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ABSTRACT 

Energy-dependent s e n s i t i v i t y  p r o f i l e s  f o r  f i v e  responses c a l c u l a t e d  

f o r  t he  TRX-2 thermal l a t t i c e  w i t h  t h e  ORNL s e n s i t i v i t y  code system FORSS 

a r e  presented here bo th  i n  g raph i ca l  fo rm and i n  SENPRO format.  The r e -  

sponses a r e  t h e  m u l t i p l i c a t i o n  f a c t o r ,  keff; t h e  r a t i o  o f  ep i therma l - to -  

thermal captures i n  2 3 8 ~ ,  2 8 ~ ;  t h e  r a t i o  o f  e p i  thermal - to- thermal  

f i s s i o n s  i n  2 3 5 ~ ,  256; t h e  r a t i o  o f  f i s s i o n s  i n  2 3 8 ~  t o  f i s s i o n s  i n  

2 3 5 ~ ,  286; and t h e  r a t i o  o f  captures i n  2 3 8 ~  t o  f i s s i o n s  i n  2 3 5 ~ ,  CR. 
A summary t a b l e  o f  t h e  t o t a l  s e n s i t i v i t i e s  i s  a l s o  presented, 





INTRODUCTION 

The ORNL s e n s i t i v i t y  code system FORSS, "~  a  modular computer code 

system f o r  s t udy ing  r e l a t i o n s h i p s  between nuc lea r  cross sec t ions ,  i n t e g r a l  

experiments, and c a l c u l a t e d  performance parameters f o r  a  g iven  system, 

t oge the r  w i t h  t h e  assoc ia ted  u n c e r t a i n t i e s ,  has been a p p l i e d  t o  t h e  CSEWG 

TRX-2 thermal 1  a t t i c e  benchmark. O f  spec ia l  i n t e r e s t  a re  t h e  s e n s i t i v i t y  

p r o f i l e s ,  which show t h e  s e n s i t i v i t y  of t h e  c a l c u l a t e d  responses t o  t h e  

va r i ous  m a t e r i a l  c ross  sec t i ons  as a  f unc t i on  o f  neut ron energy and t o  t h e  

resonance parameters. These p r o f i l e s  may be used i n  a  myr iad o f  ways; 

however, much i n s i g h t  can be gained mere ly  th rough  s tudy ing  t h e  p r o f i l e s  

themselves. Th i s  r e p o r t  presents  a  s e t  o f  t y p i c a l  s e n s i t i v i t y  p r o f i l e s  

f o r  t h e  se lec ted  system. I n  a d d i t i o n ,  f o r  those i n t e r e s t e d  i n  app l y i ng  
4 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 ,  t he  SENPRO format  f o r  r e p o r t i n g  s e n s i t i v i t y  

c o e f f i c i e n t s  i s  presented i n  Appendix A, and t h e  da ta  a r e  t abu la ted  i n  

Appendix B. 

THE SCOPE OF THE REPORT 

The TRX-2 thermal l a t t i c e  was se lec ted  f o r  t h i s  s tudy  because i t  

represen ts  a  we1 1  -documented and of ten-ca l  c u l  a ted  thermal benchmark. 

It was a  s l i g h t l y  enr i ched  (1.3%) water-moderated assembly w i t h  uranium 

meta l  rods c l a d  i n  aluminum. The rods  were 121.92 cm i n  l e n g t h  and 0.983 cm 

i n  d iameter  i n  a  hexagonal p i t c h e d  a r r a y  w i t h  a  wa te r - t o - f ue l  r a t i o  o f  4.02. 

Th i s  r e s u l t e d  i n  a  spectrum t h a t  was cons ide rab l y  s o f t e r  than t h a t  o f  a  

t y p i c a l  p ressur ized  water  r eac to r .  The c a l c u l a t i o n s  were done us ing  a  

s ing1  e  assembly c e l l  ( i  .e. , a s i n g l e  f u e l  r o d  surrounded by wate r ) .  

A  t o t a l  o f  f i v e  responses were c a l c u l a t e d  f o r  t h e  assembly: 

(1  ) t h e  mu1 t i p 1  i c a t i o n  f a c t o r ,  keff; 

( 2 )  t h e  r a t i o  o f  ep i therma l - to - therma l  captures i n  2 3 8 ~ ,  2 8 ~ ;  

(3)  t h e  r a t i o  o f  ep i therma l - to - therma l  f i s s i o n s  i n  235U, 256 ;  

( 4 )  t he  r a t i o  o f  238U f i s s i o n s  t o  235U f i s s i o n s ,  286;  

( 5 )  t h e  r a t i o  of 238U captures t o  2 3 5 ~  f i s s i o n s ,  CR. 

