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ABSTRACT 

The f i r s t  p a r t  of an experiment concerning deep neut ron  penetra-  

t i o n  i n  i r o n  and s t a i n l e s s  s t e e l  i s  descr ibed ,  and experimental  r e s u l t s  

i n  a  format f o r  CSEWG s h i e l d i n g  i n t e g r a l  d a t a  t e s t i n g  a r e  presented .  

These r e s u l t s  provide  a  b a s i s  f o r  v e r i f i c a t i o n  of t h e  accuracy of i r o n  

and s t a i n l e s s  s t e e l  c ros s  s e c t i o n s  used i n  t r a n s p o r t  c a l c u l a t i o n s .  The 

experiment was performed a t  t h e  Tower Sh ie ld ing  F a c i l i t y  of O W  and 

included measurements of bo th  t h e  neut ron  f l u e n c e  and neut ron  s p e c t r a  

behind s l a b s  of i r o n  up t o  3 f t  t h i c k  and of s t a i n l e s s  s t e e l  up t o  

1 f t  t h i c k .  



DESCRIPTION OF THE EXPERIMENT AND SOURCE DATA 

Both t h e  top  s h i e l d  and t h e  s t r u c t u r a l  components i n  t h e  des ign  of 

a  f a s t  r e a c t o r ,  and t h e  thermal s h i e l d  of a  convent iona l  thermal  r e a c t o r  

con ta in  a  l a r g e  amount of i r o n  i n  t h e  form of carbon and s t a i n l e s s  s t e e l s ,  

and i r o n  t h e r e f o r e  c o n s t i t u t e s  an important  p a r t  of t h e  neut ron  s h i e l d .  

The carbon s t e e l s  c o n s i s t  of r e l a t i v e l y  pure ( i . e . ,  98-99%) iron, 

whi l e  t h e  s t a i n l e s s  s t e e l s  conta in ,  i n  a d d i t i o n  t o  about 70% i r o n ,  con- 

s i d e r a b l e  amounts of chromium and n i c k e l .  S ince  t h e s e  steel components 

have th icknesses  of t h e  o rde r  of 3  f t ,  i t  i s  e s s e n t i a l  t h a t  a c c u r a t e  

experimental  r e s u l t s  b e  a v a i l a b l e  t o  v e r i f y  t r a n s p o r t  c a l c u l a t i o n s  f o r  

deep p e n e t r a t i o n  of neutrons through i r o n  a n d l s t a i n l e s s  s t e e l .  

Consequently, a  s e r i e s  of t ransmiss ion  measurements of neutrons 

above thermal  energ ies  through va r ious  th i cknesses  of  i r o n  s l a b s  and a l s o  . 

through a  12-in. s t a i n l e s s  s t e e l  s l a b  have been performed a t  t h e  Tower 

Shie ld ing  F a c i l i t y  us ing  a co l l imated  beam of r e a c t o r  neutrons as a source .  

These measurements were made behind va r ious  combinations of t h i n  ( i . e . ,  

% t o  2 i n .  t h i c k )  5 f t  by 5 f t  s l a b s ;  measurements were obta ined  behind 

i r o n  th icknesses  of approximately 1.5,  4,  6 ,  12 ,  24, and 36 i n .  F igure  1 

shows a  schematic  of t h e  experimental  geometry f o r  t h e  36-in. case .  

The th i ckness ,  dens i ty ,  and composition of t h e  i n d i v i d u a l  s l a b s  used 

i n  t h e  experiment were accu ra t e ly  determined. The d e n s i t y  of t h e  type  304 

s t a i n l e s s  s t e e l  s l a b s  ave raged  7.86 g/cm3 a n d  t h e  d e n s i t y  of t h e  i r o n  s l a b s  

averaged 7.79 g/cm3. The composition of t h e  s l a b s  i s  shown i n  Table I ,  

where i t  is  t o  be  observed t h a t  t h e  "iron" s l a b s  were a c t u a l l y  carbon 

( i . e . ,  mild) s t e e l .  

S u f f i c i e n t  measurements of t h e  i n c i d e n t  neut ron  beam were made t h a t  

an  abso lu t e  energy spectrum from thermal  t o  10 MeV could be obta ined  f o r  

use  i n  c a l c u l a t i o n s .  This  i n c i d e n t  spectrum i s  presented  i n  Table  I1 i n  

a  220-group s t r u c t u r e .  T h e . i n t e n s i t i e s  i n  Table  I1 are f o r  any p o i n t  

on t h e  e x i t  p l ane  of t h e  co l l ima to r  l oca t ed  w i t h i n  a diameter of 6% i n .  

Mapping of t h e  i n c i d e n t  beam a long  t h e  axial d i r e c t i o n  e s t a b l i s h e d  t h e  
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NOTE: DIMENSIONS IN INCHES 

Fig. l. Experimental Conf igura t ion  f o r  t h e  4-114-in.-diam Coll imator  
w i t h  t h e  3-ft-Thick I r o n  Slab  i n  P l ace .  (This co l l ima to r  w a s  used f o r  a l l  
t h e  lneasurements except  t hose  made behind 18  i n .  of s t a i n l e s s  s t e e l . )  



f a c t  t h a t  t h e  t i g h t l y  co l l imated  sou rce  could be  represented  a s  a v i r t u a l  

p o i n t  a n i s o t r o p i c  sou rce  l o c a t e d  68 i n .  ins id ,e  t h e  co l l ima to r  from the. 

edge of t h e  i r o n  c o l l a r .  ( po in t  S '  i n  Fig. 1 )  w i th  t h e  beam i n t e n s i t y .  uni- 

form over  a diameter  of 6% i n .  a t  t h e  mouth of t h e  co l l ima to r  and zero 

elsewhere. The accuracy of t h e  i n c i d e n t  a b s o l u t e  spectrum. i n  Table  I-I i s  

es t imated  t o  b e  - +lo% down t o  200 keV and - +20% below 200 keV. The r a t i o  

of su r f ace - in t eg ra t ed  cu r r en t  over  t h e  co l l ima to r  t o  c e n t e r l i n e  cu r r en t  

i s  212.5 cm2. 

Neutron spectrum measurements beyond t h e  i r o n  o r  s t a i n l e s s  s t e e l  s l a b s  

were taken us ing  two types of spect-rometers.  These were: ( I )  a n  NE-213 

l i q u i d  s c i n t i l l a t o r ,  which determines s p e c t r a  i n  t h e  energy range  0 .8  t o  

10 MeV wi th  t h e  a i d  of t h e  unfo ld ing  code FERDOR; and (11) a Benjamin pro- 

t o n  r e c o i l  spec t rameter  which determines s p e c t r a  i n  t h e  energy range ~ 1 0 0  

keV t o  1 . 5  MeV wi th  t h e  a i d  of t h e  unfolding code SPEC4. Table I11 gives 

t h e  r e s o l u t i o n  of t h e  NE-213 as a f u n c t i o n  of energy. The r e s o l u t i o n  of 

t h e  Benjamin spectrometer  i s  cons tan t  a t  10% FWHM. I n  a d d i t i o n ,  a s e t  

of s p h e r i c a l  BF3 d e t e c t o r s  surrounded by va r ious  th icknesses  of  poly- 

e t h y l e n e  (0 t o  5 i n . )  and an  o u t s i d e  s h e l l  of cadmium were used t o  o b t a i n  

weighted i n t e g r a l  f l u x  measurements. These Bonner b a l l  d e t e c t o r s  have 

response func t ions  which peak i n  d i f f e r e n t  r eg ions  of t h e  spectrum. The 

composition of each Bonner b a l l  and t h e  l o c a t i o n  of t h e  c e n t e r  of detec- 

t i o n  is l i s t e d  i n  Table I V .  The response func t ion  f o r  each of t h e  t h r e e  

Bonner b a l l s  i n  a 100 g r ~ m p  GAM-I1 s t r u c t u r e  i s  p re sen ted  i n  Tables  V 

through V I I .  They a r e  expressed i n  u n i t s  of counts / sec  p e r  neutron/cm2/sec 

uniformly i n c i d e n t  over  t h e  o u t s i d e  hemispher ica l  s u r f a c e  of t h e  b a l l ,  and 

were obta ined  by a d j o i n t  ANISN c a l c u l a t i o n s  normalized t o  c a l i b r a t i o n  

experiments performed a t  t h e  Tower Sh ie ld ing  F a c i l i t y .  The es t imated  

accuracy of t h e  response func t ions  is a l s o  i n d i c a t e d  i n  each of t h e  

t a b l e s .  

