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A 

A B S T R A C T 

A low p o w e r h o m o g e n e o u s r e a c t o r of the w a t e r b o i l e r type h a s b e e n in 

o p e r a t i o n in the A t o m i c E n e r g y R e s e a r c h D e p a r t m e n t of N o r t h A m e r i c a n 

A v i a t i o n , I n c , Downey, C a l i f o r n i a s i n c e A p r i l , 1952, The r e a c t o r , wh ich 

w a s d e s i g n e d p r i m a r i l y a s a r e s e a r c h r e a c t o r , i s d e s c r i b e d in s o m e d e t a i l . 

S o m e of the o p e r a t i o n a l c h a r a c t e r i s t i c s and e x p e r i m e n t a l u s e s at power l e v e l s 

up to one wat t a r e g iven . The o p e r a t i o n a l h i s t o r y , which h a s b e e n qu i t e v a r i e d 

up to the p r e s e n t , h a s poin ted out the u s e f u l n e s s and v e r s a t i l i t y of the r e a c t o r 

a s a tool for a g r e a t m a n y v a r i e d r e s e a r c h p r o g r a m s . 

T h i s r e p o r t i s b a s e d on s t u d i e s conduc ted for the A t o m i c E n e r g y C o m ­

m i s s i o n u n d e r C o n t r a c t A T - 1 1 - 1 - G E N - 8 . 
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I, INTRODUCTION 

A low power h o m o g e n e o u s r e a c t o r of the w a t e r b o i l e r type h a s been in 

o p e r a t i o n at the A t o m i c E n e r g y R e s e a r c h D e p a r t m e n t of N o r t h A m e r i c a n 

A v i a t i o n , I n c , s i n c e A p r i l , 1952. T h i s r e a c t o r , c a l l e d t h e w a t e r b o i l e r n e u t r o n 

s o u r c e (WBNS), w a s d e s i g n e d p r i m a r i l y a s a s o u r c e of n e u t r o n s for e x p e r i m e n t a l 

p u r p o s e s . The r e a c t o r i s o p e r a t e d a t p o w e r l e v e l s up to one wa t t , and a t t h i s l e v e l , 
7 2 

i t s u p p l i e s a m a x i m u m t h e r m a l flux of a p p r o x i m a t e l y 4 x 1 0 n e u t r o n s / c m - s e c 

a t the c e n t e r of a t e s t ho le t h r o u g h the s p h e r i c a l c o r e , a long with s o m e w h a t 

l e s s e r v a l u e s of flux in e x p o s u r e f a c i l i t i e s in the g r a p h i t e r e f l e c t o r . 

The WBNS i s we l l su i t ed for n e u t r o n a b s o r p t i o n c r o s s s e c t i o n m e a s u r e ­

m e n t s by the d a n g e r coef f ic ien t t e c h n i q u e b e c a u s e of i t s low n u c l e a r c r o s s s e c ­

t ion which r e s u l t s in a h igh s e n s i t i v i t y . It i s an e c o n o m i c a l type of r e a c t o r on 

which p e r s o n n e l t r a i n i n g , i n s t r u m e n t and m a t e r i a l t e s t i n g a long wi th o the r r e a c ­

to r e n g i n e e r i n g s t u d i e s , can be c o n d u c t e d . It wi l l a l s o fu rn i sh suff ic ient n e u t r o n 

flux for a g r e a t m a n y t y p e s of n e u t r o n i r r a d i a t i o n s for s t u d i e s in n u c l e a r p h y s ­

i c s , r a d i o c h e m i s t r y , and b i o p h y s i c s . T h e w a t e r b o i l e r type r e a c t o r a l s o c o m ­

b i n e s s t r o n g i n h e r e n t sa fe ty f e a t u r e s wi th the above c h a r a c t e r i s t i c s . T h e s e 

r e s u l t f r o m the v e r y l a r g e n e g a t i v e t e m p e r a t u r e coef f ic ien t and n e g a t i v e p o w e r 

coef f ic ien t of r e a c t i v i t y . T h e s e n e g a t i v e coe f f i c i en t s a r e suf f ic ient to shu t down 

the r e a c t o r in the event of a c c i d e n t a l r e l e a s e s of l a r g e a m o u n t s of r e a c t i v i t y . 

T h i s shutdown wi l l o c c u r with a r e l a t i v e l y s m a l l r e l e a s e of e n e r g y , 

I I , D E S C R I P T I O N OF T H E WBNS 

The WBNS i s a l igh t w a t e r m o d e r a t e d g r a p h i t e r e f l e c t e d so lu t ion type 

r e a c t o r . The c o r e c o n s i s t s of a so lu t ion of h igh ly e n r i c h e d u r a n y l n i t r a t e in a 

1-foot d i a m e t e r s t a i n l e s s s t e e l s p h e r e . T h i s s p h e r e i s e n c a s e d in a c y l i n d e r 

of p i le g r a d e g r a p h i t e , 5 feet in d i a m e t e r by 6 fee t h igh , which s e r v e s a s a 

r e f l e c t o r and v e r t i c a l t h e r m a l c o l u m n . The e n t i r e c y l i n d e r i s s u r r o u n d e d by a 

2-foot th i ck c o n c r e t e b lock r a d i a t i o n s h i e ld . The r e a c t o r i n s t a l l a t i o n i s shown 

in F i g , 1, which i s a v iew of the g r a p h i t e c y l i n d e r with an e x p e r i m e n t a l t ank in 

p l a c e on top of the v e r t i c a l t h e r m a l c o l u m n . One wal l of the c o n c r e t e s h i e l d i n g 

b l o c k s h a s been r e m o v e d to show the i n s t a l l a t i o n in s o m e d e t a i l . 
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F i g u r e 2 i s a s e c t i o n a l v iew of the r e a c t o r showing l o c a t i o n s of the s t a i n ­

l e s s s t e e l s p h e r e f o r m i n g the r e a c t o r c o r e , t he c o n t r o l and sa fe ty r o d s , t he 

c e n t r a l e x p o s u r e f ac i l i t y t h r o u g h the g r a p h i t e r e f l e c t o r and t h r o u g h the s p h e r e , 

and the r e m o v a b l e g r a p h i t e s t r i n g e r s which p r o v i d e a d d i t i o n a l n e u t r o n i r r a d i a ­

t ion f a c i l i t i e s , 

A, G r a p h i t e R e f l e c t o r 

T h e g r a p h i t e r e f l e c t o r w a s f o r m e d by s t a c k i n g g r a p h i t e b a r s , 4 - 1 / 8 inch 

by 4 - 1 / 8 inch in c r o s s s e c t i o n , h o r i z o n t a l l y i n s i d e a s t e e l t ank wi th the b a r s in 

a l t e r n a t e l a y e r s p l a c e d o r t h o g o n a l to e a c h o t h e r . E igh t of t h e s e g r a p h i t e b a r s 

