
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Nickel Ferrite Synthesis

4.1.1 EDX and SEM Results
Three different regions of the synthesized nickel ferrite were 

examined with EDX for weight percent of iron and nickel oxide. It should be noted 
that this analysis cannot distinguish between Fe2+ and Fe3+, resulting in the total 
weight percentage less than a hundred. From Table 4.1, the average molecular 
composition of iron and nickel in nickel ferrite was found to be 2.28 and 0.72, 
respectively. Hence, the synthesized nickel ferrite was Nio.72Fe2.2sO4. The 
calculation of nickel ferrite composition is given in Appendix A.

Scanning electron microscopy with two different magnifications 
showed the microstructure of nickel ferrite in Figures 4.1 and 4.2. The SEM analysis 
showed that the average size of the nickel ferrite particles varies between 1-2 pm.

Table 4.1 EDX analysis of nickel ferrite

Average weight %
FeO NiO

67.62 22.15
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Figure 4.1 Scanning electron micrograph of Nio.72Fe2.2sO4 at 2,500 magnification.

Figure 4.2 Scanning electron micrograph of Nio.72Fe2.2sO4 at 7,500 magnification.
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4.1.2 XRD Results
Figure 4.3 shows the XRD pattern of synthesized non-stoichiometric 

nickel ferrite. It should be noted that the XRD patterns of both magnetite and nickel 
ferrite are about the same since their structures are inverse spinel (Deer et al,  1985). 
The difference is the minor variation in the 20 values which, in turn, give different 
lattice parameters, aQ. The lattice parameter was calculated from d-spacing values 
by using the formula

an = d j h 2 + k 2 +12 (4.1)
and from calculation the lattice parameter of Nio.72Fe2.2sO4 was 8.349 Â. Details of 
the calculation are given in Appendix B.
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Figure 4.3 XRD pattern of nickel ferrite.

In order to distinguish nickel ferrite from magnetite, Vegard’s 
relationship was applied. Vegard’s law is an empirical relationship between lattice 
parameter of a three-dimensional solid solution and its composition. Therefore, a 
lattice parameter of non-stoichiometric nickel ferrite, NixFe3_xC>4, must be in-between 
those of magnetite, Fe304, and stoichiometric nickel ferrite, NiFe204. Lattice
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parameter values of magnetite, non-stoichiometric nickel ferrite and stoichiometric 
nickel ferrite were tabulated in Table 4.3, and plotted in Figure 4.4.

Table 4.2 Comparison of lattice parameters

Substances Lattice parameter (Â)
Fe304 8.396*

Nio.72Fe2.2sO4 8.349
NiFe30 4 8.339*

*From Powder Diffraction File (PDF), International Centre for Diffraction Data.

Vegard’s law was successfully applied to the nickel ferrite solid 
solution as observed by Ranganathan (2001). It also agreed well with this 
experiment. Hence, the results from EDX and XRD confirmed that the synthesized 
nickel ferrite is of the composition of Nio.72Fe2.28O4.
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Atomic fraction of Ni in nickel ferrite

Figure 4.4 Variation of lattice parameters with composition X in NixFe3-x04.
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4.2 Nickel F errite  Deposition

4.2.1 Effect of Surface Boiling
The amount of the deposit on the top coupons was significantly 

higher than that on the bottom coupons; the differences could be distinguished with 
the naked eye. The values were given in Tables 4.3 to 4.5. The Scanning Electron 
Microscope (SEM) revealed the surface morphology of the top and the bottom 
coupons of three experiments at different magnifications, as depicted in Figures 4.5 
to 4.16. The deposit morphology indicated “chimneys”, typical of wick boiling, 
covering the whole surface of the top coupons. The sizes of chimneys were about 
20-25 pm. Only clumps of deposits were observed on the bottom coupons. It can be 
explained, as reported by Basset (1999), and Kondratova and Lister (2000), that the 
deposition was controlled by microlayer evaporation and by the process of bubble 
nucléation and bubble growth at preferred sites on the heated surfaces. Such sites 
remained crud-free, but mass transfer of particles around the sites was increased, 
resulting in particle deposition and chimneys later on. Since the surface temperature 
of the bottom coupons was lower than that of the top coupon, and there was no 
boiling on the bottom coupons according to the surface morphology, the deposits 
were significantly less. Particle sizes of deposits were about 1-2 pm, similar to those 
of synthesized nickel ferrite.

The deposit composition analyzed with Energy Dispersive X-ray 
(EDX) was tabulated is Table 4.3. For the top coupon, three spots were randomly 
selected and averaged since the deposits covered the whole surface. Percentages of 
iron and nickel oxide in the deposits were similar to those of synthesized nickel 
ferrite. According to the particle size and the composition, then, the deposits were 
predominantly injected nickel ferrite.

For the bottom coupon, zirconium contributed considerably to the 
analysis. This was due to the fact that zirconium was underneath the deposits, and on 
the bottom coupon the deposits were fairly thin. The electron beam was therefore 
able to generate a signal in the zirconium alloy substrate. It should be noted that 
some oxide contents are given as ranges because the values obtained were different 
from the average values by more than 2%. Iron oxide content was decreased to

-T 9 พ ?
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about 50% by weight. It is unlikely that the Zr02 contribution is responsible for this 
effect because only iron oxide content decreased; nickel oxide content remained 
almost the same. According to Sandler and Kunig (1981), the solubility of iron and 
nickel from Nio.0Fe2.4O4 at pH3oo°c 5 decreased with increasing temperature, and the 
solubility of iron was higher than that of nickel by a factor of four. It should be kept 
in mind that the ratio of iron and nickel concentrations in the solid is about four. 
Since the temperature of the top coupons was higher than that of the bottom coupons, 
it is likely that iron and nickel would dissolve more on the bottom coupons. No 
boron was observed in any of the analyses.

The coupons with their deposits were analyzed with XRD to ensure 
the presence of nickel ferrite. The XRD patterns of the top and the bottom coupons 
from Runl are shown in Figures 4.17 and 4.18, respectively. Zirconium peaks from 
the substrate underneath the deposits were present. A bare zirconium surface was 
also analyzed to identify zirconium peaks, and its XRD pattern is given in Appendix 
c. The arrows in Figure 4.17 point at the peaks which correspond to nickel ferrite. 
Therefore, it can be confirmed that the injected nickel ferrite deposited on the 
surfaces. It is unlikely that nickel ferrite peaks can be seen in analyses of the bottom 
coupon because the amount of the deposits was so small. The XRD results from 
Run2 and Run3 also showed the nickel ferrite pattern only on the top coupons.

T able 4.3 EDX analysis of the deposits

Run Coupon Weight %
FeO NiO Zr02 ZnO

1 Top 66.22 21.99 - -

1 Bottom 49-57 18-22 14-25 -
2 Top 66.90 22.36 - -
2 Bottom 46-53 19-24 9-22 -

3 Top 66.85 23.61 0.29 -

3 Bottom 52.33 21.62 11-14 1.13
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100 Jim
F igure 4.5 Deposits on the top coupon, Runl at 500 magnification.

Figure 4.6 Deposits on the top coupon, Runl at 2,500 magnification.



38

Figure 4.7 Deposits on the bottom coupon, Runl at 500 magnification.

Figure 4.8 Deposits on the bottom coupon, Runl at 2,500 magnification.



Toûjïm
Figure 4.9 Deposits on the top coupon, Run2 at 500 magnification.

Figure 4.10 Deposits on the top coupon, Run2 at 2,500 magnification
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Figure 4.11 Deposits on the bottom coupon, Run2 at 500 magnification.

Figure 4.12 Deposits on the bottom coupon, Run2 at 2,500 magnification.
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Figure 4 .1 3  D e p o s i ts  o n  th e  to p  c o u p o n , R u n 3  a t  5 0 0  m a g n if ic a t io n .

Figure 4.14 Deposits on the top coupon, Run3 at 2,500 magnification.
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100 Mm

Figure 4.15 D e p o s i ts  o n  th e  b o t to m  c o u p o n , R u n 3  a t  5 0 0  m a g n if ic a t io n .

Figure 4.16 Deposits on the bottom coupon, Run3 at 2,500 magnification.
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2 0  ( d e g r e e )

Figure 4.17 T h e  X R D  p a t te rn  o f  th e  to p  c o u p o n , R u n l ;  a r ro w s  in d ic a te  n ic k e l 
f e r r i te  p e a k s

1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0
2 0  ( d e g r e e )

Figure 4.18 T h e  X R D  p a t te rn  o f  th e  b o tto m  c o u p o n , R u n l .
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4 .2 .2  E f f e c t  o f  p H
T h e r e  w e r e  m o re  d e p o s i ts  o n  th e  h e a te d  s u r fa c e  in  th e  lo w e r  p H  

c o n d i t io n . T h e  a m o u n ts  o f  d e p o s i t  in  R u n l  a n d  R u n 2  a re  g iv e n  in  T a b le  4 .4 . T h is  
c a n  b e  e x p la in e d  b y  th e  fa c t th a t  p H  in d u c e s  c h a n g e s  in  th e  s u r f a c e  c h a r g e  o f  n ic k e l  
f e r r i te  p a r t i c le s  a n d  z ir c o n iu m  o x id e  s u r fa c e s .  M a th u r  a n d  V e n k a ta r a m a n i  (1 9 9 8 )  
r e p o r te d  P Z C  o f  m a g n e t i te  s u b s t i tu te d  w ith  n ic k e l ;  th e  P Z C  o f  N io .72F e 2.28O 4 w a s  
fo u n d  to  b e  6 .0 . T h e  P Z C  o f  z i r c o n iu m  w a s  in  th e  r a n g e  o f  6 .0 -6 .5 , a s  r e p o r te d  b y  
R e g a z z o n i  et al. (1 9 8 3 ) . T h is  s u g g e s ts  th a t  a t p H  6 .8  th e  in te r a c t io n  fo rc e  b e tw e e n  
th e  n ic k e l  f e r r i te  p a r t i c le s  a n d  th e  z ir c o n iu m  o x id e  s u r fa c e  w a s  le s s  r e p u l s iv e  th a n  a t 
p H  7 .0 . I t s h o u ld  b e  k e p t  in  m in d , h o w e v e r ,  th a t  th e  d u ra t io n  o f  R u n 2  w a s  10 h o u r s  
le s s  th a n  th a t  o f  R u n l .

