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A MULTIPURPOSE NEUTRON DIFFRACTOMETER 

by 

M a s a o Atoj i 

GENERAL INTRODUCTION 

The m o s t unique a p p l i c a t i o n of n e u t r o n d i f f rac t ion is in the s tudy 
of the s c a t t e r i n g p h e n o m e n a due to i n t e r a c t i o n b e t w e e n the n e u t r o n m a g 
ne t i c m o m e n t and the m a g n e t i c m o m e n t of the a t o m , s ince n e i t h e r X - r a y 
nor e l e c t r o n d i f f r ac t i on can f u r n i s h i n f o r m a t i o n r e g a r d i n g the e l e c t r o n i c 
sp in s t r u c t u r e . C r y s t a l s t r u c t u r e a n a l y s i s is f r e q u e n t l y a n e c e s s a r y p r e 
l i m i n a r y to the m a g n e t i c s tudy . B e c a u s e of the s c a t t e r i n g - a m p l i t u d e c h a r 
a c t e r i s t i c s , the n e u t r o n - d i f f r a c t i o n t e chn ique h a s often p l a y e d m o r e than 
j u s t a c o m p l e m e n t a r y r o l e to X - r a y and e l e c t r o n m e t h o d s . 

F o r p u r s u i n g t h e s e two m a j o r s u b j e c t s , an a u t o m a t i c d o u b l e - c r y s t a l 
n e u t r o n d i f f r a c t o m e t e r , d e s i g n e d for bo th c r y s t a l and m a g n e t i c s t r u c t u r e 
a n a l y s e s a t t e m p e r a t u r e s f r o m 2°K to a p p r o x i m a t e l y 2000°K, and with a m a g 
ne t i c f ie ld of up to 1 8 k G a u s s for a 1.4-in. gap , h a s b e e n c o n s t r u c t e d a t the 
C P - 5 r e a c t o r in the Argonne N a t i o n a l L a b o r a t o r y . The d i f f r a c t o m e t e r i s , 
p r i m a r i l y in t ended for s tudy of t h e r m a l - n e u t r o n e l a s t i c s c a t t e r i n g by p o l y -
and s i n g l e - c r y s t a l s u b s t a n c e s . L i m i t e d s t u d i e s of the i n e l a s t i c s c a t t e r i n g , 
the to t a l and r e l a t e d c r o s s s e c t i o n s , and the s m a l l - a n g l e s c a t t e r i n g can 
a l s o be a c c o m p l i s h e d . N o n p o l a r i z e d b e a m s of n e u t r o n s a r e u sed . I n c o r 
p o r a t i o n of the p o l a r i z e d - b e a m t e c h n i q u e , on the o the r hand , would r e q u i r e 
s o m e a l t e r a t i o n s of the b e a m - g u i d e c o m p o n e n t s and add i t i ona l e l e c t r o n i c 
c o n t r o l s y s t e m s . 

Our m u l t i p l e ob j ec t ive w a s not s a t i s f a c t o r i l y fulf i l led by any of the 
funct ioning d i f f r a c t o m e t e r s a t v a r i o u s l a b o r a t o r i e s Of c o u r s e , e x e m p l a r y 
d e s i g n f e a t u r e s o r i g i n a t i n g f r o m d i f f r ac t ion g r o u p s e l s e w h e r e w e r e e x 
t e n s i v e l y i n c o r p o r a t e d . H o w e v e r , p r o p e r h y b r i d i z a t i o n of the i n t e g r a l p a r t s 
c o n t r i v e d for spec i f i c ind iv idua l o b j e c t i v e s in d i f fe ren t e n v i r o n m e n t s r e 
q u i r e d s u b s t a n t i a l m o d i f i c a t i o n s of m o s t of the o r i g i n a l d e s i g n s C o n s e 
quen t ly , even for t h o s e a d e q u a t e l y d e v e l o p e d by o t h e r g r o u p s , c o n s i d e r a b l e 
e n g i n e e r i n g and i n s t r u m e n t a l s t u d i e s w e r e c a r r i e d out wi th in ten t ion of 
i m p r o v i n g t h e i r func t iona l c h a r a c t e r i s t i c s . 

The e n g i n e e r i n g d e s i g n w a s s t a r t e d l a t e in I960 , and c o n s t r u c t i o n 
of the d i f f r a c t o m e t e r w a s c o m m e n c e d e a r l y in 1961. The b a s i c d i f f r a c 
t o m e t e r c o m p o n e n t s w e r e a s s e m b l e d in m i d - 1 9 6 2 , and the f i r s t d i f f r a c 
t ion p a t t e r n w a s o b t a i n e d t h r o u g h m a n u a l o p e r a t i o n in June 1962. The 
e l e c t r o n i c un i t s for the f o u r - a n g l e a u t o m a t i c o p e r a t i o n w e r e t e s t e d in l a t e 
1962. At abou t t h i s t i m e the h i g h - and l o " w - t e m p e r a t u r e i n s t r u m e n t s 
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d e s i g n e d p r i m a r i l y for the c r y s t a l l o g r a p h i c s t u d i e s w e r e c o m p l e t e d . The 
e l e c t r o m a g n e t uni t equ ipped for o p e r a t i o n a t h igh and low t e m p e r a t u r e s b e 
c a m e o p e r a t i o n a l in m i d - 1 9 6 3 . At the s a m e t i m e tha t d i f f r ac t ion e x p e r i 
m e n t s w e r e be ing c a r r i e d out , s o m e i m p r o v e m e n t s of v a r i o u s c o m p o n e n t s 
w e r e m a d e d u r i n g 1963 to 1964. 

B e s i d e s out l in ing c o n s t r u c t i o n and i n s t r u m e n t a t i o n of our n e u t r o n 
d i f f r a c t o m e t e r and i t s a u x i l i a r y e q u i p m e n t s , * the p r e s e n t r e p o r t i nc ludes a 
c r i t i c a l e v a l u a t i o n on the uni t , the e x p e r i m e n t a l r e s u l t s r e p r e s e n t i n g the 
i n s t r u m e n t a l c h a r a c t e r i s t i c s , and t a b l e s , d i a g r a m s , and f o r m u l a e w h i c h 
wou ld be use fu l for p r a c t i c a l n e u t r o n s t u d i e s . A l i s t of s e l e c t e d r e f e r e n c e 
books and r e v i e w a r t i c l e s a r e g iven . Cag l io t i et_ a h (1959) have a l s o c o m 
p i l e d b i b l i o g r a p h i e s for n e u t r o n d i f f r ac t ion and s c a t t e r i n g s t u d i e s . In sp i t e 
of ou r l i m i t e d c a t e g o r i c a l s e l e c t i o n , n u m e r o u s add i t i ons in the p r e s e n t l i s t 
r e f l e c t v iv id ly the g r o w t h p o t e n t i a l of the f ie ld . 

*The c o n s t r u c t i o n and a s s e m b l y d r a w i n g s of the b a s i c d i f f r a c t o m e t e r 
and s o m e of i t s a u x i l i a r y e q u i p m e n t s have b e e n d e s i g n a t e d by the 
A r g o n n e N a t i o n a l L a b o r a t o r y a s " N e u t r o n Di f f r ac t ion S p e c t r o m e t e r , MA, ^ ^ 
CS-267 1 s e r i e s , " w h i c h a r e a v a i l a b l e upon r e q u e s t to the a u t h o r . ^ ^ 



1. BASIC DIFFRACTOMETER 

1 - L I n t r o d u c t i o n 

D u r i n g the s e v e r a l - y e a r p e r i o d fol lowing c o n s t r u c t i o n of the f i r s t 
n e u t r o n d i f f r a c t o m e t e r , p i le n e u t r o n s w e r e u s e d a t A r g o n n e (Zinn, 1947), for 
only a few o t h e r h igh - f lux n e u t r o n s o u r c e s w e r e a v a i l a b l e for d i f f rac t ion 
s t u d i e s . O t h e r d i f f r ac t ion e q u i p m e n t w a s u s e d by Wollan and Shull ( l948) of 
Oak R idge , H u r s t et a l . ( l 950) of C h a l k R i v e r , and B a c o n et a l . (1950) and 
Lowde (1951) a t H a r w e l l . H o w e v e r , d u r i n g the l a s t d e c a d e , booming 
r e s e a r c h - r e a c t o r c o n s t r u c t i o n t h r o u g h o u t the w o r l d h a s a c c e l e r a t e d d i f f r a c 
t o m e t e r a c t i v i t y , and a wide v a r i e t y of u n i t s a r e now in o p e r a t i o n . A c o m 
p le t e u p - t o - d a t e r e v i e w of t h i s r a p i d l y deve lop ing sub jec t is difficult , and 
only t h o s e r e p o r t s on the b a s i c d i f f r a c t o m e t e r a r e c i t ed in the fol lowing. 

Some p r o g r e s s r e v i e w s have b e e n g iven in P i l e N e u t r o n R e s e a r c h in 
P h y s i c s ( i n t e r n a t i o n a l A t o m i c E n e r g y Agency , 1962, a b b r e v i a t e d IAEA h e r e -
a f t e r ) . Two o t h e r A r g o n n e d i f f r a c t o m e t e r s d e s i g n e d for the c r y s t a l l o g r a p h i c 
a n a l y s i s h a v e b e e n r e p o r t e d by M u e l l e r et a l . (1962), and a unit for powder 
and l iquid s t u d i e s by C lay ton and H e a t o n ( l 9 6 l ) . The B r o o k h a v e n c o n t r i b u 
t i o n s a r e r e p r e s e n t e d by C o r l i s s et a l . (1953), P e p i n s k y et_ a l . (1954), 
P e p i n s k y and F r a z e r (1955), L a n g d o n and F r a z e r ( l959) , and P r i n c e and 
A b r a h a m s (1959) . The L i v e r m o r e i n s t r u m e n t w a s b r i e f l y i n t r o d u c e d by M e a d 
and S p a r k s ( i 9 6 0 ) . T h r e e MIT u n i t s have b e e n d e s c r i b e d in d e t a i l by Shull 
( i 960) , and a d i f f r a c t o m e t e r a t the N a v a l R e s e a r c h L a b o r a t o r y by P r i n c e 
(1961), C o m p e n d i a of the Oak R i d g e d i f f r a c t o m e t e r s , d i s t i n c t l y d iv ided into 
the c r y s t a l l o g r a p h i c and m a g n e t i c c a t e g o r i e s , have b e e n g iven by P e t e r s o n 
and Levy ( l 959 ) for the f o r m e r and by Wol lan et aL ( i960) for the l a t t e r ( see 
a l s o I A E A - 1 9 6 2 , pp. 5 3 - 5 5 ) . T a k e i et a l . ( i 960) c o n s t r u c t e d the W e s t i n g h o u s e 
a p p a r a t u s . The d e t a i l s about the i n s t r u m e n t s a t Los A l a m o s , P u e r t o R i c o 
N u c l e a r C e n t e r , Wash ing ton Sta te U n i v e r s i t y , and s e v e r a l o the r l o c a t i o n s 
have not been r e p o r t e d . 

The H a r w e l l d e s i g n s have b e e n w e l l r e p o r t e d (Arndt and Wi l l i s , 1963; 
B a c o n and D y e r , 1955, 1959; B o w e s and D y e r , 1963; L a m b e et a l . , 1961; 
P a t t e n d e n and B a s t o n , 1957; Wi l l i s , 1962). The A E I unit h a s b e e n d e s c r i b e d 
by A U e n d e n and Winkwor th ( l 9 6 3 ) . The C h a l k R i v e r i n s t r u m e n t s w e r e ou t 
l ined by B r o c k h o u s e ( IAEA-1962 , pp . 36 -37 ) and McAlp in ( l964) , and the one 
a t the M c M a s t e r U n i v e r s i t y by F e t c h et a l . ( i 960 ) . The A u s t r a l i a n c e n t e r i s 
a l s o b e c o m i n g a c t i v e ( see Sab ine , 1962). A F r e n c h d i f f r a c t o i n e t e r h a s 
b e e n d e s c r i b e d by B r e t o n et _al. (1957). In G e r m a n y , the Munich un i t s have 
b e e n r e p o r t e d by D a c h s and h i s c o - w o r k e r s (1961-1962) , Lutz ( i960) , and a 
g r o u p a t M a s c h i n e n F a b r i k A u g s b u r g - N u r e m b u r g ( i 960 ) . A d i f f r a c t o m e t e r at 
R o s s e n d o r f , D r e s d e n , h a s b e e n d e s c r i b e d by B e t z l and Kleins t iack ( l 9 6 l ) and 
Kle ins t i i ck ( l 9 6 l ) . Szabo et a l . ( l 963) have r e p o r t e d t h e i r i n s t r u i n e n t in H u n 
g a r y , and C a g l i o t i et a l . ( l 9 6 2 ) and G i a c c h e t t i e t aL (1963) have s u m m a r i z e d 



the I t a l i an work . L o o p s t r a (1962) has led N e t h e r l a n d s ' n e u t r o n d i f f r ac t ion 
g roup , and the N o r w e g i a n un i t s a r e d e l i n e a t e d in p a p e r s by B a r s t a d and 
A n d r e s e n (1957) and Goedkoop and L o o p s t r a ( l959) . The P o l i s h a p p a r a t u s 
h a s b e e n d e s c r i b e d by O 'Connor and B o n k o w s k i ( l959) ( IAEA-1962, pp. 369 -
378, and K r a s n i c k i e t a l . (1962). The S p a n i s h uni t h a s r e c e n t l y b e e n con
s t r u c t e d by P o n c e de Leon and Diaz (1962). The USSR ac t iv i ty i s d e s c r i b e d in 
v a r i o u s p u b l i c a t i o n s (Bykov et a l . , 1957; O z e r o v et a l . , I 960 ; Y a m z i n , 1959; 
Y a m z i n et a l . , 1962, 1963; Z ivanov ic e t a l . , 1961, of C z e c h o s l o v a k i a ) . Two 
d i f f r a c t o m e t e r s at T r o m b a y , India , have b e e n r e p o r t e d by Iyenga r ( l963) . 
J a p a n e s e d i f f r a c t o m e t e r s w e r e c o n s t r u c t e d by H a g i h a r a et a l . (1962), 
Kun i tomi et a l . ( l962) , and Miyake et a l . (1962), and the one in China by 
Ang et_al. ( I 9 6 l ) . 

A s s e m b l y l ayou t s of our d i f f r a c t o m e t e r a r e shown in F i g s . 1 and 2, 
which a r e r e f e r r e d to v e r y f r equen t ly in the following c h a p t e r s . The dif
f r a c t o m e t e r fol lows a n o r m a l - b e a m e q u a t o r i a l m o d e . The d e s i g n had to t a k e 
into a c c o u n t g e o m e t r i c a l r e s t r i c t i o n s a r i s i n g f r o m a l i m i t e d work ing s p a c e 
and the a s s i g n e d b e a m - h o l e con f igu ra t i on . T h e s e r e s t r i c t i o n s a c t e d a s a 
d e t e r m i n i n g f ac to r in s o m e d e s i g n - p a r a m e t e r c a l c u l a t i o n s and, in a few 
c a s e s , f o r c e d u s to c h o o s e l o w e r - d e g r e e p a r a m e t e r s . E x a m p l e s w h e r e un
avo idab le g e o m e t r i c a l f a c t o r s had to be t a k e n a r e : the c o l l i m a t o r length; 
l o c a t i o n s of the m o n o c h r o m a t o r and i t s r e m o t e - c o n t r o l dev ice ; the a n g u l a r 
r a n g e for the m o n o c h r o m a t i c b e a m output and tha t for the de tec t ing c o u n t e r ; 
and the shape of the b i o l o g i c a l sh i e ld . 

U t i l i z a t i o n of a s ing le p r i m a r y b e a m for two d i f f r a c t o m e t e r s h a s 
b e e n a d a p t e d by s e v e r a l i n v e s t i g a t o r s (Bacon and .Dyer, 1959; Miyake et a l . , 
1962; M u e l l e r e t a l . , 1962; P e t e r s o n and Levy , 1959; Wi l l i s , 1962). H o w e v e r , 
the d u a l - d i f f r a c t o m e t e r t e c h n i q u e was found to be r a t h e r u n s u i t a b l e for our 
c a s e , b e c a u s e , in add i t ion to the s p a c e l i m i t a t i o n m e n t i o n e d above , t he i n t e r 
f e r e n c e b e t w e e n the s econd d i f f r a c t o m e t e r and the l a r g e a u x i l i a r y i n s t r u 
m e n t s , such a s the m a g n e t i c d e v i c e s , i s too s e v e r e to be t o l e r a b l e in p r a c t i c e 
N e v e r t h e l e s s , an a u x i l i a r y b e a m out le t w a s m a d e to m e e t with a p o s s i b l e fu
t u r e d e v e l o p m e n t of a m i n i a t u r e d i f f r a c t o m e t e r o r a s m a l l n e u t r o n -
d i f f rac t ion c a m e r a . 

1-2. G r a p h i t e C o l l i m a t o r and M o d e r a t o r 

The i n - p i l e c o l l i m a t o r i s s e p a r a t e d by the v e r t i c a l lift s h u t t e r into 
two p a r t s , g r a p h i t e and p r i m a r y c o l l i m a t o r s . The g r a p h i t e c o l l i m a t o r , r e 
in fo rced by an a l u m i n u m f r a m e w o r k , i s p l a c e d at the i n i t i a l s e c t i o n of the 
b e a m p o r t a s a c o a r s e , p r e l i m i n a r y c o l l i m a t o r . It s t a r t s at 21.25 in. f r om 
the r e a c t o r - c o r e c e n t e r and i s a hol low c y l i n d e r , 48 in. long and 3.62 in. in 
d i a m e t e r , with a r e c t a n g u l a r t h r o u g h - o p e n i n g of 2.01 x 2.74 in. ( h o r i z o n t a l x 
v e r t i c a l ) . The h o r i z o n t a l and v e r t i c a l a n g u l a r d i v e r g e n c i e s a r e 2°24' and 
3°16' of a r c , r e s p e c t i v e l y . The f i r s t 14.75 in. s e c t i o n of the c o l l i m a t o r l i e s 
wi th in the c o r e - t a n k i n t e r i o r . The c e n t e r of the b e a m p o r t is 42 in. f r o m 
the r e a c t o r f loor . 
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Fig. 1. Plan View of the Neutron Diffractometer, Showing the Major Components in a Typical 
Setting. The single-crystal diffraction mode with the heavy-duty counter-shield is shown. 
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Parallel to the Primary-beam Direction for Illustrative Purpose. Also shown are the liquid-helium straight-Dewar 
assembly with a vapor pressure controller for regulating the refrigerant temperature (cf. Fig. 31). 
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T h e a v e r a g e t e m p e r a t u r e of c i r c u l a t i n g D2O in t h e c o r e t a n k i s a b o u t 
44°C ( m a x i m u m f l u c t u a t i o n , ± 4 ° C ) * a n d t h a t a t t h e g r a p h i t e - r e f l e c t o r z o n e 
r a n g e s f r o m 75 t o 100°C. H o w e v e r , s o m e s e c t i o n s in t h e b e a m - p o r t a r e a 
w i t h i n t h e g r a p h i t e z o n e a r e o c c a s i o n a l l y h e a t e d to n e a r l y 3 0 0 ° C , d u e p a r t l y 
t o p o o r l o c a l d i s s i p a t i o n of h e a t a r i s i n g f r o m e x o t h e r m i c n u c l e a r a n d c h e m 
i c a l r e a c t i o n s i n d u c e d b y n e u t r o n s a n d 7 r a y s . 

T h e n e u t r o n a n d y - r a y f l u x e s a r e h i g h e n o u g h t o p r o d u c e , d i r e c t l y 
o r i n d i r e c t l y , a p p r e c i a b l e a m o u n t s of d i s s o c i a t e d s p e c i e s of N2, O2, a n d H2O 
in t h e a t m o s p h e r e , a n d t h e i r c o r r o s i v e a c t i o n on t h e m e t a l i s b y n o m e a n s 
t r i v i a l i n l o n g - r a n g e o p e r a t i o n . C o n s e q u e n t l y , w i t h a s a f e t y f a c t o r of a b o u t 
1.5 o n t h e t e m p e r a t u r e s c a l e , t h e i n - p i l e c o l l i m a t o r c o m p o n e n t s , p a r t i c u l a r l y 
t h o s e a t t h e f r o n t h a l f - s e c t i o n of t h e b e a m p o r t , s h o u l d s a t i s f y t h e f o l l o w i n g 
c o n d i t i o n s : m e l t i n g p o i n t h i g h e r t h a n 5 0 0 ° C ; g o o d t h e r m a l c o n d u c t o r in o r d e r 
to a v o i d f u r t h e r t e m p e r a t u r e r i s e ; h i g h c o r r o s i o n r e s i s t a n c e . In a d d i t i o n , 
r e l a t i v e l y l a r g e t h e r m a l e x p a n s i o n of t h e c o l l i m a t o r e l e m e n t s m u s t b e t a k e n 
i n t o c o n s i d e r a t i o n . W a t e r c o o l i n g o r o t h e r m e a n s of h e a t d i s s i p a t i o n i s 
r a t h e r i m p r a c t i c a l f o r o u r b e a m - p o r t c o n f i g u r a t i o n . 

T h e f l u x - v s . - e n e r g y d i s t r i b u t i o n of t h e n e u t r o n s e m e r g i n g t h r o u g h 
t h e b e a m p o r t p l a y s a n i m p o r t a n t r o l e i n t h e d i f f r a c t o m e t e r d e s i g n . * * H e n c e , 
a t t h e i n i t i a l s t a g e of t h e p r o j e c t , a h i g h l y c o l l i m a t e d n e u t r o n f l u x a t 
1 2 8 . 3 8 i n . f r o m t h e c o r e c e n t e r ( 2 . 7 5 in . o u t s i d e of t h e r e a c t o r o u t e r w a l l ) 
w a s m e a s u r e d f o r v a r y i n g t h i c k n e s s of t h e g r a p h i t e b l o c k f i l l i n g t h e e n t r a n c e 
of t h e g r a p h i t e c o l l i m a t o r . A g o l d - f o i l d e t e c t o r , p r e c a l i b r a t e d w i t h a s t a n d 
a r d p i l e , w a s p l a c e d a t t h e e x i t of t h e p o r t p l u g , 4 1 . 4 i n . l o n g , w i t h a 
t h r o u g h a x i a l h o l e , 0 . 0 4 5 6 in .^ in c r o s s - s e c t i o n a l a r e a . T h e t a n g e n t i a l d i 
v e r g e n c y of t h e b e a m w a s 2 0 ' of a r c . T h e r e s u l t s h o w n in F i g . 3 i n d i c a t e s 
t h e c a d m i u m - r a t i o m a x i m u m a t a b o u t 24 i n . of t h e g r a p h i t e l e n g t h , w h e r e 
t h e e p i - c a d m i u m c o n t a m i n a t i o n i s l e s s t h a n 0. 1% of t h e t o t a l f l ux b u t t h e 
s u b - c a d m i u m f l u x d r o p s d o w n t o 2 x 10^ n e u t r o n s c m ~ ^ s e c ~ ^ . S i n c e t h e 
d o u b l e - c r y s t a l d i f f r a c t i o n p r o c e s s s e l e c t s o u t a l a r g e p o r t i o n of t h e e p i -
c a d m i u m n e u t r o n s , t h e c o n d i t i o n f o r t h e h i g h e s t t h e r m a l f l ux m a y b e c h o s e n , 
p r o v i d e d t h a t : t h e f a s t - n e u t r o n s h i e l d i n g m e e t s w i t h t h e s p a c e l i m i t a t i o n ; 
n e u t r o n s s c a t t e r e d t h r o u g h t h e m o n o c h r o m a t i c b e a m - c h a n n e l i s a s m a l l 
f r a c t i o n of t h e b a c k g r o u n d in t h e d i f f r a c t i o n p a t t e r n . T h e l e n g t h of t h e m o d 
e r a t o r t h u s c h o s e n i s 4 i n . , w h i c h g i v e s t h e s u b - c a d m i u m f lux of 1.4 x 10^ 
w i t h 1% e p i - c a d m i u m c o n t a m i n a t i o n in t h e 2 0 ' - a r c c o l l i m a t i o n . T h e s u b -
a n d e p i - c a d m i u m f l u x e s o u t s i d e t h e g r a p h i t e m o d e r a t o r a r e 1.5 x 10^ a n d 
7 X 10 n c m s e c ~ , r e s p e c t i v e l y . H e n c e , w e h a v e p r a c t i c a l l y n o l o s s in t h e 
s u b - c a d m i u m f lux d u e t o t h e 4 in . g r a p h i t e , w h i c h on t h e o t h e r h a n d r e d u c e s 
t h e e p i - c a d m i u m c o n t a m i n a t i o n f r o m 4% t o 1%. T h e m a x i m u m f lux l i e s a t 
a b o u t 1.2 A ( c o r r e s p o n d i n g to 420°K; s e e F i g . 39 ) in t h e M a x w e l l i a n 
d i s t r i b u t i o n . 

*The Maxwellian neutron temperature of 44 ± 4"C corresponds to a neutron energy of 
0.0410 ± 0.005 eV, and, to a wavelength of 1.413 + 0.009 A. 

o 
**Most diffractometers are designed for neutron wavelengths longer than about 0.5 A, i.e., not too far 

shorter than the cadmium-thermal-resonance wavelength, 0.6779 A. 



Fig. 3 
Sub- and Epi-Cadmium Neutron Fluxes vs. the 
Graphite-moderator Length at the H-24 Beam 
Hole of the CP-5 Reactor Operated at 4.6 MW. 
The detector is placed at 326 cm (10.7 ft) from 
the reactor-core center and the beam divergence 
is 20' of arc. The cadmium-ratio values were 
obtained from the smoothed-out experimental 
curves. 
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At the c e n t r a l r e g i o n of the C P - 5 r e a c t o r c o r e o p e r a t e d at 4.6 MW, 
the s u b - and e p i - c a d m i u m f luxes a r e a p p r o x i m a t e l y 5 x 10 and 3 x 
lO^^ncm"^ sec"^ , in the 47T-counting g e o m e t r y , r e s p e c t i v e l y . At about 18 in. 
f r o m the c o r e c e n t e r , w h e r e the c a d m i u m r a t i o r e a c h e s i t s m a x i m u m , the 
s u b - c a d m i u m flux i s n e a r l y 10^'^ncm"^ sec"^ , whi le the e p i - c a d m i u m n e u 
t r o n s a r e m o d e r a t e d to lO^^ncm"^ sec"^ . N e a r the c o r e - t a n k wal l e n c o m 
p a s s i n g the c o r e wi th the 36-in. r a d i u s , f luxes of 2 x 10^^ for s u b - c a d m i u m 
and of 4 X lO^^ncm"^ sec"^ for the e p i - c a d m i u m have b e e n r e c o r d e d . H e n c e , 
the u n c o l l i i n a t e d flux a t ou r b e a m - p o r t e n t r a n c e i s e s t i m a t e d a s 7 x 10^ for 
s u b - c a d m i u m and 7 x lO^^ncm"^ sec"^ for e p i - c a d m i u m . The 2 0 ' - a r c -
c o l l i m a t e d s u b - c a d m i u m flux without the g r a p h i t e m o d e r a t o r i s c a l c u l a t e d 
to be 1.5 X 10 n c m ~ ^ sec~^, in e x c e l l e n t a g r e e m e n t with the o b s e r v e d va lue 
of 1.5 X l O ^ n c m " ^ sec~^; the c a l c u l a t e d e p i - c a d m i u m flux i s 1.5 x 10 n c m " ^ 
sec"^ , c o n s i d e r a b l y s m a l l e r than the o b s e r v e d flux 7 x 10 n c m ~ s e c " . The 
d i s a g r e e m e n t b e t w e e n the f a s t - n e u t r o n flux and the e x p e r i m e n t a l c u r v e s in 
F i g . 3 a r e not r e a d i l y i n t e r p r e t a b l e quan t i t a t i ve ly , b e c a u s e of the c o m p l e x 
g e o m e t r y of the b e a m - p o r t e n t r y and b e c a u s e of far m o r e c o m p l i c a t e d p r o c 
e s s e s of diffusion, m o d e r a t i o n , and a b s o r p t i o n of the fas t n e u t r o n s . L a r g e 
p r e f e r r e d o r i e n t a t i o n of the m i c r o c r y s t a l s in the g r a p h i t e b lock m a n u f a c 
t u r e d t h r o u g h an e x t r u s i o n p r o c e s s m a k e s , a m o n g o t h e r c a u s e s , the i n t e r 
p r e t a t i o n m o r e a m b i g u o u s (Egelstaff , 1957). 

1-3. P r i m a r y C o l l i m a t o r 

The qua l i ty of the d i f f rac t ion da ta d e p e n d s s t r o n g l y on the cho ice of 
t h r e e m a j o r c o l l i m a t o r s ( p r i m a r y , s e c o n d a r y , and c o u n t e r c o l l i m a t o r s ) . A 
n u m b e r of a u t h o r s h a s d e a l t wi th the t h e r m a l - n e u t r o n c o l l i m a t i o n p r o b l e m s 
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to v a r i o u s e x t e n t s (Atoji, 1961b; Cag l io t i e t a l . , 1958; Cag l io t i et a l . , I960; 
Cag l io t i and R i c c i , 1962; D a c h s , 1961; J o n e s , 1962; J o n e s and B a r t o l i n i , 1963; 
H a s e and Kle ins t i i ck , 1961; Sabine and B r o w n e , 1963; Sa i lo r et a l . , 1956; 
S c h e r m e r , I960; Szabo', 1959, 1960a, 1960b; Wi l l i s , 1960a). The p r i m a r y c o l l i 
m a t o r , following the g r a p h i t e c o a r s e c o l l i m a t o r and the v e r t i c a l lift s h u t t e r , 
is not e a s i l y e x c h a n g e a b l e in the p r e s e n t de s ign . Hence , it has to a c c o m m o 
da te a l l of the spec i f i c i n t e n s i t y - r e s o l u t i o n r e q u i r e m e n t s for c u r r e n t and con
c e i v a b l e fu ture e x p e r i m e n t s , or a c o m p r o m i s e d e s i g n m a y be chosen . H a g i h a r a 
et a l . (1962) have c o n s t r u c t e d an e l a b o r a t e p r i m a r y - c o l l i m a t o r unit c o n s i s t i n g 
of t h r e e c o l l i m a t o r s of d i f fe ren t h o r i z o n t a l d i v e r g e n c e (5 ' , 15' , and 30' of a r c ) , 
s t a c k e d n o r m a l to the c o l l i m a t o r a x e s . A r e m o t e - c o n t r o l m e c h a n i s m p l a c e s 
a s e l e c t e d one into the b e a m . An a r r a n g e m e n t of th i s s o r t i s , howeve r , uncon
f o r m a b l e wi th our b e a m - p o r t conf igura t ion , and c u m u l a t i v e d i v e r g e n c e v a r i a 
t i ons can be a t t a i ned by the s e c o n d a r y and c o u n t e r c o l l i m a t o r s to a c e r t a i n ex ten t . 

The p r i m a r y - c o l l i m a t o r unit is c o m p o s e d of two p a r t s : the c o l l i m a t o r 
and i t s a d a p t e r . The a d a p t e r is a 1 .75- in . -wa l l , hol low cy l inde r which is con
t o u r e d by 0 . 2 5 - i n . - t h i c k s t a i n l e s s s t e e l , and the wal l cav i ty is fi l led with 
b a r y t e s c o n c r e t e . The p r i m a r y c o l l i m a t o r , 45.497 in. long, with a r e c t a n g u 
l a r a p e r t u r e , 2.025 x 2.750 in. , has i t s e n t r y 61.625 in. f r om the b e a m - p o r t 
e n t r a n c e . It is p a r t i t i o n e d by t h i n - w a l l e d , r e c t a n g u l a r , s t a i n l e s s s t e e l t u b e s 
into n ine h o r i z o n t a l and five v e r t i c a l So l l e r c h a n n e l s . The inner d i m e n s i o n s 
of the s t a i n l e s s s t e e l tube ( c o l d - d r a w n , s e a m l e s s ) a r e 0.216 x 0.540 in. , and 
the w a l l t h i c k n e s s i s 0.0085 in .* The h o r i z o n t a l and v e r t i c a l a n g u l a r d i v e r 
g e n c i e s a r e 16 .3 ' and 4 0 . 6 ' of a r c , r e s p e c t i v e l y , a s s u m i n g the tube wal l to be 
an inf ini te a b s o r b e r . P r e s e n t l y , a l l of our So l le r c o l l i m a t o r s a r e c o n s t r u c t e d 
in a c c o r d a n c e with the t echn ique i l l u s t r a t e d in F i g . 4, w h e r e the c h e c k e r 
b o a r d s t a c k i n g s c h e m e is e m p l o y e d for bundl ing the t u b e s . Excep t t hose ad 
j a c e n t to the c o l l i m a t o r i nne r wal l , the t u b e s s u p p o r t each o the r t h rough 
p r e s s u r e f i t t ing at t h e i r c o r n e r s h o u l d e r s . In addi t ion , so as to i n s u r e the 
m i n i m u m t o l e r a n c e for s t r a i g h t n e s s and to i n c r e a s e the m e c h a n i c a l s t r e n g t h 
of the tube bundle , the end cap and the c o m b guide , both m a d e of th in a l u m i 
num, a r e i n c o r p o r a t e d into the c o l l i m a t o r c o n s t r u c t i o n . F o r the p r i m a r y 
c o l l i m a t o r , the a l u m i n u m c o m b s w e r e p l aced at two p l a c e s , and the exi t c ap 
was r e p l a c e d by the t h i n n e r a l u m i n u m c a p a f te r l ining up the t u b e s . T o t a l 
a l u m i n u m t h i c k n e s s in the b e a m pa th r a n g e s f r o m 0.040 to 0.080 in., which 
r e m o v e s 1 to 2% of the t h e r m a l n e u t r o n s (ref. Appendix l) . The r e s u l t a n t 
b e a m h e t e r o g e n e i t y is about 1%, a c o m p l e t e l y neg l ig ib le quant i ty in c o m p a r 
i son with tha t due to the tube w a l l s . 

Al though s e e m i n g l y t r i v i a l , p a r t i c u l a r c a r e was t aken to m a k e the 
e n t r y cap dus t -p roo f , s i nce the v e r t i c a l lift s h u t t e r c r e a t e s v e r y annoying 
dus t du r ing o p e r a t i o n . The ou t e r j a c k e t of our c o l l i m a t o r s is of conven t iona l 
s t e e l - M a s o n i t e l a m e l l a r c o n s t r u c t i o n , for a t t enua t ing n e u t r o n s , s t r eng then ing 
the m e c h a n i c a l p r o p e r t y , and c o m p e n s a t i n g d i f f e r e n c e s in the t h e r m a l ex 
pans ion of the c o n s t i t u e n t s . 

*The manufacturer failed to meet the purchase stipulation on the wall thickness, less than 0.005 in. 
However, since further negotiation would have caused unnecessarily long delay of the project, no 
further action was taken. 
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The f a b r i c a t i o n of the fine c o l l i m a t o r is one of the m o s t c r i t i c a l 
p r o b l e m s in the n u c l e a r i n s t r u m e n t a t i o n . H e n c e , n u m e r o u s t e c h n i q u e s have 
b e e n deve loped . H o w e v e r , only a few c a s e s have been d e s c r i b e d in d e t a i l in 
the l i t e r a t u r e : r u b b e r - l a m e l l a e 10 ' - a r c c o l l i m a t o r by Cag l io t i and C a s a l i 
(1962); n i c k e l - f o i l (O.OOl in. th ick) , 0 . 7 ' - a r c c o l l i m a t o r by Jok i et a l . (1956); 
s t e e l - s h i m (0.002 in . ) 2 ' - a r c So l l e r by Sa i lo r et a l . ( l956) . Our des ign i s 
r e l a t i v e l y s i m p l e in i t s f a b r i c a t i o n , and t h e c h e c k e r - b o a r d packing cu t s down 
the effect ive wa l l t h i c k n e s s to half of the c l o s e s t - p a c k i n g modu le which h a s 
been e m p l o y e d by v a r i o u s o the r i n v e s t i g a t o r s . 

An i n t e r c h a n g e a b l e b o r a l - c a d m i u m m a s k (two 0. 250- in . - th i ck b o r a l s * 
and 0 .250- in . Cd) is u s e d to s top down the inc iden t t h e r m a l - b e a m p ro f i l e . 
The m a s k with a r e c t a n g u l a r a p e r t u r e , 1.125 x 2.250 in. , is c o m m o n l y u s e d 
for the p a r a l l e l - b e a m t e c h n i q u e and m a y be widened for the f o c u s i n g - b e a m 
m e t h o d . A l s o , the o p t i m u m a p e r t u r e i s dependen t on the s i z e of the m o n o -
c h r o m a t i n g c r y s t a l , a s we l l a s the d i f f rac t ion m o d e of the m o n o c h r o m a t o r , 
B r a g g o r Laue c a s e ( r e f l ec t i on or t r a n s m i s s i o n ) . I n t e r c h a n g e o r r e m o v a l 
of the m a s k i s c a r r i e d out wi th a r e m o t e - d r i v e too l which can be o p e r a t e d 
f r o m the o u t s i d e of the b i o l o g i c a l sh i e ld t h r o u g h an opening for the a n g l e -
s e l e c t i n g p lugs (Chap te r 1-6). 

1-4. M o n o c h r o m a t o r Unit 

The g o n i o m e t r i c c e n t e r of the m o n o c h r o m a t o r i s 10.00 in. f r o m the 
p r i m a r y - c o l l i m a t o r ex i t and i s an a l i g n m e n t pivot for the subsequen t p a r t s 
of the d i f f r a c t o m e t e r ( see C h a p t e r I - IO) . The r a d i a t i o n - s h i e l d e d r e m o t e -
c o n t r o l unit for the m o n o c h r o m a t o r is s e t e i t h e r h o r i z o n t a l l y o r v e r t i c a l l y . 
The v e r t i c a l i n s e r t i o n of the c o n t r o l unit i s m o r e su i t ab l e for adap t ing the 
1:2 a n g u l a r - c o u p l i n g m e c h a n i s m b e t w e e n the m o n o c h r o m a t i n g c r y s t a l and 
the t u r n t a b l e . H o w e v e r , s i m p l y b e c a u s e of the c o n g e s t e d a v a i l a b l e s p a c e , 
the h o r i z o n t a l type deve loped by M u e l l e r et a l . ( l962) was modif ied and was 
fi t ted into our sh i e ld wi thout the 1:2 c o l l a t e r a l m e c h a n i s m . A n t i - b a c k l a s h 
g e a r - t r a i n s , l a r g e r c r y s t a l h o l d e r , e l i m i n a t i o n of the g o n i o m e t e r c o m p o n e n t s 
in the b e a m pa th , and h i g h e r - a c c u r a c y g o n i o m e t r i c r e a d - o u t w e r e i n c o r p o r 
a t ed into the p r e v i o u s m o d e l . The m o n o c h r o m a t i n g c r y s t a l , up to 6 in. x 
3.5 in. X 3 in. th ick, i s m o u n t e d on an a l u m i n u m f r a m e which p o s s e s s e s 

*Boral: a mixture of B4C and aluminum powder clad between aluminum sheets (Price et al., 1957). 
Two types of stock boral are available: overall thicknesses of 3/16 and 1/4 m. for 50 and 30 w/o B^C, 
respectively. In both types, the aluminum jacket is 0.036 in. thick (0.072 in. total), and the B^C-Al 
core density is about 2.5 g cm""̂ , which is very close to the average of the solid densities 
of B4C (2.5 g cm"'̂ ) and of aluminum (2.7 g cm"'̂ ). The boron contents are 0.98 and 0.59 g cm" for 
3/16- and 1/4-in. thicknesses, respecuvely. The absorption coefficients, ^t, in the transmission ratio 
exp(-fit), for 0.025- and 0.1-eV neutrons are, respectively, 12.0 and 6.12 for 3/16-in., and 11.1 and 5.68 
for 1/4-in. thicknesses. The transmission ratios are correspondingly 6.0 x 10" and 2.2 x 10" for 
3/16-m. and 1.5 x 10"̂  and 3.5 x 10""̂  for 1/4-in. thicknesses. The precision cutting of boral,with its 
hard and brittle core, is possible with the electric spark-discharge erosion cutter (Ch. 1-4). A thermally 
molded material, 200 mesh or finer, B4C impregnated m Lucite in 1:1 weight ratio, is employed by 
some neutron groups. Other thermoplastics may also be used for this purpose. 



27r r o t a t i o n a l f r e e d o m for Q, and ± 3 0 ° for the t i l t ing a d j u s t m e n t . The a s s e m 
b ly i s s u b s e q u e n t l y s e t on c r o s s s l i d e s , c a p a b l e of ±0.75 in. t r a n s l a t i o n s . 
S e v e r a l f l e x i b l e - c a b l e l i n k a g e s e l i m i n a t e m u t u a l i n t e r f e r e n c e s a m o n g four 
r e m o t e - c o n t r o l c h a n n e l s . 