( s t r i n g e r s ) n e a r the s p h e r e , a s shown in F i g , 2, can be r e m o v e d to f o r m r a d i a ­

t ion e x p o s u r e f a c i l i t i e s . P a r a l l e l to the r e m o v a b l e s t r i n g e r s i s t h e c e n t r a l 

e x p o s u r e f ac i l i t y which p a s s e s t h r o u g h the g r a p h i t e and t h r o u g h the s t a i n l e s s 

s t e e l s p h e r e and p e r m i t s a c c e s s wi th s m a l l s a m p l e s to the r e g i o n of h i g h e s t 

f lux. T h e s t e e l t ank con ta in ing the g r a p h i t e h a s w a l l s 1 / 4 - i n c h t h i c k and i s 

s u p p o r t e d by 6 - i n c h c h a n n e l b e a m s we lded to the b o t t o m . The r e f l e c t o r 

i n s t a l l a t i o n i s shown in F i g , 3 , wh ich shows t h e r e m o v a b l e s t r i n g e r s out of t h e 

r e f l e c t o r . The c e n t r a l e x p o s u r e f ac i l i t y i s shown p a s s i n g t h r o u g h t h e s p h e r e . 

A second view of the i n s t a l l a t i o n showing the c o n c r e t e sh i e ld ing p a r t i a l l y in 

p l a c e a long with the r e m o v a b l e s h i e l d i n g p lugs i s g iven in F i g , 4, 

B . C o r e and F u e l Hand l ing S y s t e m 

The fluid fuel hand l ing s y s t e m c o n s i s t s of the s t a i n l e s s s t e e l s p h e r e , a 

fluid m i x i n g t ank , a g a s a c c u m u l a t o r t a n k , and the n e c e s s a r y p ip ing and v a l v e s . 

With the excep t ion of the tef lon s e a t s in the v a l v e s and a n e o p r e n e r u b b e r b a g , 

the e n t i r e fuel hand l ing s y s t e m i s c o n s t r u c t e d of T y p e 347 s t a i n l e s s s t e e l . P r i o r 

to the load ing with u r a n y l n i t r a t e so lu t ion , t he s y s t e m w a s v a c u u m t e s t e d with 

a m a s s s p e c t r o g r a p h type l e a k d e t e c t o r and p r e s s u r e t e s t e d to 150 p s i , A s c h e ­

m a t i c d i a g r a m i s g iven in F i g , 5, and a view of the e x t e r n a l p a r t s of the s y s t e m 

b e f o r e c o m p l e t i o n of the a s s e m b l y of the sh ie ld i s shown in F i g , 6, 

T h e s p h e r e f o r m i n g the r e a c t o r c o r e i s c o n s t r u c t e d f r o m two h e m i s p h e r ­

i c a l s p i n n i n g s of s t a i n l e s s s t e e l s h e e t , 1 /16 - inch th i ck , and h a s a v o l u m e of 

14. 38 l i t e r s . The c e n t r a l e x p o s u r e f ac i l i t y in the c o r e h a s b e e n f o r m e d by i n ­

s e r t i n g a t u b e , 1 -1 /8 i n c h e s i n s i d e d i a m e t e r , t h r o u g h the s p h e r e with i t s c e n t e r 

l i n e 3 i n c h e s be low t h e h o r i z o n t a l d i a m e t e r of the s p h e r e . A t u b e , 3 / 1 6 - i n c h 
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inside d iameter at the bottom of the sphere connects to the fluid mixing tank 

through a s ta inless steel gate valve, and a tube, 1/2-inch inside d iamete r , at 

the top of the sphere allows passage of gas to the accumulator tank. 

The fluid mixing tank, which has a volume of approximately three l i t e r s , 

has a removable cover with a s ta inless steel f lared tube fitting. Solution may 

be added to the sys tem by piping it into the mixing tank and then allowing it to 

flow by gravity into the spher ica l co r e . 

The gases which a r e evolved from the fission p r o c e s s and from the decom­

position of the solution a r e collected in the gas accumulator tank of s ta inless 

steel of approximately 40 l i t e r s volume. The inside of this tank is divided by a 

neoprene rubber bag, and the gas is collected between the outside of the bag and 

the inside of the tank. When n e c e s s a r y the gas can be removed by t r ans fe r r i ng 

it from the accumulator to a s torage ves se l . 

C. Control and Safety Rod System 

The react ivi ty control is maintained with two safety rods , east safety and. 

west safety, a coa r se control rod and a fine control rod located as shown in 

F ig . 2. These rods move horizontal ly through the concre te shield and into the 

graphite ref lector adjacent to the s ta in less s teel sphe re . Each safety rod is 

constructed of two 1/4-inch thick s t r ips of Boral at tached to a luminum channel 

b e a m s . This forms an I beam about 3 feet long by 4 inches high. The rods a r e 

removed from the graphite ref lector manually and a r e held in the "out" position 

by magnet ical ly actuated l a t ches . If the holding magnets a r e de-energ ized , the 

safety rods a r e pulled into the ref lector in approximately 0. 5 seconds by weights 

suspended from cables placed over pul leys . 

The c o a r s e control rod i s constructed s imi la r ly to the safety r o d s , but 

with cadmium sheet instead of Boral as the neutron a b s o r b e r . The nnotion of 

this rod is obtained with a r eve r s ib l e e lec t r ic motor dr ive sys t em. The t r a v e r s e 

of the rod is 80 cen t ime te r s , and approximately 155 seconds a r e requi red for the 

movennent from the "in" position to the "out" posit ion. 

