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I t i s i m p o r t a n t i n c a l c u l a t i n g c o m p l e x
s h i e l d s 3uoh as t h o s e p r o p o s e d f o r t h e f u s i o n
r e a c t o r s t o a s c e r t a i n t h a t t h e n e u t r o n
c r o s s - s e c t i o n d a t a s e t s u s e d i n t h e
c a l c u l a t i o n s a r e a s a c c u r a t e a s p o s s i b l e and
t h a t t h e c a l c u 1 a t i o n a l m e t h o d s u s e d t o
t r a n s p o r t t h e n e u t r o n s a r e a s r e l i a b l e a s
p r a c t i c a l . To a s s u r e t h a t b o t h t h e s e
c r i t e r i a a r e m e t , a p r o j e c t a t t h e Oak R i d g e
N a t i o n a l L a b o r a t o r y (ORNL) i s b e i n g c o n d u c t e d
i n w h i c h a s n a i l a c c e l e r a t o r i s u s e d t o
p r o v i d e 11-HeV n e u t r o n s v i s t h e T t d . n J ^ H e
r e a c t i o n and an N E - 2 1 3 d e t e c t o r i s u s e d t o
m e a s u r e t h e n e u t r o n a n d g a m m a - r a y
p u l s e - h e i g h t s p e c t r a o f t h e r a d i a t i o n s ,
t r a n s p o r t e d t h r o u g h a n d / o r c r e a t e d i n v e r y l
t h i c k l a m i n a t e d s h i e l d s of s t a i n l e s s s t e e l :
( t y p e 3 0 1 ) a n d b o r a t e d p o l y e t h y l e n e . To
p r o d u c e t h e n e u t r o n f l u x r e q u i r e d , t h e
t a r g e t s a r e made by d e p o s i t i n g a b o u t 1 rag/cm^
o f T i l o n t o a 1 . 2 7 - c m c i r c u l a r a r e a of a
0 . 2 5 1 - c m t h i c k c o p p e r d i s k . T h e N E - 2 1 3
d e t e c t o r i s o p e r a t e d i n s t a n d a r d ,
s t a t e - o f - t h e - a r t e l e c t r o n i c c i r c u i t s . A
s u r f a c e - b a r r i e r a l p h a c o u n t e r and a s m a l l
N E - 2 1 3 d e t e c t o r a r e l o c a t e d p e r m a n e n t l y a t a
d i s t a n c e o f a b o u t 150 cm from t h e t a r g e t t o
m o n i t o r t h e r e a c t i o n r a t e i n t h e t a r g e t . The
p u l s e - h e i g h t d a t a a r e u n f o l d e d t o p r o d u c e
e n e r g y s p e c t r a by u s i n g t h e c o m p u t e r p r o g r a m
FEHD.2 These r e s u l t s a r e t h e n compared a l m o s t
i m m e d i a t e l y w i t h s p e c t r a ^ o b t a i n e d u s i n g
t w o - d i m e n s i o n a l r a d i a t i o n t r a n s p o r t m e t h o d s
i n c o r p o r a t i n g 5 3 - n e u t r o n , 2 1 - g a m m a - r a y
e n e r g y - g r o u p c r o s s s e c t i o n d a t a d e r i v e d from
t h e VITAMIN-C d a t a s e t (ENDf/B). 1* L a m i n a t e d
a t a i n l e s s - s t e e l a n d b o r a t e d p o l y e t h y l e n e
s h i e l d s h a v i n g t h i c k n e s s e s u p t o 4 1 2 g / c m 2

h a v e b e e n m e a s u r e d .