Idea l ly , t h r e e a n g u l a r {^ and two m u t u a l l y o r t h o g o n a l a z i m u t h s ) * and 
two c r o s s - s l i d i n g m o t i o n s a r e e s s e n t i a l for a l ign ing a p r e a d j u s t e d c r y s t a l l o 
g r a p h i c zone a x i s . M o r e o v e r , so a s to m i n i m i z e the i n t e n s i t y l o s s due to the 
p a r a s i t i c d i f f r ac t i on p r o c e s s ( R e n n i n g e r or m u l t i p l e B r a g g s c a t t e r i n g ) , a d e 
v i c e p e r m i t t i n g a w i d e - r a n g e <i)-variation at a g iven fi-setting m a y a l s o be 
a d a p t e d to the g o n i o m e t e r (B l inowsk i and Sosnowsk i , 1961). F o r a f ixed 
m o n o c h r o i n a t i c - b e a m o u t p u t - c h a n n e l t e c h n i q u e , in which the w a v e l e n g t h 
c h a n g e i s c a r r i e d out t h r o u g h s e l e c t i n g d i f fe ren t d i f f r ac t ing p l a n e s of a c r y s 
t a l o r chang ing the c r y s t a l (e .g . , Wi l l i s , 1962), one m a y even e x e c u t e a ful l -
c i r c l e u n i v e r s a l g o n i o m e t r y , which would, h o w e v e r , r e q u i r e a p r o h i b i t i v e l y 
e l a b o r a t e d e v i c e . F o r t u n a t e l y , in c o n t r a s t wi th n e u t r o n s p e c t r o m e t r y , t he 
d i f f r ac t i on t e c h n i q u e d o e s not r e q u i r e f r equen t w a v e l e n g t h m o d u l a t i o n , and 
p r e c u t t i n g and p r e s e t t i n g the c r y s t a l p r i o r to the f ina l m o u n t i n g a r e u s u a l l y 
a d e q u a t e to c o m p e n s a t e the d e f i c i e n c y in the g o n i o m e t e r - c o n t r o l m u l t i 
f o r m i t y . By the s a m e token , the 1:2 coupl ing d e s c r i b e d above i s not an a b 
so lu t e r e q u i r e m e n t in d i f f r a c t o m e t r y . The p a r a s i t i c d i f f r ac t ion effect can 
be m i n i m i z e d by p r e s e l e c t i n g an a p p r o p r i a t e ^ o r i e n t a t i o n of the g iven r e 
f lec t ing p l a n e . In any even t , it i s a d v i s a b l e to d e s i g n the m o n o c h r o m a t o r 
h o l d e r l a r g e enough to a c c o m o d a t e an uncu t bu lky c r y s t a l , the focus ing flat 
o r ben t c r y s t a l , and t h o s e for the l o w - a n g l e B r a g g - c a s e g e o m e t r y . The r e 
m o t e c o n t r o l m a y be c a r r i e d out by m e a n s of an e l e c t r o n i c d e v i c e s u c h a s the 
one c o n s t r u c t e d by H a g i h a r a et a l . (1962). 

T h e n e u t r o n m o n o c h r o m a t i n g c r y s t a l r e q u i r e s s o m e a d d i t i o n a l c r i 
t e r i a to t h o s e for the X - r a y c a s e , w h e r e a l m o s t s a t u r a t e d a d v a n c e h a s b e e n 
m a d e (e .g . . I n t e r n a t i o n a l T a b l e s for X - r a y C r y s t a l l o g r a p h y , 1962, Vol . I l l , 
pp . 7 9 - 8 8 ; G. W. B r i n d l e y in P e i s e r e t a l . , 1955, pp. 122-144) . F o r n e u t r o n s , 
b e s i d e s the c o m m o n c r i t e r i a s u c h a s l a r g e s c a t t e r i n g a m p l i t u d e and high 
Debye t e m p e r a t u r e , t he c r y s t a l h a s to be g r o w n to a l a r g e s i z e and should 
p o s s e s s a s m a l l e f fec t ive a b s o r p t i o n f ac to r ( inc luding an often p r e d o m i n a n t l y 
s t r o n g e x t i n c t i o n effect ) . M o r e o v e r , b e c a u s e the i n c i d e n t n e u t r o n - e n e r g y 
s p e c t r a i s c o n t i n u o u s in c o n t r a s t wi th the d i s c r e t e s p e c t r a of an X - r a y - t u b e 
b e a m , c o n t a m i n a t i o n due to the A./n h a r m o n i c s i s u s u a l l y h i g h e r for n e u t r o n s 
t h a n for X r a y s . H e n c e , the i n c o n g r u o u s - h a r m o n i c s c o n t a m i n a t i o n in the 
c r y s t a l - m o n o c h r o m a t e d n e u t r o n s i s an i n h e r e n t p r o b l e m , and it should be 
s m a l l o r be e l i m i n a t e d by an a p p r o p r i a t e f i l t e r ( see A p p e n d i x II). An e n d l e s s 
e f for t to a p p r o a c h t h e s e c o n d i t i o n s i s a p p a r e n t in n u m e r o u s p u b l i c a t i o n s : an 

*The f2-axis i s t a k e n a s the one n o r m a l to the i n c i d e n t b e a m and p a r a l l e l 
to the d e t e c t o r a x i s . O t h e r t h r e e - c i r c l e n o t a t i o n s a r e : X - a x i s , n o r m a l 
to f2-axis and to s c a t t e r i n g v e c t o r ; 3)-axis , g o n i o m e t e r - h e a d a x i s and 
n o r m a l to X. 



e x t e n s i v e R e n n i n g e r - e f f e c t s tudy on Cu ( i l l ) d i f f rac t ion (Bl inowski and 
Sosnowsk i , 196l) ; P b (220), Q u a r t z ( l O l l ) , and Al ( i l l ) m o n o c h r o m a t i o n s 
(Cagl io t i and R i c c i , 1962); flat and c u r v e d m o n o c h r o m a t o r s of lead and g e r 
m a n i u m , and the F a n k u c h e n - c u t c r y s t a l s (Dachs and S tehr , 1962; S tehr , 1963); 
the s e c o n d - o r d e r c o n t a m i n a t i o n s in N a C l (220) and (240), and in b e r y l l i u m 
( l O l l ) and (1231) (Haas and S h o r e , 1959); i m p o r t a n c e of the p a r a s i t i c s c a t -

, . '̂  o 

t e r i n g , e .g . , with b e r y l l i u m (Hay, 1959); 2 - and 4 - A n e u t r o n s f rom b e r y l 
l i u m (OOOl)-zone (Hay e t a l . , 1958); a l u m i n u m ( i l l ) F a n k u c h e n - c u t 
(Henshaw, 1958); r e f l e c t i v i t y t a b l e s and g r a p h s for v a r i o u s b e r y l l i u m and 
N a C l c r y s t a l - p l a n e s (Holm, 1953); Fe304 and g e r m a n i u m for 0 .7 - to 9-A 
n e u t r o n s (McReyno lds , 1952); proof of s u p e r i o r i t y of "92% C o / p e " ( i l l ) over 
Fe304 (220) a s p o l a r i z i n g m o n o c h r o m a t o r (Nathans et a l . , 1959); 4.7 to 9.3 A 
f r o m m i c a c l e a v a g e - p l a n e s wi th b e r y l l i u m and BeO f i l t e r s (Sabine et a l . , 
1962); c a l c i t e c l e a v a g e p l a n e s and b e r y l l i u m ( l 2 3 l ) (Sai lor et_al. , 1956); the 
C a u c h o i s - t y p e b e n t - N a C l c r y s t a l for 0.25 to 1 A (Sawyer et a l . , 1947); d e 
t a i l e d t h e o r e t i c a l e x a m i n a t i o n s on the B r a g g - c a s e and L a u e - c a s e m o n o c h r o 
m a t i o n s and t h e i r h i g h e r - h a r m o n i c s c o n t a m i n a t i o n s , and the e x p e r i m e n t a l 
s t u d i e s of Ge ( i l l ) , Cu ( i l l ) , and L i F ( i l l ) m o n o c h r o m a t o r s ( S c h e r m e r , 
I960); h ighly p o l a r i z e d n e u t r o n s , n e a r l y 100%, f rom Fe304 (220) (Shull, 1951); 
P b ( i l l ) and c o m p r e s s i o n effect on i t s r e f l e c t i v i t y and Ge ( i l l ) exhibi t ing 
the h i g h e s t r e f l e c t i v i t y (Shull I960); v e r y c o m p r e h e n s i v e w o r k on g e r m a n i u m 
in c o m p a r i s o n with s i l i con and N a C l (Waj ima et a l . , I960); a - F e 2 0 3 ( i l l ) 
( r h o m b o h e d r a l ) m o n o c h r o m a t i o n for 1 to 4 A (Wanic and R i s t e , I960); s e v e r a l 
p l a n e s of c o p p e r and lead for B r a g g - a n g l e 45° (Wil l is , 1962); f i b r o u s - l i n e a g e 
t e x t u r e in m o s t of the c r y s t a l s g r o w n f r o m the m e l t , Cu ( i l l ) , Cu (lOO), Be , 
Mg, Ni, P b , Bi , NaCl , and L i F (We i s s et a l . , 1951). It should be noted tha t 
a n u m b e r of o the r m e t a l s , a l l o y s , and s i m p l e n o n m e t a l l i c compounds sa t i s fy 
c l o s e l y the a f o r e m e n t i o n e d c r i t e r i a excep t tha t for g rowing to a l a r g e s ingle 
c r y s t a l . 

Our e x p e r i e n c e in th i s a r e a is not s ign i f ican t ly g r e a t e r than those of 
o the r n e u t r o n g r o u p s . Single c r y s t a l s of l ead ( 2 . 5 - i n . - d i a m e t e r c y l i n d e r , 
6 in. long) and c o p p e r (2 - in . d i a m e t e r , 6 and 4 in. long) , both of which w e r e 
g r o w n n e a r l y p a r a l l e l to the [ l lO] a x i s , w e r e moun ted on a p r e c i s i o n l a t h e . 
They w e r e then m a c h i n e d to g e o m e t r i c a l l y n e a r l y p e r f e c t c y l i n d e r s 
(±0.0005 in . ) , and a n g u l a r and a x i a l f iduc ia l h a i r l i n e s w e r e ca re fu l ly s c r a p e d 
on the c r y s t a l s . The c r y s t a l w a s p l a c e d on a l a r g e g o n i o m e t e r head ( C h a p 
t e r 2-2) wi th fine f iduc ia l l i n e s on i t s top p l a t f o r m . The c r y s t a l was then 
l ined up wi th r e s p e c t to t h e s e f iduc ia l l i n e s and a l s o to the d i f f r a c t o m e t e r 
a x e s by m e a n s of a t heodo l i t e c a p a b l e of m e a s u r i n g a n g u l a r d i f f e rences of 
l e s s than ±0.002° a t our work ing d i s t a n c e s . T h r o u g h the r o c k i n g - c u r v e a n a l 
y s e s of the { l l 0} -zone p l a n e s , the ( i l l ) p l a n e s w e r e l o c a t e d in r e l a t i o n to 
the f iduc ia l l i ne s wi th the a id of the g o n i o m e t e r r e a d - o u t s and the theodo l i t e . 

The f i r s t c r y s t a l was e x a m i n e d by X r a y s and subsequen t c r y s t a l s 
by n e u t r o n s . The r e s u l t a n t a n g u l a r and a x i a l spec i f i ca t i ons (with t o l e r a n c e s 
of ±0.02° and ±0 .001 in. , r e s p e c t i v e l y ) w e r e then t r a n s f e r r e d to the 



m i c r o m a n i p u l a t o r s a t t a c h e d to the e l e c t r i c s p a r k - d i s c h a r g e e r o s i o n m a c h i n e , 
for which t h e r e i s an a c c u r a c y of ±0.0003 in. in the d i m e n s i o n a l s e t t i ng . The 
s p a r k - e r o s i o n p r o c e s s can p r e p a r e a s t r a i n - f r e e s i n g l e - c r y s t a l s e g m e n t r e 
g a r d l e s s of the s p e c i m e n h a r d n e s s , and i s p e r h a p s the m o s t su i t ab l e t e c h 
n ique for cu t t ing and b o r i n g m e t a l l i c and m e t a l l o i d c r y s t a l s . 

The c r y s t a l w a s t hen s l i c e d into h a l v e s a long the [ l lO] a x i s and p a r 
a l l e l to the ( i l l ) p l a n e s , and e a c h s e g m e n t w a s f u r t h e r cut to a r e c t a n g u l a r 
p a r a l l e l e p i p e d , in s o m e i n s t a n c e s wi th two l e f t - o v e r round e d g e s (e .g . , 5.50 x 
1.55 X 1.00 in. for l ead ; 5.63 x 1.60 x 0.91 in. for c o p p e r ) . T h e s e two s l a b s 
w e r e then c o m b i n e d s ide by s ide to f o r m a twin ( i l l ) m i r r o r and w e r e in 
s e r t e d into the a l u m i n u m f r a m e equ ipped with s e t - s c r e w s . T h e s e m i c r o -
ad jus t ing s e t - s c r e w s a r e u s e d to l ine up two s e g m e n t s a s equa l a s p o s s i b l e 
wi th r e g a r d to t h e i r r e f l e c t i v i t i e s . T h i s f inal a d j u s t m e n t m u s t be c a r r i e d 
out by u s e of d i f f r ac t ion m e t h o d s , b e c a u s e of p o s s i b l e e r r o r s i n c u r r e d d u r i n g 
the cu t t ing p r o c e s s e s . Any r e l a t i v e a d j u s t m e n t which o p e n s up the c l o s e l y 
c o n t a c t i n g m i d s e c t i o n of the c o m b i n e d s e g m e n t s is p r o h i b i t i v e ; h e n c e , for 
t h e s e spec i f i c d i r e c t i o n s , h igh a c c u r a c y m u s t be e m p h a s i z e d o r r e p e a t e d 
cu t t ing p r o c e s s e s m a y be n e e d e d . 

In o r d e r to r e m o v e d i s l o c a t e d o r r e c r y s t a l l i z e d p o r t i o n s , which m i g h t 
have f o r m e d d u r i n g the cu t t ing p r o c e d u r e s , h e a v y c h e m i c a l e t ch ing w a s a p -
l ied to the l ead c r y s t a l s . H o w e v e r , no effect due to the e t ch ing p r o c e s s w a s 
o b s e r v e d upon e x a m i n a t i o n of the r e f l e c t i v i t y and the r o c k i n g - c u r v e p r o f i l e s 
in the n e u t r o n e x a m i n a t i o n . The c o m b i n e d s e g m e n t s in the a l u m i n u m f r a m e 
w e r e then s l id into the o u t e r a l u m i n u m f r a m e , whose o r i e n t a t i o n s a r e gov
e r n e d by the r e m o t e - c o n t r o l d e v i c e d e s c r i b e d p r e v i o u s l y . 

C e r t a i n l o w - m e l t i n g - p o i n t c r y s t a l s , e .g . , of l ead and z i n c , can be 
g r o w n into a l a r g e r e c t a n g u l a r - p a r a l l e l e p i p e d shape , but such g rowing t e c h 
n ique b e c o m e s m o r e involved for o t h e r c r y s t a l s . The s e g m e n t - c o n j o i n 
t e c h n i q u e for the B r a g g - c a s e m o n o c h r o m a t o r m a y be u n n e c e s s a r y in the 
L a u e c a s e , for wh ich c o n s i d e r a b l y s m a l l e r c r y s t a l s can be e m p l o y e d . An 
X - r a y a d a p t e r for l in ing up the n e u t r o n m o n o c h r o m a t o r - c r y s t a l h a s b e e n 
d e s c r i b e d by Szabo and K r e n ( l959) . Wood ( l963) h a s p u b l i s h e d an e x c e l l e n t 
m a n u a l for the c r y s t a l - o r i e n t a t i o n e x p e r i m e n t . 

T h e t r a n s m i s s i o n a b s o r p t i o n coe f f i c i en t s of our c o p p e r and l ead c r y s 
t a l s w e r e not m o r e t h a n 15% off the c a l c u l a t e d v a l u e s , e x c l u s i v e of the e x 
t i n c t i o n effect . F o r c r y s t a l s of t h i s s i z e , t h i s r e s u l t i s r a t h e r u n b e l i e v a b l e . 
H o w e v e r , a s a l s o found by W e i s s et a l . ( l 9 5 l ) , Shul l ( i960) , and o t h e r s , r e 
f l ec t iv i ty i n h o m o g e n e i t y w a s a l s o a p p a r e n t in our c r y s t a l s , a s m u c h a s ±25% 
in the p i n - h o l e b e a m e x a m i n a t i o n . A b r u p t c o o l i n g - w a r m i n g t e c h n i q u e s wi th 
l iquid n i t r o g e n and hot w a t e r did not c h a n g e a p p r e c i a b l y e i t h e r the i n t e g r a t e d 
r e f l e c t i v i t y o r the t r a n s m i s s i o n v a l u e . O t h e r known t e c h n i q u e s for inducing 
m o s a i c s t r u c t u r e , e .g . , c o m p r e s s i o n , bend ing , b e n d i n g - u n b e n d i n g , o r 
u l t r a s o n i c - w a v e a p p l i c a t i o n s , in s o m e i n s t a n c e s a t e l e v a t e d t e m p e r a t u r e s , 
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were not applied to our c r y s t a l s . These p rocesses may increase the in te
grated reflect ivi ty appreciably, but to a l e s s e r degree as r ega rds the peak 
intensity. In other words, they inc rease the rocking-curve width more than 
proport ional to the integrated intensity. Moreover , a uniform induction of 
mosaic s t ruc ture by means of the s t r e s s techniques is exceedingly difficult 
and is not worth trying on expensive single c rys ta l s unless needs a r e 
well-justif ied. 

Our c rys t a l holder can be used for both the Bragg and Laue cases , 
and can readi ly be replaced by other types without modifying the r e m o t e -
control section. 

1-5. Biological Shield 

The monochromator a r e a is completely enveloped by the biological 
shield for neutrons and y r ays , except where allowance is made for the 
p r i m a r y - b e a m lead-in and the monochromated beam lead-out. The t e r m 
"biological shield" may be misleading, because the neutron background suit
able even for the routine diffraction exper iment is far lower than a limit 
imposed through the rad ia t ion-pro tec t ion guide (see Chapter 1-8). Numerous 
shielding techniques a re descr ibed in the book of P r i c e et al . , ( l957), and the 
physical p roper t i e s of some potential shielding ma te r i a l s a re summar ized 
in books edited by Bl izard and Abbott (l962) and by Tipton (i960). In Appen
dix I, the t he rma l -neu t ron t r a n s m i s s i o n data a r e given for commonly em
ployed m a t e r i a l s . 

The monochromator is set at about the center of a y - r ay shielding 
housing: 12 x 10 x 10-in. inner hollow space; 6-in. l ead-cas t clad in 0.3-in. 
s teel jacket for the p r i m a r y - b e a m projected a r ea and 3 in, e lsewhere ex
cluding the r e a c t o r - w a l l portion; 2. 25-in.-high pie-shaped opening for mono
chromat ic beam output and another opening for the monochromatic remote 
control ler . In the p r imary -beam- imping ing section, a rectangular through-
hole, 2.25 in. high, 1.5 in. wide and 6 in. along the beam path, is made as an 
auxi l iary beam lead-out, which is normal ly closed with a lead port-plug. 
Right behind the port plug, 72% depleted uranium meta l (0,042 kg U"*̂ ' in 
21.0 kg total) is placed as an additional y - r a y absorber . The uranium stopper 
is 3.50 in. high, 5.25 in. wide, and 3.75 in. along the beam direction, and is 
clad in an 0.25-in. s tee l jacket. By means of this auxil iary beam lead-out 
and with the use of a 45° Bragg-angle monochromation, a smal l diffrac
tometer or a film c a m e r a may be instal led on the top platform of the bio
logical shield, provided that they do not in ter fere with the main installation, 
as stated in Chapter 1-1. This s t ra ight - through beam port is also used for 
the ins t rumenta l al ignment. The inner faces of the monochromator housing 
a re covered with a sandwiched cadmium-bora l l iner to dec rease aber rant ly 
sca t te red neutrons and subsequently to cut down the background due espe
cially to fast neutrons escaping through the secondary coll imator. Lithium 
compounds, such as Li2C03, a r e often used for this purpose, but were not 



adop ted b e c a u s e of c o n s t r u c t i o n a l diff icul ty. The s p a c e a l l o c a t e d for the 
m o n o c h r o m a t o r i s l a r g e enough to a c c o m m o d a t e a p e r m a n e n t m a g n e t and 
m a g n e t i c s h i e l d i n g s for the p o l a r i z e d - b e a m t e c h n i q u e . The t o t a l weight of 
the P b - U y - r a y sh i e ld i s a p p r o x i m a t e l y 600 kg (0.66 s h o r t ton) . A c o m b i n a t i o n 
of l ead and t u n g s t e n a l loy J i s u s e d by B a c o n and D y e r ( l959) . 

F o r diffusing and m o d e r a t i n g fas t n e u t r o n s * and a b s o r b i n g s low 
n e u t r o n s , a l a y e r p i le c o m p o s e d of 2 - i n . - t h i c k Mason i t e d i e - s t o c k s * * s u r 
r o u n d s the m o n o c h r o m a t o r hous ing . The h y d r o g e n con ten t of our M a s o n i t e 
is 5.3 X 10^^ a t o m s cm" ' ' , about 79% of the h y d r o g e n con ten t of w a t e r and 67% 
of t h a t of pa ra f f in o r po lye thy lene ( see book by P r i c e et a l . , 1957, p. 292). 
P a r a f f i n i n t e r m i x e d with one or m o r e t h e r m a l - n e u t r o n a t t enua to r sT is s u p e 
r i o r to w a t e r and to M a s o n i t e a s r e g a r d s both n e u t r o n - and y - r a y - r e m o v a l 
c r o s s s e c t i o n s . H o w e v e r , a s s t r e s s e d by B a c o n and Dyer ( l959) , M u e l l e r 
et a l . (1962) ,and Shull ( i960) , the M a s o n i t e sh ie ld i s m o r e a d v a n t a g e o u s a s 
r e g a r d s f a b r i c a t i o n , i n s t a l l a t i o n , and mod i f i ca t i on p r o c e d u r e s . 

The a v e r a g e t h i c k n e s s of our M a s o n i t e sh ie ld is about 24 in. f r o m 
the P b - U sh ie ld , and the d i m e n s i o n s m e a s u r e d f r o m the p r i m a r y - c o l l i m a t o r 
ex i t a r e r o u g h l y 48 in. a long the m a i n b e a m and 30 in. a long o the r d i r e c t i o n s . 
A p e c u l i a r no tch on the r i g h t - h a n d s ide of the sh ie ld ( see F i g . l ) was m a d e 
to a c c o m m o d a t e a u x i l i a r y i n s t a l l a t i o n s of o the r e x p e r i m e n t a l i s t s at C P - 5 . 
The M a s o n i t e l a y e r s a r e i n t e r l o c k e d r i g i d l y to the s t e e l p o l y s t y l e - f r a m e w o r k 
T h e m o n o c h r o m a t o r uni t and hous ing , t he s e c o n d a r y - c o l l i m a t o r c o m p o n e n t s , 
and o the r a l i g n m e n t - s e n s i t i v e c o m p o n e n t s a r e s u p p o r t e d e n t i r e l y by the 
s t e e l c o n s t r u c t i o n . As a p a r t of the s t e e l f r a m e w o r k , s e v e r a l s t e e l p l a t e s 
a r e i n t e r l e a v e d into the M a s o n i t e l a y e r s so a s to e n f o r c e the a l i g n m e n t s t a 
b i l i ty . A s e c t i o n following the lead plug and the u r a n i u m b lock is f i l led wi th 
a v e r t i c a l l y i n s e r t e d M a s o n i t e s e g m e n t which can be r e m o v e d without d i s 
t u r b i n g t h e i n s t r u m e n t a l and t ec ton i c a l i g n m e n t s of the sh ie ld . The t o t a l 
weight of our b i o l o g i c a l sh ie ld , inc luding the s e c o n d a r y c o l l i m a t o r a s s e m b l y 
and the m o n o c h r o m a t o r unit , i s e s t i m a t e d to be a p p r o x i m a t e l y 4 x 10 kg 
(4 s h o r t t ons ) , which is s u p p o r t e d by a s t e e l b a s e wi th s ix l a r g e j a c k - s c r e w s 
for ad jus t ing he ight and l eve l ing (see F i g . Z). 

*The average total cross sections for neutrons with energies above 10 eV of practically all of naturally 
occurring elements lie around 10 b and seldom exceed 50 b. Hence, in the absence of an efficient 
absorber, the fast neutrons have to be moderated down to thermal energy. 

**Benelex 70 of Masonite Corp. is used. Cellulose fibers, prepared by exploding wood chips by giant 
guns, are bonded together under high pressure, utilizing wood's natural binding agent, lignin. No 
chemical is added in the process and, hence, an average atomic ratio C:H:0 = 6:10:5 of cellulose 
may be applicable to Benelex 70. The density of 2-in. Benelex is 1.43 g cm"^, approaching pure 
fiber density of about 1.6 g cm"'̂  (see also Table III of Appendix I). 

TRelatively economical materials for this purpose are B^C, Nâ B^O.-101120 (borax) and CaBg. 
Calomel (HggCl̂ ), having a relatively large capture cross section for thermal neutrons, may be 
added for increasing the y-ray-removal cross section (ref. Appendix I). 



At v a r i o u s po in t s j u s t o u t s i d e of the b i o l o g i c a l sh ie ld , d i f f e r e n c e s in 
the n e u t r o n and y - r a y f luxes when the b e a m - p o r t s h u t t e r w a s c l o s e d a s c o m 
p a r e d with t h o s e when the s h u t t e r w a s open w e r e l e s s than the s t a t i s t i c a l 
f luc tua t ion of the m e a s u r e m e n t s at the 4 . 6 - M W o p e r a t i o n of the r e a c t o r . It 
is e x p e c t e d tha t t h i s e f f e c t i v e n e s s wi l l hold even at the p r o p o s e d 10-MW 
o p e r a t i o n . F u r t h e r d i s c u s s i o n r e g a r d i n g the r o o m b a c k g r o u n d is g iven in 
C h a p t e r 1-8. 

1-6. S e c o n d a r y C o l l i m a t o r s 

The s e c o n d a r y c o l l i m a t o r , a b e a m - g u i d i n g channe l b e t w e e n the m o n o 
c h r o m a t o r and the d i f f r ac t ion s a m p l e , i s a t 13.500 in. f r o m the m o n o c h r o 
m a t o r pivot and i s 23.000- in . in l eng th . T h r e e t y p e s of c o l l i m a t o r s , two with 
So l l e r and a c o l l i m a t o r - j a c k e t m o d u l e , have b e e n c o n s t r u c t e d . The d e s i g n 
f e a t u r e s of t h e So l l e r type a r e s i m i l a r to the p r i m a r y c o l l i m a t o r and a r e 
i l l u s t r a t e d in F i g . 4 . 

The c o l l i m a t o r d e s i g n a t e d a s type I h a s five h o r i z o n t a l and t h r e e 
v e r t i c a l So l l e r c h a n n e l s c o m p o s e d of s e a m l e s s s t a i n l e s s s t e e l r e c t a n g u l a r 
t u b e s , 0.142 in. byO.613 in. i n l D a n d with a 0 .0085- in . wa l l . T h e s e t u b e s fi l l 
an opening 0.765 x 1.874 in. , and the h o r i z o n t a l and v e r t i c a l d i v e r g e n c i e s 
a r e , r e s p e c t i v e l y , 21 .2 ' and 1°31.5 ' of a r c , if the wal l i s a s s u m e d to be an 
inf ini te a b s o r b e r . The So l l e r t y p e - l l c o l l i m a t o r h a s an opening, 0.599 x 
1.741 in. , which is p a r t i t i o n e d to t h r e e h o r i z o n t a l and t h r e e v e r t i c a l s e c t i o n s 
by c a d m i u m - p l a t e d s t e e l t u b i n g s , 0 .186 in. by 0.566 in. in ID, and with a 
0 .009 - in . wa l l , i nc lud ing 0 .0015- in . c a d m i u m pla t ing on a l l s u r f a c e s . The 
h o r i z o n t a l and v e r t i c a l d i v e r g e n c i e s a r e , t h e r e f o r e , 27 .7 ' and 1°24.6' of a r c , 
r e s p e c t i v e l y . T h e s e So l l e r c o l l i m a t o r s a r e p r i m a r i l y d e s i g n e d for the pow
d e r d i f f r a c t o m e t r y , and, for the s i n g l e - c r y s t a l c a s e , the b e a m e m e r g i n g 
t h r o u g h the c e n t r a l So l l e r c h a n n e l i s e m p l o y e d . Since the h o m o g e n e o u s in 
t e n s i t y in the b e a m c r o s s s e c t i o n i s a m o r e c r i t i c a l r e q u i r e m e n t for the 
m o n o c h r o m a t i c b e a m than for the p r i m a r y b e a m , the end c a p s (see F i g . 4) 
w e r e r e m o v e d a f te r l in ing up the So l l e r t u b e s and the tube e n d - s h o u l d e r s 
w e r e s o l d e r e d t o g e t h e r by a s p e c i a l fusing flux. 

The t h i r d t ype h a s a t h r o u g h open ing of 1.127 x 2.252 in. , which m a y 
take i n s e r t i o n of the c o l l i m a t o r of any type , for i n s t a n c e , a M a s o n i t e non-
SoUer c o l l i m a t o r of d i m e n s i o n s 0.393 x 0.393 in. (58 .8 ' d i v e r g e n c e ) for the 
s i n g l e - c r y s t a l s tudy . T h i s c o l l i m a t o r j a c k e t is a l so u s e d for e x p e r i m e n t a l 
d e v e l o p m e n t of the So l l e r c o n s t r u c t i o n . A p a i r of s e c t i o n a l hol low p lugs 
i n s e r t e d at bo th ends of the c o l l i m a t o r j a c k e t a r e s o m e t i m e s u s e d to ob ta in 
v a r i o u s b e a m p r o f i l e s . A p a i r of c a d m i u m m a s k s a r e se t at the c o l l i m a t o r 
m o u t h s , and the fol lowing 0 . 0 9 4 - i n . - t h i c k c a d m i u m m a s k s have c u r r e n t l y 
b e e n e m p l o y e d : 0.307 x 1.625 in. , 0 .461 x 1.625 in. , and 0.606 x 1.625 in. , 
and, for the s i n g l e - c r y s t a l s tudy only, 0.160 x 0.630 in. and 0.207 x 0.587 in. 



Two m a j o r t e c h n i q u e s , f ixed and v a r i a b l e B r a g g - a n g l e s e t t i n g s , a r e 
a v a i l a b l e for the a n g u l a r s e t t i ng of the s e c o n d a r y c o l l i m a t o r . The f ixed-
se t t i ng m o d u l e s i m p l i f i e s the i n s t r u m e n t a t i o n and m a y be suff ic ient for the 
c r y s t a l l o g r a p h i c s tudy, a l though the w a v e l e n g t h v a r i a t i o n is r e l a t i v e l y 
c u m b e r s o m e (Wil l i s , 1962; s ee a l s o C h a p t e r 1-4). Some e x a m p l e s of u s e 
a r e : 45° B r a g g - a n g l e ( P e t e r s o n and Levy , 1959; Wi l l i s , 1962), 21° ( H a g i h a r a 
et a l . , 1962) and 11° or 13° (Bacon and D y e r , 1959; Bykov e t a l . , 1957; r e v i e w 
a r t i c l e by Goedkoop, 1961, 1962). 

The m a j o r i t y of the d i f f r a c t o m e t e r s u s e the v a r i a b l e B r a g g - a n g l e 
t e c h n i q u e , which m a y f u r t h e r be d iv ided into ( A ) r o t a t a b l e double c y l i n d r i c a l -
d r u m type and ( B ) i n t e r c h a n g e a b l e wedge c o n s t r u c t i o n . With the f o r m e r 
con t inuous w a v e l e n g t h m o d u l a t i o n can be c a r r i e d out; the l a t t e r t e chn ique 
g i v e s a d i s c r e t e change but i s s i m p l e r in v i ew of p r e c i s i o n e n g i n e e r i n g . 

O u r s i s of wedge type and the B r a g g - a n g l e s e l e c t i o n s p a n s f r o m 
8.5° to 22.5° in 0.5° i n t e r v a l s . T h e r a d i a l guiding g r o o v e s wi th 1° i n t e r v a l s 
a r e nnade on the p i e - s h a p e d a n g l e - s e l e c t i n g gu ide -p l a t e . A l l of the s e c o n d a r y 
c o l l i m a t o r s a r e f i t ted into one m a s t e r a d a p t e r wi th a p r o t r u s i o n on i t s b a s e 
a long the c o l l i m a t o r a x i s , and t h i s p r o t r u s i o n i s se t into the r a d i a l guiding 
g r o o v e of the a n g l e - s e l e c t i n g g u i d e - p l a t e . The r e m a i n i n g opening i s s h i e l d e d 
off by the M a s o n i t e - s t e e l l a m i n a t e d w e d g e s . Two wedge s e t s , f ront and r e a r , 
a r e u sed , and e a c h se t i s c o m p o s e d of the p i e - s h a p e d w e d g e s for 1°, 2°, 4°, 
5°, and two 8° ' s . The he igh t of the m a s t e r a d a p t e r is 5.5 in. a t the f ront s e c 
t ion and s t e p s down to 5.3 in. at t he r e a r p o r t i o n . T h e s e he igh t d i m e n s i o n s , 
wh ich a r e c o n s i d e r a b l y l a r g e r t han at o t h e r i n s t a l l a t i o n s s i m i l a r to o u r s , a r e 
a i m e d at f lex ib le a c c o m m o d a t i o n of v a r i o u s c o l l i m a t i o n t e c h n i q u e s . 

1-7. D i f f r ac t ion T u r n t a b l e 

T h e m a j o r c o m p o n e n t s of the d i f f r ac t ion t u r n t a b l e d e s c r i b e d h e r e 
a r e the s p e c i m e n t a b l e , and the d r i v i n g and encoding m e c h a n i s m s , but the 
c o u n t e r sh i e ld and c o l l i m a t o r s , wh ich a r e d e s c r i b e d in the fol lowing c h a p 
t e r s , a r e not inc luded . 

In X - r a y d i f f r a c t o m e t r y , t he d i f f r ac t ion t u r n t a b l e , c u s t o m a r i l y ca l l ed 
a "d i f f r ac t ion g o n i o m e t e r , " c o n s t i t u t e s the m a j o r i n s t r u m e n t a t i o n . The 
X - r a y d i f f r ac t i on g o n i o m e t e r , s t e a d i l y deve loped d u r i n g the p a s t two d e c a d e s 
c a n r e a d i l y be a d a p t e d for s i n g l e - c r y s t a l n e u t r o n c r y s t a l l o g r a p h y , s e e , e .g . : 
G e n e r a l E l e c t r i c unit ( P e p i n s k y and F r a z e r , 1955; P e t e r s o n and Levy, 1959; 
Shull , 1960); H i l g e r (Arnd t and Wi l l i s , 1963); P i c k e r X r a y (Mue l l e r et a l . , 
1962). H o w e v e r , t he X - r a y t u r n t a b l e c a n h a r d l y a c c o m m o d a t e our m a s s i v e 
a u x i l i a r y i n s t r u m e n t s , such a s the m a g n e t and the D e w a r . Som e d i m e n s i o n a l 
c h a r a c t e r i s t i c s of the h o r i z o n t a l t u r n t a b l e d e s c r i b e d by M u e l l e r et a l . (1962) 
m e e t s wi th our s p e c i f i c a t i o n s and t h e r e f o r e t h e y w e r e p a r t i a l l y i n c o r p o r a t e d 
into our e n g i n e e r i n g d e s i g n s . The key c o m p o n e n t s , t h e i r c o r r e l a t i v e m o d e s 



with t h e d r i v i n g and encod ing m e c h a n i s m s and the c o u n t e r - u n i t c o n s t r u c t i o n 
a r e , h o w e v e r , s u b s t a n t i a l l y d i f fe ren t f r o m the m o d e l of M u e l l e r et a l . Con
sequen t ly , e x t e n s i v e e n g i n e e r i n g and i n s t r u m e n t a l w o r k w a s needed . 

The sp ind le a x i s of t h e t u r n t a b l e , co inc id ing with the c r y s t a l {^) and 
the c o u n t e r (20) a x e s , i s se t at 56.00 in. f r o m the m o n o c h r o m a t o r pivot, i . e . , 
19-50 in. f r o m the s e c o n d a r y - c o U i m a t o r exi t . The t u r n t a b l e a s s e m b l a g e , 
which i s s l i d a b l e on a s t e e l b a s e - p l a t f o r n n , 48 x 24 in. and 4 in. th ick, is 
c o n n e c t e d to the pivot a r m for the 2 8 ° - r a n g e s e t t i ng with the fixed r a d i u s of 
56 in. The p l a t f o r m is s u p p o r t e d by s ix j a c k - s c r e w s which l e v e l up the p l a t 
f o r m u p p e r s u r f a c e to 7.5 in. and the top s u r f a c e of the s p e c i m e n - t a b l e 
( f i - t ab le ) to 22.7 in. f r o m the r e a c t o r f loor . The d i s t a n c e b e t w e e n the c e n t e r 
of the n e u t r o n b e a m and the f2-table top i s 19.3 in. , which i s l a r g e enough to 
a c c o m m o d a t e a l l of the c o n c e i v a b l e a u x i l i a r y d e v i c e s . 

One of the un ique f e a t u r e s of our d e s i g n s l i e s on the Cl:Z6 d r i v e m o d e . 
No m e c h a n i c a l o r m a g n e t i c 1:2 g e a r coupl ing is u sed , and the 0 :20 scann ing 
i s a c c o m p l i s h e d by 1:2 e l e c t r o n i c - p u l s e feeding to the d r iv ing m o t o r s . T h i s 
Q:ZQ d r i v i n g m e c h a n i s m is a s s e m b l e d on a c a r r i a g e b a s e , 1- to 1 -1 /2- in . -
t h i c k s t e e l , wi th a sp ind le pos t , of 4 . 5 - i n . OD and 3 . 2 5 - i n . - r e a m e d ID. T h i s 
b a s e is se t on s e v e r a l b r a s s pads wi th a w e b - l i k e o i l - r e t a i n i n g g roove for 
l u b r i c a t i n g the s l id ing p r o c e s s , and i s c o n n e c t e d to the pivot a r m t h r o u g h a 
jo in t at which s m a l l m u t u a l a l i g n m e n t s c a n be m a d e . The sp ind le pos t of the 
c a r r i a g e b a s e c a r r i e s , f r o m b o t t o m to top: a l a r g e b a l l b e a r i n g ; the m a i n 
g e a r c o m p o n e n t for 20 (360 t e e t h and 18- in . OD); the c o u n t e r scann ing a r m 
f a s t e n e d to the l ower g e a r ; t he b a l l b e a r i n g and the g e a r for the fi-drive 
i d e n t i c a l to t h o s e for 20; the i 7 - t a b l e . S tack ing of t h e s e c o m p o n e n t s is 
gu ided by t h e i r r e s p e c t i v e c e n t e r - a l i g n i n g f i t t ings , which a r e p r e l o a d e d by 
m e a n s of the r e t a i n e r and a t h r u s t b e a r i n g l oca t ed at the i7- table c e n t e r . 
T h e f2-table i s 23.6 in. in d i a m e t e r and about 1 in. in the a v e r a g e t h i c k n e s s . 
T h e s e a s s e m b l i e s have shown no s h o r t c o m i n g for l o n g - r a n g e o p e r a t i o n , even 
wi th the m a g n e t i c d e v i c e we igh ing n e a r l y 2000 lb ( l . 5 s h o r t t o n s , s ee C h a p 
t e r 2 -6 ) . H o w e v e r , a s d e s c r i b e d in C h a p t e r 1-10, our t u r n t a b l e a s s e m b l y 
i m p o s e s c e r t a i n l i m i t a t i o n s on the c o u n t e r - s h i e l d weight , p a r t i c u l a r l y in the 
i n s t r u m e n t a t i o n wi thout the m a g n e t . 

R e s e m b l a n c e b e t w e e n the 0 and 20 d r i v e m e c h a n i s m s m e n t i o n e d 
above i s f u r t h e r e m p h a s i z e d in the d r i v i n g shaft , w h e r e the following c o m 
ponen t s and t h e i r a s s e m b l y a r e i d e n t i c a l in Q, and 20: a w o r m - g e a r for 
1° m a i n - g e a r r o t a t i o n p e r one r e v o l u t i o n of the d r i v i n g shaft; S lo-Syn 
(type 400) m o t o r on one end of the shaft ( s ee C h a p t e r l - l l ) ; u s e of the o the r 
end of the shaft for adap t ing the m a n u a l - d r i v e c r a n k - h a n d l e and for a d r u m 
d i a l f o r 1° to 0.01 ° r e a d i n g ; an e l e c t r o n i c s h a f t - e n c o d e r connec t ed to the shaft 
t h r o u g h an a n t i b a c k l a s h g e a r - t r a i n ; m e t a l - s p r i n g a n t i b a c k l a s h a d j u s t e r for 
the w o r m - g e a r m e s h . The d r i v e shaft m a y be d iv ided into two s e c t i o n s . T h e 
p r i m a r y l i nkage , the m o t o r - • t h e shaft coup l ing -* the w o r m - g e a r ->• the e n 
c o d e r , i s m o u n t e d on a j o u r n a l b r a c k e t wh ich is s l i d a b l e on the c a r r i a g e b a s e 



n o r m a l to t h e m e s h b e t w e e n the w o r m and m a i n g e a r s . T h i s a r r a n g e m e n t 
e n a b l e s one to ad jus t the a n t i b a c k l a s h s p r i n g t e n s i o n wi thout d i s c o n n e c t i n g 
the d r i v i n g and encod ing c o m p o n e n t s . The s e c o n d a r y s e c t i o n with the c o m 
ponen t s for the m a n u a l m o d e of o p e r a t i o n i s m o u n t e d on the c a r r i a g e w a l l 
and i s c o n n e c t e d to the p r i m a r y l inkage t h r o u g h a shaft coupl ing . A he l ipo t 
for the X-Y r e c o r d e r ( see C h a p t e r l - l l ) i s a t t a c h e d to the s e c o n d a r y s e c 
t ion of the 20 shaft . W h e n e v e r a d j u s t m e n t of the a n t i b a c k l a s h s p r i n g i s r e 
q u i r e d , a l though the shaft coupl ing a b s o r b s s m a l l m i s a l i g n m e n t , the coup l ing 
b e t w e e n t h e s e two s e c t i o n s i s u s u a l l y d i s c o n n e c t e d and then r e a d j u s t e d . 

