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â Ç�ÄfÐYÍ+Ë1Ì�Ù�Ì}ÇkágÆ�Ð�ÊfÇ}Çkã7ÍyÖ�Ù%Æ�ÐNÏ¤×7Ï ØTÊfÉÅÌ�äfÏ;Û1Ì�ÊfÏDÍmÜ7ÆNÌ�ÉiÌkÕ�Ô:ÄfÉiÌ7ÍQÕ�Õ5ÄfÏ�Ì}ÐYÍ�ØTÌ}ÏQÐYÍQÕ�Ì}Ð�å}ÉiÌ}Æ1á�ØYÉ Æ1Õ
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� ´ ÀÝ�y9;9;eNU�<�Sk8:<�6idfWNUgl�eH4��Y8:0T6;<�S�VmÁ ´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ����ð
� ´ ±Î�y9;9;eNU�<�Sk8:<�6idfWNUgl�eH4��Y8:0T6;<�S�VmÁ�� ´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ����Á
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µ ´ ð � hNU�dfS�0T<�6idfW ´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ���Iòµ ´ ð ´ ð � U�0�V547<¢45dfS�0TeNU�47eT9�8:6;S�V ´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����xµ ´ ð ´ � � U�0�V547<¢dfWNl�eT9�8:<�df6;S�V ´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����xµ ´ ð ´ � ´ ðÐ6�§1eY8:<�6idfWNUglTV ³ 8'·�g^V79;9R¨?6i47S�d,U�45df0T6i§1eNV5U ´m´X´m´X´m´m´X´m´ ����xµ ´ ð ´ � ´ � » S�df0Y8:j18:<�6idfW�lN8:WNUÅ9iV5UÅ¨?6;9;6iV7e�·�¨�8:<�27S�6iV79iU ´m´X´m´X´m´m´X´m´ ���,ñµ ´ ð ´ � ´ � ¹^dfWNU�<k8:W�<�Vml�6i279iV547<�S�6i§1eNVLV7<Å6;WNl�6i45VmlTVXS�2��DSk8f47<�6idfWH45df¨?0T9iV}·TV0�����

µ ´ ð ´ � ´ À � hNU�dfS�0T<�6idfWnþq<�Sk8$¯1V}SkUÅeTWNVm47dfeY4��NV ´m´m´X´m´X´m´X´m´m´X´m´ �����µ ´ ð ´ � � U�0�V547<Å0T�Ndf<�df¨�27<�S�6i§1eNV ´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����ðµ ´ ð ´ � ´ ð ½Rdf6iUglTVX½A8:¨qh3V7S�<tV7<¢9idf6RlTVmµ°V5V7S ´X´m´m´X´m´X´m´X´m´m´X´m´ ����ðµ ´ ð ´ � ´ � ¿YdfS�¨�8:9;6iU�¨�V ´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����ðµ ´ � ¾t6?.�eNU�6idfW ´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ �����µ ´ � ´ ð ¸ 27WN27Sk8:9;6;<�25U ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����Àµ ´ � ´ � ¾t6?.�eNU�6idfWHºt85±�9iV76;j,� ´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����Àµ ´ � ´ � ´ ð ºt8$±IdfWTWNV7¨�V7W�<glFÿ eTWHl�6;0+�f9iVm279i27¨�V7W�<k8:6;S�V ´m´X´m´X´m´m´X´m´ ����Àµ ´ � ´ � ´ � /�V547<�6idfWNUgV���4$8f45V5U ´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ����Áµ ´ � ´ � ´ � ¹^d�V���476iV}W�<�UtlTVXl�6?.�eNU�6idfW�9;6;WN2&Ñ�§1eNV ´m´m´X´m´X´m´X´m´m´X´m´ ���Iòµ ´ � ´ � ´ Àß�tdf<�6idfWHlTVD�¤dfWN47<�6idfWHlTVX0T�Y8fU�V ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ���,ñµ ´ � ´ � ¾t6?.�eNU�6idfWHlTV ³ 6iV ´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ���,ñµ ´ � ´ � ´ ð ¸ 27WN27Sk8:9;6;<�25U ´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ���,ñµ ´ � ´ � ´ � ¾t6?.�eNU�6idfW�038:S¢lTV5UÅ0Y8:S�<�6;47eT9iV5U ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ���,ñµ ´ � ½Rdf6iUXlTVq9�8�l�6?.�eNU�6idfW�0Y8:SXlTV5Ut0Y8:S�<�6i47eT9iV5UL8:hNU�dfS�hY8:W�<�V5UXl�6iU�03V7S�U�25V5UXlN8:WNU+eTW
¨?6;9;6iV7e�<�Sk8:WYU�0Y8:S�V7W1< ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ��ÀT�

o ] M3EA`s�fKAG1c�vPG=���T§L�T�:G�OH�IG ¬T® Û
b ] M3EA`s�fKAG1c�a���_Q`NOH�;�1G1c��
���1c'EP_�@$`�@$c ¬;Ç ©
� BQc5@$GHvPG1cv¯
�3EH�:G1c ¬®à ©
� BQc5@$GHvPG1c?@$`s°�_QG1`NE>­ ¬®à+Ç
Þ B�°�_DBQM;�;�:`T>�KPBQG ¬®ài¿

·�¯�6;6;6

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



á�û
ü!÷�âã»ä� ø�ü�ù
â*û åæ�öûç��÷h¦ ¹ ô

oLM3EP_QG�EH��vPG _Q` a!`�@'B��T�:G�>�B��,@'EH�:`N_QG��0�I`s�:`s�,@~���:BDc$`�@'BQM3O vPG1c�>�B��3a!G�O3@$c!GI@�vPG1c
a���_Q`NOH�YG1cXvPG�>�B��3a!G�O3@$c��3G���GI@$cqBDOAvPEPB�@$cX>P`s�q_yx;`Tv « M3OH�,@'BQM3O�vPG�_DBQ`NO3@XGI@mvPG3�fKA`s���YG1c

½�ÿ 6ilT25V!lTV
((

45dfeT9iV7eTS
))

U�V7¨LhT9iV�S�V79iV7¯1V7S�lTV�9�ÿ 27¯�6ilTV7WN45V ´g» dfeTS�<k8:W�<$ïgU�6X9�ÿ dfWú6;W1<�V7S�S�dfjIV
lTV5U?0TS�d��¤V5U�U�6idfWTWNV79iU�lTV�9i8�45dfeT9iV7eTS�¯IV7W�eNU�lFÿ �NdfS�6S�$dfWNU�l�6;¯1V7S�U$ï&dfW�dfhT<�6iV7W�<�lTV5U�lT2�	NWT6;<�6idfWNU
l�6?.F27S�V7W1<�V5UgU�V79idfW�9iVX4$8fl�S�VX<��N25dfS�6i§1eNVLV}<¢0TSk8:<�6i§1eNVmlN8:WNUÅ9iV5§1eNV79AV79;9iV5UgU$ÿ 6;WNU�47S�6;¯IV7W�<R�

ê 03dfeNSÅ9iVt0T��±�U�6i476iV7WRï�9�8%45dfeT9iV7eTS¢V5U�<¢lT27<�V7S�¨?6;WN25VX0Y8:SÅ9�8q9idfWTj,eNV7eTSglFÿ dfWNlTVXlFÿ eTW�Sk8$±IdfW ²WNV7¨�V7W�<$ïÅ27¨?6iU�dfe.S�V7W1¯1d$±12¾<D4�� ´ 0Y8:S�V}·TV7¨?0T9iV�9;V5U�<�Sk8$¯,8:e�· lTV�/16;S��£Uk8,8f4n�tV&gÅ<�dfWRïð'òP����ï>è �2é B £
ê 03dfeNSL9iV�4��T6;¨?6iU�<�V�l�e�U�df9;6ilTV,ïA9�8�45dfeT9iV7eTS%V5U�<L9;6i25V�þ�9�8�<��N25dfS�6iV�lTV5ULhY8:WNlTV5U#<D4�� ´ 0Y8:SV}·TV7¨?0T9iV0� ´ µ ´ µ^S�6;9;9�ïRð$ñ�x���ï>è ÀPé B £
ê 03dfeNS^9iV¢0NU�±�4k�Nd ² 0T�1±�U�6idf9idfj,eNV,ï�9�8L45dfeT9iV7eTS°V5U�<^eTWNVg03V7S�45V70T<�6idfW�9;6i25V+8:e�·�S�2703dfWNU�V5U^WNV7S ²¯1V}eYU�V7U?lTV�9�ÿ @+6;9gþneTW U�<�6;¨LeT9;eNU?¯�6iU�eNV79ÅV7<?6;W1<�V7S�0TS�27<�25VHV7WNU�eT6;<�V�0Y8:S?9;V�45V7S�¯1V$8:eê<D4�� ´WNdf<k8:¨?¨�V7W�<t¿ ´ Át6i27WNdf<$ïRð$ñ,ñ�ÀNï>è ±2éAV7< ³�´ �y¨Lh�V7S�<$ïRð$ñ,ñ,ñ�ï>è Á2é B £
ê 03dfeNS¢9;VXhT6idf9idfj,6iU�<�V,ïN9�ÿ 2}<�eNlTVmlFÿ eTWNVm45dfeT9iV7eTSg0TS�25U�V7W1<�Vm4k�NV&�meTWH8:WT6;¨�8:9Pdfe�eNWNV+0T9�8:W�<�VS�V7W�¯Idf6iVLþ%Uk8��¤dfWN47<�6idfWh<D4�� ´ 0Y8:S¢V}·TV7¨?0T9iV »�´T» 8:S9C�U$ïRð$ñ,ñ�±�ï>è òXé B £
ê lN8:WNU�eTWNVH8:0T0TS�d14k�NVHU�d1476id ² 9;6;WTj,eT6iU�<�6i§1eNV,ï�9�ÿ 6;W�<�V7S�0TS�27<k8:<�6idfW lTV�9�8�47dfeN9;V7eTS�V5U�<�9;6i25VHþ9�8�U�<�S�eN47<�eTS�VL¨u�7¨�Vql�en9�8:WTj18:jIVqV7<+45dfWNl�6;<�6idfWTWN25V%0Y8:SgeTW�U�±�U�<��7¨�VL47eT9;<�eTS�V79
<D4�� ´ 0Y8:SV}·TV7¨?0T9iV ¼N´3¸ 8:jIV,ïFð$ñ,ñ�±�ïHè x2éAV7< ¼N´ ½F±1dfWNU$ïFð$ñ,ñ�±�ï>è ñ2é B £
ê 03dfeNS+9�ÿ �T6iU�<�dfS�6iV7W!lFÿ 8:S�<$ï�9�ÿ eT<�6;9;6iUk8:<�6idfW�lTVq9�8�45dfeT9iV7eTSmlN8:WNUX9�8�03V76;W�<�eTS�V%0�V7eT<XU�V%45df¨ ²0TS�V7WNl�S�Vgþt9�8q�¤df6iU�V7W?<�V7S�¨�V5U�lFÿ V5U�<��N27<�6i§1eNV¢V7<�V7W?<�V7S�¨�V5U�lFÿ 27¯1df9;eT<�6idfWNU�<�V54��TWT6i§1eNV5UD<D4�� ´0Y8:SgV}·TV7¨?0T9iVm¾ ´ µ°df¨7�¤dfS�lFïRð$ñ,ñ�±�ï>è;ðX�2éPV7<
6 ´ ºt8$¯,8:eNl Ì7Í^ÊfÉiÑ ïRð$ñ,ñ�x�ï>è;ð,ð�é B £
ê 03dfeNSm9iV?03V76;W�<�S�V,ïAV7W�	NWRïR9�8�45dfeT9iV7eTSLV5U�<meTW!¨�d'±IV7W�lFÿ Vk·�0NS�V5U�U�6;dfW�lTV�U�V5UmU�V7W�<�6;¨�V7W1<�U§1eT6tS�V7WNl�03d,U�U�6;hT9iVn9�8�47S�2$8:<�6idfWúlFÿ eTWNVn@+eT¯�S�VnlFÿ 8:S�<�<D4�� ´ 0Y8:S�V}·TV7¨?0T9iV � ´^» 6;WN4$8fU$ïð$ñ,ñ�ð,ï>è;ðX�2é B ´�tdf<�S�VmS�V54k�NV7S�4��NVqWNVm0TS�27<�V7WNlHhT6iV7W�27¯�6ilTV7¨?¨�V7W�<t0Y8fU+8:0T0�dfS�<�V7SteTWNVL¯�6iU�6idfWHeTWT6?	Y4$8:<�S�6i45VqlNV
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<�dfeNUÅ47V5U¢8fU�0�V547<�U°l�e�45dfWN45V70T<¢lTV+45dfeT9iV7eTS ´ �t2$8:WT¨�df6;WNU$ï�9�ÿ eT<�6;9;6iUk8:<�6idfW�lTVt9�8q45dfeT9iV7eTS¢lN8:WNU°9iV4��Y8:¨?0�lTV^9i8tU�476iV7WN45V°lTV5U�¨�8:<�27S�6�8:e�·%l�e%0Y8:<�S�6;¨�df6;WNVÅWN2545V7U�U�6;<�V°lTV°U�V�0T9�8f45V7S�þg9¤ÿ 6;W�<�V7S�U�V547<�6idfW
lFÿ eTW�45V7S�<k8:6;W�WNdf¨qhTS�V¢lTVÅ45V5U�8:0T0TS�d14k�NV5UD<D4�� ´ 0Y8:S�V}·TV7¨?0T9iVÅº ´,¼ df�TWNU�<�dfW ² ¿NV79;9iV7S$ï�������ð,ï®è;ðX�2é B ´

½A8%45dfWNU�V7S�¯,8:<�6idfW�lTV5UÅdfhT��V7<�U¢V7<ÅlTV5U�@+eT¯�S�V5U¢lFÿ 8:S�<Å0TS�d�l�eT6;<�V5UÅ0Y8:SÅ9iV5UÅ476;¯�6;9;6iUk8:<�6idfWNUÅ0Y8fU ²U�25V5UtV7<g0NS�25U�V}W�<�V5U+V5U�<geTWNVLS�V5U�0�dfWNUk8:hT6;9;6;<�2��¤dfWNlN8:¨�V7W1<k8:9iV%lTVLWNdf<�S�VqU�d�476i27<�2,ïYeTW�lTV7¯Idf6;S+V7W ²¯IV7S�U%9�8n03d,U�<k2}S�6 <k2 ´�» dfeTS?S�V7¨?0T9;6;S�45V7<�<�V�¨?6iU�U�6idfWRï�9�8H0NS�25U�V}S�¯f8:<�6;dfW 6;WNl�6;¯�6il�eNV79;9iV�lTV5U?l�6?.F2 ²S�V7W1<�Uq¨�8:<�27S�6�8:e�·�45dfWNU�<�6;<�eT<�6?�¤UqlTV�47V5U7@teN¯�S�V5UqV5U�<L0TS�6;¨�dfS�l�6�8:9iV ´ ¹^V7<�<�V�lTV7S�WT6i�7S�V�WRÿ V5U�<q45V ²03V7WNlN8:W�<m03d,U�U�6;hT9iV�§1eNV%U�6�45V5UX¨�8:<�27S�6�8:e�·!U�dfW1<XhT6iV7W!6ilTV7W1<�6?	Y25U ´R» 8:S�¨?6�9iV5UX<�V54��TWT6i§1eNV5UL§1eT603V7S�¨�V7<�<�V7W�<�lFÿ 6ilTV7W�<�6?	YV7S�9iV5U%¨�8:<�27S�6�8:e�· lTV5Uv@+eT¯�S�V5U�lFÿ 8:S�<$ï�9iV5U?¨�27<��Nd1lTV5U Ð3ÄfÐNàyÏQÐNÔ:Ê:Õ}ÏQÔfÌkÕ
<QWNdfW ² lTV5U�<�S�eN47<�6;¯IV5U$ïFUk8:WNUg0TS�279i�7¯1V7¨�V7W1<mV7<+Uk8:WNUt45dfW�<k8f47< B V7<+27¯1V7W1<�eYV}9;9iV7¨�V7W�< Ø�ÄfÇ7Í�Ê1å}ÉiÌkÕ U�eTS9iV5UP9;6iV7e�·qlTV°45dfWNU�V7S�¯,8:<�6idfW?lTV5U
@+eT¯�S�V5U&lTdf6;¯IV7W�<c�7<�S�V�0NS�6;¯�6 9i27j,6i25V5U ´ ½RV°lT27¯IV79idf0T0�V7¨�V7W1<�lTV°45V5U<�V54��TWT6i§1eNV5Ut8:WY8:9;±�<�6i§1eNV5U¢V5U�<°eTWH8'·TVXlTV+S�V54k�NV7S�4��NVX¨�8:��V7eTSgl�en¹^V7W1<�S�VmlTVXºgV54��NV7S�4k�NVXV7<¢lTV
ºgV5U�<k8:eTSk8:<�6idfW�lTV5U ³ eNU�25V5UtlTV%¿TSk8:WN45V�<�¹��fº ³ ¿ B ´ �+df<�S�VLS�V54��NV7S�4k�NV?V5U�<teTWNVq45dfW�<�S�6;hTeT<�6idfWþ�45V7<�<�V%0TS�25d�4547eT0Y8:<�6idfW ´ ¶&W!V�.FV7<$ï�9i8 ÕyØNÌ�×5ÍDÇ�Ä}ØNÚ�Ä,Í�ÄfÙ�Ö7ÍDÇ}Ï�Ì §1eT6�V5U�<+9�ÿ dfhT��V7<mlTV%WNdf<�S�V?27<�eNlTVV5U�<°eTWNV+lNV+45V5U°<�V54k�TWT6i§1eNV5UÅWNdfW ² 6;W1¯,8fU�6;¯1V5UÅV7<°0�dfS�<k8:hT9iV5U�<D4�� ´N¸%´ ¾teN0TeT6iU Ì7Í^ÊfÉiÑ ïs������ð,ï·è;ð&ÀPé B ´¹tÿ V5U�<%V79;9iV�§1eT6^V5U�<qeT<�6;9;6iU�25V�0�dfeTSq6ilTV7W�<�6?	YV7S%9iV5Uq45df¨?0�d,Uk8:W1<�U?lTV5U%47dfeY4��NV5Uq0T6i47<�eTSk8:9iV5U$ïPWNd ²<k8:¨?¨�V7W1<g9iV5UÅ0T6;j,¨�V7W�<�U$ïNlTV5UgdfhT��V7<�UÅ0�df9;±�4��TS�df¨�V5Ut§1eT6A8:0T0Y8:S�<�6iV7WTWNV7W�<X8:e�·�45df9;9iV547<�6idfWNUtlTV5U
³ eNU�25V5U¢lTVX¿NSk8:WN45V ´

½A8�U�03V547<�S�df0T�Ndf<�df¨�25<�S�6iV%¨�V5U�eTS�Vq9�8�¯,8:S�6�8:<�6idfW�l�ez��8f47<�V7eTSXlTVLS�2�wYV547<k8:WN45V?lFÿ eTW�254k�Y8:W ²<�6;9;9idfW�V7W#�¤dfWN47<�6idfWHlTV+9�8q9idfWTj,eNV7eTSglFÿ dfWNlTVml�e�Sk85±1dfWTWNV7¨�V7W�<¢6;WN476ilTV7W1< ´ ½�ÿ 8:9;9;eTS�Vmj,Sk8:0T�T6i§1eNVl�e�U�03V547<�S�V¢lTVÅS�2�wYV547<k8:WN45VtdfhT<�V7W1e�9idfS�U�lTV¢45V7<�<�V¢¨�V7U�eNS�V¢V5U�<�4$8:Sk8f47<�27S�6iU�<�6i§1eNVglTV5U�45df¨?03d,U�25U
S�V7WN45dfW1<�S�25U^0Y8:S^9�8X9;eT¨?6i�7S�Vg9idfS�U°lTVgU�dfW�0Y8:S�45dfeTS�UÅ8:e�U�V76;W�lTV5U^45dfeN4k�NV5U^0T6i47<�eTSk8:9iV5U°27<�eNl�6i25V5U ´¶&W�V�.FV7<$ïI9�ÿ 8:0T03dfS�<°l�e�0�df6 W�<^lTVÅ¯�eNV¢l�e�4��T6;¨?6iU�<�Vgl�e�U�df9;6ilTV¢03V7S�¨�V7<°lTVÅ9;6iV7S�9�8X45dfeT9iV7eTS^lFÿ eTW
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¯�6iUgþq¯�6iU¢lTV5UÅ0TS�df03dfS�<�6idfWNUtlTV5U¢45df¨?0�d,Uk8:W1<�Ugl�e�¨�279�8:WTjIV ´oqKA`T>�B�@X�:G�|�{m� /�V545dfWNlTV�eT<�6;9;6iUk8:<�6idfWL§1eY8:W�<�6;<k8:<�6;¯IV�lTV&9�8^¨�d�lT279;6iUk8:<�6idfWqlTVc�+eTh�V79SC,8 ²y³ eTWsC+�lT27<�V7S�¨?6;WY8:<�6idfW�lTV�9�8�45dfWN45V7W1<�Sk8:<�6idfW�V7W�0T6;j,¨�V7W1<�U%lTV�45dfeN4��NV5Uq0T6i47<�eTSk8:9iV5ULS�2$8:9;6iU�25V5U
0Y8:S¢eTWH8:S�<�6iU�<�Vm45dfW�<�V7¨?03dfSk8:6;W ´ Á�8:9;6ilN8:<�6idfWH0Y8:S¢lFÿ 8:eT<�S�V5U¢<�V54k�TWT6i§1eNV5UglFÿ 8:WY8:9;±�U�V ´
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���  "!$#�%'& (�%')�*+& %',.- /�)0(1(32�- 4520(�)76�8�20- #�4:9;�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1� =���  ��  �>?6@20%')0(1A+(1&B6C& %',.- /�)0(D�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�E �F

���  �� GH�I4520(�)76�8�20- #�4:9J,K6�83)0#59083#�L'-BM5%'(�9$(�4520)0(<&B6.& %',.- /�)0(<(32N&B6C,K6@20- /�)0(D�E � 
���  �� OP�I4520(�)76�8�20- #�4:9J,.-B83)0#59083#�L'-BM5%'(�9J(�4�20)0(1&B6C& %',.- /�)0(<(32N&B6.,K6@20- /�)0(Q�E RG

��� GS!$#�%'& (�%')�(32?6UT:9V#�)0L+20- #�4W�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�E �X��� G+�  ZY\[�4'[�)76U& - 20[�9�9V%')�& (�9]L'- ^�,.(�45279],.- 4'[�)76U%+_`�1�<�1�1�<�1�<�1�<�1�1�E Ra
��� G+� GPbc(187d:6U,.L;83)0-B9e276U& & - 4f�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�E �g
��� G+� Ohbc(�9J20)76U4:9V- 20- #�4:9][�& (�8�20)0#�4'-BM5%'(�9

d− d
�1�<�1�<�1�<�1�1�<�1�<�1�<�iG+ 

��� G+� Xjbc(\20)76U4:9ekl(�)V2NA+(m87d:6U)0^�(n�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�oG�G
��� G+� aPpN%+20)0(�9�9V#�%')783(�9�Aq(m83#�%'& (�%')NA'6U4:9�A+(�9]L'- ^�,.(�45279�,.- 4'[�)76U%+_r�1�1�oGUs��� Ot!$#�%'& (�%')�(32?A+- uv%:9V- #�4w�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�oGU=
��� O'�  ZY\[�4'[�)76U& - 20[�9��<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�oGU=
��� O'� GPx?- uv%:9V- #�4�L:6U)�& (�9]L'- ^�,.(�45279
�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�yO' 

��� XSbz6C,K6@20- /�)0(<L'-B8�20%')76U& ({�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�yOUX
��� X:�  �bc(�9]& -B6U45279](32N& (�9]20(�80d'4'-BM5%'(�9|�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�yOUX
��� X:� GPbc(�9],K6@20- /�)0(�9�A+(m80d:6U)0^�(;�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�yO�s
��� X:� Ohbc(�9]L'- ^�,.(�45279],.- 4'[�)76U%+_}�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�yO�=

��� aS!$#�4:83& %:9V- #�4~L:6U)V20- (�& & (��1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�<�1�<�1�<�1�1�oa�a
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½A8�¨�8:<�6i�7S�V�0T6i47<�eTSk8:9iV�V5U�<q45dfWNU�<�6;<�eN25V�lFÿ eTW�45V7S�<k8:6;W�WNdf¨qhTS�V�lTV�45dfeN4��NV5UqlNV?0�V76;W1<�eTS�V
27<k8:9i25V5U?U�eTSqeTW�U�eT0T0�dfS�< ´ ¹^V5U%45dfeN4k�NV5U%0T6i47<�eTSk8:9iV5U?U�dfW�<%§1eY8:W�<?þHV79;9iV5U?lTV5Uq¨?6;9;6iV7e�·��N27<�2 ²S�dfjI�7WNV5Uq45df¨?0�d,U�25UqlFÿ eTW�¨�V5l�6;eT¨ä<Q9iV�9;6�8:W�< B lN8:WNUL9iV5§1eNV79^U�dfW�<ql�6iU�03V7S�U�25V5UqlTV5UL0Y8:S�<�6i47eT9iV5Ul�6?.�eNUk8:W1<�V5U!<Q9iV5U^0T6;j,¨�V7W�<�U$ï�27¯1V7W1<�eYV}9;9iV7¨�V7W�<Å9iV5U^4k�Y8:S�jIV5U B ´ ½RVg0Y8:S�45dfeTS�UÅlTVg9�8m9;eT¨?6i�7S�V+lN8:WNUlTV�<�V79iUq¨?6;9;6iV7e�·�WRÿ 8HS�6iV7W�lFÿ 27¯�6ilTV7W�<R�P9iV5U%0T�Ndf<�dfWNU%0�V7eT¯IV7W�<v�7<�S�V�S�2�wY254��T6iU=<DU�eTS���8f45V�Vk·�<k2 ²S�6iV7eTS�V,ï��¤dfWNl B ïY8:hNU�dfS�h325U4<Q0T6;j,¨�V7W1<�U$ïN9;6�8:W1<$ïT¯1V7S�WT6iU B dfeHl�6?.�eNU�25U�<Q0T6;j,¨�V7W1<�U$ïs�¤dfWNl B ´¹^V5UPl�6?.F27S�V7W1<kU�8fU�0�V547<�UPlTV�9�ÿ 6;W�<�V7Sk8f47<�6idfW%Sk8$±IdfWTWNV7¨�V7W�<��'¨�8:<�6i�5S�V^0Y8:S�<�6i476;03V7W�<&45dfW,��df6;W1<�V7¨�V7W�<
þq9�ÿ 8fU�0�V547<g45df9idfS�2mlTV5U¢45dfeN4��NV5U¢0T6i47<�eTSk8:9iV5U ´

¹^V�0TS�V7¨?6iV7S%4��Y8:0T6;<�S�V�U�V?0TS�df0�d,U�V�lTV�0TS�25U�V7W1<�V7SqeTWNV�U�±�W1<��Y�7U�V�lTV�9�8�45dfW�<�S�6;hTeT<�6idfW�lNV
45V5U¢l�6?.F27S�V7W1<�U¢0TS�d�45V5U�U�eNUgþq9�ÿ 8:0T0Y8:S�V7WN45VL45df9idfS�25VLlTV+9�8%¨�8:<�6i�7S�VX0T6i47<�eTSk8:9iV ´¶&W?j,eT6iU�V¢lFÿ 6;W1<�S�d�l�eN47<�6idfWRïIWNdfeNU�8flTdf0T<�V7S�dfWNU�eTW?03df6;W�<�lTV°¯�eNV°¨�8f47S�d,U�45df0T6i§1eNVÅ0�dfeTS�lT2547S�6;S�V
9iV5UÅ6;W1<�V7Sk8f47<�6idfWNUtV7W�<�S�VX9�8q9;eT¨?6i�7S�VLV7<Å9�8%¨�8:<�6i�7S�VL8:eHU�V76;W�lFÿ eTW�¨�8:<�27S�6�8:eH<�Sk8:WNU�9;eN476ilTVf<DU�V54 ²<�6idfW=� ´ ð&� oLM3EP_QG�EH�T�&_DEPa�B��T�:G�GI@�BDO3@$GT�:`s�,@'BQM3OAc�_DEPa�B��T�:G��Ta!`�@'B��T�:G ïT0 ´ ñ B ´�gWNV�8:0T0TS�d�4��NV�¨?6i47S�d,U�45df0T6i§1eNV�WNdfeNU�U�V7Sk8�V7WNU�eN6 <kV�WN2545V5U�Uk8:6;S�V�0�dfeTS�¨�V7<�<�S�V�V7W�27¯�6ilTV7WN45V
9�ÿ dfS�6;j,6;WNVm6;W1<�S�6;WNU��5§1eNVLlTV+9�8?45dfeT9iV7eTStlTV5UÅ¨�8:<�27S�6�8:e�·FïNj,SNef45Vq8:e�·�45dfWN45V70T<�UtlTVX9�8%4k�T6;¨?6iVml�e
U�df9;6ilTVu<DU�V547<�6idfW=� ´ �°� � x;`s°Pc$M;�:>A@'BQM3O vPGn_Q`!_DEPa�B��T�:G ï�0 ´ ð&À B ´¾X8:WNU�eTW�<�S�df6iU�6i�7¨�Vg<�V7¨?0NU$ï1WNdfeNU^WNdfeNU�6;W�<�27S�V5U�U�V7S�dfWNUÅþX9�8L45dfW1<�S�6;hTeT<�6idfW�l�e�0T�N27WNdf¨��7WNV+lNV
l�6?.�eNU�6idfW�l�e�S}85±1dfWTWNV7¨�V7W1<^0Y8:S�9iV5U�0Y8:S�<�6i47eT9iV5U^lTVÅ0T6;j,¨�V7W�<�U°þ+9�8X45dfeT9iV7eTS^V7<^þ+9�ÿ df0Y8f476;<�2tlTV5U
45dfeN4��NV5U¢0T6i47<�eTSk8:9iV5U7<DU�V547<�6idfW=� ´ �°� � `�v�By�^EAc'BQM3O�vPGn_Q`!_DEPa�B��T�:G ï�0 ´ �,ñ B ´ A¶&W�	NWRïYWNdfeNU¢0TS�25U�V7W�<�V7S�dfWNUg9iV5Ut45df¨?03d,Uk8:W�<�UgeNU�eNV79iUtlTVm9�8%¨�8:<�6i�7S�VL0T6i47<�eTSk8:9iVqlTV5Ug03V76;W�<�eTS�V5U
lTVm4k�NV7¯,8:9iV7<7<DU�V547<�6idfWz� ´ À¢� � `�a!`�@'B��T�:G�>�B��,@'EH�:`N_QG ïT0 ´ ��À B ´ �tdfeNU¢WNdfeNU+8:<�<k8f4��NV7S�dfWNUt0T9;eNU0Y8:S�<�6i47eT9;6i�7S�V7¨�V7W�<qþ�lT2547S�6;S�V%9iV5Ut0TS�6;WN476;0Y8:9iV5Um4$8:Sk8f47<�27S�6iU�<�6i§1eNV5UmlTV5Ut0T6;j,¨�V7W�<�U+¨?6;WN27Sk8:e�·�9iV5U
0T9;eNUL45dfeTSk8:W1<�UR�R�T6iU�<�dfS�6i§1eNV�lTV?9iV7eTSLeT<�6;9;6iUk8:<�6idfWRïR0TS�d14525lT25UqlTV7��8:hTS�6i4$8:<�6idfWRïR0TS�df0TS�6i27<�25Uqdf0 ²<�6i§1eNV5U¢V7<Å0T��±�U�6i45d ² 4��T6;¨?6i§1eNV5U ´
����� ���m�~�3�������;�3�����3�]���`�J���3�����]���m� ���3�m�~¡��3�����3�]���\¢<���<���3�]���

½A8�45dfeT9iV7eTS�lFÿ eTW�dfhT��V7<�U�V7¨LhT9iV�Uk8�4$8:Sk8f47<�27S�6iU�<�6i§1eNV�9�8n0N9 eYU�27¯�6ilTV7W1<�V ´ ¶&9;9iV�WRÿ V5U�<�45V ²03V7WNlN8:W�<m0Y8fU+eTWNV%0TS�df0TS�6i27<�2?6;W�<�S�6;WNU��5§1eNV?lFÿ eTW�¨�8:<�27S�6�8:eRïAþ�9�8�l�6?.F27S�V7WN45V?WNdf<k8:¨?¨�V7W1<LlNV
Uk8�45df¨?03d,U�6;<�6idfW�4��T6;¨?6i§1eNV ´ �gW�¨�8:<�27S�6�8:e�WRÿ 8:0T0Y8:Sk821i<q45df9idfS�2�§1eNV?U$ÿ 6;9�V5U�<m25479�8:6;S�2�V7<LU�6�eTWS�2545V70T<�V7eTS4<D9¤ÿ @+6;9 B 4$8:0T<�VX9�8q9;eT¨?6i�7S�VL§1eRÿ 6;9FS�V7W�¯Idf6iV ´

½A8g45df9idfSk8:<�6idfW?lFÿ eTWq¨�8:<�27S�6�8:eRïf§1eNV79�§1eAÿ 6;9�U�df6;<$ï:V5U�<A9iV�0TS�d1l�eT6;<&lTV�l�6?.F27S�V7W�<�UP¨�254$8:WT6iU�¨�V5U
§1eT6YdfW�<�<�dfeNU�03dfeTS^dfS�6;j,6;WNVg9�ÿ 6;W1<�V7Sk8f47<�6idfW�V7W�<�S�V¢9�8X9;eT¨?6i�7S�VgV7<�9�8X¨�8:<�6i�7S�V ´ ½A8m45dfeT9iV7eTS°lFÿ eTWNVU�eThNU�<k8:WN45V+dfe�lFÿ eTW�0T�N27WNdf¨��7WNVmV5U�<ÅlTdfWN4+9�8L¨�8:WT6?�¤V5U�<k8:<�6idfW�¯�6iU�6;hT9iVt0Y8:S°9�ÿ @+6;9RlFÿ eTW�45V7S�<k8:6;W
E�F��T`
ô?òNJaõqKN÷ Q ��õ�`c^�]~ø2��Q ù~��`/�2_aQ ÷ Q ��ûm^�ò��2J/O2û�\�JaQ Ja`m\�`��/O2`����qQ M~_a`�JLKN\�_aQ ò�M��H÷ ��õ�Q ö�Ja`3£�õ
K�_aQ ö�Ja`c`��(_H^2Jaû���`�M~_aûO�KNM��·÷Sþ KNM�M�`0�2`mI�K3¤PM�O2`cM�`
^PKN�HKN÷ ò��2JLO2Q JH÷ `c\�òNJa^��/O2`
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WNdf¨LhTS�VLlTV+¨�254$8:WT6iU�¨�V5U¢6;W�<�6;¨�V7¨�V7W1<g9;6i25Utþq9�8%U�<�S�eN47<�eNS�VmlTV+9�8%¨�8:<�6i�7S�V ´ ��tdfeNU�WNV�S�V7¯�6iV7WNl�S�dfWNU�0Y8fU�6i476tU�eTS�9iV5U�¨�25458:WN6;U�¨�V5U�lTV�9�8�03V7S�45V70T<�6idfW lTV5U�45dfeT9iV7eTS�U�0Y8:S
9�ÿ @+6;9�ï^lT2���þ�27¯1d1§1eN25U�8:e 45dfeTS�U�lTVH9�ÿ 6;W1<�S�d�l�eN47<�6idfW.jI27WN27Sk8:9iV�lTVn45VH¨�27¨�df6;S�V ´ �tdfeNU�WNdfeNU6;W1<�27S�V5U�U�V7S�dfWNU�V7W�S�V7¯,8:WN4��YV�8:e�·�lTV7e�· 8:eT<�SkV7U�8f47<�V7eTS�U�lTV�9�8n0TS�d1l�eN47<�6idfW�lTV�45dfeT9iV7eTSR��9i8
9;eT¨?6i�7S�VmV7<gU�dfW�6;W1<�V7Sk8f47<�6idfW�8$¯IV54X9�8q¨�8:<�6i�7S�V ´
":¥LÚ�¥LÚ  ��3�I���I��	��������y��� �¤�N�I�

½A8q9;eT¨?6i�7S�Vq8qeTWNV+WY8:<�eTS�VmlTdfeThT9iV ´ ¶&9 9iVmV5U�<Å<�dfeT<glFÿ 8:h3dfS�l�eTW�0T�N27WNdf¨��7WNVLdfWNl�eT9�8:<�df6;S�Vl�8�þ?9�8�0TS�df0Y8:j18:<�6idfW!lFÿ eTW�4k�Y8:¨?0�279iV547<�S�6i§1eNV%V7<+lFÿ eTW�4��38:¨?0n¨�8:j,WN27<�6i§1eNV%dfS�<��NdfjIdfWY8:e�·Fï
0TS�df0Y8:j18:<�6idfW�S�27j,6iV+0Y8:SÅ9iV5U¢25§1eY8:<�6idfWNU¢lTV5U ³ 8'·�g°V79;9m<D25§1eY8:<�6idfWNU4<Dµ ´ ð B ï�0 ´ ����x B ´ ½RV5U°6;W�<�V7W ²U�6;<�25U%lTV�45V5U%4k�Y8:¨?0NU%¯,8:S�6iV7W�<?lTV�¨�8:WT6i�7S�V�U�6;W1eNU�dPÑ�lN8:9iV�lN8:WNUq9�ÿ V5U�0Y8f45V�V7<?lN8:WNUq9iV�<�V7¨?0NU$ï
85¯1V54+9�8%¨u�7¨�VX0327S�6id�lTV ´�gWNV�dfWNlTV�9;eT¨?6;WNV7eNU�V�¨�dfWNd�4��TS�df¨�8:<�6i§1eNV�V5U�<%lTdfWN4�6;WNl�6?.F27S�V7¨?¨�V7W1<�4$8:Sk8f47<�27S�6iU�25V�0Y8:S?Uk8
9idfWTj,eNV7eTSqlFÿ dfWNlTV

λ
ïRUk8f�DS�25§1eNV7WN45V

ν
dfe�U�dfW�27WNV7S�j,6iV

E ´ ¹^V5Umj,Sk8:WNlTV7eTS�UL¯,8:S�6iV7W1<qU�eTSXeTWNV<�S��5U^9�8:S�jIV+j18:¨?¨�V+03dfeTSÅ9iV5U°l�6?.F27S�V7W�<�U°Sk8$±IdfWTWNV7¨�V7W�<�UÅ279iV547<�S�df¨�8:j,WY27<�6i§1eNV5UR�NlTV5U°dfWNlTV5U°Sk8 ²l�6idz<
λ ∼ 103 ¨ B 8:e�·�Sk8$±IdfWNU γ < λ ∼ 10−13 ¨ B ´ ½RV5UgSk85±1dfWTWNV7¨�V7W1<�UX2}9iV547<�S�df¨�8:j,WY27<�6i§1eNV5UU�V+0TS�df0Y8:jIV7W1<g<�dfeNUgþ%9�8q¨u�7¨�VX¯�6;<�V5U�U�V

c = 3 · 108 ¨ ´ U −1 lN8:WNUÅ9iVX¯�6ilTV ´

103 101 10-1 10-3 10-5 10-7 10-9 10-11 10-13

102 100 10-2 10-4 10-6 10-8 10-10 10-12

ondes radio micro-ondes IR UV rayons X rayons γ

visible

800 700 600 500 400 (nm)

(m)

longueur d'onde

énergie

10-7 10-3 0,1 10 103 104 (eV)1,8 à 3,1
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½A8�WY8:<�eTS�V%dfWNl�eT9�8:<�df6;S�V?lTVL9�8�9;eT¨?6i�}SkVqWNVL03V7S�¨�V7<+0Y8fU+lTVqS�V7WNl�S�V%47df¨?0N<�V%lTVL<�dfeNUt9iV5U
0T�N27WNdf¨��7WNV5ULlN8:WNUX9iV5U�§1eNV79iUX45V7<�<�V�lTV7S�WT6i�7S�V�U�Vq<�S�dfeT¯1V%6;¨?0T9;6i§1eN25V ´ ¶&W!0Y8:S�<�6i47eT9;6iV7S$ïRV79;9iV%WNV03V7S�¨�V7<g0Y8fU¢lTVXlT2547S�6;S�Vm9iV5U¢254��Y8:WTjIV5UglFÿ 27WNV7S�j,6iVLV7W�<�S�VX9iV+Sk8$±IdfWTWNV7¨�V7W�<gV7<¢9�8q¨�8:<�6i�7S�V ´�gWNVH<��N25dfS�6iVn45dfS�0TeNU�47eT9�8:6;S�V�V5U�<�lTdfWN4�lT27¯IV79idf0T0�25V,ï°lFÿ 8:h3dfS�l�0Y8:S�9iVH0T�1±�U�6i476iV7W.8:9;9iV7¨�8:WNl
�~F�¬#\�`>����­�`�_9RXGHFXI;JLKNMPO2Q�^2Jaû�\�Q ��`HO�KNM��;�aK.®�¯5°e±�²V³µ´J¶@´J· ¸]¹ ´Vºe»µ¸�¼U²I¸�»l³l±�½~¾(E9U�V�WXR�Y E�Z[R~^TF~W�VR¿®ù~�Tþ ��M�`�Àc��ñ~Ja`O�þ K�J�_
M�`|��`�÷ Q õ�Q _a`�^PKN�
KN���!õ
K�_aû�JaQ KN���0ù~��Q�÷ K
\�ò�õ�^�ò���`�M~_9F'��K
õ
K�_aQ ö�Ja`|\�ò�M~_�JaQ ����`\Á
÷ K
õ
KNM�Q ô?`��(_LK�_aQ ò�M4O2`÷Sþ Q õ
KNý�`�R2õ
KNQ �i\�`�_�_a`
OX`�JaM�Q ö�Ja`�R2^�ò��2J>K�O2ñ�`�M�Q J·ñ~JLKNQ õ�`�M~_9RXKmû�ý&KN÷ `�õ�`�M~_���`���ò�Q MDO2`/÷ K|÷ �2õ
Q öLJa`/\�ò�õ�õ�`>õ�ò9ø~`�M^�]~ø2��Q ù~��`
O2`/_�JLKNM���õ�Q ����Q ò�M�`�M~_�Ja`c÷Sþ Àc��ñ~Ja`
`�_H\�`�÷ ��Q�ù~��Q�÷ K|Ja`�ý&K�JLO2`�F

ðX�

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



�J� ²C� ë~Ã/���oëR� � ìT  Ä  2 P$0Ås Ä ´4"f´�*('(Æ�$& 1�;'(%2*9 P$�´ Ä  

³ 8'· » 9�8:WN4�C�< 1858 − 1947 B V7W�ð$ñ�����ïN0TeT6iU¢0Y8:S � 9;h�V7S�<g¶&6;WNU�<�V76;W¾< 1879 − 1955 B V7W�ð$ñ���± ´¹^df¨?0T9i27<�25V+lN8:WNU^9iV5UÅ8:WTWN25V5U+ð$ñ�����ï�9�8L45dfWN45V70T<�6idfW�45dfS�0TeYU�4}eN9i8:6;S�VX45dfWNU�6ilT�7S�V+§1eNVg9�8m9;eT¨?6i�7S�V
<�Sk8:WNU�03dfS�<�VXlTV5U°j,Sk8:6;WNU¢lFÿ 27WNV7S�j,6iVu<Ddfe Ü7ÆTÊfÐYÍDÆ�Ù B ï�9iV5U°0T�Ndf<�dfWNU$ïNþL9�8L¯�6;<�V5U�U�V c ´ ½�ÿ 27WNV7S�j,6iV ElFÿ eTW�0T�Ndf<�dfW�V5U�<�lTdfWTWN25Vg0Y8:S�9�8XS�V79�8:<�6idfW�lTV » 9�8:WN4�C E = hν = hc/λ

ï�8$¯IV54
h
9�8m45dfWNU�<k8:W1<�V

lTV » 9�8:WN4NC�< h = 6,62 · 10−34 ¼N´ U −1 B V7< c 9�8%¯�6;<�V5U�U�VXlTV+9�8%9;eT¨?6i�7S�VmlN8:WNUÅ9iVX¯�6ilTV ´
½RV5U%lTV7e�·�WY8:<�eTS�V5U?lTV�9�8�9;eT¨?6i�7S�V�U�dfW1<?45dfWN476 9;6i25V5U?0Y8fUq9�8H¨�254$8:WT6i§1eNV�§1eY8:W�<�6i§1eNV ´ �gWSk85±1dfWTWNV7¨�V7W1<+¨�dfWNd14k�TS�df¨�8:<�6i§1eYVq03V7eT<��7<�S�VL6;WNl�6?.F27S�V7¨?¨�V7W1<X45dfWNU�6ilT27S�2��¤dfS�¨�2LlFÿ eTWn<�Sk8:6;W

lFÿ dfWNlTV5UXlTVL¨u�7¨�V��DS�25§1eNV7WN45V
ν
dfe�lFÿ eTW�V7WNU�V7¨qhT9iV%lTVL0T�Ndf<�dfWNUXlFÿ 27WNV7S�j,6iV

hν ´ �gWnSk8$±IdfW ²WNV7¨�V7W1<�0�df9;±�4��TS�df¨�8:<�6;§1eYVfï�45df¨?¨�V�9i8�9;eT¨?6i�7S�V�l�e U�df9iV76;9¢0Y8:S�V}·TV7¨?0T9iV,ï�V5U�<�§1eY8:W�<�þn9;eT6
45dfWNU�<�6;<�eN2LlTVmSk8fl�6�8:<�6idfWNUtlTVm9idfWTj,eNV7eTS�UtlFÿ dfWNlTVql�6?.F27S�V7W1<�V5U7<¤8:0T0TS�d�4��NVqdfWNl�eT9�8:<�df6;S�V B dfeHlNV0T�Ndf<�dfWNUglFÿ 27WNV7S�j,6iV5Ugl�6?.F27S�V7W�<�V5U4<¤8:0T0TS�d14k�NVm45dfS�0TeNU�47eT9�8:6;S�V B ´½�ÿ @+6;9&��eT¨�8:6;W!6;W1<�V7S�0TS��7<�V?0Y8:SmlTV5UmU�V7WNUk8:<�6idfWNUX45df9idfS�25V5Um9iV5U+Sk8$±IdfWTWNV7¨�V7W�<�Um279iV547<�S�df¨�8:j,WY2 ²<�6i§1eNV5U¢lTdfW1<¢9�8q9idfWTj,eNV7eTStlFÿ dfWNlTVmU�V+U�6;<�eNVX<y±�0T6i§1eNV7¨�V7W�<gV7W1<�S�V!ÀT���qWT¨ <Q¯�6idf9iV7< B V7<qx����qWT¨<QS�dfeTjIV B ´
":¥LÚ�¥�Ù ":�A�,�N�I�F���I���A�������F���I�A�f���R�^�VÂ����Y���Y�A�,�I�������y��� ���N�I�!�T�n�������3�I���N�I�
�yW1<�27S�V5U�U�dfWNU ² WNdfeYU$ï,lFÿ eTW?0�df6;W1<�lTV°¯�eNV°¨�8f47S�d,U�45df0T6i§1eNV,ï�þt9�8t0TS�df0Y8:j18:<�6idfW�lFÿ eTW7��8:6iU�45V$8:elTV+9;eT¨?6i�7S�VLlN8:WNUÅeTW�¨�8:<�27S�6�8:e�<�Sk8:WNU�9;eN476ilTVf<D4�� ´ 	Nj,eTS�V0� ´ � B ´�gWNV�0Y8:S�<�6iV°lTV�9�8¢9;eT¨?6i�7S�V°6;WN476ilTV7W1<�VÅV5U�<PS�2�wY254��T6iV¢þ¢9�8gU�eTS���8f45V^lFÿ V7W�<�S�25V°l�eq¨�8:<�27S�6�8:e ´ ¹^V7<�<�VS�2�wYV}·�6idfW�V5U�<�0Y8:S���8:6;<�V7¨�V7W�<ÅU�032547eT9�8:6;S�V+U�6Y9�8mU�eTS���8f45Vtl�e�¨�8:<�27S�6�8:e�V5U�<�0Y8:S���8:6;<�V7¨�V7W�<°0T9�8:WNV ´½RV���8:6iU�45V$8:e�S�2�wY254��N6AV5U�<gl�6;S�6;jI2LlN8:WNU¢9�8%lT6 SkV747<�6idfWn6;¨?03d,U�25Vm0Y8:S¢9�8%9idf6AlTVm¾+V5U�4$8:S�<�V5UgU�eTS¢9i8

S�2�wYV}·�6idfW ´/16T9�8+U�eTS���8f45VÅlFÿ V7W1<�S�25V¢l�e?¨�8:<�27S�6�8:e�V5U�<�S�eTj,eNV7eNU�V,ï,eTWNV°0Y8:S�<�6iV¢lTV°9�8t9;eT¨?6i�7S�V¢V5U�<�27j18:9iV7¨�V7W1<
S�2�wY254��T6iV?lTVq¨�8:WT6i�7S�V

((

l�6?.�eNU�V
))
´ ¹^V7<�<�Vq9;eT¨?6i�7S�V,ï�S�2�wY254��T6iV?U�eTSteTWNV%U�eTS���8f45VLS�eTj,eNV7eNU�VqWNV45dfW1<�6iV7W�<¢0Y8fU°0T9;eNU¢lFÿ 6;W��¤dfS�¨�8:<�6idfWH45df9idfS�25Vm§1eNVt9�8q9;eT¨?6i�7S�V+S�2�wY254k�T6iVmlN8:WNUÅ9i8%l�6;S�V547<�6idfWHU�0�2 ²47eT9�8:6;S�V&�FV79;9iV%WNV%0327WN�7<�S�V?0Y8fUXlN8:WNUX9iVq¨�8:<�27S�6�8:e <D4�� ´$Ã �9� ´ � ´ ��ï30 ´ òfñ B ´ ¶&9;9iV?V7W1<�Sk821iWNV�lTdfWN4eTWNV�0�V7S�<�V�lTV�Uk8:<�eTSk8:<�6idfW lTV�9�8n45dfeT9iV7eTS�l�e�¨�8:<�27S�6�8:e�§1eY8:WNl�9�8nU�eTS���8f45V�lTV�45V79;eT6 ² 476¢V5U�<S�eTj,eNV7eNU�V3<Q9�8?47dfeN9;V7eTStV5U�<¢l�6;<�V É;ÊfÔfÖ�Ì%Ë1Ì%å}É;ÊfÐ3× B dfeH§1eY8:WNl�6;9RV5U�<ÅS�25l�eT6;<gV7W�03dfeNl�S�V ´�gWNVX0Y8:S�<�6iVqlTVm9�8%9;eT¨?6i�7S�VL0�V7eT<gWN2$8:WT¨�df6;WNU��7<�S�Vq8:hNU�dfS�h325V%8:eH45dfeTS�Utl�eH0TS�d�45V5U�U�eNU ² ¨u�7¨�VlTV�S�2�wYV}·�6idfW ´ ¹^V�0T�N27WNdf¨��7WNV�lTdfWTWNV�9iV7eTS�45dfeT9iV7eTS�8:e�·�¨�27<k8:e�·�V7<�8:e�4$8:S�h�dfWNV�U�dfeNU?Uk8�¤dfS�¨�V+j,Sk8:0T�T6;<�V,ïY§1eT6Fj18:S�lTVmUk8%45dfeT9iV7eTSgWNdf6;S�Vm§1eY8:WNl�6;9AV5U�<ÅhTS�d'±I2X<�S��5U�	NW ´

» 9;eNU�45dfeTSk8:¨?¨�V7W1<'ïI9�8+9;eT¨?6i�7S�V¢0�27WN�7<�S�VgU�e���Uk8:¨?¨�V7W1<^lN8:WNU�9iVÅ¨�8:<�27S�6�8:e�V7<�±?V5U�<�8:hNU�dfS�h�25V85¯,8:W�<^lFÿ V7W�U�dfS�<�6;S ´ � 9�8ml�6?.F27S�V7WN45Vtl�e�4$8fU^l�e�j,Sk8:0T�T6;<�Vg0TS�254525lTV7¨?¨�V7W�<°27¯1d1§1eN2,ïI9�8m45dfeT9iV7eTSlTV5U�¨�8:<�27S�6�8:e�·�lTVg45VÅ<£±�03V¢V5U�<^lTdfWN4Å¨�df6;WNU^Uk8:<�eTS�25Vg§1eY8:WNl?6;9iU�U�dfW�<�U�dfeNUc�¤dfS�¨�VglTVÅ0�dfeNl�S�V,ï
l�e#��8:6;<glTV+9�8%S�2�wYV}·�6idfWHU�eTSÅ9�8%U�eTS���8f45VmlTV5UÅj,Sk8:6;WNU ´

½A8�9;eT¨?6i�7S�V�§1eT6&WRÿ V5U�<m0Y8fUXS�2�wY254k�T6iV�þ�9�8�U�eTS���8f45V%0�27WN�7<�S�V�þ�9�ÿ 6;W1<�27S�6iV7eTSql�e!¨�8:<�27S�6�8:eRï
V7W�U�eT6;¯,8:W�<%9�8n9idf6ÅlTV�¾+V5U�4$8:S�<�V5U?U�eTS%9�8nS�2��DSk8f47<�6idfW ´ ½�ÿ 6;WNl�6i45V�lTV�Sk2N�DSk8f47<�6idfW�l�e�¨�8:<�27S�6�8:elT2703V7WNl lTV�9�8�9idfWTj,eNV7eTSnlFÿ dfWNlTV!l�eúSk85±1dfWTWNV7¨�V7W1<H6;WN476ilTV7W1<nV7<�45dfWNl�6;<�6idfWTWNV!9�ÿ 8:WTj,9iV!lNV
S�2��DSk8f47<�6idfW l�e.Sk85±1dfW ´ ½A8�S�2��DSk8f47<�6idfWú0TS�d$¯1d1§1eNV!lTdfWN4�eTWNV ËfÏ�ÕyØTÌ}Ç}ÕkÏ¤ÄfÐ l�e.Sk85±1dfWTWNV7¨�V7W1<
6;WN476ilTV7W1<$ïY0T�N27WNdf¨��7WNV%lT2547S�6;<tV7W�ðXÁ�Á�±?0Y8:Sm/16;SD�£Uk8,8f40�tV&gÅ<�dfWH9idfS�UtlTVLU�V5UgV}·�0327S�6iV7WN45V5U+U�eTS
9iV5UÅ0TS�6iU�¨�V5U�<D4�� ´�Ã �yÁ ´ ð,ï�0 ´ ð,ðX� B ´
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diffusion et émission

(fluorescence, etc.)

absorption

lumière

incidente

réflexion

spéculaire

réflexion

"diffuse"
(spéculaire sur une 

surface rugueuse)

lumière

transmise

réflexion

interne

¦<§©¨<ª � ´ � ê { Ç�Ê�è5Ì7Í^ËAÓ Æ�Ð â ÊfÏ�Õ5×}Ì�ÊfÆnË1ÌmÉ Æ�Ù%Ï�Ý}Ç�ÌqËIÊfÐTÕXÆ�Ð�Ù�Ê,ÍyÖ}Ç}Ï¤ÊfÆHÍDÇ�ÊfÐTÕ}É ÆT×7Ï¤Ë1Ì

�gWNV�0Y8:S�<�6iV�lTVH45V7<�<�Vn9;eT¨?6i�7S�VHS�2��DSk8f47<�25V�V5U�<�8:hNU�dfS�h�25V,ï�<k8:WNl�6iU�§1eRÿ eTWNV�8:eT<�S�VH0Y8:S�<�6iV�V5U�<
l�6?.�eNU�25V ´ /16�9iV5U°45dfWNl�6;<�6idfWNU¢U�dfW1<°S�27eTWT6iV5U$ï�eTWNVt0Y8:S�<�6iV+V7W�	NW�0�V7eT<��7<�S�VtS�2�wY254��T6iVXlTVg¨�8:WT6i�7S�V6;W1<�V7S�WNVq85¯,8:W�<¢lFÿ �7<�S�V�	NWY8:9iV7¨�V7W�<g<�Sk8:WNU�¨?6iU�V ´ ½A8%45dfWNU�V7S�¯,8:<�6idfWnlTV+9�ÿ 27WNV7S�j,6iVm6;¨?03d,U�V&�

( 9;eT¨?6i�7S�Vm6;WN476ilTV7W1<�V )
=

( 9;eT¨?6i�7S�VmS�2�wY254��T6iV )

+
( 9;eT¨?6i�7S�VLl�6?.�eNU�25V )

+
( 9;eT¨?6i�7S�Vq8:hNU�dfS�h325V )

+
( 9;eT¨?6i�7S�Vm<�Sk8:WNU�¨?6iU�V )

<(� ´ ð B

�gWNVg0Y8:S�<�6iV+lTVg9�8L9;eT¨?6i�7S�VX8:hNU�dfS�h325Vt0�V7eT<��7<�S�Vt45dfW�¯IV7S�<�6iV+V7W�4��Y8:9iV7eTS$ï�<k8:WNl�6iU°§1eRÿ eTWNVX8:eT<�S�V
03V7eT<4�7<�S�V�45dfW1¯1V7S�<�6iV�V7W!9;eT¨?6i�7S�V�þ�WNdfeT¯IV$8:e�0Y8:SL9;eT¨?6;WNV5U�45V7WN45V ´ ¹^V7<�<�V Ö}Ù?ÏiÕkÕ}Ï¤ÄfÐ�ÕyØTÄfÐYÍ�ÊfàÐ�Ö�Ì U�V+¨�8:WT6?�¤V5U�<�Vm85¯1V54X45V7S�<k8:6;WNV5U¢U�eThNU�<k8:WN45V5U¢U�dfeT¨?6iU�V5UgþqeTWNVXV}·T476;<k8:<�6idfWHlTVD�¤dfS�<�VX27WNV7S�j,6iV
<QSk85±1dfWTWNV7¨�V7W1<HeT9;<�Sk85¯�6idf9iV7<�0Y8:SHV}·TV}¨?0N9;V B ´ ½RV�S�V7<�dfeTSHlTV5U�279iV547<�S�dfWNUHV}·T476;<�25U�¯1V}SkU�9�ÿ 27<k8:<�¤dfWNlN8:¨�V7W1<k8:9+U$ÿ V�.FV547<�eNVHV7W�0T9;eNU�6iV7eTS�U�27<k8:0�V5U$ï�45V7S�<k8:6;WNV5U�WNdfW ² Sk8fl�6�8:<�6;¯1V5U�V7<�lFÿ 8:eT<�S�V5U�8f4 ²45df¨?0Y8:j,WN25V5UtlFÿ eTWNVm27¨?6iU�U�6idfWnlTVX9;eT¨?6i�7S�V ´ /�V79idfW�9iVmlT279�8:6PV7W1<�S�Vm9�ÿ V}·T476;<k8:<�6idfWnV7<¢9�ÿ 27¨?6iU�U�6idfWRï6;9RU$ÿ 8:j,6;<glTVDwNeNdfS�V5U�45V7WN45Vf<

10−8 UÅdfe�¨�df6;WNU B dfe�lTVX0T�Nd,U�0T�NdfS�V5U�45V7WN45Vf<�ðXU¢dfe�0T9;eNU B ´

":¥LÚ�¥©Ä ":�A�,�N�I�F���I���A����� �y���I�A�f���R�^�eÂ����Y���Y�R�,�I�������y��� �¤�N�I���T�n�������3�I���N�I�
½RV5U°6;W1<�V7Sk8f47<�6idfWNUgV7W1<�S�V+9�8L9;eT¨?6i�7S�VXV7<°9�8L¨�8:<�6i�7S�VXdfW�<Å27<�2+lT2547S�6;<�V5U¢lN8:WNU°9iVt0Y8:Sk8:j,Sk8:0T�NV

0TS�254525lTV7W1<tlTVX¨�8:WT6i�7S�Vm¨�8f47S�d,U�45df0T6i§1eNV,ïYV7W�45dfWNU�6ilT27Sk8:W�<g9�8q0TS�df0Y8:j18:<�6idfW�lFÿ eTW���8:6iU�45V$8:e�lTV
9;eT¨?6i�7S�V�lN8:WNU�eTW ¨�8:<�27S�6�8:e.<�Sk8:WNU�9;eN476ilTV ´ � 	NW.lTVn45df¨?0TS�V7WNl�S�V�0T9;eNU�0TS�25476iU�27¨�V7W�<�03dfeTS§1eNV79;9iV5UÅSk8:6iU�dfWNU

((

¨?6i47S�d,U�45df0T6i§1eNV5U
))

9�8q9;eT¨?6i�7S�VLU�eT6;<¢9iV+<�Sk8:��V7<glT2547S�6;<glN8:WNU¢9�84	Nj,eTS�V0� ´ ��ïT6 9
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ï39�ÿ 6idfW
Fe3+

8�eTWNVq45dfW�	Nj,eTSk8:<�6idfWoè � S�é 3d5 4s0 ´ ½RV5U+lTV7e�·n45dfW�	Nj,eTSk8:<�6idfWYUX279iV547<�S�dfWT6i§1eNV5UXlTV5UtdfS ²hT6;<k8:9iV5U
3d
U�dfW�<R�

↑ ↑ dx2−y2 dz2

↑↓ ↑↓ ↑ ↑ ↑ ↑ dxz dyz dxy

U�0T6;WH8:0T0Y8:S�V76;9;9i2 U�0T6;W�9;6 hNS�V
½RV5U&0TS�df0TS�6i27<�25U�0T�1±�U�6i45d ² 4k�T6;¨?6i§1eNV5U�lTVÅ9�ÿ 6idfW Fe3+ l�6?.F�7S�V7W�<�lTVÅ¨�8:WT6i�7S�V¢U�6;j,WT6?	Y4$8:<�6;¯1V¢U�V79idfW
9�8?45dfW�	Nj,eTSk8:<�6idfW�279iV547<�S�dfWT6i§1eNVqlN8:WNU¢9iV5UgdfS�hT6;<k8:9iV5U

d ´ ¾X8:WNU¢9iVm4$8fUglTV5Ugd�47S�V5U¢0Y8:StV}·TV7¨?0T9iV,ï9�8�47dfWs	Nj,eTSk8:<�6idfW�lTV?U�0T6;W�9;6;hTS�V?V5U�<X9�8�0T9;eNUX45dfeTSk8:W�<�V�l�en��8:6;<XlTV%9�8�0TS�25U�V7WN45V�lTV5U+9;6;j18:WNlTU
d5·�±�jI�7WNVmlN8:WNUÅ9�8%¨�df9i2547eT9iV

Fe2O3
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½RV5U�45dfWNU�6ilT27Sk8:<�6idfWNU�0TS�254525lTV7¨?¨�V7W�<�27<k8:hT9;6iV5U�03dfeTS�9iV5U�dfS�hT6;<k8:9iV5U

d
lN8:WNU�eTW.4k�Y8:¨?0

d147<k8f25l�S�6i§1eNVglTVÅ9;6;j18:WNlTU�03V7eT¯1V7W1<��7<�S�V¢27<�V7WNl�eNV5U°þXlFÿ 8:eT<�S�V5U�jI25df¨�27<�S�6iV5U ´ ¾X8:WNU�9iV¢4$8fU�lFÿ eTWNVjI25df¨�27<�S�6iV�<�27<�Sk8f25l�S�6i§1eNV,ï�9iV5U�279iV547<�S�dfWNU�lTV5U�dfS�hT6;<k8:9iV5U
dxz

ï
dyz

V7<
dxy

U�eThT6iU�U�V7W�<%0T9;eNU�9i8
S�270TeT9iU�6idfW!279iV547<�S�dfWT6i§1eNV�lTV5UX9;6 j18:WYlTUm§1eNVq9iV5UX279iV547<�S�dfWNULlTV5UXdfS�hT6;<k8:9iV5U

dx2−y2

V7<
dz2

´ ½RdfS�UlTVg9�8X9iV7¯125VtlTVtlT27jI27WN27S�V5U�45V7WN45V,ï�9�ÿ dfS�l�S�V+lTV5U^dfS�hT6;<k8:9iV7UÅU�V¢<�S�dfeT¯1VtlTdfWN4g6;W�¯IV7S�U�2g0Y8:S^Sk8:0T0�dfS�<
þ%45Vm§1eT6RU�V+0Y8fU�U�VXV7W�U�±�¨�27<�S�6iVmd147<k8f25l�S�6i§1eNVf<D4�� ´ 	Nj,eTS�V0� ´ ò B ´¶&W�WNdf<k8:W1<
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dxz
ï
dyz

V7<
dxy

¯Idf6iV7W�<q9iV7eTS%WT6;¯1V$8:e�lFÿ 27WNV7S�j,6iV�8:eTj,¨�V7W1<�2�lTV
0,4 ∆tetra

V}<%9iV5U%dfS�hT6;<k8:9iV5U
dx2−y2

V7<
dz2

9iV7eTSÅWN6 ¯1V$8:eHlFÿ 27WNV7S�j,6iVLl�6;¨?6 W�eN2mlTV
0,6 ∆tetra

´½RV5U�jI25df¨�27<�S�6iV5U�<�27<�Sk8f25l�S�6;§1eYVtV7<�d�47<k8f25l�S�6i§1eNVtU�dfW�<�<�V79;9iV5U^§1eNV¢9�8��¤dfS�45Vgl�e�4��Y8:¨?0�47S�6iU�<k8:9;9;6;W
∆tetra

V5U�<�¨�df6;WNU�6;¨?03dfS�<}8:W1<�Vn§1eNV�9�8z�¤dfS�45VHl�e�4��Y8:¨?0�47S�6iU�<k8:9;9;6;W
∆oct

´ ½A8�<��N25dfS�6iVnlTV5Uj,S�dfeT03V5U¢0�V7S�¨�V7<gV7WHV�.FV7<¢lFÿ 2547S�6;S�V3<D4�� ´ º ´ ¸%´ µ^eTS�WNU$ïFð$ñ,ñ���ï>è ��ð�é B �

∆tetra = −4

9
∆oct .

