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ABSTRACT 

The dose equivalent at an air-ground interface as a 

function of distance from an assumed azimuthally symmetric 

point source of neutrons can be calculated as a double 

integral. The integration is over the source strength as a 

function of energy and polar angle weighted by an importance 

function that depends on the source variables and on the 

distance from the source to the field point. The neutron 

importance function for a source 15 m above the ground emitting 

only into the upper hemisphere has been calculated using the 

two-dimensional discrete ordinates code, DOT, and the first 

collision source code, GRTUNCL, in the adjoint mode. This 

importance function is presented for neutron energies - < 400 MeV, 

for source cosine intervals of 1 to .8, . 8  to .6, . 6  to .4, 

. 4  to . 2  and . 2  to 0, and for various distances from the 

source t o  the field point. As part of the adjoint calcula- 

tions a photon importance function is also obtained. This 

importance function for photon energies - < 14 MeV and for 

various source cosine intervals and source-to-field point 

distances is also presented. These importance functions 

may be used to obtain skyshine dose equivalent estimates for 

any known source energy-angle distribution. 

To illustrate the use of the results,the dose equivalent 

as a function of distance from one of the target areas at the 

Alternating Gradient Synchrotron at the Brookhaven National 



L a b o r a t o r y  has  been c a l c u l a t e d  and i s  compared w i t h  t h e  

e x p e r i m e n t a l  d a t a  of  C .  D i s t e n f e l d  and D .  C o l v e t t .  

The e n e r g y - a n g l e  d i s t r i b u t i o n  o f  t h e  n e u t r o n  s o u r c e  used  i n  

t h i s  c a l c u l a t i o n  was t a k e n  from t h e  measurements  o f  R .  Madey, 

A. R .  Baldwin and F .  W .  Waterman. 

To a i d  i n  t h e  d e s i g n  o f  t h e  r o o f  o v e r  a t a r g e t  a r e a  f o r  

t h e  400  G e V  p r o t o n  a c c e l e r a t o r ,  ISABELLE, b e i n g  c o n s t r u c t e d  a t  

t h e  Brookhaven N a t i o n a l  L a b o r a t o r y ,  t h e  dose  e q u i v a l e n t  a s  a 

f u n c t i o n  o f  d i s t a n c e  from t h e  t a r g e t  a r e a  and a s  a f u n c t i o n  of  

r o o f  t h i c k n e s s  h a s  been  c a l c u l a t e d  and i s  p r e s e n t e d .  The 

e n e r g y - a n g l e  d i s t r i b u t i o n  o f  t h e  n e u t r o n s  emerging from t h e  

r o o f  o v e r  t h e  t a r g e t  a r e a  was c a l c u l a t e d  a s  a f u n c t i o n  o f  

r o o f  t h i c k n e s s  u s i n g  t h e  h i g h - e n e r g y  t r a n s p o r t  c o d e ,  HETC.  

The dose  e q u i v a l e n t  from t h e s e  n e u t r o n s  has  been c a l c u l a t e d  

u s i n g  t h e  impor t ance  r e s u l t s .  A l s o ,  i n  one c a s e ,  t h e  dose  

e q u i v a l e n t  has  been c a l c u l a t e d  d i r e c t l y  w i t h  t h e  d i s c r e t e  

o r d i n a t e s  codes  and a comparison between dose  e q u i v a l e n t  as  

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

a d j o i n t  methods i s  g i v e n .  

v i i i  
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1 I N T R O D U C T I O N  

I n  d e s i g n i n g  t h e  s h i e l d i n g  f o r  h i g h - e n e r g y  a c c e l e r a t o r s  i t  

i s  n e c e s s a r y  t o  c o n s i d e r  t h e  r a d i a t i o n  t h a t  p a s s e s  i n t o  t h e  

a tmosphere  from t h e  t o p  of  t h e  s h i e l d  and i s  s c a t t e r e d  back 

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

r e a s o n a b l y  removed (%lo00 m )  from t h e  a c c e l e r a t o r .  T h i s  

phenomena i s  u s u a l l y  c a l l e d  " skysh ine"  and h a s  been s t u d i e d  

by a v a r i e t y  o f  i n v e s t i g a t o r s .  1 -3  

d i s c r e t e  o r d i n a t e s  methods a r e  used  t o  o b t a i n ,  n u m e r i c a l l y ,  

impor t ance  f u n c t i o n s  t h a t  may be used  t o  e s t i m a t e  t h e  dose  

e q u i v a l e n t  from s k y s h i n e .  The impor t ance  f u n c t i o n s  a r e  g i v e n  

f o r  a n e u t r o n  ( a n d / o r  pho ton)  s o u r c e  15  m above t h e  ground and 

e m i t t i n g  o n l y  i n t o  t h e  upper  hemisphe re .  These f u n c t i o n s  a r e  

p r e s e n t e d  f o r  n e u t r o n  e n e r g i e s  - < 4 0 0  MeV, f o r  photon  e n e r g i e s  

- < 1 4  MeV, f o r  v a r i o u s  s o u r c e  c o s i n e  i n t e r v a l s ,  and f o r  v a r i o u s  

s o u r c e - t o - f i e l d  p o i n t  d i s t a n c e s .  The uppe r  l i m i t  on t h e  

n e u t r o n  e n e r g y  i s  d i c t a t e d  by p r a c t i c a l  c o n s i d e r a t i o n ,  i . e . ,  

i t  i s  below t h e  e f f e c t i v e  p i o n  p r o d u c t i o n  t h r e s h o l d ,  b u t  i t  

i s  s u f f i c i e n t l y  l a r g e  f o r  most a p p l i c a t i o n s  even around v e r y  

h i g h - e n e r g y  a c c e l e r a t o r s .  

I n  t h i s  p a p e r  two-d imens iona l  

1 - 3  

To i l l u s t r a t e  t h e  u s e  of  t h e  n e u t r o n  impor t ance  f u n c t i o n s ,  

and t o  d e m o n s t r a t e  t h e  a c c u r a c y  t h a t  can  be  o b t a i n e d ,  c a l c u -  

l a t i o n s  have been c a r r i e d  o u t  and compared w i t h  e x p e r i m e n t a l  

d a t a  t a k e n  by C .  D i s t e n f e l d  and D .  C o l v e t t .  A l s o  a 

s e r i e s  of  c a l c u l a t i o n s  have been c a r r i e d  o u t  t o  a i d  i n  t h e  

d e s i g n  of  t h e  s h i e l d i n g  f o r  t h e  4 0 0  GeV S t o r a g e  r i n g ,  

ISABELLE , 4  under  c o n s t r u c t i o n  a t  t h e  Brookhaven N a t i o n a l  

L a b o r a t o r y .  
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In Section 2 the importance function calculations are 

described and the neutron importance function is presented 

and discussed. The photon importance function is given in 

Appendix A. In Section 3 calculated results for the dose 

equivalent as a function of distance from one of the target 

areas at the Alternating Gradient Synchrotron at the 

Brookhaven National Laboratory are presented and compared 

with experimental data. In Section 4 calculated results for 

the skyshine dose equivalent from a 400 GeV accelerator 

target area are presented and discussed. A signficant part 

of this calculation is the method used to determine the 

neutron source as a function of roof thickness and the 

details of these calculations are also presented in Section 4. 