The ou t e r f r a m e w o r k of the c a r r i a g e b a s e i s u s e d for a t t a c h i n g the 
fol lowing v a r i o u s d e v i c e s : s e c t i o n a l dus t c o v e r s inc lud ing the L u c i t e s e c 
t i o n s for v i s u a l i n s p e c t i o n of the g e a r c o m p o n e n t s ; c r e s c e n t p r o t r a c t o r for 
20 (0.1° r e a d i n g with a v e r n i e r on the c o u n t e r scann ing a r m ) ; e l e c t r o n i c 
s w i t c h e s and c o n n e c t o r s for the d r i v e c o n t r o l . The c o u n t e r s cann ing r a n g e 
is -85° to 130° a t any of the m o n o c h r o m a t o r a n g u l a r s e t t i n g s . A 360° g r a d u 
a t ion i s i n s c r i b e d on the f ] - tab le for the fi-angle and a 0. 1° v e r n i e r for fi i s 
a t t a c h e d to the top dus t c o v e r . 

The c o u n t e r s c a n n i n g a r m is ex t ended out 28 in. f r o m the t u r n t a b l e 
c e n t e r , and the s c a n n i n g b e a m i s bo l t ed onto the a r m in e i t h e r one of two 
a l t e r n a t i v e s e t t i n g s for v a r i a t i o n of the s a m p l e - t o - c o u n t e r d i s t a n c e . B e 
c a u s e of the h e a v y c o u n t e r - s h i e l d tha t t he a r m and b e a m have to s u p p o r t , 
t h e fol lowing c r i t e r i a w e r e sought : l e a s t p o s s i b l e m o m e n t of f o r c e a c t i n g 
upon the t u r n t a b l e - a l i g n i n g and d r i v i n g m e c h a n i s m s ; l e a s t w a r p i n g and fas t 
l i b r a t i o n - d a m p i n g c h a r a c t e r i s t i c s u n d e r h e a v y loading and in the m o m e n t u m -
t r a n s f e r p r o c e s s d u r i n g the c o u n t e r d r i v e . A c c o r d i n g l y , the c a n t i l e v e r s e c 
t ion of our s cann ing a r m is of s t e e l - b o x c o n s t r u c t i o n , 4 .75 in. x 4 . 7 5 - i n . OD 
in c r o s s s ec t i on , and a 0 .25- in , wa l l . The s cann ing b e a m has an a l u m i n u m 
I - b e a m c o n s t r u c t i o n with th in a l u m i n u m f r inge e n f o r c e m e n t s , and the shape 
of the s c a n n i n g b e a m i s such tha t the we igh t d i s t r i b u t i o n is r o u g h l y r e c i p 
r o c a l l y p r o p o r t i o n a l to the d i s t a n c e f r o m the t u r n t a b l e c e n t e r . The t o t a l 
we igh t of the s c a n n i n g b e a m is only about 30 lb. The t op p l a t f o r m , 3 2 in. 
long, i s equ ipped wi th a s t e e l guid ing r a i l for the c o u n t e r - sh ie ld s u p p o r t and 
a l s o a r e f e r e n c e s c a l e for the c o u n t e r s e t t i n g . In ex t ended o p e r a t i o n with 
the c o u n t e r - s h i e l d , we igh ing about 150 lb, t h e r e h a s b e e n o b s e r v e d no s i g 
n i f i can t m u t u a l i n t e r f e r e n c e s a m o n g the t u r n t a b l e c o m p o n e n t s . The " u p p e r " 
powde r d i f f r a c t o m e t e r of B a c o n and D y e r ( l959) , t he uni t bui l t by M a s c h i n e n 
F a b r i k A u g s b u r g - N u r e m b u r g ( i 960 ) , and the Cha lk R i v e r s p e c t r o m e t e r 
(McAlpin , 1964) e m p l o y a l a r g e s t e e l p l a t f o r m to s u p p o r t the c o u n t e r - s h i e l d 
a s s e m b l y , o v e r c o m i n g d i f f i cu l t i e s invo lved in the c a n t i l e v e r - t y p e s u p p o r t . 
A f u r t h e r i m p r o v e d m o d e l h a s b e e n d e s c r i b e d by A l l e n d e n and Winkwor th 
(1963). In c o m p a r i s o n with what i s r e q u i r e d for p o w d e r d i f f r a c t o m e t r y , t h e 
r e s t r i c t i o n is m u c h r e l a x e d for the s i n g l e - c r y s t a l c a s e , w h e r e a s m a l l e r 
c o u n t e r and c o r r e s p o n d i n g l y a l i g h t e r c o u n t e r - s h i e l d m a y be used , and the 
c o u n t e r c a n be s e t m u c h c l o s e r to the s p e c i m e n . 



1-8. C o u n t e r S h i e l d 

O n e of t h e m o s t a n n o y i n g p r o b l e m s in n e u t r o n e x p e r i m e n t s i s d u e t o 
f l u c t u a t i n g r o o m - n e u t r o n b a c k g r o u n d t h a t i n c r e a s e s t h e s t a t i s t i c a l e r r o r in 
t h e r e s u l t a n t d a t a . In g e n e r a l , t h e r o o m - b a c k g r o u n d v a r i a n c e i s l a r g e r f o r 
h i g h e r b a c k g r o u n d . M o r e o v e r , i t i s n o t u n u s u a l i n a r e a c t o r e x p e r i m e n t t h a t 
t h e v a r i a n c e i s a d o m i n a n t e r r o r f a c t o r a n d in t u r n h a s a s t r o n g i n f l u e n c e on 
t h e q u a l i t y a n d e f f i c i e n c y of t h e e x p e r i m e n t . * C o n s e q u e n t l y , a l l c o n c e i v a b l e 
e f f o r t s s h o u l d b e e x p e n d e d i n a c h i e v i n g t h e l o w e s t p o s s i b l e b a c k g r o u n d l e v e l 
w i t h t h e l e a s t f l u c t u a t i o n . F o r e i g n t h e r m a l n e u t r o n s c a n e a s i l y b e s h i e l d e d 
off. H e n c e , i n t h e B F 3 - c o u n t e r t e c h n i q u e w i t h a n a p p r o p r i a t e p u l s e d i s 
c r i m i n a t o r , t h e p r o b l e m i s c o n f i n e d t o t h e f a s t - n e u t r o n b a c k g r o u n d . 
S c h e r m e r ( i 9 6 0 ) h a s a l s o d i s c u s s e d t h i s s u b j e c t r a t h e r e x t e n s i v e l y . 

W i t h r e g a r d t o t h e s e l f - o r i g i n a t e d b a c k g r o u n d , t h e e f f e c t i v e n e s s of 
t h e b i o l o g i c a l s h i e l d a n d t h e f a s t - n e u t r o n c o n t a m i n a t i o n in t h e m o n o c h r o m a t i c 
b e a m a r e r e a d i l y c o n t r o l l a b l e . P a r t i c u l a r a t t e n t i o n s h o u l d b e p a i d to t h e 
l a t t e r w h i c h c o u l d a m o u n t t o f r o m 10 t o l O ^ n c m " ^ s e c ~ \ a l t h o u g h t h e s e f i g 
u r e s r e p r e s e n t s e e m i n g l y n e g l i g i b l e p e r c e n t a g e c o n t a m i n a t i o n s , a b o u t 0 .1 t o 
0 . 0 1 % i n t h e t y p i c a l m o n o c h r o m a t i c f l u x e s , 10^ to 10 n c m " ^ s e c " ^ . T h u s , 
t h e d e s i g n of t h e b e a m c a t c h e r s h o u l d n o t b e h a n d l e d c a r e l e s s l y , a s w a s 
p o i n t e d ou t in t h e b o o k b y H u g h e s ( l 9 5 3 , p p . 3 4 0 - 3 4 1 ) a n d a l s o b y S c h e r m e r 
( i 9 6 0 ) . W i t h t h e p r o p e r i n s t r u m e n t a t i o n , t h e d i f f r a c t o m e t e r b e a m i s h i g h l y 
c o l l i m a t e d a n d s m a l l i n a p e r t u r e , s o t h a t t h e r e i s s e l d o m a s i g n i f i c a n t b u i l d 
u p of r o o m b a c k g r o u n d . 

On t h e o t h e r h a n d , t h e f o r e i g n f a s t - n e u t r o n s b o u n c i n g a r o u n d in t h e 
r e a c t o r a r e a a r e h a r d t o s u b d u e . A s s t a t e d i n C h a p t e r 1-5, t h e r a d i a t i o n 
s a f e t y c o n t r o l * * i s of l i t t l e h e l p i n a b a t i n g t h e b a c k g r o u n d to a l o w l e v e l . 
C o n g e s t i o n w i t h a v a r i e t y of i n s t a l l a t i o n s , i n v o l v i n g f a s t n e u t r o n s a n d y r a y s , 
i s n o t u n u s u a l in t h e r e a c t o r a r e a . C o r r e s p o n d i n g l y , i n d i v i d u a l r e q u i r e m e n t s 
a s r e g a r d s t h e b a c k g r o u n d s p e c i e s a n d l e v e l a r e d i f f e r e n t ; m o r e o v e r , t h e 
r e a c t o r s h i e l d i n g i t s e l f i s n o t a d e q u a t e f o r t h e l o w - l e v e l r e q u i r e m e n t . T h e 
c o u n t e r - s h i e l d d e s i g n h a s t o b e b a s e d o n t h e f l ux a n d s p e c t r u m of t h e b a c k 
g r o u n d n e u t r o n s , b o t h of w h i c h c h a n g e f r o m t i m e t o t i m e . N e v e r t h e l e s s , a 
r o u g h e s t i m a t e of t h e a v e r a g e b a c k g r o u n d p r o p e r t i e s s h o u l d b e o b t a i n e d a t 
t h e e a r l i e s t s t a g e of t h e d i f f r a c t i o n i n s t r u m e n t a t i o n , s i n c e t h e s h i e l d f o r t h e 

*Let us compare two simplified yet typical cases for which we assume identical experimental parameters 
except for the background variances: the first case, background count, 10 ± 1 (10%); the second case, 
100 ± 5 (S^o). A repetition of 25 experiments of the latter case is required to obtain the accuracy of 
the former. 

**Maximum permissible radiation dose is around 100 mrem week'l (40 hr), about three-quarters of which 
may be assumed to be attributed to y rays. The time-averaged neutron flux to cause a 25-mrem week" 
dose is roughly 170, 125, 75, 20, and 5n cm~2 see"! for neutron energies, thermal, 0.1 keV, 10 keV, 
0.1 MeV and 1 MeV, respectively (National Bureau of Standards, 1957). The conventional B̂ '̂ Fo counter 
with a light-duty radiation shield would count, conservatively, more than 500 counts min"^ in the 
highest permissible-dose background. 



c o u n t e r and p o s s i b l e i n s t a l l a t i o n of p a r t i t i o n w a l l s have s t r o n g c o r r e l a t i o n 
wi th the b a s i c d e s i g n and layout of the d i f f r a c t o m e t e r . 

The b e a m - p o r t e x p e r i m e n t a l a r e a of the C P - 5 r e a c t o r i s h ighly i n 
fes t ed with a b e r r a n t n e u t r o n s and y r a y s , l a r g e l y b e c a u s e of v i g o r o u s r e 
s e a r c h a c t i v i t i e s and o v e r u t i l i z a t i o n of the a s s i g n e d s p a c e . The c u r r e n t 
a v e r a g e n e u t r o n - b a c k g r o u n d flux a t about 6 ft f r o m the r e a c t o r wa l l and 2 ft 
above the f loor i s 25 (±50% or l a r g e r ) n c m " ^ sec"'^ for the e p i - c a d m i u m and 
about equa l a m o u n t for the s u b - c a d m i u m . The t o t a l n e u t r o n - b a c k g r o u n d c o r 
r e s p o n d s to about 4 ± 2 m r e m hr"^ and, wi th the y - r a y b a c k g r o u n d , it is 
equ iva len t to 12 (±50%) m r e m hr~^. Al though the b a c k g r o u n d l e v e l d e c r e a s e s 
r a p i d l y wi th i n c r e a s i n g d i s t a n c e f r o m the r e a c t o r wa l l , a 4 0 - h r / w e e k p e r 
sona l s t ay n e a r the r e a c t o r w a l l is def in i te ly not p e r m i s s i b l e , u n l e s s a d d i 
t iona l p r o t e c t i o n is p r o v i d e d . 

The n e u t r o n c o u n t e r r e q u i r e s m u c h s t r o n g e r p r o t e c t i o n a g a i n s t the 
b a c k g r o u n d n e u t r o n s . B e f o r e the p r o j e c t - d e s i g n w o r k w a s c o m m e n c e d , 
c o u n t e r - s h i e l d m o c k u p e x p e r i m e n t s w e r e u n d e r t a k e n with v a r i o u s t h i c k 
n e s s e s and c o m b i n a t i o n s of paraf f in , pa ra f f in i m p r e g n a t e d with B4C, B4C, 
b o r a l , M a s o n i t e , and c a d m i u m . B e t t e r m a t e r i a l s , such a s high B^ - c o n t e n t 
m a t e r i a l , a r e c o n c e i v a b l e , but t h e i r c o s t s or f a b r i c a t i o n d i f f icu l t ies a r e p r o 
h ib i t i ve in p r a c t i c e . H e r e aga in , we have to c h o o s e a p r o p e r c o m p r o m i s e 
b e t w e e n h i g h e s t e f f e c t i v e n e s s and l e a s t we igh t a s r e g a r d s the c o u n t e r sh ie ld . 
The c o u n t e r sh i e ld should cut down the high b a c k g r o u n d flux by a fac tor of 
about 10""*, but the p r o p o s e d d i f f r a c t o m e t e r d e s i g n would be m o r e involved 
if the weigh t of the c o u n t e r sh i e ld e x c e e d s about 200 lb. C o m p o s i t e s h i e l d s 
wi th M a s o n i t e w e r e , a s expec ted , fa r i n f e r i o r to t h o s e wi th paraf f in o r 
equ iva l en t m a t e r i a l ( see C h a p t e r 1-5). A c i r c u l a r l a y e r , of pa r a f f i n -
B4C-Cd, a long the i n w a r d d i r e c t i o n , was found to be m o s t a p p r o p r i a t e for 
our b a c k g r o u n d . Two t y p e s of c o u n t e r - s h i e l d have been c o n s t r u c t e d , ( l ) A 
l i g h t - d u t y m o d u l e (70 lb inc luding the suppor t ) : sh ie ld ing fac tor of 10"^, and 
10 to 5% v a r i a n c e c o n t r i b u t i o n to the s a m p l e i n t e n s i t y da ta ; 6 . 5 - i n . - O D 
c y l i n d e r wi th a 2 - i n . - d i a m e t e r opening a long the a x i a l c e n t e r for the c o u n t e r ; 
36 in. long wi th a 10- in . c a t h o d e - f o l l o w e r - a d a p t i n g cavi ty ; l a y e r c o m p o s e d 
of 1.5-in. p a r a f f i n - 0 . 5 - i n . B4C-0 .060 - in . c a d m i u m e n c a s e d in a 0 .094- in . 
a l u m i n u m e n v e l o p e . (2) H e a v y - d u t y , 150- lb sh ie ld : sh ie ld ing fac to r of 10"*, 
and 5 to 0.5% v a r i a n c e con t r i bu t ion ; 1 2 - i n . - O D with a 2 - in . c e n t r a l opening; 
28 in. long ; l a y e r of 3 .25- in . p a r a f f i n - 1 . 4 - i n . B4C-0 .060 - in . c a d m i u m e n 
c a s e d in 0 .125 - in . a l u m i n u m . The l i g h t - d u t y sh ie ld i s u s e d for c e r t a i n c o h e r e n t -
s c a t t e r i n g and r e l a t e d e x p e r i m e n t s , e .g. t h r e e - d i m e n s i o n a l s i n g l e - c r y s t a l 
da t a co l l ec t i on , w h e r e fas t a u t o m a t i c c o u n t e r d r i v e i s a l lowed on accoun t of 
s t r o n g s c a t t e r i n g f r o m the s a m p l e . The h e a v i e r c o u n t e r sh ie ld is i n d i s 
p e n s a b l e for h i g h - p r e c i s i o n work , e .g . , for p a r a m a g n e t i c , s a t e l l i t e - p e a k , 
and o t h e r b a c k g r o u n d - s e n s i t i v e s t u d i e s . 

The B4C h o l l o w - c y l i n d e r s e g m e n t s , 4 to 5 in. long, w e r e p r e p a r e d by 
meajis of h y d r a u l i c c o m p r e s s i o n and m o l d i n g (4000 lb in. "^, n o m i n a l ) a t r o o m 



t e m p e r a t u r e , with a m i x t u r e , 200 m e s h o r f iner , of B4C and 10 to 20 w / o e l e 
m e n t a r y b o r o n . E l e m e n t a r y b o r o n , r e a d i l y a v a i l a b l e in f inely p o w d e r e d f o r m , 
w a s u s e d to fi l l i n t e r g r a n u l a r s p a c e s a m o n g the c o a r s e B4C p a r t i c l e s . P l a s t i c 
b i n d e r ( c e l l u l o s e or v iny l c e m e n t so lu t ion) was soaked into the c o m p r e s s e d 
m i x t u r e in the h y d r a u l i c s e t t i ng . A i r h a r d e n i n g with s o d i u m s i l i c a t e or 
c h e m i c a l b ind ing with m a g n e s i u m o x y c h l o r i d e m a y a l s o be e m p l o y e d for t h i s 
p u r p o s e . The f inal pack ing d e n s i t y of our B4C-B s e g m e n t s w a s about 1.8 to 
2.0 g cm~^ .* (Manual pack ing p r o v i d e s d e n s i t i e s l e s s than 1.3 g c m " .) The 
s e g m e n t s w e r e bonded t o g e t h e r by u s e of a b o r o n - v i n y l c e m e n t m i x t u r e . 
E l e m e n t a r y b o r o n is s l i gh t ly b e t t e r t han B4C in the n e u t r o n a b s o r p t i o n effi
c i e n c y p e r uni t v o l u m e , but it i s too c o s t l y to u s e in a l a r g e quant i ty . F o r 
adap t ing the 1 - i n . - d i a m e t e r c o u n t e r , a hol low, a l u m i n u m - e n v e l o p e d c y l i n d e r 
con ta in ing m a n u a l l y packed e l e m e n t a r y b o r o n (0.354 in. th ick) and c a d m i u m 
(0.020 in . ) w a s i n s e r t e d into the 2 - i n . - c e n t r a l ho le . 

On the ou t e r s u r f a c e of the c o u n t e r sh ie ld , fine f iduc ia l l i nes w e r e 
i n s c r i b e d to a id in the m a n u a l and o p t i c a l l i n i n g - u p p r o c e d u r e s . T h e s e 
f iduc ia l l i n e s w e r e c o r r e l a t e d with a se t of dowel p ins a r o u n d the c o u n t e r -
adap t ing open ing of the sh ie ld , and t h e s e p ins w e r e u sed for a l ign ing the fol
lowing c o u n t e r a t t a c h m e n t s : the c o u n t e r c o l l i m a t o r s and s l i t s (see C h a p 
t e r 1-9); the s l i t box; the double p i n - h o l e t r a n s m i s s i o n - c e l l s u p p o r t e r ( see 
C h a p t e r 2 -3 ) . The c o u n t e r s u p p o r t i s equ ipped with the following: he ight 
and l a t e r a l c e n t e r i n g s e t s c r e w s for the c o u n t e r - s h i e l d a l i gnmen t ; the 
c o u n t e r s u p p o r t with h e i g h t - a d j u s t a b l e b a l l c a s t e r s which s l ide on the p l a t 
f o r m of the s cann ing b e a m ; l a t e r a l l y a d j u s t a b l e s l i d e - g u i d e a long the c e n t r a l 
r a i l on the p l a t f o r m . 

Unfo r tuna t e ly , it w a s found l a t e r t h a t our c o u n t e r - s h i e l d m o c k u p e x 
p e r i m e n t w a s c a r r i e d out at p r o b a b l y the l owes t r o o m - b a c k g r o u n d leve l , 
for s o m e i n s t a l l a t i o n s which have b e e n l a r g e l y r e s p o n s i b l e for the back 
g r o u n d bu i ldup w e r e i n a c t i v e . It w a s f i r s t o b s e r v e d tha t the e x p e r i m e n t , 
p a r t i c u l a r l y t h a t wi th the l ight c o u n t e r sh i e ld , had o c c a s i o n a l l y been d i s 
t u r b e d by a b u r s t of f o r e i g n fas t n e u t r o n s , the o r i g i n of which could not i m 
m e d i a t e l y be d e t e r m i n e d . With the he lp of the r a d i a t i o n - s a f e t y g roup , 
l e v e l - c o n t o u r m a p s for the r o o m n e u t r o n s in our a r e a w e r e p r e p a r e d so a s 
to l oca t e the n e u t r o n - l e a k a g e s o u r c e s and, in t u r n , to supply the da ta to effi
c i en t sh i e ld c o n s t r u c t i o n wi th in the l i m i t e d a v a i l a b l e s p a c e . The r e s u l t was 
v i r t u a l l y f r u i t l e s s , b e c a u s e n e u t r o n s f r o m wide ly s p r e a d 47T-sources w e r e 
be ing m u l t i p l y s c a t t e r e d and t h e i r d i r e c t i o n a l n a t u r e was m o r e or l e s s c o m 
p l e t e l y s m e a r e d out . T h r o u g h the kind c o o p e r a t i o n of the rea .c tor g r o u p s , 
m e a s u r e m e n t s w e r e t h e n m a d e of the r o o m n e u t r o n s when the i n - p i l e 

*A h o t - p r e s s e d B4C d e v e l o p e d by Norton Company of Worces ter , M a s s . , 
p o s s e s s e s a d e n s i t y of 2.5 g cm"'^. 



b e a m - p o r t s h u t t e r s in C P - 5 w e r e opened, one a t a t i m e . The r e s u l t s showed 
our b i o l o g i c a l sh ie ld w a s s a t i s f a c t o r y . Subsequen t ly , s e v e r a l a l u m i n u m -
s h e e t - e n c a s e d b o r a t e d - p a r a f f i n * w a l l s w e r e e r e c t e d a r o u n d our a r e a . 

Under c e r t a i n c i r c u m s t a n c e s , l eak ing n e u t r o n s m a y s o m e t i m e s give 
l i t t l e d i s t u r b a n c e to i m m e d i a t e n e i g h b o r s , but m a y s t r o n g l y i n t e r f e r e with 
an e x p e r i m e n t on the oppos i t e s ide of the r e a c t o r . V a r i a t i o n of the ce i l ing 
c r a n e pos i t ion gave s m a l l , but m e a s u r a b l e , b a c k g r o u n d change in h igh-
p r e c i s i o n count ing with an insuf f ic ien t c o u n t e r sh ie ld . In an i d e a l i n s t a l l a t i on , 
the whole d i f f r a c t o m e t e r a s s e m b l y should be c o m p l e t e l y enc losed , not only 
by the s ide w a l l s , but a l s o by the ce i l ing sh ie ld . If t h i s w e r e p r a c t i c a b l e , 
the c o u n t e r sh ie ld and the r e l a t e d i n s t r u m e n t a t i o n s could have b e e n g r e a t l y 
s impl i f i ed . The ce i l ing sh ie ld w a s , h o w e v e r , not e a s i l y adap tab le to the dif
f r a c t o m e t e r a r e a , and our c o u n t e r s h i e l d s with a id s of the sh ie ld ing w a l l s 
have thus far p r o v e n to be s a t i s f a c t o r y for m o s t of the p r e c i s i o n e x p e r i m e n t s . 

1-9. Coun t e r C o l l i m a t o r s and B e a m Sl i t s 

T h r e e c o u n t e r c o l l i m a t o r s of the So l le r type tha t a r e c u r r e n t l y in 
u s e differ in t h e i r l eng th s , 6, 9, and 12 in. , but p o s s e s s an i d e n t i c a l a p e r t u r e 
c o n s t r u c t i o n : five h o r i z o n t a l and t h r e e v e r t i c a l So l le r channe l s in a r e c 
t a n g u l a r o v e r a l l opening of 0.640 x 1.641 in.; So l le r c o n s t r u c t i o n with the 
u s e of s e a m l e s s s t e e l t u b e s of 0. 118 in. x 0 .537- in . ID and 0 .0075- in . wa l l 
p lus 0 .0015- in . c a d m i u m pla t ing on a l l s u r f a c e s . The c o n s t r u c t i o n p r i n c i p l e s 
h e r e a r e s i m i l a r to t h o s e u s e d for the p r i m a r y and s e c o n d a r y c o l l i m a t o r s , 
excep t tha t no a l u m i n u m c o m b is u s e d and, a f te r l ining up the t u b e s , a l u m i 
n u m end c a p s w e r e s u b s t i t u t e d by s o l d e r e d jo in t s a s app l ied to the s e c o n d a r y 
c o l l i m a t o r s . A d o w e l - p i n - g u i d e d c o n n e c t o r w a s u s e d to combine two c o l l i 
m a t o r s so tha t c o l l i m a t i o n s 15, 18, and 21 in. in l eng ths could be c a r r i e d 
out. The h o r i z o n t a l and v e r t i c a l a n g u l a r d i v e r g e n c i e s a r e , r e s p e c t i v e l y : 
1°7.3 ' and 5°6.6' for the 6-in. c o l l i m a t o r ; 4 4 . 9 ' and 3°24.7 ' for the 9- in . c o l 
l i m a t o r ; 33 .7 ' and 2°33.6 ' for the 12- in . c o l l i m a t o r ; 26 .9 ' and 2°2.9' for the 
15- in . c o l l i m a t o r ; 22 .4 ' and l °42 .4 ' fo r the 18-in. c o l l i m a t o r ; 19-2' and 1°27.8' 
for the 21- in . c o l l i m a t o r . 

A n u m b e r of b e a m s l i t s have b e e n p r e p a r e d for the m u l t i p u r p o s e 
i n s t r u m e n t a t i o n . The s l i t s of s andwich c o n s t r u c t i o n , Al (0.125 i n . ) - C d 
(0.093 i n . ) - b o r a l (O. 188 in.) , a r e p l aced e i t h e r at the s e c o n d a r y - c o l l i m a t o r 
exi t or at the c o u n t e r - c o l l i m a t o r e n t r y . The s l i t s a r e a l s o fi t ted into s l o t s 
in the s l i t box ( see F i g . l l ) , which i s m o u n t a b l e on e i t h e r the s e c o n d a r y -
c o l l i m a t o r exit o r the c o u n t e r - c o l l i m a t o r e n t r y . In a m a j o r i t y of the e x p e r i 
m e n t s , t h e s e s l i t s a r e u sed a t the s e c o n d a r y - c o l l i m a t o r exi t to confine the 

*Steam-melted paraffin was cooled to slightly above its solidifying point and mixed with20 w/o sodium 
metaborate (borax). Paraffin of low quality and low solidifying point is best suited for this intermixing 
process for preventing dehydration of borax at 75'-'C. Polyethylene or its few-percent borated product 
possesses a shielding effect about equal to paraffin-borax, and they are employed for patching up small 
sections because of their ease of handling; yet they are costly (about 10 times as expensive as paraffin). 



profile of the beam impinging on the sample. Hence, their ape r tu res a r e 
chiefly based on the neutron sample size or its holder dimensions. They 
a re , in rec tangular coordinates (in cm): 1.20 x 4.45, 1.65 x 3.81, 1.27 x 3.81, 
1.02 X 3.81, 0.76 X 3.81, 1.02 x 2.54, and 1.02 x 1.02. These sl i ts possess 
access screw holes for adapting the resonance fi l ters (see Appendix II), and 
the s l i t - f i l ter combination is often mounted on the counter -col l imator entry 
so as to el iminate the scat ter ing effect from the filtering mate r i a l . 

Another set of beam sl i ts , made of 0.094-in. cadmium, is designed 
solely for the counter co l l imators . The horizontal ape r tu res of the sl i ts a r e 
in tegra ls of the Sol ler -channel d imensions , and the ver t i ca l ape r tu res a r e 
in tegrals of the Soller opening or 1.5 in., the lat ter of which is re lated to the 
effective c r o s s - s e c t i o n a l a r e a of the 2- in . -d iameter counter. Those cur 
rent ly in use possess the following s izes (in cm): 1.59 x 4 . 1 3 , 0.97 x 3.81, 
0.32 X 3.81, 0.97 x 1.39, 0.32 x 1.39, 1.30 x 3.81, 0.65 x 3.81, 1.59 x 1.39, 
L30 x 1.39, 0.65 x 1.39, 2.38 x 4.45, 1.91 x 4.45, 1,27 x 4.45, 0.96 x 4.45, 
and 0.64 x 4.45. Wide-open counter coll imation is frequently employed in 
s ing le -c rys t a l diffractometry. Here , the counter Sol ler-col l imator is r e 
moved and only the counter-f ront slit is used. Also constructed for this 
purpose is a Masonite cylinder, 6 in. long and 2 in. in d iameter , with a r e c 
tangular hole, 1 cm x 2 cm; the cadmium sli ts can be set at the basa l faces 
of this cylinder. 

The counter entry-window is routinely set at 15.7 cm, slightly l a rge r 
than 6 in., from the counter -sh ie ld front face. The workable distance be
tween the fi-tube center to the coun te r -en t ry window can be set from 25 cm 
to 68 cm and from 3 6 cm to 75 cm, for the light and heavy counter shields, 
respect ive ly . These d is tances , measu red at the inward setting of the scan
ning beam on the a r m , could be increased by 8.89 cm in the outward setting. 
Typical d is tances between the specimen and the counter entry a re : 41,22 cm 
for powder diffractometry; 30 cm for s ing le -c rys ta l study; up to 75 cm for 
the high-resolut ion work, such as for smal l - ang le - sca t t e r ing exper iments , 

1-10. Installation and Alignment 

P r ec i s i on instal lat ion and alignment of the mass ive collimation s y s 
t em and the heavy-duty turntable requ i red exceptionally tedious efforts, 
Schermer (i960) has descr ibed a commendable technique, and other neutron 
groups have developed individually suited methods to the subject mat te r . 
Our case is outlined as follows. 

F i r s t ly , the b e a m - p o r t center l ine was located. Glass plates inscr ibed 
with c r o s s ha i r l ines were placed at both ends of the cen t ra l hole of the port 
plug, and a smal l b a t t e r y - l a m p unit was set at the inner end of the hole. 
Following a rough survey with simple ins t ruments , the high-precis ion theod
olite was used to de te rmine the center l ine more exactly and the reference 
fiducial lines were subsequently marked down around the beam-por t exit 



and on other s ta t ionary i tems , such as the r eac to r building wall. The p roc 
ess was repeated for different angular posit ions of the port plug in order to 
compensate for i ts eccentr ic i ty and other setting e r r o r s . Finally, average 
fiducial l ines were made permanent mark ings . 

The port plug was then replaced by the p r i m a r y col l imator , and the 
biological shield was instal led up to the beam height. By use of a pointer at 
the monochromator pivot point as an additional re ference , the angle-selecting 
guide plate and the monochromator goniometer were aligned with the aid of 
the theodolite and a spi r i t level capable of detecting ±0,0002 in. in 12 in. In 
spite of the rigid construct ion as descr ibed in Chapter 1-5, the alignment at 
half-piling of the Masonite shield had to be readjusted after full stacking of 
the Masonite, because of level shifting of about 0.002 i n . / l 2 in. This smal l 
shift is by no means negligible in l a r g e - s c a l e instrumentat ion, e.g., c o r r e s 
ponding to as much as 0.02° e r r o r in our diffraction geomet r i e s . 

Similar success ive lining-up procedures were applied to the turntable 
instal lat ion through use of the multiple adjusting devices descr ibed in Chap
ter 1-7. The alignment problem was assoc ia ted with p rec i se driving and 
positioning of the heavy counter shield. The maximum allowable angular 
e r r o r in our diffractometry has been set at 0.01°. The corresponding sample 
eccent r ic i ty is 0.875 x 10""* R, where R is the distance between the sample 
and the counter . For example, the center ing deviation of the sample should 
be kept below 0.026 m m or 0.001 in. for R = 30 cm; otherwise , the eccen
t r i c i ty co r rec t ion may become an additional major factor in the data p roc 
essing. In par t icu la r , v ibra t ions of the turntable components must be kept 
at a min imum during the driving mode, since there exis ts no simple sys 
temat ic cor rec t ion for them. For the counter setting and drive, in spite of 
the re laxat ion factor of two, the above c r i t e r i a must be overcautiously 
enforced. 

Alignment of turntable vs . the counter unit implies two separa te sub
jects : the retaining stabili ty of the spindle post against the scanning a rm; 
and the f i r s t - c l a s s lever balance between the turntable and the counter 
shield. The former , d i scussed in Chapter 1-7, was attained through a con
ventional technique of preloading the bear ing components. Our simple 
spindle a s sembly upholds a preloading equivalent to about 4000 Ib-in. at the 
counter a r m . As the load exceeds this , increas ing friction a.mong the 
bear ing e lements tends to in ter fere with the D,-Z6 independent drive and to 
make the torque above the optimum limit. A more e laborate preloading de
sign has been descr ibed by Bacon and Dyer (l959), and var ious devices for 
this procedure have been developed by other groups. Our loading limit is 
re la t ive ly low and suffices our cur ren t r equ i remen t with a ve ry close 
to le rance . 

An e lementa ry problem, the f i r s t - c l a s s l eve r -po i se , a r i s e s because 
our turntable a s sembly si ts on the base platform. The turntable weighs 



about 1000 lb and p o s s e s s e s a b a l a n c i n g m o m e n t of fo r ce r a n g i n g f rom 3000 
to 5000 Ib - in . , depend ing on the pos i t i on of the coun te r a r m . T h i s b a r e l y 
c o u n t e r p o i s e s the c o u n t e r uni t with the h e a v y - d u t y sh ie ld tha t c r e a t e s about 
3000 Ib- in . or m o r e . The pivot a r m was o r i g i n a l l y des igned to r e l i e v e t h i s 
but was not s a t i s f a c t o r y b e c a u s e of the following r e a s o n . The fitt ing p r e c i 
s ion a t the pivot shaft can h a r d l y be m a d e b e t t e r than 0.0005 i n . / l 2 in. , which 
i s a l e a s t r e q u i r e m e n t deduced f r o m our a n g u l a r t o l e r a n c e , 0.01°. In fact , 
our pivot a r m cannot c o u n t e r a c t the s a m p l e c e n t e r i n g shift of l e s s than 
0.003 in. F o r t u n a t e l y , the p r o b l e m w a s so lved r a t h e r r e a d i l y . Lead b r i c k s 
w e r e p l a c e d on the s t a t i o n a r y s e c t i o n of the c a r r i a g e a s s e m b l y , and th i s in 
c r e a s e d the b a l a n c i n g m o m e n t to 5000 Ib - in . A fu r the r l a r g e sa fe ty fac tor 
was ga ined by m e a n s of two l a r g e , r e m o v a b l e c l a m p s binding the t u r n t a b l e 
and the b a s e p l a t f o r m , the l a t t e r of which we ighs about 1300 lb. 

The d r i v i n g - t o r q u e r e q u i r e m e n t for the coun te r a r m with the h e a v y -
duty c o u n t e r sh i e ld is n e a r l y 200 o z - i n . at the m o t o r shaft for the a n t i b a c k 
l a s h coupl ing of l e s s t han ± 0 . 0 0 5 ° . H e n c e , a S lo-Syn m o t o r g e n e r a t i n g about 
400 o z - i n . w a s m o u n t e d . The output t o r q u e of the m o t o r d e c r e a s e d as the 
m o t o r speed i n c r e a s e d . Our o p t i m u m s l o w - s p e e d of the heav i ly loaded 
c o u n t e r a r m i s a r o u n d 50° min"^ . Af ter n u m e r o u s c o r r e l a t i v e a d j u s t m e n t s , 
the s a m p l e e c c e n t r i c i t y of l e s s than 0.0005 in. was obta ined unde r the m o s t 
s e v e r e s cann ing condi t ion . 

A s a l s o s t a t e d in C h a p t e r 1-7, the Q, d r i v e is far s i m p l e r than the 
c o u n t e r d r i v e and, b e c a u s e of the p r e l o a d i n g t h r u s t - b e a r i n g des ign , no a p 
p r e c i a b l e t o r q u e change w a s o b s e r v e d by moun t ing the h e a v i e s t a u x i l i a r y 
i n s t r u m e n t , i . e . , the e l e c t r o m a g n e t a s s e m b l y , weighing n e a r l y 2000 lb. A c 
tua l ly , the a f o r e s t a t e d b a l a n c i n g and l i b r a t i o n p r o b l e m s a r e g r e a t l y r e l a x e d 
when the m a s s i v e a u x i l i a r y i n s t r u m e n t i s m o u n t e d on the Q- tab le . N e v e r 
t h e l e s s , b e c a u s e of the e l e c t r o n i c s c i r c u i t r y , an o v e r s i z e d Slo-Syn 400 m o t o r 
i s u s e d a l s o for the fi d r i v e . 

O the r p o s s i b l e d i s t u r b a n c e s of the a l i g n m e n t w e r e e x a m i n e d a s fo l 
lows . The h e a v y - d u t y c r a n e o p e r a t i o n in the CP-5 bui ld ing v i b r a t e s the 
floor l e v e l in the o r d e r of 10"^ in . / f t , which is d e t e c t a b l e on a h i g h - s e n s i n g 
b u l l ' s eye s p i r i t l eve l but can be i g n o r e d for our c a s e . The floor shif t ing, 
due p r o b a b l y to s e a s o n a l a l t e r a t i o n of the bui ld ing foundation, i s s o m e t i m e s 
c o n s i d e r a b l y h i g h e r than tha t due to the c r a n e and a s s o c i a t e d d i s t u r b a n c e s ; 
h e n c e , o c c a s i o n a l check ing h a s been en fo rced . Upon c o m p l e t i o n of a l l th i s 
t ed ious l i n i n g - u p w o r k , a d d i t i o n a l f iduc ia l m a r k s w e r e i n s c r i b e d on the ou te r 
f aces of the s e c o n d a r y c o l l i m a t o r s , the a n g l e - s e t t i n g p l u g s , and a l s o on the 
r e a c t o r wa l l . 

Dur ing the m o n o c h r o m a t i o n - a n g l e v a r i a t i o n , the pivot a r m s e r v e s 
e x c e l l e n t l y in keep ing the m o n o c h r o m a t o r - t o - s a m p l e d i s t a n c e to a high d e 
g r e e of c o n s t a n c y . H o w e v e r , in sp i t e of t h e c a r e f u l a l i g n m e n t , t he a n g l e -
indexing h o l e s on the b a s e p l a t f o r m w e r e found to be u s a b l e only a s a 
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re fe rence . The refined l ine-up p rocess using the diffraction pat terns of the 
standard samples often resu l t s in slight off-setting of the turntable from 
these index holes. However, the turntable is heavy enough to sit s ta t ionar-
ily without using the angular-se t t ing pin and the aforementioned clamps to 
enforce this stabili ty. 

1-11. Basic Elec t ronics 

The basic e lec t ron ics* for the diffractometer may be divided into 
two groups: those for the counting and recording subroutines, and the auto
mat ic control equipment. The former consis ts of s tandard acce s so r i e s , 
and the lat ter becomes n e c e s s a r y because of lengthy data-gathering p roc 
e s se s and high radiat ion hazard . The sys tem is represen ted in the block 
d iagram of Fig. 5 and the photograph of Fig. 6. In the following chapter the 
neutron-counter cha rac te r i s t i c s a re outlined. 
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Fig. 5. Block Diagram of the Basic Electronics 

The main counting channel consis ts of the following: a cathode fol
lower direct ly connected to the B^°F3 counter; a regulated DC high-voltage 
power supply feeding 0 to 5 kV to the counter; a packaged assembly con
sisting of a l inear amplifier (xlOO to xl600 in gain), a DC power supply, a 
d i sc r imina tor (O to 40 V in base discr iminat ion) , a ra te meter in counts-
per -second scale (60 to 20,000 counts sec"'^), and a pulse generator for 
s tandardizat ion (l , l / 2 , and l /4 of the input-line pulse); a measur ing 
sca ler , Beckman/Berke ley 7060 (6 decimal digits). The monitoring channel 

*Although, needless to say, it is important that the input power lines be free from electronic noise, 
inclusive of very low-level disturbance, a high-efficiency noise suppressor must be incorporated. 
For instance, our input power is being delivered from a transformer which is isolated from high-power 
equipment, such as the crane motor and the electromagnet. In a remote-control arrangement for 
eliminating possible indirect inductive interference, the power lines for the magnet and the furnaces 
are laid on the right-hand side of the diffractometer, whereas heavily shielded signal and counting 
cables are in the left-hand conduit run. 
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s t a r t s w i t h a f i s s i o n c o u n t e r , w h i c h i s f o l l o w e d b y a p r e a m p l i f i e r , t h e l i n e a r -
a m p l i f i e r a s s e m b l y , a n d a p r e s e t s c a l e r , B e c k m a n / B e r k e l e y 7 4 1 6 (6 d e c i 
m a l d i g i t s ) . T h e c o u n t i n g o p e r a t i o n s a r e n o r m a l l y c o n t r o l l e d t h r o u g h t h e 
p r o g r a m m e r , a n d t h e m e a s u r e d c o u n t s a r e fed i n t o t h e r e c o r d i n g u n i t s 
t h r o u g h a t r a n s l a t o r w h i c h c o n v e r t s B e c k m a n / B e r k e l e y v o l t a g e - o u t p u t i n 
1224 b i n a r y - c o d e d d e c i m a l ( B C D ) c o d e t o d e c i m a l - c o d e d r e l a y - c o n t a c t c l o 
s u r e s . In h i s b o o k G i l l e s p i e ( l 9 5 3 ) h a s d i s c u s s e d s p e c i f i c p r o b l e m s r e 
g a r d i n g t h e n o i s e a n d r e s o l u t i o n i n t h e n u c l e a r - c o u n t e r a m p l i f i e r s . 