<(� ´ � B
½RVqU�6;j,WNV − lTVL9�ÿ 25§1eY8:<�6idfWÌ<(� ´ � B ��8:6;<tS�2��¤27S�V7WN45V?þ�9�ÿ 6;W�¯IV7S�U�6idfW�lTVL9�8�0�d,U�6;<�6idfW�lTV5U+dfS�hT6;<k8:9iV5U
dxz

ï
dyz

V7<
dxy

lFÿ eTWNV%0Y8:S�<$ï�V7<
dx2−y2

V7<
dz2

lFÿ 8:eT<�S�V%0Y8:S�< ´ ½RV5UXdfS�hT6;<k8:9iV5U dx2−y2

V7<
dz2U�dfW1<%lTdfWN4�9iV5Uq¨�df6;WNUqU�<k8:hT9iV5UqV7W�U�±�¨�27<�S�6iV�d147<k8f25l�S�6i§1eNV�V7<L9iV5UL0T9;eNU%U�<k8:hT9iV5UqV7W�U�±�¨�27<�S�6iV
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3d

∆
oct

d
x2 - y2    dz2

d
xz    dyz   

d
xy

énergie 

croissante∆
tétra

d
x2 - y2    dz2

d
xz    dyz   

d
xy

0,4 ∆
tétra

0,6 ∆
tétra

0,6 ∆
oct

0,4 ∆
oct

(a) (b)
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":¥�Ù]¥©Ä Ý¢�Y���,�I�F���f�¤�I���A�����Y���Y���,�I�A���VÂ����Y�
d − d

½A8�U�V547<�6idfW!0TS�254525lTV7W1<kV�8�0�V7S�¨?6iULlTV%¨�V7<�<�S�V�V7W!0T9�8f45V?eTWNV?S�V70TS�25U�V7W1<k8:<�6idfW�U�6;¨?0T9;6?	Y25V
lTV5Uql�6?.F27S�V7W1<kV7U%dfS�hT6;<k8:9iV5U

d
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d
6;W��¤27S�6iV7eTS�V5UmV7<+9iV5UXdfS�hT6;<k8:9iV5U

d
U�eT0�27S�6iV7eTS�V5U

45dfS�S�V5U�03dfWNlTV7W�<^þ+lTV5U�9idfWTj,eNV7eTS�U�lFÿ dfWNlTVÅl�e�lTdf¨�8:6;WNVÅ¯�6iU�6;hT9iV − 0TS�d14k�NV��£º ´ ½RV5U&<�Sk8:WNU�6;<�6idfWNU279iV547<�S�dfWT6i§1eNV5UmV7W1<�S�V?45V5U+WT6;¯IV$8:e�·�l�6iU�<�6;WN47<�UXlNV7UXdfS�hT6;<k8:9iV5U
d
6;WNl�eT6;<�V5UX0Y8:S+9�ÿ 8:hNU�dfS�0T<�6idfW!lTV

9;eT¨?6i�7S�VmU�dfW�<¢lT25U�6;j,WN25V5U¢0Y8:SÅ9iVX<�V7S�¨�V ÍDÇ�ÊfÐTÕkÏDÍDÏ¤ÄfÐTÕ;Î�Ö}ÉiÌ�×5ÍDÇ�ÄfÐNÏ¤Ü7ÆNÌ}ÕVÓ
d− d ´½A8+0TS�25l�6i47<�6idfW�0TS�25476iU�V¢lTVÅ9�8X45dfeT9iV7eTS�0Y8:S�9�ÿ 27<�eNlTVglTV¢9�8Xl�6?.F27S�V7WN45V¢lFÿ 27WNV7S�j,6iVtV7W1<�S�V¢9iV5U�lTV7e�·

WT6;¯IV$8:e�·�lFÿ dfS�hT6;<k8:9iV5U
d
V5U�<mSk8:S�V7¨�V7W�<L0�d,U�U�6;hT9iV ´ ¾%ÿ 8:eT<�S�V5U0��8f47<�V7eTS�Um0Y8:S�<�6i476;0�V7W1<%V7W�V�.FV7<%þ9�ÿ 8:hNU�dfS�0T<�6idfWnlTVX9;eT¨?6i�7S�Vm¯�6iU�6;hT9iV&�NlTV5U¢hY8:WNlTV5UgU�dfW�<¢WNdf<k8:¨?¨�V7W1<+47S�2525V5U¢0Y8:S¢9iV5U¢S�270TeT9iU�6idfWNU

Ö}ÉiÌ�×5ÍDÇ�ÄfÐ − Ö}ÉiÌ�×5ÍDÇ�ÄfÐ ´ ¹^V�0Y8:Sk8:j,Sk8:0T�NVHU�V�0TS�df0�d,U�V�V5U�U�V7W�<�6iV79;9iV7¨�V7W1<�lTV�U�dfeT9;6;j,WNV7S�§1eNV�9iV5U<�Sk8:WNU�6;<�6idfWNU
d− d

0�V7eT¯1V}W�<gd1454$8fU�6idfWTWNV7Sg9�ÿ 8:hNU�dfS�0T<�6idfWnlTV+9;eT¨?6i�7S�Vm¯�6iU�6;hT9iV ´Vê
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½�ÿ 6;W1<�V7WNU�6;<�2tlTV¢9�8m45dfeT9iV7eTS^0TS�d�l�eT6;<�V¢038:S�eTWNV¢<�Sk8:WNU�6;<�6idfW
d−d V7W�V7W1¯�6;S�dfWTWNV7¨�V7W�<°d�47<k8 ²25l�S�6i§1eNV°V5U�<�S�V79�8:<�6;¯IV7¨�V7W�<
��8:6;hT9iV^0�dfeTS�9iV5U�6idfWNU&lTV5U�¨�27<k8:e�·%lTV^<�Sk8:WNU�6;<�6idfW ´ ¹^V7<�<�V°<�Sk8:WNU�6;<�6idfWV5U�<°V7W�V�.FV7<°6;W�<�V7S�l�6;<�V+0Y8:S°9iV5U^S��7j,9iV5UÅlTV+U�279iV547<�6idfW�lTVt9�8L¨�254$8:WT6i§1eNV+§1eY8:W�<�6i§1eNV,ï�V79;9iVtWNV+lTV ²¯�Sk8:6;<°lTdfWN4t0Y8fU°V}·�6iU�<�V7S°l�e�<�dfeT< ´ ½A8mS��7j,9iV+lTV+U�279iV54}<�6;dfW�§1eT636;W1<�V7S�l�6;<Å45V5U°<�Sk8:WNU�6;<�6idfWNU°V5U�<°V7W��8:6;<mV}W!0Y8:S�<�6iV%hTS�6iU�25V%0Y8:Sm9iV5U+¯�6;hTSk8:<�6idfWNULlTV5Um8:<�df¨�V5ULlN8:WNUX9;V?45df¨?0T9iV}·TV ´ ¹^V5476�45dfWNl�eT6;<qþ
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`�_�^2Jaû�\�Q ��`�O2`��|^�]�û�M�ò�õ�ö�M�`���O2`�_�JLKNM���Q _aQ ò�M���û�÷ `�\�_�Jaò�M�Q ù~��`��
d − d

R�ò�M�^�ò��2J�JLK|M�òN_LKNõ�õ�`�M~_·��`
Jaû�ô?û�Ja`�J/KN��\L]PKN^�Q _�Ja`cb�b�biO2`
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9�ÿ V}·�6iU�<�V7WN45V?lFÿ eTWYV4��8:6;hT9iV�8:hNU�dfS�0T<�6idfW�8:9idfS�Um§1eRÿ 6;9&WNV�lTV7¯�Sk8:6;<mV7W!<�dfeT<�V%S�6;j,eNV7eTSL±nV7W�8$¯Idf6;S
8:eN47eTWNV ´

½RV ÔfÌ}Ç7ÍtÔ$ÏQÇ}Ï¤ËfÏ¤ÊfÐ
Cr2O3 · nH20

V7U�<meTW!0N6 j,¨�V7W�<qlN8:WNUm9iV5§1eNV79�9�ÿ 6idfW
Cr3+

U�V?<�S�dfeT¯IV
8:e�U�V76;W�lFÿ eTW�4��Y8:¨?0Hd147<k8f25l�S�6i§1eNVmlFÿ 8:<�df¨�V5U¢lFÿ d5·�±�jI�7WNV ´ /�8q45dfeT9iV7eTS¢¯IV7S�<�V+0TS�d$¯�6iV7W�<¢lFÿ eTWNV<�Sk8:WNU�6;<�6idfW

d− d ´½RV5U Ä'×7Ç�ÌkÕ V7<�9iV5U ÍyÌ}Ç}Ç�ÌkÕ U�dfW�<�45dfWNU�<�6;<�eN25U�lFÿ d$·�±�lTV5U�lTV��¤V7S�lN8:WNU�9iV5U�§1eNV79iU�9�ÿ 6idfW
Fe3+

U�V
<�S�dfeT¯IV�27j18:9iV7¨�V7W1<�8:e�U�V76;W�lFÿ eTW�4��Y8:¨?0�d�47<k8f25l�S�6i§1eNV�lFÿ 8:<�df¨�V5U?lFÿ d$·�±�jI�7WNVn<D4�� ´NÃ � ´ � ´ � B ´½RV7eTS?45dfeT9iV7eTS?0TS�d'¯�6iV7W�<%0TS�6;WN476;0Y8:9iV7¨�V7W�<�lFÿ eTW 8:eN<�S�V�¨�254$8:WT6iU�¨�V�§1eT6ÅU�V7Sk8nV}·�0T9;6i476;<�2�0T9;eNU
9idf6;WÍ<Q9iV?<�Sk8:WNU��¤V7S�<qlTV�4��Y8:S�jIV,ïP4�� ´]Ã � ´ � ´ À B ïR¨�8:6iUm9iV5Um¨qeT9;<�6;0T9iV5ULW�eY8:WN45V5UqU�dfW1<L0TS�d'¯Id�§1eN25V7U0Y8:St9iV5Ut¯,8:S�6�8:<�6idfWNUXlN8:WNU+9�8v�¤dfS�45V%l�e�4k�Y8:¨?0�47S�6iU�<k8:9;9;6;W�U�eT6;¯,8:W�<t9iV5Utj,6iU�V7¨�V7W�<�U$ï�lTdfWN4%lN8:WNU
9�8q9idfWTj,eNV7eTSglFÿ dfWNlTVXlTV5UÅSk8fl�6�8:<�6idfWNU¢03dfeT¯,8:W�<Å0TS�d'¯Id�§1eNV7S¢lTV5U°<�S}8:WNU�6;<�6idfWNU

d− d
8:e�U�V76 W�lTV

9�ÿ 6idfW
Fe3+ ´
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½A8u�¤dfS�45V?l�e�4k�Y8:¨?0!47S�6iU�<k8:9;9;6;W

∆tetra
27<k8:W1<X0T9;eNUD��8:6;hT9iV?§1eNVq9�8u�¤dfS�45V?l�e�4��Y8:¨?0�47S�6iU ²<k8:9;9;6;W

∆oct
<D4�� ´ 25§1eY8:<�6idfW <(� ´ � B�B ïA9iV5Uq<�Sk8:WNU�6;<�6idfWNU d − d

V7W�V7W1¯�6;S�dfWTWNV7¨�V7W�<?<�27<�Sk8f25l�S�6i§1eNV
0TS�d$¯1d1§1eNV7W�<�eTWNVt8:hNU�dfS�0T<�6idfW�lN8:WNU�9iV5U&j,Sk8:WNlTV5U�9idfWTj,eNV7eTS�U^lFÿ dfWNlTV ´ ½RV5U�45df¨?0T9iV}·TV5U^V7W�V7W�¯�6 ²S�dfWTWNV7¨�V7W1<�<�27<�Sk8f25l�S�6i§1eNV¢U�dfW�<&lTdfWN4¢V7W?S��7j,9iVÅjI27WN27Sk8:9iV¢lTVÅ45dfeT9iV7eTS�hT9iV7eNVÅdfe?¯1V7S�<�V0<¤8:hNU�dfS�0 ²<�6idfW�lN8:WNUg9iVg��8:eTWNVqdfeH9iVLS�dfeTjIV B ´ ¾+VL0T9;eNU$ïY9iV5Ug<�Sk8:WNU�6;<�6idfWNU d − d

U�dfW1<X8:eT<�dfS�6iU�25V5Ut0Y8:St9iV5U
S��7j,9iV5U¢lTV+9�8q¨�254$8:WT6i§1eNVm§1eY8:W1<�6i§1eNV+0�dfeTS¢45V7<�<�VXjI25df¨�27<�S�6iV,ïNlTdfWN4+9iV5UÅhY8:WNlTV5U¢lFÿ 8:hNU�dfS�0T<�6idfW
U�dfW1<¢h3V$8:eN45dfeT0H0T9;eNUÅ6;W�<�V7WNU�V5U ´½RV å}ÉiÌ}ÆHË1Ìm×kÄ1å�ÊfÉ Í

CoAl2O4
V5U�<°eTW�Vk·TV7¨?0T9iVXlTVt0T6;j,¨�V7W1<¢lTdfW�<°9�8q45dfeT9iV7eTS°0TS�d'¯�6iV7W�<ÅlFÿ eTWNV

<�Sk8:WNU�6;<�6idfW
d − d

V7W�V7W�¯�6;S�dfWTWNV7¨�V7W1<%<�27<�Sk8f25l�S�6i§1eNV ´ ½�ÿ 6idfW Co2+ V5U�<LV7W�V�.FV7<qV7W1<�dfeTS�2�lTV
§1eY8:<�S�Vm8:<�df¨�V5UglFÿ d$·�±�jI�7WNVmlN8:WNU¢45V7<�<�VX¨�df9i2547eT9iV ´
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45V�¨�254$8:WT6iU�¨�V�9idfS�U�§1eRÿ dfW�U$ÿ 6;W1<�27S�V5U�U�V�8:e�·�0T6;j,¨�V}W�<�U ´ ½RV�<k8:hT9iV$8:e¾� ´ ��0TS�25U�V7W1<�V�9iV�4$8fU%l�e4$8fl�¨?6;eT¨ <¤8 B V7<¢lNV+9�ÿ 8:S�jIV7W�<4<Qh B þq<�6;<�S�VmlFÿ V}·TV7¨?0T9iV5U ´
45d$¯,8:9iV7WN45Vm47S�df6iU�Uk8:W�<�V 45d'¯,8:9iV7WN45Vm47S�df6iU�Uk8:W�<�V

−→ −→

CdO CdS CdSe AgCl AgBr AgIUk8:WNU ��8:eTWNV S�dfeTjIV hT9�8:WN4 ��8:eTWNV ��8:eTWNV
45dfeT9iV7eTS 0;e:9iV U�dfeT<�V7W�e

<¤8 B <Qh B
É?ÊJËJª � ´ � ê Å��gÌ7ÍQÕgËAÓ Æ�Ð�Ë1Ì�ÛfÇ�ÖtË1Ì¢×kÄfÔ:ÊfÉiÌ}Ð3×kÌt×7Ç�ÄfÏ�ÕkÕ5ÊfÐYÍ3Õ}Æ�Ç°É;ÊL×kÄfÆ�ÉiÌ}Æ�ÇtË1Ì¢×�ÄfÙtØTÄ:Õ$ÖkÕ°Ï¤ÄfÐNÏ¤Ü7ÆNÌkÕÞ�å�Ê:Õ$Ì%Ë1Ìq×�ÊIËfÙ%ÏQÆ�ÙïÎyÊ�Ó�Ì7Í^ËAÓ ÊfÇ�Û1Ì}ÐYÍCÎ�åVÓ

{ [ ¬ [ ® [ ¬ p|�:`NOAcX§yGT�'@$c�vPG-�,KA`s���YG=�I`�@'BQM3O → _DB��Y`NOAv�GI@�_DB��Y`NOAv → �I`�@'BQM3O
½A8�0Y8:6;S�V Ê:ÐNÏ¤ÄfÐ − ×kÊ,ÍDÏ¤ÄfÐ lFÿ eTW 45df¨?0�d,U�2�¨?6;WN27Sk8:9¢0�V7eT<�V7W V�.FV7<�U�V�S�V70TS�25U�V7W�<�V7S�V7W

0TS�V7¨?6i�7S�V%8:0T0NS�d5·�6;¨�8:<�6idfW�45df¨?¨�VqeTWNVqU�27S�6iVLlTVLWT6;¯IV$8:e�·nlFÿ 27WNV7S�j,6iV?8:enU�V76;W�lTV5U�§1eNV79iUtU�dfW�<
((

l�6iU�0�d,U�25U
))

9iV5U�279iV547<�S�dfWNU�¨?6iU�V7W�45df¨?¨LeTWL�,9iV5U�dfS�hT6;<k8:9iV5U�¨�df9i2547eT9�8:6;S�V5U^U�dfW1<�dfhT<�V7W�eNV5U�0Y8:S
45df¨LhT6;WY8:6iU�dfW�9;6;WN2$8:6;S�V¢lTV5U�dfS�hT6;<k8:9iV5U^8:<�df¨?6i§1eNV5U ´ ¾+V5U&<�Sk8:WNU�6;<�6idfWNU�279iV547<�S�dfWT6i§1eNV5U�03V7eT¯1V7W1<�U�V0TS�d1l�eT6;S�V%V7W�<�S�V%45V5Utl�6?.F27S�V7W�<�UtWT6;¯1V$8:e�· Ô$Ï¤Ê 9�ÿ 8:hNU�dfS�0T<�6idfW�lTVq45V7S�<k8:6;WNV5U+9idfWTj,eNV7eTS�UXlFÿ dfWNlTV5U
l�e�Sk8$±IdfWTWNV7¨�V7W�<t279iV547<�S�df¨�8:j,WN27<�6i§1eNV ´�gWNV�8:eTj,¨�V7W1<k8:<�6idfW�l�e�lTV7j,S�2�lTV�45d'¯,8:9iV7WN45V�lTV?9�8�9;6�8:6iU�dfW ÊfÐNÏ¤ÄfÐ − ×kÊ,ÍDÏ¤ÄfÐ V7W�<�Sk821iWNV�eTWNV
l�6;¨?6;W1eT<�6idfWnlTV+9�8%l�6?.F27S�V7WN45VmlFÿ 27WNV7S�j,6iVmV7W�<�S�V+9iV+WT6;¯1V$8:e#�¤dfWNlN8:¨�V7W�<k8:9AV7<Å9iV5UÅWT6;¯IV$8:e�·�V}·T476 ²<�25U ´ ¶&W�45dfWNU�25§1eNV7WN45V,ïI9iV5U&hY8:WNlTV5U�lFÿ 8:hNU�dfS�0T<�6idfW�279iV547<�S�dfWT6i§1eNVgU�VÅlT270T9�8f45V7W1<^lTVÅ9�ÿ eT9;<�Sk85¯�6idf9iV7<
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¯IV7S�U�9iV^¯�6iU�6;hT9iV ´ ¹^V^¨�254$8:WT6iU�¨�V°0�V7S�¨�V7<&WNdf<k8:¨?¨�V7W�<�lFÿ V}·�0T9;6i§1eNV7S&9iV5U&l�6?.F27S�V7WN45V5U&lTVÅ45dfeT9iV7eTSV7W1<�S�VX9iV5U¢45df¨?0�d,U�25UglTVX4$8fl�¨?6;eT¨ V7<¢lFÿ 8:S�jIV7W�<¢0TS�254525lTV7¨?¨�V5W1<tV}·�0�d,U�25V5U ´
�gWNVL<�Sk8:WNU�6;<�6idfW�279iV547<�S�dfWT6i§1eNV%U�eTS�¯1V7WY8:W1<XV7W1<�S�VqeTW�8:WT6idfW�V7<teTW�4$8:<�6idfW�lFÿ eTW�45df¨?0�d,U�2

¨?6;WN27Sk8:9�V5U�<tlT25U�6 j,WY27VL0Y8:Sg9iVm<�V7S�¨�V ÍDÇ�ÊfÐTÕ}ÏDÍDÏDÄfÐ�Ö}ÉiÌ�×5ÍDÇ�ÄfÐNÏ¤Ü7ÆNÌtØ�ÊfÇqÍDÇ�ÊfÐTÕ â Ì}Ç7Í°Ë1Ì?×}Ú�ÊfÇ¤Û1Ì ´ ½RV5UhY8:WNlTV5U°lFÿ 8:hNU�dfS�0T<�6idfW�S�25U�eT9;<k8:W�<�V5U°U�dfW�<�<�S��5U^6;W1<�V7WNU�V5U°4$8:SÅ8fU�U�d�476i25V5U°þLlTV5U^<�Sk8:WNU�6;<�6idfWNU°279iV54 ²<�S�dfWT6i§1eNV5UÅ03V7S�¨?6iU�V5U ´ ¶&9;9iV5UÅ0�V7eT¯IV7W�<¢U�V+<�S�dfeT¯IV7S¢lN8:WNUÅ9�ÿ V7WNU�V7¨LhT9iVml�e�lTdf¨�8:6;WNV0�gÁ ² ¯�6iU�6;hT9iV ´�yW1<�eT6;<�6;¯1V7¨�V7W1<$ï�eTWNV�<�Sk8:WNU�6;<�6idfW�lTV�45V�<y±�0�V�0�V7eT<3�7<�S�V�45df¨?0TS�6;U�VH45df¨?¨�V�eTWNV�<�Sk8:WNU�6;<�6idfW
ËAÓ Ä$äq«IËIÄfàyÇ�Ö�ËfÆT×5ÍDÏ¤ÄfÐ �R9�8Hl�6iU�<�S�6;hTeT<�6idfW�lTV�9�8�lTV7WNU�6;<�2�279iV547<�S�dfWT6i§1eNV�V7W�<�S�V�lTV7e�·�8:<�df¨�V5Uq9;6i25U
V5U�<+8:9;<�27S�25V ´ �gWHlTV5U+8:<�df¨�V5Ut¯Idf6;<tUk8�lTV7WNU�6;<�2q279iV747<�SkdfWT6i§1eNVL¨�df¨�V7W1<}8:WN27¨�V7W�<Xl�6;¨?6;W1eN25V#<Q6;9V5U�< Ä$äq«IË1Ö B ïT<k8:WNl�6iUg§1eNV+9�ÿ 8:eT<�S�VX9�8%¯Idf6;<t8:eTj,¨�V7W1<�25Vf<Q6;9AV5U�< Ç�Ö�ËfÆ�ÏDÍ B ´

M+ L- M2+
hν

L2-

e-

(a)

M+ L- LM
hν

e-

(b)

¦<§©¨<ª � ´ x ê?ë Ì}Æ,ä?ÍDÇ�ÊfÐTÕ}ÏDÍDÏ¤ÄfÐTÕtÖ}ÉiÌ�×5ÍDÇ�ÄfÐNÏ¤Ü7ÆNÌ}Õ�ØTÊfÇtÍDÇ�ÊfÐTÕ â Ì}Ç7Í&Ë1Ì+×}Ú�ÊfÇ�Û1ÌPé 4$8:<�6idfW → 9;6;j18:WNl Î£Ê�Ó
Ì7Í 9;6;j18:WNl → 4$8:<�6idfW Î�åVÓ

» dfeTSmU�6;¨?0T9;6?	YV7S$ï3eTWNVq<�Sk8:WNU�6;<�6idfW�279iV547<�S�dfWT6i§1eNV%0Y8:St<�Sk8:WNU��¤V7S�<XlTVq4k�Y8:S�jIVq0�V7eT<!�7<�S�VqlT2 ²47S�6;<�VX0Y8:SÅ9iVX0TS�d145V5U�U�eNUgU�eT6;¯,8:W1<R�
ê eTW�§1eY8:W�<�eT¨ lFÿ 27WNV7S�j,6iV�9;eT¨?6;WNV7eNU�VHV5U�<�8:hNU�dfS�h�2�0Y8:S�eTW�2}9iV547<�S�dfW lFÿ eTW�8:<�df¨�VHdfe
lFÿ eTW�6idfW0£

ê 45VglTV7S�WT6iV7S^V5U�<�V}·T476;<�2¢WNdfW�0Y8fU�¯IV7S�U�eTW�WT6;¯IV$8:e�lFÿ 27WNV7S�j,6iVtU�eT0�2}S�6;V7eTS°l�e�¨u�7¨�Vt8:<�df¨�Vdfe�6idfWRï�¨�8:6iU¢¯IV7S�UÅeTW�WT6;¯IV$8:eHlFÿ 27WNV7S�j,6iVm¯,8f4$8:W1<glFÿ eTWn8:<�df¨�VmdfeHlFÿ eTW�6;dfW�¯1df6iU�6;W ´
¾+V7e�·�<£±�03V5UÅlTVt<�Sk8:WNU�6;<�6idfW�279iV747<�SkdfWT6i§1eNV+0Y8:S°<�Sk8:WNU��¤V7S�<ÅlTV+4��Y8:S�jIVXU�dfW�<°lTdfWN4+03d,U�U�6;hT9iV5U0<D4�� ´	Nj,eTS�V�� ´ x B ´ ½RVL4$8fU4<¤8 B 45dfS�S�V5U�0�dfWNl�þ%eTWH<�Sk8:WNU��¤V7S�<tlTVL4��Y8:S�jIV Ù�Ö7Í�ÊfÉ → É Ï;ÛIÊfÐ3Ë ´ �y9AU�VX0TS�d ²l�eT6;<?§1eY8:WNl�9iV�9;6;j18:WNl�0�V7eT<+��dfeNV7S?9iV�S��f9iV�lTV�0TeT6;<�U�þn279iV547<�S�dfWNU ´ �y9ÅV5U�<%¨�df6;WNU4��8$¯IdfSk8:hT9iV§1eNVt9iV+4$8fU0<Qh B lFÿ eTW�0�df6;W1<¢lTVt¯�eNV+279iV547<�S�d,U�<k8:<�6i§1eNV ´ ½RVX4$8fU0<Qh B 45dfS�S�V5U�0�dfWNl�þLeTW�<�Sk8:WNU��¤V7S�<lTV?4��Y8:S�jIV É Ï;ÛIÊfÐ3Ë → Ù�Ö7Í�ÊfÉ ´ ¹tÿ V5U�<X9�8�<�Sk8:WNU�6;<�6idfW�9�8�0T9;eNU��DS�25§1eNV7W�<�V%0Y8:S�45V?§1eNV%9�8�lTV7WNU�6;<�2279iV547<�S�dfWT6i§1eNV?V5U�<X¨�d1l�6?	Y25V�lN8:WNU+eTW!U�V7WNU+279iV547<�S�d,U�<k8:<�6i§1eNV7¨�V7W�<!��8$¯IdfSk8:hT9iV ´ ¶&W!V�.FV7<$ï�03dfeTS§1eRÿ eTWNVt<�Sk8:WNU�6;<�6idfW É Ï;ÛIÊfÐ3Ë → Ù�Ö7Í�ÊfÉ 0TeT6iU�U�V+U�Vg0TS�d�l�eT6;S�V,ï�9iVt9;6;j18:WNl�lTdf6;<Å03d,U�U�25lTV7SÅlTV5UÅ279iV54 ²<�S�dfWNUÅlTVt¯,8:9iV7WN45V+WNdfW ² V7WTj18:jI25U¢lN8:WNU°eTWYVt9;6�8:6iU�dfW ´ ¾X8:WNUÅ45V5U°45dfWNl�6;<�6idfWNU$ïTeTWNVt¨�d�l�6?	Y4$8:<�6idfW
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lTV%9�8�lTV7WNU�6;<�2?279iV547<�S�dfWT6i§1eNV�lTV?¯,8:9;V7WN45V?WRÿ 82.FV547<�V?0Y8fUm9�8�9;6�8:6iU�dfW ´ ½RV5UX9;6;j18:WNlTU Ä$äq«IË1Ì ï Õ}Æ�É àâ Æ�Ç�Ì ï ×}Ú1É;ÄfÇ}Æ�ÇkÌ V7< Ï¤Ä$ËfÆ�ÇkÌ Uk8:<�6;U��¤dfW�<&45V5U&45dfWNl�6;<�6idfWNU ´ ½RV°¨�27<k8:9NlTdf6;<�§1eY8:W�<�þt9;eT6T03d,U�U�25lTV7S�lTV5UdfS�hT6;<k8:9iV5Uq¯�6ilTV5U$ïPl�6iU�03dfWT6;hT9iV5U%03dfeTS�8f4545V70T<�V7S?lTV5Uq279iV547<�S�dfWNU?l�e�9;6;j18:WNl ´ ½�ÿ 279iV547<�S�dfW�V}·T476;<�20Y8:SÅ9�ÿ 8:hNU�dfS�0T<�6idfW�9;eT¨?6;WNV7eNU�VmU�V+S�V79�8'·TVmþ%U�dfW�27<k8:<��¤dfWNlN8:¨�V7W1<k8:9P8$¯1V54teTW�<�V7¨?0NUglTV+¯�6iV+l�e
WT6;¯IV$8:eHV}·T476;<�2mlTV+9�ÿ dfS�l�S�VmlNV+9�8q¨?6i47S�d,U�V545dfWNlTV ´½RV5U%hY8:WNlTV5U?lFÿ 8:hNU�dfS�0T<�6idfW §1eT6^S�25U�eT9;<�V7W�<�lFÿ eTW�0T�N27WNdf¨��7WNV�lTV�<�Sk8:WNU��¤V7S�<?lTV�4k�Y8:S�jIV�U�dfW�<
<�S��5UÅ6;W�<�V7WNU�V5U:ð+0Y8:S�45Vm§1eRÿ V79;9iV5Ug45dfS�S�V5U�03dfWNlNV}W�<+þ%lTV5U¢0TS�d145V5U�U�eNUg279iV747<�SkdfWT6i§1eNV5U¢0�V}S�¨?6;U ´Y» 8:S45dfWNU�25§1eNV7W1<$ïFeTWNV�45dfeT9iV7eTSm<�S��5UmUk8:<�eTS�25V%0�V7eT<��7<�S�V?dfhT<�V7W�eNV?0Y8:SmeTWNV?<�S��5UX03V7<�6;<�V�§1eY8:W�<�6;<�2
lTV+¨�8:<�27S�6�8:e ´ ½A8?45dfeT9iV7eTSgl�e�¨�8:<�27S�6�8:en47dfWYU�6;lN2}Sk2mlT2703V7WNlX�

ê l�e�03df<�V7W�<�6iV79AlFÿ 6idfWT6iUk8:<�6idfWnl�e�9 6;j18:WNl0£
ê lTVX9¤ÿ 82��WT6;<�2L279iV547<�S�dfWT6i§1eNVLl�e�¨�27<k8:9�£
ê lTVX9¤ÿ 6;¨?0�dfS�<k8:WN45VLlTVX9�8qS�270TeT9iU�6idfW Ö}ÉiÌ�×5ÍDÇ�Ä:Ð − Ö}ÉiÌ�×5ÍDÇ�ÄfÐ ´½RVg<�Sk8:WNU��¤V7S�<°lTVt4k�Y8:S�jIV+V5U�<^eTW�0TS�d145V5U�U�eNU^<�S��5U°27WNV7S�jI27<�6i§1eNV ´ ½RV5U^hY8:WNlTV5UÅlFÿ 8:hNU�dfS�0T<�6idfW�0Y8:S<�Sk8:WNU��¤V7S�<¢lTVm4��Y8:S�jIVmU�dfW�<¢lTdfWN4XjI27WN27Sk8:9iV7¨�V7W�<t45V7W1<�S�25V5UglN8:WNUÅ9iVmlTdf¨�8:6;WNVXeT9;<�Sk8$¯�6idf9iV7< ´ ¹^V ²03V7WNlN8:W�<$ï3V79;9iV5Ug0�V7eT¯IV7W�<t27j18:9iV7¨�V7W�<tS�V545dfeT¯�S�6;St9iV5Ut45dfeTS�<�V5Ug9idfWTj,eNV7eTS�U+lFÿ dfWNlTVql�enlTdf¨�8:6;WNV

¯�6iU�6;hT9iV-<Q¯�6idf9iV7<$ïFhT9iV7eRïF¯1V7S�< B ´ ½RV5UX0T6;j,¨�V7W�<�UL45dfS�S�V5U�0�dfWNlN8:W1<�UqU�dfW�<mlTdfWN4?jI27WN27Sk8:9iV7¨�V7W�<L6;W ²<�V7WNU�27¨�V7W1<���8:eTWNV5U$ïTdfSk8:WTjI25Ugdfe�S�dfeNjIV7U4<D4�� ´ <k8:hT9iV$8:ez� ´ � B ´

» 6;j,¨�V7W�< �ASk8:WNU��¤V7S�<glTVX4k�Y8:S�jIV : S�hT6;<k8:9iV5Ug6;¨?0T9;6i§1eN25V5U
��8:eTWNVmlTVX4$8fl�¨?6;eT¨Î<

CdS B Cd2+ S2− →hν Cd+ S− pπ → 5s

¯1V7S�¨?6;9;9idfWh<QS�dfeTjIV,ï
HgS B Hg2+ S2− →hν Hg+ S− pπ → 6s

dfS�0T6;¨�V7W�<4< ��8:eTWNV,ï
As2S3 B As3+ S2− →hν As2+ S− pπ → 4s

dfe
4p

�N27¨�8:<�6;<�Vf<QS�dfeTjIV,ï
Fe2O3 B Fe3+ O2− →hν Fe2+ O− pπ → 3d

É?ÊJËJª � ´ � ê Ã^Ï;ÛfÙ�Ì}ÐYÍQÕqËIÄfÐYÍ�É;Ê�×kÄfÆ�ÉiÌ}Æ�Ç?ÌkÕ7ÍRØYÇ�Ä$ËfÆ�ÏDÍyÌ¢Ø�ÊfÇmÍDÇ�ÊfÐTÕ â Ì}Ç7Í^Ë1Ìq×}Ú�ÊfÇ¤Û1Ì

{ [ ¬ [ ® [ Û |XGT�:c�_Q`�@'KH�1M;�fBQGHvPG1cu°P`NOAvPG1c
¶&W <�dfeT<�VnS�6;j,eNV7eTS$ïÅþ�4$8:eNU�Vnl�e j,Sk8:WNl�WNdf¨qhTS�V�lTVHS�V545dfeT¯�S�V7¨�V7W�<�U�lFÿ dfS�hT6;<k8:9iV5U�8:<�d ²¨?6i§1eNV5UtV7W�<�Sk821iWN2L038:Sg9�ÿ V}·�<�V7WNU�6idfW�l�enU�±�U�<��7¨�VqlTVm9;6�8:6iU�dfWNU+lN8:WNUt9iVLU�df9;6ilTV,ïY9�ÿ 27<�eNlTV%lTV5UgWT6 ²¯IV$8:e�·%lFÿ 27WNV7S�j,6iVÅlTdf6;<c�7<�S�V°45dfWNl�eT6;<�VÅU�V79idfW%9�8g<��N25dfS�6iVÅlTV5U�hY8:WNlTV5U
<D4�� ´ � ´ �+8fU�Uk8:eRï�ð$ñ�x���ï�è �2éyï4��Y8:0T6;<�S�VmÁ��9� B ´¾+Vg¨�8:WT6i�7S�V+<�S��5UÅU�6;¨?0T9;6?	Y25Vt6i476�ï�V7<°0Y8:S¢8:WY8:9idfj,6iVm85¯1V54t9iVt45dfWN45V70T<¢lTV+45df¨LhN6 W38:6;U�dfW�9 6;WN2$8:6;S�V

lTV5U¢dfS�hT6;<k8:9iV5U+8:<�df¨?6i§1eNV5U$ïT9iVXS�V545dfeT¯�S�V7¨�V7W�<tlTV5UgdfS�hT6;<k8:9iV5U+8:<�df¨?6i§1eNV5UglFÿ 8:<�df¨�V5U+8flf��8f45V7W1<�U
VXF��®þ K�����òNJa^2_aQ ò�M�^PK�J�_�JLKNM��(ô?`�J�_+OX`i\L]PK�Jaý�`i`��(_®`�M~ñ2Q Jaò�M
E�á�áJÁmE�á�á�áHô?ò�Q �®^�÷ ���sQ M~_a`�M���`iù~��`+÷Sþ K�����òNJa^2_aQ ò�M�^PK�J_�JLKNM���Q _aQ ò�M

d−d
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O�þ K�����òNJa^2_aQ ò�MTR�\�`�J�_LKNQ M�`��J�PKNMPO2`��
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45dfWNl�eT6;<mþ�lTV5UtdfS�hN6 <}8:9;V5U+¨�df9i2547eT9�8:6;S�V5UX9;6�8:W1<�V5U$ï3WNdfW ² 9;6�8:W1<�V5UXV7<X8:W�<�6;9;6�8:W1<�V5U ´F» 9;eNU+9iVLS�V545dfe ²¯�S�V7¨�V7W1<glNV7UgdfS�hT6;<k8:9iV5Ut8:<�df¨?6i§1eNV5UgV5U�<¢j,Sk8:WNlFïNV7<¢0T9;eNU¢9�8:S�jIVmV5U�<Å9�ÿ 254$8:S�<t27WNV7S�jI27<�6i§1eNVmV7W�<�S�V
9iV5UXdfS�hT6;<k8:9iV5Um¨�df9i2547eT9�8:6 SkV5Um9;6�8:W1<�V5UmV7<L8:W�<�6;9;6�8:W1<�V5U ´ ½�ÿ 8:0T0T9;6i4$8:<�6idfW�lTV?45V?45dfWN45V70T<Lþ�eTW!U�d ²9;6ilTV,ï&lN8:WNU%9iV5§1eNV79Å9iV�WNdf¨qhTS�V�lFÿ 8:<�df¨�V5U�V5U�<?27WNdfS�¨�V�<

1023 0Y8:S�47¨ 3 V7W�¯�6;S�dfW B ï�8:6;WNU�6°0Y8:S45dfWNU�25§1eNV7W1<X§1eNVq9iVLWNdf¨qhTS�V%lFÿ dfS�hT6;<k8:9iV5UL8:<�df¨?6i§1eNV5U$ï�45dfWNl�eT6;<mþ�45dfWNU�6ilT27S�V7SXeTW�<�S��5Utj,Sk8:WNl
WNdf¨LhTS�VnlTV�WT6;¯IV$8:e�· ¨�df9i2547eT9�8:6;S�V5U�<�S��5U�¯Idf6iU�6;WNU�V7W�27WNV7S�j,6iV ´ �y9iU7�¤dfS�¨�V7W�<�eTW�45dfW�<�6;W1eTeT¨WNdf¨?¨�2 å�ÊfÐ3ËIÌ%ËAÓ Ö}Ð�Ì}Ç¤ÛfÏ�Ì <D4�� ´ 	Nj,eTS�V�� ´ ñ-<¤8 B9B ´

énergie 

croissante

orbitale 

atomique

orbitales moléculaires bande d'énergie

1 atome 2 atomes 1023 atomes4 atomes

énergie 

croissante

bande de 

conduction 

(vide)

bande de

valence

(pleine)

E
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<¤8 B <Qh B
¦<§©¨<ª � ´ ñ ê Î£Ê�Ó�È�Ä:ÐNÔ,Ì}ÇkÕ}Ï¤Ä:Ð Ë1ÌkÕ�ÄfÇ$å}ÏDÍ�ÊfÉiÌkÕ�Ê,Í�ÄfÙ%Ï¤Ü7ÆNÌkÕ�Ì}Ð ÄfÇ$å}ÏDÍ�ÊfÉiÌkÕ�Ù�ÄfÉiÖ�×7Æ�É;ÊfÏQÇ�ÌkÕLØNÆ�Ï�Õ�Ì}Ðå�ÊfÐ3Ë1ÌtËAÓ Ö}Ð�Ì}Ç¤ÛfÏ�Ì�Î£ËAÓ Ê}ØYÇkÝkÕ 	 Ñ�ÐmÊ:ÕkÕ5ÊfÆ1ázÑLÓ�ÒeÓ ñ?Î�åVÓL×kÄfÐ'ìAÛfÆ�Ç�Ê,ÍDÏ¤ÄfÐ�Ë1ÌkÕ+å�ÊfÐ3Ë1ÌkÕtËIÊfÐTÕ°Æ�Ð�Ï�Õ5ÄfÉ;ÊfÐYÍ
Ö}ÉiÌ�×5ÍDÇ}Ï¤Ü7ÆNÌ

¶&W.0TS�V7¨?6i�7S�V�8:0T0TS�d$·�6 ¨�8:<�6;dfWAïÅ9iV5U�WT6;¯1V$8:e�· 9;6�8:W1<�U�§1eT6+S�V7W��¤V7S�¨�V7W�<�9iV5U�279iV547<�S�dfWNU�lNV
¯,8:9iV7WN45V-�¤dfS�¨�V7W1<�9�8 å�ÊfÐ3Ë1Ì�Ë1ÌHÔ:ÊfÉiÌ}Ð3×kÌ V7<�9iV5U�WT6;¯IV$8:e�· 8:W�<�6;9;6i8:W�<�U3�¤dfS�¨�V7W�<�9�8 å�ÊfÐ3Ë1Ì�Ë1Ì
×�ÄfÐ3ËfÆT×5ÍDÏ¤ÄfÐ ´ ½�ÿ 254$8:S�<XlFÿ 27WNV7S�j,6iV%V7W�<�S�VL9iVqU�df¨?¨�V7<XlTVL9�8�hY8:WNlTV%lTVL¯,8:9iV7WN45V%V7<t9iVLhY8fUtlTVq9i8hY8:WNlTV°lTV^45dfWNl�eN47<�6idfWRïfWNdf¨?¨�2 Û1ÊkØ dfe å�ÊfÐ3Ë1Ì°ÏQÐYÍyÌ}Ç�ËfÏDÍyÌ ï:lT2703V7WNl?lTV5U�27WNV7S�j,6iV5U&lTV5U�dfS�hT6;<k8:9iV5U
8:<�df¨?6i§1eNV5Ug45df¨LhT6;WN25V5U7<D4�� ´ 	Nj,eTS�V0� ´ ñ�<Qh B9B ´» dfeTS�9iV5U�¨�8:<�27S�6�8:e�·?6iU�df9�8:W�<�U$ïf9�8thY8:WNlTVÅlTV°¯,8:9iV7WN45VÅV5U�<�45df¨?0T9i�7<�V7¨�V7W�<�S�V7¨?0T9;6iV¢V7<&9�8thY8:WNlTVlTVg47dfWYl�eN47<�6idfW�V5U�<�¯�6ilTV ´ ½RV¢j18:0�27<k8:W�<�9�8:S�jIV,ïI9�8X<�Sk8:WNU�6;<�6idfW�V7W�<�S�V¢9iV5U^lTV7e�·?hY8:WNlTV5U^V5U�<�<�S��5U27WNV7S�jI27<�6i§1eNVmV7<Å9iV+45df¨?0�d,U�2X45dfS�S�V5U�0�dfWNlN8:W�<¢WRÿ 8:hNU�dfS�h�V+0Y8fU¢lN8:WNUÅ9iVt¯�6iU�6;hT9iV ´ �y9RV5U�<ÅlTdfWN4XlNV45dfeT9iV7eTS¢hT9�8:WN4k�NVXeTWNV��¤df6iUÅS�25l�eT6;<gV7W�0�dfeNl�S�V3<QhT9�8:WN4mlTV!�56;WN4

ZnO
�
Egap = 3

V�Á B ´» dfeTS�9iV5U�U�V7¨?6 ² 45dfWNl�eN47<�V7eNS�U�279iV547<�S�6i§1eNV5U$ï&9�8�¯,8:9iV7eTS�l�e j18:0�V5U�<?0T9;eNU7��8:6;hT9iV�V7<�9�ÿ 8:hNU�dfS�0 ²<�6idfW�lN8:WNU+9iVq¯�6iU�6;hT9iV%V5U�<+0�d,U�U�6;hT9iV&��4,ÿ V5U�<+9iV%4$8fU+WNdf<k8:¨?¨�V7W�<ml�e���8:eTWNV?lTV%4$8fl�¨?6;eT¨
CdS<

Egap = 2,6
VyÁ B V7<gl�e�¯1V7S�¨?6;9;9idfW�S�dfeTjIV HgS < Egap = 2,0

V�Á B ´
½RV%U�0�V547<�S�V%lFÿ 8:hNU�dfS�0T<�6idfW�lTV%45V5UX45df¨?03d,U�25UXV5U�<XlTdfWN4%<�S��5UXl�6?.F27S�V7W1<mlTV%45V7e�·n¨�V7<�<k8:W�<

V7W%��V7e�lTV5U°<�S}8:WNU�6;<�6idfWNU
d− d ´ �y9FV}·�6iU�<�V+U�dfeT¯IV7W�<°0�dfeTS°9iV5U°0NS�V7¨?6;V7S�U¢eTWf�DS�dfW�<ÅlFÿ 8:hNU�dfS�0T<�6idfW§1eT6�8:hNU�dfS�h3Vg<�dfeNU�9iV7U�Sk8$±IdfWTWNV7¨�V7W�<�U°lTdfW1<^9�ÿ 27WNV7S�j,6iVtV5U�<^U�eT0327S�6iV7eTS�V+8:e�j18:0�l�e�¨�8:<�27S�6�8:e ´0ò

ó~F�âcKNM��
÷ Kq����Q _a`�O2`�\�`�õ�û�õ�ò�Q Ja`�R�Q ÷®��`�JLK
Jaû�ý���÷ Q ö�Ja`�õ�`�M&_
ôSKNQ _cJaû�ô?û�Ja`�M�\�`1Áq\�`|_�ø2^�`�O2`�\�ò�õ�^�ò���û���F��T`��2J��^�`�\�_�Ja`0OX`�Jaû0ôP`�\�_LKNM�\�`!K4`�Mf`�ü�`�_q��M�`�K�÷ ÷ �XJa`�O2`D_�ø2^�`
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¤P÷ _�Ja`!^PKN����`0�y]PKN�2_
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½�ÿ V}·T476;<k8:<�6idfW�lTV5U^279iV547<�S�dfWNU^WN2545V5U�U�6;<�VgeTWNV¢¯,8:9iV7eTS°U�V7eT6;9Y¨�8:6iU�9iV5U^27WNV7S�j,6iV5U°U�eT0327S�6iV7eTS�V5U^9�ÿ V7W ²<�Sk821iWNV7W1<ghT6iV7WH27¯�6ilTV7¨?¨�V7W1<t27j18:9iV7¨�V7W1< ´¾X8:WNU�9iVg4$8fU^l�eL��8:eTWNVglTVg4$8fl�¨?6;eT¨
CdS

ïI9�8X¯,8:9iV7eTS^l�e�j18:0�þ���ï ÁmVyÁ.03V7S�¨�V7<^9�ÿ 8:hNU�dfS�0T<�6idfW
l�e�hT9iV7e ² ¯�6idf9iV7<$ïYlFÿ dPp�9�8?45dfeT9iV7eTS���8:eTWNVXlTVm45V+0T6;j,¨�V7W�< ´ �gW�j18:0�0T9;eNU���8:6;hT9iVXV7W�<�Sk821iWNVX9�ÿ 8:h ²U�dfS�0T<�6idfW�U�eT0T0T9i27¨�V7W�<k8:6;S�Vgl�e�¯1V7S�<$ïI45V¢§1eT6NV5U�<�0Y8:S�V}·TV7¨?0T9iV¢9iV¢4$8fU�l�e�¯1V7S�¨?6;9;9idfW

HgS
lTdfW�<

9iVqj18:0!U�V?U�6;<�eNV?þ���ï ��V�Á V7<m§1eT6�V5U�<XlTdfWN4?lTV?45dfeT9iV7eTSmS�dfeTjIV ´ ¶&W�	NWRïRU�6�9�8�¯,8:9iV7eTSml�e�j18:003V7S�¨�V7<¢9�ÿ 8:hNU�dfS�0T<�6idfWHlTV+<�dfeT<�VX9�8q9;eT¨?6i�7S�VX¯�6iU�6;hT9iVfï�9iVX45df¨?0�d,U�2XV5U�<ÅWNdf6;SR�T9iVt¨�27<k8 ² 476;WY8:hTSkV,ï0Y8:S°V}·TV7¨?0T9iV,ïT8:eT<�S�Vq�¤dfS�¨�Vt47S�6iU�<k8:9;9;6;WNVXl�e�U�eT9?�DeTS�VtlTVt¨�V}Sk4}eNS�V
HgS

ï�8meTW�j18:0�þ�ð,ï ÁqV�Á V7<
6;9RV5U�<¢lTVm45dfeT9iV7eTS¢WNdf6;S�V ´
{ [ ¬ [ ® [ ® p|�:`NOAcX§yGT�'@�vPG=�fKA`s���YG=�I`�@'BQM3O → �I`�@'BQM3O

½A8%45dfeT9iV7eTStlTVX45V7S�<k8:6;WNUg45df¨?03d,U�25U¢0TS�d$¯�6iV7W�<¢lTVX9�8q0TS�25U�V7WN45VmlTVXlTV7e�·�6idfWNU¢lFÿ eTW�¨u�7¨�V
279i27¨�V7W1<�8$¯IV54�lTV5UqlTV7j,S�25U%lFÿ d$·�±�lN8:<�6idfW�l�6?.F27S�V7W�<�U ´ ½A8�S�25U�dfWY8:WN45V�lFÿ eTW�279iV547<�S�dfWRïP6;WNl�eT6;<�V0Y8:S�9�ÿ 8:hNU�dfS�0T<�6idfW�lRÿ eNW�0T�Ndf<�dfWRï,0�V7eT<�U�V°0TS�d�l�eT6;S�V¢V7W�<�S�VÅ9iV5U�lTV7e�·�27<k8:<�U�lFÿ d5·�±�lN8:<�6idfW ´ ½�ÿ 8:h ²U�dfS�0T<�6idfW�l�e�0T�Ndf<�dfW�0TS�d�l�eT6;<°8:9idfS�U�eTWNV¢S�2$8f47<�6idfW�lTV¢<�Sk8:WNU��¤V7S�<�lTV¢4k�Y8:S�jIV ×�Ê,ÍDÏ¤ÄfÐ → ×kÊ,ÍDÏ¤ÄfÐ ï
dfW�0Y8:S�9iVL8:eNU�U�6RlTV ÍDÇ�ÊfÐTÕ â Ì}Ç7Í^ËAÓ ÏQÐYÍyÌ}Ç}Ô:ÊfÉiÌ}Ð3×}Ì �

M1+
a M2+

b →hν M2+
a M1+

b

<(� ´ À B
¹^V�<£±�03V�lTV�<�Sk8:WNU�6;<�6idfW�279iV547<�S�dfWT6i§1eNV�V5U�<

((

<�S��5U
))

0�V7S�¨?6iU�V�V7<%9�8H45dfeT9iV7eTS?S�25U�eT9;<k8:W1<�V�V5U�<
lTdfWN4g<�S��5U°6;W1<�V7WNU�V ´ ½RVghT9iV7e�lTV » S�eNU�U�V Fe4[Fe(CN)6]3

45dfW�<�6iV7W�<°0Y8:S°V}·TV7¨?0T9iV+l�e
Fe(II)V7<Ll�e

Fe(III) ´ �y9�lNdf6 <qU�dfW!6;W1<�V7WNU�V�45dfeT9iV7eTSLhT9iV7eNV�þ�eTWNV�S�25U�dfWY8:WN45V�279iV547<�S�dfWT6i§1eNV�V7W�<�S�V45V5U¢lTV7e�·�lTV7j,S�25UglFÿ d$·�±�lN8:<�6idfWHl�e#�¤V7SR�
Fea(II), Feb(III) →hν Fea(III), Feb(II)

<(� ´ ± B
½RV¢<�Sk8:WNU��¤V7S�<°lTVg4��Y8:S�jIVtV5U�<�6i476303V7S�¨?6iU°lTV70TeT6iU�9iV5U^4$8:<�6idfWNU

Fe2+
¯1V7S�U�9iV5U^4$8:<�6idfWNU

Fe3+
Ô$Ï¤Ê

9iV5UÅ03dfW�<�U ×R«IÊfÐ3Ä lTV+9�8%¨�df9i2547eT9iV ´ ½A8?47dfeN9;V7eTStV5U�<¢U�e���Uk8:¨?¨�V7W�<¢6;W�<�V7WNU�VX03dfeTSg§1eNVX9iV+hT9iV7elTV » S�eNU�U�V�0TeT6iU�U�V�45df9idfS�V7S?eTWNV�l�6iU�03V7S�U�6idfW�lTV�hT9�8:WN4�lTV�0N9;df¨qh�85¯1V54�eTWNV�45dfWN45V7W1<�S}8:<�6idfW¯Idf9;eT¨?6i§1eNVmlTVX9�ÿ dfS�l�S�VmlTV0��ï �
% ´

":¥�Ù]¥©õ ���&�,�I�Y���:�A���1���Y��	������A�����Y����	��F���H	��Y���^���A���Y�A�I��� �y���N�I�F�cØ
½RVt<�Sk8:WNU��¤V7S�<ÅlTV+4k�Y8:S�jIVXV7<°9iV5U^<�Sk8:WNU�6;<�6idfWNU
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WNV+U�dfW�<°0Y8fU^9iV5UÅU�V7eT9iU°¨�254$8:WT6iU�¨�V5UÅlTV

0TS�d1l�eN47<�6idfWnlTVX9�8%45dfeT9iV7eTStlN8:WNUÅ9iV5UÅ0T6;j,¨�V7W�<�U¢¨?6;WN27Sk8:e�· ´
{ [ ¬ [ Ç [ © J0���1c$G�OH�IGHvPG=�;�:M3EA>�G�a!G�O3@$cv�:`Tv�B��1EP_Q`NB��:G1cv�IM3_QM;���1c

½A8L0TS�25U�V7WN45V+lTV ÛfÇ�Ä:Æ'ØNÌ}Ù�Ì}ÐYÍQÕXÇ�ÊIËfÏ¤×7Æ�É;ÊfÏQÇkÌkÕ 6;WNU�27S�25U°lN8:WNU°eTWNVt¨�8:<�S�6i45VX47S�6iU�<k8:9;9;6;WNV+V5U�<¢þ
9�ÿ dfS�6;j,6;WNVmlTVX9�8%45dfeT9iV7eTStlTVX45V7S�<k8:6;WNU¢¨�8:<�27S�6�8:e�·h<D4�� ´ ¶ ´ ¿TS�6;<�U�4k�Rï®������ð,ï>è ���2é B ´½A8�¨�8:<�S�6i45V�47S�6iU�<k8:9;9;6;WNV�lTV�45V7S�<k8:6;WNU%45df¨?0�d,U�25U%45dfW�<�6iV7W1<?lTV5U%4$85¯�6;<�25U%lN8:WNUq9iV5U�§1eNV79;9iV5U%lTV5U
Sk8fl�6i4$8:e�·�6;WNU�<k8:hT9iV5U#<¤8:WT6idfWNU$ïP4$8:<�6idfWNU$ïP8:<�df¨�V5U%dfe�¨�df9i2547eT9iV5U%45dfW�<�V7WY8:W1<%eTW�dfe�0T9;eNU�6iV7eTS�U
279iV547<�S�dfWNUgWNdfW ² 8:0T0Y8:S�V76;9;9i25U B 0�V7eT¯IV7W�<q�7<�S�Vm0T6i27jI25U ´ ¹^V5U¢Sk8fl�6i4$8:e�·n8:hNU�dfS�h3V7W�<t45V7S�<k8:6;WNV5Ug9idfW ²j,eNV7eTS�U¢lFÿ dfWNlNVml�e�¯�6iU�6;hT9iV ´
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½�ÿ ÄfÆ�ÍDÇ�Ì}Ù�Ì}Ç�Ð3Ê,ÍDÆ�Ç�Ì}É ï°dfhT<kV}W�eúV7W hTS�d$±�8:W1<�9�8�0T6iV7S�S�V�U�V7¨?6 ² 0TS�25476iV7eNU�V É;Ê}ØYÏ�Õ}àyÉ;Ê�Ç7Æ�É Ï ï°V5U�<�eTWV}·TV7¨?0T9iVglTV¢0T6;j,¨�V7W�<°lTdfW1<^9�8m45dfeT9iV7eTS�0TS�d'¯�6iV7W1<°lTV¢j,S�dfeT0�V}¨�V7W�<�U^Sk8fl�6i47eT9�8:6;S�V5U^0T6i27jI25U°lN8:WNU
eTWNVL¨�8:<�S�6i45Vq47S�6iU�<k8:9;9;6;WNV&��V7Wn9�ÿ d�4547eTS�S�V7WN45V%lTV5Ut6idfWNU

S−
3

lN8:WNUteTWNVL¨�8:<�S�6i45VqlTVqU�6;9;6i4$8:<�V ´ ½RVSk8fl�6i4$8:9
S−

3
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lTV+j,9;±�4527S�6;WNV ´½A8 ÛIÄfÆTÊI×}ÚTÌ V5U�<teTWYVq<�V54��TWT6i§1eNV?U�6;¨?6;9�8:6;S�V?l�e�03df6;W�<mlTVq¯�eNVql�e�¨�V5l�6;eT¨ <QjIdf¨?¨�V?V7<+j,9;± ²4527S�6;WNV B ´ ¶&W�S�V7¯,8:WN4k�NV,ï�9iV5U°0T6;j,¨�V7W1<�UÅWNVtU�dfW�<^0Y8fU°WN2545V5U�Uk8:6;S�V7¨�V7W1<Å<�Sk8:WNU�0Y8:S�V7W�<�UÅdfe�hTS�d$±125U	NWNV7¨�V7W1< ´ ½RV5U°jIdfeY8f4k�NV5U¢U�dfW�<ÅV7W�V�.FV7<¢lTV5U°03V76;W�<�eTS�V5U¢df0Y8f§1eNV5U$ï�9iV5UÅV�.FV7<�UÅlTVt<�Sk8:WNU�0Y8:S�V7WN45VU�dfW1<¢6;¨?03d,U�U�6;hT9iV5U ´
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¯�Sk8:6iU�V7¨LhT9�8:hT9iV7¨�V7W�<&0TSk8:<�6i§1eN25V^lTV70TeT6iU�9i8¢0T9;eNUP�Y8:eT<�V � W1<�6i§1eT6;<�2!<D4�� ´ � ´:» 6;WN4$8fU$ï�ð$ñ,ñ�ð,ï�è;ðX�2é B ´½A8�45df¨?03d,U�6;<�6idfW�4��T6;¨?6i§1eNV?lTV5Ut��eT6;9iV5U+j,Sk8fU�U�V5UtWRÿ V5U�<X§1eY8:W1<mþ�V79;9iV%45dfWTW�eNV%§1eRÿ þ�0Y8:S�<�6;SXl�e
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6;WNl�6;¯�6il�eNV79;9iV5Ut<�S��5Ug¯,8:S�6i25V5U ´ ½RV5Ug<�S�df6iU
�¤dfWN47<�6idfWNUX8:9i45d1df9;6i§1eNV5U+l�enj,9;±�4527S�df9P03V7eT¯1V7W1<+V7W�V�.FV7<�7<�S�V?V5U�<�27S�6?	Y25V5UX0Y8:SXlTV5UL8f476ilTV5U+j,Sk8fUm§1eT6&l�6?.F�7S�V7W�<X0Y8:S+9iV%WNdf¨qhTS�V?lFÿ 8:<�df¨�V5UmlTV?4$8:S�h3dfWNV,ï
9�8�0TS�25U�V7WN45VqlTVqlTdfeThT9iV5Ut9;6�8:6iU�dfWNU

C = C
dfen9�8?0�d,U�6;<�6idfW�lTVq45V5U+lTV7S�WT6i�7S�V5U+lN8:WNUt9�8�4k�Y821iWNV

4$8:S�h3dfWN25V ´½RV5UÅ8f476ilTV5U°j,Sk8fU°0TS�25U�V7W�<�U°lN8:WNU°9iV5U^��eT6;9iV5UÅ45dfW1<�6iV7WTWNV7W�<Å<£±�0T6i§1eNV7¨�V7W1<mðXÁ�ï�ðXxLdfe-���%8:<�df¨�V5U
lTVX4$8:S�h�dfWNV ´ ¹^V7<�<�VX0Y8:S�<�6i4}eN9i8:S�6 <k2LlTdfWTWNVL8:e�·���eT6;9iV5UÅ9iV7eTS�U¢0TS�df0TS�6i27<�25U¢hT6iV7WH45dfWTW�eNV5UR�

ê eTWNVX¨�8fU�U�V+¨�df9�8:6;S�Vm279iV7¯125Vc£
ê 9�ÿ 8:hNU�V7WN45VqlTVm03df6;W�<+lFÿ 27hTeT9;9;6 <�6;dfWo<Q9iVL4k�Y8:e�.R8:jIVqlFÿ eTWNVL�1eT6;9iVqV7W1<�Sk821iWNVL9�8�lTV5U�<�S�eN47<�6idfWlTV5UÅ¨�df9i2547eT9iV5U¢hT6iV7Wn8$¯,8:W1<¢9iV+0Y8fU�Uk8:jIVLþq9�ÿ 27<k8:<¢j18��$V7e�· B £ê eTWNVX�1±�l�S�df0T�NdfhT6iVLl�eNVL8:e�·�WNdf¨qhTS�V7e�·�j,S�dfeT03V7¨�V7W�<�U CH2

£
ê eTWNV�¯�6iU�45d,U�6;<�2�6;¨?0�dfS�<k8:W1<�V°0Y8:S�U�eT6;<�V^lTV�9�ÿ V7WN4k�NV7¯��7<�S�V7¨�V5W1<�lTV5U�4��3821;WYV7U�¨�df9i2547eT9�8:6;S�V5U>£
ê eTWNVmU�V7WNU�6;hT6;9;6;<�2Lþq9�ÿ d5·�±�jI�7WNVml�eNVLþq9�8%0TS�25U�V7WN45VmlTVXlTdfeThN9;V5U¢9;6�8:6iU�dfWNU C = C ´¹^V7<�<�V¢lTV7S�WT6i�7S�V¢4$8:Sk8f47<�27S�6iU�<�6i§1eNVglT27<�V7S�¨?6;WNVÅ9�8X4$8:0Y8f476;<�2¢lTV5U&��eT6;9iV5U�þq�¤dfS�¨�V7S�eTWv	N9;¨ U�df9;6ilTV ´
½RV5U��1eT6;9iV5U Ð3ÄfÐNà�Õ}Ï¤×�×kÊ,ÍDÏQÔfÌkÕ U�dfW1<�03V7e%6;WNUk8:<�eTS�25V5U
<DV79;9iV5U&45dfW�<�6iV7WTWNV7W1<�03V7e?lTV°lTdfeThT9iV5U�9;6�8:6 ²U�dfWNU
C = C B ´ ¶&9;9iV7UtS�V5U�<�V7W1<g6;WNlT2�	NWT6;¨�V7W�<t9;6i§1eT6ilTV5UtV7WH0TS�25U�V7WN45VLlFÿ 8:6;Sg¨�8:6iUg0TS�25U�V7W1<�V7W�<g9iV0T�N27WNdf¨��7WNVtlTV¢Sk8:WN476iU�U�V7¨�V7W�<�0Y8:S|�DdfS�¨�8:<�6idfWNU^lFÿ 8f476ilTV5U^V7<^lTV¢¨qeT9;<�6;0T9iV5U^45df¨?0�d,U�25U�¯1df9�8:<�6;9;U

d1lTdfSk8:W�<�U^§1eT6Y9iV5U�S�V7WNlTV7W�<�6;¨?0TS�df0TS�V5UÅþX9�8X45dfWNU�df¨?¨�8:<�6idfW ´ ½�ÿ �1eT6;9iVtlFÿ df9;6;¯1V¢WNdf<k8:¨?¨�V7W1<ÅV5U�<eTWNV+��eT6;9iVXWNdfW ² U�6i454$8:<�6;¯IV ´½RV5U^�1eT6;9iV5U^<�S��5U^6;WNUk8:<�eTS�25V5UÅ27¯Idf9;eNV7W�<Å8:e�45dfW�<�Sk8:6;S�Vt¯1V7S�U�9�8!�¤dfS�¨�8:<�6idfW�lFÿ eTW�45df¨?0�d,U�2tU�df9;6ilTV
d14547eT0Y8:W�<^<�dfeT<�9iV¢¯1df9;eT¨�VglTV¢9�ÿ ��eT6;9iVgU�6345V79;9iV ² 476�V5U�<�lT270�d,U�25VgV7W�45dfeN4k�NVg¨?6;WN45VgU�eTS^U�dfW�U�eT0 ²03dfS�< ´ ¹^V5U&��eT6;9iV5U�U�dfW�<�l�6;<�V5U Õ}Ï¤×k×�Ê,ÍDÏQÔfÌkÕ ´ �y9NWNV¢U$ÿ 8:j,6;<�0Y8fU�lFÿ eTW�U�254��Y8:jIVt8:e�U�V7WNU&0T��±�U�6i§1eNVÅl�e<�V7S�¨�V,ï:¨�8:6iU&lFÿ eTWNVÅU�27S�6iV°lTV�Sk258f47<�6idfWNU�lFÿ d$·�±�lN8:<�6idfW?45df¨?0T9iV}·TV5U�8:h�dfeT<�6iU�Uk8:W�<�þg9�8
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<�dfeNUm9iV5Um9;6�8:W1<�UmeNU�eNV79iULV7<m<kdfeNUm9iV5UL8:eT<�S�V5UL0T6;j,¨�V7W1<�U ´ �y9�WRÿ V5U�<m0Y8fUmWNdfW�0T9;eNUm0Y8:S�<�6i47eT9;6i�7S�V ²¨�V7W1<qU�V7WNU�6;hT9iV�8:e�·�03df9;9;eY8:W�<�U%8:<�¨�d,U�0T�N27S�6i§1eNV5U ´ /�8#�¤dfS�<�V�8:hNU�dfS�0T<�6idfW�lN8:WNUm9�ÿ �gÁ 9iV?S�V7WNl
0Y8:S^45dfW1<�S�Vg0T�Ndf<�d ² U�V7WNU�6;hT9iV,ï�V5U�U�V7W1<�6iV79;9iV7¨�V7W�<°U�dfeNU�9�8D�¤dfS�¨�Vt8:WY8:<k8fU�V ´ ½RV¢¨�254$8:WT6iU�¨�V¢0TS�25476iU§1eT6i��8:6;<¢§1eNV+9�84�¤dfS�¨�V+S�eN<�6;9;VLV5U�<Å¨�df6;WNUg82.FV547<�25VXWRÿ V5U�<¢0Y8fU¢V7WN45dfS�VX<�S��5U¢hT6iV7W�6ilTV7W�<�6?	Y2 ´
Þ _Q`NOH��vPG=¬1BDOH�

½RV å}É;ÊfÐ3×mË1Ì�Ç7ÏQÐ3×
ZnO

V5U�<�9�ÿ eTW�lTV5U^<�S�df6iU�0T6;j,¨�V7W�<�U^hT9�8:WN45UÅþ!�¤dfS�<^03dfeT¯1df6;S°df0Y8f476?	38:W1<Å<�S��5U
S�270Y8:WNl�eNU�8:eNU�U�6^hT6iV7W lN8:WNU%9iV5U%0�V76;W1<�eTS�V5U�8:S�<�6iU�<�6i§1eNV5U�§1eNV�lT2545dfSk8:<�6;¯IV5U=<D4�� ´ 9�8H¨�dfWNdfj,Sk8 ²0T�T6iVLlTVqî ´ ���T�TWRïPð$ñ�x�Á�ï/è ÀT�2é B ´ µ^6iV7Wn§1eNVm9�ÿ d$·�±�lTVLlTV0�56;WN4qU�df6;<t45dfWTW�e�lTV70TeT6iUg9�ÿ � W�<�6i§1eT6;<�2<Q03dfeT¯1df6;S°8:W�<�6 ² 6;W�w38:¨?¨�8:<�df6iS�VtlT2547S�6;<^0Y8:S^îg6;0T03d�47Sk8:<�V¢WNdf<k8:¨?¨�V7W�<$ïTÀTÁ�� ² �Iò,òL8$¯ ´I¼N´ ¹ ´ B ï�U�dfWeT<�6;9;6iUk8:<�6idfW�V7W�<k8:W�<°§1eNVg0T6;j,¨�V7W�<°WNVtU�VtlT27¯1V79idf0T03V+§1eRÿ þm0Y8:S�<�6;SÅlTVt9�8!	NW�l�ef5tÁ!�9�9�L�^U�6i�5479iV ´� 45V7<�<�VÅ2703d�§1eNV,ïf9iV5U�WNdf¨qhTS�V7e�·?V7¨?03df6iU�dfWTWNV7¨�V7W�<�U^8:e?0T9idf¨Lh�l�eNU�þg9�ÿ eT<�6;9;6iUk8:<�6idfW�V}·�<�V7WNU�6;¯1V
l�enhT9�8:WN4qlTVq0T9idf¨Lh�0TS�d$¯1d1§1eNV7W�<t9�8�SkV74k�NV7S�4k�NV%lFÿ eTWn0T6;j,¨�V7W�<+hT9�8:WN4qlNVqU�eThNU�<�6;<�eT<�6idfW ´ ½AV7U0TS�V7¨?6iV7S�U&<�V5U�<�U&l�e%hT9�8:WN4ÅlTV��56;WN4ÅV7W?<k8:W1<�§1eNV^0T6;j,¨�V7W1<�U�dfW1<&S�2$8:9;6iU�25U&lN8:WNU�9iV5U�8:WTWN25V5U¢ð'òPx���ï
V7<Å9iVX0T6;j,¨�V7W1<tV5U�<Å0TS�d1l�eT6;<t45df¨?¨�V7S�476�8:9iV7¨�V7W�<+þ%0Y8:S�<�6;SglTV?ðXx���À ´½RV°hT9�8:WN4¢lTV��56;WN4ÅV5U�<&0TS�270Y8:S�2Å0Y8:S�4k�Y8:e�.R8:jIV¢l�e?¨�27<k8:9YlN8:WNU�lTV5U&47S�V7eNU�V7<�U�V7<�6;W�w38:¨?¨�8:<�6idfW
8:e�45dfW�<k8f47<?lTV�9�ÿ 8:6;S ´ �y9^V5U�<%þ�03V7e�0TS��5Uq6;¨?03d,U�U�6;hT9iV�lTVu�¤dfWNl�S�V�9iV3�56;WN4�Uk8:WNUL0TS�d�l�eT6;S�V�l�e
ZnO ´ �gW 8:eT<�S�V�0TS�d�4525lT2�lTVf��8:hTS�6i4$8:<�6idfW S�V703d,U�V�U�eTS%9iV�4��Y8:e�.R8:jIV�lTV�¨?6;WNV7Sk8:6iU�lTV#�56;WN4l�6;¯IV7S�U�<y�DSk8:WsC�9;6;WT6;<�V,ï®�56;WN476;<�VmV7<�gÅ6;9;9iV7¨?6;<�V B ´½RVqhT9�8:WN4%lTV4�56;WN4%V5U�<t0T9;eNU+hT9�8:WN4%§1eNVL9iVqhT9�8:WN4%lTVq0T9idf¨LhRïF§1eT6&8:hNU�dfS�h�Vq9i27jI�7S�V7¨�V7W1<LlN8:WNU
9iVXlTdf¨�8:6;WNVmlTV5UÅ45dfeTS�<�V5U¢9idfWTj,eNV7eTS�U¢lRÿ dfWYlTV ´ /�dfW�03dfeT¯1df6;S¢df0Y8f476?	38:W�<¢WRÿ V5U�<Å0Y8fUÅ<�dfeT<gþ���8:6;<8:eNU�U�6&h3dfW�§1eNV?45V79;eT6�l�e!hT9�8:WN4�lTV?0T9idf¨LhRïR¨�8:9 j,Sk2?9iV7eTS�UX6;WNl�6i45V5ULlTV?S�2��DSk8f47<�6idfW�U�6;¨?6;9�8:6;S�V5U
<
η = 2,01 B ´ ¹°V}<X254$8:S�<t<�6;V7W�<+¯�Sk8:6iU�V7¨LhT9�8:hT9iV7¨�V7W�<Lþ�9�8�¨�df6;WNUth3dfWTWNV?82��WT6;<�2%l�enhT9�8:WN4%lTV�56;WN4m85¯1V54t9�ÿ ��eT6;9iV ´ ½RV+hT9�8:WN4XlTV��56;WN4XV5U�<ÅlTdfWN4+eT<�6;9;6iU�2XlTV+0TS�2��¤27S�V7WN45VXlN8:WNUÅ9iV5U°<�V54k�TWT6i§1eNV5Ugþ9�ÿ V$8:e ´½RVghT9�8:WN4+lTV
�56;WN4+45dfWNU�V7S�¯IVtUk8L45dfeT9iV7eTS¢8:e�45dfeTS�U°l�e�<�V7¨?0NU ´ /�dfW�8:9;<�27Sk8:<�6idfW�V7W�U�eT9?�DeTS�Vg0Y8:SV}·�03d,U�6;<�6idfW�þXlTV5U�03df9;9;eY8:W�<�U�WNVÅW1eT6;<�0Y8fU^þ+9�8+45dfeT9iV7eTSR�I9iV¢U�eT9?�DeTS�V¢lTV��56;WN4¢V5U�<�hT9�8:WN4¢V7<�lFÿ 6;W ²l�6i45V?lTV?S�2��DSk8f47<�6idfW�U�6;¨?6;9�8:6;S�V ´ ¶&W!S�V7¯,8:WN4��NV,ïF9iV5Umd$·�±�lTV5UXlTVv�56 WY4?4$8:<k8:9;±�U�V7W�<X9�8f�¤dfS�¨�8:<�6idfWlTV+0�27S�d$·�±�lTVXlFÿ ��±�l�S�dfjI�7WNVLV7W�0TS�25U�V7WN45VmlTVXSk85±1dfWTWNV7¨�V7W�<geT9;<�Sk85¯�6idf9iV7<$ïY45Vm§1eT6F0TS�d'¯Id�§1eNVX9i8
lT2545df9idfSk8:<�6idfWn27¯IV7W�<�eNV79;9iVmlFÿ 8:eT<�S�V5U¢0T6;j,¨�V7W�<�U ´
{ [ ® [ Û [ ¬ � G1c�>�B��3a!G�O3@$cv°�_QG�EAc

�3¬1EH�fB�@$G
½�ÿ Ê�Ç7Æ�Ç}ÏDÍyÌ

2CuCO3 · Cu(OH)2
V5U�<ÅeTW�4$8:S�h�dfWY8:<�VLlTVX47eT6;¯�S�V+hY8fU�6i§1eNVXWY8:<�eTS�V79�<D4�� ´ 9�8q¨�d ²WNdfj,Sk8:0T�T6iV�lTV�º ´ ¼N´�¸ V7<�<�V7WNU�V7<?¶ ´ Âö´ ¿P6;<9�5�1eNj,�RïÅð$ñ,ñ���ï�è ÀT�2é B ´ /�dfeNU%9�ÿ � WN476iV7WTWNV-6&j,±�0T<�V,ï9�ÿ 8��5eTS�6;<�V�WRÿ V5U�<�0Y8fU?<�S��5U�45dfeTSk8:¨?¨�V7W1<�eT<�6;9;6iU�25V�l�e¾�¤8:6;<�lTV�9�ÿ V}·�6iU�<�V7WN45V�l�e�0T6;j,¨�V7W�<�U�±�W ²<��N27<�6i§1eNV å}ÉiÌ}Æ�Ö�Ûq«}Ø3ÍDÏ�Ì}Ð ïF8:0N0Y8:S�e!8:e!45dfeTS�UXlTVq9�8f�yÁD�Xl�±�WY8fU�<�6iV�<���Á���� ² ��±�����85¯ ´�¼N´ ¹ ´ B ´ ¶&WS�V7¯,8:WN4��NV,ï�9�ÿ 8��5eTS�6;<�V�V5U�<%9iV�0T6;j,¨�V7W1<?hT9iV7e�9iV�0T9;eNU?45dfeTSk8:¨?¨�V7W�<?eT<�6;9;6iU�2�lN8:WNUq9�8H0�V76;W1<�eTS�V

