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∗

VXWZYH[]\_^a`cbdbegf
hjilk�m�n oLp1q�rHitsgu-s s vwmyxzilk]{|il}zilm~vw��u�{lu�k]uU{�o!ilk!�g��o!ng{lu$rHilsg�
� }Hp�i�{�o!i��cm � s o�n m�x � k1o]u���o��Zils�{ � s � k��Z�as�s sgu�k!��rHiasgu��wng��o!�Uk!ngu�l� ��u��+n �N�Ui���o!n ��uJo�m��|o � rHi��Qxzilk�m � rHn �z{lu�kQilsz{ � s � k�u�m7}6��vw��1�U�B�Nng��o � �ailsg�am+uJo!ilk!ngu�sg�l�Jp1u6�1n �Uvwnxzilk.m � o!n v��an ��rHv���o!k!ngu�sg�l�xwk]qU{�o!ng{l� � i���o!�|o!ng{l�l�j��� u�� � m�il��u��|�!�J���L�cuU��vwils sNm+uJo!ilk!ngu�sHrHi{ � s � k]uU{|n ��m � rHn �z{lu�}ws iU�c�.ilxzil�wil��oarHilszo!n xwv��Ard� i���o!� m7vwsd��vwixwk � � � {lutsgu$�Ju�k!nguU{|n �-rHi�{ � s � k��j{|sguU�!�1n �z��vwilm ilsg��m+uJo!ilk!ngu�sg�{|k!�Um�ng{l�7il��¡|¢J£¤¢��|�!�J���L��¥��¦£¤§|���+¢��|�!�J���L��¥7n7§|¨ §]�|£?�!¢��|�!�J���L��¥��
©��6ilsg��xwk!n m�ilk]�csgu�s s vwm«ª���sgu�{lu�v��!u���oQrHi.sgu�{ � s � k]uU{|n ����� � k1¬m+u�s m�il��o�xzilk�n k!k]uUrHnguU{|n ��il��s?� vws o!k]u��Nn � sguJo��7©�s��1il� � �-o!n xwv���wi�{|i��!�1n o]util�wilk!�Ungu�o!�lk!m�ng{luw�ZnQ� � �Nn ��o7�l� vHo!n s n o!�uBvw��®>iln ¯�sgqJ¬�1ilk+{ � m;u-® � ��o�rHi${lu�s � k��°©�sAo!ilk]{|ilk�o!n xwv��6�l� uU{�o!n �Ju�u�m7}il�wilk!�Ungu�ils ��{�o!k!ng{luw�±©�sg�+m+uJo!ilk!ngu�sg�$§|¨ §]�|£?�!¢��|�!�J���L��¥�xwk!i��1il�H¬
o!il���Uk]u��+�Ju�k!n i|o]uJoArd� u�xws ng{luU{|n � ���l�Uo]u���o�il��sgu�n ��rH²���o!k!ngu7��vw� ¬m�ng{lu�³>sguU��vwi��l�axwn ��o!vwk!i��]´6{ � mµil�<s?� �UxHo!ng{luw�¶�N�U��uUrHn il��o]�
xzilk6u�u�xws ng{luU{|n � ������vwiBn �N� � s v�{|k!n ��k!i�{ � }wk!n m�il��o]��il�±{lu�x�uxwk!n m+u�u�m7}�®>vw��{|n � ��u�s n o]uJo_�UxHo!ng{luw�w{ � m¶xzilk_i|¯Hilm�xws i¦���wi���¬o!k!i���n ��o!ils � s n �Uil��o]�l�Zs i��7��v�u�sg��i���x � rHil�°uU{|sgu�k!n k � il�H® � �!��vwn kxzilk6u�xwk � �wo]u�k�m�n s s � k+s i���� � k!i���rd� n ��� � sguU{|n ��� � ilsg��m�n k]u�s sg�u���o!n il�ws s vwilk!��u�m�il��o��Z{ � m~u�k]utilsg��k!i|o!k � �Nng� � k]�¦��vwi6²ws o!n m+uJ¬m�il��o�rHi��1il�N� � s vwx�u+sgu6n ��rH²���o!k!ngu�u�vHo � m � }wn s �g��o!ng{luw�¦�7� u�s o!k]u}�u���rwuw�a{lu�s�{ � ���1ngrHilk]u�k6sgu2n m�x � k1o]q���{|ngu°rd� vw��u�s o!k!i$o!n xwv��rHiBm+uJo!ilk!ngu�s?�Q�wi�{|i��!�!u�k!nAil�/sgu�{ � ����o!k!v�{l{|n ��rHi$rHng�1x � �1n o!n v��ils i�{�o!k � {|k!�Um�ng{l�l��©Q�_o!k]uU{�o]u+rHilsg�7�]¢J·�¸J¹��|£¤¢J�]¥��L�J·��L��¥�¸Tº §�¥�£¤»J£¥l�J¨ �L¸J��u�sg����v�u�sg��i���o]q$rHi�rHng{luUrwu$uU{�o!v�u�s m�il��o7�Uk]u���x�u�k1o�rHi
sgu�k!i�{|ilk]{lu+il��ils i�{�o!k!�U�wng{lu6n�{|n �l��{|ngu�rHi�m+uJo!ilk!ngu�sg�l��¼ � m½uxwk!n ��{|n x�u�sg��u�xws ng{luU{|n � ���7o!k � }zilm¾s i���m�ilm7}wk]u��wi���n �U�wng��vwi��l�s i��axwn s i��.rHi7{ � m7}wv���o!n }ws iU�zilsg�.�1il��� � k]�arHi���uU� � �l�wnilsg�ails i�{�¬o!k!�Us n o]���1�Us ngrw�l�B¿.xzilk!il��{ � m uBu�À?s sgu���o]��ils ��{�o!k!ng{l����vwi+xzilk1¬m�i|o!il�$sgu6{|n k]{|vwsguU{|n �6rd� vw�-{ � k!k!il��oan �U�wng{�il�-u�xws ng{lu�k1¬X�wnTvw��urHn ®>ilk!�l��{|ngu�rHi_x � o!il��{|ngu�s?�Unwsgu��1il�Ju��1� ��o!i��1nHil�+{lu�x�u¦xwk!n m+u.o!ªvw�7x�u�xzilk® � ��u�m�il��o]u�s�xzilkZo]u�sNrd� n m�xws ilm�il��o]u�kZilsg�Zm+uJo!ilk!ngu�sg�ils i�{�o!k � {|k!�Um�ng{l�cil��rHng�1x � �1n o!n v��Q�1�Us ngrw�l�cÁ�� � }Hp�i�{�o!n v6rd� uU��vwi���oo!k!il}�u�s s��u6{ � ���1ng��o!n o�u+i���o!v�rHngu�k¦uU��vwi���o]�am+uJo!ilk!ngu�sg�_xzilk.o]u�srHi�rHi��1il�N� � s vwx�u�kavw��rHng�1x � �1n o!n v�ils i�{�o!k � {|k!�Um�ng{�rd� i���o]uJo��1��¬s ngrd�ZilsQ��v�u�sQ{ � ����o]uB}�qU�1ng{lu�m�il��o�rHi+o!k!i���{lu�xzi���uUr�p1uU{|il��o]�l�vw��u¦{lu�x�u.ils i�{�o!k � {|k!�Um�ng{luw��vw��u�rHiA{ � ��rHv�{�o � k]u.n �U�wng{luanHvw��u