DATA OBTAINED BEHIND THE. SLABS 

A l l  of t h e  measurements made b e h i d  Cl~e s l a b s  are summarized i n  

Tables  V I I I  and IX. The Bpnner b a l l  d a t a  obta ined  from these  measurements 



a r e  presented  i n  Tables  X through XIV.  Counting times and ope ra t ing  

r e a c t o r  powers f o r  t h e  Bonner b a l l  measurements were s u f f i c i e n t l y  l a r g e  

t h a t  s ta t i s t ica l  e r r o r s  i n  t h e  Bonner b a l l  count ing r a t e s  may b e  assumed 

t o  b e  n e g l i g i b l e .  The r e p r o d u c i b i l i t y  of a l l  measurements l ies w i t h i n  

+5% and i s  due p r i m a r i l y  t o  u n c e r t a i n t i e s  i n  t h e  power c a l i b r a t i o n  pro- - 
cedure. Backgrounds were obta ined  f o r  each of t he  Bonner b a l l  measure- 

ments by p l ac ing  a  hydrogenous s l a b  midway between t h e  r e a r  f a c e  of t h e  

s l a b s  and t h e  d e t e c t o r .  The d a t a  appearing i n  Tables  X t l ~ r o u g l ~  X I V  have 

been co r rec t ed  f o r  t h e s e  backgrounds. Because of t h e  imderootimatinn of 

t h e  backgrounds i n  t h e  measurement procedure descr ibed  above, t h e  d a t a  i n  

Tab le s  2'; through X I V  a r e  a c c u r a t e  t o  about l o % ,  inc lud ing  i m c e r t a i n t i e s  

i n  t h e  power c a l i b r a t i o n .  

The unfolded Bcnjamin pro ton  r e c o i l  spec t rometer  d a t a  a r e  presented  

i n  Tables  XV through XVIII, where t h e  s t anda rd  e r r o r  is  due t o  counting 

s t a t i s t i c s  only.  The a b s o l u t e  energy c a l i b r a t i o n  i s  a c c u r a t e  t o  w i t h i n  

a n  e s t ima ted  25%.  No backgrounds were obta ined  f o r  t h e  Benjamin counter  

measurements because they  were less than  5% of t h c  mcasured f o r e g r u u ~ ~ d s .  

I n  t h e  r eg ion  of ove r l ap  between t h e  va r ious  Benjamin counters ,  no 

p a r t i c u l a r  counter  should  be  b e t t e r  than  the  o t h e r ,  and t h c  discrepancy 

i n  t h e  two measurements is a n  i n d i c a t i o n  of t h e  accuracy of t h e  Benjamin 

counter  s y s  tem. 

The unfolded NE-213 l i q u i d  s c i n t i l l a t o r  s p e c t r a l  d a t a  a r e  presented  

i n  Tables  XIX through XXIV, where t h e  upper and lower l i m i t s  of each un- 

fo lded  spectrum a r e  due t o  combined s t a t i s t i c a l  and unfolding u n c e r t a i n t i e s .  

Backgro-mds were obta ined  f o r  each of t h e  NE-213 measurements and t h e  

d a t a  i n  Tables  X I X  through XXIV a r e  t h e  r e s u l t s  of t h e  measurements a f t e r  

t h e s e  backgrounds have been s u b t r a c t e d .  

METHODS OF CALCULATION 

The co l l ima to r  geometry should b e  inc luded  i n  t h e  c a l c u l a t i o n s  f o r  

a l l  s l a b  th i cknesses ,  i n  o r d e r  t o  t a k e  i n t o  account t h e  e f f e c t  of m u l t i p l e  



r e f l e c t i o n  between t h e  s l a b  and t h e  co l l ima to r ,  . inc luding  ' t he  i r o n  col- 

l a r ,  on t h e  f l u x e s  . t ransmi t ted  through t h e  s l a b .  Re fe r r ing -  t o  F i g .  1, t h e  

composition of t h e  i r o n  c o l l a r ,  may be  assumed t o  b e  t h e  *same a s .  t h a t  of 

t h e  i r o n  s l a b s  presented  i n  Table I. Besides ' t h e  water ,  t h e  only remain- 

i ng  co l l ima to r  m a t e r i a l  t h a t  needs t o  b e  considered i s  a %-in. t h i ckness  

of aluminum t h a t  conta ins  t h e  water  t h a t  was i n s e r t e d  i n t o  t h e  14-7/8-in. 

diam co l l ima to r .  The geometry from t h e  l o c a t i o n  of  the .  l e a d  s h u t t e r  

inward t o  t he  r e a c t o r  i n  Fig.  1 may be . ignored .  The co l l ima to r  i s  thus  

of c y l i n d r i c a l  geometry and the.  5 f t  by 5 f t  s l a b s  may be assumed c y l i n d e r s  

a£ = 5.64 f t  diameter with  n e g l i g i b l e  e r r o r .  Thus. t h e  c a l c u l a t i o n s  

may be  made us ing  two-dimensional, r , z geometry. 

The c a l c u l a t i o n s  a r e  b e s t  done by Monte Carlo techniques employing 

"point" c ros s  s e c t i o n s .  I f  groups a r e  employed i n s t e a d ,  a s u f f i c i e n t  num- 

be r  must b e  used, t o  inc lude . the . .mos t  important  f e a t u r e s  of t h e  t o t a l  cross-  

sec , t ion  s t r u c t u r e  i n . i r o n ,  which f o r  t h e  ORNL c a l c u l a t i o n s  amounted ' to t h e  

220-gr,oup s t r u c t u r e  .appearing i n  Table 1.1. The c ros s  s e c t i o n s  a r e ,  t o  be  

weighted w i t h i n  a  group by 1/EC Using t h e  multigroup.Monte Carlo method, 
T 

t h e  c a l c u l a t i o n s  f o r ,  each s l a b  th ickness  can be  broken up into three 

p a r t s .  The f i r s t  c a l c u l a t i o n  r ep laces  t h e  co l l ima to r  by a vacuum and 

- uses a s  t h e  source  t h e  a b s o l u t e  spectrum appearing i n  Table  I1 m u l t i p l i e d  

by 212.5 cm2. The sou rce  p o i n t  is  sampled s p a t i a l . 1 ~  on t h e  e x i t  p lane  of  

t h e  c a l l i m a t o r  over  a d i s t a n c e  of 6.5 i n .  by f i r s t  choosing a n  i n c i d e n t  

d i r e c t i o n  and then  c a l c u l a t i n g . t h e  i n t e r s e c t i o n  of t he  ray wi th  t h e  e x i t  

p l ane  of t h e  c o l l i m a t o r . ,  Uncollided con t r ibu t ions  t o  d e t e c t o r s  l oca t ed  

along t h e  c e n t e r l i n e  should b e  c a l c u l a t e d  a n a l y t i c a l l y  u s ing  ."pointn 

c r o s s  s e c t i o n s  i n  a  s e p a r a t e  computation using 

where t h e  IT(E) a r e  "point1'  va lues  i n  cmbl, t h e  ( (E ) a r e  taken d i r e c t l y  
0 . g  . , 

from Table 11, E and E a r e  t h e  upper and lower limits of t h e  group 
gu gR 