V7eTS�df0325V7WTWNV�þ�0Y8:S�<�6;SXl�e ³ d'±IV7W��gjIVqV7<^�£eNU�§1eRÿ 8:e�lT27hTeT<Xl�ez5��L5D�tU�6i�5479iV�<¤8:0T0Y8:S�6;<�6idfW�l�ehT9iV7e�lTV » S�eNU�U�V B ´ ½RVÅ<�V7S�¨�V ×}Ì}Ð3ËfÇ�ÌkÕXå}ÉiÌ}ÆNÌkÕ lT25U�6;j,WNVÅ9�ÿ 8��5eTS�6;<�VgU�±�W1<��N27<�6i§1eNVÅeT<�6;9;6iU�25Vgþ+0Y8:S�<�6;Sl�e�5tÁ����L�ÅU�6i�5479iV ´½�ÿ 8��5eTS�6;<�VmV5U�<°0TS�270Y8:S�25V+<�S��5U¢U�6;¨?0T9iV7¨�V}W�<¢0Y8:S°hTS�d'±18:jIVXl�e�¨?6;WN27Sk8:9FWY8:<�eTS�V79�ïNU�eT6;¯�6�lFÿ eTW�9�8 ²¯,8:jIV,ïflFÿ eTWNV°9i27¯�6;j18:<�6idfW�V7<&lFÿ eTW?<k8:¨?6iUk8:jIV ´ ½RV5U&45V7WNl�S�V5U&hT9iV7eNV5U�U�dfW�<&dfhT<�V7W1eNV5U�0Y8:S�8flTl�6;<�6idfW
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lTVq4$8:S�h3dfWY8:<�V?lTVq4$8:9i476;eT¨ lN8:WNUteTWNVqU�df9;eT<�6idfW�lTVqU�eT9?��8:<�VqlTVq47eT6;¯�S�Vqdfe�lFÿ eTW�8:eT<�S�V%U�V79PlNV
47eT6;¯�S�VXU�df9;eThT9iV ´½A8�45dfeT9iV7eTSXhT9iV7eNV?lTVq9�ÿ 8��5eTS�6;<�V%0TS�d'¯�6;V7W�<mlTVq9�8�45df¨LhT6;WY8:6iU�dfW�V7W1<�S�V?lTV5UthY8:WNlTV5UmlFÿ 8:hNU�dfS�0 ²<�6idfW�0Y8:S�<�Sk8:WNU��¤V7S�<°lTVt4��Y8:S�jIV7<�±���±mWT¨ V7<�x�À�òXWT¨ B V7<^0Y8:S�<�Sk8:WNU�6;<�6idfW d− d <�Á��IòXWT¨ B ´ ½RV5U47S�6iU�<k8:e�·�0�V7S�lTV7W1<¢Sk8:0T6ilTV7¨�V7W�<g9iV7eTS¢45dfeT9iV7eTSghT9iV}eYVm8:e��DeTS¢V7<gþq¨�V5U�eTS�Vml�e�hTS�d'±18:jIV,ïT9�ÿ 8��5e ²S�6;<�V�V5U�<LlTdfWN4�jI27WN27Sk8:9iV7¨�V7W1<%eT<�6;9;6iU�25V�U�dfeNU!�¤dfS�¨�V�j,S�d,U�U�6i�7S�V7¨�V7W�<qhTS�d$±125Vz<�ÀT�Hþ�ðXÁ��

µ
¨ B ´/�dfW�03dfeT¯1df6;Sgdf0Y8f476?	38:W�<tV5U�<¢Sk8:6iU�dfWTWY8:hT9iV7¨�V7W1<th3dfW <

η = 1,73 − 1,83 B ïNlFÿ 8:eT<k8:W1<g0T9;eNUg§1eNV9�ÿ 8��5eTS�6;<�VmV5U�<Å0NS�2��D27S�V7W�<�6iV79;9iV7¨�V7W�<geT<�6;9;6iU�25VmV7W�<�V7¨?03V7Sk8?0T9;eT<��f<g§1eRÿ þq9�ÿ ��eT6;9iV ´½�ÿ 8��5eTS�6;<�V�V5U�<XU�df9;eThT9iV?lN8:WNUX9�ÿ 8f476ilTV?4k�T9idfS��1±�l�S�6i§1eNV,ïR45df¨?¨�V%<�dfeNUX9iV5UX4$8:S�h�dfWY8:<�V5U ´ ¶&W�¨?6 ²9;6iV7e�hY8fU�6i§1eNV,ï3V79;9iV%V5U�<t9iV7W�<�V7¨�V7W1<X��±�l�S�df9;±�U�25VqV7<Xl�e
CuO

WNdf6;SXU�V0�¤dfS�¨�V%þ�9�8�U�eTS���8f45V%lTV5U
0Y8:S�<�6i47eT9iV5U ´

Þ _QG�Eo�T�®¨R>A@'BQG�O
½RV å}ÉiÌ}Æ�Ö�Ûq«}Ø3ÍDÏ�Ì}Ð V5U�<P0TS�dfhY8:hT9iV7¨�V7W�<�9iV�0T9;eNU�8:WN476iV7W?0T6;j,¨�V7W1<�U�±�W1<��Y2}<�6;§1eYVfïf6;9�V5U�<&27j18:9iV7¨�V7W1<
9iVt0TS�V7¨?6iV7S°¨�8:<�27S�6�8:eH8:W�<�6i§1eNVXþ%85¯1df6;SÅ27<�2+27<�eNl�6i2+U�476iV7W�<�6?	Y§1eNV7¨�V7W1<$ïN45V+lT�5U^9iVD5��L5D�°U�6i�5479iV ´¾%ÿ 8:0TS��5U&9�8XU�±�W1<��N�5U�V°hT6;hT9;6idfj,Sk8:0T�T6�§1eNVglTVg/ ´I» 8:jI�5U�lN8:WNU�Uk8t<��N�5U�V¢V7W�ð$ñ,ñ,ñvè À�ÀPéyï,9�ÿ 6;W�¯IV7W�<�6idfWl�eHhT9iV7en27j,±�0T<�6iV7WnV5U�<g6;W1<kV}S�¯IV7W�eNVm¯�Sk8:6iU�V7¨qhT9�8:hT9iV7¨�V7W1<+¯1V7S�UD��������8$¯ ´N¼N´ ¹ ´ ï3V7W ³ 25U�df03df<k8 ²¨?6iV ´ /�dfW�V7¨?0T9idf6+V7W 6&j,±�0T<�VnV5U�<�8:<�<kV7U�<k2nþ�0Y8:S�<�6;S�lTV�9�8��yÁD��l�±�WY8fU�<�6iVh<���Á���� ² ��±�����8$¯ ´
¼N´ ¹ ´ B ´ /�dfW�eT<�6 9;6iUk8:<�6idfW�WNVgU$ÿ V5U�<�0Y8fU�9;6;¨?6;<�25V+8:e�<�V7S�S�6;<�df6;S�V+27j,±�0T<�6iV7W�V7<^9iV¢0T6;j,¨�V7W1<¢8m476;S�47eT9i2<�dfeT<q8:eT<�dfeTSqlTV?9�8 ³ 25l�6;<�V7S�S}8:WN25VfïA0TeT6iULlN8:WNUm<�dfeT<L9�ÿ ¶&¨?0T6;S�V�ºgdf¨�8:6;WRïN�£eNU�§1eRÿ þ�8:<�<�V76;WNl�S�VlTV5ULS�27j,6idfWNUL<�S��5ULS�V547eT9i25V5U�<(�tdfS�¯I�7jIV,ï/�9�9�L�qU�6i�5479iV�8:0 ´A¼N´ ¹ ´ B ´ /�dfW�V7¨?0T9idf6Å8�0TSk8:<�6i§1eNV7¨�V7W1<45V5U�U�2?¯IV7S�Um9iV�Á��9�L�LU�6i�5479iV�8:0 ´A¼N´ ¹ ´ ïAUk8:WNUmSk8:6iU�dfW�8:0T0Y8:S�V7W�<�V ´ ½RV�U�V547S�V7<qlTV�Uk8f��8:hTS�6i4$8:<�6idfWU�V7¨LhT9iVXlTdfWN4mU$ÿ �7<�S�V+03V7S�l�eHV7W1<�S�VX9iV+Á��9�L�ÅV7<Å9iV�5��L5D�ÅU�6i�5479iV,ïTlN8:<�VLþL9�8f§1eNV79;9iVX6;9RV5U�<°0TS�d�l�eT6;<
þqWNdfeT¯1V$8:e ´½RV!hT9iV7e�27j,±�0T<�6iV7W�V5U�<HdfhT<�V7W�e�V7W 47eT6iUk8:W�<nV7Wö8:<�¨�d,U�0T�N�7S�V�d$·�±�lN8:W1<�V�V7W1<�SkV

850˚
¹*V7<

1080˚
¹öeTW!¨�279�8:WTjIV�lTV�45df¨?0�d,U�25Uq458:9i4$8:6;S�V5U$ïPlTV�U�6;9;6i45V�V7<LlTV�47eT6;¯�S�V?0�V7WNlN8:W1<q0T9;eNU�6iV7eTS�U

�NV7eTS�V5U ´ ½AV7U+¯,8:S�6�8:<�6idfWNUXlTV5Ut0TS�df03dfS�<�6idfWNUmV7<+l�en<�V7¨?0NUXlTVq4k�Y8:e�.R8:jIVq03V7S�¨�V7<�<�V7W�<XeTWNVL0Y8 ²9iV7<�<�VmlTVX45dfeT9iV7eTS�Ut8:9;9�8:W�<gl�e�hN9;V7eHU�df¨qhTS�VL8:e�hT9iV7e�0;e:9iV ´/�dfW�03dfeT¯1df6;SXdf0Y8f476?	38:W�<mV5U�<t0T9;eT<��f<���8:6;hT9iV#<
η = 1,6 B ´ � 	NW�lTVq45dfWNU�V7S�¯1V7S+eTWNVqh3V79;9iV%<�dfWY8 ²9;6;<�2,ïY9iVL0T6;j,¨�V7W1<+S�V5§1eT6iV7S�<+eTWnhTS�d$±�8:jIVLj,S�d,U�U�6iV7Sv<Qj,Sk8:6;WNUXlTVql�6�8:¨��7<�S�V%U�eT0327S�6iV7eTSmþf±��

µ
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η = 1,75 B lTdfWN4mU�dfW�0�dfeT¯Idf6;Sgdf0Y8f476?	38:W�<tV5U�<ÅS�V79�8:<�6;¯IV7¨�V7W�<¢h�dfW ´½RV%¯1V}S�<X27¨�V7Sk8:eNlTV?WAÿ V5U�<X0Y8fUXeTW�0T6;j,¨�V7W�<m<�S��5U+0�V7S�¨�8:WNV7W1<$ïRhT6iV7W!§1eNV%0T9;eNUmU�<k8:hT9iV?§1eNV%9iV
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580˚
¹ V7<¢9�8�47dfWYlTV7WNUk8:<�6idfWnU�V���8:6;<gU�dfeNU��¤dfS�¨�VLlTVm476;WY8:hTS�V ´ �gW�0TS�d�4525lT2LlTV���8:hTS�6i4$8:<�6idfWV7W�U�df9;eT<�6idfW�V5U�<°¨?6iU¢8:e�0�df6;W1<Å0Y8:S ¸ df<�<��DS�6iV5lH/�4���eT9S�mV7W � 9;9iV7¨�8:j,WNVXV7W!ðXÁ�xIò ´ �y9�45dfWNU�6iU�<�Vmþ4��Y8:e�.FV7SÅl�e�¨�27<k8 ² 476;WY8:hTSkV+lN8:WNU^eTWNVtU�df9;eT<�6idfW�lNVgU�eT9?�DeTS�VtlFÿ 8:¨?¨�dfWT6;eT¨ dfe�lTV¢0�df<k8fU�U�6;eT¨ ´¹^V+0TS�d�4525lT2XhT6iV7W�¨�df6;WNUg45dP8T<�V7e�·�§1eNV+9iV+0TS�d�4525lT2Lþ?U�V54XV5U�<Å<�dfe,��dfeTS�U¢eT<�6;9;6iU�2m8:e,��dfeTS�lFÿ ��eT6 ´½RVH4}6;WY8:hNS�VHV5U�<�eTW�U�V7¨?6 ² 45dfWNl�eN47<�V7eTS�lTdfW�<�9iV�j18:0�U�V�U�6;<�eNVHþ���ï �!VyÁ ´�» 8:S�45dfWNU�25§1eNV7W�<$ï<�dfeT<�V5U�9iV5U�9idfWTj,eNV7eTS�U°lFÿ dfWNlTV¢6;W��¤27S�6iV7eTS�V5U°þ0±IòP�XWT¨\U�dfW�<^8:hNU�dfS�h�25V7U$ï1lFÿ dPp�9�8m45dfeT9iV7eTS�S�dfeTjIV

l�e�¯IV7S�¨?6;9;9idfWHV}<¢U�dfWf�¤dfS�<°03dfeT¯1df6;SÅ45df9idfSk8:W�< ´T» dfeTSÅ9�8L¨u�7¨�V+Sk8:6iU�dfWRï�9iVt¨�27<k8 ² 476;WY8:hTSkVmlTdfW1<9iVtj18:0�U�V+U�6;<�eNVXþ�ð,ï ÁqVyÁ <DU�df6;<gòP���qWT¨ B V5U�<°WNdf6;S ´ ½�ÿ 6;WNl�6i45VXlTVtS�2��DSk8f47<�6idfW�l�e�¯1V7S�¨?6;9;9idfW�V5U�<<�S��5U¢279iV7¯I23<
η = 2,819/3,146 B 45VX§1eT6F9;eT6A45dfW��¤�7S�VXeTW�<�Sk�7U¢h3dfW�0�dfeT¯Idf6;Sgdf0Y8f476?	38:W�< ´½�ÿ V}·�03d,U�6;<�6idfW�þteNW?Sk8$±IdfWTWNV7¨�V7W�<^lTVÅ9idfWTj,eNV7eTS�lFÿ dfWNlNV¢45df¨?0TS�6iU�V¢V7W�<�S�V�ÀT���XV7<�±IòP�+WT¨�ïIU�df6;<
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V5U�<¢lTV+¨�8:eT¯,8:6iU�Vm§1eY8:9;6;<�23<Q9iV5UÅ6;¨?0TeTS�V7<�25Ug¨�27<k8:9;9;6;§1eYV7Ut4$8:<k8:9;±�U�V7W1<¢9�8%<�Sk8:WNU��¤dfS�¨�8:<�6idfW B ´
����� ���m�~�J�3�~¡z�3�m� Ø��1�z���3���3�3�
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microscopie optique

microscopie électronique

image en électrons rétrodiffusés

pigment rouge

à base de plomb :

minium

pigment bleu

à base de silicium,

de potassium (verre)

et de cobalt :

smalt
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lFÿ eTW�¨�dfWNd�4��TS�df¨�8:<kV7eTS B V7<�l�6;S�6;jI2¢U�eTS�9�8+0�dfeNl�S�VÅ¨?6i47S�d�47S�6iU�<k8:9;9;6;WNVtl�6iU�03d,U�25V¢U�eTS�eTWNVÅ0�V7<�6;<�VhY8:j,eNV7<�<�V°lTV^¯IV7S�S�V,ïflN8:WNUPeTW%03V7<�6;<&4$8:0T6;9;9�8:6;S�VÅdfe%V7WN45dfS�VÅ27<k8:9i25V°U�eTSPeTWq9�8:¨�V^¨?6;WN45V°U�0�25476�8:9iV ´½�ÿ �1±�0�df<��N�5U�VglTV¢hY8fU�VglTV¢45V7<�<�V¢<�V54k�TWT6i§1eNVgV5U�<^§1eNVÅ0Y8:S�¨?6Y<�dfeNU�9iV5U�03V7<�6;<�U^47S�6iU�<k8:e�·�0TS�25U�V7W1<�U
<DV7W�0TS�6;WN476;03V+WNdfW�dfS�6iV7W�<�25U B 6;9FU$ÿ V7W�<�S�dfeT¯1V7Sk8qU�e���Uk8:¨?¨�V7W�<°0�dfeTS°0TS�25U�V7W1<�V7S¢lTV5U|��8f45V5UÅ47S�6iU ²<k8:9;9;6;WNV5U¢<�V79;9iV5U¢§1eNVXlNV7Ugl�6?.�Sk8f47<�6idfWNU¢03dfeTS�S�dfW�<gU�VD��8:6;S�VmU�V79idfW�9�ÿ 8:WTj,9iV4�

θ
lTVmµ^Sk8:j,j ´½RV5UX6;W1<�V7WNU�6;<�25ULl�e�Sk85±1dfWTWNV7¨�V7W1<LlT6 .FSk8f47<�2?U�dfW�<mV}WNS�V7j,6;U�<�S�25V7ULV7Wn�¤dfWN47<�6idfW�lTV%9�ÿ 8:WTj,9iV3�

θ ´½RV%S�25U�eT9;<k8:<LV5U�<+eTW!l�6?.�S}8f4}<kdfj,Sk8:¨?¨�V&�ReTWNV?U�eN4545V5U�U�6idfW!lTV
((

0T6i45U
))

45dfS�S�V5U�0�dfWNlN8:W1<%þ�lTV5U
8:WTj,9iV5UÅ0TSk27476iU ´ ¹��Y8f47eTWnlTVX45V5UÅ0T6i45Ug45dfS�S�V5U�03dfWNlnþqeTWNVml�6iU�<k8:WN45VX6;W1<�V7S ² S�27<�6i47eT9Q8:6;S�V ´

½RV°¨�dfW1<k8:jIVÅ9iV°0T9;eNU&45dfeTSk8:W�<�V5U�<�8:0T03V79i2 ËfÏ �°Ç�ÊI×5Í�ÄfÙ�Ý7ÍDÇ�Ì+Ë1Ì J Ç�Ê$Û$Ûfà J ÇkÌ}ÐYÍ�ÊfÐ3Ä <D4�� ´ 	Nj,eTS�V�9� ´ ò#<¤8 B9B ´ ½�ÿ 254k�Y8:W1<�6;9;9idfW�U�V+0TS�25U�V7W1<�VmU�dfeNU��¤dfS�¨�VmlFÿ eTWNVX0T9�8f§1eNV7<�<�V ´ ¾X8:WNUÅ9�8?45dfW�	Nj,eTSk8:<�6idfWl�6;<�V
(( θ−θ ))

ïf9�ÿ 254k�Y8:W�<�6;9;9;d,W�V5U�<��NdfS�6S�$dfW�<k8:9YV7<�6;¨?¨�dfhT6;9iV,ï,9iV°<�eTh3VÅV7<&9;VÅlT27<�V547<�V7eTS�lTV^S}85±1dfWNU
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5 h�dfeTjIV7W1<%U�±�¨�27<�S�6i§1eNV7¨�V7W1< ´ /16�� θ V5U�<m9�8�lT27¯�6�8:<�6idfW�l�e���8:6iU�45V$8:eRïF9�ÿ 8:WTj,9iV�V7W�<�S�V�9�ÿ �NdfS�6 ²�$dfW1<k8:9iV+V7<�9iVg<�eTh�Vg¯,8:eT<^lTdfWN4
θ
lTVg¨u�7¨�Vt§1eNV¢9�ÿ 8:WTj,9iV+V7W1<�S�Vg9�ÿ �NdfS�6S�$dfW1<k8:9iVXV7<�9iVtlT27<�V547<�V7eTS$ï

lFÿ dPp�9iV+WNdf¨ l�e�¨�dfW�<k8:jIV ´¹^df¨?¨�V�9iV�<�eTh�VHþnSk8$±IdfWNUv5*V5U�<?9�8�0Y8:S�<�6iV�9�8n0T9;eNU�9idfeTS�lTV,ï�dfW�0TSk2N�¤�7S�V�U�dfeT¯1V7W1<�j18:S�lTV7S
9iV�<�eTh3V#	T·TV�V7<7��8:6;S�V�h�dfeTjIV7S�9�ÿ 254��Y8:W�<�6;9;9idfW�V7<?9iV�lT27<�V547<�V7eTS ´ ½A8�45dfW�	Yj,eTSk8:<�6idfW�V5U�<�8:9idfS�UWNdf¨?¨�25V

(( θ − 2 θ ))

ï30TeT6iU�§1eNVq9iVq0T9�8:W!lTVq9�ÿ 254��Y8:W�<�6;9;9idfW���8:6;<+eTW!8:WTj,9iV
θ
85¯1V54q9iV���8:6iU�45V$8:e

6;WN476ilTV7W1<$ïYV7<Å9iVmlT27<�V547<�V7eTS
��8:6;<ÅeTWH8:WTj,9iV��
θ
8$¯IV54+9iVX¨u�7¨�V���8:6iU�45V$8:e ´

½RVHl�6?.�Sk8f47<�df¨��7<�S�VnlTV�<y±�0�V�µ^Sk8:j,j ² µ^S�V7W�<k8:WNd�6;¨?0�d,U�VHlTVHl�6iU�03d,U�V7S�lFÿ eTW�254��Y8:W�<�6;9;9idfW0T9�8:W ´ ½RV���8:6;U�45V$8:eHlTVXSk85±1dfWNU�5ö§1eT6RU�dfS�<¢l�e�<�eTh3VmV5U�<¢V7WHV�.FV7<¢l�6;¯1V7S�jIV7W1<$ïYlTdfWN4X6;9FWNVX03V7eT<
45dfW1¯1V7S�jIV7S¢¯1V}SkU°9iVmlT27<�V547<�V7eTSt§1eNVXU�6F9�ÿ 254��Y8:W�<�6;9;9idfWnV5U�<Å0T9�8:W ´½RdfS�U�§1eNVq45VqWRÿ V5U�<t0Y8fUt9iV%4$8fU$ïY6;9H��8:eT<t<�Sk8$¯,8:6;9;9iV7S+WNdfW�0T9;eNU+V7W=��8:6iU�45V$8:e�l�6;¯IV7S�jIV7W�<$ï3¨�8:6iU+V7W
��8:6iU�45V$8:e�0Y8:Sk8:9;9i�}9iV3<D4�� ´ 	Nj,eTS�V!��� ´ òf<Qh B9B ´ �gW�¨?6;S�df6;S¢0Y8:Sk8:h3df9;6i§1eNVml�6?.�Sk8f47<�6?�&V5U�<g8:9idfS�U°6;WNU�27S�2lN8:WNUg9iVm¨�dfW�<k8:jIVL0�dfeTS+45df9;9;6;¨�8:<�V7S+9iV!��8:6iU�45V$8:e ´ ½RV!��8:6iU�45V$8:enWNVL45dfW�¯IV7S�jIVqlTdfWN4L0Y8fUtU�eTSt9iVlT27<�V547<�V7eTSgV7W�	NWHlTV+0Y8:S�45dfeTS�U ´

cercle du diffractomètre

enregistrement

ampli

source

cercle de focalisation

θ
2 θ

2 θ

faisceau parallèle
miroir parabolique

source

<¤8 B <Qh B
¦<§©¨<ª ��� ´ ò ê�ë Ï �°Ç�ÊI×5Í�ÄfÙ�Ý7ÍDÇkÌ%Ì}Ð â ÊfÏ�Õ5×kÌ�ÊfÆ�ËfÏ�Ô,Ì}Ç¤Û1Ì}ÐYÍ.Î£Ê�Ó�Ì7ÍÅÌ}Ð â ÊfÏ�Õ5×kÌ�ÊfÆ?Ø�ÊfÇ�ÊfÉ�ÉiÝ}ÉiÌÏÎ�åVÓ

½RVXl�6?.�Sk8f47<�dfj,Sk8:¨?¨�VmdfhT<�V7W�e�V5U�<°eTWNVXU�eN4545V5U�U�6idfW�lTV+Sk8:6iV5UÅlFÿ 6;W�<�V7WNU�6;<�25U¢l�6;¯IV7S�U�V5U$ïTþ%lTV5U
8:WTj,9iV5U

2 θ
lTdfWTWN25U ´ ½A8�03d,U�6;<�6idfW!V7W 2 θ

lFÿ eTW�0T6i4%V5U�<+6;¨?03d,U�25V%0Y8:S+9�8�U�<�S�eN47<�eTS�V?47S�6iU�<k8:9;9;d ²j,Sk8:0T�T6i§1eNV%lTVq9�ÿ 254��Y8:W�<�6;9;9idfW ´ ½A8�U�eTS���8f45VqWNV7<�<�V%l�e�0T6i4qV5U�<+6;¨?03d,U�25Vq0Y8:S+9�8�0TS�df03dfS�<�6idfW!lTV0T�Y8fU�VXlTV+9�ÿ 254��Y8:W�<�6;9;9idfWRïT9�ÿ 8:hNU�dfS�0T<�6idfWHlTV5UÅSk8$±IdfWNU�5 0Y8:SÅ9�ÿ 254��38:W1<�6;9;9idfWnV7<Å9�ÿ dfS�6iV7W1<k8:<�6idfWnlTV5U
47S�6iU�<k8:9;9;6;<�V5U ´�» dfeTS^eTWNV+U�eTS���8f45VglTVg0T6i4+lTdfWTWN25V,ï1eTW�0N6;4t03V7eT<��7<�S�Vt0T9;eNU°dfe�¨�df6 WYU^9�8:S�jIV ´ ¹^V7<279�8:S�j,6iU�U�V7¨�V7W1<¢V5U�<Å4$8:Sk8f47<�27S�6iU�2+0Y8:S°9�8L9�8:S�jIV7eTS¢þL¨?6 ² �Y8:eT<�V7eTSgl�e�0T6i4v<D¿ Â î ³ � M�Æ�ÉQÉXW�Ï¤Ë,ÍQÚ
Ê,ÍilmÊfÉ â ß�Ê$äfÏQÙ%Æ�Ù B ´ ¾+V7e�·?47df¨?0�d,Uk8:W�<�V5U�S�V5U�03dfWNUk8:hT9iV5U�lTVÅ45V7<�279�8:S�j,6iU�U�V7¨�V7W�<�03V7eT¯1V7W1<|�7<�S�Vl�6iU�<�6;WTj,eN25V5UR�

ê 9�ÿ eTWNV^SkV}0NS�25U�V}W�<�V°9�8 ×�ÄfÐYÍDÇ}Ï�å}Æ�ÍDÏ¤ÄfÐ�ÏQÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍ�ÊfÉiÌ 8:e%0TS�d�	N9NlTV5UPSk8:6iV5U$ïfV79;9iVÅV5U�<P9;6i25V¢8:e�·4$8:Sk8f47<�27S�6iU�<�6i§1eNV5U�6;W1<�S�6;WNU��5§1eNV5U�l�e�l�6?.�Sk8f47<�df¨��7<�S�VHV7<�þn9�8�l�6iU�03V7S�U�6idfW�V7W�9idfWTj,eNV7eTS
lFÿ dfWNlTVml�e�Sk85±1dfWTWNV7¨�V7W1<g0TS�6;¨�8:6;S�Vc£

Á�x

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



�J� ²C� ë~Ã/���oë�ëR�ÈëL)®,X*($X P"# �)+*L´�*('(ìX)

ê 9�ÿ 8:eT<�S�V+45dfS�S�V5U�03dfWNl�þm9�8L45dfW1<�S�6;hTeT<�6idfW�lTVg9�ÿ 254��Y8:W�<�6;9;9idfW�8:e�0TS�d�	Y9�lTVtl�6?.�Sk8f47<�6idfWRï�§1eNV9�ÿ dfW�U�270Y8:S�V¢jI27WN27Sk8:9iV7¨�V7W�<°V7W�lTV7e�·�V�.FV7<�UR�,9�ÿ V�.FV7<^lTV Í�ÊfÏQÉ�ÉiÌ ï1§1eT638:0T038:Sk821i<�9idfS�U�§1eNV¢9iV5U
l�6;¨�V7WNU�6idfWNUglTV5U¢47S�6iU�<k8:9;9;6;<�V5UgU�dfW�<Å<�S��5U���8:6;hT9iV5U$ïNV7<Å9�ÿ V�.FV7<glTV5U Ù%Ï¤×7Ç�Äfà�Ë1Ö â ÄfÇ}Ù�Ê,ÍDÏ¤ÄfÐTÕ ´¹^V�lTV7S�WT6iV7S�V�.FV7<P45dfS�S�V5U�03dfWNl%þ¢lTV5UPlT270T9�8f45V7¨�V7W�<P9id�4$8:e�·LlTV5U�8:<�df¨�V5UA0Y8:SPSk8:0T03dfS�<&8:e�·m0�d,U�6 ²<�6idfWNU�6ilT2$8:9iV5U$ïI0�dfeT¯,8:W1<^0TS�d$¯1V7WT6;S^lTVg45dfW�<�Sk8:6;W1<�V5U^S�25U�6il�eNV79;9iV5U°dfe�8:0T0T9;6i§1eN25V5U$ï�lFÿ eTW�j,Sk8fl�6iV7W1<

lTVX45df¨?03d,U�6;<�6idfWH4k�T6;¨?6i§1eNVXdfe�lTV+<�dfeT<g8:eT<�S�VXlT2���8:eT<¢47S�6iU�<k8:9;9;6;W�<�V79R§1eNVt9iV5UÅlT6;U�9id�4$8:<�6idfWNU¢dfe
9iV5UÅ9�8f47eTWNV5U ´
{'{ [ ¬ [ © [ Û J0�fBDOH�1BQ>�G�vPGn_yx;`�Y�OAG�a!G�O3@�u�BQGI@~½3G�_Qv

½�ÿ 6;W1<�V7WNU�6;<�2qlFÿ eTW�0T6i4mlTVml�6?.�Sk8f47<�6idfWnV5U�<gdfhT<�V7W1eNVLV7W�6;W1<�27j,Sk8:W�<g9iVX0TS�d�	N9PlTVml�6?.�Sk8f47<�6idfW
lTVÅ45VÅlTV7S�WT6iV7S ´ ½RdfS�U�§1eNVÅ0T9;eNU�6iV7eTS�U&0T�Y8fU�V5U�47S�6iU�<k8:9;9idfj,Sk8:0T�T6i§1eNV5U^U�dfW1<&0TS�25U�V7W�<�V5U�8:e�U�V76;W�lFÿ eTW254��Y8:W�<�6;9;9idfWRïTeTW�S�V545dfeT¯�S�V7¨�V7W1<glTV5UÅSk8:6iV5U°0�V7eT<Å6;W1<�V7S�¯1V7WT6;S¢V7<Åj��7WNV7SÅ9iVX4$8:9i47eT9FS�6;jIdfeTS�V7e�·�lNV
9�ÿ 6;W1<�V7WNU�6;<�2mlTV5U¢l�6?.F27S�V7W1<�UÅ0T6i45U ´ �y9RV5U�<¢8:9idfS�UÅWN2545V5U�Uk8:6;S�VXlFÿ 8$¯Idf6;S¢S�V545dfeTS�Ug8:e�·�<�V54��TWT6i§1eNV5U¢lNV¨�d1lT279;6iUk8:<�6idfWnlTVX0TS�d�	N9R03dfeTSgU�270Y8:S�V7S¢9iV5UÅ0T6i45U¢§1eT6AU�V+S�V545dfeT¯�S�V7W1< ´½RV5U¢<�V54k�TWT6i§1eNV5UglTVm¨�d1lT279;6iUk8:<�6idfW�45dfWNU�6iU�<�V7W1<+þ�8:�£eNU�<�V7S¢eTWnl�6?.�Sk8f47<�dfj,Sk8:¨?¨�Vq4$8:9i47eT9i2qþ%eTW
l�6�8:j,Sk8:¨?¨�V�lTV�l�6?.�Sk8f47<�6idfW�V}·�0327S�6;¨�V7W�<k8:9°V7<?þ�V}·�<�Sk8:6;S�V�lFÿ eTW�j,S�dfeT03V�lTV�Sk8:6iV5U%8$±18:W�<LeTW
lTV7j,S�2mlTV+S�V545dfeT¯�S�V7¨�V7W1<gSk8:6iU�dfWTWY8:hT9iVX9iV5UÅ0Y8:Sk8:¨��7<�S�V5UtlT2�	NWT6iU�Uk8:W1<g4��Y8f§1eNVm45df¨?03d,Uk8:W�<�VX6;W ²l�6;¯�6il�eNV79;9iV3<Q0�d,U�6;<�6idfWHV7W

θ
ïT¿ Â î ³ ï�6;W�<�V7WNU�6;<�2 B ´

/16�9�8+U�<�S�eN47<�eTS�VÅl�e�45df¨?03d,U�2¢dfe?lTV5U&l�6?.F27S�V7W�<�U�45df¨?03d,U�25U&0TS�25U�V7W�<�U�8:e�U�V76;W?lFÿ eTW�254k�Y8:W ²<�6;9;9idfW�27<�eNl�6i2?V7W�l�6?.�Sk8f47<�6idfW!lTV5U+Sk85±1dfWNU�5\V5U�<X45dfWTW1eNV,ï�9�ÿ 82��WNV7¨�V7W�<mº¢6iV7<�¯1V79il�45dfWNU�6iU�<�V?þ
eT<�6;9;6iU�V7SmeTW�8:9;jIdfS�6;<��T¨�V�lFÿ df0T<�6;¨?6iUk8:<�6idfW�lTV5Um0Y8:Sk8:¨��7<�S�V5Uq§1eT6&0�V7S�¨�V7<qlTV?S�V545dfWNU�<�S�eT6;S�V�eTW
l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V

((

6;lN258:9
))

V7<°lTVt9iVt45df¨?0Y8:S�V7Sg8:e�l�6?.�Sk8f47<�dfj,Sk8:¨?¨�VXV}·�0�27S�6;¨�V7W1<k8:9RdfhT<�V7W�e
<D4�� ´ î ´ ³�´ º¢6iV7<�¯1V79ilFïFð$ñ�Á,ñ�ï·è òP±2é B ´ �y9FV5U�<g8:9idfS�UÅ0�d,U�U�6 hN9;VmlTV ((

lTd,U�V7S
))

9iV5U¢l�6?.F27S�V7W1<�V5U¢0T�Y8fU�V5U
0TS�25U�V7W1<�V5UglN8:WNUÅeTW�¨�279�8:WTjIV ´½�ÿ 82��WNV7¨�V7W�<�45dfWNU�<�6;<�eNV�9�8�0NS�d14525l�eTS�VH9�8�0T9;eNU�45dfeTSk8:W1<�VnlFÿ 8:WY8:9;±�U�VHlTV5U�l�6�8:j,Sk8:¨?¨�V5U�lNV
l�6?.�Sk8f47<�6idfW!lTV5U+Sk8$±IdfWNU�5\9idfS�U�§1eNVq9�8�U�<�S�eN47<�eTS�V?4}S�6;U�<}8:9 9idfj,Sk8:0N�T6i§1eNV�lTV5U+0T�Y8fU�V5U+0TS�25U�V7W1<�V5U
8:e�U�V76;W!lTV?9�ÿ 254��38:W1<�6;9;9idfW�V5U�<m45dfWTW�eNV ´R» 9;eT<��f<q§1eNV�lTV�45dfWNU�6ilT27S�V7Sm9iV5Um6;W1<�V7WNU�6;<�25Um6;W�<�27j,S�25V5U6;WNl�6;¯�6il�eNV79;9iV5UglTV5U¢0T6i45UglTVmµ^Sk8:j,j�03dfeTSg9�ÿ 82��WNV7¨�V7W1<+U�<�S�eN47<�eTSk8:9�ïN9�ÿ 8:9;jIdfS�6;<��T¨�VLlTVmº¢6iV7<�¯1V79il
03V7S�¨�V7<ÅlFÿ 8:�£eNU�<�V7S°l�6;S�V547<�V7¨�V7W1<Å9iV¢0TSkd�	N93j,9idfhY8:9�l�e�l�6�8:j,Sk8:¨?¨�V+lTVtl�6?.�Sk8f47<�6idfW�V}·�0327S�6;¨�V7W ²<k8:9RV7W�eT<�6;9;6iUk8:W�<¢45df¨?¨�VX¯,8:S�6�8:hT9iV5UÅ9iV5U°0Y8:Sk8:¨��7<�S�V5UglTVt0TS�d�	N9�<D4$8:Sk8f47<�27S�6iU�<�6i§1eNV5U¢6 WYU�<�S�eT¨�V7W ²<k8:9iV5U$ï~�¤dfWN47<�6idfWqlTV�0TS�d�	N9�ï$0Y8:Sk8:¨��7<�S�V5U�lTV�¨�8:6;9;9iV B V7<A9iV5UA0Y8:Sk8:¨��7<�S�V5U�U�<�S�eN47<�eTSk8:e�·#<Q03d,U�6;<�6idfWNU8:<�df¨?6i§1eNV5U$ïNd14547eT0Y8:<�6idfWnlTV5UgU�6 <kV7U$ïT0Y8:Sk8:¨��7<�S�V5UglTVmlT270T9�8f45V7¨�V7W1<�U+8:<�df¨?6i§1eNV5U B ´
{'{ [ ¬ [ © [ ® ��>P>�_DB��I`�@'BQM3OL�!_yxS�I@'EAvPGHvPG1c�c'EH°Pc5@$`NOH�IG1c�a�BDOH�T�:`N_QG1cu�IM3_QM;���1G1c
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C.A.N. 12 bits

P.C.
Les 2 faisceaux 

de fibres sont 

entremélés 

aléatoirement.

lampe halogène 100 W

100 fibres 

collectrices

100 fibres 

illuminantes

spectromètre à réseau

doublet achromatique

objet

C.C.D.
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{'{ [ Û [ Û [ © J0�:MN@$M·�IM3_QGHG�­R>m�T�fBDa!G�O3@$`N_
� 9�8+l�6?.F27S�V7WN45VglTV°0TS�254525lTV7W�<�U�<�Sk8$¯,8:e�·%0�dfS�<k8:W1<^U�eTS&9�ÿ 6ilTV7W1<�6?	Y4$8:<�6idfW�lTVÅ0T6;j,¨�V7W1<�U^lN8:WNU

lTV5U�45dfeN4k�NV5U�0T6i47<�eTSk8:9iV5U$ï°9�8�hY8fU�V�lTV�lTdfWTWN25V5U�lTVn0T6;j,¨�V7W1<�U�¨?6;WN27Sk8:e�·.l�e ¹��fº ³ ¿\V5U�<
S�2$8:9;6iU�25V�U�eTS�lTV5U�254k�Y8:W1<�6;9;9idfWNU�V7W 03dfeNl�S�VHV7W�9�ÿ 8:hNU�V7WN45VHlTV�9;6�8:W1<n<D4�� ´^¸%´ ¾teT0TeT6iU Ì7Í%ÊfÉiÑ ï��������ï�è ��ð�é B ´ ¾X8:WNU?47V�4$8fU$ï�U�V7eT9iV�9�8nl�6?.�eNU�6idfW�¨qeT9;<�6;0T9iV�lTV�9�8H9;eT¨?6i�7S�V�0Y8:S%9iV5Uqj,Sk8:6;WNU?lTV0T6;j,¨�V7W1<�Ug6;WNl�6;¯�6il�eNV79iU¢6;W1<kV}S�¯�6;V7W�<$ïYUk8:WNUÅ9�ÿ V�.FV7<gl�e�9;6�8:W1<¢�Y8:hT6;<�eNV79;9iV7¨�V5W1<t0TS�25U�V7W1<tlN8:WNUÅeTWNV
45dfeN4��NV�0T6i47<�eTSk8:9iV ´ ½RV�U�03V547<�S�V�lTV�S�2�wYV547<k8:WN45V�l�6?.�eNU�V�dfhT<�V7W1e�0�V7eT<?lTdfWN4#�7<�S�V�45dfWNU�6ilT27S�245df¨?¨�VX9�8%U�6;j,WY8:<�eNS�Vml�e�0T6;j,¨�V7W�<¢¨?6;WN27Sk8:9P27<�eNl�6i2 ´

/�V7eT9iV%9�8�0Y8:S�<�6iV ËfÏ �°Æ1Õ$Ì lTV%9�8�9;eT¨?6i�7S�V?S�V7W�¯Id'±I25V%0Y8:SmeTW!254��Y8:W�<�6;9;9idfW�lTV%0T6;j,¨�V7W�<�UmlTV
S�2��¤27S�V7WN45VXV7W�03dfeYl�S�VXV5U�<°4$8:Sk8f47<�27S�6iU�<�6i§1eNVmlTV+45V+0T6;j,¨�V}W�< ´ ¾X8:WNU°9�8q¨�V5U�eTS�V+l�e�03d,U�U�6;hT9iV,ï�9i80Y8:S�<�6iVmS�2�wY254k�T6iVLU�0�2547eT9�8:6;S�V7¨�V7W1<mþ%9�8�U�eTS���8f45VmlTVm9�ÿ 254��Y8:W�<�6;9;9idfW�V7<t45df9;9iV547<�25Vm0Y8:Sg9�ÿ 8:0T0Y8:S�V76;9
lTdf6;<glTdfWN40�}<�S�V+¨?6;WT6;¨?6iU�25V ´
» dfeTS¢45VD��8:6;S�V,ï�9�8q03dfeNl�S�VmlTVt0T6;j,¨�V7W�<�U¢V5U�<°0T9�8f4525VXlN8:WNUÅeTW�0�dfS�<�V ² 254��Y8:W�<�6;9;9id,WH47±�9;6;WNl�S�6i§1eNVV7W�8:9;eT¨?6;WT6;eT¨
V7<t<k8fU�U�25V%þ�9�ÿ 8:6ilTV%lFÿ eTWNVL9�8:¨�V%lTVL¯1V7S�S�V ´ ½RV5U+l�6?.F27S�V7W�<�Ut0�dfS�<�V ² 254��Y8:W�<�6;9;9id,Wl�6iU�03dfWT6;hT9iV5U&dfW�<�27<�2^U�0�25476�8:9iV7¨�V7W1<�45dfWNÀ7eNUP0�dfeTS�9�8¢S�2$8:9;6iUk8:<�6idfW?lTV�9�8¢h38fU�V^lTV^lTdfWTWN25V5U ´ ½RV7eTSl�6�8:¨��7<�S�V^V5U�<PlTV�ÁÅ¨?¨ölTVc��8fÀ5dfW%þ¢45dfS�S�V5U�0�dfWNl�S�V°8:eL¨?6iV7e�·%þÅ9�8Å<k8:6;9;9iV^l�eqU�03df<A9;eT¨?6;WNV7e�·ql�e
jIdfWT6id ² U�03V547<�S�df0T�Ydf<�df¨��5<�S�V ´ ½RV5U^0�dfS�<�V ² 254��Y8:W�<�6;9;9�dfW�l�6?.F�7S�V7W�<°0Y8:S°9iV7eTSÅ0TS�d��¤dfWNlTV7eTSR�T45V79;9iV ² 476¯,8:S�6iVnV7W1<�S�V�ðnV7<�ðX�!¨?¨�ï^lTV=��8fÀ7dfWúþ!03dfeT¯1df6;S�27¯1V7W1<�eNV79;9iV7¨�V7W�<�¨?6;WT6;¨?6iU�V7S�9�8�§1eY8:W�<�6;<�2
lTVL¨�8:<�6i�7S�V%WN2545V5U�Uk8:6;S�V?þ�9�8�¨�V5U�eTS�V%lN8:WNUt9iV%4$8fU+lTVL0N6 j,¨�V7W�<�U+0Y8:S�<�6i47eT9;6i�7S�V7¨�V7W�<XSk8:S�V5U+dfe
dfWN27S�V7e�· ´ ½�ÿ 8:9;eT¨?6;WT6;eT¨*8%27<�2X4k�Ndf6iU�6R45df¨?¨�VX¨�8:<�27S�6�8:eH45dfWNU�<�6;<�eT<�6?�&lTV5UÅ03dfS�<�V ² 254k�Y8:W1<�6i9;9idfWNU03dfeTSLU�dfW�6;WNV7S�<�6iV�4��T6;¨?6i§1eNV�8$¯IV54?9�8�<�S��5UXj,Sk8:WNlNV?¨�8:��dfS�6;<�2�lTV5UX0T6;j,¨�V7W�<�ULV}·�6iU�<k8:W1<�UmV7<LUk8
U�6;¨?0T9;6i476;<�2mlTVXWNV7<�<�d$±�8:jIVLþq9�ÿ 27<��Y8:WNdf9 ´
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½�ÿ 27<k8:<%lTV�U�eTS���8f45V�lTV�9�ÿ 254��Y8:W�<�6;9;9idfW 8:6;WNU�6�0NS�270Y8:S�2�V5U�<qV7WNU�eT6;<�V�27¯,8:9;eN2&�A6ilT2$8:9iV7¨�V7W�<$ï�U�6�9i8
0Y8:S�<�6iV+S�2�wY254k�T6iVmU�0�254}eN9i8:6;S�V7¨�V7W�<tV5U�<¢VN.RV747<�6;¯1V7¨�V7W1<¢¨?6;WT6;¨?6iU�25V,ïT9�ÿ 254k�Y8:W1<�6;9;9idfWnU�VX45df¨?03dfS�<�V
45df¨?¨�V�eTW�l�6?.�eNU�V7eTSm9�8:¨qh3V7S�<�6iV7W�þ�eTWNV?9idfWTj,eNV7eTSqlFÿ dfWNlTV�lTdfWTWN25V ´ ½A8�45dfeTS�h3V�jIdfWT6idf¨�2 ²<�S�6i§1eNV¢dfhT<�V7W�eNV¢V7W�<�Sk8fÀ$8:W�<�9�8+¯,8:S�6�8:<�6idfW�l�e�U�6;j,WY8:9Y6;WN476ilTV7W1<^U�eTS�9�ÿ eTW�lTV5U�0T6 ·TV79iU�lTVÅ9�8L¹Å¹^¾
l�e�U�03V547<�S�df¨��7<�S�V,ï&V7W��¤dfWN47<�6idfW�lTV�9�ÿ 8:WTj,9iV�lTV�S�27<�S�d�l�6?.�eNU�6idfW

θ
lTdf6;<%lTdfWN4�¯,8:S�6iV7S�85¯1V54�9iV

45d,U�6;W1eNUglTV
θ ´¶&W�V�.FV7<$ïR9�ÿ 254��Y8:W�<�6;9;9idfW�V5U�<L6;9;9;eT¨?6;WN2�0Y8:SLeTW���8:6iU�45V$8:e�45df9;9;6;¨�8:<�2�lFÿ 25479�8:6;S�V7¨�V7W1<

Wi
U�V}9idfW

9�ÿ 8:WTj,9iV%lFÿ 6;WN476ilTV7WN45V
θ ´ ½�ÿ 25479�8:6;S�V7¨�V7W�<ml�6?.�eNU�2 dWdiff

þ�eTWNVq9idfWTj,eNV7eTSmlFÿ dfWNlTV
λ
lNdfWTWN25V,ï

8:eT<�dfeTSglFÿ eTWn8:WTj,9iVLU�df9;6ilTVm279i27¨�V7W1<k8:6;S�V
dΩ
ïTlN8:WNU¢9�8%lT6 SkV747<�6idfWnlTVXS�27<�S�d�l�6?.�eNU�6idfW

θ
ïTU$ÿ 2547S�6;<

lTdfWN4X03dfeTS¢eTWH254��Y8:W�<�6;9;9idfWH9�8:¨Lh�V7S�<�6iV7WnlTVD��8f47<�V7eTSglTVXS�2�wYV547<k8:WN45V
ρ∞(λ)

�

dWdiff =
Wi

π
ρ∞(λ) cos θdΩ .

<(�9� ´ � B
½RdfS�U�§1eNVt9i8q45dfeTS�h�V+dfhT<�V7W1eNV+0TS�25U�V7W1<�Vt9�8L¯,8:S�6�8:<�6idfW�lT25U�6;S�25V+V7W

cos θ
ï�9�ÿ 254k�Y8:W�<�6;9;9;dfWHU�Vt45df¨ ²03dfS�<�V+V�.FV547<�6;¯1V7¨�V7W1<¢45df¨?¨�VteTW�l�6?.�eNU�V7eTS°9�8:¨Lh�V7S�<�6iV7W�V7<°U�dfW�U�03V547<�S�V+lTVtS�2�wYV547<k8:WN45V+03V7eT<

�7<�S�VmV7WTS�V7j,6iU�<�S�2 ´/16N45V79�8+WRÿ V5U�<�0Y8fU&9iVÅ4$8fU$ï,9�8t0�dfeNl�S�V¢lTVÅ0T6;j,¨�V}W�<^lTdf6;<m�7<�S�VÅhTS�d'±I25V¢V7<�<k8:¨?6iU�27VÅ0N9 eYU
	NWNV7¨�V7W1<
dfe�9�ÿ 270Y8:6iU�U�V7eTSglTVX03dfeNl�S�VLlN8:WNUÅ9iVX03dfS�<�V ² 254k�Y8:W1<�6;9;9�dfW�8:eTj,¨�V7W�<�25V ´

¶&WHS�25U�eT¨�2,ïY9iV5UtU�03V547<�S�V5U+lTVmS�2�wYV547<k8:WN45VqlTV5Ug0T6;j,¨�V7W�<�U+lTVmS�2��¤27S�V7WN45VqV7WH03dfeNlTS�V5UtU�dfW�<
V7WTS�V7j,6iU�<�S�25UR�

ê lTV���8fÀ5dfW�þ+¨?6;WT6;¨?6iU�V7S�9�ÿ 6;W�wNeNV7WN45Vtl�ev�¤dfWNl�l�e�03dfS�<�V ² 254k�Y8:W1<�6;9i9idfW�V7W�<�Sk8$¯,8:6;9;9�8:W1<Å85¯1V54eTWNVm270Y8:6iU�U�V7eTSglTV+0�dfeNl�S�VmU�e���Uk8:W1<�Vm£
ê lTVq��8fÀ5dfW�þm¨?6;WT6;¨?6iU�V7SÅ9�ÿ V�.FV7<ÅlTVg9�ÿ 27<k8:<¢lTV+U�eTS���8f45VtV7W�hTS�d$±�8:W�<ÅV7<°V7W�<k8:¨?6iUk8:W�<Å27¯IV7W ²<�eNV79;9iV7¨�V7W1<t9;V5U¢0T6;j,¨�V7W1<�U>£
ê 03dfeNS&eNW�8:WTj,9iV¢lTVÅS�27<�S�d1l�6?.�eNU�6idfW θ = 22˚

§1eT6N45dfWNU�<�6;<�eNVÅeTW�45df¨?0TS�df¨?6iU�6;W1<�27S�V5U�Uk8:W�<
V7W�<�S�V�eTW 8:WTj,9iV�§1eT6°U�V7Sk8:6;<?<�S�df0�0TS�d�4��NV�lTV�9�8nl�6;S�V547<�6idfW U�0�2747eT9�8:6;S�V�<

0˚ B dfe�<�S�df06;¨?03dfS�<}8:W1<q<
45˚

�:S�6iU�§1eNV°lTV^45dfW�<k8f47<�V7W1<�S�V°9�ÿ 8:0T0Y8:S�V76;9NV7<�9�8tU�eTS���8f45V^lTV^9�ÿ 254k�Y8:W1<�6;9;9idfW B ´
{'{ [ Û [ Û [ ¬ J0�:M·�IG1c$c'EAc�OFEPa��T�fBQCREAG�vPGn_yxiBQvPG�O3@'By¯
�I`�@'BQM3O

½RVHU�0�V547<�S�VnlTV�S�2�wYV547<k8:WN45V�lFÿ eTW�254k�Y8:W1<�6 9;9idfW 6;WN45dfWTW�e
ρ(λ)

V7U�<�V7WTS�V7j,6iU�<�S�2�lN8:WNU�9iV5U
¨u�7¨�V5U�45dfWNlT6 <�6;dfWYU�§1eNVH9iV5U�U�0�V54}<�S�V5U�lTV5U�0T6;j,¨�V7W�<�U�lTVHS�2��¤27S�V7WN45V,ïÅ4,ÿ V5U�< ² þ ² l�6;S�V�8$¯IV54HeTW8:WTj,9iV?lTVqS�27<�S�d�l�6?.�eNU�6idfW!lTV

22˚ ´ �RS�df6iUm47S�6;<��7S�V5Uml�6?.F27S�V7W1<�UmU�dfW�<+eT<�6;9;6iU�25U+0�dfeTSXS�V54��NV7S�4k�NV7S9iV+0T6;j,¨�V7W1<glTdfW�<Å9�8%45dfS�S�V5U�0�dfWNlN8:WN45VL8$¯IV54+9�ÿ 254k�Y8:W1<�6;9;9idfWH6;WN45dfWTW1eHV5U�<Å9�8q¨�V76;9;9iV7eTS�VL8:e�U�V7WNU
lTV5UÅ¨�df6;WNl�S�V5Ug4$8:S�S�25U ´

{7vPG�O3@'By¯
�I`�@'BQM3O�v�B��:GT�,@$G
½�ÿ 254$8:S�<g§1eY8fl�Sk8:<�6i§1eNVX¨�d'±IV7W

εdir
V7W1<�S�VX9iVXU�0�V547<�S�VX6;WN45dfWTW1e

ρ(λ)
V7<¢4k�Y8f§1eNVmU�03V547<�S�VmlTV+9�8

hY8:WN§1eNVmlTVXlTdfWTWN25V
ρbd(λ)

V5U�<¢4$8:9i47eT9i2&�
ε2dir = (ρ(λ) − ρbd(λ))2 .

<(��� ´ � B½RV%U�0�V547<�S�V?lTVq9�8�hY8fU�V%lTV?lTdfWTWN25V5UX9iVq0T9;eNU+0TS�d�4��NV?lTe�U�03V547<�S�V%6;WN45dfWTW�e!45dfS�S�V5U�0�dfWNl!þ�9i8
0T9;eNUÅ0�V7<�6;<�VX¯,8:9iV7eTS¢lTV

εdir
´
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J0�fBQc$G�G�OÌ�IM3a!>A@$GHvPGn_yxS�I@$`�@�vPGHc'EH��§y`s�IG
½A8X9;eT¨?6i�7S�VgS�V7W1¯1d'±I25V¢0Y8:S�eTWNVg45dfeN4k�NVg0T6i47<�eTSk8:9iVt25479�8:6;S�25VtV5U�<^47df¨?0�d,U�25VtlTV¢9;eT¨?6i�7S�Vtl�6?.�eNU�V
V7<°lTVt9 eN¨?6;�7S�V+S�2�wY254��T6iV ´ /�V7eT9iVt9�8m9;eT¨?6i�7S�VXl�6?.�eNU�Vt45dfW1<�6iV7W�<°9�ÿ 6;W��¤dfS�¨�8:<�6idfW�U�0�V547<�Sk8:9iV+4$8:Sk8f4 ²<�27S�6iU�<�6i§1eNVXlTe�0T6;j,¨�V7W�<¢0TS�25U�V7W�<glN8:WNUÅ9�8%45dfeN4k�NVX0T6i47<�eTSk8:9iV ´½�ÿ 27<�eNlTV�lTV5U?V�.FV7<�U�lTV�9�ÿ 27<k8:<�lTV�U�eTS���8f45V�U�eTS%9�8H9;eT¨?6i�7S�V�S�2�wY254��T6iV�U�V3��8:6;<?lN8:WNU%9iV�4$8fl�S�V
lTV%9�ÿ df0T<�6i§1eNV%0T��±�U�6i§1eNV&�39iV%Sk8$±IdfW!lTV?45dfeTS�hTeTS�V�lTV%9�8�U�eTS���8f45V%V5U�<Xj,Sk8:WNl�V7W!45df¨?0Y8:Sk8:6iU�dfW
lTV�9�8�9idfWTj,eNV7eTS%lFÿ dfWNlTVn<

l2/h � λ B ´ ½RV5UqU�eTS���8f45V5ULlTV5Uq45dfeN4��NV5Uq0T6i47<�eTSk8:9iV5UqU�dfW�<qlTV?0T9;eNU�¤dfS�<�V7¨�V7W1<tS�eTj,eNV7eNU�V5U7<
h � l B ´ ½RVL0Y8:Sk8:¨��7<�S�Vq§1eT6P4$8:Sk8f47<�27S�6iU�VL9�ÿ 27<k8:<+lTVLU�eTS���8f45VLV5U�<t8:9idfS�U9iV+Sk8:0T0�dfS�<

h/l ´¶&W 45dfW�	Nj,eTSk8:<�6idfW�lTV�S�27<�S�d1l�6?.�eNU�6idfW�V7<%0�dfeTS?eTWNV�U�eTS���8f45V�8:9i2$8:<�df6;S�V ¸ 8:eNU�U�6iV7WTWNV�V7<?6iU�d ²<�S�df03V,ï ³�´ ¶&9;6�8fU�V7< ³�´&³ V7W1e Ì7ÍqÊfÉiÑ <���������ï
è;ðX���2é B ï&V7<�½ ´ /16;¨�dfWNdf< Ì7ÍqÊfÉiÑ <���������ï
è;ðX��ð�é B¨�dfW1<�S�V7W�<+§1eNVX9�8?S�V79�8:<�6idfWn§1eT6A9;6iVX9iVmSk8:0T0�dfS�<
h/l

ïT9�8?0Y8:S�<�6iVm0TeTS�V7¨�V7W�<+l�6?.�eNU�Vml�e-��8f47<�V7eTS
lTV�S�2�wYV547<k8:WN45Vh<QWNdf<�2

ρi(λ) B V7<�9iVf��8f47<�V7eTS�lTV�S�2�wYV547<k8:WN45V�eTWNV#�¤df6iU%9iV�U�032547eT9�8:6;S�V�6;WN479;eNU<QWNdf<�2
ρf (λ) B U$ÿ 2547S�6;<R�

ρf (λ) = ρi(λ) +A ,
<(��� ´ À B

8$¯IV54
A =

1

2π

(

l

h

)2 1

cos6 θ

(

n− 1

n+ 1

)2

exp

(

−1

2

(

l

h

)2

tan2 θ

)

.
<(��� ´ ± B

½A8?¯,8:S�6�8:<�6idfW�lTV
n
lN8:WNUg9iVLlTdf¨�8:6;WNVql�eH¯�6iU�6;hT9iVmWNVqlT270Y8fU�U�Vm0Y8fU

5%
ïYV79;9iVm0�V7eT<tlTdfWN44�7<�S�V

45dfWNU�6ilT27S�25VXWY2}j,9;6;jIV$8:hT9iVqlN8:WNU¢eTWNVX0TS�V7¨?6i�7S�Vq8:0T0TS�d5·�6;¨�8:<�6idfW ´ A V5U�<t8:9idfS�U¢6;WNlT2703V7WNlN8:W�<tlTV
λ ´ ¶&W�lFÿ 8:eT<�S�V5UÅ<�V7S�¨�V5U$ï�9�ÿ V�.FV7<¢lTVt9�ÿ 27<k8:<¢lTVXU�eTS���8f45V+U�Vt<�Sk8fl�eT6;<¢0Y8:S°eTWYVt<�Sk8:WNU�9�8:<�6idfW�¯IV7S�<�6 ²4$8:9iVXlTe�U�0�V547<�S�VXlTVXS�2�wYV547<k8:WN45VLl�6?.�eNU�V

ρi(λ) ´
¹^V7<�V�.FV7<�lTVH9�ÿ 27<k8:<�lTVnU�eTS���8f45V�03V7eT<#�7<�S�V�0TS�6iU�V7W�45df¨?0T<�VnlN8:WYU�9¤ÿ 6ilTV7W�<�6?	Y4$8:<�6idfW.lTV

0T6;j,¨�V7W1< ´ �y9RU�e���<¢lTVXS�V54��NV7S�4k�NV7Sg9iVXU�0�V547<�S�VmlTV+9�8%hY8fU�VXlTVXlTdfWNWN25V7Ug§1eT6R¯I27S�6?	YVX9iV+¨?6iV7e�·X�
ρ(λ) = ρbd(λ) + Â ,

<(��� ´ Á B
85¯1V54

Â
9�ÿ V5U�<�6;¨�8:<�V7eTStU�<k8:<�6iU�<�6i§1eNVmlTV+9�8%<�Sk8:WNU�9�8:<�6idfW ´

¾+V°¨�8:WT6i�7S�V¢6ilTV7W�<�6i§1eNVg8:e�4$8fU&0TS�254525lTV7W�<�9�ÿ 254$8:S�<�§1eY8fl�Sk8:<�6i§1eNV¢¨�d$±1V7W
εtrans

V5U�<�27¯,8:9;eN2
03dfeTSg4k�Y8f§1eNVXU�0�V547<�S�VmlTV+9�8%hY8fU�VXlTVmlTdfWTWN25V5UR�

ε2trans = (ρ(λ) − ρbd(λ) − Â)2 .
<(��� ´ ò B

½A8%¯f8:9iV7eTS¢¨?6;WT6;¨qeT¨
εtrans, min

V5U�<gdfhT<�V7W1eNVL§1eY8:WNlX�
∂ε2trans

∂Â
= 0 ⇒ Â = ρ(λ) − ρbd(λ) .

<(��� ´ x B
» 8:Sg45dfWNU�25§1eNV7W�<R�

ε2trans, min = (ρ(λ) − ρ(λ) − ρbd(λ) + ρbd(λ))2 .
<(��� ´ ñ B

½RV¢U�0�V547<�S�VglTVÅ9�8XhY8fU�V¢lTV¢lTdfWTWN25V5U�9iV¢0T9;eNU�0TS�d14k�NVgl�e�U�03V547<�S�V¢6;WN45dfWTW1e�¨�d1l�eT9idLeTWNVÅ<�Sk8:WNU ²9�8:<�6idfWH45dfS�S�V5U�03dfWNlnþ
εtrans, min
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ρi(λ)
lTV7¯�6iV7W�<

ρf (λ) ´ ¹^V7<XV�.FV7<X8u��8:6;<t9�ÿ dfhT��V7<XlTVLWNdf¨qhTS�V7eNU�V5U0TeThT9;6i4$8:<�6idfWNUD<D4�� ´ ¶ ´ º ´ lTV°9�8+ºÅ6iV,ïTð$ñ�xIò�ï®è;ðX���2éYV7<�º ´f¼ df�TWNU�<�dfW ² ¿YV79;9iV7S$ï�������ð,ïsè;ðX�2é B ´I³�´ ¶&9;6�8fUÌ7Í¢ÊfÉiÑ <�������ð,ï
è;ðX���2é B 45dfWNU�6ilT�7S�V7W�<+9iVL¯1V7S�WT6iU+45df¨?¨�VqeTW�¨?6;9 6iV7e�WNdfW ² l�6?.�eNUk8:W1<+¨�8:6iU+9i27jI�7S�V ²¨�V7W1<?8:hNU�dfS�hY8:W1<�<DlTdfWN4�<�dfe,��dfeTS�UL<�Sk8:WNU�0Y8:S�V7W1< B ï�lTV�45d1V���476iV7W1<?lFÿ 8:hNU�dfS�0T<�6idfW α ïRlFÿ 6;WNl�6i45VlTV¢S�2��DSk8f47<�6idfW�S�25V79
n
V7<^lFÿ 270Y8:6iU�U�V7eTS

H
ï127<k8:9i2gU�eTS�eTWNVgU�eTS���8f45V¢9�8:¨Lh�V7S�<�6iV7WTWNV+lTV���8f47<�V7eTS^lTV

S�2�wYV547<k8:WN45V
ρi(λ) ´ �y9iU°¨�dfW�<�S�V7W�<t8:9idfS�Ug§1eNV+9iVD��8f47<�V7eTSglTVXS�2�wYV547<k8:WN45V!	NWY8:9 ρf (λ)

U$ÿ 2547S�6;<R�

ρf (λ) =
t21→2(θ)

n2(1 −K)
exp

(

− 2αnH
√

n2 − sin2(θ)

)

ρi(λ) ,
<(��� ´ ðX� B

8$¯IV54
K = 2ρi(λ)

∫ π/2

0
r2→2(ψ) exp

(

2αH

cos(ψ)

)

cos(ψ) sin(ψ) dψ .
<(�9� ´ ð,ð B

¶&W�0TS�V7¨?6i�7S�VL8:0T0TS�d$·�6;¨�8:<�6idfWRïYU�6RdfW�45dfWNU�6ilT�7S�VL§1eNV&�
ê α

V7< Ð ¯,8:S�6iV7W1<¢0�V7eH8$¯1V54+9�8q9idfWTj,eNV7eTStlFÿ dfWNlTVmlTVX9�8q9;eT¨?6i�7S�Vm6;WN476ilTV7W1<�Vc£
ê 	Î<DlT2�	NWT6FlN8:WNU^9�ÿ 25§1eY8:<�6idfW�<(��� ´ ð,ð B9B 03V7eT<��7<�S�VtWN27j,9;6;jI2g0Y8:S°Sk8:0T03dfS�<¢þ�ðglN8:WNU^9�ÿ 25§1eY8 ²<�6idfWh<(�9� ´ ðX� B £8:9idfS�U
ρf (λ)

U�VXlT25l�eT6;<tlTV
ρi(λ)

0Y8:S¢eTWNVmU�6;¨?0T9iV+�Ndf¨�df<��N27<�6iV ´
½A8q0TS�25U�V7WN45VmlFÿ eTW�¯IV7S�WT6iUÅ0�V7eT<¢27j18:9iV7¨�V7W�<D�}<�S�V+0TS�6iU�VXV7WH45df¨?0T<�VmlN8:WNUÅ9�ÿ 6ilTV7W1<�6?	Y4$8:<�6�dfW

lTV^0N6 j,¨�V7W�<�U ´ �y9TU�e���<�lTV°4k�NV7S�4��NV7S�9iVÅU�03V547<�S�VÅlTV°9�8thY8fU�V°lNV°lTdfWTWN25V5U�§1eT6T¯I27S�6?	YV¢8:e?¨?6iV7e�·X�

ρ(λ) = B̂ · ρbd(λ) ,
<(��� ´ ðX� B

85¯1V54
B̂
9�ÿ V5U�<�6;¨�8:<�V7eTStU�<k8:<�6iU�<�6i§1eNVXlTVX9�ÿ �Ydf¨�df<��N27<�6iV ´

¾+V&¨�8:WT6i�7S�V�6ilTV7W�<�6i§1eNV^8:e�·m4$8fUR0TS�254525lTV7W�<�UA9�ÿ 254$8:S�<P§1eY8fl�Sk8:<�6i§1eNV�¨�d'±IV7W
εhom

V5U�<A27¯,8:9;eN2
03dfeTSg4k�Y8f§1eNVmU�03V547<�S�VmlTV+9�8%hY8fU�VXlTVmlTdfWTWN25V5UR�

ε2hom = (ρ(λ) − B̂ · ρbd(λ))2 .
<(��� ´ ðX� B

½A8%¯,8:9iV7eTSÅ¨?6;WT6;¨qeT¨
εhom, min

V5U�<¢dfhN<�V7W1eNVm§1e38:WNlX�

∂ε2hom

∂B̂
= 0 ⇒ B̂ =

ρ(λ) · ρbd(λ)

ρbd(λ)2
.

<(��� ´ ð&À B
» 8:Sg45dfWNU�25§1eNV7W�<R�

ε2hom, min =

(

ρ(λ) − ρ(λ) · ρbd(λ)

ρbd(λ)2
· ρbd(λ)

)2

.
<(��� ´ ðX± B

½RV�U�03V547<�S�V!lTVn9�8�hY8fU�V�lTV�lTdfWTWN25V5U�9iV�0T9;eNU�0TS�d14k�NV�l�eúU�0�V54}<�S�V�6;WN45dfWTW1eú¨�d�l�eT9id�eTWNV
�Ndf¨�df<��N27<�6iVL45dfS�S�V5U�03dfWNlnþ

εhom, min
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2 wR 2 dz ´½�ÿ 25§1eY8:<�6idfW�<�Sk8fl�eT6iUk8:W1<?9iV5Uq¯,8:S�6�8:<�6idfWNU?lFÿ 25479�8:6;S�V7¨�V7W�<�lN8:WNUq9�ÿ 8:eT<�S�V�U�V7WNU%lTV�0TS�df0Y8:j18:<�6idfW
U$ÿ 2547S�6;<¢lTVX¨�8:WT6i�7S�VLU�6 ¨?6;9�8:6;S�V ´

½RV5U&45d1V���476iV7W1<kU&lRÿ 8:hYU�dfS�0T<�6idfW�V7<�lTV°l�6?.�eNU�6idfW?lTV��+eTh3V79SC,8 ²y³ eTWsC%U�dfW1<�8:9idfS�U�6;W1<�S�d�l�eT6;<�UlN8:WNUq9iV5U%25§1eY8:<�6idfWNUR�
K = 2 k

V7<
S = s

ïP45V�§1eT6°45dfWNl�eT6;<�8:e�·�25§1eY8:<�6idfWNU%l�6?.F27S�V7W�<�6iV79;9iV5U
45dfeT0T9i25V5UgU�eT6;¯,8:W1<�V5UR�

−dwT = −(S +K) wT dz + wR S dz ,
<(���9� ´ ð B

dwR = −(S +K) wR dz + wT S dz .
<(���9� ´ � B

",",":¥LÚ�¥©Ä ���Y�f�A�y�&�I�¤�P�ú�F���F�GF��I�VÂ����
/�df6;<¢9iVXU�±�U�<��7¨�V&�

{

−dwT = −(S +K) wT dz + wR S dz [1]
dwR = −(S +K) wR dz + wT S dz [2]

<(���9� ´ � B
¾t6;¯�6iU�dfWNU�<(�9��� ´ � B è;ð�é�0Y8:S wT

V7<!<(�9��� ´ � B è �2é�0Y8:S wR
V}<|��8:6iU�dfWNU�9�8LU�df¨?¨�VglTV5U°lTV7e�·�25§1eY8:<�6idfWNU

8:6;WNU�6RdfhT<�V7W�eNV5U$ïT6;9F¯�6iV7W�<R�
dwR

wR
− dwT

wT
= −2 (S +K) dz +

(

wT

wR
+
wR

wT

)

S dz ,
<(���9� ´ À B

§1eT6F03V7eT<g27j18:9iV7¨�V7W�<tU$ÿ 2547S�6;S�V&�

d

[

ln

(

wR

wT

)]

= −2 (S +K) dz +

(

wT

wR
+
wR

wT

)

S dz .
<(���9� ´ ± B
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» d,U�dfWNU¢þm0TS�25U�V7W�< r = wR/wT
9�8mS�2�wYV547<k8:WN45VXlTVt9�8L45dfeN4k�NVt6;W�	NWT6;<�25U�6;¨�8:9iVXlFÿ 270Y8:6iU�U�V7eTS

dz
45dfWNU�6ilT27S�25V ´ ½�ÿ 25§1eY8:<�6idfW <(�9��� ´ ± B lTV7¯�6;V7W�<R�

dr

r
=

[

−2 (S +K) +

(

1

r
+ r

)

S

]

dz ,
<(���9� ´ Á B

§1eT6F03V7eT<g27j18:9iV7¨�V7W�<tU$ÿ 2547S�6;S�V&�
dr

r
[

−2
(

1 + K
S

)

+
(

1
r + r

)] = S dz .
<(���9� ´ ò B

» d,U�dfWNU a = 1 + K/S
V}<�lT27¯IV79idf0T0�dfWNU$ï^lN8:WNU�9�ÿ 25§1eY8:<�6idfW <(�9��� ´ ò B ï�9iVHlT27WNdf¨?6;WY8:<�V7eNS�l�e¨�V7¨LhTS�VLlTV+j18:eN4k�NV,ïT6;9R¯�6iV}W�<R�

dr

r2 − 2 a r + 1
= S dz .

