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ABSTRACT 

An approach to extend the present ORNL sensitivity program to 
include functionals o f  the time-dependent nuclide density field is 
developed. An adjoint equation for the nuclide field has been derived 
previously using general ized perturbation theory; our derivation makes 
use o f  a variational principle and results in the same equation. The 
physical significance o f  this equation is discussed and compared t o  the 
time-dependent neutron adjoint equation. Computational requirements for 
determining sensitivity profiles and uncertainties for functionals of 
the time-dependent nuclide density vector are developed within the 
framework o f  the existing FORSS system, significantly extending the 
current capability. The development, testing, and use of an adjoint 
version of the ORIGEN isotope generation and depletion code are docu- 
mented. 
uncertainty in the plutonium inventory at shutdown o f  a PWR due to 
assumed uncertainties in uranium and plutonium cross sections. 

Finally, a sample calculation is given which estimates the 

V 





E. 

cross section sensitivity programs a t  Oak i?idge”793 and d s e -  
~ h e r c Q  3 5 9 6 have f l  ~crri  shed bfa-tt-i t h e e r e t i c a l  l y  and cainputati onal I y 
d u r i n g  t he  l a s t  several yea r s ,  culni inat img in  recent uncertainty mt i -  
rriater; I for performance parameters o f  1 a i y e  LE?s BR reactors 

both  d i  fferential  drad integral information. T h i s  ~ o r k  has I ~ i r y e l y  bee11 

focu:ed on t h e  time- i ndepen ent pwtalern f o r  functional s of t h e  neutron 

f l u x ,  
crJinpuCe s e n s i t i v i t i e s ,  and uncertainzies i f  da ta  covariance f i l e s  arc 

available, Tor l inear  functionals o f  the n a ~ l i d e  dens.ity f ie1 

a t  somi? specified t ime .  It -is the purpose o f  th i s  s tudy  t e j :  ( 1 )  rewiew 
t h e  varicilsr derivations o f  equa t ions  f o r  t h i s  r - e~e~ t rch ,  extendinq the 
appl  rcatian t o  ;arbi%rdry time-dependent 1 inear functional s arid funcil’nna’i 

r a t io s  4af the iriucl i d e  density f i e l d ;  ( 7 )  i r ~ d i c a t e  the cods dewlrspiriesi!. 
rqui  remcnts f o r  the implernentczt’tun a f  S U C ~  a proceciui-e a t  Olir\Bk; Q 3) 
preserit the  resinlts o f  a typ icn l  sample problem; and ( 4 )  indicate  future 

dlirec t j m s  f o r  t h e  current program w i t h  respect t o  transmutation and 

d2cay * 

nuclide: f i e ld  can De f~ rmula t e  in a manner ancjlogous t o  the procedure 

 ise eel by kerwinsq 9 1 0  i n  deriving an  a d j o i n t  equat-isil f a r  the time-dependent 

neu t ron  f i e l d .  T h e  time-dependent newtrari and nlxcl i d e  f i e l d s  obcy Lhc 
coupled ,  non- l  inear  equations commonly referred t o  as the d e p l e t i o r l  
equations Over “small ” t i r i l e  a’nt.erval s these  eqiiations ~ t i r ’ i  be dpproiii-  

~r1~3tely decoup8 ed (one assuri~es the ricrutrori -f1 ux i t; time- .j nciiependent d u r i n g  

a deplcAiion time in te rva l  and subsequently Pecdlciuldtes t h e  f l u x  w i t h  

upddted nucl -id@ cancxnt ra t ians)  i n t o  the 1 inear ,  time-dependcnt Bo] trniiinri 

equation dnd t h e  1 inea r ,  timi.-depeiiident transmutat-s’on e q u a t i o n .  

decoupled equations look very  sa’nlilar: 
l i nea r  opera tor  (\hiiaiih i s  a f u n c t i o n  o f  t h e  other f i e l d )  operating on 

the F i e l d  density and a t i m e  d e r i v a t i v e  s f  tlic f i e l d  variable, Garid in in  

exploited th i s  siinil i t i ~ d e  to der-ive an a d j o i n t  nuclide f i e l d  equation. h j  

s;mple analogy t o  the a d j o i n t  time-dependent neutron f i e ld  cjqua‘iio~, and 
t i a ~  applied t h i s  e q u a t i o n  t o  analytical and nurrierical examples. l 1  Our 

inc1 udi ng 

Prevjously, Gandiiniq has described B formulation tc  enable one to  

I t  c h o u l d  not be surprising t h a t  an a d j o i n t  equation cdescr-ibiung the 

Thcsr 

~iach fielcl. equdta’on cnnta ins  d 
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approach d f f e r s  i n  t h a t  we d e r i v e  t h e  a d j o i n t  n u c l i d e  equat ion  f rom f i r s t  
p r i n c i p l e s  (us ing  a v a r i a t i o n a l  method) and then show from phys c a l  
arguments 
advantage o f  hand l ing  a d j o i n t s  f o r  genera l i zed  nucl ide-dependent func- 
t i o n a l s  which may be o f  f u t u r e  i n t e r e s t  (e .g . ,  d e n s i t y  r a t i o s ) ,  as w e l l  as 
p r o v i d i n g  a r i g o r o u s  foundat ion  on which t o  base our u n c e r t a i n t y  a n a l y s i s  
program e 

The implementat ion o f  s e n s i t i v i t y  t heo ry  a t  Oak Ridge f o r  t h e  
p o i n t - d e p l e t i o n  equat ion  can most e a s i l y  be achieved by m o d i f i c a t i o n  o f  
t h e  ORIGEN12 i so tope  genera t ion  and d e p l e t i o n  code. 
t i a l  s o l u t i o n  technique employed i n  ORIGEN a l l ows  f o r  s t r a i g h t f o r w a r d  
ex tens ion  t o  s o l u t i o n  o f  t he  time-dependent a d j o i n t  equat ion.  
s ince  v i r t u a l l y  t h e  e n t i r e  n u c l i d e  data f i e l d  i s  considered, a wide 
v a r i e t y  of ques t ions  r e l a t e d  t o  t h e  t ransmuta t ion  process can be 

addressed simultaneously.  ( S i t u a t i o n s  w i t h  s i g n i f i c a n t  s p a t i a l  f l u x  
g rad ien ts  and/or s p a t i a l  n u c l i d e  g rad ien ts  a r e  bes t  addressed w i t h  
space-dependent d e p l e t i o n  codes.) 
nated ORIGEN-A (Appendix B) has a l ready  been developed and tes ted .  
program i s  used t o  o b t a i n  n u c l i d e  a d j o i n t  s o l u t i o n s  f o r  t he  p a r t i c u l a r  
case o f  " f i na l - t i r r i e  func t iona ls ; "  i t s  f i r s t  a p p l i c a t i o n  t o  s e n s i t i v i t y  
a n a l y s i s  i s  repo r ted  i n  t h i s  paper. 

he analogy t o  t h e  neut ron  a d j o i n t .  Ph is  procedure has the  

The m a t r i x  exponen- 

Moreover, 

A mod i f i ed  ve rs ion  o f  t h e  code desig- 
This 

11. D E R I V A T I O N  OF ADJOINT NUCLIDE FIELD EQUATION 

The time-dependent behav io r  o f  a l l  nuc l i des  present  i n  a power 
r e a c t o r  obeys t h e  n u c l i d e  t ransmuta t ion  equat ion  g iven by:13 

t > t o  

where 
- M = the  ''burn-up operator,"  a f u n c t i o n  o f  n u c l i d e  mic roscop ic  

r e a c t i o n  r a t e s  and decay cons tan ts  (see Appendix A) .  
E x p l i c i t  des igna t ion  o f  t he  y i e l d  (e.g., f rom f i s s i o n )  has 
been suppressed f o r  convenience. 
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the space-time dependent nuclide field vector whose 
components--Ni (r,t) , i = 1 , number nucl ides--represent 
the atom density o f  the ith nuclide at position F 
and time t. 

initial charge of nuclides in the reactor. 

In reactor design studies, it is frequently desired to determine 
some performance parameter that is a function of the time-dependent 
nuclide field vector. Such an integral parameter will be referred to as 
a "response" in this paper. 
be considered are the following: 

The specific types of responses which will 

( a )  Functional o f  flux and atom densities evaluated at a specified 
instant in time (designated a "final-time functional"), 

( b )  Functional o f  flux and atom densities integrated over time (desig- 
nated a "time-integrated functional ' I ) ,  

( c )  Ratio o f  functionals of type (a), 

( d )  Ratio o f  functionals o f  type ( b )  

In these expressions, "T" indicates the transpose operation, and - h 
is a "realization vector'' which selects the appropriate nuclides for t h e  
response of interest. The brackets indicate integration over time, 



space, energy, and a n g l e  for  reaction responses; aiid t i s  the  observa- 

t i s n  time f o r  the response. If the response is purely nuclide densi t ies ,  

then 4) should be set, t o  1 in ( a ) - ( d ) ?  and t h e  brackets denote integration 

over only space and t ime.  
function (eq. ,  a reaction cross section for  the  i th nuclide in a reac t ion  

r a t e  respunsc), o r  a "1"  ( fo r  the it' nuclide i n  a nuclide density 

response), o r  a "0" ( i f  ith nucl5de does n o t  appear i n  the response). 

t h e  various a ' s  and A ' S  for  each of the r iucl ide conipnnents o f  - N are 

assembled i n  a col lect ion t h a t  wil l  be called the "reference data  
vector," - S ( a ) .  

Si, corresponds to the d a t a  a that .  appear a t  some location (poss ib ly  a t  
ini1ltiple locations) in the burn-up matrix, and thus t h e  number o r  compo- 

nents o f  - S i s  equal t a  t h e  number- o f  dfffzrent  data parameters conta:'a:d 

in the burn-up operator. 

nimt t o  calculate the ra te  of  chaslge i n  t h c  calcrilated response with 

respect t o  changes i n  tile nuclear d a t a  ( a  and A )  t h a t  appear i n  t h e  d a t a  

vec Lor 

f 

In general, the i i h  comprzra~nt o f  11- may be a 

For the derivations which follow, a l l  required nuclear d a t a  such as 

For our  p ~ ~ t - p o s e s ,  the it'' component o f  the data vector, 

i 

I t  i s  t h e  objective af our  sens i t iv i ty  devclop-  

Consider some perturbation in a pa ramte r  denoted a r b i t r a r i l y  by ~1 

found  i n  the reference nuclear da ta  s e t  S :  

T h i s  change w i  11 cause a red? s t r i  b r r t i m  o f  t i l e  time-dependent 
nucl ide and neutron f i e lds  about their- unperturbed valuer;: 

The Sina l  rcsu l t  i s  a change i n  the response, 

R' = R o  -t sR . 
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The perturbed response i s  naturally a function o f  the “new“  nuclear data 

s e t ,  as well as t h e  perturbed flux and nuclide f i e ld  vector. 

The r a t e  o f  change of the response can be expressed as a to ta l  

functional derivative14 with r e s p e c t  t o  a :  

In t h i s  expression the vector derivatives are defa’ned by 

The f i r s t  term o f  Eq. (8)  represents the d i r ec t  e f f ec t ,  or change i n  
the response due t o  a change i n  a cross section appearing expl ic i t ly  i n  
the response def ini t ion.  Hence the evaluation o f  these derivatives i s  

straightforward, In  the current work, the third term i n  E q .  (8) i s  

neglected by assuming t h a t  small perturbations i n  nuclear- d a t a  do n o t  

severely d i s t o r t  the time-dependent flux behavior. 

suggested a method15 t h a t  can par t ia l ly  account for  t h i s  e f f ec t  using 

s t a t i c ,  generalized perturbation theory applied aver d se r ies  o f  time 

intervals. However, t h i s  procedure has not  been incorporated i n  the 

present analysis,  w h i c h  i s  res t r ic ted  t o  point-depletion. The niajor 

e f f o r t ,  therefore,  l i e s  in farniulating an expression fo r  the change in 

response W due to a change i n  a nuclear d a t a  eleinent which a f fec ts  the 

transmutation process and ,  t h u s ,  the riucl ide  f i e l d  concentrations. 

f l  IJX f i e ld  remains unchanged over the t ime iflterval of in te res t  ( to  ,tf) 

The value f o r  dFd/da - can be found by implicit  di f ferent ia t ion o f  the 

rwcl i d e  f i e ld  equat ion:  

Recently Ka’I ’Ifelz has 

Csnsider the second term o f  E q .  (81, w i t h  the assumption t h a t  the 

d a aM d M  a dbl 
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assuming t h a t  a l l  r e q u i r e d  d e r i v a t i v e s  e x i s t .  Rearranging y i v e s  the  
fol 1 owing: 

I f  we d e f i n e  an a u x i l i a r y  equat ion o f  t h e  f o r m  

a R  T M*N* = 2 N* -t - , where M* = M , a t  - aN - _. .- 

then Eq. (9 )  and (10) can be combined t o  g i v e  

F i n a l l y ,  s o l v i n g  f o r  t h e  second term i n  (8 ) :  

w i t h  the f i r s t  two terms on t h e  RHS i n t e g r a t e d  over space. 

dant  o f  a. With the  a d d i t i o n a l  c o n d i t i o n  t h a t  -.- N * ( t f )  = 0, the governing 
equat ior !  f o r  - N* i s  s p e c i f i e d  t o  be a f i n a l  va lue problem. [Note however 
t h a t  i f  R i s  a d e l t a - f u n c t i o n ,  t h e  source i n  E q .  (10) i s  e q u i v a l e n t  t o  a 
non-homogeneous f i n a l  c o n d i t i o n . ]  I t  w i l l  l a t e r  be shown t h a t  - N* i s  the  
" n u c l i d e  a d j o i n t  f u n c t i o n . "  
reduces s imply  t o  

We can assume t h a t  (dN/du)t_O - i s  zero, s ince  N o  i s  s p e c i f i e d  indepen- 

From (12) ,  t h e  second term o f  E q .  (8) 

The preceding b r i e f  d i r i v a t i o n ,  which was based on determin ing t h e  
"s lope"  o f  the  response i n  a-space, i s  u s e f u l  i n  i l l u s t r a t i n g  the phys ica l  
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procedure involved in sens i t i v i ty  theory. However, t h i s  d i f fe ren t ia l  

development will n o t  be pursued fur ther  in t h i s  paper. Instead we will 

employ an a1 ternate technique ( t h a t  produces equations similar t o  those 

previously derived) fo r  which the e r ror  approximations inherent i n  

s ens i t i v i ty  analysis are  more apparent. 

sought which i s  insensit ive t o  f i r s t  order errors  in the change i n  

nuclide density,  i . e .  , 

I n  the evaluation of the second term of Eq. (8) a formulation i s  

SR = [atiu + b6N2-] I . (14) 

The increment SR i s  f i r s t  order in Sa b u t  second order in SN. I 

then only necessary t o  evaluate the coeff ic ient  “ a ”  of 6a t o  obtain 

estimates of 6R accurate t h r o u g h  f i r s t  order in 6N. - 
A systematic procedure based on a variational principle has been 

suggested by PomraninglG and Stacey17 to  achieve t h i s  stationary con- 

d i t ion .  With t h i s  method, the transmutation equation i s  treated as a 

constraint  condition on the response; and as such, i s  appended t o  the 

functional w i t h  a n  unspecified Lagrange mult ipl ier  __ N*: 

I t  i s  

The exp l i c i t  dependence on 

The K functional i s  an exp 

found in the “data vector” 

operator. 

