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in borate glass. 

The reduction of absorption with decreasing oxygen 

pressure is believed due to increasing the ratio of 

[MnQ^^9lasSjy^^^3+,glasSj the subscript 0 indicates 

the octahedral manganese ion. The coordination was not 

changed by the oxygen partial pressure. 

E. Effect of Temperature 

The effect of temperature on the absorption characteris­

tics is similar to increasing the soda concentration. However, 

the effect of temperature enhanced the change of the half 

band width when the vibronic interaction mechanism occurred; 

the notable positive slope of the half band width of the 

component band [which was assigned to the transition 

^Tig (F)->^Tig (p) ] was believed due to the vibronic inter­

action. The tetrahedral band also increased in half band 

width with increasing the temperature. 

The maximum band peak positions were shifted to lower 

energies as temperature was raised. The shifting with 

temperature was more profound for the lower soda borate than 

for the higher soda borate glasses. It may be desirable to 

have less concentration of the transition metal ions and 

smaller optical path length for spectrophotometric measurements. 
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especially when it is expected that a certain ion may give 

strong absorption. 

The oscillator strength was found to be temperature-

dependent. The tetrahedral and one of the octahedral bands 

were strongly dependent on temperature. The theoretical 

function of vibronic mechanism, f = fg coth 6/2T, was chosen 

for the Co^"*" ions in the borate system and 8 value was 200°K. 

In general the function gave a good fit at lower temperature, 

as expected from the nature of the function. At high temper­

ature it did not fit the experimental data but did increase 

as temperature increased. The greater gap between the 

experimental data points and the function with increasing 

temperature is believed not to be due to the vibronic 

process, but due to structural and the other distortion 

factors. The activation energy for the reaction 

was found to be ~4.5 Kcal/mole for im3-20-933202' 

Two activation energies are found for 15Na^0-85B202; for the 

high temperature range,AH° = 0.258 Kcal/mole and for the lower 

temperature range (but still above the transformation 

temperature), AH° = 7.622 Kcal/mole. For 28 mole % and 33 

o 
mole % Na_0 content borate glasses, AH did not significantly 

change with temperature. The activation energy change for the 

transformation of seems to be 

composition-dependent. Paul's assumption about composition-

independency may be wrong(98). 
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The theoretical ligand field point charge model (Dq = 

aR was compared with the information obtained in these 

experiments. The exponent, n, of -5 from theory was com­

pared with that from the experimental information and 

gave reasonable agreement, n = 4.38 - 5.36. 

The function " = v + ^ [tanh( 6 )—1] which was 
vmax 0 1.44 2 T 

originally proposed by Holmes and McClure (99) fits the third 

band which is mostly believed to be vibronic in origin, 

but did not fit the first and second bands. It is uncertain 

why the function does not fit the other two bands. It could 

be desirable to re-examine the theory itself on various 

theoretical ground. Nevertheless, at this moment with the 

experimental data and the absence of any alternatives, it 

appears worth while to continue to search for a model which 

will fit all the data. However, such an exploration will be 

left for others more interested in the development of 

spectroscopic theory. 
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X. APPENDIX A: d ELECTRON ARRANGEMENTS IN HIGH SPIN COMPLEXES 

AND OTHER LIGAND FIELD PROPERTIES 

OLFSE: Octahedral Ligand Field Stabilization Energy 

TLFSE: Tetrahedral Ligand Field Stabilization Energy 

AQI Octahedral ligand field strength 

Tetrahedral ligand field strength 

0(SD): Octahedral (Slightly Distorted) 

RO: Regular Octahedral 

RT: 'Regular Tetrahedral 

TgfSp: Tetragonal, Square Planar 



% g LIGAND FIELD STABILIZATION ENERGY g 

Il -
5 5 TLFSE 0 L F S E § 

d ELECTRON ARRANGEMENTS 
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APPENDIX B: COMPUTER PROGRAMS 



c 

c 
c 
c 
c 
c 
c 
c 

P R O G  C O N V  
T R A N S M I S S I O N  { ' / . )  A G A I N S T  W A V E L  E N  G T  H (  N M  )  T O G E T H E R  W I T H  T H E  C O N C E N T R A T I O N  
O F  T R A N S I T I O N  M E T A L  l O N S . C  ( M O L E / L I T E R )  A N D  T H E  O P T I C A L  P A T H  L E N G T H ,  X ( C M )  
I S  T O  B E  C O N V E R T E D  T O  M O L A R  A B S O R P T I  V  I T Y , E ( L I T E R / M Q L E - C M )  A G A I N S T  
W A V E N U M B E R . V ( K K ) .  I T  A L S O  P R O D U C E S  P U N C H E D  D A T A  C A R D S  I N C L U D I N G  T H E  
N E C E S S A R Y  P A R A M E T E R  C A R D S  A L O N G  W I T H  T H E  L A B E L  C A R D S .  
I C K  J H I N  Y O O N  

L O G I C A L * !  S R E P  
D I M E N S I O N  S P E C ( 4 0 0 , 1 0 ) , S P E C N ( 4 0 0 , 1 0 ) , G L A B 1 ( 5 ) , G L A B 2 ( 5 ) , X L A B ( 5 ) , Y L A  

2 B (  5 )  , Y 2 (  8 0 0 )  , I 0 C R D ( 2 0 , 1 0 )  , X 1  ( 8 0 0  )  « K X ( 1 0 ) , Y 1 < 8 0 0 ) , U ( 5 )  
D I M E N S I O N  D A T A B ( 5 0 )  
D A T A  U / 5 * 0 . /  
R E A D ( 5 » 1 0 0 )  X L A B , Y L A B  

1 0 0  F O R M A T ( 1 0 A 4 )  
1 = 1 

R E A D ( 5 , I 0 1 )  ( I D C R D { N , I  )  , N = 1 , 2 0 )  
1 0 1  F O R M A T ( 2 0 A 4 )  ^  

R E A D ( 5 , 1 0 3 )  S R E P , F A C T O R  i n  
1 0 3  F O R M A T ( L e , 1 P E 7 . 0 )  

1  R E A D ( 5 , 1 0 0 , E N D = 3 3 )  G L A B 1 , G L A B 2  
R E A D ( 5 , 1 0 4 )  S C A L E , C , X , I B  

1 0 4  F O R M A T { F 4 . l , F 1 0 . 6 , F 7 . 3 , I 2 )  
I F ( C , E Q . O . O . O R « X . E O . O . O )  G O  T O  3 3 3  
V A L = 1 . / ( C * X )  

3 3 3  W R I T E ( 6 , 2 0 0 )  G L A B 1 , G L A B 2  
2 0 0  F O R M A T ( ' 0 » , 1 0 A 4 )  

N U M G R = 1  
Y S F = 0  . 0  
K X ( 1 ) = 1  
I N F M T = 1  
D E L T A N = 0 . 2  
D Ë L T A O ^ I O . O  
N U M S 0 L = 1  



T E  S T = 1 5 0 . 0  
W V N 0 = 3 1 0 . 0  
W V N l  = 8 0 0  . 0  
1 = 1 
X M U L T = 1 0 . 0  

W V S = W V N 0  
W V F = W V N 1  
D O  1 1  I = 1 » N U M S 0 L  
I F ( I B  . E G  . 0 )  G O  T O  1 1 1  
I F ( I B . E Q . 2 )  G O  T O  2 2 2  
R E A D ( 5 . 1 0 2 )  ( D A T A B ( K ) , K = 1 , N S P )  ^  
G O  T O  I  c n  

2 2 2  C O N T I N U E  
R E A D ( 5 , 1 0 2 )  ( S P E C ( K , I ) . K = l , N S P >  

1 0 2  F O R M A T d  0 F 8 . 3 )  
D O  4 4 4  L = l t N S P  

4  4 4  S P E C ( L ï  I  )  =  S P E C ( L .  I  ) + D A T A B ( L )  
G O  T O  1 1  

1 1 1  R E A D ( 5 , 1 0 2 )  ( S P E C ( K , I )  , K = 1 , N S P )  
1 1  C O N T I N U E  

W R I T E ( 6 . 2 0 2 ) D E L T A O , W V S . W V F  
2 0 2  F O R M A T C O ' . »  D A T A  C O L L E C T E D  I N ' . F S . l , '  N M .  I N T E R V A L S  F R 0 M « . F 6 . 1 , "  

•  T O »  , F 6 . 1  ,  '  N M .  •  )  
G O  T O  4 0  

C  
C  
C  

I N P U T  F O R M A T : I N F M T = I , I N C R E A S I N G : = 2 . D E C R E A S I N G  

N S P = A B S { W V N 0 - W V N 1 ) / D E L T A O + 1 . 0 1  
I F (  I N F M T  . E Q . 2 )  G O  T O  2 0  

C  
C  
C  

D A T A  I N  I N C R E A S I N G  O R D E R  

C  
C  
C  

D A T A  I N  D E C R E A S I N G  O R D E R  



2 0  W V S = W V N 1  
W V F = W V N O  
N S Q = N S P + 1  
D O  2  1  1 = 1 . N U M S O L  
I F  ( I B . E O . O )  G O  T O  5 5 5  
I F . ( I B . E Q . 2 )  G O  T O  6 6 6  
R E A D ( 5 t l 0 2 )  ( D A T A B { K ) , K = 1 , N S P )  
G O  T O  1  

