
Philipp Wagenblast (Autor)
Ultrashort Pulse Generation in Kerr-Lens Mode

Locked Colquiriite Lasers

https://cuvillier.de/de/shop/publications/2969

Copyright:
Cuvillier Verlag, Inhaberin Annette Jentzsch-Cuvillier, Nonnenstieg 8, 37075 Göttingen,
Germany
Telefon: +49 (0)551 54724-0, E-Mail: info@cuvillier.de, Website: https://cuvillier.de



� � � � � � � �

� � 	 � � � 	 � 	

� �  � � � �  � � � � � � �  " � � � " � & �  � "  *  �  � � � � � � � /  1 � 3 � � � "  � � 1  � �  6 7 � 1 � � � � 1 � 7 " & � �
; 6 7 �  �  � " � �  / � 1 � � � � /  7 �  @  / 7 � �  1 � B �  "  � � " � � � � 1  � C 7  � �  � � � 1 � 7 � �  ; 1 � ;  1 � "  � � �
7 " & � �  � �  � � " *  7 � / � � � � � � �  �  � � � �   � � / 1  & " �  � � � "  �  � 1 1  � ; � � / � � � �  �  �  7  � � � � � 
� � 1 � � � "  � �  " 7 7 � � " � � � � � �   7   � 1 "  �  7 / B �  � " /  � � � 6 � ; 1    /  � �  / �  � ; � 1 � 7 ; 1   " � " � �
� � 1 � �  � � 6 / � � � /  � � � 1 � 7 � � 6 7 � 1 � � � � � ; �  � � �  � � � � �   � �   � � 1 � � " � � � �  7   � 1 � � � & �  � "  
 �  1 & � � � � 6  � � � � 1 � � " �  " � �  1 * � 7 � � "  7 / � " � �  � �  ;  � @ ; � �  1 � B � *  1 � �  7 � � � �  � 1 � �

� �  �   � � " \ 6  � � ^  1 1 ( 7  � � � � /  7 �  @ " � & ) ^ + - / � �  � / " 7 � & � " �  / " � ; � 1 � � �   " � � �  �  7 / � �
6 7 � 1 � � � � 1 � ; 6 7 �  &  �  1 � � " � � � � � / � � / � � " � " � � �  � � � � " � 2 6  � � " � 7 � �  B d �  � ; � � " � 7 � �  6 � � " � &
 3   � � � � �  � � � 7 " �  � 1 ^  1 1 7  � � � � * � 1 � ; 6 7 �  / � ;  1 � � " � � � *  1  � � � " � 6 � 6 � � ;  1 � � " � � � � /
7 �  @ � � 7 � 1 &  � 6 � C  1 � � 7 � � & " � 6 / " � � 7 7 � �  1 � � /  � " � ; � � �  B - � /  7 �  @  / 7 � �  1 � � �  1  � � 1 
/ � � � � � � 7 �  � " � � � � 1 � ; 6 7 �  � � C 6 � � 7 � � /  7 " *  1 C 1 � � / � � " & � 7 � �   6 1 � �  � 1  \ 6  �  �  � � C � � � 1
�  � 1 � 7 � & � B i � 1 � �  &  �  1 � � " � � � � ; 6 7 �  � � � � 1 �  1 � � � � j k � � � d " � � � " 6 � / � ;  / � � ; ; � " 1  " � � � 
/ � � " � � � � 7 � 6 �  / 7 � �  1 � � �  1 " � 7 B m � " 7  d " o � � ; ; � " 1   � � " C " � � � � � 1 �  � " *  � ; � "  � 7 ; 1 � ;  1 � "  � �
� 6  � � � � C 1 � � / � � ; 7 " �  � � " � � C � � / � " / � � � � / � " & � 7 � �  1 � � ; 7 " �  � � " � � � " � / �  � � � *  � � 
� � 9 � 1 / 1 � � C �  @ � � � �  7 � � 1  \ 6 " 1  �  � � � � 1 ; 6 � ; " � & � " � � � & 1   � � � 6 1   B p � 1  \ 6 " 1  �
 " � �  1 �  � � � 7 � � 1 & � � " � � 7 � �  1 � 1 � � 1  \ 6  �  � / � 6 C 7  / � � 7 " / ( � � � �  ; 6 � ; � � 6 1   B i � 1 � � " �
1  � � � � � � 7 �  1 � � � " *  � � �  1 " � 7 � � � d " o � � ; ; � " 1  � � 1 / " 1   � / " � /  ; 6 � ; " � & � � *   � ;  1 "  �   /
& 1  � � � � � 1 �  � " � � " � ^ + - 7 � �  1 � B p � j s ? k � � � *  7 � 7 @ � 7 " 2 6 � 1 " /  � � � �  1 � � � � 7 � �  1  / " �  � *  1  /
" � � �  � " � � " �  � � � C � 7 \ 6 " 1 " � � � 7 " * " � � � � / �  1  � � �  / C � 7 \ 6 " 1 " " �  � � � �  1 � � " � ; 7 �   B w � ;  /

