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H;S:Y�O:J:DL?JBKLBD:�J:;HLU

:dlmZevghklv� l_fu��I_ley�fZ]gblgh]h� ]bkl_j_abkZ� −� h^gZ� ba� \Z`-
g_crbo�b�bgnhjfZlb\guo�oZjZdl_jbklbd�fZ]gblgh]h�fZl_jbZeZ��=bkl_j_-
abkgu_�y\e_gby�hljZ`Zxl�baf_g_gby�\�fZl_jbZe_�\h�\j_fy�i_j_fZ]gbqb-
\Zgby��]_g_jZpbx�b�Zggb]beypbx�^hf_gh\��i_j_f_s_gb_�b�baf_g_gb_�^eb-
gu�^hf_gguo�]jZgbp��\jZs_gb_�\_dlhjZ�gZfZ]gbq_gghklb�

K�h^ghc�klhjhgu��]bkl_j_abkgu_�k\hckl\Z��\�qZklghklb�dhwjpblb\gZy

kbeZ�Gk��k\yaZgu�k�lZdbfb�nmg^Zf_glZevgufb�iZjZf_ljZfb�fZl_jbZeZ��dZd

gZfZ]gbq_gghklv��Zgbahljhiby��dhgklZglZ�h[f_gZ��k�^jm]hc�klhjhgu�−�oZ-
jZdl_jbamxl� kh\_jr_gkl\h�fZl_jbZeZ��>hf_ggu_� ]jZgbpu�^_ckl\mxl� dZd

ahg^u� ^_n_dlh\� b� baf_j_ggh_� agZq_gb_�Gk� ^hf_gghc� ]jZgbpu� kh^_j`bl

bgnhjfZpbx�h�jZkij_^_e_gbb�b�dhebq_kl\_�^_n_dlh\�

Bgl_j_k�d�bkke_^h\Zgbx�iZjZf_ljh\�i_leb�]bkl_j_abkZ�fhghdjbklZe-
ebq_kdbo�ie_ghd�n_jjblh\�]jZgZlh\�h[mkeh\e_g�bo�ijbf_g_gb_f�\�dZq_kl-
\_�hkgh\u�^ey�jZaebqguo�mkljhckl\�fbdjhwe_dljhgbdb�b�fZ]gblhhilbdb�

LZdb_�bkke_^h\Zgby�\_^mlky��gZqbgZy�k������o�]h^h\��kf���gZijbf_j��>���@��

;eZ]h^Zjy�kh\_jr_gkl\m�djbklZeebq_kdhc�kljmdlmju�b�jZaghh[jZabx�nb-
abq_kdbo�k\hckl\�n_jjblu�]jZgZlu�y\eyxlky�h[t_dlhf�ijh\_jdb�l_hj_lb-
q_kdbo� dhgp_ipbc� fZ]g_lbafZ� l\_j^h]h� l_eZ�� Hlghkbl_evgh� j_amevlZlh\

bkke_^h\Zgby�i_l_ev� ]bkl_j_abkZ�ie_ghd�n_jjblh\�]jZgZlh\�fh`gh� hlf_-
lblv��qlh�hkgh\gu_�mkbeby�[ueb�gZijZ\e_gu�gZ�bamq_gb_�d\ZabklZlbq_kdbo

i_l_ev� >���@�� Z� \� ^bgZfbq_kdhf� j_`bf_� −� gZ� bamq_gb_� dhwjpblb\guo
k\hckl\�hl^_evguo�^hf_gh\�b�mqZkldh\�^hf_gguo�]jZgbp� >�@��H[�ZdlmZev-
ghklb�ijh[e_fu�]h\hjbl�b�lhl�nZdl��qlh�fh^_ev�i_leb�]bkl_j_abkZ��hljZ-
`ZxsZy� oZjZdl_jgu_� hkh[_gghklb� d\ZabklZlbq_kdbo� wdki_jbf_glZevguo

i_l_ev�ie_ghd�n_jjblh\�]jZgZlh\�� jZajZ[hlZgZ�g_^Z\gh� >�@�� Z�fh^_eb� ^b-
gZfbq_kdbo�i_l_ev�hlkmlkl\mxl�

<� ihke_^g__� \j_fy� \� k\yab� k� bgl_j_khf� d� ijhp_kkZf� nhjfbjh\Zgby

mihjy^hq_gguo�^hf_gguo� kljmdlmj� >����@�� \�qZklghklb� ^\mf_jguo� j_r_-
lhd�^hf_gh\�>�����@��bkke_^mxlky�i_leb�]bkl_j_abkZ�\�]Zjfhgbq_kdhf�fZ]-
gblghf� ihe_� a\mdh\uo� b� mevljZa\mdh\uo� qZklhl� >��������@�� mklZgh\e_gZ

\aZbfhk\yav�f_`^m�nhjfhc�i_l_ev�]bkl_j_abkZ�b�nhjfbjh\Zgb_f�kibjZev-
guo� ^hf_gguo� kljmdlmj� >�����@�� h[gZjm`_gZ� h[eZklv�g_klZ[bevghklb� ^b-
gZfbq_kdbo�i_l_ev�]bkl_j_abkZ�>��@��<�lh�`_�\j_fy�g_�ykgh��baf_g_gb_�dZ-
dbo�^bgZfbq_kdbo�f_oZgbafh\�i_j_fZ]gbqb\Zgby�ijb\h^bl�d�ljZgknhjfZ-
pbb�i_l_ev� ]bkl_j_abkZ��dZdh\u�g_h[oh^bfu_�mkeh\by�^ey�nhjfbjh\Zgby

mihjy^hq_gguo�^hf_gguo�kljmdlmj��HklZxlky�hldjulufb�b�jy^�f_lh^bq_-
kdbo� \hijhkh\�� gZijbf_j� khhl\_lkl\b_� j_amevlZlh\�� ihemqZ_fuo� ijb� bk-
ihevah\Zgbb�jZaebqguo�f_lh^h\�baf_j_gby�dhwjpblb\ghc�kbeu��LZdh_�ih-
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eh`_gb_� \h� fgh]hf� h[mkeh\e_gh� hlkmlkl\b_f� ZiiZjZlmju�� iha\heyxs_c

bkke_^h\Zlv�^bgZfbq_kdb_�^hf_ggu_�kljmdlmju�\�rbjhdhf�^bZiZahg_�qZk-
lhl�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�\�j_Zevghf�fZkrlZ[_�\j_f_gb�b�ijh-
ba\h^blv�bo�khihklZ\e_gb_� k� khhl\_lkl\mxsbfb�mqZkldZfb�i_l_ev� ]bkl_-
j_abkZ�

P_ev�jZ[hlu��wdki_jbf_glZevgh_�bkke_^h\Zgb_ f_oZgbafh\�i_j_fZ]-
gbqb\Zgby�ie_ghd�n_jjblh\�]jZgZlh\�\�]Zjfhgbq_kdhf�fZ]gblghf�ihe_�\

^bZiZahg_�qZklhl�ihey� ��
-4÷105 =p��>ey�^hklb`_gby�ihklZ\e_gghc�p_eb�\

jZ[hl_�j_rZebkv�ke_^mxsb_�aZ^Zqb�

��� JZajZ[hlZlv�f_lh^bdm� aZibkb� i_l_ev� ]bkl_j_abkZ� ie_ghd�n_jjblh\�

]jZgZlh\� k� h^gh\j_f_gghc� j_]bkljZpb_c� ^bgZfbq_kdbo� ^hf_gguo� kljmd-
lmj�� khhl\_lkl\mxsbo� mqZkldZf� i_leb� ]bkl_j_abkZ�� kljh[hkdhibq_kdbf

f_lh^hf�

���Bamqblv�aZ\bkbfhklv�iZjZf_ljh\�qZklguo�b�ij_^_evguo�i_l_ev�]bk-
l_j_abkZ�ie_ghd�n_jjblh\�]jZgZlh\�hl�Zfieblm^u�]Zjfhgbq_kdh]h�fZ]gbl-
gh]h�ihey�\�^bZiZahg_�qZklhl���

-4÷105 =p.
��� <uykgblv� \aZbfhk\yav� ijhp_kkh\� nhjfbjh\Zgby� ^bgZfbq_kdbo� ^h-

f_gguo�kljmdlmj�\�ie_gdZo�n_jjblh\�]jZgZlh\�k�iZjZf_ljZfb�i_l_ev�]bk-
l_j_abkZ�

GZmqgZy�gh\bagZ�ij_^klZ\e_gguo�\�^bkk_jlZpbb�j_amevlZlh\�aZdex-
qZ_lky�\�ke_^mxsbo�iheh`_gbyo��\ughkbfuo�gZ�aZsblm�

���<i_j\u_�j_Zebah\ZgZ�f_lh^bdZ�h^gh\j_f_gghc�aZibkb�i_l_ev�]bkl_-
j_abkZ�\�^bZiZahg_�qZklhl�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey���

-4÷2⋅105 =p�b
j_]bkljZpbb�khhl\_lkl\mxsbo�mqZkldZf�i_l_ev�]bkl_j_abkZ�^bgZfbq_kdbo

^hf_gguo�kljmdlmj�kljh[hkdhibq_kdbf�f_lh^hf�k�\j_f_gguf�jZaj_r_gb-
_f�����fdk�b�j_]mebjm_fhc�djZlghklvx�kljh[bjh\Zgby�Dkl=1, 2, 3 … .

