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\]]h fa[hk]j dicg 1◦ ec 81◦ \* 'icki]�� "]  hfi]g]he� cd �1◦ 3 �a] 	�	 \]dci]ea] [hk!] "[!%] g][h� ea[e ea] �%id[f] a[� \]]h 'icf]��]j [k[ h�e ea] ki[ h
j i]fe ch3 �a] 'i]�]hf] cd 	1◦
 [hj 	�1◦
 [hj cd 	81◦
 [hj 	�81◦
 g][h� ea[e ea]
�[g] �%id[f] a[� \]]h 'icf]��]j [de]i \] hk e !e]j \* �71◦ 3 �a �1  3]3 'icf]�� hk h ea] e(c c''c� e] j i]fe ch�1 ([� jch]  h cij]i ec "]i d* , d ea] �[g] nh[!
l%[! e* [hj ea] �[g] 'icn!] (]i] c\e[ h]j i]�']fe "]!* dci 1◦��1◦ [hj 81◦��81◦. ea[e ea] ki[ h j i]fe ch ([� i][!!* ']i']hj f%![i ,dci ki[ h [hk!] �81◦ [hj81◦. ci '[i[!!]! ,dci �1◦ [hj 1◦. ec ea] 'icf]�� hk '![h]^ gci]c"]i ea � ([� [h hj f[e ch1 [!eac%ka ! g e]j1 cd ea] i]'][e[\ ! e* cd ea] e]�e3 &] %�]j �']f g]h�( ea [hh%[! i hk� ci ]he]j �c ea[e [ i[j [! d[f]  � 'icf]��]j1  h cij]i ec ["c jea] [!e]ih[e hk cd ][i!*2 [hj ![e]2(ccj� fch�]l%]he!* ea] �%id[f] l%[! e* i]�%!e�
dicg 'icf]�� hk ][i!*2 [hj ![e]2(ccj �]'[i[e]!*1 ( ea hc  he]i[fe ch \]e(]]hea] e(c3 �]] 	+95
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�a] g[fa h]j �%id[f]� a["] \]]h c\�]i"]j ( ea ��� ,[ �c]! �f[hh hk �!]feich
� fic�fc'].1  h !c(2"[f%%g gcj]1 ( ea hc 'i]" c%� ei][eg]he cd �[g'!]�3
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�icn!]� a["] \]]h [h[!*�]j \* g][h� cd [ 'icn!] g][�%i]g]he j]" f]1  h cij]iec k "] [h c\1]fe "] ([* cd fcg'[i �ch \]e(]]h 'icf]��]j �%id[f]�3 �a] l%[he 2e[e "] i]�%!e� f[h ][� !* \] '!cee]j� gci]c"]i1 ea] 'i]�]he!* ["[ ![\!] �e[hj[ij�,�%fa [� ea] :��� �e[hj[ij �8)���8�	1 (a fa  � \[�]j ch [ ! g e]j h%g\]icd " �%[!!* j]e]fe[\!] j]d]fe�. jc hce 'ic" j] g]eacj� dci ]"[!%[e hk g[fa h hk
j]d]fe� ch �%id[f]� 'icf]��]j ( ea jc(h2g !! hk e]fah l%]3 �a] g][�%i]g]he�
�]e2%'  � j]�fi \]j  h (
�/- %���
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�[  � ea]  he]ki[! cd ea] 'icn!] j " j]j dci ea] 'icn!] !]hkea [hj �e  � ea]

j 9]i]hf] \]e(]]h ea] a ka]�e '][) [hj ea] j]]']�e "[!!]*  h ea] 'icn!] !]hkea�

,-� �������
�%id[f] l%[! e* ]"c!%e ch ( ea ki[ h [hk!] [hj ( ea j 9]i]he f%ee hk e]fah l%]�,%'� [hj jc(h�g !! hk.  � ea] g[ h ec' f cd ea � '[']i� �%id[f] l%[! e* ( !! \]
]�[g h]j [hj fcg'[i]j \* g][h� cd g[fic�fc' f� ���� [hj 'icn!] [h[!*� ��
�* g[fic�fc' f [h[!*� � (] ( !! 1%�e 'i]�]he ea] g[ h j]d]fe� [i � hk ch ea]
�%id[f]� 'icf]��]j \* jc(h�g !! hk e]fah l%]� ��� [h[!*� � [!!c(� [ f!][i " ](cd ea] g[fa h hk j]d]fe� [hj cd ac( ea]* j "]i�]!* cff%i  h ][i!*� [hj ![e]�(ccj� 'icn!] [h[!*� � [!!c(� c\1]fe "] ]"[!%[e ch cd ea] nh[! l%[! e* cd 'icf]��]j�%id[f]�� [� [ d%hfe ch cd ea] ]�[g h]j '[i[g]e]i��
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� %�* �ac(� �cg] g[fic 'acecki['a� cd ea] g[ h j]d]fe ,(a fa fc%!j'ic" � ch[!!* \] h[g]j 	e !e]j ki[ h
. [i � hk dicg 'icf]�� hk ( ea jc(h�g !! hke]fah l%]� ea � �]"]i] j]d]fe fa[i[fe]i �]� ea] �%id[f]� 'icf]��]j [k[ h�e ea]
ki[ h�  h ea] i[hk] dicg 21 ec 71◦ � dci \cea ea] ]�[g h]j �']f ]�� 'h d[fe��
j%i hk ea] f%ee hk 'icf]��� ea] (ccj e ��%]� [i] fcg'i]��]j [hj �%\�]l%]he!*
e !e]j j%i hk ea] ecc! i]"c!%e ch� �a] e !e hk 	[� �
  � %hj]i ea] �%id[f]� [hj ea]
j]d]fe [9]fe� ea] (ac!] �%id[f] ,ch!* ea] ![e](ccj  h +c%k![� * i� [!! (ccj  h+[).� 'icj%f hk [ "]i* \[j nh[! l%[! e*�
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* k%i[ ���^ G@A9715 +,2 (−40◦V 18/ D1E
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����� �������� ���� ���
�!! ea] ���  g[k]� [i] e[)]h [e �41�
������� ���

+c%k![� * i �ac(� di]l%]he!* j]d]fe� [i � hk dicg ea] ki][e j 9]i]hf] ,gc�e!*
 h j]h� e*. \]e(]]h ][i!*� [hj ![e]�(ccj^ ea] e(c e*']� cd (ccj a["] [ "]i*
j 9]i]he g]fa[h f[! \]a[" c%i�

� !"#$$#%& e]fah l%]  � ea] 	hcig[!
 'icf]�� hk e]fah l%] dci �c! j (ccj�
�[h* cd ea] j]d]fe� fch� j]i]j \* ���� �')���'�	 cff%i ch ea]�] �%id[f]��
�icf]�� hk ���(� )*+ ����( (] c\e[ h]j [ kccj l%[! e* %he ! �1◦ � ]"]h  d [ ki][e
j 9]i]hf] \]e(]]h ][i!*� [hj ![e]�(ccj  � c\" c%��(a]i][� ea] ![e]�(ccj [!([*�
�ac(� [ d[ i!* kccj �%id[f] l%[! e*� ea] dc!!c( hk \]a[" c%i ,�]] 	���
� %��.f[h \] c\�]i"]j  h ea] ][i!*�(ccj^ [� ea] [hk!]  hfi][�]� %' ec 51◦ �cg] (ccj'[ie f!]� [i] ecih [([* ( ea [ fchfac j[! di[fe%i] , �]� dcig [ f[" e* a[" hk [fchfac j[! �a['].� (a !] dicg 61◦ ec 81◦ (ccj '[ie f!]� [i] ecih [([*� ( eac%e
�ac( hk [ fchfac j[! di[fe%i]� �c�� \!* ea � \]a[" c%i fc%!j \] ]�'![ h]j \*
[h[!*� hk ea] fcg'i]�� "] fcg'ch]he cd ea] )h d] ]jk] [e ea] \]k hh hk cd ea]
f%e� [� i]![e]j ec ea] �! '' hk '![h]� cd (ccj� ac(]"]i� ea] �%\1]fe  � ecc ( j]
ec \] j �f%��]j a]i]�
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* k%i[ ��2^ G@A9715 +,2 C2@:.55./ 20`3,77,89F 17@89 4;. 921,8�
�icf]�� hk ����(�) )*+ ����(� ea] (ccj '[ie f!]� e]hj ec \] ecih [([*� *ci�g[!! [hk!]� ea] cff%ii]hf] cd ecih ki[ h  � ! g e]j� [hj d%bb* ki[ h  � dcig]j  hea] ][i!*�(ccj� 'hfi][� hk ea] ki[ h [hk!] (ccj '[ie f!]� [i] ecih [([* %' ec

�71◦��81◦ (a]i] ea] ][i!*�(ccj  � fcg'!]e]!* ecih [([*� (a]i][� ea] ![e]�(ccj�e !! )]]'� kccj fchj e ch��
3456!"#$$#%& e]fah l%]  � hce %�]j  h 'icf]�� hk �c! j (ccj�  h d[fe�

[� (] ][� !* �]] fcg'[i hk 	���
�7 %�� [hj %�8� ea] nh[! l%[! e*  � (ci�] ea[h'icf]�� hk �'�g !! hk� 'h ea � f[�]� 'icf]�� hk [k[ h�e ea] ki[ h (] c\�]i"]
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* k%i[ ��3^ G@A9715 +,2 C2@:.55./ 20`3,77,89F 191,854 4;. 921,8�
ea] dcig[e ch cd ea] [\c"] g]he ch]j 	e !e]j ki[ h
� hce  hf!%j]j  h ���� �'
����'�	� ea[e ki][e!* [9]fe� ea] �%id[f] l%[! e* ,�]] 	���
� %��.� �icf]�� hk
���(� )*+ ����(� l%[! e*  � hce d[i dicg �'�g !! hk� dci h[iic( [hk!]� di[fe%i]�
 h ea] ][i!* (ccj \]k h ][i! ]i ea[h �'�g !! hk ,� hf] �1◦. \%e dci a ka ki[ h
[hk!]� ea] fcg'i]�� ch \]dci] ea] f%e [!!c(� ecih '[ie�  h ][i!* (ccj cd �g[!!]�e
j g]h� ch� ea[h  h �'�g !! hk� �h*([* ea] l%[! e* fche h%] ec \] "]i* 'cci�,�]] 	���
� %�8.�
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* k%i[ ��4^ G@A9715 +,2 C2@:.55./ GDB?`3,77,89F 17@89 4;. 921,8�
�icf]�� hk ����(�) )*+ ����( ea] 	e !e]j ki[ h
 cff%i�� j]']hj hk ch ea]

d[fe ea[e ea] (ccj  � fcg'i]��]j \]dci] f%ee hk� �c ea] f%e  � gci] j �f%!e�
	[ik] (ccj '[ie f!]� [i] \ic)]h j]]' %hj]i ea] �%id[f] [hj e !e]j� f[%� hk [
"[i* \[j nh[! l%[! e* ,�]] 	���
� %��.� �a � j]d]fe cff%i� dicg �21◦ %he ! �71◦ �*ci ��1◦ [hj ��1◦ d%bb* ki[ h ']i� �e�� ]"]h  d  e� dcig[e ch [hj [�']fe [i]
j 9]i]he dicg ea] �'�g !! hk 'icf]���
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* k%i[ ��5^ G@A9715 +,2 C2@:.55./ GDB?`3,77,89F 191,854 4;. 921,8�
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+[) a[� [ h[iic( j]h� e* "[i [e ch ( ea h ea] i hk�� dci ea � i][�ch (] c\e[ h [gci] acgck]h]c%� \]a[" c%i cd ea] (ccj� �a] j 9]i]he j]h� e* '![*� [h*([*
[h  g'cie[he ic!]  h� j] ea] i hk� [hj ea] 'i]�]hf] cd ![ik] "]��]!� �cg]e g]�



���� ������� ��2
�]]g� ec \] [ 'ic\!]g� �!�c dci +[) (] 'icf]��]j [ i[j [! d[f]�  h cij]i ec ["c j he]i[fe ch� \]e(]]h ][i!*� [hj ![e]�(ccj� �� dci +c%k![� * i� ki][e j 9]i]hf]�
[i �] 'icf]�� hk  h j 9]i]he ([*�� a]i][de]i ea] g[ h j]d]fe� [i] i]'cie]j [hj\i ]2* j �f%��]j�

��!"#$$#%& ^ [� f[h \] �]]h dicg 	���
� %�	 ea] [�']fe  � "]i* j 9]i]he
dicg +c%k![� * i \%e ea] ic!] cd ea] j]h� e*  � (]!! " � \!]� �icf]�� hk ���(�
)*+ ����( cde]h f[ii ]� [ kccj l%[! e*� *ci h[iic( [hk!]� ,�1◦��1◦.� (a !]
'icf]�� hk� ea] "]��]! ([!!  � '%�a]j  h� j] ea] "]��]!  e�]!d� [hj fcg]� \[f)
[\c"] ea] �%id[f] !]"]! [de]i ea] ecc! a[� '[��]j� �a � j]d]fe  � i][!!* %h'!][�[he
dicg [ e[fe !] 'c he cd " ](� 'hfi][� hk ea] ki[ h [hk!] ea] '[ie� fa[i[fe]i �]j\* [ !c(]i j]h� e* �ac( ecih n\]i [hj  ii]k%![i e ]�� (a !] ea] gci] j]h�] '[ie�a["] [!([*� [ kccj [�']fe�
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* k%i[ ��6^ D1E C2@:.55./ 2C`3,77,89F 17@89 4;. 921,8�
�icf]�� hk ����(�) )*+ ����( [e h[iic( [hk!]� ,�1◦��1◦. ea] "]��]! ([!!�

e]hj ec \] ecih� (a]i][� [!chk ea] ki[ h ea]* (]i] fcg'i]��]j� �c ea] "]��]!�
[i] �a[i'!* f%e� f[ii* hk [h ]�f]!!]he nh[! l%[! e*� 'hfi][� hk ea] [hk!]� ecih'[ie� \]fcg] gci]  g'cie[he� \%e h]"]i ecc �]i c%�� ]�']f [!!* dci ea] j]h�]i'[ie��
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* k%i[ ��7^ D1E C2@:.55./ 2C`3,77,89 191,854 4;. 921,8�
&a]h 3��%!"#$$#%& ���(� )*+ ����( ea] nh[! l%[! e*  � "]i* f!c�] ,[�

dci +c%k![� * i. ec ea] l%[! e* c\e[ h]j \* �'�g !! hk� *ci h[iic( [hk!]� (]
a["] ea] �[g] \]a[" c%i [� dci �'�g !! hk� dci ki][e]i [hk!]� ecih '[ie� \]fcg]
gci]  g'cie[he� ]�']f [!!*  h ][i!* (ccj� ]"]h  d� [� dci +c%k![� * i� dci ![ik]
[hk!]� ea] 'i] fcg'i]�� ch f[ii ]� [ j]fi][�] cd ecih '[ie� ,�]] 	���
� %��.�

�icf]�� hk ����(�) )*+ ����(� 	e !e]j ki[ h
 \]fcg] ea] g[ h j]d]fe [hj  �
ea] ch] (ac fa[i[fe]i �] ea] �%id[f]� +[) a[� [ gci] acgck]h]c%� j]h� e*� �c
ea] j]d]fe cff%i� ch \cea ][i!*� [hj ![e]�(ccj [9]fe hk a][" !* ea] nh[! l%[! e*
cd ea] �%id[f]� *ci h[iic(� [hk!]� ,�1◦��1◦. ea] l%[! e*  � kccj [hj ea] "]��]!�
[i] �a[i'!* f%e� [e 21◦ ea] j]d]fe cff%i�� [9]fe hk ea] �%id[f] %he ! 71◦ [hjcff[� ch[!!* [!�c [e 81◦ ,�]] 	���
� %���.�
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* k%i[ ��8^ D1E C2@:.55./ G@Y8`3,77,89F 17@89 4;. 921,8�
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* k%i[ ���1^ D1E C2@:.55./ G@Y8`3,77,89F 191,854 4;. 921,8�
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0]i] dc!!c(� [ fcg'[i �ch cd 'icn!] '[i[g]e]i� dci ea] e(c �']f ]� [hj dciea] j 9]i]he f%ee hk e]fah l%]� [hj ki[ h [hk!]�� �a] ]"c!%e ch cd �� [hj
�� dci j 9]i]he �']f ]�� f%ee hk e]fah l%]� [hj ki[ h [hk!]�  � "]i* f!][i� *ciea] [h[!*� � (] fac�] ec %�] ea] 'i g[i* 'icn!] , �]� ea] g][�%i]j 'icn!]� [de]i
hcg h[! �a['] a[� \]]h �%\ei[fe]j.� \]f[%�] [. ic%kah]�� [hj ([" h]�� [h[!*� �
[i] hce h]f]��[i* (a]h ea] 'icn!] fa[i[fe]i �e f� [i] �c c\" c%�� [hj \.  e (c%!j\] j �f%!e ec fcii]fe!* �]e ea] n!e]i hk ( eac%e h]k[e "]!* [9]fe hk �cg] cd ea]
g][�%i]g]he�� dicg ea] g][�%i]j 'icn!]� ea] '[i[g]e]i� �� [hj �� a["] \]]hfcg'%e]j� ��  � '!cee]j� (a]i][� ��  � i]'cie]j  h e[\!]� 1%�e ec k "] [h  j][cd ea] g[� g[!  ii]k%![i e* cd ea] �%id[f]�

������� ���

&a]h ��������(� ea] 'icn!]� [i] hce "]i* j 9]i]he \]e(]]h 'icf]�� hk 	[!chk

[hj 	[k[ h�e
 ea] ki[ h� � hf]  h \cea f[�]� �cg] j]d]fe� cff%i^ [k[ h�e ea] ki[ h�(ccj '[ie f!]� [i] ecih [([*� (a]i][� [!chk ea] ki[ h ea] [\c"] g]he ch]j fch�fac j[! di[fe%i]� cff%i� 	���
� %��� [hj (
��� %�� �ac( ea[e [� ea] ki[ h [hk!]
 hfi][�]�� ea] �%id[f] l%[! e* ,]�'i]��]j \* g][h� cd �� '[i[g]e]i. j]fi][�]��

0c(]"]i� dci ξ�
�1◦ [hj �1◦ ��  � ![ik]i (a]h 'icf]�� hk [!chk ea] ki[ h�

[!eac%ka \* " �%[! ]�[g h[e ch ea � �%id[f] (c%!j \] ki[j]j [� \]ee]i� ea]�]
![ik]i "[!%]� cd �� 'c�� \!* cff%i \]f[%�] cd ea] j 9]i]he ]![�e f \]a[" c%i\]e(]]h ][i!*� [hj ![e]�(ccj ,[de]i ea] '[��[k] cd ea] )h d] ][i!*�(ccj i �]�
[\c"] ea] �%id[f] dcig hk \%g'�.� 'e �ac%!j ea]i]dci] \] hce]j ea[e ( ea h ea �
i[hk] ,

ξ�
�1◦ [hj �1◦. ��  � hce [ kccj  hj f[eci cd ea] �%id[f] l%[! e*� (a]h'icf]�� hk +c%k![� * i [!chk ea] ki[ h ( ea %'�g !! hk e]fah l%]�

�de]i �1◦ 'icf]�� hk [k[ h�e ea] ki[ h 'icj%f]� (ci�] �%id[f]� ea[h [!chk



���� ������� ��4
ea] ki[ h� ( ea ea] ]�f]'e ch cd �61◦ � �� �ac(� ![ik]  ii]k%![i e ]� ,%' ec

∼1�4� gg.� (a fa [i] ki][e]i (a]h 'icf]�� hk [k[ h�e ea] ki[ h�&] g[* fchf!%j] ea[e 'icf]�� hk [!chk ea] ki[ h e*' f[!!* 'ic" j]� \]ee]i�%id[f]� ea[h 'icf]�� hk [k[ h�e ea] ki[ h ,ea] [hcg[!c%� "[!%] [e 61◦ a[�
hce *]e \]]h ]�[g h]j  h j]'ea.� �%fa fchf!%� ch  � �%''cie]j \* \cea ea]
g[fic�fc' f ]�[g h[e ch [hj ea] �� "[!%]� ,j �i]k[ij hk dci ea � '%i'c�] ea]
[\c"] g]he ch]j [hcg[!c%� "[!%]� cd �� dci ξ�

�1◦ [hj �1◦.�

* k%i[ ����^ �� M17A.5 Y;.8 C2@:.55,89 G@A9715 +,2 Y,4; 2C`3,77,89 4.:;8,�A.�

�21,8 P◦ HP◦ IP◦ =P◦ SP◦ JP◦ QP◦ �P◦ �P◦ �P◦L7@89 SQ HHH HJS HP� H�J H�= I�� === =J= SPPL91,854 =Q IHQ HS� H�P =QI IHJ JIP I== S�I SJ�
�[\]!![ ��3^ �� M17A.5 Y;.8 C2@:.55,89 G@A9715 +,2 Y,4; 2C`3,77,89 4.:;8,�A. UM17A.512. 2.C@24./ ,8

µ3V�
	���
� %��* [hj (
��� %�8 �ac( f!][i!* ac( ea] 	e !e]j ki[ h
 \]fcg]�  g�'cie[he dci �%id[f] l%[! e* (a]h 'icf]�� hk \* ���(������(�^ [e �21◦ � (a]�i] ea] j]d]fe \]fcg] c\" c%�� ��  hfi][�]� i[' j!*� ea]h j]fi][�]� \]e(]]h

�41◦ [hj �51◦ � (a]i] ea] �%id[f] l%[! e*  hfi][�]�� [hj [k[ h  hfi][�]�  h ea]
�61◦��71◦ i[hk]�

�� "[!%]�  hj f[e] ea[e ea] j 9]i]hf] \]e(]]h ea] a ka]�e '][) [hj j]]']�e
"[!!]* g[* [ii "] ec

∼

���4 gg� ea%� �ac( hk ea] ki][e  ii]k%![i e* cd ea]
�%id[f]�

* k%i[ ����^ �� M17A.5 Y;.8 C2@:.55,89 G@A9715 +,2 Y,4; G@Y8`3,77,89 4.:;8,�A.�



��5 ��������� �� ������� ��������� ��� �������

�21,8 P◦ HP◦ IP◦ =P◦ SP◦ JP◦ QP◦ �P◦ �P◦ �P◦L7@89 SI �Q HIP H�H H�� H�� I=S IQ� I�� =PI
L91,854 =Q HIH HJP S�H �=� IJ� I�� HHQ� ��Q H��

�[\]!![ ��4^ �� M17A.5 Y;.8 C2@:.55,89 G@A9715 +,2 Y,4; G@Y8`3,77,89 4.:;8,�A.UM17A.5 12. 2.C@24./ ,8
µ3V

�a] (ac!] j[e[ �]e� [i] '!cee]j eck]ea]i  h 	���
�7 %��� [hj %���� (a fa
�ac( ea[e 'icf]�� hk [k[ h�e ea] ki[ h [!([*� 'ic" j]� (ci�] �%id[f]� ea[h 'ic�f]�� hk [!chk ea] ki[ h� [hj ea[e +c(h�g !! hk [!([*� 'ic" j]� (ci�] �%id[f]�
ea[h �'�g !! hk�

* k%i[ ���2^ >@3C12,5@8 X.4Y..8 �� ,8 C2@:.55,89 G@A9715 +,2 Y,4; 2C` 18/ G@Y8`
3,77,89�

* k%i[ ���3^ >@3C12,5@8 X.4Y..8 �� ,8 C2@:.55,89 G@A9715 +,2 Y,4; 2C` 18/ G@Y8`
3,77,89�

��


	���
� %��8 [hj (
��� %�� f!][i!* �ac( ea[e ea] �%id[f] c\e[ h]j \* ���
�����(� [k[ h�e ea] ki[ h  � (ci�] ea[h ea] ch] c\e[ h]j ( ea ea] �[g] e]fa�h l%]� \%e [!chk ea] ki[ h� ac(]"]i� ea] j 9]i]hf]  � hce "]i* ![ik] [hj nh[!
l%[! e*  � hce "]i* j �e[he�

�� �ac(� hc ki][e  ii]k%![i e ]� ,
∼ 1��6 gg.� j%] ec ea] acgck]h] e* cd

ea] �%id[f] [h ea] a ka (ccj j]h� e* (a fa [!!c( [ h][e f%e ec cff%i ,hce] ea[e
ea �  � ch!* ei%] dci i[j [! �%id[f]�.�



���� ������� ��6

* k%i[ ���4^ �� M17A.5 Y;.8 C2@:.55,89 D1E Y,4; 2C`3,77,89 4.:;8,�A.�
�21,8 P◦ HP◦ IP◦ =P◦ SP◦ JP◦ QP◦ �P◦ �P◦ �P◦L7@89 H�I H�= H�� IHP IS� IHQ I�Q IS= I== I=�L91,854 IHP H�� IH� IIJ I�I I=Q H�I I�S IPP IH�

�[\]!![ ��5^ �� M17A.5 Y;.8 C2@:.55,89 D1E Y,4; 2C`3,77,89 4.:;8,�A. UM17A.5 12.2.C@24./ ,8
µ3�V

�h[!*� hk 'icn!]� cd �%id[f]� 'icf]��]j \* ���(������(� [k[ h�e ea] ki[ h�(] f[h ][� !* �]] ac( ea] 	e !e]j ki[ h
 j]d]fe \]fcg]�  g'cie[he dci �%id[f]
l%[! e*�  h +[) [�  h +c%k![� * i� 	���
� %��� [hj �[\!] %�	 �ac( ea[e [e �21◦
�� \]k h� ec kic( %' [hj i[' j!*  hfi][�]� %he ! �71◦ � [� ( ea +c%k![� * iea]i]  � [ �g[!! j]fi][�] [e �51◦ �

�� "[!%]� �ac(� ea[e ea] j 9]i]hf] \]e(]]h ea] a ka]�e '][) [hj j]]']�e
"[!!]* g[* i][fa

∼

��4� gg� (a fa  � ea] (ci�e "[!%] c\e[ h]j %he ! hc(�

* k%i[ ���5^ �� M17A.5 Y;.8 C2@:.55,89 D1E Y,4; G@Y8`3,77,89 4.:;8,�A.�

�21,8 P◦ HP◦ IP◦ =P◦ SP◦ JP◦ QP◦ �P◦ �P◦ �P◦L7@89 IP� I=H H�� IPH H�J ISP II� IQH H�� =HJ
L91,854 IPJ IHH H�� ISQ �=J HI=� HHJQ HJHS HH�I IQ=

�[\]!![ ��6^ �� M17A.5 Y;.8 C2@:.55,89 D1E Y,4; G@Y8`3,77,89 4.:;8,�A. UM17A.5 12.2.C@24./ ,8
µ3V�

�a] (ac!] j[e[ �]e� [i] '!cee]j eck]ea]i  h 	���
�7 %��	 [hj %���� (a fa
�ac( ea[e 'icf]�� hk [k[ h�e ea] ki[ h [!([*� 'ic" j]� (ci�] �%id[f]� ea[h 'ic�



��7 ��������� �� ������� ��������� ��� �������

f]�� hk [!chk ea] ki[ h� [hj ea[e +c(h�g !! hk [!([*� 'ic" j]� (ci�] �%id[f]�
ea[h �'�g !! hk�

* k%i[ ���6^ >@3C12,5@8 X.4Y..8 �� ,8 C2@:.55,89 D1E Y,4; 2C` 18/ G@Y8`3,77,89�

* k%i[ ���7^ >@3C12,5@8 X.4Y..8 �� ,8 C2@:.55,89 D1E Y,4; 2C` 18/ G@Y8`3,77,89�

,-� $
�����

��

+c%k![� * i ( ea gc �e%i] fche]he cd
∼

��� [hj +[) ( ea gc �e%i] fche]he
cd

∼

���4� a["] \]]h fa[i[fe]i b]j fchf]ih hk (ccj 'icf]�� hk ( ea 	%'
 [hj
	jc(h
�g !! hk e]fah l%]� [e "[i c%� ki[ h [hk!]�� �a] �%id[f]� a["] \]]h ]�[�g h]j \* g[fic�fc' f [h[!*� � [hj c\�]i"]j ( ea ���� [hj 'icn!]� a["] \]]hg][�%i]j� 'icf]��]j [hj fcg'[i]j� �a] g[ h i]�%!e� cd ea � i]�][ifa g[* \]
�%gg[i b]j [� dc!!c(��

�� +c%k![� * i �ac(� [ j 9]i]he \]a[" c%i \]e(]]h ][i!*� [hj ![e]�(ccj�
[hj \]e(]]h 'icf]�� hk [!chk ea] ki[ h [hj [k[ h�e ea] ki[ h� �a] �%id[f]
l%[! e* j]fi][�]� [� ea] ki[ h [hk!]  hfi][�]�� [hj ea] �%id[f]� 'icf]��]j
[!chk ea] ki[ h [i] e*' f[!!* \]ee]i ea[h eac�] 'icf]��]j [k[ h�e ea] ki[ h�

�� +c%k![� * i 'icf]��]j [!chk ea] ki[ h ( ea �'�g !! hk e]fah l%] 'ic" j]�
� g ![i i]�%!e� [� ( ea +c(h�g !! hk�  h e]ig� cd nh[! l%[! e*� �'�g !! hk � \]ee]i dci �g[!! ki[ h [hk!]� ,fchfac j[! di[fe%i]� [i] !]�� di]l%]he.�(a !] +c(h�g !! hk  � \]ee]i dci ![ik] ki[ h [hk!]� ,e]hj]hf* ec k]h]i[e]
ecih (ccj '[ie f!]�  h ea] ][i!*�(ccj  � �g[!!]i.� 	[e]�(ccj e*' f[!!*
�ac(� [ kccj nh[! l%[! e*�



���� ������������ ��8
2� +c%k![� * i 'icf]��]j [k[ h�e ea] ki[ h \* �'�g !! hk 'ic" j]� g%fa \]e�e]i �%id[f]� ea[h \* +c(h�g !! hk� �icf]�� hk \* +c(h�g !! hk 'icj%f]� [

j]d]fe hce fch� j]i]j \* ea] ���� +��555�76 �e[hj[ij� &] f[!!]j 	e !e]j
ki[ h
 ea � j]d]fe� (a fa � kh nf[he!* [9]fe� ea] nh[! �%id[f] l%[! e*�

3� +[) �ac(� [ j 9]i]he \]a[" c%i ,ac(]"]i� �g[!!]i ea[h +c%k![� * i. \]e�(]]h ][i!*� [hj ![e]�(ccj� [hj \]e(]]h 'icf]�� hk [!chk ea] ki[ h [hj
[k[ h�e ea] ki[ h� �a] �%id[f] l%[! e* j]fi][�]� [� ea] ki[ h [hk!]  hfi][��]�� [hj ea] �%id[f]� 'icf]��]j [!chk ea] ki[ h [i] e*' f[!!* \]ee]i ea[heac�] 'icf]��]j [k[ h�e ea] ki[ h�

4� +[) 'icf]��]j [!chk ea] ki[ h ( ea �'�g !! hk e]fah l%] 'ic" j]� "]i*� g ![i i]�%!e� [� ( ea +c(h�g !! hk�  h e]ig� cd nh[! l%[! e*� 0c(]"]iea] dc!!c( hk g hci j]d]fe ,'icj%f hk [h %h'!][�[he e[fe !] ]9]fe. cde]hcff%i�^ ea] "]��]! ([!!  � '%�a]j  h� j] ea] "]��]!  e�]!d� [hj fcg]� \[f)
[\c"] ea] �%id[f] !]"]! [de]i ea] ecc! a[� '[��]j�

5� +[) 'icf]��]j [k[ h�e ea] ki[ h \* �'�g !! hk 'ic" j]� g%fa \]ee]i �%id[�f]� ea[h \* +c(h�g !! hk� �icf]�� hk \* +c(h�g !! hk 'icj%f]� [ j]d]fe
hce fch� j]i]j \* ea] ���� +��555�76 �e[hj[ij� &] f[!!]j 	e !e]j ki[ h
ea � j]d]fe� (a fa � kh nf[he!* [9]fe� ea] nh[! �%id[f] l%[! e*� *ci h[i�ic( ki[ h [hk!]� ,��1◦ � ��1◦. ea] �%id[f] l%[! e*  � a ka [hj ea] f%e "]i*�a[i'�

6� *ci \cea �']f ]� ea] (ci�] �%id[f] l%[! e* cff%i� \* +c(h�g !! hk [k[ h��e ea] ki[ h� ea] �]fchj (ci�] cff%i� \* �'�g !! hk [k[ h�e ea] ki[ h�
�icf]�� hk [!chk ea] ki[ h 'icj%f]� � g ![i l%[! e* dci \cea �'� [hj
+c(h�g !! hk�

7� �'�g !! hk  � e*' f[!!* ea] \]�e e]fah l%] dci g[fa h hk �c! j (ccj�

,-� �
��

%	&�
	
�� �]ki �� �c! �� �111� �%[! e� j]!!] �%']inf !["ci[e] j]! !]khc j �\]e]

ic��c ] j +c%k![� [ "[!%e[e[ fch %h[ c''cie%h[ f![�� nf[b ch] " �%[!]�
	]khc ([ie[ ] (]!!%!c�[� �',�.^�1����

�� �i]f � ch +]" f]�� 'hf�� �%id[f] �]eic!ck* �% j]� (]\ [jji]��^
aee'^��(((�'i]j]"�fcg��gk�

2� (*i[ ��� �[h[)[ (� �111� �a] ]9]fe� cd (ccj�n\]i j i]fe ch� ch [fc%�e f
]g �� ch  h ic%e h]� &ccj �f ]hf] [hj �]fahc!ck* 23 ,�111. �26��4��3� 	c]ah]ieb �� ��� �[bl%]b (ccb '� �887� �[(eccea *cif]�  h (%ee hk �ic�' f[! 0[ij(ccj� �[e "] ec �c%ea �g]i f[� *ci]�e �icj%fe� 	[\ci[eci*�
�]�][ifa �[']i *�	����456�

4� ���� +��555 �876� �e[hj[ij g]eacj� dci (chj%fe hk �[fa h hk �]�e�
cd &ccj [hj &ccj��[�] �[e]i [!�� �hh%[! �cc) cd ���� �e[hj[ij��
�c!%g] 13�18 &ccj^ �46��65�
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5� �c! ��� �!]ich 	���[ifa[! ��� �b ]!! 	�� �]ki �� �11�� �][�%i]g]he cd
f%ee hk dcif]��  h gc%!j hk (ccj [e "[i c%� ki[ h [hk!]�� 'h e [!� i]�%!e�( ea +c%k![� * i� �c \] '%\! �a]j  h ea] �icf]]j hk� cd ea] (chd]i]hf]^
&ccj �f ]hf] [hj ]hk h]]i hk  h ea] ea ij g !!]hh %g � �i[�c" ,�+. �
�c"]g\]i �6��7th

