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ABSTRACT ' 

- - 

The prtmary components of t h e  U. S. r e a c t o r  s h i e l d i n g  methodology c o n s i s t  o f :  

(1) powerful computer code systems based on d i s c r e t e  o r d i n a t e s  o r  Monte Carlo 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 a l  methods; (2) a d a t a  base  of neutron and gamma-ray i n t e r a c t i o n  ' 

and gamma-ray-production c r o s s  s e c t i o n s  used a s  input  i n  t h e  codes; ( 3 )  a  c a p a b i l i t y  

f o r  process ing  t h e  c r o s s  s e c t i o n s  i n t o  multigroup o r  po in t  energy formats a s  requi red  

by t h e  codes; (4) la rge-sca le  i n t e g r a l  s h i e l d i n g  experiments designed t o  t e s t  c ross -  

s e c t i o n  d a t a  o r  techniques u t i l i z e d  i n  t h e  c a l c u l a t i o n s ;  and (5) a  " s e n s i t i v i t y "  

a n a l y s i s  c a p a b i l i t y  t h a t  can i d e n t i f y  t h e  most important i n t e r a c t i o n s  i n  a  t r a n s p o r t  
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u n c e r t a i n t i e s  i n  a l l  of t h e  inpu t  da t a .  The requi red  accuracy f o r  t h e  methodology 

i s  t o  w i th in  5 t o  10% f o r  responses a t  l o c a t i o n s  near  t h e  co re  t o  w i th in  a  f a c t o r  of 

2  f o r  responses a t  d i s t a n t  l o c a t i o n s .  Under t h e s e  c r i t e r i a ,  t h e  methodology has 
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proved t o  be  adequate f o r  in -vesse l  LMFBR c a l c u l a t i o n s  of neutron t r a n s p o r t  

- ~ 

through deep sodium and t h i c k  i r o n  and s t a i n l e s s  s t e e l  s h i e l d s ,  of neutron s t reaming 

through lower a x i a l  coolan t  channels  and primary p ipe  chaseways, and of t h e  e f f e c t s  

of f u e l  s to red  wi th in  t h e  r e a c t o r  v e s s e l .  For ex-vessel  LMFBR problems, t h e  metho- 

dology r e q u i r e s  cons iderable  improvement, t h e  a r e a s  of concern inc luding  neutron 

s t reaming through hea t ing  and v e n t i l a t i o n  duc t s ,  through t h e  c a v i t y  surrounding t h e  

r e a c t o r  v e s s e l ,  and through gaps around r o t a t i n g  plugs i n  t h e  r e a c t o r  head, a s  w e l l  a s  

gamma-ray s t reaming through p l an t  s h i e l d  pene t r a t ions .  I n  t h e s e  types of s t reaming 

problems, complex geometr ical  f e a t u r e s  of t h e  system p lay  an important r o l e  and 

n e c e s s i t a t e  t h e  development of s p e c i a l  c a l c u l a t i o n a l  techniques. Severa l  such problems 
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1. Introduction - 
The shielding methods currently in use in the United States been developed 

'and refined over a fifteen-year period. The original development of present codes 

for shielding applicatiozi was supported by the U. S. spgce program. As that 

I program was phased out, additional development was supported by defensive military 

I programs and in recent years by the Fast Breeder Reactor programs. A complete and 

comprehensive study of a given shielding methodology would be extensive and is 

beyond the scope of this paper; however, the features of the U.S.A. shielding 

methodology discussed here will indicate the'manner in which special problems are 

approached. 

Overview of Shielding Methods 

An elementary block diagram of the primary shielding methodology employed 

in the United States is shown in Fig. 1. This methodology .is adaptable to all 

I neutron and gamma-ray transport and effects problems for all major power reactor 

types, although to date it has been used primarily for the loop-type plutonium- 

fueled liquid-metal fast breeder reactors (LMFBRs) and gas-cooled fast-breeder 

reactors (GCFBRs). In particular, it has been applied to the Fast Flux Test 

Facility (FFTF) and the Clinch River Breeder Reactor (CRBR). The required accuracy 

is 5 to 10% for responses at locations near the core. 

As shown in the figure, the methodology includes a method development activity 

and a cross-section processing activity which combine to provide the capability for 

performing design calculations or experimental analyses. The experimental analyses are 

tailored to provide data for testing the calculational methods and/or the cross- 

section data for particular design problems. The methodology also includes a 

sensitivity analysis capability which establishes the uncertainties on the calcu- 

lated results that are due to uncertainties in the cross sections used in the 

calculations. Finally, design parameters with specified uncertainties are selected 

on the basis of all these results. Of course, in actual practice, the methodology 

includes numerous feedback paths between the various activities. 

