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   :  -  [346–348], 

-  [349], -  [350]  .    

  ,         

   (  (1.9)). 



44 

 

       

(  (1.1)  (1.2))         

 (  (1.3)–(1.4))       

   : 

•        ,    

         

 [16,257]; 

•       

      ,  

   - -      

    [324]; 

•       

         

      -  

[34,265,351]; 

•     (     )  

    [330]; 

•        = 𝛼−     𝑉 ≈ 𝜋 /  (  –  ),     

,     . 

 . 1.8        [324]   

   (   /     ) 

    in vivo. ,      

;            

    .      

   ,       

     [352]. 

 



45 

 

 

. 1.8.      ( ) 

 in vivo: ( ) –       𝛼 (  

)         [324]; ( ) –  

      = 𝛼−  (  ). 

   ( )   ;    

   . 

 

 ,       

   ,        

        

  ( )     -

   (      

)         

  ,    [1,2]. 

       ,   

   [353].      

,     –   ( )  

   . 

 

1.3.2       

 

   .   ,   

      -  

       [354–364] 

  [365–368]. ,   [367,368]      

   ,     
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    .    

  ,      

 ,      .   

  ,         

         

   . 

  -     [369,370] ,    

   .  ,   5-

       1,29, 1,74  2,14   

 ,      2'-    

    0,4–2,5  [365]. ,   

  5-  –  ,  

         [365].   

     (293 - ),   

(  293 - )          

         

 K.     -     

1,7 ,     5-    ,     

    -     [365,371].  

,         

        

[369,370].              

      5-

      ,   [372],    

 -         

 . 

 ,     

       

        ,  

      . 
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1.3.3      

 

       

      ,    

         

    -    

   ,      

  ,      

  .    ,     

        ( . 1.5).     

    (~ ) ,     

      . 

      

  [37,39,44,62,373–375]      

 ,        

    .  ,     

     [376–378]  

       ,   

      .      ,  

         

.          

,         

     .    

     ;      

 . 

   -    

         

,     ,   

 𝐫, ̂     𝐫   ̂ [265,318] 𝐫, ̂̃ = −  𝐫, ̂ + ∫ 𝐫, ̂′ ̂ , ̂ ′ Ω′𝜋 + 𝐫, ̂ , (1.10) 

 Ω′ –       ̂ ′,   = + 𝑎 – 

        ( 𝑎 ≡ 𝛼), 

, ̂ , ̂ ′  –     𝐫, ̂  –   
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.  ̂ , ̂ ′        

          

  .        

(     ,   ) 

     ,   

,    -  [34,351]. 

 

1.3.4       

 

       

       

      .    

          

     .   

    .     

         

,           [15,38]. 

       (International 

Commission on Non-Ionizing Radiation Protection – ICNIRP)   

     / 2    

    –       [379].  

          

 / 2.        

     .      

      .   

        (>  )  

,          

       [380]. 

        

       . 

        . 

•         

       

      -   

 [267,381–383]. 
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•          

       

   [216,384–387].   .   

  «  »,      

       

     ,     

     (     

     ).      

 , ,  ,   

    ,     

    [388].  ,   

       

    ,   ;   

           

  [389,390]. 

   ,         

       -   [391–395]. 

 ,        -

     . ,  

        ( G) 

       [396]. 

       (  

 ) [15,38,76,97,381,397],    [15,38,381,398],      

[97,381,399]. ,      

(  – ,  ,   –  / 2,  – 

 )      :   

,   ,  ,     

     [400].     

  (   –  ,   – , – ,  , 

   –  ,   – ,  , 

 –  )        

,     ,    

           

[401].       ,   
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  [401]. 

      (  

 )   (  – ,  ,  

 – ,  / 2,     ,  – ,  / 2)   

      ,    ;  

          

    , %  , %,  [402].   

       

.     ,    , 

   ,       

       .     

          

 ( ,  ,  / 2)    [402],    

     . 

    -    

.  [403]      , 

  -  .  ,   %     

 , %   , % – , % – .          

  .   ,    

      

:    ,   

 ,    ,   

 .      

      .   , 

       , 

  ,      

   [98].      

    ,    

     [98]. 

        

    [15]: 

•        

       ; 
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•         

 ,  ,    

;     ,    

 ; 

•         

 ,     

  ,      

      . 

         

      .    

         

     .    

       

[98,403].       

     ,  

  ,        

[398,404].           

–        ,    

 [97,381,382,398,399,403]. ,   [405]      

,        

  (   – , – ,  ,  

 –  / 2,  –  )    

.   [406] ,        

   (   – , – ,  )  

             

   –  / 2    <  , 

         / 2   

  [407].     (  –

3,68 ,   –  / )    

,    (  )      

     [408]. 

       

(  – ,  ,   –  / 2,  –   

 )          ,   
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       [409].   -

     (  – ,  , 

  –  / 2,  – –  ) 

    °C [410].    

      ,   

  % ,  (  )   

     ,       

 % .         

    ,   ,  

     [411].  ,  

    ,         

   [412]. 

       

 (       )  

   (   – , – ,  , 

  – ,   ,  / 2,  –  )  

 ( )   (   –  ,  –

 )    [99,413]. ,     

  ,      ( , 

   .  ),  ,  

   [99].  ,       

,  :    ,    

  ,    ,    

,      [99,413].   

    ,     

   . 

      

(   – , – ,  ,   – ,  / 2, 

 –  )      in vivo   

 [414].           . 

    ,  ,    . 

         

      [414].  

    ,     

   . 
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  [415]      

   (  – , , ,   ,  ,  

 – ,  / 2,  –  ).   

  ( )        

       .   

         

  . ,      

        

  [415]. 

        

 1.2.        

 (~ –  / 2)        

.  ,     ,  

   ,     

  [409,416].    ( ,  )  

    ,     

  . ,      

   ,       

    /   .    

     ,   

          

. 

  



 1.2.      ; CW  P –    . 

№ 
 

 
,  

 

, 

/ 2 

 

, 

 

 

 
   

1 CW , – ,  ,  –  
   

(  C ) 

 , 

   
[417] 

2 CW ,   –   Jurkat 

   

,  

,   

     

[411,412] 

3 CW ,   –   Jurkat 
 

  
[399] 

4 CW ,   ,  
 

  

 

  
[408] 

5 CW ,  ,  ,  
 

  

  

(   

) 

[409] 

6 P , – ,  ,   
 

  
  [407] 

7 P , – ,    
 

  
 [379] 

8 P , – ,    
 

  
 [379] 
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№ 
 

 

, 

 

 

, 

/ 2 

 

, 

 

 

 
   

9 P , – ,  ,   
 

  
 [405] 

10 P , – ,  ,   
 

  
 [405] 

11 P , – ,  ,   
 

  
 [405] 

12 P , – ,  , – ,   
 

  
 [406] 

13 CW ,  ,   
 

  
 [409] 

14 P , – ,  ,  –  

 

 

 

 [399] 

15 CW ,  , – ,  ,  
 

  
 [418] 

16 CW , – ,  <0,001 
, , 

 

 

  
 [419] 

 



1.4       

 

     XX .     

      [1].    

          

   .       

     ,    

  ,    .  

   ,    

     . 

 

1.4.1     

 

        

      [11,16],   

    ,    

 ,     .  . 1.10 

     ;    

          

,       [11]. -   

     , 

        

       

.         

  . 

        

     ,     

   [254];        in vivo  

  ex vivo.      

       (~  ), 

        -

    [420].      

          

 ( ) .      

    ( , ),   
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      .   

           

.    «  »     

       ,   

      (     in 

vivo) [25,421–423].          

      .     

      (     «  

»),        (    

   «  »). 

     ,    

         

   ,      

(  )    ,   

     [1].   

        .   

   ex vivo       

  ,       

    , ,   

       .  

    ( ,  [424,425],  [322,426]  

 [323,427–429])         

 .       

    ,     

         

    [430]. 

 



 

. 1.9.   

    

  [11]: 

( ) –    

    «  

» (   

 )  «  

»; ( ) –   

  

    ; 

( ) –    

 ,  

   . 
 

  



         

    ,    

    [11,16].    

        

.      

         

 .    in vivo    

      .      

  ,       

,      [51,85].     

         . 

     . 

 

1.4.2     

 

     [1,4,11,16]. 

        ,     

 (   , – ,  ) [431].      

 ,        

     .   

           

 (       ),   

  –   ( ,    

   ),      

 [432–434]. 

   ,    

 (  ,     )    

  [435–437].     

  ,        

     (0,1–4,5 ).    

       

.       

     ,     

   .       

       .  
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    [82,84,176,179,180,183]  ( )   

        , 

 [4,170]. 

       

     –     ; . . 1.9 ( ). 

      (      

   ),    –   

 (    ).     

    ,     

.       

   -  (   )   (  

  ).      

       «  »  «  

».            

   .     

   ,        

       . 

         

 ,   -     .  

 .        

       .  

      ,   

  ,    ( ) 

         

     [29]. 

      

         

  ,    ,   .  

      . 

•         

          

.         
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 -  [438–442]. 

•          

 ,       

,      .   

       

     [421,422,443–448]. 

•        

,        

    [449,450]. 

        

         

.       (terahertz 

pulsed imaging – TPI).          

       

 ,         

   .     

    𝐫,    𝐫,   (𝐫 – -

   )      

     ( )   

 𝐫 . 

      

         

 (  / TIR – total internal reflection) [451].      

 ,        

  ( ,   / high-resistivity float-

zone silicone – HRFZ-Si).        

 «HRFZ-Si  – ».       

 ,          [452–454].  

          , 

        in vivo. 

         

  ,  ,  

       ,   

       



62 

 

; . . 1.9 ( ).        

       .    

     –      

,          

 .      

    ,     

   . 

        , 

   . 

•       

  .      

      (   

   ),   ~ –  ,  

 ~       –   [455].   

[456,457]       

        . 

•        . 

           

 (  )    [458].  

        

  [459,460],      

   [461]. 

•         

        [1].    

        

   ,       

   [185]. 

•        

       

(compressed sensing)       

      [1,462–464].  

      –   

   . 

        

        . 
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,          [2,125,465–467], 

    –  ,     

.           

   .    

       

        . 

           

       

       [468],    

       [4,135,143,186,469].  

   -   [203,204]    

   [470–473].       

      . 

 

1.4.3         

 

        

   ,     

 .        

   ( ,  ),  

 (       )  

  (      

   ),     

( )  ,      

         

 -  . 

       

  (  )       

          

    (  ) [474–476].    

         

 [477].    = − ′ , (1.11) 

    –       , 

,  –  ( ) ,    
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 ’.       ,  

   ,         

  (    - ),     

       -   .  

           

    [478–480].    

–  [481], , -  [477]   [29]. 

       – 

  .         

   (     )    

       [352,482–486].  

   (    )   (   

 ) –  ,      

  [482,484].       

         

 ,      [487,488]. 

         

      [489]. 

         

          

  .       

    ,        

        

[327,490].         – 

  ,        

  ,    ,     

  .      �̃� 𝑣    𝑅  

  (  ) [214, 223]: �̃� 𝑣 = Ϝ+ [ ]Ϝ+ [ ] , 𝑅 = Ϝ− [�̃� 𝑣 ], (1.12) 

 Ϝ+   Ϝ−  –      , . 

        

 –         [352]  

  [31],          

 [352].        
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  [268,352,489,491,492].  𝑅   �̃� 𝑣      

  ,       

    .     

        

          

   . 

        

   ( )   –  

   ̃ (  (1.2))   

  ̃ (  (1.1)),   

   ,   

          

   [319,337,445,493].   ̃  ̃    

      .  

   -     

    (    ),   

   ( )      

 .       

   ,     

   [71,494]     [25,26,58,60],   

       ,  

   [452–454]. 

       𝑅    �̃� 𝑣   

  ( )       

        . 

           

          

  Δ ≈ 𝑇− ,  𝑇 –    .  

,  ̃  ̃,      

  ,       

        .  

        

( )   -    

  . 
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 . 1.10    ex vivo    

  (   / basal cell carcinoma – BCC)   ( ),( ) 

    , 𝛼 (   )  ( ) 

  𝑅  (   ) [325].   

        ,    

 ,      .      

 ,          

   ( )   

       ,    

    , , ,  

     .  

     (   ) 

    ,      

     . 

 

 

. 1.10.    ex vivo   

  BCC [325]: ( ), ( ) –      

  𝛼, ; ( ) –   𝑅 . 

 

     ( ) 

         

      [16].     

       , 

  ,      

  ,  ( ) –     (  

        ).  
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    ( )  [16].   

          

 .      

      ,   

          

       ,   

  , , ,      

     ,   

.       2. 

,       

       (  

 ),   ( )  (   

),      ,  

           

[16,454,495].     ,  

        ,   

        

      [11]. 

 

1.5        

 

     ,   

         , 

   ,     

       -

 : ,  ,   . 

    . 

 

1.5.1     

 

  XXI .        

,    [11,16,496].  

   in vivo  ex vivo    

 ( )      



68 

 

   .     

,     . 

           

 -       (   )  

,   -        [11,16]. 

           

 ,         

 ( ) ,     [333,497]. 

        

,    ,  ,  

   (    ),  

   ,      ( ) 

[322,498–503],          

.         

    [322].       

,      ,    

   (> ,  ) [26],       

( .  1.3.3) [265,318,376–378,504]. 

      

        

(  1.4.2  1.4.3) [450].      

 ,     (~ )   (<
)         

  ( )      

,        (> ) [11,16]. 

       

     .   

        

 ,        

   : 

• , 

•  , 

• , 

•   . 
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1.5.1.1   

 

  ,      , 

     ( ,     ),  

   .    

   ,      

         «  

».        

,     (    )  

 ,       

    ,      

 (   . 1.8 ( )),     (    

  ), , ,  (  ). 

   ( )   

     ,       

         ,  

,         

 , ,      [25,77,88,352,505–

509].          2. 

       

        ( ) 

   ( )   

 ,    BCC ( . 1.10)    

(SCC – squamous cell carcinoma) [376–378,490,510–513].     

          

    𝛼     [325,490,511],    

  ,        ex 

vivo,      ex vivo  in vivo. ,  . 1.10  

    , 𝛼    𝑅  

   BCC ex vivo,      

   «  » [325]. 

 . 1.11       in vivo 

[490],          

,   ,    .  
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 ~min [ ];   –       

 = ,  . 

 

 

. 1.11.     in vivo   

«  »: ( ) –   [490]; ( ) –  

 ,    

 min [ ]     ; ( ) – 

  ,   

     = ,   (  

)     .  

         

(Hematoxylin and Eosin – H&E). 

 

 . 1.12      

 BCC ex vivo [376].      

      .   

           

      . 

 . 1.10–1.12 ,      

 (         

   ),      

 (        

  )   in vivo      

        .  

