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A high p r e c i s i o n  m e t h o d  based on the n e u t r o n  n o i s e  
t e c h n i q u e  in the -frequency dom a i n  is p r o p o s e d  to m e a s u r e  
the s t a t i o n a r y  power in a r e s e a r c h  reactor. An e x p r e s s i o n  
of the Power Spectral D e n s i t y  (PSD) was o b t a i n e d  using a 
t h e o r e t i c a l  modal s o l u t i o n  -for the d e t e c t o r  -field of view. 
The m e a s u r e d  PSD data was -fitted u s ing the -first term of 
the solution. The principal theor e t i c a l  h y p h o t e s i s  veri-fied 
e x p e r i m e n t a l l y  was the p r e d o m i n a n c e  o-f both the fission 
d e n s i t y  -fluctuation as the c o r r e l a t e d  s o u r c e  o-f n o i s e  and 
the fundam e n t a l  a d j oint kinetic e i g e n f u n c t i o n  in the 
det e c t o r s '  -field of view.

M e a s u r e m e n t s  w e r e  m a d e  in natural ¿ind -forced c o n v e c t i o n  
in t h e  RA-6 r e s e a r c h  r e a c t o r  loca t e d  at the C e n t r o  A t 6 m i c o  
B a r i l o c h e  (CAB), A r g e n t i n a ,  in di-f-ferent critical 
a r r a n g e m e n t s .
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I. I N T R O D U C T I O N

One of the mo r e  i m p o r t a n t  m e a s u r e m e n t s  in r e a c t o r  
p h y s i c s  is the d e t e r m i n a t i o n  of the a b s o l u t e  thermal p ower 
o-f a n u c l e a r  r e a c t o r . For low power, natural c o n v e c t i o n  
reactors, this q u a n t i t y  is u s u a l l y  o b t a i n e d  by a b s o l u t e  
c ounting, foil a c t i v a t i o n  or s t a t i s t i c a l  methods. For 
f orced c o n v e c t i o n  r e a c t o r s  the h i g h e r  p o w e r  is al s o  
d e t e r m i n e d  by c a l o r i m e t r i c  or N 1<£*-gamma c o u n t i n g  methods.

The princ i p a l  c h a r a c t e r i s t i c s  of each m e t h o d  are the 
following:

The a b s o l u t e  c o u n t i n g  m e t h o d  u s e s  n e u t r o n  d e t e c t o r s  
such as i o n i z a t i o n  or f i s s i o n  c h a m b e r s ,  B F 3 or H e 3 
counters. S i n c e  the o u t p u t  fr o m  t h e s e  d e t e c t o r s  is 
p ^ o p o r t i o n a l  to the n e a r b y  flux it is not p o s s i b l e  to 
o b t a i n  the total f i s s i o n  rate. U s u a l l y  it is n e c e s s a r y  a 
c a l i b r a t i o n  p r o c e s s  (the r e l a t i o n  b e t w e e n  the p o w e r  and the 
m e a s u r e d  output) but t h i s  p r o c e s s  c o u l d  be a f f e c t e d  by 
c h a n g e s  in the core a r r a n g e m e n t ,  for example, c o n t r o l—rods 
m o v e m e n t s  or d i f f e r e n t  r e f l e c t o r  materials.

The foil a c t i v a t i o n  m e t h o d  i n v o l v e s  an i n t e g r a t i o n  of a 
d e t e c t i o n  r e a c t i o n  r a t e s  over the c o r e  v o l u m e  and the 
a b s o l u t e  a c t i v a t i o n  m e a s u r e m e n t s  in s o m e  p o i n t s  in the 
reactor. It is ti m e  e x p e n s i v e  and n e e d s  c o r r e c t i o n s  due to 
flux d e p r e s s i o n  and s h i e l d i n g  a s s o c i a t e d  with foils. The 
s o u r c e s  of error are the i n a c u r a t e  k n o w l e d g e  of the n e u t r o n  
s p e c t r u m  and the c r o s s  sections, the h y p h o t e s i s  used to 
i n t e r p o l a t e  the flux in p o s i t i o n s  near control r o d s  and in 
the c a l i b r a t i o n  p r o c e s s  to o b t a i n  the a b s o l u t e  d e t e c t o r  
e f ficiency.

The c a l o r i m e t r i c  m e t h o d  can be e a s i l y  a p p l i e d  p r o v i d e d  
most of the p r i m a r y  c i r c u i t  fl o w  p a s s e s  t h r o u g h o u t  the 
core. The main error s o u r c e s  are: the small d i f f e r e n c e  in 
the i n l e t—outle t  c o o l a n t  t e m p e r a t u r e  and the u n c e r t a i n t y  in 
t he e f f e c t i v e  c o o l a n t  f l o w  value. U s u a l l y  t h i s  m e t h o d  is 
s u i t a b l e  for fo r c e d  c o n v e c t i o n  r e a c t o r s  for p o w e r s  a b o v e  
100 Kw.

N 16- g a m m a  met h o d  is a c o u n t i n g  method, that uses a
g a m m a  i o n i s a t i o n  c h a m b e r  I C *  . The o u t p u t  c u r r e n t  is
p r o p o r t i o n a l  to the N 1<s*-gamma a c t i v i t y  p r o d u c e d  by high
e n e r g y  f i s s i o n  n e u t r o n s  <0** (n , p ) N 1<s* r e a ction). If the
e f f e c t i v e  c o o l a n t  fl o w  is c o n s t a n t  the N i,s*-gamma a c t i v i t y
is p r o p o r t i o n a l  to the total f i s s i o n  rate. It is very
i m p o r t a n t  to p o s i t i o n  the c h a m b e r  far fr o m  the co r e  to
a v oid f i s s i o n  and a c t i v a t i o n  g a m m a s  d e t e c t i o n ,  but not too
much in order to avoid a l arge a c t i v i t y  decay. It is
n e c e s s a r y  a c a l i b r a t i o n  u s ing a n o t h e r  m e t h o d  to ob t a i n  the 
a b s o l u t e  power.
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The s t a t i s t i c a l  m e t h o d s  (one of th e m  in the -frequency 
do m a i n  is a n a l y s e d  in th i s  report) are n o n p e r t u r b a t i v e  and 
are b ased on the s p a c e  i n d e p e n d e n t  point k i n e t i c  model. 
T h e s e  m e t h o d s  need high a b s o l u t e  d e t e c t o r s  e f f i c i e n c i e s  and 
al s o  the p r e d o m i n a n c e  o-f -fission d e n s i t y  -fluctuations as 
the c o r r e l a t e d  n e u t r o n  n o i s e  source.

Under t h e s e  a s s u m p t i o n s  the c o r r e l a t e d  part of the 
Power Spectral D e n s i t y  (F'SD) is p r o p o r t i o n a l  to the total 
f i s s i o n  rate.

A b s o l u t e  power d e t e r m i n a t i o n  u s ing t h e s e  t e c h n i q u e s  was 
first r e p o r t e d  by B e n n e t t  (1960) who p e r f o r m e d  t i m e - d o m a i n  
(variance) a n a l y s i s  in the ZP R - I V  r e a c t o r  at A r g o n n e  
National L aboratory. F r e q u e n c y  dom a i n  a n a l y s i s  was p r o p o s e d  
by S c h r o e d e r  (1962). S u b s e q u e n t l y ,  this n o i s e  t e c h n i q u e  has 
been p e r f o r m e d  by Y a m a d a  (1964), Suzuki et al (1966,1968), 
M o g i l n e r  and S h v e t s o v  (1967), etc.

S t a t i s t i c a l  m e t h o d s  are a f f e c t e d  by s y s t e m a t i c a l  e r r o r s  
b e c a u s e  î t is n e c e s s a r y  to know the e f f e c t i v e  d e l a y e d  
f r a c t i o n  (i and al s o  to c o r r e c t  the spatial d e p e n d e n c e  of 
n o i s e  in ca s e  of using the point kine t i c  model.

O t s u k a  and lijima (1965) we r e  the first to p r o p o s e  a 
g e o m e t r i c a l  g-~factor in o r der to c o r r e c t  the p o int kinetic 
model. T h i s  fac t o r  t a k e s  into a c c o u n t  the non u n i f o r m  
spatial d i s t r i b u t i o n  of the sta t i c  and a d j o i n t  funda m e n t a l  
m o d e  fluxes. S a i t o  (1979) d e r i v e d  a g e n e r a l i z e d  e x p r e s s i o n  
using a m u l t i g r o u p  d i f f u s i o n  f u n d a m e n t a l  mo d e  model and 
ma d e  a r e v i e w  of several g - f a c t o r  so far obtained. O k a j i m a  
et al (1987) s t u d i e d  the t r e n d s  of this fa c t o r  for 
r e f l e c t e d  r e a c t o r  in one group a p p r o x i m a t i o n  c o n s i d e r i n g  
the r e f l e c t o r  effect by a r e f l e c t o r  saving. W e n t z e i s  et al 
(1988) p r o p o s e d  a L» factor that t a k e s  into a c c o u n t  the 
p o s i t i o n  and e n e r g y  r e s p o n s e  of the d e t e c t o r s  and the 
h a r m o n i c s  c o n t r i b u t i o n  in the d e t e c t o r s '  field of view. 
C a l c u l a t i o n s  we r e  made using t w o - g r o u p  d i f f u s i o n  model in 
multi r e g i o n  g e o m e t r i e s  and a modal s o l u t i o n  for the static 
and d d j o i n t  fluxes. The s o l u t i o n  (for a small MTR 
s w i m m i n g - p o o l  type reactor) d e p e n d s  on d e t e c t o r  p o s i t i o n  
and the nu m b e r  of h a r m o n i c s  c o nsidered.