T h e  e f fe c t  o f  p H  w a s  m u c h  c le a r e r  o n  th e  to p  c o u p o n , in d ic a t in g  th a t  
th e r e  w a s  a  รy n e rg is t ic  e f fe c t  o f  p H  a n d  s u r fa c e  b o il in g . T h e  d e p o s i t  th ic k n e s s  w a s  
e s t im a te d  b y  a s s u m in g  a  c ru d  d e n s i ty  o f  2  g /c m 3 ( e s t im a te d  b y  p la n t  e x p e r ie n c e  -  
W e s t in g h o u s e ,  2 0 0 0 ), a n d  fo r  th e  to p  c o u p o n  a t  p H 3oo°c 6 .8 , th e  d e p o s i t  th ic k n e s s  
w a s  fo u n d  to  b e  a b o u t  10 p m . O n  th e  b o tto m  c o u p o n s , th e  d e p o s i ts  d id  n o t  c o v e r  th e  
w h o le  s u r fa c e s .  N e v e r th e le s s ,  d e p o s i t  th ic k n e s s e s  w e re  q u o te d .

Table 4 .4  E f f e c t  o f  p H

R u n l 2 1 2

p H  @ 3 0 0 ° c 6 .8 7 .0 6 .8 7 .0
C o u p o n T o p T o p B o tto m B o tto m

A m o u n t  o f  F e  ( m g /c m 2) 1 .0 1 8 0 .1 3 0 0 .0 9 8 0 .0 3 1
A m o u n t  o f  N i ( m g /c m 2) 0 .3 7 6 0 .0 4 9 0 .0 3 5 0 .0 1 1

D e p o s i t  th ic k n e s s  ( p m ) 9 .8 6 1.28 0 .9 3 0 .3 0
D e p o s i t io n  v e lo c i ty  (c m /h ) 2 8 .1 7 3 .9 3 2 .6 7 0 .9 2

W e ig h t  %
F e O 6 6 .2 2 6 6 .9 0 4 9 -5 7 4 6 -5 3
N iO 2 1 .9 9 2 2 .3 6 18 -2 2 1 9 -2 4

Z r 0 2 - - 1 4 -2 5 9 -2 2
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T h e  to ta l  w e ig h t  p e r c e n ta g e  o f  th e  o x id e s  w a s  le s s  th a n  a  h u n d re d  
s in c e  th e re  w e r e  F e 2+ a n d  F e 3+ c o n tr ib u te d  in  th e  d e p o s i t ,  a n d  th e  E D X  a n a ly s is  
c a n n o t  d is t in g u is h .

4 .2 .3  E f fe c t  o f  Z in c  A d d i t io n
Z in c  a d d i t io n  to  g iv e  10  p p b  in  th e  c o o la n t  h a s  a n  e f fe c t  o n  th e  

a m o u n t  o f  th e  d e p o s i ts ,  a s  s h o w n  in  T a b le  4 .5 . W ith  z in c  a d d i t io n ,  th e  a m o u n t  o f  
i ro n  a n d  n ic k e l  w a s  in c re a s e d  le s s  th a n  a  f a c to r  o f  tw o . T h is  a g r e e d  w i th  th e  
in v e s t ig a t io n  b y  W a lte r s  et al. (2 0 0 2 ) . In  a d d it io n , a s  r e p o r te d  b y  T u m a g e  (2 0 0 4 ) ,  
m o r e  c r u d  c o v e ra g e  w a s  o b s e rv e d  o v e r  th e  fu e l a s s e m b ly  s u r fa c e s  w i th  z in c  a d d it io n . 
H o w e v e r ,  m o s t  o f  th o s e  c ru d  la y e rs  w e r e  r e la t iv e ly  th in  a n d  h a d  n o  e f f e c t  o f  th e  fu e l 
p e r f o rm a n c e .  It s h o u ld  b e  n o te d  th a t  in  th is  w o rk  th e  c ru d  c o n c e n t r a t io n  w a s  
e x t r e m e ly  h ig h , c o m p a re  to  th e  p la n t  c o n d i t io n s .  T h e r e fo re ,  c r u d  c o n c e n t r a t io n  
m ig h t  s w a m p  o v e r  z in c , a n d  th u s , th e  e f fe c t  o f  z in c  c a n n o t  b e  s e e n . N o  c h a n g e  in  p H  
w a s  o b s e r v e d  d u r in g  th e  e x p e r im e n t  w i th  z in c  a d d it io n .

Table 4.5 E f f e c t  o f  z in c  a d d it io n

R u n 2 3 2 3
Z in c  c o n c e n t r a t io n  (p p b ) - 10 - 10

C o u p o n T o p T o p B o tto m B o tto m
A m o u n t  o f  F e  ( m g /c m 7) 0 .1 3 0 0 .1 9 5 0 .0 3 1 0 .0 4 7
A m o u n t  o f  N i ( m g /c m 2) 0 .0 4 9 0 .0 8 1 0 .0 1 1 0 . 0 1 2

A m o u n t  o f Z n  ( m g /c m 2) - 0 .0 0 3 - 0 .0 0 1

D e p o s i t  th ic k n e s s  ( p m ) 1 .28 2 .0 2 0 .3 0 0 .3 8
D e p o s i t io n  v e lo c i ty  ( c m /h ) 3 .9 3 6 .2 0 0 .9 2 1 .1 7

W e ig h t  %
F e O 6 6 .9 0 6 6 .8 5 4 6 -5 3 5 2 .3 3

N iO 2 2 .3 6 2 3 .6 1 1 9 -2 4 2 1 .6 2

Z r 0 2 - 0 .2 9 9 -2 2 1 1 -1 4

Z n O - - - 1 .13
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Z in c  c o n te n t  a s s o c ia te d  w i th  th e  d e p o s i ts  w a s  fo u n d  to  b e  v e r y  s m a ll .  
It w a s  r e p o r te d  b y  B e v e rs k o g  (2 0 0 4 )  th a t  n ic k e l  f e r r i te  is  m o re  s ta b le  th a n  f r a n k l in i te  
(Z n F e jO zi). Z in c  d o e s  n o t  fo rm  a  n e w  s o l id  p h a s e  b u t  is  in c o r p o ra te d  in to  th e  c ry s ta l  
s t r u c tu r e  m o s t ly  a s  in te r s t i t ia ls .

4 .2 .4  B o ro n  H id e o u t  R e tu rn
S a m p lin g  w a s  u n d e r ta k e n  a f te r  a u to c la v e  i s o la t io n  to  o b s e rv e  th e  

c h a n g e  in  b o ro n  c o n c e n t r a t io n  w h ic h , in  tu rn , c o r r e s p o n d e d  to  b o ro n  h id e o u t  re tu rn . 
In  F ig u re s  4 .1 9  a n d  4 .2 0  a re  p lo t te d  th e  b o ro n  c o n c e n t r a t io n  a n d  th e  a u to c la v e  
te m p e r a tu r e  v e r s u s  t im e  f ro m  R u n l  a n d  R u n 3 , r e s p e c tiv e ly . It w a s  fo u n d  th a t  th e re  
w e r e  s l ig h t  in c re a s e s  in  b o ro n  c o n c e n t r a t io n  in  b o th  c a s e s . T h e  m a x im u m  
c o n c e n t r a t io n  d i f f e r e n c e s  w e re  in  th e  r a n g e  o f  9 0  a n d  6 0  p p m  in  R u n l  a n d  R u n 3 , 
r e s p e c t iv e ly ,  a n d  w e re  r e la t iv e ly  s m a ll  c o m p a re  to  th e  b u lk  c o n c e n t r a t io n .  It s h o u ld  
b e  a ls o  n o te d  th a t  d u r in g  th e  s a m p lin g  th e  a u to c la v e  s h o u ld  b e  in  s a tu ra te d  c o n d i t io n .  
T h e r e fo re ,  th e  c h a n g e s  in  b o ro n  c o n c e n t r a t io n  c a n  b e  c o n tr ib u te d  to  th e  b o ro n  
h id e o u t  r e tu r n  o r  th e  e f fe c t  o f  w a te r  e v a p o r a t io n  d u r in g  th e  s a m p lin g  o r  b o th . T h e  
c h a n g e s  in  b o r o n  c o n c e n t r a t io n  d u e  to  w a te r  e v a p o r a t io n  w e r e  c a lc u la te d  ( s e e  
A p p e n d ix  F )  a n d  p lo t te d  in  F ig u re s  4 .1 9  a n d  4 .2 0  fo r  c o m p a r is o n . A c c o r d in g  to  th e  
m e a s u r e d  a n d  th e  c a lc u la te d  b o ro n  c o n c e n t r a t io n s ,  w a te r  e v a p o r a t io n  d id  n o t  h a v e  a  
s ig n if ic a n t  e f fe c t  o n  th e  c h a n g e s  in  b o ro n  c o n c e n t r a t io n .  H e n c e ,  th e s e  c h a n g e s  
s h o u ld  b e  c o n tr ib u te d  to  th e  b o ro n  h id e o u t  re tu rn . A m o u n ts  o f  b o ro n  h id e o u t  
c o r r e s p o n d  to  th e  c h a n g e s  in  b o ro n  c o n c e n t r a t io n  in  R u n l  a n d  R u n 3  w e r e  e s t im a te d  
to  b e  0 .6 9  a n d  0 .6  m g B /c m 2, re s p e c tiv e ly .

