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Abstract 

FORSS i s  a code system used t o  study relationships between nuclear reac- 
t ion cross sections , integral  experiments , reactor  performance parameter 
predictions,  and associated uncertaint ies .  This paper presents the  theory 
and code description as well as the f i rs t  resu l t s  of applying FORSS t o  f a s t  
reactor benchmarks. Specif ical ly ,  f o r  various assemblies and reactor 
performance parameters , the nuclear data s e n s i t i v i t i e s  were computed by 
nuclide, reaction type, and energy. Comprehensive 1 ib rar ies  of energy- 
dependent coeff ic ients  have been developed in a computer re t r ievable  format 
and released fo r  d i s t r ibu t ion  by RSIC and NNCSC. 
nuclear data were quantified using preliminary, energy-dependent r e l a t ive  
covariance matrices evaluated with ENDF/B-IV expectation values and 
processed f o r  238U(n,f) ,  2 3 8 U ( n , y ) ,  239Pu(n,f) ,  and 239Pu(7). 
accuracy requirements t o  meet specif ied performance c r i t e r i a  a t  minimum 
experimental cost  were determined. 

Uncertainties induced by 

Nuclear data 

Based on our estimated correlat ions and standard deviations,  a con- 
clusion t o  be drawn is t h a t  design accuracy goals o f  0.5% i n  k and 2% i n  
the central  2 8 ~ / 4 9 f  r a t i o  in conventional mixed oxide LMFBR cores (neu- 
t ron ic  behavior s imi la r  t o  ZPR-6/7) a re  unlikely t o  be at ta ined i n  the  
next 5 t o  10 years i f  the nuclear data i s  based only on microscopic 
measurements and the  level o f  e f f o r t  on the most crucial  cross sections i s  
n o t  increased dramatically. Results of integral  experiments may be in- 
corporated t h r o u g h  FORSS to  improve uncertainty estimates’ o f  reactor 
performance f o r  devices b e i n g  designed. Using the measurements in ZPR-6/7 
for  k and f o r  central 2 8 ~ / 4 9 f  with assigned uncorrelated standard devia- 
t ions of  1 and 2 percent, standard deviations of the same parameters fo r  
s imi la r  systems a re  computed t o  be 0.82% and 1.8% (compared t o  3.5% and 
8.6% with only d i f fe ren t ia l  covariance information) when the integral  
data i s  included in a cross-section adjustment which changes the basic 
multigroup f i l e  less  than one standard deviation. 
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I. I n t r o d u c t i o n  

FORSSl i s  an a n a l y t i c a l  t o o l  used t o  study the r e l a t i o n s h i p s  between 

nuc lea r  r e a c t i o n  cross sec t i ons  and t h e i r  u n c e r t a i n t i e s  , i n t e g r a l  experiments 

and t h e i r  u n c e r t a i n t i e s  , and r e a c t o r  performance parameter p r e d i c t i o n s  and 

t h e i r  Uncer ta in t i es .  Given a problem ( o r  s e t  o f  problems) w i t h  s p e c i f i e d  
geometry, composit ion, source, and response, ORNL uses FORSS t o  determine: 

What data are impor tant ;  i . e . ,  f o r  a given performance parameter, 

what i s  t h e  nuc lea r  data s e n s i t i v i t y  as a f u n c t i o n  o f  nuc l i de ,  re -  

a c t i o n  type, and energy? 

How much does a g iven performance parameter change as a r e s u l t  o f  

a l t e r n a t i v e  data sets  o r  s p e c i f i c  d i f f e rences  i n  var ious elements 
o f  the data f i e l d ?  

How s i m i l a r  a r e  two problems; e.g., a design problem and an i n t e g r a l  
experiment, w i t h  respect  t o  cross-sect ion data? One may synthes ize 

several  i n t e g r a l  experiments t o  c o n s t r u c t  a s i m u l a t i o n  t o  the  design 

problem. 

How uncer ta in  are performance parameters ; i .e. , f o r  g i  ven cross- 

s e c t i o n  and u n c e r t a i n t y  f i l e s  and se lec ted  i n t e g r a l  experiments w i t h  

t h e i r  u n c e r t a i n t i e s  and s e n s i t i v i t y  p r o f i l e s  , what a re  t h e  uncer ta in-  

t i e s  i n  an ensemble o f  performance parameters? 

What new measurements should be performed; i .e . ,  g iven (1)  present  

cross-sect ion and u n c e r t a i n t y  f i l e s  , ( 2 )  se lec ted  i n t e g r a l  exper i -  
ments w i t h  t h e i r  u n c e r t a i n t i e s  and s e n s i t i v i t y  p r o f i l e s ,  ( 3 )  an 
approximate cos t  f u n c t i o n a l  f o r  p o t e n t i a l  u n c e r t a i n t y  improvement i n  

t h e  cross-sect ion u n c e r t a i n t i e s  , and ( 4 )  an ensemble o f  performance 

parameters w i th  s p e c i f i e d  to lerances, what i s  a "best"  s e t  o f  exper i -  
mental accuracies requ i red  f o r  reducing cross-sect ion u n c e r t a i n t i e s ?  

What the r e l a t i v e  importance o f  t he  bas i c  phys i ca l  processes i nvo l ved  

i n  any a n a l y t i c a l  o r  experimental problem a r e  so t h a t  q u a l i t a t i v e  and 

q u a n t i t a t i v e  conclusions reached i n  one area can be ex t rapo la ted  

i n t o  many others (e.g., t h e  e x t r a p o l a t i o n  o f  r e s u l t s  i n  c r i t i c a l  

experiments t o  commercial r e a c t o r  design). 
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These o b j e c t i v e s  have been an i m p l i c i t  p a r t  o f  t h e  Cross Sect ion 

Evaluat ion Working Group miss ion s i n c e  i t s  i ncep t ion ,  and the  work re-  

po r ted  here w i l l  h e l p  pe rm i t  such goals t o  be achieved. 

d i v e r s i t y  o f  i n t e r e s t s  and problems w i t h i n  the CSEWG domain, t h e  FORSS 
development i s  based upon t r a n s p o r t  theory ( t h e r e  i s  a d i f f u s i o n  theory 

o p t i o n )  so t h a t  t h e  same t o o l  i s  a p p l i c a b l e  t o  both s h i e l d i n g  and r e a c t o r  
core problems i n  mu1 t i d imens iona l  geometry. 

Due t o  t h e  

This paper presents t h e  f i r s t  r e s u l t s  o f  app ly ing  FORSS t o  the  
ana lys i s  o f  f a s t  r e a c t o r  benchmarks. 

assemblies and performance parameters , t h e  nuc lea r  data s e n s i t i v i t y  i s  
t abu la ted  as a f u n c t i o n  o f  nuc l i de ,  r e a c t i o n  type, and energy. Nuclear 

data induced u n c e r t a i n t i e s  a re  q u a n t i f i e d  and r e s u l t s  o f  i n t e g r a l  exper i -  

ments a re  i nco rpo ra ted  i n  a c o n s i s t e n t  f ash ion  r e s u l t i n g  i n  improved un- 
c e r t a i n t y  est imates o f  r e a c t o r  performance f o r  devices being designed. 

A f i r s t  a t tempt  i s  made i n  t h e  q u a n t i t a t i v e  s p e c i f i c a t i o n  o f  new cross 

s e c t i o n  measurements r e q u i r e d  t o  s a t i s f y  s p e c i f i c  design goals. 

S p e c i f i c a l l y ,  f o r  a v a r i e t y  o f  

Although t h e r e  has been considerable work i n  t h i s  f i e l d Y 2 - l 1  many o f  

t he  r e s u l t s  t o  date have been o f  l i m i t e d  u t i l i t y  because o f  t he  p a u c i t y  o f  

covar iance i n f o r m a t i o n  f o r  nuc lea r  data, t h e  l a c k  of comprehensive 1 i b r a r i e s  

o f  s e n s i t i v i t y  c o e f f i c i e n t s  de r i ved  c o n s i s t e n t l y  f rom a w e l l  recognized 
nuc lear  data base (e.g., ENDF/B) and t h e  l a c k  of documented u n c e r t a i n t i e s  

( i n c l u d i n g  c o r r e l a t i o n s  as w e l l  as s t a t i s t i c a l  and systemat ic  e r r o r s )  i n  

t h e  i n t e g r a l  experiments. 



3 

11. Formulat ion f o r  S e n s i t i v i t y  P r o f i l e s  

The t h e o r e t i c a l  development us ing  t r a n s p o r t  theory  has been der ived  
from a d i f f e r e n t i a l  p o i n t  o f  view12 and leads t o  analogous r e s u l t s  t o  those 

obta ined i n  e a r l i e r  s tud ies  by Stacey13 (us ing a v a r i a t i o n a l  approach), 

Usachev14 and Gandi n i  l5 using general i zed p e r t u r b a t i o n  theory.  

d e r i v a t i o n  i s  repeated here t o  e s t a b l i s h  no ta t i on ,  t o  i n d i c a t e  how t h e  

general  opera tor  n o t a t i o n  i s  implemented w i t h i n  mu l t ig roup t r a n s p o r t  

theory  approximat ions , and f o r  completeness. 

The 

A. General Development 

Consider f o r  g e n e r a l i t y  t h e  complex case o f  a r e a c t o r  i n t e g r a l  design 

parameter, R, o f  t h e  homogeneous b i l i n e a r  r a t i o  form 

where HI and H2 a re  s u i t a b l e  operators  which depend on t h e  var ious cross 

sect ions,  $(I) and @*(k) are  t h e  forward and a d j o i n t  f l uxes  respec t i ve l y ,  
and 

phase space. We f i  r s t  ou t1  i ne procedures f o r  c a l  c u l  a t i  ng t h e  sensi  t i v i  ty 

p r o f i l e  [dR/R/(dc(p)/c(p)J - - which i s  t h e  r a t e  o f  change i n  t h e  response p e r  
r a t e  o f  change i n  some s p e c i f i c  cross sec t ion ,  e ( & > ,  a t  p o i n t  

volume i n  phase space. 
o f  t h e  opera tor  H on t h e  f l u x  $, t h e  r e s u l t  be ing  a f u n c t i o n  o f  p o i n t  f 

i n  phase space. 

. 

and d L  are  t h e  p o s i t i o n  vec to r  and d i f f e r e n t i a l  volume element i n  

pe r  u n i t  

The n o t a t i o n  H[c(5) ]  $(I) denotes t h e  a p p l i c a t i o n  

Oblowl2 has demonstrated t h a t  t h e  requ i red  d e r i v a t i v e s  can be obta ined 

d i r e c t l y  us ing d i f f e r e n t i a l  ca lcu lus  w i t h  t h e  concept o f  f unc t i ona l  der iva-  

ti ves . The f o l  1 owing steps summarize t h e  procedure f o r  t h e  homogeneous 

b i l i n e a r  response r a t i o  o f  i n t e r e s t .  D i f f e r e n t i a t i n g  E q .  (1) 
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where 

(3) 

Each of  t he  d e r i v a t i v e s  above a re  func t i ona l  d e r i v a t i v e s  c h a r a c t e r i z i n g  the  
r a t e  of change of some v a r i a b l e  w i t h  respect  t o  another  p e r  u n i t  volume i n  
phase space. The sum o f  I 1  and I2  i s  c a l l e d  t h e  d i r e c t  e f f e c t ,  i .e . ,  t he  
induced change i n  response due t o  a change i n  a c ross-sec t ion  type appear- 
i n g  i n  t h e  response d e f i n i t i o n .  The cross sec t ion ,  c ( p )  - can c l e a r l y  

a f f e c t  t h e  f l uxes  a t  many p o i n t s  i n  phase space s ince  f l u x e s  a t  a l l  
energies a re  c o r r e l a t e d  through downscatter ing terms. For  a 1 inear ,  

r a t h e r  than a b i - l i n e a r ,  response func t ion ,  Eqs. (3)  and (4 )  apply  w i t h  
$*(I) s e t  t o  u n i t y .  A l l  i n t e g r a l  r e a c t i o n  ra tes  a re  assumed t o  be r e l a -  

t i v e  t o  some power l e v e l  so t h a t  they, too,  can be considered the  frame- 
work o f  response r a t e  r a t i o s  ( r e a c t i o n  r a t e / f i s s i o n ) .  

We develop an expression for [d$(E)/dc(e) - J by d i f f e r e n t i a t i n g  the  

Bo1 tzmann equat ion.  

8 

A 3 l / k  
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A l l  terms except t h e  f i s s i o n  operator ,  B[c(g)], a r e  inc luded i n  the  

A[c(h)] operator .  

D i f f e r e n t i a t i n g  E q .  (7 )  assuming h i s  a constant,  

o r  symbol i c a l  l y  

Oblow has po in ted  o u t  t h a t  s ince  $(~,p) i s  t o  be fo lded  w i t h  [ a R / a $ ( ~ ) ] ,  
then t h e  i n t e g r a l  

m igh t  b e s t  be so lved us ing  t h e  source Q(g,p) and t h e  f u n c t i o n  a d j o i n t  t o  

$(gyp). This a d j o i n t  f unc t i on ,  r*, i s  t h e  s o l u t i o n  t o :  

This equat ion i s  shown us ing t h e  d e f i n i t i o n  o f  the  a d j o i n t  ope ra to r  

and cross m u l t i p l y i n g  Eqs.(10) and (12) by r* and $ respec t i ve l y ,  i n t e g r a t -  

i n g  and s u b t r a c t i n g  leads t o  
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Note tha t  i t  is required by the def in i t ion  of R t ha t  [aR/a&)]  be 
orthogonal t o  $ ( c ) .  - From E q .  ( 12 ) :  

Equation (17)  will  be true for  l i nea r  and b i - l inear  response r a t io s  of 
the form o f  Eq: ( 1 ) .  

The solution t o  E q .  ( 12 )  i s  not unique t o  within an a rb i t r a ry  adda- 
t i v e  o f  the solut ion t o  the homogeneous equation $*. 

be added t o  the solut ion of E q .  (12) and the r e s u l t  i s  a lso a solut ion of 
E q .  ( 1 2 ) .  
( th i s  or any other  choice does not a f f ec t  the overall calculation o f  the 
functional der iva t ive) ,  

T h i s  solut ion can 

To pick a un ique  so lu t ion ,  we impose the physical constraint  

To s a t i s f y  E q .  (18), we apply an orthogonalization procedure t o  "sweep 
o u t "  any contamination introduced by numerical procedures as follows: a 

where r; represents any calculated solution t o  the generalized adjoint .  

aEquation (19) is actual ly  implemented by operating on xr* integrated 
over angle and energy space. 
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. 

I n  an analogous fashion [ t o  the derivation of Eq. (12)] ,  i t  is easy 
t o  show 

where reg) i s  obtained by solving 

and 

q*(s,!L) = - 

Hence, the indirect  e f f ec t  is comprised o f  two terms. The f i r s t  

and the second term 

For a l inear  r a t i o ,  t h i s  l a s t  equation should be zero on bo th  sides since 
( a R / a + * )  = 0. 

The f i n a l  form of the sens i t i v i ty  prof i le  i s :  
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For a l i n e a r  r a t i o ,  Eq. (25)  holds w i t h  $* s e t  t o  u n i t y  i n  t h e  f i r s t  two 
terms and w i t h  omission o f  t h e  f o u r t h  term. It should be noted here t h a t  

the leakage opera to r  ( i r - V )  i s  unaffected by changes i n  cross s e c t i o n  so 
t h a t  s e n s i t i v i t y  through 1 eakage i s  mani fested i n d i r e c t l y  through t h e  
f l u x e s  and a d j o i n t  f l u x e s .  F i n a l l y ,  f t  should be noted t h a t  t he  B o l t z -  

mann operator,  L[c(.g)], - inc ludes an i n t e g r a l  ope ra to r  component (e.g. , 
s c a t t e r i n g )  . 

Once 9, $*, r ,  and r* have been determined, s e n s i t i v i t y  f u n c t i o n s  

f o r  any and a l l  elements o f  t h e  cross s e c t i o n  data f i e l d  f o r  a g iven 

problem can be c a l c u l a t e d  from Eq. (25).  

t i o n ,  c a l l e d  t h e  s e n s i t i v i t y  p r o f i l e ,  provides a d i r e c t  measure o f  t he  
d i f f e r e n t i a l  r a t e  o f  change i n  R as a f u n c t i o n  o f  change i n  c and thus 
the  s e n s i t i v i t y  o f  R t o  C.  

Graphical  d i s p l a y  o f  t h i s  func- 

E. k-Sens i ti v i  ty  

S e n s i t i v i t y  p r o f i l e s  can be obta ined from Eq. (25)  f o r  k by consider-  

From Eq. (7 )  we see t h a t  k can 

i n g  i t  t o  be a r e a c t i o n  r a t e  r a t i o  o f  p roduc t i on  d i v i d e d  by loss (each 

m u l t i p l i e d  by some a r b i t r a r y  f u n c t i o n  g) .  
be viewed as 
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k =  

However, i n  t h i s  spec ia l  case where t h e  response of i n t e r e s t  i s  t he  eigen- 

value, i t  i s  s imp le r  t o  d e r i v e  t h e  expression f o r  t he  cross sec t i on  sen- 

s i t i v i t y  o f  k d i r e c t l y  (viewed as t h e  eigenvalue number) r a t h e r  than deduce 
i t  from the  more general Eq. (25).  This i s  done i n  Appendix A w i t h  the  

res u l  t : 

C re, re1 K 

The brackets imply i n t e g r a t i o n  over  t h e  - 5 phase space. The numerator of 
Eq. (27) [ i n c l u d i n g  t h e  -z(p)/R - termJ i s  the  same as one would o b t a i n  by 
i g n o r i n g  the  d i r e c t  e f f e c t  terms and e v a l u a t i n g  on ly  the  t h i r d  term o f  

Eq. (25)  s e t t i n g  r* equal t o  $*. I n  p o i n t  o f  f a c t ,  r* i s  n o t  the same 

as $*, b u t  t h e  d i f f e r e n c e  between t h e  t h i r d  term c o n t r i b u t i o n s  e x a c t l y  
cancels the d i r e c t  e f f e c t .  

111. S e n s i t i v i t y  Representation i n  Mul t igroup 
D isc re te  Ordinates Theory 

The mu l t i g roup  approximation t o  Eqs. (25) and (27) w i t h  s p a t i a l  f i n i t e  
16 9 1 7  

d i f f e r e n c e  i s  g iven below f o r  t h e  spec ia l  case o f  spher ica l ly -symmetr ic ,  
spher i ca l  geometry. These r e s u l t s  w i th  o n l y  s l i g h t  mod i f i ca t i ons  can be 

made t o  apply t o  t h e  o t h e r  one-dimensional con f i gu ra t i ons ,  namely s l a b  and 

i n f i n i  te-cy1 i n d e r  geometries. 
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Phase space f o r  spher i ca l  geometry can be expressed i n  t h r e e  v a r i -  

t he  rad ius,  the energy o f  t h e  p a r t i c l e  E, and the  cosine o f  the ables:  

angle o f  the p a r t i c l e  d i r e c t i o n  (p) r e l a t i v e  t o  the  rad ius  vector .  

d i f f e r e n t i a l  phase space c e l l  = 8v2r2 d r  dE dp (28) 

f i n i t e - d i f f e r e n c e  c e l l  = V I  A E  d p D  2v G 

where 

I n  t h i s  spher i ca l  geometry Eq. (7), the Boltzmann equation, has the  
s p e c i f i c  form: 

. 