A1 1  r e a c t i o n  r a t e  r a t i o s  were averaged over  t h e  f u e l  p i n .  An upper energy 

bound o f  0.625 eV was assumed f o r  t h e  thermal reg ion .  The nuc lear  da ta  



i ncl uded were f i ssion yields and neutron interaction cross sections fo r  
f i ss ion ,  capture, total  scat ter ing,  and total  ine las t ic  scattering, as 
well as scattering from each ine las t ic  level and from the ine las t ic  

continuum. Inelast ic  scattering sens i t iv i t i e s  were considered only fo r  

238U and reported only i f  the magnitude of the sens i t iv i ty  was greater 

than 
The sens i t iv i t i e s  presented represent a portion of what i s  presently 

available a t  ORNL i n  the thermal reactor f i e ld  and i s  i n  no sense complete. 
Preliminary se ts  of sens i t iv i ty  profi les  a re  available for  a number of 

mixed oxide la t t ices .  I t  was f e l t ,  however, that  these data a re  of 
suf f ic ien t  i n t e re s t  t o  warrant presentation in th i s  report. The sensi- 

t i v i t i e s  have been compiled in a computer-readable format and are  available 
from the Radiation Shielding Information Center a t  Oak Ridge National 

Laboratory. This RSIC l ibrary,  which also presently contains a number of 
f a s t  reactor benchmark sensi t i v i  t i  es ,6 continues to  grow and wi 11 be 

documented a t  appropriate intervals in the sense of the "open code package. " 

THE METHOD 

The method of calculating the sens i t iv i ty  coefficients fo r  TRX-2 has 
been extensively described el sewhere7 and only a brief description wi 11 be 

presented here. 
A 131 energy g roup  cross-section 1 ibrary8 was developed for  use i n  

t h i s  study. The energy boundaries for  th i s  l ibrary are  presented in Table 
1. The weight function used for  the averaging process consisted of a 
Maxwellian a t  300 '~  in the thermal range with an upper energy cutoff of 
0.625 eV coupled to  a 1 / E  spectrum joined to  a fission spectrum a t  h i g h  

energies. (The breakpoint was taken to  be 67 keV and the temperature of 
the f iss ion spectrum was taken to be 1 .27 MeV,corresponding to  the ENDFIB-IV 

value for  the thermal f iss ions in 2 3 5 ~ . )  The thermal cross sections 
generated during th is  process were not used because of the inabi l i ty  of the 
MINX code to  perform upscatter corrections. The upscatter corrected and 
self-shielded thermal data, including bound atom ef fec ts ,  used in th i s  



Tab1 e 1. 131 Group Energy Boundaries f o r  the 
TRX-2 Sens i t iv i ty  Study 

Upper Upper Upper 
Group Energy (eV) Group Energy (eV) Group Energy (eV) 



study were supplied by E P R I . ~  These were obtained from a 30-group THERMOS 
9 

calculation. 

The scattering cross section for  a1 1 the energy groups above thermal 
were expanded through PI  except for  hydrogen. The hydrogen scattering 
matrices were expanded through order 5. This was done to  correctly account 
fo r  the forward peaked angular distribution of neutrons scattering from 

hydrogen in the laboratory system, leading to  an energy distribution appro- 

pr iate  for  the f ine energy mesh used in th i s  study. Later resul ts  indicated 

tha t  a P 3  expansion would have been suff ic ient .  The thermal cross section 

data consisted of a transport corrected P o  se t .  (In practice, t h i s  was r u n  
as P g Y  with the higher moments s e t  t o  zero. ) This involved the assumption 

tha t  a l l  anisotropic scattering effects  can be accounted for  by use of the 

transport cross section instead of the total  cross section. 
The ANISN discrete  ordinate transport code1 O (using an SI6PS approximation) 

was applied to  a one-dimensional model of a TRX-2 c e l l ,  described in Table 

2 ,  for  the calculation of the forward and adjoint fluxes, as well as the 
2 multiplication eigenvalue. These in turn were used in the JULIET module for  

calculating the values of the performance parameters and the corresponding 
sources for  the generalized-adjoint transport equations. The generalized 

adjoint solutions of these generalized equations were provided by ANISN 

(modified to  allow negative sources and fluxes) and then used in 
JULIET for  the calculation of sens i t iv i ty  coefficients.  Further de ta i l s  

concerning these codes and procedures can be found in Ref. 7. 

RESULTS 

The resu l t s  of t h i s  sens i t iv i ty  study are  presented here in the form * 
of tables and graphs. The nominal values of the performance parameters 

calculated using ENDFIB-IV cross sections are  in good agreement with previously 

reported values and experimental values (see Table 3 ) .  l 2  The calculated 

resonance parameter sens i t iv i t i e s  for  the f i r s t  four s wave resonances in 

238U are  also in good agreement with previously reported resul ts.13 The 

* 
The tables a re  in Appendix B y  page 115, and the graphs begin on page 17; 
see page iv for  page numbers of specif ic  data. 



Table 2. The Cyl indr ic ized  Calcula t ion  Model of 
t h e  TRX-2 Hexagonal L a t t i c e  

Outer Radius Concentration 
Region (cm Isotope atoms/barn-cm 

Fuel 

Void 0.5042 - - 
Clad 

Moderator 

Total Buckling = 0.005469 cmm2 

Tab1 e 3. TRX-2 Performance Parameters 
Based Upon ENDFIB- IV 

ORNL 
Parameter ~ x ~ e r i m e n t ~  Calcula t ion  



graphs, Figs. 1-94, present re la t ive  sens i t iv i t i e s  per uni t  lethargy as a 
function of neutron energy. The profiles were plotted in  t h i s  form because 

the re la t ive  sens i t iv i ty  per uni t  lethargy i s  independent of group structure 
i f  the group structure i s  suff ic ient ly  fine.  Thus these plots can be com- 
pared direct ly  w i t h  similar plots which use a different  group structure.  
Note tha t  these are  log-log plots in which a solid curve represents a negative 
quantity and a broken l ine  (dashed) curve represents a positive quantity. 