6 6 6  C O N T I N U E  
R E  A D ( 5 . 1 0 2 )  ( S P E C ( N S Q - K , I )  , K = 1  . N S P )  
D O  7 7 7  L = 1 , N S P  

7 7 7  S P E C (  N : ; Q - L .  I  )  =  S P E C ( N S Q - L  .  I  ) + D A T A B ( L )  
G O  T O  2 1  

5 5 5  R E A D ( 5 , 1 0 2 )  { S P E C ( N S Q - K . I ) . K = 1 . N S P )  
2 1  C O N T I N U E  

W R I T E ( 6 . 2 0 2 ) D E L T A O . W V F , W V S  
4 0  C O N T I N U E  

D O  2 2  1 = 1 , N U M S O L  
D O  9 9 9  K = 1 . N S P  
I F ( S P E C C K , I )  . E Q . O . 0 )  S P E C ( K • I )  =  0  . 0 0 0 0 1  
I F ( S P E C ( K . I )  . G T .  1 0 0 , 0 )  S P E C ( K . I ) = 1 0 0 . 0  
T E M P = S P E C ( K ,  I ) / I  0 0 . 0  

9 9 9  S P E C ( K . I ) = - V A L * A L O G 1 0 ( T E M P )  
2 2  C O N T I N U E  

C A L L  C N V R S N ( S P E C . S P E C N » W V S . W V F . D E L T A O .  1 . N S P . N U M S O L . X M U L T , W S . W F  *  
• D E L T A N . N P . l )  

W V S = W S  
W V F = W F  
N S P = N P  

O U T P U T  O F  I N T E R P O L A T E D  D A T A . I N  I N C R E A S I N G  O R D E R  

W R I T E ( 6 . 2 0 5 )  D E L T A N . W V S . W V F  
2 0 5  F O R M A T ( ' 0 ' , '  D A T A  I N T E R P O L A T E D  O N  A  W A V E N U M B E R  S C A L E  A T  I N T E R V A L S  

* 0 F ' / '  ' . F 5 . 2 , '  K K .  F R 0 M ' , F 6 . 2 . '  T 0 ' . F 6 . 2 , "  K K . " )  



W V N O = W V S  
W V N 1 = W V F  

5  C O N T I N U E  
W R I T E { 7 . 1 0 0 >  G L A B l f G L A B 2  
W R I T E ( 7 , 1 0 7 )  W V N O t W V N l  t D E L T A N  

107 F O R M A T (4Fe . 2 » 
S C  A L E = 4  . 0  
W R I T E ( 7 . 1 G 8 )  S C A L E  

1 0 8  F O n M A T ( F 6 . 1 , l X , ' 2 . 0 ' , 3 X , ' 0 . G ' , l X , ' l . E  0 0 " )  
D O  5 1  I  =  1 , N U M S 0 L  
W R I T E ( 7 .  1 0 6 )  (  1 D C R D ( N ,  I  )  , N = 1  « 2 0 )  ,  ( S P E C N ( K , I ) » K = 1 , N S P )  

1 0 6  F O R M A T < 2 0 A 4 / ( 1 0 F 8 . 3 ) )  
W R I T E ( 6 . 2 0 6 ) I  

2 0 6  F O R M A T * ' 0 ' , '  S O L U T I  0 N (  •  ,  I  2  t  •  )  •  )  
5 1  W R I T E ( 6 , 2 0 7 )  ( S P E C N  < K . I ) , K = 1 , N S P )  

2 0 7  F O R M A T * '  ' . 1 0 F 8 . 3 )  
C  
C  P L O T T I N G  C A L C U L A T E D  W A V E N U M B E R  D A T A  
C  

D E L 2 = D E L T A N / 2 .  
N B C = N S P - 1  
J E G = 2 * N S P - 1  
W B S E = W V N 0  
D O  1 5  J = l t J E G  

1 5  X K  J ) = W B S E  +  (  J - 1 ) * D E L 2  
X M  I = A  I N T  (  X I  {  1  )  )  
X S I Z E = 1 3 . 5  
S C A L E = 2 . 0  
Y M = - 3 . * Y S F  
1 = 0 

D O  6  L = 1 , N U M G R  
K B = K X ( L )  
K A = 0  

7  1 = 1 + 1  
K A = K A + 1  



D O  3 6  K = 1 , N S P  
Y Y = S P E C N ( K . I ) * F A C T O R  
Y 2 ( K >  = Y Y  

3 6  Y 1 ( 2 * K - 1 ) = Y Y  
D O  3 5  K = l , N B C  
I F ( K . E Q . N B C )  G O  T O  3 5  
I F  ( S P E C N  ( K + 2 f I  )  . E Q  . 0 . . A N D . S P E C N ( K + 1 t I )  . G T . T E S T )  G O  T O  3 7  

3 5  C A L L  A B C D ( Y 2 , Y 1 , D E L T A N , D E L 2 , 1 , N B C , K )  
G O  T O  1 4 0  

3 7  C A L L  A B C D ( Y 2 t Y l , D E L T A N , D E L 2 f l . K , K )  
M = K + 1  
D O  3 8  K = M , N B C  

3 8  Y 1  ( 2 * K  )  =  0  . 0  
1 4 0  X F ( K A . E Q .  1 )  G O  T O  4  

C A L L  G R A P H ( J E G , X 1 , Y 1 , 0 , - 4 , 0 . , 0 . , 0 , , 0 . , 0 . , 0 . , U , U , U , U )  
G O  T O  1 3  

4  C A L L  G R A P H ( J E G . X  I , Y l . 0 , - 4 , X S I Z E , 1 0 . . S C A L E , X M I , Y S F , Y M , X L A B , Y L A B ,  
* G L A 8 1  ,  G L A B 2 )  

1 3  I F ( K A . G E . K B )  G O  T O  8  
G O  T O  7  

8  I F ( S R E P )  1 = 1 - 1  
6  C O N T I N U E  

G O  T O  1  
3 3  S T O P  

E N D  
S U B R O U T I N E  C N V R S N ( X X , Y Y , W V S , W V F , D E L O , J J . J K . N U M S O L , X M U L T , W S , W F .  

* D E L N , N P , K N )  
D I M E N S I O N  X X { 4 0 0 , 1 0 )  , Y Y ( 4 0 0 , 1 0 )  

C A L C U L A T E  S T A R T I N G  P O S I T I O N , W S ,  O N  N E W  S C A L E , D E P E N D E N T  U P O N  N E W  
I N T E R V A L  

W S = 1 0 0 0 0 . / W V F  
NWS=XMULT*WS + .9999999 
I N C = D E L N * X M U L T  +  0 . 5  



I F  ( I N C - 2 ) 2 0 t  2 1  . 2 2  
2 1  I F ( M 0 D ( N W S . 2 ) . N E » 0 ) N W S = N W S  +  1  

G O  T O  2 0  
2 2  N N W = N W S / 1  0 * 1 0  

N T E S T = N W S - N N W  
I F  ( N T E S T - 5 > 2  3 . 2 0 . 2 4  

2 3  I F ( N T E S T . E O . O )  G O  T O  2 0  
N W S = N N W  +  5  
G O  T O  2 0  

2 4  N W S = N N W  +  1 0  
2 0  X W S = N W S  

W S = X W S / X M U L T  
. E N T R Y  I N T R P ( X X , Y Y , W V S , D E L O . J J . J K . N U M S O L . W S » W F . D E L N . K N . N P )  

I N T E R P O L A T I O N  O F  P O I N T S  A T  R E G U L A R  I N T E R V A L S  O N  N E W  S C A L E  
J L = J K - 1  
K A C J = J J - 1  
N A 0 J = K N - 1  
W N  =  W S  
W F = 1 0 0 0 0  , / W V S  
N P = A B S ( W F - W S ) / D E L N  +  1  . 0 0 0 0 0 1  
X P = N P - 1  
W F = W S  +  X P * D E L N  
N P = N P + N A 0 J  
D O  2 7  M = K N . N P  
W 0 = 1 0 0 0 0 . / W N  
K 0 = ( W O - W V S ) / D E L O  +  . 9 9 9 9 9 9 9  
I F ( K O . E Q .  0 )  K 0 = 1  
X K = K 0 - 1  
D W =  W O - ( W V S  +  X K + D E L O )  
K O = K O  +  K A D J  
D O  2 8  I = l , N U M S O L  
C A L L  A B C D M ( X X (  1 .  I  ) . Y Y (  1  .  I  )  . D E L O . D W . J J . J L . K O . M )  

2 0  C O N T I N U E  
2 7  W N = W N  +  D E L N  



R E T U R N  
E N D  
S U B R O U T I N E  A S C D M  ( X X . Y Y  » H H , D W , J J t J K , K , M )  
D I M E N S I O N  X X ( 4 0 0 ) , Y Y ( 4 0 0 )  
A A = X X ( K )  
IF (K-JJ)6,5,6 

5  B B = ( 4 . * X X ( K + 1 ) - 3 . * X X ( K ) - X X ( K + 2 ) ) / ( 2 . + H H )  
C C = ( X X ( K + 2 ) - 2 . * X X ( K  +  n + X X ( K ) ) / ( 2 . # H H * H H )  
Y Y ( M ) = A A + ( B B + C C * D W ) * D W  
G O  T O  4  

