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A func t iona l  theory o f  the s tochast ic  t ranspor t  o f  neutrons i s  

presented. The new formula t ion  general izes the methods which have been 

app l ied  so f a r  i n  order t o  ob ta in  the s i n g l e t  and doublet dens i t i es .  The 

func t iona l  approach leads t o  a s ing le  master equation which c a r r i e s  all
in format ion on the s tochast ic  p roper t ies  o f  the system. Therefore, k ine- 

t i c  equations f o r  moments and co r re la t i ons  o f  a r b i t r a r y  order as we l l  as 

f o r  p r o b a b i l i t y  generating func t iona ls  can be obtained i n  a s t r a i g h t f o r -  

ward way. A I l ca lcu la t ions  are  performed i n  continuous phase space through 

the appropr iate d e f i n i t i o n s  o f  a s ingu lar  t r a n s i t i o n  p r o b a b i l i t y .  

E apresentada uma teo r  i a  funcional  estocást  i ca  do t ranspor te  de 

neutrons. A nova formulação general iza os métodos que têm s ido  apl icados 

para a obtenção das densidades de pr imei ra  e segunda ordem. O tratamento 

funcional  conduz a uma Única equação-mestra a qual contém toda a i n f o r -  

mação sobre as propriedades estocást  icas do sistema. Pode-se obter  de uma 

manei ra  d i  reta,  portanto,  equações c i n é t  icas de momentos e correlações de 

ordem a r b i t r á r i a  bem como de funcionais ge ra t r i zes  de probabi l idade.  To- 

dos os cá l cu los  são efetuados no espaço de fases cont inuo def in indo - se 

para isso probabil idades de t rans ição s ingulares adequadas. 

1. INTRODUCTION 

We propose t o  formulate i n  t h i s  paper a compact theory o f  s to -  

chast ic  neutron t ransport ,  bearing i n  mind poss ib le  app l ica t ions  t o  some 

less explored areas of research i n  the  f i e l d  o f  reac tor  noise ana lys is .  

Although the theory o f  zero power reac tor  noise may be considered esta- 

b l i shed  on a sound theo re t i ca l  basis, we f e e l  t h a t  there i s  s t i l l  room 



f o r  fundamental research i n  a t  l eas t  two p a r t i c u l a r  areas, namely (a) a- 

na l ys i s  o f  higher-than-the-second order e f f e c t s :  h igh  order  moments and 

co r re la t i ons  are  increas ing ly  d i f f i c u l t  t o  compute but, n e v e r t h e l e s s ,  

they are required i n  order t o  inves t iga te  the p o s s i b i l i t y  o f  ob ta in ing  

new informat ion from high order experiments as we l l  as t o  ob ta in  e r r o r  

e s t  imates i n convent ional  second order ones; (b) evaluat  ion of detector  

e f f e c t s :  a  more u n i f y i n g  approach i n  the treatment o f  de tec t ion  proces- 

ses i s  s t i l l  lacking even i n  the framework of the po in t  reac tor  one ve- 

l o c i t y  model. 

The subject  o f  s tochast ic  t ranspor t  o f  neutrons has been t rea-  

ted using severa1 approaches and degrees o f  sophi s t i c a t  ion. Pa1 11y2,  ap- 

pears t o  be the f i r s t  t o  der ive  a  backward t ranspor t  equation f o r t h e  s in-  

g l e t  p r o b a b i l i t y  dens i ty  o f  neutrons. Osborn and y i p 3 s 4  f o r m u l a t e d  a  

t ranspor t  theory f o r  the s i n g l e t  and doublet  dens i t i es  i n  coarse grained 

phase space through a  quantum s t a t i s t i c a l  mechanics fo rmula t ion .  Otsuka 

and s a i t o s  developed a  simpler c l ass i ca l  fo rmula t ion  f o r  the s i n g l e t  den- 

s i  t y  a1 so i n coarse grained phase space. Akcasu and 0sborn6 used Lange- 

v i n ' s  technique t o  compute c o r r e l a t i o n  func t ions  o f  the neutron dens i ty  

and detec t ion  ra te .  W i l l  iams7, and Casse1 and W i l l  iams8 appl ied d i f f u s i o n  

and t ranspor t  models t o  the eva luat ion  o f  space-dependent e f f e c t s  on so- 

me noise experiments. 