$~(c,E,p) i s  the f l u x  pe r  u n i t  s o l i d  angle per  u n i t  energy. 
Bo1 tzmann equat ion takes t h e  form: 

The a d j o i n t  
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$*(L,E,P)  is the "value" of a neutron a t  position - r ,  energy E, and cosine 
p. 2~ z(r,E'+E,p'-+p) - i s  the cross section f o r  a neutron w i t h  i n i t i a l  
energy E '  and direction cosine p 1  t o  undergo a scat ter ing co l l i s ion  a t  - r ,  
result ing i n  a f ina l  energy lying i n  dE about E and a new direction which 
l i e s  i n  dp about p. The d i sc re t e  ordinates difference equation is ob- 
tained by applying the integral  operator 

t o  Eqs. (29) and (30) using the following definit ions (note tha t  small 
l e t t e r s  correspond t o  interval boundary values and capital  l e t t e r s  i iydi-  

cate interval val ues) 

A .  = 4Tr? 
-1 1 

curvature coeff ic ient  L I , d  E 4ari - p d )  

(34) 

(35) 
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2~ z(r,E'+E,p'+p) - C(r,E'+E,g'+Ci-) da 
- -I - 

a i s  the azimuthal angle. 

= the f i ss ion  spectrum. 
xg 

The resu l t s  l 7  of applying the integral  operator t o  E q .  (29) ( u s i n g  
the notation established above) i s  

T 
- B  -1,d 9 I,G,d 1 + "I IG,I ~ I , G , D  

LMAX NOG NOG 
2R+1 a 1  R + "I xG 1 I O  

= "I 1 PR('D) c 'G'+G $I,G' 47r keff ' f G '  '1,G' 
R=0 G ' = 1  G ' = 1  

Equation (37) contains the discrete-f lux variables having b o t h  cen- 
tered and end point subscripts which must be related i n  some consis tent  
fashion. 
for this purpose. 

The diamond difference technique i s  the most widely used method 

- f o r  a l l  p 9i , G , D  - + I , G , D  - bi+l , G , D  

and 

Combining Eqs. (37), (38),  and (39) resu l t s  i n  the following d iscre te  
ordinates approximation f o r  the t ransport  equation: 
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1 BI,d+l 
(BI,d+l + BI,d)  @I,G,d + 'I , G , D  

- -  
ApD AuD 

LMAX NOG 

NOG 

1 ' 'fG' '1,G' 
G ' = 1  

I 0 = ( J  
- '1 xG 

4.rr keff  

The equation adjoint  t o  E q .  (40) i s :  

1 - BI,d+l 
+ - (BI,d+l + BI,d)  ' i ,G,d ' f , G , D  

A V D  AuD 

Although derived f o r  spherical geometry, t ha t  i s ,  f o r  -1 A. = 4 ~ r f  and 
4 V I  = - m(r3 3 i+l 

difference equations f o r  one-dimensional geometries. 
the other geometries a re  obtained by merely se t t i ng  -1 A.  = 1.0 and V i  = Ari 
f o r  s lab and -1 A.  = Pari and V i  = .rr(r!+l - rp) f o r  cyiinder,  and including 
associated Legendre polynomial expansions f o r  cy1 i ndrical geometry. 

- r f ) ,  Eqs. (40) and (41) a re  general d i scre te  ordinates 

The  equations for  
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One observes by i n s p e c t i o n  o f  Eqs. (40) and (41) t h a t  t he  streaming 
terms have no e x p l i c i t  c ross-sect ion dependence and so can be disregarded 

i n  eva lua t i on  o f  Eqs. (25) and (27) .  More e x p l i c i t  d e f i n i t i o n s  o f  t h e  

a p p l i c a b l e  operators  can now be made 

LMAX NOG 

We make t h e  f o l l o w i n g  d e f i n i t i o n s :  

Z s p a t i a l  zone ( Z = l  ,NZONE); cross sec t i ons  constant  across zone, 

D quadrature angle (D=l ,NOA); assoc iated weight  WTDy 

X p a r t i c u l a r  m a t e r i a l  and c ross -sec t i on  type (X=l,NTYP) , 

dXZ atomic number dens i t y  f o r  cross s e c t i o n  X i n  zone Z, 

I s p a t i a l  - i n t e r v a l  (I=l ,INT) , IS IZONE(Z) Y 

IZONE(Z)  the s e t  o f  i n tege rs  rep resen t ing  t h e  i n t e r v a l s  be longing t o  zone Z, 

R Legendre moment (a=O , LMAX) . 
ir! o rde r  to .eva lua te  t h e  expression f o r  the s e n s i t i v i t y  p r o f i l e s .  
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A. k-Prof  i 1 es* 

1. Absorpt ion reac t i ons  [e.g. , (n,p) , (n,a), (n,y) , etc.1. Consider 

t h e  denominator o f  Eq. (27) us ing t h e  d e f i n i t i o n s  above and app ly ing  Eq. 

(43) 

NF NZONE NOG 

X. 1 

*o xz 1 dXZ '1 1 '1,G xG 
z= 1 IcIZONE(Z) G=1 

NOG 
Z 0 

z 1 3  1 'X,G' X,G' $ I y G '  
G'=1 

I n  Eq. (46), t he  ,urn i s  over  X corresponding t o  the  sum o f  a l l  f i s s i o n  
react ions F. 

Th is  then i s  t he  r e l a t i v e  s e n s i t i v i t y  o f  k w i t h  respect  t o  the  cross s e c t i o n  

of (absorpt ion)  type X i n  group G and zone Z. 

* A l l  o f  t he  fo l l ow ing  represent s t r a i g h t f o r w a r d  extensions t o  the formal ism 
de r i ved  and implemented i n  t h e  SWANLAKE18 code f o r  f i x e d  source problems; 
s u p e r s c r i p t  zero on f l u x  q u a n t i t i e s  imp l i es  an i n t e g r a t i o n  o f  the angular 

f l u x  and angle ( i .e . ,  +*' = 

N OA 

$ T Y G y D  WT ) .  I Y G  

D= 1 
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2. S c a t t e r i n g  reac t i ons  [e.g., (n,n), (n ,n ' ) ,  (n,2n), etc.] .  We 

are i n t e r e s t e d  i n  t h e  s e n s i t i v i t y  w i t h  respect  t o  t h e  a ' t h  moment o f  a 
group-to-group s c a t t e r i n g  f o r  m a t e r i a l  X i n  zone Z from group G '  t o  

group G. I n  a d d i t i o n  t o  a c o n t r i b u t i o n  s i m i l a r  t o  t h a t  o f  Eq. (47) 
( f rom t h e  z e r o ' t h  component o f  t he  e l a s t i c  s c a t t e r i n g  cross s e c t i o n )  
the re  i s  an a d d i t i o n a l  c o n t r i b u t i o n  a r i s i n g  f rom d i f f e r e n t i a t i n g  the 

s c a t t e r i n g  i n t e g r a l  term [second term o f  Eq. ( 4 2 ) l .  
f e r e n t i a t i o n  imposes d e l t a  func t i ons  on i n i t i a l  and f i n a l  group, m a t e r i a l  , 
zone o f  i n t e r e s t ,  and Legendre s c a t t e r i n g  o rde r  l ead ing  t o  the a d d i t i o n a l  

term 

The process o f  d i f -  

N ZON E LMAX NOG NOG 

G=1 G'=1 
c a 

IEIZONE(Z) R = O  
Z Y R  [- c c dXZ 

a c ~  , G 1 - t ~  x z=l  
(48) 

(49) 

The s e n s i t i v i t y  o f  k t o  t h e  a ' t h  moment o f  a p a r t i c u l a r  group-to-group 

t r a n s f e r  f o r  a s p e c i f i c  m a t e r i a l  and zone i s :  

a, 
I n  the  case where t h e  f u n c t i o n a l  dependence o f  a l l  t r a n s f e r s  i s  t h e  same 

(e.g., t h e  dependence on the e l a s t i c  s c a t t e r i n g  cross s e c t i o n  being 

through the  magnitude of the cross s e c t i o n  r a t h e r  than through t h e  
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p r o b a b i l i t y  o f  t r a n s f e r s  t o  var ious energy groups), t h e  r a t e  of change w i t h  
respect  t o  the s c a t t e r i n g  cross s e c t i o n  i s  obta ined by summing E q .  (50) 

over  a l l  outgoing groups G and o rde r  types R .  

cross s e c t i o n  1:: o f  type x i n  zone z f o r  group GI i s  
The r e s u l t  f o r  s c a t t e r i n g  

X be 

t i o n  

3. F i s s i o n  reac t i ons .  This case 

ng the  f i s s i o n  cross sec t i on .  The 
from the  f i s s i o n  i n t e g r a l  term [Eq 

I EIZONE (Z) 

s s i m i l a r  t o  t h a t  f o r  Eq. (47) w i t h  
main d i f f e r e n c e  i s  t he  con t r i bu -  

(43)  1 
NOA 

'I,G,D 'i,G,D WTD 
D= 1 

r NOG 

'I [ ';,G 'E,G '!,G 1 '*!,GI 
1 

- E dXZ 
IEIZONE(Z) G 1 = l  

Jl 

4. v - S e n s i t i v i t y .  This case i s  i d e n t i c a l  t o  E q .  (52)  except t h a t  

v i s  n o t  p a r t  o f  t he  t o t a l  cross s e c t i o n  so  t h a t  t he  removal term [ f i r s t  
term of E q .  (52)J i s  n o t  present  

7 
dk/ k 

7 
d v ~ , ~  /v" F,G 

f V T  tv; 
1 

k2 I 

- dXZ 

r NOG I 

L I I z  li,G "F,G z '1,G 0 1 x":'J 
I~IZONE(Z) G 1 = l  

I 

(53)  
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Here F r e f e r s  t o  t h e  p a r t i c u l a r  f i s s i l e  m a t e r i a l  and t o  the f i s s i o n  reac- 
t i o n .  

t a k i n g  p lace  w i t h  a g iven f i s s i o n  r e a c t i o n  type F; c l e a r l y  t h e  V- 

s e n s i t i v i t i e s  sum t o  u n i t y .  

The v - s e n s i t i v i e s  f o r  k correspond t o  the  f r a c t i o n  o f  f i s s i o n s  

B. Centra l  React ion Rate Ra t io  P r o f i l e s  

These c a l c u l a t i o n s  are s i m i l a r  t o  those descr ibed i n  the  previous 

sec t i ons  w i th  t h e  no tab le  except ions t h a t  c o n t r i b u t i o n s  from the  d i r e c t  

e f f e c t  components [Eqs .  (3) and ( 4 ) J  must be i nc luded  (when a p p l i c a b l e )  

and t h a t  t h e  genera l ized f u n c t i o n s  ( r* , r )  must be used i n  the  e v a l u a t i o n  

o f  t he  i n d i r e c t  e f f e c t s  [ t h i r d  and f o u r t h  term o f  Eq. (25)J. I t  should 
be noted t h a t  a l l  r e a c t i o n  r a t e  r a t i o s  analyzed i n  accordance w i t h  CSEWG 

c r i t i c a l  measurements r e f e r  s p e c i f i c a l l y  t o  t h e  c e n t r a l  i n t e r v a l  alone. 

Such’a c e n t r a l  r e a c t i o n  r a t e  r a t i o  has t h e  f o l l o w i n g  form: 
NOG 

c o  
d l C  1 ‘1 ,G ‘C,G 

G= 1 
= NOG 

d2C ‘;,G +:,G 
G l l  

(54) 

The s u p e r s c r i p t  and s u b s c r i p t  C r e f e r s  -3 t h e  c e n t r a l  i n t e r v a l  (whic,, i s  
t h e  same as t h e  c e n t r a l  zone f o r  purposes o f  t h i s  ana lys i s ) .  
ca l  subsc r ip t s  r e f e r  t o  cross sec t i ons  o f  type 1 and 2, r e s p e c t i v e l y .  

The numeri- 

The subsc r ip t s  G and C r e f e r  t o  t h e  i n t e g r a t e d  angular  f l u x  ove r  energy 
group G and volume C; t h e  s c a l a r  f l u x e s  a re  obta ined by i n t e g r a t i n g  

NOA 

D= 1 
WT ) .  For  a response o f  t h e  angular f l i r x  tapes (i,.e,., +C,G 0 = 1 +C,G,D 

form o f  Eq. (54) , (aR/a+*) = 0 so t h a t  t h e  c o n t r i b u t i o n  I 4  [see Eq. (6)] 
vanishes. The ~ ‘ t h  moment o f  the source f o r  t he  genera l ized a d j o i n t  

equat ion [Eq. (12)] i s :  

S 2 f G  = aR 
R 

a4C,G 

= R  [ C 
5, 
- I ,b 

NOG 

C 
‘ 2 , G  

NOG 
c o  

‘:,G o:,G 1 ‘2,G ‘ C , G  
G= 1 

(55 )  

G= 1 
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Note there would be a sum over intervals  (zones) i f  the reaction rate  were 
dis t r ibuted i n space. 

Sensi t ivi ty  prof i les  for  cross sections appearing expl ic i t ly  in the 
definit ion [Eq. (54)J can include d i rec t  e f f ec t  terms ( I1  and 12)  as well 
as indirect  e f fec ts  ( I 3 ) .  These d i rec t  contributions are  

di rect  

c o  c o  
'2,G 'C,G 6X,2 U - - 1 , G  'C,G & X , 1  

NOG NOG 
0 C 0 

':,GI 'C,G' 1 '2,G' 'C ,G '  
G ' = 1  G'=1 

where the delta function, 6 ensures t h a t  the cross section with index X,n  ' 
X occurs d i rec t ly  i n  the numerator ( n = 1 )  o r  in the denominator ( n = 2 )  t o  
produce a non-zero contribution. 

Reaction r a t e  ra t ios  studied t o  date include only the f iss ion and 
capture reactions. 
E q .  (54) we present below the exp l i c i t  expressions fo r  cross-section 
s ens i t i  v i  ty prof i 1 es . 

For the central reaction r a t e  ra t ios  of the form i n  

1 .  Absorption reactions [e.g. ,  ( n , p ) ,  ( n , a )  , (n,y) , e t c . 1  

dR/ R 
d tZ/ gZ = [  

Z 0 
1 , G  'C,G & X , 1  0 

NOG 1 z o  
'2,G $ C , G  'X,2 

NOG 
C 0 C O J  

' 1 , G '  'C,G' u2 ,G1  'C,G' 

zc 

G'=1 G ' = 1  

NOA 

(57)  
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2. S c a t t e r i n g  reac t i ons  [e.g. , (n,n), (n ,n ' ) ,  (n,2n), etc.1.  Assum- 

i n g  no d i r e c t  e f f e c t  component (response r a t i o s  o f  capture and f i s s i o n  

cross sec t i ons ) ,  t he  s e n s i t . i v i t y  p r o f i l e  i s :  

NOG LMAX - 

As i n  Eq. (51), t h i s  assumes t h a t  s c a t t e r i n g  reac t i ons  a re  a f f e c t e d  through 

the  s c a t t e r i n g  cross sec t i on ,  w i t h  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  sca t -  
t e r i n g  t o  t h e  var ious f i n a l  groups unaffected. 

3. F i s s i o n  reac t i ons .  

c o  
1 ,G# 'C,G 'F,l 

0 

G'=1 G'=1 
1,G' +C,G' U 

c o  1 'FC 
'2,G $C,G 'F,2 

NOG 

NOA 

1 'I 1 'I,G,D r i ,G,D WTD " 

1 
- { dXZ 'F,G 

IEIZONE(Z) D = l  

NOG 
1 z z  
T; dXZ 

I E I ZONE ( Z)  

4. v- Sens i ti v i  ty  . 

(59)  
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C. To ta l  P r o f i l e s  

The concept o f  " t o t a l  p r o f i l e "  f o r  a g iven n u c l i d e  i s  here de f i ned  

as t h e  sum o f  the  s e n s i t i v i t y  c o e f f i c i e n t s  f o r  a l l  r eac t i ons  i n  a p a r t i c -  

u l a r  energy group w i t h  t h e  n u c l i d e  of i n t e r e s t  i n  every zone i n  which i t  

appears. 

r a t e  of change i n  a r e s u l t  w i t h  respect  t o  t h e  atom dens i t y  o f  t h a t  nuc l i de .  
The energy i n t e g r a t e d  t o t a l  p r o f i l e  i s  t h e  equ iva len t  o f  t h e  

I Y .  k-Reset 

The previous sect ions descr ibed c a l c u l a t i o n  o f  s e n s i t i v i t y  c o e f f i -  
c i e n t s  w i t h o u t  regard t o  system c o n s t r a i n t s .  

f a c i l i t i e s ,  where c r i t i c a l i t y  w i l l  be achieved i n  predetermined fashion 

(e. g. , through c o n t r o l  r o d  movement , change o f  enrichment e t c .  ) sensi  ti v- 

i t y  p r o f i l e s  must be c a l c u l a t e d  recogniz ing t h a t  t he  phys ica l  system w i l l  
indeed be fo rced  t o  become c r i t i c a l .  

d e r i v a t i v e s  f o r  a r b i t r a r y  response f u n c t i o n  must i n c l u d e  compensating 

terms which ensure c r i t i c a l i t y .  

s e c t i o n  a l t e r a t i o n  ( r e s e t )  i n  a f i x e d  cross s e c t i o n  cc which would a c t  t o  

cons t ra in  k i n  eva lua t i on  of d e r i v a t i v e s  o f  o t h e r  response func t i ons  ' w i t h  

For the  design o f  new 

Under these condi t ions,  l o c a l  

For example, one may e n v i s i o n  a - c r o s s -  

respect  t o  o t h e r  cross sect ions ex. 

However, compensation as regards Eq. (61 ) in t roduces the a d d i t i o n a l  term 
G- G [ (dk/k) / (dcC/cC)]  so t h a t  t he  f i n a l  expression f o r  t he  s e n s i t i v i t y  p r o f i l e  

i s :  

( dR/R G G )  = ( d!'RG) 

i n c l  udi  ng w i t h o u t  
dcX/cX dcX/cX 

r e s e t  r e s e t  
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Equation (62) i s  most app rop r ia te  i n  design s i t u a t i o n s  w i t h  de te r -  

mined procedures t o  achieve c r i t i c a l i t y .  For  a s - b u i l t  s i t u a t i o n s  (e.g. , 
i n t e g r a l  measurements a l ready performed, e.g. , ZPR-6/7) , w i t h  f i x e d  

dimensions, concentrat ions,  e t c .  , t h e  use o f  one s i n g l e  degree o f  freedom 

(dcC/cC) i s  no l onger  appropr ia te.  

us ing procedures which a l l o w  the  compensation t o  be made by employing a 

v a r i a t i o n  o f  a l l  system parameters which a re  n o t  known p r e c i s e l y .  A 
complete a n a l y s i s  would consider  a l l  p o s s i b l e  combinations , weighted 

according t o  app rop r ia te  p r o b a b i l i t y  d i s t r i b u t i o n s .  

under a c t i v e  development. 

experiments , no k - rese t  mechanism has been implemented. 

Constrained d e r i v a t i v e s  may be formulated 

This work i s  s t i l l  

As o f  today, i n  o u r  ana lys i s  o f  i n t e g r a l  

Y. S p e c i f i c  Examples o f  S e n s i t i v i t y  Analys is  

One-dimensional analyses a re  presented below f o r  ZPR-6/6AY ZPR-6/7, 

and GODIVA.  

environments w h i l e  the l a t t e r  has been used e x t e n s i v e l y  t o  v e r i f y  h i g h  

energy cross s e c t i o n  data f o r  t h e  uranium isotopes.  (We a l s o  have com- 
p l e t e d  s i m i l a r  analyses f o r  ZPR-3/56B and ZPR-3/11; these a r e  presented 

i n  a compansion document.lg) 
ZPR-6/7 and ZPR-6/6A have been generated independent ly a t  ANL; conf idence 

i n  bo th  the  ORNL and ANL r e s u l t s  has grown o u t  o f  the successful  comparison. 