���Hij_^_e_gu�mkeh\by��ijb�dhlhjuo�j_amevlZlu�baf_j_gby�dhwjpblb\-
ghc�kbeu��ihemq_ggu_�f_lh^hf�hkpbeeypbb�^hf_gguo�]jZgbp��kh\iZ^Zxl�k

j_amevlZlZfb��ihemq_ggufb�ih�ihemrbjbg_� d\ZabklZlbq_kdhc� i_leb� ]bk-
l_j_abkZ�

���MklZgh\e_gu�f_oZgbafu� i_j_fZ]gbqb\Zgby�� ijb\h^ysb_� d� baf_g_-
gbyf�iZjZf_ljh\�i_l_ev�]bkl_j_abkZ�ijb�baf_g_gbb�Zfieblm^u�b�qZklhlu

]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�

���MklZgh\e_gh��qlh�\_jogyy�]jZgbpZ�h[eZklb�nhjfbjh\Zgby�^bgZfbq_-
kdbo�kibjZevguo�^hf_gh\�ih�qZklhl_�fZ]gblgh]h�ihey�k\yaZgZ�k�ij_h[jZ-
ah\Zgbyfb�kljmdlmju�]jZgbp�^hf_gh\��Hij_^_e_gu�mkeh\by�nhjfbjh\Zgby

jy^Z�mihjy^hq_gguo�^hf_gguo�kljmdlmj�\�\b^_�^\mf_jguo�j_r_lhd�^hf_-
gh\�\�bfimevkghf�b�]Zjfhgbq_kdhf�fZ]gblguo�iheyo��H[gZjm`_gu�gh\u_

dhgnb]mjZpbb�^\mf_jguo�j_r_lhd�^hf_gh\�
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IjZdlbq_kdZy�agZqbfhklv�jZ[hlu�aZdexqZ_lky�\�kha^Zgbb�mklZgh\-
db�^ey�bkke_^h\Zgby�i_l_ev�]bkl_j_abkZ�b�^hf_gghc�kljmdlmju�fZ]gblhhi-
lbq_kdbo�fZl_jbZeh\�\�rbjhdhf�bgl_j\Ze_�Zfieblm^�b�qZklhl�]Zjfhgbq_-
kdh]h�fZ]gblgh]h�ihey��Ihemq_ggu_� \�jZ[hl_�j_amevlZlu� \ghkyl� kms_kl-
\_gguc�\deZ^�\�ihgbfZgb_�f_oZgbafh\�i_j_fZ]gbqb\Zgby��ijb\h^ysbo�d

\b^hbaf_g_gbx�i_l_ev�]bkl_j_abkZ�b�nhjfbjh\Zgbx�^hf_gguo�kljmdlmj�\

ie_gdZo�n_jjblh\�]jZgZlh\�\�]Zjfhgbq_kdhf�fZ]gblghf�ihe_��Wlh�jZkrb-
jy_l�\hafh`ghklb�ijZdlbq_kdh]h�ijbf_g_gby�fgh]h^hf_gguo�fZ]gblguo

ie_ghd�b�kha^Zgby�gZ�bo�hkgh\_�gh\uo�l_ogbq_kdbo�mkljhckl\�

:ijh[Zpby�jZ[hlu��J_amevlZlu�bkke_^h\Zgbc��baeh`_ggu_�\�^bkk_j-
lZpbb��^hdeZ^u\Zebkv�gZ�;9�<k_jhkkbckdhc��;9,�b�;9,,�F_`^mgZjh^guo

rdheZo�k_fbgZjZo� ©Gh\u_� fZ]gblgu_� fZl_jbZeu� fbdjhwe_dljhgbdbª

�Fhkd\Z�� ������ ������ �������F_`^mgZjh^ghc� dhgn_j_gpbb� ©Ijh[e_fu� b

ijbdeZ^gu_� \hijhku�nbabdbª� �KZjZgkd�� ������� ,9�<k_jhkkbckdhc� dhgn_-
j_gpbb�©F_lh^u�b�kj_^kl\Z�baf_j_gbc�nbabq_kdbo�\_ebqbgª��G�Gh\]hjh^�

������� dhgn_j_gpbb� ©KljmdlmjZ� b� k\hckl\Z� l\_j^uo� l_eª� �G�Gh\]hjh^�

�������F_`^mgZjh^ghf� kbfihabmf_� ih� kibgh\uf� \hegZf� �K�I_l_j[mj]�

������� ?\jh�ZabZlkdhf� kbfihabmf_� ©Ijh]j_kk� \� fZ]g_lbaf_ª� �?dZl_jbg-
[mj]�������.

Im[ebdZpbb��J_amevlZlu� ^bkk_jlZpbb� him[ebdh\Zgu� \ 12� i_qZlguo
jZ[hlZo��kibkhd�dhlhjuo�ijb\_^_g�\�dhgp_�Z\lhj_n_jZlZ�

KljmdlmjZ�b�h[t_f�^bkk_jlZpbb��>bkk_jlZpby�khklhbl�ba�\\_^_gby�

iylb� ]eZ\�� aZdexq_gby� b� kibkdZ� pblbjm_fhc� ebl_jZlmju�� HgZ� kh^_j`bl

���� kljZgbpu�fZrbghibkgh]h� l_dklZ��\dexqZy� ���jbkmgdh\�� �� lZ[ebpu�b

����gZbf_gh\Zgbc�pblbjm_fhc�ebl_jZlmju�

KH>?J@:GB?�J:;HLU

<h�\\_^_gbb�h[hkgh\ZgZ�ZdlmZevghklv�l_fu�^bkk_jlZpbb��knhjfmeb-
jh\Zgu�p_ev�b�aZ^Zqb�jZ[hlu��hibkZgZ�kljmdlmjZ�b�kh^_j`Zgb_�^bkk_jlZ-
pbb��ijb\_^_gu�hkgh\gu_�j_amevlZlu�jZ[hlu�

I_j\Zy�]eZ\Z�ij_^klZ\ey_l�kh[hc�h[ahj�l_hj_lbq_kdbo�b�wdki_jbf_g-
lZevguo� jZ[hl�� ihk\ys_gguo� bkke_^h\Zgbx� i_l_ev� ]bkl_j_abkZ� b� ^hf_g-
ghc� kljmdlmju�ie_ghd�n_jjblh\�]jZgZlh\��b� ZgZeba�f_lh^h\�j_]bkljZpbb

i_l_ev�]bkl_j_abkZ�b�dhwjpblb\ghc�kbeu��<�dhgp_�i_j\hc�]eZ\u�hij_^_e_-
gu�p_eb�b�aZ^Zqb�^bkk_jlZpbhgghc�jZ[hlu�

<lhjZy� ]eZ\Z� ihk\ys_gZ� f_lh^bd_� bkke_^h\Zgby� ie_ghd� n_jjblh\�

]jZgZlh\��Hkgh\gh_� \gbfZgb_� m^_e_gh� jZajZ[hlZgghc� kljh[hkdhibq_kdhc

mklZgh\d_�^ey�bkke_^h\Zgby�ijhp_kkh\�i_j_fZ]gbqb\Zgby�\�^bZiZahg_�qZk�

lhl�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�f =10-4÷2⋅105 =p.
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MklZgh\dZ��jbk�����jZ[hlZ_l�k�bkihevah\Zgb_f�wnn_dlZ�NZjZ^_y��<�dZ-
q_kl\_�bklhqgbdZ�ih^k\_ldb�bkihevah\Zg�]_ebc�g_hgh\uc�eZa_j�k�ihi_j_q-
ghc� K<Q�gZdZqdhc�� H^gh\j_f_ggh� k� nhlhf_ljbq_kdhc� j_]bkljZpb_c� i_-
l_ev� ]bkl_j_abkZ�\�mklZgh\d_�hkms_kl\e_gZ� \hafh`ghklv� \bamZevgh]h�gZ-
[ex^_gby�^hf_gghc� kljmdlmju�bkke_^m_fh]h�fZl_jbZeZ�b� aZibkb� __�bah-
[jZ`_gby� k�ihfhsvx� \b^_hdZf_ju��<hafh`ghklb� ]b[dh]h�baf_g_gby� j_-
`bfZ�fh^meypbb�eZa_jZ�iha\hebeb�j_Zebah\Zlv�kljh[hkdhibq_kdbc�f_lh^�k