      (   )  
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 ( ,   ,    

     [514,515]). 

 

 

. 1.12.      

 BCC ex vivo (      )  

    [376]: ( ), ( ) –    

 (CO)   (CROSS) , ; 

( ) –  H&E; ( ), ( ) –     (CO)  

 (CROSS) , . 

 

        

  .   [516]    

   , 𝛼     

    ex vivo (   

),       (≈ ° ),   

 (− °C,  )  ( . 1.13). ,  

          

     .        

  . 
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. 1.13.     ( )   

 𝛼 ( )      

  (    

  SCC)   ex vivo [516]: ( ), ( ) –   

  (≈ °C); ( ), ( ) –    

(− ° ). 

 

1.5.1.2    

 

         

 ,         

       . 

     ,   

          

  («   »),    

.         

 ( )  ,      , 

    [517]. 

      

 ex vivo       [504,518–520],  
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[521,522],  [523–525],   [526]  . . ,  

. 1.14        

    ex vivo,     

  [319],   . 1.15 –   

   (    ) 

   ex vivo [504]. ,     ,  

        

     , ,    

    . 

 

 

. 1.14.       

     ex vivo [319]: ( )  ( ) –     

  𝛼 ; ( ) –   

,       min [ ]; ( ), ( ) –  ,     

  , .  ( )  a  b 

  ; c  d —   . 
 

        

,       

  ex vivo.          

  in vivo      -    
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 ,   ,    

  [527,528].       

         

    .   

           

     1. 
 

 

. 1.15.      

 ex vivo [504]: ( ), ( ) –    (CROSS 

)   № 1; ( ), ( ) –     № 2. 

 

1.5.1.3   

 

        

 –          

  .   [319,449,529–532]    

      .  . 1.16 ( )  ( ) 

    ex vivo   

     ,     ,  

        [319].  . 1.16 ( )–

( )       

         H&E [319]. 



75 

 

        

     [531].    

         

        

   . 

 

 

. 1.16.      

    ex vivo [319]: ( ), ( ) –  

      𝛼   ,  

      ; ( ), ( ) –  

 ,   max [ ]  

 max [ ]/min [ ]  ; ( ) –  

H&E. 

 

       

 [69,70,533],      [322,534–

537].   [322]        

  (   9L/lacZ)    ex vivo   

 ,     .  . 1.17   
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   ( ).    

     ,       

  . 

 

 

. 1.17.  ,     

    ex vivo ( )–( ) c  

   ( )   [322].    – ×  2;  –  . 
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( )   ( )  ,  

        -   

 ,      [538].  

        ,   

      .   [322]  

         , 

        (    

  )   (    ).  ,  

          

   . 

  [534]       

        (  

 GL261)    ex vivo   ,    

    .     [535–537]  

      ,  

         

      ex vivo  in vivo (   eGFP+GSC, C6  U87 MG), 

        ex vivo. 

        

  ;      

         [539],  

     [540].  

      -   

 ,         

         

 [541],   -    [542,543],  

    [544–547],   

 [61,548,549],       

[550,551],     [552–554], -  

 [555]  .       

    ,         

      .    
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,        .   

  5. 

       

 ,       -  , 

       

 . ,      

   [556]   

       .   

       

        .  

       

    .     

     . 

 

1.5.1.4    

 

     ,  

         

    ex vivo [523,557]  : 

•      [490],  

 [319],   [69]  .    

- ; 

•       (    

)     ,  -   

       [523]. 

       

     .  . 1.18 ,   

     ex vivo   «  

»      ,   

       : , 

       [523].   

       . 
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. 1.18.     

  ex vivo   «  » [523]: ( )–( ) –  

H&E     № 1    , 

    , ; ( )–( ) –    

 № 2. 

 

         

     : 

•      [558]; 

•       /  

         , 

,      (  

  ) [430]; 

•         

          

      [96,559–561]; 

•            

    [523,534]; 

•          

       [365,516,562]. 

 ,       

     ,  
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,     ,   

  .  

 

1.5.2      

 

       

   [13,90,91],      

[563].        

           

         [13].  

ex vivo        

  ,    .  . 1.19 ( )–( ) 

    ,       

         

   .       

    [13].      

  , ,      . 

 ,         

    ,      , –  

. 

 . 1.19 ( )     ex vivo 

        

.     𝛼 ,    

        

 .       

  𝛼     .   

[13]           

  .       

         

   [90]. 

        

 .   [564–566]     

    ,     .  

 [567]       

   ( ),     



81 

 

        in vivo. 

     in vivo   (  

 )   (      ). 

 

 

. 1.19.       

       ex vivo [13]: ( )–( ) – 

,  ( ,  )   , , 

       ,  

  ; ( ) –   𝛼  

( )     . 

 

  [14]       

      

,       . 

        

           

    .      

        , 

,        

    in vivo. 
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1.5.3 ,     

 

      , 

          

  [59].   [568]     

         

 .         

     .   

  ̃        

     ,     , 

          

(   ).      

        

    .    

    𝑁  (   , 

    )      

 ,       .   

[569] ,      𝛥  (  (1.3)) 

      ≈ %     

.   [570,571] ,  ≈        

 ,  ≈        ,  

 ≈      . 

  [334]         > ,          . 

       , 

D-     . D-      

 ,   –      , 

      . 

  -   ( ,  )    

      ,     

      .     

       ;    – 

 . ,      
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 ,       ,  % (  

)        . 

  [572] ,      𝛥  (  (1.3)) 

       ,    

  %      .    ,  %      ,   .     𝛥   

 %    .       

        

   [573],       

 .  ,      

      .   

    ′′ ̃,     

          [572]. 

  [574]       

     ,    .   

   ,     

    in vitro,     

 .         

,         

    .       

    ,   

    .     

      ,    . ,  

      ,    .  , 

       , 

       pH. 

  [575]       

. ,     𝛼    

        

       .  

    ,      .  

       (    ) 

  (    ).     , 
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    , ,   

 . 

  [576]       

     .   ,   

, , , ,  (    ), 

 (  Na+, Ca2+  K+),   .,      𝛼  

  [236].    ,  

,       

   .     

        𝛼   = , +, 𝛼. 

  [321]       

          

 (    )      

    .    

       ,     

    .    

  (   )    

    .   , – ,    

      – %   

  .       

  ,     . 

  ,       

     ex vivo      

       . 

          

 in vivo   .   [89,577]     

   , – ,    in vivo     

(      %  )   (  

     ).     , 

       ,   

   .     

        .  

      , – ,  .  
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    .  

      [12,578]. 

         

         

     .      

    ,  , ,     

,         

 . 

  [12]           

       .  

. 1.20 ( )         

     .   

        

        

     .  . 1.20 ( ) 

        

 ,    .  , 

       in vivo  

      . 

 

 

. 1.20.       

  [12]: ( ) –  ; ( ) – 

  ,   

     ( )   ( ) . 
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1.5.4      

 

       

        [16,94,579–

583].         , 

     . 

,    (    )  

 ,          

     [16].   

        

,         .  

       

     [584].  ,   

 ,       

 .       

   [585].     : 

  ,     ,  

     .    

        [586].  

           

  .        

        . 

        

    [579].     

   «  »  ex vivo    

,          

    .   ,  

      , – , % (  )  

        .  

         . 

   ,        

           

     [16]. 



87 

 

        

   in vivo [587].     

        , 

        .   

        . 

,        

       .   [588]  

  ,        

         

       

;    ,     .   

        

    in vivo,      

.            

    –  .    , 

         [589].  

,   [581]     

   ,    

      .     

           

 ex vivo      .  

       , – ,    

  . ,     

     . 

 

1.6       

 

        

   ,       

 .     [11]. 

•            

    . [265,590].       

    ,     XX . 

        

  [11,15,16,66].     
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   (     ),   , 

     ,      

         

   ( . 1.3.3)     

        

   .      

     ( . 1.3.4) [15]. 

• -     

    ,    

  /   ,   

      [1,11,15–17].   

       

( . 1.5),      ( ,  

  ( . 1.10–1.12),  ( . 1.13)   ( . 1.14  1.15), 

   ( . 1.16)    ( . 1.17),   

     ,    

    .   

      

     . 

•       ,   

 [1,82,84].     , 

      , , 

      .  

         

     [23,24,591], , 

 ,      [47,49,85,86]. 

        

     .  

       

( )      

,       

 .       

       

 .   (   
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)   ,    –   

  [185]. 

•        in vivo 

   ex vivo        

       ( . 1.8).   

        

     , ,   

 ( . 1.21).     ex vivo  in vivo  

      [592],  

       [590].    

        

   [11,15,16]. 

• ,           

 ,      

  ,    

          [11,16].  

       

      

        [376]. 

        

       

,         

  ,   [593,594]. 

 

1.6.1    

 

      

   ,     

[23,24,49].         ( , 

   )        

 .        , 

   . ,     

 ,  -1 (  )   ,  ,     

    [595].    
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        . 

         [23]: 

• , 

•  , 

•  . 

  [596,597], :    (high-

density polyethylene – HDPE),    (low-density polyethylene – 

LDPE),  (polymethyl-methacrylate – PMMA), , 

 (polymethylpentene – PMP  ),  ( , 

polytetrafluoroethylene – PTFE  Teflone), ,   (cyclic 

olefin copolymer –   Zeonex),   ,   

      .   

          

  ,   [598].     

      (  ),   

        , 

       

.       

 ,   ,    

 . 

  [599], :   (high-

resistivity float-zone silicon – HRFZ-Si),   [595],  (α-Al2O3) [595] 

   [600,601],     

     .    

  ,       

. HRFZ-Si       ,  

,    ,      

  [29].        

  -     (   )  

   .       

   . 

         

     ,     

    (    )    
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 ,         

  .   . 

•   ( -  [602]  -

 [603] ,     

[604],    [605],  -MXene [606]  .) 

  (   )    

  .    

       . 

•          

,        (   

)    [23,24,607–609],   

    -    . 

•  /      

(      ),  

         

  [45,46,609]. 

•   -  ,     

  (    ,   

 ,    )   -   

,     [290,294,610–614]. 

     (   )  

 (   )   . 

          

     ,   

 .        

    . 1.21. 

         

           

   (     

 ); .  1.3 [49,85,86].     . 

•       [615,616]   

  (  1.3, № 1) [617],    

       . 

•  ,     

  ,     (  1.3, №№ 2, 
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3),      (    

  / )        

 «  – » [618,619]. 

•   (anti-resonant reflecting optical waveguide – ARROW) 

        (  

1.3, №№ 4, 5, 11) [53,620,621]      

(  1.3, № 6, 10) [51,598,622,623]. 

•  -  ( )    

 ,   (  1.3, № 7)  

 (  1.3, № 12) [52,624,625]. 

•        /    

 (  1.3, № 8) [626,627],     

    [609,628,629]. 

 

 

. 1.21.     : 

( ) –   Zeonex; ( ) –   TPX; ( )–   HRFZ-Si; ( ) –  

  [607]; ( ) –        [603]; 

( ) –          

 [609]. 

  



 1.3.          . 

№    ,   𝛼, -1    . 

1 

 
 

 

 

, –4.0 

< ,  

 , , ,   ,  ; > ,  

 ,   

 

  
 – 

108 ; 
 – ,   

 
 – 

  
 

 

[630] 

2 

  
 

 
  

 
 
  

, – ,  

  
 

 , 5 

 ,  

LDPE 

 
 – = ,  ; 

 – =  ; 
 

 

 
 –  

  
; 

 
  < ,  ; 

  < ,  / /  

[631] 

3 

  
 

 
  

 
 

 

, – ,  
,  + ,  [THz2] 

 
 

 
 – =  ; 

 – =   

 
 –  

  
; 
 – %; 

 – 

 / /  

[607] 

4 

 
 

 

 

, – ,  , – ,  PMMA 

 
 – =  ; 

 
 – = ,   

 
 – 

ARROW; 

 – <  / / ; 
 

 
 

[632] 
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№    ,   𝛼, -1    . 

5 

 
 

  
 
  

 
  

,  0,0011 

 
  

 
; 
  
  

 

 
  – = ,  ; 

 
 

– ,  ; 
  

–   

 
 – 

ARROW 
[633] 

6 

 
 

 

 

, – ,  

,  

  ,   

-

 
(PP – poly-

propylene) 

= ,  , = ,  , = ,  , = ,  , = ,   

 
 – 

ARROW; 

 – <  / / ; 
3  

 
: , , ,   ,   

[622] 

7 

  
 

( ) 
 

 
 

 

, – ,  

,  

  ,   

 
 

 
 

(Plas Clear, 

Asiga) 

 
 – 

D=4,5 ; 
  – 

 ; 
  – 

 ; 
   

 
 –  / 
  

[625] 

8 

 
  

  
 

 

0,03–0,50 < ,  

-

 -

 
-

 
 

  – = ,  ; 
 –  ; 

  
– =   

 
 – 

 
[627] 
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№    ,   𝛼, -1    . 

9 
 

 

 

, – ,  

> ,  

(   
) 

 

(α-Al2O3) 

 – 300 

 

 
 – ; 

 
 

 
 
 

  
 

[54] 

10 

 
 

 
 

 

, – ,  
,  

 ,   

 

(α-Al2O3) 

 
 – ,  ; 
 
 – ,   

 
 – 

ARROW 

[51] 

11 

 
  

   
 

 

 

, – ,  > ,  

 

(α-Al2O3) 

 PTFE 

 
 – ,  ; 
 
 – 

4,   

 
 – 

ARROW 

[53] 

12 

 
  

 
 

 

, – ,  
,  

 ,   

 

(α-Al2O3) 

 
 – ,  ; 
 
 – ,   

 
 –  / 

 
 

[52] 

 



         

.         .     

 ,      

 [2]         (   

),       [615,628]. 

      ,   

        

  .       , 

    , , ,   

.             

     ,  ,   

    . 

       

   .        

      ,     

          . 

  [634,635]         

       ,  

   .        

        

,           

  . 

   ARROW        

    –      

(  / )     [11,636,637].  

        

,     ( ) [637],   [638],  

[639]       [640].    

ARROW          

 .        

 . 

      

,   -  ,    

  ,  , , 

   .      
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     ,     . 

        

        . 

          

         

      ( , 

).        

       (α-Al2O3),  

  edge-defined film-fed growth (EFG)    [47,49,641–646].  

       (  

   )     (    

 ),  ( )  (     )  

 ,   Al2O3    

. ,         

   ( , , ,   

.).        

  (      / )  

 .    EFG     (  

        [56,595], 

   ( ),    ( ) , 

    ,  , , 

 ,       

)      

       [47,49]. 

 EFG       –

  (  1.3, № 9) [47,49]. -        

      ,    

 .  ,     

   ,         

  [618].        