6 IF(K-JK)7f8»7 
7  B B = ( 6 . * X X ( K + 1 ) - 2 . * X X ( K - 1 ) - 3 . * X X ( K ) - X X ( K + 2 ) ) / ( 6 . * H H )  

C C  =  (  X X ( K  +  1 ) - 2 . * X X ( K ) + X X ( K - 1 )  ) / { 2 . * H H * H H )  
D D = ( X X ( K + 2 > - 3 , * X X ( K + l ) + 3 . * X X ( K ) - X X ( K - l ) ) / (  
Y Y ( M ) = A A + ( B B + ( C C + 0 0 * D W ) * D W ) * D W  
G O  T O  4  

a  B B = ( X X ( K + 1 ) - X X ( K - 1 ) ) / ( 2 . * H H )  
C C = ( X X ( K + 1 ) - 2 . * X X ( K ) + X X ( K - 1 ) ) / ( 2 . * H H * H H )  
Y Y  ( M ) = A A + ( B B  +  C C * D W ) * D W  

4  R E T U R N  
E N D  
S U B R O U T I N E  A B C D  ( X X « Y Y , H H , D W , J J , J K , K )  
D I M E N S I O N  X X ( 4 0 0 ) , Y Y ( 4 0 0 )  
A A = X X ( K )  
I F ( K - J J ) 6 , 5 , 6  

5  B B = ( 4 . * X X ( K + 1 ) - 3 . * X X ( K ) - X X ( K + 2 ) ) / ( 2 . * H H )  
C C  =  (  X X <  K  +  2 ) - 2 . * X X ( K + I ) + X X ( K ) ) / ( 2 . * H H * H H )  
Y Y ( 2 * K ) = A A + ( B B + C C * D W ) * D W  
G O  T O  4  

6  I F ( K - J K ) 7 . 8 . 7  
7  B B  =  ( 6 . * X X ( K + 1  ) - 2 . * X X ( K - l > - 3 . * X X ( K ) - X X { K  +  2 )  ) / ( 6  . * H H )  

C C = ( X X ( K + 1 ) - 2 . * X X { K ) + X X ( K - l ) ) / < 2 . * H H * H H )  
D D = ( X X ( K + 2 ) - 3 . * X X ( K + l ) + 3 . * X X { K ) - X X ( K - I ) ) / ( 6 . )  
Y Y ( 2 * K ) = A A + ( B B + ( C C + D D * D W ) * D W ) * D W  
G O  T O  4  
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c  P R G G  P L O T  
C  S E V E R A L  C U R V E S ( M A X .  6 >  A R E  P L O T T E D  O N  A  G R A P H  W I T H  T H E  P R O D U C E D  D A T A  C A R D S  
C  B Y  P R O G  C O N V .  
C  T H I S  P R O G R A M  C A N  B E  E A S I L Y  M O D I F I E D  T O  U S E  B O T H  T H E  D A T A  P O I N T  S Y M E C L S  
C  S U C H  A S  C I R C L E .  C R O S S ,  S Q U A R E ,  T R I A N G L E ,  E T C .  A N D  T H E  L A B E L S  O N  T H E  U P P E R  
C  R I G H T  H A N D  C O R N E R S  O F  T H E  P L O T S .  T H E  I N P U T  C A R D  N O . 2  I S  A C T U A L L Y  T H E  
C  B L A N K  A N D  T H E  R E A L  G L A B L l  A N D  G L A B L 2  A R E  T H E  D U M M l  A N D  D U M M 2  .  
C  I C K  J H I N  Y O O N  
C  

D I M E N S I C N  S P E C N ( 9 9 ) , X L A B { 5 ) , Y L A B ( 5  )  , G L A B 1 ( 5 ) . G L A B 2 ( 5 ) , X I ( 1 1 2 ) ,  
1  S P E C ( 1 1 2 ) , D U M 1 ( 5 ) , D U M 2 ( 5 ) , S P E C  I  ( 1 3 )  

E Q U I V A L E N C E ( S P E C  1 ( 1 ) , S P E C (  1 )  ) ,  ( S P E C N ( 1 ) , S P E C ( 1 4 ) )  
D A T A  S P E C I / 1 3 + 0 . 0 /  
J E G = 1 1 2  
X M I N = 1 0 . 0  
X S I Z E = 1 1 . 0  
X S F = 2 . 0  
Y S I Z E = 1 0  . 0  
Y M I N = 0 . 0  
D O  1 0  1 = 1  ,  J E G  

1 0  X I ( I ) = 1 0 . 0 + ( I - l ) » 0 . 2  
R E A D ( 5 , 1 C 0 )  X L A B i Y L A B  

1 0 0  F O R M A T ( 1 0 A 4 )  
R E A D ( 5 , 1 0 C )  G L A B 1 , G L A B 2  
P R I N T  2 0 0 , X L A B , Y L A B  

2 0 0  F O R M A T ( 1 H 1 , 1 0 A 4 )  
1 1  R E A D ( 5 , 1 0 1 , E N D = 3 3 )  N G R . Y S F  

1 0 1  F 0 R M A T ( I 2 .  F 5 » l )  
P R I N T  2 0 1  . N G R , Y M I N , Y S I Z E . Y S F  

2 0 1  F O R M A T < 1 H O , ' N G R = » ,  I  3 , 2 X , • Y M I N = • , F 5 . 1  , 2 X , • Y S IZE=' , F 5 , 1 , 2 X , • Y 5 F = ' ,  
1  F 5 . 1 , / )  

D O  2  0  1 = 1 , N G R  
R E A D ( 5 , 1 0 0 )  D U M l , D U M 2  
P R I N T  2 0 2 , D U M l , D U M 2  



2 0 2  F O R M A T ( 1 H 0 , 1 0 A 4 >  
R E A O ( 5 f l 0 2 )  ( S P E C N ( J ) . J = 1 t 9 9 )  

1 0 2  F O R M A T t 1 0 F 8 . 3 )  
D O  9 9  J = l , 9 9  

9 9  I F ( S P E C N ( J ) . L T . 0 . 0 )  S P E C N ( J ) = 0 . 0  
G O  T O  ( 1  , 2 , 2 , 2 . 2 , 2 )  , I  
G O  T O  3 3  

1  C A L L  G R A P H ( J E G , X 1 . S P E C , 0 ,  4 , X S I Z E , Y S I Z E , X S F , X M I N . Y S F , Y M I N , X L A B ,  
1  Y L A B . G L A B l , G L A B 2 )  

G O  T O  2 0  
2  C A L L  G R A P H S ( J E G , X I , S P E C , 0 , 1 0 2 ,  G L A B 2 )  

2 0  C O N T I N U E  
G O  T O  1 1  

3 3  S T O P  
'  E N D  

-0 



P R C G  L O G N  
A  L E A S T  S Q U A R E S  F I T  O F  L O G  N O R M A L  A N D / O R  G A U S S I A N  C U R V E S  T O  A  C O M P C S I T E  
C U R V E  I S  D E T E R M I N E D  A N D  T H E ' B E S T "  V A L U E S  F O R  T H E  P A R A M E T E R S  O F  I N T E R E S T  
F O R  E A C H  O F  T H E  B A N D S  A R E  Y I E L D E D .  
I C K  J H I N  Y O O N  

D I M E N S I O N  E Q O O O  )  t  X K K  (  3 0 0  )  •  Y P K  ( 6  . 3 0 0 ) . W T ( 3 0 0 )  ,  B R A C K  (  3 0  0 )  .  
1 F I T F ( 3  0 0 ) , X L A B ( 5 ) , Y L A B ( 5 ) . G L A B l ( 5 ) , G L A B 2 ( 5 ) t A R G S T ( 2 4 ) • H ( 3 7 2 ) . G ( 2 4 )  
2  » Z L A B ( 5 ) . J N 0 ( 2 4 ) , A R S V ( 2 4 )  , J F I X ( 2 4 ) , U ( 5 ) , C I D ( 2 0 ) , Y P 2 { 3 0 0 )  

D A T A  U / 5 * ' U ' /  
I N T E G E R  P R I N T  
C O M M O N  E O , X K K , N S P , W T , N P K S , C O N , X S M A . J N O , P R I N T  
E X T E R N A L  D E R I V  
X S M A = 1 0 . 0 * * ( - 1 0 )  
C O N = S Q R T ( 2 . * A L O G ( 2 . 0 } )  
C O N S = C O N * C O N  

R E A D I N G  I N  T H E  D A T A  

R E A D ( 5 , 1 0 0 )  X L A B , Y L A B , Z L A B  
1 0 0  F O R M A T ( 2 0 A 4 )  

8 6  R E A D ( 5 , 1 O O » E N D = 0 4 )  G L A B l , G L A B 2  
R E A D ( 5 , 1 0 1 )  W V N O f W V N l , D E L T A , W V T R U N  

1 0 1  F O R M A T ( 4 F 6 . 2 )  
N S P = ( W V N 1 - W V N 0 ) / D E L T A  +  1 . 0 1  
R E  A D { 5 , 1 0 2 )  Y S F , S C A L E ,  E R R S C , F A C T O R  

