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C / /#'(�  " ).�'!*  �#��0�  %�)#� �  1 %&8 -  '��,'0-  !  ����(!,#"�!-  !'(#�#"  

��#."(��%*#(  � �08#'!#  /��"!/�%&'  . "(!3!/0�  ����/#(� �  %�)#�' 2  !)%�,#'!* : �!� � -  

!'(#'"!�' "(! , "�#.'#-  / 7' "(! , �!� � -  / 7' "(! , 4'#�2!!  !/��%&"�  !  ( .. . ��  '�"( *7!-  

/ /#'(  /��"!/�%&'�*  . "(!2'�(�*  !'(#'"!�' "(&  " "(��%*#(  2*1022 �( /"/ 2 [1], ,(  *�%*#("*  

�'!��%&'0/  . "(!3#'!#/  /!� � -  '���! , (��  ���  ��% ('�5  ��!1%!3�#("*  �  

�%&(���#%*(!�!"("� /�  � � 2�  �  !'(#'"!�' "(!  (~1023 �( /"/ 2), ��!  � ( � -  �� ( '  �  � %# 

� %'0  ��! 1�#(�#(  �#%*(!�!"("��5  4'#�2!5  ((  #"(& � %#1�(#%&'�*  4'#�2!*  �� ( '�  �  � %# 

� %'0  '�,!'�#(  ��#�08�(&  #2  4'#�2!5  � � * ). � , (#/  '#  /#'## , "�7#"(��#(  1 %&8 -  '��,'0-  

!'(#�#"  �  .�%&'#-8#/  � �08#'!!  /��"!/�%&' -  . "(!3!/ -  �!� � -  !'(#'"!�' "(! . 6(  

"�*)�'  " (#/ , ,(  ��# . %#'!#  �%&(���#%*(!�!"("� 2  1��&#��   (�� #(  8!� �!#  �#�"�#�(!�0  

.%* !""%#. ��'!*  ' �0�  4++#�( �  �%&(���#%*(!�!"("� -   �(!�!  [2]. ��#.!  '�!1 %##  

!'(#�#"'0�  !  �#�"�#�(!�'0�  .%* � "%#.�57#2  ��!/#'#'!*  4++#�( �  / 3'  �0.#%!(&  

%�)#�' -�%�)/#'' #  �"� �#'!#  )��*3#''0�  ,�"(!$ , + �/!� ��'!#  �#%*(!�!"("� 2  

4%#�(� '' 2  )#���%� , 2#'#��$!5  39"(� 2  � 2#�#'(' 2  �#'(2#' �"� 2  !  2�//�  !)%�,#'!* , 

2#'#��$!5  �0" �!�  2��/ '!�  !  ��#.#%&'  � � (�!�  !/��%&" �  ("�1�(( "#��'.' 2  !  

)#�( "#��'.' 2  .!���) '� ). ��%&'#-8##  � �08#'!#  !'(#'"!�' "(!  .  �#%!,!'  1 %## 1025–

1030 �( /"/ 2  (�� #(  �#�"�#�(!�0  !""%#. ��'!*  �*.�  +�'.�/#'(�%&'0�  4++#�( �  '#%!'#-' -  

���'( � -  4%#�(� .!'�/!�!  [3], "�*)�''0�  " '#%!'#-' -  � %*�!)�$!#-  �����/�  !  2#'#��$!#-  

4%#�(� ' –� )!(� ''0�  ���  (�  (��3#  � (#'$!�%&'  .��2!�  ���  �'(!,�"(!$ ) �  + ( ''0�  

� %%�-.#��� . 

:�(&  �  " ��#/#''0/  �0" � !'(#'"!�'0/  %�)#�'0/  "!"(#/�/  10% '#�� "(  !  � ��)�(#%#' . 


��  ���   (��0(!#  !%!  !) 1�#(#'!#  ' � 2  ��!'$!��  " ).�'!*  %�)#�'0�  "!"(#/  �0" � -  

!'(#'"!�' "(!  ��!� .!%  �  "(�#/!(#%&' /�  � "(�  /��"!/�%&'0�  . "(!3!/0�  !'(#'"!�' "(#-  

! , ���  "%#."(�!# ,  (��0(!5  $#% 2  �*.�  ' �0�  4++#�( �  '#%!'#-' -   �(!�! . 	(��0(!#  ' �0�  

4++#�( � , �  "� 5   ,#�#.& , "� " 1"(� ��%  1 %## 2%�1 � /�   " )'�'!5  +�'.�/#'(�%&'0�  

*�%#'!- ,  2��'!,!��57!�  /��"!/�%&'�5  !'(#'"!�' "(&  "�7#"(��57!�  '�  ( (  / /#'(  

%�)#� � . �� /#  ( 2 ,  '  ��!� .!%  �  " ).�'!5  ' �0�  ��!1 � � , �"(� -"(�  !  /#( . � , 

)��%�.0��57!�   "' ��  .%* .�%&'#-8#2  ��)�!(!*  %�)#�' -  +!)!�!  !  " ).�'!*  ' � 2  (!��  

%�)#�'0�  "!"(#/  1 %## �0" � -  !'(#'"!�' "(! , (#/  "�/0/  '�,!'�*   ,#�#.' -  �!( �  ��)�!(!*  

%�)#�' -  +!)!�! . 

:#��0/  ��!'$!� / , � )� %!�8!/  " ).�(&  �0" � !'(#'"!�'0#  (.%* "� #2  ��#/#'! ) 

!/��%&"'0#  %�)#�'0#  "!"(#/0 , "(�%�  / .�%*$!*  . 1� (' "(!  [4]. �#/' 2  � )3#  10%  (��0(  
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/#( .  "!'�� '!)�$!!  / .  [5],  1#"�#,!�8!-  "�7#"(�#'' #  " ���7#'!#  .%!(#%&' "(!  

2#'#�!��#/0�  !/��%&" � , '  "�/  �  "#1# '#  � )� %!�8!-  "�7#"(�#''  ��#%!,!(&  

/��"!/�%&'�5  . "(!3!/�5  !'(#'"!�' "(& . ��)�!(!#  4(!�  /#( . �  �  � '$�  1960–�  ��!�#%  �  

. "(!3#'!5  !'(#'"!�' "(!  "+ ��"!� ��'' 2  !/��%&"�  '�  �� �'#  1014 �( /"/ 2 ( ��#.#%*#/ -  

(!�!,'0/  /��"!/�%&'0/  .!�/#(� /  ��,��  ~1 "/  !   �(!,#"� -  "( -� "(&5  4%#/#'( �  ~ 1 
�( ), 

,(  � )� %!%   (��0(&  $#%0- "�#�(�  ' �0�  4++#�( �  '#%!'#-' -   �(!�! . ��#.!  '!�  / 3'  

�0.#%!(& : ����/#(�!,#"�!#  �� $#""0  (2#'#��$!*  �( � -  2��/ '!�! , ����/#(�!,#"��*  

2#'#��$!*  !  �"!%#'!# ), �0'�3.#'' #  ��""#*'!#  ��'.#%&8(�/� –��!%%54'�  (!   1��7#'!#  

� %' � 2  +� '(�  '�  #2   "' �# ), �0'�3.#'' #  � /1!'�$! '' #  ��""#*'!# , 4++#�(0  

"�/ � ).#-"(�!*  %�)#�' 2  !)%�,#'!* , "�*)�''0#  " '#%!'#-' "(&  (�#(&#2  !  1 %## �0" � 2  

� �*.�� : "�/ + ��"!� ��� , "�/ ��'�%!)�$!* , +!%�/#'(�$!* . 

�%#.�57#-  �%5,#� -  �#� - , / 3'  "��)�(&  �� �0� / , �  ��)�!(!!  �0" � !'(#'"!�'0�  

%�)#�'0�  "!"(#/  "(�% ��#.% 3#''0-  �  1985 2 .�  /#( .  �"!%#'!*  ,!�� ��''0�  !/��%&" �  

(CPA – chirped pulse amplification) [6]. ���   (/#,�% "&  �  ��#.0.�7#/  ����2��+# , !'(#'"!�' "(&  

'�  �"!%!��57!�  4%#/#'(��  .  4( 2  / /#'(�  10%�  2��'!,#'�  '�  �� �'#  . %#-  2!2���((�  '�  

���.��('0-  "�'(!/#(� , ,(  *�%*#("*  � � 2 /  � )'!�' �#'!*  "�/ + ��"!� ��!  %�)#�' 2  

!)%�,#'!*  !   �(!,#"� 2  �� 1 *  �"!%!��57#-  "�#.0 . �"(#"(�#''0/  /#( . /  �#8#'!*  4( -  

�� 1%#/0  �02%*.!(  ��#%!,#'!#  .%!(#%&' "(!  �"!%!��#/ 2  !/��%&"�  ! , "%#. ��(#%&' , 

"'!3#'!#  #2  �!� � -  !'(#'"!�' "(! . 6(�  !.#*  !  )�% 3#'�  �   "' ��  /#( .�  �"!%#'!*  

,!�� ��''0�  !/��%&" � . �#( .  CPA )��%5,�#("*  �  ��#.���!(#%&' /  «��"(*3#'!! » 

(��#%!,#'!!  .%!(#%&' "(! ) �"!%!��#/ 2  !/��%&"� , �"!%#'!!  !  � "%#.�57#/  "3�(!!  

�"!%#'' 2  !/��%&"� . �!"(#/� ,  "�7#"(�%*57�5  ��"(*3#'!#  '�  �'2%!-"�!-  /�'#�  '�)0��5(  

"(�#(,#�  ( (  stretcher), �  "!"(#/� , �0� %'*57�5  "3�(!#  �"!%#'' 2  !/��%&"� , � /��#"" �  ( (  

compressor). :�#.���!(#%&' #  ��"(*3#'!#  (���  ����!% , '�  '#"� %&�  � �*.� � ) �"!%!��#/ 2  

!/��%&"�  � )� %*#(  !)1#3�(&  � )'!�' �#'!*  '#3#%�(#%&'0�  '#%!'#-'0�  4++#�( �  ('���!/#� , 

"�/ + ��"!� ��! ) !  � ��#3.#'!*   �(!,#"�!�  4%#/#'( �  '�  "(�.!!  �"!%#'!* .  

�%* ��"(*3#'!*  !  "3�(!*  %�)#�'0�  !/��%&" �  !"� %&)�5("*  ��)%!,'0#  .!"�#�"! ''0#  

4%#/#'(0 ,  1%�.�57!#  .!"�#�"!#-  2���� �0�  "� � "(#-  (�
� ). ��%!,!#  �
�  ��!� .!(  �  

( /� , ,(  ��)%!,'0#  "�#�(��%&'0#  � /� '#'(0  ��!  �� � 3.#'!!  (�� -  "!"(#/0  ��! 1�#(�5(  

��)%!,'�5  2���� ��5  )�.#�3�� , � ( ��*  �� *�%*#("*  �  ( / , ,(  ��)%!,'0#  "�#�(��%&'0#  

� /� '#'(0  � �!.�5(  "(�#(,#�  �  ��)%!,'0#  / /#'(0  ��#/#'! , ,(  ��!� .!(  �  ��#%!,#'!5  

.%!(#%&' "(!  !/��%&"� , �  (��3#  � )'!�' �#'!5  +�) � -  / .�%*$!!  ()��!"!/ "(!  ,�"( (0   (  

��#/#'! ) – ,!��� . �%*  "3�(!*  ��"(*'�( 2  "(�#(,#� /  !/��%&"�  � /��#"" �  . %3#'  �' "!(&  

�
�  �� (!� � % 3' 2  )'��� , ,(  ��!� .!(  �  "3�(!5  !/��%&"�  .  !"� .' -  .%!(#%&' "(! , �  
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(��3#  !",#)' �#'!5  +�) � -  / .�%*$!! . ��  '�"( *7!-  / /#'(  �"#  "!"(#/0 , 2#'#�!��57!#  

!/��%&"0  " �0" � -  !'(#'"!�' "(&5 ,  "' ��'0  '�  ( -  !%!  !' -  / .!+!��$!!  /#( .�  CPA. 

: "(#�#'' #  ��)�!(!#  /#( . �  �"!%#'!* , �  �#���5   ,#�#.&  " ).�'!#  8!� � � % "'0�  

1 %&8#��#�(��'0�  ��!"(�%% �  ((��!�  ���  Ti:Sa, DKDP, LBO), !"� %&)�#/0�  �  �"!%!(#%*� , 

� )� %!%  �  2008 2 .�  . "(!,&  !'(#'"!�' "(!  '�  �� �'#  2*1022 �( /"/ 2 [1]. �  4(�  �#%!,!'�  � (  

�3#  8#"(& %#(  "(�9("*  �#� �.' - . :�!  4( /  '�  .�''0-  / /#'(  '#(  �� #�( �   .' ��'�%&'0�  

%�)#�'0�  "!"(#/ , �  ��/���  � ( �0�  �   1 )�!/ -  �#�"�#�(!�#  �%�'!� ��% "&  10 . "(!3#'!#  

!'(#'"!�' "(! , )�/#('  ��#�08�57#-  1023 �( /"/ 2 [7, 8]. ��*)�'  4(  " (#/ , ,(  )�  � "%#.'!#  

.��.$�(&  %#( (#�' % 2!!  �0��7!��'!*  ��!"(�%% �  1 %&8 -  ��#�(��0  !  " ).�'!*  !"� %&)�#/0�  

�  � /��#"" ���  1 %&8#��#�(��'0�  .!+���$! ''0�  �#89( �  " �0" � -   �(!,#"� -  "( -� "(&5  

����(!,#"�!  . "(!2%!  (#�' % 2!,#"� 2  ��#.#%� , ,(  ��!� .!(  �   2��'!,#'!5  ��#�(��0  

�"!%#'' 2  !/��%&"�  '�  �� �'#  ~10–40 "/  [9, 10]. 6( , " �,9( /  (!�!,' -   �(!,#"� -  

"( -� "(!  ~0,2–0,6 �3 /"/ 2 [11],  2��'!,!��#(  4'#�2!5  �"!%#''0�  !/��%&" �  '�  �� �'#  

'#"� %&�!�  .#"*(� �  .3 �%#- , ,(  '��*.�  " /!'!/�%&' -  . "(!3!/ -  .%!(#%&' "(&5  '�  

�� �'#  5–25 +"  [12, 13] ��!� .!(  �   1 )'�,#'' /�  �08#  �#�#.#%�  /��"!/�%&' -  . "(!3!/ -  

�!� � -  !'(#'"!�' "(! . 


��!/   1��) / ,  .' ��'�%&'0#  %�)#�'0#  "!"(#/0  ����(!,#"�!  . "(!2%!  "� #2  

(#�' % 2!,#"� 2  ��#.#%� . : 4( /�  '# 1� .!/  !"��(&  �%&(#�'�(!�'0#  /#( .0  " ).�'!*  

"!"(#/  �0" � -  !'(#'"!�' "(! . �  "�*)!  " 4(!/  �� %'#  % 2!,'0/  !  #"(#"(�#''0/  *�%*#("*  

�#�#� .   (   .' ��'�%&'0�  "!"(#/  �  /' 2 ��'�%&'0/  " � 2#�#'('0/  "% 3#'!#/  !)%�,#'!-  4(!�  

��'�% � . :�!  4( /  .%* � 2#�#'(' 2  "% 3#'!*  !/��%&" � ,  '!  . %3'0  10(& " �0" � -  

( ,' "(&5  !.#'(!,'0  .��2  .��2� : "!'�� '!) ��'0  �  ��#/#'! , "+�)!� ��'0 , �#�#��0��(&"*  �  

�� "(��'"(�#  !  ( .. . ��  .�''0-  / /#'(  � 2#�#'(' #  "% 3#'!#  *�%*#("*  '�!1 %##  �#�"�#�(!�'0/  

/#( . /  " ).�'!*  �0" � !'(#'"!�'0�  %�)#�'0�  � /�%#�" � , ,(  � .(�#�3.�#("*  (#/ , ,(   '  

)�% 3#'  �   "' ��  .���  '�!1 %##  �/1!$! )'0�  '�  .�''0-  / /#'(  /#3.�'�� .'0�  �� #�( �  

�0" � !'(#'"!�'0�  %�)#�'0�  "!"(#/ : ELI–Ultra–High–Field (Extreme Light Infrastructure) [14] !  

XCELS (Exawatt Center for Extreme Light Studies) [15]. �  ��/���  4(!�  �� #�( �  �%�'!��#("*  

. "(!3#'!#  !'(#'"!�' "(!  '�  �� �'#  1025 �( /"/ 2 �  /' 2 ��'�%&' -  %�)#�' -  "!"(#/# , 

 "' ��'' -  '�  � 2#�#'(' /  "% 3#'!!  ����/#(�!,#"�!  �"!%#''0�  !/��%&" � . 	.'��  .  

.�'' -  ��1 (0  �  +#/( "#��'.' /  �#3!/# , !/#57#/  ��!'$!�!�%&' #  )'�,#'!#  .%* . "(!3#'!*  

�0" �!�  !'(#'"!�' "(#- , 10%  �#�%!) ��'  ( %&�  � 2#�#'(' #  "% 3#'!#  !/��%&" � , 

�"!%#''0�  �  � % � ''0�  �"!%!(#%*�  (� .� 1'0-  �'�%!)   "' �'0�  . "(!3#'!-  �   1%�"(!  

� 2#�#'(' 2  "% 3#'!*  ��#."(��%#'  �  �#�� -  2%��#). :�!  4( /  ��!.�   ("�("(�!*  

8!� � � % "'0�  � % � ''0�  �"!%!(#%#-  !  '�%!,!*  "�7#"(�#''0�  '#%!'#-'0�  !"��3#'!-  
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�"!%#''0�  !/��%&" � , !�  4'#�2!*  10%�  2��'!,#'�  '�  �� �'#  #.!'!$  /!%%!.3 �%#-  ��!  

"�1�!� "#��'.' -  .%!(#%&' "(! . : 4( /�  4�"�#�!/#'(�%&'�*  �#�%!)�$!*  � 2#�#'(' 2  

"% 3#'!*  ����/#(�!,#"�!  �"!%#''0�  +#/( "#��'.'0�  !/��%&" �  !/##(  1 %&8 # )'�,#'!# , (��  

���   '�  � )� %!(  )�% 3!(&  +�'.�/#'(  !  .�(&  ( %, �  .%* � "%#.�57#2  ��)�!(!*  

�0" � !'(#'"!�'0�  %�)#�'0�  "!"(#/ . 

�  "  (�#("(�!!  "  "��)�''0/  �08#  $#%& .!""#�(�$! '' -  ��1 (0  *�%*#("*  (# �#(!,#"� #  

!""%#. ��'!#  �"% �!-  '# 1� .!/0�  .%*  "�7#"(�%#'!*  �0" � 4++#�(!�' 2  � 2#�#'(' 2  

"% 3#'!*  !  4�"�#�!/#'(�%&'�*  �#�%!)�$!*  � 2#�#'(' 2  "% 3#'!*  .���  � "%#. ��(#%&' "(#-  

����/#(�!,#"�!  �"!%#''0�  /�%&(!(#����(('0�  +#/( "#��'.'0�  !/��%&" � . 

�  "  (�#("(�!!  " 4( -  $#%&5 �#8�%!"&  "%#.�57!#  )�.�,! : 

1. �'�%!)  /#( . �  � 2#�#'(' 2  "% 3#'!* ,  ��#.#%#'!#  '�!1 %##  �#�"�#�(!�'0�  !)  '!�  

.%* " ).�'!*  %�)#�'0�  "!"(#/  �0" � -  !'(#'"!�' "(! . �'�%!)  )��!"!/ "(!  4++#�(!�' "(!  

� 2#�#'(' 2  "% 3#'!*   (  '#"(�1!%&' "(!  ��)%!,'0�  ����/#(� �  "�%�.0��#/0�  !/��%&" � , 

 ��#.#%#'!#  '�!1 %##  ��!(!,'0�  !)  '!� . 

2. �(�1!%!)�$!*  ����/#(� �  �"!%#''0�  !/��%&" � , ��!(!,'0�  .%* �#�%!)�$!!  

� 2#�#'(' 2  "% 3#'!* . �  ,�"(' "(! , ��)��1 (��  /#( .�  ��#%!,#'!*  ,�"( (' -  � % "0  

 (��1 (�!  "!"(#/0  ��(!�' -  "(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" � . 

3. 6�"�#�!/#'(�%&'�*  �#�%!)�$!*  � 2#�#'(' 2  "% 3#'!*  ����/#(�!,#"�!  �"!%#''0�  

/�%&(!(#����(('0�  +#/( "#��'.'0�  !/��%&" � . 6�"�#�!/#'(�%&'�*  .#/ '"(��$!*  

� )/ 3' "(!  . "(!3#'!*  !'(#'"!�' "(!  �#%*(!�!"("� 2  �� �'*  �  " ).�'' -  .�����'�%&' -  

�"(�' ��#  " � 2#�#'('0/  "% 3#'!#/  ����/#(�!,#"�!  �"!%#''0�  !/��%&" � . 

 

���,'�*  ' �!)'�  � %�,#''0�  �#)�%&(�( �  )��%5,�#("*  �  ( / , ,( : 

1. ��#��0#  4�"�#�!/#'(�%&'  �#�%!) ��'  � 2#�#'(' #  "% 3#'!#  ����/#(�!,#"�!  

�"!%#''0�  +#/( "#��'.'0�  !/��%&" � . 

2. ��#��0#  �� �#.#'0  4�"�#�!/#'(0  �  � 2#�#'(' /�  "% 3#'!5  !/��%&" �  4'#�2!#-  100 

/�3  !  .%!(#%&' "(&5  23 +" , ,(  �   1 !/  ����/#(��/  1 %## ,#/  '�  � �*. �  ��#�08�#(  

��#.0.�7!#  . "(!3#'!*  �  +#/( "#��'.' /  �#3!/# . 

3. :�#.% 3#'  /#( .  ��#%!,#'!*  ,�"( (' -  � % "0   (��1 (�!  "!"(#/0  ��(!�' -  

"(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  �  '!)� ,�"( ('0�  %�)#�'0�  "!"(#/�� . 

��1 ( "� " 1' "(&  /#( .�  4�"�#�!/#'(�%&'  �� .#/ '"(�!� ��'� . 

4. ��#��0#  �� �#.9'  � /�%#�"'0-  �'�%!)  �%!*'!*  �"#�  '�!1 %##  "�7#"(�#''0�  

����/#(� �  "�%�.0��#/0�  !/��%&" �  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* . 
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��  )�7!(�  �0' "*("*  "%#.�57!#  � % 3#'!* : 

1. �0" � 4++#�(!�' #  � 2#�#'(' #  "% 3#'!#  ����/#(�!,#"�!  �"!%#''0�  

/�%&(!(#����(('0�  +#/( "#��'.'0�  !/��%&" �  / 3#(  10(& 4�"�#�!/#'(�%&'  �#�%!) ��' , �  

( /  ,!"%# ��!   "(� -  + ��"!� ��# . :�!  "% 3#'!!  .���  � "%#. ��(#%&' "(#-  !/��%&" �  

4'#�2!#-  ~100 /�3 , .%!(#%&' "(&5  ~20 +"  4(  .�9(  � )/ 3' "(&  . "(!3#'!*  !'(#'"!�' "(!  

�#%*(!�!"("� 2  �� �'*  1 %## 2*1019 �( /"/ 2. 

2. :�!  �0" � -  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  (~95%) �  .�����'�%&' -  %�)#�' -  

"!"(#/#  #9 "'!3#'!#  '#  ��#�0"!(  '#"� %&�!�  �� $#'( �  ��!  �#�#� .#  �  1 %&8 /�  ,!"%�  

��'�% �  !  " ���'#'!!  '#"(�1!%&' "(#-  "�//!��#/0�  !/��%&" �  '�  ( /  3# �� �'# . 

3. :�#.% 3#''0-  /#( .  ��#%!,#'!*  ,�"( (' -  � % "0   (��1 (�!  "!"(#/0  ��(!�' -  

"(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  �  '!)� ,�"( ('0�  %�)#�'0�  "!"(#/��  

� )� %*#(  ��"8!�!(&  #9 1 %## ,#/  '�  .��  � �*.��  (" 1 .  100 
$ ) ! , ���  "%#."(�!# , � �0"!(&  

"(�1!%&' "(&  ��)' "(!  +�)  .  �� �'*  ~85 /��. , ,(  � )� %*#(  �#�%!) ��(&  � 2#�#'(' #  

"% 3#'!#  " 4++#�(!�' "(&5  1 %## 90%. 

 

�!,'0-  ��%�.  ��( �� . ��.�,�  �#�%!)�$!!  � 2#�#'(' 2  "% 3#'!*  �"!%#''0�  

+#/( "#��'.'0�  !/��%&" �  10%� � "(��%#'�  .!�#�( � /  ���  �	  ���  ���.#/!� /  � .� . 

��2�#�0/ . : "(�' ���  (#��7!�  )�.�,  !   ��#.#%#'!#  '�����%#'!-  !�  �#8#'!-   "�7#"(�%*%�"&  

� .� . ��2�#�0/ , � .� . :#"(�*� �0/  !  � .� . 
��' �0/  ��!  ��(!�' /  �,�"(!!  ��( �� . 


# �#(!,#"� #  !""%#. ��'!#  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

'#"(�1!%&' "(!  ��)%!,'0�  ����/#(� �  "�%�.0��#/0�  !/��%&" � , �  (��3#  �'�%!)  � )/ 3'0�  

"�#/  "!"(#/0  "(�#(,#� –� /��#"" �  !  ��",#(  !"��3#'!- , �' "!/0�  �  ��)%!,'0�  ���!�'(��  

"(�#(,#��  " (#%#"� � /  '�   "' �#   (��3�(#%&'0�  "+#�!,#"�!�  )#���% , �0� %'#'0  ��( � /  

%!,'  ��!  ��(!�' /   1"�3.#'!!  � %�,#''0�  �#)�%&(�( �  " � .� . 
��' �0/  !   "(�%&'0/!  

,%#'�/!  '��,' -  2����0  '�  %�1 ��( �'0�  "#/!'���� . 6�"�#�!/#'(�%&'�*  �"(�' ��� , '�  

� ( � -  �� � .!%!"&  4�"�#�!/#'(0 , 10%� " ).�'�  ��!  '#� "�#."(�#'' /  �,�"(!!  ��( �� , ��!  

4( /  ��",#( , " ).�'!#  !  '�"(� -��  "(�#(,#��  !  � /��#"" � �  �0� %'#'0  ��( � /  %!,' . �"#  

��#."(��%#''0#  �  ��1 (#  4�"�#�!/#'(�%&'0#  .�''0#  � %�,#'0  ��!  '#� "�#."(�#'' /  �,�"(!!  

��( �� . �#( .  ��#%!,#'!*  ,�"( (' -  � % "0   (��1 (�!  "!"(#/0  ��(!�' -  "(�1!%!)�$!!  

��)' "(!  +�)  �"!%#''0�  !/��%&" �  �  '!)� ,�"( ('0�  %�)#�'0�  "!"(#/��  ��#.% 3#'  ��( � / . 

:�!  4( /   �(!,#"��*  ,�"(&  "!"(#/0  �#2!"(��$!!  !  "(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  

!/��%&" �  ��)��1 (�'�  !  " ).�'�  ��( � /  %!,' , �  4%#�(� ''�*  ,�"(&  ��)��1 (�'� , " ).�'�  !  

 �(!/!)!� ��'�  � .� . ��"!%&#�0/  !  � .� . ���8'!'0/  ��!  ��(!�' /  �,�"(!!  ��( ��  !  � .� . 


��' �� . �� /#  ( 2 , ��( �  ��(!�'  �,�"(� ��%  �  �'�%!)#  � %�,#''0�  4�"�#�!/#'(�%&'0�  
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.�''0�  !  � .2 ( ��#  ��1%!��$!- . 

 

	"' �'0#  �#)�%&(�(0  .�'' -  ��1 (0   ��1%!� ��'0  �  �#+#�!��#/0�  '��,'0�  3��'�%��  

[26–28, 50, 66–67], �  (��3#  "1 �'!���  /#3.�'�� .'0�  � '+#�#'$!-  [68–76]. 

 

 

1. ��(�')  ����*��(����  
��+����  

 

��/�  !.#*  � 2#�#'(' 2  "% 3#'!*  *�%*#("*  �� %'#  #"(#"(�#'' - : . "(!2%!  ��#.#%�  �  

 .' /  ��'�%#  – '�3'  '���7!��(&  !'(#'"!�' "(&  )�  ",9(  ��#%!,#'!*  ,!"%�  ��'�% � . ���#�' # , 

� 4( /�  '�  .�''0-  / /#'(  !/##("*  /' 2  ��1 ( , ��""/�(�!��57!�  � 2#�#'(' #  "% 3#'!#  

/ 7'0�  '#��#�0�'0�  (�#�. (#%&'0�  !  � % � ''0�  %�)#� � , �  (��3#  !/��%&"'0�  � % � ''0�  

%�)#� �  [16–18]. �( !(   (/#(!(& , ,(  !.#*  � 2#�#'(' 2  "% 3#'!* , ���  !  1 %&8!'"(�  1�) �0�  

!.#-  %�)#�' -  +!)!�! , 10%� �  )�,�( ,' /  ���!�'(#  ��#.% 3#'�  #79 '�  #9 )��# . �  ��,#"(�#  

��!/#��  / 3'  ��!�#"(!  ��1 (�  ��" ��  [19]. 

�"#  "�#/0  � 2#�#'(' 2  "% 3#'!*  / 3'  ��).#%!(&  '�  .�#  2����0 : 

1. � "%#. ��(#%&' #  "% 3#'!#  – �  "�//��' /�  ��,��  �  ,#�9.'  . 1��%*5("*  ��'�%0 , 

%!1  (��  '�)0��#/ #   1;#.!'#'!#  �  "�#/#  1!'��' 2  .#�#��  (�!" . 1.1(� )). 

2. ����%%#%&' # "% 3#'!#/  – �"#  ��,�!  "�%�.0��5("*   .' ��#/#''  '�   .' /  

+ ��"!��57#/  4%#/#'(# (�!" . 1.1(1)). 

 

��
 . 1.1. ��,#"(�#''�*  "�#/�  "!"(#/0  " � "%#. ��(#%&'0/  (� ) !  ����%%#%&'0/  (1) � 2#�#'('0/  
"% 3#'!#/ . 

 

:�!  4( /  �  � "%#. ��(#%&' /  "% 3#'!!  / 3'  �0.#%!(&  3 1 %&8!# � .2����0 , 

 "' ��''0#  '�  ��)%!,'0�  � .� .��  !  !"� %&)�57!#  ��)%!,'0#  (!�0   �(!,#"�!�  .#%!(#%#-: 

1. "% 3#'!#  '�  .#%!(#%&'0� 4%#/#'(��  (!"� %&)�5("*  .#%!(#%&'0# )#���%�  %!1  

� % � ''0#  .#%!(#%!); 

2. � %*�!)�$! '' #  "% 3#'!#  (!"� %&)�5("*  ��)%!,'0#  � %*�!)�$! ''0#  .#%!(#%!, 

'���!/#� , ��!)/�  
%�'�  !%!  � %*�!)�$! '' #  )#���% ); 



10 
 
 

3. "�#�(��%&' #  "% 3#'!#  – "% 3#'!#  !/��%&" �  " '#�#�#��0��57!/!"*  "�#�(��/!  

(!"� %&)�5(  .!�� !,'0#  )#���%�  [20, 21]). 

�  '�"( *7##  ��#/*  �#.9("*  ��(!�'�*  (# �#(!,#"��*  !  4�"�#�!/#'(�%&'�*  .#*(#%&' "(& , 

'�����%#''�*  '�  !""%#. ��'!#  ��)%!,'0�  � .� . �  �  � 2#�#'(' /�  "% 3#'!5 , ���  

� "%#. ��(#%&' /� , (��  !  ����%%#%&' /� . � 2#�#'(' #  "% 3#'!#  "(�#/*("*  �#�%!) ��(&  .%* 

��)%!,'0�  (!� �  %�)#�'0�  �"!%!(#%#-  �  ��)%!,'0�  �#3!/��  (!/��%&"' /  !  '#��#�0�' / ). 

	.'!/  !)  '�!1 %##  !'(#�#"'0�  �#)�%&(�( �  *�%*#("*  "% 3#'!#  64 '#��#�0�'0�  � % � '' –

�"!%#''0�  !)%�,#'!-  [22], '�  (#��7!-  / /#'(  4( (  �#)�%&(�(  *�%*#("*  �#� �.'0/  �  ,!"%�  

��'�% � . �  (  3# ��#/*  �  !/��%&"' /  �#3!/#  . "(!3#'!*  ��.�  1 %## "�� /'0# : "% 3#'!#  4–�  

� "%#. ��(#%&' "(#-  !/��%&" �  .%!(#%&' "(&5  '#"� %&�  " (#'  +" , 4'#�2!#-  ~1 /�3 , 

�"!%#''0�  �  � % � ''0�  �"!%!(#%*�  [18, 23]. �� /#  ( 2 , �  '�' "#��'.' /  .!���) '#  

�#�%!) ��'  � 2#�#'(' #  "% 3#'!#  ,#(0�9�  � "%#. ��(#%&' "(#-  !/��%&" �  .%!(#%&' "(&5  8 

'" , 4'#�2!#-  40 /�3 , �"!%#''0�  �  (�#�. (#%&'0�  �"!%!(#%*�  " %�/� � -  '���,� -  [24, 25]. 

�( !(   (/#(!(& , ,(  �  � "%#.'#/  "%�,�#  .%*  "�7#"(�%#'!*  � 2#�#'(' 2  "% 3#'!*  

� (�#1 ��% "&  !"� %&) ��'!#  /#3.�  �#��0/  !  �( �0/  �� � . /  �"!%!(#%*  )#���%  " 

 1��7#'!#/  � %' � 2  +� '(�  .%* � /�#'"�$!!  �' "!/0�  !/  +�) �0�  !"��3#'!- . 

�%* . "(!3#'!*  ��#.#%&'  �0" � -  !'(#'"!�' "(!  "�7#"(�#''0/  +��( � /  *�%*#("*  

.%!(#%&' "(& �"!%#'' 2  !/��%&"� . 
��  ���  ��!  +!�"!� ��'' -  4'#�2!!  !/��%&"�  ,#/  /#'&8#  

.%!(#%&' "(&, (#/  1 %&8# !'(#'"!�' "(& . : 4( /�   "' �' -  !'(#�#"  ��#."(��%*#(  � 2#�#'(' #  

"% 3#'!#  +#/( "#��'.'0�  !/��%&" � . �  �  (�1%!$# 1.1 ��#."(��%#'0  �#)�%&(�(0  � 2#�#'(' 2  

"% 3#'!*  !/��%&" �  +#/( "#��'.' -  .%!(#%&' "(! . ���  �!.'  !)  (�1%!$0  1.1 .  �#)�%&(�( � , 

� %�,#''0�  �  ��/���  .�'' -  ��1 (0  [26, 27], 10%  �#�%!) ��'  � 2#�#'(' #  "% 3#'!#  ( %&�  

!/��%&" � , �"!%#''0�  �  � % � ''0�  �"!%!(#%*� , �  (  ��#/*  ���  �  .�'' -  ��1 (#  

4�"�#�!/#'(�%&'  �� .#/ '"(�!� ��'�  � )/ 3' "(&  � 2#�#'(' 2  "% 3#'!*  ����/#(�!,#"�!  

�"!%#''0�  +#/( "#��'.'0�  !/��%&" � . �� /#  ( 2 , �  '�"( *7!-  / /#'(  " ).�''�*  �  ���  �	  

���  "!"(#/�  [28] *�%*#("*  �#� �.' -  ���  �  4'#�2!! , (��  !  �  .%!(#%&' "(!  � 2#�#'('  

"% 3#''0�  !/��%&" �  ((  #"(& �� .#/ '"(�!� ��'  � 2#�#'(' #  "% 3#'!#  !/��%&" �  " 

/��"!/�%&' -  4'#�2!#-  !  /!'!/�%&' -  .%!(#%&' "(&5 ). 
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��,��-�  1.1. 6�"�#�!/#'(�%&'0#  �#)�%&(�(0  � 2#�#'(' 2  "% 3#'!*  �"!%#''0�  !/��%&" �  

+#/( "#��'.' -  .%!(#%&' "(! . 

�!"%  
��'�% �   

�#( .  "% 3#'!*   :���/#(�0  ��'�% �   6++#�(!�' "(&  
"% 3#'!*   

""0%��  

2 � "%#. ��(#%&' #  
(.#%!(#%&' # 
)#���% ) 

(� % � ''0#  �"!%!(#%! ) 
325 +" , 4.3 �( , 35 �
$ , 
<0=1030 '/   

90% 29 

2 � "%#. ��(#%&' #  
(.#%!(#%&' # 
)#���% ) 

(� % � ''0#  �"!%!(#%! ) 
300 +" , 0,65 /�3 , 92 �
$ , 
<0=1030 '/  

90% 30 

2 � "%#. ��(#%&' #  
(� %*�!)�$! ''0-  
.#%!(#%&)  

(� % � ''0#  �"!%!(#%! ) 
470 +" , 1.7 /�3 , 10 �
$ , 
<0=1030 '/   

89% 31 

4 � "%#. ��(#%&' #  
(.#%!(#%&'0# 
)#���%� ) 

(� % � ''0#  �"!%!(#%! ) 
500 +" , 16.4 /�( , 47 �
$ , 
<0=1051 '/   

94% 23 

4 � "%#. ��(#%&' #  
(� %*�!)�$! ''0#  
.#%!(#%!) 

