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ABSTRACT 

The sa fe ty a n a l y s i s p e r f o r m e d in s u p p o r t of the S N A P 1 OA 

fl ight t e s t s h a s inc luded c o n s i d e r a t i o n of p o t e n t i a l h a z a r d s due 

to q u a s i s t e a d y - s t a t e o p e r a t i o n of the S N A P 1 OA r e a c t o r u n d e r 

a c c i d e n t c o n d i t i o n s . S t e a d y - s t a t e o p e r a t i o n is c o n s i d e r e d p o s 

s i b l e , a l though h ighly i m p r o b a b l e , fol lowing l aunch pad a c c i d e n t s 

t ha t could o c c u r d u r i n g o r a f t e r fueling of the l aunch and o r b i t a l 

s t a g e v e h i c l e s . In the e x t r e m e l y i m p r o b a b l e even t t ha t r e e n t r y 

a e r o d y n a i n i c and i m p a c t f o r c e s fai l to r e n d e r the c o r e p e r m a 

nen t ly s u b c r i t i c a l , s t e a d y - s t a t e o p e r a t i o n is aga in c o n s i d e r e d 

p o s s i b l e . P o t e n t i a l r a d i a t i o n h a z a r d s due to a c c i d e n t s of t h i s 

n a t u r e a r e e x a m i n e d in th is r e p o r t . 
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1. INTRODUCTION " . : 

The l aunch of a n u c l e a r p o w e r un i t (NPU) in to a p o l a r e a r t h o r b i t , a s p l anned 

for the S N A P lOA F l i g h t T e s t s , w i l l b e s i m i l a r in e v e r y r e s p e c t to a r o u t i n e 

l aunch of a n o n n u c l e a r p a y l o a d . Ground hand l ing t a s k s d u r i n g f inal countdown 

w i l l not be s e r i o u s l y a f fec ted by the p r e s e n c e of the NPU in the m i s s i l e . The 

po t en t i a l for a c c i d e n t a l n u c l e a r r a d i a t i o n in b i o l o g i c a l l y s i gn i f i can t q u a n t i t i e s 

w i l l be e s s e n t i a l l y n o n e x i s t e n t un t i l r o u t i n e pad e v a c u a t i o n is e n f o r c e d p r i o r to 

fuel l oad ing . The fuel load ing o p e r a t i o n s w^ill i n t r o d u c e h y d r o g e n o u s f luids in to 

the v i c in i t y of the r e a c t o r t ha t could , in the even t of an a b o r t , c a u s e a c c i d e n t a l 

c r i t i c a l i t y . The r a t e of r e a c t i v i t y add i t ion u n d e r t h e s e cond i t ions would m o s t 

l ike ly be r a p i d , c a u s i n g a s u p e r c r i t i c a l e x c u r s i o n and c o n c o m i t a n t d e s t r u c t i o n 

of the r e a c t o r . H o w e v e r , i t i s c o n c e i v a b l e t h a t r e a c t i v i t y could b e added s lowly 

enough to p e r m i t a s t a b l e r i s e to p o w e r , i . e. , s t e a d y - s t a t e o p e r a t i o n . Such an 

a c c i d e n t , involv ing m i s s i l e fuel , would be e x p e c t e d a l s o to involve de luge w a t e r 

t h a t is u s e d d u r i n g pad a b o r t s to c o n t r o l the ensu ing f i r e . The de luge w a t e r 

would d r a i n in to a r e t e n t i o n b a s i n of suf f ic ien t s i z e to p e r m i t a c o m p a r a t i v e l y 

s low w a t e r l e v e l r i s e . Al though obv ious ly p r o b l e m a t i c a l , i t is p o s s i b l e t ha t 

a b o r t f o r c e s could p l a c e t h e r e a c t o r in the b a s i n p r i o r to the a r r i v a l of the w a t e r . 

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

pad (Pad 4, P A L C 2, N M F P A ) , the r e t e n t i o n b a s i n i s a p p a r e n t l y the only cav i ty 

l a r g e enough to p e r m i t a s low fluid l e v e l r i s e u n d e r m i s s i l e a b o r t c o n d i t i o n s . 

P e r s o n n e l would not be e x p o s e d to r a d i a t i o n f r o m the o p e r a t i n g r e a c t o r 

excep t by d e l i b e r a t e c h o i c e to e n a c t e m e r g e n c y p r o c e d u r e s i n t ended to effect 

shu tdown . F r o m the r a d i o l o g i c a l v iewpoin t , the m a j o r i n f o r m a t i o n a l r e q u i r e 

m e n t s to s u p p o r t e m e r g e n c y p r o c e d u r e p lann ing a r e : 

a) D i r e c t d o s e r a t e s n e a r the b a s i n e d g e , wi th suf f ic ient d e t a i l to f a c i l i 

t a t e sh i e ld ing c a l c u l a t i o n s - . • , -

b) I n d i r e c t d o s e r a t e s n e a r the b a s i n edge , bu t w i th in the shadow f o r m e d 

by the b a s i n s t r u c t u r e 

c) D o s e r a t e r e d u c t i o n wi th tinne due to r e f l e c t o r l o s s (wa te r v a p o r i z a t i o n 

f r o m r e a c t o r h e a t ) 
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d) D u r a t i o n of r e a c t o r o p e r a t i o n if a c t i o n to effect shu tdown is d e l a y e d 

' e) A i r b o r n e c o n t a m i n a t i o n p o t e n t i a l due to f a i l u r e of fuel e l e m e n t c l a d 

ding o r to c o r e d e s t r u c t i o n ( e x c u r s i o n ) d u r i n g o p e r a t i o n . 

The r e q u i r e d i n f o r m a t i o n h a s been ob ta ined a n a l y t i c a l l y , and the r e s u l t s a r e 

r e p o r t e d in the fol lowing p a g e s . Al though a n a l y s e s of i m p r o b a b l e a c c i d e n t c o n 

s e q u e n c e s a r e use fu l , a s u c c e s s f u l l aunch i s , of c o u r s e , a n t i c i p a t e d ; and th i s 

a n t i c i p a t i o n is j u s t i f i e d by the i m p r e s s i v e r e l i a b i l i t y r e c o r d of the p a r t i c u l a r 

l aunch and o r b i t a l s t a g e v e h i c l e s to be e m p l o y e d , ., • . . . 

As soon as the N P U is t r a n s p o r t e d above the e a r t h ' s a t m o s p h e r e , d i s a s s e m 

bly of the r e a c t o r c o r e due to a e r o d y n a m i c hea t ing w i l l b e c o m e an ef fec t ive s a f e 

g u a r d a g a i n s t p o s t i m p a c t c r i t i c a l i t y . H o w e v e r , c e r t a i n d e s i g n s a f e g u a r d s a r e 

n e c e s s a r y to the u t i l i z a t i o n of r e e n t r y a b l a t i v e f o r c e s for t h i s p u r p o s e . In p a r 

t i c u l a r , the b e r y l l i u m r e f l e c t o r a s s e m b l y tha t s u r r o u n d s the v e s s e l m u s t be .• 

r e m o v e d to e x p o s e the v e s s e l w a l l s , and the v e s s e l m u s t then a b l a t e suf f ic ien t ly 

to p e r m i t r e l e a s e of the fuel e l e m e n t s . To a c h i e v e t h e s e c o n d i t i o n s , a u t o m a t i c 

r e f l e c t o r e j e c t i o n e a r l y in the r e e n t r y p h a s e w i l l be p r o v i d e d by the ab l a t i on of 

a th in r e t e n t i o n b a n d . Th i s m e t h o d is no t d e p e n d e n t on the r e l i a b i l i t y of the 

g r o u n d c o m m a n d o r o n - b o a r d a u t o m a t i c r e f l e c t o r r e l e a s e s y s t e m s , A thin w a l l 

r e a c t o r v e s s e l has b e e n d e s i g n e d wh ich a l s o i nc l udes a f o r w a r d l ip w e l d . Due 

to t h e s e d e s i g n f e a t u r e s , su f f i c ien t d i s a s s e m b l y of the r e a c t o r to e l i m i n a t e p o s t -

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

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

d u r i n g r e e n t r y . The l o s s of only 20% of the h y d r o g e n would e l i m i n a t e the p o s 

s i b i l i t y of p o s t i m p a c t c r i t i c a l i t y , a s s u m i n g tha t i m p a c t f o r c e s do not a c t u a l l y 

i m p r o v e the c o r e g e o m e t r y . L o s s of four c e n t r a l o r s e v e n p e r i p h e r a l fuel e l e 

m e n t s a t i m p a c t would b e suf f ic ien t to p r e v e n t c r i t i c a l i t y . • . • •' •. 

In the un l ike ly even t tha t a l l d e s i g n r e f l e c t o r e j e c t i o n m e c h a n i s m s fa i l , wi th 

the r e a c t o r con t inu ing to o p e r a t e in o r b i t for 100 y e a r s o r l o n g e r , s e l f - w e l d i n g 

of the r e f l e c t o r a s s e m b l y to the r e a c t o r s t r u c t u r e i s a t p r e s e n t c o n s i d e r e d to be 

a p o s s i b i l i t y . The p r o t e c t i o n f rom a e r o d y n a m i c h e a t i n g and ab l a t ion af forded by 

the a s s e m b l y could then c o n c e i v a b l y l e a v e the c o r e i n t ac t and c a p a b l e of c r i t i 

ca l i t y a t the m o m e n t of i m p a c t on the e a r t h . If i m p a c t is in to w a t e r o r m o i s t 

s o i l , e i t h e r the i m p a c t f o r c e s wi l l s e p a r a t e the fuel e l e m e n t s , p r e v e n t i n g c r i t i 

c a l i t y , o r an e x c u r s i o n v/i l l o c c u r . In e i t h e r c a s e , s t e a d y - s t a t e o p e r a t i o n w i l l 
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be p r e v e n t e d . If i m p a c t is into d r y so i l , c r i t i c a l i t y is p o s s i b l e only if the c o r e 

g e o m e t r y s u r v i v e s , and r e a c t i v i t y is s u b s e q u e n t l y added (un l e s s added s lowly , 

an e x c u r s i o n w i l l o c c u r ) . Under cond i t ions of s low r e a c t i v i t y add i t ion , s u c h as 

a s lowly r i s i n g w a t e r r e f l e c t o r , the fuel m a y go c r i t i c a l , and r e m a i n so as long 

as r e f l e c t o r l o s s e s (due to bo i l i ng , p e r c o l a t i o n , e t c . ) a r e r e p l e n i s h e d , o r un t i l 

r e a c t o r d a m a g e c a u s e s i r r e v e r s i b l e shu tdown . D a m a g e of this type could i n 

c lude an e x c u r s i o n , o r o v e r h e a t i n g of the u p p e r , d r y c o r e s e c t i o n , w^ith r e s u l t 

ing h y d r o g e n m o d e r a t o r r e l e a s e . Two a d d i t i o n a l r e s t r i c t i v e cond i t i ons a r e 

r e q u i r e d for s u c h quas i s t e a d y - s t a t e o p e r a t i o n . F i r s t , t he fuel e l e m e n t c l a d 

ding m u s t be c a p a b l e of r e t a i n i n g the h y d r o g e n m o d e r a t o r d u r i n g the r i s e to 

p o w e r , d e s p i t e d a m a g e by r e e n t r y h e a t and i m p a c t f o r c e s . Second , the r i s e to 

p o w e r m u s t o c c u r in a s t a b l e naanner w h i c h p r e v e n t s c o r e d a m a g e by i n i t i a l 

p o w e r p u l s e s . Should the s t e a d y - s t a t e o p e r a t i o n a c t u a l l y o c c u r , i t is un l ike ly 

tha t p e r s o n n e l would be i n j u r e d by the a s s o c i a t e d r a d i a t i o n . The p r o b a b i l i t y of 

s t e a d y - s t a t e o p e r a t i o n and p e r s o n n e l i n ju ry h a s been c a l c u l a t e d a s b e t w e e n 
-5 -4 1 

1 x 1 0 and 2 x 1 0 p e r r e e n t r y even t , depend ing on o r b i t a l l i f e t i m e . 

E v a l u a t i o n of the c o n s e q u e n c e s of the q u a s i s t e a d y - s t a t e a c c i d e n t h a s r e 

q u i r e d i n f o r m a t i o n c o n c e r n i n g : • • ' . . 

a) D o s e r a t e s n e a r the r e a c t o r whi le o p e r a t i n g 

b) D u r a t i o n of r e a c t o r o p e r a t i o n .• • • 

c) Cond i t i ons of p e r s o n n e l e x p o s u r e - , -. 

d) A i r b o r n e c o n t a m i n a t i o n p o t e n t i a l . . 