The total  s ens i t iv i t i e s  for each response, nuclide, and reaction are 

presented in Tables 4-8. The total  sens i t iv i ty  i s  the sum over a l l  energy 
groups of the sens i t iv i t i e s  of the response with respect to  the group 

reaction cross sections. Such a total  sens i t iv i ty  i s  actually a relat ive 
sens i t iv i ty  with respect to  a single group-independent scale factor h which 
affects  the associated cross section in the same proportion a t  a l l  energies 
and small groups. Thus, i f  the scale factor h increases by lo%, a l l  the 
group cross sections for the associated reaction type increase by the same 

10%. For convenience A may be s e t  to unity when the group cross sections 
have the i r  nominal values o0 Then the group cross sections are given by 

g '  

The energy dependent sens i t iv i ty  profiles provide a quantitative 
assessment of the ra te  of change in a particular response, R y  with respect 
t o  the ra te  of change i n  some multigroup constant. O f  more immediate 

in te res t  i s  the sens i t iv i ty  w i t h  respect to  a spec.< f i  c resonance parameter, 

r  . The l a t t e r  can be obtained from 
X 

The f i r s t  term in each element of the sum i s  the sens i t iv i ty  profile (dR/R/ 

da /a  ) ,  whereas the second derivation (da  /a  /dr / r  ) can be obtained 
9 g 

numerically. 
g g  X X  

The numerical derivatives were obtained by d i rec t  recalculation of the 

group ave:>aged cross section with a perturbed s e t  of resonance parameters. 
The resul ts  of these calculations are given i n  Table 9 for  the parameters 



Table 4 .  To ta l  S e n s i t i v i t i e s  f o r  keff 
i n  the TRX-2 Thermal L a t t i c e  

Nucl ide I tem 

2351) 

23511 

2381) 

H 

H 

Moderator 
2351) 

23811 

2381) 

Fuel 

Clad 

A1 
23811 

0 

0 

Void 

A1 
23511 

Table 5 .  To ta l  S e n s i t i v i t i e s  f o r  28p 
i n  t he  TRX-2 Thermal L a t t i c e  

Nucl ide I tem 

H 
2351) 

H 
2351) 

Moderator 
2381) 

0 

A1 
2381) 

Fuel 

Clad 

Void 

A1 
2351) 

23811 

0 
23511 

2381) 

* 
These s e n s i t i v i t i e s  should sum t o  zero, 
bu t  due t o  numerical p rec is ion  a small 
res idua l  remains. 



Table 6. To ta l  S e n s i t i v i t i e s  f o r  2 5 6  
i n  t he  TRX-2 Thermal L a t t i c e  

- 

Nucl i d e  I t e m  6R/R 

-.- 6 0 / 0  - 

Moderator  
2381) 

0 

A1 
Fuel 

C lad  

A1 
2381) 

Vo id  
23511 

2351) 

* 
These s e n s i t i v i t i e s  should sum t o  zero, 
b u t  due t o  numer ica l  p r e c i s i o n  a smal l  
r e s i d u a l  remains. 

Table 7 .  To ta l  S e n s i t i v i t i e s  f o r  2 8 6  
i n  the  TRX-2 Thermal L a t t i c e  

N u c l i d e  I tem 6R/R 
60/0 

23811 

H 
2351) 

2381) 

2381) 

H 
23511 

Moderator 

0 

Fuel 

A1 

A1 

Clad 

0 

Vo id  

* 
These s e n s i t i v i t i e s  shou ld  sum t o  zero, 
b u t  due t o  numer ica l  p r e c i s i o n  a smal l  
r e s i d u a l  remains. 



Table 8 .  Total Sensitivities for CR 
in the TRX-2 Thermal Lattice 
Nuclide I tem 6R/R 

6 0 / 0  

2381) 
Oc 0.978 

2351) " f -0.776 

H Os -0.422 

H Oc 0.074 
2351) 

Oc 0.039 

Moderator DB2 0.012 

0 Os -0.004 
A1 

Oc 0.003 
2381) 

Os 0.003 

Fuel DB2 0.002 

Clad DB2 0.001 
23511 v -0.0003* 

Void DB2 0.0002 
A1 

Os -0.0002 

0 Oc 0.00003 
2381) 

Of -0.00003 
2381) v -0.00002* 

2351) 
Os -0.000004 

* 
These s e n s i t i v i t i e s  should sum t o  zero ,  
but due t o  numerical precision a small 
residual remains. 

