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jPC�#$ImI0l�Cm#J)&��ES#n�[Tm#( !Y@�	���@T�ESa�WdFGa�#nCUHN`j!EGC�Y[#( ZI0WXTmWX#$I�~�I0l!B*acNGI P#(#$Y[#$YS]^EGC+�! h�+#V�	%Q�3K
WdT�WoI�#(��jv#VBQT�#$YkTma!N`T�Y[#( !I6WXT6rkUHN`CmWoN$T�WXEH !I���WXpXp7aZNVUJ#qN@I0WdFG �WgfhB(N` �T�WXikj!NHBQTEH \Tma�#:uv#VN`i
N$ �FGpd#ST�a�CmEGl�FHa�u!#( !Y[Wd �F1~�I0#(#STma�#@I0#$BDT�WXEH �
>�"#VBQT�EG �M#$N$i �� �FGpd#Suv#npXE$���*)S�JT�lZY[r\E$]
Tm#(ikj!EGC3N`phN` ZYkI0j!N$T�WyN`p7Y�#( !I0WdT6rSUGN$C�WyN`T�WdEG !I&T�a!N$TikWdFGa�T�#Q�h#$BQT&Tma�#�u!#$N`i�j!N$T�akWyI�EH �#�E$]
Tma�#:T�EHj�WoB(IE$]&T�aPWoI�I0Tml!Y[rJ)

75ϕ ∼=

reflected radiation

Substrate Film

Light Source

Polarizer

Window

PMT

Window

Detector

scattered radiation
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$�#qNGY�Y�C�#$ImI_Tma�#qN`j�j�pdWoB(N$T�WdEG �,�Y[C�WdUJ#( cC�#$I6#$N`C3Bba�T�E�Y[#(UJ#(pdEGjkicN$T�a�#nicN`TmWoB(N$pvi�E�Y[#(poI
uZNGI0#VYtEH \FwNGI0,�Y[r� !N`i�WoB(I#$�Jl!N$T�WXEH !I��a�WyBbacNHB(BQl�C3N`Tm#(pXr�Y[#$ImBQC�Wduv#�FJNGI{!E$� N` !YzY[#(j!EJI6WX,
TmWXEH \j�CmE�BQ#$I�I6#$I]^EGC������:��C�#VNGBQTmEGC*I�N` ZY\I0T3N`Tm#(,ªE$]^,ªTma�#(,�N`CmT:BQEGi�j�l�T*N$T�WdEG !N$p|N`pXFHEGCmWXT�aPicI
TmEkBDEG !I6T�C�lZBQT�EGjPT�WXitN`p7BDEG �T�C�EHp�I6r[ �T�aP#$I0WyI�]^EHC+Cm#(FGl�pyN`TmWXEG zE`]&#nj�WXT3N`��WoN`p|Y�#(j!EJI0WdT�WdEG 1j�CmEG,
BD#$I�I�EGj!#(C3N`TmWX �F<N`T&a�WXFHa�UHN$jvEHC�Y[#( !I6WXTmWX#$ID)>�aP#_f!C3I0T�I0T*N$FG#�WX @T�a�WyI�j�C�E�BQ#VI�I�WoI�T�aP#�Y[#nUJ#(pX,
EHj�ik#( �T&E`]}C�EHu�l!I0T�N$ !Y\NHB(BQl�C3N`Tm#S~ª �l�ik#(CmWoB(N$pª�|I6WXi@l�poN$T�WdEG !I�E`]}T�aP#:Y[EGi�WX !N$ [T=j�a[rPI0WyB(N`p
jPa�#( �EHik#( �EH �FHE$UJ#(C� �Wd �FLTma�#�{!l�WyY\Y[r� !N`i�WoB(I&NGI�j�Cm#$I0#( �T�#VY�a�#(Cm#J)