       ,   

   (       

)   . ,     

       (    

)   [647].       
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    (   )   

         

   . 

          

    ,       

   .     

[54,55,648–650]         

         =,   (    ≈ ,  ).     

        

   ,  (    ).    

     (photonic hook) –   

 (photonic jet),    ,   

 (~ )   [55,650,651].      

      ,  

       . 

          

,           

        

      – ARROW (  1.3, №№ 10, 11) 

[51,53,67]   (  1.3, №№ 12) [52].      

,         

          

   (  ).       

,      .    

    ,     

  (≈ –  ),     

(ARROW  ),       . 

         

 .          

  ,  ,  

        

 [652–661].         

        

   «cross-talk» (« » ).    



99 

 

       ,  

      .       

        

  ∼  (   ).     

       -     

       [662].  

       . 

           

  ,        

    [49].     

        

(wire medium    ) [609,628,629],    -

    . 

         

      ( . 1.22) [56]. 

        ,    

           

–  , .          

         

,     [56]    . 

        

   ,    .  

            

    -     [185]. 

 

 

. 1.22.    

    

 [56]: ( ) –  ; 

( ) –   ; ( ) – 

   

 ( ),   

  ; ( ) –  

   

. 
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  , ,     

    ( . 1.23) [57].       

    ,       

 = ,  . 

 

 

. 1.23.     ,   

          

       [57]: ( ), ( ) 

– -    ; ( )–( ) –    

  ( )     =  ,   ( ≈
 ),          

 ,  ,  « »   

      (  ). 
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       ,  

      .    ≈,  ,             

    .      

             ≈
.          

  ,      

 .    ,   

   , . 

        

       .    

        (  

  ,   )     

         

   .     

          

    . 

 

1.6.2     

 

       

   ,   -

    [1,11,16,17].    

    (   ) . (1.13) 

-       ,     

          

  [35,36].    . 1.5,    

  (< )    (~ )   

 .       

  ( )  ,   

      .   

       , 
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    ,      

      [10,11,15–17]. 

           

      

  [1,11,16,17]. - ,    

 ,      

  .      

        

,  ,      

[315].      ,  

  -    .   

     ,    

      [462,663–666], 

       ( ,    

 .        ,   

     . 

         

  (photonic jet) –      

 [55,651,667,668].    , ,  

      ~ − .    

         

        

[668].           

          

    . 

       

  (scanning-probe near-field optical microscopy – SNOM),  

     . SNOM     

 ,      

 ( ),        (  

 ); . . 1.24.   SNOM    ~ − – −  [669,670],     

      [301,671].   

SNOM          

  [672]    [609,628,629]    
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~ −  (        ).  

  SNOM       

 ,          . 

   SNOM       

          . 1.25. 

    SNOM      

 ~ − – −  [673–675].    SNOM    

       [54,55,648–650]   

  ( . 1.22  1.23) [56,57]. 

 

 

. 1.24.  

 SNOM   

   

 ~ − : ( ) – 

   

    

 [11,16]; ( ) – 

  

 

    

  

 [671]. 

 

. 1.25.  

 SNOM   

: ( ) – 

    

  

   ,  [11,16]; ( ) – 

  

  [673]. 
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   ,   SNOM    

 ,        

(   )      

  .       

SNOM      ,  

    .     

          

,         

  [464],     

[676,677],    [678]     

  [674].   SNOM   ( )  

    .     , 

      .  SNOM   

      ,    

     .   

      . 

     ,  

,      (solid immersion 

microscopy),          1990 . [679],   

         

[17].          

        ,   

(   , < )     –   

   .      

  (     «   – 

»    )    (   ) [680]. 

  ,     , 

   : 

•   ,      

,       ; 

•      ,   

        

    . 

 . 1.26     , 

   «  »,     –     
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, .      

 ,     [62]. 

       

 (            

 ),        . 

     ,    «  – » 

 «  –  »     .     

  𝜃 < 𝜃 = arcsin( / )    (  

    );  𝜃 𝜃       

   .      

       . 

 

 

. 1.26.  

 , 

   «  

»,   

    

   

 .  

    

 , 

  

  [17]. 

 

        

       «   – 

» (       )     

( ),     .    

        ,  , 

   𝐤      [17] 𝐤 = 𝐤 , = , (1.14) 
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 𝐤 –     .   (1.14)     

 .      «   – 

» [318]     𝐤       [17] 𝐤 = 𝐤 sin 𝜃 , = sin 𝜃 , (1.15) 

    sin 𝜃   ≈  (   𝜃)  .    

        ≈  ,   

  .     

     [318,681]       

   ,    , 

     ,     

.           

 .         

,    ,   

      ,  

 ,      , ,  

   [682–689]. 

        , 

           

    .     

            

 ( . 1.27).    c  𝑅  

 ℎ ≈ 𝑅 + ⁄       ≈  (  

     ),   

   [690,691].     [692] 

    (annular aperture) [682,693]     

 ,     .   [694]  

       𝜃 ,   

  (   ),     

      .  

     [695]   [696] , 

  ,     [697], 

    ,     

     TiO2 [698],  . 
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. 1.27.   ,     

 [17]: ( ) –     

(  ) [690]; ( ) –     

[692]; ( ) –       (annular aperture) 

[682,693]; ( ), ( ) –       [696] 

  [695] , ; ( ), ( ) –   

  ,   ,  

    ,  [697]; ( )–( ) –  

     TiO2      

    blue-ray  [698]. 

 

  ,    

,     ,   [699,700], 

 [701,702],    [703–706],  

  [695,707,708],    

    [694,709–713]    [691].  

          

      3  4 [17,40,467,714]. 

 

1.6.3      

 

         

  (   )     
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   –       

      [592,715–718].  

        

 ,    ,    

       

         . 

     ,   

         

 [590,719–722]. 

       

       ,    

  [11,16,718].   ,    

     ,     

         

 .        (  

   )    

       𝛼  [718]. 

         

    ,  

  ,      

,       in vivo. 

 . 1.28       

ex vivo      –     

  ,      

    .     ,  

       .     

    . 

      ,  

         

  ,         

 .        

      [96,559–561,718,723–725]. 

      2. 
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. 1.28.   

    ex 

vivo     ( )  

 ( )  

   

 : ( ) – 

; ( ), ( ) –  

 , 

   

 (     

)     

  ,  , 

.    

  . 

[559]. 

 

1.7    

 

      , 

,        

  ,    ,  

    . 

- ,       

 -       -

 ,      ( )  

   (  ).       

    ,    

        

 .        

          

,       - , 

   . 

- ,        

,       
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       (  

 )       

   ,     

.       – ,  

   ,      

          

.        

       .  

  -       

         . 

,       

,          

   .     

         

.         

      , in vivo 

  ,    ,  

     , ex vivo   

        , ex vivo 

  101.8, ex vivo      . 

 

1.8     

 

    -   

      

     , 

  ,       

      . 

        

 : 

1)  -     

   -      

   . 

2)        

     ,  



111 

 

 ,    . 

3)      , 

        

   ,   . 

      

  . 

4)  -     

      , 

  ,    . 

5)        

 (   )   

    ,   

. 

6)        

     ,  , 

   , , 

, , , ,   

 . 

7)       (  

)  in vivo   ,    

,       , ex 

vivo         

  ,     101.8   . 

8)        

    ,   

, ex vivo      ,  

 ,      101.8   . 
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 2.       
   

 

      , 

    .  -

        

       .  

   ,   (  )   

- - ,        

,   .      

      ,   

   ( )   

 .    

 ,     (   

-  )   (    ) 

  «  »,    (    

)   «  ».    ,  

      .    

        

      ,  

      .   

       in vivo,  

     .   

       in vivo, 

     

 . 

  



113 

 

2.1     

 

   ,   

 : 

•       (  , )  

        ; 

•   zOmega microZ ( )   -   

     ex vivo  in vivo; 

•       Batop ( )    ex 

vivo. 

 

2.1.1           

     

 

         

       

 ( . 2.1 ( )) [20,21,44,176,726],     

        LT-GaAs (  

, , ) [82,176,179,183,185]    Fraunhofer Institute for 

Telecommunications, Heinrich Hertz Institute ( ).     

   TOPTICA Femto FErb 780 (   

  )      

 .        

    ,    

  ≈ , – ,  .        

         

 (      ),      

  [726]. 

 . 2.1 ( )         

   [20,21].       

 HRFZ-Si   .        

 ,    ,       

      𝛼;   

      . 
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      .    

 ,         

.      ,  

      . 

 

 

. 2.1.         

     [20,21,44,176,726]: ( ) –   

         

,   –       

 ; ( ) –     . 

 

  ,      

  ( )      , – ,      ,  .      

 ,  ,   ,     

  ,   ,      

  (     )   

   . 
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2.1.2  zOmega microZ   -     
   ex vivo  in vivo 

 

 . 2.2      

  zOmega microZ [25–27,31]    -

  «    »  . . .  ( , 

),      in vivo   

 . .  [234].        

   LT-GaAs (zOmega),     –   

    ZnTe [4].      

   ≈  ,  ≈ ,      ≈ ,       IMRA,    

. 

 

 

. 2.2.   

  zOmega 

microZ,   

   ex 

vivo  in vivo   «  

» [234],  1 – zOmega 

microZ; 2 –  . 

 

        

 ( , ,  )    

  (≈  )   [456,457].  
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 .          

      (  ~ – ). 

    , – ,  ,   – ,  ,  

          . 

   in vivo «  »      

 , – ,  . 

 . 2.3       zOmega microZ, 

         

in vivo.           

( . 2.3 (2)),     «  – »    

  ( . 2.2, 2.3).      

        ( . 2.3 (4)) 

 CMOS (complementary metal-oxide-semiconductor integrated circuits).   

      «  – » ( . 2.3 (7)),   

   (I),   (II)   (III)   

  ( . 2.3 ( ), ( )). 

 

 

. 2.3.  zOmega microZ    in vivo [234]: ( ) – 

 ; ( ), ( ) – ; 1 – zOmega microZ; 2 –   

(  ); 3 –  ; 4 – ; 5 –   

  ; 6 – ; 7 –  . 
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    (   )  

    ,    .  

   , ,    [234]. 

          

       .  

      ( . 2.3 (6));  

         . 

       C# ( . 2.4); 

      ( )  

   MATLAB. 

 

 

. 2.4.    zOmega microZ,  

   in vivo [234]: 1, 2 –       

 ̃ ; 3 –  ; 4 –    

 . 

 

2.1.3     Batop    ex vivo 

 

 . 2.5 ( )        LT-GaAs (BATOP 

GmbH),   -   «   - » 
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 . . .  ( , )     

  ex vivo   «  » [52,58,727],    

   ,     

[47,49,51–53,56].    . 2.1,      

  TOPTICA FemtoFErb 780      , 

   ,    ,     

  ,  .       

    (≈  )   (   -

)    (     - ).  

        

  (Zaber)    ,   ,   

   <  .    

   (  )      

-     -     

. 

 . 2.5 ( ) ,     ex vivo    

          

         ,    

     .     

     «  – »,   –  

 .      𝜃 ≈  (  

 ),       

(   . 2.1–2.3)         

(   )   . 

          

(    . 2.5 ( )),       

            

  .     ,   

     ,      . 

        

 ex vivo  , – ,   [58]. 

      . 2.2–2.4    

    .     

 ( . 2.5 ( ))        

  .        
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 ≈ ,  .         

,         

,     ;     

   .     

          

CMOS,    ( . 2.5 ( ), ( )).     

     ,     

  ,          

.           . 

 

 

. 2.5.        Batop  

  ex vivo [58]: ( ) –     

    ; ( ) –     

 ex vivo    ,      

    .  ( )    

      ,    

     . 

 



120 

 

2.2         
 

 

  1 ,      

        , 

     ( )   

 (    ̃,      

  𝛼,     ̃; . 

 (1.1)  (1.2)))         

 ̃  .         -

         

            

 ,        ,   

    -  .    

     (  

  – 𝜃 )      (𝜃 = 𝜃′ = )  

     (< ).        

          

   (   ) [25,29,30,71,72,234,494].   2 

        

       

  (    ). 

  XX .       

 .       

 ( )     -  

 ( )   «  » [494,728,729].     

  ,       

- ,      .  

 -       

      ,  - -  

   -  (        

).        ,  

       (~  –  ).  

      ( )   

 (< – ) ,        [494]. 



121 

 

      (  ),  

    (  )       

     ( ) 

 [71,494].       

          

    [730],     

      [731,732]. 

      , 

        .  

       [733],   

-  [734],    [735–737],  -

 [738–740],    [741–743],   

  [744,745]   .  

       

    ,      

  (  1) [746].      

    ( ) ,  

         

  (     ) [747].   [748] 

  ,    

        (  

 ). 

  .         

      

[749,750].           

(   )      .  

  ,      

   .       

  (  ~  )         

,          

 .        

          [751–755].  

     ,  

          

. 



122 

 

  [452,453,756–759]      

         . 

          

 –         .   

    ,    

,        

[452,453,759]. 

  [760–767]      

       . 

       ,  

   ,     (  1). 

         

 ,      ;  

      , 

   .     

 ,      

,         

(    ).          

 ,     . 

        

( )      ,  

   ,     -

      [768–773].   

 ,      ( )   

 ,     .   

        (    

 ),          

  . 

        

     ,   

 ,      

  ,     

.          

     ,   

.         . 
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2.2.1         

 

    ̃ (   

  ̃ ≈ ̃ )      

    (    𝚽) 

     -   

[20,25,29,30,58,71,494] ̃ = argmin ̃ [𝚽], 𝚽 = | ̃ | − | ̃ |𝜑[ ̃ ] − 𝜑[ ̃ ] , (2.1) 

 ̃  –   ,    

       , ̃  – 

  ,     . 

    𝚽       

   ̃,     , ,    

.       ̃  

 (2.1)        

,             

 ,       ,   

  .        

  (      ),  

       ( ) [16]. 

          

 ,        

.  𝚽        

 . 

 𝚽      ( ),  

          

     𝛼 ,      

 [ , ]  [𝛼 , 𝛼 ].       

   ,       

 [29,30]. ,       

       -
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   ;    𝛼  –   

    . 

  (2.1)    ̃    

       , , 

       ( ̃ = ̃ ̃⁄ );  

       ̃ ,      

.         (  

)     (    

)     ( ) . 

  ,    ̃     -

         

 . 

  -     

       ,   

      ̃    

 . 

 

2.2.2 -       
 

 

      ,   

   «  » [71].       

 -   (   ) [23],   

       (    -

 ) [20].     ,  

  in vivo,   «  »,    

     ,    

     [25]. 

     -  , 

        

    ,      

    (   ̃  –     , )   

      (   ̃ )    
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    ̃.     , 

    OZ [4,234] , = exp(−𝑖 + + 𝜑 ) = ̃ exp(−𝑖 + ), (2.2) 

  –   ,  –  , = 𝜋  –  , 𝜑 – .     (2.2)     ̃ =exp −𝑖𝜑 ,         𝜑.  