Table 9. Performance Parameter Sensitivities to 
2 3 8 ~  Resolved Resonance Parameters 

Eo 6.67 eV 20.9 eV 36.8 eV 66.15 eV 

Parameter rn r n r 
Y rn n l- 

Y Y Y 

a ~ h i s  value borders on the  l imi t  of computational precision.  



of in te res t  w i t h  respect to  the capture and scattering widths of the f i r s t  
four resolved resonances. 

The sens i t iv i t i e s  given in Appendix B using the SENPRO format are  not 
per unit lethargy b u t  are simply relat ive sens i t iv i t i e s  to  the group cross 
sections. These re la t ive  sens i t iv i t i e s  are  the quantit ies currently used 
i n  numerical computations. 

DISCUSSION 

A study of the energy-dependent profiles can provide valuable insight 

into the interrelat ions between the various nuclides i n  the assembly. Large 
quantit ies of structure are readily observable in the i r  profiles.  This 
structure can often be traced back to  resonances, thresholds, e tc .  i n  the 
cross sections. However, a more detailed examination of these effects  i s  
beyond the scope of th i s  report. 

The remainder of th i s  discussion i s  concerned with a few items which 
are useful in interpreting the profiles presented here. The total  sensi- 
t i v i t y  i s  a useful figure-of-merit indicating what reactions are l ikely to  
be important for  a given response. However, since the total  sens i t iv i ty  i s  
often composed of large positive and negative contributions (par t icular ly 
for  epi thermal-to-thermal reaction ra te  r a t i o s ) ,  one must be careful not to  
be misled by relat ively small values of the total  sens i t iv i ty  such as that  

for the sens i t iv i ty  of 28p to  2 3 8 U  capture. The graphical displays of the 
sens i t iv i ty  profiles i  11 ustrate  the detailed energy dependence. 

The shape of the sens i t iv i ty  profile of k and 28p to  2 3 8 U ( n , y )  show 
the effects  of resonance self-shielding. The major portion of the captures 
(71%) i n  each resonance occur in the wings where the sens i t iv i ty  i s  the 
highest. The self-shielded resonance peak, where the flux i s  depressed, 

has a low sensi t ivi ty .  Similar behavior can be seen in other profiles.  

The reaction ra te  ra t ios ,  in particular the epi thermal -to-thermal 

ra t ios ,  have sens i t iv i t i e s  to  the hydrogen scattering cross section tha t  
are near unity, which i s  much higher than the sens i t iv i t i e s  to  most of the 

other nuclides and reaction types. The dominance of the hydrogen scattering 
sens i t iv i ty  i s  due to  the importance of hydrogen i n  the neutron 

thermal i za t i  on process. 



This study revealed t h a t  the  t o t a l  s e n s i t i v i t i e s  are  dominated by the 

c o n t r i b u t i o n s  made i n  the thermal energy region.  The l a c k  o f  a  f i n e  energy 
mesh below 0.625 eV was a  d e f i n i t e  disadvantage du r ing  t h i s  study and i t  i s  

h i g h l y  recommended t h a t  fu tu re  s tud ies  of thermal l a t t i c e s  use a  f i n e  energy 

mesh t o  perform d e t a i l e d  s tud ies  i n  t h i s  energy range. 

The s e n s i t i v i t y  of the performance parameters t o  the  2 3 8 ~  resonance 

data i s  dominated by the  resolved resonance parameter o f  the  6.67 eV 

resonance. This  i s  as expected s ince approximately 70% o f  the  captures i n  

2 3 8 ~  occur below 100 eV and the m a j o r i t y  of these are  i n  the 6.67 eV 

resonance. It i s  a l so  i n t e r e s t i n g  t o  note t h a t  the  s e n s i t i v i t y  t o  the 

neutron w id th  5 i s  almost i d e n t i c a l  t o  the  s e n s i t i v i t y  t o  t he  capture 

w id th  r . 
Y 

The s e n s i t i v i t i e s  quoted as s e n s i t i v i t y  t o  neutron s c a t t e r i n g  r e f e r  

t o  the  t o t a l  s c a t t e r i n g  cross sec t i on  ( i  .e., the  sum o f  e l a s t i c ,  i n e l a s t i c ,  

e tc .  ) . The DB2 s e n s i t i v i t y  components r e f e r  t o  the pseudo-absorption term 

which was added t o  the  t o t a l  cross sec t i on  t o  account f o r  leakage from the  

l a t t i c e .  The on l y  performance parameters t h a t  have a  r e l a t i v e l y  h igh  

s e n s i t i v i t y  t o  leakage a r e  keff and 2 8 ~ .  This i s  as expected s ince  these 

a r e  the on ly  two parameters t h a t  a re  a f f e c t e d  d i r e c t l y  by f i s s i o n  i n  238U. 

A d e t a i l e d  d iscussion o f  t h i s  leakage,treatment can be found i n  Ref. 7. 