120-6555 

Fig. 6. Part of the Electronics Instruments. Left to right: the X-Y recorder; 
a console containing the measuring scaler, the amplifier unit (in
cluding the rate-meter, the discriminator for the B̂ '̂ Fo counter, and 
the DC power supply). Brown recorder, the preset scaler, the ampli
fier unit for the fission counter, the power supply for the poten
tiometer and the recorders, the high-voltage power supply for the 
B FQ counter, the power supply for the high-temperature furnace; 
the automatic control unit. 

N u m e r o u s a u t o m a t i c - c o n t r o l e l e c t r o n i c s h a v e r e c e n t l y b e e n r e 
p o r t e d * a n d a r e n o w a v a i l a b l e c o m m e r c i a l l y , b u t t h i s w a s n o t t h e c a s e in 
1960 . 

* A l l e n d e n a n d W i n k w o r t h ( l 9 6 3 ) , A r n d t a n d W i l l i s ( 1963 ) , B e t z l a n d 
K l e i n s t i i c k ( l 9 6 l ) . C o l e e t a l . ( l 9 6 3 ) , d e A g o s t i n o (1963) , H a g i h a r a 
e t a l . ( 1 9 6 2 ) , L a n g d o n a n d F r a z e r ( l 9 5 9 ) , M i y a k e e t a l . (1962) , 
O z e r o v e t a l . ( i 9 6 0 ) , P r i n c e ( l 9 6 l ) , P r i n c e a n d A b r a h a m s ( l 9 5 9 ) , 
a n d W o o s t e r e t a l . ( l 9 6 3 ) . 



Our automatic instrumentat ion, obtained in collaboration with the 
Datex Corporation, is designed for the most genera l goniometry in the t h r e e -
c i rc le cone method, i .e. , four independent angular settings with the 0-20 
scanning mode. A ful l -c i rc le X-0 goniometer for this purpose is briefly 
descr ibed in Chapter 2-2. The drive motors for Cl and 20 are Slo-Syn syn
chronous SS400 ( three- leads) (see Chapter 1-7). For X and $, Slo-Syn SS250, 
producing a torque (max 250 oz-in.) of near ly five t imes the requi red amount, 
is used, since SS400 and SS250 can be controlled through the same c i rcu i t ry 
in both DC and AC modes . The maximum e r r o r in the c rys ta l and counter 
angular settings is 0.01°, which is also the minimum stepping angle control
lable through our motors in a DC operation. Our unit is mostly t rans i s to r ized . 

The s ing le -c rys ta l mode of operation is outlined as follows. The in
put tape with 5-hole Baudot code is prepared in the format shown in Table I, 
and the tape is fed into the Fr iden motor ized t ape - r eade r . Each of six cha r 
a c t e r s represent ing the title information (e.g.. Miller indices h, k, and .̂  ) is 
sequently t rans la ted from the Baudot code to the 8421 BCD code which will 
enter into the t r ans i s to r i zed input-word s torage. When the t i t le- information 
s torage is completed, this is forwarded to the BCD-decimal converter at 
which the BCD data will be s tored and t rans la ted into the decimal data in 
contact c losure form. The decimal data will then be presented to the p r in te r -
punch unit. 

Table I 

INPUT TAPE FORMAT 

Number of 
Characters 

1 

6 

1 

5 

1 

5 

1 

5 

1 

5 

1 

1 

1 

2 

1 

5 

1 

Data (single crystal) 

Begin of cycle code (Figure key)* 

Title information 

End of word code (Space bar)* 

O (xxx.xx°) 

End of word code 

X 

End of word code 

Initial 0 

End of word code 

Initial 26 

End of word code 

Direction of crys ta l rotation 

Direction of counter rotation 

Counter stepping angle (.xx°) 

End of word code 

Final 29 

End of word code 

Number of 
Characters 

1 

6 

1 

1 

1 

5 

1 

1 

1 

2 

1 

5 

1 

Data (powder) 

Beginning of cycle code 

Title information 

End of word code 

Powder code (Slash key)* 

End of word code 

Initial 26 

End of word code 

Fixed 0 

Direction of counter rotation 

Counter stepping angle 

End of word code 

Final 29 

End of word code 

*5-hole Baudot code specification 



As soon as the t i t le information is s tored at the BCD-decimal con
ve r t e r , the input-word s torage will be c leared and the tape reader will s ta r t 
extract ing the 0-angle information. The input-tape (Jj-angle (COMMAND) in 
the genera l s torage will then be sent to the digital comparator for coinci
dence examination with the encoder 0-angle (FEEDBACK), which has been 
t rans la ted into the 8421 BCD code from the Datex-coded encoder out-put. 
The compara tor genera tes the positioning commands to the DC motor con
trol , RUN for non-coincidence and STOP for coincidence between COMMAND 
and FEEDBACK. The compara tor also provides the motor direct ion com
mands, forward if COMMAND > FEEDBACK, r e v e r s e if COMMAND < FEED
BACK. Moreover , in o rder to prevent the overshoot in the coincidence 
p rocess , the slow-down command is given by the comparator when the dif
ference between COMMAND and FEEDBACK becomes less than 1° during 
the RUN mode. The slow-down speed is var iab le and is usually about one-
third of the normal RUN speed. Upon completion of the 0 setting, the final 
encoder 0-angle is r ecorded on the pr in te r -punch unit through the conver ter 
(BCD to decimal) and the data se lec tor . As soon as the final 0-angle is 
s tored in the BCD-decimal conver ter , the input-word s torage will again be 
c leared for the X cycle, which will proceed on the subroutine identical with 
the (J)-cycle. 

The p rocess is repeated for the init ial $7 and 20 angles in succession. 
In other words, the s torage, the compara to r , and re la ted electronics a re 
employed in sequence. In view of the construct ion and trouble-shooting, 
this sequence scheme is much s impler and economical than the simultaneous 
sett ings of two or more angles by means of e lec t ronics of la rger capacity. 
The former is more t ime consuming in the coincidence setting than the la t ter 
but proper a r r angemen t of the input data makes the problem trifling, par t icu
la r ly in compar ison with the t ime requ i red for the counting p rocess . Our 
mo to r - speed control is common for all four angles and is vir tual ly de te r 
mined by the 20 drive requir ing the l a rge s t torque. Regarding the direct ion 
command of the compara tor , suppose that the input angle is 1° but the en
coder angle has been 359°- The motor will then have to t rave l 358° instead 
of the shor te r cut of 2°. As mentioned before, this situation can be avoided 
by a proper p rogramming on the input- tape. In addition, movable r e v e r s e 
switches (microswi tches) a r e provided for var iab le maximum and minimum 
angle set t ings . If the coincidence were not met during the r eve r sed drive 
due to the e r r o r in the input- tape, another r e v e r s e switch would subsequently 
be energized. However, this second switch-contact does not r e v e r s e the 
motor direct ion, but forwards the p r o g r a m to the next cycle. The reve r s ing 
switches a r e absolutely requ i red in the counter drive, because of the l imited 
scanning range . The diff ractometry with the magnet or the furnace often 
r e q u i r e s the r eve r s ing switches on the fi-drive, for avoiding interference 
among the in s t rumen t s . Several mic roswi tches connected in se r i e s a r e also 
used as the l imit switches so as to protect the ins t rument from accidental 
fai lure of the r eve r s ing switches . When any one of the l imit -switch s e n s e r s 
is pushed down, the motor control stays at the STOP command. 



Completion of the coincidence positioning for al l four angles is fol
lowed by extract ion of the direct ion of the c rys t a l rotation, the direct ion of 
the counter rotation, and the step angle. The clockwise rotation is r e p r e 
sented by the numera l " 1 " in the Baudot code and the counterclockwise r o 
tation by "2 . " Of course , in the 0:20 scanning mode, both the c rys t a l and 
the counter should ro ta te in the same direct ion. The counter stepping angle 
can va ry from 0.02° to 0 98° in 0 02° in tervals and, correspondingly, the 
c rys t a l from 0 01° to 0.49^ in 0.01° in terva ls . The direct ion and step-angle 
values will be s tored in an auxi l iary section of the input-word s torage . The 
final-20 angle will then be extracted from the input-tape and will be s tored 
in the input-word s torage until the counter r eaches this angle. The counter 
stepping angle (A20) will enter into the step p rese t - coun te r , which will ad
vance the counter by A 20 in increments of 0.01°. Every other pulse will 
drive the fi-stepping motor in the same direct ion. When the step is com
pleted, that i s , the step p rese t -coun t s dec rea se down to zero , the STOP 
commands will be given to the 20 and Q mo to r s , and the p rese t and m e a s 
uring s ca l e r s will be gated to opera te . The neutron-counting p rocess ceases 
when the monitor counts become equal to the p resen t counts, and subse
quently the raeasured neutron counts will be sent to the pr in te r -punch unit 
with a subtotaling facility. The neutron counts, the subtotal, and the counter 
angle will be printed out on the recording paper, and subsequently they will 
be perforated on the tape. Simultaneously, the neutron counts will be fed 
into the X-Y r e c o r d e r or the Brown r e c o r d e r through the digital-analog 
conver te r . 

The subtotal routine can be suppressed by means of the panel control . 
Repetit ion of the counting sub-rout ine will be followed. Upon completion of 
the cycle, the read-ou t r e c o r d s will be made on total counts, final 20, ^, X 
and fi as a par t of the self-checking p rocedures . All s torage will then be 
c leared, and if the sys tem is under the continuous-cycle command, the input-
tape will be forwarded to the next cycle. 

In the powder mode of operation, a powder code rep laces the c ry s t a l 
angles in the input-tape format and inter locks the c ry s t a l moto r s . Contin
uous rotat ion of the powder sample is c a r r i e d out by the AC drive of the 
Slo-Syn Q-motor (72°/min for 60-cvcle input) or by a separa te induction 
motor of 1 to 2 rpm. The AC-dr ive -moto r control , which is completely i so 
lated from the p rogramming c i rcui t ry , is a lso used for adjusting all four 
angles in the s ing le -c rys t a l alignment, since the tape prepara t ion or the 
manual dr ive using the c rank handle is r a the r t roublesome in such non-
routine p r o c e s s e s . The counter s t ep - inc remen t in the powder mode can take 
any angle between 0.01° and 0.99° because of the absence of the 0:20 scan
ning mode. 

The pr in te r -punch assembly is composed of two units, a Datex modi
fication of the Monroe 400 pr in te r with adding and s torage facil i t ies, and a 
F r iden tape-punch. The pr in te r p o s s e s s e s eleven printing b a r s . The f i rs t 



is used for le t ter ing, a s t e r i s k for the r e s e t and the total counts, "S for the 
subtotal, and "N" for the counter angle. The following ten ba r s a re assigned 
for the numera l recording, and the tenth bar also prints let ter " P " for the 
powder code. The output tape is in the 8421 BCD code. The Y-axis of the 
XY plotter (Electro Instrument Model 223) r ep re sen t s the 20 angle which is 
potent iometr ical ly supplied from a 40- turn helipot (see Chapter 1-7). Ad
ditional c i r cu i t ry extends the Y-range settings to 0° - ±15°, 0° - ±30°, 0 -
±45°, 0° - ±60°, 0 - ±75°, 0° - ±150°, and -85° - +140°. With this and other 
self-contained range regu la to rs , a precis ion rocking curve can be recorded 
on the X-Y r e c o r d e r . For extended operation, the Brown recorde r with 
auxil iary ful l-scale and zero-point adjusters is employed in place of the 
X-Y r eco rde r , since the lat ter is strongly r e s t r i c t ed in the recording chart 
space (lO X 15 in.). The Brown chart , however, is run on the time base ( l / 2 , 
1, 2, 4, 6, 8, 12, 16 i n . / h r ) . However, the fluctuation in the input neutron 
flux is usually less than severa l %, and hence the Brown recorde r often plays 
a role more than just a qualitative display of the data. Of course, a large 
portion of the data process ing is c a r r i ed out from the pr inter-punch output 
(see Table II). The visual display of any one of four angles can be made on 
the lamp bank. During the operation with the pr inter-punch recording, the 
lamp bank shows al l of the numer ica l data flowing into the pr inter-punch unit. 
This display in the foUow-mode lasts about a half second* for each datum. 

Table II 

OUTPUT DATA FORMAT 

Number of 
Characters 

6 

5 

5 

5 

5 

7 

10 

5 

7 

10 

5 

10 

5 

5 

5 

5 

Data (single crystal) 

Title information 

* 
X 

Initial Q 

Initial 29 

Neutron counts at 29 

Count subtotal 

2^1 
Neutron counts at 29j^ 

Count subtotal 

29k 

Total counts 

Final 29 

i> 

X 

Final 

Number of 
Characters 

6 

1 

5 

7 

10 

5 

7 

5 

10 

10 

5 

Data (powder) 

Title information 

Letter "P" 

Initial 20 

Neutron counts at 20; 

Count subtotal 

2^J 
Neutron counts at 2dy^ 

29k 

Count subtotal 

Total counts 

Final 29 

The displaying time is correlated to the time-interlocking settings of all other sequence controls in the 
system. These timing settings are variable to a certain extent. 



The a u t o m a t i c c o n t r o l p a n e l c o n s i s t s of the fol lowing: a s e l e c t i o n 
s w i t c h for s i ng l e cyc l e or con t inuous cyc l e ; s t a r t and r e s e t p u s h - b u t t o n 
s w i t c h e s ; a s u b t o t a l i n - o u t sw i t ch . O t h e r p a n e l - b o a r d c o n t r o l s inc lude a 
s e l e c t i o n s w i t c h for a u t o m a t i c o r m a n u a l m o d e of o p e r a t i o n , a sw i t ch for 
follow or non- foUow d i s p l a y on the l a m p - b a n k , and a d i s p l a y s e l e c t i o n s w i t c h 
for one of four a n g l e s . The m a n u a l m o d e of o p e r a t i o n i s c a r r i e d out t h r o u g h 
the p a n e l - b o a r d c o n t r o l s w i t c h e s . A p u s h - b u t t o n swi t ch i s p r o v i d e d for 
" R U N - S T O P " o p e r a t i o n of e a c h of four m o t o r s . A c o m m o n s t e p - s l e w swi t ch 
and four d i r e c t i o n a l s w i t c h e s for c l o c k w i s e o r c o u n t e r c l o c k w i s e c o m p l e t e 
the m a n u a l c o n t r o l of the m o t o r d r i v e . The m a n u a l - p r i n t push but ton a c t i 
v a t e s a s i n g l e c y c l e of t h e n e u t r o n - c o u n t r e c o r d p r o c e s s a t the g iven a n g u l a r 
s e t t i n g s . 

F i n a l l y , it would r e a d i l y be n o t i c e d tha t a confused u s a g e of the d i g i t a l 
c o d e s i s a p p a r e n t in o u r a u t o m a t i c c o n t r o l s y s t e m , i . e . , Baudot , Da tex , 
8421 BCD, and 1224 B C D c o d e s a r e e m p l o y e d . T h i s i s due to the a v a i l a b i l i t y 
of t h e i n s t r u m e n t s and the c o m p u t e r s when the s y s t e m w a s d e s i g n e d . It i s 
a d v i s e d tha t the input and output t a p e s , the e n c o d e r , t he s c a l e r output , and 
r e l a t e d c o n t r o l - s t o r a g e un i t s should be coded on the s a m e b i n a r y code , p re f 
e r a b l y on 8421 BCD, which i s a d i r e c t r e p r e s e n t a t i o n of the BCD uni t . 

1-12. N e u t r o n M o n i t o r and D e t e c t o r s 

F o r m o n i t o r i n g the m o n o c h r o m a t i c n e u t r o n input , a d r u m - s h a p e d 
l o w - e f f i c i e n c y f i s s ion c o u n t e r ( s ee F i g . 7) i s p l a c e d a t t he exi t of the s e c o n d 
a r y c o l l i m a t o r . The a c t i v e coun t ing a r e a , 3 in. in d i a m e t e r , i s c u r r e n t l y 
r e d u c e d down to 2 in. by m e a n s of the c a d m i u m s h i e ld . T h i s l a r g e a c t i v e 
a r e a a c c o m m o d a t e s a wide v a r i e t y of c o l l i m a t i o n t e c h n i q u e s . The f i s s i o n 
c o u n t e r is a p a r a l l e l - p l a t e t ype with a f i s s i l e U l a y e r on both the p o s i t i v e 
and n e g a t i v e e l e c t r o d e s . The U^^ coa t ing w a s m a d e by the pa in t ing t e c h 
n ique ( see the book by Al len , I960, p . 62). A d i lu te a l c o h o l so lu t ion of u r a 
n i u m n i t r a t e (97% e n r i c h e d in U^^^) w a s b r u s h e d on the e l e c t r o d e and 
c o n v e r t e d to the ox ide by s u b s e q u e n t hea t i ng in a i r . F o u r r e p e t i t i o n s w e r e 
r e q u i r e d to ob ta in a f i r m c o a t i n g of 0.1 m g cm~^ of U^"^. The U^^^ l a y e r s 
r e m o v e 2.5% of t h e r m a l n e u t r o n s f r o m the c o l l i m a t e d b e a m , and the f i s s i o n 
coun t ing e f f i c iency ( s ee the book by P r i c e , 1958, p. 263) r a n g e s f r o m 0.026% 
to 0.060% for 0 . 1 - to 0 . 0 2 5 - e V n e u t r o n s . F o r i n s t a n c e , 3.8 x 10^ n e u t r o n s 
at 0 .1 eV p r o d u c e 10* f i s s i o n c o u n t s . With a p r e a m p l i f i e r ga in of 10^ and an 
a m p l i f i e r ga in of about 2 x 10^, t he p l a t e a u l eng th in the c o u n t i n g - r a t e c h a r 
a c t e r i s t i c s s p a n s f r o m 50 to 900 V of the c o u n t e r v o l t a g e . Our app l i ed v o l t 
age a c r o s s the e l e c t r o d e s w a s s e l e c t e d a t 250 V. T h i s f i s s i o n c o u n t e r i s 
b e t t e r t h a n a l o w - e f f i c i e n c y BF3 m o n i t o r i n g c o u n t e r in s e v e r a l a s p e c t s : 
l o n g e r p l a t e a u length , h i g h e r coun t ing s t ab i l i t y , and l e s s e l e c t r o n i c s r e q u i r e d 
on a c c o u n t of m u c h l o w e r p l a t e a u v o l t a g e . 
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Schematic Drawing of the 
Drum-shaped Fission Counter 
with a Cadmium Diaphragm 

The main neutron detector , a conventional BF3 (96% B^ , 40 to 70 cm 
Hg in gas p r e s s u r e ) end-window proport ional counter, 2 in. in OD with c e r 
amic (usually fused AI2O3) or nickel entrance window, is current ly used both 
for s ing le -c rys ta l and powder s tudies. These counters , possessing about 
60 to 80% absorpt ion efficiency for t he rma l neutrons, were constructed by 
the Reuter -Stokes Electronic Components, Inc. and the Nancy Wood Counter 
Labora tory under the specifications for minimizing the dead-counting space 
due to the tungsten-anode wire (< 0.002 in.) and its insulator in the meta l -
window type. The high-voltage insulator isolating the anode from the meta l 
window is usually a boron-free glass , but the dimensions may run up to 
0. 1 in. d iameter and 1 in. long in some models . Currently, the meta l -
window counter is being replaced by the ce ramic module, par t icular ly for 
the s ing le -c rys ta l work. Never the less , our counter-shield supporter is de
signed to accommodate the commonly employed technique for the me ta l -
window counter, i .e. , offsetting the counter axis so that the beam avoids the 
insulator ent irely. 

A novel technique for eliminating the end effects in the proport ional 
counter has been descr ibed by Sikkema (1957). The B^ F3 counters with the 
cathode-follower a r e operated at 2 to 3 kV for an amplifier gain of about 
10^. The plateau length is , although not unusual, disappointingly short for 
al l of our counters , being about 100 to 200 V.* In our current e lectronics , 
the pulse pa i r - reso lu t ion is about lOjUsec, corresponding to 10 pulse sec"^ 
in the detecting counter. For higher neutron fluxes, as described in Chap
ter 1-2, a preca l ibra ted gold-foil detector is routinely employed. 

*The plateau voltage and length, and the discriminator setting of a given counter, are dependent on 
the following: the distance between the counter and the preamplifier or the cathode follower; the 
gain setting and other characteristics of the amplification; the energy of the incoming neutrons. 



The photographic technique is general ly inferior to the counter 
method in the quantitative evaluation of intensity. However, the former 
gives, effortlessly, a t ime-ave raged diffraction pat tern inherent from the 
background fluctuation. Very often, the diffraction peak is d is tor ted due to 
macroscop ic imperfect ion of the sample c rys ta l , and localized diffuse scat
ter ing is pa ras i t i c on the background. Moreover , spurious reflections may 
also exist because of diffraction effects from the sample container and 
holder . The routine counter technique with a l inear scanning mode may not 
detect this and hence may be followed by the film method. 

Since Wollan et al . (1948) took the f i rs t neutron Laue picture with an 
indium screen , neutron radiography has been improved to a great extent, 
pa r t i cu la r ly in shortening the exposure t ime . Thewlis (1956) has descr ibed 
genera l pr inc ip les . Smith (1962), Smith and Holcomb (1963), and Wang et al . 
(1962) have developed a ZnS(Ag)-Li^F phosphor. Be rge r (l962a, 1962b, 1963, 
19 64) has further quantitatively investigated the m e a s u r e m e n t of intensity. 
We have uti l ized the photographic technique for checking the beam-in tens i ty 
profile and the sample al ignment in the low- and h igh- t empera tu re enclo
s u r e s . Also, a p reces s ion c a m e r a is being instal led behind the main 
monochromat i c -beam catcher having a smal l neutron-guiding cen te r -ho le . 
The scinti l lat ion and so l id-s ta te counters l essen the counter -sh ie ld size and 
weight and, hence, greatly simplify the ins t rumentat ion. Brief reviews on 
this subject have been given by Bacon and Lonsdale (l953) and King (1964). 
However, the efficiency and noise c h a r a c t e r i s t i c s of these counters have to 
be improved substantial ly so as to substi tute the B^T^ counter (see also 
Allen, I960). 

As an example, diffraction pa t te rns of nickel powder a re shown in 
Fig. 8. The th ree exper imenta l curves were taken under the same conditions 
except for varying the counter collimation, i .e. , using 6-in, or 12-in. Sol ler-
col l imator , or without Soller col l imator . The common exper imenta l con
ditions a r e : the secondary col l imator , type II; the beam slit at the 
secondary-co l l imator exit, 1.27 x 3.81 cm^; the slit at the counter -co l l imator 
ent ry or at the counte r - sh ie ld front-face, 0.97 x 3.81 cm^; spec imen- to -
counte r -d i s tance , 41.22 cm; Nancy-Wood 2 - in . -d iamete r counter; the sample 
holder, 1-cm ID, The reso lu t ion-col l imat ion cor re la t ion is exemplar i ly 
demons t ra ted in Fig. 8. Although the diffraction intensity d e c r e a s e s rapidly 
with increas ing coll imation, the s igna l - to -noise ra t io is considerably bet ter 
for the higher coll imation. The analyses of the peak width and intensity 
suggest incompleteness in al l of the repor ted formulat ions on the subject 
(Chapter 1-3). Theore t ica l in te rpre ta t ions on our e laborate data for the 
powder and s i n g l e - c r y s t a l col l imat ions a r e now in p r o g r e s s . 
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Fig. 8. Neutron Diffraction Patterns of Nickel Powder. The solid, dotted, and broken diffraction curves were 
obtained with the counter collimations, no Soller, and 6-in. and 12-in. Soller collimators, respectively. 



2. AUXILIARY INSTRUMENTATION 

2 - 1 , S p e c i m e n E n c a s e m e n t 

Our s p e c i m e n e n c a s i n g and r e l a t e d p r e p a r a t i o n t e c h n i q u e s for 
r o u t i n e e x p e r i m e n t s a r e b r i e f l y d e s c r i b e d h e r e . The m a t e r i a l s for en 
c a s i n g the n e u t r o n s a m p l e should sa t i s fy g e n e r a l r e q u i r e m e n t s for the 
b e a m - p a t h componen t , i . e . , t h e i r c a p t u r e and s c a t t e r i n g c r o s s s e c t i o n s , 
inc lud ing the m a g n e t i c c o n t r i b u t i o n , should be a s s m a l l a s p o s s i b l e . T h e i r 
s c a t t e r i n g effects should e a s i l y be s u b t r a c t e d f r o m the e x p e r i m e n t a l da t a . 
Of c o u r s e , for spec i f i c e x p e r i m e n t s , such as t h o s e at h igh and v e r y low 
t e m p e r a t u r e s and those u n d e r an e x t e r n a l m a g n e t i c f ield, we have a d d i 
t iona l c r i t e r i a , which -will be d i s c u s s e d in C h a p t e r s 2 - 7 to 2 - 1 1 . 

Our m a t e r i a l s for enc lo s ing the p o w d e r s p e c i m e n a r e Ti2.i3Zr 
( d i s o r d e r e d a l loy) , Al , and V, a m o n g which Tij . is Zr i s m o s t f r equen t ly 
u s e d s i n c e Al < Ti2.i3Zr < V and 0 - Tia . iaZr ^ V < Al in the to ta l c r o s s 
s e c t i o n and the c o h e r e n t s c a t t e r i n g c r o s s s ec t i on , r e s p e c t i v e l y (ref. Tab le III 
in Append ix I). F o r enve lop ing the r e a c t i v e s p e c i m e n , fused s i l i c a , n i c k e l , 
M o n e l - a l l o y , and Tef lon a r e u s e d ; o t h e r e n c a s i n g m a t e r i a l s m a y be s e l e c t e d 
f r o m T a b l e I I I .* 

T h e s t a n d a r d d i m e n s i o n s of ou r c y l i n d r i c a l h o l d e r s a r e : 2.5 to 3 in. 
in he igh t ; 1.0, 0.8, and 0.6 c m in ID; 0.005 to 0.004 in. in wa l l t h i c k n e s s . 
The h o l d e r i s equipped wi th a t e c t o r i a l cap with O - r i n g o r th in n e o p r e n e -
d i a p h r a g m gaske t . F u s e d - s i l i c a tube , of 1-cm ID and 0 . 5 - c m wa l l , is u s e d 
for s o m e spec i f ic e x p e r i m e n t s . 

A p o w d e r s p e c i m e n i s u n i f o r m l y p a c k e d into a h o l d e r b y m e a n s of a 
L u c i t e s t i ck , and the pack ing he igh t i s m e a s u r e d with a n o t h e r Luc i t e s t i ck , 
g r a d u a t e d in m m . F o r s a m p l e s hav ing low c o h e r e n t - s c a t t e r i n g c r o s s s e c t i o n 
and r e l a t i v e l y s m a l l c a p t u r e c r o s s s e c t i o n , in o r d e r to i n c r e a s e s i g n a l - t o -
b a c k g r o u n d r a t i o , the p o w d e r i s c o m p r e s s e d b y m e a n s of the dev ice shown in 
F i g . 9. The dev i ce i s p l a c e d i n a s m a l l l a b o r a t o r y h y d r a u l i c p r e s s ( m a x i m u m 
p r e s s u r e of 5000 lb in.~^), and the c o m p r e s s e d s p e c i m e n m a y be u s e d w i t h o r 
wi thout the h o l d e r . F o r r e a c t i v e s a m p l e s , the whole dev i ce i s e n c l o s e d in a 
L u c i t e g lovebox in which a p o s i t i v e p r e s s u r e of d r y i n e r t gas is kept du r ing 
the c o m p r e s s i n g and t r a n s f e r p r o c e s s e s . When the p r e f e r r e d - o r i e n t a t i o n 
p r o b l e m a r i s e s , the s a m p l e m a y be i n t e r m i x e d with f i l l ings of Ti2.i3Zr o r 
v a n a d i u m and, for s i m u l t a n e o u s a b s o l u t e - i n t e n s i t y d e t e r m i n a t i o n , wi th 

*Note tha t the s c a t t e r i n g effect could be r e l a t i v e l y l a r g e even for 
l a r g e t r a n s m i s s i o n r a t i o if the c a p t u r e c r o s s s e c t i o n i s v e r y s m a l l . 



the s t a n d a r d s u b s t a n c e * (e .g . , f i l l ings of A l , Mg, Ni , Si , Zn, or d e n d r i t i c 
NaCl**) . The a b s o r p t i o n c o r r e c t i o n for the t h i n - w a l l e d c y l i n d r i c a l tube 
wi th an a b s o r b i n g m e d i u m i s g iven by L e v y and S h a r r a h (1955) and B o u t r o n 
and Me ' r ie l ( i960) . 
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Our flat p o w d e r - s a m p l e h o l d e r is a r e c t a n g u l a r a l u m i n u m box wi th 
an e x c h a n g e a b l e window 5.5 x 2.25 in. ( ho r i zon t a l x v e r t i c a l ) , for which 
0. 0 1 5 - i n . - t h i c k a l u m i n u m o r 0. 0 4 - i n . - t h i c k fused s i l i c a i s f r equen t ly e m 
ployed . The m a x i m u m s a m p l e t h i c k n e s s i s 1 in . , and the s a m p l e d i m e n 
s ions m a y be v a r i e d by m e a n s of m o v a b l e p a r t i t i o n w a l l s . The ho lde r i s 
g a s k e t - t i g h t and is s e t on the f i n e - s l i t " T " h o l d e r which i s in t u r n m o u n t e d 
on the l a r g e g o n i o m e t e r h e a d (see F ig . lO). Our flat fo lder is useful for 
d i f f r a c t o m e t r y wi th h igh ly a b s o r b i n g s p e c i m e n s or weak c o h e r e n t s c a t t e r e r s , 
but i s not d e s i g n e d for s m a l l - a n g l e s c a t t e r i n g s t u d i e s . 

The p o w d e r - s a m p l e e n c a s i n g t e c h n i q u e s d e s c r i b e d above a r e 
r e a d i l y a p p l i c a b l e to the s i n g l e - c r y s t a l s p e c i m e n . H e r e , the fused q u a r t z 
c a p i l l a r y is a f a v o r i t e e n c a s i n g m a t e r i a l . The u s e of a P y r e x c a p i l l a r y 
should be avo ided b e c a u s e of an a p p r e c i a b l e conten t of b o r o n (see Appen
dix I). The s ing le c r y s t a l s a r e often s h a p e d in to s p h e r e , cy l i nde r , o r p l a t e . 
F o r p r e p a r i n g the s p h e r i c a l c r y s t a l , b e s i d e s the w e l l - k n o w n Bond t echn ique , 
H e i n t z e l m a n et al . (1962) and B e l s o n (1964) have deve loped unique m e t h o d s . 
The m e l t - a n d - b l o w t e c h n i q u e , if a p p l i c a b l e , can be u s e d to p r e p a r e s p h e r 
i c a l c r y s t a l s e x t e m p o r a n e o u s l y f r o m the p o l y c r y s t a l l i n e s u b s t a n c e . 

*To ta l c r o s s s e c t i o n and c o h e r e n t i n t e n s i t y p e r unit vo lume should not 
be too far d i f fe ren t b e t w e e n the s p e c i m e n and s t a n d a r d s u b s t a n c e s . 
The a b s o r p t i o n c o r r e c t i o n in the m e t h o d of m i x t u r e s would be g r e a t l y 
s i m p l i f i e d by s iev ing out p r o p e r p a r t i c l e s i z e s ( see book by P e i s e r 
et a l . , 1955, pp. 338-340) . 

* * P u l v e r i z e d h i g h - c l e a v a g i n g s u b s t a n c e s a r e not r e c o m m e n d e d . 
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Fig. 10. The Fine-slit Assembly with the Universal Goniometer Head 
Mounted on the ^ - and Height-adjustable Support. The slit box 
and the fission counter are seen at the secondary-collimator exit. 

2 - 2 . G o n i o m e t r i c D e v i c e s 

The full t -wo-c i rc le g o n i o m e t e r in u s e w a s c o n s t r u c t e d by the P i c k e r 
X - r a y C o r p o r a t i o n , and the Da tex e n c o d e r s and S lo -Syn 250 m o t o r s a r e 
a t t a c h e d to the P i c k e r uni t for a u t o m a t i c con t ro l of X and 't' a n g l e s . A r n d t 
and Wi l l i s (1963), M u e l l e r et al . (1963), P e t e r s o n and L e v y (1959) have 
d e s c r i b e d t h e i r f u l l - c i r c l e g o n i o m e t e r s , and A l e x a n d e r and Smi th (1962), 
Sabine (1963), S a n t o r o and Zocch i (1964), and Wi l l i s ( l 960b , 1961) have 
d i s c u s s e d the g e o m e t r i c p r o p e r t i e s and the a l ign ing p r o c e d u r e s . * 

The n o r m a l - b e a m n o n e q u a t o r i a l t e chn ique has been adap ted to the 
n e u t r o n g o n i o m e t r y by M a s c h i n e n F a b r i k A u g s b u r g - N u r e m b u r g ( i960) and 
T a k e i et a l . ( i960) . The e q u i - i n c l i n a t i o n and o t h e r t e c h n i q u e s deve loped 
for X - r a y m e t h o d s have not b e e n u s e d in the n e u t r o n - c o u n t e r d i f f r a c t o m 
e t r y . In c o m p a r i s o n •with the f o u r - c i r c l e d i f f r a c t o m e t r y , t h e s e t e c h n i q u e s 
suffice wi th l e s s e r d e g r e e of a c c u r a c y in the s p e c i m e n a l i g n m e n t and r e 
q u i r e t w o - to t h r e e - a n g l e a u t o m a t i o n i n s t e a d of the f o u r - a n g l e c o n t r o l . 
Ho^vever, the w i d e - o p e n c o l l i m a t i o n v i r t u a l l y e l i m i n a t e s the d i f f e rence in 
the a l i g n m e n t r e q u i r e m e n t s , and the s equen t u s a g e of the con t ro l e l e c t r o n i c s 

*Although it is written for the quarter X-circle goniometer and essentially for the X-ray application, 
Furnas' manual (1956) for the three-circle cone method is very useful in the neutron single-crystal 
study. 



(Chap te r l - l l ) m a k e s the s e c o n d p r o b l e m t r i f l ing . The n o r m a l - b e a m n o n -
e q u a t o r i a l and r e l a t e d t e c h n i q u e s have s o m e s h o r t c o m i n g s in the l a r g e - s c a l e 
i n s t r u m e n t a t i o n and a l s o in the da t a p r o c e s s i n g (Woos t e r , 1963). 

A l a r g e , u n i v e r s a l g o n i o m e t e r h e a d wi th m e s h - t e n s i o n , a d j u s t a b l e 
g e a r t r a i n s w a s c o n s t r u c t e d b a s e d on the following d e s i g n s p e c i f i c a t i o n s : 
c r o s s s l i d e s for ± 0 . 5 - i n . t r a n s l a t i o n ; a z i m u t h inc l ina t ion , ±20° with 0.1° 
v e r n i e r r e a d i n g ; t h e l o - w e r - r o c k e r r e a d i n g c i r c l e , 11.692 in. in d i a m e t e r ; 
the u p p e r - r o c k e r r e a d i n g c i r c l e , 7.942 in. in d i a m e t e r ; the c o m m o n c e n t e r 
of the a z i m u t h r o c k i n g c i r c l e s , 2 .375 in. f r o m the c e n t e r of the top p l a t 
f o r m . Th i s g o n i o m e t e r h e a d h a s b e e n u s e d a s a suppo r t i ng b a s e for a l 
m o s t a l l of the a u x i l i a r y i n s t r u m e n t s , a s -well a s for d i r e c t s p e c i m e n 
m o u n t i n g . 

The g o n i o m e t e r - h e a d uni t i s equ ipped wi th a 271 r2-adjuster wh ich 
i s v e r y use fu l in c r y s t a l a l ign ing , s i n c e the z e r o - a d j u s t i n g of the e n c o d e r 
n e e d s ski l l ful decoup l ing and coupl ing p r o c e d u r e s of the p r e c i s i o n g e a r 
t r a i n s . T h e g o n i o m e t e r uni t i s s u p p o r t e d by the h e i g h t - a d j u s t a b l e p o s t 
which can s e t the top p l a t f o r m of the g o n i o m e t e r down to 7.25 in. f r o m the 
b e a m c e n t e r . When the s p e c i m e n p o s i t i o n d e v i a t e s f r o m the c o m m o n 
c e n t e r of two o r t h o g o n a l r o c k e r s , both a z i m u t h r e a d i n g and c r o s s - s l i d e 
c e n t e r i n g have to be r e c a l i b r a t e d and r e a d j u s t e d . H e n c e , the s p e c i m e n 
p o s i t i o n in t h e D e w a r and the f u r n a c e ( C h a p t e r s 2-9 and 2 -11) , bo th of 
which a r e m o u n t a b l e on the g o n i o m e t e r head , a r e d e s i g n e d to co inc ide with 
the a x i m u t h - c i r c l e c e n t r o i d . N e v e r t h e l e s s , the w i d e - r a n g e he igh t a d j u s t e r 
r e l a x e s the l inni ta t ion in the s i z e of a p o s s i b l e fu tu re i n s t r u m e n t m o u n t a b l e 
on the g o n i o m e t e r head . T h i s g o n i o m e t e r h e a d i s a l s o e m p l o y e d in the 
p r e c i s i o n a l i g n m e n t of the p o w d e r - s p e c i m e n h o l d e r . 

T h e f i n e - s l i t a s s e m b l y i s shown in F ig , 10. A p a i r of b o r a l -
c a d m i u m - a l u m i n u m p l a t e s (ref. C h a p t e r 1-9) i s se t on the " T " - s h a p e d h o l d e r 
in a s l i d i n g - d o o r m a n n e r . The s c a l e s on tAvo m o v a b l e p l a t e s and the one on 
the " T " h o l d e r def ine the s l i t p o s i t i o n and i t s a p e r t u r e wid th , and the a p e r 
t u r e he igh t i s conf ined by p a s t i n g s t r i p s of c a d m i u m p l a t e ove r the p a r t of 
the s l i t open ing . The f i n e - s l i t a s s e m b l y i s u s e d for s tudying the h o m o g e n e i t y 
and d i v e r g e n c y of the m o n o c h r o m a t i c b e a m . It i s a l s o u s e d for m o u n t i n g 
l a m e l l i - p o w d e r o r m e t a l - f o i l s p e c i m e n s in the B r a g g - c a s e g e o m e t r y . 

2 - 3 . T o t a l C r o s s - s e c t i o n E x p e r i m e n t 

T h e t o t a l c r o s s - s e c t i o n m e a s u r e m e n t wi th ou r d i f f r a c t o m e t e r i s 
b a s e d on the t r a n s m i s s i o n - c e l l t e c h n i q u e -which i s i l l u s t r a t e d in F ig . 11. 
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Fig. 11. Typical Transmission-cell Setting in the Slit Box 

T h e t r a n s m i s s i o n ce l l i s m a d e of a l u m i n u m , and h a s a b o b b i n - l i k e 
shape for r e d u c i n g the we igh t and for e a s y hand l ing . The s p e c i m e n i s f i l led 
into the c y l i n d r i c a l t h r o u g h - o p e n i n g , 1 c m in d i a m e t e r and 3.05 c m in 
length . The end windows a r e a p a i r of a l u m i n u m d i s k s , 0.25 m m th ick , 
and the c o v e r c a p s a r e p l a c e d wi th o r wi thout O - r i n g s . An op t iona l a l u 
m i n u m p u s h e r wi th the 0 . 2 5 - m m - t h i c k windov/ i s u s e d for r e d u c i n g the 
b e a m p a t h - l e n g t h of the h i g h - c a p t u r i n g s p e c i m e n ( see F ig . l l ) . The ce l l 
can be e m p l o y e d for both sol id s p e c i m e n s and l iquid s a m p l e s . F o r a s p e c i 
m e n which r e a c t s wi th a l u m i n u m , a t h i n - w a l l e d Teflon tube of 1-cm OD is 
i n s e r t e d into the s p e c i m e n cav i ty , and th in Tef lon d i s k s r e p l a c e the a l u 
m i n u m windows . The to t a l c r o s s s e c t i o n is o b t a i n a b l e wi thou t knowing the 
s p e c i m e n leng th along the b e a m d i r e c t i o n , s ince n - N A W / ( M S ) , w h e r e W 
is the v/eight of the s p e c i m e n and S i s the b a s a l a r e a of the s p e c i m e n 
c y l i n d e r (Appendix I for o the r no t a t i ons ) . 