With the e x c e p t i o n of the t h i r d ques t i on , a n a l y t i c a l e s t i m a t e s h a v e b e e n 

m a d e to p r o v i d e the r e q u i r e d i n f o r m a t i o n . The cond i t ions of p e r s o n n e l e x p o 

s u r e a r e c o n j e c t u r a l and not s u b j e c t to t e c h n i c a l a n a l y s i s . T h e r e f o r e , the r e p o r t 

t ex t d o e s no t d e a l s p e c i f i c a l l y wi th the q u e s t i o n . H o w e v e r , a few p e r t i n e n t c o m 

m e n t s have b e e n inc luded in Append ix A. . 
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II. ANALYSIS RESULTS 

A. LAUNCH PAD A C C I D E N T " " - ' " • 

The r e a c t o r could a s s u m e the fol lowing t e r m i n a l p o s i t i o n s a f t e r a m i s s i l e 

f a i l u r e on the l a u n c h pad ( F i g u r e 1): 

1) In the g a n t r y c r a n e t r a c k w e l l a t l o c a t i o n s p r o v i d i n g r e c t a n g u l a r 

b a s i n s of 5-ft w i d t h and 8 - i n . dep th b e t w e e n the r a i l s 

2) In the g a n t r y c r a n e t r a c k w e l l p o c k e t s , n e a r the d r a i n a g e p o i n t s , 

w h i c h p r o v i d e r e c t a n g u l a r b a s i n s of 1-ft, 10 - in . wid th and 7- in . dep th 

3) On a p p r o x i m a t e l y l e v e l s u r f a c e s of the f lume in a c u r r e n t p r o d u c e d by 

d e b r i s ( F i g u r e 2) 

4) In the f lume c h a n n e l , p o s s i b l y e l e v a t e d by s t r u c t u r a l c o m p o n e n t s 

5) In the r e t e n t i o n b a s i n , e l e v a t e d by s t r u c t u r a l c o m p o n e n t s , -. • 

In t h e s e p o s i t i o n s , f luids could be m a i n t a i n e d at a l eve l su f f i c ien t for c r i t i 

c a l i t y , bu t i n su f f i c i en t for a t e r m i n a t i n g e x c u r s i o n , i, e. , p a r t i a l s u b m e r s i o n 

of the c o r e . S ince the p o s i t i o n and a t t i t u d e of the r e a c t o r w i th r e s p e c t to the 

fluid l e v e l canno t be def ined for any spec i f i c a c c i d e n t , the p o w e r l e v e l m u s t be 

t a k e n for a n a l y t i c a l p u r p o s e s a s the m a x i m u m a l lowed by n u c l e a r , t h e r m o -

dynaiTiic, t h e r m a l , and h y d r a u l i c e f f ec t s . S i m i l a r l y , the o p e r a t i n g t i m e m u s t 

be c o n s i d e r e d as l i m i t e d by fluid a v a i l a b i l i t y on ly . U n d e r t h e s e a s s u m p t i o n s , 

r e a c t o r o p e r a t i o n could be t e r m i n a t e d by h y d r o g e n m o d e r a t o r l o s s fol lowing 

f a i l u r e of the u p p e r , d r y fuel e l e m e n t c l a d d i n g . The m a x i m u m o p e r a t i n g p o w e r 

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

by h e a t t r a n s f e r . An u p p e r l i m i t a n a l y s i s h a s b e e n p e r f o r m e d , a s s u m i n g r e a c 

t o r s t a b i l i t y to the poin t of c l add ing f a i l u r e due to h e a t t r a n s f e r . If the r e a c t o r 
2 

r e m a i n s s t a b l e w i t h w a t e r in t h e c o r e , the c ladd ing is e x p e c t e d to fai l a t 130 kw. 

S t ab i l i t y a n a l y s e s have i n d i c a t e d tha t the r e a c t o r m a y b e c o m e u n s t a b l e b e f o r e the 
3 4 

130-kw l e v e l is a c h i e v e d , ' H o w e v e r , i n s t a b i l i t y h a s no t y e t been d e m o n s t r a t e d 

and a p o w e r l e v e l of 130 kw h a s b e e n a s s u m e d for p u r p o s e s of sa fe ty a n a l y s i s . 

In R e f e r e n c e 2, l ong i tud ina l conduc t ion of h e a t f r o m the d r y to the i m m e r s e d 

s e c t i o n of the c o r e , and the e v a p o r a t i o n of w a t e r c a r r i e d by s t e a m in the i m 

m e r s e d s e c t i o n , a r e shown to be the only s i g n i f i c a n t cool ing m e c h a n i s m s . The 

w a t e r l e v e l o u t s i d e the v e s s e l is c r i t i c a l , w i th r e a c t o r o p e r a t i o n p o s s i b l e only 

N A A - S R - M E M O - 8 9 7 2 
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\^ s= 

B ^ - - D E P T H ' 8 

1 0 - 4 - 6 3 

F i g u r e 2, 

7561 -0697 

F l u m e and R e t e n t i o n B a s i n • 

b e t w e e n abou t 6.5 to 8.8 in . w a t e r dep th wi th the r e a c t o r in a v e r t i c a l a t t i t u d e . 

At the h i g h e r l e v e l , w a t e r is c o n v e r t e d into s t e a m at the r a t e of about 460 I b / h r , 

o r a p p r o x i m a t e l y 1 gpiri. If r e a c t i v i t y is added s lowly , in the f o r m of a g r a d u 

a l ly r i s i n g h y d r o g e n o u s fluid, the r e a c t o r b e c o m e s cold c r i t i c a l a t 6.5 i n . , ho t 

c r i t i c a l a t 6.9 in , , and r e a c h e s 130 kw at 8.8 in . A r a t e of 20 in . / h r would p e r m i t 

a p o w e r r i s e to 130 kw wi thou t an e x c u r s i o n , a s s u m i n g s t a b i l i t y . A s t a b i l i t y 

a n a l y s i s to d e t e r m i n e the m a x i m u m r a t e of w a t e r add i t ion , above which the 
5 • 

c l add ing w i l l fa i l due to the i n i t i a l p o w e r p u l s e , h a s been m a d e , a l though c o n 

c l u s i v e da t a on th i s po in t a r e not ye t a v a i l a b l e . 

If an a c c i d e n t on the l aunch pad involv ing m i s s i l e fuel shou ld e n d a n g e r the 

u m b i l i c a l m a s t , an e m e r g e n c y w a t e r de luge and w a s h d o w n s y s t e m w i l l be u s e d . 

T h i s s y s t e m flows a t 10,000 g p m . A m i n u t e of o p e r a t i o n would put 2 ft of w a t e r 

in the low end of the r e t e n t i o n b a s i n . With the s y s t e i n o p e r a t i n g , t he w a t e r flow 

in the f lume c h a n n e l l ead ing to the b a s i n h a s been c a l c u l a t e d to be 14 in, d e e p 

a t m i d l e n g t h . The n a t u r e of a 1 0 , 0 0 0 - g p m d e l u g e , m a i n t a i n e d for 1 m i n . 

N A A - S R - M E M O - 8 9 7 2 
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_ t o g e t h e r w i t h the w a t e r r i s e l i m i t i n d i c a t e d a b o v e , v i r t u a l l y e l i m i n a t e s s t e a d y -

^ ^ B s t a t e o p e r a t i o n in the f lume o r t r a c k s . If the r e a c t o r w e r e to fall in to the r e 

t en t ion b a s i n b e f o r e c o m p l e t e d r a i n a g e of the de luge w a t e r to the b a s i n , and if 

the r e a c t o r w e r e to be e l e v a t e d by s t r u c t u r a l c o m p o n e n t s so tha t i t s c l o s e s t 

po in t to the b a s i n f loor w e r e n e a r 9 in . , the t e r m i n a l de luge d r a i n a g e , o r r a i n 

d r a i n a g e , could b r i n g the r e a c t o r to p o w e r wi thou t an e x c u r s i o n . The f inal 

d r a i n a g e v o l u m e r e q u i r e d to r a i s e the w a t e r l e v e l f r o m 6.5 to 8.8 in . would b e 

about 2000 g a l , and could not e x c e e d a r a t e of 20 in . / h r w i thou t c a u s i n g a t e r 

m i n a t i n g p u l s e . The e l a p s e d t i m e for f inal d r a i n a g e , 2.3 in . a t 20 in . / h r , 

would be abou t 7 m m . T h a t 7 m i n could b e r e q u i r e d for the final d r a i n a g e 

a p p e a r s e x t r e m e l y un l ike ly a s i d e f r o m r a i n f a l l , and countdown d u r i n g t h r e a t e n 

ing w e a t h e r is no t a n t i c i p a t e d . Al though s t e a d y - s t a t e o p e r a t i o n of the r e a c t o r 

in the r e t e n t i o n b a s i n is i m p r o b a b l e , t he p o s s i b i l i t y canno t be e l i m i n a t e d , and 

a r a d i a t i o n h a z a r d a n a l y s i s h a s b e e n p e r f o r m e d , a s s u m i n g a p o w e r l e v e l of 

130 kw and f u r t h e r t ha t the p o w e r l e v e l is d e c r e a s e d only by l o s s of m o d e r a t o r 

due to s t e a m f o r m a t i o n . 

S ince the r e a c t o r would b e p a r t i a l l y s u b m e r g e d , the d e g r e e of s h i e l d i n g 

a f fo rded by the w a t e r would depend on the p o w e r d e n s i t y in the c o r e . To avo id 

e l i m i n a t i n g f i s s i o n s o c c u r r i n g above the w a t e r l e v e l , and to avoid u n w a r r a n t e d 

r e l a x a t i o n l eng ths for l o w e r s e c t i o n s of the c o r e , a s i n u i s o i d a l p o w e r d e n s i t y 

w a s a s s u m e d o v e r the e n t i r e v e s s e l l eng th . The d o s e r a t e w a s c a l c u l a t e d , a t a 

f ixed po in t , a s a funct ion of t i m e . Fo l lowing the a c h i e v e m e n t of 130 kw a t an 

8 . 8 - i n . w a t e r l e v e l , the d o s e r a t e would b e d e c r e a s e d by the fa l l ing power l e v e l , 

and i n c r e a s e d by the f i s s i o n p r o d u c t bu i ldup and s h i e l d i n g l o s s as r e t e n t i o n b a s i n 

w a t e r w a s c o n v e r t e d to s t e a m . A fixed poin t w a s c h o s e n on the b a s i s of a c c e s s 

du r ing the e m e r g e n c y , b e c a u s e p e r s o n s would b e e x p o s e d only if r e q u i r e d to 

e n a c t e m e r g e n c y p r o c e d u r e s . A poin t a t the edge of the d i r e c t b e a m , 3 ft f r o m 

g r o u n d l e v e l , and 10 ft f r o m the b a s i n edge , w a s s e l e c t e d . This poin t is 39 ft 

f r o m the r e a c t o r s u r f a c e , a s shown in F i g u r e 3 . In i t i a l ly , the d o s e r a t e would 
4 

b e neaf" 10 r e m / h r , and would b e r e d u c e d by p o w e r l o s s as shown in F i g u r e 4, 
4 

The to t a l e n e r g y r e l e a s e wou ld b e about 2 x 1 0 M w - s e c , w i th 96% r e l e a s e d 

d u r i n g the f i r s t 100 h r . I n d i r e c t r a d i a t i o n wou ld y ie ld an i n i t i a l d o s e r a t e of 

abou t 1600 r e m / h r a t a poin t s l i g h t l y r e m o v e d fronn the d i r e c t b e a m . T h e s e 

d o s e r a t e s i n d i c a t e t ha t e m e r g e n c y ac t ion could be taken to effect shu tdown, 

^ ^ p r o v i d e d tha t the d i r e c t b e a m w a s avo ided , and t h a t suf f ic ien t sh i e ld ing w a s 
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provided for the ind i rec t neu t rons . F igure 4 indicates that dose ra te reduction 

^^Bby power loss is slow, so that l i t t le would be gained by delaying emergency 

action. . . . . 

Two impor tant factors would reduce these dose ra tes in any actual case . 

A ve r t i ca l attitude was assumed for the r eac to r , whereas a horizontal atti tude 
2 

would have a lower maximum power level . Instability may set the upper power 

level l imit considerably below 130 kw. Actually, the ra te of react ivi ty inser t ion 

is likely to be too l a rge to allow r eac to r operat ion for m o r e than a few 

mi l l i seconds . 

Airborne contamination could r e su l t should r eac to r operat ion be ternainated 

by fuel e lement cladding failure or by an excurs ion. The thyroid dose to unpro

tected persons downwind would be the mos t ser ious consequence. In F igure 5, 

the thyroid dose is shown as a function of dis tance downwind assuming 1 hr of 

operat ion at 130 kw, and 100% iodine r e l e a s e . Following one or m o r e hours of 

operat ion, an excurs ion (70 Mw-sec) would genera te a negligible i nc rease in the 

dose, and the curve in F igure 5 is applicable to r e l ea se by cladding failure as 

•well as by an excurs ion. The dose would be increased by operating periods 

longer than 1 h r . F igure 6 p resen t s the thyroid dose as a function of r eac to r 

operating t ime at dis tances of: 1400 ft, the dis tance to the Launch Operat ions 

Building; 3 000 ft, the dis tance to Range Safety Pe r sonne l ; 6000 ft, the fallback 

a r e a rad ius ; 10,000 ft, the impact l imit line distance; and 18,000 ft, the distance 

to the n e a r e s t public community, Surf. The effect of a te rminat ing 70-Mw-sec 

excurs ion is included. For operat ion periods not exceeding 1.7 h r , the dose 

w^ould be less than 300 r e m to exposed personnel . The calculations indicate 

l a r g e r doses at the Launch Operat ions Building dis tance, but all personnel would 

be protected by the building and ventilation equipment. The dose in a reas of 

public access would be <200 r e m for operat ion per iods of < 10 hr , and < 24 r e m 

for per iods of < 1 h r . 