1 0 2  F 0 R M A T ( F 6 . 1 , F 4 . 1  , F 6 . 1  , E 7 . 0 )  
I F  ( Y S F  . L T  . 0 .  )  Y S F  =  2 0 0 0  . 0  
I F  ( S C A L E . E Q . O . )  S C A L E  =  4 . 0  
I F ( E R R S C  . E Q . 0 .  )  E R R S C = 2 0 0 . 0  
I F ( F A C T O R . E Q . O . )  F A C T O R  =  l . E  0 3  
X K K ( 1 ) = W V N 0  
R E A D  ( 5 , 1 4 8 )  C I D  

1 4 8  F O R M A T  ( 2 0 A 4 )  



R E A D  ( 5 , 1 0 3 )  ( E O ( K > . K = l , N S P )  
1 0 3  F O R M A T  ( 1 0 F 8 . 3 )  

R E A D ( 5 , l 6 4 ) E S T , E P S , L I M I T , P R I N T  
1  0 4  F O R M A T  ( 2 E 1 0 .  3 ,  2 1  3  )  

I F ( P R I N T . E G . 0 ) P R I N T = 1  
1 8  R E A D { 5 , 1 0 5 )  N P K S . N F P  

1 0 5  F O R M A T ( 2  1 3 )  
I F ( N F P . E Q . O . )  G O  T O  9 9 9  
R E A D ( 5 , 1 0 6 ) ( J F I X ( J ) , J = 1 , N F P )  

1 0 6  F 0 R M A T ( 2 4 I 3 )  

P R I N T  T H E  I N P U T  I N F O R M A T I O N  

9 9 9  W R I T E ( 6 , 2 0 0 )  G L A B 1 , G L A B 2 , W V N O , W V N 1  , N S P , D E L T A , W V T R U N  
2 0 0  F O R M A T ( ' l ' , 1 0 A 4 / ' 0 ' , *  S T A R T I N G  V A L U E = •  , F 6 . 2 , •  , F  I N A L  V A L U E = • , F 6 . 2 ,  

•  • . N U M B E R  C F  P O I N T S = •  , I  3 / •  D E L T A = • , F 5 . 2 T R U N C A T E D  A T  • . F 6 . 2 )  
W R I T E ( 6 , 2 0 1 ) E S T , E P S , L I  M I T  

2 0 1  F O R M A T ( ' 0 ' , '  E S T I M A T E  O F  M  I N I  M U M / P E A K = • ,  I P E 1 0 . 3 / «  « , •  E X P E C T E D  A B S  
•  O L U T E  E R R O R / G R A D ( J ) = '  , E 1 0 . 3 / «  L I M I T  O N  N U M B E R  O F  I  T E R A T  I O N S / W I  
* N D O W = ' , 1 3 )  

I F  ( W V T R U N . N E . O . )  N S P = ( W V T R U N - W V N 0 ) / D E L T A  +  1  . 0 1  
D O  5 1  K = 2 , N S P  

5 1  X K K ( K ) = X K K ( K - 1 ) + D E L T A  

• C O R R E C T *  N E G A T I V E  E X T .  C O E F F .  D U E  T O  S M A L L  B A S E L I N E  E R R O R S  

D O  6 5  K = 1 , N S P  
W T ( K ) = 1 .  
I F ( E Q ( K ) )  6 4 , 6 4 , 6 5  

6 4  E Q ( K ) = 0 . 0  
6 5  C O N T I N U E  

I F ( P R  I N T  . E Q . 1  )  G O  T O  2 6  
W R I T E ( 6 , 2 0 2 )  

2 0 2  F O R M A T  ( ' 0 ' , '  I N P U T  P A R A M E T E R S ' )  
W R I T E ( 6 , 2 9 9 )  F A C T O R  



2 9 9  F O R M A T  ( ' 0 ' , 8 X , « X P ( K K ) * , 3 X , ' Y P  X •  . l P E 6 . 0  « 2 X t • H W ( K K ) •  . 5 X , • R H O •  
2 6  N = N P K S * 4  

P U T  I N I T I A L  G U E S S E S  O F  T H E  P A R A M E T E R S  I N T O  T H E  L I N E A R  A R R A Y S  
A R G S T  A N D  A R S V  

JJ=0 
D O  3 7 7  J = 1 . N P K S  
R E A D ( 5 t l C 7 )  X P , Y P , H W , R H O  

1 0 7  F 0 R M A T ( F 6 . 2 . F 7 . 3 . F 6 . 3 . F 6 . 3 )  
I F ( P R  I N T . E Q . 1 )  G O  T O  2 7  
W R I T E ( 6 , 2 3 0 )  X P t Y P t H W . R H O  

2  3 0  F 0 R M A T ( 8 X , F 6 . 2 , 4 X , F 7 . 3 , 4 X , F 8 . 3 , 2 X , F 6 . 3 )  
2 7  J J = J J + 1  

A R G S T ( J J ) = X P  
A R S V ( J J ) = X P  
J J = J J  +  1  
A R G S T ( J J ) = Y P  
A R  S V (  J  J ) = Y P  
J J = J  J  +  1  
A R G S T ( J J ) = H W  
A R S V ( J J ) = H W  
J J = J J + 1  
A R G S T ( J J  ) = R H O  
A R S V ( J J ) = R H O  

3 7 7  C O N T I N U E  

R E A D  I N  T H E  P O S I T I O N S  O F  T H E  F I X E D  P A R A M E T E R S  

D O  1 1 2  1 = 1 , N  
1 1 2  J N O ( I ) =  0  

I F { N F P . E G . O )  G O  T O  7 1  
D O  7 0  K L = 1 , N F P  
K L L = J F I X ( K L )  

7 0  J N 0 ( K L L > = 1  



7 1  C O N T I N U E  
CALL FMCG(DERIV.N.ARGST.FtGtESTtEPStLIMIT.lERtH) 
WRITE (6.203) F,1ER 

2 0 3  F O R M A T ( ' 0 ' , ' V A L  =  « , E l  4 . 4 , '  E R R C R  C O D E  =  * , I 3 )  
VAL=F 
W R I T E  ( 6 , 2 0 4 )  ( G ( J ) . J = l , N )  

2 0 4  F O R M A T ( '  ' , 1 0 X , ' F I N A L  G R A D I E N T S  A R E * , 4 E 1 4 . 4 )  
W R I T E  (6,205) F A C T O R  

2 0 5  F O R M A T  ( ' 0 ' . 8 X , '  I N I T I A L  L O G N O R M A L  P A R A M E T E R S • / • 0 •  ,  1 7 X •  X P ( K K ) •  , 3 X .  •  
l Y P  X « , I P E 6 . 0 , 5 X . • H W ( K K ) • , 4 X . * R H 0 ' >  

W R  I T E ( 6 , 2  0 6 ) ( A R S V ( J S ) , J S = 1 , N )  
2 0 6  F O R M A T  ( •  •  ,  1 7  X .  F 6  .  2  .  3  X  ,  F  1  0  . 4  ,  3 X  ,  F  8  .  3 ,  2 X  ,  F 6 .  3  )  

IF(NFP.EO.O) GO TO 16 
I F ( N F P . E O . l )  W R I T E ( 6 , 2 7 8 ) ( J F I X ( K Z ) . K Z = 1 , N F P )  

2 7 8  F O R M A T ( ' 0 * . 8 X . * T H E  I N P U T  P A R A M E T E R  H E L D  F I X E D  W A S * . 1 3 )  
I F ( N F P . G T . l )  W R I T E ( 6 . 2 1 4 )  ( J F I  X ( K Z ) . K Z  =  1  . N F P )  

2 1 4  F O R M A T ( ' 0 ' . 8 X , " T H E  I N P U T  P A R A M E T E R S  H E L D  F I X E D  W E R E » , 2 4 1 3 )  
C  
C  C A L C U L A T E  T H E  V A R I O U S  P A R A M E T E R S  F O R  E A C H  B A N D  
C  

1 6  J J = 0  
D O  5 4  J=1 , N P K S  
J J = J J + 1  
X P = A R G S T ( J J )  
JJ=JJ+1 
Y P = A R G S T ( J J )  
J J = J J + 1  
H W = A R G S T ( J J )  
JJ=JJ+1 
R H C = A R G S T ( J J )  
I F ( R H O . L T . 0 . 0 )  R H O = 0 . 5  
I F ( R H O . N E . l . )  G O  T O  6 5 2  

C  
C  I F  T H E  B A N D  I S  G A U S S I A N  C A L C U L A T E  T H E  B A N D  P A R A M E T E R S  A N D  M E A S U R E S  
C  O F  F I T  



c 
8 1 = 0 . 0  
8 2 = 3 , 0  
S I G = H W / C O N  
X M E A N = X P  
X M C D E = X P  
X M E D = X P  
P Î  = 3 . 1 4 1 5 9 2 7  
A R E A = Y P * H W * ( S O R T ( P I / A L 0 0 ( 2 . )  ) ) / 2 .  
A = - 1 . / X S M A  
B = - A  
C = 0 .  0  
G O  T O  9 9 4  

C  
C  I F  T H E  B A N D  I S  L O G N O R M A L  C A L C U L A T E  T H E  B A N D  P A R A M E T E R S  A N D  
C  M E A S U R E S  O F  F I T  
C  

