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,   "Mathcad"  "Parametric Technology 

Corporation"  "Matlab"  "The MathWorks Inc". 

      

     

   - ,    ,   

     ,   

       , 

      ,  

    "Autocad"  "Autodesk" 

 "Matlab"  "The MathWorks Inc". 

      

 ,      
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 Xi-A  "LeCroy",   TLA6404  

"Tektronix"      UL 04 32 2 

 "Ulis", ICX415AL  "Sony",     

   , , : "Mikron 

Infrared", "Texas Instruments", "Altera", "Xenics"    

 "Matlab", "Mathcad"  "Autocad"; 
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     ; 
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     "Tracepro"  "Lambda 

Research Corp."; 

-      
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 "  " "     . 
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        λT, 
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 1.    

1.1.      . 

       

    : 

 ( ), ,  ( ), 

  . 

     ,  

      ( ):           [         ]  (1.1) 

 C1 –   ; C2 –  

 . 

,   ,     

       

  :              (     )  (1.2) 

         :           [   (     )     (      )     (      )   ]  (1.3) 

       [1-

7] , , - ,    ,    

 ,      

 ; - ,      

    ,   

 . 

,   ,    

            

       : 
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                                        (1.4) 

        

 :         [  [                 ]]    (1.5) 

      

       ,        , 

    ,     

  ,       

                                         (        )      (        )  (1.6) 

      :         (  [        ]    [        ]     (1.7) 

 ΛW – ,      

                . 

       

 ,        

    [6]. 

 . 1.1      

  ( )     [10]. 

      :              ,  T – ;    –  ;      –  

 ; K2 – ,    

C2   C1   K2=C2
5/(C1∙21.2). ,   

   λT>3000 ∙      
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  .      

       

   . 

     

( )      

,     ,  

    .  

      

     , . .  

    .   

  (   ,   

  )       

, ,   ,   

 , , ,     

.        

      

 . 

        

    ,  

    .  ,   

   ,      

,        ,  

  2 . 
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. 1.1.   ,    

     . 

 

,     ,  

        

  .       

        

. 

  [8]     , 

   .   ,   

 ,      

     ,   

  , ,     , 

   :                                                           (        )      (        )     (1.8) 

  , - ,     

  ,      
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                                    (     (        ))                (     (        )))  (1.9) 

- ,        

,     : 

                                        (     (        ))                 (     (        )))  (1.10) 

:          [                    ] –      

   , .                         –  ,    

       

  ,      

        ,      

     . 

       

 .   (1.9)   

,     ,  , 

       . 

          [    (        )]: 
                                                                               

  (1.11) 

,   ,       

,        

. 
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 . 1.2      

,    (1.10)    (1.9)  

       

(λ1,T)/ (λ2,T).  (λ1,T)  ,   (λ2,T)   

0,5  1,333. ,   ,    

(1.10)   ,     

  . 

  [1-8],      

     . ,   

[8],       

 ( . 1.3),  ,       

.  , ,   [8]   

      ,    

      

 ,    . 
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1.2.     

       

 ,       

  .    , 

   . 

   ,     , 

 .  [12].    (1998 )    ,  

"  "  " ".  . 1.4  -

   .      

:  ,     

( ),   (  ), 

, -   ( ),  

. 

 

. 1.4.  ,    .  Д11]. 
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,      .   

 ,    ,     

    ,   ,  

   ,    (  

    ),    

    . 

ё      , 

  . .   [7],   2009 , 

       

      . 

    ,  ,   

      

     ,   

     ,   

       

  . 

    . .  

.     ,   

   (y = ХЧ(λ4
I); x = C2/λ),    

   .     

       (y = ax + b). 

      (   

   a).  ,  , 

     . . ,   

.        

  ,    

         

,  ,  . 
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 ,      ,  

 λT > 3000 ·    . 

    - ,     

  ,    . ,  

 8-14       

   25% ( . 1.5). 

 

. 1.5.    ,   [7] 

       8-14 . 

 

  [7]        

   .    

,       

   : 
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-   , 

-   , 

-   , 

          

   . 

  [9]      

 N-  :                                    (1.12) 

              T    

       

   : 

                √∑                                 √∑                 (1.13) 

: R(Tm, a0, a1,…, an) –    

   (1.12), Wi –  ,  

  ,     ,  

  , M(λi, Tx) –  ,                   –  , λi -    i-   

, N -    , n –   (   

 ,    ), RNoise -  

      . 

  ,   , 

        

.    (1.13)   

       

   .      

     ,   

        

.   [9],      
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,   .   

       

  ,      

. 

   . ,    

       

.       Д13-19]. 

       

 ,     . 

       

,      ( ) 

     .   

         

      

. 

         

       

  . 

1.3.   . 

    1   

 .       

 ,    -   

       

       

.      , 

   . 

     

«  »,      

   ,     

  ,     
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.       

,    ,  

  ,    ,  

       

,     ,    

    . 

       

   :     

       

    . 

      

  -     

     .  

     [4, 5]   

    ,  , 

 , - ,    

         

    ,   

 .      , 

    , 

  .      . 

1.6. 
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. 1.6.     , 

   . 

   ,  , 

    128   .  

     ,   

  .    