�11��
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%�7


�
& 'h ea] di[g](ci) cd [ i]�][ifa j][! hk ( ea �%id[f] l%[! e* [hj �%id[f]
dcig[e ch g]fa[h f� �cg] �']f g]h� cd +c%k![� ni [hj +[) a["] \]]h ic%e]j [e
j 9]i]he ki[ h [hk!]� ( ea [ 2�[� � ic%e hk g[fa h]� ( ea %'� [hj jc(h�g !! hke]fah l%]�� (%ee hk dcif]� a["] \]]h g][�%i]j \* [ ei �[� [! j*h[gcg]ei f'![edcig� [h  he]i'i]e[e ch cd ea] i \]a[" c%i  � 'ic'c�]j [hj ea] j 9]i]he
'icf]��]� a["] \]]h �e%j ]j [hj fcg'[i]j� �a] i]�%!e� cd c%i �e%j* �ac( ea]
\]a[" c%i cd '[i[!!]! [hj hcig[! dcif]� [� [h  h2%]hf] cd ea] ki[ h [hk!]� [hj
k "] [ k]cg]ei f[! ]�'![h[e ch� (cg'[i �ch cd j[e[ dicg %'� [hj jc(h�g !! hk�ac(� ac( f%ee hk dcif]� [i]  h2%]hf]j \* f%ee hk k]cg]ei*� [hj fch�]l%]he!*
ea] g[ h j 9]i]hf]� \]e(]]h ea]�] e(c e]fah l%]�� +[e[ cd +c%k![� ni [hj +[)
[i] fcg'[i]j [� (]!! e(c j 9]i]he j]'ea� cd f%e dci +c%k![� ni�

�-. /��	
0���

�
'h (ccj g[fa h hk  e  � (]!! )hc(h ea[e ea] nh[! l%[! e* j]']hj� ch g[h*
d[feci�� +h] cd ea] g[ h d[feci�  � ea] ki[ h j i]fe ch� 'h d[fe� 'icf]�� hk
	( ea
 ci 	[k[ h�e ea] ki[ h
 'ic" j]� i][!!* j 9]i]he f%ee hk fchj e ch�� �a]
ki[ h j i]fe ch a[� [h  g'cie[he ic!] ch ea] f%ee hk g]fa[h f� \]f[%�] cd ea]
j 9]i]he g]fa[h f[! 'ic']ie ]� cd (ccj  h ea] j 9]i]he �]fe ch�� �a]�]  he]�i[fe ch� j]']hj ch g[h* d[feci�� 	 he]ih[!
 ci 	]�e]ih[!
 ec ea] (ccj� 'h c%i

�2�
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f[�] ]"]i* d[feci a[� \]]h )]'e fch�e[he�  h cij]i ec ]�e[\! �a ea] ic!] cd ea]
ki[ h [hk!]� � fcg'!]e] (ci) cd �%id[f] fa[i[fe]i �[e ch a[� \]]h jch]� ei* hkec %hj]i�e[hj ea] �%id[f] dcig[e ch g]fa[h f� ��c! ]e [!� �11�,6.�� ea] �%id[f]
nh[! l%[! e* ��c! ]e [!��11�,7.�� ea] f%ee hk dcif]� [hj ea] fa ' dcig[e ch [hje*'c!ck* [ffcij hk ec j 9]i]he g !! hk e]fah l%]� ,�%' [hj jc(h�g !! hk.� (ccj�']f ]� [hj f%ee hk j]'ea�� � %h d* hk [''ic[fa ec �%id[f] l%[! e* j]']hj hkec ea] ki[ h j i]fe ch �]]g� ec \] 'c�� \!]�

�-� �&��	
&�� &�0 ���

0�
����� ��� ��������� �������
'h cij]i ec j]nh] ea] \]�e �]ee hk� ec 'icf]�� ea] �']f g]h�� �cg] 'i]! g h[i*e]�e� (]i] ']idcig]j� +c%k![� ni a[� \]]h 'icf]��]j [e j 9]i]he ki[ h [hk!]��( ea j 9]i]he j]'ea� cd f%e� d]]j hk �']]j� [hj ecc! i]"c!%e ch� '[i g h%e]�
�a] �']f g]h� (]i] ]l% ! \i[e]j [e [h ["]i[k] gc �e%i] fche]he cd �2��� dci
+c%k![� ni [hj ���5� dci +[) ,�]] (
���7 ���� ��*� ���.� �a] cea]i '[i[g]e]i�a[� \]]h fac�]h  h cij]i ec c\e[ h [ d[�e 'icf]�� hk [hj [ kccj nh[! l%[! e*�( ea ea] ["[ ![\!] [''[i[e%�� &] ']idcig]j g[h* e]�e� 'icf]�� hk 	%'�
 [hj
	jc(h�g !! hk
�  h cij]i ec  j]he d* ea] gc�e �% e[\!] e]fahc!ck* [hj ec [h[!*�]
ea] f%ee hk dcif]�  h ea] e(c 'icf]��]�� [hj [ fcg'!]e] e]�e a[� \]]h fchj%fe]jdci +c%k![� ni ,( ea [ j]'ea cd f%e cd 1�4 gg [hj ��4 gg. [hj +[)� �de]i�cg]  h"]�e k[e ch� ea] �]e�%' i]'cie]j  h ea] (
���7 ���� ��*� ����

01213.4.25 ,3C@5./6,77,89 31:;,8.< = 1-.5 >?> 2@A4.2B@@/ 5C.:,.5< D1EF G@A9715 +,2T1E. 1897. (α)< 20◦>7.1218:. 1897. UβV< HJ
◦W8,M.5 3@A84./ @8 4;. :A44,89 ;.1/< I

W8,M.5 314.2,17< 4A8954.8 :12X,/. 5:2.Y./ ,85.245 UZBV>A44,89 ;.1/ /,13.4.2< SP 33
�[\]!![ ���^ _-C.2,3.8417 5.4`AC 1/@C4./ �@2 4;. 4.545�

(%ee hk '[i[g]e]i�
>A44,89 7.894;< �P 33
>A44,89 ;.,9;4< =P 33+../,89 5C../< J 3R3,8
T@414,@8 5C../< H=�Q� T.M�R3,8
>A44,89 4.:;8,�A.< /@Y8`3,77,89F AC`3,77,89
02@:.55,89< 17@89 4;. 921,8 /,2.:4,@8 ` 191,854 4;. 921,8 /,2.:4,@8

�[\]!![ ���^ _-C.2,3.8417 5.4`AC 1/@C4./ �@2 4;. 4.545�
�a] !]hkea cd ea] �']f g]h a[� \]]h fac�]h  h cij]i ec \] a]!j ( ea h ea]

j*h[gcg]ei f '![edcig \cij]i�� [hj  e� a] kae  h d%hfe ch cd ea] ecc! ]jk]
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�']f ]� fa[i[fe]i �e f� +c%k![� * i +[)
B@@/ 3@,54A2. :@84.84< �2���

∼

���5�
∼LM.219. 5C.:,N: 921M,4O< 1�32 k�fg

3 1�55 k�fg
3

>A44,89 /.C4;< 1�4 � ��4 gg 1�4 gg
�[\]!![ ��2^ _-C.2,3.8417 5.4`AC 1/@C4./ �@2 4;. 4.545�

!]hkea� �a] f%ee hk j]'ea a[� \]]h fac�]h  h 1�4 [hj ��4 gg dci +c%k![� ni
[hj  h 1�4 gg dci +[)� �a] (ccj ([� �a[']j  h cij]i ec ["c j [ fche[fe ( ea
ea] ec' cd ea] ecc! ,ch!* ![e]i[! fche[fe.� ec ["c j %hj]� i]j j �e%i\[hf]�  h ea]
g][�%i]�� �a] �']f g]h  � a]!j %'ch ea] j*h[gcg]ei f '![edcig \* e(c �fi](�
[hj [ g]e[! '![e] fcg'i]�� hk  e�]!d� �a] j*h[gcg]ei f '![edcig  � n�]j \*
dc%i �fi](� ch [ i]fe n]j �e]]! '![e]� e kae!* a]!j ec ea] g[fa h] e[\!] \* [
"[f%%g �*�e]g� �a] (] kae cd ea] (ac!] �*�e]g ([� ]hc%ka ec )]]'  e �e[\!]�
[hj ea] "[f%%g �*�e]g a]!j  e �e o* [k[ h�e ea] g[fa h] e[\!]� �a] ki[ h
[hk!] ,

ξ) (]i] fa[hk]j dicg 1◦ ec 81◦ ( ea 'icki]�� "]  hfi]g]he� cd �1◦ � �a]
%�] cd ea] 	�
 \]dci] ea] [hk!] "[!%] g][h� ea[e ea] �%id[f] a[� \]]h 'icf]��]j
	[k[ h�e ea] ki[ h j i]fe ch
 cea]i( �] ea] �%id[f] a[� \]]h 'icf]��]j 	( ea ea]
ki[ h
� �a] 'i]�]hf] cd �1◦ m [hj ��1◦ m [hj cd �81◦ m [hj ��81◦ m g][h� ea[e ea]
�[g] �%id[f] a[� \]]h 'icf]��]j [de]i \] hk e !e]j \* �71◦ � �a ��  �]� 'icf]�� hk h ea] e(c c''c� e] j i]fe ch�� ([� jch]  h cij]i ec "]i d* ea] �% e[\ ! e* cd ea]
g][�%i]� ea[e  h \cea f[�]� �ac%!j a["] ea] �[g] "[!%]� &] %�]j �']f g]h�( ea [hh%[! i hk� ci ]he]j �c ea[e [ i[j [! d[f]  � 'icf]��]j�  h cij]i ec ["c jea] [!e]ih[e hk cd ][i!*� [hj ![e]�(ccj� fch�]l%]he!* ea] �%id[f] l%[! e* i]�%!e�
dicg 'icf]�� hk ][i!*� [hj ![e]�(ccj �]'[i[e]!*� ( ea hc  he]i[fe ch \]e(]]hea] e(c� [hj f%ee hk dcif]� ( !! hce \] [9]fe]j \* ea] i [!e]ih[e ch�

����� ������� ������ ����������� ��� �����������
�a] g][�%i]g]he cd f%ee hk dcif]� j%i hk [ ic%e hk 'icf]��  � [ l% e] fcg'! f[e]
c']i[e ch \]f[%�] cd ea] a ka di]l%]hf* [hj ea] ']i cj f[! �c! f e[e ch ea[e
]�f e] ea] �*�e]g ec " \i[e] [ffcij hk ec  e� h[e%i[! di]l%]hf*� �ci]c"]i [g[fa h] ( ea gci] [� � 'icj%f] !ce� cd " \i[e ch� [9]fe hk ea] � kh[!� *ci ea �
i][�ch (] i]j%f]j [� g%fa [� 'c�� \!] ea] g[�� a[hj hk c"]i ea] '![edcig� �a]
g][�%i hk �*�e]g  � [ ei �[� [! j*h[gcg]ei f ' ]bc]!]fei f '![edcig� fchh]fe]jec eai]] fa[ik] [g'! n]i� �( efa]j ec 	!chk
 gcj[! e*� &] g][�%i]j f%ee hkdcif]� [!chk ea] ei]] [�]�� ea]i]dci] ch!* e(c cd ea]g ,� [hj �. [i] [h[!*�]j h ea � '[']i� +[e[ a["] \]]h fc!!]fe]j� �eci]j [hj [h[!*�]j \* [h [fl% � e ch\c[ij [hj ea] g][h� cd ea] fcg'%e]i [h[!*� �� �a] �]e %'  � i]'cie]j  h (
���
����

�a] dcif]� [i] ci ]he]j [� dc!!c(�^ ea] 	'[i[!!]! dcif]
  � ci ]he]j [!chk ea]
d]]j hk j i]fe ch [hj a[�  e� 'c� e "] "]i�%�  h ea] f%ee hk j i]fe ch� ea] 	hci�g[! dcif]
  � ci ]he]j ']i']hj f%![i!* ec ea] d]]j hk j i]fe ch [hj  e� "]i�]  �
'c� e "] kc hk  h� j] ea] �%id[f]� �cea '[i[!!]! [hj hcig[! dcif] [i]  h ea] �[g]
aci bche[! '![h]�
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�][�%i hk �*�e]g �i �[� [! j*h[gcg]ei f ' ]bc '![edcig
0714�@23 :A4`@� �2.�A.8:O 2111 0b
L:�A,5,4,@8 /.M,:. (cg'%e]i \c[ijL84, 17,15 N74.2 �]fa[h f[!