M J n t h i s work the f o r m u l a t i o n  d e v e l o p e d  by D i f i l i p p o  
(1990a <*nd 199ob) was used to a n l y z e  the c o n t r i b u t i o n  of 
the d i f f e r e n t  m o d e s  in the PSD. The non c o r r e l a t e d  part of 
h e  n e u t r o n  n o i s e  due to the d e t e c t i o n  p r o c e s s  was 

e x p l i c i t l y  consid e r e d .  S y s t e m a t i c a l  e x p e r i m e n t a l
d e t e r m i n a t i o n s  of the p ower we r e  ma d e  in the MTR s w i m m i n q  
pool g r a p h i t e - w a t e r  r e f l e c t e d  R A - 6  reactor.



For pr act i cal p u r p o s e s  the power e s t i m a t i o n  using this 
me t h o d  sho u l d  not be much s e n s i b l e  to d i f f e r e n t  
con-f i g u r a t i o n s  such as ref lector m a t e r i a l s ,  d e t e c t o r  
locations, rod insertion, etc. T h i s  m e a n s  -from a 
t h e o r e t i c a l  point of v i e w  the p r e d o m i n a n c e  of the 
■fundamental mo d e  in det e c t o r s '  f i e l d s  o-f vi e w  in the 
f o r m u l a t i o n  considered.

E x p e r i m e n t a l  d e t e r m i n a t i o n s  and f i t t i n g  of the PSD from 
two n e a r b y  co r e  d e t e c t o r s  c h a n g i n g  the rod i n s e r t i o n s  were 
m a d e  in o r der to:

a) v e r i f y  the p r e d o m i n a n c e  of the f u n d a m e n t a l  m o d e  in the 
fitted region,

b) d e t e r m i n e  the power r a n g e  of a p p l i c a b i l i t y  (Predo m i n a n c e  
of f i s s i o n  d e n s i t y  f l u c t u a t i o n  as the c o r r e l a t e d  s o u r c e  of 
n o i s e  in the fitted r e g i o n ) ,

and an 
hi gher 
with a

c) c a l i b r a t e  o t h e r s  n e u t r o n  i o n i z a t i o n  c h a m b e r  (IC) 
IC* s e n s i b l e  to N ^ - g a m m a  in order to m e a s u r e  
power. Th i s  e x t e n s i o n  w o uld a l l o w  a c o m p a r i s o n  
c a l o r i m e t r i c  method.
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11 . F U N D A M E N T A L S  OF THE M E T H O D

6^_I!2g9Cgtical__Con3i_derati_ons

A p p l y i n g  the s t o c h a s t i c  t h e o r y  of n u c l e a r  r e a c t i o n s ,  it 
is p o s s i b l e  to obtain a r e l a t i o n  b e t w e e n  the s t a t i s t i c a l  
•fluctuation o-f. the c u r r e n t  -from a IC and the s t a t i o n a r y  
power o-f the critical r e a c t o r  .

F o l l o w i n g  D i f i l i p p o  (1990a and 1990b), the F o u r i e r  
c o m p o n e n t  o-f the n e u t r o n  -flux, , satisfies:

H  &UJ +  5 UJ -  J  (? )  ( 1 )
A

w h e r e  H is the prompt n e u t r o n  Bolt::man operator, Sw  is 
the F o u r i e r  c o m p o n e n t  of a g e n e r i c  source, "j" is the 
i m a g i n a r y  unit, "uj" is the a n g u l a r  -frequency and "y" is the 
v e l o c i t y  of the neutrons, j5w  is a function a* Ju w h e r e  Z  
is the p o s i t i o n  in p h a s e  s p a c e  r,v.

Our s y s t e m  is m o n i t o r e d  with d e t e c t o r s  (labeled i A) 
with c r o s s  s e c t i o n s  and so it is
c o n v e n i e n t  to de-fine the d e t e c t o r  field of vi e w  /»* 
thro u g h  the a d j o i n t  equation: {

H+nrli + Zdl =  / —  7; (2)
y V 1

A  A

w h e r e  H~ is the a d j oint o p e r a t o r  of H. F r o m  Eqs. (1) and 
(^)^ the F o u r i e r  c o m p o n e n t  of R* , the d e t e c t i o n  r e a c t i o n  
ra t e  for d e t e c t o r  i, can be o b t a i n e d  as:

Rcui - ‘C  fiuj y  ~ <r 7 /  '~*°u } (3 }

w h e r e  the b r a c k e t  i n d i c a t e s  i n t e g r a t i o n  in p h a s e  s p a c e  M  .
he detector field of view can be e x p a n d e d  in t erms of 

adjoint k i n etic e i g e n f u n c t i o n s :

(4)
o=/

w h e r e  the satisfies:

(5)

— £  —



and o(n is the d e c a y  c o n s t a n t  of mo d e  n. We i n t r o d u c e  now 
the di r e c t  kinetic e i g e n f u n c t i o n s  % m that satisfy;

H  -  **«■> ( 6 )' • rr) _ _____  rr}
V

with the n o r m a l i z a t i o n  < l/v - Sr,m .

I n t r o d u c i n g  Eq. (4) in t o  Eq. (2) and m u l t i p l y i n g
seal ar 1 y by X. m we obtain:

h. - < Z c l i  x m >
irn - / ; r

(o(m  + j  cu)

w h e r e  < ï d i X m > is a real, 
quanti ty.

§._E!§0_Between_Neutron_Deteçtgrs

A p p l y i n g  the general re s u l t  of Eq. (3), the 
c o n t r i b u t i o n s  to the f l u c t u a t i o n  of the signal fr o m  a 
s o u r c e  of n o i s e  around JU are:

(7)

f r e q u e n c y  i n d e p e n d e n t

, s >

and the c r o s s  power spectral d e n s i t y  (CPSD) b e t w e e n  
d e t e c t o r s  i and H. is:

6 U  - 2  «  o ] ; ( 4 )  "IJH'J ¿¿„j ft, - X ' ) »  19>

w h e r e  tjne doubl e_^ b r a c k e t s  i n d i c a t e  i n t e g r a t i o n  in p h a s e  
s p d e e  and and the upper line i n d i c a t e s  e n s e m b l e
average. Fa c t o r  2 a p p e a r s  b e c a u s e  we are c o n s i d e r i n g  
p o s i t i v e  f r e q u e n c i e s  (Bendat and Piersol, 1981). C o m m u t i n g  
o p e r a t i o n s  in Eq. (9) and c o n s i d e r i n g  that the /n 's are 
d e t e r m i n i s t i c ,  the e n s e m b l e  a v e r a g e  a f f e c t s  o n l y  the s o u r c e  

noise. The e n s e m b l e  a v e r a g e  of the s o u r c e  can be
c a l c u l a t e d  a p p l y i n g  the S c h o t t k y  p r e s c r i p t i o n  (Akcasu and 
Stolle, 1989) and c o n s i d e r i n g  the a n g u l a r  c o r r e l a t i o n  
b e t w e e n  f i s s i o n  n e u t r o n s  (Difilippo, 1990b). C o n s i d e r i n g  
the d e t e c t o r s  r e m o v e  the d e t e c t e d  n e u t r o n s  and o n l y  type of 
f i s s i o n a b l e  material, the res u l t  is:

where:

( k > % J  -  ô s s ( 4 A ' J  ( 1 0 )
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is the auto power spectral d e n s i t y  (APSD) of the 
s tati s t i c a l  -fluctuation of the f i s s i o n  d ensity, f (r) is the 
f i s sion r a t e  d i s t r i b u t i o n ,  (v',7 ) is the two n e u t r o n s
d i s t r i b u t i o n  in v',v̂  . The index "p" r e f e r s  to the pr o m p t  
appr o:: i mat i on , i.e. we a s s u m e d  the f r e q u e n c y  is well a b o v e  
( A i ) t h e  typical f r e q u e n c i e s  a s s o c i a t e d  to d e l a y e d  
n eutr o n s ,  th u s  the a v e r a g e  over \) ̂  r e f e r s  to the 
d i s t r i b u t i o n  of prompt f i s s i o n  n e u t r o n s  in the fuel and 
m ight i n c l u d e  a v e r a g e  over f i s s i o n a b l e  species. After 
i n t r o d u c i n g  E q . (10) in E q . (9), the CP 3 D  is given by:

G s s ( * A ' J »
( 12)

-»/
w h e r e  (^, ) is gi ven by Eq. (11).

E q . (.12) g i v e s  an i n c o m p l e t e  d e s c r i p t i o n  of the APSD 
(i= i ) (Sheff and Albrecht, 1966). As the d e t e c t o r  r e m o v e s  
the d e t e c t e d  neutron, the d e t e c t i o n  p r o c e s s  d e s t r o y s  any 
s i n g l e - n e u t r o n  c o r r e l a t i o n  which, o t h e r w i s e ,  the n e u t r o n  
would h a v e  had in the future. S i n g l e - n e u t r o n  e f f e c t s  
c o n t r i b u t e  to the c o u n t - r a t e  flu c t u a t i o n ;  i.e. th e y  appear 
only in the so ca l l e d  d e t e c t i o n - n o i s e  c o m p o n e n t  which is a 
(dominant) w h i t e  n o i s e  te r m  in the APSD. The d e t e c t i o n  
n o i s e  p r o c e s s  b e t w e e n  two d i f f e r e n t  d e t e c t o r s  is 
u n c o r r e l a t e d .  For th i s  reason, the d e t e c t i o n - n o i s e  is 
e l i m i n a t e d  by a c r o s s - c o r r e l a t i o n  m e a s u r i n g  device. 
C o n s i d e r i n g  an ideal p u l s e  m o d e  d e t e c t o r  (zero c o l l e c t i o n  
ti m e  in Ap p e n d i x  A) the PSD f r o m  Eq. (12) is:

°6U  =  « 7 * 7 /  G s s & A ' ) » * * / ? ;  S u (13)

where: R* = >* mean v a l u e  of Ri

The first t e r m  in the right hand is known as 
" c o r r e l a t e d - t e r m "  and the se c o n d  as "u n c o r r e l a t e d - t e r m ".