Assuming a r eac to r operat ing per iod of 1 h r , t e rmina ted by an excurs ion, 

the external cloud gamma dose at dis tances of pa r t i cu la r in te res t would be: 

11 r at the Launch Operat ions Building (unshielded dose); 4.2 r at the position of 

the Range Safety Personne l ; 1.5 r at the fallback a r ea radius ; 0.7 r at the n e a r e s t 

impact l imit line dis tance; and 0.2 r at Surf. 

NAA-SR-MEMO-8972 
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Shutdown through enactment of emergency procedures w^ould be expected to 

prevent a i r contamination, i, e, , removal or poisoning of retention bas in wate r 

could effect shutdown without fuel e lement cladding damage. After shutdown 

gamma dose ra tes from the core a r e shown in F igure 7 as a function of decay 

t ime for operating periods of 1, 3, and 10 hr at 13 0 kw. These data indicate the 

extent of shielding requ i rement s for recovery p r o c e d u r e s . - . r. 

_L ± 
10 15 20 

DECAY TIME (hours) 
34 26 

4-1-64 7661-01254 

Figure 7, After Shutdown Gamnna Dose Rate 
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B. REENTRY ACCIDENT •' • •.-•-• • •' • 

Reent ry with the ref lector assembly self-welded to the reactor theoret ical ly 

could resu l t in survival of the core geometry following soil impact . An excursion 

would be expected if the r eac to r became completely buried in soil of sufficient 

neutron ref lec tor content. Otherwise , impact in soil could leave the core sub-

cr i t i ca l , possibly in a c r a t e r . At a la ter t ime, additional ref lector such as 

ra inwater could become avai lable . Under cer ta in , special ized conditions, the 

react ivi ty input provided by this ref lector could conceivably bring the reac tor 

to power without core damage . Reactor operat ion would continue until exhaustion 

of the ref lec tor , or until a change in ref lector rep lenishment abruptly te rmina ted 

the r eac to r operation by overheating the fuel and thereby re leas ing the hydrogen 

mode ra to r , or by causing a supe rc r i t i c a l excurs ion. 

An es t imate of the exposure magnitude may be obtained from Figure 8, 

w^hich p resen t s isodose curves around a par t i cu la r c r a t e r for a r eac to r operating 

at a power level of 1 kw. The assumed c r a t e r configuration is shown in F ig 

ure 9. An analysis has been performed to de te rmine the power level at which 

the upper core would achieve a t empe ra tu r e of 1600°F (at which hydrogen r e 

leased from the fuel elements is expected to cause shutdown). The re su l t s indi

cate that it would be possible for 4.2 kw to be conducted from the upper core by 

the fuel, while radiat ion and s t eam cooling losses would be 0.9 and 0.8 kw, 

respec t ive ly . Thus, the r eac to r could maintain a maximum power output of 

'^6 kw .̂ A person conducting a 1 min close inspection of the r eac to r would 

rece ive a dose of '^500 r e m . Since this dose is between the lethal dose of 

600 r e m and the mid- le tha l dose of 400 rem, c i rcumstances only slightly m o r e 

favorable than these would pe rmi t surviva l . Specifically, a power level <6 kw, 

an exposure durat ion of < 1 min, a m o r e distant point of c loses t approach, or 

combination of these would reduce the dose considerably . 

The conditions for this accident a r e l is ted below: 

1) Reentry survival of core geometry following impact on low react ivi ty 

soil 

2) Subsequent react ivi ty addition, such as n io is ture content i nc rease in 

soil around the core at a ra te not exceeding the equivalent of a 20-in. / h r 

wa te r level r i s e -- ' ' ' • ' . ' . 
-r'' . ~ • • ' • • • . 

NAA-SR-MEMO-8972 _ ' ' •. . ' •'" ' * . 



24 

22 

20 

le 

16 

0) 

| l 4 

D
IS

T
A

N
C

E
 

V
E

R
T

IC
A

L 

o 

B 

6 

4 

2 

1 

-

— 

-

— 

— 

— 

-

-

— 

-

^ ' o „ 

> ) w 

1 

^.^ 

^ 

~-— 

^ ^ 

Nfe 
\ 

/ y 

. 1 

^ 

^ - • ^ - ^ . ^ 

^ " \ 

N̂̂  
1 

/ 
/ 

^ -* 

^ ^ 

1 

1 

X ^ <; 

1 
/ 

/ / 

^ ^ ^ ^ 
t:^^ 

\ 

1 

^ " ^ 

\ 

\ 

\ 
\ 

/ 

/ / 

/ y 'y^ 
> ^ 

1 

1 

\ ^ 

^ 

^ N S ^ ^ 

^ \ 

S ^ 

\ 

\ 

/ 

/ 

/ . 

^ / ^ 

y^ 

1 

1 1 

•^ rem/hr per kw 

\ 

" ^ 

-

\ ^ * 

\ 

• \ ^ o 

\ 

\ 

1 
/ 

/ 

1 
/ ^ 

/ y/^ 

y^ 

• 

-

1 

-

; 

1 

1 

-

-

-

\ 
\ -

\ 
\ 

— 

-

/ 

/ -

-

-

"i' 

1 
6 8 10 12 

LATERAL DISTANCE ( meters) 
14 IS 18 

10-3-63 7561-0727 

F igure 8. Isodose Rate Curves for SNAP lOA Operation in a Cra t e r 

NAA-SR-MEMO-8972 
20 



1 0 - 1 0 - 6 3 7561-0726 . . - • • 

. F i g u r e 9 . A s s u m e d C r a t e r C o n f i g u r a t i o n 

3) R e p l e n i s h m e n t of w a t e r c o n v e r t e d to s t e a m by r e a c t o r h e a t 

4) T o t a l m o d e r a t o r / r e f l e c t o r he igh t on v e s s e l e x t e r i o r , v e r t i c a l a t t i t u d e , 

no t >10.8 in . w i th a l l w a t e r r e m o v e d f r o m the c o r e i n t e r i o r . • .• 

5) P r e s e n c e of p e r s o n n e l p r i o r to i r r e v o c a b l e shu tdown. 

An i n d e p e n d e n t s tudy h a s b e e n m a d e of e a r t h i m p a c t of a S N A P 1 OA c o r e 

fol lowing r e e n t r y , c o n s i d e r i n g the s h a p e and dep th of the c r a t e r , p r o b a b l e 

d a m a g e to the c o r e for v a r i o u s e a r t h t y p e s , w i th c o n c l u s i o n s a s to the c r e d i b i l i t y 
6 7 

of a r a i n - f i l l e d c r a t e r i n c i d e n t . ' The r e s u l t s of th i s s tudy i n d i c a t e t h a t i m p a c t 

in soft d i r t would p e r m i t s u r v i v a l of the c o r e g e o m e t r y , but the r e s u l t i n g c r a t e r 

wou ld c o n t a i n l o o s e d i r t su f f ic ien t to b u r y o r p a r t i a l l y b u r y the c o r e , and b o t t o m 

c o r e i n l e t s would be s ign i f i can t ly p lugged . T h i s backf i l l and p lugging wou ld 

p r e v e n t u n r e s t r i c t e d w a t e r and s t e a m flow t h r o u g h the c o r e . U n d e r t h e s e c o n -
2 

d i t i o n s , t he r e a c t o r could not o p e r a t e a t 130 kw, but would be l i m i t e d to 6 kw 

as m e n t i o n e d . The c r a t e r would m o s t p r o b a b l y be c o n i c a l , about 3 ft in d i a m 

e t e r , and about 30 in . in dep th . P o s s i b l e s o u r c e s of m o i s t u r e inc lude r a i n , 

g r o u n d w a t e r , i r r i g a t i o n , r i v e r o r l ake ove r f low , o r a c c i d e n t a l , l a r g e - s c a l e 

s p i l l . The l a s t t h r e e s o u r c e s m e n t i o n e d wou ld c a u s e r a p i d r e a c t i v i t y a d d i t i o n s , 

d e s t r o y i n g the c o r e . Ra in would p r o v i d e the cond i t i ons for s h o r t - t e r m , m a x i m a l 

e n e r g y r e l e a s e . - • .̂  

T h o s e c o n d i t i o n s a r e : . . ' ' . 

1) Cladd ing f a i l u r e p r e v e n t e d d u r i n g p e r i o d of o p e r a t i o n 

2) M o i s t u r e r e p l e n i s h e d a t ' ^ 0 . 0 5 gpm for 6 kw p o w e r l e v e l d u r i n g 

p e r i o d of o p e r a t i o n • ' 
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3) E x c u r s i o n c a u s e d a t end of o p e r a t i o n by i n c r e a s e in r a t e of m o i s t u r e 

r e p l e n i s h m e n t ( i n c r e a s e d p r e c i p i t a t i o n r a t e , d r a i n a g e b r e a k t h r o u g h ) . 

G r o u n d w a t e r would p r o v i d e the cond i t i ons for l o n g - t e r m m a x i m a l e n e r g y 

r e l e a s e : 

1) E x c u r s i o n p r e v e n t e d r, 

2) C ladd ing f a i l u r e p r e v e n t e d •' "" 

3) M o i s t u r e r e p l e n i s h e d at abou t 0.05 g p m for 6 kw p o w e r l e v e l for 

long p e r i o d s . 

The 0.05 g p m r e p l e n i s h m e n t r a t e l i m i t w a s d e r i v e d f r o m R e f e r e n c e 2, in 

w h i c h i t is shown t h a t o p e r a t i o n a t 130 kw wi l l c a u s e a s t e a m c o n v e r s i o n r a t e 

of abou t 1 g p m . 

The d u r a t i o n of the o p e r a t i n g p e r i o d , as c a u s e d by r a i n , wou ld depend on 

t h e p r e c i p i t a t i o n ( m o i s t u r e r e p l e n i s h m e n t ) r a t e , on the c r a t e r d i m e n s i o n s , s o i l 

p e r c o l a t i o n r a t e s for w a t e r , and the v o l u m e c a p a c i t y of the s o i l for w^ater. T h e 

p r e c i p i t a t i o n r a t e would a l s o d e t e r m i n e the p o w e r l e v e l , s o m e w h a t as i n d i c a t e d 

be low, n e g l e c t i n g the h y d r a u l i c p r o p e r t i e s of t h e s o i l : 

<0.05 g p m P o w e r r i s e s un t i l r e f l e c t o r l o s s e q u a l s r e p l e n i s h m e n t ; 

p o w e r is 6 kw, 

0.05 g p m P o w e r r i s e s to 6 kw and r e m a i n s s t e a d y . 

>0.05 g p m P o w e r r i s e s a s r i s i n g m o i s t u r e l e v e l a p p r o a c h e s 10.8 in . ; 

con t i nued r i s e i n c r e a s e s p o w e r ; u p p e r c o r e t e m p e r a t u r e 

e x c e e d s 1 6 0 0 ° F ; shu tdown by h y d r o g e n l o s s . 

» 0 . 0 5 g p m W a t e r r e a c h e s c o r e i n t e r i o r f r o m above o r b e l o w , c a u s i n g 

a s u p e r c r i t i c a l e x c u r s i o n . 

It can b e r e a d i l y shown for a 3-ft d i a m e t e r c r a t e r tha t 0.05 gpm is rough ly 

e q u i v a l e n t to a 0 . 6 - i n . / h r r a i n f a l l , w h i c h would be the m a x i m u m m o d e r a t o r 

r e p l e n i s h m e n t r a t e t h a t t he r e a c t o r could w i t h s t a n d a f t e r a p o w e r l e v e l of 6 kw 

had b e e n a t t a i n e d . In Sec t i on III, a p r o c e d u r e for e s t i m a t i n g the m o s t l ike ly 

d u r a t i o n of a 0 . 6 - i n . / h r r a i n f a l l is d e s c r i b e d . The p r o c e d u r e y i e lds a r e a c t o r 

o p e r a t i o n d u r a t i o n of 5 h r , m o s t of w h i c h would be a t a p o w e r l e v e l c o n s i d e r a b l y 

be low 6 k w . • , ' 
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F r o m the m a t e r i a l p r e s e n t e d to th i s po in t , it is p o s s i b l e to c o n s t r u c t the 

p r o b a b l e s e q u e n c e s for this a c c i d e n t wh ich wou ld r e s u l t in m a x i m a l e n e r g y 

r e l e a s e s . S ix cond i t i ons for m a x i m u m e n e r g y r e l e a s e a r e c o m m o n to a l l of the 

s e q u e n c e s . 

1) The r e a c t o r c o r e s u r v i v e s r e e n t r y i m p a c t on r e l a t i v e l y d r y , soft s o i l , 

f o r m i n g a c r a t e r of c o n i c a l s h a p e , and l eav ing the r e a c t o r p a r t i a l l y 

b u r i e d in so i l l o o s e n e d by the i m p a c t . 

2) The l o o s e s o i l f o r m s a b e r m a t t h e edge of the c r a t e r of suf f ic ien t 

he igh t to p r e v e n t d r a i n a g e of w a t e r in to the c r a t e r . . . 

3) The r e a c t o r is in a v e r t i c a l a t t i t u d e , w i t h i t s top a p p r o x i m a t e l y a t 

g r o u n d l e v e l . '• .' . , - ' • , - . 

4) The s o i l l e v e l on the v e s s e l is 10.8 in . 