(� % � ''0#  �"!%!(#%! ) 
: "%#  "% 3#'!*  670 +" , 
1.3 /�3 , 400 �
$ , <0=1030 
'/  

93% 18 

2 ����%%#%&' # 
("+#�!,#"� #  
)#���% ) 

(����/#(�!,#"�!#  
�"!%!(#%! ) 
49 +" , 50 /��3 , 10 
$ , 
<0=840 '/   

97% 27 

2 ����%%#%&' # 
("+#�!,#"� #  
)#���% ) 

(����/#(�!,#"�!#  
�"!%!(#%! ) 
23 +" , 100 /�3 , 10 
$ , 
<0=840 '/   

95% 28 

 

����'!/  "�#/0  � "%#. ��(#%&' 2  !  ����%%#%&' 2  "% 3#'!*  " ( ,�!  )�#'!*  

�#�"�#�(!�' "(!  . "(!3#'!*  �0" �!�  !'(#'"!�' "(#- . �'�,�%�  ��""/ (�!/  � "%#. ��(#%&' #  

"% 3#'!# . :�!  !"� %&) ��'!!  "�#/  � "%#. ��(#%&' 2  "% 3#'!*  �  !( 2#  !/##/   .!'  ��, � , !  

#"(& .��  ���!�'(�   �2�'!)�$!!  "!"(#/0  "3�(!*  !/��%&" �  (�!" . 1.2). :#��0- : "% 3#'!#  

,!�� ��''0�  !/��%&" �  " � "%#.�57!/  "3�(!#/  "�//��' 2  !/��%&"�  (�!" . 1.2(� )). 

	,#�!.' , ,(  �  .�'' /  "%�,�#   .'�  !)   "' �'0�  $#%#- ��!/#'#'!*  /#( .�  � 2#�#'(' 2  

"% 3#'!*  .%* " ).�'!*  "!"(#/  �0" � -  !'(#'"!�' "(!  – ��# . %#'!*   2��'!,#'!-  '�  ��#�(���  

� /��#"" ��  – '#  . "(!2�#("* . �  !( 2#  !/##("*   .!'   17!-  � /��#"" � , '#  � )� %*57!-  

��# . %#(&  � � 2  �  !'(#'"!�' "(! ,  ��#.#%*#/0-  "( -� "(&5  #2  4%#/#'( �  !  /��"!/�%&'  

. "(!3!/ -  ��#�(�� - , � 4( /�  "�7#"(�#'' 2  �0!2�08�  �  "���'#'!5  "  .' ��'�%&' -  

"!"(#/ -  '#( . �( � -  ���!�'( : � ��'�%&' #  "3�(!#  �"!%#''0�  !/��%&" �  " � "%#.�57!/  

"% 3#'!#/  (�!" . 1.2(1)). ��''0-  ���!�'(  %!89'   )��,#'' 2  �08#  '#. "(�(�� , '  � )'!��#(  

.��2�*  �� 1%#/� . �% 3#'!#   "�7#"(�%*#("*  " � / 7&5  .#%!(#%&'0� 4%#/#'( � , !  �"#   '!  
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!/#5(  '#� ( ��5  ( %7!'�  ('#"� %&�  /!%%!/#(� �  �� )��,' 2  /�(#�!�%� ), '���!/#�  4(  

/ 3#(  10(& � .% 3��  .#%!(#%&' 2  )#���%� , ,(  '��*.�  " !)/#'#'!#/  .%!(#%&' "(!  !/��%&"�  

(��"(*3#'!#/ ) ��!� .!(  #79 !  �  !"��3#'!*/ , "�*)�''0/  " '#%!'#-'0/!  4++#�(�/! . 

����!/#� , ��"�� "(��'#'!#  10 +"  !/��%&"�  " �!� � -  �% (' "(&5  4'#�2!!  0,2 /�3 /"/ 2 

((!�!,'�*  �#%!,!'�  "( -� "(!  .!+���$! ''0�  �#89( � ) �  ����$#  ( %7!' -  5 //  ��!�#.9(  �  

��"(*3#'!5  !/��%&"�  .  51 +"  !  '#%!'#-' /�  +�) � /�  '�1#2�  �#%!,!' -  2 ��.  (��!   $#'�#  

!"� %&) ��'  '#%!'#-'0-  � ��)�(#%&  ��#% /%#'!*  ����$�  1,8*10-16 "/ 2/�(  [32]), ,(  ��#�08�#(  

� � 2  (~1 ��. ) � )'!�' �#'!*  '#3#%�(#%&'0�  '#%!'#-'0�  4++#�( � . �"%!  " �#�� -  �� 1%#/ -  

(��"(*3#'!#/ ) #79 / 3'  1 � (&"* ,  �(!/!)!��*  � /��#"" �  '�  /!'!/�%&'�5  .%!(#%&' "(& " 

�,9( /  .!"�#�"!!  .#%!(#%&'0� 4%#/#'( � , (  "  �( � -  ���-'#  "% 3' . 
��  ���  #.!'"(�#''0-  

"� " 1  – 4(  !"� %&) ��'!#  ( '�!�  ('#  1 %## 1–2 // ) �0" � ��,#"(�#''0�  .#%!(#%&'0� 

4%#/#'( � . �  ��!  �#(���((' /  �� �'#  / 7' "(!  � (�#1�5("*  4%#/#'(0  " ��#�(�� -  �  .#"*(�!  

"�'(!/#(� � , " ).�'!#  � ( �0�  ��#."(��%*#("*  ���-'#  )�(��.'!(#%&'0/  ��!  " ��#/#'' /  

�� �'#  (#�' % 2!- . �  !( 2#  �  .�'' /  � .� .#  �#8�#( c* �� 1%#/�  ��#�(��0  �"!%!(#%*  !  

� /��#"" �� , '  � )'!��#(  �� 1%#/�  " 1 %&8 -  (�#1�#/ -  ��#�(�� -  .#%!(#%&'0� 4%#/#'( � . 


��!/   1��) / , "�#/0  � "%#. ��(#%&' 2  � 2#�#'(' 2  "% 3#'!*  *�%*5("*  

/�% �#�"�#�(!�'0/!  .%* " ).�'!*  �0" � !'(#'"!�'0�  %�)#�'0�  "!"(#/ . 

 

�!" . 1.2. ���  ���!�'(�   �2�'!)�$!!  "!"(#/0  "3�(!*  !/��%&" �  ��!  � "%#. ��(#%&' /  

"% 3#'!! .  

 

:�!  �#�#� .#  �  "�#/#  ����%%#%&' 2  "% 3#'!*  "!(��$!*  "�7#"(�#''  �%�,8�#("* . �  

.�'' /  "%�,�#  �  ��3. /  ��'�%#  !/##("*  "� -   (.#%&'0-  � /��#"" � , ,(  � )� %*#(  ��# . %#(&  

 2��'!,#'!*  '�  /��"!/�%&'�5  . "(!3!/�5  ��#�(���  � /��#"" �� . �� /#  ( 2 , )�  ",9(  

!"� %&) ��'!*  � "%# "3�(!*  ( %&�   (��3�(#%&'0�  4%#/#'( �  (�% "�!#  �0" �  (��3�57!#  

)#���%�  !  + ��"!��57##  )#���% ) '#  � )'!��#(  �� 1%#/  " � /�#'"�$!#-  ,!���  !  '#%!'#-'0/!  

4++#�(�/! . : 4( /�  .%* " ).�'!*  %�)#�'0�  "!"(#/  �0" � -  !'(#'"!�' "(!  '�!1 %##  

�#�"�#�(!�'0/  *�%*#("*  ����%%#%&'0- � .� .  �  � 2#�#'(' /�  "% 3#'!5 , '�  � ( �0-  

 �!��#("*  �"9  � "%#.�57##  ��""/ (�#'!#  !  � ( �0-  10% ��!/#'9'  �  .�'' -  ��1 (# . 
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2. �*�,�
����  �  
(�,�����
(�  .�*�/�(*�
  
���')
��/)0  �/.1��
�
  '��  

*����2�-��  
)
���344��(�
����  ����*��(����  
��+����  

 

�  "�*)!  " (#/ , ,(  $#%&5 ��1 (0  *�%*#("*  ��)��1 (��  ��!'$!� �  " ).�'!*  

�0" � !'(#'"!�'0�  %�)#�'0�  "!"(#/ , ��""/ (�#'!#  (�#1 ��'!-  1�.#(  �� � .!(&  �  � '(#�"(#  

/��"!/�%&' -  . "(!3!/ -  !'(#'"!�' "(! . 6++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  (=) 

 ��#.#%!/  ���   (' 8#'!#  !'(#'"!�' "(!  . "(!2'�( -  �  4�"�#�!/#'(#  %!1  (# �#(!,#"�!  ��!  

'�%!,!!  '#� ( � 2  � )/�7#'!*  (
peak

I S ) �  /��"!/�%&'  . "(!3!/ -  !'(#'"!�' "(!  ( max
peakI ) (��!  

 ("�("(�!!  � )/�7#'!-  !  )�.�''0�  ����/#(���  !)%�,#'!* : "�#�(� , 4'#�2!*  !  �� +!%&  ��,�� ). 

max
peak peakI Ih S=  (2.1), 

2.# ��!  �'�%!(!,#"�!�  �0,!"%#'!*�  

 

peak peak peak peakI I F I dIS S S S
� �= � ��  (2.2), 

��!  ,!"%#''0�   

_
1

1 Mpeak peak
m

m

I I
M

S S
=

= �  (2.3).  

_
peak

mIS  – �!� ��*  !'(#'"!�' "(&  "�//��' 2  !/��%&"�  �  m–-  �#�%!)�$!! , M – ,!"%  �#�%!)�$!- , 

F – +�'�$!*  ��"��#.#%#'!* . :�!  ,!"%#'' /  �'�%!)#  M � .1!��% "&  (��!/ , ,( 10  #2  

.�%&'#-8##  ��#%!,#'!#  "�7#"(�#''  '#  !)/#'*%  � %�,�#/0-  �#)�%&(�( .  

�!3#  ��#."(��%#'0  �#)�%&(�(0  �'�%!)�  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!*   (  '#"(�1!%&' "(!  ��)%!,'0�  ����/#(� �  "�%�.0��#/0�  !/��%&" � . ��""/ (�#'!#  

�� �#.#'  .%* "%�,�*  ����%%#%&' 2  "% 3#'!* , � ( � # , ���  � ��)�'  �08# , *�%*#("*  '�!1 %##  

�#�"�#�(!�'0/ . �� /#  ( 2 , .%* ��3. 2  ����/#(��  ��""/ (�#'�  )��!"!/ "(&  (�#1 ��'!-   (  

,!"%�  ��'�% �  "!"(#/0 , ,(  � )� %*#(   ��#.#%!(&  /�"8(�1!��#/ "(&  (�#�"�#�(!�0  �#�#� .�  �  

1 %&8 /�  ,!"%�  ��'�% � ) /#( .�  � 2#�#'(' 2  "% 3#'!* , � , "%#. ��(#%&' , !  � (#'$!�%&'0#  

2��'!$0  �  . "(!3!/ -  !'(#'"!�' "(! . 

 

2.1. ��2��
(�  4�2  �  �'��(�	��
(�  �.(�	�
��0  '���  ������
  

�'�,�%�  ��""/ (�!/  +��( �0 , "�*)�''0#  " �#�#��0(!#/  !/��%&" �  �  ��#/#'! . 

6%#�(�!,#"� #  � %# !/��%&"�  �  n– /  ��'�%# , ��#.� %�2�*  2��"" �  "�#�(�  !  !.#'(!,' "(&  

��'�% �  ( .!'�� �0#  "�#�(� , 4'#�2!* , .!�/#(�  ��,�� ), / 3'  ��#."(��!(&  �  �!.#  

2

_ 0 0 _2

( )
( , , ) exp 2 (2) ( ) in

n ceo n n ceo n
t t

E t t A ln i t t
d

d dj w d dj
t

� �-
= - - - +� �

� �� �
 (2.4), 
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!%!  4��!��%#'('  

2

0 02

( )
( , , ) exp 2 (2) in

n n n
t T

E t T A ln i t
d

d dj w dj
t

� �-
= - - +� �

� �� �
 (2.5), 

2.# A0 – �/�%!(�.�  � %* , >tn ��#/#''�*  )�.#�3��  (�  !( 2#   ��#.#%*57�*   (' "!(#%&'0-  

��#/#'' -  .3!((#� ), ?0 – '#"�7�*  ,�"( (�  ( '�  3# $#'(��%&'�*  ,�"( (�  �  "�#�(�#  !/��%&"� ), @ – 

.%!(#%&' "(& !/��%&"�  �  !'(#'"!�' "(!  �  �� �'5  1/2 (FWHM), >Aceo_n – +�)�  /#3.�  '#"�7#-  

!   2!1�57#-  !%!  �� "(  "# –+�)�  ("#  – carrier envelope offset), 0 _n n ceo ntdj w d dj= +  – � %'�*  

+�)�  !/��%&"� , >Tn – )�.#�3��  /#3.�   2!1�57!/! ,  ��#.#%*#/�*   (%!,!#/   �(!,#"� -  .%!'0  

n–2  ��'�%�  (>Ln)  (  "�#.'#-  �#%!,!'0  (.%!'0  �"�#.'9'' -  �  �"#/  ��'�%�/ ), n
n

L
T

c
d

d = . 

�.#"&  ��3'   (/#(!(& , ,(  !/##("*  .�#  ��!'$!�!�%&'0#  2����0  /#( . �  ��#$!)! '' -  

"!'�� '!)�$!!  /�% �#�! .'0�  !/��%&" � : 2�����  !'(#�+#�#'$! ''0�  /#( . �  !  /#( .0 , 

 "' ��''0#  '�   �(!,#"� /  �� "" –� ��#%*( �# . :�!  !"� %&) ��'!!  !'(#�+#�#'$! ''0�  

/#( . �  �#2!"(�!��#("*  !'(#�+#�#'$! ''0-  "!2'�%  .���  ��,� � , � ( �0- , ���  ����!% , 

+ �/!��#("*  " � / 7&5  .#%!(#%&' 2  )#���%� . : 4( /�  �  .�'' /  "%�,�#  �#2!"(�!��#("*  !  

"(�1!%!)!��#("*  ��)'!$�  � %'0�  +�)  0 ceotdj w d dj= + . �  �� "" –� ��#%*$! ''0�  /#( .��  

!"� %&)�5("*   �(!,#"�!#  �� "" –� ��#%*( �0 ,  "' ��''0#  '�  �#2!"(��$!!  "!2'�%�  "�//��' -  

,�"( (0  !  '�  ( / , ,(  ,#/  %�,8#  !/��%&"0  �#�#��0��5("*  �  ��#/#'! , (#/  1 %&8# 4( (  "!2'�%  

[21]. �  .�'' /  "%�,�#  �#2!"(�!��#("*  !  "(�1!%!)!��#("*  ��)'!$�  )�.#�3#�  >t, ( 2.�  ���  +�)�  

/#3.�  '#"�7#-  !   2!1�57#-  '!  ���  '#  �,!(0��#("* , !  � %'�*  ��)'!$�  +�)  "�//!��#/0�  � %#-  

�   17#/  "%�,�#   ��)0��#("*  '#"(�1!%&' -  ceodj dj= . : 4( /�  ��!  !"� %&) ��'!!  �� "" –

� ��#%*$! ''0�  /#( . �  "!'�� '!)�$!!  '# 1� .!/   .' ��#/#''  "(�1!%!)!� ��(&  +�)�  

/#3.�  '#"�7#-  !   2!1�57#- . 

�%#.�#(   (/#(!(& , ,(  '�!1 %&8##  ��"�� "(��'#'!#  !/#5(  !'(#�+#�#'$! ''0#  /#( .0 , 

(��  ���   '!  !/#5(  1 %## �0" ��5  ,��"(�!(#%&' "(&  ! , ���  1�.#(  � ��)�'  .�%##, '!3#  

(�#1 ��'!*  '�  "(�1!%&' "(&  +�)0  /#3.�  '#"�7#-  !   2!1�57#- . �  .�'' /  � .� .#  !)/#'#'!#  

�#2!"(�!��#/ 2  "!2'�%�   (  /!'!/�/�  .  /��"!/�/�  �� !"� .!(  '�  )�.#�3��� , " "(��%*57!�  

� % �!'�   �(!,#"� 2  �#�! .� , ( 2.�  ���  .%* �� "" –� ��#%*$! ''0�  /#( . �  "!2'�%  

��#%!,!��#("*  '�  )�.#�3���  � �*.��  .%!(#%&' "(!  !/��%&"� . : 4( /�  ,#/  1 %&8# 

.%!(#%&' "(&, (#/  1 %&8# ��#!/�7#"(�  �  ,��"(�!(#%&' "(!  !'(#�+#�#'$! ''0�  /#( . � , !  

( %&�  .%*  .' �#�! .'0�  !/��%&" �   '!  1%!)�! . 

�'�,�%�  ��""/ (�!/  (�#1 ��'!*  �  "(�1!%&' "(!  .3!((#��  !  +�)0  /#3.�  '#"�7#-  !  

 2!1�57#-  ��!  !"� %&) ��'!!  �� "" –� ��#%*$! ''0�  /#( . � . �  4( /  "%�,�#  �#2!"(�!��#("*  

!  "(�1!%!)!��#("*  >tn, � 4( /�  '# 1� .!/  �� � .!(&  ��""/ (�#'!#  �  (#�/!'��  >tn !  >Aceo_n !  
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!"� %&) ��(&  �0��3#'!#  (2.4). �  "�*)!  " (#/ , ,(  ��'�%0 , ���  ����!% , " ).�5("*  !.#'(!,'0/!  

!  '#)��!"!/0/!  . � %&'  �#�%!"(!,'0/  !  �  ( /�  3# 8!� �  !"� %&)�#/0/  1�.#(  

��#.� % 3#'!# , ,(  � )/�7#'!*  �  ��)'0�  ��'�%��  "(�(!"(!,#"�!  '#)��!"!/0  !  

�����(#�!)�5("*   .!'�� �0/!  +�'�$!*/!  ��"��#.#%#'!* . ��.#/  ��#.� %�2�(& , ,(  �"#  

��"��#.#%#'!*  ' �/�%&'0#  " '�%#�0/  "�#.'!/  )'�,#'!#/ . �   1 )'�,#''0�  ��#.� % 3#'!*�  

��!  "% 3#'!!  N ��'�% �  ����'#'!#  (2.2) ��!'!/�#(  �!.  

( ) ( )

_
2 2

1 1
2 22 2 2

1 1
1

_ _ _(0 ) ..., ...
2

,
2

c

N N

n n
n n

eo

ceotpeak
n ceo n

t

N

N NN N
n

ceo ceo

c ot e

e e
E d tI t d t d d

jd d

s s
d d d d

ps ps
d dj j j

= =- -

=
S

� �

´ ´ ´ ´= ��  (2.6). 

: %#  �)*(  �  / /#'(  t=0, � ( /�  ,(  "�//��'0-  "!2'�%  1�.#(  !/#(&  /��"!/�/  �  0, (��  ���  

"�#.'##  )'�,#'!#  +%��(��$!-  ���'  0. Bt –  (' "!(#%&'0-  ��#/#'' -  .3!((#�  

("�#.'#���.��(!,'�*  '#"(�1!%&' "(&  )�.#�3�!  >t), B"#  – "�#.'#���.��(!,'�*  '#"(�1!%&' "(&  

"# –+�)0  ().#"& !  .�%## � .  "�#.'#���.��(!,' -  '#"(�1!%&' "(&5  (B) %51 2  ����/#(�� , .%* 

��!/#��   1 )'�,!/  #2  � , 1�.#(  � .��)�/#��(&"*  �0��3#'!#  22
A A As = - , 2.# < > – 

�"�#.'#'!#  �  ��#/#'! ). ��%##, � ."(��%**  (2.4) �  (2.6) !  !'(#2�!��* , � %�,�#/  �0��3#'!#  .%* 

peak
I S  

2
2 0

2
2

2 20

2 22

2 ln(2) ln(2)ln(2) 1

( 1)
exp

4 48 11

t
ceo

t t

peak

t

N N N
I A

s
s

s ss

w

t tt

S

	 
� �
� �� �
� �- � �

+� �� �	 
� �� �+ � �+ � �� �� �


= - -

��
 �
+

�

(2.7). 

���"!/�/  �0��3#'!*  (2.7) . "(!2�#("*  ��!  Bt=0 !  B"# =0 !  ���'*#("*  

2
2 2

max 0 0
1

N
peak

n

I A N A
=

= =�  (2.8) 

� 2%�"'  ��#.9'' /�   ��#.#%#'!5  (2.1), � .#%!�  (2.7) '�  (2.8), � %�,�#/  )��!"!/ "(&  

4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  .3!((#�� , '#"(�1!%&' "(!  "# –+�)0  !  ,!"%�  ��'�% �  
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� �
� �� �
� �- � �

= +� �� �	 
� �� �+ � �+ � �� ��

- -

+
�
 �� �
 �

 (2.9). 

:�!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  (N>>1) �0��3#'!#  (2.9) "� .!("*  �  
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� �
� �

= � �	 
� �+ � �� �� �
� �
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�

-

+

(2.10), 

�  ��!  /�%0�  �#%!,!'��  '#"(�1!%&' "(#-  ( 1ts
t

<<  !  1ceos << ) ��� 7�#("*  .   

( ) ( )2 4
0 0

2 2 4 4

1, 1, 1
1

t
ceo

t ceo t ceo
N

O O
s
t

s
h s s s sw w

>> << <<
= +- +-  (2.11). 

���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  .3!((#��  !  '#"(�1!%&' "(!  

��)' "(!  +�)  /#3.�  '#"�7#-  !   2!1�57#-  (2.10) ��#."(��%#'�  '�  �!" . 2.1. 	(��.�  "%#.�#(, ,(  

.%* . "(!3#'!*  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  95% ��!  !"� %&) ��'!!  �� "" –

� ��#%*$! ''0�  /#( . �  "(�1!%!)�$!!  .3!((#�  '#  . %3#'  ��#�08�(&  100 �"  !  "(�1!%&' "(&  

+�)0  /#3.�  '#"�7#-  !   2!1�57#-  . %3'�  10(& '#  ��3#  220 /��. . 

 

��
 . 2.1. ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  .3!((#��  !  '#"(�1!%&' "(!  
��)' "(!  +�)  /#3.�  '#"�7#-  !   2!1�57#-  (��(��%&'�*  .%*  ��#.#%#'!*  (�#1 ��'!*  ��!  

!"� %&) ��'!!  �� "" –� ��#%*$! ''0�  /#( . �  "!'�� '!)�$!!  !/��%&" � ) (<0=800 '/ , @=10 
+" ). 

 

��%## ��""/ (�!/  (�#1 ��'!*  ��!  !"� %&) ��'!!  !'(#�+#�#'$! ''0�  /#( . � . �  4( /  

"%�,�#  �#2!"(�!��#("*  ! , "  (�#("(�#'' , "(�1!%!)!��#("*  � %'�*  +�)�  0 ceotdj w d dj= + , 

� 4( /�  �'�%!)  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  '# 1� .!/  �� � .!(&  �  (#�/!'��  >A !  

>T ! , "  (�#("(�#'' , !"� %&) ��(&  �0��3#'!#  (2.5).  



17 
 
 

�  .�'' /  "%�,�# , �0,!"%**  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  �'�% 2!,'  (2.9), " 

�,9( /  "�*)!  n
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� �++� �

 �

 (2.12), 

2.# BA – "�#.'#���.��(!,'�*  '#"(�1!%&' "(&  ��)'!$0  +�) , BL – "�#.'#���.��(!,'�*  

'#"(�1!%&' "(&  ��)'!$0  .%!'  ��'�% � . :�!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  (N>>1) 

�0��3#'!#  (2.12) "� .!("*  �  
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=  (2.13), 

�  ��!  /�%0�  �#%!,!'��  '#"(�1!%&' "(#-  ( 1L
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<<  !  1js << ) ��� 7�#("*  .  
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- - � �� �

	 

� �= + +
� �

 �
 �

 (2.14). 

��  �!" . 2.2(� ) ��#."(��%#'�  )��!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

'#"(�1!%&' "(!  ��)' "(!  +�)  !  !.#'(!,' "(!   �(!,#"�!�  .%!'  ��'�% �  ((  #"(& " �/#7#'!*  

 2!1�57!�  !/��%&" � ) .%* "%�,�*  N>>1 (2.13). �)  ��#."(��%#''0�  .�''0�  "%#.�#(, ,(  .%* 

�#�%!)�$!!  � 2#�#'(' 2  "% 3#'!*  !/��%&" �  .%!(#%&' "(&5  10 +" , $#'(��%&' -  .%!' -  

� %'0  800 '/  "  4++#�(!�' "(&5  95% '# 1� .!/   1#"�#,!(&  +�) ��5  "(�1!%&' "(&  '#  ��3#  

220 /��.  (,(  ��!  B"# =0 "  (�#("(��#(  .3!((#��  100 �" ) !  !.#'(!,' "(&   �(!,#"�!�  .%!'  

��'�% �  '#  ��3#  0,4 /�/ . ��  �!" . 2.2(1) ��#."(��%#'0  )��!"!/ "(!  4++#�(!�' "(!   (  BA ��!  

BL=0 .%* ��)%!,'0�  N,  (��.�  �!.' , ,(  " � "( /  ,!"%�  ��'�% �  ��!�0#  �"9  �% ('##  ��!%#2�5(  

.��2  �  .��2� , (  #"(& 4++#�(!�' "(&  �"9  "%�1## )��!"!(   (  ,!"%�  ��'�% � . 
��  �3#  ��!  N~10 

4++#�(!�' "(&  ����(!,#"�!  . "(!2�#(  ��#.#%&' -  �#%!,!'0 ,  ��#.#%*#/ -  �0��3#'!#/  (2.13). 


��3#  '�  �!" . 2.2(� ) �!.' , ,(  ,#/  /#'&8#  +�) ��*  '#"(�1!%&' "(& , (#/  /#'&8#  ��)'!$�  

/#3.�  "%�,�*/!  " ��)%!,'0/  ,!"% /  ��'�% � . �  ,�"(' "(! , !"� %&)�*  (2.12) !  (2.13), 10%  

�"(�' �%#' , ,(  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  1 %&8 2  ,!"%�  ��'�% �  (=N>>1) 

"�*)�'�  " 4++#�(!�' "(&5  "% 3#'!*  .���  ��'�% �  (=2) "  (' 8#'!#/  1 22 1Nh h>> » - . 

��"",!(�''0#  " !"� %&) ��'!#/  (2.12) )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!*   (  !.#'(!,' "(!   �(!,#"�!�  .%!'  ��'�% �  .%* +!�"!� ��'' 2  ,!"%�  ��'�% �  !   (  

,!"%�  ��'�% �  ��!  +!�"!� ��'' -  BL (!  BA=0) ��#."(��%#'0  '�  �!" . 2.2(2) !  (. ) "  (�#("(�#'' . 
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�)  ��#."(��%#''0�  .�''0�  �!.' , ,( , �   (%!,!#   (  BA, "� %&-'!1�.&  "�7#"(�#'' -  

)��!"!/ "(!  (�#1 ��'!-  �  .�'' /�  ����/#(��   (  ,!"%�  ��'�% �  '#( . 

 

��
 . 2.2. (� ) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  '#"(�1!%&' "(!  ��)' "(!  
� %'0�  +�)  "�%�.0��#/0�  !/��%&" �  !  !.#'(!,' "(!   �(!,#"�!�  .%!'  ��'�% �  (��(��%&'�*  

.%*  ��#.#%#'!*  (�#1 ��'!*  ��!  !"� %&) ��'!!  !'(#�+#�#'$! ''0�  /#( . �  "!'�� '!)�$!!  
!/��%&" � ) (<0=800 '/ , @=10 +" ). (1) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

'#"(�1!%&' "(!  ��)' "(!  +�)  .%* ��)%!,' 2  ,!"%�  "�%�.0��#/0�  ��'�% �  (<0=800 '/ , @=10 +" , 
BL=0). (� ) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% � . (2) 

���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  !.#'(!,' "(!   �(,#"�!�  .%!'  ��'�% �  
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.%* ��)%!,' 2  ,!"%�  "�%�.0��#/0�  ��'�% �  (@=10 +" , BA=0). (. ) ���!"!/ "(&  4++#�(!�' "(!  
� 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% �  .%* ( ,' "(!  �0���'!��'!*   �(!,#"�!�  .%!'  ��'�% �  

0,3, 0,6 !  0,9 /�/ . 
 

�  ��""/�(�!��#/ /  "%�,�#   "�7#"(�%*#("*  "(�1!%!)�$!*  �#%!,!'0  0 ceotdj w d dj= +  

� "�#."(� /  � ��#�$!!  >t, � ( ��*  )��%5,�#("*  �  !)/#'#'!!  .%!'0  ��'�%�  " � / 7&5  %!'!!  

)�.#�3�!  '�   "' �#  �&#) 4%#�(�!,#"� 2  4%#/#'(� . : 4( /�  +%��(��$!!  +�)0  /#3.�  '#"�7#-  

!   2!1�57#-  ��!  '�%!,!!  ��(!�' -  "(�1!%!)�$!!  ��)'!$0  � %'0�  +�) ,  1#"�#,!��57#-  

0 0ceotdj w d dj= + = , 1�.�(  �' "!(&  ��%�.  �  '#( ,' "(&  �#�#��0(!*   2!1�57!� . : ( /�  ,(  �  

.�'' /  "%�,�#  !/##/  
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dj
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w
= . �  " 2%�"'  (2.12) 4++#�(!�' "(&  � 2#�#'(' 2  

"% 3#'!*   ��#.#%*#("*  �0��3#'!#/  
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 (2.15). 

�0,!"%#''0#  " � / 7&5  (2.15) )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

'#"(�1!%&' "(!  ��)'!$0  +�)  /#3.�  '#"�7#-  !   2!1�57#-  .%* +!�"!� ��'' 2  ,!"%�  ��'�% �  !  

 (  ,!"%�  ��'�% �  ��!  +!�"!� ��'' -  BA"#  ��#."(��%#'0  '�  �!" . 2.3. 
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��
 . 2.3. (� ) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  '#"(�1!%&' "(!  ��)'!$0  
+�)  /#3.�  '#"�7#-  !   2!1�57#-  .%* ��)%!,' 2  ,!"%�  "�%�.0��#/0�  ��'�% � . (1) ���!"!/ "(&  

4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% �  .%* BA"#  2,4, 4,7 !  7 ��.  (@=10 +" , 
<0=800 '/ ). �"9  .%* "%�,�*  '�%!,!*  ��(!�' -  "!"(#/0  "(�1!%!)�$!!  ��)'!$0  +�) , (  #"(& BA=0. 

 

�)  ��#."(��%#''0�  �08#  .�''0�  "%#.�#(, ,(  .%* "% 3#'!*  10 +"  (<0=800 '/ ) !/��%&" �  

" ==0,95 (�#1�#("* , ,( 10  '#"(�1!%&' "(!  ��)'!$0  +�)  /#3.�  '#"�7#-  !   2!1�57#-  '#  
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��#�08�%�  3,2 ��.  (��!  "% 3#'!!  20 +"  !/��%&" �  (�#1 ��'!*  1�.�(  �  .��  ��)�  "%�1##: 6,4 ��. ). 


��  3# �!.' , ,(  "� %&-'!1�.&  "�7#"(�#'' -  )��!"!/ "(!  (�#1 ��'!-   (  ,!"%�  ��'�% �  '#( . 

�08#  10% ��""/ (�#'  "%�,�- , � 2.�  � )/�7#'!*  �  ��'�%��  "(�(!"(!,#"�!  '#)��!"!/0  

.��2   (  .��2� . � 3'  (��3#  ��""/ (�#(&  "%�,�- , � 2.�  � ��#%*$!!  /#3.�  ��'�%�/!  !/#5("* . 

�%* ��!/#��  ��""/ (�!/  ��#.#%&'0-  ("�/0-  �% � - ) "%�,�-  � %' -  �'(!� ��#%*$!!  

+%��(��$!-  )�.#�3#� , � 2.�   .'�  � % �!'�  ��'�% �  � ��#%!� ��'�  .��2  " .��2 / , �  �( ��*  

� % �!'�  � %' "(&5  �'(!� ��#%!� ��'�  " �#�� - . �%* '�2%*.' "(!  !  �� "( (0  ��""/ (�!/  

"%�,�-  '�%!,!*  ( %&�  .3!((#��  (>Aceo_n=0). �  .�'' /  "%�,�#  4++#�(!�' "(&  "% 3#'!*  (.%* 

,9('0�  N) 1�.#(   ��#.#%*(&"*  �0��3#'!#/   
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� �
� �� �
� �� �= + -
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� �
 �
++ �

. 

�  �  ��#.#%# Bt/@<<1 � %�,�#/  �0��3#'!# , " ���.�57##  " (2.11) ��!  B"# =0.  

�  ��#.#%&' /  "�/ /  � � 8#/  "%�,�#  – � %' -  � ��#%*$!!  � )/�7#'!-  ((  #"(& � 2.�  �"#  

ntd  �  %51 -  / /#'(  ��#/#'!  ���'0  .��2  .��2� ) – 4++#�(!�' "(&  "% 3#'!*  �  17#  �"#2.�  1�.#(  

100%. 
��!/   1��) / , .�3#  ��!  '�%!,!!  "�/ -  '#1%�2 ��!*(' -  � ��#%*$!!  4++#�(!�' "(&  

"% 3#'!*  1�.#(  '#  '!3#  ,#/  �  "%�,�#   ("�("(�!*  � ��#%*$!- . �%#. ��(#%&' , '�%!,!#  

� ��#%*$!-  '#  ��!�#.9(  �  "'!3#'!5  4++#�(!�' "(!  "% 3#'!* , � 4( /�  �"#  � "%#.�57##  

��""/ (�#'!#  �� �#.#'  �  ��#.� % 3#'!!  !�   ("�("(�!* . 

 

2.2. ��	��
(�  ��/.��
�-��  '�
.�*
��  (	�*.� ) 

�79   .'!/  ����/#(� / , �%!*57!/  '�  ��#/#''0#  �����(#�!"(!�!  "�%�.0��#/0�  

!/��%&" � , *�%*#("*  ,!��  "�//!��#/0�  !/��%&" �  (� ( �0-   ��#.#%*#("*  ( ,' "(&5  

� /�#'"�$!!  .!"�#�"!! , �' "!/ -  "(�#(,#� / , � /��#"" � /  !   "(�%&'0/!  4%#/#'(�/!  �  

��'�%��  !  �����(#�!)�#(  '�"� %&�  !/��%&"0  1%!)�!  �  "�#�(��%&' – 2��'!,#''0/ ). 

�!"�#�"! ''0-  � 4++!$!#'(  '�%#� 2  � �*.��  "  (�#("(��#(  "# –+�)# , .!"�#�"! ''0-  

� 4++!$!#'(  �#�� 2  � �*.��  "  (�#("(��#(  )�.#�3�# , "%#. ��(#%&' ,  '!  10%! �,(#'0  �  

��#.0.�7#/  ��).#%#. : 4( /�  .�%&'#-8##  ��""/ (�#'!#  1�.#/  �� � .!(&  �  ��#.� % 3#'!! , 

,(  4(!  �#��0#  .��  .!"�#�"! ''0�  � 4++!$!#'(�  ���'0  0, (  #"(& >tn=0 !  >Aceo_n=0. 
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�'�%!(!,#"�!  �'�%!)  �%!*'!*  .!"�#�"!!  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  / 3'  

�� �#"(!  ( %&�  .%* .!"�#�"! '' 2  � 4++!$!#'(�  �( � 2  � �*.��  (k2). �  .�'' /  "%�,�#  

�!� ��*  !'(#'"!�' "(&  2��"" ��  !/��%&"�   ��#.#%*#("*  �0��3#'!#/  [33] 

 

2
0

2

2
2
0

2

1 4ln(2)

( )k
A

I

k

t

	 

+ � �� �


 �

= , 

 

2.# I0 – �!� ��*  !'(#'"!�' "(&  "�#�(��%&' – 2��'!,#'' 2  !/��%&"�  (FWHM .%!(#%&' "(&5  

@0). : %#  !/��%&"�  �  n– /  ��'�%#  / 3'  ��#."(��!(& , "  (�#("(�#'' , �  �!.#   
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(2.16), 

2.# >k2_n – '#"� /�#'"!� ��''�*  .!"�#�"!*  �( � 2  � �*.��  �  n– /  ��'�%#  (4�"� '#'$!�%&' 2  

/' 3!(#%*  '#( , (��  ���  �  .�'' /  ��).#%# ��#.� %�2�#("* , ,(  >tn=0 !  >Aceo_n=0). �  .�''0�  

��#.� % 3#'!*�  �!� ��*  !'(#'"!�' "(&  "�//��' 2  !/��%&"�  (2.2)  ��#.#%*#("*  �0��3#'!#/  
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: ."(��%**  (2.16) �  (2.17) !  !'(#2�!��* , � %�,�#/  �0��3#'!#  .%* 
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� � � �
� �� � � �+ -
� �� � � �� � �

� �
� �=
� �� � �
 �

(2.18), 

2.# K – / .!+!$!� ��''�*  +�'�$!*  �#""#%* �( � 2  � .�  (+�'�$!*  ���. '�%&.� ), U – 

2!�#�2# /#(�!,#"��*  +�'�$!*  �( � 2  � .�  " !'(#2��%&'0/  ��#."(��%#'!#/  

1 1

0

1
(a,b, ) (1 t)

( )
zt a b aU z e t dt

a

¥
- - - -= +

G � . 

: .#%!�  (2.18) '�  (2.8), � %�,�#/  )��!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

( ,' "(!  � /�#'"�$!!  .!"�#�"!!  �( � 2  � �*.��  !  ,!"%�  ��'�% �  
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(2.19). 

:�!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  (N>>1) !  /�%0�  �#%!,!'��  '#"(�1!%&' "(#-  (

2

2
0

1ks

t
<< ) �0��3#'!#  (2.19) ��� 7�#("*  .  

2

0

2 2

2

2 4

2 2
01, 01

4ln(2)1
2

1
k

k k

N
Os

t
t t

s s
h

>> <<

	 
 	 

� � � �-
� � � �

	 

� �= + �


 � 
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 ��
��
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:�!/#�0  )��!"!/ "(!  =  (  Bk2 .%* 2, 8 !  32 ��'�% �  ��#."(��%#'0  '�  �!" . 2.4(� ) (.%* @0=10 +" ). 

���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% �  .%* Bk2 10, 20 !  30 +" 2 

��#."(��%#'�  '�  �!" . 2.4(1). 