<(���9� ´ x B
½A8?S�25l�eN47<�6idfW�V7Wn279i27¨�V7W1<�U+U�6;¨?0T9iV5Ugl�eH¨�V7¨qhTS�VqlTVXj18:eN4k�NVqlTVX9�ÿ 25§1eY8:<�6idfW¾<(���9� ´ x B 0�V7S�¨�V7<V7WNU�eT6;<�VmlFÿ 2547S�6;S�V&�

1

2
√
a2 − 1

(

1

r − a−
√
a2 − 1

− 1

r − a+
√
a2 − 1

)

dr = S dz .
<(�9��� ´ ñ B

» d,U�dfWNU�þ�0TS�25U�V7W1< b =
√
a2 − 1

V7<�S�252547S�6;¯1dfWNU�0Y8:S�U�dfeN476XlTV�479�8:S�<�2neTWNV�lTV7S�WT6i�7S�Vz�¤df6iU
9�ÿ 25§1eY8:<�6idfW�l�6?.F27S�V7W�<�6iV79;9iV�þ�¯,8:S�6�8:hT9iV5ULU�270Y8:S�25V5U%85¯,8:W�<m6;W�<�27j,Sk8:<�6idfW�¨�V7¨LhTS�V�þ�¨�V7¨LhTSkV ´ �y9¯�6iV7W1<R�

(

1

r − a− b
− 1

r − a+ b

)

dr = 2 b S dz .
<(�9��� ´ ðX� B

½RV5Ug45dfWNl�6;<�6idfWNUX8:e�·�9;6;¨?6;<�V5Utl�enU�±�U�<��7¨�Vm45dfWNU�6ilT27S�2mS�V70TS�25U�V7W1<k2LU�eTS¢9�87	Nj,eTS�V��9��� ´ ð+6;¨ ²03d,U�V7W�<R�
ê eTW���8f47<�V7eTS¢lTVXS�2�wYV547<k8:WN45V ρg

0�dfeTS
z = 0

£
ê eTW���8f47<�V7eTS¢lTVXS�2�wYV547<k8:WN45V ρ 0�dfeTS z = Z ´½�ÿ 6;W1<�27j,Sk8:<�6id,WnlTV+9�ÿ 25§1eY8:<�6idfW <(�9��� ´ ðX� B U$ÿ 2547S�6;<¢lTdfWN4&�

∫ ρ

ρg

(

1

r − a− b
− 1

r − a+ b

)

dr = 2 b S

∫ Z

0
dz .

<(���9� ´ ð,ð B
½RV+Sk27U�eN9 <}8:<glTV+9�ÿ 6;W�<�27j,Sk8:<�6idfWH03V7S�¨�V7<tlFÿ 8:h3dfeT<�6;S+þq9�ÿ V}·�0TS�V5U�U�6idfWm�

ln

(

ρ− a− b

ρ− a+ b

ρg − a+ b

ρg − a− b

)

= 2 b S Z ,
<(�9��� ´ ðX� B

§1eT6F03V7S�¨�V7<tlFÿ V}·�<�Sk8:6;S�VXeTWNVmV}·�0TS�V5U�U�6idfW�l�e���8f47<�V7eTSglTV+S�2�wYV547<k8:WN45V
ρ
�

ρ =
(a+ b)(ρg − a+ b) + (b− a)(ρg − a− b) exp(2 b S Z)

(ρg − a+ b) + (ρg − a− b) exp(2 b S Z)
,

<(���9� ´ ðX� B
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0T9;eNU¢45df¨?¨qeTWN27¨�V7W1<+2547S�6;<�VmU�dfeNUÅ9�8��¤dfS�¨�Vm479�8fU�U�6i§1eNV&�

ρ =
1 − ρg (a− b coth(b S Z))

a− ρg + b coth(b S Z)
,

<(���9� ´ ð&À B
dPpRï�0�dfeTS¢S�254$8:0T6;<�eT9iV7SR�

ρ =
9iV���8f4}<kV}eNS¢lTVXS�2�wYV547<k8:WN45VLl�e#	N9;¨ 27<k8:9i2mU�eTSÅeNW�U�eT0T0�dfS�<
lTV���8f47<�V7eTSglTV+S�2�wYV547<k8:WN45V

ρg
£

ρg =
9iV���8f47<�V7eTS¢lTVXS�2�wYV547<k8:WN45VLl�e�U�eN0T03dfS�<>£

coth(b S Z) =
9�8%45df<k8:WTjIV7W�<�Vm�1±�0�V7S�h3df9;6i§1eNVmlNV

b S Z
£

Z =
9�ÿ 270Y8:6iU�U�V7eTSgl�e�	N9;¨ £

S =
9iVX45d�V���476iV7W1<tlTVml�6?.�eNU�6idfWHl�e#	N9;¨ £

K =
9iVX45d�V���476iV7W1<tlFÿ 8:hNU�dfS�0T<�6idfWnl�e�	N9;¨ £

a = 1 +
K

S
;

b =
√

a2 − 1 .¹^V5U+V}·�0TS�V5U�U�6idfWNU+U$ÿ V7W�<�V7WNlTV7W�<+hT6iV7W�U98TSmþ�4k�Y8f§1eNVq9idfWTj,eNV7eTSmlFÿ dfWNlTV%l�e�lTdf¨�8:6;WNV%U�0�V547<�Sk8:9
45dfWNU�6ilT27S�2 ´

½RdfS�U�§1eNVL9�ÿ 254k�Y8:W1<�6;9;9idfW!V5U�<+df0Y8f§1eNV,ï�4,ÿ V5U�< ² þ ² l�6;S�Vq9idfS�U�§1eNVqU�dfW=��8f47<�V7eTSXlTVLS�2�wYV547<k8:WN45V ρ8:<�<�V76;W1<^Uk8+¯,8:9iV7eTS�9;6;¨?6;<�V
ρ∞

§1eT6NWNV¢lT270�V}WYl?0Y8fU�l�ev��8f47<�V7eTS^lTVÅS�2�wYV547<k8:WN45V
ρg
l�e�U�eT0T0�dfS�<$ï

<�dfeT<gU�V+0Y8fU�U�VX45df¨?¨�VmU�6F9�ÿ 270Y8:6iU�U�V7eTSgl�e#	N9;¨
Z
<�V7WNlN8:6;<¢¯1V7S�UÅ9�ÿ 6;W�	NWT6�ïNU�df6;<R�

ρ∞ = lim
Z→∞

ρ(Z) .
<(�9��� ´ ðX± B

½RVX0Y8fU�Uk8:jIVmþq9�8%9;6;¨?6;<�VmlN8:WNUÅ9�ÿ V}·�0TS�V5U�U�6idfWh<(���9� ´ ð&À B 03V7S�¨�V7<tlFÿ 2547S�6;S�VX6;WNl�6?.F27S�V7¨?¨�V7W�<R�
ρ∞ = a− b

dfe�hT6iV7W
ρ∞ =

1

a+ b
,

<(���9� ´ ðXÁ B
45V�§1eT6¢V5U�<?45df�N27S�V7W�<�85¯1V54�9�8�lT2�	NWT6;<�6idfW�lTV

b =
√
a2 − 1 ´ ºgV7¯1V7WNdfWNU�þnlTV5U�V}·�0TS�V5U�U�6idfWNU0T9;eNU%V}·�0T9;6i476;<�V5U?lTV

ρ∞
lN8:WNUq9iV7eTS?lT270�V7WNlN8:WN45V�85¯1V54�9iV5U%45d�V���476iV7W1<�U�lFÿ 8:hNU�dfS�0T<�6idfW V7<%lNV

l�6?.�eNU�6idfWRïN47V79;9iV5U ² 476PU$ÿ 2747S�6;¯1V7W�<g8:9idfS�UR�

ρ∞ = 1 +
K

S
−
√

(

K

S

)2

+ 2
K

S

dfe�hT6iV7W
ρ∞ =

1

1 + K
S +

√

(

K
S

)2
+ 2 K

S

.
<(���9� ´ ð'ò B

½A8X0TS�df0TS�6i27<�2g27¯�6ilTV7W�<�VglTV5U�lTV7e�·�V}·�0TS�V5U�U�6idfWNU�25§1eT6;¯,8:9iV7W1<�V5U�0TS�254525lTV7W�<�V5U�<��9�9� ´ ð'ò B V5U�<�9i8lT2703V7WNlN8:WN45V+l�eu��8f47<�V7eTS^lTV¢S�2�wYV547<k8:WN45V+þX9�ÿ df0Y8f476;<�2+85¯1V54Å9�ÿ eTWT6i§1eNVgSk8:0T03dfS�<°lTV5U�45d�V���476iV7W1<�U
lFÿ 8:hNU�dfS�0T<�6idfW�V7<XlTV?l�6?.�eNU�6idfW

K/S ´ ½�ÿ V}·�0TS�V5U�U�6idfW�S�25476;0TS�d�§1eNV�lTV%45V?lTV7S�WT6iV7Sm§1eYdf<�6iV}W�<mV7W�¤dfWN47<�6idfW?l�e���8f47<�V7eTS&lTV^S�2�wYV54}<}8:WN45VÅþg9�ÿ df0Y8f476;<�2°V5U�<�U�dfeT¯1V7W1<�WNdf¨?¨�25V�â ÄfÐ3×5ÍDÏ¤ÄfÐ�Ë1Ì 	 ÆNå�Ì}É },Êfà
ßHÆ�Ðs} ´ ¶&9;9iVLU$ÿ 2547S�6;<A�

K

S
=

(1 − ρ∞)2

2 ρ∞

<(���9� ´ ðXx B
½A8?U�6;¨?0T9;6i476;<�2LlTVm45V7<�<�Vm25§1eY8:<�6idfW�8qj,Sk8:WYlTV7¨�V}W�<+45dfW1<�S�6;hTeN2q8:eHU�eN4545�5UglTVX9�8%¨�d1lT279;6iUk8:<�6idfW
lTV!�+eTh�V79SC,8 ²y³ eTWsC ´

ñ�±
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",",":¥LÚ�¥lì ���A�,�I�Y���1���A�ú�F�cØö�y�A�,�N�'í��F���Y�
½A8qjI25df¨�27<�S�6iVLV7W�S�27<�S�d�l�6?.�eNU�6idfW�eT<�6;9;6iU�25V+0�dfeTSÅ9�ÿ 8:0T0Y8:SkV}6;9�þ�	NhTS�V5U¢df0T<�6i§1eNV5UglT27¯IV79idf0T0�2

8:e�¹��fº ³ ¿�V5U�<¢eTWn4$8fU¢<�S��5Ug0Y8:S�<�6i47eT9;6iV7Sv<D4�� ´�Ã ��� ´ � ´ ð ´ ��ïN0 ´ òPÁ B ´ ½A8?¨�8:��dfS�6;<�2LlTV5U¢¨�V5U�eTSkV7UU�03V547<�S�df0T�Ndf<�df¨�25<�S�6i§1eNV5U%V5U�<qV7W�V�.FV7<LS�2$8:9;6iU�25V�U�eTSqlTV5Uq8:0T0Y8:S�V76;9iU?þ�U�0T�N�7S�V�lFÿ 6;W1<�27j,Sk8:<�6id,W ´�gWNV��DSk8f47<�6idfW�lTVÅ9;eT¨?6i�7S�VgS�2�wY254k�T6iVtU�032547eT9�8:6;S�V7¨�V7W�<Å8:e�·�l�6?.F27S�V7W1<�V5U�6;W�<�V7S���8f45V5U^l�e�U�±�U�<��7¨�V
<¤8:6;S → ¨�25l�6;eT¨�ïT¨�25l�6;eT¨ → U�eT0T0�dfS�<$ïTV7<�4 ´ B V5U�<¢U�±�U�<�27¨�8:<�6i§1eNV7¨�V7W�<g47df9;9iV547<�25Vm0Y8:SÅ9iVmU�±�U ²<��7¨�V+df0T<�6i§1eNVXlFÿ eTW�U�0�V547<�S�df0T�Ndf<�df¨��7<�S�VLþqU�0T�N�7S�VXlFÿ 6;W1<�27j,Sk8:<�6idfWHV7<ÅV79;9iVtWRÿ V5U�<Å0Y8fU^0TS�6iU�V+V7W
45df¨?0T<�VX0Y8:S¢9iV+¨�d�lT�79iVmlTV0�+eTh3V79SC,8 ²y³ eTWsC ´
{'{${ [ © [ ® [ © J0�fBDOH�1BQ>�G�GI@�G�­R>/�:G1c$c'BQM3O vPGn_Q`��IM;���:GT�,@'BQM3O vPG�~F`NEPOAvPGT�:c$M3O

¼N´ ½ ´ /�8:eTWNlTV7S�U�dfW 0TS�df03d,U�V�V7W.ð$ñ�ÀT��lN8:WNU?U�dfW�8:S�<�6i479iV�U�eTS%9�8n45dfeT9iV7eTS�lNV7U?0T9�8fU�<�6i§1eNV5U45df9idfS�25U-è;ðX��x2ég9�8�45dfS�S�V547<�6idfW 8:e�·�6;W1<kV}S9�¤8f45V5U�§1eT6Å03V7S�¨�V7<�lTV�U$ÿ 82.�Sk8:WN4��N6 S�l�e�lT2���8:eT<?0TS�2 ²4525lTV7¨?¨�V7W1<L27¯Id�§1eN2%lTV5Ut¨�dfW�<k8:jIV5ULþ�U�0T�N�7S�V%lFÿ 6;W1<�27j,Sk8:<�6idfW ´A¸ SNef45V�þ�45V}<�<�V%45dfS�S�V547<�6idfWRïF6;9V5U�<mV7W�V�.FV7<m03d,U�U�6;hT9iV�lFÿ V}·�<�Sk8:6;S�V�l�en��8f47<�V7eTSqlTV%Sk2Nw3V747<k8:WY47V�¨�V5U�eTS�2�85¯1V54?9�8�45df¨?0�d,Uk8:W1<�V
U�032547eT9�8:6;S�V+6;WN479;eNU�V

ρm
ï19iVq��8f47<�V7eTSÅlTVtS�2�wYV547<k8:WN45V

((

¯�Sk8:6
))

dfe
((

6;W�<�V7S�WNV
)) ρ

§1eT636;W�<�V7S�¯�6iV7W1<
lN8:WNUÅ9�8%¨�d1lT279;6iUk8:<�6idfWnlTV!�+eTh�V79SC,8 ²y³ eTWsC ´½A84�DdfS�¨LeT9iVm§1eRÿ 6;9F0TS�df0�d,U�VmV5U�<Å9�8%U�eT6;¯,8:W�<�V&�

ρm = r1 + (1 − r1)(1 − r2)
ρ

1 − r2 ρ
.

<(���9� ´ ð$ñ B
¾X8:WNU°45V7<�<�VXV}·�0TS�V5U�U�6idfWRï

r1
V5U�<°9�80�DSk8f47<�6idfW�lTVt9;eT¨?6i�7S�V+6;WN476ilTV7W1<�V+S�2�wY254k�T6iVXU�032547eT9�8:6;S�V7¨�V7W�<

þq9�8%U�eTS���8f45VXlTV+9�ÿ 254k�Y8:W1<�6;9;9idfW ´ ¶&W�6;WN476ilTV7WN45VXWNdfS�¨�8:9iV,ïN03dfeTS¢eTW�254k�Y8:W1<�6;9;9idfWH0T9�8:W�lRÿ 6;WNlT6;45VlTV+S�2��DSk8f47<�6idfW
n
dfhNU�V7S�¯12mþ%9¤ÿ 8:6;S¢9;6;hTS�V,ïT9�8%¯,8:9iV7eTSglTV

r1
V5U�<¢lTdfWTWN25VX0Y8:S¢9�8q9idf6AlTVm¿TS�V5U�WNV79I�

r1 =

(

n− 1

n+ 1

)2

.
<(���9� ´ ��� B

½A8v�DSk8f47<�6idfW�lTVL9;eT¨?6i�7S�Vq§1eT6P0327WN�7<�S�V%V�.FV547<�6;¯IV7¨�V7W�<Xþ�9�ÿ 6;W�<�27S�6iV}eNSXlTVm9�ÿ 254k�Y8:W1<�6;9;9idfW!V5U�<gWY8 ²<�eTS�V79;9iV7¨�V7W1<
(1− r1) ´ ½RVg<�V7S�¨�V r2 lT25U�6;j,WNVg9�8!�DSk8f47<�6idfW�lTVg9;eT¨?6i�7S�V+l�6?.�eNU�V,ï�l�6;S�6;jI25Vt¯IV7S�U^9i8U�eTS���8f45V%lTV%9�ÿ 254k�Y8:W1<�6;9;9idfW�V7<+S�2�wY254k�T6iV�U�032547eT9�8:6;S�V7¨�V7W�<m¯1V7S�U+9�ÿ 6;W1<�27S�6iV7eTS%þ�WNdfeT¯1V$8:eRïF45V?§1eT6

6;¨?0T9;6i§1eNVÅ§1eNVÅU�V7eT9iV°9�8q�DSk8f47<�6idfW�lTV°9;eT¨?6i�7S�V
(1−r2)

27¨�V7S�jIV¢VN.RV747<�6;¯1V7¨�V7W1<^lTV°9�ÿ 254��Y8:W�<�6;9;9idfW
¯IV7S�UÅ9iVmU�±�U�<��7¨�V+df0N<�6i§1eNV ´
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½RV5UÅWNdf<k8:<�6idfWNUtU�dfW1<Å9iV5UgU�eT6;¯f8:W�<�V5U�<D4�� ´ 	Nj,eTS�V0�9��� ´ � B �
ê W j

T (z)
V7<
W j

R(z)
lT25U�6;j,WNV7W�<Å9iV5U¢25479�8:6;S�V7¨�V7W1<�Ut47df9;9;6;¨�8:<�25UglN8:WNUÅ9�8%l�6;S�V547<�6idfWHlTV+0TS�d ²0Y8:j18:<�6idfW

~uj(θj ,ϕj)
S�V5U�03V547<�6;¯1V7¨�V7W1<¢lN8:WNU�9iVtU�V7WNU°lTV5U

z
lT2547S�df6iU�Uk8:W�<�U°V7<°47S�df6iU�Uk8:W1<�UH£

ê wT (z)
V7<
wR(z)

lT25U�6;j,WNV7W�<�9iV5U�25479�8:6;S�V7¨�V7W1<kU^l�6?.�eNU&038:S�eTWT6;<�2¢lFÿ 8:WTj,9iVgU�df9;6ilTV¢lN8:WNU�9�8
l�6;S�V547<�6idfWHlTV+0TS�df0Y8:j18:<�6idfW

~uj(θj ,ϕj)
S�V5U�0�V547<�6;¯IV7¨�V7W�<glN8:WNUÅ9iV+U�V7WNU¢lTV5U

z
47S�df6iU�Uk8:W�<�U
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ê p(~u′,~u)
V5U�<t9�8u�¤dfWN47<�6idfW�lTVq0T�Y8fU�Vq§1eT6�lT2547S�6;<X9�8�§1eY8:W�<�6;<�2%lTVL9;eT¨?6i�7S�V?l�6?.�eNU�25VqlN8:WNU

9�8%lT6 SkV747<�6idfW
~u
0�dfeTS¢eTWNV+9;eT¨?6i�7S�Vm6;WN476ilTV7W1<�VL§1eT6F0TS�d'¯�6iV7W1<glTVX9�8%l�6;S�V547<�6idfW

~u′
£

ê k
V7<
s
U�dfW�<X9iV5Um45d�V���476iV}W�<�UqlFÿ 8:hNU�dfS�0T<�6idfW�V7<LlTV?l�6?.�eNU�6idfW!0TS�254525lTV7¨?¨�V7W�<q27¯Id�§1eN25U

lN8:WNU¢45VX¨�8:W�eNU�47S�6;< ´
½RV%¨?6;9;6iV7e�lTV?U�eNU�03V7WNU�6idfW!lTV5UX0Y8:S�<�6i47eT9iV5UmV5U�<XWNdfW ² 8:hNU�dfS�hY8:W�<$ïF9iV%hT6;9�8:W�V5U�<XV}·�0TS�6;¨�2?03dfeTSeTWNVX9;dfWNj,eNV7eTSglFÿ dfWNlTVmlTdfWTWY27V ´

0

Z

air

w
R

dz

w
T

W
T

j

W
R

j

θ 
j

θ 
j

θ

θ 

u

u

k, s

p(u',u)

¦<§©¨<ª �9��� ´ � ê È&ÄfÆ'ØNÌXÕ7×7Ú�Ö7Ù�Ê,ÍDÏDÜ5ÆNÌ%ËRÓ Æ�Ð�Ìq×�ÄfÆT×}ÚTÌ?Ê1åkÕ5ÄfÇ$å�ÊfÐYÍyÌ?Ì7Í^ËfÏ �°Æ1Õ5ÊfÐYÍyÌ�ñ^Ë1ÖDì&ÐNÏDÍDÏ¤ÄfÐ�Ë1ÌkÕÛfÇ�ÊfÐ3Ë1Ì}Æ�ÇkÕ%×�ÊfÇ�Ê,×$ÍyÖ}Ç}Ï�Õ7ÍDÏDÜ5ÆNÌkÕ%Ë1ÌmÉ�Ó Å { È

�yW1<�27S�V5U�U�dfWNU ² WNdfeYU$ï103dfeTS°eTWNVt<�Sk8:WN4��NVX279;27¨�V7W�<k8:6;S�VXlFÿ 270Y8:6iU�U�V7eTS dz
ï�8:e�·�Sk8$±IdfWTWNV7¨�V7W�<�U

45df9;9;6;¨�8:<�2mV7<gl�6?.�eNU¢lN8:WNU¢9i8?l�6;S�V547<�6idfWnlTV5U
z
lT2547S�df6iU�Uk8:W�<�UR�

ê 9�ÿ 25479�8:6;S�V7¨�V7W�<Å45df9;9;6;¨�8:<�2XlN8:WNU�9�8Ll�6;S�V547<�6idfW ~uj l�6;¨?6;W1eNVt0Y8:SÅ8:hNU�dfS�0T<�6idfW�V7<°l�6?.�eNU�6idfWRïU�df6;<
−dW j

T (z) = −(s+ k)
W j

T (z)

| cos θj | dz ;
<(���9� ´ ��� B

ê 9�ÿ 25479�8:6;S�V7¨�V7W�<Ll�6?.�eNU+0Y8:S+eTWT6;<�2?lFÿ 8:WTj,9iV�U�df9;6ilTV wT (z)
lN8:WNUX9�8�l�6;S�V547<�6idfW

~u(θ,ϕ)
l�6 ²¨?6;W�eNVX0Y8:Sg8:hNU�dfS�0N<�6idfWHV7<¢l�6?.�eNU�6idfWRïNU�df6;<

−dwT (z) = −(s+ k)
wT (z)

| cos θ| dz . . . ;
<(���9� ´ ��� B

ê 9�ÿ 25479�8:6;S�V7¨�V7W�<¢l�6?.�eNU^0Y8:S°eTWT6;<�2+lFÿ 8:WTj,9iV+U�df9;6ilTV wT (z)
lN8:WNU^9�8ql�6;S�V547<�6idfW

~u(θ,ϕ)
8:eTj ²¨�V7W�<�Vm0Y8:Stl�6?.�eNU�6idfWnlTV5Ug25479�8:6;S�V7¨�V7W�<�U+45df9;9;6;¨�8:<�25Ut§1eT6A0TS�d$¯�6iV7WTWNV7W�<+lTVm9�8?l�6;S�V547<�6idfW

~uj(θj ,ϕj)
<Q<�V7S�¨�VLlTVXl�6?.�eNU�6idfWHU�6;¨?0T9iV B ïNU�df6;<

. . . +
s

4π

∑

j

W j(z)

| cos θj | p(~u
j ,~u)dz . . . ;
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ê 9�ÿ 25479�8:6;S�V7¨�V7W�<�l�6?.�eNU�0Y8:S�eTWT6;<�2�lFÿ 8:WTj,9iV�U�df9;6ilTV dwT (z)
lN8:WNU�9�8�l�6;S�V54}<�6;dfW

~u(θ,ϕ)8:eTj,¨�V7W�<�V?0Y8:SLl�6?.�eNU�6idfW�lTV5Um25479�8:6;S�V7¨�V7W1<�Uql�6?.�eNUm§1eT6�0TS�d$¯�6iV7WTWNV7W�<LlTV?9�8�l�6;S�V547<�6idfW
~u1(θ1,ϕ1)

<D<�V7S�¨�VmlTVXl�6?.�eNU�6idfW�¨LeN9 <�6 0N9;V B ïYU�df6;<

. . . +
s

4π

∫

4π ��� Z
w(~u1,z)

| cos θ| p(~u1,~u) dΩ1 dz .
<(���9� ´ ��± B

½RV5U�25§1eY8:<�6idfWNU�§1eT6gjIdfeT¯1V7S�WNV7W1<�9�8�0TS�df0Y8:j18:<�6idfW.lTV5U�Sk85±1dfWTWNV7¨�V7W1<�U�45df9;9;6;¨�8:<�2nV7<�l�6?.�eNU
lN8:WNUÅ9�8?l�6;S�V547<�6idfWHlTV5U

z
47S�df6iU�Uk8:W1<�UgU$ÿ 2547S�6;¯IV7W�<glTV+¨�8:WT6i�7S�VLU�6;¨?6 9�8:6;S�VqþqeTWHU�6;j,WNV − 0TS��5U ´

{'{${ [ ¬ [ © [ ¬ uf�1c$M3_DER@'BQM3O vPGn_yx;r+pmu
�gW�45V}S�<k8:6;W�WNdf¨LhTS�V�lFÿ 27<k8:0�V5UL6;W�<�V7S�¨�25l�6�8:6;S�V5U%U�dfW�<LWN2545V5U�Uk8:6;S�V5U%8$¯,8:W1<qlFÿ V7W�¯�6iUk8:jIV7Sq9i8

S�25U�df9;eT<�6idfW�W�eT¨�27S�6i§1eNVmlTVX9�ÿ ¶m�Åº ´ð ´ ½A8H<��N25dfS�6iV�lTV ³ 6iV�0�V7S�¨�V7<?lTV�4$8:9i47eT9iV7S$ï&þH4k�Y8f§1eNV�9idfWTj,eNV7eTS?lFÿ dfWNlTV,ïP9iV5U%U�V547<�6idfWNUV���4$8f45V5U^lFÿ 8:hNU�dfS�0T<�6idfW�V7<�lTVgl�6?.�eNU�6idfW�lFÿ eTWNV¢0Y8:S�<�6i47eT9iV¢6iU�df9i25V,ï�8:6;WNU�63§1eNV¢Uk8D�¤dfWN47<�6idfW
lTVn0T�Y8fU�V ´ ¹^V�4$8:9i47eT9XWN2545V5U�U�6;<�V ÊnØYÇ}Ï¤Ä:Ç7Ï lTV�U�eT0T03d,U�V7S�9�8�0Y8:S�<�6i47eT9iV�U�0T�N27S�6i§1eNV�V7<lTV?45dfWTWY821i<�S�V�Uk8�<k8:6;9;9iV?V7<mU�dfW�6;WNl�6i45V�lTV%S�2��DSk8f47<�6idfW�45df¨?0T9iV}·TV%S�V79�8:<�6?�g8:e�¨?6;9;6iV7e!lTV
U�eNU�0�V}WYU�6;dfW ´ �y9+8!WN2$8:WT¨�df6;WNU�27<�2HjI27WN27Sk8:9;6iU�2�þ!lNV7U�0Y8:S�<�6i47eT9iV5U�WNdfW ² U�0T�N27S�6i§1eNV5U�lTVjI25df¨�27<�S�6iVLU�6;¨?0T9iV3<DU�0T�N�7S�V5Ugþqj,Sk8flT6;V7W�<tlFÿ 6;WNl�6i45V7U$ïYV79;9;6;0NU�dPÑ�lTV5U$ïN47±�9;6;WNl�S�V5U$ïNV7<�4 ´ B ´� ´ ¾X8:WNUt9iVq4$8fl�S�V%lTVL9�8�l�6?.�eNU�6idfWn¨qeT9;<�6;0T9iVq6;WN45df�N27S�V7W1<�V-<Q¨?6;9;6iV7e�U�e���Uk8:¨?¨�V7W�<Xl�6;9;eN2 B ï9iV5UtU�V547<�6idfWNUtV���4$8f45V5U+lFÿ 8:hNU�dfS�0T<�6idfW�V7<tlNVLl�6?.�eNU�6idfWH0�V7S�¨�V7<�<�V7W�<+lTVq4$8:9i47eT9iV7St9iV5Ut45d ²V���476iV7W1<�U

k
V7<
s
ïReTWNVv�¤df6iUq45dfWTW1e�9iV�WNdf¨qhTS�V�lTV�0Y8:S�<�6i47eT9iV5Uq0Y8:SLeTWT6;<�2�lTV�¯1df9;eT¨�V ´¹^V?4$8:9i4}eN9&WN2545V5U�U�6;<�V Ê?ØNÇ7ÏDÄfÇ}Ï lTV?U�eT0T03d,U�V7SX<�dfeT<�V5UX9iV5U+0Y8:S�<�6i47eT9iV5UX6ilTV7W�<�6i§1eNV5U ´ �y9&V5U�<<�dfeT<�V��¤df6iU°03d,U�U�6;hT9iV+lTVg<�V7WT6;SÅ45df¨?0T<�V+lTVt9�8Ll�6iU�0�V7S�U�6idfW�lTVg9�8!�¤dfS�¨�V+lTV5U^0Y8:S�<�6i47eT9iV5UÅV7W

��8:6iUk8:W1<L6;W�<�V7S�¯IV7WT6;SqeTWNV�lTV7WNU�6;<�2�lTV�0TS�dfhY8:hT6;9;6;<�2�0�dfeTSL9�8�<k8:6;9;9iV�lTV5UL0Y8:S�<�6i47eT9iV5U�< ¼N´ ¼N´
¼ d,U��T6 Ì7Í°Ê:É�Ñ ï;������ð,ï>è;ð,ðXÁ2é B dfe�0�dfeTS¢9iV7eTS�U��¤dfS�¨�V5U ´� ´ ½RV5UXj,Sk8:WNlTV7eTS�Um¨�8f47S�d,U�45df0T6i§1eNV5Um4$8:Sk8f47<�27S�6iU�<�6i§1eNV5ULlTV%9�8�45dfeN4k�NV�8:hNU�dfS�hY8:W�<�V�V7<ml�6?� ²�DeNUk8:W�<�Vm27<�eNl�6i25V#<D270Y8:6iU�U�V7eTS$ïY45d1V���476iV7W�<�U+lTVXS�2�wYV}·�6idfW�þ%9�ÿ 6;W�<�V7S���8f45Vq8:6;S → ¨�25l�6;eT¨�ï
45df¨?03dfS�<kV}¨�V5W1<+df0T<�6i§1eNVml�e�U�eT0T0�dfS�< B �¤dfeTS�WT6iU�U�V7W1<¢9iV5U¢45dfWNl�6;<�6idfWNUt8:e�·�9 6;¨?6;<�V5U ´�gWNV
�¤df6iU°45V5U°j,Sk8:WNlTV7eTS�UÅ45dfWTW�eNV5U$ï�9�8LS�25U�df9;eT<�6idfW�jI27WN27Sk8:9iV7¨�V7W�<¢W1eT¨�27S�6i§1eNVXlTVt9�ÿ ¶m�Åº.03V7eT<

�7<�S�V�V7W�¯�6;Uk8:jI25V ´�» 9;eNU�6iV7eTS�U�¨�27<��Nd�lTV5U�U�dfW1<�l�6iU�03dfWN6 hN9;V5U$ï�lTdfW�<�45V7S�<k8:6;WNV5U�WN2545V5U�U�6;<�V7W1<�lTV5U�1±�0�df<��N�5U�V5U¢U�eT0T0T9i27¨�V7W�<k8:6;S�V5UtV7<Å0�V7S�¨�V7<�<�V7W1<tlTV5U¢U�6;¨?0T9;6?	Y4$8:<�6idfWNU ´
Z �I@'KAMFvPG1cu°�BQv�B��:GT�,@'BQM3OPOAG�_D_QG1c

Z �I@'KAMFvPG��
N
¡&E>­

¹^V7<�<�VÅ8:0T0TS�d14k�NV^0�V7S�¨�V7<&lTV°U$ÿ 82.�Sk8:WN4��T6;S&lTV^9�8��¤dfS�¨�V^6;W1<�27j,S�d ² l�6?.F27S�V7W�<�6iV79i9iVÅlTV�9�ÿ ¶m�Åº�j,SNef45Vþ^eTWNV�l�6iU�47S�27<�6iUk8:<�6idfW%8:WTj,eT9�8:6;S�V�U�eTS
N
4$8:WY8:e�· ´ ½RV5UR25§1eY8:<�6idfWNUP45dfeT0T9i25V5UAl�eLU�±�U�<��7¨�V�WNV�U�dfW�<0T9;eNU�§1eNVgl�6?.F27S�V7W1<�6iV79;9iV5U ´ ½A8X0TS�25476iU�6idfW�8:eTj,¨�V7W�<�V+85¯1V54Å9iV¢WNdf¨LhTS�VtlTV¢4$8:WY8:e�·�4k�Ndf6iU�6iU$ï�8:6 WYU�6§1eNV¢9�8Ll�6;¨�V7WNU�6idfW�¨�8:<�S�6i476iV79;9iVXl�e�U�±�U�<��7¨�V+þXS�25U�dfeNl�S�VgW�eT¨�27S�6i§1eNV7¨�V7W1< ´ ½A8LU�6;¨?0T9;6?	Y4$8:<�6idfWeNU�eNV79;9iV0<D4�� ´,»�´ / ´,³ eNl�jIV7<�<�V7<�½ ´ Âö´ º¢6i4k�Y8:S�lTU$ïTð$ñIò�ð,ï®è;ð,ð'òXé B 45dfWNU�6iU�<�V¢þ+U�eT0T03d,U�V7S�9�ÿ 6;U�df<�S�df0T6iV8��56;¨LeT<k8:9iV&��9iV5ULj,Sk8:WNlTV7eTS�U%6;¨?0T9;6i§1eN25V5U%U�dfW�<%U�eT0T03d,U�25V5Uq6;WNlT2703V7WNlN8:W�<�V5U?lTV�9�ÿ 8:WTj,9iV

ϕ ´ ½A8l�6iU�47S�27<�6iUk8:<�6idfW%WNV^U�Vm��8:6;<�§1eNV^U�V79idfWq9�ÿ 8:WTj,9iV
θ
ï:45V^§1eT6T8:9;9i�7jIV°45dfWNU�6ilT27Sk8:hT9iV7¨�V7W�<�9�8gS�25U�df9 eN<�6idfW
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W1eT¨�27S�6i§1eNVLl�e�U�±�U�<��7¨�V ´
Z �I@'KAMFvPGnvPG1c?M;�:vPM3OPOH�1G1c?v�BQcX�����I@$G1c

¹^V7<�<�Vm8:0T0TS�d�4��NVX9i�7¯IV+9�ÿ �1±�0�df<��N�5U�VXlTV+9�ÿ 6iU�df<�S�df0T6iVm8��56;¨qeT<k8:9iV3<DV7W
ϕ B ´ ½RV5UÅ25479�8:6;S�V7¨�V7W�<�Ugl�6?� ²�DeNUm8:e!U�V76;W!lTV%9�8�45dfeN4��NV�U�dfW�<XlT27¯1V79idf0T0325ULV7W!U�27S�6iV?lTV?¿NdfeTS�6iV7SLV7<X9�83�¤dfWN47<�6idfW!lTV%0T�Y8fU�V

V7W��Y8:S�¨�dfWT6i§1eNV5U?U�0T�N27S�6i§1eNV5Uq45V�§1eT6°27¯�6;<�V�lFÿ 8$¯Idf6;S?þ�254k�Y8:W1<�6;9;9idfWTWNV7S�U�V79idfW�9�ÿ 8:WTj,9iV
ϕ ´ ½A8l�6iU�47S�27<�6iUk8:<�6idfWHV7W

θ
V5U�<¢§1eY8:W�<gþ?V79;9iVX45dfWNU�V7S�¯125V3<D4�� ´ � ´ /1<k8:¨?WNV5U Ì7Í^ÊfÉiÑ ïFð$ñ�x�x�ï>è;ð,ðXx2é B ´

Z �I@'KAMFvPGnvPGH_Q`�§yM3OH�,@'BQM3O `NE>­ABD_DBQ`NB��:G
¹^V7<�<�Vn8:0T0TS�d14k�NVH27¯�6;<�V�<�dfeT<�VHl�6iU�47S�27<�6iUk8:<�6idfW 8:WTj,eT9�8:6;S�V ´ �gWNV#�¤dfWN47<�6idfW 8:e�·�6;9;6i8:6;S�VnV5U�<?6;W ²<�S�d1l�eT6;<�V�lN8:WNU�9�ÿ ¶m�Åº*0TeT6iU�lT2545df¨?0�d,U�25V�V7W��Y8:S�¨�dfWT6i§1eNV5U�U�0T�Y2}S�6;§1eYV7U ´ ½�ÿ ¶m�Åº
lTV7¯�6iV7W1<
eTW�U�±�U�<��7¨�V�lFÿ 25§1eY8:<�6idfWNUq6;W�<�27j,Sk8:9iV5U%U�df9;eThT9iV�W�eT¨�27S�6i§1eNV7¨�V7W1<-<D4�� ´P³�´ ¶&9;6�8fU%V}< ¸%´ ¶&9;6�8fU$ï��������ï>è;ð,ð$ñ2éPV7<¢½ ´ /16;¨�dfWNdf<$ï+��������ï>è òP�2é B ´
Z �I@'KAMFvPG��!®�¡&E>­

¹^V7<�<�V&¨�27<��Nd�lTV�6;W�<�S�d1l�eT6;<�V�V7W�ð$ñ�x�Àg0Y8:SAµ ´$³ 8:�NV7e Ì7ÍFÊfÉiÑ <·è;ðX���2éyï�è;ðX��ð�é�V7<|è;ðX���2é B 47dfWYU�6;U�<kVþm6;W�<�27j,S�V7SÅ9iV5U^9;eT¨?6;WY8:WN45V5U¢lN8:WNU^eTW�lTV7¨?6 ² V5U�0Y8f45V+0�dfeTS°9�8L9 eN¨?6;�7S�VXl�6?.�eNU�V ´ /�V7eT9iU°9iV5U°25479�8:6 ²S�V7¨�V7W1<�U�l�6?.�eNU?<�df<k8:e�· U�dfW1<�lTdfWN4�45dfWNU�6ilT27S�25U$ï�lTV�U�dfS�<�V�§1eRÿ 6;9gV5U�<?03d,U�U�6;hT9iV�lFÿ 27<k8:hT9;6;S�eTW
U�±�U�<��7¨�VXlFÿ 25§1eY8:<�6idfWNUgl�6?.F27S�V7W1<�6;V79;9iV5U ´ ½RV5UglTV7e�·�25§1eY8:<�6idfWNUgU�eTSÅ9�8%9;eT¨?6i�7S�Vm45df9;9;6;¨�8:<�25VLU�dfW�<V7W�S�V7¯,8:WN4k�NVt45dfWNU�V7S�¯I25V5U ´ ¹^V7<�<�Vg¨�d1lT279;6iUk8:<�6idfW�V5U�<�0Y8:S�<�6i47eT9;6i�7S�V7¨�V7W�<¢8flN8:0T<�25V+8:e�·�¨�V5U�eTSkV7U0Y8:S¢U�0T�Y�}SkVXlFÿ 6;W�<�27j,Sk8:<�6idfW ´
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T
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k, s

ε, ζ

¦<§©¨<ª �9��� ´ � ê È&ÄfÆ'ØNÌXÕ7×7Ú�Ö7Ù�Ê,ÍDÏDÜ5ÆNÌ%ËRÓ Æ�Ð�Ìq×�ÄfÆT×}ÚTÌ?Ê1åkÕ5ÄfÇ$å�ÊfÐYÍyÌ?Ì7Í^ËfÏ �°Æ1Õ5ÊfÐYÍyÌ�ñ^Ë1ÖDì&ÐNÏDÍDÏ¤ÄfÐ�Ë1ÌkÕÛfÇ�ÊfÐ3Ë1Ì}Æ�ÇkÕ%×�ÊfÇ�Ê,×$ÍyÖ}Ç}Ï�Õ7ÍDÏDÜ5ÆNÌkÕ%ËfÆ�Ù�Ä$Ë1Ý}ÉiÌqÞ ^ � Æ,ä
½RV5UÅWNdf<k8:<�6idfWNUtU�dfW1<Å9iV5UgU�eT6;¯,8:W1<�V5U�<D4�� ´ 	Nj,eTS�V0�9��� ´ � B �
ê WT

V7<
WR

lT25U�6;j,WNV7W1<�9iV5U�25479�8:6;S�V7¨�V7W�<�U^45df9;9;6;¨�8:<�25U^S�V5U�03V547<�6;¯1V}¨�V7W�<°lN8:WNU�9iV¢U�V7WNU�lTV5U
z
lT2547S�df6iU�Uk8:W�<�UgV7<¢47S�df6iU�Uk8:W�<�U$ï�9�ÿ 6;WN476ilTV7WN45VLV5U�<¢U�eT0T0�d,U�25V+WNdfS�¨�8:9iVc£

ê wT
V7<
wR

lT25U�6;j,WNV7W�<%9iV5U%25479�8:6;S�V7¨�V7W�<�U�l�6?.�eNUqS�V5U�03V547<�6;¯1V7¨�V7W1<�lN8:WNU%9iV�U�V7WNU%lTV5U
z47S�df6iU�Uk8:W�<�U¢V7<¢lT2547S�df6iU�Uk8:W�<�U ´
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½RV+hT6;9�8:WH27WNV7S�jI27<�6i§1eNVLV5U�<¢U�6;¨?6;9�8:6;S�VLþ%45V79;eT6A27<k8:hT9;6R0�dfeTSÅ9�ÿ ¶m�Åº�lN8:WNUÅ9iVm4$8fUÅjI27WN27Sk8:9 ´N» dfeTSeTWNV+<�Sk8:WY4��NVm279i27¨�V7W�<k8:6;S�VLlFÿ 270Y8:6iU�U�V7eTS
dz
�

ê 9iV5U¢25479�8:6;S�V7¨�V7W�<�Ug45df9;9;6;¨�8:<�25Utl�6;¨?6;W1eNV7W�<g0Y8:Sg8:hNU�dfS�0T<�6idfWnV7<¢l�6?.�eNU�6idfW0£
ê 9iV5U¢25479�8:6;S�V7¨�V7W�<�Ugl�6?.�eNU¢l�6;¨?6;W�eNV7W�<¢0Y8:St8:hNU�dfS�0T<�6idfWnV7<¢l�6?.�eNU�6idfW0£
ê 9iV5U�25479�8:6;S�V7¨�V7W�<�U�l�6?.�eNU!8:eTj,¨�V7W1<�V7W�<�0Y8:S�l�6?.�eNU�6idfW lTV5U�25479�8:6;S�V7¨�V7W�<�U!45df9 9;6;¨�8:<�25U
<Q<�V7S�¨�VmlTVml�6?.�eNU�6idfW�U�6;¨?0T9iV B £

ê 9iV5UX254}9�8:6;S�V7¨�V7W�<�Uml�6?.�eNUm8:eTj,¨�V7W1<�V7W�<X0Y8:Sml�6?.�eNU�6idfW�lTV5U+25479�8:6;S�V7¨�V7W�<�Uml�6?.�eNUu<Q<�V7S�¨�VlTVml�6?.�eNU�6idfW�¨qeT9;<�6;0T9iV B ´½RVmU�±�U�<��7¨�VXlFÿ 25§1eY8:<�6idfWNUgU$ÿ 2547S�6;<¢lTdfWY4&�






























−dWT = −(s+ k)WT dz [1]
dWR = −(s+ k)WR dz [2]

−dwT = −(s+ k)wT ε dz + s ε ζ wT dz + s ε (1 − ζ)wR dz
+s ζ WT dz + s (1 − ζ)WR dz [3]

dwR = −(s+ k)wR ε dz + s ε ζ wR dz + s ε (1 − ζ)wT dz
+s ζ WR dz + s (1 − ζ)WT dz [4]

.
<(���9� ´ ��Á B

¾X8:WNU¢45VmU�±�U�<��7¨�VXlFÿ 25§1eY8:<�6idfWNU$ïNlTV7e�·�0Y8:Sk8:¨��7<�S�V5UtdfW1<g27<�2X6;W1<�S�d�l�eT6;<�UR�
ê ε

03V7S�¨�V7<�lTVn<�V7WT6;S�45df¨?0T<�V�lTVn9�8�l�6iU�<k8:WN45Vn¨�d'±IV7WTWNVn038:S�45dfeTS�eNV�0Y8:S�9�8�9;eT¨?6i�7S�V
l�6?.�eNU�V�<

ε = 1
0�dfeTS�9�8n9;eT¨?6i�7S�VH45df9;9;6;¨�8:<�25V,ï

ε = 2
03dfeTS�9�8n9;eT¨?6i�7S�VHl�6?.�eNU�Vc£&4�� ´

Ã ���9� ´ ð ´ � B £
ê ζ

V}·�0TS�6;¨�Vg9iV¢<k8:e�·�lTVgl�6?.�eNU�6idfW�¯1V7S�U�9¤ÿ 8$¯,8:W�<$ïI6;9Y0�V7eT<��7<�S�Vg4$8:9i47eT9i2gj,SNef45V+þX9�8m<��N25dfS�6iV
lTV ³ 6iVfïT6;9F¯,8:eT<Lð2�P�%lN8:WNU¢9iVX4$8fU¢lRÿ eNWNVml�6?.�eNU�6idfW�6iU�df<�S�df0�V ´

Z �I@'KAMFvPG���¬n¡&E>­3�
�:GI@$M3EH��`NE�a!MFv/��_QGHvPG ¶ EH°�G�_�«�`�¢ Z EPOH«
½RVtU�±�U�<��7¨�VtlFÿ 25§1eY8:<�6idfWNUÅl�6?.F27S�V7W1<�6iV79;9iV5UÅ45dfeT0N9;25V5UÅlTVD�+eTh�V79SC,8 ²y³ eTWsCn<(�9��� ´ � B 0�V7eT<��7<�S�VS�V7<�S�dfeT¯I2gþt0Y8:S�<�6;S�l�e?¨�d�lT�79iVgþDÀDwNe�·-<(���9� ´ ��Á B V7W�45dfWNU�6ilT27Sk8:W1<�9iV5U�25479�8:6;S�V7¨�V7W1<�U^45df9 9;6;¨�8:<�25UW1eT9iU4<
WT = 0

V7<
WR = 0 B �

{

−dwT = −(s+ k)wT ε dz + s ε ζ wT dz + s ε (1 − ζ)wR dz [1]
dwR = −(s+ k)wR ε dz + s ε ζ wR dz + s ε (1 − ζ)wT dz [2]

.
<(���9� ´ �Iò B

½RV5U°45d�V���476iV7W1<�U¢lTV
K
V7<
S
lTVD�+eTh�V79SC,8 ²y³ eTWsC�U�dfW1<¢8:9idfS�U^9;6i25U¢8:e�0Y8:Sk8:¨��7<�S�V5U k ï s ï ε V7< ζ0Y8:SÅ9iV5UÅSkV}9�8:<�6idfWNUtU�eT6;¯,8:W1<�V5UR�

ê K = ε k
85¯1V54

ε = 2
4$8:S¢9iV5U¢25479�8:6;S�V7¨�V7W1<�Utl�6?.�eNU¢U�dfW�<¢dfS�<��Ndf<�S�df0�V5U>£

ê S = ε (1−ζ) s 85¯1V54 ε = 2
V7<
ζ = 1/2

4$8:SA9iV&0TS�d�45V5U�U�eNUAlTV�l�6?.�eNU�6idfWqV5U�<F038:S���8:6 <kV}¨�V7W�<
6iU�df<�S�df0�V ´

",",":¥�Ù]¥�Ù ":�A�,�N�O�T���I¦��N�R�1�VÂ������T�H���I�3�I�VÂ�����	�� ���&	��Y����	������uDÅ�Y���3��HsB ���u�
½A8�U�V747<�6idfW�0TS�254525lTV7W�<�V�¨�V7<LV7W�27¯�6ilTV7WN45V�9iV5Um9;6;V7WNUqV7W1<�S�V�9iV�¨�d1lT�79iV Ê�ØYÇ}Ï¤ÄfÇ}Ï 0T�N27WNd ²¨�27WNdf9idfj,6i§1eNV+lTV��+eTh3V79SC,8 ²y³ eTWsC�V7<ÅlTV5U°lTV5U�47S�6;0T<�6idfWNU°0T9;eNU^0TSk27476iU�V5UÅlTV5U|wNe�·�9;eT¨?6;WNV7e�·�8:e
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U�V76;W�lTV5U°¨?6;9;6iV7e�·�8:hNU�dfS�hY8:W�<�U¢V7<Ål�6?.�eNUk8:W�<�U ´ ½RV5U¢45d1V���476iV7W�<�U¢lFÿ 8:hNU�dfS�0T<�6;dfWHV7<¢lTV+l�6?.�eNU�6idfW
K
V7<
S
lTVD�teNh3V79SC,8 ²y³ eTWsC�0�V7eT¯IV7W�<��7<�S�VgS�V79;6i25UÅ8:e�·�U�V547<�6idfWNU°V���4$8f45V5UÅlFÿ 8:hNU�dfS�0T<�6idfW�V7<^lTVl�6?.�eNU�6idfW�lT2�	NWT6iV5U°lY8:WNU^9;V+4$8fl�S�Vg<��N25dfS�6i§1eNV+lTVg9�8Ll�6?.�eNU�6idfW�¨qeT9;<�6;0T9iVt6;WN45df�N27S�V7W�<�Vv<D4�� ´ µ ´ ¼N´µ^S�6;WsC�g^dfS�<��RïAð$ñIòP��ï>è;ðX���2é B ´

¶&W�S��7j,9iV�jI2}WY2}S}8:9;V,ïP9iV5U%8:0T0TS�d�4��NV5U%4k�Ndf6iU�6iV5UL0�dfeTSq<�Sk8:6;<�V7Sq9iV5UL0TS�dfhT9i�7¨�V5U%lTV�<�Sk8:WNU��¤V7S�<
Sk8fl�6�8:<�6?�^lN8:WNUt9iV5Ut¨?6;9;6iV7e�·�8:hNU�dfS�hY8:W1<�UXV7<+l�6?.�eNUk8:W1<kUt45dfWNU�6iU�<�V7W�<t<�dfeT<XlFÿ 8:h3dfS�l�þ�0TS�df0�d,U�V7S
eTW?¨�d1lT�79iV¢§1eT6TS�V70�d,U�VÅU�eTS&eTW�45V7S�<k8:6;W�WNdf¨LhTS�V¢lFÿ ��±�03df<��N�5U�V5U�45dfWN45V7S�WY8:W1<�9iV5U&0Y8:S�<�6i47eT9iV5U�V7W
U�eNU�03V7WNU�6idfW ´ ¾+V|��8fÀ5dfW�þt9;6;¨?6;<�V7S&9iV5U�<�V7¨?0NU&lTVÅ4$8:9i47eT9T9idfS�U&lTV^9�8tS�25U�df9;eT<�6idfW�lTV^9�ÿ 25§1eY8:<�6idfW�lNV<�Sk8:WNU��¤V7S�<¢Sk8fl�6�8:<�6?��ïNeTWH45V7S�<k8:6;WHWNdf¨qhTS�VLlTVmU�6;¨?0T9;6?	Y4$8:<�6idfWNUtU�dfW�<gV7WHV�.FV7<¢6;W�<�S�d1l�eT6;<�V5U+lN8:WNU
45V5U¢¨�d�lT�79iV5U ´ ½RV5Ug0Y8:S�<�6i47eT9iV5UtV7WnU�eNU�0�V7WNU�6idfWHU�dfW�<¢0Y8:StV}·TV7¨?0T9iVqU�eT0T03d,U�25V5Ug6ilTV7W1<�6i§1eNV5U$ïYdfe9�ÿ 8:hNU�dfS�0T<�6idfW�V5U�<XWN27j,9;6;jI25V?0Y8:SmSk8:0T0�dfS�<qþ�9�8�l�6?.�eNU�6idfWRïRV7<�4 ´ ¹^V5UmU�6;¨?0T9;6?	Y4$8:<�6idfWNUqU�dfW1<mV7W ²U�eT6;<�V+¯,8:9;6ilT25V5U¢0Y8:SÅ9�8?45dfWN45dfS�lN8:WN45VLV7W�<�S�VX9iV5UÅS�25U�eT9;<k8:<�UÅW�eT¨�27S�6i§1eNV5UgV7<Å9iV5UgV}·�0327S�6iV7WN45V5U ´
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½RV5UgWNdf¨qhTS�V7eNU�V5Ug<�V54k�TWT6i§1eNV5Ug0T6i47<�eTSk8:9iV5UteT<�6;9;6iU�25V5Ut0Y8:Sg9iV5U+8:S�<�6iU�<�V5U+8:en45dfeTS�Utl�eH<�V7¨?0NU

U�dfW1<°4$8:Sk8f47<�27S�6iU�25V5U^0Y8:S°lTV5U�¨�8:<�6i�7S�V5U^0T6i47<�eTSk8:9iV5U°<�S��5U^l�6?.F27S�V7W1<�V5U^9iV5U^eTWNV5U^lTV5U°8:eT<�S�V5U ´ ¹^V7S ²<k8:6;WNV5UR<�V54k�TWT6i§1eNV5UAU�dfW�<AV7WLV�.FV7<AlT2�	NWT6iV5UA0Y8:SReTWNV�03V76;W�<�eTS�V�<�S��5UR<�Sk8:WNU�0Y8:S�V7W�<�V�lTdfWN4�<�S��5UR03V7e
4��Y8:S�jI25V+V7W�0T6;j,¨�V7W�<�U!<Qj,9�8f476iU$ï�8f§1eY8:S�V79;9iV B ï�lFÿ 8:eT<�S�V5UÅ8:e�45dfW1<�S}8:6 SkVg0Y8:S^eTW�¨?6;9;6iV7e�df0Y8f§1eNVtV7<45dfWN45V7W1<�S�27<QjIdfeY8f4k�NV5U$ïI<�V7¨?03V7Sk8�ï�V7WN4$8:eNU�<�6i§1eNV B ´ �tdf<�SkVÅS�V54k�NV7S�4��NVtU�VÅ¯IV7eT<�eTWT6?	Y4$8:<�S�6i45VtlN8:WNUU�dfW�<�Sk8:6;<�V7¨�V7W1<tlTV+9�8q¨�8:<�6i�7S�VX0T6i47<�eTSk8:9iV&�N45VX§1eT6RV5U�<g8:0T0T9;6i4$8:hT9iVX0�dfeTSÅeTWNVX<�V54��TWT6i§1eNVmlTdf6;<
03dfeT¯1df6;S¢9�ÿ �7<�S�VX03dfeTS¢eTWNVL8:eT<�S�V ´½RVg¨�d�lT�79iVtlTVD�+eTh�V79SC,8 ²y³ eTWsC�ï�0Y8:S�45Vt§1eRÿ 6;93WNVtU$ÿ 8:0T0TeT6iVt0Y8fU ÊtØYÇ}Ï¤ÄfÇ}Ï U�eTS^eTWNVgS�V70TS�25U�V7W1<}8 ²<�6idfW�¨?6i47S�d,U�45df0T6i§1eNVmlTV5U¢45dfeN4��NV5U¢0T6i47<�eTSk8:9iV5U$ïT03V7S�¨�V7<g45V7<�<�V+¨�d�lT279;6iUk8:<�6idfW�eTWT6?	Y4$8:<�S�6i45VLlTV5U
l�6?.F27S�V7W1<�V5U¢<�V54k�TWT6i§1eNV5U¢0T6i47<�eTSk8:9iV5U ´¾+V%0T9;eNU$ïRþ�¨�df6;WNULlTV?l�6iU�03d,U�V7S Ê?ØYÇ}Ï¤ÄfÇ}Ï lFÿ 6;W��¤dfS�¨�8:<�6idfWNUm0TS�25476iU�V5UmU�eTSX9�8�45df¨?03d,U�6;<�6idfW�lNV
9�8L¨�8:<�6i�7S�VX0T6i47<�eTSk8:9iVu<QWY8:<�eTS�VmlTV5U°0T6;j,¨�V7W1<�U$ïT<k8:6;9;9iV5UÅV7<��¤dfS�¨�V5UÅlTV5U°0Y8:S�<�6i47eT9iV5U$ïTWNdf¨LhTS�VXlNV
0Y8:S�<�6i47eT9iV5U%0Y8:S%eTWT6;<�2�lTV�¯Idf9;eT¨�V,ï�V7<�4 ´ B ï�dfhT<�V7W�eNV5U%0Y8:S%lFÿ 8:eT<�S�V5U%<�V54k�TWT6i§1eNV5U?8:WY8:9;±�<�6i§1eNV5U03df<�V7W�<�6iV79;9iV7¨�V7W�<°6;W1¯,8fU�6;¯1V5UD<D45dfeT03Vg<�Sk8:WNU�¯1V7S�Uk8:9iVglFÿ eTW�0TS�279i�7¯IV7¨�V7W�<°dfhNU�V7S�¯I25VtV7W�¨?6i47S�d,U�45d ²0T6iVg279iV547<�S�dfWT6i§1eNV+þ+hY8:9�8$±18:jIVg0Y8:S^V}·TV7¨?0T9iV B ï1U�V7eT9Y9iV¢¨�d1lT�79iVtlTVq�teNh3V79SC,8 ²y³ eTWsC?0�V7S�¨�V7<^lNVlT2547S�6;S�Vm9�8�45dfeN4��NVL0T6i47<�eTSk8:9iV ´ ½�ÿ eT<�6;9;6iUk8:<�6idfW�lTVX9�ÿ 25§1eY8:<�6idfW�lTVm<�Sk8:WNU��¤V7S�<¢Sk8flT6i8:<�6 ��WRÿ V5U�<¢0�d,U ²U�6;hT9iVm§1eNVmU�6F9�ÿ V7WNU�V7¨qhT9iVLlTVm45V5UÅ6;W��¤dfS�¨�8:<�6;dfWYUgV5U�<g45dfWTW�e ´ ¾X8:WNUg45VmlTV7S�WT6iV7St4$8fUgU�V7eT9iV7¨�V7W�<$ïV79;9iV�45dfWNU�<�6;<�eNV�eTWNV�lTV5U�47S�6;0T<�6idfW�0T9;eNU%S�6i4k�NV�lTV�9�8H¨�8:<�6i�7S�V�0T6i47<�eTSk8:9iV�<D§1eY8:W1<�6?	Y4$8:<�6idfW�lTV5U
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60 µm (x 20) 60 µm (x 20)
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20 µm (x 50) 60 µm (x 20)
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détail de la photograpie du prélèvement

image en niveaux de gris

image seuillée

détail de la photograpie du prélèvement

image en niveaux de gris
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détail de la photograpie du prélèvement

image en niveaux de gris

image seuillée

détail de la photograpie du prélèvement

image en niveaux de gris
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� ñ�x ��ï � ñIò�ï � ñ�ï Á��
< 1,0� ñIò ÀNï;ð ñ�±�ï ñ ��ï ÀT±
< 1,1À ñ�Á ÀNï ò ñ�±�ï � ð,ï Á��
< 0,7± ñ�± ±�ï;ð ñ�ÀNï ñ ��ï ��±
< 0,1Á ñ�À Á�ï ± ñ���ï ± ��ï ñ�À
< 0,5ò ñ�� ò�ï � ñ���ï � ��ï ��±
< 0,1x ñ�� ò�ï Á ñ���ï À ��ï ñ,ñ
< 0,4ñ ñ�ð ñ�ï � ñ�ð,ï � ��ï ñ,ñ
< 0,1ðX� ñ�� ðX��ï � x,ñ�ï x ��ï ÀT�
< 0,2
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6;WNV}·�0327S�6;¨�V7W�<�25V5U>£

ê 9iV+<�V7¨?0NUglTVmU�254��Y8:jIVmV5U�<Å¨?6;WT6;¨�Vf<D§1eNV79i§1eNV5U¢l�6S�'8:6;WNV5UglTV+¨?6;W�eT<�V5U B £
ê 9iV5U�45dfeN4��NV5U^lTV¢jIdfeY8f4��NV5U^U�dfW�<�03V7eT¯1V7W1<��7<�S�V���8f476;9iV7¨�V7W1<^S�V7WNl�eNV5U�<�Sk8:WNU�9;eN476ilTV5U�<Q0�dfeTS9iV5U�¨�V5U�eTS�V5U�V7W.<�Sk8:WNU�¨?6iU�U�6idfW B dfe df0Y8f§1eNV5U�<Q03dfeTS�9iV5U�¨�V5U�eTS�V5U�V7WúS�2�wYV}·�6idfW B V7W��dfeY8:W�<¢U�eTSÅ9iV7eTSg270Y8:6iU�U�V7eTS ´�gWNVu�¤df6iUL9iV�¨�V7lT6 eN¨ 4��Ndf6iU�6°03dfeTS%9iV5U%254��Y8:W�<�6;9;9idfWNU$ïP9�ÿ 27<k8:0�V�U�eT6;¯,8:W1<�V�V5U�<q9�8�0TS�270Y8:Sk8:<�6idfW

lTV5U&0�V76;W1<�eNS�V5U�lTVÅS�2��¤27S�V7WN45V,ï14,ÿ V5U�< ² þ ² l�6;S�V¢9�8Xl�6iU�0�V7S�U�6idfW�lTVÅ0T6;j,¨�V7W�<�U�U�V545U�lN8:WNU&9iVÅ¨�25l�6;eT¨ ´¹^V7<�<�V?27<k8:0�V%WRÿ V5U�<+0Y8fUL8:eNU�U�6&U�6;¨?0T9iV?§1eRÿ V79;9iV%0�V}eN<X9iV%U�V7¨qhT9iV7S3<D4�� ´ � ´F» 6;WN4$8fU$ï&ð$ñ,ñ�ð,ïcè;ðX�2éyï0 ´ òPÁ B ´ ¾X8:WNU^9�ÿ 2}<�eNlTVg0TS�25U�V7W�<�25VtlN8:WNU�9iVt4��Y8:0T6;<�S�VtÁ��}ïIWNdfeNU°8$¯IdfWNU�h�27WN2�	Y476i2,ïTþm45VtU�<k8flTVglNV9�8L0TS�270Y8:Sk8:<�6idfWHlTV5UÅ254k�Y8:W1<�6;9;9idfWNU$ïNlTV+9�ÿ 8:6ilTVXl�e�0�V76;W1<�S�Vm47dfW�<�V7¨?0�dfSk8:6;W ¼ V$8:W ²y» 6iV7S�S�V ² µ^Sk8��$U$ïþ�§1eT6�WNdfeNUL8$¯IdfWNUX9�8:6iU�U�2q9iV?U�df6;W!lTV%0TS�270Y8:S�V7SLU�V7eT9&9�8�0�V76;W1<�eTS�V ´ /�8�45dfW�<�S�6;hTeT<�6idfW�WRÿ 8�0Y8fU0Te-�7<�S�VmdfS�j18:WT6iU�25VX0�dfeTS¢9iV+0TS�df<�d�45df9iVm0TS�25U�V7W1<�2X6i476 ´
� 0TS��5UR0T9;eNU�6iV7eTS�UA<�V7W�<k8:<�6;¯IV5UA6;W��DS�eN47<�eNV7eNU�V5U�lTV&0TS�270Y8:Sk8:<�6;dfW?lTV�jIdfeY8f4��NV5U&þ°0Y8:S�<�6;S�lTV�jIdf¨?¨�V8:Sk8:hT6i§1eNVLV7<glTVX0T6;j,¨�V7W�<�UgU�V545U$ïTWNdf<�S�VL4��Ndf6 ·HU$ÿ V5U�<Å0�dfS�<�2LU�eTS¢lTV5U¢jIdfeY8f4k�NV5Utl�eH45df¨?¨�V7S�45V,ï
¯IV7WNl�eNV5UgV7W�<�eTh�V5U ´
# ¥�Ù]¥LÚ ��¦��A��Ø�	����I�cí��N�I�Y�����Y�
�y9&WRÿ 8:eTSk8:6;<L0Y8fUm27<�2?0�d,U�U�6;hT9iV�lTV?¯,8:9 6ilTV7SqlTV%¨�8:WT6i�7S�V�V}·��Y8:eNU�<�6;¯1V?9i8�¨�27<��Nd�lTV�lFÿ 6ilTV7W ²<�6?	Y4$8:<�6idfW�V7W eT<�6;9;6iUk8:W1<nðX±���jIdfeY8f4��NV5U�lTV�45dfeT9iV7eTS�U�l�6?.F27S�V7W�<�V5U$ï&03dfeTS�S�V7¨?0T9�8f45V7S�9iV5U�ðX±��

0T6;j,¨�V7W1<�UgU�V545U¢lTV+9�8qhY8fU�VXlTVXlTdfWTWN25V5U4<D4�� ´zÃ ��� ´ � ´ ��ï�0 ´ òfñ B ´ ¹^VXWRÿ V7U�<glFÿ 8:6;9;9iV7eTS�U¢0Y8fU��¤dfS�452 ²¨�V7W1<mWN2545V5U�Uk8:6;S�V ´ �y9�U�e���<mV7W�V�.FV7<mlTV?l�6iU�0�d,U�V7SmlTV?03V76;W�<�eTS�V5UL45df9idfS�25V5ULlTdfW1<m9iV5UmU�03V547<�S�V5UlTVLS�2�wYV547<k8:WN45V?U�dfW�<tS�V70TS�25U�V7W1<k8:<�6?�¤UXlTV5Utj,Sk8:WNlTV5UX4$8:<�27jIdfS�6iV5UXV}·�6iU�<k8:W�<t0Y8:S�¨?6�9iV5Ut0T6;j,¨�V7W�<�U
eNU�eNV79iU¢lTV5Ug8:S�<�6iU�<�V5U ´
�tdf<�S�VX4k�Ndf6 ·�U$ÿ V5U�<°0�dfS�<�2mU�eTSmðX�%jIdfeY8f4��NV5Ug45df9idfS�25V5Ugl�eH45df¨?¨�V7S�45VLlTVX4k�NV&� Ã¢Ö$å�Ö�Ä �
ê è7ÊfÆ�Ð�Ì <D4�� ´ <k8:hT9iV$8:e�¹ ´ ð B £
ê Ù�Ê$Û1Ì}ÐYÍ�Ê <D4�� ´ <k8:hT9iV$8:e�¹ ´ � B £
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ê ×R«IÊfÐ <D4�� ´ <k8:hT9iV$8:e�¹ ´ � B £
ê å}ÉiÌ}Æ <D4�� ´ <k8:hT9iV$8:e�¹ ´ À B £
ê ÔfÌ}Ç7Í�Ò <D4�� ´ <k8:hT9iV$8:e�¹ ´ ± B £
ê ÔfÌ}Ç7Í|Ó <D4�� ´ <k8:hT9iV$8:e�¹ ´ Á B £
ê ÄfÇ�ÊfÐ�Û1Ì <D4�� ´ <}8:hT9iV58:e�¹ ´ ò B £
ê Ç�ÄfÆ,Û1ÌvÒ <D4�� ´ <k8:hT9iV$8:e�¹ ´ x B £
ê Ç�ÄfÆ,Û1Ì�Ó <D4�� ´ <k8:hT9iV$8:e�¹ ´ ñ B £
ê Õ}Ï�Ì}ÐNÐ�Ì <D4�� ´ <k8:hT9iV$8:e�¹ ´ ðX� B ´
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V7<Å9�ÿ dfS�j18:WT6iUk8:<�6idfWn279iV547<�S�dfWT6i§1eNV,ïN¨�df9i2547eT9�8:6;S�VLdfeH47S�6iU�<k8:9;9;6;WNVml�eH45df¨?03d,U�2m45df9idfS�2 ´¶&WúS�V7¯,8:WN4��NV,ïgV79 9iV!45dfWNU�6iU�<�V!lFÿ eTWNV!45V7S�<k8:6;WNV���8fÀ5dfW þ
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9iV5U�U�0�V547<�S�V5U�lTV
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lFÿ eTWNV?dfe!lTV%0T9;eNU�6iV7eTS�UX0�V76;W1<�eTS�V5ULlTV%S�2��¤27S�V7WN45V ´ ¶&W!45V?U�V7WNU$ï30�V7e�6;¨?03dfS�<�V?9�8�WY8:<�eTS�V�lTV5U03V76;W�<�eTS�V5UglTVXS�2��D27S�V7WN45V,ïYU�V7eT9R45df¨?0T<�Vm9iV}eNS¢U�0�V547<�S�VmlTV+S�2�wYV547<k8:WN45V ´
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½RV5U�U�0�V547<�S�V5U�lTV^S�2�wYV547<k8:WN45VÅlTV°45V5U°ðX�gjIdfeY8f4��NV5U&U�dfW�<P0TS�25U�V7W�<�25U&lN8:WNUP9iV5UH	Nj,eTS�V5U�Á ´ ð^V7<Á ´ � ´ �y9TWNdfeNU^8:0T0Y8:Sk821i<�WN2545V5U�Uk8:6;S�VglTVÅ0TS�25476iU�V7S�6i476YV7W�§1eNdf6Y45V5U�jIdfeY8f4��NV5U^U�dfW�<�VN.RV747<�6;¯1V7¨�V7W1<S�V70TS�25U�V7W1<k8:<�6;¯1V5U+lTV5Utj,Sk8:WNlTV5U+4$8:<�27jIdfS�6iV5UXlTVL0T6;j,¨�V7W�<�UteNU�eNV79iU$ï3l�e=��8:6;<tlNVm9iV7eTSXU�03V547<�S�VqlTV
S�2�wYV547<k8:WN45VLV7<Å6;WNlT270�V7WNlN8:¨?¨�V7W�<tlTVX9iV7eTSg45df¨?03d,U�6;<�6idfWnV}·N8f47<�V ´
» dfeTSÅ�£eNU�<�6?	YV7SX45V7<�<�V%S�V70TS�25U�V7W�<k8:<�6;¯�6;<�2,ï�WNdfeYUm85¯1dfWNUteT<�6 9;6iU�2%9�8�479�8fU�U�6?	Y4$8:<�6idfW!lTV5U+0T6;j,¨�V7W�<�UeNU�eNV79iUg279�8:h3dfS�25VL0Y8:Sgº ´N¼ df�TWNU�<�dfW ² ¿NV79;9iV7S+V7<tU�V5U¢45dfeTS�h�V5UgU�0�V547<�S�df0T�Ndf<�df¨�27<�S�6�§1eNV5UtlTVmS�2��¤2 ²S�V7WN45V3<�������ð,ï>è;ðX�2éyïN4��Y8:0T6;<�S�VmÁ��9� B ´
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l�e�¨�8'·�6;¨LeT¨ l�e���8f47<�V7eTS?lNV