The Facility

The f a c i l i t y , des igned and b u i l t fo r
c o n d u c t i n g the measurements descr ibed here ,
i s l o c a t e d in Bldg . 6025 at ORNL. Since
t h i s i s p r i m a r i l y an o f f i c e complex, i t was
n e c e s s a r y to p rov ide s h i e l d i n g to meet a l l
Heal th Phys ic s r e q u i r e m e n t s in a d d i t i o n to
t h a t n e e d e d t o r e d u c e t h e b a c k g r o u n d s
produced by neutron s c a t t e r i n g and/or capture
i n t h e room. F i g . 1 shows a c u t - a w a y
d r a w i n g of the f a c i l i t y as c o n f i g u r e d fo r
a t t e n u a t i o n measurements. The components a re
shown in p l a c e in the f i g u r e . A minimum of
one m e t e r of c o n c r e t e s h i e l d i n g s u r r o u n d s
each c o n f i g u r a t i o n in a l l d i r e c t i o n s except
t h e foward d i r e c t i o n . To reduce the re tu rn
of n e u t r o n s from t h e w a l l b e h i n d t h e
d e t e c t o r , i r on s labs were placed between the
d e t e c t o r and t h e w a l l . T h i s , in e f f e c t ,
s i m u l a t e d making t h e measurements wi th the
d e t e c t o r l o e a ' . e d w i t h i n t h e e x p e r i m e n t a l
s h i e l d .

The a c c e l e r a t o r t a r g e t ( s e e below) i s
l o c a t e d in a c y l i n d r i c a l can of i ron with a

7.5-cm wa l l t h i c k n e s s . This can s e r v e s to
modify t h e n o m i n a l 14-MeV n e u t r o n source
spec t rum to more nea r ly r ep resen t the s o f t e r
spec t rum from the r e a c t o r . In a d d i t i o n , the
s o u r c e c a n w i t h i t s b a c k u p s h i e l d of
l i t h i a t e d p a r a f f i n i n t h e a c c e l e r a t o r
d r i f t - t u b e p o r t , r e d u c e s t h e number of
n e u t r o n s r e f l e c t e d from the back wall of the
room. As des igned and b u i l t , t h e f a c i l i t y
allows making s t a t i s t i c a l l y good measurements
w i t h e x p e r i m e n t a l s h i e l d - as t h i c k as 112
g/cm2 in only 3 to t hours counting t ime .
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Target Calibration

For the deuteron energies used in this
work (E < 300 keV) the T(d,n)4He reaction is
e s s e n t i a l l y i s o t r o p i c in the center-of-raass
s y s t e m . T h e r e f o r e , coun t ing the a lpha
p a r t i c l e s emitted in to a known; osl. id angle
g i v e s an a c c u r a t e d e t e r m i n a t i o n of the
n e u t r o n s o u r c e s t r e n g t h . Th t o n l y
c a l i b r a t i o n constant necessary is the solid
a n g l e t r a n s f o r m a t i o n f a c t o r ( l a b to
cen te r -o f -mass ) for the reac t ion angl« at
which the alpha par t i c les are observed. This
t r ans fo rma t ion fac to r i s dependent on the
deuteron energy and i s calculated using the
K d ^ l ^ H e c r o s s s e c t i o n as a function of
energy , the s topp ing power of the t a rge t
(TiT) , and the r e l a t i v e molecular fractions
of the incident beam.- •

The i n i t i a l t e s t of the technique was
c a r r i e d out us ing a very low mass t a rge t
ho lde r in which the alpha p a r t i c l e s were
detected by a surface-barrier detector at an
angle of 165° and a distance of about 30 en.
The d e t e c t o r was protected from sca t t e red
deuterons by a fo i l of aluminized mylar with
a th ickness of 3.8 x 10"u cm. Pulse height
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d i s t r i b u t i o n s obse rved in t h e d e t e c t o r showed
a v e r y c l e a n p e a k , w e l l i s o l a t e d from n o i s e
and f r e e of b a c k g r o u n d . The s o u r c e s t r e n g t h
d e t e r m i n e d by t h e a l p h a p a r t i c l e d e t e c t o r was
compared w i t h a s i m u l t a n e o u s measurement of
t h e n e u t r o n s a t 0 ° ( F i g . 2 ) u s i n g a
c a l i b r a t e d ^ ME-213 d e t e c t o r ( w i t h s u i t a b l e
c a l c u l a t i o n of t h e 0° n e u t r o n - s o l i d - a n g l e
t r a n s f o r m a t i o n f a c t o r ) . Agreement was w i t h i n
3% which i s w i t h i n t h e u n c e r t a i n t i e s of 5$ on
n e u t r o n d e t e c t o r e f f i c i e n c y and 3% on a l p h a
p a r t i c l e c a l i b r a t i o n f a c t o r ( d u e m a i n l y t o
p o s s i b l e v a r i a t i o n s i n t h e m o l e c u l a r
f r a c t i o n s of t h e i n c i d e n t d e u t e r o n beam) .