The f i r s t  two assemblies a re  c h a r a c t e r i s t i c  of LMFBR s p e c t r a l  

Broad-group s e n s i t i v i t y  c o e f f i c i e n t s  f o r  

A. Assembly Desc r ip t i on  

A l l  assemblies a r e  descr ibed i n  d e t a i l  i n  ENDF-202, t h e  CSEWG Bench- 

mark S p e c i f i c a t i o n s  Book.20 

ZPR-6/6A i s  a l a r g e  (4000 l i t e r ) ,  uranium ox ide f u e l e d  f a s t  c r i t i c a l  

assembly b lanketed a x i a l l y  and r a d i a l l y  w i t h  depleted uranium. 

dimensional spher i ca l  homogeneous model used f o r  t h e  ana lys i s  (separate 

heterogenei ty  and two-dimensional c o r r e c t i o n s  supp l i ed )  has a core rad ius  

o f  95.7 cm and a b lanke t  th ickness o f  33.8 cm. 

l i t e r ) ,  p lu ton ium ox ide  fue led,  f a s t  c r i t i c a l  assembly composed o f  s t a i n -  

l ess  s t e e l  drawers o f  f u e l  and d i l u e n t .  I t  has a u n i t  c e l l  i d e n t i c a l  

The one- 

ZPR-6/7 i s  a l a r g e  (3100 



23 

t o  ZPR-6/6A 

i s  t h e  f u e l  

240Pu. The 

except t h a t  Pu/U/Mo (28 w/o Pu, 69.5 w/o U, and 2.5 w/o Mo) 
r a t h e r  than enr iched uranium. The p lu ton ium i s  11.5 w/o 

one-dimensional spher i ca l  homogeneous model used f o r  the  

ana lys i s  has a core rad ius  and b lanke t  th ickness  o f  88.2 and 33.8 cm, 

respec t i ve l y .  GODIVA, a bare sphere o f  enr iched uranium metal ,  has a 

core rad ius  o f  8.74 cm and atomic dens i t i es  o f  .045/.002498/.000392 

atoms/barn-cm f o r  235U/238U/234U,  respec t i ve l y .  

o f  t h e  ZPR-6/6A and ZPR-6/7 assemblies a re  g iven i n  Appendix B. 
The nuc l  i d e  concentrat ions 

B. Tabu la t ion  o f  I n t e g r a l  S e n s i t i v i t i e s  

Tables I, 11, and I11 l i s t  t h e  s e n s i t i v i t i e s  o f  performance parameters 

f o r  ZPR-6/6AY ZPR-6/7, and GODIVA t o  var ious impor tan t  r e a c t i o n  types. 

The s e n s i t i v i t i e s  tabu la ted  correspond t o  a un i fo rm one percent  change i n  

cross sec t i on  over  a l l  energy. (Energy dependent s e n s i t i v i t y  curves a r e  

g iven i n  l a t e r  sec t ions . )  A lso l i s t e d  a re  ou r  ca l cu la ted  r e s u l t s  f o r  

these s p e c i f i c  performance parameters and the  r a t i o  o f  c a l c u l a t i o n /  

experiment t o  i n d i c a t e  the type of agreement c u r r e n t l y  obtained.21 

C. Ca lcu la t i ona l  Procedure 

The FORSS s e n s i t i v i t y  code system, descr ibed here, i s  a modular system 

o f  p rog ram developed t o  s o l v e  t h e  equat ions presented i n  t h e  prev ious 
s e c t i o n  and thereby address d i r e c t l y  quest ions o f  da ta- re la ted  design un- 
c e r t a i n t i e s  and performance conf idence 1 i m i  t s .  System d e s c r i p t i o n  i s  

bes t  made w i t h  respec t  t o  t h e  ( s i m p l i f i e d )  diagram shown i n  F i g .  1. 
Pseudo composition-independent cross s e c t i o n  data a re  prepared us ing MINX22 
f o r  neutrons, AMPX23 modules SMUG and LAPHNGAS f o r  gamma-ray produc t ion  and 

i n t e r a c t i o n ,  and PUFF24 f o r  covar iance matr ices.  Composition-dependent 

coupled cross sec t ions  are  prepared us ing  SPHINX25 and ANISN.26 Calcu: 

l a t i o n s  o f  bo th  r e g u l a r  and genera l i zed  forward and a d j o i n t  f l uxes  can 

be made* us ing e i t h e r  ANISN,  DOT,27 o r  VENTURE.28 The purpose o f  t h e  

JULIET module i s  t o  c a l c u l a t e  genera l i zed  sources requ i red  f o r  t h e  

*To date, on l y  ANISN has been used ex tens ive ly .  



24 

Table I 
Re la t i ve  S e n s i t i v i t y  o f  ZPR-6/6A Performance P,arameters t o  