∗ ÂQÃ�Ä�Å Æ�Ç�ÂQÈUÄ]ÉwÆ�Å Å Ã�Ê_ÈNË�Ã�ÌgÍdÎ]ÏLÐ�Ñ�Ò Ó�ÔJÎ�ÕÖ1×|Ø]Ù|ÚcÛ�ÜQÒ Ò Ý Ð�Ñ�Ô�Ð�Ý Î!ÞQÑ�Ôßwà Ü?Ý Ð1Î�á�Ñ�ÏÒ ÎAâZÍ�Ìgã�ä�ä�Ö!ÚTÝHÎ]Ð¤Þ?åJÎ]Ò æ_Ñ�Ô|ÞZÛ�ÜZÑ�ÜLÞ?å�ç�Ý Î]Ô|ÞZç�Ñ�ç�ÓlÐ¤Þ?Ó�Ï?Î!ÞcÑ�ÔÑ�ÒNè�ÏLå�á�ç�Ñ ßwà Ü?Ý Ð1Î�ÝHé�Ô�è�Ý Ô|ê|Ñ�ÏLÝ Î_ç�Ñ�ë�Î!Þ?Ñ�ÏLÝ Î]Ò ÜZìZæ_Ó�Ï>í ÜTÝHîZÎ]Ô�ÓlÑ�ÜLÞ?ÏLå�Ð¤ïÞ?å�ÏLÑ�Ü�Ì ß ézë�ìjîjÚ�ç�Ñ�ÒwðZÑ�áJÎ]Ï>ÞXÎ]æ_Ñ�Ô|Þjç�Ñ ßwà Ü?Ý Ð1Î�ìZá�Ò Ý Ð1Î]çJÎAÝwñZá�Þ?Ý Ð1ÎAç�ÑÒ Î�âÔ�Ý ò|Ñ�ÏLÜ?Ý ÞXÎ!ÞZç�Ñ�ÍdÎ]ÏLÐ�Ñ�Ò Ó�ÔJÎ�óZÌ Ð�Ó�ÏLô�Ñ�Ò Ò Î|õZå�ô�ó Ñ�ç�å�Ú