 ,    ,  

       

  ( . 1.7).    ( ,  

  )    

  -   . 
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. 1.7.     , 

   . 

      

   . 1.1.     

  ,       

     . 

 1.1. 

    
 

 

   
 

 

 , .  100  60 

 
  

 ( )  (  
) 

 , 
 

10-150  5000 

   
 

 1120  512 

 
 

0.25 - 

  
,  

1-5 1.4-14 

 
, ⁰  

20-1600 0-1300 

 
 

 500:1  1000:1 

  , PbSe, Si, InGaAs , InGaAs, 
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  ,  

40000 40000 

  -   

    ,    

    . 

        

     .  

      ,   

 ,          

        

 ( ,     ). 

    , ,    

   ,     

 ,        1 

 (Si) ,  1.6  (InGaAs),  2.4  (  InGaAs). 

 ,      

 ,    ,     

      .   
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. 1.8.        

  . 

 ,       

       ,  

   ,  

 .   ,  , 

   .   1.7   

   ,       

    .  

       , 

        

(  D1  . 3).  , ,  ,  

   .  1.7   

,        

     (  D2  . 1.7).  

 ,     ,   

.      , 

 ,        

(  ).       
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  ,        

  .     

    ,  ,   

     .    

  ,    ,     

     (  1.8).   

      ,  

      , 

     .   

   ,   

      . 

,      

  ,      

 .      ,  

       , 

     ,   .  

      

       , 

    .  

     

,          

 .      

          

 .   –  ,    

 ,     ,    

,    ,    

 .      

      . 
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 1.9.       . 

    ,   

  (   ,  :  

,    . .),  ,  

 (    . .)   

    .      

      .  

 ,      

     .  

        , 

/  ,   ,  

 , ,    

,  ,  ,  

 . ,     , 

     ,  

,         

 . 

1.4.  

  ,    : 
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1.       

(  . .   )     

    . 

2.       

       

 ,     , 

   . 

3.      

      . 

4.      

   ,   

.       

. 
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 2.     

2.1.   ,    

 

 я    я  

 

    ,  

 ,   :                                      (   (        )   )   (   (        )   )  (2.1) 

 (2.1)  ,     

      .  

  (2.1)      

. 

  M1  M2 : M1= M(λ1,T) = (λ1,T)·MP(λ1,T)  

M2=M(λ2,T) = (λ2,T)·MP(λ2,T).   (2.1)           (   (        )   )   (   (        )   )  
 

(2.2) 

                  : 

 (                        (   (        )   )   (   (        )   )  (2.3) 

    (2.1)   

,   . . 2.1  

     . 



36 
 

 

. 2.1.     . 

   (   T = T1)  

 ,    (1.6).   

                        

  T = T1      ( ) 

  .      

    .   

   ,   

  . .       

[20]:                        [                   ]  
 (2.4) 

  Ti –    T P,   i-  

, F(Ti, M1, M2, λ1, λ2) –    

; Ti+1 –  i+1 . 
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  (2.3)  (2.4)      

   : 

        [        (   (       )   )   (   (       )   )]           [   (       )   ] 
     (       ) [   (       )   ]       (       ) [   (       )   ] (2.5) 

ё     (2.5)   

.   T = T1     

 (2.5)   .      

 T2.      . .  

      ΔT . 

        

  ( )  |Ti-1-Ti| ≤ΔT .     

,    ,   

    |Ti-1-Ti| ≤ΔT . 

  

    . 2.2    

    W      , 

       

    λ1 = 8   λ2=14 .  ,   

        

   W     .  

        

,      . 
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. 2.2.       

,      λ1 = 8   λ2 = 14 

. 

 . 2.3     

      , 

   .    

   λ1 = 8   λ2 = 14 ,    

. ,    ,  210 ,  

        

   . 
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. 2.3.      

 ,   . 

  

       

.         

    . 

  1  2     λ1  λ2 

.   1/ 2     , 

      . 

 . 2.4     ,   

           

     1/ 2   

 .        

  ,  –   . 
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. 2.4.       -

.     1/ 2 

 

2.2.     

  . 

       

      

  :    T   

     

.                           (2.6) 

 ΔT  = T –T. 
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      .  

   ,     

   ,    

    .   

      , 

     Д2, 3, 8]. 

 (2.6)      

 .              (2.7) 

      Ц,  

     . , , 

 ,  «  »     

     ,  

   : λ1 = 0.467   λ2 = 0.655 .   

       

  –    ,   

  . 

      

,       

ё  .       

       

   M*W(λ2,T)/M*W(λ1,T)  

        :                      (       )      (       )  (2.8) 
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  –     

;  –     

; λ1, λ2 –  ,    ; 2 – 

  . 

       

   M*W(λ1,T)   

 :                             (2.9) 

 (λ, T) –       

 T    λ; c –  ; h –  . 

  (2.9)  (2.8)   :                               (       )   (       )  (2.10) 

  (2.10)     

   [6]:           [          ]  (2.11) 

 (λ1, T), (λ2, T) –    

    T    λ1, λ2 ( ,  

 ) 

 (2.11)      

   :                     [          ]  (2.12) 

,     (λ1, T) = (λ2, T)  

     (2.11)  (2.12). 
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 ,    ,   

       

  . 