I n  an attempt t o  develop a  s tochast ic  t ranspor t  f o r m u l a t  i o n  

simple and compact enough t o  a l low easy computation o f  h igh ordermoments 

and co r re la t i ons  as w e l l  as detector  e f f e c t s ,  we have avoided using Lan- 

gevin 's approach s ince i t  gives a  co r rec t  desc r i p t i on  o f  uptosecond o r -  

der e f f e c t s  only.  We have chosen t o  use instead the forward Ko lmogorov  

formulat  ion  because of i t s  inherent  advantages over the backward one: (a) 

the forward equat ion  i s  1 inear;  (b) an equation fo r  the probabi 1 i t y  gene- 

r a t i n g  func t i on  (pgf )  o f  the s t a t e  va r i ab le  can be der ived f o r  a system 

w i t h  an externa1 source (e.g., a s ta t i ona ry  s u b c r i t i c a l  reac tor ) ;  (c) the 

forward fo rmula t ion  i s  su i t ab le  f o r  the ana lys is  of de tec tor  e f f ec t s  by 

the method o f  the non-homogeneous Poisson d i s t r i b u t i o n  developed by Wat- 

~ o n ~ ~ ' ~ ,  wh i ch  requi res onl  y  the computation o f  moments and co r re la t i ons  

of t h e n e u t r o n i c s t a t e v a r i a b l e  ( n e u t r o n a n d p r e c u r s o r d e n s i t i e s ) .  We 

formulate the s tochast ic  t ranspor t  o f  neutrons i n  continuous phase space, 

thus absta in ing  f rm deal ing wi t h  the cumbersome coarse grained model. We 



a lso  avoid the unnecessary complications o f  the quantum s t a t i s t i c a l  me- 

chanics model , since quantum e f f e c t s  (except f o r  those a1 ready lumped i n  

the cross sections) are not  expected t o  inf luence the r e s u l t s .  Further-  

more, our func t iona l  formulat ion y ie lds  a s ing le  forward equation which 

c a r r i e s  a11 informat ion a t  a11 phase space points,  i n  the sence t h a t  mo- 

ments and co r re la t i ons  o f  any order a t  d i f f e r e n t  phase space po in ts  can 

be obtained from the same master equation. 

To keep on ly  i t s  essent ia l  features, the theory presented i s  

based on the prompt neutron, zero power reac tor  m d e l .  Extensions t h a t  

take i n t o  account delayed neutrons and counts are sketched i n  the Appen- 

d i x .  

As has been shown by ~ a t s o n " ,  h igh order moments o f  s t a t e  va- 

r i a b l e s  inc lud ing delayed neutron precursors are eas ier  t o  ob ta in  i n  ma- 

t r i x  form d i r e c t l y  from the master equation instead o f  through successi- 

ve der iva t ions  o f  the pgf .  However, an equation f o r  the pgf  i s  obtained 

here as a by-product. This may serve as a gu ide- l ine  f o r  the d e r i v a t i o n  

o f  pgf equations t h a t  inc lude counts i n  the s t a t e  va r i ab le  as wel l (ana- 

l y s i s  o f  a few noise experiments s t i l l  requires the approximate so lu t ions  

o f  these equat ions) . 
The development o f  the theory i s  ca r r i ed  out  as fa ras  possib le 

independent o f  the par t icu la ;  form o f  t r a n s i t i o n  p r o b a b i l i t i e s  involved.  

These are introduced a t  a l a t e r  stage so tha t  e x p l i c i t  equations f o r  mo- 

ments and co r re la t i ons  up t o  an a r b i t r a r y  order can be derived. 

2. THE PROBABILITY DENSITY FUNCTIONAL 

The s tochast ic  t ranspor t  o f  neutrons w i l l  be formulated interms 

o f  a p r o b a b i l i t y  dens i ty  func t iona l  o f  the neutron densi ty,  pos i t i on ,  and 

v e l o c i t y  funct ions 

i v :  u + nl 
r :  U + R  

E : U + V  



def ined i n  a 6-dimens iona l  phase space U = R x V C IR6, where R Ç IR and 

VCjl13 are  the 3-dimensional p o s i t i o n a n d v e l o c i t y  spaces. Points o f  

these spaces wi 11 be denoted by t, 5 and 2, respect i ve ly ,  wi t h  {c)={+,!). 