  ,     (   

  ),     exp(−𝑖 + ) 

    (2.2)        

   ̃  [318,681]. 

        

     (     ̃   ̃ )  

  (     ; . 2.6) [25,71,72]: ̃ , / = �̃� , / ̃ , / , �̃� , = �̃� , = ̃̃ + ̃ ,̃ , / = �̃� , / ̃ , / , �̃� , = −�̃� , = ̃ − ̃̃ + ̃ , (2.3) 

 ̃ , /  ̃ , / , ̃ , / , –   ,    

, �̃� , / , �̃� , /  –       s  p 

.          

,       .   p 

.  :       

     ; .  4 [43,44,62]. 

 

 

. 2.6.     

   [234]. 

 

 (2.3)     ,    

      (𝜃 ),     

 ( ) ,        

 (𝜃 ),     𝜃    
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    [318,681].  (2.3)    

       ( ) [494]. 

          

     ( ),    

    . 

         1 (  

   ̃ )    

- -  [25,71,72] ̃Z = ̃ �̃� , �̃� = exp (−𝑖 𝜋 ̃ ), (2.4) 

 ̃Z, ̃  –       , �̃�  –     

       .      

 (   )   (~ )  .   

     (     ),   

   ( )  ( . 1.5)     

     ( ) . 

  (2.2)–(2.4),    -  

        

   [234]. 

1)      ̃  (  (2.2)), 

   ,     (  

  ),   (       

 )     (     

 ). 

2)      (   ,  

 ),       

        (    

(2.3)),        (  (2.4)). 

3)        

-         , 

        

.         -

       

   ,   

  . 
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4)         

   (   )  

        

  (   )    

  ̃ . 

         

      ̃    

 . 

 

2.2.3         
    

 

 . 2.7   -    

       -    

   ̃    ,   

  ̃ = , .        

  ̃      ,  

 ( )   ,    . 

 

 

. 2.7.   

    

     

-    

  

 ̃    , 

  

  ̃ = , . 

 

        (    

 ),   �̃� − ,    

       ̃ = ̃ �̃� �̃� �̃� �̃� − ( + �̃� �̃� + �̃� �̃� + ⋯ ), (2.5) 
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  ,      .   

         (  1)   

    𝑁,    

 (2.5).     𝑁    ̃ = ̃ �̃� �̃� �̃� �̃� − − (�̃� �̃� )𝑁− �̃� �̃� . (2.6) 

         , 

         ̃ = ̃ �̃� . (2.7) 

  (2.6)  (2.7)     ̃   

      ̃   ̃  ̃ = ̃̃ = �̃� �̃� �̃� �̃� − − (�̃� �̃� )𝑁− �̃� �̃� . (2.8) 

      ( )  

        (2.1).   

   ̃ ,   ̃     

(2.1),       ̃ = ̃ , / ̃ ,  (   ). 

    𝚽    (2.1)  

    .   

  ,        

          , , 

, ≈ − + . (2.9) 

    𝛼 ,  (  )   

          𝛼 , ≈ − ln [max | |max | |]. (2.10) 

   𝑁   (2.8)      

    ,      

    ,  (  (2.9))     𝑇,     ; 𝑇     

          (  

 ).     𝑁   
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𝑁 = floor [ 𝑇( , − ) ], (2.11) 

 floor[… ] –       . 

        

    (2.1)     

   (~  )    

       ,      

.       « »    [−𝜋, 𝜋] (  [ , 𝜋]),        

 (phase unwrap)     ̃ .   

  ,      (     

        𝜋 (    

   )      

 « » ;     . 

      ,   

   ( . 2.1).       

,         

  ;    –        

   (    )  [20,21].   

           

   ,       

 (       ).  

. 2.8    . 

    HRFZ-Si     

 ( ̃ ≈ , − 𝑖 , )         

 ( ).   ,     

   ,       

  ,   ,   

  . - ,     ,  

      .      

   ̃       ̃ = ̃ �̃� �̃� �̃� �̃� �̃� �̃� �̃� − − − (�̃� �̃� )𝑁− �̃� �̃� , (2.12) 
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 , ,  –  ,    , ,  �̃� − −           

   ,         

.      ̃     ̃ = ̃ �̃� �̃� �̃� �̃� − , (2.13) 

 �̃� −  –       ,   

  . 

 

 

. 2.8.   

    

   

      

  

 ̃    , 

   ( ) 

  ( ̃ ),  

   ( ̃ = , ). 

 

       

     ̃   ̃  ̃ = ̃̃ = �̃� �̃� �̃� �̃� − − (�̃� �̃� )𝑁− �̃� �̃�  (2.14) 

      (2.8).     

 , ,   𝛼 ,      𝑁  

       (  (2.9)–(2.11)),  

     ̃   .  

,   𝚽 (  (2.1)),    

   ̃  (  (2.14))    

   ( )     

   .    ̃  

     ̃ = ̃ , / ̃ ,  (  ),  

  ̃ ,      ,   ̃ ,  –   

   . 
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       «  » 

   (2.1), (2.8)  (2.14)        

,   –       𝛼 -  

    .    

      ( . 2.7)     

(  )       ( . 2.1  2.8)   

     ( ),      

        .   

     ~  . 

            

   ( )          

     ( = 𝛼− ),    

   -         

      ̃ .      

       (    ,  

    )       

 .         

     ,      

     𝑅 ,    

   = argmin𝑙[𝑅 ]. (2.15) 

 𝑅       (  )    

 [18,71]      𝒮[… ]  

 

𝑅 = ∫ , − 𝒮[ , ]𝜈 ∫ 𝒮[ , ]𝜈 + ∫ 𝛼 , − 𝒮[𝛼 , ]𝜈 ∫ 𝒮[𝛼 , ]𝜈 . (2.16) 

 𝒮[… ]    , ,  

     (      

 ) . 

 

2.2.4         

 

    ,   ,  

 «  »,     , . . 2.2, 2.3  
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2.9.       (    )     (  

     )   : 

•  ,       (  

 )          ; 

•  ,        

(   «  – »  ,   «  –  » 

 «  – »  ); 

• - ,      . 

 . 2.9 ,       ̃ �̃� ,      ,        

          .    

    in vivo,      

        .    

      in vivo.     

 ̃ �̃� �̃� �̃� �̃�     ,    

  �̃� .        

   ( ) . -  

    ,      

.         ( ,   

    )        

  ,        

    ,    .  -

     ,     . 

   . 2.9       ̃               

,     ,    

  .       

  ̃ ,     ̃    ̃ = ̃̃ = �̃��̃� , (2.17) 

 �̃�   �̃�  –    (  )   «  – 

»  «  –  », .    ̃   ̃  (  (2.1))     ̃  (   

 ). 
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. 2.9.   

     

   (   = 𝛼− )    

  ̃ , 

   

 ( ̃ )     

  ( ̃ =, ). 

 

        

      [234].   

         –   ,  

          

 .     ,     

,        ,   

- .      [25–27] ̃ = ̃ − ̃̃ − ̃ . (2.18) 

      ,   

    (  (2.1)).    

,         .   

      (  ),  

      ,    

   ,    (   ). 

         (2.17)  

(2.18)    ,    

 ,      

(  1).         

 ̃      .       

        

,   . 2.1. 
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  -     

         

      ( )     

 ,        

  . 

 

2.3        

    

 

  -     

            

     -  

  ,  . . . ,     

.       

         

       -  . 

      [72], 

      [19],   

        

     SiO2,    

      [23,24,68].   

   α-       

   ;      

      [22,65].    

    [64].   

        

  ,      

 [29,30]. 

       ,  

    .     

      ,  

        [20,21] 

(  2).  in vivo       [25] 

    (   ) [26–28] (  2).  
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       ;    

  [44] (  4).  ex vivo   

          

 [58,60],     101.8    [62];  

      (  5). 

 

2.3.1        

 

       

     -     «  

» ( . 2.7).        

      GaAs,    

         .  

          [18,71]. 

 . 2.10 ( )  ( )        

               

 (  –  ;   – , ).     

    ,    

   ,      [18,29,71].  . 2.10 ( )  ( ) 

  | ̃ |   𝜑[ ̃ ]    

 ̃  (   ).     

   ̃   ̃  (  ).   , 

 ,     . 

   (2.1)  (2.8)–(2.11)    

     𝛼 (  )     

( . 2.11 ( )  ( )).       

     (2.15)  (2.16) ( . 2.11 ( )).  . 2.11 

         

  (  )     

   ( ) [18,71],        

   ( %),      

   . 
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. 2.10.       

    -     «  

» (     ) [18,71]: ( )  ( ) – 

            , 

; ( )  ( ) –  | ̃ |   𝜑[ ̃ ]   

 ̃  (   ), . 

 

        

        ,    

 .  ,      

  -       

   (  (2.1), (2.8)–(2.11), (2.15)  (2.16))  

    ,    

   ≈ , – ,  .      

          

 .   4       
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    [44]. 

 

 

. 2.11.       

    -     «  

» (       ,   

 GaAs) [18,71]: ( ) –   , ( )  

 𝛼 (  ); ( ) –    

         

  𝑅 .   ( )  ( )    

  ,   –    . 

 

2.3.2        

     

 

        

    «  » ( . 2.8;  (2.1)  (2.14)) 

   ,   : , 

 ( )   ,  ( ), 

 ( ), , , ,   

 ,      ,  

    (  2.1) [20,21].    

         

  (  1) [74,75];     , 

      . 
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      2.1    

         

  (HLP Hydrolab, ).      

« – »;   – « – »;   

   AND HR-250AZG (   –  ; 

 – ,  ) [20].          

( . 2.1 ( ))       ( . 2.1 ( )).  

           –

 ,      . 

 

 2.1.        

     [20,21]. 

  , % 

 Spektr Chem ( ) , , ,    

   ( ) , , ,    

  Sigma Aldrich ( ) , ,    

   ( ) , , ,      Nor Chem ( ) , ,    

 Chemical Line ( ) , , ,    

 Spektr Chem ( ) , ,    

 Pan Reac ( ) ,    

 Hungrana KFT ( ) ,    

 Pan Reac ( ) 10, 30  50 

  Appli Chem ( ) 10, 30  50 

  Appli Chem ( ) 10, 30  50 

 

        

      , – ,  .  . 2.12   

  ( )   , ( )   𝛼  ( ) 

   .  ( ), ( )     , 𝛼 

      .      

 𝑅 ,    ( ),    ;  

 𝑅        𝛼.    
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,     -  (   )  

 (   )    . 

 

 

. 2.12.     ( )  

  , ( )   𝛼 (  )  ( ) 

    [774]. 

 

        

    (  ,   )   . 2.13–

2.17         [20,21]. 

 ,        

      ,   

 [324];        

  .      

    (≈ %)  𝛼 (≈ %).    

  ,      

     . 
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. 2.13.        𝛼 

(  )  ,     

      [20,21]: ( ),( ) – ; ( ),( ) – . 
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. 2.14.        𝛼 

(  )  ,     

      [20,21]: ( ), ( ) –  ; ( ), ( ) – 

 ; ( ), ( ) –  ; ( ), ( ) –  . 
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. 2.15.        𝛼 

(  )  ,     

      [20,21]: ( ),( ) – . 

 

 

. 2.16.        𝛼 

(  )  ,     

      [20,21]: ( ), ( ) – ; ( ), ( ) – 

; ( ), ( ) – . 
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. 2.17.        𝛼 

(  )  ,     

      [20,21]: ( ), ( ) –  ; ( ), ( ) – 

 . 

 

,         

 𝛼            

 . ,       

          

   ,  ,    

       

    .      

  ,      

 𝛼       = 𝛼−  [20,21]. 

    , ,  ,   ;   

50%-    𝛼 ≈ –  –1  ,  ,      

   (𝛼 ≈  –1 .     

   ( = 𝛼− ),      

     .     
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  ,      . 

       , 

      ,  

   .     

          [20].    

           , 

       ,  –  

 .          

  «   𝛼 –   » [20]. 

        

 ex vivo   .     

  ( . 2.13–2.17)   [20]    

        

     ex vivo   ( , ,  ,   ) 

    ( %);        

,       .  . 2.18  

      𝛼 (  ,  )     (     ex vivo)  

 . 

 

 

. 2.18.    

  

    

     

( %)   , 

  

 𝛼 (  )  ,       

    ex vivo [20]; 

  –

  . 

 

,        

   . ,     
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      .   , 

    (   )    

    .     

   ,     

   . ,       

        

     [20]. 

        

  in vivo   .   

 ,        

    . ,   

  –         

   [775]. 

       

      .     

       ex vivo  in vivo,    

          , 

       .    

        . 

 

2.3.3  in vivo       

 

        

  in vivo   «  » ( . 2.9;  (2.1), (2.17) 

 (2.18))     in vivo [25–28].     

   zOmega microZ ( . 2.2–2.4)    

 . , . .      . . .   

 . 

 . 2.19       : 

•   ,         

    (  ); 

•   ,       ; 

•   ,       . 
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    (I)  ,     , 

(II)  ,     « – » ( ), « –  

» ( )  « – » ( ),   (III)   – , 

      ( . 2.9). 

 

 

. 2.19.   

 zOmega microZ [25]:  – 

 ; ,  –  

; I – ,   

  ; II – 

,    

 « – » ( ), « –

» ( )  « – » ( ; 

III –  - . 

 

 . 2.20        

  𝛼     in vivo    

  [327].      

(    )       

 (  ),      

        

 .        

     (   in vivo)   «  

»      (    

)    [25,234]. 

       ( ) 

      in vivo   

  ( . 2.21) [25].        

,    ,    (  

   )     (   ; 

. 1.8 ( )).           

  , ,      

 .         ,  
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    [352].     

   ( )    

 ( ) ,       

     [25]. 

 

. 2.20.  

  

    

  𝛼  

     in 

vivo [25]     

  [327]. 

 

 

2.3.4  in vivo       
  

 

  1 ,      

       [11], 

       

    (BCC  SCC) [10,11,376–378,490,510–

513,776].        

      –   

  ( ) [777].    

      (  in situ),   

   [778]. 

       

       

    . . .    .  in 

vivo      

   ,       

[26,27,507].         

 - ,        
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   .  . 2.22    

 ( )   ( ) . 

 

 

. 2.21.        

  𝛼       in vivo [25]: 

( ) –  ; ( )–( ) –     , 

, , , , , , ,   , . 
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. 2.22.  ( ) 

  ( )  

 [26]. 