Various Cross Sec t ion  Reaction Types 
~~~ ~~ ~ 

k >8c/25f (Cenbral ) 
Cal cu l  atedb Ca lcu la ted  

0.9999 0.1388 

2 8 f / 2 5 f  (CentLal)  
Ca lcu la ted  

0.0221 2 
Ca 1 cu l  a t  i on/ Exper i  men t Cal c u l  a t ion /Exper i  ment 

0.9999 1.007 0.917 
Cal cu l  at ion/Experiment 

Reaction 

235U(V) : 

235U( n , f )  : 

238U( n ,y) : 

238U(V) : 

235U(n,y): 

38U( n , f ) : 
O( n .n) : 

Fe(n,n): 
Na(n,n): 

Fe(n,v): 
23'3U( n ,n I ) : 

Fe( n , n o )  : 

Na ( n , n ' ) : 
Na(n,v): 

Re la t i ve  
Sens i t i  v i  ty 

t o .  881 

+O. 537 

-0.265 

to.119 

-0.100 

t0.075 

t0.034 

t o .  029 
+O. 027 

-0.019 

-0.01 7 

-0.014 

-0.004 
-0.003 

Reaction 

235U( n , f ) : 
238~(n ,y ) :  

O(n,n): 

2 3 8 ~ (  n , n ' ) : 
Fe( n ,n ' ) : 

235U(n,y): 

Na( n ,n I ) : 
Fe(n,n): 

23Q(  n , f ) : 
235U(Y) : 

Fe( n ,Y 1 : 

Re la t i ve  
Sensi t i v i  ty 

-1.033 

t o .  966 

+O .041 

t o .  035 

t0.014 

-0. ooa 
t o .  ooa 
t o .  004 
t o .  002 

-0.002 

-0.001 

Reaction 

2381)( n , f )  : 

235U( n , f )  : 

23W(  n ,y) : 

23811 (n ,n ' ) : 
Fe (n ,n I ) : 

O(n,n): 
2351) (n ,y ) : 
Na( n ,no ) : 

Na(n ,n) : 

Fe( n ,n) : 

Fe (n  ,Y 1 : 
235U(Y): 

238U(V) : 

Na (n  ,Y 1 : 

Re la t i ve  
Sens i t i  v i  ty 

t o .  964 

-0.629 

t o .  294 

-0.279 

-0.226 

-0.141 
t0.114 

-0.082 
-0.069 

-0.056 

t o .  021 

t0.012 

-0.008 
t0.003 

Calculated and C/E  values l i s t e d  f o r  heterogeneous system ( c a l c u l a t i o n s  i nc lude  ap- 
p r o p r i a t e  co r rec t i ons )  ;20 responses repor ted  are microscopic (atom dens i t i es  d i v i d e d  
ou t ) ;  s e n s i t i v i t y  p r o f i l e s  based on homogeneous model. 
do no t  i nc lude  recent  methods improvement i n  per fo rming  unresolved quadrature. 

bTransport theory, 126 groups. 
'This i s  percent change i n  response pe r  percent change i n  cross sec t i on  un i fo rmly  

a 

Mul t ig roup cross sec t ions  

over  a l l  energy. 



25 

'b 

Table I1 
Re la t i ve  S e n s i t i v i t y  o f  ZPR-6/7 Performance Paxameters t o  

Various Cross Sec t ion  Reaction Types 

2 8 ~ / 4 9 f  (Centgal ) 2 8 f / 4 9 f  (CentKal) 
Cal cu la ted  Ca lcu la ted  

0.1502 0.02246 

k b  Ca lcu la ted  
0.9885 

Cal cu la t i on /Exper imn t  Cal cu l  a t  ion/Experiment 
0.9885 1.073 0.961 

Cal cu l  a t i  on/Experi ment 

Reaction 

239Pu(U) : 
239Pu( n , f ) : 

2 38U (n , y ) : 
238U(U) : 

238U( n , f )  : 

239Pu( n ,y) : 

238U (n  ,n I ) : 
Fe(n,n ' ) :  

24OPu (Y)  : 
Fe(n,y) : 
Fe (n ,n) : 

240Pu(n,f):  

241Pu( n ,f) : 

Na (n ,n ' ) : 
O(n,n): 

24OPu( n ,y) : 

Na(n ,n) : 

235U( n ,f) : 
239Pu(n,n' ) : 

Na(n ,Y : 
235U(n ,y ) : 

241PU(V) : 

Re la t i ve  
S e n s i t i v i t y  

t0.818 

t o .  591 

-0.239 

t0.126 

t0.079 
-0.067 

-0.042 

-0.024 

t o .  023 

-0.020 

to.019 

t0.018 

t0.016 

t0.013 

-0.010 

-0.009 

-0.009 

t o .  009 

t o .  009 
-0.004 

-0.003 
-0.001 

Reaction 

23% (n , f ) : 
238U(n,y): 

O(n,n): 
235U (n ,n ) : 

Na(n,n): 
Fe(n,n I ) :  

Fe (n , n ) : 
239Pu(n,y) : 

Na (n ,n I ) : 

Fe(n,y) : 
238U (n ,f) : 

238U(U) : 

239Pu(U) : 

240Pu(n,y): 

241Pu (n , f )  : 

Re la t i ve  
Sens i ti v i  ty 

-1.073 

+O .896 

to.109 
t o .  068 

t o .  028 

t0.025 

t0.024 
-0.020 

t0.016 

-0.007 

t o .  005 
t o .  0034 

-0.0033 

-0.003 
-0.002 

Reaction 

23*U(n,f): 

239Pu (n , f )  : 

238U(n,y): 
238U (n ,n ' ) : 

Fe (n  , n ' ) : 
O(n,n): 

239Pu(n,y): 

Na (n ,n I ) : 
Na(n,n): 

Fe (n  ,n ) : 

Fe (n  ,y 1 : 
241Pu(n,f) :  

Na(n,y): 
240Pu(n ,f) : 

Re la t i ve  
Sens i ti v i  ty 

+O. 960 

-0.761 

t0.271 
-0.248 

-0.199 
-0.089 

t o .  079 

-0.075 

-0.048 

-0.044 

+O. 024 

t0.005 

t o .  003 

t0.003 

aCalculated and C/E values l i s t e d  f o r  heterogeneous system (ca l cu la t i ons  i nc lude  ap- 
p r o p r i a t e  co r rec t i ons )  ;20 responses repo r ted  a re  microscopic (atom dens i t i es  d i v ided  
ou t ) ;  s e n s i t i v i t y  p r o f i l e s  based on homogeneous model. 
do n o t  inc lude recent methods improvement i n  performing unresolved quadrature. 

bTransport theory, 126 groups. 

'This i s  percent change i n  response per  percent change i n  cross sec t i on  un i fo rm ly  

Mul t ig roup cross sec t ions  

over  a l l  energy. 
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Table I11 
Re1 a t i  ve Sensi t ivi ty  of GODIVA Performance Pagameters t o  

Various Cross Section Reaction Types 

Cal cul k b  ated 
1.0033 

Cal cul a t  i on/ Experi men t 
1.0033 

React i on 

235U(Y) : 
235U ( n  , f ) : 
235U(n,y) :  

238u (Y)  : 
238U(n,f): 

234U(Y) : 

234U(n,f): 
238u(  n ,y ) : 

Relative 
Sens i t i  v i  ty  

+ O .  982 
to. 659 
-0.037 
+O. 0098 
to. 007 
to. 0083 
+O. 006 
-0.001 

acalculated and C / E  values l i s t e d  f o r  heterogeneous system 
(calculations include appropriate corrections) ; 2 0  sensi- 
t i v i t y  prof i les  based on homogeneous model. 
cross sections do not include recent methods improvement 
i n  performing unresolved quadrature. 

Multigroup 

bTransport theory , 126 groups 
‘This is percent change i n  response t o  percent change i n  

cross section uniformly over a l l  energy. 
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c a l c u l a t i o n  o f  t h e  genera l ized a d j o i n t  f unc t i ons ,  responses o f  i n t e r e s t ,  and 
s e n s i t i v i t y  p r o f i l e s .  These t h r e e  func t i ons  a r e  c u r r e n t l y  be ing combined 

i n t o  a s i n g l e  code designated SOURCE. 
one-dimensional problems a re  c a l c u l a t e d  us ing SWANLAKEl8 and p r o f i l e s  f o r  
two-dimensional cases w i th  a code c a l l e d  V I P . 2 9  The FIREBIRD24 module 
determines the  u n c e r t a i n t i e s  i n  t h e  r e a c t o r  parameters o f  i n t e r e s t  based 

on t h e  evaluated e r r o r  f i l e s  f o r  a l l  nuc l ides present  i n  the  c a l c u l a t i o n a l  

model. 

s p e c i f i c  components i n c l u d i n g  ef fects  o f  u n c e r t a i n t i e s  i n  d i f f e r e n t  energy 
ranges as w e l l  as t h e  var ious c o r r e l a t i o n s  between m a t e r i a l s  and reac t i ons .  

The INTEXP program30 i s  used t o  determine t h e  impact on the  m u l t i g r o u p  

covar iance m a t r i  ces and design unce r ta i  n t i  es when t h e  i n f o r m a t i  on f rom 

r e l a t e d  i n t e g r a l  measurements i s  inc luded.  

determines the  accuracy requirements f o r  t h e  e n t i r e  data f i e l d  necessary t o  

meet a s e r i e s  o f  performance parameter c o n s t r a i n t s  a t  minimum o v e r a l l  

" cos t "  i f  r e l a t i v e  c o s t  f unc t i ons  a r e  provided. 

Cur ren t l y ,  s e n s i t i v i t y  p r o f i l e s  f o r  

The D I S E C T l  program permi ts  t h e  ana lys i s  o f  t he  var iance i n t o  

F i n a l l y ,  t h e  NTCRACKR module31 

1. Generation o f  mul t i g roup  cross sec t i ons .  The cross s e c t i o n  
l i b r a r y  employed i n  these c a l c u l a t i o n s  was t h e  126-group M I N X  l i b r a r y 2 1  
developed a t  ORNL under the  j o i n t  sponsorship o f  the ERDA D i v i s i o n s  

DRDD and DMFE. This neutron l i b r a r y  i s  p a r t  o f  a more general p r o j e c t  
which l e d  t o  the  development o f  126/36 pseudo-composition independent 
f i n e  group as w e l l  as composit ion dependent f i n e  and broad group 

LMFBR neutron-gamma coupled l i b r a r i e s .  The d e t a i l e d  s p e c i f i c a t i o n s  
have a l ready been documented.32 The group s t r u c t u r e  cons is t s  of 125 f a s t  
groups and one thermal group; t h e  p rec i se  energy boundary s e l e c t i o n  was 
guided by s e n s i t i v i t y  cons iderat ions and c o m p a t i b i l i t y  w i t h  p r e v i o u s l y  

e x i s t i n g  se ts .  

The l i s t  o f  m a t e r i a l s  contained i n  t h e  l i b r a r y  i s  g iven i n  Table V; t h e  

we igh t i ng  f u n c t i o n  employed i s  descr ibed i n  Table V I .  

processing parameters i n c l u d e  t h e  Legendre o r d e r  (P3) and the  e r r o r  

to lerances ( recons t ruc t i on  0.005, l i n e a r i z a t i o n  0.01 , t h i n n i n g  0.005, and 

i n t e g r a t i o n  0.001 ) .  Group constants,  de r i ved  f r o m  ENDF/B-IV, were gener- 
a ted  i n  t h e  AMPX i n t e r f a c e 2 3  and CCCC i n t e r f a c e  formats33 us ing a vers ion 

of  MINX m o d i f i e d  by ORNL t o  a l l o w  t h i s  dual ou tpu t  c a p a b i l i t y .  

This l i s t  o f  energy bounds i s  presented i n  Table I V .  

Other r e l e v a n t  

The AMPX 
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Table I V  
126 Neutron Energy Group S t ruc tu re  Compared t o  Other 

Proposed and Used Group St ruc tures  

Upper Energy 126 Group CS EW G 
(ev) Lethargy S t r u c t u r e  Standarda loonb 51nC 

.17333E+08 . 1 22 14E+08 

.10000E+08 

.8187 3E+O 7 

.67032E+07 

.60653E+07 

.54881 E+07 

.44933E+07 

.36788E+07 

.31664E+07 

.30119E+07 

.28650E+07 

.27253E+07 

.25924E+07 

.24660E+07 

.23852E+07 

.23653E+07 

.23069E+07 

.22313E+07 

.21225E+07 

.20190E+07 

.19205E+07 . 1 8,?68E+O 7 

.17377E+07 

.16530E+07 

.15724E+07 

.14957E+07 

.14227E+07 

.13534E+07 

.12873Et07 

.12246E+07 

.11648E+07 

.11080E+07 

.10026E+07 

.96164E+06 

.90718E+06 

.86294E+06 

.82085E+06 

.78082E+06 

.74274E+06 

- !X03O.E+-00 
-.20000E+00 
0. 

.20000E+00 

.40000E+00 

.50000E+00 

.60000E+00 

.80000E+00 

.10000E+01 

. 11 500E+01 

.12000E+01 

.12500E+01 

.13000E+01 

.13500E+01 

.14000E+01 

.14333E+01 
,1441 7E+01 
.14667E+01 
.15000E+01 
.15500E+01 
.16000E+01 
.16500E+01 . 1 7000E+01 
.17500E+01 
.18000E+01 
.18500E+01 . 1 9000E+O 1 
.19500E+Ol 
.20000E+01 
.20500E+01 
.21000E+01 
.21500E+01 
.22000E+01 
.23000E+01 
,2341 7E+01 
.24000E+01 
.24500E+01 
.25000E+01 
.25500E+01 
.26000E+01 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

7 
21 
29 
37 
45 
51 
54 
60 
64 
68 
70 
71 
72 
73 
74 
76 
77 
79 
81 
82 
83 
85 
87 
88 
89 
91 
93 
94 
95 
96 
97 
99 

100 
102 
104 
106 
107 
108 
109 
110 

3 
5 
7 
9 

10 
11 
13 
15 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 
28 

29 

30 

31 

2 
3 
4 
5 

6 
7 
8 

9 

10 

11 

12 

13 

14 

15 

16 
- 

a239 Group CSEWG Standard. 

b l O O  Group GAM S t ruc tu re .  

‘51 Group Previous ORNL L i b r a r y .  
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Table I V  (Cont 'd . )  
~ -~ 

Upper Energy 126 Group CSEWG 
(ev) Lethargy S t ruc tu re  Standarda loonb 51nC 

.70651 E+06 

.67206E+06 

.63928E+06 

.6081 OE+06 

.57844E+06 

.55023E+06 

.52340E+06 

.49787E+06 

.45049E+06 

.40762E+06 

.36883E+06 

.33373E+06 

.30197E+06 

.29850E+06 

.29720E+06 

.29452E+06 

.28725E+06 

.27324E+06 

.24724E+06 

.22371 E+06 

.21280E+06 

.20242E+06 

.19255E+06 

.18316E+06 

.17422E+06 

.16573E+06 

.15764E+06 
49 9 6 E+06 
4264E+06 
3569E+06 
2907E+06 
2277E+06 
1679E+06 
1109E+06 

.98037E+05 

.86517E+05 

.82500E+05 

.79 500 E+O 5 

.72000E+05 

.67379E+05 

.56562E+05 

.52475E+05 

.46309E+05 

.40868E+05 

.34307E+05 

.31828E+05 

.28500E+05 

.26500E+01 

.27000E+01 

.27500E+01 

.28000E+01 

.28500E+01 

.29000E+01 

.29500E+01 

.30000E+01 

.31000E+01 

.32000E+01 

.33000E+01 

.34000E+01 

.35000E+01 
,351 16E+01 
.35159E+01 
.35250E+01 
.35500E+01 
.36000E+01 
.37000E+01 
.38000E+01 
.38500E+01 
.39000E+01 
.39500E+01 
.40000E+01 
.40500E+01 
.41000E+01 
.41500E+01 
.42000E+01 
.42500E+01 
.43000E+01 
.43500E+01 
.44000E+01 
.44500E+01 
.45000E+01 
.46250E+01 
.47500E+01 
.47975E+01 
.48346E+01 
.49337E+01 
.50000 E+O 1 
.51750E+01 
.52500E+01 
.53750E+01 
.55000E+01 
.56750E+01 
.57500E+01 
.58604E+01 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 

111 
112 32 
113 
114 33 
115 . 

116 34 
118 
120 35 
122 36 
124 37 
126 38 
128 39 
131 40 

132 
133 
135 41 
137 42 
139 43 
1 40 
141 44 
142 
143 45 
144 
146 46 
148 
149 47 
150 
151 48 
152 
153 49 
154 
155 , 50 
156 
157 51 

159 52 
162 
163 53 
164 
165 54 
168 
169 55 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 
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Table I V  (Cont 'd.)  
~ 

Upper Energy 126 Group CSEWG 
(ev) L e t  h a rgy S t r u c t u r e  Standarda lOOn 51nC 

.27000E+05 

.26058E+05 

.24788E+05 

.23579E+05 

.21875E+05 
,19305Et05 
.15034E+05 
.11709E+05 
.9 1 1 88E+04 
.71017E+04 
.55308E+04 
.43074E+04 
.37074E+04 
.33546E+04 
.30354E+04 
.27465E+04 
.26126E+04 
.24852E+04 
.22487E+04 
.20347E+04 
.15846E+04 
.12341 E+04 
.96112E+03 
.74852E+03 
.45400E+03 
.27536E+03 
.21445E+03 
.16701 E+03 
,101 30E+03 
.61442E+02 
,47851 E+02 ,. 37267E+02 
.22603E+02 
.10677E+02 
.50435E+01 
.23824E+01 
.11254E+01 
.41399E+00 
.10000E-00 

.59145E+01 

.59500E+01 

.60000E+01 

.60500E+01 

.61250E+01 

.62500E+01 

.65000E+01 

.67500E+01 

.70000E+01 

.72500E+01 

.75000E+01 

.77500E+01 

.79000E+01 

.80000E+01 

.81000E+01 

.82000E+01 

.82500E+01 

.83000E+01 

.84000 E+O 1 

.85000E+01 

.87500E+01 

.90000E+01 

.92500E+01 

.95000E+01 

.10000E+02 

.10500E+02 

.10750E+02 

.11000E+02 

.11500E+02 

.12000E+02 

.12250E+02 

.12500E+02 

.13000E+02 

.13750E+02 

.14500E+02 

.15250E+02 

.16000E+02 

.17000E+02 

88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
12.2 
123 
124 
125 
126 

171 
172 
174 
175 
177 
179 
181 
183 
185 
187 
190 
192 
193 
194 
196 
197 
198 
199 
200 
203 
206 
20 7 
208 
210 
21 2 
21 3 
21 4 
21 6 
21 8 
21 9 
220 
222 
225 
228 
231 
2 34 

56 

57 
58 
59 
60 
61 
62 
63 

64 

65 

66 
67 
68 
69 
70 
72 
74 
75 
76 
78 
80 
81 
82 
84 
87 
90 
93 
96 

100 

30 

31 
32 

33 

34 

35 

36 

37 
38 
39 
40 

41 

42 

43 

44 

45 
46 
47 
48 
49 
50 
51 
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Table V 
Ma te r ia l s  Processed i n t o  Mu1 t i g r o u p  Form f o r  t h e  LMFBR Neutron-Gamma 

Pseudo Composition Independent L i b r a r y  

(Pe r t i nen t  data t o  be generated a t  300, 900, and 2100'K) 

Ma te r ia l  MATa Values o f  uo M a t e r i a l  MATa Values o f  oo 

*H- 1 
*H-2 
H- 3 
He-4 

*L i -6  
*L i  -7  
*Be - 9 
*B-10 
*B-11 
*c- 1 2 
*N-14 
*O-16 

F 
*Na-23 

*S i 
P 
S 

*K 
* Ca 

T i  
V 

* C r  
*Mn-55 
*Fe 

*N i 

*MCj 
*A1 -27 

CO-59 

CU-63 
CU-65 

269 
120 
169 
2 70 
271 
272 
289 
2 73 
160 
2 74 
2 75 
276 

1277 
1156 
1280 
1193 
1 1 94b 

7020 
1150 
1195 
1286 
1196 
1191 
1197 
1192 
1199 

1 085c 
1086 

701 9b 

11 goc 

l o 3  t o  1 by decades 
103 t o  1 
103 t o  1 
103 t o  1 
103 t o  1 
103 t o  0.1 

103 t o  0.1 
03 t o  0.1 
03 t o  0.1 
0 3  t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 
03 t o  0.1 

105 t o  1 
103 t o  0.1 
103 t o  0.1 
103 t o  0.1 
103 t o  0.1 
103 t o  0.1 

cu 
Z r  
Nb-93 
*Mo 
Ag-107 
Ag-109 
Cd 
Sn 
EU-1 51 
EU- 152 
EU-1 53 
EU-1 54 

W-182 
W-183 
W-184 
W-186 

Th-232 
U-233 
U-234 

*U-235 
U-236 

*U-238 
PU-238 

*P U- 239 
*P~-240 
*Pu-241 
*Pu - 242 

ANI-241 

Ta- 1 81 

*Pb 

1295 
1284 
1 189 
1287 
11 38 
11 39 
1281 
7029 
1290 
1291 
1292 
1293 
1285 
1128 
1129 
1 130 
1131 
1288 
1296 
1260 
1043 
1261 
1163 
1262 
1050 
1264 
1265 
1266 
1161 
1056 

103 t o  0.1 
103 t o  0.1 
103 t o  0.1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
105 t o  1 
104 t o  1 
104 t o  1 
104 t o  1 
104 t o  1 
104 t o  1 
104 t o  1 
105 t o  1 
105 t o  1 
104 t o  1 
105 t o  1 
104 t o  0.1 
105 t o  1 
105 t o  1 
105 t o  1% 
105 t o  1 
i o 5  t o  1 
105 t o  1 

c 

a A l l  data f rom ENDF/B-IV unless otherwise noted. 
b L i  vermore Eva1 uated Data L i b r a r y  . 
*Mater ia ls  p r e s e n t l y  conta ined i n  t h e  51/25 l i b r a r y  c u r r e n t l y  i n  use a t  
C ~ ~ ~ ~ / ~ - ~  I I. 
ORNL. 



Table VI 
Weighting Function Used f o r  the LMFBR Processed Library 

Functional Forma Energy Limits 

(1 ) Maxwell ian Thermal Spectrum (300'K) 
S1 (E) = CIEe -E/kT 

(2) "1/E" Slowing-Down Spectrum 
S&E) = C*(E) 

(3)  Fission Spectrum ( 0  = 1.4 MeV) 
1/2 ,-E/@ S,(E) = C,E 

J 3 

(4) " 1 / E 'I Spec t r urn 
S4(E) = Cq/E 

eV t o  0.125 eV 

0.125 eV t o  820.8 keV 

820.8 keV to  10.0 MeV 

10.0 MeV t o  12.57 MeV 
0 
0 

(5)  Velocity Exponential Fusion Peak (Ep = 14.07 MeV) 
(kT = 0.025 MeV) 

12.57 t o  15.57 MeV 

(6 ) "1 / E  ' I  Spectrum 15.57 t o  17.333 MeV 

aConstants a re  chosen t o  match values a t  region limits. 
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format  i s  more f l e x i b l e  than t h e  CCCC f i l e  i n  t h a t  a l l  p a r t i a l  cross sec- 
t i o n  . i n fo rma t ion  i s  r e t a i n e d  (e.g., group-to-group t r a n s f e r  cross sect ions 

f o r  d i s c r e t e  i n e l a s t i c  l e v e l s ,  group averaged cross sec t i ons  f o r  t h resho ld  

react ions,  e t c . ) .  This type o f  access t o  the  e n t i r e  data f i l e  i s  v i t a l  t o  

do a d e f i n i t i v e  nuc lea r  data s e n s i t i v i t y  ana lys i s .  

Beginning w i t h  t h e  126 group l i b r a r y  con ta in ing  a l l  nuc l i des  o f  i n -  

t e r e s t ,  t h e  c a l c u l a t i o n a l  f l o w  t o  produce composi t ion dependent s e l f -  

sh ie lded  cross sec t i ons  i s  i l l u s t r a t e d  i n  F ig .  2. Although no gamma-ray 

t r a n s p o r t  was i n v o l v e d  i n  t h i s  ana lys i s ,  t h i s  i s  t he  same path used t o  

de r i ve  composit ion dependent neutron-gamma coup1 ed se ts .  

PROCESSING PATH TO DERIVE COKE'OSITION DEPENDENT 
CO'L!PLED LIBRARIES 

. .- .-- 

t t 
SPHINX - 

I n t e r p o l a t i o n  in (ao,T) Tables 

# 

126-Group Self-shielding 
factors 

Neutron c r o s s  s e c t i o n s ,  
lgamma-ray i n t e r a c t i o n  
and product ion  d a t a ,  ' p a r t i a l  cross s e c t i o n s ,  

1 [ and  matrices 

Composition dependent 
coupled l i b r a r y  i n  format  
for A N I S N ,  DOT, MORSE, etc. 

F ig .  2 
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As i l l u s t r a t e d  i n  F ig .  2, SPHINX i s  used t o  produce space-energy 
s e l f - s h i e l d e d  neutron cross sec t ions  f o r  a g iven r e a c t o r  composi t ion and 

temperature. For each energy group o f  each iso tope i n  each zone, s e l f -  

s h i e l d i n g  fac to rs  a re  computed f o r  t o t a l  , f i s s i o n ,  capture, and e l a s t i c  

cross sec t ions .  SPHINX a l so  has a one-dimensional d i f f u s i o n  theory 

o p t i o n  which may be used t o  compute f l uxes  and co l l apse  cross sect ions.  

This o p t i o n  was n o t  e x p l o i t e d  i n  t h e  present  ana lys is .  

The f u n c t i o n  o f  CHOXM i s  t o  take the  s e l f - s h i e l d i n g  f a c t o r s  generated 