. 

2 IMPORTANCE FUNCTIONS 

Before describing the calculations of the importance 

functions, the manner in which they are to be used will be 

incidated. 

may be written 

The dose equivalent, Di(’) due t o  source particles 

Di($ = S i ( E , c o s O ) I i ( E , c o s O , r ) d E d  i 
where 

i = n for neutrons and y for protons, 
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Si(E,cosO) = t h e  number o f  s o u r c e  p a r t i c l e s  o f  

t y p e  i p e r  u n i t  s o l i d  a n g l e  a t  e n e r g y  

E and p o l a r  a n g l e  0 ( t h e  s o u r c e  i s  by 

a s sumpt ion  independen t  o f  t h e  a z i m u t h a l  

a n g l e )  9 

I i ( E , c o s O , r )  = t h e  impor t ance  o f  p a r t i c l e s  o f  t y p e  i a t  

e n e r g y  E and p o l a r  a n g l e  0 and a v e r a g e  

r a d i a l  d i s t a n c e  r. 
I t  i s  t o  be  u n d e r s t o o d  t h a t  Eq. (1)  i s  f o r  t h e  dose  e q u i v a l e n t  

a t  t h e  a i r - g r o u n d  i n t e r f a c e .  I f  t h e  s o u r c e  c o n t a i n s  b o t h  

n e u t r o n s  and p h o t o n s ,  t h e  t o t a l  dose  e q u i v a l e n t  i s  t h e  sum o f  

t h e  d o s e  e q u i v a l e n t s  f o r  t h e  two v a l u e s  o f  i .  For many 

a p p l i c a t i o n s  t h e  dose  e q u i v a l e n t  c o n t r i b u t i o n  from s o u r c e  

pho tons  i s  s m a l l  compared t o  t h e  c o n t r i b u t i o n  from s o u r c e  neu -  

t r o n s  and t h u s  t h e  impor t ance  f u n c t i o n  f o r  pho tons  i s  n o t  

n e a r l y  a s  s i g n i f i c a n t  a s  t h a t  f o r  n e u t r o n s .  For t h i s  r e a s o n ,  

and because  t h e  photon  impor t ance  f u n c t i o n  i s  n o t  u sed  i n  

S e c t i o n  3 and 4 o f  t h i s  p a p e r ,  i t  w i l l  n o t  be p r e s e n t e d  i n  

t h i s  s e c t i o n ,  b u t  i t  i s  g i v e n ’ i n  Appendix A .  I t  i s ,  p e r h a p s  

wor th  n o t i n g  t h a t  t h e  dose  e q u i v a l e n t  g i v e n  by Eq. (1) f o r  

i = n does  c o n t a i n  t h e  c o n t r i b u t i o n  t o  t h e  dose  e q u v i a l e n t  a t  

r due t o  photons  t h a t  a r e  produced  by n e u t r o n - n u c l e u s  c o l l i s o n  

and r e a c h  t h e  d e t e c t o r .  

- 

A s c h e m a t i c  d iagram of  t h e  geometry ( c y l i n d r i c a l )  f o r  which 

t h e  impor t ance  f u n c t i o n s  have been c a l c u l a t e d  i s  shown i n  

F i g .  1. The p o i n t  s o u r c e  i s  1 5  m above t h e  a i r - g r o u n d  i n t e r -  
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ORNL-DWG 80-45603 

AIR 

I 
POINT SOURCE 
(ASSUMED TO 
EMIT ONLY INTO 
THE HEMISPHERE 
AWAY FROM THE 

Fig. 1. Schematic diagram of geometry for which impor- 
tance functions are calculated. 

n 
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face and is assumed to emit only into he hemisphere away from 

the ground. Cylindrical symmetry about the z axis is assumed. 

The point source may emit neutrons, photons, or a combination 

thereof. 

Air was assumed to be compos'ed of 79% nitrogen and 21% 
3 oxygen and t o  have a density o f  1.20 x g/cm . Ground was 

assumed to be silicon dioxide with 5 %  water by weight and to 

have a density of 1.8 g/cm . 3 

A t  neutron energies - < 60 MeV the multigroup cross section 

data for hydrogen, oxygen, and silicon were taken from Ref. 5 .  

Multigroup cross section data for nitrogen at energies 

- < 60 MeV were prepared using the same methods and codes as 

those used in Ref. 5 .  Above 60 MeV differential cross section 

data for neutron-nucleus nonelastic collisions were taken 

from Refs. 6 and 7 and differential cross section data for 

elastic collisions were obtained using the optical model code 

GENOA and the parameters of F. D. Bercchette and 

G. W. Greenless.8 It should be noted that photon production 

from neutron-nucleus collisions at energies - > 15 MeV are not 

available, and in all of the calculations reported in this 

paper it is assumed that this photon production may be 

neglected. Photon multigroup cross sections were taken 

from Ref. 10. 

* 

* 
This is an undocumented optical model code written by 
F. G. Perey at the Oak Ridge National Laboratory. 
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The n e u t r o n  f l u x - t o - d o s e  e q u i v a l e n t  r a t e  c o n v e r s i o n  

f a c t o r s  were t a k e n  from t h e  recommendation o f  t h e  N a t i o n a l  

Counc i l  on R a d i a t i o n  P r o t e c t i o n "  and t h e  pho ton  f l u x - t o - d o s e  

e q u i v a l e n t  r a t i o  c o n v e r s i o n  f a c t o r s  were t a k e n  from t h e  work 

of  H .  C .  C l a i b o r n e  and D .  K .  Trubey.  1 2  

A l l  o f  t h e  c a l c u l a t i o n s  were c a r r i e d  o u t  w i t h  t h e  two- 

d i m e n s i o n a l  d i s c r e t e  o r d i n a t e s  c o d e ,  I)OT,13 and t h e  f i r s t  

c o l l i s i o n  s o u r c e  c o d e ,  GRTUNCL , a l l  i n  t h e  a d j o i n t  mode. 

The f i r s t  c o l l i s i o n  s o u r c e  code i s  used  t o  a v o i d  r a y  e f f e c t s  

i n  t h e  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 s .  

* 

I t  was de t e rmined  n u m e r i c a l l y  t h a t  t h e  r e s u l t s  were 

e s s e n t i a l l y  unchanged i f  t h e  t o p  of  t h e  a tmosphere  was t a k e n  

t o  be 555  m ,  i f  t h e  ground t h i c k n e s s  was t a k e n  t o  be  0 . 5  m ,  

and i f  t h e  r a d i a l  boundary was t a k e n  t o  1 5 6 0  m ,  s o  t h e s e  

v a l u e s  were used .  S i n c e  f o r  t h e  h i g h e s t  e n e r g y  c o n s i d e r e d  

h e r e  t h e  mean f r e e  p a t h  f o r  a n o n e l a s t i c  c o l l i s i o n  i n  t h e  

a tmosphere  i s  o f  t h e  o r d e r  o f  7 7 0  m ,  t h e  h e i g h t  o f  t h e  a tmos-  

p h e r e  i s  t a k e n  t o  b e  somewhat l e s s  t h a n  a mean f r e e  p a t h .  