� " � � C 1 � � �  �   1 � � � � 7 � � 1  � 6 " � � C 7  � � 7 � �  1  1 � � � � 7 � � � "  �  � � C  ; 6 � ;  / / " 1   � 7 � C � 1  /
7 � �  1 / " � /  � � � � / � � 1  � *  1  � � " C " � � & � " � C � � / � " / � � � � "  � " �  7 � �  � � � � � � � � d " o � � ; ; � " 1  B
d �   � ; 7 � " � � � " � � � � ^ + - " � / " � /  ( ; 6 � ;  / C � 7 \ 6 " 1 " " �  7 � �  1 � C   � �  � � � " � � � � " * � � " � �

� � 1 � �  " � *  � � " & � � " � � � � � �  6 � /  1 7 � " � & ; � � � "  � 7 ; 1 �   � �  � � � � � " � �   � � " \ 6  " � 1    � � �  � 1 � B
d �  ; 1 � ;  1 � "  � � � � � � 7 " �  � 1 1  � � � � � � 1 � � � / � �  " 1 " � ; 7 "  � � " � � � � � 1 ^ + - � � " 7 7 � 1  � � � � 6 7 7 �
6 � /  1 � � � � / B

d � " � � �  � " � 1  ; 1  �  � � � � � " � ; � 1 � � � �  � � � 1 " C 6 � " � � � � � �  6 � /  1 � � � � / " � & � � ^  1 1 ( 7  � �
� � /  7 �  @ " � & " � / " � /  ( ; 6 � ;  / 7 � �  1 � B K �  � �  � � " *  � 1  � � �  � � � � & � " � & 6 " / " � & �   � � � " � � �
� � / � � � �  1  � � � � � � 1 � � � C " 7 " � � ; 1 � ;  1 � "  � " � ; 1  �  � �  / � � � / � �  " � ; 7 "  � � " � � � � � � �  �   3   � �

� � 1 � �  � � /  7 �  @ " � & �   � � � " � � � � / � � 1 7 � �  1  M  "  �  � � 1  " � *  � � " & � �  / B d �   � �  � � " � �
� � � �  � � � � / � 1 / � � /  7 � � 1  � � � � � � 1 � � � 1 ^ + - � ;  � � � � � � � � � �   � ; 7 � " � � � " � � � � & � " �

j



� � � � � � 
 � � � � � � � � � � � � �

� � � � � 	 � � � � � 	 �  � � � 	 � � � 	 � � � � � � 	 � � � � � � �  " � � � � �  � � & � �  �  ' " $ � " � � " � � � � � � � � � � 	 � � $  �  � �

	 � 	 � � 	 � � � � �  � 	 � � � �  & � 	 � 0 � � � � � � 1 � � � 4 ( * �  � � � 	 � & � 	 � �  � & & � � � � � � � " � 1 � � � � � � < � 	 �

� � � � � � � , & � 1 & � � � �  � �  � � � � " � . �  � � � 1 � ' / " � � 0 $ � � & � 	 � � � � " � � �  � � � � $  � � � � 	 " � 	 � �  � " �

� 	 3 � � 	 � � � � � � � 	 � � � � � 	 � � 	 � " � � �  � 	 � � � �  � � D � � � � $ � � 	 � � � � � 	 � 	 � 5 � $ � " � � � " � 	 � 	 � � 	 � � �

� 7 � � � � � � " � 4 � � � � � 	  � � 	 � � 1 � 	 � � � � $ � " � 	 � �  � " � < � 	 � � � � " � � �  � 	 � 	 � 1 � � � ' N " �  � � � 	 � � "

� � � " � 1 � � � � � � < � 	 � 1 � � " � 	 �  1 �  � 	 � � � �  � �  � � 	 � . � � 	 � � $ & � " � � � & � � � � � �  � 	 � " � � �  � 	 � � � �

D � � � 1 � � D  � � � � � ' N � � 	  � � � � � 	 � � " �  � 	 � 5 � 	  � � " �  � 	 � 	 � ; & � � � 1 � 	 � � � � � � � � , & � 1 & � � � �  � �

� �  � � �  � 	 � " � � � 	 � � � � � � 	 � � & � �  �  5 � � " � � � � � � � � 	 � � � 	 � $ U ' V �  & 5 " � � " � � � � " �  " � � � �  �

D $ � " �  < � 	 � � � � �  � � ' X � � � " � � 1 � � � & � " � �  � � � 	 � $ � � � � � � � , & � 1 & � � � � � � �  " � � � & � �  � � �  � �  

�  � 	 � � � �  � � D $ � 	 � � � � � � � � 1 � � 	 � � � � � ' @ ; & � � � 1 � 	 � � � � 	 0 �  � � � � � � � 	  � � 	 � � � � � � 5 � � " � " �  

� �  � � � � 	 . � 1 � " � & � � � � � � � � 	  � � � " � 1 � � � � � � 	 � 	 � � 	 � � � � �  � 	 � � � �  � � � � � � � � � ; � � 	 � '

/  � 	 � & & � � � � � � � 	 � � � " � 	 � 0 � � � � 1 � �  � � � 	 � � �  � � & � � �  � 1 & � � 1 � 	 � � � �  � � � � " �  � � � � �

� � � C & � � � � � E � " � � � 	 � � N � 1 � � � � & " $ ' N " �  5 � � �  & � � � � �  � � D � � 1 � � � � � � � 1 � � � 	 � � � � " 	 � _ � �

�  1 � � 	 � $ � & & � � � � � � � � & " � � � 1 � � � � � � 	 �  �  � � � � � � � � � �  � �  �  D $ � 1 � � � 	 � � � � " � " � 1 � 	

� � � � 	 � � � �   � � ' * � � � � � � < � � � �  � �  � 7 � � " � � " �  �  & � � � � � � �  � � � � � � 	 �  � � � " �  � � � � �  � � � � " �  

� � � " 	 � _ � � ' I  � 	 � � " � 	 � 0 � � � � � � � , & � 1 & � � � � � " �  � � � � � & � 1 � � �  5 � � " � _ � � � � $ 1 � � � " � �

_ � � � � � $ � � � � D � � � 	 � � �  � � 1 & � � � � � � 1 � � � � �  � � $ N � h  � & & " � � � � �  � �  & D � � " 5 � � " � �  & � � � � �

� 1 � � � � �  � � � � � � 	 � 	 � � � 	 � � �  � ' N " �  � & & � � � � � � � 	 � � 1 � 	  � � � � �  � " � & � � � 	 � � � � �  � � � D � � � � ,
D � 	 � & � � � � � & � 1 & � � E � � _ � � � � � � � � �  � �  � 	 � " � � � � " 	 � � � � . � � � & � 	 � � & � 	  � � � � � � � � � 	

� � � 	 � 1 � � �  � � � � � 1 � �  � � � 	 � � � � " 	 � � � � $ � 	 1 � � � � � 	 � '

j 	 � � 	 � � �  � � 	 & � " � & � �  � 	 � 5 � � < �  �  � � 	 � . � � 	 � � � 	 � � � D � � � � 	 � � � " � � 	 � � �  � � 	 � � 	 � � � 	 � 	 ,
� � 	 � � � � �  � 	 � � � �  � 	 � � " � 1 � � " � 	 �  1 � � 4 � � � , � � 	  1 � � � � � � < � 	 � � 	 � � � � � , & � 1 & � � � �  � �  '

N " � � � � 	  � � � � � � " �  � � 	  � � " �  � � � ; & � � � 1 � 	 � � � � �  � �  � �  � � �  � 	  " � � � � � & � �  � � � � � � � � 	  � 	 �

� 	 � 1 � � � �  � � � 	 � �  � � � & � 1 & & � 5 � � & � 	 � 5 � � � � 	 � D � � � � � � " � � & � � � � �   � 	 � " � � � 0 � � � & 1 � 	 �

� � � � � � � , & � 1 & � � � � 1 � �  � � � 	 � � � � " �  � � � � �  ' l � �  � � � �  � �  � � � � 	 � � � � " � < � $ � � � " 	 � � � � � �  

� � � " � � � � � $ � n  � � � 	 � � � $ & � 	 � � �  � � � � � � � � � 	 5 � � � � & � 	 	 � 5 � � � �  � � � & & � � � � � � � 	 ' N " �

� 1 & � � � � 	 � � � � � � � � � , & � 1 & � � � � 1 � �  � � � 	 � � �  � �  5 � � � � 0 � 	 � � � 5 � 	 � " � � � � � � � '

N " � � " �  �  �  � � � � 	 � q � � � 	 � " � � � � � � 5 � 	 � 5 � $ h X � 	 � � 1 � 	 � � � & " $  � �  � � � � 0 � 	 � � � � � � � �  " � � �

& � �  � � � 	 � � � � � � 	 �  & � �  � 	 � � � � 	 E " � & � � � � ' N " � D �  � �  � � � �  � � & " $  � �  � � � � � � � & � � � � � � � �

5 � � " � 1 & " �  �  & � � � � � � 	 � � � 	 � � � � q � � 1 � � � � � �  � � � � � � � � � �  � � � 1 & � � . � � � � � 	 ' ( � 	 � � � � 	 �

	 � 	 � � 	 � � � & � �  � & � � & � � � � � � 	 & � 	 � � � 	 � � & �  � � 1 � � � � � � < � 	 � � � � & � �  � 	 � � � � 	  � 1 � � � ,
� � � � ' N " � � " � & � � � � � 0 �  � D � � � � � 	 � � � � � � � � � 	 � � 4 � � � , � � 	  1 � � � � � � < � 	 � � 	 � � �  & � �  � � 	

� � 1 & � 	  � � � � 	 � � � " 	 � _ � �  '

E " � & � � � V � �  � � � D �  � " � 1 � � � � � � 	 � 	 � � 	 � � � � & � � � � � � �  � 	 � � � �  5 " � � " �  � � � � � q � � � �

� � � � � 1 � 	 � � " � � �  � 	 � 	 � � �  � � 1 � � � D $ � 1 � � � � ; � � � 1 � � �  1 � 	 & � � � ; � � � � & & � � ; � 1 � � � � 	 ' / 	

� ; � � 	  � � 	 � � & � � 0 � � �  � � � � � 1 � 	 �  � � � � � 	 � � � � � 	 � � 	 � � � & � � � � �  � � � 	  � � � � � � � � 	 � 	 � � � " �

1 � � � � ; � � � 1 � � �  1  � & � � � � � � $ � � � 1 � �  � � & � 5 � � � � � � � � � � � � 	  ' N " �  � " � & � � � � 	 � � � � � � �  � " �

D �  � � � � � � � � � � " � � �  � 	 � � � � � �  � � 	 '

j 	 E " � & � � � u & 1 � 	 $ �  & � � �  � � 	 � 0 � � � ; & � � � 1 � 	 � � � E � � _ � � � � � � � � �  � �  � � � & � �  � 	 � � � '

V � � � � � 	 � � � � 1 � " � & � � & � � � � �  � � E � � _ � � � � � � �  & � 	 � � " � � 1 & � � � � � � � 	  � � � � � � � & � 1 & � 	 � & � " �

� ; & � � � 1 � 	 � � � � 1 & � � 1 � 	 � � � � � 	 � � 1 � � � � � � < � � E � � _ � � � � � � � � �  � �  �  & � �  � 	 � � � � 	 � � � � � � � ,



�

� � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � " � � % ' 
 � � � + � ' � � � � � � � � � � � � � � � � � � � � + % �

% � � % � � � � " � � % � � � � � � � � � � � � � � � � % � � 4 � � ' � % � � + % � � � � � � " � + � � � � � � � � � � � � � � � � � � + � � % � + %

4 � " � � � � % � � � � � � � � � � % � 4 � � � + � � � � � � � � � � + � � � � " � % � � � � � � � � � � � � 	