4 .2 .5  O th e r  O b s e rv a t io n s :  P a r t ic le s  f ro m  F i l te r
A f te r  th e  e n d  o f  e a c h  ru n , p a r t ic le s  f ro m  th e  lo o p  f i l te r  w e r e  a n a ly z e d  

fo r  th e  c o m p o s i t io n  a s  ta b u la te d  in  T a b le  4 .6 . S o m e  v a lu e s  in  th e  ta b le  a r e  g iv e n  in  
r a n g e s  b e c a u s e  th e  in it ia l  v a lu e s  w e re  m o r e  th a n  2 %  d i f f e re n t  f ro m  th e  a v e r a g e  
v a lu e s .  T h e  iro n  c o n te n t  in  th e  p a r t ic le s  d e c r e a s e d ,  w h i le  th e  n ic k e l  c o n te n t  
r e m a in e d  a lm o s t  th e  s a m e  w ith  re s p e c t  to  th e  s y n th e s iz e d  n ic k e l  f e rr i te . T h is  m a y  b e  
d u e  to  th e  fa c t, a s  d is c u s s e d  e a r l ie r ,  th a t  iro n  s o lu b i l i ty  in  n ic k e l  f e r r i te  is  h ig h e r  th a n  
th a t  o f  n ic k e l  ( S a n d le r  a n d  K u n ig , 1 9 8 1 ). P a r t ic le  s iz e s ,  a s  d e p ic te d  in  F ig u r e  4 .2 1 ,
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in  a ll e x p e r im e n ts  w e re  in  th e  r a n g e  o f  1 -2  p m , s im ila r  to  th o s e  f  th e  s y n th e s iz e d  
n ic k e l  fe rr i te .

T i m e  ( m in )
— S a m p l i n g  B c o n e .  C a l c u l a t e d  B c o n e .  T e m p e r a t u r e

Figure 4.19 B o ro n  h id e o u t  r e tu rn  a n d  c a lc u la te d  b o ro n  c o n c e n t r a t io n  f ro m  R u n l

T i m e  ( m in )
S a m p l i n g  B c o n e .  — C a l c u l a t e d  B c o n e .  - « — T e m p e r a t u r e

Figure 4 .2 0  B o ro n  h id e o u t  r e tu rn  a n d  c a lc u la te d  b o ro n  c o n c e n t r a t io n  f ro m  R u n 3 .
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Table 4 .6  E D X  a n a ly s is  o f  p a r t ic le s  f ro m  th e  f i l te r

R u n
W e ig h t  %

F e O N iO Z n O
1 55 -6 1 2 0 -2 3 -
2 6 5 .1 3 2 4 .2 7 -
3 6 1 -6 5 2 3 .6 0 .3 4

Figure 4.21 P a r t ic le s  f ro m  th e  f i l te r , R u n 2 .

4 .2 .6  O th e r  O b s e rv a t io n s :  A u to c la v e  U p s tr e a m  a n d  D o w n s t r e a m  S a m p lin g  
A u to c la v e  u p s tr e a m  a n d  d o w n s tr e a m  s a m p lin g  ( i.e . s a m p l in g  f ro m  

th e  b o t to m  o f  th e  a u to c la v e  a n d  f ro m  th e  a u to c la v e  o u t le t ,  a s  in d ic a te d  in  F ig u r e  3 .2 )  
w a s  u n d e r ta k e n  d u r in g  th e  e x p e r im e n ts  to  o b s e rv e  a n y  d i f f e r e n c e s  in  n ic k e l  f e r r i te  
a n d  z in c  c o n c e n t r a t io n  c a u s e d  b y  d e p o s i t io n . N ic k e l  f e r r i te  w a s  in je c te d  to  o b ta in  
th e  n o m in a l  c o n c e n t r a t io n  o f  5 0 0  p p b , w h ic h  c o r r e s p o n d s  to  i ro n  a n d  n ic k e l  
c o n c e n t r a t io n s  o f  2 7 0  a n d  9 0  p p b , r e s p e c tiv e ly . S a m p lin g  v a lu e s  fo r  R u n l ,  2  a n d  3
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a re  g iv e n  in  F ig u r e s  4 .2 2 , 4 .2 3 , a n d  4 .2 4 , r e s p e c tiv e ly . D a ta  fo r  n ic k e l  c o n c e n t r a t io n  
in  R u n 3  a re  n o t  a v a i la b le  b e c a u s e  th e re  w a s  a n  e r ro r  d u r in g  th e  s a m p le  p r e p a r a t io n .

T h e  r e s u lt s  s h o w e d  th a t  iro n , n ic k e l  a n d  z in c  c o n c e n t r a t io n s  in  a ll 
e x p e r im e n ts  f lu c tu a te d . It is  b e l ie v e d  to  b e  th e  e f fe c t  o f  s a m p l in g  p r o c e d u r e . 
A c c o rd in g  to  F ig u r e  3 .2 , u p s tr e a m  a n d  d o w n s tr e a m  s a m p le s  h a d  to  b e  c o o le d  d o w n  
b e f o r e  b e in g  ta k e n . W ith  l im i te d  c o o l in g  c a p a c ity ,  s a m p le s  c a n  o n ly  b e  ta k e n  q u ite  
s lo w ly ;  s lo w e r  th a n  th e  c o o la n t  v e lo c i ty . T h e r e fo re ,  th e  s a m p lin g  w a s  n o t  is o k in e t ic  
a n d , in  a n y  c a s e , th e  s a m p le  t a k e - o f f  tu b e s  w e r e  n o t  p o in t in g  in to  th e  f lo w  d i re c t io n . 
It is  l ik e ly  th a t  th e  s a m p le s  h a d  fe w e r  p a r t i c le s  th e n  th e  c o o la n t .  F u r th e rm o r e ,  it is  
p o s s ib l e  th a t  p a r t i c le s  w o u ld  d e p o s i t  in  th e  s a m p lin g  lin e s .

0 30 60 90 120 150

T i m e  ( h o u r s )
♦ — F e - u p s t r e a m  F e - d o w n s t r e a m  N i-u p s tre a m  “ X— N i-d o w n s tr e a m

Figure 4.22 A u to c la v e  u p s tr e a m  a n d  d o w n s tr e a m  s a m p lin g  f ro m  R u n l .
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re 4.23 A u to c la v e  u p s tr e a m  a n d  d o w n s tr e a m  s a m p lin g  f ro m  R u n 2 .

T i m e  ( h o u r s )
F e - u p s t r e a m  F e - d o w n s t r e a m  Z n - u p s t r e a m  Z n i-d o w n s tr e a m

Figure 4.24 A u to c la v e  u p s tr e a m  a n d  d o w n s tr e a m  s a m p lin g  f ro m  R u n 3 .
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4.3 Boron Measurement w ith Neutron-Based Techniques

4 .3 .1  N e u tr o n  S lo w in g - D o w n  F o l lo w e d  b y  A b s o r p t io n
C o u n ts  w e re  ta k e n  a t G a in  5 0  a n d  10 0  to  o b s e rv e  th e  e f fe c ts  o f  

a m p l i f i c a t io n  o n  th e  s ta b i l i ty  o f  th e  d a ta . R e s u l ts  f ro m  a  o n e -m in u te  c o u n t in g  p e r io d  
fo r  te n  m e a s u r e m e n ts ,  fo r  th e  c e n t ra l  tu b e  w ith  a n d  w i th o u t  b o r ic  a c id  p o w d e r ,  a re  
ta b u la te d  in  T a b le  4 .7 . It is  o b v io u s  th a t  th e  in c re a s e  in  a m p l i f i c a t io n  in c re a s e s  th e  
n u m b e r  o f  c o u n ts .  In  th e  c a s e  o f  G a in  5 0 , th e  s ta n d a rd  d e v ia t io n s  b a s e d  o n  a  P o is s o n  
d i s t r ib u t io n  a g re e d  w ith  th o s e  o f  a  n o rm a l  d is t r ib u t io n . O n  th e  o th e r  h a n d , th e  
s ta n d a r d  d e v ia t io n s  in  th e  c a s e  o f  G a in  10 0  w e re  la rg e  a n d  w e r e  to ta l ly  d i f f e r e n t  fo r  
th e  tw o  d i s t r ib u t io n s .  It s h o u ld  b e  n o te d  th a t  P o is s o n  s ta t is t ic s  a re  c o m m o n ly  a p p l ie d  
to  r a d ia t io n  m e a s u r e m e n ts ,  b u t s ta n d a rd  d e v ia t io n s  a re  b a s e d  o n  th e  n o rm a l  
d i s t r ib u t io n  ( K n o l l ,  1 9 8 9 ; T s o u lf a n id is ,  1 9 9 5 ; a n d  H u s s e in , 2 0 0 3 ) . It is  b e l ie v e d  th a t  
n o is e  c o n tr ib u te d  to  th e  f lu c tu a t io n  o f  c o u n ts .  T h e  h ig h e r  th e  a m p l i f i c a t io n ,  th e  m o re  
n o is e  w a s  g e n e ra te d  in  th e  c o u n t in g .