0 20 40 60 80 100 120 140 160 180 200
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

���
���

��	

��

�

s
k2

 (�� 2)

 N=2 
 N=8
 N=32

(� )

0 10 20 30 40 50 60
0,5

0,6

0,7

0,8

0,9

1,0
(� )

���
���

��	

��

�

����
  ��	��
�

 s
k2

=10�� 2

 s
k2

=20�� 2

 s
k2

=30�� 2

 

��
 . 2.4. (� ) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  Bk2 .%* ��)%!,' 2  ,!"%�  
"�%�.0��#/0�  ��'�% �  (@0=10 +" ). (1) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

,!"%�  ��'�% �  .%* Bk2 10, 20 !  30 +" 2 (@0=10 +" ). 
 

��3'   (/#(!(& , ,(  (�#1 ��'!*  '�  Bk2, " 2%�"'  (2.19), ���.��(!,'  ��"(�(  "  

�/#'&8#'!#/  .%!(#%&' "(!  !/��%&"� . ����!/#� , .%* @0=10 fs, ==0.95 Bk2 . %3'�  10(& '#  1 %## 

12,5 +" 2, .%* @0=5 fs, ==0.95 /#'##  3,1 +" 2. 
��!/   1��) / , ,#/  /#'&8#  .%!(#%&' "(& !/��%&"� , 

(#/  �08#  (�#1 ��'!*  '�  ( ,' "(&  � /�#'"�$!!  .!"�#�"!! . 

���   (/#,�% "&  ��'## , �'�%!(!,#"�!-  ��",9(  � )/ 3#'  ( %&�  .%* .!"�#�"!!  �( � 2  

� �*.�� , � 4( /�  �'�%!)  �%!*'!*  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  .!"�#�"! ''0�  

� 4++!$!#'( �  1 %## �0" � 2  � �*.��  10% �� �#.9'  ,!"%#'' , /#( . /  � '(# –���%  [34]. 

:�!  �'�%!)# , (��  3# ���  !  ��'## , ��#.� %�2�%"*  2��"" �  "�#�(�  !/��%&" � , �  "�#�(��%&'�*  +�)�  

!/#%�  �!.  
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2.# � i – .!"�#�"! ''0-  � 4++!$!#'(  i-2  � �*.�� . :�!  4( /  .!"�#�"! ''0#  � 4++!$!#'(0  �  

��)'0�  ��'�%��  ��#.� %�2�%!"&  "(�(!"(!,#"�!  '#)��!"!/0/!  " ' �/�%&'0/  ��"��#.#%#'!#/  !  

'�%#�0/  "�#.'!/  )'�,#'!#/ . 6++#�(!�' "(&  �0,!"%*%�"&  �  + �/�%#  (2.3). 

�#)�%&(�(0  �'�%!)�  .%* � 3 !  � 4 ��#."(��%#'0  '�  �!" . 2.5. �)  .�''0� , ��#."(��%#''0�  '�  

�!" . 2.4 !  2.5, �!.' , ,(  " �#�#� . /  �  .!"�#�"! '' /�  � 4++!$!#'(�  "%#.�57#2  � �*.�� , 

(�#1 ��'!*  '�  ( ,' "(&  � /�#'"�$!!  .!"�#�"!!  "'!3�5("*  ��!/#�'  '�  � �*. �  (.%* @0=10 fs, 

==0.95 (�#1�#("*  Bk2<12,5+" 2, Bk3<100 +" 3, Bk4<1000 +" 4). 6(�  (#'.#'$!*  " ���'*#("*  !  � "%# � 4. 
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��
 . 2.5. ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  Bk3 (� ) !  Bk4 (1) (@0=10 +" ). 

 

�  !( 2# , ���  "%#.�#( !)  �!" . 2.4 !  2.5, 4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  ��!  '�%!,!!  

'#"� /�#'"!� ��'' -  .!"�#�"!!  !/##(  ��#'#1�#3!/  "%�1�5  )��!"!/ "(&   (  ,!"%�  ��'�% � . 

 

2.3. ����
��  ��
(�,�����
(�  

��%## ��""/ (�!/  ����/#(�0 , "�*)�''0#  " �� "(��'"(�#''0/  �#�#��0(!#/  "�%�.0��#/0�  

!/��%&" � . ��!1 %##  ��3'0-  ����/#(�  �  .�'' -  2����#  – 4(  �2% ��*  '#"(�1!%&' "(& . 

:� �#.9/  �'�%!)  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  �2% � -  

'#"(�1!%&' "(!  "�%�.0��#/0�  ��,� �  !  ,!"%�  ��'�% � . ���  !  �  ��#.0.�7!�  ��).#%��  � %�2�#/ , 

,(  �"#   "(�%&'0#  � )/�7#'!*   ("�("(��5( . �  4( /  "%�,�#  4%#�(�!,#"� #  � %# n– 2  ��'�%�  �  

+ ��%&' -  �% "� "(!  + ��"!��57#2  4%#/#'(�  (��#.� %�2�*  2��"" �  �� "(��'"(�#''0-  

�� +!%& ) / 3'  ��#."(��!(&  �  �!.#  

2

0 2

( )
( , ) exp n

n
x x

E x x A
w

d
d

� �-
= -� �

� �� �
 (2.20), 

2.# A0 – �/�%!(�.� , >xn – ".�!2  ��,��  �  + ��%&' -  �% "� "(!  ( ��#.#%*57!-  �2% ��5  

'#"(�1!%&' "(& ), w – ��.!�"  ��,��  (�  + ��%&' -  �% "� "(! ). �'�%!)  (��3#  �� � .!("*  �  
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��#.� % 3#'!!  "(�(!"(!,#"� -  '#)��!"!/ "(!  �"#�  >xn .��2   (  .��2�  !  !�  ' �/�%&' 2  

��"��#.#%#'!*  " '�%#�0/  "�#.'!/  )'�,#'!#/  !  "(�'.��('0/   (�% '#'!#/  Bx,  ��#.#%*57!/  

�2% ��5  '#"(�1!%&' "(&  BC=Bx/f (f – + ��"' #  ��""( *'!#  + ��"!��57#2  4%#/#'(� , " 

!"� %&) ��'!#/  � ( � 2   "�7#"(�%*#("*  � 2#�#'(' #  "% 3#'!# ). 

�  .�''0�  ��#.� % 3#'!*�  (2.2) ��!'!/�#(  �!.  
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´ ´�� (2.21), 

2.# � %# �)*(  �  ( ,�#  � =0, � ( /�  ,(  "�//��'0-  "!2'�%  1�.#(  !/#(&  /��"!/�/  �  0, (��  ���  

"�#.'##  )'�,#'!#  +%��(��$!-  ���'  0. : ."(��%**  (2.20) �  (2.21) !  !'(#2�!��* , � %�,�#/  

�0��3#'!#  .%* 
peak
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(2.22). 

���"!/�%&'�*  �!� ��*  !'(#'"!�' "(&  . "(!2�#("*  ��!  Bx=0 !   ��#.#%*#("*  �0��3#'!#/  

(2.8). �#%* (2.22) '�  (2.8), � %�,�#/  .%* 4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  
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.!�/#(�  ��,��  '�  + ��"!��57#/  4%#/#'(# �  �� �'5  1/2 (FWHM). 	(��.�  
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�  �,9( /  4( 2  � %�,�#/  �0��3#'!#  )��!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  

 (  �2% � -  '#"(�1!%&' "(!  !  ,!"%�  ��'�% �  
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(2.23). 

��  �!" . 2.6 ��#."(��%#'0  )��!"!/ "(!  4++#�(!�' "(!   (  �2% � -  '#"(�1!%&' "(!  .%* 

��)%!,'0�  N !  D0=10 // . �)  ��#."(��%#''0�  .�''0�  �!.' , ,(  ��#%!,#'!#  ,!"%�  ��'�% �  

����(!,#"�!  '#  �%!*#(  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* . : 4( /�  .%* �� �#.#'!*  

10"(�0�   $#' �  � %#)'  �0,!"%!(&  4++#�(!�' "(&  �  ��#.#%# 1 %&8 2  ,!"%�  ��'�% �  (N>>1) !  

/�% -  �2% � -  '#"(�1!%&' "(!  (k0D0BC<<1)  
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0 0

2
40 0

0 01, 1
1

4ln(2)N k D

k D
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s
h s

>> <<
	- 
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 �

 (2.24). 
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��
 . 2.6. (a) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  �2% � -  '#"(�1!%&' "(!  .%* 
��)%!,' 2  ,!"%�  ��'�% �  (D0=10 // , <0=800 '/ ). (b) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!*   (  ,!"%�  ��'�% �  .%* �2% � -  '#"(�1!%&' "(! , ���' -  1, 7 !  12 /���.  (D0=10 // , 
<0=800 '/ ). 

 

�� /#  ( 2 , ��3'   (/#(!(& , ,(  " 2%�"'  (2.23) (!   (%!,'  �!.'  !)  (2.24)) (�#1 ��'!*  '�  

�2% ��5  '#"(�1!%&' "(&  .%* �#�%!)�$!!  �0" � 4++#�(!�' 2  � 2#�#'(' 2  "% 3#'!*  ��"(�(  " 

��#%!,#'!#/  .!�/#(��  "�%�.0��#/0�  ��,� � . 
�� , '���!/#� , #"%! .%* "% 3#'!*  ��,� �  " 

D0=10 // , <0=800 '/  " 4++#�(!�' "(&5  95% (�#1�#("* , ,( 10  �2% ��*  '#"(�1!%&' "(&  '#  

��#�08�%�  5 /���. , (  .%* ��,� �  " D0=100 //  �2% ��*  '#"(�1!%&' "(&  . %3'�  10(& '#  1 %## 

0,5 /���. . ��  �!" . 2.7 ��#."(��%#'�  )��!"!/ "(&  (�#1�#/ -  .%* ==0.9 �2% � -  '#"(�1!%&' "(!  

 (  .!�/#(��  "�%�.0��#/0�  ��,� � . 
��!/   1��) / , �2% ��*  '#"(�1!%&' "(&  *�%*#("*  . � %&'  

��!(!,'0/  ����/#(� /  .%* / 7'0�  %�)#�'0�  "!"(#/ , !/#57!�  1 %&8 -  .!�/#(�  ��,�� . 
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��
 . 2.7. ���!"!/ "(&  (�#1 ��'!-  '�  �2% ��5  '#"(�1!%&' "(&   (  FWHM .!�/#(��  ('�  
+ ��"!��57#/  )#���%#) "�%�.0��#/0�  ��,� �  (.%* 2��"" � 2  �� "(��'"(�#'' 2  �� +!%* ). 

 

�08#  10%  �� �#.#'  ��""/ (�#'!#  (�#1 ��'!-  '�  �2% ��5  '#"(�1!%&' "(&  .%* "%�,�*  

2��"" � 2  �� +!%* . �%* 1 %## "% 3' -  + �/0  �� +!%*  ('�  + ��"!��57#/  )#���%#), 

'���!/#�  2!�#�2��"" � -  (
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0 4
( ) exp
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E r A

w

� �
= -� �

� �� �
) !%!  ��*/ �2 %&' -  ( 0( )
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E r A rect

w
� �= � �� �

, 2.# 
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1, 1

0,!'�,#

a
rect a

£�
= �

�
), � %�,!(&  "� %&-'!1�.&  � /���('0#  �'�%!(!,#"�!#  �0��3#'!*  .%* 

4++#�(!�' "(!  )�(��.'!(#%&' . 
#/  '#  /#'## , �'�% 2!,'0-  �'�%!)  / 3'  �� �#"(!  ,!"%#''  

[35], (  #"(& ,!"%#''  � ",!(�(&  ��#."(��%#''0#  �08#  �0��3#'!*  (�'�% 2!,'0#  2.21 ! , 

"  (�#("(�#'' , 2.23) .%* 2!�#�2��"" � 2  !  ��*/ �2 %&' 2  �� +!%#-  ��,� � . : %�,#''0#  

�#)�%&(�(0  .%* 2!�#�2��"" � 2  �� +!%*  ��#."(��%#'0  '�  �!" . 2.8, .%* ��*/ �2 %&' 2  – '�  

�!" . 2.9. 
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��
 . 2.8. (a) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  �2% � -  

'#"(�1!%&' "(!  .%* ��)%!,' 2  ,!"%�  ��'�% �  (2!�#�2��"" �  �� +!%&  ( )4 4( ) exp 2I r r Wµ - , 

FWHM .!�/#(�  10 // , <0=800 '/ ). (b) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  
,!"%�  ��'�% �  .%* �2% � -  '#"(�1!%&' "(! , ���' -  1, 7 !  12 /���. . 
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��
 . 2.9. (a) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  �2% � -  
'#"(�1!%&' "(!  .%* ��)%!,' 2  ,!"%�  ��'�% �  (��*/ �2 %&'0-  �� +!%& , .!�/#(�  10 // , <0=800 

'/ ). (b) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% �  .%* �2% � -  
'#"(�1!%&' "(! , ���' -  1, 7 !  12 /���. . 

 

�)  ��#."(��%#''0�  '�  �!" . 2.8 !  2.9 .�''0�  �!.' , ,( , ���  !  .%* 2��"" � 2  �� +!%* , 

��#%!,#'!#  ,!"%�  ��'�% �  ����(!,#"�!  '#  �%!*#(  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* . �  

(�#1 ��'!*  '�  �2% ��5  '#"(�1!%&' "(&  .%* . "(!3#'!*  ( -  3# 4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!*  ��!  ( /  3# FWHM .!�/#(�#  "�%�.0��#/0�  ��,� �  '#/' 2  "'!3�5("* . �  " 

4�"�#�!/#'(�%&' -  ( ,�!  )�#'!*  "���'#'!#  � ��#�('#-  �� � .!(&  ��!   .!'�� � -  ��#�(��#  

��,� �  (��#�(�� -  1�.#/  '�)0��(&  ���2 , �  � ( � /  " .#�3!("*  99% 4'#�2!!  !/��%&"� ), �  '#  

.!�/#(�# , (��  ���  !/#''  ��#�(���   ��#.#%*#(  (�#1 ��'!*  '�  /!'!/�%&'0-  ��)/#�   �(!,#"�!�  

4%#/#'( �  "!"(#/0 . : 4( /�  �#)�%&(�(0  "���'#'!*  (�#1 ��'!-  '�  �2% ��5  '#"(�1!%&' "(&   (  

��)/#��  "�%�.0��#/0�  ��,� �  (�!" . 2.10) 10%! �� �#.#'0  �  (#�/!'��  !�  ��#�(��0 . �)  
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��#."(��%#''0�  '�  �!" . 2.10 .�''0�  "%#.�#(, ,(  (�#1 ��'!*  '�  �2% ��5  '#"(�1!%&' "(&  ��!  

 .!'�� � -  ��#�(��#  ��,� �  ����(!,#"�!  '#  )��!"*(   (  !�  �� "(��'"(�#'' 2  �� +!%* . 
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��
 . 2.10. ���!"!/ "(&  (�#1 ��'!-  '�  �2% ��5  '#"(�1!%&' "(&  (.%* . "(!3#'!*  90% 
4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!* )  (  ��#�(��0  "�%�.0��#/0�  ��,� �  !  !�  

�� "(��'"(�#'' 2  �� +!%* . 
 

2.4. �,�**�-��  

�%#.�57!/  ����/#(� / , � ( �0-  1�.#(  ��""/ (�#' , *�%*5("*  �1#���$!! . �%#.�#(  

 (/#(!(& , ,(  �  4( /  ��).#%# � %�2�5("*  ���'0/!  '�%5  �1#���$!! , �����(#�!)�#/0#  (�#/*  

�#��0/!  � %!' /�/!  D#�'!�# : � "( *''�*  +�)�  (piston phase) ( ��#.#%*#/�*  � %' -  +�) - ), !  

'��% '  �  �#�(!��%!  !  2 �!) '(�%!  (tilt and tip), �����(#�!)�57!#  �2% ��5  '#"(�1!%&' "(& . 

6(!  +��( �0  10%! ��""/ (�#'0  �08# . �  "�*)!  " (#/ , ,(  �#��0-  � %!' /  D#�'!�#  ���#'  0, '#  

1�.#(  � "( *'' -  ��)'!$0  +�)  /#3.�  ��'�%�/!  !   "' �'0/  4++#�( /  '�%!,!*  �1#���$!-  

1�.#(  "'!3#'!#  �!� � -  !'(#'"!�' "(!   (.#%&'0�  ��'�% � , ,(  1�.#(  ��!� .!(&  !  �  "'!3#'!5  

�!� � -  !'(#'"!�' "(!  "�//��' 2  !/��%&"� . �  ��,#"(�#  /#( .�  /�(#/�(!,#"� 2   �!"�'!*  

�1#���$!-  1�.�(  !"� %&) ��'0  � %!' /0  D#�'!�# . :� �#.9/  �'�%!)  (�9�  '�!1 %##  ��3'0�  !  

,�"(  � )'!��57!�  �1#���$!- : "+#�!,#"� -  �1#���$!! , � /0  !  �"(!2/�(!)/� . 

��) �0-  �� +!%&  �  n– /  ��'�%#  ��!  '�%!,!!  "+#�!,#"� -  �1#���$!!   ��#.#%*#("*  

�0��3#'!#/  
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!  .%* �"(!2/�(!)/�  
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 �
, 

2.# �  – � 4++!$!#'(0  ��)% 3#'!* , r !  A � %*�'0#  �  �.!'�(0 , �  – ��.!�"  ��#�(��0  ��,��  (.%* 

2��"" ��  ��,��  � =1,52W0, 2.# W0 – ��.!�"  ��,�� ). ��#�(���   ��#.#%!/  ���  ���2 , �  � ( � /  

" .#�3!("*  99% 4'#�2!!  !/��%&"� . �"� %&) ��'�  ' �/!� ���  '�  ��#�(��� , �  '#  '�  .!�/#(�  

��,��  �  "�*)!  "  (#/ , ,( , ���  � ��)�%  �'�%!)  �2% � -  '#"(�1!%&' "(! , � ( ��*  *�%*#("*   .' -  !)  

"�/0�  �� "(0�  �1#���$!- , 4(  � )� %*#(  � %�,!(&  �#)�%&(�( , "%�1  )��!"*7!-   (  

�� "(��'"(�#'' 2  �� +!%*  ��,�� . �!"%#''0-  �'�%!)  /#( . /  � '(# –���%  10% �� �#.9'  �  

��#.� % 3#'!!  ' �/�%&' 2  ��"��#.#%#'!*  � 4++!$!#'( �  ��)% 3#'!* . ��  �!" . 2.11 

��#."(��%#'0  � %�,#''0#  �#)�%&(�(0  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  

"�#.'#���.��(!,' -  +�) � -  '# .' � .' "(!  �  ��!1%!3#'!!  2��"" � 2  �� +!%*  ��,��  '�  

+ ��"!��57#/  )#���%# . 
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��
 . 2.11. ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  "+#�!,#"� -  �1#���$!!  (� ), 
� /0  (1), !  �"(!2/�(!)/�  (� ). 

 

�)  ��#."(��%#''0�  .�''0�  �!.' , ,(  �1#���$!!  '#  �' "*(  ��%�.  �  "'!3#'!#  

4++#�(!�' "(!  " � "( /  ,!"%�  ��'�% �  !  .%* . "(!3#'!*  �!� � -  !'(#'"!�' "(!  "�//��' 2  

!/��%&"�  '�  �� �'#  95%  (  /��"!/�%&' -  �#%!,!'0  (�#1�#("*  "'!3�(&  �1#���$!!  .  �� �'*  

~0.2 ��. . 

 

2.5. ����
�5  	�*.  

�79   .'!/  '#/�% ��3'0/  �"�#�( / ,  " 1#''  .%* 8!� � � % "' 2  !)%�,#'!* , *�%*#("*  

�#%!,!'�  �2% � 2  ,!��� . �%!*'!#  �2% � 2  ,!���  '�  �!� ��5  !'(#'"!�' "(&  �  + ��%&' -  

�% "� "(!  �  ��!1%!3#'!!  2��"" � 2  "�#�(��%&' 2  !  �� "(��'"(�#'' 2  ��"��#.#%#'!-  

��""/�(�!��#("*  �'�% 2!,'  �%!*'!5  ��#/#'' 2  ,!���  [36]: 
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d
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d
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D
= =

D
– �2% � -  ,!�� , D0 – .!�/#(�  ��,��  �  ½, EF – FWHM 8!�!'�  "�#�(�� , EG – 

�2% � -  ��)1� "  "�#�(��%&'0�  � /� '#'(  �  �� �'5  ½, �0)��''0-  �2% �0/  ,!�� / . :�!,9/  �  

 (%!,!#   (  ��#/#'' 2  ,!��� , �  .�'' /  "%�,�#  � *�%*#("*  . � %'!(#%&'0-  /' 3!(#%&  ( -  3# 

�#%!,!'0 , "�*)�''0-  " '��% ' /  +� '(�  !/��%&"� ,  ��#.#%*#/0/  �2% �0/  ,!�� /  [37, 38] !  

�0)0��57!/  ��#%!,#'!#  4++#�(!�' -  .%!(#%&' "(!  "+ ��"!� ��'' 2  !/��%&"� . : 4( /�  

)'�/#'�(#%&  �  ��#."(��%#'' -  �08#  + �/�%#  !/##(  �#���5  "(#�#'& , �  '#  1/2 , ���  4(  10%  ��!  

��""/ (�#'!!  ��#/#'' 2  ,!��� . : %#  �  n– /  ��'�%#  / 3'  ��#."(��!(&  �  �!.#  
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(2.25), 

2.# nqD  – �2% � -  ��)1� "  �  n– /  ��'�%# , G0 – FWHM ��"� .!/ "(& . �  �,9( /  (2.2) � %�,�#/  

�0��3#'!#  .%* �!� � -  !'(#'"!�' "(!  "�//��' 2  !/��%&"�  
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: ."(��%**  (2.25) �  (2.26) !  !'(#2�!��* , � %�,�#/  
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:�!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  (N>>1) !  /�%0�  �#%!,!'��  '#"(�1!%&' "(#-  (

0 0 1k D qs D <<  ) �0��3#'!#  (2.28) ��� 7�#("*  .  
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���!"!/ "(&  4++#�(!�' "(!   (  �2% � 2  ,!���  .%* 2, 8 !  32 ��'�% �  !   (  ,!"%�  ��'�% �  ��!  

+!�"!� ��'' -  �#%!,!'#  �2% � 2  ,!���  ��#."(��%#'�  '�  �!" . 2.12.  
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��
 . 2.12. (� ) ���!"!/ "(&  4++#�(!�' "(!   (  �2% � 2  ,!���  (.%* ��,� �  " D0=10 //  !  <0=800 
'/ ). (1) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% �  ��!  �2% � /  

,!��#  8, 12 !  16 /���.  '�  FWHM 8!�!'�  "�#�(�� . 
 

�)  ��#."(��%#''0�  '�  �!" . 2.12 .�''0�  �!.' , ,(  )��!"!/ "(!  (�#1 ��'!-  '�  �2% � -  

,!��   (  ,!"%�  ��'�% �  ����(!,#"�!  '#( , !  .%* �#�%!)�$!!  �0" � 4++#�(!�' 2  (=>0,95) 

� 2#�#'(' 2  "% 3#'!*  '# 1� .!/   1#"�#,!(&  BEG<8,5 /���. . 

 

2.6. ��	��
(�  
����
�
����  .���*�2�-�5  

�  "�*)!  " (#/ , ,(  '�!1 %##  �#�"�#�(!�'0/  ��#."(��%*#("*  "% 3#'!#  ����/#(�!,#"�!  

�"!%#''0�  !/��%&" � , ��""/ (�#'!#  �  .�'' /  ��).#%# 1�.#(   2��'!,#'  "%�,�#/  %!'#-' -  

� %*�!)�$!! . 6(  / 3'  ".#%�(& � ( /� , ,(  ����/#(�!,#"� #  �"!%#'!#  *�%*#("*  

� %*�!)�$! '' -"#%#�(!�'0/ , !  �"!%!��#("*  ( %&�   .'�  %!'#-'�*  � %*�!)�$!*  

( �( 2 '�%&'�*  #- " "(��%*57�*  !"� .' 2  !)%�,#'!* , #"%!  '�  10%�, '#  �"!%!��#("* , (��  ���  

.%* '#9  '#  �0� %'*5("*  �"% �!*  +�) � 2  "!'�� '!)/� ). : %*�!)�$!5  �  ��3. /  ��'�%#  1�.#/  

�����(#�!) ��(&  �2% /   (�% '#'!*  (>H)  (  �"�#.'9'' 2  �  �"#/  ��'�%�/  �2%� � %*�!)�$!! , 

'�����%#'!#  � ( � -  '�) �9/  «� » ( �( 2 '�%&' #  #/�  '�����%#'!#   1 )'�,!/  «� »). �  

 �!"�'' /  "%�,�#  � %# n–2  ��'�%�  ��#."(��!/  �  �!.#  

( ) ( )( )0( ) cos sinx yn n nE A e edc dc dc= +
� � �

, 
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�'(#2�!��*  (2.29), � %�,�#/  
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N ch sh N N NI A Ac c c c cs s s s sS � � � � � �- + + - - = + - -� � �= � � �  (2.30). 

6++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*   ��#.#%*#("*   (' 8#'!#/  (2.30) �  (2.8) 
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N
ch s� �= + - -� �  (2.31). 

:�!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  (N>>1) �0��3#'!#  (2.31) "� .!("*  �  
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���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ( ,' "(!  " 2%�" ��'!*  
� %*�!)�$!-  !  ,!"%�  ��'�% �  ��#."(��%#'�  '�  �!" . 2.13. 
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 . 2.13. (� ) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ( ,' "(!  " 2%�" ��'!*  
� %*�!)�$!-  "�//!��#/0�  !/��%&" � . (1) ���!"!/ "(&  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  

 (  ,!"%�  ��'�% � . 
 

�)  ��#."(��%#''0�  .�''0�  "%#.�#(, ,(  .%* �#�%!)�$!!  �0" � 4++#�(!�' 2  (=>0,95) 

� 2#�#'(' 2  "% 3#'!*  '# 1� .!/   1#"�#,!(&  BH<230 /��.  (13 ), ,(  ��!   ("�("(�!!  .#+#�( �  
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 �(!,#"�!�  4%#/#'( �  ('���!/#�  '���*3#'!-  �   �'��  �����/!� ��''0�  (#%#"� � �  !  ( .� .), " 

�,9( /  � %*�!)�$! '' -  "#%#�(!�' "(!  ����/#(�!,#"� 2  �"!%#'!*  (�  (��3#  � /��#"" � � , (��  

���  4++#�(!�' "(&  .!+���$!!  "�7#"(�#''  )��!"!(   (  � %*�!)�$!! ), �  1 %&8!'"(�#  "%�,�#�  

1�.#(  �0� %'*(&"*  ��( /�(!,#"�! . : 4( /� , '#"/ (�*  '�  '�%!,!#  )��!"!/ "(!  4++#�(!�' "(!  

� 2#�#'(' 2  "% 3#'!*   (  ,!"%�  ��'�% � , �'�% 2!,' -  "%�,�5  ��!  '�%!,!!  '#"(�1!%&' "(!  

��)' "(!  +�) , #- / 3'  ��#'#1�#,& , � ( /�  ,(  �   (%!,!#   (  /!'!/!)�$!!  ��)'!$0  +�) , 

 1#"�#,#'!#  (�#1�#/ -  .%* �0" � 4++#�(!�' 2  � 2#�#'(' 2  "% 3#'!*  !.#'(!,' "(!  

� %*�!)�$!-  '#  *�%*#("*  "�7#"(�#'' -  �� 1%#/ - ,  " 1#''  ��!  ����/#(�!,#"� /  �"!%#'!! . 

 

2.7. �,
��6(���  �  �(��
�(������  344��(�
��
(�  ����*��(����  
��+����  

:�!  �� �#.#'!!  ��#."(��%#'' 2  �08#  �'�%!)�  10%  �"(�' �%#' , ,(  ,�"(&  ����/#(� �  

('���!/#� , �1#���$!! , .!"�#�"!* , �2% � -  ,!�� ) �  "%�,�#  ����%%#%&' 2  "% 3#'!*  �%!*5(  '�  

�!� ��5  !'(#'"!�' "(&  "�//��' 2  !/��%&"�  (II ) ( %&�  � "�#."(� /  "'!3#'!*  �!� �0�  

!'(#'"!�' "(#-  "�//!��#/0�  !/��%&" �  (In), '  ��!  4( /  �"#2.�  �0� %'*#("*  "  (' 8#'!#  

2

1

N
peak peak

n
n

I IS
=

	 

= � �� �


 �
�  (2.32). 

�  %!8& ��)' "(&  +�) , !.#'(!,' "(&   �(!,#"�!�  .%!'  ��'�% � , �2% ��*  '#"(�1!%&' "(&  !  

( ,' "(&  " 2%�" ��'!*  � %*�!)�$!-  "�%�.0��#/0�  !/��%&" �  "��)0��5("*  '#  '�  �!� � -  

!'(#'"!�' "(!   (.#%&'0�  !/��%&" � , �  '�  ( / , ,(  "  (' 8#'!#  (2.32) �#�#"(�9(  �0� %'*(&"*  

!  "(�' �!("*  
2

1

N
peak peak

n
n

I IS
=

	 

< � �� �


 �
� . : 4( /�  � /!/  ��#.9'' 2  ��'##   ��#.#%#'!*  

4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  (2.1), � ( � #  '�) �9/  �1" %5(' -  4++#�(!�' "(&5 , 

/ 3'  ��#"(!  !  �( � #   ��#.#%#'!#  .%*  (' "!(#%&' -  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  

2

1

Npeak peak
��� n

n

I Ih S
=

	 

= � �� �


 �
�  (2.33). 

�1" %5('�*  4++#�(!�' "(&  (2.1) �����(#�!)�#(  '�"� %&�  . "(!2'�(�*  !'(#'"!�' "(&  

1%!)��  �  �1" %5(' /�  /��"!/�/�  (��!  )�.�''0�  4'#�2!! , "�#�(�# , �� +!%#  !  + ��"!��57#/  

4%#/#'(#). 
 2.�  ���   (' "!(#%&'�*  4++#�(!�' "(&  (2.33) �����(#�!)�#( , '�"� %&�  . "(!2'�(�*  

!'(#'"!�' "(&  1%!)��  �   (' "!(#%&' /�  /��"!/�/�  ��!  '#� ( �0�  +!�"!� ��''0�  �"% �!*�  

('#  ( %&�  4'#�2!* , "�#�(�  !  �� +!%& , ���  �  (2.1), '  !  �1#���$!! , ��#/#'' -  ,!�� , �2% � -  

,!�� )). 
��  #"%! �"#  peak
nI  ���'0 , 0

peakpeak
nI I= , (  (2.33) ��!'!/�#(  �!.  2

0
peak peak

��� I N Ih S= . 
  

#"(& �  .�'' /  ��!1%!3#'!!   (' "!(#%&'�*  4++#�(!�' "(&  �����(#�!)�#(  '�"� %&�  ��#%!,#'!#  

�!� � -  !'(#'"!�' "(!  "�//��' 2  !/��%&"�  1%!)�  �  N2. � %## ( 2   (' "!(#%&'�*  
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4++#�(!�' "(&  "% 3#'!*  '���*/�5  "�*)�'�  " �%�""!,#"�!/  � 4++!$!#'( /  �)�!/' -  

� 2#�#'(' "(!  (J) [39] 2 1���m h= - . 

��""/ (�!/  ��)'!$�  /#3.�   (' "!(#%&' -  !  �1" %5(' -  4++#�(!�' "(&5  '�  � '��#(' /  

��!/#�# . :�"(&  !/##("*  '#"� %&�  '#!.#�%&'0�  ��'�% � , !  �  ��3. /  ��'�%#  !) –)�  �1#���$!- , 

��#/#'' 2  ,!���  !  .��2!�  !"��3#'!-  �!� ��*  !'(#'"!�' "(&  �  2 ��)�  /#'&8#  /��"!/�%&'  

. "(!3!/ - . �  4( /  "%�,�#  .�3#  ��!  !.#�%&' /  �0���'!��'!!  .%!'  ��'�% � , "(�1!%!)�$!!  

��)' "(!  +�)  !  �2% � -  "(�1!%!)�$!! , '#"/ (�*  '�  ( , ,(  1�.#(  � %�,#'�  100% �!.' "(&  

!'(#�+#�#'$! '' -  ���(!'0  �  + ��%&' -  �% "� "(! , �1" %5('�*  4++#�(!�' "(&  � 2#�#'(' 2  

"% 3#'!*  '#  ��#�0"!(  50%. �  ��!,!'�  4( 2  1�.#(  '#  �  ( / , ,(  "�%�.0��#/0#  !)%�,#'!*  '#  

� 2#�#'('0  ! , "  (�#("(�#'' , "% 3#'!#  '#  " �"#/  � 2#�#'(' # , �  �"#2  %!8& �  ( / , ,( , 

'���!/#� ,  ("�("(��#(  "!"(#/�  � ��#�$!!  � %' � 2  +� '(�  !  !) –)�  �"(!2/�(!)/� , �'#"9'' 2  

(#%#"� ��/! , !'(#'"!�' "(&   (.#%&'0�  ��'�% �  ���%�  �  2 ��)� . �  (  ��#/*  ���   (' "!(#%&'�*  

4++#�(!�' "(&  �����(#�!)�#(  !/#''   (' "!(#%&'�5  � 2#�#'(' "(&  "�%�.0��#/0�  !/��%&" � . 

�  �  ��""/�(�!��#/ /  "%�,�#  ��!  !.#�%&' -  "(�1!%!)�$!!  ��)' "(!  +�)  !  �2% �0�  

'#"(�1!%&' "(#-  / 3#(  . "(!2�(&  100%. 


��!/   1��) / , " 4�"�#�!/#'(�%&' -  ( ,�!  )�#'!*  �#��  ,#�#.'0/  � ��)�(#%#/  *�%*#("*  

 (' "!(#%&'�*  4++#�(!�' "(& , �����(#�!)�57�*  � 2#�#'(' "(&  "�%�.0��#/0�  !/��%&" � . 

: 4( /�  !/#''   '�  �  � "%#.�57#/  1�.#(  !"� %&) ��'�  ��!  �'�%!)#  � %�,�#/0�  

4�"�#�!/#'(�%&'0�  .�''0�  !  �  "%#.�57!�  ��).#%��  1�.#(  '�)0��(&"*  �� "(  4++#�(!�' "(&5  

(� 2.�  �#,&  1�.#(  !.(!   1  �1" %5(' -  4++#�(!�' "(!   '�  1�.#(  '�)0��(&"*  �1" %5(' -  

4++#�(!�' "(&5 ). ��  !( 2 � -  "(�.!!  ��)�!(!*  %�)#�' -  "!"(#/0 , ��!  �#�#� .#  �  

4�"�#�!/#'(�/ , (�#1�57!/  �0" �!�  !'(#'"!�' "(#- , � '#,'  '�  �#�#.'!-  �%�'  �0� .!(  �3#  

�1" %5('�*  4++#�(!�' "(& , (��  ���  !/#''   '�  �����(#�!)�#(  �#%!,!'�  . "(!2'�( -  �!� � -  

!'(#'"!�' "(! . 

 

2.8. �2/������  344��(�
��
(�  ����*��(����  
��+����  .*�  1
���	����  	�
��  

������
  �  �(���
)5  .�*�	���  (*�,�
���5  '��  *����2�-��  
)
���344��(�
����  

����*��(����  
��+����  

�  �#)�%&(�(#  �� �#.9'' 2  �'�%!)�  10%  �"(�' �%#' , ,(  ( %&�  (�#1 ��'!*  '�  ��)'!$�  

+�)  !/#5(  )�/#('�5  )��!"!/ "(&   (  ,!"%�  ��'�% � . ���!"!/ "(&  4(� , "( !(   (/#(!(& , '#   ,#'&  

"�7#"(�#''�*  !  . � %&'  10"(�  (.%* N~10–20) . "(!2�#(  �#%!,!' , ����(!,#"�!  " ���.�57!�  

" ��#.#%&'0/  (.%* NKL ) )'�,#'!#/ . �  ��#.� % 3#'!!  " ���'#'!*  "(�1!%&' "(!  ����/#(� �  

"�%�.0��#/0�  !/��%&" �  ��!  �#�#� .#  �  1 %&8 /�  ,!"%�  ��'�% � , " !"� %&) ��'!#/  

� %�,#''0�  �  .�'' -  2%��# )��!"!/ "(#-  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  ,!"%�  
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��'�% �  �"(�' �%#' , ,(  ��!  4++#�(!�' "(!  "% 3#'!*  .���  ��'�% �  =2, 4++#�(!�' "(&  

"% 3#'!*  1 %&8 2  ,!"%�  ��'�% �  (=N>>1) 1�.#(  %#3�(& �  .!���) '#   (  �#%!,!'0 ,  ��#.#%*#/ -  

(2.12) !  (2.13), ( )1 2min 2 1Nh h>> » -  (�!" . 2.14) .  =2. 
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 min(h

N>>1
)

 max(h
N>>1

)

���
���

��	

��

�
 N

>
>

1

��������	
���  N=2  

��
 . 2.14. �)/#'#'!#  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  ��!  �#�#� .#   (  2–�  ��'�% �  �  
1 %&8 /�  ,!"%�  ��'�% �  (N>>1). 

 


��!/   1��) / , ��!  �0" � -  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  .���  

� "%#. ��(#%&' "(#-  !/��%&" �  #9 "'!3#'!#  ��!  �#�#� .#  �  1 %&8 /�  ,!"%�  ��'�% �  '#  

��#�0"!(  '#"� %&�!�  �� $#'( � , ��!  " ���'#'!!  '#"(�1!%&' "(#-  "�//!��#/0�  !/��%&" �  '�  

( /  3# �� �'# . ����!/#� , #"%! =2=0,95, (  =N>>1 1�.#(  �  .!���) '#   (  0,9 .  0,95. : 4( /�  

4�"�#�!/#'(�%&'�*  .#/ '"(��$!*  � 2#�#'(' 2  "% 3#'!*  2–�  ��'�% � , � .��#�%9''�*  

�� �#.9''0/  �'�%!) / , 1�.#(  *�%*(&"* � .(�#�3.#'!#/  ����(!,#"� -  �#�%!)�#/ "(!  