- 
r and  t has been suppressed where convenient. 

i c i t  function of a l l  the data parameters 

- S,  since these values are  contained in the M 

From Eq. (15)  we see tha t  i f  the unperturbed value for  N i . e . ,  the [ - 

(16) 

1 a solution t o  ME = xE, N(o) = 

K [ $ , ~ , E , u , ~ * l  = R 

i s  used to evaluate K ,  then 

Furthermore, i f  a’ and I N ”  a re  perturbed values t h a t  obey the relat ion 
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then 

where .... N.* i s  as ye t  an unspecified Lagrange function evaluated u s i n g  data 

s e t  a .  For purposes of e v a l u a t i n g  t h e  second term o f  Eq.  ( 8 ) ,  $ a n d  h 

a re  unaffected by d a t a  s e t  a l t e r a t ion  ( a , ) .  

Expanding the left-hand side o f  Eq. (18)  i n  a function Taylor 

s e r i e s  about the unperturbed variables and suppressing the 4 and __ h 

dependence g f  vcs 

(19) 
a K  

-1- - ( a ,  - 0 . ) )  + . . .  higher terms . 
ao 

aK 2K 
aN I f  the par t ia l  derivatives - and z N ~  can be made t o  vanish, then 

- 
using Eqs .  ( 1 5 ) ,  (18) ,  and ( 1 9 )  

+ second-order terms in ( sN) ,  ( A N * )  (20 )  - - 

which i s  the desired result.. 

To determine the appropriate stationary conditions, consider f i r s t  

the variation o f  K with respect t o  - N* ( i . e . ,  t he  3rd term on the right-  

hand side of Eq.  1 9 ) :  

which gives the expected Eu7er condition 

a 
a t  - M N = - N .  - - ( 2 2 )  
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The solution t o  the unperturbed b u r n - u p  equation ( E q .  2 2 )  makes K 

sLdC7ionat-y with respect t o  a rb i t ra ry  variations i n  the function .... N*. 

the r i g h t - h a n d  side OS E q ,  -19) gives 

Taking t h e  v a r i a t i o n  with respect t o  - N ( i . e . ,  the second term on 

In obt;;aining t h e  above equation, the f o 1  lowing a d j o i n t  properties 

were e~nployed: 

< - N*TN . . . . . !\] . . - > = /< N I- M*M* - 3 , (24) 

where M* = transpose and 

where tf i s  the F i n a l  time in the time domain for  N-. 

i n  E q .  ( 2 3 ) ,  the appropriate inethod depending on the specif.ic, response 

of i n t e re s t .  For example, consider the case o f  the response b e i n g  a 

f inal- t ime,  l inear  functional a t  tf ( i . e .  response type " a " ) ) .  T h e n  

A t  t h i s  point, there are several ways o f  reducing the express ion  

a R  - - 
a N h+(t)dndE F ( t  - tf) = space-dependent .I-\] ---- delta function ; - (26) 

( 2 7 )  
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I f  we s e t  N * ( t f )  = N* 

term vanishes i n  equat ion  (23 ) .  
b a t i o n  ~NJ, t he  remainder of t h e  expression f o r  6 K  w i l l  vanish i f  - N* 
obeys t h e  f i n a l  va lue  equat ion,  

h$ ( t  )dndE, then t h e  6N( t f )  boundary 

Excluding t h e  i n i t i a l  c o n d i t i o n  p e r t u r -  
- + ( r )  =I, JQ - f 

I f  the  response R i s  a r a t i o  s p e c i f i e d  a t  t = tf (response type " c " ) ,  

then Eq. (28) s t i l l  holds,  b u t  t he  f i n a l  c o n d i t i o n  i s  now 

For the  case of a t ime- in tegra ted ,  l i n e a r  f u n c t i o n a l  (response type 
= 0. The "b " ) ,  t he  6N(t f )  term i s  made t o  vanish by choosing N* 

app rop r ia te  c o n d i t i o n  f o r  !* i s  now an inhomogeneous equat ion  w i t h  a 
homogeneous f i n a l  c o n d i t i o n ,  

. fW - 

where the  time-dependant f i x e d  source i s  de f i ned  by 

- Q * ( r , t )  e $ = 1 +(t)hdQdE - . 
- E n  
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For the integrated functional r a t i o  (response type 'Id"),  Eq. (30) 

s t i l l  holds, b u t  now 

W i t h  the equations fo r  the adjoint  nuclide f i e l d  defined by the 
methods discussed, i t  i s  now possible t o  write (for an unperturbed f l u x  

f i e l d )  

Note 

requ 

tha t  R can be evaluated f o r  any 6a (a i n  2) and for  any &Eo7 w i t h o u t  

r i n g  a new calculation for - N and 1*7 and i n  t h i s  property l i e s  the 

power of the perturbation approach t o  s ens i t i v i ty  analysis .  

change i n  the i n i t i a l  condition, E q .  ( 3 3 )  reduces t o  the response change 

a r i s i n g  from data changes only, previously derived i n  Eq. 13. 

For no 

111. MAGNITUDE OF ERRORS 

The burn-up  operator M(oI$,A) can be writ ten as the sum of two 
operators,  one representing nuclide transmutation by radioactive decay, 

the other transmutation by reactions w i t h  the neutron f ie ld :  

A change i n  some nuclear data value wi l l  r e s u l t  i n  
- 

+ 2nd order term i n  S+ and Bu ( 3 5  1 
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In  p a r t i c u l a r ,  note tha t  there i s  a p e r t u r b a t i o n  i n  the reaction 

r a t e  operatxi- due i o  Lhe flux change t i$e Since the flux f i e l d  i s  a 
function bo th  o f  the da ta  appear ing  exp l i c i t l y  i n  the Bal tzmnti  equat ion,  
and o f  the nuclide f i e l d  vector, a change i n  e l ther  o r  b a t h  o f  t h s P  

variables will a f f e c t  the flux; E . Q . ,  a change i n  da t a  contained i n  the 

bur i l -up opei-atr>r (and  p o s s i b l y  31 so cnnta'ned itr thc €301 tminann o p e r a t ~ r )  

will p e r t u r b  Lhe nuclide f i e l d ,  which then a l t e r s  Liie flux f i e l d .  T h i s  
f l u x  change i s  fed back as  additional perturbation t o  the burn-up  CIPEY- 

a t o r ,  and so on.  For lhe present s tudy ,  isle will neglect  t h i s  nonlinearity 

and assunic t h a t  ariy chaxiges t o  the niiclear d a t a  parameters contained i n  

the burn-up o p e r a t o r  do n o t  significantly a f f e c t  t h e  nelitron f i e l d ,  so 
t h a t  over some t i m e  period 

I t  should be p o j n t c d  out t h a t  the ti+ twin is  a f irst-order error 

and  therefore an est.ilrltdte o f  t h e  r e sp~nse  chafigej based on equat ion (33)  
may be inat  c u r a t e  for da%a uncertainti2s which  scverely d i s to r t  the 

time-dependent flux O Y W  the time interval o f  inte%*er;b. 

f i r s t -o rdw accuracy t a  v a r l i a t i o n s  in b o t h  f i e l d s  simultaneously, 

c ~ u p l  ed neutr-on-nwc'i i i i e  perturbation theory rniiql- be erripl aye6 II 

perturbation theory, ari a1 t w n a t t  derivation o f  Eqs. ( 2 6 )  and 

(33)  will now be prssentcxl, (03 

I f  one requires 

To i l l u s t r a t e  the role  of t h e  nuclide adjoint .  func t ion  -in 1st-order 

For l h i s  approach, we chose t a  w r i t e  a 
specified f inal-value respanse fwnct iana: R[!] . < +h 6 ( t - . t f )  > as 
fol 1 ows 

(379 
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where N* i s  an unspecified function i n  the domain o f  c ~ n ~ i ~ ~ ~ ~ ~ ~  functions 

an [ toLtf] ,  the only requirement being a fixed end p o i n t  OS: E*j t f j  = I h+. 
Phase space variables other than “time” are  n o t  expl ic i t ly  treated i n  this 

development; integration weir these variables i s  assumed, Expanding  E q .  (373, 

- - (yT*M + - N T E ]  d t  d t  + 

We will now consider a perturbation i n  the nuclide f i e l d  equation (e .g . ,  
due t o  data change): 

and Eq.. (39) becomes 

(assuming no change i n  the  i n i t i a l  concentrations No or the real izat ion 

vector I h ) .  Therefore, we see t h a t  

d Applying the adjoint  property t o  t h e  fl and operators, 
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Reca l l  t h a t  up u n t i l  t h i s  p o i n t ,  - N* has been an a r b i t r a r y  f u n c t i o n .  
We w i l l  now d e f i n e  ll_ll_llll. i t  a s  t h e  f u n c t i o n  I- which c ~ j ~ ~ ~ - - t h e  sec-o-n-d- ..-. i n t e g r a l  
t o  vanish, i .e. , 

- N* = $h, - a t  t = tf . 

O f  course t h i s  i s  merely a restatement o f  E q .  (28) .  By d e f i n i t i o n ,  

S u b s t i t u t i n g  t h e  above r e l a t i o n  i n t o  Eq. (43 )  g ives t h e  f o l l o w i n g  

Since t h e  l a s t  i n t e g r a l  i n  Eq. (45 )  i s  second order ,  we see t h a t  
- N* i s  t h a t  p a r t i c u l a r  f u n c t i o n  which makes t h e  response i n  Eq. (37 )  insen- 
s i t i v c  ( t o  f i r s t  o r d e r )  t o  v a r i a t i o n s  i n  - N ( t ) .  F i n a l l y ,  we can say 

6 R  = Jttf N*T6M. Ndt p l u s  2nd order  terms. 
0 - - -  



15 

I V .  PHYSICAL SIGNIFICANCE OF THE TIME-DEPENDENT 
NUCLIDE ADJOINT 

I t i s  w e l l  known t h a t  t he  s o l u t i o n  t o  the  a d j o i n t  time-dependent 
Boltzmann t r a n s p o r t  equat ion  can be i n t e r p r e t e d  as f o l l o w s :  

(p*(t) = " importance o f  a neutron a t  t ime t t o  the  response 
a t  t ime, t . ' I 9  (Note -aga in ,  a l l  phase space 
v a r i a b l e s  Except " t ime"  a r e  i m p l i c i t l y  t rea ted . )  

Therefore,  i t  i s  n o t  s u r p r i s i n g  t h a t  a time-dependent n u c l i d e  a d j o i n t  
p lays  a s i m i l a r  r o l e  f o r  f i n a l  - t ime f u n c t i o n a l s  i n  burn-up c a l c u l a t i o n s .  
We a s s e r t  t he  f o l l o w i n g  axiom: 

Ni*(t) = importance o f  n u c l i d e  i a t  t ime t t o  t h e  response 
a t  t ime tF. 

For t h e  p a r t i c u l a r  case o f  t he  response be ing  some f i n a l - t i m e  
n u c l i d e  dens i ty ,  t h i s  d e f i n i t i o n  can be s t a t e d  more q u a n t i t a t i v e l y  by 

Nf = f r a c t i o n  o f  atoms o f  n u c l i d e  i present  a t  t ime t, which 
w i l l  be transmuted i n t o  components o f  the  response 
nuc l i des  a t  t ime tF. 

For the  burn-up equat ion  w i t h  a f i x e d  neutron f l u x  f i e l d ,  t h e  
above d e f i n i t i o n s  show t h a t  t h e  a d j o i n t  n u c l i d e  f i e l d  i s  independent 
I o f  the  fo rward  f i e l d ,  and, t he re fo re ,  a p a r t i c u l a r  a d j o i n t  c a l c u l a t i o n  
i s  a p p l i c a b l e  t o  a l l  r e a c t o r  c o n f i g u r a t i o n s  which have the  same f l u x  
f i e l d  as used i n  the  o r i g i n a l  c a l c u l a t i o n .  
t h e  s i t u a t i o n  f o r  t he  neutron a d j o i n t ,  which i s  a p p l i c a b l e  t o  a l l  
neu t ron  f l u x  f i e l d s  t h a t  have a common n u c l i d e  f i e l d .  In bo th  instances 
t h e  fo rward  f i e l d  i s  f i x e d  by the  i n i t i a l  cond i t ions ,  and the  a d j o i n t  
f i e l d  i s  f i x e d  by t h e  f i n a l  response. 

The importance p roper t y  o f  t he  n u c l i d e  a d j o i n t  can be used t o  
d i r e c t l y  d e r i v e  t h e  a d j o i n t  t ransmuta t ion  equat ion  f rom f i r s t  p r i n c i p l e s ,  
i n  a manner s i m i l a r  t o  the  method used by Lewins t o  d e r i v e  the  neutron 
a d j a i n t  e q ~ a t i o n . ~  The d e r i v a t i o n  i s  based on the  p r i n c i p l e  f o r  "con- 
s e r v a t i o n  of  n u c l i d e  importance," which s t a t e s  t h a t  a n u c l i d e  i n  an 

This  f a c t  i s  analogous t o  
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specified neutron environment i s  a s  important as  i t s  daughters (from 

b o t h  reactions and decays). 

importance o f  nuclide i a t  t i m e  t i s  equal t o  i t s  importance a t  t + A t  

plus the importance o f  a l l  daughters i t  produces during ~ t .  L e t  a i  be 

the to ta l  transmutation probability per u n i t  time f a r  nuclide i ;  then 

( 7  - u i A t )  = probability t h a t  nuclide i does no t  transriiute d u r i n g  A t e  

Let, C Y .  . be the probability per unit  time tha t  nuclide 1’ will transmute 

i nto nucl i de j . 

From th is  axiom, i t  i s  ea s i ly  seen tha t  t h e  

1 -‘J 

Then applying the conservation o f  nucl i de importance : 

rearrangi rig terms , 

Finally,  taking the l imi t  A t  -5 0, 

where a 

notation as  

i s  defined to  =-ai. This equation can be wrii;.ten i n  vector i i  

Comparing the elements of A t o  t h e  elements o f  the b u r n - u p  matrix M 

N*. 