B + � � � � � � � D � � � � � 4 � � � � � � � � + 4 � � � " � G � � � � 
 � � % � " � + � � � � � � % � � � ' � � " � % � 4 � � � � � � � �
4 � � � � + � � � � � + � K � � % � � % � � � � " � � % � � � � 4 � 	 � � � % � � % � � � � " � � % � � � � � � � � � � � � � � � % � � � � � �

� " � G � + G � � � � " � + � � � � + � � � � � � � � � � � � � � � � � � 4 � + � V � � 	 � � � � � � � � � " � + � � � � � � � + G � " � + � � + %

� � � � � � � � � � � � � � � + � � % 	

� � + � � � 
 � � � � � � � � � � 4 � + 4 � � % � � � � � � � ' � � � � � � " " � � 
 	



� � � � � � 
 � � � � � � � � � � � � �



� � � � � � � �

� 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � �  " � " % ' ) � � � * � " � � ) � * � � - ' ) * � * � � / '  � � * 1 " � � � " ) " % 3 � � � 5  1 * " � �  5 � * 1 � ) � *
� � � �  � � % � " 5 � � � � � 3  � �  > � )  % � �  5 � " % � � �  � > � � � � 3 ) � * � � 5 � � � �  � )

τL

� �  1 �  *  � � � � " � 3 � �
" % 5  1 � " * � 1 " � 3 * � � " � � � � � 3  " % � � / ' � � 1 � * 1 � ) � *

1/TR

" % � � � � � - � �  �  " � � � � � " % � � � ) � * � �
� � * " � � � " � � �  1 � � � � � � -  1 � ) ) � � � � " * � 1 " � 3 * � 3 " � � � " � � � � 1 � ' � ) 3 ' � � �  " �

τp

" % � � � - ' ) * � * " %
� % � � % � 5 � " * � 1 " � 3 * P Q � " 1 � * * � * )  S � � �  � V '  ) 3 ' - � � �  � * � � ' � � �  " � � � 3 - � " � " � 3 � 1 � � � � S �
- ) � 1 � " � � � � ) " � � � * � �  5 � * 1 � ) �

τL

P � � � � 1 � ' � ) ) � * � � - " � � �  * 3 � � � � 5  � � 3 V � � � � 3 � � � 5  1 *
" � � �  * �  5 � * 1 � ) � P ' � � � � 1 � "  1 � " % � � � ) � * � � 5 � � � �  � ) � � � � - ' 5 -  � � - � " 1 � * * � � 3 V � ) " * *
1 " � � � " ) � � � � ) � * � � � + 1  � � 1 � � � 3 " ' � - ' � - " � � � � � � 3 � � � � 5  � � 3 P ] � � � �  � � � � 5 � 3  � � � � � � � �
% � " 5 5  1 � " * � 1 " � 3 * � " � � � " * � 1 " � 3 * � � � 5 � � � �  � � - � " 1 � * * � * )  S � � � ) � / � �  " � " * 1  ) ) � �  " � * � 0 1
* �  � 1 �  � �  � * � � V  )  �  � * � � 3 � � � V '  ) 3 1 ' - " % 5 " 3 � ) " 1 S � 3 - ' ) * � * P � � �  � � � � � 1 �  " � V � � � � � �
� � �  � > � � *  " � � � 3 � � � " - �  1 � ) 4 � ) 3  * � " > � � �  � � � �  * � � �  5 � P ] � * � � V  )  �  � * " � � �  * �  5 � * 1 � ) �
1 � � V � � > "  3 � 3 V � � �  ) " �  � � � � � * � � ' � � V ) � ) " * * � � 3 � �  � 3 � � � 5  1 * � � � 3 V � � � � 1 � "  1 � " %
� � � ) � * � � 5 � � � �  � ) P i  � � ) ) � � " � � � � * � " � � � * � �  5 � * 1 � ) � � � � � 3 � � � 5  1 * " % - ' ) * � % " � 5 � �  " � V �
� � �  � � � � - ) � � " % � " � )  � � � � ) " * * " � � �  � � � � 3 - ' ) * � V � " � 3 � �  � � " � 1 " 5 - � � * *  " � V � 3  * - � � *  " �
� � S � * - ) � 1 � P