The t r a n s m i s s i o n ce l l i s p l a c e d onto the V - s h a p e d b r i d g e of the 
ce l l s u p p o r t e r . The b e a m - g u i d i n g p i n h o l e s , 0.15 c m in d i a m e t e r , a r e 
m a d e on the b o r a l - c a d m i u m - a l u m i n u m end p l a t e s of the s u p p o r t e r . The 
o u t e r d i s t a n c e b e t w e e n two p i n h o l e s is 7. 14 c m ; hence the c o r r e s p o n d i n g 
b e a m d i v e r g e n c y is 1°12' of a r c . The ce l l s u p p o r t e r i s m o u n t a b l e e i t h e r 
on the ex i t of the s e c o n d a r y c o l l i m a t o r o r on the e n t r a n c e of the c o u n t e r 



c o l l i m a t o r . U s u a l l y the ce l l s u p p o r t e r i s p l a c e d in the b o r a l - c a d m i u m -
s h i e l d e d s l i t box so a s to r e d u c e the s p u r i o u s effect due to s t r a y e d n e u t r o n s . 

F o r s u p p r e s s i n g the u n w a n t e d n e u t r o n c o n t a m i n a t i o n , the f i l t e r 
t e c h n i q u e ( see Append ix II) m a y be e m p l o y e d and the s e c o n d a r y m o n o 
c h r o m a t o r m a y be i n c o r p o r a t e d in to the t r a n s m i s s i o n e x p e r i m e n t . F o r 
th i s p u r p o s e , a l a id-of f m o n o c h r o m a t o r c r y s t a l is p l a c e d on the l a r g e 
g o n i o m e t e r h e a d a t the f i - t a b l e c e n t e r . The d i v e r g e n c y and a p e r t u r e of 
the b e a m in the t r a n s m i s s i o n e x p e r i m e n t a r e d e t e r m i n e d f rom those of 
the s e c o n d a r y and c o u n t e r c o l l i m a t o r s , t he c o u n t e r - s l i t a p e r t u r e , and the 
d o u b l e - p i n h o l e g e o m e t r y . The so l id ang le sub tended by the B^°F3 c o u n t e r 
at the s p e c i m e n c a n then be m a d e to be 10" to 10"^ of 47T". H e n c e , the " i n -
s c a t t e r i n g effect" (Egels taff , 1958) i s u s u a l l y neg l ig ib ly s m a l l , and t h e 
s m a l l - a n g l e s c a t t e r i n g c o r r e c t i o n , if any , wi l l be found m o s t e f fec t ive ly 
by i n t e r c h a n g i n g the p o s i t i o n of the t r a n s m i s s i o n ce l l b e t w e e n the s e c o n d a r y -
c o l l i m a t o r exi t and the c o u n t e r - c o l l i m a t o r e n t r y . 

A p r a c t i c a l t e c h n i q u e for ob ta in ing the to ta l c r o s s s e c t i o n i s g iven 
a s fo l lows . A s ing ly o r even doubly i n o n o c h r o m a t e d b e a m i s not e n t i r e l y 
f r e e of u n w a n t e d n e u t r o n s . S u b s e q u e n t l y , the t r a n s m i t t e d n e u t r o n i n t e n s i t y 
i s e x p r e s s e d a s 

I = / l o ( E ) e x p [ - n a t ( E ) ] d E , 

w h e r e Io(E) i s the i n c i d e n t b e a m i n t e n s i t y , wh ich m a y be s e p a r a t e d into 
t h r e e t e r m s : the c o m p o n e n t for the p r i n c i p a l m o n o c h r o m a t i c n e u t r o n s , 
lo(Ei); the s e c o n d - o r d e r c o n t a m i n a t i o n , Io(E2); and the r e s i d u a l t e r m , 
Io(<!E>). The e n e r g y s p r e a d of the f i r s t two t e r m s can be n e g l e c t e d u n l e s s 
Ej o r E2 i s n e a r a s h a r p r e s o n a n c e . The Io ( ' \E>) c o m p o n e n t o r i g i n a t e s 
f r o m the i n c o h e r e n t e l a s t i c s c a t t e r i n g and i n e l a s t i c s c a t t e r i n g f r o m the 
m o n o c h r o m a t i n g c r y s t a l , and a l s o f r o m t h e s c a t t e r i n g due to o t h e r c o l l i -
m a t i n g c o m p o n e n t s . The a m o u n t s of lo(Ei) , Io(E2), and Io(<E>) m a y be 
d e t e r m i n e d f r o m the d o u b l e - c r y s t a l o r p a i r - t r a n s m i s s i o n m e t h o d or a 
c o m b i n a t i o n of bo th (Waj ima e t a l . , I960) . Our m e t h o d , b a s e d on i n c o r 
p o r a t i o n of the c a d m i u m p l a t e in t h e s i n g l e - t r a n s m i s s i o n t e c h n i q u e , i s 
c o n s i d e r a b l y s i m p l e r t han o t h e r m e t h o d s . 

T h e t r a n s m i s s i o n equa t ion i s now e x p r e s s e d a s fo l lows: 

I = I o ( E i ) e x p [ - n a t ( E i ) - n c d ( E i ) ] 

+ hi^z) e x p [ - n a t ( E 2 ) - ncd(E2)] 

+ I o « E > ) e x p [ - n a t ( < E » - n c d ( < E » ] , 

w h e r e CCQ^ i s the t o t a l c r o s s s e c t i o n of c a d m i u m . F i r s t l y , the e m p t y 
t r a n s m i s s i o n ce l l , i . e . n = 0, i s p l a c e d in the b e a m , and the n e u t r o n coun t s 
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v s . v a r y i n g t h i c k n e s s of c a d m i u m a r e r e c o r d e d (UQ^J = 0.4632 x 10 t cm~^). 
S ince aQ^(E i ) and aQ^(E2) a r e far l a r g e r than OQi\<iEy), a^(Ei), or a.(E2), 
t he f i r s t two t e r m s in the above e q u a t i o n a r e n e g l e c t e d for t h i c k c a d m i u m 
f i l t e r s wi th which Io(<E>) and O^A^Ey) a r e d e t e r m i n e d . As shown in 
F i g . 12, a s t r a i g h t l ine ob ta ined wi th l a r g e c a d m i u m t h i c k n e s s e s s u p p o r t s 
ou r a s s u m p t i o n tha t a s ing le a Q j ( < E > ) va lue is suff ic ient to ob ta in a r e p r e 
s e n t a t i o n of the r e s i d u a l t e r m . With the a id of aQ^(Ei) and OQ^{E,2) ( see 
r e v i e w a r t i c l e of Hughes and S c h w a r t z , 1958), I O ( E I ) and 1O(E2) a r e s u b s e 
quen t ly ob t a ined f r o m a s i m p l e c u r v e - f i t t i n g m e t h o d . 

Fig. 12 
Experimental Results for Total Cross 
Section obtained with Cu(lll) Mono
chromatic Neutrons (,k~ 1.0683 A) 
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The t r a n s m i s s i o n da t a ob ta ined with the s a m p l e a r e s i m i l a r l y a n a 
lyzed; e x a m p l e s a r e shown in F i g . 12, w h e r e we have I O ( E I ) = 7.47 x 10 ; 
I O ( E 2 ) = 72; Io(<E>) = 533 in r e l a t i v e count un i t s and a Q ^ ( < E > ) = 10.8 b . 
T h e r e s u l t a n t c r o s s s e c t i o n s of AlCr2 and ThC2 i n d i c a t e d in F i g . 12 a r e in 
e x c e l l e n t a g r e e m e n t wi th the v a l u e s c a l c u l a t e d by m e a n s of the a t o m i c 
c r o s s s e c t i o n s . 

2 - 4 . D e s i g n of Di f f rac t ion E l e c t r o m a g n e t 

The g e n e r a l p r i n c i p l e s and the p r a c t i c a l p r o c e d u r e s in the d e s i g n 
of the h igh - f i e ld e l e c t r o m a g n e t have b e e n v e r y t h o r o u g h l y d i s c u s s e d by 
I s h i k a w a and C h i k a z u m i (1962), a l though t h e i r f o r m u l a t i o n s a r e not d i r e c t l y 
a p p l i c a b l e to our c a s e . A good r e v i e w h a s b e e n g iven by E. Mendza in the 
book by H o a r e et a l . (1961, pp. 173- 180). An e l e c t r o m a g n e t to be u sed for 
d i f f rac t ion s t u d i e s h a s to a d m i t the inc iden t and s c a t t e r e d b e a m s in a l a r g e 
r a n g e of a n g l e s , which i n t r o d u c e s add i t i ona l p r o b l e m s in the d e s i g n and 
f a b r i c a t i o n . Since the s p i n - c o u p l i n g i n t e r a c t i o n in the m a g n e t i c s u b s t a n c e 
i s s t r o n g l y t e m p e r a t u r e dependen t , t he m a g n e t should a l s o be ab le to 
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a c c o m m o d a t e the D e w a r and the f u r n a c e . M o r e o v e r , t h e r e ex i s t obvious 
r e s t r i c t i o n s in the d i m e n s i o n s and weight of the m a g n e t on the d i f f rac t ion 
t u r n t a b l e . 

The s u p e r c o n d u c t o r m a g n e t has po t en t i a l u s a g e in the d i f f r ac 
t o m e t r y , for a t t a in ing v e r y high m a g n e t i c field ( see book of Ko lm et a l . , 
1962), but it i s not s u i t a b l e for u s e in a h i g h - t e m p e r a t u r e e x p e r i m e n t . 

Di f f rac t ion m a g n e t s have been c o n s t r u c t e d by v a r i o u s n e u t r o n 
g r o u p s , but no d e s i g n d e t a i l s have a p p e a r e d in the l i t e r a t u r e . Our e l e c t r o 
m a g n e t , d e s i g n e d and c o n s t r u c t e d in c o o p e r a t i o n with S p e c t r o m a g n e t In
d u s t r i e s , Ca l i f o rn i a , is d e p i c t e d in F i g . 13. 

(SIDE VIEW) (TOP VIEW) 

BEAM 

ELECTRICAL 
TERMINALS 

120-8155 

Fig. 13. Construction of the Diffraction Electromagnet. On the left-hand 
side, the cross section parallel to the yz-plane is shown, and on 
the right-hand side, the xz schematic is given. Pole pieces with 
1.4-in.-gap are employed. The short horizontal bars in the coil 
conductors indicate the electrical connections between adjacent 
subcoils. The inlet-outlet water channels for cooling individual 
subcoils have been omitted. 

I n t h e e a r l i e s t s t a g e of t h e d i f f r a c t o m e t e r d e s i g n , a m a x i m u m m a g 

n e t i c f i e l d o f a b o u t 2 0 k G a u s s * w a s a s s u m e d f o r t h e p r o p o s e d m a g n e t . T h e 

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

* Practically all of ferromagnetic substances (except, e.g., iron and Fe-Co alloys) possess saturation 
magnetization values less than about 20 kOe. Likewise, in general, in ferromagnetic and antiferro-
magnet substances, completion of domain growth or boundary displacements takes place at an ex
ternal magnetic field of below 20 kOe. This is followed by the magnetization-orientation of the 
magnetic spins, for which the saturation field however frequently exceeds 20 kOe. 



the a i r - g a p d i s t a n c e for a g iven m a g n e t i c f ield. A l i m i t e d s u r v e y of 
2 0 - k G a u s s i n a g n e t s r e v e a l e d t h i s p r o p o r t i o n a l i t y c o n s t a n t to be about 2 x 10 . 
The weight of the m a g n e t is about 45 to 65% of the weight for the whole v o l 
u m e of the m a g n e t be ing occup ied by the yoke m a t e r i a l . T h e s e a p p r o x i m a t e 
r u l e s w e r e c o n s i d e r e d in the p r e l i m i n a r y d e s i g n of the d i f f r a c t o m e t e r . 

F u r t h e r p r e r e q u i s i t e s w e r e l a t e r spec i f ied o r d e t e r m i n e d a s fol lows: 

( A ) The s t r a i g h t d o u b l e - y o k e type was c h o s e n to a t t a i n suff ic ient 
m e c h a n i c a l s t r e n g t h * and for a s i m p l e adap t ion of the m a g n e t o r i e n t e r d e 
s c r i b e d in C h a p t e r 2 - 6 . 

( B ) The a i r g a p h a s to be 3 to 4 c m , o r w i d e r , in o r d e r to p e r m i t 
i n s e r t i o n of the t h e r m a l e n v e l o p e s for the s p e c i m e n . 

(C) The a i r - g a p v a r i a t i o n i s a t t a i n e d by m e a n s of i n t e r c h a n g i n g pole 
p i e c e s , b e c a u s e of s i m p l i c i t y in the f a b r i c a t i o n of the m a g n e t o r i e n t e r . 

( D ) The m a x i m u m s c a t t e r i n g ang le (20) a d m i s s i b l e t h r o u g h the m a g 
ne t w a s s e l e c t e d to be b e t w e e n 60 and 70°. Al though the m a g n e t i c - s c a t t e r i n g 
i n t ens i t y d e c r e a s e s r a p i d l y wi th i n c r e a s i n g s c a t t e r i n g ang le , it i s obvious 
tha t the w i d e r a d m i s s i b l e ang le i s by a l l m e a n s b e t t e r , for i n s t a n c e , in the 
F o u r i e r t r a n s f o r m of the m a g n e t i c da ta for e l i m i n a t i n g the s e r i e s - o f -
t e r m i n a t i o n effect . H o w e v e r , the m a g n e t i c - f l u x l e a k a g e t e n d s to i n c r e a s e 
c o n s i d e r a b l y in the m a g n e t - p o l e conf igu ra t ion , a l lowing s c a t t e r i n g a n g l e s 
l a r g e r than about 70°. 

( E ) At the m a x i m u m m a g n e t i c flux, the field h o m o g e n e i t y should be 
l e s s than ±0.5% wi th in the s p e c i m e n v o l u m e , for which the l a r g e s t d i m e n 
s ions w e r e s e l e c t e d a s fol lows: 1 c m x 4.5 c m ( h o r i z o n t a l x v e r t i c a l ) in the 
c r o s s - s e c t i o n a l a r e a n o r m a l to the field d i r e c t i o n ; 1 c m along the t h i r d ax i s 
(o r thogona l c o o r d i n a t e s ) . The above d i m e n s i o n s a r e i m p l i e d by the s i z e of 
the powder h o l d e r s ; the c o r r e s p o n d i n g field h o m o g e n e i t y b e c o m e s m u c h 
h i g h e r for the s m a l l e r v o l u m e of a s i n g l e - c r y s t a l s p e c i m e n . B e c a u s e the 
spec i f i c a t i on ( D ) i n t e r f e r e s s e v e r e l y with the p o l e - p i e c e des ign , the f ie ld-
h o m o g e n e i t y r e q u i r e m e n t h e r e is s e t c o n s i d e r a b l y lower than for nondif-
f r a c t i o n m a g n e t s (±0.1% or b e t t e r ) . 

The d e t a i l s of the c a l c u l a t i o n s and the i m p r o v e d p o l e - p i e c e d e s i g n s 
wi l l be pub l i shed e l s e w h e r e . The r e s u l t a n t d e s i g n c h a r a c t e r i s t i c s a r e d e 
s c r i b e d be low. T h e d i m e n s i o n s of the yoke w e r e d e t e r m i n e d not only f r o m 
the m a g n e t i c - s a t u r a t i o n r e q u i r e m e n t s , but a l s o f r o m n o n - s t e r i c - h i n d r a n c e 
cond i t ions b e t w e e n the m a g n e t with i t s o r i e n t e r and the d i f f r a c t o m e t e r 

* The magnetostatic force in kg/cm^ between the pole pieces is 0.04 B2, where B is the air-gap flux 
density in kGauss. For 20 kGauss, this attracting force is 16 kg/cm^ or 228 lb/in.2 and the integrated 
force is equivalent to about 1500 lb for our 1.4-in. gap pole pieces. 



c o m p o n e n t s in the s cann ing m o d e . The o u t e r d i m e n s i o n s of the yoke (forged 
A r m c o - i n g o t i r o n ) a r e 25.238 in. a long the field d i r e c t i o n in the a i r gap, 
18.011 in. h igh and 14.012 in. w i d e . * The t h i c k n e s s of the yoke is 2.206 in. 
t h roughou t ; h e n c e , the f l u x - p r o p a g a t i o n c r o s s s e c t i o n of the yoke i s 2 x 
30.91 in. (399 cm^), which i s s m a l l e r t han the c r o s s sec t ion of the pole 
b a s e . T h i s conf l i c t s with the g e n e r a l p r i n c i p l e that the yoke c r o s s s ec t i on 
should be about 1.2 to 1.4 t i m e s the p o l e - b a s e a r e a , for sufficing the s a t u r a 
t ion s e q u e n c e , p o l e - p i e c e face -*• po le p i e c e -* pole -^ yoke , or for s i m u l t a 
neous s a t u r a t i o n of t h e s e c o m p o n e n t s . H o w e v e r , our m a x i m u m field can 
be a t t a i n e d wi thou t s a t u r a t i n g the p o l e - b a s e a r e a , and f u r t h e r va l ida t ion of 
our yoke c r o s s s e c t i o n i s g iven be low. 

The shape of the pole is of c i r c u l a r s t a i r s so a s to a p p r o x i m a t e the 
l o g a r i t h m i c cond i t ion for the l e a s t flux l e a k a g e and to have a co inpac t co i l 
winding wi th in our yoke e n v i r o n m e n t . The d i m e n s i o n s of the pole a r e , f r om 
the pole b a s e to the top of the c i r c u l a r s t a i r s : 10 in. in d i a m e t e r and 1.75 in. 
in r i s e r he ight ; 8.75 in. in d i a m e t e r and 1.75-in. r i s e r ; 7.5 in. and 1.75 in.; 
7 in . and 1.186 in. The t o t a l l eng th of the pole i s 6.436 in. The o p t i m u m 
d ianae te r of the pole b a s e m a y be ob ta ined f rom the following a p p r o x i m a t i o n : 

m a x i m u m m a g n e t i c field (kOe) - 28 l o g [ ( d i a m e t e r of po le b a s e ) / 
(a i r gap d i s t a n c e ) ] . 

F o r 20 kOe and a 1.4-in. a i r gap , we obta in 7.2 in. , the d i a m e t e r of the pole 
b a s e , which m a y be c o m p a r e d with our d i a m e t e r of 10 in. for the n o n -
s a t u r a t i o n cond i t ion . The c r o s s - s e c t i o n a l a r e a of the 7 .2- in . b a s e is 
263 cm^, which i s c o n s i d e r a b l y s m a l l e r t han the yoke c r o s s sec t ion . When 
the c i r c u l a r s t a i r is a p p r o x i m a t e d by the f r u s t u m of a r igh t cone, the v e r t i c a l 
h a l f - a n g l e of the cone i s about 19.7°, which i s an i m p o r t a n t va lue r e q u i r e d 
for obta in ing the m a x i m u m field with the l e a s t f r inge flux. The pole m a t e r i a l 
is a l s o of A r m c o - i n g o t i r o n f o r g i n g s . 

The pole p i ece i s the f r u s t u m of a r i g h t cone whose n e a r - t i p a r e a 
h a s b e e n shaved off in o r d e r to a d m i t the inc iden t and s c a t t e r e d n e u t r o n s . 
The d i a m e t e r of the b a s e of the pole p i ece i s 6.898 in. , and the v e r t i c a l half-
angle of the cone i s 19.65°. The he ight of the cone f r u s t u m is 4 in. m i n u s 
one -ha l f of the a i r - g a p d i s t a n c e . The p ro f i l e of the xz c r o s s s e c t i o n * * is 
r e p r e s e n t e d by the a x i a l c r o s s s e c t i o n of a p i le of two cone f r u s t u m s with 
the following d i m e n s i o n s : v e r t i c a l h a l f - a n g l e s of 19-65° and 57.8°, and 
f r u s t u m h e i g h t s of 2.02 in. and 1.98 in. m i n u s one -ha l f of the a i r - g a p , for 
the b a s e and top cone f r u s t u m s , r e s p e c t i v e l y ; the d i a m e t e r of the b a s e of the 
top cone f r u s t u m is 5.454 in. T h e s e d i m e n s i o n s a r e des igned to a l low s c a t 
t e r i n g a n g l e s (2 0) up to 64.4°, for which the n e u t r o n b e a m width is t a k e n a s 
0.423 in. (1.07 c m ) . 

*Conventionally, these are often taken as follows: the width of the yoke equals the diameter of the 
pole base; the yoke thickness equals half of the yoke width. 

**The z-axis is parallel to the pole axis, and the y-axis is parallel to the straight-cut direction of the 
pole piece. The x-axis is then chosen in the orthogonal system with the origin at the center of the 
air gap. 



The a i r - g a p v a r i a t i o n i s a t t a i n e d by cut t ing off the gap s e c t i o n of the 
pole p i ece of the s a m e d i m e n s i o n s . Subsequen t ly , the p o l e - p i e c e face a p 
p r o a c h e s the c i r c u l a r f o r m a s the gap d i s t a n c e i n c r e a s e s . A l s o , the effect 
of the top cone f r u s t u m on the gap field b e c o m e s s m a l l e r for l a r g e r a i r g a p s . 
The d i m e n s i o n s of the b a s e cone f r u s t u m a r e unchanged by the gap v a r i a t i o n . 
F o u r p a i r s of the pole p i e c e s for a i r gaps of 1.4, 1.5, 2, and 3 in. have been 
p r e p a r e d . The 1.4-in. a i r gap h a s b e e n u s e d for m o s t of the n e u t r o n e x p e r i 
m e n t s . T h e s h a p e of the p o l e - p i e c e face i s confined by two a r c s s ignif ied 
by the top c r o s s s e c t i o n of the b a s e cone f r u s t u m and two c h o r d s p a r a l l e l to 
the y d i r e c t i o n . The r a d i i of the a r c s , the l eng ths of the c h o r d s , and the d i s 
t a n c e s b e t w e e n two c h o r d s (the x - w i d t h s of the p o l e - p i e c e f aces ) a r e , r e s p e c 
t ive ly : 2.27, 4 . 3 1 , and 1.44 in. for the 1.4-in. gap; 2.29, 4 .29 , and 1.59 in. for 
the 1.5-in. gap; 2.38, 4 .13 , and 2.37 in. for the 2 - in . gap; 2.56, 3.30, and 
3.92 in. for the 3 - in . gap . The p o l e - f a c e a r e a s a r e 4 1 . 3 , 46 .0 , 69-5, and 
115.3 cm^ for the 1.4-, 1.5-, 2 - , and 3- in . a i r g a p s , r e s p e c t i v e l y . The cone 
a n g l e s of the p o l e s and the p o l e - p i e c e d i m e n s i o n s for the s m a l l e r a i r gaps 
( l . 4 and 1.5 in . ) a r e a p p r o x i m a t e l y equa l to the o p t i m a o r m a x i m a ob ta ined 
f r o m the field c a l c u l a t i o n s . H o w e v e r , the p o l e - p i e c e d i m e n s i o n s for l a r g e r 
a i r gaps d e v i a t e d s l igh t ly f r o m the v a l u e s r e c o m m e n d e d by the c a l c u l a t i o n s . 
The p o l e - p i e c e m a t e r i a l i s a l s o forged A r m c o i r o n with a s a t u r a t i o n va lue 
of about 21.6 kOe. An obvious i m p r o v e m e n t f rom u s e of Fe2Co (34.5 w / o Co) 
having the s a t u r a t i o n v a l u e of 24.2 kOe h a s not b e e n c a r r i e d out. S e v e r a l 
a t t e m p t s with Fe2Co R o s e s h i m s for obta in ing h i g h e r field h o m o g e n e i t y w e r e 
not frui tful with our pole con f igu ra t ion . 

The c o i l s should be d e s i g n e d so tha t they p r o d u c e the l a r g e s t p o s s i b l e 
field in the a i r gap . H o w e v e r , s t e r i c f a c t o r s a s s o c i a t e d with the n e u t r o n 
b e a m and the yoke i n t e r f e r e . As a r e s u l t , the shape of the c o i l s is a l s o one 
of c i r c u l a r s t a i r s , and the d i f f e r e n t i a l a m p e r e - t u r n v a r i e s a long the pole 
a x i s . The co i l con tour a l l ows a n e u t r o n - s c a t t e r i n g ang le up to 20 - 74.4°. 
The co i l s a r e wound with h o l l o w - c o r e coppe r conduc to r which i s w a t e r -
coo led i n t e r n a l l y . The hol low c o p p e r - w o u n d co i l s lend t h e m s e l v e s to effi
c i en t cool ing and exhib i t a c o m p a c t n e s s of the co i l pack ing . The conduc to r 
i s i n s u l a t e d by M y l a r t ape , and is i m b e d d e d in an epoxy r e s i n to i n c r e a s e 
the d i e l e c t r i c and m e c h a n i c a l p r o p e r t i e s of the c o i l s . The n u m b e r s of the 
winding a r e : e ight s e v e n - t u r n s a r o u n d the f i r s t r i s e r of the pole ; e ight t e n -
t u r n s for the second r i s e r ; the t u r n s e q u e n c e , 1 3 - 1 2 - 1 2 - 1 2 - 1 2 - 9 - 9 - 7 t o w a r d 
the a i r gap for the t h i r d r i s e r ; 8 - 6 - 6 - 4 for the top r i s e r . The t o t a l winding 
p e r co i l is 246 t u r n s . It should be noted tha t the co i l s a r o u n d the t h i r d r i s e r 
of the pole p r o d u c e s the l a r g e s t m a g n e t o m o t i v e f o r c e , and the a m p e r e - t u r n 
d i s t r i b u t i o n along the pole a x i s does not dev ia t e too m u c h f r o m the o p t i m a 
f r o m the field c a l c u l a t i o n s . 

The m a x i m u m c u r r e n t is 200 A m p at 100-DC-V input . H e n c e , the 
m a x i m u m a m p e r e - t u r n is 9-8 x 10 and the m a x i m u m power c o n s u m p t i o n i s 
20 kW. The t o t a l co i l r e s i s t a n c e i s 0.488 Q, and the t e m p e r a t u r e r i s e i s 25°C* 
for the w a t e r - c o o l i n g r a t e of 6 gpm at a w a t e r p r e s s u r e of 60 p s i . 

*In the cryogenic and high-temperature experiments, the input water is cooled below 10°C to reduce the 
ambient heat radiation (see Chapters 2-7 and 2-11). 



Each coil unit is ver t ica l ly divided into 14 subcoils, and each subcoil 
is composed of two ver t ica l ly wound uni t -coi ls . Each subcoil possesses a 
pair of inlet-outlet water leads which a r e connected to the mas t e r water 
pipe. This insures equal distr ibution of p r e s s u r e and tempera ture of the 
cooling water throughout the coils. The DC power supply is a standard 
si l icone-diode rectifying unit with maximum output of 25 kW. The diodes 
a re also cooled by water flowing at a ra te of 4 gpm under a p r e s s u r e of 
60 psi. The water-cool ing sys tem with the safety devices is shown in 
F igs . 14 and 15. Here , distil led water in the re f r igera tory cycle is used in 
lieu of city water , for flexible and stable controls of the heat-exchange ra t e s 
and for assur ing the water purity. Copper-constantan thermocouples a re 
embedded into each coil unit, and ext ra thermocouple connections a re p ro 
vided (see Fig. 13) for measur ing the pole-piece t empera tu re in the high-
t empera tu re exper iment (Chapter 2 - l l ) . The total weight of our magnet is 
only about 900 lb which is just about half the weight of the conventional 
20-kOe magnet. Our magnet, in part , r e sembles the P a r i s and Uppsala 
magnets (Hoare et al. 1961, p. 179, and the references therein). 

120-8563 120-6556 
Fig. 14. Block Diagram of the Cooling Fig. 15. The Magnet-cooling System and the Auxiliary 

System and the Safety Devices Safety Devices (below the Reactor Floor) 
for the Diffraction Electromagnet 
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2-5. M a g n e t E x p e r i m e n t a l Data 

As s t a t e d in the p r e c e d i n g c h a p t e r , s i m p l e equa t ions of the f i r s t 
d e g r e e c o r r e l a t e the gap d i s t a n c e and the d i m e n s i o n s of the top cone 
f r u s t u m of the po le p i e c e s . H o w e v e r , t h e s e c o r r e l a t i o n s a r e m u l t i n o m i a l . 
M o r e o v e r , the p o l e - p i e c e face is not c i r c u l a r but is c l o s e l y a p p r o x i m a t e d 
by a r e c t a n g l e . T h e s e f a c t o r s add m o r e c o m p l e x i t y to i n t e r r e l a t i o n s a m o n g 
the gap d i s t a n c e , the fulx d e n s i t y , and the f ie ld h o m o g e n e i t y . 

A p a r t of the m a g n e t i c - f i e l d m e a s u r e m e n t s wi th the d i f f rac t ion 
m a g n e t was c a r r i e d out by a g r o u p a t the S p e c t r o m a g n e t i c I n d u s t r i e s . The 
m a g n e t i c flux d e n s i t i e s a t the c e n t e r of the a i r gaps of 1.4, 1.5, 2, and 3 in. 
w e r e m e a s u r e d for v a r y i n g e n e r g i z i n g c u r r e n t ( s ee F i g . 16). In F i g . 17, 
the flux d e n s i t i e s a r e r e p l o t t e d a s a funct ion of the a i r - g a p d i s t a n c e for 
s e l e c t e d c o i l - c u r r e n t v a l u e s . Spec i a l a t t en t i on should be pa id to the l o g -
log r e c t i l i n e a r r e l a t i o n b e t w e e n the flux d e n s i t y and the gap d i s t a n c e in 
F i g . 17, s i n c e s ing le o r double r i g h t - c o n e pole uni t s u g g e s t s a s e m i - l o g 
r e c t i l i n e a r r e l a t i o n wi th the gap d i s t a n c e in the log s c a l e . By e x t r a p o l a t i o n , 
r e s u l t s for gap d i s t a n c e s of 1.0, 1.2, 4 , and 6 in. w e r e ob ta ined . The da ta 
a r e a l s o shown in F i g . 16. The s e e m i n g l y a d v e n t u r o u s e x t r a p o l a t i o n was 
v a l i d a t e d f r o m field c a l c u l a t i o n s . The flux d e n s i t i e s a t the gap c e n t e r for 
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Fig. 16. The Magnetic Flux Density at the Center of 
the Gap as a Function ofthe Energizing Cur
rent. The data for the 1.0-, 1.2-, 4- , and 
6-in. gaps were extrapolated from the ex
perimental values for 1.4-, 1.5-, 2 - , and 
3-in. gaps. 
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Fig. 17. The Magnetic Flux Density as a Function of 
the Air-gap Distance andEnergizing Current. 
The crosses represent experimental values. 
Note intersections among the lines for 200, 
150, and 100 Amp. 
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a m a x i m u m c u r r e n t of 200 Amp a r e 2 3 . 1 , 20.2 , 18.15, 17.45, 14.10, 10.50, 
8.6, and 6.5 k G a u s s for 1.0-, 1.2-, 1.4-, 1.5-, 2 - , 3 - , 4 - , and 6- in . g a p s , 
r e s p e c t i v e l y . 

In F i g . 17, t h e r e m a y be noted i n t e r s e c t i o n s among the s t r a i g h t l i n e s 
for h i g h e r e n e r g i z i n g c u r r e n t s . This i m p l i e s that at v e r y s m a l l gaps the 
l o w e r c u r r e n t could p r o d u c e a h i g h e r m a g n e t i c f ield. In fact , for the gaps 
s m a l l e r than about 0.8 in. , the f l u x - d e n s i t y dependency on the c u r r e n t is no 
l o n g e r a m o n o t o n i c a l l y i n c r e a s i n g funct ion, but p o s s e s s e s a m a x i m u m at 
s o m e c u r r e n t be low 200 A m p . This p e c u l i a r s i t ua t ion a r i s e s b e c a u s e of 
i n c r e a s i n g f r inge flux and l o c a l s a t u r a t i o n in the pole p i e c e s . The d i s c u s 
s ion on the f ie ld h o m o g e n e i t y wi l l f u r t h e r s u b s t a n t i a t e t h i s . 

Our i n t e r e s t in the s m a l l gaps l i e s in fu ture e x p e r i m e n t s for 
m a g n e t i z a t i o n - o r i e n t a t i o n of the m a g n e t i c sp ins of the a n t i f e r r o m a g n e t i c 
and f e r r i m a g n e t i c s u b s t a n c e s and for r e l a t e d h igh- f i e ld s tud i e s a t o r n e a r 
r o o m t e m p e r a t u r e . E x t e r n a l f ie lds exceed ing 30 kOe can be ob ta ined wi th 
1 .7-cm gaps o r s m a l l e r , the r a p i d l y d e c r e a s i n g f ield homogene i ty a t t h e s e 
h i g h e r f ie lds can be o v e r c o m e by s l igh t i m p r o v e m e n t of our p o l e - p i e c e 
des ign . The f ie ld h o m o g e n e i t y is d i s c u s s e d below. 

The p e r c e n t a g e f l u x - d e n s i t y d i s t r i b u t i o n s in the midp l ane n o r m a l to the 
pole ax i s a r e shown in F i g s . 18 and 19, for the x and y d i r e c t i o n s , r e s p e c t i v e l y . 
The 200-Amp c a s e s a r e c i t ed h e r e . L e t the quan t i ty A ( B / B ( , ) r e p r e s e n t the 
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Fig. 18. The Magnetic-field Homogeneity Curves. Fig. 19. The Magnetic-field Homogeneity Curves. 
Bj,: the magnetic flux density at the cen
ter of the air gap. rĵ : the radial-vector 
component normal to the pole axis and 
parallel to the chords of the arcs confin
ing the pole-piece face. 

ty: the radial-vector component to the 
pole axis and parallel to the long edges 
of the pole-piece face. 
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f ie ld h o m o g e n e i t y , w h e r e A ( B / B C ) in % = 100 - ( B / B c ) ( i n %) ; B , the flux 
d e n s i t y a t the g iven po in t ; B^,, the c e n t r a l flux d e n s i t y . The following e x p e r 
i m e n t a l v a l u e s for A ( B / B ^ ) in % at r ^ = 0.5 c m , r y = 2.25 c m , c o r r e s p o n d 
to the l a r g e s t - s p e c i m e n c r o s s s e c t i o n 1 c m x 4.5 c m ; 0.52% a t r x = 0.5 c m 
and 1.64% at r y = 2.25 c m for the 1.4-in. gap ; 0.37 and 1.05% for the 1.5-in. 
g a p ; 0.08 and 0 .91% for the 2 - i n . g a p ; 0.04 and 0.77% for the 3 - in . gap . The 
x - d i r e c t i o n h o m o g e n e i t y s a t i s f i e s our o r i g i n a l in ten t ion , but a long the y -
d i r e c t i o n it is l o w e r than in tended . H o w e v e r , the s p e c i m e n c r o s s s ec t i on 
r e f e r r e d to above is for a powder s a m p l e , for wh ich the a c c u r a c y of n e u 
t r o n d e t e c t i o n is s e l d o m h i g h e r than the m a g n e t i c - f i e l d h o m o g e n e i t i e s 
c i t ed above . F o r m o s t s i n g l e - c r y s t a l s t u d i e s , the s p e c i m e n c r o s s s e c t i o n 
can be m a d e l e s s than 1 c m x 2 c m . The v a l u e s of A ( B / A B ) a t r y = 1 c m 
a r e : 0.44% for the 1.4-in. g a p ; 0.16% for the 1.5-in. g a p ; 0.14% for the 
2- in . gap ; 0.08% for the 3- in . gap . Consequen t ly , h ighly h o m o g e n e o u s m a g 
ne t i c f ie lds wi th the spec i f i ed flux d e n s i t i e s a r e a v a i l a b l e for s i n g l e - c r y s t a l 
s p e c i m e n s . 
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Fig. 20. 

4 5 6 7 
MAGNET POLE GAP (cm) 

The Curves Representing the Field-
homogeneity Dependency on the 
Air-gap Distance. 

T h e f l u x - d e n s i t y d i s t r i b u t i o n 
in t h e g a p i s f u r t h e r a n a l y z e d i n 
F i g . 2 0 , w h e r e a g e n e r a l t e n d e n c y 
of i n c r e a s i n g f i e l d h o m o g e n e i t y f o r 
t h e l a r g e r g a p i s e v i d e n t a l o n g t h e 
x - d i r e c t i o n . H o w e v e r , a l o n g t h e y -
a x i s d i r e c t i o n , w h e n t h e g a p b e 
c o m e s s m a l l e r t h a n a b o u t 3 .75 c m 

(1 .48 i n . ) , t h e f i e l d h o m o g e n e i t y d e 
c r e a s e s v e r y r a p i d l y . T h i s i s d u e 
to a g g r a v a t i n g f l u x l e a k a g e a n d to a n 
i n c r e a s i n g n e g a t i v e c o n t r i b u t i o n of 
t h e p o l e - p i e c e m a g n e t i z a t i o n to t h e 
g a p f i e l d . M a x i m a in t h e f i e l d -
c u r r e n t c u r v e s ( s e e F i g . 16) f o r 
v e r y s m a l l g a p s a r e b a s e d o n t h e 
s a m e p h e n o m e n a a s d e s c r i b e d b e 
f o r e . F o r s a t i s f y i n g o u r f i e l d r e 
q u i r e m e n t s , t h e g a p s h o u l d b e 
l a r g e r t h a n 1.4 i n . , o r a s m a l l e r 
s p e c i m e n v o l u m e s h o u l d b e c h o s e n 
f o r t h e g a p s l e s s t h a n a b o u t 1.4 in . 
T h e y - d i r e c t i o n h o m o g e n e i t y d e 
c r e a s e s s l o w l y f o r t h e g a p s l a r g e r 
t h a n a b o u t 5 c m (2 i n . ) . F u r t h e r 

i n t e r p r e t a t i o n of t h e s e i n t e r e s t i n g 
r e s u l t s i s i n p r o g r e s s . 
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2 - 6 . M a g n e t O r i e n t e r 

O r d e r e d or p a r t i a l l y o r d e r e d e l e c t r o n i c - s p i n a l i g n m e n t s in m a g n e t i c 
s u b s t a n c e s a r e f r e q u e n t l y m u l t i f o l d a s r e g a r d s m a g n i t u d e and d i r e c t i o n of 
the m a g n e t i c m o m e n t . The v a r i e t y and c o m p l e x i t y of the sp in s t r u c t u r e a r e 
exh ib i t ed by the o c c u r r e n c e of a n i t f e r r o m a g n e t i c , f e r r i m a g n e t i c , and r e l a t e d , 
ye t n o n c l a s s i f i a b l e , c h a r a c t e r i s t i c s ( s e e , e .g . , the r e v i e w a r t i c l e by Nathans 
and P i c k a r t , 1963). Some e x a m p l e s a r e : o r d e r - d i s o r d e r and m u l t i - t w i n -
d o m a i n d i s t r i b u t i o n s ; m u l t i s p i n - a x i s s t r u c t u r e in a s ing le d o m a i n , s u c h a s 
the s p i r a l and r e l a t e d sp in c o n f i g u r a t i o n s ; d i f fe ren t m o m e n t - v e c t o r a s s i g n 
m e n t s a t o t h e r w i s e e q u i v a l e n t l a t t i c e s i t e s ; en t ang led i n t e r c o r r e l a t i o n s 
a m o n g a v a r i e t y of the m a g n e t i c a t o m s in a compound ; c o e x i s t e n c e of l o c a l 
i zed and d e l o c a l i z e d m o m e n t s . It is obvious that a h i g h e r f r e e d o m in the 
s e l e c t i o n of the m a g n i t u d e and d i r e c t i o n of the e x t e r n a l m a g n e t i c f ie ld wi l l 
be conduc ive to l e s s e r d e g e n e r a c y of the sp in con f igu ra t i on and to m o r e 
frui t ful r e s u l t s in s t u d i e s of a n i s o t r o p y and m a g n e t o s t r i c t i o n . 

The s i m p l e s t t e chn ique for v a r y i n g the e x t e r n a l f ie ld d i r e c t i o n is a 
d i r e c t m o u n t i n g of the m a g n e t on the fi-table. In such a c a s e the m a g n e t 
iz ing v e c t o r is p a r a l l e l to the r e f l e c t i o n p lane o r , m o r e spec i f i c a l l y , p a r a l 
l e l to the s c a t t e r i n g v e c t o r in the n o r m a l - b e a m e q u a t o r i a l m o d e . If the 
d i m e n s i o n s p e r m i t , the m a g n e t m a y be m o u n t e d v e r t i c a l l y so tha t the 
f ie ld d i r e c t i o n is p e r p e n d i c u l a r to the r e f l ec t ion p l a n e . Howeve r , a s s t a t e d 
in the i n t r o d u c t o r y r e m a r k s , the f ie ld d i r e c t i o n should be m o r e v a r i a b l e in 
o r d e r to e l u c i d a t e the c o m p l e x sp in s t r u c t u r e s wi th h i g h e r d e g r e e of a c 
c u r a c y . 

On the o t h e r hand, the g o n i o m e t r i c o r i e n t a t i o n of the s p e c i m e n wi th in 
the n a r r o w pole gap is s e v e r e l y r e s t r i c t e d b e c a u s e of confront ing s t e r i c 
h i n d r a n c e . Higher o r i e n t a t i o n a l f r e e d o m of the m a g n e t wi l l c e r t a i n l y r e l i e v e 
the s t e r i c l i m i t a t i o n i m p o s i n g on the s p e c i m e n - g o n i o m e t e r de s ign . A m a g 
net o r i e n t e r to m e e t wi th t h e s e r e q u i r e m e n t s has been c o n s t r u c t e d , and i ts 
d e s i g n f e a t u r e s a r e d e s c r i b e d be low. 