5) The so i l t a p e r s u p w a r d t o w a r d the c r a t e r e d g e . -• ' ' 

6) I n l e t s to the c o r e f r o m the b o t t o m a r e s o i l f i l led to the ex t en t t h a t 

w a t e r m u s t p e r c o l a t e t h r o u g h the s o i l to r e a c h the c o r e i n t e r i o r . 

S e q u e n c e 1. ' , - •' , - ^ 

At s o m e fu tu re t i m e , r a i n f a l l in to the c r a t e r s a t u r a t e s l o o s e so i l a r o u n d 

the v e s s e l - a l lowing w a t e r to r i s e s lowly i n s i d e the c o r e . The w a t e r l e v e l 

i n s i d e the c o r e is a p p r o x i m a t e l y a t the s a m e he igh t as the s u p e r s a t u r a t e d so i l 

on the o u t s i d e . When th i s m o i s t u r e l e v e l r e a c h e s about 6.5 in. , the r e a c t o r 

goes c r i t i c a l . At about 6.9 i n . , p o w e r g e n e r a t i o n b e g i n s . The h e a t is suf f ic ien t 

to bo i l the w a t e r out of the c o r e , wh i l e the m o i s t u r e l e v e l on the o u t s i d e c o n t i n 

u e s to r i s e . The u p p e r c o r e t e m p e r a t u r e r e a c h e s 1 6 0 0 ° F a t an o u t s i d e m o i s t u r e 

l e v e l of 10.8 in . ( the s o i l l e v e l ; above 10.8 i n . , the c l add ing f a i l s , r e l e a s i n g 

h y d r o g e n and c a u s i n g shu tdown) . D i r e c t r a i n f a l l r e p l e n i s h e s the m o i s t u r e c o n 

t e n t of the l o o s e so i l a t a r a t e of 0,05 g p m , a l lowing the r e a c t o r to o p e r a t e at 

6 kw u n t i l p r e c i p i t a t i o n b e g i n s to d i m i n i s h . The r e a c t o r is shu t down when the 

m o i s t u r e c o n t e n t of the so i l fa l l s su f f i c i en t ly , p r o b a b l y abou t 5 h r a f t e r s t a r t u p . 

Th i s s e q u e n c e m a y be r e p e a t e d , _ • 

S e q u e n c e 2 . ' ' "' 

At s o m e fu tu re t i m e , the g r o u n d w a t e r t a b l e in the c r a t e r a r e a r i s e s to a 

l e v e l wh ich a l l ows d r a i n a g e in to the l o o s e s o i l . The w a t e r l e v e l i n s i d e the c o r e 
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r i s e s , wh i l e the l o o s e s o i l a b s o r b s m o i s t u r e f r o m b e l o w . When p o w e r g e n e r a -

| t ion b e g i n s , a l l of the w a t e r in the c o r e is c o n v e r t e d to s t e a m . The r e a c t o r con 

t i nues to o p e r a t e a t 6 kw un t i l the g r o u n d w a t e r t a b l e r e c e d e s . Th i s s e q u e n c e 

m a y be r e p e a t e d . ,, . 

S e q u e n c e 3 . • • . = '-

G r o u n d w a t e r and r a i n f a l l c o m b i n e to p r o v i d e the r e q u i r e d r e f l e c t o r , w i t h 

out d a m a g i n g t h e c o r e . .. _ ; . 

S e q u e n c e 4 . . - • '• 

B e f o r e shu tdown o c c u r s in S e q u e n c e 1, 2 , o r 3 , t he fuel e l e m e n t c l add ing 

fa i l s due to a p r e c i p i t a t i o n r a t e i n c r e a s e , g r o u n d w a t e r flow^ i n c r e a s e , o r m i l d 

d r a i n a g e b r e a k t h r o u g h . The e s c a p e of h y d r o g e n shu t s down the r e a c t o r . V o l a 

t i l e f i s s i on p r o d u c t s a r e r e l e a s e d and c a r r i e d downwind. "•' f,. .' :'. 

S e q u e n c e 5 . ' . . • -

B e f o r e shutdow^n o c c u r s in S e q u e n c e 1, 2, o r 3 , a s u p e r c r i t i c a l e x c u r s i o n 

is c a u s e d by a l a r g e i n c r e a s e in the p r e c i p i t a t i o n o r g r o u n d w a t e r flow^ r a t e , o r 

by a d r a i n a g e b r e a k t h r o u g h , a l lowing w a t e r to e n t e r the c o r e . H y d r o g e n e x p a n 

s ion d e s t r o y s the c o r e g e o m e t r y . F i s s i o n p r o d u c t s a r e r e l e a s e d and c a r r i e d 

downwind . • . 

Da ta p r e s e n t e d in F i g u r e 10 r e p r e s e n t a 70 M w - s e c e x c u r s i o n p r e c e d e d by 

5 h r of r e a c t o r o p e r a t i o n a t 6 kw. The p r o m p t d o s e r a t e is shown as a funct ion 

of l a t e r a l d i s t a n c e , a s s u m i n g the con f igu ra t i on i n d i c a t e d by F i g u r e 1 1 . The 

d o s e r a t e in a p a r a l l e l p l a n e 3 ft above the g r o u n d s u r f a c e wou ld b e < 2 5 r e m / h r 

a t d i s t a n c e s >32 ft. The p r o m p t d o s e f r o m the e x c u r s i o n (not shown) would b e 

3 

abou t 6 X 10 r e m at 1 0 ft l a t e r a l d i s t a n c e , but < 2 5 r e m beyond 30 ft. The e x 

t e r n a l c loud g a m m a e x p o s u r e would be < 2 5 r e m a t d i s t a n c e s >110 ft. Should 

the r e a c t o r o p e r a t i o n be t e r m i n a t e d by c ladd ing f a i l u r e and h y d r o g e n r e l e a s e 

(Sequence 4) r a t h e r than by an e x c u r s i o n , the c loud g a m m a e x p o s u r e would be 

a p p r o x i m a t e l y one o r d e r of m a g n i t u d e l o w e r . The t h y r o i d d o s e would be d e t e r 

m i n e d p r i m a r i l y by the t e l l u r i u m - i o d i n e bu i ldup d u r i n g the 5 - h r o p e r a t i o n . The 

t h y r o i d d o s e c u r v e in F i g u r e 10 is t h e r e f o r e a p p l i c a b l e to bo th S e q u e n c e 4 and 

S e q u e n c e 5. Th i s d o s e would be < 3 0 0 r e m b e y o n d 430 ft. ' 
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Figure 10, Radiation Hazards 
Due to Steady-State and 
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The fission product inventory generated by reac to r operat ion in orbit would 

^increase the thyroid and external cloud doses . The inventory effect is shown in 

F igure 12 in the form of mult ipl icat ion factors vs orbital l i fet ime. Multiplication 

of data in F igure 10 by these factors provides the increased dose due to the inven

to ry . Two power h i s to r ies a r e indicated: (1) shutdown at 3 yea r s , and (2) power 

degradat ion with coolant stagnation at 76 y e a r s . _ 

CE 
o 
I -
o 
< 

O 
I - , 
< IQI 
o 

10 O l I I I I I I I 
10-3 

6 - 1 7 - 6 4 

10^2 lo- i lOO 10' 

ORBITAL L I F E T I M E (yr) 

T h y r o i d D o s e 
7561-01640A 

O 20 

^g 
^ F l 5 l -
Q: ,< 
I— LL. 
^ 1.0 
i 10-2 

6 - 1 7 - 6 4 

10-

TT I I l l i l l l 

SHUTDOWN AT 3 yr 
-J I I I M I 1 

"1 I I I I MM I I M M I I 
1000 ft DOWNWIND 

POWER 
DEGRADATION CASE 

=LLilU \ I I M I I I 

I 10 

ORBITAL LIFETIME (yr) 

Cloud Gamma Dose 

10̂  10̂  

7561-01634A 

F igure 12. Multiplication F a c t o r s for Orbital Lifet imes Less Than 3800 Years 

NAA-SR-MEMO-8972 
26 



III. ANALYTICAL METHODS 

A. BASIC DOSE DATA, EXCURSION ' " 

F i g u r e 13 s u m m a r i z e s the v a r i a t i o n of the g a m m a and n e u t r o n d o s e wi th 

d i s t a n c e as a r e s u l t of an e n e r g y r e l e a s e of 70 M w - s e c . It is a s s u m e d tha t the 

r e f l e c t o r a s s e m b l y is not p r e s e n t , and tha t the r e a c t o r is s u b m e r g e d in w a t e r 

o r m o i s t so i l so that the u p p e r s u r f a c e i s f lush w i th the g r o u n d o r w a t e r s u r 

f a c e . The u p p e r c u r v e p r o v i d e s the d o s e a t v e r t i c a l d i s t a n c e s above the r e a c t o r . 

The l o w e r c u r v e s p r o v i d e the d o s e in a p a r a l l e l p lane 3 ft above the g round or 

w a t e r s u r f a c e . The a m o u n t of e f fec t ive s h i e l d i n g a s s o c i a t e d w i th v a r i o u s d i s 

t a n c e s f r o m the r e a c t o r in th i s con f igu ra t i on is i n d i c a t e d . It is a s s u m e d tha t 

the r e a c t o r r e m a i n s e s s e n t i a l l y i n t a c t d u r i n g the e x c u r s i o n . The sh i e ld ing 

g e o m e t r y for t h e s e c a l c u l a t i o n s is shown in F i g u r e 1 1 . 

1. G a m m a R a d i a t i o n . •' ' ' . 

The p r o m p t f i s s i o n g a m m a and n e u t r o n c a p t u r e g a m m a d o s e r a t e s at the 
Q 

r e a c t o r s u r f a c e w e r e ob ta ined u s ing the 14-0 c o d e . The f i s s i on p r o d u c t d e 

cay g a m m a d o s e r a t e at 1 ft, as a funct ion of t i m e , w a s ob ta ined us ing the 
9 

C U R I E - D O S E c o d e . The d o s e v a r i a t i o n w i th d i s t a n c e in the r a d i a l d i r e c t i o n 

f r o m t h e c y l i n d r i c a l s o u r c e w a s ob ta ined us ing g e o m e t r i c a l t e c h n i q u e s p r o v i d e d 

by R o c k w e l l , and a i r a t t e n u a t i o n and bu i ldup f a c t o r s p r o v i d e d by G l a s s t o n e . 

B r o a d - b e a m t r a n s m i s s i o n f a c t o r s ob ta ined for p r o m p t and f i s s i on p r o d u c t g a m 

m a s w e r e u s e d to c a l c u l a t e the d o s e r e d u c t i o n due to w a t e r and m o i s t so i l sh ie ld -
12 

ing . The m o i s t so i l w a s a s s u m e d 30% w a t e r by v o l u m e . T h e s e d o s e r a t e s 

w e r e i n t e g r a t e d for a 70 M w - s e c e x c u r s i o n . The t o t a l d o s e c a l c u l a t i o n s shown 

in F i g u r e 13 i n c l u d e f i s s ion p r o d u c t s g a m m a s a s c a l c u l a t e d for e q u i l i b r i u m c o n 

d i t i ons of r e a c t o r o p e r a t i o n , and a r e t h e r e f o r e m a x i m a l . T h e s e g a m m a s c o n - ' 

t r i b u t e a s m a l l f r a c t i o n of the to t a l d o s e , e . g . , <15% of the u n s h i e l d e d t o t a l a t 

s m a l l d i s t a n c e s . -i'• "^ ' ' • ^ •' 

2. N e u t r o n R a d i a t i o n • =- ' 

N e u t r o n c u r r e n t s f r o m the r e a c t o r v e s s e l s i d e s u r f a c e w e r e ob ta ined 
13 

u s i n g the A I M - 6 diffusion t h e o r y c o d e . 
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F i g u r e 13. G a m m a and N e u t r o n D o s e a s a F u n c t i o n 
of D i s t a n c e for a 70 M w - s e c E x c u r s i o n 

a. S o u r c e S t r e n g t h -̂  

S ince the A I M - 6 code a s s u m e s i s o t r o p i c n e u t r o n flux and s c a t t e r i n g in 

a l l r e g i o n s , c u r r e n t s m o u t e r r e g i o n s a r e not r i g o r o u s l y a c c u r a t e . T h e r e f o r e , 

only c u r r e n t s g iven m the v i c i n i t y of the v e s s e l s u r f a c e w e r e u s e d for s o u r c e 

s t r e n g t h d a t a . T a b l e 1 p r e s e n t s the m e t h o d u s e d for c o n v e r t i n g the c u r r e n t m 

v a r i o u s e n e r g y i n t e r v a l s (E + d E ) , to s u r f a c e d o s e o r d o s e r a t e . The d o s e due 

to e a c h e n e r g y i n t e r v a l is the r a t i o of the t o t a l i n t e g r a t e d flux p e r w a t t - s e c <p , 

nvt ( A E ) / w - s e c , to the dose c o n v e r s i o n f a c t o r 6, n v t / r e m ) a s s o c i a t e d w i th the 
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TABLE 1 

NEUTRON DOSE AT VESSEL SIDE SURFACE 

E n e r g y I n t e r v a l 
E + d E 

(Mev) 

1 0 - 3 

3 - 1.4 

1.4 - 0.9 

0.9 - 0.4 

0.4 - 0.1 

0.1 - 17 kev 

1 7 - 3 

3 - 0 .55 

0,55 - 100 ev 

100 - 30 

30 - 10 

1 0 - 3 

3 - 1 

1 - 0.4 

0.4 - 0.1 

E 

(Mev) 

