l y 
a l l d a t a p r e s e n t e d in the t a b l e s a r e a v e r a g e d f r o m at l e a s t two e x ­
p o s u r e s . 

A l l d a t a have b e e n c o r r e c t e d for c h a m b e r t e m p e r a t u r e and 
p r e s s u r e , c a l i b r a t i o n , and for b a c k g r o u n d . F o r i n f o r m a t i o n and 
c o m p a r i s o n , s o m e of the da t a a r e a l s o p r e s e n t e d in g r a p h i c a l f o r m . 

3 . 1 b P E N HOLE 

The f i r s t s e t of m e a s u r e m e n t s in an open hole w e r e ' m a d e by the 
Cut ie P i e i n s t r u m e n t wi th the c o b a l t - 6 0 s o u r c e at 100 ft. M e a s u r e ­
m e n t s w e r e m a d e be fo re and a f te r the l ead l i n e r w a s added to the 
a l r e a d y i n - p l a c e s t e e l l i n e r . No s ign i f i can t c h a n g e s in d o s e r a t e s o r 
a n g u l a r d i s t r i b u t i o n could be d e t e c t e d wi th in the l i m i t s of e x p e r i m e n t ­
al e r r o r . It i s conc luded tha t the d o s e c o n t r i b u t i o n due to wa l l b a c k -
s c a t t e r w a s neg l i g ib l e for t h i s c o n f i g u r a t i o n . 

About n ine s e t s of m e a s u r e m e n t s w e r e m a d e wi th the 1 0 - m r 
c h a m b e r s wi th the c o b a l t - 6 0 s o u r c e p l a c e d at 100 ft. T h e s e d a t a 
w e r e t a k e n wi th the l e a d l i n e r (and l e a d lip) in p l a c e . M e a s u r e m e n t s 
w e r e a l s o m a d e at 60 ft. The d a t a a r e p lo t t ed in F i g . 3 . 1 

A s m o o t h c u r v e w a s d r a w n t h r o u g h the d a t a p o i n t s for d = 60 ft. 
F o r d = 100 ft and s m a l l v a l u e s of w d a t a p o i n t s w e r e s c a t t e r e d . A 
s t r a i g h t l ine w a s a s s u m e d for d a t a p o i n t s at s m a l l v a l u e s of cj and a 
l e a s t s q u a r e s fit w a s c a l c u l a t e d . A s m o o t h c u r v e w a s then d r a w n 
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Fig. 3. 1 - Experimental data at various depths in the center of 
the open hole, using 10-mr chambers and cobalt-60. 
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t h r o u g h the d a t a p o i n t s , u s ing a s g u i d e l i n e s the l e a s t s q u a r e s fit for 
s m a l l so l id a n g l e s and the a v e r a g e of the d a t a p o i n t s for l a r g e so l id 
a n g l e s . 

It i s i n t e r e s t i n g to no te tha t the two c u r v e s a r e p a r a l l e l and the 
r a t i o b e t w e e n the c u r v e s i s about 1. 8. T h u s , for t h e s e two d i s t a n c e s , 
the quan t i ty of s k y s h i n e r a d i a t i o n f r o m a po in t s o u r c e fa l l s off i n ­
v e r s e l y wi th the d i s t a n c e ( r a t h e r than d i s t a n c e s q u a r e d ) . The r e l a t i v e 
dose r a t e v e r s u s s o l i d - a n g l e f r a c t i o n s ( g e o m e t r y f a c t o r s ) a r e about 
the s a m e . F o r the s a m e s o l i d - a n g l e f r a c t i o n s , v a l u e s w e r e r e a d 
f r o m the two s m o o t h c u r v e s in F i g . 3 . 1 and a r e t a b u l a t e d in T a b l e 
3 . 1. 

TABLE 3,1. SMOOTHED DATA AT VARIOUS DEPTHS IN THE 
CENTER OF THE OPEN HOLE>;< 

D o s e r a t e , m r / h r / c 

Sol id ang le f r a c t i o n , u d = 100 ft 

0. 15 
0. 10 
0.070 
0. 052 
0. 030 
0. 013 
0. 0070 
0.0044 
0.0024 

d = 60 ft 

0.28 
0. 19 
0. 13 
0. 096 
0. 056 
0. 023 
0. 013 

1. 0 
0 . 9 
0. 8 
0. 7 
0 . 5 
0. 25 
0. 15 
0. 10 
0. 06 

-• ' Interpolated f r o m F i g . 3. 1. 

S e v e r a l m e a s u r e m e n t s w e r e m a d e wi th the Cut ie P i e i n s t r u m e n t 
wi th the c o b a l t - 6 0 s o u r c e p l a c e d f r o m 5 to 440 ft f r o m the c e n t e r of 
the h o l e . The d a t a p o i n t s w e r e c o n s i s t e n t w i th in t h e m s e l v e s but 
did no t c o m p a r e we l l wi th d a t a f r o m the 1 0 - m r c h a m b e r s . T h e s e 
d a t a a r e t h e r e f o r e not l i s t e d . They w e r e e x a m i n e d , h o w e v e r , and no 
c h a n g e s in geonae t ry f a c t o r s wi th d i s t a n c e f r o m the s o u r c e w e r e no ted , 
If s m a l l c h a n g e s o c c u r r e d , they w e r e o v e r s h a d o w e d by the e x p e r i ­
m e n t a l e r r o r . 

F u r t h e r n n e a s u r e m e n t s w e r e m a d e in an open hole in Y u c c a d r y 
l a k e . Two s e t s of m e a s u r e m e n t s wi th the 1 0 - m r c h a m b e r s w e r e 
m a d e wi th the c o b a l t - 6 0 s o u r c e p l a c e d at 100 ft. In t h i s c a s e , the 
w a l l s and l ip of the open hole w e r e of e a r t h , no t l e a d . The r e a d i n g s 
w e r e a v e r a g e d ; t h e s e a r e l i s t e d in T a b l e 3 . 2 and p lo t t ed in F i g . 
3 . 2 . Af ter m e a s u r e m e n t s w e r e t aken , i t w a s d i s c o v e r e d the e a r t h 
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Fig. 3. 2 - Dose ra te on center l ine of open hole 4 ft in d iameter 
and 6 ft deep, cobalt-60 source at 100 ft. 
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l ip a c t u a l l y p r o t r u d e d above g r o u n d s u r f a c e about 1/4 in . in the 
d i r e c t i o n of the s o u r c e and about 1/2 in . a t t he b a c k of the h o l e . 
E v i d e n t l y d u r i n g the d r i l l i n g p r o c e s s , p r e s s u r e had f o r c e d the 
e a r t h l ip s l igh t ly u p w a r d . 

T A B L E 3 . 2. E X P E R I M E N T A L DATA IN O P E N HOLE IN YUCCA 
DRY L A K E . 1 0 - m r C H A M B E R S , C O B A L T - 6 0 AT 
100 ft, WITH E A R T H WALLS AND E A R T H L I P 

L ip ^ to % in . above g r o u n d s u r f a c e 

S o l i d - a n g l e f r a c t i o n . D o s e r a t e , 
u m r / h r / c 

0. 942 0. 13 
0 . 7 8 5 0 . 0 7 7 
0 . 6 3 0 0 . 0 5 1 
0 . 4 8 5 0 . 0 3 9 
0 . 4 1 5 0 .030 
0 . 2 9 5 0 . 0 2 1 
0 . 2 3 2 0 . 0 1 7 
0. 184 0 .013 
0. 150 0. 010 

L ip even wi th g round s u r f a c e 

So l id -ang le f r a c t i o n . Dose r a t e 
u m r / h r / c 

0, 958 0. 137 
0 . 7 3 9 0 . 0 5 5 
0 .535 0 .029 
0 . 3 1 9 0 . 0 1 7 
0 . 2 0 8 0 . 0 1 0 4 
0. 143 0 .0072 
0 . 1 0 3 0 .0052 
0 . 0 7 7 0 .0040 

The l ip w a s s m o o t h e d un t i l i t w a s even wi th the g r o u n d s u r f a c e 
and t h e n m e a s u r e r a e n t s w e r e r e p e a t e d . The r e p e a t e d m e a s u r e m e n t s 
showed a m a r k e d d i f f e r e n c e , shown in T a b l e 3 . 2 and F i g . 3 , 2. As 
i s shown in F i g . 3 . 2 it m a k e s v e r y l i t t l e d i f f e r ence if the l ip and 
w a l l s a r e of l e a d o r of e a r t h , e x c e p t for s m a l l so l id a n g l e s . 

In add i t ion to the 100-ft m e a s u r e m e n t s , d a t a w e r e t a k e n wi th the 
1 0 - m r c h a m b e r s and the s p h e r i c a l ion c h a m b e r and e l e c t r o m e t e r 
s y s t e m wi th the c o b a l t - 6 0 s o u r c e p l a c e d at d i s t a n c e s up to 1500 ft. 
Da t a a r e p r e s e n t e d at a s o l i d - a n g l e f r a c t i o n va lue of 0. 86 in T a b l e 
3 . 3 , a s t h i s c o r r e s p o n d e d to the p o s i t i o n of the s p h e r i c a l ion c h a m b e r . 
The d a t a have b e e n c o r r e c t e d for b a c k g r o u n d . 
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TABLE 3 . 3 . EXPERIMENTAL DATA IN YUCCA DRY LAKE FOR 
CO = 0.. 86, Cobalt-60 

Distance from 
source , ft 

100 
175 
260 
440 
700 
1000 
1500 

Dose r a t e , m r / h r / c 

10-mr chamber 

0.086 
0.033 
0.020 
0.0079 
0. 0031 

Spherical ion 
chamber 

0.078 

0.0078 
0.0025 
0.00122 
0.00030 

3.2 VERTICAL BARRIERS 

Before the exper iment was begun, m e a s u r e m e n t s were made 
in the ver t ica l bunker (see F ig . 2. 7) before and after the lead l iner 
was ins t a l l ed . Very lit t le difference was observed. Another set of 
m e a s u r e m e n t s was made at locations around the per iphery and on 
top of the bunker to a s s u r e the expe r imen te r s that the bunker was 
not exposed to any d i rec t radiat ion and that the direct beam was 
in te rsec ted at about 1 ft above the bunker. 

The 10-mr chambers (Victoreen model 268) were initially used 
for measur ing the dose ra te attenuated by the steel and aluminum 
shields from cobal t-60. These data along with b a r r i e r reduction 
factors a re l isted in Tables 3 .4 , and 3. 5. Detector locations 
a re shown in F i g s . 2. 9 and 2. 10. Some of the s teel data a re shown 
in graphical form in F ig . 3 . 3 . 
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Fig. 3. 3 - Vertical barr ier data for steel, cobalt-60 ring source 
at a 100-ft radius, 10-mr chambers. 
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T A B L E 3 . 4 . V E R T I C A L BARRIER S T E E L SHIELDING DATA, 100-
F O O T - R A D I U S RING C O B A L T - 6 0 SOURCE, 1 0 - m r 
CHAMBERS 

D e t e c t 
Pos i t i ( 

1 

2 , 3 , 4 , 
a v e r a g 

6 
7 
8 

9 
10 

11 
12 
13 

14 
15 
16 
17 
18 

1 
2 , 3 , 4 , 
a v e r a g 

6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

or 
Dn>;< 

&5 
;ed 

&5 
e d 

0 

3 2 . 4 

32. 0 

34. 7 
3 3 . 9 
3 3 . 7 
3 1 . 1 
30. 1 
2 8 . 3 
27 . 7 
2 2 . 5 
19. 8 
1 6 . 5 
13 .6 
11 .6 
10 .2 

1. 0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1. 0 
1.0 
1. 0 
1. 0 
1. 0 
1. 0 
1.0 

1. 0 

M a s s 

10 .48 

16 .9 
16. 6 

18 .3 
17. 7 
17 .2 
16. 1 
15 .5 
14 .6 
15 .2 
13 .2 
1 1 . 5 

9 . 8 3 
8 . 0 4 
7. 17 
6 . 3 1 

B a i 
0. 522 
0 .519 

0. 527 
0. 522 
0. 510 
0 . 5 1 8 
0 . 5 1 5 
0 .516 
0. 549 
0 . 5 8 7 
0. 581 
0 . 5 9 6 
0 . 5 9 1 
0. 618 
0. 619 

2 0 . 

