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[]\�^;_`^;a �cb;���	dfe
✫ gih`h j:k W+lmY k Y n k Y`opY qclrW+lps�t+q�t+u�t+v-wmY h lmo x
✫ y t-t:z|{ s X+}-lps q5X~Y �SY h lmo ?� k Y �;Y h lps�t+q;o�9;l k W+q;o�n;W k Yfq h �� op}5W=z:s q5X

� o j:k u�W h Y�z5Y lmW+s {�o
� op}5W=z5t��Eo

✫
/1t=��n j lps q;XZlm}5Y h t+{�t k�� s qclrY q;o�s l � W+lEYfW h }|n:s �5Y {	x

✫ � qclrY k W h lms�t+q�t+u�Y {�Y h l k t=�~W=X+q5Y lms h Yfq5Y k X � W+q;z�t+v:�wpY h lEo j5k u�W h Y`o�x

������,"���	� � *=���������1�"��� %

�����������

✫ � s�X+}clEYf��s lplms q5X�opt j5kmh Yfo
✫ � s�X+}cl k Y �5Y h lps q;X�omt j:krh Yfo

�����

��� 
3!#*�����, � $&�H%
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✫ ¢ s k Y h lms t+q;W+{�omt j:krh Yfo
✫

0#t+s qcliomt j:krh Yfo� 2-W=�~Y£Yfq5Y k X � Yf��s lplmY`z¤s qY`W h }�z-s k Y h lps�t+qHx� y t:t-z W+n5n k t��-s��~W+lps�t+qu	t k op�~W+{ {	9�z-s�oplmW+qcl¥{ s X+}-lomt j:krh Yfo x
✫

2cnSt+l�{ s�X+}cl ? � s�X+}cl¦Yf��s lplrYfzW+{�t+q5X�W h t+q5Y7x
✫ ¢ s opl k s v j lmYfz�{ s X+}-lEopt j5kmh Yfo� § { j t k Yfo h Y qcl�{ s�X+}cl

� � q-lmY q;o�s l �¦¨ W k s�Yfo©��s lm}
z:s �
k Y h lms t+qHx

ª�� «�� � ����*L��� 
3!#*��E��, � $S�H%

���������(¬

/1t=��nSt+q;Y qclro3t+u�W�o�s���n5{ YBs { { j ��s q5W+lms t+q���t:z:Yf{�?
✫ g �Zv5s�Y qcl k Yf�5Y h lps�t+q
✫ ¢ s � j opY k Yf�5Y h lps�t+q
✫

2=nSY hfj {�W k�k Yf�5Y h lps�t+q

­ ®�¯ ­ °-¯ ­ ±�¯

������,��²�	� � *+�����³�´�3�)��� %
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✫ · t�o�n;W+lps�W+{�¸¹z:s k Y h lms t+q;W+{ h };W k W h lrY k s�ºfW+lms�t+qSx
✫ � s X+}-lEs q h s�z5Y qclit+q�YfW h }�t+v-wpY h l3s o3lm}5Y»omW=�~Y7x
✫ ¼ Y �;Y h lms�t+q²u�t k YfW h }�o j5k u	W h Y�s�o|s q;z:YfnSY q5z5Y qcl�t+uo�n;W+lps�W+{�t k s�Y qclrW+lps�t+q�t k�¨ s�Y ��s q;X�z:s k Y h lps�t+qSx
✫ g �3W � t+u#W+n:n k t��-s��~W+lps q;XZX+{�t+v5W+{�s { { j ��s q;W+lps�t+qHx
✫ ¼ Y �;Y h lms�t+q�z5Y nSY q;z:o1t+q�t+n5lps h W+{5n k t+nSY k lps�Yfo"t+uHlp};Yo j5k u	W h Y7x
✫ ½f¾ ? � qclmYfq5ops l � t+u�lm}5Y�W=�Zv5s�Y qcl�{ s�X+}cl x
✫ ¿c¾ ? g �Mv:s�Y q-l k Y �;Y h lps�t+q h t-Y À h s�Y qclfx