The itnportance conservation property of the sdjoint-nuclide f i e l d  

(see Appendix A ) ,  we see tha t  A_ = transpose M = M*. ‘ fherefore H*N* = _- _ _  - 

_ -  
d t  - 

a l s o  makes possible the creation o f  a “nuclide channel theory.” The 
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concept of  neutron channel theory has been introduced i n  an earlier 
paper as  a method t o  determine t e mechanism by which n e m o n s  f l o w  from 

the forward source t o  the response detector, so as  t o  locate spat ia l  

streaming p a t h ~ , ? ~ 3 l ~  A similar  idea can be applied t o  t he  nuclide 
f i e l d  Lo find the major "nuclide  path^'^ by which tatorr:s are transformed 

f r o m  t h e  i n i t i a l  i s o t o p i c  concentrations i n t o  the final response 

concentrations. 

To t h i s  end, a quantity known a s  the ''nuclide con t r ihu ton  density" 

can be defined t o  be: 

c i ( t )  = number of atorlts o f  n u C  

a t  tinre t which beco 

I t  i s  easy t o  see f r o m  the def 

i'de i ,  per c d ,  present 
response a t o m  a t  time tFa 

n i t i o n  o f  the a d j o i n t ,  

Because the  f inal  response must originate  From some nuclide present 

i n  t h e  system, 

(52)  

for  a l l  t in the int,erval [to tf] which can be wr.itten as 

A knowledge o f  c i ( t )  fo r  a l l  nuclides allows one t o  determine which 

i s o t b p e s  a t  time t contribute mast heavily t o  the response o f  in te res t .  

T h i s  property could possibly be beneficial t o  optimizatian s t t i d ies  i n  

reactor  design . 
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V .  TIME-DEPENDENT UNCERTAINTY ANALYSIS 

Time-dependent u n c e r t a i n t y  a n a l y s i s  i s  s i m i l a r  t o  the  s t a t i c  
u n c e r t a i n t y  theory  p r e v i o u s l y  developed, and some o f  t he  f o l l o w i n g  
d e r i v a t i o n s  a r e  based on e a r l i e r  works. The es tab l i shed  approach i s  t o  
use t h e  r e s u l t s  o f  Sec t ion  I 1  t o  d e f i n e  " s e n s i t i v i t y  c o e f f i c i e n t s "  which 
can be used i n  con junc t i on  w i t h  covar iance f i l e s  f o r  bas i c  nuc lear  da ta  
t o  develop u n c e r t a i n t i e s  i n  responses o f  i n t e r e s t .  For t h e  present  
study, 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  a r e  de f i ned  w i t h  time-dependent 
vec tors ,  compared w i t h  energy f u n c t i o n s  f o r  t he  s t a t i c  case. 

The e x i s t i n g  eva lua t ions  o f  nuc lear  da ta  can be thought o f  as 
rep resen t ing  t h e  mean va lue  ( a l b e i t  weighted) d e r i v e d  from a d i s t r i -  
b u t i o n  o f  microscop ic  measurements. With the  i ssue  o f  ENDF/B- IV  - a n d  
g r e a t l y  ex tend ing  i n t o  ENDF-V - t h e  second moments o f  t he  d i s t r i b u t i o n  
o f  measurements ( i  .e., t he  var iances and covar iances) rep resen t ing  
c o r r e l a t e d  u n c e r t a i n t i e s  a re  s p e c i f i e d  t o  prov ide  the  a n a l y s t  w i t h  a 
tileasure o f  t he  q u a l i t y  o f  t he  data.20,21 

u n c e r t a i n t y  f i l e s ,  l e t  u s  cons ider  a re fe rence data c o l l e c t i o n  (assumed 
t o  be t h e  mean va lue  o f  severa l  measurements) t h a t  w i l l  aga in  be 
designated as the  "da ta  vec to r "  I S(ai). As before,  t h e  elements ai of - S 

represent  t h e  decay data, microscopic r e a c t i o n  r a t e s  ( L T ~ ) ,  e tc . ,  t h a t  
a r e  t o  be used i n  some d e p l e t i o n  c a l c u l a t i o n s .  With t h i s  c o l l e c t i o n  o f  
data,  the  expec ta t i on  va lue  o f  t he  response i s  c a l c u l a t e d  t o  be R ( S ) .  __ 

another va lue  f o r  t h e  response would be obtained, Rn(S+). 
t i o n  of a l l  such p o s s i b l e  c a l c u l a t e d  responses, due t o  the  d i s t r i b u t i o n  
of  nuc lea r  data,  i s  descr ibed by the  response var iance, g i ven  by 

To b r i e f l y  demonstrate how s e n s i t i v i t y  theory i s  combined w i t h  da ta  

If some o t h e r  da ta  v e c t o r  Sn were used i n  the  c a l c u l a t i o n ,  then 
The d i s t r i b u -  

I 
V = N (Rn - R)2 , 

n = l  ( 5 4 )  

w i t h  N = number o f  da ta  vec tors  used i n  computing t h e  mean s e t  5; i 
i s  r e l a t e d  t o  the  number o f  measurements f o r  t h e  a ' s  i n  S.  

Expanding Rn i n  a f i r s t - o r d e r  Tay lo r  s e r i e s  about the  expec ta t  

- 

va lue  g ives  

e., N 
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a where t h e  v e c t o r  d e r i v a t i v e  aS i s  d e f i n e d  t o  be t h e  column v e c t o r  oper- 
a t o r  w i t h  components - . - a 

&Xi 

S u b s t i t u t i n g  Eq. (55 )  i n t o  E q .  (54)  r e s u l t s  i n  

Now d e f i n i n g  a diagonal  m a t r i x  o f  t he  fo rm 

0 where a ,  = f i r s t  component o f  5 , 
et2 = second component o f  5 , 

D =  

cx = i t h  component o f  - S i 

Equat ion (56) can be w r i t t e n  

aR N o t i n g  t h a t  

f i n a l  l y  expressed as 

i s  independent o f  t he  summation index, Eq. (57) i s  - 

T - P c IJ = r e l a t i v e  response var iance , V 

R2 
- _  

-- - - 
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where 

The iiiatrix - C formed by the dyadic square of ASn i s  cal led thc 

" r e l a t ive  covariance matr-.ix," and t h e  vector P - i s  cal led the " sens i -  
t i v i t y  vector." L e t  us consider one component o f  - P: 

a R  a R / R  p = i 
i R aai a a . l W  * i i  

Equation (8)  can be used t o  evaluate the par t ia l  der ivat ive 

accurate through f i r s t  order: 

I f  we assume as  an example tha t  the da ta  a i  appears only in position 
a ( k , . t )  o f  t h e  burn-up  matrix, then -I- M i s  a m a t r i x  w i t h  zeros i n  a l l  

pos i t ions  except ( h , ~ ) ,  where i t s  value i s  ( m b p , ) .  lherefore i n  
general 

aa = i a - 
i aa 

T h u s  we see t h a t  uncertainty analysis involves both a knowledge o f  
the  data covariances and the sens i t i v i ty  vector. Wc will  now considcr 

a sample problem t o  i l l u s t r a t e  the p r o c e d u w  f o r  determining the sew; -  
t i v i t y  vector; questions concerning the covariance rna t r i x  w i l l  n o t  bc 
addressed. 0 

\ 
-,-, , -1 . -,,- -.. /-..,J-- - ,- --/--.-/-- ---\  

\. /C;\s\ 
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VI. PROBLEM SPECIFICATION 

Time-dependent s ens i t i v i ty  theory was applied to  the analysis of a 
thermal reactor depletion calculation t h a t  was specified by the Electric 

Power Research Ins i tu te  ( E P R I ) s 2 z  A point-model o f  the homogenized fuel 

zone was used in the sens i t i v i ty  calculation, w i t h  the i n i t i a l  

concentrations l i s t e d  in Table 1 .  The time dependent thermal flux 

(Table 2)  was obtained from an e a r l i e r  non-linear b u r n - u p  calculation 

suppl ied by E P R I .  

Point depletion calculations for  the forward and a d j o i n t  riuclide 

f i e l d s  were perforrned with the computer code QRIGEN-A, a modified ver- 

sion o f  O R I G E N  (described in detai l  in Appendix A ) .  
zero dimensional version of the b u r n - u p  equations using the rnatrix 

exponential technique, a method which allows a wide variety of nucll’des 

t o  be included in the depletion calculation. Nuclear d a t a  was obtained 

d i rec t ly  from the O R I G E N  PWR l ibrary1‘ ( three  cross section groups) f a r  

compiu t a t i  orial convenience. 

The calculated response was the total  plutonium inventory 

( ~ 3 9 3 2 L t 0 9 7 ’ ~ 1 ~ 2 4 2 P ~ ~ )  a t  end o f  cycle ( t f  = 25614 hours), 

deviation in t h i s  response was estimated using approximate standard 

deviations for the 7 3 R U  capture and 2 3 V u  f i s s ion  cross sections.  

Uncertainties i n  these cross sections a re  the ‘two major causes for  

O R I G E N  solves a 

The standard 

uncertainty in the P u  production. 

low sens i t i v i ty  coeff ic ients  o r  small uncertainties ( a s  fo r  decay con- 

s t a n t s ) ;  therefore consideration on ly  o f  the 2 3 8 U  and 2 3 9 P ~ ~  cross sections 

can provide a reasonable lower bound for  the to ta l  standard deviation o f  

the plutonium inventory a t  end o f  cycle,  

Most  other pertinent d a t a  have e i the r  

V I I .  RESULTS 

The values for  the mast impor tan t  time-dependent actinide densi t ies  

found in the forward O R I G E N - A  calculation are shown in Figs .  1 and 2 .  

As expected, the concentrations o f  uranium and plutonium isotopes domin- 

a t e  the resu l t s  o f  the forward case, with 2 3 8 U  being the most predomin- 

a t e  by f a r ,  due t o  i t s  ‘large i n i t i a l  concentration, Figure 3 shows the 

major chains fo r  plutonium build-up. 
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Tab le  1 .  I n i t i a l  concentrations for homogenized fuel 
.________ _.. _- 

Nucl ide Number dens i ty  

60 4.37-02 
0.0 
0.0 
4.45-06 
5.67-04 
3.53-06 
2.13-02 

0.0 
0.0  

0.0 

0.0 
0.0 

1 3 5 x  

1 4  9Sm 

2 3 4 ~  

23511 

2361) 

238u  

239Pu  

24 opu 

2 4  1Pu 

2- 4 2P u 
IAni 
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Table 2. Time-dependent thermal f l u x  

Time interval ti ( h r )  neutrons /cm2 s ec 
4 (x 1013) 

1 75.34 4.52 
2 376.68 4.54 
3 1506.68 4.51 
4 3013.42 4.43 
5 4520.13 4.38 
6 6026.84 4.37 
7 7533.55 4.38 
8 9040.26 4.41 
9 10546.97 4.46 
10 1 2053.68 4.51 
11 13560.39 4.58 
12 15067.10 4.65 
13 16573.81 4.72 
14 1 8080.52 4.87 
15 19587.13 4.89 
16 2 1093.94 4.98 
17 22600.65 5.07 
18 241 07.36 5.17 
19 25614.07 5.26 
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O A N L - D W G  77.- 134'14 

1 0 - ' b  

5 F . .. . . .- 

t -3, 

i 
5 L i  

I 

1 0 - 6  -I 0 I LI 2 L J ~ I I L I L I I L I L  4 6 a 10 12 44 16 

l l M E  ( 4  u n l t  - 1507 h r )  

F i g .  1. Uraiqiurll atom dens i t ies .  
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ORNL-DWG 77-13445 

- I ........ 
0 2 4 

F i g .  2. 

6 0 10 12 14 
T I M E  ( 1  u n i t  = 1 5 0 7  h r )  

P l u t o n i u m  atom densit ies.  
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Figures 4-8 summarize the r e su l t s  of the adjoint  ORIGEN-A calcula- 
For t h i s  r u n  the " i n i t i a l "  (actual ly ,  f inal) '")  values were zero t ion .  

f o r  a l l  nuclides except 2 3 9 P u ,  2 4 0 P ~ ,  2 4 1 P u ,  and 2 4 2 P u ,  which had con- 

centrat ions of 1.0, since t h i s  i s  the real izat ion vector corresponding 

t o  a response of "plutonium inventory a t  shutdown." 

was omitted because reaction r a t e s  a re  not  being considered. 

isotopes (such as 2 3 7 U ,  7 4 2 C m ,  e t c . )  appearing among the important 

isotopes fo r  producing plutonium. 

dominant nuclide in the forward calculat ion - 2 3 8 U  - i s  n o t  among the 

most dominant ad jo in t  values! 

one real izes  t h a t  the  "importance" o f  a nuclide is independent o f  i t s  

concentration. 

number o f  atoms present a t  any given time, any atom which i s  present has 

a high probabili ty o f  being transformed into a plutonium atom by s h u t -  

down. The importance of 2 3 8 U  atoms ($10-3) i s  comparatively low due t o  

i t s  having a smaller capture cross sec t ion(b)  ($3 b )  than more important 

isotopes, such as 237Np ($170 b ) .  

probabili ty o f  being transformed into Pu than does a 237Np atom; i . e . ,  a 

smaller f rac t ion  of 238U will  transmute i n t o  P u ,  although the absolute 

number of 238U atoms which contribute t o  the response i s  much greater  

than f o r  237Np,  s ince there  a re  f a r  more 2 3 8 U  atoms than Np atoms pre- 

sent in the reactor .  

The flux in E q .  ( 2 7 )  

A t  f i r s t  s igh t  i t  may be surprising t o  see some of the more uncommon 

I t  may be equally surprising tha t  the 

The resu l t s  appear more reasonable when 

Even t h o u g h  nuclides such as 2L+*Np have only a small 

Therefore a 238U atom has less  

An examination o f  several nuclide adjoints  wil l  perhaps give the 

reader a better physical ins ight .  The P u  response isotopes themselves 

a re  obviously important, especial ly  a t  times near t f .  
the high f i s s ion  cross section makes an atom o f  a f i s s i l e  Pu isotope 

qui te  l ike ly  t o  disappear before i t  l ives  t o  t f .  
decreases near tf because i t  was n o t  d i r ec t ly  contained i n  the response. 

A t  e a r l i e r  times, 

The adjoint  f o r  2 3 8 P u  

(a)See Appendix A ,  f o r  inverted solution t o  the adjoint  equation. 