rHi�m+u���uJo!lilmörd� n � ���l�÷a�~m+uJo!ilk!ngu�s<§|¨ §]�|£?�!¢��|�!�J���L�9ª��9uU��vwils s2il�y��vw�U�/il�
u�xws ng{lu�k1¬Xs n�vw��{lu�m�x2ils ��{�o!k!ng{+i|¯No!ilk!�T�ji���m � rHvwsgu$sguBo!k]u�����¬m�n o]q���{|ngu��UxHo!ng{luw��m�n oLp1u���ølu���o.sgu+n ��o!k � rHv�{l{|n � � s?� i|¯No!k]uU{l{|n �rd� n � ���l�ZùQ��u�rHn k���s i���rHn ®>ilk!�l��{|n i��crHiAx � o!il��{|ngu�sw�wnwn ��rHvwiln ¯Hil�{lu��N�Nng�jrHi_{ � s � k��c¼�u�sNi��1m�il��o]u�kc��vwi�o]u�sg�j�Ju�k!nguU{|n � ���j{|k � m+qJ¬o!ng��vwi����1�U�-k!il�Uilk]�1n }ws i��l��xzilsjsgu���v�u�sc{ � �!u+i��.x � o�m+u���o!il�wn ks?� i���o]uJo7uU{ � s � k!n o��1il���1i+��u��Uilk�rHi6{ � ���1vwm�n k�il�wilk!�Unguw��úAqU�1n ¬{lu�m�il��o��Nsgu�n ��o!ilk]uU{l{|n ��rHi¦s?� il�wilk!�Ungu7ils i�{�o!k � m+u��U�w�|o!ng{lu�u�m7}m+uJo!�lk!ngu��1il���1i7ilm�ng�!�1n �Nn o]uJo�rHi�k]uUrHnguU{|n ��rH�U��u�{lu�}wv�rwu�u6sgu
o!k]u����1m�ng�!�1n ���Nk!i|û�i|¯Hn ��nTu�}�� � k]{|n ��rd� uU��vwi���o]u�il�wilk!�Ungu7�1il� � ���sgu�k!ilsguU{|n ���1il�Uüwil��o��

I ý þ�ÿ]ý ���]þ�� (λ) =

I �����lþ
	����	�� (λ) + I �������]ÿ���ý �
� (λ) + I ���
	�������ý �
� (λ).
³���´

hjilk+rHi|���wng{|n ���Qsgu-o!k]u����1m�n o]q���{|ngu-�UxHo!ng{luw�
T
��ª���sgu-®>k]uU{l{|n �

rd� n ��o!il���1n o]uJo¦rHi�s s vwm o!k]u����1m�i��!uw�
I
�zil�$k!ilsguU{|n �+u�m7}Bsgu+n �H¬

{|ngrHil��o��
I0
�jrHn ����ils�k]u��w�B�Nng�1n }ws iU�tÁ�� i��1xzi�{�o!k!i6rHi+o!k]u����1m�n ¬

o]q���{|ngu�{ � ���1ng��o!iln ¯±il��sgu°rHng��o!k!n }wv�{|n �°rd� uU��vwi���o]�6�Ju�s � k]�6rHio!k]u����1m�n o]q���{|ngu�u�sds sgu�k!�+rHi�s i��arHn ®>ilk!il��o]�As � �w�Un o!v�rw�_rd� � ��uw�

T (λ) =
I(λ)

I0(λ)
.