The fine control rod, which is used as an automatic power regulating rod, 

cons is t s of a 1-inch d iameter steel pipe with provision at the end for inser t ion 

of varying amounts of cadmium. At p resen t , this rod controls approximately 

0. 1 per cent in react iv i ty . The autom.atic control feature ut i l izes a Brown 

servoampl i f ier , whose input is the difference between the signal from one of the 
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e l ec t rome te r s monitoring the neutron level of the reac tor and a var iable s tandard 

signal. The output of the amplifier d r ives a two-phase motor (a cha r t -d r ive 

motor from a Brown char t r e c o r d e r ) , which in turn dr ives the fine control rod 

through a suitable gear t ra in . Each of the control rods is provided with a 

selsyn renaote indicator . The instal led control and safety rod mechan i sms a r e 

shown in Fig , 7, 

D, Ins t rumentat ion and Control Console 

F igure 8 shows a view of the ins t rument control panel which is located in 

a l abora tory a r ea immediate ly adjacent to the r e a c t o r , A block d iag ram of the 

ins t rumentat ion for control of the r eac to r is shown in F ig , 9, Four neutron 

flux measur ing ins t ruments placed at different posit ions around the graphite 

reflector a r e used for monitoring the power level of the r e a c t o r . Two of these 

a r e BF_ ionization chambers connected to vibrat ing reed e l e c t r o m e t e r s . The 

others a r e a boron-l ined counter connected to a counting ra t e me te r and a B F -

proport ional counter connected to a scale of 128 scaling unit. A Brown r e c o r d e r 

located in the ins t rument panel continuously r eco rds the signal from one of the 

ionization chambers to provide a permanent r eco rd of the r eac to r power leve l . 

Sensi trol r e lays a r e connected to the output of each e lec t romete r and to the 

counting ra te m e t e r . Operation of any one of these th ree r e l ays will r e l ea se 

the safety rod la tches and shut down the r eac to r . 

E, Shield 

The biological shield consis ts of a concrete block wall 7 feet in height com­

pletely surrounding the r eac to r . The blocks were fabricated of ord inary con­

c re t e and a r e 24 inches by 24 inches by 21 inches high. Each of the blocks 

weighs approximately 1000 pounds and can be easily handled with a hoist by means 

of a steel hook cast into the block and countersunk below its top surface . 

III. CRITICAL ASSEMBLY 

The cr i t i ca l assembly was performed by making success ive additions of 

highly concentrated uranyl n i t ra te solution to the r eac to r co re . P r i o r to the 
3 

addition of any fissionable m a t e r i a l , 11, 980 cm of dist i l led water was added to 

the s ta in less steel sphere , and the fuel sys tem was flushed with hel ium. After 
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each addition of fissionable ma te r i a l measurennents were made on the change in r e -
235 activity produced by the addition of the U . The changes in react iv i ty were observed 

by the mult ipl icat ion of a 5, 7 cur ie P o - B e neutron source inser ted in the cent ra l ex­

posure facility up to the center of the tube through the sphere . The m e a s u r e m e n t s 

were made with suitably located B F - ionization chambers , boron-l ined neutron 
2 counters , and with indium foils (approximately 90 nng/cm ) located in the graphite 

ref lector along a radia l line from the edge of the sphere out to the edge of the graphi te . 

P lo ts of the rec ip roca l counting r a t e s as functions of the amount of fuel in the sphere 

permi t ted an extrapolation to the c r i t i ca l naass some t ime p r io r to the at tainment of 

the c r i t i ca l s ta te . Typical r e su l t s a r e shown in Fig , 10, in which a r e given the data 

obtained with three types of neutron de tec tors used during the c r i t i ca l assembly . 

The differences in these curves resu l t from the different locations of the de tec tors 

during the assembly . The lower curves resul ted from de tec tors placed at g rea te r 

dis tances from the reac tor c o r e . The rec ip roca l counting r a t e s g ivenhere have all 

been normal ized to unity with the sphere essent ia l ly full of water and with no f ission­

able m a t e r i a l p resen t . The extrapolated c r i t i ca l m a s s from these curves is 635.7 
235 g rams of U . This amount l e s s the 1. 8 g rams of equivalent absorpt ion of the 

235 P o - B e source gives a c r i t i ca l m a s s of 633. 9 g rams of U for the WBNS with all the 

control and safety rods r e t r ac t ed . 

235 A total of 638. 2 g rams of U was added to the reac tor co re , Th isamountof 

fissionable ma te r i a l was sufficient to give a divergent chain react ion with a period of 

26 seconds, corresponding to an excess react ivi ty of 0, 21 per cent, A m a s s coeffi­

cient of react iv i ty for the WBNS was determined to be 0. 050 per cent per g r am of 
235 1 

U c . The m a s s coefficient of react ivi ty for LOPO was de termined by means of a 
235 "boron bubble" experiment to be 0. 0548 per cent per g r am of U '. It i s in teres t ing 

to note he re that these m a s s coefficients appear to be inverse ly proport ional to the 

cr i t ica l m a s s e s of the two r e a c t o r s , i . e. , 

Ak 
( - f ^ ) , „ „ J ^ c ) w B N S = ° - °^° ^ ^33.9 = 31.7 

V A M I 
^^ ' ( M ) - ^ p „ = 0 . 0 5 4 8 x 5 6 5 . 5 = 31.0 

LOPO ^ • ^ ° ^ " 

During the c r i t i ca l assembly , m e a s u r e m e n t s of the mult ipl icat ion of the 

neutron source were a lso made with the coa r se control rod completely inside 

the ref lec tor . Extrapolat ion of the r ec ip roca l counting ra t e v e r s u s amount of 

U for these data indicate the absorption of the coarse control rod to be 
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235 
equ iva len t to 21 g r a m s of U , Us ing the above d e t e r m i n e d m a s s coef f ic ien t 

of r e a c t i v i t y , t he c o a r s e r o d i s then found to c o n t r o l 1.05 p e r cen t in r e a c t i v i t y . 

IV, O P E R A T I O N A L CHARACTERISTICS 

T h e WBNS i s s t a r t e d into o p e r a t i o n with a 250 m i l l i c u r i e R a - B e n e u t r o n 

s o u r c e i n s e r t e d in the c e n t e r of g r a p h i t e s t r i n g e r n u m b e r 4 ( s e e F i g . 1) . T h i s 

s o u r c e e m i t s about 3 x 10 n e u t r o n s / s e c , which r e s u l t s in a " s h u t d o w n " p o w e r 

l e v e l of the r e a c t o r of about 0. 5 m i l l i w a t t . A v e r y l a r g e p a r t of the o p e r a t i o n 

i s c a r r i e d out wi th the s o u r c e in p l a c e in the r e f l e c t o r . T h i s r e s u l t s in qu i te a 

s t a b i l i z i n g in f luence on the o p e r a t i o n , p a r t i c u l a r l y at t he low p o w e r l e v e l s a t 

which the r e a c t o r i s o p e r a t e d . 