(b)Cross sections quoted a re  2200 m/s values. 
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F i g .  4. Uranii irn a d j o i n t  f u n c t i o n s .  
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F i g .  8. Curium a d j o i n t  func t ion .  
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Actinides w i t h  a higher atomic nuniber than 94 a re  usually important 

For example, 2-'t2Crii has a moderate absorptl'on t h r o u g h  t he i r  decay rnodes. 
crvss section ( d o  b )  and a re la t ive ly  short  ha l f - l i f e  (763 d ) ;  there- 

fore i t  has about t h i r t y  times greater  probability o f  decaying to  2338Pu 

before i t  captures a neutron t o  become 2'13Cm 

the 2 3 0 P u  adjoint curve and the 2 ' + 2 C m ,  adjoint curve. 

i f  the 2!+2~~ii atom does transmute t o  2 i t 3 c m g  there i s  s t i l l  a possibi1ity 

thnt the 2 4 3 h  isotope will  decay to ? 3 3 P u .  

7'-!2Crn and by electron capture d i rec t ly  tr; 2 4 2 P u ,  and i t s  short ha l f - l i f e  

(tl ,2 = 16 hours)  makes the t rans i t ion  likely over a long  time period.  

In f a c t ,  even a t  one time interval befove ~~~~~~~~~ i t s  adjoint is  s t i l l  

qui te  h i g h .  
whose mode o f  contribution i s  f a i r l y  complicated t o  assess.. I t s  short  

half-life ( 7  days )  and large mpture cross section (480 t r )  p rovide  two 

possible metiaods f o r  the niuclide t o  transmute i n t o  l)u. 
a neutron, i t  becomes 2 1 8 U  and fol'lows the familiar procedure for  

creating 2-39Ppu. 

eiiiission t o  73Qpn Since t h i s  nucl.ide has a l o n g  ha l f - l i f e  (2 x '105 y ) ,  

i t  .is probable t h a t  an atom w i l l  capture a neutron ( u c  = 169)  arid become 

238Np,  which then decays ( t l i 2  = 2 .12  days) i n t o  23"8pu. 

o f  F i g s .  3 and 4 reveals t h a t  over  most o f  the cyc le ,  2 3 ' 7 [ )  i s  more 

important than 238U,  b u t  s l i gh t ly  less important than 2 3 7 N p ,  a f a c t  
which leads one t o  believe t h a t  the second contribution mode i s  mure 

i mi:, o r t a n t e 

s i t i e s  for  the major nuclides. I t  i s  seen t h a t  unti l  near the end o f  
cycle the  response stored i n  the 2 3 a U  atorris overwhelms a l l  e thers ,  due 

t o  i t s  large i n i t i a l  charge. A. t  time step 1 7 ,  PLI begins t o  do 

-the 2381) atoms are  "riinnirag o u t  of t i m e "  in which they can transmut.e 

i n t o  P u .  Notice the ini t ia ' i  contributon densit;/ for  2 3 b U  i s  2.15 x I O w 4 ,  

w h i c h  was found t o  be exactly the value u f  the plu ton ' iu r r i  inventory a t  

shutdown (see l a s t  ~ Q W  in Table 3 ) .  

i n i i i a i 1 . y  the e n t i r e  response i s  contained i n  the 7 3 8 U  atairis: 

note the s imilar i ty  in 

Furthermot-e, even 

Americium-242 . is important because i t  decays by be ta  emission t u  

A t  ear ly times t h e  isotope 2 3 7 U  i s  an important nuclide 

I f  3 3 7 ~  captures 

The a l te rna te  method i s  f o r  7-37U t o  decay by beta 

An exaniination 

Table  3 (see E q .  51) contains the values of the c o n t r i b u t o n  

'Phis ind ica t e s  - as expected - % h a t  
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Table 3. Major c o n t r i b u t o n  d e n s i t i e s  (atoms/cm3 x 
-I.-. -1 -.___ 

Time 
i n t e r v a l  23811 239Pu 2 '+ 1 pu 2'+2pu 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12  

13 

14 

15 

16 

1 7  

18 

19 

20 

2.15-4 

2.15-4 

2.15-4 

2.13-4 

2.09-4 

2 e 06-4 

2.01-4 

1.97-4 

1.91-4 

1.86-4 

1.78-4 

1.70-4 

1.60-4 

1.49-4 

1.35-4 

1.19-4 

9.81-5 

7.29-5 

4.04-5 

0 

0 

0 

0 

2.36-6 

4.63-6 

6.80-6 

8.94-6 

1.12-5 

1.36-5 

1.63-5 

1.91-5 

2 24-5 

2.63-5 

3,11-5 

3.71-5 

4.43-5 

5.39-5 

6.70-5 

8.58-5 

1.14-4 

0 

0 

0 

0 

1.08-6 

2.27-6 

3.82-6 

5.71-6 

7.92-6 

1.05-5 

1.35-5 

1.70-5 

2.09-5 

2-53-5 

3.03-5 

3.58-5 

4.15-5 

4.73-5 

5.22-5 

5.48-5 

0 

0 
0 
0 
0 

0 

0 

0 

1.04-6 

1.54-6 

2.13-6 

2.89-6 

3,82-6 

5.02-6 

6.57-6 

8.65-6 

1.15-5 

1.55-5 

2.15-5 

3.02-5 

0 
0 
0 
0 
0 
0 

0 

0 

0 

0 

1.18-6 

1.76-6 

2.53-6 

3.50-6 

4.73-6 

6.22-6 

8.10-6 

1.03-5 

1.30-5 

1.62-5 
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Table 4. Time-dependent s ens i t i v i ty  prof i le  fo r  
Pu inventory a t  shutdown 

Time interval 238u (n,r> 239Pu ( n , f )  

1 5.24-4 0 

2 2.13-3 0 

-- 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

8.58-3 

1.29-2 

1.48-2 

1.70-2 

1.97-2 

2.31-2 

2.69-2 

3.15-2 

3.72-2 

4.39-2 

5.24-2 

6.29-2 

7.65-2 

4.35-2 

1.20-1 

1.53-1 

8.70-2 

-1 -06-3 

-4.16-3 

-6.71-3 

-9.23-3 

-1.19-2 

-1 -47-2 

-1.39-2 

-2.14-2 

-2.55-2 

-3.04-2 
-3.64-2 

-4.39-2 

-5.34-2 

-6.56-2 

-8.23-2 

-1 -06-1 
-1.41 -1 

Total 0.835 -0.671 
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The d i f f e ren t i a l  time-dependent serisi t ivi  ty prof i les  fo r  2381J 
capture a n d  2 3 9 P u  f i s s ion  a re  given i n  .Table 4.  

cross section appears as  both a loss and a g a i n  (a  negative e f f e c t  due  

t o  burn-up  o f  a f e r t i l e  i so tope;  a posit ive e f f e c t  due t o  production o f  
2 3 9 P u ) ,  e r rors  in t h i s  value t e n d  to  cancel somewhat in the Getcrmina- 

t ion o f  the response uncertainty. 

cross section impacts the response d i r ec t ly  since i t  i s  a loss mechanism 

f o r  the response nuclide o f  i n t e re s t .  

Detailed covariance f i l e s  f o r  t h e  thermal energy range are only now 
Estimated 

B9cause the  capture 

The uncertainty f o r  23gPm f i s s ion  

being developed, a n d  were n o t  available f o r  the  present work. 

standard deviations o f  3% for both the 2 3 8 U  capture a n d  t he  2391’:u f i s s ion  

cross sections were used i n  t h i s  s tudy .  
assuming cross sec t ion  uncertainties o f  1 %  in the thermal range and 

5% in the epithermal range, with 3:1 weighting function over these 

ranges respectively. 23 3 ii+ Rased on these approximate uncertainty 

estimates, the associated r e l a t ive  standard deviation i n  plutonium 

production i s  Found t o  be 1 ~ 3 % ,  a r i s ing  from 2381) capture uncertainty; 

and ~ 2 %  a r i s ing  f rom 2 3 9 P u  f i s s ion  uncertainty. 

t i ve  standard deviation of approximately 3% in plutonium inventory a t  

shutdown. 

- 
I hese values were obtained by 

T h i s  r e su l t s  i n  a re la -  

I t  i s  important t o  note t ha t  the value fo r  the sta.ridard deviation 

does not r e f l e c t  uncertainties i n  ha1 I)-1 ives, branching r a t i o s ,  or 

reaction cross sections i n  nuclides other t h a n  2 3 8 U  and 2 3 9 P u ;  no r  does 

i t  contain any cross correlation between 2 3 8 U  and 2 3 9 P u  data. The 
calculated value i s  only intended as a l o w ~ r  bound f o r  the response 

uncertainty. More accurate r e su l t s  w i  11 be obtained after more complete 

e r ro r  f i l e s  a r e  made available on the ENDF-S d a t a  evaluation, soon t o  be 
re1 eased 

VIII. SUMMARY AN0 CONCLUSIONS 

Sensi t i v i  ty and uncertainty analysis fo r  functfonal s o f  the t Ime- 
dependent nucl ide density f ie1 d has heen imp1 emen tea in to  the present 

ORNL s e n s i t i v i t y  prograiii u s i n g  methods t h a t  a r e  similar t o  those de- 

veloped f o r  the s t a t i c  case. The computer code ORIGEN-A (see Appendix 5 )  
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has extended the capabi l i ty  of the O R I G E N  b u r n - u p  code to allow cailcu- 

la t ion  of nuclide adjoint  functions fo r  final-t ime, l inear  functionals 

and functional r a t i o s ,  as well as the normal forward calculation. \hen 

the forward and adjoint  values are  coupled, sens i t iv i ty  coeff ic ients  

can be coniputed for  a11 nuclear data contained in the burn-up  matrix 

(e .g . ,  microscopic Cross sections,  decay constants, yields 

r a t i o s ,  e t c  % ) . 
t o  changes in nuclear data. 

The concept o f  "nucl  ide importance" has been quantified and com- 

pared t u  i t s  predecessor "neutron importance e I' 

development o f  a "nucl i de channel theory ," which i ndicatees the isotope 

"channels" t h r o u g h  which a nuclide f i e l d  i s  transformed froni i t s  i n i t i a l  

confi yurati on t o  some f i nal response. 

Uncertainty analysis for nuclide density functionals was shown t o  

be based on methods similar t o  those already i n  use in the FQRSS system. 

Extensions o f  existing programs are  required with respect t o  achieving 

Gonipatability with the O R I G E N - A  o u t p u t  a n d  accessing uncertainties in 

decay constants, y ie lds ,  e tc .  

and  t he i r  use in channel theory and in time-dependant sens i t iv i ty1  

uncertainty analysis. 
capture and 23qPu absorption cross sect ions,  the minimum uncertainty in 

the plutonium inventory a f t e r  approximately three years of a PWR reactor 

operation was found t o  be near 3%. 

branching 

The sensi t i  vi t y  cocff i ci ents re1 a t e  changes in response 

T h i s  a1 lawed f a r  the 

A sample calculation i l l u s t r a t ed  the generation of nuclide adjoints 

For assumed standard deviations o f  3% i n  7 3 8 U  
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APPENDIX A: NUMERICAL SOLUTION TO THE L I N E A R I Z E D  
ADJOINT BURN-UP EQUATION 

The b u r n - u p  equation i s  a statement of mass balance for  a radio- 

T h e  equation f o r  act ive nuclide f i e l d  subjected t o  a neutron f l u x .  
nuclide species i can be written: 

dNi 
I_- - - (oai$ + Xi)Ni + d t  (is . $  + ? I ~ + ~ ) N ~  . j+l 

j#i 

In matrix notation, the above equation i s  merely: 

= probabili ty per unit  time tha t  isotope i will be ' j-fi 
produced from isotope j ,  and a i i  = -2 'i+j* 

In  Eq. (Al ) ,  the value for  c N can be found with the matrix expo- 

nential technique a s  

where exp (Mt) ___ i s  t he  time dependent matrix given by the i n f i n i t e  se r ies  

- M 2 t  

21 I + M t + - - - -  ... 3 B-(t) .... . - _  

O f  course in r ea l i t y  t h e  ser ies  i s  truncated a t  some f i n i t e  number of 

terms dictated by the tolerance placed on - N ( t ) .  

O R I G E N  solves the b u r n - u p  equations using t h i s  method, and a discussion 

of the numerical procedures involved in i t s  implementation can be found 

in reference 12. 

The computer code 
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Note tha t  the niatrix - B ( t )  i s  independent o f  the i n i t i a l  concii t i sns  

-0 N - ’ therefore ,  in  theory i t  i s  passible t o  obtain a solution f o r  a g iven  
- M-($) that, does not depend on t h e  i n i  t i a l  reactor configuration. 

the time-dependent nuclide f i e l d  i s  

Then 

f a r  any No , 

Unfortunately t h e  nuclear data  matri x 

.the f l u x )  and i s  t o o  large ( ~ 8 0 0  by 800 words f o r  each time s tep  i n  

O R I G E N )  t o  be used e f f i c i en t ly .  

N ( t )  f o r  each No. 

i s  prob7 em dependant  (through 

I t  i s  more advantageous t o  recalculate  

As previously discussed t h e  adjoint  b u r n - u p  equa t ion  i s  

Equation ( A S )  can be expressed in  a f o r m  compatible w i t h  the  present 

OWIGEN computational technique (i .e. a Lositive _I____ tiine derivat.ivc) by 

making a change of variable:  

t’ = tf - t 

Then the adjoint  solution i s  merely 

- N * ( t )  = .~ N * ( t f  - t’) 
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which i s  the same equation solved by the forward O R I G E N  code, except 

the data matrix i s  transposed. 

Equation ( A 7 )  can be written as  

St i s  easy t o  show t h a t  

and therefore 

I t  i s  interest ing t o  note t h a t  

(A12)  

This r e su l t  was derived e a r l i e r ,  a s  a conservation law fo r  the t o t a l  

"value" o f  the nuclide f i e l d .  

One o f  the  more puzzling d i f f i c u l t i e s  encountered in providing adjoint 

capabi l i ty  f o r  the  O R I G E N  code arose in the treatment o f  nearly s table  

(both i n  decay and in react ian)  p r o d u c t  nuclides such as Heis, H 2 ,  e t c .  

ddhen the parent-daughter re la t ion  arriong nuclides i s  reversed by trans- 

posing - M, i t  i s  possible fo r  nuclides which previously had no daughters 

t o  have t ransmuta t ion  products  since the i r  parents are  then ident i f ied 

CIS daughters. The presence of a zero ( o r  very small) t ransi t ion proba- 
b i l i t y  f o r  a nuclide with daughter products causes a se r ies  o f  numerical 

problems i n  O R I G E N ,  the f inal  resu l t  being a "divide check." 
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The solution t o  t h i s  probletii i s  discussed below, for  a hypothetical 

decay chain o f  three nuclides - - - A ,  B, C - the l a s t  of which i s  s tab le .  

