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G>HIJK+LMCDEFG4NOPQJ+#$%&'()RSTUVWXJI8BLMCD

EFG*+YZ[\]PQJ+^_%`abDcd/ef;A8LM4ghBLM4ijk78

P+lmnop/qrst4uJ+vT/#$%&'R!"#$%&'PQJLM>wWX8[1]B

x/#$%&'*+LMyz{|/CDEFGr[4}~+���P��QJITBxX�;>+

LM!"����[1, 2]�S�+��/����[3]*���RA8R+CDEFGq/#$%&'

�"4����Q��*�IBxX*+CDEFGq/#$%&'����4����78��

R�y����;A8B��+��*� [6¡D¢£¤'F£¥¦§¨©ªD«UVRR¬[i

�4IJ+#$%&'��®¯4����78xP4°±�BUVRR£²F¤%;*+§¨³

´>S�J+¤bµ¤`¶D+¢·¸D+`¹º%¡©ºD�»¼½]¡¾¿ÀwÁ/©ªDÂ

DÃRÄÅÆ>��WX8BeÇ+¡D¢£¤'F£©ªDÂDÃÈ�*+!"jkÉÊ/[Ë

42Ì78BQ�R�J+¡D¢£¤'F£ UVRR£²F¤%4� [6�Í78xP>S�J+

¼½]¡¾¿ÀwÁ/KH#$%&'4����78xPR;Î8PÏ:zX8BÐx;ÑUV

;*+LMCDEFG/ÒPH;A8¢¤F·M c 4IJ+CDEFGN#$%&'��/�

���4°±�B¢¤F·M c 4ÄÓÔ5Õ*+¤bµ¤`¶DwÁReH/±;A~+CDE

FGq;eH/wÁ4ÄÅÆ>��;Î8xP+��+À0Ö¢¤F·M c *i234×PÓ»

kxW�IxPRØzXJI8xP/��;A8B��*��Ù�J+¡¾¿ÀwÁÚÛ;+C

DEFGN/#$%&'/ÜX4Pz:8xP>ÝÞQ�B 

PSTRnop� [6 UVRR £²F¤%�Í*+ßàáâãä¢CDl`¶å¡æ'ç'«1 

kHz¬4I+_Dµ-µ·'m�;è��BUVRR�Í;*+_Dµi*+éê 405 nm+#$

%&'20 !J+µ·'mi*éê 230 nm+#$%&'1.0 !J/K/4I�B_DµiPµ·'

mi/.ë.ì� *+3.6 ps;A��B 

À0Ö¢¤F·M c *i234kxW�IxPRØzXJI8R+� [6©ªD�Íí/°

î4ïð�Pxñ+LM/òóWX�Ý[Rôõy>g�XJI8xPRôy��BxX*+ö

÷ø;kÎ8iòó/àÝùRúûQ���ÔPÏ:zX8BÐx;+¢¤F·M c /üý/þ

\ÿ d;A8¢¤F·M cÀ0!"4#:8xP>S�J+òóÖ/úû4$IÔB 

��+LM/!"#$%&'()�Í4è9��>+� [6¡D¢£¤'F£%&§¨©ª

D�Í4'ô(Jè��B%&§¨©ªD�Í;*+_Dµi/éêP#$%&'*+540 nm, 32 

!J+µ·'mi/éêP#$%&'*+442 nm, 0.3 !JPI9)*;�Í4è��B 

PUVRÀ0Ö¢¤F·M c/¡D¢£¤'F£� [6 UVRR�Í/+´4,->.7B, 1

/£²F¤%*+� [6£²F¤%yzµ·'mi/±;�ÍQ�£²F¤%4/Q0I�/

£²F¤%;A8B/£²F¤%/12*+qrÈ�34PQJ5X�6Àå7D/ÂDÃÈ�

4Á4>QJè��B£²F¤%>*ÈIÂDÃR+756 cm-1P 1009 cm-1>��WX�BxX

z*PK>¤bµ¤`¶DwÁ>S8K/;+ÐX8XW18PW16ÂDÃ>9:;Î8B, 2

>+W18ÂDÃÈ�/� ;04.7BW18ÂDÃÈ�/á<P=>/�Í?*ÐX8X+5.6 ± 

1.4 psP+5.6 ± 1.4 psP@�zX�BW18ÂDÃÈ�/á<*+LMyz¤bµ¤`¶DwÁ

�/!"#$%&'/Ü5>+W18ÂDÃÈ�/=>*+¤bµ¤`¶DwÁyz{|/¡¾¿

ÀwÁ�/!"#$%&'/ÜA>B3QJI8PÏ:zX8B��+� [6¡D¢£¤'F

£%&§¨©ªD£²F¤%>�IJ+LM/¡D¢£¤'F£©ªDÂDÃ«"CÂDÃ¬È�

/;0R��WX�B, 3>Ð/ÂDÃÈ�/� ;04.7B"CÂDÃÈ�/=>/�Í?*+

1.5 ± 0.1 psP@�zX�B"CÂDÃÈ�/=>*+LM/!"#$%&'()��>B3QJI

8PÏ:zX8B 



 

PWXR��+� [6¡D¢£¤'F£ UVRR�Í>

S�J+CDEFGq/#$%&'�"4Pz:8xP

>Ù�JÝÞQ�B¢¤F·M c /¤bµ¤`¶DwÁ

*+LM/µ·n7DÀÁ>D�QJI8��+LMy

z��#$%&'4ÿEF8%GHRIIPÏ:zX8B

QyQ�Rz+��@�zX�LM/ÂDÃ«"CÂDÃ¬

È�/=>/�Í?«1.5 ± 0.1 ps¬P+¤bµ¤`¶D

wÁ/ÂDÃ«W18ÂDÃ¬È�/á</�Í?«5.6 ± 

1.4 ps¬*eJQ�y��Bx/xPyz+"CK'Ã/

#$%&'R�� W18 K'Ã>Lô�JI8/;*�

T+M/K'Ã+7�ôN+LM/"CO¦/K'ÃA8

I*+¤bµ¤`¶DwÁ/W18O¦/K'Ã4PQJ+

W18K'Ã>Lô�JI8PÏ:zX8B 

Q7R¸Ö¾7S·TD>HIJ*+��«U¬�/

#$%&'��RU/����PQJ��WXJI8

[3]B��/����>*VH/Ý[RA~+WIÝ[/

�Í?* 7.5 ± 1.5 ps+XIÝ[*+�SÐ 20 psP@�

zXJI8B¢¤F·M c P¾7S·TD*+IõXK

YÉCDEFG;+<ÎWKZ��;A8xPyz+¢

¤F·M c /['K\I]/�Í?;U�/#$%&'

��RkÎ8PÏ:zX8B¤bµ¤`¶Dyz/#$

%&'ÜA/�Í?PQJ^zX� 5.6 ps PI9]*+

U/����/�Í?S~_WT+LM ` CDEFG 

` UP+#$%&'RLaQJI8xPPbcQ�IB 

xX�;+CDEFGq/#$%&'��/de*fg;A��R+ÑUV/Øh*+Ð/6

g/��/iej>�8PÏ:zX8B 
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