E T is  t h e  th ickness  of t h e  s l a b  i n  cm, and Z is t h e  d i s t a n c e  from t h e  
g ' 

d e t e c t o r  -to t h e  open end ,of  t h e  c o l l i m a t o r ,  i n  inches .  The second calcu- 

l a t i o n  inc ludes  t h e  co l l ima to r  and uses  t h e  same sou rce  a s  be fo re ,  b u t  



b u t  uses  a c o a r s e r  group s t r u c t u r e  t o  c a l c u l a t e  t h e  a b s o l u t e  s p e c t r a l  and 

s p a t i a l  d i s t r i b u t i o n  of t h e  mul t ip ly  r e f l e c t e d  c u r r e n t  i n c i d e n t  upon t h e  

s l a b  ove r  t h e  e n t i r e  e x i t  p l ane  of t h e  co l l ima to r ,  i nc lud ing  t h e  i r o n  

c o l l a r .  The t h i r d  c a l c u l a t i o n  uses  t h e  a b s o l u t e  sou rce  computed i n  t h e  

second c a l c u l a t i o n ,  w i t h  s imp l i fy ing  aseumptions regard ing  t h e  r e - inc iden t  

angu la r  d i s t r i b u t i o n  ( i . e . ,  cos ine)  and spectrum, t o  c a l c u l a t e  t h e  t r ans -  

m i t  t ed  f l u x e s  through t h e  s l a b s  a r i s i n g  from t h e  re - inc ident  neut rons  

a g a i n  us ing  a  220-group s t r u c t u r e .  The second c a l c u l a t i o n  quick ly  s a t u r a t e s  

w i t h  increasPng s l a b  th i ckness ,  and need n o t  be  done every time. Ilowever, 

t h e  f i r s t  and t h i r d  c a l c u l a t i o n s  should be  performed f o r  every s l a b  thick-  

n e s s .  Bias ing  i n  t h e  f i r s t  and t h i r d  s t e p s  of t h e  cal.c.i.tlation is  o p t i o n a l  

(pa th  l e n g t h  s t r e t c h i n g  of t h e  o r d e r  of a  f a c t o r  of two through t h e  24-in. 

and 36-in. s l a b s ) ,  and is  n o t  . a t  a l l  necessary i n  t h e  second s t e p .  

The approximate c o n t r i b u t i o n  of t h e  mul t ip l e - r e f l ec t ed  co l l ima to r  

f l u x e s  i n  t h i s  experiment is shown i n  Table XXV, where t h e  c a l c u l a t e d  r a t i o s  

of t h e  t r a n s m i t t e d  f l u x e s  above thermal  energy t h a t  a r i s e  a s  a  r e s u l t  of 

s c a t t e r i n g  i n  t h e  s l a b s  i nc lud ing  t h e  f i r s t ,  second, and t h i r d  s t e p s  i n  

t h e  c a l c u l a t i o n  t o  only t h e  f i r s t  s t e p  of t h e  c a l c u l a t i o n  a r e  shown. 

The e f f e c t  of t h e  group s t r u c t u r e  on t h e  t r ansmi t t ed  s p e c t r a l  f l u x e s  

is  shown i n  Table  XXVI, where t h e  r e s u l t s  of two ANISN c a l c u l a t i o n s  a r e  

p re sen ted  f o r  t h e  number o f  neutrons i n  va r ious  energy groups l eak ing  a 

1 meter  r a d i u s  " i ron" (composition given i n  Table I) sphere p e r  source  

f i s s i o n  neut ron  l o c a t e d  a t  t h e  cen te r .  Both c ross-sec t ion  s e t s  were 

weighted 1/Ea . 
T ~ e  

Prom Table XXVP, i t  is obvious t h a t  t h e  220-group s t r u c t u r e ,  which 

is  t a i l o r e d  t o  t h e  minima i n  t h e  t o t a l  c ros s  s e c t i o n ,  i n  gene ra l  produces 

h i g h e r  f l u x e s  l eak ing  t h e  sphe re  than  t h e a s t a n d a r d  100 GAM-I1 group s t r u c -  

t u r e .  Hence, u s ing  such a  t a i l o r e d  s e t  is  recommended i f  t h e  ENDFIB 

e v a l u a t i o n  i s  t o  b e  t e s t e d ,  w i t h  a t  l e a s t  a Pj expansion i n  t h e  angular  

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



ca l cu la t ion& of t h i s -  experiment may a l s o  use '  t h e  d i s c r e t e '  o r d i n a t e s  

technique.  The co l l ima to r  geometry should be  iricluded, and t h e  v i r t u a l  

p o i n t  a n i s o t r 0 p . i ~  source  d e s c r i p t i o n  used. Thus t h e  sou rce  has a n  in ten-  

s i t y  of 41~(68  x 2.54)2 = 3.75 x l o 5  times t h e  e n t r i e s  i n  Table  I1 i n  
. . 

neutrons/min/watt  , at  a  p o i n t  68  ii. i n s i d e  the '  co l l ima to r ,  cons t an t  over  

t h e  s o l i d  ang le  1 - < - cos0 - < 0 i99887, . 0  < '  4 2 ~ ;  and ' z e ro  elsewhere;  A - - 
f i r s t  c o l l i s i o n  source  r o u t i n e  i n  t h e  two-dimensional d i s c r e t e  o r d i n a t e s  

c a l c u l a t i o n  is recommended f o r  t h e  c e n t e r l i n e  d e t e c t o r  l o c a t i o n s ,  e l s e  

t h e  uncol l ided  con t r ibu t ion  i s  i n c o r r e c t l y  ' c a l c u l a t e d  and d i f . f i c u l t  t o  

e x t r a c t .  The. uncol l ided  : c o n t r i b u t i o n  is  c a l c u l a t e d  ' i n  a s e p a r a t e  comT- 

p u t a t i o n  completely i d e n t i c a l ' t o  t h e . c a 1 c u l a t i o n  described e a r l i e r ' f o l -  

. .. lowing t h e  Monte Carlo.  d i scuss ion .  % 

. .  . 

A r o u t i n e  is  a l s o  necessary t o  c a l c u l a t e  t h e  s l a b  s e a t t b r e d  'f1i;ies a t  

t h e  d e t e c t o r  l o c a t i o n s  from d i s c r e t e  o r d i n a t e  c a l c u l a t e d  f l u x e s  i n  t h e  

s l a b s .  This  is  done.by such codes as SPACETRAN o r  FALSTF t h a t  a r e  ava i l -  

a b l e  a t  ORNL. The use  of DOT-111, a n  updated v e r s i o n  of t h e  DOT two- 

dimensional d i s c r e t e  o rd ina t e s  code, is t o  b e  used, s i n c e  i t  inco rpora t e s  

t h e  f i r s t  c o l l i s i o n  sou rce  and provides a t ape  s u i t a b l e  . f o r  FALSTF. The 

f l u x e s  are very s e n s i t i v e  t o  t h e  d e t e c t o r  l o c a t i o n ,  e s p e c i a l l y  i n  t h e  

v i c i n i t y  of t h e  rear f a c e  of t h e  s l a b ,  and t h e 1 r o u t i n e  SPACETRAN o r  FALSTF 

should always b e  used. 