   ,   

 ,  . 

   δT    ΔT /T   

,   ,   , 

 (2.10),      , 

        

:      [   (             )   ]     [   (             )   ]     (       )      (       )     (2.13) 

     [  
     ( 

         (     ) ) 
   ]  

  

     [  
     ( 

         (     ) ) 
   ]  

      (       )      (       )     (2.14) 

 

      (2.13)  (2.14)  

  ,     

     .  

     (2.13)  (2.14). , 

    λT < 3000 · ,    

 , (2.13)  (2.14)     (2.11)  

(2.12), . 
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   .    

 (2.14)   ,  

        

[20]: 

                 [                ] [   
   [(     )          ] (     ) ]   

   
 (2.15) 

 (     )  –     

  ,   i-  , T  – 

 ; λ1, λ2 -   ,    

  ;   [(     )          ] –  

 ,    i-  .  

   [(     )          ]  : 

 [               ]  
     [  

     ( 
         (     ) ) 

   ]  
  

     [  
     ( 

         (     ) ) 
   ]  

      (       )      (       )     (2.16) 

 

  ,  (i = 0)   

   ,    

        

     [(     )          ]    (     )  

(T /T )  .       
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,    .   

     ( )    (i = 

1)  [20]. 

     , 

    . .  , ё   

    (2.15)   

 .     

   ( ) (T /T )   

  .     

       : 

|(T / T )i+1 – (T / T )i|   (T / T ) (2.17) 

   ,    

,        

. 

 

. 2.5.      

     . (  - ) 

 

    -  . 
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  Д21]  ,       

  8–14 ,    , 

    ,   

. ,       

  ,       

 10%. 

       

,         

   ( )   

      

 8–14 . 

 . 2.6       

      

    (λ1, T)/ (λ2, T)   

- .        8  14 , 

       - . 

,          

 ,    . 
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. 2.6.      

     (  )  

  (  ). 

 

  ,     ,  

       

,    ,   . 

      10-20%. 

      

       -

        

      ,   
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     (λ1, T)/ (λ2, T) 

   . 

 ,      

         

 ,        

 -   .   

      

[21],  ,   ,    

    λT,  λT>3000 ∙ , 

      -  

 .   . 2.6    

  ,       

      . ,   

    ,       

      

 .     

,         

   .  . 2.7  

       

   :  

,        

 ,   .  

,       

    ( )     

 ,      40%. 
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. 2.7.      

 ,   ,   

        8 – 14 

. 

  . 

     

   ,     

       . 

    F=F(x1, x2, …, xi, …, xN),  xi –  

  ,   ∆xi,  

    Д20]: 

   √∑(         )  
    (2.18) 

 ,     
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   ,  

   T,    λ1, λ2  

        M1= 

M(λ1, ), M2=M(λ2, ). 

       

     : 

   √(         )  (         )  (         )  (         ) 
 (2.19) 

 ,      

      Д19]:          √(     )  (     )  [      (       )]  [      (       )]   (2.20) 

  ,     

        

  ,     M, 

      

       

[6]:          √(     )  (     ) 
 (2.21) 

 

        

   . 

     

 ,   ,  

        

 :                    (2.22) 
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      λ  M(λ, ),     

F( ) –   (2.3)  ё     

 Д21].      

    :                                                        (2.23) 

     

  ,   ,  

  : 

         √(     )  (     )  [   
       [                         ]]   

   [   
       [                         ]]   

  
 (2.24) 

   ΛP  : 

       [          ] [          ]          [          ]            [          ] (2.25) 

  ,      

exp(C2/λiT)>>1,  (2.24)    (2.20).  

    , 

       ,  

    8  14 .    

        

   5%.  . 2.8   

 ,    . 
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. 2.8.       

ё     λ1=8   λ2=14 . 

 

  ё  ё      ,  

      1%, 

        

  8÷14  –     211 . 

       

  ,      

     , 

   . 

 

2.3.      

      

      . 
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  RW(λ1, λ2, T)    

  M(λ1, )  M(λ2, ),   

     λ1, λ2   T.  

    : 

 
 TC

TC

T

T

TM

TM
TRW

12

22

5

1

5

2

2

1

22

11
21

/exp

/exp

),(

),(

),(

),(
),,(











  ,   (2.26) 

 

    , 

  ,    

  (2.26) [2, 3, 8]: 

 
 

dT

TC

TC

T

T
d

dT

TdRW











 12

22

5

1

5

2

2

1

21
/exp

/exp

),(

),(

),,( 









.   (2.27) 

     : 

),,(

1),,(

21

21

TRdT

TdR

W

W




 ,     (2.28) 

   ,     

    : 

T

T

T

C

TR

TR

WW

W 





 2

21

21

),,(

),,(




.      (2.29) 

      

,       

   : 

T

T

T

C

TR

TR

PP

P 





 2

21

21

),,(

),,(




.      (2.30) 

  (2.29)  (2.30),  ,  

     ΛP  ΛW. 

 . 2.9       

             ,     
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(2.25).  ,         

  ,       -

          

    . 

 

. 2.9.           .  

  , -      

       ( . 2.10)  

 λ T = 28050 ·    ,     (λ T = 

6732 · )  2 .     ,   

    - ,     

   :  

WP
T







22lim
12

21




,      (2.31) 

        

. 
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. 2.10.       

      .  
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2.4.  

  2     : 

      

   ,   

        

 .      

     , 

   . 

 ,     

       

 - . 

      

  .    

 ,       

 . 

,         

       

  ,     

      . 

     

   ,  

 .    ,   

 , ,    λ   3000 ·  

     . 
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 3.      

  

3.1.      

      

 

      

        

 ,     . 3.2.   

  ,   ,  

,       

. ,     , 

   ,    . 

          

  .       

« -40» (  , F = 85 ;   1.5; 

  22;    0.8 ; 

   28°). 

  -    

 108-1,   : 

-  , f  = 93  

-   1:2 

-   52,5   

-   77  

-   90/40 /  ( / ) 

      

     f  = 50 . 

      -

,       

 .       

   ,  ,  
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 – ,    .   

,        0.8 . 

       

     ,   

        

    .    

  -415.     

 -   ICX415AL  «Sony».  

 782 582 ,  8.3 8.3 .   1/2''.  

. 3.1     

 . 

 

. 3.1.    . 

    : , 

,      .  

     26  88 .  

       3.5 

  40 .     12 .   
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 .     

     25 ° . 

      

     .  

 500   1 .    

    ,    

  . ,    

      , 

   .       

  ,     

      

.   ,   

 b   ё     n 

(    ).  ,   

,    : 

b'=bf ./f . (3.1) 

 b'    λ,           (    )         (3.2) 

 dφ/dλ –    ,  

  m     n. 

  ,  50      

 (F = 85 , f  = 93 , f  = 50 , m = 1, n = 500 -1)  

 ,                                    (3.3) 

   : 
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(3.4) 

       

       

. 

   (    –  

 φ(z),  z –  )   ,  

  f(λ).  , -    φ(z) (  

 « »  ) , - ,    φ(z)  

  f(λ) (   ,   

).         

 :  ̃             (3.5) 

 φ(z) –    (  

    ),  U –  

  ( ),  . 

      

   .  

  ,   

       : 

  , ,     . 

     «  », 

   Д52Ж.     

 (          

    )      

(        x  z,    

 ),            

  g(λ),      

      : 
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    ∫             (3.6) 

     –     

  « »  .   –  

     . 

      , 

  ,    ,    

         

.      ,    

,         

 . 

  ,        

g(λ), f(λ)     ,  g(λ-λ’)   ,  

     (3.6). . .  g(λ)   

 ,     .   

       

 ,      

,   . 

       

-  ,   632,8 ,   

  10-12 - 10-11.     

   0,5  12 .    

 ,       

       

    ,     

   . 
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. 3.2.   . 

 

 . 3.10   . 

       

   ,    , 

   ,     

  / . 

 . 3.3     

     ICX415AL  

«Sony»,         

,     1500 ,   

        ,  

     . ,   
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    700-900 .     

   . 

      

   .     

    M360  «Mikron Infrared».  

    0,2% ±1° ,  

 1 ° .  8      

  ,   0,5 ° .      

 ,      

 0,1%  .     

    2,5  25     ,  

  .    

  0,995.      

   . 

       , 

    .  ,  

  ,  1173 .   

  ,      ,  

      . 

  ,     , 

     : 

(λ,T)=2πC1λ-4
/[exp(C2/ λT) – 1], (3.7) 

 1  2 –     . 

 ,     ( . 3.5). 

      

 ,     

,      

   .  

      

        . 
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 700, 800, 900 .     ,   

      .  

  ,   ,    

     ,   

         

.        

 .     

   .      

. 

 ,        

   ,   

: 

   :  28° 

       50 : 1.94’ 

      50 : 1.1  

      633  12  

   : 582 

    : 782 

   50     

 2  1.2  

   59.2  

     

    . 
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. 3
.1

0
. 

 
 

 
. 
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. 3.3.      : S(λ) – 

   ; (λ) –   

. 

 

 

. 3.4.    3     

-  . 
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. 3.5.        , 

   -   . 

3.2.    . 

   «  « »  10     

       

      

.   [13-17]     

     .   

      . 

[18]   . . [19].       , 

   .      

        

   . 
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   . 

   2   . 3.2 

      

.  . 3.6    .  

  ,     .  

 ,   .  

        

    ,   

   .       

  ,    

 ( . 3.1).      

 ( . 3.7, ).      

       

 (      ) ( . 3.7, ). 

 

. 3.6.    ,   2. 
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) 

 

) 

. 3.7.    : 

) –  ; 

) –    .  
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       ,   

   ,  

   (2.5). 

     λi, λj    

  (2.5)     Tij.  

     640 480 

    120000  . 

      Tij  

     ΔTk.   

    ,    

 mk.   mk     

 n    pk   

      

  k-  .      

   . 

   pk      

   .  . 3.11   

  .   [19]   

  Tij       

 .      

,       

(  ) .    

      , 

    ,  

      

      

 ,   .  

     

 ,     
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. 

 

. 3.8.      

  Tij. 

 

3.3     

      

 

       

      « » , . 

.         (  

 )   . ,    

   ,  

  [6]. 

    ,  

,      , 

    

       . 
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,       

(λ).       

 , . .: 

M0(λ,T) = (λ)MP(λ,T) = [  + bλЖMP(λ,T) = [  + bλЖC1/[λ 5(exp(C2/ λT)-1)] (3.8) 

      

,     ,  

  a, b  T.   ,  

   a, b  T    

: 

               [∑ ∑ [        (                    (     ]  
   

   
    ∑ ∑ [            (       (                    (     ]  

   
   
   ] (3.9) 

 M0(T,λi), M0(T,λj) -    

  ,    (3.8); 

M (T ,λi), M (T ,λj) -    

     

,      λi  λj. 

   (3.8)      a,  

  b/a   k,    (3.9) 

  a      a, b  T 

  2  k  .  (3.9)   : 

             [∑ ∑[            (       (                    (     ]  
   

   
   ] (3.10) 

  (3.10)     k  

.    .   

     k.   T 

,    k  .   

   Δ(k,T)|T=const,      

 .      
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, . .  .   k  ,   

  ,    . 

,        

(   k)      

 ё      , 

  3.2. 

 

3.4.     

   . 

 

        

ё       

 .      

    ё .    

       

 .        

 .      

  .      

   . 

   ,     

     ( . 

3.9, ))     ( . 3.9, )). 

  ,    

ё     ,    

 ,     

        . 

    

     

(  )    .    
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    0,150 ,  150   

   – 20 .   5,4 ,  

  10  ( . 3.10).     

        

 .       

     (  ) 

  1    . 

        

      

   2  3     

  ( ) .  ,  

      

  ,      

     . 

        Matlab, 

       

.     ,   

       

     .  ,   

     . ,  

     , 

    .    

      . 

,       

,    .   

    ,    

  .    

     1,   , 

    ,    2. 
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,    .   

        

  .  ,     

( )       

  . 
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) 

 

) 

. 3.9.     : 

) –     T=1200 K; 

) –    λ=0.8 . 
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. 3.10.       

. 

-    ,     

    .      

 ,   .  . 3.11    

 . 

        

: 1.70 . 
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) ) 

. 3.11.    : 

) –    ; 

) –  . 

 

       

   . 

       
      ( . . 3.12). 

     .   

        ,  

        

 .      

.       

( )    ,     

     . 
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) ) ) 

. 3.12.     : 

) –  ё   ; 

) –    ; 

) –    ё   . 

 

3.5.      

 . 

 

      

        

     

   .        

      

,     . 

       

,      . 
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  1100-2350 ( . 3.13).   –   

    .   

        

8.155-75 [25]     .   

   ,   ,   

( )  [26].      

    20 4 2.     

   ,   .  

   .  . 3.14   

     . 

 

 

. 3.13.    1100-2350. 
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. 3.14.     1100-2350. 

 

      , 

       

   140 .      

     

  . ,      

,      . . 

      9, 10, 11 .  

  ( . 3.14) ,      

  800, 900  1000 ° . 

     .  

     

    , . .    

 .       
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      . 

         

     ( . . 2.4 

  1)   5 ,    . 3.15.  

. 3.16       

. 

 

) ) ) 

. 3.15.       

        : ) – 9 , ) – 10 

, ) – 11 . 
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) ) ) 

. 3.16.      , 

        : ) – 9 , ) – 

10 , ) – 11 .  

 

        

,     [28]. ,   . 

3.15, 3.16,   .    

  .    

       

       

( . 3.9).       

 ,    3.3     1,  

    . 

        

  .      

,        

 .     (3.11)    

1  : 



84 
 

     (                      (3.11) 

 Mi,j –        i, j,       – 

   i, j,     (  

 ), M(λ,     ) –    

              λ.   

,       0,8  0,85  ( . 3.17). 

 

 

. 3.17.     , 

     ,   I = 11  

(  ). 

 

     

          

 .     
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.    . 3.18    

     (j = 3)   ,  10 

.       1482 . 

      ( . 3.14) 

  1100 °   1373 . 

,  ,     

 ,        

 .         ( . 

3.18).  . 3.19     , 

     (  )   

 [10, 28] (  ). ,    

 . 

       

     ( -72).  

    1450      10 . 

       . 

      (9, 10  11 )   

. 3.20. 
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. 3.18.  ,    

      (j = 3,   10 ). 

 

. 3.19.   : 

) –       

[10, 28]; 

) –         

. 
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) ) ) 

. 3.20.       

       : ) – 9 , 

) – 10 ,  ) – 11 . 
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3.6  

      

     .    

. 

       

    ,   

[11-19].        

   . 

       

         

: 

1.     

  ,   

      

 . 

2.      

   1100-2350.  

    

       

     . 

,       

     . 

       

     ,    

     

 . 
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 4.     -

 

4.1.      -   

       

   

 ,      

ё    ,   ,    

   ( . 4.1). ,    

    .  

  ,   ,    

       

  . 

 

. 4.1.        

. 
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      ( . 4.2), 

         8-14 . 

. 4.2.      

( ё  : 1.852 ;    : 17 ). 

        

       

    .     

    2 : 

-   

-   

    ё    

 : HgCdTe (3-5, 8-14 ), InSb (3-5, 8-14 ), PbSe  

.       

  In      -

,   - .  

   -    

     .   
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      ё   

. 

  ё    ё , 

   .     

       , 

,   .   

   ,  , 

      . 

   ё  

      ( . 

4.3),       

    .    

,      . 

       

(VOx)    (α-Si),    

        

    2—3 %/  Д4Ж.  

    ,    

        

   “ ”.      

  ,    С з 2.5    

      . 

    .     

   :  

      . 
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. 4.3.     ё . 

 

  



93 
 

     

    ( . 4.4) [30, 31].    

   ,    , 

  .      

    ,     

.     ё    

   : 

-   U .   T3     

  .  ,    

 . 

-   U .   4  

    ё . 

-     -

     

. 
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. 4.4.        

    UL 04 17 1  «ULIS». 

 

     

    ё   

    ё .     

 ё       . 

   . 4.1   ё   HgCdTe 

   3-5   ё   -  

     8-14 . 
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. 4.1.  ИК ё  я. 

 SCORPIO MW UL 04 32 2 

 HgCdTe α-Si 

 640 480 640 480 

  3,7 – 4,8  8 – 14  

  15  17  

  <110  233 – 358  

  

 

100  10  

  <120  <60  

NETD 18  45  

  13  0,17  

 0,65  6,5  

 20000 € 8500 € 

        

       «XTM-

640»  «Xenics»       

UL 04 32 2  «Ulis»,     

. 

      ,  

     : 

1. -     f = 18    

,  1. 

2.   ,    

,   - ,      

  . 
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 - . 

  -      CN-4020 

 «Xenics»[29].     . 

        . 

     8-14 .  , f 

  18     1/F,  1.  . 

4.6    . 

 

. 4.5.    - . 
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. 4.6.    -  

 

- . 

    XTM-640  «Xenics»  

   UL 04 32 2  «Ulis». 

,       

   ,    

 ,   .    

  (4.1) [30, 31].         (     ) (4.1) 

: e = 1,602176565·10-19 –  ; Eg –   

  , ; R0– ,  

     (  

   >> Eg/k), ; k = 1,3806488·10-23 /  –  

; T–  , . 



98 
 

       

      . 

       

. ,    «Ulis»  

   ,   . 

         . 

   Eg     -20 

 80°   0,4%   .  ,  

     , 

        

   ,    . 

     UL 04 32 2  «Ulis»  

 .  ё   

   .     

     ,   . 

     .   

  ,      

       

    .  ,    

,     

      . 

-     . 

   : 

1.      . 

2.        

. 

3.     -  . 

4.       . 
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5.       

  . 

6.   . 

     . 4.7.   -

   . 4.8. 

       

   - .  ,    

   ,       , 

   .   ,  

       . 

     ,    

  . 

      1,65 . 
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. 4
.7

. 
 

 
-
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. 4
.8

. 
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  . 

   /     

 .       ITU-RBT.656,  

 16-  . 

16        

 .   - ,    

  ,      . 

    16    , 

  . 4.2. 

. 4.2. 

    
  IO_25_8  

 № 1 IO_25_6  
 № 2 IO_25_4  
 № 3 IO_25_2  
 № 4 IO_25_0  
 № 5 IO_25_17  
 № 6 IO_25_10  
 № 7 IO_25_16  
 № 8 IO_25_18  
 № 9 IO_25_19  
 № 10 IO_25_7  
 № 11 IO_25_25  
 № 12 IO_25_26  
 № 13 IO_25_9  
 № 14 IO_25_23  

  IO_25_24  
  DVAL IO_25_12  
  LVAL IO_25_21  
  FVAL IO_25_14  

  IO_33_1  
  ,    . 4.2, 

  . 4.3.    16 . 

       , 

 FVAL, LVAL  DVAL   .  LVAL  DVAL 

 ,       
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.    FVAL    

,    – . 

    LVAL  DVAL  

       

   . 

   LVAL  DVAL    

       . 

        . 

 . 

      .   

   .    

115.2 . 

   ё   , 

  .     

        . 

          (little-

endian) [32]. 
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. 4
.9

. 
 

 
 

 
 1

6-
 

 
 

 6
40

51
2 
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  . 

      , 

   : 

 

. 4.3 –    XTM-640  «Xenics». 

 

  

 

 

 

,  
  ,  

 

 

 

640 480 50 32 

 

  

  ,     

,       

. 

 . 4.11       

 ,    .  . 4.12  

   .    

 16    640 480   

 .      

  . 

      -  

     IDC,  40 . 

-   XTM-640   QTE-020-04-L-D-A  Samtec. 

  -        

    .    

  ,      . 4.10. 



106 
 

         

  . 

 

 4.10 –       QTE-020-04-

L-D-A  «Samtec»    IDC 

 

  



107 
 

 

 

) 

 

) 

. 4.11.  ,    : 

) –  ; 

) –   
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. 4.12.    ,    

 

 

  16    VGA-    

      .  

     .  

     ,    

 .       ,  

       

  AS7C38096A  «Alliance Memory». 

   1      

  .          

 . 

      .   

       

 640 480    60 .  . 4.4  
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   Hsync   Vsync  

( . . 4.13) [33]. 

 

. 4.4.       
VGA. 

   
 , fP  25.175 
  

, fHSync 

 31.469 

tA  31.778 
tB  3.813 
tC  1.907 
tD  25.422 
tE  0.636 

  
,fVSync 

 59.940 

tO  16.683 
tP  0.064 
tQ  1.048 
tR  15.253 
tS  0.318 

      

: WE (  / ), OE (   

 ), CE (  ).      

 . ё      

   WE (     OE  CE   . «0»). 

 ,    WE   . «1»    

 .         10  

    .     WE   . 

«0»,     1     , 

        WE. 

 ,           

,  .  ,    

        ё.   

,   ,  ,   
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 ,     ,    

. 

       ,  

 ,    16  

  .   (mem_in)  16  , 

    .   (mem_out)  

16  ,         

.         

 2 20-  .   (mem_adress1) 

       ,  (mem_adress2) – 

        .  

 mem_adress1      

  (clk16).   mem_adress2   

      (clk25).   

  WE     clk25.  . 4.14 

  ,   . 

 

. 4.13.     ,  

  VGA 
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. 4
.1

4
. 

 
, 

 
 

 
-

 
 

 V
G

A
-

 

(
-

 
 

 
, 

 
 

 
 

, 
-

 –
 

 
) 
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. 4.15.      . 

    ,    

  USB-       

FT2232H,     FIFO [35]. , 

  , « »  FT2232H   

      1024   

.         

   .  ,   

   ,    

 .      

. 4.15. 



113 
 

4.2.      

     -    

   

     , 

  . 3.3, 3.4,       -  

 .         

. 

  ,  ,    

        

   .    

     . 3.1 ( . 4.16). 

     , 

   - .  ё    

,     ,   

,   XTM-640.    

      , 

     .  

        

 ( . 4.17). 
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. 4.16.      

   - . 

 

 

. 4.17.      

    - . 
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    ,     

  ё .     

    ё .  

  ё     . ,    

,         

 ,   ё    

.     ,    

  .   

  ё ,      

 - .   ё   

 : 

1) : 80б70б10  

2)    : 75. 

3)    : 9.5  

4)  : 6.8 - 18.3  

      H4501A  

«Xenics».    : 

-  , F = 40  

-   1 

-    1  

-    15.5° 

-   58.2   

-   54.2  

      CN-4020 

 «Xenics»,   : 

-  , f  = 18  

-   1 

-   18   

-   40  
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      CN-4020 

 «Xenics». 

 . 3.1   . 4.16     

  b’,   ,   (3.3).  

    b = 50    50 .   

      (3.4)  37 . 

       

. 4.16     ,   

     

   10.6   - ,  

   - .    10.6  ( . 4.18). 

    TracePro 6.0  Lambda 

Research.        0,5 

 60 .         

       . 



117 
 

 

 4.18.     

 



118 
 

 

 4.19.    . 

 

        

   .   .   

     ё    

  .       

     .  

         

  .       

  ,      

       . 

 . 4.20       

. 
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. 4.20.      NB-8925-175 

nm  «Spectrogon»     8-14 . 

 

      , 

      ,  

         

 . 

          

[36]       . 

      RGB-  

.     ,  

 . 4.21,       , 

   .    

    ,   3-  

  ,     , 

    (max R, max G, 

max B)    .    λmaxR, λmaxG, 



120 
 

λmaxB          

  [37].  ,  . 4.22  ,   

[38],     λmaxR, λmaxG, λmaxB. 

 

 

. 4.21.    

 

 

. 4.22.     Micron Technology 

 MT9T031P12ST 

 

     -     

    . 
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ё  .    ё  86  0.09 

      20282- ,   . 4.23 [39]. 

 

. 4.23.    . 

 

  8-14       

: 

1) 8.39  (80%  ) 
2) 8.59  (80% ) 
3) 9.311  (80% ) 
4) 9.656  (77% ) 
5) 13.08  (67% ) 

        

    ( . 4.24).  

      ,    

       . 
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     . 

 

. 4.24.    -  

. 

 

     

   ( . 4.25).   

    ,    

        

 [40]. 



123 
 

 

. 4.25.     

  BBP-8000-11000 nm  «Spectrogon». 

 

     , 

      .   , 

        

 ( . 4.25),        

   ,      .   

        

 ,       

 . 

       

 M-360  «Mikron Infrared».    , 

        

,  140 °  (413 ).     

      . 4.26. 



124 
 

 

. 4.26.        

     . 

   ( . 3.4)    

    . 

  ,     

      

   ,  

 : 

   :  11.6° 

       50 : 4.21’ 

       15.5° 

      50 : 37  

      10.6  60  

   : 640 

    : 480 

   50      
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 2  5  

   9.66  

 

4.3.       -

 

     

  .     -

       : 

  .      

  ,    

       

 ,   , 

   .    

       

       ,   

      .   

      ,   

       

   ,    . 

 . 4.27     

  .     ( . . 

4.16)    ( . 4.27, )  

  ( . 4.27, ).     

       

  ,   -

.  -   ( . 4.27, )   

 USB   ,     

     . 

      

     ( . 4.27, ).   
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 ,  ,    

 ( . 4.27, ).       

 . ,       

,     .  

         ,  

,      ,    

     .    

     20, 40  60    ( . 4.27, , , 

, ).         

  -    .  . 4.28  

      

  .    