13C7,89 �2.�A.8:O �1�111 0b

�[\]!![ ��3^ L:�A,5,4,@8 5O54.3 5.4`AC�

����� ������� ������ ��������
�a] g][�%i]g]he cd f%ee hk dcif]� j%i hk 'icf]�� hk  � [!([*� j �f%!e� \]f[%��] cd ea]  he]id]i]hf]� \ic%kae \* [!! ea] " \i[e ch� [9]fe hk ea] �*�e]g� �a]
� kh[!  � cde]h j �f%!e ec [h[!*�]� [hj ec i]ei ]"] f%ee hk dcif]�  � [ i][!!* fcg�'! f[e] c']i[e ch� *ci ea � i][�ch  e a[� \]]h h]f]��[i* ec c']i[e] [h  g'cie[he
n!e]i hk� �* [ � j] n!e]i hk "]i* g%fa (c%!j [9]fe ea] j[e[� \%e [e ea] �[g]
e g] (c%!j f!][h ea]g dicg %�]!]�� hc �]� �"]h  d n!e]i]j j[e[ jc hce i]'i]�]he
]�[fe!* f%ee hk dcif]�� ea]* [i] ][�* ec [h[!*�] [hj ec 'icf]�� [hj hce d[i dicg
i][! f%ee hk dcif]� ,[h*([* f!c�]i ea[h ( ea hc �].� *ci ea � i][�ch [ n!e]i e*']
�%ee]i(ciea cd 3ea cij]i �]e [� !c(�'[�� [e 411 0b� a[� \]]h %�]j ec f!][h ea]
j[e[ dicg hc �]� (ch� j]i hk ea[e 411 0b  � \ kk]i ea[h f%ee hk di]l%]hf* ,35�
0b. (] �ac%!j hce � kh nf[he!* [9]fe ea] � kh[!� [hj ea] ]g\]jj]j j[e[� �a]
f%ee hk fchj e ch� [i] i]'cie]j  h (
��� ��8�

(%ee hk a][j i]"c!%e ch di]l%]hf* �2� 0b
�,3. 4@ 31E. 1 2.M@7A4,@8 1�1132 �]f
>A44,89 �2.�A.8:O UI ./9.5V 35� 0b
�,3. X.4Y..8 4Y@ :;,C5 1�11�� �]f

�[\]!![ ��4^ 
O54.3 C.2,@/,:,4O�
[hj ea] [h[!*� � fchj e ch [i] �]e  h (
��� ����

* !e]i *i]l%]hf* 411 0b
D2/.2 3ea
�OC. 	c(�'[��

�[\]!![ ��5^ L817O5,5 :@8/,4,@85�
�a] jcg[ h [h[!*�]j  � [!([*� ea] e g] [hj (] %�] ea] hcig[! e g]� he]h� e*

ki['a [hj ea] [%ecfcii]![e ch d%hfe ch ,[%ecfcii]![e ch  � [ d%hfe ch ea[e [!!c(
%� ec i]ei ]"] ea] ']i cj f e* cd [ �*�e]g.�
0]i] dc!!c(� �cg] ]�[g'!]� cd ea] fc!!]fe]j j[e[ [hj cd ea] ']idcig]j [h[!*� ��+h ea] � [� � dci \cea � kh[!�  � i]'cie]j ea] 	� g]
� (a !] ch ea] � [� �
j i]fe!* ea] dcif]  h 	�](ech
 dci e g]� he]h� e* [h[!*� �� [hj [h  hj]� kc hkdicg � ec �� ,�^ ']id]fe!* fcii]![e]j� ��^ [he �fcii]![e]j. dci ea] [%ecfcii]![e chd%hfe ch� �a] ni�e e]�e (] a["] jch]  � ec "]i d* ea] [\�]hf] cd hc �] (a !] ea]
g[fa h] ([� gc" hk \%e hce 'icf]�� hk ,�]] 	���
�7 ����
� [hj ������.� 'h ea]
ki['a� ea] � a[� ec \] i]j [� 	hcig[! dcif]
 [hj ea] � [� 	'[i[!!]! dcif]
�
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* k%i[ ���^ +,74.2./ 18/ 8@8 N74.2./ 5,9817 Y;,7. 4;. 31:;,8. ,5 3@M,89 Y,4;@A4
C2@:.55,89 Y@@/ U,/7.V�

+hf] "]i n]j ea] [\�]hf] cd � kh nf[he hc �]� (] \]k[h ea] [h[!*� � cd ea]
� kh[!� [fl% i]j (a !] 'icf]�� hk� �a] n!e]i]j [hj hch n!e]i]j � kh[!� !cc) ! )]
 h 	���
�7 ��*�
� [hj ��*���� �� f[h \] ][� !* �]]h� "[!!]*� a["] [ �! kae!*
j 9]i]he "[!%]  h ea] e(c f[�]� ,n!e]i]j [hj hch�n!e]i]j.� \%e  d ea] hch�n!e]i]j� kh[! fche[ h� ea]  hdcig[e ch (] [i] �]]) hk�  e a[� ecc g%fa hc �] ec \]
f!][i!* i]j� * !e]i]j � kh[!� ]"]h  d hce ]�[fe!* i]'i]�]he hk ea] f%ee hk dcif]��
 � "]i* (]!! fcii]![e]j ec ea]g� *ci ea � i][�ch (] a["] fac�]h ec [h[!*�] ea �
ch]�

��� �	� ������0 ��� �������0

* k%i[ ���^ +,74.2./ 18/ 8@8 N74.2./ 5,9817 Y;,7. 4;. 31:;,8. ,5 3@M,89 18/ C2@:.55,89
1 5C.:,3.8 Y,4;

ξ20◦ �

�a] [h[!*� � cd ea] [%ecfcii]![e ch d%hfe ch (a !] ea] g[fa h]  � gc" hk\%e hce 'icf]�� hk jc]�hme �ac( [h* '[ie f%![i ']i cj f e*� (a !] 'icf]�� hk (]
f[h ][� !* �]] ea] ']i cj f e* cd ea] d%hfe ch� �a] j �e[hf] cd ea] ni�e '][) dicg
ea] b]ic  � 1�1132 �]f�� ]�[fe!* ea] e g] h]f]��[i* dci [ i]"c!%e ch ,�]] 	���
�7
����
� [hj ������.�

0]i] dc!!c(� [ j]]']i [h[!*� � cd e g] [hj [%ecfcii]![e ch d%hfe ch� dci [�']f g]h 'icf]��]j  h ea] ki[ h j i]fe ch ( ea [ ki[ h [hk!] cd 51◦ �
�a] [fl% i]j � kh[!��  h ea] e g] jcg[ h� fa[hk] cd  he]h� e* j]']hj hk chea] ki[ h j i]fe ch� \%e ea] �a[']� [i] "]i* h][i ,�]] 	���
� ���.� �� ]�']fe]jea] g[ h dcif]  � ea] 	'[i[!!]! dcif]
 ,i]'i]�]he]j [� �.� �* ea � '!ce [''][i�g[h d]�e ea] ']i cj f e* cd ea] d%hfe ch� �a] e g] ]!['�]j  h [ f*f!] ,i]'i]�]he]j\* ea] f%i�ci� 'c� e ch. ([� g][�%i]j  h 1�1132 �]f��  e g][h� ea[e ]"]i* f*f!]

 h ea] ki['a fcii]�'chj� ec [ i]"c!%e ch cd ea] ecc!� 'h c%i 'icf]�� (] a["] e(c
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��� �0�� ��� ���.���� ����
ξ20◦* k%i[ ��2^ LA4@:@22.714,@8 @� N74.2./ 5,9817 C2@:.55,89 ,/7. 18/ C2@:.55,89 1

5C.:,3.8 Y,4; 1 921,8 1897. @� IP◦ �

ecc!�  h"c!"]j� [hj  e g][h� ea[e [ ecc! jc]� hce f%e� �� )hc(h (a]h gci]ea[h ch] ]jk]  �  h"c!"]j  h ea] f%e� ch] f%e� gci] ea[h ea] cea]i�� \%e  h ea �
f[�] ea] f%ee hk cd ea] �]fchj ]jk]  � hce " � \!] [e [!!�

��� ���� ������0 
����� ��� �
�	.	�������	� �
�.��	�

* k%i[ ��3^ +,74.2./ 5,9817 18/ ,45 1A4@:@22.714,@8 �A8:4,@8 C2@:.55,89 1 5C.:,3.8Y,4; 1 921,8 1897. @� QP◦ �

�c j]e]ig h] ea] f%ee hk dcif]� j%i hk ea] 'icf]���(] g][�%i]j ea] j]]']�e
"[!!]* fch�]l%]he cd [h  g'[fe  h ea] n!e]i]j � kh[!� &] a["] jch] �4 g][�%i]�g]he�� [hj [de]i (] a["] jch] [h ["]i[k] ec j]e]ig h] ea] f%ee hk dcif]�� �a �
c']i[e ch  � 'c�� \!] \]f[%�] cd ea] ]�ei]g] i]k%![i e* cd ea] � kh[!�� [� f[h \]
�]]h dicg ea] �e[hj[ij +]" [e ch i]'cie]j  h (
��� ��	�

�G� P HP IP =P SP JP QP �P �P �P
	 ` AC`3,77 ` Y,4; 92� PFQ PF� PF� I PF� HF� PF� PFJ HFP HF�

 ` AC`3,77 ` 191,854 92� PF= PFQ PF� PF� PF� PF� PFJ HFP PFJ PF�
	 ` /@Y8`3,77 ` Y,4; 92� PFS HFP PFS HFJ PFQ HFH HF� PFI PFS PF�

 ` /@Y8`3,77 ` 191,854 92� PFS PFS PFQ PF= PFS PFS PFJ PF� HFI PFS

�[\]!![ ��6^ 
418/12/ /.M,14,@8 ,8 3.15A2./ :A44,89 �@2:.5�
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�]h]i[! i]�%!e� a[� \]]h ji[(h [\c%e %'� [hj jc(h�g !! hk e]fah l%]�� [h[!*�� hk ea] f%ee hk dcif]� g][�%i]j dci +c%k![� ni 'icf]��]j ( ea 1�4 gg cd j]'ea
cd f%e� �a]�] i]�%!e� a["] \]]h fcg'[i]j ( ea ea] i]�%!e� c\e[ h]j 'icf]�� hk
+c%k![� ni ( ea [ j]'ea cd f%e cd ��4 gg [hj +[) ( ea [ j]'ea cd f%e cd 1�4gg� * h[!!* [!! ea] j[e[ [i] c\�]i"]j [hj [h[!*�]j eck]ea]i� 'h ea] ki['a�(]i] ki[ h [hk!]  � i]'cie]j dicg 1◦ %he ! 81◦  e  � g[i)]j  d ea] j[e[ fchf]ih ea]
dcif]� 'icf]�� hk 	( ea ea] ki[ h
 ci 	[k[ h�e ea] ki[ h
 ,1�81 ki['a�.� *ci ea]
ki['a� kc hk dicg �81◦ ec 81◦ ea] h]k[e "] [hk!] fchf]ih� ea] "[!%]� g][�%i]j'icf]�� hk [k[ h�e ea] ki[ h� (a !] ea] 'c� e "]�ch] fchf]ih� ea] j[e[ c\e[ h]j'icf]�� hk ( ea ea] ki[ h� �a] 1◦ g][h� ea[e ea] �']f g]h a[� \]]h 'icf]��]j
[e �ei[ kae ki[ h�

����� ���������� ��
�

�������
& ea ea � e]fah l%] ea] g[ h 'c he� [i] ea[e ea] \![j] gc"]� %'([ij j%i hk ea]
f%e [hj ea[e ea] \![j] (a !] 'icf]�� hk gc"]�  h ea] j i]fe ch (a]i] ea] �%id[f]
a["] *]e ec \] 'icf]��]j ,jc(h g !! hk  � ea] fchei[i*. \]k hh hk ec f%e ea] fa '
dicg ea] ea hh]i '[ie� �� ni�e (] f[h i]g[i) ea[e ea] '[i[!!]! dcif]  � [!([*�
 hfi][� hk dicg 1◦ %he ! 81◦ � (a !] dci ea] hcig[! dcif] (] f[h �]] �cg] hch! h][i ]"c!%e ch�� �ci]c"]i (] f[h c\�]i"] ea[e ea] '[i[!!]! dcif] ,[� ]�']fe]j.
 � [!([*� \ kk]i ea[h ea] hcig[! dcif] [hj ea � ch]  � [!([*� \ kk]i 'icf]�� hk( ea ea] ki[ h ea[h [k[ h�e ea] ki[ h� �a � \]a[" c%i  � \]f[%�] 'icf]�� hk h ea] ki[ h j i]fe ch ea] ecc! ]�]ie [ fic���fcg'i]�� ch ea[e g[)]� ea] f%e
a[ij]i� �icf]�� hk [k[ h�e ea] ki[ h  h k]h]i[! 'icj%f] fic���e]h� ch ea[e !][j�
ec [h ][� ]i f%e� *ci ea] "[i [e ch�  h ea] hcig[! dcif]� �e%j* hk k]cg]ei f[!!*
ea] 'ic\!]g (] f[h f[!f%![e] �cg] � kh nf[he [hk!]�  h ea] 'icf]��� �icf]�� hk h ea] k[ h j i]fe ch 	�1◦
  � [h  g'cie[he [hk!] \]f[%�] ea] ki[ h j i]fe ch � ']i']hj f%![i ec ea] i[)] d[f]� �a � �ac%!j !][j ec [h  hfi][�] cd f%ee hkdcif]� \]f[%�] [� ]�'![ h]j ea] f%e  � a[ij]i  d ]�]ie]j dci fic���fcg'i]�� ch�
�icf]�� hk [k[ h�e ea] ki[ h [h  g'cie[he [hk!]  � 	�61◦
 \]f[%�] ea] ki[ h  �
'[i[!!]! ec ea] i[)] d[f] !][j hk ec [ f%ee hk dcif]� j]fi][�] \]f[%�] ea] f%e,cde]h ea] fa ' 'icf]�� hk [k[ h�e ea] ki[ h  � hce f%e \%e \ic)]h. a['']h�
dci fic���e]h� ch� �a]�] e(c ea]ci]e f[! [hk!]� �ac%!j "[i* cd �cg] j]ki]]�
\]f[%�] ea] g[� g[! dcif]  � hce ]�]ie]j  h ea] 'c he cd e[hk]hf* \]e(]]h ea]
�%id[f] [hj ea] ecc! \%e [de]i ea[e ea] f%e a[� \]k[h [hj ea] fa ' a[�  hfi][�]ja � ea f)h]��� �a]�] e(c 'c he� f[h \] ][� !* �]]h c\�]i" hk ea] hcig[! dcif]
\]a[" c%i  h 	���
� ��8(a]i] ea] g[� g%g 'icf]�� hk ( ea ea] ki[ h  � [e 21◦ �(a !] ea] g h g%g 'icf]�� hk [k[ h�e ea] ki[ h  � !cf[e]j [e �61◦ � �a] �[g]
j[e[ [i] '!cee]j  h 	���
�7 ��8�
� [hj ��8����
����� ���������� ����
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�������
& ea ea � e]fah l%] ea] g[ h 'c he� [i] ea[e j%i hk ea] f%e ea] \![j] gc"]�
jc(h([ij [hj  h ea] j i]fe ch (a]i] ea] �%id[f] a["] [!i][j* \]]h 'icf]��]j�\]k hh hk ec f%e ea] fa ' dicg ea] ea f)]i '[ie� & ea ea � e]fah l%] dci \cea
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* k%i[ ��4^ PR�P U1V 18/ `�PR�P UXV /,192135 @� :A44,89 �@2:.5 AC`3,77,89 G@A9715 N2
Y,4; PFJ 33 @� /.C4; @� :A4�

'[i[!!]! [hj hcig[! dcif] (] f[h �]] �cg] hch ! h][i ]"c!%e ch� fa[hk hk ea]
ki[ h j i]fe ch� �ci]c"]i (] f[h �[* ea[e ea] '[i[!!]! dcif] ,[� ]�']fe]j.  �
[!([*� \ kk]i ea[h ea] hcig[! dcif] [hj ea � ch]  � [!([*� \ kk]i 'icf]�� hk( ea ea] ki[ h ea[h [k[ h�e ea] ki[ h� �a � \]a[" c%i f[h \] ]�'![ h]j [� dci
%' g !! hk e]fah l%]� *ci ea] "[i [e ch�  h ea] dcif] g[kh e%j] (] f[h k "] ea]
�[g] ]�'![h[e ch� k "]h dci %'�g !! hk \%e ]"]i*ea hk  � ei[h�'c�]j cd ��1◦ ,ea]
g[� g%g  h 21◦ %'�g !! hk jc(h�g !! hk  � [e �1◦ � [hj ea] g h g%g  h �61◦%'�g !! hk� jc(h�g !! hk  �  h �81◦.� ea] i][�ch� ( !! \] ]�'![ h]j  h ea] h]�e
'[i[ki['a� �a] �[g] j[e[ [i] '!cee]j  h 	���
�7 ����
� [hj �������
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Douglas fir down−milling − 0,5 mm − with and against the grain

parallel tool force − with the grain   
normal tool force − with the grain     
parallel tool force − against the grain
normal tool force − against the grain  

��� ,�1, 0������ 0	���������� 0	
���
 ��
−100 −80 −60 −40 −20 0 20 40 60 80 100

0

5

10

15

20

25

Grain angle (°)

Cu
tti

ng
 fo

rc
es

 (N
)

Douglas fir up−milling − 0,5 mm − with and against the grain

parallel tool force − with and against the grain
normal tool force − with and against the grain  
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* k%i[ ��5^ PR�P U1V 18/ `�PR�P UXV /,192135 @� :A44,89 �@2:.5 /@Y8`3,77,89 G@A9715N2 Y,4; PFJ 33 @� /.C4; @� :A4�
�a] ki][e �!c']  h '[i[!!]! dcif] 'icf]�� hk jc(h g !! hk  � \]f[%�] cd ea]

'i]�]hf] cd [ '[ie f%![i j]d]fe� f[!!]j e !e]j ki[ h \* ea] [%eaci� ,�]] 	���
�
��	���.� 'h ea � j]d]fe (ccj ![*]i� [i] \ic)]h dci fic���e]h� ch [hj e !e]j�
�a] hcig[! dcif]� [� ea] '[i[!!]! ch] [i] !c( \]f[%�] [� (]!! )hc(h (ccjfic���e]h� ch 'ic']ie ]� [i] "]i* (]])�
����� ���������� ������� ���������� ��

�

��� ���� �������
(cg'[i hk %'� [hj jc(h�g !! hk ,�]] 	���
� ��	. (] f[h ][� !* c\�]i"] ea[e
'icf]�� hk ( ea ea] ki[ h� ea] '[i[!!]! dcif] �ac(� "[!%]� ea[e [i] "]i* f!c�]�
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(a !] 'icf]�� hk [k[ h�e ea] ki[ h ea] jc(h�g !! hk "[!%]� [i]  h k]h]i[! !c(]iea[h eac�] g][�%i]j %'�g !! hk� �a �  � \]f[%�] cd ea] f e]j j]d]fe 	e !e]j ki[ h
ea[e �]e %' ch!* ( ea jc(h�g !! hk e]fah l%]� �\c%e ea] hcig[! dcif] (] f[h�]] ea[e jc(h�g !! hk  � [!([*� a ka]i ea[h %' g !! hk� ea �  � \]f[%�] ( ea
ea] jc(h�g !! hk e]fah l%] ea] f%e �e[ie� dicg ea] ea f)]i '[ie [hj ea] gce ch � jc(h([ij� � "]i*  g'cie[he '[ie f%![i ec hce]  � ea[e ea] �a[']� cd %'�[hj jc(h�g !! hk j [ki[g� [i] "]i* � g ![i� \%e dci ea] jc(h g !! hk dcif]�
ea] j [ki[g� [i] �a de]j �1◦ ch ea] !]de� �a �  � ]�'![ h[\!] \* ea] j 9]i]he
k]cg]ei* f%ee hk %' [hj jc(h g !! hk� �a] j 9]i]he f%ee hk k]cg]ei* ,%'([ij
[hj jc(h([ij gce ch�. i]�%!e�  h [ j 9]i]he ]"c!%e ch cd ea] [hk!] \]e(]]h ea]
ki[ h j i]fe ch [hj ea] i[)] d[f]� ea[e ch!*  h ea] e[hk]he 'c he ( ea ea] h](�%id[f] i]�%!e� ec \] ea] �[g] ,�]] 	���
� ����
�.�
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* k%i[ ��6^ `�PR�P /,19213 @� :A44,89 �@2:.5 AC` 18/ /@Y8`3,77,89 G@A9715 N2 Y,4;
PFJ 33 @� /.C4; @� :A4 U1V� �;. /.�.:4 :177./ �4,74./ 921,8� UXV�

�� �ac(h  h 	���
� ��� ,ea]  g[k]  �  h �f[!] ( ea ea] i][! 'icf]��. [h [hk!]
cd �1◦  � a]!j \]e(]]h ea]  g'[fe 'c he 'icf]�� hk jc(h�g !! hk [hj ea] k]ee hkc%e cd ea] ]jk] 'icf]�� hk %'�g !! hk ( ea [ f%ee hk j]'ea cd 1�4 gg ,ea] [hk!]
\]e(]]h ea] e(c 'c he�  � ��

◦
.� �ic\[\!*  h ea � 'c he ea] fa '  � ea f) ]hc%ka

ec c''c�] [ i][fe ch� [hj ea � j 9]i]hf] �a de� ea] jc(h g !! hk j [ki[g� cd
��1◦ [� i]k[ij� %' g !! hk ch]� \]f[%�] cd ea] j 9]i]hf]  h i]![e "] ci ]he[e ch\]e(]]h ea] i[)] d[f] [hj ea] ki[ h j i]fe ch�

�a] �[g] ea hk f[h \] c\�]i"]j  h +c%k![� ni 'icf]��]j [e ��4 gg cd
j]'ea cd f%e ,�]] 	���
� ����
�. [hj +[) 'icf]��]j [e [ j]'ea cd f%e cd 1�4gg ,�]] 	���
� ������. (a]i] ea] j 9]i]hf]� [i] fchh]fe]j ec ea] dcig[e ch cd
e !e]j ki[ h� �a � 'ic"]� ea[e ea] �[g] g]fa[h f[! i][fe ch� [i] ]hk[k]j  h ea]
'icf]��]� [hj ea[e f%ee hk dcif]� [i] �ei fe!* fchh]fe]j ( ea ea] ki[ h j i]fe ch�

����� ��
�
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������� ������� �� �� �������� ������ ��
���

�icf]�� hk ea] �[g] �']f ]� ( ea j 9]i]he j]'ea� cd f%e ,+c%k![� ni 'icf]���]j [e 1�4 gg [hj ��4 gg. (] f[h c\�]i"] j 9]i]he "[!%]� [� g[kh e%j] \%e
ea] �a['] cd ea] f%i"]� i]g[ h� ea] �[g] ,�]] 	���
� ����.� �� )hc(h ea]
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* k%i[ ��7^ >;189,89 @� 4;. 1897. X.4Y..8 4;. 21E. �1:. 18/ 4;. 921,8 /,2.:4,@8
C2@:.55,89 AC` 18/ /@Y8 3,77,89 Y,4; 4;. 513. 921,8 /,2.:4,@8 U1V� L5 :18 X. 5..8 ,8
UXV 4;. /,�.2.8:. X.4Y..8 4;. 31-,317 :;,C 4;,:E8.55 C2@:.55,89 AC` 18/ /@Y8`3,77,89
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Douglas fir 1,5 mm up− and down−milling comparison

parallel tool force up−milling 
normal tool force up−milling   
parallel tool force down−miling
normal tool force down−milling 
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Oak 0,5 mm up− and down−milling comparison

parallel tool force up−milling 
normal tool force up−milling   
parallel tool force down−miling
normal tool force down−milling 
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* k%i[ ��8^ `�PR�P /,19213 @� :A44,89 �@2:.5 AC` 18/ /@Y8`3,77,89 G@A9715 N2 Y,4;
HFJ 33 @� /.C4; @� :A4 U1V 18/ D1E Y,4; PFJ 33 @� /.C4; @� :A4�

i]�%!e[he cd ea] f%ee hk dcif]�  hfi][�] ( ea ea] fa ' ea f)h]��� \%e [� �ac(hea] � hk!] fcg'ch]he�  hfi][�]  h [ j 9]i]he ([*� �a] hcig[! dcif] 'icf]�� hk
%'�g !! hk [e 1�4 [hj ��4 gg jc]� hce  hfi][�]� � kh nf[he!*� (a !] 'icf]�� hk
jc(h�g !! hk  e  hfi][�]� cd [\c%e �11�� � "]i* � kh nf[he i �]  h ea] "[!%]�  �
dci ea] '[i[!!]! dcif] 'icf]�� hk %'�g !! hk� 'ic" hk ea[e ( ea ea � e]fah l%] ea]
g]fa[h f� [i] g[ h!* j]']hj hk ch ea] '[i[!!]! dcif]� (a !] jc(h�g !! hk \cea
a["] [h  g'cie[he ic!] \]f[%�] cd ea] jc(h([ij gce ch '%�a hk ea] (ccj chea] �%id[f]�

����� ��
�

��� ����
�

������� �������� �������
�'� [hj jc(h�g !! hk j 9]i]he �']f ]� ,+c%k![� ni [hj +[). ( ea ea] �[g]
j]'ea cd f%e ,1�4 gg. (] f[h c\�]i"] ea[e ea] "[!%]� [i] hce "]i* j 9]i]he�
�a] '[i[!!]! dcif] 'icf]�� hk %'� [hj jc(h�g !! hk  � \ kk]i dci +[) ,( ea ea]
]�f]'e ch cd jc(h g !! hk [k[ h�e ea] ki[ h \]f[%�] cd ea] dcig[e ch cd e !e]j
ki[ h.� (a !] ea] hcig[! dcif]  � \ kk]i dci ea] +c%k![� ni ,'ic\[\!* dci ea]
a ka]�e di fe ch fc]�f ]he.� �a]�] i]�%!e� j]']hj� ]"]h ch ea] gc �e%i] fche]he�
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* k%i[ ���1^ `�PR�P /,19213 @� :A44,89 �@2:.5 AC` 18/ /@Y8`3,77,89 G@A9715 N2 Y,4;
PFJ 18/ HFJ 33 @� /.C4; @� :A4

g][�%i]j �2��� dci +c%k![� ni [hj ���5� dci +[)� �c �e%i] fche]he a["] [h g'cie[he  h2%]hf] ch (ccj g]fa[h f[! 'ic']ie ]�� 'h ea � f[�] ea] a ka]igc �e%i] fche]he  h +c%k![� ni 'ic\[\!*  h"c!"] [ a ka]i di fe ch fc]�f ]he�(a !] ea] !c(]i gc �e%i] fche]he  h +[)  h"c!"] [ a ka]i �e 9h]�� ea[e 'ic\[\!*
g[)]� ea] f%e ][� ]i ,�]] 	���
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* k%i[ ����^ `�PR�P /,19213 @� :A44,89 �@2:.5 AC` 18/ /@Y8`3,77,89 G@A9715 N2 18/D1E Y,4; PFJ 33 @� /.C4; @� :A4�

�!! ea] j[e[ [i] �ac(h eck]ea]i ,'!cee]j dci %'� [hj jc(h�g !! hk e]fah l%]
[hj dci 'i hf '[! [hj hcig[! dcif].  h 	���
� ���*�
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* k%i[ ����^ `�PR�P /,19213 @� :A44,89 �@2:.5 AC` 18/ /@Y8`3,77,89 G@A9715 N2 Y,4;
PFJ 18/ HFJ 33 @� /.C4; @� :A4 18/ D1E Y,4; PFJ 33 @� /.C4; @� :A4�
�-� $
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'h fchf!%� ch [ g]eacj dci [h[!*� hk f%ee hk dcif]� j%i hk [ g !! hk 'icf]��
a[� \]]h j]"]!c']j� �a � g]eacj a[� \]]h "]i n]j 'icf]�� hk ea] �[g] �']f ]�
[e j 9]i]he j]'ea� cd f%e [hj j 9]i]he �']f ]� ( ea ea] �[g] j]'ea cd f%e�
�'� [hj jc(h�g !! hk e]fah l%]� a[� \]]h �]"]i[!!* [h[!*�]j [hj fcg'[i]jeck]ea]i� �a] e(c 'icf]��]� a["] \]]h j �f%��]j \* [ k]cg]ei f[! 'c he cd
" ]( [hj ea � [h[!*� � a[� \]]h fchh]fe]j ( ea f%ee hk dcif]� g][�%i]g]he��
�icf]�� hk %'�g !! hk �cg] � kh nf[he ki[ h [hk!]� a["] \]]h nhj� �a � [hk!]�
fcii]�'chj ec ea] ']i']hj f%![i e* \]e(]]h ea] i[)] d[f] [hj ea] ki[ h [hk!],�1◦. [hj ec ea] '[i[!!]! �g \]e(]]h ea] e(c ,�61◦.� �a]�] [i] �']f [! � e%[e ch�
\]f[%�] 'icf]�� hk  h ']i']hj f%![i e* g][h� ea[e ea] f%e  � a['']h hk dcific���fcg'i]�� ch g[) hk ea] f%e j �f%!e ,ea � �ac%!j g[� g �] f%ee hk dcif]�.
[hj  h '[i[!!]! �g \* ei[h�"]i�] e]h� ch g[) hk ea] f%e ][� ]i ,ea � �ac%!jg h g �] f%ee hk dcif]�.� �a � \]a[" c%i a[� \]]h fchnig]j \* ea] f%ee hkdcif]� g][�%i]g]he [hj [h[!*� �� 'h ea] hcig[! dcif]� 'icf]�� hk %' g !! hk [e21◦ [hj �61◦ (] f[h nhj ea] g h g%g [hj ea] g[� g%g� �a] '[i[!!]! dcif]
 hfi][�] fche h%c%�!* dicg 1◦ %he ! 81◦ [hj dicg 1◦ %he ! �81◦ � �icf]�� hk jc(h�g !! hk ea] j [ki[g� [i] "]i* � g ![i \%e �a de]j cd ��1◦ [� i]k[ij� %'�g !! hk�
� k]cg]ei f[! ]�'![h[e ch a[� \]]h 'ic'c�]j�  h d[fe� fc"]i hk ea] �[g] [ifcd [ f if!]  h ea] fa ' f%ee hk j%] ec ea] %'([ij [hj jc(h([ij gce ch ea]
[hk!] \]e(]]h ea] i[)] d[f] [hj ea] ki[ h  � hce ea] �[g]� 'h c%i f[�] dicg
ea]  g'[fe 'c he jc(h�g !! hk ,ki][e]�e ea f)h]��  h ea] fa ' [hj g[� g%g
f%ee hk dcif]�. [hj ea] k]ee hk c%e 'c he %'�g !! hk ,ki][e]�e ea f)h]��  h ea]
fa ' [hj g[� g%g f%ee hk dcif]�. ea]i]  � [ j 9]i]hf] cd ��

◦
ea[e ]�'![ h�

ea � \]a[" c%i� &a]h jc(h�g !! hk� ea] hcig[! dcif]  � [!([*� \ kk]i ea[h %'�g !! hk \]f[%�] cd ea] ki][e]i fa ' ea f)h]�� [e ea]  g'[fe [hj \]f[%�] cd ea]
jc(h([ij gce ch� 'h k]h]i[! (] f[h �[* ea[e jc(h�g !! hk e]fah l%] i]l% i]�
gci] dcif] ea[h %'�g !! hk e]fah l%]� �[i[!!]! dcif] jc(h�g !! hk [k[ h�e ea]
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ki[ h  � %�%[!!* !c(]i \]f[%�] cd ea] dcig[e ch cd 	e !e]j ki[ h
� �icf]�� hk
+c%k![� ni [e j 9]i]he j]'ea� cd f%e (] f[h c\�]i"] [h  hfi][�] cd ea] f%ee hkdcif]�� �'�g !! hk ea �  hfi]g]he  � "]i*  g'cie[he dci ea] '[i[!!]! dcif]� (a !]
ea] hcig[! dcif] jc]�hme i �] � kh nf[he!*� +c(h�g !! hk \cea ea] dcif]� i �]
%' � kh nf[he!*� �icf]�� hk +c%k![� ni [hj +[) ( ea ea] �[g] j]'ea cd f%e(] j jhme c\�]i"] � kh nf[he j 9]i]hf]�  h ea] f%ee hk dcif]� "[!%]�� ea] '[i[!!]!
dcif]  � [!([*� \ kk]i 'icf]�� hk +[) ( ea ea] ]�f]'e ch cd jc(h�g !! hk [k[ h�e
ea] ki[ h \]f[%�] cd ea] gci] ![ik]i 'i]�]hf] cd e !e]j ki[ h�

�-� �
��

%	&�
	
�� �]ki �� �c! �� �111� �%[! e� j]!!] �%']inf !["ci[e] j]! !]khc j �\]e]

ic��c ] j +c%k![� [ "[!%e[e[ fch %h[ c''cie%h[ f![�� nf[b ch] " �%[!]�
	]khc ([ie[ ] (]!!%!c�[� �',�.^�1����

�� �i]f � ch +]" f]�� 'hf�� �%id[f] �]eic!ck* �% j]� (]\ [jji]��^
aee'^��(((�'i]j]"�fcg��gk�

2� (*i[ ��� �[h[)[ (� �111� �a] ]9]fe� cd (ccj�n\]i j i]fe ch� ch [fc%�e f
]g �� ch  h ic%e h]� &ccj �f ]hf] [hj �]fahc!ck* 23 ,�111. �26��4��

3� 	c]ah]ieb �� ��� �[bl%]b (ccb '� �887� �[(eccea *cif]�  h (%ee hk �ic�' f[! 0[ij(ccj� �[e "] ec �c%ea �g]i f[� *ci]�e �icj%fe� 	[\ci[eci*�
�]�][ifa �[']i *�	����456�

4� ���� +��555 �876� �e[hj[ij g]eacj� dci (chj%fe hk �[fa h hk �]�e�
cd &ccj [hj &ccj��[�] �[e]i [!�� �hh%[! �cc) cd ���� �e[hj[ij��
�c!%g] 13�18 &ccj^ �46��65�

5� �c! ��� �!]ich 	���[ifa[! ��� �b ]!! 	�� �]ki �� �11�� �][�%i]g]he cd
f%ee hk dcif]��  h gc%!j hk (ccj [e "[i c%� ki[ h [hk!]�� 'h e [!� i]�%!e�( ea +c%k![� * i� �c \] '%\! �a]j  h ea] �icf]]j hk� cd ea] (chd]i]hf]^
&ccj �f ]hf] [hj ]hk h]]i hk  h ea] ea ij g !!]hh %g � �i[�c" ,�+. �
�c"]g\]i �6��7th