S�2�wYV547<k8:WN45Vm0Y8:SÅSk8:0N03dfS�<tþ%9�8q9idfWTj,eNV7eTStlFÿ dfWNlTVm47S�6;<�6i§1eNVmlTV!ÀT±��qWT¨ <£±�0T6i§1eNV7¨�V7W1< ´ð ´ /16 λmax < 450
WT¨�ïY9iV5Ug0T6;j,¨�V7W�<�UthT9iV7eNUt<�V7WNlTV7W1<+¯1V}SkUg9iVm¯�6idf9iV7< ´ ¹tÿ V5U�<tWNdf<k8:¨?¨�V7W�<9iVX4$8fUgl�e�hT9iV7eHdfeT<�S�V7¨�V7S$ïYlTV+9�ÿ 6;WNl�6;jId�V7<¢l�e�hT9iV7eHlTV » S�eNU�U�V ´� ´ /16 λmax > 450
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))
´ ¾X8:WNU¢9iVL4$8fUglTV5U¢0T6;j,¨�V7W�<�Ug¨?6;WN27Sk8:e�·FïY6;9AU$ÿ 8:j,6;<jI27WN27Sk8:9iV7¨�V7W1<%lTV?U�V7¨?6 ² 45dfWNl�eN47<�V7eNS�UqlTdfW1<m9�8�9�8:S�jIV7eTSqlTV?9i8�hY8:WNlTV?6;W�<�V7S�l�6;<�V Egap
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§1eT6T9;eT6YU�dfW�<�U�0325476?	Y§1eNV5U$ïI45V7W�<�S�25V5U�S�V5U�0�V547<�6;¯IV7¨�V7W�<°8:eT<�dfeTS^lTVqÁ�±��+WT¨\V7<°òP���+WT¨�ïIlFÿ 6;W�<�V7W ²U�6;<�25U�S�V79�8:<�6;¯1V7¨�V7W1<�03V7e�6;¨?03dfS�<k8:W�<�V5UD<D4�� ´ 	Nj,eTS�VÅÁ ´ ñv<Qh B9B ´ � 	NW�lTV¢45df¨?0Y8:S�V7S�9�ÿ 6;W1<�V7WNU�6;<�2¢lNV45V5UthY8:WNlTV5UXlFÿ 8:hNU�dfS�0T<�6idfWRïFdfWn03V7eT<XU$ÿ 6;W�<�27S�V5U�U�V7SX8:e�·n¯,8:9;V7eTSkU+l�e�45d�V���476iV7W1<mlFÿ 8:hNU�dfS�0T<�6idfW
03dfeTS¢9iV5UÅjIdfeY8f4k�NV5U ×R«IÊfÐ V7< ÔfÌ}Ç7Í|Ó ´;: W�S�V7¨�8:S�§1eNVL8:9idfS�Ug§1eNV&�

ê Kcyan(630
WT¨

) ≈ Kcyan(715
WN¨

) ≈ 9,6 · 104 ¨ −1 £
ê Kvert 2(650

WT¨
) ≈ 2,2 · 104 ¨ −1 V7< Kvert 2(730

WT¨
) ≈ 1,6 · 104 ¨ −1 ´½RV5U�hY8:WNlTV5U�lFÿ 8:hNU�dfS�0T<�6idfW�l�e ÔfÌ}Ç7Í/Ó U�dfW�<�lTdfWN4ÅWNV7<�<�V7¨�V7W�<�0T9;eNUc��8:6;hT9iV5U�§1eNVÅ45V79;9iVgl�e ×R«IÊfÐ ´¾X8:WNUP9iV^4$8fU�lTV�9�ÿ 254k�Y8:W1<�6;9;9idfW�45dfWNU�6ilT27S�2,ï:9�ÿ V7¨?0TS�V76;W1<�VÅU�0�V547<�Sk8:9iV°U�0325476?	Y§1eNV°l�eq¯1V7S�<�lTV�0T��<k8 ²9id147±�8:WT6;WNVf<DlTdfWN4qlTVX9�8?jIdfeY8f4k�NV Ô,Ì}Ç7Í�Ó B V5U�< ((

27<�V76;W�<�V
))

0Y8:Sg9�87�¤dfS�<�VL8:hNU�dfS�0N<�6idfWnl�eHhT9iV7e
lTVt0T�1<k8:9id�47±18:WT6;WNVX0TS�25U�V7W1<¢lN8:WNU°9i8LjIdfeY8f4k�NV ÔfÌ}Ç7Í�Ò lN8:WNU°<�dfeT<°9iV+lTdf¨�8:6;WNV

570− 750
WT¨ ´¹^V7<�<�Vm45dfW�	Nj,eTSk8:<�6idfWH0Y8:S�<�6i47eT9;6i�7S�VLlTV5UÅhY8:WNlTV5UglFÿ 8:hNU�dfS�0T<�6idfWHV}·�0T9;6i§1eNVX¯�Sk8:6iU�V7¨LhT9�8:hT9iV7¨�V7W�<

9�ÿ 8:¨LhT6;j,esÑ¤<�2LlTVX9�ÿ 6ilTV7W1<�6?	Y4$8:<�6idfWH0�dfeTSg47V7<g254k�Y8:W1<�6;9;9idfW ´
½RV&0TS�dfhT9i�7¨�V�V5U�<Rl�6?.F27S�V7W�<AlN8:WNUF9iV�4$8fURlTV5UF¨�279�8:WTjIV5URS�V79�8:<�6?�¤UP8:em45dfeT0T9iV è7ÊfÆ�Ð�Ì � Ù�Ê$Û1Ì}ÐYÍ�Ê ´½RV5UglTV7e�·H45df¨?03d,Uk8:W�<�UtU�dfW1<tlTV5U¢jIdfeY8f4k�NV5Ug0TS�6;¨�8:6;S�V5U ´ ¹^dfW�<�Sk8:6;S�V7¨�V7W�<Xþ?45VL§1eNVX9�ÿ dfW�8%0Te6;¨�8:j,6;WNV7S�6;W�<�eT6;<�6;¯IV7¨�V7W�<°8:e�45dfeTS�U^l�e�0Y8:Sk8:j,Sk8:0T�NVgÁ ´ � ´ ð ´ ð,ïI9�ÿ 6ilTV7W�<�6?	Y4$8:<�6idfW�WRÿ V5U�<�lTdfWN4¢0Y8fUWN2545V5U�Uk8:6;S�V7¨�V7W1<ÅS�V7WNl�eNVt0T9;eNU|��8f476;9iVg0Y8:S^9iVq��8:6;<°§1eNV¢9iV5U°lTV7e�·�45df¨?0�d,Uk8:W1<kU°l�e�¨�279�8:WTjIV+dfW1<

lTV5U¢V7¨?0TS�V76;W1<kV7UtU�03V547<�Sk8:9iV5U¢<�S��5Ugl�6?.F27S�V7W1<�V5U ´½�ÿ 8:¨LhT6;j,esÑ¤<�2�lTV�9�ÿ 6ilTV7W�<�6?	Y4$8:<�6idfW�WRÿ V5U�<L0Y8:S%45dfWNU�25§1eNV7W�<q0Y8fUL9;6i25V�þ�9�8HU�6;¨?6;9�8:S�6;<�2�lTV5UqV7¨ ²0TS�V76;W1<�V5U°U�03V547<�Sk8:9iV5U^lTV5U^45df¨?03d,Uk8:W�<�U ´ ¶&9;9iVtV5U�<�9;6i25VtþX9�ÿ V}·�6iU�<�V7WN45VglTV¢jIdfeY8f4k�NV5U^lFÿ V7¨?0TS�V76;W�<�VU�03V547<�Sk8:9iVtU�6;¨?6;9�8:6;S�V+8:e�U�V76;W�lTV5U�S�2��¤27S�V7WN45V5U ´�» 8:S^V}·TV7¨?0T9iV,ï19iV5U�jIdfeY8f4��NV5U Ù�Ê$Û1Ì}ÐYÍ�Ê V7< Ç�ÄfÆ,Û1ÌÓ �¤dfW1<°<�dfeT<�V5U°9iV5UÅlTV7e�·�0Y8:S�<�6iV+lTVt9�8q4$8:<�27jIdfS�6iVXlTV5U°0T6;j,¨�V7W1<�UÅS�dfeTjIV5U¢þL<�S�df6iU°hY8:WNlTV5UÅlFÿ 8:h ²U�dfS�0T<�6idfW=<D4�� ´:Ã Á ´ � ´ ��ï:0 ´ ð&ÀTx B ´ µ^6iV7W�§1eNV^9iV5U�47df¨?0�d,U�25U�4��T6;¨?6i§1eNV5U�þt9�ÿ dfS�6;j,6;WNVÅlTV°9�8+45dfeT9iV7eTSU�df6iV7W1<Ål�6?.F27S�V7W1<�U°03dfeTSÅ45V5U°lTV7e�·�jIdfeY8f4��NV5U$ï ý 9iV7eTS�U°U�03V547<�S�V5UÅlTVgS�2�wYV547<k8:WN45V+U�dfW�<°lTdfWN4t<�S��5UU�6;¨?6;9�8:6;S�V5U$ï�45df¨?¨�V%9iVq¨�dfW�<�S�V%9�ÿ 6;WNlNVk·N8:<�6;dfW�lN8:WNU+9iV5Uq	Nj,eTS�V5UXÁ ´ ð%V7<+Á ´ � ´ ¾X8:WYUteTWNV%hY8fU�VlTV¢lTdfWTWN25V5U^U�03V547<�S�df0T�Ndf<�df¨�25<�S�6i§1eNV5U°lTVÅS�2��¤27S�V7WN45V5U$ï145V5U�lTV7e�·?jIdfeY8f4��NV5Um�¤dfW�<�lTdfWN4glTdfeThT9iV ²V7¨?0T9idf6 ´�	¾X8:WNU%45V�4$8fU$ïP6;9^WYV�U$ÿ 8:j,6;<?lTdfWN4�0Y8fUqS�25V79;9iV7¨�V7W1<�lFÿ eTWNV�8:¨qhT6;j,esÑ¤<�2�lN8:WNU%9�ÿ 6ilTV7W1<�6?	Y4$8:<�6id,WRï
¨�8:6iU¢lFÿ eTWNVXS�V5lTdfWNlN8:WN45VLlN8:WNU¢9iVX4k�Ndf6 ·�lTV5UÅS�2��¤27S�V7WN45V5U ´
�XFNb�÷T��þ KNý�Q _
O2��O2û�JaQ ñ�ûNÞcämE�E���O2`
÷Sþ KN\�Q O2`

β−
ò��Xø2MPKN^�]~_aò�÷ ò�óyù~��`/^�ò��2J>÷ K�ý�ò��PKN\L]�`4
1¸?ü@´V½5»µ¸
`�_HO2`
÷Sþ K�\�Q O2`\9K�Jaõ�Q M�Q ù~��`/^�ò��2J>÷ K�ý�ò��PKN\L]�`<²e±�¼(ü@´�ý ¾S\�ô�F2_LK���÷ `9KN���!GHF ��`�_/GHF UR¿LFUXF��TòNJa�
O2�D_�JLKNQ _a`�õ�`�M~_
O2`��/õ�û�÷ KNM�ý�`��u
1¸?ü@´V½5»µ¸U£�«�þR¸�½�RT÷ K�õ ã õ�`/Ja`9O2ò�MPO�KNM�\�`m`�M~_�Ja`c÷ `��HJaû�ô?û�Ja`�M�\�`���
1¸Ô÷ü@´V½5»µ¸D`�_\²e±�¼(ü@´�ý7K
^�� ã _�Ja`�ò�����`�Jañ&û�`NF��/ò����cK�ñ&ò�M��
\L]�ò�Q ��Q®O�þ `0�2^�÷ Q \�Q _a`�Jc÷Sþ òNJaQ ý�Q M�`�O2`|\�`|^�]�û�M�ò�õ�ö�M�`|O�KNM��÷ `�\�K��cO2`��/õ�û�÷ KNM�ý�`��Rª7¸�¼U½'´�£s
1¸?ü@´V½5»µ¸NF��/ò����/MTþ K9ñ&ò�M��
O2ò�M�\|^PKN�/Ja`�^�òNJ�_aû�\�`�_�_a`�KNõ\��Q ý���óS_aû|O�KNM��
÷ `��/Jaû�����÷ �_LK�_a�cJa`�÷ K�_aQ ô?��KN���4õ�û�÷ KNM�ý�`��6
1¸?ü@´V½5»µ¸@£g«�þR¸�½è¾S\�ô�F�¤Pý��2Ja`��m�|F ÿ `�_?â�F WR¿LF®G+`�_�_a`�Ja`9O2ò�MPO�KNM�\�`�`��(_�û�ý&KN÷ `�õ�`�M~_ò�����`�JañNK���÷ `qO�KNM��c÷ `��mJaû�����÷ _LK�_a�cJa`�÷ K�_aQ ô?��KN����õ�û�÷ KNM�ý�`���±�²I¸�½/ü@´3£�ª7¸�¼U½'´ ¾S\�ô�F�¤Pý��2Ja`<â�F ó�¿�ú�÷ `��|ñNKN÷ `��2Ja�|O2`

ε′��ò�M~_i��Q õ�Q ÷ KNQ Ja`��·^�ò��2Ji÷ `��iõ�û�÷ KNM�ý�`��i��Q õ���÷ û���
1¸?ü@´V½5»µ¸U£�ª7¸�¼U½'´<¾
ε′ = 0,265

¿®`�_]²I±�¼(ü@´jý:£�ª7¸�¼U½'´\¾
ε′ = 0,268

¿LFâcKNM��·\�`c\9KN��RP÷ K|Ja`9O2ò�MPO�KNM�\�`cMTþ û�_LKNQ _H^PKN�>��ò��2Ja\�`mO�þ KNõ\��Q ý���óS_aûcO2ò�M�\
M�ò����>M�`
÷Sþ K9ñXQ ò�M��H^PKN�>��^�û�\�Q ¤�ù~��`�õ�`�M~_õ�`�M~_aQ ò�M�M�û�`�F
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¹^V¢lTdfeThN9;V ² V7¨?0N9idf6�279;6;¨?6;WNV¢eNWNVÅ0Y8:S�<�6iVtlTV5U^8:¨LhT6;j,esÑ¤<�25U$ï1¨�8:6iU�0Y8fU�9�8+<�df<k8:9;6;<�2tlTV¢45V79;9iV5U ²476 ´ ½RV5U�45dfeT0N9;V5U Ç�ÄfÆ,Û1Ì0Ò � Ù�Ê$Û1Ì}ÐYÍ�Ê V7< ÄfÇ�ÊfÐ�Û1Ì � Ù�Ê5Û�Ì}ÐYÍ�Ê lTV7¨�V7eTS�V7W1<^V7W�V�.FV7<�lTV5U�4$8:WNl�6ilN8:<�U03d,U�U�6;hT9iV5UÅ0�dfeTS¢9iV5UÅ¨�279�8:WTjIV5U è7ÊfÆ�Ð�Ì � Ù�Ê$Û1Ì}ÐYÍ�Ê ´
� eNV79&§1eNVqU�df6;<t9�ÿ 254k�Y8:W1<�6;9;9idfW�45dfWNU�6ilT27S�2,ï39�ÿ 8:¨qhT6;j,esÑ¤<�2%03dfS�<�V?U�eTS!��jIdfeY8f4k�NV5UXlTVqS�2��¤2}SkV}WY47V��è7ÊfÆ�Ð�Ì ï ÄfÇ�ÊfÐ�Û1Ì V}< Ç�ÄfÆ,Û1ÌvÒ ´ ½RVX0�df6;W1<t45df¨?¨LeTWnlTVm45V5U¢<�S�df6iUÅjIdfe38f4��NV5Ug0TS�dfhT9i27¨�8:<�6i§1eNV5UtV5U�<9iV7eTS%U�03V547<�S�V�lTV�S�2�wYV547<k8:WN45V�lTV�<£±�03Vu	N9;<�S�V�0Y8fU�U�V ² �Y8:eT< ´ ½RV7eTS?U�0325476?	Y476;<�2�U�0�V547<�Sk8:9iV�<�6;V7W�<lTdfWN4�§1eY8fU�6 ² eTWT6i§1eNV7¨�V7W�<�þn9�8n9idfWTj,eNV7eTS�lTV�45dfeT0TeTS�V�lTV�45Vf	N9;<�S�V�<DU�df6;<3±�ðX�nWT¨ 03dfeTS�9i8
jIdfeY8f4��NV è7ÊfÆ�Ð�Ì ï�±IòP±�WT¨ 03dfeTS�9�8�jIdfeY8f4k�NV ÄfÇ�ÊfÐ�Û1Ì V7<#±,ñ�ð�WT¨ 0�dfeTS�9�8�jIdfeY8f4��NV Ç�ÄfÆ,Û1Ì
Ò B ´ /16�9�ÿ dfW�U$ÿ 6;W�<�27S�V5U�U�VXþL0TS�25U�V7W1<g8:e�45d1V���476iV7W�<¢lFÿ 8:hNU�dfS�0T<�6idfW Kmagenta(λ)

lTVt9�8LjIdfeY8f4��NV
Ù�Ê$Û1Ì}ÐYÍ�Ê ï,dfW%S�V7¨�8:S�§1eNVÅ§1eNV°9iV5U�9idfWTj,eNV7eTS�U�lFÿ dfWNlTVÅlTVÅ45dfeT0TeTS�V¢U�eNU ² 476;<�25V5U&U�V°U�6;<�eNV7W1<&<�dfeT<�V5UlN8:WNU^9�80�$dfWNV+dPp�9�ÿ 8:hNU�dfS�0T<�6idfW�V5U�<^¨�8'·�6;¨�8:9iVv<D4�� ´ 	Nj,eTS�VtÁ ´ �f<¤8 B9B ´ ½A8qU�0325476?	Y476;<�2+U�0�V547<�Sk8:9iVlTV5UAjIdfeY8f4k�NV5U è7ÊfÆ�Ð�Ì ï ÄfÇ�ÊfÐ�Û1Ì V7< Ç�ÄfÆ,Û1ÌDÒ U�V�<�S�dfeT¯IV^lTdfWN4^lFÿ eTWNV^45V7S�<k8:6;WNV|��8fÀ5dfW

((

8:hNU�dfS�h325V
))0Y8:SÅ9�8%jIdfeY8f4��NV Ù�Ê$Û1Ì}ÐYÍ�Ê ´¹^V7<�<�Vm4$8:Sk8f47<�27S�6iU�<�6i§1eNVqU�0325476?	Y§1eNVLþ%9�8%jIdfeY8f4k�NV Ù�Ê$Û1Ì}ÐYÍ�Ê V}·�0T9;6i§1eNVXWNdf<k8:¨?¨�V7W�<g0�dfeTS�§1eNdf6

45V7<�<�V�8:¨qhT6;j,esÑ¤<�2�WNV�U�V&S�V7<�S�dfeT¯IV�0Y8fUAlN8:WNUR9iV5UR¨�279�8:WTjIV5U Ù�Ê$Û1Ì}ÐYÍ�Ê � ×R«IÊfÐ ´ ¶&WqV�.FV7<$ï$dfWq8:eTSk8:6;<Ê�ØYÇ}Ï¤ÄfÇ}Ï 0Tem6;¨�8:j,6;WNV7SA9iV&¨u�7¨�V�<y±�0�V�lTV&0TS�dfhT9i�7¨�V&�$9iV5URjIdfeY8f4��NV5UAS�dfeTjIV5UP8:eTS}8:6;V7W�<A<�dfeT<�V5UR0Te
45dfW1¯1V7WT6;S ´ ½RVÅ45d1V���476iV7W�<�lFÿ 8:hNU�dfS�0T<�6idfW Kcyan(λ)

lTV°9�8tjIdfeY8f4��NV ×R«IÊfÐ WRÿ V5U�<�45V70�V7WNlN8:W1<�0Y8fU
0Y8:S�<�6i47eT9;6i�7S�V7¨�V7W�<�6;¨?0�dfS�<k8:W1<�lN8:WNU�9�8ghY8:WNlTV

500−600
WT¨ ´ ½RV5U�U�0325476?	Y476;<�25U�U�03V547<�Sk8:9iV5U�lTV5UjIdfeY8f4��NV5U+S�dfeTjIV5UtWNVqU�dfW1<+lTdfWN4L0Y8fU+27<�V76;W1<�V5U ´ ¶&WnS�V7¯,8:WN4��NV Kcyan(λ)

lTV7¯�6iV7W�<t6;¨?03dfS�<}8:W1<
lN8:WNU�9�8XhY8:WNlTV

600−750
WT¨ ´ ¾X8:WNU^45V7<�<�VglTV7S�WT6i�7S�VD�5dfWYVgl�e�U�0�V547<�S�V¢¯�6iU�6;hT9iV,ïI9iV5U�jIdfeY8f4��NV5US�dfeTjIV5UÅWNVmU�dfW�<Å0Y8fU¢l�6?.F27S�V7W�<�V5UglTdfWN4+9�ÿ 6ilTV7W�<�6?	Y4$8:<�6idfWnWRÿ V5U�<Å0Y8fU¢V7W�<�Sk85¯125V ´

| [ Û [ ¬ [ Û Z ��_Q`NOH�YG1c�Ù/à�ÿ�Ú�Ø�������â�Ú�Økßjã*â�GI@�à�Ù/â�ßxÚ�Ø��lÙsà�ÿlÚ�Ø��
½RVg0TS�dfhT9i�7¨�VX8:0T0Y8:S�V7¨?¨�V7W�<°S�2547eTS�S�V7W�<ÅlTV5U�hY8:WNlTV5UÅlFÿ 8:hNU�dfS�0T<�6idfW�6;W1<�V7WNU�V5U°lTVt45V7S�<k8:6;WNU

45df¨?03d,Uk8:W�<�U^§1eT6
((

27<�V76;j,WNV7W�<
))

9iV5U�U�0325476?	Y476;<�25U^U�0�V547<�Sk8:9iV5U�lTV5U^8:eT<�S�V5U^45df¨?03d,Uk8:W�<�U^V5U�<�0Y8:S ²<�6i47eT9;6i�7S�V7¨�V7W1<t6;9;9;eNU�<�S�2m0Y8:S¢9iV5U¢¨�279�8:WTjIV5U Ç�ÄfÆ,Û1ÌuÒ � Ù�Ê$Û1Ì}ÐYÍ�Ê V7< ÄfÇ�ÊfÐ�Û1Ì � Ç�Ä:Æ,Û�Ì4Ó ´ ¶&WHV�.FV7<$ïlN8:WNUX45V5UXlTV7e�·�4$8fU$ï39�ÿ 6ilTV7W�<�6?	Y4$8:<�6idfW�WRÿ V5U�<+0T9;eNUXU�V7eT9iV7¨�V7W�<L8:¨LhT6;j,ecb,ïRV79;9iV%lTV7¯�6iV7W�<X6;¨?03d,U ²U�6;hT9iV ´
½RV5UÅ¨�V5U�eTS�V5UÅV�.FV547<�eN25V5UgU�eTS°9iV5UÅ254k�Y8:W�<�6;9;9;dfWYU¢45dfWNU�6ilT27S�25UgU�dfW1<Å0TS�25U�V7W1<�25V5UglN8:WNU°9�8q0Y8:S ²<�6iVtU�eT0327S�6iV7eTS�V+lTVg9�8!	Nj,eTS�VgÁ ´ ðX� ´ ½RV5U°U�0�V547<�S�V5U°lTVgS�2�wYV547<k8:WN45Vt0TS�25U�V7W�<�V7W1<°<�dfeNU^eTWNV+8:9;9;eTS�VU�6;¨?6;9�8:6;S�V ´ ½RV5U+jIdfeY8f4k�NV5UX0TeTS�V5U+S�dfeTjIV5UmV7<+9iV5U+¨�279�8:WTjIV5UmlTV%45V5U+jIdfeY8f4k�NV5UmdfW1<X<�dfeT<�V5U+eTWNVV7¨?0TS�V76;W1<�VLU�0�V547<�Sk8:9iVmlTVX<£±�03V�	N9;<�S�VX0Y8fU�U�V ² �Y8:eT<tlTdfW1<gU�V7eT9iVX9�8%9idfWTj,eNV7eTStlTVm45dfeT0TeTS�VX¯,8:S�6iVlFÿ eTWn254k�Y8:W�<�6;9;9;dfW!þ�9�ÿ 8:eT<�S�V&�3lFÿ V7W1¯�6;S�dfW�±IòP±?WT¨ 03dfeTSt9�8?jIdfeY8f4k�NV ÄfÇ�ÊfÐ�Û1Ì þ3Á�ðX��WT¨ 03dfeTS

9�8qjIdfeY8f4k�NV Ç�ÄfÆ,Û1Ì0Ó <D4�� ´ 	Nj,eTS�V5U¢Á ´ ðXV7<¢Á ´ �%27j18:9iV7¨�V7W1< B ´�gW
((

�$d�df¨
))
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µS Z =
1

2 b
ln

(

(ρg − ρ∞)(1 − ρ ρ∞)

(ρ− ρ∞)(1 − ρg ρ∞)

)

.
<QÁ�� ´ � B
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µK ′ Z = µS′ Z (a− 1) .
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µ1 S
′(λ)Z1

µ2 S′(λ)Z2
=
µ1 Z1

µ2 Z2
.
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9iV¢0Y8:Sk8:j,Sk8:0T�NV+Á�� ´ � ´ ð ´ � B ´ ½RVg<�V7¨?0NU^lFÿ 8f45§1eT6iU�6;<�6idfW�V5U�<^lTV���ï ±LU�V545dfWNlTV5U^0Y8:S^0Y8fU°8:WTj,eT9�8:6;S�V ´½RV5U�l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V5U�dfhT<�V7W�eNU�U�dfW�<�0TS�25U�V7W�<�25U�lN8:WNU�9�8�	Nj,eTS�VHÁ�� ´ x�ï^8f4545df¨?0Y8:j,WN25U�l�e<�Sk8:6;<�V7¨�V7W1<g0Y8:St82��WNV7¨�V7W1<tº¢6iV7<�¯1V79il�lT27<k8:6;9;9i2LlN8:WNUÅ9iV+038:Sk8:j,Sk8:0T�NVmÁ�� ´ � ´ ð ´ � ´
|�{ [ Û [ © [ ¬ p|�:`NB�@$G�a!G�O3@�vPG1c�v�By�|�:`s�,@$M;�;�:`Na�a!G1c

½RVt9idfj,6i476iV79FlFÿ 82��WNV7¨�V7W�<¢º¢6iV7<�¯1V79il { Ä}ØTÊ:Õ 6;¨?03d,U�V+lTV+45dfWTWY821i<�S�V+9�8LU�<�S�eN47<�eTS�VXlTV5U°45df¨ ²03d,U�25U^0TS�25U�V7W�<�U°lN8:WNU^9�ÿ 254��38:W1<�6;9;9idfW�V7<^9iV5U^0Y8:Sk8:¨��7<�S�V5U¢V}·N8f47<�U°lTVg9�ÿ 6;WNU�<�S�eT¨�V7W�<°eT<�6;9;6iU�2t03dfeTS
9iV5UÅ¨�V5U�eTS�V5U ´
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½A8v�¤dfWN47<�6idfW ØNÕ$Ì}ÆTËIÄfà � ÄfÏ;Û,Í V5U�<gjI27WN27Sk8:9iV7¨�V7W1<m4��Ndf6iU�6iVL03dfeTS+lT2547S�6;S�VL9iVL0TS�d�	N9PlNV7UtSk8:6iV7U
lTV+l�6?.�Sk8f47<�6idfW�5 <D4�� ´ � ´ �£lN8�ïs��������ïiè;ð&ÀT�2é B ´ ¹^V7<�<�Vq�¤dfWN47<�6idfW�V5U�<^9�8qU�df¨?¨�Vt0�dfWNlT27S�25VXlFÿ eTWNVj18:eNU�U�6iV7WTWNVmV7<¢lFÿ eTWNVX9idfS�V7W�<9�56iV7WTWNV&�

Voigtpseudo(Γ) = A [η Lorenz(Γ) + (1 − η) Gauss(Γ)] ,
<QÁ�� ´ Á B

85¯1V54
Γ
9�8t¿ Â î ³ lTV^9�8¢Sk8:6iV°lTV^l�6?.�Sk8f47<�6idfW�45dfWNU�6ilT27S�25V ´ ½RV°45d�V���476iV7W1< A V5U�<PeTW%0Y8:Sk8:¨��7<�S�VlTV+WNdfS�¨�8:9;6iUk8:<�6idfWnV7<

η
V5U�<ÅWNdf¨?¨�2 Ø�ÊfÇ�ÊfÙ�Ý7ÍDÇ�ÌqË1ÌmÙ�Ö}É;ÊfÐ�Û1Ì ´

½RV5U&45df¨?0�d,U�27U&0TS�25U�V7W�<�U�8:e?U�V76;W?lTV^9�ÿ 254k�Y8:W1<�6;9;9idfW�dfW�<�eTWNVÅU�<�S�eN47<�eTS�VÅ47S�6iU�<k8:9;9idfj,Sk8:0T�T6i§1eNV
45dfWTW1eNV ´ ½A8�U�<�S�eN47<�eTS�V�lTV5UL45V7WNl�S�V5UL¯1V7S�<�V5UmeT<�6;9;6iU�25V�0�dfeTSL9�ÿ 82��WNV7¨�V7W1<?V5U�<mS�V70�dfS�<�25V�lN8:WNU9iV�<k8:hT9iV$8:e�Á�� ´ ��<D4�� ´ ¿ ´ I 6;j18:W Ì7ÍXÊfÉiÑ ï�ð$ñIò,ò�ï�è;ð&ÀT�2é B £P45V79;9iV�l�e�4$8:S�h�dfWY8:<�V�lTV�4$8:9i476;eT¨ V5U�<
S�V703dfS�<�25VLlN8:WNUÅ9iVX<k8:hT9iV$8:e�Á�� ´ ��<D4�� ´ î ´ ¹��NV5U�U�6;W Ì7Í^ÊfÉiÑ ïFð$ñ�Á�±�ïHè;ð&À�ÀPé B ´

�tdf¨ú�N45V7WNl�S�V5U¢¯IV7S�<�V5U�<D4$8:S�h�dfWY8:<�VmhY8fU�6i§1eNVXlTVm47eT6;¯�S�V+��±�l�Sk8:<�2mU�±�W1<��N27<�6i§1eNV B¿YdfS�¨LeT9iVm4k�T6;¨?6i§1eNV&�
CuCO3 · Cu(OH)2¹�9�8fU�U�VX47S�6iU�<k8:9;9idfj,Sk8:0T�T6i§1eNV&�Y¨�dfWNd1479;6;WT6i§1eNV − 0TS�6iU�¨�8:<�6i§1eNV

¸ S�dfeT0�VmlFÿ V5U�0Y8f45V&� P ð0��ð2�
a
ðu<�ð&À B» 8:Sk8:¨��7<�S�V5UglTVX¨�8:6;9;9iV&�

a # ñ�ï ±����
b # ð,ð,ï ñIò2À

c # ��ï ��ÀT�
α # 90,0˚ β # 98,8˚ γ # 90,0˚
V # ��Á�ÀNï �

D # ÀNï ��±
Z # À

» 8:Sk8:¨��7<�S�V5Ut8:<�df¨?6i§1eNV5Ut8:eHU�V76;W�lTVX9�8q¨�8:6;9;9iV&�
8:<�df¨�V W�eT¨�27S�d lTV7j ´ lFÿ d5· ´ 0�d,U�6;<�6idfWHV7W

x
ï
y
V7<
z

Cu
ð � ��ï À1ñ�x�ð&À;<�Á B ��ï ��xIòfñ��s<�± B ��ï x,ñ���±s<�� B

Cu
� � ��ï ������ÀT�s<�Á B ��ï �,ñ�����ð�<�± B ��ï ��x�x��s<�� B

O
ð ² � ��ï;ðX��ðX±��s<¤ñ B ��ï;ðX��Á�ÀTÁs<�ò B ��ï ��ÀNð'ò�<�� B

O
� ² � ��ï ��������±s<�x B ��ï ����±,ñ�ð�<�ò B ��ï ÀT±����s<�� B

O
� ² � ��ï ����ÀNðX�s<¤ñ B ��ï ��±�Á����s<�ò B ��ï Á�����xs<�� B

O
À ² � ��ï �,ñ�ÀT���s<�ðX� B ��ï ��±�ðX±�±s<�ò B ��ï ñ�ð$ñ�ð�<�� B

O
± ² � ��ï �Iò,òP��±s<¤ñ B ��ï ÀNðXÁ�ðX±s<�x B ��ï x�±,ñ�xs<�� B

C
ð À ��ï ��Á�Á����s<�ò B ��ï;ð&ÀT�IòP±s<�Á B ��ï À�òP�Iò�<�� B

H
ð ð ��ï ��ðXÁIò�<�� B ��ï ÀT��ÀTxs<�ð B ��ï x�À�À�À;<�± B

H
� ð ��ï ÀNðX��±s<�� B ��ï À1ñ�ðXxs<�� B ��ï x��,ñ�Ás<�Á B

É?ÊJËJª Á�� ´ � ê �3ÍDÇ}ÆT×5ÍDÆ�ÇkÌX×7Ç}Ï�Õ7Í�Ê:ÉQÉ;ÄkÛfÇ�Ê}ØNÚ1Ï¤Ü7ÆNÌmË1ÌkÕt×}Ì}Ð3ËfÇ�ÌkÕtÔfÌ}Ç7ÍyÌkÕ�ØTÄfÆ�ÇgÉ�Ó Ê�ç�Ð�Ì}Ù�Ì}ÐYÍ�ÈÅÏ�Ì7ÍDÔfÌ}É;Ë
½�ÿ 82��WNV7¨�V7W�<°º¢6iV7<�¯1V79il�03V7S�¨�V7<°lTVgU�270Y8:S�V7S^9iV5U�45dfW�<�S�6;hTeT<�6idfWNU°lTV5U^lTV7e�·�0T�Y8fU�V5U^lN8:WNU�9iV

l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V�V}·�0�27S�6;¨�V7W1<k8:9 ´ ¶&WLV�.FV7<$ï$lN8:WNUF9iV�lTdf¨�8:6;WNV^8:WTj,eT9�8:6;S�V�45dfWNU�6ilT27S�2,ï50T9;eNU�6iV7eTS�U0T6i45U¢lTVm4��Y8f47eTWNVLlTV5UÅ0T�Y8fU�V5U¢U�V+S�V545dfeT¯�S�V7W�<¢0Y8:S�<�6iV79;9iV7¨�V7W�<7<D4�� ´ 	Nj,eTS�VXÁ�� ´ x B �ê 9iVX0T6i4!��8:6;hT9iV7¨�V7W1<g6;W�<�V7WNU�VLl�eH4$8:S�h3dfWY8:<�VqlTVm4$8:9i476;eT¨ þ
2 θ = 36,68˚

V5U�<¢S�V545dfeT¯IV7S�<
0Y8:S¢9iVXlTdfeThT9iVX0N6;4mlTV5U¢45V7WNl�S�V5U¢¯1V7S�<�V5Ugþ

2 θ = 36,28˚
V7<

2 θ = 37,32˚
£

ð$ñ�ð

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



�J� ²C� ë~Ã/���ì¥
ëR� ² Å��&ìX)i%2*('(ìX)�Ås Ä '�´2)+*

�tdf¨ú�N4$8:9i4}6;<�Vf<D4$8:S�h3dfWY8:<�VLlTVm4$8:9i476;eT¨ B¿Yd:S�¨LeT9iVm4k�T6;¨?6i§1eNV&�
CaCO3¹�9�8fU�U�VX47S�6iU�<k8:9;9idfj,Sk8:0T�T6i§1eNV&�Y<�S�6;jIdfWY8:9 − �NV}·N8:jIdfWY8:9AU�4$8:9iV7WNdf�NV5l�Sk8:9

¸ S�dfeT0�VXlRÿ V5U�0Y8f45V�� R ² � c H <�ðXÁIò B» 8:Sk8:¨��7<�SkV5UglTVX¨�8:6;9;9iV&�

a # ÀNï ñ,ñ��s<�� B b # ÀNï ñ,ñ��s<�� B c # ð'ò�ï �����s<�ð B
α # 90,0˚ β # 90,0˚ γ # 120,0˚
V # ��Á�Á�ï Á

D # ��ï ò�ð
Z # Á

» 8:Sk8:¨��7<�SkV5Ut8:<�df¨?6i§1eNV5Ut8:eHU�V76;W�lTVX9�8q¨�8:6;9;9iV&�
8:<�df¨�V W�eT¨�27S�d lTV7j ´ lFÿ d5· ´ 03d,U�6;<�6idfWnV7W

x
ï
y
V7<
z

Ca
ð � ��ï � ��ï � ��ï �

C
ð À ��ï � ��ï � ��ï ��±

O
ð ² � ��ï ��±IòP��Ás<���� B ��ï � ��ï ��±

É?ÊJËJª Á�� ´ � ê �3ÍDÇ}ÆT×5ÍDÆ�ÇkÌ�×7Ç}Ï�Õ7Í�ÊfÉ�É;ÄkÛfÇ�Ê}ØNÚ1Ï¤Ü7ÆNÌHËfÆ�×kÊfÇ$å�ÄfÐ3Ê,ÍyÌ�Ë1Ì�×kÊfÉ;×7ÏQÆ�Ù Ø�ÄfÆ�Ç�É�Ó Ê�ç�Ð�Ì}Ù�Ì}ÐYÍ
ÈÅÏ�Ì7ÍDÔfÌ}É;Ë

ê 9iVm0T6i4���8:6;hT9iV7¨�V7W�<g6;W�<�V7WNU�VLlTV5Ug45V7WNl�S�V5Ug¯1V7S�<�V5Utþ 2 θ = 34,28˚
V5U�<¢S�V545dfeT¯1V7S�<g0Y8:Sg9iV

0T6i4X0TS�6;WN476;0Y8:9Al�eH4$8:S�h3dfWY8:<�VLlTVm4$8:9i476;eT¨ þ
2 θ = 34,20˚ ´½RV5UÅS�25U�eT9;<k8:<�UglTV+9�ÿ 82��WNV7¨�V7W�<tU�dfW�<Å0TS�25U�V7W1<�25UgU�eTSÅ9�84	Nj,eTS�VXÁ�� ´ x ´½A8?§1e38:W1<�6;<�2LlTVL45V7WNl�S�V5Ug¯IV7S�<�V5Ug27<k8:9i25VLU�eTSgeTWNV!�$dfWNVLV5U�<g27¯,8:9;eN25VLV7Wn4$8:9i47eT9�8:W1<t9�ÿ 8:6;S�VLU�dfeNU

9iV?lTdfeThT9iV ² 0T6i4�þ 2 θ = 36,28˚
V7<

2 θ = 37,32˚
eTWNV7�¤df6iUX9iV?l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V�WNdfS�¨�8:9;6iU�2

0Y8:SX9�ÿ 8:6;S�V�U�dfeNU+9iV%0T6i4%0TS�6;WN476;0Y8:9�l�e!4$8:S�h�dfWY8:<�V�lTV?4$8:9i476;eT¨ þ
2 θ = 34,20˚ ´ ¹^V5UX4$8:9i47eT9iUU�dfW1<gV�.FV54}<�eN25Ugþ%0Y8:S�<�6;SglTV5U¢l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V5U+82��WN25U ´�tdfeNU���8:6iU�dfWNUÅlTdfWN4X6i476F9�ÿ 8:0T0TS�d5·�6;¨�8:<�6idfWn§1eNV+9iV5U°Sk8$±IdfWNU�5�l�6?.�Sk8f47<�25U¢0Y8:SÅ9iVX4$8:S�h3dfWY8:<�VmlTV

4$8:9i476;eT¨ l�e�U�eT0T03dfS�<ÅWNVXU�dfW1<Å0Y8fU¢8:<�<�27W1eN25Ug8:e�45dfeTS�UÅlTV+9iV7eTSÅ0Y8:S�45dfeTS�U¢lN8:WNU°9�8%45dfeN4��NVXlTV
03V76;W�<�eTS�V?þ�hY8fU�VqlTVq45V7WNl�S�V5Ut¯1V7S�<�V5Ug¯1V7S�Ug9�8�U�eTS���8f45VqlTVL9�ÿ 254k�Y8:W1<�6;9;9idfW ´ ¹tÿ V5U�<teTWNV%8:0T0TS�d$·�6 ²¨�8:<�6idfW ÊLØYÇ}Ï¤ÄfÇ}Ï S�V79�8:<�6;¯1V}¨�V7W�<t9i27j,6;<�6;¨�V%lN8:WNUg9�8?¨�V5U�eTS�VLdPpn9�ÿ 8:hNU�dfS�0T<�6idfWz5 lTVm9�ÿ 279i27¨�V7W1<
Cu

<Q9�ÿ 279;27¨�V7W�<g9iVX0T9;eNUÅ9idfeTS�lHlN8:WNUÅ9iV5Ug45dfeN4��NV5UtU�eT0327S�6iV7eTS�V5U B WRÿ V7U�<¢0Y8fU¢<�S��5UÅ6;¨?0�dfS�<k8:W1<�V%þð,ï òPx,ñ��éî\§1eT6&V5U�<+9�8�9idfWTj,eNV7eTSLlFÿ dfWNlTV?lTV%9�8�U�dfeTS�45V%¨�dfWNd14k�TS�df¨�8:<�6i§1eNV�eT<�6;9;6iU�25Vq0�dfeTSX9iV5U
¨�V5U�eTS�V5U ´ A
|�{ [ Û [ © [ Û uf�1c'EP_�@$`�@$c

½RV5U&¨�V5U�eTS�V5U�U�dfW1<�V�.FV547<�eN25V5U�U�eTS&9iV5U
�$dfWNV5U
b1
ï
b2
ï
b3
V7<
b4 ´ ½RV5U�l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V5U�U�dfW�<<�dfeNULWNdfS�¨�8:9;6iU�25UL0Y8:SLSk8:0T0�dfS�<?þ�9�ÿ 8:6;S�V�l�e�j,Sk8:WNl�0T6i4�l�e�4$8:S�h3dfWY8:<�V�lNV�4$8:9i476;eT¨ þ

2 θ =
34,20˚

dfhT<�V7W�e%0Y8:S�82��WNV7¨�V7W�<�º¢6iV7<�¯1V79il ´ ½�ÿ 8:6;S�V°l�e?lTdfeThT9iV°0T6i4°lTV5U&45V}WYl�S�V5U�¯IV7S�<�V5U�þ 2 θ =
36,28˚

V7<
2 θ = 37,32˚

V5U�<XV7WNU�eT6;<�V?4$8:9i47eT9i25V,ïA2}j18:9iV7¨�V7W�<qþ�0Y8:S�<�6;SmlTe�l�6?.�Sk8f47<�dfj,Sk8:¨?¨�V
82��WN2qlTV!��8fÀ5dfW�þ�U$ÿ 82.�Sk8:WN4��T6;S+l�en03V7<�6;<t0T6i4ql�en4$8:S�h�dfWY8:<�VqlTVq4$8:9i476;eT¨ S�V545dfeT¯1V7S�<Xþ

2 θ =

E�F��T`/ôSKN\�_a`��2J/O2`/_�JLKNM���õ�Q ����Q ò�M�O�þ ��M�`
\�ò&�2\L]�`cO2`
^�`�Q M~_a�2Ja`cO2`|E��
µ
õ¾O�þ û�^PKNQ ����`��2JJÁ
E�R óN��U�á�$mR~_a`�÷�ù~�Tþ Q ÷��`�JLK�O2û0¤PM�Q�^�÷ ���>÷ ò�Q M�¾S\�ô�F�÷Sþ û9ù~�PK�_aQ ò�M;¾S�HbLF UR¿I¿LR�`��(_H`�MD`�ü�`�_/O2`
÷Sþ òNJLOXJa`|O2`cURë

%
F

ð$ñ��

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



�J� ²C� ë~Ã/���è¥
ëR� ² Å��&ìX)i%2*('(ìX)�Ås Ä '�´2)+*

33 34 35 36 37 38 39 40
0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

2 θ [°]

in
te

n
s
it
é

 n
o
rm

a
lis

é
e

4 couches

3 couches

2 couches

1 couche

0 couche

33 34 35 36 37 38 39 40
0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

2 θ [°]

in
te

n
s
it
é

 n
o
rm

a
lis

é
e

4 couches

3 couches

2 couches

1 couche

0 couche

¾t6?.�Sk8f47<�dfj,Sk8:¨?¨�V5UgWNdfS�¨�8:9;6iU�25U¢hTS�eT<�U ¾t6?.�Sk8f47<�dfj,Sk8:¨?¨�V5UgWNdfS�¨�8:9;6iU�25Ut82��WN25U
<Q¨�279�8:WTjIVLlTV+0T�Y8fU�V5U B
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¾t6?.�Sk8f47<�dfj,Sk8:¨?¨�V5UgWNdfS�¨�8:9;6iU�25Ut82��WN25U ¾t6?.�Sk8f47<�dfj,Sk8:¨?¨�V5UgWNdfS�¨�8:9;6iU�25Ut82��WN25U
<
CaCO3

U�V7eT9 B <
CuCO3 · Cu(OH)2

U�V7eT9 B
¦<§©¨<ª Á�� ´ x ê { Ç�ÊfÏDÍyÌ}Ù�Ì}ÐYÍ^Ë1ÌkÕqËfÏ �°Ç�ÊI×5Í�Ä�ÛfÇ�ÊfÙ%Ù�ÌkÕ

36,68˚ ´ ¹^V7<�<�V�lTV7S�WT6i�7S�V�V7U�<?V7W�	NW�Sk8:0T0�dfS�<�25V�þH9�8H9�8H¯,8:9iV7eTS?0Y8:S�<�6i47eT9;6i�7S�V�dfhT<�V7W1eNV�0�dfeTS9�8f�$dfWNV
b1
82	NW!lFÿ 27¯,8:9;eNV7SL9�8�§1eY8:W�<�6;<�2 QDRX

lTV?45V7WNl�S�V5Um¯1V7S�<�V5UmlT2703d,U�25V5Um0Y8:SXeTWN6 <k2?lNV
U�eTS���8f45V&�

QDRX(bi) =

8:6;S�VXWNdfS�¨�8:9;6iU�25VLl�e�lTdfeThT9iVm0T6i4+0�dfeTS
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eTWf��8:6iU�45V$8:e�lTVt9;eT¨?6i�7S�V+¨�dfWNd14k�TS�df¨�8:<�6i§1eNV,ïNlTVqwNe�·�6;WT6;<�6�8:9
F (0)

§1eT6FU�Vg0TS�df0Y8:jIVXlN8:WNU°eTW
¨?6;9;6iV7en8:hNU�dfS�hY8:W�<¢�Ndf¨�dfjI�7WNV ´ ½RV�wNe�·�§1eT6F0Y8:S�¯�6iV7W�<tþq9�ÿ 270Y8:6iU�U�V7eTS z U$ÿ 2547S�6;<R�

F (z) = T (z)F (0) ,
<QÁ�� ´ x B

85¯1V54 T (z) = exp (−κ z) dPp κ
V5U�<�9iVn45d�V���476iV7W1<�U�03V547<�Sk8:9XlFÿ 8:hNU�dfS�0T<�6idfW 9;6;WN2&Ñ�§1eNV�þ!9�8

9idfWTj,eNV7eTSglFÿ dfWNlTVL45dfWNU�6ilT27S�25V ´ �¾X8:WNU�9iV¢lTdf¨�8:6;WNVglTVÅ9�ÿ 6;W�<�V7Sk8f47<�6idfW�V7W�<�S�VÅ9iV5U�Sk8$±IdfWNUm5.V7<�9�8+¨�8:<�6i�7S�V4<D4�� ´ � ´ � ´I³ 8:S9C1dXgÅ6;<9�Iïð$ñ,ñ���ï>è;ð&ÀT±2é B ïTeTWNVXWNdf<k8:<�6idfW�0T9;eNUg45dfeTSk8:W1<�VLlTV T (z)
V5U�<Å9�8?U�eT6;¯,8:W1<�V&�

T (z) = exp

(

−
(

κ

%

)

% z

)

.
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½RV!<�V7S�¨�V
κ/%

V5U�<H9iV ×kÄ'ÌDç ×7Ï�Ì}ÐYÍ�ËAÓ Ê,Í¤ÍyÖ}ÐNÆTÊ,ÍDÏ¤ÄfÐöÙ�Ê:ÕkÕ}Ï¤Ü7ÆNÌ <DV}·�0TS�6;¨�2�jI27WN27Sk8:9iV7¨�V7W1<�V7W
47¨ 2 ´ j −1 B l�e�¨�8:<�27S�6�8:e�lTV Ë1Ì}ÐTÕ}ÏDÍyÖ % <DV7W�j ´ 47¨ −3 B V7<%lFÿ 270Y8:6iU�U�V7eTS z <DV7W�47¨ B ´ ¹^V�45d1V�� ²	Y476iV7W1<�lFÿ 8:<�<�27W�eY8:<�6idfW ¨�8fU�U�6i§1eNV�0TS�25U�V7W�<�V�9�ÿ 8$¯,8:W1<k8:jIV�lFÿ �7<�S�V�6;WNlN2}0�V7WNlN8:W�<�lTV�9�8nlTV7WNU�6;<�2
l�e�¨�8:<�27S�6�8:e ´ �y9ÅV5U�<%0TS�df0�dfS�<�6idfWTWNV79tþn9�8nU�V547<�6idfW V���4$8f45V�lFÿ 6;W�<�V7Sk8f47<�6idfW 0T�Ndf<�dfW ² ¨�8:<�6i�5S�V<�df<k8:9iV

σ totale
lN8:WNUX9iV?¨�8:<�27S�6�8:eRïA4,ÿ V5U�< ² þ ² l�6;S�V�þ�9�8�U�df¨?¨�V�lTV5UmU�V547<�6idfWNULV���4$8f45V5Um6;WNl�6;¯�6 ²l�eNV79;9iV5Um03dfeNSm9iV5UX0TS�d�45V5U�U�eNUmlFÿ 8:hNU�dfS�0T<�6idfW�V7<LlTV�l�6?.�eNU�6idfW ´ ¾X8:WNUX9iV�lTdf¨�8:6;WNV�lTV5UmSk85±1dfWNU5%ï�9iV5UÅ6;W1<�V7Sk8f47<�6idfWNUg0T�Ndf<�dfW ² ¨�8:<�6i�7SkVm0TS�6;WN476;0Y8:9iV5UgU�dfW�<R�

ê 9�ÿ V�.FV7< ØNÚ�Ä,Í�Ä:Ö}ÉiÌ�×5ÍDÇ}Ï¤Ü7ÆYÌ §1eT6RlT25U�6;j,WNV+9�ÿ 8:hNU�dfS�0T<�6idfWnl�e�0T�Ndf<�dfW-5 6;WN476ilTV7W�<gV7W�<�Sk821iWY8:W1<9�8�6idfWT6iUk8:<�6idfW�lFÿ eTWNV?45dfeN4k�NV%6;W�<�V7S�WNV?lTV%9�ÿ 8:<�df¨�V?S�V7WN45dfW�<�S�2,ïF¨�254$8:WT6iU�¨�V�þ�9�ÿ dfS�6;j,6;WNV
l�e�0T�N27WNdf¨��7WNVLlTVDwNeNdfS�V5U�45V7WN45VLlTV5UÅSk8$±IdfWNU�5 £

ê 9�ÿ V�.FV7< È&ÄfÙtØ3Í�ÄfÐ §1eT6Y45dfS�S�V5U�03dfWNl�þ+eTWNV¢l�6?.�eNU�6idfW�6;WN279�8fU�<�6i§1eNVgl�e�0T�Ndf<�dfW35�6;WN476ilTV7W1<<D45V79;eT6 ² 476�6idfWT6iU�VLeTWNVq45dfeN4��NVq0327S�6;0T�N27S�6i§1eNV%lTVL9�ÿ 8:<�df¨�VLS�V7WN45dfW�<�S�2%V7<t03V7S�lnlTdfWN4LeTWNV0Y8:S�<�6iVmU�V7eT9iV7¨�V7W�<glTVmU�dfW�27WNV7S�j,6iVX9idfS�U¢lTVm45V7<�<�VX6;W�<�V7Sk8f47<�6idfW B £
ê 9�8%l�6?.�eNU�6idfWH279�8fU�<�6i§1eNVX45df�N27S�V7W�<�Vml�e�0T�Ndf<�dfW-5�6;WN476ilTV7W1<$ïN¨�254$8:WT6iU�¨�VLþq9�ÿ dfS�6;j,6;WNVmlNV
9�8q<kV74k�TWT6i§1eNVmlTVml�6?.�Sk8f47<�6idfWHlTV5U¢Sk85±1dfWNU�5�0TS�254525lTV7¨?¨�V7W�<t27¯Id�§1eN25V ´�gWNV�U�V547<�6idfW V���4$8f45V�lFÿ 6;W�<�V7Sk8f47<�6idfW�279i27¨�V7W1<k8:6;S�V�V5U�<?8:<�<�S�6;hTeN25V�þn4k�Y8f47eTW�lTV�45V5U%0T�N27WNd ²¨��7WNV5Uf<
σ phot σC

V7<
σR

S�V5U�03V547<�6;¯1V7¨�V7W1< B ´ ½A8�U�V547<�6idfW�V���4$8f45V�<�df<k8:9iV�V5U�<m9�8�U�df¨?¨�V�lNV45V5UÅ<�S�df6iUÅj,Sk8:WNlTV7eTS�UR�
σ totale = σ phot + σC + σR .
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=

NA
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σ totale ,
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á ¹c¹ � ýHü!÷h¦ ü�ù
â*û ý ôöû øµâ � ¹ ô � ÷

={��� �v�3�3�~¡��z���<���3�m�~¡�Ù~� �R�~�1Ø��7�z���`�

103 101 10-1 10-3 10-5 10-7 10-9 10-11 10-13

102 100 10-2 10-4 10-6 10-8 10-10 10-12

ondes radio micro-ondes IR UV rayons X rayons γ

visible

800 700 600 500 400 (nm)

(m)

longueur d'onde

énergie

10-7 10-3 0,1 10 103 104 (eV)1,8 à 3,1

¦<§©¨<ª � ´ ð ê �IØNÌ�×5ÍDÇkÌqËfÆ�Ç�Êq«IÄfÐNÐ�Ì}Ù�Ì}ÐYÍ°Ö}ÉiÌ�×5ÍDÇ�ÄfÙ�Ê$ÛfÐ�Ö7ÍDÏ¤Ü7ÆYÌ

hν

E1

E2

avec hν = E
2
 - E

1

¦<§©¨<ª � ´ � ê Ã^Ç}ÏQÐ3×7Ï ØTÌqËAÓ Æ�Ð�ÌmÍDÇ�ÊfÐTÕ}ÏDÍDÏ¤ÄfÐ�Ö}ÉiÌ�×5ÍDÇ�ÄfÐNÏ¤Ü7ÆNÌLÏQÐ3ËfÆ�ÏDÍyÌ°Ø�ÊfÇLÊ1åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐ�ËAÓ Æ�Ð�ØNÚ�Ä,Í�ÄfÐ
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={�0Ô �v�3�3�~¡��z���<���3�m�~¡�Ù~� �R�~�1Ø��7�z���`�c�

hν

faisceau incident 

d'électrons

électrons 

secondaires

électrons

rétrodiffusés

rayons X

caractéristiques

ionisation des 

couches internes
surface de l'échantillon

faisceau incident d'électrons

électrons Auger

électrons secondaires

électrons rétrodiffusés

rayons X caractéristiques

continuum de rayons X

fluorescence X

<¤8 B <Qh B
¦<§©¨<ª � ´ � ê Î£Ê�Ó%Ã^Ç}ÏQÐ3×7Ï Ø�ÊfÉiÌkÕLÏQÐYÍyÌ}Ç�ÊI×5ÍDÏ¤ÄfÐTÕqÌ}ÐYÍDÇkÌmÉiÌ â ÊfÏ�Õ5×kÌ�ÊfÆnËAÓ Ö}ÉiÌ�×5ÍDÇ�ÄfÐ�Ì7Í�Æ�Ð!Ê,Í�ÄfÙ�ÌqË1ÌLÉ;ÊÙ�Ê,ÍDÏ�Ý}Ç�Ì�ñ�Î�åVÓ+ØTÄfÏQÇ�ÌqË1ÌqËfÏ �°Æ1Õ}Ï¤ÄfÐ

microscopie optique

microscopie électronique

image en électrons rétrodiffusés

pigment rouge

à base de plomb :

minium

pigment bleu

à base de silicium,

de potassium (verre)

et de cobalt :

smalt

<¤8 B <Qh B
¦<§©¨<ª � ´ À ê Î£Ê�Ó �tdf<�SkV ² ¾X8:¨�VglTV ¸ Sk8fU�U�V á d Ð3ÄfÐc«fÙ�ÌkáFßHÆ1Õ$ÖkÌtË1ÌkÕ d Æ,ÛfÆ1Õ7ÍDÏQÐTÕ�Î 4© È/ÓqÈgß�M�Ó ñ
Î�åVÓLÇ�Ö}ÕkÆ�É;Í�ÊfÍQÕXËAÓ Æ�Ð�ÌXÄ1åkÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐnÊfÆ�ß
Å J ×�ÄfÆ'ØYÉiÖkÌmÞqÉ�Ó ÊfÐ3ÊfÉ «:Õ$ÌXÖ}ÉiÖ}Ù�Ì}ÐYÍ�ÊfÏQÇ�ÌgÕ}Æ�ÇtÆ�Ð�Ì+×kÄfÆ'ØTÌ
ÍDÇ�ÊfÐTÕ}ÔfÌ}ÇkÕ5ÊfÉiÌ%Ë1Ìq×�ÄfÆT×}ÚTÌ¢ØYÏ¤×5ÍDÆ�Ç�ÊfÉiÌ Î£× â Ñ>�FÑFÃÅÊ$Û1ÝkÕ}à7È&ÊfÙ�Ê$ÛfÐ3Ê:á|Ó�NON�Ò'á$Ñ?POP7ÒeÓ
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²�4�4 �65.� ² �Èë ÄSÄ  �,X*($�´�*('(ìX)®,! �)�%~ìT  Ä  2 P$

hν0

hν

<¤8 B <Qh B <D4 B
¦<§©¨<ª � ´ ± ê Ã^Ç}ÏQÐ3×7Ï ØTÌqË1ÌmÉ;Ê � ÆTÄfÇkÌkÕ5×kÌ}Ð3×}Ì%Ë1ÌkÕmÇ�Êq«IÄfÐTÕ�ü

hν

<¤8 B <Qh B <D4 B
¦<§©¨<ª � ´ Á ê Ã^Ç}ÏQÐ3×7Ï ØTÌqË1ÌmÉ�Ó Ö}Ù%Ï�ÕkÕkÏ¤ÄfÐ�Ë1ÌXÇ�Êq«IÄfÐTÕ�ü\ÏQÐ3ËfÆ�ÏDÍyÌ°ØTÊfÇqå�ÄfÙ�å�ÊfÇ�Ë1Ì}Ù�Ì}ÐYÍ°Ë1ÌÅØYÇ�Ä,Í�ÄfÐTÕ

<¤8 B <Qh B
¦<§©¨<ª � ´ ò ê Ã^Ç}ÏQÐ3×7Ï ØTÌqË1ÌmÉ;Ê�ÇkÖ7ÍDÇ�Ä'ËfÏ �°Æ1Õ}Ï¤ÄfÐ!Ö}É;Ê:Õ7ÍDÏ¤Ü7ÆNÌKÈ¢Æ�ÍQÚTÌ}Ç â ÄfÇ�Ë

��ðX±

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



²�4�4 �65.� ² �Èë ÄSÄ  �,X*($�´�*('(ìX)®,! �)n%~ìT  Ä  2 P$

h(ν+ν0)

h(ν-ν0)

hν

hν

hν

hν

Diffusion Raman
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½A8q45dfeT9iV7eTSÅlFÿ eTW�dfhT��V7<°0TS�d$¯�6iV7W�<ÅlTVt9�ÿ 6;W1<�V7Sk8f47<�6idfWHV}W�<�S�Vt9�8L9;eT¨?6i�7S�V+V7<°9�8m¨�8:<�6i�7S�V ´ ¶&9;9iVWY821i<mþ�9�8u�¤df6iU+lNVq9�ÿ 8:hNU�dfS�0T<�6idfW!U�279iV547<�6;¯1Vq0Y8:SX9�8�¨�8:<�6i�7S�V?lTV?45V7S�<k8:6;WNV5UXSk8fl�6�8:<�6idfWNUX¯�6iU�6;hT9iV5U
V7<¢lTVX9�8%l�6?.�eNU�6idfW�0Y8:S¢9iV5UÅ0Y8:S�<�6i47eT9iV5Ug45dfWNU�<�6;<�eY8:W�<g45V7<�<�VX¨�8:<�6i�7S�VLlFÿ 8:eT<�S�V5U¢Sk8fl�6�8:<�6idfWNU ´½A8�lTV5U�47S�6;0T<�6idfW!§1eY8:9;6;<k8:<�6;¯IV%lTV5Ut6;W�<�V7Sk8f47<�6idfWNUXV7W�<�S�Vq9�8�9;eT¨?6i�7S�V%V7<+9�8�¨�8:<�6i�7S�V?8:e�U�V76;W�lTV5U
45dfeN4��NV5U°0T6i4}<�eTSk8:9iV5U|��8:6;<^9�ÿ dfhT��V7<°l�e�4��Y8:0T6;<�S�V�� ´ ¹^V7<�<�V+lTV5U�47S�6;0T<�6idfWf��8:6;<^V5U�U�V7W�<�6iV79;9iV7¨�V7W1<¢8:0 ²03V79YþtlTV5U�45dfWN45V}0N<�U�lTV°4k�T6;¨?6iVÅl�e�U�df9;6ilTV°V7<�þgeTWNVÅlTV5U�47S�6;0T<�6idfW�45dfS�0TeYU�4}eN9i8:6;S�V¢lTV°9�8g9;eT¨?6i�7S�V ´�gW#�¤dfS�¨�8:9;6iU�¨�VX0T�1±�U�6i§1eNV+0�V7eT<g8:eNU�U�6>�7<�S�VXeT<�6;9;6iU�2+0�dfeTSglT2547S�6;S�VX9�ÿ 6;W1<�V7Sk8f47<�6idfWnl�e�Sk85±1dfWTWNV ²¨�V7W1<�8$¯IV54�9�8�¨�8:<�6i�7S�V ´ ½RV5Uqj,Sk8:WNlTV7eTS�U%0T��±�U�6i§1eNV5UL6iU�U�eNV5U%lTV�45Vu�¤dfS�¨�8:9;6iU�¨�V�V7W�<�S�V7W1<%WNd ²<k8:¨?¨�V7W1<tV7W���V7e�lN8:WNU¢9iV5U¢¨�d�lT�79iV5UglTVX0TS�df0Y8:j18:<�6;dfWn0TS�25U�V7W�<�25UglN8:WNU¢9iVm4k�Y8:0T6;<�S�V��9��� ´ � 	NWlTVtWNVt0Y8fUÅ8:9idfeTS�lT6 SÅ9iV+45dfS�0NUÅlTVt9�8L<��N�5U�V,ï�45Vq�¤dfS�¨�8:9;6iU�¨�VXV5U�<°0TS�25U�V7W1<�2XlN8:WNUÅ45V}<�<�VX8:WTWNV}·TV&�
<�dfeT<tlFÿ 8:h�dfS�l�0�dfeTSg9�ÿ 8:hNU�dfS�0T<�6idfWRïF85¯1V54mlTV5U+8:0T0TS�d�4��NV5U+45dfS�0TeNU�47eT9�8:6;S�V,ï3279iV547<�S�df¨�8:j,WN25<�6i§1eNV
0TeT6iU¢df0T<�6i476iV7WTWNVc£N0TeT6iU¢03dfeTS¢9�8%l�6?.�eYU�6;dfWn8$¯IV54+9�ÿ 8:0T0TSkd14��YVmdf0T<�6i476iV7WTWNVmeTWT6i§1eNV7¨�V7W�< ´

� ��� ÕfÖe�1×�¡z�1��Ø����3�m�ÚÙ~�`�3�Û�3�����3�]���]¬�ð@�1�����m�3�3¡����úØ�� >K¡z���.�~�
½A8?9;eT¨?6i�7S�Vq03d,U�U��5lTVmeTW�lTdfeThT9iV%8fU�03V547<+45dfS�0TeNU�47eT9�8:6;S�VqV7<tdfWYl�eT9�8:<�df6;S�V ´ ½AV7Ut0Y8:S�<�6i47eT9iV5U¨?6iU�V5U�V}W!��V7e lN8:WNU?9�8�lTV5U�47S�6;0T<�6idfW�45dfS�0TeNU�47eT9�8:6;S�V,ï�9iV5U ØNÚ�Ä,Í�ÄfÐTÕ ï&U�dfW1<�lTV�¨�8fU�U�V�W�eT9;9iV�V7<

lFÿ 27WNV7S�j,6iV
E = h c/λ

<¤85¯1V54
h
9�8L45dfWNU�<k8:W�<�V+lTV » 9�8:WN4NC�ï c 9�8m¯�6;<�V5U�U�VtlTVg9�8mW�eT¨?6i�7S�V+lN8:WNU^9iV¯�6ilTVXV7<

λ
9�8q9idfWTj,eNV7eTStlFÿ dfWNlTVml�e�Sk85±1dfWTWNV7¨�V7W1<t45dfWNU�6ilT27S�2 B ´½�ÿ 8:hNU�dfS�0T<�6idfWqlTV&9i8°9;eT¨?6i�7S�V�V7U�<R9iV�S�25U�eT9;<k8:<AlFÿ eTWNV&6;W�<�V7Sk8f47<�6idfWL6;WN279�8fU�<�6i§1eNV�V7W�<�S�V&9iV5UF0T�Ndf<�dfWNU
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B ¥LÚ�¥LÚ ���:�Å�Y���n���R�I�^���f�T�����F���I�
�y9T±?8X8:hNU�dfS�0T<�6idfW�lFÿ eTWNVÅSk8fl�6�8:<�6idfW�¨�dfWNd14k�TS�df¨�8:<�6i§1eNVtlTV°9idfWTj,eNV7eTS^lFÿ dfWNlTV

λ
U�6T9�ÿ 27WNV7S ²j,6iV

h c/λ
V5U�<�27j18:9iVgþt9�8+l�6?.F27S�V7WN45VglFÿ 27WNV7S�j,6iV¢V7W�<�S�V¢lTV7e�·%WT6;¯1V$8:e�·?279iV547<�S�dfWT6i§1eNV5U�§1eY8:W�<�6?	Y25U

lTV+9�8%¨�8:<�6i�7S�V ´+: W�0Y8:S�9iVL8:9idfS�U¢lTV+<�S}8:WNU�6;<�6idfWH279iV547<�S�dfWT6i§1eNVX6;WNl�eT6;<�Vm0Y8:SÅ9�ÿ 8:hNU�dfS�0T<�6idfWnlFÿ eTW0T�Ndf<�dfW ´R» dfeTSm9iV5UX9idfWTj,eNV7eTS�ULlFÿ dfWNlTV�l�e!lTdf¨�8:6;WNV?¯�6iU�6;hT9iV,ï�9�ÿ 27WNV7S�j,6iV h c/λ V5U�<mlTV%9�ÿ dfS�l�S�VlTVX§1eNV79i§1eNV5U¢VyÁ ´

hν

E1

E2

avec hν = E
2
 - E

1

¦<§©¨<ª µ ´ ð ê Ã^Ç}ÏQÐ3×7Ï ØNÌLËAÓ Æ�Ð�ÌLÍDÇ�ÊfÐTÕ}ÏDÍDÏ¤ÄfÐ�Ö}ÉiÌ�×5ÍDÇ�ÄfÐNÏ¤Ü7ÆNÌqÏQÐ3ËfÆ�ÏQÍyÌÅØ�ÊfÇLÊ1åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐ!ËAÓ Æ�Ð�ØNÚ�Ä,Í�ÄfÐ

½A8X45dfWTWY8:6iU�Uk8:WN45V¢lTVÅ9�8XU�<�S�eN47<�eTS�V¢279iV547<�S�dfWT6i§1eNVgl�e�U�df9;6ilTV¢V5U�<�lT27<�V7S�¨?6;WY8:W�<�V¢0�dfeTS�45df¨ ²0TS�V7WNl�S�V¢9iV5U�¨�254$8:WT6iU�¨�V5U^§1eT6Y0TS�d$¯1d1§1eNV7W�<�9�8X03V7S�<�VtlFÿ 6;W1<�V7WNU�6;<�2g9;eT¨?6;WNV7eNU�V¢0Y8:S°8:hNU�dfS�0T<�6idfW ´½RV�0T�N27WNdf¨��7WNV�lFÿ 8:hNU�dfS�0T<�6idfW�lFÿ 27WNV7S�j,6iV�0Y8:S?9�8n¨�8:<�6i�7S�V�þn9�ÿ dfS�6;j,6;WNV�S�V703d,U�V�V7W V�.FV7<�U�eTS
lTV5UL<�Sk8:WNU�6;<�6idfWNU?279iV547<�S�dfWT6i§1eNV5U%¨�V7<�<k8:W1<?V7Wn��V7e�lTV5ULWN6 ¯1V$8:e�·�l�6iU�47S�V7<�U%V7W�27WNV7S�j,6iV�dfe�lTV5U
hY8:WNlTV5U%0T9;eNUq9�8:S�jIV5U?lN8:WNU%9iV�U�df9 6ilTV�¨?6;WN27Sk8:9 ´ ½�ÿ 279iV547<�S�dfW�§1eT6^<�Sk8:WNU�6;<�V�lFÿ eTW�WT6;¯1V$8:e þ�eTW8:eT<�S�V�lT2703V7WNl�lTV�9�8�9idfWTj,eNV7eTS%lFÿ dfWNlTV�l�e�Sk8$±IdfWTWNV7¨�V7W�<%6;WN476ilTV7W1< ´ ¹^V5UL<�Sk8:WNU�6;<�6idfWNU%279iV54 ²<�S�dfWT6i§1eNV5UL03V7eT¯1V7W1<7�7<�S�V�6;W�<�V7S ² 8:<�df¨?6i§1eNV5U%dfe�6;W1<�Sk8 ² 8:<kdf¨?6;§1eYV5Uq¨�8:6iUL9iV�¨�25458:WN6;U�¨�V�SkV7U�<kV9iV%¨u�7¨�V&�F9�ÿ 8:hNU�dfS�0T<�6idfW�lTV%9�8�9;eT¨?6i�7S�V�6;WN476;lNV}W�<�V�þ�eTWNV%9idfWTj,eNV7eTSqlFÿ dfWNlTV

λ
V5U�<ml�eNV�þ�9�8

<�Sk8:WNU�6;<�6idfW�lFÿ eTW�279iV547<�S�dfW�lTV70TeT6iUmeTW!WT6;¯IV$8:e��¤dfWNlN8:¨�V7W�<k8:9
E1

¯IV7S�UXeTW!WT6;¯IV$8:e�V}·T476;<�2
E2<�V79iU¢§1eNV

E2 − E1 = h ν = h c/λ
<D4�� ´ 	Nj,eTS�Vmµ ´ ð B ´

½RV5Ugl�6?.F27S�V7W1<�U¢<£±�03V5U¢lTVX<�Sk8:WNU�6;<�6idfWNUg279iV547<�S�dfWT6i§1eNV5Ug6;WNl�eT6;<�V5U¢0Y8:S¢9�ÿ 8:hNU�dfS�0T<�6idfWnlTVX0T�Nd ²<�dfWNUL0TS�d$¯1d1§1eY8:W�<q9i8H45dfeT9iV7eTS%lTV5UL0T6;j,¨�V7W1<�Uq¨?6;WN27Sk8:e�·��¤dfW1<L9�ÿ dfhT��V7<%lTV�9�8�U�V547<�6idfW � ´ ��l�e4��Y8:0T6;<�S�V�� ´
B ¥LÚ�¥�Ù ���:�Å�Y���H�A��	������3�,�A���I�
Þ�[ © [ ¬ [ © �tCREA`�@'BQM3OAc?vPG Z `�­·©qG�_D_Åa�B����:MYcX�IMY>�BQCREAG1c
�AdfeT<gSk85±1dfWTWNV7¨�V7W1<t279iV547<�S�df¨�8:j,WY27<�6i§1eNVqU�V+0TS�df0Y8:jIV$8:W�<tlN8:WNU¢eTW�¨�8:<�27S�6�8:enlTVmlTV7WNU�6;<�2

lTVX4k�Y8:S�jIV
ρ
V7<glTV7WNU�6;<�2XlNVX45dfeTSk8:W�< ~j V5U�<ÅS�27j,6R0Y8:SÅ9iV5U¢25§1eY8:<�6idfWNUglTV ³ 8'·�g^V79;9I�



















div ~E = ρ/ε0
div ~B = 0−→

rot ~E + ∂ ~B/∂t = ~0−→
rot ~B = µ0

~j + ε0 µ0 ∂ ~E/∂t

<Dµ ´ ð B
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85¯1V54&�
~E

9iVX4k�Y8:¨?0H279iV547<�S�6i§1eNVc£ ~B
9iVX4��Y8:¨?0H¨�8:j,WN27<�6i§1eNVc£

ρ
9�8%lTV7WNU�6;<�2mlTVm4��Y8:S�jIV5U>£ ~j

9�8?lTV7WNU�6;<�2mlTVX45dfeTSk8:W�<>£
ε0

9�8q0�V7S�¨?6;<�<�6;¯�6;<�2L279iV547<�S�6i§1eNVml�e�¯�6ilTVc£
µ0

9�8q03V7S�¨�2$8:hT6;9;6;<�2L¨�8:j,WN27<�6i§1eNVml�e�¯�6ilTVc£
V7<
µ0 ε0 = 1/c2

ïY85¯1V54
c
9�8%¯�6;<�V5U�U�VXlTV+9�8%9;eT¨?6i�7S�VmlN8:WNU¢9iV+¯�6ilTV ´

Þ�[ © [ ¬ [ ¬ J0�:MY>P`s�Y`�@'BQM3O vP`NOAc�_QG1c�a�BD_DBQG�E>­�a!`�@X�T�fBQG�_Qc
½RV5Um4k�Y8:¨?0NUm279iV547<�S�df¨�8:j,WN27<�6i§1eNV5U!�¤dfeTS�WT6iU�U�V7W�<XeTWNV�lTV5U�47S�6;0T<�6idfW�45df¨?¨�d1lTV�lTV5UmV�.FdfS�<�U

V�.FV547<�eN25U°0Y8:S°eTW�V7WNU�V7¨qhT9iV+lTV+4k�Y8:S�jIV5U
((

U�dfeTS�45V5U
))

U�eTS°eTWNV+4��Y8:S�jIVXlFÿ V5U�Uk8:6 ´ /16�9�ÿ dfW�45dfWNU�6 ²lT�7S�VteTWNV+dfWNlTVX279iV547<�S�df¨�8:j,WN27<�6i§1eNVmlN8:WNU°9iV
((

¯�6ilTV
))

ï�45V79�8qU�6;j,WT6?	YVX§1eNVt9iV5U°4k�Y8:S�jIV5UÅ45dfWNU�<�6 ²<�eY8:W1<L9�8�U�dfeTS�45V�U�dfW�<m<�S��5Um279idf6;j,WN25V5Uql�e�0�df6;W1<qdPp�U�V%<�S�dfeT¯IV?9�8�4k�Y8:S�jIV�lFÿ V5U�Uk8:6�U�eT0T03d,U�25V
((

6iU�df9i25V
))
´ /16Y45V79;9iV ² 476�V5U�<°8:e�45dfW1<�Sk8:6;S�Vg0T9�8f4525VtlN8:WNU�eTW�¨?6;9 6iV7e�¨�8:<�27S�6iV79�ï�V7<^U�VÅ<�S�dfeT¯1VglTdfWN4V7W1<�dfeTS�25VÅlTV°4��Y8:S�jIV7U$ï,V79;9iV°V5U�<�U�dfeT¨?6iU�VÅþtlTV5U�V�.FdfS�<�U&lTV�9�8g0Y8:S�<&lTV°45V5U&lTV7S�WT6i�7S�V5U ´ ½RV°4k�Y8:¨?0279iV547<�S�6i§1eNV,ïY§1eT6A<�Sk8fl�eT6;<g9�ÿ V7WNU�V7¨qhT9iVLlTV5UtV�.FdfS�<�UgU�eTSg9�8?4k�Y8:S�jIVLlFÿ V5U�Uk8:6�ïYlT2703V7WNlnlTdfWN4LlTVm9i8

l�6iU�<�S�6;hTeT<�6idfW�lTV5Ut4k�Y8:S�jIV5U+lN8:WNUt9�8�¨�8:<�6i�7S�V%V7W1¯�6;S�dfWTWY8:W�<�V ´ ½A8�lNV7U�47S�6;0T<�6;dfW�¨?6i47S�d,U�45df0T6i§1eNV0TS�254525lTV7¨?¨�V7W�<t27¯Id�§1eN25V+WRÿ V5U�<¢0T9;eNUg8flN8:0T<�25V ´¾+V5Ut25§1eY8:<�6idfWNUt¨�8f47S�d,U�45df0T6i§1eNV5U+03V7S�¨�V7<�<�V7W�<XlN8:WNU+45V5Ut45dfWNl�6;<�6idfWNUXlTVqlT2547S�6;S�VL9iV5U+4��Y8:¨?0NU
279iV547<�S�df¨�8:j,WN27<�6i§1eNV5U�lN8:WNU�9�8!¨�8:<�6i�7S�V ´ ¹^V5U�25§1eY8:<�6idfWNU�U�dfW1<�Uk8:<�6iU���8:6;<�V5U�0Y8:S�9iV5U�4��Y8:¨?0NU¨�d$±1V7WTWN25U?U�0Y8:<�6�8:9iV7¨�V7W1< ´ ¶&9;9iV5U?U�dfW�<?8f4545df¨?0Y8:j,WN25V5U?0Y8:S%9iV5UqS�V79�8:<�6idfWNU?45dfWNU�<�6;<�eT<�6;¯1V5U?§1eT6lT2�	NWT6iU�U�V7W1<¢9iV5U°0TS�df0TS�6;27<�25UglFÿ 8:6;¨�8:W�<k8:<�6idfWnV7<¢lTV+0�df9�8:S�6iUk8:<�6idfWHlTV+9�8q¨�8:<�6i�7S�V,ïY8:6;WNU�6R§1eNV+9iV5U
lTV7WNU�6;<�25U¢lTVm4��Y8:S�jIV5UgV7<glTVX45dfeTSk8:W�<�U¢9;6;hTS�V5U�<¤4N� ´N¼N´ ¼N´3¸ S�V�.FV7<$ïRð$ñ,ñ�x�ï>è;ðX±�±2é B ´

¾X8:WNU%eTW�¨?6;9;6iV7e l�6i279iV547<�S�6i§1eNV�WNdfW ² l�6iU�0�V7S�U�6?��ï&4,ÿ V5U�< ² þ ² l�6;S�V�eTW�¨?6;9;6iV7e�lN8:WNU%9iV5§1eNV79Å9iV5US�V79�8:<�6idfWNU�45dfWNU�<�6;<�eT<�6;¯IV5U�WNVÅlT2703V7WNlTV7W�<�0Y8fU�lTV°9�8q�DS�25§1eNV7WN45V¢l�e�4��Y8:¨?0�279iV547<�S�df¨�8:j,WN27<�6i§1eNV,ï
9iV5U¢25§1eY8:<�6idfWNUglTV ³ 8'·�g°V79;9F¨�8f47S�d,U�45df0T6i§1eNV5UtU$ÿ 254}S�6 ¯1V7W�<R�



















div ~D = ρlibre

div ~B = 0−→
rot ~E = −∂ ~B/∂t−→
rot ~H = ~jlibre + ∂ ~D/∂t

<Dµ ´ � B

85¯1V54+9iV5UÅS�V79�8:<�6idfWNUg45dfWNU�<�6;<�eT<�6;¯1V5UgU�eT6;¯,8:W1<�V5UR�










~D = ε0 εr ~E
~B = µ0 µr

~H
~j = σ ~E

<Dµ ´ � B
½RVmU�±�U�<��7¨�V���8:6;<g6;W1<�V7S�¯1V7WT6;SqÀ�4k�Y8:¨?0NU¢6;WN45dfWTW�eNU ´ ½RV5UgS�V79�8:<�6idfWNUt45dfWNU�<�6;<�eT<�6;¯IV5Ug03V7S�¨�V7<�<kV}W�<lTVXU�V+Sk8:¨�V7WNV7S+þqeTWHU�±�U�<��7¨�VD��8:6iUk8:W1<¢6 W�<�V7S�¯1V7WT6;SD�%4k�Y8:¨?0NU$ïT0Y8:S¢V}·TV7¨?0T9iV ~E V7< ~H �



















div ~H = 0

div ~E = 0−→
rot ~E = −µ0 µr ∂ ~H/∂t−→
rot ~H = σ ~E + ε0 εr ∂ ~E/∂t

<Dµ ´ À B
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¶&WH279;6 ¨?6;WY8:W�< ~H ïTdfWHdfhT<�6iV7W1<R�
−→
∆ ~E − µ0 ε0 µr εr ∂

2 ~E/∂t2 − µ0 µrσ ∂ ~E/∂t = 0 .
<Dµ ´ ± B

Þ�[ © [ ¬ [ Û oLM3OAc5@$`NO3@$Gnv�B���_QGT�,@X�fBQCREAG�GI@�BDOAv�B��IG�vPG=���T§L�:`s�,@'BQM3OÌ�IM3a!>P_DG�­RG
¹^dfWNU�6ilT27S�dfWNUteTWNVqdfWNlTVL¨�dfWNd14k�TS�df¨�8:<�6i§1eNV ~E = ~E(~r,t) = ~E(~r) exp(−jωt) V7<t6;W1<�S�d ²l�eT6iU�dfWNU+9�8�45dfWNU�<k8:W1<�V?l�6i279iV547<�S�6i§1eNV

ε(ω) = 1 + j σ(ω)/(ε0ω)
ïY9iV%4k�Y8:¨?0NU ~E V5U�<XU�df9;eT<�6idfW

lTV+9�ÿ 25§1eY8:<�6idfWnlTVXîtV79;¨?�Ndf9;<9���
−→
∆ ~E(~r) = ε(ω) (ω/c)2 ~E(~r) .