�wWX !BQ# �&%('$� I0T�#VNGY[r�j�C�EHFGCm#$I�I:a!NGI:uv#n#( 5itNGY[#SWd 5Tma�#�i�E�Y[#(pXWd �FkE$]�Bba�#nikWoB(N$p7UHN`,
j!EHCLY�#(j!EJI0WdT�WdEG �j�C�E�BQ#VI�I0#VIQ)S��EGC:#(�PN`i�j�pX#JK!/\E$��N`TSN$ !Y�AG#( !I0#n � � 
 a!N(UJ#Ll!I6#$Y5N�]^l�pdpXr
jZN`C*N$u!EGpXWyB�{!E$� N`jPj�C�E$��WXicN$T�WXEH Wd �N`��WoN$pkY�WXC�#VBQT�WdEG �]^EGC�N � - aPEGC�Wdx(EG �T*N$p�Cm#$NGBDT�EGCn)
��EHOJEGFGpdl�#(T�N`p�) �*) 
 a!N(UJ#zI0T�lZY[WX#$Y�Tma�#zY[#(j!EJI6WXT�WdEG �E$]S�JW���WXTma�N1ikEGCm#cY[#(T3N`WdpX#$Y � -
{ZE`�´T�Cm#$N`Tmik#( �T>Wd kNqI0WXi�WXpoN$C>Cm#$NGBDT�EGC&FH#(EGik#nT�C�rw)7�. �*+ 
 KJUHN`CmWXEHl!I � -�N$ !Y � -�ikE�Y[#npoI>E$]
N@a�EGCmWXx(EH [T3N`p|B*a�#(ikWyB(N`p!UHN`j!EGCqY[#njvEwI0WdT�WXEH \Cm#$NGBQTmEGC��#(Cm#LWd [UJ#$I6T�WdFJN`Tm#$YkN$ !Y\T�a�#qC�#$I6l�pXT3I
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�=#(C�#�BQEGikjZN`C�#VYt��WdT�ac#(��j!#(C�Wdik#( �T*N`pZY�N`T3N[)=�a�WoIWyI �EGT�T�a�#�f!C3I0T�Tma�#(EGCm#(T�WyB(N`p�I0Tml!Y[rkE$]
Tma�#�#Q�h#$BQT3I�E$]7FHC*N(U[WdT6r�EH ST�a�#{ZE`�´BQEH !Y[WdT�WXEH !I>Wd !I0WyY[#�N�a�WdFGa�,^j�C�#VI�I0lPC�#�UHN`j!EGC&TmC*N` ZI0j!EGCmT
Cm#$NGBDT�EGC ���wK ' 
 )&��#$BQ#( �T�pdrJK$�#�a!N(UJ#�BQEHikj�pd#(T�#$YLT6�=EG,�Y[WXik#n !I0WdEG !N$p!I0Wdi�l�pyN`TmWXEG ZI>l�T�WdpXWdx(WX �F
NkikE�Y�#(p���WXTma5i@l�pdT�WXjPpX#qI0j!#$BQWd#$I�� %�
 )k�JTml!Y[Wd#$I�a!N(UJ#@N`poI6E\u!#(#( �icNHY[#SBQEH !BQ#(Cm �WX PF�Tma�#
B*a�EHWoBQ#$I|T�a!N$T �#(#VYLT�ELu!#�icNGY�#�WX @T�a�#�T�a�#nC�icN$p[u!EGlP !Y�N`CmrcBQEH !Y[WXTmWXEH !I�T�E:EGj�TmWXikWdx(#Tma�#
UHN$jvEHCLTmC*N` ZI0j!EGCmT�]^CmEGi�T�a�#@I6EGl�C3BQ#kN$ !Y\T�Ec#$I6T*N$u�pXWyI0a1l� �Wg]^EGCmi {!E$��N$T�T�aP#@I0l�C6]�NGBQ#SE$]
Tma�#�I6l�u!I6T�C*N$T�# � �(��
 )��. SNHY�Y[WdT�WXEH LTmE�T�a�#=j!N`C3N`ik#nT�#(C|I6T�l!Y[Wd#$IQKHN+ikEHC�#&C�WdFGEHC�EGlZI�N`j�jPC�EJNHBba
TmEST�a�#�EGjPT�WXitN`phY[#$I6WXFG tN` !YcBQEH [TmC�EGpha!NGI&u!#(#( kT3N`OJ#( 7)&�. � �G� 
 T�aP#�I6a!N`j!#:EGj�TmWXikWdx$N`TmWXEH 
jPC�EGuPpX#(i ��WXT�aSCm#$I0j!#$BDT	TmE�T�aP#+FH#(EGik#nT�C�r:E$]7T�aP#�C�#$NHBQT�EHC&N` !Y@N�u!EGl� !YPN`C�r@T�#nikj!#(C*N$T�l�Cm#
BDEG �T�C�EHp�j�CmEGu�pd#(i��#(Cm#]^EGC�i@l�pyN`T�#VY")7�a�#�icN$T�#(CmWoN$p�N` !Y@I0a!N$j!#�Y[#nC�WXUHN$T�WXUJ#VI�E$]7I6EGpdl�T�WdEG !I
TmE�Tma�#SMEHl!I�I6WX �#VI��kN$j�j�C�E$��WXicN$T�WdEG c�#(Cm#qY[#(C�WdUJ#$Y")��j�TmWXicN$pXWXT6r@BQEH !Y[WdT�WXEH !I�N` !YzN� [lP,
i�#(C�WyB(N`phEGj�TmWXikWdx$N`TmWXEG zik#(Tma�E�Y�u!NHI0#$Y\EH 5Tma�#@N`lPFGik#( �T�#VY�47N$FGC3N` �FHWoN` �ik#(T�aPE�Y��#nC�#
Y�#(UJ#(pXEHj!#$Y5]^EGC@uvEHl� !Y�N$C�r�BQEH [TmC�EHp�E`]<MEGl!ImI0Wd �#$I��1{!E$�:)���l�ik#(CmWoB(N$pBnN`poBDl�poN$T�WXEH !ISWX 
� �(� 
 Wd !Y[WyB(N`Tm#$Y\T�a�#@#Q�h#$BQTmWXUJ#( P#$I�I+E$]�Tm#(ikj!#(C*N$T�l�Cm#@BQEG �T�CmEGp&T�aPC�EGlPFGa�Nkj!EGCmT�WXEH �E`]�Tma�#
u!EHl� !Y�N$C�r�]^EHC�WXikjPC�E$U[Wd �F:T�a�#:UJ#(CmT�WyB(N`phT�C*N$ !I0j!EHC�T�E$]>{!E$��Wd cT�a�#qB(N(U�WXT6rJ)