\j_f_gguf�jZaj_r_gb_f�����fdk�b�j_]mebjm_fhc�djZlghklvx�kljh[bjh\Z-
gby�Dkl ���������«��jbk�����

Ijb�Dkl ���jbk���[��b�kdZgbjh\Zgbb�bfimevkZ�eZa_jZ�ih�i_jbh^m�ihey

bamqZeb� w\hexpbx� ^hf_gguo� kljmdlmj� b� ^_eZeb� \u\h^� h� ih\lhjy_fhklb

ijhp_kkh\�i_j_fZ]gbqb\Zgby��<u[hj�Dkl!�� �jbk�� �\��iha\hey_l�i_j_clb�\

j_`bf�\ukhdhkdhjhklghc�nhlh]jZnbb��dh]^Z�qZklhlZ� ke_^h\Zgby�bfimev�

kh\�ih^k\_ldb�jZ\gZ�beb�[ebadZ�d�qZklhl_�kf_gu�dZ^jh\�\b^_hdZf_ju�

Baf_j_gb_� kdhjhklb� ^\b`_gby� ^hf_gguo� ]jZgbp� b� gZ[ex^_gb_� w\h-
expbb�^hf_gguo�kljmdlmj�\�l_q_gb_�h^gh]h�i_jbh^Z�]Zjfhgbq_kdh]h�fZ]-
gblgh]h� ihey� ^ey� g_ih\lhjyxsboky�ijhp_kkh\� i_j_fZ]gbqb\Zgby�ijh\h-
^beb�k�ihfhsvx�iZjguo�bfimevkh\�ih^k\_ldb��jbk���]���GZ�h^ghf�\b^_h-
dZ^j_� j_]bkljbjh\Zeb� gZeh`_gb_� ^\mo� ihke_^h\Zl_evguo� bah[jZ`_gbc

^bgZfbq_kdbo�^hf_gguo�kljmdlmj�

GZjy^m�k�h[uqguf�f_lh^hf�j_]bkljZpbb�^bgZfbq_kdbo�i_l_ev�]bkl_�

j_abkZ� k� wdjZgZ� hkpbeeh]jZnZ�� dh]^Z� gZ� h^ghf� dZ^j_� j_]bkljbjm_lky� ih-
ke_^h\Zl_evghklv�i_l_ev�^ey�fgh]bo�pbdeh\�i_j_fZ]gbqb\Zgby��mklZgh\dZ

iha\hey_l�kljh[bjh\Zlv�b�aZibku\Zlv�k�ihfhsvx�\b^_hdZf_ju�^bgZfbq_-
kdmx� i_lex� ]bkl_j_abkZ� ^ey� _^bgbqgh]h� pbdeZ� i_j_fZ]gbqb\Zgby�� >ey

wlh]h�bfimevk�ih^k\_ldb�eZa_jZ�kbgojhgbabjh\Zeb�ih�nZa_�b�^ebl_evghklb

k�i_jbh^hf�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey��jbk���^��

<� aZ\bkbfhklb�hl�j_`bfZ�jZ[hlu�mklZgh\db�[ehd�ko_fZ� �jbk�� ���fh-
^bnbpbjm_lky��GZijbf_j�� ijb� j_]bkljZpbb� d\ZabklZlbq_kdbo� i_l_ev� ]bk-
l_j_abkZ�^ey�ih\ur_gby�qm\kl\bl_evghklb�baf_gy_lky� j_`bf�fh^meypbb

eZa_jgh]h� baemq_gby�� ^h[Z\eyxlky� k_e_dlb\gu_� mkbebl_eb�� ^bnn_j_gpb-
Zevguc�mkbebl_ev�ihklhyggh]h�lhdZ�b�^\modhhj^bgZlguc�kZfhibk_p�

Ijh\_^_gZ�hilbfbaZpby�iZjZf_ljh\�mklZgh\db�^ey�bkke_^h\Zgby�fZ-
l_jbZeh\�� jZaebqZxsboky� ih� \_ebqbg_� nZjZ^__\kdh]h� \jZs_gby� gZ� �÷3
ihjy^dZ��Wlh�iha\hebeh�kgbablv�bkdZ`_gby�ijb�aZibkb�i_l_ev�]bkl_j_abkZ

\�g_kdhevdh�jZa��>ey�m\_ebq_gby�jZaj_rZxs_c�kihkh[ghklb�mklZgh\db�^h

5 gk� \� j_`bf_� \ukhdhkdhjhklghc�nhlh]jZnbb� \� dZq_kl\_�bklhqgbdZ� ih^-
k\_ldb�bkihevah\Zeb�eZa_j�gZ�djZkbl_e_�k�\g_rg_c�gZdZqdhc�bfimevkguf

Zahlguf� eZa_jhf�� Ba�aZ� h]jZgbq_gbc� ih� qZklhl_� ke_^h\Zgby� bfimevkh\

(100 =p��Zahlguc�eZa_j�g_�fh`_l�[ulv�bkihevah\Zg�\h�\k_o�j_`bfZo�jZ[h-
lu�mklZgh\db�
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Jbk�� ���<j_f_ggu_�^bZ]jZffu�jZ[hlu�bklhqgbdZ� ]Zjfhgbq_kdh]h�fZ]gblgh]h

ihey��Z��b�bfimevkgh]h�eZa_jZ��[�^���\�kljh[hkdhibq_kdhf�j_`bf_�k�Dkl ���[��

\�j_`bf_�\ukhdhkdhjhklghc�nhlh]jZnbb�k�Dkl!���\���ijb�baf_j_gbb�kdhjhklb

^hf_gguo�]jZgbp��]���\�j_`bf_�aZibkb�_^bgbqguo�^bgZfbq_kdbo�i_l_ev�]bkl_-
j_abkZ��^��

<� lj_lv_c� ]eZ\_� ^bkk_jlZpbb� baeh`_gu� j_amevlZlu� bkke_^h\Zgby

d\ZabklZlbq_kdbo�i_l_ev�]bkl_j_abkZ�

H[gZjm`_gh�� qlh� \_ebqbgZ� dhwjpblb\ghc� kbeu� ie_ghd� n_jjblh\�

]jZgZlh\�� hij_^_ey_fhc� dZd� ihemrbjbgZ� i_leb� ]bkl_j_abkZ�� aZ\bkbl� hl

fZdkbfZevghc�gZijy`_gghklb�fZ]gblgh]h�ihey�Hm��dhlhjh_�^hklb]Z_lky�\

ijhp_kk_� i_j_fZ]gbqb\Zgby� h[jZapZ� �jbk�� ���� Z� \b^� aZ\bkbfhklb� Hk(Hm)
kms_kl\_ggh� baf_gy_lky� ijb� ih\ur_gbb� l_fi_jZlmju� k� h^gh\j_f_gguf

mf_gvr_gb_f�dhwjpblb\ghc�kbeu�

J_]bkljZpby�i_l_ev�]bkl_j_abkZ�ie_ghd�\�rbjhdhf�qZklhlghf�^bZiZ-
ahg_�fZ]gblgh]h�ihey�iha\hebeZ�hij_^_eblv� ]jZgbpu�i_j_oh^Z� hl� d\Zab-
klZlbq_kdbo�d�^bgZfbq_kdbf�ijhp_kkZf�i_j_fZ]gbqb\Zgby��IhdZaZgh��qlh

j_amevlZlu�baf_j_gby�dhwjpblb\ghc�kbeu�Gk�f_lh^hf�hkpbeeypbb�^hf_g-
guo�]jZgbp�kh\iZ^Zxl�k�j_amevlZlZfb��ihemq_ggufb�ih�ihemrbjbg_�i_leb