A . E f f e c t i v e n e s s of C o n t r o l and Safety R o d s 

The r e a c t i v i t y c o n t r o l of the sa fe ty r o d s i nd iv idua l l y , t he two r o d s t o g e t h e r , 

and the sa fe ty r o d s p l u s the c o a r s e c o n t r o l r o d h a s been d e t e r m i n e d . S ince t h e 

r e a c t o r l oad ing and the a m o u n t of c o n t r o l by the c o a r s e c o n t r o l r o d a r e known, 

k rr, the r e p r o d u c t i o n f a c t o r for the r e a c t o r , i s known for the s u b c r i t i c a l s t a t e 

p r o d u c e d with the safe ty r o d s w i t h d r a w n and the c o a r s e c o n t r o l r o d c o m p l e t e l y 

in the r e a c t o r . The r e l a t i v e m u l t i p l i c a t i o n s of a P o - B e n e u t r o n s o u r c e i n s e r t e d 

into the s p h e r e of the r e a c t o r w e r e d e t e r m i n e d with t h i s con f igu ra t i on of c o n t r o l 

and safe ty r o d s and wi th o t h e r a p p r o p r i a t e s u b c r i t i c a l c o n f i g u r a t i o n s n e c e s s a r y 

to d e t e r m i n e the a m o u n t s of c o n t r o l d e s i r e d . The m u l t i p l i c a t i o n in t h e s e s u b -

c r i t i c a l s t a t e s wi l l be g iven by: 

M - m u l t i p l i c a t i o n =( r ) , . . . (1) 
\ i - k^^^ I 

T h e n f r o m two m e a s u r e m e n t s of r e l a t i v e nnu l t ip l i ca t ions for d i f f e ren t r o d c o n ­

f i g u r a t i o n s , one o b t a i n s : 

M 

^ eff o (k . . ) i = 1 ef f ' l " M j 
(2) 

w h e r e M and (k „ ) a r e the m u l t i p l i c a t i o n and r e p r o d u c t i o n f a c t o r for the 
o eff o ^ 

known s u b c r i t i c a l con f igu ra t i on , and M, i s t he m e a s u r e d m u l t i p l i c a t i o n for a 

con f igu ra t i on in which (k j . , ) , i s unknown. Af te r v a l u e s of k rr for t h e s e unknown 

c o n f i g u r a t i o n s have been d e t e r m i n e d , the a m o u n t of c o n t r o l in the r o d s i s 

r e a d i l y o b t a i n a b l e . 
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The r e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in T a b l e I . It i s to be noted 

tha t t h e r e i s s o m e shadowing b e t w e e n the r o d s , s i nce in no c a s e i s t h e a m o u n t 

of c o n t r o l by two r o d s t o g e t h e r equa l to the s u m of the a m o u n t s of c o n t r o l by each 

r o d s e p a r a t e l y . S ince the two safe ty r o d s a r e i d e n t i c a l in c o n s t r u c t i o n but a r e 

l o c a t e d in d i f f e ren t r e g i o n s of the r e f l e c t o r ( s e e F i g , 2), t he d i f f e r e n c e in r e ­

a c t i v i t y c o n t r o l by t h e s e r o d s should be e x p e c t e d , 

T A B L E I 

REACTIVITY CONTROL OF CONTROL AND SAFETY RODS IN WBNS 

R e a c t i v i t y C o n t r o l 
R o d s (in p e r cen t ) 

C o a r s e C o n t r o l Rod 1.05 

E a s t Safety Rod 1, 45 

W e s t Safety Rod 1.17 

C o a r s e Rod and E a s t Safety 2 , 4 4 

C o a r s e Rod and W e s t Safety 1.93 

E a s t Safety and W e s t Safety 2 . 4 4 

C o a r s e Rod and Both Safety R o d s 3 , 2 7 

B, C a l i b r a t i o n of P o w e r L e v e l 

The p o w e r l e v e l of the w a t e r b o i l e r h a s b e e n d e t e r m i n e d by m e a s u r i n g the 

t h e r m a l n e u t r o n flux in the c e n t r a l e x p o s u r e f ac i l i t y . T h e p o w e r , P , of the 

r e a c t o r i s g iven by 

p _ ^ 2 5 ° ' 2 5 ^ 

3 x 1 0 ^ ° 

235 
w h e r e P i s the p o w e r in w a t t s , N-,_ i s the n u m b e r of a t o m s of U in t h e s p h e r e , 

'^^ 235 
cr^r i s the f i s s i o n c r o s s s e c t i o n of U , and nv i s t he a v e r a g e flux in t h e r e a c -

2 
t o r c o r e . F r o m flux m e a s u r e m e n t s in the L o s A l a m o s w a t e r b o i l e r , the a v e r ­
age flux, nv , i s d e t e r m i n e d to be 0, 74 of the flux a t t h e c e n t e r of the s p h e r i c a l 
c o r e . Since the WBNS i s v e r y s i m i l a r to the L o s A l a m o s r e a c t o r , t h e flux d i s ­
t r i b u t i o n and r a t i o of nv / (nv ) should be c o m p a r a b l e . H e n c e , t h i s va lue h a s 

^ m a x ^ ' 

b e e n u s e d in our d e t e r m i n a t i o n . The n e u t r o n flux w a s m e a s u r e d with s t a n d a r d ­

i zed i n d i u m fo i l s which had been e x p o s e d to a known t h e r m a l f lux. T h e s e m e a s ­

u r e m e n t s w e r e t hen u s e d to c a l i b r a t e one of the BF-, i o n i z a t i o n c h a m b e r s and the 
23 
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B r o w n r e c o r d e r u sed to m o n i t o r the power l e v e l of the WBNS. T h i s a b s o l u t e 

c a l i b r a t i o n i s a c c u r a t e to only about +30 p e r cen t , b e c a u s e of a l a c k of a c c u r a c y 

in the s t a n d a r d i z a t i o n of the i n d i u m f o i l s . 

C . R a t e of Gas Evo lu t i on 

Gas evolu t ion r e s u l t i n g f r o m the d i s s o c i a t i o n of w a t e r on the a b s o r p t i o n 

of f i s s i on p r o d u c t e n e r g y in the so lu t ion h a s been o b s e r v e d at o p e r a t i n g l e v e l s 

a s low a s 0. 1 w a t t . T h e r a t e of g a s evolu t ion h a s been d e t e r m i n e d by t h e fo l ­

lowing p r o c e d u r e s . Af te r a p e r i o d of o p e r a t i o n in which the t o t a l f i s s i on e n e r g y 

r e l e a s e i s d e t e r m i n e d f r o m i n t e g r a t i o n of the r e c o r d e d p o w e r l e v e l , t he g a s in 

the a c c u m u l a t o r s y s t e m i s rennoved into a known v o l u m e in which the p r e s s u r e 

and t e m p e r a t u r e a r e m e a s u r e d . S a m p l e s of the g a s a r e t h e n a n a l y z e d for 

h y d r o g e n con ten t by m a s s s p e c t r o g r a p h i c m e a n s . The r a t e of h y d r o g e n evo lu­

t ion i s t hen d e t e r m i n e d f r o m the a m o u n t of h y d r o g e n in the a c c u m u l a t o r and t h e 

t o t a l o p e r a t i o n for the p e r i o d . 

S e v e r a l m e a s u r e m e n t s of t h i s r a t e have been m a d e a f te r p e r i o d s of o p e r a ­

t ion to t a l ing 30 to 50 w a t t - h o u r s . Da ta f r o m o p e r a t i o n of the L o s A l a m o s H Y P O 

v e r s i o n of the w a t e r b o i l e r i n d i c a t e d tha t the r a t e of g a s evo lu t ion would be 
3 

about 7 to 8 c m of h y d r o g e n p e r w a t t - h o u r of o p e r a t i o n . T h e r e f o r e , t h e above 

m e n t i o n e d p e r i o d s w e r e c h o s e n to p r e v e n t the p o s s i b i l i t y of f o r m a t i o n of an 

exp los ive m i x t u r e of h y d r o g e n and oxygen in the c l o s e d a c c u m u l a t o r s y s t e m . The 

m e a s u r e m e n t s show the r a t e of h y d r o g e n evolu t ion to be a p p r o x i m a t e l y 
3 

10 c m / w a t t - h r . The d e t e r m i n a t i o n s a r e c o n s i s t e n t , but t h i s va lue for the r a t e 

of evolut ion i s sub jec t to the u n c e r t a i n t y in the power l e v e l c a l i b r a t i o n p r e v i o u s l y 

m e n t i o n e d . H o w e v e r , t he r a t e d e t e r m i n e d h e r e i s c o n s i s t e n t wi th tha t ob ta ined 

a t L o s A l a m o s , F u r t h e r , t h e r e a r e i n d i c a t i o n s tha t the r a t e i s s o m e w h a t l e s s 

( a p p r o x i m a t e l y 10 to 20 p e r cent ) at power l e v e l s of 0. 1 wa t t a s c o m p a r e d to 

o p e r a t i o n a t l e v e l s up to 1 wat t . 

D. N e u t r o n F l u x D i s t r i b u t i o n s 

T h e r m a l n e u t r o n flux d i s t r i b u t i o n s in v a r i o u s a v a i l a b l e r e g i o n s in the 

g r a p h i t e r e f l e c t o r and in the c e n t r a l e x p o s u r e fac i l i ty have been m e a s u r e d by 

the a c t i v a t i o n of i nd ium f o i l s . Both b a r e and c a d m i u m c o v e r e d i n d i u m foi ls 

w e r e used a t each point to give the c a d m i u m r a t i o (defined by the r a t i o of b a r e 

foil a c t i v i t y to c a d m i u m c o v e r e d foil ac t iv i ty ) a s we l l a s the the rnna l n e u t r o n 

flux in each r e g i o n . M o s t of the da ta w e r e t a k e n with i n d i u m foi ls 1 s q u a r e 

24 
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2 
c e n t i i n e t e r in a r e a and a p p r o x i m a t e l y 90 m g / c m in t h i c k n e s s . The c a d m i u m 

c o v e r s w e r e s m a l l b o x e s m a d e of 20 m i l c a d m i u m s h e e t . F o r t h e f lux d i s t r i b u ­

t i o n s in t h e r e f l e c t o r , t h e fo i l s w e r e p l a c e d in a m i l l e d s lo t in t h e top of one of 

the g r a p h i t e b a r s . T h i s s lo t w a s j u s t l a r g e enough for t h e fo i ls to fit e a s i l y in to 

i t . T h e flux d i s t r i b u t i o n in the c e n t r a l e x p o s u r e f ac i l i t y w a s d e t e r m i n e d wi th 

fo i l s m o u n t e d on a 2 -SO a l u m i n u m foil h o l d e r . T h i s r e s u l t s in s o m e " n e u t r o n 

s t r e a m i n g " a long t h i s ho l e t h r o u g h the r e f l e c t o r . D u r i n g each e x p o s u r e a m o n ­

i t o r foil w a s p l a c e d in a s t a n d a r d g e o m e t r y in t h e r e f l e c t o r . T h e a c t i v i t i e s of 

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

t he d i f fe ren t f o i l s . 

The r e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in F i g s . 1 1 - 1 3 , w h e r e the 

flux i s n o r m a l i z e d to uni ty a t the c e n t e r of t h e s p h e r e in the c e n t r a l e x p o s u r e 

fac i l i ty in t h e s p h e r e . The c a d m i u m r a t i o wi th t h e s e i n d i u m fo i l s v a r i e s f r o m 

3 . 7 in the c e n t r a l e x p o s u r e f ac i l i t y to 36 . 0 a t t he edge of the r e f l e c t o r in 

s t r i n g e r n u m b e r 1, The r e s u l t s show e s s e n t i a l l y s y m n n e t r i c a l d i s t r i b u t i o n s 

about a v e r t i c a l p l a n e t h r o u g h the c e n t e r of the c o r e and g r a p h i t e r e f l e c t o r with 

a p e a k i n g of the f lux i n s i d e the s p h e r i c a l c o r e . The p e r t u r b a t i o n s i n t r o d u c e d by 

the c o a r s e c o n t r o l r o d and the e a s t sa fe ty rod c h a n n e l a r e shown in the flux d i s ­

t r i b u t i o n a long the top of s t r i n g e r n u m b e r 7 in F i g . 13 , One shou ld expec t the 

d i s t r i b u t i o n h e r e to be v e r y s i m i l a r to t ha t in s t r i n g e r 2 ( s e e F i g , 12), and t h i s 

i s o b s e r v e d excep t for t h e d e p r e s s i o n s in the v ic in i ty of the r o d c h a n n e l s . The 

f l a t t en ing by the c o a r s e c o n t r o l r o d i s m o r e p r o n o u n c e d than tha t by the ea s t 

safe ty rod c h a n n e l , s i n c e the safe ty rod w a s c o m p l e t e l y w i t h d r a w n f r o m the 

r e f l e c t o r , and the c o a r s e c o n t r o l r o d w a s w i t h d r a w n only about 35 c e n t i m e t e r s , 

which p l a c e d the end of the r o d a t a p p r o x i m a t e l y the o u t e r edge of the s t r i n g e r . 

I ndependen t m e a s u r e m e n t s of the flux d i s t r i b u t i o n t h r o u g h the c e n t r a l 

e x p o s u r e f ac i l i t y have been m a d e with " l i n d i u m " foi ls (75 p e r cen t i n d i u m and 

25 p e r cent l e ad ) 0 , 2 by 1,0 c e n t i m e t e r s with t h i c k n e s s e s of a p p r o x i m a t e l y 
3 

70 m g / c m of i n d i u m . The foi ls w e r e p l a c e d in a c y l i n d r i c a l g r a p h i t e h o l d e r 

which e s s e n t i a l l y f i l led the void in t h e tube t h r o u g h the s p h e r e . T h e s e r e s u l t s 
2 

a r e p r e s e n t e d in F i g . 14, a long with da ta t aken in the L O P O s p h e r e with a 
235 U ion i za t i on c h a m b e r . The two s e t s of da t a w e r e n o r m a l i z e d a t the c o m m o n 

po in t , 7 .6 c e n t i m e t e r s f r o m the g e o m e t r i c a l c e n t e r s of the s p h e r e s . T h i s 

n o r m a l i z a t i o n i s b e l i e v e d to be b e t t e r than any o t h e r b e c a u s e of t h e d i f f e r e n c e 

in the r e f l e c t o r s of the two r e a c t o r s , BeO for L O P O and g r a p h i t e for the WBNS. 
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RELATIVE THERMAL NEUTRON FLUX IN CENTRAL 
EXPOSURE FACILITY OF WBNS 

DISTANCE FROM CENTER OF SPHERE (CM) 
S21-3 

Fig . 11. Thermal Neutron Flux Distribution in the Centra l Exposure Faci l i ty 
26 
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The flux in the WBNS appears to fall below that in LOPO at the edge of the sphere . 

This is to be expected because of the g rea te r production of t he rma l neutrons by 

the BeO reflector of LOPO com^pared to those produced in the graphi te ref lector 

of the WBNS, 

Cadmium ra t io measu remen t s which have been made in the cen t ra l exposure 

facility with foils of indium, gold, and manganese show that there is cons ider ­

able fast neutron flux in the core of the WBNS. This proper ty of a water boiler 

r eac to r could very possibly make it a useful source for the study of fast neutron 

radiation damage. 

V. EXPERIMENTAL USES 

The WBNS has been found ext remely useful as a neutron i r rad ia t ion 

facility where a t he rma l flux of the o rder of 10 to 10 is r equ i red . Subjects 

for i r rad ia t ion can be placed in the cent ra l exposure facility or in one of the 

removable graphite s t r i n g e r s . There is also a flux of about 10 n e u t r o n s / c m -

sec per watt available at the top of the ver t ica l the rmal column. The calculated 

k for the r eac to r is 1. 56, and hence the leakage probabil i ty i s 0. 360, so that 

a l a rge leakage flux per unit power is available for exper imental pu rposes . 

The var ious exper iments in which the WBNS has a l ready proved to be a 

valuable tool include the following: 

1. Test ing and cal ibrat ion of ionization chamber s , boron tr i f luoride 

proport ional counters , and boron-l ined counters for r eac to r ins t ru ­

mentation and neutron physics s tudies . 

2. I r radia t ion of foils to be used in the development of absolute counting 

techniques. 

3. I r radia t ion of foils in the study of resonance absorpt ion of neutrons 

in var ious e lements . 

4. Study of radiat ion effects in s t ruc tu re - sens i t ive m a t e r i a l s . 

5. Test ing and cal ibrat ion of health physics i n s t rumen t s . 

6. Testing of var ious ma te r i a l s for neutron absorbing impur i t i es by the 

danger coefficient method to be descr ibed below. 

7. I r radia t ion of i r id ium for r e s e a r c h by staff m e m b e r s of the Chemis t ry 

Department of the Universi ty of California at Los Angeles on 
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e l e c t r o n - t r a n s f e r i s o t o p i c exchange r e a c t i o n s of i r i d i u m connplex ions 

in a q u e o u s s o l u t i o n s . 

Of v e r y g r e a t i m p o r t a n c e h a s b e e n the u s e of the WBNS a s a n e u t r o n s o u r c e 

for exponen t i a l e x p e r i m e n t s . T h e v e r t i c a l t h e r m a l c o l u m n p r o v i d e s a r a t h e r 

l a r g e ex tended s o u r c e of t h e r m a l n e u t r o n s on which v a r i o u s s u b c r i t i c a l a s s e m ­

b l i e s can be c o n s t r u c t e d . N e u t r o n flux d i s t r i b u t i o n s a r e d e t e r m i n e d in t h e s e 

a s s e m b l i e s , wh ich a r e m o c k - u p s of t h e l a t t i c e s in v a r i o u s t y p e s of r e a c t o r s 

u n d e r s tudy . I n f o r m a t i o n d e r i v e d f r o m the m e a s u r e m e n t s in the s u b c r i t i c a l 

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

a s hav ing a ided m a t e r i a l l y in the d e s i g n of spec i f i c r e a c t o r l a t t i c e s . 