For i n t e r p r e t i n g  the  summary tab les ,  i t  i s  usefu l  t o  f i r s t  c a l c u l a t e  

the  d i r e c t  e f fec t  c o n t r i b u t i o n  t o  the t o t a l  r e l a t i v e  s e n s i t i v i t y .  This  

c o n t r i b u t i o n  i s  t h a t  which a r i ses  from the  e x p l i c i t  dependence o f  the  

performance parameter on the  nuclear  data parameter o f  i n t e r e s t ,  which, as 

discussed i n  the  prev ious sec t i on  f o r  a  t o t a l  r e l a t i v e  s e n s i t i v i t y ,  i s  a  

scale fac to r .  I n  c a l c u l a t i n g  the  d i r e c t  e f f e c t  con t r i bu t i on ,  the  shape o f  

the forward f l u x  (as w e l l  as t h a t  o f  the  a d j o i n t  f l u x )  i s  assumed t o  remain 

unchanged. 

The f o l l o w i n g  theorem i s  e s p e c i a l l y  app l i cab le  t o  the  c a l c u l a t i o n  o f  

d i r e c t  e f f e c t s  t o  t o t a l  s e n s i t i v i t i e s  o f  r e a c t i o n  r a t e  r a t i o s :  I f  the 

mathematical expression f o r  a  response i s  e x p l i c i t l y  homogeneous o f  degree 

n  i n  a  nuclear  data parameter, then the  d i r e c t  e f f e c t  c o n t r i b u t i o n  t o  the  

r e l a t i v e  s e n s i t i v i t y  o f  t h a t  response w i t h  respect  t o  the  nuclear  data 



parameter i s  n. React ion r a t e  r a t i o s  a re  t y p i c a l l y  homogeneous o f  degree 

+ I ,  -1, o r  0  i n  t h e  sca le  f a c t o r s  ( n o t  t he  group cross sec t i ons ) .  Accord- 

i n g l y ,  t he  d i r e c t  e f f e c t  c o n t r i b u t i o n  t o  t he  t o t a l  s e n s i t i v i t y  o f  a  r e a c t i o n  

r a t e  r a t i o  i s  t y p i c a l l y  + I ,  -1, o r  0. 

For example, t h e  r a t i o  o f  2 3 8 ~  capture t o  2 3 5 ~  f i s s i o n  i s  homogeneous o f  

degree 1 i n  t h e  2 3 8 ~ - c a p t u r e  sca le  fac to r ,  o f  degree -1 i n  t he  3 5 ~ - f i s s i o n  

sca le  fac to r ,  and o f  degree 0  i n  t he  235U-capture sca le  f a c t o r .  The 

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

a re  1, -1, and 0, respec t i ve l y .  

The d i r e c t  e f f e c t  g ives  t h e  c o n t r i b u t i o n s  t o  t he  s e n s i t i v i t y  c o e f f i c i e n t s  

i g n o r i n g  expl i c i  t v a r i a t i o n s  i n  t he  forward (and a d j o i n t )  f l u x .  Frequent ly ,  

however, i t  i s  j u s t  those e f f e c t s  due t o  f l u x  mod i f i ca t i ons ,  t he  i n d i r e c t  

e f f ec t s ,  which a re  most i n t e r e s t i n g .  These i n d i r e c t  e f f e c t s  a r i s e  l a r g e l y  

through the  s h i e l d i n g  o f  one r e a c t i o n  by another ( o r  i t s e l f )  and i nc lude  

s e l f  s h i e l d i n g  as w e l l  as t h e  shadowing o f  one resonance by another.  There 

are  a l s o  r e s u l t i n g  mod i f i ca t i ons  t o  t he  leakage and t o  t he  s lowing down. 

For those t o t a l  r e l a t i v e  s e n s i t i v i t i e s  o f  r e a c t i o n  r a t e  r a t i o s  w i t h  

a  d i r e c t  e f f e c t  c o n t r i b u t i o n  o f  u n i t  magnitude, t he  i n d i r e c t  e f f e c t  con- 

t r i b u t i o n  i s  f r e q u e n t l y  o f  opposi te  s i gn  t o  t he  d i r e c t  e f f e c t  c o n t r i b u t i o n ,  

r e s u l t i n g  i n  t o t a l  r e l a t i v e  s e n s i t i v i t i e s  w i t h  magnitudes l e s s  than u n i t y .  

These i l l u s t r a t e  t h a t  a  r e a c t i o n  cross sec t i on  commonly sh ie lds  i t s e l f  more 

than i t  s h i e l d s  another r e a c t i o n  cross sec t ion .  

On the  o the r  hand, t he re  a re  several  examples f o r  which the  magnitude 

o f  t he  t o t a l  r e l a t i v e  s e n s i t i v i t y  i s  g rea te r  than t h e  u n i t  c o n t r i b u t i o n  

g iven by t h e  d i r e c t  e f f e c t .  This  i l l u s t r a t e s  s h i e l d i n g  ( o r  another cross 

s e c t i o n )  which i s  a  g rea te r  e f f e c t  than t h e  s e l f  sh ie ld ing .  Thus, t h e  

r e l a t i v e  s e n s i t i v i t y  o f  28p t o  t he  s c a t t e r i n g  cross sec t i on  o f  hydrogen 

i s  -1.035, which i s  g rea te r  i n  magnitude than the  d i r e c t  e f f e c t  (0.0).  