³��U´

©��-vw�$m+uJo!ilk!ngu�su�m7}-{ � m�x � k1o]u�m�il��oails i�{�o!k � {|k!�Um�ng{��ws?� uU{�¬{|n ��rHit{lu�m�x���ils ��{�o!k!ng{l��i|¯No!ilk!����xwk � � � {lutvw�wi��7�Ju�k!nguU{|n � ���il�tuU��vwi���o]u�®>vw��{|n �
T (λ)

��vwi�rHilxzil�wil�trHi�sgu�n ��o!il���1n o]uJoarHils
{lu�m�xT�JrHiQsgua�1il�Ju_il� � s v�{|n �Ao!ilm�x � k]u�sUnNrHilsUm+uJo!iln ¯�m+uJo!ilk!ngu�s?��_��vwi���oc{lu��N�Nn�il��sgu_o!k]u����1m�n o]q���{|nguaxwk � �Uª�rHi�sgu.�Ju�k!nguU{|n �¦rHilsx � rHilkcu�}�� � k!}zil��ocrHilsHm+uJo!ilk!ngu�s?��ilsw��v�u�sH�l� n ��{|k!ilm�il��o]u � rHng��¬m�n �Nvwiln ¯$�Us � }�u�s m�il��o��zncrH�U��u6s s � {7u6vw��u�{|sguU�!�1n �z{luU{|n ��rHilsg�m+uJo!ilk!ngu�sg�+ils i�{�o!k � {|k!�Um�ng{l�+il� »J·���¸J�L��¥6n��]»J£¤��¸J�L��¥6il�±®>vw�H¬{|n �6rHi7�1nZ�l� il�H® � �!��vwiln ¯Hil�to!k!il}�u�s sgu���o.rd� q�� � rHi � rHi7{lqJo � rHiU�k!i��1xzi�{�o!n �Ju�m�il��o���Áu-n ��o!il���1n o]uJo+rHits s vwm

I(λ)
o!k]u����1m�i��!u

xzilkAvw��u�{lu�x�u�xwk!n m+u�u�m7}�k!i|û�i|¯Hn �7n�ilm�ng�!�1n ���wil�Us n �Un }ws i��Qª��
u�xwk � ¯Hn m+uUrwu�m�il��o��

I(λ) ≈ I0e
−α(λ)d,

³���´
� � I0

ª��asgu6n ��o!il���1n o]uJo¦rHi7s s vwm�n ��{|ngrHil��o��
α(λ)

ª��ailsZ{ � i|�w¬{|n il��o�rd� u�}�� � k]{|n �6n d ª��.ilsj�Uk!vwn ¯$rHi�sgu�{lu�x�uw�.©�sjxwk � rHv�{�o!i
α(λ) d

�1i$s?� u�� � m�il��u�s?� u�� � m�il��u�»���¥l¢J����J·��|�L» � ¸U§|·w¥�� £¤»J£����£?�L�]»J�
A(λ)

�$Áu$�1il�JuB�Ju�k!nguU{|n ���
∆A(λ)

�cª���vw��u$m�i��1vwk]u

� � ��!#" $�%�&('
��)+* $#" ,-&/.10�23$#��45�$�%�6���'
�7098�8�:



rHi�s?� il�H® � �!��vwn m�il��o � uU{|sgu�k!n m�il��o_rHi�sgu�{lu�x�uw�

∆A(λ) = ln

(

T ÿ�� �-� (λ)

T � � 	¤ÿ (λ)

)

,
³��N´

� � T ÿ�� �-� (λ)
n
T � � 	¤ÿ (λ)

k!ilxwk!i��1il��o!il�ts i��Ao!k]u����1m�n o]q���{|n i��_il�
s?� i���o]uJo+{|sgu�k�n_ils�® � �!{���k!i��1xzi�{�o!n �Ju�m�il��o��°�_��vwi���o+{lu��N�Nn_rHis i��.xwk � xwn i|o]uJo]�.�UxHo!ng��vwi��¦ª��¦rHil�UvHo�u6vw��i|®>i�{�o!i�rHi7o!k]u�����®>i|¬k!�l��{|ngu�rHi�{lq�k!k!il��u+u6o!k]u��Uª��.rHi�sgu+¯wu�k1¯wuw�zils���v�u�sZª��.®LuU{�o!n ¬
}ws i�xzilk�m�n oLp1qBrHi�xwk � {|i�rHn m�il��o]�.ils i�{�o!k � ��vw� m�ng{l�l��ÁTsgu�� � k]�l�il�$uU��vwi���oaxwk � {|ª��_i��_x � o.k!ilsguU{|n � ��u�k A(λ)

u�m7}Bsgu+{lq�k!k!il��u
o!k]u�����®>ilk!ngrwu6xzilk�vw�wn o]uJo�rd� q�k!i�uw�

Q
�dnc�l� � }Ho!ª�vw��u6���Uvwk]utrHim��lk!n oau�� � m�il��uUrwuB§����|���|·��|�L»t¸U§��]¢J¨ ¢J�!»U�|���J� η(λ)

�

η(λ) =
∆A(λ)

Q
.