I The computer codes provided by the methods development activity are general- 

purpose one- and two-dimensional discrete ordinates transport codes and three- 

dimensional Monte Carlo transport codes in the multigroup formalism. This primary 

calculational capability is backed up by "point" transport codes used as research 

I tools to verify the adequacy of the energy group structure and other features of 

the multigroup CO&S as they are adapted to specific design problems. Insofar as 

possible, the 1atestENDF data are used for processing into the multigroup (or point) 

I 
I cross-section sets. 



The c a p a b i l i t y  f o r  s e n s i t i v i t y  c a l c u l a t i o n s  i s  provided by s p e c i a l  ve r s ions  of 

t h e  d i s c r e t e  o rd in2 te s  codes u t i l i z i n g  genera l ized  pe r tu rba t ion  theory.  The processed 

c ros s  s e c t i o n s  con ta in  u n c e r t a i n t i e s  and c o r r e l a t i o n s ,  and t h e s e  a r e  used by t h e  

s e n s i t i v i t y  a n a l y s i s  codes.,to e s t ima te  t h e  a priori unce r t a in ty  i n  t h e  r e s u l t s  

obtained i n  t h e  design ca l cu la t ions .  -- I -. 

I n  i t s  s imp les t  form, an a n a l y s i s  of an  i n t e g r a l  experiment provides a  b i a s  f a c t o r  

t h a t  can be  app l i ed  a s  app ropr i a t e  t o  t h e  des ign  c a l c u l a t i o n ,  t h e  b i a s  f a c t o r  being 

der ived  from t h e  r a t i o  .of t h e  experimental  r e s u l t  t o  t h a t  obtained i n  t h e  a n a l y s i s .  

However, much more information can be obta ined- f rom i n t e g r a l  experiments.  For 

exauiple, a  s e n s i t i v i t y  a n a l y s i s  which shows whether t h e  experimental  a n a l y s i s  and 

t h e  des ign  c a l c u l a t i o n  a r e  s e n s i t i v e  t o  t h e  same c r o s s  s e c t i o n s  w i l l  i n d i c a t e  t h e  

re levance  of a b i a s  f a c t o r .  Also, wi th  t h e  s e n s i t i v i t y  a n a l y s i s  c a p a b i l i t i e s  a v a i l -  

a b l e ,  a  mathematically r i go rous  e s t ima te  of design parameter u n c e r t a i n t i e s  can be 

made i n  which t h e  e f f e c t s  of d i sc repanc ie s  b.etween p e r t i n e n t  experiments and t h e i r  

ana lyses  a r e  considered d i r e c t l y .  I n  t h i s  procedure, t h e  c r o s s  s e c t i o n s  (and t h e i r  

u n c e r t a i n t i e s )  used i n  t h e  f i n a l  design c a l c u l a t i 6 n  have been ad jus t ed  wi th  sens i -  

t i v i t y  a n a l y s i s  (u sua l ly  w i t h i n  t h e  bounds of t h e i r  u n c e r t a i n t i e s )  t o  ag ree  wi th  o r  

approach t h e  c r o s s  s e c t i o n s  requi red  f o r  an experimental  a n a l y s i s . ,  This  approach 

y i e l d s  c r o s s  s e c t i o n s  t h a t  ag ree  w i t h  measured q u a n t i t i e s  a f t e r  t h e  measured va lues  

have themselves been ad jus t ed  wi th in  t h e  bounds of t h e i r  u n c e r t a i n t i e s .  The c r o s s  

s e c t i o n s  emphasized a r e  those  t o  which t h e  experimental  a n a l y s i s  (and t h e  design 

c a l c u l a t i o n )  a r e  most s e n s i t i v e .  The n e t  e f f e c t  i s  t h a t  t h e  u n c e r t a i n t i e s  on t h e  

r e s u l t i n g  design parameter a r e  reduced. This  procedure i s ,  i n  f a c t ,  a  much more 

s o p h i s t i c a t e d  method f o r  b i a s i n g  des ign- re la ted  r e s u l t s  and' determining t h e  a s soc i a t ed  

u n c e r t a i n t i e s  than simply applying a  b i a s  f a c t o r ,  a l though i t  s t i l l  i s  problem- 

dependent t o  some degree. 