Thic 

. 9 6 

kn( 

3 1 . 

D o s e R a t e , 
10. 

10 . 

1 1 . 
1 1 . 
1 1 . 
10. 
10. 

9. 
10. 

9. 
8 . 
7. 
6. 
5 . 
4 . 

6 

8 

8 
4 
1 
5 
1 

49 
1 
3 1 

32 
70 
06 
33 
80 

: r i e r Re 
0. 
0. 

0 . 
0 . 
0. 
0. 
0 . 
0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 

327 
3 3 8 

340 
3 3 6 

3 2 9 
3 3 8 
3 3 6 
335 
3 6 5 
4 1 4 
4 2 2 
4 6 7 
4 4 6 

4 5 9 
4 7 1 

7. 

7. 

7, 
7, 
7, 
7, 
6, 

6, 

6, 
6. 
5 . 
5 . 
4 . 
3 . 
3 . 

3 S S , 

, 4 4 

l b / 

4 1 . 

sq f t 

92 

m r / h r / c/f t 
23 

20 

. 8 3 

. 5 9 

. 3 1 

. 00 
, 6 4 

, 3 0 
84 
35 

, 6 9 
13 
28 

, 6 8 

39 

iduction 
0. 
0. 

0 . 
0 . 
0 . 
0 . 

0 . 
0 . 
0 . 

0 . 
0 . 
0. 
0. 
0 . 
0. 

223 
2 2 5 

226 
2 2 4 
2 1 7 
2 2 5 
2 2 1 
2 2 3 
2 4 7 
2 8 2 
2 8 7 
3 1 1 
315 
3 1 7 
3 3 2 

4 . 

4 . 

5 . 
5 . 
4 . 
4 . 
4 . 
4 . 

4 . 
4 . 
3 . 
3 . 
2 . 
2 . 
2 . 

93 

76 

13 
05 
97 
55 
4 0 

09 
62 

2 8 
85 
36 

95 
60 
34 

. F a c t o r 
0. 
0 . 

0 . 
0. 
0 . 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

152 

149 

148 

149 
147 
146 
146 
145 
168 
190 
194 
2 0 4 
2 1 7 
2 2 4 

2 2 9 

52 

3 . 

3 . 

3 . 
3 . 
3 . 
3 . 
3 . 

2 . 
3 . 
3 . 
2 . 
2 . 
2 . 
1. 
1. 

lo^ 
0. 

0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

. 4 0 

53 

27 

66 
33 
53 
11 
04 

91 
12 
00 
74 
4 7 
06 
94 
52 

109 
102 

105 
0982 
105 
100 
101 
103 
113 
133 
138 
150 
151 
167 

149 

8 3 . 

0. 

0. 
0. 

0. 
0. 
0. 
0. 
0. 
0 . 
0. 

0 . 
0. 

0. 

, 84 

, 4 3 

28 

, 5 1 
, 50 
, 5 5 
, 2 8 
20 

05 
32 

, 2 9 
22 

68 

0441 
0400 

043 5 
0442 
0460 
0412 
0399 
0371 
0477 
0573 
0616 

0586 

'!'See F i g s . 2. 9 and 2 . 1 0 
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TABLE 3 . 5 . VERTICAL BARRIER ALUMINUM SHIELDING DATA, 
100-FT-RADIUS RING COBALT-60 SOURCE, lO-mr 
CHAMBERS 

D e t e c t o r 
p o s i t i o n * 

1 
2 , 3 , 4 , &5 
a v e r a g e d 

12 
13 
14 
15 

*See F i g s . 

M a s s 
I b / s q 

0 
Dose 

3 2 . 4 
32 . 0 

27. 7 
22 . 5 
19. 8 
16 .5 

t h i c k n e s s . 
ft 

7 . 5 3 6 . 6 7 
r a t e , m r / h r / c 
18. 7 
18. 9 

16. 0 
1 4 . 8 
11. 8 

8. 95 
2 . 9 and 2 . 10 

6. 08 
6. 13 

5. 90 
5 . 3 9 
4 . 67 
3 . 80 

:/ft 
0 

M a 
l b / 

s s t h i cknes s^ 
sq ft 

7. 5 3 6 . 6 7 
B a r r i e r r e d u c t i o n f a c t o r 

1. 0 
1. 0 

1. 0 
1. 0 
1. 0 
1. 0 

0. 577 
0. 591 

0. 578 
0. 658 
0. 600 
0 . 5 4 2 

0. 188 
0. 192 

0 .213 
0 . 2 4 0 
0 . 2 3 6 
0 . 2 3 0 

F o r m o r e expediency and li t t le loss of accuracy , the Nuclear 
Chicago Cutie Pie was used for the r e s t of the ve r t i ca l b a r r i e r ex­
per iment . All the aluminum and par t of the steel attenuation m e a ­
surements were repeated . The ces ium-13 7 m e a s u r e m e n t s were 
made at only three or four th icknesses of shield m a t e r i a l and at only 
Posi t ion A. (See Fig . 2. 11). Data were taken at Posi t ion B from the 
cohalt-60 source for wood and aluminum. The Cutie Pie data 
along with b a r r i e r reduction factors a re tabulated in Tables 3 .6 , 
3. 7 and 3. 8. 
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TABLE 3 .6 . VERTICAL BARRIER SHIELDING DATA, 100-FT-
RADIUS RING COBALT-60 SOURCE, NUCLEAR 
CHICAGO CUTIE PIE, POSITION A* 

M a s s t h i c k n e s s , 
I b / s q ft 

0 
3 . 02 
5 . 9 8 
8. 89 

11. 86 
14 .80 
20. 78 
29. 84 
35 . 64 

0 
2 1 . 52 
4 3 . 2 6 
64. 70 
85 . 98 

129 .34 

0 
7. 16 ^ 

14 .52 
2 1 . 66 
36. 64 
59. 12 
8 8 . 2 9 

0 
10 .48 
2 0 . 9 6 
5 2 . 4 0 
83 . 84 

Wood sh i e ld 

Dose r a t e , m r / h r / c / f t 

3 1 . 9 
2 5 . 9 
22 . 6 
20 . 7 
18 .6 
16 .5 
1 3 . 4 

9 . 3 2 
8 .45 

C o n c r e t e 
3 1 . 9 
12 .3 

5 . 75 
2 . 9 4 
1. 65 
0 . 6 9 

A l u m i n u m 
3 1 . 9 
2 0 . 9 
15 .3 
11 . 7 

7. 00 
3 . 4 4 
1. 34 

S t ee l sh 
3 1 . 9 
15 .9 

9 . 8 3 
3 . 2 2 
1.35 

s h i e ld 

sh i e ld 

i e ld 

B a r r i e r r e d u c t i o n 
f a c t o r 

1. 00 
0. 813 
0. 709 
0. 649 
0. 583 
0 . 5 1 8 
0 . 4 2 0 
0 . 2 9 2 
0 . 2 6 2 

1. 00 
0 . 3 8 6 
0. 180 
0 . 0 9 2 3 
0 . 0 5 1 8 
0. 0216 

1. 00 
0. 655 
0 . 4 8 0 
0. 367 
0 . 2 1 9 
0. 108 
0 .0420 

1. 00 
0 . 4 9 8 
0 . 3 0 8 
0. 101 
0. 0424 

•=See F ig . 2 .11 
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TABLE 3. 7. VERTICAL BARRIER SHIELDING DATA, 100-FT-
RADIUS RING CESIUM-13 7 SOURCE, NUCLEAR 
CHICAGO CUTIE PIE.POSITION A* 

Mass thickne 
Ib / sq ft 

0 
3. 02 
5. 98 

14. 80 

s s , D> ose 
Wood shi 
r a t e , m r 

13.8 
11.4 

9.93 
6. 76 

eld 
/ h r / c / f t B a r r i e r reduction 

factor 

1. 00 
0.828 
0. 720 
0.490 

Concrete shield 

0 13.8 1.00 
21.52 4 .7 0.346 
43.26 2 .07 0. 150 

Aluminum shield 

0 13.8 1.00 
7. 16 8. 74 0. 634 

14.52 5.99 0.434 
36. 64 2 .34 0. 170 

Steel shield 

0 13.8 1.00 
10.48 6.41 0.464 
20.96 3.65 0.264 
52.40 0.93 0.0674 

*See F ig . 2 . 1 1 , 
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T A B L E 3 . 8 . V E R T I C A L BARRIER SHIELDING DATA, 100 F T -
RADIUS RING C O B A L T - 6 0 SOURCE, NUCLEAR 
CHICAGO CUTIE P I E , POSITION B * 

Wood sh i e ld 
M a s s T h i c k n e s s , D o s e r a t e , m r / h r / c / f t B a r r i e r r e d u c t i o n 
l b / sq ft f a c t o r 

0 13 .2 1.00 
3 .02 11 .8 0 . 8 9 5 
5 . 9 8 11 .0 0 . 8 3 4 
8 .89 10 .0 0 . 7 5 8 

11 . 86 9. 15 0 .693 
14 .80 8 . 5 0 0 . 6 4 4 
20. 78 7 .20 0. 546 
29.84 5.62 0.425 
35.64 4.95 0.375 

A l u m i n u m sh ie ld 

0 13 .2 1.00 
7. 16 10. 1 0 . 7 7 0 

14 .52 7 . 8 1 0 .592 
2 1 . 6 6 6 . 4 4 0 . 4 8 7 
3 6 . 6 4 4 . 3 9 0 . 3 3 3 
59. 12 2 . 4 5 0. 186 
8 8 . 2 9 1.30 0 .0985 

*See F i g . 2 . 1 1 

T h e r e w a s s o m e r a d i a t i o n l e a k a g e t h r o u g h the s i d e s of the 
b u n k e r . To e s t i r a a t e t h i s d o s e r a t e , m e a s u r e m e n t s w e r e m a d e by 
p l ac ing a l l the s t e e l and c o n c r e t e s h e e t s at the b u n k e r f ace . D a t a 
w e r e p lo t t ed and e x t r a p o l a t e d to a m a s s t h i c k n e s s of 1000 I b / s q ft. 
The va lue at t h i s t h i c k n e s s w a s 0. 3 m r / h r / c / f t for c o b a l t - 6 0 d a t a . 
It i s no ted in T a b l e 3 . 6 t h a t t he d o s e r a t e t h r o u g h the l a r g e s t s h i e l d 
(129 I b / s q ft of c o n c r e t e ) i s m o r e than tw ice t h i s l e a k a g e d o s e r a t e . 