 

 . 2.23     in vivo   

    ( ̃ = ′ − 𝑖 ′′ ),  ( ̃ =′ − 𝑖 ′′ )   ( ̃ = ′ − 𝑖 ′′ )    [26–28]: ( ), ( ) 

–  ′   ′′  ; ( ) –  -

 ′′ ′ ,      –  

 [72,346,347]      

 (  (1.3)) [324–326,328,779].    -  ′′ ′      - ,    [72,346,347]. 

         (,  )       ,    

 ( ,  ) –   ,    

   .   , – ,    

  . 

 . 2.23 ( )     in vivo  

   ( ′ )   ( ′ ) ,  

   ( ′ ).   I ( ,  )   ( ′ ) 

    ( ′ )    ( ′ );   II 

( , ,  )   ( ′ ) –   ( ′ , ′ ).    

   -  ′′ ′ , ′′ ′   ′′ ′ .    

  in vivo       [324–

326,328,779]  ,    . 2.23   

    ,     (  1). 
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. 2.23.     in vivo 

         [26]: 

( ), ( ) –  ′   ′′  ; 

( ) –  -  ′′ ′ . 

 

        

      -  [26],  

    ( ′′ ′ , ′′ ′ )     ( ′′ ′ ). 

        

  . 

1)     -  𝜃    

 ,     

𝜃 = Δ ∫ arctan ′′′Δ𝜈 , (2.19) 

 Δ  –    ( , – ,  ). 

2)    -      

    Δ𝜃 , = 𝜃 , − 𝜃 . (2.20) 

         

     . 2.24.    

        ( ),    

    –     ( ). 

 ,      

        

   [26–28].     
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         in 

situ.  ,        [780],   

         ex vivo 

        . 

 

 

. 2.24.      in vivo  

    [26]: ( ) –  -

 ′′ ′   in vivo    ,   

   ; ( ) –    

      -  Δ𝜃. 

 

       

        

  ( )        

.         

       

    ,       

       [781–786].    

         

    [776]. 

    (     

, )    ,     
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       ( ) 

  [506,787].        

  ,    ,   . 

   . 

,       

       

,         . 

          

     .  ,  

      , 

  .     

      , 

  ,        

    . 

        

  ( )    , 

  in vivo,   «  » (  (2.1), (2.17)  (2.18))  

   ,     in vivo. 

    ex vivo      

        5. 

 

2.4    

 

         

 ,     ( ) 

    (    in vivo)  

  ,      . 

1)  -     

         

  . 

2)         

( )     (  

  in vivo)    :  

  (   -  )   (  

 )   «  »,   
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  in vivo (    )   «  

». 

3)       

        

  .       

 «    –   

»        . 

4)       

( )  in vivo   ,   

 .     

     ,    

       

  . 
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 3.  ,     
 

 

   ,    

 ,     

         

,    [17].    

,          

 ,         . 

   –      

   [35,36]    

 [37,39,40].         

    ,      HRFZ-

Si,          .   

        

    .   

   ,      ,        (  –     

),      (~ , ) [37,39].   

 ,       

 ,        

[42].          

  , ,      «   

– ».     ( ,  – , )   

     ( = , – ,   𝛼 = –  –1,  

).    ,    

 ,        

     [37,39,41]. 
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3.1  ,     

 

   ,   

 ,    «  »,   

    (   )    

  ( . 3.1) [17,37,40]: 

•      HDPE   

       [35,36]; 

•     HRFZ-Si   =    

 = ,  ,    ; 

•     HRFZ-Si   = ,      , 

    . 

 

 

. 3.1.  ,    

 [17]: ( ) –   [37]; ( ) –   [41].  ( ) 

 I  II    ,   

       «HRFZ-Si – ». 

 

       

 .     ≈ ,     

 .       

,        «   

– HRFZ-Si»      ;     

 .     (   )  

   ;  –    . 
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HRFZ-Si       ,     

,      ( ≃ , ), 

   (𝛼 ≃ ,  -1)    [595]. 

         ( ), 

         

 –   + = ,   (     

    ,     ,   

      ).     

        [17,37,39,40]. 

       

          

   (  )     

 [37].       

     ,      

 ,    ,    

,        (  1, .1.6.2). 

 . 3.1 ( ) ,      

       (I),  

      «   – »,  

   (II),     

  [42,43].        

       «   – 

» , ,   .   

     ,      

,   (  1,  (1.14)  (1.15)).   

 -       

         4.   

       ,   

      

          

. 

    (     )  

 ,   , –   -  

      .      

        (  
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    )     (  

          

   ) [17,318,681].     

        

[682–689].          

   (   ) [37,40,41,680,706],     

         

   [684],      .  

          

(  ,       

)    ( , ) [37,40,41,679,714,788,789]. 

       ( . 3.1),  

       

 ,     [17].     

      ,   

       . 

      : 

1)         

     ,   

         [35,36]; 

2)     ,   ;   

          

  [37]. 

 

3.1.1   

 

       ~    

          

 ,  ,   –   

HRFZ-Si (  1,  1.6.2,  (1.14)  (1.15)).    

         ( ) 

     (numerical aperture – NA)   

    .    

 ,     (  
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         )  

,  . 

      ,   

 ,        

       

[696,711,790,791].       

 ,           

 ,        

  [45].      

       (  1, . 1.6.1) 

[23,24,49]. 

•       

 ,         

    . 

•       ,    

  ,      

  . 

•      ,   

    ,    

      . 

• -          

         . 

         

   . 

          

     ( ) [792–794].  

     HDPE,    

       , 

    ≈ ,       

 ,      [599,795,796].  

         

     (      

 ),        

 (     )       

     ± ,  [35,36]. 
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   (  )    ZEMAX [35,36]. 

    HDPE       

ZEMAX.       =  ,   

 – ′ = ,  ,     – = ,  ,   

     ThorLabs (    – ’ 
 ,  )    NA ≈ , .   ’   NA 

        . 

     ZEMAX      

        𝑅 =,    𝑅 = − ,     = ,  ,     

    .     = − 𝑅 − 𝑅 + −𝑅 𝑅  (3.1) 

       ′ =,  ; =  –    .   

    [35,36,797,798] = 𝑅⁄+ √ − + 𝑅 + 𝑎 + 𝑎 + 𝑎 + 𝑎 + 𝑎 + 𝑎  , 
(3.2) 

 𝑅 –  ,  –   , 𝑎𝑖 –  

 ,  –  .     

  𝑅,   𝑎𝑖,          

 (   𝜃 , ),       

       [798,799]. 

     . 3.2    3.1   

 (A)   (B) .  ,  

 (3.2)     3.1,       

      .  

      3.2.  

            𝜃 ,   

     (RMS ; . 3.2).    

   :    

,       . 
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. 3.2.    ,    

( )    ZEMAX  ( )    𝜃 = , °     𝜃 = , °, , °, , °  , °,   –    , 𝜃 –        𝜃; RMS (root mean square) 

–      [35,36]. 

 

 3.1.   (3.2)      . 

   𝑹,  ,  − ,  𝒌 ,  ,  𝒂 , -1 ,  − ,  𝒂 , -2 , × −  , × −  𝒂 , -3 , × −  − , × −  𝒂 , -4 , × −  , × −  𝒂 , -5 , × −  − , × −  𝒂 , -6 ,  , × −  

 

           

       ,   ZEMAX, 

,          

(NA > , )     (      

  (~ )        ) 

[35,36,681].           

  :      

 [680,688,693,800],      [801–804], 

   (finite-element method – FEM) [464,805,806]   

    (finite-difference time-domain method – FDTD) 

[37,40,41,807,808]    ,   

-  [809–811]. 

 



161 

 

 3.2.  ,  ’ –   . 

 f’,  ,  NA sF’,  

 ,  ,  ,  ,  

 

          

  FDTD [808],   –   ,  

  K. Yee     (  .) [812]  

  C, C#  CUDA       NVIDIA  

   MATLAB [35,36,40,41,813–815].      

FDTD      ( =    ≈ ,  )      TEM (transverse electric & 

magnetic): 𝐄 = , , ,     𝐇 = , , . (3.3) 

       

        (   

     ).   

       . 

        

 ,       [41].  

        

  ,        

 [40,41,807,808]: 

•  TM (transverse magnetic) ,    

       : 𝐄 = , , ,     𝐇 = ( , , ) ; (3.4) 

•  TE (transverse electric) –     

   (     ): 𝐄 = ( , , ) ,     𝐇 = , , . (3.5) 

         TM 

,           

       . 

         

TFSF (total-field / scattered-field),      TEM 

 (      ) [816–818].  
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  2-   [819].     [807] Δ ≃  (3.6) 

  ;      -

-  [820] Δ Δ√ , (3.7) 

 = ×  /  –  . 

 . 3.3       FDTD   

     

𝐫 ∝ 𝑇 ∫ |𝐄 𝐫, | d0+
0 , (3.8) 

 𝐫 –   ,   𝑇 –    . 

   ,      

 𝐫    (    ),  𝑇 –

   : 𝑇 = ,            ∈ ℕ. (3.9) 

. 3.3 ( )      𝐫 ,   

      . 

 

 

. 3.3.  FDTD  (    

 ),    ( =  )  

   TEM,    – TM [35,36]: ( ) –  

; ( ) –      𝐫 ; ( ) –  . 
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  ,      

     (full-width at half maximum – FWHM) 

 = , .         

 ,          

 .  ,    

 ( )       .    

    -      

(~ , )   . 

 

3.1.2      

 

  ,      ( . 3.1), 

  FDTD    ( =  ) 

 TEM ,       

   TM   .    

. 3.4 (     . 3.3).  

         

   FWHM  , ,       

     (~ , ).      

 ,       ,  

     , – ,  [41].   

   , λ ( )  ,  (   )   

  ≈ ,  ,        ≃, .       . 

  [41]       .  

 (~λ  ~ ,  )       

         . 

      ,   

   . 
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. 3.4.  FDTD     [41]: ( ) –  

 ; ( ) –    𝐫 ; ( ) –  . 

 

3.1.3        

 

      ,    

    (< )   (    

; .  1, . 1.6.2),     

 ( . 3.1)       [42]. 

,           

 «   – » 𝜃 ( ) = arcsin ( ) (3.10) 

(     /      

 ;  . 3.1),    𝛼  –  

        . 

  FDTD      

      , 𝛼  [42].    . 3.5 ( ), 

   ( =  )  TEM  

   ,     .   

      ∈ , , ,    Δ =, ,    –   𝛼 ∈ ,  –1 (  )  

  Δ𝛼 .    Δ𝛼   , 

        𝜎  [ –1 –1] 

   Δ𝜎 = ,  –1 –1,     
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 𝛼 .    , 𝛼     

    ( . 3.5 ( )),     FWHM. 

 

 

. 3.5.  FDTD     

       –   

     𝛼  (  ) [42]: ( ) – 

 ; ( ) –   𝐫     = ,   𝛼 =  -1; ( ) –    /     𝛼 ; ( )–( ) –    = , , , , ,   𝛼 = . 

 

 . 3.5 ( )       

,         

 /  [42].     𝛼       , 

      (𝛼 <  -1)   

  ( ).      

      –  , 

         

  «   – ».       
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     (   )  

     .  

  , ,       

    ∈ , , ,      

 𝛼 <  –1.    = ,    = ,   𝛼 = . 

 . 3.5 ( )        

     . 

1)         ( <=  sin 𝜃 ≈ , ,  𝜃 ≈ °),      

  ( )   . 

2)    –      

( ≈ , ),      ,   

   .      : 

2.1)      ( , ; 

2.2)      ( > ). 

      

    .      

     «   – »,     

   (  (1)  . 3.5 ( )). ,   

    ( ≈ ,   𝛼 ≈  -1) [58]    

( ≈ ,   𝛼 ≈  -1) [25]    .    

       , , 

  / ,        

. 

 ,    FDTD     

    ,   

 . ,     (   ) 

      ,   ,  

     «   – » .  , 

          

 .      . 
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3.2    

 

        

       [17,37,39,40,42,43].   

 ,       -

  ThorLabs        

        «  » 

( . 3.6). 

        =   

(   ≈ , ),   ∆ / ∼ −     ∼ −     « -80» (  « ») [467],     

 –   OAP (  )    ~ −    

 ~  /  (   ) [2,32–34]. - , 

        FDTD, 

        . 

- ,        , , 

     . - ,     

    (  2),   

 .      

      . 

 . 3.6 ,        

    HDPE,   ,     

  .      (    

  )        

 3    (Ni)  .    

  ( )       HDPE,  

  ,       .    

     ,   

        

 ( )   ≈  .      

    ,     . 

       

   [821].          

  .      

      (   



168 

 

; . 3.3  3.4),       

[37,40,41] –   ,     

 (  )    ,  .    

          ,   

       ,     ( . 3.1). 

     :    HDPE  

       ;   TPX –   50 , 

. 

,   HRFZ-Si        

 ,     «  ».    

    ,        

 .  s-         

  %   %   .    

   ,  ,      , 

     °.      

     . 

        

 .         

  (   XOY),       

 .       

,       Thorlabs.  

   - - -  [822]  

         <, .      LabView;  

 –  MATLAB. 
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. 3.6.   ,    

 ,    «  »  

         

( =  )      [41]: ( ) –  

; ( ) –  ; ( ) – . 
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3.2.1   

 

     .  

   ( . 3.6)    (  

),            

    (    ).  

         

       . 

      .    

 ,       –  

       ,      = 𝑇 L = 𝑇 𝑇 𝑇 X𝑇 X(𝑇 𝑇 ) 𝑅 𝑇A , (3.11) 

  –   , 𝑇 L –     

(  ), 𝑇𝑖, 𝑇𝑖 –   (  )    

 𝑖-    (  𝑖  HDPE, TPX  HRFZ-Si), 𝑅  –   (  ) .    

   : 𝑇𝑖 = ( 𝑖 ) = − ( − 𝑖+ 𝑖) , 
𝑇𝑖 = ( 𝑖 ) = − ( 𝑖 −+ 𝑖) , 
𝑅 = ( ) = ( −+ ) , 

(3.12) 

 = ,  –    ; 𝑖 –  

   =  : ≈ , , ≈ ,   X ≈ , , 𝑇A  – 

   ,    

   PSF     (    

)     

𝑇A = ∫ PSF d/− /∫ PSF d∞−∞ . (3.13) 

 PSF           

  [823].    ,      

    (𝑅 ≈ , ),     

  . 
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     ,   

  (3.12)  (3.13),   (3.11),    

     , %.     

     .    « -80»   

 =    ≈ ,   [2],      

 𝑃 = , × −  .    ≈     

 (noise equivalent power – NEP)   OAP  NEP = −   -1/2 

[824],        (  ) SNR = 𝑃NEP√ ≈ , × . (3.14) 

 ,       

  .           

        

     ,   . 

           

   (     )    

SNOM        , ,    

;       (3.13)   

    ( . 3.3). 

       3.3. 

             

     ,         . 