In the ca s e  the n e u t r o n  d e t e c t o r  is a IC the c u r r e n t  I 
is ma d e  up by ma n y  p u l s e s  of c h a r g e  p r o d u c e d  by the 
d e t e c t i o n  of individual neutrons. In this case the 
u n c o r r e l a t e d - t e r m  in Eq. (13) i n c r e a s e s  due to the 
s t a t i s t i c s  of the d e t e c t i o n  in the IC and i n c l u d e s  the 
c h a r g e  q n ,i r e l e a s e d  per d e t e c t e d  neutron. C o n s i d e r i n g  an 
ideal IC (see A p pendix A) E q . (12) is:

(l)r

%

- 8 -



• \

w h e r e  B i - q ? / (q A )2 
(Bennett 1^60).

is the B e n n e t t  ■factor (>1)

A r e a l i s t i c  IC has a -finite p u l s e  c o l l e c t i o n  ti m e  
» ©¿* =2 Tf J UJ'zi. ( : a n g u l a r  b reak f r e q u e n c y  of the 
d e t e c t i o n  device) and the m e a s u r e m e n t  may be s t r o n g l y  
i n f l u e n c e d  by the s t a t i s t i c s  of the d e t e c t i o n  p r o c e s s  at 
f r e q u e n c i e s  near In this c a s e  Eq. (14) is written:

w h e r e  hj. (C0) is the t r a n s f e r  f u n c t i o n  of the I C . (see 
Appendi x A) .

Ci _ E s t i m a t  i.gn_gf _the_F'ower

The F'SD's can be c a l c u l a t e d  by an a d e c u a t e  
a p p r o x i m a t i o n  of the B o l t z m a n  o p e r a t o r  A, u sing a 
m u l t i g r o u p  model, S n or F'r, a n g u l a r  e x p a n s i o n s ,  spatial 
d e p e n d e n t  models. 5 ( ̂  ) and 's can be e v a l u a t e d  u s ing a 
cl o s e d  s o l u t i o n  or a modal ty p e  e x p a n s i o n  solution. On l y  in 
a f e w  c a s e s  a cl o s e d  s o l u t i o n  can be derived.

In our case a modal e x p a n s i o n  of the d e t e c t o r s '  field 
of vi e w  was used and the CF'SD for ideal p u l s e d  d e t e c t i o n  
d e v i c e s  (Eq. (12)) can be w r i t t e n  as:

[ «  V * I t  ( % , % ' ) »  +  2 B i R l hjL
(15)

9<9i

where:

(16)

(18)

(17)

(19)
(°<n + °<m )

( 2 0 )

(21).

- 3 -



I* the c o n d i t i o n  /«i1,,/>>/o<y/ k=2,3,... is
•fulfilled,in the f r e c u e n c y  r e g i o n  U J  << the main
c o n t r i b u t i o n  in E q . (16) is :

< ' + & )
°<(‘ (0

(4) ^ q • (17) (21) s h o w  that the a m p l i t u d e s  A**. and
Bix d e p e n d  on higher h a r m o n i c s  c o n t a m i n a t i o n .

A s s u m i n g  that the c o n t r i b u t i o n  to the d e t e c t o r s  -field 
of vi e w  in Eq.(4) is m a i n l y  due to the -first term (bl n =0 
-f or n > 1) :

l<i J - f - r n --------------------- -7----------5----------------------------------------------— ---

This m e a n s  that t h e  d e t e c t o r s  -field o-f v i e w  are 
^  s tri b u ted a c c o r d i n g  to the -fundamental a d j o i n t  kinetic 
e i g e n f u n c t i o n  . This is the only c a s e  w h e r e  the hi g h e r  
h a r m o n i c s  don't c o n t r i b u t e s  to the .

A s s u m i n g  small a n i s o t r o p y  (f.e : d i f f u s i o n  t h e o r y  
v a l i d i t y ) , the Eq. (23) can be w r i t t e n  as :

w h e r e
6 ^ ” =  T ^ eT T =  S ‘- J P K $ U  

G 7 - 2- F  (J-u j PK _ ---- —------—— ------

<*/
The factor o ±i must be o b t a i n e d  fr o m  c a l c u l a t i o n  

a c c o r d i n g  to :

n . r  f  /? / ^ Y L  X^ '  B‘) '5 £̂ 'Jd£)  d3r 7 (A <Ijexfy (?

L

6 ) 

L

S(E) : f i s sion s p e c t r u m

: mean total f i s s i o n  r a t e  (27)F - J  f(r)cl*r

81 - __¡ a b s o l u t e  d e t e c t o r  e f f i c i e n c y

F
(28)

d e l a t e d  e f f e c t i v e  n e u t r o n  f r a c t i o n  = A o ( j  (29)

- / O -



(30)

(31)

(32)

In the c a s e  o-f o n e - g r o u p  in-finite-homogeneous critical 
r e a c t o r  with an i n f i n i t e - h o m o g e n e o u s  detec t o r ,  g a  =~ 1 
and G ±4 IUm r e d u c e s  to the e x p r e s s i o n  o b t a i n e d  by the 
p o int k i n etic model. For that reason, g*.* c o uld be 
c o n s i d e r e d  as a c o r r e c t i o n  -factor to the p o i n t - k i n e t i c  
model. T h i s  -factor is di-f-ferent o-f the g--factor used by 
O t z u k a  b e c a u s e  t a kes into a c c o u n t  e x p l i c i t l y  the detectors.

F r o m  Eqs. (24) and (25) is p o s s i b l e  to ob t a i n  the 
s t a t i o n a r y  reac t o r  power from the e s t i m a t o r  
d e f i n e d  as:

A -  : r e p r o d u c t i o n  ti m e

"  F  ¿7

-  ^ ( ^ - 0

D - U jL ljl : D  iv'Gn F iLcior
v z

p i  _  F  F  -  2  Ri  R i  /J - & ) D  3 U  (33) 

' r ' ”' '  A u j f n ,
where_£_ E* is the mean e n e r g y  r e l e a s e d  by fission, Fa ± 
and are o b t a i n e d  f r o m  the count r a t e s  and Ai^3.ffn
can be o b t a i n e d  fr o m  the e x p e r i m e n t a l  PSD, in an ideal 
s it u a t i o n ,  w h e r e  the det e c t o r s '  f i eld of vi e w  are 
d i s t r i b u t e d  a c c o r d i n g  to the fundam e n t a l  a d j o i n t  kinetic, 
ei g e n f uncti on;

In a real case, the f u n d a m e n t a l  m o d e  appr ox i mat i on , is 
not s t r i c t l y  valid and the h a r m o n i c  c o n t a m i n a t i o n  could be 
i m p o r t a n t  a c c o r d i n g  with the r e a c t o r  c h a r a c t e r i s t i c .

In the c a s e  of a critical c o m p a c t  r e actor, the prompt 
n e u t r o n s  d e c a y  c o n s t a n t s  are well s e p a r a t e d  (see A p pendix 
B ) . For t h i s  re a s o n  it c o uld be p o s s i b l e  to find a 
f r e q u e n c y  r e g i o n  w h e r e  the first term (real)in E q . (16) is 
pre d o m i n a n t .

M e a s u r e m e n t s  ma d e  by L e s c a n o  and B e h r i n g e r  (1982), in 
the S A P H I R  s w i m m i n g - p o o l  p a r t i a l l y  w a t e r - b e r y l i u m  
r e f l e c t e d  MTR r e a c t o r  and Pifteyro et al (1983) in the RA--2 
MTR critical f a c i l i t y  in d i f f e r e n t  p a r t i a l l y  r e f l e c t e d  
(graphite or beryllium) c o n f i g u r a t i o n s  f o u n d e d  that = 
Pe 1’ > (Re : real part) b e t w e e n  .1. and 40 Ha (partial 
r e f l e c t e d  Beryll i u m ) ,  1 and 80 Hz (partially r e f l e c t e d  
graphite) and 1 and 100 Hz (totally water r e flected).



In this case, can be de-fined a -factor Li that takes 
into a c c o u n t  the h a r m o n i c  c o n t a m i n a t i o n  in A ^ 5- > (see E q . 
(17)) and c o n s i d e r i n g  a non ideal detector, p a r t i c u l a r l y  a 
IC, the e x p r e s s i o n  -for n o r m a l i z e d  PSD (NPSD) in t hese 
•frequency r e g i o n s  is:

(*) £cj ■, _  ____ _  —

_<?£< * $■> ) _ 2  F_ £ l  6  P p  9i &  , 2  $i J. (34)

at,2 '
where:

: mean current, of i-th IC (35)

H a v i n g  all t h e s e  c o n s i d e r a t i o n s  in mind, the s t a t i o n a r y  
r e a c t o r  power can be o b t a i n e d  -from the e s t i m a t o r  F'.< 1 > 
de-fined as: ft

P . (0_  2  { ' - ? )  L j
¿A -

.11 y olNA.“ > is e x p e r i m e n t a l l y  o b t a i n e d  -from:

A/
'u -

1,1,

where:

k«, r «  &  «  WCc' J  <33)



2- £ 2 D§ iderat ieQ5_abgut_the_aj3£l^cat i.on_o£ _ t h e l m e t h o d .

Eq. (36) is the b a s i s  of the p r o p o s e d  m e t h o d  to m e a s u r e  
the s t a t i o n a r y  r e a c t o r  p ower u sing ICs.

The E=3.2x 10“11J (ISO, 1988) and D = 0 „ 7 9 5  (Diver, et 
al , 1956) p a r a m e t e r s  -for high U - 2 3 5  e n r i c h e d  -fuel e l e m e n t s  
w e r e  cho/&efe|. The ft and Li p a r a m e t e r s  w e r e  c a l c u l a t e d  
n u m e r i c a l l y  . The N fii * was o b t a i n e d  -fitting the 
e x p e r i m e n t a l  n o r m a l i z e d  PSD (NF'SD) ( <1 > G m /I* ) in 
a f r e q u e n c y  reg i o n  w h e r e  =Re ( <1 > Ĝ jj. ) .