by SPHINX and an i n f i n i t e  d i l u t i o n  neutron AMPX i n t e r f a c e  produced by  MINX,  
and generate a s e l f - s h i e l d e d  neutron AMPX i n t e r f a c e  f o r  the s p e c i f i c  

problem o f  i n t e r e s t  which was descr ibed i n  the  SPHINX c a l c u l a t i o n .  

CHOXM can a l so  combine a neutron i n t e r f a c e ,  a gamma in te r face ,  and a 

photon produc t ion  i n t e r f a c e  t o  produce a neutron-gamma coupled i n t e r f a c e .  

F i n a l l y ,  the NITAWL module i s  used t o  conver t  data f rom master i n t e r f a c e  

cross sec t i on  formats t o  work ing l i b r a r y  formats f o r  codes l i k e  ANISN. 

Figures 3 and 4 i l l u s t r a t e  the s e l f - s h i e l d e d  macroscopic t o t a l  cross 

s e c t i o n  f o r  the  ZPR-6/7 core and b lanket .  I n  t h e  core, t h e  2.85 keV Na 

s c a t t e r i n g  resonance, t h e  28 keV Fe s c a t t e r i n g  resonance, and t h e  440 keV 

oxygen s c a t t e r i n g  resonance are  c l e a r l y  ev iden t  i n  a d d i t i o n  t o  o t h e r  

resonances o f  Na and Fe i n  t h e  50-200 keV range. The b lanket ,  be ing com- 

posed p r i m a r i l y  o f  238U and Fe, r e f l e c t s  the  28 keV Fe resonance and the  

onset  o f  f a s t  f i s s i o n  i n  2 3 8 U  above 1 MeV. The curves f o r  ZPR-6/6A a re  
e s s e n t i a l l y  i d e n t i c a l  t o  Figs.  3 and 4. 

2. F lux  and response c a l c u l a t i o n s .  Using the  cross sec t ions  generated 
i n  the prev ious sec t ion ,  ANISN was used i n  the  S4, P 3  approximat ion t o  com- 
pu te  f luxes ,  a d j o i n t s ,  and responses f o r  t h e  th ree  assemblies o f  i n t e r e s t .  

The t o t a l  s c a l a r  f l u x  a t  t h e  core center  o f  ZPR-6/7 i s  i l l u s t r a t e d  i n  

F i g .  5. The f l u x  has a f i s s i o n  spectrum shape ( s l i g h t l y  degraded i n  

energy) w i t h  s t r u c t u r e  corresponding t o  the cross sec t i on  resonances i n  

F ig .  3. The 2.85 keV Na and 28 keV Fe resonances a r e  p a r t i c u l a r l y  

no t iceab le .  F igure 6 i l l u s t r a t e s  the f l u x  spec t ra  a t  the center  o f  the  

uranium b lanket .  The spectrum i n  t h e  b lanke t  appears t o  con ta in  
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considerably fewer h i g h  and low energy neutrons; i . e . ,  t h e  spectrum i s  

focussed more between 1/10 keV and 1 MeV as opposed t o  700 eV t o  5 MeV a t  
t h e  core center .  Higher  energy neutrons l e a k i n g  from the core ( w i t h  a 

x / C T  spectrum) are q u i c k l y  degraded i n  t h e  238U-Fe b l a n k e t  by the  f i s s i o n  

and i n e l a s t i c  reac t i ons ;  lower energy neutrons a re  e i t h e r  r e f l e c t e d  back 

toward the core o r  captured i n  the  b lanket .  

b l a n k e t  spect ra a re  very s i m i l a r  t o  t h a t  f o r  ZPR-6/7 (ZPR-6/7 spec t ra  

being j u s t  s l i g h t l y  s o f t e r ) .  

p layed here. 

o f  parameters o f  i n t e r e s t .  This i s  done below i n  Table V I I .  

The ZPR-6/6A core c e n t r a l  and 

GODIVA has a f i s s i o n  type spectrum n o t  d i s -  

With these f l u x e s  one i s  ab le  t o  t a b u l a t e  d i r e c t l y  a number 

Table V I 1  
Performance Parameter Calculat ion/Exper iment f o r  

ZPR-6/7, ZPR-6/6Ay and GODIVA 

ZPR-6/7 ZPR-6/6A GODIVA 

kcorrected 0.9885 0.9999 1.0033 

( 2 8 f / 2 5 f )  ; 0.917 

1.030 1.007 128 2 5  C 
\ c/ f> E 
(28c/49f) ; 1.073 

( 2 8 f / 4 9 f )  $ 0.961 

c -  

f -  
C 
E 
- -  

. L  

capture 
f i s s i o n  
ca lcu lat ion/exper iment ;  mu1 t i g r o u p  cross sec t i ons  do n o t  
i n c l u d e  recen t  methods improvement i n  per forming un- 
reso lved  quadrature. 

3. A d j o i n t s  , genera l ized sources and genera l ized a d j o i n t s .  The ad- 

I t  j o i n t  f l u x  spectrum a t  t h e  cen te r  o f  ZPR-6/7 i s  i l l u s t r a t e d  i n  F ig .  7. 
i s  genera l l y  concave i n  shape, as a f u n c t i o n  o f  energy, and r e l a t i v e l y  

energy independent compared t o  the r e a l  f l ux .  

s i m i l a r  i n  shape and even more energy independent.) The a d j o i n t  increases 
above 1 MeV due t o  an increase i n  rl (vuf /ua) f o r  t he  f i s s i l e  m a t e r i a l s  

(The graph f o r  ZPR-6/6A . is  

*. 

.' 

. 
*' 
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and the onset o f  t h resho ld  f i s s i o n  i n  the  f e r t i l e  m a t e r i a l s .  A cause o f  

t he  increase a t  low energies i s  t he  f a c t  t h a t  resonance s e l f - s h i e l d i n g  f o r  

the f e r t i l e  m a t e r i a l s  i s  s t ronger  than f o r  t he  f i s s i l e  m a t e r i a l s .  

i l l u s t r a t e s  the  a d j o i n t  a t  the cen te r  o f  the uranium b lanke t .  

a d j o i n t  c l e a r l y  favors h i g h e r  energies as a n t i c i p a t e d .  

f i s s i o n  and (n,2n) a r e  c l e a r l y  observable l e a d i n g  t o  increased importance 

w i th  i nc reas ing  energy. The 238U capture cross s e c t i o n  r a p i d l y  decreases 

w i t h  i n c r e a s i n g  energy a l s o  tending t o  a s i t u a t i o n  o f  i n c r e a s i n g  importance 

w i t h  i nc reas ing  energy. Since the  b l a n k e t  f o r  ZPR-6/6A i s  the  same as 

t h a t  f o r  ZPR-6/7, i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  shape o f  t h e  a d j o i n t  i s  

very s i m i l a r  t o  t h a t  f o r  ZPR-6/7. 

F igu re  8 

The 
Thresholds f o r  

The genera l ized a d j o i n t  source f o r  (28~/49f)central  i n  ZPR-6/7 and 

( 28c/2 5 f )  

These sources a r e  l o c a l i z e d  t o  the  c e n t r a l  i n t e r v a l  and p lay  a key r o l e  

i n  e s t a b l i s h i n g  the s p e c t r a l  shape o f  t he  genera l ized a d j o i n t  f unc t i ons  

near the cen te r  o f  the core. Since the energy-dependent sources f o r  these 

genera l ized a d j o i n t s  depend on d i f f e r e n c e s  between macroscopic group cross 

sect ions,  i t  i s  p o s s i b l e  t h a t  t h e  energy-dependent source (and subsequently 

the genera l ized a d j o i n t )  i s  p o s i t i v e  i n  one reg ion  and nega t i ve  i n  another. 

Phys i ca l l y ,  a change i n  t h e  f l u x  can a f f e c t  the numerator o f  t h e  response 

r a t e  r a t i o  more than t h e  denominator ( o r  v i c e  versa) i n  p a r t i c u l a r  energy 
regions. 
w h i l e  the  h i g h e r  energy reg ion  ( < 3 MeV) i s  more dominated by 238U(n,y). 

The energy reg ion  above $3 MeV conta ins many regions o f  o s c i l l a t i n g  s i g n  
and decreasing importance i n  the  determinat ion o f  the s e n s i t i v i t y  p r o f i l e  
s ince  the neutron f l u x  i s  very low. F igure 10 e x h i b i t s  s i m i l a r  behavior.  

tral i n  ZPR-6/6A i s  given i n  F igs .  9 and 10, r e s p e c t i v e l y .  

I n  F ig .  9, t he  lower energy reg ion  ( < 0.5 MeV) favors 239Pu(n,f)  

Figures 11 and 12 present  t h e  genera l ized a d j o i n t  f o r  t h e  
28 49  parameter a t  t h e  cen te r  o f  ZPR-6/7 and a t  t h e  cen te r  o f  ( f ) c e n t r a l  

t he  b l a n k e t  region, r e s p e c t i v e l y .  The genera l ized a d j o i n t ,  represented i n  

p a r t  i n  Figs.  11 and 12, i s  orthogonal  t o  t h e  f l u x ,  represented i n  p a r t  i n  

Figs.  5 and 6. 

F ig .  12 are very smal l  so t h a t  any phys i ca l  i n t e r p r e t a t i o n  de r i ved  f rom 

It should be noted t h a t  the magnitude o f  the values i n  
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the  graph must be done w i th  cau t ion  s ince  the  amount o f  +* contaminat ion 

may be s i g n i f i c a n t .  

4. Energy dependent s e n s i t i v i t y  p r o f i l e s .  Several impor tan t  

energy-dependent p r o f i l e s  are presented i n  F igs.  13-32. Comprehensive 

1 i b r a r i e s  l9 o f  energy dependent c o e f f i c i e n t s  (1  26 energy groups i n c l  ud i  ng 

a d d i t i o n a l  assemblies such as ZPR-3/56BY ZPR-3/11) i n  a computer r e t r i e v a b l e  
format34 have been documented and re leased f o r  d i s t r i b u t i o n  by R S I C  and 

NNCSC. O f  p a r t i c u l a r  note i s  the f i n e  degree o f  d e t a i l  observable i n  t h i s  

group s t r u c t u r e  as w e l l  as the a b i l i t y  t o  generate s e n s i t i v i t y  c o e f f i c i e n t s  

f o r  any nuc lea r  cross s e c t i o n  i n  ENDF/B (e.g., s e n s i t i v i t y  o f  k i n  ZPR-6/7 

t o  the n ' t h  l e v e l  o f  i n e l a s t i c  s c a t t e r i n g  i n  238U; o r  even f i n e r  - t o  

the  R' t h  component o f  t he  group-to-group m a t r i x ) .  

D. V e r i f i c a t i o n  o f  S e n s i t i v i t y  P r o f i l e s  

The formulat ion,  implementation, and numerical e v a l u a t i o n  o f  Eqs. 

(25) and .(27) i s  a s i zeab le  task which requ i res  d e t a i l e d  v e r i f i c a t i o n  

be fo re  general acceptance. We have proceeded i n  a number o f  d i r e c t i o n s  

which a re  repo r ted  below. 

1. Hand Ca lcu la t i on .  A two-group, two-nucl ide (one f i s s i o n a b l e ,  t h e  
o t h e r  a s c a t t e r e r ) ,  i n f i n i t e  medium problem i s  amenable t o  d i r e c t  s o l u t i o n  

w i th  no more than a desk c a l c u l a t o r .  
and a d j o i n t s ,  and p r o f i l e s  were v e r i f i e d  f o r  k, r e a c t i o n  r a t e  r a t i o ,  and 
worths t o  w i t h i n  machine p r e c i s i o n .  

Fluxes, a d j o i n t s ,  genera l i zed  sources 
2 

2. The d i r e c t  e f f e c t  summed over  a l l  groups, zones, and r e a c t i o n  

types i s  i d e n t i c a l l y  zero, prov ided t h a t  t h e  H operators  CEq. ( 1 ) J  a r e  
l i n e a r  homogeneous m u l t i p l e s  o f  t h e  cross sect ions.  

[Eq. ( 3 ) J  summed over  a l l  energy groups and r e a c t i o n  types must be u n i t y ,  

t h e  second [Eq. (4)] must be -1. 

a l l  r e a c t i o n  types, energy groups, zones e tc .  must be u n i t y .  

i n  t h i s  case represent  the f r a c t i o n  o f  the f i s s i o n s  t a k i n g  p lace  i n  p a r t i -  

c u l a r  groups , zones , m a t e r i a l s  , e t c .  

t he  r e s u l t s  presented subsequently t o  h i g h  p r e c i s i o n .  

The f i r s t  term 

Furthermore, ;-profiles f o r  k summed over  

The ;-profiles 

Many cases were examined c o n f i  r m i  ng 
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3. A s imple dens i t y  change i n  a s i n g l e  m a t e r i a l  o r  a l l  m a t e r i a l s  i s  

e a s i l y  r e c a l c u l a b l e  us ing ANISN changing t h e  dens i t y  f a c t o r s .  The f r a c -  
t i o n a l  change i n  response observed w i t h  d i r e c t  r e c a l c u l a t i o n  should cor-  

respond t o  ou r  est imated change us ing t o t a l  p r o f i l e s  m u l t i p l i e d  by the  

dens i t y  change, f o r  small  pe r tu rba t i ons .  Such changes represent  a s imple 

sub-class o f  t h e  more compl icated changes discussed i n  #5 below. 

4. Comparison w i th  o t h e r  work. Hummel 7- and B ~ h n ~ ~  have publ ished 

12-group p r o f i l e s  f o r  ZPR-617 us ing d i f f u s i o n  theory and V A R I - I  code. 36 

I n  a l l  cases f o r  capture and f i s s i o n  the  degree o f  agreement was e x c e l l e n t  

( b e t t e r  than one percent) .  

w i t h  Ref. 35 were c l a r i f i e d  when ANL inc luded  t h e  change i n  the  d i f f u s i o n  

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

For  s c a t t e r i n g  reac t i ons ,  observed discrepancies 

5. D i r e c t  r e c a l c u l a t i o n  f o r  r e a l i s t i c  cross s e c t i o n  changes. A t  t he  
May, 1976, ENDFIB-V Task Force meeting, evaluators  made " f i r s t - c u t "  estima- 

t i o n s  on what changes might  be made i n  the  cross sect ions f o r  t he  p r i n c i p a l  

isotopes [235U(n,f) , 238U(n,y), 239Pu(n,f) J f o r  ve rs ion  V r e l a t i v e  t o  

ENDFIB Version I V .  
lowing est imates were made based s imply  on e v a l u a t i o n  o f  the s c a l a r  product 

Having c o e f f i c i e n t s  f rom ORNL and ANL i n  hand, the f o l -  

6 R  dR/R 6 C  
R - dC/c C 
- Q-. -  

These c a l c u l a t i o n s  were rough est imates made us ing smoothed approximations 

t o  the  changes the  eval  uators a c t u a l l y  proposed s imply  f o r  convenience 
(e.g., t o  a l i g n  group boundar ies).  These est imates a r e  i nc luded  below 
i n  Table V I I I .  

Subsequent t o  t h a t  meeting, we re-est imated t h e  changes (us ing the  

d e t a i l e d  126 energy group s e n s i t i v i t y  c o e f f i c i e n t s  and inc1udin.g a l l  o f  

t he  evaluators  proposed adjustments) and performed c a l c u l a t i o n s  w i t h  t h e  

proposed cross sec t i ons  t o  v e r i f y  o u r  p r e d i c t i o n s  f o r  severa l  o f  t h e  

impor tant  cases o f  i n t e r e s t .  

est imates were q u i t e  r e l i a b l e .  

Table I X  i n d i c a t e s  t h a t  t h e  p r e l i m i n a r y  
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Table VI11 

Impact o f  Proposed Cross Sect ion Changes t o  ENDF/B-V 
on Fas t  Reactor C r i t i c a l  Ana lys is  

Cross Sec t ion  Parameter Percent Change Assembly C/ Ea 

4 9Uf k 
2 8 c /  4 9 f  

49P  

P (Na) 

-0.8 

+O. 7 

+0.4 

+0.12 

-0.4 

-0.3 

+0.4 

QO 

+O. 06 

-0.09 
+O. 07 

+O .08 

GODIVA 

ZPR-6/ 6A 

ZP R- 61 6A 

ZPR-6/7 

ZPR-6/7 

ZPR-6/7 

ZPR-6/ 7 

GODIVA 

ZPR- 6/ 7 
ZPR-6/7 
ZPR-6/7 

ZPR- 61 7 

1.0033 

1.007 

0.92 

0.9885 

1.07 

1.2 

1.4 

1.0033 

0.9885 

1.07 

1.2 

1.4 

Ca lcu la t i on  (heterogeneous)/experiment us ing  the  o r i g i n a l  ENDF/B-IV data.  a 

. 

.' 
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Table I X  

V e r i f i c a t i o n  o f  S e n s i t i v i t y  Analys is  P red ic t i ons  f o r  
Pre l  im inary  ENDF/B-V Impact on C r i t i c a l  

Experiment Ca lcu la t ions  

. 

' GOD1 VA ZPR-6/6A ZPR-6/7 
( k )  ( k )  ( k )  

3 5 ~  (n  , f ) 3 %  (n , f )  239P u ( n , f ) 
Change ( > Z O O  keV) ( > Z O O  keV) ( > Z O O  keV) 

Cross s e c t i o n  

ORNL c a l c u l a t i o n  1.0050 0.9926 0.9719 
ENDF/B- I V 
(homogeneous Models) 

ORNL. c a l c u l a t i o n  0.9961 0.9886 0.9734 
ENDF/B- I V 
+Task Force 

Absol Ute 
Change 

-0.0089 -0.0040 +0.0015 

ORNL Sens i ti v i  ty -0.0087 -0.0040 +O . 00 16 
Analys is  P r e d i c t i o n  
o f  Absolute Change 

I n  view o f  t he  d i f f e rences  i n  t h e  s c a t t e r i n g  reac t ions  w i t h  the  

o r i g i n a l  ANL c a l c u l a t i o n s  and i n  o rde r  t o  i n v e s t i g a t e  the l i m i t s  o f  f i r s t  

o rde r  p e r t u r b a t i o n  theory,  we l i s t  i n  Table X r e s u l t s  t h a t  would be ob- 

t a i n e d  under the  hypo the t i ca l  increase i n  t h e  sodium e l a s t i c  s c a t t e r i n g  

cross sec t i on  by a f a c t o r  o f  two. 

V I .  Mu1 t i g r o u p  Covariance Matr ices 

Only r e c e n t l y  have s tandard formats and procedures been es tab l i shed  

w i t h i n  the  ENDF/B system 37 f o r  t he  processing o f  evaluated and c o r r e l a t e d  

energy-dependent unce r ta in t y  i n fo rma t ion  i n t o  a mu1 t i g r o u p  covar iance 

m a t r i x  fo rmula t ion .  

pe rm i t  systemat ic  s e n s i t i v i t y  i n v e s t i g a t i o n s  t o  propagate unce r ta in t i es  

and thereby determine, i n  a c r e d i b l e  fashion,  what c ross-sec t ion  measure- 

ments, eva lua t ion ,  o r  process ing methods most need f u r t h e r  ref inement.  

These covar iance matr ices were es tab l i shed  38  t o  



Tahle X 
Recalculation of ZPR-6/7 Performance Parameters Assuming 
the Na(n,n) Cross Section To Be Doubled and Comparison 

w i t h  Sensi t ivi ty  Analysis Predictions 

ZPR-6/7 
(k )  

ZPR-6/ 7 
( i 8 f /  4 9 f )  

ZPR-6/7 
(%/4 9P) 

Cross Section Na (n ,n  1 Na (n , n 1 Na (n , n )  
Change (multiplied by 2 )  (multiplied by 2 )  (multiplied by 2 )  

ORNL Calculation 0.9719 
EN DF/ B- I \I 
(homogeneous model s )  

ORNL Calculation 0.9805 
(sodi um cross section 
multiplied by 2) 

0.1500 1.0046 

aNote t h a t  comparisons of predictions o f  small r e l a t ive  changes a r e  exaggerated here by 
tabulated predictions of absolute change. Also note these a r e  macrosco i c  reaction r a t e s  
(as opposed t o  microscopic rates on pg. 2 5 )  f o r  the homogeneous __le model as opposed to  the 
heterogeneous Val ues reported on pg. 25 ). 

0.1432 1.0246 

&sol utea 
Change 

to. 0086 -0.0068 t o .  0200 

Sens i t i  v i  ty  +O. 0087 
Analysis Prediction 
of Absol Ute Change 

-0.0072 to. 0281 
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A. Formulat ion 

The types o f  covar iance representa t ions  pe rm i t ted  i n  ENDF/B-IV 

inc luded:  37  

LB=O absolute components c o r r e l a t e d  on ly  w i t h i n  each Ek i n t e r v a l  

LB=1 f r a c t i o n a l  components c o r r e l a t e d  on ly  w i t h i n  each Ek i n t e r v a l  

LB=2 f r a c t i o n a l  components f u l l y  c o r r e l a t e d  over  a l l  Ek i n t e r v a l s  (one 

t a b l e  FXyYk as a f u n c t i o n  o f  energy) 

LB=3 f r a c t i o n a l  components a r b i t r a r i l y  c o r r e l a t e d  between Ek and E, 

i n t e r v a l  s 

where Xi and Y .  represent  cross sec t ions  X and Y evaluated a t  energies i 
and j, respec t i ve l y ,  t h e  F ' s  (FxyYky  F X y y k l y  FX,kY and FyYa)  represent  

unce r ta in t y  components , taken d i r e c t l y  f rom the  ENDF/B f i l e  desc r ib ing  

the  covariances o f  cross sec t ions  X and Y f o r  s p e c i f i c  energy i n t e r v a l s .  

These f r a c t i o n a l  components a re  de f ined assuming a mu1 t i v a r i a t e  normal 

d i s t r i b u t i o n  o f  cross sec t i on  unce r ta in t i es ;  fur thermore, mu1 t i p l e  see- 

FXY , k t i o n s  (e.g., 

exper imental  u n c e r t a i n t i e s  associated w i th  the  complete covar iance ma t r i x .  

J 

) may be prov ided t o  i d e n t i f y  s p e c i f i c  types o f  
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The FXyYk and FXyYkl  a re  taken f r o m  a s i n g l e  t a b l e  o f  energy-dependent 
c o r r e l a t i o n  i n fo rma t ion  f o r  reac t ions  X and Y. 
cate t h a t  t h e  covar iance data f o r  these reac t i ons  are  taken from two 
independent tab les ,  one f o r  X and one f o r  Y.  

f o r  the case when energy i i s  conta ined w i t h i n  energy i n t e r v a l  k and 

energy j i s  conta ined w i t h i n  energy i n t e r v a l  k ' .  Cov(Xi,Y .) i s  then 