6 5 2  A L R = A L O G ( R H O )  
C = A L R / C O N  N )  
B = ( H W * R H C » E X P ( C * C >  ) / ( R H O * R H O - l  . 0  )  ^  
A = X P - ( H W * R H 0 ) / ( R H 0 * R H 0 - 1 . 0 )  
W = E X P ( C * C  )  
X M E A N = B * S G R T ( W ) + A  
X M O D E = B / b + A  
X M E D = B + A  
A R  E A  =  Y P * B * C * S O R T ( 6 . 2 8 3 1 / W )  
S I G = H W * R H O * W * S Q R T ( W - 1 * ) / ( R H O - 1 . )  
B I G  =  S I G * S Q R T ( W ) / ( R H O + l . )  
B1=(W-l.)*(W+2.)*<W+2.) 
B 2 = W * W * W * W + 2 . * W * W * W + 3 * * W * W - 3 ,  

9 9 4  C O N T I N U E  
I F ( J . N E . 1 )  G O  T O  9 9 3  
W R I T E ( 6 , 2 0 7 )  

2 0 7  F O R M A T ( / / , 8 X , ' F I N A L  V A L U E S ' )  
W R I T E ( 6 . 2 0 8 )  



2  0 8  F 0 R M A T ( / / . 6 X . • X P ' , 1 1 X , ' Y P ' , 1 0 X , ' H W « , 7 X , ' R H O ' , 7 X , ' A R E A ' )  
9 9 3  W R I T E ( 6 , 2 0 9 )  X P » Y P , H W • R H O • A R E A  
2 0 9  F O K M A T C  •  . F  1  0  . 4  ,  5 X  ,  F 8  . 4  ,  1  X  .  2 F  1  0  .  4  .  2 X  *  F  1  0  .  4  )  

C  
C  C A L C U L A T E  T H E  L O G N O R M A L  S P E C T R A  A N D  C O M P A R E  T O  T H E  E X P E R I M E N T A L  
C  D A T A  
C  

R O S S = ( R H O * R H O " 1 ) / R H O  
D O  5 4  K = 1 , N S P  
D E  M = X K K ( K ) - X P  
B R = D E M * R 0 S S / H W + 1 ,  
I F ( B R . L T . O . O )  G O  T O  5 3 3  
A L B R = A L O G ( B R )  
I F  ( R H O .eO . l  .  )  G O  T O  5 4 4  
E X X = C O N S * A L B R * A L B R / ( A L R * A L R * 2 . )  
G O  T O  5 2  2  

5 4 4  E X X = 2 . 0 * C C N S * D E M * D E M / ( H W * H W )  
C  
C  A V C I D  U N D E R F L O W  K )  
C  ë  
5 2 2  I F ( E X X . G T . 7 0 . )  E X X = 7 0 .  

Y P K ( J , K ) = Y P * E X P ( - 1 . * E X X )  
G O  T O  5 4  

5 3 3  Y P K ( J » K ) = 0 . 0  
5 4  C O N T I N U E  

W T S = 0 . 0  
W T E = 0 . 0  
V A L 2 = 0 . 0  
D O  5 6  K = 1  . N S P  
W T E = W T E  +  V y T { K ) * E Q ( K ) * E Q < K )  
W T  S = W T S  +  W T ( K )  
F I T F ( K ) = 0 . 0  
D O  5 5  J = 1 , N P K S  

5 5  F I T F ( K ) = F I T F ( K ) + Y P K { J , K )  
I F ( E Q ( K ) ) 5 7 , 5 7 , 5 8  



5 8  B R A C K ( K ) = E Q ( K ) - F I T F ( K )  
V A L 2 = V A L 2 + B R A C K ( K ) « B R A C K ( K ) / ( E Q ( K ) * E Q ( K ) )  
G O  T O  5 6  

5 7  B R A C K  ( K )  = 0 . 0  
5 6  C O N T I N U E  

W R I T E  ( 6 . 2 1 0 )  
2 1 0  F O R M A T  (  •  1  •  .  1 0  X »  •  P O I  N T  / K  •  .  6 X .  •  V  A L U E  •  ,  7  X  ,  •  F R E Q U E N C  Y  •  .  5 X  ,  •  L O G N Q R M A L  •  

* . 5 X , « D I F F E R E N C E » )  
W R I T E  ( 6 . 2 1 1 )  ( K . X K K ( K  )  . E Q ( K ) , F I T F ( K ) , B R A C K ( K ) , K = 1 . N S P )  

2 1 1  F O R M A T  ( 1 3 X . 1 3 . 7 X . F 6 . 2 . 3 X . 2 E 1 4 . 5 , 2 X » F 9 . 2 )  
N = N S P  

C  
C  G E T  T H E  V A R I O U S  M E A S U R E S  O F  T H E  G O C D N E S S  O F  F I T  
C  

V A L T = V A L / ( N - 4 * N P K S + N F P )  
S D = S Q R T ( V A L T )  
V A L S Z = V A L / W T S  
V A L H = V A L / W T E  
V A L S = V A L 2 / ( N - 4 * N P K S + N F P )  
W R I T E ( 6 , 2 1 2 )  V A L . V A L T , V A L S Z  

2 1 2  F O R M A T ( • 0 * , l O X , '  V A L = ' , E 1 1 . 4 , 3 X , ' V A L T = ' . E l l . 4 . 3 X » • V A L S Z  =  ' . E l  1 . 4 )  
W R I T E ( 6 . 2 1 3 )  V A L H . V A L S . S D  

2 1 3  F O R M A T  ( 1  O X ,  • V A L H = •  . E 1  1  . 4 , 3 X . • V A L S = •  . E 1 1 . 4 . 3 X ,  • S D = • . E l  1 . 4 )  
C  
C  G R A P H I C A L  O U T P U T  
C  

D O  8 8 8  K = 1 . N S P  
E Q ( K )  =  E C ( K ) * F A C T O R  
F I T F ( K )  =  F I T F ( K ) * F A C T O R  

8 8 8  B R A C K ( K )  =  B R A C K ( K ) * F A C T O R  
X S I Z E = ( X K K { N S P ) - X K K ( 1 ) ) / S C A L E  + 1 . 0  
X M I = A I N T ( W V N 0 )  
Y M = - 5 . * E R R S C  
C A L L  G R A P H ( N S P , X K K , E Q . 4 . - 7 . X S I Z E . 1 0 . . S C A L E . X M I . Y S F . 0 . 0 . X L A B . Y L A B . G  

• L A B I . G L A B 2 )  



C A L L  G R A P H ( N S P » X K K t F I T F # 0 » - 2 » 0 . . 0 . . 0 , , 0 . . 0 . . 0 o » U t U » U » U )  
D O  1 3  J = l t N P K S  
D O  1 4  K = 1 , N S P  

1 4  Y P 2 ( K )  =  Y P K ( J . K ) * F A C T O R  
1 3  C A L L  G R A P H ( N S P . X K K . Y P 2  , 0 , - 2 , 0 . , 0 . , 0 . , 0 « , 0 . , 0 , , U , U , U , U )  

C A L L  G B A P H ( N S P , X K K t B R A C K , 0 . - 2 . X S I Z E , 1 0 . • S C A L E . X M I » E R R S C ,  Y M » X L A B ,  
• A B . G L A B l . G L A B 2 )  

G O  T O  8 6  
8 4  S T O P  

E N D  
S U B R O U T I N E  D E R I V ( N # A R G . V A L t G R A D )  
D I  P E N S I O N  A R G (  2 4  )  . G R A D ( 2 4 )  . B R A C K O O O )  , Y P K ( 6 . 3 0 0 ) .  

I F I T F ( 3 0 0  )  , X K K ( 3 0  0  ) » W T { 3 0 0 ) . E Q ( 3 0  0 ) , J N O ( 2 4 )  
I N T E G E R  P R I N T  
C O M M O N  E Q , X K K , N S P , W T , N P K S , C O N , X 5 M A , J N 0 , P R I N T  

C A L C U L A T E  T H E  F I T T E D  F U N C T I O N  U S I N G  T H E  C U R R E N T  V A L U E S  O F  T H E  
P A R A M E T E R S  

C O N 5 = C O N * C O N  
J  J  = 0  
J B = 0  
D O  5 4  J = 1 , N P K S  
J J = J J  +  1  
X P = A R G ( J J )  
J J = J J + 1  
Y P = A R G (  J  J  )  
J J = J J + 1  
H W = A R G ( J J )  
J J = J J + 1  
R H O = A R G ( J J )  
I F ( P R I N T . E Q . 1 )  G O  T O  2 0 0  
W R I T E ( 6 , 5 1 )  X P . Y P . H W . R H O . J  

5 1  F O R M A T ( •  X P = «  «  E l 4 . 4 , 3 X , ' Y P = ' , E 1 4 . 4 , 3 X , * H W = ' , E 1 4 . 4 . 3 X , • R H 0 = ' , E 1 4 ,  
* 3 X , ' J = * . I 2 )  



c  
c  S U M  I N D I V I D U A L  L O G N O R M A L  B A N D S  T O  O B T A I N  F I T T E D  F U N C T I O N  
C  

2 0 0  R D S S = ( R H C * R H O - l . ) / R H O  
R O S S = R O S S / H W  
I F ( R H O . L T . 0 . 0 )  R H Q = 0 . 5  
A L R = A L O G ( R H O )  
A L R = A L R * A L R  
D O  5 4  K = 1 , N S P  
D E M = X K K (  K  ) - X P  
B R = D E M * R C S S + 1 •  
I F ( B R  . L T  . 0 . 0 )  G O  T O  5 3 3  
A L B R = A L C G < B R )  
I F ( R H O . N E . 1 . )  G O  T O  5 2 2  
E X X = 2 . 0 * C C N S * D E M * D E M / ( H W * H W )  
G O  T O  5 2 3  