/' 2 ��'�%&'0�  �0" � !'(#'"!�'0�  %�)#�'0�  "!"(#/ ,  "' ��''0�  '�  /#( .#  � 2#�#'(' 2  

"% 3#'!* . 

�  (�1%!$# 2.1 ��#."(��%#'0  �0,!"%#''0#  (�#1 ��'!*  �  "(�1!%&' "(!  ��)%!,'0�  

����/#(� �  �"!%#''0�  !/��%&" �  .%* �#�%!)�$!!  � 2#�#'(' 2  "% 3#'!*  1 %&8 2  ,!"%�  

� "%#. ��(#%&' "(#-  !/��%&" �  (N>>1) " 4++#�(!�' "(&5  95%. 
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��,��-�  2.1. 
�#1 ��'!*  �  "(�1!%&' "(!  ��)%!,'0�  ����/#(� �  �"!%#''0�  !/��%&" �  

.%* �#�%!)�$!!  � 2#�#'(' 2  "% 3#'!*  " 4++#�(!�' "(&5  95% �  /' 2 ��'�%&' -  %�)#�' -  

"!"(#/#  (N>>1). 

����/#(�  
�#1�#/�*  "(�1!%&' "(&  (( ,' "(& ) 
(��!  <0=800 '/ , @0=10 +" , D0=10 // ) 

��)'!$�  � %'0�  +�)  220 /��.  (��!  B"# =0 "  (�#("(��#(  
.3!((#��  100 �" ) 
(320 /��.  ��!  "% 3#'!!  .���  ��'�% � ) 

�.#'(!,' "(&   �(!,#"�!�  .%!'  ��'�% �  0,4 /�/  
�(�1!%&' "(&  ��)'!$0  +�)  /#3.�  
'#"�7#-  !   2!1�57#-  

3,2 ��.  (��!  !"� %&) ��'!!  
!'(#�+#�#'$! ''0�  /#( . �  
"!'�� '!)�$!! ) 

�2% ��*  '#"(�1!%&' "(&  5–10 /���.  �  )��!"!/ "(!   (  �� +!%*  

 ,' "(&  � /�#'"�$!!  .!"�#�"!!  
(,!��� ) 

12,5 +" 2, 100 +" 3, 1000 +" 4 

�1#���$!!  ~0.2 ��.  
�2% � -  ,!��  8,5 /���.  '�  FWHM 8!�!'�  "�#�(��  

 ,' "(&  " 2%�" ��'!*  � %*�!)�$!-  13  

 

��3'   (/#(!(& , ,( , '�"� %&�  '�/  !)�#"(' , ��'##  � . 1' 2  �'�%!)� , �,!(0��57#2  

���  1 %&8!'"(�  "�#$!+!,#"�!�  ����/#(� �  !/��%&"' 2  !)%�,#'!*  (.%!(#%&' "(&, ��#/#'' -  

!  �2% � -  ,!�� ), (��  !  )��!"!/ "(&   (  ,!"%�  ��'�% � , �0� %'#'  '#  10% . 
��  �  ��1 (#  [40] 10% 

�0� %'#'  �'�%!)  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  '#"(�1!%&' "(!  

1 %&8!'"(��  ����/#(� �  .%* "%�,�*  "% 3#'!*  '#��#�0�'0�  !)%�,#'!-  !  �  ��!1%!3#'!!  

1 %&8 2  ,!"%�  ��'�% �  (NKL ). �� /#  ( 2  10% ��""/ (�#'  "%�,�-  "% 3#'!*  !/��%&"'0�  

!)%�,#'!-  " �,9( /  )��!"!/ "(!   (  ,!"%�  ��'�% � , '  ( %&�  .%*  .' 2 -.���  ����/#(� �  [23, 

41]. 

�08#  �%!*'!#  ��3. 2  +��( ��  '�  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* , �   "' �' / , 

�'�%!)!� ��% "&  �   (.#%&' "(! , (  #"(& �  ��#.� % 3#'!!   ("�("(�!*  �"#�   "(�%&'0�  

� )/�7#'!- . �.#%�'  4(  10%  .%* 1 %&8#- '�2%*.' "(!  !  /#'&8#-  2� / ).� "(!  � %�,�#/0�  

�0��3#'!-  !  2��+!� � , ,(   1%#2,�#( !�  �'�%!)  !  � "��!*(!# . 	.'��  / 3#(  � )'!�'�(&  

#"(#"(�#''0-  � �� "    �#%!,!'#  !( 2 � -  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  ��!  '�%!,!!  

'#"� %&�!�  !%! , �  17# , �"#�  � )/�7#'!- . : 4( /�  ��""/ (�!/  .�%## "�*)&  !( 2 � -  

4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  " �0��3#'!*/! , �0,!"%#''0/!  ��'## .  

:�!  '�%!,!!  �"#�  ��""/ (�#''0�  � )/�7#'!-  � %# !/��%&"�  n-2  ��'�%�  �  + ��%&' -  

�% "� "(!  ��#."(��!/  (�  (#�  3# ��!1%!3#'!*� , ,(  !  �  ��#.0.�7!�  ��).#%�� ) �  �!.#  
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�� �� � �

� 
 �

�

 (2.34), 

2.# �"#   1 )'�,#'!*  " ���.�5(  " ��#.#''0/!  ��'## , �  (��3#  �,(#'�  �2% ��*  '#"(�1!%&' "(&  !  

�2% � -  ,!��  �   1#!/  �  �.!'�(�/  (�  !  � ) !  !)/#'#'!#  ��.!�"�  ��,��  !) -)�  �2% � 2  ,!���  

[36] 

2
_x 0 0

2
_y 0 0

1
4ln(2)

1
4ln(2)
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y
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k D

k D
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q
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+ � �


 �

=

 , 

@ – .%!(#%&' "(& " �,9( /  ���  ��#/#'' 2 , (��  !  �2% � 2  ,!���  (�2% � -  ,!��  ��!� .!(  �  

'��% '�  +� '(�  !/��%&"� , ,(  �0)0��#(  "'!3#'!#  �!� � -  !'(#'"!�' "(!  "+ ��"!� ��'' 2  

!)%�,#'!*  !  ��#%!,#'!#  #2  4++#�(!�' -  .%!(#%&' "(!  [36]): 
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��  ���   "' �' -  !'(#�#"  ��#."(��%*#(  . "(!3#'!#  �0" � -  4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!* , (  #"(& /�%0�  �#%!,!'  � )/�7#'!- , .�%&'#-8##  ��""/ (�#'!#  �� �#.9/ , 

��#.� %�2�*  /�% "(&  ��""/�(�!��#/0�  '#"(�1!%&' "(#-  ( 1L

c
s
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s
<< , 0 0 1xk D qs D << , 0 0 1yk D qs D << ). �  4( /  "%�,�#  "����#.%!�0  "%#.�57!#  "  (' 8#'!* : 

0t t» , xw w» , yw w»  !  
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d d

t t

� �-
»� �

� �� �
, !  �0��3#'!#  (2.34) ��!'!/�#(  �!.  
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 (2.35). 

M � 8  �!.' , ,(  (2.35) / 3'  +��( �!) ��(& , (  #"(& ��#."(��!(&  �  �!.#  �� !)�#.#'!*  

+�'�$!-   (  ��""/ (�#''0�  ����/#(� �  

( )
2 _ 0 1 2 3 2 _ 4

5 _ 0_ _6 7 8y
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´ D D Õ  (2.36), 

2.# Xn_i – i--  ����/#(�  �  n- /  ��'�%#  ('���!/#� , X1_2=>A1). 

: ��3#/  .�%##, ,(  ��!  4( /  +��( �!)�#("*  !  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* . �  

�,9( /  (2.36), �  (��3#  ���  !  �  �"#�   "(�%&'0�  ��).#%�� , � %�2�*  � )/�7#'!*  �  �"#�  ��'�%��  

"(�(!"(!,#"�!  '#)��!"!/0/!  "  .!'�� �0/!  ' �/�%&'0/!  ��"��#.#%#'!*/! , � %�,�#/  

�0��3#'!#  .%* �!� � -  !'(#'"!�' "(!  "�//��' 2  !/��%&"�  
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2.# �,(#' , ,(  .%* %510�  n !  m, " 2%�"'  ��#.� % 3#'!5   1  !.#'(!,' "(!  ��'�% � , 
"����#.%!�  
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�1" %5('�*  4++#�(!�' "(& , "  (�#("(�#'' ,  ��#.#%*#("*   (' 8#'!#/  (2.37) �  (2.8) 
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��!  N>>1 �#��0/  "%�2�#/0/  / 3'  ��#'#1�#,& , ( 2.�  4++#�(!�' "(&  "(�' �!("*  ���'�  

�� !)�#.#'!5  ��%�. �  �  4++#�(!�' "(&  ��""/ (�#''0�  �  ��#.0.�7!�  ��).#%��  +��( � � . 
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2.# =i – 4++#�(!�' "(&  ��!  '�%!,!!  '#"(�1!%&' "(!  iXd . 
��!/   1��) / , ��!  '�%!,!!  �"#�  

� )/�7#'!-  !( 2 � #  "'!3#'!#  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  1�.#(   ��#.#%*(&"*  

�� !)�#.#'!#/  "  (�#("(��57!�  ��%�. � , �0��3#'!*  .%* � ( �0�  ��#."(��%#'0  �  ��).#%��  

2.1–2.6. �  (��  ��� , " 2%�"'  �� �#.9'' /�  ��""/ (�#'!5 , "�7#"(�#'' 2  !)/#'#'!*  

4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  " !)/#'#'!#/  ,!"%�  ��'�% �  '#( , (  � %�,#''0-  �0� .  

  +��( �!)�$!!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*  1�.#(  " � � 8#-  ( ,' "(&5  "����#.%!�  

.%* %51 2  ,!"%�  ��'�% � , �  '#  ( %&�  .%* N>>1 

i
i

h h» Õ . 

��  ����(!�#  ��!  �'�%!)#  "!"(#/0  " 1 %&8!/!  � )/�7#'!*/! , ���  �!.'  !)  (2.34), 

+��( �!) ��(&  �0��3#'!#  .%* � %*  ! , "%#. ��(#%&' , .%* 4++#�(!�' "(!  '#%&)*, � 4( /�  

4++#�(!�' "(&  "%#.�#( �'�%!)!� ��(&  � "�#."(� /  ,!"%#'' 2  /' 2 /#�' 2  !'(#2�!� ��'!*  

�0��3#'!*  .%* "�//��' -  !'(#'"!�' "(!  (�'�% 2!,' 2  (2.37)) " �,9( /  )��#2!"(�!� ��''0�  

'#"(�1!%&' "(#- , �  (��3#  4�"�#�!/#'(�%&'  )��#2!"(�!� ��''0�  �� "(��'"(�#'' 2 , +�) � 2  

!  "�#�(��%&' 2  �� +!%#- . 
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3. $
10���������  ��2�*���  
�
(�/�  
  ����*��(�)/  
��+����/  

.�*�/�(*�	�
��  1
�����)0  4�/(�
��1�'�)0  �/.1��
�
  

 

3.1. �.(�/����)5  (�.  1
���(���  '��  
�2'����  
)
�����(��
�
��5  ��2�*��5  


�
(�/) , �
��
����5  ��  ����*��(��/  
��+����  

��  '�"( *7!-  / /#'(  "�7#"(��#(  '#  (��  /' 2  (!� �  �"!%!(#%#- , � (#'$!�%&'  (�  ( /  

,!"%# " !"� %&) ��'!#/  � 2#�#'(' 2  "% 3#'!* ) � )� %*57!�  ��# . %#(&  

�%&(���#%*(!�!"("�!-  1��&#� . 	"' �'0/!  ��'.!.�(�/!  *�%*5("*  ����/#(�!,#"�!#  �"!%!(#%! , 

%�)#�'0#  Ti:Sa �"!%!(#%!  !  � /1!'!� ��''0#  "�#/0 . : �0(��  !"� %&) ��'!*  .%* 4(!�  $#%#- 

� % � ''0�  �"!%!(#%#-  �02%*.!(  /�% �#�"�#�(!�' -  ��!.�  /�% -  �!� � -  !'(#'"!�' "(!  �  

 .' /  ��'�%# . �#%  �  ( / , ,(  �3#  ��!  4'#�2!!  �"!%#''0�  !/��%&" �  '#"� %&�  /!%%!.3 �%#-  

'�1%5.�#("*  "#�&9)'�*  .#2��.�$!*  �"!%#''0�  !/��%&" � , "�*)�''�*  " '#%!'#-'0/!  

4++#�(�/! , (��  ���  �#%!,!'�  '#%!'#-' 2  +�) � 2  '�1#2�  (� –!'(#2��%� ) .�3#  ��!  (��!�  

'#1 %&8!�  4'#�2!*�  . "(!2�#(  ~7 ��.  [30], ,(  �  !( 2#  !   2��'!,!��#(  /��"!/�%&'�5  

. "(!3!/�5  �  � % � ''0�  �"!%!(#%*�  4'#�2!5  !/��%&"� . �"%!  ��!'*(&  �  �'!/�'!#  #79 !  ( (  

+��( , ,(  !/��%&" , �"!%#''0-  �  � % �'# , !/##(  '#  +#/( "#��'.'�5 , �  "�1�!� "#��'.'�5  

.%!(#%&' "(&, "(�'#(  *"' , � ,#/�  � % � ''0#  �"!%!(#%!  '�  /' 2  � �*.� �  �� !2�0��5(  

����/#(�!,#"�!/  !  %�)#�'0/  �  /��"!/�%&' -  . "(!3!/ -  !'(#'"!�' "(! . : 4( /�  .%* 

. "(!3#'!*  �%&(���#%*(!�!"("� 2  ��#.#%�  " !"� %&) ��'!#/  � % � ''0�  %�)#�'0�  "!"(#/  

� (�#1�#("*  "% 3#'!#  ~104 ��'�% � , �  .%* . "(!3#'!*  1025 �( /"/ 2 #79 ��!/#�'  '�  2 � �*.��  

1 %&8#2  ,!"%�  ��'�% � . �  ����(!,#"� -  ( ,�!  )�#'!*  4(  �02%*.!(  ���-'#  " /'!(#%&' -  

!.##- , � (*  � . 1'0#  �� #�(0  !   )��,!��5("*  [42]. 

� � "(��!/  �#�"�#�(!�' "(&  %�)#�'0�  !  ����/#(�!,#"�!�  �"!%!(#%#- . :�!'!/�*  �  

�'!/�'!# , ,(   "' �' -  $#%&5 *�%*#("*  . "(!3#'!#  �0" � -  �!� � -  !'(#'"!�' "(!  (� ( ��*  

�� � �$! '�%&'�   (' 8#'!5  4'#�2!!  �  .%!(#%&' "(! ), '�!1 %##  ��3'0/!  ����/#(��/!  

*�%*5("*  4'#�2!*  �"!%#'' 2  !/��%&"�  !  #2  .%!(#%&' "(&. :���/#(�!,#"�!#  �"!%!(#%!  

� )� %*5(  � %�,�(&  �"!%#''0#  !/��%&"0  .%!(#%&' "(&5  ~5 +"  [12], ,(  �  '#"� %&�  ��)  

/#'&8#  ��#.#%�  .%* %�)#�'0�  �"!%!(#%#- , � ( �0-  " "(��%*#(  ~25 +"  [13]. 
��  ���  4'#�2!*  

�"!%#'' 2  !/��%&"�  �   "' �' /   2��'!,#'�  ��#�(�� -  !  "( -� "(&5  �"!%!(#%* , (  ��!(!,'0/  

����/#(� /  *�%*#("*  /��"!/�%&'�*  . "(!3!/�*  ��#�(���  �"!%!(#%* . �%* Ti:Sa %�)#�'0�  

�"!%!(#%#-   '�  . "(!2�#(  20 "/  [9], .%* ����/#(�!,#"�!�  �  )��!"!/ "(!   (  (!��  ��!"(�%%�  

" "(��%*#(  ��!/#�'  (# 3# 10–30 "/  [9]. 
��!/   1��) / , " ( ,�!  )�#'!*  . "(!3#'!*  �0" � -  

�!� � -  !'(#'"!�' "(!  ����/#(�!,#"�!#  �"!%!(#%!  '#/' 2  1 %## �#�"�#�(!�'0  )�  ",9(  

� )/ 3' "(!  . "(!3#'!*  /#'&8#-  .%!(#%&' "(!  �"!%#'' 2  !/��%&"� . 
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�  "�*)!  " (#/ , ,( , ���   (/#,�% "&  �08# ,  .' ��'�%&'0#  "!"(#/0  1%!)�!  �  "� #/�  

(#�' % 2!,#"� /�  ��#.#%� , .%* )�/#(' 2  �� .�!3#'!*  �   1%�"(& �%&(���#%*(!�!"("�!�  

!'(#'"!�' "(#-  (. "(!3#'!*  ~1025 �( /"/ 2) (�#1�#("*  !"� %&) ��'!#  /#( .�  � 2#�#'(' 2  

"% 3#'!* . : 4( /�  ��3'0/  (��3#  *�%*#("*  � �� "  �#�"�#�(!�' "(!  �"!%!(#%*  .%* 

!"� %&) ��'!*  �  /' 2 ��'�%&' -  "!"(#/#  " � 2#�#'('0/  "% 3#'!#/ . �  "�*)!  " (#/ , ,(  �  

��!� .#  �� $#""�  %�)#�' 2  �"!%#'!*  )�/#('�*  . %*  4'#�2!!  '���,�!  �  !( 2#  ��# 1��)�#("*  �  

(#�% ��5  !  ��!� .!(  �  '�2�#��  �"!%!��57#2  4%#/#'(� , ��!  %�)#�' /  �"!%#'!!  � (#'$!�%&'  

� )'!��#(  '#/�%  �� 1%#/ , "�*)�''0�  " +�) �0/!  !"��3#'!*/! , � )'!��57!/!  !) –)�  

��)%!,'0�  (#�/  �(!,#"�!�  4++#�( � , � ( �0#  ��!� .*(  �  ���.8#'!5  (��!�  ����/#(� �  ���  

+�) ��*  !  �2% ��*  '#"(�1!%&' "(& . 6(!  ����/#(�0 , ���  "%#.�#( !)  ��#.8#"(��57#-  2%��0, 

*�%*5("*  ��!(!,'0/!  .%* �#�%!)�$!!  �0" � 4++#�(!�' 2  � 2#�#'(' 2  "% 3#'!*  ! , 

"%#. ��(#%&' , .%* . "(!3#'!*  4�"(�#/�%&'0�  !'(#'"!�' "(#- . �   �(!/!)!� ��'' /  

����/#(�!,#"� /  �"!%!(#%# (��!  . "(�( ,'  '!)� /  � 2% 7#'!!  '���,�! , � % "( -  !  

"!2'�%&' -  � %' ) � . 1'0/!  (#�% �0/!  4++#�(�/!  / 3'  ��#'#1�#,& . : 4( /�  

����/#(�!,#"�!#  �"!%!(#%!  *�%*5("*  1 %## �#�"�#�(!�'0/!  .%* " ).�'!*  �0" � !'(#'"!�'0�  

%�)#�'0�  "!"(#/  " � 2#�#'('0/  "% 3#'!#/  �"!%#''0�  !/��%&" � . 

� 2%�"'  �'�%!)�  �  [43] '�!1 %##  �#�"�#�(!�'0/  ��!"(�%% /  .%* " ).�'!*  

����/#(�!,#"�!�  �"!%!(#%#-  *�%*#("*  LBO (LiB3O5). 	'  " ,#(�#(  �  "#1# 8!� ��5  � % "�  

�"!%#'!* , � )/ 3' "(&  . "(!3#'!*  1 %&8 -  ��#�(��0 , . "(�( ,'  �0" ��5  '#%!'#-' "(& , 

����(!,#"�!  � %' #   ("�("(�!#  � 2% 7#'!*  �,�"(��57!�  �  �� $#""#  � %' . : 4( /�  

" ).���#/�*  �  ���  �	  ���  %�)#�'�*  "!"(#/�   "' ��'�  '�  ����/#(�!,#"� /  �"!%#'!!  �  

��!"(�%%��  LBO !  BBO (N–BaB2O4) ��!  �!� "#��'.' -  (~90 �" ) '���,�# . BBO !"� %&)�#("*  '�  

�#��0�  ��"��.�� , (��  ���  " ( ,�!  )�#'!*  4++#�(!�' "(!  !  8!�!'0  "�#�(��%&' -  � % "0  

�"!%#'!*  BBO %�,8#  LBO, '  ��#�(���  4(!�  ��!"(�%% �   2��'!,#'�  '#"� %&�!/!  

"�'(!/#(��/! , ,(  .#%�#( !�  '#��!2 .'0/!  .%* !"� %&) ��'!*  '�  � '#,'0�  ��"��.�� . 

 

3.2. 7�
.�*�/��(������  1
(���
�� . $
10���������  ��2�*���  
�
(�/�  
  ����*��(�)/  


��+����/  .�*�/�(*�	�
��  1
�����)0  �/.1��
�
 , 
�2'�����  
  ��#  ��  ���  

�%* �� �#.#'!*  4�"�#�!/#'( �  �  � 2#�#'(' /�  "% 3#'!5  �"!%#''0�  !/��%&" �  �  ���  

�	  ���  " ).�'�  .�����'�%&'�*  %�)#�'�*  "!"(#/�  " ����/#(�!,#"�!/  �"!%#'!#/  ��!  

�!� "#��'.' -  '���,�# . ��3.0-  ��'�%  "!"(#/0  " "( !(  !)  (�9�  ��"��. �  ����/#(�!,#"� 2  

�"!%#'!*  '�   "' �#  ��!"(�%% �  BBO !  LBO. ��#/�  "!"(#/0  ��#."(��%#'�  '�  �!" . 3.1. �  

��,#"(�#  )�.�57#2  %�)#��  !"� %&) ��'  Ti:Sa +#/( "#��'.'0-  %�)#� (Fusion Pro 400, 

FemtoLasers), 2#'#�!��57!-  !/��%&"0  " $#'(��%&' -  .%!' -  � %'0  800 '/ , .%!(#%&' "(&5  12 
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+" , ��!  ,�"( (#  "%#. ��'!*  75 �
$ . ��%## +#/( "#��'.'0#  !/��%&"0  ��"(*2!��5("*  (�  

��#/#'! ) .  ~40 �"  " ��!/#'#'!#/  �#89( ,' 2  "(�#(,#��  "   ++'#� �"�!/  (#%#"� � / , 

� ( �0-  1�.#(  � .� 1'   �!"�'  �  ��).#%# 4.2. �  ��,#"(�#  %�)#��  '���,�!  �  " ).�'' -  "!"(#/#  

!"� %&)�#("*  4–�  ��'�%&'0-  %�)#� APL 2106 (Ekspla), 2#'#�!��57!-  �  ��3. /  ��'�%#  

!/��%&"0  " 4'#�2!#-  .  600 /�3 , .%!(#%&' "(&5  90 �"  ��!  ,�"( (#  "%#. ��'!*  10 
$  !  

.!�/#(� /  ��,��  (�  !'(#'"!�' "(!  �  �� �'5  #-2) ~16 // . 

 

��
 . 3.1. ��#/�  4�"�#�!/#'(�%&' -  �"(�' ��!  (PZT – �&#) �#��/!�� ) 

 

�  "�*)!  " (#/ , ,(  4++#�(!�' #  ����/#(�!,#"� #  �"!%#'!#  � )/ 3'  ( %&�  ��!  

 �(!/�%&' /  �#�#��0(!!  !/��%&"�  '���,�!  !  �"!%!��#/ 2  !/��%&"�  �  '#%!'#-' /  ��!"(�%%# , 

(�#1�#("*  ��#$!)! ''�*  "!'�� '!)�$!*  4(!�  !/��%&" � . �  4( -  $#%&5 �  !'"(!(�(#  10%� 

��)��1 (�'�  "!"(#/�  "!'�� '!)�$!!  +#/( "#��'.' 2  %�)#��  !  )�.�57#2  75 �
$  

�!� "#��'.' 2  %�)#��  "!"(#/0  '���,�! . ��,#"(�#''�*  "�#/�  "!"(#/0  ��#."(��%#'�  '�  �!" . 3.2. 

��#�(��%&'�*  �% (' "(&   (' "!(#%&'0�  +�) �0�  8�/ �  1#) "(�1!%!)�$!!  !  � "%# ��%5,#'!*  

"!"(#/0  "(�1!%!)�$!!  ��#."(��%#'0  '�  �!" . 3.3. �)  � %�,#''0�  4�"�#�!/#'(�%&'0�  .�''0�  

�"(�' �%#' , ,(  " ).�''�*  "!"(#/�  � )� %*#(  � ..#�3!��(&   (' "!(#%&'�5  '#"(�1!%&' "(&  

)�.#�3�!  /#3.�  !/��%&"�/!  (.3!((#� ) .���  %�)#� �  '�  �� �'#  200 +"  [26]. 
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��
 . 3.2. ��#/�  "!'�� '!)�$!!  )�.�57#2  +#/( "#��'.' 2  %�)#��  !  %�)#��  '���,�!  (���  – 
,�"( (' –+�) �0-  .#(#�( � , ���  – +!%&(� '!3'!�  ,�"( ( , �D:  – �'�% 2 � –$!+� � -  

��# 1��) ��(#%& , :�  – �&#) �#��/!�� ). 
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��
 . 3.3. ��#�(��%&'�*  �% (' "(&  / 7' "(!  (�:� ) +%��(��$!-  )�.#�3�!  /#3.�  !/��%&"�/!  
)�.�57#2  +#/( "#��'.' 2  %�)#��  !  %�)#��  '���,�!  "  "(�1!%!)�$!#-  (1) !  1#) "(�1!%!)�$!!  

(2). 
 

� ).�''0#   �(!,#"�!#  ����/#(�!,#"�!#  �"!%!(#%!  ,!�� ��''0�  !/��%&" �   "' ��'0  '�  

'#%!'#-'0�  ��!"(�%%��  ��	  !  LBO. :#��0#  ��"��.0  �#�%!) ��'0  �  .����� � .' -  "�#/#  

�"!%#'!*  '�  ��!"(�%%��  ��	  (I (!� , G=23,7 , A=90  .%!'�  8 // , ��#�(���  5� 8 // ), �( � -  !  

(�#(!-  ��"��.0  �   .' �� � .' - . ��  �( � /  ��"��.#  �  �#�� /  ��'�%#  !"� %&) ��'  ��!"(�%%  

LBO (I (!� , G=90 , A=13,8 , .%!'�  9 // , ��#�(���  18� 18 // ), �  �( � /  ��'�%#  – ��	  (I (!� , 

G=23,7 , A=90  .%!'�  3,5 // , ��#�(���  18� 18 // ). ��  (�#(&!�  ��"��.��  �"!%#'!#  �� !"� .!(  �  

��!"(�%%��  LBO (I (!� , G=90 , A=13,8 , .%!'�  4,3 // , ��#�(���  30 // ). �  ��3. /  ��'�%#  '���,�!  

!"� %&) ��'  �����/!� ��''0-  .���%!') �0-  (#%#"� �  " �#�#.�,#-  !) 1��3#'!*  !  

/!'!/�%&' -  ��"� .!/ "(&5  .%* " ���'#'!*  !"� .' 2  ��,#"(��  ��,��  '���,�!  '�  ��!"(�%%# . 

� '"(���(!�'  (#%#"� �  ��#."(��%*#(  " 1 -  /#(�%%!,#"��5  �����/!� ��''�5  (.  10-5 1�� ) 

�5�#(�  "   �'�/!  '�  #9 � '$�� . �'���3!  �5�#(0  '#.�%#�   (   � '  ��"� % 3#'0  %!')0 , � ( �0#  

+ �/!��5(  (#%#"� �  �#�%#��  !  !/#5(  + ��"'0#  ��""( *'!* ,  1#"�#,!��57!#  /!'!/�%&'0#  
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"+#�!,#"�!#  �1#���$!!  [44]. �"#   �'�  !  %!')0  !)2 ( �%#'0  !)  ����$�  (�� ) !  " .���  "( � '  

!/#5(  "( -� #  �� "�#(%*57##  � ��0(!# . :�!  4( /  '�  �#��0�  ��"��.��  .!�/#(�  ��,��  '���,�!  

�/#'&8�#("*  .  3,5 // , '�  �( �0�  !  (�#(&!�  .  13 // . : "%#  �#�� 2  ��"��.�  ��, �  �"!%#'' 2  

!)%�,#'!*  .!�/#(� /  ~2 //  ��"8!�*#("*  �����/!� ��''0/  (#%#"� � /  " �#�#.�,#-  

!) 1��3#'!*  !  /!'!/�%&' -  ��"� .!/ "(&5  .  ��)/#��  ~13 //  .%* " 2%�" ��'!*  " .!�/#(� /  

��,��  '���,�!  '�  �( � /  ��"��.# . �"!%#''0-  !/��%&"  " � "%#.'#2  ��"��.�  (��3#  �#�#.�9("*  

'�  � /��#"" �  " � / 7&5  �����/!� ��'' 2  (#%#"� ��  " �#�#.�,#-  !) 1��3#'!* , 

/!'!/�%&' -  ��"� .!/ "(&5  !  �� "(��'"(�#'' -  +!%&(��$!#-  .%* /!'!/!)�$!!  

�� "(��'"(�#''0-  '# .' � .' "(#- , "� " 1'0�  ��!�#"(!  �  � ��#3.#'!5   �(!,#"�!�  

4%#/#'( �  � /��#"" �� . 

6'#�2!!  !/��%&" �  '���,�!  !  �"!%#''0�  !/��%&" �  '�  �"#�  ��"��.��  .%*  1 !�  ��'�% �  

��#."(��%#'0  �  (�1%!$# 3.1. ��#�(�0  �"!%#''0�  !/��%&" �  ��#."(��%#'0  '�  �!" . 3.4. ��  �!" . 

3.4 ��#."(��%#'  (��3#  "�#�(�  '#�"!%#''0�  !/��%&" �  �#�#.  �#��0/  ��"��. / . ��#�(�  

�"!%#''0�  !/��%&" �  � "%# (�#(&#2  ��"��.�   1 !�  ��'�% �  "  (�#("(��#(  "�#�(��%&' –

 2��'!,#'' -  .%!(#%&' "(!  !/��%&"�  (FWHM) 21 +" . �.#"&  "( !(   (/#(!(& , ,( , '#"/ (�*  '�  

!"� .'�5  .%!(#%&' "(& !/��%&"�  '�  �0� .#  %�)#��  12 +" , #2  "�#�(�  � "%# "(�#(,#��  

 1�3�#("*  .  55 '/  (�!" . 3.4), � ( �0#  "  (�#("(��5(  "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(!  

21 +" . 
���*  .#+ �/�$!*  "�#�(��  "�*)�'�  " . � %&'  1 %&8!/  �  "���'#'!5  " 

��( � %%!/�$! ''0/  (~29 ) �2% /  ��.#'!*  '�  �#���5  �#89(��  (~45 ), ��!  � ( � /  � )'!��#(  

"�7#"(�#''�*  )��!"!/ "(&  4++#�(!�' "(!  .!+���$!!   (  .%!'0  � %'0 . � � %&'  1 %&8 -  �2 % 

��.#'!*  '# 1� .!/ , ���  1�.#(  � ��)�'  �  ��).#%# 4, .%*  1#"�#,#'!*  . "(�( ,'  1 %&8 -  

��#�(��0  � /��#"" �� . ��''�5  �� 1%#/� , (#/  '#  /#'## , �  �#�"�#�(!�#  / 3'  1�.#(  �#8!(&  

)�/#' -   (��3�57!�  .!+���$! ''0�  �#89( �  '�  �� ��"��57!# , � )� %*57!# , �   (%!,!#   (  

 (��3�57!� , !"� %&) ��(&  !�  �  ��( � %%!/�$! '' -  � '+!2���$!! . 6(  � )� %!(  

����(!,#"�!  � %' "(&5  !)1��!(&"*   (  ��""/�(�!��#/ 2   1�3#'!*  "�#�(�� . 

 

��,��-�  3.1. 6'#�2!*  !/��%&" �  '���,�!  !  �"!%#''0�  !/��%&" � . 
� /#�  
��"��.�  

6'#�2!*  
!/��%&" �  '���,�!   

1–-  ��'�%  (/�3 ) 

6'#�2!*  
�"!%#''0�  
!/��%&" �  
 1–-  ��'�%  

(/�3 ) 

6'#�2!*  
!/��%&" �  

'���,�!  
2–-  ��'�%  (/�3 ) 

6'#�2!*  
�"!%#''0�  
!/��%&" �  
2–-  ��'�%  

(/�3 ) 
1 19,5 2 22 2 
2 480 75 400 100 
3 500 170 500 230 
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��
 . 3.4. ��#�(�0  !/��%&"�  �#�#.  ��!"(�%% /  '�  �#�� /  ��"��.#  !  �"!%#''0�  !/��%&" �  
� "%# ��3. 2  ��"��.�  �#�� 2  (� ) !  �( � 2  (1) ��'�% � . 

 

6'#�2!*  �"!%#''0�  !/��%&" �  � "%# (�#(&#2  ��"��.�  " "(��%*%�  170 /�3  �  �#�� /  

��'�%#  !  230 /�3  �  �( � /  ��'�%# . : "%#  �����/!� ��'' 2  (#%#"� ��  " �#�#.�,#-  

!) 1��3#'!*  " /!'!/�%&' -  ��"� .!/ "(&5  !  �2% � -  +!%&(��$!#-  4'#�2!*  "'!3�%�"&  .  155 

/�3  !  220 /�3  �  �#�� /  !  �( � /  ��'�%��  "  (�#("(�#'' . �2% ��*  +!%&(��$!*  10%� 

'# 1� .!/�  .%* ��#. (���7#'!*  � �08#'!*  �#� *(' "(!  �� 1 *  �#89( �  !) –)�  

/#%� /�"8(�1'0�  '# .' � .' "(#- . 6'#�2!*  � "%# � /��#"" � �  "'!)!%�"&  ��!1%!)!(#%&'  

'�  50% (4(  (!�!,'�*  �#%!,!'�  4++#�(!�' "(!  � /��#"" � � ,  "' ��''0�  '�   (��3�(#%&'0�  

.!+���$! ''0�  �#89(��� ) .  76 !  112 /�3  "  (�#("(�#'' . ���#2!"(�!� ��''�*  

"�#.'#���.��(!,'�*  '#"(�1!%&' "(&  4'#�2!!  �"!%#''0�  "3�(0�  !/��%&" �  " "(��!%�  4% �  

�#�� /  ��'�%#  !  2% �  �( � /  ��'�%# . ��  �!" . 3.5 ��#."(��%#'0  2!"( 2��//0  ��"��#.#%#'!*  

4'#�2!!  !/��%&" � . ��''0#  � %�,#'0  ��!  '#��#�0�' -  �#2!"(��$!!  ~1000 !/��%&" � .  
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��
 . 3.5. 
!"( 2��//0  ��"��#.#%#'!*  4'#�2!-  �"!%#''0�  "3�(0�  !/��%&" �  �  �#�� /  (� ) !  
�( � /  (1) ��'�%�� . 

 

:� +!%!  �"!%#''0�  !/��%&" �  � "%# � /��#"" � �  ��#."(��%#'0  '�  �!" . 3.6. :�, �  �  

 1 !�  ��'�%��  !/##(  .!�/#(�  14 // . �2% �0#  "�#�(�0  �"!%#''0� , "3�(0�  !/��%&" �  
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��#."(��%#'0  '�  �!" . 3.7. �/��%&"0  �  �#�� /  ��'�%#  !/#5(  FWHM ��"� .!/ "(&  80 /���. , �  

�( � /  ��'�%#  90 /���. . 

 

��
 . 3.6. :� +!%&  �"!%#''0�  !/��%&" �  � "%# � /��#"" � �  �  �#�� /  (� ) !  �( � /  (1) ��'�%�� . 

 

 

��
 . 3.7. �2% �0#  "�#�(�0  (�� +!%! , )��#2!"(�!� ��''0#  �  + ��%&' -  �% "� "(!  ��!  
+ ��"!� ��#  !/��%&" �  %!') -  " + ��"'0/  ��""( *'!#/  101 "/ ) �"!%#''0�  "3�(0�  !/��%&" �  

�  �#�� /  (� ) !  �( � /  (1) ��'�%�� . 
 

 

4. ��
(�/�  
(*�(	�* –��/.*�

�*  '��  
)
�����(��
�
�)0  ��2�*�)0  


�
(�/  
  .�*�/�(*�	�
��/  1
������/  .*�  .���
��1�'��5  ����	��  

 

:�!  " ).�'!!  "!"(#/  ��#/#'' 2  ��"(*3#'!*  +#/( "#��'.'0�  !/��%&" �  !  

� "%#.�57#2  !�  "3�(!*  � "%# ��"��. �  �"!%#'!*  .  /�%&(!(#����((' 2  !  �#(���((' 2  

�� �'*  �!� � -  / 7' "(!  � )'!��#(  �*.  �� 1%#/ , "�#.!  � ( �0�   "' �'0/!  *�%*5("* : 

1. 
 ,'�*  � /�#'"�$!*  "�#�(��%&' 2  +�) � 2  '�1#2� , �' "!/ 2  "(�#(,#� / , 

� /��#"" � /  !   "(�%&'0/!  4%#/#'(�/!  "!"(#/0  ('#%!'#-'0#  ��!"(�%%0 , � .% 3�!  

.#%!(#%&'0� )#���% ,  �'�  �����/'0�  �� "(��'"(�#''0�  +!%&(� �  !  ( .� .). 
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2. 	1#"�#,#'!#  . "(�( ,'  1 %&8 -  ��#�(��0  ��,��  �  � /��#"" �#  ! , "  (�#("(�#'' , 

"�/ 2  � /��#"" ��  .%* 2���'(!� ��'!*  . %2 ��#/#'' 2   ("�("(�!*   �(!,#"�!�  � ��#3.#'!-  

4%#/#'( �  � /��#"" ��  ��!  )�.�'' /  �� �'#  �0� .' -  / 7' "(!   