The v a l u e  of ft and d e p e n d  p r i n c i p a l l y  on: g e o m e t r y  
of the c o n f i g u r a t i o n , r e f l e c t o r  type, control rods 
insertion, fuel b u r n - u p  and a d d i t i o n a l y  for L i : 
locations, d i m e n s i o n s  and e n e r g y  r e s p o n s e  of detectors.

U n c e r t a i n t y  in n u c 1 e a r p a r a m e t e r s o r a p p r o x i m a t ion u s e d 
in the c a l c u l a t i o n s  would p r o d u c e  a s y s t e m a t i c  error in the 
p r o p o s e d  method. It is p o s s i b l e  to ob t a i n  an e s t i m a t i o n  of 
this e rror s t u d y i n g  the v a r i a t i o n  of ft and Li r e s p e c t  to 
the n u c l e a r  p a r a m e t e r s  d u r i n g  a r e a c t o r  cycle.

W e n t z e i s  et al (1988) c a l c u l a t e d  L* and a v a l u e  
equal to 1.19 was o b t a i n e d  for the MTR g r a p h i t e - w a t e r  
r e a c t o r  c o nsidered. A l s o  it was a n a l y z e d  the i n f l u e n c e  of 
nu c l e a r  p a r a m e t e r s  on L i , using a 3D two g r oup d i f f u s i o n  
model and a modal s o l u t i o n  for the d e t e c t o r  f i eld of view. 
St r o n g  c h a n g e s  of typical n u c l e a r  p a r a m e t e r s  (-207.) affect 
in less than 1.5 7. the L* value.

Fliga (1990) c a l c u l a t e d  ft ~ 0 . 0 0 7 8  for the r e a c t o r  
c o n s i d e r e d ,  the v a r i a t i o n  of ft with r e s p e c t  to n u c l e a r  
p a r a m e t e r s  a l s o  was a n a l y z e d  and it was f o u n d e d  that strong 
v a r i a t i o n s  ( -'207.) af f e c t  less than 17. the ft calculated.

In o rder to ob t a i n  A (A = n A(*a  ) by f i t t i n g  the 
e x p e r i m e n t a l  v a l u e s  it is n e c e s s a r y  to h a v e  high a b s o l u t e  
d e t e c t o r s  e f f i c i e n c y  b e c a u s e  of the f o l l o w i n g  
c o n s i d e r a t i o n s :

The f u n c t i o n  p r o p o s e d  to fit the NF'SD is (in dEO :

w h e r e  :

N S u

1

(39)

N -  —^ 2 __  (40)

i f
A, o(, and N are the fit p a rameters.

- / 3 -



For the AP S D  ca s e  it is r e a s o n a b l e  to p r o p o s e  the 
■foil owi ng:

A  >  N (41)

The d e t e c t o r  e f f i c i e n c y  o b t a i n e d  from Eq. (34) is:

6 ‘ - ft ^  (42)

L d b ( s - p ) N
A m i n i m u m  a b s o l u t e  d e t e c t o r  e f f i c i e n c y ,  €mt- can be 

d e f i n e d  c o n s i d e r i n g  the i n e q u a l i t y  (41):

(43)
i /  ~ ---------“

L j D f J - p J

_ For a typical high e n r i c h e d  c o m p a c t  r e a c t o r  
(ft=7.8>: 1 0”3 , Li = 1.19, , D = 0 . 7 9 5  ) and c o n s i d e r i n g  IC 
with tBi=l a fcmp <(S) 5x 10“® was c a l c u l a t e d  from
Eq. (43). O t h erwise, in order to a v oid a high 
p e r t u rbat i on_ in the n u c l e a r  s y s t e m  , it is n e c e s s a r y  that 
<E*ji§> << F  This m e a n s  t h e r e  is a pract i c a l  'S
m a ximum, i M = 1 0 ~ 3 in Eq.(28).

For the CP S D  case, the e x p e r i m e n t a l  da t a  ha v e  a 
d i s p e r t i o n  <T± * gi ven by (Bendat and Fiersol, 1981):

(44)

where:

Aii  r e s o l u t i o n  b a n d w i d t h  = BW/np, ,

Tm : m e a s u r e m e n t  time,

BW: b a n d w i d t h ,

n p : n u m b e r  of p o i n t s  in BW.

4 ( uj) — (I)G n  c o h e r e n c e  f u n c t i o n

< n G tl < r * G jlx

(45)



Consideri ng r-~- lOlog (l( 1 ’ Giĵ l) , results:

(7̂ , ^  _______ (in d B ) (46)

~ ¡ ^ w
I n t r o d u c i n g  E q . (34) into (45) we obtain:

< & % / )  Z --------- :_____________SJ A a  '4 7 >

* (, , (en:  <$,+ £ m t £;)+
4

Eq. (47) s h o w s  that K x  i n c r e a s e s  with -..s. ailu -.:jl 
and d e c r e a s e s  with U J . A " m inimum c o h e r e n c e " , " Vm " is 
o b t a i n e d  c o n s i d e r i n g  £ ± =ijj=‘Emi

-  —- __________. (43)

/

£ Consider! ng 0<LU< ot, x as t he f i 1.1 ed r eg i on , we ob t.ai ned 
0„, ( 0 —1/4 and Om ( CX 1 )=l/9 . I n t r o d u c i n g  in
Eq.(46):

(in dB) (49)

B W ,  7tZj

^  ib the m a x i m u m  CF'SD da t a  d e v i a t i o n  when the m i n i m u m  
e f f i c i e n c y  i s considered.

A c r i t e r i a  to se l e c t  TV, in E q . (49) is p r o p o s e
that 2(rn < J  b e c a u s e  the CF'SD at uj = cK is
aproxiraately 3dB lower than the CF'SD at U/-0. If n,,=256
the m e a s u r e d  time is T,., > (2 7 3 / B W ) mi n .

The main h y p o t h e s i s  to v e r i f y  in the -fitted f r e q uence 
region are: 7

- y"13 ~ - b — ;L - -... t ?.... !•-h §.... £ 1 § s 1 S Q ....r a t e .. £ 1 y c t u a  t i o n ' i s t. h e
eCSHHiii 1 Q§■ Q t ....noi s e _ s o u r c e A

R o b i n s o n  (1967) showed that in power r e a c t o r s  
other n o i s e  s o u r c e s  ha v e  to be c o n s i d e r e d  such as 
thermohi draul i c: process, internal c o m p o n e n t s  v i brations, 
e t c * T h e s e  s o u r c e s  p r o d u c e  f l u c t u a t i o n  in the r e a c t i v i t y’ 
If ^this f l u c t u a t i o n  is i n d e p e n d e n t  of the f i s s i o n  rate 
f l u c t u a t i o n  , the s o u r c e  term in E q . (11) must be written:

- / 5 -



where:

G pp " A P S D  the r e a c t i v i t y  -fluctuation.

The two t erms in E q . (50) dep e n d  in a d i f f e r e n t  way on 
the r e a c t o r  power so it is p o s s i b l e  to d i s t i n g u i s h  them 
ex pe r i ¡Dental 1 y , In c a s e  that in the f i tted r e g i o n  the 
i n e q u a l i t y  P^G^p \ x G ^  we r e  not valid, the power
e s t i m a t i o n  using the p r o p o s e d  me t h o d  w ould not ha v e  a 
lineal d e p e n d e n c e  r e s p e c t  to other methods. T h e s e  m e t h o d s  
could be : the a b s o l u t e  c o u n t i n g  me t h o d  u s ing a IC, 
N x <i> g a m m a c:| 01 e c:: t i on, f o :i. 1 a c t i v a t i o n , c a 1 o r :i. m e t r i c: 
method, etc.

!^^B2the5is_2i_the_f undamentai_gjode_i s_the_girgdomi naQt_gne.

If this were not valid -for a given power, the v a l u e s  
of the fitted p a r a m e t e r s  A , , sho u l d  c h a n g e  mo r e  than the 
e x p e r i m e n t a l  error for d i f f e r e n t  c o n t r o l - r o d s
c o n f i g u r a t i o n ,  d e t e c t o r s  l o c a t i o n s  etc. This is a 
e x p e r i m e n t a l  way to v e r i f y  th i s  h y pothesis.

E ¿.-.Power _Li mi ts_gf _the m e t h o d  :

The c o n s i d e r a t i o n s  a n a l y s e d  in s e c t i o n  D  i m p l i e  a
m a x i m u m  limit for the power. The f o l l o w i n g  c o n d i t i o n s  must 
be f u l f i l l e d :

a) F'^Gpp G 55 , in Eq. (50), (51)

b) I* < 1,5 , (52)

w h e r e  l ± is the mean c u r r e n t  and I is the s a t u r a t i o n  
cu r rent of the i-th IC.

As p o wer increases, the term P = G pf i n c r e a s e s
l e s p e u t  to G55 i s p e c i a l t y  at low f r e q uencies. To avoid 
this c o n t r i b u t i o n ,  it is n e c e s s a r y  to b e gin the PSD 
f i t ting at higher f r e q u encies. This r e d u c e s  the amount of

S^ . (-tra P°ints and al s o  t h e s e  p o i n t s  h a v e  h i g h e r  s t a n d a r d  
deviation due to the lower coherence. T h e s e  two e f f e c t s  
l H'-r ease the error in the power estimation.

A l s o  a m i n i m u m  limit for the m e a s u r e d  power has to be 
Lonsi def e d . It is n e c e s s a r y  t ha ts

a ) <v> G t i < ® K > < v > r.'i Uii ( nr;:;; ̂

where:

- S 6 -



(YL
: A PSD for the critical s t a t i o n a r y  r e a c t o r  at the 

d e t e c t i o n  d e v i c e  output (see F i g u r e  2).