5 2 2  E X X = C O N S * A L B R * A L B R / { A L R * 2 . )  
5 2 3  I F ( E X X . G T . 1 7 4 , )  G O  T O  5 3 3  

Y P K ( J , K ) = Y P * E X P ( - 1 . * E X X )  t o  
G O  T O  5 4  w  

5 3 3  Y P K ( J , K ) = 0 . 0  
5 4  C O N T I N U E  

D O  4 5  K = 1 , N S P  
F I T F ( K ) = 0 . 0  
D O  5 5  J = 1 , N P K S  

5 5  F I T F ( K ) = F I T F ( K ) + V P K ( J , K )  
B R A C K ( K } = F I T F ( K ) - E Q ( K )  

C  
C  A V O I D  U N D E R F L O W  
C  

I F ( A B S ( B R A C K ( K ) ) - X S M A )  4 1 , 4 1 , 4 2  
4 1  B R A C K ( K ) = 0 . 0  
4 2  C O N T I N U E  
4 5  C O N T I N U E  



C  C A L C U L A T E  T H E  D E R I V A T I V E S  A N D  T H E  G R A D I E N T  
C  

JJ=0 
J F = 1  
J E = 0  
D O  5 7  J = l , N P K S  
JJ=JJ+1 
XP=ARGIJJ)  
G R A D ( J J ) = 0 . 0  
J J = J J + 1  
Y P  =  A R G ( J  J )  
G R A D ( J J ) = 0 . 0  
J J = J J + 1  
H W = A R G { J J )  
GRAD(JJ)=0.0 
J J = J J + l  
R H Q = A R G ( J J )  
G R A D ( J J ) = 0 . 0  
I F  ( R H O . L T . O .  )  R H O  =  0 . 5  t o  
R O S S = ( R H C * R H O - l . ) / R H O  ^  
R O S S = R O S S / H W  
A L S = A L Q G ( R H O )  
A L R = A L S * A L S  

7  J E - J E  +  1  
D O  5 6 6  K = l f N S P  
D E M = X K K ( K ) - X P  
B R = D E M * R O S S + 1 .  
I F ( B R . L T . 0 . 0 )  G O  T O  5 2  
A L B R = A L G G ( B R )  
G O  T O  5  

5 2  A L B R = 0 . 0  
y P K { J , K ) = 0 . 0  

5  G O  T O  ( 1 , 2 , 3 , 4 ) ,  J E  
1  I F  ( R H O . E Q . 1 . )  G O  T O  1 5 5  

D E R = Y P K ( J , K ) * C 0 N S * A L 8 R * R 0 S S / ( A L R * B R )  



G O  T O  5 6  
1 5 5  D E R = Y P K ( J , K ) * 4 . • C O N S * D E M / ( H W * H W )  

G O  T O  5 6  
2  D E R = Y P K ( J . K ) / Y P  

G O  T O  5 6  
3  I F  ( R H O t E O . l . )  G O  T O  1 5 6  

D E R = Y P K ( J , K ) * C O N S * A L B R * R O S S * D E M / ( H W * A L R * B R )  
G O  T O  5 6  

I  5 6  D E R = Y P K ( J , K ) * 4 . * C 0 N S * D E M * D E M / ( )  
G O  T O  5 6  

4  I F  ( R H O . E Q . l . )  G O  T O  1 5 7  
D E R = Y P K ( J , K ) * <  C O N S / ( A L R ) ) * ( A L B R * A L B R / ( R H O * A L S ) - A L B R * D E M * ( R H O * R H O  + 1  

• • ) / ( B R * R H C * R H O * H W ) )  
G O  T O  5 6  

1 5 7  O E R = 0 . 0  
G O  T O  5 6 6  

5 6  I F ( A B S ( D E R ) . L T . X S M A )  D E R = 0 . 0  
5  6 6  G R  A D (  J F )  = G R A D (  J F ) + ? .  .  0  * W T  (  K  )  * B R  A C K  {  K  )  * D E R  

J F = J F  +  1  
I F ( J E - 4 )  7 , 6 0 . 6 0  

6 0  J E = 0  
5 7  C O N T I N U E  

D O N ' T  V A R Y  T H E  P A R A M E T E R S  T H A T  A R E  T O  B E  H E L D  C O N S T A N T  

D O  6 9  J F = 1 , N  
I F ( J N O (  J F ) . E Q . n  G R A D ( J F )  =  0 . 0  

6 9  C O N T I N U E  
I F ( P R  I N T . E Q . 1 )  G O  T O  2 0 1  
W R I T E ( 6 , 6 3 )  ( G R A D ( J F ) , J F = 1 , N )  

6 3  F O R M A T  < •  G R A D = ' , 4 E 1 4 , 4 )  

C A L C U L A T E  T H E  V A L U E  O F  T H E  S U M  O F  T H E  S Q U A R E S  O F  T H E  D I F F E R E N C E  
B E T W E E N  T H E  C A L C U L A T E D  A N D  E X P E R I M E N T A L  S P E C T R A  



2 0 1  V A L = 0 . 0  
D O  5 9  K = 1 , N S P  

5 9  V A L = V A L + W T ( K ) » B R A C K ( K ) * B R A C K ( K )  
I F ( P R  I N T . E Q . I )  6 0  T O  4 8  
W R I T E ( 6 , 6 1 )  V A L  

6 1  F O R M A T  ( •  V A L = ' , E 1 4 . 4 / )  
4 8  C O N T I N U E  

R E T U R N  
E N D  

N) 
CO 
CTi 
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XII. APPENDIX C: ELECTROCHEMISTRY OR HYDORXYL ION 

The high temperature electrochemical cell based on a CSZ 

as a solid electrolyte with Pt electrodes can be expressed 

as 

+ 

P'o;' ̂ 'HJO' ' " « /  CSZ/ /  (P t )  \̂o' P"02 

where the partial vapor pressures of two gases were set up 

experimentally as P'^ > P"^ and P'^ ̂  < P"g q-

The total current through the external circuit, I^^t 

will be the net current I^^^ produced by the sum of the 

components within the solid electrolyte, oxygen (Iq"), 

hydroxy1 (Ig^,), hydrogen (1^+), and electron (I^,). For 

an open circuit EMF which would appear over the left and 

right electrodes, the total current I^^^ will be zero. 

lext = Inet = =0" + loil' + :H+ + ^e' = ^ <1) 

The current is a function of the ion of electron flux as 

Ij_ = (2) 

where A is the cross sectional area perpendicular to the 

current flow and is the charge in coulombs on each i-type 

particle. The flux of the species i may be expressed in terms 

of electrochemical potential gradient. 



288 

'"i 
1 

2 
where the flux has units of particles/cm .sec, is the 

partial conductivity of the species, i under consideration in 

-1 —1 ohm cm , is the valence of the species (Zq"=-2, 

Zjj+=+l, and Z^'=-l), F is the Faraday constant, [F = 

96,500 coulombs per equivalent, which is the product of 

23 Avogadro's number = 6.023 x 10 ) and an electronic 

—IQ 
charge (e = 1.6021 x 10 coulombs, or 23,060 calories/ 

volt-equiv. ] , and Vrijj_ is the gradient of electrochemical 

potential of the species i. 

Equation (1) combined with Equations (2) and (3) yield 

:net = - J F if '"i = ° 

or 

!2_.. '"o" + "oh'^Ioh' - V '"h* + = ° (5) 
2 

The possible cell reactions and their electrochemical re­

lationships are 

^2 (9) + 2e' ̂  0"; Hq.. = § pQ + 2^^', (6) 

H20(g) + e' -> OH' + j + 2 ^ 

in^Cg) + e' + H+; Hg* + rijj+ = | 
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and, at equilibrium in a gaseous phase, 

H2(g) + 2 H^OCg); ^ (9) 
2 2 2 • 

The gradients of the electrochemical potentials of each 

species may be then written as : 

and 

VfIoh' 2 

Vng+ = V[i '12) 

In the gaseous phase, the gradient of the chemical potential 

of is 

'"Hj" "%O- ¥0̂  ̂

Substituting Equations (10), (11) and (12) into Equation (2) 

yields 

o 

-J- 2^°0H 

+ <°o"+°OH'+OH++Ce''?"e' = ° <"> 

Replacing ^ with Equation (13), Equation (14) becomes 
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^ (ao"+aoH'+crH+) • (^OH 

+ (*0"+*0H'+*H++*e')?%e' = ° 

Because the transference number of species i, ti, is 

defined as the ratio I^/I^ or the ratio o^/a^ where the total 

conductivity is given by the algebraic sum of cr^,,, q̂h ' ' 

ajj+, and Equation (15) may be written in the following 

way, 

By integrating both sides of Equation (16), the electro­

chemical potential difference of e' may become as 

1 
^'^ë' ~ '^e'^ ~ ~ 4 J ^ 

""02 

1 
2j , Q (17) 
"h^O 2 

The electrochemical potential difference of electron 

(n"g, -n^,) is given by the measured terminal voltage, 

according to the following well-known relation (129, 130). 
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( n ; ,  - n ; ,  )  =  z ^ . F E y  ( 1 8 )  

where Z ,= -1. 
e ' 

Equating Equations (17) and (18) and collecting by E^, 

_ 1 f'°2 
4F J ' '•^0 

^0^ ^ 

^ 2F j / ^^OH' tg+jdUg 0 (19) 

Equation (19) is the general form for the two mobile 

charged ions 0" and OH' and it can be simplified by the mean 

value theorem into the following form 

o 

-"O; ' + <%0 -"H^O ' (2°) 

where t?^^ simply is the averaged open circuit transference 

number of the ions, = t^n+t^^,+tjj+ (131) . 