J 

the covar iance o f  cross sec t i on  X a t  energy i and cross sec t i on  Y a t  

energy j .  

combinations of the f i r s t  four ,  no data has y e t  been c a s t  i n  t h i s  form 
f o r  ENDF/B- I V .  

The FXYk and FyYa  i n d i -  

i k  The Pj :k \  i s  zero except 

There i s  a f i f t h  law ( L B = 4 ) ,  b u t  s ince  i t  can be descr ibed as 

This  type  o f  f o rmu la t i on  (sums o f  q u a n t i t i e s  separable i n  X and Y) 

has t h e  very des i rab le  c h a r a c t e r i s t i c  t h a t  i f  one assumes a f l u x  model 

uncor re la ted  t o  the  cross sec t ions  of i n t e r e s t ,  t h e  mu1 t i g r o u p  cova r i -  

a x e  matr ices a re  reduced t o  combinations o f  s i n g l e  i n t e g r a l s  i n v o l v i n g  
group f l u x e s  and crcss sec t ions  which can be c a l c u l a t e d  e a s i l y .  I n  
p a r t i c u l a r ,  f o r  

LB=O , 

L B = l  , 
;LGF;Yyk 'G,k xn G,k +Jn H,k Yn H,k 

COV(XG,YH) = 

'G 'H 

L B = 2 .  
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LB=3, 

( L F i , k  $;,k '2.3 (E Fy,kl $L,k' H,k' 
, yn (71) k'EH 

C0V(XG,YH) = 

$G $H 

Iii general,  the covariance m a t r i x  w i l l  be a sum o f  terms from any of 
t he  LB desc r ip t i ons .  

p r e v i ~ u s l y ; ~ ~  the n o t a t i o n  used here i s :  

The d e r i v a t i o n  o f  Eqs. (68-71) has been descr ibed 

Mu l t i g roup  covar iance o f  r e a c t i o n  X group G and r e a c t i o n  

Y, group H. 

Mu l t i g roup  f l u x  pe r  user group G. 

Mu l t i g roup  cross s e c t i o n  f o r  r e a c t i o n  X f o r  a supsr-group 

(G,k) const ructed from the union o f  energy bounds f o r  i n t e r -  

va l  k ( taken from subsect ion n)  and those which were user 

i s  t h e  f l u x  f o r  t h i s  group. n 
input. $G,k 

Note t h a t  t h i s  formal ism i s  app rop r ia te  f o r  i n f i n i t e l y  d i l u t e  cross sec- 

t i o n s ;  u n c e r t a i n t i e s  i n  resonance parameters a r e  n o t  addressed. The as- 

sumption i s  t h a t  u n c e r t a i n t i e s  i n  the  i n f i n i t e l y  d i l u t e  cross sect ions 

a r e  more severe than those i n  t h e  s e l f - s h i e l d i n g  f a c t o r  which, i t s e l f ,  i s  

a r a t i o .  

B. Results f o r  Processed Uncer ta in t y  F i l e s  

Several quant i  t i e s  r e l a t e d  t o  u n c e r t a i n t i e s  i n  mu1 t i g r o u p  cross sec- 

t i o n s  a re  processed from the  po in tw ise  ENDF/B data covariance f i l e  us ing 

the PUFF covariance f i l e  processing code.24 

the covariance m a t r i x  

C lea r l y ,  o f  i n t e r e s t ,  i s  

t h e  covar iance o f  r e a c t i o n  X, group G, and r e a c t i o n  Y,  group H. (Angle 

brackets represent  expectat ion values i n  t h i s  s e c t i o n . )  The associated 

q u a n t i t y ,  t he  r e l a t i v e  covariance m a t r i x  i s  de f i ned  
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I n  t h i s  no ta t i on ,  t he  standard d e v i a t i o n  i s  g iven by: 

Std. Dev(XG) = Gov (XG,yG)  (74) 

and the  analogous r e l a t i v e  q u a n t i t y ,  t h e  r e l a t i v e  standard dev ia t i on ,  i s  

Std. DeV(XG) 
Re1 Std.  Dev(XG) = 

xG 

(75)  

I t  i s  reasonable t o  expect t h a t  i n  many cases the  covar iance m a t r i x  
o f  energy-dependent cross sect ions i s  s t r o n g l y  diagonal  , i .e. , t h e  

magnitude of t he  m a t r i x  elements tend t o  be smal l  f o r  groups G and H 
w i d e l y  d isp laced from each o t h e r  i n  energy. However, s i n c e  r e l a t i v e  
cross sec t i ons  a r e  o f t e n  w e l l  known, t h i s  in t roduces l a r g e  covariances 

between nearby group cross sect ions.  

The c o r r e l a t i o n  m a t r i x  i s  a q u a n t i t y  const ructed by d i v i d i n g  the  

r e l a t i v e  covar iance m a t r i x  f o r  XG and YH by the  r e s p e c t i v e  r e l a t i v e  s tan-  
dard dev iat ions.  

The c o r r e l a t i o n  m a t r i x  i s  bounded by u n i t y ,  i .e. , 

When Corr(XG,YH) = 0, t h e  group cross sec t i ons  a re  s a i d  t o  be . t o t a l l y  un- 

co r re la ted ;  when ICorr(XG,YH) 1 = 1 , the  group cross sect ions a re  termed 

f u l l y  c o r r e l a t e d  . 
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Figures 33 t o  38 i l l u s t r a t e  the covariance matrices for  the important 
reactions w i t h  238U and 239Pu  i n  the ten-group processed form used t o  
obtain the resul ts  given i n  this report. (The uncertainty f i l e s  have also 
been processed and used in the 126-group format.) The underlying f i l e s  
o f  covariance data were based primarily on "external I' methods of  analysis 
which examine the s c a t t e r  among exis t ing data s e t s .  These se t s  are  as- 
sumed t o  represent f a i r l y  the s t a t i s t i c a l  ensemble of hypothetical s e t s  of 
measurements which could have been obtained in the experiments which form 
our  present data base. 
from ENDF/B-IY were taken as expectation values of the hypothetical ensem- 
ble. 
energy grids believed to be adequately f ine t o  fa i thfu l ly  reproduce the 
broad-range behavior important f o r  estimation of uncertainties i n  integral 
quanti t i e s .  

I n  a l l  cases the group cross sections obtained 

The "pointwise" covariance f i l e s  were represented on convenient 

The capture and f iss ion covariance f i l e s  were obtained as indicated i n  

In  cases f o r  which only a few data se t s  ex i s t  
the SUR report ,39 essent ia l ly  applying E q .  (72)  d i rec t ly  t o  compiled se t s  o f  
experimental cross sections.  
o r  could be compiled, the ensemble variances were s t a t i s t i c a l l y  poorly 
determined by the small sample; however, variance fluctuations from group 
to group may be unimportant a f t e r  averaging over the reactor neutron spec- 
trum. I n  cases fo r  which many data se t s  were available,  the method over- 
estimates uncertainties because i t  does not correct for the dis t inct ion 
between the ensemble of hypothetical measurements and the ensemble o f  
evaluations based on these measurements; the result ing covariance elements 
s h o u l d  be too large by a factor  roughly equal to the number of "good" 
measurements available.  
our estimates too small, i s  the f ac t  t h a t  external methods l i ke  that  of 
SUR cannot f u l  l y  sense uncertainties (1 i ke those i n  standard cross sections ) 
which influence more t h a n  one s e t  o f  measurements and thus cannot be 
sensed in the s c a t t e r  among t h e i r  resu l t s .  
cer ta inty f i l e s  i t  was possible t o  take the l a t t e r  type of uncertainty 
par t i  a1 ly i nto account. 40 

Beyond this question, and often tending to make 

I n  the case o f  the 2 3 9 P u  un- 

El ements ref1 ec t i  ng correl a t i  ons between 
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ORNL DWL 76-lb208 

MRT'L 1262 10 GROUPS REACT 18 TO RERCT 18 

F ig.  33. C o r r e l a t i o n  M a t r i x  and Standard Dev ia t ion  f o r  t h e  238U(n,f) 
Cross Sect ion.  
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ORNL DWG 76-16209 

M f l T ' L  1262 10 GROUPS RERCT 102 TO RERCT 102 

Fig. 34. Correlation Matrix and Standard Deviation for  the 238U(n,y) 
Cross Section. 
(NOTE:  
uncertainty matrix were not close t o  the ENDF/B-IV evaluated cross sections 
over the major portion of the energy spectrum, so the rms uncertainties fo r  
this case r e f l ec t  primarily the real discrepancy between the sample mean 
and the evaluated cross sections.  
measurement data selected for  this par t icular  covariance analysis the 
ENDF/B-IV evaluated cross section fa1 1s $L8% below the inferred ensemble 
average over the important energy region from 10-300 keV. A consistent 
evaluation based solely upon d i f fe ren t ia l  measurements would exacerabate 
the central 2 8 ~ / 4 9 f  discrepancy for ZPR-6/7 apparent i n  Tables I1 and VII. 
Proper handling of t h i s  d i f f icu l ty  i s  presently a major challenge t o  the 
r e l i a b i l i t y  of the uncertainty analyses now made by FORSS (or any such 
system) i f  one assumes t h a t  adjustments to microscopic measurements may 
have already been included in ENDF/B-IV. 

The sample means for  the se t s  of measurements used to  o b t a i n  t h i s  

That i s ,  fo r  the considerable sample of 
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ORNL DWG 76-16212 . 

M A T ' L  1264 10 CROUPS RERCT 452 TO RERCT 452 

Fig. 37. 
Neutrons/Fission. 

Correlation Matrix and Standard Deviation for 239Pu(3) 
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ORNL DWG 76-16213 

M A T ' L  1264 10 CROUPS REACT 18 TO REACT 102 

F ig .  38. Cor re la t i on  M a t r i x  Between 239Pu(n,f) and 239Pu(n,y) Reactions 
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239Pu capture and f i s s i o n  a l s o  take i n t o  account t h a t  most measurements o f  

capture i n  t h a t  n u c l i d e  may be i n t e r p r e t e d  as c a p t u r e / f i s s i o n  r a t i o  mea- 

surements. 
sec t i ons  f o r  i n f i n i t e l y  d i l u t e  m a t e r i a l  r a t h e r  than t h e  s e l f - s h i e l d e d  

cross sect ions,  so t h e  analyses below assumes t h a t  s e l f  s h i e l d i n g  does 

n o t  a f f e c t  t h e  r e l a t i v e  covar iance matr ices.  

g i v e  a d d i t i o n a l  d e t a i l s .  

I n  a l l  cases t h e  u n c e r t a i n t y  f i l e s  r e f e r  t o  the  average cross 

Some o f  t he  f i g u r e  capt ions 

V I I .  U n c e r t a i n t i e s  Due E x c l u s i v e l y -  t o  Nuclear Data U n c e r t a i n t i e s  

E r ro rs  i n  c a l c u l a t e d  responses stem from t h r e e  sources: (1)  e r r o r s  

due t o  models , c a l c u l a t i o n a l  methods , and approximations, (2 )  e r r o r s  i n  

data from measurements on t h e  p a r t i c u l a r  r e a c t o r  system under considera- 
t i o n  ( d e n s i t i e s ,  lengths,  e t c . )  , and (3)  e r r o r s  i n  fundamental phys i ca l  
constants, and i n  p a r t i c u l a r ,  nuc lea r  cross sec t i ons .  

Up t o  t h e  present  t ime, e r r o r s  f rom the f i r s t  source above (models, 

e t c . )  have been taken i n t o  account c h i e f l y  through t h e  use o f  c o r r e c t i o n  

f a c t o r s  (e.g., d i f f u s i o n  t o  t r a n s p o r t )  when these a r e  known. It i s  

u s u a l l y  assumed t h a t  e r r o r s  a r i s i n g  f rom the second source have been 
considered by t h e  e x p e r i m e n t a l i s t  and i n c l u d e d  i n  h i s  r e p o r t  o f  t h e  r e s u l t s  

and s tandard d e v i a t i o n s  o f  i n t e g r a l  experiments. I n  t h i s  s e c t i o n  o n l y  

e r r o r s  due t o  t h e  t h i r d  source, namely pr imary nuc lea r  data, w i l l  be 

considered. 

A c a l c u l a t i o n a l  model f o r  a performance parameter R .  of a g iven reac- 

t o r  imp l i es  the ex is tence o f  a f u n c t i o n  Q.(a) which maps the  p o i n t s  l y i n g  

i n  the  space o f  nuc lea r  data u i n t o  p o i n t s  l y i n g  i n  t h e  performance param- 

e t e r  space. 

given symbo l i ca l l y  by 

J 
J -  

- 
Thus, t h e  c a l c u l a t e d  value o f  R .  according t o  t h e  model i s  

J 
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T y p i c a l l y ,  the f u n c t i o n  Q . ( a )  cannot be w r i t t e n  e x p l i c i t l y  b u t  o n l y  param- 

e t r i c a l l y  by i n t r o d u c i n g  the forward and a d j o i n t  f l uxes .  

have been c a l c u l a t e d  us ing  a one-dimensional d i s c r e t e  o rd ina tes  t r a n s p o r t  
model embodied i n  t h e  ANISN code.26 

J -  
To date these 

Given t h e  f i r s t - o r d e r  p a r t i a l  d e r i v a t i v e s  o f  t he  above f u n c t i o n  Q.(u) J -  

a t  the  p o i n t  go o f  i n t e r e s t  i n  nuc lear  data space, then f o r  s u f f i c i e n t l y  
smal l  dev iat ions about t h i s  p o i n t  t he  f i r s t  o rde r  r e s u l t  

w i l l  be v a l i d .  

sensi  ti v i  ty  c o e f f i c i e n t s  : 

These p a r t i a l  d e r i v a t i v e s  are s imply r e l a t e d  t o  t h e  r e l a t i v e  

Thus , t o  f i r s t  o rde r  t h e  r e l a t i v e  o r  f r a c t i o n a l  changes a r e  g iven i n  terms 

o f  the r e l a t i v e  s e n s i t i v i t y  c o e f f i c i e n t s  by 

S Q  60i 
A =  s. .  - 

J' 00 Q; i 1 

4 

4. 
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An expectat ion value based on an ensemble o f  cross-sect ion se ts  c l u s t e r e d  

about oo and, i n  f a c t ,  having oo = <a> as a mean, w i l l  y i e l d  a correspond- 

i n g  expec ta t i on  value f o r  t he  c a l c u l a t e d  value o f  t he  performance param- 
- - 

e t e r  of <Q.> E Q? E Q.(. 0 1. 
J J J -  

S i m i l a r l y  t h e  r e l a t i v e  covar iance m a t r i x  elements (and hence r e l a t i v e  
variances , r e l a t i v e  standard dev ia t i ons  , and c o r r e l a t i o n s )  can be ca lcu-  

l a t e d  f o r  such an ensemble us ing  the  f i r s t  o r d e r  r e l a t i o n  i n v o l v i n g  the 

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

m a t r i x  elements a re  g iven by 
The r e s u l t i n g  r e l a t i v e  covar iance 

sji S j ' i  I ( - 0 "7) ( O i l  - 0 o:l)) 

i' a i = c  i,i' 0 

where the l a r g e  brackets  denote expec ta t i on  value. 

be w r i t t e n  
Equation (82) can a l s o  

V j j I  - -1 s j j  Sj l i1 WiiI 
i i1 

where 

i s  t he  r e l a t i v e  covar iance o f  t h e  j and j l  performance parameters and 

i s  t he  r e l a t i v e  covar iance o f  the i and i I nuc lea r  cross sec t i ons .  

. 

t 

4 
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The 
re1  a t i  ve 

square r o o t  of t he  r e l a t i v e  covar iance element V 
s tandard d e v i a t i o n  o f  t h e  j ' t h  performance parameter as ca lcu-  

g ives t h e  
j j  

l a t e d  from the  nuc lear  data base which i s  charac ter ized  by the  cross- 

sec t i on  covariances Wii ,. Equat ion (83) has been used t o  c a l c u l a t e  such 

s tandard dev ia t ions  f rom processed covar iance f i l e s  and s e n s i t i v i t y  pro-  
f i l e s  generated by FORSS. Resul ts  of such c a l c u l a t i o n s  f o r  t he  ZPR-6/7 

benchmark assembly are g iven i n  Table XI. 
f i l e s ,  t h ree  quar te rs  o f  the  var iance i n  kef f  i s  due t o  u n c e r t a i n t i e s  i n  

239Pu(n,f), the  remainder be ing p r i m a r i l y  t he  unce r ta in t y  i n  238U(n,y). 

For  the  28~ /49 f  parameter, u n c e r t a i n t i e s  i n  the  var iance a re  approximately 

evenly d iv ided.  Resul ts f o r  t h e  c e n t r a l  238U f i s s i o n  t o  239Pu f i s s i o n  

r a t i o  do n o t  i nc lude  t h e  covariances a r i s i n g  f rom f i s s i o n  r a t i o  measure- 

ments r e l a t i v e  t o  235U. 

est imates of requ i red  accuracies f o r  nuc lear  design. With nuc lear  data 

u n c e r t a i n t i e s  o f  t h i s  magnitude, i t  i s  app rop r ia te  t o  i nc lude  i n t e g r a l  

i n fo rma t ion  t o  improve s i g n i f i c a n t l y  t he  q u a l i t y  o f  the  c a l c u l a t e d  

performance p r e d i c t i o n .  

Based on our  c u r r e n t  covar iance 

The standard dev ia t ions  a re  a l l  l a r g e r  than 

Table X I  
Uncer ta in t i es  i n  ZPR-6/7 Performance Parameters 

Due t o  Nuclear Data 

Re la t i ve  Stan 9 d 
P e r f  o rma n c e Pa rame t e r s Deviat ions*  

Mu1 t i p 1  i c a t i o n  f a c t o r  k 3.46 
Centra l  2 3 8 ~  capture t o  2 3 9 ~ ~  f i s s i o n  r a t i o  8.57 

Central  23811 f i s s i o n  t o  2 3 9 ~ ~  f i s s i o n  r a t i o  4.55 

*The source o f  these u n c e r t a i n t i e s  inc luded t h e  reac t ions  238U(n,y) , 
238U(n,f) ,  239Pu(n,y), 239Pu(n,f) ,  and the  y i e l d  
ac t ion .  
Figs.  33-38. 

f o r  t h i s  l a s t  re -  
Cor re la t i ons  were i nc luded  i n  these c a l c u l a t i o n s  as shown i n  
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.- 
Uncer ta in t i es  w i t h  I n t e g r a l  Experiments Taken I n t o  Account 

have recognized the d e s i r a b i l i t y ,  and even the  necess i ty ,  o f  

i n c o r p o r a t i n g  t h e  data f r o m  i n t e g r a l  experiments w i t h  t h e  b a s i c  nuc lea r  

data obta ined from d i f f e r e n t i a l  cross s e c t i o n  measurements i n  o r d e r  t o  

make s u f f i c i e n t l y  p r e c i s e  p r e d i c t i o n s  , o f  i n t e g r a l  performance param- 

e te rs .  6'9'11 

evidence w i t h  t h e  more bas i c  problem independent data have o f t e n  been t o o  

s u b j e c t i v e  f o r  general acceptance o r  f o r  ma in ta in ing  adequate q u a l i t y  con- 

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

However, procedures f o r  combining i n t e g r a l  experiment 

Adjustment o f  t he  nuc lear  data base f o r  improvement o f  performance 

parameter p r e d i c t i o n  has been suspect because o f  i t s  problem-dependent 
nature,  because such adjustments have o f t e n  ignored d i f f e r e n t i a l  data 

covariance in fo rma t ion  data, and because d e f i c i e n c i e s  due t o  methods ap- 

proximat ions,  engineer ing data, e tc . ,  a r e  compensated by f i c t i t i o u s  

a l t e r a t i o n s  t o  t h e  base data s e t .  
n o t  necessary t o  understand i n d i v i d u a l  sources o f  e r r o r  s i n c e  b i a s  f a c t o r s  

(C/E)  can be a p p l i e d  f rom knowledge o f  r e l a t e d  analyses i s  a l s o  dangerous, 

s ince  these b i a s  f a c t o r s  are problem, methods, and data dependent and should 

n o t  be ex t rapo la ted  o u t s i d e  o f  t h e  range o f  a p p l i c a b i l i t y .  

On the o t h e r  hand, t h e  view t h a t  i t  i s  

A complete t reatment  o f  t he  problem must deal e x p l i c i t l y  w i th  each 

of t h e  components o f  t h e  unce r ta in t y :  those due t o  d e f i c i e n c i e s  i n  c a l -  

c u l a t i o n a l  models, those due t o  u n c e r t a i n t i e s  i n  t h e  i n t e g r a l  experiment 
measurements, and those due t o  t h e  nuc lea r  data base (discussed i n  

Sect ion V I ) .  
t o  improve performance parameter p r e d i c t i o n s  f o r  a r e s t r i c t e d  c lass  o f  

f a s t  r e a c t o r  systems, by t a k i n g  i n t o  account d e t a i l e d  nuc lea r  data co- 

variances as w e l l  as t h e  l a r g e  e f f e c t  t h e  adjustment has i n  a l t e r i n g  the  