]bkl_j_abkZ��^ey�qZklgh]h�kemqZy��dh]^Z�g_�ijhy\eyxlky�^bgZfbq_kdb_�wn-
n_dlu�ijb�i_j_fZ]gbqb\Zgbb��Z�dhwjpblb\gZy�kbeZ�^ey�ij_^_evghc�b�qZkl-
guo�i_l_ev�]bkl_j_abkZ�hklZ_lky�h^bgZdh\hc��jbk���\��

H[gZjm`_gh��qlh�i_j_]b[�gZ� l_fi_jZlmjghc� aZ\bkbfhklb�dhwjpblb\-
ghc�kbeu�Gk(L��kh\iZ^Z_l��ih�l_fi_jZlmj_��k�i_j_]b[hf�gZ�l_fi_jZlmjghc
aZ\bkbfhklb� hlghkbl_evgh]h� jZkkh]eZkh\Zgby� djbklZeeh]jZnbq_kdbo� iZ-
jZf_ljh\�ie_gdb�n_jjblZ�]jZgZlZ�b�ih^eh`db�∆Z/Zs(L���jbk������qlh�iha\h-
ey_l�ihemqblv�dhebq_kl\_ggmx�oZjZdl_jbklbdm�\aZbfhk\yab�gZijy`_gbc�\

djbklZee_�k�\_ebqbghc�Gk��JZaebqb_�f_`^m�\_ebqbgZfb�Gk��baf_j_ggufb

ih� ihemrbjbg_� ij_^_evghc� d\ZabklZlbq_kdhc� i_leb� ]bkl_j_abkZ� �f ∼10-3

=p��b�f_lh^hf�hkpbeeypbb�^hf_gguo�]jZgbp��f ∼102 =p���gZb[he__�\ujZ`_-
gh�\�h[eZklb�i_j_]b[Z�
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Jbk�� ���AZ\bkbfhklb�dhwjpblb\ghc� kbeu�Hk�hl�fZdkbfZevghc� gZijy`_gghklb

fZ]gblgh]h�ihey�Hm�^ey�l_fi_jZlmju�L ����Z�������[��b����°K��\��

Jbk�� ���L_fi_jZlmjgu_� aZ\bkbfhklb�dhwjpblb\ghc�kbeu�Gk�b�hlghkbl_evgh]h

jZkkh]eZkh\Zgby�∆Z�Zs�^ey�ie_ghd�n_jjblh\�]jZgZlh\�k�djbklZeeh]jZnbq_kdhc

hjb_glZpb_c��������Z��b��������[��
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Q_l\_jlZy�]eZ\Z�ihk\ys_gZ�bkke_^h\Zgbx�f_oZgbafh\�i_j_fZ]gbqb-
\Zgby��ijb\h^ysbo�d�fh^bnbdZpbb�^bgZfbq_kdbo�i_l_ev�]bkl_j_abkZ�ijb

baf_g_gbb�qZklhlu�b�Zfieblm^u�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�\�rbjh-
dhf�^bZiZahg_�qZklhl�b�Zfieblm^�ihey��JZajZ[hlZggZy�f_lh^bdZ�iha\hebeZ

ijh\_klb�khihklZ\e_gb_�\b^Z�^hf_gguo�kljmdlmj�k�dhgdj_lgufb�mqZkldZ-
fb�i_l_ev�]bkl_j_abkZ��jbk�����

Jbk�����I_leb�]bkl_j_abkZ�ijb�Zfieblm^_�ihey�Hm=76 W�b�qZklhl_�ihey�f =100
�Z��b�����=p��[��b�^bgZfbq_kdb_�^hf_ggu_�kljmdlmju��khhl\_lkl\mxsb_�nZaZf

ϕ =0°�b� ��°� ]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey��NZa_�ϕ =90°� khhl\_lkl\m_l�fh-
gh^hf_ggh_�khklhygb_�

D\ZabklZlbq_kdZy� ij_^_evgZy� i_ley� ]bkl_j_abkZ� ie_gdb� bf__l� \b^�

lbibqguc�^ey�h^ghhkguo�ie_ghd�n_jjblh\�]jZgZlh\��g_agZqbl_evgh�hleb-
qZykv�hl�i_leb�gZ�jbk���Z���<ebygb_�^bgZfbq_kdbo�f_oZgbafh\�i_j_fZ]gb-
qb\Zgby�ie_ghd�n_jjblh\�]jZgZlh\��baf_g_gb_�mkeh\bc�aZjh`^_gby�^hf_-
gh\��^hklb`_gb_�kdhjhklb�gZkus_gby�Vs�^hf_ggufb�]jZgbpZfb�b�h[jZah-
\Zgb_�gZ�gbo�mqZkldh\�k�jZaebqghc�wnn_dlb\ghc�fZkkhc�−�gZqbgZ_l�kdZau-
\Zlvky�\�m\_ebq_gbb�qbkeZ�hljhkldh\�gZ�mqZkldZo�ihehkh\uo�^hf_gh\��ijb-
\h^ysbo�d�[he__�qZklhfm�\_l\e_gbx�^hf_gh\��jbk���Z��[��ih�kjZ\g_gbx�kh

kemqZ_f�jZ\gh\_kgh]h�nhjfbjh\Zgby�eZ[bjbglghc�kljmdlmju�m`_�\�h[eZk-
lb�qZklhl�]Zjfhgbq_kdh]h�ihey� f ∼100 =p��h[uqgh�kqblZxs_cky�d\ZabklZ-
lbq_kdhc�

LjZgknhjfZpby�i_l_ev�]bkl_j_abkZ�\�Zfieblm^gh�qZklhlghf�Hmf�ijh-
kljZgkl\_� ij_^klZ\e_gZ� \� \b^_� nZah\hc� ^bZ]jZffu� �jbk�� ���� KiehrgZy
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�kijZ\Z��b�rljboh\Zy� �k\_jom�� ebgbb��h]jZgbqb\Zxsb_�^bZ]jZffm��ihdZ-
au\Zxl� h]jZgbq_gb_� f_lh^bdb� baf_j_gbc�� Ijb� fZeuo� Zfieblm^Zo� ihey

(Gm<H0��]^_�H0 −�ihe_�dheeZikZ�PF>��i_leb�y\eyxlky�qZklgufb�kbff_l-
jbqgufb��nZaZ�����K�m\_ebq_gb_f�Zfieblm^u�ihey�Hm�bf__l�f_klh�i_j_oh^

d�ij_^_evguf�kbff_ljbqguf�i_leyf��nZaZ����

Jbk�����NZah\Zy�^bZ]jZffZ�i_l_ev�]bkl_j_abkZ�ijb�baf_g_gbb�Zfieblm^u�Hm b
qZklhlu� f� ]Zjfhgbq_kdh]h� fZ]gblgh]h� ihey�� �� �� qZklgu_� kbff_ljbqgu_�� �� �
ij_^_evgu_�� � ��ij_^_evgu_�ijyfhm]hevgu_�� �� ��h[eZklv�g_klZ[bevghklb�� �� �

lj_m]hevgu_������weebilbq_kdb_�i_leb�]bkl_j_abkZ�

Yjdbf�ijhy\e_gb_f�ljZgknhjfZpbb�^bgZfbq_kdhc�i_leb�]bkl_j_abkZ

k�qZklhlhc�ihey�y\ey_lky�__�g_klZ[bevghklv�>��@��nZaZ����\�\b^_�\ZjbZpbb

ihey�klZjlZ�∆Gkl��jbk���[���Z���G_aZrljboh\ZggZy�h[eZklv�f_`^m�nZaZfb���

��b����jbk�����h[jZam_lky�\�j_amevlZl_�h]jZgbq_gbc��k\yaZgguo�k�lhqghklvx

baf_j_gbc�iZjZf_ljh\�i_leb�]bkl_j_abkZ�\�h[eZklb�g_klZ[bevghklb��NZaZ��

y\ey_lky�ijhf_`mlhqghc�f_`^m�nZaZfb���b���

<uy\e_gh��qlh�^ey�i_leb�]bkl_j_abkZ�\�h[eZklb�g_klZ[bevghklb�f_oZ-
gbafu� i_j_fZ]gbqb\Zgby� aZ\bkyl� hl� ke_^mxsbo� hkgh\guo� iZjZf_ljh\�

kdhjhklb�gZkus_gby�^hf_gguo�]jZgbp�Vs�b�kj_^g_]h�qbkeZ�aZjh^ur_c�i_-
j_fZ]gbqb\Zgby�nkj�gZ�_^bgbpm�iehsZ^b�h[jZapZ��AZjh^urb�i_j_fZ]gbqb-
\Zgby�h[jZamxlky�\�jZaguo�f_klZo�ih�iehsZ^b�h[jZapZ�b�\�jZagh_�\j_fy

ijb� ih\lhj_gbb� pbdeh\� i_j_fZ]gbqb\Zgby�� qlh� b� y\ey_lky� ijbqbghc� g_-
klZ[bevghklb�i_leb�

H[gZjm`_gh��qlh�\j_fy�aZ^_j`db�aZjh^ur_h[jZah\Zgby�ijb�i_j_fZ]-
gbqb\Zgbb�\�]Zjfhgbq_kdhf�ihe_�fh`_l�ij_\urZlv�\j_fy�aZ^_j`db�aZjh-
^ur_h[jZah\Zgby�\�bfimevkghf�ihe_�gZ�^\Z�ihjy^dZ�\_ebqbgu��<�]Zjfh-
gbq_kdhf�ihe_�ijhp_kk�aZjh`^_gby�b�jhklZ�^hf_gh\�k�ijhlb\hiheh`guf
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gZijZ\e_gb_f� gZfZ]gbq_gghklb� ijhbkoh^bl� ih^� ^_ckl\b_f� fZ]gblgh]h

ihey��baf_gyxs_]hky� \� l_q_gb_� \k_]h�ijhp_kkZ�i_j_fZ]gbqb\Zgby��<_jh-
ylgh�� wlh�b� y\ey_lky� hkgh\ghc�ijbqbghc� aZ^_j`db�ihy\e_gby� aZjh^ur_c

i_j_fZ]gbqb\Zgby�gZ�\j_fy�ta ∼100 fdk.

Jbk�����>bgZfbq_kdZy�i_ley�]bkl_j_abkZ�ijb�Zfieblm^_�ihey�Hm=76 W�b�qZklh-
l_�f =5 d=p��Z��b�qZklhlgZy�aZ\bkbfhklv�\j_f_gb�aZ^_j`db�aZjh^ur_h[jZah\Z-
gby�ta��[��aZrljboh\ZggZy�h[eZklv�.�FZjd_jZfb�h[hagZq_gZ�aZ\bkbfhklv�ta

max�hl

qZklhlu�ihey�f�ijb�Zfieblm^_�]Zjfhgbq_kdh]h�ihey�Hm=76 W��Kiehrghc�ebgbb

khhl\_lkl\m_l�^ebl_evghklv�ihemi_jbh^Z�ihey�L����Z�rljboh\hc�−����hl�^eb-
l_evghklb�ihemi_jbh^Z�ihey�

FZdkbfZevgZy�g_klZ[bevghklv�i_leb� ]bkl_j_abkZ�bf__l�f_klh�� dh]^Z

fZdkbfZevgh_� \j_fy� aZ^_j`db� aZjh^ur_h[jZah\Zgby� ta� klZgh\blky� kjZ\-
gbfuf�k�\_ebqbghc�ihemi_jbh^Z�ihey�L����jbk���[���WlZ�qZklhlZ�ihey�y\ey�

_lky�]jZgbqghc�f]j��ijb�f >f]j�khklhygb_�gZkus_gby�h[jZapZ�g_�^hklb]Z_lky

\�l_q_gb_�h[hbo�ihemi_jbh^h\�ihey��bf__l�f_klh�g_klZ[bevghklv�\u[hjZ

ij_bfms_kl\_gghc�hjb_glZpbb�gZfZ]gbq_gghklb�b�ijhbkoh^bl�i_j_oh^�d

lj_m]hevghc� Zkbff_ljbqghc� i_le_� �nZaZ� ���� dh]^Z� khklhygb_� gZkus_gby

^hklb]Z_lky�lhevdh�ijb�h^ghc�iheyjghklb�ihey�

<\_^_gguc�gZfb�iZjZf_lj�N=Vsnkj/f]j�ijZdlbq_kdb�ihklhyg_g�^ey� k_�
jbb�h[jZaph\�k�iZjZf_ljZfb�Vs, nkj�b�f]j��jZaebqZxsbfbky�gZ��÷��ihjy^dZ
�jbk������Wlh�iha\hey_l�mklZgh\blv�\aZbfhk\yav�f_`^m�iZjZf_ljZfb�h[jZa-
pZ�b�qZklhlguf�^bZiZahghf�ihey��\�dhlhjhf�gZ[ex^Z_lky�g_klZ[bevghklv

^bgZfbq_kdbo�i_l_ev�]bkl_j_abkZ��gZijbf_j��ijh\h^blv�hp_gdm�]jZgbqghc

qZklhlu�f]j�ijb�ba\_klguo�Vs�b�nkj.
<�h[eZklb���qZklgu_�i_leb�klZgh\ylky�weebilbq_kdbfb�ba�aZ�dhg_qghc

kdhjhklb�^\b`_gby�^hf_gguo�]jZgbp�b�hlklZ\Zgby�bo�^\b`_gby�ih�nZa_�hl

baf_g_gby�fZ]gblgh]h�ihey��nZaZ�����OZjZdl_jgh��qlh�\�nZaZo�����ijhp_kku
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i_j_fZ]gbqb\Zgby� hq_gv� qm\kl\bl_evgu� d� g_h^ghjh^ghklb� fZ]gblgh]h

ihey� b� iZjZf_ljh\� ie_ghd�� Ijbeh`_gb_� g_[hevrh]h� ihey� kf_s_gby

Gkf<<H m�ijb\h^bl�d�Zkbff_ljbb�beb��gZh[hjhl��kbff_ljbjm_l�i_leb�]bk-
l_j_abkZ� \� kemqZ_�g_[hevrhc� Zkbff_ljbb�iZjZf_ljh\�ie_gdb�beb� ]Zjfh-
gbq_kdh]h�ihey��jbk�����

Jbk�����IZjZf_lju�k_jbb�h[jZaph\�ie_ghd�n_jjblh\�]jZgZlh\������÷8):
Z��kdhjhklv�gZkus_gby�^hf_gguo�]jZgbp�Vs;
[��kj_^g__�qbkeh�aZjh^ur_c�i_j_fZ]gbqb\Zgby�nkj;
\��]jZgbqgZy�qZklhlZ�]Zjfhgbq_kdh]h�ihey�f]j;
]��iZjZf_lj�N=Vsnkj/f]j.

Jbk�� ���>bgZfbq_kdb_�i_leb� ]bkl_j_abkZ�ijb�Zfieblm^_� ]Zjfhgbq_kdh]h�fZ]-
gblgh]h� ihey� Gm=70 W� b� qZklhl_� ihey� f =5 d=p� �Z�\��� ijb� Zfieblm^_� ihey
Gm=120 W�b�qZklhl_�ihey�f =40 d=p��]�_��\�ijbkmlkl\bb�ihklhyggh]h�ihey�kf_-
s_gby�Gkf ���Z��]�������[��������\��������^��b�����W��_��



14

<�iylhc� ]eZ\_� ijb\_^_gu� j_amevlZlu� bkke_^h\Zgby� qZklguo� i_l_ev

]bkl_j_abkZ�ie_ghd�n_jjblh\�]jZgZlh\��khhl\_lkl\mxsbo�ijhp_kkZf�nhj-
fbjh\Zgby�klZlbq_kdbo�b�^bgZfbq_kdbo�^hf_gguo�kljmdlmj�

>ey�mklZgh\e_gby�f_oZgbafZ�nhjfbjh\Zgby�kibjZevguo�^hf_gh\�bk-
ke_^h\Zeb�gZqZevgmx�klZ^bx�ijhp_kkZ�−�h[jZah\Zgb_�kibjZevgh]h�^hf_gZ
\�j_amevlZl_�jZkrbj_gby�PF>�ijb�d\ZabklZlbq_kdhf�kgb`_gbb�ihey�kf_-
s_gby�gb`_�ihey�weebilbq_kdhc�g_mklhcqb\hklb�PF>��Ijhp_kk�jZa\hjZ-
qb\Zgby�k\hjZqb\Zgby�S�^hf_gZ� �jbk�� ��[�� \�� j_]bkljbjh\Zeb� k�ihfhsvx