An e s t i m a t e of t h i s r a d i a t i o n l e a k a g e for c e s i u m - 1 3 7 w a s m a d e 
f r o m the c o b a l t - 6 0 d a t a . 
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3 . 3 H O R I Z O N T A L B A R R I E R S 

T h e f i r s t s e t of h o r i z o n t a l b a r r i e r m e a s u r e m e n t s w a s m a d e 
f o r s t e e l s l a b s a t t h e v e r t i c a l b u n k e r a r r a n g e m e n t ( s e e F i g , 2 . 7) 
f r o m a r i n g s o u r c e of c o b a l t - 6 0 . T h e s e d a t a a r e s h o w n i n g r a p h ­
i c a l f o r m in F i g . 3 . 4 . T h e g e o m e t r y w a s s u c h t h a t t h e t o p of t h e 
s h i e l d w a s n o t e x p o s e d t o s c a t t e r i n g a n g l e s of l e s s t h a n a b o u t 4 ° . 
T h i s b u n k e r d i d n o t h a v e a l e a d l i n e r . T h e s o l i d - a n g l e f r a c t i o n v a l ­
u e s ( CO ) g i v e n in t h e g r a p h r e f e r t o t h e d e t e c t o r - s h i e l d g e o m e t r y . 

T h e r e m a i n d e r of t h e h o r i z o n t a l s h i e l d d a t a w e r e t a k e n i n t h e 
r o u n d h o l e , t h e t o p of w h i c h w a s f l u s h w i t h t h e g r o u n d . T h e -wal ls 
a n d l i p w e r e of l e a d . A l l d a t a h a v e b e e n c o r r e c t e d f o r b a c k g r o u n d . 

T h e p r i m a r y d e t e c t o r f o r t h e w o o d a n d a l u m i n u m s h e e t s w a s t h e 
1 0 - m r i o n c h a m b e r . I t s s m a l l p h y s i c a l s i z e p r o v i d e d g o o d g e o r a e t r y 
f o r t h e e x p e r i m e n t . A f e w o t h e r m e a s u r e m e n t s w e r e m a d e w i t h t h e 
1 - m r c h a m b e r s a n d t h e C u t i e P i e i n s t r u m e n t f o r l a r g e t h i c k n e s s e s 
t o s u p p o r t t h o s e f r o m t h e 1 0 - m r c h a m b e r s . D a t a f o r t h e w o o d 
s h i e l d i n g m a t e r i a l a r e t a b u l a t e d i n T a b l e 3 . 9 , a n d s h o w n i n F i g . 
3 . 5 . D a t a f o r t h e a l u m i n u r a s h i e l d i n g m a t e r i a l a r e t a b u l a t e d i n 
T a b l e 3 . 1 0 a n d s h o w n i n F i g . 3 . 6 . 

T A B L E 3 . 9 . H O R I Z O N T A L B A R R I E R D A T A F O R W O O D , 100 F T 
D I S T A N C E , C O B A L T - 6 0 S O U R C E , 1 0 - m r C H A M B E R S 

D e t . M a s s t h i c k n e s s , I b / s q ft 
d e p t h , to ~0 0 . 75 1. 50 O 6 7 o 15 . 0 3 0 . 0 
i n . D o s e r a t e , m r / h r / c 

1. 
5. 

9. 
14. 
17. 
23. 
28. 
33. 
38. 
63. 

37 
12 
62 
37 
12 
87 
87 
62 
50 
00 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

949 
813 
664 
530 
464 

339 
269 
220 
181 
0655 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

121 
0705 
0465 
0325 
0275 
0184 
0140 
0110 
00880 
00270 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

084 
054 
037 
027 
022 
016 
012 
0098 
0080 
0032 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

065 
047 
034 
024 
020 
013 
010 

0079 
0063 
0020 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

057 
043 
031 
023 

019 
013 
0098 
0078 
0062 
0020 

0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

045 
037 
028 
021 
018 
012 
0092 
0073 
0058 
0019 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

034 
028 
022 
017 
014 
0098 
0075 
0061 

0049 
0016 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

021 
017 
013 
010 
0086 
0061 
0048 

0039 
0032 
0012 
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Fig. 3. 5 - Horizontal barr ier data for wood, cobalt-60 source at 100 ft, 
10-mr cham.bers. 
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T A B L E 3 . 10. H O R I Z O N T A L BARRIER DATA FOR ALUMINUM, 
100 F T DISTANCE, C O B A L T - 6 0 SOURCE, 1 m r 
AND 10 m r CHAMBERS 

Det. 
depth. 
in. 
2. 00 
10. 25 
20. 00 
24. 75 
29.25 
34. 00 
38. 75 
63. 00 

u 

0. 917 
0. 607 
0. 360 
0.282 
0.227 
0. 183 
0. 150 
0.0655 

0 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

Mass thickness, 

Dose 
107 
0402 
0198 
0148 
0113 
00900 
00700 
00270 

7.5 
rate, m r 

0.039 
0. 024 
0. 014 

0. on 
0.0090 
0.0075 
0.0061 
0. 0029 

Ib/sq ft 
37.5 

/hr/c 
0.0088 
0. 0066 
0.0043 
0.0035 
0.0029 
0.0023 
0.0019 
0.00079 

75 

0. 0015 
0.0013 
0.00093 
0.00080 
0.00068 
0.00057 
0.00048 
0. 00021 

The m a i n d e t e c t o r for the s t e e l s h i e l d s w a s the 1 -mr c h a m b e r s 
A few m e a s u r e m e n t s wi th the 1 0 - m r c h a m b e r s and the Cut ie P i e 
i n s t r u m e n t c o n f i r m e d the 1 -mr c h a m b e r f i n d i n g s . D a t a for the 
s t e e l s h e e t s a r e t a b u l a t e d in T a b l e 3 . 1 1 and shown in F i g . 3 . 7. 

T A B L E 3 . 1 1 . H O R I Z O N T A L BARRIER DATA F O R S T E E L , 100 F T 
DISTANCE, C O B A L T - 6 0 S O U R C E , 1-mr CHAMBERS 

Det. 
depth, 
in. 
1.58 

14.25 
27.25 
49. 54 
63. 00 

0. 
0. 
0. 
0. 
0. 

CO 

945 
490 
250 
100 
0655 

0 

0. 
0. 
0. 
0. 
0. 

Mass thickn̂  
10. 5 

Dose rate, 
120 0.027 
0295 0.015 
0128 0.0077 
00440 0.0029 
00270 0.0018 

ess, Ib/sq ft 
20. 0 
m^r/hr/ 
0. 016 
0. 010 
0.0055 
0.0019 
0. 0012 

52. 0 
c 
0. 0041 
0.0030 
0.0018 
0.00070 
0.00042 

105 

0.00048 
0.00034 
0.00020 
0.000078 
0.000049 

All c o n c r e t e d a t a w e r e t a k e n wi th 1 -mr c h a m b e r s . T h e s e 
d a t a a r e t a b u l a t e d in T a b l e 3 . 12. D a t a w e r e a l s o t a k e n for 132 l b / 
sq ft m a s s t h i c k n e s s of c o n c r e t e but a r e not inc luded b e c a u s e of 
p o o r g e o m e t r y . I t t u r n e d out t h a t the o v e r l a p of the s h i e ld o v e r 
the edge of the ho le w a s no t a s m u c h a s the t h i c k n e s s ; t h e r e f o r e the 
d a t a w e r e c o n s i d e r e d inva l id . T i m e did not p e r m i t l a r g e r s h i e l d s 
to be c o n s t r u c t e d . 

The "no sh ie ld" d a t a in T a b l e s 3 . 9 t h r o u g h 3 . 12 w e r e t a k e n 
f r o m the s m o o t h e d c u r v e in F i g . 3 . 1 . 
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Fig. 3. 7 - Horizontal barr ier data for steel, cobalt-60 source 
at 100 ft, 1-mr chambers. 
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TABLE 3.12. HORIZONTAL BARRIER DATA FOR CONCRETE, 
100 FT DISTANCE, COBALT-60 SOURCE, 1-mr 
CHAMBERS 

Det . 
depth , 

i n . 
2 . 2 5 
36. 00 
62. 00 

0. 
0. 
0. 

CO 

907 
168 
067 

M a s s t h i c k n e s s , I b / s q 
0 22 
D o s e r a t e , m r / h r / c 

0 . 1 0 3 0 .015 
0 . 0 0 8 0 0 0 .0043 
0 . 0 0 2 7 8 0 . 0 0 2 1 

ft 
4 4 

0 .0053 
0 .0016 
0 .00075 
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Chopfer 4 

ANALYSIS AND CONCLUSIONS 

4. 1 OPEN HOLE 

4. 1. 1 Dose Versus Distance 

The total sca t te red gamma radiat ion, D^, at a detector in an 
infinite medium of air a d is tance, d, from an isotropic point source 
of radiation can be represen ted a s : 

D" = 
Qe 

^d 
B (|j.d) - 1 (4. 1) 

where D^ - total sca t te red gamma radiation 
Q = A source s trength normal iza t ion factor, 14.53 X 10 

m r / h r 1 ft from a 1-curie cobalt-60 source 
d = source - to -de tec to r distance in feet 
M- = the total l inear absorption coefficient for a i r 

B(|J- d) = the dose buildup factor 

Berger has expressed the buildup factor, B( \i. d), for a 1.25-Mev 
isotopic point source in an infinite water medium as : 

B (n^d) = 1 + H-d L 3 2 5 e ° - 0 3 1 4 ^ ^ - 0 . 4 6 1 e ' ^ ' ^^4 ^^ (4.2) 

To compare with exper imenta l data, the coUimation of the 
detector and the p resence of the ground mus t be considered (see F ig . 4. 1). 
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Fig. 4.1 - Conical detector pointing 90° away from the source-detector line, isotropic point 
cobalt-60 source, source and detector at the air-ground interface. 

The d e t e c t o r r e s p o n s e , S, of a c o n i c a l d e t e c t o r poin t ing 90° 
away f r o m the s o u r c e d e t e c t o r l i ne a s in F i g . 4 . 1 c a n be e x p r e s s e d 
a s : 

S = G K D^ 
a 

( 4 .3 ) 

w h e r e G i s a d i r e c t i o n a l r e s p o n s e c o r r e c t i o n f a c t o r to c o r r e c t for the 
c o l l i m a t i o n of the d e t e c t o r and Ka i s an i n t e r f a c e c o r r e c t i o n f a c t o r to 
c o r r e c t for the p r e s e n c e of the g round . The v a l u e of G i s t a k e n a s 
half the g e o m e t r y r e d u c t i o n f ac to r of C a s e 2 in F i g . 2. 3 . T h e s e r e ­
duc t ion f a c t o r s w e r e t a k e n f r o m S p e n c e r ^ , who a s s u m e s an i d e a l 
c o l l i m a t e d d e t e c t o r in an inf in i te m e d i u m of a i r . B e c a u s e of the 
s t r o n g f o r w a r d c o m p o n e n t of the a i r - s c a t t e r e d r a d i a t i o n , one would 
e x p e c t the s ing le s c a t t e r e d pho tons to d i c t a t e the a n g u l a r d i s t r i ­
bu t ion and, t h e r e f o r e , the p r e s e n c e of the g round i s not e x p e c t e d to 
g r e a t l y inf luence t h e i r a n g u l a r d i s t r i b u t i o n . One f u r t h e r a s s u m e s the 
bu i ldup f a c t o r e x p r e s s i o n for w a t e r (Equa t ion 4 . 2 ) i s a p p l i c a b l e for 
a i r wi th su i t ab l e d e n s i t y s c a l i n g . 