We assume the appropriate b u r n - u p  equations a rc  the following: 

T h e  ad jo in t  system i s  

The equation f o r  NE i s  

N; = constant - N * =  d 0 
d t  C 

Therefore NS = ( i ~ ) ~ ,  where - h i s  the input rea l iza t ion  vector. 

value i s  f ixed by the specif ied f ina l  condition, the calculat ion of 

stable-nuclide adjoints  i s  omitted from O R I G E N .  

Considering Eq. (A14) again, and omitting the equation f o r  N t ,  

Since t h i s  

Thus we see t h a t  a s t ab le  nuclide can give rise t o  a fixed source term 

i n  the ad jo in t  b u r n - u p  equation, depending  on the value of .._. h. 

In summary, Eqs. ( A 7 )  and (A8) can be incorporated into t k  ORIGEN 

t o  allow adjo in t  solut ions,  w i t h  four modifications: 



43 

a )  

b )  
c )  
d )  in te rpre t  a l l  resu l t s  backwards in the time variable.  

enter  " i n i t i a l "  charge as E;, the response real izat ion vector, 

reverse the parent-daughter relationship among nuclides, 

reverse flux and time arrays,  

Mi t h  these modifications, as well as  several changes in the numerical 

methods, the O R I G E N  code i s  called ORIGEN-A,  which i s  presently in use 

a t  ORNL. 
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APPENDIX Fs, Ori yen-A Descri p t i  on 

The ancestry o f  the OKIGEN-A Code goes back several generations, 

O R I G E N - A  i s  the r e su l t  of tnodifications made by M. L. Williams t o  the 

ORIGEN-S program soon t o  be released as p a r t  o f  the SCALE computer code 

system. 0. W. Herrriann was the main authar of O R I G E N - S ,  which repre- 

sented an updated version o f  the original ORIGEN Code written by 

Bell. The most important new features in ORIGEN-S over O R I G E N  was the 

dddi t i o n  o f  variable dimensioning arid o f  FIDO input‘” capabi l i ty .  

25 

The input to the ORIGEN-A Code i s  nearly identical t o  t h a t  f o r  
OKIGEN-S, except fo r  a f e w  adjoint input parameters. 

tion in APPENDIX C was or iginal ly  written by Hermann for ORIGEN-S, with 

a description of the required adjoint  parameters added fo r  t h i s  p u b l i -  
cation. The new i n p u t  required f o r  adjoint  calculations i s  marked with 

an as te r i sk  in the margin. 

The input descrip- 

The modifications made t o  the ORIGEN-S computer program are  l i s t ed  

bel ow: 

B . 1 .  ORIGEN-A:  New drid Modified Subroutines Added t o  O R I G E N  

~ ~ ~ ~ 5 A ~ ~  - Transposes l i g h t  element, f i s s i o n  product, and act inide 

l i b ra r i e s .  

X O R I G E N  - PrSnts forward or adjoint  f i e l d  by nuclide a n d  time interval 

- In i t i a l i ze s  adjoint arrays 

- Reverses time and f l u x  pr in t  for  adjoint  calculation 

- Calls adjoint  source routines 

F L I P  - Reverses the order- o f  1 - D  arrays 

BLADJ - Sets u p  base locations fo r  stable-nuclide adjoint source 

MSBF - Multiplies portion o f  adjoint  source by f l u x  a t  each time step 

ADJSRC - Constructs s tab le  nuclide source 

- Deletes s tab le  nuclide d a t a  f rom nuclear d a t a  matrix 
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APPENDIX C .  ORIGEN-A Code I n p u t  (Using FIDO) 

The ORIGEN-A Code determines the forward concentrations o r  the adjoint 

for  elements or isotopes t h a t  a re  present a f t e r  various time durations. 

These calculations may consider only the e f f ec t  of radioactive decay or  the 

e f f ec t  of i r rad ia t ion  and decay within a given reactor flux. 

An interpretat ion of cer ta in  words and phrases used in the input 

instruct ions i s  presented f i r s t .  Reference to these somewhat arbi Wary 

def ini t ions may enhance some of the explanations i n  the input description. 

This description was modified from the original ORIGEN-S input description 

writ ten by 0. W. Hermann f o r  the O R I G E N  module of the SCALE code system. 

C . l .  Cases and Subcases 

The i n p u t  data fo r  a j o b  may conta in  stacked "cases" and "subcasesil 

as described here. 

A ''case" i s  defined as  t h a t  par t  of a j o b  which includes a l l  o f  the 

problems solved a f t e r  s t a r t i ng  w i t h  bo th  a d i f fe ren t  nuclear l ibrary a n d  

new material concentrations, unless the "blending feature"  i s  used. The 

f l ag ,  N G B ,  i s  used t o  specify the type of the next problem. If NGfl = 0,  

the following problem uses b o t h  new concentrations and a d i f fe ren t  l ib rary ,  

If NGB = 0 and  NPBLND = 1 ( t h e  f lag s e t  for  no "blending"), the next 

problem i s  the s t a r t  of a new case. 

I f  a "blending case" i s  requested (specified by NOBLNll l ) ,  even a 

problem s t a r t i ng  with b o t h  new concentrations and a d i f fe ren t  1 ibrary can 

be a subcase of the blended case. A new case s t a r t s  a f t e r  NGP) = 0 ,  only 

i f  the number o f  subcases where KBLEND was s e t  posit ive equals the value 

of NI1)BLND. 

C.2. Nuclide or Isotope Ident i f icat ion Number 

A s ix-d ig i t  "nuclide" integer i s  used t o  identify each isotope, 

The following equation i s  used: 

including i t s  isomeric s t a t e .  

input instruct ions.  

This i s  called a UNerclide ID No." i n  the 

Nuclide ID No. = IZ * 10000 f IW * 10 + IS 
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where, 

IX = the atomic number, 

IW = the atomic w e i g h t ,  

IS = 0, f o r  g r o u n d  s t a t e ,  

I S  := 1, f o r  metastable s t a t e .  

IS > 1 , fo r  additional metastable s t a t e  levels.  

C.3. -. Hain Featurgs-g the Code 

The code solves problems having the following character is t ics  o r  

features:  

1 .  A n  " i r radiat ion" problem i s  solved using a s e t  o f  i n i t i a l  nuclide 

of element concentrations and  t h e  "nuclear data l ibrary" fo r  a 

given reactor flux. 

subcase o r  a new subcase. 

2.  A "post-irradiation' '  problem i s  solved. I t  rnay be part  of i r radiat ion 

3. A "decay-only" problem i s  solved, involving no i r radiat ion.  

4 .  A problem i s  solved using "continuous feed" feature,  where the con- 

centrations a re  enhanced w i t h  a continuous r a t e  of feed For given 

isotopes. This applies t o  f l u id  fuel reactors.  

where the concentrations of given elements drc depleted by a continu- 

ous  removal r a t e  t h r o u g h  chemical processing. 

A "continuation" problem may be requested, where an  i r radiat ion o r  

decay subcase begins with the cotimntrations prevailing at.  dny time 

speci f i ed d u r i  ng  the 1 a s  t subcase. 

7 .  Either the same or a different  "nuclear data l ibrary" may be requested 

in a continuation subcase. This allows fo r  different  f lux spectra 

o r  an  "experiment position change" within a reactor. 

8. A continuation problem i s  solved u s i n g  "batch removal" feature,  where 

given fract ions of specified elements a rc  removed t h r o u g h  chemical 

batch processing before calculation continues, 

9.  A "blending case" is executed, which always w i l l  contain several sub-  

cases. Different concentrations a r e  used i n  two o r  more o f  the sub- 

cases. A given fract ion of the material from each o f  the streams, 

5. A problem i s  solved using "continuous chemical processing" feature ,  

6 .  
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subcases, a t  specified times are  added together t o  forti1 the 

i n i t i a l  concentrations for subsequent "blended stream" subcases. 

While d i f fe ren t  l i b ra r i e s  are  periiiitted, there may not be any 

variation in  the l i s t  of nuclides in the l i b ra r i e s .  Any number of 

problems not  related t o  blending may be salved in subcases within 

the case, i f  requested. 

The o u t p u t  tables o f  resu l t s  and 1 ib rar ics  are  completely optional. 

The answer's may be printed in three types o f  tables pertaining t o  

the "nuclides" of the three d i f fe ren t  l i b ra r i e s .  Tables may be 
given for  resu l t s  l i s t e d  only by "elements" o f  the l ib rar ies .  

suiiimary t d b l e s ,  including both nuclide and  element type tables ,  may 

be requested. Lines are  deleted from the l a t t e r  tables,  i f  values 

a re  below specified cutoffs.  Also, the resu l t s  a t  a1 ternate time 

periods are  deleted from sumniary tables .  Al l  o f  the tables may be 

"optionally printed" fo r  the nonirradiation period in  a variety o f  
units pertaining to  quantity, ac t iv i ty ,  heat, or radiation hazard 

standards. I r radiat ion period quantity resu l t s  may be printed i n  
tables l i s t e d  by e i the r  nuclides or elements. Lines For element 

results. bellow a requested cutoff are  suppressed. 

o f  the tables described above may be separdtely suppressed. Also, 

a s e t  o f  several tables of time dependent photon sources and neutron 

sources may be printed or suppressed. 

suppressed. Also, the l ib rary  prologue and the l i s t  o f  a i r  arid water 

hazd1.d factors may be omitted. 

t h e  three l i b rd r i e s  may be skipped without changing Jab Control 

Language cards. 

1 2 .  Various punchcd-output options are  available.  Concentrations of  a1 1 

nuclides o r  t o t a l s  o f  a printed o u t p u t  table ,  in various units, may 

be punched. Sources which may be punched include: f i n a l  gama 

sources o f  l i g h t  elerrients or f i ss ion  products, the gamma source a t  any 

tiiiie period fo r  the three l i b ra r i e s  combined, a n d  the alpha-neutron 

and spontdneous f i ss ion  neutron sources of  the actinides.  

10, 

A lso .  

The o u t p u t  o f  any 

1 1 .  Each of the printed tables for  the s ix  l ib rary  f i l e s  may be sepdrately 

I f  not  required for  the case, any o f  
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13. 

14. 

*15. 

The total  neutron production and absorption and the k-infinity of 

the heavy elements for  each time period may be printed for  forward 

cases. 

The " l ine  gamma source option" may be requested. 

produces a data s e t  containing the gamma source for  each f i ss ion  

product nuclide a t  the end of requested time periods. 

includes the photons per second f o r  every l i ne  (energy leve l )  of 

the nuclide corresponding t o  d a t a  obtained from the ENDF/B-IV 
Library, Section 457 (or, any l a t e r  E N D F / B  Library). Also, the 

integrated f iss ion product gamma source intensi ty  i s  printed for  

the time periods requested. 

An adjoint calculation may be requested by se t t ing  JOP'T (10) = 1. 
I n  t h i s  case, the printed values correspond t o  the "importance" o f  

the specified nuclides a t  the specified times. In most cases, the 

units for  i n i t i a l  charge should be gram-atoms (see $ 3 ) .  

and times (60") are  entered in the same order a s  in forward case, 

b u t  the order of "continuation problems" must be reversed. 

"Special Instructions fo r  Adjoint Calculation." 

This feature 

Each source 

Not applicable t o  adjoint  calculations.  

Flux (59")  

See 

C.4. Estimate of Storage Array Size and Job Region Size 

The O R I G E N  Code uti1 izes a technique permitting object-time 

dimensions, or "f lexible  dimensions." The user may al locate  only the 

quantity o f  computer core needed for  any specif ic  problem. 

e f f ic ien t ly  use f lex ib le  dimensions, an  adequate value for  the Storage 

Array Size should be determined. ihe value used for the Storage Array 

Size must be supplied as the dimension of the array named "L "  and the 

value of LMAX, which are  given in the short  FORTRAN MAIN routine in 

ORIGEN. 

a Region Size i s  required by the computer system being used, i t  may be 

found from LMAX and the remaining core and  buffer s izes  needed by the 

code. 

In  order to 

- 

Then, M A I N  i s  compiled a s  p a r t  of the en t i r e  j o b  execution. If 

The following character is t ics  i n  the formula fo r  LMAX may be useful: 

1 .  Some of the input parameters used in the formula (e ,g . ,  I Z M A X )  may 

exceed the necessary dimension s ize ,  which i s  not known exactly the 



f i r s t  time a par t icular  l ib rary  i s  requested. This may cause an 
u na vo i dab 1 e I' over -es ti  ma t e  I' of LMAX . 
A few small parameters a re  deleted from the formula and replaced 

with additions to the constants. Although t h i s  change causes the 

calculation t o  be s l i gh t ly  inaccurate, i t  reduces the length of the 

formula and assures a safe "over-estimate" of LMAX. 

3. The actual s izes  needed, d u r i n g  execution, for  LMAX and the terms A 
t h rough  H in the formula a re  printed fo r  each subcase. 

of these printed values i n  l a t e r  j obs  using the same parameters may 

substant ia l ly  reduce the length of the formula. 

The calculation requires use of a maximum value of some of the terms 

in the formula. 

If the short  comparison t e s t  applying t o  a term i s  t rue,  the longer 

computation fo r  the term i s  not required. 

A defaul t  value i s  shown i n  each equation. 

i f  a l l  parameters used in the equation equal the corresponding defaul t  

values i n  the input instructions.  

within the job. 
a l l  subcases using the same data l ibrary.  

2. 