<v> Gi i <BK> : b a c k g r o u n d  e l e c t r i c  n o i s e  AP S D  -from the 
d e t e c t i o n  device.

b) I(i << li (54) 

w h e r e  :

I i  : lea k e a g e c u r r e n t a f t h e i.t h IC .

c) r e a s o n a b l e  s t a b i l i t y  o-f r e a c t o r  at low p o w e r s

Both <v>G tl <aK> and I ^ t are not o r i g i n a t e d  in 
the r e a c t o r , so they are not p r o p o r t i o n a l  to the r e a ctor 
p o w e r .



III. E X P E R I M E N T A L  PART

12 Ë § b L Ì B É 1 o n __o f__ the_ D e t e c t i  on _ A a g u i_ s i t i_ g n _ a n d _  A n a 1 y 5 i 5!-t____

M e a s u r e m e n t s  were ma d e  in the R A—6 reactor. An sc h e m e
or the r e a c t o r  c o n f i g u r a t i o n  and d e t ectors' l o c a t i o n s  is 
shown in F i g u r e  1. T h r e e  n e u t r o n  c o m p e n s a t e d  IC labeled
I C 1 , ICS , IC3 and one g a m m a  1 C ^ were used

F i g u r e  2 '¿how::; an s c h e m e  of the det e c t i o n ,  a c q u i s i t i o n  
eii tu i 1 1 y .i i.Ja La sy st e in. 11"-!e no 1 se ¿imp 1 i f i. er A!'v*̂ c: on ver t 
the c u r r e n t  I± in p r o p o r t i o n a l  v o l t a g e s  Vt . The mean 
va l u e s  Vi were m e a s u r e d  u s i n g . a  digital v o l t m e t e r  and the 
■fluctuations 5Vi we r e  a m p l i f i e d  by a factor l<:l = 100. The 
c u r r e n t  In from the 1C y was m e a s u r e d  using an
e 1 ec: t r omet er .

T h e flue t u a t i o n s (K A « V t ) w e r e d i g i. t a 1 i z e d a n cl 
■frequency a n a l y s e d  by a H P—5420A  signal a n a l y z e r  inter-fased 
to a I-1 C i n order to obtai n the n o r m a  1 i zed PSD , ^  (i n 
dB) :

M

%  z. JO si&Q f  AJZlL-L____ 1 ~ J O  M n  IN P S  D I
N  7  L fK;K,V;V')J *

(55)

T h e s e vai Lies wer e i  i 1 1 ed us i ng t h e  liarquardt's rof t 1 iud
and t h e rT uncti on F (00 cJe-f i rled i n Eg ,. (39). In t h e  B W 0 -■■20 0
Hz t h e r

T i 11 e c! p a r amett?rs w e r 0 A, N, a n d  o< and in t h e BW
0- 2 5 Hz , o( a n d t h e N f :iL t t e■d I- .... r .. 1J 0 T L)re w a s  u s e d  . '5 i , w a s
obt ai ned ■f r om E q . ( 42 ) an d the i  esti m a t o r s  F1:t x a r i cl
f .< <=i 

L

> _j r •ufciT i r i0 d » n E q 5 / -:»• / \ v o / an cl ( A--6 ) , we■: r e o b t. a i n e cl f r o

p . ,  -  2 E f D ( J - ß ) L j  (56)
a  _ -----------— ----------

A (32

J.!?) -  A .  J< (5 7 )
1 ~  2

i i _ P C Ê V i o u s li e a s lì r e m e n t s

In order to i_heck the condi ti ons di sc u s s e d  i n sect i on 
I I ■ E , a n a l y z e  the
ti- ai isf er f ur

g i v e 11 b y Eg. ( o "7, a n d m e a s u r e t ! : e
iLLion h p r e v luus mea s u r emen t s were m a d s

The were .1. o c: a t e t::l a t
P o l ì  L ì u i ì s pi and p 2 (Fig.l) far f r o m  t h e  c o r e  and at 
politi uns 17 and HI (the n e a r e s t  t h e  core) at d i f f e r e n t
c u r  r e n t v a 1 u e s .
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The c u r r e n t s  I#* and the b a c k g r o u n d  e 1 ectri c n o i s e  
PSD < v > G < b k > w e r e  m e a s u r e d  b e i n g  t h e  r e a c t o r  s h u t d o w n  
and the va l u e s  o b t a i n e d  were:

i ) I .f i 10 “2I ± v > G > < _ 1 0 .3 - <v>Gii
*4 -for Ii > A,

So the c o n d i t i o n s  r e q u i r e d  in Eqs. (53) and (54) were 
f ul -f i 1 1 ed .

ii) <v> Gi i , t h e  t r a n s f e r  f u n c t i o n  hi a n d  fj<cl> w e r e  
o b t a i n e d  w i t h  d e t e c t o r s  l o c a t e d  at pi a n d  €* and 
a g a i n  f• *r-1) w e r e o fo t a i n e d w i t h d e t. e c t. o r s 1 o c a t e id a t 1 v

and. Wi • The 1 1 ffie a sur ed was ± = 1 1 .^ ■ i he
c o n d i t i o n  r e q u i r e d  in Eq. (43) was -fulfilled. Using this 
v alue and E q . (35) , the for d e t e c t o r s  located at pi
and p 2 was calculated: € i — 1 V .

It m e a n s  the d e t e c t i o n  term is the p r e d o m i n a n t  one in 
E q . (43) for d e t e c t o r s  located far from the c o r e ,

iii) t h e  T r a n s f e r  F u n c t i o n  is flat b e t w e e n  1 a n d  3 0 0  Hz. 
It s h o w s  a 1 ow f r e q u e n c y  cut of f at a b o lit O . 2 Hz d u e  to 
t h e  f i l t e r  u s e d  to cut. t h e  c o n t i n u o u s  c o m p o n e n t  of t h e  
s i g n a l  and a h i g h  f r e q u e n c y  cut off (f c. 3. ) at a b o u t  1.5 
KHz ,

iv) the f .< <:;> 5 values o b t a i n e d  (see F i g u r e  3) don't, d e p e n d s  
on the d e t e c t o r s  ' efficiency,. It m e ans that near the core 
the fitted fun c t i o n  c o n s i d e r e d  was the a d e q u a t e  in order to 
discriuii n ate the uncorrel at t e cl f r o m t h e c o r r el a t e d  ter m . 
This p a r a m e t e r  d e p e n d s  on the d e t e c t i o n  p r o c e s s  s t a t i s t i c s  
only as it is e x p l a i n e d  in the App e n d i x  A. In our 
m e a s u r e m e n t s  f.<a> we r e  used as a c r i t e r i a  to e s t i m a t e  the 
co r rect d e t e c t i o n  d e v i c e  operation. The v a l u e s  ha v i n g  an 
error g r e a t e r  than t h r e e  t i mes the s t a n d a r d  d e v i a t i o n  (0~) 
w e r e r ejected. F i g u r e 3 a 1 s o s h o w s t h e f •< C| ’ v a 1 u e 
o b t a i n e d  with IC's v o l t a g e  o u t s i d e  the p l a t e a u  re g i o n  in 
order to a p p l y  the r e j e c t i o n  criteria. In th i s  ca s e  the 
d e t e c t i o n  n o i s e  v a r i a t i o n  was much m o r e  s e n s i t i v e  than the 
iti e a n c u r r e n t. v a r i a t i o n ,

v) the chamber IC -3 was p o s i t i o n e d  in p 3 (Figure 1 ) in 
order to use it within all the r e a c t o r  power range. ICy was 
located in p* far from the co r e  in order to avoid fiss i o n  
or a c t i v a t e d  g a rnrna s .

— e a s u r e m e n t s _ a t .D i f f e r e n t _ P g w e r s

M e a s u r e m e n t s  w e r e  m a d e  at. 9 s t e p s  f r o m  10 W to 5 K w  to 
o b t a i n  t h e  t h e r m a l  p o w e r  f r o m  E q .(56) a n d  to v e r i f y  
e p e r i m e n t a 1 1 y t h e h y p h o I: e s i s .1. a n cl 2 e p 1 a i n e cl :i. n s e c t i o n 
II.D ( s e r i e s  1 to 3 in T a b l e  I).



The r e s u l t s  were used to c a l i b r a t e  the IC3 and the 
1C in order to m e a s u r e  higher p o w e r s  (series 4 and 5 in 
T a ble I).

Two d i f f e r e n t  rod i n s e r t i o n s  were c o n s i d e r e d  for 
control rods B3 and B4 (Fig. 1) in order to p e r t u r b  the 
flu;-; m e a s u r e d  by ICi and IC ̂  and a stud y o t t h .i. s 
p e r t u r b a t i o n s  on the p r o p o s e d  me t h o d  was made. The m a x i m u m  
r e a c t i v i t y  e x c e s s  a c c e p t e d  by the R e g u l a t o r y  A u t h o r i t y  
f o r b i d s  more control rod insertion. N e v e r t h e l e s s  the 
p e r t u r b a t i o n  was impor t a n t  because, the r e a c t i v i t y  v a lue of 
the control rods are B3: (3.61 + 0 . 1 5 ) $  and B4s (4 . 1 0  + 
'0.065) (Wa 1 dman an d Gomez, 1938 — Gomez and Wa 1 dman , 1989).

Fr om Tab 1 e I t wo d i f f er ent control rods conf i gur a t. i ons 
can be defined:

C o n f i g u r a t i o n  I ( B 1 = B 2 = B 4 =  1 007. t , B3 = 457.t)

C o n f i g u r a t i o n  II (B 1 = B 2 = B 3 =  1007. t , 64=50"/. f)

I n eac:h power step 1 o mi. n were a w a i t e d  to en s u r e
re a ctor s t a b i l i t y  and d i f f e r e n t  s e r i e s  of t h r e e  v a l u e s  of
F'ijj. using E q . (56) were obtained, two using a BW 0.25
Hz, T m  = 15 mi n and one using BW = 0 - 2 0 0  Hz, T M = 15 
m in. W i t h t h e s e v a 1 u e s , t h e c o n d i t .i o n r e q u i r e d f o r ¡r M < 3 
dB (Eq. 49) were fulfilled.

F r o m  this Pi a 's v a l u e s  the mean w e i g h t e d  v a l u e  F' ;i 
was r a 1 ci.t I a 1 ed .

In each of the p r e v i o u s  s e r i e s  power c h a n g e s  should 
i m p l i e s  a pro p o r t i o n a l  c u r r e n t  c h a n g e  from the ICs. In 
order t o v e r .i f y t h is behavi our 1^ was s e I e c t e d a s a 
r e f e r e n c e  and the other c u r r e n t s  were fi t t e d  r e s p e c t  to 
Is-». F i g u r e  4, for example, shows the r e s u l t s  for s e r i e  :!. ..

H y p h o t e s i s  1 and 2 c o n s i d e r e d  in s e c t i o n  II.D were 
ver i f i ed t h r o u g h  a lineal r e g r e s s i o n  b e t w e e n  the d i f f e r e n t s  
P i i  a n d I , a n d t. h e v a 1 li e s o f t h e f i 1 1  e d p a r a m e t e r s a r e 
shown in T a ble II. The g o o d e n e s s  of the linear b e h a v i o u r  
for each s e rie impl i e s  the v a l i d i t y  of h y p h o t e s i s  1 . It is 
seen that the c o e f f i c i e n t  a *4 (inverse of the fitted 
p a r a m e t e r  A) for d i f f e r e n t  d e t e c t o r s  are s i m ilar in each
of thie series. They a g ree apr ox i ma t e  1 y b e t w e e n  2 c and th i s 
m e ans h y p h o t e s i s  2 is valid. S i m i l a r  v a l u e s  of oC (between 
or) for the d i f f e r e n t  s e r i e s  is also a v e r i f i c a t i o n  of 
h y p h o t e s i s  2. The v a l u e s  were o b t a i n e d  from the CPSD in 
the B W = 0 2 5 H z . T h e e x t r a p o 1 a t e d tf f^ v a 1 u e s s h o w t h a t. 
this c a l i b r a t i o n  is valid for p o w e r s  higher than 100 w

T h e s e  c o n s i d e r a t i o n s  a l l o w  us a better e s t i m a t i o n  of 
the power P as the w e i g h t e d  mean v a l u e s  of P 11 , P 22 and 
P*a at each serie; and gower s t e p . T h e r e  is a lineal 
r e 1 at ion b et ween P an d_ 11 ( i = 1 , 2 , 3) as sh own i n Tab J. e 
III and in F i g u r e  5 for I3 „
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C o n s i d 0 r i n g T a b 1 e III w e c a n c o m m e n t t h e f a 1 1 o w i n g :

A ) t h ere is no d i f f e r e n c e i n t h e c a 1 i b r a t i o n f a c t o r rif̂
u sing natural or forced convec t i o n ,

b) d i f f e r e n t  c o n t r o l - r o d s  i n s e r t i o n s  affect in a d i f f e r e n t  
way the c a l i b r a t i o n  of the 1'C's current. The c a l i b r a t i o n
uffJ f a c t o r  c h a n g e  .37. for IC i , +107. for IC^ and .137.

f or IC3 ,

I: il. x brati on W ¿’t Li s e d t o c a I i b r a L e I, f orced
c o n v s c t i o n  
i ¡“¡dependent 
cal i brat i o n _  
(valid for 11

and higher 
of control 
f actor for 
. > 10”10 A ) .

powers. This
ro d s p os i t i on s 
IM was (2.803

c a l i b r a t i o n  was 
( b e t w e e n cr ) . T h e 
+• 0. 042 ) 10 5 * W/A

A n o t h e r c a 1 i b r a t i o n m a d e b y 
(2.59 + 0. 3 0 ) 10 1 * W / A ( B 1 a u m a n n e L 
v a l u e  but w i t h a s t an d a r d d e v i a t i o n

c a 1 o r i ffi e t r i c m e t h o d g a v e 
al (1987)) i.e.. similar 
v a 1 u e 7 t i m e s h i g h e r .

F i g u r e s  6 to 
d u r i n g t h e s a m e 
fitted parameters.

10 s h ows 
m e a s u r e m e n t

the n oise 
of serie 1

f li n c t i o n s o b t a i n e cl 
at 5 Kw with their

F i g Li r e s 6 a n d 7 a r e
0 - 2 5 H 2 r e s p e c t i v e 1 y . T h e 
was L i s e d  to fit the NAF’SD 
the power estimation. The 
h i g h e r t h a n (ft ) -■.

NAF’SD with BW = 0—200 H 2 and B W 1̂ 
v a 1 u e o f N a b t a i n e d f r o m F i g . 6 

in F i g . 7 to r e d u c e  the error in 
v a l u e s  of € * o b t a i n e d  were

F i g u r e s  £ 
and 0 - 2 5  H 2 
1 ower e r r o r s  
terrors w e r e

! and 9 are N C P S D  m e a s u r e d  with E)W= 0 - 2 0 0  Hz 
r espec t i v e l y .  V a l u e s  of the power and o< with 
w e ! e o b t. a i n e d f r o m 1: h e s e c a n cl c: a s e . 1” h i s 

a p r o x 1 m a t e 1 y 3 .4 7.. F i g u r e 8 s h o w s a n i n c r e a s e
t h e 
Hz ..
t o 

t h i ï

1 n 
5 0 
d li e 
i n
is about 
s u g g e s t e d

N C P S D v a lu e s cl i s p e r t :i. o n a t f r e g u e n c i e s h i g h e r t h a n 
! h i s c a n b e e x p 1 a :l i""i e cl c: o n s i d e r i n g t I ï e 1 o w c o h e r e n c e 
t h e p r e d o m 1 n a n t c: o n t r i b u t i o n o f t. h e d e t e c t. i o n n o i s e 
•frequency region. Using Eg., (46) for f = 100 Hz, oy 
5 . 2  dB. This v a l u e  is higher than the 3 uB 
in s e c tion II..D. This high di spert i on m a k e s  very

d i f f i c u l t  the e x p e r i m e n t a l  v e r i f i c a t i o n  of hi g h e r  m o des 
c o n t r i b u t i o n s  within this frequ e n c y  region. A shift 
b e t w e e n  the e x p e r i m e n t a l  data and the e x t r a p o l a t e d  
•f u n c t i o n c o n s i cl e r e cl i s o b s e r v e d .

F i g u r e  10 s h o w s a t y p i c a 1 c: oh e r e n c e a n d i s c 1 e a r 1 y s e e n 
t l~i a t it is h i g I "1 e r t h a ri t h e v a I u e cl e f i n e cl i n E q .. ( 4 8 )
for 0 uu < o< . I n t r o d u c i n g  x <«/=o() -  0 . 1 8  in E q . (46)
r e s u l t s  c r ••= 0 . 8  « o~M = l dB. T h e  e x p e r i m e n t a l  d a t a  of t h e

t y P i ca 1 clevi at i on of t he c lir v e  r e g r  essi on ofN C PSD 
Ü .00 d Ef
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F i g u r e  11 s hows a N C P S D  -for a s e r i e  2 m e a s u r e m e n t  also 
at ~ 5  Kw. T h e r e  is an i n c r e m e n t  of t h e  NP S D  at low 
■frequencies r e s p e c t  to the N C P S D  in Fig. 9. Th i s  is due to 
the a p p e a r a n c e  o-f a n o t h e r  n o i s e  s o u r c e  due to forced 
convection. In this ca s e  in order to be valid h y p h o t e s i s  
1 , it is n e c e s s a r y  to start the -fitting p r o c e s s  at higher 
■frequencies. Th i s  p r o d u c e s  a higher error as was e x p l a i n e d  
in S e c t i o n  II.E.

F i g u r e  12 s h ows a N C P S D  at 56 Kw c o r r e s p o n d i n g  to a 
m e a s u r e m e n t  in s e rie 5. It was n e c e s s a r y  to go to higher 
f r e q u e n c i e s  than the ca s e  sh o w e d  b e f o r e  in Fig. 11. The 
v a l u e  of the power o b t a i n e d  from the N C P S D  was P = (56 + 5) 
Kw s i m i l a r  to that from the IM m e a s u r e m e n t
P = (55.2 + 1.6) Kw . The erroi^ of the P from the N C P S D  is 
h igher than the error fr o m  the IM ' m e a s u rement.

F i g u r e  1o s hows the N C P S D s  at ~ 5 Kw a n d ~ 5 6  Kw. The 
d i f f e r e n t  s h a p e  of the s p e c t r a  in the low f r e q u e n c y  region 
was e x p l a i n e d  in S e c t i o n  II.D c o n s i d e r i n g  the c o n t r i b u t i o n s  
due to m e c hanical c o m p o n e n t s  v i b r a t i o n s  (peaks) and 
f e e d b a c k  t h e r m o h  y d r a u 1 ic s p r o c e s s  (c on t i n uous) . Bot h 
• - O n  t r i but i on !=> iiicr ea s e  in a d i f f e r e n t  way with power.

F i g u r e s  14 and 15 s h o w  the N C P S D  for natural c o n v e c t i o n
at about 50 Kw using a B W = 0 - 2 0 0  Hz and 0 .25 Hz
r e s p e c t i v e l y .  The control ro d s  c o n f i g u r a t i o n  and the 7 N 
v a lue was s i m i l a r  to the m e a s u r e m e n t  showed in F i g u r e  12.

F i g u r e  14 s hows an i n c r e a s e  in the N C P S D  in the low 
fr«=;cuency r e g i o n  (<20 Hz). At this power v a l u e  (in natural 
cunvection) the f e e d b a c k  effect at the n o i s e  s o u r c e  due to 
the i n c r e a s e  of the c o o l a n t  t e m p e r a t u r e  is important. . In 
urder tu v e r i f y  hypotesi s 1 again it is n e c c e s a r y  to fit 
the N C P S D  at higher f r e c u encies. The v a l u e  of the power 
o b t a i n e d  was s i m ilar to the m e a s u r e m e n t  ma d e  u s ing forced 
c o n v e c t i o n ,  but the error was hi g h e r  due to the low 
c o h e r e n c e  in this fi t t e d  region. F i g u r e  15 s h o w s  that the 
fitted p a r a m e t e r s  in the low f r e c u e n c y  reg i o n  ga v e  a wrong 
v=tlue ot the power due to the higher c o n t r i b u t i o n  of the 
n oise fr o m  inlet t e m p e r a t u r e  fluctu a t i o n s .
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IV. C O N C L USIONS:

A m i n i m u m  e f f i c i e n c y  c r i t e r i a  was o b t a i n e d  by 
c o n s i d e r i n g  the i n f l u e n c e  of the d e t e c t i o n  n o i s e  in the 
d i s p e r t i o n  of spectral data . The? m i n i m u m  e-f-ficiency must
D 8

The •f.<c'> p a r a m e t e r  that d e p e n d s  on the s t a t i s t i c s  of 
the d e t e c t i o n  p r o c e s s  w a s .used as a c r i t e r i a  to e s t i m a t e  
the c o r r e c t  o p e r a t i o n  of the d e t e c t i o n  device. The 
m e a s u r e m e n t s  showed that the e s t i m a t i o n  of that p a r a m e t e r  
was i n d e p e n d e n t  of the d e t e c t o r ' s  efficiency.

M e a s u r e m e n t s  were m a d e  in the R A—6 reactor, v a r y i n g  the 
i n s e r t i o n  of two c o n t r o l - r o d s  in natural and forced 
convection. It was v e r i f i e d  e x p e r i m e n t a l l y  the v a l i d i t y  of 
the predomi n a n c e  of tIne f i 5 si on densi ty noi se and the 
f u n d a m e n t £* 1 mo d e  i n 111 e f i. 11ed s p e c t r a  1 regi o n s .

The me t h o d  was a p p l i e d  to m e a s u r e  power in the 10 W to
5 Kw r a n g e  and a s t a n d a r d  d e v i a t i o n  lower than 3"/. was 
o b t a i n e d  using one or two IC. The lower p o wer limit d e p e n s  
on r e a c t o r  s t a b i l i t y  and a b s o l u t e  d e t e c t o r  effic i e n c y .  The 
upper limit d e p e n d s  on the IC lineal work range, a b s o l u t e  
detector e f f i c i e n c y  and f e e d b a c k  effect and v i b r a t i o n  of 
internal components.

The me t h o d  was a p p l i e d  to c a l i b r a t e  a third IC3 
s e n s i t i v e  to n e u t r o n s  and one ICy s e n s i t i v e  to
k| 1 ¿»—g _;UilfT| . This c a l i b r a t i o n  a l l o w e d  us to m e a s u r e  until 

20u Kw with a s t a n d a r d  d e v i a t i o n  lower than 27.. For pow e r s  
higher than _i k w t h e v a 1 u e o b t a i n e d f r o m t h i s c a I .i b r a t i o n 
^ similar to the n o i s e  measur ement i n f or cecl c o n v e c t  i on 

t3ut it has a lower error. The c a l i b r a t i o n  of I ,.g was 
simi l a r  than the c a l i b r a t i o n  by a c a l o r i m e t r i c  me t h o d  but 
with 7 ti mes 1ower stati st i c e r r o r .
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A C K N O W L E D G E M E N T S :
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Fi g u r e  A -1 s h o w s  t h e  i n f 1u e n c e  a f t h e  d e t e c t i o n  d e v i c e  
on t h e  APSE) (for s i m p l i c i t y ,  t h e  s u b i n d e x  c h a r a c t e r i z i n g  
t h e  d e t e c t o r  is not w r i t t e n ) .

T h e  m e a n  d e t e c t i o n  r e a c t i  on r a t e , R* , d e p e n d s  on t h e  
1 o t a 1 f i s s :l on r a t e F and t h e a b s a 1 u t e e f f i c i e  n c y o f t h e 
d e t e c t o r , S ± T h e f 1 u c t u a t. i o n d e p e n d s o n t h e s t a t is t i c: s 
o-f t h e  n e u t r o n  p r o c e s s  v i e w e d  by t h e  d e t e c t o r .

T w o  t y p e s  of d e t e c t i o n  d e v i c e s  a r e  u s e d  in n o i s e  
analysis:: p u l s e d  m o d e  and c u r r e n t  mode. P u l s e d  m o d e  
d e t e c t o r s  a r e  u s u a l l y  u s e d  in m e a s u r e m e n t s  w i t h  1 ow R * , 
i . e . , in s t a t i o n a r y  s u b c r i t i c a 1 s t a t e s  to o b t a i n  t h e  
•f u n d a m e n t a 3. p r o m p t  c o n s t a n t  , to i n v e s t  i g a t e  t h e
c o n t r i b u t i o n  of a r m o n i e s  ( s p a t i a l .e f f e c t s ) ,  and to e s t i m a t e
low - s t a t e  power in a c r i t i c a l  state. In power e s t i m a t i o n ,  
c o u n t i n g  r a t e  v a l u e s  C 4 h a v e  to b e  o p t i m i z e d  to a v o i d  
d e a d  t i m e  c o r r e c t i o n s  w h e n  R* a r e  v e r y  hi g h . On t h e  o t h e r  
hand, h i g h  a b s o l u t e  d e t e c t i o n  e f f i c i e n c i e s  a r e  n e c e s s a r y ,  
then d e t e c t o r s  s h o u l d  be l o c a t e d  n e a r  or i n s i d e  t h e  core.. 
In c a s e  of h i g h e r  p o w e r  it is n e c e s s a r y  to u s e  IC n e a r  t h e  
c: or e .

I n a t y p i c a 1 n e u t. r o n d e t e c t o r , t h e c! e t e c t i o n o f o n e 
n e u t r o n ,  p r o d u c e s  o n e  or m o r e  h e a v y  c h a r g e d  p a r t i c l e s  that 
ion i2 ates the detector g as mo 1 ecu1es (i nc 1udi ng 
m u l t i p l i c  a t i o n  p r o c e  s s ) p r o d u c i n g  a c h a r g  e q . T h e  
c h a r g e d  p a r t i c l e s  a r e  e l e c t r o n s  w i t h  a c o l l e c t i o n  t i m e  tr 
and i o n s  wi th a coI 1 e c t  i on t i me t •". T h e  c h a r  ge q ri){ i s 
t o o  low for p r a c t i c a l  p u r p o s e s .

In t h e  p u l s e d  mode, t h e  p u l s e  c h a r g e  r e l a t e d  t o  q r,; is 
con-f orfTied and amp 1 i f i ed in o r d e r  tu p r o d u c e  a n a r r o w  ancl 
tall v o l t a g e  pulse. T h i s  p u l s e  h a s  a t i m e  d u r a t i o n
<3z>i ^  t r . As all p u l s e s  a r e  s i m i l a r ,  t h e  s t a t i s t i c s  of 
t h e  c o u n t i n g  rat e ,  C* , o b t a i n e d  by c o u n t i n g  in a
f i e d t i m e § 1 4 > S  v., * i s s i m i I a r t o t h e R * s t a t. i s t i c s ,.
By m e a n s  of a d i s c r i m i n a t o r  it is p o s s i b l e  to s e l e c t  o n l y  
n e u t r o n  d e t e c t i o n  p u l s e s .  All t h e s e  p r o c e s s e s  h a v e  
a s s o c i a t e d  a t r a n s f e r  f u n c t i o n  h :i iUJ) .

T h e c h a r a c t: e r i s t i c t i m e § t x P r o ci u c e a  b r e a !■;
f r e q u e n c y  ujc-± /2n and as it w a s  e x p l a i n e d  in s e c t i o n  
I I . B , t h e cl i s a p p e a r a n c e o f t h e d e t e c: t e d n e u t r o n s p r a d u c e s
a w h i t e  n o i s e  w i t h  an a m p l i t u d e  ¿R'i . T h e s e  p r o c e s s e s
e x p l a i n  t h e  s h a p e  of t h e  in t h e  h i g h  f r e q u e n c y
reg i o n .

By m e a s u r i n g  u s i n g  an a d e q u a t e  b a n d  w i d t h  BW (BW > 
U/c j. / 2 rr) i t i s p a ssi bl e t o  obt a i  n :

APP E N D 1 X __ A s.D e t e c t i_ g n __ P r g c e s s ._



f.<c> _detecti on term of <c,Gii (°^<<£i/<<^/)_Ri (A..1. )

2Ci C-

If t he detect i on d e v i c e  is worki n g prop e r 1 y (without 
s p u r i o u s  counts) , f.<<:">::-l.

I n t h e c u r r e n t m o d e , t h e r e i s a n a n a 1 o g i c i n t e g r a t i o n 
with a c h a r a c t e r i s t i c  d e t e c t i o n  time, -i - This time
c o n s t a n t  d e p e n d s  on the detecti on devi ces (d e t e c t o r , 
a m p l i f i e r  and so on). 'This process, also has a s s o c i a t e d  a 
d e t e c t i o n  t r a n s f e r  f u n c t i o n  h 4 (u)) with a break 
■frequency tuc=* ( ? <:::* ) /2it

The s t atistics of I * cl e p e n d s o n t h e s t. a t i s t j. c s o f
R ' i  and q t . The statistics of q±, depends on the 
pressure an type of detector's g a s , detector geometry ( 

including wa 11 efects) , det e c t o r 's v o 11age and type af
particle detected.. For this reason, in the normalized A PSD

‘’’Gii/icfi!2 , the detection term increases
re 1 ati ve 1 y to the <C5> G* 4 by the Benne11 f actor
03 i =qf / (q.) ■’ ( >1 ) ..