We t a c i t l y  assume tha t  the above Hp and H func t iona l  spaces 
u 

clude the fo l l ow ing  funct ions* 

Let  t E IR' be the t ime var iab le .  We consider now the func t i o -  

na 1 

P : H x HF x HV x 27' + IR1+ , 

such tha t  PP(%) ,:(c) ,!(c) ,t] wi 11 measure the j o i n t  probabi 1 i t y  dens i t y  

o f  the s t a t e  va r i ab le  N(c) a t  every p o s i t i o n  and v e l o c i t y  po in t s  h(%) and 

v(u)  - - a t  time t, and subjected t o  the normal i z a t i o n  

The i n teg ra l  appearing above i s  t o  be performed i n  the func t iona l  space  

H and i t  may be h e u r i s t i c a l y  regarded, as has been pointed ou t  be F3eran1*, 

as a l i m i t  when n- o f  an i n teg ra l  i n  lRn .  

I n  the sequel, funct ional  de r i va t i ves  w i t h  respect t o  r (%)  w i l l  

be taken a t  the po in t  ( func t ion)  :(E), as displayed i n  the abreviated no- 

t a t i o n  below 

J o i n t  p r o b a b i l i t y  func t iona ls  a t  d i f f e r e n t  times may a l so  be 

def ined.  Due t o  the Markovian property o f  the s tochast ic  process,thedou- 

b l e t  p r o b a b i l i t y  w i l l  ca r r y  a11 informat ion on the process. The fo l low-  

ing re la t i ons  w i l l  hold 

* l n  order  t o  avoid unnecessary d i v e r s i t y  o f  no ta t ion ,  the same simbols 

f o r  the funct ions and t h e i r  values have been adopted i n  Eq .  (1). 



I n the above equat ions, a1 1 u-dependences have been om i t t e d  

f o r  convenience. 

3. THE FORWARD CHAPMAN-KOLMOGOROV EQUATION 

By f a c t o r i z i n g  the j o i n t  probabi 1 i t y  P [ N , : N , - ~ A ~ , ~ , ~ + A ~ ; N ' , ~ , U - , ~  

i n t o  the cond i t iona l  and s i n g l e t  p r o b a b i l i t y ,  according t o  ~ ~ . ( 5 ) ,  and 

i n teg ra t i ng  N', using Eq.(4), the Chapman-Kolmogorov equation i s  obtained 

Expansion o f  the cond i t iona l  p r o b a b i l i t y  i n  terms o f  A t  gives 

where the 6-functional 1s def ined, f o r  an a r b i t r a r y  funct iona l  f, by 

and QNN, and rN are shorthand notat ions f o r  

The t r a n s i t i o n  probabi 

ca l  grounds l a t e r  (c . f  

i t y  per u n i t  time, Q N f N ,  w i l l . b e  der ived on physí- 

Part 6 ) .  

Frcm Eq. (6) and (71, we ob ta in  the master equation 



Two kinds o f  so lu t ions  o f  Eq. ( l l )  w i l l  be considered: 

1) the steady-state ( t ime- inde~endent)  s o l u t i o n  P s [ N , s , 4  ; 
2) the cond i t iona l  s o l u t i o n  ~@,:,y,t lN,,h,f , t] .  

A steady-state s o l u t i o n  may e x i s t  when Qm, i s  time-independent. A con- 

d i  t i o n a l  s o l u t i o n  may be obtained by so lv ing  Eq. ( l l )  subjected t o  the i- 

n i t i a l  cond i t ion  6 [ ~ - N , ]  a t  t=to 

We term RHS and LHS the r i g h t  and l e f t  hand sides o f  ~ q . ( l l )  as 

we l l  as o f  i t s  t ransformat ions t h a t  w i l l  appear i n  the  sequel. 