½MÁ�½f¾�Â�¿c¾cÃ0 k t-z j5h Y`o3�5W+lEop}5W=z:s q5X:Ä

'��ÆÅ#���#��*©ÇB��È1��$&*=�����

���������(É

Ê b;e¡Ë"� a7_ ��b;Ì�Í~�cÎ��:Ï _ � ^ Ì"Ð
✫

0#t+s q-l�{ s�X+}clBopt j5kmh Y7x
✫ Ñ"Òcj W+{H{ s�X+}cl�s�o k Y �5Y h lmYfz~s q¡W+{ {�z-s k Y h lps�t+q;o�x
✫ Ñ"Òcj W+{ { � v k s�X+}cliu k t=�ÓW+{ { ¨ s�Y �£z:s k Y h lps�t+q5o x
✫ � s�X+}clEs q h s�z:YfqclBlrt�W~o j:k u�W h Y»z5Y nSY q;z:o]t+q�opn5W+lms W+{t k s�Y qclrW+lps�t+qSx
✫ Ô"� n:s h W+{�t+u�z j { {	9H�~W+lplmYBo j5k u�W h Yfo�x
✫ ¢ Y lrY k ��s q;Yfo"lm}5Y h t+{�t k t+u�lp};Y»t+v-wpY h l x

Õ Ö�× Õ ØÙ×

ª�� «Z,#%=��Ç]�HÈ3��$&*=�����
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NL θ

dAcos

N

θ θ dA

✫ Û ?�2 j:k u�W h Y]q;t k �~W+{	x
✫

Ê ? ¢ s k Y h lms�t+q�t+u�lp};YB{ s�X+}clEomt j:krh Y7x
✫ Ñ q;Y k X � u�W+{ { s q5X�t+q�W�op�~W+{ {HW k Y`W�ÜcÝ�? ½fÞ ÜcÝ h t=o:ßh t=o:ß Á£Û¤Â Ê x
✫ ¿cà ? ¢ s � j omY k Y �;Y h lms�t+q h t-Y À h s�Y qclfx

½�á�â ã£Á�¿cà�Â`½fÞ#ä�Û¤Â Ê3å

g u�lmY k W=z5z:s q;X�W=�Zv5s Yfqcl3{ s�X+}clf?
½MÁ�¿c¾7½f¾�æç¿cà�Â�½fÞ�ä�Û¦Â Ê1å

� � �ÆÅ�� � *+� � �´�´�3�"���

����������è

✫ � qclrY q;o�s l ��k Y`z j;h Yfo3��s lp}¡z-s�oplmW+q h Y7x
✫ é7¾ ê�ê ? g lplrY q j W+lps�t+q�u�W h lmt k x

½MÁ£¿c¾7½f¾�æçé7¾ ê�ê�¿cà�Â�½fÞ�ä�Û¤Â Ê3å
✫ ë W+ìcYfo1o j5k u�W h Yi��s lp}|Y Òcj W+{ ¿càcä�ÛíÂ Ê1å z:s �SY k s q|W+n5�nSY k W+q h Y7x
✫ � ��nSt k lrW+qcl3u�t k t ¨ Y k {�W+n:n5s q5X�t+v-wmY h lmo x

� z:YfW+{ { � 9 é�¾ ê�ê�Á 4+î+ÜcïÞ x
✫ � qclrY q;o�s l � z:t:Yfo�qHð l ¨ W kp� � j;h }�u�t k {�W k X=Y ¨ W+{ j Y`oBt+uÜ Þ x
✫ ñ W k s�Yfo�WM{�t+l3u�t k om��W+{ { ¨ W+{ j Y`o�t+u#Ü Þ x
� q�n k W h lms h Y79é�¾ ê�ê�Á ��s q�ò�4=ó ôõ�ö�÷�õrø àrù ÷Hõ�ú à�ûù�ü x
✫ ¿cý ó ¿cþ ó ¿cà W k Y h t+q;o�lrW+qclmo x
✫ Ô W � {�t k omY k s�YfoÿW+n5n k t`�:s �~W+lms t+q¥t+u©W+q W k v5s l k W kp�u j q h lps�t+qHx

��� 
3!#*�����, � $&��'�*7*+�#�", � *=�����

�����	����� �
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✫ § t k W+{ {�o�n5}5Y k Yfo ½f¾�Á�½fÞ�Á 4 Ã � x
✫ § k t=�¦{�Y u�l�lrt k s X+}-l ?Ü Þ�Á 4 Ã � ó`4 Ã ¶����-ó`4 Ã ���-ó 6 Ã 476��-ó 6 Ã �-x
✫ Ô t+n k t��]? ¿cý1Á£¿cþSÁ	�-Ã � ó ¿�
�Á 4 Ã ��ä 4+î+Ü ïÞ å x
✫ ë s�z5z-{�Y k t`�]? ¿cý1Á�¿-þSÁ��-Ã 6��-ó ¿�
�Á	�-Ã �-x
✫ � t+lmlmt=� k t`�]? ¿cý1Á�¿