This  shows t h a t  an increase i n  t h e  hydrogen sca le  f a c t o r  r e s u l t s  i n  a  f l u x  

spectrum m o d i f i c a t i o n  (due t o  changes i n  t he  r a t e  o f  neutron the rma l i za t i on )  

which g r e a t l y  decreases t h e  ep i  thermal captures re1  a t i  ve t o  t he  thermal 

captures. That i s  , i t  increases the  resonance escape probabi 1  i t y  . 
The above d iscuss ion  and r e s u l t s  apply  t o  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  

r e a c t i o n  r a t e  r a t i o s ,  which a re  gene ra l l y  homogeneous i n  t he  nuc lear  data 



scale fac to rs .  Genera1 l y ,  they do n o t  apply t o  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  the  m u l t i p l i c a t i o n  f a c t o r  k  because the  mathematical expression f o r  k  

i s  genera l l y  n o t  homogeneous i n  any scale parameter. 

For t h i s  and o ther  reasons, i t  i s  n o t  convenient t o  d i v i d e  k- 

s e n s i t i v i t i e s  i n t o  the  d i r e c t - e f f e c t  and the  i n d i r e c t - e f f e c t  con t r i bu t i ons .  

The s e n s i t i v i t y  c o e f f i c i e n t  f o r  k  w i t h  respect  t o  nuclear  data parameter a  

n a t u r a l l y  breaks up i n t o  two terms - one from the  source and the  o ther  from 

the  losses. The expressions f o r  these a re  given by 

where fa i s  the  f r a c t i o n  of adjo int -weighted f i s s i o n  sources which are  

o f  degree 1  i n  the parameter a  and a, i s  the  r a t i o  o f  l oss  terms o f  

degree 1  i n  the  parameter a  t o  the  t o t a l  adjo int -weighted f i s s i o n  

source. The mathematical expressions f o r  these a re  

where Ba i s  the  p a r t  o f  t he  f i s s i o n  source p ropo r t i ona l  t o  parameter a, 

Aa i s  the  l oss  operator  (every th ing  b u t  f i s s i o n )  p ropo r t i ona l  t o  parameter 

a, and @ and @* are  the forward and a d j o i n t  f luxes, respect ive ly .  

Equation (2 )  immediately shows t h a t  the  sum of a l l  the  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  respect  t o  the  neutron f i s s i o n  y i e l d s  i s  un i t y .  

Another r e l a t i o n  which i s  obvious from Eq. (2 )  i s  t h a t  the  capture 

s e n s i t i v i t i e s  are  simply g iven by -k t imes the adjo int -weighted nuc l i de  

capture t o  t o t a l  f i s s i o n  r a t i o .  Only s l i g h t l y  l ess  obvious i s  t h a t  the  

d i f fe rence between the y i e l d  s e n s i t i v i t y  and the  corresponding f i s s i o n  

r e a c t i o n  s e n s i t i v i t y  i s  simply k t imes the nuc l i de  capture s e n s i t i v i t y  

d i v ided  by the nuc l i de  cap tu re - to - f i ss ion  r a t i o  ( a d j o i n t  weighted). 



The u n i t y  sum r u l e  g iven above f o r  s e n s i t i v i t y  c o e f f i c i e n t s  o f  k  

w i t h  respec t  t o  neutron y i e l d  should be compared w i t h  t h e  zero sum 

r u l e  f o r  sensi t i v i  ty coe f f i c i en ts  o f  o t h e r  performance parameters which 

do n o t  depend e x p l i c i t l y  on the  m u l t i p l i c a t i o n  f a c t o r  o r  a neutron 

y i e l d .  Such s e n s i t i v i t y  c o e f f i c i e n t s  add a l g e b r a i c a l l y  t o  zero when 

summed over  a l l  neutron y i e l d s  because the  r e s u l t i n g  change i n  k  

(assuming k  i s  n o t  r e s e t )  e x a c t l y  compensates f o r  t he  changes i n  t h e  

neutron y i e l d s .  

CONCLUSIONS 

The s e n s i t i v i t y  c o e f f i c i e n t s  a re  an impor tan t  t o o l  f o r  t he  c a l c u l a t i o n  

o f  many q u a n t i t i e s  o f  i n t e r e s t  i n  r e a c t o r  design. A comprehensive s e t  o f  

s e n s i t i v i t y  p r o f i  l e s  has been determi ned f o r  i n t e g r a l  performance parameters 

measured i n  TRX-2. These s e n s i t i v i t i e s  a re  being used by the  Cross Sec t ion  

Eva lua t ion  Working Group i n  p r o v i d i n g  a d d i t i o n a l  guidance f o r  f u t u r e  evalu- 

a t ions .  These s e n s i t i v i t y  p r o f i l e s  and summary tab les  a r e  conta ined i n  

t h i s  r e p o r t ;  t h e  data f i l e s  i n  SENPRO format are i n  Appendix B. 
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Fig. 18. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  keff i n  
TRX-2 t o  DB2 i n  the moderator. 
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Fig. 19. The Energy-Dependent Sensitivity Profile of 28p in TRX-2 
to 2 3 %  3.. 
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Fig. 20. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  238U (n,f). 