\b^_hdZf_ju� b� h^gh\j_f_ggh� aZibku\Zeb� khhl\_lkl\mxsmx� wlhfm� ijh-
p_kkm�d\ZabklZlbq_kdmx�qZklgmx�i_lex�]bkl_j_abkZ��jbk����Z���nhdmkbjmy

emq�ih^k\_ldb�gZ�h[eZklv�ie_gdb��kh^_j`Zs_c�h^bg�PF>�

KdZqdhh[jZagh_�m\_ebq_gb_�mf_gvr_gb_�^ebgu�S-̂ hf_gZ�ijb\h^bl�d

ihy\e_gbx� klmi_g_c� jZaghc� \_ebqbgu� gZ� i_le_� ]bkl_j_abkZ�� Z� jZkrbj_-
gb_�km`_gb_�rbjbgu�S�^hf_gZ� hljZ`_gh� \� \b^_� gZdehgZ� klmi_g_c� �jbk�
�����Ijb�fgh]hdjZlghf�\hkijhba\_^_gbb�\ur_mdZaZgguo�ijhp_kkh\�i_ley

]bkl_j_abkZ�baf_gy_lky�g_agZqbl_evgh�k�khojZg_gb_f�h[sbo�aZdhghf_jgh-
kl_c��ihemrbjbgZ�i_leb�]bkl_j_abkZ�gZ�ihjy^hd�ij_\urZ_l�dhwjpblb\gmx

kbem�ijb�i_j_fZ]gbqb\Zgbb�eZ[bjbglghc�^hf_gghc�kljmdlmju� �\�qZklgh-
klb��ba�aZ�]bkl_j_abkZ�i_j_oh^Z�ihehkh\hc�pbebg^jbq_kdbc�^hf_g���Z�i_l-
ey�]bkl_j_abkZ�y\ey_lky�klmi_gqZlhc�

Jbk������QZklgZy�i_ley�]bkl_j_abkZ� �Z���khhl\_lkl\mxsZy�ijhp_kkm�jZa\hjZqb-
\Zgby� �[��b�k\hjZqb\Zgby� �\��y^jZ�kibjZevgh]h�^hf_gZ� �\�\b^_�6�^hf_gZ��ijb

d\ZabklZlbq_kdhf� baf_g_gbb� ihey� kf_s_gby� Gkf� �klj_edZfb� mdZaZgZ� bkoh^-
gZy�dhg_qgZy�qZklv�^hf_gZ��

AZdjmqb\Zgb_�ihehkh\h]h�^hf_gZ�ijhbkoh^bl�\h�\j_fy�kdZqdh\�[eZ]h-
^Zjy�^_ckl\bx�]bjhljhighc�kbeu�gZ�]heh\dm�ihehkh\h]h�^hf_gZ��<�j_amev-
lZl_� bkke_^h\Zgby� g_kdhevdbo� ^_kyldh\� h[jZaph\� mklZgh\e_gh�� qlh� iZjZ-
f_ljZfb� h[jZapZ�� oZjZdl_jbamxsbfb� \hafh`ghklv� nhjfbjh\Zgby� kib-
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jZevguo�^hf_gh\��y\eyxlky�m^_evgZy�]bjhljhigZy�kbeZ�Fg/w0��]bjhljhigZy

kbeZ�gZ�_^bgbpm�rbjbgu�^hf_gZ��b�iehsZ^v�Spf^(G2��� aZgbfZ_fZy�h^gbf

PF>�\�ihe_��[ebadhf�d�ihex�weebilbq_kdhc�g_mklhcqb\hklb�G2.
Bkke_^h\Zgb_�w\hexpbb�kibjZevguo�^hf_gh\�\�l_q_gb_�i_jbh^Z�]Zj-

fhgbq_kdh]h�fZ]gblgh]h�ihey�kljh[hkdhibq_kdbf�f_lh^hf�ihdZaZeh��qlh�\

l_q_gb_�i_jbh^Z�ihey�nhjfZ�kibjZevgh]h�^hf_gZ�agZqbl_evgh�baf_gy_lky

�jbk�������OZjZdl_jgh�jZaebqb_�nhjfu�^hf_gh\�h^ghc�b�lhc�`_�iheyjghklb

ijb�baf_g_gbb�gZijy`_gghklb�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�\�l_q_gb_

ihemi_jbh^Z��gZjZklZgb_�ba]b[guo�bkdZ`_gbc�ijb�mf_gvr_gbb�ihey��jbk�

��\��b�nhjfbjh\Zgb_�hljhkldh\�ijb�m\_ebq_gbb�ihey��jbk����Z���Ijb�kf_g_

iheyjghklb�ihey��ke_^mxs_f�ihemi_jbh^_�ihey��dZjlbgZ�ih\lhjy_lky��Mk-
lZgh\e_gh��qlh�\_jogyy�]jZgbpZ�h[eZklb�nhjfbjh\Zgby�^bgZfbq_kdbo�kib-
jZevguo�^hf_gh\�ih�qZklhl_�ihey�f�k\yaZgZ�k�ij_h[jZah\Zgbyfb�kljmdlmju
]jZgbp�^bgZfbq_kdbo�^hf_gh\��h[jZah\Zgb_f�mqZkldh\�k�jZaebqghc�wnn_d-
lb\ghc�fZkkhc�^hf_gguo�]jZgbp��qlh�ijb\h^bl�d�jZaju\Zf�ihehkh\uo�^h-
f_gh\�

Jbk�� ���� >bgZfbq_kdb_� ^hf_ggu_� kljmdlmju�� khhl\_lkl\mxsb_� jZaebqguf

nZaZf� ]Zjfhgbq_kdh]h� fZ]gblgh]h� ihey� ijb� qZklhl_� f =2 d=p� b� Zfieblm^_
Hm=38 W: ϕ =30°��Z������°��[��b����°��\��

F_lh^hf� \ukhdhkdhjhklghc� nhlh]jZnbb� fu� \uy\beb�� qlh� ba]b[gZy

g_mklhcqb\hklv�]jZgbpu�]b]Zglkdh]h�^bgZfbq_kdh]h�^hf_gZ��\�j_amevlZl_

dhlhjhc� h[jZam_lky� k_lv� ihehkh\uo� ^hf_gh\� dhg_qghc� ^ebgu� �]j_[_gv��

bf__l� f_klh� \� h[eZklb� kf_gu� iheyjghklb� ihey� �ijb� nZa_� ϕ =180±30°).
<hafh`ghklv�nhjfbjh\Zgby�]b]Zglkdbo�^bgZfbq_kdbo�^hf_gh\�hij_^_ey-
_lky�kdhjhklvx�gZkus_gby�^hf_gguo�]jZgbp�b�iehlghklvx�^_n_dlh\��p_g-
ljh\�aZjh`^_gby�^hf_gh\��\�ie_gd_�

<�h^ghc�b�lhc�`_�ie_gd_�h[gZjm`_gh�nhjfbjh\Zgb_�^\mf_jguo�j_r_-
lhd�^hf_gh\��jbk�������ijbgZ^e_`Zsbo�d�iylb�ijhkljZgkl\_gguf�]jmiiZf

jhf[bq_kdhc�b�]_dkZ]hgZevghc�kbg]hgbc��P2, Pab2, P6, Cmm2�b�Cmm6��\
j_amevlZl_� ijbeh`_gby� ]Zjfhgbq_kdh]h� fZ]gblgh]h� ihey� \� l_q_gb_� g_-
kdhevdbo�k_dmg^��DZd�b�\� >��@��^bZiZahg�iZjZf_ljh\�]Zjfhgbq_kdh]h�fZ]-
gblgh]h�ihey��ijb�dhlhjuo�\hafh`gh�nhjfbjh\Zgb_�^\mf_jguo�kljmdlmj�
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jZkrbjyeky�ijb�ijbeh`_gbb�g_[hevrh]h�ihey�kf_s_gby�Gkf<H0��Ijbf_-
qZl_evgh�lh��qlh�\k_�jZaghh[jZab_�^hf_gguo�kljmdlmj��\�lhf�qbke_�b�gh\u_

dhgnb]mjZpbb� j_r_lhd� ^hf_gh\�� gZf� m^Zehkv� gZ[ex^Zlv� ih^� ^_ckl\b_f

]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�g_baf_gghc�Zfieblm^u�Hm∼2,5H0��Baf_-
gyeb�lhevdh�h^bg�iZjZf_lj�\g_rg_]h�\ha^_ckl\by�−�qZklhlm�ihey�f.