4.MOMENTS AND PROBABILITY GENERATING FUNCTIONALS 

The average o f  a genera l ly  non- l inear func t iona l  F i s  def ined 

i n  the usual way 

a s i m i l a r  d e f i n i t i o n  hold ing f o r  the steady-state average 

A specia l  no ta t i on  i s  reserved f o r  the steady-state average o f  

the s t a t e  variab.le a t  the phase space po in t  u=u 
-1 

,v11 = E@(t*) ,:(51)) = +,)s . - - ( 1  3) 

Averages o f  severa1 k inds o f  F- func t iona l  w i l l  now be defined. 



4.1 - Non-central averages 

Three types o f  non-central averages w i l l  be considered: 

a) the loca l  mornent 

b) the non- local mment 

c) the exponential pgf 

I t i s  worth ment i o n i  ng t h a t  the corresponding F- funct  iona l  s associated t o  

Eq.(14) through (16) do not  depend e x p l i c i t l y  on 5 ,  E and t .  

4.2 - Central Averages 

Simi la r  d e f i n i t i o n s  can be given f o r  f unc t i ona i s  ac t i ng  on the 

cen t ra l  va r i ab le  

The d e f i n i t l o n s  are:  

a) the cen t ra l  l oca l  moment 

b) the centra 1 non- local rnoment 



c) the central exponential pgf 

Now, due to the presence of the steady-state mcinent in a11 expressions, 

the corresponding F are also functional of ~ ( u )  and ?(L$. - 

Functional derivatives of the exponential pgfls lead tothe non 

-local moments 

5. FUNCTIONAL KINETIC EQUATIONS 

Let us find a kinetic equations for the average ofafunctional 

F. Multiplying Eq.(ll) by F and integrating the variable N, we obtain 

Using a new notation for the transition probability 

where 

AR(u) = N'(u) - N(u) 



i s  the net t r a n s i t i o n  o f  the neutron density, we obta in  

RHS = IH ~ A N  WAN, [FD+AN] - FCN]]  . 

K ine t i c  equation f o r  the averages o f  the funct iona ls  def ined in  

Part 4 w i l l  now be derived. 

5.1 - Kinetic Equations for Non-Central Averages 

Cmbining Eq. (14) through (16) w i t h  Eq. (23) and (271, we ob- 

ta  i n the 

a) k i n e t i c  equation f o r  the l oca l  mment 

where 

b) k i n e t i c  equation f o r  the non-local moment 

where 

c) k i n e t i c  equation f o r  the exponential pgf  



whe r e  

and dJ i s  the exponential pgf o f  the  t r a n ç i t i o n  p robab i l i t y ,  namely 

wi th,  according t o  ~ q . ( l 0 )  and (251, 

5.2 - Kinetic Equations for Central Averages 

Combining Eq. (18) through (20) w i t h  Eq. (23) and (271, we ob- 

t a i n  the 

a) k i n e t i c  equation f o r  the cent ra l  l oca l  moment 

b) k i n e t i c  equation fo r  the cent ra l  non-local moment 



where 

c) k i n e t i c  equation f o r  the cen t ra l  exponential pgf 

where F and R are given by E ~ .  (33) and (34) . 

\de mention tha t  the general cen t ra l  moments k i n e t i c  equations 

cannot be . t r i v i a l l y  obtained from the corresponding non-central equa- 

t i ons  and the t ransformat ion given by Eq. (17).  

I n  order  t o  s imp l i f y  the k i n e t i c  equations fu r the r ,  we antec i-  

pate the r e s u l t  ( c . f .  Par t  6) 

~ b ( 9  , x ( 9 1  = R F T , X ( ~ ]  +  AR@(^, x ( g ]  , (41) 

c la iming t l i a t  AR i s  a l i n e a r  func t iona l  o f  i t s  argument n(c ) .  

I-rom the general r e l a t i o n s  between moments and pgf der iva t ives ,  

g iven by ~q . (21 ) ,  and Eq.(41) and (311, we a lso  ob ta in  

wi t h  AV.  1 lnear wi t h  respect t o  n(g) . 
3 



We s h a l l  apply the above proper t ies  t o  ob ta in  s imp l i f i ed  vers- 

ions f o r  the k i n e t i c  equations associated t o  the cen t ra l  averages given 

by Eq. (38) and (40). S im i l a r  equations can be obtained f o r  non - c e n t r a l  

averages which, however, are not  our main concern i n  t h i s  paper. Weshall 

not be concerned a l so  wi t h  Eq. (37) s ince i n  i t s  RHS appear non- local mo- 

ments. 