<Dµ ´ Á B
/�df6;<ReTWNV&dfWNlTV&0T9�8:WNV&0TS�dfj,S�V5U�U�6;¯1V�¨�dfWNd�4��TS�df¨�8:<�6i§1eNV�lTV�¯1V547<�V7eTSAlFÿ dfWNlTV ~k = k ~uz

� ~E(z,t) =
~E0 exp(−j(ωt− kz)) ´ ½A8%S�V79�8:<�6idfWHlTVml�6iU�03V7S�U�6idfWHU�eT6;¯,8:W�<�V+0�V7eT<q�7<�S�Vm27<k8:hT9;6iV&�

k2 =
(ω

c

)2
ε(ω) .

<Dµ ´ ò B
¶&WHeT<�6;9;6iUk8:W�<t9�ÿ 2547S�6;<�eTS�Vq45df¨?0T9iV}·TV

k = k′ + j k′′
ïN9�8?0Y8:S�<�6iVL6;¨�8:j,6;WY8:6;S�V

k′′
45dfS�S�V5U�03dfWNl�8:e

45d1V���476iV7W�<qlFÿ 8:hNU�dfS�0T<�6idfW�9;6;WN2&Ñ�§1eNV�0�dfeTSm9iV�4��Y8:¨?0 ´ ½�ÿ 6;WNlT6;45V�lTV�S�2��DSk8f47<�6idfW�45df¨?0T9iV}·TV�V5U�<8:9idfS�Um�Y8:hT6;<�eNV79;9iV7¨�V5W1<%lN2N	YWT6�0Y8:Sm9�8�S�V79�8:<�6idfW
n = η + j κ =

√

ε(ω) ´ ½A8�0Y8:S�<�6iV�S�25V79;9iV η45dfS�S�V5U�03dfWNl�þt9�ÿ 6;WNl�6i45V¢lTV°S�2��DSk8f47<�6idfW?�Y8:hT6;<�eNV79YV7<&9�8t0Y8:S�<�6iVÅ6;¨�8:j,6;WY8:6;S�V
κ
V5U�<�8:0T0�V79i25VÅ6;WNl�6i45V

lFÿ V}·�<�6;WN47<�6idfW ´ ¾%ÿ dPp�9�8%S�V79�8:<�6idfWm�
k′ + j k′′ =

(ω

c

)

(η + j κ) ,
<Dµ ´ x B

V7<�	NWY8:9iV7¨�V7W�<R�
~E(z,t) = ~E0 exp

(

−ω
c
κz
)

exp
(

−j(ωt− ω

c
ηz)
)

.
<Dµ ´ ñ B

Þ�[ © [ ¬ [ ® �3°Pc$M;�:>A@'BQM3O���@X�:`�½3GT�:c�EPOAG-�IM3EH�fKAG
¹^dfWNU�6ilT27S�dfWNU�eTW%¨?6;9;6iV7e%�Ndf¨�dfjI�7WNV,ïf6iU�df<�S�df03V°V7<�WNdfW ² l�6?.�eNUk8:W1<�V7<�27<�eNl�6idfWNU�9�8g¯,8:S�6�8:<�6idfWl�e#wNe�·

W
þq<�S}85¯1V7S�UÅeTWNVm45dfeN4��NVmlFÿ 270Y8:6iU�U�V7eTS

a
lTVX45VX¨?6;9;6iV7e ´½RVDwNe�·

W
V5U�<°0TS�df0�dfS�<�6idfWTWNV79Pþq9�8L¯,8:9iV7eTSÅ¨�d'±IV7WTWNVXlTV+9�8qWNdfS�¨�VXl�e�¯IV547<�V7eTS¢lTV » df6;W1<�6;WTjlTdfWN4L8:e�4$8:S�S�2ml�e�¨�d1l�eT9iVLl�e�4k�Y8:¨?0m�

∣

∣

∣

~E(z)
∣

∣

∣

2
=
∣

∣

∣

~E0

∣

∣

∣

2
exp

(

−2
ω

c
κz
)

.
<Dµ ´ ðX� B

½A8��DSk8f47<�6idfW�lTVuwNe�·�9;eT¨?6;WNV7e�·�8$±18:W�<q<�Sk8$¯IV7S�U�2�eTWNV�45dfeN4��NV�lFÿ 270Y8:6iU�U�V7eTS
a
l�e�¨?6;9;6iV7e�lTV

0TS�df0Y8:j18:<�6idfWnU$ÿ 2547S�6;<glTdfWN4&�
W (a)

W (0)
= exp (−αa) , <¤µ ´ ð,ð B

85¯1V54
α = 2

ω

c
κ = 2 k′′ .

<Dµ ´ ðX� B
α
S�V70TS�25U�V7W1<�V?lTdfWN4%9�8�0TS�df03dfS�<�6idfW�lTV�wNe�·�8:hNU�dfS�h32%0Y8:S+eTWT6;<�2%lTVq9idfWTj,eNV7eTSLl�e�¨?6;9;6iV7e�lTV

0TS�df0Y8:j18:<�6idfW�45dfWNU�6ilT27S�2 ´ �y9ÅV5U�<%0Y8:S�45dfWNU�25§1eNV7W1<�27j18:9iV7¨�V7W1<�8:0T0�V79i2 ×�Ä:ÌDç ×7Ï�Ì}ÐYÍLËAÓ Ê1åkÕ5ÄfÇyØYàÍDÏ¤ÄfÐ�É ÏQÐ�ÖÔû¤Ü7ÆNÌ ´ �tdfeNU¢¯1V7S�S�dfWNUg§1eNVL45VmS�25U�eT9;<k8:<g03V7eT<��7<�S�VmS�V7<�S�dfeT¯I2LV7WHeT<�6;9;6iUk8:W�<g9�ÿ 8:0T0TS�d14k�NV0T�Ndf<�df¨�27<�S�6i§1eNVL§1eT6FS�V70�d,U�VXU�eTSÅ9�8%9idf6AlTVX½A8:¨qh3V7S�< ´
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B ¥LÚ�¥©Ä ���:�Å�Y���H�^¦��F�,�A���T�,�1�VÂ����
½A8?lTV5U�47S�6;0T<�6idfWn0T�Ndf<�df¨�27<�S�6i§1eNVql�e�0T�N27WNdf¨��7WNVqlTVX9�ÿ 8:hNU�dfS�0T<�6idfWnlTVm9�8%9;eT¨?6i�7S�Vm0Y8:Sg9i8

¨�8:<�6i�7S�VgWRÿ V5U�<^0Y8fUm�¤dfWNlN8:¨�V7W�<k8:9iV7¨�V7W�<Ål�6?.F27S�V7W�<�VtlTVg9�ÿ 8:0T0TS�d14k�NV+279iV54}<�S�df¨�8:j,WN27<�6i§1eNV,ï�¨�8:6iU
V79;9iVX27¯�6;<�VX9iV+0Y8fU�Uk8:jIVX0Y8:S¢9�8qS�25U�df9;eT<�6idfWHlTV5Ug25§1eY8:<�6idfWNU¢lTV ³ 8'·�g^V79;9 ´¶&W�0T�Ndf<�df¨�27<�S�6iVIïF9�8�03V7S�<�V?lFÿ 27WNV7S�j,6iV?9;eT¨?6;WNV7eNU�V%0Y8:Sm8:hNU�dfS�0T<�6idfW�V5U�<X27¯,8:9;eN25V?þ�0Y8:S�<�6;SXlNV
lTV7e�·�9idf6iUÅ0TS�6 WY4}6;0Y8:9iV5U7<D4�� ´T¼N´ ½ ´N³ V}±��$dfWTWYV}<�<�VmV7<
� ´ ½R270T6;WNV,ïRð$ñ,ñ,ñ�ïHè;ðX±�Á2é B ´
Þ�[ © [ Û [ © � M3BQc�vAG � `Nan°&GT�'@�G1@�_QM3B�vPG Þ G1GT�
� M3B^vPG � `Naz°�GT�'@

½A8 É;ÄfÏ�Ë1Ì+ÎRÊfÙ�åkÌ}Ç7Í 45dfWNU�6iU�<�Vmþql�6;S�VX§1eAÿ eNWNVX270Y8:6iU�U�V7eTS¢lTdfWTWN25VXlTV+¨�8:<�27S�6�8:en8:hNU�dfS�hY8:W�<�<DV7<
WNdfW ² l�6?.�eNUk8:W1< B V7W1<�Sk821iWNVXeTWNV+§1eY8:W�<�6;<�2XlTdfWTWN25VXlFÿ 8:hNU�dfS�0T<�6idfW ´ /16F4k�Y8f§1eNVt9idfWTj,eNV7eTSglFÿ dfWNlTVl�enSk85±1dfWTWNV7¨�V7W1<X6;WN476ilTV7W1<XV5U�<+45dfWNU�6ilT27S�25V%U�270Y8:S�27¨�V7W�<$ï�V7<+U�6P9iVL¨�8:<�27S�6�8:e�6;¨?0T9;6i§1eN2qWRÿ V5U�<
0Y8fU¢l�6?.�eNUk8:W�<$ï�9�8%9idf6RlTVm½A8:¨Lh�V7S�<tV5U�<Å<�dfe,��dfeTS�UÅ¯�Sk8:6iV ´
� M3B^vPG Þ G1GT�

½A8 É;ÄfÏFË1Ì J ÌkÌ}Ç 27<�V7WNlL9�ÿ 6ilT25V°lT27¯IV79idf0T0�25V^0Y8:S�½A8:¨qh3V7S�<�8:e�·LU�±�U�<��7¨�V5UP6;W1<�27j,Sk8:W�<&lTV5UP0TS�dfhT9i2 ²¨�8:<�6i§1eNV5U�lTV¢45dfWN45V7W�<�Sk8:<�6idfW ´ ¾%ÿ 8:0TS��5U�µ°V5V7S$ïIeTWNV¢§1eY8:W�<�6;<�2glTdfWTWN25VglTVÅ¨�8:<�27S�6�8:e�8:hNU�dfS�hY8:W�<<Q0Y8:SÅV}·TV7¨?0T9iV+eTW�45df9idfSk8:W�< B V7W1<�Sk821iWNVXeTWNV+§1eY8:W1<�6 <k2+lTdfWTWN25VXlFÿ 8:hNU�dfS�0T<�6idfWRïN§1eNV79;9iV+§1eNV+U�df6;<9�8�45dfWN45V7W�<�Sk8:<�6idfW ´ ½�ÿ 8:hNU�dfS�0T<�6idfW�lTVL9�8?9;eT¨?6i�7S�VqWNVqlT2703V7WNl�§1eNVLl�enWNdf¨LhTS�V%lTVL¨�df9i2547eT9iV5UlTV�U�eThNU�<k8:WN45V�8:hNU�dfS�hY8:W�<�V�0TS�25U�V7W1<�V5U%lN8:WNUq9iV�¨?6;9;6iV7e�<�Sk8$¯IV7S�U�2 ´ � 9�8Hl�6?.F27S�V7WN45V�lTV�9�8�9idf6
lTV%½A8:¨qh3V7S�<$ïF9�8�9idf6&lTV?µ°V5V7SXV5U�<+¨?6iU�V%V7W�lT2���8:eT<X0Y8:SX45V7S�<k8:6;WNV5UmU�eThNU�<k8:WN45V5UX45df9idfS�25V5U$ï�WNd ²<k8:¨?¨�V7W1<�9iV5U�U�df9;eT<�6idfWNUf�¤dfS�<�V7¨�V7W1<�45dfWN45V7W�<�S�25V5U�<D4�� ´ ¿ ´ Âö´ µ^6;9;9;¨�V7±IV7S�V7< ³�´ /�8:9;<9�5¨�8:WRïð$ñ�x�ð,ï>è;ðX��x2éA0 ´ ðX� B ´
Þ�[ © [ Û [ ¬ d M;�fa!`N_DBQc'a!G

¹^dfWNU�6ilT27S�dfWNUqeTW�0T6;WN45V$8:e�lTV�9;eT¨?6i�7S�V�¨�dfWNd�4��TS�df¨�8f<�6i§1eNV�lTV�9idfWTj,eNV7eTS%lRÿ dfWYlTV
λ
§1eT6

U�Vg0TS�df0Y8:jIVt9iVg9idfWTj?lTVg9�8ql�6;S�V547<�6idfW
z
lN8:WYU^eTW�¨?6;9;6iV7e�8:hNU�dfS�hY8:W�<°WNdfW ² l�6?.�eNUk8:W�<0<D4�� ´ 	Nj,eTS�Vµ ´ � B ´

z

F( λ , z )

dz
α

p

F( λ , z + dz )

¦<§©¨<ª µ ´ � ê d åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐ�ËIÊfÐTÕXÆ�Ð�Ù%ÏQÉ Ï�Ì}Æ�Ð3ÄfÐNà�ËfÏ �°Æ1Õ5ÊfÐYÍ

b���¯&OPB�@'BQM3O v�Eo�IMFGOYh�1BQG�O3@�v�x;`s°Pc$M;�:>A@'BQM3O
» 8:S+lT2�	NWT6;<�6idfWRïY9iV ×�Ä:ÌDç ×7Ï�Ì}ÐYÍ�ÕyØNÌ�×5ÍDÇ�ÊfÉ�ËAÓ Ê1åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐ�Ô:ÄfÉ Æ�Ù%Ï¤Ü7ÆNÌ α(λ, z)

l�eH¨?6;9;6iV7e�þ?9�ÿ V7W ²

����ð
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l�S�df6;<�45dfWNU�6ilT27S�2HV5U�<?9iV#wNe�·�8:hNU�dfS�h32
dFa(λ, z)

0Y8:S�eTWT6;<�2�lTV�¯1df9 eN¨�V
dV

V7<�0Y8:S�eTWT6;<�2
lFÿ 25479�8:6;S�V7¨�V7W1<t6;WN476ilTV7W1<$ïYU�df6;<R�

α(λ, z) =
dFa(λ, z)

E(λ, z) dV
.

<Dµ ´ ðX� B
¶&W�S�V7¨�8:S�§1eY8:W�<�§1eNV

dV = dS dz
V}<�§1eNVH9iV-wNe�·�6;WN476ilTV7W1<

Fi(λ, z) = E(λ, z) dS
ï�9iV

45d1V���476iV7W�<
α(λ, z)

0�V7eT<g27j18:9iV7¨�V7W1<tU$ÿ 2547S�6;S�V&�

α(λ, z) =
1

Fi(λ, z)

dFa(λ, z)

dz
.

<Dµ ´ ð&À B

α(λ, z)
S�V70TS�25U�V7W�<�VtlTdfWN4g9�8X0TS�df0�dfS�<�6idfW�lTV�wNe�·�8:hNU�dfS�h�2g0Y8:S�eTWT6;<�2tlTVg9idfWTj,eNV7eTS°l�e�¨?6;9 6iV7e

lTVL0TS�df0Y8:j18:<�6idfW�45dfWNU�6ilT27S�2 ´ �y9�V5U�<t0Y8:SX45dfWNU�25§1eNV7W1<X27j18:9iV7¨�V7W�<L8:0T03V79i2 ×�Ä:ÌDç ×7Ï�Ì}ÐYÍ°Õ�ØNÌ�×5ÍDÇ�ÊfÉËAÓ Ê1åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐnÉ ÏQÐ�ÖÔû¤Ü7ÆNÌ ´/16
α(λ, z)

V5U�<+6;WNlT270�V7WNlN8:W1<LlTVq9�8�0�d,U�6;<�6idfW�lN8:WNU+9iVq¨?6;9;6iV7e!45dfWNU�6ilT27S�2,ïF45V%lTV7S�WT6iV7SmV5U�<Xl�6;<
Ú�ÄfÙ�Ä�Û1Ý}Ð�Ì ´

u�G�_Q`�@'BQM3O�G�O3@X�:Gn_QG=�IMFGOYh�1BQG�O3@�v�x;`s°Pc$M;�:>A@'BQM3O GI@�_QG=§y`s�,@$G�EH��vPG�@X�:`NOAc'a�BQc$c'BQM3O
½RV5UX0�V7S�<�V5ULl�eNV5ULþ�9�ÿ 8:hNU�dfS�0T<�6idfW�0Y8:Sm9iV%¨?6;9;6iV7e�lNV%0TS�df0Y8:j18:<�6idfW�8:<�<�27W1eNV7W�<L9iV4wNe�·!§1eT6�U�V
l�6;S�6;jIVL9iVL9;dfWNj�lTVqUk8�l�6;S�V547<�6idfW�6;WT6;<�6�8:9iV ´�» 8:StSk8:0T0�dfS�<Xþ�Uk8?¯,8:9iV7eTSt6;WT6;<�6�8:9iV F (λ, 0)

ïY9iV!wNe�·
§1eT6F0Y8:S�¯�6iV7W1<tþ%9�ÿ 8:hNU�476iU�U�V

z
U$ÿ 2547S�6;<A�

F (λ, z) = T (λ, z)F (λ, 0) .
<Dµ ´ ðX± B

85¯1V54 T (λ, z)
9iV¢â ÊI×5ÍyÌ7Æ�ÇqË1ÌLÍDÇ�ÊfÐTÕ}Ù%Ï�ÕkÕ}Ï¤ÄfÐ l�e�¨?6;9;6iV7eHU�eTS¢9�8%l�6iU�<k8:WN45V

z ´/1eTSÅeTW�<�Sk8:��V7<glTV+9idfWTj,eNV7eTS
	NWT6iV
a
ï�9iVD��8f47<�V7eTSglTVX<�Sk8:WNU�¨?6iU�U�6idfWHU$ÿ 2547S�6;<¢lTdfWN4&�

T (λ, a) =
F (λ, z)

F (λ, 0)
= exp

(

−
∫ a

0
α(λ, z) dz

)

.
<Dµ ´ ðXÁ B

¯Idf6;S�V T (λ, a) = exp (−α(λ) a)
U�6°9iV�¨?6;9;6iV7e V5U�<%�Ndf¨�dfjI�7WNV ´ ¹tÿ V5U�<?9�ÿ Vk·�0NS�V5U�U�6;dfW�9�8n0T9;eNU45dfeTSk8:W1<�VLlTV+9�8%9idf6RlTVmµ°V5V7S ´

u�G�_Q`�@'BQM3O�G�O3@X�:G�_QGh�IM�GOYh�1BQG�O�@Hv�x;`s°Pc$M;�:>A@'BQM3O _DBDOH�äùkCREAG�GI@n_yxiBDOAv�B��IG�v�x;G�­F@'BDOH�P¢
@'BQM3O
¾X8:WNU�9iVg4$8fU°lFÿ eTW�¨?6;9;6iV7e�8:hNU�dfS�hY8:W1<°�Ndf¨�dfjI�7WNV,ï�9�ÿ 6;WNl�6i45VtlTVgS�2��DSk8f47<�6idfW�V5U�<^45df¨?0T9iV}·TVt¨�8:6;U
WNVXlT270�V7WNl�0Y8fU¢lTVX9�ÿ 8:hNU�476iU�U�V

z
�

n(λ) = η(λ) + j κ(λ) ,
<Dµ ´ ð'ò B

85¯1V54
κ(λ)

9�ÿ 6;WNl�6i45VLlFÿ V}·�<�6;WN47<�6idfWHl�e�¨?6;9;6iV7e ´¾%ÿ 8:0TS��5U^9�8m<��N25dfS�6iV+dfWNl�eT9�8:<�df6;S�VXlTVg9�8m9;eT¨?6i�7S�V,ï�9�ÿ 8:¨?0T9;6;<�eNlTVXl�e�¯1V547<�V7eTS°4k�Y8:¨?0�279iV54}<�S�6i§1eNV
lFÿ eTWNVXdfWNlTVX0T9�8:WNVm§1eY8fU�6 ² ¨�dfWNd14k�TS�df¨�8:<�6i§1eNVLU�Vt0TS�df0Y8:jIV$8:W�<tU�V79;dfW�9�ÿ 8'·TV z lN8:WNUÅeTW�¨?6;9;6iV7e
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lFÿ 6;WNl�6i45V
n(λ)

U$ÿ 2547S�6;< A �

E(λ, z, t) = E(λ, 0, 0) exp

(

jω

(

t− n(λ)z

c

))

,

lNdfWN4&� E(λ, z, t) = E(λ, 0, 0) exp

(

−ωκ(λ)z

c

)

exp

(

jω

(

t− η(λ)z

c

))

.
<Dµ ´ ðXx B

½A8�lTV7WNU�6;<�2�¨�d$±1V7WTWNV�lFÿ 27WNV7S�j,6iV�279iV547<�S�df¨�8:j,WN27<�6i§1eNV
U
0Y8:SLeTWT6;<�2�lTV�¯1df9;eT¨�V�V5U�<L9;6i25V�8:e

¯IV547<�V7eTSglTV » d'±�W1<�6;WTj�V7<¢lTdfWN4L8:eH4��Y8:¨?0H279iV547<�S�df¨�8:j,WN25<�6i§1eNVm0Y8:SR�

U(λ, z) = ε0
〈

E2(λ, z, t)
〉

=
1

2
ε0

∣

∣

∣

∣

E(λ, 0, 0) exp

(

−ωκ(λ)z

c

)
∣

∣

∣

∣

2

,

U�df6;<
U(λ, z) ∝ exp

(

−2ω
κ(λ)z

c

)

.
<Dµ ´ ð$ñ B

½�ÿ dfWNlTVX279iV547<�S�df¨�8:j,WN27<�6i§1eNVmU�Vg0TS�df0Y8:jIVmþL9�8L¯�6;<�V5U�U�V
c/n ´ ½�ÿ 25479�8:6;S�V7¨�V7W�<gV7W z U$ÿ 2547S�6;<ÅlTdfWN4

E(λ, z) = c/n · U(λ, z)
V7<Å9�8%9idf6RlTVX0TS�df0Y8:j18:<�6idfWnl�e�wNe�·�9iV+9idfWTj�lTVX9�ÿ 8'·TV

z
V5U�<R�

F (λ, z) = F (λ, 0) exp

(

−2ω
κ(λ)z

c

)

.
<Dµ ´ ��� B

: S�9�8+9idf6YlNV¢½A8:¨Lh�V7S�<^U$ÿ 2547S�6;<�03dfeTS�eTW�¨?6;9;6iV7e��Ndf¨�dfjI�7WNV&� F (λ, z) = F (λ, 0) exp (α(λ)z)
ï

lTdfWN4X6;9F¯�6iV7W�<R�
α(λ) =

4π κ(λ)

λ
.

<Dµ ´ ��ð B
� �0Ô Õé��Ù~��øÏ�~¡z�3�m�ùÙ~�ú�3�Û�3�����3�]���[¬�ð@�1�����m�3�3¡����úØ�� >K¡z���.�~�

½A8�l�6?.�eNU�6idfW.V5U�<�9iVn0TS�d145V5U�U�eNU�0Y8:S�9iV5§1eNV79+eTWNVn0Y8:S�<�6i47eT9iV�§1eNV79i45dfWN§1eNV�U�6;<�eN25V�U�eTS�9iV
0Y8:S�45dfeTS�UglFÿ eTWNVmdfWNlTVm279iV547<�S�df¨�8:j,WN27<�6i§1eYV&�

ê S�V7<�6;S�VmlTVX9�ÿ 27WNV7S�j,6iVLþ%9�ÿ dfWNlTVX6;WN476ilTV7W1<�V,ïYlN8:WNU¢9�8%l�6;S�V547<�6idfWnlTV+0TS�df0Y8:j18:<�6idfWH6;WT6;<�6�8:9iVc£
ê S�V5l�6iU�<�S�6;hTeNV+45V}<�<�Vt27WNV7S�j,6iVtlN8:WNU�9�ÿ V5U�0Y8f45VtU�6;<�eN2+8:eT<�dfeTS°lFÿ V79;9iV,ïT85¯1V54¢eTWNVg9idf6�8:WTj,eT9�8:6;S�V§1eT6F9;eT6AV5U�<Å0TS�df0TS�V ´

» dfeTS^§1eRÿ 6;9T±?8:6;<�l�6?.�eNU�6idfWRï,6;9YV5U�<�WN2547V5U�Uk8:6;S�Vg§1eNV°9�ÿ 6;WNl�6i45VglTVÅS�2��DSk8f47<�6idfW�lTVÅ9�8+0Y8:S�<�6i47eT9iVgU�df6;<l�6?.F27S�V7W1<XlTVq45V79;eT6�l�en¨?6;9;6iV7e�V7W1¯�6;S�dfWTWY8:W�< ´�» dfeTSt9�ÿ dfWNlTVq6;WN476ilTV7W1<�V,ï�9i8�0Y8:S�<�6i47eT9iV?V5U�<tlTdfWN4eTWNVml�6iU�47dfW�<�6;W�eT6;<�2mdf0T<�6i§1eNV ´

E�F��T`��sò�^2_aQ \�Q `�M��s�2_aQ ÷ Q ��`�M~_s÷ KH\�ò&M~ñ&`�M~_aQ ò�M|`�M
+jω

^�ò��2JsO2û�\�JaQ Ja`+÷ KH^2Jaò�^PKNý&K�_aQ ò�M�O2`���ò�MPO2`���û�÷ `�\L_�Jaò&õ
KNý�M�û0�_aQ ù~��`���R~^PK�Jiò�^�^�ò���Q _aQ ò�MDKN����û�÷ `�\�_�JaQ \�Q `�M���R�ù~��Q��2_aQ ÷ Q ��`�M~_·ù~�PKNM~_�Ám`�����÷ Km\�ò�MXñ&`�M~_aQ ò�M�`�M
−jω

F2G+`�\�Q�`0�2^�÷ Q ù~��`÷ KvO2Q ü�û�Ja`�M�\�`�O2`!M�òN_LK�_aQ ò�M�`�M~_�Ja`0\�`0^PK�JLKNýNJLKN^�]�`0`�_D÷ `0^PK�JLKNýNJLKN^�]�`0^2Jaû�\�û9O2`�M~_q^�òNJ�_LKNM~_D���2Jq÷Sþ KN^�^2Jaò~\L]�`ò�MPO2��÷ K�_aò�Q Ja`�F
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B ¥�Ù]¥LÚ Ü��Y���N�I�F�y�¤�,�Y�
½RVq45df¨?03dfS�<�V7¨�V7W�<mlTVm9�8�l�6?.�eNU�6idfW�lT2703V7WNl=�¤dfS�<�V7¨�V7W1<Xl�eHSk8:0T0�dfS�<+V7W�<�S�VL9�8�<k8:6;9;9iVqlTV5U

0Y8:S�<�6i47eT9iV5Ugl�6?.�eNUk8:W�<�V5U¢V7<¢9i8%9idfWTj,eNV7eTStlFÿ dfWNlTVml�e�Sk85±1dfWTWNV7¨�V7W1<g6;WN476ilTV7W1< ´
/16&9�8�0Y8:S�<�6i47eT9iV�V5U�<Xh3V$8:eN45dfeT0�0T9;eNUX03V7<�6;<�V�§1eNVq9�8�9idfWTj,eYV}eNSLlFÿ dfWNlTV?lTe�Sk85±1dfWTWNV7¨�V7W1<

6;WN476ilTV7W1<$ïfdfW?8t82.R8:6;S�V°þ¢9�8 ËfÏ �°Æ1Õ}Ï¤ÄfÐ;ÈÅÊq«fÉiÌ}Ï;Û:Ú ï:l�eqWNdf¨öl�eq0T��±�U�6i476iV}W?§1eT6�lT27¯1V79idf0T0Y8¢9iV�0TS�V ²¨?6iV7S¢9�8q<��N25dfS�6iVmlTVX9�8%l�6?.�eNU�6idfW�0Y8:SglTV+<�S��5UÅ0�V7<�6;<�V5U¢0Y8:S�<�6i47eT9iV5U¢6iU�df<�S�df0�V7U ´ ¹^V7<�<�Vml�6?.�eNU�6idfWV5U�<^0TS�df03dfS�<�6idfWTWNV59;9iVm8:e�4$8:S�S�2+l�e�¯Idf9;eT¨�V+lTVt9�8m0Y8:S�<�6i47eT9iVXV7<^6;W�¯IV7S�U�V7¨�V7W�<°0TS�df03dfS�<�6idfWTWNV79i9iV
þL9�8m0TeN6;U�Uk8:WY47VX§1eY8:<�S�6i�7¨�VXlTVt9�8L9;dfWNj,eNV7eTS¢lFÿ dfWNlTV ´ � eT<k8:W1<ÅlTVqwNe�·�V5U�<Ål�6;S�6;jI2t¯1V7S�U^9�ÿ 8$¯,8:W1<§1eNVX¯1V7S�U¢9�ÿ 8:S�S�6i�7S�VqlTVm9�8?0Y8:S�<�6i47eT9iV ´ ½RV5Ug0TS�6;WN476;0Y8:e�·nl�6?.�eNU�V7eTS�Utºt85±�9iV76;j,�nlTVm9�ÿ 8:<�¨�d,U�0T�N�7S�VU�dfW1<¢9iV7U¢¨�df9i2547eT9iV5UglTV+9�ÿ 8:6;S ´

½RdfS�U�§1eNV�9iV�Sk8$±IdfW lTV�9�8n0Y8:S�<�6i47eT9iV�lT270Y8fU�U�V�9iV�<�S�V7W1<�6i�7¨�V�lTV�9�8H9idfWTj,eNV7eTS�lFÿ dfWNlTV,ï&9iV
0T�N27WNdf¨��7WNV¢lTVÅl�6?.�eNU�6idfW�WNV°03V7eT<�0T9;eNU&U$ÿ V}·�0T9;6i§1eNV7S&0Y8:S�9�8t<��N25dfS�6iV¢lTVÅºt85±�9iV76;j,� ´ ½A8+<��N25dfS�6iVlT27¯IV79idf0T0�25VXþm0Y8:S�<�6;SÅlTV%ð$ñ����m0Y8:S ³ 6iVtV5U�<Å8:9idfS�U°6 W�<�S�d�l�eT6;<�Vt0�dfeTSÅV}·�0T9;6i§1eNV7S^9�8L45df¨?0T9iV}·�6;<�28:WTj,eT9�8:6;S�V^hT6iV7W%0T9;eNUP6;¨?0�dfS�<k8:W1<�VÅl�e%0T�N27WNdf¨��7WNV°lTV°l�6?.�eNU�6idfW ´ ¹^V7<�<�V�<��N25dfS�6iV°WNV^U$ÿ 8:0T0T9;6i§1eNVV7W�<�dfeT<�V�S�6;j,eNV7eTS%§1eRÿ þ�lNV7UqU�0T�N�7S�V5UL�Ndf¨�dfjI�7WNV5U$ïA¨�8:6iUqV}9;9iV�8�27<�2�jI27WN27Sk8:9;6iU�25V�þ�lFÿ 8:eT<�S�V5U
jI25df¨�27<�S�6iV5U¢U�6;¨?0T9iV5U�<DV79;9;6;0NU�dPÑ�lTV5U$ïTU�0T�N�7S�V5Ug85¯1V54tj,Sk8fl�6iV7W1<glFÿ 6;WNl�6i45VXSk8fl�6�8:9�ïT47±�9;6;WNl�S�V5U$ïTV7<�4 ´ B ´½RV�4$8fU�lTV5U�l�6?.�eNU�V7eTS�U�lTVn<�S��5U�j,Sk8:WNlTV5U�<k8:6;9;9iV5U�0Y8:S�Sk8:0T03dfS�<Hþ!9�8�9idfWTj,eNV7eTS�lFÿ dfWNlTV�l�e
Sk85±1dfWTWNV7¨�V7W1<Å6;WN476ilTV7W1<�<QjIdfeT<�<�V5UÅlTVg0T9;eT6iV+25479�8:6;S�25V5U°0Y8:S^9iVtU�df9iV76;9�ï�V7<�4 ´ B 03V7eT<��7<�S�Vt<�Sk8:6;<�2tlTV¨�8:WT6i�7S�VqUk8:<�6iU���8:6iUk8:W�<�VLlN8:WNUg9iVL4$8fl�S�VqlTVL9¤ÿ df0T<�6;§1eYVmjI25df¨�27<�S�6i§1eNV%V7<tlTVL9�8�l�6?.�Sk8f47<�6idfW ´ ½AV7US�25U�eT9;<k8:<�U¢U�dfW�<g8:9idfS�U¢<�S��5UÅ0TS�d�4��NV5UglTVX45V7e�·�lTdfWTWN25U¢0Y8:SÅ9�8%<��N25dfS�6iVmlTV ³ 6iV ´¶&W <�dfeT<�V�S�6;j,eNV7eTS$ï&9�8�<��N25dfS�6iVHlTV ³ 6iV�V5U�<�jI27WN27Sk8:9iV,ï�lTdfWN4�<�dfeNU?9iV5U�l�6?.�eNU�V7eTS�U�U�dfW1<�lTV5Ul�6?.�eNU�V7eTS�U�lTV ³ 6iV ´ �t2$8:WT¨�df6;WNU$ï^U�V7eT9iV5U�9iV5U�0Y8:S�<�6i47eT9iV5U�0T9;eNU�j,Sk8:WNlTV5U�§1eNV�9iV5U�l�6?.�eNU�V7eTS�Uºt85±�9iV76;j,�HU�dfW1<g8:hTeNU�6;¯1V7¨�V7W1<+8:0T03V79i25V5Ugl�6?.�eNU�V7eTS�UglTV ³ 6iV ´
B ¥�Ù]¥�Ù 
!�¤¡g���f���A� ���,F����Y���A¦

½A8�¨�df9i2547eT9iVHV5U�<�9iV�l�6?.�eNU�V7eTS�lTV�hY8fU�V�lTV5U�dfWNlTV5U�279iV547<�S�df¨�8:j,WN27<�6i§1eNV$U ´ � 4$8:eNU�V�lTV
U�V5U�4k�Y8:S�jIV5U�279iV547<�S�6i§1eNV5U�<D4,ÿ V5U�<�eTW.l�6;0i�f9iV B ï°9�8�¨�df9i2547eT9iV�0TS�279i�7¯IV�eTWNV�0Y8:S�<�6iV�lTV�9�ÿ dfWNlTV6;WN476ilTV7W1<�V?V7<X9�8�S�2527¨�V7<XlN8:WNU+9�ÿ V5U�0Y8f45V ´ ¶&9;9iV?U�Vq45df¨?0�dfS�<�V?45df¨?¨�V%eTWNV%U�dfeTS�45V%03dfWN47<�eNV79;9iVdf¨?WT6 ² l�6;S�V547<�6idfWTWYV79;9iV ´½RVD�¤dfS�¨�8:9;6iU�¨�Vm0TS�25U�V7W1<�2X6i476AV5U�<¢45V79;eT6AlTV ¼N´ ½ ´Y³ V7±��$dfWTWNV7<�<�VmV7<
� ´ ½R270T6;WNV3<�ð$ñ,ñ,ñ�ïHè;ðX±�Á2é B ´
Þ�[ ¬ [ ¬ [ © u�`�¨3M3OPOAG�a!G�O3@?v�xiEPO v�BQ>DC3_QG-��_���a!G�O3@$`NB��:G

Z MFv/��_QGHvPGHv�By�^EAc$G�EH�u��_���a!G�O3@$`NB��:G
�y9YV5U�<�0�d,U�U�6;hT9iVglFÿ 27<�eNl�6iV7S°9iV¢¨�254$8:WT6iU�¨�VtlTVg9�8ml�6?.�eNU�6idfW�ºg8$±�9iV76;j,��V7W�45dfWNU�6ilT27Sk8:W1<°eTWNV¢¨�d ²9i2547eT9iV�lTV�j18���6ilT2$8:9iV ´ ½A8�¨�8fU�U�V�¨�df9i2547eT9�8:6;S�V�U�V�S�V7<�S�dfeT¯IV�0TS�V5U�§1eNV�<�dfeT<�V�lN8:WNUL9iV�WNd'±18:e45V7W1<�Sk8:9^45dfWNU�6ilT27S�2�45df¨?¨�V?eTWYV%¨�8fU�U�V?03dfWN47<�eNV79;9iV�þ�4��Y8:S�jIV?0�d,U�6;<�6;¯IV ´ ½RV5UL279iV547<�S�dfWNULU�dfW�<S�V70TS�25U�V7W1<�25U¢0Y8:S¢eTWNVXV7W�¯IV79idf0T0�Vm45dfWN45V7W�<�S�6i§1eNVmlTVm4��Y8:S�jIVXWN27j18:<�6;¯1Vm25§1eT6;¯,8:9iV7W1<�V ´ µ^6iV7WH§1eNV9�8+¨�8fU�U�VÅlFÿ eTW�279iV547<�S�dfW�U�df6;<�<�S��5U
��8:6;hT9iV,ïIV79;9iV&��dfeNVÅeTW�S��f9iVÅ6;¨?0�dfS�<k8:W1<^lN8:WNU�9�8+<��N25dfS�6iVglTVÅ9i8
l�6?.�eNU�6idfW ´ �gWNVc�¤dfS�45V�lTV�Sk8:0T03V79�279�8fU�<�6i§1eNV^V}W�<�S�V^45V5UP4��Y8:S�jIV5U$ï'<�dfe,��dfeTS�UPl�6;S�6;jI25V�¯1V7S�UR9iV�WNd'±18:e45V7W1<�Sk8:9�ïN¨�8:6;W�<�6iV7W1<t4$8:0T<�6?�¤U¢9iV5Ug279iV547<�S�dfWNUgV7<gU�Vm4$8:Sk8f47<�27S�6iU�Vq8:e�¨�d'±1V7WHlFÿ eTWNVm45dfWNU�<k8:W�<�VmlTV
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Sk8:0T03V79�8:WY8:9idfj,eNV%þ?45V79;9iVLlFÿ eTWnU�±�U�<��7¨�VX¨�254$8:WT6i§1eNV ´ ½�ÿ V7WNU�V7¨LhT9iVq45dfWNU�<�6;<�eNVmeTWnd,U�476;9 9�8:<�V7eTS¨�254$8:WT6i§1eNVmlTdfW�<¢9iV5UÅ¨�8fU�U�V5U¢45V}W�<�Sk8:9iVLV7<Å0327S�6;0T�Y2}S�6;§1eYVmdfW�<glTV5U¢4��Y8:S�jIV5Ugdf0T0�d,U�25V5U ´½RVt¨?6;9;6iV7e�V5U�<°U�eT0T0�d,U�2gWNdfW ² 6idfWT6iU�2,ï�WNdfW�03df9�8:6;S�V,ï�6iU�df<�S�df0�V,ï�9;6;WN2$8:6;S�V+V7<°9i27jI�7S�V7¨�V7W1<t8:¨�dfS�<�6 ´½A8°0TS�V7¨?6i�7S�V���±�03df<��N�5U�V�<�Sk8fl�eT6;<A9�8°WNV7eT<�Sk8:9;6;<�2�lTV�9�8°¨�df9i2547eT9iV,ï'45V7<�<�V�lTV7S�WT6i�7S�V�WNV�U�eThT6;<AlTdfWN4
0Y8fUmlTV4�¤dfS�45V�lN8:WNUXeTW�4��Y8:¨?0�279iV547<�S�6i§1eNV ´ ½A8�U�V545dfWNlTV?�1±�0�df<��N�5U�V�U�6;j,WT6?	YV�§1eNV%9�8�4k�Y8:S�jIVWN27j18:<�6;¯IV�U�V�S�270Y8:S�<�6;<?eTWT6?�¤dfS�¨�27¨�V7W1<�U�eTS%9�ÿ V7W1¯1V79idf0T03V ´ ½A8H<�S�df6iU�6i�7¨�V��1±�0�df<��N�5U�V�U�eT0T0�d,U�V§1eNV�9�8�45dfWNU�<k8:W�<�V�lTV�Sk8:0T03V79°V5U�<L9�8�¨u�7¨�V�lN8:WNUL<�dfeT<�V5Uq9iV5Uql�6;S�V547<�6idfWNU�<D45V7<�<�V���±�03df<��N�5U�V
V5U�<�V7Wo��8:6;<�25§1eT6;¯,8:9iV7W�<�Vnþ�9�8!U�V545dfWNlTV B ´ �y9¢WRÿ ±�8�lTdfWN4�0Y8fU�lFÿ dfS�6iV7W1<k8:<�6idfW 0TS�2��¤27S�V7W1<�6iV79;9iVlFÿ d,U�476;9;9�8:<�6idfW ´ ½A8?§1eY8:<�S�6i�7¨�VX��±�03df<��N�5U�V3<Q9;6;WN2$8:S�6;<�2 B 6;¨?0T9;6i§1eNVm§1eNV+9�8?45dfWNU�<k8:W1<�VLlTV+Sk8:0T0�V79V5U�<t6;W1¯,8:S�6�8:W�<�V%§1eNV79�§1eNVqU�df6;<t9iVqlT270T9�8f45V7¨�V7W�< ´ ¶&W�	NWRï39�8�476;WN§1eT6i�7¨�Vq��±�03df<��N�5U�V�<¤8:¨�dfS�<�6iU ²U�V7¨�V7W1<���8:6;hT9iV B U�6;j,WT6?	YVX§1eNVg9�ÿ 8:¨?0T9;6;<�eNlTVmlTVtS�25U�dfWY8:WN45V+WNVt<�V7WNl�0Y8fU°¯IV7S�U°9�ÿ 6;W�	NWT6RV7<Å§1eNVt9i8�DS�25§1eNV7WN45VmlTV+S�25U�dfWY8:WN45VmU�eThT6;<¢03V7eHlTVm4��Y8:WTjIV7¨�V7W�<+þ%4$8:eNU�VmlTV+9�ÿ 8:¨�dfS�<�6iU�U�V7¨�V7W�< ´½RV5U¢4k�Y8:S�jIV5U¢03d,U�6;<�6;¯1V5U¢V7<ÅWN27j18:<�6;¯1V5UgU�dfW1<g8:eH45V7W1<�S�V,ïN9iV+¨�df¨�V7W�<gl�6;0i�f9�8:6;S�VmV5U�<¢lNdfWN4+W�eT9 ´½RdfS�U�§1eNVm9�8?¨�df9i2547eT9iVqU�Vm<�S�dfeT¯1VLlN8:WNUgeTWn4k�Y8:¨?0�279;V547<�S�6i§1eNV,ï39iV5Ug4k�Y8:S�jIV5UtlTVqU�6;j,WNV5Ugdf0T0�d ²U�25UmU$ÿ 279idf6;j,WNV7W�<L9�ÿ eTWNV�lTV�9�ÿ 8:eT<�S�V�V7<LeTW!¨�df¨�V7W�<ql�6;0i�f9�8:6;S�V�6;WNl�eT6;<qV5U�<q47S�252 ´ ½A8�¨�df9i2547eT9iVWNdfW ² 03df9�8:6;S�VLU�V+<�SkdfeT¯IVX03df9�8:S�6iU�25VmU�dfeYU°9�ÿ V�.FV7<gl�eH4��Y8:¨?0n279iV547<�S�6i§1eNV&�T9�8%03df9�8:S�6iUk8:hT6;9;6;<�2m¨�d ²9i2547eT9�8:6;S�VqV5U�<+þ?9�8?hY8fU�VLlTVm<�dfeT<�Vql�6?.�eNU�6idfW ´ ½RVq4��Y8:¨?0�279iV547<�S�6i§1eNVq§1eT6A<�V7WNl�þ�279idf6;j,WNV7St9iV5U4��Y8:S�jIV5U�V5U�<&V7W?df0T03d,U�6;<�6idfW�8$¯IV54^9�8
�¤dfS�45VÅlTV^Sk8:0T03V79N§1eT6�<�V7WNl�þ¢9iV5U�Sk8:0T0TS�d�4��NV7S ´ /16�9iV°4k�Y8:¨?0279iV547<�S�6i§1eNVg¯,8:S�6iV¢0327S�6id�l�6i§1eNV7¨�V7W�<!<¤458fU^lRÿ eNWNVgdfWNlTVt279iV547<�S�df¨�8:j,WN27<�6�§1eNV B ï�9iV¢¨�df¨�V7W1<°l�6;0i� ²9�8:6;S�V�d,U�476;9;9iV�V7W U�±�WN4k�TS�dfWT6iU�¨�V�8$¯IV54�9iV�4k�Y8:¨?0 ´ � 4$8:eNU�V�lTV�9�ÿ 6iU�df<�S�df0T6iV�lTV�9�8n¨�df9i2547eT9iV,ï
9�ÿ 8'·TV�l�e�¨�df¨�V7W�<ql�6;0+�f9�8:6;S�V�U$ÿ 8:9;6;j,WNV�85¯1V54%9iV�4k�Y8:¨?0�279iV547<�S�6i§1eNV�lTV?9�ÿ dfWNlTV?6;WN476ilTV7W�<�V ´ ½A8¨�df9i2547eT9iV+27<k8:W�<°0�V}<�6 <kVt¯�6iU°þL¯�6iU°lTV5U^9idfWTj,eNV7eTS�UÅlFÿ dfWNlTV+45dfWNU�6ilT27S�25V5U$ï�9�8m0T�Y8fU�Vt6;WNU�<k8:W1<k8:WN25V
lTV+9�ÿ dfWNlTVmV5U�<¢eTWT6?�¤dfS�¨�VmU�eTSÅ9�8q¨�df9i2547eT9iV ´

Z M3a!G�O3@�v�BQ>DC3_Q`NB��:G�GI@�MYOAvPGHc$GT�IM3OAvP`NB��:G
½�ÿ 6;W1<�V7WNU�6;<�2Ll�6?.�eNU�25VXU$ÿ 2547S�6;<R�

I(φ) =
π2 c sin2 φ

2 ε0 λ4

(

e2

m
(

ω2
0 − ω2

)

)2

E2
0 ,

<Dµ ´ ��� B
85¯1V54&�

ê ω0
9�8%0TeT9iUk8:<�6idfWHlTV+S�25U�dfWY8:WN45VLl�e�l�6;0i�f9iVc£

ê e
9�8?4��Y8:S�jIVLlTV+9�ÿ 279iV547<�S�dfW0£

ê m
9�8q¨�8fU�U�VXlNV+9�ÿ 279iV547<�S�dfW0£

ê φ
9�ÿ 8:WTj,9iVLV7W1<�S�VX9�ÿ 8'·TVml�e�l�6;0i�f9iVmV7<Å9�8?l�6;S�V547<�6idfWHlFÿ 27¨?6iU�U�6idfW0£

ê E0
9�ÿ 8:¨?0T9;6;<�eNlTVLl�e�4k�Y8:¨?0H279iV547<�S�6i§1eNVX6;WN476ilTV7W�< ´¾X8:WNU¢9iVL4$8fUtlTV5Ugj18��IïN9�8 ÇkÌ}É;Ê,ÍDÏ¤ÄfÐ!Ë1ÌmÎRÄfÇ�Ì}ÐYÍµÇ7à¤ÎAÄfÇ�Ì}ÐYÍµÇ 03V7S�¨�V7<+lTVm9;6iV7S

e
ï
m
ï
ω
V7<t9¤ÿ 6;WNl�6i45V

lTV+S�2��DSk8f47<�6idfW
n
�

n2 − 1

n2 + 2

3 ε0
N

=
e2

m
(

ω2
0 − ω2

) ,
<Dµ ´ ��� B

dPp
N
V5U�<Å9iVXWNdf¨qhTS�VmlTV+0Y8:S�<�6i47eT9iV5Ug0Y8:SÅeTWT6;<�2mlNV+¯1df9;eT¨�V ´¹^V7<�<�VXS�V79�8:<�6idfWh<Dµ ´ ��� B 0�V7S�¨�V7<glFÿ 2547S�6;S�VmeTWNV+WNdfeT¯1V79;9iVmV}·�0TS�V5U�U�6idfW�lTV I(φ)

�

I(φ) =
9 π2 ε0 c sin2 φ

2 N2 λ4

(

n2 − 1

n2 + 2

)2

E2
0 .

<Dµ ´ ��À B
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¹^V7<�<�VmV}·�0TS�V5U�U�6idfW�¨�dfW1<�S�Vm9i8?lT2703V7WNlN8:WN45VmhT6iV7WH45dfWTW�eNVmlTV
I(φ)

V7W
1/λ4 ï�eTWNVD�¤df6iUÅ9iV5UÅ¯,8 ²S�6�8:<�6idfWNUglTV+9�ÿ 6;WNl�6i45VLlTV+S�2��DSk8f47<�6idfW

n
8$¯IV54

λ
WN27j,9;6;jI25V5U ´

¹^dfWNU�6ilT27S�dfWNU¢WNdfW�0T9;eNUÅeTWNVX¨�df9i2547eT9iVX6iU�df9i25V,ïT¨�8:6iUÅeTWHV7WNU�V7¨LhT9iVmlTVX¨�df9i2547eT9iV5U4<Q0�V7<�6;<�V
0Y8:S�<�6i47eT9iVmlTVXSk85±1dfW

r B ï�9�ÿ V}·�0TS�V5U�U�6idfWHlTV I(φ)
U$ÿ 2547S�6;<R�

I(φ) =
8 π4 ε0 c r

6 sin2 φ

λ4

(

n2 − 1

n2 + 2

)2

E2
0 .

<Dµ ´ ��± B
½�ÿ 6;W1<�V7WNU�6;<�2�l�6?.�eNU�25V�0Y8:SmeTWNV�<�S��5UL03V7<�6;<�V�0Y8:S�<�6i47eT9iV�¯,8:S�6iV�0TS�df03dfS�<�6idfWTWNV79i9iV7¨�V7W�<?8:e�4$8:S�S�2
lTVXU�dfW�¯1df9;eT¨�V3<Q0TeT6iU�Uk8:WN45V�Á%lTVmU�dfW�Sk85±1dfW B ´

½�ÿ V7S�S�V7eTSÅ45df¨?¨?6iU�V+V7W�8:0T0T9;6i§1eY8:W�<°9�8m<��N25dfS�6iV+lTVtºt85±�9iV76;j,��0N9 eN<��f<°§1eNVt45V79;9iV+lTV ³ 6iVtV5U�<6;W��¤27S�6iV7eTS�VLþ�ð
%
03dfeTSglTV5UÅ0�V7<�6;<�V5UÅ038:S�<�6i47eT9iV7UtlTdfW1<¢9iVXSk85±1dfW

r
V5U�<Å<�V79A§1eNV

r < λ/30 ´

Þ�[ ¬ [ ¬ [ ¬ ~FGT�,@'BQM3OAc�GOYh�I`s�IG1c
½A8%WNdf<�6idfW Ë1ÌXÕ$Ì�×5ÍDÏ¤ÄfÐ!ÌDç ×kÊI×kÌ U$ÿ V7¨?0T9idf6iVmU�dfeT¯1V7W1<glN8:WNU¢9�ÿ 27<�eNlTVmlTVX9�ÿ 6;W1<�V7Sk8f47<�6idfW�lTVX9i8

9;eT¨?6i�7S�VL8$¯IV54+9�8%¨�8:<�6i�7S�V ´
~FGT�,@'BQM3O�GOYh�I`s�IGn`NOH�3EP_Q`NB��:G�vPGHv�By�^EAc'BQM3O

½A8 Õ$Ì�×5ÍDÏ¤ÄfÐúÌDç ×kÊI×kÌnÊfÐ�ÛfÆ�É;ÊfÏQÇkÌnË1ÌHËfÏ �°Æ1Õ}Ï¤ÄfÐ
σp(φ)

lFÿ eTWNV�0Y8:S�<�6i47eT9iVHlN8:WNU�eTWNV�l�6;S�V547<�6idfW
lTdfWTWN25V

φ
V5U�<¢9�8?U�V547<�6idfWHlTVm9�ÿ dfWNlTVm6;WN476ilTV7W1<�VL03V7S�<�eTS�h�25Vm0Y8:Sg9�8%¨�df9i2547eT9iVLlTdfW�<¢9�8�U�eTS���8f45V

V5U�<g<�V79;9iV%§1eNVm9iV0wNe�·n§1eT6A9�8�<�Sk8$¯IV7S�U�VqV5U�<+45V79;eT6�§1eT6�V5U�<tl�6?.�eNU�2L0Y8:St9�8�0Y8:S�<�6i47eT9iVq0Y8:SteTWT6;<�2
lFÿ 8:WTj,9iVLU�df9;6ilTVLlN8:WNUg9�8�l�6;S�V547<�6idfW�45dfWNU�6ilT27S�25V ´ �y9AU$ÿ 8:j,6;<tlTdfWN4Ll�eHSk8:0T0�dfS�<tV7W�<�S�Vm9�ÿ 6;W�<�V7WNU�6;<�2l�6?.�eNU�25V+0Y8:S¢9�8q0Y8:S�<�6i47eT9iVLlN8:WNU¢45V7<�<�Vml�6;S�V547<�6idfWnV7<¢9�ÿ 25479i8:6;S�V7¨�V5W1<g6;WN476ilTV7W�<R�

I(φ) = σp(φ) E0 .
<Dµ ´ ��Á B

¶&W�eT<�6;9;6iUk8:W1<¢9�ÿ V}·�0TS�V5U�U�6idfWh<Dµ ´ ��± B lTV I(φ)
ï�WNdfeNUgdfhT<�V7WNdfWNUR�

σp(φ) =
16 π2 r6

λ4

(

n2 − 1

n2 + 2

)2

sin2 φ .
<Dµ ´ �Iò B

~FGT�,@'BQM3O�GOYh�I`s�IGH@$MN@$`N_QGnG�O�v�By�^EAc'BQM3O
½A8 Õ$Ì�×5ÍDÏ¤ÄfÐ.ÌDç ×kÊI×kÌ�Í�Ä,Í�ÊfÉiÌnÌ}Ð ËfÏ �°Æ1Õ}Ï¤ÄfÐ

σp
lFÿ eTWNV�0Y8:S�<�6i47eT9iV�V5U�<?9�8�U�V747<�6idfW�l�eh��8:6iU�45V$8:e

6;WN476ilTV7W1<�lTdfW�<�9�8�U�eTS���8f45VHV5U�<�<�V79;9iVn§1eNV�9iV-wNe�·�§1eT6g9�8!<�Sk8$¯IV7S�U�VnV5U�<�27j18:9m8:eowNe�·�<�df<k8:9
l�6?.�eNU�2XlN8:WNUÅ<�dfeT<�V5U¢9iV5U¢l�6;S�V547<�6idfWNUg0Y8:S¢45V7<�<�VX0Y8:S�<�6i47eT9iV ´ ¶&9;9iVmU$ÿ 2547S�6;<glTdfWN4&�

σp =

∫

4π sr
σp(φ) dΩ .

<Dµ ´ ��x B
½A8%S�V79i8:<�6;dfW <Dµ ´ �Iò B 03V7S�¨�V7<tlTVXlT25l�eT6;S�Vm9�ÿ V}·�0TS�V5U�U�6idfWHU�eT6;¯f8:W�<�V σp

�

σp =
128 π5 r6

3 λ4

(

n2 − 1

n2 + 2

)2

.
<Dµ ´ �,ñ B
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d `s�,@$G�EH��v�x;GOYh�I`s�1B�@X�nG�O v�By�^EAc'BQM3O
½A8nWNdf<�6idfW�lTV?â ÊI×5ÍyÌ}Æ�ÇnËAÓ ÌDç ×�ÊI×7ÏDÍyÖnÌ}Ð.Ë:Ï �°Æ1Õ}Ï¤ÄfÐ

Qd
ï�<�S��5U?eT<�6;9;6iU�25V�V7W l�6?.�eNU�6idfW lTV ³ 6iV,ïU$ÿ 8:0T0T9;6i§1eNVq8:eNU�U�6P8:e�·�03V7<�6;<�V5Ut0Y8:S�<�6i47eT9iV5U ´3» 8:StlT2�	NWT6;<�6idfWRï�45V!��8f47<�V7eTStV5U�<¢9iVmSk8:0T0�dfS�<tV7W�<�S�V9�8�U�V547<�6idfW!V���4$8f45V�lTV?l�6?.�eNU�6idfW�<�df<k8:9iV�V7<X9�8�U�V54}<�6;dfW!jI25df¨�27<�S�6i§1eNV�lTV%9�8�0Y8:S�<�6i47eT9iV ´R» dfeTSeTWNVX03V7<�6;<�VmU�0T�N�7S�V3<DU�V547<�6idfW

π r2 B ï Qd
U$ÿ 2547S�6;<glTdfWN4&�

Qd =
128 π4

3

( r

λ

)4
(

n2 − 1

n2 + 2

)2

.
<Dµ ´ ��� B

» dfeTSmeTWNV?03V7<�6;<�V�U�0T�N�7S�V,ïRU�V7eT9&9iV%Sk8:0T03dfS�<LV7W�<�S�V?9�8�l�6;¨�V7WNU�6idfW�lTV%9�8�0Y8:S�<�6i47eT9iV�V7<X9�8�9idfW ²j,eNV7eTSÅlFÿ dfWNlTVm82.FV547<�Vt9iVq�¤8f47<�V7eTS¢lFÿ V���4$8f476;<�2XV7W�l�6?.�eNU�6idfWRï�0T9;eT<��f<Å§1eNVt9iV7eTS°¯,8:9iV7eTS¢8:hNU�df9;eNV
S�V5U�03V547<�6;¯1V ´
Þ�[ ¬ [ ¬ [ Û oLMFGOYh�1BQG�O3@$c�vPGHv�By�^EAc'BQM3O _DBDOH�äùkCREAG

» dfeTSX0Y8:S�9iV7SmlTV%§1eY8:W�<�6;<�25U+¨�V5U�eTSk8:hT9iV5UXV7W!l�6?.�eNU�6idfW�ºt85±�9iV76;j,�Rï39iV�wNe�·�l�6?.�eNU�2q0Y8:S+eTWj,Sk8:WNl�WNdf¨LhTS�VLlTV+¨�df9i2547eT9iV5UtlTdf6;<
�7<�S�Vm45dfWNU�6ilT27S�2 ´
oLMFGOYh�1BQG�O3@�vPGHv�By�^EAc'BQM3O�`NOH�3EP_Q`NB��:G�G�O�_DEPa�B��T�:G�>�M3_Q`s�fBQcX�1G

½RV ×�Ä:ÌDç ×7Ï�Ì}ÐYÍ�Ë1Ì+ËfÏ �°Æ1Õ}Ï¤ÄfÐHÊfÐ�ÛfÆ�É;ÊfÏQÇkÌmÌ}Ð�É Æ�Ù%Ï�Ý}Ç�Ì�Ø�ÄfÉ;ÊfÇ}Ï�Õ$ÖkÌ
βp(φ)

V}·�0TS�6;¨�Vg9iV5U�4$8:Sk8f47<�27S�6iU ²<�6i§1eNV5Ut8:WTj,eT9�8:6;S�V5UtlTVX9�8�l�6?.�eNU�6idfW�0Y8:SgeTWT6;<�2mlNVX¯Idf9;eT¨�VLlTVX¨?6;9;6iV7enl�6?.�eNUk8:W�<g45dfWNU�6ilT27S�2qV7<
U�V¢lN27lTeT6;<°l�6;S�V547<�V7¨�V7W1<ÅlTV¢9�8LU�V547<�6idfW�V���4$8f45V+8:WTj,eN9i8:6;S�V+lFÿ eTWNVg0Y8:S�<�6i47eT9iV ´ /�df6;<�eTWu��8:6iU�45V$8:e9;eT¨?6;WNV7e�·�03df9�8:S�6iU�2XS�V547<�6;9;6;j,WNV7¨�V7W�<t8$¯IV54XU�dfW�4k�Y8:¨?0H2}9iV547<�S�6i§1eNVmlY8:WNU°9iV+0N9i8:W

yz
ï�6;WN476ilTV7W1<

U�eTSReTWL¯1df9;eT¨�V�eTWT6;<k8:6;S�V^lTV�¨?6;9;6iV7eql�6?.�eNUk8:W�<P45dfW1<�V7WY8:W�<
N
0Y8:S�<�6i47eT9iV5UP6iU�df<�S�df03V5UA6ilTV7W�<�6i§1eNV5U ´½RV5U�V5U�0Y8f45V7¨�V7W�<�U&V7W1<�S�V^¨�df9i2547eT9iV5U&U�dfW�<&8:9i2$8:<�df6;S�V5UR�:6;9�WRÿ ±q8¢0Y8fU�lTV�S�V79�8:<�6idfW�lTV�0T�Y8fU�V^V7W�<�S�V

9iV5UqwNe�·�l�6?.�eNU�25U+U�270Y8:S�27¨�V7W1<X0Y8:S+9iV5U+0Y8:S�<�6i47eT9iV5U$ï�Uk8:e��°lN8:WNUt9�8�l�6;S�V547<�6idfW!lTVq0TS�df0Y8:j18:<�6idfW
lTVÅ9�8X9;eT¨?6i�7S�V¢6;WN476ilTV7W�<�V ´ ¾X8:WNU�<�dfeT<�V5U�9iV5U^8:eT<�S�V5U^l�6;S�V547<�6idfWNU$ï19�8Xl�6?.�eNU�6idfW�V5U�<�6;WN45df�N27S�V7W�<�V&�9iV5U+6;W�<�V7WNU�6;<�25UX6;WNlT6 ¯�6il�eYV}9;9iV5ULU$ÿ 8:��dfeT<kV}W�< ´ ½RV?45d�VN��476iV7W�<qlTV?l�6?.�eNU�6idfW�8:WTj,eT9�8:6;S�V�lTV%9�ÿ eTWT6;<�2lTV+¯1df9;eT¨�VmV5U�<

N
�¤df6iUÅ9�8%U�V547<�6idfWHV���4$8f45VL8:WTj,eT9�8:6;S�VLlFÿ eTWNVX0Y8:S�<�6i47eT9iV&�

βp(φ) = N σp(φ)
<Dµ ´ ��ð B

½RV¢45d�V���476iV7W1<°lTVgl�6?.�eNU�6idfW�8:WTj,eT9�8:6;S�VtV7W�9;eT¨?6i�7S�Vg03df9�8:S�6iU�25VtV5U�<�lTdfWN4¢l�6;S�V547<�V7¨�V7W�<^0TS�df0�dfS ²<�6idfWTWNV79Pþq9�8?45dfWN45V7W1<�Sk8:<�6id,WnV7W�0Y8:S�<�6i4}eN9;V5Utl�6?.�eNUk8:W1<�V5UglN8:WNUÅ9iVX¨?6;9;6iV7eHl�6?.�eNUk8:W1< ´¹^df¨?¨�V+9iV5U°0Y8:S�<�6i47eT9iV5U¢U�dfW1<°6iU�df<�S�df0�V5UÅV7<Å9�8L9;eT¨?6i�7S�V+6;WN476ilTV7W�<�V+0�df9�8:S�6iU�27VXS�V547<�6;9 6;j,WNV,ïT9�8L9;e ²¨?6i�7S�Vml�6?.�eNU�25VmV5U�<¢27j18:9iV7¨�V7W�<g03df9�8:S�6iU�25VmS�V547<�6;9;6;j,WNV ´ /�dfWH4��Y8:¨?0n279iV547<�S�6i§1eNVmV5U�<gU�6;<�eN2mlN8:WNU9iV+0T9�8:W��¤dfS�¨�2X0Y8:SÅ9iVm4��Y8:¨?0n279iV54}<�S�6i§1eNVX6;WN476ilTV7W1<tV7<Å9�8?l�6;S�V547<�6idfWnlFÿ dfhNU�V7S�¯,8:<�6idfW ´
oLMFGOYh�1BQG�O3@�vPGHv�By�^EAc'BQM3O�`NOH�3EP_Q`NB��:G�>�M3EH��_Q`!_DEPa�B��T�:GHOAM3O·¢k>�M3_Q`s�fBQcX�1G

½A8�lT2�	NWT6;<�6idfW�l�e ×�Ä:ÌDç ×7Ï�Ì}ÐYÍ¢Ë1Ì?ËfÏ �°Æ1Õ}Ï¤ÄfÐ�ÊfÐ�ÛfÆ�É;ÊfÏQÇkÌgØTÄfÆ�ÇqÉ;Ê�É Æ�Ù%Ï�Ý}ÇkÌqÐ3ÄfÐNàiØ�ÄfÉ;ÊfÇ}Ï�Õ$ÖkÌ U�eT0 ²03d,U�V�lTV�45dfWNU�6ilT27S�V7S�9�8n9;eT¨?6i�7S�V�WY8:<�eTS�V79;9iV�45df¨?¨�V�9�8nU�df¨?¨�V�lTV�lTV7e�·�dfWNlTV5U?03df9�8:S�6iU�25V5U
S�V547<�6;9;6;j,WNV5U°þ

90˚
9�ÿ eTWNVglTV¢9�ÿ 8:eT<�S�V,ï1Uk8:WNU�SkV}9�8:<�6idfW�lTV¢0T�Y8fU�V,ï1V7<�lFÿ 25479�8:6;S�V7¨�V7W�<�U^6ilTV7W�<�6i§1eNV5U ´½�ÿ 25479�8:6;S�V7¨�V7W�<g<�df<k8:9AV5U�<Å9�8?U�df¨?¨�VXlTV5Ug25479i8:6;S�V7¨�V7W�<�UtlTV5U¢lTV7e�·�dfWNlTV5UR�

E = E⊥ + E‖
´½A8tjI25df¨�27<�S�6iVÅl�e?0TS�dfhT9i�7¨�V¢V5U�<�0TS�25U�V7W1<�25V¢U�eTS�9�8
	Nj,eTS�VÅµ ´ � ´ ½RV5U�lTV7e�·%dfWNlTV5U�U�V^0TS�df0Y8:jIV7W1<9iVÅ9idfWTjLlTV¢9�ÿ 8'·TV

z
V7<�U�dfW�<�6 WY4}6ilTV7W�<�V5U^U�eTS�9iVÅ¯1df9;eT¨�VÅeTWT6;<k8:6;S�VglTV¢l�6?.�eYU�V}eNS�U&0T9�8f452gV7W

O ´ ½RV
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¯IV547<�V7eTS°4k�Y8:¨?0�279iV547<�S�6i§1eNV
E⊥

U�V¢<�S�dfeT¯1VglY8:WNU�9iV¢0T9�8:W
yz
V7<°45V79;eT6�lTV

E‖
lN8:WNU�9iVg0T9�8:W

xz ´½RV%0T9�8:W!lFÿ dfhNU�V7S�¯,8:<�6idfW!V5U�<mlT2�	NWT6&0Y8:SX9�8�l�6;S�V547<�6idfW�lTV5UXdfWNlTV5UX6;WN476ilTV7W1<�V5ULV7<X9�8�l�6;S�V547<�6idfW
lFÿ dfhNU�V7S�¯,8:<�6idfW

OD ´ ½�ÿ 8:WTj,9iVLV7W1<�S�V E⊥
V7<
OD

V5U�<
φ1
ïT45V79;eT6AV7W1<�S�V

E‖
V7<
OD

V5U�<
φ2
´¾%ÿ 8:0TS��5UÅ9�ÿ V}·�0TS�V5U�U�6idfWh<Dµ ´ ��ð B ï�9�ÿ 6;W�<�V7WNU�6;<�2ml�6?.�eNU�25VmU$ÿ 254}S�6 <glN8:WNUg45VX4$8fUR�

I(φ1,φ2) = βp(φ1)E⊥ + βp(φ2)E‖ =
E

2
(βp(φ1) + βp(φ2)) .