No thermal-neutron c a l c u l a t i o n s  a r e  necessary fo f  t h i s  experiment 

s i n c e  t h e  d e t e c t o r s  used have ze ro  s e n s i t i v i t y  t o  thermal neutrons.  

Calcu la t ions  of t h e  NE-213 and Benjamin counter  s p e c t r a  should be 

smoothed w i t h  t h e  r e s o l u t i o n  f u n c t i o n  of  t h e  spectrometer  b e f o r e  compar- 

i n g  wi th  experimental  d a t a .  Air a t t e n u a t i o n  from t h e  r e a r  f a c e  of t h e  

slabs t o  t h e  d e t e c t o r s  is t o  b e  neglec ted ,  s i n c e  i t  was a l s o  neglec ted  

i n  t h e  d e r i v a t i o n  of t h e  sou rce  terms. Ca lcu la t ion  of t h e  Bonner b a l l  

count ing r a t e s  i nvo lve  eva lua t ion  of t h e  fo l lowing  expression:  

where 



r i s  t h e  d i s t a n c e  of  t h e  geometr ic  c e n t e r  of t h e  b a l l  from t h e  

c e n t e r  of  t h e  exit f a c e  of t h e  s l a b s ,  

A is  t h e  c e n t e r  of  d e t e c t i o n  c o r r e c t i o n  g iven  i n  Table I V ,  

r - A  i s  t h e  l o c a t i o n  o f  t h e  d e t e c t o r  f o r  t he  ca l cu la t ed  f l u x e s ,  

R(E ) is t h e  i n t e r p o l a t e d  response func t ion  of t h e  Bonner b a l l  f o r  
g  

group E . 
g 

Note t h a t  t h e  numbering of t h e  groups i n  t h e  response f u n c t i o n  tabu- 

l a t i o s  i n  Tables  V-VTT hae been reversed oo t h a t  R(E ) i n  Eq. (2) appears 
g 

as R(E1O1-g ) i n  t h e  t a b l e s .  Neglect of A i,n. Eq. (2) can l ead  t o  under- 

estimates of t h e  o r d e r  of 5% i n  t h e .  c a l c u l a t e d  counting r a t e s ,  t h e  e r r o r  

b e i n g  t h e  g r e a t e s t  f o r  t h e  10  i n .  Bonner b a l l  a t  t h e  c l o s e s t  l o c a t i o n  

behind t h e  s l a b s .  



. - - .  
Table I .  Composition of t h e  S labs  i n  Atomslbarn-cm 

. . . . . . 

I r o n  Slabs  S t a i n l e s s  S t e e l  S l abs  

Carbon 

Man~anes e 

I r o n  

Chromium 

Nickel  

a 
Read: 9.815 x 



Table 11. Source Spectrum at t h e  End of t h e  Collimator 
in neuts/cm2/min/watt/group* 

- -- 

Group Energy I n t e r v a l  I n t e n s i t y  Group Energy I n t e r v a l  I n t e n s i t y  
, 

1 - 8-10 MeV- 190 3 1 1.405-1.411 MeV 23.8 

2 6-8 665 3 2 1.401-1.405 16.6 

3 5-6 840 3 3 1.392-1.401 35.4 

4 4- 5 1426 34 1.382-1.392 40.1 

5 3-4 2186 3 5 1.363-1.382 74.5 

6 2.59-3 1 4 ' f ~  3 6 1.339-1.363 93.5 



Table I1 . ( ~ o n t  ' d. ) . . .. . . . .  

Group . Energy I n t e r v a l  . ' In t ens i ty  ~r0u-p Energy I n t e r v a l  I n t e n s i t y  
.. . 

61 1: 023-1.029 MeV 20.1 9 1 825-830 k k ~ .  20.1 

62 1.020-1.023' 10.0 9 2 820-825 " 20.6 

6 3 1.013-1.020 ' 23.8 9 3 769-820 2i6 

64 0.998-1.013 ' 49.6 9 4 767-769 ' 8.98 



Table  I1 ( ~ o n t  'd. ) 

Group Energy I n t e r v a l  I n t e n s i t y  Group Energy I n t e r v a l  I n t e n s i t y  



. a  . . . Table I1 ( ~ o n t  ' d.  ) 
. . .  

Group Energy I n t e r v a l  I n t e n s i t y  Group Energy. I n t e r v a l  I n t e n s i t y  

220 0-0.145 6580 

To-l; a l s  , 
1-220 0-10 MeV 3 . 1 8 6 ~ 1 0 ~  

*For other group structures, int=rpolation i k  th i s  table should follow 
the rule that I n t e n s i t y / ! L n [ ~ ~ / ~ ~ ]  i s  constant within the interval 
AE = EU-Eg, where AE i s  the tabulated energy interval.  



Table 111. Energy Resolution of t h e  NE-213 Spectrometer System 
t 

3.4 18.5 6.8 12.8 

' ~ n t e r p o l a t i o n  i n  this t a b l e  should follow t h e  formula 

E2 - E E - E l  
a ( ~ )  = a(E!,) + E~ - El a ( ~ ~ )  , where El. < E < E2 . 

E2 - El - - 



. . 

Table I V .  ~ o n n e r  Ball ~ e s c r i ~ t i o n  

Sphe r i ca l ,  2-in , . -dim O B F ~  P ropor t iona l  Counter Surrounded 
by Polyethylene and 0.030 i n .  Cadmium 

Standard Locat ion of Center 
Bsnner B a l l  Polyethylene Polye thylene  Diameter of Detec t ion  from 
Designation Thickness Densi ty of B a l l  Center  of   all& 

( i n . )  ( i n . )  (@;rams/cm3 ) ( i n . )  ( i n . )  

%he c e n t e r  of d e t e c t i o n  i s  d i sp l aced  toward t h e  'center  of g r a v i t y  of t h e  
hemispher ica l  su r f ace  upon which t h e  neutrons a r e  i n c i d e n t .  



Table V .  Response f o r  3.09 Inch Diameter Bonner Sphere* 

Group Midpoint Energy Response t 
No. ( ev) ( counts / incident  neut /cm2) 

Thermal 
l l673( - l )  
6.07(-1) 
7.79(-1) 
1 .00(0)  
1 .29(0)  
1-.Gg(o) 
2!12(0)  
2.72(0)  
3.49(0)  
4.49(0) 
5 . '(6i u j 
7.40(0) 
9.50(0) 
1 . 2 2 i l )  
1 .57(1)  
2.01(1) 
2 . 5 8 0 )  

Negligible 
4.81(-1) 
8.03(-1) 
9.95( -1) 
1.11(0) 
1 .17(0)  
1 . 1 y ( u )  
1 .13(0)  
1 .18(0)  
1 .16(0)  
1.1)1(0) 
1 . 1 1 ( u )  
1 .08(0)  
1 .05(0)  
1 .02(0)  
9.89(-1) 
9.55( -1) 
8.73(-1) 
8.87(-1) 
8.57(-1) 
8.25(-1) 

*Radial thickness of polyethylene = 0.515 inches:  Density of poly- 
ethylene = 0.951 gram/cc. Estimated accuracy i s  +lo% over t h e  - 
e n t i r e  energy range. 



Table V .  (contld.) . . 
. . . .  . . . .  . - . . . . . .  . . 

Group , ~ i d ~ o i n t  ~ n e r ~ ~  , . . Respons'e t 
No. ( ev) ' ( count$/incident neut /cm2 ) 

. . .  . . . . . . . . 