� �  * 1 � � - � � �  * " � � � �  m � 3 � * % " ) ) " � * n i  � * � � � � � 3 � � � 5  1 * " % - � " � " � 3 � � *  � � � � 3  � 1
> � � *  " � �  ) ) V � - � � * � � � � 3 * � � � �  � � % � " 5 V � *  1 � � � � � / ' � �  " � * P � �  * ) � � 3 * � " * � � � 3 � 1 * � � � �
� / - � � * *  " � * % " � � � � ) � * � � - " � � � P � � � 1 � ) 1 ' ) � �  " � " % * � � ' � � � � 3 ) � * � � � 5 - )  4 1 � �  " �  � > " ) >  � �
� � � * - � �  � ) 3  * � �  V ' �  " � " %  � > � � *  " � � � 3 ) � * � �  � � � � *  � � �  ) ) V � - � � * � � � � 3 � ) � � 3  � � � " � )  � 1
� � �  m � 3 � / - � � * *  " � % " � � �  � * � � ' � � �  " � P � � � � � 3 � � � 5  1 * " % - ' ) * � - � " - � � � �  " �  � )  � � � � � � 3
� " � )  � � � � 3  * - � � *  > � 5 � 3  � �  ) ) V � � � � � � � 3 P � � � � � / � * � 1 �  " � �  > � * � �  ) ) ' * � � � �  > � 3 � * 1 �  - 1
�  " � " % 1 " 5 5 " � 5 " 3 � ) " 1 S  � � � � 1 � �  / ' � * V � * � � ' � � V ) � � V * " � V � � � 1 �  " � P � � � 5 � � � � 5 � �  1 � )
3 � * 1 �  - �  " � V � � � � 5 � * � � � � / ' � �  " � " % 5 " 3 � ) " 1 S  � � % " ) ) " � * P � � � 1 � � - � � �  * 1 " � 1 ) ' 3 � 3 V �
� � � 3  * 1 ' * *  " � " % s � � � 1 ) � � * 5 " 3 � ) " 1 S  � � � � 3 � � � � � � ) 3  * - � � *  " � 1 " 5 - � � * � �  " � * 1 � � 5 � * P

; < = > @ B D D G I @ B L M O P

Q - �  � " % 1 " ' - ) � 3 3  R � � � � �  � ) � / ' � �  " � * 3 � * 1 �  V � * � � � 3 � � � 5  1 � )  � � � � - ) � � " % � � � - " - ' 1
) � �  " �  � > � � *  " � � � 3 � � � - � " � " � 3 � � *  � � P Q � � / � � � *  > � � � � � � 5 � � � " % � � � * � � � � � � / ' � �  " � *

t



� � � � � � 
 � � � � � � � � � � �  " $ & � � � � �  � � � $ & � 
 & � � 
 � �

� � � � 	 �  � � � � � �  � � � 	 1 � �   � �  � ! � � 	 # � 2 % � # � � � � ! � # ! 4 � � 6 8 � 	 9 � 2 +  	 - - ; / 1 2 � � % � � #  �

	 5 � � � �  � � 8  : 	 # � � ! � � 	 # � � � ! � � % 2 ! � � 	 # � � % ! � = � � � �  � � � � � � � � # � � �  � 2 � � � � 2 	 � 4 � � � � � �  �

�  � � � � �  � � ! 4 � � � 5 � � � � > �  � � � � �  � � ! 4  % 	 # � � � � 8 A � C > �  � � � � �  � � C � : 	 E ! � � 	 # � / I 	 � � � � � 	

3

0

2

1

Rp T21

T32

T10

F G I J K L M O P Q R S T L V X Y G S \ ^ X ^ \ J K c d L e L d g h g Y L V O i T L K X j G X Y G e L d X g L K Y K X l g G Y G \ l G g ^ K \ V d L e L d M → P O i T L g h g Y L V
G g G l e L K Y L j m h Y T L o J V o o K \ S L g g q G Y T X o J V o K X Y L