3. ��)%!,'0#  !"��3#'!*  (�1#���$!! , '#%!'#-'0-  +�) �0-  '�1#2 , �2% � -  ,!��  !  ( .� .), 

�' "!/0#  "!"(#/ -  "(�#(,#� –� /��#"" � , . %3'0  10(& . "(�( ,'  /�%0 . 

�#�%!)�$!*  �#�� 2  ��'�(�  '# 1� .!/�  .%* . "(!3#'!*  1%!)� -  �  "�#�(��%&' –

 2��'!,#'' -  .%!(#%&' "(!  �"!%#'' 2  "3�( 2  !/��%&"�  ! , "  (�#("(�#'' , /��"!/�%&'  

� )/ 3' -  �!� � -  / 7' "(!  ��!  )�.�'' -  4'#�2!!  �"!%#'' 2  !/��%&"� . �( � -  ��'�(  

��3#'  .%*  1#"�#,#'!*  ��!'$!�!�%&' -  � )/ 3' "(!  !"� %&) ��'!*  � /��#"" ��  .%* "3�(!*  

!/��%&" �  .  �#(���((' 2  �� �'*  �!� � -  / 7' "(! . 
�#(!-  ��'�(  ��3#'  .%* " ).�'!*  

"!"(#/  �0" � -  !'(#'"!�' "(! , (��  ���  �"#  �#�#,!"%#''0#  !"��3#'!*  �  !( 2#  ��!� .*(  �  

"'!3#'!5  �!� � -  !'(#'"!�' "(!  "+ ��"!� ��'' 2  !/��%&"� . 

�  1 %&8!'"(�#  �#�%!) ��''0�  !  " ).���#/0�  /�%&(!(#����(('0�  !  �#(���(('0�  

+#/( "#��'.'0�  "!"(#/��   (/#,#''0#  �08#  �� 1%#/0  �#8�5("*  !"� %&) ��'!#/  

� /��#"" � �  '�   "' �#   (��3�(#%&'0�  2 % 2��+!,#"�!�  �#89( �  . "(�( ,'  1 %&8 2  

��)/#��  (10–100 "/ ). 
�� -  � .� .  �  �#8#'!5  �� 1%#/0  � )/ 3#'  1%�2 .��*  ( /� , ,(   10,'  

�  � . 1'0�  "!"(#/��  �� !"� .!(  �"!%#'!#  !/��%&" � , ,!�� ��''0�  .  ~1 '"  ("  (�#("(�#''  

!/��%&"0  '���,�!  !/#5(  .%!(#%&' "(& >~1 '" ). �  4( /  "%�,�#  ��#�(���  � /��#"" �� , 

 ��#.#%*57�*  /��"!/�%&'  . "(!3!/�5  / 7' "(&  "3�(0�  !/��%&" � ,  2��'!,#'� , �  �#���5  

 ,#�#.& , ��)/#� /  !"� %&)�#/0�  �#89( � . �   (%!,!#   (  � . 1'0�  "!"(#/ , ��)�!��#/0-  �  ���  

�	  ���  � /�%#�"   "' ��'  '�  ����/#(�!,#"�!�  ��"��.��  �"!%#'!*  '�   "' �#  ��!"(�%% �  BBO !  

LBO " '���,� -  !/��%&"�/!  �!� "#��'.' -  .%!(#%&' "(!  (90 �" ). :!� "#��'.'�*  '���,�� , �  

 (%!,!#   (  '�' "#��'.' - , � )� %*#(  � %�,�(&  �"!%#''0#  !/��%&"0  .%!(#%&' "(&5  /#'##  10 

+"  1%�2 .��*  !"� %&) ��'!5  1 %## ( '�!�  ��!"(�%% � . :�!  !"� %&) ��'!!  '���,�!  

.%!(#%&' "(&5  90 �"  �  ��)��1�(0��#/ /  �  ���  �	  ���  �#(���((' /  � /�%#�"# , ���  � ��)�'  

�  [43],  �(!/�%&' -  *�%*#("*  .%!(#%&' "(& ��"(*'�( 2  �"!%!��#/ 2  !/��%&"�  ~40 �" . 	.'��  

�#�#� .  �  �!� "#��'.' -  .%!(#%&' "(!  ��"(*'�( 2  !/��%&"�  ��!� .!(  �  ( /� , ,(  

/��"!/�%&'�*  ��#�(���  � /��#"" ��   2��'!,!��#("*  �  �#���5   ,#�#.&  '#  ��)/#� /  

.!+���$! ''0�   (��3�(#%&'0�  �#89( � , �  ��""( *'!#/  /#3.�  '!/! . :�!,9/  4(!   2��'!,#'!*  

' "*(  ��!'$!�!�%&'0-  2# /#(�!,#"�!-  �����(#�  (�!" . 4.1). �  "�*)!  " 4(!/   2��'!,#'!#/ , 

"(�'.��('0-  "� " 1  "3�(!*  �"!%#''0�  !/��%&" �   (��3�(#%&'0/!  .!+���$! ''0/!  

�#89(��/!  ��!  "3�(!!  !/��%&" �  " 40 �"  .  10 +" , ���  1�.#(  � ��)�'  .�%##, '#  � )� %*#(  

. "(!,&  �!� � -  / 7' "(!  1 %## ~10 
�( . :#�#� .  �  �%&(#�'�(!�'0/  "�#/�/  � /��#"" �� , 

" .#�3�7!/  �� ��"��57!#  4%#/#'(0 ,  "(�  "(��!(  � �� "  ���.8#'!*  ����/#(� �  "3�(0�  
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!/��%&" �  !) –)�  '#%!'#-'0�  4++#�( � , (  #"(& '�,!'�#(  "�7#"(�#''  "��)0��(&"*  3–* 

�� 1%#/�  !)  ��#."(��%#'' 2  �08#  �#�#,'* . 
��!/   1��) / , �� 1%#/�  ��)��1 (�!  "!"(#/0  

��"(*3#'!*  +#/( "#��'.'0�  !/��%&" �  .  '#"� %&�!�  .#"*(� �  �!� "#��'.  !  !�  

� "%#.�57#2  "3�(!*  � "%# ��"��. �  ����/#(�!,#"� 2  �"!%#'!*  .  /�%&(!(#����((' 2  !%!  

�#(���((' 2  �� �'*  / 7' "(!  *�%*#("*  ��(��%&' - . 

 

��
  4.1. 	2��'!,#'!#  ��#�(��0  ��,��  ��!  "3�(!!  �  � /��#"" �#  '�   "' �#   (��3�57!�  
.!+���$! ''0�  �#89( � . 

 

4.1. ��/.*�

�*  

���   (/#,#'  �08# ,  "' �'�*  �� 1%#/�  ��!  " ).�'!!  "!"(#/0  "(�#(,#� –� /��#"" �  .%* 

� /�%#�" �  " ����/#(�!,#"�!/  �"!%#'!#/  ��!  .%!(#%&' "(!  !/��%&" �  '���,�!  ~100 �" , 

" "( !(  �  �01 �#  � .� .*7#2  � /��#"" �� , � )� %*57#2  "3!/�(&  !/��%&"0  �!� � -  

/ 7' "(&5 , ��#�08�57#-  '#"� %&�  .#"*(� �  (#����(( . �  "�*)!  "  (#/ , ,(  �� 1%#/�  " "( !(  

!/#''  �  � /��#"" �# , " '#2  !  '�,'9/  ��""/ (�#'!# . �  ,�"(' "(! , �� �#.9/  �'�%!)  

� /��#"" �� , � )� %*57#2  "3!/�(&  !/��%&"0  .  �!� � -  / 7' "(!  1 :�( . 

�  '�"( *7!-  / /#'(  '�1 �  � )/ 3'0�  .%* !"� %&) ��'!*  �  � /��#"" �#  (�  (��3#  

"(�#(,#�# ) .!"�#�"! ''0�  4%#/#'( �   2��'!,#'  "%#.�57!/  �#�#,'#/ :  (��3�57!#  !  

�� ��"��57!#  .!+���$! ''0#  �#89(�! , ��!)/0 , 2�!)/0 ,  1;9/'0-  � /��#"" �  !  

,!�� ��''0#  )#���%� . 	"' �'0#  ��#!/�7#"(��  !  '#. "(�(�!  �#�#,!"%#''0�  .!"�#�"! ''0�  

4%#/#'( �  ��!  "3�(!!  !/��%&" �  " 40 �"  .  10 +"  (.%* 4( 2  (�#1�#("*  �'#"(!  .!"�#�"!5  

2���� �0�  )�.#�3#�  ~145000 +" 2) ��#."(��%#'0  �  (�1%!$# 4.1. 
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��,��-�  4.1. � )/ 3'0#  ���!�'(0  � /��#"" ��  '�   "' �#  ��)%!,'0�  .!"�#�"! ''0�  

4%#/#'( � . 

O  � /��#"" �  :���(!,#"��*  
� )/ 3' "(&  
�'#"#'!*  
(�#1�#/ -  
.!"�#�"!!  

6++#�(!�' "(&  
� /��#"" ��  

�#%!,!'�  
�' "!/ 2  
'#%!'#-' 2  
+�) � 2  '�1#2�  
(� –!'(#2��%� ) 

:�!/#'!/ "(&  
.%* 
��)��1�(0��#/ -  
�#(���((' -  
"!"(#/0  

1 :� ��"��57!#  
�#89(�!  �  
� /1!'�$!!  " 
,!�� ��''0/!  
)#���%�/!  

.�  �0" ��*  (.  
60–70%) 

���&!��#("*  
"'!3#'!#/  
!'(#'"!�' "(!  �  
� .% 3�#  
�#89( �  )�  ",9(  
. 3�(!*  
,!�� ��''0/!  
)#���%�/!  
(/ 3'  
�#�%!) ��(&  <1) 

+ 

2 :� ��"��57!#  
�#89(�!  

.�  �0" ��*  (.  
60–70%) 

>1 - 

3 	(��3�57!#  
�#89(�!  

.�  <60%, )��!"!(  
 (  �2%� ��.#'!*  
'�  �#���5  
�#89(��  

0 - 

4 	1;9/'0-  
� /��#"" �  

.�  	,#'&  �0" ��*  
(.  >90%) 

>>1 (��!  
�����(#�' -  
��#�(��#  ~ 10 
"/ ) 

- 

5 
�!)/0  
(.!+���$! ''0#  
�#89(�!  + 
��!)/0 ) 

.�  �!)��*  (~20%, 
!) –)�  
!"� %&) ��'!*  
�#89( �  " 
'!)� -  
�% (' "(&5  
8(�!� �  (300–
600 8(� /// )) 

>1 - 

6 :�!)/0  '#(  �0" ��*  >1 - 
7 �!�� ��''0#  

)#���%�  
'#(  �0" ��*  ~0 - 
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��
 . 4.2. ��,#"(�#''0#  "�#/0  ��""/�(�!��#/0�  � /��#"" � � , ' /#��  " 2%�" ��'0  " (�1%!$#-  
4.1. (��  – .!+���$! ''0#  �#89(�! , ��  – ,!�� ��''0#  )#���%� , 
  – 2�!)/0 , :  – ��!)/0 ) 

 

:�!)/0  !  ,!�� ��''0#  )#���%�  "��)�  !"�%5,�5("*  ��!.�  '#� )/ 3' "(!   1#"�#,!(&  

(�#1�#/�5  �#%!,!'�  .!"�#�"!! , 2�!)/0  ��!.�  '!)� -  4++#�(!�' "(!  !  �'#"#'!5  

"�7#"(�#'' -  (>1 ��. ) �#%!,!'0  '#%!'#-' 2  +�) � 2  '�1#2�  /�(#�!�% /  ��!)/ .  

	1;9/'0-  � /��#"" �  !'(#�#"#'  " ( ,�!  )�#'!*  � )/ 3' "(!  . "(!3#'!*  �0" � -  

4++#�(!�' "(!  (>90%), '  � )'!��#(  "#�&9)'�*  �� 1%#/�  /!'!/!)�$!!  '#3#%�(#%&'0�  

'#%!'#-'0�  4++#�( � . �%* "'!3#'!*  �%!*'!*  '#%!'#-'0�  4++#�( �   �(!/�%&' -  *�%*#("*  

� '+!2���$!*  � /��#"" �� , �#���*  ,�"(&  � ( � 2  " "( !(  !)  "(#�%�  "  1 %&8 -  �#%!,!' -  

.!"�#�"!!  2���� �0�  "� � "(#- , '  �  (  3# ��#/*  !  )'�,!(#%&' -  �#%!,!' -  '#%!'#-' 2  

� ��)�(#%*  ��#% /%#'!*  (n2) ('���!/#� , SF57, .%* � ( � 2  n2P20*10-16 "/ 2/�(  [45, 46]), �  

�( ��*  !)  "(#�%�  " /�% -  �#%!,!' -  n2, '  !  '#1 %&8 -  .!"�#�"!#-  2���� �0�  "� � "(#-  

('���!/#� , �%��%#'0-  ����$ , .%* � ( � 2  n2=1,8*10-16 "/ 2/�(  [32]). 
���*  � '+!2���$!*  

� )� %*#(  "'!)!(&  '#%!'#-'0-  +�) �0-  '�1#2  )�  ",9(  !"� %&) ��'!*  '�  � "%#.'#-  "(�.!!  

/�(#�!�%�  "  '#1 %&8!/  n2 !  �  (  3# ��#/*  " ���'!(&   (' "!(#%&'�5  � /���(' "(&  )�  ",9(  

!"� %&) ��'!*  '�  '�,�%&' -  "(�.!!  /�(#�!�%�  " 1 %&8 -  .!"�#�"!#-  2���� �0�  "� � "(#- . 


��  ��!  "3�(!!  �   1;9/' /  � /��#"" �#  2!�#�2��"" � 2  ��,��  " �� "(��'"(�#''0/  �� +!%#/  

( )4 4( ) exp 2I r A r W= -  (4.1), 

�!� � -  / 7' "(&5  1 :�(  .%* ( 2 , ,( 10  �#%!,!'�  '#%!'#-' 2  +�) � 2  '�1#2�  '#  

��#�08�%�  1 ��.  !  � (#�!  4'#�2!!  !) –)�   2��'!,#'!*  ��#�(��0  10%! '#  1 %## 1%, ��#�(���  

� /��#"" ��  . %3'�  10(& '#  /#'##  170 "/  (��!  .%!'#  �,�"(��  !)  SF57 60 "/  !  �,�"(��  !)  
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�%��%#' 2  ����$�  – 30 "/ ). ���!"!/ "(&  � –!'(#2��%�  ( 2
0 0

2
(L) (z) ( )

L

B n I z dz
p

l
= � , 2.# n2 – 

'#%!'#-'0-  � ��)�(#%&  ��#% /%#'!* )  (  �� -.#'' 2  !/��%&" /  ��""( *'!*  �  � /��#"" �#  

��#."(��%#'�  '�  �!" . 4.3(� ). � "(��'0�  "(9� %  (��!�  ��)/#� �  " �0" �!/   �(!,#"�!/  ��,#"(� /  

�  '�"( *7##  ��#/*  '#( . � 1��%#'!#  ,!�� ��''0�  )#���%  � "%# "(#�%*''0�  1% � �  � )� %*#(  

"'!)!(&  (�#1�#/�5  ��#�(���  �  .��  ��)� , '  �� 1%#/�  '#  �#8�#(  (�!" . 4.3(1)). 
��  �  

"�#�(��%&' /  .!���) '#  700–900 '/  /��"!/�%&'�*  �#%!,!'�  .!"�#�"!!  �( � 2  � �*.��  

!)2 (��%!��#/0�  '�  .�''0-  / /#'(  )#���%  " "(��%*#(  ~300 +" 2, � 4( /�  '�  ����(!�#  �'#"#'!#  

1 %## ~10000 +" 2 ,!�� ��''0/!  )#���%�/!  ��#."(��%*#("*  /�% �#� *('0/ . :�!  4( /  

!"� %&) ��'!#  ,!�� ��''0�  )#���% , �' "*7!�  10000 +" 2, � )� %*#(  "'!)!(&  (�#1 ��'!*  '�  

��#�(���  .  75 "/ . �  "(9� %  .�3#  (�� -  ��#�(��0  �0" � 2   �(!,#"� 2  ��,#"(��  '#  

�� !)� .!("* . : 4( /�   1;9/'0-  � /��#"" �  .%* ��""/�(�!��#/ 2  (!��  %�)#�'0�  "!"(#/  �  

'�"( *7##  ��#/*  '#�#�%!)�#/ . 
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��
 . 4.3. �#%!'#-'0-  +�) �0-  '�1#2  (� –!'(#2��% ) �   1;9/' /  � /��#"" �#  ��!  4'#�2!!  
!/��%&"�  10 �3 , .!�/#(�#  135 "/ , "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(!  10 +"  1#) 

!"� %&) ��'!*  ,!�� ��''0�  )#���%  (� /��#"" � : SF57 60 "/  !  �%��%#'0-  ����$  30 "/ ) (� ) !  "  
,!�� ��''0/!  )#���%�/! , �' "*7!/!  10000 +" 2, (� /��#"" � : SF57 .%!' -  55 "/  !  �%��%#'0-  

����$  .%!' -  30 "/ ) (1). 
 

:  ( -  3# ��!,!'#  ((�#1 ��'!*  '�  ��#�(���  .%* "'!3#'!*  .  (�#1�#/ -  �#%!,!'0  � –

!'(#2��%� ) '#� )/ 3'  " ).�(&  � /��#"" �  .%* ��)��1�(0��#/ -  �  ���  �	  ���  %�)#�' -  

"!"(#/0  '�   "' �#  �� ��"��57!�  .!+���$! ''0�  �#89( �  1#) !"� %&) ��'!*  ,!�� ��''0�  

)#���% . 

	(��3�57!#  �#89(�!  '�  �#��0-  �)2%*. *�%*5("*  ��!#/%#/0/  ���!�'( / : . "(�( ,'  

�0" ��*  4++#�(!�' "(& ,  ("�("(�!#  '#%!'#-'0�  4++#�( � , � �"#/#"(' #  !"� %&) ��'!#  �  

� /��#"" ��� . 	.'��  ��!  !"� %&) ��'!!  �  � /��#"" �#   (��3�57!�  �#89( �  � )'!��#(  

�� 1%#/� , "�*)�''�*  " (#/ , ,(  ��!  . "(�( ,'  '#1 %&8 /  � 4++!$!#'(#  ��#/#'' 2  

��"(*3#'!*  !/��%&" �  (" 10 +"  .  40 �" ) ��""( *'!#  /#3.�  �#89(��/!  " "(��%*#(  �"#2  
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'#"� %&�  "�'(!/#(� �  (3–6 "/  �  )��!"!/ "(!   (  �2%� ��.#'!*  '�  �#���5  �#89(�� , ��!  

�% (' "(!  8(�!� �  1200 8(� /// ), ,(  "�7#"(�#''   2��'!,!��#(  ��#�(���  � /��#"" ��  (�!" . 

4.4(� )). �%#.�#(   (/#(!(& , ,(   2��'!,#'!*  ' "*(  "�2�1  2# /#(�!,#"�!-  �����(#� . 

	2��'!,#'!*  '�  ��#�(���  #"(#"(�#''  " ).�5(   2��'!,#'!*  '�  /��"!/�%&'�5  4'#�2!5  

"3!/�#/ 2  !/��%&"�  (�!" . 4.4(1)). 
��  /��"!/�%&'�*  . "(!3!/�*  4'#�2!*  "3�( 2  !/��%&"�  ("  

2!�#�2��"" �0/  �� +!%#/  �!.�  (4.1)) " �,9( /  4++#�(!�' "(!  .!+���$!!  ��!  !"� %&) ��'!!  

�#89( �  " �% (' "(&5  8(�!� �  1200 8(� /// , "( -� "(&5  0,2 �3 /"/ 2 !  "3�(!!  " 40 �"  .  10 +"  

" "(��%*#(  110 /�3  (��!  4'#�2!!  !/��%&"�  '�  �� .#  �  � /��#"" �  350 /�3  !  �2%# ��.#'!*  '�  

�#���5  �#89(��  45 2��.�" � ), ,(  "  (�#("(��#(  �!� � -  / 7' "(!  11
�( . 
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��
 . 4.4. (� ) ���"!/�%&'�*  ��#�(���  "3!/�#/ 2  !/��%&"�  (�#89(�!  1200 8(� /// , "3�(!#  " 40 
�"  .  10 +" , $#'(��%&'�*  .%!'�  � %'0  800 '/ ). (1) 6++#�(!�' "(&  � /��#"" ��  

(4�"�#�!/#'(�%&'0#  .�''0#  .%* 2 % 2��+!,#"� -  �#89(�!  1200 8(� ///  " ) % (0/  � ��0(!#/  
�� !)� ."(��  M % 
�4-(  .%* !/��%&" �  " $#'(��%&' -  .%!' -  � %'0  800 '/ ) !  4'#�2!*  '�  
�� .#  !  �0� .#  � /��#"" ��  .%* "%�,�*  ��,��  " 2!�#�2��"" �0/  �� +!%#/  (4.1) !  �!� � -  

�% (' "(&5  4'#�2!!  0,2 �3 /"/ 2. 
 

�  ��!'$!�# , ��""( *'!#  /#3.�  �#89(��/! , � , "%#. ��(#%&' , !  ��#�(��� , !  4'#�2!5  

"3�( 2  !/��%&"� , ��!  ( /  3# � 4++!$!#'(#  ��"(*3#'!*  / 3'  ��#%!,!(&  )�  ",9(  

!"� %&) ��'!*  �#89( �  " /#'&8#-  �% (' "(&5  8(�!� � . 	.'��  !"� %&) ��'!#  �#89( �  "  

�% (' "(&5  8(�!� �  /#'##  1200 8(� ///  '#  $#%#"  1��)' , (��  ���  4(  ��!� .!(  �  

"�7#"(�#'' /�  "'!3#'!5  4++#�(!�' "(!  .!+���$!!  [47]. 


��!/   1��) / , � /��#"" �  '�   "' �#   (��3�(#%&'0�  .!+���$! ''0�  �#89( �  �  

��""/�(�!��#/ /  "%�,�#  '#  � )� %*#(  . "(!,&  �!� � -  / 7' "(!  "3�( 2  !/��%&"�  1 %## ~10 


�( . �%* "!"(#/  " 1 %&8#- �!� � -  / 7' "(&5  (�#1�#("*  �%&(#�'�(!�'0-  � /��#"" � . 

�  !( 2#   "(�9("*  #.!'"(�#''0-  ���!�'(  � /��#"" ��  .%* /�%&(!(#����(('0�  !  

�#(���(('0�  %�)#�'0�  "!"(#/  " ����/#(�!,#"�!/  �"!%#'!#/  ��!  �!� "#��'.' -  '���,�#  – 

� /��#"" �  '�   "' �#  .!+���$! ''0�  �� ��"��57!�  �#89( �  �  � /1!'�$!!  " ,!�� ��''0/!  

)#���%�/! . ��""/ (�!/  "%�,�-  �#89( �  !)  �%��%#' 2  ����$�  ( %7!' -  3 // , �% (' "(&5  
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8(�!� �  1280 8(� ///  (�#89(�!  " (��!/!  ����/#(��/!  �� !)� .*("* , '���!/#� , +!�/ -  

JENOPTIK Optical Systems GmbH [48]). �"� %&) ��'!#  ,!�� ��''0�  )#���%  (�' "*7!�  

 (�!$�(#%&'�5  .!"�#�"!5  2���� �0�  "� � "(#- ) .%* ��#/#'' 2  . 3�(!*  !/��%&"�  � "%# 

�� ��"��57!�  .!+���$! ''0�  �#89( �  � )� %*#(  "�7#"(�#''  "'!)!(&  !'(#'"!�' "(&  �  

� .% 3�#  � "%#.'#-  �#89(�!  � /��#"" ��  ! , "%#. ��(#%&' , �#%!,!'�  �' "!/ 2  

� /��#"" � /  � –!'(#2��%� . �'!3#'!#  !'(#'"!�' "(!  �  � .% 3�#  � "%#.'#-  �#89(�!  )�  ",9(  

. 1��%#'!*  ,!�� ��''0�  )#���%  � )� %*#(  ��!  " ���'#'!!  �#%!,!'0  � –!'(#2��%�  "�7#"(�#''  

�/#'&8!(&  ��#�(���  "3!/�#/ 2  ��,�� , � , "%#. ��(#%&' , !  (�#1�#/�5  ��#�(���  �#89( � . ��  

�!" . 4.5 ��#."(��%#'�  ��"",!(�''�*  )��!"!/ "(&  (�#1�#/ 2  .!�/#(��  ��,��  (4'#�2!#-  '�  

�0� .#  � /��#"" ��  10 �3 , "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(&5  10 +" ) !  

"  (�#("(��57#-  ��#�(��0  �#89( �  .%*  1#"�#,#'!*  ( 2 , ,( 10  �#%!,!'�  � –!'(#2��%�  '#  

��#�08�%�  1,  (  �#%!,!'0  "�//��' -  .!"�#�"!!  2���� �0�  "� � "(#- , �' "!/ -  

,!�� ��''0/!  )#���%�/!  (��",#(  �� � .!%"*  .%* 2!�#�2��"" � 2  �� +!%*  ��,��  (4.1), 

'#%!'#-'0-  � ��)�(#%&  ��#% /%#'!*  �%��%#' 2  ����$�  1,8*10-16 "/ 2/�(  [32]). 
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��
 . 4.5. ���!"!/ "(&  (�#1 ��'!-  '�  ��#�(���  �� ��"��57!�  �#89( �  ( %7!' -  3 //   (  
.!"�#�"!! , �' "!/ -  ,!�� ��''0/!  )#���%�/! , .%*  1#"�#,#'!*  �#%!,!'0  � –!'(#2��%� <1 ��!  

"3�(!!  !/��%&" �  " 2!�#�2��"" �0/  �� +!%#/  �!.�  (4.1) .  �!� � -  / 7' "(!  1 :�( . 
 

�)  .�''0� , ��#."(��%#''0�  '�  �!" . 4.5, "%#.�#(, ,(  .%* "3�(!*  !/��%&"�  .  / 7' "(!  1 

:�(  � (�#1�#("*  � /��#"" � ,  "' ��''0-  '�  ,#(0�9�  �� ��"��57!�  .!+���$! ''0�  

�#8#(���  ��)/#� /  112� 125 //  (.!�/#(�  ��,��  �  !'(#'"!�' "(!  �  �� �'5  #-2 85 // , �!� ��*  

�% (' "(&  4'#�2!!  0,29 �3 /"/ 2, ��""( *'!#  /#3.�  �#89(��/!  ~30 // ) !  ,!�� ��''0�  )#���%�� , 

�' "*7!�  ~-4500 +" 2. �#89(�!  " � . 1'0/!  ����/#(��/!  . "(��'0  ��!  " ��#/#'' /  �� �'#  

��)�!(!*  (#�' % 2!-  [48]. ��  "#2 .'*8'!-  .#'&  /��"!/�%&'�*  �#%!,!'�  .!"�#�"!!  �( � 2  

� �*.�� , � ( ��5  / 3'  �'#"(!  �  "�#�(��%&' /  .!���) '#  700–900 '/  " � / 7&5  
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,!�� ��'' 2  )#���%�   2��'!,#'�  '�  �� �'#  ~-300 +" 2, "%#. ��(#%&' , .%* '�1 ��  -4500 +" 2 

� (�#1�#("*  ~15  (��3#'!- . :�!  4( /  (�#1�#/�*  ��#�(���  ,!�� ��''0�  )#���%  ��!  �2%# 

��.#'!*  ~10 2��.�" �  ((!�!,'�*  �#%!,!'�  .%* ,!�� ��''0�  )#���% ) ~ 98 // . : . 1'0#  )#���%�  

(�' "*7!#  ~-300 +" 2, .!�/#(� /  .  100 // , "( -� "(&5  0,3 �3 /"/ 2) �� !)� .!( , '���!/#� . 

+!�/�  UltraFast Innovations GmbH [49]. �%#.�#(   (/#(!(& , ,(  �  ��#.% 3#'' -  �08#  "�#/#  

� /��#"" ��  /��"!/�%&'�*  / 7' "(&  !  4'#�2!*  "3�( 2  !/��%&"�   2��'!,#'0  %!8& ��#�(�� -  

� /��#"" �� ,  ��#.#%*#/ -  ��#�(�� -  �� ��"��57!�  �#89( �  !  ,!�� ��''0�  )#���% . : 4( /�  

#"%! " ��)�!(!#/  (#�' % 2!-  �  1�.�7#/  �� !) -.9(  ��#%!,#'!#  . "(��' -  ��#�(��0  

�� ��"��57!�  �#89( �  !  ,!�� ��''0�  )#���%  �  3–4 ��)� , (  ��)��1 (�''�*  "�#/�  � )� %!(  

"3!/�(&  !/��%&"0  .  �!� � -  / 7' "(!  ~10 :�( . 


��!/   1��) / , �� �#.#''0-  �'�%!)  � ��)�% , ,(  .%* "3�(!*  !/��%&" �  .  

/�%&(!(#����((' 2  !  �#(���((' 2  �� �'*  / 7' "(!  " �!� "#��'.' 2  .  +#/( "#��'.' 2  

�� �'*  .%!(#%&' "(!   �(!/�%&'0/  !  +��(!,#"�!  #.!'"(�#''0/  ���!�'( /  *�%*#("*  

� /��#"" � , '�   "' �#  �� ��"��57!�  �#89( �  !  ,!�� ��''0�  )#���% . 

 

4.2. �(*�(	�*  

: "%#   ��#.#%#'!*  � '+!2���$!!  !  ����/#(� �  � /��#"" �� , "%#.�57!/  8�2 /  *�%*#("*  

 ��#.#%#'!#  � .� .*7#2  "(�#(,#�� , � )� %*57#2  � /�#'"!� ��(&  .!"�#�"!5  �"#�  

 "(�%&'0�  4%#/#'( �  "!"(#/0 , 2%��'0/   1��) /  � /��#"" �� . �(�#(,#� /  " /��"!/�%&'  

1%!)� -  .!"�#�"!#-  "  1��('0/  )'�� /  *�%*#("*  �#89( ,'0-  "(�#(,#�  " (#%#"� � /  /#3.�  

�#89(��/!  " � 4++!$!#'( /  �#�#.�,!  -1. 

��""/ (�!/   �(!/�%&'0-  ���!�'(  "(�#(,#��  .%* � /��#"" �� , ��"",!(�'' 2  �  

��#.0.�7#/  ��).#%#. �%* � /�#'"�$!!  #2  .!"�#�"!! , �  (��3#  .!"�#�"!!  "�#.0  ('#%!'#-'0#  

��!"(�%%0 , � .% 3�!  .#%!(#%&'0� )#���% ,  �'�  �����/'0�  �� "(��'"(�#''0�  +!%&(� � , 

� .% 3�!  �� ��"��57!�  �#89( �  !  ( .� .),  �(!/�%&'0/  *�%*#("*  "(�#(,#� ,  "' ��''0-  '�  

�#89(���  " �% (' "(&5  8(�!� �  1%!)� -  �  �% (' "(!  8(�!� �  �#89( �  � /��#"" ��  !  

(#%#"� � /  /#3.�  �#89(��/!  " � 4++!$!#'( /  �#�#.�,!  -1 .%* !)/#'#'!*  )'���  �' "!/ -  

.!"�#�"!! . :�!  !"� %&) ��'!!  �  "(�#(,#�#  �#89( �  " �#�! . /  !.#'(!,'0/  �#89(��/  

� /��#"" ��  !  �,9(#  .!"�#�"!!  ��!"(�%% �  !   � '  �����/'0�  (#%#"� � �  �.�9("*  

� /�#'"!� ��(&  "�#�(��%&'�5  .!"�#�"!5  ��% (&  .  3–2  � �*.�� , '#"� /�#'"!� ��''�*  

.!"�#�"!*  4–2  � �*.��  " "(��%*#(  23650 +" 4 !  / 3#(  10(& � /�#'"!� ��'�  )�  ",9(  

!"� %&) ��'!*  ���"(  �(!,#"� 2  �#�#"(��!��#/ 2  .!"�#�"! '' 2  +!%&(��  (�	:�� ), 

��"� % 3#'' 2  � "%# "(�#(,#��  �#�#.  ��"��.�/!  �"!%#'!* . 
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��  ���  $#%&5 " ).�'!*  �#(���((' 2  %�)#�' 2  � /�%#�"�  *�%*#("*  . "(!3#'!#  

��#.#%&'  �0" � -  �!� � -  !'(#'"!�' "(! , (#%#"� �  �  "(�#(,#�#  . %3#'  10(& 

1#)�1#���$! ''0/ , (  #"(& �' "!(&  /!'!/�%&'0#  !"��3#'!* , "'!3�57!#  �!� ��5  

!'(#'"!�' "(&  ��!  � "%#.�57#-  + ��"!� ��#  �"!%#'' 2  "3�( 2  !/��%&"� . �  "�*)!  " 4(!/  

.�%## ��""/ (�!/  ��(��%&'�5  )�.�,�  ��)��1 (�!  "(�#(,#��  [50], �1#���$!!  � ( � 2  "'!3�5(  

�!� ��5  !'(#'"!�' "(&  '�  �#%!,!'� , '#  ��#�08�57�5  10%. ���  !)�#"(' , �%�""!,#"��*  "�#/�  

"(�#(,#��  "   .'!/  "+#�!,#"�!/  )#���% /  '#  *�%*#("*  1#)�1#���$! '' -  [51]. :�!  

!"� %&) ��'!!  "+#�!,#"�!�  )#���%  1#)�1#���$! '' -  *�%*#("*  "�#/�  (#%#"� �� , ��#.% 3#''�*  

	++'#� /  [52, 53], '  ( %&�  �  "%�,�# , � 2.�   1;#�(  ��"� % 3#'  �   17#/  $#'(�#  "+#�!,#"�!�  

)#���% . �  '�"( *7##  ��#/*  8!� �  !"� %&)�#("*  "�#/�  "  ++'#� �"�!/  (#%#"� � /  !   .' -  

.!+���$! '' -  �#89(� -  [54], ".�!'�( -   (  $#'(��  )#���% , '  (���*  "�#/� , ���  1�.#(  � ��)�'  

.�%##, 1#)�1#���$! '' -  '#  *�%*#("* . 
��3#  1�.#(  � ��)�' , ,( , .%* " ).�'!*  

1#)�1#���$! '' 2  "(�#(,#�� , '# 1� .!/  !"� %&) ��(&  "�#/�  "  ++'#� �"�!/  (#%#"� � /  !  

.��/*  �#89(��/! , �#���*  !)  � ( �0�  ��"� % 3#'�  �   17#/  $#'(�#  ��!�!)'0  )#���%  (#%#"� �� . 

�%* ��",9(�  �%!*'!*  '�  �!� ��5  !'(#'"!�' "(&  !"��3#'!- , �' "!/0�  ��)%!,'0/!  

"�#/�/!  (#%#"� �� , 10% ��)��1 (�'  �� 2��//'0-  � . ,  "' ��''0-  '�  /#( .#  (��""!� ��!  

%�,#-  (“ray tracing”) [51, 55, 56]. �,!(0��%!"&  �' "!/0#  �� "(��'"(�#''0#  �1#���$!! , �2% � -  

,!��  !  ��#/#'' -  ,!�� , �  (��3#   (�% '#'!*  �' "!/ 2  ��#/#'' 2  ,!���   (  !.#�%!) ��'' 2  

"%�,�*  "(�#(,#��  "  1#)�1#���$! ''0/  (#%#"� � / . �  !"� %&) ��'!#/  4( 2  � .�  10%  

�� �#.#'  "���'#'!#   "' �'0�  "�#/  "(�#(,#� �  " (#%#"� ��/!  '�   "' �#  "+#�!,#"�!�  )#���%  

��!  "� 3!�  �"% �!*� : ��.!�"��  )#���%  !  ".�!2#  ��,��   (   "!  )#���% . ��""/�(�!��#/0#  "�#/0  

��#."(��%#'0  '�  �!" . 4.6. ��  �!" . 4.7 !  4.8 ��#."(��%#'0  �1#���$!! , �' "!/0#   "' �'0/!  

(!��/!  (#%#"� � �  '�   "' �#  "+#�!,#"�!�  )#���% , !"� %&)�#/0�  �  "(�#(,#��� . ��  �!" . 4.9 

��#."(��%#'�  �' "!/�*  4(!/!  (#%#"� ��/!  �2% ��*  .!"�#�"!* . �%#.�#(   (/#(!(& , ,( , " 2%�"'  

�� �#.9''0/  ��",#(�/ , �1#���$!! , �' "!/0#  "(�#(,#� /  "  ++'#� �"�!/  (#%#"� � /  !  .��/*  

�#89(��/! , !.#'(!,'0  �1#���$!*/ , �' "!/0/  "(�#(,#� /  "  ++'#� �"�!/  (#%#"� � /  ( -  3# 

2# /#(�!!  !   .' -  �#89(� -  ��!  ( /  3# � 4++!$!#'(#  ��"(*3#'!* . 
��3#   (/#(!/ , ,(  

�2% � -  ,!��   ("�("(��#(  �  "(�#(,#���  " .��/*  .!+���$! ''0/!  �#8#(��/! ,  .'�  !)  � ( �0�  

��"�% 3#'�  �  $#'(�#  "+#�!,#"� 2  )#���%�  ("+#�!,#"�!�  )#���%  .%* "%�,�*   ++'#� �"� 2  

(#%#"� �� ). 
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��
 . 4.6. ��""/�(�!��#/0  "�#/0  (#%#"� � � , '�   "' �#  "+#�!,#"�!�  )#���%  (L – 4++#�(!�' #  
��""( *'!#  /#3.�  �#89(��/! ). 