Obviously t h e  various '  componentsof t h i s  s h i e l d i n g  methodology a r e  i n t e r r e l a t e d  

and t h e  e f f e c t  of each component on t h e  u l t i m a t e  p r e c i s i o n  of a  design parameter is  

d i f f i c u l t  t o  i s o l a t e  because of compensating o r  ove r r id ing  e f f e c t s  of o t h e r  components. 

However, t h e  methodology i s  s u f f i c i e n t l y  genera l  t h a t  by s h i f t i n g  t h e  emphasis i n  

d a t a  f i l e s  and i n t e g r a l  experiments,  i t  can be  ex t r apo la t ed  o r  adapted t o  a l l  

r e a c t o r  types.  Thus f o r  a  l a r g e  d i v e r s i t y  of problems, such a s  a r e  c u r r e n t l y  

a r i s i n g  i n  t h e  U. S.,  i t  should be  more e f f i c i e n t  than  a  methodology s o l e l y  f o r  a 

s p e c i f i c  r e a c t o r  system. 



3. Review of LMFBR Shie ld ing  Capab i l i t y  

A t  t h i s  po in t  2; i& u s e f u l  t o  review t h e  progress  t h a t  has  been made i n  t h e  U.S. 

s h i e l d i n g  methodology as i t  has  been used f o r  LMFBRs. With r e spec t  t o  in-vessel  

s h i e l d i n g  problems, it carl .be s t a t e d  than  an adequate  methodology e x i s t s  f o r  ca l -  
. 1 

c u l a t i n g  seven major problem a r e a s :  (1) neutron t ransp&f i n  deep sodium, (2)  

neutron t r a n s p o r t  i n  t h i c k  i r o n  and s t a i n l e s s  s t e e l ,  (3 )  t h e  s h i e l d i n g  e f f e c t i v e -  

ness  of t h e  upper a x i a l  and head s h i e l d i n g ,  (4) t h e  s h i e l d i n g  e f f e c t i v e n e s s  of 

t h e  r a d i a l  b lanket  a n d . s h i e l d ,  (5) neutron pene t r a t ion  through t h e  lower a x i a l  

s h i e l d  and i t s  sodium coolant  channels ,  (6) s t o r e d  f u e l  e f f e c t s ,  and (7) neutron 

s t reaming through t h e  primary-pipe chaseways. Here t h e  term adequate methodology 

imp l i e s  t h a t  whi le  t h e r e  a r e  a s p e c t s  of t h e s e  problems t h a t  s t i l l  cannot be  ca l -  

cu l a t ed  accu ra t e ly ,  des ign  c a l c u l a t i o n s  f o r  t h e  important parameters of i n t e r e s t  

a r e  a c c u r a t e  t o  wi th in  t h e  range of t h e  p ro j ec t ed  accuracy needs. 

The c a p a b i l i t y  f o r  c a l c u l a t i n g  neut ron  t r a n s p o r t  through t h i c k  sodium is  c r u c i a l  

t o  LMFBRs, and a  r e c e n t  s e n s i t i v i t y  study1 of a  s e r i e s  of Tower Shie ld ing  F a c i l i t y  

experiments2 has g r e a t l y  advanced our  understanding of t h i s  problem. This  work l e d  

t o  remeasurements and r eeva lua t ions  of some of t h e  sodium c r o s s  s e c t i o n s ,  and i t  

a l s o  showed t h a t  t h e  important  r a d i a t i o n  t r a n s p o r t  phenomena i n  sodium change 

d rama t i ca l ly  wi th  t h e  i n c i d e n t  neutron spectrum, t h e  e x i t  response func t ion ,  and 

t h e  media preceding and fol lowing t h e  sodium zones. 

The problem of neut ron  t r a n s p o r t  i n  i r o n . a n d  s t a i n l e s s  s t e e l  i s  somewhat l e s s  

complex. It has  beendetermined  t h a t  dominant i r o n  minima must be represented  

e x p l i c i t l y  i n  t h e  c ross -sec t ion  s e t  bu t  t h a t  t h e  ,number of such minima a r e  

r e l a t i v e l y  few. New multigroup cross-sec t ion  s e t s  e x p l i c i t l y  con ta in  t h e s e  minima 

( a s  w e l l  as t h e  extremely important  300-keV minimum i n  sodium). Even s o ,  t h e  

neutron spectrum above 1 MeV cannot be  ca l cu la t ed  accu ra t e ly  f o r  t ransmiss ion  through 

s ta , inless  s t e e l ,  and f o r  t h e  e x t r e m i t i e s  of t h e  r a d i a t i o n  problems t h i s  may .lead t o  

b i a s  f a c t o r s  a s  l a r g e  a s  a f a c t o r  of two. 