Proper use 

4. 
This i s  denoted by M A X ( . . . . ) ,  s imilar  to  FORTRAN. 

(See A ,  B ,  and C )  

5. I t  i s  the r e su l t  obtained 

6. Always use the la rges t  value of LMAX calculated f o r  a l l  subcases 

Note tha t  the terms A ,  B, and C are  constant for  

LMAX = A f M A X ( B , C , H , I )  + 100 = 43,860 (defaul t )  

A (ITMAX+LPU)*(9 - 2"MPCTAB) + 3*(IAMAX+LPU) + T*IZMAX 

+ ILMAX + LPU +650 = 15,160 (defaul t )  

+ 8*LPU + 9*NGRP + 100 = 22,200 (defaul t )  

B = 2*( ITMAX+LPU)*( NREACT+MPCTAB+l ) +IFMAX*NFIS@ + 2*IZMAX 

B = 0 ,  i f  Z*(NREACT+MPCTAB) + NFISs c: 15 + M@UT 

C = NENLE*( ILMAX+l ) + NENAC+(LAMAX+LPU+Z) f NENFP*( IFMAX+l) 

+ ITMAX I- 200 = 15,270 (defaul t )  

or, 
C = 0 ,  i f  M A X ( N E N L E , N E N A C , N E N F P )  < 20 + MpUT 

D = (ITMAX+LPU+3)*(M@UT+8) + MPR@S*(NPR@S+Z) f Z*NSHRT 

E = Z*(ITMAX+LPU), i f  N P B L N D  > 1 

+ 3*NTERM f 100 = 15,750 (defaul t )  



52 

o r ,  
E = 0 ,  i f  NgBLND = 1 (defaul t )  

F = P(1ZMAX -+ 4*LPU) f 8*(ITMAX+LPU) -t- Nr'EKM = 12,850 (de fau l t )  

G ( M A X  ( N E N E  I NENAC , NENFP ) + S )  * ( MOUTt-2 

NENAG*(IAMAX+LPU) ,NENFP*IFMAX) = 6,312 (de fau l t )  

H = U -t E + M A X ( F , G )  = 28,60d (de fau l t )  

I = ITMAX + NELEM + NlMAX + 2"NZMAX 6 MgUT 

+ MAX ( NENLE" I LMAX , 

If a Job Region S i z e  i s  required, i t  i s  derived from LMAX. When 

using the current computer system a t  ORNL (10-1-74), the following 

.farmula may be used: 

Region Size = (84 f 4"LMAX/1024)K Bytes 

. Adjoint calculations require 2,000 additional words fo r  data storage. "7 

C.5. Data Sets Required and U n i t  Assignments 

The following table gives. information concerning data s e t s  needed 

f o r  J o b  Control Language. 

variable name in the code. I f  the unit  number i s  defined i n  the input, 

the name o f  the array in which i t  may be entered i s  indicated. If the 

unit  number i s  always s e t  by the code, i t s  value i s  shown. Also, any 

other necessary information i s  g i v e n .  

The data s e t s  a re  referred to by t h e i r  

Data. Set IJni .._ ..... t Assignments ... 

Name U n i t  Func.tion __ and Cammen.i;s 

N5 5 All i n p u t  data cards, 

N 6 6 Printed output giving "FIDg d a t a  ed i t "  0-f array 

entry lengths -for. d a t a  read prior t o  processing 

1 ibrary,  

N D U M  9 Same as function o f  N6 f o r  a l l  cards read a f t e r  

processing l ibrary.  If K@UI = t, the pages 

printed from unit  9 follow those from unit  t j*  

KflLJT 35 Printed o u t p u t  o f  ORIGEM Code, excluding FIDQl 

daLii e d i t .  
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N P U N  

NDF 

*J@PT( 11 1 

LDSET 

U n i t  Function and Comments 

39 Nuclear Data Library which contains one t o  s ix  f i l e s  

or data s e t s s  depending on method produced. (See 

OKNL-4628, Section 3) 

Unforrnatted (binary) scratch d a t a  s e t ,  usually on 

a d i s k .  Space allocation should accomodate  ( i n  
bytes) four times the vdlue of " C "  i n  Storage Array 

S i z e  Formula. BLKSIZE =I 1000, usually, i s  reasonable. 

Larger values rrtay require an increase i n  Region Size .  

net requested (NPUN=O), the data def ini t ion card i.; 
n o t  needed. 

81 $ ENDF/E Library, needed i f  u s i n g  gamrria source o p t i o n  

549; I f  JPPT(11) = N ,  nuclide adjoint o r  forward concen- 

56s Punched o u t p u t  o f  ORIGEN Code. I f  punched cards are 

(LNGAM = 1 i n  81$ Array). 

t r a t ions  wi l l  be writ ten on Logical U n i t  N. A separate 

record i s  written f o r  each time step; each record i s  

"number o f  nucl ides" 1 ony e 

produced. Need i f  LNGAtvl = 1 i n  81$ Array. See below 

f o r  the data s e t  format. 

81 $ Unforrnatted (binary) data s e t  f a r  the garinria sources 

C . 6 .  Forrriat o f  LDSET - The Gamma Source Data Set 

A Gamma Source Data Set,  writ ten i n  the binary rrmde, can be produced 

i n  forward calculations.  I f  LNGAM - 1 (see 818 Array), this data s e t  i s  
requested. 

s i n g l e  precision):  

The records a re  described a s  follows (word length -is 4 bytes -- 

Record No. 1 - 20 words. 
II---- 

Copy of the t i t l e  card (read a f t e r  Data Block 6 )  f o r  the f i r s t  time 

period i n  which ganuna source i s  requested. 
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_.- Rezord No, 2 -.. - 4 words, a l l  integers except no. ( 2 ) .  

1 .  Nuclide ID No. of f i r s t  f iss ion product 

2. Sum of the photons/second fo r  the nuclide 

3. Number o-f l ines  in the nuclide gamma spectruin 

4. Number o f  words i s  next record, or, twice ( 3 )  

Record No. 3 - no. of words = value o f  word 4, a l l  are  f loat ing point. 

1 .  

2.  

Line energy (MeV) in gamma spectrum 

Photons/second for  l i ne  ( 1 )  a f t e r  time period 

continued pairs of l i ne  energy and gamma decay ra te  fo r  a l l  l ines  in 

g a m a  spectrum o f  nucl ide. 

..-. Record No. 4 - 4 words 

Same as Record No. 2 for  next f i ss ion  product  nuclide in the ENDF/B 

f i l e .  

Record No. 5 

Same as Record No. 3 for  Record No. 4 nuclide. 

(Continued for  a l l  f i s s ion  product nuclides in E N D F / B  f i l e . )  

Last Record -.. ( f o r  t h i s  time period) - (I words 

Read same as Record No. 2 with a l l  integers except ( 2 ) .  

1 .  A zero 

2. Total photons/second fo r  a l l  the above nuclides 

3. A zero 

4. A zero 

All  o f  the above records are repeated in the same f i l e  for  a l l  

other requested time periods. 
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C.7. ORIGEN-A I n p u t  Instructions 

NOTE: Default values a r e  given in parentheses. (Assume data 

required unless a condition i s  specif ied.)  

Data Block 1 - New Case Trigger 

05 - Make 5th entry equal t o  ''NDSET'' i n  3$ 

1$ - (1 entry) 

NVBLND = 0/1/N job terminator/no blending/N streams blended. 

T - terminator 

Data Block 2 - New Library 

TITLE - Ti t le .  Format (20A4) 

2* - Required i f  NOBLND > 1. 

3$ - Library Constants. 

( N O B L N D  e n t r i e s )  

FACT = f r ac t ion  o f  each blended stream. 

1.  NDSET = l i b ra ry  u n i t  no. ( 2 7 )  

2. NPLIB = no. of l i b r a r i e s  in NDSET. ( 4 )  

( 3 3  e n t r i e s )  

3. 

4. 

5 .  

6 .  

7. 
8. 

9. 

10-1 5 .  

*16. 

17. 

18. 

19. 

20. 

NTYPE = 0/1/>1 card image/binary/future type 1 ibrary. ( 0 )  

NGRP = 0 ,  i f  NTYPE = 0 o r  1 .  

KP)UT = printed output u n i t  no. ( 6 )  

MPCTAB = 0/1 a i r ,  water hazards requested/not requested. ( 0 )  

INPT = 0/1 read photon l i b ra ry  from NDSET/cards. ( 0 )  

IR = 1/0 p r i n t  t r ans i t i on  matrix/do not p r i n t .  ( 0 )  

LPU = 0/1 read a l l  act inide data from NDSETlpart from 

cards. (0)  

N N 1 ,  NN2, NN3, NN4, NN5, NN6: 

N N 1  = 1/0 p r i n t  I th l i b ra ry  table/do not p r i n t .  ( 0 )  

N N 7  

= no. o f  energy groups i n  cross sections. (0) 

= Triger f o r  concentration units i n  74* Array (0) :  

= 0/1/2/3 units i n  gram-atoms/wt. ppm/grams/atom ppm. 

NN8 = -1, suppress p r in t  o f  l i b ra ry  prologue; 

= 0 ,  p r i n t  wanted. ( - 1 )  
ITMAX = to ta l  no. of l i b ra ry  nuclides. (850) 

ILMAX = no. of k ind  1 nuclides. (500) 

IAMAX = no. of k i n d  2 nuclides. (120) 

(Make 0 f o r  ad jo in t  calculat ion)  
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4" 

5$ 

21 .  I F M A X  = no. of k i n d  3 nuclides. (500)  

22 ,  I Z M A X  = no. of off-diagonal matrix elements. (3000) 

23, NREACT = max. no. of reaclions f o r  any nuclide. ( 7 )  

24, NFISg = no. o f  f i s s i o n  isotopes. ( 5 )  

2 5 .  NELEM = max. atomic no. i n  calculation. ( 9 9 )  

26. NMP = month i n  d a t e  of l i b ra ry .  

2 7 ,  NDAY = day in date.  

28. N Y R  = year i n  date. 

29. NENAC = no. of act inide p h o t o n  energy groups. (18) 

30. N E N L E  = no.  o f  l i g h t  element photon groups. (12)  
31. NENFP = no. of f i s s ion  product photon groups. ( 1 2 )  

32. NREAD = not used. ( 0 )  

33. MREAD = not used. (0 )  
Library Constants. ( 4  e n t r i e s )  

1 .  'THERM = r a t i o  of wutron reaction r a t e  of l / v  absorber t o  

thermal neutron flux. ( 1  . O )  

2 .  RES = resonance f l u x  per u n i t  lethargy/thermal f lux.  ( 1 . 0 )  

3 ,  FAST = rati(1 o f  f lux > 1 MeV/thcrrnal f l u x .  (1.0) 

4. C R R  = trunc-ation l imit .  ( lo -? ' )  

Library Position Number. ( 1  entry)  

NLIBE = Reactor Library posit ion i n  NDSET ( 3 ) :  

= 1/2/3/4 f o r  HTGR/LWK/LMFBR/MSRR Reactor (ORNL 

Library, 10-1-/4). 

*54$ - Special Options - not required. ( 1 2  e n t r i e s )  

(May include 54$ i n  Data Block 5 )  

JPPT = t r iggers  t o  obtain special option 

JOPT( I ) =  N/O request op%ion/not requested. Entry positions 

( I )  trigger the following: ( 1 )  compute K-infinity, 

( 2 )  punch concentrations, ( 3 )  punch to ta l  gamma 

sources o f  Kind 1 and 3, ( 4 )  punch alpha-n and 

spontaneous f i ss ion  sources, ( 5 )  punch combined g 

gamma source, ( 6 )  p u n c h  t o t a l s  of nuclide tables N o f  

each "Kind", ( 7 )  punch fo r  element tables N ,  (10) 

perform adjoint calculation ( 1 1 )  write resu l t s  on N .  
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r - terminator 

65, - ( L P U  en t r i e s )  

T - terminator 

Extra Cdrd I n p u t :  I f  LPU 0,  read LPU cards for  cross section 

Ddtd Block 3 - Actinide Nuclide cards requl'red only i f  LPU 0. 

NEWCX = Nuclide ID Nos. of act inides  read in by cards. 

d a t a  o f  the NEWCX nuclides. 

Data Block 4 - Photon Energy Group Structures.  First; d a t a  array i s  
req u i red, a 1 ways 

359 - Required. ( 1  ent ry) .  

LFLAG = 0 ,  i f  defaul t  photon energy group s t ruc ture  

and U-235 f i ss ion  photon dis t r ibut ion t o  lie used 

as given i n  original O K N L  Libraries (10-1-74).  

= 1 ,  i f  any yu'oup s t ructures  read in th i s  data block. 

36* - Optional a (NENAC en t r i e s )  

37* - Optional. (NENLE en t r i e s )  

38" - Optional. (NENAC en t r i e s )  

39" - O p t i o n a l .  (NENFP en t r i e s )  

EAGTGP = Actinide photon energy group s t ructure .  

= Light eleinerit photon energy groups. E G R P U P  

SFGAMA P h o t o n s / f i s s i o n  for  U-235 in s t ructure  o f  EACTGP. 

EFPGRP = Fission products pho ton  energy groups, 

T - terminator 

Cxtra Card input: I f  INPT - 1 ,  read i n  ent i re  pho ton  l i b ra r i e s .  

(fixed format)  

Udta Block 5 - New subcase w i t h  satlie l ibrary 

569 - Subcase Integer Control Constants. (20 en t r i e s )  

1 .  MMN = no. o f  i r rad ia t ion  intervals .  ( 0 )  

2. MgUT = no. o f  time intervals  in subcase; 

= 0, j o b  terminator. ( I O )  

" 3 .  I r w x  0/1 power read in  !%*/read flux in 59*. ( 0 )  

(Make 1 for- adjoint calculation) 

4.  NTABLE: 1 0,  any output printed i f  not  suppressed i n  65s; 

= 1, pr in t  sunuiiaries o f  "Class 3 " ,  per 65$, ( 0 )  
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5. 

6. 

7 .  

8. 

9.  

10. 

1 1 .  

12 .  

13. 

14. 

15. 

16. 

1 7 .  

MSTAR 

NG@ 

MPRPS 

NPROS 

MFEED 

MSUB 

NTERM 

NSHRT 

NXCMP 

N U N  I T  

NT I 

N P U N  

J TO 

= time period f o r  CUTOFF, photon sources. 

= 0 ,  cut  off  feature  n o t  used, and JTg - 1 o r  4. 

= Next problem indicator ( 0 ) :  

= -1 ,  new concentrations and same l ibrary;  

= 0 ,  new concentrations and l i b ra ry ;  

= 1 ,  old concentrations and same 1 ibrary; 

= 3, old concentrations and new l ibrary.  

= 0 ,  fo r  no continuous chemical processing; 

= N ,  f o r  N groups of elements continuously processed, 

( 0 )  

( 0 )  

= 0 ,  i f  MPROS = 0; 

= N ,  the max. no. of elements in  a process group. 

= 0 ,  for no continuous feed; 

= N ,  i f  N elements a r e  continuously feed. ( 0 )  

= 0, f o r  new concentrations (Last N G 0  = -1 o r  0 ) ;  

= N, i f  old concentrations a re  from time interval N ;  

= -N, where N means the same, b u t  with batch 

= iiiax. no. of exponential expansion terms. (50)  

= max. no ,  o f  short-lived precursors i n  chain. (100) 

= no. of new nuclide o r  element concentrations. 

= 1/2/3/4/5/6 time ( i n  60*) i n  sec./min./hrs./days/ 

= 0, no t i t l e  cards read a t  Data Block 6; 

= 1 ,  T I T L E  read; 

= 2 ,  B A S I S  read; 

= 3, both a re  read. ( 0 )  

= O / N  no punch/punches concentrations on uni t  N.  

= 0 ,  a l l  non-irradiation tables  o u t p u t ;  

= 1 ,  a l l  output r e s u l t s  suppressed; 

= 2,  may suppress only by 65$ o r  66$; 
= 3, suppresses a l l  except photon tables;  

= 4 ,  suppresses photon tables and by 65$ o r  66$. 

( 0 )  

processing. ( 0 )  

( 0 )  

yrs. /other.  ( 4 )  

( 0 )  

(0) 
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18. NUC = 0 ,  suppresses " i r radiat ion" nuclide tables;  

1 9 .  NEL = same as NUC fo r  element tables .  ( 0 )  

20. KBLEND = -1 , i f  subcase uses t o t a l  o f  previous blended 

= 1, suppressed only by 66$. ( 0 )  

streams ; 

= 0 ,  no blended stream saved o r  used; 

= N ,  concentrations a t  time period, N ,  multiplied 

times next value o f  FACT a re  added as p a r t  a f  
blend. ( 0 )  

57* - Subcase Floating Point Constants. ( 5  en t r i e s )  

1. TW = code uses T(l)-TMB as f i r s t  interval in calculation. 

2 .  RHO = to ta l  material density (gm./cc.). Needed for  tables 

3. CUT = an option fo r  deleting elements in tables under 

Code se t s  t o  0 .0  a t  s t a r t  o r  a f t e r  NGO = 0. 

in units o f  atoms/barn-cm. , i f  NN7 = 1 o r  3. (0 .0)  

66$ control.  If the concentration in units o f  

74* i s  less than CUT fo r  any element, i t  i s  deleted. 

(0.0) 

(0 .0 )  
4. FRACPW = (T(MMN) - TMB)/(sum of time o f  a l l  i r rad ia t ion  

subcases). ( 1  . O )  

5 .  TCONST = If NUNIT = 6,  no. o f  sec. in the special time uni t .  

T - terminator 

TITLE - Subcase T i t l e ,  i f  NTI = 1 or  3 .  Format (20A4) 
BASIS - Basis o f  Calculation, i f  NTI = 2 o r  3.  

58" - Power required i f  I N D E X  = 0 and MMN > 0 ,  

Data Block 6 - Subcase Arrays and  Ti t les  

Format (10A4) 

( M M N  e n t r i e s )  

POWER = thermal power in time intervals  of 60* (consecutive 

values or MMNth value cannot be zero.)  

FLUX = thermal flux in neutrons/cm.2-sec., (consecutive 

values or MMNth value cannot be zero).  

59* - Flux required i f  I N D E X  = 1 and MMN 0 .  (MMN en t r i e s )  

60" P r i n t o u t  Times. (MP)UT en t r i e s )  

T = elapsed times since s t a r t  o f  case. These a re  

printed.  See TMI1). 
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61* - O u t p u t  Cutoffs - required i f  MSTAR 0 and summaries in 658. 

( 7  e n t r i e s )  

CUTOFF = cuiof-f values for deleting 1 ines from 7 types o f  

summary tables.  Ihis i s  compared w i t h  r e su l t  a t  

time period MSTAR. 

- 

62* ~. Removal Constants - required i f  MPRgS > 0. (MPRPS e t i t r ies)  

PRATE = g r o u p  removal constants i n  continuous chemical 

processing. 

63$ - No. o f  Elements - required i r  MPRgS > 0. 

64$ - Atomic Numbers - required i f  MPII!iJS > 0.  ( en t r i e s  - MPR@S* 

NZI'R@S = atomic nos. o f  a l l  processed elements in s e t s  o f  
entr ies  equal t o  NPIIOS, After. the corresponding 

N@PR@S el ements 

(MPR@S e n t r i e s )  

NIZ)PRP)S = no. o f  elements being processed in each group, 

NPROS) 

remai ni ng en t r i e s  a r e  "0". 

G56 Array - Required i f  [ 1 7 t h ]  JTB =: 2 or 4. 

NTli? = d n  output suppression array for  a1 1 "non-irradiation" 

(63 e n t r i e s )  

tables except the photon tables or those already 

suppressed with [ 4 t h ]  NTARLE = 1 and  MPCTAB = 1 ( 6 t h  

entry it1 3$ Array): 

= 8 ,  suppresses .the table (o r  the two r;uirirnary tab les )  

denoted by the entry posit-ion; 

= 1 ,  pr ints  the output for  the entry position. ( I f  

NN7 = 1 o r  3 ,  only the f i r s t  three en t r i e s  i n  the 

s e t  For o f  each "Kind" have any e f f e c t .  Tables 

controlled by other en t r i e s  a r e  n o t  printed. 

N N 7  = 1 or  3,  fur-ther control 0.f o u t p u t  is  specified 

in 66$ Array.) 

here. Separate tables a re  printed fo r  each o f  the 

three l i b r a r i e s .  They may be l i s t e d  according to  

nuclides o r  elements. The computed quanti t ies mdy 

be given in seven d i f f e ren t  types o f  units fo r  a l l  

time periods or a l t e rna te  time periods. A convention 

I f  

There a r e  84 tables controlled with the 63 entr ies  
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i s  u s d  t o  expl ic i t ly  explain th i s  method. 

the def ini t ions o f  "Class"', "Type", and "Kind" are  

given. 

corresponds t o  a n  entry position. 

F i r s t  

These words a re  used t o  show which table  

Class 1 i s  a table  where the l i s t  i s  given by nuclides. 

Class 2 i s  a table where the l i s t  i s  given by elements. 

Class 3 a re  two table suniniaries of a l te rna te  time periods of 

nuclides d n d  elements. (See [ 5 t h ]  MSTAR and til* Array.) 

Type 1 table  values have units of gram-atoms, i f '  NM7 =: 0 or 2. 

NN7 = 1 or 3, Type 7 refers  t o  the three units controlled by KW 

or 66$ Array.) 

Type 2 table values have units o f  grams. 
Type 3 table  values have units o f  c u r i e s .  
Type 4 table values have units o f  a l p h a  plus beta plus g a m a  watts of 

thernral power. 

Type 5 table  values have units o f  garnrnd watts. 

Type 6 table values have units of meters 

Type 7 table values have units o f  meters 

( I f  

o f  a i r  which d i lu t e  t o  RCG,. 

o f  water which d i lu t e  t o  

R a w .  

Kind 1 table  nuclides are  from Light Elernent Library, 

Kind 2 table nuclides a re  from Actinide Library. 

Kind 3 table nuclides a re  f rom Fission Products Library. 

The table o u t p u t  i s  controlled by the position of t h e  entry in 659 

Array as fo l lows:  

Entry 1 refers  t o  Class 1, Type 1, Kind 1. 
Entry 2 refers  to  Class 2, Type 7 ,  Kind 1 .  

Entry 3 re fers  to Class 3,  Type 1, Kind 1 .  

Entry 4 refers  to  Class 1 ,  Type 2 ,  Kind 1 .  

. 
Entry 21 refers  t o  Class 3, Type 7 ,  Kind 1 

Entry 22 refers  t o  Class 1 ,  Type 1 ,  Kind 2. 



Entry N refers  t o  Class I ,  Type J ,  Kind K according t o  the fallowing: 

N = I + (J-1)*3 + (K-?)*21 

Entry 63 r e fe r s  to Class 3, Type 7 ,  Kind 3. 

Or, this follows the Fortran form fo r  NPO(3, 7 ,  3) :  

( (  (NT@(CLASS, TYPE, K I N D ) ,  CLASS=1,3),PYPE=f ,7),KIND=l , 3 ) .  

66$ Array - Required i f  [ l s t ]  M M N  

KW = "irradiat lon period" o u t p u t  t ab1  e control options. I f  

0 and [ 1 7 t h ]  J'IP, = 0, 2 ,  4. 
( 1 2  e n t r i e s )  

NN7 = 1 or 3 (3$ Array), KW a l s o  applies t o  "non- 

i r radiat ion" output tab les .  

= 0,  suppresses the table denoted by the entry position; 

= 1 ,  priait-s t h e  t.ables controlled by -the entry position, 

except t h a t  a l l  tables i n  a "Class" can be suppressed 

with [lsth] N U C  = 0, [19tti] NEL = 0, o r  suppression i n  

65$ data,  Also, elements a re  deleted from tables as 

specified by CUT in 57" Array. "Type" units must corres- 

pond t o  those denoted by N N 7 .  I f  N N 7  = 0 o r  2 ,  tables 

may be printed i n  Type 1 units,  only. A n  entry for  any 

other table  has no e f f ec t .  I f  N N 7  1 o r  3 and u s i n g  pprn 

i n  74" Array, tables may be p r i n t e d  i n  units of 'Types 

2 ,  3 o r  4 (defined below) and obta ined d u r i n g  b o t h  the 

i r radiat ion or non-irradiation periods. (Note, i f  N N 7  = 

0 o r  2 ,  the en t r i e s  control tables during the i r radiat ion 

period only.)  

define Class 1 and 2 and Kind 1 ,  2 and 3 the same. Use 

new meaning a s  follows: 

Using terms from above ( i n  65$ Array), 

Type I t ab l e  va?ues have units of gram-atoms. 

Type 2 tab e values have units o f  weight ppni. 
Type 3 tab e values have units o f  atom pprn. 

Type 4 tab e values have units of atorns/(barn-cm). 

The tables referred t o  by the 1 2  en t r i e s  positions i n  669 
Array a r e  a s  follows: 
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Entry 1 refers  to Type 1 ,  Kind 1 ,  Class 1 and  2. 

Entry 2 re fe rs  t o  Type 2 ,  Kind 1 ,  Class 1 and 2. 

Entry 3 refers  t o  Type 3, Kind 1 ,  Class 1 and 2. 

Entry 4 re fers  to Type 4,  Kind 1 ,  Class 1 and  2 .  

Entry 5 re fers  t o  Type 1 ,  Kind 2 ,  Class 1 and 2. 

Entry 6 re fers  t o  Type 2 ,  Kind 2, Class 1 and 2. 

Entry 1 2  refers  t o  Type 4 ,  Kind 3, Class 1 and 2.  

Note t h a t  no Class 1 nor Class 2 tables are printed unless [lSth] 

N U C  = 1 o r  [19th] NEL = 1, respectively. 

7 3 s  - ID o f  Nuclides - required for  new case or i f  l a s t  NG@ = -1 

o r  0. ( N X C M P  en t r i e s )  

INK1 = Nuclide ID No. ( i f  N E X l  - 1, 2 ,  o r  3 )  o r  Element 

ID No, (if NEXl - 4 ,  a n d  IW - 0 in ID no,) for  

the concentrations in 74". 

74* - Concentrations required with 73$. (NXCMP en t r i e s )  

XCDMl = concentrations for  nuclides and elements in 73$ 

in gram-atoms (NN7 = 0 ) ,  w t .  ppm ( N N 7  = 3) .  

75$ - Library Kinds - required w i t h  73$. (NXCMP en t r i e s )  

NEXl = 1/2/3 where Nuclide ID No. applies t o  Library 

"Kind" 1/2/3.  

= 4 fo r  element in "Kind" 1 Library. 

76$ - ID of Nuclides - required i f  MFEED > 0. 

I N U C Z  = same as INUCl , applied t o  continuous feed option. 

77" - Feed Rates - required i f  MFEED 

XC(dM2 continuous feed rates  (gram-atoms/sec./fuel u n i t ) .  

78$ - Library Kind - required i f  MFEED 

NEX2 = same convention as NEXl , applies t o  76$ 

79* = Element Fractions - required if MSUB < 0. (NELEM en t r i e s )  

FREPRB = fractions o f  elenients retained i n  batch chemical 

(MFEED en t r i e s )  

0. ( M F E E D  en t r i e s )  

0. (MFEED en t r i e s )  

processing, where entry position no. - element 

atomic no. 
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81$ - Gamma Source Constants - required if LNGAM - 1. 

1 .  LNGAM = 1/0 gamma source requestxd/not requested. ( 0 )  

2. LDSET = output gamma source unit  no. (15)  

3. NDF = E N D F / B  uni t  no. (18) 

4. MNDF .c 2/1 - E N D F / R  inode: card imagelbinary. ( 2 )  

5. N l M A X  = max. no. o f  f?. p t .  words i n  ENDF record. (3000) 

6. NZMAX .= rriax. no. of ENOF photon l ines ,  (1000) 

( 6 e n t r i e s )  

82$ - Source Triggers - required i f  LNCAM - 1 .  (MPUT e n t r i e s )  

M = 1/0  - i n  N t h  entry,  request/no request f a r  gamma 

source a t  N t h  time period. 

T - terminator 

IA - Source T i t l e  Card f o r  each 84$ Array request. 

F$NM'T = Variable Format - reqlrired i f  JpIPT(2) 

Format (20A4) .  
0.  Format (20A4). 

Requires 3 cards. 

= the format used f o r  concentrations punched an cards ,  

Terminate j o b  with card containing "END" s t a r t i n g  i n  Column 1 .  

*END OF INPUT INSTRUCTIONS* 

6.8. "SPECIAL INSTRUCTIONS FOR ADJOINT CALCULATIONS 

I f  an a d j o i n t  calculation i s  performed, cer ta in  options in the forward 

sense a re  n o t  applicable--such as blending streams, batch chemical process- 

ing, garnnia-source, e tc .  

ad  j o  i n t ca 1 cu 1 a t i  o ns . 
These options obviously should not  be used for 

Flux should always be specified rather t h a n  power ( I N D E X  i n  56$) fo r  

adjoint calculations.  Otherwise ORIGEN w i l l  t r y  t o  calculate  the f l u x  
from the input power using nuclide adjoints ra ther  t h a n  nuclide density, 

with nonsense r e su l t s .  The order i n  which the time and f l u x  arrays 

(59*, 60'") a r e  entered i s  the same a s  in the forward case--the code 

reverses the;{' z..rrays internal ly .  

The " i n i t i a l "  charge entered in the 73$ a n d  74" actual ly  corresponds 

t o  the response realizdtion vector a t  the f ina l  t i rue o f  detection ( s e e  

t e x t ) .  
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Consider the fol1 owing examples : 

i )  For a response corresponding to  "Pu-242 atom density a t  stlutdown", 

R = r?pu242 N, and we have 

73$$  942420 74"" 1 .0 

i a ' )  For a response Corresponding t o  "U-238 capture r a t e  df: shutdown", 

R = bC"jhlL"3 0 !! 3 

7 3 $ $  922380 74** bc)"'"+(tf) 

we have 

i i i )  For a response corresponding t o  "Pu-239/U-238 r a t i o  a t  shutdown", 

we have 

73$$ 922380 'A2390 74" 

The order o f  continuation problems should be reversed i n  adjoint  

calculations.  For example, suppose t h a t  d computation consisted of an 

i n i t i a l  calculation froiii t = O  t o  t=100, and a continuation case  from 

t=100 t o  t=200. T h i s  would  be accorripl ished i n  the forward case by two 

calculational steps:  

l a s t  entry i n  the GO** array i s  100,O; i n  the second step,  TMO=IQ0.0 
and  the l a s t  60"" entry i s  200,O. 

s t e p  has TF10=100.0 and the l a s t  60"" entry i s  200.0, the second step has 

PMO=O.O, and the 60"" array ends a t  100.0. 

i n  the f i r s t ,  77i10 i n  57%" array i s  0.0, and the 

For the adjoint  calculation, the f i r s t  
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C.9. Example Input: Description 

The following pages present sample i n p u t  f o r  a forward and adja 

O R I G E N - A  calculation. The problem considered is  for a f a s t  reactor,  

operated fo r  1374 days. 

concentration for a Pu-239 sample w i t h  Pu-240, Pu-241, Pu-242, and 

The i n i t i a l  change f o r  the forward case i s  

n t  

he 

AM-241 impurities. The charge f o r  the adjoint  calculation corresponds 

to a response of "Am-241 concentration a t  shutdown." 

Note i n  par t icu lar  the reversal i n  the order o f  the sub-cases f o r  

the adjoint  calculation. 

the same order For the two calculations.  

The 59** ( f lux )  and 60** (time) arrays a r e  i n  
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Sample I n p u t  for  Forward Calculat ion 

P R I M 4 R V  MCCULE ACCEEC LhC I N P U T  HECORD ( SCALE D R I V E R  - L 4 R C M  2 

MODULE O Y l t E N S  W I L L  BE CALLEC T I M E  OF 0 4 1  21.16.47 D A T E  78.031 

0 5 s  a 5  27 E 
ILI 1 1 

361 4 1 1  1 * I C  I A I €  I I C  - 1  1 0 7  -1 2000 E 
5 * 5  z T 

NEW V E R S I O N  IhDFC-T.ZPPF/EaC FLUX * T I E D  

35ss 0 T 
5tSS l f  10 1 0 1 1 AI.? 5 4 3 A I 7  2 1 E 
57.r A 3  1 .0-12 E T 
P . S 4 M P L E - - I R R A C  IN Eel2 C A Y S  0-lC3 

59.. SC1.2b*lI~c5U1.0-25 

7*** 130.26 e.292 -94P. -026 - 1 1 1  75SS F2 
6 6 S S  42  1 iZ 1 E 7 
5eLf I C  10 I 0 1 1 A10 I O  A 1 5  I A17 2 1 € 
57.r 193.0 A 2  1 -0-13  € T 
P . S L b l * L E - - I R R I C  I h  L E R  C 4 T S  153-3CS 
5S** LRl.I5+1L JR1.O-iS . C I I + I L  1.0-25 
OO** 31206.4 21tOC.O 9 5 0 . 0  297.C 30E.0 
46Zf 42 1 22 1 E 1 
5 6 S S  10 10 I 0 1 I 4 1 C  I C  A 1 5  I A17 2 3 E 
57** 309.0 A 3  1.0-13 E T 
P . S 4 W P A F - - I P E A C  I N  E E U  C A T S  3C5-44S 
bo** 329.0 3 1 5 . 0  1 I I C - 1 . 0  11372.0 11421.0 451.0 445.0 
59** 2R1.27+1E 1.0-25 iQl.45tlS ZR1.0-25 2R.515+15 2-1Bll5 
6 6 8 s  42 1 2 2  1 E 7 
56++ 10 10 1 0 1 1 A 1 0  10 A 1 5  1 A17 2 I E 
57.. 435.0 4 2  1.0-13 E T 
P . S A Y O L C - - - - I R R A C  I N  E € U  C A T S  a f 5 - 5 C C  
60- 4c7.0 4 e i . c  ~80.c re7.0 a e 8 . 0  492.0 4 9 4 . 0  497.0 4~8.0 500.0 
59.* 1.0-25 . 7 6 2 + 1 8  1.0-25 i . c 1 + 1 5  1.0-2C I.l1+15 1.0-25 1 .15+15  

CHGG F R Y  J H I N E S l A N L ) - E N  PL S A N P L E  

OCI* 215.0 aic. . .o 1 s 2 . c  
73)s C 4 2 3 9 0  5 4 2 a o o  ~ 4 L 4 i C  Sa2420 552410 

1.0-25 1 - 2 0 + 1 5  
6idSS 42 I 22 I E 1 
5 6 S 5  10 10 1 0 I 1 410 1 C  A I 5  1 A 1 7  2 1 E 
57.8 5 0 0 . 0  A 3  1-0-13 f 1 
P . 5 d W P L C - - I U T A C  I h  ECR E L T S  $120-557 
bo** 500.0 5 1 2 . C  51a.C 5 1 1 . C  5 2 0 . 0  S i . * . O  526.0 538.0 5 I O . C  557-0 
59.8 1.0-25 ~ . * L I I C  1.t-i5 1.57+1s 1.0-25 1 . a 9 + 1 5  1.0-25 1.24.15 

1.0-2r 1 .*3t 16 
6 O S b  42  1 2 2  I E 1 
5 6 x 2  I C  1 0  1 0 I 1 A 1 0  10 A 1 5  1 A17 2 I f 
57-0 557.0 A 3  1.0-13 E 7 
P . S A M F L E - - I R R A f  1 %  EeR C A Y S  $57-639 
608. 5 t E . 0  577.C 5 8 1 . C  5 € . ? . 0  5E7.0 594.0 5 9 7 . 0  614.0 624-0 639.0 
59.8 1.0-25 I . C 2 t 1 6  1.C-25 .f9+15 1 . 6 - 2 5  1 .44+15  1.0-25 1-59t15 1.0 

6 t . S  42  I 2 1  1 E 1 
SbfS 10 10 I 0 1 I A l C  I C  A 1 5  I A17 2 1 E 
57.. t 3 9 . 0  A 3  1.0-13 E 1 
P . $ A Y F L E - - I ~ ~ R A C  I N  EER C 4 V S  t39-675 
60.. 641.0 e4r.C C 4 f . C  CZ1.C eL5.0 6 5 6 . 0  659.0 164.0 6b8.0 6 7 5 . 0  
55*8 1.0-25 2 . 0 4 r l Z  . t ? S + I f  1.C-25 . 9 7 1 * 1 5  1.0-25 1.29+15 1 - 0 - 2 5  

6elS 4 2  1 5 2  1 E 1 
51+I 10 10 1 0 I 1 A10 10 4 1 5  1 A17 2 I E 
57** 875.0 A 3  1.0-13 f T 
P . S A C C L E - - I R R A C  I N  EER C 4 Y S  t75-722 
6088 t 8 2 . 0  t e 2 . C  t e C . 0  6 5 0 . 0  6 S E . O  700-0 709.0 710.0 712.0 722.0 
590% 1.12+15 l.O-Zr 1.3CtIC 1.0-25 2-29t15 1.0-25 2.26+15 1.0-25 

6 0 8 s  42 L 2 2  I L 1 
56 ,s  10 10 I 0 1 I A10 10 A 1 5  1 A17 9 1 E 
S7** 722.0 A 3  1.0-13 E T 
P . S 4 M F L E - - I R E A C  IN EEU C l T S  722-820 
bow8 142 .0  742.c ?a$ . (  7 z O . C  75i.0 7 5 3 . 0  11758.0 812.0 828.0 
59-8 1.82+15 1.0-25 1.77+1: 1.C-25 1 - 5 3 + 1 5  1.0-25 1.91+15 2C.1.0-25 

i .  1 4 t  IS 

l r 0 9 + 1 5  1 mO-25  

2.73415 1 .0 -25  

7VVr15 

5.1 

-25 

6tLS 4 X  I 2 2  I E T 
561% 1C 1 0  1 0 I 1 4 1 0  10 4 1 5  1 A 1 7  2 1 E 
57.. 828.0 A 3  1.0-13 E 1 
P . S * M P L € - - I R R A C  I N  EeU C 4 T S  eiC-937 

59-r .799+15 1:2-25 l . t 4 \ . I E -  1-0-25 1 - 9 5 + 1 5  1-6-25 1-1)9+14 1.0-25 

b 6 S S  4 2  I 2 2  I E f 
5615 I C  10 I 1 410 I O  A15 1 A I 7  2 I E 
57.. 947.0 A 4  1.0-13 E f 
P ~ S A Y P L E - - - ~ R ~ A C  I N  EeR C 4 T 5  5 . ? 7 - 1 l C €  
60.. $ 5 7 . 0  955.0  ste.C 9 7 0 - C  9 9 1 . 0  1009.0 1027.0 1032.0 1045.0 I 

tor* 144.0 853.0  e6c.c  e7i.c ee9.c ev0.c a~7.c 905.0 433.0 937.0 

a.u3tis I . C - < -  

59+* 1.71+15 1.0-25 I . C . P + I L  i r O - 2 5  1.e2t15 1.0-25 1.82t15 1.0-25 
101.0 

1.47+15 I a O - i E  
663% 42 I 22 I E T 
562s 1 0  10 I 0 1 1 A10 10 AIS I A17 2 1 E 
57*8 1101.0  AI 1.0-13 E T 
P I S 4 Y P L E - - - I R R A C  i* EBU C 4 1 5  llC6-12C7 
1a1t 1131.0 1 1 ~ s . 0  i140.c 1 1 w . 0  11~2.0 11bz.o 1181.0 ~18s.o i2oti.o 

2.05215 1 . 0 - 2 5  
6 6 S S  4 2  I 2 2  1 E 1 
5 6 J S  10 10 I 0 I I A I 0  I O  A 1 5  I A17 2 1 E 
S7.b 1207.0 A 1  1.0-13 E T 
F. S A M P L E - -  L R R 4 C  I N  E0R E 4 T S  1ZC7-1342 
6 0 I *  1212.0 l2lS.G 125V.C lZC7.0 1295.0 1298.0 13L7.0 1327.0 1337.0 

1342;O 
5 V . r  1.34*15 l.C-2S l . S l + I C  1.C-25 2.06+15 

6611 bZ 1 2 2  1 E 1 
5 4 S S  -a 3 I 0 I 1 A 1 0  IO A I 5  I d l  
57.9 1342.0 A 3  1-0-13 E T 
P . S A M P L E - - I R R A C  I h  EER C I T S  1242-1374 
60.. 1356.0 13C9.0 1374.0 

6 b S S  4 2  1 22 1 E 1 
EhD 

I.9i+lS LvO-it 
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MODULE ORIGEMS IC F I h l S t . E C .  L I € C  C O C P L E T I O N  

1.0-25 2. 

7 2  1 E 

CODE O C I  

02+15 1. 

6. C P U  T 

0-2s 

I U E  U S E D  

07r ) 

22.09 ( C  I D S ) .  L/O*S I 



Sample I n p u t  f o r  A d j o i n t  Calculation 

P R I " A F I I  MODULE ACCESS AN0 INPUT MECOPV i SCILt ORlVE9 - M I R C M  2511977 I 
MOOULt ORlbENI WILL BE C4LLEO T l M t i  O F  O I V  ll.aI.01 DATE 78.025 

O S S  A I  9 7  E 

56s;  3 1 0 1 1 A13 I 4 3 417 2 I 
5 7 1 0  13*2.0 A3 1.0-13 E T 

A M  2 U l  ADJOINT F O R  EBR ELDIDAVS 1314-13b2 

60.1 1 3 5 6 ~ 0  1359.0 1374.0 
59.0 lr96QlPI 110-25 2.0115 

66SS 42 I 2 1  I E 1 

C*RCSl.O 4M241 

7311 ~ 5 d b i o  7410 1.0 75s) F Z  

5bSS 10- 10 i- 0' 1 T AI0 3 A15 1 A I ?  1 
5710 
0. SAMPI!~~~~~t340 :N" F!&$-;:YSE 120;- I342 
6 D * *  121a.0 1229~0 1259.0 1267.0 1295.0 1298.0 

5 9 0 0  1.34115 1.0-25 1,91115 1.0-25 2.06+15 1 - 0 1  

6bSS 42 1 22 1 C T 
5b5S I O  10 1 0 1 1 A10 10 415 1 A17 2 

P.S4~PLC~~IB940 IN E89 D I V S  1106-1207 
LO** 1131~0 113500 1140~0 1149.0 1152.0 1162 .0  

1342.0 

1.92115 1.0-25 

sr** 1106.0 1 3  1.0-13 E T 

1207 .0  

t 

L 

E 

317.0 1327.0 1337.0 

5 2m02+15 1.0-25 

E 

181.0 1105.0 1205.0 

15 2.07115 1.0-25 

6bSl 4 2  

5710 937.0 I 3  1.0-13 E T 
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06.0 
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BL55  
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1.09+15 l.O-a? 
6 e m  4 z  I 22 I E T 

6661 2*14*!: . 3. * L 1 

524.0 52b 
1.0-25 I. 

,.u 530. 
88+15 1 

L e  1 L 
i o I I &io io hi5 i 417 2 I E 

b92.0 494 
110-25 1.1 

.o 4 9 7 .  
I115 1 1  

-- . I. . = 
10 1 U  I 0 1 1 Ai0 10 A15 1 A17 2 1 E 

-. . L L  . - 
10 10 1 0 I 1 4i0 1 0  A15 1 AI7 2 I E 

5700 0.0 A3 1.0-13 E 1 

0 540.0 557.0 
.O-25 1,24115 

5ess 

LO**  50e.0 513.0 514.0 517.0 520.0 

$e,, io I O  

~ . S A M P L L = - X R R A D  I N  Cam D A Y S  455-500 

5 ? * *  3 " U . V  
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5 9 - 8  110-25 1.45115 1.0-25 1.57115 

QbSS 42 I 

5710 455.0 A3 1.0113 E T 
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6 6 S 5  
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57.L J09.0 A3 1.0-13 E 1 
~ ~ S I M P L C ~ ~ I P P A O  IN Et lQ D A Y S  309-455 

590I 2 ~ ! . 2 ~ 1 1 2 ,  t:0-25, 2Q!.b5115 291,O-25 2Qq?IP511(l  2,18115 
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5700 193.U 43 1.0-13 E I 
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6000 312OQ:s 212$U.0 =290:0 297.0 309.0 
6 6 S S  * '  9 ,  

56bb 

1.0-25 r.os$!s , 

i.o-a!, I:PO:!J , _I 

eo** 329.0 341.0 11351.0 11372.0 iib24.0 051.0 453.0 

5ess 

5901 5~i.i5+i5 3ni.o-a5 .61it15 1.n-25 

D ~ S I N D L E ~ - ~ R ~ A D ' I N ~ E s P  6AYS 0-193 
5901 511.24111 5631.0-25 
60.0 315.0 412510 193.0 
b6SS 42 I 22 1 E T 

0 490.0 500.0 
0 - 2 5  1.15115 
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