The same l o w - m a s s h o l d e r was i n s t a l l e d
i n t h e t a r g e t p o s i t i o n i n t h e c o n c r e t e
c o n t a i n m e n t s h i e l d t o c a l i b r a t e an NE-213
n e u t r o n m o n i t o r l o c a t e d a t 0 ° . The
p r o d u c t i o n t a r g e t h o l d e r was t h e n i n s t a l l e d .
T h i s t a r g e t h o l d e r u s e d t h e s a m e
a l p h a - p a r t i c l e d e t e c t o r package r e l o c a t e d to
90° and a t a d i s t a n c e of 150 cm. The s o u r c e
s t r e n g t h d e t e r m i n e d by t h i s assembly was then
compared t o t h a t d e t e r m i n e d by t h e c a l i b r a t e d
n e u t r o n moni to r and found to a g r e e w i t h i n 1$ .
The s o l i d a n g l e t r a n s f o r m a t i o n f a c t o r a t 90°
i s very n e a r l y e q u a l t o u n i t y a n d i s
e s s e n t i a l l y i n d e p e n d e n t of d e u t e r o n ene rgy
and t h e r e f o r e i n d e p e n d e n t of t h e r e l a t i v e
m o l e c u l a r f r a c t i o n s in t h e d e u t e r o n beam.
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F i g u r e 3 . T h e u n f o l d e d r e s p o n s e o f t h e
H E - 2 1 3 d e t e c t o r t o gamma r a y s f r o m a s m a l l

2 1 s o u r c e .

d e t e c t o r t o b o t h n e u t r o n s and gamma r a y s a r e
t h e d a t a s h o w n i n F i g . 2 a n d F i g . 3
r e s p e c t i v e l y .

At.t-.enuati on Measurements

F i g u r e U shows the d a t a taken with the
s h i e l d c o n f i g u r a t i o n s given in Table 1. The
s o l i d l i n e s i n d i c a t e the confidence band for
the unfolded r e s u l t s and the po in t s show the
r e s u l t s of the c a l c u l a t i o n s for comparison.1

The c a l c u l a t i o n s a r e smoothed w i t h an
e n e r g y - d e p e n d e n t G a u s s i a n d i s t r i b u t i o n
comparable to the a c t u a l r e s o l u t i o n of the
NE-213 d e t e c t o r . The d a t a are compared for
n e u t r o n s above about 850 keV and for gamma
rays above 750 keV. The low-energy neutron
response i s governed by the dynamic range and
l i n e a r i t y of the de t ec to r system and although
a l o w e r e n e r g y g a m m a - r a y t h r e s h o l d i s
p o s s i b l e , i t was no t a t t emp ted fo r t h e s e
measurements.

6 9 10 12 14
NEUTRON ENERGY IMeV)

F i g u r e 2 . The u n f o l d e d r e s p o n s e of t h e
NE-213 detector to 11-KeV neutrons with the
target in the Iow-mas3 holder.
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The p r i m a r y n e u t r o n / g a m m a - r a y d e t e c t o r
u s e d i n t h i s work was made a t OHNL and
c o n s i s t e d of 6 6 . 1 g of NE-213 s c i n t i l l a t i o n
l i q u i d c o n t a i n e d in a c y l i n d r i c a l cup made of
a luminum ( 1 . 3 2 x 1 0 " 2 cm w a l l t h i c k n e s s ) and
c o a t e d on t h e i n s i d e w i t h t i t a n i u m d i o x i d e
r e f l e c t o r p a i n t . The d e t e c t o r was mounted on
an 8850 p h o t o m u l t i p l i e r tube which was used
w i t h s t a t e - o f - t h e - a r t , p u l s e - s h a p e
d i s c r i m i n a t i o n c i r c u i t r y t o d i s t i n g u i s h
b e t w e e n n e u t r o n s a n d gamma r a y s . The
p h o t o m u l t i p l i e r t u b e b a s e a n d t h e
p r e a m p l i f i e r were a l s o des igned and b u i l t a t
ORHL, I n d i c a t i v e of t h e r e s p o n s e of t h e

Table 1

COMPOSITION AND THICKNESS OF STAINLESS STEEL 304
AND BORATEO POLYETHYLENE SLABS
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F i g u r e 1 . The g a n m a - r a y and n e u t r o n d a t a
m e a s u r e d w i t h t h e d e t e c t o r on t h e a x i s of
symmet ry s h o w i n g t h e e f f e c t s of a t t e n u a t i o n
by v a r o u s t h i c k n e s s e s of s t a i n l e s s s t e e l and
b o r a t e d p o l y e t h y l e n e .

S t reaming Measurements

The f a c i l i t y may be r e c o n f i g u r e d t o
m e a s u r e t h e s t r e a m i n g of n e u t r o n s a.id gamma
r a y s t h r o u g h d u c t s . In t h i s c a s e , a duct of
a g i v e n l e n g t h and d i a m e t e r i s p l aced in t he
c o n t a i n m e n t s h i e l d and su r rounded by c o n c r e t e
t o e l i m i n a t e any v o i d s . One s u c h d u c t
c o n s i c ' i n g of a 6 0 . 9 6 - c m e x t e n s i o n of t h e
t a r g e t can d e s c r i b e d above has been measured
and the r e s u l t s a r e shown in F i g . 5 . Again,
t h e s o l i d l ' i ne s show the c o n f i d e n c e band f o r
t h e u n f o l d e d d a t a and t h e p o i n t s show t h e
c a l c u l a t e d r e s u l t s . 6 The c a l c u l a t e d r e s u l t s
f o r t h e d e t e c t o r o f f t h e a x i s of symmet ry
show an i n c o n s i s t a n c y wi th t h e measured d a t a .
T h i s i s t e n t a t i v e l y a t t r i b u t e d t o t h e
i n a b i l i t y of t h e P3 L e g e n d r e e x p a n s i o n used
i n t h e c a l c u l a t i o n s t o a p p r o x i m a t e t h e
n e u t r o n s c a t t e r i n g a . ' . gu l a r d i s t r i b u t i o n .
( T h e d a t a s h o w n h e r e h a v e t h e
s i n g l e - s c a t t e r e d c o n t r i b u t i o n s s u b t r a c t e d . )
F u r t h e r i n v e s t i g a t i o n s of t h i s d i s c r e p a n c y
a r j u n d e r w a y a t ORNL u s i n g h i g h e r o r d e r
e x p a n s i o n s and Monte Car lo t e c h n i q u e s . °

A s m a l l f a c i l i t y a t t h e Oak R i d g e
N a t i o n a l L a b o r a t o r y has produced n e u t r o n and
g a m m a - r a y d a t a w i t h s u f f i c i e n t l y g o o d
s t a t i s t i c s t o a l low a d i r e c t compar i son wi th
r a d i a t i o n t r a n s p o r t c a l c u l a t i o n s b a s e d on
g r o u p c r o s s - s e c t i o n d a t a d e r i v e d from t h e
VITAMIN-C d a t a s e t . A c l o s e w o r k i n g
a s s o c i a t i o n w i t h t h e g r o u p p e r f o r m i n g t h e
c a l c u l a t i o n s p r o v i d e s an a l m o s t i m m e d i a t e
c o m p a r i s o n o f t h e c a l c u l a t i o n s and t h e
e x p e r i m e n t a l d a t a . T h i s haa r e s u l t e d in a
s i g n i f i c a n t i m p r o v e m e n t in t h e q u a l i t y of
both methods for e v a l u a t i n g t h e e f f e c t i v e n e s s
of t he proposed f u s i o n - r e a c t o r s h i e l d .
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F i g u r e 5 . The n e u t r o n d a t a measured t o show
t h e e f f e c t s o f t h e r a d i a t i o n s s t r e a m i n g
th rough a d u e t . The d a t a show t h e e f f e c t s of
moving t he d e t e c t o r o f t t h e a x i s of symmetry.
Tha c o n t r i b u t i o n s from s i n g l e s c a t t e r i n g s
h a v e b e e n s u b t r a c t e d from t h e c a l c u l a t e d
n e u t r o n d a t a ( s e e t e x t ) .
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