Performing the averaging operat íon ind ica ted í n  ~ ~ . ( 3 8 ) ,  tak ing  

i n t o  account Eq. (421, we ob ta in  

k  k  1 ( i ,  , . . . ,i .I 
= C C 3 

j=í i <...<i i- m k - j  1 j 

where, i n  a  no ta t i on  consistent  w i t h  Eq. ( 3 9 ) ,  we term 

l,...,i 

1 1  be i n s t r u c t i v e  t o  spec ia1 i ze  ~ q . ( 4 3 )  f o r  the cases k= l  

and k = 2 .  The former case leads t o  the f i r s t  order cen t ra l  moment e q u a t -  

i on 



If the reactor i s  s ta t i ona ry  ( i  .e. i f  the t r a n s i t i o n  probabi- 

1 i t i e s  QNN,, and therefore, the V .  do not depend on t ime), the f i r s t  
d 

order steady-state cent ra l  moment i s  zero and the fo l l ow ing  steady-state 

equation i s obta ined 

For t h i s  case, Eq. (45) reduces t o  the form 

or,  i n  terms o f  the Boltzmann operator B, 

T'he second order moment equation i s  obtained from Eq.(43) wi t h  

k=2. For a s ta t ionary  reactor, we have the r e s u l t  

where, according t o  Eq. (44) , 

I n  terms o f  the Boltzmann operator, Eq.(49), and keeping i n  mind ~q.(51), 

we cast  Eq. (50) i n t o  the form 



Next, using Eq. (41) i n  Eq. (401, we ob ta in  the RHS o f  the  k i -  

n e t i c  equation f o r  the cent ra l  exponential pgf 

Le t  be the Kernel o f  the 1 inear funct iona l  AR . Then, we can w r i  t e  

Eq. (40) i n  the form 

5.3 - Kinetic Equation for the Second Order Covariance 

~ov'ariances o f  up t o  an a r b i t r a r y  order can be der ived tak ing 

i n t o  account the Markovian property o f  the stochas 

t i ona ry  second order non-local covariance, i n  p a r t  

the doublet steady-state average 

i c  process*. The sta-  

cular ,  i s  def ined by 

Applying the cond i t iona l  re la t i on ,  g iven by ~ ~ . ( 5 ) ,  we obta in  

where m, i s  the so lu t i on  o f  the f i r s t  order moment equation 

* I n  fac t ,  the de r i va t i on  o f  on ly  t h i r d  and higher order covariances re-  

qu i res the Markov ian property t o  be i nvoked. 



Therefore, m,, i s  the s o l u t i o n  o f  the equation 

where 

6. TRANSITION PROBABILITY FOR THE NEUTRON TRANSPORT 
PROCESS 

We s h a l l  make the usual assumption tha t  the on ly  poss ib le t ran -  

s i t i o n  events are  source emission, capture and product ion (scat te r ingand 

f i ss ion ) .  Moreover, i n  a van ish ing ly  small t ime i n te rva l ,  the p r o b a b i l i -  

t y  o f  occurence o f  more than one type o f  event a t  more than one phase  

space p o i n t  i s  a l so  van ish ing ly  small.  Therefore, a l l  events a t  a11 pha- 

se space po in ts  a re  independent o f  each other and the t o t a l  t r a n s i  t i o n  

p r o b a b i l i t : ~  i s  made up o f  summed cont r ibu t ions  o f  every i nd i v i dua l  event 

and integrated con t r i bu t i ons  o f  every phase space po in t .  