Table V ( ~ o n t  ' d. ) 
Group Midpoint ' ~ n e r g ~  Response t 
No. . ( ev) (counts/incident neut/cm2 ) 

tInterpolation in this table should follow the formula 

E2-E E-E 1 
K(E) = R(E1) - + R(E2) - , for El < E < E2 . 

E2-E 1 E2-El - - 



Table V I .  Response f o r  .5.88 .Inch.Diameter Bonner Sphere* . 

Group . Midpoint Energy Response t 
No. ( e v ) "  ' ' ( counts / i nc iden t  neut /cm2 ) 

1 Thermal Negl ig ib le  
2 4.73(-1) . 1.89(-1)  
3 6.07(-1) . 3.38(-1) 
4 7.79(-1) 4.45( -i) 
5 . . 1 .00(0 )  . . . 5.28(-1) 

. 6  1 .29 (0 )  , 5.89(-1) 
7 1 .65 (0 )  . 6.36(-1) 
8 ; 2.12(0) . . ,6 .75(-1)  
9 2.72(0)  . . .  . 7.09(-1) 

10 3 .49(0)  , 7 ,39( -&)  
11 . 4.49(0)  . 7.67(-1) 
12  5.76(0)  7.92(-1) 
1 3  7.40(0)  8.17(-1) 
14  9 .50(0)  8.39(-1) 
1 5  1 .22 (1 )  8.61(-1) 
1 6  1 .57 (1 )  8.81(-1) 
17 2 .01(1)  8.98(-1) 
1 8  2.58( 1) 8.69(-1)  
19 3 .31(1)  9.31(-1) 
20 4.26(1)  . 9.49(-1) 
21 5.46(1)  9.63(-1) 
2 2 j 7.01(1)  . . 9.51(-1) 
23 9 .01 (1 )  8.01(-1) 
2 4 1 .16 (2 )  9.12(-1) 
25 . 1 - 4 9 ( 2 )  : 9.99(-1) 
26 1 .91 (2 )  1 . 0 2 ( 0 )  
27 2.45(2)  '1 .02(0)  
2 8 . 3.14(2)  1 .03 (0 )  
29 . 4.04(2)  ' 1 . 0 5 ( 0 )  
30 . 5.18(2)  1 , 0 4 ( 0 )  
31 6.66(2)  1 . 0 6 ( 0 )  
3 2 8.55( 2 )  1 .07 (0 )  
3 3 1 . 1 0 ( 3 )  1 .07 (0 )  
3 4 1 .41 (3 )  . . 1 .08(0 )  
3 5 1 .81 (3 )  1 .08 (0 )  
3 6 2.32(3)  . l . o g ( o )  
3 7 2.90(3)  1. .09(0)  
3 8 3 .83(3)  1 .09 (0 )  
39 4.92(3)  1 .10 (0 )  
40 6 . 3 2 0 )  1.10(0) 
41 8 .11(3)  .1.11(0) 
42 l .OL(4) , 1 .11(0 )  

*Radial t h i ckness  of polyethylene = 1.910 inches :  dens i ty  of poly- 
e thylene  = 0.925 6ram/cc. Estl .matcd R.CCIIPFI.CY is +lo$ over t h e  - 
e n t i r e  energy range. 



Table VI ( ~ o n t  ' d. ) 
Group Midpoint Energy Response t 
NO. (ev) (counts/incident neut/cm2) 



Table 'VI ( Cont Id.. ) I .  

Group Midpoint Energy Response t 
No. ( ev) ( coukts / inc ident  neut/cm2 

. . ,  . 

tInterpolation in this table should followthe formula: 
. . 

E2-E E-E1 1 
R(E) = R(E1)' .- + R(E2) - , for Er 2 E ( E2 . 

. E2-El E2-E1 



Table V I I .  Response f o r  9.86 Inch Diameter Bonner Sphere* 

Group Midpoint Energy Response t 
No. (ev)  . ( coun t s / inc iden t  neut/cm2) 

1 Thermal Negl ig ib le  
2 4.73(-1) 2.43(-2) 
3 6.07(-1) 4.36(-2) . ' 

4 7.79(-1) 5.76(-2) 
'5 ~ . O O ( O )  6.85(-2) 
6 1 . 2 9 ( 0 )  7.66(-2) 
7 l . 6 5 ( 0 )  8.28I-2) 
8 2,1-2(0) 8.81(-2) 
9 2.72(o) 9 , 2 9 ( - 2 )  
IU 3.49(0)  9.72(-2)  
11 4.49(0)  1.01(-1) 
12 ij.?G('oj 1 .05(-1)  
1 3  7 .4n (o )  l . og ( -1 )  
1 4  9 .50 (0 )  1.13(-1)  
1 5  1 .22 (1 )  1 .16(-1)  
1 6  1 .57 (1 )  1.20(-1)  
1 7  2.01(1)  1 .23(-1)  
18 . 2.58(1)  1.20(-1)  
19  3 .31 (1 ) '  1 .30(-1)  
20 4.26(1)  1.34(-1)  
2 1 5.46(1)  1.30((-1) 
2 2 7 .01(1 )  1 .37(-1)  
2 3 9 .01(1)  1 .28(-1)  
24 1 .16 (2 )  1.34(-1)  
25 1 .43 (2 )  1.49,( -1 ) 
26 1 .91(2)  1.53( -1) 
27 2.).15(2) 1.56(-1)  
2 8 3 .14(2)  1.60(-1)  
29 4.04(2)  1.64(-1)  
3 0 5.18( 2 )  1.65(-1)  
3 i 6 , 4 6 ( ? )  1.71(  . . I )  
3 2 8 .55(2 )  1 -75( -1 )  
3 3 1.11)(3) 1.79(-S.) 
34 1 * 4 1 (  3 )  1.83(-1)  
3 5 l . 8 1 ( 3 )  la%(-1) 
3 6 i1,32( 1) L.!IO[ -11 
3'( 2.98( 3 )  1 .94(-1)  
38 3 .83(3)  i . g a ( - l )  
39 4 .92(3)  2.02(-1)  
40 6 .32 (3 )  2.07(-1) 
4 1 8 .11(3 )  2.12(-1) 
4 2 1 .04 (4 )  2.18(-1) 

*Radial Thickness of polyethylene = 4.890 inches :  dens i ty  of poly- 
e thy lene  = 0.951 gramlcc. 'Est imated accuracy' i s  +lo% f o r  energ ies  - 
above 1 keV and + 27% f o r  energ ies  below 1 keV. - 



Table VII (Cont 'd. ) 

Group Midpoint Energy Response t 
No. ( ev) ( counts/incident neut /cm2 ) 



Table V I I  ( Cont ' d .  ) 

Group Midpoint Energy Response t 
No. . : ' ( e v )  ( counts  / i nc iden t  neut  /cm2 ) 

t I n t e r p o l a t i o n  i n  t h i s  t a b l e  should fo l low t h e  formula 

E2-E E-E 1 
R(E) = R(E1) - +. R(E2) - , f o r  El < E < E2 . 

E2-Ep E2-El - - 



Table V I I I .  Experimental Configurat ion f o r  t h e  I r o n  Slabs  

Detec tor  Locations * 
Nominal I r o n  Actual  I r o n  Radia l  Distance Observation h g l e a  

Thickness . Thickness Cen te r l i ne  Distance from Cen te r l i ne  wi th  Bespect t o  
( i n .  ) ( i n . )  Behind S lab  ( i n . )  ( i n . )  ( deg ) 

E 
Detec tor  Type 

1- 5 1 - 5 5  152 0 0 Bonner B a l l  
146 3 9 1 5  
107 1.07 4 5 

4 4.05 158 42.5 1 5  NE-213 Spec- 
116 116 4 5 t rometer  

6 -  6.. 06 162 o o NE-213 Spec- 
t rometer  

1 2  12.13 1 4 1  . . 0 0 Bonner B a l l s  
136 36.5 1 5  v1 

N 

- l o o  100 45 

156 o o NE-213 Spec- 
150 40.5 15  t rometer  
110 110 - 45 

12.25 10  0 0 Ben j amin 
10  1 2  50 Spectrometer 

2 4 24 .'41 ' 128 0 0 Bonner B a l l s  . 