I I 1 1  1 1 1 1 1 1  I 1 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1  I 1 1  1 1 1 1 1 1  I 1 1  1 1 1  

lo-" s 10-3 5 10-2 5 10-1 s 10 s 1;' 
ENERGY [MEV) 

_1 
W 
LT t+. . . I . . . . l . . . . l  . 1 . 1 . 1 . 1 . 1 . ~  . . . . I .  . .. l . ... l  . l . l . l . l . , J  

10 2 3 '4 6 alO-s 2 3 u 6 810-" 
ENERGY [MEW 

ENERGY IMEV~ 

Fig. 21. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  238U (n,y). 
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Fig .  22.  The  Energy-Dependent  S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  238U ( n , n ) .  



39 

08-17-77EPRI YNS. BF 23W CRP EPI/THS TO 23W lU@W R- -3.5539E-OV 

W 
(r 1 I 1 I I I I I ~  1 1 1 1 1 1 1 1  1 I I 1 1 1 1 1 ~  I I 1 1 1 1 1 1  I I l l l J  

1 o - ~  s 1 0 4  s 10-2 s 10-1 5 10 a s 10 I 
ENERGY [MEVI  

Fig. 23. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  235U v. 
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Fig. 24. The Energy-Dependent S e n s i t i v i t y  P r o f i  1 e o f  28p i n  TRX-2 
t o  235U (n,f). 
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F ig .  25. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  235U (n,y). 
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Fig. 26. The Energy-Dependent Sensitivity Profile of 28p in TRX-2 
to 2 3 5 ~  ( n , n )  . 
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Fig.  27. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  A1 (n,y) .  
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Fig. 28. The Energy-Dependent Sensit ivity Profi le  o f  28p in TRX-2 
t o  A1 (n,n). 
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Fig .  29. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  of 28p i n  TRX-2 
t o  H ( n , r ) *  
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Fig. 30. The Energy-Dependent  S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  H ( n , n ) .  
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t o  0 (n,u). 
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F ig .  32. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  0 (n,n). 
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Fig. 33. The Energy-Dependent Sensit ivity Profile o f  28p in TRX-2 
to DB2 i n  the fuel .  
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Fig. 34. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  DB2 i n  the  void.  
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Fig.  35. The Energy-Dependent Sensitivity Profile of 28p in TRX-2 
t o  DB2 in the clad. 
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Fig. 36. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28p i n  TRX-2 
t o  DB2 i n  the  moderator. 
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Fig. 37. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  256 i n  TRX-2 
t o  23% 7. 
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Fig. 38. The Energy-Dependent Sensit ivity Profile of 25s in TRX-2 
t o  238U (n,f) . 



Fig. 39. The Energy-Dependent Sensitivity Profile of 256 in TRX-2 
t o  238U ( n , y ) .  
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Fig. 40. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 6  i n  TRX-2 
t o  238U (n,n). 
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Fig.  41. The Energy-Dependent . Sensi t i v i  ty P r o f i  l e  o f  2 5 6  i n  TRX-2 
t o  2 3 5 ~  3. 



i 
W 
LT 

5 5 5 10 ' 
ENERGY (MEVI 

Fig. 42. The Energy-Dependent Sensitivity Profile of 2 5 6  in TRX-2 
t o  235U ( n , f ) .  
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F ig .  43. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 6  i n  TRX-2 
t o  2 3 5 ~  (n,y). 
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Fig .  44. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 6  i n  TRX-2 
t o  2 3 5 ~  ( n  ,n) . 
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F ig .  45. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 s  i n  TRX-2 
to  A1 ( n , ~ ) .  
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Fig.  46. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  25s i n  TRX-2 
t o  A1 (n,n) . 
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F ig.  47. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 s  i n  TRX-2 
t o  H ( n , ~ ) .  
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Fig. 48. The Energy-Dependent Sensit ivity Profile of 2 5 6  in TRX-2 
to  H ( n  ,n) . 
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F ig .  49. The Energy-Dependent Sensit ivity Profile of 25s in TRX-2 
to 0 (n,y)* 
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Fig. 51. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  256 i n  TRX-2 
t o  DB2 i n  the  fue l .  
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Fig .  52. The Energy-Dependent  S e n s i t i v i t y  P r o f i l e  o f  25s i n  TRX-2 
t o  DB2 i n  t h e  v o i d .  



6 9 

10-08-76EPRI KNS. C6 23% F15 EPllTnR TO 08.m2 I N  CLRO R R R -  1.9251E-03 

! 
I.. 

1 
W 
LT 

s lo-3 s 5 10 I 
ENERGY [MEVI 

Fig. 53. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 5 6  i n  TRX-2 
t o  DB2 i n  the  clad. 
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Fig, 54. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  of 256  i n  TRX-2 
t o  DB2 i n  t h e  moderator. 
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Fig. 55. The Energy-Dependent Sensit ivity Profile of 28ti i n  TRX-2 
to 238U T. 
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Fig. 56. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  2 8 s  i n  TRX-2 
t o  238U (n,f) . 
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F ig .  57. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286  i n  TRX-2 
t o  238U (n,y). 
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Fig. 58. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286  i n  TRX-2 
t o  2 3 8 ~  (n,n). 
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Fig. 59. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286 i n  TRX-2 
t o  238U (n,n) i n e l a s t i c  leve l  21. 
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Fig. 60. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286  i n  TRX-2 
t o  2 3 8 ~  (n,n) i n e l a s t i c  l e v e l  22 .  