T h e WBNS i s a l s o we l l su i t ed for t h e r m a l n e u t r o n a b s o r p t i o n c r o s s s e c t i o n 

m e a s u r e m e n t s by the d a n g e r coef f ic ien t t e c h n i q u e . T h i s t e c h n i q u e m v o l v e s the 

i n s e r t i o n of a n e u t r o n a b s o r b e r in t h e r e a c t o r which c h a n g e s the r e a c t i v i t y of the 

r e a c t o r . By p r o p e r l y c a l i b r a t i n g a r e a c t o r c o n t r o l r o d wi th the i n s e r t i o n of 

known a m o u n t s of n e u t r o n a b s o r b i n g m a t e r i a l in to the r e a c t o r c o r e , the d i s ­

p l a c e m e n t of t h e c o n t r o l r o d can be u s e d a s a p r e c i s i o n m e a s u r e of the a b s o r p ­

t ion c r o s s s e c t i o n s . S ince the t o t a l n e u t r o n a b s o r p t i o n c r o s s s e c t i o n of the 

WBNS c o r e i s qu i t e s m a l l (it h a s b e e n c a l c u l a t e d to be abou t 1440 s q u a r e c e n t i ­

m e t e r s ) , t he WBNS i s v e r y s e n s i t i v e to the ef fects of n e u t r o n a b s o r b e r s i n s e r t e d 

in the c e n t r a l e x p o s u r e f ac i l i t y . 

A p p a r a t u s for t h i s type of m e a s u r e m e n t wi th the WBNS i n c l u d e s a B F ^ 

i o n i z a t i o n c h a m b e r l o c a t e d b e t w e e n the sh ie ld and the r e f l e c t o r . T h e s i g n a l 

f r o m the ion c h a m b e r i s fed to a s e n s i t i v e g a l v a n o m e t e r (10 a m p / m m ) which 

i s u s e d a s a nul l d e v i c e . The c u r r e n t f r o m the i o n i z a t i o n c h a m b e r i s b a l a n c e d 

by c u r r e n t f r o m a s t a n d a r d s o u r c e c o n s i s t i n g of a p o t e n t i o m e t e r and a se t of 

p r e c i s i o n r e s i s t o r s . T h i s i s u s e d to m o n i t o r the p o w e r l e v e l of t h e WBNS. 

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

which i s i n s e r t e d in a r e p r o d u c i b l e geonae t ry in the c e n t r a l e x p o s u r e f ac i l i t y . 

The c o n t r o l r o d p o s i t i o n i s i n d i c a t e d on a 3 6 - i n c h s t e e l s c a l e wh ich i s m o u n t e d 

a l o n g s i d e of the c h a n n e l in which the o u t e r e x t r e m i t y of the c o n t r o l r o d a s s e m b l y 

m o v e s e x t e r n a l to the s h i e l d , A v e r n i e r fixed to t h i s m o v a b l e end of the c o n t r o l 

rod s l i d e s a long the s t e e l s c a l e . T h i s a r r a n g e m e n t p e r m i t s one to d e t e r m i n e 

the pos i t i on of the r o d to j ^ 0 . 0 0 1 i n c h . 

The c o n t r o l r o d h a s been c a l i b r a t e d with s t a n d a r d s a m p l e s con t a in ing 

3 . 72 m i l l i g r a m s of b o r o n in the f o r m of b a k e l i t e i m p r e g n a t e d wi th b o r i c a c i d . 
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A "Up 

A s would be e x p e c t e d f r o m the l o c a t i o n and con f igu ra t i on of the c o n t r o l r o d , the 

r e a c t i v i t y c o n t r o l i s a n o n l i n e a r funct ion of t h e c o n t r o l r o d p o s i t i o n . At a r o d 

s e t t i n g of a p p r o x i m a t e l y 26 c e n t i m e t e r s ( the c o n t r o l r o d w i t h d r a w n 26 c e n t i ­

m e t e r s f r o m the r e f l e c t o r ) , t h e r e a c t i v i t y c o n t r o l h a s been d e t e r m i n e d to be 

equ iva l en t to 5 . 9 1 x 10 s q u a r e c e n t i m e t e r s of a b s o r p t i o n c r o s s s e c t i o n p e r 

m i l of c o n t r o l r o d . T h i s i s b a s e d on a n e u t r o n a b s o r p t i o n c r o s s s e c t i o n for 
5 

b o r o n of 750 b a r n s . In t h i s r e g i o n i t i s found tha t the c r i t i c a l p o s i t i o n of the 

c o n t r o l r o d c a n be d e t e r m i n e d to wi th in +_ 0. 002 i n c h e s , so tha t t h e u n c e r t a i n t y 

in c r o s s s e c t i o n for a g iven c r i t i c a l d e t e r m i n a t i o n i s Ĵ  1. 2 x 10 s q u a r e c e n t i ­

m e t e r s . S ince two d e t e r m i n a t i o n s of the c r i t i c a l p o s i t i o n a r e r e q u i r e d for a 

c r o s s s e c t i o n m e a s u r e m e n t , the u n c e r t a i n g y r e s u l t i n g f r o m the c o n t r o l r o d 
-3 

s e t t i n g s a l o n e i s then only ^̂  1. 7 x 10 s q u a r e c e n t i m e t e r s . 

F r o m p e r i o d m e a s u r e m e n t s t h e r e a c t i v i t y c o n t r o l of the r o d in the a b o v e 

m e n t i o n e d r e g i o n i s d e t e r m i n e d to be 0 . 0 1 4 1 i n h / m i l of r o d . Us ing the i nhou r 

equa t ion for a w a t e r b o i l e r type r e a c t o r , t h i s i s found to c o r r e s p o n d to 4 , 33 x 
_5 

10 p e r cen t r e a c t i v i t y p e r m i l of r o d . 

At a c o n t r o l r o d s e t t i ng of about 60 c e n t i m e t e r s , the effect of the c o n t r o l 
_5 

r o d i s equ iva l en t to 8 . 3 x 10 s q u a r e c e n t i m e t e r s of a b s o r p t i o n p e r m i l of r o d . 

In t h i s r e g i o n the c r i t i c a l p o s i t i o n of the r o d can be d e t e r m i n e d to wi thin 

+ 0 . 0 0 8 i n c h e s , so tha t the u n c e r t a i n t y in a c r o s s s e c t i o n m e a s u r e m e n t r e s u l t i n g 
_3 

f r o m the c o n t r o l r o d s e t t i n g s i s +_10 s q u a r e c e n t i m e t e r s . 

The g r e a t a d v a n t a g e in s e n s i t i v i t y of the WBNS for m e a s u r e m e n t s us ing 

t h i s t e c h n i q u e i s shown when one d e t e r m i n e s the effect on r e a c t i v i t y for a g iven 

c r o s s s e c t i o n f r o m t h e a b o v e d a t a . T h i s c o n s t a n t for s a m p l e s p l a c e d in the 
-2 2 

c e n t r a l e x p o s u r e fac i l i ty of the WBNS i s found to be 4 . 19 x 10 c m / i n h . Th i s 
4 

can be c o m p a r e d to the c o n s t a n t ob ta ined for the A r g o n n e G r a p h i t e r e a c t o r of 
2 

2 . 0 5 c m / i n h . 