124 3 3 1 5  
90.5 ' 90.5 4 5 

3 6 36.56 11 5 0 0 Bonner B a l l s  
111 3 0 1 5  

"Distances a r e  measured , to  t h e  geometric cen te r  of t h e  Bonner b a l l s ,  a n d . t o  t h e  cen te r  of d e t e c t i o n  f o r  
t h e  o the r  d e t e c t o r s .  

&The observa t ion  angle  i s  def ined  a s  t h e  angle  between t h e  c e n t e r l i n e  and a l i n e  connect ing t h e  d e t e c t o r  
w i th  t h e  midpoint of t h e  emergent f a c e  of t h e  s l a b .  The v e r t e x  of t h i s  ang le  i s  t h e  p i v o t  p o i n t  f o r  t h e  

angular  t r a v e r s e s .  



Table I X .  Experiment.al Conf i gu re t ions  f o r  t h e  S t a i n l e s s  St-eel S lab  
- 

n 
Detector  Locations 

a 
Nominal SS Actual  8s Cen te r l i ne  Dis tance  Radia l  Distance Observat i c n  J n g l e  
Thickness Thickness E~h in3 .  S lab  f r o a  Cen te r l i ne  with 'Respect To 

( i n . )  ( i n . )  ( i n . )  ( i n . )  (deg)  
E 

Detec tor  Type 

0 Bonner B a l l s  

1.5 

10  0 3 Ben j amin 

10 1 2  53 Spectrometer  
IU 
a\ 

*Distances a r e  measured t o  ?.he geometric .:enter of t h e  Bonner b a l l s ,  and t c  t.ke cen te r  of detection for 
t h e  o t h e r  d e t e c t o r s .  

a The observa t ion  angle  i s  d e f i ~ e d  a s  t h e  an.;lo between t h e  c e n t e r l i n e  and a l i n e  connect ing t h e  d e t e c t o r  
w i th  t h e  midpoint of t h e  e ~ e r e e n t  f a c e  of ths s l a b .  The v e r t e x  of t h i s  a w l e  i s  t h e  p ivo t  p o i n t  f o r  t h e  
angular  t r a v e r s e s .  



Table X .  Bonner B a l l  Counting Rates  Behind 1 . 5  i n .  of I r o n  
( cts /min/watt  ) 

Bonner B a l l  3-in : 6-in. , 10-in.  

On c e n t e r l i n e  57.8 607 5 8 7  

Table X I .  Bonner B a l l  Counting Rates  Behind 1 2  i n .  of I r o n  
( c t  s/min/watt  ) 

Bonner B a l l  3-in. 6-in. 10-in.  

On c e n t e r l i n e  2.32 18.5 9.89 

15O 0.577 3.54 1 .58  

45O 0.411 2.39 1.04 

Table X I I .  Bonner B a l l  Counting Rates  Behind 24 i n .  of I r o n  
( c t s /min /wa t t )  

Eonner B a l l  3-in.  6-in.  10-in.  

On c e n t e r l i n e  0.604 3.49 1 .40  

15O 0.367 1.70 0.600 

Table X I I I .  Bonner   all Counting Rates Behind 36 i n .  of I r o n  
( c t s /d fn /wa t t  ) 

Bonner B a l l  3-in.  6-in. 10-in.  

On Cent e r l i n e  0.243 1 .08  0.368 

l$.O 0.181 0.700 0.227 

4 "  0 0.151 



Table X I V .  Bonner B a l l  Counting Rates  Behind 1 2  i n .  o f  
S t a i n l e s s  S t e e l  ( cts/rnin/watt .)  

Bonner B a l l  3-in.  6-in.  10-in.  

On C e n t e r l i n e  0.783 5 -97 3 51 



Table XV. Benjamin Counter Spectrum on t h e  Centerl ine 
10 i n .  Behind 12 i n .  of Iron.  

Energy I n t e r v a l  . Flux Standard 
( kev ) ( neut s /cm2/~ev/min/watt ) Error  ( % ) 

10 Atmosphere Counter 

20.4 

32 3 

46.4 

52.4 

52.4 

65.7 

59.2 

54.8 

91.6 

158 

19 5 

182 

3 Atmosphere Counter 

644.  ' ~ - ' i oo  228 



Table XV ( ~ o n t  ld .  ) . 
Energy I n t e r v a l  Flux Standard 

(keV) ( neut s /cm2 / ~ e ~ / m i . n / w a t t  ) E r r o r  ( % )  

1 Atmosphere C.ounter 



Table XVI. Benjamin Counter Spectrum 12 i n .  o f f  t h e  Centerl ine 
and 10.' i n .  Behind ' 12 i n .  of I ron  

- -- 

. . . 
Energy I n t e r v a l  . . . .  , .Flwc' . . . .Standard 

( kev ) ( neuts /cm2 /~eV/min/watt ) Error  ( % ) 

10 ::Atmosphere Counter 

4-97 

6.81 

3 Atmosphere Counter 

69.2 

" 95.8 

70.0 

54.5  
60.8 

54.3 

51.6 

95.4 

131 

157 

167 

152 

133 

120 

97 4 



Table XVI ( ~ o n t  'd.) 
- - 

Energy I n t e r v a l  Flux Standard 
(keV) ( neut s /cm2 / ~ e ~ / r n i n / w a t t  ) Error  ( % ) 

1 Atmosphere Counter 

165 

147 

119 

107 

83.2 

130 

5 

164 

159 

2'7 3 

268 

189 

119 

81.3 

80.9 

113 

149 



Table XVII. Benjamin Counter Spectrum on the Centerline 
' ' 10' in. 'Behind 12 in. of Stainless Steel 

Flux Energy Interval Standard 
( keV) (neutrs/cm2/~e~/min/watt ) Error ( % )  

10 Atmosphere Counter 

14.0 

19.6 

28.2 

32.4 

76.2 

41.5 

40.6 

42.8. 

3 Atmosphere Counter 

109 

87 .o 
84. -( 

7 2 , b  

83.6 

140 

166 

233 

243 



Table XVII (Cont ' d )  

Energy I n t e r v a l  F l u  Standard 
(kev)  ( neut  s  /em2 /~ev /min /wa t t  ) Error  ( % ) 

275 -1-296.8 254 4.0 
253.4-275.1 193 5.0 
236.1-253.4 163 7 - 0  

218.8-236.1 137 7.7 

201.4-218.8 128 7 .6  

184.1-201.4 153 5.9 
l ' (1.1-184.1 i h 8  7.4 
158.1-171.1 1 3 1  7 8 7 
145.1-158.1 223 4.2 

1 Atmosphere Counter 

173 
146 

120 

19  0 

202 

168 

2511 

440 

412 

270 

158 

136 

182 

239 



Table X V I I I  . Benjamin Counter Spectrum 1 2  i n .  O f f .  t h e  
Centerl ine and 10 i n .  Behind 1 2 . i n .  

of S t a i n l e s s  S t e e l  
. .  . .  

0 .  . . 
Energy I n t e r v a l '  ' Flux Standard 

( keV) ( neut s / cm2/~ev/rnin/watt ) . ,Er.ror ( % ) 

10 ~ tmosphere  Counter 

1380-1500 3.74 14.4 

1278.5-1380 5 -93 11.1 

1186.2-1278.5 . 7 -92.- . . 
9 .3  

1093.8-1186.2 10.9 6.9 . 

1010.8-1093.8 , 13.'( . $6.3 

936.9-1010.8 15.1  6.6 

3 Atmosphere Counter 

86.8 



Table XVIII ( cant ' d. ) 

Energy Interval Flux Standard 
( k e ~ )  ( neut s/cm2/~ev/min/watt ) Error ( $ 1  

1 Atmosphere Counter 
.. . . --.- 

if 2 

88. g 

73.5 

100 

114 

98 7 

147 

244 

240 

182 

IQ7 

70.5  

100 



Table X I X .  NE-213 Spectrum 1 5  ~ e g  Off t h e  
Cen te r l i ne  Behind 4 i n .  o f  I r o n  - " 

. . . . . .  
Flux ( neut  s /crn2/~ev/min/watt  ) . 

. . . . .. . .. . .. .. ' 

Energy ( M ~ v )  . . Upper Limit . . Lower L i m i t  
. ,. 



Table XIX ( ~ o n t  'd. ) 
-- - 

Flux ( neuts /cm2/Mev/min/watt ) 

Energy ( M ~ v )  Upper Limit Lower Limit 



Table XX. NE-213 Spectrum 45 Deg Off the:'Centerline 
, Behind 4 in. of. Iron . . 

Flux (neut s/cm2/Mev/min/watt ) 
. . . . 

Energy ( M ~ v )  Upper Limit Lower Limit 



Table XX , ( ~ o n t  Id. ) 

Energy ( M ~ v )  

4.8 

5.0 

5 2 

5.4 

5 - 6 
5.0 

I 

6.0 

6.2 

6.4 

6.6 

6.8 

7 . 0  

7 2 
7.4 

7.6 

7.8 

8. (1 

8.2 

8.4 

8.6 

8.8 

9.0 

9 2 

9.4 

9.6 

9.8 

10.0 

10.2 

10.4 

10.6 

10.8 

~p - 

Flu (neuts/cm2 /MeV/min/watt ) 

Upper Limit  Lower Limit 

0.0296 0.0252 

0.0252 0.0210 

0.0244 0.0203 

0.0225 0.0189 

o.olgo u .  0156 
0,0153 8.0121 

0. oi45 0.0114 

1 1  .61jl.rd 0.0111 

0.0124 0.00962 

0.0104 0.00780 

0.00931 0.00703 

0.00856 0.00650 

0.006'74 o .00464 
0.00564 0.00376 

0.00582 0.00414 

0.00501 O.On33k 

0 i 00312 0 . i~Ol.63 

0.00226 0.00098 

0.00233 0.OOlOg 

0.00223 0 ,  00108 

0.00235 n.ooa3o , 

0.00271 0.00172 

0.00256 0.00163 

ir .OUIS)U 0.00098 

0.00133 0 ,00052 

0.00113 0.00039 

0.00100 0.00023 

0.00080 0.00005 

0.00075 0.00001 

0.00082 0.00006 

0.00079 0.00006 



Table XXI.  NE-213 Spectrum on t h e  Cen te r l ine  
Behind 6 i n .  of I ron  

Flux ( neuts  /.cm2 /MeV/min/watt ) . 
. . . . 

Energy ( M ~ v )  Upper L i m i t  Lower L i m i t  

0 .8 24.7 22.9 

0.9 23.6 21.8 

1 . 0  22.6 21.3 

1.1 22.1 21.0 

1 . 2  21.0 20.2 

1 .3  19  . O  18 .3  

1 . 4  1 7 . 1  16.3 

1 . 5  1 5  5 14 .8  
1 . 6  14 .3  13 .8  

1 7 13.4 12.9 
1 . 8  12.2 11.7 

1 .9  11.0 10.4 
2.0 9 .8  9.4 

2 . 1  . 9 .0  8 .6  

2.2 8 . 2  7 9 

2 .3  7.5 7 .3  

2.4 6.85 6.6 

2 .5  6.2. 6 .0 
2.6 5.65 5.55 

2.7 5 -1-5 5 .0  

2.8 4.65 4.55 

2.9 4.2 4 .1  

3 .O 3 .8 3.7 

3.2 2 -97 2.86 

3.4 2.32 . 2.23 

3.6 1.90 1 .82  

3.8 1 .60  1.55 

4.0 1 .45  1 .38  

4.2 1.30 1.25 

4.4 1, 18 1.14 

4.6 1.07 1 .0.3 



Table XXI ( ~ o n t  Id. ) 

Flux ( neut s /cm2/Mev/min/watt ) 

Energy (MeV) Upper Limit Lower Limit 

4.8 0 .945 0.90 

5 0 0.82 0.74 . 

5.2 0.68 0.64 

5 4 0.605 0.57 

5.6 0.56 0.52 

5.8 0.52 0.485 

6.0 [:I , 49 0.455 

6.2 0,44 0.415 

6.4 0 39 0.36 

6.6 0.345 0.32 

6.8 0.325 0 297 

7.0 0.300 0 275 

7.2 0.268 0.243 



Table X X I I .  NE-213 Spectrum . . -  . . on t h e z C e n t e r l i n e ,  
Behind 1 2  i n .  of 1 r o n  

. . 

. . ,  Flux ( neut s /cm2 /Mev/min/watt ) , . 

Energy ( M ~ v )  Upper Limit Lower Limit 

0 . 8  4 .8 .  4.6 

0 .g 4.2 4.0 . . 

1.0 . . 3.9 3.8 

1.1 3.65 , 3.55 

1 . 2  3 -35  3.25 

1 . 3  2.7 . ' 2 .6  

. 1 . 4  2 . 1  2.0 

1 . 5  . 1.65  1.55 

1 . 6  . 1.35  1.3 

1 . 7  1.12 1 .08  

1.8 0.gli . ' 0.92 . 

1 .9  0 . 7 8 '  . '  0.76 

2.0 0.66 0.64 

2 .1  0.54 ' . 0.52 

2 .2  0.46 0.44 

2.3 0.38 0.37 . 

2.4 0.315 0 -305 

2.5 0 255 0.250 

2 .6  0.210 o ..20 5 

2.7 o .a70 0.165 . 

2.8 0.143 0.138 

2 9 0.119 0.115 

3.0 0 097 0.094 

3.2 0.068 0.065 

3.4 0.050 0.046 

3.6 0.037 0 035 

3.8 0.030 0.027. 