The net  v a r i a t i o n  o f  the number o f  incoming (E') and outcoming 

(u")  neutrons f o r  each event i s  g iven i n  the t a b l e  below 

even t 

source emission 

capture 

product ion 
- 

Table 1 - poss ib le  t r a n s i t i o n  events f o r  the prompt neutron m d e l  
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neutron (5') neutron (5") 



The r e l a t i v e  p r o b a b i l i t i e s  o f  the events w i l l  be measured by 

the f o l  lowi  ng mater ia l  parameters: 

externa1 source: s (s" ,~ ' )  

capture cross section: Cc(h' ,:') 

product ion cross sect ion:  C p - . .  (h' ,V' + hl',v";v) - -  . 

Due t o  the l oca l  nature o f  the product ion event, we have 

With the above assumptions, the  t r a n s i t i o n  p r o b a b i l i t y  i s  g iven 

by 

We proceed by comput i ng the exponent ia1 pgf o f  Wm,.,,. From Eq. 

(35) we ob ta in  

From t h i s  exponential pg f  we can compute moments o f  up t o  any order.  EX- 

p l i c i t  expressions fo r  the f i r s t  two moments ( the  m o b i l i t y  and d i f f u s i o n  

func t iona ls )  are given below 



where 

We a r e  now i n  a p o s i t i o n  t o  ca l cu la te  e x p l i c i t  expressions f o r  

the RHS terms o f  E ~ .  (47) , (52) and (54) . The RHS o f  Eq  . (47) was included 

i n  Eq.  (48) i n  terms o f  the Boltzmann operator, Eq .  (491, which can  be 

w r i t t e n  i n  the f a m i l i a r  form 

gm = v-vm - - + vmh - I dvl vtm(n,vr) 5 (n ;v lu )  . - -  p - -  - (68) 
v -  

The RHS o f  Eq. (52) springs out  d i r e c t l y  from Eq.  (64) through s t r a i g h t -  

f o m a r d  subs t i t u t i ons .  The RHS of Eq. (54) i s  obtained from the fo l l ow ing  

two terms 



APPENDIX A - Stochastic Transport with Delayed Neutrons 

The func t iona l  approach presented s o f a r  can be e a s i l y  extended 

i n  order t o  include delayed neutron precursors i n  the model. We do not  

intend t o  dupl i ca te  here a l l  resu l  t s  t ha t  have been obtained i n  the f ra -  

mework o f  the prompt neutron model but ra ther  i nd i ca te  the main p o i n t s  

which have t o  be modi f ied.  

The s ta te  va r i ab le  conta 

and the precursor dens i t i e s  , Yj(d 
by 

i n i n g  the neutron densi ty ,  Yo(?)=N(u), 

, j = l ,  ..., d ,  i n  phase space i s  denoted 

With the assumption tha t  the precursors are f i x e d  i n  the posi-  

t i o n  space, we have 

The p r o b a b i l i t y  dens i ty  func t iona l  i s  de f ined i n  terms o f  the 

s ta te  var iab le ,  the p o s i t i o n  and v e l o c i t y  funct ions,  and time, 

a t  the po in t  
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The t r a n s i t i o n  events are given i n  the tab le  below. 

Table A.l - poss ib le  t r a n s i t i o n  events f o r  the delayed neutron rnodel. 

event: 

source emiss ion 

capture 

precursor emlssion 

product i on  

The re levant  mater ia l  parameters are:  

cx terna l  source S(5'6 ,)!a) 
capture cross sect ion  c,(n8 ,!i;) 

A incoming 

product ion cross sec t ion  Z (5; ,!i+;;, . . . ,h&?:, . . .,?;;V) 
P 

p r o b a b i l i t y  dens i ty  o f  
neutrons produced from 
a precursor decay p (h' + +'o), 2:) . 

,i -i 

I 

A outcomlng 

neut ron (E;) 

O 

- 1  

O 

- 1 

Due t o  the l oca l  nature o f  the product ion events and t o t h e  f a c t  

t h a t  precursors are f i x e d  i n  space, we have 

neut ron (&i') 
1 

O 

1 

v 
o 

precursor (u!) 
-3 

O 

O 

- 1 

O 

(A .  4) 
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precursor (u'!) 
-3 