 

 

��
 . 4.7. �1#���$!! , �' "!/0#  "(�#(,#� /  "  ++'#� �"�!/  (#%#"� � /  (" ���.�5(  .%* (� ) !  (1) 
�!"  4.6), ��.!�"0  )#���%  400 //  !  200 // , ��""( *'!#  /#3.�  )#���%�/!  200 // , ".�!2  

�#��#'.!��%*�'   "!  )#���%  18 //  (��  ��#."(��%#'' /  2��+!�# : "�#.'#���.��(!,' #  +�) � #  
 (�% '#'!#  0,049, /��"!/�%&'0-  ��)1� "  0,28, ����/#(�  Q(�#%*  (Strehl ratio) 0,9981) 
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��
 . 4.8. �1#���$!! , �' "!/0#  "(�#(,#� /  " (#%#"� � /  "  .'!/  "+#�!,#"�!/  )#���% /  !  
.��/*  �#89(��/! , ��.!�"  )#���%�  400 // , ".�!2  �#��#'.!��%*�'   "!  (.%*  1#"�#,#'!*  

� )/ 3' "(!  �� "(��'"(�#'' 2  ��).#%#'!*  �� � . � ) 9 // . (��  ��#."(��%#'' /  2��+!�# : 
"�#.'#���.��(!,' #   (�% '#'!#  2,5, /��"!/�%&'0-  ��)1� "  10,6, ����/#(�  Q(�#%*  0,42) 
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��
 . 4.9. �2% ��*  .!"�#�"!* , �' "!/�*  ��""/�(�!��#/0/!  (#%#"� ��/! . 

 

�� /#  ( 2 , 10% �� �#.9'  �'�%!)   (�% '#'!-  �' "!/ 2  ��#/#'' 2  ,!���   (  

!.#�%!) ��'' 2  "%�,�*  "(�#(,#��  " 1#)�1#���$! ''0/  (#%#"� � / , (  #"(&  (  "(�#(,#�� , 

�' "*7#2  .!"�#�"!5 , ���'�5  �  / .�%5  .!"�#�"!!  �%�""!,#"� 2  .����#89( ,' 2  

� /��#"" �� , '  "  1��('0/  )'�� / . �%#.�#(   (/#(!(& , ,(  !"��3#'!*  ��#/#'' 2  ,!���  

� )'!��5(  !) –)�  ( 2 , ,(  ��)%!,'0#  �2% �0#  � /� '#'(0  !)%�,#'!*  ��!  �� � 3.#'!!  

(#%#"� ��  ��! 1�#(�5(  '#"� %&�  ��)%!,'�5  ��#/#''�5  )�.#�3�� . �  �,9( /  ( 2 , ,(  

!)%�,#'!#  � "%#  (��3#'!*   (  �#�� -  �#89(�!  !/##(  1 %&8 -  �2% � -  ,!�� , 4(  ��!� .!(  �  

�'#"#'!5  (#%#"� � /  "(�#(,#��  (#"%!  '  '#  *�%*#("*  1#)�1#���$! ''0/ ) ��#/#'' 2  ,!��� . �  

(�1%!$# 4.2 ��#."(��%#'0  ��"",!(�''0#   (�% '#'!*  � 4++!$!#'( �  .!"�#�"!!  �( � 2 , 

(�#(&#2  !  ,#(�9�( 2  � �*.� �  .%* ��""/�(�!��#/0�  "(�#(,#� �   (  � 4++!$!#'( �  ��!  

!"� %&) ��'!!  1#)�1#���$! '' 2  (#%#"� �� . 

 



58 
 
 

��,��-�  4.2. 	(�% '#'!*  � 4++!$!#'( �  .!"�#�"!!  .%* ��""/�(�!��#/0�  "(�#(,#� �   (  

� 4++!$!#'( �  ��!  !"� %&) ��'!!  1#)�1#���$! '' 2  (#%#"� �� . 

 �(�#(,#�  " 
 ++'#� �"�!/  
(#%#"� � /  !  .��/*  
�#89(��/!  

�(�#(,#�  " 
 ++'#� �"�!/  
(#%#"� � /  !   .' -  
�#89(� -  

�(�#(,#�  " 
(#%#"� � / , 
" "( *7!/  !)  
 .' 2  "+#�!,#"� 2  
)#���%� , !  .��/*  
�#89(��/!  

� 2 (+" 2) 0,01 -13 323 

� 3 (+" 3) -0,026 27,5 -696 

� 4 (+" 4) 0,12 -155 3201 

�'!3#'!#  �!� � -  
!'(#'"!�' "(!  (%) 
(.%* @0=10 +" ) 

~0 7,6 88 

 

� � ���' #  �%!*'!#  �'�%!)!��#/0�  �08#  +��( � �  '�  �!� ��5  !'(#'"!�' "(& , 

� %�,�#/�5  ��!  + ��"!� ��#  �"!%#'' 2  !  "3�( 2  !/��%&"� , .%* ��""/ (�#''0�  (!� �  

"(�#(,#� �  ��#."(��%#'  �  (�1%!$# 4.3. 

 

��,��-�  4.3. �%!*'!#  ��)%!,'0�  +��( � �  '�  �!� ��5  !'(#'"!�' "(&  ("'!3#'!#  �  %). 

 �(�#(,#�  "  
 ++'#� �"�!/  
(#%#"� � /  !  .��/*  
�#89(��/!  

�(�#(,#�  "  
 ++'#� �"�!/  
(#%#"� � /  !   .' -  
�#89(� -  

�(�#(,#�  " 
(#%#"� � / , 
" "( *7!/  !)   .' 2  
"+#�!,#"� 2  )#���%� , 
!  .��/*  �#89(��/!  

�1#���$!!  0,2 0,2 58 
�2% � -  ,!��  (��!  
FWHM ��"� .!/ "(!  
��,��  �#�#.  
"(�#(,#� /  300 /���.  
("  (�#("(��#(  
.!�/#(��  �#�#(*3�!  2 
// )) 

0 3,8 0 

	(�% '#'!#  
�' "!/ 2  
��#/#'' 2  ,!���  
(��!  @0=10 +" ) 

0 7,6 88 

	17!-  ��%�.  
( ��#.#%*#("*  
�� !)�#.#'!#/ , (  
#"(& (1-0,113)=(1-
0,002)*(1-0,038)*(1-
0,076)) 

0,2 11,3 95 
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�)  ��#."(��%#''0�  �  (�1%!$# 4.3 .�''0�  "%#.�#(, ,(  (#%#"� �  "  .'!/  "+#�!,#"�!/  

)#���% /   1 )'�,#''0/  �  '�,�%#  ��).#%�  (�#1 ��'!*/  '#  �. �%#(� �*#( , (��  ���  �' "!(  

1 %&8!# �1#���$!!  !  1 %&8 -  ��#/#'' -  ,!�� , "'!3�57!#  �!� ��5  !'(#'"!�' "(&  1 %## ,#/  

'�  � �*. � . �(�#(,#�  "  ++'#� �"�!/  (#%#"� � /  !   .' -  �#89(� -  " ( ,�!  )�#'!*  �' "!/0�  

�1#���$!-  2 ��).  %�,8#  "(�#(,#��  "  .'!/  "+#�!,#"�!/  )#���% / , �� /#  ( 2 ,  '  10% 10 

�� 7#  �  '�"(� -�#  �  "���'#'!5  " (#%#"� � /  " .��/*  �#89(��/! , (��  ���  «�#���* » !  «�( ��* » 

�#89(�!   ��)0��5("*  ��( /�(!,#"�!  !.#�%&'  !.#'(!,'0/!  !  ����%%#%&'0/!  �  "�*)!  " (#/ , 

,(  +��(!,#"�!  4(   .'�  !  (�  3# �#89(�� . �  �"9  3# 4( (  "(�#(,#�  �' "!(  )�/#('0-  �2% � -  

,!��  !  !"��3#'!*  ��#/#'' 2  ,!��� , ��!� .*7!#  �  "'!3#'!5  �!� � -  !'(#'"!�' "(!  '�  

11,3%, ,(  '#  �. �%#(� �*#(  (�#1 ��'!*/ , ��#.;*�%*#/0/  �  "(�#(,#��  .%* ��)��1�(0��#/ 2  

�#(���((' 2  � /�%#�"� . �%* (�� 2  "(�#(,#��  10%� . � %'!(#%&'  �� �'�%!)!� ��'�  

)��!"!/ "(&  . "(!3!/ -  �!� � -  !'(#'"!�' "(!   (  �#%!,!'0  ".�!2�  �#89(�!   (  $#'(��  

)#���% , "  (�#("(�#''   (  � 4++!$!#'(�  ��"(*3#'!* , (��  ���  ,#/  1 %&8# ".�!2   (  $#'(�� , (#/  

1 %&8# 4++#�(!�' #  ��""( *'!#  /#3.�  �#89(��/!  (�!" . 4.10, ��!��*  1, ��!  4( /  �,!(0��% "&  

( %&�  �%!*'!#  �2% � 2  ,!��� , (��  ���  �1#���$!!  ��#'#1�#3!/  /�%0 , �   (�% '#'!#  

��#/#'' 2  ,!���  / 3'  � /�#'"!� ��(&  � ."(� -� -  � /��#"" �� ). �)  ��#."(��%#'' -  

)��!"!/ "(!  "%#.�#(, ,(  .�''�5  "�#/�  $#%#"  1��)'  ��!/#'*(&  (.%* . "(!3#'!*  �!� � -  

!'(#'"!�' "(!  ~95%  (  /��"!/�%&'  � )/ 3' - ) ��!  (�#1�#/ /  ".�!2#  �#89(�!   (  $#'(��  

)#���%  (dD) '#  1 %## 20 //  (dD, �  .�'' /  "%�,�# , "�*)�'  " 4++#�(!�'0/  ��""( *'!#/  /#3.�  

�#89(��/!  "  (' 8#'!#/  2* *cos( )eff inL dD q= , 2.# inq  – �2 % ��.#'!*  '�  �#���5  �#89(�� ). �%* 

"���'#'!*  '�  �!" . 4.10 (��!��*  2) ��#."(��%#'�  �'�% 2!,'�*  )��!"!/ "(&  ��!  !"� %&) ��'!!  

(#%#"� ��  " $!%!'.�!,#"�!/!  )#���%�/!  " (#/!  3# ��.!�"�/!  ��!�!)'0 . �)  " � "(��%#'!*  

��#."(��%#''0�  )��!"!/ "(#-  "%#.�#( �0� . , ,( , #"%! (�#1�#("*  " ).�(&  1#)�1#���$! ''0-  

"(�#(,#�  "  .' -  �#89(� - , '# 1� .!/  !"� %&) ��(&   ++'#� �"�!-  (#%#"� �  " 

$!%!'.�!,#"�!/!  )#���%�/! . �%#.�#(  ����.�   (/#(!(& , ,(  . "(��' "(&  ��,#"(�#''0�  

$!%!'.�!,#"�!�  )#���%  " 1 %&8 -  ��#�(�� -  "�7#"(�#''  '!3#  �  "���'#'!5  "  

"+#�!,#"�!/!  )#���%�/!  �'�% 2!,' 2  ��.!�"�  !  ��#�(��0 . 
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 . 4.10. �'!3#'!#  /��"!/�%&' -  . "(!3!/ -  �!� � -  !'(#'"!�' "(!   (  ".�!2�  �#89(�!   (  
$#'(��  )#���% : (1) .%*  ++'#� �"� 2  "(�#(,#��  "  "+#�!,#"�!/!  )#���%�/!  " ��.!�"�/!  400 

//  !  200 //  !   .' -  �#89(� -  (".�!2  ��,��  �#��#'.!��%*�'   "!  )#���%  18 // ); (2) .%* 
 ++'#� �"� 2  "(�#(,#��  " $!%!'.�!,#"�!/!  )#���%�/!  " ��.!�"�/!  400 //  !  200 //  !   .' -  

�#89(� -  ('��% '  ��,��  �  �#�(!��%&' -  �% "� "(!  1,2 2��.�"� ). 
 


��!/   1��) / , �� �#.9''0-  �'�%!)  � ��)�% , ,(  "(�#(,#�  "  ++'#� �"�!/  (#%#"� � /  !  

.��/*  �#89(��/! , *�%*#("*  1#)�1#���$! ''0/ , ���  "  ( ,�!  )�#'!*  �� "(��'"(�#''0�  +�) �0�  

!"��3#'!- , (��  " ( ,�!  )�#'!*  "�#�(��%&'0�  +�) �0�  !"��3#'!-  !  �2% � 2  ,!��� . : 4( /�  

.�''0-  ���!�'(  *�%*#("*  '�!1 %##  ��#.� ,(!(#%&'0/  ��!  " ).�'!!  �0" � !'(#'"!�'0�  

%�)#�'0�  "!"(#/ . 
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	"' �'0#  ����/#(�0  "(�#(,#��  !  � /��#"" ��   ��#.#%#'0  �  ��).#%��  4.1 !  4.2. ��%## 

�� �'�%!)!��#/  (�#1 ��'!*  '�  ( ,' "(&  � )!$! '!� ��'!*  4%#/#'( �  "!"(#/0  "(�#(,#� –

� /��#"" � . ���   (/#,#'  �08#  ��!  !"� %&) ��'!!   (��3�57!�  .!+���$! ''0�  �#89( �  " 

� � 2 /  �� 1 *  ~0,2 �3 /"/ 2 (,(  *�%*#("*  (!�!,' -  �#%!,!' -  .%* " ��#/#''0�  �#89( � ) �  

" ).���#/ -  "!"(#/#  "3�(&  !/��%&"0  4'#�2!#-  1 %## 300 /�3  '#  ��#."(��%*#("*  � )/ 3'0/ . 

��7#"(�#''  � �0"!(&  4'#�2!5  "3!/�#/0�  !/��%&" �  � )� %*#(  !"� %&) ��'!#  

�� ��"��57!�  .!+���$! ''0�  �#89( � . 	.'��  �  "�*)!  " (#/ , ,(  '�  .�'' /  4(��#  4'#�2!*  

�"!%#''0�  !/��%&" �  �#�#.  � /��#"" � /  " "(��%*#(  ~200 /�3 ,  "(� -  � (�#1' "(!  

!"� %&) ��'!*  �� ��"��57!�  �#89( �  '#( , (��  ���  � /��#"" � ,  "' ��''0-  '�   (��3�57!�  

.!+���$! ''0�  �#89(��� , � )� %*#(  "3!/�(&  !/��%&"0  " (�� -  4'#�2!#- . �  "�*)!  " 4(!/ , �  

(��3#  (��.' . "(��' "(&5  !  . � 2 �!)' -  �0" � ��,#"(�#''0�  �� ��"��57!�  �#89( � , '�  

.�'' /  4(��#  10%� " ).�'�  "!"(#/�  "(�#(,#� –� /��#"" � ,  "' ��''�*  '�   (��3�57!�  
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2 % 2��+!,#"�!�  .!+���$! ''0�  �#89(��� . �( !(   (/#(!(& , ,(  �  "(�#(,#�#  10% !"� %&) ��'  

 ++'#� �"�!-  (#%#"� �  ��"",!(�''0-  �  ��).#%# 4.2. �  "�*)!  " �08#"��)�''0/  �� �#.9/  

��""/ (�#'!#  (�#1 ��'!-  '�  ( ,' "(&  '�"(� -�!  "!"(#/0  "(�#(,#� –� /��#"" � , 

!"� %&) ��'' -  �  (#��7!�  4�"�#�!/#'(��  (�#89(�!  1200 8(� /// , �2 % ��.#'!*  '�  �#���5  

�#89(��  45 , ��""( *'!#  /#3.�  �#89(��/!  ~ 50 // , .%!(#%&' "(& !/��%&"�  20 +" , .!�/#(�  

��,��  14 //  �  � /��#"" �#  !  3 //  �  "(�#(,#�# ). ��"",!(�''0#  (�#1 ��'!*  '�  ( ,' "(&  

� )!$! '!� ��'!*  �#89( �  "(�#(,#��  !  � /��#"" ��  .%* . "(!3#'!*  �!� � -  !'(#'"!�' "(!  

'#  /#'##  95%  (  /��"!/�%&'  � )/ 3' -  ��#."(��%#'0  �  (�1%!$# 4.4, "%#.�#(  (/#(!(& , ,(  

 '!  '#  )��!"*(   (  (!��  !"� %&)�#/ 2  �  "(�#(,#�#  (#%#"� �� . �'!3#'!#  !'(#'"!�' "(!  ��!  

'�%!,!!  ��""/�(�!��#/0�  ��"" 2%�" ��'!-  "!"(#/0  "(�#(,#� –� /��#"" �   ��#.#%*% "&  

�#%!,!' -  �2% � 2  ,!���  !   (�% '#'!#/  �' "!/ -  .!"�#�"!!   (  (�#1�#/0�  .%* "�#�(��%&' –

 2��'!,#'' 2  "3�(!*  )'�,#'!- . �� /#  ( 2 , .%* �#8#'!*   1 )'�,#'' -  )�.�,!  ( ,' "(&  

'�"(� -�!  �2 %� � 2   (��3�(#%*  ( ��#.#%*57�*  !.#'(!,' "(&  �2% �  ��.#'!*  '�  �#�� /  !  

�( � /  �� � .�� ) . %3'�  " "(��%*(&  ~23'. 

 

��,��-�  4.4. 
�#1 ��'!*  '�  ( ,' "(&  � )!$! '!� ��'!*  �#89( �  .%* . "(!3#'!*  

�!� � -  !'(#'"!�' "(!  > 95%  (  /��"!/�%&'  � )/ 3' - . 

:���/#(�  
�#1�#/�*  ( ,' "(&   
��""( *'!#  /#3.�  �#89(��/!  16 /�/  
:���%%#%&' "(&  �#89( �  �  
�% "� "(!  .!+���$!!  

4,7' .%* "(�#(,#��  !  1' .%* 
� /��#"" ��  

:���%%#%&' "(&  �#89( �  �  
�% "� "(!  �#��#'.!��%*�' -  
�% "� "(!  .!+���$!!  

37' .%* "(�#(,#��  !  8' .%* 
� /��#"" ��  

:���%%#%&' "(&  8(�!� �  
�#89( �  

27' .%* "(�#(,#��  !  5,7' .%* 
� /��#"" ��  

�2 %  ��.#'!*  '�  �#���5  
�#89(��  

23' 

 


�#1�#/�*  ,��"(�!(#%&' "(&  '�"(� -�!  �2%� !  ��""( *'!*  /#3.�  �#89(��/!  10%� 

 1#"�#,#'�  )�  ",9(  / ( �!)!� ��''0�  5"(!��57!�  4%#/#'( �  (2 % ��!  !  � .�!3�!  " 

5"(!��57!/!  �!'(�/!  '�  1�)# «�!� / ( � � » NewFocus 8322NF c 8�2 /  ~30 '/ , ,(  �  

!"� %&)�#/0�  2 % ����  � )� %*#(  � '(� %!� ��(&  �2 % " 8�2 /  ~0,2"). :���%%#%&' "(&  

8(�!� �  �#89( �  �#2�%!� ��%�"&  " � / 7&5  '��% '' -  �%�(+ �/0  Standa 7FA3 " 

��)�#8#'!#/  10". :���%%#%&' "(&  �#89( �  !  8(�!� �  '�"(��!��%�"&  2# /#(�!,#"�!  " 

!"� %&) ��'!#/  �"� / 2�(#%&' 2  !)%�,#'!*  '�  .%!'#  � %'0  ~530 '/ , 1�)� , '�  � ( � -  

�� � .!%�"&  '�"(� -�� , " "(��%*%�  ~ 4 / , ,(   1#"�#,!��#(  ( ,' "(&  '�"(� -�!  ~40", 
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. � %'!(#%&'�*  � ."(� -��  �2%� /#3.�  �#89(��/!   "�7#"(�%*%�"&  " !"� %&) ��'!#/  

 .' !/��%&"' 2  ��( � ��#%*( ��  [57]. ��""( *'!#  /#3.�  �#89(��/!  !  �2 % ��.#'!*  '�  

�#���5  �#89(��  � ."(��!��%!"&  (��3#  �  "!2'�%�   .' !/��%&"' 2  ��( � ��#%*( �� . 


�#1 ��'!*  '�  ( ,' "(&  '�"(� -�!  � % 3#'!*  )#���%   ++'#� �"� 2  (#%#"� ��  !  

( ,' "(&  � ..#�3�'!*  ���(' "(!  !�  ��.!�" �  .%* "(�#(,#��  "  .��/*  .!+���$! ''0/!  

�#8#(��/!  10%! �0,!"%#'0  " !"� %&) ��'!#/  ��)��1 (�'' 2  �� 2��//' 2  � .�  !  

��#."(��%#'0  �  (�1%!$# 4.5. 

 

��,��-�  4.5. 
�#1 ��'!*  '�  ( ,' "(&  '�"(� -�!  � % 3#'!*  )#���%   ++'#� �"� 2  

(#%#"� ��  .%* . "(!3#'!*  �!� � -  !'(#'"!�' "(!  > 95%  (  /��"!/�%&'  � )/ 3' - . 

:���/#(�  
�#1�#/�*  ( ,' "(&  
��""( *'!#  /#3.�  )#���%�/!  1//  
�.�!2  �#��#'.!��%*�'   "!  )#���%  �  
�% "� "(!  .!+���$!!  

4//  

�.�!2  �#��#'.!��%*�'   "!  )#���%  �  
�% "� "(!  �#��#'.!��%*�' -  
�% "� "(!  .!+���$!!  

1//  

���(' "(&  ��.!�" �  )#���%  
1

2
2 0.0075R

R = ± , #"%! 

R1=400// , (  R2 . %3'  10(& 
200±1,5//  

 

�)  (�1%!$0  4.5 "%#.�#(, ,(  ��)��1 (�''�*  "�#/�  (#%#"� ��  .%* "(�#(,#��  *�%*#("*  

. � %&'  "%�1 ��!(!,' -  �  '�"(� -�#  !  '#  (�#1�#(  / ( �!)!� ��''0�  4%#/#'( �  

� )!$! '!� ��'!* .  

	.'!/  !)  '�!1 %##  ��3'0�  � ��)�(#%#-  ��,#"(��  �0" � !'(#'"!�' -  %�)#�' -  "!"(#/0  

*�%*#("*  � '(��"(  �"!%#''0�  !/��%&" � . ���( � / , ��!'$!�!�%&'   2��'!,!��57!/  � '(��"(  

�"!%#''0�  !/��%&" � , *�%*#("*  "�#�(��%&'�*  � % "�  �� ��"��'!*  "!"(#/0 . ��"",!(�''�*  

"!"(#/�  !/##(  "�#�(��%&'�5  � % "�  �� ��"��'!*   � %  750–950 '/ , � ( ��*   ��#.#%*#("*  

� '+!2���$!#-  � /��#"" ��  (��""( *'!#/  /#3.�  �#89(��/! , ��)/#� /  ��,��  !  �2% /  ��.#'!*  

'�  �#���5  �#89(�� ). ��"",!(�''0-  .%* .�'' -  "�#�(��%&' -  � % "0  �� ��"��'!*  � '(��"(  20 

+"  !/��%&"�  (�  ��#.� % 3#'!!  2��"" � -  "�#�(��%&' -  + �/0 ), � "%# �� � 3.#'!*  "!"(#/0  

"(�#(,#� –� /��#"" � , ��#."(��%#'  '�  �!" . 4.11. �)  ��#."(��%#'' 2  ��",9(�  "%#.�#(, ,(  '�  

��#/#'�� , ��#�08�57!�  '#"� %&�  " (#'  +#/( "#��'. , "!"(#/�  � )� %*#(  � %�,!(&  � '(��"(  

'#  ��3#  10-8. 
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 . 4.11. ��#/#'' -  � '(��"(  20 +"  2��"" � 2  !/��%&"�  � "%# �� � 3.#'!*  "!"(#/0  
"(�#(,#� –� /��#"" �  (8!�!'�   1%�"(!  "�#�(��%&' 2  �� ��"��'!*  200 '/ ) (�� +!%&  

"!//#(�!,'0- , (  #"(& .%* t<0, )��!"!/ "(&  (�  3#) 
 

4.4. ��2'�����  
�
(�/�  
(*�(	�* –��/.*�

�* , 0�*��(�*�
(���  1
�����)0  
+�()0  

�/.1��
�
  

���  10%   (/#,#'  �  ��#.0.�7#/  ��).#%# '�  .�'' /  4(��#  10%� " ).�'�  "!"(#/�  

"(�#(,#� –� /��#"" � ,  "' ��''�*  '�   (��3�57!�  2 % 2��+!,#"�!�  .!+���$! ''0�  �#89(��� . 

	.'��  ��3'   (/#(!(& , ,(  �  "(�#(,#�#  10% !"� %&) ��'  !/#''  ( (   ++'#� �"�!-  (#%#"� � , 

�'�%!)  � ( � 2  �� �#.9'  �  ��).#%# 4.2. 

�  "(�#(,#�#  !"� %&) ��'   ++'#� �"�!-  (#%#"� �  " .��/*  "+#�!,#"�!/!  )#���%�/!  " 

��.!�"�/!  400 !  -200 //  !  ��#�(�� -  180� 50 //  !  90� 15 //  "  (�#("(�#'' , �  (��3#  

2 % 2��+!,#"�!#  .!+���$! ''0#  �#89(�!  (HoloGrate) " ) % (0/  � ��0(!#/  !  �% (' "(&5  

8(�!� �  1200 8(� /// . :#���*  �#89(��  ��"� % 3#'�  �   17#/  $#'(�#  )#���% , ��""( *'!#  /#3.�  

�#89(��/!  ~50 // . �2 %  ��.#'!*  '�  �#���5  �#89(��  ~45 . ��#/�  "(�#(,#��  ��#."(��%#'�  '�  

�!" . 4.12. � ( 2��+!*  " ).�'' 2  "(�#(,#��  ��#."(��%#'�  '�  �!" . 4.13. 
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� /��#"" �0  �   1 !�  ��'�%��  " ).�'0  �  .����� � .' -  � '+!2���$!!  !   "' ��'0  '�  

.���  2 % 2��+!,#"�!�  .!+���$! ''0�  �#89(���  (HoloGrate) "  ) % (0/  � ��0(!#/  !  

�% (' "(&5  8(�!� �  1200 8(� /// . ��#/�  � /��#"" � �  ��#."(��%#'�  '�  �!" . 4.14. � ( 2��+!*  

� /��#"" � �  ��#."(��%#'�  '�  �!" . 4.15. 
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 . 4.15. � ( 2��+!*  � /��#"" � � . 

 

��#�(�  �"!%#''0�  !/��%&" �  � "%# � /��#"" ��  �  �#�� /  ��'�%#  ��#."(��%#'  '�  �!" . 

4.16. : "%#   �(!/!)�$!!  � /��#"" � �  10%! �� �#.#'0  !)/#�#'!*  .%!(#%&' "(!  �"!%#''0�  

"3�(0�  !/��%&" �  " !"� %&) ��'!#/   .' !/��%&"' 2  ��( � ��#%*( ��  (Avesta ASF–20T) " 

��#.���!(#%&'0/   "%�1%#'!#/  !)%�,#'!*  " � / 7&5  ��!)/  !  .#%!(#%&'0� )#���% . ��#�(�  

� "%# � /��#"" ��  !/##(  FWHM 8!�!'�  69 '/  !  "  (�#("(��#(  "�#�(��%&' – 2��'!,#'' -  

.%!(#%&' "(!  23 +" . �%#.�#(   (/#(!(& , ,(  �  "�*)!  " '�%!,!#/  '#� ( � -  )��!"!/ "(!  

4++#�(!�' "(!  � /��#"" ��   (  .%!'0  � %'0  '�1%5.�#("*  '#1 %&8�*  .#+ �/�$!*  "�#�(��  

"3�(0�  !/��%&" �  "  ��#%!,#'!#/  . %!  .%!'' � %' �0�  � /� '#'(  !  "'!3#'!*  . %!  

� � (� � %' �0� . ��*)�'  4(  " (#/ , ,(  !)%�,#'!#  " 1 %&8#- .%!' -  � %'0  !/##(  1 %&8!-  
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��( � %%!/�$! ''0-  �2 %, "  (�#("(�#''  !  1 %&8�5  4++#�(!�' "(&  .!+���$!! , (��  ���  ,#/  

1%!3# �2 % ��.#'!*  �  ��( � %%!/�$! '' /�  �2%�, (#/  �08#  4++#�(!�' "(&  .!+���$!!  (,(  

� � 8  �!.'  '�  �!" . 4.4(1)). : "%#   "%�1%#'!*  "�#�(�  '#/' 2   1�)!%"*  .  66 '/  !  

"  (�#("(��#(  "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(!  23,5 +" . �)/#�#''�*  .%!(#%&' "(& 

" "(��!%�  23±1,5 +"  (� 2�#8' "(&   ��#.#%*#("*  '#"(�1!%&' "(&5  � ��)�'!-  �  ��#/#'! , 

"�*)�'' - , "� �#-  �"#2 , " '#� ( � -  '#"(�1!%&' "(&5  "�#�(��  �"!%#''0�  !/��%&" � ), ,(  

����(!,#"�!  " ���.�#(  "  "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(&5 . ���#2!"(�!� ��''�*  

��( � ��#%*$! ''�*  +�'�$!*  �"!%#''0�  "3�(0�  !/��%&" �  �  �#�� /  ��'�%#  ��#."(��%#'�  '�  

�!" . 4.17. 
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 . 4.17. ��( � ��#%*$! ''�*  +�'�$!*  �"!%#''0�  "3�(0�  !/��%&" �  �  �#�� /  ��'�%#  
(!)/#�#'!*   .' !/��%&"'0/  ��( � ��#%*( � / ) 
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��#�(�  �"!%#''0�  !/��%&" �  � "%# � /��#"" ��  �  �( � /  ��'�%#  ��#."(��%#'  '�  �!" . 

4.18. ��#�(�  � "%# � /��#"" ��  !/##(  FWHM 8!�!'�  49 '/  !  "  (�#("(��#(  "�#�(��%&' –

 2��'!,#'' -  .%!(#%&' "(!  23 +" . : "%#   "%�1%#'!*  "�#�(�  "  (�#("(��#(  "�#�(��%&' –

 2��'!,#'' -  .%!(#%&' "(!  25 +" . ���#2!"(�!� ��''�*  ��( � ���#%*$! ''�*  +�'�$!*  

��#."(��%#'�  '�  �!" . 4.19. �)/#�#''�*  .%!(#%&' "(& " "(��!%�  24±1,3 +" , ,(  ����(!,#"�!  

" ���.�#(  "  "�#�(��%&' – 2��'!,#'' -  .%!(#%&' "(&5 . �%#.�#(   (/#(!(& , ,(  

)��#2!"(�!� ��''0-  '��% '  +� '(�  !/��%&" �  �   1 !�  ��'�%��  '#  ��#�08�%  10-4 ��. . 
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 . 4.19. ��( � ��#%*$! ''�*  +�'�$!*  �"!%#''0�  "3�(0�  !/��%&" �  �  �( � /  ��'�%#  
(!)/#�#'!*   .' !/��%&"'0/  ��( � ��#%*( � / ) 
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���  �3#   (/#,�% "&  ��'## , ��3' -  �����(#�!"(!� -  �0" � !'(#'"!�' -  "!"(#/0  

*�%*#("*  � '(��"(  �"!%#''0�  !/��%&" � . �  "�*)!  " 4(!/  10%! �� �#.#'0  !)/#�#'!*  .�'' 2  

����/#(�� . �)/#�#'!*  �� � .!%!"&  " !"� %&) ��'!#/  � '(��"( /#��  C	 M�
  800-2 (AVESTA 

PROJECT Ltd.), !/#57#2  .!'�/!,#"�!/  .!���) ' /  ~108. �#)�%&(�(0  !)/#�#'!*  � '(��"(�  �  

�#�� /  !  �( � /  ��'�%��  ��#."(��%#'0  '�  �!" . 4.20 !  4.21 "  (�#("(�#'' . �)  � ( �0�  

�"(�' �%#' , ,(  �"!%#''0#  !/��%&"0  '�  �#�#.'#/  +� '(#  !/#5(  �0" �!-  � '(��"(  – 10-6 '�  

��#/#'��  0,5 �"  !  '#  ��3#  10-8 '�  ��#/#'��  1 %## 20 �"  �  �#�� /  ��'�%#  !  40 �"  �  �( � /  

��'�%# . 
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 . 4.20. � '(��"(  �"!%#'' 2  "3�( 2  !/��%&"�  �  �#�� /  ��'�%# : «"0�0# » .�''0#  (� ) !  
�#)�%&(�(  � "%# �0,!(�'!*  «��(#+��( � » (1). ("#��*  %!'!*  – �� �#'&  8�/ �  "!"(#/0  

�#2!"(��$!! , «��(#+��(0 » � '(��"( /#�� : 1 –  (��3#'!#   (  2��'#-   "%�1!(#%*, 2 –  (��3#'!*  
 (  2��'#-  ��!"(�%% �  �( � -  !  (�#(&#-  2��/ '!�! , 3 –  (��3#'!#   (  2��'#-  ��!"(�%%�  (�#(&#2  

��"��.� ) 
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 . 4.21. � '(��"(  �"!%#'' 2  "3�( 2  !/��%&"�  �  �( � /  ��'�%# : «"0�0# » .�''0#  (� ) !  
�#)�%&(�(  � "%# �0,!(�'!*  «��(#+��( � » (1). ("#��*  %!'!*  – �� �#'&  8�/ �  "!"(#/0  

�#2!"(��$!! , «��(#+��(0 » � '(��"( /#�� : 1 –  (��3#'!#   (  2��'#-   "%�1!(#%*, 2 –  (��3#'!*  
 (  2��'#-  ��!"(�%% �  �( � -  !  (�#(&#-  2��/ '!�! ; 3 –  (��3#'!#   (  2��'#-  ��!"(�%%�  (�#(&#2  

��"��.� , 4 – !/��%&" , "�*)�''0-  " .�����('0/   (��3#'!#/   (  2��'#-  ��!"(�%%�  �( � 2  
��"��.� ) 
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�%#.�#(   (/#(!(& , ,(  "!2'�%  '�  �!" . 4.21(� ), � /#,#''0-  !'.#�" /  3 !  4, "�*)�'  "  

.�����('0/   (��3#'!#/   (  2��'#-  ��!"(�%% �  (�#(&#2  !  �( � 2  ��"��. �  !  "  (�#("(��#(  

!/#''  � "(!/��%&"�/ . �#%  �  ( / , ,(  +��(!,#"�!  �#2!"(�!��#("*  '#  '���*/�5  � '(��"( , �  

��( � ��#%*$! ''�*  +�'�$!*  (�#(&#2  � �*.��  – � ��#%*$! ''�*  +�'�$!*  !)%�,#'!-  '�  

 "' �' -  ,�"( (#  !  �( � -  2��/ '!�# , ,(  ��!� .!(  �  � )'!�' �#'!5  «% 3' 2 » "!2'�%�   (  

�"#�  � "(!/��%&" �  '�  �#�#.'#/  +� '(#  !   (  �"#�  ��#.!/��%&" �  '�  )�.'#/  +� '(#   "' �' 2  

!/��%&"� . 

�%* � *"'#'!*  ��!� .0  �� $#""�  ��""/ (�!/  ��!/#�  '�%!,!*  � "(!/��%&"�  

 (' "!(#%&' -  �/�%!(�. -  R. 
 2.�  �  !)%�,#'!!  �( � -  2��/ '!�!  1�.#(  (��3#  !/#(&"*  

� "(!/��%&"  "  (' "!(#%&' -  �/�%!(�. -  ~ R2, (��  ���  "!2'�%  �( � -  2��/ '!�!  

��!1%!)!(#%&'  �� � �$! '�%#'  ���.��(�  "!2'�%�  '�   "' �' -  ,�"( (# . : 4( /�  ��!  

�#2!"(��$!!  � ��#%*$! '' -  +�'�$!!  !)%�,#'!-  '�   "' �' -  ,�"( (#  !  �( � -  2��/ '!�!  �  

"!2'�%#  (�#(&#-  2��/ '!�!  1�.�(  !/#(&"*  3 «!/��%&"� », "�*)�''0�  ": 

1. �#�#��0(!#/  � "(!/��%&"�  "!2'�%�  �( � -  2��/ '!�!  "  "' �'0/  !/��%&" /  "!2'�%�  

'�   "' �' -  ,�"( (# . 	'  1�.#(  ��"� % 3#'  �   1%�"(!   (�!$�(#%&'0�  )�.#�3#�  ((  #"(& 

/ 3#(  10(& � "��!'*(  ���  ��#.!/��%&" ) !  #2   (' "!(#%&'�*  �/�%!(�.�  1�.#(  

��!/#�'  R2 (/ 3#(  10(& )�/#('  1 %&8#, #"%!  "' �' -  !/��%&"  �( � -  2��/ '!�!  

'�� .!("*  �  '�"07#'!! ) ("/ (�!  O 1 �!" . 4.22); 

2. �#�#��0(!#/   "' �'0�  !/��%&" � ; ("/ (�!  O 2 �!" . 4.22); 

3. �#�#��0(!#/  � "(!/��%&"�  "!2'�%�  '�   "' �' -  ,�"( (#  "  "' �'0/  !/��%&" /  

"!2'�%�  �( � -  2��/ '!�! . 	'  1�.#(  ��"� % 3#'  �  � % 3!(#%&'0�  )�.#�3���  !  #2  

 (' "!(#%&'�*  �/�%!(�.�  1�.#(  R. ("/ (�!  O 3 �!" . 4.22). 
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��
 . 4.22. �#��'!)/  � *�%#'!*  «% 3' 2 » ��#.!/��%&"�  �  "!2'�%#  �� ""� ��#%*$! '' -  
+�'�$!!  (�#(&#2  � �*.��  (' /#��  "  (�#("(��5(  ��'�(�/  !)  ��#.0.�7#2  "�!"�� , 
�
  – 

2#'#��( �  �( � -  2��/ '!�! , 


  – 2#'#��( �  (�#(&#-  2��/ '!�! ) 
 

�%* ��#.!/��%&"�  �"9  1�.#(  '� 1 � (  – "!2'�%  �   (�!$�(#%&' -   1%�"(!  )�.#�3#�  1�.#(  

!/#(&  �/�%!(�.�  ~R, �  � % 3!(#%&' -  R2. �%* ��""/�(�!��#/0�  "!2'�% �  (� /#,#''0#  

!'.#�"�/!  3, 4 '�  �!" . 4.20–21) ���  ��)  !/��%&"  �   (�!$�(#%&' -   1%�"(!  )�.#�3#�  

��!1%!)!(#%&'  �  1/R ��)  /#'&8#  !/��%&"�  �  � % 3!(#%&' -   1%�"(! . 6(  2 � �!(    ( / , ,(  

.�''0#  "!2'�%0  "  (�#("(��5(  !/#''  � "(!/��%&"�/ . M (*  "  100% ��#�#'' "(&5  

�(�#�3.�(& , ,(  �   (�!$�(#%&' -   1%�"(!  )�.#�3#�  '�  /#"(#  ��(#+��( �  � ��#%*$! '' -  

+�'�$!!  �( � 2  � �*.��  '#(  ��#.!/��%&" �  �/�%!(�. -  '#  1 %## R2 '#%&)*, (��  ���  !�  .�''0/  

/#( . /  )��#2!"(�!� ��(&  '#� )/ 3'  (�  "�*)!  " 4(!/  � )/ 3'0#  ��#.!/��%&"0  '�  �!" . 