The f a c t  t h a t  t h i s  assumed h e i g h t  i s  a d e q u a t e  f o r  t h e  c a l c u l a -  

t i o n s  c o n s i d e r e d  h e r e  i s  v e r y  dependent  on t h e  e n e r g y - a n g l e  

c o r r e l a t i o n  o f  n e u t r o n s  produced  from medium ene rgy  n e u t r o n -  

n u c l e u s  c o l l i s i o n s ,  i . e . ,  o n l y  low e n e r g y  n e u t r o n s  a r e  p r o -  

duced a t  l a r g e  backward a n g l e s ,  and on t h e  f a c t  t h a t  o n l y  

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

* 
T h i s  i s  an undocume,nted code w r i t t e n  by R .  L .  C h i l d s  a t  t h e  
Oak Ridge N a t i o n a l  L a b o r a t o r y .  
t h e o r y  of  t h e  code w i l l  be  found i n  Ref .  1 4 .  

A b r i e f  d e s c r i p t i o n  of  t h e  
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f a c e  a r e  c o n s i d e r e d .  The c a l c u l a t i o n s  were c a r r i e d  o u t  

u s i n g  37 a x i a l  mesh i n t e r v a l s  i n  t h e  a i r ,  1 4  a x i a l  mesh 

i n t e r v a l s  i n  t h e  g round ,  and 62 r a d i a l  mesh i n t e r v a l s .  The 

a n g u l a r  dependence o f  t h e  c r o s s  s e c t i o n s  f o r  a l l  n u c l e i  was 

approx ima ted  u s i n g  a P3  L e g e n d r e ' e x p a n s i o n  c o r r e c t e d  t o  a 

P Legendre e x p a n s i o n  assuming a d e l t a  f u n c t i o n  i n  t h e  

fo rward  d i r e c t i o n .  15'16 The d e l t a  f u n c t i o n  c o r r e c t i o n  i s  

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

becomes v e r y  fo rward  a t  t h e  h i g h e r  e n e r g i e s  c o n s i d e r e d  h e r e .  

A l l  o f  t h e  c a l c u l a t i o n s  were c a r r i e d  o u t  u s i n g  a S8  a n g u l a r  

q u a d r a t u r e .  

2 

Neutron and photon  impor t ance  h a s  been c a l c u l a t e d  f o r  

a l l  n e u t r o n  e n e r g i e s  - < 4 0 0  MeV, f o r  a l l  photon  e n e r g i e s  

- < 1 4  MeV,  f o r  s o u r c e  c o s i n e  i n t e r v a l s  o f  1 t o  . 8 ,  . 8  t o  . 6 ,  

. 6  t o  . 4 ,  . 4  t o  . 2 ,  and . 2  t o  0 ,  and f o r  a v e r a g e  r a d i a l  

d i s t a n c e s  ( w i t h  t h e  s o u r c e  a t  r a d i u s  0 . 0 )  o f  11, 1 0 8 ,  4 9 5 ,  

and 1 0 0 5  m ,  and a t  t h e  a i r - g r o u n d  i n t e r f a c e .  These r a d i a l  

d i s t a n c e s  a r e  t h e  m i d p o i n t  of  t h e  mesh i n t e r v a l s  u s e d .  

Because of  t h e  f i n i t e  d i f f e r e n c e  p r o c e d u r e  u s e d ,  t h e  a d j o i n t  

r e s u l t s  c o r r e s p o n d  t o  a v e r a g e s  o v e r  t h e  d e t e c t o r  r a d i a l  i n t e r -  

v a l s  9 t o  1 3  m ,  96 t o  1 2 0  m ,  480 t o  510 m ,  and 9 9 0  t o  1 0 2 0  m ,  

r e s p e c t i v e l y .  A l s o ,  because  of  t h e  f i n i t e  d i f f e r e n c e  p r o c e -  

d u r e  u s e d ,  t h e  v a l u e s  g i v e n  f o r  t h e  a i r - g r o u n d  i n t e r f a c e  

c o r r e s p o n d  t o  an a v e r a g e  o v e r  an i n t e r v a l  o f  1 m ( i n  a i r )  
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immedia te ly  a d j a c e n t  t o  t h e  a c t u a l  a i r - g r o u n d  i n t e r f a c e .  The 

f a c t  t h a t  t h e  s o u r c e  i s  1 5  m above t h e  a i r - g r o u n d  i n t e r f a c e  

does e n t e r  i n t o  t h e  c a l c u l a t i o n s .  S t r i c t l y  s p e a k i n g ,  t h e  

r e s u l t s  a r e  n o t  a p p l i c a b l e  t o  o t h e r  v e r t i c a l  s o u r c e  l o c a t i o n s ,  

b u t  t o  a r e a s o n a b l e  approx ima t ion  t h e y  may be  a p p l i e d  t o  o t h e r  

l o c a t i o n s  t h a t  a r e  n o t  markedly  d i f f e r e n t  from t h o s e  used  h e r e .  

I n  F i g s .  2 t h rough  5 t h e  n e u t r o n  impor t ance  i s  shown a s  
* 

a f u n c t i o n  of  ene rgy  f o r  s p e c i f i e d  cos0  i n t e r v a l s .  Each 

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

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

t h e  e n e r g y  group s t r u c t u r e  used  i n  t h e  c a l c u l a t i o n .  In  a 

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

a r e  v e r y  s i m i l a r ,  b u t  t h e r e  a r e  n u m e r i c a l  d i f f e r e n c e s .  The 

s t r u c t u r e  i n  t h e  c u r v e  below a p p r o x i m a t e l y  1 5  t o  2 0  MeV i s  

due t o  r e s o n a n c e s  i n  t h e  c r o s s  s e c t i o n s .  By comparing t h e  

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

t h e  r e l a t i v e  impor t ance  of  h i g h  e n e r g y  n e u t r o n s  changes  

s u b s t a n t i a l l y  w i t h  r. That  i s ,  a t  F = 1 0 0 5  m ( F i g .  5 )  t h e  

h i g h e s t  e n e r g y  n e u t r o n s  c o n s i d e r e d  a r e  much more i m p o r t a n t  

t h a n  n e u t r o n s  i n  t h e  1 MeV e n e r g y  r a n g e ,  w h i l e  a t  F = 11 m 

( F i g .  2 )  t h e  most impor t ance  i s  a s s o c i a t e d  w i t h  n e u t r o n s  i n  

t h e  few MeV r ange  and t h e  v e r y  h i g h  e n e r g y  n e u t r o n  h a s  a 

r e l a t i v e l y  s m a l l  i m p o r t a n c e .  

* 
Numerical  v a l u e s  f o r  t h e  impor t ance  f u n c t i o n s  shown i n  
F i g s .  2 t o  4 a r e  a v a i l a b l e  upon r e q u e s t .  