EÁ��-Ã � ó ¿cÞ�Á 4 Ã �|ä 4+î+Ü Þ å x

��� 
3!�*(����, � $&�Æ'M*+*+����, � *=�����

�����������&�

✫ �(k s lmY�Y Ò-j W+lms t+q;o3u�t k YfW h }|v;W=o�s h�h t+{�t kä Y7x X:x 9 ¼Ey�� å opY n;W k W+lrY { � x
✫ � v:wpY h l�z:s � j omY h t+{�t k ? ä��Bà�� ó �Bà�� ó �ià�� å x
½���Á£¿c¾��#½f¾����Bà���æ é7¾ ê�ê�¿cà���Â`½fÞ���Â��Bà��1ä�Û¤Â Ê1å x
✫ g opo j �~Yfo�lm}5W+l ¼�y��³h t+{�t k o»�~t-z5Y {�lp};Y~s q-lmY k W h �lps�t+q�t+u�{ s X+}-lEW+q5z�t+v-wpY h lmo3W hfh j5k W+lrY { � x
✫ · t+l3l kmj Y]s q�X=Y q;Y k W+{� ¼ Y �5Y h lmW+q h Y¡W+q5z�l k W+q;op��s lplrW+q h Y�t+u�{ s�X+}cl�z:Yf�nSYfq5z5oEt+q�lm}5Y�W h l j W+{�u k Y Ò-j Yfq h � t+u�lp};Y h t+{�t k x
� _ e ^ d�� \ � a ��Ï�b _f_ �-Ì���b _ � ^ Ì#d
✫ ¢ Y n5lp} h j Y s q;X
✫ § t=X
½�� Á"!�#f½  æ²ä 4%$ !�# å ½��'&�(  I

I

λ

Bg

I’λs
0

) �"��� � ���
��� 
3!#*(�E��, � $S�H%
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✫ ��k s�X+}clio�nSt+l�s q h Y k lrW+s q�z-s k Y h lps�t+q;o�x
✫ gEk t j q;z�o�nSY h j {�W kEk Y �;Y h lps�t+q�W+q;X+{�Y7x

�i����$�,)� ��� ÇB��È1��$&*=�����

�����������5�

✫
2c}:s q � o j5k u�W h Y`o

✫ � z5YfW+{ k Y �5Y h lmt k ? � q:{ �s q�z:s k Y h lps�t+q+*Mx
✫ · t+q:��s�z:YfW+{ k Y �;Y h lmt k ?2cnSY h j {�W k�k Y �;Y h lps�t+q s qW h t+q;Y7x

NL

θ θ

R

φ V

NL

θ

R

φ
θ

NL R

θθ
φV V

shiny rough

✫ g q5X+{�YZt+u)lm}5Y h t+q5YMz:Y nSYfq5z5oBt+q��~W+lmY k s�W+{Hn k t+nSY k �lms Y`o�x
✫

/1t+{�t k W+{�opt�z:Y nSYfq5z5oit+q�lm}5Y��~W+lmY k s�W+{	x

�B����$�,"� �H� Ç]�HÈ3��$&*=���1�
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✫ · YfX+{�Y h lroMlm}5Y¡Y �SY h l~t+u�t+v-wmY h l h t+{�t k s q²o�nSY h j {�W kk Y �;Y h lms t+qHx
✫ ½�- ? � s X+}-lEs q�z-s k Y h lps�t+q¡ßcx

½MÁ�½�-Hh t=o/.10 ½�-iÁ²½fÞ~Â�2�ä ß å h t=o30 Á Í Ã 4¡Ã
½�57698Ùý3Á²½fÞ'2�ä ß å ä Í Â:4 å .
1

0 π/2

cos α2

cos α1

cos α4

cos α16

cos α128

Ô�� n5s h W+{ { � 9 2�ä ß å Á£¿�5  x
½  Á ¿c¾�½f¾  �Bà  æé7¾ ê�ê�½fÞ  <; ¿cà�Â��ià  ä�Û¦Â Ê1å æç¿�5  ä Í Â94 å .�=