�aP#\j!N$jv#nC�WyILEGC�FwN` �Wdx(#$Y´NGIL]^EGpXpdE$��IQ)´�Æ /1N`Tma�#(icN$T�WoBnN`p=/\E�Y[#(p�K	Tma�#�{!lPWoY�ik#(,
B*a!N$ �WoB(I&NHI�I0E�BDWoN`Tm#$Yk��WXTma�Tma�#(C�i�EG,�I0EGpdl�T*N$phBQEG �UJ#$BQTmWXEG SWyIY[#VI�BQCmWXu!#$Y")}��I6jv#VBQW fhB������:�
I6r�I6T�#(i�K�uvEHl� !Y�N$C�r�BQEH !Y[WdT�WXEH !IQK�N` !Y\FwNGI�j�C�EHj!#(C�TmWX#$I+lZI0#$Y\Wd \ �l�ik#(CmWoB(N$p"#(��j!#(C�Wdik#( �T*I
N$C�#@WX �T�CmE�Y[l!BQ#$Y1WX �������� �JrPI0Tm#(i N$ !Y�MEGlP !Y�N`Cmr�;&EG !Y�WXT�WdEG !ID)k�a�#@C�#VI0l�pdT*I�E`]�EGl�C
� -  [lPik#(C�WyB(N`p|I6WXi@l�poN$T�WdEG !IWd !BQpXlZY[WX �F�I0EHik#qI�B(N$pXWd �FcN` ZN`pXrPI0#VI�N`Cm#Sj�C�#$I6#( �T�#$YcWX 5�wWXik,
lPpoN`TmWXEH ���#$I0l�pdT*ID)��. ´T�a�#�I0#$BQTmWXEH �
>�h#$BQT@EG �M#$N$i �� �FGpd#JK	�=#1I6T�l!Y[r´T�a�#z#Q�h#$BQTSE$]
Y�#( !I0WdT6r��nT�#(ikj!#(C3N`Tml�C�#=UGN$C�WyN`T�WdEG !I&EG @T�a�#�poNHI0#(C&u!#$N$i�l!I0#$YSu�rSj�,ªj!EHpoN`CmWXx(#VYÖCm#Q{!#$BQT3N` !BD#
I6j!#$BQT�CmEJImBQEGj�rcNGI�N` zEGj�TmWoB(N$p7WX �,�I0WdT�lcik#(Tma�E�YÖ]^EHC+pyNVrJ#nCFGCmE$��T�a1B*a!N$C*NGBDT�#(CmWXx$N$T�WXEH 7)