covar iance m a t r i x  o f  t h e  ad jus ted  data r e l a t i v e  t o  t h e  o r i g i n a l  data.  

e f fect  of t h e  a l t e r e d  covar iance ' i s  t o  reduce t h e  o v e r a l l  problem uncer- 

t a i n t y .  
i n t e g r a l  masurements and to consider  more c a r e f u l l y  u n c e r t a i n t i e s  due 

t o  methods approximations. 

A t  ORNL, methods developed elsewhere6 have been implemented 

The 

I n  a d d i t i o n ,  work i s  underway t o  i n c l u d e  t h e  c o r r e l a t i o n s  i n  t h e  
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A. General Development 

The cross s e c t i o n  and covar iance adjustments a r e  made us ing a systemat ic 
procedure developed by Gandini.6 The group cross s e c t i o n  ao i s  changed by 

the amount 6oi such that the j ' t h  c a l c u l a t e d  response Q? i s  changed by the  

amount SQ 
This adjustment i s  made so t h a t  the r e v i s e d  c a l c u l a t e d  response Q? + 6Q 

J 
agrees c o n s i s t e n t l y  w i t h  the exper imen ta l l y  measured Rexp. A t  the same 
time, the rev i sed  cross sec t i ons  0; + 6oi a re  kep t  cons i s ten t  w i th  the 

values 0; which a re  determined by d i f f e r e n t i a l  experiments. 

i 
J 

which can be est imated w i t h  the use o f  s e n s i t i v i t y  c o e f f i c i e n t s .  
j y  

j 

j 

To implement these changes a JtI dimensional vec to r  represent ing the  

adjustments i s  formed: 

Y 2  

YJ 

YJ+ 

The f i r s t  J components correspond t o  r e l a t i v e  changes 

about the  c a l c u l a t e d  values Qo The f i n a l  I components 
j '  

r e l a t i v e  changes i n  t h e  cross sec t i ons  about t h e  values 

i n  t h i s  y-space which agrees w i t h  experiment ( e x a c t l y )  

the responses 

correspond t o  
0' The p o i n t  

s g iven by: 
i '  



Note t h a t  recent  measurements of t h e  cross s e c t i o n  data can be i nc luded  i n  
t h i s  formal ism al though i n  the  present  work we have n o t  i n c l u d e d  such 

( i . e . ,  0 

o f  t h i s  y-space, we want t o  f i n d  a p o i n t y  which l i e s  "as c lose  as 

poss ib le "  t o  ;rexp and a t  the same t ime remains i n  the  v e c t o r  subspace 
determined by t h e  l i n e a r  c o n s t r a i n t s  of Eq. (79) which may be w r i t t e n  

f o r  t h e  p s p a c e  as: 

exp Oi). I n t e r p r e t i n g  t h e  previous d iscuss ion i n  t h e  framework i 

where 

4 i s  t h e  combined m a t r i x  made up o f  p a r t i t i o n s  i n c l u d i n g  4, t h e  J- 
dimensional u n i t  m a t r i x  and S ,  t he  JxI m a t r i x  o f  r e l a t i v e  s e n s i t i v i t y  

c o e f f i c i e n t s  Sji; i .e., 
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The expression "as c lose  as poss ib le "  i m p l i e s  t h e  a p p l i c a t i o n  of some 

p a r t i c u l a r  distance-determining m e t r i c .  
an opt imal  measure i s  prov ided by the  i n v e r s e  o f  t he  ( J+ I )  x ( J+I )  r e l a t i v e  

covar iance m a t r i x  

Previous work6'11 has shown t h a t  

The average i s  over  an ensemble cons is ten t  w i th  t h e  experimental measure- 

ments and, i n  p a r t i c u l a r ,  s a t i s f i e s  the  equat ion 

(YQ - YYP)  = 0 

The c o n s t r a i n t  represented by Eq. (88) can be mod i f i ed  i n  a t  l e a s t  two 

ways which g i v e  g rea te r  g e n e r a l i t y  w i t h  l i t t l e  a d d i t i o n a l  computation. 

F i r s t ,  a constant  b i a s  may be added and, second, a d d i t i o n a l  independent 
l i n e a r  c o n s t r a i n t s  and rows i n  t h e  1 v e c t o r  may be added. The f i n a l  form 

o f  t h i s  genera l ized c o n s t r a i n t  

i s  s t i l l  l i n e a r .  Hence, we have t h e  f o l l o w i n g  problem: 

Minimize 

sub jec t  t o  t h e  l i n e a r  c o n s t r a i n t  o f  Eq. (93)  w i t h  1 = 2. 
denotes the  transpose; 

The s u p e r s c r i p t  T 

i s  an es t ima to r  t o  the  ac tua l  1. 
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The s o l u t i o n  t o  this sys tern, 

has been r e p o r t e d  us ing convent ional  Lagrangian m u l t i p l i e r  techniques f o r  
m in im iza t i on  s u b j e c t  t o  cons t ra in t s .6  The m a t r i x  G i s  no th ing  more than 

G = $ B J ~  

and G-I merely i t s  inverse.  I t  i s  impor tant  t o  note t h a t  t h e  m a t r i x  G i s  

a square m a t r i x  o f  dimension J ,  t h e  number o f  i n t e g r a l  measurements, r a t h e r  

than the s i z e  I o f  the nuc lear  data v e c t o r  which i s  cons iderably  l a r g e r .  
F i n a l l y ,  i n  a d d i t i o n  t o  new b e s t  est imates f o r  bo th  the nuc lea r  data 

i n t e g r a l  experiment r e s u l t s ,  we can o b t a i n  est imates f o r  t he  covar iance 

m a t r i x  o f  both t h e  i n t e g r a l  measurements and nuc lea r  data a f t e r  i n f o r m a t i o n  

from bo th  se ts  o f  data a re  synthesized. 

data i n c l u d i n g  both i n t e g r a l  and d i f f e r e n t i a l  measurements i s  s imply  r e l a t e d  

t o  t h e  o r i g i n a l  covar iance est imate B through 

The covar iance m a t r i x  f o r  t h e  

This new covar iance m a t r i x  constains impor tant  new i n f o r m a t i o n  concerning 
c o r r e l a t i o n s  among t h e  a d j  us t e d  nuc lea r  data whi ch tend t o  subs t a n t i  a1 l y  
reduce t h e  o v e r a l l  problem u n c e r t a i n t y  f o r  problems r e l a t e d  t o  those f o r  

which t h e  i n t e g r a l  experimental r e s u l t s  have been inc luded  i n  the  ana lys i s .  

B. Two B r i e f  Examples 

Consider two i n t e g r a l  experiments [k and c e n t r a l  ( 2 8 C / 4 9 f )  f o r  ZPR-6/7] 

and nuc lear  data u n c e r t a i n t i e s  a r i s i n g  f rom 238U(n,y), 238U(n,f), 239Pu(n,y), 

239Pu(n,f), and 239Pu(u). 

Table . X I I .  

Problem c h a r a c t e r i s t i c s  assumed a r e  g iven i n  
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Table X I 1  
Problem Charac te r i s t i cs  f o r  Nuclear Data and 

I n t e g r a l  Experiment Adjustment 

28 49 
k ( c/ f ) c e n t r a l  ZP R-6/ 7 Parame t e r  

Cal cu l  a ted  Val ue 
(homogeneous 1 -D model ) 

0.9719 1.0046 

Experimental value 0.9834 0.9336 

exper iment -ca lcu la t ion  % 
c d t u l a t i o n  

1.183 -7.068 

Assumed i n t e g r a l  experiment 1 .oo 2.00 
unce r ta i  n t i  es (%) 
(no c o r r e l a t i o n s )  

EhERGY SRflUP STRUCTURE ( E V )  
Energy group s t r u c t u r e  GRCUP ENERGY QANCE 

- l14918E*O7-- i * 3 5 3 4 ~ * n 6  

- - 3  - 4 , 9 7 8 7 ~ ~ ~ 5 -  I , ~ ~ I ~ E + U S  
2 1*3534E+06-- 4 * 9 7 3 7 E * r 5  

4 1 * 8 3 1 6 E + 0 5 - -  1 ~ 1 1 ' 3 9 E + 0 5  
5 lrllOFE+@5-- 6 * 7 3 7 9 t + 0 4  

- 6 6*7379E*34-- 4*G860E*34 
4 . 0 ~ e b ~ + u 4 - -  2 * 4 7 e e ~ + 5 4  --7 -- 

8 2 , 4 7 6 6 ~ + 0 4 - -  9 1 1 : 8 8 ~ + n J  
9 9*1188E+03-- l r 2 3 J l E * 0 3  

1 0  1 1 2 3 4 1 E * 0 3 - -  1 + 0 0 0 0 € - 0 5  

Uncer ta in ty  due e x c l u s i v e l y  3.457 8.569 
t o  nuc lear  data (%) 

One sees from Table XI1 t h a t  k i s  underpredic ted w h i l e  the  c e n t r a l  
cap tu re / f i ss ion  r a t i o  i s  s u b s t a n t i a l l y  overpredic ted.  
data u n c e r t a i n t i e s  accord ing t o  ou r  present  f i l e s  a re  l a r g e  enough t h a t  
taken alone, one cannot argue t h a t  a ' ' r ea l "  discrepancy a c t u a l l y  e x i s t s .  

The u n c e r t a i n t i e s  taken f o r  t h e  i n t e g r a l  experiments were assumed based 
upon discussions i n  t h e  CSEWG Fas t  Reactor Data Tes t ing  Committee and need 

considerably  more a t t e n t i o n  (as one w i l l  see i n  the  nex t  example). The 
s e n s i t i v i t y  p r o f i l e s  ca l cu la ted  i n  t h e  prev ious s e c t i o n  i n d i c a t e  t h a t  t he re  

i s  l i t t l e  encouragement f o r  mod i fy ing  nuc lear  data o t h e r  than those i n -  

vo lved i n  t h e  d i r e c t  e f f e c t ,  i .e . ,  238U capture and 239Pu f i s s i o n ,  when 

t r y i n g  t o  reso lve  the  discrepancy i n  t h e  cap tu re / f i ss ion  r a t i o .  

XI11 i n d i c a t e s  the  adjustments computed us ing  t h e  method descr ibed above 

w i t h o u t  biases i n  t h e  cons t ra in t s .  

However, the  nuc lear  

Table 

The "bes t "  va lue f o r  k [corresponding 



Table XI11 

Nuclear Data Adjustments f o r  Consistency Between D i f fe rent ia l  
and In tegra l  Data (see Table X I I )  
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-, 
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t o  these adjustments if 0.9878 ( ra ised)  and t h a t  f o r  t he  c a p t u r e / f i s s i o n  
r a t i o  i s  0.9438 (reduced)]. 

s t a n t i a l l y  reduced r e l a t i v e  t o  those tabu la ted  i n  Table X I I ,  i .e . ,  dk/k 

i s  0.82% (compared t o  3.45%) and 6 [ ( 2 8 ~ ) / ( 4 9 f ) ] / [ ( 2 8 ~ ) / ( 4 9 f ) ]  i s  1.76% 

compared t o  8.60%. A s t a t i s t i c a l  t e s t  o f  t he  res idua l  r i n d i c a t e s  t h a t  

t he  adjustments i n d i c a t e d  i n  Table X I I I  a re  p l a u s i b l e  i f  the  i n p u t  co- 

var iance data are r e a l i s t i c .  Table X I 1 1  i n d i c a t e s  t h a t  t he  bes t  way t o  

achieve consistency between the  d i f f e r e n t i a l  and i n t e g r a l  data i s  t o  make 
s u b s t a n t i a l  reduct ions t o  t h e  capture cross sec t i on  o f  238U. 
s i o n  i s  predicated,  o f  course, on ou r  o r i g i n a l  est imates f o r  t h e  unce r ta in t y  

o f  238U and on t h e  assumption t h a t  t he re  i s  no l a r g e r  unce r ta in t y  i n  the  

measurement o f  ( 2 8 c ) / ( 4 9 f ) .  

cross sec t i on  has the  i m p l i c i t  assumption o f  no rma l i t y  (+ - e r r o r s  equa l l y  

l i k e l y )  which i s ,  perhaps, n o t  app l i cab le  f o r  the  238U eva lua t ion .  How- 
ever, i f  t h e  239Pu f i s s i o n  u n c e r t a i n t y  est imates a re  r e a l i s t i c ,  most 

adjustment schemes (which are  s t a t i s t i c a l l y  reasonable) lead  one t o  the  

conclus ion t h a t  t h e  238U capture cross s e c t i o n  must be lowered. On the  

o t h e r  hand, i f  there  were a d d i t i o n a l  e r r o r s  i n  t h e  i n t e g r a l  experiments, 

th is  conclus ion would by no means be requi red.  I n  t h i s  connection, no te  

i n  Table I t h a t  there  seems t o  be no discrepancy i m p l i e d  i n  the  C/E f o r  

28c/ 9f f o r  ZPR-6/6A. 

The u n c e r t a i n t i e s  i n  these est imates are  sub- 

This  conclu- 

However, t h e  covar iance data f o r  238U capture 

The s u b s t a n t i a l  reduc t i on  i n  t h e  u n c e r t a i n t i e s  p red ic ted  f o r  t he  

i n t e g r a l  parameters us ing  the .ad jus ted  s e t  r e s u l t s  f rom the  impact o f  the  
procedure on the  cross s e c t i o n  covar iance ma t r i x .  I n  Figs. 39 and 40 

we show the  cross s e c t i o n  covar iance m a t r i x  be fo re  and a f t e r  t h e  i n c l u s i o n  

o f  ZPR-6/7 i n t e g r a l  data f o r  k and f o r  ( 2 8 ~ / 4 9 f ) .  As i s  seen from the  
s tandard dev ia t ions ,  a l s o  g iven i n  columns 5 and 10 o f  Table XIII, t he  

knowledge o f  t he  i n d i v i d u a l  group cross sec t ions  has n o t  improved much. 

A t  most, the  s tandard dev ia t i ons  i n  a few groups have been reduced by 

about 30%, w e l l  w i t h i n  the  accuracy w i t h  which we can est imate such 

q u a n t i t i e s  a t  t h e  moment. I t  i s  ev ident  f rom Figs. 39 and 40 t h a t  broad 

p o s i t i v e  c o r r e l a t i o n s  between t h e  28c cross sec t i on  and 49c and 49f have 

been in t roduced as w e l l  as smal l e r  broad negat ive  c o r r e l a t i o n s  between 

239Pu and the  cross sec t ions .  A d e t a i l e d  examinat ion o f  the  
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ORNL OWG 76-16205 

- 
M A T ' L  1262 50 GROUPS REACT 18 TO RERCT 18 

Fig .  39. Cross Section Covariance Matrix Before Inclusion of ZPR-6/7 
Integral Data fo r  k and 2 8 ~ / 4 9 f .  
presented in Figs. 33-38 for  each of the five reaction types i n  ten energy 
groups.  The upper par t  of the drawing gives the correlat ion matrix while 
.the lower par t  i l l u s t r a t e s  the r e l a t ive  standard errors of the cross sec- 
t ion f o r  each group as given in Table XIII. 

T h i s  f igure  condenses the information 
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ORNL DWG 76-16206 

MAT'L 1262 50 GROUPS RERCT 102 TO REACT 102 

Fig.  40. Cross Sect ion Covariance M a t r i x  A f t e r  I n c l u s i o n  o f  ZPR-6/7 
I n t e g r a l  Data f o r  k and 28~/49f .  Presented i s  t he  cross s e c t i o n  covariance 
m a t r i x  f o r  t he  f i v e  i n d i c a t e d  r e a c t i o n  types i n  ten  energy groups r e s u l t i n g  
f rom t h e  adjustment procedure. The upper p a r t  o f  the drawing gives the cor-  
r e l a t i o n  m a t r i x  w h i l e  t h e  lower p l o t s  t h e  r e l a t i v e  standard e r r o r s  o f  t he  
cross sec t i ons  f o r  each group as g iven i n  Table XIII. 
o f  the  i n t e g r a l  i n fo rma t ion  reduces t h e  diagonal elements a l i t t l e  and makes 
broad changes o f  small  magnitude i n  t h e  c o r r e l a t i o n  p a t t e r n .  

Note t h a t  the i n c l u s i o n  
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c o r r e l a t i o n  m a t r i x  o f  the  cross sec t ions  as a f u n c t i o n  o f  energy reveal  

t h a t  a l though the  elements c lose  t o  the  diagonal  have n o t  changed appre- 

c i a b l y ,  s u b s t a n t i a l  reduc t ions  i n  t h e  magnitude o f  t he  o f f -d iagona l  

elements has occurred i n c l u d i n g  some s i g n  reve rsa l s .  This e f f e c t  i s  n o t  

c l e a r l y  ev iden t  i n  Figs. 39 and 40 b u t  i t  r e s u l t s  i n  a s u b s t a n t i a l  i m -  
provement i n  t h e  accuracy w i t h  which t h e  i n t e g r a t e d  cross sec t ions  over  

t h e  ZPR-6/7 spectrum are  now pred ic ted .  

I n  o rde r  t o  analyze i n  g rea te r  d e t a i l  t h e  impact o f  t he  adjustment 

procedure on t h e  accuracy o f  the  i n t e g r a l  parameters, we show i n  Table X I V  
a p a r t i t i o n  by r e a c t i o n  type o f  the  r e l a t i v e  var iance p r o j e c t e d  f o r  

ZPR-6/7 k and ( 2 8 ~ / 4 9 f ) .  

t r i b u t i o n  o f  t h e  corresponding p o r t i o n s  o f  t he  data covar iance m a t r i x  

t o  the  ou tpu t  r e l a t i v e  var iance f o r  t he  i n d i c a t e d  parameters. 

a r rays  a re  obta ined by f o l d i n g  the  data covar iance m a t r i x  w i t h  t h e  

s e n s i t i v i t y  c o e f f i c i e n t s  and c o l l a p s i n g  the  r e s u l t  f o r  each r e a c t i o n  type 
over  the complete energy range. 

are: 

The elements o f  each a r ray  represent  t h e  con- 

These 

The major  conclusions f rom t h i s  p a r t i t i o n  

1. The major  c o n t r i b u t i o n  t o  t h e  var iance i n  t h e  i n t e g r a l  parameters 
come f r o m  28c and 49f as p r e v i o u s l y  mentioned. 

2. With the  ad jus ted  s e t  l a r g e  cance l l a t i ons  of t h e  c o n t r i b u t i o n  t o  t h e  
u n c e r t a i n t i e s  of 29c and 49f occur i n  the  c o r r e l a t i o n s  between these 

two cross sec t ions .  I n  t h e  i n p u t  data se t ,  these c o r r e l a t i o n s  were 
s e t  t o  zero a l though i n  general we cou ld  expect t o  be a b l e  t o  pre-  

d i c t  p o s i t i v e  c o r r e l a t i o n s  due t o  u n c e r t a i n t i e s  i n  common methods 

used t o  determine t h e  f l u x ,  i . e .  , c o r r e l a t i o n s  i n t roduced  by cross 

s e c t i o n  standards.  

3. From the  p a r t i t i o n ,  us ing t h e  o v e r a l l  s e n s i t i v i t y  c o e f f i c i e n t s  g iven 

i n  Table 11, we may e x t r a c t  an e f f e c t i v e  u n c e r t a i n t y  f o r  each cross 

sec t i on .  

as weighted by t h e  s e n s i t i v i t i e s  f o r  ZPR-6/7.) 
u n c e r t a i n t y  i n  28c went down from 7 t o  4.4% and f o r  49f f rom 5.3 

(This  would be an e f f e c t i v e  f u l l y  c o r r e l a t e d  u n c e r t a i n t y  

The e f f e c t i v e  
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Table XIV 
Part i t ions by Reaction Type of Relative Variance Projected f o r  ZPR-6/7 k and 2 8 ~ / 4 9 f  
Parameters. The elements i n  each array below represent the contribution of the cor- 
responding portions o f  the data covariance matrix t o  the output r e l a t ive  variance 
f o r  the indicated parameter; a sum o f  the  elements shown gives the computed relative 
variance. The values without parentheses a r e  lo4 times the contributions computed 
using 5 poster ior i  data base which includes some information from integral  experi- 
ments. The values shown with parentheses are the corresponding nonzero par t i t ions  
based on - a pr ior i  data set .  

Sums of Par t i t ions 
Type 28f 2% 4 9 f  4 9 c  4 9; (Relative variance x lo4)  

Results f o r  k 

28f 0.02 
(0.02) 

2% 0.01 1.09 
(2.85) 

49f -0.04 -3.26 3.04 
(9.87) 

4 9c 0.00 0.26 -0.51 0.10 

4 9; 0.00 0.16 -0.44 0.01 0.22 

(-1.14) (0.11) 

(0.24) 

Results f o r  Central 2 8 ~ / 4 9 f  

28f  0.00 
(0.01) 

Diagonal 4.5(13.1) 

Off-Diagonal -3.8(-1.1), 

Total 0 .'7(12.0) 

Diagonal 25.2 (72.4) 

28C 0.00 15.06 Off-Diagonal -22.1(1 . O )  
(39.45) 

4 9 f  0.01 -22.13 10.17 
(32.91 ) 

4 9c 0.00 -0.46 0.44 0.02 
(1.04) (0.02) 

4 9 5  0.00 0.01 0.00 0.00 0.00 
(0.00) 

Total 3.1 (73.4) 
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t o  2.9%. T h i s  improvement comes i n  large par t  from the e f f ec t  of 
the adjustment on the ‘far  of f  diagonal elements of the covariance 
matrix of the cross sections as a function of energy. 
adjusted s e t  the e f fec t ive  correlation of the 28c and 49f is  0.89, 
instead of zero in the i n p u t  matrix. T h i s  large correlation i s  
responsible f o r  the dramatic improvement i n  the accuracy predicted 
f o r  the integral  parameters as seen in Table XIV from the sums of 
the contribution to the variance of the par t i t ions f o r  the diagonal 
and off-diagonal elements. Another way of s ta t ing  th i s  r e su l t  is 
t o  say tha t  f o r  ZPR-6/7, accurate prediction of k and 2 8 ~ / 4 9 f  
requires a knowledge of  the re la t ive  cross sections of 28c and 49f .  

6 

I n  the 

4. In t h i s  example we assumed tha t  the experimental uncertainties i n  k 
and 2 8 ~ / 4 9 f  were uncorrelated, an obvious oversimplification. 