A s c h e m a t i c d r a w i n g of the o r i e n t e r is g iven in F i g . 2 1 . P h o t o 
g r a p h i c i l l u s t r a t i o n s a r e shown in F i g s . 22 to 25. Also shown in t h e s e 
f i g u r e s is the a n g u l a r c r y o - g o n i o m e t e r a s s e m b l y which wi l l be d e l i n e 
a t e d in the s u c c e e d i n g c h a p t e r s . 

We take the a i r - g a p c e n t e r a s the g o n i o m e t r i c o r i g i n and d e 
fine two a z i m u t h o r i e n t a t i o n s as f o l l ows : Xii, r o t a t i o n p a r a l l e l to the 
m a g n e t - p o l e ax i s ( x z - p l a n e r o t a t i o n ) ; X, , r ock ing ang le n o r m a l to the 
X| | c i r c l e and p a r a l l e l to the QrZO a x i s . The Xi rock ing o r i e n t a t i o n 
does not change the d i r e c t i o n of the e x t e r n a l f ie ld v e c t o r , but f a c i l i 
t a t e s a g o n i o m e t r i c a l i g n m e n t of the s p e c i m e n wi th r e s p e c t to the dif
f r a c t o m e t e r a x e s . The m a g n e t is s u p p o r t e d by a l a r g e b e a r i n g a s s e m b l y 
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Fig. 22. The Diffractometer Assembly with the Liquid-Helium An
gular De war Mounted on the Electromagnet in the Setting 
for X|| = O". The light-duty counter shield is employed 
in this assemblage. 
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Fig. 23. The Setting at Xn = 45°. 
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Fig. 24. The Side View at X|| = 45°. The Xj_ setting mechanism 
and the angular Dewar centering adjusters are seen. Also 
shown are a side view of the fission counter, the Slo-Syn 
motors for (land 25drives, and the limit and reversing 
microswitches. 
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Fig. 25. The Setting at X|| = 90°. 



for a f u l l - c i r c l e Xll o r i e n t a t i o n , * and s i t s on the Xi c r a d l e . The m a g n e t -
o r i e n t e r uni t is s u b s e q u e n t l y m o u n t e d on the f i - table so tha t a u t o m a t i c 
se t t ing and s c a n n i n g in the Q and Z0 d r i v e s can be m a d e . However , 
a u t o m a t i o n of xil 3-^^ X 1 is not r e a l i z e d . The a d m i s s i b l e b e a m - p a t h is 
r e p r e s e n t e d by a p a i r of r i g h t c o n e s hav ing a c o m m o n v e r t e x a t the a i r - g a p 
c e n t e r and a c o m m o n cone ax i s p e r p e n d i c u l a r to the x 11 c i r c l e . The v e r 
t i ca l h a l f - a n g l e of the cone is 37° ( s ee C h a p t e r 2 -4 ) . 

M a t e r i a l s e m p l o y e d in the o r i e n t e r c o n s t r u c t i o n a r e , u n l e s s unavo id 
a b l e , n o n f e r r o m a g n e t i c o r of low p e r m e a b i l i t y , for the obvious r e a s o n that 
they do not a l t e r the m a g n e t - f l u x d i s t r i b u t i o n in any s ign i f i can t way. It is 
qui te p r o b a b l e tha t the o r i e n t e r could be d e s i g n e d to i m p r o v e the m a g n e t i c -
f ie ld p r o p e r t i e s , p a r t i c u l a r l y for d e c r e a s i n g the f r inge flux d e n s i t i e s . How
e v e r , no s u c h a t t e m p t was m a d e b e c a u s e of the c o m p l e x i t y of the field 
c a l c u l a t i o n . The o r i e n t e r , on the o the r hand , c e r t a i n l y i n c r e a s e s the m e c h a n 
i ca l s t r e n g t h of the m a g n e t f r a m e a g a i n s t the l a r g e s t r a i n fo rce due to the 
m a g n e t o s t a t i c a t t r a c t i o n b e t w e e n the p o l e s . 

F o r adap t ing the Xii b e a r i n g s , a p a i r of a l u m i n u m a n c h o r r ings wi th 
c h a i r - s h a p e c r o s s s e c t i o n is s y m m e t r i c a l l y f a s t ened to the yoke . These 
a l u m i n u m b e a r i n g a d a p t e r s a r e 20 in. in OD, 12 in. in ID, and as th ick as 
2.75 in. in the w i d e s t s e c t i o n . A s i n g l e - r o w t a p e r - r o l l e r b e a r i n g is s l i pped 
onto the r ing s e a t of e a c h a d a p t e r . The c i r c u l a r w o r m - g e a r (lOO tee th , 
l 6 . 7 - i n . - p i t c h d i a m e t e r ) w i th a 360° p r o t r a c t o r is s e c u r e d to the ou te r 
s i d e - w a l l of the a l u m i n u m a d a p t e r on the d i f f r a c t e d - b e a m s ide . The b e a r i n g 
and g e a r , m a d e of h a r d e n e d s t e e l , do not s ign i f i can t ly inf luence the m a g 
net c h a r a c t e r i s t i c s . The o u t e r l a c e of e a c h b e a r i n g is i n s e r t e d into the 
c i r c u l a r i n t r a d o s of the a r c h - g a t e - s h a p e d b e a r i n g p l a t e , which is of s t a i n l e s s 
s t e e l , * * 1.375 in. th ick , and is e n f o r c e d by a p a i r of s t a i n l e s s s t e e l c o l l a t e r a l 
b r a c e s ( s t a i n l e s s s t e e l s u p p o r t i n g f r a m e in F i g . 21). The b e a r i n g p la t e on 
the d i f f r a c t e d - b e a m s ide is equ ipped wi th a r e c t i l i n e a l w o r m g e a r to m e s h 
wi th the l a r g e c i r c u l a r Xll w o r m - g e a r , and a l s o a 0.1° v e r n i e r is a t t a c h e d 
to this b e a r i n g - p l a t e . The z e r o po in t of Xii s igni f ies the pole ax i s being 
p a r a l l e l to the r e f l e c t i o n p l a n e . E a c h b e a r i n g is p r e l o a d e d by m e a n s of 
twelve equa l ly s p a c e d pads f a s t e n e d to the b e a r i n g p l a t e . All m e s h s u r f a c e s 
of the g e a r s a r e coa t ed wi th a MoSj f i n e - p o w d e r pa in t ( m o l y - c o a t i n g ) in l i eu 
of oi l , for b e t t e r p e r m a n e n t l u b r i c a t i o n and a n t i c o r r o s i o n p u r p o s e . Al though 
the Xll g e a r s e t t i ng is v e r y s t a b l e , a locking c l a m p is p r o v i d e d in o r d e r to 
p r e v e n t a c c i d e n t a l m a n i p u l a t i o n of the c r a n k hand le . 

'TMthough the design is aimed at 360° revolution, the electrical-cable and cooling-water connections to 
the magnet limit the actual orientational freedom to 270°. 

**Stainless steel, AISI No. 310, is used here. Other stainless steels having the magnetic permeability of about 
1.00 are, in the AISI numbers, 302, 303, 309, 316, 321, and 347. The following types are ferromagnetic: 
SAE 1020, AISI 410, 416, 420, 430, 440. and 446. 



The m a g n e t w i th the Xii a s s e m b l a g e is m o u n t e d on the r o c k e r 
p o r t i o n of the Xj_ c r a d l e . B e c a u s e of the s t e r i c h i n d r a n c e , the o r i e n t a t i o n 
is l i m i t e d to 30° t o w a r d the i n c o m i n g b e a m and 10° a long the outgoing b e a m . 
The body of the r o c k e r is of M e e h a n i t e c a s t i r o n , w i th an a v e r a g e t h i c k n e s s 
of abou t 2.5 in. The top and b o t t o m s e c t i o n s of the r o c k e r a r e c y l i n d r i c a l l y 
c o n c a v e and c o n v e x , r e s p e c t i v e l y . The r a d i a l v e c t o r of the c o n c a v e top is 
p a r a l l e l to the Xii c i r c l e and is d e s i g n e d to a l low the full Xll r e v o l u t i o n of 
the yoke . The r a d i a l v e c t o r of the convex bo t t om is p a r a l l e l to the Xj 
c i r c l e . 

A p a i r of a r c - s h a p e d s p u r - r a c k - g e a r s t r i p s a r e s c r e w e d onto 
the X] r o c k i n g p a r a p e t s (a c o l l a t e r a l p a i r of the c o n v e x - a r c - b o t t o m b r a c e s ) . 
A p r o t r a c t o r s e g m e n t is a t t a c h e d to the s ide w a l l of the r a c k g e a r for the 
XI r e a d i n g . The c r a d l e b a s e is m a d e of 1.25-in. h a r d e n e d s t e e l p l a t e and 
p o s s e s s e s a p a i r of p a r a p e t s w h o s e c o n c a v e r a i l s m e e t the convex b r a c e s 
l o c a t e d a t the r o c k e r b o t t o m t h r o u g h the m o l y coa t . The m e s h b e t w e e n the 
d r i v i n g s p u r - g e a r of the c r a d l e b a s e and the r o c k e r r a c k - g e a r is a d j u s t 
ab le by m e a n s of b r a s s g i b s . The v e r n i e r s t r i p for 0.1° r e a d i n g and a 
lock ing c l a m p a r e a t t a c h e d to the Xi b a s e . A c i r c u l a r ho le is m a d e a t the 
c e n t e r of the c r a d l e - b a s e p l a t f o r m . The hole is f i t t ed into the s p a c e r hub 
l o c a t e d a t the c e n t e r of the ^ - t a b l e . The d i a m e t e r of the s p a c e r hub is 
0.09 in. s m a l l e r than the ho le d i a m e t e r . This d i f f e r e n c e is a l l owed for 
the l a t e r a l c e n t e r i n g a d j u s t m e n t of the m a g n e t w i th r e s p e c t to the H - a x i s . 
The i^-axis a l i g n m e n t is c a r r i e d out by m e a n s of four l i n e a r - a d j u s t i n g 
s c r e w s s u s t a i n e d in the t h r u s t b l o c k s w h i c h a r e f a s t e n e d n e a r the edge 
of the Q - t a b l e in the o r t h o g o n a l c o n f i g u r a t i o n ( s e e F i g . 36). The l a t e r a l 
d i s p l a c e m e n t s of the c e n t e r i n g a d j u s t m e n t a r e m e a s u r e d by two d i a l 
i n d i c a t o r s ( 0 . 0 0 0 5 - i n . g r a d u a t i o n ) . They a r e m o u n t e d on the t h r u s t b l o c k s 
and a r e a c t i v a t e d by a " 2 " - s h a p e d a r m w h o s e o t h e r l e v e r end c o n t a c t s 
the c r a d l e b a s e . 

F o r l o c a t i n g a c o m m o n c e n t r o i d of the Xll and XJ_ c i r c l e s w i t h 
r e s p e c t to the p o l e - g a p c e n t e r , one of the po le p i e c e s is r e p l a c e d by a 
d o w e l - p i n - g u i d e d f i x t u r e w i th a s m a l l c h e c k i n g m e t a l b a l l . The check ing 
ba l l a s s u m e s the p o s i t i o n of the p o l e - g a p c e n t e r . By m e a n s of p r e c i s i o n 
d i a l g a u g e s , r e l a t i v e d e v i a t i o n s of the c o m m o n a n g u l a r c e n t r o i d f r o m the 
p o l e - g a p c e n t e r a r e d e t e r m i n e d by s e t t i n g the o r i e n t e r a t v a r i o u s Xii and 
X 1 a n g l e s . B e c a u s e of l a r g e p r o t r a c t o r r a d i u s , the a c c u r a c y in the m a n u a l 
s e t t i n g s of x i | 3-̂ <̂  XJ can be ±0.02°. A c o u n t e r w e i g h t a t the end of the X || 
d r i v i n g w o r m - g e a r shaf t is e f fec t ive for ob ta in ing a s m o o t h c o u n t e r c l o c k 
w i s e r o t a t i o n of Xll w i t h the a n g u l a r D e w a r m o u n t . E x t e n s i o n of the Xj_ 
o r i e n t a t i o n to a w i d e r ang le would l e a d to p r o h i b i t i v e l y diff icul t e n g i n e e r i n g 
p r o b l e m s . The t o t a l w e i g h t of m a g n e t and o r i e n t e r is abou t 1800 lb . 

Wol lan et a l . ( i 9 6 0 ) have c o n s t r u c t e d a m a g n e t o r i e n t e r w i thou t the 
X_j_device. T h e r e e x i s t o t h e r s u b s t a n t i a l d i f f e r e n c e s b e t w e e n W o l l a n ' s and 

the p r e s e n t o r i e n t e r . O u r d e s i g n is f a r m o r e e l a b o r a t e . 



2 - 7 . Angu la r D e w a r A s s e m b l y 

A v a r i e t y of i n s t r u m e n t s to s tudy the t e m p e r a t u r e dependency of 
X - r a y and e l e c t r o n d i f f r ac t ion h a s b e e n deve loped (for X - r a y d e v i c e s , s e e , 
e .g . , the book of P e i s e r et a l . , 1955; E . R. Dobbs in H o a r e et a l . , 1961, 
pp. 336-343) . 

A m a j o r diff iculty wi th X - r a y and e l e c t r o n t echn iques l i e s in the 
fac t tha t t h e r e is a h ighly l i m i t e d s e l e c t i o n of a p p r o p r i a t e l o w - a b s o r b i n g 
b e a m w i n d o w s , w h e r e a s the c h o i c e is m u c h g r e a t e r for n e u t r o n m e t h o d s 
( see Appendix l) . H e n c e , t h e r e is fa r m o r e f lex ib i l i ty for n e u t r o n i n s t r u 
m e n t a t i o n than for the c o r r e s p o n d i n g X - r a y and e l e c t r o n t e c h n i q u e s . 

A p p a r a t u s for t e m p e r a t u r e - d e p e n d e n c e s t u d i e s wi th n e u t r o n s , h o w e v e r 
should be d e s i g n e d for l o n g e r p e r i o d s of con t inuous o p e r a t i o n . M o r e o v e r , 
the f a b r i c a t i o n m a t e r i a l shou ld not p e r t u r b the m a g n e t i c f ield. 

In p a r t i c u l a r , in the l o w - t e i n p e r a t u r e i n s t r u m e n t a t i o n , the s p e c i m e n -
enve lop ing m a t e r i a l should not be s u p e r c o n d u c t i n g b e c a u s e the e x t e r n a l f ield 
is g r e a t l y d i s t o r t e d due to the m a g n e t i c - f l u x exc lu s i on of the s u p e r c o n d u c t o r 
( M e i s s n e r effect) . The c r i t i c a l m a g n e t i c f ie lds for d e s t r o y i n g the s u p e r 
conduc t iv i ty a t 0°K of m o s t of m e t a l l i c e l e m e n t s a r e s m a l l e r than 0.5 kOe 
and t hose of o t h e r s u p e r c o n d u c t o r s a r e not p r o h i b i t i v e l y high, excep t for 
s o m e s p e c i a l a l l oys s u c h as e m p l o y e d for the s u p e r c o n d u c t i n g m a g n e t co i l . 
M o r e o v e r , the c r i t i c a l f ie ld is l o w e r as the t e m p e r a t u r e a p p r o a c h e s the 
s u p e r c o n d u c t i n g t r a n s i t i o n t e m p e r a t u r e . Howeve r , the s u p e r c o n d u c t i n g 
t e m p e r a t u r e and the c r i t i c a l m a g n e t i c f ie ld a r e s t r o n g l y dependent on i m 
p u r i t y , annea l ing p r o c e s s , p a r t i c l e s i z e , e t c . (Hulm and B laughe r , 196 l ) . 
C o n s e q u e n t l y , it is s a f e r to u s e n o n s u p e r c o n d u c t o r s o r m a t e r i a l s having 
v e r y low s u p e r c o n d u c t i n g t r a n s i t i o n t e m p e r a t u r e , i .e . l ower than 1.5°K in 
our c a s e ( equ iva len t to l e s s than abou t 0.15 kOe in the c r i t i c a l - f i e l d va lue 
a t 0°K). The s u p e r c o n d u c t i v i t y da ta in th is r e p o r t a r e t aken f rom e x c e l 
l en t r e v i e w s of M a t t h a i s et a l . (1963) and of R o b e r t s (1964). F o r m a g n e t i c 
s u s c e p t i b i l i t i e s of D e w a r - c o n s t r u c t i o n m a t e r i a l s , s e e Sa l inge r and Wheat ley 
(1961). Va lue s for the t h e r m a l c o n t r a c t i o n of m a t e r i a l s a t low t e m p e r a t u r e s 
a r e ob ta inab le f r o m C r y o g e n i c M a t e r i a l s Data Handbook ( I96 I ) and f rom 
the r e v i e w of C o r r u c c i n i and Gniewek ( I 9 6 I ) . In the handbook a r e a l s o c o m 
p i l ed the m e c h a n i c a l and e l e c t r o n i c p r o p e r t i e s as we l l . A s u c c i n c t d i s c u s 
s ion of D e w a r - c o n s t r u c t i o n m a t e r i a l is g iven by A. J . Crof t in (in the book 
by H o a r e et a l . , 1961, pp. 118-137) . O the r useful r e f e r e n c e s for t h e s e s u b 
j e c t s a r e : the book of G o l d s m i t h et a l . ( 1 9 6 I ) ; the r e v i e w of J o h n s o n (196 I ) ; 
the books by M c C l i n t o c k (1964) and by White (1959). 

T h r e e c r y o g e n i c d e v i c e s have b e e n c o n s t r u c t e d ; an angu la r Dewar 
to be m o u n t e d on the d i f f rac t ion m a g n e t ; a s t r a i g h t D e w a r for g e n e r a l 



p u r p o s e s ; a l i q u i d - n i t r o g e n v a p o r - s t r e a m cool ing uni t . The l a t t e r two a r e 
d e s c r i b e d in C h a p t e r 2 - 9 , and the t e m p e r a t u r e c o n t r o l and a s s o c i a t e d i n s t r u 
m e n t a t i o n s a r e d i s c u s s e d in C h a p t e r 2 - 1 0 . 

The g e n e r a l p r i n c i p l e of the a n g u l a r D e w a r d e s i g n e d for the m a g n e t -
o r i e n t e r uni t is b a s e d on the inven t ive c o n c e p t of Wol lan et a l . ( i 9 6 0 ) . The 
u p p e r p o r t i o n of the D e w a r ( the r e f r i g e r a n t - r e s e r v o i r s ec t i on ) is i n c l i n e d 
45° r e l a t i v e to the s p e c i m e n - c a p s u l e s e c t i o n . In the m a g n e t - m o u n t a s s e m b l y , 
the inc l in ing d i r e c t i o n of the D e w a r is s e t p a r a l l e l to the Xii c i r c l e , so tha t 
the o r i e n t a t i o n r a n g e of up to about 100° can be c a r r i e d out wi thou t sp i l l i ng 
the l iqu id r e f r i g e r a n t . T h r e e t y p i c a l Xii s e t t i n g s a r e i l l u s t r a t e d in F i g s . 21 
to 25. 

The l i q u i d - h e l i u m D e w a r w a s c o n s t r u c t e d by Hofman L a b o r a t o r i e s , 
New J e r s e y , fo l lowing ou r d i m e n s i o n a l s p e c i f i c a t i o n s . The c a p a c i t y of the 
i n n e r r e s e r v o i r is 4 .5 and t h a t of the o u t e r r e s e r v o i r 8 l i t e r s . The D e w a r 
is of h igh ly p o l i s h e d s t a i n l e s s s t e e l ( th in w a l l and n o n m a g n e t i c ) , e x c e p t for 
the t h e r m a l - l i n k s h e e t , w h i c h is h i g h - l u s t r e g o l d - p l a t e d c o p p e r . The f lange 
w i t h the O - r i n g s l e e v e is w e l d e d on to the l o w e r n e c k of the D e w a r . The 
n i t r o g e n - and h e l i u m - t e m p e r a t u r e w a l l s a r e e x t e n d e d out f u r t h e r and a r e 
t e r m i n a t e d w i t h the t h r e a d e d s o c k e t s w h i c h m a t e w i th the s p e c i m e n - e n c a s i n g 
c a p s u l e s ( s e e F i g s . 21 and 26). 

The D e w a r - p o s i t i o n i n g p l a t e is l a i d o v e r the top of the m a g n e t yoke 
( s e e F i g . 24). The p l a t e is e q u i p p e d w i th t h r e e l e v e l i n g s c r e w s for ±0 .2 - in . 
h e i g h t a d j u s t m e n t , and t h e s e s c r e w s p o s s e s i n d e p e n d e n t - a c t i o n p o c k e t 
s c r e w s w h i c h f a s t e n the p l a t e to the y o k e . F o u r l a t e r a l l y p o s i t i o n i n g s c r e w s 
a r e p r o v i d e d fo r the c r o s s - t r a n s l a t i o n a l a d j u s t m e n t of up to ±0.2 in. The 
U - s h a p e d s u p p o r t ho ld ing the s l a n t s e c t i o n of the D e w a r is m o u n t e d on the 
p o s i t i o n i n g p l a t e . The U - s u p p o r t e r a l i g n m e n t is a l s o a d j u s t a b l e i n d e p e n d 
en t ly or c o o p e r a t i v e l y in r e l a t i o n w i th the p o s i t i o n i n g p l a t e . The b o t t o m 
f lange of the D e w a r is s c r e w e d onto the p o s i t i o n i n g p l a t e . At the c e n t e r of 
the top yoke , a t h r o u g h h o l e , 3.4 in. in d i a m e t e r , is b o r e d as an a c c e s s to 
the e x t e n d e d l o w e r s e c t i o n of the D e w a r . This ho le is s l i gh t ly l e s s than 
t h a t for m a x i m u m t o l e r a b l e y o k e - l o s s , w h e r e a s it is l a r g e r than the 
f l a n g e - s l e e v e d i a m e t e r so a s to a l low l a t e r a l a d j u s t m e n t of the p o s i t i o n i n g 
p l a t e . 

An a l u m i n u m box e n c l o s e s the p o l e - g a p a r e a , and a t e l e s c o p i n g 
s l e e v e condu i t is c h a n n e l e d b e t w e e n the box and the v a c u u m c h a m b e r of the 
D e w a r ( s e e F i g . 21). The s ide w a l l s of the a l u m i n u m box a r e ho l lowed out 
for i n t e r c a l a t i n g the pole p i e c e s and for m a t i n g w i th O - r i n g g r o o v e s c i r 
c u m s c r i b e d a t the b a s e s of the po le p i e c e s . On the top c e n t e r of the box, a 
c o n d u i t - a c c e s s ho le and the f l a n g e - f i t t i n g O - r i n g a r e p r o v i d e d for the t e l e 
scop ing s l e e v e . A n o t h e r a c c e s s ho le and two c o o l i n g - w a t e r l e a d s a r e m a d e 
a t the b o t t o m p l a t e for a d a p t i n g the h i g h - t e m p e r a t u r e f u r n a c e a s s e m b l y 
( s e e C h a p t e r 2 - 1 1 ) . The a l u m i n u m box s e c t i o n s s u r r o u n d i n g the s i d e s , top , 
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Fig 26. The Design Detail of the Single-crystal Cryo-goniometer in theLiquid-Helium Angular 
Dewar. The dark and white arrowheads follow theX and 0 drive chains, respectively. 
The double indium O-ring seal has been replaced by a single aluminum O-ring, The 
incident beam direction chosen here is for illustrative purpose. 



and bo t t om of the p o l e - g a p a r e a a r e w e l d e d t o g e t h e r and s e t into the a i r - g a p 
s e c t i o n fol lowing r e m o v a l of the po le p i e c e s . The d o w e l - p i n - g u i d e d po le 
p i e c e s w i th O - r i n g s a r e then r e s t o r e d to s e c u r e the box p o s i t i o n and a l s o 
the v a c u u m s e a l . The w a l l t h i c k n e s s of t h e s e b o x - s e c t i o n s is about 0.5 in . , 
and the box is a p p r o x i m a t e l y an 8- in . cube . The a s s e m b l y e n f o r c e s the 
m a g n e t f r a m e w o r k a g a i n s t the i n t e r p o l a r f o r c e and, of c o u r s e , does not 
i n t e r f e r e wi th the n e u t r o n - b e a m g e o m e t r y of c o n c e r n . Hence , th is box s e g 
m e n t spann ing the po le p i e c e s is n o r m a l l y left in i ts p l a c e r e g a r d l e s s of 
v a c u u m o r n o n v a c u u m e x p e r i m e n t a t i o n u n l e s s the gap d i s t a n c e is a l t e r e d . 
The f ron t and b a c k s e c t i o n s of the box a r e c o v e r e d l e n t i c u l a r l y by a p a i r of 
s p h e r i c a l a l u m i n u m c a p s wi th the s q u a r e - f r i n g e b a s e for " s q u a r e O - r i n g 
s e a l . The s p h e r i c a l c ap is 0.031 in. t h i c k and s u b t e n d s 74° a t the c e n t e r of 
the po le gap . 

Af te r m o u n t i n g the D e w a r on the p o s i t i o n i n g p l a t e , the t e l e s c o p i n g 
s l e e v e is s l id u p w a r d , e x p o s i n g the t h r e a d e d t e r m i n a l s of the n i t r o g e n and 
h e l i u m j a c k e t p r o l o n g a t i o n s , to w h i c h the a l u m i n u m c a p s u l e s a r e j o ined by 
a l u m i n u m lock nu t s ( s e e F i g . 26). A l u m i n u m is b e s t s u i t e d for enve lop ing 
the l o w - t e m p e r a t u r e s p e c i m e n , b e c a u s e of i ts h igh n e u t r o n t r a n s m i s s i b i l i t y 
and low s u p e r c o n d u c t i v i t y t r a n s i t i o n t e m p e r a t u r e (1.14°K). The o u t e r a l u 
m i n u m c a p s u l e is 1 in. in ID , w i th a 0 .05 - in . w a l l t h i c k n e s s , and the b e a m -
window s e c t i o n is 1.75 in. h igh and h a s a 0 .015 - in . w a l l t h i c k n e s s ( s ee 
F i g . 26). The o u t e r a l u m i n u m c a p s u l e c o n t a c t s the n i t r o g e n j a c k e t e x t e n 
s ion t h r o u g h m a t c h i n g t a p e r e d s u r f a c e s to p r o v i d e ef f ic ient t h e r m a l c o n 
duc t ion . The i n n e r a l u m i n u m c a p s u l e is s i m i l a r , e x c e p t for the fo l lowing : 
a 0 .75 - in . ID in the m a i n s e c t i o n ; a 1-in. b e a m - w i n d o w he igh t ; an O - r i n g 
g r o o v e n e a r the top of the c a p s u l e ; gu ide s l o t s for s u s p e n d i n g the c r y o -
g o n i o m e t e r ( s e e C h a p t e r 2 - 8 ) . T h e s e c a p s u l e s a r e d e s i g n e d fo r the s i n g l e -
c r y s t a l s t udy w i th the c r y o - g o n i o m e t r i c d e v i c e and for the po le gap of 
1.4 in. o r l a r g e r . 

The v a c u u m O - r i n g s e a l of the i nne r c a p s u l e , w h i c h is coo led down 
to n e a r 0°K, h a s b e e n a m a j o r i m p e d i m e n t . A m o n g p r e v a l e n t m e t a l O - r i n g 
m a t e r i a l s , h i g h - p u r i t y Ag, Al , Au, Cu, In, P b , P b w i th a few p e r c e n t Sn, 
In, and Al ( s ee the book by Whi te , 1959, pp . 2 7 5 - 2 7 6 ) , w e r e s u b j e c t e d to the 
t e s t . The gold and s i l v e r s e a l s a r e p r o b a b l y b e s t s u i t e d for the s e m i 
p e r m a n e n t s e a l , but a r e too c o s t l y if f r e q u e n t r e p l a c e m e n t is r e q u i r e d . 
The t h e r m a l c o n t r a c t i o n of i nd ium is a p p r e c i a b l y l a r g e r than m o s t of the 
c o n s t r u c t i o n m e t a l s , * and u n d e r s t r e s s it c o n t i n u e s to flow l ike a p a s t e , 
e v e n a t v e r y low t e m p e r a t u r e s . C o n s e q u e n t l y , the a m o u n t of ind ium shou ld 
be s l i g h t l y l a r g e r than the O - r i n g cav i ty v o l u m e , and the O - r i n g coupl ing 
shou ld be " l e a k p r o o f so a s to t r a p the i nd ium wi th in the cav i ty . In o t h e r 

*If the t h e r m a l c o n t r a c t i o n is u n i d i r e c t i o n a l , the d i f f e r e n t i a l l i n e a r -
t h e r m a l c o n t r a c t i o n b e t w e e n i nd i um and a l u m i n u m is abou t 0.003 in. 
p e r i nch o v e r the r e g i o n f r o m 300°K to 0°K. 



words , indium should be in a compressed state at room tempera tu re . The 
O-ring coupling shown in Fig. 26 is designed for the indium O-ring, and the 
upper O-ring is fitted into the thread-end cavity as a subservience to the 
main lower seal . 

The indium O-ring is p r epa red as follows. The indium wire is fitted 
into an O-ring groove made on Teflon sheet. The split ends a re spliced to
gether with indium solder and a pen soldering iron. Ext ra indium around 
the soldered joint is sc raped off with a scalpel . A 45°-cut p ress - jo in t with
out solder splicing did not form a good seal even under flow s t r e s s , cont rary 
to severa l r epor t s recommending this technique. Our indium seal was , how
ever , not always successful unless exceedingly overcautious prepara t ion 
and handling of indium ring were provided. 

The annealed pure -a luminum O-ring with c i rcu la r or rectangular 
c ros s section was t r ied . A single O-ring scheme was eminently successful . 
Here , because aluminum is far l e ss ductile than indium, the surface of the 
aluminum ring and that of the O-r ing cavity had to be highly polished in o r 
der to el iminate any t r a n s v e r s e mic rogroove , or ei ther or both of the s u r 
faces should be machined to have m u l t i - c i r c u l a r mic rogrooves . On the 
other hand, work hardening of aluminum helps in ceasing the s t r e s s flow, 
and the the rmal expansion is a lso favorable in eliminating the laborious 
procedures requi red for the indium O-r ing. The evacuation of the angular 
Dewar assembly is c a r r i e d out through the pumping tee located near the 
top of the Dewar. 

2-8. Angular Cryo-goniometer 

Ideally, a full two-c i rc le goniometr ic device should be provided for 
the c rys ta l in the external magnet ic field with the 27T-X|| modulation, and 
the i7-setting of the c rys t a l should be independent of that of the magn'et 
(three Euler ian angles for the spec imen c rys ta l , and the Cl and X v a r i 
ations for the external magnet ic field vector , i .e. , five independent angular 
settings in total). However, such a complete device is vir tual ly hypothetic 
in the low- and h igh - t empera tu re ins t rumentat ions with the magnetic 
device. 

A goniometer for the angular Dewar has been constructed to faci l
itate a l imited c rys t a l -p lane or ientat ion in the c ryo-magnet ic environment. 
The angular c ryo-gon iomete r compr i se s two p a r t s : the lower segment 
for the c rys t a l mount, which is t e r m e d here as a c ryo-goniometer (see 
F igs . 26 and 27); the remote goniometr ic control to fit into the angular Dewar 
(see Fig. 28). 
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Fig. 27. Photographs of the Goniometer and Related Components for 
the Liquid-Helium Angular Dewar Assembly. From top to 
bottom: aluminum outer capsule, aluminum inner capsule, 
dummy inner capsule for the sample alignment, and the 
cryo-goniometer with the shaft-coupling alignment tool. 

T h e c r y o - g o n i o m e t e r p r o v i d e s a t w o - c i r c l e s e t t i n g of t h e s p e c i m e n 
c r y s t a l : a 27r r o t a t i o n a r o u n d t h e a x i s c o i n c i d i n g w i t h t h e y a x i s of t h e 
m a g n e t ; a n o t h e r f u l l c i r c l e p a r a l l e l t o t h e y a x i s . T h e f o r m e r a n g l e i s 
d e n o t e d b y t h e l o w e r c a s e G r e e k l e t t e r 0 , a n d t h e l a t t e r b y l o w e r c a s e X • 
A s i l l u s t r a t e d i n F i g . 2 6 , t h e c r y s t a l i s m o u n t e d a t t h e b o r e d c e n t e r of a 
4 0 - t o o t h a l u m i n u m s p u r - g e a r f o r t h e X r o t a t i o n . T h e b o r e d i a m e t e r f o r t h e 
s p h e r i c a l c r y s t a l m o u n t i s 0 . 3 4 2 in . ( 0 . 8 7 c m ) , a n d s m a l l e r c r y s t a l s a r e s e t 
in t h e t h i n a l u m i n u m w a s h e r w h i c h i s a g g l u t i n a t e d to t h e X ~ c i r c l e . T h e a d 
h e s i v e u s e d f o r t h e s p e c i m e n m o u n t i n g i s G e n e r a l E l e c t r i c v a r n i s h N o . 7 0 3 1 
T h e o n e s i d e of t h e X~t>ore i s c o n i c a l l y h o l l o w e d o u t , a n d t h e 0 - a x i s l i e s on t h e 
o p p o s i t e f a c e of t h e X - c i r c l e . T h e v e r t i c a l h a l f - a n g l e of t h e a d m i s s i b l e 
b e a m c o n e i s a b o u t 55° f o r t h e c o n i c a l o p e n i n g a n d i s n e a r l y 90° in t h e o p 
p o s i t e d i r e c t i o n . T h e r i m t h i c k n e s s of t h e X " c i r c l e w a s m a d e to b e a s t h i n 
a s p o s s i b l e in a c c o m m o d a t i n g t h e g e a r - s u p p o r t f r a m e w o r k . T h e X ~ g e a r i s 
d r i v e n b y t h e i d e n t i c a l a l u m i n u m g e a r , w h i c h i s s t e e r e d b y t h e c e n t r a l 
s h a f t t h r o u g h a b e v e l - g e a r c o u p l i n g . O n e r e v o l u t i o n of t h e X ~ s h a f t r e s u l t s 
in o n e r e v o l u t i o n of t h e X ~ c i r c l e . T h e X~sha f t s l i p s in t h e T e f l o n b u s h i n g s 
w i t h o u t t r a n s f e r r i n g i t s m o t i o n to t h e 0 - g e a r t r a i n . N e v e r t h e l e s s , t h e 
0 - s h a f t i s l o c k e d s t a t i o n a r y d u r i n g t h e X " i ^ o d u l a t i o n , s i n c e f o r e i g n m a t e 
r i a l , s u c h a s s o l i d i f i e d a i r , o f t e n p l u g s u p t h e b e a r i n g i n t e r s t i c e s . 
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Fig. 28. Design Features of the Remote-control Mechanism for the Cryo-goniometer. The thermo
couples and other temperature-measurement attachments are omitted in this drawing. 



The 0-shaf t r e v o l v e s the s p e c i m e n - g e a r a s s e m b l y a r o u n d the 
X"shaf t t h r o u g h a l u m i n u m p i n i o n - g e a r m e s h i n g . Two c l o c k w i s e r e v o l u t i o n s 
of the 0 - sha f t c o r r e s p o n d to one c o u n t e r c l o c k w i s e 0 - r e v o l u t i o n of the 
s p e c i m e n - g e a r a s s e m b l y . S i m u l t a n e o u s l y , the X-shaft m a k e s one r e v o l u 
t ion c o u n t e r c l o c k w i s e . In o t h e r w o r d s , t he X-shaft and the s p e c i m e n - g e a r 
a s s e m b l y t u r n t o g e t h e r so tha t the X"se t t ing of the s p e c i m e n i s kep t u n a l 
t e r e d . Th i s c a n be c a r r i e d out r a t h e r e a s i l y by m e a n s of the c o m p e n s a t i n g 
g e a r - c o u p l i n g in the r e m o t e - c o n t r o l g e a r t r a i n d e s c r i b e d l a t e r . 

B e s i d e s a l u m i n u m and Tef lon c o m p o n e n t s , b u s h i n g s , dowel p i n s , and 
s c r e w s m a d e of t i t a n i u m o r s t a i n l e s s s t e e l c o m p r i s e the s p e c i m e n - g e a r a s 
s e m b l y . The X" and 0 - s h a f t s a r e m a d e of z i r c o n i u m and a r e s u p p o r t e d and 
guided by the t i t a n i u m b e a r i n g s u p p o r t . A p a i r of s m a l l guide p ins a r e p r o 
v ided at the h o o k - s h a p e d nock of the b e a r i n g c o l u m n . A Y - s h a p e guide p l a t e 
a t t a c h e d to the b o t t o m end of the b e a r i n g c o l u m n and t h r e e Teflon a r r o w p i n s 
a r e i n s e r t e d at the Y - f i n g e r t i p s . The top guide p ins a r e i n s e r t e d into the 
s l o t s m a d e on the top of the i n n e r c a p s u l e , and the Teflon a r r o w p ins i n s u r e 
tl^e ax i a l and c e n t e r i n g a l i g n m e n t s of the g o n i o m e t e r . The s t a i n l e s s s t e e l 
s h a f t - l i n k s of k e y - s l o t type jo in the g o n i o m e t e r and the r e m o t e - c o n t r o l 
d e v i c e . 

The s u p e r c o n d u c t i n g t r a n s i t i o n t e m p e r a t u r e s of t i t a n i u m and z i r 
c o n i u m a r e 0.39° and 0.55°K, r e s p e c t i v e l y , and the c r i t i c a l m a g n e t i c f i e lds 
for d e s t r o y i n g the s u p e r c o n d u c t i v i t y at 0°K a r e 0.1 and 0.05 kOe , r e s p e c 
t i v e l y . AISI 310 s t a i n l e s s s t e e l i s p r e s u m a b l y a n o n s u p e r c o n d u c t o r , at 
l e a s t above 1°K. 

Among the s u i t a b l e m a t e r i a l s , z i r c o n i u m and t i t a n i u m u n d e r g o 
l e a s t t h e r m a l c o n t r a c t i o n . As r e g a r d s t h e r m a l c o n t r a c t i o n , t i t a n i u m and 
z i r c o n i u m b e h a v e a l m o s t i d e n t i c a l l y . The d i f f e r en t i a l l i n e a r t h e r m a l c o n 
t r a c t i o n in the r a n g e f r o m r o o m t e m p e r a t u r e to n e a r 0°K i s about 0.003 in . 
p e r inch for A l - T i and A l - Z r , and 0.001 in . for a l u m i n u m v s . s t a i n l e s s -
s t e e l , a l u m i n u m c o n t r a c t i n g m o r e in a l l c a s e s . Tef lon s h r i n k s a s m u c h a s 
0.02 in . p e r inch in coo l ing , f r o m 0°C to 0°K. 

Our d e s i g n for the s m a l l c o m p o n e n t s i s such a s to d e c r e a s e the 
f i t t ing f r i c t i o n at the l o w e r t e m p e r a t u r e s . Ac tua l l y , b e c a u s e of the s m a l l 
d i m e n s i o n s , the d i f f e r e n t i a l c o n t r a c t i o n b e t w e e n the Tef lon bush ing and 
b r a c i n g m e t a l i s l e s s t han 0.0005 in . in coo l ing t h r o u g h 300°. F o r l a r g e r 
o r l o n g e r p a r t s , such a s the d r i v e sha f t s , the a f o r e - c i t e d s l i d a b l e l i n k a g e 
i s e m p l o y e d for c o m p e n s a t i n g the c o n t r a c t i o n d i f f e r e n c e . T h e s e p r i n c i p l e s 
w e r e a l s o app l i ed to the r e m o t e - c o n t r o l d e v i c e . 

The c r y o - g o n i o m e t e r i s o p e r a t e d f r o m the top of the a n g u l a r D e w a r 
a s fo l l ows : o u t s e t d r i v e - g e a r a s s e m b l y , r i g i d d r i v e s h a f t s , and f l ex ib le 
c a b l e s ( s e e F i g . 28) . The O - r i n g c o v e r p l a t e c l o s e s off the m o u t h of the 
l i q u i d - h e l i u m c h a m b e r . On the c o v e r p l a t e , we have a p o r t - p l u g hole wi th 



an O - r i n g s e a l , for f i l l ing the l i q u i d - h e l i u m c h a m b e r wi th r e f r i g e r a n t , and 
two s h a f t - g u i d e h o l e s , a l s o w i t h i nd iv idua l O - r i n g s e a l s . The 0 - h a n d w h e e l 
is then m o u n t e d o v e r the c o v e r p l a t e by m e a n s of a c i r c u l a r f lange and a 
Teflon f r i c t i o n r i n g . A 1 2 0 - t o o t h s p u r - g e a r , wh ich is coax ia l l y a t t a c h e d to 
the 0 - h a n d w h e e l , is coup led wi th the 6 0 - t o o t h s i d e - g e a r . T h r e e i d e n t i c a l 
p i n i o n s , i nc lud ing a m e d i a t i n g l a z y p in ion , p r o p a g a t e the above 2:1 g e a r 
con juga t ion into the 0 - s h a f t , so tha t one c l o c k w i s e r e v o l u t i o n of the 
0 - h a n d w h e e l c o r r e s p o n d s to two c o u n t e r c l o c k w i s e r e v o l u t i o n s of the 
0 - sha f t . Since the 0 - shaf t r o t a t e s the 0 s p e c i m e n ax i s t h r o u g h the 1 :2 

p in ion coupl ing of the c r y o - g o n i o m e t e r , the handwhee l m o t i o n b e c o m e s 
i d e n t i c a l w i th the s p e c i m e n m o t i o n . The X"handwheel is v e r t i c a l l y f a s 
t ened on the 0 - h a n d w h e e l . A p a i r of b e v e l g e a r s j o ins the h o r i z o n t a l 
X - w h e e l ax i s to the X"shaf t . The g e a r c o n n e c t i o n s in the X"dr ive c h a n n e l 
a r e a l l in 1 :1 r a t i o , and the c l o c k w i s e r o t a t i o n of the h a n d w h e e l looking t o 
w a r d the c e n t e r of the D e w a r a x i s c o r r e s p o n d s to the c l o c k w i s e r o t a t i o n of 
the s p e c i m e n looking f r o m the v e r t e x s ide of the X"c i r c l e cone opening . 
A 360° p r o t r a c t o r , w i th 0.1° v e r n i e r , and a lock ing s c r e w a r e p r o v i d e d for 
both X~ and 0 - w h e e l s . The X " w h e e l has to be l ocked s t a t i o n a r y du r ing the 
0 -mo t ion , and th i s con jo ins the m o t i o n of the X-shaft and the s p e c i m e n -
g e a r a s s e m b l y a s d e s c r i b e d b e f o r e . 