. 

9 

F i g .  2 .  Neutron impor t ance  v s .  e n e r g y  f o r  v a r i o u s  
c o s i n e  i n t e r v a l s  - and f o r  an a v e r a g e  r a d i a l  s o u r c e  t o  f i e l d  
p o i n t  d i s t a n c e ,  r ,  o f  11 m .  
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3 COMPARISONS WITH EXPERIMENTAL DATA 

I n  t h i s  s e c t i o n  c a l c u l a t e d  r e s u l t s  u s i n g  t h e  n e u t r o n  

impor t ance  f u n c t i o n  of  t h e  p r e v i o u s  s e c t i o n s  a r e  p r e s e n t e d  

and compared w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  C .  D i s t e n f e l d  

and D .  C o l v e t t .  2 

The dose  e q u i v a l e n t  a s  a f u n c t i o n  o f  r may be  o b t a i n e d  

from Eq. (1) i f  t h e  s o u r c e  Si(E,cosO) i s  known. The e n e r g y  

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

t o  t h e  expe r imen t  h a s  been measured a t  e n e r g i e s  > 2 0  MeV 

by R .  Madey -- e t  a l .  ,17 and t h i s  measured spec t rum i s  used  h e r e .  

The e n e r g y - a n g l e  d i s t r i b u t i o n s  a t  e n e r g i e s  > 20 MeV have a l s o  

been measured by R .  Madey and A .  R .  Baldwin , and t h e s e  d i s -  

t r i b u t i o n s  have a l s o  been  used  h e r e .  To c a r r y  o u t  t h e  c a l c u -  

l a t i o n  i t  i s ,  o f  c o u r s e ,  n e c e s s a r y  t o  have t h e  e n e r g y - a n g l e  

d i s t r i b u t i o n  o f  n e u t r o n s  from t h e  s o u r c e  a t  e n e r g i e s  - < 2 0  M e V .  

The a s sumpt ion  i s  made h e r e  t h a t  t h e  e n e r g y  d i s t r i b u t i o n  o f  

low e n e r g y  n e u t r o n s  may be  approx ima ted  by t h e  e n e r g y  d i s t r i -  

b u t i o n  of  n e u t r o n s  produced  by cosmic r a y s  deep i n  t h e  a tmos-  

p h e r e +  and t h i s  low ene rgy  spec t rum i s  smooth ly  j o i n e d  t o  t h e  

spec t rum above 2 0  MeV from Ref .  1 7 .  F u r t h e r m o r e ,  i t  i s  a s -  

sumed t h a t  t h e  low ene rgy  ( <  - 20 MeV) n e u t r o n s  may be assumed 

t o  be i s o t r o p i c ,  and i t  i s  assumed t h a t  t h e r e  a r e  no s o u r c e  

p h o t o n s .  

% 

2, 

* 

* 
These e n e r g y - a n g l e  d i s t r i b u t i o n s  a r e  p a r t  o f  a d o c t o r a l  d i s -  
s e r t a t i o n  b e i n g  p r e p a r e d  a t  Kent S t a t e  U n i v e r s i t y ,  and a r e  
n o t  y e t  p u b l i s h e d .  

The a c t u a l  low ene rgy  spec t rum used  i s  t h a t  c a l c u l a t e d  a t  
6 0 0  g/cm2 i n  Ref .  1 8 .  

We thank  R .  Madey and A .  Baldwin f o r  
+ a l l o w i n g  u s  t o  u s e  t h e i r  r e s u l t s  p r i o r  t o  p u b l i c a t i o n .  
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The c a l c u l a t e d  and e x p e r i m e n t a l  r e s u l t s  a r e  compared i n  

F i g .  6 .  The c a l c u l a t e d  v a l u e s  a r e  i n d i c a t e d  by t h e  s o l i d  

c i r c l e s .  The h o r i z o n t a l  b a r s  on t h e  c a l c u l a t e d  p o i n t s  

i n d i c a t e  t h e  r a d i a l  d i s t a n c e s  o v e r  which t h e  c a l c u l a t e d  

r e s u l t s  have been ave raged .  A t  r = 11 m t h e  h o r i z o n t a l  b a r s  

a r e  n o t  shown because  t h e y  a r e  smaller t h a n  t h e  s i z e  o f  t h e  

p o i n t s .  The c u r v e  t h r o u g h  t h e  p l o t t e d  p o i n t s  i s  drawn o n l y  

t o  a i d  i n  comparing t h e  c a l c u l a t e d  and e x p e r i m e n t a l  d a t a .  

Because t h e  e x p e r i m e n t a l  s o u r c e  n o r m a l i z a t i o n  i s  u n c e r t a i n  

( s e e  below) t h e  e x p e r i m e n t a l  d a t a  have  been n o r m a l i z e d  t o  

t h e  c a l c u l a t e d  r e s u l t s  a t  a r a d i a l  d i s t a n c e  o f  6 0 0  m .  A t  

r a d i a l  d i s t a n c e s  g r e a t e r  t h a n  a p p r o x i m a t e l y  1 5 0  m t h e  c a l -  

c u l a t e d  and e x p e r i m e n t a l  r e s u l t s  a r e  i n  v e r y  good ag reemen t .  

A t  r a d i a l  d i s t a n c e s  o f  1 0 0  m and l e s s  t h e  e x p e r i m e n t a l  d a t a  

a r e  somewhat h i g h e r  t h a n  t h e  c a l c u l a t e d  r e s u l t s .  T h i s  

d i s c r e p a n c y  i s  p r o b a b l y  due t o  t h e  f a c t  t h a t  t h e  e x p e r i m e n t a l  

s o u r c e  c o n f i g u r a t i o n  i s  n o t  a p o i n t ,  b u t  i s  somewhat e x t e n d e d .  2 

I n  Ref .  2 i t  i s  e s t i m a t e d  t h a t  t h e  e x p e r i m e n t a l  s o u r c e  

s t r e n g t h  was 2 x l o 9  n e u t r o n s / s  f o r  n e u t r o n s  w i t h  e n e r g y  

- > 2 0  MeV.  The s o u r c e  s t r e n g t h  below 2 0  MeV i s  n o t  know. I f  

t h e  s o u r c e  spec t rum used  i n  t h e  c a l c u l a t i o n s ,  w i t h  t h e  c o n t r i -  

b u t i o n  from n e u t r o n s  below 2 0  MeV o b t a i n e d  from t h e  cosmic 

r a y  spec t rum i s  used  t o  o b t a i n  a n o r m a l i z a t i o n  e s t i m a t e  f o r  

t h e  e x p e r i m e n t a l  d a t a ,  t h e n  t h e  e x p e r i m e n t a l  p o i n t s  i n  F i g .  6 

would be m u l t i p l i e d  by a p p r o x i m a t e l y  2 . 5 .  Thus,  on an 

a b s o l u t e  b a s i s  t h e  c a l c u l a t e d  r e s u l t s  a r e  t o o  low by a p p r o x i -  

ma te ly  a f a c t o r  o f  2 . 5 ,  b u t  c o n s i d e r i n g  t h e  v e r y  u n c e r t a i n  
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n e u t r o n  s o u r c e  n o r m a l i z a t i o n  t h i s  d i s c r e p a n c y  may n o t  

be r e a l .  