It i s of i n t e r e s t to c a l c u l a t e v a l u e s of S for the hom.ogeneous 
m e d i u m c a s e ( K ^ ^ l ) . T h e s e c a l c u l a t i o n s wi l l l a t e r be c o m p a r e d to 
e x p e r i m e n t a l d a t a to d e r i v e v a l u e s of K^ .̂ The v a l u e of G w a s t a k e n 
a s 0 . 3 0 for a s o l i d - a n g l e f r a c t i o n of 0 . 8 6 ( F i g . 2 . 3 ) c o r r e s p o n d i n g 
to the d e t e c t o r p o s i t i o n of the s p h e r i c a l ion c h a m b e r . Th i s va lue of 
G w a s a s s u m e d to be c o n s t a n t for al l v a l u e s of d. The a i r d e n s i t y 
for the cond i t i ons of t h i s e x p e r i m e n t w a s u s e d for the c a l c u l a t i o n s . 
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The r e s u l t s of the c a l c u l a t i o n s a r e given in T a b l e 4 . 1 for poin t 
s o u r c e s and for r i n g s o u r c e s . 

T A B L E 4 . 1. C A L C U L A T E D SKYSHINE DOSE R A T E FOR A C O L L I ­
M A T E D D E T E C T O R (to = 0 .86) a DISTANCE d F R O M 
A C O B A L T - 6 0 SOURCE IN AN INFINITE H O M O G E N ­
OUS MEDIUM O F AIR 

) istance d, 
ft 
10 
50 

100 
150 
250 
440 
700 

1000 
1500 

Point Source, 
m r / h r / c 

0.615 
0. 121 
0.0600 
0.0382 
0. 0195 
0.00780 
0.00329 
0. 00144 
0.000479 

Ring Source , 
m r / h r / c / f t 

38.6 
38. 0 
37. 7 
36. 0 
30. 6 
21.5 
14.5 
9.04 
4 .21 

F o r e a s e of p r e s e n t a t i o n , the da t a f r o m a poin t s o u r c e of 
c o b a l t - 6 0 w e r e m u l t i p l i e d by 2 TT d to c o r r e s p o n d to a r i n g - s o u r c e 
con f igu ra t i on . The r e s u l t i n g v a l u e s a long wi th the c a l c u l a t i o n s a r e 
shown in F i g . 4 . 2. Some m e a s u r e m e n t s m a d e by o t h e r e x p e r i -
n a e n t e r s ' c o r r e c t e d for the a p p r o p r i a t e s o l i d - a n g l e f r a c t i o n , a r e 
a l s o p r e s e n t e d for c o m p a r i s o n . The d a s h e d l ine w a s d r a w n t h r o u g h 
the e x p e r i m e n t a l p o i n t s a v a i l a b l e . The va lue of Kĝ  for a g iven d i s ­
t a n c e c o r r e s p o n d s to the r a t i o of the e x p e r i m e n t a l v a l u e to the 
c a l c u l a t e d v a l u e . T h e s e v a l u e s , t a k e n f r o m the s m o o t h e d c u r v e s , 
a r e l i s t e d in T a b l e 4 . 2 for s e v e r a l d i s t a n c e s c o r r e s p o n d i n g to 0. 1 
to 2. 5 m e a n f r ee p a t h s (mfp). Unde r the e x p e r i m e n t a l cond i t i ons 
of t h i s p r o j e c t , a mfp in a i r w a s abou t 530 feet . 

In eva lua t ing e x p e r i m e n t a l d a t a , F i g . 4 . 2 shows t h a t r e s u l t s 
a r e c o n s i s t e n t and c o m p a r e wel l w i th o t h e r e x p e r i m e n t a l d a t a . A l s o 
l i s t e d in Tab le 4 . 2 for c o m p a r i s o n a r e v a l u e s of K, r e p r e s e n t i n g 
c o r r e c t i o n f a c t o r s for the t o t a l r a d i a t i o n at o r s l igh t ly above the 
i n t e r f a c e for c o b a l t - 6 0 s o u r c e s at the i n t e r f a c e (as def ined by 
B e r g e r ). F o r both c a s e s ( total and s k y s h i n e r a d i a t i o n ) and for 
s o u r c e s n e a r the d e t e c t o r , the e a r t h a c t s e f fec t ive ly a s a s c a t t e r e r 
and hence the v a l u e s of the c o r r e c t i o n f a c t o r s (K and K^) a r e 
g r e a t e r than one . F o r l a r g e s o u r c e - t o - d e t e c t o r d i s t a n c e s , the 
e a r t h a c t s e f fec t ive ly a s an a b s o r b e r of a i r - s c a t t e r e d r a d i a t i o n and 
thus the v a l u e s a r e l e s s than one . F o r both s m a l l and l a r g e s o u r c e -
d e t e c t o r d i s t a n c e s , v a l u e s of K^̂  w e r e found to be g r e a t e r t han 
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Fig. 4. 2 - Skyshine d o ^ rate for a collimated detector (u = 0. 86) 
a distance d from a cobalt-60 source. 



0. 1 
0. 2 
0. 3 
0 . 4 
0. 5 
0. 75 
1. 0 
1. 5 
2. 0 
2 . 5 
*Calc ;u la ted b y B e r g e r ^ 

1.53 
1. 28 
1. 11 
1. 01 
0. 97 
0. 92 
0. 91 
0 . 8 5 
0. 79 
0. 70 

T A B L E 4. 2. AIR-GROUND I N T E R F A C E C O R R E C T I O N F A C T O R S , 
FOR RADIATION F R O M C O B A L T - 6 0 , (Source and 
D e t e c t o r at o r n e a r the i n t e r f a c e . ) 

Mean f r ee pa th K ^ ( e x p e r i m e n t a l ) K ( t h e o r e t i c a l ) * 
in a i r , mfp for for 

skyshine rad ia t ion total r a d i a t i o n 

1. 18 
1. 17 
1. 14 
1. 07 
1. 01 
0. 91 
0. 83 
0. 72 
0. 64 
0. 58 

the v a l u e s of K. F o r i n t e r m e d i a t e d i s t a n c e s (0. 5 raip) bo th v a l u e s 
a r e about 1.0. 

The c a l c u l a t i o n s m a y s l igh t ly o v e r e s t i m a t e the bu i ldup for 
l a r g e d i s t a n c e s b e c a u s e of the a s s u m p t i o n tha t the bu i ldup f ac to r 
e x p r e s s i o n for w a t e r a p p l i e s to a i r . --* H o w e v e r , a c o m p e n s a t i n g 
effect m a y be the s l igh t change of a n g u l a r d i s t r i b u t i o n wi th d i s ­
t ance . 

F a c t o r s inf luencing the a c c u r a c y of the exper inr ienta l d a t a 
w e r e : 

1. S o u r c e c a l i b r a t i o n . 
2. D e t e c t o r a c c u r a c y and c a l i b r a t i o n . 
3. T e m p e r a t u r e - a n d - p r e s s u r e c o r r e c t i o n for d e t e c t o r s . 
4. N o n i s o t r o p y of the s o u r c e . 
5. N o n i s o t r o p y of the d e t e c t o r s . 
6. D e t e c t o r pos i t i on ing . 
7. S o u r c e - d e t e c t o r g e o m e t r y . 
8. E n e r g y r e s p o n s e of the d e t e c t o r s . 
S o u r c e c a l i b r a t i o n w a s c o n s i d e r e d a c c u r a t e to wi th in 3%. 

D e t e c t o r s a f te r c a l i b r a t i o n c o r r e c t i o n w e r e a s s u m e d to be a c c u r a t e 
to ± 10%. H o w e v e r , m o s t of the r e p o r t e d data p o i n t s a r e an a v e r ­
age of two or m o r e r e a d i n g s and thus should be a c c u r a t e to wi th in 
a p p r o x i m a t e l y 7%. A m a x i m u m of 1% e r r o r w a s p o s s i b l e for the 
t e m p e r a t u r e - a n d - p r e s s u r e c o r r e c t i o n . As can be s e e n in F i g s . 
2. 18 and 2. 19, the s o u r c e w a s n o n i s o t r o p i c . H o w e v e r , it w a s 
a lways p l aced such tha t the long ax i s w a s p e r p e n d i c u l a r to the l ine 
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f r o m s o u r c e to d e t e c t o r . S ince r a d i a t i o n t e n d s to be s c a t t e r e d 
p r e f e r e n t i a l l y in the f o r w a r d d i r e c t i o n , and s i n c e m o s t of the l a r g e -
angle s c a t t e r e d r a d i a t i o n r e a c h i n g the d e t e c t o r had b e e n s c a t t e r e d 
n e a r the d e t e c t o r r a t h e r than n e a r the s o u r c e , the effect of the 
a n i s o t r o p y of the s o u r c e i s c o n s i d e r e d n e g l i g i b l e , e s p e c i a l l y for 
l a r g e s o u r c e - d e t e c t o r d i s t a n c e s . D e t e c t o r s w e r e p o s i t i o n e d such 
tha t the effect of t h e i r a n i s o t r o p y w a s m i n i m i z e d . D e t e c t o r s w e r e 
p l a c e d wi th in 1/8 in . of the d e s i r e d l o c a t i o n s . The c e n t e r of the 
d e t e c t o r w a s a s s u m e d to be the ef fect ive d e t e c t o r l o c a t i o n . T h i s 
a s s u m p t i o n m a y have r e s u l t e d in s m a l l e r r o r s for the l a r g e r 
d e t e c t o r s . 

The g e o m e t r y of the ho le w a s a s i d e a l a s w a s c o n s i s t e n t 
wi th p r a c t i c a l f ield o p e r a t i o n s . H o w e v e r , t h e r e w e r e p r o b a b l y 
s o m e e r r o r s due to s o u r c e - h e i g h t e f fec ts and s c a t t e r i n g off n e a r ­
by m a t e r i a l ( s a n d b a g s 1-1 /2 ft h igh a few y a r d s away , for e x a m p l e ) 
for s m a l l s o u r c e - d e t e c t o r d i s t a n c e s . 

A s can be s e e n in F i g . 2. 20 the c h a m b e r r e s p o n s e s w e r e 
e s s e n t i a l l y f lat for e n e r g i e s f r o m 1.25 Mev down to about 100 kev 
and d r o p p i n g to 20 to 25% low at 40 k e v . The c o n t r i b u t i o n of l o w -
e n e r g y r a d i a t i o n m a y be l a r g e . Cl i f ford^ r e p o r t s " t ha t at a n g l e s 
g r e a t e r t han 3 0° above the h o r i z o n the bulk of the s c a t t e r e d r a d i a t i o n 
and hence the bulk of the d o s e r e c e i v e d i s due to e n e r g i e s l e s s than 
300 k e v . " He a l s o r e p o r t s tha t at a dep th of 1 m e t e r in a 2 - m e t e r 
d i a m e t e r h o l e , at l e a s t o n e - t h i r d of the d o s e r e c e i v e d i s f r o m r a d ­
i a t ion wi th e n e r g i e s l e s s than 100 k e v . His n a e a s u r e m e n t s w e r e 
f r o m a c e s i u m - 1 3 7 s o u r c e . B e c a u s e no m e a s u r e m e n t s w e r e m a d e 
of the e n e r g y s p e c t r u m , no c o r r e c t i o n s w e r e m a d e for e n e r g y r e ­
s p o n s e of the c h a m b e r s . 