 SNOM       , 

          .  ,  

       

. 
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 3.3.     

    (  SNOM), 

      . 

 
 

(  ) T, % 

  

  SNRth 

 

 r / λ 

 

SNOM 
,  , ×  ,  

 

 ( . 3.3) 
,  ×  ,  

 

   

( . 3.1, 3.4) 

,  , ×  ,  

 

3.2.1  ,     

 

  ,     , 

    ( . 3.1).     

HDPE (  « »)      -

      Toshiba TUD-13 (  

 ,  );    . 3.7 [35,36]. 

      ( ,  )  

      ( ),    

,        .   

 ( . 3.2 ( ))      . 

     HRFZ-Si ( . 3.8)   «TYDEX» 

  .    HRFZ-Si (≈  ∙ ) 

    (𝛼 ≃ ,  -1  ,  );   

 – ≃ , ;   .   

 HRFZ-Si      (      

 ;    ),      

    ,   . 

     HRFZ-Si   ( )  

. 
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. 3.7.   HDPE: ( ) – ; ( ) – . 

 

 

. 3.8.     ( )  HRFZ-Si: 

( ) – ; ( ) –  . 

 

  (   )      (Ti), 

      ,       

          

 ( . 3.9).          

 (     )    

  .     
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 .    ,     

  ,         . 

 

 

. 3.9.  (Ti)       HRFZ-Si  

          

 : ( ) – ; ( ) – . 

 

         ,   

( . 3.10).    (  )     

   ( ,  )    

    .      

  ,    (      

)         ( . 3.10 ( )). 

         

,      ( . 3.10 ( )),    

   = ,   (   )    

          

.          

    ( . 3.6).     

   ,       , 

    .     

          

.   ,      

      ( . 3.9).   

         

     . 
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. 3.10.    : ( ) –     

   ; ( ) –      

 ,     . 

 

        

 ( . 3.11),      , 

   [41].     ,   

   .       

   .      

   ,       

      .  

            

 .        

   .      

      . 

 



176 

 

 

. 3.11.        

[41]: ( ) –  ; ( ) –      

; ( ) –  . 

 

3.2.2     

 

  ( . 3.6)    ( . 3.1)  

       « » ( )  

       (   

     ; . 3.10) [37,39].  

       [825,826] = { , <, , (3.14) 

     –       

  PSF  

= PSF ⨂ = ∫ PSF ′ − ′ d ′∞
−∞ , (3.15) 
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      ,   

       dd = dd ∫ PSF ′ − ′ d ′∞
−∞ = ∫ PSF ′ d − ′d d ′∞

−∞= ∫ PSF ′ dd ( ∫−∞ − ′ d ) d ′∞
−∞= ∫ PSF ′ − ′ d ′∞
−∞ = PSF ⨂ = PSF . 

(3.16) 

 ,       d /d          PSF . 

         

   PSF  (    [827])    

 (  ).     . 

 . 3.12        

    d /d ∝ PSF      =   ( ≈,  )   (    ) [35];  

   𝐄    «  –  

». ,       , ,       FDTD, , .  

           

 ,     FDTD. 

 

 

. 3.12.  

   

  =   [40]: ( ) – 

   

  

  

  ; ( ) –  

  d /d ∝PSF    . 
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 . 3.13         

        – 

 𝐄 (   OX)   𝐄 (   OY) [37,39]. ,  

          

  ,   – ,   ,   OX  OY, 

.          

  FDTD ( , , . 3.4). 

 

. 3.13.  

   

    =
  [37,39]: ( ) – 

  

  𝐫 ; ( ), ( ) – 

  , 

   / , /   OX  OY; 𝐄 –   

 . 

 

 

  3.4       

        .  

,          , 

          , 

       . 

,    ,          

 ,        

    ,      

[42].       :  

           

  (≈ , )     ≈ , .  
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  HRFZ-Si,    (1.14)  (1.15). 

 

 3.4.   (FDTD)    

        . 

 

  

 

 

 

HRFZ-Si nSi 

 

 

 

   

FDTD ,  ,  ,  ,  
 ,  ,  ,  

 

          

.      ( . 3.13 ( ))  

      SNR = 𝜎 , (3.17) 

  –  ,    (     ×  2), 𝜎  –    (     

).      SNR = ,  

  (   )   (  (3.11)–

(3.14),  3.3).      ( . 3.2.1). 

 

3.2.3       

 

       

         

,         

   ( . 3.14 ( )),    , 𝛼   =
  ( ≈ ,  )   (  3.5): TPX, Teflone, HDPE,  

 (MgF2),   (SiO2),   (ZnSe),   (GaP), 

 (α-Al2O3)   (Ge).       

   =     . 3.14 ( )–( ) [42].   

   ,       

  PSF ∝ / .       
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       PSF    FWHM. 

  PSF          

 .       

    «  – »   

  [40,42]. 

 

 

. 3.14.        

  =   [42]: ( ) –      

; ( )–( ) –  ,    

     /     (  3.5). 
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 3.5.      =   (≈ ,  ) [42]. 

 
  

nobj (  no / ne) 

  

αobj, -1 
. 

TPX ,  ,  [596,828] 

Teflon ,  ,  [795,829] 

HDPE ,  ,  [828] 

MgF2 ,  / ,   [830] 

. SiO2 ,  / ,  ,  [595] 

ZnSe ,   [831] 

GaP ,   [832] 

α-Al2O3 ,  / ,  ,  [595] 

Ge ,  ,  [595] 

 

 . 3.15 ( )       

       ,   –  

,   –   ±𝜎 (     

 ),    –   

    (  3.5). ,   

          

   ( >       

(𝛼 ≠ ).        ( / ∈ , , , )   

      (< , ). 

   ( . 3.14  3.15 ( ))   

 . ,      

. 3.15 ( )         

 2D FDTD (     . 3.5 ( )    

 ;  3.5),        

  ( / ∈ , , , ). 

 . 3.15 ( )  ( )        

 3D FEFD (three-dimensional finite-element frequency-domain method   

          

)    COMSOL Myltiphysics Software [42].    

   ,     
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3D    -3D / 2D.     

         

   (   ).  

 ( =  )       

 TF/SF .       

      = ± .   

      = ±     

         . 

 . 3.15 ( )        𝛼 =  

        

  (  𝐄);  ( ) –     

  ∝ |𝐄|       = , 𝛼 = . 

 3D FEFD    ,     

   ( . 3.13).      

 ,       , 

 ,    3D FEFD      

   (     );    

    . 

 

 

. 3.15.        

  =   [42,43]: ( ) –  (  )  

 (   – 2D FDTD, . 3.5 ( );   – 3D FEFD) 

 ;  3D FEFD     

  (   𝐄); ( ) –  ∝ |𝐄|   

  ,    3D FEFD  = , 𝛼 = . 
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 ,    ,   

      ,   

      ( ∈ , , , )  

  (𝛼 ∈ ,  –1,  )    

( / ∈ , , , )        (≈ , ).  

         

   .      𝛼   

        

[11,15,16],         

  [37,39,41,43,44,62]. 

 

3.2.4   

 

      

    [37,39,41].    

   .       

    .      

    ,    –   ,  

     [93].   

     ,      

    [93,833–836],    [837,838],  

      [839,840]. 

       

 (    . Euphorbia pulcherrima)   ( . Méntha) 

[37,841].   . 3.16.     

    – .  ,  

,      ,      

     ,      

 .      ,   

  ,        

     . 
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. 3.16.    [37,841]: ( )–( ) –   

 ( =  )   (   

 . Euphorbia pulcherrima); ( )–( ) –     ( . Méntha). 

 

       , 

     [37,842].   

  ,    ,    

         

 .        [843,844], 

        , 

 ,    ,   

       . 

        

   , ,      

.         ,   

      . 

 . 3.17       ( )–( ) 

    –   (    ~  

    )  ( )–( )     

 ( ).         

    .     
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 ,    .    

       

,       . 

       . 

 

 

. 3.17.   ,    

   [37,842]: ( ), ( ) –  ( =  )   

  ; ( ), ( ) –    . 

 

    –   -

     ,    

          

 (~ )   (  1, . 1.5) [11,15,16].  

        

,       

  .      , 

   . 

          

      

   ex vivo ( . 3.18) [37,41].   ( )–( )  

,  H&E      , 

          

   (80–100 )    (2–25 ),   

        .  ( )–

( )         , 
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       ;  ( )–( ) 

–  -    ,     

      .   

       

        (  1) 

[11,15,16].        

   –  ,      

( / , ). 

 

. 3.18.      ex vivo 

[37,39]: ( )–( ) – ,  H&E   ( =  ) 

        (I); ( )–( ) 

–     (II); ( )–( ) – -  

  ,      (III). 
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   ( . 3.18 ( ))       

          

    ;    =, , ,  и ,  Гц)    ( = , , ,    ).   

       

         [319] 

      ;   

 .    . 3.19    𝜎 𝜃    𝜎   ,       cos̅̅ ̅̅ 𝜃  (   ) [11].         

   ( )    ,     

  .  :         

  ,        .  

           

     . 

 

 

. 3.19.    

  

    

   

     

   

  [11]: ( )–( ) – 

  

  𝜎 𝜃   = , , ,   ,    = , , ,  

  ; ( ) –  ; ( ) – 

   𝜎 ; 

( ) –    cos̅̅ ̅̅ 𝜃. 
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 ,      

( . 3.16–3.18)        

( . 3.19) ,        

         . 

 

3.3    

 

        

,     ,    «  

»       ,  

 . 

1)   ,    ,  

     ,  

   .      

 –    ( ).   

      ,      

         

   (  ). 

2)      , 

     ,   

  ,    . 

3)    ,    

  , ,      

 .  ,      

  ,   ( / ∈ , , , )  

      ( ∈ , , , )  

  (𝛼 ∈ ,  –1,  ). 

4)    ,   

   :   ,  

     .   

    ,   

         

. 
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 4.       
 ,      

 

   ,     

,       –  

    .    

         

     ,    

  (   )   

      [43,44,62].  

      -    

   ,    . 

          

  ,        

,         «  – 

»,      .     

         

.       , 

        

.        

       ,  

 .         

          

      . 
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4.1         

 

 

 ,     ( . 3.1)  

      ̃ 𝐫   

   ; 𝐫 – -  ( )  .  

    𝐫 ,     [43]. 

•    𝐫,         

  ( ≈ , ) [41],     

   (   )  ,      

     . 

•          

( / ∈ , , , )    ( ≈ , )  ,  

        (  

). 

•   ,    , 

       ( ),  

 ( ∈ , , , )    ( ≈ , )  

,     «  – » . 

 :        

       (  ).  

         

 ( )  (  1,  (1.1)–(1.3)), , 

   ̃. 

   ,    

 ̃ 𝐫         𝐫   

       , 

   𝛷 [43,44,62] ̃ = argmin ̃ [𝛷], 𝛷 = − ̃ , (4.1) 

    –     .   

     

= , (4.2) 
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    –  ,       

   , .         

     ( )   

 ( = ,   𝛼 = ).        , 

        . 

       ̃ = ̃̃
 (4.3) 

     ̃ ,      

    .  ̃      ,  

   .   (4.2)  (4.3)   

          

     (     

    ;  2) [29,30,43,44,62]. 

 -       

    –        

 .  ̃      

        , 

:     ,     

   ,        

 «  – »,     . 

          

     𝛼 .    

 , ,       

       ( < ) 

   (𝛼 <  –1,  ) [43].    

     ̃     ∈ , , ,     𝛼 ∈ ,  -1 (  ). 

 

4.1.1 -       

 

      ( . 3.1),  

:     (  )   

  ,      , 
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     -   

 ̃ ,        

.  . 4.1      

 ,      .        ̃        𝜃 . 

 

 

. 4.1.    

    

,   

 ,   

   

 ,    

 [43]. 

 

  ̃       s  p , 

       -    

  «   – » [43] ̃ = | ̃ | + | ̃ | . (4.4) 

     ,     

  ,       

       .   

   s  p      (    

  «   – »    , 𝜃 < 𝜃 =arcsin / ),    –      (𝜃 𝜃 ). 

 s  p         
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/ ̃ = ∫ 𝑅 / ̃, 𝜃 sin 𝜃 𝜃𝜃 ax∫ sin 𝜃 𝜃𝜃 ax , (4.5) 

  –      .   (4.5)  

        

 𝑅 / ̃, 𝜃     .  sin 𝜃    

    (     ) 

   ,       Ω = ∬ sin 𝜃 𝜑 𝜃, (4.6) 

 𝜃 –  (    ),  𝜑 –  (   ). 

    ,      

   ( . 3.6),   𝑅 / ̃, 𝜃  

  

𝑅 / ̃, 𝜃 = // + / / // ̃, 𝜃− // // ̃, 𝜃 , (4.7) 

 // , //   / , /  –      

    (       

«   –  »  «   –  

»,         

  ) [29,30,43,44,62,494]: 

/ = − / = −+ ,
/ = − / = −+ ,

/ = + ,
/ = + .

 (4.8) 

          HRFZ-Si  

   - -  [29,30,43,44,62,494]: = exp (−𝑖 𝜋 + ), (4.9) 

         

HRFZ-Si  .  //     
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    «   – »   s  p,  

    𝜃;       [43]: 

/ ̃, 𝜃 = , 𝜃 − , ̃, 𝜃, 𝜃 + , ̃, 𝜃 ,
/ ̃, 𝜃 = ̃ , 𝜃 − , ̃, 𝜃̃ , 𝜃 + , ̃, 𝜃 ,

, 𝜃 = 𝜋 cos 𝜃 ,
, ̃, 𝜃 = 𝜋 √ ̃ − sin 𝜃 .

 (4.10) 

,       ,    . 

 (4.1)–(4.10)      

          𝐫. 

        [43].  

 ̃    -    ,  ё 

     .  ,    

   (          

),        .    

  (        ),   

          

,            

 [318]. ,         

 𝜃 ,      (     

-           HDPE) 

         [682,693].  

      . 

        

,    ,       

    . ,  

      ,  

      

       . 

,      , 𝛼   

     .    

       . - ,  

   ,         
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  . - ,     

  ̃   (   ),  

    𝛼       . 

 

4.1.2      

 

       3D FEFD 

  COMSOL Multiphysics Software ( .  3).    

   ( . 3.1  4.1)     

         ̃   

 .     (4.3)     

       ̃,      

(    ).    (𝛼 = )    

  (𝛼 ≠ ),    ( → ∞)    

 .          

        (4.1)–(4.10),   

          

   [265,318,681,808].    

     -   

 ,   ,   

  (        

)    [808]. 

 . 4.2 ( )        

  (𝛼 = )   ( → ∞)    

   [43].     

   ,       

        

 .           

  .  .4.2 ( )     /  [43]. 