/1N$T�a�#nicN`TmWoB(N$p"/\E�Y�#(p
�aP#\icN$T�a�#(itN`T�WyB(N`p&ikE�Y�#(p	]^EHC�Tma�#\TmC*N` ZI0j!EGCmTkj�a�#( PEGik#( ZN\WX �UJEGpXUJ#VY5WX ´T�a�#z�����:�
jPC�E�BQ#$ImI_WyI�Y[#$ImBQC�Wduv#VY�u[r�T�a�#q��N(U�WX#(C��JTmEGOJ#$I#$�Jl!N$T�WXEH !I���WXT�azN$ �#V�2l!N$T�WdEG k]^EGC�#( �#(CmFGrJ)
�aP#�FwNGISWoISNHI�I0lPik#$Y5TmE5u!#ca�EGi�EGFG#n �EGl!IDK	Tma[lZILFJNGISj�a!NHI0#zC�#$NHBQT�WdEG !ISN$ !Y�Y[W �hl!I6WXEG 
~6�JEGCm#(T=N` !Y��>WoB*O[WyN` "��N`C�#�WXFH �EGCm#$Y")&�a�#�#(UHN`j!EHC*N`TmWXEH cN` !Y�BQEG !Y�#( !I�N$T�WdEG kWd �Tma�#�I6EGl�C3BQ#
N$ !Y�I0l�uZI0T�C3N`Tm#�Cm#(FGWdEG !IDK�C�#$I6j!#$BQT�WdUJ#(pXrwK7N`Cm#cN`pyI0E1WXFH �EGCm#$Y") $�#�NGI�I6l�ik#kTma!N`TqT�a�#@{!E$�
WyIÖpyN`ikWd !N`C@N$ !Y�WX ZBQEGikjPC�#$ImI0WXuPpX#JK}N` !Y�BQEHikj�l�Tm#cT�a�#zT�WXi�#(,.N(UJ#(C3N`FH#$Y�I0EHpXl�TmWXEH 7)��J#(U�,
#nC*N`phI6WXikj�pdW fhBnN`T�WdEG !I|a!N(UJ#+u!#(#( @WX �T�CmE�Y[l!BQ#VY�T�EqicN`OJ#=T�a�#:I6WXi@l�poN$T�WdEG !I>i�EGC�#�TmC*NHBQT�Wdu�pX#J)
/\EHC�#cNHB(BQl�C3N`Tm#kikE�Y[#(pyI��=EGl�pyY5WX !BDpXl!Y[#@i@l�pXTmWXj�pd#SI0j!#$BDWX#$I:T�a�#(CmicN`p�~6�JEGCm#(TQ��Y[W �hl!I6WXEG 
E$]&T�aP#LI6j!#$BQWX#VI�I0WX ZBQ#:T�a�WyI#Q�h#$BQT�WoI#n�[j!#$BQTm#$Y�TmE�u!#SI6WXFH �W fhBnN` �T���WXT�acTma�#:poN`CmFG#qI0jZN`T�WyN`p
Tm#(ikj!#(C3N`T�lPC�#LUHN$C�WoN$T�WdEG !I:E`]�Tma�WoI�#(�[j!#(CmWXik#n [T:~�I0#(#@#J)�FP)�� + 
 N` ZY5T�a�#SCm#Q]^#(Cm#( !BQ#$I�FGWXUJ#n 
Tma�#(Cm#(WX "�3)k�a�#nC�#kicN(r�N`poI6E\u!#�I0WXFH �W fvB(N` �TL#Q�h#$BDT*I+]^C�EHi Tma�#kI6EGl�C3BQ#cN$ !Y�Y[#(j!EwI0WXTmWXEH 7)
�aP#$I0#1T6�E�#Q�h#$BQT*IDK�N`pXEH �F���WXTma�FJNHI0,^j�a!NHI0#�Cm#$NGBQTmWXEH !IkB(N$ �a!N(UJ#�N` �WXi�j!NGBQTSEH �Tma�#
I6WXi@l�poN$T�WdEG 7K�N` ZY\N`Cm#:j�poN$ � �#$YkT�E@u!#:WX !BQEHC�j!EGC3N`Tm#$Y�Wd [TmEST�a�#:ikE�Y[#np"WX cTma�#�]^l�T�l�Cm#J)

�



�. S;=N`CmT�#$I6WoN$ LBDEJEGC*Y�WX !N$T�#$I7T�a�#�I0T�#VNGY[r�,.I6T*N$T�#TmC*N$ !I0j!EGCmT�BnN` :u!#Y�#$I�BQCmWXu!#$Y�u�r"'>;&EH �,
I6#(C�UHN$T�WXEH \E$]�icNHI�ID'

������� ���~ � �

;&EH !I0#nC�UHN`TmWXEG zE`]&i�EGik#( �T�lPi\'
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;&EH !I0#nC�UHN`TmWXEG zE`]&#n �#(C�FHr"'