The upper a x i a l  and head s h i e l d i n g  problem i s  p r imar i ly  t h a t  of deep neutron 

p e n e t r a t i o n  i n  sodium preceded and followed by s t a i n l e s s  s t e e l .  Within t h e  l i m i t s  

mentioned above, experiments have confirmed t h a t  t h i s  type of problem can be c a l -  

cu l a t ed  wi th  accep tab le  accuracy. 

For t h e  problem of t h e  r a d i a l  b lanket  and s h i e l d ,  experiments have confirmed 

t h a t  t h e  c a l c u l a t i o n s  are nea r  t h e  d e s i r e d  accuracy f o r  t h e  m a t e r i a l s  considered 

( s t a i n l e s s  s t e e l x n d  inconel ) .  However, f o r  t h e  l a r g e r  LMFBR cores ,  l i g h t e r  

mater ia l ' s  w i l l  be  r equ i r ed  t o  reduce t h e  weight of t h e  r a d i a l  s h i e l d ,  and addi- 

t i o n a l  experiments w i l l  be necessary  t o  v e r i f y  t h e  methods f o r  t h e s e  ma te r i a l s .  



The lower a x i a l  s h i e l d  problem i s  very  s i m i l a r  t o  t h e  r a d i a l  sh i e ld .p rob lem 

s i n c e  t h e  sodium channel diameters  r equ i r ed  t o  o b t a i n  acceptab le  p re s su re  drops a r e  - 
s t i l l  s u f f i c i e n t l y  smal l  t o  minimize s t reaming e f f e c t s .  

The product ion of f i s s . o n  neut rons  i n  t h e  f u e l  s t o r e d  i n s i d e  t h e  r e a c t o r  v e s s e l  

was a p a r t i c u l a r l y  dominant e f f e c t  i n  t h e  FFTF des ign  .aria t o  a l e s s e r  ex t en t  i n  

t h e  CRBR design.  The complicat ions caused i n  t h e  s h i e l d i n g  ana lyses  were q u i t e  

severe ,  and w e  a r e  f o r t u n a t e  t h a t  in -vesse l  f u e l  s t o r a g e  may no t  be a design choice 

of t h e  f u t u r e .  

The problem of neut rons  s t reaming i n  primary p ipe  chaseways and a c t i v a t i n g  t h e  

sodium coolant  i n  t h e  secondary sodium loop exceeds t h e  c a p a b i l i t i e s  of s tandard  

techniques i n  3-D Monte Carlo codes wi th  r e spec t  t o  s t a t i s t i c a l  accuracy and o v e r a l l  

. r e l i a b i l i t y ,  and t h e  geometry (mul t ip l e  90' bends) prec ludes  t h e  use  of any 

e x i s t i n g  d i s c r e t e  o r d i n a t e s  codes and normal coupling techniques wi th  any degree of 

confidence. However, t h e  r e c e n t  development of a r igh t -angle  coupling technique f o r  

R-Z geometry 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  and i t s  use  i n  t h e  a n a l y s i s . o f  a proto- 

t y p i c  p i p e  chaseway experiment3 a t  t h e  Tower Shie ld ing  F a c i l i t y  have r e s u l t e d  i n  

increased  confidence i n  t h e  a n a l y s i s  a rea .  Addi t iona l  development i n  albedo Monte 

Carlo techniques i s  expected t o  make s i g n i f i c a n t  c o n t r i b u t i o n s  i n  t h i s  a r e a  a l s o .  

For tuna te ly ,  t h e  primary p ip ing  i n  t h e  FFTF and CRBR con ta ins  enough bends wi th in  

the  r e a c t o r  c a v i t i e s  t o  e s s e n t i a l l y  e l imina te  t h e  problem. However, t h e  l a r g e  LMFBR 

des igns  tend t o  have l e s s  space i n  t h e  c a v i t y ,  w i th  no bends a t  a l l  allowed i n  some 

cases .  Thus s t reaming w i l l  occur and t h e  c a p a b i l i t y  f o r  c a l c u l a t i n g  i t  must be  

a v a i l a b l e .  