�11��
6� �c! ��� �!]ich 	���[ifa[! ��� �b ]!! 	�� �]ki �� �11�� �%id[f]� dcig[�e ch [hj l%[! e*  h gc%!j hk (ccj [e "[i c%� ki[ h [hk!]�� 'h e [! i]�%!e�( ea +c%k![� ni [hj +[)� �icf]]j hk� cd ea] '�*�+ �*g'c� %g^ &ccj

�ei%fe%i] [hj �ic']ie ]� �11� � �"c!]h,��. �]'e]g\]i ��2rd
�111�

7� �cfa ��� �e ! b[e ch cd ea] �c%ea]ih ' h]� �c!� ''� ���� +]'[ieg]he cd
�ki f%!e%i]�*ci]�e �]i" f]�

8� �f�]hb ] &���� &ccj  � ][�* ec f%e � ci  �  e�� ��
th 'he]ih[e ch[! &ccj

�[fa hhk �]g h[i 'icf]]j hk� �6�28�
�1� �e]([ie 0���� �9]fe cd f%ee hk j i]fe ch ( ea i]�']fe ec ki[ h [hk!] ch ea]

l%[! e* cd g[fa h]j �%id[f]� ecc! dcif] fcg'ch]he�� [hj f%ee hk di fe chfc]�f ]he� *ci]�e �icj%fe �c%ih[! �c!� �8 �c� 2 '[k� 32�35�
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��� � cij[hc ��� �]fhc!ck [ j]! 	]khc �c!� ''� �����



��������� �

������� ��	

�]i fcg'!]e[i] ![ '[hci[g f[ �%!!] �%']inf dcih e[  h l%]�ec !["cic � i 'ci�e[ %h[ �]l%]hb[ j  gg[k h ��� ,� fic�fc' c �!]eeich fc [ �f[h� ch]. ']igc�ei[i]  ! fcg'cie[g]hec k]h]i[!] j]!![ �%']inf ] j%i[he] !] !["ci[b ch � 	]
 gg[k h �chc �e[e] [fl% � e] ']i ckh [hkc!c j]!!] n\i[e%i[ [ f% � �chc ]�]�k% e] !["ci[b ch � !["ci[hjc  h j �fcij[hb[ ]  h fchfcij[hb[ ] ']i jc%k![� [ ]
ic"]i]�

����
�� 	��

�c%i fcg'!)e]i !m[h[!*�]� j]� �%id[f]� j] f] ei["[ ! j[h� f] fa[' ei] �% "] %h]
�)i ] jm g[k]� ��� ,� fic�fc'] �!]feich l%] � �[![*[k]. 'c%i gchei]i !] fcg�'cie]g]he k)h)i[!] j]� �%id[f]� ']hj[he !m%� h[k]� 	]�  g[k]� fchf]ih]� fa[l%]
[hk!] j% n!� !m%� h[k] ]h c''c� e ch ]e ]h ["[![he �%i jc%k![� ]e fa/h]�

��	 ����
���

�c fcg'!]e] ea] jcf%g]he[e ch cd ea � (ci) a]i] dc!!c(� [ �]l%]hf] cd ���,�f[hh hk �!]feich � fic�fc'].  g[k]� ec �ac( ea] k]h]i[! \]a[" c%i cd ea]
�%id[f] (a]h 'icf]��]j� �a]  g[k]� a["] \]]h [fl% i]j dci ]"]i* ki[ h [hk!]�
%'� [hj jc(h�g !! hk� dci jc%k![� ni [hj c[)�
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��� ���� +��555� �e[hj[ij g]eacj� dci fchj%fe hk g[fa h hk e]�e� cd (ccj
[hj (ccj�\[�] g[e]i [!�� �hh%[! �cc) cd ���� �e[hj[ij�� �c!%g] 13�18�&ccj^ �46��65� �876�

��� �ch[g h �� (c!!]e ���+]! �[k! [ ��� * \\ *�� �c! ��� �]gci h ����b ]!! 
	�� �l% ']g]he [hj e]�e g]eacj dci g][�%i hk f%ee hk dcif]� [hj (][i cd
f%ee hk ]jk]�  h �[( e]]ea dci (ccj�  g'ic"]j ( ea h]( 0�+* fc[e hk��'&�� �3 �icf]]j hk�� "c!� ' '[k� 342 � �[i �� �' h[!� (!%h* ,*i[hf]. ����8
�]ee� �888�

�2� (*i[ ��� �[h[)[ (���%�b*h�) 	� �"[!%[e ch cd �%id[f] nh �a hk %� hk hch�fche[fe ![�]i �]h�ci j �'![f]g]he j]" f]� &ccj �ei%fe%i] [hj �ic']ie ]� m87
�icf]]j hk�� '[k� ��4���88� �"c!]h ,�!c"[) [.

�3� (*i[ ��� �[h[)[ (�� �a] ]9]fe cd n\]i j i]fe ch� ch [fc%�e f ]g �� ch�  h
ic%e hk� &ccj �f ]hf] [hj �]fahc!ck* 23 ,�111.� '[k� �26��4��

�4� +]"cec � +! � + b ch[i c j]!![ ! hk%[  e[! [h[�
�5� *i[hb �� (��h [h[!*� � cd ea] (ccj f%ee hk 'icf]��� �a�+� ea]� ���h "]� e*

cd � fa k[h �i]��� �hh �i\ci ,�847.�
�6� �� � cij[hc� �]fhc!ck [ j]! !]khc� �����
�7� �c! ��� �]ki ��� �[ifa[! ��� 	[ii fl� ��� �a] g[fa h hk 'icf]�� cd ea]

]%ic'][h jc%k![� ni^ �a] �%id[f] l%[! e*� '(*&��m86 �icf]]j hk� "c!� '''[k� 362 � �]!ki[jc ,�]i\ [. �8 �]e� � 2 cee� �886�
�8� �c! �����]ki ��� �%[! nf[b ch] j]! !]kh[g] ei]he hc � �]fchj] !["ci[b ch ^

l%[! e� j]!!] �%']inf !["ci[e] j]! !]khc j �\]e] �c��c� (ch� k! c �[b ch[!]
j]!!] � f]ifa]� '�e e%ec ']i ![ �]fhc!ck [ j]! 	]khc�

��1� �c! ��� 	[ii fl ��� �[ifa[! ��� �]ki ��� �� �� (c�e]�� �%id[f] l%[! e*^
fcg'[i �ch [gchk " �%[! ki[j hk [hj 2+ ic%kah]�� g][�%g]he�� '&�� �4
�icf]]j hk�� '[k� 348 � 	c� �hk]!]� ,���. 21�16 � 1��17� �11��

���� �c! ��� �[ifa[! ��� �]ki ��� 'hj%�ei [! g[fa h hk cd +c%k![� ni ( ea
"[i c%� ecc!� [hj g[e]i [!�� '&�� �4 �icf]]j hk�� '[k� �62 � 	c� �hk]!]�,���. 21�16 � 1��17� �11��
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���� �c! ��� �!]ich 	�� �[ifa[! ��� �b ]!! 	�� �]ki ��� �%id[f]� *cig[e ch
[hj �%[! e*�  h �c%!j hk &ccj [e �[i c%� �i[ h �hk!]�� 'h e [! �]�%!e� ( ea
+c%k![� * i [hj +[)� &ccj �ei%fe%i] [hj �ic']ie ]� �11� �icf]]j hk��'[k
� �i]bhc ,�!c"[) [. ��8 � 2�8� �11��

��2� �c! ��� �!]ich 	�� �[ifa[! ��� �b ]!! 	�� �]ki ��� �][�%i]g]he cd (%e�e hk *cif]��  h �c%!j hk &ccj [e �[i c%� �i[ h �hk!]�� 'h e [! �]�%!e�
& ea +c%k![� * i� &ccj �f ]hf] [hj ]hk h]]i hk  h ea] ea ij g !!]hh %g
�icf]]j hk�� '[k� ��2 � �i[�c" ,�cg[h [. �1��� � ������ �11��

��3� �c! ���[ifa[! ����b ]!! 	���]ki ����][�%i hk f%ee hk dcif]�  h ic%e hk(ccj [e "[i c%� ki[ h [hk!]�� �e%j* [hj fcg'[i �ch \]e(]]h %'� [hj jc(h�g !! hk e]fah l%]�� 'icf]�� hk jc%k![� ni [hj c[)� '&�� �5 �icf]]j hk��
'[k� ��6 � �[e�%] ,�['[h. �3�17 � 21�17� �112�

��4� �c! ��� �[ifa[!� ��� �b ]!! 	�� �]h]i[! e� �%  ii]kc![i e� ] j d]ee �  h'%\\! f[b ch] �%!![ i " �e[ �*!ch�
��5� �c! ��� �[ifa[!� ��� �b ]!! 	�� (![�� nf[b ch] l%[! e[e "[ j] j d]ee fchg]ecjc " �%[!]�  h '%\\! f[b ch] �%!![ i " �e[ �*!ch�
��6� �%[h ��� (cgg]he \ ]h %� h]i !] \c �� (��� ,�88�.�
��7� �ich]h\]ik ��� �[fa h hk �f ]hf] [hj �''! f[e ch� �]ik[gch �i]��,�855.�
��8� � " g[[ 0�� + ] �fah ee)i[de  h j]i 0c!b\][i\] e%hk� 0c!b [!� �ca�%hj&]i)�ec9 �1 ,�84�. '[k� 83��17�
��1� � " g[[ 0�� (%ee hk *cif]  h &ccj�(ci) hk� �a] �e[e]  h�e e%e] dcie]fah f[! i]�][ifa� * h![hj� 0]!� h) �841�
���� �cfa ��� �e ! b[ech cd �c%ea]ih ' h]���c!� ' �ki f�0[hj\� 3�1 &[�a hkech�

+(^ ���� +]'[ieg]he cd �ki f%!e%i] ,�86�.�
���� �f�]hb ] &� ��� *i[hb �� (�� �[� f [�']fe� cd  hf! h]j ci c\! l%] (ccjf%e hk� *ci]�e 'icj%fe �c%ih[! �3,��.,�853. '[k� 444�455
��2� �f�]hb ] &���� *c%hj[g]he[! [�']fe� cd ea] (ccj f%ee hk 'icf]���*ci]�e

�icj%fe� �c%ih[! 8 ,�858. '[k� 336�345
��3� �]ki ��� �c! ��� �%[! e� j]!!] �%']inf !["ci[e] j]! !]khc j �\]e] ic��c

] j +c%k![� [ "[!%e[e[ fch %h[ c''cie%h[ f![�� nf[b ch] " �%[!]� 	]khc(]!!%!c�[ ] ([ie[� �'� h◦ �� '[k� �1����
��4� �]eicffa ��� �ic"] j !["ci[\ ! e� ] j [\i[� ch] j]k! %e]h� ! �% [!f%h]

�']f ] !]khc�]� �]� j ![%i][  h �f ]hb] *ci]�e[! � �h "]i� e� j * i]hb]�*[fc!e� j �ki[i [� [hhc [ff[j]g fc �872�73�
��5� � [c �� ���*%)%i 0�� �']f nf f%ee hk dcif]  h ea] g[fa h hk cd (ccj�

�c)%b[ �[))[ �a �1 ,�873. '[k� 7�6�72�



������������ �46
��6� �e]([ie 0���� �9]fe cd f%ee hk j i]fe ch ( ea i]�']fe ec ki[ h [hk!] ch ea]

l%[! e* cd g[fa h]j �%id[f]� ecc! fcg'ch]he�� [hj f%ee hk di fe ch fc]�f ]he�*ci]�e �icj%fe �c%ih[! 2 ,�858.� '[k� 32�35
��7� �acg[� �� ��� �icj%fe ch �]fahc!ck*� +�dcij �h "]i� e* �i]�� ,�861.
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