4 CALCULATIONS TO DETERMINE THE ROOF THICKNESS OVER A 
TARGET AREA FOR A 4 0 0  GEV PROTON ACCELERATOR 

4 . 1 .  Neut ron  Source  

I n  F i g .  7 a s c h e m a t i c  d iagram o f  t h e  i d e a l i z e d  geometry 

used  i n  t h e  s o u r c e  c a l c u l a t i o n s  i s  shown. The z e r o  t h i c k n e s s  

p r o t o n  beam i s  i n c i d e n t  on a long  (16 m )  aluminum t a r g e t  t h a t  

h a s  a d i a m e t e r  of  0 . 0 0 4  m .  I n  r e a l i t y  t h e  t a r g e t  i s  a beam p i p e  

and what i s  b e i n g  c o n s i d e r e d  a r e  t h e  p r o t o n s  t h a t  s c r a p e  t h e  

w a l l s  o f  t h i s  beam p i p e .  The c o n c r e t e  r o o f  i s  1 6  m l ong  

( p a r a l l e l  t o  t a r g e t ) ,  32 m wide ( t r a n s v e r s e  t o  t a r g e t )  and o f  

v a r i a b l e  t h i c k n e s s .  R e f l e c t i o n a l  symmetry i s  assumed w i t h  

r e s p e c t  t o  t h e  y - z  p l a n e  a t  x = 0 .  T h i s  symmetry a s sumpt ion  

i s  an i d e a l i z a t i o n  t o  improve t h e  s t a t i s t i c a l  a c c u r a c y  of  t h e  

Monte C a r l o  c a l c u l a t i o n s ,  i . e . ,  n e u t r o n s  a r e  s c o r e d  th rough  

b o t h  " r o o f s "  and o n e - h a l f  o f  t h i s  number i s  assumed t o  be 

e m i t t e d  th rough  t h e  a c t u a l  r o o f .  I n  r e a l i t y ,  o f  c o u r s e ,  

t h e r e  i s  a f l o o r  5 m below t h e  t a r g e t .  The w a l l s  o f  t h e  

t a r g e t  a r e a  a r e  n o t  shown i n  F i g .  7 and a r e  n e g l e c t e d  i n  t h e  

c a l c u l a t i o n s .  I t  i s  assumed t h a t  t h e s e  w a l l s  a r e  s u f f i c i e n t l y  

t h i c k  t h a t  t h e y  a b s o r b  e s s e n t i a l l y  a l l  o f  t h e  r a d i a t i o n  t h a t  

s t r i k e s  them. I t  i s  f u r t h e r  assumed t h a t  t h e  a l b e d o  from t h e  

f l o o r  and w a l l s  t h a t  e n t e r  t h e  r o o f  may be n e g l e c t e d .  

The t r a n s p o r t  c a l c u l a t i o n s  t o  o b t a i n  t h e  e n e r g y - a n g l e  

and s p a t i a l  d i s t r i b u t i o n  of  t h e  n e u t r o n s  t h a t  emerge from t h e  
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r o o f  a s  a f u n c t i o n  o f  r o o f  t h i c k n e s s  were c a r r i e d  o u t  w i t h  

t h e  h i g h - e n e r g y  t r a n s p o r t  code HETC1’ and t h e  low ene rgy  

( <  1 5  MeV) t r a n s p o r t  code MORSE. 2 o  The code HETC has  been - 

d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  s o  o n l y  a b r i e f  d i s c u s s i o n  

w i l l  b e  g i v e n  h e r e .  21 T h i s  code c o n t a i n s  d i f f e r e n t i a l  p a r t i c l e  

p r o d u c t i o n  c r o s s  s e c t i o n s  f o r  n u c l e o n - n c u l e u s  and p i o n - n u c l e u s  

c o l l i s i o n s  a t  a l l  e n e r g i e s  - > 1 5  M e V .  With t h i s  c r o s s  s e c t i o n  

d a t a  and a v a r i e t y  of  o t h e r  p h y s i c a l  d a t a  such  a s  cha rged  

p a r t i c l e  s t o p p i n g  powers ,  t h e  code t r e a t s  t h e  nucleon-meson 

c a s c a d e  t h a t  o c c u r s  when h i g h - e n e r g y  p a r t i c l e s  p a s s  th rough  

m a t t e r .  The code u t i l i z e s  Monte C a r l o  t e c h n i q u e s  and i s  

c a p a b l e  of  t r e a t i n g  e s s e n t i a l l y  a r b i t r a r y  geometry.. When 

n e u t r o n s  f a l l  below 15  MeV t h e y  a r e  t r a n s p o r t e d  by t h e  Monte 

C a r l o  code MORSE. The c r o s s  s e c t i o n  d a t a  u t i l i z e d  i n  MORSE 

was t a k e n  from Ref .  1 0 .  

C a l c u l a t i o n s  have been c a r r i e d  o u t  f o r  r o o f  t h i c k n e s s e s  

o f  0 . 0 ,  . 3 ,  . 6 ,  . 9 ,  and 1 . 2  m .  The e n e r g y - a n g l e  d i s t r i b u t i o n  

of n e u t r o n s  emerging  from t h e  r o o f  a s  a f u n c t i o n  of  s p a t i a l  

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

n o t  a z i m u t h a l l y  symmetr ic .  T h e r e f o r e ,  t h e s e  d i s t r i b u t i o n s  

canno t  d i r e c t l y  be used  i n  c o n j u n c t i o n  w i t h  t h e  impor t ance  

f u n c t i o n s  p r e s e n t e d  e a r l i e r  i n  t h i s  p a p e r .  To make t h e  d i s -  

t r i b u t i o n s  u s e a b l e  t h e y  have been ave raged  o v e r  t h e  s p a t i a l  

e x t e n t  of  t h e  r o o f  and have been ave raged  o v e r  a z i m u t h a l  

a n g l e s .  T h i s  a z i m u t h a l  a v e r a g i n g  i s  c o n s i s t e n t  w i t h  p o s s i b l e  

beam l o s s e s  o c c u r i n g  i n  each  of  t h e  two c o u n t e r - r o t a t i n g  beams 

p a s s i n g  th rough  t h e  e x p e r i m e n t a l  h a l l .  The e n e r g y  d i s t r i b u -  

. 
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* 
A l l  o f  t h e  CASIM r e s u l t s  were o b t a i n e d  by D r .  P .  Gol lon  of  
t h e  Brookhaven N a t i o n a l  L a b o r a t o r y  and t h e  compar ison  between 
t h e  HETC and CASIM r e s u l t s  were done i n  c o l l a b o r a t i o n  w i t h  
D r .  Go l lon .  
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t i o n s  of  t h e  n e u t r o n s  i n  v a r i o u s  c o s i n e  i n t e r v a l s  a r e  shown 

i n  F i g .  8 f o r  a roo f  t h i c k n e s s  o f  . 6  m .  The d i s t r i b u t i o n s  

f o r  t h e  o t h e r  r o o f  t h i c k n e s s e s  a r e  s i m i l a r  t o  t h o s e  shown i n  

F i g .  8 .  