With r e spec t  t o  LMFBR ex-vessel s h i e l d i n g  problems, a t  l e a s t  fou r  problem a r e a s ,  

a l l  of them involv ing  r a d i a t i o n  s t reaming,  s t i l l  r e q u i r e  an improved methodology 

i n  o rde r  t o  meet t h e  factor-of-two c r i t e r i o n .  The f i r s t  t h r e e  involve  neutron s t reaming,  

t h e  r eg ions  of concern being (1) hea t ing  and v e n t i l a t i o n  duc t s ,  (2 )  t h e  r e a c t o r  c a v i t y ,  

and (3) t h e  gaps around t h e  r o t a t i n g  plugs i n  t h e  r e a c t o r  head. The f o u r t h  involves  

gamma-ray s t reaming through p l a n t  s h i e l d  pene t r a t ions .  

The problem of neut rons  s t reaming through hea t ing  a n d . v e n t i l a t i o n  duc t s  is s i m i l a r  

t o  t h e  p ipe  chaseway streaming mentioned above except  t h a t  more bends a r e  u sua l ly  

requi?red and t h e  a n a l y s i s  techniques have no t  y e t  been appl ied  t o  c u r r e n t  designs.  

Also i n  t h i s  c a s e  t h e  concern i s  usua l ly  t h e  c o n t r i b u t i o n  t o  some neutron response,  

such a s  dose r a t e .  

Neutron streami,ng i n  t h e  r e a c t o r  c a v i t y  was a s eve re  problem f o r  both t h e  FFTF 

and t h e  CRBR and w i l l  be  f o r  v i r t u a l l y  a l l  s i m i l a r  r e a c t o r s .  I n  o rde r  t o  meet t h e  

c r i t e r i o n  f o r  l o c a t i o n s  o u t s i d e  t h e  c a v i t y ,  parametr ic  experimentat ion w i l l  b e  

r equ i r ed  t o  v e r i f y  t h e  methods'used. 



I The problem of neutron s t reaming through t h e  gaps around t h e  ro ta t ing  plugs i n  - 
t he  r e a c t o r  head, i d e n t i f i e d  e a r l y  i n  t h e  FFTF s h i e l d i n g  program, w i l l  be pa r t i cu -  

/ 

l a r l y  important  f o r  des igns  i n  which t h e  r e a c t o r  c a v i t y  s t reaming e f f e c t  i s  success- 

f u l l y  solved o r  f o r ,  pof-'type LMFBR des igns  t h a t  i n h e r e n t l y  have minimum cav i ty .  
-- - f  

streaming e f f e c t s .  Again, parametr ic  experiments w i l l . b e  needed t o  v e r i f y  t he  

accuracy of t h e  methods. 

The problem of gamma-ray s h i e l d i n g  i n  p l a n t  s h i e l d  pene t r a t ions  i s  compounded i n  an 

LMFBR because of t h e  very  high gamma-ray a c t i v i t y  l e v e l s  i n  t h e  primary system pip ing ,  

I. t h e  very  hot  p ipes  which r e q u i r e  t h i c k  i n s u l a t i o n  i n  t h e  p ipe  pene t r a t ions ,  and t h e  

I d e s i r e  t o  minimize o v e r a l l  p l a n t  dimensions. There a r e  s e v e r a l  ways t o  reduce gamma- 

I ray  s t reaming from c e l l  t o  c e l l  i n  t h e  p l a n t ,  bu t  when s e v e r a l  bends a r e  involved 

i n  t h e  pene t r a t ions ,  t h e  a n a l y s i s  methods a r e  inadequate  and experimental v e r i -  

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

4. Radiatdon Streaming Methods 

I The preceding d i scuss ion  p o i n t s  ou t  t h e  need f o r  improved methods f o r  c a l c u l a t i n g  

I r a d i a t i o n  s t reaming problems. Bas i ca l ly ,  a s t reaming problem can be defined a s  one 

i n  which a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  r a d i a t i o n  e f f e c t  of concern is  dominated 

by geometric a t t e n u a t i o n  introduced by t h e  s h i e l d i n g  ma te r i a l s .  Thus, t h e  geo-. 

I m e t r i c a l  f e a t u r e s  of a c a l c u l a t i o n a l  method, a s  opposed t o  t h e  deep-penetration 

f e a t u r e s ,  a r e  more s i g n i f i c a n t l y  involved than i n  o t h e r  types  of s h i e l d i n g  calcu- 

l a t i o n s .  