i s  interest ing to  note tha t  using the input cross section covariance 
matrix, a correlation coeff ic ient  of -0.94 i s  predicted between the 
computed k and 2 8 ~ / 4 9 f .  This correlation coeff ic ient  is very con- 
s i s t e n t  w i t h  the original underprediction of k and overprediction 
of the r a t io  2 8 ~ / 4 9 f .  
f i c i e n t  is now reduced t o  -0.34. 

I t  

W i t h  the adjusted s e t  this correlation coef- 

As a second example, consider the same example as given i n  Table XI1 
w i t h  the following changes: the capture/fission r a t i o  experimental value 
is raised 3% and the uncertainty in i t  i s  raised t o  3.5%. 
changes alone and a l l  other  nuclear data, as i n  the previous example, 
another adjustment was made w i t h  results as shown in Table XV. Note 
tha t  w i t h  this s e t  of assumptions, the required adjustments to  238U 

capture are  c lear ly  reduced and substantial  adjustments are  required to  
the 2 3 9 P u  a and aC cross sections.  
strongly tha t  we develop reasonably r e l i ab le  estimates f o r  the uncer- 
t a in t i e s  (and t h e i r  correlat ions)  as well as the nominal values for a l l  
the experimental resu l t s  i f  we wish t o  improve our  confidence in the 
prediction of performance parameters. 

W i t h  just  these 

Simple examples such as these suggest f 
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Table XV 
Summary Table f o r  the Problem o f  Table X I 1  with the (2ac/49f )  Experiment 

Raised 3% and Its Uncertainty Raised to  3.5%' 

Output values were: k (best estimate) = .9835 .86% and 2 8 ~ / ~ ~ f  (best estimate) = .9723 2.5%. a 



102 

I X .  I nve rse  Problem 

The general o b j e c t i v e  o f  t he  " Inverse Problem'' of r e a c t o r  s e n s i t i v i t y  

theory i s  t o  p rov ide  q u a n t i t a t i v e  guidance 41'43. t o  data a c q u i s i t i o n ,  data 

evaluat ion,  and associated data-processing code development programs by 
g i v i n g  est imated accuracy requirements on var ious mu1 t i g r o u p  nuc lea r  data 

t o  meet pre-determined design c o n s t r a i n t s  and e r r o r  margins. 

The inve rse  problem i s  formulated here f o l l o w i n g  the  development r e -  

Given ( 1 )  s p e c i f i e d  r e a c t o r  systems w i t h  p o r t e d  by UsacheSt2 as f o l l o w s :  

p a r t i c u l a r  performance parameter accuracy requirements (e.g., 1/2% i n  k 
f o r  CRBRP, e t c . ) ,  (2)  the s e n s i t i v i t y  c o e f f i c i e n t s  (as determined by FORSS, 

f o r  example) o f  t he  performance parameters w i t h  respect  t o  t h e  broad group 

cross sec t i ons  ( the  r e q u i r e d  accu racyo f  which a r e  t o  be determined), (3 )  
a m a t r i x  which gives the  c o r r e l a t i o n s  between the  group cross sect ions ac- 

cord ing t o  t h e  var ious experimental methods by which these cross sect ions 

a re  determined, and (4 )  a c o s t  f u n c t i o n  which gives t h e  c o s t  of an exper i -  

mental program t o  determine by var ious exper imental  methods the group 

cross sec t i ons  o f  i n t e r e s t ,  al,a2. .  .an, t o  w i t h i n  an accuracy s p e c i f i e d  

by the standard dev ia t i ons  xl,x 2...xn, what a r e  the  optimum standard 

dev ia t i ons  o f  t h e  exper imen ta l l y  determined broad group cross sec t i ons  

which w i l l  g i v e  a minimum c o s t  t o  t h e  experimental program and a t  t h e  same 
t ime s a t i s f y  t h e  accuracy requirements o f  t h e  design performance param- 
e t e r s .  As now formulated, o n l y  d i f f e r e n t i a l  experiments a r e  included. 

L e t  us represent  t h e  v a r i a b l e  ou tpu t  standard d e v i a t i o n  o f  t h e  cross 
sec t i ons  by t h e  diagonal  m a t r i x  X and the  c o s t  f u n c t i o n  by C(X). 

t h e  c o r r e l a t i o n  m a t r i x  and Sr t h e  s e n s i t i v i t y  c o e f f i c i e n t  v e c t o r  o f  

performance parameter r. Then the  problem s t a t e d  mathemat ica l ly  i s  

L e t  D be 

Minimize: C(X) 

Subject  t o :  3rXDXSr - < Vr 

xii 2 0  

3 
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where Q i n d i c a t e s  t h e  transposed mat r i x ,  and Vr i s  t he  maximum value a l -  
lowed by t h e  c o n s t r a i n t  on t h e  var iance o f  t he  r ' t h  performance parameter. 

This i s  a non-1 i n e a r  programming problem w i t h  non-1 i n e a r  (quadra t i c )  

i nequal i ty cons t r a i  n t s  . 
which uses a m o d i f i c a t i o n  o f  EXCOST, a code f o r  non - l i nea r  o p t i m i z a t i o n  

s u b j e c t  t o  non-1 i n e a r  const ra in ts .44 

Sol u t i  ons a r e  found by the module NUTCRACKER, 

The f o l l o w i n g  t y p i f i e s  t h e  resu t s  o f  app ly ing  the  method using as 

t y p i c a l  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  obta ined f o r  the r e a c t o r  benchmark 

ZPR-6/7. The f o l l o w i n g  were assumed (1)  R e l a t i v e  standard dev ia t i ons  o f  

t he  c a l c u l a t e d  mu1 t i p 1  i c a t i o n  f a c t o r  k and t h e  c a l c u l a t e d  c e n t r a l  reac t i on -  

r a t e  r a t i o  o f  238U-capture t o  239Pu- f i ss ion  were n o t  t o  exceed 0.5% and 2%, 

r e s p e c t i v e l y .  
surement: f o u r  r e a c t i o n  cross sect ions,  238U- f i ss ion  and -capture and 239Pu- 

f i s s i o n  and -capture,  and the  neutron y i e l d  p e r  239Pu- f iss ion,  V .  

these f i v e  was g iven a common ten-group s t r u c t u r e .  

f i c i e n t s  f o r  these f i f t y  q u a n t i t i e s  were c a l c u l a t e d  us ing t h e  ORNL FORSS 

code system f o r  covar iance f i l e s  generated t o  descr ibe e x i s t i n g  measure- 

ments. 

ten-group, one-dimensional model o f  ZPR-6/7 (co l lapsed w i th  uni form weight  

from the  126 group p r o f i l e s  repo r ted  above). (4 )  The c o s t  f u n c t i o n  was 

est imated w i t h  a sum o f  f i f t y  terms, each term va ry ing  as the  r e c i p r o c a l  

o f  t he  square of a v a r i a b l e  standard d e v i a t i o n  and corresponding t o  one 
o f  t h e  f i v e  nuc lear  data types and t o  one o f  t h e  t e n  energy groups. For 
each group t h e  c o s t  o f  h a l v i n g  the  present  value o f  a standard d e v i a t i o n  

(as evaluated from covar iance f i l e s )  was assumed t o  be t h e  same f o r  each 
p a r t i c u l a r  r e a c t i o n  cross s e c t i o n  type. 
f i c i e n t s  were determined from c o s t  est imates o f  measuring 238U cross 

s e c t i o n  data prov ided by G.  d e S a u ~ s u r e . ~ ~  

(2 )  f i v e  types o f  experimental data were proposed f o r  mea- 

- 
Each o f  

The c o r r e l a t i o n  coef-  

(3) The s e n s i t i v i t y  c o e f f i c i e n t s  were c a l c u l a t e d  w i t h  FORSS f o r  a 

The group-dependent c o s t  coef-  

The energy-dependent r e s u l t s  a r e  presented i n  Table X V T  along w i t h  

energy-independent r e s u l t s  o f  two e a r l i e r  s tud ies  f o r  comparison. 

f o u r  cross sec t i ons  and a r e  t o  be remeasured so as t o  force t h e  two 

design parameters t o  have standard dev ia t i ons  o f  0.5% and 2% r e s p e c t i v e l y ,  

I f  the  



Table X V I .  Required R e l a t i v e  Standard Deviat ions i n  Percgnt t o  Achieve 
Design Accuracy a t  Minimum Experimental Cost 

Group 
Upper Energy 

(ev)  

1.491 8+7 

1.3534+6 

4.9787+5 
1 .8316+5 

1.1109t5 
ti. 7379+4 

4.0866+4 

2.4 788+4 

9.1188+3 

1.2341+3 

l . l ( l . 9 )  11.0(22.6) 

11.3(10.7) 3.8( 19.6) 
b 2.6 (12.3) 

b 2.1 (10.3) 

b 2.1 (8.8) 

b 1.3(4.7) 

b 2 . q  9.9) 

b Z.Z( l2 .9)  

b 1.7(9.6) 

b b 

1 . q 4 . 6  j 

1.2(5.7) 
2.1 (10.6) 

3.6 (1.9.3) 
3.2 (1 2.8) 

1.7(6,. 3) 

1.0(3.2) 

1.1 (3.9) 

1 4 5 . 9 )  

b 

b 
64.8( 22.4) 

49.8(11.3) 

84.1(23.2) 

70.4 (1 3.5) 

38.2(12.3) 

7.2( 7.9) 

6.1 (8.5) 

5.4(13.2) 

b 

1.8(1 . O )  

O .Z (O.5 )  

0.3(0.8) 

0.3(0.8) 

0.3(0.8) 

0.4(0.8) 

0.4 (0.8) 

0.4 (0.8) 

0.3(0.8) 

0.3(0.8) 

429 

277 

277 

196 

2 37 

237 

236 
301 

264 

21 7 

-1 

0 
P 

Usachev' (Ref. 42) 1.6-2.6 1.4-2.9 0.6-2.2 4.4-6.7 0.5 

Bohnd (Ref. 46) 5 2 1 7 1 

aCurrent  es t imated  accuracies a re  i n  parentheses. 
bEva lua t ion  incomplete o r  does n o t  apply.  
'These accurac ies ensure a determinat ion of keff  t o  w i t h i n  1% and of breeding r a t i o  t o  w i th in  2%. 
dFor t a r g e t  accurac ies of approximately 0.5% i n  keff, 5% on breeding r a t i o  and c o n t r o l  r o d  worths, 

eCost parameter Cg g ives the  cos t  c o n t r i b u t i o n  (Cs xp/Xi)2 f o r  v a r i a b l e  s tandard d e v i a t i o n  xi 
and 10 t o  15% i n  Doppler and sodium v o i d  c o e f f i c i e n t s .  

and ac tua l  s tandard  d e v i a t i o n  x;. 

c * 4 -' 
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then, n e g l e c t i n g  e r r o r s  from o t h e r  sources, t h i s  can be done w i t h  t h e  
l e a s t  expense by measuring t h e  group cross sec t i ons  and 

u n c e r t a i n t i e s  shown. Note t h a t  these p a r t i c u l a r  r e s u l t s  do n o t  take 

c r e d i t  f o r  t h e  c u r r e n t  est imated accuracies which a r e  i n  parentheses; i . e .  , 
where the  accuracy requirements f o r  a g iven cross s e c t i o n  has a l ready been 

s a t i s f i e d ,  the c a l c u l a t i o n  should be repeated w i t h  the  cross s e c t i o n  e l im-  

i n a t e d  as a v a r i a b l e .  

t o  w i t h i n  the  

Based on ou r  est imated c o r r e l a t i o n s  and standard dev ia t i ons  associated 

with the  above nuc lear  data, a conclus ion t o  be drawn from the  t a b l e  i s  

t h a t  design accuracy goals 3 ’ 4 7 0 f  0.5% i n  k and 2% i n  t h e  c e n t r a l  2 8 ~ / 4 9 f  
r a t i o  i n  convent ional  mixed ox ide  LMFBR cores (neu t ron i c  behavior s i m i l a r  

t o  ZPR-6/7) a r e  u n l i k e l y  t o  be a t t a i n e d  i n  the  nex t  5-10 years i f  the  

nuc lea r  data i s  based o n l y  on microscopic  measurements and the  l e v e l  o f  

e f f o r t  on t h e  most c r u c i a l  cross sect ions i s  n o t  increased d ramat i ca l l y .  

I n c o r p o r a t i o n  o f  t h e  r e s u l t s  o f  t h e  i n t e g r a l  experiments i s  requ i red  e i t h e r  

d i r e c t l y  o r  i n d i c e c t l y  i n  c a l c u l a t i n g  r e a c t o r  performance. 

X. Conclusions 

This paper presents the  f i r s t  r e s u l t s  o f  app ly ing  FORSS t o  the  anal -  

y s i s  o f  f a s t  r e a c t o r  benchmarks. The s e n s i t i v i t i e s  o f  performance param- 

e t e r s  f o r  t h e  ZPR-6/6AY ZPR-6/7, and GODIVA CSEWG f a s t  r e a c t o r  benchmarks 

t o  var ious impor tant  p a r t i a l  cross sec t i ons  have been computed and used i n  

an at tempt t o  r e c o n c i l e  c u r r e n t  ca lcu lat ion/exper iment  discrepancies and 
q u a n t i f y  u n c e r t a i n t i e s .  The f i r s t  two assemblies a re  c h a r a c t e r i s t i c  o f  

LMFBR s p e c t r a l  environments w h i l e  t h e  l a t t e r  has been used ex tens i ve l y  t o  

v e r i f y  h i g h  energy cross s e c t i o n  data f o r  t he  uranium isotopes. 

importance o f  t h e  f i s s i o n  and capture cross sect ions o f  uranium and 

p lu ton ium (as w e l l  as J) was p a r t i c u l a r l y  ev iden t  and q u a n t i f i e d  i n  

r e l a t i o n  t o  o t h e r  r e a c t i o n  types. 

t r a n s p o r t  theory i n  126 energy groups. Comprehensive l i b r a r i e s  o f  energy 

dependent c o e f f i c i e n t s  ( i n c l u d i n g  a d d i t i o n a l  assemblies such as ZPR- 3/56B, 

ZPR-3/11 , and p r o f i l e s  f o r  i n d i v i d u a l  r e a c t i o n  types, e.g. , each i n d i v i d u a l  

i n e l a s t i c  l e v e l )  i n  a computer r e t r i e v a b l e  format were documented and 

re leased f o r  d i s t r i b u t i o n  by R S I C  and NNCSC. 

The 

The s e n s i t i v i t i e s  were computed us ing 
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Mu l t i g roup  covar iance f i l e s  f o r  238U(n,f) , 238U(n,y), 239Pu(n,f), 
239Pu(n,y) , and 239Pu(u) based upon data compi la t ions and procedures 

devel oped by deSauss ure , D i  f i  11 i p o  Peel.1 e , and Perez were -%generated. 
These covariance matr ices were f o l d e d  w i t h  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  
descr ibed above r e s u l t i n g  i n  one s tandard d e v i a t i o n  est imates f o r  k, 

c e n t r a l  238U ~ a p t u r e / ~ ~ ~ P u  f i s s i o n  and c e n t r a l  238U f i ~ s i o n / ~ ~ ~ P u  f i s s i o n  

f o r  ZPR-6/7 (and designs w i t h  s i m i l a r  neu t ron i c  behavior )  o f  3.5, 8.6, 

and 4.6 percent  r e s p e c t i v e l y .  Comparison o f  c a l c u l a t i o n  and measurement 

i n d i c a t e s  t h a t  k i s  underpredicted f o r  ZPR-6/7 w h i l e  the  c e n t r a l  capture/  

f i s s i o n  r a t i o  i s  s u b s t a n t i a l l y  overpredic ted.  However, the nuc lea r  data 

u n c e r t a i n t i e s  a r e  l a r g e  enough t h a t  taken alone, i t  i s  d i f f i c u l t  t o  argue 

t h a t  a " r e a l  " discrepancy a c t u a l l y  e x i s t s .  

I n c l u s i o n  o f  i n t e g r a l  measurements i n  the u n c e r t a i n t y  e s t i m a t i o n  
process in t roduces c o r r e l a t i o n s  (he re to fo re  unknown) i n  the covar iance 

data which reduce t h e  o v e r a l l  u n c e r t a i n t y  f o r  designs w i t h  s i m i l a r  neu- 

t r o n i c  s e n s i t i v i t i e s .  

238U ~ a p t u r e / ~ ~ ~ P u  f i s s i o n  w i t h  assigned unco r re la ted  one standard devia- 
t i o n  ( l o )  u n c e r t a i n t i e s  (random and systemat ic)  o f  1 and 2 pe rcen t  r e -  

s u l t e d  i n  ( l o )  c a l c u l a t i o n s  o f  t h e  same parameters f o r  s i m i l a r  systems 

( l a rge  LMFBR cores) o f  0.82% and 1.8% r e s p e c t i v e l y  (compared t o  3.5% and 

8.6%) when the  i n t e g r a l  data i s  i nc luded  i n  a cross s e c t i o n  adjustment 
procedure which made changes of  l e s s  than one s tandard d e v i a t i o n  t o  the  

bas i c  mu l t i g roup  f i l e .  E l i m i n a t i o n  o f  any s i g n i f i c a n t  downward a d j u s t -  
ment i n  t h e  238U capture cross s e c t i o n  can be e f f e c t e d  on ly  by s i g n i f i c a n t  
upward r e v i s i o n  i n  the  repo r ted  ZPR-6/7 c a p t u r e / f i s s i o n  r a t i o  and/or i t s  

u n c e r t a i n t y  so as t o  amel iorate the e x i s t i n g  7% c a l c u l a t e d  overpredic-  

t i o n .  Changes i n  k may be accounted f o r  w i t h o u t  r e s o r t  60 l a r g e  changes 

i n  the  238U capture cross s e c t i o n  by i n c l u d i n g  a d d i t i o n a l  r e a c t i o n  types 

(e.g. 238U i n e l a s t i c )  i n  t h e  adjustment process. 

Using the  measurements i n  ZPR-6/7 f o r  k and c e n t r a l  

The theory behi  nd t h e  " i nve rse  p rob l  em'' o f  r e a c t o r  sens i ti v i  ty  theory 

(i .e., t h e  determinat ion o f  t he  accuracy r e q u i r e d  o f  mu l t i g roup  nuc lea r  

data t o  ensure a t  minimum c o s t  a g iven accuracy i n  c a l c u l a t e d  r e a c t o r  

performance parameters ) was reviewed and coding devel oped t o  apply  t h e  
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s o l u t i o n  technique t o  a sample problem of i n t e r e s t .  
c o r r e l a t i o n s  and standard dev ia t i ons  associated w i t h  t h e  above nuc lea r  
data, design accuracy goals o f  0.5% i n  k and 2% i n  the c e n t r a l  2 8 ~ / 4 9 f  
r a t i o  i n  convent ional  mixed ox ide  LMFBR cores (neu t ron i c  behavior s i m i l a r  
t o  ZPR-6/7) are  u n l i k e l y  t o  be a t t a i n e d  i n  the n e x t  5 t o  10 years i f  t h e  

nuc lea r  data i s  based o n l y  on microscopic  measurements and the  l e v e l  of  
e f f o r t  on the  most c r u c i a l  cross sec t i ons  i s  n o t  increased d ramat i ca l l y .  

I n  f a c t ,  p r e s e n t l y  est imated u n c e r t a i n t i e s  f o r  238U(n,y) and 239Pu(n,f) 

Based on our  est imated 

need be reduced by f a c t o r s  o f  approximately f o u r  f o r  impor tant  energy 

ranges. I n c o r p o r a t i o n  o f  the r e s u l t s  o f  t he  i n t e g r a l  experiments i s  

r e q u i r e d  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  i n  p r o j e c t i n g  r e a c t o r  performance. 

* 

e 
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APPENDIX A 
DERIVATION OF THE EXPRESSION FOR k-SENSITIVITY 

Consider the  Boltzmann equat ion w r i t t e n  i n  the  form: 

[A - AB)+ = 0 

and a per turbed system 

L A '  - A ' B ' J + '  = 0 

The equat ion a d j o i n t  t o  (A-1) i s  

[A* - AB*&* = o (A- 3 

M u l t i p l y i n g  Eq. (A-3) by + I  and Eq. (A-2)  by $*, s u b t r a c t i n g  and i n t e g r a t -  

i n g  over t h e  volume o f  t h e  r e a c t o r  y i e l d s  

($*(A '  - h ' B ' ) + )  - (+ ' (A*  - AB*)+*) = 0 

Def i n i  ng : 

A ' = A t d A  

and us ing the p roper t y  of adjo in tness f o r  ,he operators A, A* and B, B* 

we f i n d  

($*(dA - A dB - B dh - dA de )$ ' )  = 0 (A-6 1 

i g n o r i n g  second o r d e r  terms (dx dB), and a l s o  thereby approximat ing $ '  w i t h  

+, and s o l v i n g  f o r  t he  r e a c t i v i t y  p e r t u r b a t i o n  

($* A h) 
(A- 7 1 
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Hence, t h e  s e n s i t i v i t y  of x ( l / k )  w i t h  respec t  t o  c ( p )  becomes 

(A-8) 

I t  should be noted here t h a t  s ince  A l / k ,  dh/A = - dk/k so t h a t  
i f  one i s  i n t e r e s t e d  i n  (dk/k) / [dc(p)/c(p)] ,  one would ob ta in :  

or 

(A-9) 

(A-10) 

i 



Appendix B 
Nucl ide Dens i t ies  i n  the  One-Dimensional Model 

f o r  ZPR-6/7 and ZPR-6/6A 

) 
i Assembly 7 Spher ica l  Model Atom Dens i t ies  

(atoms/barn-cm) 

Core B1 anket 
Radius = 88.16 cm Thickness = 33.81 cm 

'V 

I s o t o  pe 

239Pu 0.000886 72 - 
240Pu 0.00011944 - 
241Pu 0.00001 33 - 
2351) 0,00001 26 0.0000856 

2381) 0.00578036 0.03961 79 

Mo 0.0002357 0.0000038 
Na 0.0092904 - 
0 0.01 390 0.000024 

Fe 0.01 3431 0.004637 

C r  0.002842 0,001 295 

N i  0.001 291 0.0005635 

Mn 0.000221 0.0000998 

Assembly 6A Spher ica l  Model Atom Dens i t ies  
(atom/barn-cm) 

Isotope Core B1 anket 

d 

E 

2 35u 0.001153 0.0000856 
2 38u 0.00581 76 0.0395508 
Na 0.0092904 - 
0 0.01 390 0.000023 

Fe 0.01 3431 0.0044669 

N i  0,001 291 0.0005407 

C r  0.002842 0.001 247 

Mn 0.000221 0.0000960 
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