<Dµ ´ ��� B
¹^V7<�<�VHV}·�0TS�V5U�U�6idfW�U$ÿ 2547S�6;<�0T9;eNU�U�6;¨?0T9iV7¨�V7W�<�V7Wo�¤dfWN47<�6idfW�lTV�9�ÿ 8:WTj,9iVnlFÿ dfhNU�V7S�¯,8:<�6idfW

θ
V7W

S�V7¨�8:S�§1eY8:W1<q§1eNV&�
sin2 φ1 + sin2 φ2 = 1 + cos2 θ ´ ½RV�45d1V���476iV7W�<qlTV?l�6?.�eNU�6idfW�8:WTj,eT9�8:6;S�V03dfeTS¢9�8%9;eT¨?6i�7S�VXWNdfW ² 0�df9�8:S�6iU�25V βp(θ)

U$ÿ 2547S�6;<gV7WNU�eT6;<�VXWY8:<�eTS�V79;9iV7¨�V7W�<R�

βp(θ) =
8 π4 r6

λ4

(

n2 − 1

n2 + 2

)2

(1 + cos2 θ) .
<Dµ ´ ��� B

½A8�9;eT¨?6i�7S�V�l�6?.�eNU�25V�lN8:WYUq45V5U%45dfWNl�6;<�6idfWNU?V5U�<q45dfWNU�<�6;<�eN25V�lTV�lTV7e�·�45df¨?0�d,Uk8:W1<kV7U%0�df9�8:S�6 ²U�25V5U�9;6;WN2$8:6;S�V7¨�V7W�<
I⊥

V7<
I‖
lTdfW1<�9iV5U�¯1V547<�V7eTS�U�4k�Y8:¨?0 279iV547<�S�6i§1eNVnU�dfW�<�S�V5U�03V547<�6;¯1V7¨�V7W1<

03V7S�0�V7WNl�6i47eT9�8:6;S�V�V7<q0Y8:Sk8:9;9i�79iV�8:e�0T9�8:W�lFÿ dfhNU�V7S�¯,8:<�6idfW ´�» dfeTS%lTV5U%l�6?.�eNU�V7eTS�Uq6iU�df<�S�df03V5U$ïP9i845df¨?03d,Uk8:W�<�V
I⊥
WNV¢0TS�d'¯�6iV7W1<°§1eNVglTVg9�ÿ dfWNlTV

E⊥
V7<
I‖
§1eNVglTV

E‖
´ ½RV5U°l�6?.�eNU�V7eTS�U�6iU�df<�S�df03V5UWRÿ 6;W1<�S�d�l�eT6iU�V7W1<g0Y8fU¢lNVXlT270�df9i8:S�6;Uk8:<�6;dfW ´

onde

incidente

x

z

y

O

D

θ

¦<§©¨<ª µ ´ � ê í Ö�ÄfÙ�Ö7ÍDÇ7Ï¤Ì¢Ø�ÄfÆ�ÇmÉ;Ê�ËfÏ �°Æ1Õ}Ï¤ÄfÐ�Ë1ÌmÉ;Ê�É Æ�Ù%Ï�Ý}Ç�ÌmÐ3ÄfÐNàiØTÄfÉ;ÊfÇ}Ï�Õ$Ö�Ì

oLMFGOYh�1BQG�O3@�vPGHv�By�^EAc'BQM3O�@$MN@$`N_QG
½RV ×�Ä:ÌDç ×7Ï�Ì}ÐYÍ°Ë1ÌqËfÏ �°Æ1Õ}Ï¤ÄfÐ�Í�Ä,Í�ÊfÉiÌ

βp
0Y8:S¢eTWT6;<�2LlTV+9idfWTj,eNV7eTSg0Y8:S�45dfeTS�eNVLV7W�9;eT¨?6i�7S�VmWNdfW ²03df9�8:S�6iU�25V�U�V%S�V7<�S�dfeT¯1V�V7W!6;W�<�27j,Sk8:W1<L9�ÿ V}·�0TS�V5U�U�6idfWÍ<Dµ ´ ��� B l�e�45d�V���4}6iV7W�< βp(θ)

U�eTS
4π

U�S ´�tdfeNU¢dfhT<�V7WNdfWNUR�
βp = N

128 π5 r6

3 λ4

(

n2 − 1

n2 + 2

)2

.
<Dµ ´ ��À B

¹^V7<�<�VqV}·�0TS�V5U�U�6idfW¾<Dµ ´ ��À B l�e�47d�V���476iV7W1<mlTVLl�6?.�eNU�6idfWn<�df<k8:9iV%V5U�<g6ilTV7W1<�6i§1eNV?þ?9�ÿ V}·�0TS�V5U�U�6idfW<Dµ ´ ��ð B l�en45d1V���476iV7W�<tlTVLl�6?.�eNU�6idfWn8:WTj,eT9�8:6;S�Vm0�dfeTS¢9�8?9;eT¨?6i�7S�Vm03df9�8:S�6iU�25V ´ ¹^V!��8:6;<glT2545dfeT9iVlTV+9�ÿ ��±�03df<��N�5U�VmlFÿ 6iU�df<�S�df0T6iVLlTV+9�8%0Y8:S�<�6i47eT9iV ´

����x

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



²�4�4 �65.�;:K� ²7³ ,&ìX$0�/*('(ìX)� 2*�Å�'=<
 �,9'(ìX)?>A@LìX$9"f´ Ä '[,9"# 

Þ�[ ¬ [ ¬ [ ® z�MN@'BQM3O vPG=§yM3OH�,@'BQM3O vPGH>�KA`Tc$G
½RVv�¤dfWN47<�6idfW�lTV?0T�Y8fU�V�V}·�0TS�6;¨�V�9�8�lT270�V7WNlN8:WN45V�8:WTj,eT9�8:6;S�V�l�e�0T�N27WNdf¨��7WNV�lTV?9�8�l�6?� ²�DeNU�6idfW ´ ¾X8:WNUX9iV�4$8fULlTV?9�8�l�6?.�eNU�6idfW�ºt8$±�9iV76;j,�RïR45V7<�<�V�lT2703V7WNlN8:WN45V�8:WTj,eT9�8:6;S�V�45dfS�S�V5U�03dfWNlWNdf<k8:¨?¨�V7W1<g8:e�<�V7S�¨�V+V7W

(1 + cos2 θ)
lN8:WNU^9�ÿ V}·�0TS�V5U�U�6idfW�l�e�45d�V���476iV7W1<¢lTVtl�6?.�eNU�6idfW�0�dfeTS

9�8?9;eT¨?6i�7S�VLWNdfW ² 03df9�8:S�6iU�25V βp(θ) ´ î ´ ¹ ´ ¯,8:WnlTVLîgeT9iU�<4<�ð$ñ�x�ð,ï/è;ðX±IòXé B lT2�	NWT6;<t9�87�¤dfWN47<�6idfWnlTV0T�Y8fU�V�0�dfeTS�9�8¢9;eT¨?6i�7S�V^WYdfW ² 03df9�8:S�6iU�25V,ï,§1eRÿ 6;9�WNdf<�V p(θ) ï:45df¨?¨�V^9iV^Sk8:0T03dfS�<&V7W�<�S�V^9�ÿ 6;W1<�V7WNU�6;<�2l�6?.�eNU�25VXlN8:WNU¢eTWNVXl�6;S�V547<�6idfWnlTdfWTWN25VmV7<¢9�8q¨�d'±IV7WTWNVmlTVX9�ÿ 6;W1<�V7WNU�6;<�2LlN8:WNUÅ<�dfeT<¢9�ÿ V5U�0Y8f45V ´¹^V7<�<�VmlT2�	NWT6;<�6idfWHWN2545V5U�U�6;<�VX§1eNV&�
1

4π

∫ 4π

0
p(θ) dΩ = 1 .

<Dµ ´ ��± B
¾X8:WNUÅ9iVX4$8fUglTV+9�8?l�6?.�eNU�6idfW�ºt8$±�9iV76;j,�Rï�6;9R¯�6iV7W1<t8:9idfS�UR�

p(θ) =
3

4
(1 + cos2 θ) .

<Dµ ´ ��Á B
½�ÿ 8:WT6iU�df<�S�df0T6iVm¨�df9i2547eT9�8:6;S�Vm¨�d1lT6 	3VX9i27jI�7S�V7¨�V7W1<t45V7<�<�VXS�V79�8:<�6idfW ´
B ¥�Ù]¥©Ä 
!�¤¡g���f���A��	���B ���
�tdfeNU�WNVnlTdfWTWNV7S�dfWNU�0Y8fU�6i476t9�8�lT27¨�dfWNU�<�Sk8:<�6idfW.45df¨?0T9i�7<�V�lTVH9�8!<��N25dfS�6iV�lTV ³ 6iVnV7<WNdfeNU�WNdfeNU�9;6;¨?6;<�V7S�dfWNU�þ�§1eNV79i§1eNV5U�45dfWNU�6ilT27Sk8:<�6idfWNU�jI27WN27Sk8:9iV5U ´�» dfeTS�eTWYV�lT27¨�dfWNU�<�Sk8:<�6idfWlT27<k8:6;9;9i25V,ï�dfW�03dfeTS�Sk8qU�V¢S�V703dfS�<�V7S¢8:e�·�dfeT¯�Sk8:jIV5U^lTVtî ´ ¹ ´ ¯,8:W�lTVtîgeT9iU�<�<�ð$ñ�x�ð,ï+è;ðX±IòXé B V7<^lNV¹ ´ ¿ ´ µ°df�TS�V7WHV7<g¾ ´ º ´ îge�.�¨�8:W�<�ð$ñ�x���ï>è;ðX±�x2é B ´

Þ�[ ¬ [ Û [ © ] ��OH�T�:`N_DB�@X�1c
½A8�l�6?.�eNU�6idfW�0Y8:SL9iV5Um0Y8:S�<�6i47eT9iV5U%lTdfW1<L9iV�Sk8$±IdfW�V5U�<LU�eN0327S�6iV7eTS?þ-�

%
lTV�9�8�9idfWTj,eNV7eTS

lFÿ dfWNlTV�V5U�<AjI27WN27Sk8:9iV7¨�V7W1<&lT25U�6;j,WN25V�0Y8:SA9iV�<�V7S�¨�V ËfÏ �°Æ1Õ}Ï¤ÄfÐ�Ë1Ì�ßHÏ�Ì ´$» dfeTSAeTWNV�<k8:6;9;9iV�S�V79�8:<�6;¯IVlTVm9�8%0Y8:S�<�6i47eT9iVL0Y8:SgSk8:0T0�dfS�<+þ?9�8?9idfWTj,eNV7eTS+lFÿ dfWNlTVL§1eT6�8:eTj,¨�V7W1<�V,ïY9�8?<�Sk8:WNU�6;<�6idfW�V7W1<�S�VL9i8
<��N25dfS�6iVmlTVmºt85±�9iV76;j,�HV}<g45V79;9iVmlTV ³ 6;VmU�VX4$8:Sk8f47<�27S�6iU�VX0Y8:SR�

ê eTWNV�45df¨?0T9iV}·�6;<�2�47S�df6iU�Uk8:W1<�V�lTV%9�8�lT270�V7WNlN8:WN45V�lTV?9�8�9;eT¨?6i�7S�V�l�6?.�eNU�25V�V7W��¤dfWN47<�6idfWlTVX9�ÿ 8:WTj,9iVmlFÿ dfhNU�V7S�¯,8:<�6idfW0£
ê eTWn8f4547S�df6iU�U�V7¨�V7W�<tl�e�Sk8:0T03dfS�<tlTVm9�8%9;eT¨?6i�7S�VLl�6?.�eNU�25VX¯IV7S�U¢9�ÿ 85¯,8:W�<gV7<g45V79;9iVLl�6?.�eNU�25V¯1V}SkU°9�ÿ 8:S�S�6i�7S�Vc£
ê eTWNVmlT2703V7WNlN8:WN45VLlT2547S�df6iU�Uk8:W�<�VmlTVX9�8%l�6?.�eNU�6idfWHV7W#�¤dfWN47<�6idfW�9�8%9idfWTj,eNV7eTSglFÿ dfWNlNV ´/16&9�8�<��N25dfS�6iV?lTV%9�8�l�6?.�eNU�6idfW!ºt8$±�9iV76;j,�!V5U�<m8fU�U�V&��U�6;¨?0T9iV,ï�9�8�<��N25dfS�6iV�lTV%9�8�l�6?.�eNU�6idfW ³ 6iVV5U�<Å<�S��5U¢45df¨?0T9iV}·TV ´ /�V7eT9iU¢45V7S�<k8:6;WNUt8fU�0�V547<�U¢lTVX45V7<�<�Vm<��N25dfS�6iVmU�V7S�dfW1<glT27¯1V79idf0T0325U¢6i476 ´

Þ�[ ¬ [ Û [ ¬ b�By�^EAc'BQM3O�>P`s��vPG1c�>P`s�'@'B��1EP_QG1c
¾X8:WNUgeTWNVL¨�df9;2547eT9iV%lTVmj18��Iï3U�V7eT9AeTWnl�6;0i�f9iVqV7W1<�S�VLV7W���V7enlN8:WNUg9iVm¨�254$8:WT6iU�¨�VqlTVql�6?� ²�DeNU�6idfW ´ �gWNV�0Y8:S�<�6i47eT9iV�V5U�<�8:e 45dfW1<�Sk8:6;S�V�45dfWNU�<�6;<�eN25VnlFÿ eTW�j,Sk8:WNl�WNdf¨qhTS�VnlTVH¨�df9i2547eT9iV5U45df¨?0T9iV}·TV5U$ï�0TS�d�4��NV5U¢9iV5U°eTWNV5U¢lTV5Ug8:eT<�S�V5U ´ ¶&9;9iVX03V7eT<glTdfWN4!�7<�S�Vm47dfWYU�6;lN2}Sk27Vm45df¨?¨�VXeTW�V7W ²U�V7¨LhT9iV+lTVt¨qeT9;<�6;0+�f9iV5U ´ ¹^V5UÅlTV7S�WT6iV7S�U¢U�dfW1<ÅV}·T476;<�25U°0Y8:S°9�ÿ dfWNlTVt0TS�6;¨�8:6;S�V,ïN45V+§1eT63jI27WN�7S�VXlTV5U
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¨LeT9;<�6;0i�f9iV5UÅd,U�476;9;9�8:W1<�U$ï�47S�2$8:W1<¢þm9iV7eTS°<�dfeTS°lTV5U°dfWNlTV5U°279iV547<�S�df¨�8:j,WY27<�6i§1eNV5U¢U�V547dfWYlN8:6;S�V5UÅ8:0 ²03V79i25V5U ÄfÐ3Ë1ÌkÕ�ØTÊfÇ7ÍDÏ�Ì}É�ÉiÌkÕ ïI§1eT6�6;W�<�V7S��¤�7S�V7W1<^þgj,Sk8:WNlTV¢l�6iU�<k8:WN45V°0�dfeTS&0TS�d1l�eT6;S�VÅ9�ÿ dfWNlTVÅl�6?.�eNU�25V ´½RV5U¢dfWNlTV5UÅ0Y8:S�<�6iV79;9iV5UgU�dfW1<ÅS�V70TS�25U�V7W�<�25V5UglN8:WNUÅ9�8q<��N25dfS�6iVmlTV ³ 6iV+0Y8:S¢lTV5UÅ<�V7S�¨�V5U¢lFÿ 8:¨?0T9;6 ²<�eNlTV?lFÿ eTWNV?U�27S�6iVq9iV7W1<�V7¨�V7W�<L45dfW1¯1V7S�jIV7W1<�V�lTdfW1<X9�8�U�df¨?¨�V?279iV7¯125V?8:e!4$8:S�S�2?45dfS�S�V5U�03dfWNl�þ
9�ÿ 6;W1<�V7WNU�6;<�2mlT6 .FeNU�25VXlN8:WNUÅeTWNVml�6;S�V547<�6idfWHlFÿ dfhNU�V7S�¯,8:<�6idfWnlTdfWTWN25V ´N» eT6iU�§1eNVX9�8%l�6;¨�V7WNU�6idfWHlTV9�8�038:S�<�6i47eT9iV�V5U�<m45df¨?0Y8:Sk8:hT9iV�þ�9�8�9idfWTj,eNV7eTSqlFÿ dfWNlTV,ïR9�8�0T�Y8fU�V�lTV%9�ÿ dfWNlTV�6;WN476ilTV7W1<�V�WAÿ V5U�<
0Y8fU?eTWT6?�¤dfS�¨�V�U�eTS?9�8n0Y8:S�<�6i47eT9iV,ï�45V�§1eT6¢V7W1<�Sk821iWNV�lTV5U�l�6?.F27S�V7WN45V5U�lTV�0T�Y8fU�V�U�0Y8:<�6�8:9iV5U�V7<
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0Y8:S°eTWNVtU�V7eT9iVt0Y8:S�<�6i47eT9iV ´ ¹^V7<�<�V+U�V547<�6idfW�V���4$8f45VXV5U�<^S�V79;6i25VXþm9�8qU�V547<�6idfW�jI25df¨�27<�S�6i§1eNVXlTVt9i80Y8:S�<�6i47eT9iV°0Y8:S�9iVPâ ÊI×5ÍyÌ}Æ�ÇtËAÓ ÌDç ×�ÊI×7ÏDÍyÖ ´ /1eT6;¯,8:W1<�9�8g9idfWTj,eNV7eTS�lFÿ dfWNlTV°lTV^9�8g9;eT¨?6i�7S�V°6;WN476ilTV7W1<�V,ï9�8g<k8:6;9;9iVÅV7<�9�ÿ 6;WNl�6i45V¢lTV^S�2��DSk8f47<�6idfW�lTV°9�8g0Y8:S�<�6i47eT9iV,ï,9iV|��8f47<�V7eTS�lFÿ V���4$8f476;<�2Å0TS�V7WNl?lTV5U�¯,8:9iV7eTS�U
<�V79;9iV5U¢§1eNVt9�8q0Y8:S�<�6i47eT9iVml�6?.�eNU�Vt0T9;eNU¢lTVDwNe�·�§1eNVXUk8qU�V547<�6idfW�jI25df¨�27<�S�6i§1eNVXWRÿ V7W�6;W�<�V7S�45V70T<�V ´
� �V÷ Õé�m�3¡ Ù~���3�EÙ~��øÏ�~¡z�3�m�wØ��1�ùÙ~��¡ Ø��1�z���3�J�~�3��¡ �1×�¡z�1��×��m������¡

Ù~�3¡cØ �]��¡c@���¡ Ù~�m�~¡ �~�ù���3�3�3��� �z���m�~¡cØ��1�����C�
¹^dfWNU�6ilT27S�dfWNU°eTWf��8:6iU�45V$8:e�45df9;9;6;¨�8:<�2,ïYþm9�8m9idfWTj,eYV}eNSÅlFÿ dfWNlTV

λ
ï�U�Vg0TS�df0Y8:jIV$8:W�<¢lN8:WNU^eTW

¨?6;9;6iV7e ´ � 9�8+<�Sk8$¯IV7S�U�25V¢lFÿ eTWNV¢270Y8:6iU�U�V7eTS dz
l�e�¨?6;9;6iV7eRïIeTWNV��DSk8f47<�6idfW

dF
V5U�<&S�V7<�6;S�25Vt8:evwNe�·

F
lY8:WNUX9�8�l�6;S�V54}<�6;dfW�6;WT6;<�6�8:9iV,ïR0Y8:Sq8:hNU�dfS�0T<�6idfW�V7<Ll�6?.�eNU�6idfW�0Y8:Sm9iV5Um0Y8:S�<�6i47eT9iV5Uql�e!¨?6;9;6iV7e

<D4�� ´ 	Nj,eTS�Vmµ ´ À B ´

z

F( λ , z )

dz
α

p
, β

p

F( λ , z + dz )

¦<§µ¨1ª µ ´ À ê Ã^Ç�Ä}Ø�Ê$ÛIÊ,ÍDÏ¤ÄfÐ!ËIÊfÐTÕXÆ�Ð�Ù%ÏQÉ Ï�Ì}ÆHÊ1åkÕ5ÄfÇ$å�ÊfÐYÍÅÌ7Í°ËfÏ �°Æ1Õ5ÊfÐYÍ

½RV
wNe�·�l�6?.�eNU�2g0Y8:S^9iV5U�0Y8:S�<�6i47eT9iV5U°U�eTS^9�ÿ 270Y8:6iU�U�V7eTS
dz
V5U�<�0TS�df0�dfS�<�6idfWTWNV79Aþm45V7<�<�Vt270Y8:6iU ²U�V7eTS$ï38:e-wYe�·�6;WN476ilTV7W1<

F (λ,z)
ïYV7<+þ?9�8�j,Sk8:WNlTV7eTS+4$8:Sk8f47<�27S�6iU�<�6i§1eNV%lTVm9�8�lT6 .FeNU�6idfWnlN8:WNUg9iV
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¨?6;9;6iV7e
βp(λ,z)

ïT27j18:9iVLþ%9�8��DSk8f47<�6idfWHlTV�wNe�·�l�6?.�eNU�25V
dFd(λ,z)

0Y8:S¢eTWT6;<�2mlTVX9idfWTj,eNV7eTSR�

dFd(λ,z) = βp(λ,z) F (λ,z) dz .
<Dµ ´ �Iò B

¾+V&¨u�7¨�V,ï$9iV
wNe�·L8:hNU�dfS�h32
dFa(λ,z)

0Y8:SR9iV5UR0Y8:S�<�6i47eT9iV5UPU�eTSR9�8°¨u�7¨�V�270Y8:6iU�U�V7eTSA279i27¨�V7W�<k8:6;S�V
U$ÿ 2547S�6;<R�

dFa(λ,z) = α(λ,z) F (λ,z) dz .
<Dµ ´ ��x B

½A8��DSk8f47<�6idfW
dF

S�V7<�6;S�25V+8:euwNe�·
F
lN8:WNU�9�8ml�6;S�V547<�6idfW�lTVÅ0TS�df038:j18:<�6idfW�6;WT6;<�6�8:9iV,ï10Y8:S°8:hNU�dfS�0 ²<�6idfWHV7<¢l�6?.�eNU�6idfW�0Y8:SÅ9iV5U¢0Y8:S�<�6i47eT9iV5Ugl�e�¨?6;9;6iV7eRïYU$ÿ 2547S�6;<glTdfWN4&�

dF (λ,z) = (α(λ,z) + βp(λ,z)) F (λ,z) dz .
<Dµ ´ �,ñ B

¹^V^<y±�0�V°lTV|�¤dfS�¨�8:9;6iU�¨�V^0�V7S�¨�V7<&V7WNU�eT6;<�VÅlFÿ 2547S�6;S�V°9iV5U�25§1eY8:<�6idfWNU�l�6?.F27S�V7W1<�6iV79;9iV5U�45dfeT0T9i25V5U
§1eT6PlT2547S�6;¯1V7W1<+9�8�0TS�df0Y8:j18:<�6idfW!lTVL9�8�9;eT¨?6i�7S�V%lN8:WNUt9iV5Ut¨?6;9;6;V7e�·�8:hNU�dfS�hY8:W�<�U+V7<+l�6?.�eNUk8:W�<�U ´¹^V5U%25§1eY8:<�6idfWNU?U�dfW�<q0TS�25U�V7W�<�25V5U?lTV�¨�8:WT6i�7S�V�V}·��Y8:eNU�<�6;¯IV�lN8:WNUq9iV�4��Y8:0T6;<�S�V����9�}ïP8$¯IV54�lTV5U
WNdf<k8:<�6idfWNUÅ45V7S�<�V5U°9i27jI�7S�V7¨�V7W�<¢l�6?.F27S�V7W1<�V5U¢lTVt45V79;9iV5U°eT<�6;9;6iU�25V5U°6i476�ï�¨�8:6iU°0T9;eNU°V7W�8f4545dfS�l�85¯1V54
45VX§1eNVX9¤ÿ dfW�<�S�dfeT¯1VX�Y8:hT6;<�eNV79;9iV7¨�V7W�<tlN8:WNUÅ9�8%9;6;<�<�27Sk8:<�eTS�Vqþ%45VXU�e,��V7< ´
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½RV5U�ðX�njIdfeY8f4k�NV5U�45df9idfS�25V5U�l�e 45df¨?¨�V7S�45V�lTV�4��NV&� Ã¢Ö$åkÖ�Ä dfW�<�27<�2�4$8:Sk8f47<�27S�6iU�25V5U�0Y8:S
<�S�df6iU�l�6?.F27S�V7W�<�V5U�<�V54k�TWT6i§1eNV5U^lTV���8fÀ5dfW�þ+9i27j,6;<�6;¨�V7S�9iV7eTS�eT<�6;9;6iUk8:<�6idfW�V7W�<k8:W1<^§1eNVÅS�2��¤27S�V7WN45V5U ´¹^V5UÅ<�S�df6iUÅ<�V54k�TWT6i§1eNV5UgU�dfW1<A�

ê 9�8%lT6 .FSk8f47<�6idfWHlTV5UÅSk8$±IdfWNU�5¾£
ê 9�8q¨?6i47S�d,U�0�V547<�S�df¨�27<�S�6iVLºt8:¨�8:W0£
ê 9�8%U�0�V547<�S�df0T�Ndf<�df¨�27<�S�6iV ´

½RV5UÅ¨�V7U�eNS�V5U°0Y8:S¢45V5UÅ<�S�df6iUÅ<�V54��TWT6i§1eNV5UgdfW1<¢27<�2+S�2$8:9;6iU�25V5U¢U�eTS¢lTV5UÅ254k�Y8:W1<�6;9;9idfWNUglTV+jIdfeY8f4k�NV
27<k8:9i25Vg85¯1V54°eTWNVÅ270Y8:6iU�U�V7eTS�U�e���Uk8:¨?¨�V7W�<�6;¨?03dfS�<}8:W1<�V4<DlTV°9�ÿ dfS�l�S�V¢lTV
�t¨?¨ B 03dfeTS�j18:Sk8:W�<�6;S9�ÿ df0Y8f476;<�2+8:e�Sk8$±IdfWTWNV7¨�V7W�<^¯�6iU�6;hT9iV ´ ½A8mU�0�V547<�S�df0T�Ndf<�df¨�27<�S�6�Vg¨�V5U�eTS�VglTdfWN4¢6i476Y9iV���8f47<�V7eTS^lNVS�2�wYV547<k8:WN45V

ρ∞(λ)
lTV5U¢l�6?.F27S�V7W�<�V5U¢jIdfeY8f4��NV5U ´½RV5U�jIdfeY8f4��NV5U�dfW�<�27<�2�27<k8:9i25V5U�U�eTS�eTW�U�eT0T03dfS�<�V7W ¯1V7S�S�V ´ ½RV�¯1V7S�S�V�27<k8:W1<�eTW ¨�8:<�27S�6�8:e8:¨�dfS�0T�NV,ïT6;9RWRÿ 6;W�wNeNVX0Y8fUgU�eTSÅ9iVXl�6?.�Sk8f47<�dfj,Sk8:¨?¨�VqlTV+9�ÿ 254k�Y8:W1<�6;9;9idfW ´

½RV5U�8:WY8:9;±�U�V5U&V7W�l�6?.�Sk8f47<�6idfW�lTV5U&Sk8$±IdfWNUc5�dfW�<&¨�dfW1<�S�2¢§1eNV°9�8t<�df<k8:9;6;<�2¢lTVÅ45V5U�jIdfeY8f4k�NV5U
27<k8:6;<t45dfWNU�<�6;<�eN25VLlTVm4$8:S�h�dfWY8:<�VqlTVm4$8:9i476;eT¨ ´ ¹^Vm45df¨?0�d,U�2LV5U�<glTVm45dfeT9iV7eTSghT9�8:WN4k�NVLV7<���dfeNVlTdfWN4?9iV?S��f9iV�lTV�4��Y8:S�jIV�l�6?.�eNUk8:W�<�V ´ ¾X8:WNUm9iV�4$8fULlTV5UXjIdfeY8f4k�NV5U å}ÉiÌ}Æ V7< Õ}Ï�Ì}ÐNÐ�Ì ïF45V5Uq8:WY8 ²9;±�U�V5UL6;WNl�6i§1eNV7W1<?lTV�0T9;eNUL9�8�0TS�25U�V7WN45V�lFÿ eTW�0T6;j,¨�V7W1<%¨?6;WN27Sk8:9Å45df9idfS�2&�PS�V5U�03V547<�6;¯1V7¨�V7W1<?9i8
9�8��5eTS�6;<�VqV7<g9�ÿ �N27¨�8:<�6;<�V ´ ¾X8:WNUg9iV5U�x�8:eT<�S�V5U+4$8fU$ïN9iV5U+8:WY8:9;±�U�V5UtV7Wnl�6?.�Sk8f47<�6idfW�lTV5UgSk8$±IdfWNUq5WNVX03V7S�¨�V7<�<�V7W�<g0Y8fUglFÿ 6ilTV7W1<�6?	YV7Sg9�8?U�eThNU�<k8:WN45VLþ%9�ÿ dfS�6;j,6;WNVLlTVX9�8?45dfeT9iV7eTSglNV7U¢jIdfeY8f4k�NV5U ´ ½A845dfeT9iV7eTS¢V5U�<ÅlTdfWN4t¯�S}8:6;U�V7¨qhT9�8:hT9iV7¨�V7W�<¢0TS�d1l�eT6;<�VXU�df6;<Å0Y8:S°eTW�45df9idfSk8:W�<¢dfS�j18:WT6i§1eNV,ïTU�df6;<°0Y8:S
eTWNV+U�eThNU�<k8:WN45VX47S�6iU�<k8:9;9;6;WNV+¨�8:9R4}S�6;U�<}8:9 9;6iU�25VXdfe�0TS�25U�V7W1<�VXV7W�<�S�df0#��8:6;hT9iV+§1eY8:W�<�6;<�2+03dfeTS¢§1eNV
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µ Âö´¶&W%0T9;eNU�lTV°45dfW�	NS�¨�V7S&9;V5U�S�25U�eT9;<k8:<�U�lTV5U�8:WY8:9;±�U�V5U�V7W%lT6 .FSk8f47<�6idfW?lTV5UPSk8$±IdfWNU
5%ï'9iV5U&8:WY8:9;±�U�V5U
ºt8:¨�8:W�dfW1<t0�V}S�¨?6;UXlFÿ 6ilTV7W1<�6?	YV7S0Á�U�eThNU�<k8:WN45V5U+45df9idfS�25V5U+U�eT0T0T9i27¨�V7W�<k8:6;S�V5U$ï�45dfS�S�V5U�03dfWNlN8:W�<
8:e�·�jIdfeY8f4k�NV5U è7ÊfÆ�Ð�Ì ï Ù�Ê$Û1Ì}ÐYÍ�Ê ï ×R«IÊfÐ ï ÔfÌ}Ç7ÍcÓ ï Ç�ÄfÆ,Û1Ì�Ó V7< ÔfÌ}Ç7Í�Ò ´ ½A8mjIdfeY8f4k�NV ÔfÌ}Ç7Í�Ò WAÿ V5U�<V7Wo��8:6;<�§1eNV�0Y8:S�<�6iV79;9iV7¨�V7W�<�4$8:Sk8f47<�27S�6iU�25V&�°V79;9iVHV5U�<�45df¨?0�d,U�25VnlFÿ eTW�¨�279�8:WTjIVnlTVHhT9iV7e�lTV
0T�1<k8:9id�47±18:WT6;WNV?V7<+lFÿ eTW�45df9idfSk8:W�<°��8:eTWNVL6;WN45dfWTW�e ´ ½A8�U�eNhNU�<k8:WN45Vq45df9idfSk8:W1<�V?lTVL9�8�jIdfeY8f4k�NVÄfÇ�ÊfÐ�Û1Ì WRÿ V5U�<g0Y8fUg6ilTV7W�<�6?	Y25VLWNdfWn0T9;eNU$ïN¨�8:6iUg9iV5U+8:WY8:9;±�U�V5Ug6;WNl�6i§1eNV7W1<+U�dfWHeT<�6;9;6iUk8:<�6idfWn¯�S}8:6 ²U�V7¨LhT9�8:hT9iVXlN8:WNU°9�8qjIdfeY8f4��NV Ç�ÄfÆ,Û1Ì4Ò ´ /�6F45V7S�<k8:6;WNV5U¢U�eThNU�<k8:WN45V5UÅ45df9idfS�25V5UÅWRÿ dfW1<Å0Y8fU°0Te��7<�S�V45df¨?0T9i�7<�V7¨�V7W�<g6ilTV7W�<�6?	Y25V5Ug0Y8:S¢9iV5Ug8:WY8:9;±�U�V5Ugºt8:¨�8:WRïT9iV5UgU�03V547<�S�V5UgU�dfW�<Å<�dfeT<tlTVX¨u�7¨�VX6;W ²lTV}·T25U�lTV���8fÀ5dfW�þg03V7S�¨�V7<�<�S�VÅeTWNV°27¯1V7W1<�eNV79;9iV°6ilTV7W�<�6?	Y4$8:<�6idfW Ô$Ï¤Ê eTWNVÅ8:eT<�S�V°hY8fU�V°lTV°lTdfWTWN25V5U
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��� ´ ð,ð¢/�4k�N27¨�8?lTVX0TS�6;WN476;03VLl�e�jIdfWT6id ² U�0�V547<�S�df0T�Ndf<kdf¨��7<�SkVLl�en¹��fº ³ ¿ ´m´X´m´X´m´ ò,ò
��� ´ ðX�7<¤8 B ¿TSk8:j,¨�V7W�<�¨LeTSk8:9g45df0T<�V,ï�45df9;9iV547<�6idfW 0TS�6;¯125V�< 4© ¹��fº ³ ¿°ï&¾X8:WT6iV79ÅÁt6 ²jIV$8:S�U B £H<Qh B S�25U�eT9;<k8:<�U¢lTVX9�ÿ 6ilTV7W1<�6?	Y4$8:<�6idfWnlTVX0T6;j,¨�V7W1<�U ´m´X´m´X´m´m´X´m´X´m´ x�À
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Ã ² :�\ �]X.�_^a`
ëbG�c/���_^

��� ´ ðX�7<¤8 B ÎLÓ d ËIÄfÇ�Ê,ÍDÏ¤ÄfÐ?Ë1Ì�É�Ó Å^Ð â ÊfÐYÍ ï70Y8:SR½RV ³ 821i<�S�V�l�emºgV7<k8:hT9iV�lTV^/�8:6;W1< ² µÅ8:S�<��N279i27¨q±1ï³ eNU�25V^l�e » V7<�6;< » 8:9�8:6iU$ï » 8:S�6iU�< 4© ¹��fº ³ ¿°ï : l�6;9iV ¸ eT6;9;9idfW B9B £s<Qh B S�25U�eT9;<k8:<�UlTVX9�ÿ 6ilTV7W1<�6?	Y4$8:<�6id,WnlTV+0N6 j,¨�V7W�<�U ´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ x�À
���9� ´ ð�¹^dfeT0�V�U�4k�N27¨�8:<�6i§1eNV�lFÿ eTWNV�45dfeN4k�NV�8:hNU�dfS�hY8:W�<�V�V7<ql�6?.�eNUk8:W�<�Vc£AlT2�	NWT6;<�6idfWlTV5UÅj,Sk8:WNlTV7eTS�Ut4$8:Sk8f47<�27S�6iU�<�6i§1eNV5Ugl�e�¨�d1lT�79iVLlTV!�+eTh�V79?C,8 ²y³ eNWsC ´X´m´m´X´m´ ñ��
���9� ´ ��¹^dfeT0�V�U�4k�N27¨�8:<�6i§1eNV�lFÿ eTWNV�45dfeN4k�NV�8:hNU�dfS�hY8:W�<�V�V7<ql�6?.�eNUk8:W�<�Vc£AlT2�	NWT6;<�6idfWlTV5UÅj,Sk8:WNlTV7eTS�Ut4$8:Sk8f47<�27S�6iU�<�6i§1eNV5UglTVX9�ÿ ¶m�Åº ´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ñ,ñ
���9� ´ ��¹^dfeT0�V�U�4k�N27¨�8:<�6i§1eNV�lFÿ eTWNV�45dfeN4k�NV�8:hNU�dfS�hY8:W�<�V�V7<ql�6?.�eNUk8:W�<�Vc£AlT2�	NWT6;<�6idfWlTV5UÅj,Sk8:WNlTV7eTS�Ut4$8:Sk8f47<�27S�6iU�<�6i§1eNV5Ugl�e�¨�d1lT�79iVqþ4À7wNe�· ´m´m´X´m´X´m´X´m´m´X´m´ ðX��ð
�yÁ ´ ð�/1±�W�<��N�5U�V5Ug8flTl�6;<�6;¯1V3<¤8 B V7<gU�dfeNU�<�Sk8f47<�6;¯IVmU�6;¨?0T9iV3<Qh B ´X´m´m´X´m´X´m´X´m´m´X´m´ ð,ðX��yÁ ´ �n¹^dfeT0�V�U�4k�N27¨�8:<�6i§1eNV�lFÿ eTWNV�45dfeN4k�NV�8:hNU�dfS�hY8:W�<�V�V7<ql�6?.�eNUk8:W�<�Vc£AlT2�	NWT6;<�6idfWlTV5UÅj,Sk8:WNlTV7eTS�Ut4$8:Sk8f47<�27S�6iU�<�6i§1eNV5Ugl�e�¨�d1lT�79iVLlTV!�+eTh�V79?C,8 ²y³ eNWsC ´X´m´m´X´m´ ð,ð&À�yÁ ´ �n¹^df¨?0Y8:Sk8:6iU�dfW�V7W1<�S�V¢9iV5U�U�0�V547<�S�V5U�lTVÅS�2�wYV547<k8:WN45VtlTV¢lTV7e�·?¨�279�8:WTjIV5U°þ%ðX� %lTV�¯IV7S�¨?6;9;9idfW�lN8:WNU�lTV7e�·�0T6;j,¨�V7W�<�U�hT9�8:WN45U�l�6?.F27S�V7W�<�UR��l�e 4$8:S�h3dfWY8:<�VHlTV

4$8:9i476;eT¨Î<¤8 B V7<gl�e�hT9�8:WN4mlTVX0T9idf¨qhh<Qh B ´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ð,ðXx�yÁ ´ À ³ V5U�eTS�V5UÅjIdfWT6idf¨�27<�S�6i§1eNV5UtU�eTS¢lTV5U¢254k�Y8:W1<�6;9;9idfWNUtV7W�03dfeNl�S�V ´m´X´m´X´m´m´X´m´ ðX��À�yÁ ´ ±-�ASk8:6;<�V7¨�V7W1<PlTV5URU�0�V547<�S�V5URlTV&S�2�wYV547<k8:WN45V�lTV5UF¨�279�8:WTjIV5UR�N27¨�8:<�6;<�V2�:4$8:S�h�dfW38:<�VlTVm4$8:9i476;eT¨ ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX��Á�yÁ ´ Á-�ASk8:6;<�V7¨�V7W1<+lTV5UgU�0�V547<�S�V5UglTVmS�2�wYV547<k8:WN45VqlTV5U¢¨�279�8:WTjIV5Ug�N27¨�8:<�6;<�V2�:45V7WNl�SkV5U¯1V7S�<�V5U ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX�Iò�yÁ ´ ò�<¤8 B � Ï�Ì}Ç�Û1Ì�Ë1Ì�É�Ó d ÐNÐ3ÄfÐ3×7Ï¤Ê,ÍDÏ¤ÄfÐ ï � WNdfW�±�¨�V,ï ³ eNU�25V�l�e » V7<�6;< » 8:9�8:6iU$ï � ¯�6 ²j,WNdfWh<�ð$ñIòP��ï 4© ¹��fº ³ ¿ B £><Qh B Sk8fl�6idfj,Sk8:0T�T6iV#<�ð$ñIòP��ï 4© ¹��fº ³ ¿ B ´m´m´X´m´ ðX����yÁ ´ x�<¤8 B � Ï�Ì}Ç�Û1ÌmË1Ì+É�Ó d ÐNÐ3ÄfÐ3×7Ï¤Ê,ÍDÏ¤ÄfÐ ï�8:<�<�S�6;hTeN25VXþ ¸ 6id$¯,8:WTWT6Fl�6 » 8fdf9idTï ³ eNU�25Vtl�e» V7<�6;< » 8:9�8:6iU$ï � ¯�6;j,WNdfWh<�������ð,ï 4© ¹��fº ³ ¿°ï : l�6;9iV ¸ eT6;9;9idfW B £/<Qh B S�25U�eT9;<k8:<�UlTVX9�ÿ 6ilTV7W1<�6?	Y4$8:<�6id,WnlTV+0N6 j,¨�V7W�<�U ´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX����yÁ ´ ñn/�4k�N27¨�8�lTV5Ut45dfeN4��NV5Ug0T6i47<�eTSk8:9iV5U+lTV5Ug4$8:S�WY8:<�6idfWNU+lFÿ eTWNVm0�V76 W�<�eTS�VL6;<k8:9;6iV7WTWNVl�e-5tÁD�¢U�6i�5479iV ´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX����yÁ ´ ðX� ³ 6i47S�df0T�Ndf<�dfj,Sk8:0N�T6iV5UPlTV&45dfeT0�V5UR<�Sk8:WNU�¯IV7S�Uk8:9iV5UAlTV5UF0TS�279i�7¯IV7¨�V7W�<�U ÈRÃ Ò ^ P�ÑV7< ÈRÃªÒ+æTÒON d S�2$8:9;6iU�25UglN8:WNUÅ9iVX¯�6iUk8:jIVXlTV+9�8%Át6iV7S�jIV3< 4© ½Rº ³ ¿ B ´m´m´X´m´ ðX����yÁ ´ ð,ð�¹^dfeT0�V5U¢<�Sk8:WNU�¯IV7S�Uk8:9iV5UglTV+0TS�279i�7¯1V7¨�V7W1<�UtlN8:WNU¢lTV5U¢4$8:S�WY8:<�6idfWNU ´m´X´m´m´X´m´ ðX��À�yÁ ´ ðX�-�ASk8:6;<�V7¨�V7W1<tlTV5U¢6;¨�8:jIV5U¢lTVm45dfeT0�V7U¢<�Sk8:WNU�¯1V7S�Uk8:9iV5U ´X´m´m´X´m´X´m´X´m´m´X´m´ ðX��±�yÁ ´ ðX�-�ASk8:6;<�V7¨�V7W1<LlTV5U+U�03V547<�S�V5UXlTVqS�2�wYV547<k8:WN45V?lTV5Ut¨�279�8:WTjIV5UX¯IV7S�¨?6;9;9idfW+�'hT9�8:WN4lTVX0T9idf¨Lh ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX��x�yÁ ´ ð&À » S�df0�dfS�<�6idfWNUtlTV+¯1V7S�¨?6;9;9idfWH4$8:9i47eT9i25V5U¢j,SNef45VLþ%9�8q¨�d�lT279;6iUk8:<�6idfW ´X´m´m´X´m´ ðX��x
Á ´ ðw/10�V547<�S�V5UglTV+S�2�wYV547<k8:WN45VLlTV5U¢jIdfeY8f4��NV5UglTVXS�2��¤27S�V7WN45V ´m´m´X´m´X´m´X´m´m´X´m´ ðX±��Á ´ � /10�V547<�S�V5UglTV+S�2�wYV547<k8:WN45VLlTV5U¢jIdfeY8f4��NV5UglTVXS�2��¤27S�V7WN45V3<DU�eT6;<�V B ´X´m´X´m´m´X´m´ ðX±�ðÁ ´ � ¹^d�V���476iV7W1<�UglFÿ 8:hNU�dfS�0T<�6idfWh<¤8 B V7<¢lTVXl�6?.�eNU�6idfW�<Qh B lTV5UÅ<�S�df6iUÅjIdfeY8f4��NV5U¢0TS�6 ²¨�8:6;S�V5U è7ÊfÆ�Ð�Ì ï Ù�Ê$Û1Ì}ÐYÍ�Ê V7< ×R«IÊfÐ ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðX±IòÁ ´ ÀÝ�ASk8:6;<�V7¨�V7W1<�lTV5U�U�0�V54}<�S�V5U�lTV�S�2�wYV547<k8:WN45Vn03dfeTS�9iV5U�¨�279�8:WTjIV5U

((

45dfeT9iV7eTS�U
U�V545dfWNlN8:6;S�V5U

))
´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðXÁ��
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Ã ² :�\ �dX.�e^a`
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Á ´ ±Î�ASk8:6;<�V7¨�V7W1<�lTV5U�U�0�V54}<�S�V5U�lTV�S�2�wYV547<k8:WN45Vn03dfeTS�9iV5U�¨�279�8:WTjIV5U
((

45dfeT9iV7eTS�U
U�V545dfWNlN8:6;S�V5U

))

<DU�eT6;<�V B ´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðXÁ�ðÁ ´ ÁÎ�ASk8:6;<�V7¨�V7W1<LlTV5U+U�0�V547<�S�V5UXlTVqS�2�wYV547<k8:WN45V?03dfeTSX9iV7U+¨�279�8:WTjIV5UmlTVqjIdfeY8f4��NV5U
hT9iV7eNV5U ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ðXÁ��Á ´ ò �ASk8:6;<�V7¨�V7W1<LlTV5U+U�0�V547<�S�V5UXlTVqS�2�wYV547<k8:WN45V?03dfeTSX9iV7U+¨�279�8:WTjIV5UmlTVqjIdfeY8f4��NV5U
hT9iV7eNV5U4<DU�eT6;<�V B ´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ðXÁ��Á ´ xÎ�£lTV7W�<�6?	Y4$8:<�6idfW�U�0�V547<�S�df0T�Ndf<�df¨�27<�S�6i§1eNVtlTV5U�45df¨?03d,Uk8:W�<�U^lTVÅ9�8+jIdfeY8f4k�NV ÔfÌ}Ç7ÍmÒ ðXÁ�±

Á ´ ñä<¤8 B�� ¨LhT6;j,esÑ¤<�2LlTV+9�ÿ 6ilTV7W�<�6?	Y4$8:<�6idfW�£/<Qh B 45d�V���476iV7W1<�UtlFÿ 8:hNU�dfS�0T<�6idfW ´X´m´X´m´ ðXÁ�ÁÁ ´ ðX�m/10�V547<�S�V5UglTV+S�2�wYV547<k8:WN45Vm0�dfeTS¢9iV5UÅ¨�279�8:WTjIV5UglTVXjIdfeY8f4��NV5U¢S�dfeTjIV5U ´X´m´X´m´ ðXÁ,ñ
Á�� ´ ð3�geY8:WN476iV7S�UglTV ¼ V$8:W ²y» 6iV7S�S�VLµ^Sk8��$U4< 4© ¹��fº ³ ¿°ï ³ 8:<�<��T6iV7e�¯,8:W-�g6iV79 B ´X´m´ ðXx��Á�� ´ �-�geY8:WN476iV7S A < 4© ¹��fº ³ ¿°ï ³ 8:<�<��T6iV7e�¯,8:W-�g6iV79 B ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´ ðXx��Á�� ´ �-6&¯1df9;eT<�6idfW�l�e���8f47<�V7eTSmlTV?S�2�wYV547<k8:WN45V�þ�±�x���WT¨ <¤8 B V7<Lþ�òP����WT¨ <Qh B V7W�¤dfWN47<�6idfWHlTVX9�8%§1eY8:W�<�6;<�2mlTV+0T6;j,¨�V7W�<�UglT270�d,U�25V ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ðXx��Á�� ´ À�¹^df¨?0Y8:Sk8:6iU�dfWnV7W�<�S�VX9iV5U¢U�03V547<�S�V5UglTV+S�2�wYV547<k8:WN45VLlTV5U
�$dfWNV5U a3

<¤8 B V7< b4 <Qh B ðXx��Á�� ´ ±-6�§1eT6;¯,8:9iV7WN45VLlTVXlTV7e�·�¨�d1lT�79iV5U ´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ðXx�±Á�� ´ Á-�ASk8:6;<�V7¨�V7W1<tlTV5U¢U�0�V547<�S�V5UglTV+S�2�wYV547<k8:WN45Vm0�dfeTS¢9�8q0T9�8f§1eNV A ´X´m´X´m´m´X´m´ ðXxIòÁ�� ´ ò�¿YV7W1<�V5U¢6;WNU�27S�25V5U¢U�eTSÅ9iVX<�Sk8:��V7<¢l�e���8:6iU�45V$8:e ´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ð$ñ��Á�� ´ x-�ASk8:6;<�V7¨�V7W1<tlTV5U¢lT6 .FSk8f47<�dfj,Sk8:¨?¨�V5U ´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ð$ñ��Á�� ´ ñn/10�V547<�S�V5UPlTVcwNeNdfS�V5U�45V7WN45V|5�03dfeTSA9�8Å0T9�8f§1eNV � £$45df¨?0Y8:Sk8:6iU�dfW%lTV5UA§1eY8:W�<�6;<�25UlTVX0T6;j,¨�V7W1<�UgdfhT<�V7W�eNV5U¢0Y8:S¢9iV5U¢l�6?.F27S�V7W�<�V5UÅ<�V54k�TWT6i§1eNV5U¢03dfeTS¢9�8%0T9�8f§1eNV
A ´ ð$ñ�xÁ�� ´ ðX��ºg25U�eT9;<k8:<�Ugl�e�<�Sk8:6;<�V7¨�V7W�<tlTV5U¢¨�V5U�eTS�V5UgU�0�V547<�S�df0T�Ndf<�df¨�27<�S�6i§1eNV5U+U�eTS¢9�ÿ V7W ²U�V7¨qhT9iVmlTV5UÅ0T9�8f§1eNV5U ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ����ðÁ�� ´ ð,ð�ºgV70TS�25U�V7W�<k8:<�6idfW�U�4k�N27¨�8:<�6i§1eNV+lFÿ eTWNVX47dfeN03V+lTVt¨�8:<�6i�7S�Vt0T6i47<�eTSk8:9iVm8:e�¨�d ²¨�V7W�<LlTV%9�ÿ 27<k8:9�8:jIVz<¤8 B V7<L8:0TS��5Uq8:hNU�dfS�0T<�6idfW�l�e�9;6�8:W�<m0Y8:Sm9�8�45dfeN4k�NV?6;W��¤2 ²S�6iV7eTS�V3<Qh B ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ �����

� ´ ðw/10�V547<�S�Vml�e�Sk85±1dfWTWNV7¨�V7W1<t279iV547<�S�df¨�8:j,WN27<�6i§1eNV ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ��ðX�
� ´ �Î�ASk8:WNU�6;<�6idfWH279iV547<�S�dfWT6i§1eNVm6;WNl�eT6;<�VX0Y8:St8:hNU�dfS�0T<�6idfWHlFÿ eTW�0T�Ndf<�dfW ´m´m´X´m´X´m´ ��ðX�
� ´ �ä<¤8 B » S�6;WN476;0Y8:9iV5U¢6;W�<�V7Sk8f47<�6idfWNU¢V7W�<�S�V+9iVD��8:6iU�45V$8:e�lFÿ 279iV547<�S�dfWHV7<ÅeTWH8:<�df¨�VXlTV9�8%¨�8:<�6i�7S�Vc£H<Qh B 0�df6 SkVmlTVXl�6?.�eNU�6idfW ´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ��ð&À
� ´ À <¤8 B ÐmÄ,ÍDÇ�Ì}à ë ÊfÙ�ÌÅË1Ì í Ç�Ê:ÕkÕ$Ì ï � WNdfW�±�¨�V,ï ³ eNU�25V�lTV5U � eTj,eNU�<�6;WNU|< 4© ¹��fº ³ ¿ B £<Qh B S�25U�eT9;<k8:<�U&lFÿ eTWNVÅdfhNU�V7S�¯,8:<�6idfW�8:e ³ ¶�µ�45dfeT0T9i25V¢þg9�ÿ 8:WY8:9;±�U�VÅ279i27¨�V7W1<k8:6;S�VU�eTS°eTWNV+45dfeT03Vt<�Sk8:WNU�¯1V7S�Uk8:9iV+lTVt45dfeN4k�NVt0T6i47<�eTSk8:9iVu<D4�� ´ / ´�» 8:jI�5U ² ¹°8:¨�8:j,WY8�ï������ð,ï>è Á�Á2é B ´X´m´m´X´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ��ð&À
� ´ ± » S�6;WN476;0�VLlTV+9�84wNeNdfS�V5U�45V7WN45VmlTV5UÅS}85±1dfWNU�5 ´X´m´X´m´m´X´m´X´m´X´m´m´X´m´X´m´ ��ðX±
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» eT<�V$8:e�·FïH<�ð$ñ,ñ,ñ B ´è ��x2éq¶ ´ ¹��Y8:9;¨?6;W ´ ¹°8:Sk8f47<�27S�6iUk8:<�6idfW�lNV7U�d$·�±�lTV5U&lNV°¨�8:WTj18:WN�5U�VgV7W�<k8:W1<�§1eNVÅ0T6;j,¨�V7W1<�WNdf6;SlN8:WNUt9iV5Ut0�V76 W�<�eTS�V5U+0Y8:S�6i27<k8:9iV5U+0TS�27�T6iU�<�dfS�6i§1eNV5U ´-{ ÚTÝkÕ$Ì�Ë1Ì ë Ä$×5Í�ÄfÇ�Ê,Í¢Ë1Ì%É�Ó h ÐNÏQÔfÌ}ÇkÕ}ÏDÍyÖË1ÌXß�ÊfÇ}Ð�Ì}àyÉ;Êfà � ÊfÉQÉiÖ�Ì ï/<�������� B ´è �,ñ2éqº ´ ¼N´P¸ V7<�<�V7WNU$ïR¶ ´ Âö´ ¿P6;<9�5��eTj,�RïP8:WNl!º ´ ½ ´ ¿NV79;9iV7S ´ ¹°8:9i476;eT¨ 4$8:S�h�dfWY8:<�VugÅ�T6;<�V5U ´ �yW
� ´ ºgd'±IïNV5l�6;<�dfS$ïid Ç7ÍDÏ�Õ7ÍQÕNÓIÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇ!l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×7àÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5UD����� ê ����Á ´i: ·��¤dfS�l��gWT6;¯1V}SkU�6 <£± » S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ,ñ�� B ´è ÀT�2éqº ´ ¼N´1¸ V7<�<�V7WNU$ï,î ´ ���T�TWRïI8:WNl Âö´ � ´ ¹��Y8fU�V ´ ½RV$8fl7gÅ�T6;<�V ´ �yW � ´ ºgd$±1ï:V5l�6;<�dfS$ï�d Ç7ÍDÏ�Õ7ÍQÕNÓÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lmÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇ-l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë.ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5U-ÁIò ê x�� ´
: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñ�� B ´è ÀNð�é ³�´ ½A85¯1V7S ´ �°6;<k8:WT6;eT¨ l�6id5·�6ilTV|gÅ�T6;<�V5U ´ �yWq¶ ´'Âö´ ¿P6;<9�5��eTj,�Rï:V5l�6;<�dfS$ï�d Ç7ÍDÏ�Õ7ÍQÕNÓkÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ
Æ�Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇul+Ï�Õ7Í�ÄfÇ�«!ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5Uu�,ñ�± ê ���,ñ ´�: ·��¤dfS�l�gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ,ñIò B ´è ÀT�2éqî ´ ���T�TW ´ I 6;WN47gÅ�T6;<�V ´ �yW�º ´ ½ ´ ¿YV79;9iV7S$ï�V5l�6;<�dfS$ïHd Ç7ÍDÏ�Õ7ÍQÕNÓ�Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ é d lmÊfÐ3Ë1å�Ä'Ä�}Ä â ÍQÚTÌ}ÏQÇvl+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ïA0Y8:jIV5U�ðXÁ,ñ ê ðXx�Á ´c: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï
: ·��¤dfS�lFï><�ð$ñ�x�Á B ´è ÀT�2éqº ´ ¼N´N¸ V}<�<�V7WNU¢8:WNl�¶ ´ Âö´ ¿P6;<9�5��eTj,� ´ � �5eTS�6;<�Vm8:WNl�hT9;eNV+¯IV7S�l�6;<�V7S ´ �yW � ´ ºgd$±1ï�V5l�6;<�dfS$ïd Ç7ÍDÏ�Õ7ÍQÕNÓYÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚ�Ì7Ï�Ç3l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ïP0Y8:jIV5U��� ê ��Á ´+: ·��¤dfS�l-�gWT6;¯IV7S�U�6;<£± » SkV7U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñ�� B ´è À�ÀPé?/ ´I» 8:jI�5U ´3» S�df0TS�6i27<�25U�0T�1±�U�6i45d ² 4k�T6;¨?6i§1eNV5U�lFÿ eTW�0T6;j,¨�V7W�<�¯IV7S�<�U�±�W�<��N27<�6i§1eNV¢27j,±�0T<�6iV7W ´¹^dfeT9iV7eTS$ïFU�<�S�eN47<�eTS�V,ï�S�V54��NV7S�4k�NV?lTV5Ut<�V54k�TWT6i§1eNV5UXlFÿ 279�8:h�dfSk8:<�6idfW ´n{ ÚTÝkÕ$Ì�Ë1Ì ë Ä'×5Í�ÄfÇ�Ê,ÍË1ÌmÉ�Ó h ÐNÏQÔfÌ}ÇkÕ}ÏDÍyÖLË1ÌXß�ÊfÇ}Ð�Ì}àyÉ;Êfà � ÊfÉQÉiÖ�Ì ï
<�ð$ñ,ñ,ñ B ´è ÀT±2é ¼N´F» V7<�6;<$ï ¼N´ ºgdf6;S�V?V}<mî ´ Á�8:9idf< ´ µ^9iV7e�lTV%0T�1<k8:9id�47±18:WT6;WNV ´ �yW ¼N´F» V7<�6;<$ï ¼N´ ºgdf6;S�V?V7<î ´ Á^8:9idf<$ï&V5l�6;<�dfS$ï Å^Ð3×R«I×7É;Ä}ØNÖ�ËfÏ�ÌHË1Ì�É;ÊHÃ¢Ì}ÏQÐYÍDÆ�ÇkÌ Æ ï�0Y8:jIV5Uu��x,ñ ê �,ñ�Á ´ ¶&S�V54�27lT6 <kV}eNS$ï
» eT<�V$8:e�·FïH<�ð$ñ,ñ,ñ B ´è ÀTÁ2éqµ ´ î ´ µ°V7S�S�6iV ´P» S�eNU�U�6�8:W�hT9;eNV ´ �yW�¶ ´�Âö´ ¿P6;<9�5��eTj,�Rï�V5l�6;<�dfS$ï®d Ç7ÍDÏ�Õ7ÍQÕNÓ'Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ�Æ é dlmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇ0l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ïY0Y8:jIV5U?ð$ñ�ð ê ��ð,ð ´>: ·��¤dfS�lz�gWT6;¯1V7S ²U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñIò B ´è À�òXé ¼N´N» 9iV5U�<�V7S�U ´ �g9;<�Sk8:¨�8:S�6;WNVmhT9;eNV,ïTWY8:<�eTSk8:9P8:WNlH8:S�<�6?	Y476�8:9 ´ �yW � ´ ºgd$±1ïTV5l�6;<�dfS$ï+d Ç7ÍDÏ�Õ7ÍQÕNÓÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lmÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇ-l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë.ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5U-�Iò ê Á�Á ´
: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñ�� B ´è ÀTx2éqµ ´�³ �T�T9iV7<��Y8:9iV7S�8:WNl ¼T´ �°�T6iU�U�V7W ´ /1¨�8:9;< ´ �yW � ´ ºgd$±1ïPV5l�6;<�dfS$ï|d Ç5ÍDÏiÕ7ÍQÕNÓ3Ã^Ï;ÛfÙ�Ì}ÐYÍQÕÆ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇ�l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë ÈPÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5U�ð,ðX� ê ðX��� ´q: ·��¤dfS�l�gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ,ñ�� B ´è À1ñ2é?/ ´ ºgV5V5U ¼ dfWNV5U ´ �°�NV+4��Y8:WTjIV5l�8:0T0�V$8:Sk8:WN45VXd��Pdf6;9�0Y8:6;W�<�6;WTjIUÅl�eNVt<�dq6;WN47S�V$8fU�V5l�<�Sk8:WNU ²0Y8:S�V7WN47± ´ �3ÍDÆTËfÏ�ÌkÕXÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®Û à ï�0T0!ðX±�ð ê ðX±�±�ï/<�ð$ñ,ñ�ð B ´
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è ±��2éqº ´�¸ 6id'¯,8:WNdf9;6�8:WNl�µ ´1³ �T�T9iV7<��Y8:9iV7S ´ �yW�¯IV5U�<�6;j18:<�6idfW�d��Rl�6iU�45df9idfeTS�V5l�U�¨�8:9;< ´ �3ÍDÆTËfÏ�ÌkÕgÏQÐÈ&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï�© Ç ï�0T0z�Iò ê À�ÀNïH<�ð$ñIòP� B ´è ±�ð�éqº ´ ¼N´�¸ V7<�<kV}WYU�8:WNl�¶ ´ Âö´ ¿P6;<9�5��eTj,� ´�³ 8:9�8f4k�T6;<�V�8:WNl�j,S�V5V7W�¯1V7S�l�6;<�V7S ´ �yW � ´ ºgd'±IïV5l�6;<�dfS$ïHd Ç7ÍDÏ�Õ7ÍQÕNÓ�Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lXÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇ4ltÏ�Õ7Í�ÄfÇ�«HÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï0Y8:jIV5ULðXx�� ê ����� ´+: ·��¤dfS�l-�gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñ�� B ´è ±��2é?¹ ´ � ´�¸ S�6iU�U�df¨ ´F¸ S�V5V7W�V$8:S�<�� ´ �yW�º ´ ½ ´ ¿YV79 9iV7S$ï1V5l�6;<�dfS$ï�d Ç7ÍDÏ�Õ7ÍQÕNÓ$Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ é d lmÊfÐ3Ëfàå�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇ=l+Ï�Õ7Í�ÄfÇ�« ÊfÐ3ËúÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï°0Y8:jIV5U!ð&ÀNð ê ðXÁ�x ´q: ·��¤dfS�lµ�gWT6;¯1V7S�U�6;<y±
» S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ�x�Á B ´è ±��2é?¹^V7WTWT6;WNd�¹^V7WTWT6;WT6 ´mÆ ÉRÉ Ï�å}Ç�Ä�Ë1Ì}É�É�Ó ÊfÇ7ÍyÌ ´ <Dºg2525l�6;<�6idfWnlFÿ 8:0TS��5Ug9�ÿ dfS�6;j,6;WY8:9PlTV�ðX�,ñ�� B ï;�tV7S�6» dP�~�'8�¶�l�6;<�dfS�V,ïNÁt6i45V7Ws�'8�ïH<�������ð B ´è ±�ÀPéqî ´ ���T�TW ´ Á�V7S�l�6;j,S�6iUL8:WNl�45df0T0�V7SXS�V5U�6;WY8:<�V ´ �yW � ´ ºgd'±Iï�V5l�6;<�dfS$ï/d Ç7ÍDÏ�Õ7ÍQÕNÓ�Ã^Ï;ÛfÙ�Ì}ÐYÍQÕÆ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇ�l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë ÈPÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5U�ðX��ð ê ðX±�x ´q: ·��¤dfS�l�gWT6;¯1V}SkU�6 <£± » S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ,ñ�� B ´è ±�±2é ³�´R¸ eTWTWRï ¸%´ ¹��Ndf<�<k8:S�lFïR¶ ´ º¢6;¯�6i�7S�V,ï ¼N´ ¼N´P¸ 6;S�V7S�lFïR8:WNl ¼N´ ¹ ´ ¹��Ndf<�<k8:S�l ´ ¹��NV7¨?6i4$8:9S�V$8f47<�6idfWNUÅh3V7<�g^V5V7WH45df0T03V7SÅ0T6;j,¨�V7W�<�U¢8:WYl�df9iV5dfS�V5U�6;WNdfeNUÅ¨�V5l�6�8 ´ �3ÍDÆTËfÏ�ÌkÕ+ÏQÐ�È&ÄfÐTÕ$Ì}Ç}àÔ:Ê,ÍDÏ¤ÄfÐ ï ®·¿ ï�0T0�ðX� ê ����ïH<�������� B ´è ±�Á2é4� ´ ¿P6iV79ilTV7S&8:WNl ³�´ µÅ85±�8:S�l ´ ¶&¨�V7Sk8:9ilqj,S�V5V7W?8:WNlqU�4��NV5V79iV,ÿ UPj,S�V5V7W ´ �yWq¶ ´'Âö´ ¿P6;<9�5�1eNj,�RïV5l�6;<�dfS$ïid Ç7ÍDÏ�Õ7ÍQÕNÓ,Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇDl+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï0Y8:jIV5UD��ð$ñ ê ��±�Á ´+: ·��¤dfS�l-�gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñIò B ´è ±IòXéqº ´ �tV&gÅ¨�8:W ´ ¹��TS�df¨?6;eT¨öd5·�6ilTV�8:WNlX��±�l�Sk8:<�V5lL4��TS�df¨?6;eT¨öd5·�6ilTV ´ �yWL¶ ´5Âö´ ¿P6;<9�5�1eNj,�RïV5l�6;<�dfS$ïid Ç7ÍDÏ�Õ7ÍQÕNÓ,Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}�Ä â ÍQÚTÌ}ÏQÇDl+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï0Y8:jIV5UD�IòP� ê �IòPx ´+: ·��¤dfS�l-�gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñIò B ´è ±�x2é4� ´ ¿P6iV79ilTV7S+8:WNl ³�´ µÅ8$±18:S�l ´ ¹Å8fl�¨?6;eT¨ ±1V79;9idXg¢U$ïYdfSk8:WTjIV5U+8:WNl�S�V5lTU ´ �yWHº ´ ½ ´ ¿YV79;9iV7S$ïV5l�6;<�dfS$ïmd Ç7ÍDÏ�Õ7ÍQÕNÓNÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ é d lmÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇul+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï0Y8:jIV5UDÁ�± ê ðX��x ´+: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ�x�Á B ´è ±,ñ2éqî ´ ���T�TW�8:WNl ³�´ ¹�eTS�Sk8:W ´ ¹��TS�df¨�Vg±IV79;9id2g 8:WNl�df<��NV7S^4k�TS�df¨�8:<�Vg0T6;j,¨�V7W1<�U ´ �yW�º ´ ½ ´¿YV}9;9iV7S$ïFV7lT6 <kdfS$ï>d Ç7ÍDÏ�Õ7ÍQÕNÓ1Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ é d lmÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇ�l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë!ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}àÇ}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5UmðXxIò ê ��ðXx ´i: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ�x�Á B ´è Á��2éqî ´ ���T�TW ´ ½RV$8fl ² <�6;W�±1V79;9idXg ´ �yW � ´ ºgd$±1ï�V5l�6;<�dfS$ï®d Ç7ÍDÏ�Õ7ÍQÕNÓ:Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}Ä â ÍQÚTÌ}ÏQÇ#l+Ï�Õ7Í�ÄfÇ�«�ÊfÐ3Ë ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5U#x�� ê ð,ðX� ´
: ·��¤dfS�lÌ�gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï
: ·��¤dfS�lFï><�ð$ñ,ñ�� B ´è Á�ð�é ³�´ »P´�» df¨?6i�5U ´ » 6;j,¨�V7W1<�U�S�dfeTjIV5U?0TS�27�T6iU�<�dfS�6i§1eNV5UA�&j�@+<��T6;<�V�4k�Y8:e�.F25V�dfe��N27¨�8:<�6;<�VWY8:WNd ² 47S�6iU�<k8:9;9;6;WNVmWY8:<�eTS�V79;9iVsr { ÚTÝkÕ$ÌqË1Ì ë Ä'×5Í�ÄfÇ�Ê,Í°Ë1ÌmÉ�Ó h ÐNÏQÔfÌ}ÇkÕ}ÏDÍyÖ+ÃÅÊfÇ}Ï�Õ � Æ ï><�ð$ñ,ñIò B ´è Á��2éq¶ ´ Âö´ ¿P6;<9�5��eTj,� ´ : S�0T6;¨�V7W�<�8:WNl�S�V$8:9;j18:S ´ �yW�¶ ´�Âö´ ¿P6;<9�5�1eTj,�Rï°V5l�6;<�dfS$ï
d Ç7ÍDÏ�Õ7ÍQÕNÓÃ^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ�Æ é d lmÊfÐ3Ë1å�Ä'Ä�}!Ä â ÍQÚTÌ}ÏQÇ3l+Ï�Õ7Í�ÄfÇ�«!ÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï�0Y8:jIV5UvÀ�ò ê Á�Á ´
: ·��¤dfS�l��gWT6;¯1V7S�U�6;<y± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñIò B ´è Á��2éq¶ ´ Âö´ ¿P6;<9�5�1eTj,� ´ ºgV5l�9iV$8fl�8:WNl�¨?6;WT6;eT¨ ´ �yW�º ´ ½ ´ ¿YV79;9iV7S$ï�V5l�6;<�dfS$ï®d Ç7ÍDÏ�Õ7ÍQÕNÓ:Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ
Æ é d lmÊfÐ3Ë1å�Ä$Ä�}qÄ â ÍQÚTÌ}ÏQÇ�l+Ï�Õ7Í�ÄfÇ�«qÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï,0Y8:jIV5UgðX�,ñ ê ð&ÀT� ´�: ·��¤dfS�lu�gWT6 ²¯IV7S�U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFïH<�ð$ñ�x�Á B ´è Á�ÀPéqº ´ ¼N´�¸ V7<�<�V7WNU$ï�º ´ ½ ´ ¿YV79;9iV7S$ï�8:WNl Âö´ � ´ ¹��Y8fU�V ´ Á�V7S�¨?6;9;6idfW�8:WNl�476;WTWY8:hY8:S ´ �yW � ´ ºgd'±IïV5l�6;<�dfS$ïHd Ç7ÍDÏ�Õ7ÍQÕNÓ�Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ Æ�Æ é d lXÊfÐ3Ë1å�Ä$Ä�}�Ä â ÍQÚTÌ}ÏQÇ4ltÏ�Õ7Í�ÄfÇ�«HÊfÐ3Ë�ÈAÚ�ÊfÇ�ÊI×5ÍyÌ}Ç}Ï�Õ7ÍDÏ¤×}Õ ï0Y8:jIV5ULðX±,ñ ê ðXx�� ´+: ·��¤dfS�l-�gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï : ·��¤dfS�lFï><�ð$ñ,ñ�� B ´