I n  some cases ,  t he  geometry and m a t e r i a l s  used a r e  such t h a t  a s t reaming problem 

can be. ca l cu la t ed  by a combination of c o l l i s i o n l e s s  f l i g h t s  and albedo r e f l e c t i o n s ,  

o r  w i th  semiempirical approaches. However, when s i g n i f i c a n t  con t r ibu t ions  from 

m a t e r i a l  a t t e n u a t i o n  and d i f f u s i o n  must a l s o  be considered,  t h e  problems become 

q u i t e  d i f f i c u l t  and t h e  cu r r en t  methods a r e  inadequate.  The development of 

empi r i ca l  methods i s  a l s o  d i f f i c u l t  s i n c e  t h e  problems tend t o  occur o u t s i d e  t h e  

r e a c t o r  v e s s e l  and any i n t e g r a l  experiments mocking up t h e s e  l a r g e  reg ions  would 

be  q u i t e  e l a b o r a t e  and expensive. 

Schematics r ep re sen t ing  s e v e r a l  d i f f e r e n t  types  of s t reaming problems a r e  

shown i n  Fig. 2. F i r s t  i s  t h e  s t reaming only case  which may be a simple s i t u a t i o n  

t h a t  a t r i v i a l  hand c a l c u l a t i o n  can reso lve .  Next i s  t h e  s t reaming + s c a t t e r i n g  

case  which a l s o  i s  n o t  too  d i f f i c u l t ,  even though t h e  s c a t t e r i n g  sources  must be 

i d e n t i f i e d .  The case  of s e q u e n t i a l  s t reaming r e q u i r e s  both t h a t  t h e  l o c a t i o n  of 
-. 

t h e  s c a t t e r i n g  p o i n t s  be  determined and t h a t  t h e  s p e c t r a l  changes involved i n  t h e  

1 s c a t t e r i n g  be  accu ra t e ly . ,  c a l c u l a t e d ,  bu t  even t h i s  problem i s  r e l a t i v e l y  easy 

I 



unless the streaming passageways are filled with materials that introduce additional 

scattering and .attenuation, as happens when a pipe and insulation are inserted in - 
a pipe chase. , 

Streaming in competition with or in sequence with attenuation, as shown by the 
- /_  

two lower left sketches in Fig. 2, is a difficult calc~lation, but for.relatively 

simple geometries it can be performed with the discrete-ordinates method. This 

capability is due to two major features of the method: it can accurately calculate 

deep-penetration problems with anisotropic scattering in two dimensions, and in 

R-Z geometries with biased .quadratures, it .can accurately calculate streaming. 

The complex geometry sketch in Fig. 2 represents any system with a complex col- 

lection of components, pipes, wires, etc. in which neither a clear and continuous 

streaming path nor a large zone of bulk material c'an readily be identified. Only 

with appropriate calculations can one determine whether a geometry of this type can 

be represented by a homogeneous.material distribution or if certain "streaming" or 

"streaming + scattering" paths exist. 

A number of complex geometry streaming problems were encountered in the shielding 

analyses of the FFTF, particularly in the reactor cavity shield surrounding the 
4 

reactor vessel. Consider, for example, the region including the main support 

structure and the concrete shield collar (also called the reactor cavity shield). A 

simplified sketch of this region is shown in Fig. 3. On an a priori  basis, a 

dominant upward streaming path could not be determined, nor could the scattering 

sources be located so that a simple void-streaming calculation would be possible. 

Detailed analyses of this problem were performed utilizing both discrete ordinates 

and Monte Carlo methods, and a technique had to be devised which would yield changes 

in the dose rates on the maintenance floor with changes in the dimensions or compo- 

sitions of the reactor cavity shield and surrounding components. Thus the accuracy 

of the relative calculations had to be much greater than the accuracy of the 

absolute calculation. This requirement was met by using the discrete ordinates 

method when the geometry permitted its application and using the Monte Carlo method 

for very careful calculations in which the statistical error was less than the 

accuracy required for the nominal dose rate. Even so, some cases existed in which 

a design change did not result in a statistically significant change in the answer, 

and the only conclusion that could be made was that the answer was not sensitive 

to the design change. 

The FFTE is indicative of future reactor designs, and our shielding methodology 

must be prepara-to address such problems with sufficient efficiency and accuracy. 

At least five areas in.which additional development is needed are identifiable. 