7 7 

10-07-76 FER5S. EPRI. SENS. OF 238FI5/235FlS TO 238 INELRS CONTItUJW RIER; -3.733%-02 

E N E R G Y  ( M E V I  

W 
[r I . . d  . . . .  1  I L I 1 l l t I 1 I I I  r . . . I  . . . .  I .... I I I i I I 1 1 1  

lo-= 2 3 U  6 B l o - '  2 3 U  6 B l O - '  

ENERGY (MEVI  

J 
W 
LT t 8 . . . ; . 0 i a ;  ~ 1 1 1 1 1 1 1  

10- 8 

ENERGY (MEVI 

Fig. 61. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286  i n  TRX-2 
t o  238U (n ,n) i n e l a s t i c  continuum. 
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Fig. 62. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28s  i n  TRX-2 
t o  2 3 8 ~  (n,n) i n e l a s t i c  t o t a l .  
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Fig. 63. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28s i n  TRX-2 
t o  235U 7. 
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Fig .  64. The Energy-Dependent Sensit ivity Profile o f  28s in TRX-2 
to  235U (n , f ) .  
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Fig. 65. The Energy-Dependent Sensit ivity Profile of 2 8 6  in TRX-2 
t o  235U (n ,y) .  
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Fig. 66. The Energy-Dependent Sensitivity Profile o f  2 8 6  in TRX-2 
to 2 3 5 ~  ( n , n ) .  
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Fig. 67. The Energy-Dependent Sensit ivity Profile of 28s i n  TRX-2 
to A1 ( n , ~ ) .  
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Fig. 68. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  of 28s i n  TRX-2 
t o  A1 (n ,n ) .  
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F i g .  69. The Energy-Dependent Sensitivity Profile of 2 8 ~  in TRX-2 
to H (n,r). 
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Fig. 70. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286 i n  TRX-2 
t o  H (n,n) . 
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Fig. 71. The Energy-Dependent S e n s i t i v i t y  P ro f i l e  o f  286 i n  TRX-2 
t o  0 (n,r). 
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Fig. 72. The Energy-Dependent Sensit ivity Profi le  of 28s  in TRX-2 
to 0 (n,n) .  
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Fig. 73. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28s i n  TRX-2 
t o  DB2 i n  the fue l .  
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Fig. 74. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  28s i n  TRX-2 
t o  DB2 i n  the void. 
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Fig. 75. The Energy-Dependent S e n s i t i v i t y  P ro f i l e  o f  286 i n  TRX-2 
t o  DB2 i n  the clad. 
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Fig. 76. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  286  i n  TRX-2 
t o  DB2 i n  t h e  moderator. 
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08-17-77 Em1 SENS. OF 29W CRP123W FIS TO 23W NUBRR R- -1.9987E-05 
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Fig. 77. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  238U T. 
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08-17-77 EPRl YNS. W 238U tRP/235U FIS 10 23811 FISSION R- -2.7516E-05 

Fig.  78. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  238U (n, f ) .  
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F ig .  79. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  238U (n,y). 
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F ig .  80. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  238U (n,n). 
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F ig .  81 . The Energy-Dependent Sensi t i v i  ty P r o f i l e  o f  CR i n  TRX-2 
t o  235U 7. 
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Fig. 82. The Energy-Dependent Sensitivity Profile 
t o  235U (n , f ) .  
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F ig .  83. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  235U (n,y). 
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F ig .  84. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
to  235U (n,n). 
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Fig .  85. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  A1 (n,r). 
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Fig. 86. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  A1 (n,n). 

I 

' 

5 L - 
- 

1 r - - 
5 1 

- 
- 
- 

10-4 r 

5 L 
- 

W 
1II I , , ,  , l , . l , l  1 I ,  

ENERGY [ M E V I  

- 
- 

r--L.- r 

- ! 
- 

5 = I 
- I 
- I 
- !-- 

1 1 1  1 1 1 1 1 1 1 1  

I ,  1 , 1 1 1 1  

lo-' 2 3 9 G a lo-g 
ENERGY [ M E V I  

10-q 5 5 10 - '  5 1 0  s 10 

- 

r--i 
1 L-.. 
I 
I 
! 

I I l l l l l L  



08-17-77 EPRl SENS. OF 238U CRP/23SU F I S  TO H CRPTLRE R- 7.V115E-02 

1 
W tq 1 1  1 1 1 1 1  I I I 

L.- 

a k-. , , , , , , , , , I , , , , , , , , , , , , , 
10- s 5 lo-' s 10.' s 10 O s 1 0  

E N E R G Y  ( M E V I  

E N E R G Y  ( M E V I  

Fig. 87. The Energy-Dependent Sensit ivity Profile of CR in TRX-2 
to H (n9-Y). 
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F ig.  88. The Energy-Dependent S e n s i t i v i t y  P r o f i l e  o f  CR i n  TRX-2 
t o  H (n,n). 






































































