�IòP�

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5



:�ëh:�\>ëbijG�� ²C� � ë0�

è Á�±2é ¼N´ � ´Y¸ df9ilTU�<�V76;W ´ ��×kÊfÐNÐNÏQÐ�Û~Å^ÉiÌ�×5ÍDÇ�Ä:ÐnßHÏ¤×7Ç�Ä:Õ5×kÄ}Øz«�ÊfÐ3Ë�üXàyÇ�Êq«?ßHÏ¤×7Ç�Ä$ÊfÐ3ÊfÉ «:Õ}Ï�Õ;Î��FÌ�×�ÄfÐ3ËÅÅËfÏDÍDÏ¤ÄfÐ+Ó ´ �tV&g � dfS9C » 9iV7W�eT¨ » S�V5U�U$ï®�tV&g � dfS9C�ï><�ð$ñ,ñ�� B ´è Á�Á2é?/ ´�» 8:jI�5U ² ¹°8:¨�8:j,W38 ´ �tdf<�S�V+¾X8:¨�V+lTV ¸ Sk8fU�U�V,ï � WNdfW1±�¨�V,ï�ð&ÀT����ï ³ eNU�25VtlTV5U � eTj,eNU ²<�6;WNU ´ È¢Ê}ØIØ�ÄfÇ7Í°ËAÓ Ö7ÍDÆTË1Ì�È/ÓqÈgß�M ï u�¬ Ê ­3¬ ï><�������ð B ´è ÁIòXéqµ ´ �m8:WTWTj,6iV(SIV7S$ï Âö´Y³ 8:9S�$V7S$ï�8:WNlz� ´ ºgV76i4��NV ´ � WNV&g �f¾ ¨?6i47S�df5 ² Sk85±#wNeNdfS�V5U�45V7WN45V8:WY8:9;±�U�6iU¢U�V7<�eT0R�N¿P6;S�U�<g8:S�4k�Y8fV5df¨�V7<�S�6i4q8:0T0T9;6i4$8:<�6idfWNU ´ Ð+ÆT×7ÉiÌ�ÊfÇ Æ ÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍQÕLÊfÐ3Ë?ß�Ì}àÍQÚ�Ä$Ë:ÕmÏQÐ�Ã�Ú'«fÕkÏ¤×}Õ.È¢ÌkÕ$Ì�ÊfÇ�×}Ú J¢ï ¬Y¬ ©3ï�0T0z��±,ñ ê ��Á�ÀNï/<�������� B ´è Á�x2é ³�´Y³ V7W1eRï+� ´ ¹°8:9;9;6;j18:S�dTïF8:WNl ¼N´ /�8:9idf¨�dfW ´ �°�NVqlTV5l�6i4$8:<�V5l�8f4545V79iV7Sk8:<�dfS ² hY8,U�V5lz�£µ ���8f476;9;6;<y± � ¸ ½ � ¶ö8:<q<��NV�½RdfeT¯�S�V ´ Ð+ÆT×7ÉiÌ�ÊfÇ Æ ÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍQÕ�ÊfÐ3ËHß�Ì7ÍQÚ�Ä$Ë:Õ�ÏQÐ�Ã�Ú:«:Õ}Ï¤×}ÕÈ¢ÌkÕ$Ì�ÊfÇ�×}Ú J¢ï ®iÇ ï�0T0=Á�ðX� ê Á�ð&ÀNï/<�ð$ñ,ñ�� B ´è Á,ñ2é4� ´ ¹°8:9;9;6;j18:S�dTï ¼N´ ¾ ´:³ 8f4 � S�<��1eTS$ïf8:WNl ¼N´ /�8:9idf¨�dfW ´ � WL6;¨?0TS�d'¯IV5lqV}·�0�V7S�6;¨�V7W1<k8:9TU�V7<�eT0�¤dfS^<��NV+U�6;¨qeT9;<k8:WNV$8fdfeNU » �L5+¶ 8:WY8:9;±�U�6iU°d��A�NV$8$¯�±�8:WNl�9;6;j,�1<ÅV79iV7¨�V7W�<�U�gÅ6;<���87� ³ V7Á0TS�df<�dfW�V}·�<�V7S�WY8:9&h3V$8:¨ ´ Ð+ÆT×7ÉiÌ�ÊfÇ Æ ÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍQÕ?ÊfÐ3Ë�ß�Ì7ÍQÚ�Ä'Ë:Õ?ÏQÐ�Ã�Ú:«:Õ}Ï¤×}Õ�ÈgÌkÕ$Ì�ÊfÇ�×}ÚJ¢ïF© ­ Ê ¢ ©Y© ­ ï�0T0�ðX��± ê ðX��x�ïH<�ð$ñ,ñ�Á B ´è òP�2é4� ´ ¹°8:9;9;6;j18:S�dTï ¼N´ ¹ ´ ¾tSk8:WRï,¶ ´ �£dI8:WTWT6ilTdfeRïIµ ´,³ df6;j,WY8:S�lFïI½ ´,» 6i4k�NdfWRï18:WNl ¼N´ /�8:9idf¨�dfW ´¾+V7¯1V79;df0N¨�V}W�<qd��g8:W�V}·�<�V7S�WY8:9�h3V$8:¨wW�eN479iV$8:SL¨?6i47S�df0TS�dfh3V�dfW!<��NV � ¸ ½ � ¶µ��8f476;9;6;<£±d��&<��NVL½RdfeT¯�S�Vm¨LeNU�V7eT¨ ´ Ð+ÆT×7ÉiÌ�ÊfÇ Æ ÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍQÕqÊfÐ3Ë�ß�Ì7ÍQÚ�Ä$Ë:ÕLÏQÐ�Ã�Ú:«:Õ}Ï¤×}Õ.ÈgÌkÕ$Ì�ÊfÇ�×}ÚJ¢ïF© à © ¢ © à ÛRï�0T0z����x ê ������ïH<�ð$ñ,ñ,ñ B ´è ò�ð�é?¹ ´ �tV5V79;¨�V76 ��V7S$ï Âö´NÂ 8:j,WNV7S$ï38:WNlnî ´ »P´ /�4��TS}8:¨?¨ ´ ¾+V70T<�� ² S�V5U�df9;¯1V5l�6idfWHh�V$8:¨*8:WY8 ²9;±�U�6iUmd��ÅdfhT��V547<�ULd��g8:S�< ´ Ð+ÆT×7ÉiÌ�ÊfÇ Æ ÐTÕ7ÍDÇ}Æ�Ù�Ì}ÐYÍQÕ�ÊfÐ3Ë�ß�Ì7ÍQÚ�Ä'Ë:Õ?ÏQÐ!Ã�Ú:«:Õ}Ï¤×}Õ~ÈgÌkÕ$Ì�ÊfÇ�×}ÚJ¢ïF©Y©�ªRï�0T0=����x ê ��ÀT±�ï/<�ð$ñ,ñ�Á B ´è òP�2é?¹ ´ �tV5V79;¨�V76 ��V7S$ï2� ´ µ^S�6iU�Uk8:eNlFïX� ´ ¹°8:9;9;6;j18:S�dTï ¸%´ ¾+V7¨�dfS�<�6iV7S$ï � ´ î+8:eT<�df�(n:S�¯�6�ï ³�´5³ nflTV7S$ï³�´Y³ 8:S�<�WNdf<$ï ³�´ /�4��TS�V76;WNV7S$ï+� ´ �AeTeTS�WY8:9�8�ï�8:WNl ¸%´NÂ V7h�V7S ´Å» 8:6;W�<�6;WTjIU$��8�4��Y8:9;9iV7WTjIV�¤dfS�5+ºg¿�8:WNl » �L5+¶�8:WY8:9;±�U�6iU ´ üXàIÈÅÊq«u�IØTÌ�×5ÍDÇ�ÄfÙ�Ì7ÍDÇ�« ï ¬ ÊRï�0T0�ðX��ð ê ð,ðX��ïH<�������� B ´è òP�2éq½ ´ /16;¨�dfWNdf< ´ 6&<�eNlTVqV}·�0�27S�6;¨�V7W1<k8:9iV%V7<t¨�d1lN2}9;6iUk8:<�6idfW�lTVL9�8�l�6?.�eNU�6idfWnlTVL9�8�9;eT¨?6i�7S�VlN8:WNUteTWNVq45dfeN4k�NVqlTVL0�V76;W1<�eTS�V%45df9idfS�25V%V7<t<�Sk8:WNU�9;eN476ilTV ´ � 0T0T9;6i4$8:<�6idfW!þ�9�ÿ V�.FV7<t¯�6iU�eNV79lTV5UÅj,9�8f476iUgV7<¢lTV5U¢¯IV7S�WT6iU ´�{ ÚTÝkÕ$ÌqË1Ì ë Ä$×5Í�ÄfÇ�Ê,Í°Ë1ÌmÉ�Ó h ÐNÏQÔfÌ}ÇkÕ}ÏDÍyÖtÃÅÊfÇ}Ï�Õ � Æ ï><�������� B ´è ò2ÀPéq½ ´ /16;¨�dfWNdf<$ï � ´ I dfh�V79;9;6�ï ³�´ ¶&9;6�8fU$ï ¼N´ /�8:9idf¨�dfWRït8:WNl ¼N´ ¹ ´ ¾tSk8:W ´ ³ 6i47S�d,U�45df0T6i4dfhNU�V7S�¯,8:<�6idfW�8:WNl�6idfW�h�V$8:¨w8:WY8:9;±�U�V5Umd��°0T6;j,¨�V7W1<Ll�6iU�<�S�6;hTeT<�6idfW�6;W�0Y8:6;W1<�6;WTj�j,9�8��$V5U ´Ò�ÄfÆ�Ç}Ð3ÊfÉPÄ â { Ç�ÊI×kÌqÊfÐ3Ë?ßHÏ¤×7Ç�Ä}ØYÇ�Ä1å�Ì { Ì�×}Ú1ÐNÏ¤Ü7ÆNÌkÕ ï ¬ ©3ï�0T0z��± ê ÀTx�ïH<�������� B ´è òP±2éqî ´ ³�´ º¢6iV7<�¯1V79il ´ � 0TS�d�	N9iV�S�V�	NWNV7¨�V7W�<P¨�V7<��Nd1l0�¤dfSAW1eN479iV$8:S&8:WNlm¨�8:j,WNV7<�6i4^U�<�S�eN47<�eTS�V5U ´Ò�Ñ d ØIØYÉiÑÅÈPÇ�«:Õ7ÍyÑ ï ¬ ï�0T0=Á�± ê ò�ð,ï/<�ð$ñ�Á,ñ B ´è òPÁ2é »�´'Â 8:9;<�V7S$ï »P´f³ 8:S�<�6;WNV7<�<�dTï ¸%´ �PU�dfeN4$8:S�6iU$ï:º ´ µ^S�27WT6�8:e�·Fï ³�´ � ´ ½RV��¤V7h1¯�S�V,ï ¸%´ º¢6i4��Y8:S�lFï¼N´ �P8:9�8:h�df<$ï�8:WNl�¶ ´ ¾+d�dfS�±��NV5V ´°³ 8�C�6;WTj�¨�8�CIV ² eT0H6;W�8:WN476iV7W�<tV7j,±�0T< ´ ÐmÊ,ÍDÆ�ÇkÌ ï+Û;Ê ¿ ï0T0-ÀTx�� ê ÀTx�ÀNïH<�ð$ñ,ñ,ñ B ´è ò,òXé � ´ ¹°8fU�6;WT6�ï,¿ ´ ½Rdf<�<�6�ï ³�´f» 6i45df9;9idTïI½ ´ /1<�V���8:WT6�ï,8:WNl%¶ ´ µ^es�~�$V7jIdf9;6 ´ �y¨�8:jIV°U�0�V547<�S�d,U�45df01±¨�8:0T0T6;WTj�<�V54��TWT6i§1eNV��¤dfS°WNdfW ² 6;W�¯,8fU�6;¯IVm8:WY8:9;±�U�6iU¢d��P0Y8:6;W1<�6;WTjIU ´ �3ÍDÆTË:Ï�ÌkÕXÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:ÊfàÍDÏ¤ÄfÐ ï ®Y® ï�0T0=�,ñ ê ÀTx�ï/<�ð$ñ,ñ,ñ B ´è òPx2é ³�´ ¿Y8:hThNS�6�ï ³�´^» 6i45df9;9idTïg/ ´^» dfS�476 W38:9¤ï¢8:WNl ³�´ µÅ8f45476 ´ö³ 6il ² 6;W��DSk8:S�V5lÌ	Nh3V7S ² df0T<�6i45US�V�wYV547<k8:WN45VtU�0�V547<�S�d,U�45df01±���8XWNdfWT6;W1¯,8fU�6;¯1V¢<�V54��TWT6i§1eNV
�¤dfS�S�V7¨�df<�Vt8:WY8:9;±�U�6iU^d��F0Y8:6;W�<�V5l
9�8$±IV7S�U ´T» 8:S�<q�}�s�PV54��TWT6i4$8:9PU�V7<�eT0 ´ d ØIØYÉiÑ>�IØTÌ�×5ÍDÇ�Ä:Õ5×'Ñ ï Ç;Ç ï�0T0-ÀT��� ê ÀT�Iò�ï/<�������ð B ´è òfñ2é ³�´ ¿Y8:hThNS�6�ï ³�´^» 6i45df9;9idTïg/ ´^» dfS�476 W38:9¤ï¢8:WNl ³�´ µÅ8f45476 ´ö³ 6il ² 6;W��DSk8:S�V5lÌ	Nh3V7S ² df0T<�6i45US�V�wYV547<k8:WN45VtU�0�V547<�S�d,U�45df01±���8XWNdfWT6;W1¯,8fU�6;¯1V¢<�V54��TWT6i§1eNV
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9�85±1V7S�U ´1» 8:S�<��9�}��/1<k8:<�6iU�<�6i4$8:9R8:WY8:9;±�U�6iU^d��AU�0�V547<�Sk8 ´ d ØIØYÉiÑi�IØTÌ�×5ÍDÇ�Ä:Õ5×'Ñ ï Ç;Ç ï10T03ÀT��x ê ÀT����ï<�������ð B ´è x��2é?/ ´ ¹^df9;6;WY8:S�<$ï ³�´ ¿ ´ � eTh�V7S�<�V7<�º ´ ¹^dfS�<�df0Y8fU�U�6 ´Y» V76;W1<�eTS�Vtþt9�ÿ V7WN4$8:eNU�<�6i§1eNV,ï,eTW?03dfS�<�S}8:6 <l�eH¿&85±1dfeT¨ ´�{ Ì�×}Ú1Ð�Ý ï ¿ ï�0T0-ÀT± ê ÀTx�ïH<�ð$ñ,ñ�x B ´è x�ð�éLÁ ´ � U�V7WNU�6 � ¨�dfS*`,U$ï&/ ´ ¹^df9;6 W38:S�<$ï ³�´ ¿38:hTS�V,ï&¹ ´&¸ Sk8fU$ïPî ´�¸ eT6i4k�Y8:S�lFïP¾ ´P¼ 8:eTWY8:S�lV7<L/ ´�Â 8:<�V79iV7< ´ ½RV5U+03dfS�<�Sk8:6;<�UD�DeTWY2}S}8:6 SkV7Um27j,±�0T<�6iV7WNUml�e�¨qeNU�25V%lTV5UXµ°V$8:e�· ² � S�<�UXlTV¾t6 ��dfW ´�{ Ì�×}Ú1Ð�Ý ïF©�Û ¢ © ® ï�0T0!ð,ð$ñ ê ðX����ï/<�������ð B ´è x��2é?/ ´ ¹^df9;6;WY8:S�<$ï+/ ´g¸ Sk8:0T0T6;W ²�Â U�V7¯Idf9idf��U9C�± V7<�¹ ´Å³ 8:<�Sk8$± ´ ½A8�476;S�V�0TeTWT6i§1eNV,ï¢27<�eNlTV
47S�6;<�6i§1eNV^lTV5UPS�V545V7<�<�V5U&8:W�<�6i§1eNV5UPV7<�lTV�9iV7eTSP6;W�<�V7S�0TS�27<k8:<�6idfW ´ � 0T0T9;6i4$8:<�6idfW�8:e�·m0�dfS�<�Sk8:6;<�Ul�eH¿&85±1dfeT¨ ´ �yWzd ×5ÍyÌkÕqËfÆ�È&ÄfÐ�ÛfÇ�ÝkÕ Æ È^æ^ßHà7ÈÅÈ ï10Y8:jIV5UD��ðX� ê ������ï/<�ð$ñ,ñ,ñ B ´è x��2é ³�´ ºgV7jIV7S�<$ï�/ ´ ¹^df9;6;WY8:S�<$ï�½ ´ ¾+V7j,Sk8:WNlFï�8:WNl :q´ ¾+V54$8$¯,8:9;9�8fU ´ ¹��NV7¨?6i4$8:9t8:9;<�V7Sk8:<�6idfW8:WNlneNU�V%d���h�V7V5U9gÅ8'·n<��TS�dfeTj,��<�6;¨�V,� � 4545V79iV7Sk8:<�V5l!8:jIV76;WTj�<�V5U�<�Um8:WNl�8:WY8:9;±�U�6iU+d��°8:S ²4��Y8fV5df9idfj,6i4$8f9^Uk8:¨?0T9iV5U��DS�df¨ ¯,8:S�6idfeNUmV7W�¯�6;S�dfWT¨�V7W1<k8:9^45dfW�<�V}·�<�U ´ d Ç�×}Ú�Ê1Ì�ÄfÙ�Ì7ÍDÇ�« ï ® ÛRï0T0z±�À1ñ ê ±�Á,ñ�ïH<�������ð B ´è x�ÀPé4� ´ ³�´ µ°V79;9�ïIº ´ ¼N´ î ´ ¹�9�8:S9C�ï18:WNl »P´ ¼N´�¸ 6;hThNU ´ ºt8:¨�8:W�U�03V547<�S�d,U�45df0T6i4¢9;6;hTSk8:S�±?d��FWY8:<�eTSk8:98:WNl�U�±�W1<��NV7<�6i4X0T6;j,¨�V7W�<�U ´ �IØTÌ�×5ÍDÇ�Ä$×7ÚIÏQÙ%Ï¤×kÊ d ×5Í�Ê dXï Ç ÛRï�0T0=��ðX±,ñ ê ��ð'òfñ�ï/<�ð$ñ,ñIò B ´è x�±2é?/ ´�» 8:jI�5U ² ¹°8:¨�8:j,WY8�ï^/ ´ ¹^df9;6;WY8:S�<$ï�8:WNl ¹ ´ ¹^dfeT0TS�± ´ ¿Y8:hTS�6i4$8:<�6idfW 0TS�d145V5U�U�V5U?d��X8:S ²4��Y8fV5df9idfj,6i4$8f9¢V7j,±�0T<�6�8:W�hT9;eNV�8:WNl�j,S�V5V7W�0T6;j,¨�V7W�<�U?V7WT9;6;j,��<�V7WNV5l�h1±�ºt8:¨�8:W�¨?6i47S�d ²U�45df01±n8:WNl�U�4$8:WTWT6;WTj�V79iV547<�S�dfW�¨?6i47S�d,U�45df01± ´ Ò�ÑJÈÅÊfÙ�ÊfÐ��IØTÌ�×5ÍDÇ�Ä:Õ$Ñ ïiÛ ­ ïY0T0���ðX� ê ��ð'ò�ï<�ð$ñ,ñ,ñ B ´è x�Á2é ¸%´�Â ±�U9�$V54NC�6R8:WNl Âö´ / ´ /1<�6;9iV5U ´ È&ÄfÉ;ÄfÇ���×7Ï�Ì}Ð3×kÌ$éÅÈ&ÄfÐ3×kÌyØ3ÍQÕLÊfÐ3Ë?ß�Ì7ÍQÚ�Ä$Ë:Õká Ì ÆTÊfÐYÍDÏDÍ�ÊfàÍDÏQÔfÌ ë Ê,Í�Ê�ÊfÐ3Ë¤MRÄfÇ}Ù%Æ�É;Ê1Ì ´�¼ df�TW Â 6;9iV7±�8:WNln/�dfWNU$ïs�tV&g � dfS9C�ï><�ð$ñ�x�� B ´è xIòXéqî ´A¸ Sk8fU�U�¨�8:WTW ´ I eNS0�°�NV5dfS�6iV�lTV7SL¿&8:S�h3V7WT¨?6iU�4k�1eTWTj ´ d ÐNÐ�Ñ�Ã�Ú:«:Õ$ÑtÈAÚTÌ}Ù�Ñ ïRª;ÊRï30T0Á,ñ ê x�ÀNïH<�ðXx�±�� B ´è x�x2é ¸%´ �P8:9iU9C�±n8:WNl ³�´ º¢6iU�<�6i4 ² /�df9�8:�£6i4 ´ îg6;j,� ² S�V5U�df9;eT<�6idfW��T6;j,�NV7S ² dfS�lNV}SLlTV7S�6;¯,8:<�6;¯1V%U�03V54 ²<�S�df0T�Ndf<�df¨�V7<�S�±��¤dfSX6ilTV7W�<�6?	Y4$8:<�6idfW�8:WNl!V5U�<�6;¨�8:<�6idfW�d��¢U�±�W1<��NV7<�6i4�dfS�j18:WT6i4�0T6;j,¨�V7W�<�U
6;WH8:S�<�6iU�<�U$ÿ�0Y8:6;W1<�U ´ d Ð3ÊfÉ «,ÍDÏ¤×�ÊnÈAÚ1ÏQÙ%Ï¤×kÊ d ×5Í�Ê ïF©�Ê à ï�0T0!ðX��� ê ðX��ÀNï/<�ð$ñ�xIò B ´è x,ñ2é ³�´�» 6i45df9;9;dTï ³�´ µÅ8f454}6�ï � ´ ¹°8fU�6;WT6�ï�¿ ´ ½Rdf<�<�6�ïY/ ´�» dfS�476;WY8:6�ïNµ ´ ºt8fl�6i4$8:<�<�6�ïT8:WNl�½ ´ /1<�V ²��8:WT6 ´ ¿P6;h�V7S ² df0T<�6i45UgS�V�wYV547<k8:WN45VqU�03V547<�S�d,U�45df0�±�� � WNdfW ² lTV5U�<�S�eN47<�6;¯1Vm<�d1df9>�¤dfS¢<��NVL8:WY8 ²9;±�U�6iU�d��·g°dfS9C�U^d��A8:S�< ´ �yW�/ ´1³ 8:S�<�V79;9;eN476¤ï � ´ � ´ ¹��NV5U�<�V7S$ï�8:WNl � ´ ¸%´I³ 6;j,WY8:WT6�ï�V5l�6;<�dfS�U$ïæPØ3ÍDÏ¤×�ÊfÉT�FÌ}ÐTÕ5ÄfÇkÕ°ÊfÐ3ËgßHÏD×5Ç�Ä:Õ�«:Õ7ÍyÌ}ÙqÕ$é'ÐLÌ�k�È&ÄfÐ3×kÌyØ3ÍQÕkáYß�Ê,ÍyÌ}Ç}Ï¤ÊfÉ Õká { Ì�×}Ú1Ð3ÄfÉ;ÄkÛfÏ�ÌkÕ ï$0Y8:jIV��±,ñ ´ �+9;eTg°V7S � 4$8flTV7¨?6i42� » 9iV7W�eT¨ » eThT9;6iU��NV7S�U$ï®�tV&g � dfS9C�ï><�������� B ´è ñ��2é ³�´ ½RV5dfWY8�8:WNl ¼N´�Â 6;W�<�V7S ´ ¿P6;h�V7S ² df0T<�6i45UmS�V�wYV547<k8:WN45V�U�03V547<�S�d,U�45df0�±��A8�eTWT6i§1eNV?<�d1df9�¤dfS?<��NV�6;W1¯1V5U�<�6;j18:<�6idfW�d�� ¼ 8:0Y8:WNV5U�V�0Y8:6;W�<�6;WTjIU ´ �3ÍDÆTËfÏ�ÌkÕ�ÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï ®+à ï�0T0
ðX±�� ê ðXÁ���ï/<�������ð B ´è ñ�ð�éqº ´ /�4���g°8:S9�?eTWNl�î ´3» 6iV7WT6;WTj ´ Á���/ ² /10�V�C�<�S�d,U9CIdf0T6iV4�5eTSX¿&8:S�hY8:WY8:9;±�U�V ´ È¢ÌkÕ7Í�ÊfÆ�Ç�Ä ï ¿ ï0T0z±���x ê ±�ÀNð,ïH<�������ð B ´è ñ��2é �?´ ½RV ¸ Sk8:WNl ´ æPØ3ÍDÏ¤Ü7ÆNÌ+Ã�Ú:«:Õ}Ï¤ÄfÉ;ÄkÛfÏ¤Ü7ÆNÌ ´ 6�l�6;<�6idfWNU ³ 8fU�U�dfWRï » 8:S�6iU$ïH<�ð$ñIòP� B ´è ñ��2é � ´ ¹��T6;S�dfW�V7< ³�´I³ V7W�e ´ ½A8X45dfeT9iV7eTS°lTV5U|@+eT¯�S�V5U�lFÿ 8:S�< ´
{ Ì�×}Ú1Ð�Ý ïTÊ ¢ © ­ ï,0T0HðXÁ�ð ê ð'ò�ð,ï<�ð$ñ,ñ,ñ B ´è ñ�ÀPé ¸%´ ¹°8fU�eRï � ´ ¹��T6;S�dfWRïYî ´ ½A8fU�Uk8:9iVLV7< ³�´N³ V}W�e ´ � WY8:9;±�U�VmlTVX9�8�45dfeT9iV7eTS+þ%0Y8:S�<�6;StlTV§1eY8:<�S�VX<k8:hT9iV$8:e�·�lTVX¿�V7S�WY8:WYl�½R27jIV7S ´4{ Ì�×}Ú1Ð�Ý ï;Ê ¢ © ­ ï�0T0nñ�� ê ðX��±�ïH<�ð$ñ,ñ,ñ B ´
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è ñ�±2é ³�´3¸ V7WNV7<k8$± ´ ÎRÊ�×�ÄfÉ;ÄfÇ�Ê,ÍDÏ¤ÄfÐ!Ë1ÌkÕLÙ�Ê,ÍyÖ}Ç}Ï¤ÊfÆ,ä ´ îtV7S�¨�V5UX/�476iV7WN45V » eThT9;6i4$8:<�6idfWYU$ï » 8:S�6iU$ï<�������� B ´è ñ�Á2é?/ ´ »�´ µ°V5U�<$ï1º ´ ¼N´ î ´ ¹�9�8:S9C�ï ³�´ � ´ ³�´ ¾X8:WT6iV79iU$ï�¹ ´ � ´1» dfS�<�V7S$ï�8:WNl�º ´,Â 6;<��TWY8:9;9 ´ �£lTV7W1<�6 ²	Y4$8:<�6idfW�h1±�ºt8:¨�8:W�¨?6i47S�d,U�45df01±�8:WNl�¯�6iU�6;hT9iVtS�V�wYV547<k8:WN45VLU�03V547<�S�d,U�45df0�±�d��P0T6;j,¨�V7W�<�U
dfWn8:W-�£45V79�8:WNl�6i4X¨�8:W�eNU�47S�6;0T< ´ �3ÍDÆTËfÏ�ÌkÕmÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï ®3­ ï�0T0=��ð ê ÀT��ï/<�ð$ñ,ñ�± B ´è ñIòXéqµ ´:¸ eT6;WNV$8:e ´ �tdfW ² lTV5U�<�S�eN47<�6;¯IV^8:WY8:9;±�U�6iUAd��TdfS�j18:WT6i4�0T6;j,¨�V7W1<kUP8:WNlml�±1V5UFeNU�6;WTjgºt8:¨�8:W¨?6i47S�df0TS�dfh�V,ïP¨?6;47S�d�wYeNdfS�df¨�V7<�V7S?dfS?8:hNU�dfS�0T<�6idfW�¨?6i47S�d,U�03V547<�S�df0T�Ydf<�df¨�V7<�V7S ´ �3ÍDÆTËfÏ�ÌkÕÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®Û ® ï�0T0=��x ê À�ÀNï/<�ð$ñ�x,ñ B ´è ñ�x2é ³�´ ¶&9;6�8fU$ï ¸%´ ¾teT0TeT6iU$ïT½ ´ /16;¨�dfWNdf<tV7< ³�´T³ V7W1e ´�³ V5U�eTS�VmlTV+9�8?45dfeT9iV7eTSR��¹^dfeT9iV7eTS�U$ï<�V}·�<�eTS�V5U�V7<�U�eTS���8f45V5U�lTV5Uf@+eT¯�S�V5U�lFÿ 8:S�< ´ �yW Ò��IÍQÚ { Ç}Ï�Ì}ÐNÐ3ÊfÉ Æ È^æ^ßHà7ÈÅÈöß�Ì�Ì7ÍDÏQÐ�Û ï
0Y8:jIV5U
ÀNð$ñ ê ÀT��± ´ ��¹ :t³ ¹^df¨?6;<�<�V5V!�¤dfSt¹^dfWNU�V7S�¯,8:<�6idfWRï/<�������� B ´è ñ,ñ2é ³�´ µ°8f45476�ï ³�´:» 6i45df9;9idTï1/ ´f» dfS�476;WY8:6�ïI8:WNl%µ ´ ºt8fl�6i4$8:<�6 ´ �y¨�8:jIV°U�0�V547<�S�d,U�45df01±L¨�8:0T0T6;WTj<�V54k�TWT6i§1eNVf�¤dfS?WNdfW ² 6;W1¯,8fU�6;¯1V�8:WY8:9;±�U�6iU?d��+0Y8:6;W1<�6;WTjIU ´ Å^ÐNÔ$ÏQÇ�ÄfÐ�Ñ���×7Ï�Ñ { Ì�×}ÚTÑ ïmÛ ® ïP0T0��x�±,ñ ê ��x�Á�±�ï/<�������� B ´è;ðX���2é ³�´ ¶&9;6�8fU�8:WNl ³�´�³ V7W1e ´ ¶�·�03V7S�6;¨�V7W�<k8:9g4k�Y8:Sk8f47<�V7S�6S�'8:<�6idfW�d��X8HSk8:WNlTdf¨ ¨�V7<k8:9;9;6i4
S�dfeTj,��U�eTS���8f45V%h�±�U�03V547<�S�df0T�Ndf<�df¨�V5<�S�6i4�¨�V$8fU�eTS�V7¨�V7W�<�Um6;W!<��NV%¯�6iU�6;hT9iV%Sk8:WTjIV ´ æPØ3ÍyÑÈ&ÄfÙ�Ñ ï3©�ª ­ ï�0T0�ð$ñ�ð ê ð$ñ�x�ï/<�������� B ´è;ðX��ð�éq½ ´ /16;¨�dfWNdf<+8:WNl ³�´ ¶&9;6�8fU ´ ¹^df9idfSg4��Y8:WTjIVLl�eNVX<�d�U�eTS���8f45VXU�<k8:<�VX¨�d1l�6?	Y4$8:<�6idfW ´ È&ÄfÉiÑÈ¢ÌkÕ$Ñ d Ø,ØYÉiÑ ï ¬ ªRï�0T0�ÀT± ê À1ñ�ï/<�������� B ´è;ðX���2éq¶ ´ º ´ lTVn9�8�º¢6iV ´ �°�NVn6;W�wNeNV7WN45V�d��q¯,8:S�WT6iU��NV5U�dfW <��NV�8:0T0�V58:S}8:WN45V�d��L0Y8:6;W�<�6;WTjIU ´�3ÍDÆTËfÏ�ÌkÕmÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®Û ¬ ï�0T0�ð ê ðX��ïH<�ð$ñ�xIò B ´è;ðX���2é ³�´ ¶&9;6�8fU$ï°½ ´ /16;¨�dfWNdf<$ï¢8:WNl ³�´^³ V7W�e ´ µ^6il�6;S�V547<�6idfWTWY8:9XS�V�wYV547<k8:WN45V�d��%8�l�6?.�eNU�V
hY8f4NC�j,S�dfeTWNlú45d$¯1V7S�V5l.h1±.8�0Y8:S�<�9;±ú8:hNU�dfS�hT6;WTj 9�85±1V7S ´ æPØ3ÍyÑ�È&ÄfÙ�Ñ ït©�ÊF©3ï°0T0 ð ê ò�ï<�������ð B ´è;ðX��ÀPéq½ ´ /16;¨�dfWNdf< ´ ½A8�03V76;W�<�eTS�V�V5U�<+hT9iV7eNV�47df¨?¨�V?eTWNV?dfSk8:WTjIV ´�{ Ì�×}Ú1Ð�Ý ï�© Ç ï�0T0�ñ�� ê ñ,ñ�ï<�������� B ´è;ðX��±2é � ´ /1��eNU�<�V7S ´ ºt8fl�6�8:<�6idfW�<��TS�dfeNj,�n8��¤dfj,j,±�8:<�¨�d,U�0T�NV7S�V ´ d Õ7ÍDÇ�Ä}ØNÚ:«:Õ}Ï¤×�ÊfÉAÒ�ÄfÆ�Ç}Ð3ÊfÉ ï ¬ ©3ï0T0�ð ê ����ïH<�ð$ñ���± B ´è;ðX��Á2é »�´ �+eTh3V79SC,8 ´ �tV&g 45dfW�<�S�6;hTeT<�6idfW!d��^<��NV%df0T<�6i45UXd���6;W�<�V7WNU�V79;±H9;6;j,�1< ² U�4$8:<�<�V7S�6;WTj�¨�8:<�V ²S�6�8:9iU ´ ÒTÑ�æPØ3ÍyÑ>��Ä$×'Ñ d Ù�Ñ dXï®ÛYªRï�0T0-À�ÀTx ê ÀT±Iò�ï/<�ð$ñ�ÀTx B ´è;ðX�IòXé?¹ ´�Â 6;<9� ´ 6&<�eNlTV�lTV5UX0TS�df0TS�6i27<�25ULdf0T<�6i§1eNV5UmlTV5UmU�eT9?�DeTS�V5UmlTV%<�V7S�S�V5UmSk8:S�V5UmV7<mlTV%9iV7eTSeT<�6;9;6iUk8:<�6idfWHV7W�<k8:W�<¢§1eNV+0T6;j,¨�V7W1<�UglN8:WNUÅ9iV5UÅ¨?6;9;6iV7e�·��N27<�27S�dfjI�7WNV5Ugl�6?.�eNUk8:W�<�U ´0{ ÚTÝkÕ$ÌË1Ì ë Ä$×5Í�ÄfÇ�Ê,Í°Ë1ÌmÉ�Ó h ÐNÏQÔfÌ}ÇkÕ}ÏDÍyÖtÃÅÊfÇ}Ï�Õ � Æ ï><�ð$ñ,ñ�± B ´è;ðX��x2é ¼N´ ½ ´ /�8:eTWYlTV7S�U�dfW ´ ¹°8:9i47eT9�8:<�6idfW�d��°<��NV?45df9idfSLd��Å0T6;j,¨�V}W�<�V5l!0T9�8fU�<�6i45U ´ Ò�ÑgæPØ3ÍyÑm��Ä$×'Ñd Ù�Ñ ïsÛ ¬ ïT0T0nòP�Iò ê òP��Á�ï/<�ð$ñ�ÀT� B ´è;ðX�,ñ2éq¶ ´ ½ ´ ¹°8:6;S�WNU$ï°¾ ´ � ´ îtdf9;<9�$V7WRïÅ8:WNl�¾ ´ ½ ´ /10�d1dfWNV7S ´ ¾+V7<�V7S�¨?6;WT6;WTj�8:hNU�dfS�0T<�6idfWú8:WNl
U�4$8:<�<�V7S�6;WTj�45dfWNU�<k8:W�<�U��¤dfSÅ0T6;j,¨�V7W1<�U ´ È&ÄfÉiÑ�ÈgÌkÕ$Ñ d ØIØYÉiÑ ï�©3ï�0T0�ð'ò2À ê ðXx���ïH<�ð$ñIòPÁ B ´è;ð,ðX�2éq¿ ´ Âö´ µ^6;9;9;¨�V7±1V7St8:WNl�¾ ´ î ´ � 9;¨�8:W ´ ¶�·N8f47<g4$8:9i47eT9�8:<�6idfWnd��&¿TS�V5U�WNV79RS�V�wYV547<�6idfWH45d�V�� ²476iV7W�<�U��¤dfS¢l�6?.�eNU�VX9;6;j,�1< ´ Ò�Ñ°È&ÄfÉ;ÄfÇqÊ:Ð3Ë d ØIØTÌ�Ê:Ç�ÊfÐ3×kÌ ï ¬ ï�0T0z��Á ê ÀT��ïH<�ð$ñIòP� B ´è;ð,ð,ð�é »�´ ¹°8:9;9iV7< ´ È&ÄfÆ�ÉiÌ}Æ�Ç}à¤Î�Æ�Ù%Ï�Ý}ÇkÌká�È&ÄfÆ�ÉiÌ}Æ�Ç}à�ß�Ê,ÍDÏ�Ý}Ç�Ì ´ ¾t6ilTV7S�df<
6�l�6;<�V7eTS$ï � S�<�UPV7<�/�476iV7WN45V5U$ï» 8:S�6iU$ï><�ð$ñ,ñ�x B ´
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è;ð,ðX�2é?/ ´ �q´ ¾teTW1<�9iV7± ´ �°�NV%df0T<�6i4$8:9�0TS�df03V7S�<�6iV5UXd��^l�6?.�eNU�6;WTj�¨�8:<�V7S�6�8:9iU ´ Ò�ÑÅæPØ3ÍyÑ/��Ä'×'Ñ d Ù�Ñ ïÛ ¬ ï�0T0zÁ�ð ê òP��ïH<�ð$ñ�ÀT� B ´è;ð,ðX�2é4� ´ µ^eTS�jIV7S$ï ¼N´ �+eT�TWRïTº ´ ¹°8:0NU$ïN8:WNl ¼N´ ¿NS�6i4�C1V ´|� eY8:W1<�6;<k8:<�6;¯1VmlTV7<�V7S�¨?6;WY8:<�6id,Wnd��P<��NVU�4$8:<�<�V7S�6;WTjL8:WNl%8:hNU�dfS�0T<�6;dfW�45d1V���476iV7W�<�U
�DS�df¨öl�6?.�eNU�V^S�V�wYV547<k8:WN45V¢8:WNlq<�Sk8:WNU�¨?6;<�<k8:WN45V
¨�V$8fU�eTS�V7¨�V7W1<kU$� � 0T0T9;6i4$8:<�6idfWNUX<�d�0T�Y8:S�¨�8f45V7eT<�6i4$8:9�0�dXg¢lTV7S�U ´ d ØIØYÉiÑc�IØTÌ�×5ÍDÇ�Ä:Õ5×'Ñ ï Ç ©3ï0T0z���,ñ ê ��ð'ò�ïH<�ð$ñ,ñIò B ´è;ð,ð&ÀPé4� ´ µ^eTS�jIV7S$ï3î ´ ¼N´Y» 9id,U�U$ï ¼N´ �+eT�TWRï�/ ´ ¶&h�V79�ï38:WNl ¼N´ ¿TS�6i4NCIV ´ ¾t6?.�eNU�VmS�V�wYV547<k8:WN45V%8:WNl<�Sk8:WNU�¨?6;<�<k8:WN45V¢U�0�V547<�S�d,U�45df01±��¤dfS&<��NV°§1eY8:W�<�6;<k8:<�6;¯IV¢lTV7<�V7S�¨?6;WY8:<�6idfW�d���U�4$8:<�<�V7S�6;WTjL8:WNl
8:hNU�dfS�0T<�6idfW�45d�V���476iV7W1<�U^6;W�§1eY8:W1<�6;<k8:<�6;¯1V¢03d2g¢lTV7S°8:WY8:9;±�U�6iU ´ d ØIØYÉiÑ;�IØNÌ�×5ÍDÇ�Ä:Õ5×'Ñ ï Ç ©3ï,0T0ðX����� ê ðX���,ñ�ï/<�ð$ñ,ñIò B ´è;ð,ðX±2é?/ ´ ¹^�Y8:WNl�Sk8fU�V&C��Y8:S ´ È¢ÊIËfÏ¤Ê,ÍDÏQÔfÌ { Ç�ÊfÐTÕ â Ì}Ç ´ ¾+d'¯IV7S » eThT9;6i4$8:<�6idfWNU$ï;�tV&g � dfS9C�ï><�ð$ñ�Á�� B ´è;ð,ðXÁ2é ¼N´ ¼N´P¼ d,U��T6�ïP¾ ´ µ ´ Á�8:6il�±�8�ïP8:WNl�î ´ / ´ /1�Y8:� ´ � 0T0T9;6i4$8:<�6idfW�d��Å¨qeT9;<�6 ² wNe�·�<��NV5dfS�±�hY8 ²U�V5l�dfW ³ 6iVmU�4$8:<�<�V7S�6;WTj�<�d?<��NVm0TS�dfhT9iV7¨*d���¨�8flTV79;6;WTj�<��NVLdf0T<�6i4$8:9P4��Y8:Sk8f47<�V7S�6iU�<�6i45U+d��
45df9idfS�V5l�0T6;j,¨�V7W�<�V5l�0Y8:6;W1<�	N9;¨�U ´ È&ÄfÉiÑ�È¢ÌkÕ$Ñ�ÊfÐ3Ë d ØIØYÉiÑ ï ¬®à ïT0T0=����À ê ��ÀT±�ï/<�������ð B ´è;ð,ð'òXé »P´ / ´F³ eNl�jIV7<�<L8:WNl�½ ´ Âö´ º¢6i4��Y8:S�lTU ´L³ eT9;<�6;0T9iV?U�4$8:<�<�V7S�6;WTj�4$8:9i47eT9�8:<�6idfWNU��¤dfS+<�V54k�TWNd ²9idfj,± ´ d ØIØYÉiÑ�æPØ3ÍyÑ ï�© ­ ï�0T0�ð&ÀTx�± ê ðX±�����ï/<�ð$ñIò�ð B ´è;ð,ðXx2é4� ´ /1<k8:¨?WNV5U$ïP/ ´ ¹ ´ �PUk85±1ï Âö´�Â 6iU�45df¨qh3V,ïA8:WNl�� ´F¼ 8$±18Xg^V5V7Sk8 ´ �geT¨�V7S�6i4$8:9;9;±�U�<k8:hT9iV8:9;jIdfS�6;<��T¨Ë�¤dfS°l�6iU�47S�V7<�V ² dfS�l�6;WY8:<�V ² ¨�V7<��Yd1l�Sk8fl�6�8:<�6;¯IVt<�Sk8:WNU��¤V7S°6;W�¨qeT9;<�6;0T9iVXU�4$8:<�<�V7S�6;WTj8:WNl�V7¨?6;<�<�6;WTj�9�8$±IV7S�V5l�¨�V5l�6�8 ´ d ØIØYÉiÑ^æPØ3ÍyÑ ï ¬+¿ ï�0T0z��±���� ê ��±��,ñ�ï/<�ð$ñ�x�x B ´è;ð,ð$ñ2é ³�´ ¶&9;6�8fUg8:WNl ¸%´ ¶&9;6�8fU ´ �tV&g 8:WNl3��8fU�<Å4$8:9i47eT9�8:<�6idfW��¤dfS°6;WN45df�NV7S�V7W�<¢¨qeT9;<�6;0T9iVXU�4$8:<�<�V ²S�6;WTj ´ Ò�Ñ�æPØ3ÍyÑ>��Ä'×'Ñ d Ù�Ñ dXïF©�ÊRï�0T0=x,ñ�À ê ñ���ð,ï/<�������� B ´è;ðX���2éqµ ´^³ 8:�NV7eRï ¼N´ � ´ ½RV7<�dfes�'8:WRï¢8:WNl ¸%´Å¸ dfeNV5U�h3V7< ´ ¿YdfeTS ² wNe�·�¨�d1lTV79iU�<�d�U�df9;¯IVH<��NVU�4$8:<�<�V7S�6;WTj�<�Sk8:WNU��¤V7SgV5§1eY8:<�6idfW ´ d ØIØYÉiÑ�æPØ3ÍyÑ ï ¬ ÛRïT0T0=����±�� ê ����Á���ï/<�ð$ñ�x�À B ´è;ðX��ð�éqµ ´A³ 8:�NV7e�8:WNl ¸%´&¸ dfeNV5U�h3V7< ´ ¿YdfeTS ² wNe�·�¨�d1lTV79iUq<kdHU�df9;¯1V�<��NV�Sk8fl�6�8:<�6;¯IV�<�Sk8:WYU��DV7SV5§1eY8:<�6idfWR�3/10�V5476�8:9A4$8fU�V5U ´ d ØIØYÉiÑ�æPØ3ÍyÑ ï ¬;Ç ïT0T0!ð,ðX��� ê ð,ðX��x�ï/<�ð$ñ�x�Á B ´è;ðX���2éqµ ´T³ 8:�NV7eRï ¼N´ »P´ µ^S�6;<�dfWRïY8:WNl ¸%´Y¸ dfeNV5U�h3V7< ´ ¿NdfeTS ² wNe�·�¨�d1lTV79iUt8:WNlH8 ³ dfW1<�V ² ¹°8:S�9id45d1lTV,��¹^df¨?0Y8:S�6iU�dfWnh3V7<�g^V5V7WH<�g^d�U�6;¨?0T9iVm45df¨?0T9iV7¨�V7W�<k85±�<�d1df9iU
�¤dfSÅ¨qeT9;<�6;0T9iVLU�4$8:<�<�V ²S�6;WTj�4$8:9i47eT9�8:<�6idfWNU ´ d ØIØYÉiÑ�æPØ3ÍyÑ ï ¬ ªRï�0T0z��� ê ��ÀNïH<�ð$ñ�x,ñ B ´è;ðX���2éqµ ´ ¼N´ µ^S�6;WsC�g°dfS�<�� ´ �yW�<�V7S�0TS�V7<k8:<�6idfW�d���<��NV4�+eTh�V79?C,8 ²y³ eNWsCH45d1V���476iV7W�<�U+6 WnS�V�wYV547<�6idfW<��NV5dfS�± ´ d ØIØYÉiÑ^æPØ3ÍyÑ ïF©Y©3ï�0T0!ð&ÀT��À ê ð&ÀT��±�ï/<�ð$ñIòP� B ´è;ðX��ÀPéq½ ´ ¶ ´R³ 4~�tV76;9�8:WYl�º ´ î ´ ¿TS�V7WN4k� ´?³ eT9;<�6;0T9iV�U�4$8:<�<�V7S�6;WTj-�DS�df¨ S�eT<�6;9iV?0Y8:S�<�6i479iV5U ´ d ×5Í�Êß�Ê,ÍyÌ}Ç}Ï¤ÊfÉ Ï¤Ê ï ® ªRï�0T0-ÀT±Iò�ð ê ÀT±IòPÁ�ï/<�������� B ´è;ðX��±2éq½ ´ ¶ ´^³ 4~�tV76 9+8:WNl�º ´ î ´ ¿TS�V7WN4k� ´ ½F6;j,��<�U�4$8:<�<�V7S�6;WTj��DS�df¨ S�V5l�0Y8:S�<�6i479iV5U$� ³ eT9;<�6;0T9iVU�4$8:<�<�V7S�S�6;WTj�6;W�8�U�<�S�dfWTj,9;±�8:hYU�dfS�hT6;WTj�U�±�U�<�V7¨ ´ Ò�Ñ d ØIØYÉiÑ°Ã�Ú:«:Õ$Ñ ï�ª;ÊRï&0T0Ì��x�� ê �,ñ���ï<�������ð B ´è;ðX��Á2é � ´ ½RV5V ´ /�V7eTSk8:<t8:WNl�U�476iV7WN45V ´ d Ç7Í
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è;ðX���2é ¸%´ ¹��Y8:¨?0�V7<�6iV7S+V7<tî ´ ºt8:hY8:<�2 ´ Ã�Ú:«:Õ}Ï¤Ü7ÆNÌ%Ë1ÌXÃ¢Ì}ÏQÐYÍDÆ�Ç�ÌkÕká � Ì}Ç}ÐNÏ�Õ%Ì7Í�Ã^Ï;ÛfÙ�Ì}ÐYÍQÕ ´ ¾te ²WNd�lFï » 8:S�6iU$ïH<�ð$ñ�Á�� B ´è;ðX��ð�éqî ´ º ´ ¾X85¯�6ilTU�dfWRï:î ´ îtV7¨?¨�V}WYl�6;jIV}S'ï,8:WNl ¼N´ ½ ´ º ´ ½A8:WNl�S�± ´ � U�±�U�<�V7¨�V�d��N6;W�<�V7S�WY8:<�6idfWY8:945df9idfeTS%45dfW�<�S�df9|�¤dfSq<��NV�<�V}·�<�6;9iV�6;WNl�eNU�<�S�± ´ Ò�Ñ���Ä$×'Ñ ë «1Ì}ÇkÕ$ÑmÈ&ÄfÉ;ÄfÆ�Ç$Ñ ï ¿ ÊRïR0T0¾��x ê ÀT��ï<�ð$ñ�Á�� B ´è;ðX���2éqî ´ º ´ ¾X85¯�6ilTU�dfW�8:WNl�î ´ îtV7¨?¨�V7WNl�6;WTjIV7S ´ ¹^df9idfS^0TS�V5l�6i47<�6idfW�eNU�6;WTjq<��NVg<Lg°d ² 45dfWNU�<k8:W1<<�eTS�hT6il ² ¨�V5l�6�8?<��NV5dfS�± ´ Ò�Ñ�æPØ3ÍyÑ>��Ä'×'Ñ d Ù�Ñ ï Ç®à ï�0T0�ð,ðX��� ê ð,ðX�,ñ�ï/<�ð$ñ�Á�Á B ´è;ðX���2éqº ´ / ´ µ°V7S�WNU$ï ¼N´ �+S�eNV7jIV7S$ï�8:WNl ³ 6i4k�Y8fV79Å/TgÅ6i4�C�9;6SC ´�³ eT9;<�6;0T9iV�0T6;j,¨�V7W1<%U�V79iV547<�6idfW��¤dfS6;WT0Y8:6;W�<�6;WTjXeNU�6;WTjt¯�6iU�6;hT9iV^S�V�wYV547<k8:WN45VÅU�0�V54}<�S�df0T�Ndf<�df¨�V7<�S�± ´ �3ÍDÆTËfÏ�ÌkÕÅÏQÐnÈ&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®·¿ ï�0T0-ÀTÁ ê Á�ð,ïH<�������� B ´è;ðX��ÀPé ¼N´ � 4NCIV7S�¨�8:W ´3: W�V$8:S�9;±�ºgV7WY8:6iU�Uk8:WN45V�45df9idfeTSm<��NV5dfS�±�8:WNl�0TSk8f47<�6i45V ´ �yW!î ´ � ´F³ 6;9 ²9idfWRï^V5l�6;<�dfS$ï �3ÍDÆTË:Ï�ÌkÕHÏQÐ Æ Í�ÊfÉ Ï¤ÊfÐ d Ç7Í?Ì}Ð3Ë d Ç�×}Ú1ÏDÍyÌ�×5ÍDÆ�Ç�Ì ï^0Y8:jIV5U�ð,ð ê ÀT� ´ ¹Å8:¨LhTS�6il�jIV�gWT6;¯1V7S�U�6;<y± » S�V5U�U$ïY¹°8:¨qhTS�6il�jIV,ï/<�ð$ñ�x�� B ´è;ðX��±2éq¾ ´ µ°df¨7�¤dfS�lFï ¼N´ ¾teTWsCIV7S�<�dfWRïN¾ ´Y¸ dfS�lTdfWRïN8:WNl � ´ ºgd'± ´ � S�<°6;W�<��NV+¨�8�C�6;WTjN�s�y<k8:9;6�8:W0Y8:6;W�<�6;WTj�h�V��¤dfS�V?ð&ÀT��� ´ ÐmÊ,ÍDÏ¤ÄfÐ3ÊfÉ í ÊfÉQÉiÌ}Ç�«?Ã�ÆNå7É Ï¤×�Ê,ÍDÏ¤ÄfÐTÕ ïH<�ð$ñ�x,ñ B ´è;ðX��Á2é ³�´ î+8:9;9 ´ È&ÄfÉ;ÄfÆ�Ç�ÊfÐ3Ë�ß�Ì�ÊfÐNÏQÐ�Û1é&Ã^Ç�ÊI×5ÍDÏ¤×}Ì�Ê:Ð3Ë { ÚTÌ�ÄfÇ�«HÏQÐ È¢Ì}Ð3ÊfÏ�ÕkÕ5ÊfÐ3×}ÌqÃÅÊfÏQÐYÍDÏQÐ�Û ´¹°8:¨qhTS�6il�jIV��gWT6;¯IV7S�U�6;<£± » S�V5U�U$ï3¹°8:¨LhTS�6il�jIV,ï/<�ð$ñ,ñ�� B ´è;ðX�IòXéq¶ ´T³ 8:S�<�6 WHV7<¢¶ ´ ºt8$¯,8:eNl ´ ½A8%Sk8fl�6idfj,Sk8:0T�T6iVLlTV5UÅ03V76;W�<�eTS�V5UglTVX4��NV7¯,8:9iV7< ´4{ Ì�×}Ú1Ð�Ý ï ¬ ï0T0�ðX±�x ê ðXÁ�ÀNïH<�ð$ñ,ñ�± B ´è;ðX��x2é ¼N´ »P´ ºÅ6idfe�· V7<�/ ´ ¾+V79;h�dfeTS�jId ´ ³ 8flTdfWNV�<D45df0T6iVHlTVn/ ´�³ 8:S�<�6;WT6 B ï ³ eNU�25V�l�e » V7<�6;<» 8:9�8:6iU ´ ÈÅÊ}ØIØTÄfÇ7Í^ËAÓ Ö7ÍDÆTË1ÌXÎ$Ègß�M ï u ª ­i¿ ï><�ð$ñIòP± B ´è;ðX�,ñ2éq¶ ´1³ 8:S�<�6;W�V7<Å/ ´ µ°V7S�jIV5dfW ´ ¾+V5U�hT9iV7e�·�0TS�d��¤dfWNlTU^4��NV&�t9iV5U » S�6;¨?6;<�6?�¤U^6;<k8:9;6iV7WNU ´q{ Ì�×}Ú1Ð�Ý ï® ï�0T0�ò2À ê x,ñ�ïH<�ð$ñ,ñ�Á B ´è;ð&ÀT�2éqµ ´¢¸ eT6;WNV$8:eúV7< »�´ ºgdfjIV7S ´ ¹^dfeT9iV7eTS�U�45df¨?03d,U�25V5UH8:WN476iV7WTWNV5UH8fU�U�d1476�8:W�<�0T6;j,¨�V7W�<�U
¨?6;WN27Sk8:e�·�V7<�0T6;j,¨�V7W�<�U�dfS�j18:WT6i§1eNV5U ´ �yW ç ×kÄfÉiÌnË1Ì�Ã^Ç}ÏQÐYÍyÌ}ÙtØNÕ�Ó�NONON�éÅÎRÊ�È&ÄfÆ�ÉiÌ}Æ�ÇË1ÌkÕ�ß�ÊfÍyÖ7Ç}Ï¤Ê:Æ,ä ïP0Y8:jIV5UuÁ�ð ê òPÁ ´ ¹^dfWNU�V7S�¯,8:<�df6;S�V�lTV5U : 47S�V5U?V7< » 6;j,¨�V7W�<�U � 0T0T9;6i§1eN25U$ï<�������� B ´è;ð&ÀNð�é »�´Y¸ 8:S�476�8 ´ ÎPÌkÕXÙ�Ö7ÍDÏ�Ì}ÇkÕLËfÆ?ØNÌ}ÏQÐYÍDÇ�Ì ´ ¾+V5U�Uk8:6;W�V7<
�Pdf9;Sk8�ï » 8:S�6iU$ïH<�ð$ñ,ñ�� B ´è;ð&ÀT�2é4� ´ �£lN8 ´�³ d1lTV79F0�V$8�C�0TS�d�	N9iV��DeTWN47<�6idfWNU��¤dfS°0�dXg¢lTV7Sgl�6?.�Sk8f47<�df¨�V7<�S�±�8fU¢45dfW1¯1df9;eT<�6idfWNUgÅ6;<���6;WNU�<�S�eT¨�V7W�<k8:9·�DeTWN47<�6idfWNU ´ È¢Ï;ÛIÊ�}'ÆHÒ�ÄfÆ�Ç}Ð3ÊfÉ ïF©�ÊRï�0T0-À�ò ê ±�Á�ïH<�������� B ´è;ð&ÀT�2éq¿ ´ I 6;j18:WRï Âö´,¼ d,U9gÅ6;jNï1î ´ � ´ /�4���eNU�<�V7S�eTWNl�/ ´ � ´I³ 8fU�dfW ´ Á�V7S��¤V76;WNV7S�eTWTjqlTV7S°/1<�S�esC�<�eTS¯1dfW ³ 8:9�8f4k�T6;<¢l�eTS�4k�-�tV7eT<�S�dfW�h�V}eNj,eTWTj ´�k Ì}ÏDÍQÕ5×}Ú1Ç}Ï â Í âpo Ç 	 Ç}Ï�Õ7Í�ÊfÉ�É;ÄkÛfÇ�Ê}ØNÚ1Ï�Ìká 	 Ç}Ï�Õ7Í�ÊfÉ�É àÛ1Ì�Ä:Ù�Ì7ÍDÇ}Ï�Ìká 	 Ç}Ï�Õ7Í�ÊfÉ�É ØNÚ:«:Õ}Ïy}?Æ�Ð3Ë 	 Ç}Ï�Õ7Í�ÊfÉQÉ;×}ÚTÌ}Ù%Ï�Ì ïF© ®iÇ ï�0T0-ÀNðX� ê ÀT��Á�ï/<�ð$ñIò,ò B ´è;ð&À�ÀPéqî ´ ¹��NV5U�U�6;WRï Âö´ ¹ ´ î+8:¨?6;9;<�dfWRïF8:WNlnµ ´Y» d,U�< ´g» d,U�6;<�6idfW�8:WNlH<��YV}S�¨�8:9P0Y8:Sk8:¨�V7<�V7S�UXd��d$·�±�jIV7WH8:<�df¨�U¢6;W�4$8:9i476;<�V ´ d ×5Í�Ê�ÈPÇ�«:Õ7Í�ÊfÉ�É;ÄkÛfÇ�Ê}ØNÚ1Ï¤×�Ê ïF©�ªRï�0T0zÁ�x,ñ ê Á,ñ���ï/<�ð$ñ�Á�± B ´è;ð&ÀT±2é � ´ � ´'³ 8:S9CId2gÅ6;<9� ´ 5 ² Sk8$±X0T�1±�U�6i45U ´ �yWqº ´ Á^8:W ¸ S�6iV&CIV7W?8:WNl � ´ � ´$³ 8:S9C1dXgÅ6;<9�Iï:V5l�6;<�dfS�U$ïlmÊfÐ3Ë1å�Ä'Ä�}mÄfÐ;üXàyÇ�Êq«!�IØTÌ�×5ÍDÇ�ÄfÙ�Ì7ÍDÇ�«1éYß�Ì7ÍQÚ�Ä$Ë:ÕgÊfÐ3Ë { Ì�×}Ú1ÐNÏ¤Ü7ÆNÌkÕ ´,³�´ ¾+V&C�C1V7Sc�yWN4,ïP�tV&g
� dfS9C�ïTµÅ8fU�V79¤ïNîtdfWTju�tdfWTjNïH<�ð$ñ,ñ�� B ´è;ð&ÀTÁ2éq¶ ´m: C,8flN8�8:WNl�¾ ´ � ´ ¾+V79;01± ´ �tV$8:S ² 6;W��DSk8:S�V5l�9;6;j,��<%0TS�df0Y8:j18:<�6idfW 6;W 8:W 8fl�eT9;<?�NV$8fl¨�d�lTV79 ´ � ´1³ d1lTV79;6;WTj?d��R9i8Xg ² 9iV7¯1V}9FU�4$8:<�<�V7S�6;WTjq6;W�<��NVg45V7S�V7hTS�d,U�0T6;WY8:9+wNeT6il�9�8$±IV7S ´ d ØIØYÉiÑæPØ3ÍyÑ ï ®�¬ ï�0T0z�,ñ���Á ê �,ñ�ð&ÀNï/<�������� B ´
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{ Ì�×}Ú1ÐNÏ¤×�ÊfÉ J Æ�É�ÉiÌ7ÍDÏQÐ ï;ÛRïT0T0=��± ê ����ïH<�ð$ñIòfñ B ´è;ðX±�ð�éq¶ ´ ½ ´TÂ 6;9;9;6�8:¨�U$ïN¶ ´3¸ S�d,U¤��V$8:WRïY8:WNl�¾ ´Y¸ S�d,U¤��V$8:W ´ ¶�·�0�d,U�eTS�Vmd���8:S�<�6iU�<�U$ÿN45df9idfSk8:W1<�U¢<�d8:6;S�h3dfS�WYV��¤dfS�¨�8:9ilTV7��±�lTV ´ �3ÍDÆTËfÏ�ÌkÕmÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®Û ¿ ï�0T0z�Iò ê À�ò�ïH<�ð$ñ,ñ�� B ´è;ðX±��2éq¾ ´ ¸%´ ¾te�.&ï�º ´ / ´ /16;WN479�8:6;S$ï^8:WNl�¾ ´ / ´ /1<�6;S�9;6;WTj ´ ½F6;j,�1< ² 6;WNl�eN4$V5l�45df9idfeTS�4��Y8:WTjIV5U�d��WY8:<�eTSk8:9Al�±1V5U ´ �3ÍDÆTËfÏ�ÌkÕXÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï ¬Y¬ ï�0T0�ðXÁ�ð ê ð'ò�ð,ïH<�ð$ñIò,ò B ´è;ðX±��2é »P´ ³�´RÂ �T6;<�¨�dfS�V,ïRÁ ´ ¸%´ ¹^df9�8:9;eN4$8�ï�8:WNl!î ´ º ´F³ dfS�S�6iU ´ �°�NV?9;6;j,��<mhT9iV$8f4k�T6;WTjnd��¢l�6iU ²45df9idfS�V5l 	N9;¨�U�d��m8:W�8f47S�±�9;6i4H8:S�<�6iU�<�U$ÿ�¨�V5l�6;eT¨ ´ �3ÍDÆTËfÏ�ÌkÕ�ÏQÐöÈ&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï ®·¿ ïP0T0
����x ê ����x�ï/<�������� B ´è;ðX±�ÀPé ¼N´ »P´�³ df�NV7W ´!� eRÿ 8:<�<kV}WYl�S�V%lFÿ eTWNV%U�476iV7WN45V%lTV5Ut¨�8:<�27S�6�8:e�·�lTVL9�ÿ 8:S�<�r { Ì�×}Ú1Ð�Ý ï ¿ ïY0T0ò ê ñ�ïH<�ð$ñ,ñ�x B ´è;ðX±�±2é ¼N´ ¼N´�¸ S�V�.FV7< ´ È&ÄfÆ�ÇkÕ+ËAÓ ç ÉiÌ�×5ÍDÇ�ÄfÙ�Ê$ÛfÐ�Ö7ÍDÏ�Õ}Ù�Ì ´ ¹^dfeTS�U�03df9;±�45df0T6i2tlTVÅ9�ÿ 6�45df9iV+/1eN0327S�6iV7eTS�VlFÿ : 0T<�6i§1eNV,ï/<�ð$ñ,ñ�x B ´è;ðX±�Á2é ¼N´ ½ ´3³ V7±��$dfWTWNV7<�<�V%V7<D� ´ ½R270T6;WNV ´ È&ÄfÆ�ÇkÕ%Ë1Ì ÈÅÊIËfÏ¤ÄfàiØNÚ�Ä,Í�ÄfÙ�Ö7ÍDÇ}Ï�Ì ´ ¹^dfeNS�Ug0�df9;±�45df0T6i2lTVX9�ÿ 6&45df9iV%/1eT0�27S�6iV7eTS�VLlFÿ : 0T<�6i§1eNV,ïH<�ð$ñ,ñ,ñ B ´è;ðX±IòXéqî ´ ¹ ´ ¯,8:W�lTVgîgeT9iU�< ´ Î�Ï;Û:Ú�ÍH��×kÊ,Í¤ÍyÌ}Ç}ÏQÐ�Û�å�«��YÙ�ÊfÉQÉTÃÅÊfÇ7ÍDÏ¤×7ÉiÌkÕ�Î��FÌ�×kÄfÐ3Ë ÅÅËfÏDÍDÏ¤ÄfÐ+Ó ´ ¾+d$¯1V7S
» eThT9;6i4$8:<�6idfWNU$ï;�tV&g � dfS9C�ï><�ð$ñ�x�ð B ´è;ðX±�x2é?¹ ´ ¿ ´ µ°df�TS�V7W�8:WNl!¾ ´ º ´ îge�.�¨�8:W ´ d åkÕ5ÄfÇyØ3ÍDÏ¤ÄfÐ�ÊfÐ3Ë���×�Ê,Í¤ÍyÌ}Ç}ÏQÐ�ÛnÄ â Î�Ï;Û:Ú�Ítå�«��YÙ�ÊfÉ�ÉÃÅÊfÇ7ÍDÏ¤×7ÉiÌkÕ ´&Â 6;9iV7±#�yW�<�V7S�U�476iV7WN45V,ï®�tV&g � dfS9C�ï><�ð$ñ�x�� B ´è;ðX±,ñ2é4� ´ /�dfWNd1lN8�ï ¼N´ »�´ º¢6idfe�·�V7< � ´ º ´ ¾teT¯,8:9 ´ �£lTV7W�<�6?	Y4$8:<�6idfW�lTV5U�¨�8:<�27S�6�8:e�·�U�±�W�<��N27<�6i§1eNV5UlN8:WNUÅ9iV5UÅ0�V76;W1<�eTS�V5U¢¨�d�lTV7S�WNV5Uq�9� ´T» 6;j,¨�V7W1<�UtdfS�j18:WT6i§1eNV5U¢V7<¢¨�8:<�6i�7S�VX0T6i47<�eTSk8:9iV ´ �3ÍDÆ�àËfÏ�ÌkÕXÏQÐ�È&ÄfÐTÕ$Ì}Ç}Ô:Ê,ÍDÏ¤ÄfÐ ï®ÛYªRï�0T0nñ,ñ ê ðX�Iò�ïH<�ð$ñ,ñ�� B ´è;ðXÁ��2é ¼N´&» V7<�6;<$ï ¼N´ ºgdf6;S�V�V7<?î ´ Á^8:9idf< ´ Å^Ð3×R«I×5É;Ä}ØTÖ�ËfÏ�ÌHË1Ì�É;ÊnÃ¢Ì}ÏQÐYÍDÆ�Ç�Ì Æ3Æ}´ ¶�SkV74�25l�6;<�V7eTS$ï
» eT<�V$8:e�·FïH<�������� B ´

�IòPÁ

te
l-0

00
10

27
1,

 v
er

si
on

 1
 - 

25
 S

ep
 2

00
5