�Z!#����
Ó�´�3�)���

�����������;¬

✫ § t k W+{ {�opn:};Y k Y`o ½ ô Á�½/6�Á 4 Ã � 9
✫ § k t=�Ó{ Yfu�l�lmt k s�X+}cl ?> Á ¶ Ã � ó�� Ã � óf4 �-Ã � ó�6�� Ã � ó�6 ���-Ã � x
✫ Ô t+n k t`�]? ¿�5�Á	�-Ã 4=x
✫ ë s�z:z:{�Y k t��]? ¿�5�Á��-Ã 6��-x
✫ � t+lplrt=� k t��]? ¿�5�Á��-Ã �-x

�Z!#�1��

�´�3�"���

�����	�����5µ
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✫ y Y q;Y k W+{ s�ºfW+lps�t+q�t+u#0"}5t+q;X��~t:z:Y {	x
✫ ë t-z5Y {�oEz-s k Y h lps�t+q;W+{�Y �SY h lmo3lrtZnSt+s qcliomt j:krh Yfo�x
✫ @ s�oB��t:z:Yf{ Y`z|v � W�nSt+s qclBt+q�W�} � nSt+lm}5Yflps h W+{ k Y ��;Y h lps q;X�o j:k u�W h Y7x

θ

N

L’

γ L

½fÞ Á ½fÞ�A&Â�h t=o 6�BÁ ½fÞ A ä $ Ê Â Ê � å 6

C �H� �¤���1�"���

�����������;É

D ��b3�)d�Ð
✫ ¼ Yfo�l k s h lro�lm}5Y3W k YfWit+u5{ s X+}-l#s qM�1t k { z h t-t k z-s q;W+lmYfo x
✫

2=s �|�;W+n5o ?FEHGJI K:ó/EHG�LNMcó/OPGJI K5ó ÃfÃfÃ x
Q ^ Ì��-d�Ð ä 2cnSt+lE{ s�X+}clmo å

V

γ
δ

C �H� �Ó�´�3�)���

�����	�����5Ú
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✫ ¼Ey���¨ W+{ j Yfo3t+u�{ s�X+}clmoEW+q;z��~W+lmY k s�W+{�o�x
✫

0#t=o�s lms t+q;oEt+u�{ s�X+}clEopt j5kmh Y`o�x
✫ � s X+}-lps q5X~�~t-z5Y {�o�x
✫ RTS:S�UWV�XZY7[JS:\/] ^`_bacX9d/egfPh Y:i

��� 
3!�*=�	��
´�	�kj ����� � �

�����������5è

l�m�n3oPl�p�q r s u�s ä { s�X+}cl 9&n5q5W=�~Y79:n;W k W å/t
l�m�n3oPl�p�q r s u�s u ä { s�X+}clf95n5q5W=�~Y795n5W k W åvt���xw \H_ Ð yB� ���py�yBÔ<� 9 yB� ���py�yiÔ 4 9
ÃfÃfÃ 9 yB� ���py%yBÔ �

��Ì�b;e�� Ð yB� gBëz�3�ÙÑ�·iÔ 9 yB� ¢]� §#§J{ 2 Ñ 9
yi� 2-0 Ñ / { ��gB¼ 9 yi� 0 � 2 �ÙÔ��N�B·

yi� �;t=W+l W=�Zv ; = Á r � x � 9 � x � 9S4=x � 9H4=x � s tyi� �;t=W+l z-s � j opY ; = Á r 4=x � 9S4=x � 9H4=x � 9H4=x � s tyi� �;t=W+l o�nSY h ; = Á r 4=x � 9 � x � 9H4=x � 9S4=x � s tyi� �;t=W+l nSt=o ; = Á r 4=x � 9H4=x � 9�4=x � 9 � x � s tl�m�n3oPl�p�q�| u ä yB� ���py�yiÔ<� 9 yB� gBëz�3�ÙÑ"·BÔ 9;W=�Mv å/t
l�m�n3oPl�p�q�| u ä yB� ���py�yiÔ<� 9 yB� ¢]� §#§J{ 2 Ñ 9Sz-s � j opY å/tl�m�n3oPl�p�q�| u ä yB� ���py�yiÔ<� 9 yB� 2c0 Ñ / { ��gB¼ 9;opnSY h åvtl�m�n3oPl�p�q�| u ä yB� ���py�yiÔ<� 9 yB� 0 � 2 �ÙÔ��N�B· 9;nSt=o åvt
l�mP}�~3���Hm�� ä yi� ���py�yiÔ��Ù·�y åvt
l�mP}�~3���Hm�� ä yi� ���py�yiÔ<� å/t