Rp
O

�  � # > ! 	 : 	 ! � 4 � � 	 � � C � � 2 � � 	 ! 	 � � #  � � � ! 	 : 	 ! � � 2 	 � 	 � � � 	 % � � � 	 � � � Q � 8 / S / U / 1 2 	 % � � % % #  >
� 	 � � ! � � � � � 2 	 � 4 � � 	 � � #  � 8 #  � � � � � � � 	 ! 	 : 	 ! Y �  � � � % % 	 # � � � � 	 ! 	 : 	 ! \ C � � 2 � 2 	 % � � % # � � 	

Rp

/ I � � 2 � 2 	 # 	 ! � 1 � � �  � � #  � � 2 	 � % % 	 # > � � � � 	 ! 	 : 	 ! \ �  � 2 	 � % % 	 # ! 	 : 	 !  � � 2 	 ! � � 	 # � # � � >
� � � �  � S 2

T32

2 � � � � #  � � 2 	 !  C 	 # ! � � 	 # � # � � � � � �  � ! 	 : 	 ! U �  � 2 	 8 #  � � � � � � � 	 Y 2
T10

2 � 	 � � 8

� � � 2 � � � � 	 # � 2 � � � 2 	 ! � � 	 # � # � � � � � �  � � #  � ! 	 : 	 ! S �  U 2 C 	  � ! 4 � 	 	 � �  � � � 	 � � �  � � �  � � �

� 2 	 %  % � ! � � �  �  � � 2 	 � C  � � � 	 # � 	 � � � � 	 ! 	 : 	 ! � U � � � S 2 C 2 � � 2 �  # � � � C  > ! 	 : 	 ! � 4 � � 	 � /

1 2 	 %  % � ! � � �  �  � � 2 	 !  C 	 # ! � � 	 # � # � � � � � �  � ! 	 : 	 ! � 2 	 � � � � ! C � 4 � : 	 # 4 � � � ! ! � � � � � � � 	

� 	 � �  j 	 #  / 1 2 	 � C  > ! 	 : 	 ! � 4 � � 	 � � � � 	 # � � � � C � � 2
Nph

% 2  �  � � � � � � � 	 � :  ! � � 	
V

/ k 2  �  � �

 � 	 � 	 # 8 4
hf

% #  % � 8 � � 	 � � � � � 	 � 2 	 :  ! � � 	 C � � 2 � 2 	 8 #  � % : 	 !  � � � 4
vg

/ 1 2 	 � � � 	 # � � � �  �  �

� 2 	 	 ! 	 � � #  � � 8 � 	 � � � = 	 ! � � � � � 2 	 � � % ! � � 4 � � 8 � 	 � � � � C � � 2 � � 	 � � � � 4  � � � � � : 	 �  � �
nat

2 � �

�  � � 	 � � 	 � � � �  � 2 	 	 � � � � �  � � #  � � > � 	 � � �  �
σ

/ 1 2 	 � 2 � 2 	 	 5 � � � �  � � �  # � 2 	 %  % � ! � � �  �
N2

 � � 2 	 	 1 � � � 	 � � � � � 	 2 � � � �  # � 2 	 % 2  �  � � � � � 	 #
Nph

� # 	

d

dt
N2 = −N2

τL

− σvg

V
N2Nph + Rp,

d

dt
Nph = −Nph

τp

+
σvg

V
N2 (Nph + 1) .

A S / U E

1 2 	 % � � % # � � 	 � � 8 � : 	 � � 4
Rp = Ip/Ip, satτL

C � � 2 � 2 	 % � � % � � � � # � � �  � � � � 	 � � � � 4
Ip, sat

/ l 	 n

�  # � � ! � j � � �  � �  � 2 	 � � : 	 # � �  � � 	 � � � � 4
w = natN2

� � � �  ! � � 	 # � � � 	 � � � � 4
I = hfNphvg/V

2

 # �  � 2 	 	 1 % 	 # � � 	 � � � ! ! 4 � � � 	 � � � � ! 	 5 � � � � � � � 	 � � � % ! � � � � 	 8 � � �
g = σvgTRw/2

� � �  % � � � � !

%  C 	 #
P = hfNph/TR

4 � 	 ! � � o



� � � � � � � 
 
 � � � � � � � � �

d

dt
w = − w

τL

(
1 +

I

Isat

)
+ rp,

d

dt
I = − I

τp

+
σvg

V

w

nat

(I + Isp),

d

dt
g = −g − g0

τL

− gP

PsatτL

,

d

dt
P = −P

τp

+
2g

TR

(P + Psp).