4.0 : 0.027,  0.024 

4.2 0.0245 0.0220 
- .  . - 

4.4  0.0205 ' 0 . 0 ~ 8 0  

4 .6  0.017 0.015 

4.8 0.014 0.012 



Table XXII ( ~ o n t  ' d .  ) 

Flux (neuts/cm2 / ~ e ~ / m i n / w a t t  ) 

Energy (MeV) Upper Limit ' Lower Limit 

5 .0 0.0123 0.0105 

5.2 0.0117 0.0097 

5.4  0.0109 0 .  0091 

5.6 0.0096 0.0080 

5.8 0.0080 0.0065 

b .O 0 -0075 0.0060 

b . 2  0. 0068 0.0072 

6.4 0.0063 0.0046 

6.6 0.0060 0.0043 

6.8 0.0058 0.0042 

. 0 0.0054 0.0040 

7.2 0.0053- 0.0038 

7.4  0.0051 0.0037 

7.6 o .005o 0.0037 

7 .8  0.0044 0.0032 

8.0 0.0039 0.0028 

8 .2  0.0038 0.0026 

8.4 ' u.0036 0.0025 

8.6 0.0033 0,002'2 

8.8 0.0027 0,0017 

9.0 . 0.0025 0, Q014 

5 . 2  0.0026 0.0016 

9.4 0.0028 0.0018 

9.6 0.0028 0.0018 

9 .8  0.0026 o ,0016 

10.0 0.0023 0.0013 

10 .2  0.0022 0.0012 

10 .4  0.0021 0.0013 

10.6 0.0021 0.0013 

10 .8  0.0020 0.0011 



Table X X I I I .  NE-213 Spectrum 15 Deg Of f  t h e  Centerl ine 
. . Behind 12 i n .  of I ron 

F l u  ( neut s /cm2 /MeV/min/watt ) 

Eneray (MeV) Upper L i m i t  Lower L i m i t  

0.8 0.50 0.49 



Table X X I I I  ( ~ o n t ' d . )  

Flux .( neuts  /cm2/~ev/rnin/watt ) 

Energy ( M ~ v )  Upper Limit Lower Limit 

4.8 0.0037 0.0028 

5 0 0.0032 0.0025 

5 2 0.00270 0.00215 

5 4 0.00265 0.00195 

5.6 0.00265 0 .  OOPOO 

5.8 0.0030 O.['l023 . 
6.0 0. u u y i  0.0024 

6.2 0.00260 o. nnlg5 

6.4 0.0020 0.0014 

6.6 0.0017 0.0011 

6.8 0.00160 0.00105 

7.0 0.00155 0.00102 

7.2 0.00155 0.00100 

7.4 0.00148 0.00098 

7.6 0.00135 0.00089 

7.8 0.00117 0. oooi'6 

8.0 o , oois8 0. 00066 

8.2 0.00110 0.00068 

8.4 0.00117 0.00076 

8.6 0.00120 0.00081 

8.8 0.00110 0.00070 



Table XXIV.  NE-213 Spectrum 45 Deg Off t h e  Center l ine  
Behind 1 2  i n .  of I r o n  

- 

Flux ( neut s/cm2 /MeV/min/watt ) 

Eneray ( M ~ v )  Upper Limit Lower Limit 

, 0.8 0.430 0.410 

0.9 0 335 0 315 

1.0 0.265.. 0 255 

1.1 0.210 0.200 

1 . 2  0.160 0.150 

1 . 3 .  , 0.117 0.110 



Table X X I V  ( ~ o n t  Id. ) 

Flux ( neut  s /cm2 /MeV/rnin/watt ) 

Energy (MeV) . Upper Limit  Lower Limit 

4.8 0.00170 0.00110 

5.0 0.00146 0.00090 

5 2 0.00124 0.00066 



Table XXV. Approximate Enhancement of t h e  Transmit ted S l a b  
S c a t t e r e d  Flux Above Thermal Energy Ar i s ing  from 

Mul t ip le  Re f l ec t ion  i n  t h e  Coll imator  

$I Inc luding  Coll.imator/$I Not Inc lud ing  Col l imator  
T T 

1-112 i n .  o f  ' I ron  . 1. il 

1 2  i n .  of I r o n  1 . 2 1  

24 i n .  of I r o n  1 . 2 1  

36 i n .  of I r o n  

. . 
1 2  i n .  of S t a i n l e s s  S t e e l  1 .17 



Table XXVI. Comparison of 220-Group and 100-Group (CAM-11) ANISN Results 
of Leakage from a 1-Meter-Rdlus Iron Sphere Mis ing  f r m  a 

Point Fission Source Located a t  the  Center 

5 1 0  MeV 
6-8 
4-6 
3 4 

Groups (220). 
Lenkage (220) Lenksge (100) + 

(neuts/source neut) Grou~a (100). (neuta/source neut) Lenkage (22O)/Lenkage (100) 

5.14(-lo).. 5.6.n 6.79(-10) 0.76 
7.13(-10) f~.8,9.f10 8.42(-10) 0.85 
1.43(-9) f10.11-13,r14 1.56 9 )  n . p ?  
5 . W - Y )  f14,15,16.t17 3.62119) 0.95 
6 . W - 9 )  117,118 4.10(-9) 1.58 
i . ~ ( - 8 )  f18+19 1. a(-8) 0.92 
1,3?(=R\ ?F 9.90( 9) 1.JC 
5.occ-0) 21 2.02( -81 9 PO 
1.UYL-'11 22 8.25(-8) 1.81 
2 .W-7)  23 7.W-8) 3.46 
5.05(-7) 24 2.14 7)  7.36 
l.u4(-6) 21 2,72117) 3 .81  
v.u.t(-5j 26 4.i-r(-6) 4.82 . l.35(-5) 27 3.71(-6) 3.64 
1.42i-41 28 3.28(-5) 4.33 
9 . w - 5 )  29 4.26(-5) 2.N 
b.55(-5) 30 2.04(-5) 2.23 
3.61(-41 31 i .j.n(-h) 3.34 
2.6~4-3) 32 1.77(-3) 1.48 
1.95(-3) 33 1.47(-3) 1.33 
1 . M - 3 )  34 8.77(-4) 1.32 
2.22(-3) 35 1.21(-3) 1.83 
9.84(-4) 36 5.30(-4) 1.86 
2 .W-3)  37 l.o8(-3) 2.65 
7 . W - 3 )  38 4.28(-3) 1.84 
1 . W - 2 ) .  39 8.22(-3)' 1.80 
8.50(-3) 40 4.99(-3) 1.70 
5.06(-3) 42 3.43(-3) 1.48 
9;23(-3) 43 5 . m - 3 )  1.65 
5.04(-3) 4 2.43(-3) 2.07 

;::;l::l 45 8.99(-3) 1.70 
46 4.84(-3) 1.46 

2.05(-2). 47 8.44(-3) 2.43 

11.71-15.03 1203.1204 9.39(-3) 58 1.12(-2) 0.8i 
9.119-11.71 120h,f205 5.84(-3) 59 4.83(-3) 1.21 
7.102-9.119 1205,206.f207 1.21(-3) 60 8.90(-4) 1.36 
5.531-7 .lo2 1207.208 .f209 1.87i-9) , 61 1.92(-3) 0.97 
4. 307-5.531 1209 3.31(-3) 62 3,51(-3) 0.3'1 
3 7on-L. 307 1m9 ,cia l .$fl i- i)  f63 l.>O(-s) 0.87 
1 . 1 - 3 . 7 0  211 8.02(-3) 163.64-67.168 7 . m - 3 )  1.03 

0.3167-1.160 212,213 Z.Ol(-3) 168.69-72.ff3 4.33(-3) 0.46 
0.0880-0.3167 214 2.98(-3) f73.74-77 ,f78 2.96(-3) 1.01 

24.4-88.0 eV 215 2.43(-3) ' 178.79-82,f83 2.57(-3) 0.95 
6.79-24.4 216 1.74(-3) 183.84-87.188 1.91(-3) 0.91 
1.89-6.79 217 l.Ol(-3) 188.89-92.193 i . i4(-3) 0.83 

n. 5 2 ~ - 1 . 8 ~  218 4.27(-4) fY3.9'~-98.f99 4.58(-4) 0.93 
0.000-0.524 219.220 1.32(-4) 199.100 

.. 5 3 2 7 -  

'TOCUB 1-2M 3.60(-1). 5-100 2.67(-1) 1.35 

.Group numbers prefixed with an 1 l i e  i n  more than one energy intervnl AE. 

"Rend aa 5.14 x 10-lo, e t f ,  
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