Jbk�� ����KlZlbq_kdb_�^hf_ggu_� kljmdlmju��knhjfbjh\Zggu_�gZ�h^ghf�b� lhf

`_� mqZkld_�h[jZapZ�ie_gdb�n_jjblZ�]jZgZlZ� \�j_amevlZl_� \ha^_ckl\by� ]Zjfh-
gbq_kdbf�ihe_f�k�Zfieblm^hc�Gm=77 W�jZaebqghc�qZklhlu��f� �����Z�������[�����
�\�������]��������^�������d=p��_���Ihe_�kf_s_gby�Gkf ���Z��b���W��[�_��

>bgZfbq_kdb_� i_leb� ]bkl_j_abkZ�� khhl\_lkl\mxsb_� ijhp_kkZf� nhj-
fbjh\Zgby�b�ij_h[jZah\Zgby�^\mf_jguo�j_r_lhd�^hf_gh\��y\eyxlky�qZkl-
gufb�� Bo� oZjZdl_jguf� ijbagZdhf� y\ey_lky� Zkbff_ljbqghklv�� dhlhjZy

ijhy\ey_lky�ijb�ijbeh`_gbb�ihey�kf_s_gby� �jbk����[���Ijb�qZklhl_�]Zj-
fhgbq_kdh]h�ihey�gb`_�h[eZklb�nhjfbjh\Zgby�^\mf_jguo�j_r_lhd�^hf_-
gh\�i_ley�]bkl_j_abkZ�koehiu\Z_lky�\�]hjbahglZevgmx�ebgbx��jbk����Z���Z

h[jZa_p�gZfZ]gbqb\Z_lky�^h�gZkus_gby��Ijb�qZklhl_�ihey�\ur_�h[eZklb

nhjfbjh\Zgby�^\mf_jguo�j_r_lhd�^hf_gh\�i_ley�]bkl_j_abkZ�klZgh\blky

kbff_ljbqghc��jbk����\��

Ih^� ^_ckl\b_f� ]Zjfhgbq_kdh]h� ihey� qZklhlhc� ^_kyldb� b� khlgb� ]_jp

nhjfbjh\ZeZkv�eZ[bjbglgZy�^hf_ggZy�kljmdlmjZ� �jbk����Z���Ijb�m\_ebq_-
gbb�qZklhlu�ihey�^h�g_kdhevdbo�dbeh]_jp�b�\ur_�gZqbgZxl�b]jZlv�kms_-
kl\_ggmx�jhev�^bgZfbq_kdb_�wnn_dlu��\�l_q_gb_�ihemi_jbh^Z�ihey�ie_g-
dZ�gZfZ]gbqb\Z_lky�^h�gZkus_gby��Z�ijhp_kk�jZafZ]gbqb\Zgby�g_�mki_\Z_l

ijhl_dZlv� d\ZabklZlbq_kdb� �jbk�� ��[��� ihe_� klZjlZ� gZ� i_le_� ]bkl_j_abkZ

mf_gvrZ_lky�
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Jbk�� ����I_leb� ]bkl_j_abkZ� ijb� Zfieblm^_� ]Zjfhgbq_kdh]h�fZ]gblgh]h� ihey

Gm=77 W�b�qZklhl_�f� ����Z��������[��b�����d=p��\���Ihe_�kf_s_gby�Gkf=10 W.

Ijb� ^Zevg_cr_f� m\_ebq_gbb� qZklhlu� ihey� ijhp_kku� dheeZikbjh\Z-
gby�eZ[bjbglguo�^hf_gh\�ij_djZsZxlky��Bf__l�f_klh�lhevdh�k[eb`_gb_

^hf_gguo� ]jZgbp� k� g_jZ\ghf_jgh� jZkij_^_e_gghc� wnn_dlb\ghc� fZkkhc�

Hgh� khijh\h`^Z_lky� jZaju\Zfb� eZ[bjbglguo� ^hf_gh\�� \ke_^kl\b_� q_]h

h[jZam_lky�g_mihjy^hq_gguc�fZkkb\�dhjhldbo�eZ[bjbglguo�^hf_gh\��jbk�

��\���M\_ebq_gb_�qZklhlu�ihey�ijb\h^bl�d�ljZgknhjfZpbb�nhjfu�^hf_gh\

\�]Zgl_e_\b^gmx��Z�aZl_f�−�\�weebilbq_kdmx��pbebg^jbq_kdmx��dhevp_\mx
b� khijh\h`^Z_lky� ijhp_kkZfb� mihjy^hq_gby� \� jZkiheh`_gbb� ^hf_gh\

�jbk����]�_��

<� gbadhqZklhlghc� h[eZklb� ^bZiZahgZ� fZ]gblguo� ihe_c�� khhl\_lkl-
\mxsbo� nhjfbjh\Zgbx� ^\mf_jguo� j_r_lhd� ^hf_gh\�� nhjfbjmxlky� j_-
r_ldb�k�kbff_ljb_c�Pab2��jbk����]���\[ebab�\_jog_c��ih�qZklhl_�ihey��]jZ-
gbpu� ^bZiZahgZ� −� ]_dkZ]hgZevgZy� j_r_ldZ� pbebg^jbq_kdbo� ^hf_gh\� k

kbff_ljb_c�Cmm6��GZb[hevr__�jZaghh[jZab_�mihjy^hq_gguo�^\mf_jguo

j_r_lhd�^hf_gh\�bf__l�f_klh�\�^bZiZahg_�qZklhl�ihey�−�hl�����^h�����d=p,
]^_� hgb�fh]ml� khkms_kl\h\Zlv� �jbk�� ��^���<� wlhf� ^bZiZahg_� h[gZjm`_gu

gh\u_�dhgnb]mjZpbb�j_r_lhd�k�kbff_ljb_c�P2� �jbk����Z�\��b�Cmm2� �jbk�
��]��

Ijh\_^_gh�kjZ\g_gb_�mkeh\bc�h[jZah\Zgby�j_r_lhd�^hf_gh\�\�]Zjfh-
gbq_kdhf�b�bfimevkghf�fZ]gblguo�iheyo��AgZqbl_evgh]h�\ebygby�nhjfu

bfimevkZ�ihey�gZ�ijhp_kku�nhjfbjh\Zgby�^\mf_jguo�j_r_lhd�^hf_gh\�g_

\uy\e_gh��fu�bo�nhjfbjh\Zeb�ih^�^_ckl\b_f�bfimevkh\�ihey�k�^ebl_ev-
ghklvx�njhglZ� ��� gk� b� [he__��Rbjhdbc� ^bZiZahg� baf_g_gby� Zfieblm^u

bfimevkZ�ihey�Hb��ijb�dhlhjhc�ijhbkoh^bl�nhjfbjh\Zgb_�^\mf_jguo�j_-
r_lhd�� k\yaZg� k� l_f�� qlh� kdhjhklv� ^\b`_gby� ^hf_gguo� ]jZgbp� ^hklb]Z_l

gZkus_gby�\�ihe_�Hb<<H0�b�hklZ_lky�ijZdlbq_kdb�ihklhygghc�\iehlv�^h

Hb∼10H0.
AZ\_jrZ_lky�^bkk_jlZpby�baeh`_gb_f�hkgh\guo�ihemq_gguo�\�jZ[hl_

j_amevlZlh\�b�kibkdhf�pblbjh\Zgghc�ebl_jZlmju�
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Jbk�� ����NjZ]f_glu� klZlbq_kdbo� ^hf_gguo� kljmdlmj�� knhjfbjh\Zgguo� ih^

^_ckl\b_f�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey�k�Zfieblm^hc�Gm=77 W�b�qZklhlhc
f ~100 d=p�gZ�h^ghf�b�lhf�`_�mqZkld_�h[jZapZ��Ihe_�kf_s_gby�Gkf=6 W��Hlf_-
q_gu�we_f_glZjgu_�yq_cdb�b�iehkdhklb�a_jdZevgh]h�hljZ`_gby��m).

HKGH<GU?�J?AMEVL:LU�B�<U<H>U

��� JZajZ[hlZgZ� mklZgh\dZ� ^ey� bkke_^h\Zgby�f_oZgbafh\� i_j_fZ]gbqb-
\Zgby�fZ]gblhhilbq_kdbo�fZl_jbZeh\�\�^bZiZahg_�qZklhl�]Zjfhgbq_kdh]h

fZ]gblgh]h�ihey���
-4÷2⋅105 =p��<i_j\u_�mklZgh\dZ�iha\hey_l�h^gh\j_f_g-

gh�k� aZibkvx�i_l_ev� ]bkl_j_abkZ�j_]bkljbjh\Zlv�khhl\_lkl\mxsb_�mqZkl-
dZf�i_l_ev�^bgZfbq_kdb_� ^hf_ggu_� kljmdlmju� kljh[hkdhibq_kdbf�f_lh-
^hf�k�\j_f_gguf�jZaj_r_gb_f�����fdk�b�djZlghklvx�kljh[bjh\Zgby�Dkl=1,
2, 3 … .