First, improved codes for coupling discrete ordinates and Monte Carlo calculations 

I1 are.needed. Cy~rently a surface coupling code is being used, but such methods 

need to be generalized and a volume coupling code based on the adjoint difference 

f ormulation5 should be developed. Second, improved Monte Carlo biasing techniques 
-*. 

are needed, and they should be relatively understandable by shield analysts who are 

not necessarily experts in Monte Carlo methods. Third, a 3-D discrete ordinates 

code (8-R-Z) is needed for occasional use in problems that cannot be modeled in 

2-D geometry and cannot be calculated with 3-D Monte Carlo methods because deep 

penetration is involved. Fourth, improved semiempirical techniques are needed, 

especially for multileg ducts such as those associated with primary loop piping or 

with plant shield penetrations. A technique for-this problem could probably be 

based on a Monte Carlo method with albedo scatter, with the empiricism included as a 

built-in biasing scheme. This would be somewhat.more acceptable than a purely 

empirical approach and should yield comparable'computational efficiency and accuracy. 

Greater accuracy would be obtained if aspects of scattering and penetration are added 

to the multileg duct problem. Finally, a fifth need is for parametric verification 

I experiments for the various problem areas that have been identified. 

Several important improvements have been made in the U. S. shielding methodology 

in recent years, some of them resulting from efforts that are only peripheral to the 

I shielding program. Three areas in which progress has been particularly noteworthy 

are (1) cross-section processing and multigroup library production, (2) sensitivity 

analysis methods, and (3) radiation transport methods. 

I At ORNL the techniques for processing cross.sections into multigroup libraries 

have been modified more than once. In early work essentially all cross sections were 

processed in the GAM-I1 energy group structure,6 which has relatively constant group 

widths in lethargy. Later it was discovered that biased group structures in which 

specific groups are dedicated to dominant windows would solve deep-penetration 

problems, and the trend was to develop problem-dependent structures directly from 

point data. This approach, which was embodied in the AMPX processing system,' was 

I subsequently found to be impractical. The current approach is a compromise in which 

a relatively detailed group structure is tailored or biased to include the important 

cross sections for several types of problems. This structure is then collapsed to 

broader groups for a specific type of problem, the major.difficulty being the 

selection of the few-group structure. The cross sections are processed into the 
.-. 

group structures'by AMPX which uses the Bondarenko method (as emboded in the MINX 
8 

I 9 and SPHINX codes) to include resonance self-shielding at the multigroup level. 

With this approach, a cross-section library consisting of 171 neutron groups was 



developed wi th  t h e  expec ta t ion  t h a t  i t  would be co l lapsed  f o r  use  i n  fu s ion  r e a c t o r  

s h i e l d i n g  problems and i n  LMFBR c o r e  phys ics  and s h i e l d i n g  problems. - lo A few cross-  

s e c t i o n  subse t s  have a l r eady  been developed from t h i s  l i b r a r y  and i t  now appears  t h a t  

a  45-16 subse t  w i l l  be  used not  on ly  f o r  fu s ion  and LMFBR problems bu t  a l s o  f o r  
- 0 .  

l igh t -water  r e a c t o r  s h i e l d i n g  problems. Another f e a t u ~ e  -- - of t h i s  l i b r a r y  i s  t h a t  

i t  w i l l  soon inc lude  delayed gamma-ray f i l e s  and a c t i v a t i o n  f i l e s .  

A s  mentioned e a r l i e r ,  a  l imi t ed  c a p a b i l i t y  is  maintained f o r  t r a n s p o r t  ca l cu la -  

t i o n s  us ing  po in t  c r o s s  s e c t i o n s  r a t h e r  than multigroup c r o s s  s ec t ions .  The processing 

f o r  such l i b r a r i e s  has  a l s o  been improved, and po in t  c a l c u l a t i o n s  (with t h e  d i s c r e t e  
11 o r d i n a t e s  ANISN code ) have been performed f o r  comparison wi th  multigroup ca lcu la-  

t i o n s  us ing  t h e  171-36 cross-sec t ion  l i b r a r y .  The l i b r a r y  appears  t o  be a  good 

compromise, a l though many concerns remain; i n  p a r t i c u l a r ,  t h e  t reatment  of high- 

energy neutrons i n  s t a i n l e s s  s t e e l  may r e q u i r e  a  d i f f e r e n t  group s t r u c t u r e  o r  even 

c a r e f u l  po in t  ca l cu la t ions .  