The d e t e c t o r s m a y have o v e r r e s p o n d e d a t s m a l l s o u r c e -
d e t e c t o r d i s t a n c e s b e c a u s e of e l e c t r o n s , c a u s e d by f r e e - a i r i o n i z a ­
t ion above the g round (an inch o r two above the top d e t e c t o r ) , 
p e n e t r a t i n g the c h a m b e r w a l l s . To e v a l u a t e t h i s p o s s i b l e e r r o r , 
1/16 in . of p o l y e t h l e n e w a s p l a c e d a r o u n d the 1 0 - m r c h a m b e r s and 
the 100-ft m e a s u r e m e n t s r e p e a t e d . The po lye th l ene p l u s the c h a m b e r 
w a l l s p r o v i d e d enough m a s s to s top 1-Mev e l e c t r o n s . The c h a m b e r s 
r e a d about 4% l o w e r wi th the p o l y e t h l e n e c o v e r than wi thout i t . 
Whi le the p o l y e t h l e n e c o v e r p r o b a b l y a b s o r b e d s o m e e l e c t r o n s tha t 
would have p e n e t r a t e d the c h a m b e r w a l l s , i t a l s o a b s o r b e d s o m e 
l o w - e n e r g y pho tons tha t a l s o would have b e e n r e a d by the c h a m b e r . 
F o r t h i s r e a s o n no c o r r e c t i o n w a s m a d e in the d a t a . 

E x p e r i m e n t a l d a t a f r o m th i s e x p e r i m e n t c o m p a r e s a t i s f a c t o r ­
i ly wi th t h e o r e t i c a l c a l c u l a t i o n s and wi th o the r e x p e r i m e n t a l m e a s u r e ­
m e n t s by A F R R I ^ and TOR'*. 
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It i s of i n t e r e s t to know the s k y s h i n e d o s e r a t e in the ho le a s 
a funct ion of r a d i u s of c o n t a m i n a t i o n . An e s t i m a t e of t h e s e v a l u e s 
w a s ob ta ined f r o m the d a t a and p lo t t ed in F i g . 4 . 3 for the top of the 
hole ( s o l i d - a n g l e f r a c t i o n of 1.0). A v a l u e of 51 n a r / h r i s e s t i ­
m a t e d for an inf ini te p l a n e of Coba l t -60 c o n t a m i n a t e d to a d e n s i t y 
of 1 m c / s q ft. T h i s va lue i s about 10% of the e s t i m a t e d to t a l d o s e 
r a t e (500 m r / h r ) 3 ft above g r o u n d . T h i s c o n a p a r e s wi th 8. 8% 
c a l c u l a t e d by S p e n c e r for s t a n d a r d t e m p e r a t u r e and p r e s s u r e . It 
i s no ted tha t 50% of the s k y s h i n e c o n t r i b u t i o n o r i g i n a t e s f r o m c o n ­
t a m i n a t i o n beyond 3 50 ft. 

4 . 1. 2 G e o r a e t r y R e d u c t i o n 

Note in Fig.. 3 . 1 t ha t e x p e r i m e n t a l d a t a for d = 100 ft a r e 
s o m e w h a t spo t ty , e s p e c i a l l y for p o s i t i o n s n e a r the b o t t o m of the 
h o l e . H o w e v e r , b e c a u s e of the v o l u m e of d a t a t a k e n , a h igh d e g r e e 
of conf idence i s p l a c e d on the s m o o t h e d c u r v e t h r o u g h the e x p e r i ­
m e n t a l p o i n t s . T h i s s m o o t h e d c u r v e w a s n o r m a l i z e d to a d o s e r a t e 
of 1. 0 at (J - 1.0 and i s c o m p a r e d to a c a l c u l a t e d c u r v e for 
d = 100 ft in F i g . 4 . 4 . The c a l c u l a t e d g e o m e t r y r e d u c t i o n c u r v e i s 
d u p l i c a t e d f r o m F i g . 2 . 3 . It c an be s e e n tha t the a g r e e m e n t of the 
two c u r v e s i s e x c e l l e n t . It i s conc luded t h a t the c a l c u l a t e d g e o m ­
e t r y f a c t o r d e s c r i b i n g the r e s p o n s e of a con i ca l d e t e c t o r po in ted 
90° away f r o m the s o u r c e - t o - d e t e c t o r l ine for a s o u r c e - d e t e c t o r 
d i s t a n c e of 100 ft in a i r i s c o n f i r m e d by e x p e r i m e n t a l d a t a . 

4 . 1. 3 L i p S c a t t e r and Wal l B a c k s c a t t e r 

M e a s u r e m e n t s in a ho le wi th a s t e e l l i n e r and l e a d l ip showed 
no n o t i c e a b l e d i f f e rence f r o m t h o s e in a ho le wi th a l e a d l i n e r and 
l e a d l i p . Whi le no m a j o r d i f f e r ence w a s no ted when the hole c o n ­
t a ined e a r t h v /a l ls and an e a r t h l i p , a s m a l l i n c r e a s e (10 to 20%) 
w a s no ted at p o s i t i o n s n e a r the bo t t om of the hole (u < 0. 15). 

If the l ip of the hole would p r o t r u d e above g r o u n d even a 
s m a l l a m o u n t , a m a j o r i n c r e a s e in dose r a t e would be o b s e r v e d in 
the h o l e . M e a s u r e m e n t s showed an i n c r e a s e of about 25% at a 
s o l i d - a n g l e f r a c t i o n of 0. 5 when the e a r t h l ip w a s f r o m 1/4 to 
1/2 in . above g round l e v e l and the coba l t -60 s o u r c e w a s at 100 ft. 
The he igh t of the s o u r c e w a s a l s o auout 1/2 in . above g r o u n d . 

4 . 2 V E R T I C A L BARRIERS 

The m a i n p u r p o s e of the v e r t i c a l b a r r i e r e x p e r i m e n t w a s to 
s tudy the b a r r i e r a t t e n u a t i o n of s k y s h i n e r a d i a t i o n . The po in t of 
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Fig. 4. 3 - Dose rate as a function of radius of contamination, cobalt-
60, 1 mc/sq ft (integrated from experimental smoothed curve in 
Fig. 4.2). 

10 •• 



10 1 I I I I 1—r - i—I—i—p-r 

o 
1 -

> 10 

o 
u 
to 

-2 
10 

10 
J L 

, 2 
DERIVED FROM SPENCER S 
CALCULATION 

NORMALIZED, SMOOTHED DATA 

10 ' 

SOLID-ANGLE FRACTION, w 

Fig. 4. 4 - Geometry factor describing the detector response to 
skyshine radiation of a conical detector pointed 90° from the source-
to-detector line; source-detector distance in air, 100 ft; cobalt-60 
isotropic point source. 

64 



i n t e r e s t , t h e r e f o r e , w a s the d e t e c t o r p o s i t i o n s i m i n e d i a t e l y behind 
the sh i e ld . M e a s u r e m e n t s w e r e a l s o m a d e at o the r p o s i t i o n s for 
i n f o r m a t i o n a l p u r p o s e s . 

All d a t a w e r e n o r m a l i z e d to the "no s h i e l d " d o s e r a t e and 
b a r r i e r - r e d u c t i o n f a c t o r s w e r e d e t e r m i n e d for e a c h sh ie ld m a t e r ­
i a l and p o s i t i o n . V e r t i c a l b a r r i e r r e d u c t i o n c u r v e s for s t e e l and 
coba l t -60 a r e shown in F i g . 4 . 5. F i g u r e s 2. 9, 2. 10, and 2. 11 

should be r e f e r r e d to for l o c a t i o n of d e t e c t o r p o s i t i o n s . The l o w e r 
c u r v e of F i g . 4. 5 i s for d e t e c t o r s l o c a t e d i m m e d i a t e l y behind the 
s h i e l d . L e s s a t t enua t i on i s p r o v i d e d at p o s i t i o n s f u r t h e r in the 
b u n k e r . T h i s i s u n d e r s t a n d a b l e s ince a g r e a t e r p e r c e n t a g e of r a ­
d ia t ion a r r i v i n g at t h e s e p o s i t i o n s h a s p e n e t r a t e d the s h i e ld in a 
m o r e n e a r l y n o r m a l d i r e c t i o n . 

F i g u r e 4 . 6 shows the b a r r i e r r e d u c t i o n f a c t o r c u r v e s for a l u m ­
i n u m and Cobal t -60. F o r c o m p a r i s o n a c u r v e for a v e r t i c a l b a r r i e r 
e x p o s e d to the to t a l r a d i a t i o n ( d i r e c t p lus s k y s h i n e ) i s i nc luded . Thi 
c u r v e i s f r o m S p e n c e r ' s Monograph ' - for c o b a l t - 6 0 and i s r e p ­
r e s e n t e d s c h e m a t i c a l l y in C a s e 2 in F i g . 2 . 2. 

A c o m p a r i s o n of a t t e n u a t i o n p r o v i d e d by four d i f f e ren t m a t e r ­
i a l s for the f ront p o s i t i o n and for coba l t -60 i s shown in F i g . 4 . 7. 
F o r t h i s con f igu ra t i on , a s t e e l sh ie ld i s m o r e eff ic ient than c o n ­
c r e t e and a l u m i n u m , and t h e s e in t u r n a r e b e t t e r than wood. T h i s 
i s a s one \vould e x p e c t s ince a l a r g e p a r t of the r a d i a t i o n r e a c h i n g 
the d e t e c t o r i s f r o m l o w - e n e r g y p h o t o n s . Al l d a t a p o i n t s a r e c o n ­
s i s t e n t among t h e m s e l v e s , wi th the e x c e p t i o n of the c o n c r e t e d a t a 
for 129 I b / s q ft. At t h i s t h i c k n e s s the dose r a t e i s v e r y low and, 
t h e r e f o r e , e r r o r s a r e l a r g e for the i n s t r u m e n t a t i o n u s e d . 

A c o m p a r i s o n of a t t e n u a t i o n p r o v i d e d by the four d i f fe ren t 
m a t e r i a l s for the f ront p o s i t i o n and for c e s i u m - 1 3 7 i s shown in 
F i g . 4 . 8. The s a m e t r e n d i s n o t e d for the c e s i u m - 1 3 7 d a t a a s for 
the c o b a l t - 6 0 d a t a . Wood and a l u m i n u m m a t e r i a l a t t e n u a t i o n for 
bo th Cobal t -60 and c e s i u m - 1 3 7 a r e p r e s e n t e d i n F i g . 4 . 9 . The 
s h i e l d s p r o v i d e g r e a t e r a t t e n u a t i o n to s k y s h i n e o r i g i n a t i n g f r o m 
c e s i u m - 1 3 7 than f r o m c o b a l t - 6 0 excep t for v e r y s m a l l i n a s s t h i c k ­

n e s s e s . 
It m u s t be u n d e r s t o o d tha t a l l v e r t i c a l sh ie ld d a t a have been 

p r e s e n t e d r e l a t i v e to the"no s h i e l d " c a s e for e a c h of the two s o u r c e s 
s e p a r a t e l y . 