4.20(1) !  4.21(1)  ( 1��3#'0  "�#(% –"#�0/!  %!'!*/! ). : 4( /� , #"%!  ("�("(�!#  �#� *(' 2  
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��#.!/��%&"�  !/##(  ��!'$!�!�%&' #  )'�,#'!# , '# 1� .!/  �� � .!(&  !)/#�#'!#  � '(��"(�  

�%&(#�'�(!�'0/!  /#( .�/! . 

 

 

5. �(�,���2�-��  .�*�/�(*�
  1
�����)0  �/.1��
�
  �  ����*��(���  


��+����  

 

5.1. �.*�'������  .�*�/�(*�
 , (*�,16��0  ��(�
��5  
(�,���2�-��  

�  �( � /  ��).#%# 10%! ��""/ (�#'0  (�#1 ��'!*  '�  "(�1!%&' "(&  ����/#(� �  

"�%�.0��#/0�  !/��%&" �  .%* �#�%!)�$!!  �0" � 4++#�(!�' 2  � 2#�#'(' 2  "% 3#'!* . �  4( /  

����2��+#  1�.#(  �� �#.9'  �'�%!)  ��!"�("(��57!�  �  " ).�'' -  "!"(#/#  '#"(�1!%&' "(#-  .%* 

 ��#.#%#'!*  '�!1 %##  ��!(!,'0�  ����/#(� � , � ( �0#  '# 1� .!/  "(�1!%!)!� ��(& . 

��""/ (�!/  �"#  +��( �0  �  ( /  3# � �*.�# , ���  !  �  ��).#%# 2. 

1. ��)'!$�  � %'0�  +�) . � ).�''�*  "!"(#/�  !)/#�#'!*  ��)'!$0  +�)  � .� 1'  1�.#(  

 �!"�'�  �  "%#.�57#/  ��).#%#. �  #9 � / 7&5  10%  �"(�' �%#' , ,(  ��!   ("�("(�!!  

��(!�' -  "(�1!%!)�$!! , '#"(�1!%&' "(&  ��)'!$0  +�)  ���  �"!%#''0� , (��  !  '#�"!%#''0�  

!/��%&" �  ��#�08�#(  800 /��.  (4(  ��!   ("�("(�!!  +%��(��$!-  "# –+�)0  4��!��%#'('  

.3!((#��  350 �" ), ,(  '#  � )� %*#(  �0� %'*(&  4++#�(!�' #  � 2#�#'(' #  "% 3#'!# . 

: 4( /�  ��)'!$�  +�)  (�#1�#(  ��(!�' -  "(�1!%!)�$!! . 

2. �.#'(!,' "(&   �(!,#"�!�  .%!'  ��'�% � . �  " ).�'' -  "�#/#  �0���'!��'!#  

 �(!,#"�!�  .%!'  ��'�% �   "�7#"(�%*#("*  � "�#."(� /  "��'!� ��'!*  )�.#�3�!  /#3.�  

!/��%&"�/!  (" � / 7&5  !)/#'#'!*  .%!'0   .' 2  !)  ��'�% �  / ( �!)!� ��'' -  %!'!#-  

)�.#�3�! ) !  '�"(� -�!  '�  /��"!/�/  "!2'�%�  � 2#�#'(' 2  "% 3#'!* . 6(  � )� %*#(  

'�"(��!��(&  �#�#��0(!#  " ( ,' "(&5  � �*.��  0,5–1  �(!,#"� 2  �#�! .� . �0���'!��'!#  

.%!'  ��'�% �  " 4( -  ( ,' "(&5 , " 2%�"'  (2.12), � )� %*#(   "�7#"(�%*(&  "% 3#'!#  

!/��%&" �  .%!(#%&' "(&5  20 +"  "  . "(�( ,'  �0" � -  4++#�(!�' "(&5  – 1 %## 95%. �  

"�*)!  " 4(!/  '#  (�#1�#("*  . � %'!(#%&' -  ��(!�' -  "(�1!%!)�$!!  ��)'!$0  .%!'  ��'�% � .  

3. ��)�  /#3.�  '#"�7#-  !   2!1�57#- . ���  � ��)�'  �  ��).#%# 2.1 ��!  !"� %&) ��'!!  

!'(#�+#�#'$! ''0�  /#( . �  "!'�� '!)�$!!  !/��%&" � , ,(  "����#.%!�  �  '�8#/  "%�,�# , 

'#"(�1!%&' "(&  ��)'!$0  +�)  /#3.�  '#"�7#-  !   2!1�57#-  ��!  "% 3#'!!  !/��%&" �  

.%!(#%&' "(&5  ~20 +"  '#  . %3'�  ��#�08�(&  6,4 ��. . �#2!"(��$!*  .�'' 2  ����/#(��  �  

" ).�'' -  "!"(#/#  '#  �� � .!%�"& , '  (!�!,'�*  �#%!,!'�  '#"(�1!%&' "(!  +�)0  /#3.�  
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:�!  !"� %&) ��'!!  .���  � '(�� �  ��: , ��3'0/  +��( � /  !�  " �/#"(' -  

��1 ( "� " 1' "(!  *�%*#("*  � ��#%*$!*  �#2!"(�!��#/0�  !/!  "!2'�% � . 6(  ��3'  !  .%* 

 1#"�#,#'!*  ��1 (0  .���� '(��' -  ��: , !  .%*  ��#.#%#'!*  '# 1� .!/ "(!  "(�1!%!)!� ��(&  

��%�.  '#%!'#-'0�  4++#�( � , !  .%* �#2!"(��$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  ��!  
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"(�1!%!)�$!!  �  '#�"!%#'' /�  "!2'�%� . �)'�,�%&'  .��  � '(���  �#2!"(��$!!  10%! 

 �2�'!) ��'0  �  "�#/# , ��#."(��%#'' -  '�  �!" . 5.5.  

 

��
 . 5.5. :#��0-  ���!�'(  "�#/0  !)/#�#'!*  !  "(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  
" .��/*  � '(���/!  ��: . 

 

6(�  "�#/�  !"� %&) ��%�"&  '�/!  ��!  �� �#.#'!!  �#��0�  4�"�#�!/#'( �  �  � 2#�#'(' /�  

"% 3#'!5  ����/#(�!,#"�!  �"!%#''0�  "3�(0�  !/��%&" �  [27] (4'#�2!*  50 /��3 , .%!(#%&' "(& 

50 +" ). �( !(   (/#(!(& , ,(  "!"(#/�  �#2!"(��$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  

 (%!,�#("*   (  "!"(#/0  �#2!"(��$!!  '#�"!%#''0�  !/��%&" � . ��*)�'  4(  " '�%!,!#/  

+%��(��$!-  4'#�2!!  �"!%#''0�  !/��%&" � , ,(  ��!  !"� %&) ��'!!  "�#/0  �#2!"(��$!! , 

!.#'(!,' -  �!" . 5.2, ��!�#%  10 �  ��# 1��) ��'!5  �/�%!(�.'0�  8�/ �  �  +�) �0# , (��  ���  �  

.�'' /  "%�,�#  '#� )/ 3'   (%!,!(&  !)/#'#'!#  �#%!,!'0  �#2!"(�!��#/ 2  "!2'�%�  !) –)�  

!)/#'#'!*  ��)' "(!  +�)  !  !) –)�  !)/#'#'!*  4'#�2!!  !/��%&" � . �%* /!'!/!)�$!!  

��# 1��) ��'!*  �/�%!(�.'0�  8�/ �  �  +�) �0#  10%� ��)��1 (�'�  !  " ).�'�  "!"(#/�  !)/#�#'!*  

��)' "(!  +�)  �"!%#''0�  !/��%&" � , �'�% 2!,'�*  .#(#�( ��  M4'8� –� -%��.�  (Hänsch–

Couillaud) [59] (�!" . 5.5 '!)� ,�"( ('0-  � '(��  �#2!"(��$!! ),  1%�.�57�*  � '!3#'' -  

,��"(�!(#%&' "(&5  �  �/�%!(�.'0/  8�/�/ . 

��""/ (�!/  � .� 1'##  ��!'$!�  ��1 (0  4( -  "!"(#/0 . �)/#�#'!*   "�7#"(�%*5("*  

"%#.�57!/   1��) / . �)   1 !�  ��'�% �   (� .!("*  '#1 %&8�*  ,�"(&  !)%�,#'!*  <1%, �   .' /  

��'�%#  � %*�!)�$!*  � � ��,!��#("*  '�  90  " � / 7&5  � %�� %' � -  �%�"(!'�! , .�%## 

!)%�,#'!*  "�%�.0��5("*  '�  .#%!(#%&' /  )#���%#, �� � .*(  ,#(�#�(&� %' ��5  �%�"(!'�� , 

.#%*("* ��!)/ -  
%�'�  !  �#2!"(�!��5("*  !)/#�!(#%*/!  4'#�2!!  (��)��1 (�''0/!  �  ���  �	  

��� ). :�!  4( /  '�  �#��0-  ��!9/'!�  � ��.�#(  "!2'�% , � %# � ( � 2  / 3'  ��#."(��!(&  �  �!.#  
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�#2!"(�!��#/0-  "!2'�%  ��!  %510�  4'#�2!*�  ���#'  0, (  #"(& ��!  !)/#'#'!!  4'#�2!!  !/��%&" �  

 ("�("(��#(  "/#7#'!#  ( ,�! , �  � ( � -   "�7#"(�%*#("*  "(�1!%!)�$!* , ,(  !  (�#1�#("*  .%* 

/!'!/!)�$!!  ��# 1��) ��'!*  �/�%!(�.'0�  8�/ �  �  +�) �0# . 
 2.�  ���  1#) �0,!(�'!*  �  

�#2!"(�!��#/ /  "!2'�%# , � /!/  "%�2�#/ 2  �� � �$! '�%&' 2  sin( )jD , !/#5("*  
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��!  !)/#'#'!!  4'#�2!!  �"!%#''0�  !/��%&" � , ,(  !  ��!� .!(  �  ��# 1��) ��'!5  �/�%!(�.'0�  

8�/ �  �  +�) �0# . � � (�  �#)5/!��*  ��!'$!�  ��1 (0   �!"�'' -  "!"(#/0 , / 3'  "��)�(& , ,(  

 '   "' ��'  '�  ( / , ,(  �  "!2'�%0 , �#2!"(�!��#/0#  ��!9/'!��/! , ���  �!.'  !)  ��#."(��%#''0�  

�08#  + �/�% , �/�%!(�.'0#  8�/0  .�5(  "!'+�)'0-  ��%�. , �  +�) �0#  �� (!� +�)'0- . : 4( /� , 

�0� %'**  �0,!(�'!#  4(!�  "!2'�% � , ��%�.  +�) �0�  8�/ �  �"!%!��#("*  (��!/#�'  �  2 ��)� ), �  

�/�%!(�.'0�  � .��%*#("*  (�#�%&' , �  "�*)!  " '#� ( � -  '#!.#'(!,' "(&5  ��!9/'!� � , 

'#( ,' "(&5  � 4++!$!#'(�  .#%#'!*  !  ( .� . ��!/#�'  '�  � �*. � ). 

�%*  ��#.#%#'!*  '# 1� .!/ "(!  !"� %&) ��'!*  �  "!"(#/#  "(�1!%!)�$!! , ��#."(��%#'' -  

'�  �!" . 5.5,  .' ��#/#''  .���  � '(�� �  10%! �� �#.#'0  4�"�#�!/#'(0  �  !)/#�#'!5  

� ��#%*$!!  !�  "!2'�% � . ��  �!" . 5.6(� ) ��#."(��%#'0  ��#/#''0#  )��!"!/ "(!  �#2!"(�!��#/0�  

"!2'�% � , '�  �!" . 5.6(1) "  (�#("(��57�*  !/  "�#�(��%&' –� ��#%*$! ''�*  +�'�$!* . �)  

��#."(��%#''0�  .�''0�  �"(�' �%#' , ,(  � %'�*  � ��#%*$!*  "!2'�% �  " "(��%*#(  0,36. : %'�*  

� ��#%*$!*   ��#.#%*#("*  �0��3#'!#/  
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��#."(��%#''0�  .�''0�  �!.' , ,(  . 1��%#'!#  �0" � ,�"( (' 2  � '(���  '#  � )� %!%  

)�/#('  ��"8!�!(&  � % "�  "(�1!%!)�$!!  !  "�7#"(�#''  "'!)!(&  '#"(�1!%&' "(&  ��)' "(!  +�)  
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'!)� ,�"( ('0/  � '(�� / . 
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��#."(��%#'' /�  '�  �!" . 5.6. �)  ,#2  "%#.�#( �0� . , ,(  ��)%!,!*  "!2'�% �  �  �0" � ,�"( (' /  

!  '!)� ,�"( (' /  � '(����  �  "�#/#  '�  �!" . 5.5 "�*)�'0  " � )/�7#'!*/! , �' "!/0/!  '�  �,�"(�#  
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� '(���/! . 

 

�  4( -  "�#/#   1�  "!2'�%�  (�"!%#''0-  !  '#�"!%#''0- ) �   1 !�  ��'�%��  ��"�� "(��'*5("*  

�   .' /�  !  ( /�  3#  �(!,#"� /�  ��(!  ��% (&  .  .#%!(#%&' 2  )#���%� , '�  � ( � / , �  "�(! , 

+ �/!��#("*   �(!,#"�!-  "!2'�% , ��!  � "%#.�57#-  �#2!"(��$!!  � ( � 2   ��#.#%*#("*  

��)' "(&  +�) . �  .�'' -  "�#/#  �� !)�#.#'  #79  .'  �%�,8#'!# , !/#57##  ��!'$!�!�%&' #  

)'�,#'!#  .%* !/��%&" �  " �0" � -  4'#�2!#- , – .%* "!"(#/0  �#2!"(��$!!  1#�9("*  "!2'�% , 

�� 8#.8!-  ,#�#)   .'  !)  � "%#.'!�  )#���%  "!"(#/0 . 
 2.�  ���  �  ��#.0.�7#-  "�#/#  '�  �!" . 

5.5,  (�#.#'!#  !)%�,#'!*  �  "!"(#/�  �#2!"(��$!!   "�7#"(�%*% "&  .#%!(#%&'0/  )#���% / . 6(  

��!� .!(  �  ( /� , ,(  �"!%#''0-  !/��%&"  �� � .!(  ,#�#)  � .% 3��  .#%!(#%&' 2  )#���%� , ,(  

��!  ��1 (#  " �"!%#''0/!  "3�(0/!  !/��%&"�/!  / 3#(  " ).�(&  /' 2  �� 1%#/ , "�*)�''0�  " 

'#3#%�(#%&'0/!  '#%!'#-'0/!  4++#�(�/! , ! , �  ( /�  3#, �'#"9(  . � %'!(#%&'0-  ,!�� . 

�  ��#."(��%#'' -  "�#/#  10%! �� �#.#'0  4�"�#�!/#'(0  �  !)/#�#'!5  � ��#%*$!!  

"!2'�% � , �#2!"(�!��#/0�  �  '!)� ,�"( (' /  !  �0" � ,�"( (' /  � '(���� . �#)�%&(�(0  

��#."(��%#'0  '�  �!" . 5.10 .%* '#1 %&8 -  (1 /�3 ) !  '�  �!" . 5.11 .%* /��"!/�%&' -  4'#�2!- . 

: %'0-  � 4++!$!#'(  � ��#%*$!!  " "(��!%  0,85 !  0,78 "  (�#("(�#'' . �)  ��#."(��%#''0�  

��#/#''0�  )��!"!/ "(#-  "!2'�% �  �!.' , ,(   '!  ����(!,#"�!  !.#�%&'  � ��#%!��5(  ('!���!�  



83 
 
 

"#�&9)'0�  ��"� 3.#'!-  �  "!2'�%�� , � . 1'  �!" . 5.4 '#( ) ��!,9/  ���  ��!  /�%0� , (��  !  ��!  

1 %&8!�  4'#�2!*�  �"!%#''0�  !/��%&" � . 6(  2 � �!(    ( / , ,( , ���  !   3!.�% "& , ��%�.  

'#%!'#-'0�  4++#�( �  �  ��)' "(&  +�)  �  '�8#-  "�#/#  '#  �#%!� . �� /#  ( 2 , !)  "�#�(��%&' –

� ��#%*$! ''0�  +�'�$!-  �!.' , ,(  '�  '!)�!�  ,�"( (��  (/#'##  2 
$ ) ��!  ��#%!,#'!!  4'#�2!!  

� ��#%*$!*  '#  ���.8�#("* , ( 2.�  ���  '�  ,�"( (��  1 %## ~2 
$  )�/#('  #9 "'!3#'!# , � ( � #  " 

1 %&8 -  �#� *(' "(&5  "�*)�'  "  )��,#'' -  '!3#  �� 1%#/ -  '�%!,!*  ��%�.�  �"!%#''0�  

!/��%&" �  �  "!2'�%  �0" � ,�"( (' 2  � '(���  (+��(!,#"�!  '�  ,�"( (#  10 
$  �  

�0" � ,�"( (' /  � '(��#  !/##("*  "#�&9)' #  � )/�7#'!#  �#2!"(�!��#/ 2  "!2'�%� , � ( � #  !  

"'!3�#(  � ��#%*$!5 ). �  �#)�%&(�(# , ��#."(��%#''�*  "�#/�  � )� %*#(  �� � .!(&  4�"�#�!/#'(0  

" � ��#�(' -  "!'�� '' -  �#2!"(��$!#-  "!2'�%�  �   1 !�  � '(���� . 
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 . 5.10. �!2'�%0  1#) "(�1!%!)�$!!  ��!  '#1 %&8 -  4'#�2!!  (� ) !  !�  "�#�(��%&'�*  � ��#%*$!*  
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5.3. �(�,���2�-��  *�2��
(�  4�2  1
�����)0  �/.1��
�
  

�  !"� %&) ��'!#/   �!"�'' -  �  ��#.0.�7#/  ��).#%# "!"(#/0  �#2!"(��$!!  10%! 

�� �#.#'0  4�"�#�!/#'(0  �  "(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" � . �( !(   (/#(!(& , 

,(  '�  .�'' /  4(��#  !"� %&) ��'!#  �0" � ,�"( ('  � '(���  � )/ 3'  ( %&�  ��!  '#1 %&8 -  

4'#�2!!  �"!%#''0�  !/��%&" �  (.  ~5 /�3 ). ��*)�'  4(  " (#/ , ,(  "#%#�( �  !/��%&" � , 

«�0�#)�57!- » �"!%#''0#  !/��%&"0  �#�#.  ��!9/'!� /  �  �0" � ,�"( (' /  � '(��# , !/##(  

� 4++!$!#'(  � .��%#'!*  ~103, ( 2.�  ���  � 4++!$!#'(  �"!%#'!*  " "(��%*#(  ~108. : 4( /�  

�"!%#''0#  !/��%&"0  ��!� .*(  �  �01� "�/  (���(� ��#/#''0/  '�"07#'!*/  ��!9/'!�� ) �  

�#2!"(�!��#/ /  �0" � ,�"( (' /  � '(�� /  "!2'�%# , ��!,9/ , ,#/  1 %&8# 4'#�2!* , (#/  . %&8# 

4( (  �01� " . :�!  4'#�2!*�  >~5 /�3  .%!(#%&' "(& �01� "�  '�,!'�#(  ��#�08�(&  '#"� %&�  

" (#'  /�"#� , ,(  «�01!��#( » �0" � ,�"( ('0-  � '(��  !)  «)����(� ». : 4( /�  4�"�#�!/#'(0  " 

.��/*  � '(���/!  10%! �� �#.#'0  ( %&�  ��!  '#1 %&8 -  4'#�2!!  (~5 /�3 ). :�!  � %' -  

4'#�2!!  10%! �� �#.#'0  4�"�#�!/#'(0  "  "(�1!%!)�$!#-  ( %&�  �  '!)� ,�"( (' /�  � '(��� . 

�( !(   (/#(!(& , ,(   1 )'�,#''�*  �08#  �� 1%#/�  / 3#(  10(& �#8#'�  . 1��%#'!#/  /#3.�  

��!9/'!� /  �0" � ,�"( (' 2  � '(���  �#2!"(��$!!  !  1% � /  "(�1!%!)�$!!  �"(� -"(��  

�01 ��!  !  ���'#'!*  (��M ), �0�#)�57#2  !)  "!2'�%�  '#3#%�(#%&'0# �01� "0 . 
  #"(& �#�#.  

��!� . /  �"!%#'' 2  !/��%&"�  '�  ��M  � "(���#(  "!'�� !/��%&" , !  .  "%#.�57#2  

"!'�� !/��%&"�  ��M   "(��%*#(  '#!)/#''0/  (#��7!-  "!2'�% , ,(  � )� %*#(  «�#�#3.�(& » 

�01� " , �#2!"(�!��#/0-  10"(�0/  ��!9/'!� /  !  "�*)�''0-  " ��!� . /  �"!%#'' 2  !/��%&"� , 

!  '#  �' "!(&  '#3#%�(#%&'0�  � )/�7#'!-  �  �0" � ,�"( ('0-  � '(��  ��: . �  (�#("(�#'' , 

�( � -  "!'�� !/��%&"  . %3#'  "%#. ��(&  " )�.#�3� -  '#"� %&�  /!%%!"#��'. . �� /#  ( 2 , 

�%�,8!(&  "!(��$!5  / 3'  )�/#' -  ��!9/'!�� , !"� %&)�#/ 2  �  �0" � ,�"( (' /  � '(��# , '�  

1 %## 10"(� .#-"(��57!- , ,(  � )� %!(  "'!)!(&  .%!(#%&' "(& �01� " � . 

:�!  '#1 %&8 -  4'#�2!!  �"!%#''0�  !/��%&" �  (~5 /�3 ) 10%! �� �#.#'0  4�"�#�!/#'(0  

"  "(�1!%!)�$!#-  !  �  '!)� ,�"( (' /�  � '(��� , !  �  �0" � ,�"( (' /�  � '(��� , ��!  4( /  

"!'�� ''  �#2!"(�!� ��%"*  "!2'�%  �   1 !�  � '(���� . ��#�(��%&'0#  �% (' "(!  / 7' "(!  

+�) �0�  8�/ � , )��#2!"(�!� ��''0#  �  ��)%!,'0�  �#3!/��  �  �0" � ,�"( (' /  � '(��# , 

��#."(��%#'0  '�  �!" . 5.12. �%* '!)� ,�"( (' 2  � '(���  .�''0#  ��#."(��%#'0  '�  �!" . 5.13. 

��''0#    ��%�.#  ��)%!,'0�  ,�"( ('0�  .!���) ' �  �  '#"(�1!%&' "(&  ��)' "(!  +�)  

��#."(��%#'0  "  (�#("(�#''  �  (�1%!$��  5.1 !  5.2. (+�) ��  '#"(�1!%&' "(&  �  ,�"( (' /  

.!���) '#   (  f1 .  f2  ��#.#%*#("*  �0��3#'!#/  
2

1

( )
f

f

S f dfjs = � , 2.# S – "�#�(��%&'�*  �% (' "(&  

/ 7' "(!  +�) �0�  8�/ � ). � 1"(�#''0-  8�/  "!"(#/0  �#2!"(��$!!  – " "(��%*57�*  

�#2!"(�!��#/ 2  "!2'�%� ,  1�"% �%#''�*  8�/�/!  "�/ -  "!"(#/ -  �#2!"(��$!! , �  '#  ��)' "(&5  
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+�)  "�%�.0��#/0�  !)%�,#'!- ; 4( (  8�/ , �  "�(! , �����(#�!)�#(  � 2�#8' "(&  !)/#�#'!- . 	'  

�#2!"(�!��#("*  � "�#."(� /  �#�#��0(!*   .' 2  !)  ��'�% �  %!1  �'#"#'!#/  )�.#�3�! , 

"�7#"(�#''  ��#�08�57#-  .%!(#%&' "(& !/��%&"� , ��!  4( /  !'(#�+#�#'$! ''�*  � /� '#'(�  

"!2'�%�  �� ��.�#( ,  "(�9("*  ( %&�  ��%�.  �/�%!(�.'0�  8�/ �   �(!,#"� 2  !)%�,#'!*  !  8�/ �  

4%#�(� ''0�  � /� '#'( . 
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 . 5.12. �0" � ,�"( ('0-  � '(�� , "�#�(��%&'�*  �% (' "(&  / 7' "(!  (�:� ) +�) �0�  8�/ �  
��!  '�%!,!!  !   ("�("(�!!  "(�1!%!)�$!! . 

 

��,��-�  5.1. ��%�.  ��)%!,'0�  ,�"( ('0�  .!���) ' �  �  '#"(�1!%&' "(&  ��)'!$0  +�)  .%* 

.�''0�  '�  �!" . 5.12. 

��"( ('0-  
.!���) '  

BA 1#) 
"(�1!%!)�$!!  
(/��. ) 

BA "  
"(�'.��(' -  
"(�1!%!)�$!#-  
(�  
'!)� ,�"( (' /�  
� '(��� ) (/��. ) 

BA "  
"(�1!%!)�$!#-  " 
��"8!�#'' -  
� % " -  (�  
�0" � ,�"( (' /�  
� '(��� ) (/��. ) 

� 1"(�#''0-  
8�/  "!"(#/0  
�#2!"(��$!!  
(/��. ) 

0,09
$ –24�
$  900 353 264 26 
1
$ –24�
$  325 287 264 23 
5
$ –24�
$  309 271 264 23 
10
$ –24�
$  306 269 264 23 
50
$ –24�
$  252 231 261 23 
100
$ –24�
$  250 229 255 23 
500
$ –24�
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$ –24�
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0,09
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$  841 207 47 9,4 
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 . 5.13. �!)� ,�"( ('0-  � '(�� , "�#�(��%&'�*  �% (' "(&  / 7' "(!  +�) �0�  8�/ �  ��!  
'�%!,!!  !   ("�("(�!!  "(�1!%!)�$!! . 

 

��,��-�  5.2. ��%�.  ��)%!,'0�  ,�"( ('0�  .!���) ' �  �  '#"(�1!%&' "(&  ��)'!$0  +�)  .%* 

.�''0�  '�  �!" . 5.13. 

��"( ('0-  
.!���) '  

BA 1#) 
"(�1!%!)�$!!  
(/��. ) 

BA "  "(�'.��(' -  
"(�1!%!)�$!#-  (�  
'!)� ,�"( (' /�  
� '(��� ) (/��. ) 

BA "  
"(�1!%!)�$!#-  " 
��"8!�#'' -  
� % " -  (�  
�0" � ,�"( (' /�  
� '(��� ) (/��. ) 

� 1"(�#''0-  
8�/  "!"(#/0  
�#2!"(��$!!  
(/��. ) 

0,09
$ –5
$  855 372 85 42 
0,5
$ –5
$  330 330 75 40 
1
$ –5
$  229 304 71 33 
0,09
$ –1
$  825 217 47 31 

 

�)  ��#."(��%#''0�  .�''0�  "%#.�#(, ,(  '!)� ,�"( ('0-  � '(��  � )� %*#(  �#�%!) ��(&  

"(�1!%!)�$!5  ��)' "(!  +�)  ( %&�  �  � % "#  ~1 
$  !  "'!)!(&  '#"(�1!%&' "(&  ��)' "(!  +�)  .  

372±42 /��.  (4(  ��!   ("�("(�!!  +%��(��$!-  "# –+�)0  "  (�#("(��#(   (' "!(#%&' /�  

��#/#'' /�  .3!((#��  160±18 �" ; � 2�#8' "(&   ��#.#%*#("*  " 1"(�#''0/!  8�/�/!  "!"(#/0  

�#2!"(��$!! ). 6( 2 , �  ��!'$!�# , . "(�( ,'  .%* "% 3#'!*  .���  ��'�% � , '  /�%  .%* 

�0" � 4++#�(!�' 2  "% 3#'!*  1 %&8 2  ,!"%�  ��'�% � . �0" � ,�"( ('0-  3# � '(��  �  .�''0�  

4�"�#�!/#'(��  � )� %!%  ��"8!�!(&  � % "�  "!"(#/0  "(�1!%!)�$!!  .  ~100 
$  !  "'!)!(&  

'#"(�1!%&' "(&  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  .  85±42 /��.  (,(  ��!   ("�("(�!!  

+%��(��$!-  "# –+�)0  "  (�#("(��#(  .3!((#��  36±18 �" ). 6(  *�%*#("*  � � 8!/  �#)�%&(�( / , 

� )� %*57!/  4++#�(!�'  "�%�.0��(&  %51 # ,!"%  ��'�% �  (" 2%�"'  (2.13) .�''0-  �#)�%&(�(  

��!  "% 3#'!!  1 %&8 2  ,!"%�  ��'�% �  � )� %*#(  . "(!,&  4++#�(!�' "(!  "% 3#'!*  99,3%). 
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�%#.�#(   (/#(!(& , ,(  ��!  "(�1!%!)�$!!  �  �0" � ,�"( (' /�  � '(���  �#2!"(�!��#/�*  

!/  '#"(�1!%&' "(&  ��)'!$0  +�)  !/��%&" �  ��#�08�#(  .�''0-  ����/#(�  �  '!)� ,�"( (' /  

� '(��#  !  " "(��%*#(  264±26 /��. . �#'&8�*  �#%!,!'�  '#"(�1!%&' "(!  ��)' "(!  +�)  �  

'!)� ,�"( (' /  � '(��#  ((��  3# ���  !  �  "%�,�#  1#) "(�1!%!)�$!! ) "�*)�'�  " (#/ , ,(  ,�"( (0 , 

���('0#  ,�"( (#  "%#. ��'!*  �"!%#''0�  !/��%&" � , � ( ��*  �  '�8#/  "%�,�#  " "(��%*#(  10 
$ , 

'#  1�.�(  .���(&  ��%�.  �  +�) ��5  '#"(�1!%&' "(& . : 4( /�  �  '!)� ,�"( (' /  � '(��#  '#  

�� *�%*5("*  � )/�7#'!* , ���('0#  10 
$  !  "�*)�''0#  " ���(� ��#/#''0/!  ���.8#'!*/!  

"(�1!%&' "(!  !) –)�  �01� " �  �  �0" � ,�"( (' /  � '(��# , �0)0��#/0�  �"!%#''0/!  

!/��%&"�/! . 
 2.�  ���  �  �0" � ,�"( (' /  � '(��#  4(!  � )/�7#'!*  �� *�%*5("*  �  � %' -  

/#�# . 

�%#.�#(   (/#(!(& , ,(   "' �'0/   2��'!,#'!#/  8!�!'0  � % "0  '�  .�'' /  4(��#  *�%*#("*  

( , ,(  �#) '�'"'�*  ,�"( (�  "!"(#/0  )#���% –�#��/!�� –2 % ��� –� %&$   1��(' -  "�*)!  

" "(��%*#(  ~800 
$ , ,(  '#  � )� %*#(  � .'*(&  ,�"( (�  #.!'!,' 2  �"!%#'!*  ��:  �08#  ~100 


$ , � , "%#. ��(#%&' , !  .�%&8# ��"8!�!(&  � % "�  "!"(#/0  "(�1!%!)�$!! . �"%!  � "%#.�57�*  

/ .#�'!)�$!*  !   �(!/!)�$!*  /#��'!,#"� -  "!"(#/0  )#���% –�#��/!�� –2 % ���  � )� %!(  

� .'*(&  #9 �#) '�'"'�5  ,�"( (�  .  ~8–10 �
$ , (  � *�!("*  � )/ 3' "(&  ��"8!�#'!*  � % "0  

"(�1!%!)�$!!  .  ~1 �
$  !  � .��%#'!*  ����(!,#"�!  �"#�  8�/ � , ��!"�("(��57!�  �  "!"(#/# . 

:�!  � %' -  4'#�2!!  �"!%#''0�  !/��%&" �  10%! �� �#.#'0  4�"�#�!/#'(0  "  

"(�1!%!)�$!#-  ( %&�  �  '!)� ,�"( (' /�  � '(���  ��: . ��#�(��%&'0#  �% (' "(!  / 7' "(!  

+�) �0�  8�/ � , )��#2!"(�!� ��''0#  �  ��)%!,'0�  �#3!/�� , ��#."(��%#'0  '�  �!" . 5.14. 

�  (�#("(��57!-  !/  ��%�.  ��)%!,'0�  ,�"( ('0�  .!���) ' �  �  '#"(�1!%&' "(&  ��)'!$0  +�)  

��!�#.9'  �  (�1%!$# 5.3. 
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 . 5.14. ��#�(��%&'�*  �% (' "(&  / 7' "(!  +�) �0�  8�/ �  ��!  '�%!,!!  !   ("�("(�!!  
"(�1!%!)�$!!  �  '!)� ,�"( (' /�  � '(���  (��!  /��"!/�%&' -  4'#�2!!  �"!%#''0�  !/��%&" � ). 
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��,��-�  5.3. ��%�.  ��)%!,'0�  ,�"( ('0�  .!���) ' �  �  '#"(�1!%&' "(&  ��)'!$0  +�)  .%* 

.�''0�  '�  �!" . 5.14. 

��"( ('0-  
.!���) '  

�#)  "(�1!%!)�$!!  
(/��. ) 

�  "(�1!%!)�$!#-  
(/��. ) 

� 1"(�#''0-  8�/  
"!"(#/0  �#2!"(��$!!  
(/��. ) 

0,09
$ –5
$  865 339 94 
0,5
$ –5
$  325 264 66 
1
$ –5
$  231 217 50 
0,09
$ –1
$  834 266 80 

 

�)  � %�,#''0�  .�''0�  "%#.�#(, ,(  '!)� ,�"( ('0-  � '(��  � )� %*#(  �#�%!) ��(&  

+�) ��5  "(�1!%!)�$!5  ( %&�  �  � % "#  ~1 
$  !  "'!)!(&  '#"(�1!%&' "(&  ��)'!$0  +�)  .  339±94 

/��. . 
  #"(& �#)�%&(�(  "(�1!%!)�$!!  " !"� %&) ��'!#/  '!)� ,�"( (' 2  � '(���  ��:   (  

4'#�2!!  �"!%#''0�  !/��%&" �  ����(!,#"�!  '#  )��!"!( , (��  ���  ��!  '#1 %&8 -  4'#�2!!  10%� 

. "(!2'�(�  ��!/#�'  (�  3# � % "�  !  +�) ��*  "(�1!%&' "(& , ,(  !  ��!  � %' -  4'#�2!! . �  !( 2# , 

" ).�''�*  "!"(#/�  "(�1!%!)�$!!  �"!%#''0�  !/��%&" �  � )� %*#(  4++#�(!�'  "�%�.0��(&  .��  

��'�%�  (��!  %51 -  . "(��' -  4'#�2!!  �"!%#''0�  !/��%&" � ), ,(  !  (�#1�#("*  '�  .�'' /  4(��# .  

�%* .#/ '"(��$!!  "'!3#'!*  " 1"(�#''0�  8�/ �  "!"(#/0  �#2!"(��$!!  ��)' "(!  +�)  

�"!%#''0�  !/��%&" �  '�  �!" . 5.15 ��#."(��%#'0  " 1"(�#''0#  8�/0  ��!  �#2!"(��$!!   .'!/  

��!9/'!� /  (�  "�#/#  �'�% 2!,' -  "�#/#  �0" � ,�"( (' 2  � '(��� ) !  ��!  �#2!"(��$!!  

��)��1 (�'' -  "!"(#/ - , ��#."(��%#'' -  '�  �!" . 5.9 !  � .� 1'  ��""/ (�#'' -  �  ��).#%# 5.2. 

�)  � %�,#''0�  4�"�#�!/#'(�%&'0�  .�''0�  �0,!"%#' , ,(  " 1"(�#''0#  8�/0  ��)��1 (�'' -  

"!"(#/0  " � '!3#'' -  ,��"(�!(#%&' "(&5  �  �/�%!(�.'0/  8�/�/  "  (�#("(��5(  

'#"(�1!%&' "(!  ��)' "(!  +�)  94 /��. , �  (  ��#/*  ���  �  "(�'.��(' -  "�#/#  1#) �0,!(�'!*  8�/0  

� )��"(�5(  �  ��)0  !  " "(��%*5(  320 /��. . 
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��
 . 5.15. 6�"�#�!/#'(�%&'�*  .#/ '"(��$!*  "'!3#'!*  " 1"(�#''0�  8�/ �  "!"(#/0  
�#2!"(��$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  �  ��)��1 (�'' -  "�#/#  �  "���'#'!5  "  

"(�'.��('0/  � .� . /  (1#) �0,!(�'!* ). 
 