The d r i v e shaf t s n e a r the o u t s e t g e a r a s s e m b l y and t hose n e a r the 
bo t t om n e c k of the D e w a r a r e of s t a i n l e s s s t e e l r o d , and the long m i d 
s e c t i o n s a r e e v a c u a t e d s t a i n l e s s s t e e l t ubes of 0 . 125 - in . OD and 0 .005- in . 
wa l l . The r o d and the tube a r e j o i n e d by m e a n s of a s i l v e r - a l l o y b r a z i n g . 
The s t a b i l i z e r shaf t is m a d e s i m i l a r l y a n d holds four s h a f t - g u i d e p l a t e s 
s t a t i o n a r y . The b o t t o m s h a f t - g u i d e p l a t e is a p r o n g type w h o s e t h r e e f i g u r e s 
a r e f i t t ed in to the b o t t o m n e c k of the D e w a r . The Mone l f l ex ib le c a b l e s of 
0 .15 - in . d i a m e t e r e x t e n d the d r i v e s h a f t s , and a s t a i n l e s s s t e e l guide s t r i p 
is c o n n e c t e d to the s t a b i l i z e r shaf t a t the b o t t o m s h a f t - g u i d e p l a t e . The 
guide s t r i p is equ ipped wi th the c a b l e - g u i d e p l a t e s , and t h e s e a r e f i t ted into 
the 4 5 ° - b e n d tube e x t e n s i o n of the i n n e r c h a m b e r of the D e w a r . N e a r the 
end of the i nne r t u b e , the c a b l e s a r e r e p l a c e d by the r o d s ha f t s , wh ich a r e 
a c c u r a t e l y p o s i t i o n e d a t the t e r m i n a t i o n g u i d e - p r o n g equ ipped wi th t h r e e 
c e n t e r i n g s c r e w s . The m o d u l u s of e l a s t i c i t y of the Mone l a l loy is v e r y 
i n s e n s i t i v e to t e m p e r a t u r e v a r i a t i o n down to n e a r 0°K ( s e e C r y o g e n i c 
M a t e r i a l s D a t a Handbook , 1 9 6 l ) . 

The r e m o t e - c o n t r o l s e c t i o n is p r e a s s e m b l e d b e f o r e i n s e r t i o n into 
the D e w a r . The shaf t l i n k a g e b e t w e e n the r e m o t e c o n t r o l and the c r y o -
g o n i o m e t e r is m a d e w i t h h e l p of the s h a f t - c o u p l i n g a l i g n m e n t too l ( s e e 
F i g . 27). F o r c o i n c i d i n g the c r y o - g o n i o m e t e r c e n t e r w i th the m a g n e t -
o r i e n t e r c e n t e r , a d u m m y i n n e r c a p s u l e is u s e d to e x p o s e the X " c i r c l e 
( s e e F i g s . 27 and 29). The l in ing up is c a r r i e d out a t r o o m t e m p e r a t u r e 
wi th the D e w a r - s a m p l e c e n t e r i n g a d j u s t e r s l o c a t e d a t the top of the m a g 
ne t ( s e e F i g s . 21 and 24, and C h a p t e r 2 - 7 ) . F o r the p o w d e r s tudy , the i n n e r 
c a p s u l e and the c r y o - g o n i o m e t e r a r e r e p l a c e d by v a r i a b l e - t e m p e r a t u r e 
s a m p l e h o l d e r , d e s c r i b e d in C h a p t e r 2 - 1 0 . 
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Fig. 29. The Cryo-goniometer in the Sample-aligning Assembly. 
The dummy inner capsule is being used to align the 
goniometer and the sample. This assembly is also 
used for the sub-room-temperature experiment above 
100°K with the liquid-nitrogen vapour-stream tech
nique. The 1,4-in.-gap pole pieces are shown. 

B e c a u s e of t h e t h e r m a l c o n t r a c t i o n of t h e s u p p o r t i n g m a t e r i a l s , t he 
s p e c i m e n p o s i t i o n m o v e s u p a b o u t 0 .3 m m u p o n c o o l i n g to n e a r 0°K. T h i s 
i s d e t e c t a b l e b y t h e c o l l i m a t i o n m e t h o d , b u t c a n b e n e g l e c t e d in t h e w i d e -
o p e n c o l l i m a t i o n . A s l i g h t b a c k l a s h o c c a s i o n a l l y d e v e l o p s a l s o a t l o w t e m p 
e r a t u r e s ; h e n c e a u n i d i r e c t i o n a l r o t a t i o n i s e m p l o y e d in m a n i p u l a t i n g t h e 
h a n d w h e e l s . C o o l i n g a n d w a r m i n g h a v e to b e c a r r i e d o u t a s s l o w l y a s 
p o s s i b l e in o r d e r to a v o i d t h e r m a l s h o c k to a n d q u e n c h i n g of t h e i n t r i c a t e 
p a r t s . T h e r e f r i g e r a n t - f i l l i n g p l u g i s u s a b l e o n l y a t c e r t a i n r a n g e s of t h e 
0 - w h e e l s e t t i n g , b u t t h i s d o e s n o t h i n d e r t h e e x p e r i m e n t a p p r e c i a b l y . L i q 
u i d h e l i u m (4 .5 l i t e r s ) l a s t s a b o u t 6 d a y s , a n d u n d e r t h e r e d u c e d v a p o r 
p r e s s u r e of 6 m m Hg ( l . 6 ° K ) , s t a r t i n g l i q u i d of 4 . 5 l i t e r s a t 4 , 2 ° K l a s t s 



n e a r l y two d a y s . The t e m p e r a t u r e - m e a s u r i n g and c o n t r o l d e v i c e s a r e 
d e s c r i b e d in the fol lowing c h a p t e r . 

As s t a t e d in C h a p t e r 2 - 3 , the m a g n e t cool ing is e n f o r c e d to r e d u c e 
the h e a t r a d i a t i o n to the l o w - t e m p e r a t u r e e n v i r o n m e n t of the s p e c i m e n . 
The b e a m - p a t h c o m p o n e n t s in the c r y o - g o n i o m e t e r a s s e m b l y on the m a g n e t 
a r e a l l of a l u m i n u m when the s p e c i m e n and the r e f r i g e r a n t a r e exc luded . 
The t o t a l t h i c k n e s s of t h e s e a l u m i n u m c o m p o n e n t s is 0.122 in. (0.31 cm) , 
wh ich a t t e n u a t e s about 3.0% of the 0 . 1 - e V n e u t r o n s . 



2 - 9 . A u x i l i a r y C r y o g e n i c D e v i c e s 

A s t r a i g h t Dewar wi th a c o n d u c t i o n - t y p e s p e c i m e n m o u n t has been 
e m p l o y e d p r i m a r i l y for the n e u t r o n s t u d i e s wi thout u s e of e x t e r n a l m a g 
ne t i c f ie ld. In th i s c a s e , s c a t t e r i n g a n g l e s a r e not r e s t r i c t e d by the m a g 
net g e o m e t r y ; h e n c e the s t r a i g h t Dewar has b e e n f r e q u e n t l y u s e d for the 
c r y s t a l l o g r a p h i c s t u d i e s and a l s o for ex tending the c r y o - m a g n e t i c da t a to 
h igh s c a t t e r i n g a n g l e s . It is b a s e d on A b r a h a m s ' d e s i g n ( i 9 6 0 ) , * and hence 
the d e s c r i p t i o n h e r e e m p h a s i z e s our mod i f i ca t i ons and func t iona l da ta . 

The D e w a r , c o n s t r u c t e d a l s o by the Hofman L a b o r a t o r i e s , Inc . , may 
be d e s c r i b e d a s the a n g u l a r D e w a r wi thou t the 45° -bend e x t e n s i o n ( s ee 
C h a p t e r 2 -7 ) . The h e l i u m c h a m b e r is t e r m i n a t e d by a coppe r b lock to 
wh ich the s p e c i m e n is appended in a co ld - f i nge r con f igu ra t ion . The 
s p e c i m e n - h o u s i n g d e s i g n s a r e d e p i c t e d in F i g . 30, and the g o n i o m e t r i c 
m o u n t on the d i f f r a c t o m e t e r is shown in F i g . 3 1 . An a l u m i n u m v a c u u m cup 

(TYPE I ) (TYPE n) 
120-7772 

Fig. 30. The Sample-housing Construction in the Liquid-Helium Straight Dewar. The powder-specimen mount 
is illustrated as type I, and other types are designated for the single-crystal study. The specimen is 
in the vacuum environment in type IV, and all others are in the helium-gas atmosphere. The thermo
couples are omitted in the single-crystal drawings, Au/Co: Ag/Co thermocouple has been replaced 
by Au/Co: Cu. The indium O-ring has occasionally been replaced by an aluminum O-ring. 

*Kogan et al. (1960) has described the USSR diffracuon cryostat. 
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Fig. 31, Liquid-Helium Dewar Mounted on the Universal Goniometer 
Head, Also seen in the photograph are: on the top of the 
biological shield, a part of the vapor pressure regulator for 
the refrigerant, the power supply for an ion-getter vacuum 
pump to be used with the high-temperature furnace, the 
thermocouple controller for protecting the magnet coils; on 
the left of the shield, a removable Masonite section for the 
auxiliary beam output; on the right of the shield, the mono-
chromator remote-control entry-door, near the central por
tion of the shield, the angle-selecting wedge plug and guide-
plate. The heavy-duty counter shield is employed in this 
experiment. 

e n c l o s e s t h e b o t t o m c u t o u t of t h e D e w a r t h r o u g h a n O - r i n g j o i n t . T h e t o t a l 
h e i g h t of t h e a l u m i n u m c u p i s 4 . 7 5 m . , a n d i t s i n n e r d i a m e t e r i s 2 .75 i n . 
A l l s u r f a c e s of t h e a l u m i n u m c u p a r e h i g h l y p o l i s h e d u s i n g t h e o p t i c a l -
g l a s s f i n e - f i n i s h p r o c e d u r e . T h e a l u m i n u m c u p s u p p o r t s t h e D e w a r , 
w e i g h i n g 35 l b w i t h o u t r e f r i g e r a n t a n d a b o u t 50 l b w i t h f i l l e d r e f r i g e r a n t s , 
l i q u i d h e l i u m (4 5 l i t e r s ; 1.3 lb) a n d l i q u i d n i t r o g e n (8 l i t e r s ; 14 .3 l b ) . T h e 



b e a m - w i n d o w d i m e n s i o n s sa fe ly s u s t a i n i n g t h e s e we igh t s a r e : 0 .040 - in . 
t h i c k n e s s and 1.625-in. he igh t for the p o w d e r s p e c i m e n w h e r e g o n i o m e t r i c 
t i l t ing a d j u s t m e n t is u s u a l l y v e r y s m a l l ; 0 .040- in . t h i c k n e s s and 1-in. he igh t 
for the s ing l e c r y s t a l m o u n t i n g , for w h i c h t i l t ing a l i g n m e n t of up to ±20° c a n 
be m a d e . The f lange b a s e of the a l u m i n u m cup is m o u n t e d on the g o n i o m e t e r 
h e a d t h r o u g h the d o w e l - p i n guide ( s e e C h a p t e r 2 -2 ) . 

The p o w d e r - s p e c i m e n h o l d e r is s e a l e d off by the O - r i n g cap which 
is s c r e w e d into the c o p p e r - b l o c k cold f inge r (Type I in F i g . 30). Opt iona l 
i nd ium f i l l e r is u s e d to f i l l up the t h r e a d - e n d void for e l i m i n a t i n g d e a d -
e v a c u a t i o n s p a c e and for i m p r o v i n g the t h e r m a l conduc t ion . The b e a m -
imping ing s e g m e n t of the h o l d e r is 0.394 in. (l cm) in ID, has a 0 .005- in . 
w a l l t h i c k n e s s , and is 1.5 in. h igh . The powde r is f i l led in the h o l d e r u n d e r 
d r y h e l i u m and the c a p c o m p r e s s e s down the powder to i n s u r e good t h e r m a l 
c o n t a c t of the s a m p l e . The O - r i n g m a t e r i a l is e i t h e r i nd ium or a l u m i n u m ; 
the l a t t e r is m o s t f r e q u e n t l y e m p l o y e d ( s e e C h a p t e r 2 - 7 ) . The O - r i n g is 
d e s i g n e d so that it does not d e s t r o y the t h e r m a l c o n t a c t b e t w e e n the cap 
and body of the h o l d e r . The h o l d e r c u r r e n t l y in u s e is c o n s t r u c t e d of d i s 
o r d e r e d Ti2.i3Zr a l loy w h o s e s u p e r c o n d u c t i n g t r a n s i t i o n t e m p e r a t u r e is 
1.32°K (Hulm and B l a u g h e r , 1961). H e n c e , a W e i s s - t y p e m a g n e t can be 
u s e d for l o w - m a g n e t i c - f i e l d a p p l i c a t i o n s a t t e m p e r a t u r e s above 1.32°K 
or wi th m a g n e t i c f ie lds h i g h e r than the c r i t i c a l v a l u e , w h i c h is about 
0.5 kOe a t 0°K. H e r e , the po le gap shou ld be l a r g e r than 3.5 in . , and the 
p o l e - p i e c e s u r f a c e shou ld be s m a l l e r than 3.5 x 3.5 in. 

The s i n g l e - c r y s t a l e n c a p s u l a t i o n s (Types II to IV m F i g . 30) a r e 
s i m i l a r . The c o l d - f i n g e r t ip is s i t u a t e d 1 in. above the b e a m c e n t e r and 
h e n c e the c o p p e r - b l o c k s p a c e r is u s e d to b r i n g the s m a l l c r y s t a l down to 
the b e a m . In Types II and III, the c r y s t a l is in a h e l i u m - g a s a t m o s p h e r e 
wh ich a c t s a s a t r a n s f e r g a s for t h e r m a l conduc t iv i ty . In Type IV, the 
c r y s t a l is in the v a c u u m e n v i r o n m e n t and f i l l ings of Ti2.i3Zr for t h e r m a l 
c o n t a c t a r e i n s e r t e d b e t w e e n the c r y s t a l and the h o l d e r w a l l . 

The i n n e r c a p s u l e m a d e of Ti2. i3Zr of 0 .003- in . w a l l is he ld a t the 
l iquid h e l i u m t e m p e r a t u r e , and the m i r r o r - f i n i s h e d a l u m i n u m o u t e r c a p 
su le of 0 . 0 2 - i n . w a l l e x t e n d s to the l iqu id n i t r o g e n wa l l . E v a c u a t i o n and 
t h e r m o c o u p l e - a c c e s s h o l e s a r e p r o v i d e d in the inne r c a p s u l e . A s m a l l 
dent for p l a c i n g the t h e r m o c o u p l e j u n c t i o n is m a d e on the co ld f inge r and 
a l s o a t the b o t t o m of the s p e c i m e n h o l d e r . The t h e r m o c o u p l e winds a r o u n d 
the cold f i nge r and then the n i t r o g e n j a c k e t be fo re l e ad ing out to the r o o m -
t e m p e r a t u r e e n v i r o n m e n t , so tha t the h e a t g r a d i e n t and l e a k a r e r e d u c e d . 
G e n e r a l E l e c t r i c v a r n i s h No. 7031 is u s e d to a d h e r e the t h e r m o c o u p l e 
w i r e s to the D e w a r w a l l s and , a l t h o u g h the t h e r m o c o u p l e j u n c t i o n c o n t a c t s 
the D e w a r m e t a l s , s i l i c o n g r e a s e is a p p l i e d in and a r o u n d the a c c e s s dent . 
C u r r e n t l y , two d i f f e r en t t y p e s of t h e r m o c o u p l e a r e l ed into the D e w a r : 
C u : c o n s t a n t a n (O 005:0.01 in. in d i a m e t e r ) for the h i g h e r - t e m p e r a t u r e 
r e g i o n , and Au + 2.1 a / o Co:Ag + 0.37 a / o Au (0 .003 in. : 0.003 in.) for 



79 

m e a s u r i n g the l o w e r t e m p e r a t u r e s . A Au + 2.1 a / o Co:Cu t h e r m o c o u p l e 
h a s been s u b s t i t u t e d for the l a t t e r . The t h e r m o c o u p l e ex tend ing to the 
bo t tom of the s p e c i m e n h o l d e r is s u b j e c t e d to the n e u t r o n b e a m , but i ts 
s c a t t e r i n g effect is neg l ig ib ly s m a l l . To obta in s m a l l t e m p e r a t u r e r i s e , 
E v a n o h m * w i r e (of 0 .005- in . d i a m e t e r and about 310-fi r e s i s t a n c e ) is wound 
a r o u n d the cold f i n g e r . Of c o u r s e , the t e m p e r a t u r e c o n t r o l of th is conf igu
r a t i o n is v e r y p r i m i t i v e and u n e c o n o m i c a l . * * B e c a u s e of r a p i d boi l ing off 
of the r e f r i g e r a n t , a t e m p e r a t u r e r i s e of only about a few d e g r e e s is a 
p r a c t i c a l l i m i t a t 4.2°K and about 10° r i s e n e a r 77°K. F u r t h e r d i s c u s s i o n s 
on the t e m p e r a t u r e m e a s u r e m e n t and c o n t r o l a r e g iven in the following 
c h a p t e r . 

The r a t e of the l i q u i d - h e l i u m e v a p o r a t i o n a v e r a g e s 0.45 and 0.32 l i t e r / 
day a t the top and b o t t o m half of the r e s e r v o i r , r e s p e c t i v e l y . Hence , 
a 4 5 - l i t e r f i l l ing l a s t s n e a r l y 12 d a y s . The l iquid n i t r o g e n in the ou t e r 
c h a m b e r v a p o r i z e s a t a r a t e of 3 to 4 l i t e r s / d a y . Under an e q u i l i b r i u m 
v a p o r p r e s s u r e of 6 m m Hg (at abou t 1.6°K), the 4 . 5 - l i t e r f i l l ing of l iquid 
h e l i u m l a s t s n e a r l y 3 d a y s . The c o m p o n e n t s , 0 . 3 - c m a l u m i n u m and 0 . 0 4 - c i n 
Ti2_i3Zr, in the b e a m p a t h a t t e n u a t e abou t 4 . 3 % of the 0 .1 -eV n e u t r o n s . 

A c o n v e n t i o n a l n i t r o g e n - s t r e a m cool ing t echn ique is e m p l o y e d p r i 
m a r i l y in con junc t ion wi th the full t w o - c i r c l e g o n i o m e t e r ( s ee C h a p t e r 2-2) 
o r wi th o t h e r bulky s p e c i m e n - m o u n t i n g t e c h n i q u e s for which the Dewar e n 
c a s e m e n t is u n s u i t a b l e . This t e c h n i q u e is o c c a s i o n a l l y u sed to cool the 
s p e c i m e n m o u n t e d in the m a g n e t a i r gap ( s e e F i g . 29). The n i c h r o m e - w i r e -
vi^ound h e a t e r wh ich is c o n t r o l l e d t h r o u g h the v a r i a b l e a u t o t r a n s f o r m e r is 
i m m e r s e d m the l i q u i d - n i t r o g e n r e s e r v o i r wh ich is r e f i l l e d a u t o m a t i c a l l y . 
( G r e a t e r a d v a n t a g e would be ob t a ined in l ong , con t inuous o p e r a t i o n if the 
r e s e r v o i r c a p a c i t y w e r e a s l a r g e a s 100 to 200 l i t e r s . ) The cold n i t r o g e n 
v a p o r IS led to the s p e c i m e n t h r o u g h the v a c u u m - j a c k e t e d t r a n s f e r tube wi th 
a n o t h e r h e a t e r co i l in the v a p o r pa th . The t e m p e r a t u r e is c o n t r o l l e d by 
v a r y i n g the hea t ing r a t e s of t h e s e two h e a t e r s . 

F o r the h i g h e r t e m p e r a t u r e r a n g e (about 1 5 0 ° K a n d up), d r y n i t r o g e n 
runn ing t h r o u g h an op t iona l h e a t e r p a t h is m i x e d wi th the m a i n s t r e a m in 
o r d e r to m a i n t a i n a h igh s t r e a m s t r e n g t h . E v e n wi th a c o n s t a n t hea t ing r a t e , 
the t e m p e r a t u r e c h a n g e s s l i g h t l y , depend ing on the a m o u n t of the r e s e r v o i r 
n i t r o g e n . H e n c e , for h i g h - p r e c i s i o n t e m p e r a t u r e c o n t r o l in a l o n g - r a n g e 
e x p e r i m e n t , an a u t o m a t i c t h e r m o c o u p l e - t e m p e r a t u r e c o n t r o l l e r should be 

* E v a n o h m : Wi lbur B. D r i v e r Co . , N e w a r k , New J e r s e y . 75% Ni, 20% C r , 
and 0.5% Al and Cu, in we igh t p e r c e n t . This m a t e r i a l h a s h igh e l e c 
t r i c a l r e s i s t a n c e and v e r y s m a l l r e s i s t a n c e change wi th t e m p e r a t u r e . 
The w i r e can w i t h s t a n d up to 300°C. 

**The r a t e of v a p o r i z a t i o n of l iqu id h e l i u m in the Dewar is a c c e l e r a t e d 
to about 1 i / h r for an e x t e r n a l e n e r g y input of 1 W. 



i n c o r p o r a t e d into the s y s t e m . Our uni t , wi thout s u c h d e v i c e , p o s s e s s e s a 
t e m p e r a t u r e c o n s t a n c y of about ±1°C in the r a n g e f r o m 80°K to 250°K, a l 
though th i s r e q u i r e s r e l a t i v e l y f r e q u e n t m o d u l a t i o n of the m a n u a l c o n t r o l 
l e r s . The s p e c i m e n is p a r t i a l l y e n v e l o p e d by an e n c a s e m e n t of a l u m i n u m , 
q u a r t z g l a s s , or M y l a r , w h i c h a c t s a l s o as the s t r e a m r e f l e c t o r . 

H. A. L e v y ' s g r o u p a t Oak Ridge has deve loped a l o w - t e m p e r a t u r e 
e n c a s e m e n t for the 0 - g o n i o m e t e r of the t w o - c i r c l e g o n i o m e t e r in con junc 
t ion w i th the n i t r o g e n - s t r e a m m e t h o d . This dev i ce is equ ipped wi th a 
u n i v e r s a l j o i n t and a f l ex ib le p a t h in the coo lan t c h a n n e l so tha t the 0, X , 
and Q s e t t i n g s can be m a d e wi thou t l a r g e a n g u l a r r e s t r i c t i o n . The c r y o 
gen ic d e v i c e n e e d e d for the t w o - c i r c l e g o n i o m e t e r b e c o m e s e x c e e d i n g l y 
involved a t t e m p e r a t u r e s be low 77°K, and no s u c h d e v i c e h a s y e t b e e n 
deve loped . 

2 - 1 0 . D i s c u s s i o n of C r y o g e n i c I n s t r u m e n t a t i o n 

We now d i s c u s s c u r r e n t and p o s s i b l e fu tu re i m p r o v e m e n t s of our 
D e w a r d e v i c e s . Spec i a l e m p h a s i s is p l a c e d on the t e m p e r a t u r e m e a s u r e 
m e n t and c o n t r o l [ s e e the books by Dahl (1962) , H o a r e e t a l . ( I 9 6 l ) and 
White (1959)] . 

In a d d i t i o n to the u s e of C u : c o n s t a n t a n and Au + Co:Cu t h e r m o 
c o u p l e s ( C h a p t e r s 2 - 8 and 2-9) for m e a s u r i n g t e m p e r a t u r e , a m e r c u r y or 
s i l i c o n - o i l m a n o m e t e r is e m p l o y e d in the c o n t r o l l e d v a p o r - p r e s s u r e t e c h 
n ique . A r e s i s t a n c e t h e r m o m e t e r is u s u a l l y b u l k i e r than the t h e r m o c o u p l e 
j u n c t i o n and h e n c e w a s not p a r t i c u l a r l y s u i t a b l e for our c o n f i g u r a t i o n . A 
g a l l i u m - d o p e d g e r m a n i u m r e s i s t a n c e t h e r m o m e t e r of d i a m e t e r s m a l l e r 
than 0.5 m m is now a v a i l a b l e , but i t s r e s i s t a n c e is in f luenced by the m a g 
ne t i c f ie ld . As is w e l l known, in the l o w e r s u b - r o o m - t e m p e r a t u r e r e g i o n , 
it is b e t t e r to p l a c e the t h e r m o c o u p l e r e f e r e n c e j u n c t i o n in bo i l ing l iqu id 
n i t r o g e n o r the l ike i n s t e a d of in the ice po in t . Also, the v ia m e d i u m s e c t i o n 
c o n n e c t i n g the m e a s u r i n g and r e f e r e n c e j u n c t i o n s shou ld not be e x p o s e d to 
a t e m p e r a t u r e h i g h e r than tha t of the r e f e r e n c e j u n c t i o n . This w a s , h o w e v e r , 
not r e a d i l y a d a p t a b l e w i th ou r D e w a r d e s i g n . Our a c c u r a c y of t e m p e r a t u r e 
m e a s u r e m e n t is no b e t t e r than ±0.1 °C, but th i s su f f ices for ou r p r e s e n t r e 
s e a r c h o b j e c t i v e . 

The v a p o r - p r e s s u r e r e g u l a t i o n of the r e f r i g e r a n t is be ing c a r r i e d 
out w i t h a C a r t e s i a n m o n o s t a t c a p a b l e of r e g u l a t i n g ±0.1 m m Hg for 0- to 
3 0 - c f m flow. 

S e l e c t i o n of a r e f r i g e r a n t fo r t e m p e r a t u r e v a r i a t i o n is h igh ly l i m i t e d 
in e x p e r i m e n t s in or n e a r r e a c t o r s . A r e f r i g e r a n t tha t g e n e r a t e s e x p l o s i v e , 
i n f l a m m a b l e , r e a c t i v e , o r tox ic g a s e s r e q u i r e s a s e p a r a t e , s p e c i a l e x h a u s t 
s y s t e m i n c o r p o r a t i n g e l a b o r a t e s a f e ty d e v i c e s , p a r t i c u l a r l y s i n c e a s l i gh t ly 
r e d u c e d a t m o s p h e r i c p r e s s u r e is m a i n t a i n e d i n s i d e the C P - 5 r e a c t o r . L iqu id 



h y d r o g e n is an e x a m p l e of s u c h a r e f r i g e r a n t , a s is l iqu id oxygen. The t e m 
p e r a t u r e s a v a i l a b l e t h r o u g h u s e of t h e s e m u s t be ob ta ined by o the r m e a n s . 

The l iqu id r e f r i g e r a n t s s u i t a b l e for our r e a c t o r e x p e r i m e n t s a r e , 
w i th r e g u l a t i o n f r o m 760 to 1 m m Hg, h e l i u m for the r a n g e f r o m 4.2°K to 
1.3°K, n i t r o g e n for the r a n g e f r o m 7 7 . 4 ° K t o 6 3 . 2 ° K ( 9 4 . 0 m m Hg, t r i p l e 
po in t ) , CF4 for the r a n g e f r o m 145.2°K to 88.5°K, CCIF3 for^the r a n g e f r o m 
191.8°K to 119.5°K, CCI2F2 for the r a n g e f r o m 243.4°K to 152.5°K, and 
CCI3F for the r a n g e f r o m 296.9°K to 187.9°K. C u r r e n t l y , CF4 and CCIF3 
a r e m o r e c o s t l y t han h e l i u m . Solid r e f r i g e r a n t s ( see Table III) and f r e e z 
ing m i x t u r e s exh ib i t l a r g e t e m p e r a t u r e d r i f t u n l e s s c a r e f u l p r o v i s i o n s a r e 
m a d e for m a i n t a i n i n g t h e m a t t h e r m o d y n a m i c e q u i l i b r i u m . They a r e , 
h o w e v e r , s o m e t i m e s handy to u s e in an e x p e r i m e n t in wh ich a r e l a t i v e l y 
l a r g e t e m p e r a t u r e f l uc tua t ion m a y be t o l e r a t e d . 

In the a n g u l a r D e w a r w i th the c r y o - g o n i o m e t e r , the s p e c i m e n is 
i m m e r s e d in the r e f r i g e r a n t w h o s e n e u t r o n - a t t e n u a t i o n pa th l e n g t h i s , 
n e g l e c t i n g the s p e c i m e n c r y s t a l , about 0.75 in. or 2 c m . The 2 c m of l i q 
uid h e l i u m a t t e n u a t e s only abou t 3% of the t h e r m a l n e u t r o n s . H o w e v e r , a s 
s e e n f r o m Tab le III of Appendix I, the t o t a l c r o s s s e c t i o n s of o t h e r c o n c e i v 
ab le r e f r i g e r a n t s a r e too l a r g e to be u s e d for the d i r e c t cool ing t e c h n i q u e . 
Solid r e f r i g e r a n t canno t be u s e d b e c a u s e it i n t e r f e r e s wi th the g o n i o m e t r i c 
m e c h a n i s m . 

The fo l lowing i n s t r u m e n t a t i o n s on the a n g u l a r D e w a r a r e c u r r e n t l y 
u n d e r w a y to p e r m i t w i d e r t e m p e r a t u r e v a r i a t i o n : 

Two a l u m i n u m , hol low h e m i s p h e r e s whose e q u a t o r i a l p l a n e s have 
b e e n s h a p e d to e n c a s e the s p e c i m e n and to fit into the ) ( - c i r c l e m a y be 
u s e d to cu t down the e f fec t ive b e a m p a t h of the r e f r i g e r a n t to about 2 m m 
or l e s s . N i t r o g e n and m o s t of F r e o n s can be e m p l o y e d in th i s m a n n e r . 
H o w e v e r , the t e m p e r a t u r e r e g i o n f r o m 4 .2°K to 63.2°K, is s t i l l u n a t t a i n 
ab le by th i s t e c h n i q u e . 

A t r a n s f e r - t u b e t e c h n i q u e is u n d e r c o n s i d e r a t i o n . The l i q u i d - h e l i u m 
t r a n s f e r - t u b e w i t h s e v e r a l f l ex ib le s e c t i o n s is i n s e r t e d into the Dewar 
t h r o u g h a p u m p i n g t ee and is e x t e n d e d down to n e a r the s p e c i m e n . The in-
D e w a r s e c t i o n of the tube is abou t 0.125 in. in d i a m e t e r , and i ts n e a r -
s p e c i m e n s e g m e n t is not v a c u u m j a c k e t e d . The l iqu id h e l i u m in a s t o r a g e 
D e w a r is f o r c e d in to the s p e c i m e n s e c t i o n by m e a n s of a s m a l l v a c u u m p u m p 
wi th a n e e d l e - v a l v e c o n t r o l in a r e t u r n - g a s c y c l e . If h i g h e r t e m p e r a t u r e s 
a r e w a n t e d , l iqu id n i t r o g e n is u s e d in p l a c e of l iqu id h e l i u m . The diff iculty 
h e r e is to f a c i l i t a t e a wide m o d u l a t i o n of the Xu and Q, s e t t i n g s wi thout 
t r a n s p o s i t i o n i n g of the t r a n s f e r - t u b e a s s e m b l y . 

The c o l d - f i n g e r s a m p l e m o u n t w i th a t h e r m a l va lve ( s ee F i g . 32) 
is p e r h a p s of m o r e e l e g a n t d e s i g n than p r o v i d e d by the a f o r e m e n t i o n e d 
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t e c h n i q u e s . Th i s a n g u l a r - D e w a r a t t a c h m e n t is now unde r c o n s t r u c t i o n , so 
that o p e r a t i o n a l da t a a r e not ye t a v a i l a b l e . The i n n e r c a p s u l e , m a d e of 
s t a i n l e s s s t e e l , is t e r m i n a t e d by a c o p p e r cold f inger w h o s e r e f r i g e r a n t s ide 
is m a c h i n e d out to f o r m a c o n i c a l w e l l . The l o w e r 1-in. s e c t i o n of the 
0 .05- in . c a p s u l e w a l l is th inned out to 0.01 in . , and e ight s t a g g e r e d h o l e s , 
e a c h 0.25 in. in d i a m e t e r , a r e m a d e on the t h i n - w a l l s e c t i o n to p r o v i d e 
e v a c u a t i o n c h a n n e l s . H e a t l e a k a g e t h r o u g h th i s t h i n - w a l l s e c t i o n is e x 
p e c t e d to be r e l a t i v e l y i n s ign i f i can t . A p h o s p h o r u s - b r o n z e bel lows is 
s u s p e n d e d f r o m the m i d s e c t i o n of the c a p s u l e , and the bo t t om opening of 
the be l lows is e n c l o s e d by the c o n i c a l top of the c o p p e r va lve shaft . Two 
p a i r s of m u t u a l l y o r t h o g o n a l V - t u n n e l s a r e d r i l l e d in the c o n i c a l top for 
i n t r o d u c i n g the r e f r i g e r a n t n e a r the v e r t e x . A s t a i n l e s s s t e e l nut is 
b r a z e d on the nock of the c o p p e r shaf t . The nut is engaged on a t i t a n i u m 
s c r e w a t the X"shaf t t e r m i n a l , w h i c h is gu ided by a Rulon* b e a r i n g . The 
X"shaft r e v o l u t i o n r e g u l a t e s the he igh t of the c o p p e r shaf t , and t h e r e b y 
m o d u l a t e s the conduc t i ve and r a d i a t i v e h e a t t r a n s f e r f r o m the c o p p e r c o n i 
ca l top to the co ld f i n g e r . With the u s e of th is a s s e m b l y , p r a c t i c a l l y a l l 
s u b - r o o m t e m p e r a t u r e s a r e e x p e c t e d to be a t t a i n a b l e w i th the u s e of l i q 
uid h e l i u m and n i t r o g e n . The s p e c i m e n hous ing is s i m i l a r to tha t for the 
s t r a i g h t D e w a r . The X" and 0 - g o n i o m e t r i e s of the s p e c i m e n a r e of c o u r s e 
not o p e r a t i o n a l w i th th i s d e v i c e . 

I n c o r p o r a t i o n of the b e l l o w s - t y p e t e m p e r a t u r e c o n t r o l to the 
s t r a i g h t D e w a r is not c o n s i d e r e d b e c a u s e of u n e x c h a n g e a b l e c o l d - f i n g e r 
c o n s t r u c t i o n , and h e n c e the t r a n s f e r - t u b e t e chn ique m a y be a d a p t e d to the 
s t r a i g h t D e w a r for the t e m p e r a t u r e r e g i o n f r o m 4.2° to 63.2°K. F o r t u n a t e l y , 
the w a r m i n g - u p r a t e s of a l l of our D e w a r a s s e m b l i e s a r e exceed ing ly s low. 
F o r i n s t a n c e , about 3 to 6 h r a r e r e q u i r e d to w a r m the e m p t y inne r c h a i n b e r 
a t 4.2°K to the o u t e r c h a m b e r t e m p e r a t u r e of 77°K. A n u m b e r of rock ing 
c u r v e s w i t h t e m p e r a t u r e m e a s u r e m e n t of suf f ic ien t a c c u r a c y c a n be ob
t a ined d u r i n g th is long w a r m i n g - u p p e r i o d . 

F i n a l l y , p e r h a p s the m o s t s u i t a b l e D e w a r c o n s t r u c t i o n for v a r i a b l e 
t e m p e r a t u r e c o n t r o l o v e r the e n t i r e r a n g e of s u b - r o o m t e m p e r a t u r e s is tha t 
b a s e d on the v a r i a b l e h e l i u m - g a s h e a t - l i n k t e c h n i q u e . Such a Dewar is now 
a v a i l a b l e f r o m , for i n s t a n c e , Andon ian A s s o c i a t e s , W a l t h a m , M a s s a c h u s e t t s . 
The c r y o - g o n i o m e t e r o r o t h e r d e v i c e s can r e a d i l y be a d a p t e d in th is type 
of D e w a r . 

*Rulon is a p r o d u c t of Dixon C o r p o r a t i o n , B r i s t o l , Rhode I s l and , and is 
Tef lon i m p r e g n a t e d w i th i n o r g a n i c o r m e t a l l i c p o w d e r , s u c h as g r a p h i t e , 
m i c a , o r s i l v e r . Some Rulons p o s s e s s e x c e l l e n t b e a r i n g p r o p e r t i e s 
o v e r a w i d e t e m p e r a t u r e r a n g e , inc lud ing tha t n e a r 0°K. 



2-11 . Diffraction Furnaces 

Numerous types of X-ray h igh- t empera tu re c a m e r a s for both 
counter and film techniques have been developed, and m o r e than a score 
a r e available commerc ia l ly (see , e.g., the books by Campbell , 1956, and 
P e i s e r £t al^., 1955). P r o g r e s s in this a r e a is exponentially expanding; even 
the use of p lasma je ts and l a s e r beams is under development. X-ray cam
e ra s can readi ly be adapted for neutron s tudies , especial ly since the com
ponents in the X-ray beam-pa th , such as beryl l ium, a re usually sufficiently 
thin enough to have smal l neutron attenuation. 

As stated in Chapter 2-7 , the diffraction furnace for the neutron dif-
f rac tomete r is far e a s i e r to design on account of a wider choice of beam-pa th 
components (see Table III of Appendix l). A survey shows that at leas t a 
dozen furnaces designed solely for the neutron diffraction have been in use 
at var ious l abo ra to r i e s , although, only a few have been descr ibed in the l i t 
e r a tu r e (Abrahams, 1963; Willis et a l . , 1962). Our neutron diffraction fur
naces , one mounted on the large goniometer head for a full sca t te r ing-angle 
study and the other for the magnet mount, pos se s s some unique features 
descr ibed below. The f i r s t is denoted as M-1 and the l a t t e r as M-2 or 
magnetodiffraction furnace. 

The M-1 furnace is i l lus t ra ted in F igs . 33 through 36 and the 
magneto-furnace in F igs . 37 and 38. Some components , such as heating 
element , heat shield, sample holder , and e lec t r i c t e r m i n a l s , a r e common 
to the two furnaces , thus avoiding unnecessary duplication in fabricat ion. 
Although the furnaces a r e pa r t i cu la r i zed here as high-vacuum high-
t empe ra tu r e devices , they can a lso be employed in an iner t a tmosphe re . 

The furnaces a r e of the r e s i s t o r - h e a t e r type and a t empe ra tu r e of 
about 2000°C maximum is expected. (The highest at tainable t empera tu re 
is dependent on the hea te r e lement , which is readily exchangeable.) Both 
s ing l e - c rys t a l and powder studies can be accommodated in these furnaces . 

The basic pr inc ip les in design of the labora tory furnaces a r e con
cisely yet comprehensively desc r ibed by Star t and Thring (i960). Recent 
advances in h igh - t empera tu re m e a s u r e m e n t and control have been com
piled by Dahl (1962). The physical p rope r t i e s of var ious m a t e r i a l s at high 
t e m p e r a t u r e s a r e given in books by Campbell (1956), Goldsmith et al . ( I96 l ) , 
Samsonov (1964), and Shaffer (1964). References previously cited for the 
l ow- t empera tu re m a t e r i a l s (see Chapter 2-7) frequently include high-
t empe ra tu r e p rope r t i e s a l so . 
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Fig. 33. The High-temperature Diffraction Furnace (M-1) to be Mounted on the Large Goniometer Head. 
Two typical assemblies of the furnace elements are shown. 
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Fig. 34 The Low and Upper Inconel Bases and the 
Aluminum Mantle of the M-1 Furnace 

Fig 35. 

Examples of Furnace Elements Top row (from 
left to right) two tapered, tantalum cover 
plugs to be used with the wire-resistor heater, 
two types of tantalum or graphite spacer plugs 
for the tube heater, platinum heat-shield. 
Main row single-crystal holder the holder-
heater for the powder specimen the wire/ 
resistor heater, the inner heat shield, the outer 
heat shield. 

120-8497 
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Fig. 36. The M-1 Diffraction Furnace with the Ion-getter Vacuum Pump Mounted on the Goniometer Head, 
The centering adjusters for the magnet unit are also clearly seen on the fi-table. 
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Fig. 37. The Magneto-diffraction Furnace. The heat-shield sheet 
covering the goniometer-head is omitted in this drawing. 