Because o f  t h e  a v e r a g i n g  d i s c u s s e d  above t h e  s k y s h i n e  

r e s u l t s  based  on t h e  n e u t r o n  d i s t r i b u t i o n s  such  a s  t h a t  shown 

i n  F i g .  8 a r e  approx ima te .  However, a t  t h e  e n e r g i e s  c o n s i d e r e d  

h e r e ,  t h e  major  u n c e r t a i n t i e s  i n  t h e  r e s u l t s  a r i s e  from t h e  

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

s e c t i o n .  There  a r e  v e r y  l i t t l e  d a t a  on such  c r o s s  s e c t i o n s  

and t h e  d a t a  t h a t  do e x i s t  a r e  p r i m a r i l y  r e s t r i c t e d  t o  v e r y  

s m a l l  a n g l e s  r a t h e r  t h a n  t o  t h e  l a r g e  a n g l e s  o f  i n t e r e s t  h e r e .  

I n  a d d i t i o n  t o  H E T C ,  t h e r e  i s  a n o t h e r  c o d e ,  CASIM22 t h a t  i s  

c a p a b l e  o f  do ing  h i g h - e n e r g y  t r a n s p o r t  c a l c u l a t i o n s .  Both 

codes  u s e  d i f f e r e n t i a l  p a r t i c l e  p r o d u c t i o n  c r o s s  s e c t i o n s  

based  on t h e  s m a l l  amount o f  a v a i l a b l e  d a t a ,  b u t  t h e  methods 

* 

used  a r e  q u i t e  d i f f e r e n t  and t h e r e f o r e  i t  i s  i n s t r u c t i v e  t o  

compare r e s u l t s  o b t a i n e d  w i t h  t h e  two c o d e s .  

I n  F i g .  9 t h e  t o t a l  number of  n o n e l a s t i c  c o l l i s i o n s  p r o -  

duced i n  s p e c i f i e d  volumes of  t h e  r o o f  (see F i g .  7 )  by neu-  

t r o n s ,  p r o t o n s ,  and cha rged  p i o n s  w i t h  momentum - > 300  MeV/c 

a s  o b t a i n e d  w i t h  HETC and w i t h  CASIM a r e  compared. The 

momenta of  p a r t i c l e s  c o n s i d e r e d  i s  r e s t r i c t e d  t o  2 3 0 0  MeV/c 

because  CASIM does  n o t  t r e a t  t h e  lower  e n e r g y  p a r t i c l e s .  I n  

t h e  f i g u r e  t h e  number o f  n o n e l a s t i c  c o l l i s i o n s  i n  volumes 
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Fig. 8. Number of neutrons per unit energy per unit 
solid angle per incident proton vs. energy in the specified 
cosine intervals emitted through the roof in the configuration 
shown in Fig. 1 for a roof thickness of . 6  m. 
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F i g .  9 .  Comparison between c a l c u l a t e d  r e s u l t s  o b t a i n e d  
w i t h  HETC and CASIM f o r  t h e  number o f  n o n e l a s t i c  c o l l i s i o n s  
p e r  i n c i d e n t  4 0 0  G e V  p r o t o n  ( s e e  F i g .  7 )  i n  s p e c i f i e d  volume 
i n t e r v a l s  o f  t h e  c o n c r e t e  r o o f .  The n o n e l a s t i c  c o l l i s i o n s  
c o n s i d e r e d  a r e  a l l  o f  t h o s e  produced  by n e u t r o n s ,  p r o t o n s ,  
and c h a r g e d  p i o n s  w i t h  momenta - > 3 0 0  MeV/c. 
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s p e c i f i e d  by r o o f  t h i c k n e s s  i n t e r v a l s ,  z i n t e r v a l s ,  and t h e  

e n t i r e  w i d t h  of  t h e  r o o f  a r e  compared. The e r r o r s  i n  a l l  

c a s e s  a r e  s t a t i s t i c a l  and r e p r e s e n t  one s t a n d a r d  d e v i a t i o n  

i n  t h e  Monte C a r l o  c a l c u l a t i o n s .  A s  t h e  f i g u r e  i n d i c a t e s  

t h e  agreement  between t h e  two c a l c u l a t i o n s  i s  r e a s o n a b l e  i n  

a lmos t  a l l  volume i n t e r v a l s .  T h i s  agreement  does  n o t  p r o v i d e  

any c e r t a i n t y  t h a t  t h e  r e s u l t s  a r e  c o r r e c t ,  b u t  i t  does  i n d i -  

c a t e  t h a t  two independen t  e s t i m a t e s  based  on t h e  a v a i l a b l e  

d a t a  a r e  i n  ag reemen t .  

4 . 2  Dose E q u i v a l e n t  v s .  R a d i a l  D i s t a n c e  from t h e  Source  
f o r  Var ious  Roof T h i c k n e s s e s  

With t h e  approximated  n e u t r o n  s o u r c e  d i s t r i b u t i o n  d i s -  

c u s s e d  i n  S e c t i o n  4 . 1 ,  and t h e  a d j o i n t  r e s u l t s  d i s c u s s e d  i n  

S e c t i o n  2 ,  i t  i s  s t r a i g h t f o r w a r d  t o  c a l c u l a t e  t h e  dose  e q u i v a -  

l e n t  a t  t h e  a i r - g r o u n d  i n t e r f a c e  as  a f u n c t i o n  o f  r a d i a l  

d i s t a n c e  from t h e  ( p o i n t )  s o u r c e  f o r  v a r i o u s  r o o f  t h i c k n e s s e s .  

I t  i s  t o  be n o t e d  t h a t  t h e  a d d i t i o n a l  a p p r o x i m a t i o n  i s  made 

h e r e  t h a t  t h e  s o u r c e  i s  always 1 5  m above t h e  ground.  A c t u a l l y ,  

t h e  r o o f  b e g i n s  a t  1 5  m above t h e  ground ( t h e  r o o f  b e g i n s  a t  

1 0  m above t h e  t a r g e t  and t h e  t a r g e t  i s  5 m above t h e  ground 

o r  f l o o r  s o  f o r  a r o o f  t h i c k n e s s  > 0 m t h e r e  i s  a s l i g h t  a p -  

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

C a l c u l a t e d  r e s u l t s  f o r  r o o f  t h i c k n e s s e s  o f  0 ,  . 3 ,  . 6 ,  