I n  t h e  a r e a  of s e n s i t i v i t y  a n a l y s i s ,  s e v e r a l  s i g n i f i c a n t  advances have been made, 

a l l  of which a r e  given i n  more d e t a i l  elsewhere.' A modular code system c a l l e d  t h e  

F O R S S ~ *  system has been developed a t  ORNL f o r  determining t h e  s e n s i t i v i t y  of ca l cu la t ed  

parameters of r e a c t o r  and/or  s h i e l d  systems t o  t h e  c r o s s  s e c t i o n s  used i n  t h e  ca l -  

c u l a t i o n s  and a s s ign ing  u n c e r t a i n t i e s  t o  t h e  ca l cua l t ed  parameters based on un- 

c e r t a i n t i e s  a s soc i a t ed  wi th  t h e  c r o s s  s ec t ions .  The system r e q u i r e s  t h a t  t h e  

evaluated ENDF cross-sec t ion  d a t a  inc lude  u n c e r t a i n t y  f i l e s ,  and some pre l iminary  

f i l e s  have been completed f o r  important  s h i e l d  ma te r i a l s .  Also, a s  mentioned 

e a r l i e r  i n  t h i s  paper ,  FORSS can a d j u s t  t h e  c r o s s  s e c t i o n s  f o r  a  given a p p l i c a t i o n  

on t h e  b a s i s  of information rece ived  from p e r t i n e n t  i n t e g r a l  experiments.  

I n  a  r e l a t e d  e f f o r t ,  "channel theory"13 has been developed which can be u s e d t o  

determine t h e  pathways i n  space followed by p a r t i c l e s  t h a t  s u c c e s s f u l l y  t r a v e l  

from t h e i r  source t o  a  l o c a t i o n  of i n t e r e s t .  This  technique,  which i s  e s p e c i a l l y  

u s e f u l  when s h i e l d s  con ta in  s t reaming pa ths ,  is  i l l u s t r a t e d  i n  Fig. 4  which i s  a  

channel theory p l o t  o f . t h e  geometry shown i n  Pig. 3. The peak o r  r i dges  i n  t h e  

f i g u r e  de f ine  t h e  dominant s t reaming pa ths  through t h e  complex geometry. Recently,  

work has  been per formed ' to  extend t h i s  technique t o  c h a n n e l s . i n  energy, which would 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  an understanding of t h e  t r a n s p o r t  mechanisms i n  deep-. 

pene t r a t ion  problems. The p l ans  a r e  t h a t  even tua l ly  channel theory  w i l l  b e  included 

i n  t h e  FORSS system. 

I n  t h e  t h i r d  a r e a  of r ecen t  improvements, t h a t  of t r a n s p o r t  codes, t h e  major new 

code a t  ORNL i.?~ersion I V  of t h e  2-D d i s c r e t e  o r d i n a t e s  code  DOT.^^ This  code 

has two important new f e a t u r e s :  The f i r s t  i s  t h a t  a r b i t r a r i l y  l a r g e  problems can 



be solved with a reasonably small amount of computer memory, thereby reducing - 
memory requirements for a given problem and eliminating the necessity for performing 

several overlapping calculations in order to solve a large problem. The second 

is that both the spatkg1 mesh and the angular quadrature can be modified or 

changed by zone, which will allow a great saving in iGih points, and, more 

importantly, will' .allow biased quadratures to be used only .in the regions where 

streaming is the dominant phenomenon. Test problems have shown that savings in 

computational time by factors of 2 to l0.are realized. In addition, DOT-IV has 

been completely reprogrammed and uses the latest and best acceleration techniques 

and numerical methods for both reactor physics and shielding problems. 

Significant improvements have also been made in ORNL's Monte Carlo code 

MORSE. The latest version of this code, called MORSE-SGC,~~ employs a recent 

version of combinatorial geometry. It also has been completely reprogrammed so 

that it can operate with a small amount of computer memory, thus making it 

suitable for virtually all present major computing machines and hopefully for 

future machines. New plocting techniques which provide three-dimensional views 

of the complex geometries are valuable aids in correcting geometry input descrip- 

tions and in visualizing and evaluating any compromises in geometry descriptions. 
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Fig. 2.'.,Typical Streaming Configurations. 



Fig. 3. Simplif ied Sketch o f  FFTF Vessel  Support Ring and 
Reactor Cavity Shield.  



Fig. 4. Channel Theory Plot of Maintenance Floor Dose Contribution from Reactor Cavity 
Shield Area. The ridges show streaming paths on either side of the B4C Collar shown in Fig. 3. 
The two paths merge above the collar to form one streaming path.between the vessel and the 
reactor cavity shield. 