6 . 5 

2 , 2 

1.15 

0.65 

0 .25 

59 kev 

10 

1.78 

325 ev 

65 

20 

6 . 5 

2 

0 . 7 

0.25 

6 

( n v t / r e m ) 

7 
2.5 X 10 

2.9 X lo"^ 

2.7 X lo"^ 

3.6 X 10^ 

6.5 X lO'' 

1.7 X 10^ 

6.7 X 10^ 

8 X 10^ 

7.8 X 10^ 

7.6 X 10^ 

8.2 X 10^ 

8.8 X 10^ 

9 X 10^ 

9.4 X 10^ 

9.7 X 10^ 

<P 
[ n v t ( A E ) / w - s ] 

2.09 X 10^ 

3.35 X 10^ 

1.33 X 10^ 

1.06 X 10^ 

9 .35 X 10^ 

4,4 X 10^ 

3.3 X 10^ 

3.3 X 10^ 

3.2 X 10^ 

2.0 X 10^ 

1.5 X 10^ 

1.5 X 10^ 

1.4 X 10^ 

9.8 X 10^ 

8,0 X lO'^ 

Total 

N e u t r o n 
Do se 

( r e m / w - s ) 

8.36 X 10"^ 

1.16 X 10"^ 

4 .93 X 10"^ 

2.94 X 10"^ 

1.44 X 10"^ 

2.58 X 10"^ 

4 ,93 X lO"'* 

4 .12 X lO"'^ 

4.1 X lO"'^ 

2,64 X lO"'^ 

1,83 X lO"'^ 

1.71 X lO"'^ 

1.56 X lO'"^ 

1.04 X 10""^ 

8.25 X l O ' ^ 

2.98 X 10"^ 
r e m / w - s 
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a v e r a g e e n e r g y E of the i n t e r v a l . T h e s u r f a c e d o s e i s g iven by the s u m . The 

| dose a t the r e f l e c t o r s u r f a c e i s a p p r o x i m a t e l y 1/3 the v e s s e l s i d e s u r f a c e s u m , 

w h i l e the s u r f a c e d o s e a t the ends is about 1/5 tha t of the v e s s e l s i de s u r f a c e . 

T h e d o s e c o n v e r s i o n f a c t o r , 6, w a s ob ta ined d i r e c t l y f r o m the Code 

of F e d e r a l R e g u l a t i o n s , T i t l e 10, P a r t 20 , S t a n d a r d s for P r o t e c t i o n A g a i n s t 
14 

R a d i a t i o n , " N e u t r o n F l u x Dose E q u i v a l e n t s . " F a c t o r s for n e u t r o n e n e r g i e s 

no t g iven in t ha t d o c u m e n t w e r e ob ta ined by i n t e r p o l a t i o n . 
I 

b . D i s t a n c e and Ai r A t t enua t ion 

The d o s e v a r i a t i o n w i th d i s t a n c e in the r a d i a l d i r e c t i o n f r o m the 

c y l i n d r i c a l s o u r c e w a s ob t a ined u s i n g g e o m e t r i c a l t e c h n i q u e s p r o v i d e d by 

Rockw^ell. M o n t e C a r l o c o m p u t a t i o n s p e r f o r m e d a t G e n e r a l D y n a r a i c s / 

F o r t W o r t h for d e t e r m i n i n g n e u t r o n t r a n s p o r t in a i r n e a r the a i r - e a r t h i n t e r 

face w e r e u s e d to ob ta in the ef fects of a i r s c a t t e r i n g and a t t e n u a t i o n . The G e n 

e r a l D y n a m i c s d a t a w e r e s e l e c t e d b e c a u s e of e x c e l l e n t a g r e e m e n t w i th m e a s u r e 

m e n t s f r o m w e a p o n s t e s t s . The d a t a , a s p r e s e n t e d in R e f e r e n c e 15, a r e i n u l t i -

p l i ed by the s q u a r e of the d i s t a n c e f r o m a point s o u r c e , p e r m i t t i n g d i r e c t a p p l i 

ca t ion to any g e o m e t r y . . , . 

c . T r a n s m i s s i o n 

B r o a d - b e a m t r a n s m i s s i o n f a c t o r s ob ta ined for 7.5 M e v n e u t r o n s 

i nc iden t on w a t e r and on sandy l o a m f r o m R e f e r e n c e 12 w e r e u s e d to c a l c u l a t e 

the d o s e r e d u c t i o n due to w a t e r and m o i s t so i l s h i e l d i n g . T h e s e t r a n s m i s s i o n 

f a c t o r s i nc lude c o n t r i b u t i o n s f r o m s e c o n d a r y g a m m a r a d i a t i o n . The m o i s t so i l 

w a s a s s u m e d to c o n s i s t of 30% w a t e r by v o l u i n e . 

B . BASIC DOSE R A T E DATA, R E A C T O R O P E R A T I N G . / .' 

D o s e r a t e s f r o m an o p e r a t i n g S N A P lOA r e a c t o r a r e g iven as a funct ion of 

d i s t a n c e in F i g u r e 14. P r o m p t n e u t r o n s and g a m m a s a r e shown on s e p a r a t e 

c u r v e s . A t h i r d c u r v e shows p r o m p t g a m m a s p lus e q u i l i b r i u m f i s s i o n p r o d u c t 

g a m m a s . The c a l c u l a t i o n s w e r e p e r f o r m e d as d e s c r i b e d above in Sec t i on I I I -A. 

F i g u r e 14 p r o v i d e s w o r k i n g c u r v e s wh ich do not apply to any a c t u a l conf ig 

u r a t i o n . The con f igu ra t i on u s e d for the c a l c u l a t i o n s m a y be d e s c r i b e d as a 

r e a c t o r o p e r a t i n g in an inf ini te a i r m e d i u m wi th the r e f l e c t o r a s s e m b l y r e m o v e d . 

Thus the c u r v e s can be u sed wi th any s h i e l d i n g c o n f i g u r a t i o n . 
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Figure 14. Neutron and Gamma Dose 
Rate F r o m Operating SNAP lOA 

Reactor 

The unshielded gamma dose ra te 

from an operating SNAP lOA reac to r 

in the same configuration is shown in 

Figure 15 with fixed dis tance and v a r i 

able operat ing t ime. The fission prod

uct gamma buildup is shown. P rompt 

gamma data were obtained using the 

14-0 code, and CURIE-DOSE was 

used to obtain fission product gamma 

data. 

C. BASIC AIRBORNE 
CONCENTRATION DATA 

Airborne concentrat ions w e r e de 

termined using s tandard Sutton equa

t ions, and using a fission product 

r e l e a se model of 100% halogens and 

noble gases , and 1% pa r t i cu la t e s . 

Ground r e l ea se under inversion 

weather conditions was assumed. For 

the launch pad a rea , the following 

meteorologica l p a r a m e t e r s were e m 

ployed: windspeed u = 2 m / s e c ; 

n = 0,5; C C 0.12; C = 0.05. z x y 
These p a r a m e t e r s ref lect prevalent 

meteorologica l conditions at Point Arguello. For a tmospher ic r e l ea ses follow

ing r een t ry of the sys tem, the p a r a m e t e r s recommended in the calculat ional 

procedures (TID-14844) for lOCFRlOO were employed as worldwide ave rages : 

u = 1 m / s e c ; n = 0.5; C = C^ = 0.4; C = 0.07. Thyroid doses were computed 

using the CURIE-DOSE code,-^ while cloud gamma doses were obtained from the 

code, THUNDERHEAD 
17 

D. DOSE RATE CALCULATIONS . ' ' . ' 

The quasi s t eady-s ta te operat ion analysis -was based on the nuc lear , thermo

dynamic, t he rma l , and hydraulic effects presented in Reference 2. Throughout 

the analysis it was assumed that the r eac to r had been brought to power by 
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1 0 - 4 - 6 3 7561-0566A 

F i g u r e 15. V a r i a t i o n of U n s h i e l d e d G a m m a D o s e R a t e 
F r o m O p e r a t i n g S N A P 1 OA With T i m e 

r e a c t i v i t y add i t i ons a t a r a t e suf f ic ien t ly s low to p r e v e n t c o r e d a m a g e due to an 

in i t i a l p o w e r p u l s e . It w a s f u r t h e r a s s u m e d t h a t r e a c t o r s t a b i l i t y would be 

m a i n t a i n e d d u r i n g the p o w e r r i s e to the point at wh ich h e a t i n g of the u p p e r c o r e 

would r e s u l t in h y d r o g e n r e l e a s e and shu tdown . 

1. R e t e n t i o n B a s i n C a s e 

In th i s c a s e , the r e a c t o r is p o s i t i o n e d in a v e r t i c a l a t t i t u d e in the c e n t e r 

of the r e t e n t i o n b a s i n , and e l e v a t e d by s t r u c t u r a l c o m p o n e n t s s u c h tha t t e r m i n a l 

fluid d r a i n a g e b r i n g s the fluid l eve l i n s i d e and o u t s i d e the c o r e to a h e i g h t of 

8.8 in . The p o w e r l e v e l is 130 kw. 

a. O p e r a t i n g T i m e ' -

It is a s s u m e d t h a t no e m e r g e n c y p r o c e d u r e s a r e e n a c t e d to effect 

shu tdown . D e g r a d a t i o n of p o w e r o c c u r s as the fluid l e v e l is l o w e r e d by v a p o r i 

za t ion due to r e a c t o r h e a t . The fluid is a s s u m e d to be w a t e r r a t h e r t han v e h i c l e 

fuel . The a s s u m p t i o n is c o n s e r v a t i v e , a l lowing a l o n g e r p e r i o d of o p e r a t i o n . 

T h r e e e q u a t i o n s w e r e u s e d to ob ta in the p o w e r l eve l as a funct ion of 

t i m e . The r a t e a t w h i c h w a t e r is c o n v e r t e d to s t e a m is p r o p o r t i o n a l to the 

p o w e r l e v e l . 
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f =KP • . • . . .. ; ...(i: 

w h e r e 

V = v o l u m e of w a t e r e v a p o r a t e d (gal) .. , , _i . ' '• ^ . 

t = r e a c t o r o p e r a t i n g t i ine (min) " ' . • •• 

P = p o w e r l eve l (Mw) . - . . 

K = s t e a m g e n e r a t i o n c o n s t a n t ( g p m / M w ) . . , '.;. ' " " ., 

The r e l a t i o n b e t w e e n the w a t e r l e v e l on the v e s s e l and the p o w e r l eve l is a s s u m e d 

to be of the f o r m 

w = m a (2; 

w h e r e 

w = w a t e r l e v e l on v e s s e l e x t e r i o r (in. ) 

m , a = c o n s t a n t s for E q u a t i o n 2 . 

T h u s , the t i m e r a t e of change for w is 

dw P , d P 
:T— = m a m a -r— dt dt . . . ( 3 ) 

The v o l u m e of w a t e r that h a s b e e n c o n v e r t e d to s t e a m is a funct ion of an a r e a 

f a c t o r and A w . • • .• ,.r • • - , . ' 

V = A A w 
w h e r e 

A = a r e a f a c t o r ( g a l / i n . ) 

A w = w - w 
m a x 

H e r e the t i m e r a t e of change for w is 

. . ( 4 ) 

dw ^ _1_ dV 
dt A dt . . . ( 5 ) 
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o r , f r om Equa t ion 1 

dt A-^^ * (6) 

The d e s i r e d d i f f e r e n t i a l equa t ion in P and t is ob ta ined by equa t ing E q u a t i o n s 3 

and 6. >.-. :•= 'L?. 

P , d P 1 ^ ^ 
m a I n a -r— = - -v -KP dt A . • • ( 7 ) 

which h a s the so lu t ion 

In P l n a + P l n a + ^ ( P l n a ) ^ +--^ ( P l n a ) ' -K(Amlna)" t -f C (8) 

The s e r i e s on the left c o n v e r g e s r a p i d l y for (P lna) l e s s than one , so tha t u s e of 

only the f i r s t fev/ t e r m s is r e q u i r e d . The c o n s t a n t s for E q u a t i o n 8 w e r e d e t e r 

m i n e d a s fol lows for the r e t e n t i o n b a s i n c a s e . ' ' ,• " 

F r o m R e f e r e n c e 2, K m a y be d e r i v e d as 7 g p m / M w . • • 

The c o n s t a n t s m and a for Equa t i on 2 a r e o b t a i n a b l e by g r a p h i n g ' 

w(P) f r o m po in t s p r o v i d e d in R e f e r e n c e 2, and finding an a p p r o x i m a t e e q u a t i o n 

in the f o r m of Equa t i on 2 for the c u r v e , u s ing a c o m m o n n u m e r i c a l a n a l y s i s 

t e c h n i q u e , and y ie ld ing .:• ._ ' .,• -; , 

w = 6.1 ( 2 0 ) ^ . .; • - . - • • • 

The a r e a f a c t o r A is 810 g a l / i n . for the h e i g h t c o n s i d e r e d in the 

r e t e n t i o n b a s i n . The w a t e r he igh t for a 10 ,000-ga l de luge e s t a b l i s h e s an e f f ec -
2 

five a r e a in the t r a p e z o i d a l s h a p e d b a s i n of a p p r o x i m a t e l y 1300 ft w h i c h is c o n -
2 

v e r t e d to g a l / i n . by the f a c t o r 7.5 p e r 12 g a l / f t - i n . •. ' . ' 
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The i n t e g r a t i o n c o n s t a n t C is - 0 . 5 1 , a s c a l c u l a t e d f rom i n i t i a l con

d i t i ons of 0.13 Mw p o w e r at z e r o t i m e . • '• ' ? ' ' • " • • - *' 

The equa t ion for the o p e r a t i n g t i m e is . '• 

-2.35 X 10-̂  fln3P -t- 3P + " I P ^ + I'^'^ + ^-^^ • • ( 9 ) 

and is shown g r a p h i c a l l y in F i g u r e 16. 

b . E n e r g y R e l e a s e 

The t o t a l e n e r g y r e l e a s e , a s s u m 

ing shu tdown by r e f l e c t o r l o s s due to s t e a m 

g e n e r a t i o n , w a s d e t e r m i n e d by n u m e r i c a l 
4 

i n t e g r a t i o n as about 2 x 1 0 M w - s e c . A p 
p r o x i m a t e l y 96% would be r e l e a s e d du r ing 
the f i r s t 100 h r . 

c . N e u t r o n D o s e R a t e 

T h e r e a c t o r con f igu ra t i on is 

shown in F i g u r e 3 . The d o s e r a t e s f r o m 

the s u b m e r g e d and e x p o s e d s e c t i o n s w e r e 

c a l c u l a t e d s e p a r a t e l y , a s a funct ion of t i m e , 

and s u m m e d . Only one d i s t a n c e w a s c o n - •. 

s i d e r e d — 39 ft, as shown in F i g u r e 3 . The 

fol lowing g e n e r a l equa t ion w a s u s e d for the 

s u b m e r g e d s e c t i o n . 