. 9 ,  and 1 . 2  m a r e  shown i n  F i g .  1 0 .  The s o l i d  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  from E q .  (1).  The s o l i d  c u r v e s  a r e  

drawn t h r o u g h  t h e  p o i n t s  o n l y  a s  an a i d  t o  i n t e r p r e t  t h e  
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Fig. 10. Dose equivalent per incident proton vs. radial 
distance f rom the source for various r o o f  thicknesses. 
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r e s u l t s .  The h o r i z o n t a l  b a r s  on t h e  p o i n t s  a r e  t o  i n d i c a t e  

t h e  s p a t i a l  i n t e r v a l s  o v e r  which t h e  p o i n t s  have been ave raged  

due t o  t h e  f i n i t e  d i f f e r e n c e  c a l c u l a t i o n s .  A t  a r a d i a l  d i s -  

t a n c e  o f  11 m t h e  b a r s  a r e  n o t  shown because  t h e y  a r e  s m a l l e r  

t h a n  t h e  p l o t t e d  p o i n t s .  I n  c o n s i d e r i n g  t h e  f i g u r e ,  i t  s h o u l d  

be  remembered t h a t  t h e  v a l u e s  a t  t h e  smaller r a d i a l  d i s t a n c e s  

a r e  i d e a l i z e d  i n  t h e  s e n s e  t h a t  t h e  r o o f  i t s e l f  would shadow 

t h i s  r e g i o n  and because  o f  t h e  a s sumpt ion  of  a p o i n t  s o u r c e  

t h i s  shadowing e f f e c t  i s  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  

A d j o i n t  methods a s  u sed  i n  o b t a i n i n g  t h e  c u r v e s  i n  F i g .  

1 0  a r e  power fu l  i n  t h a t  s i m i l a r  c u r v e s  f o r  a l a r g e  v a r i e t y  o f  

e n e r g y - a n g l e  s o u r c e  d i s t r i b u t i o n s  may e a s i l y  be  o b t a i n e d .  

On t h e  o t h e r  hand ,  such  methods p r o v i d e  t h e  dose  e q u i v a l e n t  

a t  o n l y  a s m a l l  number of  p o i n t s .  Forward,  i . e . ,  n o n - a d j o i n t ,  

c a l c u l a t i o n s  p r o v i d e  t h e  dose  e q u i v a l e n t  a t  a l a r g e  number o f  

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

For t h e  c a s e  of  t h e  . 6  m t h i c k  r o o f ,  fo rward  c a l c u l a t i o n s  

have been c a r r i e d  o u t  u s i n g  a l l  o f  t h e  same as sumpt ions  and 

c r o s s  s e c t i o n  d a t a  a s  i n  t h e  a d j o i n t  c a l c u l a t i o n .  The r e s u l t s  

o f  t h i s  c a l c u l a t i o n  a r e  shown as t h e  h i s t o g r a m  i n  F i g .  1 0 .  

I n  p r i n c i p l e ,  fo rward  and a d j o i n t  c a l c u l a t i o n s  s h o u l d  a g r e e  

e x a c t l y ,  i . e . ,  t h e  h i s t o g r a m  s h o u l d  go t h r o u g h  t h e  s o l i d  p o i n t s  

f o r  t h e  . 6  m t h i c k n e s s  c a s e ,  b u t  t h i s  i s  n o t  t r u e  i n  p r a c t i c e .  

The s l i g h t  d i f f e r e n c e s  between t h e  two r e s u l t s  shown i n  t h e  

f i g u r e  a r i s e  because  t h e  n u m e r i c a l  a p p r o x i m a t i o n  used  i n  t h e  

fo rward  and a d j o i n t  c a l c u l a t i o n s  a r e  n o t  p r e c i s e l y  t h e  same. 
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These slight differences are not significant for most 

applications. 

The dose equivalent results in Fig. 10 apply at the air- 

ground interface, or more precisely, have been averaged over 

a 1 m interval in the air immediately adjacent to the ground. 

The variation of the dose equivalent with distance away from 

the ground is o f  some interest and is available from the 

forward calculations for the 60 cm thick roof. This dose 

equivalent is shown in Fig. 11 as a function of distance from 

the ground for several values of r. Results are shown out 

to 28 m above the ground. The source is 15 m above the ground 

so the results shown are both above and below the source. As 

the figure indicates the dose equivalent is changing only 

very slowly over the height intervals shown. Also shown in 

the figure for comparative purposes are the dose equivalent 

values obtained from the adjoint calculations. The same 

minor discrepancies between the forward and adjoint calcula- 

tions that were discussed in conjunction with Fig. 10 also 

appear in Fig. 11. 
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APPENDIX A 

A photon  impor tance  f u n c t i o n  ( s e e  E q .  ( 1 ) )  i s  o b t a i n e d  

a s  p a r t  o f  t h e  a d j o i n t  c a l c u l a t i o n s .  T h i s  impor tance  f u n c t i o n  

was n o t  u sed  i n  t h e  body of  t h e  p a p e r  and t h e r e f o r e  was n o t  

shown. For some a p p l i c a t i o n s  i t  may be o f  i n t e r e s t ,  and t h e r e -  

f o r e  i t  i s  p r e s e n t e d  i n  t h i s  appendix .  

I n  F i g .  A . l  t o  A . 4  t h e  photon  impor tance  i s  g iven  a s  a 

f u n c t i o n  o f  ene rgy  f o r  v a r i o u s  c o s i n e  i n t e r v a l s  and f o r  

r = 11, 108 ,  4 9 5 ,  and 1 0 0 5  m .  Numerical v a l u e s  f o r  t h e  

photon  impor tance  shown i n  F i g .  A . l  t o  A . 4  a r e  a v a i l a b l e  

upon r e q u e s t .  

- 
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APPENDIX B 

Numerical Values of the Importance Function 

In Figs. 2 to 5 and A.l to A.4 the importance function 

for neutrons and photons, respectively, are shown as a 

function of energy in specified cosine intervals. In this 

appendix the numerical values of the importance functions 

from which the histograms were drawn are given. 

In Tables B.l to B.4 the neutron importance is given 

as a function of energy for the specified cosine intervals 

and for r = 11, 108, 495 and 1005 m, respectively. In 

Tables B.5 to B . 8  similar results are given f o r  the photon 

importance. 
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TABLE B . l  

Neutron Impor t ance  v s .  Energy f o r  S p e c i f i e d  Cos ine  
I n t e r v a l s  and r = 11 m 

__________ 
Neut ron  I m p o r t a n c e  

[Rem ( N e u . ) - l ]  
E c o s 0  = coso  = Low E H i g h  

(>lev 1 (MeV 1 0 t o  . 2  . 2  t o  . 4  

c o s 0  = c o s o  = c o s 0  = 

. 4  t o  . h  . 6  t o  . 8  . 8  t o  1 

4 ;391i-i7 

2012E-16  
2 2SE- 16 
2 r 7 0 E - 1 6  
I .  33E- 16 
1 o2SE-16 
1 .666-16 
1 13E-16 

4 0 2  i E- i 7 
4 e44E-17 
4 69E-17 
5.  0 1 6 -1  7 
5 .406 -17  
5 .546-17 
5 46E-17 
5037E-17  
5 23E-  17 
5 0 0 1 E - 1 7  
4 065E-  17 
4oOJE-17 

C 
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TABLE B. 2 

Neu t ron  Impor t ance  VS. Energy f o r  S p e c i f i e d  C o s i n e  
I n t e r v a l s  and 7 = 1 0 8  m 

i 

[Rem ( N e u . ) - ' ]  