Most of the electrochemical measurements have been 

confined to isothermal conditions. However, nonisothermal 

conditions can be conceived for many situations (111). 

With two different temperatures T' and T" at the two 

electrodes, 

— + 
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the terminal Eî€F , will be expressed by 

E? = [E^COg)+22(02)] + [E^^HgOj+EgCHgO)] + E^ (21) 

or = [^(Uo^ (T")-PÔ (?')] 

+  ( 2 2 )  

+ ic(T"-T'j+a 

"here = 1, = p°^(T) + RT In «h^o"'' = 

Wg q(T) + RT In Pg Q, R is the gas constant (R = 

k = the Boltzmann constant), (T) and u„ are the 
°2 *2° 

standard state chemical potentials of pure oxygen (cal/mole 

oxygen) and pure water (cal/mole water), respectively, and a 

is an intercept on the EMF axis in Figure 34. 

The chemical potentials at standard states as a function 

of temperature are found from a data book (132). 

U° (T) = -2.313 - 7.16 In T - 0.50 x 10~^T^ 
0, 

+ 2 x lo'^ ^ - 0.55 T (23) 

for the temperature range 298°K-3,000 °K and 

U° ^(T) = -56,940 + 2.91 T In T - 0.64 x lO'^T^ 
32° . 

- 8 X 10^ ̂  - 8.11 T (24) 

for the temperature range 373°K-2,500 °K. 
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The chemical potential difference at two different 

temperatures can be computed and and are as follows 

(133) -

and 

= ^{-7.16(T" In T"-T' In T') 

-0.50 X 10"2(T"2_T'2) 

+ 2 X 10^(|n- - ̂ )-0.55(T"-T') 

+ R[T" In P (T")-T' In (T')]} (25) 
^2 2 

[EI(H20)+E2(H20) ] = •^(tQjj'-tjj+) (yg^Q(T")-Ug^Q(T')) 

= •^(tQg'-tg+) {+2.91(T" In T"-T' In t") 

-0.64 X lO"^ 

(T"^-T'^)-8 X 10^ (^ - ̂ )-8.11(T"-T') + R 

[T" In Pg^Q(T")-T' In P^ ̂ (T')]} (26) 

where is the temperature-dependent term and E2 is the 

pressure-dependent term. The thermal EMF ['"Eq. (41) in 

the text! was calculated with the measured values and 

the calculated values in Eg. (25). 
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XIII. APPENDIX D: SAMPLES 
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Table Dl. Samples 

No. GLAB 1 GIAB 2 (mole/2) X(cm) 

1 5Na 0-95B O -Mn 25°C, 0.21 Atm. 0.080305 (Mn^*) 0.414 
" " 0.003170 (Mn3+) 

2 15Na 0-85B O -Mn " 0.080923 (Mnu^) 0.438 
2 '' 2 3 " 0.003652 (Mn ) 

3 25Na 0-95B 0 -Mn " 0.07763 (Mn^^ 0.373 
" " 0.004086 (Mn 

5 35Na„0-65B„0^-Mn " 0.059969 (Mg^"^) 0.436 
^ ^ ^ u.uj./oy vwR ) 

6 5Na20-95B202-Mn 859°C, 0.21 Atm. 0.068335 (Mn^^) 0.500 

679"C, 0.21 Attn. 0.069754 (Mnu^) 
0.002841 (Mn ) 

451°C, 0.21 Atm. 0.072593 (Mn^*) 
0.0029565 (Mn ' 

327°C, 0-21 Atm. 0.074418 (Mn^^) 
0.00303 (Mn ) 

0.00312 (Mn ) 
10 " 200°C, 0.21 Atm. 0.07665 (Mn^^) 

11 ISNa 0-85B 0 -Mn 858°C, 0.21 Atm. 0.07223 (Mn^*) 
" " 0.00325 (Mn ) 

12 " 679°C, 0.21 Atm. 0.074333 (Mn^^) 
0.003 355 (Mn ) 

13 " 452°C, 0.21 Atm. 0.0770 (Mn^*) 
0.00348 (Mn ) 

14 " 326°C, 0.21 Atm. 0.0786 (Mn^*) 
0.00355 (Mn ) 

15 23Na 0-77B 03-Mn 865°C, 0.21 Atm. 0.0706 (Mn^*) 
" " 0.0037 (Mn ) 

16 " 694°C, 0.21 Atm. 0.07332 (Mn^J 
0.00386 (Mn ) 
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•teble D1 (Continued) 

No. GLAB 1 GLAB 2 (mole/5.) X(cm) 

17 23Na 0-77S 0 -Mn 473°C, 0.21 Atm. 0.07616 (Mn^"^) 0.500 
" " 0.0040 (Mn3+) 

18 35Na 0-65B 0 -Mn 866°C, 0.21 Atm. 0.05225 (Mn^"*") 
" " 0.0318 (Mn3+) 

19 " 694 "C, 0.21 Atm. 0.0547 (Mnu*) 
0.0333 (Mn ) 

20 " 473°C, 0.21 Atm. 0.0577 (Mn^*) 
0.03514 (Mn +) 

21 10Na20-90Si02-Mn (Q), 0.73 Atm. 0.239 

22 " 25°C, 0.73 Atm. 0.08092(Mn_ _ J 0.140 
total 

23 " (Q) , 10"22 0.310 

24 " 25°C, 10~^^ Atm. 0.08434 (Mn^^) 0.268 
0.00374 (Mn ) 

25 15Na20-95Si02-Mn (Q), 0.73 Atm. 0.275 

26 " 25°C, 0.73 Atm. 0.08767(Mn ,) 0.233 
total 

27 " (Q), 10~^^ Atm. 0.0822 (Mn?*) 0.230 

28 " 25°C, lOT^Z Atm. 0.0072 (Mn^"*") 0.228 

29 ZiONagO-SOSiO^-Mn (Q) , 1.00 Atm. 0.487 

31 " (Q), 10~^^ Atm. 0.10027 (Mn^*) 0.436 

32 " 25°C, 10"22 Atm. 0.00174 (Mn^"^ 0.438 

33 35Na_0-65Si0--Mn 25°C, 0.73 Atm. 0.01167 Mn )* 0.293 
2 6 total 

0.11408 (Mn2+) 
34 " 25°C, 10 Atm. 0.00188 (Mn ) 0.289 

35 5Na 0-95B 0 -Mn 25°C, 0.815 Atm. 0.1775 (Mn^*) 0.648 
^ 0.0848 (Mn ) 

36 " (Q), 0.815 Atm. 0.332 

^Estimated concentrations. 
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Table D1 (Continued) 

No. GLAB 1 GLAB 2 (Mole/£) X(c3n) 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

58 

61 

5Na20-95B202-Mn 

ISNa^O-SSB^O^-Mn 

2 5Na ̂0-7 5B2O2-Mn 

35l>ia.̂ 0-65B̂ 0̂ -Mn 

6T:îa.̂ O-94B̂ Ô -m 

ISNa^O-SSB^O^-Ni 

25Na20-75B202-Ni 

35Na20-65B202-Ni 

6Na20-94B202-Ni 

(Q), 10 ̂  Atm. 

25°C, 10~^ Atm. 

(Q), 0.815 Atm. 

25°C, 0.815 Atm. 

(Q), 10 Atm. 

25»C, lo'^l Atm. 

(Q), 0.815 Atm. 

25°C, 0.815 Atm. 

(Q), 10 Atm. 

25°C, 10 Atm. 

(Q), 1.226 Atm. 

25®C, 1.226 Atm. 

-20 
(Q) , 10 Atm. 

-20 
25°C, 10 Atm. 

25°C, 0.21 Atm. 

ISNa^O-SSB^O^-Ni 

983°C, .0.21 Atm. 

983°C, 0.21 Atm. 

801°C, 0.21 Atm. 

n^eOCC, 0.21 Atm. 

983°C, 0.21 Atm. 