5 
o 
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F i g u r e 16. R e a c t o r P o w e r 
R e d u c t i o n F r o m L o s s of 
W a t e r R e f l e c t o r Due to 

S t e a m G e n e r a t i o n 

N 
SL 

d, t(w) C(d) P(t) N(d^) F(t) 
/• w 

•' o 
(h) T(h) dh . . . ( 1 0 ) 
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where 

N d, t(w) = neutron dose ra te from submerged section at d m e t e r s as a func-

tion of operating tinae, t hr , de termined by the water level, 

w in. ( r e m / h r ) ._ _ j • 

C(d) = geometry factor for dis tances other than d, , the re ference 

dis tance 

P(t) = reac to r power as a function of operat ing t ime (kw )̂ 

N(d,) = unshielded neutron dose ra te in radia l direct ion at d, ( r e m / h r - k w ) 

F(t) = fraction of r eac to r power density submerged, as a function of 

operating t ime 

F'(h) - elennent of r eac to r power density shielded by wate r re laxat ion 

length associa ted with h - , 

T(h) = t r ansmis s ion through wate r for any h ' • • 

h = dis tance from bottom of ve s se l to point of in te res t (m. ) 

For the exposed section, 

N^[d,t(w)J = C(d) P(t) [N(d^) f(t) + N ' ( d ^ , P , K, cp) . . (11) 

where 

N d, t(w) = neutron dose ra te from exposed section at d m e t e r s as a function 

of operating t ime ( r e m / h r ) 

f(t) = fraction of r eac to r power density exposed as a function of ope ra 

ting time 

N (d, ,P,K,(p) = sca t te red neutron dose ra te from axial direct ion as a function of 

dis tance, power, polar angle K, and azimuthal angle <p ( r em/h r -kw) 
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The functions of Equations 10 and 11 were obtained as follows: 

1) The geometry factor C(d) for this case is s imply C(d,) = 1, where d, is 

39 ft. Fo r other d i s tances , cyl indrical source data available from 

Rockwell (Reference 10) may be used. 

2) The power factor P(t) is obtainable from Equation 9. 

3) The unshielded dose ra te N(d,) is obtainable from Figure 14. 

4) The submerged fraction of the power density in the core , F(t), may be 

es t imated by assuming a sinusoidal dis tr ibut ion over the ent i re 12-in 

ve r t i ca l dimension of the vesse l , i . e . , Power Density Distr ibution = sin 

[ (7r / i2 )h] . , . :. 

The cumulative distr ibution to a height h is =• " „ ̂  - • "' 

J, 
h 

s in f jj h ) dh 

and the fractional cumulative distr ibution, F(h), is 

f 
f 
•' o 

s in ( r-̂  h I dh 

12 = i ( ^ - ^ ° ^ n ^ l •• • • • • • • ( 1 2 ) 
s in I Y^ h I dh 

The exposed fraction is 

f(h) = 1 - F(h) 

To express F(h) and f(h) as functions of t ime, it must be noted that 

the point of in te res t h is the water level w in this derivat ion, i. e. , F(h) = F(w). 

Substitution of the function w = w(t) provides the requi red function F(t) . F r o m 
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# 

t h e e s t a b l i s h e d r e l a t i o n b e t w e e n p o w e r and t i m e , E q u a t i o n 9, and b e t w e e n p o w e r 

nd w a t e r l e v e l , E q u a t i o n 2, a v e r y good a p p r o x i m a t i o n of w = w(t) i s 

w = 8.8t 
-0 .053 

(13) 

and F( t ) i s r e a d i l y ob t a ined f r o m E q u a t i o n s 12 and 13. . ' - • ' 

To ob ta in an e x p r e s s i o n for an e l e m e n t of p o w e r d e n s i t y , F ' (h), w h i c h 

would be s h i e l d e d by a w a t e r r e l a x a t i o n l eng th , h m a y be d iv ided into d i v i s i o n s , 

h . , s e p a r a t e d by a d i s t a n c e A h . Then 

1 
^'(^)= 7d 

h.-t-Ah .^ 
s in ( yy h ) dh 

J- s in I y-̂  h | dh 

cos -T-^ h . 12 1 
Tr cos T9(h. + A h ) 

The a c c u r a c y of the c o m p u t a t i o n is not s e r i o u s l y c o m p r o m i s e d by tak ing A h 

as uni ty , y i e ld ing . ^̂  • 

1 
F ' ( h ) = 2 cos T^ h - COS ;p5 (h + 1) 

12 12 

The t r a n s m i s s i o n f a c t o r t h r o u g h w a t e r , T(h) , i nvo lves a g e o m e t r i c a l 

d e t e r m i n a t i o n of x(h) , the l eng th of pa th t h r o u g h w a t e r b e t w e e n an e l e m e n t of 

p o w e r d e n s i t y , and the w a t e r s u r f a c e , in the d i r e c t i o n of the po in t of m e a s u r e 

m e n t . The p r o d u c t of x(h) and an a b s o r p t i o n c o e f f i c i e n t , u , p r o v i d e s the r e l a x a 

t ion l eng th , s u c h t h a t 

T(h) -Mx(h) 

The d i s t a n c e f r o m the v e s s e l b o t t o m to the po in t of m e a s u r e m e n t i s 

39.3 ft; f r o m the 8.8 in . l eve l to the m e a s u r e m e n t point i s 39.1 ft. A s s u m i n g 

that t h e s e l i n e s a r e p a r a l l e l , .•.. • • - • j 

X = 2.2 (8.8 - h) " 
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In R e f e r e n c e 18, the d o s e t r a n s m i s s i o n of f i s s i on n e u t r o n s in w a t e r is 

shown to be e s s e n t i a l l y a s t r a i g h t l ine funct ion, in a s e m i - l o g a r i t h m plot , w i th 

a s l o p e of about 0.254 in . . T h u s , the t r a n s m i s s i o n a t any he igh t i s 

^ ^ e-°-5^ (8.8-h) 

The s c a t t e r e d n e u t r o n d o s e r a t e a t t h e poin t of m e a s u r e m e n t , 

N ' (d, P , K, <p), due to n e u t r o n s e m i t t e d f r o m the top s u r f a c e of the v e s s e l w a s 

c a l c u l a t e d f r o m Monte C a r l o da t a p u b l i s h e d in R e f e r e n c e s 19 and 20 . The 

m e t h o d of c a l c u l a t i o n i s d e s c r i b e d be low in the s e c t i o n on i n d i r e c t d o s e r a t e s . 

With a p p r o p r i a t e t r i g o n o m e t r i c s u b s t i t u t i o n s , the i n t e g r a l of E q u a 

t ion 10 m a y be e x p r e s s e d a s " \ . 

1.37 X 10"-^[e"°"5^ ^ ( s i n 0.26 w - 0.465 cos 0.26 w) -f 0 .465] . 

The e x p r e s s i o n s p r e s e n t e d above m a y be s u b s t i t u t e d into E q u a t i o n s 10 and 11 , 

so lved for v a r i a b l e t, and s u m m e d to p r o v i d e t h e t o t a l n e u t r o n d o s e r a t e a t t he 

po in t of m e a s u r e m e n t . The r e s u l t s a r e shown in F i g u r e 4 . C o m p a r i s o n w i th 

F i g u r e 16 r e v e a l s t ha t the effect of the v a r i a t i o n in w a t e r s h i e l d i n g i s a l m o s t 

c o m p l e t e l y - i n a s k e d by the p o w e r v a r i a t i o n . T h u s , it is d e m o n s t r a t e d tha t for 

a d d i t i o n a l w o r k (excep t ing f i s s ion p r o d u c t g a m m a s ) , i t is n e c e s s a r y to c a l c u l a t e 

only the i n i t i a l d o s e r a t e , w h i c h is then r e d u c e d in t i m e a c c o r d i n g to the p o w e r 

l e v e l . I n i t i a l cond i t ions a r e 

P(o) = 130 kw , '•" . . •'= • . • 

N(39 ft) = 160 r e m / h r - k w , ' ' . • ' • - • ' 

F(o) = 0,84 , • . . " " .• 

f(o) = 0.16 , • . • • • " ' • . . . . . / 

w 

N ' ( 3 9 ft, 130, 2 .88 , rr) = 0.46 r e m / h r - k w , 
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yielding 

N (39 ft, 0) + N (39 ft, 0) = 3.5 x 10^ + 3.4 x 10^ = 6.9 x 10̂ ^ r e m / h r 
S 6 

d. Gamma Dose Rate 

The procedure for calculating the gamma dose ra te is s imi l a r to the 

neutron dose ra te p rocedure . The following genera l equations were used for 

prompt (prompt fission and capture) g a m m a s . •" ' . ' 

ti. 

r 1 r 

Gg,p[d,t(w)J = C(d) P(t) Gp(d^) F(t) J F ' (h )Tp(h)dh , . . . (14) 

G^,p[d,t(w)] = C(d) P(t) Gp(d^) f(t) , • - .• . . . . . ( 1 5 ) 

where 

G , d, t(w) = prompt gamma dose ra te from submerged sect ion at d m e t e r s 

as a function of operating t ime, t h r , de te rmined by wate r 

level, ŵ  in. ( r / h r ) 

G , d, t(w) = 'gamma dose ra te (as above) from exposed section ( r /h r ) 

G (dj) = unshielded prompt gamma dose ra te in radia l direct ion at 

d ( r /h r -kw) 

T (h) = prompt gamma t r ansmis s ion through wate r for any h. 

The new functions of Equations 14 and 15 were obtained as follows: 

Values for G (d, ) a r e obtainable from Figure 14. 
P 1 • . 

The t r ansmi s s ion factor through wa te r , T (h), may be es t imated from the 
ir 

hal f -va lue- layer (HVL) of 6.8-in. of water for 2.5 Mev g a m m a s . » 

T(x) = 2 " ^ , . • : ; 

X = x ( h ) , •_ • . • • • . -
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where x(h) is the length of water path as previously defined, and n is the number 

of HVL ' s . 

; n = x/HVL , • •• ^ ._• - ' • '"' '•• • ••..' 

X = 2.2(8.8 - h) . . . •'. . • ': 

Tp(h) = 2 
•0.324(8.8-h) 

The in tegra l of Equation 14 is reducible to 

0.036 ^0.324 w^^.^ Q 26 vv - 1.16 cos 0.26 w) + 1.16 

With these express ions for functions in Equations 14 and 15, the prompt gamma 

dose r a t e may be computed for var iab le t ime at the point of measu remen t . F ig 

u re 4. As with the neutron dose ra te , var iab le shielding is masked by var iab le 

pov/er level . 

Initial conditions a r e 

P(o) = 130 kw , 

G (39 ft) = 36.6 r / h r - k w , 
P 

F(o) = 0.84 , 

f(o) =0 .16 , 

w = 8.8 in. 

yielding a prompt gamma dose ra te of 

G (39 ft,0) + G (39 ft,0 ) = 1710 + 760 + 2.5 x 10 r / h r 
s ,p ' ' e,p' ' 
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| The d e l a y e d g a m m a d o s e r a t e , to wh ich f i s s i on p r o d u c t s a r e the only s ign i f i can t 

c o n t r i b u t e r , w a s c a l c u l a t e d f rom E q u a t i o n s 14 and 15, s u b s t i t u t i n g the s u b 

s c r i p t f for p , c o n s i d e r i n g the u n s h i e l d e d d o s e r a t e p e r k i l owa t t as a funct ion 

of o p e r a t i n g t i m e , G ^ ( d , , t ) , and modifying Tj- (h)for the so f t e r f i s s i o n p r o d u c t 

g a m m a s . • . • .. 