EHigt i  c o s o  = c o s o  = c o s o  = coso  = c o s o  = 

(MeV) (NeL 1 0 t o  ..! . 2  t o  . 4  . 4  t o  . 6  . 6  t o  . 8  . 8  t o  1 

i . Z O E - ~ ~  
1020E-17 

7 
, 7  
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

2m72E-17 
. 7  
, 7  
, 7  
, 7  
. 7  
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TABLE B . 3  

Neut ron  Impor tance  v s .  Energy  f o r  S p e c i f i e d  Cos ine  
I n t e r v a l s  and F = 4 9 5  m 

c o s 0  = 
Et i ig l i  E l . O h  
(MeV) [ >lev ) 0 t o  . 2  

Neutr  

cos0  = 

. 2  t o  . 4  

'on Impor t ance  
:em (Neu.)  - l ]  

cos0  = c o s 0  = cos0  = 

. 4  t o  . 6  . 6  t o  . 8  . 8  t o  1 
1 . 7 l E - 1 8  
1 0 6 3 E - 1 8  
1 0 5 9 E - 1 8  
1 0 5 5 E - 1 8  
1 wS1E-18 
1 -4bE-18 
1 0 4 1 E - 1 8  
1 0 35E- 1 8 
1 0 3OE-18 
lo2SE-18 
1 0 2 1 E - 1 8  
1 0 1 7 E - 1 8  
1 13E-18 
l o  12E-18 
1 1 I E - 1 8  
1 . 1 1 ~ - i e  
1 09E-18 
1 , 0 9 E - l 8  
1 wl9E-18 
1008E-18 
10 02E-18 
loO3E-18 
1 oO3E-18 
l O O 1 E - 1 8  
9 w 97E-19 
9 0 7 7 E - 1 9  
g 0 4 a ~ - 1 9  
8 0 8 6 E - 1 9  
7 063E-19 
7 b4E-19 
7 w 89E-19 
8 0 4 5 E * L 9  
8w57E-19 
8 0 1 0 E - 1 9  
6 oS9E-19 
6 8OE-19 
7 062E-19 
8 .  4 l E-1 9 
U. OS€-19 
bo69E-19 
5 0 6 6 E - 1 9  
4 ROE-1 9 
3. b 1E-19 
3014E-19 
1 ob7E-19 
7 0  I l E - 2 0  
5 0  47E-2U 

2 e 77E-29 
1 0 8 9 E - 2 0  
1 0 2 0 E - 2 0  
9 0  16E-21 
7 2OE-2 1 
5 0 7  1E-2 1 
4 0 59E-i? 1 
3 0 3015-2 1 
2 0 38E-2 I 
1 86E-2 1 
1 72E-2 1 
1 0 6 1 E - 2 1  

- 1  0 52E-2 1 
1 0 4 1 E - 2 1  
l o  18E-21 

3 .132~-20  

9.01 t - 1 9  
A 5YE-19 
8 . 2 R E - 1 9  

. 
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TABLE B . 4  

Neu t ron  Impor t ance  v s .  Energy € o r  S p e c i f i e d  Cos ine  
I n t e r v a l s  and = 1005 m 

__-- - 

c o s o  = EHigh  E L O W  
(MeV) [\ lev) 0 t o  . 2  

6.27E-23 
5.9 l E-23 

Imp o r  t anc  e 
(Neu.) -I] 
c o s o  = cos0  = 

. 4  t o  . 6  . 6  t o  . a  



38 

T A B L E  B . 5  

Photon Impor t ance  v s .  Energy-for  S p e c i f i e d  Cos ine  
I n t e r v a l s  and  r = 11 m 

____-_______ 

P h o t o n  Impor t ance  
[Rem (Pho.)-'l 

EHigh  E L O W  c o s o  = c o s 0  = cos0  = c o s 0  = c o s o  = 
(MeV)  (MeV)  0 t o  . 2  - 2  t o  . 4  . 4  t o  .6  . 6  t o  .!3 . 8  t o  1 

I .aoe+oi 
1 .20€+01  
1.00E+Ol 
8 ObE+OO 
7m50€+00 
Im00€+00 
b m 5 O E + O O  
6m00E+00 
5 . 5 0 € + 0 0  
S*OOE +oo 
4m50E+00 
4m00E+00 
3 50E+00 
J . O Q E + O O  
2.5OE+O0 
2 e O Q E + 0 0  
1 SOE+OO 
1 .@OE+UO 

e00E-0  1 
1 m00E-01 

3 0 O€ZO.l_ 

8079E-20  
H e  29E-20 
7 a65E-20 
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- - - - - . - - . . . . . . - . . . . . . . . . - - - . . . . .. . . . . . 
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TABLE B.6 

Photon  Impor t ance  v s .  Ene rgy  f o r  S p e c i f i e d  Cos ine  
I n t e r v a l s  and r = 1 0 8  m 

-___ - 

Photon  Impor t ance  
[ R e m  ( P h o . ) - l ]  

cos0 = c o s 0  = c o s 0  = cos0  = cos0  = 

(MeV) ( M e V )  0 t o  . 2  . 2  t o  . 4  .4 t o  . 6  .6 t o  . 8  . 8  t o  1 
E H i g h  ELOW 

6 
b 
6 
6 
6 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
7 
8 
e 
b 
3 
1 

86E-20 
e62E-20 

32E-20 
e 08E-20 
e O2E-20 
e98E-20 
95E-20 

095E-20 
e 97Em.20 
e OOE-20 
eO4E-20 

12E-20 
e27E-20 

e88E-20 
e 44E-20 
e 2QE-20 
043E-20  
43E-20 

0 a l t - 2 0  
e 96P-2 1 

.50E=2a 

- ._ . ..._ _ _ ~  .. 
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TABLE B . 7  

Photon  I m p o r t a n c e  v s .  Ene rgy  f o r  S p e c i f i e d  Cosine 
I n t e r v a l s  and  r = 4 9 5  m 

~~ 

Photon  Impor t ance  
[Rem (Pho . ) -I] 

coso  = c o s 0  = c o s 0  = c o s 0  = c o s o  = Low E EH i gh 
(MeV) (MeV) 0 t o  .2 . 2  t o  . 4  . 4  t o  .6  .6 t o  . 8  . 8  t o  1 

1 . b2E-2 1 
1 . 56E-2 1 
1 54E-2 I 
1 42E-2 1 

1 m77E-21 
1 6OE-i? 1 
1 36E-2 1 
1.3bE-21 
1 . 29E-2 1 
1 22E-2 1 
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TABLE B . 8  

Photon Impor t ance  v s .  Energy f o r  S p e c i f i e d  Cos ine  
I n t e r v a l s  and r = 1 0 0 5  m 

Photon I m p o r t a n c e  
[ R e m  (Pho . ) - ' ]  

c o s o  = c o s o  = c o s 0  = c o s 0  = cos0 = 

(MeV 1 ( M e V )  0 t o  . 2  . 2  t o  . 4  . 4  t o  . 6  . 6  t o  . 8  .8 t o  1 
EHigh E L O W  



. 
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