T h e s e  r e s u l t s  can also be o b t a i n e d  in a n o t h e r  way. 
F o l l o w i n g  D i f i ]. i p p o ( 1 987) t h e t. r a n s f o r m a t i o n o f a s e q u e n c e 
of r a m d o m  e v e n t s  in ti m e  (input) into an a n a l o g o u s  signal 
(output) t h r o u g h  the a c t i o n  of a m e a s u r i n g  d e v i c e  can 
d r a s t i c a l l y  i n f l u e n c e  the s t a t i s t i c s  of the p r o c e s s  under 
ob s e r vation. The c u r r e n t  I* at ti m e  t is the 
5Liperposi t i on of the e f f e c t s  of e v e n t s  at e a r l i e r  time
tn ■

!;(* )=  Z  1ni
n z /

w h e r e  q riii is the c h a r g e  g e n e r a t e d  at t.ri in d e t e c t o r  i
ctfld m

/ / I 'cl £
k ( S) -  «  ( f l -3 !

is a s s u m e d  to be a good e x p r e s s i o n  to r e p r e s e n t  the
detec t i o n p r a c e s s i n a n IC , i n d e p e n d e n t a f t . A s s u m i n g
a 1 s o t h a t t h e s e q u e n c e o f 1: i m e s t. r, i s ci i s t r i b u t. e 
a c c o r d i n g  to P o i s s o n  d i s t r i b u t i o n ,  using Eqs. (A--2) and 
( A -3 ) , we obt a i n ed :

li q i - R :l (A.... 4 )

and t h e AP S D  (usi n g p o si ti v e f r equ e n c ies) ::

w -  —,
% = - ? * « •  ft2 ( A 5 )
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with i he conditions« °(*<< UJ. and/or €.<< (¡1) ~ (A<<N in
Eq. (42) ) .

By m e a s u r e m e n t  (with an a d e q u a t e  BW) it is p o s s i b l e  to 
o b t a i n :

.if t h e  d e t e c t i o n  d e v i c e  w o r k s  p r o p e r l y  (i.e. t h e  E q . (A--4) 
is v a l i d ) :

. (g)  ql — 
h '  = f =  f; +  >  ?,• 

f t

{.<<■■!> d e p e n d s  on c h a r g e  s t a t i s t i c s ,  i.e., a t i m e  
c o n s t a n t  valu e .  T h e n  it is p o s s i b l e  to u s e  •f.<c' > in o r d e r  
to v e r i f y  t h e  p r o p e r l y  f u n c t i o n i n g  of a c u r r e n t  d e t e c t i o n  
de v i c e .  T h e  m e a n  r e a s o n s  t h a t  c o u l d  m o d i f y  are::
h i g h  g a m m a  detect.i on , hi gh a n d  var i abI e e l e c t r  i c noi se 
(i.e. r m s  v a l u e  s i m i l a r  o r d e r  t h a n  d e t e c t i o n  n o i s e ) , h i g h  
l e a k e a g e  c u r r e n t  (si m i l a r  o r d e r  t h a n  m e a n  c u r r e n t )  and IC's 
v o l t a g e  o u t s i d e  of t h e  p l a t e a u  r e g i o n .  All t h e s e  e f f e c t s  
c o u l d  a f f e c t  Ii i n a di f f e r e n t  w a y  t h an
* 1 > G ..<**< < M <  < U /a !> in Eq. (A-6)

- 2. 9 -



A P P E N D I X  B: H a r m o n i c s  C o n t r i b u t i o n  in a C o m p a c t  Reactor.

In order ta a n a 1 yze the contri buti on of hi gher a r m anics 
in a n a lytical APSD f uncti ons , data obtai ned f rom a 
t h eoretical model d e v e l o p e d  by W e n t ¿ e i s  e t a 1 (1VoB) was 
fitted using the first two t erms of the modal e x p a n s i o n  in 
Eq. (16). The r e a ctor model c o n s i d e r e d  is s h o w  in Fig. B .1.

T h e t w a g r o u p d i f f u s i o n c o n s t a n t s u s e d i n t h e 
c a l c u l a t i  o n s  a r e  s h o w n  in T a b l e  B .1.

T h e f i 11: e d f u n c t i o n was:

*?■ o(2

w h e r e  f r o m  Eqs. (17) to (20):

. 0)

i - —  ! a i 'h b i (B“2)
A :  -

[ ! > ! + « ]
o(z

K: a n o r m a l i z a t i o n  c o n s t a n t ,  and:

- x t i W fi'J G J h A ) »  < Z cg  x , y

2o(t

(B.1 )

(B —3)

a i- ■ ....- ....... ^ ;-------- -- (E 4)

b - - «  ( * > « 2 . <Zjl Xl> <ZJi > I B - s )
(°<t -ho(g J

c- - <<c ’Xz(-tf) (*C) G s s f ^ A 1) yy < Zji ^ ¿ y 2 ,B ..... 6;

T hi e v a 1 u e s a b t a i n e d f o r t h e f i 11 e d p a r a m e t e r s u s i n q 
M a r q u a r d t 's m e t h o d  w e r e :

A;<a> = (1 . 12 + 0 2 3 )  10"

/ r\ {—, -i / i f~\{ V O - I O ~r U .

= (648 + 57)

(B.7)
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hrüiTi E q s . (B —2 ) , (B —J. ) and (B.7) a n d  c o n s i d e r i n q
0 < c i < < b i ( f r o m E q . ( B .6 ) ) ;

bj < A:<a> = (7.4 + 1 . 6! 10"~3 (B-S)
(a* + b ;i ) C/ , A.< .1. >

T h e s e  r e s u l t  s h o w s  t h a t  in t h e  ■frequency r e g i o n  
c o n s i d e r e d  A* < <uJ<. o Q  cKi so it is p o s s i b l e  to
fit u s i n g  t h e  f i r s t  t e r m  in E q . (B—l ) „ T h e  c o n t r i b u t i o n  of 
a r m o n i e s  in t h e  Aj*1 > a m p l i t u d e  is l o w e r  t h a n  0.97. but 
h i g h e r t In a n t h e s e c o n d t e r m c o n t r i b u t :i. o n . T h e s e o n d t e r m 
c o n t r i b u t i o n  i n c r e a s e  for g r e a t e r  W  and it is O . ^ v  .for 
LU = (X, .



L I S T  OF T A B L E S

T a b l e  I S Li iT: iii a r y o f t. h e p o w s r fn e a s u r e m e n t s

T a b l e  II D e p e n d e n c e  of F* on I z ' f o r  s e r i e s  1.,..::! and in 

T a b l e  I.

Tab 1 e ___ I I I D e p e n d e n c e  of P on I * , i =:

P = P » i + P » a + P a a

T a b l e  B ~ 1 T w o  g r o u p  c on s t a n  1 5 v a 1 u e s u s e d .
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CONSTANT CORE WATER GRAPHITE
[ cm~1] 1 .9281xl0~3 4.5966x10 -* 1 .1133x10 -«

Si s [cm~ 1 ] 3 .1879x10 -* 4.8200x10~ e 5 . 1563xlO~3
ZSa [ cm~1 ] 6 .1013x10-“ 1 . 7034xl0~z 2.9596x1O- 3

Dt femj 1.4218 1.1906 1.3446
Ds [  cm] 0.2248 0.1722 0.7064

JZ-f [ cm~ 1 J 8 .8048x10 '*

Va - 2 . 2x1 Os cm/s

T a b l e  B - l
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LIST OF FIGURES:

1 R e a c t o r  C o n f i g u r a t i o n  and lo c a t i o n  of the 
io n i z a t i o n  chambers.

2 D e t ection, A c q u i s i t i o n  and A n a l y s i s  Da t a  S y s t e m

3 f.<c«> d e p e n d e n c e  on the curr e n t  1 ± and IC 
ef f i c i e n c y .

4 B e h a v i o u r  of 1 1 and 13 vs. 12; for s e r i e  1 
in Tab 1e I .

5 B e h a v i o u r  of F' vs. I3

6 NAF'SD for a s e r i e  1 m e a s u r e m e n t  at ̂  5 Kw 
BW = 0 -- 200 Hz .

7 NAF'SD for a s e r i e  1 m e a s u r e m e n t  at ~  5 Kw 
BW = 0 - 25 H z .

8 NCF'SD for a s e r i e  1 m e a s u r e m e n t  at 5 Kw 
BW = 0 - 200 H z .

9 NCF'SD for a s e r i e  1 m e a s u r e m e n t  at 5 Kw 
BW = 0 -- 25 H z .

lo C u h e r t n c e  fur a s e r i e  1 m e a s u r e m e n t  at''-'5 Kw 
BW = 0 - 25 Hz.

1 1  NCF'SD for a s e r i e  2 m e a s u r e m e n t  a t ~ 5  Kw 
BW = 0 - 25 H z .

12 NCF'SD for a s e r i e  5 m e a s u r e m e n t  a t ~ 5 6  Kw 
BW = 0 -- 25 H z .

13 NCF'SDs for a s e r i e  1 m e a s u r e m e n t  at — 5 Kw and for 
a s e r i e  5 m e a s u r e m e n t  at ~  56 Kw — BW = 0 — 25 Hz.

14 NCF'SD m e a s u r e d  in natural c onvection. Data fitted 
in .16 Hz < f < 78 Hz reg i o n  . BW = 0 200 Hz.

1J N C F o D  m e a s u r e d  in natural c o nvection. Data' fitted 
in 5 Hz < f <. 25 Hz re g i o n  - BW = 0 - 25 Hz.

A-l S c h e m e  of the d e t e c t i o n  process.

B — 1 R e a c t o r  G e o metr y .
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"Pulse m ode"
’Current mode"

Critical Reactor 

F= F + S F ft)

F

(B w*

FT

T ) = nv

R-SR(t)

(T) Detection processi

R(t)=<5,öj)0(jj<t)>
R=E F

FFT 

(BwxT) : np

© C h a rg e  colection

CV fc

tn

al Am plification

b) Discrimination + 
conform ation

(D Analogic integration

I(t)=  I  + SICt)

Fig, A-1
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