To s impl i fy the d e t e r m i n a t i o n of the u n s h i e l d e d f i s s i o n p r o d u c t g a m m a 

d o s e r a t e p e r kw a t 1 ft, P(t)Gp(d , t) m a y be g r a p h e d as a funct ion of o p e r a t i n g 

t i m e , as shown in F i g u r e 15. F r o m th is f i gu re the r a t i o G r / G m a y be o b 

t a i n e d for c o n s t a n t P . The p r o d u c t of th i s r a t i o and the to ta l p r o m p t g a m 

m a d o s e r a t e w i th v a r i a b l e P ( t ) , a s shown in F i g u r e 4, p r o v i d e s an e s t i m a t e of 

P ( t ) G . (d. , t) for 0 < t < 100 h r . (Dur ing the f i r s t 100 h r , 96%. of the t o t a l e n e r g y 

is g e n e r a t e d . ) F o r t > 100 h r , f i s s i on p r o d u c t d e c a y m a y be c o n s i d e r e d a s c o n 

t r o l l i n g . The r e l a t i o n . . . -• ' - • 
1̂ - , - . , . . . • • ; 

• • -" ' 4 -

w h e r e •- • ' " • 

I , = f i s s i p n p r o d u c t g a m m a i n t e n s i t y a t t i m e of f i r s t m e a s u r e m e n t 

ly = f i s s i o n p r o d u c t g a m m a i n t e n s i t y a t t i m e of s e c o n d m e a s u r e m e n t 

A t , = e l a p s e d tinne b e t w e e n f o r m a t i o n and f i r s t m e a s u r e m e n t : 

At-, = e l a p s e d t i m e b e t w e e n f o r m a t i o n and s e c o n d m e a s u r e m e n t ' . 

m a y be u s e d to e s t i m a t e P ( t ) G , ( d , , t ) for t > 100 h r by a s s u m i n g tha t the f i s s i o n 

p r o d u c t s a r e f o r m e d a t t = 50 h r . •. . • • - ' -• _ _ .- •-; 
- II . I _ . ' r " 

The t r a n s m i s s i o n f a c t o r t h r o u g h w a t e r , T^(h) , m a y be ob t a ined a s for 

T (h), u s ing the HVL of 3.5 in . for 0.7 M e v g a m m a s . • • . 

T^(h) = 2 - ° - ^ 3 (8 .8-h) ; = - . . - . -

With t h e s e c h a n g e s . Equa t i ons 14 and 15 inay be so lved for v a r i a b l e t and 

s u m m e d to p r o v i d e the d e l a y e d g a m m a d o s e r a t e a s shown in F i g u r e 4 . 
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e. I n d i r e c t D o s e R a t e ••••• ' • ' ' ' •' 

The a i r s c a t t e r e d n e u t r o n d o s e r a t e , t he g a m m a d o s e r a t e due to a i r 

c a p t u r e of t h e r m a l n e u t r o n s , and the g a m m a d o s e r a t e due to a i r s c a t t e r e d 

g a m m a s w e r e c a l c u l a t e d to d e t e r m i n e the f ea s ib i l i t y of e m e r g e n c y r e a c t o r shu t 

down p r o c e d u r e s . 

F r o m R e f e r e n c e 19, the t o t a l s c a t t e r e d n e u t r o n d o s e r a t e , D (d), a t 
' ' n ' 

a d i s t a n c e d f r o m a point s o u r c e in an in f in i te , h o m o g e n e o u s m e d i u m of a i r is 

g iven by . . . . , " • " . - • = , 

f m a x i f _ _ A _ _ _ _ _ 
D^(d) = I S ( K , ( p , E ^ ) D^ ( K , ( p , d , E^) s in KdKd:pdE . . . ( 1 6 ) 

•^E=o - o •'o 

w h e r e 

D (d) - t o t a l s c a t t e r e d n e u t r o n d o s e r a t e , r e m / h r p e r s o u r c e n e u t r o n s / s e c 

E = n e u t r o n e n e r g y (Mev) . . . - , _ • •• ~. 

E = i n i t i a l n e u t r o n e n e r g y (Mev) ' ' ^ •. ''• '. 

S(K, (p, E ) = n e u t r o n c u r r e n t of e n e r g y E inoving in the d i r e c t i o n (K, v') at a 

poin t on the s u r f a c e of a uni t s p h e r e 

K = p o l a r a n g l e , m e a s u r e d w i th r e s p e c t to s o u r c e - d e t e c t o r ax i s 

cp = a z i m u t h a l a n g l e , m e a s u r e d b e t w e e n y, a n o r m a l c o o r d i n a t e to 

the s o u r c e - d e t e c t o r a x i s , and the p r o j e c t i o n of the n e u t r o n d i r e c 

t ion on the p l ane f o r m e d by y and the t h i r d c o o r d i n a t e , z 
A 

D (K, cp, d, E ) = Monte C a r l o e s t i m a t e of the n e u t r o n d o s e r a t e (at a d e t e c t o r on n ' ' ' o 

the s o u r c e - d e t e c t o r ax i s ) f r o m a m o n o d i r e c t i o n a l s o u r c e e m i t t i n g 

one n e u t r o n p e r s e c o n d of e n e r g y E in the d i r e c t i o n (K, cp). 

F o r a m o n o e n e r g e t i c , i s o t r o p i c s o u r c e . E q u a t i o n 16 m a y be w r i t t e n as 

D (E , d ) = 2TT V S ( K . , E ) D (K., E , d) s in K (AK.) , ' . . . (17) 
n o ' /_^ j ' o' n^ j ' o ' ' J ' -

N A A - S R - M E M O - 8 9 72 

43 • •'• •-•.' ''•••4' 



to pe rmi t a numer ica l integrat ion technique, Reference 20. Values for 

|D (E , d) appear in Reference 20 for d is tances of 10, 35, 64, and 100 ft. The 

product of D (E , d) and the source s t rength, CT(E ) for neutrons of energy E c n o ' ° ' ^ o ° o 
from the SNAP lOA vesse l , provides the des i red dose ra te for a given E . A 

summation of the dose ra te due to eight energy ranges then provides the total 

dose ra te at a specified dis tance . . ; , , _ -. ~. " 

D (d) = y D (E , d ) . CT(E ). . . ' " . . . (18) 
n Z-̂  n o ' 1 o ' l ^ 

i = l _ . - • • , 

Since interpolat ion of the data presented in Reference 20 appears i nac 

cura te between energies other than the eight used, the SNAP 1 OA leakage s p e c 

t r u m was adjusted to match those eight energ ies , as shown in Table 2. Fo r the 
235 spec t rum adjustment for energies g r e a t e r than 3 Mev, the U fission spec t rum 

given in Reference 21 was used. . . • 

Table 2 also p resen t s values of Equation 18. The source s t r eng ths , 

a ( E ), w e r e obtained as descr ibed below. The total in tegrated flux per wa t t - s ec 

was summed for the vesse l side and end surfaces for each energy range . The 
2 

sums w e r e then multiplied by the vesse l surface a r e a , 3100 cm . Multiplying 
2 by the a rea is equivalent to converting a sphere of 3100 cm area to a unit sphere , 

and thus provides a good approximation. The percentage of the total neutron dose 

contributed by sca t te r ing is shown in the final row of Table 2. 

To es t imate the a i r sca t t e red neutron dose ra te at 39 ft in the r e t en 

tion basin configuration, wa te r shielding mus t be considered along with the in te 

grat ion l imits for K and cp . With respec t to water shielding, it was assumed 

that the dose ra te reduction would be equivalent to that for the di rect beam. At 

39 ft init ially, this factor is 0.35. Concerning the integrat ion l imit for K, the 

sou rce -de t ec to r axis behind the r eac to r forms an angle of about 15° with the 

wa te r level . The contribution to the dose ra te at the point of m e a s u r e m e n t from 

neutrons emitted within this angle would be negligible. F r o m Reference 20, this 

contribution in an infinite a i r inedium is approximately 8%. For the integrat ion 
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TABLE 2 . 

SCATTERED NEUTRON DOSE RATE IN INFINITE AIR MEDIUM 

E 
o 

(Mev) 

0.33 

1.1 

2 . 7 

4 . 0 

6 .0 

8 .0 

10.9 

14.0 

D 
n 

P e r c e n t 

a ( E J 
( n / s e c - w ) 

5.0 X 10*^ 

1 . 2 x 1 0 ^ 0 

1 . 6 x 1 0 ^ 0 

2 .3 x 10^ 

q 
2 .3 X 10^ 

1.8 X 10^ 

1.6 X 10^ 

3 .6 X 10^ 

(d) 

of t o t a l 

d = 10 ft 
( r e m / h r - w ) 

1.95 X 1 0 ' ^ 

9 . 2 5 X 1 0 ' ^ 

8 .00 X 1 0 ' ^ 

2 .07 X 1 0 ' ^ 

1.60 X 1 0 ' ^ 

1.12 X 10"-^ 

1.07 X l O ' ' * 

3 .14 X 1 0 " ^ 

0 .23 

13% 

D ( E , d ) 
n o ' ' 

d = 35 ft 
( r e n n / h r - w ) 

5.0 X 10"^ 

2 . 4 X 1 0 ' ^ 

2 .3 X 1 0 " ^ 

6.0 X 10"-^ 

4 . 4 X 1 0 " ^ 

3.2 X 10"'^ 

3.0 X 1 0 " ^ 

9 .0 X 1 0 " ^ 

0 .063 

2 6% 

a ( E ^ ) 

d = 64 ft 
( r e m / h r - w ) 

2 .5 X 10"^ 

1.3 X 1 0 " ^ 

1.3 X 1 0 ' ^ 

3 .2 X 10"-^ 

2 . 4 X lO'-^ 

1.8 X 1 0 " ^ 

1.6 X 1 0 " ^ 

4 , 5 X 1 0 " ^ 

0 .034 

34% 

d = 100 ft 
( r e m / h r - w ) 

1.4 X 1 0 " ^ 

7.3 X 1 0 ' ^ 

7.4 X 1 0 " ^ 

2 .0 X 1 0 " ^ 

1.5 X 1 0 " ^ 

1.1 X 1 0 ' ^ 

9 .8 X 1 0 " ^ 

2 .8 X 10".^ 

0 .020 

50% 

l imit for cp, al l neutrons emitted below the source -de tec to r axis were neglected, 

a reduction of 0,5. Thus the initial a i r - s c a t t e r e d neutron dose ra te w^ould be 

approximately 

0.06 r e m / h r - w a t t s x 1.3 x 10 watts x 0.35 x 0.92 x 0.5 = 1600 r e m / h r . 

Degradation of this dose ra te with t ime would follow the power level degradation, 

as shown in F igure 4. • _ ,. 

References 22 and 23 w e r e consulted for the calculation of the gamma 

dose ra te at the point of m e a s u r e m e n t due to a ir capture of t he rma l neu t rons . 
A 

Reference 22 provides Monte Carlo es t imates of D (K,cp,d), in units of r / h r per 

source n e u t r o n / s e c . The air capture gamma dose ra t e , D , due to one the rma l 

neutron emit ted in the (K,cp) di rect ion from a unit sphe re , monodirect ional 
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source , is graphed there as a function of K, To obtain an effective source 

| s t rength to dose conversion factor at the t h r ee d is tances provided, the curves 

of D vs K were integrated numer ica l ly for 0° < K < 180°, and then divided by 180. 

^eff = I¥0-° / " " °g(K''^»<^) ^ i^ l^dK 

To convert the r eac to r source to a unit sphere , monodirect ional source , the 

the rma l flux per w^att-sec, ip, was multiplied by the a rea , providing a unit sphere 

source , and by 47T, providing a monodirect ional source . This calculation yielded 
13 a source s t rength of 1.4 x 10 t he rma l n / s e c - k w . The a i r capture gannma dose 

13 r a t e , D (d), was obtained as 1,4 x 10 C - r / h r - k w as shown in Table 3, The 
' g^ ' ' e i i ' ' T 

value of D (39 ft) was obtained by smooth curve interpolation as 3 x 1 0 r / h r - k w , 
O 

TABLE 3 

AIR CAPTURE GAMMA DOSE RATE IN AIR MEDIUM 

d 
(ft) 

33 

64 

100 

eff 
( r / h r - N Is) 

- 15 
2,2 X 10 

1.1 X 1 0 ' ^ ^ 

4 .4 X 10"^^ 

S o u r c e 
S t r e n g t h 

(N / s - k w ) o 

1.4 X 10^^ 

1.4 X 10^^ 

1.4 X 10^^ 

°g"» 
( r / h r - k w ) 

3.2 X 10"^ 

1.6 X 10"^ 

6,5 X 10"^ 

To es t imate the additional contribution of neutrons thermal ized by the 

a i r , the leakage spec t rum from the reac to r for energies less than 10 kev was 

normal ized to the t h e r m a l flux. Reference 23 provides D (E ^ d) from a point, 

i so t ropic , monoenerget ic source as a function of energy, for d = 50 ft. These 

data were normal ized to the t h e r m a l neutron value of D . The sum of the prod-

ucts of these normal ized values provided an es t imate of the factor of inc rease 

over D (50 ft) for t he rma l neutrons only, as shown in Table 4. The factor of 
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TABLE 4 

INCREASE FACTOR FOR AIR THERMALIZED NEUTRONS 

E o 
(ev) 

0.025 

0.25 

0.7 

2.0 

6.5 

20 

65 

325 

1,780 

10,000 

Normal ized 
Spectrum 

(n / t h e r m a l n ) 

1.00 

0.38 

0.29 

0.38 

0.47 

0.47 

0.65 

0.88 

1.00 

1.68 

Normal ized 
D (50 ft) 

D (E )/D (0.025)1 
L g o' g J 

1.00 

0.54 

0.38 

0.29 

0.20 

0.14 

0.10 

0.06 

0.04 

0.02 
J 

Sum 

Product 

1.00 

0.21 

0.11 

0.11 

0.09 

0.07 

0.07 

0.05 

0.04 

0.03 

1.8 

1.8 for Dp. {50 ft) was applied to D (39 ft) without dis tance cor rec t ion , yielding 
? , g 

5.4 X 10--^ r / h r - k w . Thus, it appears that D (39 ft) for 130 kw would not be 

m o r e than 7 r / h r for the retention basin configuration, and would degrade with 

power as shown in F igure 4. 