³
	U´
©�sg�¦m+uJo!ilk!ngu�sg�.ils i�{�o!k � {|k!�Um�ng{l�_x � rHil���1ilk � k!��q��wng{l� � n � � k1¬��q��wng{l�l�UnzuUrHm�i|o!il�+�Uk]u��+rHn �Uilk]�1n o]uJo�rd� i���o!k!v�{�o!vwk!i��l�Z©�sz{ � m�¬xws i|¯t}wsgu�v$rHi�h�k!²��!�1nguB³>�wi|¯wuU{|ngu�� � ®>ilk!k]uJo�³����1´_rHi�®>ilk!k � ³������1´nTx � o]uU�!�1n ´�{ � ����o!n o!vwiln ¯�vw�$rHilsg�a{ � m�x � ��o � ��m�ª��a{ � �wil�UvHo]�AnvHo!n s n o!�uJo]�il�7uU��vwi���ojq�m7}wn o��©���uU��vwi���oo!k!il}�u�s s��l� ��uai���o!v�rHn ¬
uJojvw�7��¯Hngr�rd� vw��m�i|o]u�s sHrHiQo!k]u����1ng{|n ����ils�o!k!n ��¯Hngr7rHiQo!vw�w����o!�U�
<¿

3
�Hrd� ils i�{�o!k � {|k � m�ng�1m�ia{luJo!�HrHng{��j©�sg����¯Hngrw�Qrd� u�s o!k!i��Qm�i|¬o]u�s sg�arHi�o!k]u����1ng{|n �$³�� � ���a}$n���´Ans i��a�1il�Ui��_{ � m7}wn ��uU{|n � ���o]u�m7}zª�xwk!i��1il��o!il��ils i�{�o!k � {|k � m�ng�1m�iU���.v�u���o�u�sQ® � ��u�m�il��o®>�g�1ng{�rHiAs?� ils i�{�o!k � {|k � m�ng�1m�iU��i|¯Hng��o!iln ¯Hil��o]u���o!i��o!i � k!n i��Z� � }wk!iilsT®>il� � m�il��{ � m��1vw}���o]q���{|n i��.u�m7}�uU��vwi���o]u�xwk � xwn i|o]uJo����an��uw�Nxzilk!����vw�tuU{ � k]r�il�t��vw�¦sgu��Ju�k!nguU{|n �7rHi�{ � s � kQª��Qxwk � m � ¬�Uv�rwuaxzilkZs i��k!i�uU{l{|n � �����vw� m�ng��vwi��jrd� ¢��U�L¸U»U�|����nNrHi¦�!§]¸J¹��]�|���®>k!vwn o7rHi+sgutn ��o!ilk]{lu�sguU{|n �Brd� n � ����il��s?� i���o!k!v�{�o!vwk]uBrHils�m+uJo!i|¬k!ngu�s?�+÷a��x�u�k]q�m�i|o!k!i�m�ng{|k � �!{|�Uxwng{�rHi+m��lk!n o�ª��l�il��uU��vwi���o{luU�l�HilsT{ � i|�z{|n il��o.rHi�rHn ®>v��1n �+n �U�wng{luw�©�sg��m+uJo!ilk!ngu�sg�-{ � ��rHv�{�o � k]�$ils ��{�o!k!ng{l�-�1�U� uU��vwils sg����vwixwk!i��1il��o!il�2vw��u$k!i��1ng��o!n �Nn o]uJo7}�u�n ¯wu-u�s�{ � k!k!il��o�ils ��{�o!k!ng{��$©�sx�u�k]q�m�i|o!k!i6��vwit��v�u���o!n �z{lu$sgu-�1il�Ju$®LuU{|n s n o]uJo�rHi6o!k]u����1x � k1¬o]u�k�{lq�k!k!il��u-ª��+sgu<�]¢J·�¸J¹��|£?����� £¤»J£+§|¨ �]�|£?���L�]»J�a��vwi-k!ilsguU{|n � ��uilsa{ � k!k!il��o$³>k!i��1x � ��o]u�´�u�m7}/ilsa{lu�m�x/ils ��{�o!k!ng{B��vwiBs?� � k!n �Un ¬��u/³>i���o!� m7vws ´��±Áu�{ � ��rHv�{�o!n �Nn o]uJo�ils ��{�o!k!ng{luw� σ
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