0.17705 (Mn^"^) 
0.0848 (Mn3+) 

0.1833 (Mn^"*") 
0.01695 (Mn3+) 

0.169 (Mn^"^) 

0.188 (Mn^^) 
0-031 (Mn ) 

0.19813 (Mn^^) 

0.20816 (Mn^^) 
0.013 (Mn3+) 

0.2207 

0.157 (Ni^*) 

0.177 (Ni^* 

0.191 (Ni^* 

0.200 (Ni^* 

0.134 (Ni^^ 

0.136 (Ni^^ 

0.142 (Ni^* 

0.154 (Ni 
2+ 

0-546 

0.363 

0.417 

0.415 

0.382 

0.459 

0.281 

0.493 

0.410 

0-321 

0.403 

0.349 

0.374 

0.532 

0.578 

0.477 

0.371 

0.500 
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Table D1 (Continued) 

No. GLAB 1 GLAB 2 (Mole/2) X(cm) 

52 ISNa^O-SSB^O^-Ni 878=C, 0.21 Atm. 0.155 (Ni2+) 0.500 

63 " 801°C, 0.21 Atm. 0.158 (Ni^^) 

64 " 709°C, 0.21 Atm. 0.160 (Ni^"^) 0.500 

65 " 631°C, 0.21 Atm. 0.163 (Ni^"^) 

66 " ^650°C, 0.21 Atm. 0.165 (Ni^"^) 

67 "  4S8*C,  0.21 Atm. 0.268 (Ni^"^) 

68 25Na20-75B202-Ni 952°C, 0.21 Atm. 0.212 (Ni^"*") 

69 " 845°C, 0.21 Atm. 0.217 (Ni^"^) 

70 " 753"C, 0.21 Atm. 0.222 (Ni^"^) 

71 " 610°C, 0.21 Atm. 0.229 (Ni^"^) 

72 " 426°C, 0.21 Atm. 0.234 (Ni^"*") 

73 35Na20-65B202-Ni 952°C, 0.21 Atm. 0.213 (Ni^"^) 

75 " 753 °C, 0.21 Atm. 0.225 (Ni^"*") 

76 " 610°C, 0.21 Atm. 0.233 (Ni^"^) 

77 " 428°C, 0.21 Atm. 0.241 (Ni^"^) 

80 5Na20-95B202-V (Q), 0.21 Atm. 0.348 (V^^)* 0.427 

81 " 25°C, 0.21 Atm. 0.381 0.422 

82 " (Q), 10~^^ Atm. 0.100 

83 " 25°C, ICT^I Atm. 0.0193 (V^"*") 0.100 

0.1467 (V^^) 

0.0811 (V^^) 

5+ * 
84 15Na20-85B202-V (Q), 0.21 Atm. 0.390 (V ) 0.453 

85 25°C, 0.21 Atm. 0.417- (V^^)* 0.454 
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Tabid D1 (Continued) 

No. GLAB 1 GLAB 2 (Mole/£) X(cm) 

86 ISNa^O-SSB^O^-V 25°C, 0.21 Atm. 0.410 (V^"*") 0.522 

87 " 25"C, 10~^ Atm. 0.41 (V^"*") * 0.463 

88 " 25°C, 10"21 Atm. 0.1157 (V**) 0.458 

0.272 (V^*) 

89 24Na20-76B202-V (Q) , 0.21 Atm. 0.432 (V^"^) * 0.439 

90 24Na20-76B202-V 25°C, 0.21 Atm. 0.444 (V^"*") 0.436 

91 " 25°C, lO"^^ Atm. 0.194 (V^*) 0.444 

" " 0.237 (V^*) " 

92 32Na20-68B202-V (Q), 0.21 Atm. 0.451 (V^*) 0.398 

93 " 25°C, 0.21 Atm. 0.470 (V^*) 0.395 

94 " " " 0.536 

95 lNa20-99B202-V 875°C, 0.21 Atm. 0.3643 (V^*) 0.500 

97 " 865"C, 10~^^ Atm. 0.3643 

98 " 867°C, lO'^l Atm. 0.3643 ) ' " 

99 SNagO-gSBgOg-V 867°C, 10~^^ Atm. 0.3737 (V^otal) 

102 25Na20-75B202-V 403°C, 0.70 Atm. 0.393 (V^"^) 

103 35Na20+65B202-V 928°C, 10~^^ Atm. 0.4559 

104 " 922°C, 0.70 Atm. 0.365 (V^*) 

105 2Na20-98B202-Co (Q) , 0.21 Atm. 0.0573 (Co^^') 0.485 

106 2Na20-98B202-Co 25°C, 0.21 Atm. 0.0645 (Co^"*") 0.472 

2+ 
107 5Na20-95B20^-Co (Q), 0.21 Atm. 0.0607*(Co ) 0.397 

108 " • 25°C, 0.21 Atm. 0.065 (Co^'*') 0.310 

109 " 911 °C, 0.21 Attn. 0.0571 (Co^"^) 0.500 
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Table D1 (Continued) 

No. GLAB 1 GLAB 2 (JMole/S.) X[cm) 

110 SNa^O-SSB^O^-Co 742°C, 0.21 Atm. 

111 

112 

113 

114 

116 

117 

118 

119 

120 

121 

123 

124 

125 

126 

127 

128 

130 

131 

605°C, 0.21 Atm. 

482°C, 0.21 Atm. 

370*0, 0.21 Atm. 

201°C, 0.21 Atm. 

115 ISNa^O-^SBgOg-Co (Q), 0.21 Atm. 

25°C, 0.21 Atm. 

900°C, 0.21 Atm. 

770°C, 0.21 Atm. 

648°C, 0.21 Atm. 

555°C, 0.21 Atm. 

475°C, 0.21 Atm. 

122 28Na20-72B202-Co (Q), 0.21 Atm. 

25°C, 0.21 Atm. 

859°C, 0.21 Atm. 

774°C, 0.21 Atm. 

626°C, 0.21 Atm. 

565°C, 0.21 Atm. 

501°C, 0.21 Atm. 

129 33Na20-67B20^-Co (Q), 0.21 Atm. 

25°C, 0.21 Atm. 

858°C, 0.21 Atm. 

0.0588 (Co^*) 

0.0604 (Co^*) 

0.062 (Co ) 

0.0636 (Co^*) 

0.0654 (Co^"*") 

2+ * 
0.0691 (Co ) 

0.0744 (Co^*) 

0.0917 (Co^"*") 

0.0938 (Co^*) 

0.0958 (Co^*) 

0.0968 (Co^"^) 

0.1109 (Co^*) 

0.691 (Co^*) 

0.0719 (Co^*) 

0.0642 (Co^*) 

0.0655 (Cof*] 

0.0676 (Co^*) 

0.0686 (Co^^) 

0.0691 (Ccf*) 

0.0773 (Co^"*")* 

0.0810 (Co^"*") 

0.0795 (Co^*) 

0.500 

0.475 

0.366 

0.500 

0.455 

0.342 

0.500 

0.475 

0.296 

0.500 
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Table Dl (Continued) 

No. GLAB 1 GLAB 2 (Mole/2) X(cni) 

132 33Na^O-67BgO -Co 

133 

134 

135 

136 

137 

138 10Na^0-90SiO^-Co 

139 

140 15Na20-85Si02-Co 

141 

142 IS^a^O-llSiO^-Co 

143 

144 32Na20-68Si02-Co 

145 

773°C, 0.21 Atm. 

686°C, 0.21 Atm. 

628*C, 0.21 Atm. 

501°C, 0.21 Atm. 

417°C, 0.21 Atm. 

292»C, 0.21 Atm. 

(Q) , 0.21 Atm. 

25°C, 0.21 Atm. 

(Q), 0.21 Atm. 

25°C, 0.21 Atm. 

(Q), 0.21 Atm. 

25°C, 0.21 Atm. 

(Q), 0.21 Atm. 

25°C, 0.21 Atm. 

0.0813 (Co^"^) 

0.0832 (Co^"^) 

0.0842 (Co^"^) 

0.0863 (Co^"^) 

0.0874 (Co^*) 

0.0878 (Co^"^) 

0.0505 

0.0808 (Co^"*") 

2+ * 
0.0941 (Co ) 

0.0786 (Co'"*") 

0.0803 (Co 
2) 

0.0843 (Co^"*") 

0.0827 (Co^"*") 

0.0871 (CO^*) 

0.500 

0.330 

0.310 

0.457 

0.454 

0.400 

0.343 
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XIV. APPENDIX E: ABSORPTION SPECTRA OF TRANSITION 

METAL IONS IN GLASSES 



Figure El. Manganese ions in silicate and borate glasses 

(a) (22) lOSMO-A Silicate glasses 
(24) lOSMR-A 
(23) lOSMR-Q 
(21) lOSMO-A 

(b) (26) 16SM0-A 
(25) 15SM0-Q 
(28) 15SMR-A 
(27) 15SMR-Q 

(cl (29) 20SMO-Q 
(32) 20SMR-A 
(31) 20SMR-Q 

(d) (33) 35SMO-A 
(34) 35SMR-A 

(e) (36) 5BM0-Q Borate glasses 
(35) 5BM0-A 
(38) 5BMR-A 
(37) 5BMR-A 

(f) (39) 15BM0-Q 
(40) 15BM0-A 
(41) 15BMR-Q 
(42) 15BMR-A 

(g) (84) 15BVAIR-•Q Vanadium ions in borate glasses 
(85) 15BVAIR-•A 

(h) (89) 24BVAIR-•Q 
(90) 24BVAIR-•A 





Figure El (Continued) 

(i) (92) 34BVAIR-Q 
(93) 34BVAIR-A 
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(108) 
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(143) 

(n) (144) 
(145) 

2BCAIR-Q 
25CAIR-A 

5BCAIR-Q 
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32SCAIR-Q 
32SCAIR-A 
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