       , , 

       ∈ , , , ,   

.      ,    

.         , 

         



196 

 

 .     ( , )     

          

«   – » [42].       

 ,       

      n.  > ,    

         

 ( . 3.5) [42].       ,   

  . 

 

 

. 4.2.    ̃   = ,   ( ≈
 ),   (  (4.3)–(4.10))   (  

 3D FEFD) [43]: ( ), ( ) –       

 (𝛼 = )   ( → ∞)    

  ,      = ; ( ), ( ) – 

        ( → ∞)  

        𝛼 (  

).  ( )     = , ,  

        . 

 

 . 4.2 ( )  ( )       

     ( → ∞)    

 ( ∈ , , , )    (𝛼 ∈ − ,  -1,  

) [43].         

.        

   ,     ,   

    . ,    

       (   

   ),     –   , 
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   .   . 4.2   

  , ,      

          𝜃   

        ( . 4.1).  , 

   «   – »     

  ,        . 

,        > ,    

    «   – » [42]. 

     ( → ∞)  ( . 4.2 ( ), ( )) ,  

  , 𝑎         𝑎 

     (𝛼 ∈ ,  -1).     

         

  -      𝛼.    

 (𝛼 ∈ , ,  -1)  , 𝑎    

,        ( ∈ , , , ). 

          

 ,    «   – ». 

     𝛼,   -    

       .   

  ,        𝛼,  

       𝛼.     

(𝛼 > ,  -1)         

  ,      . 

         

.  . 4.3     , 𝑎 , 

  3D FEFD     → ∞, = ,   ,  [43].  → ∞ (  ( ))       𝑎    

  ( ∈ , , , )    𝛼 ∈ − ,,  -1 (  ).   =  (  ( ))   

           > ,   𝛼 <,  -1 (  ),       ∈ , , ,  (  

).        

 «  – »  «  –  »,    

   ,        
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 .   ( )  ( )    =   , , 

.          

   Δn ∝ / ,      , 𝛼 ,   

   .  ,    𝛼  

            𝛼 . (4.11) 

      

           

.          

    ,    

     ,    

 . ,       

 ,       𝛼. 

 

 

. 4.3.  (3D FEFD)    ̃   = ,   ( ≈  )     , 

  𝛼     [43]: ( ) – → ∞, ( ) – = , 

( ) – = , ( ) – = , .   –   , 𝛼 ,  

   ;  –  , 𝛼 ,     

  -     . 

 

4.2       

 

       

   MATLAB       

.          

,       ,  

  ,    [43]. 
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4.2.1    

 

     ( , ) 

 ,       

       (𝛼  -1): TPX, HDPE, 

PMMA    (SiO2).      

    ,   ( . 3.1  4.1).  

  . 4.4 ( )–( )     𝐫    

  𝐫 ,        

   . 

 

 

. 4.4.    𝐫    (𝛼 <  -1) 

  = ,   ( ≈  ) [43]: ( ), ( ) –   𝐫  

   𝐫   TPX; ( )–( ) –   HDPE, PMMA  

  (SiO2); ( ) –    

      TPX [828], HDPE [828], PMMA 

[845]  SiO2 [595].  ( )     

   ±𝜎;  –  

   SiO2. 

 

     𝐫  

          .  

. 4.4 ( ) ,        

           

   ±𝜎,  𝜎 –  .  , 

          

   -   .      
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    [19],    ,  [305]  

  [306]. 

 

4.2.2    

 

       , 

       [43].  

        𝛼   

,           .  

      H2O    

 (    ) –     

    .       

,       -

      (  1) [11,15,16].    

   ( )      

  [11,16,69,70].    

 (   )   𝐫    

     𝐫    . 

  [333]  ,    

    ̃       

 .        ,   

        ̃    

   (  ,  , , , , 

    )     

   ̃ ,  ̃   

 (  / ) .   

 ,    [333]    

  ,      

 ̃      [23,43] (  1) ̃ − ̃̃ + ̃ + ̃ − ̃̃ + ̃ − = . (4.12) 

        , 

      [11,15,16].    
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  ̃         [43,333]. 

 . 4.6 ( )      ̃   

 ∈ , , ,   𝛼 ∈ ,  -1 [43].    

  ̃ = , − 𝑖 ,  (𝛼 =  -1),    

   ( . 4.6) [20,21],    

 ̃ = , − 𝑖 ,  (𝛼 =  -1)   [323,333],  . 4.6 ( )   

        = ,    

      ∈ , .     

  (4.12);    .     . 4.5 ( )  

 ,     5      

        [43,62].    

       , 

    -   ,   .  

   . 4.5 ( )      

  = ,      ,   

. ,        

   ̃       ;  

   (4.12)     

      ̃ . 

   (4.12),     

  , 𝛼         

  ̃ ;      . 4.5 ( )  

    ( ).        

     , ,  

       (  

     ).     

        𝐫 ,   𝛼 𝐫     𝐫      

       𝐫 . 
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. 4.5.       (𝛼 >  -1) 

  = ,   ( ≈  ) [43]: ( ) –   

 ̃     ̃  (  ),   

(4.12))       

  ̃ (     ex vivo)    

     ∈ , ; ( ) –   

     , 𝛼  ; ( ) –   

          

         ( . 4.6  4.7). 

 ( )         ( . 4.6) 

[20,21],        [  

 (Ia)  BCC (Ib)  [325];   (IIa),  

  (IIb)   (IIc)   [319];  

 (IIIa)   (IIIb)   [60]];    ( ) –  

     . 

 

         

         10%  90%   10% [43]. 

           

 . 4.5 ( ).        

  (HLP Hydrolab, ),   (Chemical Line Co. Ltd, ) 

   ,       

   ( . 2.1)     

(  2) [20,21].     . 4.6     

     𝛼 (  )   . 4.5 ( )   

   , 𝛼   = ,  .      

 , 𝛼,          
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 − ,     .     

          (4.12). 

 

 

. 4.6.    ,     

     %– %   % [43]: ( ) – 

  ; ( ) –   𝛼 (  ). 

   –    ( = ,  ). 

 

 . 4.7          

      𝐫 .  

       

    ,   . 4.5 ( )    

   ( . 4.6). ,    

          

      (     

 ).        

         

  .      

 ,       . 
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. 4.7.   = ,   ( ≈  )   ( %)   

    ( %– %   %)  

  ( .  . 4.5 ( ))    

   𝐫 . 

 

4.3     

 

        

    ( ),   

  [44].      

 ,      /   

 (  , , ,   . .)  

     [846,847].      

        

   (decellularized bovine pericardium – DBP), 

    I   [848,849].   

     ,    
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      ,  

  -   ( ,   .)  

    -    

[850]. 

        

 –        

    [851,852]. ,  ,   

  ,       

[853,854].         

 –  ( )  (glutaraldehyde – GA). 

    ,   

        

.            

-   ,       

  [855].  -    

        . 

      [856]. 

      (     

)       ,    

   ,    .   , 

         

  [856].  ,       

  ,      

 [857,858].    /    

,         [11,15,16]. 

        

      DBP  

         [44]. 

   ,    GA   . 

 

4.3.1   

 

          

     ,   

     (European Convention for the Protection of 
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Vertebrate Animals used for Experimental and Other Scientific Purposes, Strasbourg, 2006)  

       

(International Guidelines for Biomedical Research in Animals, CIOMS and ICLAS, 2012).  

           

     ( , ),     

      . 

      (  ) 

    ( ,  )         

°        % (  / )  

    .     ,  

 .   DBP     , –,       ×  2.       

   ( . 4.8): 

•    DBP (  ( ), ( )); 

•  GA  DBP,         

 3  ,         

  ,          

 (  ( ), ( )); 

•    DBP,     

    60      

 (  )        ,   (  ( ), ( )). 

 

 

. 4.8.   DBP   [44]: ( ), ( ) –   

  (    Zeiss 

EVO LS10, )    DBP; ( ), ( )  ( ), ( ) – 

   GA     DBP, . 
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4.3.2   

 

  DBP      

 ,    2   [20,44,176,726].  

   «  »    .  

    (  )  ,   

     ,    .    

    Thyracont VD85   %. 

      

   , – ,  .      

 ,    2 [44]. 

        ( ).   

     ,    

     , ± , %   ≃ oC  

         

 .         

    .     

    ,  , 

  Testo 635 ( )    

 , %   , oC.       

       .    

    ,      

          

   . 

 . 4.9       

          

 [44].         

         .      

     ,  

 . 4.9        . 
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. 4.9.       

  DBP,      

        , ± , %  

 ≃ oC: ( ), ( ) –  ′   ′′  

   DBP; ( ), ( )  ( ), ( ) –    

GA (DBP+GA)    (DBP+plasma) , . 

 

        

  ,   ,    

      𝜏 [44,859].  

    ′ ,    

   , – ,  .   ′ − 𝜈 

  ∝ − exp (− 𝜏), (4.13) 

     ,     

  𝜏. 

    ,   

.     ,    

    ,   

 ,       

   [860–862].  ,    

          

      -   

  [16,257].  . 4.10 ( )–( )    
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  𝜏   DBP,  GA   , 

. ,      (4.13)  

   ,     

 𝜏     DBP. 

 

 

. 4.10.        

DBP [44]: ( )–( ) –    ′ − 𝜈 

    (  (4.13))    

  𝜏   (DBP),  GA (DBP+GA)  

  (DBP+plasma) , ; ( ) –  

 ( )     (  

 ±𝜎)     𝜏  𝑁   DBP, DBP+GA 

 DBP+plasma. 

 

       

( )    𝑁,     

[44].      (  1),      

 / ,      , 

     [60,345] 

𝑁 ∝ ∫ ′′∞ = finite. (4.14) 

      , 

    (      ; 

. 4.10 ( )–( )),       



210 

 

𝑁 ∝ ∫ ( ′′ − ′′ )𝜔 ax
𝜔 i , (4.15) 

 ′′   ′′  –     

     , .  

   𝑁  .   ,  

       

  , ,       , ∞ .  

,  (4.15) ,         

       .      -

    [44,60,859]. 

 . 4.10 ( )    ( )   

  (  , ±𝜎)    𝜏   

   𝑁   (DBP),  GA (DBP+GA)  

  (DBP+plasma) .     

    𝜏 ≈ –  min,       

   . 

 

4.3.3   

 

      

      DBP  . 

    ,       

 –         

  [11,16,37,39,41–44,62,375].   ,  

  DBP     .  

   (   .  )   

(   .    ± %   o ) . 

     . 4.11     𝐫 ,    ′ 𝐫    ′ , 

  ′   . 
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. 4.11.   ≃ ,   ( =  )  (DBP), 

 GA (DBP+GA)    (DBP+plasma)  

    (     )  

 (          ± %   oC)  [44]: ( )–( )  ( )–( ) –  

 𝐫 ,    ′ 𝐫   

 ′ ,      

 ,   ( )   ( ) 

  DBP; ( )–( ) –    GA   

  DBP. 

 

  ,        

    ,     

      .  , 

        

 ,        -   

       

        

  ( . 4.10 ( )).       

       ′ ≈
 ( . 4.11 ( )),     ,     

   ,     . 
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   DBP   GA      

  ,       

    ,  

   .  ,   

 DBP           

        . 

          

      . 

 

4.4      

 

   ,    

  (  3)       

  (  4),    (~ − –

)    ,     

     [37,43].    

         [265,318].  

        

           

   .      

( − )        ,    

      .     

     ,   

           

(  1) [11,15,16]. 

         

        ,  

    ,  ,  

  ,   .   

      :  

 ,    (  

     ),     

       (   

,      -  ) [43]. 
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    ,     

  [11,15,16].      

,         

       [11] (  

         

,        

 (  1) [11,16,69,70].   5      

      ex vivo [43,62]. 

          

         

 (           𝛼)       :  

, ,     [43,63].   

           

  𝛼,        (  (4.4)–(4.10)). 

        

      ( . 3.1  4.1),   

         HRFZ-Si.   

     (TiO2) c ~       

 TiO2 [63].        

        

 [45,46]. ,        

          

     ,  , 

   .         

 ,        . 

 

4.5    

 

          

,     . 

1)   -    

       , 

   .    

      ̃  
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     ,    

    ,     

    «   – ». 

2)       ,   

    .    

     (𝛼 <  –1,  ) ,  

   ,   𝛼   

      (𝛼 >  –1)  , 

   , 𝛼   . 

3)   (3D FEFD)  -   

       ,   

      .    

          

    ( ∈ , , , )   

 (𝛼 ∈ − , ,  -1,  ). 

4)        

       

  .    

     (𝛼 <  –1),   

    ,   𝛼  

      (𝛼 >  –1)  . 

5)         

       

    DBP, , 

   .       

        

      .   

    ,  𝜏 = –  . 
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 5.        
 

 

         

          

   ex vivo [43,58,60–62,69,727].    

       

      (WHO Grade I–IV),   

    [58,73,727].     

         

,        .  

-       

  ,      ,    

     [60].      

      101.8    ex vivo 

[43,61,62].       

       101.8.  

     ,   

     ,    , 

    .   

       

,    .   

 ,           

.         

          

. 
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5.1      ex vivo 

 

       

          ex vivo  in vivo 

[69,70,322,333,534–537,863,864].        

   .     ,  

   ( . 1.17),       

,    ,   . 

        

        

   .       

 ex vivo        

   ,     . 

 

5.1.1     

 

  5.1         ex 

vivo,    . . . .  ( , )  

     WHO Grade I–IV [865,866]; 

 , ,     Grade I, II, III  IV, .     

   ,     

.          

 [58,727]     /    

   ,       

 (     )     

[430].      H&E. 

       

   «  » (  2, . 2.5) [52,58,727].   

          

         ,   

  ( . 5.1 ( )).        

«   – »;  –   .    

  «   – »  𝜃 ≈  (  ).   

   =     =  .   

  ,          
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= , ≈ , , (5.1) 

 ≈ ,  –      [58]. 

         

     ~  и ~ , . 

 

 5.1.      ex vivo [58]. 

№    WHO Grade 

1 39    I 

2 25   I 

3 31    II 

4 56   II 

5 29    II 

6 42    II 

7 34   II 

8 43   II 

9 18    II 

10 63    II 

11 58   II 

12 47    III 

13 26    III 

14 68    III 

15 38    III 

16 35   IV 

17 63   IV 

18 34   IV 

19 56   IV 

20 55   IV 

21 54   IV 

22 69   IV 

23 64   IV 

24 54   IV 

25 50   IV 

26 55   IV 

 



218 

 

 

. 5.1.      ex vivo [58]: ( ) 

–   ,     (  

)   ; ( ), ( ) –       

( ̃   ̃ )   (   ) . 

 

     ex vivo        

      , – ,  .  

. 5.1 ( )  ( ) ,        

 –    (      )    

(    ).  . 5.1 ( ) ,       

       ,   A, B  C. 