One of the p r o b l e m s a s s o c i a t e d with t h i s t e c h n i q u e i s tha t of m a i n t a i n i n g 

m i n i m u m e x t r a n e o u s r e a c t i v i t y c h a n g e s in the r e a c t o r d u r i n g the p e r i o d r e q u i r e d 

for the m e a s u r e m e n t . A m e t h o d of s u r m o u n t i n g t h i s diff icul ty i s to o p e r a t e t h e 

WBNS at a v e r y low power l e v e l , a p p r o x i m a t e l y 0 . 2 w a t t s , so t ha t c h a n g e s r e ­

su l t ing f ro in t e m p e r a t u r e e f f ec t s , p o w e r coe f f i c i en t s , and o t h e r v a r i a t i o n s in 

r e a c t i v i t y a s s o c i a t e d with high power o p e r a t i o n a r e m i n i m i z e d . The effects of 

any r e a c t i v i t y d r i f t s a r e a l s o v e r y g r e a t l y d e c r e a s e d by p e r f o r m i n g the m e a s u r e ­

m e n t s in a cyc l i c t i m e s e q u e n c e , i, e, , the c r i t i c a l pos i t i on of the c o n t r o l r o d i s 
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ob ta ined for s a m p l e A, for s a m p l e B, and then for s a m p l e A a g a i n . The slow 

v a r i a t i o n in r e a c t i v i t y i s then a v e r a g e d ou t . 

To check the ef fects of p o s s i b l e v a r i a t i o n s in r e a c t i v i t y a s e r i e s of c r i t i c a l 

pos i t i on d e t e r m i n a t i o n s h a s been m a d e a t a p o w e r l e v e l of 0 , 2 wa t t d u r i n g 

which noth ing w a s changed in the WBNS excep t the s m a l l c h a n g e s in the c o n t r o l 

rod r e q u i r e d to d e t e r m i n e the exac t c r i t i c a l p o s i t i o n . D u r i n g the p e r i o d r e q u i r e d 

for the da ta t a k i n g , t he r e a c t o r r e a c t i v i t y w a s o b s e r v e d to d e c r e a s e , i . e . , t he 

c o n t r o l r o d had to be w i t h d r a w n s l igh t ly to keep the r e a c t o r c r i t i c a l . P l o t t i n g 

the c r i t i c a l pos i t i on a s a funct ion of t i m e d u r i n g the e x p e r i m e n t a l r u n , i t w a s 

d e t e r m i n e d tha t the r e a c t i v i t y changed a t an a p p r o x i m a t e r a t e of 1.05 x 10 
_3 

10 i n h / m i n . It should be noted tha t t h i s r a t e of change of the r e a c t i v i t y v a r i e s 

f r o m t i m e to t i m e and i s not a l w a y s n e g a t i v e . The va lue g iven h e r e a p p e a r s to 

be t y p i c a l . A s i m i l a r se t of da t a w a s t hen t a k e n a t an o p e r a t i n g p o w e r l e v e l 

about t h r e e t i m e s g r e a t e r than the one u sed a b o v e . A g a i n the r e a c t i v i t y w a s 
_3 

o b s e r v e d to d e c r e a s e but a t a r a t e of only 1. 77 x 10 i n h / m i n . P h e n o m e n a 

which a r e s t r o n g l y s u s p e c t e d of c o n t r i b u t i n g to t h i s s low v a r i a t i o n of r e a c t i v i t y 

with t i m e inc lude the s l igh t h e a t i n g of the so lu t ion by the a b s o r p t i o n of the f i s s i o n 

e n e r g y , the p o s s i b l e bui ldup of the g a s e s of d i s s o c i a t i o n in the so lu t ion o r a 

c o m b i n a t i o n of t h e s e a long with o t h e r s . 

In connec t ion with the above p r o b l e m , it i s of i n t e r e s t to e x a m i n e the un ­

c e r t a i n t y tha t a dr i f t in r e a c t i v i t y of the m a g n i t u d e o b s e r v e d would i n t r o d u c e in 

a c r o s s s e c t i o n m e a s u r e m e n t . The t i m e d i f f e r e n c e b e t w e e n the two c r i t i c a l 

p o s i t i o n d e t e r m i n a t i o n s n e c e s s a r y for a c r o s s s e c t i o n m e a s u r e m e n t i s about 
_2 

one h o u r . D u r i n g th i s t i m e a r e a c t i v i t y d r i f t of a p p r o x i m a t e l y 6 , 3 x 10 inhour 

m i g h t be expec t ed on the b a s i s of the above d a t a . T h u s , if no c o r r e c t i o n for the 

d r i f t i s m a d e , an u n c e r t a i n t y in the c r o s s s e c t i o n d e t e r m i n a t i o n of abou t 2 . 6 x 
_3 

10 s q u a r e c e n t i m e t e r s m i g h t be i n t r o d u c e d . H o w e v e r , t h i s u n c e r t a i n t y can be 

r e d u c e d c o n s i d e r a b l y by m a k i n g the cyc l i c m e a s u r e m e n t s m e n t i o n e d a b o v e . 

In c o n c l u s i o n , it m a y be s t a t ed tha t the WBNS h a s p r o v e d to be an e x t r e m e l y 

v e r s a t i l e and useful tool for a g r e a t m a n y v a r i e d r e s e a r c h p r o g r a m s . B e c a u s e 

of the s m a l l p h y s i c a l s i z e of the c o r e and the low c r i t i c a l m a s s , t h i s type r e a c t o r 

g i v e s a v e r y high n e u t r o n flux p e r unit power o v e r a s m a l l r e g i o n . The u s e of t h i s 

p a r t i c u l a r d e s i g n of a w a t e r b o i l e r type r e a c t o r i s s o m e w h a t l i m i t e d b e c a u s e of i t s low 

power r a t i n g . H o w e v e r , with s u i t a b l e d e s i g n c h a n g e s the p o w e r r a t i n g can be r e a d i l y 
12 2 

i n c r e a s e d m a n y - f o l d , so tha t a n e u t r o n flux of 10 n / c m - s ec i s e a s i l y o b t a i n a b l e . 
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