��� Ijh\_^_gZ� hilbfbaZpby� iZjZf_ljh\� fZ]gblhhilbq_kdhc� mklZgh\db

ijb� bkke_^h\Zgbb� fZl_jbZeh\�� fZ]gblhhilbq_kdZy� ^h[jhlghklv� dhlhjuo

jZaebqZ_lky�gZ�g_kdhevdh�ihjy^dh\��Wlh�iha\hebeh�kgbablv�bkdZ`_gby�ijb

aZibkb�i_l_ev�]bkl_j_abkZ�\�g_kdhevdh�jZa��Hij_^_e_gu�mkeh\by��ijb�dhlh-
juo� j_amevlZlu� baf_j_gby� dhwjpblb\ghc� kbeu�� ihemq_ggu_�f_lh^hf� hk-
pbeeypbb�^hf_gguo� ]jZgbp�� kh\iZ^Zxl� k� j_amevlZlZfb�� ihemq_ggufb� ih

ihemrbjbg_�d\ZabklZlbq_kdhc�i_leb�]bkl_j_abkZ�

��� H[gZjm`_gh�� qlh� \_ebqbgZ� dhwjpblb\ghc� kbeu� ie_ghd� n_jjblh\�

]jZgZlh\�aZ\bkbl�hl�fZdkbfZevghc�gZijy`_gghklb�fZ]gblgh]h�ihey��dhlh-
jh_�^hklb]Z_lky�\�ijhp_kk_�i_j_fZ]gbqb\Zgby�h[jZapZ��Ijb�gZebqbb�i_j_-
]b[Z�gZ�aZ\bkbfhklb�dhwjpblb\ghc�kbeu�hl�l_fi_jZlmju�hg�kh\iZ^Z_l��ih

l_fi_jZlmj_��k�i_j_]b[hf�gZ�aZ\bkbfhklb�hlghkbl_evgh]h�jZkkh]eZkh\Zgby

djbklZeeh]jZnbq_kdbo�iZjZf_ljh\�ie_gdb�n_jjblZ�]jZgZlZ�b�ih^eh`db�hl

l_fi_jZlmju�

���<uykg_gu�f_oZgbafu�i_j_fZ]gbqb\Zgby��ijb\h^ysb_� d� g_klZ[bev-
ghklb� i_leb� ]bkl_j_abkZ��Hij_^_e_gu� iZjZf_lju� fZ]gblgh]h� fZl_jbZeZ�

hij_^_eyxsb_�^bZiZahg�qZklhl�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey��\�dhlh-
jhf�ijhy\ey_lky�y\e_gb_�g_klZ[bevghklb�i_leb�]bkl_j_abkZ�\�\b^_�\ZjbZ-



19

pbb�ihey�klZjlZ�

���H[gZjm`_gh�� qlh� ijhp_kk� aZdjmqb\Zgby� ihehkh\h]h� ^hf_gZ� \� kib-
jZevguc�^hf_g�ijb�d\ZabklZlbq_kdhf�baf_g_gbb�fZ]gblgh]h�ihey�ijhbk-
oh^bl� klmi_gqZlh��Bkke_^h\ZgZ� w\hexpby� ^bgZfbq_kdbo� kibjZevguo� ^h-
f_gh\�\�l_q_gb_�i_jbh^Z�]Zjfhgbq_kdh]h�fZ]gblgh]h�ihey��IhdZaZgh��qlh

\_jogyy� ]jZgbpZ�h[eZklb�nhjfbjh\Zgby�^bgZfbq_kdbo� kibjZevguo�^hf_-
gh\�ih�qZklhl_�ihey�k\yaZgZ�k�ij_h[jZah\Zgbyfb�kljmdlmju�]jZgbp�^hf_-
gh\�

���MklZgh\e_gh��qlh�w\hexpby�]b]Zglkdh]h�^bgZfbq_kdh]h�^hf_gZ�\�l_-
q_gb_� i_jbh^Z� ]Zjfhgbq_kdh]h�fZ]gblgh]h� ihey� mevljZa\mdh\hc� qZklhlu

khijh\h`^Z_lky� nhjfbjh\Zgb_f� ]j_[_gqZlhc� ]jZgbpu� ^hf_gZ� lhevdh� \

h[eZklb�kf_gu�iheyjghklb�ihey�

���Hij_^_e_gu�mkeh\by�nhjfbjh\Zgby�jy^Z�mihjy^hq_gguo�^hf_gguo

kljmdlmj�\�\b^_�^\mf_jguo�j_r_lhd�^hf_gh\�dZd�\�]Zjfhgbq_kdhf��lZd�b�\

bfimevkghf�fZ]gblghf�ihe_��IhdZaZgh��qlh�nhjfbjh\Zgb_�^\mf_jguo�^h-
f_gguo�kljmdlmj�bf__l�f_klh�ih^�^_ckl\b_f�bfimevkh\�fZ]gblgh]h�ihey�k

^ebl_evghklvx�njhglZ� ��� gk� b� [he__��H[gZjm`_gu� gh\u_� dhgnb]mjZpbb

j_r_lhd�^hf_gh\��khhl\_lkl\mxsbo�]jmiiZf�kbff_ljbb�J��b�KPP�.

Hkgh\gu_�j_amevlZlu�^bkk_jlZpbb�him[ebdh\Zgu�\�jZ[hlZo�

1. Eh]mgh\�F�<���=_jZkbfh\�F�<��FZ]gblhhilbq_kdZy�mklZgh\dZ�gZ�[Za_

]_ebc�g_hgh\h]h� eZa_jZ� k� K<Q�gZdZqdhc� ���Gh\u_� fZ]gblgu_� fZl_jbZeu

fbdjhwe_dljhgbdb���L_a��^hde��;9�<k_jhkk��rdheu�k_f����F���F=M��������

K����������

���=_jZkbfh\�F�<���Eh]mgh\�F�<��Ijbf_g_gb_�]_ebc�g_hgh\uo�eZa_jh\

k� ihi_j_qghc�K<Q�gZdZqdhc� \� nbabq_kdhf� wdki_jbf_gl_� ���Ijh[e_fu� b

ijbdeZ^gu_� \hijhku� nbabdb�� �L_a�� ^hde�� F_`^mgZj�� dhgn���� KZjZgkd�

F=IB���������K����������

3. Eh]mgh\�F�<���=_jZkbfh\�F�<��Dhwjpblb\gZy�kbeZ�ie_ghd�n_jjblh\�

]jZgZlh\� ��� Gh\u_� fZ]gblgu_� fZl_jbZeu� fbdjhwe_dljhgbdb�� �L_a�� ^hde�

;9,�F_`^mgZj��rdheu�k_f����F���F=M���������Q��,,���K���������

���=_jZkbfh\�F�<���Eh]mgh\�F�<��HilbfbaZpby�iZjZf_ljh\�fZ]gblhhi-
lbq_kdhc�mklZgh\db� ���K[��gZmqg��ljm^h\�mq_guo�Fhj^h\kdh]h�]hk��mg�lZ��

KZjZgkd���GBBJ���������Q��,,,���K������

���Eh]mgh\�F�<���=_jZkbfh\�F�<��Dhwjpblb\gZy�kbeZ�fhghdjbklZeebq_-
kdbo� ie_ghd� n_jjblh\�]jZgZlh\� \� aZ\bkbfhklb� hl� fZdkbfZevghc� gZijy-
`_gghklb�fZ]gblgh]h�ihey����IbkvfZ�\�@LN����������L������\ui�������K�����

43.
6. Eh]mgh\�F�<��� =_jZkbfh\�F�<���Dhkbg_p� =�:���Fhbk__\�G�<��MklZ-

gh\dZ�^ey�bkke_^h\Zgby�ijhp_kkh\�i_j_fZ]gbqb\Zgby�fZ]gblhhilbq_kdbo
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fZl_jbZeh\�\�^bZiZahg_�������d=p� ���F_lh^u�b�kj_^kl\Z�baf_j_gbc�nbab-
q_kdbo�\_ebqbg��L_a��^hde�� ,9�<k_jhkk��dhgn����G�Gh\]hjh^��G=LM��������

Q������K��������

7��;Zlbg�<�<���=_jZkbfh\�F�<���Dyrdbg�<�F���Eh]mgh\�F�<��<ebygb_

jZkkh]eZkh\Zgby� iZjZf_ljh\� ie_gdb� b� ih^eh`db� gZ� dhwjpblb\gmx� kbem
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