In  t r y in g  to  id e n t i fy  th e  n o is e  re g im e , th e  M C A  w a s  e m p lo y e d .  A  
ty p ic a l  p u l s e - h e ig h t  d i s t r ib u t io n  r e c o rd e d  b y  th e  M C A  is  s h o w n  in  F ig u r e  4 .2 5 . T h e  
c h a n n e l  n u m b e r  o n  th e  x - a x is  c o r r e s p o n d s  to  th e  e n e r g y  o f  th e  n e u tr o n s . T h e  y - a x is  
c o r r e s p o n d s  to  th e  c o u n ts  p e r  c h a n n e l . S in c e  n o is e  w a s  a m p l if ie d  w i th  a m p l i f i c a t io n ,  
a  lo w e r  G a in  o f  2 0  w a s  u se d . In  F ig u re  4 .2 5 , th re e  p e a k s  a re  e v id e n t  a t  d i f f e r e n t  
c h a n n e ls :  2 5 , 1 0 0  a n d  5 6 0 . T h e  f irs t  p e a k  w a s  d u e  to  g a m m a  ra y s ,  a n d  s o m e  lo w  
e n e r g y  n e u tr o n s .  T h e  s e c o n d  a n d  th e  th ird  p e a k s  c o r r e s p o n d  to  e p i th e rm a l  n e u tr o n s  
a n d  f u l l - e n e rg y  n e u tr o n s  f ro m  th e  C a l i fo rn iu m  s o u rc e , r e s p e c t iv e ly  ( H u s s e in ,  2 0 0 3 ) . 
It s h o u ld  b e  n o te d  th a t  lo w  c o u n ts  c a u s e d  g r e a te r  s c a t t e r  o f  th e  d a ta , s in c e  r a d ia t io n  is  
e m it te d  f ro m  th e  r a d io is o to p ic  s o u rc e  in  a  r a n d o m  fa sh io n . M o re o v e r ,  th e  r e s u l t  a t 
G a in  2 0  s h o w e d  th a t  th e  M C A  c h a n n e ls  w e re  n o t w e ll  u t i l iz e d , s in c e  o n ly  a b o u t  8 0 0  
c h a n n e ls  w e r e  u s e d  o u t  o f  th e  to ta l  o f  2 0 4 8  c h a n n e ls .  In  o r d e r  to  im p ro v e  th e  q u a l i ty  
a n d  s ta b i l i ty  o f  th e  d a ta  a n d  s in c e  a ll p e a k s  w e re  id e n t i f ie d , a  h ig h e r  g a in  a n d  lo n g e r  
c o u n t in g  p e r io d  w e re  e m p lo y e d . O n c e  th e  a m p l if ic a t io n  w a s  in c re a s e d , p e a k s  w e re  
s h i f te d  to  th e  r ig h t ,  a n d  h ig h e r  o v e ra l l  c o u n ts  w e r e  o b ta in e d .

A t G a in  5 0 , th e  n o is e  w a s  h ig h . A  n u m b e r  o f  e x p e r im e n ts  w e r e  
c o n d u c te d , in  w h ic h  m o d if ic a t io n s  w e r e  m a d e , e .g . p a r a f f in  w a x  w a s  p la c e d  in  f ro n t
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o f  th e  s o u rc e  a n d /o r  b e s id e  th e  a u to c la v e . A ll r e s u l t s  s h o w e d  th a t  th e  b e s t  
d i s c r im in a t io n  b e tw e e n  b o ro n  a n d  n o  b o ro n  in  e a c h  c o n d i t io n  w a s  f o u n d  in  th e  
e n e r g y  r a n g e  b e tw e e n  th e  ta i l  o f  n o is e  a n d  th e  b e g in n in g  o f  e p i th e rm a l  p e a k , a s  
s h o w n  in  F ig u r e  4 .2 6 . N o  d i s c r im in a t io n  c o u ld  b e  s e e n  a t th e  f u l l - e n e rg y  p e a k . T h is  
is c o n s is te n t  w i th  th e  fa c t th a t  th e  a b i l i ty  to  a b s o rb  n e u tr o n s  d e c r e a s e s  w i th  
in c re a s in g  n e u t r o n  e n e rg y .

Table 4.7 C o u n ts  in  o n e  m in u te  o b ta in e d  f ro m  c o u n te r  w i th  tw o  d i f f e r e n t  G a in s

W ith o u t  b o r ic  a c id W ith  b o r ic  a c id
# M e a s u r e m e n t G a in  5 0 G a in  10 0 G a in  5 0 G a in  10 0

1 3 6 2 2 2 0 1 4 0 8 3 1 0 8
2 3 9 2 2 3 4 4 3 5 7 3 2 7 2
3 4 0 3 2 9 7 9 3 7 5 3 1 8 2
4 3 6 2 3 3 6 8 3 8 4 2 7 7 2
5 3 4 0 3 2 5 3 3 7 6 2 7 6 1
6 3 6 8 3 4 3 6 3 5 3 2 4 9 9
7 3 5 2 3 7 4 4 3 7 7 1 7 1 4
8 3 6 6 34 91 3 9 5 1 9 4 4
9 3 4 2 3 5 1 0 361 16 6 7
1 0 3 5 8 3 3 3 7 3 9 0 1443

A v e ra g e 3 6 4 .5 3 1 6 6 .3 3 7 7 .6 2 4 3 6 .2

S ta n d a r d  d e v ia t io n  b a s e d  
o n  P o is s o n  d is t r ib u t io n 1 9 .0 9 5 6 .2 7 19 .4 3 4 9 .3 6

S ta n d a rd  d e v ia t io n  b a s e d  
o n  n o rm a l d i s t r ib u t io n 1 9 .9 2 5 1 1 .0 4 1 7 .4 4 6 8 8 .8 2

H ig h e r  a m p l i f i c a t io n s  th a n  G a in  5 0  w e r e  t r ie d , b u t  th e  M C A  
p r o c e s s in g  d e a d  t im e  b e c a m e  e x c e s s iv e . It s h o u ld  b e  k e p t  in  m in d  th a t  in c r e a s in g  th e  
G a in  n o t o n ly  a m p l if i e d  th e  s ig n a l  b u t  a lso  m a g n if ie d  th e  n o is e . T h e r e fo re ,  an  
a m p l if i c a t io n  o f  G a in  5 0  w a s  u s e d  fo r  th e  r e s t  o f  th e  e x p e r im e n ts .
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Figure 4.25 P u ls e -h e ig h t  d i s t r ib u t io n  f ro m  th e  M C A ; G a in  2 0  a n d  1 0 -m in u te  
c o u n t in g  p e r io d .

Figure 4.26 C o m p a r i s o n  o f  p u ls e - h e ig h t  d i s t r ib u t io n  w i th  a n d  w i th o u t  b o r ic  a c id ; 
G a in  5 0  a n d  3 0 -m in u te  c o u n t in g  p e r io d .
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T a b le  4 .8  s h o w s  th e  m a x im u m  ra t io  o f  th e  c o u n ts  w i th o u t  a n d  w ith  
b o r ic  a c id  th a t  c a n  b e  o b ta in e d  in  e a c h  a r r a n g e m e n t  a t  G a in  5 0  w i th  a  3 0 -m in u te  
c o u n t in g  p e r io d .  B y  p la c in g  p a r a f f in  w a x  in  f ro n t  o f  th e  s o u rc e , b e s id e s  a n d  o n  to p  
o f  th e  a u to c la v e ,  th e  r a t io s  o f  c o u n ts  w i th  a n d  w i th o u t  b o r ic  a c id  w e r e  im p ro v e d . O n  
th e  o th e r  h a n d , to o  m u c h  w a x  in  f ro n t o f  th e  a u to c la v e  r e d u c e d  th e  r a t io .  W a x  n o t 
o n ly  m o d e r a te s  th e  n e u tro n  e n e r g y  b u t  a lso  r e f le c ts  n e u tro n s . H e n c e , w a x  p la c e d  
b e s id e s  a n d  o n  to p  o f  th e  a u to c la v e  in d u c e d  m o re  th e rm a l  n e u tr o n s ,  w h ic h  c a n  b e  
a b s o rb e d  b y  b o ro n . In  th is  w o rk , tw o  d i f f e r e n t  a r r a n g e m e n ts  o f  w a x  b e s id e s  th e  
a u to c la v e  w e r e  tr ie d . A  b e t te r  r e s u l t  w a s  o b ta in e d  w h e n  th e  w a x  c o v e re d  o n ly  h a l f  o f  
th e  a u to c la v e ,  a s  d e p ic te d  in  F ig u re  3 .9 . It w a s  b e c a u s e  w a x  in  s u c h  a r r a n g e m e n t  
r e f le c te d  n e u tr o n s  a n d  c r e a te d  a  th e rm a l- n e u tr o n  c lo u d  th a t  c o u ld  b e  a b s o rb e d  b y  th e  
b o ro n  in  th e  tu b e . O n  th e  o th e r  h a n d , an  e x t r a  c o v e ra g e  o f  w a x , a s  d e p ic te d  in  F ig u r e  
3 .8 , r e f le c te d  n e u tr o n s  to  th e  d e te c to r ,  b u t  th o s e  n e u tr o n s  c o u ld  n o t  b e  a b s o rb e d  b y  
th e  b o ro n  in  th e  m id d le  o f  th e  a u to c la v e  a n d  so  in te r f e r e d  w i th  th e  c o u n t in g . H e n c e , 
th e  s e tu p  w i th  15 m m  o f  w a x  in  f ro n t o f  th e  s o u rc e , o n  to p  o f  th e  a u to c la v e  a n d  s id e  
s h ie ld in g  c o v e r in g  o n ly  h a l f  o f  th e  a u to c la v e  w a s  u s e d  to  fo r  f u r th e r  e x p e r im e n ts  
w i th  th e  S C A .

T h e  s c a n n in g  o n  th e  S C A  w a s  d o n e  b y  f ir s t  f ix in g  th e  e n e r g y  o f  th e  
lo w e r  w in d o w  a n d  v a r y in g  th e  e n e r g y  o f  th e  u p p e r  w in d o w . T h e  f ir s t  lo w e r  e n e r g y  
w a s  c h o s e n  to  g iv e  a  lo w  c o u n t  ra te , w h ic h  m e a n t  th a t  th e  s ig n a ls  f ro m  n o is e  a n d  
f ro m  m o s t  o f  th e  g a m m a  ra y s  w e re  e l im in a te d . F ig u r e  4 .2 7  s h o w s  th e  o v e ra l l  
s c a n n in g  f ro m  1 to  10 V . It c o n f i rm e d  th a t  th e  c o n tr a s t  c o u ld  b e  o b s e r v e d  b e s t  in  a  
n a r r o w  r a n g e  c lo s e  to  th e  e p i th e rm a l p e a k . S m a lle r  s te p s  in  th e  r a n g e  o f  0 .7  to  1.1 V  
w e r e  d o n e , a s  s h o w n  in  F ig u r e  4 .2 8 .

T h e  ra t io  o b ta in e d  in  F ig u re  4 .2 8  w a s  h ig h e s t  a t  th e  u p p e r  w in d o w  
e n e r g y  a b o u t  0 .9  V . T h e n  th e  u p p e r  w in d o w  e n e r g y  w a s  f ix e d  a t  0 .9  V  a n d  th e  lo w e r  
w in d o w  e n e r g y  w a s  v a r ie d . F ig u re  4 .2 9  s h o w s  th a t  th e  b e s t  r a t io  w a s  o b ta in e d  a t th e  
lo w e r  w in d o w  e n e r g y  o f  0 .3 8  V . It s h o u ld  b e  n o te d  th a t  th e  e r ro r  b a r s  p r e s e n te d  in  
th e  f ig u re s  w e r e  c a lc u la te d  b a s e d  o n  th e  r a d ia t io n  s ta t is t ic s ;  d e ta i ls  a re  g iv e n  in  
A p p e n d ix  G . T h e  ra t io  o b ta in e d  f ro m  th e  M C A  w a s  c o n s is te n t  w i th  th a t  o b ta in e d  
f ro m  th e  S C A .
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Table 4.8 M a x im u m  ra tio  o f  th e  c o u n ts  w i th  a n d  w i th o u t  b o r ic  a c id

R u n
W a x  th ic k n e s s  in  

f ro n t  o f  s o u rc e  (m m )
T o p

s h ie ld in g
S id e  s h ie ld in g

M a x im u m
ra tio

1 N o n e N o n e N o n e 1 .1 0 8
2 15 N o n e N o n e 1 .141
3 15 Y e s B o th  s id e s  a n d  c o v e r  th e  

w h o le  a u to c la v e ,  a s  s h o w n  
in  F ig u re  3 .8

1 .1 5 7

4 15 Y e s B o th  s id e s  a n d  c o v e r  o n ly  
h a l f  o f  th e  a u to c la v e , as 
s h o w n  in  F ig u re  3 .9

1 .1 6 8

5 3 0 Y e s B o th  s id e s  a n d  c o v e r  o n ly  
h a l f  o f  th e  a u to c la v e , as 
s h o w n  in  F ig u r e  3 .9

1 .1 4 0

Figure 4.27 C h a n g e  in  ra t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id  a s  th e  u p p e r  
w in d o w  e n e r g y  c h a n g e s ;  lo w e r  w in d o w  e n e r g y  o f  0 .2 6  V , G a in  5 0  a n d  1 0 -m in u te  
c o u n t in g  p e r io d .
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0 .6  0 .7  0 .8  0 .9  1 1.1 1 .2
U p p e r  w i n d o w  e n e r g y  (V)

Figure 4.28 C h a n g e  in  ra t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id  a s  th e  u p p e r  
w in d o w  e n e r g y  c h a n g e s  f ro m  0 .7  to  1.1 V ; lo w e r  w in d o w  e n e r g y  o f  0 .2 6  V , G a in  5 0  
a n d  1 0 - m in u te  c o u n t in g  p e r io d .

1 .1 8  

I  1 .1 7

I  1 .1 6  

1  2  1 1 5  

I  I  1 .1 4  

I  -ร็ 1 .1 3  

ไ5 1 -12  

I  1.11 

“  1 1 0
0 .2 4  0 .2 6  0 .2 8  0 .3  0 .3 2  0 .3 4  0 .3 6  0 .3 8  0 .4  0 .4 2  0 .4 4

L o w e r  w in d o w  e n e r g y  (V)

Figure 4.29 C h a n g e  in  r a t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id  a s  th e  lo w e r  
w in d o w  e n e r g y  c h a n g e s ;  u p p e r  w in d o w  e n e r g y  o f  0 .9  V , G a in  5 0  a n d  1 0 -m in u te  
c o u n t in g  p e r io d .
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p o w d e r  B B B B
B o r o n  C o n c e n t r a t i o n

Figure 4.30 C h a n g e  in  ra t io  o f  th e  c o u n ts  w i th o u t  a n d  w ith  b o r ic  a c id  s o lu t io n  fo r  
v a r io u s  b o ro n  c o n c e n t r a t io n s  a t G a in  5 0 , 1 5 -m in u te  c o u n t in g  p e r io d  a t  lo w e r  a n d  
u p p e r  w in d o w  e n e r g ie s  o f  0 .3 8  V  a n d  0 .9  V , r e s p e c tiv e ly .

W ith  th e  lo w e r  a n d  u p p e r  w in d o w  e n e r g ie s  o f  0 .3 8  V  a n d  0 .9  V , 
r e s p e c t iv e ly ,  th e  e f fe c ts  o f  v a r io u s  c o n c e n t r a t io n s  o f  b o r ic  a c id  s o lu t io n  in s id e  th e  
tu b e  w e re  in v e s t ig a te d . A s  s h o w n  in  F ig u re  4 .3 0 , th e  c o u n t  r a t io  d e c r e a s e d  
d r a m a t ic a l ly  a s  th e  b o r ic  a c id  w a s  d i s s o lv e d  a n d  d i lu te d . T h e  m in im u m  
d is t in g u is h a b le  b o ro n  c o n c e n t r a t io n  w a s  d e te rm in e d  b y  s ta t is t ic a l  a n a ly s is .  T h e  
c o u n t  ra te  a t  th e  m in im u m  b o ro n  c o n c e n t r a t io n  h a s  to  d i f f e r  f ro m  th a t  in  th e  a b s e n c e  
o f  b o ro n  b y  a t  le a s t  tw o  s ta n d a rd  d e v ia t io n s  a t  a  9 5 %  c o n f id e n c e  le v e l. T h a t  is ,

Q  -  Q,min ^  2 c r0 +  2(7b (4 .2 )

w h e r e  c  a n d  (7 a re  th e  m e a n  c o u n t  a n d  s ta n d a r d  d e v ia t io n  o f  m e a n , r e s p e c t iv e ly ,  
a n d  th e  s u b s c r ip ts  0  a n d  b d e s ig n a te  th e  c o n d i t io n  w i th o u t  a n d  w i th  b o ro n , 

r e s p e c t iv e ly .  T h e  m in im u m  Cb w a s  c a lc u la te d  a s  s h o w n  in  A p p e n d ix  G . T a b le  4 .9  

s h o w s  a  s u m m a r y  o f  th e  r e su lts .
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Table 4.9 S u m m a r y  o f  n e u tr o n  m e a s u r e m e n ts

C o n d i t io n s

R a t io  o f  th e  c o u n ts  
w i th o u t  a n d  w ith  

b o r ic  a c id  o b ta in e d  
f ro m  e x p e r im e n ts

A v e ra g e
c o u n t

S ta n d a rd
d e v ia t io n

Q ,m in  b a s e d  

o n  9 5 %  
c o n f id e n c e

E m p ty  tu b e - 5 4 6 2 .3 3 4 2 .6 7 -
B o r ic  a c id  

p o w d e r
1 .1 4 8 4 7 5 9 3 9 .8 3 4 5 2 .1 8

8 0 0 0  p p m  B 1.051 5 1 9 5 .3 3 4 1 .6 1 3 5 2 3 .8 5
4 0 0 0  p p m  B 1 .033 5 2 8 7 .3 3 4 1 .9 8 8 3 9 6 .4
2 0 0 0  p p m  B 1 .0 3 0 5 3 0 2 4 2 .0 4 1 0 0 3 9 .7 1
1 0 0 0  p p m  B 1 .0 2 5 5 3 2 6 .6 7 4 2 .1 4 1 4 1 0 9 .2 6

A c c o rd in g  to  th e s e  r e s u lt s  a t  a  c o n f id e n c e  le v e l o f  9 5 % , th e  p r e s e n c e  
o f  b o r ic  a c id  p o w d e r  a n d  8 0 0 0  p p m  B  s o lu t io n  c a n  b e  d e te c te d  in  a  1 5 -m in u te  
c o u n t in g  p e r io d . F o r  s o lu t io n s  b e lo w  4 0 0 0  p p m  B , th e  c o u n ts  a re  to o  lo w . O n e  c a n  
t r y  to  in c re a s e  th e  c o u n t in g  p e r io d  o r  u s e  a  s t r o n g e r  s o u rc e  to  in c re a s e  th e  c o u n ts .  It 
s h o u ld  b e  n o te d  th a t  i f  th e  c o n f id e n c e  le v e l is  c h a n g e d , th e  m in im u m  c o u n ts  r e q u i r e d  
a re  a ls o  c h a n g e d .

T h e  e f fe c t  o f  th e  th e rm a l  n e u tr o n  c lo u d  c r e a te d  in s id e  th e  a u to c la v e  
o n  th e  c o u n t in g  e f f ic ie n c y  w a s  te s te d  w i th  a  c a d m iu m  s h e e t , w h ic h  h a s  a  n e u t r o n  c u t ­
o f f  e n e r g y  in  th e  th e rm a l  e n e r g y  ra n g e . T h e  u p p e r  w in d o w  e n e r g y  w a s  s e t  a t  0 .9  V , 
b a s e d  o n  p r e v io u s  re s u lts .  T h e  ra t io s  o f  c o u n ts  w i th o u t  a n d  w i th  th e  c a d m iu m  s h e e t  
in  f ro n t  o f  th e  d e te c to r  w i th  v a r io u s  lo w e r  w in d o w  e n e r g ie s  a re  s h o w n  in  F ig u r e  
4 .3 1 . T h e  b e s t  c o n tr a s t  w a s  a t a  lo w e r  w in d o w  o f  0 .4 2  V ; h o w e v e r ,  it  w a s  a lm o s t  th e  
s a m e  a s  a t 0 .3 8  V . H e n c e , it c a n  b e  c o n c lu d e d  th a t  th e  lo w e r  w in d o w  e n e r g y  w a s  se t 
a t th e  o p t im u m  p o in t ,  a n d  th is  w a s  c o n f i rm e d  w i th  th e  c a d m iu m  s h e e t  te s t in g . S in c e  
c a d m iu m  is  a  s t r o n g e r  n e u tr o n  a b s o rb e r  th a n  b o ro n , th e  r a t io  o b ta in e d  f ro m  c a d m iu m  
s h e e t  te s t in g  w a s  h ig h e r  th a n  th a t  f ro m  b o ro n  te s t in g .
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L o w e r  w i n d o w  e n e r g y  (V )

Figure 4.31 C h a n g e  in  ra t io  o f  th e  c o u n ts  w i th o u t  a n d  w ith  a  c a d m iu m  s h e e t  a s  th e  
lo w e r  w in d o w  e n e r g y  c h a n g e s ;  u p p e r  w in d o w  e n e r g y  o f  0 .9  V , G a in  5 0  a n d  15 - 
m in u te  c o u n t in g  p e r io d .

A c c o rd in g  to  th e  M C A  r e s u l t s  w i th  th e  H e -3  d e te c to r ,  g a m m a - r a y  
e m is s io n  w a s  o n e  o f  th e  d is tu r b a n c e s  w h ic h  a f fe c te d  th e  a n a ly s is .  H e n c e ,  a  B F 3 

d e te c to r ,  w h ic h  is  le s s  s e n s i t iv e  to  g a m m a  ra y s , w a s  e m p lo y e d . T h e  M C A  p u ls e -  
h e ig h t  d i s t r ib u t io n  f ro m  th e  B F 3 d e te c to r  w i th  a n d  w i th o u t  b o r ic  a c id  is  s h o w n  in  
F ig u r e  4 .3 2 . In  th e  B F 3 d e te c to r ,  tw o  n e u tr o n  r e a c t io n s  ta k e  p la c e  a n d  b o th  p r o d u c e  
r e la t iv e ly  h ig h  Q - v a lu e s  ( th e  e n e r g y  o f  p a r t ic le s  a n d /o r  n u c le i  th a t  c a u s e s  io n iz a t io n  
o f  a  g a s  d e te c to r ) ,  in  th e  M e V  ra n g e , c o m p a re d  to  th e  e n e r g y  o f  s lo w  n e u t r o n s ,  in  th e  
e V  ra n g e  (H u s s e in ,  2 0 0 3 ) .  T h e  p e a k s  o n  th e  r ig h t- h a n d  s id e  o f  th e  d is t r ib u t io n  w e re  
d u e  to  th e  n e u t r o n  r e a c t io n s .  T h e  fe w  p e a k s  o n  th e  le f t -h a n d  s id e  c o r r e s p o n d e d  to  
n o is e  a n d  g a m m a  ra y s  a n d  w e r e  ig n o re d . T h e  M C A  re s u l t  g a v e  a n  e s t im a t io n  to  s e t  
th e  lo w e r  a n d  u p p e r  w in d o w  e n e r g ie s  fo r  th e  S C A  a n a ly s is  in  th e  n e x t  s te p . I t s h o u ld  
b e  n o te d  th a t  th e  n u m b e r  o f  p u ls e s  o b ta in e d  f ro m  th e  B F 3 d e te c to r  w a s  m u c h  lo w e r  
th a n  th e  n u m b e r  f ro m  H e -3 , a l th o u g h  th e  c o u n t in g  p e r io d  w a s  tw ic e  a s  lo n g .
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Figure 4.32 C o m p a r i s o n  o f  p u ls e - h e ig h t  d i s t r ib u t io n  w i th  a n d  w i th o u t  b o r ic  a c id ; 
B F 3 d e te c to r ,  G a in  5 0  a n d  o n e -h o u r  c o u n t in g  p e r io d .

4 .5  5  5 .5  6  6 .5  7  7 .5  8  8 .5
L o w e r  w i n d o w  e n e r g y  (V )

Figure 4.33 C h a n g e  in  ra t io  o f  c o u n ts  w i th o u t  a n d  w ith  b o r ic  a c id  a s  th e  lo w e r  
w in d o w  e n e r g y  c h a n g e s ;  B F 3 d e te c to r ,  u p p e r  w in d o w  e n e r g y  o f  9 V , G a in  5 0  a n d  
o n e - h o u r  c o u n t in g  p e r io d .
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A c c o rd in g  to  th e  M C A  re s u l t s ,  th e  s ig n a l  a lm o s t  d i s a p p e a r e d  d e p le te d  
a t  a b o u t  c h a n n e l  1 7 0 0 , w h ic h  w a s  e q u iv a le n t  to  th e  u p p e r  w in d o w  e n e r g y  o f  9  V  fo r  
th e  S C A . S in c e  th e  r e g io n  o f  in te r e s t  w i th  th e  M C A  w a s  a t h ig h  c h a n n e l  n u m b e r ,  th e  
u p p e r  w in d o w  e n e r g y  fo r  th e  S C A  w a s  s e t  a t 9  V , a n d  th e  lo w e r  w in d o w  e n e r g y  w a s  
v a r ie d  f ro m  5 to  8  V .

A s  s h o w n  in  F ig u re  4 .3 3 , th e  b e s t  c o n t r a s t  w a s  o b ta in e d  w i th  a  lo w e r  
w in d o w  e n e r g y  o f  7 .5  V . H e n c e , th e  lo w e r  w in d o w  e n e r g y  w a s  s e t  a t  7 .5  V  a n d  th e  
u p p e r  w in d o w  e n e r g y  w a s  v a r ie d . V a r y in g  th e  u p p e r  w in d o w  e n e r g y  f ro m  8 .5  to
9 .5  V  d id  n o t  a f fe c t  th e  ra t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id , a s  s h o w n  in  
F ig u r e  4 .3 4 . T h e r e fo re ,  w i th  th e  u p p e r  w in d o w  e n e r g y  o f  9  V , th e  lo w e r  w in d o w  
e n e r g y  w a s  v a r ie d  to  te s t  th e  th e rm a l n e u tr o n  c lo u d  g e n e ra te d  in s id e  th e  a u to c la v e  
w i th  a  c a d m iu m  sh e e t.

£  1 .1 2  

1  1 .1 1  

1  32 1.10

J  I  , 0 9

I  ป ี , 0 8

z

*  1.06
8 8.5 9 9.5 10

U p p e r  w i n d o w  e n e r g y  (V )

Figure 4.34 C h a n g e  in  r a t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id  a s  th e  u p p e r  
w in d o w  e n e r g y  c h a n g e s ;  B F 3 d e te c to r ,  lo w e r  w in d o w  e n e r g y  o f  7 .5  V , G a in  5 0  a n d  
o n e - h o u r  c o u n t in g  p e r io d .

F ig u r e  4 .3 5  s h o w s  th a t  th e  h ig h e s t  r a t io  o f  c o u n ts  w i th o u t  a n d  w i th  
th e  c a d m iu m  s h e e t  w a s  o b ta in e d  a t a  lo w e r  w in d o w  e n e r g y  o f  7 V . T h is  m e a n s  th a t  
th e  th e rm a l  n e u t r o n  c lo u d  w a s  m o s t  e f f e c t iv e ly  u t i l i z e d  w h e n  th e  lo w e r  a n d  th e  u p p e r
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w in d o w  e n e r g ie s  w e r e  s e t  a t  7 a n d  9 V , r e s p e c tiv e ly . T h is  d is a g r e e s  w i th  th e  r e s u l t  
in  F ig u re  4 .3 3 . H o w e v e r ,  F ig u re  4 .3 3  in d ic a te s  th a t  th e  r a t io s  o b ta in e d  w i th  th e  
lo w e r  w in d o w  e n e r g ie s  a t  7 a n d  7 .5  V  w e re  n o t  m u c h  d if f e re n t .  T h e r e fo re ,  it  c a n  b e  
c o n c lu d e d  th a t  th e  b e s t  r a t io  o f  c o u n ts  w i th o u t  a n d  w i th  b o r ic  a c id  p o w d e r  in  th e  tu b e  
in  th e  m id d le  o f  th e  a u to c la v e  o b ta in e d  b y  B F 3 d e te c to r  is 1 .0 8 ; th is  w a s  o b ta in e d  
w i th  s e t t in g s  o f  th e  lo w e r  a n d  th e  u p p e r  w in d o w  e n e r g ie s  o f  7 a n d  9  V , r e s p e c t iv e ly .

Figure 4.35 C h a n g e  in  r a t io  o f  th e  c o u n ts  w i th o u t  a n d  w i th  a  c a d m iu m  s h e e t  a s  th e  
lo w e r  w in d o w  e n e r g y  c h a n g e s ;  B F 3 d e te c to r ,  u p p e r  w in d o w  e n e r g y  o f  9  V , G a in  5 0  
a n d  o n e - h o u r  c o u n t in g  p e r io d .

T h e  e x p e r im e n ts  in d ic a te  th a t  th e  H e -3  d e te c to r  g iv e s  a  b e t te r  c o n t r a s t  
th a n  th e  B F 3 d e te c to r  fo r  d e te c t in g  th e  p r e s e n c e  o f  b o ro n  in  th e  m id d le  o f  th e  
a u to c la v e  s u r r o u n d e d  b y  a  la rg e  v o lu m e  o f  w a te r .  T h e  H e -3  d e te c to r  a ls o  h a s  a  
h ig h e r  e f f ic ie n c y ,  w h ic h  g iv e s  b e t te r  in  t e n u  o f  c o u n t in g  s ta t is t ic s .  H o w e v e r ,  th e  
e f f ic ie n c y  o f  th e  B F 3 c o u n te r  c a n  b e  im p ro v e d  b y  in c re a s in g  th e  g a s  p r e s s u r e .

T h e  u s e  o f  c a d m iu m  s h e e t  to  te s t  th e  th e rm a l  n e u t r o n  c lo u d  s h o w s  
th a t  th e  ra t io  o f  c o u n ts  w i th o u t  a n d  w i th  c a d m iu m  f ro m  B F 3 d e te c to r  w a s  b e t te r  th a n  
th a t  o f  H e -3  d e te c to r :  5 .9  v e r s u s  3 .7 5 . T h is  is  d i f f e r e n t  f ro m  th e  f in d in g  o f  th e  b o r ic  
a c id  e x p e r im e n ts .  T h e  r e a s o n  is  th a t  H e -3  h a s  a  h ig h e r  c r o s s - s e c t io n  a n d  th e re f o r e  
c a n  d e te c t  b o th  th e rm a l  a n d  f a s t  n e u tro n s . O n  th e  o th e r  h a n d , B F 3 d e te c to r  is  k n o w n
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a s  th e rm a l  n e u t r o n  d e te c to r  b e c a u s e  o f  a  lo w e r  c r o s s - s e c t io n .  C a d m iu m  h a s  a  v e r y  
h ig h  n e u tr o n  c r o s s - s e c t io n  a t  th e rm a l  e n e rg y , w h ic h  m e a n s  th a t  it  is  o p a q u e  to  
th e rm a l  n e u tr o n s .  W ith  th e  u s e  o f  a  r a d io is o to p ic  s o u rc e  a s s o c ia te d  w i th  a 
m o d e r a t in g  m a te r ia l ,  th e re  w e r e  th e rm a l  a n d  s lo w e d -d o w n  n e u tr o n s  p r e s e n t  in  th e  
e n v ir o n m e n t .  A  c a d m iu m  s h e e t  in  f ro n t o f  a  d e te c to r  is  a  b a r r ie r  to  th e r m a l  n e u tr o n s  
b u t  n o t  to  s lo w e d - d o w n  n e u tro n s . T h e r e fo re ,  c a d m iu m  h a s  m o r e  e f f e c t  o n  a  B F 3 

d e te c to r  th a n  o n  a  H e -3  d e te c to r .

4 .3 .2  P ro m p t  G a m m a - R a y  A c t iv a t io n  A n a ly s is
T h e  r e s u l t s  o f  th e  n e u tr o n  f lu x  d e p re s s io n  e x p e r im e n t  in d ic a te d  th a t  

w a x  in  f ro n t  o f  th e  s o u rc e  a n d  a ro u n d  th e  a u to c la v e  in d u c e s  a  th e rm a l  n e u t r o n  c lo u d , 
w h ic h  c a n  in d u c e  e x t r a  a b s o rp t io n  b y  th e  b o ro n . H e n c e , in  th is  e x p e r im e n t ,  a  p la te  
o f  1.5 c m - th ic k  w a x  w a s  p la c e d  in  f ro n t  o f  th e  s o u rc e  a n d  tw o  b a r s  o f  4 - c m  th ic k  
w a x  w e r e  p la c e d  b e s id e  tw o  s id e s  o f  th e  a u to c la v e , o p p o s i te  to  th e  s o u rc e  a n d  th e  
d e te c to r .  E n e r g y  c a l ib r a t io n s  o n  th e  M C A  w e re  p e r f o r m e d  w i th  tw o  r e f e r e n c e  
s o u rc e s :  C s - 1 3 7  a n d  C o -6 0 . C e s iu m -1 3 7  g iv e s  p h o to n s  o f  e n e r g y  6 6 2  k e V  a n d  C o -  
6 0  g iv e s  p h o to n s  o f  e n e r g y  17 73  a n d  13 3 3  k e V . W ith  a  h ig h  v o l ta g e  p o w e r  s u p p ly  
o f  6 5 0  V  a n d  a m p l if i c a t io n  a t  G a in  2 0 0 , th e  M C A  w a s  c a l ib ra te d .

C h a n n e l

Figure 4.36 P u ls e -h e ig h t  d is t r ib u t io n  o n  c a l ib r a t io n  s o u rc e s ;  G a in  2 0 0  a n d  6 5 0  V  
p o w e r  s u p p ly .
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In  F ig u re  4 .3 6 , th e re  a r e  tw o  d o m in a n t  p e a k s  fo r  C s - 1 3 7 ,  a n d  th e y  
o v e r la p  th e  p e a k s  o f  C o -6 0 . C e s iu m -1 3 7  s h o u ld  g iv e  o n e  d o m in a n t  p e a k ,  w h ic h  
s h o u ld  b e  s e p a r a te  f ro m  th e  C o -6 0  p e a k s . T h e  a m p l if i c a t io n  w a s  p r o b a b ly  to o  lo w ; 
th e re f o r e ,  th e  s ig n a ls  w e r e  p a c k e d  in  a  s m a ll  r e g io n  a n d  c o u ld  n o t  b e  d is t in g u is h e d .  
H ig h e r  a m p l i f i c a t io n ,  G a in  5 0 0 , w a s  tr ie d ; th e  r e s u l t s  a re  s h o w n  in  F ig u r e  4 .3 7 .

8 0 0 0

7 0 0 0

6 0 0 0

5 0 0 0

4 0 0 0

3 0 0 0

2 0 0 0
1 0 0 0

0

CO
V)๐

พุoJ2'วQิ.

พุ-5
13

0 5 0  10 0  15 0  2 0 0
C h a n n e l

Figure 4 .3 7  P u ls e -h e ig h t  d i s t r ib u t io n  o n  c a l ib r a t io n  s o u rc e s ;  G a in  5 0 0  a n d  6 5 0  V  
p o w e r  s u p p ly .

F ig u r e  4 .3 7  s h o w s  c le a r , d i s t in c t  p e a k s . T h e  c h a n n e ls  o f  th e  p e a k s  
w e r e  p lo t te d  v e r s u s  e n e r g y  a n d  a  l in e a r  c a l ib r a t io n  w a s  o b ta in e d  -  a s  d e p ic te d  in  
F ig u r e  4 .3 8 . T w o  m o re  c a l ib r a t io n s  w e r e  d o n e  a t  G a in  1 0 0  a n d  2 0 0  w i th  1 0 0 0  V  
p o w e r  s u p p ly . In  f u r th e r  M C A  a n a ly s is ,  th e  p u ls e - h e ig h t  d i s t r ib u t io n  w a s  p lo t te d  
a g a in s t  e n e rg y . T h e  e n e r g y  o f  4 7 8  k e V  is  o f  in te r e s t  s in c e  it  is  th e  g a m m y - r a y  
e n e r g y  p r o d u c e d  b y  n e u tr o n  a b s o rp tio n .

T h e  tu b e  w i th  a n d  w i th o u t  b o r ic  a c id  p o w d e r  w a s  in s e r te d  in  th e  
m id d le  o f  th e  a u to c la v e  a n d  a n a ly z e d  b y  th e  M C A  a  w i th  3 0 -m in u te  c o u n t in g  p e r io d  
a n d  d i f f e r e n t  a m p l i f ic a t io n s :  G a in  5 0 0  a t 6 0 5  V , a n d  G a in  1 0 0  a n d  2 0 0  a t 1 0 0 0  V . 
T h e  r e s u lt s  a r e  s h o w n  in  F ig u re s  4 .3 9  th ro u g h  4 .4 1 .
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F ig u r e s  4 .3 9  to  4 .41  s h o w  th a t  th e  a m p l i f i c a t io n  th a t  g a v e  th e  b e s t  
c o n t r a s t  is  G a in  5 0 0  w i th  6 5 0  V  h ig h  v o l ta g e  p o w e r  s u p p ly . T h e  r a t io  o f  c o u n ts  w i th  
a n d  w i th o u t  b o r ic  a c id  a t  s u c h  s e t t in g  w a s  1 .05 .

C h a n n e l

F i g u r e  4 .3 8  C a l ib r a t io n  c u rv e ; G a in  5 0 0  a n d  6 5 0  V  p o w e r  s u p p ly .

G a m m a  e n e r g y  (k e V )

F i g u r e  4 .3 9  P u ls e - h e ig h t  d is t r ib u t io n  fo r  g a m m a  ra y s  w i th  a n d  w i th o u t  b o r ic  a c id ; 
G a in  5 0 0 , 6 5 0  V  p o w e r  s u p p ly  a n d  3 0 -m in u te  c o u n t in g  p e r io d .
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2 0 0 0 0  
1 8 0 0 0  
1 6 0 0 0  

I  1 4 0 0 0  
1  1 2 0 0 0  
°  1 0 0 0 0  

I  8 0 0 0  
I  6 0 0 0
z  4 0 0 0  

2 0 0 0  
0

1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
G a m m a  e n e r g y  ( k e V )

F i g u r e  4 .4 0  P u ls e -h e ig h t  d is t r ib u t io n  fo r  g a m m a  ra y s  w i th  a n d  w i th o u t  b o r ic  a c id ; 
G a in  1 0 0 , 1 0 0 0  V  p o w e r  s u p p ly  a n d  3 0 -m in u te  c o u n t in g  p e r io d .

2 0 0 0 0  
1 8 0 0 0  
1 6 0 0 0  

I  1 4 0 0 0
I .  1 2 0 0 0  
‘๐  1 0 0 0 0  
I  8 0 0 0  
I  6 0 0 0
z  4 0 0 0  

2 0 0 0  
0

1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
G a m m a  e n e r g y  ( k e V )

F i g u r e  4 .4 1  P u ls e - h e ig h t  d i s t r ib u t io n  fo r  g a m m a  ra y s  w i th  a n d  w i th o u t  b o r ic  a c id ; 
G a in  2 0 0 , 1 0 0 0  V  p o w e r  s u p p ly  a n d  3 0 -m in u te  c o u n t in g  p e r io d .

Another two different arrangements were tested to see if the
positioning of lead bricks improved the contrast. Figures 4.42 and 4.43 show the
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p u ls e - h e ig h t  d i s t r ib u t io n s  w h e n  a  le a d  b r ic k  w a s  p la c e d  b e s id e s  th e  s o u rc e  a n d  w h e n  
th e r e  w a s  n o  b r ic k , r e s p e c t iv e ly . F ro m  F ig u r e  4 .4 2 , c o u n ts  w i th o u t  a n d  w i th  b o ro n  
a re  s im ila r ,  w i th  m in o r  d i s c r im in a t io n  a m o u n t in g  to  a  r a t io  o f  1 .0 2  a t 4 7 8  k e V . 
W h e n  th e re  w a s  n o  b r ic k , a n d  th e  d e te c to r  w a s  f u l ly  e x p o s e d  to  th e  s o u rc e , th e  
n u m b e r  o f  p u ls e s  d o u b le d , a s  s h o w n  in  F ig u re  4 .4 3 . N o  s ig n if ic a n t  d is c r im in a t io n  
b e tw e e n  c o u n ts  w i th o u t  b o ro n  a n d  c o u n ts  w i th  b o r o n  is  e v id e n t .  T h is  m e a n s  th a t  th e  
s o u rc e  c o n t r ib u te d  to o  m a n y  p h o to n s , w h ic h  d i s tu r b e d  th e  a n a ly s is .

T h e  to ta l  c r o s s - s e c t io n  o f  10B  a t th e rm a l  e n e r g y  is  3 8 4 0  b a m s ;  3 8 3 7  
b a m s  c o n tr ib u te  to  a  (ท ,a )  r e a c t io n  th a t  e m its  a  p r o m p t  g a m m a  ra y  a t  e n e r g y  o f  4 7 8  
k e V . R e g a rd le s s  o f  n o is e  th a t  m ig h t  in te r ru p t  th e  a n a ly s is  a n d  a f f e c t  th e  e f f ic ie n c y  o f  
th e  d e te c to r s ,  th e  tw o  m e th o d s , n e u tr o n  s lo w in g - d o w n  f o l lo w e d  b y  a b s o r p t io n  a n d  
P ro m p t  G a m m a - R a y  A c t iv a t io n  A n a ly s is  ( P G A A ) , s h o u ld  h a v e  g iv e n  th e  s a m e  
r e s u lt .  F lo w e v e r , th e  r e s u l t s  o b ta in e d  f ro m  P G A A  e x p e r im e n t  w e r e  n o t  a s  g o o d  a s  
th o s e  o b ta in e d  f ro m  n e u tr o n  s lo w in g - d o w n  f o l lo w e d  b y  a b s o rp t io n  e x p e r im e n t .  T h is  
c a n  b e  e x p la in e d  b y  th e  fa c t th a t  in  th e  s e tu p  th e re  w e r e  tw o  m a jo r  w a y s  th a t  th e  
in te r f e r in g  p h o to n s  c o u ld  b e  g e n e ra te d :  s c a t te r in g  a n d  a c t iv a t io n . T h e  n e u tr o n  s o u rc e  
i t s e l f  r e le a s e d  p h o to n s ,  w h ic h  w e r e  s c a t te re d  to w a r d s  th e  d e te c to r  a n d  in te r f e r e d  w ith  
th e  a n a ly s is .  A ls o , d u r in g  n e u tr o n  i r r a d ia t io n , h y d r o g e n  in  th e  w a te r  a n d  n ic k e l  in  
th e  a u to c la v e  m a te r ia l  p r o d u c e d  p h o to n s  o f  e n e r g y  2 2 2 3  k e V  a n d  4 6 5  k e V , 
r e s p e c t iv e ly  ( B a e c h le r  et al., 2 0 0 2 ; M a g a ra  a n d  Y o n e z a w a , 1 9 9 8 ). A l th o u g h  
h y d r o g e n  g iv e s  a  v e r y  d i f f e r e n t  p h o to n  e n e r g y  f ro m  th a t  o f  10B , s u c h  p h o to n  e n e r g y  
is  a l te r e d  b y  s c a t te r in g . T h is  r e s u lt s  in  a  w id e  b a c k g r o u n d  p h o to  s p e c t ru m , a b o v e  
w h ic h  th e  4 7 8  k e V  p h o to n  f ro m  th e  l0B  (ท ,a )  r e a c t io n  re s id e s .  T h e  a m o u n t  o f  
in s p e c te d  s a m p le  is  a lso  im p o r ta n t ,  a n d  s in c e  p h o to n  e n e r g y  r e le a s e d  b y  n ic k e l  is  
c lo s e  to  th a t  r e le a s e d  b y  b o ro n , th e ir  s ig n a ls  w o u ld  in te r fe re  w i th  e a c h  o th e r .  T o  
e s t im a te  w h ic h  r e a c t io n  c o n tr ib u te d  m o re  s ig n a ls ,  th e  to ta l  in te r a c t io n  r a te s  b a s e d  o n  
th e  a m o u n ts  a n d  c ro s s  s e c t io n s  o f  n ic k e l  a n d  b o r o n  w e r e  c a lc u la te d  a n d  c o m p a r e d  
( s e e  A p p e n d ix  H ). T h e  c a lc u la t io n  s h o w e d  th a t  to ta l  in te r a c t io n  r a te  o f  b o r o n  w a s  
a b o u t  fo u r  t im e s  h ig h e r  th a n  th a t  o f  n ic k e l . T h is  m e a n s  th a t  s ig n a ls  w i th  a n d  w i th o u t  
b o ro n  c a n  b e  o b s e rv e d  a s  s h o w n  in  F ig u re  4 .3 9 . N e v e r th e le s s  th e  d i f f e r e n c e  w a s  to o  
s m a l l  to  b e  u s e fu l .
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G a m m a  e n e r g y  ( k e V )

F i g u r e  4 .4 2  P u ls e -h e ig h t  d i s t r ib u t io n  fo r  g a m m a  ra y s  w i th  a n d  w i th o u t  b o r ic  a c id ; 
le a d  b r ic k  b e s id e s  th e  s o u rc e , G a in  5 0 0 , 6 5 0  V  p o w e r  s u p p ly  a n d  3 0 - m in u te  c o u n t in g  
p e r io d .

G a m m a  e n e r g y  ( k e V )

Figure 4.43 Pulse-height distribution for gamma rays with and without boric acid;
no lead brick, Gain 500, 650 V power supply and 30-minute counting period.
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