    2,  A  B      

«   – »  «  – » (  «  –  

»), ;  C –    .  A 

     .      

     ( . 5.1 ( )).    

   -  -     , 

    B [58].      

 A  C,   B,        

«  – » ( )  «  –  » ( ).   

    ,     2 

[58,727]. 

 . 5.2        

  𝛼 (  )   WHO Grade I–IV,   

 ,     H&E     
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 [58].      , 𝛼  

       .   -

,   ( )    

   .  . 5.2    , 𝛼   

  (     )     

  ± . 𝜎 (≈ %); 𝜎 –  .  

        

[69,70,322,333,534–537,863,864]  . 5.2    

         

,       . , 

      WHO Grade I–IV    , 

   ,       

    [537]. 

 

 

. 5.2.      ex vivo [58]: 

( )–( ) –   ,   𝛼 (  )  

  H&E, ,   WHO Grade I; ( )–( ), 

( )–( )  ( )–( ) –    WHO Grade II, III  IV, . 

        

   .   – ± . 𝜎 (≈ %). 

 

      

 -values ( -   -  )    

          ,   

(  5.2).  -       
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,      ;    < − .   

 -            

 ,       

;    > − . 

 . 5.2        

 ,          

  ( )  [11,16].    

   .  ,    

         ( -    

         

).         ,   

        -   

    [322,867].   ,    

 (  WHO Grade IV)   -     

  ,    .  

          

     [1,11,16,17],    . 

       > ,    

      [11,15,16,324],  

  ,  -    

     (        

 )        ( . 5.1 ( )). 

    < ,       

  (  (5.1))     

( . 5.1 ( )). 

    WHO Grade I–IV  

           

  [69,70,322,333,534–537,863,864].   

      ,  

        

      .    

          

 (WHO Grade I–IV),    (I  II),  

     [58,61,62,544].  
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. 

 

 5.2. 𝑃-    ex vivo  WHO Grade I–IV,  

        ,  Гц . 

 Grade IV Grade III Grade II Grade I   

Grade IV  ,  ,  ,  ,  , × −  

Grade III ,   ,  ,  ,  , × −  

Grade II ,  ,   ,  ,  , × −  

Grade I ,  ,  ,   ,  , × −  

 ,  ,  ,  ,   , × −  

 , × −  , × −  , × −  , × −  , × −   

 

  [322,333] ,     

        

    ,      

 .     ,     

,       ,  

 ,       ,     

 [322]. 

       

        

    ,      

 (   ).     

       

 ,   ,       

     [13,90]. ,   

          -

     .      

         [11,16]. 

 

5.1.2       

 

    -   
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 .       -

 ,       

,         

         

[11,15,69,70].           

[60]. 

•       (  DD – double Debye model). 

•        (  DO – 

double overdamped-oscillator model). 

 DD         [11,15,324,325] ̃ = ∞ + Δ+ 𝑖 𝜏 + Δ+ 𝑖 𝜏 . (5.2) 

 ,  « » (𝜏 )  « » (𝜏 ) ,  

  ′  ′′    1.     

       

   ( ∞, Δ , Δ , 𝜏 , 𝜏 ).  . 5.3   DD  

    [324],  ∞ = , , Δ = , , Δ = , , 𝜏 = ,    𝜏 =,  .         ′′,   

« »  « »      = 𝜋𝜏 −   𝜋𝜏 − .  ′        ′ → = ∞ + Δ +Δ   ′ → ∞ = ∞  -   . 

 DO         ̃ = ∞ + Δ− + 𝑖 + Δ− + 𝑖 . 
(5.3) 

 Δ , Δ  –    , ,  –   

(     ), ,  –   (  

).     Δ   Δ    

« »  « »     (5.2).  ∞  

   Δ 𝑖   DD     DO. 

  𝑖-       

     ,   : 

𝑖 = 𝑖𝜏𝑖 ,𝑖 = 𝑖 ,.  (5.4) 
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 ;      = .  

   ,𝑖, 𝑖    

  (       ),   

 ,𝑖 𝑖⁄ ≈ 𝜏𝑖−         

 ′′ [345].  . 5.3  DO        

DD   [324]     (5.4). 

 

 

. 5.3.   

  ̃ 
DD  DO    [60]: ( ), 

( ) –  ′   ′′ 
 , 

.  DD 

     

 [324];  DO –  

  (5.4). 

 

 . 5.3 ,       

        ∼ 𝜋𝜏𝑖 − < ,𝑖 𝑖. 
     > 𝜋𝜏𝑖 −       

 ′ [345].     ,    

      [345,438,868] 

𝑁 ∝ ∫ 𝜎∞ = ∫ ′′∞ = finite, (5.5) 

 𝜎 –  .  :  DD  

    /  𝑁,    

 .   ,  ,  𝑖-  

 ,    Δ 𝑖 ,𝑖  =  Δ 𝑖 𝑖 ⁄ ,  ,𝑖 =𝑁𝑖 𝑖 𝑖⁄ , 𝑁𝑖 —   / ,   𝑖-   

,  𝑖  𝑖 —    .     
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 ′  ′′     ( > 𝜋𝜏𝑖 − )     

/    𝑁      DO.  

  DO     . 

 DD  DO     ex vivo  

    WHO Grade I–IV ( . 5.2).   

   (   𝛼; . 5.2)    

 ( ′  ′′)     (1.1)  (1.2).    DD 

      (5.2),   

    .     

 « » 𝜏   « » 𝜏      

    [324],     . 

      DD 

,         

     . ,  

 DO (  (5.3))      DD   

 (5.4).  . 5.4   ′, ′′   

  DD  DO,     DD     [324].  

        

,      (    

  ).   ′  ′′   

 ,    . 

 . 5.5    ∞, Δ , Δ     

 .   ( ) ,   ∞        

,   .        

        [322,865,866,869].   

( )     « »  « »  Δ , Δ  

    ,       

  [538].       ∞, Δ , Δ    

 ,   ,    ,       

 ( < %). 
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. 5.4.     ̃ DD  DO  ex 

vivo  ,     [60]: ( ),( ) – 

    ′, ′′   ; ( )–

( ) –       WHO Grade I–IV; ( ) –  

 DD   .      

    [324]. 

 

    Δ , Δ       

( . 5.5)           . 

  [257] ,    ∞, Δ , Δ     

,   .      « »  Δ      « » Δ ,    Δ Δ⁄ .   

,         

     Δ Δ⁄  [72].    

    -      

 ,  ,    « »  

« »  Δ Δ⁄      (    . 5.5 ( )), 

  .   WHO Grade IV  Δ Δ⁄  



226 

 

  ;         

   ( -   ).  Δ Δ⁄     

   WHO Grade I  III;     .  Δ Δ⁄  

      WHO Grade II;    

     .  

       

      ,     

 ,  « »  « »    

    ( . 5.3) [11,15,16].    

        

  . 

 

 

. 5.5.  ∞, Δ  и Δ   DD  DO  ex vivo  , 

    [60]: ( ) –   

 ∞; ( ) –  « » Δ   « » Δ  

.   – ± 𝜎.    ( ) –   

  Δ Δ⁄    .    

       [324]. 

 

            [60] 

= 𝑁𝑁 = ∫ 𝜎𝜔 ax𝜔 i∫ 𝜎𝜔 ax𝜔 i = ∫ ′′𝜔 ax𝜔 i∫ ′′𝜔 ax𝜔 i , (5.6) 

   (  )     (  )  

  𝜎     , .  

        ,    
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    [16,333,870].  . 5.6 ( )  

 (5.6)     ex vivo  ,   

 .      , ± , %;     

    –  ≈ – % .   WHO Grade II–IV 

    ,    (  WHO Grade IV) 

  80,6±8,6%.  . 5.6 ( )     

,        

 [590,871]. 

 

 

. 5.6.     ,   

 [60]: ( ) –       

  ex vivo  ,     [60]; ( ) 

–        ex vivo  

     C6    [333]; ( ) –    

  in vivo       [872–874]; ( ) –  

     ex vivo     [875]. 

 

         

   .  . 5.6 ( )  

          

 6    ex vivo,       

   [333].          

 ,     ,     -   
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 ≈ – %  .       

  [333]          

,          

 ,       

( ,  ).  . 5.6 ( )     in vivo  

    (    )   (   ) 

      [872–874].      

  .   [874] ,        

 ,        

     .  . 5.6 ( ) 

       (    

 )      ex vivo   [875].   

    ,    , 

   . 

  DD  DO     

  ex vivo  ,    ,    

     . 

•       

    ( - , -

, ,   .)    

   [11,15,16]; 

•        

( )      

      [11,15,16]; 

•   DD  DO      

          

    [330]. 

   ,   DD  DO    

 –     ,      

      ( . 5.3).  

         

   ,      

      .    

    ,      

 (      ,   
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 ;  (1.6)) [72,257],    

  (  (1.7)) [19,345,876].   

         

 [877].         

       

 ,    [859], 

    [2],       

 [29,30],      [16].  

     -     

      . 

 

5.2      101.8    ex vivo 

 

       

          

      [11,15,16].       

         

 [17,37,39,41,376].        

         

     [867],   

 ( . 5.7),  ,      [61],  

  .   ,     

        

         -   

    .      

        101.8   

 ex vivo       (  2)  

 (  3  4) [17,43,62]. 
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. 5.7.        

( , ,  ,  . .),    

       =   [70].  

  –       (≈ / ). 

 

5.2.1   101.8 

 

         

         

 [322,333,534–537].      

     .      , 

     .  

       .   

          

. 

 ( )   101.8  

          [878].   

    ( , ),    (  WHO Grade 

IV) [865,866]       . 

 101.8      ,  , 

  ,      . 

         [61,548]. 

    101.8  ex vivo    

 ,      H&E. 
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    ,     

   (2006 .)      

   (Council for International Organizations of Medical Sciences  

International Council for Laboratory Animal Science, 2012 .). 

      Wistar    

[879].  –         

   (  ,    

    )       .  

     .    . 

         

.         

 ( . 2.2  2.3)   ( . 3.1  3.6).    

(  )     ,     

    /  . 

      %  

 (  )      .   

         H&E.    

      .   

       ,  , 

  ,  ,   .  

    («  »)   

 . ,      

     ,   

        H&E. 

 

5.2.2      101.8 

 

       101.8    

  zOmega MicroZ    (  2, . 2.2  

2.3) [25,26,62,234].     -    

HDPE    ≈     ≈  ,  

 ≈ ,  (  (5.1)); . . 5.8. -     

        

 , – ,  ,    – ≈  .    
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    ( . 5.1  5.2) [58].    

          

( . 5.9 ( )  ( )).  . 5.9 (a) ,         

    I, II  III   ,    A, B  C  . 5.1 ( ). 

         

 ,    –  -  -   

  ,     II.    

  II,    ;    

  . 

 

 

. 5.8.    

 ex vivo   

  

   «  

» [62]. 

 

 

. 5.9.      101.8   

 ex vivo [62]: ( ) –    (  )   

    ,  I  II – ,    

«   – »  «  – » (  «  –  

»), ,  III – - ,  

  ; ( ) –    ̃   ̃ . 
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 . 5.10 ( )  ( )       

  𝛼 (  )      

   101.8 ex vivo [62];  . 5.10 ( ) –   H&E.   

        

( . 5.10 ( ))      , 𝛼 ( )   

 (   ± 𝜎  ≈ %). -   

        

      (    ). 

 

 

. 5.10.      101.8   

 ex vivo [62]: ( ) –   ; ( ) –   𝛼 (  ); ( ) –  H&E.   ( ) –  . 

 

    101.8   

       

   [62].        𝛼.   

           

    ( . 1.17) [322,333,534–537]   

 ( . 5.2) [58,60].      
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   , 𝛼      . 
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 ex vivo   

  

  [62]. 
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      ( . 5.2  5.10) 

[58,60,333].    (     )   

      𝛼    , 

    .     𝐫    

           

 ( . 5.6).      



235 

 

          

         . 

 . 5.12 ( )–( )        

  ,     [323,880].     

   , 𝛼,       

   (      )   

(      ).  . 5.12 ( )–( ) ,  

      , 𝛼    

 ,        

 .       

 ,  ,     ( ). 

 

 

. 5.12.   =        

 101.8 ex vivo [43]: ( )–( ) – ,   𝐫 , 

  𝐫 ,   𝛼 𝐫  (  ), 

  𝐫    H&E, ,   
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 . 5.13        101.8 
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 Щ  

 

 – , 

 –   , 

 –  , 

DAST – 4'- -N- -4-   / 4′-DimethylAmino-N-methyl-4-

Stilbazolium Tosylate, 

IMPATT – impact ionization avalanche transit-time , 

 –  , 

ICNIRP – the International Commission on Non-Ionizing Radiation Protection, 

 –   , 

TPS – THz pulsed spectroscopy, 

TPI – THz pulsed imaging, 

 –   , TIR – total internal reflection, 

THz-QTDS – THz quasi-time-domain spectroscopy, 

 –   , 

WHO – the World Health Organization, 

BCC – basal cell carcinoma,    , 

SCC – squamous cell carcinoma,  , 

H&E – hematoxylin and eosin /   , 

 – -  , 

HDPE – high-density polyethylene, 

LDPE – low density polyethylene,   , 

PMMA – polymethyl-methacrylate, , 

PMP, TPX – polymethylpentene, , 

PTFE /  – polytetrafluoroethylene,   Teflone, 

 – cyclic olefin copolymer, 

HRFZ-Si – high-resistivity float-zone silicon, 

ARROW – anti-resonant reflecting optical waveguide,  , 

 –  , 

EFG – edge-defined film-fed growth method /  , 

PMMA – polymethylmethacrylate, , 

PP – polypropylene, , 

SNOM – scanning-probe near-field optical microscopy,    

, 
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CIOMS – Council for International Organizations of Medical Sciences, 

 – , 

 – , 

 – , NA – numerical aperture /  , RMS – root mean square /  , 

FEM – finite element method /       

, 

FDTD – finite-difference time-domain method /      

    , 

TEM –  transverse electric & magnetic, 

TM –  transverse magnetic, 

TE – transverse electric , 

TF/SF – total-field / scattered-field method /     , 

FWHM – full-width at half-maximum /      (   

   ), 

NEP – noise equivalent power /   , 

3D FEFD – three-dimensional finite-element frequency-domain method /   

         , 

DBP – decellularized bovine pericardium /   , 

CMOS – complementary metal-oxide-semiconductor integrated circuits, 

DD – double-Debye model /   , 

DO – double overdamped-oscillator model /     

, 

ICLAS – International Council for Laboratory Animal Science, 

IDH1, IDH2 – isocitrate dehydrogenase genes /  , 

MGMT – methylguanine–DNA methyltransferase gene promoter /   -

- . 
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