T h e r e a r e no t h e o r e t i c a l c a l c u l a t i o n s (known to the a u t h o r s ) 
d i r e c t l y a p p l i c a b l e to the v e r t i c a l sh ie ld c o n f i g u r a t i o n . F o r c o m ­
p a r i s o n , r e s u l t s of the c o n c r e t e d a t a a r e p r e s e n t e d in F i g . 4 . 10 
a long wi th t h r e e o the r s o u r c e - d e t e c t o r - s h i e l d c o n f i g u r a t i o n s t a k e n 
f r o m S p e n c e r ' s M o n o g r a p h ^ for c o b a l t - 6 0 c o n t a m i n a t i o n . C a s e s 

7-10 ] and Z have b e e n ve r i f i ed by o t h e r e x p e r i m e n t e r s . C a s e 

(Text con t inued on page 72) 
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radiation orginating from a ring source of cobalt-60 at 100 ft. 
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Fig. 4. 7 - Vertical barrier reduction from skyshine radiation 
originating from a ring source of cobalt-60 at a 100-ft radius. Position 
A. 
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Fig, 4. 8 - Vertical barrier reduction from skyshine radiation 
originating from a ring source of cesium-137 at a 100-ft radius„ 
Position A. 
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Fig. 4. 9 - Vertical barr ier reduction from skyshine radiation 
originating from a ring source of cobalt-60 or cesium-137 at 
a 100-ft radius. Position A. 
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Fig. 4. 10 - B a r r i e r shielding effects for cobalt-60 contamination. 
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3 wi l l be d i s c u s s e d in the nex t s e c t i o n . C a s e 4 i s the r e s u l t of the 
v e r t i c a l b a r r i e r e x p e r i m e n t for c o n c r e t e . 

4 . 3 HORIZONTAL BARRIERS 

The point of p r i m a r y i n t e r e s t in the h o r i z o n t a l b a r r i e r e x ­
p e r i m e n t w a s the top d e t e c t o r . T h e r e f o r e , t he t i m e of e x p o s u r e 
w a s such a s to ob ta in m a x i m u r a a c c u r a c y of r e a d i n g s for the top 
d e t e c t o r s . Since d o s e r a t e s v a r i e d by a f a c t o r of 50 f r o m top to 
bo t tom of the ho le , t h r e e s e p a r a t e e x p o s u r e s w e r e n e e d e d to get 
a c c u r a t e enough r e a d i n g s at a l l p o s i t i o n s . E v e n then , the l o w e r -
pos i t i on d e t e c t o r r e a d i n g s w e r e low and, t h e r e f o r e , l e s s r e l i a b l e 
than r e a d i n g s f r o m the u p p e r d e t e c t o r s . T h i s i s n o t i c e a b l e in the 
s p r e a d of da t a for the t h i n - s h i e l d c a s e s ( F i g s . 3 . 5 and 3 . 6 . ) 

D a t a in F i g s . 3 . 5, 3 . 6 and 3 . 7 w e r e s m o o t h e d and p lo t t ed a s a 
funct ion of s o l i d - a n g l e f r a c t i o n (to ) for the v a r i o u s t h i c k n e s s e s . . 
E x t r a p o l a t i o n s to a s o l i d - a n g l e f r a c t i o n of one w e r e t h e n ob t a ined 
for a l l the m a t e r i a l s and t h i c k n e s s e s . B a r r i e r , g e o m e t r y , and 
b a r r i e r - a n d - g e o m e t r y r e d u c t i o n f a c t o r s w e r e t h e n ob t a ined for 
v a r i o u s s o l i d - a n g l e f r a c t i o n s . T h e s e v a l u e s a r e l i s t e d in T a b l e s 
4 . 3 t h r o u g h 4 . 10 and p r e s e n t e d in g r a p h i c a l f o r m in F i g s . 4 . 11 
t h r o u g h 4 . 19- /T. ^ -̂ ^ icx 

(Tex t con t inued on page 75) 
T A B L E 4. 3. SMOOTHED DATA SHOWING BARRIER REDUCTION 

PROVIDED BY H O R I Z O N T A L WOOD SLABS AGAINST 
SKYSHINE RADIATION, C O B A L T - 6 0 SOURCE AT 
100 F T 

u M a s s t h i c k n e s s , I b / s q ft 
0 0. 75 1.5 3 . 0 6 . 0 15 .0 3 0 . 0 

B a r r i e r R e d u c t i o n f a c t o r 
1. 0 

0.9 
0.8 
0. 7 

0. 5 

0.25 

0. 15 

1. 0 
1. 0 
1. 0 
1.0 
1. 0 
1. 0 
1. 0 

0. 69 
0. 71 
0. 75 
0. 78 
0.81 
0. 82 

0.89 

0.49 
0. 58 
0. 6b 
0. 71 
0. 75 
0. 74 
0. 78 

0.43 
0.51 

0.59 
0. 64 
0. 70 
0. 69 
0. 73 

0.33 
0.42 
0.51 
0. 58 
0. 64 
0. 65 
0. 68 

0.25 
0. 32 

0.39 
0.44 
0. 51 
0.54 
0. 57 

0. 15 
0. 19 
0.23 
0.27 
0.31 
0.34 
0. 38 

0 , 1 0 1.0 0 . 9 1 0 . 8 2 0 . 7 4 0 . 6 8 0 . 5 9 0 . 4 0 
0 . 0 6 0 1.0 0 . 9 b 0 . 8 7 0 . 8 0 0 . 7 ^ 0 . 6 3 0 . 4 4 
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TABLE 4 . 4 . SMOOTHED DATA SHOWING BARRIER AND GEOMETRY 
REDUCTION PROVIDED BY HORIZONTAL WOOD SLABS 
AGAINST SKYSHINE RADIATION, COBALT~60 SOURCE 
AT 100 F T ^ 

y Mass th ickness , Ib / sq ft 
0 0.75 oTs 37o bTo TsTo 3o7o~ 

Barrier-geometry reduction factor 
1. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 

0 

9 
8 
7 
5 
25 
15 
10 
060 

1.0 
0. 67 
0. 47 
0.35 
0.20 
0. 087 
0. 047 
0. 029 
0. 016 

0. 69 
0.47 
0.35 
0.27 
0. 16 
0. 071 
0. 041 
0. 027 
0.015 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

49 
39 
31 
25 
15 
064 
03b 
024 
014 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

43 
34 
28 
22 
14 
060 
034 
022 
013 

0.33 
0, 28 
0. Z4 
0. 20 
0. 13 
0. 05 7 

0. 032 

0. 020 

0. 012 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

25 
21 
18 
15 
10 
04 7 

027 
017 
010 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

15 
13 
11 
093 
063 
030 
018 
012 
0070 

T A B L E 4. 5. SMOOTHED DATA SHOWING BARRIER REDUCTION 
PROVIDED BY H O R I Z O N T A L ALUMINUM SLABS 
AGAINST SKYSHINE RADIATION, C O B A L T - 6 0 SOURCE 
AT 100 F T 

(J Mass thickness, Ib/sq ft 
5 77^; • 577"g Ys 

Barrier reduction factor 
1. 0 

0.9 
0.8 
0, 7 

0. 50 

0.25 

0. 15 

0. 10 
0. 060 

1. 0 
1. 0 
1. 0 
1.0 
1. 0 
1.0 
1. 0 
1. 0 
1. 0 

0. 30 
0. 38 
0.47 
0. 54 
0. 65 
0. 71 
0. 79 
0. 83 
0. 91 

0. Obi 
0.086 
0. 11 
0. 14 
0. 19 
0. 24 
0.27 
0.28 
0. 30 

0.0099 
0. 014 
0. 020 
0. 025 
0. 038 
0. 056 
0. 0b8 
0. 074 
0. 081 
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T A B L E 4. 6. SMOOTHED DATA SHOWING BARRIER AND 
G E O M E T R Y REDUCTION P R O V I D E D BY H O R I ­
Z O N T A L ALUMINUM SLABS AGAINST SKYSHINE 
RADIATION. C O B A L T - 6 0 SOURCE AT 100 F T 

tj M a s s t h i c k n e s s , l b . sq ft 
0 TTS 37. 5 75 ' 

B a r r i e r - g e o m e t r y r e d u c t i o n f ac to r 
1.0 

0.9 
0. 8 
0. 7 

0. 5 

0.25 

0. 05 

0. 10 
0.060 

1. 0 
0. 67 
0.47 
0.35 
0.20 
0. 087 
0.047 
0.029 
0.016 

0.30 
0.25 
0.22 
0. 19 
0. 13 

0. 061 

0. 037 

0. 024 

0. 015 

0. 061 

0. 057 

0.053 

0.049 
0. 038 

0. 021 

0. 013 

0. 0083 

0.0048 

0.0099 
0.0096 

0.0093 

0. 0088 

0.0076 

0. 0049 
0. 0032 

0.0022 

0.0013 

T A B L E 4. 7. SMOOTHED DATA SHOWING BARRIER REDUCTION 
PROVIDED BY H O R I Z O N T A L S T E E L SLABS AGAINST 
SKYSHINE RADIATION, C O B A L T - 6 0 SOURCE AT 
100 F T 

U M a s s t h i c k n e s s , I b / s q ft 
0 10 .5 2 1 . 0 52 . 5 TOS 

B a r r i e r r e d u c t i o n f ac to r 
0. 18 
0. 26 
0.51 
0. 59 
0. 63 
0. 65 
0. 68 

0. 11 
0. 15 
0.34 
0.42 
0.46 
0.46 
0.47 

0. 027 
0.040 
0. 10 
0. 13 

0. 14 
0. 15 

0. 15 

0.0033 

0.0046 

0. 012 

0.016 

0. 018 

0. 019 

0. 020 

1. 0 
0 . 9 
0 . 5 
0 . 2 5 
0. 15 
0. 10 
0. 060 
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TABLE 4. 8. SMOOTHED DATA SHOWING BARRIER AND GEOM­
ETRY REDUCTION PROVIDED BY HORIZONTAL 
STEEL SLABS AGAINST SKYSHINE RADIATION, 
COBALT-60 SOURCE AT 100 FT 

u Mass thickness, Ib/sq ft 
0 10.5 21. 0 52.5 TOS 

Barrier-geometry reduction factor 
1. 0 
0.9 
0.5 
0.25 
0. 15 
0. 10 
0. 060 

1.0 
0. 67 
0.20 
0. 087 
0. 047 
0. 029 
0. 016 

0. 18 
0. 17 
0. 10 
0. 051 
0. 029 
0. 019 
0. on 

0. 11 
0. 10 
0.068 
0.036 
0. 021 
0.013 
0. 0075 

0. 027 
0.026 
0. 020 
0. Oil 
0.0067 
0.0043 
0.0024 

0.0033 
0. 0031 
0.0023 
0.0014 
0.00084 
0.00055 
0. 00031 

TABLE 4. 9. SMOOTHED DATA SHOWING BARRIER REDUCTION 
PROVIDED BY HORIZONTAL CONCRETE SLABS 
AGAINST SKYSHINE RADIATION, COBALT-60 
SOURCE AT 100 FT 

to Mass thickness, Ib/sq ft 
0 22 44 ' 

Barrier reduction factor 
_ _ ___ 0. 11 0. 036 

0. 15 1. 0 0. 57 0.21 
0.060 1.0 0.81 0.28 

TABLE 4. 10. SMOOTHED DATA SHOWING BARRIER AND GEOM­
ETRY REDUCTION PROVIDED BY HORIZONTAL 
CONCRETE SLABS AGAINST SKYSHINE RADIATION, 