120-8495 
Fig. 38. The Magneto-diffraction High-temperature Goniometer 

The v a c u u m hous ing of the M - 1 f u r n a c e c o n s i s t s of t h r e e p a r t s ; 
uppe r and l o w e r Incone l* b a s e s , and an a l u m i n u m c e n t r a l m a n t l e ( see 
F i g s . 33 and 34). The t h r e e - p a r t c o n s t r u c t i o n p e r m i t s e a sy m a n i p u l a t i o n 
and i n t e r c h a n g e of the f u r n a c e c o m p o n e n t s . The ou te r shape of the f u r n a c e 
is tha t of a s y m m e t r i c a l l y s t epp ing c y l i n d e r . The c y l i n d e r d i a m e t e r r a n g e s 
f r o m about 3.25 to 1.85 in. (the l a t t e r be ing the ou t e r d i a m e t e r of the a l u 
m i n u m b e a m window) ; the c y l i n d e r is 1.5 in. h igh and has a 0 .05- in . wa l l . 
The o v e r a l l he igh t of the f u r n a c e is 6 in . , excluding the e l e c t r o d e s and the 
l ike on the uppe r b a s e . The c e n t e r of the s p e c i m e n is s i t u a t e d 2.875 in. 
f r o m the f u r n a c e b a s e , so that the s p e c i m e n pos i t i on co inc ides wi th the 
a z i m u t h - r o c k e r c e n t e r of the l a r g e g o n i o m e t e r head ( see C h a p t e r 2 -2 ) . 
As i m p l i e d by t h e s e d i m e n s i o n s , the f u r n a c e is indeed s m a l l and c o m p a c t , 
and it can be p l a c e d in the W e i s s - t y p e m a g n e t wi th the pole gap of about 
2 in. 

The v a c u u m - h o u s i n g p a r t s a r e s c r e w e d t o g e t h e r wi th s i l i c o n e -
r u b b e r O-r ings** and e v a c u a t i o n is t h r o u g h the 0 . 5 6 - i n . - I D p o r t tube on the 

*Inconel used here has the approximate composition (w/o), 76 Ni, 16 Cr, and 8 Fe. This material is 
highly resistant to oxidation and other corrosion at elevated temperatures, except under sulfidizing 
atmosphere. The solidus temperature is about 1400'-'C. The thermal conductivity is very low, slightly 
higher than that of the stainless steel. It is paramagnetic above -40°C. 

All of the O-rings in the furnace are made of silicone rubber whose maximum continuous-service 
temperature is about 200*̂ 0. Apieson-H grease, which can be used up to 250°C, is used with the 
rubber O-ring. Occasionally, Teflon 0-ring (max service temp of 260°C) is employed instead. 
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u p p e r b a s e . Two c o p p e r e l e c t r i c t e r m i n a l s and one t h e r m o c o u p l e l e a d - i n 
a r e p r o v i d e d for e a c h of the u p p e r and l o w e r b a s e s . The d i a m e t e r of the 
n a r r o w e s t s e c t i o n of the e l e c t r o d e is 0.325 in . ; hence i ts a l l o w a b l e c a r r y i n g 
c a p a c i t y is 127 A m p in the r u b b e r - c o v e r e d w i r e s t a n d a r d . The O - r i n g c o m 
p r e s s i o n s e a l w i th the K e l - F * s p a c e r s is e m p l o y e d for the v a c u u m - t i g h t 
i n s e r t i o n of the e l e c t r o d e . The t h e r m o c o u p l e is led into the v a c u u m c h a m b e r 
t h r o u g h a stuff c av i t y con ta in ing S tupakoee (or F u s i t e ) and O - r i n g c o m p r e s 
s ion s e a l s . T r i a d i c s p r i g s w i t h t a n t a l u m s c r e w s a r e p r o j e c t e d down f r o m 
the u p p e r b a s e ; they a r e p r i m a r i l y u s e d for hanging the o u t e r h e a t s h i e l d 
and the w i r e - r e s i s t o r h e a t e r e l e m e n t . The u p p e r b a s e and a l u m i n u m m a n t l e 
a r e equ ipped w i th a c o o l i n g - w a t e r c h a n n e l . H e a t d i s s i p a t i o n of the l o w e r 
b a s e is by conduc t ion t h r o u g h a l a r g e a r e a of c o n t a c t w i th the a l u m i n u m 
m a n t l e and wi th the g o n i o m e t e r h e a d . 

The s a m p l e h o l d e r is s u p p o r t e d by a t a n t a l u m - s a p p h i r e s p a c e r w h i c h 
is s c r e w e d into the l o w e r - b a s e c e n t e r . The s p a c e r is c o m p o s e d of t a n t a l u m 
s c r e w cups and s y n t h e t i c s a p p h i r e r o d (0.75 in. h igh and 0.25 in. in d i a m 
e t e r ) , and t a n t a l u m s c r e w p ins a r e u s e d to f a s t e n t h e m t o g e t h e r . The 
p o w d e r - s a m p l e h o l d e r is a tube of v a n a d i u m , 3 in. h igh, of 0 .375 - in . OD, 
and wi th a 0 .005 - in . w a l l . Both ends of the v a n a d i u m tube a r e e n c l o s e d by 
a t a n t a l u m or v a n a d i u m plug w h i c h is s l i gh t ly t a p e r e d i n w a r d to m e e t w i th 
the t u b e - d i a m e t e r v a r i a t i o n , ±0.005 in. The s i n g l e - c r y s t a l T a - V h o l d e r is 
h e i g h t - a d j u s t a b l e , and its n e a r - s p a c e r s e c t i o n is b o r e d out for m i n i m i z i n g 
the h e a t l e a k and to f a c i l i t a t e e v a c u a t i o n of the s c r e w void of the h o l d e r 
( s ee F i g s . 33 and 35). As d i s c u s s e d l a t e r , a v a r i e t y of the h o l d e r m a t e r i a l 
can be u s e d in l i eu of t hose m e n t i o n e d a b o v e . 

The r e s i s t o r - h e a t i n g e l e m e n t can be in the f o r m of e i t h e r a w i r e or 
c y l i n d r i c a l t h i n - w a l l t ube . The f o r m e r c o n s i s t s of a p a i r of u p p e r and l o w e r 
h e a t e r s . The r e s i s t o r w i r e is wound on r e c r y s t a l l i z e d a l u m i n a tube , 
1.625 in. h igh , 0,5 in. in OD, and 0.4 in. in ID, for c l o s e f i t t ing to the s a m p l e 
h o l d e r and to the i n n e r h e a t s h i e l d . The w i r e is t h r e a d e d t h r o u g h twin ho le s 
n e a r the top of the t u b e , and double w i r e - t h r e a d s a r e wound down so tha t 
both w i r e t e r m i n a l s a r e abou t 0.3 in. above the tube b o t t o m . T h r e e e q u a l l y 
s p a c e d h o l e s , e a c h 0.094 in. in d i a m e t e r , a r e d r i l l e d a r o u n d the tube w a l l 
j u s t above the tube b o t t o m , w h i c h is g r o u n d out to an a r c h - t r i p o d s h a p e 
w i th k n i f e - e d g e d fee t . The l o w e r h e a t e r s i t s on the Inconel l o w e r b a s e 
t h r o u g h the k n i f e - e d g e c o n t a c t s , and a t a n t a l u m holding p in k e e p s the h e a t e r 
s t a t i o n a r y . A n o t h e r h e a t e r is hung u p s i d e - d o w n f r o m the u p p e r b a s e by 
m e a n s of the t r i a d i c s p r i g s and t a n t a l u m s c r e w s . P t o r P t - R h a l loy w i r e s 
of B &S No. 36 to 32 ( 0 . 0 0 5 - to 0 .008 - in . d i a m e t e r ) a r e m o s t f r e q u e n t l y e m 
p loyed as r e s i s t o r e l e m e n t s . A l though the wind ing a r e a is s m a l l , a r e s i s t o r 
w i t h up to 15 f2 c a n be m a d e . In o r d e r to r e d u c e v a p o r i z a t i o n a n d to i n s u r e 
e l e c t r i c a l i n s u l a t i o n , r e f r a c t o r y c e m e n t is c o a t e d on the wound w i r e . 

* K e l - F : p o l y t r i f l u o r o c h l o r o e t h y l e n e ; m a x s e r v i c e t e m p of 200°C. 



The v a n a d i u m inne r h e a t sh i e ld , 4 in. high, 0.6 in. in ID and wi th a 
0 .005- in . w a l l , e n c a s e s the P t - R h h e a t e r and is p o s i t i o n e d by the a l u m i n a 
s u p p o r t s p a c e r , w h o s e b o t t o m p o r t i o n is a l s o shaped into an a r c h - t r i p o d 
w i th k n i f e - e d g e c o n t a c t s to the l o w e r b a s e . The o u t e r h e a t sh ie ld , a l s o of 
v a n a d i u m , hangs f r o m the uppe r b a s e and is 4 in. h igh, of 1-in. ID, and wi th 
a 0 .005- in . w a l l . The h e a t zone for the n e u t r o n - i m p i n g i n g sec t i on is c r e a t e d 
t h r o u g h conduc t ion hea t ing of both the s a m p l e ho lde r and the inner hea t 
sh ie ld by the P t - R h h e a t e r . A P t - s h e e t d i sk is i n s e r t e d into the top opening 
of the h e a t zone so as to aba t e r a d i a t i v e h e a t t o w a r d the upper b a s e . 

The a l t e r n a t i v e h e a t e r uni t u s e s the v a n a d i u m s a m p l e - h o l d e r a s a 
r e s i s t o r . The h o l d e r w a l l is th inned out to about 0.0015 in. by use of di lute 
HNO3. The r e s i s t a n c e of the h o l d e r then i n c r e a s e s to about 0.005 Q, a t 
20°C. The he igh t of the inne r h e a t s h i e ld in th is c a s e is 3.5 in. , and i ts w a l l 
t h i c k n e s s is t h inne r than 0.005 in. A t a p e r e d s p a c e r plug m a d e of t a n t a l u m 
or g r a p h i t e is p r e s s - f i t into the annu lus s p a c e be tween the h o l d e r and the 
inne r sh i e ld , and an a l u m i n a - t u b e s p a c e r s i m i l a r to tha t for the P t - R h 
h e a t e r s u p p o r t s the i n n e r sh i e ld . P l a t i n u m r ibbon is a r c - w e l d e d to the 
inne r sh ie ld a s e l e c t r i c a l l ead . Ano the r p l a t i n u m e l e c t r i c a l l ead is con 
nec t ed to the s a m p l e - h o l d e r b a s e , so that the h o l d e r , the inner sh ie ld , and 
the s p a c e r plug c o n s t i t u t e an e l e c t r i c con t inuum. It should be noted that 
the inne r sh ie ld h e r e p l a y s the d u a l - r o l e of s e c o n d a r y h e a t e r and hea t 
sh ie ld . Th i s h o l d e r - h e a t i n g m o d u l e is e m p l o y e d both for the powder and 
s i n g l e - c r y s t a l m o u n t s , excep t when powde r s a m p l e s have a p p r e c i a b l e 
e l e c t r i c conduc t iv i ty . 

The P t - R h * h e a t e r can s e r v e up to about 1600°C in ex tended o p e r a 
t ion. The v a n a d i u m h o l d e r o r h e a t e r , can be u sed to about 1300°C; above 
th i s the v a p o r p r e s s u r e of v a n a d i u m is h i g h e r than 4 x 1 0 ^ m m Hg** ( see 
the book by N e s m e y a n o v , 1963, for vapo r p r e s s u r e s of e l e m e n t s ) . Under an 
i n e r t g a s a t m o s p h e r e , the v a n a d i u m c o m p o n e n t s m a y be u sed up to n e a r 
the m e l t i n g po in t , 1710°C. 

F o r the w i r e - r e s i s t o r f u r n a c e , t ungs t en s p i r a l s ^ m a y be used up to 
a m a x i m u m s e r v i c e t e m p e r a t u r e of 2600°C in v a c u u m and to 3200°C (just 
below me l t i ng poin t of 3377°C) in a h e l i u m a t m o s p h e r e . F o r the t u b e -
r e s i s t o r type . Mo (mp 26 l7°C) , P t , t t Ta (mp 2997°C), and W p o s s e s s h ighe r 
s e r v i c e t e m p e r a t u r e s than does v a n a d i u m . P r e f e r a b l y , the h e a t e r and 
hea t sh i e ld should be p r e p a r e d f r o m the s a m e m a t e r i a l so as to s impl i fy 

*Melting or solidus points: Pt, 1769°C; 10% Rh/Pt, 1845°C; 20'7o Rh/Pt, 1900°C; 40% Rh/Pt, 1945°C. 
The vapor pressure of platinum is 3 x 10" ' mm Hg at 1400OC, which is the recommended maximum 
service temperature. 

**rhe vapor pressures of vanadium are 7.1 x 10"8, 9.0 x lO""^, 8.5 x 10"^, 6.2 x 10"^, and 3.6 x 10""^ mm 
Hg at 1227, 1327, 1427, 1527, and 1627°C, respectively. 

TTungsten-wire windings sag appreciably at high temperatures. 

TlRh has a relatively high neutron cross section; hence Pt-Rh alloys are not recommended for the beam-
path material (see Appendix I). 



the s c a t t e r i n g effect due to the f u r n a c e c o m p o n e n t s . The c u m u l a t i v e n e u t r o n 
a t t e n u a t i o n of one 0 . 0 0 2 - i n . h o l d e r - t u b e , two 0 .005- in . h e a t s h i e l d , and a l u - , 
m i n u m windows i s , fo r 0.1 - e V n e u t r o n s : 6 .3% for V; 5.0% for Mo; 8.2% for 
P t ; 7.5% for T a ; 7.7% for W. S i m i l a r l y , t h i n - w a l l e d tubes of AI2O3, BeO, 
g r a p h i t e , MgO, SiC, Th02 , and Z r 0 2 m a y be e m p l o y e d for the b e a m - p a t h 
f u r n a c e e l e m e n t s ; t h e i r m e l t i n g po in t s a r e , r e s p e c t i v e l y , 2015-2050°C, 
2530°C, 3000°C ( s e r v i c e t e m p e r a t u r e ) , 2800°C, 2200°C ( s e r v i c e t e m p e r a t u r e ) , 
3035°C, and 2700-2980°C. H e r e , the oxide r e s i s t o r s w i th low n e u t r o n a t 
t e n u a t i o n , Th02-Y203 and Z r 0 2 - Y 2 0 3 , a r e of p o t e n t i a l u s e for t e m p e r a t u r e s 
in e x c e s s of 2000°C, e v e n u n d e r an ox id iz ing a t m o s p h e r e (R. F . G e l l e r in 
the book by C a m p b e l l , 1956, pp . 263 -268) . The i nne r h e a t s h i e l d m a y be 
u s e d a s an a u x i l i a r y or s t a r t u p h e a t e r for the oxide h e a t e r . 

The f u r n a c e has b e e n s u c c e s s f u l l y e m p l o y e d up to abou t 1700°C. 
The l o w e r p a i r of the e l e c t r o d e s w e r e w a r m e d to o v e r 100°C in the 1700°C 
o p e r a t i o n ; h e n c e , a c o p p e r c a p i l l a r y tube for l e ad ing cool ing w a t e r w a s 
wound a r o u n d the l o w e r e l e c t r o d e s . The t h e r m o c o u p l e s , B &S No. 36 
(0 .005 - in . d i a m e t e r ) , w e r e p l a c e d a s i l l u s t r a t e d in F i g . 33 . C o m m o n l y u s e d 
t h e r m o c o u p l e s a r e : P t - 1 0 % R h / P t fo r up to 1760°C; 20% R h / P t - 4 0 % R h / P t 
for 1850°C; 60% I r / R h - I r for 2300°C. F o r o the r h i g h - t e m p e r a t u r e t h e r m o 
c o u p l e s , s e e the book by Dah l (1962) . 

Op t i ca l p y r o m e t r y c a n be a c c o m m o d a t e d by the p r e s e n t d e s i g n , by 
r e p l a c i n g the u p p e r - t h e r m o c o u p l e l e a d - i n s e a l by a s i l i c a - g l a s s window. 

In v iew of l eng thy e x p e r i m e n t a l p e r i o d and r a d i a t i o n h a z a r d , a u t o 
m a t i c t e m p e r a t u r e c o n t r o l is h ighly d e s i r e d . F o r t h i s , a s t e p l e s s , p r o p o r 
t i ona l , a u t o - f e e d b a c k c o n t r o l l e r is m o s t i dea l . H o w e v e r , t e n t a t i v e l y , a 
m a n u a l a u t o - t r a n s f o r m e r c o n t r o l h a s been e m p l o y e d in our e x p e r i m e n t . The 
input of 110 V AC is fed into the s t e p - d o w n t r a n s f o r m e r t h r o u g h the a u t o 
t r a n s f o r m e r . The output is 6 to 12 V, w i t h m a x i m u m p o w e r of about 1.5 kW. 
In the n o r m a l h i g h - v a c u u m o p e r a t i o n , the f u r n a c e a s s e m b l y is d e g a s s e d a t 
the o p e r a t i o n t e m p e r a t u r e u n d e r h igh v a c u u m ob ta ined t h r o u g h the c o n v e n 
t iona l v a c u u m s t a t i o n . The e v a c u a t i o n r o u t e w i l l then be d i v e r t e d to the i on -
g e t t e r p u m p of 1 - i / s e c o r 8 - - y s e c c a p a c i t y ( s e e F i g . 36). T h i s e n a b l e s a n 
r2-set t ing of the f u r n a c e wi thou t l a r g e r e s t r i c t i o n . 

The d e s i g n of the m a g n e t o - f u r n a c e is v e r y unique a s r e g a r d s the 
s a m p l e - h o l d e r c o n s t r u c t i o n , w h i c h is i l l u s t r a t e d in F i g s . 37 and 38. The 
Inconel f lange is a d a p t e d to the b o t t o m opening of the a l u m i n u m v a c u u m 
box of the m a g n e t ( s e e C h a p t e r 2 - 7 ) . The f l ange , t e r m e d o u t e r b a s e in 
F i g . 37, ho lds up the w a t e r - c o o l e d i n n e r b a s e t h r o u g h a d o u b l e - O - r i n g r o 
t a r y v a c u u m s e a l . The i n n e r b a s e is equ ipped w i th two e l e c t r o d e s , a t h e r 
m o c o u p l e l e a d - i n , and the w a t e r - c o o l e d sp ind le c o l u m n . On the top of the 
sp ind le c o l u m n , a s t a n d a r d s m a l l g o n i o m e t e r head is m o u n t e d . The u p p e r 
r o c k e r of the g o n i o m e t e r h e a d is a b r a s s b a s e w h i c h is w a t e r coo led v ia 
the sp ind le w a t e r c h a n n e l and f lex ib le b r o n z e t u b e s . A s m a l l a l u m i n a t ab l e 



IS then f a s t e n e d to the b r a s s b a s e by m e a n s of p h o s p h o r u s - b r o n z e c l i p s . 
The s a m p l e h o l d e r is m o u n t e d on the a l u m i n a t a b l e . The top opening of 
the a l u m i n u m v a c u u m box is c o v e r e d -with the upper b a s e of the M-1 f u r 
n a c e . The d e s i g n s of the h e a t e r e l e m e n t s , s a m p l e h o l d e r , e l e c t r o d e s , and 
t h e r m o c o u p l e l e a d - i n a r e i d e n t i c a l w i th t h o s e for the M - 1 f u r n a c e . The 
c o p p e r tube is wound on the m a g n e t p o l e s for add i t i ona l w a t e r cool ing of 
the m a g n e t c o r e . The 0 - r o t a t i o n t o g e t h e r wi th the Xll a-^d X I s e t t i n g s of 
the m a g n e t f a c i l i t a t e the d i r e c t i o n a l m o d u l a t i o n s of the s a m p l e and the e x 
t e r n a l m a g n e t i c - f i e l d . 
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APPENDIX I 

Transmiss ion Reference Data 

The l inear absorption coefficients /i m the t r ansmiss ion rat io, 
exp(-|Lit), and related data a re given m Table III for customary or potential 
ma te r i a l s for use m neutron-diffraction instrumentat ion Unless otherwise 
noted, the following genera l guides a re applicable to the tabulated values 

Table HI 

TRANSMISSION DATA FOR SELECTED MATERIALS 

The Thicknesses for a Transmission Ratio of 
10 9 Are Marked with an Asterisk Otherwise 

They Are Given for 10% Attenuation 

Substance 

Ag 
Al 
Au 
B 
a Be 

Cd 
Cr 
Cu 

a Fe 

Gd 
Ge 
In 
Mg 
Mo 
NI 

Pb 
Pt 
SI 

Ta 
V 
a W 
Zn 
a Zr 
Brass 
Bronze 
Monel 

Nichrome 

PtRho 211 

PtRho 633 

Stainless 
Steel 

Ti2 BZr 

AI2O3 
B4C 
B7C 
BeO 
C (graphite)^ 

CaB6 
Hg2Cl2 

Glass PyrexlJ 

L12CO3 

H(cm-l| 

0 025 eV 

388 
0 0904 
6 14 

98 2 
0 981 

119 
0 601 
0 914 

112 

1389 
0 269 
7 52 
0 133 
0 481 
196 

0 264 
109 
0 115 

138 
0 711 
1452 
0 270 
0 269 
0 689 
0 828 
156 

164 
268 

4 65 

100 

0 472 

0 372 
82 5 
891 
0 838 
0 569 

610 
830 

4 68 

2 78 

0 1 eV 

214 
0 0964 
3 33 

49 7 
0 718 

162 
0 480 
0 796 

102 

387 
0 353 
4 29 
0 147 
0 449 
183 

0 353 
0 995 
0 112 

0 884 
0 533 
0 915 
0 276 
0 269 
0 616 
0 727 
143 

150 
187 

2 95 

100 

0 355 

0 348 
419 
45 2 
0 706 
0 546 

30 9 
4 38 

2 76 

152 

t(cni) 

0 025 eV 

0 027 
1165 
0 017' 
0 211 
0118 

0 174° 
0175 
0115 

18 5" 

0 015* 
0 391 
0 014 
0 791 
0 219 

10 6* 

0 399 
0 096 
0 918 

0 076 
0 148 
0 073 
0 390 
0 392 
0 153 
0 127 
0 067 

0 064 
0 039 

0 023 

20 7* 

0 224 

0 283 
0 251' 
0 233* 
0 126 
0 185 

0 340' 
2 50' 

0 023 

7 45' 

O l e V 

0 049 
1092 
0 032' 
0 417 
0 147 

0 128° 
0 219 
0 132 

20 3* 

0 054* 
0 298 
0 025 
0 717 
0 235 

113* 

0 299 
0 106 
0 939 

0 119 
0 197 
0 115 
0 381 
0 392 
0 171 
0 145 
0 074 

0 070 
0 057 

0 036 

20 7* 

0 296 

0 303 
0 495" 
0 458" 
0 149 
0 193 

0 670" 
4 73° 

0 038 

13 6" 

Remarks 

Special application 
Enclosurer Monochromator 
Special application 
Attenuator 
Use of beryllium windowed X ray 

instrument Monochromator 
Attenuator 
Special application 
Copper foil enclosurer 

Monochromator 
Soller component t - 103 for 

10% at 0 1 eV 
Attenuator 
Monochromator 
Photo sensing 
Al Mg alloy enclosurer 
High temp application 
Soller component Fluorine 

compd encasement 0 054 and 
0 058 cm for 10% 

Monochromator 
High temp application 
Monochromator High temp 

application 
High temp application 
Enclosurer 
High temp application 
Monochromator 

Wt% Cu Zn 67 33 
Wt% Cu Sn Zn 88 10 2 
Wt% NiCrFe 60 33 6 5 

Fluorine compd enclosurer 
Wt % N I Cr Mn 79 20 1 
lOw/oRh mpl845°C High 

temp application 
25w/oRh mpl915°C High 

temp application 
Type 304 Soller component 

0 10 cm for 10% 
Zero coherent scattering 

Enclosurer 
High temp application 
Attenuator 
Attenuator 
High temp application 
High temp application 

Moderator 
Attenuator 
Neutron and y-ray 

attenuator 
S1O2 80 82% B2O3 12 86% 

Na20andK20 4 5% AI2O3 1 8* 
Density 2 231 g cm 3 

Low scatterer 
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Table n (Contd) 

Substance 

MgO 
Na2B407 
IOH2O 
NaCI 
SiC 
S1O2 

Th02 
Zr02 
Cellulose 

Masonite 

Neoprene 

Paraffin 

Polyethylene 

Teflon 
Liq CCI3F 
Liq CCI2F2 
Liq CCIF3 
Liq CF4 
Liq He 

Liq 02 
Liq H2': 
Liq H2C 
Liq N2 
Liq 02 
Solid D2 
Solid H2<: 
Solid H2C 
Solid N2 
Solid O2 
Solid CO2 

l i(cm-l) 

0 025eV 

0 393 
860 

115 
0 353 
0 237 

0 636 
0 438 
244 

2 19 

211 

3 09 

3 09 

0 349 
100 
0 807 
0 559 
0 214 
0 0137 

0 0821 
127 
0544 
0 415 
0 180 
0 105 
152 
0 684 
0 565 
0 226 
0 286 

O l e V 

0 388 
4 49 

0 823 
0 341 
0 219 

0 538 
0 414 
189 

169 

159 

2 36 

2 36 

0 317 
0 707 
0 614 
0 417 
0 192 
0 0137 

0 0821 
109 
109 
0 396 
0 163 
0 105 
137 
137 
0 503 
0204 
0 265 

t(cm) 

0 025 eV 

0 268 
2 41" 

0 091 
0 298 
0441 

0 166 
0 241 
8 48" 

9 48" 

9 83" 

6 71" 

6 71" 

0 302 
0105 
0 131 
0 188 
0 492 
7 67 

128 
0 087 
0 194 
0 237 
0 584 
128 
0 069 
0 154 
0 187 
0 467 
0 368 

O l e V 

0 271 
4 61" 

0 128 
0 309 
0 482 

0 196 
0 255 

10 97' 

12 27' 

13 00* 

8 79" 

8 79" 

0 332 
0 149 
0 171 
0 253 
0 549 
7 67 

128 
0 097 
0 097 
0 266 
0 645 
128 
0 077 
0 077 
0 209 
0 516 
0 397 

Remarks 

High temp application 
Borax Attenuator 

Standard crystal 
High-temp application 
Fused silica Enclosurer 

Filter 
High-temp application 
High temp application 
(C6Hio05)p 

Attenuator Moderator 
Benelex70 Attenuator 

Moderator 
Polychloroprene (C4H5CI)p 

Soller component 
(CHjIn Attenuator 

Moderator 
(CH2)p Attenuator 

Moderator 
(CF2)p Enclosurer. 
Freon 11 Refrigerant 
Freon 12 Refrigerant 
Freon 13 Refrigerant 
Freon 14 Refrigerant 
At4 2°K Below2 2<'K 
M 0 0161 

Possible refrigerant 
Ortho para 3 1 
Para only 
Refrigerant 
Refrigerant 
Refrigerant 
Ortho para 3 1 
Para only 
Refrigerant 
Refrigerant 
Refrigerant 

^Egelstaff 11957) for the cross-section values 
bWajima et al (1960) for the density and the composition 
cWhittemore (1%2) for the cross section values 

The jd values were computed from the total c ros s - sec t ion data 
contained m the review ar t i c les by Buckingham et al. (1961), Hughes and 
Schwartz (1958), and Hughes et al . (i960) and a r e based on the following 
relat ions 

/it = not, n = N ^ p ' t / M . at = Z qj^tj = ^ E Wj^-^), 

' t j N I P A ' M = I ĵ̂ j> 
J 

where n is the number of atoms or molecules per cm^ in the direction of 
the incident beam, N^ , Avogadro number , p ' , the c rys ta l density or the 
packing density of the powder sample, M, the chemical formula weight; 
O^y the total c r o s s section of the j - t h element with the atomic weight A;; w^; 
the weight fraction of the j - t h element and Y,^\ ~ ^' ( M / P ) ] ' the mass a b s o r p 
tion coefficient. 



In the n e u t r o n - e n e r g y r e g i o n of c o n c e r n , it is a s s u m e d tha t the 
fol lowing s t r u c t u r e - s e n s i t i v e c o n t r i b u t i o n s a r e i n s ign i f i can t ly s m a l l : the 
s c a t t e r i n g due to the m a g n e t i c e l e c t r o n s ; the d i f f r a c t i o n - i n t e r f e r e n c e 
effect (book by Bacon , 1962, p . 4 3 ; P l a c z e k and Van Hove , 1955); the 
t a r g e t - n u c l e u s - r e c o i l and c h e m i c a l bonding ef fec ts on the l ight a t o m s 
(book by Mot t and M a s s e y , 1949, p p . 3 2 9 - 3 3 4 ; r e v i e w a r t i c l e by Ringo , 
1957; R u s h e t a l . , 1961; W h i t t e m o r e and M c R e y n o l d s , 1959). S t r i c t l y 
s p e a k i n g , a t in the above e q u a t i o n s shou ld be deno ted a s the t r a n s m i s s i o n 
c r o s s s e c t i o n , figff, so t h a t the a f o r e m e n t i o n e d s u b o r d i n a t e ef fec ts wou ld 
be i m p l i c a t e d . 

The da ta for m e t a l s , a l l o y s , and i n o r g a n i c and o r g a n i c m a t e r i a l s 
u s e d for n e u t r o n f i l t e r s a r e l i s t e d in t h i s o r d e r in Append ix II (for b o r a l , 
see C h a p t e r 1-3). Sol id m a t e r i a l s a r e a s s u m e d to be in p o l y c r y s t a l l i n e 
f o r m . The r o o m - t e m p e r a t u r e s t a t e for p o l y m o r p h o u s s u b s t a n c e s i s c i t ed , 
but the p h a s e t r a n s i t i o n s do no t a l t e r the l i s t e d v a l u e s by m o r e than a few 
p e r c e n t . The /i v a l u e s a r e c a l c u l a t e d for n e u t r o n e n e r g i e s of 0 .025 and 
0.1 eV (1.809 and 0.9044 A); t h o s e for o t h e r e n e r g i e s can be ob t a ined by 
m u l t i p l y i n g the t o t a l c r o s s - s e c t i o n r a t i o , Ot/o't, by the l i s t e d /i v a l u e , 
w h e r e a t is the to t a l c r o s s s e c t i o n a t the e n e r g y in q u e s t i o n and a't t ha t 
at 0 .025 or 0.1 eV. A l s o , i n t e r m e d i a t e v a l u e s of fi a r e ob ta inab le by 
m e a n s of the l i n e a r i n t e r p o l a t i o n -with good a c c u r a c y , s i nce none of the 
l i s t e d s u b s t a n c e s ( excep t c a d m i u m ) p o s s e s s e f fec tua l r e s o n a n c e in or n e a r 
our e n e r g y r a n g e , 0 .025 to 0.1 eV. 

F o r the s u b s t a n c e s of low c r o s s s e c t i o n w h i c h a r e u s a b l e a s c o m 
p o n e n t s in the b e a m - p a t h ( e . g . , the s p e c i m e n - e n c l o s i n g m a t e r i a l ) , the 
t h i c k n e s s e s v/hich r e m o v e 10% of the i n c i d e n t n e u t r o n s f r o m the b e a m 
p a t h a r e l i s t e d . F o r t h o s e of h igh c r o s s s e c t i o n and S o l l e r - s l i t m a t e r i a l s , 
the t v a l u e s for the t r a n s m i s s i o n r a t i o 10"^ a r e g iven , s i n c e t hey a r e 
c o m m o n l y u s e d to a t t e n u a t e a l l of the i n c o m i n g n e u t r o n s . The t h i c k n e s s e s 
for o t h e r t r a n s m i s s i o n r a t i o can r e a d i l y be c o n v e r t e d f r o m the t ab l e 
v a l u e s . T y p i c a l r a t i o v a l u e s a r e ; fit = 0 .1053 , 0 .2876, 0 . 6931 , 16.12, 
20 .72 , 2 9 . 9 3 , and 36.84 for exp( - / i t ) = 0 .9 , 0 .75 , 0 .5 , 1 0 - ^ 1 0 - ^ 1 0 - i \ 
and lO"-' , r e s p e c t i v e l y . R e f e r e n c e c h a r a c t e r i s t i c s -with e m p h a s i s on 
the i n s t r u m e n t a l a p p l i c a t i o n a r e b r i e f l y d e s c r i b e d in the " r e m a r k s " 
c o l u m n . T a b l e III i s a l s o use fu l in i n t e r p r e t a t i o n of the n e u t r o n r a d i o g r a p h y 
( see C h a p t e r 1-12). 



A P P E N D I X II 

N e u t r o n F i l t e r s 

N e u t r o n f i l t e r s m a y be c l a s s i f i e d into t h r e e c a t e g o r i e s : d i f f rac t ion 
cut -off f i l t e r ; s i n g l e - c r y s t a l f i l t e r ; r e s o n a n c e f i l t e r . The d i f f rac t ion c u t 
off f i l t e r i s u s e d to ob ta in the n e u t r o n s of w a v e l e n g t h s n e a r and l o n g e r than 
2dj^a.x' w-here d m ^ x is the l a r g e s t i n t e r p l a n a r s p a c i n g of the f i l t e r c r y s t a l . 
P o l y c r y s t a l l i n e m a t e r i a l s wi th l a r g e s c a t t e r i n g - t o - c a p t u r e r a t i o ( e .g . . Be , 
B e O , Bi , Cu, P b , Th, Y) a r e e m p l o y e d for obta in ing a w a v e l e n g t h of about 

o 

4 A or l o n g e r ; h e n c e , t hey a r e of l i m i t e d a p p l i c a t i o n in the d i f f r a c t o m e t r y . 

The s i n g l e - c r y s t a l f i l t e r ( B r o c k h o u s e , 1959) u t i l i z e s the w a v e l e n g t h 
d e p e n d e n c y of the t h e r m a l diffuse s c a t t e r i n g and g i v e s a good f a s t - n e u t r o n 
d i s c r i m i n a t i o n in f avor of t h e r m a l n e u t r o n s , p r o v i d e d t h a t the c r y s t a l 
p o s s e s s e s the fol lowing c h a r a c t e r i s t i c s : s m a l l c r o s s s e c t i o n s for c a p t u r e , 
i n c o h e r e n t s c a t t e r i n g , and p a r a m a g n e t i c diffuse s c a t t e r i n g ; h igh D e b y e -
t e m p e r a t u r e or s m a l l D e b y e - W a l l e r t e m p e r a t u r e f a c t o r , l e ad ing to a 
s m a l l r a t i o , t h e r m a l diffuse to c o h e r e n t ; r e a d i l y a v a i l a b l e in a l a r g e s i z e . 
A m o n g the c r y s t a l s s u g g e s t e d by B r o c k h o u s e (1959), i . e . , q u a r t z , c a l c i t e , 
f l u o r i t e , b i s m u t h , and c e r i u m , the q u a r t z c r y s t a l i s m o s t c o m m o n l y u s e d 
for d i s c r i m i n a t i o n of n e u t r o n s hav ing -wavelengths s h o r t e r t h a n about 
2 A ( see S c h e r m e r , I 960 , for the " t o t a l " c r o s s - s e c t i o n c u r v e . ) The s i n g l e -
c r y s t a l f i l t e r for s u p p r e s s i n g the h i g h e r - e n e r g y n e u t r o n c o n t a m i n a t i o n in 
the m o n o c h r o m a t i c b e a m h a s to be o r i e n t e d so tha t the a t t e n u a t i o n due 
to the B r a g g - L a u e c o h e r e n t s c a t t e r i n g i s i n s i g n i f i c a n t l y s m a l l . It i s o b 
v ious tha t bo th d i f f r ac t ion cut -off and s i n g l e - c r y s t a l f i l t e r s a r e m o r e 
e f fec tua l a t l o w e r t e m p e r a t u r e s and h e n c e a r e often coo led down to the 
l i q u i d - n i t r o g e n t e m p e r a t u r e . 

The r e s o n a n c e f i l t e r i s an e s s e n t i a l i t e m in s u p r e s s i n g the h i g h e r -
o r d e r - h a r m o n i c s c o n t a m i n a t i o n in the c r y s t a l - m o n o c h r o m a t e d n e u t r o n s . 
Such a f i l t e r u t i l i z e s a s h a r p c r o s s - s e c t i o n p e a k due to the r e s o n a n c e 
a b s o r p t i o n of the c o n s t i t u e n t i s o t o p e of the f i l t e r , in c o n t r a s t w i th the 
g r a d u a l l y chang ing a t t e n t u a t i o n c u r v e of the s i n g l e - c r y s t a l f i l t e r . In 
T a b l e IV, c h a r a c t e r i s t i c s of i s o t o p e s u s e d for r e s o n a n c e f i l t e r s e m p l o y e d 
to d i m i n i s h the \/Z c o n t a m i n a t i o n a r e t a b u l a t e d , t o g e t h e r w i th t h e i r 
func t iona l da t a . The c h e m i c a l c o m p o u n d or m i x t u r e con ta in ing the f i l t e r 
and lo -w-a t tenua t ing e l e m e n t s m a y be e m p l o y e d w h e n th in m e t a l foil i s 
no t r e a d i l y o b t a i n a b l e . In F i g . 39, the r e s o n a n c e - f i l t e r -wavelengths a r e 
i n d i c a t e d in the c o r r e l a t i v e c u r v e s of w a v e l e n g t h - v e l o c i t y - t e m p e r a t u r e 
for t h e r m a l and n e a r - t h e r m a l n e u t r o n s . T h e s e f i l t e r s can a l s o be u s a b l e 
n e a r the r e s o n a n c e v a l u e s ; an e x a m p l e , Pu^^'^ i s i l l u s t r a t e d in F i g . 40 . 

A b a l a n c e f i l t e r , a c o m b i n a t i o n of two or m o r e r e s o n a n c e f i l t e r s , 
m a y h a v e to be u s e d for s o m e i n t e r m e d i a t e -wavelengths . 
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Fig 40 

A Reference Diagram for Selecting thea-Pu239 
Resonance Filter. The figures 2, 5 and 10% refer 
to the percentage transmission values of the 
\ / 2 component. For example, suppose the first-
order wavelength is \ = 1.09 A. The thicknesses 
of the Pu239 filters for cutting the second-order 
contamination down to 2, 5, and lO'̂ o are 0.0174, 
0.0133 and 0.0102 cm, respectively. These filters 
will decrease the first-order intensity to 53.7, 62.1, 
and 69.4% of the no-filter value, respectively. 

120-8567 

In the coheren t - sca t te r ing study, once the X/Z-component intensity 
is obtained from the s tandard-sample data -with help of the resonance-f i l te r 
method, the differentiation of the X/2 contribution in the specimen data 
may be c a r r i e d out -without using the fi l ter. Ho-wever, in the diffuse-
scat ter ing study, -where the wavelength dependency of the scat ter ing p roces s 
is difficult to evaluate, the fil ter technique has to be incorporated in a r e 
fined experiment , in some ins tances , together with a s ing le -c rys ta l f i l ter . 
In the epi -cadmium neutron spec t romet ry , pract ica l ly all of the heavy 
isotopes serve as the resonance filter (e.g.. Hay, 1959; book by Hughes, 
1953, pp. 143-146). 
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S P E C I A L TOPIC 

SYMMETRY O P E R A T O R S OF MAGNETIC GROUPS 

G r a p h i c a l r e p r e s e n t a t i o n s of the 36 t h r e e - d i m e n s i o n a l B r a v a i s -
Shubnikov l a t t i c e s and the s y m m e t r y o p e r a t o r s of the a x i a l - v e c t o r space 
g r o u p s a r e g iven in F i g s . S-1 and S-2 and F i g s . S-3 to S-7, r e s p e c t i v e l y . 
The f o r m e r d r a w i n g s a r e e s s e n t i a l l y f a c s i m i l e s of t hose g iven by Belov 
et̂  aL (1957),* a l though c o r r e l a t i o n s b e t w e e n the c r y s t a l l o g r a p h i c a x e s and 
the s y m m e t r y s y m b o l s a r e m o r e c l a r i f i e d in the p r e s e n t d r a w i n g s . A 
p a r t i a l g r a p h i c a l r e p r e s e n t a t i o n of the l a t t e r h a s b e e n g iven by Donnay 
et al_. (1958). E x c e p t for the l e f t - h a n d e d e n a n t i o m o r p h i c s c r e w - o p e r a t o r s , 
our f i g u r e s inc lude a l l of the s y m m e t r y o p e r a t o r s . The g r a p h i c a l s y m b o l s 
for the a n t i s y m m e t r y e l e m e n t s a r e t e n t a t i v e l y p r o p o s e d h e r e . The p r e s e n t 
d r a w i n g s would be i n s t r u c t i v e in the s y s t e m a t i c a n a l y s i s on the spin 
s t r u c t u r e of the m a g n e t i c s u b s t a n c e . R e p r e s e n t a t i v e r e f e r e n c e s on th i s 
sub jec t a r e g iven be low. 
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Bravais-Shubnikov Lattices 
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* R e f e r e n c e s to th i s s e c t i o n i m m e d i a t e l y follow. 
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ORTHORHOMBIC SYSTEM (continued) 
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Bravis-Shubnikov Lattices (Continued) 
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Fig. S-3 

Symmetry Operations of the 
Axial-vector Space Groups 
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OPERATIONS OF THE SECOND KIND 
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Fig. S-4. Symmetry Operators of the Axial-vector Space Groups (Continued) 
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Fig. S-5. Symmetry Operators of the Axial-vector Space Groups (Continued) 
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Fig. S-6. Symmetry Operators of the Axial-vector Space Groups (Continued) 
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Fig. S-7. Symmetry Operators of the Axial-vector Space Groups (Continued) 
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