	�
���� ~������ � ���! "� % ���~ � �

�aP#5CmWXFGa�T�,^ikEwI0TkTm#(C�i WX �
&�2 �) ~ � ��Cm#(j!#$I0#n [T3ItTma�#�MEGlZI�I0Wd �#$Im��N`j�j�CmE$�[WdicN`TmWXEG ´T�E
uPl�E$r�N` !BQr1]^EGC3BQ#$I�� �(��
 )��JWd !BQ#@T�a�#zN(UJ#(C3N`FG#�T�#(ikj!#(C3N`Tml�C�#�#� WoI:poN$C�FG#cCm#(poN$T�WXUJ#@T�E1Tma�#
Tm#(ikj!#(C3N`T�lPC�#�Y[Wg�"#nC�#( !BD#$IQK � � �%$ #� WoI=N�FHEJE�Y\N`jPj�C�E$��WXicN$T�WXEH ST�ESTma�#+Tma�#(CmicN`p�#n�[j!N$ �,
I6WXEH �BQEJ#D cBQWd#( �T()S�+#nC�#JK&�'� ~�( �*)+�*, �.-1WoI�T�aP#�UJ#$BDT�EGC�E`]�l� �O� �E$�� �UJ#(pXE�BQWdT�Wd#$I_Wd 5Tma�#
/ K10!KhN` !Y32cY[WXCm#$BQT�WdEG !IDKvCm#$I0j!#$BDT�WXUJ#npXrJK!N$ !Y\T�a�#SlP �O[ PE`�� � C�#(jPC�#$I6#( [T3I_Tma�#@N`uZI0EGpdl�T�#
Tm#(ikj!#(C3N`T�lPC�#J)=�a�#LitN`FG PWXT�lZY[#qN` !Y1Y[WdC�#$BDT�WXEH cE`]=T�a�#:FHC*N(U[WdT6r�UJ#VBQT�EHC � ��WdpXp7u!#LikE�Y�,
Wgf!#$Y\TmEcI0Tml!Y[r\Cm#$Y[l!BD#$Y[,^FGC*N(U�WXT6rzBQEG ZY[WXTmWXEG ZIQ)q�a�#@I0rPI0Tm#(i E`]�
&�J !IQ)@~ � �.,m~ � �+WyI�B(N$pXpX#VY
Tma�#�MEGl!I6WX �#$I6#$�L#$�Jl!N`TmWXEH !IQ)&-+#n !I0WdT0rSUHN$C�WoN$T�WdEG kWyI	ikE�Y[#npX#$YLWd �Tma�#+FHC*N(U�WXT*N$T�WdEG !N$pv]^EGC3BQ#
lP !Y[#(C�Tma�#qNGI�I6l�ikj�TmWXEH �E$]&T�aP#�j!#(C6]^#$BQT=FJNGI�poN(�
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��aP#(C�# 5 WoI�T�aP#�FJNGI6,ªpyN(��BQEG !I6T*N$ [T=N` ZY87 WoI>Tma�#�ikEHpX#$BQlPpoN`C|�#nWXFGa�T�E$]7T�aP#�FJNGID)��=N`pXlP#$I
]^EHC�T�a�#:U�WoImBQEJI6WXT6r �|K�T�a�#:Tma�#(C�itN`phBQEG ZY[l!BQTmWXU�WXT6r:9ZK�N` ZY�T�aP#LI6j!#$BQW fvB+a�#$N$T�N$T�BQEG !I6T*N$ [T
jPC�#$ImI0l�Cm# � � N`C�#qFGWdUJ#( ku!#(pXE$�:)

�����:� �wr�I6T�#(i N$ !YcMEGl� ZY�N`Cmre;&EH !Y[WdT�WXEH !I
� i�E�Y[W f!#VYe��B*a�EGpdxLFH#(EGik#nT�C�rzN$ikj!EGl�pd#LWoI�#(�[j!#$BDT�#$YcT�Ecu!#Sl!I0#$Y\]^EGC�T�a�#SFHC�E$��T�a�#(��,
j!#(CmWXik#n [T3I�E$]��! "��#$�&%:~.I0#n#L�|WXFJID) � ��,�~ � �*)

�aPWoI>WyI>N$ �Wd �WXTmWoN`p�Y�#$I0WdFG Sl!I6#$YLT�E:I6T�l!Y�r�Tma�#��Jl!N`pdWXT*N$T�WdUJ#	u!#(aZNVU�WXEHC�E`]hTma�#FwNGI>{!E$�:)
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