��� 
3!#*=�	��
´�	��j����#� � �
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� ��d _ b;Ì#Ï+�W� _f_ �-Ì���b _ � ^ Ì"Ð
é7¾ ê�ê�Á 4

¿cý�æç¿cþ Ü Þ�æ©¿

 Ü ïÞ
✫ yB� / �i· 2 Ô g)Ô�Ô�Ñ�· { g)Ô��N�B· Á¹¿cý
✫ yB� ���Ù·BÑ"gi¼ g"Ô�Ô�Ñ"· { g)Ô��N�B· Á¹¿cþ
✫ yB� � { gi¢]¼Eg)Ô�� / g)Ô�Ô�Ñ�· { g"Ô��N�i· Á´¿�
��� ^;_ ����w \S_ Ð 4 ? ñ s�Y ��s q;X�z:s k Y h lms�t+q�~W+� r 4³Â � ó � s 6

✫ yB� 2c0 �iÔ ¢]�Ù¼EÑ / Ô��N�i· Á �

✫ yB� 2c0 �iÔ / { Ô%� §#§ Á��
✫ yB� 2c0 �iÔ Ñ�� 0 �i·BÑ"·BÔ Á��

��� 
3!�*=�	��
´�	�kj ����� � �

���������(.S�

l�m�n3oPl�p�q��H�����
m r s u�s ä n:q;W=�~Y79:n;W k W åvt
l�m�n3oPl�p�q��H�����
m r s u�s u ä n:q;W=�~Y79:n;W k W å/t

��Ì�b;e�� Ð
✫ yB� ���py�yiÔ ë��B¢BÑ�� gBëz�3�ÙÑ"·BÔg �Mv:s�Y q-l ¼Ey��²¨ W+{ j Y�t+u�lp};Y�Y qclms k Y�o h Y q;YMx
✫ yB� ���py�yiÔ �J� / gi� ñB�ÙÑ��£Ñ"¼ñ s�Y �3Y k W+l��5q:s lmY»z:s�o�lrW+q h Y�t k W+l3s q��5q5s l � x
✫ yB� ���py�yiÔ Ô1��� 2 �Ù¢]Ñ� s X+}-lps q5X�u�t k vSt+lm}�u k t+q-liW+q5z�v5W h ì~u�W h Yfo x

��� 
3!#*=�	��
Ó�´�3�"��� %��	��j����#� � �

�����	���(.&.
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l�m9�H��q
���Ho��
m r s u�s ä u�W h Y79:n5q;W=��Y+9:n5W k W åvt
l�m9�H��q
���Ho��
m r s u�s u ä u�W h Y795n:q;W=�~Y795n;W k W å/t

��b&Ï+� Ð yB� § ¼<�B·iÔ 9 yB� �3g /F� 9
yB� § ¼��B·BÔ gB·i¢ �3g /F�

�#Ì�b;e�� Ð
✫ yB� giëW�3�ÙÑ"·iÔ 9 yB� ¢]� §#§J{ 2 Ñ 9
✫ yB� giëW�3�ÙÑ"·iÔ gB·i¢ ¢B� §#§J{ 2 Ñ
✫ yB� 2c0 Ñ / { ��gB¼
✫ yB� 2 yB�Ù·i�Ù·BÑ 252

l�m�����m��P���H��q
���Ho��
m ä u	W h Y79��~t-z5Y å/t
✫

�~t-z5Y7? yi� gBëz�3�ÙÑ"·BÔ 9 yB� ¢B� §#§J{ 2 Ñ 9 ÃfÃ`Ã
✫ � q:{ � t+q;Y���t:z:Yis�oEW h lps ¨ Y7x
✫ l�m�����m��P� ��s { {�opY l�lm}5Y h t+{�t k x

� � *+� � � � �»� � �1��� � *=����%

���������(.;�
/10325476+8:9;6=<=>-? @BA�CED;FHGHI5JLKMJHNHD;O�P�QSR T)P	U�O�GSP�V�U 0#W=X=YZ476