O 

O 

O 

v 
J' 



where the delayed neutron spectrum is normalized 

The transition probability is given by 

The exponential pgf of the transition probability i s  defined by 



From E ~ . ( A . ~ ) ,  a11 prev ious l  y  obtained resu l  t s  can be reformu- 

la ted.  The f i r s t  two monents o f  W, i n  p a r t i c u l a r ,  can be c a l c u l a t e d  

through the func t iona l  de r i va t i ves  

where i s  a  column m a t r i x  operator  and 0 2  a  symmetric square m a t r i x  o- - 
perator  

E x p l i c i t  ca lcu la t ions  f o r  the  f i r s t  moment o f  W lead t o t h e r e -  

s u l t  

From Eq. ( A . 1 3 ) ,  (A .  2 )  and an equ iva lent  vers ion  o f  ~ q . ( 4 7 )  , 
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we obtain,  i n  obvious notat ions,  the cen t ra l  f i r s t  moment k i n e t i c  equa-  

t ion 

Higher order moment equations can be obtained i n  a s i m i l a r  f a -  

shion. 

APPENDIX B - The Non-Hornogeneous Poisson Distríbution 

Let  X(5,:) be the probabi 1 i t y  o f  de tec t ion  per uni  t phase space 

per neutron absorbed. I n  terms o f  the s tochast ic  va r i ab le  

the probabi 1 i t y  o f  ob ta in ing  K counts i n  the i n t e r v a l  (t,t+.r) i s  g iven 

by 

where the average i s  taken over the neut ron ic  process. I n  case the reac- 

t o r  i s  s ta t ionary ,  P,(K) i s  independent o f  t. 

E ~ . ( A . I ~ )  can be general ized i n  order t o  inc lude counts i n  mo- 

r e  than one t ime i n t e r v a l .  For a review on the app l i ca t i on  o f  the non-ho- 

mogeneous Poisson d i s t r i  but ion,  the reader i's refered t o  ~ a t s o n "  '" . 



A funct iona l  approach has been appl ied t o  formulate the s to -  

chast ic  t ranspor to fneut rons i n  a simple and compact form. A s ing le func -  

t i o n a l  master equation has been used i n  the de r i va t i on  o f  k i n e t i c  equa- 

t i ons  f o r  severa1 quan t i t i es  o f  i n te res t  such as cent ra land non-central 

moments, exponential pgf 's ,  e t c .  The p a r t i c u l a r  form o f  the t r a n s i t i o n  

probabi l  i t y  does not  p lay  any r o l e  i n  the theory u n t i l  a11 re levant  k i -  

n e t i c  equations are obtained i n  compact form. Ino rde r  t o  mantain consis- 

tency w i t h  the continuous phase space forrnulation, a s ingu lar  t rans 

p r o b a b i l i t y  i s  introduced and e x p l i c i t  formsof k inet icequat ions can 

be obtained. 

The f i r s t  order and the s ta t i ona ry  second order non-loca 

t ion 

then 

m0- 

ment k i n e t i c  equations agree wi t h  resul  t s  prev ious ly  o b t a  i ned t h r o u g h  

o ther  methods, e.g., the  Langevin approach used by Akcasu and 0sborn6. 

However, as has been pointed out  by ~ a t s o n "  i n  the framework o f  the po in t  

reactor model, the Langevin rnethod does not  p red i c t  a co r rec t  k i n e t i c  

equation f o r  the  non-stationary second order moment: an add i t i ona l  term 

appears i n  the equation (c. f .  second RHS term i n  Eq.(52)), which i s  due 

t o  the s tochast ic  nature o f  the  d i f f u s i o n  funct iona l  D2. I t i s  worth men- 

t i o n  i ng t h a t  a (cor rec t )  non-stationary second order moment i s  requi red 

i n  order t o  ob ta in  a statimrary t h i r d  order covariance k i n e t i c  equation. 

Much 1 i ke i n  the case o f  conventional (determin is t ic )  t ranspor t  

theory, we have not  attempted t o  "solve" the k i n e t i c  equations obtained. 

Our formulat ion should serve ra ther  as a s t a r t i n g  p o i n t  i n  the der iva t ion  

o f  more t rac tab le  approximate equations i n  a consistent  way, l i k e t h e  P1 

and mul t ig roup- d i f fus ion equations,a task which i s  beyond the scope o f  

t h i s  paper. 
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