COBALT-60 SOURCE AT 100 FT 
CO Mass thickness, Ib/sq ft 

0 22 44 
Barrier-geometry reduction factor 

1.0 1.0 0. 11 0. 036 
0.15 0.047 0.027 0.010 
0.060 0.016 0.013 0.0045 

In this source-shield-detector configuration, a small amount 
of shielding material provides a large amount of protection for 
positions near the shield. This is strongly emphasized in the wood 
data (Fig. 4. 11) where thin sheets of plyv/ood were used. One inch 
of wood reduced the dose rate a factor of 3. This is not surprising, 

(Text continued on page 85) 
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Fig. 4. 11 - Smoothed data showing barrier reduction provided 
by horizontal wood slabs against skyshine radiation from cobalt-60. 
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Fig. 4. 13 - Smoothed data showing barrier-and-geometry reduction 
provided by horizontal wood slabs against skyshine radiation from 
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Fig. 4. 14 - Smoothed data showing barrier reduction provided by 
horizontal aluminum and concrete slabs against skyshine radiation 
from cobalt-60. 
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Fig. 4. 16 - Smoothed data showing barrier-and-geometry reduction 
provided by horizontal aluminum and concrete slabs against skyshine 
radiation from cobalt-60. 
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Fig. 4. 17 - Smoothed data showing barrier reduction provided 
by horizontal steel slabs against skyshine radiation from cobalt-60. 
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Fig. 4. 19 - Smoothed data showing barrier-and-geometry reduction 
provided by horizontal steel slabs against skyshine radiation'from 
cobalt-60. 
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h o w e v e r , b e c a u s e of the s t r o n g l o w - a n g l e s c a t t e r c o m p o n e n t . T h i s 
c o m p o n e n t m u s t p e n e t r a t e a l a r g e s l an t t h i c k n e s s to r e a c h the 
d e t e c t o r . 

Much l e s s a t t e n u a t i o n ( b a r r i e r r e d u c t i o n only) i s p r o v i d e d for 
the d e t e c t o r n e a r the b o t t o m of the h o l e . P r e s u m a b l y a p o r t i o n 
of the s t r o n g l o w - a n g l e s k y s h i n e c o m p o n e n t i nc iden t on top of the 
s l a b i s s c a t t e r e d by the s l a b . T h i s e x t r a s e c o n d a r y , s c a t t e r e d 
r a d i a t i o n i s m o r e i s o t r o p i c , t h e r e b y p r o v i d i n g m o r e r a d i a t i o n to the 
d e t e c t o r s . Th i s w a s a l s o no ted by Clifford •'• •'• in u s ing C e s i u m - 1 3 7 . 
T h i s e x t r a c o m p o n e n t i s m o r e n o t i c e a b l e for s m a l l t h i c k n e s s e s . 
M a t e r i a l a t t e n u a t i o n a p p e a r s to be l o g a r i t h m i c beyond about 3 0 l b / 
sq ft for a l l p o s i t i o n s and m a t e r i a l s . 

It i s i n t e r e s t i n g to note in the g e o m e t r y r e d u c t i o n c u r v e s tha t 
for th in m a t e r i a l s the d o s e r a t e d e c r e a s e s v e r y r a p i d l y wi th d e c r e a s e 
in so l id angle of v i ew . At about 10 to 30 I b / s q ft the dose r a t e i s 
p r o p o r t i o n a l to the so l id ang le and at l a r g e t h i c k n e s s e s it d e c r e a s e s 
s lowly wi th d e c r e a s e in so l id a n g l e . 

The g e o m e t r y r e d u c t i o n f a c t o r c u r v e s in F i g s . 4 . 1 2 , 4 . 15, 
and 4 , 18 a r e qui te s i m i l a r in shape to t h o s e of a m o r e c o m m o n sh ie ld 
g e o m e t r y . F i g u r e 4 . 2 0 shows th i s c a s e t a k e n d i r e c t l y f r o m S p e n c e r ' s 
M o n o g r a p h 42 . 

E v e n the v a l u e s a r e qui te s i m i l a r . T h i s i s no t s u r p r i s i n g when 
one e x a r a i n e s the s i m i l a r i t y of the a n g u l a r d i s t r i b u t i o n of the 
r a d i a t i o n s i nc iden t on the sh ie ld m a t e r i a l in the tv^o c a s e s . The g e ­
o m e t r y f a c t o r s a r e shown in F i g . 4 . 2 1 for c o m p a r i s o n . The four th 
c a s e i s for the " p o o r " g e o m e t r y c a s e at the r ing s o u r c e b u n k e r 
a r r a n g e m e n t (F ig . 2. 7). 

F o r h o r i z o n t a l s h i e l d s in t h e s e i n s t a n c e s , the a n g u l a r d i s ­
t r i b u t i o n a p p e a r s to have a s t r o n g e r in f luence on the b a r r i e r or 
g e o m e t r y r e d u c t i o n than d o e s e i t h e r the e n e r g y s p e c t r u m or the 
sh ie ld m a t e r i a l . 

B a r r i e r r e d u c t i o n for a l l sh i e ld m a t e r i a l s a r e c o m p a r e d for a 
s o l i d - a n g l e f r a c t i o n va lue of 1. 0 in F i g . 4 . 22. V e r y l i t t l e d i f f e r ence 
i s no ted b e t w e e n sh i e ld m a t e r i a l s . The wood d a t a at 30 I b / s q ft i s 
p r o b a b l y too high for a l l p o s i t i o n s b e c a u s e of the s m a l l o v e r l a p of 
the s l a b s at the edge of the hole ( see F i g . 2. 12). M o s t d a t a po in t s 
a r e be low the t h e o r e t i c a l c u r v e for an inf ini te p l a n e . As no ted in 
F i g s . 2. 3 and 4 . 2 1 , the g e o m e t r y r e d u c t i o n for a poin t s o u r c e at 
100 ft i s s h a r p e r than tha t for an inf ini te p l a n e . One would then 
e x p e c t g r e a t e r a t t e n u a t i o n for t h i s sh ie ld geonnietry. It is a l s o 
no ted tha t the g e o m e t r y r e d u c t i o n for the r i n g - s o u r c e b u n k e r a r ­
r a n g e m e n t m o r e n e a r l y a p p r o x i m a t e s tha t f r o m an inf ini te p l ane 
for l a r g e so l id a n g l e s . Da t a p o i n t s for t h i s c a s e a r e in e x c e l l e n t 
a g r e e n a e n t wi th c a l c u l a t i o n s . 
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Data po in t s for s o l i d - a n g l e f r a c t i o n v a l u e s of 0. 5, 0. 15, and 
0. 06 a r e shown in F i g . 4. 23 for a l l sh i e ld m a t e r i a l s . Some d i f f e r ence 
in m a t e r i a l s i s no t ed for s m a l l t h i c k n e s s e s and for s m a l l so l id a n g l e s . 
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Chopfer 5 

SUMMARY AND CONCLUSIONS 

Calculations assuming a uniform infinite medium mus t be c o r r e c t e a 
for the a i r -g round interface to predic t the dose r a t e in an open hole from 
sources on the ground. These cor rec t ion factors were found exper i ­
mental ly to vary from 1. 5 to 0. 7 for source - to -de tec to r d is tances in 
a i r from 53 to 1325 ft respect ive ly for cobalt-60 on smooth, dry ground. 

Exper imenta l data in Nevada indicate that the skyshine dose 
ra te at the top of a foxhole is about 10% of the total dose ra te 3 ft 
above ground from an infinite, smooth plane of cobalt-60. This 
compares with 8.8% calculated by Spencer-'-for s tandard t empe ra tu r e 
and p r e s s u r e fronn infinite medium theory. 

With a cobalt-60 source at 100 ft the re la t ive dose ra te of 
skyshine radiat ion v e r s u s solid angle fract ions (geometry reduction) 
m e a s u r e d in an open hole is in excellent agreement with that ca l ­
culated by Spencer •*•. The p resence of the ground does not appear 
to grea t ly pe r tu rb the geometry reduction. 

Lip sca t te r and wall backsca t te r appear to be negligible com­
pared to the skyshine dose ra te in an open hole. Exact exper imenta l 
a r r angemen t s a r e impor tant for skyshine radiat ion s tudies . 

The attenuation provided by a ve r t i ca l b a r r i e r exposed only to 
skyshine radiat ion from ring sources of cobalt-60 and ces ium-13 7 
was m e a s u r e d . B a r r i e r reduction is g r e a t e r at posit ions immediate ly 
behind the shield than at posit ions further in the bunker. This is b e ­
cause a g rea t e r percentage of radiat ion ar r iv ing at these posit ions 
has penet ra ted the shield in a m o r e near ly no rma l d i rec t ion. A steel 
shield is m o r e efficient than an equal weight of concrete or alurainum, 
and these in turn a re bet ter than wood. This is p resumably because 
a la rge port ion of radiat ion reaching the detector is from low-energy 
photons. The shields provide g rea te r attenuation to skyshine o r ig i ­
nating from Cesium-13 7 than from cobalt-60 except for very smal l 
m a s s th icknesses . 

The attenuation provided by a horizontal b a r r i e r exposed only 
to skyshine radiat ion from a cobalt-60 source at 100 ft was measu red . 
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In t h i s s o u r c e - s h i e l d - d e t e c t o r con f igu ra t i on , a s m a l l a m o u n t of 
sh ie ld ing m a t e r i a l p r o v i d e s a l a r g e a m o u n t of p r o t e c t i o n for the 
d e t e c t o r i m m e d i a t e l y u n d e r the s h i e ld . Two i n c h e s of c o n c r e t e 
r e d u c e s the d o s e r a t e by a l m o s t a f ac to r of 10. At l o w e r d e p t h s in 
the ho le the sh i e ld i s l e s s e f fec t ive , h o w e v e r . At a dep th of 5 ft 
be low the 2 - i n . c o n c r e t e sh i e ld the d o s e r a t e i s r e d u c e d by only a 
f ac to r of 2 . The d o s e i s , of c o u r s e , m u c h l e s s b e c a u s e of the 
s m a l l so l id angle sub tended by a d e t e c t o r at the b o t t o m of the 
h o l e . (The a t t e n u a t i o n r e f e r s to a r a t i o wi th and wi thou t the sh i e ld ) . 

The type of sh ie ld m a t e r i a l u s e d r e s u l t e d in v e r y l i t t l e d i f f e r ­
ence in a t t enua t i on (on a we igh t b a s i s ) at the top p o s i t i o n . A g r e a t e r 
d i f f e r ence i s no t ed at o t h e r p o s i t i o n s , e s p e c i a l l y for s m a l l sh i e ld 
t h i c k n e s s e s . 

D a t a po in t s a r e in e x c e l l e n t a g r e e m e n t wi th c a l c u l a t i o n s by 
S p e n c e r when c o n s i d e r a t i o n i s g iven to the s l i gh t d i f f e r ence in 
a n g u l a r d i s t r i b u t i o n of the s k y s h i n e f r o m a po in t s o u r c e at 100 ft 
and f r o m an i n f i n i t e - p l a n e s o u r c e . 