Concerning details of the source s t rength calculation, it was assumed 

that the flux and spec t ra from the submerged section would be equivalent to 

leakage with the ref lector assembly in position, and AIM-6 code values for that 

configuration w e r e used. Fo r the exposed section, flux and spec t ra data for the 

ba re core configuration were used. The a r e a of the submerged section was ob

tained using the reac to r d iamete r with the ref lector assembly in position, while 

the vesse l d iamete r was used for the exposed section. The ref lector leakage 

spec t rum was used to obtain the normal ized spec t rum in Table 4, 

Reference 22 data include the rmal neutrons reflected from concre te , 

assuming a source height of 12,5 ft. This contribution is very significant, and 

would be g r e a t e r in the retention basin configuration. However, this i nc r ea se 

was counterbalanced, at leas t in par t , by neglecting the attenuation effects of the 

wate r in the bas in . 
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R e f e r e n c e 24 p r o v i d e d a r e a d y e s t i m a t e of a i r s c a t t e r e d g a m m a s . 
Q 

^ ^ ^ C a l c u l a t i o n s p e r f o r m e d by the 14-0 p r o g r a m and r e p o r t e d in R e f e r e n c e 24 

^ ^ ^ p r o v i d e r a t i o s of a i r s c a t t e r e d g a m m a s to a i r s c a t t e r e d n e u t r o n s , and of a i r 

s c a t t e r e d g a m m a s to n e u t r o n a i r c a p t u r e g a m m a s . As shown in F i g u r e 4 , a i r 

s c a t t e r e d g a m m a s in i t i a l l y would y ie ld a d o s e r a t e of 32 r / h r a t the poin t of 

i n t e r e s t . 

2. C r a t e r C a s e 

In t h i s c a s e the r e a c t o r is pos i t i oned in a v e r t i c a l a t t i t ude in a so i l f i l led 

c r a t e r as shown in F i g u r e 9. Ra in fa l l in to the w a t e r , o r g r o u n d w a t e r s e e p a g e , 

p r o v i d e s the r e a c t i v i t y r e q u i r e d for o p e r a t i o n a t 6 kw. With the w i d e v a r i a t i o n 

of p o s s i b l e r e a c t o r a t t i t u d e s and c r a t e r s h i e l d i n g c o n f i g u r a t i o n s , d e t a i l e d d o s e 

r a t e c a l c u l a t i o n s a r e no t j u s t i f i e d . ." • 

a. O p e r a t i n g T i m e : „ ' • 

W o r l d r e c o r d r a i n f a l l d a t a , p lo t t ed as a m o u n t vs d u r a t i o n , i n d i c a t e 
25 

tha t a 0.6 in . / h r r a i n f a l l would n e v e r e x i s t l o n g e r than abou t 20 d a y s . H o w 

e v e r , the p r o c e d u r e for a v e r a g i n g r a i n f a l l da ta e l i m i n a t e s p e a k p e r i o d s w h i c h 

wou ld t e r m i n a t e r e a c t o r o p e r a t i o n . A l s o , s u c h r a i n f a l l has b e e n r e c o r d e d only 

in J a m a i c a and India , so tha t the 2 0 - d a y u p p e r l i m i t does not r e p r e s e n t a l a r g e 

f r a c t i o n of the e a r t h ' s land s u r f a c e . A m o r e r e a l i s t i c a p p r o a c h to a d u r a t i o n 

l i m i t would be to e s t a b l i s h a r e p r e s e n t a t i v e p e r c e n t a g e of t i m e d u r i n g w h i c h the 

p r e c i p i t a t i o n r a t e is l e s s than 0.6 in . / h r bu t g r e a t e r than s o m e s m a l l r a t e a s s o 

c i a t e d wi th n e g l i g i b l e p o w e r g e n e r a t i o n . F o r e x a m p l e , in W a s h i n g t o n , D. C. , 

0.6 in . / h r r a i n f a l l h a s b e e n e x c e e d e d , on the a v e r a g e , 9 h r / y r a d j u s t e d i n s t a n 

t a n e o u s r a t e . A r a t e of 0.06 in . / h r h a s b e e n e x c e e d e d , on the a v e r a g e , 167 h r / y r . 

T h e s e n u m b e r s def ine a t i m e p e r i o d of 158 h r / y r for s i g n i f i c a n t r e a c t o r o p e r - = 

a t i o n . The r a t i o of t h i s p e r i o d to the f r e q u e n c y of r a i n f a l l s w i t h an a v e r a g e p r e 

c i p i t a t i o n r a t e b e t w e e n 0.06 and 0.6 in . / h r would p r o v i d e a r e a s o n a b l e e s t i m a t e 

of a s i n g l e r e a c t o r o p e r a t i o n d u r a t i o n . R e f e r e n c e 25 r e p o r t s t ha t the to t a l a n n u a l 

p r e c i p i t a t i o n in W a s h i n g t o n o c c u r s o v e r an i n t e g r a t e d p e r i o d of abou t 650 h r . 

A p p a r e n t l y , the p r e c i p i t a t i o n r a t e is b e t w e e n 0.06 and 0.6 in . / h r ^^24% of the t i m e . 

The p r e c i p i t a t i o n i s m e a s u r a b l e an a v e r a g e of 124 d a y s / y r . The f r e q u e n c y of 

r a i n f a l l s w i th an a v e r a g e p r e c i p i t a t i o n r a t e b e t w e e n 0.06 and 0.6 in . / y r m a y 

then be e s t i m a t e d a s about 30 t i m e s p e r y e a r . Th i s e s t i m a t e y i e ld s a r e a c t o r 
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o p e r a t i o n d u r a t i o n of about 5 h r , m o s t of wh ich would be at a p o w e r l e v e l c o n 

s i d e r a b l y be low 6 kw. U . S . A i r F o r c e d e s i g n e r s c o n s i d e r the r a in fa l l in W a s h -
25 

ington to be f a i r ly r e p r e s e n t a t i v e of w o r l d - w i d e ra in fa l l c o n d i t i o n s . 

b . D o s e R a t e 

The i s o d o s e c u r v e s a p p e a r i n g in F i g u r e 8 w e r e ob ta ined by a p p l i c a 

t ion of a p p r o p r i a t e t r a n s m i s s i o n f a c t o r s to t h e u n s h i e l d e d d o s e r a t e s shown in 

F i g u r e 14. S o u r c e s for the t r a n s m i s s i o n f a c t o r s a r e g iven in Sec t ion I I I -A, The 

m o i s t so i l w a s a s sunaed 30% w a t e r by v o l u m e . T h u s , the to t a l s h i e l d i n g d i s 

t a n c e d , a s d e t e r m i n e d by an a n g l e , 6 , p r o v i d e d the w a t e r s h i e l d i n g a s 0,3 d , 

and the s o i l s h i e l d i n g as 0,7 d . The d o s e r a t e a long a l ine f o r m e d a t a g iven 

a n g l e , 6 , is - . . . . = 

• W . A V . ^ , , , „ S , , - , , „ W ^ , n > , r, , , , „ S , n , r.r,W Z(d, 6) = Z (d)T='(e)T"^(e) -f Z Ad)T° (d)T (6) + Z^ (d )T^ , (e )TV^ (6) 
\ } ' n^ ' n^ ' n^ ' p y ^ ' p y ^ ' p y ^ ' d y ^ ' d y ^ ' d y ^ ' • 

w h e r e i - , 

Z(d ,6) = to t a l s h i e l d e d d o s e r a t e a t d i s t a n c e d a long ang le 9 ( r e m / h r - k w ) 

Z (d) = t o t a l u n s h i e l d e d n e u t r o n d o s e r a t e a t d ( r e m / h r - k w ) . ' ' ' 

Z (d) = u n s h i e l d e d p r o m p t gamnna d o s e r a t e a t d ( r / h r - k w ) . 

Z (d) = u n s h i e l d e d d e l a y e d g a m m a d o s e r a t e a t d ( r / h r - k w ) 

s ^ 
T (9) = b r o a d b e a m t r a n s m i s s i o n t h r o u g h s o i l for r a d i a t i o n i n d i c a t e d by 

s u b s c r i p t , a s a funct ion of 6 

T (o) = b r o a d b e a m t r a n s m i s s i o n t h r o u g h w a t e r for r a d i a t i o n i n d i c a t e d by 

s u b s c r i p t , a s a funct ion of 6 . 

The u n s h i e l d e d d o s e r a t e s in F i g u r e 14 i nc lude a i r s c a t t e r i n g . A p p l i 

c a t i o n of the t r a n s m i s s i o n f a c t o r s to the s c a t t e r e d r a d i a t i o n c o m p o n e n t s h a s a 

c o m p e n s a t i n g effect . R a d i a t i o n e m i t t e d in u p p e r h e m i s p h e r i c a l d i r e c t i o n s would 

y i e ld s c a t t e r e d c o m p o n e n t s not n e c e s s a r i l y s h i e l d e d by so i l o r w a t e r . R a d i a t i o n 

e m i t t e d in l o w e r h e m i s p h e r i c a l d i r e c t i o n s would h a v e s o m e s c a t t e r e d c o m p o n e n t s 

c o m p l e t e l y e l i m i n a t e d . 
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APPENDIX A 

EXPOSURE CONDITIONS 

The c o n s e q u e n c e s of the q u a s i s t e a d y - s t a t e a c c i d e n t m a y b e c o n s i d e r e d 

f r o m the v i ewpo in t of a c c u m u l a t e d d o s e at spec i f i ed d i s t a n c e s f rom the c r a t e r , 

o r f r om the v i ewpo in t of the d o s e r a t e as a funct ion of d i s t a n c e . The a c c u m u 

l a t ed d o s e is of p a r t i c u l a r i n t e r e s t in a popu la t ed z o n e , w h e r e a s the d o s e r a t e 

is m o r e s i g n i f i c a n t in r u r a l a r e a s w h e r e d e l i b e r a t e , s h o r t - t e r m i n v e s t i g a t i o n 

would be the e x p e c t e d m o d e of e x p o s u r e . R e p e a t e d p e r s o n n e l e x p o s u r e s in a 

popu la t ed zone would i m p l y the a b s e n c e of any a c t i o n on the p a r t of p e r s o n s in 

the zone fol lowing i m p a c t of the c o m p a r a t i v e l y l a r g e ob jec t . Such i nac t i on is 

c o n s i d e r e d i n c r e d i b l e , and only d o s e r a t e s f r o m an o p e r a t i n g r e a c t o r in a r u r a l l y 

l o c a t e d c r a t e r h a v e b e e n c o n s i d e r e d in th i s r e p o r t . 

The n u m b e r of p e r s o n s e x p o s e d , and the e x p o s u r e d u r a t i o n , a r e c o n j e c t u r a l . 

H o w e v e r , it is r e a s o n a b l e to d e v e l o p a l o g i c a l t h e o r y b a s e d on p r e s e n t day e x 

p e r i e n c e . A c c o r d i n g l y , it m a y be p r e s u m e d tha t s t e a m r i s i n g above the r e a c t o r 

could a t t r a c t the n o t i c e of a s m a l l g r o u p . The p h e n o m e n o n would be i n v e s t i g a t e d ; 

n a t u r a l p r e c a u t i o n s would p r o b a b l y l i m i t the n u m b e r of p e r s o n s m a k i n g a c l o s e 

a p p r o a c h . The s igh t of a m e t a l l i c ob j ec t in a c r a t e r , g e n e r a t i n g s te n , would 

a r o u s e a n a t u r a l f ea r of d a n g e r , s u c h as an e x p l o s i o n , p r o b a b l y r e s u l t i n g in 

r a p i d w^ithdrawal f r o m the i m m e d i a t e a r e a . T h e e x p o s u r e would p r o b a b l y r a n g e 

b e t w e e n one m i n u t e a t one m e t e r , and one h o u r wi th in 10 m e t e r s . The ob jec t 

would in a l l l i ke l ihood b e r e p o r t e d to a u t h o r i t i e s b e f o r e a d d i t i o n a l c l o s e e x p o 

s u r e s o c c u r r e d . Since r a d i a t i o n d e t e c t i o n e q u i p m e n t is a l r e a d y p r e s e n t in "^^3^-

tua l ly e v e r y n a t i o n , a u t h o r i t i e s would be e x p e c t e d to e s t a b l i s h n u c l e a r e n e r g v as 

the s o u r c e of h e a t p r i o r to f u r t h e r e x a m i n a t i o n of the ob j ec t . 
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