5.4. ����
��  
(�,���2�-��  

�#"/ (�*  '�  ( , ,(  '�  .�'' /  4(��#  �2% ��*  "(�1!%!)�$!*  '#  (�#1�#("* , ( ,'##  '#  

��!'$!�!�%&'� , �  �#�"�#�(!�#  ��!  " ).�'!!  "!"(#/  " 1 %&8#- 4'#�2!#-  �"!%#''0�  !/��%&" �  

! , "  (�#("(�#'' , 1 %&8!/  .!�/#(� /  ��,��  �2% ��*  "(�1!%!)�$!*  1�.#(  '# 1� .!/� , (��  ��� , 

" 2%�"'  �� �#.9'' /�  �'�%!)�  (��'�(  2.3), (�#1�#/�*  .%* 4++#�(!�' 2  � 2#�#'(' 2  

"% 3#'!*  �#%!,!'�  �2% � -  '#"(�1!%&' "(!   1��('  �� � �$! '�%&'�  .!�/#(��  "�%�.0��#/0�  

��,� � . : 4( /�  10% " ).�'  !  4�"�#�!/#'(�%&'   �� 1 ��'  �� ( (!�  "!"(#/0  �2% � -  

"(�1!%!)�$!! . 

�%* !)/#�#'!*  �2% � -  '#"(�1!%&' "(!  10% !"� %&) ��'  "(�'.��('0-  /#( .  

()�+!�"!� ��''0-  �  /#3.�'�� .'0�  "(�'.��(��  [60]), � ( �0-  )��%5,�#("*  �  �#2!"(��$!!  

� % 3#'!*  $#'(��  /�""  ��,��  �  + ��%&' -  �% "� "(!  %!')0 . ��#/�  �#2!"(��$!!  ��#."(��%#'�  

'�  �!" . 5.16.  

 

��
 . 5.16. ��#/�  �#2!"(��$!!  �2% � -  '#"(�1!%&' "(! . 

 

�!"(#/�  "(�1!%!)�$!!  10%� ��)��1 (�'�  " �/#"('  " � .
 . �2 � �0/ , �%2 �!(/  

'��!"�'' -  �� 2��//0   "' ��'  '�  '#*�' -  % 2!�# [61]. ��#/�  ��1 (0  " ).�'' -  "!"(#/0  

��#."(��%#'�  '�  �!" . 5.17. �'�,�%�  ��/#��  �#2!"(�!��#(  �� +!%&  �  .�%&'#-  ) '# , .�%## .�''0#  
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" ��/#�0  � "(���5(  '�  � /�&5(#� , �� 2��//�  !�   1��1�(0��#( , �0,!"%*#(  � % 3#'!#  $#'(��  

/�"" , "���'!��#(  #2  "  )�.�''0/ , + �/!��#(  "!2'�%   8!1�! ,  1��1�(0��#(  #2  !  + �/!��#(  

� ��#�(!��57!-  "!2'�% , � "(���57!-  '�  �!� / ( �0  (NewFocus 8322NF), � � ��,!��57!#  

)#���% . 

 

��
 . 5.17. ��#/�  ��1 (0  " ).�'' -  "!"(#/0  �2% � -  "(�1!%!)�$!! . 

 

 :� 1'�*  "(�1!%!)�$!*   "�7#"(�%*%�"&  " !)%�,#'!#/  �( � 2  ��'�%� . 

���#2!"(�!� ��''0#  "�#�(��%&'0#  �% (' "(!  / 7' "(!  +%��(��$!-  � % 3#'!*  $#'(��  /�""  

��!   ("�("(�!!  !  '�%!,!!  "(�1!%!)�$!!  ��#."(��%#'0  '�  �!" . 5.18. �#)  "(�1!%!)�$!!  �2% ��*  

'#"(�1!%&' "(&  �"!%#''0�  !/��%&" �  " "(��%*%�  4,2 /���.  �  �  !  4 /���.  �  � . : "%#  

��%5,#'!*  "!"(#/0  "(�1!%!)�$!!  '#"(�1!%&' "(&  "'!)!%�"&  .  1,8 /���.  �  �  !  1,9 /���.  �  � . 

��  �!" . 5.19 ��#."(��%#'  ��)1� "  � % 3#'!-  $#'(��  /�"" , ��!  '#��#�0�' -  �#2!"(��$!!  '�  

�� (*3#'!!  ~ 100 "#�  (!)  4(!�  3# .�''0�  10%! �0,!"%#'0  2��+!�! , ��#."(��%#''0#  '�  �!" . 

5.18). �)  .�''0�  '�  �!" . 5.19 �!.' , ,(  � "%# ��%5,#'!*  "!"(#/0  "(�1!%!)�$!! , �#)�%&(�(0  

�% ('  2����!��5("*  �1%!)!  0. 6( (  �#)�%&(�( , " 2%�"'  �� �#.9'' /�  �'�%!)�  (��).#%  2.3), 

� (#'$!�%&'   1#"�#,!��#(  4++#�(!�' #  "% 3#'!#  ��,� �  ��#�(�� -  .  ~90 // , ,(  � )� %*#(  

��1 (�(&  " !/��%&"�/!  ��% (&  .  �#(���((' 2  �� �'*  �!� � -  / 7' "(! . 
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��
 . 5.18. ��#�(��%&'�*  �% (' "(&  / 7' "(!  (�:� ) �2% �0�  +%��(��$!-  1#) "(�1!%!)�$!!  !  
"  "(�1!%!)�$!#- . 
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��
 . 5.19. ��)1� "  � % 3#'!-  $#'(��  /�""  1#) "(�1!%!)�$!!  (� ) !  "  "(�1!%!)�$!#-  (1). 

 

5.5. 7�
.�*�/��()  .�  ����*��(��/1  
��+���6  .�*�/�(*�	�
��  1
�����)0  

/1��(�(�*�
�((�)0  4�/(�
��1�'�)0  �/.1��
�
  

6�"�#�!/#'(0  �  � 2#�#'(' /�  "% 3#'!5  10%! �� �#.#'0  '�  �"(�' ��# ,  �!"�'' -  �  

��).#%# 3.2, " !"� %&) ��'!#/  "!"(#/0  "(�1!%!)�$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" � , 

��""/ (�#'' -  �  ��).#%# 5.3. � 2#�#'(' #  "% 3#'!#   "�7#"(�%*% "&  �  + ��%&' -  �% "� "(!  

"+#�!,#"� 2  )#���%�  "  ��.!�" /  ��!�!)'0  3 /#(�� . � � %&'  1 %&8 -  ��.!�"  ��!�!)'0  10% 

�01��'  .%* ( 2 , ,( 10  ��,�!  �  + ��%&' -  �% "� "(!  10%! . "(�( ,'  1 %&8!/!  .%* !�  

�#2!"(��$!!  "(�'.��(' -  :�� –��/#� - . : %�,#''0#  (!�!,'0#  �� +!%!   (.#%&'0�  ��,� �  !  

"�//��' 2  !/��%&"�  ��#."(��%#'0  '�  �!" . 5.20. 
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��
 . 5.20. � 2#�#'(' #  "% 3#'!#  /�%&(!(#����(('0�  �"!%#''0�  "3�(0�  !/��%&" � : �� +!%!  �  
�#�� /  ��'�%#  (� ), �( � /  ��'�%#  (1), "�//��' 2  ��,��  (� ) !  2 �!) '(�%&'�*  �� #�$!*  .�''0�  

(2). 
 

6++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!* , �0,!"%#''�*  !)  )��#2!"(�!� ��''0�  .�''0� , 

" "(��%*#(  95±5% (� 2�#8' "(&  "�*)�'�  " '#"(�1!%&' "(&5  4'#�2!!  �"!%#''0�  !/��%&" � ). 

�%* .#/ '"(��$!!  ��!'$!�!�%&' -  '# 1� .!/ "(!  ��!/#'#'!*  "!"(#/0  ��(!�' -  

"(�1!%!)�$!!  ��)' "(!  +�)  '�  �!" . 5.21 !  5.22 ��#."(��%#'0  �� +!%!  "�//��' 2  !/��%&"�  ��!  

�"�#.'#'!!  �  10 !  100 !/��%&"�/  "  (�#("(�#''  ��!  ��%5,#'' -  !  �0�%5,#'' -  "!"(#/#  

"(�1!%!)�$!!  ��)' "(!  +�) . :�!  ��%5,#'' -  "!"(#/#  "(�1!%!)�$!!  4++#�(!�' "(&  

� 2#�#'(' 2  "% 3#'!*  " ���'*#("*  ����(!,#"�!  '#!)/#'' -  ~95% �'#  )��!"!/ "(!   (  '�%!,!*  

!%!   ("�("(�!*  �"�#.'#'!* . :�!  �0�%5,#'!!  "!"(#/0  "(�1!%!)�$!!  !) –)�  .�#-+�  ��)' "(!  +�)  

!'(#�+#�#'$! ''�*  ���(!'�  )�/0��#("*  !  ��!  �"�#.'#'!!  �  10 !/��%&"�/  4++#�(!�' "(&  

� 2#�#'(' 2  "% 3#'!*  ��.#(  .  70–80%, ��!  �"�#.'#'!!  �  100 !/��%&"�/  .  50–60%, (  #"(& 

����(!,#"�!  .  /!'!/�/�  .%* "%�,�*  "% 3#'!*  .���  ��,� � . 
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��
 . 5.21. �#)�%&(�(0  � 2#�#'(' 2  "% 3#'!*  ��!  �"�#.'#'!!  �  10 !/��%&"�/  "  
"(�1!%!)�$!#-  (� ) !  1#) (1), 2 �!) '(�%&'�*  �� #�$!*  .�''0�  (� ). 

 

 

��
 . 5.22. �#)�%&(�(0  � 2#�#'(' 2  "% 3#'!*  ��!  �"�#.'#'!!  �  100 !/��%&"�/  "  
"(�1!%!)�$!#-  (� ) !  1#) (1), 2 �!) '(�%&'�*  �� #�$!*  .�''0�  (� ). 

 

�  !( 2#  4�"�#�!/#'(�%&'  �� .#/ '"(�!� ��'�  � )/ 3' "(&  �0" � 4++#�(!�' 2  

� 2#�#'(' 2  "% 3#'!*  ����/#(�!,#"�!  �"!%#''0�  +#/( "#��'.'0�  !/��%&" � . : ��)�' , ,(  

" ).�''�*  "!"(#/�  "(�1!%!)�$!!  ��)' "(!  +�)  � )� %*#(  . "(!,&  4++#�(!�' "(!  � 2#�#'(' 2  

"% 3#'!*  '�  �� �'#  ~ 95%. :�!'!/�*  �  �'!/�'!#  �'�%!) , �� �#.9''0-  �  ��).#%# 2, �  !/#''  

"%�1�5  )��!"!/ "(&  (�#1 ��'!-  '�  ����/#(�0  "�%�.0��#/0�  !/��%&" �   (  ,!"%�  

"�%�.0��#/0�  ��'�% � , / 3'  ".#%�(& �0� . ,   ��!'$!�!�%&' -  � )/ 3' "(!  � 2#�#'(' 2  

"% 3#'!*  1 %&8 2  ,!"%�  ����/#(�!,#"�!  �"!%#''0�  +#/( "#��'.'0�  !/��%&" � . 6(  

*�%*#("*  �%5,#�0/  +��( � /  .%* " ).�'!*  %�)#�'0�  "!"(#/ , � )� %*57!�  . "(!,&  �#� �.'0�  

�%&(���#%*(!�!"("�!�  !'(#'"!�' "(#-  "+ ��"!� ��'' 2  %�)#�' 2  !)%�,#'!* . �( !(  

 (/#(!(& , ,( , � '#,' , " � "( /  4'#�2!!  �"!%#'' 2  !/��%&"�  (� , "%#. ��(#%&' , !  .!�/#(��  

��,��  [62, 63]) !  ,!"%�  "�%�.0��#/0�  ��'�% �  .%!'�   �(!,#"� 2  ��(!  !  � %!,#"(�  

 �(!,#"�!�  4%#/#'( �  �  "!"(#/#  1�.�(  ��#%!,!��(&"* . :�!   ("�("(�!!  "!"(#/0  ��(!�' -  

"(�1!%!)�$!!  4(  ��!�#.9(  �  ���.8#'!5  �2% � -  "(�1!%&' "(!  !  "(�1!%&' "(!  ��)' "(!  +�) . 

:�!  '�%!,!!  "!"(#/0  ��(!�' -  "(�1!%!)�$!!  !( 2 ��*   "(�( ,'�*  '#"(�1!%&' "(&  

 ��#.#%*#("*  �   "' �' /  " 1"(�#''0/!  8�/�/!  "!"(#/0  "(�1!%!)�$!!  �  � % "#  "(�1!%!)�$!!  

[23] !  !"� .'0/!  8�/�/!  �'#  � % "0  "(�1!%!)�$!! . 
  #"(& +��(!,#"�!  ��!  !"� %&) ��'!!  

��,#"(�#''0�  /�% 8�/*7!�  4%#�(� ''0�  � /� '#'(   "(�( ,'�*  '#"(�1!%&' "(&  )��!"!(   (  
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� % "0  "!"(#/0  "(�1!%!)�$!! . � , ��!'!/�*  �  �'!/�'!#  ��#.% 3#''0-  /#( .  ��"8!�#'!*  

� % "0  "(�1!%!)�$!! , � (#'$!�%&'  � )� %*57!-  ��"8!�!(&  � % "�  .  �!% 2#�$ � 2  

.!���) '� , �  � ( � /  " .#�3!("*  � .��%*57�*  ,�"(&  � )/�7#'!- , " 1 %&8 -  �#� *(' "(&5  

/ 3'  �(�#�3.�(& , ,(  �  /' 2 ��'�%&' -  "!"(#/#  " �0" � -  4'#�2!#-  �"!%#''0�  !/��%&" �  

/ 3'  . "(!,&  "(�1!%&' "(!  ��)' "(!  +�)  !  �2% � -  "(�1!%&' "(!  '#  ��3#  

�� .#/ '"(�!� ��''0�  �  .�'' -  ��1 (# , � , "%#. ��(#%&' , !  �#�%!) ��(&  �0" � 4++#�(!�' #  

� 2#�#'(' #  "% 3#'!# . 

 

5.6. ����*��(���  
��+����  .*�  �
(*�5  4��1
�*�
��  

�%*  ��#.#%#'!*  � (#'$!�%&'0�  � )/ 3' "(#-  " ).�'' -  "!"(#/0  �  �� �#.#'!5  

!""%#. ��'!-  �   1%�"(!  +!)!�!  �0" �!�  � %#-  10%! �� �#.#'0  4�"�#�!/#'(0  �   "(� -  

+ ��"!� ��#  �"!%#''0�  "3�(0�  !/��%&" � . � ��"!� ���   "�7#"(�%*%�"&  45  ����1 %!,#"�!/  

)#���% /  (Edmund Optics Inc.) .!�/#(� /  76 //  " + ��"'0/  ��""( *'!#/  90 //  (4(  (��  

'�)0��#/ #  4++#�(!�' #  + ��"' #  ��""( *'!#  – ��""( *'!#   (  $#'(��  )#���%�  .  �#�#(*3�!  

��!  + ��"!� ��#  � %%!/!� ��'' 2  ��,�� , ��!  4( /  f, �� .*7!-  �  ����'#'!#  ����1 % !.�  

2 2

(x, )
4

x y
Par y

f
+

= , ���#'  f=76 // ). ���#2!"(�!� ��''0#  " � / 7&5  :�� -��/#�0  " ��)/#� /  

�!�"#%*  9� 9 /�/  �� +!%!  .%*  1 !�  ��'�% �  �  + ��%&' -  �% "� "(!  ��#."(��%#'0  '�  �!" . 5.23. 

 

��
 . 5.23. :� +!%&  �  + ��%&' -  �% "� "(!  ����1 %!,#"� 2  )#���%�  .%* �#�� 2  (� ) !  �( � 2  
��'�% �  (1). 

 

�)  �!" . 5.23 �!.' , ,(  ��)�#8#'!*  !/#57#-"*  ��/#�0  (9� 9 /�/ ) '#. "(�( ,'  .%* 

�#2!"(��$!!  �� +!%*  �  + ��"#  ����1 %!,#"� 2  )#���%� , � 4( /�  .%* #2  ��,#"(�#'' -  

�#2!"(��$!!  10%� !"� %&) ��'�  "�#/� , ��#."(��%#''�*  '�  �!" . 5.24. �  .�'' -  "�#/#  

 "�7#"(�%*#("*  �#�#.�,�  !) 1��3#'!*  !)  + ��"�  '�  :�� -��/#��  " 40–��  ���('0/  ��#%!,#'!#/ . 

�%* /!'!/!)�$!!  !"��3#'!- , "�*)�''0�  " �� /�(!,#"�!/!  �1#���$!*/!  !  �1#���$!*/!  

� � (� + ��"' -   �(!�! , �  "�#/#  !"� %&) ��'  "� ��#�(!� ��''0-  '�  1#"� '#,' "(&  
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��� /�(!,#"�!-  /!��  1;#�(!�  (40X Nikon Plan Fluorite Imaging Objective, 0.75 NA) !  

"� ��#�(!� ��''�*  '�  1#"� '#,' "(&  ��� /�(!,#"��*  %!')�  (ITL200, Thorlabs Inc.), 

��)��1 (�''�*  !  ��#.'�)'�,#''�*  .%* ��1 (0  " /!��  1;#�(!��/!  .�'' 2  (!�� . 

 

��
 . 5.24. ��#/�  �#2!"(��$!!  �� +!%*  �  + ��%&' -  �% "� "(!  ����1 % !.� . 

 

�%* 4�"�#�!/#'(�%&' -  �� �#��!   3!.�#/ 2  � 4++!$!#'(�  ��#%!,#'!*  "!"(#/0 , 

��#."(��%#'' -  '�  �!" . 5.25, 10%! �� �#.#'0  4�"�#�!/#'(0  �  �#2!"(��$!!  �� +!%*  

'#�"!%#'' 2  !)%�,#'!*  �  + ��"#  %!')0  " f=40 "/ . �!�/#(�  �  !'(#'"!�' "(!  �  #-2 ��!  

��*/ -  �#2!"(��$!!  " "(��!%  46,5±4,65 /�/  (�  .�'' /  4�"�#�!/#'(#  10%� !"� %&) ��'�  ��/#��  

WinCamD " ��)/#� /  �!�"#%*  4,65� 4,65 /�/ ), ��!  �#2!"(��$!!  ��#%!,#'' 2  !) 1��3#'!*   '  

" "(��!%  1,8 // . 	(��.�  "%#.�#(, ,(  � 4++!$!#'(  ��#%!,#'!*  " "(��%*#(  39±4. 6(�  �#%!,!'�  

����(!,#"�!  " ���.�#(  " ��#.� %�2�#/ -  40, !  (��  ���   '�   ��#.#%*#("*  ����/#(��/!  

/!��  1;#�(!�� , � ( �0-  �  .�'' /  "%�,�#  *�%*#("*  �((#"( ��''0/ , � //#�,#"�!/  �� .��( / , 

(  �  � "%#.�57!�  ��",9(��  1�.#(  !"� %&) ��(&"*  ' /!'�%&'�*  �#%!,!'�  ��#%!,#'!*  40. 

 

��
 . 5.25. :� +!%&  '#�"!%#'' 2  !)%�,#'!*  �  + ��"#  %!')0  " f=40 "/  ��!  ��*/ -  �#2!"(��$!!  
(� ) !  #2  ��#%!,#'' #  !) 1��3#'!#  (1). 
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: %�,#''0#  �  ��#."(��%#'' -  "�#/#  ��#%!,#''0#  �� +!%!   (.#%&'0�  ��,� �  !  

"�//��' 2  ��,��  �  + ��%&' -  �% "� "(!  ����1 %!,#"� 2  )#���%�  ��#."(��%#'0  '�  �!" . 5.26. 

�0,!"%#' , ,(  �  �#�� /  ��'�%#  " �,9( /  4'#�2!!  75 /�3 , .%!(#%&' "(!  23 +"  !  �� +!%*  �!" . 

5.26(� ), . "(!2'�(�  �!� ��*  !'(#'"!�' "(&  �#%*(!�!"("� 2  �� �'*  0,47*1019 �( /"/ 2. �  �( � /  

��'�%#  " �,9( /  . "(!2'�( -  4'#�2!!  110 /�3 , .%!(#%&' "(!  24 +"  !  �� +!%*  �!" . 5.26(1) 

�!� ��*  !'(#'"!�' "(&  " "(��%*#(  0,7*1019 �( /"/ 2. �  "�//��' /  ��,�#  �!� ��*  !'(#'"!�' "(&  

2,2*1019 �( /"/ 2, !  4++#�(!�' "(&  � 2#�#'(' 2  "% 3#'!*  " "(��%*#(  (# 3#, ,(  �  ��#.0.�7#/  

��).#%#, 95±5% (� 2�#8' "(&  "�*)�'�  " '#"(�1!%&' "(&5  4'#�2!!  �"!%#''0�  !/��%&" � ). �( !(  

 (/#(!(& , ,(  � 2�#8' "(&  �   ��#.#%#'!!  �!� �0�  !'(#'"!�' "(#-  " "(��%*#(  ~3% !  

 ��#.#%*#("*  8�/�/!  ��/#�0  (1%), #9 � '#,'0/  ��)�#8#'!#/  (~1%), (  #"(& ��)/#� /  

�!�"#%* , !  ( ,' "(&5  '�"(� -�!  '�  + ��"  (~1%), (  #"(& ( ,' "(&5  � )!$! '!� ��'!*  

/!��  1;#�(!�� . :%5"  �  4( /� , #"(#"(�#'' ,  (  !/��%&"�  �  !/��%&"�  .�''�*  �#%!,!'�  1�.#(  

+%��(�!� ��(& , !) –)�  '#"(�1!%&' "(!  4'#�2!!  !/��%&" � , �  ��#.#%��  4% �  �#�� /  ��'�%# , 2% 

�  �( � /  !  ~5% �  "�//# . 
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��
 . 5.26. :� +!%&  �  + ��%&' -  �% "� "(!  ��!   "(� -  + ��"!� ��#  .%* �#�� 2  (� ) !  �( � 2  
(1) ��'�% � , "�//��' 2  ��,��  (� ) !  2 �!) '(�%&'�*  �� #�$!*  .�''0�  (2). (�  �.!'�(0  �  

/!�� '�� ; FWHM .!�/#(�  6,9±0,3 /�/  !  7,2±0,3 /�/  �  �#�� /  !  �( � /  ��'�%��  
"  (�#("(�#'' ; 2 �!) '(�%&'0-  FWHM ��)/#�  "�//��' 2  ��,��  �/#'&8!%"*  .  2,7±0,3 /�/ ) 

 

� %## ( 2 , !'(#'"!�' "(&  / 3#(  10(& ��#%!,#'�  ��!/#�'  �  .��  ��)�  � "%# � /�#'"�$!!  

�1#���$!- , ��#!/�7#"(�#''  �"(!2/�(!)/� . �  #79 '�   .!' –.��  � �*.��  ��!  !"� %&) ��'!!  

1 %## � � (� + ��"' 2  ����1 %!,#"� 2  )#���%�  (�'�% 2!,' 2  !"� %&) ��'' /� , '���!/#� , �  

[64]), %!1  ��!/#�'  '�  � �*. �  ��!  ��#%!,#'!!  ��#�(��0  + ��"!��#/ 2  ��,��  .  76 //  (��!  

4( /  F/D=1,2). �  !( 2#  � (#'$!�%&'  !/##("*  � )/ 3' "(&  . "(!3#'!*  �� �'*  !'(#'"!�' "(!  

~1020–1021�( /"/ 2. 

��",9('0#  �� +!%!  " �,9( /  ����/#(� �  !"� %&) ��'' 2  ����1 %!,#"� 2  )#���%�  !  

)��#2!"(�!� ��''0�  �� +!%#-  �  ��#.� % 3#'!!  �% "� 2  � %' � 2  +� '(�  ((  #"(& 

 ("�("(�!*  �1#���$!- ) ��#."(��%#'0  '�  �!" . 5.27. �  "�*)!  " !"� %&) ��'!#/  � � (� + ��"' 2  

�'# "#� 2  ����1 %!,#"� 2  )#���%�  ��!/#'#'!#  �����"!�%&' 2  � .� .�  �  ��",9(�  �� +!%*  �  

+ ��%&' -  �% "� "(!  '#���� /#�' , � 4( /�  �0,!"%#'!*  10%! �� �#.#'0  �  ��!1%!3#'!!  
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�#�( �' -  (# �!!  .!+���$!! . �0%�  '��!"�'�  "  (�#("(��57�*  �� 2��//� . :�!  ��",9(#  

!"� %&) ��'  � .� . , )��%5,�57!-"*  �  "�#.#'!!  ����'#'!-  Q(��(( '� –��  (Stratton–Chu) 

�#�( �' -  (# �!!  .!+���$!!  �  �!.�  �'�% 2!,' /�  ��# 1��) ��'!5  ���&# , ,(  � )� %*#(  .%* 

!�  �#8#'!*  !"� %&) ��(&  �%2 �!(/  10"(� 2  ��# 1��) ��'!*  ���&#  [65]. 

 

��
 . 5.27. ��",9('0-  �� +!%&  �  + ��%&' -  �% "� "(!  ��!   ("�("(�!!  �1#���$!-  .%* �#�� 2  (� ) 
!  �( � 2  (1) ��'�% � , "�//��'0-  �� +!%&  (� ) !  2 �!) '(�%&'�*  �� #�$!*  .�''0�  (2) 

(�  �.!'�(0  �  /!�� '�� ). 
 

��",9('0-  .!�/#(�  .%* !)%�,#'!*  �  �#�� /  ��'�%#  5,4 /�/  !  �!� ��*  !'(#'"!�' "(&  ��!  

�% "� /  +�) � /  +� '(#  !  + ��"!� ��#  !"� %&) ��''0/  �  4�"�#�!/#'(#  ����1 % !. /  

" "(��%*#(  1*1019 �( /"/ 2. �%* �( � 2  ��'�%�  4(!  ����/#(�0  " "(��%*5(  "  (�#("(�#''  5,7 /�/  

!  1,2*1019 �( /"/ 2. ��",9('�*  /��"!/�%&'�*  �!� ��*  !'(#'"!�' "(&  �  "�//��' /  ��,�#  4,4*1019 

�( /"/ 2. 
��!/   1��) / , . "(!2'�(�  �!� ��*  !'(#'"!�' "(&  ~50%  (  /��"!/�%&'  � )/ 3' - . 

:�!  4( /   (' 8#'!#  . "(!2'�( -  !'(#'"!�' "(!  �  /��"!/�%&'  � )/ 3' -  (��!   ("�("(�!!  

�1#���$!- ) ����(!,#"�!  " ���.�#(  " .�''0/!  .%* + ��"!� ��!  !)%�,#'!*  .%!'' + ��"' -  

%!') -  (�2% �0#  "�#�(�0  �!" . 3.7), 4(  2 � �!(    ( / , ,(  "'!3#'!#  �!� � -  !'(#'"!�' "(!  
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"�*)�'  '#  " "!"(#/ -  + ��"!� ��! , �  " ����/#(��/!  "�/!�  ��,� �  (!�  �1#���$!*/! ). ��3'  

 (/#(!(& , ,(  ��#."(��%#''0#  �#)�%&(�(0  10%! � %�,#'0  1#) !"� %&) ��'!*  "!"(#/0  

� ��#�$!!  +�) � 2  +� '(� , ( 2.�  ���  .%* �"(�' � �  "  %�)#�'0/  �"!%#'!#/  . "(!3#'!#  

!'(#'"!�' "(!  '�  �� �'#  50–80%  (  /��"!/�%&' -  �#%!,!'0  (�#1�#(  !"� %&) ��'!*  (��!�  

"!"(#/ , (��  ���  �  �� (!�' /  "%�,�#  . "(!2�#("*  ( %&�  �� �#'&  ~10% [64]. 6(  *�%*#("*   .'!/  

!)  � .(�#�3.#'!-  ��2�/#'( �  �  � %&)�  ����/#(�!,#"�!�  �"!%!(#%#-  �#�#.  %�)#�'0/! , 

�� �#.9''0�  �  (�#(&#-  2%��#. 

 

 

&���6	����  

 

	"' �'0#  �#)�%&(�(0  ��1 (0  )��%5,�5("*  �  "%#.�57#/ : 

1. ��#��0#  4�"�#�!/#'(�%&'  �#�%!) ��'  � 2#�#'(' #  "% 3#'!#  ����/#(�!,#"�!  

�"!%#''0�  +#/( "#��'.'0�  !/��%&" � . :� �#.#'0  4�"�#�!/#'(0  �  � 2#�#'(' /�  

"% 3#'!5  !/��%&" �  4'#�2!#-  100 /�3 , .%!(#%&' "(&5  20 +" , ,(  '�  .�''0-  / /#'(  

�   1 !/  ����/#(��/  *�%*#("*  �#� �.'0/  �#)�%&(�( / . 

2. :� �'�%!)!� ��'0  /#( .0  � 2#�#'(' 2  "% 3#'!* , �"(�' �%#' , ,(  '�!1 %##  

�#�"�#�(!�'0/  !)  '!�  .%* " ).�'!*  %�)#�'0�  "!"(#/  �0" � -  !'(#'"!�' "(!  *�%*#("*  

����%%#%&'0- � .� .  �  � 2#�#'(' /�  "% 3#'!5 . 

3. :� �#.9'  �'�%!)  )��!"!/ "(!  4++#�(!�' "(!  � 2#�#'(' 2  "% 3#'!*   (  '#"(�1!%&' "(!  

��)%!,'0�  ����/#(� �  "�%�.0��#/0�  !/��%&" � . �"(�' �%#' , ,(  '�!1 %##  

��!(!,'0/  ����/#(� / , (�#1�57!/  �#��  ,#�#.' -  "(�1!%!)�$!! , *�%*#("*  ��)' "(&  

+�)  �"!%#''0�  !/��%&" � . 

4. ��)��1 (�'  /#( .  ��#%!,#'!*  ,�"( (' -  � % "0   (��1 (�!  "!"(#/0  ��(!�' -  

"(�1!%!)�$!!  ��)' "(!  +�)  �  '!)� ,�"( ('0�  %�)#�'0�  "!"(#/�� . 6�"�#�!/#'(�%&'  

�� .#/ '"(�!� ��'  #2  ��#!/�7#"(�  �  "���'#'!5  "  "(�'.��('0/  � .� . / . 

5. ��)��1 (�'�  "!"(#/�  �#2!"(��$!!  ��)' "(!  +�)  �"!%#''0�  !/��%&" �  " � '!3#'' -  

,��"(�!(#%&' "(&5  �  �/�%!(�.'0/  8�/�/ . 6�"�#�!/#'(�%&'  �� .#/ '"(�!� ��'  

1 %## ,#/  (�9����(' #  � .��%#'!#  ��%�.�  �/�%!(�.'0�  8�/ � . 

6. ��)��1 (�'�  "!"(#/�  "(�#(,#� –� /��#"" �  .%* �0" � !'(#'"!�'0�  �#(���(('0�  

%�)#�'0�  "!"(#/  " �!� "#��'.' -  (~100 �" ) .%!(#%&' "(&5  !/��%&" �  '���,�! . 

7. �  " ).�'' -  �"(�' ��#  4�"�#�!/#'(�%&'  �� .#/ '"(�!� ��'�  � )/ 3' "(&  

. "(!3#'!*  !'(#'"!�' "(!  �#%*(!�!"("� 2  �� �'*  ~2*1019 �( /"/ 2 ��!  !"� %&) ��'!!  

����1 %!,#"� 2  )#���%�  " + ��"'0/  ��""( *'!#/  90 // . 
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	"' �'0#  �#)�%&(�(0  .�'' -  ��1 (0  10%!  ��1%!� ��'0  �  �#+#�!��#/0�  '��,'0�  

3��'�%��  [26–28, 50, 66–67], �  (��3#  "1 �'!���  /#3.�'�� .'0�  � '+#�#'$!-  [68–76]. 

 

�  )��%5,#'!#  ��( �  �0��3�#(  "� 5  !"��#''55  1%�2 .��' "(&  � .� . ��"!%&#��  !  � .� . 

���8'!'�  )�  ��)��1 (��  !  " ).�'!#  4%#�(� ''0�  � /� '#'( , !"� %&) ��''0�  ��!  �� �#.#'!!  

4�"�#�!/#'( � , � .� . 
��' �� , � .� . �� % �� , �  (��3#  �"#/  � %%#2�/ )�  �% . (� �' #  

" (��.'!,#"(�  !  �'!/�'!#  �  ��1 (# . 

 

 

��*/��)  �  
��*������  

 

����(�
�
(
���  ��(��
�
��
(�  – !'(#'"!�' "(&  1 %## 1018 �( /"/ 2, ��!  � ( � -  4%#�(� '  �  

� %# � %'0  ��! 1�#(�#(  �#%*(!�!"("��5  4'#�2!5  ((  #"(& � %#1�(#%&'�*  4'#�2!*  

4%#�(� '�  �  � %# � %'0  '�,!'�#(  ��#�08�(&  #2  4'#�2!5  � � * ). 

���(*� –*���(�
�
(
���  ��(��
�
��
(�  – !'(#'"!�' "(&  1 %## 1023 �( /"/ 2, ��!  � ( � -  

�� ( '  �  � %# � %'0  ��! 1�#(�#(  �#%*(!�!"("��5  4'#�2!5  ((  #"(& � %#1�(#%&'�*  

4'#�2!*  �� ( '�  �  � %# � %'0  '�,!'�#(  ��#�08�(&  #2  4'#�2!5  � � * ). 

CPA – chirped pulse amplification (�"!%#'!#  ,!��!� ��''0�  !/��%&" � ). 

$��  – .!"�#�"!*  2���� � -  "� � "(! . 

��/.*�

�*  – �"(� -"(�  .%* "3�(!*  �  ��#/#'!  ,!��!� ��''0�  !/��%&" � . 

��/.*�

�*  ���

�	�
��5  – ��#.% 3#''0-  6./ '. /  
�#-"!  �  1969 2 .�  � /��#"" � , 

 "' ��''0-  '�  .���  ����%%#%&'0�  .!+���$! ''0�  �#8#(��� . 

�(*�(	�*  – �"(� -"(�  .%* ��"(*3#'!*  !/��%&" �  �  ��#/#'!  )�  ",#(  !�  ,!��!� ��'!* . 

��*.�*�
���)5  �/.1��
  – ,�"( (' –/ .�%!� ��''0-  !/��%&"  8!� � � % "' 2  !)%�,#'!* , 

�  � ( � 2  ,�"( (�  !)/#'*#("*  �. %& ��#/#'' 2  �� +!%* . �!��  – �#%!,!'�  4( -  

,�"( (' -  / .�%*$!!  (���  ����!%  �����(#�!)�#("*  .!"�#�"! ''0/!  

� 4++!$!#'(�/!  � 2, � 3 !  ( .. .,  ��#.#%*57!/!  "�#�(��%&'�5  +�)�  !/��%&"� : 

( ) ( )0

!

n
n

n

k

n

w w
j w

-
= � , 2.# ?0 – '#"�7�*  ,�"( (� ). 

�����  – optical parametric chirped pulse amplification (����/#(�!,#"� #  �"!%#'!#  

,!��!� ��''0�  !/��%&" � ) 

�(��
�(����)5  
*�/����5  '+�((�*  (��,�  .*�
(�  '+�((�* ) – "�#.'#���.��(!,'�*  �#%!,!'�  

+%��(��$!-  )�.#�3�!  /#3.�  !/��%&"�/! . 
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�� –4�2�  – +�)�  /#3.�  '#"�7#-  !   2!1�57#- ,  ��#.#%*57�*  �#%!,!'�  ".�!2�  /#3.�  

/��"!/�/ /   2!1�57#-  !/��%&"�  !  #2  '#"�7#- .  

����
�5  	�*.  – �#%!,!'�  ,�"( (' -  / .�%*$!!  �  �2% � /  "�#�(�#  !/��%&"� ,
d

��
d
q
n

=  (��  – 

�2% � -  ,!�� , G – '�����%#'!#  ��"�� "(��'#'!*  !)%#,#'!*  '�  ,�"( (#  S="/<) 

BBO – N–1 ��(  1��!* : N–BaB2O4 

LBO – (�!1 ��(  %!(!* : LiB3O5 

�44��*�

��5  (���
��.�/  – (#%#"� � , ��#.% 3#''0-  	++'#� /  [51, 52] !  " "( *7!-  !)  

.���  "+#�!,#"�!�  )#���%  ( .'  � 2'�( # , �( � #  �0���% # , ��.!�"  �0���% 2  �  .��  

��)�  /#'&8#  ��.!�"�  � 2'�( 2 , $#'(�0  ��!�!)'0  )#���%  " ���.�5( ). 

FWHM  – Full width at half maximum (8!�!'�  '�  � %��0" (# ) 

� –��(��*��  – �#%!,!'�  '#%!'#-' 2  +�) � 2  '�1#2� ,  ��#.#%*#/�*  �0��3#'!#/  

2
2

( )B n I z dz
p
l

= � , 2.# n2 – '#%!'#-'0-  � ��)�(#%&  ��#% /%#'!* . 

��*.�
�����  2�*����  – /' 2 "% -' #  .!4%#�(�!,#"� #  )#���% , �' "*7##  ,�"( ('�5  

/ .�%*$!5  )�.�'' -  �#%!,!'0  !  )'���  �   (��39''0-  !/��%&" . 

�.��(*����� –��*���	�����  '��(�����
(�  – .%!(#%&' "(&,  ��#.#%*#/�*  ��# 1��) ��'!#/  

���&#  "�#�(��  !/��%&"�  ��!   ("�("(�!!  ,!��� , (  #"(& ��!   ("�("(�!!  )��!"!/ "(!  

"�#�(��%&' -  +�)0   (  ,�"( (0 . 

���  – "�#�(��%&'�*  �% (' "(&  / 7' "(!  

#��  – "!"(#/�  +�) � -  ��( � ."(� -�! . 

�)
���	�
(�(�)5  ���(1*  (#�� ) – � '(��  ��: ,  "' ��''0-  '�  �#2!"(��$!!  

�0" � ,�"( (' 2  '#�"!%#'' 2  !)%�,#'!* .  

��2��	�
(�(�)5  ���(1*  (#�� ) – � '(��  ��: ,  "' ��''0-  '�  �#2!"(��$!!  '!)� ,�"( (' 2  

�"!%#'' 2  !)%�,#'!* .  

��!  – �"(� -"(�  �01 ��!  !  ���'#'!*  
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