A s l igh t change of the a n g u l a r d i s t r i b u t i o n of the r a d i a t i o n 
s t r i k i n g the h o r i z o n t a l b a r r i e r a p p e a r s to have a s t r o n g e r in f luence 
on the b a r r i e r o r g e o m e t r y r e d u c t i o n than e i t h e r a s l i gh t change in 
e n e r g y o r in the a t o m i c n u m b e r of the sh i e ld m a t e r i a l . 

C o b a l t - 6 0 h a s b e e n wide ly u s e d in r a d i a t i o n sh i e ld ing s t u d i e s . 
The ex ten t to wh ich r e s u l t s ob ta ined by u s i n g coba l t -60 can be a p ­
p l i ed to i d e a l i z e d fa l lout r a d i a t i o n h a s been d i s c u s s e d by E i s e n h a u e r ^ 
and inaplied by S p e n c e r ' s e x t e n s i v e c a l c u l a t i o n s . F o r two s o u r c e 
c o n f i g u r a t i o n s cited"^, it r e q u i r e s about 10% m o r e m a s s t h i c k n e s s to 
p r o d u c e a g iven a t t enua t i on for o n e - h o u r f i s s i o n - p r o d u c t r a d i a t i o n 
than it d o e s for coba l t -60 r a d i a t i o n . S p e n c e r ' s ca lcula t ions-^ for 
h o r i z o n t a l - b a r r i e r a t t enua t i on f r o m s k y s h i n e r a d i a t i o n i n d i c a t e about 
the s a m e d i f f e r e n c e . T h i s i s u n d e r s t a n d a b l e w h e n one n o t e s t h a t t he 
a n g u l a r d i s t r i b u t i o n s a r e e s s e n t i a l l y the s a m e (excep t for s m a l l 
so l id a n g l e s ) and tha t the b a r r i e r r e d u c t i o n i s m o r e d e p e n d e n t upon 
the a n g u l a r d i s t r i b u t i o n than on s o u r c e s p e c t r u m . 

It i s i m p l i e d by the above d i s c u s s i o n then tha t the d a t a f r o m 
coba l t -60 can be app l i ed to o n e - h o u r f i s s i o n s p e c t r u m by adding 10% 

to the m a s s t h i c k n e s s to ob ta in the s a m e b a r r i e r r e d u c t i o n for the 
s a m e s o u r c e con f igu ra t i on . F o r a r e a l i s t i c fa l lout s i t ua t i on , h o w e v e r 
the s o u r c e con f igu ra t i on would m o r e p r o b a b l y be inf ini te in e x t e n t and 
con ta in a d e g r e e of g round r o u g h n e s s or t e r r a i n e f f ec t s . 

The e x p e r i m e n t a l d a t a c o n f i r m the c a l c u l a t i o n s of a n g u l a r 
d i s t r i b u t i o n of the skysh ine c o m p o n e n t and c o n f i r m the h o r i z o n t a l 
b a r r i e r c a l c u l a t i o n s for a d e t e c t o r i m m e d i a t e l y be low the s l a b . 
T h e r e f o r e , to apply the d a t a to a r e a l i s t i c fa l lout s i t ua t i on , the d a t a 
should be ad jus t ed by consu l t i ng the t h e o r e t i c a l c a l c u l a t i o n s . T h i s 
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d e t a i l e d a p p l i c a t i o n i s beyond the scope of t h i s r e p o r t . 
In s u m m a r y , the e x p e r i m e n t a l d a t a a r e c o n s i s t e n t wi th in t h e m ­

s e l v e s and c o m p a r e w e l l wi th o t h e r e x p e r i m e n t a l d a t a and wi th 
c a l c u l a t i o n s . The r e s u l t s a r e a p p l i c a b l e to a v a r i e t y of s h i e l d i n g 
p r o b l e m s . Spec i f i ca l ly , w i th a p p r o p r i a t e a d j u s t m e n t , the r e s u l t s 
p r o v i d e sh i e ld ing i n f o r m a t i o n for b a s e m e n t roo f s and e x p o s e d b a s e ­
m e n t w a l l s f r o m s k y s h i n e r a d i a t i o n o r i g i n a t i n g f r o m fa l lou t . The 
o b j e c t i v e s w e r e m e t and the e x p e r i m e n t w a s conduc t ed safe ly wi th in 
the c r i t e r i a e s t a b l i s h e d for the p r o j e c t . 

R E F E R E N C E S 

1. L . V. S p e n c e r , S t r u c t u r e Shie ld ing A g a i n s t F a l l o u t R a d i a t i o n 
f r o m N u c l e a r W e a p o n s , NBS M o n o g r a p h 42 , N a t i o n a l B u r e a u of 
S t a n d a r d s , U. S. D e p t . of Conmmerce , J u n e 1, 1962. 
2. C. E . E i s e n h a u e r , A n a l y s i s of E x p e r i m e n t s on L igh t R e s i -
d e n t i a l S t r u c t u r e s wi th D i s t r i b u t e d C o b a l t - 6 0 S o u r c e s , R e p o r t 
N B S - 6 5 3 9 , N a t i o n a l B u r e a u of S t a n d a r d s , O c t o b e r , 1959. 

93 





CIVIL EFFECTS TEST OPERATIONS REPORT SERIES (CEX) 

Through its Division of Biology and Medicine and Civil Effects Test Operations Office, the Atomic Energy Commission 
conducts certain technical tests , exercises, surveys, and research directed primarily toward practical applications of nu­
clear effects information and toward encouraging better technical, professional, and public understanding and utilization of 
the vast body of facts useful m the design of countermeasures against weapons effects The activities carried out in these 
studies do not require nuclear detonations 

A complete listing of all the studies now underway is impossible in the space available here However, the following is 
a list of all reports available from studies that have been completed All reports listed are available at the prices indi­
cated, from the Clearinghouse for Federal Scientific and Technical Information U S Department of Commerce, Spring­
field, Va 

CEX-57 1, The Radiological Assessment and Recovery of 
Contaminated Areas, C F Miller, 1960, $0 75 

CEX-58 1, Experimental Evaluation of the Radiation 
Protection Afforded by Residential Structures Against 
Distributed Sources, J A Auxier, J O Buchanan, 
C Eisenhauer and H E Menker, 1959, $2 75 

CEX-58 2, The Scattering of Thermal Radiation into Open 
Underground Shelters, T P Davis, N D Miller T S 
Ely, J A Basso, and H E Pearse, 1959 $0 75 

CEX-58 7, AEC Group Shelter AEG Facilities Division, 
Holmes & Narver, Ino , 1960, $0 50 

CEX-58 8, Comparative Nuclear Effects of Biomedical 
Interest, C S White, I G Bowen, D R Richmond, and 
R L Corsbie, 1961, $1 00 

CEX-58 9, A Model Designed to Predict the Motion of 
Objects Translated by Classical Blast Waves, I G 
Bowen, R W Albright E R Fletcher and C S White 
1961, $1 25 

CEX-69 1, An Experimental Evaluation of the Radiation 
Protection Afforded by a Large Modern Concrete Of­
fice Building, J F Batter, J r , A L Kaplan, and E T 
Clarke, 1960, $0 60 

CEX-59 4, Aerial Radiological Monitoring System I 
Theoretical Analysis, Design, and Operation of a Re­
vised System, R F Merian, J G Lackey, and J E 
Hand, 1961, $1 25 

CEX-59 4 (Ft II), Aerial Radiological Monitoring Sys­
tem Par t 11 Performance, Calibration, and Opera­
tional Check-out of the EG&G Arms-II Revised System, 
J E Hand, R B GuiUou, and H M Borella, 1962, 
$1 50 

CEX-59 7B (Pt U), Experimental Radiation Measure­
ments in Conventional Structures Part II Compari­
son of Measurements m Above-ground and Below-
ground structures from Simulated and Actual Fallout 
Radiation, Z G Burson, 1964, $1 50 

CEX-59 7C, Methods and Techniques of Fallout Studies 
Using a Particulate Simulant, W Lee and H Borella, 
1962, $0 50 

CEX-59 13, Experimental Evaluation of the Radiation 
Protection Afforded by Typical Oak Eidge Homes 
Against Distributed Sources, T D Strickler and J A 
Auxier, 1960, $0 50 

CEX-59 14, Determinations of Aerodynamic-drag Pa­
rameters of Small Irregular Objects by Means of Drop 
Tests, E P Fletcher, R W Albright, V C Goldizen, 
and I G Bowen, 1961, $1 75 

CEX-60 1, Evaluation of the Fallout Protection Afforded 
by Brookhaven National Laboratory Medical Research 
Center, H Borella, Z Burson, and J Jacovitch, 1961, 
$1 75 

CEX-60 3, Extended- and Point-source Radiometric Pro­
gram, F J Davis and P W Reinhardt 1962, $1 50 

CEX-60 5, Experimental Evaluation of the Fallout-
radiation Protection Afforded by a Southwestern 
Residence, Z Burson, D Parry, and H Borella, 
1962, $0 50 

CEX-60 6, Experimental Evaluation of the Radiation Pro­
tection Provided by an Earth-covered Shelter, Z Bur­
son and H Borella, 1962, $1 00 

CEX-61 1 (Prelim ), Gamma Radiation at the Air-Ground 
Interface, K O'Brien and J E McLaughlin, J r , 1963 

CEX-61 4, Experimental Evaluation of the Fallout-
radiation Protection Provided by Selected Structures 
in the Los Angeles Area, Z G Burson, 1963, $2 25 

CEX-62 01, Technical Concept—Operation BREN, J A 
Auxier, F W Sanders, F F Haywood, J H Thorn-
gate, and J S Cheka 1962, $0 50 

CEX-62 02, Operation Plan and Hazards Report— 
Operation BREN, F W Sanders, F F Haywood, 
M I Lundm, L W GiUey, J S Cheka, and D R 
Ward, 1962, $2 25 

CEX-62 03, General Correlative Studies — Operation 
BREN, J A Auxier, F F Haywood, and L W GiUey, 
1963, $1 00 

CEX-62 2, Nuclear Bomb Effects Computer (Including 
Slide-rule Design and Curve Fits for Weapons Effects), 
E R Fletcher, R W Albright, R E D Perret , 
Mary E Franklin, I G Bowen, and C S White, 1963, 
$1 00 

CEX-62 14, An Experimental Investigation of the Spatial 
Distribution of Dose in an Air-over-Ground Geometry, 
F F Haywood, J A Auxier, and E T Loy, 1964, 
$4 00 

CEX-62 81 (Prehm ), Ground Roughness Effects on the 
Energy and Angular Distribution of Gamma Radiation 
from Fallout, C M Huddleston, Z G Burson, R M 
Kmkaid, andQ G Klinger, 1963 $ 1 2 5 

CEX-63 7, A Comparative Analysis of Some of the Im­
mediate Environmental Effects at Hiroshima and 
Nagasaki, C S White, I G Bowen, and D R Rich­
mond, 1964 $2 00 

CEX-63 11, Mobile Radiological Measuring Unit De­
scription and Operating Information Z G Burson, 
R L Summers and J T Brashears , 1965 $1 00 

CEX-64 3, Ichiban The Dosimetry Piogram for Nuclear 
Bomb Survivors of Hiroshima and N a g a s a k i ^ A 
Status Report as of April 1, 1964, J A Auxier, 1964, 
$0 50 

CEX-65 02, Technical Concept—Operation HENRE, 
S. F Haywood and J A. Auxier, 1965, $1 00. 