  :   20  – , 40  – 

,    60  – .  
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) 

 

) 

) 

) 

) 

. 4.27.       

. 
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. 4.28.     

 . 

 

4.4.      

       

  .     , 

    ,     

 , ,   . 

 ,      

 ,     .    

        

 ,      

 . 

        

     . 

     

      . 

    :    
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(    ),     

    . . .   

 ,    , 

     ( . 4.29).  

    ,   

     .   

       

  .    

    ,      

       . 

 

) ) ) 

. 4.29.       

 : 

) –       

  -1 ; 

) –    (0 ); 

) –       

  1 . 

     

 ,    , 

       . 
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    ,    

,     .  

        

     .     

    BBP-8000-11000 nm 

 «Spectrogon».       

     (     

 ),  λ1 = 8.28673   λ2 = 10.9191 .  

,  ,    , . .  

     UL 04 

32 2  «Ulis»    ,   

        

 ( . 4.30).   ,    

    . 

 ,       

   ,     . 

       

   -    ,   

. 4.17. 

 



131 
 

 

. 4.30.        

 - . 

 

. 4.31, )     

        t1  t2, .  . 

4.31, )        

  ,     t1  t2. 

    ,   λ1  λ2,   

     .      

   ,    

 . 

 



132 
 

 

) ) 

. 4.31.   : 

) –   ; 

) –       

. 

 

    

        . 

     . 

,    ,     

.        

        ( . 

. 2.4). , ,    T  = 403   

        T = 402 

,     (   t2) T = 405 K. 

 ,       

    ,   , 

   .    

     - , 

  .      



133 
 

      

      

 . 

4.5.        

 -  

       

          

  -   ( ),    

    .     

  ,     

   ,    

  (  ) .  

         

 . 

       

    ,  

      .   

         

        

        

  .      

       - . 

        

 ,       

         

 .  ,   

   –   

-   ( ). 
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   ,  ,  

       8 – 14   

     , 

     

 . 

       

   -  ( )    ,  

      

     

( ).         

: 

 1 –        

  -  ,   

     . 

 2 –         

  ,    , 

        2 2; 2 3; 

3 3  . . 

    « »   : 

-     ; 

-     . 

     

     .    

 1,   4  -    4 1,  

      ,   ,  

 4  -    2 2.   

       

  . 
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   я я  я    

   

      

        

  . 4.32.      

       

  .   (4.2), (4.3)  (4.4)   

                 ,    

           UL 04 32 2  «Ulis»  

18   ( . 4.33, 4.34) [29]:              (      ) (4.2) 

             (      ) (4.3) 

             ( 
√          )  (4.4) 

:   ,    –      

 .  lh = 10.88   lv = 8.16 ,    f = 18  

  :              (4.5)               (4.6) 

 ,       

.               

         ,    .   

    ( . 4.35): 

                ( 
           √       )  (4.7) 
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                ( 
           √       )  (4.8) 

 . 4.33  ,    

       

 . . 4.34    .  . 

4.35  ,      

          , ,        ,   

    .  

        

    UL 04 32 2 : 

                (4.9)                  (4.10) 

   я я  я , я я 

   

  4-      

 ,     (4 1) ( . 4.36, 4.37) 

,                    ( . 4.38).   « »     

   ,      

     . ,  

    ,    

 ,    -    

.          

                . 
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. 4.32.     
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. 4.33.      



139 
 

 

. 4.34.    
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. 4.35.    ,  
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    - ,  

     4.6 [29].    

 .     ,  

        

   .     

         

. 

 ,       

        

.       

 31 .       b.  

   -      

  RS.  , RS –    

,        

 .    RS  ,  

       

 .   : 

 

RS = b/(2∙tg(       )) =53.58  (4.11) 

 

        

  ,     , 

  Д41].  ,   . 

4.40,     ,   ,   

    RS.  Z   ,  RS  

       γ,     

    .   

  ,       

   ,    

    ,   , b. 
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,   b     

     1 ,  

  .     γ   

 .      (4.12)  

   . 4.41:        (                      ) (4.12)  

      .  (4.14)) 

        -

        -   , 

     - ,   

,      - .  

             

(4.13)        

       - , . .                   (4.13) 

      = 640 –      

. 

   (4.13)  (4.12)    :           (                      )           (4.14) 

  ,   γpix   Z   

,    .    

   Z,     ,  

16.8  ( . 4.41, 4.42). , ,  ,  

   ,     16.8 . 
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. 4.36.    ,  -

 4 1      
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. 4.37.     ,  -

 4 1      
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. 4.38.       

 4 1      
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. 4.39.     -  

      , 

    4 1      
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. 4.40.     ,  

,     -  
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. 4.41.   γ    Z. 

1 –  γ = f(Z); 2 –   ,    

     ; 3 –   

      ,    

      

  

16.8 
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 ,    - ,    .  

  -                     

    - ,      

   .      

5 1  ,  31 ,  168.15°.  ,    

3  5 1     360°. ,  

  , . .     

  

     : 

1.   4 1, . .     

 ,      360°/3=120°  

 134.52°. 

2.   5 1,     

   .   

    127.7°,     

 120°. 

   я я  я ,  nxm 

      

 ,   . 4.43.    

       ,    

.     - ,    
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