� � � � �

� � � 
 � 
  � � � � � � � �  �
Isat = hf/στL

�
Psat = IsatV/vgTR = IsatAsat

�
Isp = hfvg/V

�

Psp = hf/TR

�
g0 = στLvgTRRp/V

�
τp = TR/2l

�  � � � � � � � � � � � � � � � �  � � � � � � � $ & � �  � �

� & � � � � �  � � � * �  , � � �  $ � � �  � � � � � � � $ & � �  � � � , � * * � � � � � � * � � � � � � � $ 3 � 5 � � � & 
 � � � � * � 7  � � ,  �

: 
  & � , & � � �  � � � � � � � � � � �  $ � � � 
  $  � � � � � � �  * � �  $ � � � � � � � �
rp = natRp

� #  5  � � * � � � � � �
� � � � � � � * * �  $ � � 3 � � �  $ � � �  % � � � � � � � � � � � � � 
 � 
  � �  � $ � � � � � �  � � * � � � � � �

( G I J ) L * M G J G I M O P R G T O U

V � � 
  7 � * * � � � � � �  �  � *  3 � � 
  � & � � � � �  � � �  , � � � � � � �  � , �
Isp, Psp

� � . � � � � � � � � � ] � � 


d/dt = 0
� � 
  � � �   � � � � � � � � � �  * $ � 
  � �  � $ � � � � � �  5 � * �  � � 7 � � 5  � � � � �

ws
� � � � �

gs
� � � �  � � � � �

Is

� � $ & � �  �
Ps

`

ws =
τLrp

1 + Is

Isat

=
natV

στpvg

, gs =
g0

1 + Ps

Psat

= l Ps = Psat

(g0

l
− 1
)

.
� � � a �

: 
  1 � � �  3 & �  � � � � � � � � �  � � 
 � � � 
  � �  � $ � � � � � �  � � 5  � � � � �
ws

� � 1 3  $ � � � � � � 
 �  � 
 � * $

*  5  * � �  3 � � �  � 
  � � � � � � �  $ � � � �
gs

� � & � � �  $ � � � 
  5 � * �  � 7 * � � � � : 
  * � � �  3 & �  � � � � �

� � � 
  �  * * � f � � � � * � �  � � * � �  � 3 
 � � � 3 �  � � � � � 3 7 � � � 
  � �  � $ � � � � � �  * � �  � & � �  �
Ps

� � � � 
 � 
 

� 
 �  � 
 � * $ 3 � � $ � � � � � �  � � �
g0 = l

�

� 9 i T G I ) M G J G I J k M O l m G T O U

V � �  �  � � * � 
 � � 
  � *  5  * � � 
 � � � 
  � & &  � * � � � � � *  5  * � � * * �  & �  �  � � � � 
 � 3 
 3 � � �   3 3 � �  $

� � � 
  * � �  � 1  * $ � 7 � 
  �  *  5  * � � 3 3 � � � �  �  � � �  �
hf

� � � 5  � 
  � & &  � * � �  � *  5  * � : 
  � 

� � � � � � � � � � � 
 � 5  � 3 � � � � � �  3 � � � �
σESA

� # � 3 
  3 3 � �  $ � � � �  � � � � � & � � � � � . # B � � � * * �  $ � 3 

� 
  � � � , � * � �  $  , � � � � � � � � � � � 
  * � �  � , � $  � � � $ � � 3 �  � �  � 
  $  3 � � � 7 � 
  � � 5  � � � � � � �

. � � � � � v � *  � $ � � � � � `

d

dt
N2 = −N2

τL

− (σ + σESA)vg

V
N2Nph + Rp,

d

dt
Nph = −Nph

τp

+
(σ − σESA)vg

V
N2 (Nph + 1) .

: 
   D  3 � � 7 . # B 3 � � �  � � 3 * � $  $ � � � � . � � � � � � � � � � $ � � � a � � � � � � � � � � � � � � �

g0 → σ − σESA

σ
g0, Psat → σ

σ + σESA

Psat.
� � � x �

. # B * � �  � � � � � 
 � 
  � , � * * � � � � � * � � � �
g0

� � $ � 
  � � � � � � � � � � & � �  �
Psat

�


