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IJ?>BKEH<B? 

Nmg^Zf_glZevguc� oZjZdl_j� hilbdb� dZd� h^gh]h� ba� djmiguo� jZa^_eh\�
kh\j_f_gghc�nbabdb�hij_^_ey_l� __�hkh[mx�jhev�\�gZmqgh-l_ogbq_kdhf�ijh]j_kk_��
;m^mqb� h^ghc�ba� ^j_\g_crbo�gZmd�� hilbdZ� \�gZklhys__� \j_fy�i_j_`b\Z_l� \lhjh_�
jh`^_gb_� b� jZkijhkljZgy_lky� gZ� fgh]b_� kf_`gu_� h[eZklb�� AgZqbl_evgmx� jhev� \�
ijh]j_kk_� hilbdb� b]jZ_l� jZa\blb_� eZa_jh\� b� bo� fgh]hqbke_gguo� ijbf_g_gbc��
Kh\j_f_gguc� gZmqguc� jZ[hlgbd� beb� l_ogbq_kdbc� ki_pbZebkl� —� nbabd�� obfbd��
[bheh]��wdheh]��we_dljhgbd�b�^j��—�g_ba[_`gh�klZedb\Z_lky�\�k\h_c�ih\k_^g_\ghc�
jZ[hl_� k� aZdhgZfb� hilbdb� b� bo� ijZdlbq_kdbf� bkihevah\Zgb_f�� k� jZaghh[jZagufb�
hilbq_kdbfb� f_lh^Zfb� bkke_^h\Zgbc� b� jZajZ[hlhd� \� hq_gv� rbjhdhf� ^bZiZahg_�
ki_dljZ� —� hl� ^Zevg_]h� mevljZnbhe_lZ� ^h� km[fbeebf_ljh\uo� \heg�� F_lh^u�
ihemq_gby�� j_]bkljZpbb�� nbevljZpbb� b� ZgZebaZ� baemq_gby� \� jZaebqguo� mqZkldZo�
hilbq_kdh]h� ki_dljZ� \_kvfZ� ki_pbnbqgu�� b� ^ey� mki_rghc� jZ[hlu� lj_[m_lky�
jZaghklhjhgg__�h[jZah\Zgb_�\�h[eZklb�hilbdb�b�ki_dljhkdhibb� 

Oh^� jZa\blby� kh\j_f_gghc� gZmdb� b� l_ogbdb� k\b^_l_evkl\m_l� h� \aju\ghf�
jZajZklZgbb� h[eZklb� ijbeh`_gbc� hilbdb� aZ� ihke_^gxx� q_l\_jlv� \_dZ�� Ke_^m_l�
h`b^Zlv�� qlh� \� XXI � \_d_� [m^_l� gZ[ex^Zlvky� ijbhjbl_l� hilbq_kdbo� l_ogheh]bc��
HilbdZ� k_cqZk� y\ey_lky� f_`^bkpbiebgZjghc� gZmdhc� b� qZklbqgh� \dexqZ_l� \� k_[y�
we_dljhgbdm��bgnhjfZlbdm��ij_pbabhggmx�fbdjhf_oZgbdm�b�^j��h[eZklb�nbabdb�b�
l_ogbdb�� <hagbdeh� fgh`_kl\h� jZa\_l\e_gbc� hilbdb� —� ZdmklhhilbdZ�� we_dljhhi-
lbdZ��fZ]g_lhhilbdZ��dhfivxl_jgZy�hilbdZ��nmjv_-hilbdZ��klZlbklbq_kdZy�hilbdZ�b�
l�^��<�k\yab�k�wlbf�[ukljh�m\_ebqb\Z_lky�kijhk�gZ�ki_pbZebklh\-hilbdh\�rbjhdh]h�
ijhnbey��KlZjlh\mx�ihabpbx�\uimkdgbdh\�mgb\_jkbl_lh\��dhee_^`_c��bgklblmlh\�
\� kh\j_f_gghf� fbj_� gZmdb� b� l_ogbdb� \� agZqbl_evghc� f_j_� hij_^_eyxl� mjh\_gv�
hilbq_kdh]h�h[jZah\Zgby�b�ijZdlbq_kdbc�hiul��ihemq_gguc�bfb�\h�\j_fy�h[mq_gby� 

G_h[oh^bfhklv� \� memqr_gbb� hilbq_kdh]h� h[jZah\Zgby� hsmsZ_lky� \h� \k_o�
jZa\bluo� kljZgZo�� H[f_gm� hiulhf� ij_ih^Z\Zgby� hilbdb� kihkh[kl\mxl�
f_`^mgZjh^gu_� � dhgn_j_gpbb� � ih� � hilbq_kdhfm� h[jZah\Zgbx� ������ ]��—�KR:��
�����]��—�Jhkkby��KZgdl-I_l_j[mj]�������]��—�KR:�� 

>ey�ih\ur_gby�dZq_kl\Z�ih^]hlh\db�ki_pbZebklh\�g_h[oh^bfu�mq_[gbdb�g_�
lhevdh� ih� h[sbf� \hijhkZf� hilbdb�� gh� b� ih� __� wdki_jbf_glZevguf� Zki_dlZf��
Ij_^eZ]Z_fuc� qblZl_ex� mq_[gbd� �Wdki_jbf_glZevgZy� hilbdZ�� kem`bl� wlhc� p_eb��
Ijb� _]h� gZibkZgbb� bkihevah\Zg� fZl_jbZe� jZg__� ba^Zgghc� dgb]b� Z\lhjZ� >�@��
i_j_jZ[hlZgguc� b� ^hiheg_gguc� k� mq_lhf� kh\j_f_gguo� l_g^_gpbc� \� hilbd_� b�
ki_dljhkdhibb�� <� hkgh\m� baeh`_gby� iheh`_g� dmjk� e_dpbc�� qblZ_fuc� Z\lhjhf� \�
l_q_gb_� jy^Z� e_l� klm^_glZf� dZn_^ju� hilbdb� b� ki_dljhkdhibb� nbabq_kdh]h�
nZdmevl_lZ�Fhkdh\kdh]h�mgb\_jkbl_lZ��<�^Zgghc�dgb]_�mkbe_g�f_lh^bq_kdbc�klbev�
baeh`_gby�� agZqbl_evgh_� \gbfZgb_� m^_e_gh� k\yab� baeZ]Z_fuo� \hijhkh\� k� bo�
nbabq_kdbfb� hkgh\Zfb�� KhdjZs_g� h[sbc� h[t_f� fZl_jbZeZ� aZ� kq_l� emqr_c�
kbkl_fZlbaZpbb� baeh`_gby�� gh� \\_^_gu� jZa^_eu�� dZkZxsb_ky� gh\_crbo� ijh[e_f�
wdki_jbf_glZevghc� hilbdb�� JZkrbj_g� fZl_jbZe� ih� eZa_jguf� ^bwe_dljbq_kdbf�
a_jdZeZf� b� bgl_jn_j_gpbhgguf� k\_lhnbevljZf�� Baeh`_gu� k\hckl\Z�
^bnjZdpbhgguo�j_r_lhd�ijb�bkihevah\Zgbb�bo�\�\ukhdbo�ihjy^dZo��qlh�\Z`gh�^ey�
ihgbfZgby�jZ[hlu�fbgbZlxjguo�ki_dljZevguo�ijb[hjh\�k�\ukhdbf�jZaj_r_gb_f��
ijbf_g_gb_� dhlhjh]h� \k_� [he__� jZkrbjy_lky��Ih\ur_gh� \gbfZgb_� d� bklhqgbdZf�
k\_lZ� b� f_lh^Zf�� ijbf_gy_fuf� ^ey� dhgljhey� khklhygby� hdjm`Zxs_c� kj_^u��
JZkrbj_g�jZa^_e�nmjv_-ki_dljhkdhibb�� 

Ijb� ih^]hlh\d_� mq_[gbdZ� mql_gu� aZf_qZgby� b� ih`_eZgby�� \ukdZaZggu_�
ij_ih^Z\Zl_eyfb�b�khljm^gbdZfb�jZaebqguo�mgb\_jkbl_lh\�kljZgu�b�jZ[hlgbdZfb�
gZmqgh-bkke_^h\Zl_evkdbo� bgklblmlh\� b� ijhfure_gghklb�� bkihevamxsbfb�
hilbq_kdb_�f_lh^u�\�k\h_c�jZ[hl_� 

Ba^Zl_evkl\h�b�Z\lhj�[m^ml�ijbagZl_evgu�\k_f�qblZl_eyf��dhlhju_�khh[sZl�
k\hb�aZf_qZgby�ih�wlhc�dgb]_� 
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<<?>?GB? 

�����F?KLH�HILBDB�B�KI?DLJHKDHIBB 
����������������<�KH<J?F?GGHC�G:MD?�B�L?OGBD? 

 
Ij_^f_lhf� baeh`_gby� \� wlhc� dgb]_� y\eyxlky� hkgh\u� wdki_jb-

f_glZevghc�hilbdb�b�__�ijbeh`_gby�\�hilbq_kdhc�ki_dljhkdhibb� 
HilbdZ� ij_^klZ\ey_l� kh[hc� jZa^_e� nbabdb�� \� dhlhjhf� bamqZxlky�

hilbq_kdh_�baemq_gb_��ijhp_kku� _]h� jZkijhkljZg_gby�� y\e_gby��ijhbk�

oh^ysb_� ijb� \aZbfh^_ckl\bb� baemq_gby� k� \_s_kl\hf�� b� ijZdlbq_kdb_�

ijbf_g_gby�hilbq_kdbo�f_lh^h\�b�y\e_gbc�>����@� 
Ki_dljhkdhiby�— �jZa^_e�nbabdb��ihk\ys_gguc�bamq_gbx�y\e_gbc� 

]eZ\ghc�hlebqbl_evghc�q_jlhc�dhlhjuo�y\ey_lky�jZkij_^_e_gb_�bamqZ_�

fuo� iZjZf_ljh\� ih� qZklhlZf�� ^ebgZf� \heg� baemq_gby� beb� wg_j]byf�

d\Zglh\��Ki_dljhkdhibx� ih^jZa^_eyxl� gZ� jZa^_eu� ih� jZaguf� ijbagZ�

dZf��Ih�^bZiZahgZf�^ebg�\heg�b�qZklhl�we_dljhfZ]gblgh]h�ki_dljZ�jZa�

ebqZxl�jZ^bhki_dljhkdhibx��hilbq_kdmx�ki_dljhkdhibx��j_gl]_gh\kdmx�

ki_dljhkdhibx�� ]ZffZ-ki_dljhkdhibx��Mqblu\Zy�ijbf_gy_fu_� wdki_jb�
f_glZevgu_�f_lh^u�� bkihevamxl� ihgylby� eZa_jghc� ki_dljhkdhibb�� \Z�

dmmfghc� ki_dljhkdhibb�� bgnjZdjZkghc� ki_dljhkdhibb�� nmjv_-
ki_dljhkdhibb��iheyjbaZpbhgghc� ki_dljhkdhibb�b�^j��Bkoh^y�ba� lbih\�

bkke_^m_fuo� h[t_dlh\�� ]h\hjyl� h[� Zlhfghc� ki_dljhkdhibb�� fhe_dmeyj�

ghc� ki_dljhkdhibb�� ki_dljhkdhibb� l\_j^h]h� l_eZ�� ki_dljhkdhibb� djb�

klZeeh\�b�l�^� 
<�wdki_jbf_glZo�\�h[eZklb�hilbdb�fu�\k_]^Z�bf__f�^_eh�k�hilbq_�

kdbf�baemq_gb_f�hij_^_e_gghc�^ebgu�\hegu�b�g_dhlhjh]h�ki_dljZevgh�

]h�khklZ\Z��>Z`_�eZa_jgh_�baemq_gb_��dhlhjh_�\�h[boh^_�kqblZ_lky�fh�

ghojhfZlbq_kdbf��\�^_ckl\bl_evghklb�bf__l�rbjbgm�ki_dljZ��k�dhlhjhc�

\�[hevrbgkl\_�kemqZ_\�ijboh^blky�kqblZlvky��Ijh\_^_gb_�ex[h]h�hilb�

q_kdh]h�wdki_jbf_glZ�lj_[m_l�agZgbc�\�h[eZklb�hilbq_kdhc�ki_dljhkdh�

ibb��Ihwlhfm�\�dZq_kl\_�hkgh\ghc�ebl_jZlmju�gZjy^m�k�dgb]Zfb�ih�hi�

lbd_� >��� �@� j_dhf_g^m_lky� jy^� mq_[guo� ihkh[bc� b�fhgh]jZnbc� ih� ijb�

deZ^ghc�nbabq_kdhc�hilbd_�b�l_ogbd_�hilbq_kdhc�ki_dljhkdhibb�>�-10 ]. 
Hilbq_kdh_� baemq_gb_� aZgbfZ_l� h[rbjgmx� h[eZklv� we_dljh-

fZ]gblgh]h�ki_dljZ�k�ijbf_jgufb�]jZgbpZfb�\�^ebgZo�\heg�hl��-���gf�
^h� ���-��ff��=eZ\guf�ijbagZdhf�hilbq_kdh]h�baemq_gby�^h�ihke_^g_]h�
\j_f_gb�kqblZeZkv�ijbf_gbfhklv�d�g_fm�aZdhgh\�]_hf_ljbq_kdhc�hilbdb�

�\hafh`ghklv� jZkkfhlj_gby� imqdh\� emq_c�� \� hlebqb_� hl� ^bZiZahgZ� jZ�

^bh\heg��\�dhlhjhf�ijbgpbibZevgh_� agZq_gb_�bf__l�\hegh\Zy�ijbjh^Z�

baemq_gby� �^bnjZdpbhggu_�y\e_gby���<�gZklhys__�\j_fy�\�k\yab�k�jZa�

\blb_f�dh]_j_glghc�hilbdb�wlh�jZaebqb_�\k_�[he__�klbjZ_lky��Hkgh\gh_�

hlebqb_�hilbq_kdh]h�baemq_gby�hl�j_gl]_gh\kdh]h��gZoh^ys_]hky�gZ�_]h�

dhjhldh\hegh\hc� ]jZgbp_��k\yaZgh�k�ijhgbdZxs_c�kihkh[ghklvx�j_gl�
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]_gh\kdh]h�baemq_gby��lj_[mxs_]h�^jm]bo�f_lh^h\�bkke_^h\Zgby�b�^jm�

]bo�oZjZdl_jbklbd�ijbf_gy_fhc�ZiiZjZlmju�>��@� 
<� gZklhys__� \j_fy� gZ[ex^Z_lky� g_h[uqZcgh_� jZkrbj_gb_� \ha-

fh`ghkl_c�b�ijbeh`_gbc�hilbdb�\�gZmd_�b�l_ogbd_��GZb[he__�\Z`guf�

kh[ulb_f�\�h[eZklb�hilbdb�y\behkv�kha^Zgb_�eZa_jh\�— �]_g_jZlhjh\�hi�

lbq_kdh]h�baemq_gby� >������@��<�hkgh\_�^_ckl\by�eZa_jh\�e_`Zl�d\Zglh�

\u_�ijhp_kku��gh�baemq_gb_��]_g_jbjm_fh_�bfb��ih�k\hckl\Zf��dh]_j_gl�

ghklv��gZijZ\e_gghklv��fhsghklv�� koh^gh� k�baemq_gb_f�� ]_g_jbjm_fuf�

jZ^bhl_ogbq_kdbfb� ]_g_jZlhjZfb�� Ki_pbnbdZ� hilbq_kdbo� f_lh^h\� b�

mkljhckl\��\�dhlhjuo�ijbf_gyxlky�eZa_ju��\ua\ZeZ�d�`bagb�gh\uc�jZa�

^_e�hilbdb�—  hilbdm�eZa_jh\���HgZ��ho\Zlu\Z_l��rbjhdbc��djm]��\hijh�

kh\�—  hl�ijh[e_f�hilbq_kdbo�b�ki_dljZevguo�oZjZdl_jbklbd�eZa_jguo�
kj_^�b�fZl_jbZeh\�^h�ijh[e_f�nhjfbjh\Zgby��jZkijhkljZg_gby�b�mijZ\�

e_gby� eZa_jgufb� imqdZfb� k� lhqghklyfb�� h]jZgbqb\Z_fufb� ebrv� ^b�

njZdpb_c� 
<lhjuf�agZqbl_evguf�kh[ulb_f�[ueh�ijhgbdgh\_gb_�\�hilbdm�kh�

\j_f_gguo� dhfivxl_jh\�� KlZeh� \hafh`guf� h[jZ[Zlu\Zlv� h]jhfgu_�

fZkkb\u�bgnhjfZpbb� >��@��hibku\Zxsb_��gZijbf_j��^\mf_jgu_�hilbq_�

kdb_�bah[jZ`_gby��<hagbdeb�gh\u_�gZijZ\e_gby�— �hilbq_kdZy�lhfh]jZ�

nby�>��@��Z^Zilb\gZy�hilbdZ�>��@��hilbdZ�k\_jodhjhldbo�bfimevkh\�>��@�b�

^jm]b_��k\yaZggu_�k�ijh[e_fhc�mijZ\e_gby�iZjZf_ljZfb�hilbq_kdh]h�ba�

emq_gby�b�hilbq_kdbo�kbkl_f�b�k�j_dhgkljmdpb_c�bah[jZ`_gby��F_lh^u�

mijZ\e_gby�\hegh\ufb�njhglZfb�k\_lh\uo�ihe_c�iha\heyxl�dhfi_gkb�

jh\Zlv� Z[_jjZpbb� hilbq_kdbo� kbkl_f�� nhdmkbjh\Zlv� imqdb� baemq_gby�

kd\hav� bkdZ`Zxsmx� kj_^m�� nhjfbjh\Zlv� k\_lh\u_� imqdb� k� aZ^Zgguf�

jZkij_^_e_gb_f�bgl_gkb\ghklb�b�l�i� 
Kj_^b� ]eZ\guo� gZijZ\e_gbc� ijbf_g_gbc� kh\j_f_gghc� hilbdb� b�

ki_dljhkdhibb�fh`gh�hlf_lblv�ke_^mxsb_� 
 
����<hehdhggh-hilbq_kdb_�ebgbb�k\yab 
I_j_oh^� ba� jZ^bhl_ogbq_kdh]h� ^bZiZahgZ� \� hilbq_kdbc� iha\hey_l�

aZf_gblv� ijh\h^gbdb� ba� ^_nbpblguo� f_lZeeh\� gZ� hilbq_kdb_� \hehdgZ�

>��@��dhlhju_�ba]hlZ\eb\Zxlky�ba�hq_gv�jZkijhkljZg_ggh]h�b�^_r_\h]h�

d\ZjpZ�S iO2��H^gh\j_f_ggh�m\_ebqb\Z_lky�bgnhjfZpbhggZy�_fdhklv�dZ�

gZeZ�k\yab� 
Ba\_klgh�� qlh� ^ey� i_j_^Zqb� bgnhjfZpbb� g_h[oh^bfZ� \iheg_� hi-

j_^_e_ggZy�ihehkZ�qZklhl��rbjbgZ�dhlhjhc� aZ\bkbl�hl� keh`ghklb� wlhc�

bgnhjfZpbb��LZd��^ey�i_j_^Zqb�kh\j_f_ggh]h�klZg^Zjlgh]h�l_e_\babhg�

gh]h�bah[jZ`_gby�g_h[oh^bfZy�ihehkZ�qZklhl� khklZ\ey_l� ��F=p��?keb�

bkihevah\Zlv� jZ^bhi_j_^Zlqbd� ^_pbf_ljh\h]h� ^bZiZahgZ�� fh^mebjm_�

fuc�gZ�kj_^g_c� �g_kms_c��qZklhl_�����F=p�b�h[_ki_qb\Zxsbc�ihehkm�

ijhimkdZgby�\�����hl�g_kms_c��lh�\�ij_^_eZo�wlhc�ihehku�fh`gh�jZa�

f_klblv� h^gh\j_f_ggh�g_�[he__� �����  � ���g_aZ\bkbfuo� l_e_\babhgguo�

dZgZeh\��Ij_^klhysbc�i_j_oh^�d�l_e_\b^_gbx�\ukhdhc�q_ldhklb��L<<Q��

ihlj_[m_l� jZkrbj_gby� ihehku� ^h� ��-���F=p�� qlh� iha\hebl� i_j_^Zlv� k�

ihfhsvx�lh]h�`_�i_j_^ZlqbdZ�gZ�qZklhl_�����F=p�g_�[he__�^\mo�dZgZ�
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eh\�L<<Q��<�hilbq_kdhf�^bZiZahg_��bf_y�eZa_j��jZ[hlZxsbc�gZ�kj_^g_c�

qZklhl_��� Â���
1 4
�=p� ��� ���fdf��ijb�rbjbg_�ihehku�ijhimkdZgby���==p��

ih�h^ghfm�hilbq_kdhfm�\hehdgm�fh`gh�i_j_^Zlv���
9/(5  Â���6

�� �����l_e_�

\babhgguo�bah[jZ`_gbc��l�_��kms_kl\_ggh�[hevr_��q_f�\�^_pbf_ljh\hf�

^bZiZahg_� 
 
����Hilbq_kdb_�dhfivxl_ju 
<�dj_fgb_\uo�djbklZeeZo�we_dljhgu�^\b]Zxlky�kh�kdhjhklvx�f_g__�

�����hl�k\_lh\hc��Bkihevamy�\�dZq_kl\_�ghkbl_e_c�bgnhjfZpbb�\f_klh�

we_dljhgh\� nhlhgu�� fh`gh� aZ� kq_l� m\_ebq_gby� kdhjhklb� i_j_^Zqb� bg�

nhjfZpbb�ih\ukblv�[ukljh^_ckl\b_�dhfivxl_jh\�gZ�ljb�ihjy^dZ��<lh�

jh_� ij_bfms_kl\h� khklhbl� \� lhf�� qlh� k\_lh\u_� emqb� ijZdlbq_kdb� g_�

\aZbfh^_ckl\mxl� f_`^m� kh[hc� b� fh]ml� i_j_dj_sb\Zlvky�� ijhoh^blv�

^jm]� q_j_a� ^jm]Z��HdZau\Z_lky� \hafh`ghc�iZjZee_evgZy� h[jZ[hldZ�bg�

nhjfZpbb�� \� hlebqb_� hl� ihke_^h\Zl_evghc� h[jZ[hldb�� bkihevam_fhc� \�

we_dljhgguo� dhfivxl_jZo�� Wlh� ^hihegbl_evgh� dhehkkZevgh� ih\urZ_l�

[ukljh^_ckl\b_�� GZdhg_p�� \� hilbq_kdbo� we_f_glZo� \hafh`gZ� fgh]h�

agZqgZy� eh]bdZ� \f_klh� ^\hbqghc� ��^Z-g_l��� h[uqgh]h� ljZgabklhjZ� beb�
^bh^Z� 

 
����:gZeblbq_kdb_�ijbeh`_gby���Ijb[hjhkljh_gb_ 
Baemq_gb_�� bkimkdZ_fh_� ex[uf� bklhqgbdhf�� g_k_l� \� k_[_� bg-

nhjfZpbx� h� obfbq_kdhf� khklZ\_� \_s_kl\Z�� _]h� Z]j_]Zlghf� khklhygbb��

l_fi_jZlmj_�� h� nbabq_kdbo� b� obfbq_kdbo� ijhp_kkZo�� ijhl_dZxsbo� \�

g_f�� HgZ� aZdh^bjh\ZgZ� \� fhsghklb� baemq_gby� \� hl^_evguo� mqZkldZo�

ki_dljZ��\�rbjbg_�b�nhjf_�ki_dljZevguo�ebgbc��H^gZdh�baf_j_gb_�wlbo�

iZjZf_ljh\�g_\hafh`gh�[_a�nbevljmxsbo�baemq_gb_�mkljhckl\�— �ijb�

[hjh\��\u^_eyxsbo�g_h[oh^bfmx�^ey�jZ[hlu�h[eZklv�ki_dljZ� 
>Zlhc� aZjh`^_gby� hilbq_kdh]h� ijb[hjhkljh_gby� kqblZxl� ����� ]���

dh]^Z�<heeZklhg��ijhimklb\�k\_l�q_j_a�s_ev�b�ijbafm��gZ[ex^Ze�ki_dlj�

\�\b^_�ebgbc��<������]��NjZmg]hn_j�ihkljhbe�i_j\uc�ijb[hj�k�^bnjZd�

pbhgghc�j_r_ldhc��ijb�ihfhsb�dhlhjh]h�h[gZjm`be�\�ki_dlj_�KhegpZ�

l_fgu_�ebgbb��njZmg]hn_jh\u�ebgbb���<������]��Dbjo]hn�b�;mga_g�ih�

dZaZeb�\hafh`ghklv� ZgZebaZ�\_s_kl\Z�ih�_]h� wfbkkbhgghfm�ki_dljm��\�

k\yab� k�q_f� wlhl� ]h^�ijbgylh� kqblZlv�gZqZehf�jZa\blby� ki_dljZevgh]h�

ZgZebaZ��<�gZklhys__�\j_fy�f_lh^u�ki_dljZevgh]h�ZgZebaZ�]em[hdh�ijh�

gbdeb�\�gZmqgu_�b�ijhfure_ggu_�eZ[hjZlhjbb�>��-��@�b�h[_ki_qb\Zxl�

[he__� ���� \k_o� ZgZeblbq_kdbo� jZ[hl� \� ijhfure_gghklb�� AZ� kq_l� mkh�

\_jr_gkl\h\Zgby� f_lh^h\� ij_^_evgZy� qm\kl\bl_evghklv� � h[gZjm`_gby��

ijbf_k_c��aZ�ihke_^gb_����e_l�\ujhkeZ�gZ�ljb�ihjy^dZ� 
AgZqbl_evgu_�mki_ob�^hklb]gmlu�\�ijbf_g_gbb�ki_dljZevgh]h�ZgZ�

ebaZ�^ey�h[gZjm`_gby�fZeuo�ijbf_k_c�\�hilbq_kdbo�\hehdgZo��\�ihem�

ijh\h^gbdZo�� �A^_kv� �ki_dljhkdhibq_kdb_�f_lh^u�hdZau\Zxlky�kZfufb�

qm\kl\bl_evgufb� 
;mjgh� jZkl_l� ijbf_g_gb_� ki_dljZevguo� f_lh^h\� \� wdheh]bb� ^ey�

dhgljhey� khklhygby� hdjm`Zxs_c� kj_^u�� LZd�� Zlhfgh-Z[khj[pbhgguf�
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f_lh^hf��gZb[he__�qm\kl\bl_evguf�\�kemqZ_�ZgZebaZ�gZ�ly`_eu_�f_lZe�

eu�JV��<_��Gg��Ku��:O��fh`gh�h[gZjm`b\Zlv���– 8
�]�\_s_kl\Z��Hij_^_e_�

gb_�ly`_euo�f_lZeeh\�\�\u^uoZ_fhf�q_eh\_dhf�\ha^mo_�iha\hey_l�^_�

eZlv�aZdexq_gb_�h�khklhygbb�a^hjh\vy�q_eh\_dZ��GZijbf_j��ih\ur_gb_�

dhgp_gljZpbb�pbgdZ�\�\u^uoZ_fhf�\ha^mo_�k\b^_l_evkl\m_l�h�e_]hqguo�

aZ[he_\Zgbyo��dhgljhev�aZ�kh^_j`Zgb_f�f_^b�fh`_l�hdZau\Zlv�kms_kl�

\_ggmx�ihfhsv� \�ijh]ghabjh\Zgbb� oh^Z� e_q_gby� [hevguo� k� ljZ\fZfb�

]heh\gh]h�fha]Z� 
F_lh^Zfb� ^bh^ghc� eZa_jghc� ki_dljhkdhibb� �h[eZklv� ki_dljZ� ���-

���� fdf�� mki_rgh� dhgljhebjmxl� aZ]jyag_gby� Zlfhkn_ju� jZaebqgufb�

fhe_dmeyjgufb� ijbf_kyfb� — � KH�� N O 2� b� ^j�� :gZeba� fhe_dmeyjguo�

ijbf_k_c�\�\u^uoZ_fhf�q_eh\_dhf�\ha^mo_�iha\hey_l�ijh\h^blv�^bZ]�

ghklbdm� lZdbo� aZ[he_\Zgbc�� dZd� ^bZ[_l�� jZd�� Zl_jhkde_jha�� gZjmr_gby�

[_edh\h]h�h[f_gZ�b�^j� 
Ki_dljhkdhibq_kdb_� f_lh^u� y\eyxlky� ihdZ� _^bgkl\_ggh� \ha-

fh`gufb� ijb� bkke_^h\Zgbb� ljm^gh^hklmiguo� beb� \_kvfZ� m^Ze_gguo�

h[t_dlh\�� gZijbf_j� Zkljhnbabq_kdbo�� >jm]bf� hlebqbl_evguf� dZq_kl�

\hf�f_lh^h\�ki_dljhkdhibb�y\ey_lky�lh��qlh��bkke_^my�h[t_dl�ih�baem�

qZ_fhfm�beb�ih]ehsZ_fhfm�bf�ki_dljm��fu�ijZdlbq_kdb�g_�gZjmrZ_f�

nbabq_kdbo�mkeh\bc��kms_kl\mxsbo�\�wlhf�h[t_dl_� 
Mkh\_jr_gkl\h\Zgb_�ki_dljZevguo�ijb[hjh\� >��-��@�b^_l�ih�imlb�

\k_�[hevr_c�ki_pbZebaZpbb�b�Z\lhfZlbaZpbb�ijb[hjh\��ih\ur_gby�lhq�

ghklb� jZ[hlu��gZ^_`ghklb�� [ukljh^_ckl\by�b�ijhklhlu� h[kem`b\Zgby��

AgZqbl_evguc� ijh]j_kk� \� ki_dljhkdhibq_kdbo� bkke_^h\Zgbyo� k\yaZg� k�

memqr_gb_f�jZaj_r_gby��k\_lhkbeu��[ukljh^_ckl\by�b�k�kha^Zgb_f�gh�

\uo�lbih\�ijb[hjh\�gZ�hkgh\_�eZa_jh\��Ijb�wlhf�agZqbl_evgmx�jhev�b]�

jZ_l�rbjhdh_�bkihevah\Zgb_�l_ogbdb�^ey�mijZ\e_gby�ijb[hjZfb��ihem�

q_gby�b�h[jZ[hldb�bgnhjfZpbb��ih\ur_gby�kdhjhklb�jZ[hlu�ijb[hjh\��

LZd��fhghojhfZlhju�[ukljh]h�kdZgbjh\Zgby�k�fZljbqgufb�ijb_fgbdZ�

fb�baemq_gby�iha\heyxl�j_]bkljbjh\Zlv�h[eZklv�ki_dljZ�hl�����^h�����

gf�aZ�^heb�k_dmg^u� 
 
����L_ogheh]bq_kdb_�ijbeh`_gby 
EZa_jguc�emq�fh`gh�knhdmkbjh\Zlv�\�iylgh�hq_gv�fZeuo�jZaf_jh\��

\�j_amevlZl_�q_]h�qj_a\uqZcgh�\hajZklZ_l�iehlghklv�fhsghklb��>hklb]�

gmlZy�k_cqZk�\_ebqbgZ�khklZ\ey_l� ��
1 9
�<l�kf

2
��b�^ey�ijh\_^_gby�wdki_�

jbf_glh\�\�h[eZklb�nmg^Zf_glZevghc�nbabdb�hsmsZ_lky�ihlj_[ghklv�\�

^Zevg_cr_f�ih\ur_gbb�iehlghklb�fhsghklb� 
Ijb�bkihevah\Zgbb�eZa_jh\�^ey�emq_\hc�j_adb�fZl_jbZeh\��aZdZedb�

^_lZe_c��nhlheblh]jZnbb��^ey�f_^bpbgkdbo� hi_jZpbc�b�e_q_gby� lZd`_�

h[uqgh� gm`gu� agZqbl_evgu_� hilbq_kdb_� fhsghklb�� <� [hevrbgkl\_�

ijbf_g_gbc�djhf_�hij_^_e_gghc�iehlghklb�fhsghklb�lj_[m_lky�jZ\gh�

f_jghklv�ihey�baemq_gby��>ey�mijZ\e_gby�nhjfhc��jZaf_jZfb�imqdZ�b�

^hklb`_gby� g_h[oh^bfhc� jZ\ghf_jghklb� bkihevamxl� ki_pbZevgu_� hi�

lbq_kdb_�mkljhckl\Z�b�kbkl_fu��JZkq_lu�lZdbo�nhjfbjmxsbo�imqhd�hi�

lbq_kdbo� kbkl_f� ijh\h^yl� k� bkihevah\Zgb_f� fZl_fZlbq_kdbo� f_lh^h\�
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j_r_gby�h[jZlguo�aZ^Zq��ho\Zlu\Z_fuo�gh\uf�ihgylb_f�dhfivxl_jgZy�

hilbdZ� 
 
����JZajZ[hldZ�gh\uo�\b^h\�ihemq_gby�wg_j]bb 
GZkmsghc� ihlj_[ghklvx� y\ey_lky� qZklbqgZy� aZf_gZ� jZkoh^m_fuo 

bklhqgbdh\�wg_j]bb�— �g_nlb��]ZaZ��m]ey�— �gZ�gh\u_�bklhqgbdb��iblZ_�

fu_�k\_lhf��<k_f�ba\_klgu�kheg_qgu_�dj_fgb_\u_�we_f_glu��ij_h[jZ�

amxsb_� kheg_qguc� k\_l� \� we_dljhwg_j]bx� b� rbjhdh� ijbf_gy_fu_� \�

dhkfbq_kdhc� l_ogbd_�� JZajZ[Zlu\Zxlky� jZaebqgu_� dhgp_gljZlhju� b 
ij_h[jZah\Zl_eb��agZqbl_evgh�ih\urZxsb_�wnn_dlb\ghklv�bkihevah\Z�

gby�k\_lh\hc�wg_j]bb��Wlh�jZkrbjbl�\hafh`ghklb�bkihevah\Zgby�k\_lh�

\hc� wg_j]_lbdb� \� l_ogbd_� b� \� [ulm� — � \� kmrbevguo� mklZgh\dZo�� ^ey�

h[h]j_\Z� a^Zgbc��\�dZq_kl\_� we_f_glh\�iblZgby�\aZf_g�we_dljhobfbq_�

kdbo�bklhqgbdh\�lhdZ�b�l�^� 
 
 
�����WL:IU�J:A<BLBY�WDKI?JBF?GL:EVGHC�HILBDB 
 
Kha^Zgb_�ZiiZjZlmju�b�jZajZ[hldZ�f_lh^h\��ijb]h^guo�^ey�jZ[hlu�

\� ^hklZlhqgh�rbjhdhc� h[eZklb� hilbq_kdh]h� ki_dljZ��ij_^klZ\eyxl� kh�

[hc� keh`gmx� aZ^Zqm��Ljm^ghklb�� \klj_qZxsb_ky� gZ� imlb�bkke_^h\Zl_�

e_c-ki_dljhkdhibklh\�� fh`gh� ijhbeexkljbjh\Zlv� bklhjb_c� hk\h_gby�

jZaebqguo�mqZkldh\�hilbq_kdh]h�ki_dljZ� 
Ebrv�kimkly� ����e_l�ihke_�hldjulby�Gvxlhghf�\� ����� ]��ki_dljZ�

\b^bfh]h�k\_lZ�[ueh�h[gZjm`_gh��qlh�aZ�_]h�nbhe_lh\hc�b�djZkghc�]jZ�

gbpZfb� lZd`_� bf__lky� baemq_gb_�� MevljZnbhe_lh\Zy� h[eZklv� ki_dljZ�

[ueZ�hldjulZ�Jbll_jhf�\������]��ih�__�^_ckl\bx�gZ�oehjbklh_�k_j_[jh�

nhlhwfmevkbb��<� ����� ]��<��=_jr_ev�k�ihfhsvx�h[uqgh]h�l_jfhf_ljZ�

gZr_e��qlh�mqZklhd�ki_dljZ��jZkiheh`_gguc�aZ�djZkghc�h[eZklvx��h[eZ�

^Z_l�l_ieh\uf�^_ckl\b_f��<������]��_]h�kug�>`��=_jr_ev�h[gZjm`be�ih�

ehku� \� bgnjZdjZkghf� ki_dlj_�� Ijb_fgbdhf� baemq_gby� _fm� kem`beZ�

q_jgZy� [mfZ]Z�� ijhiblZggZy� kibjlhf�� Kibjl� bkiZjyeky� [uklj__� \� l_o�

f_klZo�� dhlhju_� [hevr_� gZ]j_\Zebkv�� Ijh^\b`_gb_� ^Zevr_� \� bgnjZ�

djZkgmx�h[eZklv�k^_j`b\Zehkv�hlkmlkl\b_f�^hklZlhqgh�qm\kl\bl_evgh]h�

ijb_fgbdZ��Ebrv�bah[j_l_gb_�[hehf_ljZ�iha\hebeh�d�dhgpm�X IX �klhe_�

lby��bkihevamy�^ey�ijbaf�jZaebqgu_�fZl_jbZeu��^hclb�^h�]jZgbpu�kj_^�

g_c�bgnjZdjZkghc�h[eZklb�ki_dljZ� ���§����fdf���Z��hlnbevljh\u\Zy�ba�

emq_gb_�f_lh^hf�hklZlhqguo�emq_c��— �^h�����fdf� 
>Zevg_cr__�ijh^\b`_gb_� \�bgnjZdjZkgmx� h[eZklv� ki_dljZ�hdZaZ�

ehkv�\hafh`guf�ebrv�k�ihfhsvx�^bnjZdpbhgguo�j_r_lhd��ihkdhevdm�

\k_�ba\_klgu_�fZl_jbZeu��ijb]h^gu_�^ey�ba]hlh\e_gby�ijbaf��\�h[eZklb�

^ebg�\heg���������fdf�h[eZ^Zxl�gbqlh`ghc�^bki_jkb_c��Ba]hlh\e_gb_�

^bnjZdpbhgguo�j_r_lhd�^ey�bgnjZdjZkghc�h[eZklb�ki_dljZ�g_�\uau\Z�

eh�[hevrbo�ljm^ghkl_c�\\b^m�^hklZlhqgh�[hevrhc�^ebgu�\hegu�baem�

q_gby��Hkgh\gu_�aZljm^g_gby�a^_kv�[ueb�k\yaZgu�k�l_f��qlh�ki_dljZev�

gZy�iehlghklv�fhsghklb�baemq_gby�h[uqgh�ijbf_gy_fuo�l_ieh\uo�bk�
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lhqgbdh\� k\_lZ� m[u\Z_l� k� jhklhf� ^ebgu� \hegu�b� ^ey� _]h� j_]bkljZpbb�

g_h[oh^bfu�hq_gv�qm\kl\bl_evgu_�ijb_fgbdb� 
Ijh^\b`_gb_� \� mevljZnbhe_lh\mx� h[eZklv� ki_dljZ� lZd`_� reh�

hq_gv�f_^e_ggh��Kimkly�ihqlb�����e_l�ihke_�jZ[hl�Jbll_jZ�m^Zehkv�ijh�

^\bgmlvky� hl� ���� ^h� ���� gf��>ey� wlh]h� ijbrehkv� hldZqZlv� \ha^mo� ba�

ki_dljZevgh]h� ijb[hjZ� �dbkehjh^� \ha^moZ� ih]ehsZ_l� baemq_gb_�� gZqb�

gZy�k����-����gf���bkihevah\Zlv�nexhjblh\mx�hilbdm��KZF2��b�nhlhieZ�

klbgdb�k�wfmevkb_c��kh^_j`Zs_c�hq_gv�fZeh�`_eZlbgu� �RmfZg���������

Nhlhwfmevkbb��ihqlb�ebr_ggu_�`_eZlbgu��ijbf_gyxlky�\�l_ogbd_�\Z�

dmmfgh]h�mevljZnbhe_lZ�^h�gZklhys_]h�\j_f_gb� 
<kdhj_�[ueh�mklZgh\e_gh��qlh�nlhjbkluc�eblbc��L iF ��ijhajZq_g�^h�

����gf��H^gZdh�gb`_�����gf�g_�hdZaZehkv�ijhajZqguo�\_s_kl\��ijb]h^�

guo�^ey�ba]hlh\e_gby�hilbq_kdbo�^_lZe_c��Ebrv�\������]��EZcfZg��ih�

kljhb\�\Zdmmfguc�ki_dljh]jZn�k�\h]gmlhc�hljZ`Zxs_c�^bnjZdpbhgghc�

j_r_ldhc��kfh]�ijh^\bgmlvky�\�k\hbo�bkke_^h\Zgbyo�^h�^ebg�\heg�a����

gf��Ijb�^Zevg_cr_f�mf_gvr_gbb�^ebgu�\hegu�ki_dljZ�\hagbdeb�ljm^�

ghklb��k\yaZggu_�k�l_f��qlh�dhwnnbpb_gl�hljZ`_gby�ihdjulbc�j_r_lhd�

ijb�ghjfZevghf�iZ^_gbb� k\_lZ� klZgh\blky�hq_gv�fZe��Ijbf_g_gb_� \h�

]gmluo� j_r_lhd� \� kdhevays_f�imqd_� emq_c� �������iha\hebeh�ihemqZlv�

ki_dlju�\iehlv�^h�j_gl]_gh\kdhc�h[eZklb� 
Hk\h_gb_�^ebggh\hegh\h]h�^bZiZahgZ�hilbq_kdh]h�ki_dljZ�reh�g_�

lhevdh�kh�klhjhgu�\b^bfhc�h[eZklb�ki_dljZ�hilbq_kdbfb�f_lh^Zfb��gh�

b� kh� klhjhgu� ^ebgguo� \heg� jZ^bhl_ogbq_kdbfb� f_lh^Zfb�� <� ����� ]��

=eZ]he_\hc-:jdZ^v_\hc� m^Zehkv� khkludh\Zlv� wlb� h[eZklb�� ihemqb\� ba�

emq_gb_� k� ^ebgZfb� \heg� \iehlv� ^h� ����ff��Kh\j_f_ggu_� we_dljhggu_�

ijb[hju�k\_jo\ukhdbo�qZklhl� �fZ]g_ljhgu��debkljhgu��]_g_jbjmxl�^h�

^ebg�\heg�a��-��ff��GZb[he__�dhjhldb_�\hegu� ����-����ff��m^Z_lky�ih�
emqZlv�k�ihfhsvx�eZfi�h[jZlghc�\hegu��H^gZdh�k�mf_gvr_gb_f�^ebgu�

\hegu�DI>�lZdbo�]_g_jZlhjh\�iZ^Z_l��b�]_g_jbjm_fZy�fhsghklv�mf_gv�

rZ_lky� 
;hevrh_�ijZdlbq_kdh_�agZq_gb_�bf__l�baemq_gb_��khijh\h`^Zxs__�

^\b`_gb_�we_dljhgh\�ih�hj[bl_�\�pbdebq_kdhf�we_dljhgghf�mkdhjbl_e_�

— � kbgojhljhg_��Baemq_gb_�bf__l�g_ij_ju\guc� ki_dlj�b� \ukhdmx� yj�

dhklv��hkh[_ggh�\�dhjhldh\hegh\hc�h[eZklb�ki_dljZ� 
J_\hexpbhggu_�baf_g_gby�\�hilbd_�b�ki_dljhkdhibb�\ua\Zgu�ih�

y\e_gb_f�eZa_jh\��JZa\blb_�wlh]h�gZijZ\e_gby�\�agZqbl_evghc�f_j_�k\y�

aZgh�k�jZ[hlZfb�<�:��NZ[jbdZglZ� ������� �������:�F��Ijhohjh\Z�b�G�=��

;Zkh\Z� ��������<������]��F_cfZg�kha^Ze�i_j\uc�eZa_j�gZ�djbklZee_�jm�

[bgZ��baemqZxsbc�\�djZkghc�h[eZklb�ki_dljZ�gZ�^ebg_�\hegu�������gf��

<������]��[ueZ�ihemq_gZ�]_g_jZpby�\�kf_kb�]_eby�b�g_hgZ�gZ�bgnjZdjZk�

ghc�ebgbb�g_hgZ�k�^ebghc�\hegu������fdf��>`Z\Zg��;_gg_l�b�Wjjbhl���<�

gZklhys__�\j_fy�ijb�bkihevah\Zgbb�jZaghh[jZaguo�Zdlb\guo�kj_^�ih�

emq_gh� g_ij_ju\gh_� beb� bfimevkgh_� baemq_gb_� \� rbjhdhc� h[eZklb�

ki_dljZ�hl�\Zdmmfgh]h�mevljZnbhe_lZ�^h�km[fbeebf_ljh\uo�\heg� 
Baemq_gb_� eZa_jh\� h[eZ^Z_l� dh]_j_glgufb� k\hckl\Zfb�� dhlhju_�

jZg__� [ueb� ijbkmsb� lhevdh� baemq_gbx� jZ^bhqZklhlguo� ]_g_jZlhjh\��
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QZklhlZ�baemq_gby�bo�ijb\yaZgZ�d�wg_j]_lbq_kdbf�i_j_oh^Zf�\�bkihev�

am_fuo� Zlhfguo� beb� fhe_dmeyjguo� kj_^Zo�� L_f� g_� f_g__� \hafh`gZ�

ieZ\gZy�i_j_kljhcdZ�qZklhlu�]_g_jbjm_fuo�dhe_[Zgbc�\�hij_^_e_gguo�

ij_^_eZo� 
 
�����HKGH<GU?��O:J:DL?JBKLBDB� 

����������������HILBQ?KDH=H�BAEMQ?GBY 
 
Ihgylb_� baemq_gby� bf__l� ^\hydbc� kfuke�� <h-i_j\uo�� ih^� baem-

q_gb_f� ihgbfZxl� ijhp_kk� bkimkdZgby� we_dljhfZ]gblghc� wg_j]bb� dZ�

dbf-eb[h� l_ehf��kj_^hc�beb�mkljhckl\hf�\�hdjm`Zxs__�ijhkljZgkl\h��

<h-\lhjuo��ihgylb_�baemq_gby�k\yau\Zxl�k�j_amevlZlhf�wlh]h�ijhp_kkZ�

— �k�kZfhc�we_dljhfZ]gblghc�\heghc��beb��k�dhjimkdmeyjghc�lhqdb�aj_�

gby��— �k�nhlhgZfb��<�ihke_^g_f�kfuke_�baemq_gb_�kj_^u�oZjZdl_jbam�

xl�h[t_fghc�iehlghklvx�wg_j]bb�baemq_gby�b�— �wg_j]b_c�we_dljhfZ]�

gblgh]h�ihey��kh^_j`Zs_cky�\�_^bgbp_�h[t_fZ��GZ�ijZdlbd_�baemq_gb_�

hibku\Zxl�\_ebqbghc�fhsghklb��ihlhdZ�baemq_gby���J��dhlhjmx�baf_�

jyxl�\�\ZllZo�\�kbkl_f_�KB�beb�\�wj]�k�\�Z[khexlghc�kbkl_f_�_^bgbp��<�

h[s_f�kemqZ_�fhsghklv�baemq_gby�y\ey_lky�nmgdpb_c�\j_f_gb��Bkihev-
am_lky�lZd`_�ihgylb_�wg_j]bb�baemq_gby� �\ujZ`Z_fhc�\�^`hmeyo��\�wj�

]Zo���khhl\_lkl\mxs_c�oZjZdl_jghfm�bgl_j\Zem�\j_f_gb��gZijbf_j�^eb�

l_evghklb�bfimevkZ� 
K\_lysb_ky�ih\_joghklb�oZjZdl_jbamxl�k\_lbfhklvx�b�yjdhklvx��

K\_lbfhklvx�R  gZau\Zxl�ihlhd�baemq_gby��bkimkdZ_fuc�_^bgbp_c�ih�

\_joghklb�l_eZ�\�ij_^_eZo�ihemijhkljZgkl\Z� 

5� �GJ0 /dS,                                                       (1 ) 

]^_� dS  —  we_f_gl� ih\_joghklb�� dJ0 —  bkimkdZ_fuc� bf� ihlhd��K\_lb�
fhklv�\�wg_j]_lbq_kdbo�_^bgbpZo�baf_jy_lky�\�<l�kf

2
�beb�wj]�k�Â�kf

2. 
Ihlhd�baemq_gby�dJ��bkimkdZ_fuc�iehsZ^dhc�dS  \�ij_^_eZo�l_e_k�

gh]h�m]eZ�G& \�gZijZ\e_gbb��khklZ\eyxs_f�k�ghjfZevx�d�iehsZ^d_�m]he�

i ��ijhihjpbhgZe_g�\b^bfuf�jZaf_jZf�iehsZ^db�dS�khs i �b�\_ebqbg_�l_�
e_kgh]h�m]eZ�d&: 

GJ� �<�G6�khV�L�G&���������������������������������������������(2 ) 

Dhwnnbpb_gl�<�\�\ujZ`_gbb� ����gZau\Zxl�yjdhklvx��<_ebqbgZ�<�

jZ\gZ�ihlhdm�baemq_gby�\�^Zgghf�gZijZ\e_gbb��hlg_k_gghfm�d�l_e_kgh�

fm�m]em�b�bkimkdZ_fhfm�_^bgbqghc�iehsZ^dhc��i_ji_g^bdmeyjghc�gZ�

ijZ\e_gbx� jZkijhkljZg_gby� baemq_gby�� Wg_j]_lbq_kdbfb� _^bgbpZfb�

yjdhklb�y\eyxlky�<l�kj�Â�kf
2
�b�wj]�k�Â�kj�Â�kf

2.  
<� \b^bfhc� h[eZklb� ki_dljZ� qZklh� ihevamxlky� k\_lhl_ogbq_kdbfb�

\_ebqbgZfb�— �k\_lh\hc�wg_j]b_c��k\_lh\uf�ihlhdhf��k\_lbfhklvx��yj�

dhklvx�b�ij���hkgh\Zggufb�gZ�hkh[_gghklyo�k\_lh\h]h�\hkijbylby�q_eh�

\_q_kdbf�]eZahf��<�h[eZklb�fZdkbfZevghc�qm\kl\bl_evghklb�]eZaZ� �� =  
������fdf��fhsghklb� baemq_gby�� jZ\ghc� ��<l�� khhl\_lkl\m_l� k\_lh\hc�

ihlhd�\�����ef��>ey�ex[hc�^jm]hc�^ebgu�\hegu�fhsghklv�J(���\�\ZllZo�
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b�k\_lh\hc�ihlhd�F ����\�exf_gZo�k\yaZgu�khhlghr_gb_f 

�����)����� �6 8 0�N����J�����    (3 ) 

]^_�N����  — �nmgdpby�\b^ghklb�]eZaZ��K\_lhl_ogbq_kdb_�\_ebqbgu�bf_�

xl� madh_� ijbf_g_gb_�� <� ^Zevg_cr_f� fu� [m^_f� ihevah\Zlvky� lhevdh�

wg_j]_lbq_kdbfb�k\_lbfhklvx�b�yjdhklvx��himkdZy�^ey�djZldhklb�keh\h�

�wg_j]_lbq_kdZy�� 
>ey�q_jgh]h�l_eZ�b�l_e�k�r_jhoh\Zlufb�ih\_joghklyfb�yjdhklv�ba�

emq_gby�g_� aZ\bkbl�hl�m]eZ�gZ[ex^_gby
∗
��Ijb�wlhf�ihlhd��baemqZ_fuc�

_^bgbqghc�iehsZ^dhc�\�dZdhf-eb[h�gZijZ\e_gbb��hij_^_ey_lky�lhevdh�
\b^bfufb� jZaf_jZfb� iehsZ^db�� l�_�� ijhihjpbhgZe_g� dhkbgmkm� m]eZ� i . 
Bklhqgbdb��h[eZ^Zxsb_�lZdbf�k\hckl\hf��gZau\Zxlky�dhkbgmkgufb�ba�

emqZl_eyfb. 
Ihlhd�dJ0��bkimkdZ_fuc�iehsZ^dhc�dS�ih\_joghklb�dhkbgmkgh]h�ba�

emqZl_ey� \� ihemijhkljZgkl\h��fh`gh� gZclb�� ijhbgl_]jbjh\Z\� \ujZ`_�

gb_� ����� L_e_kguc� m]he� dω � \� iheyjguo� dhhj^bgZlZo� khklZ\ey_l�

sind i di dω ϕ= ��ihwlhfm�ihlhd�dJ0�jZ\_g 

 
2 2 / 2

0
0 0 0

cos cos sindP BdS i d B dS d i i di BdS
π π π

ω ϕ π= = =∫ ∫ ∫ .   (4 ) 

KjZ\gb\Zy������k�������ihemqZ_f 

R Bπ= .      (5 ) 

FhghojhfZlbq_kdh_� baemq_gb_� oZjZdl_jbam_lky� h^ghc� ^bkdj_lghc�

qZklhlhc�ν �beb�^ebghc�\hegu� 2c cλ ν π ω= = ��Baemq_gbx�j_Zevgh]h�bk�

lhqgbdZ� khhl\_lkl\m_l� gZ[hj� ^bkdj_lguo� qZklhl� beb� bgl_j\Ze� qZklhl��

Ki_dljZevgu_� oZjZdl_jbklbdb� baemq_gby� —  ki_dljZevgu_� h[t_fgZy�

iehlghklv�fhsghklb�baemq_gby� uν ,  k\_lbfhklv� rν �b�yjdhklv� bν ,  Z�lZd`_�
ki_dljZevgZy� iehlghklv�fhsghklb� Pν  — � k\yaZgu� k� bgl_]jZevgufb� \_�

ebqbgZfb�u , R��<�b�J�khhlghr_gbyfb * * )                                                

0

u u dν ν
∞

= ∫ , 
0

R r dν ν
∞

= ∫ , 
0

B b dν ν
∞

= ∫ , 
0

P P dν ν
∞

= ∫ .     (6 ) 

QZklh�ihevamxlky�ihgylb_f�bgl_gkb\ghklb��dhlhjh_�hlghkyl�d�oZjZd�

l_jbklbdZf� baemq_gby�� ijhihjpbhgZevguf� d\Z^jZlm� Zfieblm^u� k\_lh�

\hc�\hegu��<�ki_dljhkdhibb�ihgylb_�bgl_gkb\ghklb�mihlj_[eyxl�qZklh�

                                           
∗)  LZd �� gZdZe_gguc �rZj � �gZijbf_j �� Khegp_ �� bf__l � h^bgZdh\mx � yj�

dhklv �\�p_glj_ ���\b^bfh]h �^bkdZ �b�gZ �_]h �djZyo � 
* * )  <�^Zevg_cr_f �bg^_dk �ν  beb � λ � �gZijbf_j �� Pν , bν ��[m^_l �bkihe v�

ah\Zlv ky� ^ey � h[hagZq_gby � khhl\_lkl\mxsbo � \_ebqbg �� hlg_k_gguo � d� _^b�

gbqghfm � ki_dljZevghfm � bgl_j\Zem �� <� g_dhlhjuo � kemqZyo �� qlh[u � ih^�

q_jdgmlv �aZ\bkbfhklv �jZkkfZljb\Z_fhc �\_ebqbgu �hl �qZklhlu ��l_fi_jZl m�

ju �b�^jm]bo �iZjZf_ljh\ ��[m^_l �bkihevah\Zlvky �aZibkv � ( ),b Tν ν �b�l�i� 
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\�kfuke_�\_ebqbgu��ijhihjpbhgZevghc�fhsghklb�baemq_gby�\�ij_^_eZo�

aZ^Zgghc� ki_dljZevghc� ebgbb�� Z� lZd`_� \_ebqbgu�� ijhihjpbhgZevghc�

ki_dljZevghc�iehlghklb�fhsghklb��H[uqgh�bgl_gkb\ghklv�\ujZ`Zxl�\�

hlghkbl_evguo�_^bgbpZo� 
Yjdhklv bv b�h[t_fgZy�iehlghklv�baemq_gby�bv ^ey�bahljhigh�baem�

qZxs_c�kj_^u�k\yaZgu�khhlghr_gb_f 

bv� ���bv c�����     (7 ) 

]^_�k�— �kdhjhklv�jZkijhkljZg_gby�baemq_gby� 
Djhf_� k\_lbfhklb� b� yjdhklb�� l_eZ� fh`gh� oZjZdl_jbah\Zlv� ih]eh�

sZl_evghc� kihkh[ghklvx�� dhlhjZy� jZ\gZ� hlghr_gbx�fhsghklb� Pih]e , 
ih]ehs_gghc�\�l_e_��d�iZ^Zxs_c�gZ�l_eh�JiZ^��: 

         :  �Jih]e�JiZ^ .                                                 (8 ) 

<�kemqZ_�q_jgh]h�l_eZ��:�=  1 . 
Baemq_gb_� dZd� ihi_j_qgZy� we_dljhfZ]gblgZy� \hegZ� fh`_l� [ulv�

iheghklvx�beb�qZklbqgh�iheyjbah\Zgguf��_keb�h^gh�ba�gZijZ\e_gbc�dh�

e_[Zgbc� �beb�\jZs_gby�� we_dljbq_kdh]h�\_dlhjZ�y\ey_lky�ij_bfms_kl�

\_gguf��<�[hevrbgkl\_�bklhqgbdh\�k\_lZ��khklhysbo�ba�[hevrh]h�qbkeZ�

g_�k\yaZgguo�f_`^m�kh[hc�oZhlbq_kdb�hjb_glbjh\Zgguo�we_f_glZjguo�

baemqZl_e_c� �Zlhfh\�� fhe_dme��� baemq_gb_� y\ey_lky� g_iheyjbah\Zgguf�

�_kl_kl\_gguc� k\_l��� EZa_jgh_� baemq_gb_� [eZ]h^Zjy� kh]eZkh\Zgghfm�

ijhp_kkm�baemq_gby�we_f_glZjguo�baemqZl_e_c�h[uqgh�iheyjbah\Zgh� 
QZklbqgh� iheyjbah\Zggh_� baemq_gb_� fh`gh� ij_^klZ\blv� dZd� kh�

klhys__� ba� iheghklvx� iheyjbah\Zgghc� dhfihg_glu� k� bgl_gkb\ghklvx�

I ihe� b� g_iheyjbah\Zgghc� �_kl_kl\_gghc�� dhfihg_glu� k� bgl_gkb\ghklvx 
I _kl. Kl_i_gv�iheyjbaZpbb�h[uqgh�hij_^_eyxl�dZd 

      J =  I ihe/(I ihe +  I _kl).                  (9 ) 

Ijb� hljZ`_gbb�� ij_ehfe_gbb� k\_lZ�� ijb� ijhoh`^_gbb� q_j_a� Zgb-
ahljhigmx�kj_^m�b�ijb�^jm]bo�hilbq_kdbo�wnn_dlZo�_kl_kl\_gguc�k\_l�

\�lhc�beb�bghc�f_j_�iheyjbam_lky��Iheyjbamxsb_�mkljhckl\Z� �iheyjb�

aZlhju��iha\heyxl�ihemqZlv�ba�_kl_kl\_ggh]h�k\_lZ�ijZdlbq_kdb�ihegh�

klvx� iheyjbah\Zggh_� baemq_gb_� k� l_f� beb� bguf� \b^hf� iheyjbaZpbb�

�ebg_cghc��djm]h\hc�beb�weebilbq_kdhc��>��@��<Z`guf�k\hckl\hf�baem�

q_gby�y\ey_lky�_]h�dh]_j_glghklv��Dh]_j_glghklv�oZjZdl_jbam_l�kh]eZ�

kh\Zggh_�ijhl_dZgb_�\�ijhkljZgkl\_�b�\j_f_gb�^\mo�beb�[hevr_]h�qbkeZ�

dhe_[Zl_evguo� ijhp_kkh\�� l�� _�� gZebqb_� f_`^m� gbfb� klZlbklbq_kdhc�

dhjj_eypbb��Dh]_j_glghklv� k\_lh\uo�dhe_[Zgbc�hij_^_ey_l�bo�kihkh[�

ghklv�ijb� keh`_gbb� \aZbfgh�mkbeb\Zlv�beb�hkeZ[eylv�^jm]�^jm]Z� �bg�

l_jn_jbjh\Zlv���?keb�^\Z�baemqZl_ey�bf_xl�h^bgZdh\u_�qZklhlu�b�ih�

klhyggmx�\h�\j_f_gb�jZaghklv�nZa��lh�\hegu��ijboh^ysb_�hl�gbo�\�lhq�

dm�gZ[ex^_gby��bgl_jn_jbjmxl�f_`^m�kh[hc��LZdb_�baemqZl_eb�y\eyxl�

ky�\aZbfgh�dh]_j_glgufb��?keb�we_dljhfZ]gblgu_�\hegu�hl�jZaguo�ba�

emqZl_e_c� ijboh^yl� \� lhqdm� gZ[ex^_gby� k� nZaZfb�� jZaebqZxsbfbky�

kemqZcguf�h[jZahf��lh�bgl_jn_j_gpby�hlkmlkl\m_l�b�kdeZ^u\Zxlky�ih�
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lhdb� wg_j]bb� — � baemqZl_eb� g_dh]_j_glgu�� Ijbf_jhf� g_dh]_j_glguo�

baemqZl_e_c�fh]ml�kem`blv�kihglZggh�baemqZxsb_�Zlhfu� 
JZaebqZxl� ijhkljZgkl\_ggmx� b� \j_f_ggmx� dh]_j_glghklv�� Ijh�

kljZgkl\_ggZy�dh]_j_glghklv�hlghkblky�d�we_dljhfZ]gblguf�iheyf��ba�

f_jy_fuf�\�h^bg�b�lhl�`_�fhf_gl�\j_f_gb�\�^\mo�jZaguo�ijhkljZgkl�

\_gguo� lhqdZo��FZdkbfZevgh_� jZkklhygb_� f_`^m� wlbfb� lhqdZfb�� ijb�

dhlhjhf�bkoh^ysb_�ba�gbo�\hegu�_s_�fh]ml�bgl_jn_jbjh\Zlv��hij_^_�

ey_l�jZaf_j�h[eZklb�ijhkljZgkl\_gghc�dh]_j_glghklb� �jZ^bmk�dhjj_ey�

pbb� ihey��� >ey� [hevrbgkl\Z� bklhqgbdh\� ijhkljZgkl\_ggZy� dh]_j_gl�

ghklv�hij_^_ey_lky�]_hf_ljbq_kdbfb�jZaf_jZfb�bklhqgbdZ�baemq_gby� 
<j_f_ggZy�dh]_j_glghklv�hij_^_ey_lky�g_fhghojhfZlbqghklvx�ba�

emq_gby�bklhqgbdZ��Wlh�ihgylb_�hlghkyl�d�agZq_gbyf�ihey�\�h^ghc�b�lhc�

`_� lhqd_� ijhkljZgkl\Z�� gh� \� jZagu_�fhf_glu� \j_f_gb��FZdkbfZevgZy�

jZagbpZ�\h�\j_f_gb��dh]^Z�_s_�fh]ml�gZ[ex^Zlvky�bgl_jn_j_gpbhggu_�

wnn_dlu��gZau\Z_lky�\j_f_g_f�dh]_j_glghklb 

τdh] =  1 /ûv ,      (1 0 ) 

]^_�ûv  — �ki_dljZevgZy�rbjbgZ�baemq_gby� 
>ebgZ� dh]_j_glghklb� —  imlv�� ijhoh^bfuc� k\_lh\uf� imqdhf� aZ�

\j_fy�dh]_j_glghklb 

                        ldh]  �F2dh]� �k�ûv ,                                              (1 1 ) 

hij_^_ey_l�fZdkbfZevgmx�jZaghklv�oh^Z�bgl_jn_jbjmxsbo�emq_c� 
Kj_^b� kh\j_f_gguo� bklhqgbdh\� hilbq_kdh]h� baemq_gby� gZb-

[hevr_c� ijhkljZgkl\_gghc� b� \j_f_gghc� dh]_j_glghklvx� h[eZ^Zxl� eZ�

a_ju�g_ij_ju\gh]h�^_ckl\by� 
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= e Z \ Z  1 
 

HILBQ?KDB?�F:L?JB:EU 
 
 
 

<�wdki_jbf_glZevguo�mklZgh\dZo��bkihevam_fuo�\�hilbd_��ijbf_gyxlky�
jZaebqgu_�\_s_kl\Z��l_f�beb�bguf�h[jZahf�\aZbfh^_ckl\mxsb_�k�baemq_gb�
_f��\�bklhqgbdZo�baemq_gby��\�jZaebqguo�^_lZeyo��dhlhju_�ijhimkdZxl��hl�
jZ`Zxl�beb�ij_h[jZamxl�imqhd�emq_c��—�hdgZo��nbevljZo��ijbafZo�� a_jdZ�
eZo��gZdhg_p��kZf�ijhp_kk�baf_j_gby�baemq_gby�ijhbkoh^bl�lZd`_�gZ�hkgh\_�
\aZbfh^_ckl\by�baemq_gby�k�\_s_kl\hf��FZl_jbZeu��bkihevam_fu_�\�hilbq_�
kdbo�ijb[hjZo�^ey�wlbo�p_e_c��fh`gh�gZa\Zlv�hilbq_kdbfb�fZl_jbZeZfb�beb�
hilbq_kdbfb�kj_^Zfb� 

D�hilbq_kdbf�fZl_jbZeZf�\�aZ\bkbfhklb�hl�bo�gZagZq_gby�ij_^ty\eyxl�
jZaghh[jZagu_�lj_[h\Zgby��Bklhqgbdb��gZijbf_j��^he`gu�h[_ki_qb\Zlv�^hk�
lZlhqgmx� yjdhklv� \� aZ^Zgghc� h[eZklb� ki_dljZ��FZl_jbZeu��bkihevam_fu_� \�
dZq_kl\_� hdhg�� ijbaf� b� ebga�� ^he`gu� h[eZ^Zlv� ohjhr_c� ijhajZqghklvx��
Ijbafu��ij_^gZagZq_ggu_�^ey�jZaeh`_gby�baemq_gby�\�ki_dlj��^he`gu�bf_lv�
ohjhrmx�^bki_jkbx��D�a_jdZeZf�h[uqgh�ij_^ty\ey_lky�lj_[h\Zgb_�\ukhdh]h�
dhwnnbpb_glZ� hljZ`_gby� b� fbgbfZevgh]h� ih]ehs_gby�� Nbevlju� ^he`gu�
bf_lv� ih� \hafh`ghklb� j_adb_� ]jZgbpu� h[eZklb� ijhajZqghklb��FZl_jbZeu��
bkihevam_fu_�\�ijb_fgbdZo��^he`gu�k�fbgbfZevgufb�ihl_jyfb�ih]ehsZlv�
iZ^Zxs__�baemq_gb_�b�wnn_dlb\gh�ij_h[jZah\u\Zlv�_]h�\�^jm]b_�\b^u�wg_j�
]bb� 

 
������NBABDH-OBFBQ?KDB?�K<HCKL<: 
 ����������HILBQ?KDBO�F:L?JB:EH< 
 
FZl_jbZeu�� bkihevam_fu_� ^ey� hilbq_kdbo� ^_lZe_c�� ^he`gu� h[eZ^Zlv�

ohjhrbfb�f_oZgbq_kdbfb�dZq_kl\Zfb�—�[ulv�^hklZlhqgh�l\_j^ufb��g_ojmi�
dbfb��ohjhrh�ih^^Z\Zlvky�h[jZ[hld_��^Z\Zlv�ijb�ihebjh\d_�ih\_joghklb�\u�
khdh]h�dZq_kl\Z��@_eZl_evgu�ohjhrZy�l_iehijh\h^ghklv�fZl_jbZeh\��Z�lZd`_�
g_[hevrhc�l_jfbq_kdbc�dhwnnbpb_gl�jZkrbj_gby��bgZq_�ijb�ehdZevghf�gZ-
]j_\_�hilbq_kdb_�^_lZeb�fh]ml�jZajmrZlvky�beb�kms_kl\_ggh�baf_gylv�k\hx�
nhjfm��@_eZl_evgu�g_jZkl\hjbfhklv�fZl_jbZeh\�\�\h^_��mklhcqb\hklv�d�\ha�
^_ckl\bx�^jm]bo�jZkl\hjbl_e_c��iZjh\�Zdlb\guo�\_s_kl\�b�ij��<Z`gZ�lZd`_�
kihkh[ghklv� fZl_jbZeh\� m^_j`b\Zlv� gZ� ih\_joghklb� ijhk\_leyxsb_� b� aZ�
sblgu_�ie_gdb��<�^hiheg_gb_�d�i_j_qbke_gguf�k\hckl\Zf�`_eZl_evgh��qlh�
[u�hilbq_kdb_�fZl_jbZeu�g_�[ueb�qj_af_jgh�^hjh]hklhysbfb�b�ljm^gh^hk�
lmigufb� 

Hilbq_kdb_�fZl_jbZeu�ih�bo�nbabdh-obfbq_kdbf�b�hilbq_kdbf�k\hckl�
\Zf�fh`gh�jZa^_eblv�gZ�g_kdhevdh�\b^h\��kl_dehh[jZagu_��kl_dehdjbklZeeb�
q_kdb_��djbklZeebq_kdb_�fZl_jbZeu�b�ieZklfZkku��D�hilbq_kdbf�fZl_jbZeZf�
ke_^m_l�hlg_klb�lZd`_�b�f_lZeeu� 

Kl_dehh[jZagu_� fZl_jbZeu� �kl_deZ�� ij_^klZ\eyxl� kh[hc� Zfhjngu_�
\_s_kl\Z�k�\ukhdhc�kl_i_gvx�h^ghjh^ghklb��klhcdb_�ih�hlghr_gbx�d�f_oZ�
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gbq_kdbf� m^ZjZf� b� obfbq_kdbf� \ha^_ckl\byf��Hilbq_kdb_� oZjZdl_jbklbdb�
kl_dhe�aZ\bkyl�hl�bo�khklZ\Z�b�l_ogheh]bb�ba]hlh\e_gby� 

Rbjhdh�ba\_klgu�hilbq_kdb_�kbebdZlgu_�kl_deZ��hkgh\hc�dhlhjuo�y\�
ey_lky�^\mhdbkv�dj_fgby�SiO2��Kj_^b�gbo�gZb[he__�jZkijhkljZg_gu�djhgu�b�
nebglu��<�khklZ\�djhgh\�\oh^bl�djhf_�SiO2�[hjguc�Zg]b^jb^�B2H3��bgh]^Z�
hdbkv�[Zjby�<ZH��Nebglu�khklhyl�]eZ\guf�h[jZahf�ba�SiH2�b�hdbkb�k\bgpZ�
PbH��<�ly`_ehf�nebgl_�hdbkb�k\bgpZ�fh`_l�[ulv�^h������Ijbf_jZfb�ijh�
fure_gguo�khjlh\�hilbq_kdbo�kl_dhe�y\eyxlky�kl_deZ�D���djhg�����LN��ly�
`_euc�nebgl���EN��e_]dbc�nebgl���ED��e_]dbc�djhg��b�l��^��>����@� 

Ijbf_gyy�hkh[h�qbklu_�fZl_jbZeu�^ey�ba]hlh\e_gby�kl_dhe�b�g_kdhevdh�
\Zjvbjmy� bo� obfbq_kdbc� khklZ\�� ihemqZxl� m\bhe_\u_� kl_deZ�� ijhajZqgu_� \�
mevljZnbhe_l_��>ey� jZkrbj_gby�h[eZklb�ijhajZqghklb� kl_dhe� \�bgnjZdjZk�
gmx�h[eZklv�^\mhdbkv�dj_fgby� aZf_gyxl�gZ�^jm]b_�hdbkeu��h[eZklv�ih]eh�
s_gby�dhlhjuo�gZoh^blky�\�[he__�^ebggh\hegh\hc�qZklb�ki_dljZ��gZijbf_j�
G_H2��LiO2��:�2O3�b�^j��Kl_deZ��g_�kh^_j`Zsb_�dbkehjh^Z��ijhajZqgu�^h�� §�
���fdf��gZijbf_j��:s2S3). 

<� hilbq_kdhf� ijb[hjhkljh_gbb� gZoh^yl� ijbf_g_gb_� kl_deh-
djbklZeebq_kdb_�fZl_jbZeu� >���@��LZdb_�fZl_jbZeu��ihemqZ_fu_�iml_f�qZk�
lbqghc� djbklZeebaZpbb� kl_deZ� ijb� l_fi_jZlmjZo� ���-�����K�� gZau\Zxl� kb�
lZeeZfb��khq_lZgb_�keh\��kl_deh����b��b��djbklZee����KblZee�ih�k\h_c�kljmd�
lmj_�khklhbl�ba�hq_gv�f_edbo�[_kihjy^hqgh�hjb_glbjh\Zgguo�djbklZeebdh\��
<�aZ\bkbfhklb�hl�l_ogheh]bb�ba]hlh\e_gby�kblZeeu�fh]ml�[ulv�ijhajZqgufb�
b� g_ijhajZqgufb��KblZeeu� h[eZ^Zxl� ohjhr_c� obfbq_kdhc� mklhcqb\hklvx��
\ukhdhc�l_fi_jZlmjhc�jZafy]q_gby��Hgb�fh]ml�[ulv�l\_j`_�\ukhdhm]e_jh^b�
klhc�klZeb�b�e_]q_�Zexfbgby��G_dhlhju_�kblZeeu�bf_xl�ihqlb�gme_\hc�dh�
wnnbpb_gl�l_jfbq_kdh]h�jZkrbj_gby��Bo�ijbf_gyxl��\�qZklghklb��^ey�ba]h�
lh\e_gby�a_jdZe�djmiguo�l_e_kdhih\��GZijbf_j��a_jdZeh�^bZf_ljhf�\���f�ba�
kl_deZ� ijb� baf_g_gbb� l_fi_jZlmju�gZ� ���� m\_ebqb\Z_lky� \� ^bZf_lj_�gZ�60 
fdf��?keb� [u� lZdh_� a_jdZeh�fh`gh� [ueh�ba]hlh\blv�ba�ieZ\e_gh]h� d\ZjpZ��
baf_g_gb_�^bZf_ljZ�khklZ\eyeh�[u���fdf��A_jdZeh�lZdh]h�`_�^bZf_ljZ�ba�kb�
lZeeZ�baf_gy_lky�\�^bZf_lj_�f_g__�q_f�gZ���fdf� 

Kl_dehdjbklZeebq_kdb_� fZl_jbZeu� �hilbq_kdb_� d_jZfbdb��� ihem�
qZ_fu_�ba�ihebdjbklZeebq_kdhc�fZkku�f_lh^hf� ]hjyq_]h�ij_kkh\Zgby�\�\Z�
dmmf_� >���@��ih�iehlghklb�b�ijhajZqghklb�[ebadb�d�khhl\_lkl\mxsbf�fhgh�
djbklZeeZf�� Ij_bfms_kl\hf� d_jZfbd� y\ey_lky� ohjhrZy� h^ghjh^ghklv�� qlh�
^_eZ_l�\hafh`guf�ba]hlZ\eb\Zlv�ba�gbo�djmigu_�hilbq_kdb_�^_lZeb� 

<�hilbd_�gZoh^bl�rbjhdh_�ijbf_g_gb_�d\Zjp�SiH2 —�djbklZeebq_kdbc�b�
ieZ\e_guc��Ijbjh^guc�djbklZeebq_kdbc�d\Zjp� �]hjguc�ojmklZev��Zgbahljh�
i_g�b�h[eZ^Z_l�^\hcguf�emq_ij_ehfe_gb_f��Kms_kl\m_l�ebrv�h^gh�gZijZ\�
e_gb_�\�d\Zjp_\hf�djbklZee_�—�gZijZ\e_gb_�hilbq_kdhc�b�djbklZeeh]jZnb�
q_kdhc�hk_c��ih�dhlhjhfm�emq�ijhoh^bl�g_�jZa^\Zb\Zykv��<�wlhf�gZijZ\e_gbb�
l_iehijh\h^ghklv�djbklZeebq_kdh]h�d\ZjpZ�hq_gv�\ukhdZ��\k_]h�ebrv�gZ�ih�
jy^hd�f_gvr_��q_f�l_iehijh\h^ghklv�f_lZeeh\��H[udgh\_gguc�b�g_h[udgh�
\_gguc�emqb�bf_xl�\aZbfgh�i_ji_g^bdmeyjgu_�iehkdhklb�iheyjbaZpbb��ih�
wlhfm�^\hcgh_�emq_ij_ehfe_gb_�khijh\h`^Z_lky�iheyjbaZpb_c�baemq_gby��<�
^hiheg_gb_�d�wlhfm�d\Zjp�h[eZ^Z_l�k\hckl\hf�\jZs_gby�iehkdhklb�iheyjb�
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aZpbb��Kms_kl\mxl�^\_�nhjfu�djbklZeeh\�d\ZjpZ�—�ijZ\h\jZsZxsZy�b�e_�
\h\jZsZxsZy��\lhjZy�—�a_jdZevgh_�hlh[jZ`_gb_�i_j\hc���<jZs_gb_�iehkdh�
klb�iheyjbaZpbb�ijhbkoh^bl�\ke_^kl\b_�lh]h��qlh�\�djbklZee_�jZkijhkljZgy�
xlky�^\_�\hegu�k�jZagufb�kdhjhklyfb��Ebrv�\�h^ghf�gZijZ\e_gbb��e_`Zs_f�
ih^�m]ehf�����d�hilbq_kdhc�hkb�djbklZeeZ��kdhjhklb�h[_bo�\heg�kh\iZ^Zxl��b�
\jZs_gb_�iehkdhklb�iheyjbaZpbb�hlkmlkl\m_l� 

IeZ\e_guc�d\Zjp� �d\Zjp_\h_�kl_deh��ihemqZxl�ba�jZkieZ\e_ggh]h�djb�
klZeebq_kdh]h�d\ZjpZ�i_j_hoeZ`^_gb_f�^h�dhfgZlghc�l_fi_jZlmju�[_a�djb�
klZeebaZpbb�� Hl_q_kl\_ggZy� ijhfure_gghklv� \uimkdZ_l� ieZ\e_guc� d\Zjp�
fZjhd�DM��D<�b�DB��D\Zjp�DM�ij_^gZagZq_g�^ey�jZ[hlu�\�mevljZnbhe_l_�b�
kh^_j`bl�fbgbfZevgh_�dhebq_kl\h�ijbf_k_c��dhlhju_�fh]ml�ih]ehsZlv�MN�
baemq_gb_��HdgZ�ba�g_dhlhjuo�h[jZaph\�d\ZjpZ�ijhajZqgu�^h�����gf��D\Zjp�
DB�ij_^gZagZq_g�^ey�jZ[hlu�\�BD�h[eZklb�ki_dljZ��Hkgh\gh_�\gbfZgb_�ijb�
ba]hlh\e_gbb�d\ZjpZ�DM�b�DB�h[jZsZxl�gZ�hlkmlkl\b_�ijbf_kb�\h^u��dhlh�
jZy�bf__l�ihehku�ih]ehs_gby�\[ebab��� �����fdf�b��� �����gf��D\Zjp_\u_�ih�
\_joghklb� ohjhrh� ihebjmxlky��fZeh� ih^\_j`_gu�f_oZgbq_kdbf� ih\j_`^_�
gbyf� 

DjbklZeebq_kdb_�fZl_jbZeu�rbjhdh�bkihevamxlky�[eZ]h^Zjy�fgh]hh[�
jZabx� bo�nbabdh-obfbq_kdbo� b� hilbq_kdbo� k\hckl\��Ijbjh^gu_� djbklZeeu�
h[uqgh�g_^hklZlhqgh�h^ghjh^gu�b�j_^dh�[u\Zxl�[hevrbo�jZaf_jh\��K_cqZk�
\�hilbd_�bkihevamxl�\�hkgh\ghf�\ujZs_ggu_�bkdmkkl\_gguf�iml_f�djbklZe�
eu�LiF��FgF2��<ZF2, G_�b�fgh]b_�^jm]b_� 

K\hckl\Z�g_dhlhjuo�djbklZeebq_kdbo�fZl_jbZeh\�ijb\_^_gu�\�lZ[e�������
Fgh]b_�^Zggu_�fh`gh�gZclb�\�kijZ\hqgbdZo�>�������@�b�\�dgb]Zo�>�������������
1.6]. 

GZ�ih\_joghklb�l_eZ��gZoh^ys_]hky�\h�\eZ`ghf�\ha^mo_��\[ebab�lhqdb�
jhku�h[jZam_lky�lhgqZcrZy�ie_gdZ�\eZ]b��dhlhjZy�ijb�hoeZ`^_gbb�l_eZ�beb�
ih\ur_gbb�\eZ`ghklb�Zlfhkn_ju�ij_\jZsZ_lky�\�f_evqZcrb_�dZieb��kdhg�
p_gljbjh\Zggu_�\�i_j\mx�hq_j_^v�\^hev�pZjZibg�b�^jm]bo�^_n_dlh\�ih\_jo�
ghklb��Hk_\rZy�gZ�ih\_joghklv�\eZ]Z�jZat_^Z_l�__��_keb�fZl_jbZe�jZkl\hjbf�
\� \h^_�� <� lZ[e�� ���� ^ey� g_dhlhjuo� khe_c� ijb\_^_gZ� \_ebqbgZ� djblbq_kdhc�
\eZ`ghklb�Zlfhkn_ju��ijb�dhlhjhc�gZ�bo�ih\_joghklb�h[jZam_lky�jhkZ��WlZ�
\_ebqbgZ� ij_^klZ\ey_l� kh[hc� hlghkbl_evgmx� \eZ`ghklv� ]Zah\hc� kj_^u� gZ^�
ih\_joghklvx�gZkus_ggh]h�jZkl\hjZ�kheb�ijb����K�\�khklhygbb�jZ\gh\_kby��
<eZ`ghklv�Zlfhkn_ju��ij_\urZxsZy�djblbq_kdmx��\_kvfZ�hiZkgZ�^ey�khe_�
\uo�hilbq_kdbo�^_lZe_c� 

Ihemijh\h^gbdh\u_�djbklZeeu� �G_��Si�b�^j���g_ijhajZqgu�\�MN��\b^b�
fhc�b�[eb`g_c�BD�h[eZklyo�ki_dljZ��gh�ijhajZqgu�\�kj_^g_c�b�^Zevg_c�BD�
h[eZklb� �ijb� hlkmlkl\bb� ijbf_k_c� \� djbklZee_��� IhdZaZl_ev� ij_ehfe_gby�
wlbo� djbklZeeh\� h[uqgh� \_ebd� ���b�[he__���ihwlhfm�bo�ih\_joghklv�ijboh�
^blky�ijhk\_leylv��Ihemijh\h^gbdh\u_�djbklZeeu�h[eZ^Zxl�ohjhrbfb�f_�
oZgbq_kdbfb�k\hckl\Zfb� 

Fgh]b_� djbklZeebq_kdb_�fZl_jbZeu� ojmidb��LZd�� lhgdZy� ieZklbgdZ� ba�
]_jfZgby�beb�dj_fgby�fh`_l�jZa[blvky�gZ�f_edb_�dmkdb�ijb�iZ^_gbb�k�g_�
[hevrhc� \ukhlu��Kl_deyggZy� ieZklbgdZ� lZdhc�`_� lhesbgu� g_� jZa[b\Z_lky�
ijb�iZ^_gbb�k�f_ljh\hc�\ukhlu��Ojmihd�lZd`_�djbklZeebq_kdbc�d\Zjp� 
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H[jZs_gb_� k� hilbq_kdbfb�fZl_jbZeZfb� lj_[m_l�hkh[hc�hklhjh`gh�
klb��<k_�hilbq_kdb_�ih\_joghklb�ke_^m_l�h[_j_]Zlv�hl�khijbdhkgh\_gbc�k�ih�
klhjhggbfb�ij_^f_lZfb��^jm]�k�^jm]hf�b�hkh[_ggh�k�f_lZeebq_kdbfb�ij_^�
f_lZfb��Hilbq_kdb_�hdgZ�b�^jm]b_�^_lZeb�k�ih\_joghklyfb�g_�hq_gv�\ukhdhc�
qbklhlu�h[jZ[hldb�b� lhqghklb�ba]hlh\e_gby�fh`gh�ojZgblv� aZ\_jgmlufb�\�
\Zlm�beb�fy]dmx�[mfZ]m��Gb�\�dh_f�kemqZ_�g_evay�kdeZ^u\Zlv�^_lZeb�k�hilb�
q_kdbfb�ih\_joghklyfb�klhidhc��\iehlgmx�^jm]�d�^jm]m��Iuebgdb��kemqZcgh�
ihiZ\rb_�f_`^m�gbfb��ijb\h^yl� d�ihy\e_gbx� ]em[hdbo� dhjhldbo�pZjZibg��
dhlhju_� hq_gv� iehoh� m^Zeyxlky� ^Z`_� ijb� i_j_rebnh\d_� ih\_joghkl_c��
Klhidhc�fh`gh�kdeZ^u\Zlv�lhevdh�^_lZeb�k�fZlh\ufb�ih\_joghklyfb��>_lZ�
eb�g_evay�deZklv�hilbq_kdhc�ih\_joghklvx�gZ�klhe�b�l_f�[he__�g_evay�^\b�
]Zlv�ih�klhem� 

>_lZeb�k�ih\_joghklyfb�gZb[he__�\ukhdhc�lhqghklb��gZijbf_j�ij_^gZ�
agZq_ggu_�^ey�bgl_jn_jhf_ljh\��g_jh\ghklb�gZ�dhlhjuo�g_�ij_\urZxl�^h�
e_c�^ebgu�\hegu��^he_c�fbdjhf_ljZ���lj_[mxl�_s_�[hevr_c�ZddmjZlghklb�\�
h[jZs_gbb��Bo� ke_^m_l� ojZgblv� \� \_jlbdZevghf� iheh`_gbb� \� ki_pbZevguo�
iZaZo� lZd�� qlh[u� \ukhdhdZq_kl\_ggu_� ih\_joghklb� gb� k� q_f� g_� khijbdZkZ�
ebkv� 

IjhlbjZlv� hilbq_kdb_�^_lZeb� ke_^m_l� dZd�fh`gh� j_`_�b� lhevdh� \� lhf�
kemqZ_��_keb�^_ckl\bl_evgh�ihy\behkv�ebrg__�jZkk_ygb_�k\_lZ�gZ�hilbd_��PZ�
jZibgu��ihy\eyxsb_ky�\�j_amevlZl_�ijhlbjZgby�hilbdb��qZklh�^Zxl�[hevr_�
jZkk_yggh]h�k\_lZ��q_f�keZ[h_�aZiue_gb_�ih\_joghklb��Baebrg__�ijhlbjZgb_�
\ukhdhdZq_kl\_gghc� kl_deygghc� ih\_joghklb� \uau\Z_l� ihy\e_gb_� \iZ^bg� k 
]em[bghc��ij_\hkoh^ys_c�lhqghklv�__�ba]hlh\e_gby��D\Zjp_\u_�ih\_joghklb�
[he__�klhcdb�d�ijhlbjZgbx��JZ^bdZevghc�f_jhc�y\ey_lky�lsZl_evgh_�ij_^h�
ojZg_gb_�hilbq_kdbo�ih\_joghkl_c�hl�ihiZ^Zgby�gZ�gbo�iueb�b�]jyab��M^Z�
eylv� iuev� ke_^m_l� ihlhdhf� \ha^moZ� ba� j_abgh\hc� ]jmrb��@bjh\u_� iylgZ�
�ke_^u� iZevp_\�� gZijbf_j�� ohjhrh� m^Zeylv� kl_jbevghc� fZje_c�� kfhq_gghc�
kf_kvx�hqbs_ggh]h�Zp_lhgZ�b�hqbs_ggh]h�wnbjZ��>ey�qbkldb�hilbdb�ijbf_�
gyxl� lZd`_� i_ljhe_cguc� wnbj∗

� beb� kf_kv� ���� i_ljhe_cgh]h� wnbjZ� b� ����
[_a\h^gh]h�kibjlZ��WlZ�kf_kv�ohjhrh�jZkl\hjy_l�`bju�b�\hkdhh[jZagu_�\_�
s_kl\Z��<� ijhp_kk_� qbkldb� ih\_joghklv� g_� we_dljbam_lky� b� g_� ijbly]b\Z_l�
iuebghd�ba�\ha^moZ��H[uqguc�kibjl�g_�m^Zey_l�`bjh\uo�iyl_g�b�hklZ\ey_l�
gZ�ih\_joghklb�jZa\h^u� 

Ihevah\Zlvky�dZdbf-eb[h�jZkl\hjbl_e_f�ijb�ijhlbjd_�hilbq_kdbo�^_lZ�
e_c�ke_^m_l�hq_gv�hklhjh`gh�b�lhevdh�_keb�_klv�ihegZy�m\_j_gghklv��qlh�^_�
lZev�ijb�wlhf�g_�[m^_l�bkihjq_gZ��?keb�hilbq_kdZy�^_lZev�y\ey_lky�khklZ\�
ghc�b�kde__gZ�ba�jZaebqguo�fZl_jbZeh\� �gZijbf_j��ZojhfZlbq_kdb_�dhg^_g�
khju�beb�keh`gu_�ijbafu���hl�\ha^_ckl\by�jZkl\hjbl_ey�hgZ�fh`_l�jZkde_�
blvky��Ke_^m_l�mqblu\Zlv�lZd`_��qlh�hilbq_kdb_�^_lZeb�fh]ml�[ulv�ihdjulu�
dZdbfb-eb[h�ie_gdZfb��dhlhju_�ijb�ijhlbjd_�ih\j_`^Zxlky� 

 

                                              
∗
� I_ljhe_cguc�� beb� g_nlyghc�� wnbj� ij_^klZ\ey_l� kh[hc� gZb[he__� e_]dmx�

njZdpbx����-�����i_j_]hgdb�g_nlb��kh^_j`Zsmx�]eZ\guf�h[jZahf�i_glZg�b�]_dkZg��
I_ljhe_cguc�wnbj�fh`gh�ihemqblv�i_j_]hgdhc�[_gabgZ� 
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LZ[ebpZ���� 
K\hckl\Z�hilbq_kdbo�fZl_jbZeh\ 
 

  
FZl_jbZe 

 
HibkZgb_ 
 

=jZgbpu� ijh-
imkdZgby��fdf 

IeZ\e_guc�
d\Zjp�SiO2 

Bahljhiguc� fZl_jbZe� k� ohjhrbfb� f_o�� k\hckl�
\Zfb��jZkl\hjy_lky�\�HF  

0,2 - 4,0 
 

Nlhjbkluc� eb�
lbc�LiF 

;_kp\_lguc�djbklZee��e_]dh�jZkdZeu\Z_lky�b�pZ�
jZiZ_lky��jZkl\hjbf�\�dbkehlZo 

0,12-7 
 

Nlhjbkluc�
dZevpbc� �nexh�
jbl��KZF2 

;_kp\_lguc�djbklZee��e_]dh�jZkdZeu\Z_lky�b�pZ�
jZiZ_lky 
 

0,13-9,5 
 

Nlhjbkluc� [Z�
jbc�<ZF2 

;_kp\_lguc�djbklZee��jZkl\hjbf�\�dbkehlZo��e_]�
dh�jZkdZeu\Z_lky�b�pZjZiZ_lky 

0,15-13 
 

Nlhjbkluc� k\b�
g_p�JbF2 

;_kp\_lguc� djbklZee�� jZkl\hjbf� \� Zahlghc� db�
kehl_ 

0,25-12 
 

KZinbj�:�2Ha 
 

;_kp\_lguc�djbklZee��mklhcqb\�d�pZjZiZgbx��g_�
jZkdZeu\Z_lky�� h[eZ^Z_l� ohjhrbfb� f_oZgbq_k-
dbfb�k\hckl\Zfb 

0,17-5,3 
 

Dj_fgbc 
 

DjbklZee�k�f_lZeebq_kdbf�[e_kdhf��jZkl\hjbf�\�
GF�b�GNH3 

1,2-15 
 

=_jfZgbc 
 

DjbklZee� k� f_lZeebq_kdbf� [e_kdhf�� ojmidbc��
jZkl\hjbf� \� ]hjyq_c� k_jghc� dbkehl_�� pZjkdhc�
\h^d_ 

1,8-25 
 

Oehjbkluc� gZ�
ljbc�1aC1 

;_kp\_lguc� djbklZee�� fy]dbc�� ]b]jhkdhibqguc��
jZkl\hjbf�\�]ebp_jbg_ 

0,2-18 
 

Oehjbkluc� dZ�
ebc� �kbev\bg��
DK� 

;_kp\_lguc� djbklZee�� fy]dbc�� ]b]jhkdhibqguc��
e_]dh� jZkdZeu\Z_lky�� jZkl\hjbf� \� ]ebp_jbg_��
wnbj_��s_ehqZo 

0,2-25 
 

Ch^bkluc� dZebc�
DI 

@_eluc� djbklZee�� e_]dh� jZkdZeu\Z_lky�� hq_gv�
fy]dbc�� hq_gv� ]b]jhkdhibqguc�� jZkl\hjbf� \�
kibjl_�b�ZffbZd_ 

0,2-31 
 

Ch^bkluc� p_abc�
KsI 

@_eluc� djbklZee�� ]b]jhkdhibqguc��e_]dh�jZkdZ�
eu\Z_lky 

0,24-52 
 

;jhfbkluc� dZ�
ebc�D<] 

;_kp\_lguc� djbklZee�� fy]dbc�� ]b]jhkdhibqguc��
jZkl\hjbf�\�kibjl_ 

0,2-32 
 

;jhfbkluc� p_�
abc�Ks<] 

;_kp\_lguc� djbklZee�� fy]dbc�� ]b]jhkdhibqguc��
jZkl\hjbf�\�kibjl_ 

0,2-40 
 

DRS-���Ll<]-LlI) DjZkguc� djbklZee�� lhdkbq_g�� g_� jZkdZeu\Z_lky��
ihebjm_lky�k�ljm^hf��e_]dh�^_nhjfbjm_lky��pZjZ�
iZ_lky 

0,6-38 
 

DRS-�� �Ll<]-
LlKl) 

;_kp\_lguc�djbklZee��lhdkbq_g 0,4-30 
 

 



 23 

 
 
IhdZaZl_ev�
ij_ehfe_gby 
 

JZkl\hjbfhklv�
\� ohe�� \h^_��
]jZffu 
gZ�����]�G2H 

L_fi_jZlmjZ�
ieZ\e_gby��
�K 

Iehl-
ghklv��
]�kf3 

Dhwnnbpb_gl�
l_ieh\h]h� jZk-
rbj_gby�� 
10–6

��]jZ^ 

Djblbq_k-
dZy� \eZ`-
ghklv� 
% 

1,45  
ijb��� �����fdf 

0 
 

1700 
 

2,2 
 

0,5 
 

— 
 

1,38  
ijb��� �����fdf 

0,27 
 

870 
 

2,6 
 

32 
 

— 
 

 1,42  
ijb��� �����fdf 
 

1,6Â��–3 
 

1360 
 

3,18 
 

23 
 

— 

1,47  
ijb��� �����fdf 

0,16 
 

1280 
 

4,8 
 

18,4 
 

— 

1,75  
ijb��� �����fdf 

0,064 
 

822 
 

7,76 
 

— 
 

— 

1,77  
ijb��� �����fdf 

9,8 Â��–5 
 

2030 
 

3,98 
 

����\�ijh^�������
\�ihi_j_qghf�
gZijZ\e_gbb 

— 
 

3,4  
ijb��� ����fdf 

0 
 

1410 
 

2,33 
 

����ijb���� 
 

— 
 

4,1  
ijb��� ����fdf 
 

0 
 

936 
 

5,33 
 

5,7 
 

— 
 

1,52  
ijb��� ���fdf 

36 
 

801 
 

2,17 
 

39 
 

77 
 

1,46  
ijb��� ����fdf 
 

35 
 

768 
 

1,99 
 

36 
 

86,4 
 

1,67  
ijb��� ����fdf 

127 
 

723 
 

3,13 
 

40 
 

 
— 

1,74  
ijb��� ����fdf 

124 
 

636 
 

4,5 
 

50 
 

— 
 

1,53  
ijb��� ����fdf 

66 
 

728 
 

2, 75 
 

41 
 

84 
 

1,66  
ijb��� ����fdf 

124 
 

636 
 

4, 5 
 

48 
 

— 
 

2,37  
ijb��� ����fdf 
 

0, 05 
 

415 
 

7, 27 
 

58 
 

 
— 

2,18  
ijb�� ����fdf 

0, 32 
 

424 
 

7, 2 
 

51 
 

— 
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>_lZeb�ba�khe_c�ke_^m_l�ojZgblv�\�wdkbdZlhj_� �]_jf_lbq_kdb�aZdjulhf�
khkm^_��k�dZdbf-eb[h�hkmrbl_e_f�\ha^moZ��Ijb�ba\e_q_gbb�bo�ba�wdkbdZlhjZ�
gm`gh�ihevah\Zlvky�j_abgh\ufb�gZiZevqgbdZfb��^Z`_�_keb�^_lZev�bf__l�f_�
lZeebq_kdmx�hijZ\m��GZ�^_lZeb�ba�khe_c�ke_^m_l�klZjZlvky�g_�^urZlv��Ijb�
i_j_ghk_�bo�ba�wdkbdZlhjZ�\�ijb[hj�ke_^m_l�g_�jZa]h\Zjb\Zlv�b�aZdju\Zlv�ghk�
b�jhl�fZl_jb_c��>ey�khe_\uo�hilbq_kdbo�^_lZe_c�hiZkgu�hldjulu_�hdgZ�ih�
f_s_gby��Ih^�^_ckl\b_f�kljmb�\ha^moZ�^_lZev�hoeZ`^Z_lky��AZl_f�gZ�g__�ih�
iZ^Z_l�l_ieuc�\ha^mo�ihf_s_gby��ijhbkoh^bl�dhg^_gkZpby�\eZ]b��b�khe_\Zy�
ih\_joghklv�ihjlblky��<�ijb[hj_�k�khe_\ufb�^_lZeyfb�\k_]^Z�^he`gh�gZoh�
^blvky�dZdh_-eb[h�\_s_kl\h�^ey�hkmrdb�\ha^moZ��<�kemqZ_�aZ]jyag_gby�khe_�
\u_� ih\_joghklb� fh`gh� ijhfu\Zlv� lhevdh� q_luj_ooehjbkluf� m]e_jh^hf��
IjhlbjZlv�khe_\u_�ih\_joghklb�g_evay� 

F_lZeebq_kdb_�ih\_joghklb��ijbf_gy_fu_�\�dZq_kl\_�a_jdZe��lZd`_�lj_�
[mxl� hklhjh`gh]h� h[jZs_gby��:exfbgb_\u_� a_jdZeZ� gZb[he__� klhcdb��GZ�
Zexfbgb_\hc�ih\_joghklb� kh� \j_f_g_f�h[jZam_lky�ijhqgZy�hdbkgZy�ie_gdZ�
lhesbghc� hdheh� ��� gf�� dhlhjZy� aZsbsZ_l� a_jdZeh� hl� ih\j_`^_gbc� b� g_�
mom^rZ_l�_]h�k\hckl\��:exfbgb_\h_�a_jdZeh�fh`gh�fulv�^bklbeebjh\Zgghc�
\h^hc�k�fy]dbf� �^_lkdbf��fuehf�k�ihfhsvx�fy]dhc�dbklhqdb��K_j_[jygu_�
a_jdZeZ�agZqbl_evgh�f_g__�klhcdb��>ey�gbo�hiZkgu�iZju�dbkehl�b�^jm]bo�Zd�
lb\guo�\_s_kl\��kh^_j`Zsboky�\�eZ[hjZlhjghf�\ha^mo_� 

?keb� gZ� hilbq_kdmx� ih\_joghklv� iZ^Z_l�MN� baemq_gb_�� hiZkgu� iZju�
fZkeZ�� ^uf� hl� dmj_gby� b� ^jm]b_� hj]Zgbq_kdb_� ijbf_kb�� ijbkmlkl\mxsb_�
h[uqgh�\�\ha^mo_��Ih^�^_ckl\b_f�mevljZnbhe_lZ�hj]Zgbq_kdb_�\_s_kl\Z�ih�
ebf_jbamxlky� \� \b^_� lhgdbo� ie_ghd� gZ� ih\_joghklyo� hilbq_kdbo� ^_lZe_c��
IjhimkdZgb_� ^_lZe_c� b� hljZ`_gb_� a_jdZe� \ke_^kl\b_� wlh]h� fh]ml� kbevgh�
mom^rZlvky� 

 
 
������HILBQ?KDB?�K<HCKL<:�F:L?JB:EH< 
Hilbq_kdb_� k\hckl\Z� \_s_kl\�oZjZdl_jbamxlky�hljZ`_gb_f��ij_ehfe_�

gb_f� b� ih]ehs_gb_f� baemq_gby��Wlb� y\e_gby�fh]ml� [ulv�fZdjhkdhibq_kdb�
hibkZgu�hilbq_kdbfb�oZjZdl_jbklbdZfb�\_s_kl\Z�—�ihdZaZl_eyfb�ij_ehf�
e_gby�b�ih]ehs_gby��<�h[s_f�kemqZ_�h[Z�wlb�iZjZf_ljZ�aZ\bkyl�hl�qZklhlu�
baemq_gby��Hl�g_ebg_cghklb�hilbq_kdbo�kj_^�fu�hl\e_dZ_fky��kqblZy�ihdZ-
aZl_eb�ij_ehfe_gby�b�ih]ehs_gby�g_�aZ\bkysbfb�hl�fhsghklb�baemq_gby� 

 
����HljZ`_gb_�baemq_gby�hl�]jZgbpu�jZa^_eZ�h^ghjh^guo�kj_^ 
Ba� mjZ\g_gbc�FZdk\_eeZ� ke_^m_l�� qlh� gZijy`_gghklv� we_dljbq_kdh]h�

ihey�iehkdhc�fhghojhfZlbq_kdhc�\hegu�k�djm]h\hc�qZklhlhc�&� � �����jZk�
ijhkljZgyxs_cky�\�kj_^_�\�gZijZ\e_gbb�hkb�z, baf_gy_lky�ih�aZdhgm 

	 
/( )  (0) i t zE z E e X� �� v ,     (1.1) 
]^_ 

c Fa�v       (1.2) 
—�kdhjhklv�jZkijhkljZg_gby�\hegu�\�kj_^_��k —�kdhjhklv�k\_lZ�\�\Zdmmf_� 
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'
2

i= +
v

σε ε ,                                       (1.3) 

0 —�^bwe_dljbq_kdZy�ijhgbpZ_fhklv��1�— we_dljbq_kdZy�ijh\h^bfhklv�kj_�
^u��<_ebqbgZ�0
�k\yaZgZ�k�ihdZaZl_eyfb�ij_ehfe_gby�n�b�ih]ehs_gby�Q��ke_�
^mxsbf�h[jZahf� 

' 'n n inε κ= = + .      (1.4) 
 

:fieblm^guc� dhwnnbpb_gl� hljZ`_gby� hl� ih\_joghklb� \_s_kl\Z� ijb�
iZ^_gbb�\hegu�ih�ghjfZeb�ba�\ZdmmfZ�beb�\ha^moZ��n\ha^ = 1,0003 §����hibku�
\Z_lky�khhlghr_gb_f 

'hlj

'iZ^

1

1

E
r

E

ε
ε

−= =
+

,      (1.5) 

]^_�?hlj b�?iZ^ —�dhfie_dkgu_�Zfieblm^u�hljZ`_gghc�b�iZ^Zxs_c�\heg�gZ�
hljZ`Zxs_c�ih\_joghklb��IZ^_gb_�\hegu�ih�ghjfZeb�d�ih\_joghklb�\_s_kl�
\Z� y\ey_lky�ijhkl_crbf��gh�gZb[he__� jZkijhkljZg_gguf� kemqZ_f��Dhwnnb�
pb_gl�hljZ`_gby�ih�fhsghklb�R jZ\_g 

R  =

22 '
2hlj

2
iZ^ '

1

1

E
r

E

ε

ε

−
= =

+
.    (1.6) 

<hafh`gu�jZaebqgu_�kemqZb�hljZ`_gby�\hegu�hl�ih\_joghklb�kj_^u�b�
jZkijhkljZg_gby�__�\�kj_^_� 

� � � B ^ _ Z e v g u c � ^ b w e _ d l j b d ��1� ����<_ebqbgZ�0
�ih�������y\ey_l�
ky�^_ckl\bl_evghc�\_ebqbghc��0
 = 0��JZkkfhljbf�kemqZb�0�> 0 b�0�< 0. 

Ijb�0�> ��ihdZaZl_ev�ij_ehfe_gby�i
�— ̂ _ckl\bl_evgZy�\_ebqbgZ��i
� �i��
Dhwnnbpb_gl�hljZ`_gby�ih�������hdZau\Z_lky�jZ\guf 

21

1

n
R

n

− =  + 
.      (1.7) 

<ujZ`_gb_� ������ij_^klZ\ey_l� kh[hc�qZklguc�kemqZc�nhjfme�Nj_g_ey��
MjZ\g_gb_�������ijb�1� ���k�mq_lhf�������ijbgbfZ_l�\b^ 

E(z) = E(0) 
n

i t z
ce

ω − −   ,                                   (1.8) 
 

k\b^_l_evkl\mxsbc�h�jZkijhkljZg_gbb� �\hegu�\� �kj_^_� �[_a� �baf_g_gby�Zf�
ieblm^u�\^hev�hkb�z. I_j_^�ih\_joghklvx�kj_^u�\�j_amevlZl_�bgl_jn_j_gpbb�
iZ^Zxs_c�b�hljZ`_gghc�\heg�h[jZam_lky�klhyqZy�\hegZ��dZd�ihdZaZgh�gZ�jbk��
1.1,Z�[��k fbgbfmfhf�beb�fZdkbfmfhf�ihey�G?G gZ�]jZgbp_�jZa^_eZ�khhl\_l�
kl\_ggh�ijb�0�> 1 beb���!�0�!����QZklv�wg_j]bb�ihklmiZ_l�\�kj_^m�\�\b^_�[_-
]ms_c�\hegu� 

Ijb�0�< ��ihdZaZl_ev�ij_ehfe_gby�i� �± ε  = ± in1�y\ey_lky�fgbfhc�\_�
ebqbghc��Dhwnnbpb_gl�hljZ`_gby�hl�ih\_joghklb�jZ\_g�_^bgbp_��ihkdhevdm�

ijb�fgbfhf�agZq_gbb� F fh^meb�\�qbkebl_e_�b�agZf_gZl_e_�\�������h^bgZdh�
\u� 
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R = 
2

1
2

1

1
1

1

in

in

−
=

+
.   (1.9) 

Kh]eZkgh� ������fgbfhc�hdZau\Z-
_lky� b� kdhjhklv� jZkijhkljZg_gby�
\hegu� v . Nbabq_kdbc�kfuke�fgbfuo�
agZq_gbc� i�b� v  \uykgy_lky�ijb� jZk�
kfhlj_gbb� Zfieblm^u� ihey� \gmljb�
kj_^u����<��khhl\_lkl\bb� k  (1.1) �ijb�
0�����bf__f 

1

( )  (0)  
n

zi t cE z E e e
−−=

ω
ω

,  (1.10) 
hldm^Z�\b^gh��qlh�ihe_�\gmljb�kj_^u�
m[u\Z_l� \^hev� hkb� z [_a� baf_g_gby�
nZau�∗� Ke_^h\Zl_evgh�� \ujZ`_gb_�
������� hibku\Z_l� g_jZkijhkljZgyx�
smxky� \hegm�� JZkij_^_e_gb_� Zfieb�
lm^u�\hegu�i_j_^�ih\_joghklvx�kj_�
^u�b�\�kj_^_�ihdZaZgh�gZ�jbk������\��<�
j_amevlZl_� ihegh]h� hljZ`_gby� i_j_^�
ih\_joghklvx� kms_kl\m_l� qbklh�
klhyqZy�\hegZ��h^gZdh�ihe_�qZklbqgh�
ijhgbdZ_l�b�\gmljv�kj_^u� 

2 . � I h ] e h s Z x s Z y � k j _ �

^ Z , 0
�= 0 + i
2σ
ν

, ' n inε κ= + . Dhwn�

nbpb_gl� hljZ`_gby� hl� ih\_joghklb�
hdZau\Z_lky�jZ\guf 

R =
( )
( )

2
' 2 2 2

2 2 2 2
'

1 1

11

n n

n n

ε κ

κε

− − +
=

+ ++
. 

 (1.11) 
Fh`gh� ij_^klZ\blv� \ujZ`_gb_�

������� \� ^jm]hf� \b^_�� m^h[ghf� ijb�
jZkkfhlj_gbb� f_lZeeh\�� >ey� wlh]h�
\ujZabf�n�b�i��q_j_a�1�b��. Ba�������b�
������ihemqZ_f 

���0���L� ( )22
n in

σ κ
ν

= + .  (1.12) 

                                              
∗ Ba�^\mo�\hafh`guo�j_r_gbc��khhl\_lkl\mxsbo�jZaguf�agZdZf�\�ihdZaZl_e_�

wdkihg_glu��ijb�hlkmlkl\bb�ih^dZqdb�wg_j]bb�nbabq_kdbc�kfuke�bf__l�ebrv�\he�
gZ��hkeZ[eyxsZyky�\�gZijZ\e_gbb�hkb�z. 

 
 
Jbk�� ����� Lbibqgu_� kemqZb� hljZ`_gby�
fhghojhfZlbq_kdhc� we_dljhfZ]gblghc�
\hegu� hl�ih\_joghklb� kj_^u�b� jZkijh�
kljZg_gby�\�kj_^_��Z���[��b^_Zevguc�^b�
we_dljbd��1� ����jZkijhkljZg_gb_�\hegu�
[_a�ihl_jv�k�qZklbqguf�hljZ`_gb_f��Z��
0�!����[����!�0�!����\��b^_Zevguc�^bwe_d�
ljbd��1� ����hkeZ[e_gb_�ihey�\�kj_^_�ijb�
hlkmlkl\bb�ihl_jv�b�iheghf�hljZ`_gbb�
(0 �� ���� ]�� ih]ehsZxsZy� kj_^Z� k� dhf�
ie_dkghc� 0�� jZkijhkljZg_gb_� \hegu� k�
ihl_jyfb��^��b^_Zevguc�ijh\h^gbd��1�= 
���ihegh_�hljZ`_gb_�[_a�ihl_jv 
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JZa^_eyy�^_ckl\bl_evgmx�b�fgbfmx�qZklb�\���������gZoh^bf 

2 2
2 2 2 2 2

2 2

1 4 1 4
,

2 2
n n

   
= + + = + −         

σ σε ε κ ε ε
ν ν

.  (1.13) 

?keb�ijh\h^bfhklv�1�\_kvfZ�\_ebdZ��dZd�wlh�bf__l�f_klh�\�kemqZ_�f_lZe�
eh\��lh�0��©�1����Lh]^Z�\f_klh��������ihemqZ_f 

 

                                        i�§�Q� §� σ ν .     (1.14) 

 
K��mq_lhf�khhlghr_gby���������dhwnnbpb_gl��hljZ`_gby��������jZ\_g 

                                   R  §�
2

1 2 1 1 2n
n

ν σ κ− ≈ − ≈ − .  (1.15) 

<�h[eZklb�fZeuo�qZklhl�b�ijb�[hevrhc�\_ebqbg_�1�dhwnnbpb_gl�hljZ�
`_gby�[ebahd�d�_^bgbp_� 

<ujZ`_gb_�^ey�we_dljbq_kdh]h�ihey�\�kj_^_�k�dhfie_dkghc�^bwe_dljb�
q_kdhc�ijhgbpZ_fhklvx�ihemqZ_f�ba������ 

( ) ( ) ( )
22

0 0 kj

n nn zi t z i t zz
c cE z E e e E e e

    −− − − −−      = =
πκπ κω ω λλ .  (1.16) 

 
A^_kv���b��kj = ��n —�^ebgu�\heg�baemq_gby�\�\Zdmmf_�b�\�kj_^_��Wlh�\ujZ`_�
gb_� hibku\Z_l� \hegm�� jZkijhkljZgyxsmxky� \^hev� hkb� z� k� hkeZ[e_gb_f� Zf�
ieblm^u�ih�wdkihg_gpbZevghfm�aZdhgm��jbk������]���JZkklhygb_�/��gZ�dhlhjhf�
Zfieblm^Z�\hegu�m[u\Z_l�\�_�jZa��gZau\Zxl�lhesbghc�kdbg-kehy� 

.
2 2

cj

n

λλδ
π κ πκ

= =     (1.17) 

Mqblu\Zy���������fh`gh�aZibkZlv�/��bgZq_� 

.
2

kδ
π νσ

=      (1.18) 

HkeZ[e_gb_�\hegu�\�ih]ehsZxs_c�kj_^_�m^h[g__�aZibku\Zlv�^ey�fhs�
ghklb��ihlhdZ�wg_j]bb�baemq_gby��J�z)��Z�g_�^ey�Zfieblm^u�\hegu� 

( ) ( ) ( )40 0 ,n kzJ ] 3 H 3 Hπ κ λ− −= =    (1.19) 

]^_�k — dhwnnbpb_gl�ih]ehs_gby��bf_xsbc�jZaf_jghklv�h[jZlghc�^ebgu� 
4 4

.
kj

n
k

π κ πκ
λ λ

= =      (1.20) 

<_ebqbgZ���k�ij_^klZ\ey_l�kh[hc�jZkklhygb_��gZ�ijhly`_gbb�dhlhjh]h�fhs�
ghklv�m[u\Z_l�\�_�jZa��<ujZ`_gb_��������gZau\Zxl�aZdhghf�;m]_jZ–EZf[_jlZ� 

=em[bgZ�ijhgbdgh\_gby�ihey�\�f_lZee�qj_a\uqZcgh�fZeZ��GZijbf_j��dZd�
ke_^m_l�ba���������baemq_gb_�k�^ebghc�\hegu���ff�ijhgbdZ_l�\gmljv�f_^b��1 = 
5,14 ̧  1017 k–1��\k_]h�gZ�/� �����gf��K�jhklhf�qZklhlu�]em[bgZ�ijhgbdgh\_gby�
ihey�/�m[u\Z_l�ijhihjpbhgZevgh�� –1/2��H^gZdh�\�h[eZklb�\ukhdbo�qZklhl�gZ�
qbgZ_l�m[u\Zlv�b�ijh\h^bfhklv�f_lZeeh\��^h�\_ebqbgu�ihjy^dZ�1 §���15�k–1). 
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Ihwlhfm�lhesbgZ�kdbg-kehy�k�jhklhf�qZklhlu�f_gy_lky�keh`guf�h[jZahf�b�
gZ�hilbq_kdbo�qZklhlZo�fh`_l�[ulv�lZdh]h�`_�ihjy^dZ�beb�^Z`_�[hevr_��q_f�
\�fbdjh\hegh\hc�h[eZklb�ki_dljZ� 

Ih� aZdhgm� khojZg_gby� wg_j]bb� kmffZ� fhsghkl_c� hljZ`_ggh]h� b� ijh�
r_^r_]h�ihlhdh\��Z�lZd`_�ihlhdZ��ih]ehs_ggh]h�\�h[jZap_��jZ\gZ�fhsghklb�
iZ^Zxs_c�\hegu��Ihwlhfm�\k_]^Z�^he`gh�\uihegylvky�khhlghr_gb_ 

 
��������������������������������������������������5���L���:� ��    (1.21) 

 
]^_�L�b�:�— \_ebqbgu�ijhajZqghklb��ijhimkdZgby��b�ih]ehs_gby��ij_^klZ\�
eyxsb_�kh[hc�hlghr_gby�ijhoh^ys_c�b�ih]ehsZ_fhc�fhsghkl_c�d�fhsgh�
klb�iZ^Zxs_c�\hegu��LZd�dZd�\k_�f_lZeebq_kdb_�h[jZapu��djhf_�hq_gv�lhg�
dbo�ie_ghd��fh`gh�kqblZlv�g_ijhajZqgufb��L� �����lh�k�mq_lhf����������������
ihemqZ_f 

A = 1 – R  = 2
2 4

.
n

ν π δ
σ κ λ

= =    (1.22) 

BlZd�� ^hey� ih]ehs_gghc� fhsghklb� ijhihjpbhgZevgZ� lhesbg_� kdbg-
kehy��Q_f�f_gvr_�ijh\h^bfhklv�f_lZeeZ�1� �\ur_� _]h� we_dljbq_kdh_�khijh�
lb\e_gb_���l_f�[hevr_�ih]ehs_gb_�fhsghklb�iZ^Zxs_c�\hegu��Nbabq_kdZy�
ijbjh^Z�ih]ehs_gby�\�f_lZee_�khklhbl�\�lhf��qlh�ih^�^_ckl\b_f�we_dljbq_�
kdh]h�ihey�\hegu�\hagbdZ_l�lhd�ijh\h^bfhklb��\uau\Zxsbc�^`hme_\u�ihl_�
jb� 

� � � B ^ _ Z e v g u c � i j h \ h ^ g b d ��1� ����<�wlhf�kemqZ_�:� ���b�/�= 0; 
ih]ehs_gb_�hlkmlkl\m_l��b�ihe_�g_�ijhgbdZ_l�\gmljv��Dhwnnbpb_gl�hljZ`_�
gby� hl� ih\_joghklb� jZ\_g� _^bgbp_��I_j_^� ih\_joghklvx� h[jZam_lky� qbklh�
klhyqZy�\hegZ��dZd�ihdZaZgh�gZ�jbk������^. 

DZd�[m^_l�\b^gh�ba�^Zevg_cr_]h��hljZ`_gb_�baemq_gby�hl�ih\_joghklb�
h^gh]h�b� lh]h�`_� \_s_kl\Z�b�jZkijhkljZg_gb_�\�g_f�fh]ml� khhl\_lkl\h\Zlv�
jZaebqguf�jZkkfhlj_gguf�\ur_�kemqZyf��\�aZ\bkbfhklb�hl�h[eZklb�ki_dljZ� 

 
2°. HljZ`_gb_� baemq_gby�� ih]ehs_gb_� b� ijhajZqghklv� hilbq_kdbo�

fZl_jbZeh\�\�jZaebqguo�h[eZklyo�ki_dljZ 
>ey�\uykg_gby�aZ\bkbfhklb�0�hl�qZklhlu�baemq_gby�ijbf_f�\h�\gbfZgb_�

Zlhfgmx� kljmdlmjm� \_s_kl\Z�� <gZqZe_� bkihevam_f� deZkkbq_kdbc� ih^oh^� b�
[m^_f�kqblZlv�\_s_kl\Z�khklhysbfb�ba�k\yaZgguo�^jm]�k�^jm]hf�aZjy`_gguo�
qZklbp��dhe_[exsboky�ih^�^_ckl\b_f�\g_rg_]h�we_dljbq_kdh]h�ihey� 

MjZ\g_gb_�\ugm`^_gguo�dhe_[Zgbc�hkpbeeylhjZ�k�fZkkhc�l�b�aZjy^hf�_�
aZibku\Z_lky�\�\b^_ 

'.mr f r ar eE+ + =�� �     (1.23) 
A^_kv�r — ebg_cgZy�dhhj^bgZlZ��Zr — mijm]Zy�\ha\jZsZxsZy�kbeZ��f r�  —�kbeZ�
�lj_gby���oZjZdl_jbamxsZy�ihl_jb�wg_j]bb��?
�—�we_dljbq_kdh_�ihe_�\�kj_^_��
k�mq_lhf�iheyjbaZpbb�J�jZ\gh_�?
� �?���J�������?�—�\g_rg__�we_dljbq_kdh_�
ihe_�\hegu� 

Dhwnnbpb_gl�f�fh`_l�[ulv�hij_^_e_g��_keb�bkoh^blv�ijb�mkj_^g_gbb�ih�
\k_f�hkpbeeylhjZf�ba�lh]h��qlh�ijb�dZ`^hf�Zdl_�ihl_jv�wg_j]bb�hkpbeeylhj�
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l_jy_l�k\h_�dhebq_kl\h�^\b`_gby�iheghklvx��H[hagZqbf�q_j_a���qZklhlm�Zd�
lh\� ihl_jv� h^gh]h� hkpbeeylhjZ�� Lh]^Z� ih� aZdhgZf� deZkkbq_kdhc� f_oZgbdb�
ihegh_� baf_g_gb_� dhebq_kl\Z� ^\b`_gby� h^gh]h� hkpbeeylhjZ� aZ� �� k�� jZ\gh_�
PU���^he`gh�[ulv�jZ\gh�kbe_�f r� ��Ijb�wlhf�mjZ\g_gb_��������ijbh[j_lZ_l�\b^ 

 
'mr m r ar eEγ+ + =�� � .   (1.24) 

 
KlZpbhgZjguf�j_r_gb_f�mjZ\g_gby��������y\ey_lky 

( )
'

2 20

,
eE

r
m i mω ω ω γ

=
− −

    (1.25) 

]^_�\_ebqbgZ 

 0 a mω =       (1.26) 

ij_^klZ\ey_l� j_ahgZgkgmx� qZklhlm� dhe_[Zgbc� aZjy^h\� k�fZkkhc�m. DZ`^uc��
aZjy^�\ghkbl�\�iheyjbaZpbx��fhf_gl�j� �_r. ?keb�\�_^bgbp_�h[t_fZ�bf__lky�N 
aZjy^h\��iheyjbaZpby�_^bgbpu h[t_fZ��jZ\gZ 

J = Nj = Ner =N ( )
2 '

2 2
0

e E

m iω ω ωγ− −
.    (1.27) 

IheyjbaZpby�\_s_kl\Z�\ujZ`Z_lky�q_j_a�iheyjbam_fhklv�kj_^u�.� 
 

J� �1j� �1Z?����������������������������������      (1.28) 
 

Ba�mjZ\g_gby���������bkihevamy���������gZoh^bf�\ujZ`_gb_�^ey�.��WlZ�\_ebqb�
gZ� \� k\hx� hq_j_^v� k\yaZgZ� k� ^bwe_dljbq_kdhc� ijhgbpZ_fhklvx� \_s_kl\Z� 0
�
nhjfmehc�Ehj_gp-Ehj_gpZ� 

'

'

3 1

4 2N

εα
π ε

−=
+

.     (1.29) 

 
Bkihevah\Z\� \ujZ`_gby� ������ b� �1.27)-�������� ihemqbf� \ujZ`_gb_�� k\y�

au\Zxs__��0
�k�qZklhlhc�&��JZa^_eyy�\�g_f�fgbfmx�b�^_ckl\bl_evgmx�qZklb��
ihemqZ_f�mjZ\g_gby�^bki_jkbb��dhlhju_�\�h[s_f�\b^_�aZibku\Zxlky��lZd� 

( )
( )

( )

2
2 2

2 2
22 2 2 2

1 1 4

i
i i

i

i i i

e
N

m
n

−
= − = +

− +
∑

ω ω
ε κ π

ω ω γ ω
,  (1.30) 

2 2n =κ π
( )

2

22 2 2 2

i
i i

i

i i i

e
N

m
γ ω

ω ω γ ω− +
∑ .    (1.31) 

Kmffbjh\Zgb_�\��������b��������ijh\h^blky�ih�\k_f�khjlZf�i�aZjy`_gguo�
qZklbp��dhlhju_�fh]ml�kh\_jrZlv�dhe_[Zgby�\�jZkkfZljb\Z_fhf�\_s_kl\_� 

IjhZgZebabjm_f� ihemq_ggmx� aZ\bkbfhklv� \_ebqbg� i� b� i�� hl� qZklhlu��
Iheh`bf��qlh�\�\_s_kl\_�fh]ml�dhe_[Zlvky�ebrv�^\Z�khjlZ�aZjy`_gguo�qZk�
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lbp�k�j_ahgZgkgufb�qZklhlZfb�&1 b�&2. KgZqZeZ�[m^_f�kqblZlv��qlh�ihl_jb�
wg_j]bb�hlkmlkl\mxl��IheZ]Zy��� ����ba�mjZ\g_gby��������ihemqZ_f 

( ) ( )
2 2

1 21 22
2 2 2 2

1 21 2

4 4
1

N e N e
n

m m
= = + +

− −
π πε
ω ω ω ω

.   (1.32) 

<ujZ`_gb_��������y\ey_lky�^bki_jkbhgghc�nhjfmehc�A_evf_c_jZ� 
?keb�\_ebqbgZ�i�fZeh�hlebqZ_lky�hl�_^bgbpu��lh�i2 — 1 ≈  2(i —�����Lh�

]^Z�nhjfmem�^bki_jkbb�fh`gh�aZibkZlv�\�\b^_ 
2

2 2

2
1 i

i ii

Ne
n

m

π
ω ω

= +
−∑ .    (1.33) 

Ijb�ω → ∞ �\lhjhc�b�lj_lbc�
qe_gu� \� ������� hljbpZl_evgu� b� n 
klj_fblky� d� _^bgbp_� kh� klhjhgu�
agZq_gby�n2�����Wlh�khhl\_lkl\m_l�
e_\hc� qZklb� djb\hc� ^bki_jkbb�
�jbk�� ����Z��� K� mf_gvr_gb_f� qZk�
lhlu�b�ijb[eb`_gb_f�ω �d�i_j\hc�
j_ahgZgkghc� qZklhl_� agZq_gb_� n2 
mf_gvrZ_lky�� Ijb� 1ω ω=  \_eb�
qbgZ� n2 h[jZsZ_lky� \ ∞# �� Ijb�
^Zevg_cr_f�mf_gvr_gbb�qZklhlu��
_keb�[u�\� �������g_�[ueh�lj_lv_]h�
qe_gZ�� agZq_gb_�n2

�klj_fbehkv�[u�
d�\_ebqbg_ 

 

2
1 2

12
1 1

4
1 1

N e
n

m
+ = + ∆π

ω
,   (1.34) 

bah[jZ`_gghc� gZ� jbk�� ����Z� imgd�
lbjhf�� H^gZdh� gZebqb_� ke_^mx�
s_c� j_ahgZgkghc� qZklhlu� kgh\Z�

h[jZsZ_l� 2n  \� ∞# ��?keb�\_s_kl�

\h�g_�bf__l�^jm]bo�j_ahgZgkguo�qZklhl��agZq_gb_ 2n  klj_fblky�d�\_ebqbg_ 
 

2 2
1 21 22 2 2

1 22 2
1 21 2

4 4
1 1

N e N e
n n n

m m
= + + = + ∆ + ∆

π π
ω ω

,  (1.35) 

jZ\ghc�agZq_gbx�klZlbq_kdhc�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�\_s_kl\Zε∞ . 

JZkkfhlj_gb_�h[eZkl_c�j_ahgZgkZ�gZ�qZklhlZo� 1ω �b� 2ω �\�mjZ\g_gbyo�^bki_j�

kbb��������b��������k�mq_lhf�ihl_jv�ijb\h^bl�d�lhfm��qlh�bkq_aZxl�jZaju\u�\�

djb\hc� ( )2n ω � ijb� iω ω= �� Wlh� ihdZaZgh� lhgdbfb� ebgbyfb� gZ� jbk�� ����Z. 

<[ebab�j_ahgZgkguo�qZklhl�\_ebqbgZ�ihdZaZl_ey�ih]ehs_gby� nκ �ijbh[j_lZ�
_l�[hevrh_�agZq_gb_� qlh�mdZau\Z_l�gZ�kms_kl\h\Zgb_�h[eZkl_c�ih]ehs_gby�
�jbk��������� 

 
Jbk�������>bki_jkby�\�^bwe_dljbdZo��djb\u_�
^bki_jkbb��Z���ih]ehs_gby��[��b�hljZ`_gby�
(\�� \_s_kl\Z� k�^\mfy�j_ahgZgkgufb�qZklh�
lZfb 
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M^Ze_ggu_�hl�ihehk�ih]ehs_gby�mqZkldb�djb\hc�^bki_jkbb��]^_�ihdZaZ�
l_ev�ij_ehfe_gby�mf_gvrZ_lky�k�jhklhf�^ebgu�\hegu��gZau\Zxl�h[eZklyfb�
ghjfZevghc� ^bki_jkbb��MqZkldb� \gmljb� ihehk� ih]ehs_gby�� ]^_� djb\Zy� ^bk�
i_jkbb�bf__l�h[jZlguc�oh^��ghkyl�gZa\Zgb_�h[eZkl_c�ZghfZevghc�^bki_jkbb��
Wlb�gZa\Zgby�bf_xl�bklhjbq_kdh_�ijhbkoh`^_gb_��^h�kha^Zgby�l_hjbb�^bk�
i_jkbb�[ueh�ba\_klgh�ba�wdki_jbf_glZ�b�kqblZehkv�ghjfZevguf��qlh�k�jhklhf�
^ebgu� \hegu� ihdZaZl_ev� ij_ehfe_gby� iZ^Z_l�� <[ebab� j_ahgZgkguo� qZklhl�
\_s_kl\Z�g_ijhajZqgu��ihwlhfm� ZghfZevgmx� ^bki_jkbx� m^Z_lky�gZ[ex^Zlv�
wdki_jbf_glZevgh�lhevdh�gZ�djuevyo�ihehk�ih]ehs_gby��Ba�djb\uo�^bki_j�
kbb�\b^gh��qlh�\_ebqbgZ�0 = n2�k�baf_g_gb_f�qZklhlu�ijbh[j_lZ_l�dZd�iheh�
`bl_evgu_�� lZd� b� hljbpZl_evgu_� agZq_gby�� Ijb� \ukhdbo� qZklhlZo� �e_\Zy�
qZklv�djb\hc�^bki_jkbb���]^_�^bwe_dljbq_kdZy�ijhgbpZ_fhklv�iheh`bl_evgZ�
b�f_gvr_�_^bgbpu��Z�ih]ehs_gb_�hlkmlkl\m_l��fu�bf__f�kemqZc��khhl\_lkl�
\mxsbc�jbk�����,6. Dhwnnbpb_gl�hljZ`_gby�g_\_ebd�b�hij_^_ey_lky�nhjfm�
ehc������� 

Ijb�m\_ebq_gbb�^ebgu�\hegu� �mf_gvr_gbb�&) \_ebqbgZ�0�fh`_l�klZlv�
hljbpZl_evghc��DZd� ke_^m_l�ba�jbk�� ����\��\� wlhf� kemqZ_�ijhbkoh^bl�ihegh_�
hljZ`_gb_�baemq_gby�hl�ih\_joghklb� kj_^u��ohly�hgh�g_fgh]h�b�ijhgbdZ_l�
\gmljv��<�wlhc�`_�h[eZklb�qZklhl�gZqbgZ_lky�ihehkZ�j_ahgZgkgh]h�ih]ehs_�
gby� �jbk������[���Ijb�wlhf�dhwnnbpb_gl�hljZ`_gby�hibku\Z_lky�m`_�nhjfm�
ehc� �������� Ijb� kbevghf� ih]ehs_gbb� dhwnnbpb_gl� hljZ`_gby� klZgh\blky�
[ebadbf�d�_^bgbp_��dZd�m�f_lZeeh\��;eZ]h^Zjy�wlhfm�h[eZklb�ih]ehs_gby�^b�
we_dljbdh\�gZau\Zxl�h[eZklyfb�f_lZeebq_kdh]h�hljZ`_gby��AgZq_gby�fb�
gbfmfZ�b�fZdkbfmfZ�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�ih�h[_�klhjhgu�hl�h[�
eZklb�j_ahgZgkZ�jZkiheZ]Zxlky�ijb�qZklhlZo��]^_�ihdZaZl_ev�ih]ehs_gby�i��
^hklb]Z_l�iheh\bgu�fZdkbfZevgh]h�agZq_gby� 

Ijb�^Zevg_cr_f�m\_ebq_gbb�^ebgu�\hegu��kf��jbk������Z��kgh\Z�bf__lky�
h[eZklv� ijhajZqghklb�� ]^_� dhwnnbpb_gl� hljZ`_gby� hij_^_ey_lky�nhjfmehc�
�������Z�\_ebqbgZ�0�[hevr_�_^bgbpu��<[ebab�ke_^mxs_c�j_ahgZgkghc�qZklhlu�
^bwe_dljbq_kdZy�ijhgbpZ_fhklv�i_j_oh^bl�q_j_a�0�� �1. Ijb�wlhf�dhwnnbpb�
_gl�hljZ`_gby�^hklb]Z_l�agZq_gby��[ebadh]h�d�gmex��AZl_f�\_ebqbgZ�R bkiu�
lu\Z_l� j_adbc� ih^t_f�� k\yaZgguc� k� i_j_oh^hf� 0� \� h[eZklv� hljbpZl_evguo�
agZq_gbc�b�\hajZklZgb_f�ih]ehs_gby��h[eZklv��f_lZeebq_kdh]h�hljZ`_gby����
H[eZklb� \ukhdh]h� hljZ`_gby� h[uqgh� kf_s_gu� hlghkbl_evgh� j_ahgZgkguo�
qZklhl��^ey�kbevguo�ihehk�ih]ehs_gby�—�\�klhjhgm�dhjhldbo�\heg� 

DZd�ke_^m_l�ba�nhjfmeu� ��������j_ahgZgkgZy�qZklhlZ�dhe_[Zgbc�aZjy^h\�
aZ\bkbl�hl�bo�fZkku�b�mijm]hc�kbeu�k\yab��Ihkdhevdm�kbeu�k\yab�m�\k_o�\_�
s_kl\�ijbf_jgh�h^bgZdh\u��iheh`_gby�ihehk�ih]ehs_gby�\�ki_dlj_�hij_^_�
eyxlky�\�hkgh\ghf�fZkkhc�dhe_[exsboky�qZklbp��LZd��we_dljhggu_�ihehku�
ih]ehs_gby� jZkiheh`_gu� \� dhjhldh\hegh\hc� �mevljZnbhe_lh\hc�� h[eZklb�
ki_dljZ�� bhggh_�`_� ih]ehs_gb_� ihy\ey_lky� \�BD� ki_dlj_��RbjbgZ� ihehku�
bhggh]h�ih]ehs_gby�\_ebdZ�^Z`_�\�gZb[he__�ijhkluo�djbklZeeZo��qlh�k\yaZ�
gh�k�Zg]Zjfhgbqghklvx�dhe_[Zgbc�j_r_ldb��Dhjhldh\hegh\uc�djZc�__�gZoh�
^blky�\�aZ\bkbfhklb�hl�fZkku�bhgh\�\�h[eZklb��-���fdf��<�keh`guo�djbklZe�
eZo��gZijbf_j�\�d\Zjp_��SiH2���gZ[ex^Zxlky�h[_jlhgu�b�khklZ\gu_��dhf[bgZ�
pbhggu_��qZklhlu��\�j_amevlZl_�q_]h�h[eZklv�ih]ehs_gby�j_r_ldb�_s_�[he__�
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jZkrbj_gZ�\�dhjhldh\hegh\mx�klhjhgm��DjbklZeebq_kdZy�j_r_ldZ�ba�gZb[h�
e__�e_]dbo�bhgh\�LiF�h[eZ^Z_l�j_ahgZgkghc�qZklhlhc�\[ebab�^ebgu�\hegu����
fdf��GZb[he__�ly`_eu_�bhgu��khklZ\eyxsb_�j_r_ldm�djbklZeeh\�LlI �b�Ll<]��
h[mkeh\eb\Zxl�ih]ehs_gb_�\�h[eZklb����-����fdf��<�[he__�^ebggh\hegh\hc�
h[eZklb�hilbq_kdh]h�ki_dljZ�^bwe_dljbdb�b�ihemijh\h^gbdb�g_�bf_xl�j_ah�
gZgkguo�qZklhl��ihwlhfm�hgb�ijhajZqgu��>bwe_dljbq_kdZy�ijhgbpZ_fhklv�bo�

m`_� g_� bkiulu\Z_l� baf_g_gbc� b� ^ey�
[hevrbgkl\Z�l\_j^uo�\_s_kl\�jZ\gy_lky�
klZlbq_kdhc� ^bwe_dljbq_kdhc� ijhgbpZ_�
fhklb��baf_jy_fhc�gZ�ihklhygghf�lhd_� 

K\yav� f_`^m� djb\ufb� ^bki_jkbb��
ih]ehs_gby�b�hljZ`_gby�\�g_y\ghf�\b^_�
aZdexq_gZ� \�nhjfmeZo�^bki_jkbb� �������
b���������Wlh�iha\hey_l�jZkq_lguf�iml_f�
ihemqZlv� djb\u_� ^bki_jkbb� b� ih]ehs_�
gby� \_s_kl\� ih� kjZ\gbl_evgh� e_]dh� b�
^hklh\_jgh�baf_jy_fuf�ki_dljZf�bo�hl�
jZ`_gby��<�dZq_kl\_�ijbf_jZ�gZ�jbk������
ihdZaZgu�gZc^_ggu_�lZdbf�h[jZahf�djb�
\u_�^bki_jkbb�b�ih]ehs_gby�\�d\Zjp_� 

F_lZeeu� y\eyxlky� kj_^hc�� khk-
lhys_c� ba� g_ih^\b`guo� bhgh\� b� [he__�
beb�f_g__�k\h[h^gh�^\b`msboky�f_`^m�
gbfb�we_dljhgh\��We_dljhgu�\�f_lZeeZo�
g_� bf_xl� j_ahgZgkguo� qZklhl�� lZd� dZd�
hlkmlkl\mxl� kbeu�� dhlhju_� m^_j`b\Zeb 

[u�we_dljhgu�hlghkbl_evgh�hij_^_e_gguo�p_gljh\� 
MjZ\g_gby�^bki_jkbb�^ey�f_lZeeh\�fh]ml�[ulv�ihemq_gu�ba�mjZ\g_gbc�

�������b���������_keb�iheh`blv�\�gbo�&i= 0: 

( ) ( )
2

2 2
2 2

4
1 1 eN e

n
m

πε κ
ω γ

= − = −
+

,   (1.36) 

( )
2

2
2 2

2 eN e
n

m

π γκ
ω ω γ

=
+

.    (1.37) 

A^_kv�Ne — dhgp_gljZpby�k\h[h^guo�we_dljhgh\�\�f_lZee_��LZdbf�h[jZahf��
ih�hilbq_kdbf�k\hckl\Zf�f_lZeeu�\�h[eZklb���!�&�!����jbk������Z��khhl\_lkl�
\mxl�^bwe_dljbdZf�\�h[eZklb�hl�&� ���^h�i_j\hc�j_ahgZgkghc�qZklhlu� �kf��
jbk��������H[eZklv�ih]ehs_gby�b�\ukhdh]h�hljZ`_gby��h[eZklv�I I I)  ijhklb�
jZ_lky�hl�&� ���^h�qZklhlu�& §����AZl_f�jZkiheh`_gZ�h[eZklv�kiZ^Z�ih�
]ehs_gby� �h[eZklv� I I) , ]^_��h^gZdh��\_ebqbgZ�0�_s_�hljbpZl_evgZ��A^_kv�

hljZ`_gb_�lZd`_�\_ebdh��Ijb�^Zevg_cr_f�m\_ebq_gbb�qZklhlu�^bwe_d�

ljbq_kdZy�ijhgbpZ_fhklv� klZgh\blky�iheh`bl_evghc� �h[eZklv� I ���b�f_�
lZee�ijbh[j_lZ_l�k\hckl\Z�^bwe_dljbdZ��<_ebqbgZ�0�\ h[eZklb�ijhajZq�
ghklb�f_lZeeZ�f_gvr_�_^bgbpu��ihwlhfm�ijb�iZ^_gbb�k\_lZ�gZ�f_lZee�

ba�\ha^moZ�beb�\ZdmmfZ�gZ[ex^Z_lky�y\e_gb_�ihegh]h�hljZ`_gby� 

 
 
Jbk�� ����� IhdZaZl_eb� ij_ehfe_gby�
(Z�� b� ih]ehs_gby� �[�� djbklZeebq_�
kdh]h�d\ZjpZ�^ey�h[udgh\_ggh]h�em�
qZ��ihemq_ggu_�jZkq_lguf�iml_f�ih�
baf_j_gghfm�ki_dljm�hljZ`_gby��\) 
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DZd�\b^gh�ba���������\_ebqbgZ�0�

iheh`bl_evgZ� ^ey� qZklhl�� ij_\u-
rZxsbo�qZklhlm 

2
2 24 e
c

N e

m

πω γ= − .   (1 .38 ) 

<_ebqbgm�&
k
, qZklh�\klj_qZxsmxky�

ijb� jZkkfhlj_gbb� ieZafu�� gZau\Z�

xl� ieZaf_gghc� qZklhlhc��WlZ� qZk�

lhlZ� y\ey_lky� qZklhlhc� �hlk_qdb���

dhjhldh\hegh\h_� baemq_gb_� ijhoh�

^bl� \� ieZafm�� ^ebggh\hegh\h_� —  
hljZ`Z_lky�� <_ebqbgZ� �� h[uqgh�

fgh]h� f_gvr_�� q_f� &
k
, ihwlhfm�

\f_klh��������qZklh�aZibku\Zxl 
2

2 4 e
c

N e

m

πω = . (1.39) 

M^h[gh� jZkkfZljb\Zlv� lZd`_� ieZa�
f_ggmx�^ebgm�\hegu��c: 

6 1 22 / 3,34 10c c ec Nλ π ω −= = ⋅ kf� 
 

A^_kv� dhgp_gljZpby� we_dljhgh\� N e 
baf_jy_lky�\�kf

– 3. 
<�lZ[e�� ����ijb\_^_gu�gZ[ex�

^Z_fu_� b� l_hj_lbq_kdb� jZkkqblZg�

gu_� ieZaf_ggu_� ^ebgu� \hegu�

wdki�c b� l_hj�k ^ey�s_ehqguo�f_lZe�

eh\�� gb`_� dhlhjuo� wlb� f_lZeeu� \�

lhgdbo� kehyo� ijhajZqgu�� LZd� dZd�

s_ehqgu_�f_lZeeu�h^gh\Ze_glgu��dhgp_gljZpby�we_dljhgh\�N e ^ey�gbo�
jZ\gZ�iehlghklb�Zlhfh\�\�f_lZee_��IeZaf_ggu_�^ebgu�\heg�^jm]bo�f_�

lZeeh\� jZkiheh`_gu� \� [he__� dhjhldh\hegh\hc� h[eZklb� ki_dljZ�� LZd��

Zexfbgbc�� m� dhlhjh]h� ljb� \Ze_glguo� we_dljhgZ�� bf__l� ieZaf_ggmx� ^ebgm�
\hegu����gf� 

 
LZ[ebpZ������ 
IeZaf_ggu_�^ebgu�\heg�^ey�g_dhlhjuo�f_lZeeh\ 
 

F_lZee Li NZ D Rb Cs 

�k wdki��gf 205 210 315 360 440 

�k�l_hj��gf 150 210 290 320 360 
 

Bkihevamy� d\Zglh\uc� ih^oh^�� jZkkfhljbf� lbibqgu_� wg_j]_lbq_kdb_�
ko_fu�khklhygbc�we_dljhgh\�\�l\_j^uo�l_eZo��jbk��������I_j_oh^u�we_dljhgh\�

 
Jbk�������>bki_jkby�\�f_lZeeZo��Z��djb�
\Zy� ^bki_jkbb�� h[mkeh\e_ggZy� we_dljh�
gZfb� ijh\h^bfhklb�� 6�� ihehkZ� ih]eh�
s_gby�� khhl\_lkl\mxsZy� i_j_oh^Zf�
we_dljhgh\� k� \gmlj_gg_c� h[hehqdb� \�
ahgm� ijh\h^bfhklb�� \�� djb\Zy� ^bki_j�
kbb�� h[mkeh\e_ggZy� wlhc� ihehkhc� ih�
]ehs_gby�� ]�� j_amevlbjmxsZy� djb\Zy�
^bki_jkbb 
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ba�\Ze_glghc�ahgu�\�ahgm�ijh\h^b�
fhklb� khhl\_lkl\mxl� ihehk_� hk�
gh\gh]h� ih]ehs_gby�� >ebggh\he�
gh\mx� ]jZgbpm� __� ]j� �fh`gh�gZc�

lb��agZy�rbjbgm�aZij_s_gghc�ahgu�
û?� 

( )]j
1,24

� fdf
w<E

=
∆

.    (1.40) 

<_ebqbgu��]j�^bwe_dljbdh\�e_`Zl�\�
MN� h[eZklb� ki_dljZ��GZb[he__�^Z�
e_dh� \� mevljZnbhe_l_� ijhajZq_g�
nlhjbkluc�eblbc��û?� ����w<���]j = 
= �����fdf��Nlhjbklu_�kheb�^jm]bo�
f_lZeeh\�lZd`_�bf_xl�kjZ\gbl_ev-
gh� rbjhdb_� aZij_s_ggu_� ahgu� b�
ihwlhfm� ijhajZqgu� \� mevljZ-
nbhe_l_� ^Zevr_�� q_f� kheb� ^jm]bo�
hkgh\Zgbc� 

IhehkZ�hkgh\gh]h�ih]ehs_gby�
ihemijh\h^gbdh\� h[uqgh� aZo\Z-
lu\Z_l� \b^bfmx� b� [eb`gxx� BD�
h[eZklb� ki_dljZ�� LZd�� rbjbgZ� aZ�
ij_s_gghc� ahgu� \� ]_jfZgbb� kh�
klZ\ey_l������w<��Z�]jZgbqgZy�^ebgZ�
\hegu�jZ\gZ� �����fdf��M�f_lZeeh\�

\Ze_glgZy� ahgZ� b� ahgZ� ijh\h^bfhklb� g_� jZa^_eyxlky�� hgb� h[gZjm`b\Zxl�
we_dljhggh_�ih]ehs_gb_�\iehlv�^h��� ���  

We_dljhggu_�i_j_oh^u��k\yaZggu_�k�\ha[m`^_gb_f�\gmlj_ggbo�we_dljh�
gh\��^ey�\k_o�\_s_kl\� khhl\_lkl\mxl�\_ebqbgZf�û?�ihjy^dZ�^_kyldh\� we_d�
ljhg-\hevl�b�jZkiheh`_gu�\�^Ze_dhc�MN�b�j_gl]_gh\kdhc�h[eZklyo�ki_dljZ��
M�g_dhlhjuo�f_lZeeh\�kh�keh`gufb�we_dljhggufb�h[hehqdZfb�mjh\gb�\gml�
j_ggbo�we_dljhgh\�fh]ml�gZoh^blvky�\[ebab�ahgu�ijh\h^bfhklb��Ijb�ih]eh�
s_gbb�d\ZglZ�wlb�we_dljhgu�i_j_oh^yl�\�ahgm�ijh\h^bfhklb�b�\�ki_dlj_�gZ�
[ex^Z_lky�ihehkZ�ih]ehs_gby� �jbk�� ����[���<b^�djb\hc�^bki_jkbb��h[mkeh\�
e_gghc�lhevdh�wlbf�ih]ehs_gb_f��bah[jZ`_g�gZ�jbk������\��>_ckl\b_�d\Zglh�
\h]h� ih]ehs_gby� gZdeZ^u\Z_lky� gZ� deZkkbq_kdmx� dZjlbgm� ^bki_jkbb� �jbk��
1.4,Z���b�j_amevlbjmxsZy�djb\Zy�^bki_jkbb�ijbh[j_lZ_l�\b^��ihdZaZgguc�gZ�
jbk�� ����]��Dhwnnbpb_gl�hljZ`_gby�hl�f_lZeeZ�\�wlhc�h[eZklb�kbevgh�f_gy-
_lky�� dZd�b� \� kemqZ_�^bwe_dljbdh\� \[ebab�ihehku�ih]ehs_gby��GZ� dhjhldh�
\hegh\hc�klhjhg_�ihehku�ih]ehs_gby�ijb� 0� ���hg�[ebahd�d�gmex� �ijbf_j�
kf��gZ�jbk�������^ey�k_j_[jZ�� 

We_dljhggh_�ih]ehs_gb_�\hafh`gh�lZd`_�b�\�^ebggh\hegh\hc�h[eZklb�
ki_dljZ�� _keb� \� j_r_ld_� ^bwe_dljbdZ� beb� ihemijh\h^gbdZ� bf_xlky� dZdb_-
eb[h� ijbf_kb��Mjh\gb� ijbf_k_c� jZkiheZ]Zxlky� \gmljb� aZij_s_gghc� ahgu��
Ijbf_kb�fh]ml�[ulv�^\mo�\b^h\��^hghjgu_��kihkh[gu_�hl^Z\Zlv�we_dljhgu�\�

 
 
Jbk�������Ko_fZ�wg_j]_lbq_kdbo�khklhygbc�
we_dljhgh\� \� ^bwe_dljbdZo� �Z��� ihemijh�
\h^gbdZo� �[��b�f_lZeeZo� �\): 1 —�i_j_oh^�
ba�\Ze_glghc�ahgu�\�ahgm�ijh\h^bfhklb��2 
— i_j_oh^�k�mjh\g_c�hklh\Z�\�ahgm�ijh\h�
^bfhklb�� 3 — i_j_oh^u� k� mqZklb_f� ijb�
f_kguo�mjh\g_c 



 35 

ahgm�ijh\h^bfhklb��b�Zdp_ilhjgu_��kihkh[gu_�ijbgbfZlv� we_dljhgu�ba�\Z�
e_glghc� ahgu��JZagbpm� wg_j]bc�f_`^m�^hghjguf�mjh\g_f�b�gb`gbf�djZ_f�
ahgu�ijh\h^bfhklb�fh`gh�gZclb��_keb�mq_klv��qlh�\�\_s_kl\_�k�^bwe_dljbq_�
kdhc�ijhgbpZ_fhklvx�0�wg_j]by�\aZbfh^_ckl\by�aZjy^h\�mf_gvrZ_lky�\�0�jZa��
Ihwlhfm� ihl_gpbZe� bhgbaZpbb� ZlhfZ� ijbf_kb� \� \_s_kl\_�� jZ\guc� jZkklhy�
gbx�û?ijbf hl� mjh\gy�ijbf_kb� ^h� djZy� ahgu�ijh\h^bfhklb��f_gvr_�ihl_g�
pbZeZ�bhgbaZpbb�U wlh]h�`_�ZlhfZ�\�k\h[h^ghf�ijhkljZgkl\_�\�02 = n4�jZa� 

ijbf 4
 = 

U
E

n
∆ .     (1. 41) 

Ijbf_kgh_�ih]ehs_gb_�fh`_l�ijhklbjZlvky�^Ze_dh�\�BD-h[eZklv�ki_d�
ljZ��GZijbf_j��ijbf_kv�kmjvfu�\�]_jfZgbb��bf_xsZy�^hghjguc�mjh\_gv�gZ�
jZkklhygbb������w<�hl�ahgu�ijh\h^bfhklb��ijb\h^bl�d�ih]ehs_gbx�\�h[eZklb�
��§�����fdf��Dhwnnbpb_gl�ih]ehs_gby�k \�h[eZklb�ijbf_kgh]h�ih]ehs_gby�
kjZ\gbl_evgh�g_\_ebd��lZd�dZd�dhgp_gljZpby�Zlhfh\�ijbf_k_c�\k_]^Z�gZ�g_-
kdhevdh�ihjy^dh\�f_gvr_�dhgp_gljZpbb�we_dljhgh\�beb�hkgh\guo�bhgh\�j_�
r_ldb��Ihemijh\h^gbdb�lbiZ�dj_fgby�b�]_jfZgby��djbklZeebq_kdZy�j_r_ldZ�
dhlhjuo�khklhbl�ba�h^bgZdh\uo�bhgh\��g_�^he`gu�bf_lv�BD�ihehk�ih]ehs_�
gby��H^gZdh�^Z`_�\�ij_^_evgh�qbkluo�djbklZeeZo�gZ[ex^Zxlky�ihehku�\�h[�
eZklb��-���fdf��Si��b���-���fdf��G_���dhlhju_�fh`gh�ijbibkZlv�dhe_[Zgbyf�
j_r_ldb��Ijbf_kgh_�ih]ehs_gb_�\k_]^Z�bf__lky�\�^bwe_dljbdZo�b�ihemijh�
\h^gbdZo�g_^hklZlhqghc�qbklhlu��GZijbf_j��ihehku�ih]ehs_gby�\�h[eZklyo�
��fdf�b� ����gf��gZ[ex^Z_fu_�\�d\Zjp_��nlhjbklhf�eblbb�b�fgh]bo�^jm]bo�
^bwe_dljbdZo�� h[mkeh\e_gu� ih]ehs_gb_f� fhe_dmeZfb� \h^u�� dhlhjZy� qZklh�
y\ey_lky�\j_^ghc�ijbf_kvx�\�djbklZeeZo� 

<�h[s_f�kemqZ_�djb\Zy�^bki_jkbb�fh`_l�[ulv�ij_^klZ\e_gZ�ko_fZlbq_�
kdb�\�\b^_��bah[jZ`_gghf�gZ�jbk������ 

 
����Ijbf_g_gb_�hilbq_kdbo�fZl_jbZeh\ 
 
Hilbq_kdb_�fZl_jbZeu�ijbf_gyxlky�^ey�ba]hlh\e_gby�ih]ehsZxsbo�b�

baemqZxsbo�we_f_glh\�\�ijb_fgbdZo�b�bklhqgbdZo�k\_lZ��ijhajZqguo��ij_�
ehfeyxsbo�beb�hljZ`Zxsbo�^_lZe_c��hdhg��ijbaf��a_jdZe). 

 
 
Jbk�������H[sZy�djb\Zy�^bki_jkbb�^bwe_dljbdZ�� I —�j_gl]_gh\kdZy�h[eZklv�b�^Zev�
gbc�mevljZnbhe_l�� � II  —�[eb`gbc�mevljZnbhe_l�� �\b^bfZy�b�[eb`gyy�BD�h[eZklb��
III  —�^Zevgyy�BD�h[eZklv��IV — K<Q�b�jZ^bh^bZiZahg 
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Z�� Ih]ehsZxsb_� b� baemqZxsb_� we_f_glu�� JZkkfhljbf� ih]ehsZx�
smx�ieZklbgdm�lhesbghc�l�k�dhwnnbpb_glhf�hljZ`_gby�ih\_joghklb�R �jbk��
1.7,Z���;m^_f�kqblZlv��qlh�ihlhd�baemq_gby� IiZ^�aZdexq_g�\�g_[hevrhf�ki_d�
ljZevghf�bgl_j\Ze_�b�fh`gh�ij_g_[j_qv�aZ\bkbfhklvx�ihdZaZl_ey�ih]ehs_�
gby�hl�qZklhlu��Ij_^iheh`bf�lZd`_��qlh�ihlhd�baemq_gby�kbevgh�hkeZ[ey_l�
ky� \� lhes_� ieZklbgdb� b� hljZ`_gb_f� hl� aZ^g_c� ih\_joghklb� fh`gh� ij_-
g_[j_qv�� <_ebqbgm� ih]ehs_ggh]h� \� ieZklbgd_� ihlhdZ� gZc^_f� dZd� jZaghklv�
ihlhdh\�\�gZqZe_�b�\�dhgp_ 

         Iih]e = IiZ^(1–R) – IiZ^(1–R)e–kl = IiZ^(1–R) (1– e–kl).                  (1.42)  
 

Hlkx^Z�ihemqZ_f 
                           : = Iih]e /IiZ^ =  (1–R) (1– e–kl).                                     (1.43) 

 
Ba� \ujZ`_gby� ������� \b^gh�� qlh� ohjhrbc� ijb_fgbd� beb� �kh]eZkgh� aZdhgm�
Dbjo]hnZ��bklhqgbd�baemq_gby�^he`_g�bf_lv�g_� lhevdh�[hevrmx�\_ebqbgm�
hilbq_kdhc�lhesbgu�kl, gh�b�fZeuc�dhwnnbpb_gl�hljZ`_gby�ih\_joghklb� 

H^bg�ba�kihkh[h\�mf_gvr_gby�hljZ`_gby�—�q_jg_gb_�ih\_joghklb��<h�
fgh]bo� kemqZyo� ^hklZlhqgZ� ]jm[Zy� h[jZ[hldZ� __��r_jhoh\ZlZy� ih\_joghklv�
hljZ`Z_l� agZqbl_evgh�f_gvr_� ]eZ^dhc��GZdhg_p��gZ�ih\_joghklv�fh`gh�gZ�
g_klb�ijhk\_leyxsbc�q_l\_jlv\hegh\uc�kehc�^bwe_dljbdZ��kf��������� 

 
Jbk�� �����Ijhoh`^_gb_�baemq_gby�q_j_a�ieZklbgdm�lhesbghc� l \ kemqZyo�[hevrh]h�
(Z��b�fZeh]h��[��ih]ehs_gby��R —�dhwnnbpb_gl�hljZ`_gby�ih\_joghklb��k — dhwn�
nbpb_gl�ih]ehs_gby 
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<�dZq_kl\_�ih]ehsZxsbo�fZl_jbZeh\�qZs_�\k_]h�bkihevamxl�f_lZeeu�b�
ihemijh\h^gbdb��Ki_dljZevgZy�h[eZklv�ih]ehs_gby�f_lZeeh\�hq_gv�rbjhdZ��
<�ihemijh\h^gbdZo�hgZ�h[mkeh\e_gZ�rbjbghc�aZij_s_gghc�ahgu�b�gZebqb_f�
\�g_c�ijbf_kguo�mjh\g_c� 

[�   IjhajZqgu_�we_f_glu��JZkkfhljbf�lZdmx�`_�ieZklbgdm��gh�[m^_f�
kqblZlv�ih]ehs_gb_�fZeuf��Ihlhd�baemq_gby�fgh]hdjZlgh�hljZ`Z_lky�\gml�
jb�ieZklbgdb��jbk������[���dZ`^uc�jZa�qZklbqgh�\uoh^y�gZjm`m��?keb�fh`gh�
g_�ijbgbfZlv�\h�\gbfZgb_�bgl_jn_j_gpbx�emq_c��ijhr_^rbc�ihlhd�gZoh^yl�
keh`_gb_f� ihlhdh\�� h[jZamxsbo� ]_hf_ljbq_kdmx� ijh]j_kkbx�� Lh]^Z� ijh�
ajZqghklv�ieZklbgdb�Lie jZ\gZ�  

( )2

ie ijhr iZ^ 2 2

1

1

kl

kl

R e
T I I

e R

−

−
−

= =
−

.   (1.44) 

?keb� ij_g_[j_qv� ih]ehs_gb_f� �e–kl §� ��� b� \hkihevah\Zlvky� nhjfmehc�
Nj_g_ey��������\f_klh��������ihemqZ_f 

 

Lie =  (1–R) / (1+R) = 2n/(n2+1).                            (1.45)  

GZijbf_j��ijhajZqghklv�ieZklbgu�ba� ]_jfZgby�ijb���  ����fdf� �n = 4) 
khklZ\ey_l�\k_]h�Lie� �������Ihl_jb�ihlhdZ�baemq_gby��jZ\gu_���– Lie��gZau�
\Zxl�nj_g_e_\kdbfb�ihl_jyfb��jbk��������ihlhfm�qlh�hgb�\hagbdZxl�ba-aZ�hl�
jZ`_gbc�gZ�ih\_joghklyo� 

IjhajZqgu_� ^_lZeb� h[uqgh�
ba]hlZ\eb\Zxl� ba� ^bwe_dljbdh\� b�
ihemijh\h^gbdh\�� H[eZklb� ijh�
ajZqghklb�b�ih]ehs_gby�fgh]bo�ba�
gbo� ijb\_^_gu� gZ� jbk�� ����� Ih^�
jh[gu_� k\_^_gby� h� ijhajZqghklb�
hilbq_kdbo�fZl_jbZeh\�fh`gh�gZc�
lb�\�kijZ\hqghc�ebl_jZlmj_∗. 

<� \Zdmmfghc� MN� h[eZklb�
ki_dljZ� k�^ebgZfb� \heg�f_g__� ����
gf� \k_�^bwe_dljbdb�b�ihemijh\h^�
gbdb�g_ijhajZqgu��<� wlhc�h[eZklb�
ijboh^blky� ihevah\Zlvky� f_lZeeb�
q_kdbfb� ie_gdZfb�� dhlhju_� ijb�
lhesbgZo� ��–���� gf� ijhajZqgu�
ijb�qZklhlZo��e_`Zsbo�\ur_�ieZa�
f_gghc�qZklhlu�f_lZeeZ��jbk���������
Lhgdb_� f_lZeebq_kdb_� ie_gdb�
ojmidb�� g_m^h[gu� \� jZ[hl_�� g_� \u^_j`b\Zxl� [hevrh]h� i_j_iZ^Z� ^Z\e_gby��
kd\hav�gbo�ijhbkoh^bl�gZl_dZgb_�]ZaZ��H^gZdh�\�wlhc�h[eZklb�ki_dljZ�^jm]bo�
ijhajZqguo�fZl_jbZeh\�g_l� 

                                              
∗ >Zggu_� h� nbabdh-obfbq_kdbo� b� hilbq_kdbo� k\hckl\Zo� hilbq_kdbo� fZl_-

jbZeh\�ijb\_^_gu�\�kijZ\hqgbdZo�>��������@��Z�lZd`_�\�dgb]Zo�>��������������@� 

 
Jbk�������IZ^_gb_�ijhajZqghklb�ieZklbg�
db� ba� g_ih]ehsZxs_]h� \_s_kl\Z� k� jhk�
lhf�ihdZaZl_ey�ij_ehfe_gby�n��h[mkeh\�
e_ggh_�nj_g_e_\kdbfb�ihl_jyfb 
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>ey�i_j_^Zqb�k\_lh\hc�wg_j]bb�gZ�[hevrb_�jZkklhygby�bkihevamxl�lhg�
db_�\hehdgZ�ba�qj_a\uqZcgh�qbkluo�hilbq_kdbo�fZl_jbZeh\� >��@��Baemq_gb_�
ijhoh^bl�ih�\hehdgm�fgh]hdbehf_ljh\uc�imlv��ihwlhfm�gZjy^m�k�ih]ehs_�
gb_f�gm`gh� mqblu\Zlv�b� jwe__\kdh_� jZkk_ygb_�� \_ebqbgZ� dhlhjh]h� h[jZlgh�
ijhihjpbhgZevgZ� �4��IjZdlbdZ�ihdZau\Z_l��qlh�^ey�hilbq_kdbo�ebgbc�k\yab�
gZb[he__�ijb_fe_f�ieZ\e_guc�d\Zjp� �d\Zjp_\h_�kl_deh���hilbfZevghc�y\ey�
_lky�h[eZklv�ki_dljZ����–����fdf� �jbk���������Ihl_jb�\�hilbq_kdbo�\hehdgZo�
ba�hq_gv�qbklh]h�d\Zjp_\h]h�kl_deZ�khklZ\eyxl�����beb�^Z`_�����^;�df∗

�ijb�
^ebg_�\hegu������fdf��l�_��gZ�imlb�\���df�\�gbo�l_jy_lky�khhl\_lkl\_ggh����
beb����wg_j]bb�kb]gZeZ� 

>bki_jkby�ihdZaZl_ey�ij_ehfe_gby��baf_g_gb_�n�k�^ebghc�\hegu��\eby�
_l�gZ�jZkrbj_gb_�dhjhldbo�k\_lh\uo�bfimevkh\��\hegh\uo�iZd_lh\��ijb�i_�

                                              
∗
� <� ^_pb[_eZo� �^;� \ujZ`Zxl� hkeZ[e_gb_� kb]gZeZ�� hij_^_ey_fh_� dZd�

10 lgP\o/P\uo��]^_ P\o�b�P\uo —�\oh^gZy�b�\uoh^gZy�fhsghklb��HkeZ[e_gb_�\����^;�
khhl\_lkl\m_l�ijhoh`^_gbx�gZ�\uoh^�ebgbb����\oh^ghc�fhsghklb� 

 
Jbk�������IjhajZqghklv�g_dhlhjuo�hilbq_kdbo�fZl_jbZeh\��Ih�hkb�hj^bgZl�hleh`_gZ�
\_ebqbgZ�ijhajZqghklb��LhesbgZ�h[jZaph\�mdZaZgZ�pbnjZfb�jy^hf�k�djb\ufb 
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j_^Zq_�bo�ih�\hehdgm��M^Zqguf�h[klhyl_evkl\hf�y\ey_lky�lh��qlh�\�h[eZklb�
� §����–����fdf�^bki_jkby�^ey�ieZ\e_gh]h�d\ZjpZ�fbgbfZevgZ�>���@� 

 

  
 
Jbk�� ������IjhajZqghklv� ie_ghd�ba� Zex�
fbgby� lhesbghc� ���gf�b�ba�bg^by� lhe�
sbghc�����gf���k�Al�b��k In –�ieZaf_ggu_�
^ebgu�\heg�Zexfbgby�b�bg^by 
 

 
Jbk��������LbibqgZy�ki_dljZevgZy�djb\Zy�
aZlmoZgby� baemq_gby� \� hilbq_kdhf� \h�
ehdg_�ba�ieZ\e_gh]h�d\ZjpZ��Imgdlbjhf�
ihdZaZgh� aZlmoZgb_� aZ� kq_l� jwe__\kdh]h�
jZkk_ygby� b� aZ� kq_l�ih]ehs_gby� \�SiO2. 
FZdkbfmfu�gZ�djb\hc�aZlmoZgby�\ua\Z�
gu� ih]ehs_gb_f� ijbkmlkl\mxsbfb� \�
d\Zjp_�fhe_dmeZfb�G2O 

 

GZ� ijZdlbd_� ijboh^blky� mqb�
lu\Zlv��bf_xlky�eb�\�^Zgghc�h[eZk�
lb� ki_dljZ� ohjhrb_� bklhqgbdb� b�
ijb_fgbdb�k\_lZ��<�gZklhys__�\j_fy�
k\_lh\h^u� bkihevamxl� ]eZ\guf� h[�
jZahf� \� khq_lZgbb� k�GaAs-eZa_jZfb�
b� dj_fgb_\ufb� � nhlhijb_fgbdZfb�
(� = 0,8-����fdf). 

Ijb�ba]hlh\e_gbb�ijbaf��ij_^�
gZagZq_gguo� ^ey� jZaeh`_gby� baem�
q_gby� \� ki_dlj�� \u[bjZxl�fZl_jbZ�
eu�k�gZb[hevr_c�\_ebqbghc�^bki_j�
kbb� dn/G� b� k� \hafh`gh� f_gvrbfb�
ihl_jyfb�� Dhk\_ggu_� k\_^_gby� h�
^bki_jkbb� ^Zxl� djb\u_� ijhajZqgh�
klb� �jbk�� ������ lZd� dZd� ^bki_jkby�
fZdkbfZevgZ� gZ� djZyo� h[eZklb� ijh�
ajZqghklb��Djb\u_� ^bki_jkbb� g_dh�
lhjuo� fZl_jbZeh\� ijb\_^_gu� gZ�
jbk�������� 

>ey�ijbaf�\�bgnjZdjZkghc�h[�
eZklb�ki_dljZ�ijbf_gyxl�kl_deh��^h�

 
 
Jbk�� ������Djb\u_� ^bki_jkbb� g_dhlhjuo�
hilbq_kdbo�fZl_jbZeh\ 



 40 

����fdf���d\Zjp� �^h� ����fdf���LiF� �^h� ��fdf���NZK�� �^h� ���fdf���KBr �^h� ���
fdf���CsI� �^h� ���fdf���<� \b^bfhc�h[eZklb�gZbemqr_c�^bki_jkb_c�h[eZ^Z_l�
kl_deh��<�mevljZnbhe_l_�^ey�ijbaf�bkihevamxl�d\Zjp��hl�����fdf���nexhjbl�
�hl������fdf���nlhjbkluc�eblbc��hl������fdf���Ih�k\hbf�nbabdh-obfbq_kdbf�
k\hckl\Zf�gZb[he__�m^h[gu�\�ijbf_g_gbb�kl_deh�b�d\Zjp. 

\��A_jdZeZ��<�dZq_kl\_�a_jdZe�qZklh�bkihevamxl�]eZ^db_�f_lZeebq_kdb_�
ih\_joghklb��H^gZdh�f_lZeeu�h[eZ^Zxl�dhwnnbpb_glhf�hljZ`_gby��[ebadbf�
d�_^bgbp_��lhevdh�^ey�baemq_gby�k�^ebgZfb�\heg�[he__���-���fdf��K�mf_gv�
r_gb_f�^ebgu�\hegu�dhwnnbpb_gl�hljZ`_gby�iZ^Z_l��jbk���������<�\b^bfhc�

b�MN-h[eZklyo� ki_dljZ�ijhy\ey_lky� \gmlj_ggbc�nhlhwnn_dl��b�oh^� djb\uo�
mkeh`gy_lky��HljZ`_gb_�k_j_[jZ��gZijbf_j��bf__l�j_adbc�fbgbfmf�ijb�� = 
����gf��R� ���������\ua\Zgguc�gZebqb_f�ihehku�ih]ehs_gby�ijb��� �����gf��
K_j_[jygu_�ie_gdb�fh]ml�^Z`_�kem`blv�kjZ\gbl_evgh�madhihehkguf�k\_lh�
nbevljhf�^ey��� �����gf� 

<_ebqbgu� dhwnnbpb_glh\� hljZ`_gby�f_lZeebq_kdbo� a_jdZe� aZ\bkyl� hl�
l_ogheh]bb�bo�ba]hlh\e_gby��ijbf_j�ijb\_^_g�gZ�jbk��������Z���). 

<�\Zdmmfghc�h[eZklb�ki_dljZ�^ey�^ebg�\heg��f_gvrbo�ieZaf_gghc�^eb�
gu� \hegu� �k�� hljZ`_gb_� hl�f_lZeeZ� klZgh\blky� g_[hevrbf� �gZihfgbf�� qlh�
f_lZeebq_kdb_� ie_gdb� \� wlhc� h[eZklb� ki_dljZ� ijhajZqgu���IhdZaZl_ev� ij_�
ehfe_gby�f_lZeeZ�ijb�� < �k�f_gvr_�_^bgbpu��ihwlhfm�gZqbgZy�k�g_dhlhjuo�

 

 
 

Jbk��������Dhwnnbpb_glu�hljZ`_gby�hl�]eZ^dbo�ih\_joghkl_c�g_dhlhjuo�f_lZeeh\�
\�aZ\bkbfhklb�hl�^ebgu�\hegu��GZ�djb\uo�Z��b�[��ihdZaZgh�\ebygb_�l_ogheh]bb�ba�
]hlh\e_gby�Zexfbgb_\h]h�a_jdZeZ�gZ�\_ebqbgm�dhwnnbpb_glZ�hljZ`_gby��\�kemqZ_�

����a_jdZeh�gZiue_gh�\�\ukhdhf�\Zdmmf_�� 610− �Lhj���\�kemqZ_�����—�k\_jo\ukhdhf�
\Zdmmf_����–9

�Lhj� 
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m]eh\�iZ^_gby�baemq_gby�ba�\ha^moZ�beb�\ZdmmfZ�ijhbkoh^bl�ihegh_�hljZ`_-
gb_�� b� dhwnnbpb_gl� hljZ`_gby� ih\urZ_lky� �jbk�� ������� <� dZq_kl\_� a_jdZe�
fh`gh�bkihevah\Zlv�]eZ^db_�ih\_joghklb�^bwe_dljbdh\�\�h[eZklyo�f_lZeeb�
q_kdh]h�hljZ`_gby� �jbk���������?keb�ihehkZ�ih]ehs_gby�madZy�b�j_adZy��fZd�
kbfmf�hljZ`_gby�ohjhrh�\ujZ`_g��LZdb_�a_jdZeZ�gZoh^yl�ijbf_g_gb_�\�hl�
jZ`Zl_evguo� k\_lhnbevljZo�� iha\heyxsbo� \u^_eblv� baemq_gb_� \� ^h\hevgh�
madhc�h[eZklb�BD�ki_dljZ  

 
������HILBQ?KDB?�K<HCKL<:�LHGDBO�IE?GHD 
 
Hilbq_kdb_�k\hckl\Z�ie_ghd��lhesbgZ�dhlhjuo�kjZ\gbfZ�k�^ebghc�\he�

gu�baemq_gby��kms_kl\_ggh�hlebqZxlky�hl�hilbq_kdbo�k\hckl\�kiehrguo�fZ�
l_jbZeh\��ba� dhlhjuo�hgb�ba]hlh\e_gu��=eZ\gZy�ijbqbgZ� a^_kv�—�bgl_jn_�
j_gpby�emq_c��fgh]hdjZlgh�hljZ`Zxsboky�\gmljb�ie_gdb� 

 

 
 
 
 
 
 
 
Jbk�� ������ <hajZklZgb_� dhwnnbpb_glZ�
hljZ`_gby� hl� f_lZeebq_kdhc� ih\_jogh�
klb�ieZlbgu�b�hdbkeb\r_]hky�Zexfbgby�
ijb� dhkhf� iZ^_gbb� emq_c� \� \Zdmmfghc�
h[eZklb�ki_dljZ��� ������gf 

 

 
Jbk��������HljZ`_gb_�hl�ih\_joghklb�g_dhlhjuo�^bwe_dljbdh\ 
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����F_lZeebq_kdb_�b�^bwe_dljbq_kdb_�ie_gdb 
 
F_lZeebq_kdb_� ie_gdb� qZklh� bkihevamxl� ^ey� kha^Zgby� gZ� ih\_jogh�

klyo�hilbq_kdbo�^_lZe_c�qZklbqgh�hljZ`Zxsbo��ihemijhajZqguo��ihdjulbc��
<ke_^kl\b_�[hevrh]h�ih]ehs_gby�k\_lZ�f_lZeeZfb�lZdb_�ie_gdb�ijboh^blky�
^_eZlv� hq_gv� lhgdbfb�� Ijb� ijhoh`^_gbb� baemq_gby� q_j_a� f_lZeebq_kdmx�
ie_gdm�� lhesbgZ� dhlhjhc� fgh]h� f_gvr_� lhesbgu� kdbg-kehy�� hkeZ[e_gby�
we_dljbq_kdh]h�ihey�\�g_c�ijZdlbq_kdb�g_l��H^gZdh�ie_gdZ�fh`_l�hdZaZlvky�
kbevgh�hljZ`Zxs_c�b�fZeh�ijhajZqghc��qlh�gZ�i_j\uc�\a]ey^�dZ`_lky�iZjZ�
^hdkhf� 

Ihykgbf�wlhl�wnn_dl��jbk���������Ba-aZ�fZehklb�lhesbgu�ie_gdb�gZijy�
`_gghklv�ihey�?�i_j_^�ie_gdhc�ihqlb�jZ\gZ�gZijy`_gghklb�?ijhr ijhr_^r_c�

\hegu��H^gZdh�agZq_gb_�\_dlhjZ�G�bkiulu\Z_l�\�ie_gd_�kdZqhd��\ua\Zgguc�
gZebqb_f�lhdZ�ijh\h^bfhklb��<_ebqbgu�gZijy`_gghklb�fZ]gblgh]h�ihey�G�k�
h^ghc�b�^jm]hc�klhjhgu�ie_gdb�jZaebqZxlky�gZ�\_ebqbgm�we_dljbq_kdh]h�lh�
dZ�gZ�we_f_gl_�__�^ebgu�GiZ^���Ghlj –�Gijhr = di/dl. LZd�dZd�gZijy`_gghklb�
ihey�?�ih�h[_�klhjhgu�ie_gdb�h^bgZdh\u��fh`gh�gZibkZlv 

 
Eijhr = ?iZ^+ ?hlj= ?iZ^(1+ r) = ?iZ^ t,  l._. t = 1+ r,   (1.46) 

 
]^_�r�b�t — Zfieblm^gu_�dhwnnbpb_gl�hljZ`_gby�b�ijhajZqghklv�ie_gdb��Ih�
]ehs_gb_�:� \� ie_gd_� gZoh^bf�� bkihevamy� aZdhg� khojZg_gby� wg_j]bb� ��������
khhlghr_gb_� �������b� mqblu\Zy�� qlh�ijb� hljZ`_gbb� hl�f_lZeeZ�ijhbkoh^bl�
kdZqhd�nZau��l�_��r = – |r|: 

                    A = 1– |t|2 – |r|2 = 2|r|(1– |r|).                             (1.47)  
 

Ba��������g_ljm^gh�gZclb��qlh�fZdkbfmfm�ih]ehs_gby�khhl\_lkl\m_l�mkeh\b_�
|r_� ������beb�R = |r|2� �������IjhajZqghklv�ih��������\�wlhf�kemqZ_�hdZau\Z_lky�

 
 

 

Jbk��������JZkij_^_e_gb_�Zfieblm^�we_dljbq_kdh]h�b�fZ]gblgh]h�ihe_c�ijb�ijhoh`�
^_gbb�\hegu�q_j_a�ijh\h^ysmx�ie_gdm�ijb�l « / 
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jZ\ghc� t = ����� ke_^h\Zl_evgh�� _t|2�  � ������Hlkx^Z�fZdkbfZevgh_� agZq_gb_�:�
jZ\gh����� 

AZ\bkbfhklv� dhwnnbpb_glZ� hljZ`_gby� b� ijhajZqghklb� f_lZeebq_kdhc�
ie_gdb�hl�lhesbgu�fh`gh�jZkkqblZlv�>���@��mqblu\Zy�fgh]hdjZlgu_�hljZ`_�
gby�hl�]jZgbp�b�hkeZ[e_gb_�\hegu�\�ie_gd_��Ijb�ghjfZevghf�iZ^_gbb�nhj�
fmeu�^ey�dhfie_dkguo�Zfieblm^guo�dhwnnbpb_glZ�hljZ`_gby� r�b�ijhajZq�
ghklb�t bf_xl�\b^ 

( )
( )
( )

( )

fZkk 2
fZkk

2
fZkk 2

fZkk

1 exp 2 1 /
,

1 exp 2 1 /

exp 1 /
(1 ) .

1 exp 2 1 /

i l
r r

r i l

i l
t r

r i l

− − +  =
− − +  

− +  = −
− − +  

δ
δ

δ
δ

  (1.48). 

 
A^_kv�rfZkk —�Zfieblm^guc�dhwnnbpb_gl�hljZ`_gby�fZkkb\gh]h�f_lZeeZ��Ih�
dZaZl_ev�wdkihg_glu�\�mjZ\g_gbyo���������jZ\guc������i)l �/��ihemq_g�ba�ihdZaZ�
l_ey� wdkihg_glu�mjZ\g_gby� �������jZ\gh]h� i(&z/���� k�mq_lhf� ������b� ������ijb�
mkeh\bb�������� 

GZ�jbk�������Z���ijb\_^_gu�jZk-
kqblZggu_� ih�nhjfmeZf� ������� djb-
\u_�aZ\bkbfhkl_c�\_ebqbgu�R = |r|2, 
L = |t|2�b�:� �1 – R –�L�ijh\h^ys_c�
ie_gdb�hl�hlghr_gby�__�lhesbgu�l�d�
lhesbg_� kdbg-kehy� /� ^ey� ^\mo� agZ�
q_gbc� dhwnnbpb_glZ� hljZ`_gby� hl�
fZkkb\gh]h� f_lZeeZ� RfZkk = |rfZkk|

2, 
jZ\guo�������b�������>���@��GZ�djb\uo�
:(l//�� bf__lky� fZdkbfmf� �:� = 0,5), 
khhl\_lkl\mxsbc� jZ\_gkl\m� dhwn�
nbpb_glh\�hljZ`_gby�b�ijhajZqghk-
lb� ie_gdb�� R = L�  � ������ K� mf_gv-
r_gb_f� \_ebqbgu� RfZkk wlhl� fZd-
kbfmf�kf_sZ_lky�\�h[eZklv�[hevrbo�
lhesbg�ie_gdb�b�k]eZ`b\Z_lky��Ijb�
[hevrbo�agZq_gbyo�RfZkk fZdkbfZev�
gh_�ih]ehs_gb_�gZoh^blky�\�h[eZklb�
\_kvfZ�fZeuo� ��/��LZd�� _keb� ie_gdZ�
ba]hlh\e_gZ�ba�f_lZeeZ��^ey�dhlhjh�
]h�RfZkk = �������fZdkbfZevgh_�ih]eh-
s_gb_�khhl\_lkl\m_l�lhesbg_�ie_g�
db� l = 0,04/�� ?keb� lhesbgZ� ie_gdb�
jZ\gZ� l = 0,3/��dhwnnbpb_gl�hljZ`_�
gby� ie_gdb� hdZau\Z_lky� jZ\guf�
�����Z�ijhajZqghklv�khklZ\ey_l�\k_�
]h�����LZdbf�h[jZahf��ie_gdZ��\�ljb�
jZaZ�[he__�lhgdZy��q_f�lhesbgZ�kdbg-kehy��hdZau\Z_lky�ihqlb�g_ijhajZqghc� 

 
 
Jbk��������HljZ`_gb_�R��ijhimkdZgb_�L�b�
ih]ehs_gb_� :� ijh\h^ys_c� ie_gdb�� JZk�
q_lgu_� djb\u_�� Z — RfZkk = 0,91; [ — 
RfZkc = 0,54; \ —�wdki_jbf_glZevgu_�djb-
\u_� ^ey� k_j_[jyghc� ie_gdb� \� \b^bfhc�
h[eZklb�ki_dljZ 
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JZkkfhlj_ggu_� khhlghr_gby�gZb[he__� lhqgh�hibku\Zxl� k\hckl\Z�ie_�
ghd�\�bgnjZdjZkghc�h[eZklb�ki_dljZ��]^_�^ey�f_lZeeh\�fh`gh�ihevah\Zlvky�
fZdk\_eeh\kdbf� ijb[eb`_gb_f�� Kms_kl\_ggZ� lZd`_� lhesbgZ� ie_ghd�� HgZ�
^he`gZ�[ulv�^hklZlhqgh�[hevrhc��l�!����gf���qlh[u�_s_�g_�ijhy\eyeZkv�]jZ�
gmeyjgZy� kljmdlmjZ� b� fZl_jbZe� ie_ghd� fh`gh� [ueh� kqblZlv� h^ghjh^guf��
H^gZdh�j_Zevgu_�f_lZeebq_kdb_�ie_gdb�\_^ml�k_[y�ih^h[guf�h[jZahf�^Z`_�\�
\b^bfhc�h[eZklb�ki_dljZ��GZ�jbk�������\�ijb\_^_gu�wdki_jbf_glZevgu_�djb�
\u_��ihemq_ggu_�^ey�k_j_[jyguo�ie_ghd�>����@��DZd�\b^gh��fZdkbfmf�ih]eh�
s_gby�lZd`_�khhl\_lkl\m_l�jZ\_gkl\m�dhwnnbpb_glh\�hljZ`_gby�b�ijhajZq�
ghklb�  

Ij_^klZ\ey_l�bgl_j_k�ih\_^_gb_�f_lZeebq_kdbo�ie_ghd�\�kjZ\gbl_evgh�
rbjhdhc�h[eZklb�ki_dljZ��Hlghr_gb_�l�/�k�ihfhsvx�khhlghr_gby��������fh�
`_l�[ulv�aZibkZgh�\�\b^_ 

2l

c
= π νσ

δ
.      (1.49) 

<� \b^bfhc� b� [eb`g_c� BD� h[eZklyo� ki_dljZ� ijh\h^bfhklv� j_Zevguo�
ie_ghd�h[uqgh�\hajZklZ_l�k�mf_gvr_gb_f�qZklhlu��Ihwlhfm�\�agZqbl_evghc�
h[eZklb� ki_dljZ� \_ebqbgZ� l�/� fh`_l� hklZlvky� ijbf_jgh� h^bgZdh\hc�� LZdb_�
ie_gdb��gZijbf_j��bkihevamxlky� \� dZq_kl\_�ijb_fguo� we_f_glh\� \� hilbdh-
Zdmklbq_kdbo�ijb_fgbdZo�BD�baemq_gby��]e. 5). 

>bwe_dljbq_kdb_� ie_gdb� bkihevamxl� ^ey� ijhk\_leyxsbo� beb� a_j�
dZevguo�h^ghkehcguo�b�fgh]hkehcguo�ihdjulbc� 

Imklv�ba�kj_^u�1 gZ�ih\_joghklv�^bwe_dljbdZ�2, ihdjulmx�lhgdbf�keh�
_f�^bwe_dljbdZ�3��k ihdZaZl_eyfb�ij_ehfe_gby�n1, n2�b�n3��iZ^Z_l�baemq_gb_�
ki_dljZevghc�rbjbgu�û���ijbq_f�^ebgZ�dh]_j_glghklb�baemq_gby� ldh] = c�û�  
agZqbl_evgh�ij_\urZ_l�hilbq_kdmx�jZaghklv�oh^Z�emq_c��gZeZ]Zxsboky�^jm]�
gZ�^jm]Z�ijb�fgh]hdjZlguo�hljZ`_gbyo��:fieblm^gu_�dhwnnbpb_glu�hljZ�
`_gby�^ey�]jZgbp�jZa^_eZ�hij_^_eyxlky�nhjfmeZfb�Nj_g_ey� 

r13  = 1 3

1 3

n n

n n

−
+

,  r31 = 3 1
13

3 1

n n
r

n n

− = −
+

,  r32 = 3 2

3 2

n n

n n

−
+

. (1.50) 

Mqblu\Zy�fgh]hdjZlgu_�hljZ`_gby�hl�]jZgbp��ihemqZ_f�kmffZjgu_�Zf�
ieblm^gu_�dhwnnbpb_glu�hljZ`_gby� 

 
2
3 32 13 31

13 2
3 32 13

2
hlj

2
iZ^ 1

i L

i L

E t r t t e
r r

E t r r e

β

β
∑

−

−= = +
−∑    (1.51) 

b�ijhajZqghklv 

3 13 32
2
3 32 31

21

i L

i L

t t t e
t

t r r e

β

β∑

−

−=
−

.    (1.52)  

 
A^_kv�L — lhesbgZ�b� t3 —� Zfieblm^gZy�ijhajZqghklv� kehy�� t13  , t31 b  t32 —

Zfieblm^gu_� ijhajZqghklb� ]jZgbp� jZa^_eZ��NZah\Zy� ihklhyggZy� �\hegh\h_�
qbkeh����  � 3(2 )c nπν �� /�mqblu\Z_l�nZah\u_� kdZqdb� /�gZ� ]jZgbpZo�jZa^_eZ�

kj_^� 
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GZ�jbk�������ihdZaZgh��dZd�f_gy_lky�dhwnnbpb_gl�hljZ`_gby�ih�fhsgh�
klb�R� = |r�|

2
�\�aZ\bkbfhklb�hl�hilbq_kdhc�lhesbgu�kehy�^ey�jZaebqguo�ihdZ�

aZl_e_c�ij_ehfe_gby�n3. 

 
����>bwe_dljbq_kdb_�ijhk\_leyxsb_�b�a_jdZevgu_�ihdjulby 
 
>ey�ihemq_gby�ijhk\_leyxsbo�b� a_jdZevguo�keh_\�ij_^klZ\ey_l�bgl_�

j_k�kemqZc��dh]^Z�hilbq_kdZy�lhesbgZ�kehy�3 khklZ\ey_l�g_q_lgh_�qbkeh�q_l�
\_jl_c�^ebgu�\hegu� 

n3L = 0�1

2 2
q −  

;  q = 1, 2, 3,…    (1.53) 

Ijb�wlhf�mkeh\bb�ba�nhjfme����������������k�mq_lhf��������ihemqZ_f�dhwnnb�
pb_gl�hljZ`_gby�b�ijhajZqghklv�\�\b^_ 

R� = 

2
2

1 2 3
2

1 2 3

n n n

n n n

 −
 + 

,…     (1.54) 

T� = 
2

1 2 3
2 21 2 3

4

( )

n n n

n n n+
….     (1.55) 

 
Dhwnnbpb_gl�hljZ`_gby�R� �������ijbgbfZ_l�gme_\h_�agZq_gb_��_keb 

3 1 2n n n= .     (1.56)  

K�nbabq_kdhc�lhqdb�aj_gby�ijb�wlhf�ijhbkoh^bl�ih]Zr_gb_�\heg��hljZ`_g�
guo�hl�i_j_^g_c�b�aZ^g_c�ih\_joghkl_c�kehy��l�_��gZklmiZ_l��ijhk\_le_gb_���
Ijhk\_le_gb_� ^hklb]Z_lky� \� h]jZgbq_gghc� h[eZklb� \[ebab� kj_^g_c� ^ebgu�
\hegu��0, m^h\e_l\hjyxs_c�mkeh\bx���������LhesbgZ�ijhk\_leyxs_]h�kehy�\�
\b^bfhc�h[eZklb�ki_dljZ�khklZ\ey_l�h[uqgh�� /4. 

 

 
 
 
 
 
 
 
 
 
Jbk�� ������Dhwnnbpb_gl� hljZ`_gby�
^bwe_dljbq_kdhc� ie_gdb�� gZg_k_g�
ghc�gZ�ih\_joghklv�kl_deZ��n = 1,5), 
\� aZ\bkbfhklb� hl� hilbq_kdhc� lhe�
sbgu� ie_gdb� ijb� jZaebqguo� agZ�
q_gbyo�i3 ^ey�k\_lZ�k�^ebghc�\hegu�
�0. <g_rgyy�kj_^Z�—�\ha^mo��i1 = 1) 
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Ba�mjZ\g_gbc��������b��������ke_^m_l�b�^jm]h_�\Z`gh_�k\hckl\h�q_l\_jlv�
\hegh\h]h� kehy� —� \hafh`ghklv� m\_ebq_gby� hljZ`_gby� hl� ih\_joghklb� ih�
kjZ\g_gbx�k�hljZ`_gb_f�hl�lhc�`_�ih\_joghklb�[_a�kehy��Ijb�mkeh\byo 

 

                                  n3
2 » n1n2���beb��n3

2 « n1n2                                   (1.57) 
 

\_ebqbgZ�R� klj_fblky�d�_^bgbp_��LZdhc�q_l\_jlv\hegh\uc�kehc�hdZau\Z_lky�
�a_jdZevguf���GZ�jbk�������\_jogyy�qZklv�]jZnbdZ��ijb�R > ������khhl\_lkl\m�
_l�a_jdZevghfm�hljZ`_gbx��gb`gyy��R < �������bah[jZ`_ggZy�\�[he__�djmighf�
fZkrlZ[_��—�ijhk\_le_gbx� 

GZ�ijZdlbd_�ijboh^blky�^h\hevkl\h\Zlvky�g_[hevrbf�dhebq_kl\hf�^b�
we_dljbdh\��^Zxsbo�ijhqgu_�ihdjulby��klhcdbo�d�Zlfhkn_jguf�\ha^_ckl\b�
yf��ijhajZqguo�\�^Zgghc�h[eZklb�ki_dljZ�b�ij��QZs_�\k_]h�g_�m^Z_lky�ih^h[�
jZlv�^bwe_dljbd��m^h\e_l\hjyxsbc�khhlghr_gbx��������beb�l_f�[he__���������
>ey�ijhk\_le_gby�\�\b^bfhc�h[eZklb�ki_dljZ�h[uqgh�bkihevamxl�nlhjbkluc�
fZ]gbc MgF2 (n� �������beb�djbhebl��NZFÂ :�F3 (i� ��������IhdZaZl_eb�ij_�
ehfe_gby�^jm]bo�ijbf_gy_fuo�^bwe_dljbdh\�ijb\_^_gu�\�>���������@� 

>ey�a_jdZe�k�[hevrbf�dhwnnbpb_glhf�hljZ`_gby�b�hq_gv�fZeufb�ihl_�
jyfb�� dhlhju_� g_h[oh^bfu� \� eZa_jghc� l_ogbd_�� bkihevamxl�fgh]hkehcgu_�
^bwe_dljbq_kdb_�ihdjulby�ba�q_j_^mxsboky�q_l\_jlv\hegh\uo� keh_\� k� \u�
khdbf�b�gbadbf�ihdZaZl_eyfb�ij_ehfe_gby� 

 

LZ[ebpZ���� 
Dhwnnbpb_glu�hljZ`_gby�^bwe_dljbq_kdbo�a_jdZe��gZiue_gguo�gZ�
kl_de_� >����@��;eb`Zcrbf�d�kl_dem�y\ey_lky�kehc�k�[hevrbf�ihdZ�
aZl_e_f� ij_ehfe_gby� �a_jdZevguc� kehc��� Ijb\_^_gu� ihdZaZl_eb�
ij_ehfe_gby�\_s_kl\�\�jZ[hq_c�h[eZklb�ki_dljZ��û� —�rbjbgZ�ih�
ehku�\ukhdh]h�hljZ`_gby 
 

Qbkeh�
keh_\ 
 

2PbF –�djbhebl 

i< = 1, 90  
nG = 1, 34 
 

ZnS –�djbhebl 
i< = 2, 30  
nG = 1, 34 
 

2Ge-BaF 

beb� 2SrF  

i< =4,0  
iG = 1, 34 

Qbkeh�
keh_\ 
 

2Ge-BaF beb� 2SrF  

i< = 4,0; nG = 1,34 
�gZqbgZy�kh�nlhjb^Z� 

1 17,5 30,0 68,5 2 89, 7 
3 44 67,6 95,6 4 98, 8 
5 66,6 87,3 99,5 6 99, 99 
7 81,7 95,7 99,95   
9 90,5 98,5    
11 95, 1 99,5    
13 97, 6 99,8    
15 98, 8     
17 99, 4     

û���0 0, 2 0, 25 0,35  0, 35 
 
K�m\_ebq_gb_f�qbkeZ�keh_\�dhwnnbpb_gl�hljZ`_gby�^ey�l_o�^ebg�\heg��

^ey�dhlhjuo� lhesbgu�keh_\�khklZ\eyxl��/4, 3����� �����b� l��^���jZkl_l� �lZ[e��
������NhjfZ� djb\hc� \� h[eZklb� hljZ`_gby� km`Z_lky� b� ijbh[j_lZ_l� iehkdmx�
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\_jrbgm�� Z�f_`^m� h[eZklyfb� \ukhdh]h� hljZ`_gby�nhjfbjmxlky� g_kdhevdh�
g_[hevrbo� fZdkbfmfh\� b� fbgbfmfh\�� qbkeh� dhlhjuo� khhl\_lkl\m_l� qbkem�
keh_\�a_jdZeZ��jbk�������Z���<�rdZe_�^ebg�\heg��jbk�������[��h[eZklb�\ukhdh]h�
hljZ`_gby�bf_xl�jZagmx�rbjbgm��Wlh�k\hckl\h�fh`gh�bkihevah\Zlv�^ey�kha�
^Zgby�hq_gv�madhihehkguo�a_jdZe��GZ�jbk�������\�bah[jZ`_gZ�djb\Zy�^ey���-
kehcgh]h�a_jdZeZ�ba�ZnS�b�djbheblZ��jZkkqblZggh]h�gZ��� �����fdf��gZ�kl_d�
eygghc�ih^eh`d_�� A_jdZeh�bf__l�rbjhdh_�ieZlh� \ukhdh]h� hljZ`_gby� \�BD�
h[eZklb�b�madh_�—�\�\b^bfhc��Djb\Zy��ijb\_^_ggZy�gZ�jbk�������\��ihemq_gZ�
baf_j_gb_f�ijhajZqghklb�a_jdZeZ��GZ�g_c�\b^_g�kiZ^�ijhajZqghklb�^h�gmey�\�
h[eZklb�� < 360�gf��\ua\Zgguc�ih]ehs_gb_f�\�kl_de_�ih^eh`db� 

RbjbgZ� û�� h[eZklb� \ukhdh]h� hljZ`_gby� fgh]hkehcgh]h� a_jdZeZ�� kh�
klZ\e_ggh]h� ba� q_l\_jlv\hegh\uo� keh_\�� aZ\bkbl� hl� jZaghklb� ihdZaZl_e_c�
ij_ehfe_gby�keh_\��q_f�hgZ�[hevr_��l_f�rbj_�h[eZklv�\ukhdh]h�hljZ`_gby�

 
 
Jbk�� ������ Ki_dljZevgu_� aZ\bkbfhklb� hljZ`_gby� fgh]hkehcguo� ^bwe_dljbq_kdbo�
a_jdZe��Z���[��jZkq_lgu_�djb\u_�^ey��-kehcgh]h�a_jdZeZ�ba�ZnS (i� �������b�djbheblZ�
(n�  � ��� �����gZiue_gguo�gZ� kl_de_� �i� ���� ����\��djb\Zy�ijajZqghklb�j_Zevgh]h� ��-
kehcgh]h�a_jdZeZ�ba�ZnS�b�djbheblZ�gZ�kl_deygghc�ih^eh`d_��kehb�dhlhjh]h�y\ey�
xlky�q_l\_jlv\hegh\ufb�^ey��0  ������fdf 
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�lZ[e��������>ey�a_jdZeZ��bah[jZ`_ggh]h�gZ�jbk�������\��\�BD�h[eZklb�hgZ�ijh�
klbjZ_lky�ijbf_jgh�hl������^h������gf��l��_��khklZ\ey_l�hdheh�����gf� 

Ijb�lhqghf�jZ\_gkl\_�hilbq_kdhc�lhesbgu�keh_\�q_l\_jlb�^ebgu�\he�
gu�k\_lZ�dhwnnbpb_gl�hljZ`_gby�fgh]hkehcgh]h�a_jdZeZ�ijb�iZ^_gbb�k\_lZ�
ih�ghjfZeb�ba� \ha^moZ�ih^kqblu\Z_lky�ih�ijhkluf�nhjfmeZf��^ey�q_lgh]h�
qbkeZ�keh_\���N keh_\�� 

22
1

0 2
2 2

1

0 2

1

1

N

N N

n n
n n

R
n n
n n

   −    =  
  +     

;    (1.58) 

^ey�g_q_lgh]h�qbkeZ�keh_\���N ����keh_\�� 
22

1 1 1

0 2
2 1 2

1 1 1

0 2

1

1

N

N N

n n n

n n n
R

n n n

n n n

+

   −    =  
  +     

.    (1.59) 

A^_kv�n —�ihdZaZl_ev�ij_ehfe_gby�ih^eh`db��i1 b�n2 —�ihdZaZl_eb�ij_ehf�
e_gby�i_j\h]h� �b�\k_o�g_q_lguo��b�\lhjh]h� �b�\k_o�q_lguo��keh_\��kqblZy�hl�
ih^eh`db��n0 —�ihdZaZl_ev�ij_ehfe_gby�\ha^moZ� 
 

LZ[ebpZ���� 
Dhwnnbpb_glu�hljZ`_gby�kl_deygghc�ih\_joghklb 
k�gZg_k_ggufb�gZ�g_c�q_l\_jlv\hegh\ufb�kehyfb 
 

Qbkeh�
keh_\ 

I_j\uc�kehc�ZnS 
n1 = 2,3 

I_j\uc�kehc�—�djbhebl 
n1 = 1,35 

0 0,04 0,04 
1 0,31 0,009 
2 0,392 0,101 
3 0,676 0,168 
4 0,728 0,487 
5 0,874 0,559 
6 0,897 0,782 
7 0,955 0,82 
8 0,963 0,919 
9 0,984 0,934 
10 0,987 0,971 
11 0,994 0,977 
12 0,996 0,990 
13 0,998 0,992 
14 0,9984 0,996 
15 0,999 0,997 

 

<�lZ[e������ijb\_^_gu�j_amevlZlu�jZkq_lh\�ih�nhjfmeZf��������b��������
dhwnnbpb_glh\�hljZ`_gby�kl_deygghc�ih\_joghklb��n� ������\�aZ\bkbfhklb�hl�
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qbkeZ� b� jZkiheh`_gby� gZ� g_c� q_l\_jlv\hegh\uo� keh_\� ZnS� b� djbheblZ�
3NaFÂ :�F3��<�i_j\hf�kemqZ_�[eb`Zcrbf�d�ih^eh`d_�y\ey_lky�a_jdZevgh_�ih�
djulb_��ZnS, n1� �������\h�\lhjhf —�ijhk\_leyxs__��djbhebl��n1 = 1,35).  

Fh`gh�agZqbl_evgh�m\_ebqblv�rbjbgm�ihehku�\ukhdh]h�hljZ`_gby��gZ�
deZ^u\Zy�^jm]�gZ�^jm]Z�]jmiiu�q_l\_jlv\hegh\uo�keh_\��h[jZamxsbo�a_jdZeZ�
kh�k^\bgmlufb�ih�ki_dljm�h[eZklyfb�hljZ`_gby��LZd��gZeh`b\��djZkgh_��a_j�
dZeh� gZ� �kbg__�� �beb� gZh[hjhl��� fh`gh� ihemqblv� a_jdZeh�� hljZ`Zxs__� \h�
\k_c� \b^bfhc� h[eZklb�� dZd�f_lZeebq_kdh_�� gh� k� dhwnnbpb_glhf� hljZ`_gby�
ihjy^dZ� ����b� k�fZeufb�ihl_jyfb��Rbjhdhihehkgh_� a_jdZeh�fh`gh�ihem�
qblv�lZd`_�gZg_k_gb_f�k_jbb�keh_\�k�lhesbgZfb��g_�djZlgufb�q_l\_jlb�p_g�
ljZevghc�^ebgu�\hegu� 

Lhgdb_�ie_gdb�gZghkyl�gZ� hilbq_kdb_�ih\_joghklb� jZkiue_gb_f� \� \Z�
dmmf_�beb�obfbq_kdbf�hkZ`^_gb_f��Ihl_jb�\�a_jdZeZo�k\yaZgu�\�hkgh\ghf�k�
jZkk_ygb_f�baemq_gby�\�kehyo��dhlhjh_�aZ\bkbl�hl�fgh]bo�ijbqbg�—�dZq_kl\Z�
ih\_joghklb�ih^eh`db�� qbklhlu� jZkiuey_fh]h� \_s_kl\Z�� kl_i_gb� juoehklb�
keh_\��Ijb�k\_jo\ukhdhf�\Zdmmf_�ihjy^dZ� ��–9�ff�jl�kl��b�lsZl_evghc�l_o�
gheh]bb�fh`gh�ihemqblv� a_jdZeZ� k�R §� ������b�ihl_jyfb�f_g__� ������Bk-
ihevah\Zgb_�we_dljhggh]h�imqdZ�^ey�jZkiue_gby�\_s_kl\Z�lZd`_�kihkh[kl\m�
_l�memqr_gbx�a_jdZe��Ih^�^_ckl\b_f�[hf[Zj^bjh\db�we_dljhgZfb�ijhbkoh�
^bl�ehdZevguc�jZah]j_\�\_s_kl\Z�b�_]h�bkiZj_gb_��>_j`Zl_ev��\�dhlhjhf�gZ�
oh^blky� \_s_kl\h�� hklZ_lky� oheh^guf�b�ihwlhfm�g_� aZ]jyagy_l�ihemqZ_fu_�
kehb��LZdbf�kihkh[hf�fh`gh�gZghkblv�ie_gdb�ijZdlbq_kdb�ex[uo�\_s_kl\��\�
lhf�qbke_�h[eZ^Zxsbo�gZb[hevr_c�klhcdhklvx�b�ijhqghklvx��SiO2, TiO2). 

Dhgljhev�lhesbgu�keh_\�ijh\h^yl�ih�ijhajZqghklb�beb�hljZ`_gbx�hl�
kehy��baf_jy_fuf�\�ijhp_kk_�gZiue_gby��Ijb�^hklb`_gbb�\_ebqbgu��djZlghc�
�0���� hljZ`_gb_� beb� ijhajZqghklv� kehy� ijhoh^bl� q_j_a� wdklj_fmf� �kf�� jbk��
�������Ihkdhevdm�ijhp_kk�gZiue_gby�kehy�^eblky�hl�g_kdhevdbo�k_dmg^�^h�g_�
kdhevdbo�fbgml�� ^ey� ijbgylby� j_r_gby� h� ij_djZs_gbb�gZiue_gby�bf__lky�
g_agZqbl_evgh_�\j_fy� 

Ijb� gZiue_gbb� g_jZ\ghlhesbgguo� bgl_jn_j_gpbhgguo� kbkl_f� dhg�
ljhev� g_h[oh^bf� ih� g_kdhevdbf� ^ebgZf� \heg�� >ey� wlhc� p_eb� bkihevamxl�
ki_dljhf_lju� k� Zdmklhhilbq_kdbfb� nbevljZfb� �]e�� ���� iha\heyxsb_� we_d�
ljhgguf�iml_f�i_j_dexqZlv�jZ[hqmx�^ebgm�\hegu�ih�aZ^Zgghc�ijh]jZff_�k�
ihklhygghc�\j_f_gb�f_g__�fbeebk_dmg^u� 

 
 
 

������:LFHKN?J:�D:D�HILBQ?KD:Y�KJ?>: 
 
Ijb� ijh\_^_gbb� [hevrbgkl\Z� wdki_jbf_glZevguo� bkke_^h\Zgbc� baem�

q_gb_�gZ�imlb�hl�bklhqgbdZ�d�ijb_fgbdm�ijhoh^bl�g_dhlhjuc�imlv�\�\ha^mo_��
Ijb�wlhf�hgh�hkeZ[ey_lky�aZ�kq_l�ih]ehs_gby�jZaebqgufb�]ZaZfb�b�iZjZfb�b�
jZkk_b\Z_lky�gZ�jZaebqguo�fhe_dmeyjguo�qZklbpZo�b�\�Zwjhaheyo��<�eZ[hjZ�
lhjghc�ijZdlbd_��dh]^Z�\ha^mrguc�imlv�emqZ�khklZ\ey_l�g_�[he__�g_kdhevdbo�
f_ljh\��kms_kl\_gguf�y\ey_lky�lhevdh�ih]ehs_gb_�� 

GZ�mjh\g_�ih\_joghklb�A_feb�\�Zlfhkn_j_�kh^_j`blky�djhf_�dbkehjh^Z�
������b�ZahlZ� ������fgh]h�iZjh\�\h^u�b�m]e_dbkeh]h�]ZaZ��<�\_jogbo�kehyo�
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bf_xlky�lZd`_�hdbkv�ZahlZ�1O��hahg�H3��aZdbkv�ZahlZ�12O��Djhf_�lh]h��ijb�
kmlkl\mxl�ZlhfZjguc�Zahl�b�dbkehjh^��f_lZg��ZffbZd��m]Zjguc�]Za��\h^hjh^�b�
g_dhlhju_�^jm]b_�]Zau� 

Ki_dlj�ih]ehs_gby�\ha^moZ�bf__l�[hevrh_�dhebq_kl\h�ihehk��dZ`^Zy�ba�
dhlhjuo�khklhbl�ba�hl^_evguo�ebgbc��NhjfZ�ebgbc�hij_^_ey_lky�l_fi_jZlm�
jhc� ]ZaZ�� _]h� iehlghklvx� b� oZjZdl_jbklbdZfb� ih]ehsZxsbo�fhe_dme��Ijb�

 
 
Jbk��������Ijhgbdgh\_gb_�\�Zlfhkn_jm�kheg_qgh]h�baemq_gby��Djb\Zy�oZjZdl_jbam_l�
\ukhlu�gZ^�ih\_joghklvx�A_feb��gZ�dhlhjuo�kheg_qgh_�baemq_gb_�hdZau\Z_lky�hk�
eZ[e_gguf�\�_�jZa��Lhqdb�b�dj_klbdb�ihdZau\Zxl�fbgbfmfu�b�fZdkbfmfu�djb\hc��
qZklbqgh�bah[jZ`_gghc�ibehh[jZaghc�ebgb_c 
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gZ[ex^_gbb�\�ki_dljZevguc�ijb[hj�g_^hklZlhqgh�\ukhdh]h�jZaj_r_gby�beb�
\�kemqZ_�kbevgh]h�ih]ehs_gby�hl^_evgu_�ebgbb�keb\Zxlky�^jm]�k�^jm]hf�b�
h[jZamxl�ihehku�beb�p_eu_�h[eZklb�ih]ehs_gby� 

G_dhlhjh_�ij_^klZ\e_gb_�h�ih]ehs_gbb�\�Zlfhkn_j_�fh`gh�ihemqblv�ba�
jbk�� ������ oZjZdl_jbamxs_]h� ijhgbdgh\_gb_� \� Zlfhkn_jm� \_jlbdZevgh� iZ�
^Zxs_]h�kheg_qgh]h�baemq_gby��Djb\u_�jZkkqblZgu�gZ�hkgh\Zgbb�kh\j_f_g�
guo�ij_^klZ\e_gbc�h�kljmdlmj_�Zlfhkn_ju�b�ba\_klguo�iZjZf_ljh\�ih]ehs_�
gby�khklZ\eyxsbo�__�]Zah\��DZd�\b^gh�ba�jbkmgdZ��dhjhldh\hegh\h_�baemq_�
gb_�k�^ebghc�\hegu�f_g__�����gf�ih]ehsZ_lky�gZb[he__�kbevgh��Ih]ehs_gb_�
gZklhevdh� \_ebdh�� qlh� ijb[hju�� jZ[hlZxsb_� \� wlhc� h[eZklb�� ^he`gu� [ulv�
\Zdmmfbjh\Zgu��Bf_ggh�ih�wlhc�ijbqbg_�^ZggZy�ki_dljZevgZy�h[eZklv�gZau�
\Z_lky�h[eZklvx�\Zdmmfgh]h�mevljZnbhe_lZ��GZ�jbk�������[��]^_�\u[jZg�[he__�
djmiguc�fZkrlZ[�ih�hkb�Z[kpbkk��\b^gh��qlh�\�h[eZklb�\Zdmmfgh]h�mevljZ�
nbhe_lZ�bf_xlky�mqZkldb�k�f_gvrbf�ih]ehs_gb_f��LZdb_�mqZkldb�gZau\Zxl�
Zlfhkn_jgufb�hdgZfb��<�h^gh�ba�hdhg��gZijbf_j��ihiZ^Z_l�ebgby�\h^hjh^Z�
L. k�^ebghc�\hegu�������gf� 

H^gZdh�\�wlhc�`_�h[eZklb�ki_dljZ�ih]ehsZxl�\h^ygu_�iZju��ijbkmlkl�
\mxsb_�\�\ha^mo_��LZd��gZ�ih\_joghklb�A_feb�ijb�\eZ`ghklb�����baemq_gb_�
L. fh`_l�ijhclb�\�Zlfhkn_j_��-��ff�[_a�kbevgh]h�hkeZ[e_gby��GZ�wlhc�hkh�
[_gghklb�L. hkgh\Zgu�]b]jhf_lju��\�dhlhjuo�^ey�j_]bkljZpbb�L.�bkihevam_l�
ky�ijhkl_crZy�\h^hjh^gZy�eZfiZ�b�nhlhwe_f_gl�k�ijhf_`mldhf�\ha^moZ�f_�
`^m�gbfb� 

<�MN�h[eZklb�ki_dljZ�hl�����^h�����gf�ih]ehs_gb_�h[mkeh\e_gh�\�hk�
gh\ghf�hahghf��<�eZ[hjZlhjguo�mkeh\byo�wlZ�h[eZklv�ih]ehs_gby�g_�bf__l�
agZq_gby�� <� BD� h[eZklb� ki_dljZ� ih]ehs_gb_� hij_^_ey_lky� \jZsZl_evgh-
dhe_[Zl_evguf�ki_dljhf�^bihevguo�fhe_dme��]eZ\guf�h[jZahf�m]e_dbkeh]h�
]ZaZ��iZjh\�\h^u�b�hahgZ��DZd�\b^gh�ba�jbk�������Z�ih]ehs_gb_�a^_kv�g_�klhev�
\_ebdh��dZd�\�mevljZnbhe_l_��Djhf_�lh]h��bf__lky�jy^�hdhg�ijhajZqghklb��\�
dhlhjuo� kheg_qgh_�baemq_gb_� ^hklb]Z_l�ih\_joghklb� A_feb��H^gh�ba� hdhg��
aZgbfZxs__�h[eZklv�hl�����gf�^h���fdf��\dexqZ_l�\�k_[y�\b^bfh_�baemq_gb_��
AZf_lbf�ihimlgh��qlh�fZdkbfmf�qm\kl\bl_evghklb�q_eh\_q_kdh]h�]eZaZ�lZd`_�
gZoh^blky� \� h[eZklb� ���� gf�� ]^_� h^gh\j_f_ggh� h[_ki_qb\Zxlky� g_� lhevdh�
fZdkbfmf�ki_dljZevghc�iehlghklb�baemq_gby�KhegpZ��gh�b�\ukhdZy�ijhajZq�
ghklv�a_fghc�Zlfhkn_ju�  

Kj_^b�^jm]bo�hdhg�ijhajZqghklb�gZb[hevrbc�bgl_j_k�ij_^klZ\ey_l�hd�
gh�\�h[eZklb��-���fdf��H^gh�ba�\hafh`guo�ijbf_g_gbc�wlh]h�mqZkldZ�ki_d�
ljZ�k\yaZgh�k�bkihevah\Zgb_f�eZa_jZ�gZ�m]e_dbkehf�]Za_�k�^ebghc�\hegu�ba�
emq_gby������fdf�� 

KjZ\gbl_evgh�kbevgh_�ih]ehs_gb_�\�h[eZklb�hl����^h������fdf�ijb\h�
^bl�d�agZqbl_evghfm�hkeZ[e_gbx�baemq_gby�^Z`_�\�eZ[hjZlhjguo�mkeh\byo��
Ihwlhfm� ijb[hju�� jZ[hlZxsb_� \� ^ebggh\hegh\hc� bgnjZdjZkghc� h[eZklb�
ki_dljZ��gZihegyxl�dZdbf-eb[h�g_ih]ehsZxsbf�\�^Zgghc�h[eZklb�]Zahf��gZ�
ijbf_j�Zahlhf��beb�\Zdmmfbjmxl��Kljmdlmjm�Zlfhkn_jguo�ihehk�ih]ehs_gby�
qZklh�bkihevamxl�^ey�]jZ^mbjh\db�BD�ki_dljhf_ljh\�ih�^ebgZf�\heg� 
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*               * 
* 

JZkkfhlj_ggufb�ijbf_jZfb�g_�bkq_jiu\Z_lky�jZaghh[jZab_�nbabq_kdbo�
k\hckl\� b� \hafh`ghkl_c� ijbf_g_gby� kh\j_f_gguo� hilbq_kdbo� fZl_jbZeh\��
;hevrh_�agZq_gb_�^ey�jZa\blby�hilbdb�bf__l�kha^Zgb_�gh\uo��_s_�[he__�kh�
\_jr_gguo� hilbq_kdbo� fZl_jbZeh\�� khq_lZxsbo� \� k_[_� \ukhdmx� ijhajZq�
ghklv�� gbqlh`gh� fZeuc� dhwnnbpb_gl� l_jfbq_kdh]h� jZkrbj_gby�� \ukhdmx�
l_iehijh\h^ghklv��f_oZgbq_kdmx�ijhqghklv� 

 
<HIJHKU 
��� DZdbfb� ijbqbgZfb� k^_j`b\Zehkv� hk\h_gb_� hilbq_kdh]h� ^bZiZahgZ�

ki_dljZ" 
���DZdb_�^he`gu�[ulv�ij_^hklhjh`ghklb�ijb�h[jZs_gbb�k�hilbq_kdbfb�

fZl_jbZeZfb�b�^_lZeyfb" 
���DZdh\�dhwnnbpb_gl�hljZ`_gby�]eZ^dhc�ih\_joghklb�^bwe_dljbdZ�ijb�

0�!�0, ijb�0����" 
����GZibrbl_�b�ihykgbl_�aZdhg�;m]_jZ–EZf[_jlZ� 
���GZjbkmcl_�djb\mx�^bki_jkbb�^bwe_dljbdZ�k�^\mfy�j_ahgZgkgufb�qZk�

lhlZfb� 
���GZjbkmcl_�djb\mx�^bki_jkbb�f_lZeeh\� 
���Qlh�lZdh_�ieZaf_ggZy�beb�djblbq_kdZy�qZklhlZ" 
���Ijb\_^bl_�agZq_gby�ieZaf_gghc�^ebgu�\hegu�^ey�Na��:�� 
���Fh`gh�eb�k^_eZlv�ba�f_lZeeZ�ijhajZqgh_�hdgh�beb�a_jdZeh�\�h[eZklb�

�����k? 
����H[tykgbl_�ijhbkoh`^_gb_�ijh\ZeZ�\�djb\hc�R����^ey�k_j_[jZ�\�h[�

eZklb�ki_dljZ�\[ebab�����gf� 
����GZibrbl_� \ujZ`_gb_�� hibku\Zxs__� ih]ehsZl_evgmx� kihkh[ghklv�

l_eZ� 
����Q_f�hij_^_eyxlky�nj_g_e_\kdb_�ihl_jb"�DZd�bo�mf_gvrblv" 
����Fh`gh�eb�k�ihfhsvx�fgh]hkehcguo�ihdjulbc�ihemqblv�R = 1? 
����Fh`gh� eb� k� ihfhsvx�fgh]hkehcguo� ihdjulbc� k^_eZlv� a_jdZeh� k�

\ukhdbf�dhwnnbpb_glhf�hljZ`_gby�\h�\k_c�\b^bfhc�h[eZklb�ki_dljZ" 
����Ijb\_^bl_�ijbf_ju�\u[hjZ�fZl_jbZeh\�^ey�^_lZe_c� �hdgh��ijbafZ��

a_jdZeh��ijb_fgbd��\�dhgdj_lguo�h[eZklyo�ki_dljZ��ih�jbk������� 
����DZdb_�ie_gdb�iha\heyxl�ijhk\_leblv�ih\_joghklv�hilbq_kdhc�^_lZ�

eb" 
17. Ihq_fm�ijhk\_le_ggZy�ih\_joghklv�gZ�hljZ`_gb_�bf__l�nbhe_lh\uc�

p\_l" 
����DZdb_�ie_gdb�iha\heyxl�m\_ebqblv�hljZ`_gb_�ih\_joghklb�hilbq_�

kdhc�^_lZeb" 
���� DZdhc� fZdkbfZevguc� dhwnnbpb_gl� hljZ`_gby� fh`gh� ihemqblv� k�

ihfhsvx�fgh]hkehcguo�ihdjulbc" 
20. Ihykgbl_�gZa\Zgb_��\ZdmmfgZy�h[eZklv�ki_dljZ�� 
21. Fh`gh�eb�gZ�ih\_joghklb�A_feb�gZ[ex^Zlv�\�kheg_qghf�baemq_gbb�

h[eZklv�ki_dljZ����-����gf" 
22. Qlh�lZdh_��Zlfhkn_jgu_�hdgZ�" 
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= e Z \ Z � 2 

BKLHQGBDB�L?IEH<H=H 
BAEMQ?GBY 
 
 
 
������HKGH<GU?�A:DHGU�L?IEH<H=H�BAEMQ?GBY 

 
L_ieh\uf��l_fi_jZlmjguf��baemq_gb_f�gZau\Zxl�we_dljhfZ]gblgh_�ba�

emq_gb_��bkimkdZ_fh_�l_ehf��\_s_kl\h�dhlhjh]h�gZoh^blky�\�khklhygbb�l_j�

fh^bgZfbq_kdh]h�jZ\gh\_kby�b�oZjZdl_jbam_lky�hij_^_e_gghc�l_fi_jZlmjhc��

L_ieh\h_�baemq_gb_�ijbkms_�\kydhfm�l_em��l_fi_jZlmjZ�dhlhjh]h�hlebqgZ�hl�

gmey� 
<�mkeh\byo�l_fi_jZlmjgh]h�jZ\gh\_kby��dh]^Z�gZ]j_lu_�l_eZ�h[f_gb\Z�

xlky�wg_j]b_c�iml_f�baemq_gby�b�ih]ehs_gby�b�m[uev�wg_j]bb�ijb�baemq_�

gbb�\hkihegy_lky�ijbjhklhf�__�aZ�kq_l�ih]ehs_gby��ki_dljZevgZy�yjdhklv�b� 
b�ih]ehsZl_evgZy�kihkh[ghklv�:�k\yaZgu�f_`^m�kh[hc��WlZ�k\yav�\ujZ`Z_lky�

aZdhghf�Dbjo]hnZ��]eZkysbf��qlh�hlghr_gb_�b���:�^ey�ex[h]h�l_eZ�bf__l�ih�

klhyggmx� \_ebqbgm�� jZ\gmx� ki_dljZevghc� yjdhklb� Z[khexlgh� q_jgh]h� l_eZ�
0bν .�<_ebqbgu� bν , 0bν ,�b�:� \� h[s_f� kemqZ_� aZ\bkyl� hl� qZklhlu�baemq_gby�b�

l_fi_jZlmju�baemqZl_ey��ihwlhfm�aZdhg�Dbjo]hnZ�fh`gh�aZibkZlv� 

b�(��L��:���L) = 0bν  (��L).                                     (2.1) 

GZ�hkgh\Zgbb�aZdhgZ�Dbjo]hnZ�\kydh_�l_eh�baemqZ_l�ij_bfms_kl\_ggh�\�

lhc�h[eZklb�ki_dljZ��]^_�ijhbkoh^bl�ih]ehs_gb_��baemq_gb_�l_f�agZqbl_ev�

g__��q_f�[hevr_�ih]ehs_gb_��GZijbf_j��jbkmghd��gZg_k_gguc�q_jghc�djZk�

dhc�gZ�[_ehf�nZjnhj_��\k_]^Z�baemqZ_l�bgl_gkb\g__�[_euo�mqZkldh\��H^gZdh�

ijb�dhfgZlghc�l_fi_jZlmj_��dh]^Z�kh[kl\_ggh_�baemq_gb_�fZeh��\�j_amevlZl_�

kbevgh]h�hljZ`_gby�b�jZkk_ygby�iZ^Zxs_]h�gZ�nZjnhj�k\_lZ�[_eZy�ih\_jo�

ghklv�\u]ey^bl�k\_le__�jbkmgdZ��?keb�lhl�`_�dmkhd�nZjnhjZ�kbevgh�gZ]j_lv��

yjq_�k\_lblky�q_jguc�jbkmghd��>jm]hc�ijbf_j��kl_deyggZy�ljm[dZ�ijb�l_fi_�

jZlmj_�\�g_kdhevdh�khl_g�]jZ^mkh\�yjdh�k\_lblky�k�lhjph\��dhlhju_�ijb�dhf�

gZlghc�l_fi_jZlmj_�dZaZebkv�q_jgufb��Ijb�wlhf�[hdh\u_�ih\_joghklb�ljm[�

db�hklZxlky�_s_�ijhajZqgufb� 
Ki_dljZevgh_� jZkij_^_e_gb_� yjdhklb� baemq_gby� ijb� l_jfh^bgZfbq_�

kdhf�jZ\gh\_kbb�\ujZ`Z_lky�nhjfmehc�IeZgdZ��HklZgh\bfky�gZ�nbabq_kdhf�

kfuke_�nhjfmeu�IeZgdZ�b� __� k\yab� k�ijhp_kkZfb�ih]ehs_gby�b�baemq_gby�

nhlhgh\�\�kj_^_� 
Imklv�ZlhfgZy�kbkl_fZ�k ^\mfy�wg_j]_lbq_kdbfb�mjh\gyfb�gZoh^blky�\�

l_jfh^bgZfbq_kdhf� jZ\gh\_kbb�� L_jfh^bgZfbq_kdh_� jZ\gh\_kb_� y\ey_lky�

^_lZevguf�� \k_� ijyfu_� ijhp_kku� kdhfi_gkbjh\Zgu� h[jZlgufb�� Kh]eZkgh�

Wcgrl_cgm�� \hafh`gu� ljb� lbiZ� hilbq_kdbo� i_j_oh^h\� f_`^m� mjh\gyfb��

KihglZggh_�baemq_gb_�\hagbdZ_l�ijb�kZfhijhba\hevghf�i_j_oh^_�kbkl_fu�ba�

\_jog_]h�wg_j]_lbq_kdh]h�khklhygby�2 \�gb`g__�1��ijbq_f�\_jhylghklv�wlh]h�
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ijhp_kkZ�\�_^bgbpm�\j_f_gb��qbkeh�i_j_oh^h\�\�_^bgbpm�\j_f_gb��jZ\gZ�:21. 
<_ebqbgm :21 gZau\Zxl�dhwnnbpb_glhf�Wcgrl_cgZ�^ey�kihglZggh]h�baem�

q_gby��Ih]ehs_gb_� oZjZdl_jbamxl� dhwnnbpb_glhf�Wcgrl_cgZ�B12��<_jhyl�

ghklv�i_j_oh^Z�k�ih]ehs_gb_f�\�_^bgbpm�\j_f_gb�aZ\bkbl�hl�\_ebqbgu�h[t�

_fghc�ki_dljZevghc�iehlghklb�baemq_gby�b� b�hl�dhwnnbpb_glZ B12�b�jZ\gZ�

<12b�. Ih^� ^_ckl\b_f� \g_rg_]h�ihey� \hafh`_g�ijhlb\hiheh`guc�ih]ehs_�

gbx�i_j_oh^�2:��— \ugm`^_ggh_�baemq_gb_��<_jhylghklv�i_j_oh^Z�k�\ugm�
`^_gguf�baemq_gb_f�\�_^bgbpm�\j_f_gb�jZ\gZ�<21b�, ]^_�<21 —�dhwnnbpb_gl�
Wcgrl_cgZ�^ey�\ugm`^_ggh]h�baemq_gby� 

Imklv�aZk_e_gghklb�mjh\g_c�1 b�2 �dhebq_kl\h�qZklbp�\�_^bgbp_�h[t_fZ��
gZoh^ysboky� \� wg_j]_lbq_kdbo� khklhygbyo� 1 b� 2) jZ\gu�N1 b�N2. GZibr_f�

mjZ\g_gby�[ZeZgkZ��\ujZ`Zxsb_�kdhjhklb�baf_g_gby�aZk_e_gghkl_c�mjh\g_c�

2 b�1 aZ�kq_l�hilbq_kdbo�i_j_oh^h\� 
 

2dN

dt
− = (A21 + B21u�) N2;  1dN

dt
−  = B12 u� N1 .                    (2.2) 

 
<�mkeh\byo�jZ\gh\_kby�wlb�kdhjhklb�^he`gu�[ulv�h^bgZdh\u� 

 
(A21 + B21u�) N2 = B12 u� N1.                                                 (2.3) 

 
Mql_f� khhlghr_gb_� f_`^m� aZk_e_gghklyfb�N1 b�N2 ijb� jZ\gh\_kbb�� \ujZ�
`Z_fh_�nhjfmehc�;hevpfZgZ 
 

2 2

1 1
,hv kTN g

e
N g

−=      (2.4) 

 
]^_�g1�b�g2 —�klZlbklbq_kdb_� �\_kZ�mjh\g_c�� � �h — ihklhyggZy�IeZgdZ��k — 
dhgklZglZ�;hevpfZgZ��Lh]^Z�ba�������ihemqZ_f 

2 21

1 12 2 21
hv kT
g A

u
g B e g B

ν =
−

.    (2.5) 

GZc^_f�khhlghr_gby�f_`^m�dhwnnbpb_glZfb�Wcgrl_cgZ��dhlhju_�ih�

a\heyl�gZf�ba�\ujZ`_gby�������ijbclb�d�nhjfme_�IeZgdZ��Ijb�L�:����\_eb�

qbgm�_
h�/kL ke_^m_l�iheh`blv�jZ\ghc�_^bgbp_��Iehlghklv�jZ\gh\_kgh]h�baem�

q_gby�b� ^he`gZ�klj_fblvky�d�[_kdhg_qghklb��lZd�dZd�mkeh\b_�L�:��� �khhl�

\_lkl\m_l�[_kdhg_qghc�\_ebqbg_�fhsghklb��ih^\h^bfhc�d�gZ]j_\Z_fhfm�l_�

em��<�wlhf�kemqZ_�agZf_gZl_ev�\�������klj_fblky�d�gmex��qlh�^Z_l 

g1 B12 = g2 B21.                                              (2.6) 

Ih^klZ\eyy�������\��������ihemqZ_f 

   ( )
21

21 1
v hv kT

A
u

B e
=

−
.    (2.7) 
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<hkihevam_fky�^Ze__�deZkkbq_kdhc�nhjfmehc�Jwe_y–>`bgkZ 

   
2

3

8
v

v
u kT

c

π= ,        (2.8) 

hibku\Zxs_c�baemq_gb_�q_jgh]h�l_eZ�ijb�mkeh\bb�K� « kT. Ijb�wlhf�mkeh\bb�
_h�/kL § 1 + h�/kL �b�\ujZ`_gb_�������ijbgbfZ_l�\b^ 

 
                                        u� = A21 kL/ B21 K��                                       (2.9) 

 
KjZ\gb\Zy��������k��������gZoh^bf

∗ 
3

21 213

8
.

h
A B

c

π ν=                                       (2.10) 

Bkihevamy�khhlghr_gb_���������ba�\ujZ`_gby�������ihemqZ_f�nhjfmem�IeZgdZ�

^ey�ki_dljZevghc�h[t_fghc�iehlghklb�baemq_gby 

3

3

8 1
.

1h kT

h
u

c eν ν
π ν= =

−
                                 (2.11) 

H[t_fgmx� iehlghklv� jZ\gh\_kgh]h� baemq_gby� \� ij_^_eZo� qZklhlgh]h�

bgl_j\ZeZ�G� gZoh^bf��mfgh`b\�ijZ\mx�b�e_\mx�qZklb��������gZ�G�. Bkihev�
amy��������b������ihemqZ_f�nhjfmem�IeZgdZ�^ey�yjdhklb�q_jgh]h�l_eZ��\�ij_^_�

eZo�G�): 
3

0
2

2 1
,

1h kT

h
b d d

c eν ν
νν = ν

−
                             (2.12) 

beb�\�^ebgZo�\heg��\�ij_^_eZo G�): 

2
0

5

2 1
.

1hc kT

hc
b d d

eλ λλ = λ
λ −

                           (2.13) 

Ijb�[hevrbo��L� �[hevrb_�^ebgu�\heg�b�\ukhdb_�l_fi_jZlmju��wdkih�

g_glm�\�agZf_gZl_e_�nhjfmeu� �������fh`gh�ij_^klZ\blv�\�\b^_� �_
hc/�kL §�����

hc/�kL.   Lh]^Z�nhjfmeZ�IeZgdZ�i_j_oh^bl�\�nhjfmem�Jwe_y->`bgkZ 
 

 ,
2

4
0 λ

λ
λλ d

ckT
db =                                    (2.14) 

dhlhjZy�k�ohjhrbf�ijb[eb`_gb_f�hibku\Z_l�yjdhklv� �q_jgh]h�l_eZ�ijb�j_�

Zevguo�l_fi_jZlmjZo�\�h[eZklb�^ebg�\heg���������fdf�� 
<�kemqZ_�fZeuo��L��ij_g_[j_]Zy�_^bgbp_c�\���������fu�ihemqZ_f�nhjfm�

em��<bgZ� 
2

0
5

2
,hc kThc

b d e d− λ
λ λ = λ

λ
                            (2.15) 

                                                      
∗
��?keb�bkimkdZgb_� �d\Zglh\� �ijhbkoh^bl� �\�kj_^_�k�ihdZaZl_e_f�ij_ehfe_gby���

n����lh�
3 3

21 21
3

8
.

h n
A B

c

π ν
=  
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^Zxsmx�ohjhr__�ijb[eb`_gb_�\�\b^bfhc�b�[eb`g_c�BD�h[eZklyo�ki_dljZ� 
Ba� �������b� ������\b^gh��qlh�i_j_oh^�nhjfmeu�IeZgdZ� �������\�nhjfmem�

<bgZ��������khhl\_lkl\m_l�g_mq_lm�ijhp_kkh\�\ugm`^_ggh]h�baemq_gby��Ke_�

^h\Zl_evgh��\�h[eZklb�ki_dljZ��]^_�kijZ\_^eb\Z�nhjfmeZ�<bgZ��\ugm`^_ggh_�

baemq_gb_�khklZ\ey_l�ij_g_[j_`bfh�fZemx�^hex�l_ieh\h]h�baemq_gby��<�h[�

eZklb� ^ebgguo� \heg� jhev� \ugm`^_ggh]h� baemq_gby� hdZau\Z_lky� agZqbl_ev�

ghc��q_f�gb`_�qZklhlZ��l_f�f_gvr_�dhwnnbpb_gl�kihglZggh]h�baemq_gby�:21 
ih� kjZ\g_gbx� k� dhwnnbpb_glhf� \ugm`^_ggh]h� baemq_gby� <21, ijbq_f�� dZd�
ke_^m_l�ba���������wlh�khhlghr_gb_�ijhihjpbhgZevgh�dm[m�qZklhlu� 

Ij_^klZ\eyxl�bgl_j_k�^\_�aZ\bkbfhklb��\ul_dZxsb_�dZd�ba�l_jfh^bgZ�

fbq_kdbo�jZkkfhlj_gbc��lZd�b�ba�nhjfmeu�IeZgdZ��H^gZ�ba�gbo�hij_^_ey_l�

\_ebqbgm�fZdkbfZevghc�ki_dljZevghc�yjdhklb�q_jgh]h�l_eZ� 

0 5 15 50,414 10
m

c
b T Tλ

−′′
= = ⋅

π
�><l�kj���kf

2
���fdf@�   (2.16) 

<lhjZy��aZdhg�kf_s_gby�<bgZ��k\yau\Z_l�^ebgm�\hegu��m fZdkbfmfZ�ba�

emqZl_evghc�kihkh[ghklb�k�l_fi_jZlmjhc 
 

3000
m

c

T T

′
λ = ≈ ��>fdf@�  (2.17) 

AZdhg� kf_s_gby� <bgZ� iha\hey_l� ih�

l_fi_jZlmj_� baemqZl_ey�� _keb� _]h� ba�

emq_gb_� [ebadh� d� baemq_gbx� q_jgh]h�

l_eZ��gZclb�iheh`_gb_�fZdkbfmfZ�ba�

emq_gby��LZdZy�hp_gdZ�[u\Z_l�ihe_agZ�

\�ijZdlbq_kdhc�jZ[hl_� 
Kh]eZkgh� nhjfmeZf� ������� b�

�������k�ih\ur_gb_f�l_fi_jZlmju�yj�

dhklv�q_jgh]h�l_eZ�[ukljh�\hajZklZ_l��

Z� fZdkbfmf� __� kf_sZ_lky� \� klhjhgm�

dhjhldbo� \heg�� ?keb� mq_klv� lZd`_�

nhjfmem�Jwe_y->`bgkZ� ��������lh�hq_�
\b^gh�� qlh� \� ex[hc� h[eZklb� ki_dljZ�

[he__�\ukhdbf�l_fi_jZlmjZf�khhl\_l�

kl\m_l� [he__� \ukhdZy� yjdhklv� ba-
emq_gby� 

Djb\u_� jZkij_^_e_gby� ki_dl-
jZevghc�yjdhklb�q_jgh]h�l_eZ�ih�^eb�

gZf�\heg�ijb�jZaebqguo�l_fi_jZlmjZo�

ijb\_^_gu�gZ�jbk�������Yjdhklv�[ukljh�

kiZ^Z_l� \� klhjhgm� dhjhldbo� \heg� b�

agZqbl_evgh� f_^e_gg__� —� \� klhjhgm�

^ebgguo�� Yjdhklv� q_jgh]h� l_eZ� ij_-
\urZ_l� ����  b�m

0
� \� h[eZklb� f_`^m�

0,25��m�b�����m��GZijbf_j��_keb�q_jgh_�

 
 
Jbk�� �����Ki_dljZevgZy� wg_j]_lbq_kdZy�

yjdhklv� Z[khexlgh� q_jgh]h� l_eZ� ijb�

jZaebqguo�l_fi_jZlmjZo 



 57 

l_eh�bf__l�l_fi_jZlmjm�L� ������D��lh�yjdhklv�fZdkbfZevgZ�ijb�� = 1 fdf�b�
kiZ^Z_l�^h��������b�m

0 �m`_�ijb��� ����fdf� 
AgZq_gby�wg_j]_lbq_kdhc�yjdhklb�q_jgh]h�l_eZ�^ey�jZaebqguo�^ebg�\heg�

b�l_fi_jZlmj�^Zgu�\�>���-���@�b�\�>�@� 
 
 
§2. 2. BAEMQ?GB?�G?Q?JGUO�L?E 
 
Ih]ehsZl_evgZy�kihkh[ghklv�j_Zevguo�l_e�f_gvr_�_^bgbpu��Kh]eZkgh�

aZdhgm�Dbjo]hnZ��������hgb�baemqZxl�f_gvr_�q_jgh]h�l_eZ�ijb�l_o�`_�^ebgZo�

\heg�b�l_fi_jZlmjZo�
∗
���Baemq_gb_�g_q_jguo�l_e�oZjZdl_jbamxl�hlghkbl_ev�

ghc�yjdhklvx��dhwnnbpb_glhf�q_jghlu�beb�kl_i_gvx�q_jghlu��baemq_gby�

0(��L���jZ\ghc�hlghr_gbx�yjdhkl_c�jZkkfZljb\Z_fh]h�l_eZ�b��b�q_jgh]h�l_eZ�

b�
0�ijb h^ghc�b�lhc�`_�^ebg_�\hegu�b�h^bgZdh\hc�l_fi_jZlmj_� 

0(��L) = b� (��L) / b�
0 (��L).                               (2.18) 

KjZ\gb\Zy� ������� b� �������fh`gh� m[_^blvky�� qlh� hlghkbl_evgZy� yjdhklv�

j_Zevguo� l_e� jZ\gZ� bo� ih]ehsZl_ev�

ghc�kihkh[ghklb� 

( ) ( ), ,T A Tλ = λε .   (2.19) 

L_eh�� ^ey� dhlhjh]h� dhwnnbpb_gl�

q_jghlu�0�f_gvr_�_^bgbpu�b�g_�aZ\b�

kbl�hl�^ebgu�\hegu��gZau\Zxl�k_juf�

l_ehf�� <� h]jZgbq_gghc� ki_dljZevghc�

h[eZklb� g_dhlhju_� l_eZ� fh`gh� kqb�

lZlv� k_jufb��LZd�� baemq_gb_� eZfiu� k�

m]hevghc�gblvx� y\ey_lky� k_juf� \�^h�

\hevgh� rbjhdhf� ^bZiZahg_� \b^bfh]h�

b�BD�ki_dljh\�� 
>ey�\k_o�f_lZeeh\�dhwnnbpb_gl�0 

jZkl_l� \� klhjhgm� dhjhldbo� \heg�� ih�

wlhfm� k\_q_gb_� f_lZeeh\� ih� kjZ\-
g_gbx� k� q_jguf� l_ehf� ijb� lhc� `_�

l_fi_jZlmj_�bf__l�]hem[hc�hll_ghd��<�

dZq_kl\_�ijbf_jZ�gZ�jbk�� ����ijb\_^_�

gu� djb\u_� baemq_gby� q_jgh]h� l_eZ� b�

\hevnjZfZ�ijb�h^bgZdh\hc�l_fi_jZlm�

j_� 
KjZ\gb\Zy� �������k�jZ\_gkl\hf� ��������fh`gh� aZibkZlv�kl_i_gv�q_jghlu�

0(��L) j_Zevgh]h�l_eZ�\�\b^_ 

0(�,L) = [1 – R(�,L)] (1 – _–k(�,L)l).    (2.20) 
                                                      
∗
��AZdhg�Dbjo]hnZ�kljh]h�\uihegy_lky�lhevdh�\�mkeh\byo�l_jfh^bgZfbq_kdh]h�jZ\�

gh\_kby��<�j_Zevguo�mkeh\byo�jZ[hlu�bklhqgbdh\�k\_lZ�jZ\gh\_kb_��kljh]h�]h\hjy��

g_�h[_ki_qb\Z_lky��ihwlhfm�aZdhg�Dbjo]hnZ�^ey�gbo�ghkbl�ijb[eb`_gguc�oZjZdl_j� 

 
 
Jbk�� �����Ki_dljZevgZy� wg_j]_lbq_kdZy�

yjdhklv� q_jgh]h� l_eZ� �1�� b� \hevnjZfZ�
(2); (3) — ih]ehsZl_evgZy�kihkh[ghklv�

�kl_i_gv�q_jghlu��\hevnjZfZ 
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Q_j_a� l�a^_kv�h[hagZq_gZ�]_hf_ljbq_kdZy�lhesbgZ�l_eZ��k(��L)�b�R(��L) —�dh�

wnnbpb_glu�ih]ehs_gby�b�hljZ`_gby��jZkkfZljb\Z\rb_ky�\�]e����b�\�h[s_f�

kemqZ_�aZ\bkysb_�hl�^ebgu�\hegu�b�l_fi_jZlmju� 
<ujZ`_gb_� ������� iha\hey_l� k^_eZlv� jy^� \Z`guo� \u\h^h\�� GZijbf_j��

ijb�agZqbl_evghf�hljZ`_gbb�gZ�]jZgbp_�l_eZ�yjdhklv�_]h�g_\_ebdZ��^Z`_�_keb�

fZl_jbZe� l_eZ� h[_ki_qb\Z_l� ohjhr__� ih]ehs_gb_� �\_ebqbgZ� 0� hdZau\Z_lky�

fZehc���Wlhl�kemqZc�hlghkblky�\�hkgh\ghf�d�fZl_jbZeZf��ih\_joghklv�dhlh�

juo�ohjhrh�hljZ`Z_l��=hem[hc�hll_ghd� k\_q_gby�f_lZeeh\��h�dhlhjhf�mih�

fbgZehkv�\ur_��l�_��jhkl�kl_i_gb�q_jghlu�\�dhjhldh\hegh\hc�h[eZklb�ki_d�

ljZ��k\yaZg�dZd�jZa�k�l_f��qlh�hljZ`Zl_evgZy�kihkh[ghklv�f_lZeebq_kdbo�ih�

\_joghkl_c�mom^rZ_lky�k�mf_gvr_gb_f�^ebgu�\hegu� 
Ih]ehs_gb_�^bwe_dljbdh\�b�ihemijh\h^gbdh\�\_ebdh�ebrv�\�mqZkldZo�

ki_dljZ��hij_^_ey_fuo� \ha[m`^_gb_f�dhe_[Zl_evguo b� we_dljhgguo�i_j_�
oh^h\�\ \_s_kl\_��Ihwlhfm�^bwe_dljbdb�b�ihemijh\h^gbdb�baemqZxl�k_�

e_dlb\gh��Ijb�[hevrhc�hilbq_kdhc�lhesbg_�k(��L)l�ex[h_�l_eh��_keb�hl�

jZ`_gb_�gZ�_]h�]jZgbp_�ij_g_[j_`bfh�fZeh��baemqZ_l�dZd�q_jgh_�l_eh� 
LZdbf�h[jZahf��baemq_gb_�gZ]j_luo�l_e�g_�hij_^_ey_lky�iheghklvx�

bo�l_fi_jZlmjhc��H^gZdh�agZgb_�bklbgghc�l_fi_jZlmju�l_eZ�L�iha\hey�

_l�mklZgh\blv�ij_^_evgmx�\_ebqbgm�baemq_gby��dhlhjmx�gZau\Zxl�ieZg�

dh\kdbf� ij_^_ehf�� beb� ieZgdh\kdbf mjh\g_f� baemq_gby�� L_fi_jZlmjgh_�
baemq_gb_� ex[h]h� l_eZ� ijb� aZ^Zgghc� l_fi_jZlmj_�g_�fh`_l�ij_\hkoh�

^blv�khhl\_lkl\mxs_]h�ieZgdh\kdh]h�ij_^_eZ� 
>ey� ijZdlbq_kdhc� oZjZdl_jbklbdb� baemq_gby� j_Zevguo� gZ]j_luo�

l_e�\\h^yl�g_dhlhju_�nbdlb\gu_�l_fi_jZlmju��dhlhju_�hij_^_eyxl�ba�

emq_gb_�l_eZ�b�fh]ml�[ulv�khihklZ\e_gu�k�_]h�bklbgghc�l_fi_jZlmjhc��

GZb[he__�qZklh�bkihevamxl�ihgylby�yjdhklghc�b�p\_lh\hc� l_fi_jZlmj�

[2 .3 ; 2 .5 ]. 
YjdhklgZy�l_fi_jZlmjZ�Lyjd�l_eZ�jZ\gZ�lZdhc�l_fi_jZlmj_�q_jgh]h�

l_eZ��ijb�dhlhjhc�ki_dljZevgu_�yjdhklb�bo�jZ\gu��Yjdhklgmx�l_fi_jZ�

lmjm�h[uqgh�hij_^_eyxl�ijb��� �������fdf� 
BklbggZy�b�yjdhklgZy�l_fi_jZlmju�l_eZ�k\yaZgu�f_`^m�kh[hc�khhl�

ghr_gb_f��e_]dh�ihemqZ_fuf�ba�nhjfmeu�<bgZ��������� 

( )
yjd

1 1
ln

k

T T ch

λ− = ε λ ,T .    (2 .21)  

Ba�hij_^_e_gby�yjdhklghc�l_fi_jZlmju�b�ba�\ujZ`_gby��������ykgh��

qlh�\k_]^Z�Tyjd <  L��YjdhklgZy�l_fi_jZlmjZ�h^gh]h�b�lh]h�`_�bklhqgbdZ��
baf_j_ggZy�\�jZaebqguo�mqZkldZo�ki_dljZ��g_h^bgZdh\Z�^Z`_�\�kemqZ_�k_�

jh]h� l_eZ��>ey� [hevrbgkl\Z�f_lZeeh\� ijb� l_fi_jZlmjZo� ihjy^dZ� ����-
�����D�\�\b^bfhc�h[eZklb�ki_dljZ�dhwnnbpb_gl�q_jghlu�baemq_gby�0(��L) 
khklZ\ey_l����-����b�yjdhklgZy�l_fi_jZlmjZ�gb`_�bklbgghc�ijbf_jgh�gZ�
5 0 -4 0 0 °. 

Yjdhklgmx�l_fi_jZlmjm�hij_^_eyxl�k�ihfhsvx�ibjhf_ljZ��<�hkgh�

\_�^_ckl\by�ibjhf_ljZ�e_`bl�kjZ\g_gb_�yjdhklb�bkke_^m_fh]h�l_eZ�k�yj�

dhklvx� gblb� gZdZeZ� eZfihqdb�� ijh]jZ^mbjh\Zgghc� ih� q_jghfm� l_em��

KjZ\g_gb_�h[uqgh�\_^_lky�ijb��� ������fdf� 
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P\_lh\Zy�l_fi_jZlmjZ�y\ey_lky�iZjZf_ljhf��ijb[eb`_ggh�hibku�

\Zxsbf�hlghkbl_evgh_�jZkij_^_e_gb_�yjdhklb�baemq_gby�\�\b^bfhc�h[�

eZklb� ki_dljZ� l_e�� g_� kbevgh� hlebqZxsboky� hl� k_juo� �m]hev��f_lZeeu��

hdbkeu�b�^j����?keb�yjdhklv�g_dhlhjh]h�l_eZ�ijb�^ebgZo�\heg��1 b��2�kh�

klZ\ey_l�khhl\_lkl\_ggh�
1

bλ �b 
2

bλ ��lh�_]h�p\_lh\Zy�l_fi_jZlmjZ�Lp\�jZ\gZ�

lZdhc�l_fi_jZlmj_�q_jgh]h�l_eZ��ijb�dhlhjhc�\uihegy_lky�khhlghr_gb_ 

( )1 2 1 2

0 0
p\/ /b b T b bλ λ λ λ=   .                                     (2.22) 

>ebgu�\heg��1�b��2�h[uqgh�\u[bjZxl�\�djZkghc�b�kbg_c�h[eZklyo�ki_d�

ljZ���1  ������fdf���2� ������fdf��\ujZ`_gb_ �������gZau\Zxl��djZkgh-kbgbf�
hlghr_gb_f���Ijb� \uiheg_gbb� ������� hlghkbl_evgu_� jZkij_^_e_gby� yj�

dhkl_c�h[hbo�l_e�\�\b^bfhc�h[eZklb�ki_dljZ�fZeh�jZaebqZxlky��Z�p\_lZ�

l_e�ijZdlbq_kdb�kh\iZ^Zxl� 
AgZy�p\_lh\mx�l_fi_jZlmjm�l_eZ��fh`gh�gZclb�_]h�bklbggmx�l_f�

i_jZlmjm� 

ln /
1 2

ch 1 1
p\

1 2

1 1

k
T T

ε ε 
 λ λ 

 
−  λ λ 

− =          (2 .23) 

>ey� f_lZeeh\� Lp\ >  L� \ke_^kl\b_� g_dhlhjh]h� jhklZ� dhwnnbpb_glZ�
q_jghlu�0�\�dhjhldh\hegh\hc�h[eZklb�\b^bfh]h�ki_dljZ��>ey�k_juo�l_e�

Lp\ =  L��<� kemqZ_� k_e_dlb\guo� l_e� ihgylb_� p\_lh\hc� l_fi_jZlmju� bk�
ihevah\Zlv�g_�ke_^m_l� 

P\_lh\mx� l_fi_jZlmjm� baf_jyxl� eb[h� ih� djZkgh-kbg_fm� hlghr_�

gbx�k�ihfhsvx�hilbq_kdh]h�ibjhf_ljZ��eb[h�ih�p\_lm�baemq_gby� k�ih�

fhsvx�nhlhf_ljbq_kdhc�kdZfvb� 
 
 

������LBIU�BKLHQGBDH<�L?IEH<H=H�BAEMQ?GBY 
 
Bklhqgbdb� l_ieh\h]h� baemq_gby� jZaebqghc�fhsghklb� gZoh^yl�rb�

jhdh_�ijbf_g_gb_�\�jZaghh[jZaguo�h[eZklyo�gZmdb��l_ogbdb�b�gZjh^gh�

]h� ohayckl\Z�� Lbibqgufb� ijbf_jZfb� fh]ml� kem`blv� eZfiu� gZdZeb\Z�

gby��we_dljbq_kdb_�jZ^bZpbhggu_�gZ]j_\Zl_eb�b�ij��Baemq_gb_�fgh]bo�

l_ieh\uo�bklhqgbdh\�khkj_^hlhq_gh�\�hkgh\ghf�\�BD�h[eZklb�ki_dljZ��

\�k\yab�k�q_f�qZklh�bkihevamxl�\ujZ`_gb_��l_ieh\u_�emqb�� 
<� wdki_jbf_glZevghc� hilbd_� ij_^klZ\eyxl� bgl_j_k� kjZ\gbl_evgh�

fZehfhsgu_� bklhqgbdb� l_ieh\h]h� baemq_gby� k� g_[hevrhc� ih\_jogh�

klvx��Hq_\b^gh��qlh�\�ex[hc�h[eZklb�ki_dljZ�gZb[hevr_c�yjdhklvx�h[�

eZ^Z_l�baemqZl_ev��gZ]j_luc�^h�gZb[he__�\ukhdhc�l_fi_jZlmju�b�[he__�

\k_]h�ijb[eb`Zxsbcky�d�ieZgdh\kdhfm�mjh\gx�baemq_gby��>Z`_�\�bg�

njZdjZkghc� h[eZklb� ki_dljZ� \u]h^gu�bklhqgbdb�baemq_gby� k�gZb[he__�

\ukhdhc� l_fi_jZlmjhc�� ohly� ih\ur_gb_� l_fi_jZlmju� khijh\h`^Z_lky�

ihy\e_gb_f� agZqbl_evgh]h� dhjhldh\hegh\h]h� baemq_gby�� <u[jZgguc�

bklhqgbd��dZd�ijZ\beh��^he`_g�jZ[hlZlv�\�^hklZlhqgh�rbjhdhc�h[eZklb�
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ki_dljZ�� QZklh� hdZau\Z_lky�� qlh� baemqZl_ev� ^he`_g� jZ[hlZlv� \� hdjm�

`Zxs_c� Zlfhkn_j_� [_a� \klmie_gby� \� obfbq_kdb_� j_Zdpbb� beb� gZoh�

^blvky�\�\Zdmmf_� 
JZkkfhljbf� lbibqgu_� bklhqgbdb� baemq_gby�� \� dhlhjuo� baemqZl_�

e_f� kem`bl�gZdZe_ggh_� l_eh��Bklhqgbdb� l_ieh\h]h�baemq_gby��\�dhlh�

juo�baemqZl_e_f�y\ey_lky�gZ]j_luc�^h�\ukhdhc�l_fi_jZlmju� ]Za��hib�

kZgu�\�]e���� 
���Bklhqgbd��[ebadbc�d�q_jghfm�l_em��fh`gh�kha^Zlv��hkms_kl�

\b\�ihqlb�aZfdgmlmx�ihehklv��gZ]j_lmx�^h�g_dhlhjhc�l_fi_jZlmju�L. 
Ijb�dhgkljmbjh\Zgbb�q_jgh]h�l_eZ�^ey�\ukhdbo�l_fi_jZlmj�\hagb�

dZxl�ljm^ghklb��k\yaZggu_�k�ihl_jyfb�l_ieZ�aZ�kq_l�l_iehhl\h^Z��Z�lZd`_�

k� l_f��qlh�^ey�gZ]j_\Zgby�ihehklb� agZqbl_evguo�jZaf_jh\�gm`_g�[hev�

rhc� lhd� \� we_dljbq_kdhc�p_ib��GZ�jbk�� ����ihdZaZgh�mkljhckl\h�gbadh�

l_fi_jZlmjgh]h� bklhqgbdZ�� k� ohjhrbf� ijb[eb`_gb_f� ^Zxs_]h� q_jgh_�

baemq_gb_�^h�l_fi_jZlmj�ihjy^dZ�����D��KlZevghc�debg�k�m]ehf�jZkl\hjZ�

����gZ]j_\Z_lky�\�i_qb� k�ohjhr_c� l_iehbaheypb_c��Ijb�gZ]j_\Zgbb�ih�

\_joghklv�klZeb�hdbkey_lky�b�q_jg__l��Kl_i_gv�q_jghlu�baemq_gby�hdbk-
e_gghc� klZeb�\�rbjhdhc�h[eZklb� ki_dljZ�jZ\gZ� 0�  ������AZ� kq_l�fgh]h�

djZlguo�hljZ`_gbc�baemq_gby�\gmljb�dhgmkZ�dhwnnbpb_gl�q_jghlu�bk�

lhqgbdZ�^hoh^bl�^h�0�§������ 
���EZfiu�gZdZeb\Zgby�qZklh�bkihevamxl�\�dZq_kl\_�bklhqgbdh\�k�

ba\_klguf�jZkij_^_e_gb_f�wg_j]bb�ih�ki_dljm��L_ehf�gZdZeZ�\�wlZehg�

guo� eZfiZo� y\ey_lky� lhgdZy� e_glZ� ba� qbklh]h� \hevnjZfZ�rbjbghc� �-2  
ff��>ey�gZ]j_\Z�e_glu�^h�\ukhdhc�l_fi_jZlmju��h[_ki_qb\Zxs_c�p\_lh�

   
 
Jbk�� ����� Gbadhl_fi_jZlmjguc� bk�

lhqgbd� baemq_gby�� bfblbjmxsbc�

q_jgh_�l_eh��1 — �klZevgZy�^_lZev�k�

\uk\_je_gguf�dhgmkhf��2 — �l_ieh�

bahebjmxsbc� dhjimk�� 3 — � \uoh^�

gh_�hl\_jklb_ 

 
Jbk�� ����� AZ\bkbfhklv� dhwnnbpb_glZ�

q_jghlu� baemq_gby� \hevnjZfZ� hl� ^eb�

gu� \hegu� ^ey� jZaebqguo� l_fi_jZlmj�

[2 .6 ] 
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\mx� l_fi_jZlmjm� baemq_gby� 2800-����� D�� g_h[oh^bf� agZqbl_evguc� lhd�
(10 -���:��\�aZ\bkbfhklb�hl�k_q_gby�e_glu���DZ`^Zy�e_glhqgZy�eZfiZ�bf_�
_l�bg^b\b^mZevgmx�aZ\bkbfhklv�p\_lh\hc�beb�yjdhklghc�l_fi_jZlmju�hl�

lhdZ� gZdZeZ��Dhwnnbpb_glu� q_jghlu� baemq_gby� qbklh]h� \hevnjZfZ� oh�

jhrh�ba\_klgu��jbk�������>������-���@���ihwlhfm�ih�yjdhklghc�beb�p\_lh\hc�
l_fi_jZlmj_�e_glhqghc�eZfiu�g_keh`gh�gZclb�ki_dljZevgmx�yjdhklv�ba�

emq_gby�^ey�ex[hc�^ebgu�\hegu�\h�\k_c�h[eZklb�jZ[hlu�eZfiu��<�h[uq�

guo�eZfiZo�gZdZeb\Zgby�bkihevamxl�\hevnjZf�k�ijbf_kyfb�Zexfbgby�b�

dj_fgby��Hgb� memqrZxl� l_ogheh]bq_kdb_� k\hckl\Z� gblb�� gh� baf_gyxl�

\b^� djb\hc� 0�  f(��� ih� kjZ\g_gbx� k� qbkluf� \hevnjZfhf�� H^bgZdh\uc�

p\_l� k\_q_gby�fh`gh� ihemqblv� ijb� jZaebqghc�nhjf_� djb\hc�� ihwlhfm�

p\_lh\Zy� l_fi_jZlmjZ� g_� hij_^_ey_l� ki_dljZevgh]h� jZkij_^_e_gby� yj�

dhklb��h[uqguo��eZfi� 
<_ebqbgZ�0�eZfi�gZdZeb\Zgby�kh�kibjZevghc�gblvx�ij_\urZ_l�agZ�

q_gby�0�\hevnjZfh\hc�ih\_joghklb��Wlh�k\yaZgh�k�l_f��qlh�agZqbl_evgZy�

^hey� baemq_gby� bkimkdZ_lky� \gmlj_gg_c� ih\_joghklvx� kibjZeb�� ih�

k\hckl\Zf�ijb[eb`Zxs_cky�d�ihehklb� 
H[eZklv�jZ[hlu�eZfi� kh� kl_deygguf�[Zeehghf�h]jZgbq_gZ�^ebgZ�

fb�\heg�hl�����gf�^h���fdf��?keb�[Zeehg�eZfiu�bf__l�m\bhe_\h_�hdgh��

dhjhldh\hegh\Zy� ]jZgbpZ� k^\b]Z_lky� ^h� ���-���� gf� \� aZ\bkbfhklb� hl�
khjlZ�kl_deZ� 

Kjhd�kem`[u�b�fZdkbfZevgZy�l_fi_jZlmjZ�gblb�eZfi�gZdZeb\Zgby�

h]jZgbq_gu� ijhp_kkZfb� jZkiue_gby� \hevnjZfZ�� \� j_amevlZl_� dhlhjuo�

gblv�klZgh\blky�lhgvr_�b�i_j_]hjZ_l��<�]Zeh]_gguo�eZfiZo�jZkiue_gb_�

gblb�ijhbkoh^bl�\�f_gvr_c�kl_i_gb��Wlb�eZfiu�bf_xl�d\Zjp_\mx�dhe�

[m��gZiheg_ggmx�Zj]hghf�^h�^Z\e_gby�ihjy^dZ�����ff�jl�kl��k�^h[Z\dhc�

1 -��f]�ch^Z��Ijb�jZ[hl_�eZfiu�\hagbdZ_l�ch^guc�pbde��BkiZjyxsbcky�

kh�kibjZeb�\hevnjZf�\klmiZ_l�\�j_Zdpbx�k�ch^hf��h[jZamy�e_lmq__�\_�

s_kl\h�— �ch^b^�\hevnjZfZ��Fhe_dmeu�_]h��ihiZ^Zy�gZ�gZdZe_ggmx�ih�

\_joghklv� gblb�� ^bkkhpbbjmxl�� b� gZ� g_c� hkZ`^Z_lky� f_lZeebq_kdbc�

\hevnjZf��;eZ]h^Zjy�wlhfm�ijhp_kkm�\hkklZgh\e_gby�gblb�kjhd�kem`[u�

ch^guo�eZfi�agZqbl_evgh�[hevr_��q_f�h[uqguo�eZfi�gZdZeb\Zgby��>ey�

ih^^_j`Zgby� ]Zeh]_ggh]h� pbdeZ� gm`gZ� l_fi_jZlmjZ� dhe[u� ���-����K��
ihwlhfm� dhe[m� ^_eZxl�fZe_gvdhc��P\_lh\Zy� l_fi_jZlmjZ�ch^guo� eZfi�

fh`_l�^hklb]Zlv������D�ijb�kjhd_�kem`[u�ihjy^dZ�khlgb�qZkh\� 
��� =eh[Zj� �kbeblh\uc� baemqZl_ev�� ij_^klZ\ey_l� kh[hc� kl_j`_gv�

k_jh]h� p\_lZ�� kij_kkh\Zgguc� ba� lm]hieZ\dh]h� fZl_jbZeZ� — � dZj[b^Z�

dj_fgby� S iC� �l_fi_jZlmjZ� ieZ\e_gby� �����K��� KjZ\gbl_evgh� ohjhrZy�

ijh\h^bfhklv� dZj[b^Z� dj_fgby� iha\hey_l� gZ]j_\Zlv� ]eh[Zj� we_dljbq_�

kdbf�lhdhf� 
DZj[b^� dj_fgby� ijb� gbadbo� l_fi_jZlmjZo� bf__l� hljbpZl_evguc�

l_fi_jZlmjguc� dhwnnbpb_gl� we_dljbq_kdh]h� khijhlb\e_gby�� dZd� m�

[hevrbgkl\Z� ihemijh\h^gbdh\�� Z� ijb� \ukhdbo� l_fi_jZlmjZo� — � iheh�

`bl_evguc��dZd�m�f_lZeeh\��Ihwlhfm�k�jhklhf�l_fi_jZlmju�khijhlb\e_�

gb_� ]eh[ZjZ�iZ^Z_l�� ^hklb]Z_l�fbgbfmfZ�ijb� ���-�����D�� Z� aZl_f� \ha�
jZklZ_l� 
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JZkdZe_gguc�dZj[b^�dj_fgby�ijb�^ebl_evghf�^_ckl\bb�dbkehjh^Z�

\ha^moZ�b�iZjh\�\h^u�hdbkey_lky�k�h[jZah\Zgb_f�hdbkb��dj_fgby��\u^_�

eyxs_cky�gZ�_]h�ih\_joghklb�\�\b^_�[_eh]h�gZe_lZ��b�m]e_dbkeh]h�]ZaZ��

Hdbke_gb_� S iK� khijh\h`^Z_lky� ih\ur_gb_f� we_dljbq_kdh]h� khijhlb\�

e_gby��gZ�dhglZdlZo�\hagbdZ_l�bkdj_gb_��Wlb�ijhp_kku�klZj_gby�h]jZgb�

qb\Zxl� ^himklbfmx� jZ[hqmx� l_fi_jZlmjm� ]eh[ZjZ�� dhlhjZy� h[uqgh�g_�

ij_\urZ_l� ����� D�� <ukrZy� jZ[hqZy� l_fi_jZlmjZ� ]eh[ZjZ� khklZ\ey_l�

�����D�ijb�agZqbl_evghf�khdjZs_gbb�kjhdZ�kem`[u��=eh[Zj�k�gZg_k_g�

guf� gZ� \g_rgxx� ih\_joghklv� aZsblguf� keh_f� ^\mhdbkb� lhjby� LhH2 
fh`_l�jZ[hlZlv�ijb�l_fi_jZlmjZo�[he__������D� 

FZdkbfmf�baemqZl_evghc�kihkh[ghklb�]eh[ZjZ�ijb������D�gZoh^bl�

ky�\�h[eZklb���§���fdf��Kl_i_gv�q_jghlu�baemq_gby�]eh[ZjZ�\_ebdZ��0 =  
0 ,8 -�����<\b^m�h^ghagZqgh]h�obfbq_kdh]h�khklZ\Z�]eh[ZjZ�djb\Zy�yjdh�
klb� _]h�baemq_gby� ohjhrh� \hkijhba\h^blky�b�fh`_l� kem`blv� klZg^Zj�

lhf� 

Baemq_gb_� ]eh[ZjZ� bf__l� ihqlb� h^bgZdh\mx� kl_i_gv� q_jghlu�

�jbk� �����\�rbjhdhc�h[eZklb�ki_dljZ�\� agZqbl_evghc�f_j_� aZ�kq_l�lh]h��

qlh�ih\_joghklv� ]eh[ZjZ�hq_gv� ]jm[Z�b��ke_^h\Zl_evgh��fZeh�hljZ`Z_l��

<�h[eZklb�j_ahgZgkghc�qZklhlu�ih]ehs_gby�j_r_ldb�SiK��e_`Zs_c�hdh�

eh� ��� fdf�� yjdhklv� baemq_gby� g_kdhevdh� ihgb`_gZ��Ijbqbghc� y\ey_lky�

[hevrhc� dhwnnbpb_gl� hljZ`_gby� djbklZeeh\� S iK� \� h[eZklb� j_ahgZgkZ��
<ke_^kl\b_�wlh]h�^Z`_�]jm[Zy�ih\_joghklv�ohjhrh�hljZ`Z_l�b��ke_^h\Z�

l_evgh�� om`_� baemqZ_l� �kf�� ��������� Dhwnnbpb_gl� q_jghlu� baemq_gby�

]eh[ZjZ�kjZ\gbl_evgh�\_ebd�b�\�^Ze_dhc�BD�h[eZklb��\�hkgh\ghf�ba-aZ�
we_dljhijh\h^ghklb� dZj[b^Z� dj_fgby�� ijb^Zxs_c� _fm� \� wlhc� h[eZklb�

ki_dljZ�k\hckl\Z��[ebadb_�d�k\hckl\Zf�f_lZeeh\� 
���Rlbnl�G_jgklZ�ij_^klZ\ey_l�kh[hc�ojmidbc�[_eh\Zlh-`_eluc�

kl_j`_gv�^ebghc���-���ff�b�^bZf_ljhf��-��ff��ba]hlh\ey_fuc�ba�lm]h�
ieZ\dbo�hdbkeh\�f_lZeeh\�Z rH2, Y 2H3��LhH2  �l_fi_jZlmju�ieZ\e_gby�kh�

 

Jbk�������AZ\bkbfhklv�dhwnnbpb_glZ�q_jghlu�baemq_gby�]eh[ZjZ�hl�^eb�

gu�\hegu� >���@�����L =  1375  K ; 2 ) T  =  1358  K ; 3 ) Ty = ������D����=  0 ,665  
fdf� 
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hl\_lkl\_ggh� ������ ����� b� �����K��� LbibqgZy� kf_kv�� ijbf_gy_fZy� ^ey�

ba]hlh\e_gby� rlbnlh\� G_jgklZ�� kh^_j`bl� ���� hdbkb� pbjdhgby�� ����

hdbkb� lhjby�� ��� hdbkb� dZevpby�� ��� hdbkb�fZ]gby�b� ke_^u� [hjghc� db�

kehlu��I_j_qbke_ggu_�\_s_kl\Z�kf_rb\Zxl�k�]ebp_jbghf�\�h^ghjh^gmx�

fZkkm�b�ki_dZxl�\�nhjf_�kl_j`gy�k�mlhes_gbyfb�gZ�dhgpZo��\�dhlhju_�

aZi_dZxl�dhgpu�ieZlbgh\uo�we_dljh^h\�� 
<�oheh^ghf�khklhygbb�rlbnl�G_jgklZ�y\ey_lky�ohjhrbf�baheylh�

jhf�b�ihqlb�g_�ijh\h^bl�lhdZ��>ey�lh]h�qlh[u�hg�klZe�ijh\h^ysbf��_]h�

gm`gh�ih^h]j_lv�^h�l_fi_jZlmju� �����D��>Zevg_cr__�gZ]j_\Zgb_�ijh�

bkoh^bl�aZ�kq_l�\u^_e_gby�l_ieZ�ijb�ijhoh`^_gbb�we_dljbq_kdh]h�lhdZ� 
FZdkbfmf�baemq_gby�rlbnlZ�ijb�jZ[hq_c�l_fi_jZlmj_������D��gZ�

oh^blky� \� h[eZklb� � §� ���� fdf��<�
h[eZklb� ki_dljZ� hl� �� ^h� �� fdf�

rlbnl� baemqZ_l� k_e_dlb\gh� �jbk��

������<�\b^bfhc�h[eZklb�b�ijb�� >  
��fdf�rlbnl�fh`gh�kqblZlv�k_juf�

baemqZl_e_f�� Ki_dljZevgZy� oZjZd�

l_jbklbdZ� baemq_gby�rlbnlZ� aZ\b�

kbl� hl� khklZ\Z� b� kihkh[Z� ijb]hlh\�

e_gby� fZkku�� hl� l_fi_jZlmju� b� mk�

eh\bc�_]h�jZ[hlu��Ihwlhfm�djb\mx�0�

(����ijb\_^_ggmx�gZ�jbk�������ke_^m_l�

kqblZlv� hjb_glbjh\hqghc�� <hafh`�

gh�ih\ur_gb_�l_fi_jZlmju�rlbn�

lZ� ^h� ����� D� k� khhl\_lkl\mxsbf�

mf_gvr_gb_f� kjhdZ� kem`[u�� Ijb�

m\_ebq_gbb� l_fi_jZlmju� k_e_d�

lb\ghklv� rlbnlZ� \� dhjhldh\hegh-
\hc�h[eZklb�ki_dljZ�klZgh\blky�keZ[__� 

;eZ]h^Zjy�\ukhdhc�l_fi_jZlmj_�rlbnl�G_jgklZ�y\ey_lky�ohjhrbf�

baemqZl_e_f� \� [eb`g_c� BD� h[eZklb� ki_dljZ�� h^gZdh� ijb� �� !� ��� fdf�

emqr__�baemq_gb_�^Z_l�]eh[Zj�\ke_^kl\b_�[hevr_c�\_ebqbgu�0� 
��� IeZlbgh-d_jZfbq_kdbc� baemqZl_ev� k� dhk\_gguf� ih^h]j_\hf�

>���@�ij_^klZ\ey_l�kh[hc�fZe_gvdmx�d_jZfbq_kdmx�ljm[hqdm��^bZf_lj���

ff��^ebgZ����ff���\gmljb�dhlhjhc�gZoh^blky�kibjZevguc�gZ]j_\Zl_ev�ba�

ieZlbgu��IeZlbgZ� bf__l� \ukhdmx� l_fi_jZlmjm� ieZ\e_gby� ������ D�� b�

klhcdZ�ijhlb\�hdbke_gby��Ihwlhfm�hgZ�gZb[he__�ih^oh^bl�^ey�jZ[hlu�

gZ�\ha^mo_�\�dZq_kl\_�gZ]j_\Zl_ey��D�dhgpZf�gZ]j_\Zl_ey�ijbiZygu�lh�

dhih^\h^ysb_� k_j_[jygu_� dhglZdlu��Ihlj_[ey_fZy� baemqZl_e_f� fhs�

ghklv� khklZ\ey_l� \k_]h� ���<l�� ihwlhfm� g_� lj_[m_lky� ijbgm^bl_evgh]h�

hoeZ`^_gby��BaemqZl_ev�jZ[hlZ_l�ijb�l_fi_jZlmj_�a������D� 
<� h[eZklb� �-��� fdf� yjdhklv� ieZlbgh-d_jZfbq_kdh]h� baemqZl_ey�

khklZ\ey_l����-����hl�yjdhklb�]eh[ZjZ��Ijb�������fdf�gZ[ex^Z_lky�kiZ^�

yjdhklb�� dZd� m�rlbnlZ� G_jgklZ�� ^h� ���-���� hl� yjdhklb� ]eh[ZjZ�� Wlhl�
kiZ^�ijb�jZ[hl_�\�^ebggh\hegh\hc�h[eZklb�ki_dljZ�h[e_]qZ_l�hlnbevl�

jh\u\Zgb_�iZjZablgh]h�dhjhldh\hegh\h]h�baemq_gby� 

 
 
Jbk�� ����� AZ\bkbfhklv� dhwnnbpb_glZ�

q_jghlu� baemq_gby� rlbnlZ� G_jgklZ�

hl�^ebgu�\hegu�ijb�L =  1 7 0 0  K  [2 .8 ] 
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���DjZl_j�m]hevghc�^m]b��L_fi_jZlmjZ�Zgh^gh]h�djZl_jZ�^m]b�ijb�

lhd_�� g_kdhevdh� f_gvr_f� agZq_gby�� ijb� dhlhjhf� gZqbgZ_lky� rbi_gb_�

^m]b��bf__l�\iheg_�h^ghagZqgmx�\_ebqbgm��[ebadmx�d� l_fi_jZlmj_�\ha�

]hgdb�m]e_jh^Z�ijb�Zlfhkn_jghf�^Z\e_gbb��hdheh������D���>ey�m^h[kl\Z�

gZ[ex^_gby�k\_q_gby�Zgh^Z�we_dljh^u�^m]b�jZkiheZ]Zxl�ih^�ijyfuf�m]�

ehf�^jm]�d�^jm]m��<�h[eZklb�^ebg�\heg�hl�����gf�^h�����fdf�baemq_gb_�

Zgh^gh]h�djZl_jZ�^m]b�fh`_l�kem`blv�klZg^Zjlhf�ki_dljZevgh]h�jZkij_�

^_e_gby�yjdhklb�k�lhqghklvx�ihjy^dZ��-���>����@��Ijb�^ebgZo�\heg�f_�

g__� ���� gf� m`_� g_evay� ij_g_[j_]Zlv� baemq_gb_f� ieZafu�� gZoh^ys_cky�

i_j_^� Zgh^hf��Gb`_� ���� gf� baemq_gb_� ieZafu� klZgh\blky� ^hfbgbjmx-
sbf��Wlh�hlghkblky�lZd`_�d�mqZkldZf�ki_dljZ�\�h[eZklb�hl�����^h�����gf�

b�hl�����^h�����gf��]^_�jZkiheh`_gu�ihehku�bkimkdZgby�fhe_dme�KN �b�K2. 
Kj_^b� bklhqgbdh\�� \� dhlhjuo� baemqZl_e_f� kem`bl� gZdZe_ggh_� l\_j^h_�

l_eh��Zgh^guc�djZl_j�m]hevghc�^m]b�h[eZ^Z_l�gZb\ukr_c�l_fi_jZlmjhc� 
 

*                * 
* 

Bklhqgbdb�l_ieh\h]h�baemq_gby�gZoh^yl�rbjhdh_�ijbf_g_gb_�\�hi�

lbd_�[eZ]h^Zjy�ijhklhl_�wdkiemZlZpbb�b�kihkh[ghklb�^Z\Zlv�baemq_gb_�k�

g_ij_ju\guf�ki_dljhf��P_gguf�dZq_kl\hf�y\ey_lky�\hkijhba\h^bfhklv�

ki_dljZevgh]h�jZkij_^_e_gby�bo�baemq_gby��qlh�iha\hey_l�bkihevah\Zlv�

ki_dlj�g_dhlhjuo�bklhqgbdh\�dZd�wlZehgguc� 
Ij_^_evgu_�l_fi_jZlmju�jZ[hlu�l_ieh\uo�bklhqgbdh\�h]jZgbq_gu�

ieZ\e_gb_f�l_eZ�gZdZeZ�b�ihwlhfm�g_�ij_\urZxl�����-�����D��Wlh�h]jZ�
gbqb\Z_l�ijbf_g_gb_�bo�[eb`g_c�MN��\b^bfhc�b�g_�hq_gv�^Ze_dhc�BD-
h[eZklyfb�ki_dljZ��L_ieh\u_�bklhqgbdb�baemq_gby��\�dhlhjuo�baemqZx�

sbf�\_s_kl\hf�y\ey_lky�ieZafZ��^himkdZxl�[he__�\ukhdb_�l_fi_jZlmju�

�]e����� 
 
<HIJHKU 

���GZjbkmcl_�djb\u_�IeZgdZ�^ey�jZaguo�l_fi_jZlmj� 
���GZibrbl_�nhjfmem� aZdhgZ� kf_s_gby�<bgZ��<� q_f� __� \Z`ghklv�

^ey�ijZdlbdb" 
���Qlh�lZdh_�kl_i_gv�q_jghlu�l_eZ"�DZd�hgZ�aZ\bkbl�hl�dhwnnbpb_g�

lZ�hljZ`_gby�l_eZ" 
���Qlh�lZdh_�ieZgdh\kdbc�ij_^_e" 
���YjdhklgZy�l_fi_jZlmjZ�\ur_�beb�gb`_�bklbgghc" 
���P\_lh\Zy�l_fi_jZlmjZ�\ur_�beb�gb`_�bklbgghc" 
���>ey� dZdbo� bklhqgbdh\� k\_lZ� b� \� dZdhc� h[eZklb� ki_dljZ fh`gh�

ihevah\Zlvky�ihgylb_f�p\_lh\hc�l_fi_jZlmju" 
���DZdbf�iml_f�fh`gh�ihemqblv�dZd�fh`gh�[hevrmx�yjdhklv�baem�

q_gby�l_ieh\h]h�bklhqgbdZ�k\_lZ�ijb��� ����fdf" 
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= e Z \ Z � 3 

=:AHJ:AJY>GU?�BKLHQGBDB�BAEMQ?GBY 
 
 
 
������<B>U�J:AJY>H<�<�=:A:O 
B�BO�HKGH<GU?�HKH;?GGHKLB 
 
We_dljbq_kdb_� jZajy^u� \� ]ZaZo� hldju\Zxl� [hevrb_� \hafh`ghklb� ^ey�

kha^Zgby�bklhqgbdh\�baemq_gby�k�\_kvfZ�jZaebqgufb�oZjZdl_jbklbdZfb��IZ�

jZf_lju�baemqZxs_c�kj_^u�—�ieZafu�—�fh]ml�rbjhdh�\Zjvbjh\Zlvky�iml_f�

baf_g_gby�we_dljbq_kdh]h�j_`bfZ�jZajy^Z��^Z\e_gby�b�jh^Z�]ZaZ� 
K\hckl\Z� ]Zah\h]h� jZajy^Z� m^h[gh� ijhke_^blv�� jZkkfZljb\Zy� h[h[s_g�

gmx� \hevl-Zfi_jgmx� oZjZdl_jbklbdm� ijhkl_cr_c� ^\mowe_dljh^ghc� ljm[db��

bah[jZ`_ggmx�gZ�jbk�� �����WlZ�oZjZdl_jbklbdZ��dZd�ijZ\beh��g_�fh`_l�[ulv�

p_ebdhf� ihemq_gZ� k� ]ZahjZajy^ghc� ljm[dhc� dZdhc-eb[h� h^ghc� dhgkljmdpbb�
\ke_^kl\b_�jZaguo�lj_[h\Zgbc��ij_^ty\ey_fuo�d�dZlh^m��ljm[d_�b�we_dljbq_�

kdhc�p_ib�ijb�jZaebqguo�\b^Zo�jZajy^h\��H^gZdh� lbibqgu_�mqZkldb�\hevl-
Zfi_jghc�oZjZdl_jbklbdb�^Zxl�ij_^klZ\e_gb_�h�jZ[hl_�]ZahjZajy^guo�bklhq�

gbdh\�baemq_gby� 

GZ�gZqZevghf�mqZkld_�:<�gZ�jbk������Z�lhd�i�ijb�oheh^ghf�dZlh^_�hq_gv�
fZe�b�ijbf_jgh�ijhihjpbhgZe_g�gZijy`_gbx�Uj gZ�ljm[d_��JZajy^�\�ljm[d_�
ijhbkoh^bl� lhevdh� ih^� ^_ckl\b_f� \g_rg_]h� bhgbaZlhjZ� �k\_lZ�� j_gl]_gh\�

kdbo�beb�dhkfbq_kdbo�emq_c���Ijb�[he__�\ukhdhf�gZijy`_gbb�oZjZdl_jbklb�

dZ�jZajy^Z�bf__l�mqZklhd�gZkus_gby�lhdZ�;<��h[mkeh\e_gguc� �\uly]b\Zgb�

 
Jbk�������H[h[s_ggZy�\hevlZfi_jgZy�oZjZdl_jbklbdZ�b�ko_fZ�\dexq_gby�]ZahjZajy^�

ghc�ljm[db� �Z��b�hij_^_e_gb_�jZ[hq_c�lhqdb�]hj_gby�jZajy^Z� �[���H[eZklb�jZajy^Z��

I—�lbobc��II  —�le_xsbc��III  —�^m]h\hc 
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_f��\k_o�we_dljhgh\��h[jZamxsboky�\�h[t_f_�ljm[db�beb�gZ�dZlh^_�ih^�^_c�

kl\b_f�\g_rg_]h�bhgbaZlhjZ��>Zevg_cr__�ih\ur_gb_�gZijy`_gby�gZ�ljm[d_�

ijb\h^bl�d�bhgbaZpbb�Zlhfh\�b�fhe_dme�]ZaZ�^\b`msbfbky�we_dljhgZfb�b�d�

eZ\bghh[jZaghfm� jhklm� qbkeZ� we_dljhgh\� \� h[t_f_�� Z� lZd`_� d� \u[b\Zgbx�

we_dljhgh\� ba� dZlh^Z� iheh`bl_evgufb� bhgZfb� ]ZaZ��<� wlhc� h[eZklb� \hevl-
Zfi_jghc�oZjZdl_jbklbdb��\�gZqZevghc�qZklb�mqZkldZ�<=) jZ[hlZxl��\�qZklgh�
klb�� ]ZahgZiheg_ggu_�nhlhwe_f_glu��G_kZfhklhyl_evguc�jZajy^��khhl\_lkl�

\mxsbc�mqZkldm�A=�gZ jbk������Z��gZau\Zxl�lbobf��l_fguf��beb�lZmgk_g^h\�
kdbf�jZajy^hf��K\_q_gb_�jZajy^Z�gZ�wlhf�mqZkld_�ijZdlbq_kdb�hlkmlkl\m_l� 

?keb�ihiulZlvky�ih\ukblv�gZijy`_gb_�aZ�lhqdhc�=��lhd�jZajy^Z�agZqb�

l_evgh�\hajZklZ_l��iZ^_gb_�gZijy`_gby�gZ�jZajy^ghf�ijhf_`mld_�g_kdhevdh�

kgb`Z_lky�aZ�kq_l�m\_ebq_gby�iZ^_gby�gZijy`_gby�gZ�[ZeeZklghf�j_abklhj_�

R[��b�jZajy^�kdZqdhf�i_j_oh^bl�\�h[eZklv�kZfhklhyl_evgh]h�le_xs_]h�jZajy�

^Z�>?��fbgmy�i_j_oh^gmx�h[eZklv�=>��GZijy`_gb_�U0 = U03, ijb�dhlhjhf�wlh�
ijhbkoh^bl��gZau\Zxl�gZijy`_gb_f�aZ`b]Zgby�le_xs_]h�jZajy^Z� 

GZijy`_gb_�iblZgby�U0� \� klZpbhgZjghf�j_`bf_�jZ\gh� kmff_�iZ^_gbc�

gZijy`_gby�gZ�jZajy^ghc�ljm[d_�Up b�gZ�[ZeeZklghf�j_abklhj_�iR[, dZd�ihdZ�
aZgh�]jZnbq_kdb�gZ�jbk������[��]^_�\�hlebqb_�hl�jbk������Z�fZkrlZ[�ih�hkyf�eb�

g_cguc��IZ^_gb_�gZijy`_gby�gZ�[ZeeZklghf�j_abklhj_� iR[�ijb�gZijy`_gbb�

iblZgby�U0 gZ�wlhf�]jZnbd_�\ujZ`Z_lky�jZkklhygb_f�f_`^m�]hjbahglZevghc�

ijyfhc�1 b�gZdehgghc�2, i_j_k_dZxsbfbky�ijb�i� ���\�khhl\_lkl\mxs_c�lhq�

d_�U0��DZd�\b^gh�gZ�jbk������[��\�lhqd_�Z�ijb�kemqZcghf�\hajZklZgbb�lhdZ�g_�

h[oh^bfZy�kmffZ�iZ^_gby�gZijy`_gby� iR[ + Up klZgh\blky�[hevr_�gZijy`_�

gby�iblZgby��b�lhd�mf_gvrZ_lky��\ha\jZsZykv�d�bkoh^ghc�lhqd_�Z��Ijb�kem�

qZcghf� mf_gvr_gbb� lhdZ� kmffZ� gZijy`_gbc� iR[ + Up hdZau\Z_lky�f_gvr_�

gZijy`_gby�iblZgby��b�lhd�m\_ebqb\Z_lky��lZd`_�\ha\jZsZykv�d�lhqd_�Z� 
JZajy^guc�lhd�\�mkeh\byo�le_xs_]h�jZajy^Z�g_�aZ\bkbl�hl�\g_rg_]h�bh�

gbaZlhjZ�b�hij_^_ey_lky�iblZxsbf�gZijy`_gb_f��jh^hf�b�^Z\e_gb_f�]ZaZ�b�

]_hf_ljb_c�jZajy^ghc�ljm[db��Z�lZd`_�\_ebqbghc�R[��OZjZdl_jguf�y\ey_lky�

jZkij_^_e_gb_�ihl_gpbZeZ�\^hev�jZajy^ghc�ljm[db��iZ^_gb_�gZijy`_gby�kh�

kj_^hlhq_gh� \� hkgh\ghf� \[ebab� dZlh^Z� �jbk�� ����Z���LbibqgZy� \_ebqbgZ� dZ�

lh^gh]h� iZ^_gby� khklZ\ey_l� ���-���� <�� Ih^� ^_ckl\b_f� wlh]h� gZijy`_gby�
ijhbkoh^bl�mkdhj_gb_�iheh`bl_evguo�bhgh\��\u[b\Zxsbo�we_dljhgu�ba�dZ�

lh^Z� 
<�ijbdZlh^ghc�h[eZklb�we_dljhgu�mkdhjyxlky�ihe_f�^h�wg_j]bb��^hklZ�

lhqghc�^ey�bhgbaZpbb�b�\ha[m`^_gby�Zlhfh\�\�ahg_�hljbpZl_evgh]h�k\_q_gby�

1 �jbk������Z���GZ�ijhly`_gbb�hljbpZl_evgh]h�k\_q_gby�we_dljhgu�iheghklvx�
l_jyxl�k\hx�gZijZ\e_ggmx�kdhjhklv� 

<�iheh`bl_evghf�klhe[_���gZijy`_gghklv�ihey�fZeZ��b�^\b`_gb_�we_d�

ljhgh\�ghkbl�\�hkgh\ghf�oZhlbq_kdbc�oZjZdl_j�k�ihkl_i_gguf�i_j_f_s_gb�

_f�bo�d�Zgh^m��Iheh`bl_evguc�klhe[�g_�y\ey_lky�h[yaZl_evghc�ahghc�le_x�

s_]h�jZajy^Z�b�\�dhjhldbo�ljm[dZo�fh`_l�hlkmlkl\h\Zlv��<�^ebgguo�ljm[dZo�

iheh`bl_evguc� klhe[� aZihegy_l� hklZ\rmxky� ihke_� ijbdZlh^ghc� h[eZklb�

qZklv�h[t_fZ�ljm[db��KmffZjgZy�ijhly`_gghklv�ijbdZlh^ghc�h[eZklb�kjZ\-
gbfZ�k�^ebghc�k\h[h^gh]h�ijh[_]Z�we_dljhgh\�\�]Za_��dhlhjZy�\�h[uqguo�fh�

e_dmeyjguo� ]ZaZo�ijb�^Z\e_gbb� ��ff�jl�kl��b� l_fi_jZlmj_� ��K�gZoh^blky� \�
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ij_^_eZo� ���-����� ff�� K� baf_g_gb_f� ^Z\e_gby� \ ljm[d_� ^ebgZ� k\h[h^gh]h�
ijh[_]Z� b�� ke_^h\Zl_evgh�� ijhly`_gghklv� ijbdZlh^ghc� h[eZklb� baf_gyxlky�

h[jZlgh�ijhihjpbhgZevgh�iehlghklb�]ZaZ� 
<�h[eZklb�ghjfZevgh]h�le_xs_]h�jZajy^Z�gZ�mqZkld_�>?�(jbk������Z��gZ�

ijy`_gb_�gZ�ljm[d_�khojZgy_lky�ihqlb�ihklhygguf�ijb�[hevrhf�baf_g_gbb�

lhdZ��<�wlhc�h[eZklb�h[_ki_qb\Zxlky�ihklhyggZy�iehlghklv�lhdZ�k�dZlh^Z�b�

g_baf_ggZy�yjdhklv�hljbpZl_evgh]h�k\_q_gby��qZklv�ih\_joghklb�dZlh^Z�ijb�

wlhf�_s_�g_�ihdjulZ�k\_q_gb_f��Mf_gvrZy�khijhlb\e_gb_�\g_rg_c�p_ib�beb�

ih\urZy� gZijy`_gb_� iblZgby�� fh`gh� ih\ukblv� lhd�� IhdjulZy� k\_q_gb_f�

qZklv�ih\_joghklb�dZlh^Z�\�wlhf�kemqZ_�m\_ebqblky��gh�iehlghklv�lhdZ�k�dZ�

lh^Z�b�gZijy`_gb_�gZ�ljm[d_�hklZgmlky�g_baf_ggufb��GZ�wlhf�y\e_gbb�hkgh�

\ZgZ�jZ[hlZ�]ZahjZajy^guo�klZ[bebaZlhjh\�gZijy`_gby��klZ[bebljhgh\�� 
Ihke_�lh]h�dZd�\ky�ih\_joghklv�dZlh^Z�\dexqblky�\�jZ[hlm��^Zevg_cr__�

ih\ur_gb_�lhdZ�\hafh`gh�ijb�jhkl_�gZijy`_gby�gZ�jZajy^ghf�ijhf_`mld_��

Wlh�h[eZklv�ZghfZevgh]h�le_xs_]h�jZajy^Z��mqZklhd�?@�gZ jbk������Z���Jhkl�
lhdZ�h[_ki_qb\Z_lky�mkbe_gghc�bhgghc�[hf[Zj^bjh\dhc�dZlh^Z��\uau\Zxs_c�

_]h�gZ]j_\Zgb_��Dh]^Z�jZah]j_\� klZg_l� agZqbl_evguf�� \hagbdZ_l� l_jfhwfbk�

kby�k�dZlh^Z��b�jZajy^�kdZqdhf�i_j_oh^bl�\�h[eZklv�^m]h\h]h�jZajy^Z��mqZklhd�

AB� gZ� jbk�� ����Z� b� lhqdZ� [� gZ� jbk�� ����[��� DZlh^gh_� iZ^_gb_� ihl_gpbZeZ�

mf_gvrZ_lky� ^h� \_ebqbgu� ��-��� <�� FZeh_� dZlh^gh_� iZ^_gb_� ihl_gpbZeZ��

kjZ\gbfh_�k�ihl_gpbZehf�bhgbaZpbb�jZ[hq_]h�]ZaZ��y\ey_lky�hlebqbl_evguf�

ijbagZdhf�^m]h\h]h�jZajy^Z��JZajy^� k�jZah]j_\Zxsbfky�dZlh^hf� �k�kZfhdZ�

eysbfky�dZlh^hf��gZau\Zxl�kZfhklhyl_evguf�^m]h\uf�jZajy^hf�\�hlebqb_�

hl� g_kZfhklhyl_evgh]h�� dh]^Z� dZlh^� ^he`_g� ih^h]j_\Zlvky� hl� \g_rg_]h� bk�

lhqgbdZ�gZdZeZ��<[ebab�dZlh^Z�\�^m]h\hf�jZajy^_�jZkiheh`_g� l_fguc�kehc�

 
Jbk�������JZkij_^_e_gb_�yjdhklb�k\_q_gby��ihl_gpbZeZ�b�gZijy`_gghklb�we_dljbq_�

kdh]h�ihey�\�le_xs_f��Z��b�^m]h\hf��[��jZajy^Zo��1 —�hljbpZl_evgh_�k\_q_gb_��2 — 
iheh`bl_evguc�klhe[ 
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dZlh^gh]h� ijhkljZgkl\Z�� \� dhlhjhf� khkj_^hlhq_gh� dZlh^gh_� iZ^_gb_� ihl_g�

pbZeZ��<� iheh`bl_evghf� klhe[_� b� \[ebab� Zgh^Z� iZ^_gb_� ihl_gpbZeZ� fZeh��

KmffZjgh_�gZijy`_gb_�gZ�ljm[d_�lZd`_�fZeh��_keb�klhe[�ieZafu�g_\_ebd�ih�

^ebg_��H^gZdh�\�^ebgguo�b�lhgdbo�jZajy^guo�ljm[dZo��ijbf_gy_fuo��gZijb�

f_j��^ey�fgh]bo�eZa_jh\��aZ�kq_l�[hevrhc�^ebgu�iheh`bl_evgh]h�klhe[Z�gZ�

ijy`_gb_�gZ�ljm[d_�ijZdlbq_kdb�h^bgZdh\h�ijb�oheh^ghf�b�gZ]j_lhf�dZlh^Zo�

b�fh`_l�^hoh^blv�^h�g_kdhevdbo�dbeh\hevl� 
?keb� lhd�� hl[bjZ_fuc� k� dZlh^Z�� ij_\urZ_l� _]h� wfbkkbhggmx� kihkh[�

ghklv�� mklZgZ\eb\Z_lky� [he__� \ukhdh_� dZlh^gh_� iZ^_gb_�� g_h[oh^bfh_� ^ey�

^hihegbl_evgh]h�\u[b\Zgby�we_dljhgh\�ba�dZlh^Z�iheh`bl_evgufb�bhgZfb��

Ih\_joghklv�dZlh^Z�gZqbgZ_l�jZkiueylvky��dZlh^�ihkl_i_ggh�jZajmrZ_lky��Z�

kl_gdb�ljm[db�\[ebab�dZlh^Z�ihdju\Zxlky�l_fguf�gZe_lhf� 
Ijb�^Zevg_cr_f�jhkl_�U0 ^m]h\hc�jZajy^�i_j_oh^bl� \�h[eZklv� \hajZk�

lZxs_c�\_l\b�\hevl-Zfi_jghc�oZjZdl_jbklbdb��<�wlhc�h[eZklb�jZajy^�]hjbl�
mklhcqb\h�b�[_a�[ZeeZklgh]h�j_abklhjZ�R[: ba�jbk������[�e_]dh�\b^_lv��qlh�^ey�
ex[hc�lhqdb�gZ�\hkoh^ys_c�\_l\b��gZijbf_j��lhqdb�\��ijb�gZijy`_gbb�iblZ�

gby�U03�b�R[�  � �� kemqZcgh_�\hajZklZgb_� �beb�mf_gvr_gb_�� lhdZ�ijb\h^bl�d�

lhfm��qlh�g_h[oh^bfZy�\_ebqbgZ�Uj�hdZau\Z_lky�[hevr_��beb�f_gvr_��U03��b�

jZajy^�\ha\jZsZ_lky�\�bkoh^gmx�lhqdm� 
GZijy`_gb_� aZ`b]Zgby� le_x�

s_]h�jZajy^Z�Ua�aZ\bkbl�hl�jh^Z�]Z�

aZ�� ^Z\e_gby�� nhjfu� we_dljh^h\� b�

jZkklhygby�f_`^m�gbfb��fZl_jbZeZ�

b�k\hckl\�dZlh^Z��Z�lZd`_�jy^Z�^jm�

]bo�nZdlhjh\��Hgh�k\yaZgh�k�^Z\e_�

gb_f�]ZaZ�j�b�f_`we_dljh^guf�jZk�

klhygb_f� d djb\ufb� IZr_gZ��

bf_xsbfb� fbgbfmf� ijb� g_dhlh�

jhf� agZq_gbb pd �jbk�� ������ E_\__�
fbgbfmfZ� �ijb� fZehf� ^Z\e_gbb��

^ebgZ�kj_^g_]h�k\h[h^gh]h�ijh[_]Z�

we_dljhgh\� \_ebdZ�� ihwlhfm� fZeh�

dhebq_kl\h� khm^Zj_gbc�� ijb\h^y�

sbo� d� bhgbaZpbb�� b� ^ey� ijh[hy�

gm`gh� [hevr__� gZijy`_gb_�� IjZ�

\hc�qZklb�djb\hc� �[hevrbf�^Z\e_�

gbyf�� khhl\_lkl\mxl� fZeZy� ^ebgZ�

k\h[h^gh]h� ijh[_]Z� b� fZeZy� wg_j]by�� ijbh[j_lZ_fZy� we_dljhgZfb� aZ� \j_fy�

k\h[h^gh]h�ijh[_]Z��Wlh�lZd`_�ih\urZ_l�gZijy`_gb_�aZ`b]Zgby� 
<� [hevrbgkl\_� ]ZahjZajy^guo�bklhqgbdh\� k\_lZ� ^Z\e_gb_� ]ZaZ�ijb� hl�

kmlkl\bb� jZajy^Z� khklZ\ey_l� g_kdhevdh� ff� jl�kl�� <� khhl\_lkl\bb� k� djb\hc�

IZr_gZ�gZijy`_gb_�aZ`b]Zgby�jZajy^Z�ihklhyggh]h�lhdZ�ijb�lZdhf�^Z\e_gbb�

fbgbfZevgh��_keb�jZkklhygb_�f_`^m�we_dljh^Zfb�khklZ\ey_l�a��kf��We_dljh�

^u� \� bklhqgbdZo� k\_lZ� h[uqgh� jZkiheh`_gu� gZ� agZqbl_evgh� [hevr_f� jZk�

klhygbb�^jm]�hl�^jm]Z��ihwlhfm�ijboh^blky�ijbgbfZlv�ki_pbZevgu_�f_ju�^ey�

h[e_]q_gby�aZ`b]Zgby��Bkihevamxl�jZagu_�kihkh[u�����ijbf_g_gb_�\kihfh�

 
 
Jbk�� ����� GZijy`_gb_� aZ`b]Zgby� jZajy^Z�

gZ� ihklhygghf� lhd_� f_`^m� iehkdbfb�

we_dljh^Zfb�\� aZ\bkbfhklb�hl�ijhba\_^_�

gby�pd 
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]Zl_evgh]h� we_dljh^Z� \[ebab� we_dljh^Z� k� ijhlb\hiheh`ghc� iheyjghklvx��

keZ[hlhqguc�jZajy^��kha^Z\Z_fuc�gZ�\kihfh]Zl_evguc�we_dljh^��h[_ki_qb\Z�

_l�gZqZevgmx�bhgbaZpbx�hkgh\gh]h�jZajy^gh]h�ijhf_`mldZ�� ���Zdlb\bjh\Z�

gb_�ih\_joghklb�dZlh^Z��kgb`Zxs__�jZ[hlm�\uoh^Z�we_dljhgh\�����ij_^\Zjb�

l_evguc� gZdZe� dZlh^Z�� h[_ki_qb\Zxsbc� l_jfhwfbkkbx�� ��� bfimevkgh_� ih�

\ur_gb_�gZijy`_gby�gZ�we_dljh^Zo�����kha^Zgb_�gZqZevghc�bhgbaZpbb�hl�\u�

khdhqZklhlgh]h� ljZgknhjfZlhjZ�L_keZ�b�^j��<�ijhp_kk_� jZ[hlu� ]ZahjZajy^-
gh]h�bklhqgbdZ�k\_lZ�aZ�kq_l�jZah]j_\Z�^Z\e_gb_�\gmljb�dhe[u�ih\urZ_lky��b�

_keb�jZajy^�ih]Zkg_l��\�]hjyq_c�dhe[_�ljm^gh�aZ`_qv�_]h�ih\lhjgh� 
 
 
§3.����FHSGHKLV�BAEMQ?GBY�=:AH<H=H�J:AJY>: 
 
<�]ZahjZajy^guo�bklhqgbdZo�k\_lZ�baemqZl_e_f�y\ey_lky�ieZafZ�—�bh�

gbabjh\Zgguc� d\Zabg_cljZevguc� ]Za�� IeZafZ� \hagbdZ_l� b� ih^^_j`b\Z_lky�

ijb� ]hj_gbb�jZajy^Z� \�h[t_f_��h]jZgbq_gghf� kl_gdZfb��beb�ijhklh� \� Zlfh�

kn_j_��K�fZdjhkdhibq_kdhc�lhqdb�aj_gby�ieZafZ�\�[hevr_c�beb�f_gvr_c�kl_�

i_gb�g_h^ghjh^gZ�ih�h[t_fm� 
OZjZdl_j� baemq_gby� ieZafu� k\yaZg� k� kms_kl\h\Zgb_f� [hevrh]h� qbkeZ�

we_f_glZjguo� ijhp_kkh\�� hij_^_eyxsbo� aZk_e_gghklb� wg_j]_lbq_kdbo� kh�

klhygbc� fhe_dme�� Zlhfh\� b� bhgh\�� Baemq_gb_�� \hagbdZxs__� \� _^bgbqghf�

h[t_f_�ieZafu��\�dZdhc-lh�f_j_�ih]ehsZ_lky�\�wlhf�`_�h[t_f_�beb�\�khk_^�

gbo�ahgZo�ieZafu��<ke_^kl\b_�fgh]hh[jZaby�ijhp_kkh\��ijhl_dZxsbo�\�ijh�

kljZgkl\_ggh-g_h^ghjh^ghc�ieZaf_��ZgZeblbq_kdh_�hibkZgb_�j_Zevghc�ieZa�
fu�\�h[s_f�kemqZ_�g_\hafh`gh��Ihwlhfm�h[uqgh�jZkkfZljb\Zxl�mijhs_g�

gu_� fh^_eb� ieZafu�� h]h\Zjb\Zy�� gZkdhevdh� j_ZevgZy� ieZafZ� fh`_l� [ulv�

[ebadZ�d�ijbgylhc�fh^_eb� 
 

����Baemq_gb_�ijb�l_jfh^bgZfbq_kdhf�jZ\gh\_kbb 
 

Bahebjh\ZggZy�h^ghjh^gZy�ieZafZ��khklhysZy�ba�b^_Zevgh]h�h^ghZlhf�

gh]h�]ZaZ�b�gZoh^ysZyky�ijb�l_fi_jZlmj_�L��fh`_l�[ulv�hibkZgZ�ke_^mxsb�

fb�khhlghr_gbyfb� 
>Z\e_gb_�j�\�ieZaf_�hij_^_ey_lky�mjZ\g_gb_f�khklhygby�� 

s
s

p N kT= ∑ ,      (3.1) 

]^_� s
s

N∑ , —�kmffZ�dhgp_gljZpbc� �qbkeZ�qZklbp�\�_^bgbpe�h[t_fZ��Zlhfh\�

Na��bhgh\�Ni�b�we_dljhgh\�Ne . 
JZkij_^_e_gb_�qZklbp�ex[h]h�khjlZ�s�ih�kdhjhklyf�v \ujZ`Z_lky nmgd�

pb_c�FZdk\_eeZ��

2
3 2

/(2 )2( ) 4 ,
2

ss M kT
s s

M
N N e d

kT
− = π  π 

vv v v    (3.2) 

]^_�Fs —�fZkkZ�qZklbpu�� ( )sN v  — qbkeh�qZklbp��h[eZ^Zxsbo�kdhjhklyfb�\�

ij_^_eZo�hl�v �^h d+v v, Ns  — dhgp_gljZpby�qZklbp� 
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( )
0

s sN N d
∞

= ∫ v v.     (3.3) 

Qbkeh�qZklbp�khjlZ�s��gZoh^ysboky�\�\ha[m`^_gghf�khklhygbb� i, hij_�
^_ey_lky�nhjfmehc�;hevpfZgZ 

 0
0

ii E kT
i

g
N N e

g
−= ,      (3.4) 

]^_�N0�b�g0 — aZk_e_gghklv�b�klZlbklbq_kdbc�\_k�hkgh\gh]h�khklhygby�qZklbp�
^Zggh]h�khjlZ��gi — klZlbklbq_kdbc�\_k�\ha[m`^_ggh]h�khklhygby��?i — wg_j�
]by�\ha[m`^_ggh]h�khklhygby��hlkqblu\Z_fZy�hl�hkgh\gh]h�mjh\gy� 

Dhgp_gljZpbb�Zlhfh\��bhgh\�b�we_dljhgh\�ijb�h^ghdjZlghc�bhgbaZpbb�

k\yaZgu�f_`^m�kh[hc�nhjfmehc�KZoZ 

( ) bhg

3 2 3 2 bhg
3

Zl

( )2(2 )e bhg E kT

a

N N u Lm
kT _

N h u
−π= ,  (3.5) 

]^_�m —�fZkkZ�we_dljhgZ��?bhg — wg_j]by�bhgbaZpbb��bbhg�L��b�uZl�L��— kmffu�
ih�khklhygbyf�bhgh\�b�Zlhfh\� 

( ) iE kT
i

i

u T g e−= ∑ .     (3.6) 

Ki_dljZevgZy�yjdhklv�baemq_gby�b�
0
���L��hij_^_ey_lky�nhjfmehc�IeZgdZ�

(2. 12). 
<�ieZaf_��hibku\Z_fhc�khhlghr_gbyfb������-������b���������\uihegyxlky�

mkeh\by�^_lZevgh]h�jZ\gh\_kby��khklhysb_�\�lhf��qlh�hilbq_kdb_�b�m^Zjgu_�

ijhp_kku�\ha[m`^_gby�b�^_\ha[m`^_gby�dZ`^h]h�mjh\gy�\�_^bgbp_�h[t_fZ��

ijhbkoh^ysb_�\�_^bgbpm�\j_f_gb��mjZ\gh\_r_gu��Baemq_gb_��\hagbdZxs__�\�

_^bgbp_�h[t_fZ�lZdhc�ieZafu��iheghklvx�\�g_f�`_�b�ih]ehsZ_lky��^ey�^Zg�

gh]h�baemq_gby�ieZafZ�y\ey_lky�hilbq_kdb�iehlghc��H^gZdh�baemq_gb_�i_jb�

n_jbq_kdbo�ahg�\uoh^bl�ba�jZajy^Z�b�fu�_]h�\b^bf��<�wlhf�-�hlklmie_gb_�hl�
jZ\gh\_kby��l_f�g_�f_g__�ki_dlj�baemq_gby�lZdbo�bklhqgbdh\�[ebahd�d�baem�

q_gbx�q_jgh]h�l_eZ� 
 
����Baemq_gb_�\�mkeh\byo�ehdZevgh]h�l_jfh^bgZfbq_kdh]h 
jZ\gh\_kby 
 
QZklh� \klj_qZ_lky� khklhygb_� ehdZevgh]h�l_jfh^bgZfbq_kdh]h� jZ\gh\_�

kby� �ELJ��� LZd� gZau\Zxl� khklhygb_� ieZafu�� ijb� dhlhjhf� jZ\gh\_kgu� \k_�

nmgdpbb�jZkij_^_e_gby��djhf_�h^ghc��dZkZxs_cky�baemq_gby��Wlh�hagZqZ_l��

qlh��dZd�b�\�kemqZ_�ihegh]h�l_jfh^bgZfbq_kdh]h�jZ\gh\_kby��ijbf_gbfu�kh�

hlghr_gby������-������k�_^bguf�iZjZf_ljhf�L��H^gZdh�jZ\gh\_kb_�hilbq_kdbo�
ijhp_kkh\�hlkmlkl\m_l��b�nhjfmeZ�IeZgdZ�g_ijb]h^gZ� 

L_jfbg� �ehdZevgh_�jZ\gh\_kb_��\hagbd�ihlhfm��qlh�^ey�hibkZgby�wlhc�

fh^_evx�j_Zevghc�g_h^ghjh^ghc�ieZafu�ijbrehkv�\\_klb�ihgylb_� �ehdZev�

ghc�h^ghjh^ghklb��ieZafu��KqblZxl��qlh�ieZafm�fh`gh�jZa[blv�gZ�we_f_g�

lZjgu_�h^ghjh^gu_�h[t_fu� ¨V��Qlh[u�fh`gh�[ueh� ]h\hjblv�h�klZlbklbq_�
kdhf� mkj_^g_gbb� iZjZf_ljh\�� \gmljb� wlbo� h[t_fh\� dZ`^Zy� qZklbpZ� ^he`gZ�
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bkiulu\Zlv�fgh]h� khm^Zj_gbc��?keb� q_j_a� lwnn� h[hagZqblv� kj_^gbc� k\h[h^�
guc� ijh[_]� qZklbpu� f_`^m� ^\mfy� klhedgh\_gbyfb�� Z� q_j_a� w —� jZk-
kfZljb\Z_fuc�iZjZf_lj�khklhygby�ieZafu��mkeh\b_�ehdZevghc�h^ghjh^ghklb�

aZibr_lky�\�\b^_ 

wnngrad l w w� .     (3.7) 

JZkkfhljbf��dZd�b�\�]e�����kbkl_fm�k�^\mfy�wg_j]_lbq_kdbfb�mjh\gyfb���

b� ���k\yaZggufb�f_`^m�kh[hc�hilbq_kdbfb�b�klhedgh\bl_evgufb�i_j_oh^Z�

fb��<�mkeh\byo�ELJ�ieZafu�^_lZevgh_�jZ\gh\_kb_�\�hlghr_gbb�hilbq_kdbo�

i_j_oh^h\�gZjmr_gh��ihwlhfm�p_e_khh[jZagh�jZkkfZljb\Zlv�baemq_gb_�b�ih�

]ehs_gb_�\�hl^_evghklb� 
?keb� ij_g_[j_qv�ih]ehs_gb_f��fhsghklv� kihglZggh]h�baemq_gby� _^b�

gbqgh]h�h[t_fZ�ieZafu�J�\�ij_^_eZo�ki_dljZevghc�ebgbb�hij_^_ey_lky�\_eb�

qbghc�d\ZglZ�K�21��\_jhylghklvx�kihglZggh]h�i_j_oh^Z�:21 b� aZk_e_gghklvx�
N2 \_jog_]h�khklhygby� 

  21 21 2 3 3

wj] <l
,

k kf kf
P h A N

 
= ν  ⋅ 

.    (3.8) 

JZa^_eb\�wlm�\_ebqbgm�gZ�����\�kemqZ_�bahljhigh]h�baemq_gby�ihemqZ_f�fhs�

ghklv�baemq_gby�_^bgbqgh]h�h[t_fZ�ieZafu�\�_^bgbpm�l_e_kgh]h�m]eZ� 

� 21
21 2 3 3

wj] <l
,

4 kj F kf kj kf

A
P hv N

 
=  π ⋅ ⋅ ⋅ 

.    (3.9) 

<_ebqbgm� �J , hlg_k_ggmx�d�_^bgbqghfm�ki_dljZevghfm�bgl_j\Zem��l�_��ki_d�
ljZevgmx�iehlghklv�fhsghklb� _^bgbpu�h[t_fZ� �J ���gZau\Zxl� dhwnnbpb_g�

lhf�kihglZggh]h�baemq_gby�b�qZklh�h[hagZqZxl�q_j_a�0�. 
IeZafZ��\�dhlhjhc�baemq_gb_�^Zgghc�^ebgu�\hegu�ijZdlbq_kdb�g_�ih�

]ehsZ_lky��^ey�wlh]h�baemq_gby�y\ey_lky�hilbq_kdb�lhgdhc��>ey�gZoh`^_gby�

yjdhklb�<ik�hilbq_kdb�lhgdhc�ieZafu�ijb�i_j_oh^_�i :�k�g_h[oh^bfh�kmffb�
jh\Zlv�ihlhd�baemq_gby�\�gZijZ\e_gbb�gZ[ex^_gby�\�ij_^_eZo�\k_c�lhesbgu�

ieZafu�hl�l� ���^h�l = lh: 
0

0
4 4

l
ik ik

ik ik i ik
A A

B hv N dl hv= =
π π∫

0

0

l

iN dl∫ .   (3.10) 

<�ELJ�ieZaf_�bf__lky�jZ\gh\_kb_�\�klhedgh\bl_evguo�ijhp_kkZo�\ha[m`^_�

gby�b�^_\ha[m`^_gby�mjh\g_c��ihwlhfm�aZk_e_gghklb�mjh\g_c�hij_^_eyxlky�

nhjfmehc�;hevpfZgZ��������?keb��djhf_�wlh]h��ijbgylv�jZkij_^_e_gb_�qZklbp�

ih�emqm�aj_gby�jZ\ghf_jguf��Z�l_fi_jZlmjm�L�h^bgZdh\hc��yjdhklv�hilbq_�

kdb�lhgdhc�ieZafu�fh`gh�gZoh^blv�ih�nhjfme_ 

0 0
04

iik i E kT
ik ik

A g
B hv N l e

g
−=

π
.   (3.11) 

Ki_dlj�k\_q_gby�ieZafu�—�ebg_cqZluc��ki_dljZevgu_�ebgbb�hij_^_ey�

xlky�jZaj_r_ggufb�hilbq_kdbfb�i_j_oh^Zfb�f_`^m�mjh\gyfb� 
L_i_jv�[m^_f�jZkkfZljb\Zlv� lhevdh�ih]ehs_gb_��ij_g_[j_]Zy�kihglZg�

guf� baemq_gb_f��HkeZ[e_gb_� gZijZ\e_ggh]h� ihlhdZ� qZklhlu� �, jZkijhkljZ�
gyxs_]hky�ih�ieZaf_�\�gZijZ\e_gbb�hkb�z, jZ\gh 
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( ) ( )21 12 1 21 2v v
dP

hv B v N u B v N u
dz

− = −   .     (3.12) 

A^_kv�B12(���b�<21(�) —�dhwnnbpb_glu�Wcgrl_cgZ�^ey�ih]ehs_gby�b�\ugm`�

^_ggh]h�baemq_gby�gZ�qZklhl_�� . 
Mqblu\Zy��qlh�\�gZijZ\e_gghf�ihlhd_�ki_dljZevgZy�fhsghklv�J��k\yaZ�

gZ�k�h[t_fghc�ki_dljZevghc�iehlghklvx�baemq_gby�u��khhlghr_gb_f 

J� = uvc,                                            (3.13) 

]^_�k�–�kdhjhklv�jZkijhkljZg_gby�baemq_gby��ba��������ihemqZ_f� 

21v
v

dP hv
P

dz c
− = ( ) ( )1 12 2 21N B v N B v−   .  (3.14) 

HkeZ[e_gb_�ihlhdZ�\� kj_^_�hibku\Zxl��bkihevamy�dhwnnbpb_gl�ih]eh�

s_gby�k (kf�������������GZ�qZklhl_��  bf__f 

v
v

dP
kP

dz
− = .     (3.15) 

KjZ\gb\Zy�\ujZ`_gby��������b���������ihemqZ_f 

  ( )k v = 21
v

hv
P

c
( ) ( )1 12 2 21N B v N B v−   .  (3.16) 

?keb� qbkeh� khm^Zj_gbc� f_`^m� qZklbpZfb� \� ieZaf_� hdZau\Z_lky� g_-
^hklZlhqguf��qlh[u�h[_ki_qblv�bgl_gkb\guc�h[f_g�wg_j]byfb��kj_^gb_�db�

g_lbq_kdb_� wg_j]bb� jZaebqguo�

qZklbp� g_� \ujZ\gb\Zxlky� b� kh�

klhygb_� ieZafu� hldehgy_lky� hl�

ELJ�� Bkihevah\Zlv� _^bguc� iZjZ�

f_lj�L� \� wlhf� kemqZ_�m`_�g_evay��

H[uqgh� ijb� wlhf� jZkij_^_e_gb_�

qZklbp� ih� \ha[m`^_gguf� khklhy�

gbyf�\gmljb�dZ`^h]h�khjlZ�qZklbp�

ih^qbgy_lky� nmgdpbb� ;hevpfZgZ�

k� l_fi_jZlmjZfb� L�� jZaebqgufb�

^ey�jZaguo�khjlh\�qZklbp��GZijb�

f_j�� aZk_e_gb_� mjh\g_c� Zlhfh\� b�

bhgh\�ijhbkoh^bl�\�hkgh\ghf�ijb�

khm^Zj_gbyo� wlbo� qZklbp� k� we_d�

ljhgZfb� ieZafu�� Ihwlhfm� ^ey�

ki_dljZevguo�ebgbc�Zlhfh\�b�bh�

gh\� fh`gh� ihevah\Zlvky� nhjfm�

ehc� ;hevpfZgZ� k� \_ebqbghc� L, 
[ebadhc�d�l_fi_jZlmj_�we_dljhgh\�

L_, oZjZdl_jbamxs_c�bo�kj_^gxx�dbg_lbq_kdmx�wg_j]bx��<�dZq_kl\_�ijbf_�

jZ�gZ�jbk������bah[jZ`_gZ�aZ\bkbfhklv�l_fi_jZlmju�we_dljhgh\�L_ b�ly`_euo�
qZklbp�L] hl�^Z\e_gby� 

 
 
Jbk�� �����L_fi_jZlmjZ�we_dljhgh\�L_�b�ly�

`_euo� qZklbp� L]�� oZjZdl_jbamxsZy� bo�

kj_^gxx�dbg_lbq_kdmx�wg_j]bx��ijb�jZa�

ebqguo�^Z\e_gbyo�\�jZajy^_�\�iZjZo�jlmlb 
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����Baemq_gb_�ijb�hlkmlkl\bb�jZ\gh\_kby 
 
Ijb�mf_gvr_gbb�^Z\e_gby�]ZaZ�b�dhgp_gljZpbb�we_dljhgh\�\�ieZaf_�fh�

]ml�gZklmiblv�mkeh\by��dh]^Z�kdhjhklv�ijhp_kkh\�we_dljhggh]h�\ha[m`^_gby�

mjh\gy��qbkeh�Zdlh\�\ha[m`^_gby�\�_^bgbpm�\j_f_gb��kjZ\gbfZ�kh�kdhjhklvx�

hilbq_kdh]h�jZkiZ^Z�mjh\gy��qbkehf�Zdlh\�baemq_gby�\�_^bgbpm�\j_f_gb��beb�

fgh]h�f_gvr_�__��I_j\uc�kemqZc�hq_gv�ljm^_g�^ey�l_hj_lbq_kdbo�jZkq_lh\��

<h�\lhjhf�kemqZ_�yjdhklv�baemq_gby�ieZafu�fh`gh�gZclb�kjZ\gbl_evgh�ijh�

klh��IheZ]Zy��qlh� i-c�mjh\_gv�dZdh]h-eb[h�ZlhfZ�\ha[m`^Z_lky�we_dljhgguf�
m^Zjhf� lhevdh�ba�gb`g_]h� khklhygby��ihemqZ_f�qbkeh� Zdlh\�\ha[m`^_gby�\�

_^bgbp_�\j_f_gb�jZ\guf 

  ( ) ( )
0

0 0

i

i
e i

dN
N N d

dt

∞
= σ∫

v

v v v v.   (3.17) 

A^_kv�Ne( v ) — jZkij_^_e_gb_�we_dljhgh\�ih�kdhjhklyf��10i( v ) —�wnn_dlb\�

gh_�k_q_gb_�\ha[m`_gby�i-]h�mjh\gy�we_dljhgZfb��h[eZ^Zxsbfb�kdhjhklvxv , 
v 0i — fbgbfZevgZy�kdhjhklv��gZqbgZy�k�dhlhjhc�we_dljhgu�\ha[m`^Zxl�_]h��
Fu� ij_^iheZ]Z_f�� qlh� kj_^gbc� ijhf_`mlhd� \j_f_gb� f_`^m� khm^Zj_gbyfb�

fgh]h� [hevr_� \j_f_gb� `bagb� \ha[m`^_ggh]h� khklhygby�� ihwlhfm� jZkiZ^�

mjh\gy�ijhbkoh^bl�iml_f�baemq_gby� 

– i
i i

dN
N A

dt
=  ,                                 (3.18) 

]^_�:i —�kmffZ�\_jhylghkl_c�i_j_oh^h\�k�i-]h�mjh\gy�gZ�\k_�\hafh`gu_�^jm�
]b_��IjbjZ\gb\Zy��������b���������gZoh^bf 

 iN = 0

i

N

A
( ) ( )

0

0

i

e iN d
∞

σ∫
v

v v v.   (3.19) 

Bkihevah\Z\���������ihemqZ_f�yjdhklv�baemq_gby�ieZafu 

4
ik

ik
A

B =
π ikhv 0 0

i

N l

A
( ) ( )

0

0

i

e iN d
∞

σ∫
v

v v v.  (3.20) 

Ki_dlj�baemq_gby�—�ebg_cqZluc��dZd�b�\�ij_^u^ms_f�kemqZ_� 
Mkeh\by�� \� dhlhjuo� ijbf_gbfh� khhlghr_gb_� �������� hkms_kl\eyxlky�

ijb�hq_gv�gbadbo�^Z\e_gbyo��gZijbf_j�\�kheg_qghc�dhjhg_�beb�\�\ukhdhl_f�

i_jZlmjghc�ieZaf_��dh]^Z�Ne < 1011�kf–3. 
>ey�ih^kq_lZ�yjdhklb�baemq_gby�ih�nhjfme_� �������g_h[oh^bfh�agZgb_�

wnn_dlb\gh]h�k_q_gby�\ha[m`^_gby�^Zggh]h�mjh\gy��<�jy^_�kemqZ_\�wnn_d�

lb\gh_�k_q_gb_�\ha[m`^_gby��mkj_^g_ggh_�ih�jZkij_^_e_gbx�we_dljhgh\�ih�

kdhjhklyf��fh`_l�[ulv�gZc^_gh�l_hj_lbq_kdb��H^gZdh�wdki_jbf_glZevgh�ba�

f_j_ggu_� \_ebqbgu� wnn_dlb\guo� k_q_gbc� y\eyxlky� [he__� gZ^_`gufb�� lZd�

dZd� \�gbo� Z\lhfZlbq_kdb� mql_gu� \k_�ijhp_kku� aZk_e_gby� mjh\g_c� \�^Zgghc�

kbkl_f_�� Yjdhklv� baemq_gby� g_jZ\gh\_kghc� ieZafu� h[uqgh� g_\_ebdZ� ba-aZ�
fZehklb�qbkeZ�qZklbp�\�_^bgbp_�h[t_fZ� 
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�������MRBJ?GB?�KI?DLJ:EVGUO�EBGBC 
 
RbjbgZ� b�nhjfZ� ebgbc�� baemqZ_fuo� ieZafhc�� hij_^_eyxlky�fgh]bfb�

nZdlhjZfb��k\yaZggufb�dZd�k�_kl_kl\_gghc�ijbjh^hc�baemq_gby��lZd�b�k�jZa�

ebqgufb�\ha^_ckl\byfb��dhlhjuf�baemqZxsZy�qZklbpZ��Zlhf��bhg��ih^\_j]Z�

_lky� \� ieZaf_�� JZkkfhljbf� hkgh\gu_� ijbqbgu� mrbj_gby� ki_dljZevguo� eb�

gbc� 
 
����?kl_kl\_ggZy��jZ^bZpbhggZy��rbjbgZ�ki_dljZevguo�ebgbc 
 
Bahebjh\ZggZy�ZlhfgZy�kbkl_fZ��[m^mqb�\ha[m`^_gghc��kZfhijhba\hev�

gh�baemqZ_l�wg_j]bx��K�lhqdb�aj_gby�deZkkbq_kdhc�we_dljh^bgZfbdb�baemq_�

gb_�khijh\h`^Z_lky� aZlmoZgb_f�dhe_[Zgbc�hkpbeeylhjZ�b�mf_gvr_gb_f�_]h�

wg_j]bb�ih�aZdhgm 
                               w = w0e

–�W,                                               (3.21) 
]^_�� —�ihklhyggZy�aZlmoZgby� 

<j_fy�2���aZ�dhlhjh_�wg_j]by�hkpbeeylhjZ�mf_gvrZ_lky�\�_�jZa����jZ\gh_ 

3
2

2 2 2 2 2

1 3 3
,

8 8

c m cm

e v e
τ = = = λ

γ π π
    (3.22) 

gZau\Z_lky�\j_f_g_f�aZlmoZgby�dhe_[Zgbc��>ey�\b^bfhc�h[eZklb�ki_dljZ�\_�

ebqbgZ�2�bf__l�ihjy^hd���–8�k� 
AZlmoZxsb_�dhe_[Zgby�g_�y\eyxlky�fhghojhfZlbq_kdbfb��Wdkihg_gpb�

Zevgh_� aZlmoZgb_� dhe_[Zgbc� ijb\h^bl� d� ^bki_jkbhgghfm
∗) jZkij_^_e_gbx�

ki_dljZevghc�iehlghklb�fhsghklb 

( ) ( ) ( )
( ) ( )

2

0 2 22
0

2

4 2
v vP v P v

v v

γ
=

π − + γ
,   (3. 23) 

]^_�J�(�0) —� ki_dljZevgZy� iehlghklv�fhsghklb� \� p_glj_� jZkij_^_e_gby� gZ�

qZklhl_��0. 
JZkij_^_e_gb_�baemq_gby�ih�qZklhlZf�hibku\Zxl�qZklh�nmgdpb_c�S(�), 

ghjfbjh\Zgghc�ke_^mxsbf�h[jZahf� 

( )
0

1S d
∞

ν ν =∫ .    (3.24) 

<�kemqZ_�^bki_jkbhggh]h�jZkij_^_e_gby�hgZ�bf__l�\b^ 

( )
( ) ( )2 22

04 2
S v

v v

γ=
π − + γ

.   (3.25) 

Ki_dljZevgZy� iehlghklv� fhsghklb� J�(�)  gZ� ex[hc� qZklhl_� k\yaZgZ� k�
iheghc�fhsghklvx�J� \�ij_^_eZo�^Zggh]h�jZkij_^_e_gby�b� k�nmgdpb_c�S(�) 
\ujZ`_gb_f 

                                              
∗
�� GZa\Zgb_� \hagbdeh� ih� ZgZeh]bb� k� \ujZ`_gb_f� ^ey� ki_dljZevgh]h� jZki-

j_^_e_gby�dhglmjZ�ihehku�ih]ehs_gby�\�l_hjbb�^bki_jkbb��kf��]e����� 
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J�(�)  =P S(�) ,                                    (3.26) 
]^_ 

( )
0

vP P v dv
∞

= ∫ . 

Rbjbghc� ebgbb� y\ey_lky� jZkklhygb_� ih�rdZe_� qZklhl� beb� ^ebg� \heg�

f_`^m�lhqdZfb�dhglmjZ�ebgbb��\�dhlhjuo�fhsghklv�jZ\gZ�iheh\bg_�fZdkb�

fZevghc��Ba��������gZoh^bf��qlh�\�lhqdZo�iheh\bgghc�fhsghklb�qZklhlZ�jZ\�

gZ 

1 2 0 4
v v

γ= ±
π

.    (3.27) 

Hlkx^Z�k�mq_lhf��������ihemqZ_f�_kl_kl\_ggmx�rbjbgm�ebgbb 
2 2

3

1 4

2 2 3N
e v

v
c m

γ π∆ = = =
π πτ

.   (3.28) 

<�\b^bfhc�h[eZklb�ki_dljZ��]^_�ihklhyggZy�aZlmoZgby���§���
8
�k

–1
��_kl_kl�

\_ggZy�rbjbgZ�ki_dljZevguo� �ebgbc� �khklZ\ey_l� ��-���F=p��Mqblu\Zy��qlh�

¨� = – ̈ �k/�2��ba��������ihemqZ_f�_kl_kl\_ggmx�rbjbgm�ebgbb�\�^ebgZo�\heg� 
 

                                            ¨�N §10–5
�gf�    (3.29) 

 
BlZd�� kh]eZkgh� deZkkbq_kdhc� we_dljh^bgZfbd_�� _kl_kl\_ggZy� rbjbgZ� \k_o�

ki_dljZevguo�ebgbc�hq_gv�fZeZ��<�\b^bfhc�h[eZklb�ki_dljZ�wlZ�rbjbgZ�e_�

`bl�aZ�ij_^_eZfb�\hafh`ghklb�gZ[ex^_gby�h[uqgufb�hilbq_kdbfb�f_lh^Z�

fb� 
K�lhqdb�aj_gby�d\Zglh\hc�we_dljh^bgZfbdb�_kl_kl\_ggZy�rbjbgZ�ebgbb�

k\yaZgZ�k�g_hij_^_e_gghklvx�\�\_ebqbg_�wg_j]bb�khklhygby�ZlhfZ��Wg_j]by�

kbkl_fu�W fh`_l�[ulv�ba\_klgZ�ebrv�k�lhqghklvx�¨W��k\yaZgghc�kh�\j_f_�

g_f�`bagb�2�khklhygby��mjh\gy��khhlghr_gb_f�g_hij_^_e_gghklb� 
 

¨W 2 ≥  h��������������������������������������������� (3.30) 
 
RbjbgZ�ki_dljZevghc�ebgbb�hij_^_ey_lky�wg_j]_lbq_kdhc�rbjbghc�¨W 

gZqZevgh]h�b�dhg_qgh]h�mjh\g_c�i_j_oh^Z��<ujZ`_gb_�^ey�dhglmjZ�ebgbb�\�

wlhf�kemqZ_�kh\iZ^Z_l�k�\ujZ`_gbyfb��������b��������k�lhc�jZagbp_c��qlh�\f_�

klh� ihklhygghc� aZlmoZgby� �� bkihevam_lky� kmffZ� h[jZlguo� \_ebqbg� \j_f_g�

`bagb�h[hbo�mjh\g_c� 
1 1

,ik i k i k
i k

A Aγ = γ + γ = + = +
τ τ

   (3.31) 

]^_� Ai b� Ak   — kmffu� \_jhylghkl_c� \k_o� hilbq_kdbo� i_j_oh^h\� k� ^Zgguo�
mjh\g_c� 

>ey�kbevguo�i_j_oh^h\�_kl_kl\_ggZy�rbjbgZ�ebgbb��dZd�b�ijb�deZkkb�

q_kdhf� jZkkfhlj_gbb�� hdZau\Z_lky� ihjy^dZ� ��–5� gf�� <� ^jm]bo� kemqZyo� hgZ�

fh`_l�[ulv�[hevr_�beb�f_gvr_� 
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����>hiie_jh\kdh_�mrbj_gb_�ki_dljZevguo�ebgbc 
 
:lhfu�b�bhgu�\�ieZaf_�bklhqgbdh\�k\_lZ�gZoh^ylky�\�ihklhygghf�^\b�

`_gbb��QZklhlZ�baemq_gby�ZlhfZ��^\b`ms_]hky�\�gZijZ\e_gbb�emqZ�aj_gby��ih�

hkb�z), ijb� z c�v �kf_s_gZ�hlghkbl_evgh�qZklhlu�baemq_gby�g_ih^\b`gh]h�

ZlhfZ�� \�khhl\_lkl\bb�k�wnn_dlhf�>hiie_jZ�gZ�\_ebqbgm 

0 0 .zv v v
c

− = v
     (3.32) 

Ijb�oZhlbqghf�^\b`_gbb�qZklbp�\�ieZaf_�jZkij_^_e_gb_�bo�ih�kdhjhklyf� v  

\ujZ`Z_lky�nmgdpb_c�FZdk\_eeZ��������>ey�ijh_dpbc�kdhjhkl_c� zv  jZkij_^_�

e_gb_�FZdk\_eeZ�bf__l�]Zmkkh\m�nhjfm� 
 

( ) −−= =
π π

2 2
zz

v vMv kT
z z z

M M
dN v N e dv N e dv

kT kT
2

���/2

2 2
. (3.33) 

 
A^_kv�F —�fZkkZ�qZklbp��k —�ihklhyggZy�;hevpfZgZ��Q_j_a 
 

\_j 2 / 2 /kT M RT= =v N ,    (3.34) 

 
]^_�R — ]Zah\Zy�ihklhyggZy���—� Zlhfguc� \_k�qZklbp��h[hagZq_gZ�gZb[he__�

\_jhylgZy�kdhjhklv�qZklbp��khhl\_l�

kl\mxsZy�fZdkbfmfm�nmgdpbb������� 
JZkij_^_e_gb_� qZklbp� ih� ijh-

_dpbyf� kdhjhkl_c� vZ� ij_^klZ\e_gh�

gZ� jbk�� ����Z��Nmgdpby� ������� bf__l�

fZdkbfmf�ijb�vZ = 0.�Qbkeh�qZklbp�k�
ijh_dpb_c�kdhjhklb��jZ\ghc� \_jv ��\�

_� pZa� f_gvr_�� q_f� qbkeh� qZklbp� k�

gme_\hc�ijh_dpb_c�kdhjhklb� 
Fhsghklv� baemq_gby� ijhihj-

pbhgZevgZ� qbkem� baemqZxsbo� qZk-
lbp��Ihkdhevdm�kf_s_gb_�qZklhlu 
� –��0�ijb�wnn_dl_�>hiie_jZ�kh]eZk�

gh��������ijhihjpbhgZevgh�kdhjhklb�

zv �� jZkij_^_e_gb_� ki_dljZevghc�

iehlghklb� fhsghklb� ih� qZklhlZf�

J�(�� –� �H) ih\lhjy_l� \b^� nmgdpbb�
�������b�lZd`_�bf__l�]Zmkkh\m�nhjfm�

�jbk������[): 

( ) ( ) 2 2
\_j

0 0 .z
v vP v v P v e−− = v v    (3.35) 

Mqblu\Zy� ��������ij_h[jZam_f� �������

d�\b^m 

 

 
 
Jbk�������JZkij_^_e_gb_�qZklbp�ih�ijh_d�

pbyf�kdhjhkl_c�vZ (Z��b�khhl\_lkl\mxsbc�

_fm� dhglmj� ^hiie_jh\kdh]h� mrbj_gby�

ebgbb��[) 
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( ) ( ) ( )2 22 2
0 \_j0

0 0
v v c v

v vP v v P v e− −− = v .    (3.36) 

 
H[hagZqbf�q_j_a�¨�k�kf_s_gb_�qZklhlu�baemq_gby� �� – �0��dhlhjh_�^Zxl�Zlh�

fu�k�ijh_dpbyfb�kdhjhkl_c� zv , jZ\gufb� \_jv ��<_ebqbgm�¨�k��ih� �������jZ\�

gmx 
 

                                               ¨�k�= �0 \_jv /c,    (3.37) 

 
gZau\Zxl�^hiie_jh\kdbf�iZjZf_ljhf��<�djm]h\uo�qZklhlZo 

 

¨&k�= 2� ¨�k = k \_jv ; k = 2�/�. 
 

Ih^klZ\eyy� \ujZ`_gb_� ������� \� ��������ihemqZ_f�^hiie_jh\kdh_�jZkij_^_e_�

gb_�fhsghklb�ih�qZklhlZf�\�\b^_ 

( ) ( ) ( )2 2
0

0 0
cv v

v vP v v P v e ν− − ∆− = .    (3.38) 

 
Hgh�fh`_l�[ulv�\ujZ`_gh�lZd`_�q_j_a�nmgdpbx�SD(�):  

( )2 2
0

1
( ) cv v

D
c

S e ν− − ∆ν =
π∆ν

,   (3.39) 

dZd�wlh�[ueh�k^_eZgh�jZg__�^ey�^bki_jkbhggh]h�jZkij_^_e_gby� �kf��mjZ\g_�

gby�������-(3.26)). 
GZc^_f�^hiie_jh\kdmx�rbjbgm�ebgbb� ¨�D��Ih^klZ\eyy�\� ������� agZq_�

gb_�J�(� – �0)1/2 = J�(�0�����ihemqZ_f�Z[kpbkkm�lhqdb�iheh\bgghc�fhsghklb 

(� – �0)1/2 = ̈ �k ln 2 .                                 (3.40) 

>hiie_jh\kdZy��rbjbgZ��ebgbb���jZ\gZ�m^\h_gghc��\_ebqbg_��� – �0)1/2: 
 

    ̈ �D = 2(� – �0)1/2 = 2 ln 2  ̈ �k  = ̈ �k /0,6 .                   (3.41) 

 
Ih^klZ\eyy�agZq_gby�dhgklZgl��bf__f 

                                  ¨�D =���������–7 � /T µ .                                 (3.42) 
 
Mqblu\Zy��qlh�¨��/��� = ̈ ��/ ���ihemqZ_f�\�^ebgZo�\heg 

 

                                  ¨�D = ��������–7 � /T µ .                                 (3.43) 
 

DZd� \b^gh�� ^hiie_jh\kdZy�rbjbgZ� ebgbb� aZ\bkbl� hl� l_fi_jZlmju� ]ZaZ� L� b�

Zlhfgh]h�\_kZ�baemqZxsbo�qZklbp����Ijb�\ukhdbo�l_fi_jZlmjZo�^hiie_jh\�

kdZy�rbjbgZ�ebgbc�e_]dbo�we_f_glh\�fh`_l�[ulv�\_ebdZ��LZd��^hiie_jh\kdZy�

rbjbgZ�\h^hjh^ghc�ebgbb�H� ��� ������gf��ijb������D�khklZ\ey_l�������gf��
KZfuf� ly`_euf� we_f_glhf�� bkihevam_fuf� \� bklhqgbdZo� k\_lZ�� y\ey_lky�

jlmlv���� �������<�\b^bfhc�h[eZklb�ki_dljZ�ijb�L� ������D�ebgbb�jlmlb�bf_�
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xl�^hiie_jh\kdmx�rbjbgm�ihjy^dZ���–3�gf� 
BlZd��^Z`_�^ey�kZfuo�ly`_euo�we_f_glh\�^hiie_jh\kdZy�rbjbgZ�ebgbb�

\�h[uqguo�mkeh\byo�ijbf_jgh�gZ�^\Z�ihjy^dZ�ij_\urZ_l�_kl_kl\_ggmx�rb�

jbgm��>hiie_jh\kdmx�rbjbgm�ebgbb�fh`gh�mf_gvrblv�hoeZ`^_gb_f�kl_ghd�

dhe[u�bklhqgbdZ�baemq_gby��H^gZdh�ke_^m_l�bf_lv�\�\b^m��qlh�l_fi_jZlmjZ�

Zlhfh\�\�jZajy^_�\k_]^Z�\ur_�l_fi_jZlmju�hoeZ^bl_ey�b�aZ\bkbl�hl�lh]h��gZ�

kdhevdh�\_ebdb�iehlghklv�lhdZ�b�^Z\e_gb_�\�jZajy^_�b�gZkdhevdh�[ebadh�jZa�

jy^�gZoh^blky�d�hoeZ`^Z_fuf�kl_gdZf� 
>hiie_jh\kdh_� b� _kl_kl\_ggh_� mrbj_gby�—�g_aZ\bkbfu_� y\e_gby�� h^�

gh\j_f_ggh�\ebyxsb_�gZ�dhglmj�ki_dljZevghc�ebgbb��DZ`^Zy�]jmiiZ�Zlhfh\�

kh�kdhjhklyfb� zv  baemqZ_l�ebgbx�k�_kl_kl\_gghc�rbjbghc��ihwlhfm�dZ`^uc�

[_kdhg_qgh�madbc�mqZklhd�^hiie_jh\kdh]h�dhglmjZ�jZkrbj_g�\�khhl\_lkl\bb�

k�nmgdpb_c���������Ki_dljZevgZy�ebgby�ij_^klZ\ey_l�kh[hc�k\_jldm�]Zmkkh\hc�

������� b� ^bki_jkbhgghc� ������� nmgdpbc�� � :gZeblbq_kdh_� \ujZ`_gb_� wlhc�

k\_jldb�ghkbl�gZa\Zgb_�nmgdpbb�Nhc]lZ�>����@� 
2

23 2V 2
( )

( )

y

c

e
S dy

v u y

∞ −

−∞

αν =
∆ π α + −∫ ,   (3.44) 

]^_ 

ln 2,N

D

v

v

∆α =
∆

0 2 ln 2
D

v v
u

v

−=
∆

.  

 (3.45) 
DZd�\b^gh�ba�jbk�������]Zmkkh�

\Z� b� ^bki_jkbhggZy� nmgdpbb� jZa�

ebqgu�ih�nhjf_��GZ� djuevyo� ^bk�

i_jkbhggh]h� dhglmjZ� kiZ^�fhsgh�

klb� ijhbkoh^bl� agZqbl_evgh� f_^�

e_gg__��q_f�\�kemqZ_�]Zmkkh\Z�dhg�

lmjZ��Ihwlhfm�ijb�dhglmj_�Nhc]lZ�

p_glj�b�rbjbgZ�ebgbb�\�hkgh\ghf�

hij_^_eyxlky�^hiie_jh\kdbf�mrb�

j_gb_f��Z�djuevy�ebgbb�—�mrbj_�

gb_f��bf_xsbf�^bki_jkbhgguc�\b^��GZ�wlhc�jZagbp_�hkgh\Zgu�f_lh^u�jZa�

^_e_gby�gZ[ex^Z_fh]h�dhglmjZ�Nhc]lZ�gZ�]Zmkkh\m�b�^bki_jkbhggmx�khklZ\�

eyxsb_��gZijbf_j�>���@� 
 
����Mrbj_gb_�ebgbc�ijb�\aZbfh^_ckl\bb�baemqZxs_]h�ZlhfZ 
k�hdjm`Zxsbfb�qZklbpZfb 
 
<�bklhqgbdZo�k\_lZ�baemqZxsb_�Zlhfu�b�bhgu�gZoh^ylky�\�hdjm`_gbb�

g_cljZevguo�b�aZjy`_gguo�qZklbp��Ki_dljZevgu_�ebgbb��baemqZ_fu_�\�lZdbo�

mkeh\byo��^hihegbl_evgh�jZkrbjyxlky��<_ebqbgZ�b�\b^�mrbj_gby�aZ\bkyl�hl�

oZjZdl_jZ�\aZbfh^_ckl\by�qZklbp�>���@� 

 
 

Jbk�������KjZ\g_gb_�^hiie_jh\kdh]h��1��b�_k�
l_kl\_ggh]h� �2) dhglmjh\� ki_dljZevguo� eb�
gbc�� Dhglmju� ghjfbjh\Zgu� ih� iehsZ^b� b�

bf_xl�h^bgZdh\mx�rbjbgm 
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?keb�baemqZxsbc�Zlhf�ih^\_j]Z_lky�\hafms_gbx�g_cljZevgufb�qZklb�

pZfb�^jm]h]h�khjlZ��kbeZfb�\aZbfh^_ckl\by�y\eyxlky�kbeu�<Zg-^_j-<ZZevkZ��
m[u\Zxsb_�k�jZkklhygb_f�ijhihjpbhgZevgh� r–6��?keb�baemqZxsbc�Zlhf�gZ�

oh^blky�kj_^b�ih^h[guo�_fm�Zlhfh\��\aZbfh^_ckl\b_�h[mkeh\e_gh�h[f_ggu�

fb�kbeZfb��h[jZlgh�ijhihjpbhgZevgufb�dm[m�jZkklhygby��<hafms_gb_�ghkbl�

j_ahgZgkguc� oZjZdl_j�b�ijb\h^bl� d�[hevrhfm�mrbj_gbx�ebgbc��?keb� \ha�

fmsZxsbfb�qZklbpZfb�y\eyxlky�bhgu�b�we_dljhgu��baemqZxsbc�Zlhf�ih^�

\_j]Z_lky�\ha^_ckl\bx�f_`Zlhfguo�we_dljbq_kdbo�ihe_c��b�mrbj_gb_�ebgbc�

ijhbkoh^bl� [eZ]h^Zjy� wnn_dlm�RlZjdZ��Ijb� \ukhdbo� dhgp_gljZpbyo� aZjy�

`_gguo� qZklbp� rlZjdh\kdh_� mrbj_gb_� fh`_l� [ulv� \_ebdh�� RlZjdh\kdh_�

mrbj_gb_�ebgbc�\hagbdZ_l�lZd`_�ijb�gZebqbb�]jZ^b_glh\�ihl_gpbZeZ�\�jZa�

jy^_� 
<hafmsZxs__�^_ckl\b_�qZklbp�fh`gh�jZkkfZljb\Zlv�jZaebqgufb�f_lh�

^Zfb�� ij_^klZ\eyxsbfb� kh[hc� g_dhlhju_� fh^_eb� beb� ijb[eb`_gby�� Ijb�

kjZ\gbl_evgh�gbadhf� ^Z\e_gbb� ex[h_� \hafms_gb_� \�ieZaf_�fh`gh� kqblZlv�

klhedgh\_gb_f��\�ijhf_`mldZo�f_`^m�klhedgh\_gbyfb�baemqZxsbc�Zlhf�g_�

\hafmsZ_lky��Ijb� \ukhdhf�^Z\e_gbb� ]ZaZ� �ihjy^dZ� �� Zlf�� \ke_^kl\b_�[hev�

rhc�iehlghklb�]ZaZ�baemqZxsbc�Zlhf�\k_�\j_fy�ih^\_j`_g�\hafms_gbx��b�

j_r_gb_�aZ^Zqb�^he`gh�ijh\h^blvky�klZlbklbq_kdbfb�f_lh^Zfb� 
Mrbj_gb_�ebgbb�ijb�klhedgh\_gbyo�jZaghjh^guo�qZklbp��Fh`gh�mijh�

s_ggh�kqblZlv��qlh�\h�\j_fy�k\h_]h�^\b`_gby�qZklbpZ�baemqZ_l�fhghojhfZ�

lbq_kdb_� dhe_[Zgby�� Z� ijb� m^Zj_� baemq_gb_� ij_djZsZ_lky��FZl_fZlbq_kdh_�

\ujZ`_gb_�^ey� dhglmjZ� ki_dljZevghc�ebgbb��ihemq_ggh_�Ehj_gphf�� \� wlhf�

kemqZ_�ih�nhjf_�kh\iZ^Z_l�k�\ujZ`_gb_f��������k�l_f�hlebqb_f��qlh�jhev�_k�

l_kl\_ggh]h� \j_f_gb�`bagb� mjh\gy� l_i_jv� b]jZ_l� kj_^g__� \j_fy� 20�ijh[_]Z�

qZklbp�f_`^m� klhedgh\_gbyfb��Dhglmj�ebgbb��ihemqZxsbcky�ijb� klhedgh�

\_gbyo��gZau\Zxl�ehj_gph\kdbf��Ke_^m_l�hlf_lblv��qlh�\�ebl_jZlmj_�ehj_g�

ph\kdbf�bgh]^Z�gZau\Zxl�lZd`_�_kl_kl\_gguc�dhglmj�ki_dljZevghc�ebgbb� 
Ijb� lmrZsbo� khm^Zj_gbyo� k� ihklhjhggbfb� qZklbpZfb� ehj_gph\kdZy�

rbjbgZ� ebgbb� ¨�L� ZgZeh]bqgh� ������� h[jZlgh� ijhihjpbhgZevgZ� kj_^g_fm�

\j_f_gb�20�ijh[_]Z�qZklbp�f_`^m�khm^Zj_gbyfb��?keb�\_ebqbgm�20�hij_^_eblv�

k�ihfhsvx�dbg_lbq_kdhc�l_hjbb�]Zah\��lh�rbjbgZ�ebgbb�\ujZablky�dZd 

2
201,5 10L

p
v

T

σ∆ ≈ ⋅
µ

, 
2

9 25 10 ,L
p

µΤ
σ∆λ ≈ ⋅ λ   (3.46) 

 

]^_�1
2 —�wnn_dlb\gh_�k_q_gb_�khm^Zj_gby�\�kf

2, j�— ̂ Z\e_gb_�\�[ZjZo��� — 
^ebgZ�\hegu�\�kZglbf_ljZo� � —�Zlhfguc�\_k�baemqZxs_c�qZklbpu��DZd�\b^�

gh�� ehj_gph\kdZy�rbjbgZ� ebgbb�ijhihjpbhgZevgZ� ^Z\e_gbx�b� k_q_gbx� kh�

m^Zj_gby��Wnn_dlb\gu_�k_q_gby�khm^Zj_gbc�d\Z^jZlbqgh�\hajZklZxl�k�\ukh�

lhc� mjh\gy�� ihwlhfm� ehj_gph\kdh_� mrbj_gb_� [hevr_� ^ey� \ukrbo� qe_gh\�

ki_dljZevguo�k_jbc��;he__�lhqgh_�jZkkfhlj_gb_�ihdZau\Z_l��qlh�ebgby�ijb�

klhedgh\_gbyo�mrbjy_lky�g_kbff_ljbqgh��ijhbkoh^bl�__�kf_s_gb_��ijhihj�

pbhgZevgh_�^Z\e_gbx��LZd��gZijbf_j��j_ahgZgkgZy�ebgby�gZljby��� �������gf�

ijb�^Z\e_gbb�ZahlZ��jZ\ghf����ff�jl�kl���bf__l�ehj_gph\kdmx�rbjbgm�¨�L = 
��������gf�b�kf_s_gb_���������gf��khhl\_lkl\_ggh�\�qZklhlZo�����b����F=p���



 80 

Ijb�Zlfhkn_jghf�^Z\e_gbb�ZahlZ�rbjbgZ�wlhc�ebgbb�khklZ\ey_l�������gf��Z�

kf_s_gb_�__�jZ\gh�������gf��khhl\_lkl\_ggh�������b������F=p�� 
J_ahgZgkgh_ mrbj_gb_� ebgbc�� Ijb� klhedgh\_gbyo� h^ghjh^guo� qZklbp�

f_`^m� gbfb� \hagbdZ_l� kbevgZy� j_ahgZgkgZy� k\yav�� Ijhbkoh^bl� i_j_dZqdZ�

wg_j]bb�hl�baemqZxs_]h�ZlhfZ�d�g_\ha[m`^_gghfm��Dhe_[Zgby�baemqZxs_]h�

ZlhfZ�hkeZ[eyxlky��qlh�ijb\h^bl�d�jZkrbj_gbx�ebgbc��Ijb�g_�hq_gv�[hev�

rbo�^Z\e_gbyo�rbjbgZ�ebgbb 

 
2 22 2

3 3j_a

e e p
v f N f

mv mv kT
∆ = =

π π
   (3.47) 

ijhihjpbhgZevgZ�^Z\e_gbx�]ZaZ�j�b�kbe_�hkpbeeylhjZ�f��<��������_�b�m —�aZ�

jy^�b�fZkkZ�we_dljhgZ��N —�qbkeh�Zlhfh\�\�_^bgbp_�h[t_fZ���� — qZklhlZ� 
GZb[hevr__�j_ahgZgkgh_�mrbj_gb_�gZ[ex^Z_lky�gZ�j_ahgZgkguo�ebgb�

yo��lZd�dZd�^ey�gbo�kbeu�hkpbeeylhjh\�gZb[he__�\_ebdb��Ebgbb��mrbj_ggu_�

aZ�kq_l�j_ahgZgkgh]h�wnn_dlZ��h[uqgh�g_kbff_ljbqgu��Mrbj_gb_��\ua\Zggh_�

j_ahgZgkgufb� \aZbfh^_ckl\byfb�� \� ^_kyldb�b� [he__� jZa�ij_\urZ_l� mrbj_�

gb_��h[mkeh\e_ggh_�ihklhjhggbfb�ZlhfZfb�ijb�lhf�`_�^Z\e_gbb��GZijbf_j��

ijb�^Z\e_gbyo�f_gvr_����ff�jl�kl��j_ahgZgkgZy�rbjbgZ�ebgbc�fh`_l�^hoh�

^blv�^h�������gf��ijb��� �����gf�� 
RlZjdh\kdh_� mrbj_gb_� ebgbc�� Ih^� ^_ckl\b_f� we_dljbq_kdh]h� ihey�

wg_j]_lbq_kdb_�mjh\gb�jZks_ieyxlky��b�ebgbb�ijbh[j_lZxl�keh`gmx�kljmd�

lmjm��aZ\bkysmx�hl�ijbjh^u�mjh\g_c�b�\_ebqbgu�ihey� 
?keb� we_dljbq_kdh_� ihe_� \� ieZaf_� g_h^ghjh^gh�� \� jZaebqguo� lhqdZo�

ieZafu�rlZjdh\kdh_�jZks_ie_gb_�mjh\g_c�hdZau\Z_lky�jZaebqguf��\�j_amev�

lZl_� q_]h� ebgby� ijbh[j_lZ_l� keh`guc� \b^�� L_hj_lbq_kdbc� ZgZeba� dhglmjZ�

ki_dljZevghc�ebgbb�ZlhfZ��baemqZxs_]h�ijb�oZhlbq_kdhf�\ha^_ckl\bb�aZjy�

`_gguo�qZklbp��iha\hey_l�khihklZ\blv�rbjbgm�ihemqZxs_]hky�dhglmjZ�eb�

gbb� k� dhgp_gljZpb_c� aZjy`_gguo� qZklbp� ieZafu� b� l_fi_jZlmjhc� baemqZx�

sbo�Zlhfh\� 
RlZjdh\kdh_� mrbj_gb_� ebgbc� hq_gv� kbevgh� aZ\bkbl� hl� dhgp_gljZpbb�

aZjy`_gguo�qZklbp�b�keZ[h�—�hl�l_fi_jZlmju��b�ihwlhfm�bkihevam_lky�^ey�

hij_^_e_gby�dhgp_gljZpbb�we_dljhgh\�\�ieZaf_�>���@� 
<� ihke_^g__� \j_fy� kha^ZgZ� m^h\e_l\hjbl_evgZy� b� ^hklZlhqgh� ihegZy�

l_hjby�rlZjdh\kdh]h�mrbj_gby��ijZ\bevghklv�dhlhjhc�ih^l\_j`^_gZ�wdki_�

jbf_glZfb��RlZjdh\kdb_�ijhnbeb�ebgbc�\uqbke_gu�^ey�fgh]bo�ebgbc�\h^h�

jh^Z��]_eby�b�g_dhlhjuo�ebgbc�[he__�ly`_euo�we_f_glh\��\�hkgh\ghf�^ey�\h�

^hjh^hih^h[guo�mjh\g_c���IZjZf_lju�mrbj_gguo�ebgbc�ijb\h^ylky�\�\b^_�

lZ[ebp�b�]jZnbdh\�\�aZ\bkbfhklb�hl�N_ b�l_fi_jZlmju�\�>���@� 
 
����Dhglmj�ki_dljZevghc�ebgbb�ijb�j_Z[khj[pbb�baemq_gby 
 
<Z`guf�nZdlhjhf��hij_^_eyxsbf�nhjfm�gZ[ex^Z_fh]h�dhglmjZ�ki_d�

ljZevghc� ebgbb�� y\ey_lky� j_Z[khj[pby� �kZfhih]ehs_gb_�� baemq_gby�� Kmlv�

wlh]h� y\e_gby� khklhbl� \� lhf�� qlh� d\Zgl� k\_lZ�� bkims_gguc� \ha[m`^_gguf�

Zlhfhf��bhghf��fhe_dmehc��fh`_l�^h�\uoh^Z�ba�kj_^u�ih]ehlblvky�lZdbf�`_�

Zlhfhf��dhlhjuc�gZoh^blky�\�[he__�gbadhf�wg_j]_lbq_kdhf�khklhygbb��LZdhc�
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�ie_g_gguc��d\Zgl�fh`_l�^Ze__�baemqblvky�\gh\v��Ijb�wlhf��\_jhylg__�\k_]h��

\lhjbqguc�d\Zgl�[m^_l�oZjZdl_jbah\Zlvky�^jm]hc�qZklhlhc�\�ij_^_eZo�lhc�`_�

ki_dljZevghc�ebgbb��Z�lZd`_�baf_gbl�iheyjbaZpbx�b�gZijZ\e_gb_�^\b`_gby�

ih�hlghr_gbx�d�i_j\hgZqZevguf��Djhf_�lh]h��d\Zgl�\hh[s_�fh`_l��\uclb�ba�

b]ju��aZ�kq_l�h^gh]h�ba�fgh]hqbke_gguo�lmrZsbo�ijhp_kkh\��ijhl_dZxsbo�\�

h[t_f_�baemqZl_ey��eb[h�wg_j]by�_]h�jZa^_eblky�gZ�^jm]bo�d\Zglh\uo�i_j_oh�

^Zo� 
<_ebqbgm�ihl_jv� k\_lh\hc� wg_j]bb� \gmljb�bklhqgbdZ� \ke_^kl\b_�j_Z[�

khj[pbb� fh`gh� beexkljbjh\Zlv� lZdbf� ijbf_jhf��>ey� hldjulh]h� ^m]h\h]h�

jZajy^Z�ijb�Zlfhkn_jghf�^Z\e_gbb��]hjys_]h�f_`^m�`_e_agufb�we_dljh^Zfb�

ijb�lhd_��–10 A��kmffZjgZy�yjdhklv�ebgbc�\�\b^bfhc�b�[eb`g_c�mevljZnbh�
e_lh\hc�qZklyo�ki_dljZ�`_e_aZ�khklZ\ey_l�ebrv��-���hl�lhc��dhlhjZy�^he`gZ�
[ueZ�[u�gZ[ex^Zlvky��_keb�[u�\k_�baemq_gb_�\uoh^beh�gZjm`m��<�aZdjuluo�

jZajy^Zo�ih\ur_ggh]h�^Z\e_gby��ijb�\aju\_�ijh\hehq_d��\�ieZaf_��kha^Z\Z_�

fhc� k� ihfhsvx� eZa_jZ�� \� ibgq_\uo� mklZgh\dZo�� m^Zjguo� ljm[Zo� b� ^jm]bo�

iehlguo�ieZaf_gguo�bklhqgbdZo�hkeZ[e_gb_�fgh]bo�mqZkldh\�ki_dljZ�hdZau�

\Z_lky�_s_�gZ��–��ihjy^dZ�[he__�agZqbl_evguf� 
L_hjby�nhjfbjh\Zgby�dhglmjZ�ki_dljZevghc�ebgbb�k�mq_lhf�j_Z[khj[�

pbb�baemq_gby�\_kvfZ�keh`gZ�b�jZa\blZ�_s_�g_^hklZlhqgh��H^gZdh�kms_kl\m�

_l� jy^� fh^_evguo� ij_^klZ\e_gbc�� bkihevam_fuo� ijb� ZgZeba_� baemqZ_fuo�

ieZafhc�dhglmjh\�ebgbc�>���������@� 
JZkkfZljb\Zy� nhjfbjh\Zgb_� dhglmjZ� ki_dljZevghc� ebgbb� \� mkeh\byo�

j_Z[khj[pbb�baemq_gby��\\h^yl�nmgdpbx�bklhqgbdZ�-(��r���jZ\gmx�^ey�dZ`�
^hc�dhhj^bgZlu�bklhqgbdZ�r b�qZklhlu�� hlghr_gbx�fhsghklb�kihglZggh]h�

baemq_gby�������d�dhwnnbpb_glm�ih]ehs_gby�������� 

   ( )
� ( )

( )
,

N �
,

P v r
v r

k v r
=  .    (3.48) 

>ey�mijhs_gby�aZ^Zqb�ij_^iheZ]Zxl��qlh�nhjfZ�ki_dljZevghc�ebgbb�bkimk�

dZgby�b�ih]ehs_gby�h^gZ�b�lZ�`_��Lh]^Z�nmgdpby�bklhqgbdZ�hdZau\Z_lky�g_�

aZ\bkys_c�hl�qZklhlu��QZs_�\k_]h�__�\ujZ`Zxl�\�[_ajZaf_jghf�\b^_�ih�hl�

ghr_gbx�d� ki_dljZevghc�yjdhklb� Z[khexlgh�q_jgh]h� l_eZ�^ey�p_gljZevghc�

qZklhlu�ebgbb��0�b�g_dhlhjhc�l_fi_jZlmju�L��Nmgdpby�bklhqgbdZ�oZjZdl_jb-
am_l� g_h^ghjh^ghklv� bklhqgbdZ��>ey� h^ghjh^gh]h� ieZgdh\kdh]h� baemqZl_ey�

hgZ�ihklhyggZ�b�jZ\gZ�_^bgbp_��^ey�^jm]bo�lbibqguo�bklhqgbdh\�hgZ�fhgh�

lhggh�mf_gvrZ_lky�ijb�m^Ze_gbb�hl�hkb� 
Nmgdpby�bklhqgbdZ�iha\hey_l�gZclb�>������@�aZ\bkbfhklv�hlghkbl_evghc�

yjdhklb�b� bklhqgbdZ�hl�_]h�hilbq_kdhc�lhesbgu� � ( )0
0

,
l

k k v l dl′ ′= ∫ �\�gZijZ\�

e_gbb�gZ[ex^_gby��GZ�jbk������a�wlZ�aZ\bkbfhklv�ij_^klZ\e_gZ�^ey�h^ghjh^�
gh]h�baemqZl_ey��yjdhklv�k\_q_gby�dhlhjh]h�k�m\_ebq_gb_f�hilbq_kdhc�lhe�

sbgu�klj_fblky�d�_^bgbp_��g_h^ghjh^gh]h�bklhqgbdZ�k�lj_m]hevghc�nmgdpb�

_c� �ebg_cgh� kiZ^Zxs_c� d� djZyf��b� djZcg_�g_h^ghjh^gh]h�—�rgmjh\h]h�� \�

dhlhjhf�baemq_gb_�khkj_^hlhq_gh�\�lhgdhf�k\_lys_fky�rgmj_�\�p_glj_��Z�hk�

lZevgZy�qZklv�bklhqgbdZ�—�ih]ehsZxsZy��DZd�\b^gh��^ey�g_h^ghjh^guo�bk�
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lhqgbdh\�yjdhklv�\k_]^Z�f_gvr_�ieZgdh\kdhc�b�bf__l�fZdkbfmf�ijb�g_dhlh�

jhf�agZq_gbb�hilbq_kdhc�lhesbgu�bklhqgbdZ� 
GZ�jbk������[�ijb\_^_gu�iylv�dhglmjh\�ki_dljZevguo�ebgbc�k�jZaebqghc�

hilbq_kdhc�lhesbghc�\�p_glj_�ebgbb��NhjfZ�wlbo�dhglmjh\�ihklhyggZ�b�kh�

hl\_lkl\m_l�nhjf_� dhglmjZ� hilbq_kdb� lhgdh]h� kehy��Nbabq_kdb� wlb� kemqZb�

khhl\_lkl\mxl� jZaebqguf� ]_hf_ljbq_kdbf� jZaf_jZf�ieZafu�beb� jZaebqghc�

iehlghklb�qZklbp�\�g_c��K�ihfhsvx�nmgdpbb�Y(k0) = b�(k0) / b�
0(��L���hibku-

\Zxs_c�\ebygb_�hilbq_kdhc�lhesbgu�k0 gZ�baf_jy_fmx�yjdhklv��jbk�������Z), 
gZc^_f� ]jZnbq_kdb� nhjfm� gZ[ex^Z_fuo� dhglmjh\� ebgbc� ^ey� lj_m]hevghc�

nmgdpbb�bklhqgbdZ� 
Dhglmj�1 gZ�jbk������[�ihiZ^Z_l�p_ebdhf�gZ�ijyfhebg_cgmx�qZklv�nmgd�

pbb�Y(k0) b�^Z_l�g_bkdZ`_ggmx�ki_dljZevgmx�ebgbx�b�(¨����djb\Zy�1 gZ�jbk��
3.7,\���>ey�djb\hc�2 jhkl�yjdhklb�\�p_glj_�ebgbb�m`_�aZf_^e_g��Djb\Zy�3 ̂ hk 
lb]Z_l� hilbq_kdbo� lhesbg�� khhl\_lkl\mxsbo� fZdkbfmfm� nmgdpbb� Y(k0), b�
ihwlhfm�yjdhklv�gZ[ex^Z_fhc�ebgbb�\�p_glj_�bf__l�fZdkbfZevgh_�agZq_gb_��

>Zevg_cr__�m\_ebq_gb_�hilbq_kdhc�lhesbgu��djb\u_�4, 5) ijb\h^bl�d�jhklm�
yjdhklb�lhevdh�gZ�djuevyo�ebgbb��Z�\�p_gljZevghc�qZklb�ba-aZ�hljbpZl_evgh�
]h�gZdehgZ�djb\hc�Y(k0) yjdhklv�mf_gvrZ_lky�—�gZklmiZ_l��kZfhh[jZs_gb_��

ebgbb�� Q_f� [hevr_� hilbq_kdZy� lhesbgZ� g_h^ghjh^gh]h� bklhqgbdZ�� l_f�

 
Jbk�������Nhjfbjh\Zgb_�dhglmjZ�ki_dljZevghc�ebgbb� ijb� j_Z[khj[pbb� baemq_gby��
Z —�yjdhklv�ieZafu�\�aZ\bkbfhklb�hl�hilbq_kdhc�lhesbgu�^ey�h^ghjh^gh]h�ieZg�

dh\kdh]h�baemqZl_ey� �imgdlbj���^ey�baemqZl_ey�k�lj_m]hevghc�nmgdpb_c�bklhqgbdZ 
�kiehrgZy�ebgby��b�^ey�rgmjh\h]h�bklhqgbdZ��rljboh\ZggZy�ebgby���[), \) —�ijb-
f_ju�]jZnbq_kdh]h�gZoh`^_gby�nhjfu�gZ[ex^Z_fuo�ki_dljZevguo�ebgbc� 
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^Zevr_�hl�p_gljZ�jZkoh^ylky�fZdkbfmfu�gZ[ex^Z_fh]h�dhglmjZ��Z�fbgbfmf�

\�p_glj_�ebgbb�klZgh\blky�\k_�[he__�]em[hdbf��KZfhh[jZs_ggmx�ki_dljZev�

gmx�ebgbx�\�wdki_jbf_gl_�hq_gv�e_]dh�hrb[hqgh�ijbgylv�aZ�^\_�hl^_evgu_�

ebgbb��AZf_lbf��qlh�\�kemqZ_�h^ghjh^ghc�ieZafu�gbdZdh]h�ijh\ZeZ�\�p_glj_�

g_� \hagbdeh� [u��NhjfZ� ebgbb� ijbh[j_eZ� [u� iehkdmx� \_jrbgm�� khhl\_lkl�

\mxsmx�yjdhklb�q_jgh]h�l_eZ�b�
0��imgdlbj�gZ�jbk�������Z, \). 

 

§������HKGH<GU?�LBIU�=:AHJ:AJY>GUO�BKLHQGBDH< 
BAEMQ?GBY 
 

K� ]ZahjZajy^gufb� bklhqgbdZfb� baemq_gby� ijboh^blky� qZklh� klZedb�

\Zlvky�\�ih\k_^g_\ghc�`bagb�—�ijb�hk\_s_gbb�ij_^ijbylbc�b�mebp��\�bg^b�

dZlhjguo�mkljhckl\Zo�fZrbg�b�ijb[hjh\��gZ�j_deZfguo�sblZo��\� kbkl_fZo�

kb]gZebaZpbb��A^_kv�fu�jZkkfhljbf�]ZahjZajy^gu_�bklhqgbdb��bkihevam_fu_�

\� wdki_jbf_glZevghc� ki_dljhkdhibb�� =ZahjZajy^gu_� bklhqgbdb� k\_lZ� \� hk�

gh\ghf�fh`gh�jZa^_eblv�gZ�ljb�]jmiiu��jZaebqZxsb_ky�^Z\e_gb_f�\�dhe[_��

\u^_ey_fhc� k� _^bgbpu� ^ebgu� ]Zah\h]h� klhe[Z� fhsghklvx� b� oZjZdl_jguf�

ki_dljhf��lZ[e������� 
LZ[ebpZ�������OZjZdl_jgu_�lbiu�]ZahjZajy^guo�bklhqgbdh\�k\_lZ 
 

>Z\e_gb_ <u^_ey_fZy�fhsghklv Ki_dlj�baemq_gby 
FZeh_��~ 10–3�Zlf� 
 
Kj_^g__���-���Zlf 
 
<ukhdh_��!����Zlf 

�����<l�kf 
 
����<l�kf 
 
�d<l�kf 

Ebg_cqZluc� 
 
KZfhh[jZs_ggu_�eb�

gbb��keZ[uc�dhglbgmmf 
Kbevguc�dhglbgmmf 

 
����Bklhqgbdb�k\_lZ�k�le_xsbf�b�\ukhdhqZklhlguf�jZajy^hf 
 

GZb[he__�ijhkl�\�hkms_kl\e_gbb�bklhqgbd�k\_lZ�k�le_xsbf�jZajy^hf��

H[uqgh�hg�ij_^klZ\ey_l�kh[hc�kl_deyggmx�ljm[dm��\�dhlhjmx�\iZygu�^\Z�g_�

gZdZeb\Z_fuo� f_lZeebq_kdbo� we_dljh^Z�—� dZlh^� b� Zgh^�� gZiheg_ggmx� dZ�

dbf-eb[h�]Zahf�ijb�^Z\e_gbb��-���ff�jl�kl��JZajy^�ijhbkoh^bl�ijb�lhdZo��-
����f:�b�ijb�gZijy`_gbb�f_`^m�we_dljh^Zfb����-��d<��H[uqgh�bkihevam_lky�
k\_q_gb_�iheh`bl_evgh]h�klhe[Z��yjdhklv�dhlhjh]h�hij_^_ey_lky�iehlghklvx�

jZajy^gh]h� lhdZ��Mrbj_gb_� [hevrbgkl\Z� ebgbc� \� hkgh\ghf� bf__l� ^hiie_�

jh\kdbc� oZjZdl_j�� h^gZdh� ijb� [hevrbo� lhdZo�fh`_l� ij_h[eZ^Zlv�rlZjdh\�

kdh_�mrbj_gb_� 
;ebadbf�ih�hilbq_kdbf�k\hckl\Zf�d�le_xs_fm�jZajy^m�y\ey_lky�\ukh�

dhqZklhlguc� �<Q�� jZajy^�� \ha[m`^Z_fuc� gZ� qZklhlZo� hl� ^_kyldh\� ^h� �-10 
luk��F=p��<�\ukhdhqZklhlghf�jZajy^_�we_dljhgu�ih^�^_ckl\b_f�we_dljbq_�

kdh]h�ihey�kh\_jrZxl�i_jbh^bq_kdb_�dhe_[Zgby��^he]h_�\j_fy�gZoh^ykv�\�ah�

g_�jZajy^Z��b�wnn_dlb\gh�\ha[m`^Zxl�Zlhfu�]ZaZ��Jhev�we_dljh^h\�\�\ukhdh�

qZklhlghf�jZajy^_�agZqbl_evgh�f_gvr_��q_f�\�jZajy^Zo�gZ�ihklhygghf�lhd_��

<ukhdhqZklhlguc�jZajy^�fh`_l�[ulv�b�[_awe_dljh^guf� 
>Z\e_gb_� ]ZaZ�� khhl\_lkl\mxs__� fbgbfmfm� gZijy`_gghklb� aZ`b]Zgby�

<Q�jZajy^Z��\�i_j\hf�ijb[eb`_gbb�ijhihjpbhgZevgh�qZklhl_�\ha[m`^Zxsbo�

dhe_[Zgbc��LZd��\�^bZiZahg_�f_ljh\uo�\heg�wlh�^Z\e_gb_�bf__l�ihjy^hd���–2 
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ff�jl�kl���gZ�\hegZo�kZglbf_ljh\h]h�^bZiZahgZ�jZajy^�e_]q_�\k_]h�aZ`b]Z_lky�

ijb�^Z\e_gbb�\�g_kdhevdh�ff�jl�kl��AZ`b]Zgb_�[_awe_dljh^gh]h�jZajy^Z�\ha-
fh`gh�^Z`_�gZ�hilbq_kdbo�qZklhlZo�ijb�bkihevah\Zgbb�baemq_gby�fhsguo�

eZa_jh\�� Ijb� wlhf� hilbfZevgZy� \_ebqbgZ� ^Z\e_gby� khklZ\ey_l� h[uqgh� g_�

kdhevdh�Zlfhkn_j� 
GZijy`_gghklv�aZ`b]Zgby�<Q�jZajy^Z�g_�aZ\bkbl�hl�jZaf_jh\�ljm[db�^h�

l_o�ihj��ihdZ�Zfieblm^Z�dZqZgbc�we_dljhgh\�\�<Q�ihe_�agZqbl_evgh�f_gvr_�

jZaf_jh\�ljm[db��<�ijhlb\ghf�kemqZ_�aZ`b]Zgb_�b�]hj_gb_�jZajy^Z�aZljm^gy�

_lky� \ke_^kl\b_� hk_^Zgby� we_dljhgh\�gZ� kl_gdZo��:fieblm^Z� dhe_[Zgbc� h[�

jZlgh� ijhihjpbhgZevgZ� d\Z^jZlm� qZklhlu�� ihwlhfm� k� ih\ur_gb_f� qZklhlu�

jZaf_ju�jZajy^ghc�ljm[db�fh]ml�[ulv�mf_gvr_gu� 
Ihemqbeb� jZkijhkljZg_gb_� \ukhdhqZklhlgu_� ki_dljZevgu_� [_awe_d�

ljh^gu_�eZfiu�<K;�>���@��Hgb�ij_^klZ\eyxl�kh[hc�[Zeehgqbdb�ba�kl_deZ�beb�

d\ZjpZ�^bZf_ljhf� �-��kf��gZiheg_ggu_�bg_jlguf� ]Zahf� �h[uqgh�dk_ghghf��
^h�^Z\e_gby��-��ff�jl�kl���\�dhlhju_�^h[Z\e_gh�g_[hevrh_�dhebq_kl\h�dZdh�

]h-eb[h�e_]dh�bkiZjy_fh]h�f_lZeeZ�— NZ��RV��Gg�b�l�^��Ljm^ghe_lmqb_�we_�
f_glu��lZdb_��dZd�:g��Kr, F_�b�^j���\\h^yl�\�eZfiu�\�\b^_�e_]dhe_lmqbo�kh_^b�
g_gbc�—�oehjb^h\�beb�bh^b^h\��<�jZ[hlZxs_c�eZfi_�l_fi_jZlmjZ�]ZaZ�kh�

klZ\ey_l����-����D� 
Ijb�g_[hevrbo�fhsghklyo�<Q�jZajy^Z�k\_q_gb_�ebgbc�f_lZeeh\�khkj_�

^hlhq_gh�\�lhgdhf�ijbkl_ghqghf�keh_�lhesbghc�a���ff�b�ijZdlbq_kdb�g_�j_�

Z[khj[bjh\Zgh��Z�\�p_glj_�eZfiu�k\_lblky�bg_jlguc�]Za��Ijb�ih\ur_gbb�lh�

dZ�jZajy^Z�^h���-����f:�jZaebqb_�ahg�bkq_aZ_l��;eZ]h^Zjy�gbadbf�ihl_gpbZ�
eZf�bhgbaZpbb�f_lZeeh\�ih�kjZ\g_gbx�k�bg_jlguf�]Zahf�ebgbb�ihke_^g_]h�\�

baemq_gbb�eZfiu�hkeZ[eyxlky��Z�ebgbb�f_lZeeh\�klZgh\ylky�yjq_��mrbjyxl�

ky�b�^Z`_�gZqbgZxl�kZfhh[jZsZlvky� 
Ki_dlj�k\_q_gby�eZfi�<K;�khklhbl�\�hkgh\ghf�ba�ebgbc�k�gbadbfb�ih�

l_gpbZeZfb� \ha[m`^_gby� -� ]eZ\guf� h[jZahf� j_ahgZgkguo� ebgbc� >���@��Ih�
wlhfm�bo�bkihevamxl�\�Zlhfgh-Z[khj[pbhgghf�ki_dljZevghf�ZgZeba_�\�dZq_�
kl\_� ijhk\_qb\Zxsbo� bklhqgbdh\�� >ey� ihemq_gby� ki_dljh\� kjZ\g_gby�� gZ�

ijbf_j�ljZ^bpbhggh]h�ki_dljZ�kjZ\g_gby�F_��hgb�g_ijb]h^gu�ba-aZ�ijbkml�
kl\by�\�ki_dlj_�[hevrh]h�dhebq_kl\Z�ebgbc�O_� 

 
����Bklhqgbd�k\_lZ�k�iheuf�dZlh^hf 
 
JZajy^�\�ihehf�dZlh^_�ij_^klZ\ey_l�kh[hc�jZagh\b^ghklv�le_xs_]h�jZa�

jy^Z�k�dZlh^hf�\�\b^_�ihehklb��ihi_j_qgu_�jZaf_ju�dhlhjhc�kjZ\gbfu�k�ijh�

ly`_gghklvx�ijbdZlh^ghc�h[eZklb�jZajy^Z�ijb�lhf�`_�^Z\e_gbb� 
Jbk������beexkljbjm_l�\�h[sbo�q_jlZo�hlebqb_�jZajy^Z�\�ihehf�dZlh^_�

hl�h[uqgh]h�le_xs_]h�jZajy^Z��<�kemqZ_�Z�ijbdZlh^gu_�h[eZklb�nhjfbjmxl�

ky�m�dZ`^h]h�ba�^\mo�dZlh^h\�\�hl^_evghklb��GZ�jbk������[�dZlh^u�k[eb`_gu�

gZklhevdh��qlh�bo�hljbpZl_evgu_�k\_q_gby�i_j_dju\Zxlky�b�\hagbdZ_l� �wn�

n_dl� iheh]h� dZlh^Z��� We_dljhgu� \� wlhf� kemqZ_� kh\_jrZxl� dhe_[Zl_evgh_�

^\b`_gb_� hl� h^gh]h� dZlh^Z� d� ^jm]hfm�� ihkl_i_ggh� i_j_f_sZykv� \� klhjhgm�

Zgh^Z��>ebgZ�imlb�we_dljhgh\�m\_ebqb\Z_lky��\hajZklZxl�\ha[m`^_gb_�b�bh�

gbaZpby�Zlhfh\�]ZaZ� 
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Kms_kl\h\Zgb_�h[eZdZ�we_dljhgh\�\gmljb�dZlh^Z�dhfi_gkbjm_l�iheh`b�

l_evguc�ijhkljZgkl\_gguc�aZjy^��dhlhjuc�h[uqgh�bf__lky�\�h[eZklb�dZlh^�

gh]h�iZ^_gby��<�j_amevlZl_�h[eZklv�dZlh^gh]h�iZ^_gby�mf_gvrZ_lky�b�hklZ_l�

ky�\�\b^_�lhgdh]h�kehy��ijbe_]Zxs_]h�d�ih\_joghklb�dZlh^Z��Hkgh\gh_�ijh�

kljZgkl\h� \gmljb� dZlh^Z� hdZau\Z_lky� aZgyluf� yjdbf� hljbpZl_evguf� k\_q_�

gb_f��ijbq_f�yjdhklv�m\_ebqb\Z_lky�d�k_j_^bg_�f_`^m�ih\_joghklyfb�dZlh�

^Z� 
Y\e_gby��bah[jZ`_ggu_�gZ�jbk������Z,[��fh]ml�gZ[ex^Zlvky�ijb�h^ghf�b��

lhf�`_�dZlh^_��_keb�f_gylv�^Z\e_gb_�\�ljm[d_��Ijb�[hevrhf�^Z\e_gbb�ijbdZ�

lh^gu_�h[eZklb�khkj_^hlhq_gu�dZ`^Zy�m�k\h_c�dZlh^ghc�ih\_joghklb�b�]hjbl�

h[uqguc�le_xsbc�jZajy^��K�ihgb`_gb_f�^Z\e_gby�^ebgZ�k\h[h^gh]h�ijh[_�

]Z� we_dljhgh\�m\_ebqb\Z_lky��ijbdZlh^gu_�h[eZklb�jZklml��Ijb�bo� kebygbb�

\hagbdZ_l�wnn_dl�iheh]h�dZlh^Z��>ey�ijhoh`^_gby�lhdZ�hij_^_e_gghc�\_eb�

qbgu�\�jZajy^_�k�iheuf�dZlh^hf��dZd�ijZ\beh��lj_[m_lky�f_gvr__�gZijy`_�

gb_��q_f�\�le_xs_f�jZajy^_��ihwlhfm�ijb�g_baf_gghf�Zgh^ghf�gZijy`_gbb�

ihy\e_gb_�wnn_dlZ�iheh]h�dZlh^Z�ijb\h^bl�d�m\_ebq_gbx�lhdZ� 

  
 
Jbk�������I_j_oh^�le_xs_]h�jZajy^Z��Z��\�jZajy^�k�iheuf�dZlh^hf��[��ijb�k[eb`_gbb�

^\mo�iehkdbo�dZlh^h\��1 —�ahgZ�hljbpZl_evgh]h�k\_q_gby��2 —�ljZ_dlhjbb�we_dljh�

gh\� 3 — iheh`bl_evguc�klhe[ 
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Wnn_dl�iheh]h�dZlh^Z�bf__l�f_klh�\�h]jZgbq_gghc�h[eZklb�^Z\e_gbc�]Z�

aZ��K�\_jog_c�klhjhgu�ij_^_evguf�y\ey_lky�^Z\e_gb_��ijb�dhlhjhf�i_j_klZ�

xl� i_j_dju\Zlvky� ijbdZlh^gu_� h[eZklb� ijhlb\hiheh`guo� kl_ghd� dZlh^Z��

Ijb�ihi_j_qguo�jZaf_jZo�dZlh^Z��-���ff�wlh�^Z\e_gb_�h[uqgh�khklZ\ey_l���-
��ff�jl�kl��K�gb`g_c�klhjhgu�^Z\e_gb_�h]jZgbq_gh�kemqZ_f��dh]^Z�kehc�dZ�

lh^gh]h�iZ^_gby�m\_ebqb\Z_lky�ih�lhesbg_�gZklhevdh��qlh�aZljm^gy_lky�km�

s_kl\h\Zgb_�hljbpZl_evgh]h�k\_q_gby�\�k_j_^bg_�ihehklb�b�jZajy^�g_�fh`_l�

]hj_lv��H[uqgh�wlh�^Z\e_gb_�khklZ\ey_l�hdheh�����ff�jl�kl���gh�fh`_l�bgh]^Z�

^hoh^blv�^h�����-�����ff�jl�kl� 
JZkij_^_e_gb_� we_dljhgh\�ih� kdhjhklyf� \�ihehf� dZlh^_�hlebqZ_lky�hl�

fZdk\_eeh\kdh]h� b� oZjZdl_jbam_lky� gZebqb_f� g_dhlhjh]h� ba[uldZ� [ukljuo�

we_dljhgh\��<� j_amevlZl_� yjdbfb� hdZau\Zxlky� ki_dljZevgu_� ebgbb� k� \ukh�

dbfb�ihl_gpbZeZfb�\ha[m`^_gby��\�ki_dlj_�Zj]hgZ��gZijbf_j�ebgbb�:r II. 
<�ki_dlj_�ijbkmlkl\mxl�b�ebgbb�f_lZeeZ��ba�dhlhjh]h�k^_eZg�dZlh^��?k�

eb�g_�klZ\blky�p_evx�gZ[ex^_gb_�ebgbc�fZl_jbZeZ�dZlh^Z��_]h�^_eZxl�ba�dZ�

dh]h-eb[h� fZeh� jZkiueyxs_]hky� f_lZeeZ�� GZbemqrbfb� \� wlhf� hlghr_gbb�

y\eyxlky� `_e_ah�� g_j`Z\_xsZy� klZev� b� dh\Zj�� dhlhju_�� h^gZdh�� h[eZ^Zxl�

[hevrbf�dhebq_kl\hf�ki_dljZevguo�ebgbc��Ke_^m_l�aZf_lblv��qlh�ihy\e_gb_�

ebgbc�fZl_jbZeZ�dZlh^Z�aZ\bkbl�hl�mkeh\bc�jZ[hlu�dZlh^Z��GZijbf_j��hoeZ�

`^_gb_�kl_ghd�klZevgh]h�dZlh^Z�ljm[db��gZiheg_gghc�Zj]hghf��^h�l_fi_jZlm�

ju�`b^dh]h�ZahlZ����D�\uau\Z_l�yjdh_�k\_q_gb_�ebgbc�`_e_aZ��Ijb�l_fi_jZ�

lmj_�dZlh^Z��[ebadhc�d�dhfgZlghc��\�ki_dlj_�ij_h[eZ^Zxl�ebgbb�:]�II [3.8]. 
<� eZ[hjZlhjguo� bkke_^h\Zgbyo� bkihevamxl� jZa[hjgu_� ljm[db�� ih^h[�

gu_�bah[jZ`_gghc�gZ�jbk�������LZdZy�dhgkljmdpby�iha\hey_l�ihf_sZlv�\gmljv�

 
Jbk�������JZa[hjgZy�dhgkljmdpby�bklhqgbdZ�k\_lZ�k�iheuf�dZlh^hf��1 —�dZlh^��2 — 
\\h^� Zgh^Z�� 3 — Zgh^�� 4 — miehlgyxsZy� k\bgph\Zy� ijhdeZ^dZ�� 5 —� ijb`bfgh_�

dhevph��6 — hljhklhd�^ey�ijbkh_^bg_gby�d�\Zdmmfghc�kbkl_f_����—�hilbq_kdh_�hd�

gh��8 —�de_c��ibp_bg� 
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dZlh^Z�jZaebqgu_�\_s_kl\Z��h[uqgh�\�\b^_�dZdhc-eb[h�kheb��Ih^�^_ckl\b_f�
bhgghc�[hf[Zj^bjh\db�\_s_kl\h�jZkiuey_lky��\u^_ey_fuc�]Za�hldZqb\Z_lky�

\Zdmmfghc�mklZgh\dhc��Z�\_s_kl\h�\�l\_j^hc�nZa_�hdZau\Z_lky�jZkij_^_e_g�

guf�ih�\k_c�ih\_joghklb�dZlh^Z�b�ohjhrh�ihklmiZ_l�\�jZajy^��DZlh^��gZjm`�

gZy�ih\_joghklv�dhlhjh]h�khijbdZkZ_lky�k�\g_rg_c�kj_^hc��fh`gh�hoeZ`^Zlv�

ijhlhqghc�\h^hc�beb�^jm]bf�hoeZ^bl_e_f��gZijbf_j��`b^dbf�Zahlhf��<�ih�

ke_^g_f� kemqZ_� ljm[dm� jZkiheZ]Zxl� \_jlbdZevgh�� Z� dZlh^guc� dhg_p� ih]jm�

`Zxl�\�`b^dbc�Zahl��Baemq_gb_�jZajy^Z��\uoh^ys__�ba�ljm[db�\\_jo��gZijZ\�

eyxl�\�ki_dljZevguc�ijb[hj�k�ihfhsvx�ijbafu�beb�a_jdZeZ� 
Mrbj_gb_�ebgbc�\�ihehf�dZlh^_�\�hkgh\ghf�^hiie_jh\kdh_��h^gZdh�hgh�

g_\_ebdh��lZd�dZd�l_fi_jZlmjZ�]ZaZ�\�jZajy^_�fZeZ��hkh[_ggh�ijb�hoeZ`^_gbb�

dZlh^Z��J_ahgZgkgh_�mrbj_gb_�hdZau\Z_lky�[hevrbf�lhevdh�^ey�j_ahgZgkguo�

ebgbc� Zlhfh\�� RlZjdh\kdh_� mrbj_gb_�

k\yaZgh� k� dhgp_gljZpb_c� aZjy`_gguo�

qZklbp�b� k� ]jZ^b_glZfb�ihey� \� jZajy^_��

Dhgp_gljZpby� aZjy`_gguo� qZklbp� \� ih�

ehf�dZlh^_�[hevr_��q_f�\�le_xs_f�jZa�

jy^_��b� khklZ\ey_l� ��12-1014 kf–3��Wlh�g_�

\uau\Z_l� kbevgh]h� rlZjdh\kdh]h� mrb�

j_gby�ebgbc�k�d\Z^jZlbqguf�wnn_dlhf��

gh�ebgbb�k�ebg_cguf�wnn_dlhf� �gZijb�

f_j�� \h^hjh^gu_��mrbj_gu� agZqbl_evgh�

[3.8]. 
=ZahjZajy^gu_� eZfiu� k� iheuf� dZ�

lh^hf��EID���dZd�b�eZfiu�<K;��gZoh^yl�

ijbf_g_gb_� \� Zlhfgh-Z[khj[pbhgghf�
ki_dljZevghf� ZgZeba_� >���@� \� dZq_kl\_�

ijhk\_qb\Zxsbo� bklhqgbdh\�� EZfiu��

\uimkdZ_fu_�ijhfure_gghklvx��LKID��

EL-��� ED��� ij_^gZagZq_gu� ^ey� ihemq_�
gby�yjdbo�j_ahgZgkguo�ebgbc�jZaebqguo�

we_f_glh\�� Hgb� h[uqgh� ij_^klZ\eyxl�

kh[hc� pbebg^jbq_kdbc� kl_deygguc� [Ze�

ehg� k� iehkdbf� hdghf� ^ey� \uoh^Z� ba-
emq_gby��ijhajZqguf� \� h[eZklb� ki_dljZ�

0,21-��fdf��jbk���������EZfiu�bf_xl�dZ�
lh^�ba�khhl\_lkl\mxs_]h�fZl_jbZeZ�beb�

kieZ\Z� b� gZiheg_gu� g_hghf� beb� Zj]h�

ghf��RbjbgZ� j_ahgZgkguo� ebgbc� \� aZ-
\bkbfhklb�hl�we_f_glZ�khklZ\ey_l������-
������gf� 

Q_f� \ur_�bgl_gkb\ghklv�j_ahgZgkguo�ebgbc�ijhk\_qb\Zxs_]h�bklhq�

gbdZ��l_f�f_gvrZy�dhgp_gljZpby�^Zggh]h�we_f_glZ�\�ijh[_�fh`_l�[ulv�h[gZ�

jm`_gZ�� l�_�� l_f� \ur_� qm\kl\bl_evghklv� ki_dljZevgh]h� ZgZebaZ��Bgl_gkb\�

ghklv�j_ahgZgkguo�ebgbc�\hajZklZ_l�ijbf_jgh�gZ�ihjy^hd��_keb�eZfim�EL-2 
bkihevah\Zlv�\�bfimevkghf�j_`bf_��khojZgyy�kj_^g__�agZq_gb_�lhdZ�\�ij_^_�

 
 
Jbk�� ������ Mkljhckl\h� eZfiu� k� ih�

euf� dZlh^hf� EL-2; 1 –� dZlh^�� 2 – 
Zgh^��3 –�d_jZfbq_kdbc�baheylhj��4 – 
p_gljbjmxsb_�kex^ygu_�^bkdb��5 – 
hdgh 
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eZo� ghfbgZeZ��<� eZfiZo� k� dhf[bgbjh\Zgguf� jZajy^hf�ED� �^\mojZajy^guo�

eZfiZo��^m]h\hc�jZajy^�h[_ki_qb\Z_l�bkiZj_gb_�\_s_kl\Z�k�dZlh^Z��Z�\�ihehf�

dZlh^_�ijhbkoh^bl�\ha[m`^_gb_�Zlhfgh]h�iZjZ��Wlh�lZd`_�agZqbl_evgh�m\_�

ebqb\Z_l�yjdhklv�j_ahgZgkguo�ebgbc��LZdb_�eZfiu�fh]ml�[ulv�k�g_kdhevdb�

fb� kd\hagufb� dZlh^Zfb� ba� jZaguo� fZl_jbZeh\� �fgh]hwe_f_glgu_� eZfiu���

HilbfZevgu_� dhgkljmdpbb� b� j_`bfu� jZ[hlu� eZfi� ih^[bjZxlky� hiulguf�

iml_f� 
 
����Bklhqgbd�k\_lZ�k�Zlhfguf�imqdhf 
 
GZb[he__� madb_� ki_dljZevgu_� ebgbb�� [ebadb_� d� _kl_kl\_gghc�rbjbg_��

ihemqZxl� \� bklhqgbd_� k\_lZ� k� Zlhfguf� imqdhf��K\_q_gb_� Zlhfh\�� ^\b]Zx�

sboky�madbf�gZijZ\e_gguf�imqdhf�\�\ukhdhf�\Zdmmf_� ���–6�ff�jl�kl����gZ�

[ex^Zxl� i_ji_g^bdmeyjgh� gZijZ\e_gbx�

bo� ^\b`_gby�� <ukhdZy� gZijZ\e_gghklv�

imqdZ� kha^Z_lky� ijb� ijhoh`^_gbb� Zlhfh\�

q_j_a�^\_�madb_�s_eb��h^gZ�ba�dhlhjuo�gZ�

oh^blky� gZ� \uoh^_� ba� i_qdb-bkiZjbl_ey�
�jbk���������^jm]Zy�—�\[ebab�ijhkljZgkl\Z��

]^_� gZ[ex^Z_lky� k\_q_gb_�� Q_f� f_gvr_�

rbjbgZ� s_e_c� b� q_f� [hevr_� jZkklhygb_�

f_`^m� gbfb�� l_f� emqr_� gZijZ\e_gghklv�

�dheebfZpby�� imqdZ�� <ha[m`^_gb_� Zlhfh\�

ijhbkoh^bl�ijb� khm^Zj_gbyo� k� we_dljhgZ�

fb��imqhd�dhlhjuo� kha^Z_lky� we_dljhgghc�

imrdhc� b� nhdmkbjm_lky� \� ahg_� Zlhfgh]h�

imqdZ� 
Yjdhklv�k\_q_gby�Zlhfgh]h�imqdZ� aZ�

\bkbl� hl� ]_hf_ljbq_kdbo� jZaf_jh\� imqdZ��

iehlghklb�Zlhfh\�\�g_f��iehlghklb�b�wg_j�

]bb� imqdZ� we_dljhgh\� b� hl� wnn_dlb\gh]h�

k_q_gby� \ha[m`^_gby� bkke_^m_fh]h� wg_j�

]_lbq_kdh]h� mjh\gy�� FZdkbfZevgZy� iehl�

ghklv� Zlhfh\� h]jZgbqb\Z_lky� mkeh\b_f��

qlh[u�hgb�^\b]Zebkv�[_a�khm^Zj_gbc�^jm]�

k�^jm]hf��Iehlghklv�Zlhfh\�\�imqd_�h[uq-
gh� khklZ\ey_l� ihjy^dZ� ��15� kf–3�� Dhg-
p_gljZpby� we_dljhgh\� \� ahg_� k\_q_gby�

bf__l�ihjy^hd���10�kf–3. 
Mrbj_gb_� ebgbc�� baemqZ_fuo� Zlhf-

guf�imqdhf��hij_^_ey_lky�gZebqb_f�m�Zlhfh\�khklZ\eyxs_c�kdhjhklb�\�gZ-
ijZ\e_gbb� gZ[ex^_gby� k\_q_gby��Ijb� ohjhr_c� dheebfZpbb� imqdZ� ^hiie_�

jh\kdZy� rbjbgZ� ebgbb� fh`_l� [ulv� gZklhevdh� fZehc�� qlh� ^ey� lZdh]h� `_�

mf_gvr_gby�¨�D�h[uqgu_�bklhqgbdb�k\_lZ�ijbrehkv�[u�hoeZ`^Zlv�^h�l_fi_�

jZlmju� \� ^_kylu_� b� khlu_� ^heb� Z[khexlgh]h� ]jZ^mkZ��HklZevgufb� \b^Zfb�

mrbj_gby�� dhlhju_�fh]ml� \hagbdgmlv�ijb� \ha[m`^_gbb� k\_q_gby� �rlZjdh\�
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kdbf� mrbj_gb_f�� mrbj_gb_f� aZ� kq_l� i_j_^Zqb� bfimevkZ� Zlhfm� ijb� m^Zj_�

\ha[m`^Zxs_]h�we_dljhgZ���h[uqgh�fh`gh�ij_g_[j_qv��?^bgkl\_gguf�mrb�

jyxsbf�nZdlhjhf�fh`_l�[ulv�j_Z[khj[pby��dhlhjZy�\hafh`gZ�gZ�j_ahgZgk�

guo�ebgbyo� 
����=ZahjZajy^gu_�bklhqgbdb�k\_lZ�gbadh]h�^Z\e_gby� 
k�g_ij_ju\guf�ki_dljhf�baemq_gby 
 
=Zah\uc� jZajy^� \� \h^hjh^_� b�

bg_jlguo� ]ZaZo� baemqZ_l� g_� lhevdh�

hl^_evgu_�ki_dljZevgu_�ebgbb��gh�b�

g_ij_ju\guc� ki_dlj� �dhglbgmmf���

jZkiheh`_gguc�\�MN�h[eZklb�ki_d�

ljZ�� Bf_ggh� \� wlhc� h[eZklb� bklhq�

gbdb� l_ieh\h]h� baemq_gby� g_^hklZ�

lhqgh� wnn_dlb\gu� \\b^m� lh]h�� qlh�

djb\Zy� IeZgdZ� [ukljh� kiZ^Z_l� \�

klhjhgm� dhjhldbo� \heg�� GZijbf_j��

baemqZl_evgZy� kihkh[ghklv� q_jgh]h�

l_eZ�ijb�L� ������D�k�mf_gvr_gb_f�

^ebgu�\hegu�hl�����^h�����gf�iZ^Z�

_l�\���9�jZa� 
<h^hjh^gu_� eZfiu� baemqZxl�

g_ij_ju\guc�ki_dlj�\�h[eZklb� ���-
����gf�b�fgh]hebg_cqZluc�—�\�h[�

eZklb����–���gf��jbk���������<�wlhc�h[eZklb�ki_dljZ�gZoh^blky�dhglbgmmf�j_�
dhf[bgZpbhggh]h� baemq_gby� Zlhfh\� \h^hjh^Z�� jZkiheh`_gguc� aZ� ]jZgbp_c�

[Zevf_jh\kdhc� k_jbb� �ijb� �� �� ������ gf��� Z� lZd`_� g_ij_ju\gh_� baemq_gb_��

\hagbdZxs__�ijb�i_j_oh^Zo�fhe_dme�G2 \�g_mklhcqb\h_�khklhygb_�k�ihke_�

^mxs_c����^bkkhpbZpb_c�b�aZo\Zlhf�k\h[h^gh]h�we_dljhgZ��Fgh]hebg_cqZluc�

ki_dlj�\�h[eZklb����–���gf�\ua\Zg�we_dljhggufb�i_j_oh^Zfb�\�fhe_dme_�G2. 
Ijb�ohjhr_f�jZaj_r_gbb�ki_dljZevgh]h�ijb[hjZ�ki_dlj�\h^hjh^ghc�eZfiu�\�

wlhc�h[eZklb�bf__l�\b^��hl^_evguo�ebgbc���Z��ijb�iehohf�jZaj_r_gbb�—�rb�

jhdbo�ihehk�>�������@� 
Baf_g_gb_�\�g_[hevrbo�ij_^_eZo�jZajy^gh]h�lhdZ�beb�^Z\e_gby�\�\h^h�

jh^ghc�eZfi_�g_�baf_gy_l�jZkij_^_e_gby�wg_j]bb�\�kiehrghf�b�fgh]hebg_c�

qZlhf�ki_dljZo��ohly�khhlghr_gb_�f_`^m�gbfb�bgh]^Z�f_gy_lky��;eZ]h^Zjy�

wlhfm�\h^hjh^gZy�eZfiZ�fh`_l�kem`blv�bklhqgbdhf�baemq_gby�k�ba\_klguf�

jZkij_^_e_gb_f�wg_j]bb�ih�ki_dljm�\�h[eZklyo����-����b����-���gf. 
<h^hjh^gu_�ljm[db�le_xs_]h�jZajy^Z�k�gZijy`_gb_f�iblZgby��–��d<�b�

lhdZfb����–����:�b�\h^hjh^gu_�^m]h\u_�eZfiu�k�gZijy`_gb_f�iblZgby�����<�
b�lhdZfb�^h�g_kdhevdbo�Zfi_j��bf_xsb_�kZfhdZeysbcky�dZlh^��jZ[hlZxl�ijb�

^Z\e_gbb�\h^hjh^Z� �–����ff�jl�kl��Ljm[db�k� le_xsbf�jZajy^hf�bf_xl�g_�

[hevrmx�ih\_joghklgmx�yjdhklv��^m]h\u_�\h^hjh^gu_�eZfiu�fh`gh�kqblZlv�

lhq_qguf�bklhqgbdhf�baemq_gby�k�[hevrhc�ih\_joghklghc�yjdhklvx��Dhe[Z�

eZfiu�h[uqgh�bf__l�m\bhe_\h_��d\Zjp_\h_�beb�kZinbjh\h_��:�2H3��hdgh��Ijb�

jZ[hl_�\�\Zdmmfghc�MN�h[eZklb�ki_dljZ��]^_�g_l�ijhajZqguo�hilbq_kdbo�fZ�
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l_jbZeh\��bkihevamxlky� eZfiu�hldjulh]h� lbiZ�[_a� dhe[u��jZkiheZ]Z_fu_� \�

dZf_j_� bklhqgbdZ� ki_dljZevgh]h� ijb[hjZ��DZf_jZ� bklhqgbdZ� hl^_ey_lky� hl�

\Zdmmfbjh\Zggh]h�h[t_fZ�ki_dljZevgh]h�ijb[hjZ�\oh^ghc�s_evx��q_j_a�dh�

lhjmx� ihkl_i_ggh� \ul_dZ_l� ]Za��<� lZdbo� kemqZyo� bkihevamxl� ki_pbZevgu_�

gZl_dZl_eb��h[_ki_qb\Zxsb_�ihklhygkl\h�^Z\e_gby�jZ[hq_]h�]ZaZ�\�bklhqgb�

d_� 
<� ihke_^g__� \j_fy� ihemqbeb�

jZkijhkljZg_gb_�eZfiu��gZiheg_g�

gu_�^_cl_jb_f��dhlhju_�gZ���-50% 
wnn_dlb\g__�\h^hjh^guo�\�h[eZklb�

ki_dljZ�hl�����^h�����gf� 
EZfiu� k� g_hghf�� Zj]hghf��

djbilhghf� b� dk_ghghf� ^Zxl� dhg�

lbgmmfu�� kf_s_ggu_� \� dhjhldh-
\hegh\mx� h[eZklv� �jbk�� ������� Wlb�

ki_dlju� \hagbdZxl� ijb� we_dljhg-
guo�i_j_oh^Zo�\�fhe_dmeyjguo�h[�

jZah\Zgbyo� bg_jlguo� ]Zah\�� km-
s_kl\mxsbo�\�jZajy^_��\�j_amevlZl_�q_]h�fhe_dmeZ�hdZau\Z_lky�\�g_mklhcqb�

\hf�khklhygbb�b�^bkkhpbbjm_l�k�ihke_^mxs_c�j_dhf[bgZpb_c��K�m\_ebq_gb�

_f�fZkku� ZlhfZ�g_ij_ju\guc� ki_dlj� kf_sZ_lky� \� klhjhgm�^ebgguo� \heg� \�

khhl\_lkl\bb�kh�kf_s_gb_f�]jZgbp�k_jbc�bhgh\�bg_jlguo�]Zah\��G_ij_ju\�

gu_�ki_dlju�\�bg_jlguo�]ZaZo�\ha[m`^Zxl�\�fhsghf�\ukhdhqZklhlghf�beb�

bfimevkghf�jZajy^_�ijb�^Z\e_gbb�ihjy^dZ���-����ff�jl�kl��<b^�ihemqZ_fh]h�
ki_dljZ�g_kdhevdh�aZ\bkbl�hl�f_lh^Z�\ha[m`^_gby� 

 

����Jlmlgu_�eZfiu�\ukhdh]h�b�k\_jo\ukhdh]h�^Z\e_gby 
 

Rbjhdh_�ijbf_g_gb_�jlmlb�\�bklhqgbdZo�k\_lZ�h[mkeh\e_gh�g_kdhevdb�

fb� ijbqbgZfb�� Jlmlv� bf__l� g_[hevrh_� qbkeh� yjdbo� ki_dljZevguo� ebgbc��

jZkiheh`_gguo�\�MN��\b^bfhc�b�[eb`g_c�BD�h[eZklyo�ki_dljZ��Mijm]hklv�

iZjh\�jlmlb�^hklZlhqgh�\ukhdZ��qlh�iha\hey_l�kjZ\gbl_evgh�e_]dh�kha^Z\Zlv�

eZfiu�k�^Z\e_gb_f�iZjh\�hl���
–3
�ff�jl�kl��^h�^_kyldh\�b�khl_g�Zlfhkn_j��IZ�

ju�jlmlb�obfbq_kdb�fZeh�Zdlb\gu�b�ihqlb�g_�\aZbfh^_ckl\mxl�k�fZl_jbZehf�

dhe[u�b�we_dljh^h\� 
GZb[hevr__�jZkijhkljZg_gb_�ihemqbeb�eZfiu�ljm[qZlhc�nhjfu�\ukh�

dh]h�^Z\e_gby�b�rZjh\u_�eZfiu� k\_jo\ukhdh]h�^Z\e_gby��Wlb�eZfiu�ba]h�

lZ\eb\Zxl� ba� d\ZjpZ�� lZd� dZd� lhevdh� d\Zjp� fh`_l� ^ebl_evgh� jZ[hlZlv� ijb�

l_fi_jZlmjZo�����-�����D��\u^_j`b\Zy�^Z\e_gb_�\�^_kyldb�Zlfhkn_j� 
JlmlgZy�eZfiZ�IJD��ijyfZy�jlmlgh-d\Zjp_\Zy��ij_^klZ\ey_l�kh[hc�d\Zj�

p_\mx� ljm[dm�� gZ� dhgpZo� dhlhjhc� jZkiheh`_gu� hdkb^bjh\Zggu_� kZfhdZey�

sb_ky� \hevnjZfh\u_� we_dljh^u� �jbk�� �������Ljm^ghklb� kha^Zgby� \Zdmmfgh-
iehlgh]h�\\h^Z�\�d\Zjp��bf_xsbc�ih�kjZ\g_gbx�k�f_lZeehf�hq_gv�fZe_gvdbc�

dhwnnbpb_gl� l_jfbq_kdh]h�jZkrbj_gby��ij_h^he_\Zxlky�iml_f�bkihevah\Z�

gby�\\h^Z�ba�fheb[^_gh\hc�nhev]b�lhesbghc���-���fdf��:[khexlgZy�\_eb�
qbgZ�jZkrbj_gby�nhev]b�ijb�gZ]j_\Zgbb�hdZau\Z_lky�g_�gZklhevdh�[hevrhc��

qlh[u�ehigme�d\Zjp��\�dhlhjuc�hgZ�\iZygZ��Djhf_�lh]h��[eZ]h^Zjy�[hevrhc�
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ih\_joghklb�nhev]Z�ohjhrh�hoeZ`^Z_lky�aZ�kq_l�l_iehhl\h^Z�q_j_a�d\Zjp� 
EZfiZ�gZiheg_gZ�Zj]hghf�^h�^Z\e_gby�\�g_kdhevdh�ff�jl�kl���dhebq_kl\h�

`b^dhc�jlmlb�^habjh\Zgh�lZdbf�h[jZahf��qlh[u�ijb�jZ[hq_c�l_fi_jZlmj_�\ky�

jlmlv�bkiZjbeZkv�b�ijb�wlhf�kha^Zehkv�^Z\e_gb_�iZjh\��-����Zlf��<�oheh^ghf�
khklhygbb�dZi_evdZ�jlmlb�gZoh^blky�gZ�h^ghf�ba� we_dljh^h\�beb�gZ� kl_gd_�

dhe[u��EZfiu�\dexqZxl�\�k_lv�k�gZijy`_gb_f�����beb�����<�q_j_a�^jhkk_ev�

beb�j_abklhj��jbk�������[���AZ`b]Zgb_�jZajy^Z�gZ�i_j_f_gghf�lhd_�h[e_]qZ_l�

ky�f_lZeebq_kdhc�ihehkdhc�gZ�eZfi_��kh_^bg_gghc�q_j_a�dhg^_gkZlhj�K1 _f�
dhklvx� ���-����iN� k� h^gbf�ba� we_dljh^h\��EZfim� aZ`b]Zxl� djZldh\j_f_g�
guf�gZ`Zlb_f�dghidb�<��aZfudZxs_c�p_iv�k�dhg^_gkZlhjhf�K2�_fdhklvx��-3 
fdN��Ijb� jZafudZgbb� dghidb� \hagbdZ_l� bfimevk� i_j_gZijy`_gby��Fh`gh�

aZ`b]Zlv�eZfim�lZd`_�hl�ljZgknhjfZlhjZ�L_keZ� 
Ihke_� aZ`b]Zgby�jZajy^� ]hjbl� kgZqZeZ�\�Zlfhkn_j_�Zj]hgZ��ijb�ihkl_�

i_gghf�bkiZj_gbb�jlmlb�jZajy^�kly]b\Z_lky�\�rgmj� �hlrgmjh\u\Z_lky���ih�

\urZ_lky�_]h�yjdhklv��b�ijbf_jgh�q_j_a���fbg�ihke_�\dexq_gby�jZa\b\Zxlky�

klZ[bevgu_� mkeh\by� ]hj_gby�� Ijb� ih]ZkZgbb� eZfiu� ih\lhjgh_� aZ`b]Zgb_�

\hafh`gh�lhevdh�ihke_�__�hklu\Zgby�b�mf_gvr_gby�^Z\e_gby�\�g_c��<h�\j_fy�

jZ[hlu�eZfiu�d\Zjp_\Zy�dhe[Z�gZ]j_lZ�^h�l_fi_jZlmju����-����D��L_fi_jZ�
lmjZ�jZajy^Z�\�eZfi_�gZ�hkb�^hklb]Z_l�����-�����D� 

We_dljh^u�eZfiu�ij_^klZ\eyxl�kh[hc�\hevnjZfh\uc�kl_j`_gv��d_jg��k�

gZ\blhc� gZ� g_]h� kibjZevx�� ihdjulhc� Zdlb\ZlhjZfb��Ijb� aZ`b]Zgbb� eZfiu�

jZajy^�ijhbkoh^bl�i_j\hgZqZevgh�k�ihdjulhc�Zdlb\ZlhjZfb�qZklb�we_dljh^Z��
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Ih�f_j_�jZah]j_\Zgby�we_dljh^h\�b�\hagbdgh\_gby�^m]h\h]h�jZajy^Z�h[jZam�

_lky�dZlh^gh_�iylgh��ehdZebah\Zggh_�gZ�dhgp_�\hevnjZfh\h]h�d_jgZ� 
Baemq_gb_�eZfi�IJD�kh^_j`bl�j_ahgZgkgu_�kZfhh[jZs_ggu_�ebgbb�����

b�������gf��Z�lZd`_�jy^�mevljZnbhe_lh\uo�b�\b^bfuo�ebgbc��Ebgby�������gf�

\�ghfbgZevghf�j_`bf_�jZ[hlu�eZfiu�gZklhevdh�kZfhh[jZs_gZ��qlh�baemq_�

gb_� \� g_c� g_\_ebdh��<Z`gufb�

\� ki_dlj_� eZfi�IJD� y\eyxlky�

mevljZnbhe_lh\u_� ebgbb� ����

gf� b� ���� gf�� dhlhju_� ijbf_�

gyxlky� ^ey� \ha[m`^_gby� dhf�

[bgZpbhggh]h�jZkk_ygby�� 
<� ^ebggh\hegh\hc� BD�

h[eZklb�ki_dlj�baemq_gby�eZfi�

IJD� g_ij_ju\_g� ih� djZcg_c�

f_j_�^h��� ���ff��Ijhbkoh`^_�

gb_� wlh]h� dhglbgmmfZ� k\yau�

\Zxl�k�baemq_gb_f� we_dljhgh\�

\� lhjfhays_f� ihe_� bhgh\�� <�

h[eZklb�hl���^h���-����fdf��]^_�
d\Zjp� g_ijhajZq_g�� baemq_gb_�

eZfiu� nZdlbq_kdb� y\ey_lky�

baemq_gb_f� gZ]j_luo� kl_ghd� dhe[u� b� hij_^_ey_lky� bo� l_fi_jZlmjhc� �jbk��

3.15). 
<�ghfbgZevghf�j_`bf_�jZ[hlu�eZfi�IJD�ki_dljZevgu_�ebgbb�kms_kl�

\_ggh� mrbj_gu�� Z�fgh]b_� kZfhh[jZs_gu��KjZ\gbl_evgh� madb_� ebgbb� jlmlb�

fh`gh� ihemqblv�� bkihevamy� eZfim� IJD� \� ihgb`_gghf� j_`bf_� ijb� lhdZo�

0,01-����:�beb�\ha[m`^Zy�\�eZfi_�\ukhdhqZklhlguc�jZajy^�hl�ljZgknhjfZlh�
jZ�L_keZ� 

Jlmlguc�jZajy^�\ukhdh]h�^Z\e_gby�\�klZ[bebabjh\Zgguo�mkeh\byo�fh�

`_l�kem`blv�wlZehgguf�bklhqgbdhf�k�ba\_klguf�jZkij_^_e_gb_f�wg_j]bb�ih�

ki_dljm��>ey� wlhc�p_eb�bkihevamxl� ki_pbZevgmx�eZfim��gZau\Z_fmx�mevl�

jZnbhe_lh\hc�ghjfZevx�[1.5; 3.10]. 
>m]h\u_� jlmlgu_�rZjh\u_� eZfiu�>JR� �jbk�� �������gZau\Z_fu_� lZd`_�

K<>R�—� k\_jo\ukhdh]h�^Z\e_gby�rZjh\u_��bf_xl� lheklhkl_ggmx�d\Zjp_�

\mx�dhe[m�rZjh\hc�nhjfu��\gmljb�dhlhjhc�gZ�jZkklhygbb�\�g_kdhevdh�fbe�

ebf_ljh\�^jm]�hl�^jm]Z�jZkiheh`_gu�^\Z�\hevnjZfh\uo�hdkb^guo�we_dljh^Z��

ih^h[guo� we_dljh^Zf� eZfi� IJD�� G_dhlhju_� eZfiu� bf_xl� lZd`_� lj_lbc�

ih^`b]Zxsbc�we_dljh^��EZfiu�gZiheg_gu�bg_jlguf�]Zahf�b�^habjh\Zgguf�

dhebq_kl\hf�jlmlb��agZqbl_evgh�[hevrbf��q_f�eZfiu�IJD��<j_fy�jZa]hjZgby�

khklZ\ey_l� �-��fbg��Ijb� aZ`b]Zgbb�� dZd�b� \� eZfiZo�IJD�� jZajy^� \hagbdZ_l�
f_`^m�^Zevgbfb�qZklyfb�we_dljh^h\��ihdjulufb�hdkb^hf��Ih�f_j_�jZah]j_�

\Zgby�eZfiu�b�m\_ebq_gby�^Z\e_gby�iZjh\�jlmlb�jZajy^�mf_gvrZ_lky�\�h[t_�

f_�b� ehdZebam_lky�gZ� jZkdZe_gguo� dhgpZo� we_dljh^h\��EZfiu� lbiZ�>JR�b�

K<>R�y\eyxlky�ijZdlbq_kdb�lhq_qgufb�bklhqgbdZfb�k\_lZ� 
<ke_^kl\b_�hq_gv�\ukhdh]h�jZ[hq_]h�^Z\e_gby��^hklb]Zxs_]h���-���Zlf�

\�eZfiZo�fhsghklvx���-����<l�b���-���Zlf�\�eZfiZo�fhsghklvx��-��d<l��rZ�

 
 
Jbk������� YjdhklgZy� l_fi_jZlmjZ� baemq_gby�

jlmlghc��eZfiu�IJD-4 
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jh\u_�eZfiu�\aju\hhiZkgu�b�ijb�jZ[hl_�^he`gu�gZoh^blvky�\gmljb�ijhqgh�

]h�f_lZeebq_kdh]h�dh`moZ��Dh`mo�ij_^hojZgy_l�lZd`_�hl�mevljZnbhe_lh\h]h�

baemq_gby� eZfiu�� Dhe[u� eZfi� >JR� jZ[hlZxl� \� nhjkbjh\Zgghf� l_ieh\hf�

j_`bf_� ijb� l_fi_jZlmj_� kl_ghd�� ^hoh^ys_c� \� gZb[he__� ]hjyqbo�f_klZo� ^h�

1100-�����D∗). 
Ijb� \ukhdbo� l_fi_jZlmjZo�ieZ\e_guc� d\Zjp� djbklZeebam_lky��b� dhe[Z�

l_jy_l� f_oZgbq_kdmx� ijhqghklv�� Kdhjhklv� djbklZeebaZpbb� d\ZjpZ� [ukljh�

\hajZklZ_l�k�m\_ebq_gb_f�l_fi_jZlmju��Hiul�ihdZau\Z_l��qlh�^ey�h[_ki_q_�

gby�kjhdZ�kem`[u�eZfiu�ihjy^dZ�g_kdhevdbo�khl_g�qZkh\�fZdkbfZevgZy�l_f�

i_jZlmjZ�dhe[u�g_�^he`gZ�ij_\urZlv������D� 
Bgh]^Z� eZfiu� [u\Zxl� aZdexq_gu� \� kl_deygguc� [Zeehg�� gZiheg_gguc�

^ey� emqr_]h� l_iehhhl\h^Z� l_iehijh\h^ysbf� ]Zahf��Kl_deygguc� [Zeehg� g_�

ijhimkdZ_l�mevljZnbhe_lh\h]h�baemq_gby�b�ijb�g_h[oh^bfhklb�fh`_l�[ulv�

m^Ze_g� 

                                              
∗) Ke_^m_l�bf_lv�\�\b^m��qlh�d\Zjp_\Zy�h[hehqdZ�eZfi�ijhajZqgZ�^ey�mevljZ�

nbhe_lh\h]h�baemq_gby�k�^ebgZfb�\heg�\ur_����-����gf��Wlh�baemq_gb_�fh`_l�\u�
a\Zlv�h`h]b�]eZa� 

 
 
 

Jbk��������>m]h\Zy�jlmlgZy�rZjh�

\Zy� eZfiZ� >JR� �fhsghklv� ����

<l� 

Jbk��������Hlghkbl_evgh_�jZkij_^_e_gb_�wg_j]bb�

\�ki_dlj_�jlmlguo�eZfi�ijb�^Z\e_gbb�iZjh\�jlm�

lb� �� Zlf� �Z��� ��� Zlf� �[��b� ���� Zlf� �\���MdZaZgu�

^ebgu�\heg�ebgbc�\�gf 
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L_fi_jZlmjZ� \� p_gljZevghc� qZklb� ^m]h\h]h� jZajy^Z� ^hklb]Z_l� �����D��

Ki_dljZevgh_� jZkij_^_e_gb_� baemq_gby� eZfi� kbevgh� aZ\bkbl� hl� ^Z\e_gby�

�jbk�������� 
<ke_^kl\b_� [hevrhc� iehlghklb� ]ZaZ� ih]ehs_gb_� \� jZajy^_� \_ebdh� b�

ki_dljZevgu_� ebgbb� j_Z[khj[bjh\Zgu�� J_ahgZgkgu_� ebgbb� ���� b� ������ gf�

kZfhh[jZs_gu�^h�lZdhc�kl_i_gb��qlh�\�baemq_gbb�nZdlbq_kdb�g_�ijbkmlkl\m�

xl��Wlbf�h[tykgy_lky�nZdl��qlh�rZjh\u_�eZfiu��h[eZ^Zxsb_�[hevrhc�bgl_�

]jZevghc� yjdhklvx�� \� baemq_gbb� hl^_evguo� ki_dljZevguo� ebgbc� g_� bf_xl�

ij_bfms_kl\Z�i_j_^�eZfiZfb�lbiZ�IJD� 
 
����=Zah\u_�eZfiu�k\_jo\ukhdh]h�^Z\e_gby 
 
=Zah\u_�eZfiu�k\_jo\ukhdh]h�^Z\e_gby� �Zj]hgh\u_��djbilhgh\u_��dk_�

ghgh\u_��ih�\g_rg_fm�\b^m�hlebqZxlky�hl�jlmlguo�eZfi�hlkmlkl\b_f�dZieb�

jlmlb��<\b^m�\ukhdh]h�gZqZevgh]h�^Z\e_gby�ihjy^dZ����Zlf�gZijy`_gb_�aZ�

`b]Zgby� ]Zah\uo� eZfi� ^hoh^bl� ^h� ��� d<�� =Zah\u_� eZfiu� ijZdlbq_kdb� g_�

bf_xl�i_jbh^Z�jZa]hjZgby��jZajy^� \�gbo�mklZgZ\eb\Z_lky�ihqlb�f]gh\_ggh��

Ih� wlhc� ijbqbg_� hliZ^Z_l� g_h[oh^bfhklv� \� Zdlb\bjh\Zgghc� aZ`b]Zxs_c�

qZklb�dZlh^Z��Ijb�jZah]j_\Zgbb�eZfiu�^Z\e_gb_�\�dhe[_�\hajZklZ_l�ijbf_jgh�

^h����Zlf��=Zah\u_�eZfiu�jZ[hlZxl�gZ�\hajZklZxs_c�qZklb�\hevl-Zfi_jghc�
oZjZdl_jbklbdb��kf��jbk��������ihwlhfm�\�g_dhlhjuo�kemqZyo�bo�fh`gh�\dex�

qZlv�\�k_lv�[_a�[ZeeZklgh]h�j_abklhjZ� 
 
Baemq_gb_� ]Zah\uo� eZfi� K<>� bf__l� kiehrghc� ki_dlj� k� hl^_evgufb�

ki_dljZevgufb� ebgbyfb� �jbk�� �������GZb[hevrmx� ^hex� kiehrgh]h� ki_dljZ�

h[_ki_qb\Z_l� dk_ghg��<� \b^bfhc� qZklb� ki_dlj� baemq_gby� dk_ghgh\uo� eZfi�

[ebahd�d�kheg_qghfm��Dk_ghgh\u_�eZfiu�K<>�^Zxl�g_ij_ju\gh_�baemq_gb_�

\�mevljZnbhe_lh\hc�h[eZklb�ki_dljZ��ih�fhsghklb�ij_\urZxs__�baemq_gb_�

 
 

Jbk��������Hlghkbl_evgh_�jZkij_^_e_gb_�wg_j]bb�\�ki_dlj_�]Zah\uo�eZfi�k\_jo\ukh�

dh]h�^Z\e_gby 



 95 

\h^hjh^guo�eZfi�>����@� 
 
 
����Bfimevkgu_�eZfiu 
 
Bfimevkgu_� eZfiu� ij_^gZagZq_gu� ^ey� ihemq_gby�

djZldh\j_f_gguo�\kiur_d�^ebl_evghklvx���
–2  - 10–6

�k� 
EZfiZ� bf__l� ljm[qZlmx�� kibjZevgmx� beb�rZjh\mx�

dhe[m� k�fZkkb\gufb� we_dljh^Zfb�� gZiheg_ggmx� h[uqgh�

dk_ghghf� ^h� ^Z\e_gby� \� g_kdhevdh� ^_kyldh\� beb� khl_g�

lhj��Dhe[u�fhsguo�eZfi�^_eZxl�ba�d\ZjpZ��Bfimevkguc�

jZajy^� \� eZfi_� oZjZdl_jbam_lky� \ukhdhc� l_fi_jZlmjhc�

]ZaZ� �^h�^_kyldh\�lukyq�]jZ^mkh\���\ukhdhc�kl_i_gvx�bh-
gbaZpbb�]ZaZ�b�\ukhdbf�^Z\e_gb_f� 

Bfimevkgu_� eZfiu�fh]ml� [ulv� ij_^gZagZq_gu� ^ey�

h^bghqguo�\kiur_d�beb�^ey�\kiur_d�k�qZklhlhc�[he__���

=p��<� ihke_^gb_� ^ey� mkdhj_gby� ^_bhgbaZpbb� jZajy^gh]h�

ijhf_`mldZ� ^h[Z\eyxl� \h^hjh^��FZdkbfZevgZy� we_dljb�

q_kdZy� wg_j]by� bfimevkgh]h� jZajy^Z� mdZau\Z_lky� \� h[h�

agZq_gbb�lbiZ�eZfiu��GZijbf_j��eZfiZ�BNI-�����bf__l�
wg_j]bx� bfimevkZ� ����� >`�� <g_rgbc� \b^� g_dhlhjuo�

eZfi�ijb\_^_g�gZ�jbk������� 
Ki_dlj� baemq_gby� bfimevkguo� eZfi� aZ\bkbl� hl�

fhsghklb�� \u^_ey_fhc� \� jZajy^_��Ijb�fZehc�fhsghklb�

ki_dlj� baemq_gby� [ebahd� d� ki_dljm� dk_ghgh\uo� eZfi�

k\_jo\ukhdh]h� ^Z\e_gby��Fhsgu_� bfimevkgu_� eZfiu� \�

\b^bfhc� h[eZklb� ijb[eb`Zxlky� d� q_jghfm� baemq_gbx��

Ki_dlju�baemq_gby�bfimevkguo�eZfi�\�h[eZklb�hl�����^h�

�����gf�ijb\_^_gu�\�>����@� 
Bfimevkgu_�eZfiu�gZoh^yl�rbjhdh_�ijbf_g_gb_�\�dZq_kl\_�nhlh\kiu�

r_d�b�^ey�gZdZqdb�eZa_jh\� 
 
����Bklhqgbdb�\ha[m`^_gby�ki_dljh\�^ey� wfbkkbhggh]h�ki_dljZev�

gh]h�ZgZebaZ 
 
Bklhqgbdb� \ha[m`^_gby� ki_dljZ� �B<K��� ijbf_gy_fu_� \� wfbkkbhgghf�

ki_dljZevghf�ZgZeba_��\h-i_j\uo��^he`gu�i_j_\h^blv�bkke_^m_fh_�\_s_kl\h�

ba�dhg^_gkbjh\Zggh]h�khklhygby�\�]Zahh[jZagh_��bkiZjylv�_]h��b��\h-\lhjuo��
h[_ki_qb\Zlv� k\_q_gb_� iZjh\� \_s_kl\Z�� >ey� wlhc� p_eb� h[uqgh� ijbf_gyxl�

B<K�k�^m]h\uf��bkdjh\uf�beb�bfimevkguf�jZajy^hf�\�\ha^mo_�beb�\�bg_jl�

ghf�]Za_�>����@��DZd�ijZ\beh��kh\j_f_ggu_�]_g_jZlhju�bklhqgbdh\�\ha[m`^_�

gby�ki_dljZ�^himkdZxl�\Zjvbjh\Zgb_�mkeh\bc�jZajy^Z��Wlh�^Z_l�\hafh`ghklv�

ih� �`_eZgbx� �hilbfbabjh\Zlv� �mkeh\by�ijh\_^_gby�l_o�beb�bguo�\b^h\�ZgZ�

ebaZ� 
:\lhfZlbaZpby�\kihfh]Zl_evguo�hi_jZpbc�b�rbjhdh_�ijbf_g_gb_�W<F�

ijb� ijh\_^_gbb� ki_dljZevgh]h� ZgZebaZ� lj_[mxl� kh\_jr_gkl\h\Zgby�B<K� k�

 
 
Jbk�� ������ Ijy�
fZy� b� U-h[jZa-
gZy� bfimevkgu_�
eZfiu 
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lhqdb�aj_gby�ih\ur_gby�klZ[bevghklb�jZajy^Z��memqr_gby�bkiZj_gby�ijh[u��

m\_ebq_gby� lhqghklb� b� \hkijhba\h^bfhklb� j_amevlZlh\��Kh\j_f_ggu_� mgb�

\_jkZevgu_�B<K�k�we_dljhgguf�mijZ\e_gb_f�ijbf_gyxlky�\�[hevrbo�nhlhw-
e_dljbq_kdbo� mklZgh\dZo�^ey�fgh]hijh]jZffgh]h� ki_dljZevgh]h� ZgZebaZ��<�

ki_pbZebabjh\Zgguo�b�g_[hevrbo�mklZgh\dZo�fh`gh�h[oh^blvky�[he__�ijh�

klufb�B<K��h[_ki_qb\Zxsbfb�h^bg-^\Z�\b^Z�jZajy^Z� 
Ijhkl_crbf�bklhqgbdhf�\ha[m`^_gby�ki_dljZ�y\ey_lky�^m]Z�ihklhyggh�

]h� lhdZ�� dhlhjZy� \dexqZ_lky� \� k_lv� q_j_a� [ZeeZklguc� j_abklhj�� JZkklhygb_�

f_`^m� we_dljh^Zfb�� h[uqgh� jZ\gh_� �-��ff�� kebrdhf� \_ebdh� ^ey� kZfhklhy�

l_evgh]h�aZ`b]Zgby�^m]b�\�\ha^mo_��\ha^mrguc�ijhf_`mlhd�\�kmohf�\ha^mo_�

ijh[b\Z_lky� ijb� gZijy`_gghklb� we_dljbq_kdh]h� ihey� hdheh� ��� d<�kf���Ih�

wlhfm�^m]m�ihklhyggh]h�lhdZ�aZ`b]Zxl�djZldh\j_f_gguf�khijbdhkgh\_gb_f�

we_dljh^h\��AZ``_gguc�jZajy^�ih^^_j`b\Z_lky� aZ�kq_l�wfbkkbb�k�jZkdZe_g�

ghc�ih\_joghklb�dZlh^Z� 
JZkijhkljZg_gguf�bklhqgbdhf�y\ey_lky�^m]Z�i_j_f_ggh]h�lhdZ�k�\ukh�

dhqZklhlguf� ih^`b]hf�� Ko_fZ� __� �jbk�� ������ khklhbl� ba� kbevghlhqghc� I b�
ih^`b]Zxs_c� II � qZkl_c�� <ukhdhqZklhlgu_� dhe_[Zgby� \hagbdZxl� \� dhe_[Z�
l_evghf�dhglmj_�L2K2 k�bkdjh\uf�jZajy^gbdhf�F2�b�q_j_a�\ha^mrguc�ljZgk�

nhjfZlhj�L2L1 i_j_^Zxlky�\�hkgh\gmx�qZklv�p_ib��?keb�kbevghlhqgZy�qZklv�

iblZgby�^m]b�jZahfdgmlZ��\�jZajy^ghf�ijhf_`mld_�F1 ]hjbl�\ukhdhqZklhlgZy�
bkdjZ�kh�keZ[uf�k\_q_gb_f��Bhgbamy�ijhkljZgkl\h�\�jZajy^ghf�ijhf_`mld_�

F1, \ukhdhqZklhlguc�jZajy^�ijb�\dexq_gghc�hkgh\ghc�p_ib� I�h[_ki_qb\Z_l�
aZ`b]Zgb_�^m]b�i_j_f_ggh]h�lhdZ�\�dZ`^hf�ihemi_jbh^_�gZijy`_gby�k_lb� 

>m]Z�i_j_f_ggh]h�lhdZ�k�m]hevgufb�we_dljh^Zfb�fh`_l�]hj_lv�b�[_a�\u�

khdhqZklhlgh]h� ih^`b]Z�� Ba-aZ� fZehc� l_iehijh\h^ghklb� m]ey� jZkdZe_ggu_�

 
 

Jbk��������We_dljbq_kdZy�ko_fZ�^m]b�i_j_f_ggh]h�lhdZ��—�ljZgknhjfZlhj���������

<�� L2 —� dZlmrdZ� dhe_[Zl_evgh]h� dhglmjZ� �—��� \bldh\�� L1 —� dZlmrdZ� k\yab� ���

\bldh\��K2 — dhg^_gkZlhj�dhe_[Zl_evgh]h�dhglmjZ����-��fdN��F2— jZajy^gbd�dhe_�
[Zl_evgh]h�dhglmjZ��d = ����ff��F1 — jZ[hqbc�^m]h\hc�ijhf_`mlhd 
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dhgpu�we_dljh^h\�g_�mki_\Zxl�hklulv�ijb�ih]ZkZgbb�^m]b��b�l_jfhwe_dljhg�

gZy�wfbkkby�k�we_dljh^h\�hdZau\Z_lky�^hklZlhqghc�^ey�ih\lhjgh]h�aZ`b]Zgby�

^m]b�\�dZ`^hf�ihemi_jbh^_� 
L_fi_jZlmjZ�ieZafu�^m]b�aZ\bkbl�hl�fZl_jbZeZ�we_dljh^h\�b�ihl_gpbZ�

eh\�bhgbaZpbb�ijbf_k_c�\�gbo�b�fh`_l�[ulv�\�ij_^_eZo�hl������^h������D�gZ�

hkb�jZajy^Z� 
<�^m]_�\ha[m`^Zxlky�\�hkgh\�

ghf� ki_dljZevgu_� ebgbb� Zlhfh\�

f_lZeeh\� b� ebgbb� bhgh\� e_]dh\ha�

[m^bfuo�we_f_glh\��>m]Z�i_j_f_g�

gh]h� lhdZ� h[_ki_qb\Z_l� g_iehomx�

klZ[bevghklv� mkeh\bc� bkiZj_gby�

\_s_kl\Z� k� we_dljh^h\�� Z� qm\kl\b�

l_evghklv� � ZgZebaZ� �[ebadZ� �d�qm\�

kl\bl_evghklb� \� ^m]_� ihklhyggh]h�

lhdZ� 
>ey� ih\ur_gby� lhqghklb� b�

jZkrbj_gby� \hafh`ghkl_c� ki_d�

ljZevgh]h� ZgZebaZ� jZajZ[hlZgu� b�

\uimkdZxlky� jZaebqgu_� ]_g_jZlh�

ju� k� we_dljhgguf� mijZ\e_gb_f�

ih^`b]hf� >��@�� LZd�� \� ]_g_jZlhj_�

B<K-����:jdmk��we_dljhgbdZ�aZ^Z_l�
nZam� ih^`b]Zgby� jZajy^Z�� <� ]_g_�

jZlhj_�B<K-��� �:jdmk-��� mijZ\e_�
gb_� ih^`b]hf� ijhbkoh^bl� k� bk�

ihevah\Zgb_f� Zfieblm^u� gZijy`_gby� gZ� jZajy^ghf� ijhf_`mld_�� Mgb\_j�

kZevgu_�]_g_jZlhju��gZijbf_j��M=W-���^Zxl�jZaebqgu_�j_`bfu�]hj_gby�jZa�
jy^Z� —� ^m]m� ihklhyggh]h� b� i_j_f_ggh]h� lhdZ�� \ukhdh\hevlgmx� b� gbadh�

\hevlgmx�bkdjm�b�l�^��>ey�\ha[m`^_gby�ki_dljZevguo�ebgbc�\�\Zdmmfghc�h[�

eZklb�ki_dljZ�bkihevamxl�Zi_jbh^bq_kdbc�jZajy^�\�Zlfhkn_j_�Zj]hgZ��ihem�

qZ_fuc�k�ihfhsvx�dhglmjZ�LK��j_abklhjZ�R b�jZajy^gh]h�ijhf_`mldZ��—�lZd�

gZau\Z_fuc�KRL-jZajy^� 
H^gZdh� gb� h^bg� ba� wlbo� bklhqgbdh\� k\_lZ� g_� y\ey_lky� b^_Zevguf� ^ey�

ki_dljZevgh]h�ZgZebaZ��=eZ\guf�g_^hklZldhf�\k_o�bo�y\ey_lky�njZdpbhgbjh�

\Zgb_� we_f_glh\� ijb� bkiZj_gbb� k� we_dljh^h\��Ihwlhfm� obfbq_kdbc� khklZ\�

we_dljh^h\�b�bo�nbabq_kdb_�k\hckl\Z�\ebyxl�gZ�j_amevlZlu�ZgZebaZ� ��\eby�

gb_�lj_lvbo�we_f_glh\��� 
>ey� p_e_c� ki_dljZevgh]h� ZgZebaZ� qZklh� ijbf_gyxl� ieZafhljhgu�� <�

wlbo�B<K�ihlhdhf�Zj]hgZ�kha^Z_lky�kljmy�ieZafu�\ukhlhc���-���ff��Bkke_�
^m_fh_�\_s_kl\h�\�\b^_�f_edbo�dZi_e_d�jZkl\hjZ�ih^Z_lky�\�ieZafm�l_f�`_�

ihlhdhf� Zj]hgZ��MgbdZevgufb� dZq_kl\Zfb�^ey� ki_dljZevgh]h� ZgZebaZ�h[eZ�

^Z_l�ieZafhljhg�k�bg^mdlb\gh�k\yaZgghc�ieZafhc�(inductive coupled plasma — 
ICP) >����@��IeZaf_ggZy� ]hj_edZ� �jbk�� ������ hdjm`_gZ� ^\mfy-lj_fy� \bldZfb�
bg^mdpbhgghc�dZlmrdb��iblZ_fhc�hl�<Q�]_g_jZlhjZ��<gmljv�]hj_edb�ihklm�

iZ_l� Zj]hg��GZqZevgZy� bhgbaZpby� ]ZaZ� kha^Z_lky� bkdjh\uf� jZajy^hf�� aZl_f�

 

 
 
Jbk�� ������ Ko_fZ� ieZafhljhgZ� k� bg^md�

lb\gh�k\yaZgghc�ieZafhc 
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bhgbabjh\Zgguc� Zj]hg� b]jZ_l� jhev� \lhjbqghc� h[fhldb� ljZgknhjfZlhjZ�� <�

j_amevlZl_�ijhl_dZgby�<Q�jZajy^Z�]Za�\gmljb�]hj_edb�jZah]j_\Z_lky�^h�������

D��P_gljZevguc�ihlhd�Zj]hgZ��g_kmsbc�jZkiue_ggh_�ZgZebabjm_fh_�\_s_kl�

\h�� \u^m\Z_l� dZgZe� \� ieZaf_��GZb[he__� ]hjyqZy� qZklv� ieZafu� bf__l� lhjhb�

^Zevgmx�nhjfm��QZklbpu�jZkiue_ggh]h�\_s_kl\Z��ijhe_lZy�\gmljb�lhjhb^Z��

gZ]j_\Zxlky�^h�l_fi_jZlmju�hdheh������D��Zlhfbabjmxlky�b�\ha[m`^Zxlky��

ihqlb� g_� ijhgbdZy� \� ieZafm��>ey� gZ[ex^_gby� ki_dljZ� bkihevamxl� h[eZklv�

gZ^�k\_lys_cky�ieZafhc� 
Ihlhd�Zj]hgZ��\�dhlhjhf�k\_lylky�\ha[m`^_ggu_�Zlhfu�b�bhgu�\_s_kl�

\Z��g_�bf__l�oheh^guo�i_jbn_jbq_kdbo�h[eZkl_c��<�j_amevlZl_�ijZdlbq_kdb�

hlkmlkl\m_l�j_Z[khj[pby�ebgbc��b�aZ\bkbfhklv�bgl_gkb\ghklb�ebgbc�hl�dhg�

p_gljZpbb�we_f_glZ�\�ijh[_�hdZau\Z_lky�ebg_cghc�\�ij_^_eZo��-��ihjy^dh\��
;eZ]h^Zjy�\ukhdhc�l_fi_jZlmj_�ieZafu�\\_^_gb_�ijbf_k_c�k�ex[ufb�ihl_g�

pbZeZfb�bhgbaZpbb�ihqlb�g_�\eby_l�gZ�iZjZf_lju�ieZafu��ihwlhfm�ijZdlb�

q_kdb�hlkmlkl\m_l�\ebygb_�lj_lvbo�we_f_glh\�gZ�j_amevlZlu�ZgZebaZ��IKJ�oZ�
jZdl_jbam_lky� \ukhdhc� dhgp_gljZpb_c� we_dljhgh\� ���14-1016� kf–3��� \ukhdhc�

bhgbaZpb_c�ieZafu�b�k\_q_gb_f�\�hkgh\ghf�bhgguo�ebgbc� 
<_kvfZ�i_jki_dlb\guf�y\ey_lky�bkihevah\Zgb_�ICP�\�dZq_kl\_�bklhqgb�

dZ�bhgh\�^ey�fZkk-ki_dljhf_ljbq_kdh]h�ZgZebaZ�>����@��Khq_lZgb_�ICP�k�fZkk-
ki_dljhf_ljhf�ih\urZ_l�qm\kl\bl_evghklv�h[gZjm`_gby�we_f_glh\�\�ijh[_�

gZ� �-�� ihjy^dZ� b� m\_ebqb\Z_l� ^bgZfbq_kdbc� ^bZiZahg� ebg_cghklb� hldebdZ��
Iheh`bl_evguf� nZdlhjhf� y\ey_lky� �[_^ghklv�� ki_dljZ� —� dZ`^uc� bahlhi�

bf__l�\k_]h�h^gm�ebgbx��ihwlhfm�gZeh`_gby�\�ki_dlj_�ijZdlbq_kdb�bkdex�

q_gu� 
FZl_jbZe�ijh[u�^he`_g�ih^Z\Zlvky�\� ]hj_edm�jZkiue_gguf�—�\�\b^_�

jZkl\hjZ�beb�Zwjhahey��qlh�g_kdhevdh�h]jZgbqb\Z_l�ijbf_g_gb_��F_lh^� ICP 
qj_a\uqZcgh�i_jki_dlb\_g�^ey�ZgZebaZ�fbg_jZeh\��\h^u��\ha^moZ��ihq\u��`b�

\hlguo�b�jZklbl_evguo�ldZg_c��jZaebqgh]h�jh^Z�hloh^h\�—�\k_]h��qlh�k\yaZgh�

k�hdjm`Zxs_c�gZk�kj_^hc�b�k�\ebygb_f�__�gZ�`b\hlguc�b�jZklbl_evguc�fbj� 
 

����Bfimevkguc�jZajy^�k�bkiZjyxs_cky�kl_gdhc 
 

Bgl_j_kgufb�k\hckl\Zfb�h[eZ^Z_l�jZajy^��ijhl_dZxsbc�\^hev�ih\_jo�

ghklb�^bwe_dljbdZ��Ih^�^_ckl\b_f�jZajy^Z�fZl_jbZe�ih\_joghklb�bkiZjy_lky�

b�jZajy^�ijhbkoh^bl�\�iZjZo�fZl_jbZeZ��Z�g_�\�i_j\hgZqZevghf�]Za_��<hagb�

dZxsbc�ijb� wlhf� kiehrghc� ki_dlj�gZau\Zxl�bgh]^Z� eZcfZgh\kdbf�dhglb�

gmmfhf�[9]. 
GZ� jbk�� ����� ihdZaZgZ� ko_fZ� bklhqgbdZ� k\_lZ� W<-��� beb� W<-��� k� bf�

imevkguf� jZajy^hf� \� dZibeeyj_�� jZ[hlZxs_]h� \� \ha^mo_� ijb� Zlfhkn_jghf�

^Z\e_gbb��DZibeeyj�^ebghc����ff�^bZf_ljhf���ff�ijhk\_je_g�\�ieZklbg_�ba�

hkh[h� ijhqgh]h� l_dklheblZ��Ih� jZagu_� klhjhgu� hl� ieZklbgu� jZkiheh`_gu�

^\Z� m]hevguo� we_dljh^Z��Bfimevk� lhdZ� h[jZam_lky� bkdmkkl\_gghc� ^ebgghc�

ebgb_c�� khklhys_c� ba� g_kdhevdbo� a\_gv_\� LC. Ih^`b]Zxsbc� \ukhdh\hevl�

guc�bfimevk�gZijy`_gb_f����d<��g_h[oh^bfuc�^ey�ijh[hy�\ha^mrgh]h�ijh�

f_`mldZ�dZibeeyjZ��ih^Z_lky�gZ�h^bg�ba�we_dljh^h\�k�ihfhsvx�lbjZljhgghc�

ko_fu��>ebl_evghklv� iehkdhc� qZklb� bfimevkZ� ijb� kh]eZkh\Zgbb� \hegh\h]h�

khijhlb\e_gby� ebgbb�b� \gmlj_gg_]h� khijhlb\e_gby� jZajy^Z� jZ\gZ� �i LC , 
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]^_�n —�qbkeh�yq__d�ebgbb��b�khklZ\ey_l�ihjy^dZ�����–�����fdk� 
<h� \j_fy�ijhoh`^_gby�jZajy^Z� \_ebqbgZ� lhdZ� \�dZibeeyj_�^hoh^bl�^h�

�����:  (iehlghklv �lhdZ �^h��� ⋅  105�:�kf2),  jZa\b\Z_lky  ^Z\e_gb_� ihjy^dZ�
����Zlf��IeZafZ�\gmljb�dZibeeyjZ�hdZau\Z_lky�ijZdlbq_kdb�iheghklvx�bhgb�

abjh\Zgghc�k�dhgp_gljZpb_c�we_dljhgh\�ihjy^dZ���20�kf–3�b�baemqZ_l�kiehr�

ghc�ki_dlj��dZd�q_jgh_�l_eh��Kljmb�ieZafu��\uju\Zxsb_ky�ba�lhjph\��bf_xl�

[he__�gbadmx�l_fi_jZlmjm��q_f�ieZafZ�\gmljb��Ih]ehs_gb_�\�gbo�\eby_l�gZ�

gZ[ex^Z_fuc� ki_dlj�� Ih� wlhc� ijbqbg_� \� dZq_kl\_� we_dljh^h\� bkihevamxl�

m]hev��ki_dlj�dhlhjh]h�bf__l�fZeh�ebgbc�ih]ehs_gby�\�\b^bfhc�b�MN�h[eZk�

lyo� 
>bZf_lj� dZibeeyjZ� \hajZklZ_l�

aZ�bfimevk�ijbf_jgh�gZ� ����ff��Ijb�

wlhf� mf_gvrZxlky� ^Z\e_gb_� \� ieZa�

f_�� we_dljbq_kdh_� khijhlb\e_gb_� dZ�

gZeZ� jZajy^Z�� \hajZklZ_l� ^ebl_ev�

ghklv�bfimevkZ��IZ^Z_l�dhwnnbpb_gl�

ih]ehs_gby� ieZafu�� Ijb� i_j\hgZ�

qZevghf�^bZf_lj_�dZibeeyjZ��jZ\ghf�

�� ff�� ieZafZ� h[eZ^Z_l� \ukhdbf� dh�

wnnbpb_glhf�ih]ehs_gby�k §���kf–1, 
ihwlhfm�m\_ebq_gb_�^bZf_ljZ�\�g_dh�

lhjuo� ij_^_eZo� ijZdlbq_kdb� g_� gZ�

jmrZ_l�ki_dljZevgh]h�jZkij_^_e_gby�

wg_j]bb�� <� l_q_gb_� i_j\uo� �-�� bf�
imevkh\� ^Zgguc� bklhqgbd� k\_lZ� fh�

`_l� kem`blv� klZg^Zjlhf� k� jZkij_^_�

e_gb_f� wg_j]bb�� khhl\_lkl\mxsbf�

q_jghfm�l_em�ijb�l_fi_jZlmj_�������

�������D�>����@� 
>jm]bf� ijbf_jhf� bfimevkgh]h�

jZajy^Z� k� bkiZjyxs_cky� kl_gdhc� y\�

ey_lky� lZd� gZau\Z_fuc� G-ijb`Zluc�
jZajy^� �jZajy^�� ijb`Zluc� d� kl_gd_�

fZ]gblguf� ihe_f���Ijhkl_crZy� ]_h�

f_ljby�wlh]h�jZajy^Z�ihdZaZgZ�gZ�jbk��

3.22,[��Bfimevk�lhdZ�ijb�jZajy^_�bk-
dmkkl\_gghc� ^ebgghc� ebgbb� ijhoh�

^bl�ih�^gm�ehldZ��k^_eZggh]h�ba�g_we_dljhijh\h^gh]h�fZl_jbZeZ��We_dljh^u�

jZaf_s_gu�m�\oh^Z�b�\uoh^Z�ba�ehldZ��<k_�jZajy^gh_�mkljhckl\h�gZoh^blky�\�

kbevghf�fZ]gblghf�ihe_��Ijb�\aZbfh^_ckl\bb�lhdZ�jZajy^Z� i�k�ihe_f�G�\ha�
gbdZ_l�ihg^_jhfhlhjgZy�kbeZ�F, ijb`bfZxsZy�jZajy^�dh�^gm�ehldZ��>Z\e_�

gb_�gZ�^gh�ehldZ�jZ\gh�j� �F/b, ]^_�b — rbjbgZ�ehldZ��Ih^�^_ckl\b_f�^Z\e_�

gby�b�gZ]j_\Z�fZl_jbZe�^gZ�ehldZ�bkiZjy_lky��ihklmiZy�\�jZajy^��Ijb�fgh]h�

djZlghf�ih\lhj_gbb�bfimevkh\�ehlhd�m]em[ey_lky��h^gZdh�wlh�g_�\_^_l�d�ba�

f_g_gbx�^Z\e_gby�\�ieZaf_��dZd�ijb�hibkZgghf�\ur_�jZajy^_�\�dZibeeyj_��

LZ�`_�ihg^_jhfhlhjgZy�kbeZ�hldehgy_l�kljmb�ieZafu��\uju\Zxsb_ky�ba�lhj�

 
 

 
Jbk��������Bklhqgbdb�k\_lZ�k�jZajy^hf�k�

bkiZjyxs_cky�kl_gdhc��Z��dZibeeyjguc�

jZajy^�� ���fZ]gblh-ijb`Zluc� jZajy^�� 1 
— ^bwe_dljbq_kdZy� ieZklbgZ� k� dZibe-
eyjhf��2 —�we_dljh^u��3 — ehlhd 
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ph\��h[_ki_qb\Zy�j_adbc�i_j_oh^�hl�ieZafu�d�hdjm`Zxs_fm�ijhkljZgkl\m��\�

hlebqb_�hl�hibkZggh]h�\ur_�dZibeeyjgh]h�jZajy^Z��dh]^Z�kljmb�wdjZgbjmxl�

baemq_gb_�ieZafu�� 
<Zjvbjmy�\_ebqbgm�lhdZ��fZ]gblgh_�ihe_�b�]_hf_ljbx�ehldZ��fh`gh�ba�

f_gylv�iZjZf_lju�jZajy^Z�\�rbjhdbo�ij_^_eZo�—�l_fi_jZlmjm�hl� ������^h�

������D��^Z\e_gb_�hl�_^bgbp�^h�khl_g�Zlfhkn_j��GZijbf_j��ijb�lhd_�jZajy^Z�

��d:��fZ]gblghf�ihe_����dW�b�rbjbg_�ehldZ���kf�\�ieZaf_�m�^gZ�jZa\b\Z_lky�

^Z\e_gb_����Zlf��Ijb�fZehf�^Z\e_gbb�ki_dlj�jZajy^Z�khklhbl�ba�ebgbc�we_�

f_glh\� fZl_jbZeZ� ehldZ�� Ijb� ^Z\e_gbb� ���� Zlf� ki_dlj� baemq_gby� khhl-
\_lkl\m_l�ki_dljm�q_jgh]h�l_eZ�k�l_fi_jZlmjhc�������D�>����@� 

>ebgZ� ieZafu� H-ijb`Zlh]h� jZajy^Z� hij_^_ey_lky� l_ogbq_kdbfb� \ha�
fh`ghklyfb�hkms_kl\e_gby�ijh[hy�jZajy^gh]h�ijhf_`mldZ�ijb�Zlfhkn_jghf�

^Z\e_gbb��Ijb�ih^`b]Zxs_f�gZijy`_gbb�ihjy^dZ�����d<�^ebgZ�fh`_l�^hoh�

^blv�^h����kf��RbjbgZ�jZajy^Z�h]jZgbq_gZ�ihi_j_qgufb�jZaf_jZfb�ehldZ�b�

\_ebqbghc� lhdZ�� dhlhjmx� fh`_l� h[_ki_qblv� we_dljbq_kdZy� ko_fZ� iblZgby�

jZajy^Z��Ijb�gZ[ex^_gbb�baemq_gby�k�lhjph\�b�q_j_a�[hdh\u_�kl_gdb�G�ijb�

`Zluc�jZajy^�oZjZdl_jbam_lky�\ukhdhc�kl_i_gvx�h^ghjh^ghklb��Ijb�gZ[ex�

^_gbb�k�ih\_joghklb�wlhl�jZajy^�fh`_l�kem`blv�baemqZl_e_f�k�jZ\ghf_jgh�

k\_lys_cky�ih\_joghklvx�[hevrbo�jZaf_jh\�b�\ukhdhc�yjdhklb� 
 

*                  * 
* 

=ZahjZajy^gu_�bklhqgbdb�k\_lZ�\�hkgh\ghf�m^h\e_l\hjyxl�jZaghh[jZa�

guf� lj_[h\Zgbyf� b� iha\heyxl� ihemqZlv� baemq_gb_� \� h[eZklb� ki_dljZ� hl�

^Zevg_c�bgnjZdjZkghc�^h�\Zdmmfgh]h�mevljZnbhe_lZ��Ki_dljZevguc�oZjZdl_j�

baemq_gby� wlbo� bklhqgbdh\�fh`_l� [ulv� \_kvfZ� jZaghh[jZaguf�� gZqbgZy� kh�

kiehrgh]h�ki_dljZ�ieZgdh\kdh]h�baemq_gby�ijb�l_fi_jZlmj_�\�^_kyldb�lukyq�

]jZ^mkh\�b� dhgqZy� hq_gv� madbfb� ki_dljZevgufb� ebgbyfb��rbjbgZ� dhlhjuo�

h[mkeh\e_gZ�_kl_kl\_gguf�aZlmoZgb_f�dhe_[Zgbc�bahebjh\Zggh]h�ZlhfZ��H^�

gZdh�\�djZcg_c�MN�h[eZklb�ki_dljZ�fhsghklv�bo�baemq_gby�g_\_ebdZ�\�k\yab�

k�l_f��qlh�hq_gv�\ukhdb_�yjdhklgu_�l_fi_jZlmju�baemq_gby�\�ieZaf_�ljm^gh�

^hklb`bfu��<�wlhc�h[eZklb�fh`gh�ihemqblv�\ukhdmx�fhsghklv�baemq_gby�k�

g_ij_ju\guf�ki_dljhf�hl�bklhqgbdh\�kh\_jr_ggh�^jm]h]h�lbiZ��]e����� 
 
 
<HIJHKU 
 
���<�q_f�jZagbpZ�f_`^m�le_xsbf�b�^m]h\uf�jZajy^Zfb" 
���Ijb�dZdbo�^Z\e_gbyo�b�jZkklhygbyo�f_`^m�we_dljh^Zfb�]Zah\uc�jZa�

jy^�gZ�ihklhygghf�lhd_�aZ`b]Z_lky�ijb�gZbf_gvr_f�gZijy`_gbb�gZ�we_dljh�

^Zo" 
���Q_f�hij_^_ey_lky�yjdhklv�k\_q_gby�]Zah\h]h�jZajy^Z" 
���Q_f�hij_^_ey_lky�ki_dljZevguc�khklZ\�baemq_gby�]Zah\h]h jZajy^Z" 
���Q_f�hij_^_ey_lky�_kl_kl\_ggZy��jZ^bZpbhggZy��rbjbgZ�ki_dljZevguo�

ebgbc" 
���Fh`gh� eb� ihemqblv� \� k\_q_gbb� ]Zah\h]h� jZajy^Z� ebgbb� k�rbjbghc�
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f_gvr_�_kl_kl\_gghc" 
��� DZdh\Z� lbibqgZy� \_ebqbgZ� _kl_kl\_gghc�rbjbgu� ebgbc� \� \b^bfhc�

h[eZklb�ki_dljZ" 
���DZdh\Z�lbibqgZy�\_ebqbgZ�^hiie_jh\kdh]h�mrbj_gby�ebgbc"�Ijb\_�

^bl_�\ujZ`_gb_�^ey�^hiie_jh\kdhc�rbjbgu�ebgbc� 
���DZdh\Z�\_ebqbgZ�ehj_gph\kdhc�rbjbgu�ebgbb"  
����DZdb_�oZjZdl_jgu_�hkh[_gghklb�dhglmjZ�ebgbb�ijb�j_Z[khj[pbb" 
����Ijb\_^bl_�oZjZdl_jgu_�hkh[_gghklb�bklhqgbdZ�k\_lZ�k�iheuf�dZlh�

^hf� 
����Hl� dZdh]h� bklhqgbdZ� k\_lZ� fh`gh� ihemqblv� gZb[he__� madb_� ki_d�

ljZevgu_�ebgbb" 
����Ijb\_^bl_� l_fi_jZlmjm� jZajy^Z� jlmlguo� eZfi��rZjbdh\hc�� �IJD���

>JR� 
����Ihq_fm�yjdhklgZy�l_fi_jZlmjZ�eZfiu�IJD�\�h[eZklb�ki_dljZ�hl���^h�

����fdf�g_�ij_\urZ_l������D" 
����Ijb\_^bl_�oZjZdl_jbklbdb�^m]h\h]h�jZajy^Z�\�\ha^mo_��ki_dlj��l_f�

i_jZlmjm�� 
����Ijb\_^bl_�oZjZdl_jbklbdb�bfimevkgh]h�jZajy^Z�\�dZibeeyj_��jZajy^�

k�bkiZjyxs_cky�kl_gdhc�� 
����DZdh\u�hkh[_gghklb�bklhqgbdZ�k\_lZ�k�bg^mdlb\gh�k\yaZgghc�ieZa�

fhc" 
����DZdb_�bklhqgbdb�k\_lZ�gZb[he__�ijb]h^gu�^ey�bkihevah\Zgby�\�wdh�

eh]bb" 
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= e Z \ Z  4 
 
BKLHQGBDB�BAEMQ?GBY�� 
BKIHEVAMXSB?�WE?DLJHGGU?�IHLHDB 
 
 
 
������WE?DLJHGGU?�=?G?J:LHJU�K<Q 
 
����H[uqgu_�we_dljhggu_�]_g_jZlhju 
 
>ebggh\hegh\Zy� h[eZklv� hilbq_kdh]h� ki_dljZ� ]jZgbqbl� k� h[eZklvx�

k\_jo\ukhdbo�qZklhl� �K<Q��� ]^_�fhsgh_�fhghojhfZlbq_kdh_�baemq_gb_�fh�

`_l�[ulv�ihemq_gh�k�ihfhsvx�we_dljhgguo�]_g_jZlhjh\�—�debkljhgh\��fZ]�

g_ljhgh\��eZfi�h[jZlghc�\hegu�b�ij��<�wlbo�ijb[hjZo�baemq_gb_�]_g_jbjm_l�

ky�ijb�\aZbfh^_ckl\bb�we_dljhggh]h�ihlhdZ�k�ihe_f�j_ahgZgkghc�beb�g_j_�

ahgZgkghc�dhe_[Zl_evghc�kbkl_fu� 
< debkljhgZo� \aZbfh^_ckl\b_� ijhbkoh^bl� ijb� ijhoh`^_gbb� ijyfheb�

g_cgh]h�ihlhdZ�q_j_a�h^bg�beb�g_kdhevdh�iheuo�j_ahgZlhjh\��jZaf_ju�dhlh�

juo�g_kdhevdh�f_gvr_�^ebgu�\hegu��<�fZ]g_ljhgZo�bkihevam_lky�fgh]hj_�

ahgZlhjguc�Zgh^guc�[ehd��pbdehb^Zevguc�we_dljhgguc�ihlhd��^\b]Zxsbcky�

\�kdj_s_gguo�ihklhygguo� we_dljbq_kdhf�b�fZ]gblghf�iheyo��\aZbfh^_ckl�

\m_l� ihhq_j_^gh� k� aZahjhf� dZ`^h]h� j_ahgZlhjZ��<� eZfiZo� h[jZlghc� \hegu 
�EH<��we_dljhgguc�ihlhd�\aZbfh^_ckl\m_l�k�ihe_f�we_dljhfZ]gblghc�\hegu��

jZkijhkljZgyxs_cky� ih� aZf_^eyxs_c� kbkl_f_�� \uiheg_gghc�� gZijbf_j�� \�

\b^_�f_lZeebq_kdhc�]j_[_gdb��<hafh`gh�lZd`_�bkihevah\Zgb_�\aZbfh^_ckl�

\by�we_dljhggh]h�ihlhdZ�k�^bnjZdpbhgghc�j_r_ldhc�ijb�^\b`_gbb�we_dljh�

gh\� gZ^� __� ih\_joghklvx� i_ji_g^bdmeyjgh� rljboZf� �\Zjhljhg�� ]_g_jZlhj�

^bnjZdpbhggh]h�baemq_gby��hjhljhg���F_oZgbaf�]_g_jbjh\Zgby�dhe_[Zgbc�\�

EH<�b�\�ihke_^gbo�ijb[hjZo�ZgZeh]bq_g�wnn_dlm�Q_j_gdh\Z��jhev�f_lZeeb�

q_kdhc�aZf_^eyxs_c�kbkl_fu�beb�^bnjZdpbhgghc�j_r_ldb�ZgZeh]bqgZ�jheb�

^bwe_dljbdZ�k�ihdZaZl_e_f�ij_ehfe_gby��ij_\urZxsbf�_^bgbpm� 
K� mf_gvr_gb_f� ^ebgu� \hegu� \hajZklZxl� ljm^ghklb� dhgkljmdlb\gh]h�

\uiheg_gby�we_dljhgguo�ijb[hjh\�k�j_ahgZlhjZfb�beb�aZf_^eyxsbfb�kbk�

l_fZfb��oZjZdl_jgu_�jZaf_ju�dhlhjuo�h[uqgh�e_`Zl�\�ij_^_eZo��/4 – �����Ih�
wlhc�ijbqbg_�ijb[hju�k�iheufb�j_ahgZlhjZfb�jZ[hlZxl�gZ�\hegZo�^ebgg__�

1,5–��ff��Ijb[hju� k� aZf_^eyxsbfb� kbkl_fZfb� dhgkljmbjmxl�b� ^ey� [he__�

dhjhldh\hegh\h]h�baemq_gby��^h�� §�����ff���H^gZdh�]_g_jbjm_fZy�bfb�fhs�
ghklv� hdZau\Z_lky� g_\_ebdZ�� lZd� dZd� djhf_� ljm^ghkl_c� h[_ki_q_gby� fZeuo�

jZaf_jh\� aZf_^eyxsbo� kbkl_f� \hagbdZxl� ljm^ghklb� k�nhjfbjh\Zgb_f� bg�

l_gkb\gh]h� we_dljhggh]h� ihlhdZ� b� ijhimkdZgb_f� _]h� gZ� hq_gv� fZehf� jZk�

klhygbb�hl�ih\_joghklb�aZf_^eyxs_c�kbkl_fu� 
>jm]h_�k_jv_agh_�h]jZgbq_gb_�khklhbl�\�lhf��qlh�^ey�ihemq_gby�\ukh�

dhc�fhsghklb�b�dh]_j_glghklb� �fhghojhfZlbqghklb��baemq_gby�ihlhd�we_d�

ljhgh\�^he`_g�[ulv�k]jmiibjh\Zg�\�k]mkldb��ijhly`_gghklv�dhlhjuo�khklZ\�

ey_l� f_g__� iheh\bgu� ^ebgu� \hegu� ]_g_jbjm_fh]h� baemq_gby�� ?keb� ijhly�
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`_gghklv�k]mkldZ�[hevr_�^ebgu�\hegu�baemq_gby��we_dljhgguc�imqhd�baem�

qZ_l� g_� dh]_j_glgh�� Z� klZlbklbq_kdb�� lhevdh� aZ� kq_l�nemdlmZpbc� iehlghklb�

we_dljhgh\�\�imqd_��b�hl^Z_l�fhsghklv��jZkij_^_e_ggmx�\�[he__�beb�f_g__�

rbjhdhc�h[eZklb�ki_dljZ��Fhsghklv��ijboh^ysZyky�gZ�ki_dljZevguc�bgl_j�

\Ze�g_[hevrhc�rbjbgu��\�wlhf�kemqZ_�hdZau\Z_lky�g_\_ebdZ� 
>ey�p_e_c�hilbq_kdhc�ki_dljhkdhibb�ij_^klZ\eyxl�bgl_j_k�ebrv�gZb�

[he__� dhjhldh\hegh\u_� lbiu� we_dljhgguo� ]_g_jZlhjh\� K<Q�� <� gZklhys__�

\j_fy�kms_kl\mxl�hljZ`Zl_evgu_�debkljhgu��kihkh[gu_�]_g_jbjh\Zlv�\�h[�

eZklb�^ebg�\heg��–��ff�g_ij_ju\gh_�fhghojhfZlbq_kdh_�baemq_gb_�fhsgh�

klvx�\�g_kdhevdh�^_kyldh\�fbeeb\Zll��FZ]g_ljhggu_� ]_g_jZlhju�\�wlhc�`_�

h[eZklb�ki_dljZ�\�bfimevkghf�j_`bf_�iha\heyxl�ihemqZlv�fhsghklv�ihjy^�

dZ�^_kyldh\�dbeh\Zll��Z�\�g_ij_ju\ghf�—�_^bgbpu�\Zll��GZb[he__�dhjhldh�

\hegh\uc�K<Q� ]_g_jZlhj� �EH<� k�f_lZeebq_kdhc� ]j_[_gqZlhc� aZf_^eyxs_c�

kbkl_fhc��baemqZ_l�ijb��� �����ff�g_ij_ju\gmx�fhsghklv�\�g_kdhevdh�fbe�

eb\Zll�>���@� 
 
����FZa_ju�gZ�pbdehljhgghf�j_ahgZgk_��]bjhljhgu� 
 
<�ijhp_kk_�ihbkdh\�gh\uo�lbih\�we_dljhgguo�]_g_jZlhjh\�[ueb�ij_^�

eh`_gu�mkljhckl\Z��\�dhlhjuo�^ey�hl[hjZ�wg_j]bb�hl�we_dljhggh]h�ihlhdZ�g_�

lj_[m_lky� ijbf_g_gby� \_kvfZ�fbgbZlxjguo� iheuo� j_ahgZlhjh\� beb� aZf_^�

eyxsbo�kbkl_f��<�wlbo�mkljhckl\Zo�bkihevam_lky�\bglh\hc�we_dljhgguc�ih�

lhd��nhjfbjm_fuc�\�kbevghf�ijh^hevghf�ihklhygghf�fZ]gblghf�ihe_�ki_�

pbZevghc� we_dljhgghc� imrdhc�� We_dljhgu� ijhoh^yl� \^hev� hkb� kbkl_fu�� \�

dhlhjhc�bf__lky�i_j_f_ggh_�ihi_j_qgh_�we_dljhfZ]gblgh_�ihe_��?keb�qZklh�

lZ�ihey�[ebadZ�d�pbdehljhgghc�qZklhl_�we_dljhgh\��p, we_dljhgguc�ihlhd�h[�
jZam_l�k]mkldb��gZoh^ysb_ky�\� lhjfhays_c�nZa_�\ukhdhqZklhlgh]h�we_dljb�

q_kdh]h�ihey��b�hl^Z_l�wg_j]bx�wlhfm�ihex� 
LZdb_� ]_g_jZlhju�� \� dhlhjuo� wg_j]by� hl[bjZ_lky� hl� deZkkbq_kdbo� hk�

pbeeylhjh\��dhe_[exsboky�we_dljhgh\�beb�we_dljhgguo�k]mkldh\���ih�\g_r�

g_c�ZgZeh]bb�k�eZa_jZfb��\�dhlhjuo�baemqZxl�d\Zglh\u_�hkpbeeylhju��ihem�

qbeb�gZa\Zgb_�fZa_jh\�gZ�pbdehljhgghf�j_ahgZgk_��]bjhljhgh\���DZd�b�\�eZ�

a_jZo�� \� gbo� bkihevamxl� dhe_[Zl_evgu_� kbkl_fu�� h[_ki_qb\Zxsb_� agZqb�

l_evgmx�gZijy`_gghklv�we_dljhfZ]gblgh]h�ihey��k�dhlhjuf�\aZbfh^_ckl\m�

xl�we_dljhgu��Jhev�lZdbo�dhe_[Zl_evguo�kbkl_f�fh]ml�b]jZlv�hldjulu_�j_�

ahgZlhju�beb�iheu_�j_ahgZlhju�\hegh\h^gh]h�lbiZ�k�jZaf_jZfb��ij_\urZx�

sbfb�jZ[hqmx�^ebgm�\hegu� 
Ohly�\�]bjhljhgZo�kgylu�g_dhlhju_�h]jZgbq_gby��h[mkeh\e_ggu_�jZaf_�

jZfb� j_ahgZlhjh\�� h]jZgbq_gby�� k\yaZggu_� k� ]jmiibjh\Zgb_f� we_dljhgh\� \�

k]mkldb�� hklZxlky� \� kbe_�� >hihegbl_evghc� ljm^ghklvx� y\ey_lky� kha^Zgb_�

\_kvfZ� kbevguo� ihklhygguo�fZ]gblguo� ihe_c��Ihkdhevdm� �p� >F=p@�  � ���G 
>W@��lh��gZijbf_j��^ey�^hklb`_gby�pbdehljhgghc�qZklhlu��p��jZ\ghc��������

F=p�
 
qlh�khhl\_lkl\m_l�^ebg_�\hegu��� ���ff��g_h[oh^bfh�fZ]gblgh_�ihe_�k�

gZijy`_gghklvx�G� ��������W��Kha^Zgb_�lZdbo�ihe_c�\hafh`gh�lhevdh�k�bk�

ihevah\Zgb_f�we_dljhfZ]gblh\�k�h[fhldZfb�ba�k\_joijh\h^gbdZ� 
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<�gZklhys__� \j_fy�fhsghklv�g_ij_ju\gh]h�baemq_gby��ihemqZ_fh]h� k�

ihfhsvx�]bjhljhgh\��\�fbeebf_ljh\hc�h[eZklb�ki_dljZ�^hklb]Z_l�khl_g�db�

eh\Zll��<�[he__�dhjhldh\hegh\hc�h[eZklb��� = 0,5–����ff��fhsghklv�baemq_�

gby��dZd�b�\�kemqZ_�we_dljhgguo�]_g_jZlhjh\�K<Q�k�aZf_^eyxsbfb�kbkl_fZ�

fb��kgb`Z_lky�aZ�kq_l�mom^r_gby�\aZbfh^_ckl\by�we_dljhgguo�k]mkldh\�k�ih�

e_f�b�g_ba[_`gh]h�jhklZ�\ukhdhqZklhlguo�ihl_jv� 
 
 
������BKLHQGBDB�BAEMQ?GBY�K�J?EYLB<BKLKDBFB� 
WE?DLJHGGUFB�IHLHD:FB 
 
GZjy^m�k�mkh\_jr_gkl\h\Zgb_f�b�jZajZ[hldhc�we_dljhgguo�K<Q�]_g_jZ�

lhjh\�jZa\b\Zebkv�b^_b�mfgh`_gby�qZklhlu�baemqZ_fuo�bfb�dhe_[Zgbc��H^�

gZdh�hkh[h]h�mki_oZ�a^_kv�ihdZ�g_�^hklb]gmlh��GZb[he__�dhjhldZy�^ebgZ�\he�

gu��ihemq_ggZy�k�ihfhsvx�debkljhggh]h�mfgh`bl_ey�ijb�dhwnnbpb_gl_�mf�

gh`_gby�qZklhlu�ihjy^dZ� ����khklZ\ey_l�hdheh� ����ff��Ihemijh\h^gbdh\u_�

^bh^gu_� mfgh`bl_eb� qZklhlu�� bkihevamxsb_� g_ebg_cghklv� p-n-i_j_oh^Z��
bf_xl� g_\ukhdbc� dhwnnbpb_gl� mfgh`_gby� qZklhlu� �ihjy^dZ� �-�� gZ� h^gm�
klmi_gv��ijb�\uoh^ghc�fhsghklb�\�km[fbeebf_ljh\hf�^bZiZahg_�\heg��kh�

klZ\eyxs_c�_^bgbpu�fbeeb\Zll� 
<� �����]��<�E��=bga[mj]�ij_^eh`be�^ey�ih\ur_gby�qZklhlu�baemq_gby�

bkihevah\Zlv�j_eylb\bklkdbc�wnn_dl�>hiie_jZ�>���@��Kmlv�b^_b�aZdexqZeZkv�

\�ke_^mxs_f��?keb�bklhqgbd��baemqZxsbc�we_dljhfZ]gblgmx�\hegm�k�qZklh�

lhc� �, ^\b`_lky ih�gZijZ\e_gbx�d�gZ[ex^Zl_ex� kh� kdhjhklvx�v, [ebadhc�d�
kdhjhklb� k\_lZ�� gZ[ex^Zl_ev� \hkijbgbfZ_l� qZklhlm� _]h� baemq_gby� kf_s_g�

ghc� 

21

1 cos
F

βν ν ν
β ϕ
−′ ′= =

−
.    (4.1) 

A^_kv�� = /cv , 3 — m]he�f_`^m�gZijZ\e_gb_f�kdhjhklb�b�gZijZ\e_gb_f�gZ�
[ex^_gby�\�kbkl_f_�gZ[ex^Zl_ey�  

Dhwnnbpb_gl� F ij_h[jZah\Zgby� qZklhlu fZdkbfZe_g�� _keb� bklhqgbd�

^\b`_lky�d�gZ[ex^Zl_ex� �3=� ����?s_�[hevr__�ij_h[jZah\Zgb_�qZklhlu� �F2) 
fh`gh�ihemqblv�� _keb�baemq_gb_� hl�g_ih^\b`gh]h�bklhqgbdZ�gZijZ\blv�gZ�

a_jdZeh��^\b`ms__ky�k�j_eylb\bklkdhc�kdhjhklvx�gZ\klj_qm�bklhqgbdm��b�gZ�

[ex^Zlv�hljZ`_ggh_�baemq_gb_�  
?keb�baemqZxsbc� ^bihev�� ^bZ]jZffZ�gZijZ\e_gghklb�baemq_gby� dhlh�

jh]h�bah[jZ`_gZ�gZ�jbk. 4.1,Z��ijb\_klb�\�^\b`_gb_�k�j_eylb\bklkdhc�kdhjh�
klvx�� ^bZ]jZffZ� \ulyg_lky� \i_j_^� ih� ^\b`_gbx� �jbk�� ����[���Fh`gh� ij_^-
klZ\blv��qlh�gZ�^bZ]jZffm�baemq_gby�g_ih^\b`gh]h�^bihey�ih^me \_l_j��ijb�
wlhf�h^bg�ba�e_i_kldh\�\ulygmeky��^jm]hc�h[h]gme�_]h��Z�h[Z�ihexkZ��\�gZ�

ijZ\e_gbb�dhlhjuo�baemq_gb_�hlkmlkl\m_l��gZdehgbebkv�\i_j_^�ih^�m]ehf 

2
2 0 1

1 ,
m c

E
θ β

γ
= − = =      (4.2) 
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]^_�� —�wg_j]by�we_dljhgZ�\�_^bgbpZo�

_]h�wg_j]bb�ihdhy��jZ\ghc�����Fw<��GZ�

jbk�� ����\� bah[jZ`_gh� k_q_gb_� ^bZ�

]jZffu� gZijZ\e_gghklb�� >\Z� hl\_j�

klby� \� g_f� khhl\_lkl\mxl� gZdehg_g�

guf�ihexkZf� 
J_eylb\bklkdbc� ^bihev� fh`gh�

ihemqblv�� _keb� khh[sblv� we_dljhgZf�

kdhjhklv��[ebadmx�d�k��b�aZklZ\blv�bo�

ijb�ijyfhebg_cghf�^\b`_gbb�hkpbe�

ebjh\Zlv� \� ihi_j_qghf� gZijZ\e_gbb��

LZdbfb�`_�k\hckl\Zfb�h[eZ^Z_l�baem�

q_gb_�we_dljhgh\��^\b`msboky�ih�hd�

jm`ghklb�>���@� 
 
����Kbgojhljhggh_�baemq_gb_ 
�KB� 
 
Baemq_gb_� ijb� djm]h\hf� ^\b`_�

gbb�ijhbkoh^bl�\�ex[hf�pbdebq_kdhf�

mkdhjbl_e_�we_dljhgh\��<i_j\u_�hgh�bkke_^h\Zehkv�gZ�kbgojhljhg_�b�ihwlh�

fm�ihemqbeh�gZa\Zgb_�kbgojhljhggh]h�baemq_gby� �KB���Bf_ggh�wlh�baemq_�

gb_�f_rZ_l�ih\ur_gbx�wg_j]bb�qZklbp�\�pbdebq_kdbo�mkdhjbl_eyo� 
Kbgojhljhggh_�baemq_gb_�bkimkdZ_lky�we_dljhghf�\i_j_^�ih�^\b`_gbx�

g_ij_ju\gh�ijb�h[jZs_gbb�ih�hj[bl_��jbk��������<ke_^kl\b_�fZeh]h�m]eh\h]h�

jZkl\hjZ� ^bZ]jZffu� gZijZ\e_gghklb� baemq_gb_� hq_gv� g_^he]h� �hk\_sZ_l��

g_ih^\b`gh]h� gZ[ex^Zl_ey��Nmjv_-ij_h[jZah\Zgb_� gZ[ex^Z_fh]h� \kie_kdZ�
iha\hey_l�gZclb�ki_dlj�baemq_gby��<�g_f�kh^_j`blky�hkgh\gZy�]ZjfhgbdZ�& = 
v/R�� jZ\gZy� qZklhl_� h[jZs_gby� we_dljhgZ� ih� hj[bl_�� b� \ukrb_� ]Zjfhgbdb��

djZlgu_�_c��<_jogyy�]jZgbpZ�qZklhl�ijbf_jgh�jZ\gZ�h[jZlghc�^ebl_evghklb�

j_]bkljbjm_fh]h�bfimevkZ��>ebgZ�\hegu��0 hkgh\ghc�]Zjfhgbdb�ijZdlbq_kdb�

jZ\gZ�^ebg_�hj[blu� kbgojhljhgZ���0 = 2�Rc/v��Ijb�h[uqguo�jZaf_jZo� kbg�
ojhljhgZ��R = 1–���f��wlh�baemq_gb_�gZoh^blky�\�ij_^_eZo�jZ^bhqZklhl��<�h[�
eZklb�fZeuo�^ebg�\heg� ]Zjfhgbdb�keb\Zxlky�\�kiehrghc�ki_dlj� �jbk�� ������

Wlhfm�kihkh[kl\mxl�b�jZaebqgu_�\hafms_gby�we_dljhgh\�gZ�hj[bl_��\ke_^�

kl\b_�dhlhjuo�kdhjhklb�hl^_evguo�we_dljhgh\�g_�kljh]h�h^bgZdh\u� 
K�m\_ebq_gb_f�wg_j]bb�fZdkbfmf�baemq_gby��^ebgZ�\hegu�dhlhjh]h�� m 

hij_^_ey_lky�nhjfmehc 

����� m�>gf@� ����� 3

4

3

Rπ
γ

 = 0,234 R E–3(R�>f@��? >=w<@���������������3)  

kf_sZ_lky� \� dhjhldh\hegh\mx� h[eZklv��Ijb� wg_j]bb� \� g_kdhevdh� ^_kyldh\�

Fw<�fZdkbfmf�e_`bl�\�\b^bfhc�h[eZklb�ki_dljZ��ijb�wg_j]bb�\�g_kdhevdh�

=w<�—�\�^Ze_dhc�j_gl]_gh\kdhc�h[eZklb��lZd��ijb�?  ���=w<�b�R = ���f��� m = 
������gf���DZd�ke_^m_l�ba�������b���������KB�ijb�wg_j]byo�we_dljhgh\�����Fw<�

b���=w<�ih^h[gh�baemq_gbx�q_jgh]h�l_eZ�k�l_fi_jZlmjZfb�khhl\_lkl\_ggh�����

105 b���8�D� 

 
 
Jbk�� ����� >bZ]jZffu� gZijZ\e_gghklb�

baemq_gby� g_ih^\b`gh]h� �Z�� b� ^\b�

`ms_]hky�k�j_eylb\bklkdhc�kdhjhklvx�

�[��^bihe_c���\��—�k_q_gb_�^bZ]jZffu�

gZijZ\e_gghklb�ih�ebgbb�ZZ 
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Wg_j]by��l_jy_fZy�h^gbf�we_dljhghf�gZ�baemq_gb_�aZ�h^bg�h[hjhl��ijhihjpbh�

gZevgZ�q_l\_jlhc�kl_i_gb�wg_j]bb�we_dljhgh\� 

[ ]
488,5
dw<

E
E

R
∆ =      (4.4) 

Ihkdhevdm�qbkeh�we_dljhgh\�\�k]mkld_�gZ�hj[bl_�kbgojhljhgZ�fh`_l�^hklb�

]Zlv���11 - 1012��kmffZjgZy�wg_j]by�baemq_gby�\_ebdZ��LZd��baemq_gb_�k]mkldZ�

we_dljhgh\�\�kbgojhljhg_�k�wg_j]b_c�\�g_kdhevdh�khl_g�Fw<�\�\b^bfhc�h[�

eZklb�ki_dljZ�kjZ\gbfh�ih�yjdhklb�k�baemq_gb_f�\hevlh\hc�^m]b� 

Ihi_j_qgu_�jZaf_ju�imqdZ�we_dljhgh\�khklZ\eyxl���–2 - 10–4�kf2��Z�m]�

eh\Zy� jZkoh^bfhklv� baemq_gby�� gZijbf_j� ijb� �� =w<�� g_� ij_\urZ_l� ������

�ijhc^y����f��imqhd�jZkrbjy_lky�\k_]h�gZ���ff���KB�fh`gh�bkihevah\Zlv�gZ�

jZkklhygbb�\�^_kyldb�f_ljh\�hl�bklhqgbdZ�ijb�khojZg_gbb�\ukhdhc�yjdhklb�

baemq_gby� 
Wdki_jbf_glZevgh�gZ[ex^Z_fh_�jZkij_^_e_gb_�wg_j]bb�\�ki_dlj_�KB�k�

hq_gv� ohjhr_c� lhqghklvx� kh\iZ^Z_l� k� l_hj_lbq_kdbfb� djb\ufb�� Ihwlhfm�

ki_dlj�KB�\�dhjhldh\hegh\hc�h[eZklb�fh`_l�kem`blv�lZdbf�`_�klZg^Zjlhf��

dZd�b�ki_dlj�q_jgh]h�l_eZ�\�\b^bfhc�b�bgnjZdjZkghc�h[eZklyo� 

  
Jbk�� �����IjhkljZgkl\_ggZy�^bZ]jZf�

fZ� gZijZ\e_gghklb� baemq_gby� we_d�

ljhgZ�ijb�^\b`_gbb�ih�djm]h\hc�hj�

[bl_ 

Jbk�� ����� Ki_dlj� KB�� Z�� ko_fZ�� [�� ki_d�

ljZevgh_� jZkij_^_e_gb_� fhsghklb� ijb�

jZaebqguo�wg_j]byo�we_dljhgh\ 
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Baemq_gb_��bkimkdZ_fh_�\�iehkdhklb�hj[blu�we_dljhgh\��iheghklvx�ih�

eyjbah\Zgh��b� we_dljbq_kdbc� \_dlhj�e_`bl� \� wlhc�iehkdhklb��Ih^�m]eZfb�d�

g_c�baemqZ_lky�b�^jm]Zy�khklZ\eyxsZy�iheyjbaZpbb�k�\_dlhjhf�?��i_ji_g^b�

dmeyjguf� iehkdhklb� hj[blu��GZb[hevrbc� \deZ^� ^Z_l� i_j\Zy� ba� mdZaZgguo�

dhfihg_gl��ihwlhfm�kmffZjgh_�baemq_gb_�kbevgh�iheyjbah\Zgh� 
Djhf_�hlf_q_gguo�^hklhbgkl\�—�g_ij_ju\gh]h�ki_dljZ��[hevrhc�yjdh�

klb�baemq_gby��\ukhdhc�gZijZ\e_gghklb�b�\ukhdhc�kl_i_gb�iheyjbaZpbb�— 
kbgojhljhggh_�baemq_gb_�ih�kjZ\g_gbx�k�^jm]bfb�bklhqgbdZfb�k\_lZ�h[eZ�

^Z_l� l_f� ij_bfms_kl\hf�� qlh� baemqZxsbc� we_dljhgguc� imqhd� ^\b`_lky� \�

\ukhdhf�\Zdmmf_��Wlh�kgbfZ_l�ijh[e_fm�aZsblu�\Zdmmfgh]h�h[t_fZ�hilbq_�

kdh]h�ijb[hjZ�hl�gZl_dZgby�]ZaZ�ba�bklhqgbdZ�k\_lZ��dZd�wlh�bf__l�f_klh��gZ�

ijbf_j��ijb�bkihevah\Zgbb� \h^hjh^guo� eZfi� �]e�� ����;he__� lh]h��ijh[e_fZ�

klZgh\blky�h[jZlghc��hilbq_kdbc�ijb[hj�g_�^he`_g�mom^rZlv�\Zdmmf�\�dZf_�

j_�kbgojhljhgZ�>���@� 
 
����Hg^meylhjgh_�baemq_gb_��HB� 
 
<�kbgojhljhg_�\g_rgbc�gZ[ex^Zl_ev�bkihevam_l�hq_gv�fZemx�^hex�ba�

emqZ_fhc�we_dljhghf�wg_j]bb��jZ\gmx�hlghr_gbx�m]eZ���jZkl\hjZ�KB�d�ihe�

ghfm�m]em�ih\hjhlZ�ih�hj[bl_� ����—�ihjy^dZ� ��–4–10–5�hl�\k_c�baemqZ_fhc�

wg_j]bb�� Mkljhckl\hf�� \� dhlhjhf� wnn_dlb\ghklv� bkihevah\Zgby� baemq_gby�

we_dljhgZ�\ur_�b��djhf_�lh]h��ki_dlj�baemq_gby�[he__�fhghojhfZlbq_g��y\�

ey_lky�hg^meylhj��<�hg^meylhj_�we_dljhgguc�ihlhd�ijhoh^bl�q_j_a�kbkl_fm�

ihi_j_qguo� agZdhi_j_f_gguo� ihklhygguo� fZ]gblguo� ihe_c�� hldehgyxsbo�

_]h�\�ihi_j_qghf�gZijZ\e_gbb��jbk������� 
H^gbf�ba�bgl_j_kguo�k\hckl\�HB�y\ey_lky�ijhkljZgkl\_ggZy�^bki_jkby�

—�ih^�jZagufb�m]eZfb�baemqZxlky�jZagu_�^ebgu�\heg��jbk��������q_f�^Zevr_�

hl�p_gljZ��l_f�[hevr_����Wlh�iha\hey_l�ijhklhc�^bZnjZ]fhc�\u^_eblv�gm`�

gmx� h[eZklv� ki_dljZ�� LZdbf�`_� k\hckl\hf� h[eZ^Z_l� b�KB�� gh� gZ[ex^_gb_�

wlh]h�wnn_dlZ�gZ�KB�aZljm^gbl_evgh�>���@� 
?keb� ljZ_dlhjby� we_dljhgZ� lZdh\Z�� qlh� gZijZ\e_gb_� \_dlhjZ� kdhjhklb�

we_dljhgZ�baf_gy_lky�f_g__�q_f�gZ�m]he�.� �1/���dhgmk�^bZ]jZffu�gZijZ\e_g�

 
 
Jbk�� ����� Ko_fZ� ^_ckl\by� fZ]gblgh]h� hg^meylhjZ�� 1 —� ljZ_dlhjby� we_dljhgh\��

KijZ\Z�ihdZaZgh�m]eh\h_�jZkij_^_e_gb_�ih�^ebgZf�\heg�baemq_gby�\�imqd_ 
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ghklb� g_� moh^bl� hl� gZ[ex^Zl_ey�� Baemq_gb_� nhjfbjm_lky� ijZdlbq_kdb� gZ�

\k_c�djb\hebg_cghc�qZklb�ljZ_dlhjbb�qZklbpu�\�hg^meylhj_� 
Ijb� [hevrhf� qbke_� fZ]gblh\� gZ[ex^Zl_ev� \hkijbgbfZ_l� kb]gZe�� f_�

gyxsbcky�ijbf_jgh�ih�]Zjfhgbq_kdhfm�aZdhgm��b�fh`gh�]h\hjblv�h�]_g_jZ�

pbb�[he__�beb�f_g__�fhghojhfZlb�

q_kdh]h� baemq_gby�� FZdkbfmf�

fhsghklb� khhl\_lkl\m_l� ^ebg_�

\hegu��\���2�f_gvr_c�i_jbh^Z�fZ]�

gblgh]h� ihey� \� hg^meylhj_�� LZdh_�

j_eylb\bklkdh_� khdjZs_gb_� ]_g_�

jbjm_fhc� ^ebgu� \hegu� ih� kjZ\g_�

gbx� k� i_jbh^hf� kljmdlmju� iha\h�

ey_l� \�ijb[hjZo�[hevrbo�jZaf_jh\�

]_g_jbjh\Zlv� dhjhldh\hegh\h_� ba�

emq_gb_� 
<� gZklhys__� \j_fy� ^ey� ihem�

q_gby� KB� b�HB� ij_^ihqblZxl� bk�

ihevah\Zlv� gZdhibl_evgu_� dhevpZ��

beb� gZdhibl_eb� �jbk������� Hgb�

ij_^klZ\eyxl� kh[hc� mkljhckl\Z��

ih^h[gu_� kbgojhljhgm�� gh� ij_^gZ�

agZq_ggu_� g_� ^ey� ihemq_gby� j_ey�

lb\bklkdbo� we_dljhgh\�� Z� ^ey� ojZ�

g_gby�bo�\�l_q_gb_�fgh]bo�qZkh\��<�

gZdhibl_eyo�fZ]gblgh_�ihe_�g_�f_�

gy_lky�\h�\j_f_gb��>ey�mf_gvr_gby�

ihl_jv� qZklbpu� ^\b`mlky� \� k\_jo�

\ukhdhf�\Zdmmf_� a��–9
�Lhj� �\�kbg�

ojhljhg_� \Zdmmf� ��
–7
�Lhj���AZ� kq_l�

gZdhie_gby�qZklbp�kj_^gbc�lhd�gZ�hj[bl_�gZdhibl_ey�ijbf_jgh�gZ�ihjy^hd�

[hevr_��q_f�\�kbgojhljhg_��Z�k_q_gb_�imqdZ�f_gvr_��ihwlhfm�\ur_�yjdhklv�

baemq_gby�b�emqr_�_]h�ijhkljZgkl\_ggu_�oZjZdl_jbklbdb��Djhf_�lh]h� f_gv�
r_�jZ^bZpbhgguc�nhg�\[ebab�dZf_ju��<�dZq_kl\_�ijbf_jZ�fh`gh�mihfygmlv�

gZdhibl_ev�� jZ[hlZxsbc� \�Bgklblml_� Zlhfghc� wg_j]bb�:G� J:G��Wlhl� gZ-
dhibl_ev�k�jZ^bmkhf�hj[blu���f�jZkkqblZg�gZ�wg_j]bx�qZklbp�^h�����Fw<�b�

lhd�\�imqd_�^h�����f:��Imqhd�bf__l�jZaf_ju�\�k_q_gbb������ff�ih�\_jlbdZeb�

b���ff�ih�]hjbahglZeb��l�_��y\ey_lky�ijZdlbq_kdb�lhq_qguf�bklhqgbdhf�k\_�

lZ� 
 
����EZa_ju�gZ�k\h[h^guo�we_dljhgZo 
 
GZ�hkgh\_�hg^meylhjh\�kha^Zgu�gh\u_� lbiu� ]_g_jZlhjh\�— eZa_ju�gZ�

k\h[h^guo�we_dljhgZo��EKW���<�wlbo�mkljhckl\Zo�gZ�dhgpZo�hg^meylhjZ�jZk�

iheh`_gu�^\Z� a_jdZeZ��b� ]_g_jbjm_fZy�\hegZ�fgh]hdjZlgh�ijhoh^bl�ih�hkb�

kbkl_fu�� ;eZ]h^Zjy� wlhfm� m\_ebqb\Z_lky� baemqZ_fZy� fhsghklv�� \hajZklZ_l�

fhghojhfZlbqghklv� 

 
 
Jbk�� ����� Ko_fZ� gZdhibl_ey� j_ey-
lb\bklkdbo� we_dljhgh\�� 1 — \ZdmmfgZy�
dZf_jZ�� 2 — ih\hjhlgu_� fZ]gblu�� 3 — 
fZ]gblgu_� ebgau�� 4 — mkdhjbl_ev-
bg`_dlhj� we_dljhgh\��5 —�<Q�j_ahgZlhj�

^ey \hkiheg_gby�ihl_jv�\�imqd_�gZ�baem�
q_gb_��6 — hg^meylhju��IhdZaZgu�\u\h�
^u�KB�b�HB 
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=_g_jZpbx�EKW�k�deZkkbq_kdhc�lhqdb�aj_gby�fh`gh�jZkkfZljb\Zlv�dZd�

j_amevlZl�\aZbfh^_ckl\by�g_aZf_^e_gghc� we_dljhfZ]gblghc�\hegu� �nZah\Zy�

kdhjhklv�__�jZ\gZ�kdhjhklb�k\_lZ�k�\�k\h[h^ghf�ijhkljZgkl\_��k�g_ijyfheb�

g_cguf��i_jbh^bq_kdbf��we_dljhgguf�ihlhdhf��\�dhlhjhf�we_dljhgu�^\b]Z�

xlky� \�gZijZ\e_gbb�hkb�z kh� kdhjhklvx vz, g_fgh]h�f_gvr_c� k��GZihfgbf��

qlh� \� ljZ^bpbhgguo� K<Q-]_g_jZlhjZo�� lZdbo�� dZd� EH<�� dZjlbgZ� ijh-
lb\hiheh`gZy��ihlhd�we_dljhgh\��kdhjhklv�dhlhjuo�fgh]h�f_gvr_�kdhjhklb�

k\_lZ��—�ijyfhebg_cguc��Z�we_dljhfZ]gblgZy�\hegZ��ihemqZxsZy�wg_j]bx�hl�

ihlhdZ��—�aZf_^e_ggZy� 
Fh`gh�ihdZaZlv�>���@��qlh�]_g_jbjm_fZy�^ebgZ�\hegu�EKW jZ\gZ 
 

        ( / 1)zL cλ = −v .          (4.5) 
 

K]mklhd�we_dljhgh\��^\b`msbcky�ih�hkb�EKW�kh�kdhjhklvx�vz b�bkiu�

lu\Zxsbc�ihi_j_qgu_�kf_s_gby�k�ijhkljZgkl\_gguf�i_jbh^hf�L��ijb�wlhf�
mkeh\bb�[m^_l�ihiZ^Zlv�\�lhjfhays__�ihi_j_qgh_�we_dljbq_kdh_�ihe_�^h]h�

gyxs_c�_]h�kh�kdhjhklvx�k k\_lh\hc�\hegu��<�lhjfhays_f�ihe_�we_dljhgu�

hl^Zxl�wg_j]bx��b�we_dljhfZ]gblgZy�\hegZ�mkbeb\Z_lky� 
DZd�b�\�h[uqguo�eZa_jZo��j_ahgZlhj�EKW�^he`_g�gZkljZb\Zlvky�lZdbf�

h[jZahf��qlh[u�_]h�j_ahgZgkgZy�qZklhlZ�[ueZ�[ebadZ�d�h[eZklb�hljbpZl_evgh�

]h�ih]ehs_gby��l��_��\�^Zgghf�kemqZ_�d�qZklhl_�hkpbeebjmxsbo�we_dljhgh\�k�

mq_lhf�^hii_jh\kdh]h�kf_s_gby��Ijb�wlhf�gZijy`_gghklv�ihey�\gmljb�j_ah�

gZlhjZ� bf__l� gZb[hevrmx� \_ebqbgm� b�� ke_^h\Zl_evgh�� h[_ki_qb\Z_lky�fZd�

kbfmf�hl[hjZ�wg_j]bb�hl�we_dljhggh]h�ihlhdZ� 
Ijbf_qZl_evghc�hkh[_gghklvx�eZa_jh\�gZ� k\h[h^guo� we_dljhgZo�\� kh�

hl\_lkl\bb� k� ������ y\ey_lky� \hafh`ghklv� i_j_kljhcdb� \�rbjhdbo� ij_^_eZo�

^ebgu� \hegu� ]_g_jbjm_fh]h�baemq_gby�iml_f�baf_g_gby� kdhjhklb� we_dljh�

gh\��>bZiZahg�i_j_kljhcdb�\�ijbgpbi_�fh`_l�ijhklbjZlvky�hl�fbeebf_ljh�

\hc�h[eZklb�ki_dljZ�^h�j_gl]_gh\kdhc��EKW��ihkljh_ggu_�gZ�hkgh\_�gZdhib�

l_e_c�beb�ebg_cguo�mkdhjbl_e_c��]_g_jbjmxl�baemq_gb_�fhsghklvx�ihjy^dZ�

_^bgbp� dbeh\Zll� \� bfimevk_� k� ^ebgZfb� \heg� hl� _^bgbp� fdf� ^h� fbe-
ebf_ljh\hc�h[eZklb�ki_dljZ�>���@�b�ihjy^dZ�_^bgbp�fbeeb\Zll�—�\�\b^bfhc�

h[eZklb��>Zevg_cr__�ih\ur_gb_� qZklhlu�b�fhsghklb� lj_[m_l� mf_gvr_gby�

i_jbh^Z�fZ]gblgh]h�ihey��<�k\yab�k�wlbf�\hagbdZxl�b^_b�bkihevah\Zgby�i_�

jbh^bq_kdbo�ihe_c�\�djbklZeeZo�b�^jm]bo�fbdjhkdhibq_kdbo�kljmdlmjZo� 
 
����H[jZlguc�wnn_dl�DhfilhgZ 
 
M\_ebq_gb_�qZklhlu�ijb�hljZ`_gbb�baemq_gby�hl�a_jdZeZ��^\b`ms_]hky�

k�j_eylb\bklkdhc�kdhjhklvx��\i_j\u_�gZ[ex^Zehkv�\������]��H�N��Dmebdh\uf�

b� ^j�� >���@�� A_jdZehf� kem`beb� we_dljhgu� k]mkldZ� gZ� hj[bl_� kbgojhljhgZ� k 
wg_j]b_c�����Fw<��gZ\klj_qm�dhlhjuf�gZijZ\eyeky�bfimevk�baemq_gby�jm[b�

gh\h]h�eZa_jZ���� �������gf��wg_j]by�d\Zglh\�h� = ��w<���HljZ`_ggu_�nhlhgu�
ij_^klZ\eyeb�kh[hc�]ZffZ-d\Zglu�k�wg_j]b_c������Fw<��^ebgZ�\hegu���������

gf���LZdbf�h[jZahf��dhwnnbpb_gl�ij_h[jZah\Zgby�qZklhlu�^hklb]Ze��� ����6. 
Ih� ZgZeh]bb� k� wnn_dlhf�DhfilhgZ�� ijb� dhlhjhf� nhlhgu� jZkk_b\Zxlky� gZ�

k\h[h^guo�we_dljhgZo�k�mf_gvr_gb_f�wg_j]bb�nhlhgZ��^Zgguc�ijhp_kk��ijh�
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bkoh^ysbc�k�m\_ebq_gb_f�wg_j]bb�nhlhgZ��ihemqbe�gZa\Zgb_�h[jZlgh]h�wn�

n_dlZ� DhfilhgZ�� K_q_gb_� jZkk_ygby� nhlhgh\� gZ� we_dljhgZo� ijb� h[jZlghf�

wnn_dl_�DhfilhgZ�hq_gv�fZeh� ihwlhfm�ih^h[gu_� wdki_jbf_glu� \hafh`gu�
ebrv�ijb�gZebqbb�fhsguo�k\_lh\uo�b�we_dljhgguo�imqdh\� 

<Z`ghc� hkh[_gghklvx� baemq_gby�� ihemqZ_fh]h� ijb� h[jZlghf� wnn_dl_�

DhfilhgZ��y\ey_lky�lh��qlh�iheyjbaZpby�_]h�ih\lhjy_l�iheyjbaZpbx�iZ^Zx�

s_]h�baemq_gby��AZ^Z\Zy�\b^�iheyjbaZpbb�baemq_gby�eZa_jZ��fh`gh�mijZ\eylv�

iheyjbaZpb_c�ihemqZ_fuo�]ZffZ-�d\Zglh\� 
 

*                   * 
* 

<�gZklhys__�\j_fy�gZ[ex^Z_lky�[ukljh_�gZjZklZgb_�bgl_j_kZ�d�bkke_�

^h\Zgbyf�b�ijbf_g_gbyf�KB��HB�b�EKW� >���� ����� ����� ���@��<hafh`ghklb�b�

i_jki_dlb\u�ijbf_g_gby� wlbo�mkljhckl\�\�gZmd_�� l_ogbd_�b� l_ogheh]bb�gZ�

klhevdh� \_ebdb�� qlh� gh\u_� mkdhjbl_evgu_� fZrbgu� khhjm`Zxlky� k_cqZk� \�

agZqbl_evghc�f_j_�^ey�ihemq_gby�hilbq_kdh]h�b�j_gl]_gh\kdh]h�baemq_gby��Z�

g_�^ey�y^_jguo�bkke_^h\Zgbc�  
 
<HIJHKU 
 
���Ihq_fm�bklhqgbdb�baemq_gby�k�g_j_eylb\bklkdbfb�we_dljhggufb�ih�

lhdZfb�g_�baemqZxl�\�\b^bfhc�h[eZklb�ki_dljZ" 
���Q_f�hij_^_ey_lky� ki_dljZevguc� khklZ\�b�fhsghklv� kbgojhljhggh]h�

baemq_gby" 
���<�q_f�ijbqbgZ�jZaebqby�ki_dljZevgh]h�khklZ\Z�kbgojhljhggh]h�b�hg�

^meylhjgh]h�baemq_gby" 
���<�dZdhc�h[eZklb�ki_dljZ�baemqZxl�eZa_ju�gZ�k\h[h^guo�we_dljhgZo" 
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= e Z \ Z  5  
 
IJB?FGBDB�HILBQ?KDH=H�BAEMQ?GBY 
 
 
 

������H;SB?�<HIJHKU 
 
Fhsghklv�baemq_gby�[hevrbgkl\Z�bklhqgbdh\�k\_lZ��khkj_^hlhq_ggZy�\�

madhf�ki_dljZevghf�bgl_j\Ze_��dZd�ijZ\beh��g_\_ebdZ��LZd��\�kemqZ_�q_jgh]h�

bklhqgbdZ�l_ieh\h]h�baemq_gby��gZ]j_lh]h�^h������D��ki_dljZevgZy�iehlghklv�

fhsghklb�ijb� ��  � ��fdf� khklZ\ey_l� \k_]h� ����<l�kf
2
�gf�kj��Hlkx^Z� \b^gh��

qlh�ijb�ih\_joghklb�baemqZl_ey�ihjy^dZ���ff
2
�b�ijb�rbjbg_�ihehku������gf�

\_ebqbgZ�bkimkdZ_fhc�fhsghklb�bf__l�ihjy^hd�khluo�^he_c�fbeeb\ZllZ��?k�

eb�mq_klv�g_[hevrmx�\_ebqbgm�l_e_kgh]h�m]eZ��\�ij_^_eZo�dhlhjh]h�k\_lh\hc�

ihlhd�fh`_l�bkihevah\Zlvky�ki_dljZevguf�ijb[hjhf��b�jZaebqgu_�\b^u�ih�

l_jv��fhsghklv��ih^e_`ZsZy�j_]bkljZpbb��hdZau\Z_lky�agZqbl_evgh�f_gvr_��

Bkdexq_gb_�khklZ\eyxl�ebrv�eZa_jgu_�bklhqgbdb��kihkh[gu_�h[_ki_qb\Zlv�

qj_a\uqZcgh�\ukhdmx�ki_dljZevgmx�iehlghklv�fhsghklb� 
<�aZ\bkbfhklb�hl�wdki_jbf_glZevguo�p_e_c�ijb_fgbdb�^he`gu�m^h\e_�

l\hjylv�lj_[h\Zgbyf��aZqZklmx�bkdexqZxsbf�^jm]�^jm]Z��gZijbf_j��\ukhdZy�

qm\kl\bl_evghklv��[ukljh^_ckl\b_��gm`gu_�]Z[Zjblu��aZ^ZggZy�h[eZklv�ki_d�

ljZ�b�^j����Ihwlhfm�kms_kl\m_l�[hevrh_�jZaghh[jZab_�lbih\�ijb_fgbdh\�ba�

emq_gby�>���@� 
H^gbf� ba� gZb[he__� qm\kl\bl_evguo� ijb_fgbdh\� \� \b^bfhc� h[eZklb�

ki_dljZ� y\ey_lky� ]eZa� q_eh\_dZ��<� h[eZklb�fZdkbfZevghc� qm\kl\bl_evghklb�

(� �����gf��]eZa�qm\kl\m_l�wg_j]bx�h^bghqghc�\kiurdb��khhl\_lkl\mxsmx�

^_kyldm�nhlhgh\��H^gZdh� \bamZevgu_� gZ[ex^_gby� iha\heyxl� ebrv� kjZ\gb�

\Zlv�\_ebqbgu�k\_lh\uo�ihlhdh\�k�h^bgZdh\uf�ki_dljZevguf�khklZ\hf��>ey�

dhebq_kl\_gguo�baf_j_gbc�]eZa�g_ijb]h^_g�]eZ\guf�h[jZahf�ihlhfm��qlh�\�

aZ\bkbfhklb�hl�hk\_s_gby�_]h�qm\kl\bl_evghklv�f_gy_lky�\h�fgh]h�jZa��GZ�

ijbf_j��aZ�iheqZkZ�ij_[u\Zgby�\�l_fghl_�hgZ�\hajZklZ_l�ijbf_jgh�gZ�ljb�ih�

jy^dZ� 
JZ[hlZ�ex[h]h�ijb_fgbdZ�baemq_gby�hkgh\ZgZ�gZ�\aZbfh^_ckl\bb�baem�

q_gby�k�qm\kl\bl_evguf�we_f_glhf�ijb_fgbdZ��<� aZ\bkbfhklb�hl�oZjZdl_jZ�

wlh]h�\aZbfh^_ckl\by�ijb_fgbdb�fh`gh�jZa^_eblv�gZ�^\Z�deZkkZ��l_ieh\u_�b�

nhlhggu_��d\Zglh\u_���L_ieh\u_�ijb_fgbdb�j_Z]bjmxl�gZ�dhebq_kl\h�wg_j�

]bb�� ihljZq_gghc� gZ� gZ]j_\Zgb_� ijb_fgh]h� we_f_glZ�� L_ieh\Zy� wg_j]by�

h[uqgh�ij_h[jZam_lky�\�we_dljbq_kdmx�k�ihfhsvx�dZdh]h-eb[h�nbabq_kdh]h�
y\e_gby� �l_jfhwe_dljbq_kdh]h� wnn_dlZ�� baf_g_gby� hfbq_kdh]h� khijhlb\e_�

gby�ijb�gZ]j_\Zgbb��ibjhwnn_dlZ�b�^j����Nhlhggu_�ijb_fgbdb�j_Z]bjmxl�gZ�

dhebq_kl\h�nhlhgh\��ih]ehs_gguo�\�ijb_fghf�we_f_gl_��>_ckl\b_�[hevrbg�

kl\Z�nhlhgguo�ijb_fgbdh\�hkgh\Zgh�gZ�y\e_gbb�nhlhwnn_dlZ��Hgb�\ujZ[Z�

lu\Zxl� we_dljbq_kdbc� kb]gZe�b�ihwlhfm�gZau\Zxlky�nhlhwe_dljbq_kdbfb��

JZaebqZxl�ijb_fgbdb�nhlhwfbkkbhggu_� �k� \g_rgbf�nhlhwnn_dlhf��b�nh�

lhwe_dljbq_kdb_�ihemijh\h^gbdh\u_��k \gmlj_ggbf�nhlhwnn_dlhf�� 
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Ijb�aZ^Zgghc�\_ebqbg_�wg_j]bb��ihklmiZxs_c�gZ�ijb_fgbd��hldebd�l_�

ieh\h]h� ijb_fgbdZ� �gZ]j_\�� \� b^_Zevghf� kemqZ_� h^bgZdh\� \� ex[hc� ki_d�

ljZevghc�h[eZklb��Hldebd�nhlhwe_dljbq_kdh]h�ijb_fgbdZ��qbkeh�\hagbdrbo�

we_dljhgh\�� \� wlhf� kemqZ_� jZkl_l� k� ^ebghc� \hegu�� k� jhklhf� ^ebgu� \hegu�

wg_j]by�_^bgbqgh]h�nhlhgZ�K� mf_gvrZ_lky��ihwlhfm�\�^ebggh\hegh\hc�qZk�

lb�ki_dljZ� aZ^Zggh_�dhebq_kl\h�wg_j]bb�khhl\_lkl\m_l�[hevr_fm�qbkem�nh�

lhgh\��q_f�\�dhjhldh\hegh\hc� 
GZ�ijZdlbd_�ki_dljZevgZy�h[eZklv�jZ[hlu�ijb_fgbdZ�hij_^_ey_lky�ih�

]ehsZl_evghc�kihkh[ghklvx�_]h�we_f_glZ�b�h[eZklvx�ijhajZqghklb�\oh^gh]h�

hdgZ��<�nhlhwfbkkbhgguo�ijb_fgbdZo�h]jZgbq_gb_�k\yaZgh�k�djZkghc�]jZgb�

p_c�nhlhwnn_dlZ��\ke_^kl\b_�q_]h�bo�oZjZdl_jbklbdZ�bf__l�j_adbc�kiZ^�ijb�

^ebg_�\hegu��]j��aZ\bkys_c�hl�k\hckl\�nhlhdZlh^Z��D\Zglh\Zy�wnn_dlb\ghklv�

nhlhijb_fgbdZ�lZd`_�aZ\bkbl�hl�^ebgu�\hegu��<�^Ze_dhf�mevljZnbhe_l_�ih�

gylb_�d\Zglh\hc�wnn_dlb\ghklb�mkeh`gy_lky��lZd�dZd�h^bg�iZ^Zxsbc�nhlhg�

fh`_l�\ua\Zlv�ihy\e_gb_�g_kdhevdbo�nhlhwe_dljhgh\� 
Ijb_fgbdb� baemq_gby� [u\Zxl� h^ghwe_f_glgu_� b� fgh]hwe_f_glgu_��

I_j\u_�bf_xl�h^bg�ijb_fguc�we_f_gl��bgh]^Z�^h\hevgh�[hevrbo�jZaf_jh\��

b�j_]bkljbjmxl�k\_lh\hc�ihlhd��mkj_^g_gguc�ih�\k_c�ijb_fghc�iehsZ^d_��<�

fgh]hwe_f_glguo�ijb_fgbdZo�kh^_j`blky�fgh]h�fZe_gvdbo�^bkdj_lguo�beb�

g_ij_ju\gh� jZkij_^_e_gguo� ijb_fguo� we_f_glh\�� b� hgb� j_]bkljbjmxl� h^�

ghf_jgh_��^\mf_jgh_�beb�^Z`_�lj_of_jgh_�bah[jZ`_gb_� �ki_dljZ��]heh]jZf�

fu�b�^j����<�k\yab�k�jZa\blb_f�]heh]jZnbb��\uqbkebl_evghc�l_ogbdb��hilbq_�

kdh]h�ijb[hjhkljh_gby��i_jki_dlb\Zfb�hilbq_kdbo�f_lh^h\�j_]bkljZpbb��i_�

j_^Zqb�b�ojZg_gby�bgnhjfZpbb�fgh]hwe_f_glguf�ijb_fgbdZf�k\_lZ�m^_eyxl�

hkh[h_�\gbfZgb_� 
H[uqgZy�nhlhwfmevkby�—�h^bg�ba�gZb[he__�klZjuo�ijb_fgbdh\�baemq_�

gby�—�y\ey_lky�ijbf_jhf�fgh]hwe_f_glgh]h�ijb_fgbdZ��K\_lh\h_�bah[jZ`_�

gb_�ij_h[jZam_lky�\�g_c�\�Zfieblm^gh_��\�jZkij_^_e_gb_�ihq_jg_gbc���<�ih�

ke_^gb_� ]h^u� ihemqbeb� jZkijhkljZg_gb_� k\_lhqm\kl\bl_evgu_� fZl_jbZeu��

h[jZamxsb_�Zfieblm^gh-nZah\h_�beb�nZah\h_�bah[jZ`_gb_�h[t_dlZ��Wlh�nh�
lhojhfgu_� kj_^u� >���@�� nhlhl_jfhieZklbdb� >���@�� we_dljhhilbq_kdb_� djb�

klZeeu�b�ij��=eZ\gufb�^hklhbgkl\Zfb�lZdbo�k\_lhqm\kl\bl_evguo�fZl_jbZ�

eh\�y\eyxlky�h[jZlbfhklv�ijhp_kkZ� �\hafh`ghklv�fgh]hdjZlghc�i_j_aZibkb�

bah[jZ`_gby�—�^h� ��4�jZa���ihemq_gb_�bah[jZ`_gby�h^gh\j_f_ggh�k�wdkih�

gbjh\Zgb_f�� l�_�� \� j_Zevghf� fZkrlZ[_� \j_f_gb�� \ukhdZy� ijhkljZgkl\_ggZy�

qZklhlZ�j_]bkljZpbb�—�^h������ebgbc�gZ�fbeebf_lj� 
 
 
������HKGH<GU?�O:J:DL?JBKLBDB�IJB?FGBDH< 
BAEMQ?GBY 
 
����Qm\kl\bl_evghklv 
 

Bgl_]jZevgmx�qm\kl\bl_evghklv�S ijb_fgbdZ�ijbgylh�hij_^_eylv�dZd�
hlghr_gb_� \_ebqbgu� we_dljbq_kdh]h� kb]gZeZ�� \ujZ`_gghc� \� _^bgbpZo� gZ�

ijy`_gby�beb�lhdZ�gZ�\uoh^_�ijb_fgbdZ��d�\_ebqbg_�k\_lh\h]h�ihlhdZ�\�ex�
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f_gZo�gZ�_]h�\oh^_��H^gZdh�\�ki_dljhkdhibb�[hevr_�bgnhjfZpbb�g_k_l�ki_d�

ljZevgZy�qm\kl\bl_evghklv�S���hlghkysZyky�d�fhghojhfZlbq_kdhfm�baemq_�

gbx�b�\ujZ`Z_fZy�\�wg_j]_lbq_kdbo�_^bgbpZo��Bgl_]jZevgZy�S�b�ki_dljZev�
gZy�S��qm\kl\bl_evghklb�k\yaZgu�f_`^m�kh[hc�khhlghr_gb_f 

( )

]j

'

0

0

680

mS S P d

S

N 3 G

λ

λ λ λ

∞

λ

λ
=

λ λ

∫

∫
    (5.1) 

]^_�S�P —�fZdkbfZevgZy�ki_dljZevgZy�qm\kl\bl_evghklv�ijb_fgbdZ�\�wg_j]_�

lbq_kdbo� _^bgbpZo� >:�<l��<�<l@��S�
� = S�/S�P —�hlghkbl_evgZy� ki_dljZevgZy�

qm\kl\bl_evghklv��P� — ki_dljZevgZy� iehlghklv�fhsghklb� baemq_gby� klZg�

^Zjlgh]h�bklhqgbdZ�k�Tp\� ������D��dhlhjuc�h[uqgh�bkihevam_lky�ijb�baf_�

j_gbb� qm\kl\bl_evghklb�� �]j — 
^ebggh\hegh\Zy� ]jZgbpZ� qm\kl\b�

l_evghklb� ijb_fgbdZ�� -(�) —� djb�

\Zy \b^ghklb�� Qbkeh\hc� dhwnnbpb�
_gl� \� agZf_gZl_e_� ij_^klZ\ey_l� kh�

[hc� nhlhf_ljbq_kdbc� wd\b\Ze_gl�

baemq_gby� ^ey� ^ebgu� \hegu�fZdkb�

fZevghc�qm\kl\bl_evghklb�]eZaZ�� = 
������ fdf�� jZ\guc� ���� ef�<l� �kf��

(3)). 
Ihjh]h\mx� qm\kl\bl_evghklv 

oZjZdl_jbamxl�fbgbfZevguf�kb]gZ�

ehf�gZ� \uoh^_�ijb_fgbdZ�� dhlhjuc�

fh`gh� aZf_lblv� gZ�nhg_� _]h� kh[kl�

\_gguo�rmfh\��LbibqgZy� aZibkv� \h�

\j_f_gb�gZijy`_gby�rmfh\h]h�kb]�

gZeZ�Ur�gZ�\uoh^_�ihdZaZgZ�gZ�jbk��

5.1,Z��OZhlbq_kdb�f_gyxsbcky�kb]gZe�fh`_l�[ulv�ij_^klZ\e_g�gZ[hjhf�]Zj�

fhgbq_kdbo�kb]gZeh\�k�jZaebqghc�qZklhlhc�f�b�jZaebqgufb�Zfieblm^hc�b�nZ�
ahc��<�h[eZklb�gbadbo�qZklhl�djb\Zy�ki_dljZevghc�iehlghklb�kj_^g_d\Z^jZ�

lbqgh]h�gZijy`_gby�rmfZ�Ërf h[uqgh�ih^gbfZ_lky�ijbf_jgh�h[jZlgh�ijh�
ihjpbhgZevgh�qZklhl_��jbk������[). 

?keb�gZ�ijb_fgbd�ihklmiZ_l�g_baf_gguc�\h�\j_f_gb�hilbq_kdbc�kb]gZe�

b�gZ�\uoh^_�ijb_fgbdZ�\dexq_g�rbjhdhihehkguc�mkbebl_ev�k�ihehkhc�ijh�

imkdZgby�hl� f� ���^h� f = f1� �jbk�� ����[���lh�gZ�ihe_aguc�kb]gZe�gZeh`_g�\_kv�
rmf�� aZdexq_gguc� \� wlhc� ihehk_��Hlghr_gb_� kb]gZe�—�rmf� b� gZ[ex^Z_�

fhklv�kb]gZeZ�ijb�wlhf�g_\_ebdb��>ey�ih\ur_gby�hlghr_gby�kb]gZe�—�rmf�

iZ^Zxs__�gZ�ijb_fgbd�baemq_gb_�fh^mebjmxl�b�bkihevamxl�madhihehkgmx�

mkbebl_evgmx� kbkl_fm� k�rbjbghc� ihehku� ûf�� \dexqZxs_c� \� k_[y� qZklhlm�

fh^meypbb� ffh^�� Lh]^Z� mkbeb\Z_lky� \_kv� baf_jy_fuc� kb]gZe� b� ebrv� lZ� g_�

[hevrZy�qZklv�rmfh\��dhlhjZy�aZdexq_gZ�\�wlhc�ihehk_�ûf��QZklhlm�fh^mey�

 
 
Jbk�� �����GZijy`_gb_�rmfh\h]h� kb]gZeZ�

\h� \j_f_gb� �Z�� b� baf_g_gb_� _]h� kj_^g_�

d\Z^jZlbqghc�\_ebqbgu�\�aZ\bkbfhklb�hl�

qZklhlu��[) 
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pbb�\u]h^gh�\u[bjZlv�ih^Zevr_�hl�h[eZklb�gbadhqZklhlguo�rmfh\��H^gZdh�

ba-aZ�bg_jpbhgghklb�fgh]bo�ijb_fgbdh\�fh^meypbx�ijhba\h^yl�h[uqgh�gZ�
qZklhl_�5-����=p� 

Djbl_jb_f� ihjh]h\hc� qm\kl\bl_evghklb� iheZ]Zxl� jZ\_gkl\h� gZijy`_�

gby�\uoh^gh]h�kb]gZeZ�U\uo��qZklhlZ�dhlhjh]h�kh\iZ^Z_l�k�qZklhlhc�fh^mey�

pbb� ffh^�hilbq_kdh]h� kb]gZeZ��b� kj_^g_d\Z^jZlbqgh]h�gZijy`_gby�rmfZ�Ër, 
aZdexq_ggh]h�\�ihehk_�ûf� ���=p�k�p_gljhf�ijb�f = ffh^��Ihjh]h\Zy�qm\kl\b�
l_evghklv�Pihj�khhl\_lkl\m_l�lZdhc�fhsghklb�hilbq_kdh]h�kb]gZeZ�gZ�\oh^_�

ijb_fgbdZ��ijb�dhlhjhc�gZ�_]h�\uoh^_�hlghr_gb_�gZijy`_gbc�kb]gZe-rmf�\�

ihehk_��i_j_kqblZgghc�d�ûf� ���=p��jZ\gh�_^bgbp_� 
<_ebqbgm�Pihj�hij_^_eyxl��hk\_sZy�ijb_fgbd�baemq_gb_f�q_jgh]h�l_eZ�

k� ba\_klghc� l_fi_jZlmjhc��Ihwlhfm� h^gh\j_f_ggh� k� qbke_gguf� agZq_gb_f�

\_ebqbgu�Pihj�^he`gu�mdZau\Zlvky�l_fi_jZlmjZ�q_jgh]h�l_eZ��qZklhlZ�fh^m�

eypbb�b�ihehkZ�qZklhl��GZijbf_j��aZibkv 

Pihj� ������D�������� 

hagZqZ_l��qlh�Pihj�baf_j_gZ�ijb�L� �����D��ffh^� ����=p�b�ûf� ���=p� 
H[gZjm`bl_etghc��^_l_dlbjmxs_c��kihkh[ghklvx�>�ijb_fgbdZ�gZau�

\Zxl�\_ebqbgm��h[jZlgmx�Pihj: >� �1/ Pihj��<_ebqbgZ�Pihj aZ\bkbl�hl�iehsZ^b�

ijb_fgbdZ�Aij�b�ijbf_jgh�ijhihjpbhgZevgZ� ij�A . >ey�kjZ\g_gby�k\hckl\�

ijb_fgbdh\�jZaebqguo�jZaf_jh\�\\h^yl�m^_evgmx�h[gZjm`bl_etgmx�kihkh[�

ghklv�>
��g_�aZ\bkysmx�hl�iehsZ^b�� 

ij ihj> $ 3

∗ = .     (5.2) 

 
����D\Zglh\Zy�wnn_dlb\ghklv 
 
GZ[ex^Z_fhklv� kb]gZeZ� hij_^_ey_lky� hlghr_gb_f� _]h� fhsghklb� P d�

fhsghklb�rmfh\�Pr��ihklmiZxsbo�\f_kl_�k�gbf��?keb�kb]gZe�k�gZeh`_gguf�

gZ�g_]h�\g_rgbf�rmfhf�ijhoh^bl�q_j_a�b^_Zevgh_�mkljhckl\h��ij_h[jZamx�

s__�\_ebqbgu�P b�Pr h^bgZdh\uf�h[jZahf�b�g_�bf_xs__�kh[kl\_gguo�rm�

fh\��lh�hlghr_gb_�kb]gZe�—�rmf�khojZgblky�ij_`gbf�b�gZ[ex^Z_fhklv�kb]�

gZeZ� g_� baf_gblky�� J_Zevgu_� mkljhckl\Z�� h^gZdh�� \ghkyl� ^hihegbl_evgu_�

rmfu��\�j_amevlZl_�q_]h�hlghr_gb_�kb]gZe�—�rmf�gZ�\uoh^_� �P/Pr)\uo�hdZ�
au\Z_lky�f_gvr_��q_f�gZ�\oh^_�mkljhckl\Z��J/Pr)\o. 

>ey� oZjZdl_jbklbdb� ijb_fgh]h� mkljhckl\Z� \� p_ehf�� hl� k\_lhqm\kl\b�

l_evghc�ih\_joghklb�^h�j_]bkljbjmxs_c�qZklb��bkihevamxl�\_ebqbgm 

�� � (P/Pr)\uo / (J/Pr)\o,     (5.3) 

gZau\Z_fmx� d\Zglh\hc wnn_dlb\ghklvx�� ^_ckl\mxsbf� d\Zglh\uf� \uoh�

^hf��beb�^_ckl\mxs_c�d\Zglh\hc�wnn_dlb\ghklvx��HgZ�m^h[gZ�^ey�kjZ\g_�

gby�ex[uo�ijb_fgbdh\�baemq_gby�\�j_Zevguo�mkeh\byo�wdki_jbf_glZ��Ke_�

^m_l�mq_klv��h^gZdh��qlh�agZq_gb_���fh`_l�f_gylvky�\�aZ\bkbfhklb�hl�mkeh\bc�

jZ[hlu��\�qZklghklb�hl�lh]h��kbevgu_�beb�keZ[u_�k\_lh\u_�ihlhdb�j_]bkljb�

jmxlky�>���@�� 
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>_ckl\mxsbc� d\Zglh\uc� \uoh^�b^_Zevgh]h�ijb_fgbdZ� �g_�rmfys_]h��

ih� ������jZ\_g�_^bgbp_��>ey�^jm]bo�ijb_fgbdh\�agZq_gb_���ij_^klZ\ey_l�kh�

[hc�qbkeh��ihdZau\Zxs__��dZdZy�qZklv�\k_o�d\Zglh\��iZ^Zxsbo�gZ�ijb_fgbd��

^hklZlhqgZ��qlh[u��ihevamykv�b^_Zevguf�ijb_fgbdhf��bf_lv�lm�`_�lhqghklv�

j_]bkljZpbb�k\_lh\h]h�ihlhdZ�� 
 
����Rmfu�\�ijb_fgbdZo�baemq_gby 
 
Rmfu� \� ijb_fgbdZo� baemq_gby� bf_xl� jZaghh[jZagh_� ijhbkoh`^_gb_��

Fh`gh�deZkkbnbpbjh\Zlv�g_kdhevdh�\b^h\�rmfh\��\�lhc�beb�bghc�f_j_�ijb�

kmsbo�\k_f�ijb_fgbdZf� 
1. Nhlhgguc�rmf��beb�rmf�baemq_gby��hij_^_ey_lky�nemdlmZpbyfb�qbk�

eZ�nhlhgh\��ihklmiZxsbo�gZ�ijb_fgbd�\�_^bgbpm�\j_f_gb��Ihkdhevdm�kj_^�

g_d\Z^jZlbqgh_�hldehg_gb_�qbkeZ�g_aZ\bkbfuo�kh[ulbc�¨n�kh]eZkgh�deZkkb�
q_kdhc�klZlbklbd_�ijhihjpbhgZevgh�dhjgx�d\Z^jZlghfm�ba�qbkeZ�kh[ulbc�n, 
hlghkbl_evgZy�\_ebqbgZ�nemdlmZpbc�hdZau\Z_lky�h[jZlgh�ijhihjpbhgZevghc�

n : 

/ 1n n n∆ � .      (5.4) 

Ijb� ihklhygghc� \_ebqbg_� iZ^Zxs_c� gZ� ijb_fgbd� fhsghklb� qbkeh�

d\Zglh\�mf_gvrZ_lky�k�ih\ur_gb_f�qZklhlu��Ke_^h\Zl_evgh��\�dhjhldh\he�

gh\hc� h[eZklb� ki_dljZ�nhlhgguc�rmf� �nemdlmZpbb� qbkeZ�nhlhgh\�� \k_]^Z�

[hevr_��q_f�\�^ebggh\hegh\hc� 
2. Rmfu�l_fgh\h]h�lhdZ�ijhy\eyxlky�\�lhf��qlh�\kydbc�ijb_fgbd�\�hl�

kmlkl\b_�hk\_s_gby�^Z_l�nemdlmbjmxsbc� �l_fgh\hc��lhd��NemdlmZpbb�l_f�

gh\h]h� lhdZ� \�nhlhijb_fgbdZo� ghkyl� gZa\Zgb_� ^jh[h\h]h�rmfZ��Ijbqbghc�

_]h�y\ey_lky�^bkdj_lguc�oZjZdl_j�we_dljbq_kdbo�aZjy^h\��wfblbjm_fuo�k�dZ�

lh^Z�b�ihklmiZxsbo�gZ�Zgh^��GZa\Zgb_��^jh[h\hc�rmf��\hagbdeh�ba�ZgZeh]bb�

k�iZ^_gb_f�^jh[bghd�gZ�ih\_joghklv��>jh[h\hc�rmf�bkq_a�[u��_keb�[u�we_�

f_glZjguc�we_dljbq_kdbc�aZjy^�[ue�[_kdhg_qgh�fZeuf� 
<�ijb_fgbdZo�k�\gmlj_ggbf�nhlhwnn_dlhf�rmf� l_fgh\h]h� lhdZ�gZau�

\Zxl� ]_g_jZpbhggh-j_dhf[bgZpbhgguf�rmfhf��Hg� kha^Z_lky� kihglZggufb�

nemdlmZpbyfb� kdhjhkl_c� \hagbdgh\_gby� b� j_dhf[bgZpbb� ghkbl_e_c� lhdZ�

�we_dljhgh\�b� ^ujhd���=_g_jZpbhggh-j_dhf[bgZpbhgguc�rmf�� dZd�b�^jh[h�

\hc��aZ\bkbl�hl�\_ebqbgu�ijbeh`_ggh]h�gZijy`_gby�b�l_fi_jZlmju� 
<�kemqZ_�l_ieh\uo�ijb_fgbdh\�kms_kl\m_l�rmf��h[yaZgguc�k\hbf�ijh�

bkoh`^_gb_f� oZhlbq_kdbf� baf_g_gbyf� l_fi_jZlmju� ijb_fgbdZ�� dhlhju_�

\hagbdZxl�ijb�h[f_g_� wg_j]b_c�ijb_fgbdZ�k�hdjm`Zxs_c�_]h�kj_^hc� �\\h�

^Zfb�� ih^eh`dhc�� hdjm`Zxsbf� ]Zahf�� aZ� kq_l� l_iehijh\h^ghklb�� >ey�

mf_gvr_gby� nemdlmZpbb� l_fi_jZlmju� g_h[oh^bfh� ihgb`Zlv� l_fi_jZlmjm�

ijb_fgbdZ�beb�m\_ebqb\Zlv�_]h�l_ieh_fdhklv� 
3. L_ieh\hc rmf� �rmf�>`hgkhgZ��khhl\_lkl\m_l�h[uqghfm�g_dh]_j_gl�

ghfm�baemq_gbx��dhlhjh_�ih�aZdhgm�IeZgdZ�bkimkdZ_lky�ex[uf�l_ehf��gZoh�

^ysbfky�ijb�L� !� ���K�mq_lhf� aZdhgZ�Dbjo]hnZ� �]e�� ���g_ljm^gh� aZdexqblv��

qlh�l_ieh\hc�rmf�bf__l�gZb[hevrmx�\_ebqbgm�m�q_jgh]h�l_eZ�b�mf_gvrZ_l�
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ky�ijb�ihgb`_gbb�ih]ehsZl_evghc�kihkh[ghklb�l_eZ��LZdbf�h[jZahf��kZf�ih�

]ehsZxsbc� we_f_gl� ijb_fgbdZ� b� ^_lZeb� ki_dljZevgh]h� ijb[hjZ� �ijbafu��

ebgau�� hdgZ� b� ^j��� y\eyxlky� bklhqgbdZfb� rmfZ�� Ihwlhfm� ih]ehsZxsb_�

\oh^gu_� mkljhckl\Z� hilbq_kdbo� ijb_fgbdh\� g_`_eZl_evgu� g_� lhevdh� ba-aZ�
kgb`_gby� ihe_agh� bkihevam_fhc� ^heb� fhsghklb� \oh^gh]h� kb]gZeZ�� gh� b� k�

lhqdb�aj_gby�g_ba[_`ghklb�l_ieh\h]h�rmfZ� 
4. GbadhqZklhlgu_�rmfu��fhsghklv�dhlhjuo�h[jZlgh�ijhihjpbhgZev�

gZ�qZklhl_��jbk������[���bf_xl�f_klh�ijZdlbq_kdb�\h�\k_o�ijb_fgbdZo�baemq_�

gby��<�aZ\bkbfhklb�hl�lbiZ�ijb_fgbdZ�wlb�rmfu�ghkyl�jZagu_�gZa\Zgby��LZd��

\�kemqZ_�nhlhj_abklhjh\�wlh�lhdh\u_�rmfu��\uau\Z_fu_�g_jZ\ghf_jghklvx�

ijhoh`^_gby�lhdZ�ih�fZkk_�nhlhkhijhlb\e_gby��Lhd�ijhl_dZ_l�ij_bfms_kl�

\_ggh�\�f_klZo�dhglZdlZ�hl^_evguo�a_j_g�nhlhkehy��Ijb�wlhf�ijhbkoh^bl�eh�

dZevguc�gZ]j_\� a_j_g��baf_g_gb_� khijhlb\e_gby� dhglZdlbjmxsbo� mqZkldh\�

a_j_g�—�hlkx^Z�\hagbdZxl�f_^e_ggu_�nemdlmZpbb�lhdZ��GZb[hevrmx�\_eb�

qbgm�lhdh\uc�rmf�bf__l�\�ihemijh\h^gbdZo�b�f_lZeebq_kdbo�ie_gdZo��gZg_�

k_gguo�jZkiue_gb_f� 
GbadhqZklhlgu_�rmfu�gZ[ex^Zxlky�b�m�ijb_fgbdh\�k�\g_rgbf�nhlh�

wnn_dlhf��<�wlhf�kemqZ_�bo�gZau\Zxl�nebd_j-rmfZfb��rmfZfb�f_jpZgby��b�

k\yau\Zxl�k�nemdlmZpbyfb�h[eZkl_c�wfbkkbb�we_dljhgh\�ih�ih\_joghklb�dZ�

lh^Z��M�[hevrbgkl\Z�ijb_fgbdh\�ijb�qZklhl_�fh^meypbb�f�������=p�wlhl�rmf�

y\ey_lky� ]eZ\guf�� GbadhqZklhlgu_� rmfu� m^Z_lky� mf_gvrblv� memqr_gb_f�

dhgkljmdpbb�ijb_fgbdZ�b�[he__�lsZl_evghc�l_ogheh]b_c�_]h�ba]hlh\e_gby� 
 
����Bg_jpbhgghklv�ijb_fgbdh\ 
 
Hldebd�ijb_fgbdZ�gZ�\g_aZigh�ih^Zgguc�kb]gZe�g_�fh`_l�[ulv�f]gh�

\_gguf�� ;ukljhlZ� j_Zdpbb� ijb_fgbdZ� k\yaZgZ� k� nbabq_kdbfb� ijhp_kkZfb��

ijhl_dZxsbfb�\�g_f�ijb�hk\_s_gbb��<�[hevrbgkl\_�kemqZ_\�\�nhjfbjh\Z�

gbb� \uoh^gh]h� kb]gZeZ� mqZkl\m_l� g_kdhevdh� ijhp_kkh\�� b� oh^� gZjZklZgby�

kb]gZeZ�fh`gh�ij_^klZ\blv�\�\b^_�kmffu�g_kdhevdbo�wdkihg_gl��>ey�m^h[kl�

\Z�iheZ]Zxl��qlh�dZd�gZjZklZgb_��lZd�b�kiZ^�kb]gZeZ�ijhbkoh^yl�ih�h^bgZdh�

\hc�wdkihg_gl_��Ihklhygghc�\j_f_gb�ijb_fgbdZ�ijbgylh�kqblZlv�\j_fy��\�l_�

q_gb_�dhlhjh]h�kb]gZe�gZjZklZ_l�^h�agZq_gby��hlebqZxs_]hky�hl�klZpbhgZj�

gh]h�gZ��/_��l�_��jZ\gh]h������hl�klZpbhgZjghc�\_ebqbgu� 
Ijb� kbgmkhb^Zevghf� baf_g_gbb� kb]gZeZ� qm\kl\bl_evghklv� gZ� qZklhl_�

fh^meypbb�f�k\yaZgZ�k�qm\kl\bl_evghklvx�^ey�ihklhyggh]h�kb]gZeZ�S����khhl�
ghr_gb_f 

( ) ( )
2 2 2

1
0

1 4
S f S

f
=

+ π τ
.    (5.5) 

Ijb���I2 � ����gbadb_�qZklhlu� f�beb�fZeZy�ihklhyggZy�\j_f_gb�2��qm\kl�
\bl_evghklv�S(f��ijZdlbq_kdb�g_�aZ\bkbl�hl�qZklhlu��KiZ^�__�gZqbgZ_lky��dh�
]^Z�\_ebqbgZ���I2�ijb[eb`Z_lky�d�_^bgbp_��Ijb�qZklhl_�fh^meypbb�\oh^gh]h�

kb]gZeZ 
fij_^ = 1 (2 )πτ ,      (5.6) 
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dhlhjmx� fh`gh� kqblZlv� \_jogbf� qZklhlguf� ij_^_ehf� ijb_fgbdZ�� S(f) = 
0,71S�����Ijb�f > fij_^�qm\kl\bl_evghklv�h[jZlgh�ijhihjpbhgZevgZ�qZklhl_�fh�
^meypbb� 

JZ[hq_c� ihehkhc� qZklhl� ûfjZ[� ijb_fgbdZ� gZau\Zxl� h[eZklv 
hl�f� ���^h�f = fij_^��Ke_^h\Zl_evgh� 

������������������ûfjZ[ = fij_^ .      (5,7) 

LZd��ijb_fgbd�k�ihklhygghc�\j_f_gb�2� ����fk�bf__l�ûfjZ[� ���=p�b�kh�
ojZgy_l�k\hx�qm\kl\bl_evghklv�ebrv�ijb�qZklhlZo�fh^meypbb�hl���^h���=p��

Hlf_lbf�� qlh� lZdZy� bg_jpbhgghklv� lbibqgZ� ^ey� l_ieh\uo� ijb_fgbdh\�� <�

kemqZ_� nhlhwe_dljhgguo� ijb_fgbdh\� bg_jpbhgghklv� hdZau\Z_lky� gZfgh]h�

f_gvr_c��IhehkZ� qZklhl� ki_pbZevguo� lbih\� nhlhwe_dljhgguo� ijb_fgbdh\�

fh`_l�^hoh^blv�^h�khl_g�b�lukyq�f_]Z]_jp��Klhev�fZeZy�bg_jpbhgghklv�g_�

h[oh^bfZ��gZijbf_j��^ey�j_]bkljZpbb�k\_jodhjhldbo�bfimevkh\��Z�lZd`_�^ey�

i_j_^Zqb�bgnhjfZpbb�\�hilbq_kdbo�dZgZeZo�k\yab� 
H[gZjm`bl_evgZy�kihkh[ghklv�>
�ijb_fgbdZ�aZ\bkbl�hl�qZklhlu�fh^m�

eypbb�baemq_gby�lZdbf�`_�h[jZahf��dZd�b�qm\kl\bl_evghklv�S(f���_keb�ijb_f�
gbd�h[eZ^Z_l�rmfhf��aZ\bkysbf�hl�qZklhlu��?keb�rmfu�jZklml�ijbf_jgh�ih�

aZdhgm���f��h[gZjm`bl_evgZy�kihkh[ghklv�\ujZ`Z_lky�aZ\bkbfhklvx 

2 2 2
*

1 4

f
> N

f
=

+ π τ
.     (5.8) 

HgZ�fZdkbfZevgZ�gZ�qZklhl_� fij_^��dhlhjZy�lZdbf�h[jZahf�^ey�wlbo�ijb�
_fgbdh\�y\ey_lky�hilbfZevghc� 

 
����JZaj_rZxsZy�kihkh[ghklv�fgh]hwe_f_glguo�ijb_fgbdh\ 
 
Ijb_fgbdb�� ij_^gZagZq_ggu_� ^ey� j_]bkljZpbb� hilbq_kdbo� bah[jZ`_�

gbc�� oZjZdl_jbamxlky� jZaj_rZxs_c� kihkh[ghklvx��GZb[he__� kljh]h� jZaj_�

rZxsZy�kihkh[ghklv� �j_adhklgZy�oZjZdl_jbklbdZ�ijb_fgbdZ��hibku\Z_lky�k�

ihfhsvx�qZklhlgh-dhgljZklghc� oZjZdl_jbklbdb� �nmgdpbb�i_j_^Zqb�ijh�
kljZgkl\_gghc�fh^meypbb��[2; 5.4; 5.5]. 

Bah[jZ`_gb_�gZ�k\_lhqm\kl\bl_evghc�ih\_joghklb�ijb_fgbdZ�ij_^klZ\�

eyxl�dZd�kh\hdmighklv�kbgmkhb^Zevguo�ijhkljZgkl\_gguo�\heg�bgl_gkb\gh�

klb��ihehkhd�beb�ebgbc���dZ`^Zy�—�k�hij_^_e_gghc�ijhkljZgkl\_gghc�qZklh�

lhc��qbkehf�ebgbc�gZ�_^bgbpm�^ebgu���Zfieblm^hc�b�nZahc��Ijb�j_]bkljZpbb�

fh`_l� ijhbkoh^blv� �aZfZau\Zgb_�� ijhkljZgkl\_gghc� dZjlbgu�� mf_gvr_gb_�

__�dhgljZklZ 
K = (IfZdk – Ifbg)/(IfZdk+ Ifbg) ,     (5.9) 

]^_� IfZdk�b� Ifbg —�Zfieblm^u�ijhkljZgkl\_gghc�\hegu�bgl_gkb\ghklb�\�fZd�

kbfmf_�b�fbgbfmf_�� 
Dhwnnbpb_gl�i_j_^Zqb�dhgljZklZ�Q�jZ\_g�hlghr_gbx�agZq_gbc�dhgljZ�

klZ�gZ�\uoh^_�K\uo�b�gZ�\oh^_�K\o: 
 

                                         Q = K\uo / K\o .    (5.10) 
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QZklhlgh-dhgljZklghc�oZjZdl_jbklbdhc��QDO��y\ey_lky�aZ\bkbfhklv�dh�
wnnbpb_glZ�i_j_^Zqb� dhgljZklZ�Q� hl�ijhkljZgkl\_gghc qZklhlu��QDO�^Z_l�
[he__�ihegmx�bgnhjfZpbx�h�k\hckl\Zo�hilbq_kdhc�kbkl_fu��q_f�jZaj_rZx�

sZy� kihkh[ghklv�� ihkdhevdm� hgZ� oZjZdl_jbam_l� \hafh`ghklv� kbkl_fu� Z^_d�

\Zlgh�\hkijbgbfZlv�^_lZeb�h[t_dlZ�ex[uo�jZaf_jh\��Z�g_�lhevdh�kZfu_�f_e�

db_� 
 
 
 
§5.3. NHLH=J:NBQ?KDB?�IJB?FGBDB�BAEMQ?GBY 
 
����Nhlh]jZnbq_kdb_�wfmevkbb 
 
H^gbf�ba�gZb[he__� klZjuo�ijb_fgbdh\�baemq_gby�� \� dhlhjuo�� h^gZdh��

k_cqZk� gZ[ex^Z_lky� agZqbl_evguc� ijh]j_kk�� y\ey_lky� nhlh]jZnbq_kdZy�

wfmevkby��Nhlhwfmevkby�h[eZ^Z_l�g_hkihjbfuf�ij_bfms_kl\hf�i_j_^�\k_fb�

^jm]bfb� ijb_fgbdZfb� baemq_gby� —� bgnhjfZpby�� aZibkZggZy� gZ� g_c�� ijb�

gZ^e_`Zs_f�ojZg_gbb�hklZ_lky�g_baf_gghc�\�l_q_gb_�^_kyldh\�b�khl_g�e_l� 
Nhlhwfmevkby� ij_^klZ\ey_l� kh[hc� kehc� `_eZlbgu� lhesbghc� a� ��-20 

fdf��gZg_k_gguc�gZ�kl_de_�beb�ie_gd_��\�dhlhjhf�\a\_r_gu�fbdjhdjbklZeeu�

[jhfbklh]h� k_j_[jZ��H[uqgh� djbklZeeu�AgBr� bf_xl� dm[bq_kdmx�nhjfm� b�
iehlghklv� bo� jZkij_^_e_gby� \� wfmevkbb� khklZ\ey_l� ��-�����G_dhlhju_� ba�
d\Zglh\�k\_lh\h]h�ihlhdZ��iZ^Zxs_]h�gZ�wfmevkbx��ijhoh^yl�fbfh�djbklZe�

eh\��g_�\uau\Zy�nhlh]jZnbq_kdh]h�^_ckl\by��g_dhlhju_�jZkk_b\Zxlky��hljZ�

`Zykv�gZ�]jZgyo�djbklZeeh\��l_f�kZfuf�mom^rZy�jZaj_r_gb_�nhlhwfmevkbb��

Nbjfhc�Dh^Zd�ij_^eh`_g�gh\uc�lbi�nhlhwfmevkbb�—�k�iehkdbfb�djbklZe�

eZfb�AgBr��bf_xsbfb�nhjfm�lZ[e_lhd�lhesbghc�a���fdf��dhlhju_�jZkiheZ�

]Zxlky�\�wfmevkbb�\�h^bg�jy^�ihqlb�\iehlgmx�^jm]�d�^jm]m��<�lZdbo�wfmevkb�

yo�m\_ebqb\Z_lky�wnn_dlb\ghklv�bkihevah\Zgby�k\_lh\h]h�ihlhdZ�b�bkdexqZ�

_lky�jZkk_ygb_�k\_lZ�\�keh_� 
Ijhp_kk�j_]bkljZpbb�nhlhwfmevkb_c�k\_lZ�bf__l�ljb�wlZiZ�— wdkihgb�

jh\Zgb_, ijhy\e_gb_�b�nbdkbjh\Zgb_��Ijb�wdkihgbjh\Zgbb�d\Zgl�k\_lZ�k�wg_j�
]b_c��ij_\hkoh^ys_c�rbjbgm�aZij_s_gghc�ahgu�\�djbklZeeZo�AgBr������w<���
ih]ehsZ_lky�bhghf�Br–��hlju\Z_l�hl�g_]h�we_dljhg��dhlhjuc�i_j_oh^bl�\�ahgm�

ijh\h^bfhklb�� Ihemqb\rbcky� Zlhf� Br� \� j_amevlZl_� ijhp_kkZ� i_j_aZjy^db�
�wklZn_lghc� i_j_^Zqb� we_dljhgZ� hl� ZlhfZ� d� bhgm�� ^\b`_lky� d� ih\_joghklb�

djbklZeeZ�b�i_j_oh^bl�\�`_eZlbgm��K\h[h^guc�`_�we_dljhg�[ukljh�i_j_f_�

sZ_lky�ih�j_r_ld_��ihdZ�g_�ihiZ^_l�gZ�fbdjh^_n_dl�—�fbdjhlj_sbgm�gZ�ih�

\_joghklb�djbklZeeZ�AgBr��iuebgdm��\ZdZglgh_�f_klh�\�j_r_ld_��hkh[_ggh�— 
gZ�\djZie_gby�f_lZeebq_kdh]h�beb�k_jgbklh]h�k_j_[jZ��dhlhju_�\hagbdZxl�gZ�

ih\_joghklb�djbklZeeh\�AgBr�\�j_amevlZl_�\aZbfh^_ckl\by�AgBr k�`_eZlbghc�
ijb� ba]hlh\e_gbb� wfmevkbc��Wlb� fbdjh^_n_dlu� gZau\Zxl� p_gljZfb� k\_lh�

qm\kl\bl_evghklb��We_dljhg� aZo\Zlu\Z_lky� p_gljhf� b� aZjy`Z_l� _]h� hljbpZ�

l_evgh��;em`^Zxsb_�bhgu�Ag+��khj\Zggu_�kh�k\hbo�f_kl�\�j_amevlZl_�l_ieh�

\h]h�^\b`_gby�qZklbp��ijbly]b\Zxlky�d�hljbpZl_evgh�aZjy`_gguf�p_gljZf�b�

g_cljZebamxlky��ij_\jZsZykv� \�p_glju� kdjulh]h�bah[jZ`_gby��Ihq_jg_gby�
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wfmevkbb�_s_�g_�gZ[ex^Z_lky��nhlh]jZnbq_kdh_�bah[jZ`_gb_�y\ey_lky�kdju�

luf� 
>ey�ihemq_gby�\b^bfh]h�bah[jZ`_gby�bkihevamxl�ijhp_kk�ijhy\e_gby��

<�ijhy\bl_e_�bf_xlky�qZklbpu�k�hljbpZl_evguf�aZjy^hf��IjhgbdZy�\�fbdjh�

djbklZee��hgb�gZoh^yl�bhgu�Ag+�b�ij_\jZsZxl�bo�\�f_lZeebq_kdbc�Ag��\hk�
klZgZ\eb\Zxl�f_lZeebq_kdh_�k_j_[jh�ba�[jhfbklh]h���DZlZebaZlhjhf�\�wlhf�

ijhp_kk_� kem`Zl� p_glju� k\_lhqm\kl\bl_evghklb�� kh^_j`Zsb_� ljb-q_luj_�
ZlhfZ� f_lZeebq_kdh]h� k_j_[jZ�� <� g_aZk\_q_gguo� h[eZklyo� \hkklZgh\e_gb_�

b^_l�f_^e_gg__��Ijb�hq_gv�^ebl_evghf�ijhy\e_gbb�\ky�nhlhwfmevkby�q_jg_�

_l�h^bgZdh\h��nhlh]jZnbq_kdh_�bah[jZ`_gb_�ijb� wlhf�mljZqb\Z_lky��<h�ba�

[_`Zgb_�wlh]h�ijh^he`bl_evghklv�ijhy\e_gby�h]jZgbqb\Zxl�lZdbf�h[jZahf��

qlh[u�gZb[he__� aZk\_q_ggu_� mqZkldb�ihl_fg_eb� agZqbl_evgh�� Z�g_aZk\_q_g�

gu_�—�ebrv�ke_]dZ���\mZev����HklZ\r__ky�g_\hkklZgh\e_gguf�[jhfbklh_�k_�

j_[jh� m^Zey_lky�ba� wfmevkbb�ijb�nbdkbjh\Zgbb
∗
���Ihke_�nbdkbjh\Zgby�fu�

\b^bf� gZ�nhlhwfmevkbb� q_jgh-[_eh_� bah[jZ`_gb_� h[t_dlZ�—� ihq_jg_\rb_�

h[eZklb�k�jZaebqghc�iehlghklvx� 
Iehlghklv�ihq_jg_gby�D baf_jyxl�k�ihfhsvx�fbdjhnhlhf_ljZ�—�ijb�

[hjZ��iha\heyxs_]h�ijhk\_qb\Zlv�imqdhf�k\_lZ�mqZkldb�nhlhieZklbgdb�jZa�

f_jhf�^h�����������ff2: 
 D = lg(J0/J),     (5.11) 

]^_�J0 b�P — fhsghklb�ijhk\_qb\Zxs_]h�ihlhdZ��ijhoh^ys_]h�q_j_a�g_aZ�

k\_q_gguc�b�aZk\_q_gguc�mqZkldb�nhlhwfmevkbb�h^bgZdh\hc�iehsZ^b� 
Ihq_jg_gb_�nhlhwfmevkbb�k\yaZgh�k�hk\_s_gghklvx�?��\ua\Z\r_c�nh�

lh]jZnbq_kdbc�ijhp_kk��b�k�\j_f_g_f�wdkihgbjh\Zgby� t nmgdpb_c�D = f(H), 

]^_�
pH Et=  —�wdkihabpby��IhdZaZl_ev�kl_i_gb�j�(dhgklZglZ R\Zjprbev^Z��

[ebahd� d� _^bgbp_� beb�f_gvr_� __� b� aZ\bkbl� hl� \j_f_gb� \u^_j`db�� AZ\bkb�

fhklv� ihq_jg_gby� hl� \_ebqbgu� p� k\b^_l_evkl\m_l� h� g_\uiheg_gbb� aZdhgZ�
\aZbfhaZf_klbfhklb�� \ZjbZpbb� hk\_s_gghklb� wfmevkbb�b� \j_f_gb� wdkihgb�

jh\Zgby�g_�wd\b\Ze_glgu�k�lhqdb�aj_gby�ihemqZxs_]hky�ihq_jg_gby��GZijb�

f_j��^ey�gZb[he__�jZkijhkljZg_gguo�nhlhwfmevkbc�gZbemqr_c�y\ey_lky�\u�

^_j`dZ�ihjy^dZ� �����k��Ijb�m\_ebq_gbb�\u^_j`db�^h�^_kyldh\�fbgml�lZ�`_�

nhlhwfmevkby�hdZau\Z_lky�agZqbl_evgh�f_g__�qm\kl\bl_evghc�� 
Bf_xlky�kihkh[u�hqm\kl\e_gby�nhlhwfmevkbb�^ey�^ebgguo�beb�dhjhl�

dbo� \u^_j`_d�� <� h[eZklb� ^ebgguo� \u^_j`_d� qm\kl\bl_evghklv� ih\urZxl�

iml_f�ih^k\_ldb�ie_gdb�keZ[hc�\kiurdhc�k\_lZ��iml_f�ij_^\Zjbl_evghc�h[�

jZ[hldb�__�\�l_iehf�\h^hjh^_�beb�iml_f�hoeZ`^_gby�^h�l_fi_jZlmju�kmoh]h�

ev^Z��Ihke_^gbc�kihkh[�ihfh]Z_l�b�\�h[eZklb�dhjhldbo�\u^_j`_d��lbibqguo�

^ey�eZa_jguo�bfimevkh\� 
AZ\bkbfhklv�D = f(H) ghkbl�gZa\Zgb_�djb\hc�ihq_jg_gby��beb oZjZdl_�

jbklbq_kdhc� djb\hc� �jbk�� ������H[eZklv�fZeuo� ihq_jg_gbc� gZau\Zxl� h[eZ�

klvx� g_^h^_j`_d��Ebg_cguc� mqZklhd� gZau\Z_lky� h[eZklvx� ghjfZevguo� ih�

q_jg_gbc��>Ze__�b^_l�h[eZklv�i_j_^_j`_d��Ijb�[hevrhc�hk\_s_gghklb�beb�

                                              
∗
���Bf_xl�jZkijhkljZg_gb_�b�g_k_j_[jygu_�nhlh]jZnbq_kdb_�fZl_jbZeu�>���@��

h^gZdh�bo�qm\kl\bl_evghklv�g_\_ebdZ 
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[hevrhf� \j_f_gb� wdkihgbjh\Zgby� ihq_jg_gb_� m[u\Z_l� �h[eZklv� kheyjbaZ�

pbb���Djb\Zy�ihq_jg_gby�gb`_�h[eZklb�g_^h^_j`_d�ieZ\gh�i_j_oh^bl�\�]hjb�

ahglZevguc�mqZklhd��khhl\_lkl\mxsbc�mjh\gx�\mZeb�nhlhwfmevkbb� 
<�h[eZklb�ghjfZevguo�wdkihabpbc�djb\Zy�ihq_jg_gby�fh`_l�[ulv�\u�

jZ`_gZ�ZgZeblbq_kdb� 
D = � lg(H) – ��M,    (5.12) 

]^_�� —�dhwnnbpb_gl�dhgljZklghklb�nhlhwfmevkbb��jZ\guc�lZg]_gkm�m]eZ��, j 
—�__�bg_jpby� 

AZ\bkbfhklv� iehlghklb� ihq_jg_gby� hl� \j_f_gb� wdkihgbjh\Zgby�� hq_�

\b^gmx�ba� ��������\�ijZdlbq_kdhc�jZ[hl_�bkdexqZxl��ijb^_j`b\Zykv�h^bgZ�

dh\h]h�\j_f_gb�wdkihgbjh\Zgby�

ijb�dZeb[jh\d_�nhlhwfmevkbb�b�

ijb� nhlh]jZnbjh\Zgbb� bkke_�

^m_fuo�ki_dljh\ 
GZ�nhjfm�djb\hc�ihq_jg_�

gby�\ebyxl� 
��� Khjl� ijhy\bl_ey� �bf_�

xlky�khjlZ�[he__�fy]db_�b�[he__�

dhgljZklgu_��� _]h� l_fi_jZlmjZ�

�l_ieuc� ijhy\bl_ev� jZ[hlZ_l�

dhgljZklg__��� k\_`_klv� �k\_`bc�

ijhy\bl_ev� ^Z_l� [he__� dhgljZ�

klgh_� ijhy\e_gb_��� \j_fy� ijh�

y\e_gby� �k� m\_ebq_gb_f� \j_f_�

gb�dhgljZklghklv�\hajZklZ_l�� 
��� H[eZklv� ki_dljZ�� Dhwn�

nbpb_gl� dhgljZklghklb� �� m\_ebqb\Z_lky� k� jhklhf� ^ebgu� \hegu� �wfmevkbb�

nbjfu�Dh^Zd�bf_xl�h^bgZdh\mx�\_ebqbgm���\h�\k_c�jZ[hq_c�h[eZklb�ki_d�

ljZ�� 
���IehsZ^v�aZk\_q_ggh]h�mqZkldZ��Kdjulh_�bah[jZ`_gb_�\�\b^_�lhgdbo�

ebgbc� [he__� ^hklmigh� k\_`bf� ihjpbyf� ijhy\bl_ey� b� ihwlhfm� ijhy\ey_lky�

emqr_��q_f�kiehrgu_� aZk\_q_ggu_�mqZkldb��Djb\Zy�ihq_jg_gby�nhlhwfmev�

kbb��gZc^_ggZy�ih�madbf�ki_dljZevguf�ebgbyf��hlebqZ_lky�hl�djb\hc�ihq_j�

g_gby�� khhl\_lkl\mxs_c� kiehrghfm� ki_dljm� �wnn_dl�W[_joZj^Z���>ey� ij_�

^hl\jZs_gby�wlh]h�gm`gh�i_j_f_rb\Zlv�ijhy\bl_ev�\h�\j_fy�ijhy\e_gby� 
Ijb� nhlh]jZnbq_kdhc� nhlhf_ljbb� lj_[m_lky�� qlh[u� gZ� dZ`^mx� ieZ�

klbgdm�� ih^e_`Zsmx� baf_j_gbyf�� [ueb� knhlh]jZnbjh\Zgu�fZjdb� ihq_jg_�

gby� b� ^ey� dZ`^hc�nhlhieZklbgdb� [ueZ� ihkljh_gZ� k\hy� djb\Zy� ihq_jg_gby��

Mkeh\by� nhlh]jZnbjh\Zgby� fZjhd� ihq_jg_gby� �\j_fy� wdkihabpbb�� ij_ju\�

ghklv�hk\_s_gby��ki_dljZevgZy�h[eZklv��^he`gu�[ulv�lZdbfb�`_��dZd�b�^ey�

bkke_^m_fuo�ki_dljh\� 
Qm\kl\bl_evghklv� nhlhwfmevkbb� ij_^klZ\eyxl� \_ebqbghc�� h[jZlghc�

wdkihabpbb�H, \ujZ`_gghc�\�ed� ��k��dhlhjZy�g_h[oh^bfZ�^ey�ihemq_gby�ih�
q_jg_gby�D� �����gZ^�\mZevx��b�\ujZ`Zxl�\�_^bgbpZo�=HKL��Bf__lky�lZd`_�
=HKL�k�djbl_jb_f�D  �������_^bgbpu�dhlhjh]h�\�^_kylv�jZa�f_evq_��<k_�wlb�

 
 
Jbk�� �����Djb\Zy� ihq_jg_gby� ���� b� d\Zglh\Zy�

wnn_dlb\ghklv������nhlhwfmevkbb 
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\_ebqbgu�baf_jyxlky�\�[_ehf�k\_l_�b�ihwlhfm�fZeh�ihe_agu�\�ki_dljhkdh�

ibq_kdhc�ijZdlbd_� 
>ey�nbabdh\�\Z`gZ�ihjh]h\Zy�qm\kl\bl_evghklv��H[uqgh�nhlhwfmevkbb�

\�h[eZklb�fZdkbfZevghc�qm\kl\bl_evghklb�^Zxl�ihq_jg_gb_�����ijb�iehlgh�

klb�k\_lh\h]h�ihlhdZ���8-1010�d\Zgl�kf2. 

Ki_dljZevgmx�qm\kl\bl_evghklv�S� baf_jyxl�\�fhghojhfZlbq_kdhf�k\_�
l_��<_ebqbgZ�S��h[jZlgZ�wdkihabpbb�G��\ujZ`_gghc�\�wj]Zo�b�ijboh^ys_cky�

gZ� �� kf2�ih\_joghklb� wfmevkbb��g_h[oh^bfhc�^ey�ihemq_gby�iehlghklb�ih�

q_jg_gby��ij_\urZxs_c�iehlghklv� \mZeb�gZ� _^bgbpm��Ki_dljZevgZy�qm\kl�

\bl_evghklv�g_dhlhjuo�nhlhwfmevkbc�ijb\_^_gZ�gZ�jbk������a�>���@��Z�gZ�jbk��
5.3,[�^Zg�lbibqguc�\b^�QDO�  

Qbklu_� djbklZeeu�[jhfbklh]h� k_j_[jZ� j_Z]bjmxl�gZ�baemq_gb_� k�^eb�

gZfb�\heg�dhjhq_� ����fdf��H^gZdh�gb`_� �����fdf�qm\kl\bl_evghklv�[ukljh�

iZ^Z_l�ba-aZ�ih]ehs_gby�\�`_eZlbgh\hf�keh_��Mf_gvr_gb_�dhebq_kl\Z�`_eZ�

lbgu�\�keh_�^h�ij_^_eZ��ijb�dhlhjhf�nhlhwfmevkby�_s_�h[eZ^Z_l�g_dhlhjhc�

ijhqghklvx��iha\hey_l�nhlh]jZnbjh\Zlv�\Zdmmfguc�mevljZnbhe_l�\iehlv�^h�

j_gl]_gh\kdhc� h[eZklb� ki_dljZ��<� \Zdmmfghc� h[eZklb� ki_dljZ�fh`gh� jZ[h�

lZlv� b� k� h[uqghc� nhlhwfmevkb_c�� bkihevamy� ij_h[jZah\Zgb_� baemq_gby� ba�

mevljZnbhe_lh\h]h�\�\b^bfh_��>ey�wlhc�p_eb�gZ�ih\_joghklv�nhlhwfmevkbb�

i_j_^�wdkihgbjh\Zgb_f�gZghkyl�lhgdbc�kehc�fZkeZ�beb�kibjlh\h]h�jZkl\hjZ�

kZebpbeh\h]h�gZljZ��dhlhju_�h[eZ^Zxl�k\hckl\hf�nemhj_kpbjh\Zlv�ih^�^_c�

kl\b_f�mevljZnbhe_lZ��K\_q_gb_�nemhj_kp_gpbb�bf__l�kbgbc�p\_l��l�_��e_`bl�

\�\b^bfhc�h[eZklb�ki_dljZ��hgh�b�^_ckl\m_l�gZ�nhlhwfmevkbx��I_j_^�ijhy\�

e_gb_f�gZg_k_gguc�kehc�kfu\Zxl�b�ijhy\eyxl�ieZklbgdm�h[uqguf�h[jZahf� 

 
 
Jbk�������OZjZdl_jbklbdb�nhlh]jZnbq_kdbo�fZl_jbZeh\��Z�—�ki_dljZevgZy�qm\kl\b�

l_evghklv�nhlhwfmevkbc� �1 —^bZihablb\gu_��2 —� ki_dljZevgu_� lbi� I, 3 — ki_d�
ljZevgu_�lbi�II, 4 — iZgojhf��5 — bgnjZ-880, 6 — JN-3, 7 —�bahiZgojhf��8 — bg�
njZ-760, 9 — bahhjlh���[�—�qZklhlgh-dhgljZklgu_�oZjZdl_jbklbdb�nhlhwfmevkbc��9) 
b�nhlhl_jfhieZklbdZ (10) 
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Nhlhwfmevkbb��qm\kl\bl_evgu_�d�baemq_gbx�k�^ebghc�\hegu�\ur_�����

gf�� k_gkb[bebabjh\Zgu�iml_f� \\_^_gby� \�gbo� dZdbo-eb[h�ijbf_k_c��Iml_f�
k_gkb[bebaZpbb�m^Z_lky�ba]hlh\blv�nhlhwfmevkbb��ijb]h^gu_�^ey�jZ[hlu�\�

bgnjZdjZkghc�h[eZklb�ki_dljZ�^h���§���fdf� 
<k_� nhlhwfmevkbb�� hkh[_ggh� bgnjZdjZkgu_�� [ukljh� ihjlylky� \� l_ie_��

ihwlhfm�ojZgblv�bo�ke_^m_l�\�fhjhabevgbd_��Ijb� l_fi_jZlmj_�–���K�nhlh�
wfmevkbb�fh]ml�khojZgylvky�g_kdhevdh�e_l�[_a�baf_g_gby�qm\kl\bl_evghklb� 

D\Zglh\Zy�wnn_dlb\ghklv�nhlhwfmevkbb����������hij_^_eyxsZy�lhqghklv�

baf_j_gby�keZ[uo�k\_lh\uo�ihlhdh\��hdZau\Z_lky�kbevgh�aZ\bkys_c�hl�\_eb�

qbgu�ihq_jg_gby��Oh^�djb\hc�d\Zglh\hc�wnn_dlb\ghklb�^ey�ijbf_jZ�ihdZaZg�

gZ�jbk������gZ�h^ghf�]jZnbd_�k�djb\hc�ihq_jg_gby��FZdkbfZevgh_�agZq_gb_�� 
khklZ\ey_l�h[uqgh�a�������Z�ijb�k_gkb[bebaZpbb�\�Zlfhkn_j_�\h^hjh^Z�a�������

>ey�\ukhdhqm\kl\bl_evguo�wfmevkbc�fZdkbfmf�^hklb]Z_lky�ijb�wdkihabpb�

yo��khhl\_lkl\mxsbo�g_\ukhdhc�iehlghklb�ihq_jg_gby�—�ijbf_jgh����-0,4. 
Hlkx^Z�ke_^m_l��qlh�ijb�keZ[uo�k\_lh\uo�ihlhdZo�\u]h^gh�jZ[hlZlv�\�h[eZk�

lb�g_^h^_j`_d�—�wlh�h[_ki_qb\Z_l�fZdkbfZevgmx�lhqghklv�baf_j_gbc�k\_�

lh\h]h�ihlhdZ��<_ebqbgZ����jZ\gZy�������k\b^_l_evkl\m_l��qlh�ijb�nhlh]jZnb�

q_kdhc�j_]bkljZpbb�ijhbkoh^bl�mom^r_gb_�hlghr_gby�kb]gZe-rmf�ih�kjZ\�

g_gbx�k�b^_Zevguf�nhlhgguf�bah[jZ`_gb_f�\�����jZa�� 
 
����Nhlhl_jfhieZklbq_kdb_�kbkl_fu�j_]bkljZpbb�bah[jZ`_gbc 
 

Kj_^b� gh\uo� kbkl_f� j_]b�

kljZpbb� bah[jZ`_gbc� >���@�

fh`gh� \u^_eblv� mkljhckl\Z��

hkgh\Zggu_�gZ�ijbf_g_gbb�nh�

lhl_jfhieZklbdh\�� <� wlbo� mkl�

jhckl\Zo� nmgdpbb� k\_lhqm\kl�

\bl_evghklb� b� jZaj_r_gby� jZa�

^_e_gu�� AZ� k\_lhqm\-
kl\bl_evghklv� hl\_qZ_l� ihem�

ijh\h^gbdh\uc� kehc� 3�� jZaj_�
r_gb_� h[_ki_qb\Z_lky� hq_gv�

lhgdhc� l_jfhieZklbqghc� ie_g�

dhc�4 �jbk�� ������GZ^�ih\_jogh�
klvx� l_jfhieZklbdZ� kha^Zxl�

dhjhgguc�jZajy^�k�we_dljh^Z�5. 
Ih\_joghklv�kehy�4 jZ\ghf_jgh�
aZjy`Z_lky� ih� hlghr_gbx� d�

ih^klbeZxs_fm� we_dljh^m� 2. 
Ijb� hk\_s_gbb� \� ihem-
ijh\h^gbdh\hf�keh_�3 \�j_amev�
lZl_� \gmlj_gg_]h� nhlhwnn_dlZ�

\hagbdZxl� we_dljhggh-
^ujhqgu_� iZju�� Hgb� jZa^_ey�

xlky� we_dljbq_kdbf� ihe_f� b�

 
 
Jbk�������Ko_fZ�nhlhl_jfhieZklbq_kdhc�aZib�

kb  bah[jZ`_gby���1 — eZ\kZgh\Zy��ih^eh`dZ��
2 —� hq_gv lhgdbc� �a� ����gf��ih^klbeZxsbc�

f_lZeebq_kdbc� we_dljh^�� 3 — kehc�nhlhqm\�
kl\bl_evgh]h� ihemijh\h^gbdZ�� 4 — \bamZeb�
abjmxsbc�kehc�l_jfhieZklbq_kdh]h�fZl_jbZ�

eZ�� ��—�dhjhgbjmxsbc�we_dljh^��Klj_edZfb�

ihdZaZg�mjh\_gv�hk\_s_gby 
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h[jZamxl� gZ� \_jog_c� ih\_joghklb� ihemijh\h^gbdZ� ehdZevguc� aZjy^h\uc�

j_ev_n�—�kdjulh_�bah[jZ`_gb_��Khhl\_lkl\_ggh�wlhfm�j_ev_nm�gZ�gZjm`ghc�

ih\_joghklb� l_jfhieZklbdZ� ijhbkoh^bl� i_j_jZkij_^_e_gb_� we_dljbq_kdbo�

aZjy^h\��?keb�kbkl_fm�gZ]j_lv�^h�jZafy]q_gby�ie_gdb�4 �h[uqgh�a����K���lh�
ih^�^_ckl\b_f�kbeu�ijbly`_gby�aZjy^h\�ih\_joghklv�ijh]b[Z_lky�b�\hagbdZ�

_l�ih\_joghklguc�]_hf_ljbq_kdbc�j_ev_n��khhl\_lkl\mxsbc�iehlghklb�jZk�

ij_^_e_gby�aZjy^h\��LZdhc�j_ev_n�fh`_l�[ulv�\bamZebabjh\Zg��gZijbf_j��l_�

g_\uf�f_lh^hf��>ey�klbjZgby�bah[jZ`_gby�^hklZlhqgh�ih\lhjgh�gZ]j_lv�nh�

lhl_jfhieZklbd�ijb�hlkmlkl\bb�hilbq_kdh]h�bah[jZ`_gby� 
<Z`ghc� oZjZdl_jbklbdhc� nhlhl_jfhieZklbq_kdbo� kbkl_f� y\ey_lky� ^b�

njZdpbhggZy�wnn_dlb\ghklv��\ujZ`ZxsZy�^hex�k\_lh\h]h�ihlhdZ��hldehgy_�

fh]h�nhlhl_jfhieZklbdhf� \�i_j\uc�^bnjZdpbhgguc�ihjy^hd�ijb� aZ^Zgghc�

ijhkljZgkl\_gghc� qZklhl_� j_ev_nZ�� L_hj_lbq_kdbc� ij_^_e� ^bnjZdpbhgghc�

wnn_dlb\ghklb�ijb�^bnjZdpbb�gZ�iehkdhc�kbgmkhb^Zevghc�j_r_ld_�khklZ\�

ey_l����� 
QDO�nhlhl_jfhieZklbdZ�ij_^klZ\ey_l�kh[hc�aZ\bkbfhklv�\_ebqbgu�^b�

njZdpbhgghc�wnn_dlb\ghklb�hl�ijhkljZgkl\_gghc�qZklhlu��HgZ�h[uqgh�bf_�

_l�j_ahgZgkguc�oZjZdl_j��jbk������[��k fZdkbfmfhf�gZ�qZklhl_��aZ\bkys_c�hl�

lhesbgu� l_jfhieZklbdZ�� l_ogheh]bb� _]h� ba]hlh\e_gby� b� bkihevah\Zgguo�

k\_lhqm\kl\bl_evguo�b� k_gkb[bebabjmxsbo�fZl_jbZeh\��<�gZbemqrbo� kem�

qZyo� j_ahgZgkgZy� qZklhlZ� QDO� fh`_l� ^hoh^blv� ^h� ����� ff–1� ijb� ^bn-
jZdpbhgghc�wnn_dlb\ghklb�^h�����>���@� 

H[eZklv�ki_dljZevghc�qm\kl\bl_evghklb�nhlhl_jfhieZklbdZ�hij_^_ey_lky�

bkihevam_fuf�\�g_f�ihemijh\h^gbdhf��<_ebqbgZ�k\_lhqm\kl\bl_evghklb�kh�

\j_f_gguo�nhlhl_jfhieZklbdh\��dZd�b�nhlhojhfguo�kj_^�>���@��g_\_ebdZ��ih�

wlhfm�bo�bkihevamxl�^ey�j_]bkljZpbb�^hklZlhqgh�fhsgh]h�baemq_gby��>hk�

lhbgkl\Zfb�nhlhl_jfhieZklbdh\�y\eyxlky�\ukhdh_�ijhkljZgkl\_ggh_�jZaj_-
r_gb_��\hafh`ghklv�ihemq_gby�bah[jZ`_gby�\�j_Zevghf�fZkrlZ[_�\j_f_gb�b�

fgh]hdjZlghc�i_j_aZibkb�bah[jZ`_gby� 
 
 

������L?IEH<U?�IJB?FGBDB�BAEMQ?GBY 
 

GZb[he__� jZkijhkljZg_ggufb� l_ieh\ufb� ijb_fgbdZfb� y\eyxlky� f_lZe�

ebq_kdb_�b�ihemijh\h^gbdh\u_�[hehf_lju��l_jfhwe_f_glu��Z�lZd`_�hilbdh-
Zdmklbq_kdb_�b�ibjhwe_dljbq_kdb_�ijb_fgbdb� 

 
����;hehf_lju� 
 

>_ckl\b_�[hehf_ljh\�hkgh\Zgh�gZ�baf_g_gbb�we_dljbq_kdh]h�khijhlb\e_�

gby� fZl_jbZeZ� ijb� gZ]j_\_�� ijhbkoh^ys_f� \ke_^kl\b_� ih]ehs_gby� hilbq_�

kdh]h�baemq_gby��;hehf_lj�\dexqZxl�\�we_dljbq_kdmx�p_iv�k�bklhqgbdhf�lh�

dZ��>ey�j_]bkljZpbb�kb]gZeZ�bkihevamxl�fhklh\mx�ko_fm��\�h^gh�ba�ie_q�dh�

lhjhc� \dexq_g�jZ[hqbc� we_f_gl�[hehf_ljZ��<h� \lhjhf�ie_q_�gZoh^blky� aZ-
sbs_gguc�hl�iZ^Zxs_]h�baemq_gby�dhfi_gkZpbhgguc�we_f_gl��h^bgZdh\uc�
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k�jZ[hqbf��We_f_glu�jZaf_s_gu�\�g_ihkj_^kl\_gghc�[ebahklb�h^bg�hl�^jm�

]h]h�gZ�h^ghc�ih^eh`d_� 
JZ[hqbc�we_f_gl�[hehf_ljZ�^he`_g�gZbemqrbf�h[jZahf�ih]ehsZlv�iZ�

^Zxs__�gZ�g_]h�baemq_gb_�b�fZdkbfZevgh�baf_gylv� k\h_� we_dljbq_kdh_� kh�

ijhlb\e_gb_�ijb�gZ]j_\_��DZd�ijZ\beh��wlb�lj_[h\Zgby�g_�fh]ml�[ulv�\uihe�

g_gu�\�h^ghf�we_f_gl_��GZijbf_j��ih]ehsZl_evghc�kihkh[ghklvx��[ebadhc�d�

_^bgbp_��h[eZ^Zxl�juoeu_�kehb�lbiZ�kZ`b��H^gZdh�hgb�bf_xl�iehomx�ijh�

\h^bfhklv�b�g_h^ghjh^ghklb��dhlhju_�ijb\h^yl�d�[hevrbf�nemdlmZpbyf�lh-
dZ��Ihwlhfm�nmgdpbb�ijb_fgh]h�b�qm\kl\bl_evgh]h�we_f_glh\�h[uqgh�jZa^_�

e_gu��Ih]ehsZxsbc�kehc��ba]hlZ\eb\Z_fuc�qZs_�\k_]h�ba�ahehlhc�q_jgb
∗), 

hl^_e_g�hl�qm\kl\bl_evgh]h�we_f_glZ�lhgdhc�bahebjmxs_c�ie_gdhc� 
;hehf_lju� [u\Zxl� lj_o� lbih\�� f_lZeebq_kdb_�� ihemijh\h^gbdh\u_� b�

k\_joijh\h^ysb_�� Qm\kl\bl_evguf� we_f_glhf� f_lZeebq_kdh]h� [hehf_ljZ�

�jbk�� ����Z�� kem`bl� lhgdbc� f_lZeebq_kdbc� lhdhijh\h^ysbc� kehc�� gZiue_g�

guc� gZ� h^ghc� klhjhg_� ^bwe_dljbq_kdhc� ie_gdb��GZ� ^jm]mx� klhjhgm� gZiu-
ey_lky�ih]ehsZxsbc�kehc�ahehlhc�q_jgb��>ey�ohjhr_]h�ih]ehs_gby�lhesb�

gZ� kehy�q_jgb�^he`gZ�[ulv�[hev�

r_� l_o�fZdkbfZevguo� ^ebg� \heg��

gZ� dhlhju_� jZkkqblZg� [hehf_lj��

h^gZdh�g_�hq_gv�\_ebdZ��lZd�dZd�k�

lhesbghc� m\_ebqb\Z_lky� l_ieh�

_fdhklv� kehy� b� \hajZklZ_l� bg_j�

pbhgghklv��H[uqgh�lhesbgZ�kehy 
q_jgb�khklZ\ey_l���-���fdf��Ijb�
_fgZy� iehsZ^dZ� bf__l� nhjfm�

ijyfhm]hevgbdZ� k� jZaf_jZfb�� g_�

kdhevdh� ij_\urZxsbfb� jZaf_ju�

bah[jZ`_gby�ki_dljZevguo�ebgbc��

RbjbgZ� ijb_fghc� iehsZ^db� kh�

klZ\ey_l� h[uqgh� ���-���� ff� ^ey�
h[eZklb� ki_dljZ� ���-���fdf�b� �-2 
ff�^ey���-1000 fdf� 

We_dljbq_kdh_� khijhlb\e_gb_�

f_lZeebq_kdhc� ihehkdb� [heh-
f_ljZ��gZijbf_j�ba]hlh\e_gghc�ba�

\bkfmlZ�� khklZ\ey_l� ���-���� Hf��
<h�\j_fy�jZ[hlu�q_j_a�g__�ijhl_�

dZ_l�lhd��-��f:��gZ]j_\Zxsbc�__�gZ���-����\ur_�l_fi_jZlmju�hdjm`Zxs_c�

kj_^u��;hehf_lj�bf__l�ebg_cgmx�oZjZdl_jbklbdm�^ey�fhsghklb�iZ^Zxs_]h�

                                              
∗
��AhehlZy� �q_jgv�ih�kjZ\g_gbx�k�q_jgyfb�ba�^jm]bo� �\_s_kl\�h[eZ^Z_l�gZb�

emqr_c�ih]ehsZl_evghc�kihkh[ghklvx�ijb�gZbf_gvr_c�l_ieh_fdhklb��?_�ihemqZxl�

jZkiue_gb_f� ahehlZ� \� Zlfhkn_j_� ZahlZ�beb� \h^hjh^Z�ijb� ^Z\e_gbb�ihjy^dZ� ��ff�

jl�kl��Ijb� lZdhf� ^Z\e_gbb� qZklbpu� ahehlZ� bkiulu\Zxl� khm^Zj_gby� ijb� ijhe_l_��

kebiZxlky�\�[he__�djmigu_�qZklbpu�b�hkZ`^Zxlky�gZ�ih\_joghklb��h[jZamy�juoeuc�

q_jguc�kehc� 

 
Jbk�������Mkljhckl\h�f_lZeebq_kdh]h�gZiu�

e_ggh]h� �Z�� b� ihemijh\h^gbdh\h]h� �[�� [h�

ehf_ljh\�� 1 —� ijb_fguc� ih]ehsZxsbc�

kehc��2 —�lhdhijh\h^ysbc�kehc��3 — ih^�
eh`dZ��4 — dheh^dZ��5 — \u\h^u 
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baemq_gby��ebrv�ijbf_jgh�gZ�����ij_\urZxs_c�fhsghklv��\u^_eyxsmxky�

\�[hehf_lj_��KmffZjguc�gZ]j_\�g_�^he`_g�ij_\urZlv� ����D��HilbfZevghc�

y\ey_lky�l_fi_jZlmjZ����-����D� 
;hehf_lj� h[uqgh� ihf_s_g� \� dhe[m� k� ihgb`_gguf� ^Z\e_gb_f� \ha^moZ�

(10–2-��ff�jl�kl�`��Q_f�f_gvr_�ihl_jb�l_ieZ�aZ�kq_l�l_iehijh\h^ghklb�b�ba�

emq_gby��l_f�\ur_�qm\kl\bl_evghklv��H^gZdh�ihl_jyfb�l_ieZ�hij_^_ey_lky�b�

bg_jpbhgghklv� ijb_fgbdZ� —� q_f� f_gvr_� ihl_jb�� l_f� [hevr_� bg_jpbhg�

ghklv��L_iehhl\h^�hkms_kl\ey_lky�\�hkgh\ghf�hdjm`Zxsbf�]Zahf��ihwlhfm�

ijb�aZ^Zgghc�dhgkljmdpbb�[hehf_ljZ�_]h�qm\kl\bl_evghklv�b�ihklhyggZy�\j_-
f_gb�aZ\bkyl�hl�^Z\e_gby�]ZaZ�\�dhe[_� 

Ki_dljZevgZy�qm\kl\bl_evghklv�[hehf_ljh\�jZ\ghf_jgZ�\�rbjhdhc�h[eZk�

lb�ki_dljZ��LZd��[hehf_lj�k�hdghf�ba�D<]��aZsbs_gguf�hl�\eZ]b�lhgdbf�keh�

_f����fdf��nlhjbklh]h�fZ]gby��jZ[hlZ_l�\�h[eZklb�ki_dljZ�hl�����^h����fdf��

;hehf_lj� k� d\Zjp_\uf� hdghf� ij_^gZagZq_g� ^ey� ^ebggh\hegh\hc� h[eZklb�

ki_dljZ�hl� ���^h� �����fdf��H^gZdh�\�h[eZklb�^ebg�\heg�[he__� ����fdf�_]h�

qm\kl\bl_evghklv� mf_gvrZ_lky� ba-aZ� mom^r_gby� ih]ehsZl_evguo� k\hckl\�

q_jgb�—�^ey�^ebgguo�\heg�kehc�q_jgb�m`_�g_�y\ey_lky�juoeuf� 
Ihemijh\h^gbdh\u_� [hehf_lju�� beb� l_jfbklhju� �jbk�� ����[��� bf_xl�

qm\kl\bl_evguc� we_f_gl� agZqbl_evghc� lhesbgu� ���-���fdf��� \uiheg_gguc�
ba�ihemijh\h^gbdZ��>ey�memqr_gby�l_iehhl\h^Z�we_f_gl�gZde_b\Zxl�gZ�fZk�

kb\gmx�^bwe_dljbq_kdmx�ih^eh`dm� k�ohjhr_c� l_iehijh\h^ghklvx��<�dZq_�

kl\_�ih^eh`db�qZklh�bkihevamxl�djbklZeebq_kdbc�d\Zjp�� l_iehijh\h^ghklv�

dhlhjh]h�ijb�kj_a_�\�gZijZ\e_gbb�hilbq_kdhc�hkb�\k_]h�gZ�ihjy^hd�f_gvr_� 
q_f�l_iehijh\h^ghklv�f_lZeeZ��Ba-aZ�\ukhdh]h�l_fi_jZlmjgh]h�dhwnnbpb_g�
lZ�l_iehijh\h^ghklb�ihemijh\h^gbdh\uo�fZl_jbZeh\�qm\kl\bl_evghklv�l_j�

fbklhjh\�ijbf_jgh�gZ�ihjy^hd�ij_\hkoh^bl�qm\kl\bl_evghklv�f_lZeebq_kdbo�

[hehf_ljh\� 
<�hlebqb_�hl�f_lZeeh\�ihemijh\h^gbdb�h[eZ^Zxl�hljbpZl_evguf�l_fi_jZ�

lmjguf�dhwnnbpb_glhf�khijhlb\e_gby��Ihwlhfm�ijb�baebrg_f�gZ]j_\_�kh�

ijhlb\e_gb_� we_f_glZ�iZ^Z_l�b�lhd�eZ\bghh[jZagh�gZjZklZ_l�\iehlv�^h�jZa�

jmr_gby�we_f_glZ��HilbfZevgZy�l_fi_jZlmjZ�jZ[hlu�khklZ\ey_l�hdheh�����D� 
Bg_jpbhggu_� k\hckl\Z�ihemijh\h^gbdh\h]h�[hehf_ljZ�hij_^_eyxlky� _]h�

fZkkhc�b�fZkkhc�ih^eh`db��LZd�dZd�fZkkZ�ih^eh`db�hq_gv�\_ebdZ��l_ieh\hc�

[ZeZgk�mklZgh\beky�[u�ebrv�ijb�ijh]j_\_�\k_c�ih^eh`db��Ih�wlhc�ijbqbg_�

ihemijh\h^gbdh\u_�[hehf_lju�bkihevamxl�lhevdh�^ey�baf_j_gbc�fh^mebjh�

\Zggh]h�baemq_gby�� dh]^Z�ih^eh`dZ�g_�gZ]j_\Z_lky�gZ�[hevrmx� ]em[bgm��<�

wlhf� kemqZ_� qm\kl\bl_evghklv� f_gvr_� qm\kl\bl_evghklb� ^ey� ihklhyggh]h�

kb]gZeZ�b�aZ\bkbl�hl�qZklhlu�fh^meypbb� 
K\_joijh\h^ysb_� [hehf_lju� h[eZ^Zxl� hq_gv� \ukhdhc� qm\kl\bl_evgh�

klvx��<�h[eZklb�i_j_oh^Z�\� k\_joijh\h^ys__� khklhygb_� l_fi_jZlmjguc�dh�

wnnbpb_gl� khijhlb\e_gby�fZl_jbZeh\�fh`_l� ^hklb]Zlv� khl_g� b� lukyq� ijh�

p_glh\�gZ�]jZ^mk��H[eZklv�i_j_oh^Z�fZl_jbZeh\�\�k\_joijh\h^ys__�khklhygb_�

gZoh^blky�\�[hevrbgkl\_�kemqZ_\�ijb�l_fi_jZlmjZo��[ebadbo�d�l_fi_jZlmj_�

`b^dh]h�]_eby��Ijbf_jhf�fZl_jbZeZ�k�[he__�\ukhdhc�l_fi_jZlmjghc�lhqdhc�

i_j_oh^Z�d�k\_joijh\h^bfhklb�y\ey_lky�gbljb^�gbh[by��a����D�� 
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Ijb�ihgb`_gbb�l_fi_jZlmju�mf_gvrZxlky�l_ieh_fdhklv�[hehf_ljZ�b�rm�

fu��Kh� k\_joijh\h^ysbfb� [hehf_ljZfb�fh`gh� ihemqblv� hq_gv�fZemx� ih�

klhyggmx�\j_f_gb�—�^h�����fk��GZbemqr_c�h[gZjm`bl_evghc�kihkh[ghklvx�

h[eZ^Zxl� kZfu_� gbadhl_fi_jZlmjgu_� [hehf_lju�� LZd�� m]hevguc� [hehf_lj��

jZ[hlZxsbc�ijb�l_fi_jZlmj_�dbiys_]h�ijb�hldZqd_�]_eby����D���bf__l�>
= 4 
⋅  1010�=p1/2Âkf�<l�ijb�qm\kl\bl_evghklb�S����=p�� �������<�<l��=_jfZgb_\uc�
[hehf_lj� k� ijbf_kvx� ]Zeeby�� jZ[hlZxsbc� lZd`_� ijb� ��D�� bf__l�>
� = 8 ⋅  
1011=p1/2Âkf�<l�b�qm\kl\bl_evghklv�S������=p�� ������<�<l� 

 

����L_jfhwe_f_glu 
 

>_ckl\b_� l_jfhwe_f_glh\� hk-
gh\Zgh� gZ� \hagbdgh\_gbb� l_jfh-W>K�
ijb� gZ]j_\Zgbb� kiZy� ^\mo� f_lZeeh\�

�l_jfhiZju���L_jfhwe_f_gl� khklhbl� ba�

h^ghc�beb�g_kdhevdbo�l_jfhiZj��\dex�

q_gguo�ihke_^h\Zl_evgh�b�h[jZamxsbo�

l_jfhklhe[bd� �jbk� 5.6,Z��� QZklh� bk�
ihevamxl�lhjp_\mx�kbkl_fm��\�dhlhjhc�

ijb_fguc� ih]ehsZxsbc� we_f_gl� hib�

jZ_lky� gZ� ^\Z� kl_j`gy� ba� fZl_jbZeh\��

h[jZamxsbo� l_jfhiZjm� �jbk�� ����[��� <�

g_ihkj_^kl\_gghc� [ebahklb� hl�baf_jb-
l_evghc� l_jfhiZju� ihf_sZxl� lZdmx�

`_�dhfi_gkZpbhggmx��\dexq_ggmx�gZ�

\klj_qm� 
L_jfhwe_f_gl� gZoh^blky� \� [Zeeh�

g_� k� \ukhdbf� \Zdmmfhf��Ihl_jb� l_ieZ�

ijhbkoh^yl�lhevdh�aZ�kq_l�baemq_gby�b�

l_iehijh\h^ghklb� kl_j`g_c�� ihwlhfm�

ihklhyggZy� \j_f_gb� l_jfhwe_f_glZ�

h[uqgh�\_ebdZ�b�khklZ\ey_l���-���fk��<�
dZq_kl\_� fZl_jbZeh\� ^ey� l_jfhiZj� bk�

ihevamxl��gZijbf_j�� \bkfml�b� kmjvfm��

\bkfml�b�l_eemj beb�kieZ\u��h[_ki_qb�
\Zxsb_�fZdkbfZevgh_�agZq_gb_�l_jfh-

W>K� ijb� fbgbfZevghf� we_dljbq_kdhf� khijhlb\e_gbb� b� gbadhc� l_ieh-
ijh\h^ghklb��<gmlj_gg__�khijhlb\e_gb_�l_jfhwe_f_glh\�khklZ\ey_l�^_kyldb�

hf� 
L_jfhwe_f_glu�\k_]^Z�jZ[hlZxl�ijb�dhfgZlghc�l_fi_jZlmj_��HoeZ`^_gb_�

bo�g_p_e_khh[jZagh��lZd�dZd�k�mf_gvr_gb_f�l_fi_jZlmju�iZ^Z_l�b�\_ebqbgZ�

l_jfh-W>K� 
 
����Hilbdh-Zdmklbq_kdb_�ijb_fgbdb 
 

Hilbdh-Zdmklbq_kdb_� ijb_fgbdb� �H:I��� gZau\Z_fu_� lZd`_� ig_\fZlbq_�
kdbfb� beb� ijb_fgbdZfb� =he_y�� keh`g__� ^jm]bo� l_ieh\uo� ijb_fgbdh\� ih�

 
 
Jbk�� �����Ko_fZ� \dexq_gby� �Z��b�mkl�

jhckl\h� �[�� l_jfhwe_f_glZ�� 1 — ih�
]ehsZxsbc�kehc��2 — f_lZeebq_kdZy�
lhdhijh\h^ysZy� iehsZ^dZ�� 3 — 
kl_j`gb� ba� fZl_jbZeh\�� khklZ\eyx�

sbo�l_jfhiZjm��4 —�hkgh\Zgb_ 
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dhgkljmdpbb��gh�h[eZ^Zxl�ij_bfms_kl\Zfb�—�\ukhdhc�qm\kl\bl_evghklvx�b�

[hevrhc�ijb_fghc�iehsZ^dhc� 
<�hilbdh-Zdmklbq_kdhf�ijb_fgbd_� �jbk�� �����ih]ehsZxsbf� we_f_glhf�

y\ey_lky�ie_gdZ��gZ]j_\Z_fZy�baemq_gb_f��Ie_gdZ�gZoh^blky�\�]Zah\hc�dZf_�

j_��ihwlhfm�hl�g__�gZ]j_\Z_lky� ]Za��Ijb�fh^meypbb�baemq_gby�k�g_[hevrhc�

qZklhlhc� ^Z\e_gb_� \� ]Zah\hc�

dZf_j_� bkiulu\Z_l� dhe_[Zgby�

k� lhc�`_�qZklhlhc��=Zah\Zy�dZ�

f_jZ� k�h^ghc� klhjhgu� aZdjulZ�

hdhrdhf�� ijhajZqguf� ^ey�BD�

baemq_gby��k�^jm]hc�—� ]b[dhc�

f_f[jZghc�k�a_jdZevghc�\g_r�

g_c� ih\_joghklvx�� Ijb� baf_�

g_gbyo�^Z\e_gby�\�dZf_j_�f_f�

[jZgZ� ba]b[Z_lky�� Wlhl� g_�

[hevrhc� ba]b[� a_jdZevghc� ih�

\_joghklb� h[gZjm`b\Z_lky� ih�

^_nhdmkbjh\d_�hljZ`Zxs_]hky�

hl� a_jdZevghc� f_f[jZgu� k\_�

lh\h]h� imqdZ�� iZ^Zxs_]h� hl�

\kihfh]Zl_evgh]h�bklhqgbdZ�k\_lZ��>ey�lh]h�qlh[u�ijb_fgbd�g_�[ue�qm\kl�

\bl_e_g�d�baf_g_gbyf�\g_rg_]h�^Z\e_gby�b�l_fi_jZlmju��ij_^mkfhlj_gh�\u�

jZ\gb\Zgb_� ^Z\e_gby� ih� h[_� klhjhgu�f_f[jZgu� iml_f� i_j_l_dZgby� ]ZaZ� ih�

dZibeeyjghfm�dZgZem�\�aZf_f[jZgguc�h[t_f��Ih�wlhc�ijbqbg_�H:I�g_�j_]b�

kljbjm_l�ihklhygguc�kb]gZe�� 
IhklhyggZy�\j_f_gb�H:I�aZ\bkbl�hl�l_ieh_fdhklb�ih]ehsZxs_c�ie_gdb�

b�l_iehijh\h^ghklb�]ZaZ��GZbf_gvr_c�ihklhygghc�\j_f_gb�ihjy^dZ���fk�h[�

eZ^Z_l�H:I�� gZiheg_gguc� ]Zahf� k� \ukhdhc� l_iehijh\h^ghklvx�—� ]_eb_f��

H^gZdh�fZeZy�ihklhyggZy�\j_f_gb�khijh\h`^Z_lky�fZehc�qm\kl\bl_evghklvx�

ijb_fgbdZ��H:I��gZiheg_gguc�dk_ghghf��bf__l�ihklhyggmx�\j_f_gb�ihjy^�

dZ����fk�b�[he__�\ukhdmx�qm\kl\bl_evghklv��Hilbdh-Zdmklbq_kdb_�ijb_fgbdb�
jZ[hlZxl�ijb�dhfgZlghc�l_fi_jZlmj_��lZd�dZd�]b[dZy�f_f[jZgZ�g_�\u^_j`b�

\Z_l�hoeZ`^_gby�� 
Ki_dljZevgZy� h[eZklv� qm\kl\bl_evghklb� H:I� hij_^_ey_lky� ih]ehsZ�

l_evgufb� k\hckl\Zfb�ie_gdb�b�ijhajZqghklvx�hdgZ��<�dZq_kl\_�ih]ehsZx�

s_c�ie_gdb�bkihevamxl�qZklbqgh�ijhajZqgmx�f_lZeebq_kdmx�ie_gdm��kf��]e��

����FZdkbfZevgh_�ih]ehs_gb_��:� �����b�R = L� ������khhl\_lkl\m_l�lZdhc�
lhesbg_�ie_gdb��dh]^Z�__�khijhlb\e_gb_�ijb�ih\_joghklb���kf2�jZ\gh�iheh�

\bg_�\hegh\h]h�khijhlb\e_gby�k\h[h^gh]h�ijhkljZgkl\Z��l�_������Hf��Wlhfm�

mkeh\bx� hl\_qZ_l� lhesbgZ� ie_gdb� ihjy^dZ� ��� gf�� LZdb_� lhgdb_� qZklbqgh�

ijhajZqgu_�ie_gdb�h[eZ^Zxl�hq_gv�fZehc�l_ieh_fdhklvx�b�\�lh�`_�\j_fy�ih�

]ehsZxl�iheh\bgm�iZ^Zxs_]h�gZ�gbo�baemq_gby��H[uqgh�\gmlj_gg_fm�h[t_�

fm� aZ�ih]ehsZxs_c�ie_gdhc�ijb^Zxl�nhjfm�ihemkn_ju��Ijhr_^r__�baem�

q_gb_��hljZab\rbkv��kgh\Z�iZ^Z_l�gZ�ie_gdm��LZd�m^Z_lky�ih\ukblv�ih]ehs_�

gb_�\�ie_gd_�_s_�ijhp_glh\�gZ�^_kylv�� 
 

 
 
Jbk�� �����Ko_fZ� mkljhckl\Z� hilbdh-Zdmklbq_k-
dh]h�ijb_fgbdZ 
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����Ibjhwe_dljbq_kdb_�ijb_fgbdb 
 
Ibjhwe_dljbq_kdb_� ijb_fgbdb� y\eyxlky� gh\uf� ihdhe_gb_f� l_ieh\uo�

ijb_fgbdh\� k\_lZ� k� lbibqghc� ^ey� ihke_^gbo�rbjhdhc� ki_dljZevghc� h[eZ�

klvx� qm\kl\bl_evghklb�� gh� k�fZehc� ihklhygghc� \j_f_gb� >���@��>_ckl\b_� bo�

hkgh\Zgh�gZ�y\e_gbb�ibjhwe_dljbq_kl\Z��gZ[ex^Zxs_fky�\�g_dhlhjuo�djb�

klZeeZo��g_�bf_xsbo�p_gljZ�kbff_ljbb��lblZgZl_�[Zjby�<ZLiO3��gbh[Zl_�eb�

lby�LiNbH3��k_]g_lh\hc�kheb��lmjfZebg_�b�g_dhlhjuo�^jm]bo��Wlb�djbklZeeu�

h[eZ^Zxl� ihklhygguf� ^bihevguf� fhf_glhf� \� gZijZ\e_gbb� iheyjghc� hkb��

Ih\_joghklv� djbklZeeZ�� kj_aZggZy� i_ji_g^bdmeyjgh� wlhc� hkb�� \k_]^Z� we_d�

ljbq_kdb�aZjy`_gZ��H^gZdh�wlhl�aZjy^�\g_rg_�g_�ijhy\ey_lky��AZ�kq_l�fbdjh�

lhdh\��ijhl_dZxsbo�ih�djbklZeem��Z�lZd`_�bhgh\��hk_^Zxsbo�ba�\ha^moZ��ih�

\_joghklgu_� aZjy^u� g_cljZebamxlky�� ?keb� gZjmrblv� hjb_glZpbx� we_f_g-
lZjguo�^bihe_c�djbklZeeZ��gZijbf_j��gZ]j_\Zgb_f���jZ\gh\_kb_�gZjmrZ_lky��

>ey�_]h�\hkklZgh\e_gby�lj_[m_lky�g_dhlhjh_�\j_fy��\�ij_^_eZo�dhlhjh]h�ih�

\_joghklguc�aZjy^�fh`_l�[ulv�h[gZjm`_g� 
>ey�ibjhijb_fgbdh\�\u[bjZxl�fZl_jbZeu�k�gZb[hevrbf�ibjhwe_dljb�

q_kdbf� wnn_dlhf�� l�_�� k� gZb[hevrbf� baf_g_gb_f� ^bihevgh]h�fhf_glZ� ijb�

gZ]j_\_�� k�ohjhr_c�ih]ehsZl_evghc� kihkh[ghklvx�� \ukhdbf� we_dljbq_kdbf�

khijhlb\e_gb_f�b�fZehc�l_iehijh\h^ghklvx��GZb[he__�mihlj_[bl_evgu�lZg�

lZeZl�eblby�LiLZH3�b�ljb]ebpbgkmevnZl��L=K���NH2KG2HHG�3 ·  H2SO4��ohjh�

rh�ih]ehsZxsb_�\�rbjhdhc�h[eZklb�ki_dljZ� 
Hldebd�ibjhijb_fgbdZ�ijhihjpbhgZe_g�kdhjhklb�ijbjhklZ� l_fi_jZlm�

ju�\�hlebqb_�hl�\k_o�^jm]bo�l_ieh\uo�ijb_fgbdh\��hldebd�dhlhjuo�ijhihj�

pbhgZe_g� ijbjhklm� l_fi_jZlmju�� Ihwlhfm� ibjhijb_fgbdb� j_]bkljbjmxl�

lhevdh�bfimevkgu_�kb]gZeu��Hgb�kihkh[gu�baf_jylv�hq_gv�dhjhldb_�k\_lh�

\u_� bfimevku� k� ^ebl_evghklvx�� fgh]h� f_gvr_c� bo� l_ieh\hc� ihklhygghc�

\j_f_gb� 2l_ie. ?keb� baf_j_gbx� ih^e_`bl� g_ij_ju\guc� k\_lh\hc� ihlhd�� _]h�
fh^mebjmxl�lZd��qlh[u�^ebl_evghklv�dZ`^h]h�bfimevkZ�[ueZ�f_gvr_�2l_ie��Z�

bgl_j\Zeu�f_`^m�gbfb�[hevr_���-5)�2l_ie. 
Lbibqgu_�ko_fu�mkljhckl\Z�ibjhijb_fgbdh\�b�ijbgpbi�bo�jZ[hlu�ih�

dZaZgu�gZ�jbk�������Hkgh\hc�ibjhijb_fgbdZ�y\ey_lky�ieZklbgZ�ba�ibjhwe_d�

ljbdZ��i_ji_g^bdmeyjgh�iheyjghc�hkb�dhlhjhc�jZkiheh`_gu�f_lZeebq_kdb_�

we_dljh^u��d�gbf�ih^kh_^bg_gu�\g_rgb_�\u\h^u��IZ^Zxs__�baemq_gb_�ih�

]ehsZ_lky�\�keh_�q_jgb��gZg_k_gghf�gZ�ibjhwe_dljbd��jbk������Z,\���beb�\�kZ�
fhc�ieZklbg_��jbk������[,]��aZ�kq_l�kh[kl\_ggh]h�ih]ehs_gby�ibjhfZl_jbZeZ��

IeZklbgZ�b�^_lZeb� __�dj_ie_gby� khklZ\eyxl�qm\kl\bl_evguc� we_f_gl�ibjh�

ijb_fgbdZ��GZ�ijZdlbd_�bkihevamxl�jZaghh[jZagu_�dhgkljmdpbb�—�iehsZ^v�

ijb_fgh]h�we_f_glZ�fh`_l�khklZ\eylv�hl�����^h�����ff2��ijb_fguc�we_f_gl�

fh`_l�[ulv�\�\b^_�lhgdh]h�iehkdh]h�djbklZeeZ��gZde__ggh]h�gZ�ih^eh`dm�k�

iehohc�beb��gZh[hjhl��ohjhr_c�l_iehijh\h^ghklvx��fh`_l�bf_lv�nhjfm�ih�

ehklb�beb�debgZ��bfblbjmxsbo�q_jgh_�l_eh��b�l�^��>���@� 
JZaebqZxl�^\Z�\b^Z�qm\kl\bl_evguo�we_f_glh\� 
���Qm\kl\bl_evguc�we_f_gl�k�fbgbfZevguf�l_iehhl\h^hf��L_ieh\Zy�

ihklhyggZy�\j_f_gb�ibjhijb_fgbdh\�k�lZdbfb�we_f_glZfb�kjZ\gbl_evgh�\_�

ebdZ��2l_ie = 1 –������k��GZ]j_\�we_f_glZ�ûL = L2 – T1��]^_�T1�b�L2 —�gZqZevgZy�b�
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dhg_qgZy� l_fi_jZlmjZ�� ijhihjpbhgZe_g� ih]ehs_gghc� aZ� \j_fy� bfimevkZ�

wg_j]bb�� ûL ~ 
0

Pdt∫
τ

 �2�— ^ebl_evghklv� baf_jy_fh]h� bfimevkZ� baemq_gby�� 

Ijb�2 « 2l_ie�gZ]j_\�ûL�we_f_glZ�b�ibjh-W>K� ( )Tε ��\hagbdZxsZy�gZ�lhjpZo�

ibjhwe_dljbdZ��\hajZklZxl�ebg_cgh�\h�\j_f_gb� �jbk�� ������^hklb]Zy�\�dhgp_�

bfimevkZ�agZq_gbc��ijhihjpbhgZevguo�P02, l�_� wg_j]bb�bfimevkZ� 
<u[_j_f�khijhlb\e_gb_�\g_rg_c�gZ]jmadb�RG�fgh]h�f_gvr_�\gmlj_gg_�

]h�khijhlb\e_gby�r ibjhwe_dljbdZ��Lh]^Z�lhd��ijhl_dZxsbc�\�p_ib�ijb_fgb�

dZ��jbk�������^���kha^Z_l�iZ^_gb_�gZijy`_gby�gZ�khijhlb\e_gbb RG 
 

UR = iRg = KRH
cdU

dt
,    (5.12) 

]^_�K�— f_`^mwe_dljh^gZy�_fdhklv�ijb_fgbdZ�b�Uc — gZijy`_gb_�gZ�wlhc�
_fdhklb��Baf_g_gb_�gZijy`_gby�UR \h� \j_f_gb� k� mq_lhf�ijhp_kkZ� aZjy^db�

 
 
Jbk�� �����Ko_fZ� mkljhckl\Z� ibjhijb_fgbdh\� k� iehkdbfb� �Z�� ��� b� lhjp_\ufb� �\�� ]) 
we_dljh^Zfb�b�we_dljbq_kdZy�ko_fZ�bo�\dexq_gby��^): 1 — ibjhwe_dljbd����—�we_d�

ljh^u��gZ�ko_f_�[�h^bg�ba�gbo�ihemijhajZqguc���3 —�q_jgv��4  —  hljZ`Zxs__�ih�

djulb_��5 —�\u\h^u��We_dljh^u�2�h[jZamxl�dhg^_gkZlhj�K; r — \gmlj_gg__�khijh�
lb\e_gb_�ibjhwe_dljbdZ��RG —�gZ]jmadZ��r » RG); UR — kgbfZ_fuc�kb]gZe 
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_fdhklb�K�hl�bklhqgbdZ�W>K�ε  q_j_a�khijhlb\e_gb_�RG hij_^_ey_lky�mjZ\�
g_gb_f 

( ) ( )H H H
H1 1t R C t R C t R C

R H
d d

U R C e R C e e
dt dt

− − − = − = − + 
εε ε .  (5.13) 

 
<�aZ\bkbfhklb�hl�\_ebqbgu�ihklhygghc�\j_f_gb�we_dljbq_kdhc�p_ib�2we 

= RGK�\hafh`gZ�jZ[hlZ�ijb_fgbdZ�\�^\mo�j_`bfZo��Z��baf_j_gb_�wg_j]bb�b�[��

baf_j_gb_�fhsghklb� 
Z��Baf_j_gb_�wg_j]bb���Ijb�2�« RGK�ba��������ihemqZ_f� 

UR =ε .                                  (5.14) 

<_ebqbgZ�ε \�l_q_gb_�bfimevkZ�gZjZklZ_l�ijhihjpbhgZevgh�gZ]j_\m�ûL. 
GZijy`_gb_�UR� jZkl_l� lZd`_� ebg_cgh�^h� \_ebqbgu� \� dhgp_�bfimevkZ��ijh�

ihjpbhgZevghc�wg_j]bb�P02 �jbk�������djb�

\Zy� 1). Khijhlb\e_gb_� RG \u[bjZxl� ih�
jy^dZ� ��9–1012�Hf��Ijb_fgbd� \� wlhf� j_�

`bf_� h[eZ^Z_l� \ukhdhc� qm\kl\bl_evgh�

klvx��^hoh^ys_c�^h�����<�>`� 
[��Baf_j_gb_� fhsghklb�� � �Ijb� 2� » 

RGK� �^bnn_j_gpbjmxsZy� \g_rgyy� p_�

ihqdZ��bf__f�ba�������� 

R H
d

U R C
dt

= ε
.    (5.15) 

 

Ke_^h\Zl_evgh�� gZijy`_gb_� UR� [ukljh�

jZkl_l�\�gZqZe_�bfimevkZ��Z�^Ze__�khojZ�

gy_lky�g_baf_gguf� �jbk�� �����djb\Zy�2) k 
\_ebqbghc�� ijhihjpbhgZevghc� kdhjhklb�

gZjZklZgby�ibjh-W>K��l�_��fhsghklb�P0. 
Ibjhijb_fgbdb� \� wlhf� j_`bf_� fh]ml�

kem`blv� wlZehgZfb� ^ey� baf_j_gbc� fhs�

ghklb� baemq_gby� g_ij_ju\guo� bklhqgb�

dh\�k\_lZ�\�Z[khexlguo�_^bgbpZo��\�dZq_�

kl\_�wlZehgh\�\�lZdbo�baf_j_gbyo�h[uqgh�

bkihevamxlky� bklhqgbdb� baemq_gby�� kf��

]e�� �-����<�wlZehgghf�ibjhijb_fgbd_�ba�
f_j_gb_�ijhbkoh^bl�iml_f�kjZ\g_gby�iZ�

^Zxs_c�gZ�g_]h�k\_lh\hc�fhsghklb�b�^`hme_\Z�l_ieZ��\u^_ey_fh]h�ijb�ijh�

imkdZgbb� lhdZ�q_j_a� kehc�q_jgb�ijb_fgh]h� we_f_glZ��K\_lh\Zy�fhsghklv�b�

^`hme_\h�l_ieh�ihklmiZxl�gZ�ibjhijb_fgbd�ihi_j_f_ggh�k�qZklhlhc� ��-13 
=p�� LZdbf� h[jZahf�� wlZehgguc� ibjhijb_fgbd� jZ[hlZ_l� ih� ijbgpbim� gmev-
bg^bdZlhjZ�� qlh� h[_ki_qb\Z_l� \ukhdmx� lhqghklv� baf_j_gbc�� <� p_ehf� ih�

]j_rghklv�Z[khexlguo�baf_j_gbc�fhsghklb�wlbf�ijb_fgbdhf�emqr_���� 
H[gZjm`bl_evgZy� kihkh[ghklv�>
�ibjhwe_dljbq_kdbo�ijb_fgbdh\�^hk�

lb]Z_l��Â��9�kfÂ=p1/2�<l��l�_��bf__l�h^bgZdh\uc�ihjy^hd�k�\_ebqbghc�>
�hilb�

 
 
Jbk�������Nhjfbjh\Zgb_�kb]gZeZ�ib-
jhijb_fgbdhf 
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dh-Zdmklbq_kdbo�ijb_fgbdh\�ijb�hilbfZevghc�qZklhl_�fh^meypbb����=p��jbk��
5.10). 

���Qm\kl\bl_evguc�we_f_gl�k�fZdkbfZevguf�l_iehhl\h^hf��H[uqgh�

hg�\uihegy_lky�\�\b^_�lhgdhc�ie_gdb��gZde__gghc�gZ�ohjhrh�l_iehijh\h^y�

sbc�f_lZeebq_kdbc�we_dljh^��L_ieh\Zy�ihklhyggZy�lZdbo�ijb_fgbdh\�hq_gv�

fZeZ��ihjy^dZ���–8�k��A^_kv�lZd`_�\hafh`gu�^\Z�kemqZy�� 
Z��?keb�^ebl_evghklv�bfimevkZ� 2�[hevr_��q_f� 2l_ie��kjZam�`_�\hagbdZ_l�

mklZgh\b\rbcky�j_`bf�—�kdhevdh�wg_j]bb�ih^\h^blky��klhevdh�`_�b�moh^bl�

aZ�kq_l�l_iehhl^Zqb��<�wlhf�kemqZ_�gZ]j_\�ûL�b�kb]gZe�UR�ijhihjpbhgZevgu�

fhsghklb�P0. 
[��?keb�2 < 2l_ie��baf_jy_lky�g_dhlhjZy�kj_^gyy�fhsghklv��l�_��ijZdlbq_�

kdb�P02 — wg_j]by�bfimevkZ� 
Qm\kl\bl_evghklv� lZdbo� ibjhijb_fgbdh\� fZeZ�� b� hgb� ij_^gZagZq_gu�

 
 
Jbk��������H[gZjm`bl_evgZy�kihkh[ghklv�>
�l_ieh\uo�ijb_fgbdh\�b�ijb_fgbdh\�k�

\gmlj_ggbf�nhlhwnn_dlhf 
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^ey�baf_j_gby�dhjhldbo�fhsguo�bfimevkh\�—�^h�2 §���–11
k��FZdkbfZevguf�

[ukljh^_ckl\b_f�h[eZ^Zxl�ijb_fgbdb�k�kh[kl\_gguf�ih]ehs_gb_f�\�ibjh�

we_dljbd_� �ko_fu�gZ�jbk�� ����[,]��b�ijb�mkeh\bb�RGK�« 2��>himklbfZy�iehl�
ghklv�wg_j]bb�khklZ\ey_l�g_kdhevdh�_^bgbp�>`�kf

2. 
Ki_dljZevguc� ^bZiZahg� jZ[hlu� ibjhijb_fgbdh\� hij_^_ey_lky� ih]ehsZ�

l_evghc�kihkh[ghklvx�ibjhwe_dljbdh\�b�q_jgb�b�ijhklbjZ_lky�hl���b�j_gl]_�

gh\kdhc�h[eZklb�ki_dljZ�^h�kZglbf_ljh\uo�\heg� 
GZ� hkgh\_� ibjhwnn_dlZ� \hafh`gh� kha^Zgb_� h^ghf_jguo� b� ^\mf_jguo�

fgh]hwe_f_glguo�ijb_fgbdh\�—�ebg__d�b�fZljbp��bkihevam_fuo�^ey�kbkl_f�

ijb_fZ�bah[jZ`_gbc� >���@��LZdb_�kbkl_fu�ij_^klZ\eyxl�kh[hc�ieZklbgm�ib�

jhwe_dljbdZ��gZ�dhlhjhc�iZaZfb�b�lhih]jZnb_c�we_dljh^h\�\u^_e_gu�hl^_ev�

gu_�ijb_fgu_�we_f_glu�jZaf_jZfb�^h� ���×� ���fdf2
��Kqblu\Zgb_�kb]gZeZ�k�

dZ`^h]h�we_f_glZ�ijhba\h^blky�ihke_^h\Zl_evgh�we_dljhgguf�emqhf�beb�f_�

lh^Zfb�fbdjhwe_dljhgbdb� 
IjhklhlZ�mkljhckl\Z�ijb_fgbdZ��g_k_e_dlb\ghklv��hlkmlkl\b_�bklhqgbdZ�

iblZgby��mklhcqb\hklv�d�f_oZgbq_kdbf�b�debfZlbq_kdbf�\ha^_ckl\byf��jZ[h�

lZxl�ijb�l_fi_jZlmjZo�hl�–���^h�������K���[ukljh^_ckl\b_�—�wlb�dZq_kl\Z�

ibjhijb_fgbdh\� hij_^_eyxl�bo� jZkijhkljZg_gb_� \�baf_jbl_evghc� l_ogbd_��

ki_dljhkdhibb�b�^j� 
 
 

�������NHLHWFBKKBHGGU?�IJB?FGBDB�BAEMQ?GBY������� 
 
����H[sb_�k\hckl\Z                                        
 

Nhlhwfbkkbhggu_�ijb_fgbdb�>���������@�h[eZ^Zxl�[he__�\ukhdhc�qm\kl�

\bl_evghklvx��q_f�l_ieh\u_��Bo�oZjZdl_jghc�hkh[_gghklvx�y\ey_lky�kjZ\gb�

l_evgh�\ukhdZy�k_e_dlb\ghklv�b�ijb]h^ghklv�^ey�jZ[hlu�ebrv�\�h[eZklb�^ebg�

\heg�f_g__� ����fdf��Ki_dljZevghc�qm\kl\bl_evghklvx�S��nhlhwfbkkbhgguo�

ijb_fgbdh\�gZau\Zxl�hlghr_gb_�\uoh^ghc�\_ebqbgu��baf_jy_fhc�\�fbdjh�

Zfi_jZo��d�_^bgbp_�fhsghklb�iZ^Zxs_]h�k\_lh\h]h�ihlhdZ��?_�lZd`_�\ujZ�

`Zxl�\�\b^_�d\Zglh\h]h�\uoh^Z�nhlhdZlh^Z����qbke_ggh�jZ\gh]h�dhebq_kl\m�

nhlhwe_dljhgh\�� ijboh^ysboky� gZ� h^bg� ihklmiZxsbc� gZ� ijb_fgbd�nhlhg��

Djb\u_�d\Zglh\h]h�\uoh^Z�b�ki_dljZevghc�qm\kl\bl_evghklb�g_dhlhjuo�lb�

ih\�nhlhdZlh^h\�ijb\_^_gu�gZ�jbk�������� 
NhlhdZlh^u� h[uqgh� ij_^klZ\eyxl� kh[hc� ihemijh\h^gbdh\u_� g_ijhajZq�

gu_�beb�ihemijhajZqgu_� kehb�gZ�ih\_joghklb�f_lZeeZ�beb� kl_deZ�� h[jZ[h�

lZggu_�iml_f�^h\hevgh� keh`ghc� l_ogheh]bb��Hl\_lkl\_gguf� aZ�nhlhqm\kl�

\bl_evghklv� [hevrbgkl\Z� nhlhdZlh^h\� y\ey_lky� fhghfhe_dmeyjguc� kehc�

Zlhfh\�p_aby��kb^ysbo�gZ�juoehc�ih\_joghklb�nhlhdZlh^Z. 
GZb[he__� jZkijhkljZg_gu� kmjvfygh-p_ab_\u_� �Ks3Sb�� nhlhdZlh^u� b�

fgh]hs_ehqgu_��ba]hlZ\eb\Z_fu_�iml_f�h[jZ[hldb�kehy�kmjvfu�iZjZfb�^\mo�

beb�lj_o�s_ehqguo�f_lZeeh\�—�D��NZ��Ks��GZb[he__�\ukhdhc�qm\kl\bl_evgh�
klvx�h[eZ^Z_l�lj_os_ehqghc�dZlh^�Na2DSb–Ks��AgZqbl_evgh�f_g__�wnn_dlb�
\_g�\�\b^bfhc�h[eZklb�ki_dljZ��gh�ijh^\bgml�\�bgnjZdjZkgmx�h[eZklv�dbkeh�

jh^gh-k_j_[jygh-p_ab_\uc�dZlh^��Hg�ij_^klZ\ey_l�kh[hc�ihemijh\h^gbd�Ks2O 
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k�ijbf_kvx�k\h[h^gh]h�Ks�b�\djZie_gbyfb�:g��Hkh[_gghklb�wlh]h�dZlh^Z�— 
[hevrhc� l_fgh\hc� lhd��mlhfey_fhklv�ijb�hk\_s_gbb�\b^bfuf�beb�mevljZ�

nbhe_lh\uf� k\_lhf�� Qm\kl\bl_evghklv� _]h� fh`_l� \hkklZgZ\eb\Zlvky� \� j_�

amevlZl_�^ebl_evgh]h�ij_[u\Zgby�\�l_fghl_��Z�[he__�[ukljh�—�ijb�gZ]j_\_�

beb�aZk\_ld_�bgnjZdjZkguf�baemq_gb_f�k�^ebghc�\hegu��ij_\urZxs_c�ih�

jh]h\mx� 
NhlhdZlh^u�k�hljbpZl_evguf�we_dljhgguf�kjh^kl\hf��HWK-N��ij_^�

klZ\eyxl� kh[hc� wiblZdkbZevgu_� ie_gdb� kbevgh� e_]bjh\Zgguo� Zdp_ilhjZfb�

ihemijh\h^gbdh\� lbiZ�:III<
V, Zdlb\bjh\Zggu_�fhghkeh_f�Ks�beb�KsH��Hgb�

oZjZdl_jbamxlky� \ukhdhc� qm\kl\bl_evghklvx�� gZb[he__� ^Ze_dhc� djZkghc�

 
 
Jbk���������Djb\u_�d\Zglh\h]h�\uoh^Z���b�ki_dljZevghc�qm\kl\bl_evghklb�S��nhlhdZ�

lh^h\��1 — kmjvfygh-p_ab_\h]h�Ks3Sb, 2 —�k_j_[jygh-dbkehjh^gh-p_ab_\h]h�:g-H-
Ks, 3 — fmevlbs_ehqgh]h�1a2DSb-Ks��kheg_qgh-ke_iuo�nhlhdZlh^h\��4 — l_eemjb^Z�
p_aby�Ks2L_��5 —�l_eemjb^Z�jm[b^by�Rb2L_��dZlh^h\�ba�^bwe_dljbdh\��6 — ch^bklh]h�
p_aby�KsI, 7 —�[jhfbklh]h�dZeby�D<]��HWK-N�gZ�hkgh\_�8 — GZ:sJ-Ks, 9 — GZ:s-
KsH��10 — InGZ:sJ-KsH��Djb\u_�1 b�3 khhl\_lkl\mxl�kl_deygghfm�\oh^ghfm�hdgm��
�Z���Z�b�5 —�hdgm�ba�kZinbjZ��4, 6 b���—�hdgm�ba�nlhjbklh]h�eblby 
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]jZgbp_c�b�fZeuf� l_fgh\uf� lhdhf��L_ogheh]by�bo�ba]hlh\e_gby� keh`gZ�b�

lj_[m_l�k\_jo\ukhdh]h�\ZdmmfZ�b�k\_joqbkluo�bkoh^guo�fZl_jbZeh\�>�����@� 
<k_� dZlh^u��qm\kl\bl_evgu_� \� \b^bfhc�h[eZklb� ki_dljZ��jZ[hlZxl�b� \�

mevljZnbhe_l_�\iehlv�^h�]jZgbpu�ijhajZqghklb�fZl_jbZeZ��bkihevam_fh]h�\�

dZq_kl\_�\oh^gh]h�hdgZ��ijbf_ju�kf��gZ�jbk����������>ey�bkke_^h\Zgbc�\�MN�

h[eZklb� ki_dljZ�m^h[gh�bkihevah\Zlv� kheg_qgh-ke_iu_�nhlhdZlh^u��djZkgZy�
]jZgbpZ�qm\kl\bl_evghklb�dhlhjuo�e_`bl�ijb�� §�����gf��DZd�ke_^m_l�ba�djb�
\uo��ijb\_^_gguo�gZ�jbk��������baemq_gb_�k�^ebgZfb�\heg���������gf�kbevgh�

ih]ehsZ_lky�hahghf�b�\�kheg_qghf�ki_dlj_�ijZdlbq_kdb�hlkmlkl\m_l��Ihwlh�

fm�ijb_fgbdb�k�kheg_qgh-ke_iufb�dZlh^Zfb�fh]ml�jZ[hlZlv�[_a� aZsblu�hl�

^g_\gh]h�k\_lZ� 
?s_�[he__�dhjhldh\hegh\mx�h[eZklv�jZ[hlu�bf_xl�nhlhdZlh^u�ba�^b�

we_dljbdh\��gZijbf_j�ch^bklh]h�p_aby�beb�[jhfbklh]h�dZeby��jbk���������Wlb�

\_s_kl\Z�ijhajZqgu� \� \b^bfhc�b� [eb`g_c�MN� h[eZklyo� ki_dljZ� �jbk�� ������

djZkgZy�]jZgbpZ�nhlhwnn_dlZ�m�gbo�khhl\_lkl\m_l�h[eZklb�\Zdmmfgh]h�mevl�

jZnbhe_lZ��NhlhdZlh^u�ba�^bwe_dljbdh\�bkihevamxl�\�dhkfbq_kdbo�bkke_^h�

\Zgbyo��]^_�hgb�jZ[hlZxl�g_ihkj_^kl\_ggh�\�dhkfhk_��[_a�\uoh^gh]h�hdgZ� 
 

����Nhlhwe_f_glu�b�nhlhmfgh`bl_eb 
 

Ijhkl_crbf�ijb_fgbdhf�k�\g_rgbf�nhlhwnn_dlhf�y\ey_lky�\Zdmmfguc�

nhlhwe_f_gl� �jbk�� �����a���Nhlhwe_f_gl�bf__l�kl_deyggmx�dhe[m��\�p_glj_�

dhlhjhc� gZoh^blky� Zgh^� \� nhjf_� dhevpZ� beb� k_ldb��NhlhdZlh^� gZg_k_g� gZ�

\gmlj_ggxx�ih\_joghklv�dhe[u�\�\b^_�ihemkn_ju��F_`^m�Zgh^hf�b�dZlh^hf�

ijbeh`_gZ�jZaghklv�ihl_gpbZeh\����-200�<�hl�\g_rg_]h�bklhqgbdZ�gZijy`_�

gby��?keb�nhlhdZlh^�hk\_s_g��ih�j_abklhjm��\dexq_gghfm�ihke_^h\Zl_evgh�k�

nhlhwe_f_glhf��ijhl_dZ_l�nhlhl_d� 
<hevl-Zfi_jgZy� oZjZdl_jbklbdZ� \Zdmmfgh]h� nhlhwe_f_glZ� bf__l� h[�

eZklv�gZkus_gby��\�dhlhjhc�\�kha^Zgbb�lhdZ�mqZkl\mxl�\k_�nhlhwe_dljhgu��

GZ�wlhf�mqZkld_�nhlhlhd�g_�aZ\bkbl�hl�ijbeh`_ggh]h�gZijy`_gby��q_f�h[_k�

i_qb\Z_lky�klZ[bevghklv�jZ[hlu�nhlhwe_f_glZ� 
<Zdmmfguc�nhlhwe_f_gl�h[eZ^Z_l�fZehc�ihklhygghc�\j_f_gb� �ihjy^dZ�

10–8�k���hij_^_ey_fhc�\j_f_g_f�ijhe_lZ�we_dljhgh\�f_`^m�dZlh^hf�b�Zgh^hf��

>ey�j_]bkljZpbb�[ukljhi_j_f_gguo�ijhp_kkh\�b�djZldh\j_f_gguo�bfimev�

kh\�ijbf_gyxl�\Zdmmfgu_�nhlhwe_f_glu�dhZdkbZevghc�dhgkljmdpbb��NWD���

\�dhlhjuo�iehkdb_�dZlh^�b�Zgh^�jZkiheh`_gu�iZjZee_evgh�^jm]�^jm]m�gZ�jZk-
klhygbb����-��ff��Z�bo�\u\h^u�\uiheg_gu�\�\b^_�hlj_adh\�dhZdkbZevghc�eb�
gbb��kh]eZkh\Zgghc�k�gZ]jmadhc��IhklhyggZy�\j_f_gb�NWD�^hklb]Z_l���–10�k��

qlh� khhl\_lkl\m_l�rbjbg_� jZ[hq_c� ihehku� qZklhl� �����F=p� b� [he__��NWD�

bkihevamxl�^ey�j_]bkljZpbb�eZa_jguo�bfimevkh\��Qm\kl\bl_evghklv�\Zdmmf�

guo�nhlhwe_f_glh\�g_\_ebdZ�>���@� 
Mkbe_gb_�nhlhlhdZ� aZ� kq_l�fgh]hdjZlgh]h�bkihevah\Zgby� y\e_gby� \lh�

jbqghc�we_dljhgghc�wfbkkbb�ijhbkoh^bl�\�nhlhwe_dljhgguo�mfgh`bl_eyo�

�NWM���jbk�������[���Qbkeh�^bgh^h\��dZkdZ^h\�mkbe_gby��\�NWM�h[uqgh�[he__�

����Ijb�dhwnnbpb_gl_�\lhjbqghc�wfbkkbb��jZ\ghf����wlh�khhl\_lkl\m_l�m\_�

ebq_gbx�nhlhlhdZ�\���6-107�jZa� 
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IhklhyggZy�\j_f_gb�NWM�hij_^_ey_lky�\j_f_g_f�jZa\blby�we_dljhgghc�

eZ\bgu�b�khklZ\ey_l�h[uqgh���–7-10–8�k��NWM��ij_^gZagZq_ggu_�^ey�bkke_^h�

\Zgby� [ukljhijhl_dZxsbo� ijhp_kkh\�� kihkh[gu� j_]bkljbjh\Zlv� k\_lh\u_�

bfimevku�^ebl_evghklvx��-��gk� 
G_^hklZldZfb�NWM�y\eyxlky�g_dhlhjZy�g_klZ[bevghklv�b�ih\ur_gguc�

l_fgh\hc�lhd��Ijb�hoeZ`^_gbb�`b^dbf�Zahlhf��L� ���D��\�g_dhlhjuo�lbiZo�

NWM�m^Z_lky�mf_gvrblv�rmfu�lZd��qlh�hdZau\Z_lky�\hafh`guf�baf_j_gb_�

k\_lh\h]h�ihlhdZ�fhsghklvx� ��� –19�<l��LZdZy� \_ebqbgZ�ihjh]h\hc�qm\kl\b�

l_evghklb��khhl\_lkl\mxsZy�j_]bkljZpbb�h^gh]h�nhlhgZ�\�k_dmg^m��y\ey_lky�

gZbemqr_c�kj_^b�\k_o�ijb_fgbdh\�baemq_gby� 
Djhf_�ZgZeh]h\h]h�j_`bfZ�NWM�fh`_l�jZ[hlZlv�\�j_`bf_�kq_lZ�nhlh�

gh\��Ijb�mkbe_gbb�NWM���7-108�h^bg�nhlhwe_dljhg�gZ�\uoh^_�NWM�^Z_l�bf�

imevk� agZqbl_evghc� \_ebqbgu�—�ijb�gZ]jmahqghf� khijhlb\e_gbb� ���� dHf�

Zfieblm^Z�bfimevkZ�fh`_l�^hoh^blv�^h�����f<��RbjbgZ�bfimevkZ�hij_^_ey�

_lky�\j_f_g_f�nhjfbjh\Zgby�kb]gZeZ��?keb�gZ�nhlhdZlh^�iZ^Z_l�ihlhd�d\Zg�

lh\��gZ�\uoh^_�NWM�[m^ml�\b^gu�bfimevku�hl�dZ`^h]h�nhlhwe_dljhgZ�k�rm�

fhf�f_`^m�gbfb��Ko_fZ� j_]bkljZpbb� hlj_aZ_l�rmfh\mx� qZklv� kb]gZeZ�� hk�

lZ\eyy� lhevdh� \_jomrdb� bfimevkh\�� J_]bkljZpby� ijhbkoh^bl� iml_f� kq_lZ�

wlbo�bfimevkh\� 
Ij_bfms_kl\Z�bkihevah\Zgby�NWM�\�j_`bf_�kq_lZ�nhlhgh\�ke_^mxsb_��

���ebg_cghklv�hldebdZ�\�ij_^_eZo�hl���6�bfi�k�^h���bfi�k��l�_��^bgZfbq_kdbc�

^bZiZahg���6�����\ukhdZy�lhqghklv�baf_j_gbc��hij_^_ey_fZy�klZlbklbdhc�hl�

kq_lZ��HgZ�fh`_l�khklZ\eylv��gZijbf_j� 10–6��AZf_lbf��qlh�ZgZeh]h\uc�f_lh^�

j_]bkljZpbb�g_�fh`_l�h[_ki_qblv�lhqghklv�emqr_���� 
Ijb�hilbfbaZpbb�NWM�b�ko_fu�kq_lZ�fh`gh�j_]bkljbjh\Zlv�hq_gv�keZ�

[u_�k\_lh\u_�ihlhdb�—�^h���nhlhwe_dljhgZ�aZ�iheqZkZ� 

 
 
Jbk����������Mkljhckl\h�\Zdmmfgh]h�beb�]ZahgZiheg_ggh]h�we_f_glZ��Z��b�nhlhmfgh�

`bl_ey��[����1 — nhlhdZlh^��2 —�Zgh^��3 — ̂ bgh^u 
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Ki_dljZevgZy� h[eZklv� jZ[hlu� NWM� hij_^_ey_lky� h[eZklyfb� qm\kl\b�

l_evghklb�nhlhdZlh^Z�b�ijhajZqghklb�\oh^gh]h�hdgZ��jbk���������Baemq_gb_�k�

��������gf�ih]ehsZ_lky�fZl_jbZehf�hdhg�b�\ha^mohf��<�wlhc�h[eZklb�ki_dljZ�

ijbf_gyxl� we_dljhggu_� mfgh`bl_eb� hldjulh]h� lbiZ� >����@�� gZau\Z_fu_�

lZd`_�\lhjbqgh-we_dljhggufb�mfgh`bl_eyfb��<WM���<�dZq_kl\_�dZlh^h\�\�

gbo�bkihevamxl�fZl_jbZeu��wfbkkbhggu_�oZjZdl_jbklbdb�dhlhjuo�mklhcqb�

\u�d�\ha^_ckl\bx�\ha^moZ��\�hkgh\ghf�f_lZeeu�b�s_ehqgh-]Zehb^gu_�kh_^b�
g_gby�� 

<�<WM�ihemqbeb�rbjhdh_�jZkijhkljZg_gb_�g_ij_ju\gu_�^bgh^gu_�kbkl_�

fu� �jbk�� ������ \� hlebqb_� hl� ^bkdj_lguo� kbkl_f� \�NWM��Wlh� mijhsZ_l� wdk�

iemZlZpbx�bo��g_�gm`_g�^_ebl_ev�gZijy`_gby��b�h[e_]qZ_l�fbgbZlxjbaZpbx��

>ey� mkljZg_gby� bhgghc� b� hilbq_kdhc� h[jZlguo� k\ya_c� dZgZe� <WM� ^_eZxl�

bah]gmluf��qZklh�\�\b^_�kibjZeb��Ba]b[�dZgZeZ�ij_iylkl\m_l�mkdhj_gbx�ih�

eh`bl_evguo�bhgh\�hl�Zgh^Z�dh�\oh^m�<WM��]^_�hgb�fh]ml�^Z\Zlv�we_dljhg�

gu_�eZ\bgu��\uau\Zxsb_�ihke_bfimevku��Mkbe_gb_�\�lZdbo�<WM�^hklb]Z_l�

107-108��<WM�ijbf_gyxlky�^ey�j_]bkljZpbb�nhlhgh\�k�wg_j]b_c���-����w<��� 
= 120-��gf��b�qZklbp�k�wg_j]b_c�����-���dw<�� 

 
����We_dljhggh-hilbq_kdb_�ij_h[jZah\Zl_eb 
 
We_dljhggh-hilbq_kdb_� ij_h[jZah\Zl_eb� �WHI�� —� we_dljh\Zdmmfgu_�

ijb[hju��ij_^gZagZq_ggu_�^ey�ij_h[jZah\Zgby�hilbq_kdh]h�bah[jZ`_gby�ba�

h^ghc�h[eZklb�ki_dljZ�\�^jm]mx�beb�^ey�mkbe_gby�yjdhklb�bah[jZ`_gby��<�

ijhkl_cr_f�kemqZ_�WHI�bf__l�\Zdmmfbjh\Zgguc�dhjimk�k�hdghf��gZ�dhlhjh_�

k� \gmlj_gg_c� klhjhgu� gZg_k_g�nhlhdZlh^�� ij_h[jZamxsbc� hilbq_kdh_� bah�

[jZ`_gb_� h[t_dlZ� \� we_dljhggh_��Nhlhwe_dljhgu�� knhjfbjh\Zggu_� \�ihlhd�

nhdmkbjmxsbfb� we_dljh^Zfb�� ^Zxl� we_dljhggh_� bah[jZ`_gb_� h[t_dlZ� gZ�

exfbg_kpbjmxs_f� wdjZg_�� dhlhjuc� ij_\jZsZ_l� we_dljhggh_� bah[jZ`_gb_�

kgh\Z�\�hilbq_kdh_��Yjdhklv�bah[jZ`_gby�\�h^ghf�dZkdZ^_�WHIZ�ih\urZ_lky�

\�g_kdhevdh�^_kyldh\�jZa��<�fgh]hdZkdZ^guo�WHIZo�mkbe_gb_�^hoh^bl�^h���
6. 

<� ihke_^g__� \j_fy� \� WHIZo� bkihevamxl� \kljh_ggu_� mkbebl_eb� we_d�

ljhggh]h� bah[jZ`_gby� gZ� fbdjhdZgZevguo� ieZklbgZo� �FDI�� �jbk�� �������

FDI�ij_^klZ\ey_l�kh[hc�rZc[m�^bZf_ljhf��-��kf��lhesbghc����-����ff��h[�

 
 
Jbk��������Mfgh`_gb_�we_dljhgh\�aZ�kq_l�\lhjbqghc�we_dljhgghc�wfbkkbb�\�^bgh^�

ghc�kbkl_f_�jZkij_^_e_ggh]h�lbiZ 
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jZah\Zggmx� ba� g_kdhevdbo� fbeebhgh\� kiZygguo� f_`^m� kh[hc� kl_deygguo�

fbdjhljm[hq_d�k�^bZf_ljhf�dZgZeZ���-���fdf�>����������@��DZ`^uc�dZgZe�y\�
ey_lky� fbgbZlxjguf� \lhjbqgh-we_dljhgguf� mfgh`bl_e_f� �<WM�� k� ^bgh^�
ghc�kbkl_fhc�jZkij_^_e_ggh]h�lbiZ� �jbk�� �������GZ�dhgpu�dZgZeh\�ih^Z_lky�

gZijy`_gb_�\�g_kdhevdh�khl�\hevl��b�lh]^Z�ijb�ihiZ^Zgbb�we_dljhgZ�gZ�\gml�

j_ggxx�ih\_joghklv�dZgZeZ�ijhbkoh^bl�mfgh`_gb_�qbkeZ�we_dljhgh\�\���3-
104�jZa��DZgZeu�\�FDI�g_fgh]h�gZdehg_gu�d�hkb�FDI�^ey�ij_^hl\jZs_gby�

h[jZlgh]h�ijhoh^Z�bhgh\�d�nhlhdZlh^m��Ijb�bkihevah\Zgbb�^\mo�FDI�k�gZ�

dehghf�dZgZeh\�\�jZagu_�klhjhgu� �r_\jhggh_�jZkiheh`_gb_���dZd�ihdZaZgh�

gZ�jbk�������Z��wlhl�wnn_dl�h[jZlghc�k\yab�_s_�f_gvr_��Z�mkbe_gb_�fh`_l�^h�

oh^blv�^h���8. 
GZ�jbk�������[�ijb\_^_gh�mkljhckl\h�ieZgZjgh]h�WHIZ��[_a�nhdmkbjh\Z�

gby�we_dljhggh]h�ihlhdZ�� 
WHI�fh`_l�kem`blv�i_j\uf�a\_ghf�\�l_e_\babhgghc�ZiiZjZlmj_��bkihev�

am_fhc�^ey�gZmqguo�bkke_^h\Zgbc��<�lZdhf�kemqZ_�we_dljhggh_�bah[jZ`_gb_�

gZ�\uoh^_�WHIZ�nhjfbjm_lky�gZ�ki_pbZevghf�mae_��gZagZq_gb_�dhlhjh]h�— 
aZihfgblv�wlh�bah[jZ`_gb_�b�ihwe_f_glgh�ij_h[jZah\Zlv�_]h�\�we_dljbq_kdb_�

kb]gZeu� �\b^_hkb]gZe��� Ih� keh`b\r_cky� \� l_e_\b^_gbb� l_jfbgheh]bb� wlm�

qZklv�ZiiZjZlmju�gZau\Zxl�i_j_^Zxs_c��<b^_hkb]gZe�i_j_^Z_lky�ih�dZgZem�

k\yab�h[uqgufb�jZ^bhl_ogbq_kdbfb�kj_^kl\Zfb��<�ijb_fghc�ZiiZjZlmj_�\b�

^_hkb]gZe�ijbgbfZ_lky��h[jZ[Zlu\Z_lky�b�fh`_l�[ulv�ij_h[jZah\Zg�kgh\Z�\�

hilbq_kdh_�bah[jZ`_gb_�beb�i_j_^Zg�\�dhfivxl_j�^ey�^Zevg_cr_c�h[jZ[hl�

db� 
L_e_\babhgguc� f_lh^� h[jZ[hldb� bah[jZ`_gbc� h[eZ^Z_l� hi_jZlb\gh�

klvx��iha\hey_l�jZ[hlZlv�\�j_Zevghf�fZkrlZ[_�\j_f_gb��>hklhbgkl\hf�y\ey�

_lky�lZd`_�lh��qlh�\ky�g_h[oh^bfZy�l_ogbdZ��i_j_^Zxsb_�dZf_ju��\b^_hdhg�

ljhevgu_�mkljhckl\Z�� \b^_hfZ]gblhnhgu�� ZiiZjZlmjZ�mijZ\e_gby�b�ij���oh�

 
 
Jbk��������WHIu�k�FDI��WHI�k�nhdmkbjh\dhc�we_dljhggh]h�bah[jZ`_gby��Z��b�ieZ�

gZjguc� WHI� �[��� 1 — nhdZevgZy� ih\_joghklv�� 2 —� iehkdh-\h]gmluc� \hehdhggh-
hilbq_kdbc�^bkd��3 — nhlhdZlh^��4 — ljZ_dlhjbb�we_dljhgh\��5 —�FDI��6 — exfb�
g_kpbjmxsbc�wdjZg��7 —�\uoh^ghc�\hehdhggh-hilbq_kdbc�^bkd��8 —�\oh^gh_�d\Zj�

p_\h_�hdgh�ieZgZjgh]h�WHIZ 
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jhrh�Zijh[bjh\ZgZ��<ub]jur�\�lhqghklb��qm\kl\bl_evghklb��wdkiemZlZpbhg�

gu_� m^h[kl\Z� l_e_\babhggh]h�f_lh^Z� hij_^_eyxl� _]h�rbjhdh_� ijbf_g_gb_�

^ey�gZ[ex^_gby�keZ[uo�b�[ukljhi_j_f_gguo�h[t_dlh\��gZijbf_j��\�Zkljhgh�

fbb�>���@� 
 
 

�������NHLHWE?DLJBQ?KDB?�IHEMIJH<H>GBDH<U?� 
IJB?FGBDB  
 
<gmlj_ggbc�nhlhwnn_dl�lj_[m_l�f_gvr_c�wg_j]bb�nhlhgh\��q_f�\g_r�

gbc��Wlh�hij_^_ey_l�[he__�^ebggh\hegh\mx�ki_dljZevgmx�h[eZklv�qm\kl\b�

l_evghklb�ihemijh\h^gbdh\uo�ijb_fgbdh\��Qbklu_�ihemijh\h^gbdb� qm\kl�

\bl_evgu�\�h[eZklb�ki_dljZ�hl�\b^bfhc�^h�^ebg�\heg��-��fdf��ihemijh\h^�
gbdb�k�ijbf_kyfb�—�b�\�[he__�^Ze_dhc�BD�h[eZklb� 

<�nhlhwe_dljbq_kdbo� ihemijh\h^gbdh\uo� ijb_fgbdZo� \� hkgh\ghf� bk�

ihevamxl�^\Z�\b^Z�\gmlj_gg_]h�nhlhwnn_dlZ�—�wnn_dl�nhlhijh\h^bfhklb�b�

nhlh\hevlZbq_kdbc�wnn_dl��l�_��wnn_dl�\hagbdgh\_gby�W>K�beb�lhdZ�\�p_gb��

Khhl\_lkl\_ggh� ijb_fgbdb� ^_eylky� gZ� nhlhj_abklhju� b� nhlh\hevlZbq_�

kdb_�ijb_fgbdb� Ba�ihke_^gbo�gZb[hevr__�jZkijhkljZg_gb_�ihemqbeb�nhlh�

^bh^u�[5.13]. 
 

����Nhlhj_abklhju����� 
 

Nhlhj_abklhju�ij_^klZ\eyxl�kh[hc�ieZklbgdb�ba�ihemijh\h^ys_]h�fZ�

l_jbZeZ��dhlhju_�\dexqZxl�\�p_iv�ihklhyggh]h�beb�i_j_f_ggh]h�lhdZ�ihke_�

^h\Zl_evgh� k� khijhlb\e_gb_f� gZ]jmadb� �baf_jbl_evguf� ijb[hjhf���GZijy�

`_gb_�iblZgby� khklZ\ey_l�hl� _^bgbp�^h� khl_g� \hevl��;_a�hk\_s_gby�\�p_ib�

l_q_l�keZ[uc�l_fgh\hc�lhd��ijb�hk\_s_gbb�lhd�\hajZklZ_l�aZ�kq_l�ihy\e_gby�

nhlhwe_dljhgh\��<� h[t_f_� ihemijh\h^gbdZ� ijhbkoh^bl� kha^Zgb_�nhlhwe_d�

ljhgZfb�gh\uo�ghkbl_e_c�aZjy^Z�iml_f�m^Zjghc�bhgbaZpbb��ihwlhfm�d\Zglh�

\uc�\uoh^�lZdh]h�nhlhijb_fgbdZ�fh`_l�[ulv�agZqbl_evgh�[hevr_�_^bgbpu��

<_ebqbgZ�mkbe_gby�nhlhlhdZ�aZ\bkbl�hl�ijbeh`_ggh]h�gZijy`_gby��]_hf_l�

jbb�nhlhj_abklhjZ�b�k\hckl\�_]h�fZl_jbZeZ�b�fh`_l�^hklb]Zlv��gZijbf_j��\�

CdS�agZq_gby�a��5��Ih�wlhc�ijbqbg_�qm\kl\bl_evghklv�nhlhj_abklhjh\�g_�y\�

ey_lky�lZdbf�h^ghagZqguf�iZjZf_ljhf��dZd��gZijbf_j��\Zdmmfguo�nhlhwe_�

f_glh\� 
;hevrh_�jZkijhkljZg_gb_�ihemqbeb�nhlhj_abklhju�ba�kmevnb^Z�b�k_e_�

gb^Z�dZ^fby�b�k_e_gb^Z�k\bgpZ��RbjbgZ�aZij_s_gghc�ahgu�CdS�khklZ\ey_l�
���� w<�� ihwlhfm� _]h� ^ebggh\hegh\Zy� ]jZgbpZ� qm\kl\bl_evghklb� kh]eZkgh�

�������gZoh^blky�ijb�����fdf��H^gZdh�ijb�hij_^_e_gghc�l_ogheh]bb�ba]hlh\�

e_gby�nhlhj_abklhju�ba�CdS�bf_xl�ki_dljZevgmx�oZjZdl_jbklbdm��e_`Zsmx�

\� ij_^_eZo� hl� ���� ^h� ����fdf� k�fZdkbfmfhf�ijb� ����fdf��Nhlhj_abklhj�ba�

CdSe� �rbjbgZ�aZij_s_gghc�ahgu�ûE� ����w<��qm\kl\bl_e_g�d�[he__�^ebggh�
\hegh\hfm� baemq_gbx�� fZdkbfmf� qm\kl\bl_evghklb� e_`bl� \[ebab� ���-0,8 
fdf��Nhlhj_abklhju�ba�PbS��ûE = 0,3��w<��bf_xl�^ebggh\hegh\mx�]jZgbpm�
qm\kl\bl_evghklb�ijb��� ���fdf��jbk���������E_]bjmy�ihemijh\h^gbdb�jZaebq�

gufb�ijbf_kyfb��fh`gh�kha^Zlv�ijb_fgbdb��qm\kl\bl_evgu_�d�^Zevg_c�BD�
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h[eZklb�ki_dljZ��LZd��]_jfZgbc�k�ijbf_kvx�f_^b��mjh\_gv�dhlhjhc�gZoh^blky�

gZ�jZkklhygbb������w<�gZ^�\Ze_glghc�ahghc��bf__l�^ebggh\hegh\mx�]jZgbpm�

qm\kl\bl_evghklb�hdheh����fdf� 
�����Ijbf_kgu_�nhlhj_abklhju�qm\kl\bl_evgu�d� l_ieh\hfm�baemq_gbx�hd�

jm`Zxs_c�kj_^u��Qlh[u�jZ[hqb_�mjh\gb�hklZ\Zebkv�k\h[h^gufb�^ey�hilbq_�

kdbo�i_j_oh^h\��ijb_fgbdb�ijboh^blky�hoeZ`^Zlv��Ijb_fgbdb� k�mjh\gyfb��

gZoh^ysbfbky�gZ�jZkklhygbb������w<�hl�hkgh\ghc�ahgu��^he`gu�jZ[hlZlv�ijb�

l_fi_jZlmj_�`b^dh]h�]_eby� 
Dhgp_gljZpby� Zlhfh\� ijbf_kb� \� djbklZee_� hij_^_ey_lky� jZkl\hjbfh�

klvx�ijbf_kb�\�g_f��GZijbf_j��jZkl\hjbfhklv�ahehlZ�\�]_jfZgbb�khklZ\ey_l�

\k_]h���16�Zlhfh\�gZ���kf3��\�lh�\j_fy�dZd�iehlghklv�Zlhfh\�]_jfZgby�bf__l�

ihjy^hd���22-1023�kf–3��Ihwlhfm�\�kbkl_f_�Ge[Au@�\�nhlhwnn_dl_�ijbgbfZ_l�
mqZklb_�qbkeh�Zlhfh\�gZ��-��ihjy^dh\�f_gvr_��q_f�\�qbklhf�G_��Dhwnnbpb�

_gl�ih]ehs_gby�Ge�khklZ\ey_l���3-105�kf–1��b�baemq_gb_�ih]ehsZ_lky�p_ebdhf�

\� lhgdhf� ih\_joghklghf� keh_��Dhwnnbpb_gl� ih]ehs_gby�Ge[Au@� jZ\_g� ����
kf–1��ihwlhfm� aZf_lgh_�ih]ehs_gb_�ijhbkoh^bl�ebrv�ijb�lhesbg_�ihjy^dZ�

���kf��IjZdlbq_kdb�ljm^gh�ba]hlh\blv�djbklZee�lhesbghc�[he__���kf��ihwlh�

fm� j_Zevgh�ih]ehsZ_lky�f_g__� ����iZ^Zxs_]h�baemq_gby��>ey� m\_ebq_gby�

ih]ehs_gby�ijboh^blky��gZijbf_j��bkihevah\Zlv�fgh]hdjZlgh_�ijhoh`^_gb_�

baemq_gby�q_j_a�djbklZee� 
K� mf_gvr_gb_f� l_fi_jZlmju� qm\kl\bl_evghklv� nhlhj_abklhjh\� ih\u�

rZ_lky��LZd��\�fZdkbfmf_�ki_dljZevgZy�qm\kl\bl_evghklv�hoeZ`^_ggh]h�nh�

lhj_abklhjZ�ba�InSb�khklZ\ey_l���3�<�<l��g_hoeZ`^_ggh]h���<�<l��jbk�������� 
IhklhyggZy�\j_f_gb�nhlhj_abklhjh\�hij_^_ey_lky�kdhjhklyfb�i_j_oh^�

guo�ijhp_kkh\�]_g_jZpbb�b�j_dhf[bgZpbb�ghkbl_e_c�lhdZ�b�^jm]bfb�nZdlh�

jZfb��>ey�qbkluo�ihemijh\h^gbdh\uo�nhlhj_abklhjh\�wlZ�\_ebqbgZ�khklZ\�

ey_l���–2-10–6�k��Z�^ey�ijbf_kguo�fh`_l�[ulv�f_gvr_�—�^h���–6-10–9�k� 
Hkh[_gghklvx�nhlhj_abklhjh\� y\ey_lky� g_ebg_cghklv� k\_lh\hc� oZjZd�

l_jbklbdb��Lhevdh�\�h[eZklb�hq_gv�fZeuo�k\_lh\uo�ihlhdh\����–6-10–7�<l��hl�

debd�bo�ebg__g� 
 

�����Nhlh^bh^u� 
 

KljmdlmjZ��khklhysZy�ba�ihemijh\h^gbdh\�p- b�n-lbih\�k�ijhf_`mlhq�
guf� i_j_oh^guf� keh_f� �p-n-i_j_oh^hf��� fh`_l� ij_h[jZah\u\Zlv� k\_lh\mx�
wg_j]bx�\� we_dljbq_kdmx�b�gZh[hjhl��I_j\uc�kemqZc�khhl\_lkl\m_l�ijb_f�

gbdZf�hilbq_kdh]h�baemq_gby��<lhjhc�kemqZc�—�ij_h[jZah\Zgb_�we_dljbq_�

kdhc�wg_j]bb�\�k\_lh\mx�—�hkms_kl\ey_lky�\�k\_lh^bh^Zo�b�ihemijh\h^gb�

dh\uo� eZa_jZo��GZ� jbk�� �����Z� ihdZaZgu� wg_j]_lbq_kdb_� ahgu� \� h[eZklyo� p-
lbiZ�b�n-lbiZ�ihemijh\h^gbdZ�ijb�hlkmlkl\bb�bo�dhglZdlZ��Ijb�khijbdhkgh�
\_gbb� h[eZkl_c� �jbk�� �����[�� ijhbkoh^bl� \aZbfgZy� ^bnnmaby� we_dljhgh\� b�

^ujhd�—�we_dljhgu�^bnnmg^bjmxl�ba�n-h[eZklb�\�p-h[eZklv��^ujdb�—�\�h[�

jZlghf� gZijZ\e_gbb�� <� j_amevlZl_� p-h[eZklv� aZjy`Z_lky� hljbpZl_evgh�� n-
h[eZklv�—�iheh`bl_evgh��b�\�jZchg_�i_j_oh^Z�\hagbdZ_l�we_dljbq_kdh_�ihe_�

dhglZdlghc� jZaghklb� ihl_gpbZeh\�� h[jZamxs__� ihl_gpbZevguc� [Zjv_j� U; 

[5.14]. 
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Ijb�ihiZ^Zgbb�gZ�p-n-i_j_oh^�nhlhgh\��wg_j]by�dhlhjuo�^hklZlhqgZ�^ey�
\gmlj_gg_]h�nhlhwnn_dlZ��ijhbkoh^bl�ih]ehs_gb_�k\_lZ�k�h[jZah\Zgb_f�iZ�

ju�we_dljhg�—�^ujdZ��Ih^�^_ckl\b_f�we_dljbq_kdh]h�ihey�U;�we_dljhg�i_j_�

f_sZ_lky�\�n-h[eZklv��Z�^ujdZ�\�p-h[eZklv��GZ�dhglZdlZo��ih^\_^_gguo�d�p-�b�
n-h[eZklyf��\hagbdZ_l�\_glbevgZy�nhlh-W>K�ûU. 

Hldebd� nhlhijb_fgbdZ� k� p-n-i_j_oh^hf� fh`gh� j_]bkljbjh\Zlv� ^\mfy�
kihkh[Zfb��jbk���������\�nhlh^bh^ghf�j_`bf_��dh]^Z�\h�\g_rg_c�p_ib�bf__l�

ky�bklhqgbd�lhdZ��b�\�nhlh\_glbevghf��dh]^Z�nhlhijb_fgbd�g_ihkj_^kl\_ggh�

ih^kh_^bg_g�d�baf_jbl_evghfm�ijb[hjm�b�baf_jy_lky�_]h�kh[kl\_ggZy�nhlh-
W>K��beb�nhlhlhd� 

<�nhlh^bh^ghf�j_`bf_�d�p-n-i_j_oh^m�ijbeh`_gh� aZibjZxs__�gZijy�

`_gb_��iheh`bl_evguc�ihexk�d�n-h[eZklb��hljbpZl_evguc�—�d�p-h[eZklb���<�
l_fghl_�q_j_a�nhlh^bh^�l_q_l�keZ[uc�l_fgh\hc�lhd��Ijb�hk\_s_gbb�\_ebqb�

gZ�ihl_gpbZevgh]h�[Zjv_jZ�U;�kgb`Z_lky�gZ�ûU �jbk�������\���b�lhd�\hajZklZ_l�
�jbk���������<_ebqbgZ�lhdZ�\�rbjhdbo�ij_^_eZo�ijhihjpbhgZevgZ�bgl_gkb\gh�

klb�iZ^Zxs_]h�k\_lZ�b�ijZdlbq_kdb�g_�aZ\bkbl�hl�gZijy`_gby�kf_s_gby��qlh�

\u]h^gh�hlebqZ_l�nhlh^bh^u�hl�nhlhj_abklhjh\��Ih�k\hbf�oZjZdl_jbklbdZf�

nhlh^bh^u�ih^h[gu�\Zdmmfguf�nhlhwe_f_glZf�k�\g_rgbf�nhlhwnn_dlhf� 

 
 
Jbk�������Wg_j]_lbq_kdb_�ahgu�p-�b�  n-h[eZkl_c�ihemijh\h^gbdZ�[_a�dhglZdlZ� �Z���\�
l_fghl_��[��b�gZ�k\_lm��\� 
 

 
Jbk�� ������Mkljhckl\h�nhlh^bh^Z� �Z��b� ko_fu�bkihevah\Zgby� _]h� \�^bh^ghf� � �[��b�

\_glbevghf��\��j_`bfZo 
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Ijb�hlkmlkl\bb�\g_rg_]h�gZijy`_gby��ijb�gme_\hf�kf_s_gbb��nhlh^bh^u�

jZ[hlZxl� \�nhlh\_glbevghf� j_`bf_��Nhlh^bh^guc� j_`bf� ih� kjZ\g_gbx� k�

nhlh\_glbevguf�oZjZdl_jbam_lky�emqrbf�[ukljh^_ckl\b_f��klZ[bevghklvx��

[hevrbf� ^bgZfbq_kdbf� ^bZiZahghf� ebg_cghklb� hldebdZ��ih\ur_gghc� qm\�

kl\bl_evghklvx�\�^ebggh\hegh\hc�h[eZklb��G_^hklZlhd�nhlh^bh^gh]h�j_`b�

fZ�—� l_fgh\hc� lhd� \� hlkmlkl\b_� aZk\_ldb�� ijb\h^ysbc� d� ^hihegbl_evguf�

rmfZf��aZ\bkysbf�hl�l_fi_jZlmju� 
Kj_^b�nhlhwe_f_glh\��ij_^gZagZq_gguo�^ey�jZ[hlu� lhevdh�\�nhlh\_g�

lbevghf� j_`bf_�� gZb[he__� jZkijhkljZg_gu� dj_fgb_\u_� nhlhwe_f_glu�� bk�

ihevam_fu_�\� �kheg_qguo��[ZlZj_yo�^ey�ij_h[jZah\Zgby�k\_lh\hc�wg_j]bb�\�

we_dljbq_kdmx�� b� k_e_gh\u_�� bkihevam_fu_� \� k\_lhl_ogbd_�� ihkdhevdm� bo�

ki_dljZevgZy�djb\Zy�qm\kl\bl_evghklb�[ebadZ�d�djb\hc�\b^ghklb�]eZaZ� 
Ki_dljZevgu_� oZjZdl_jbklbdb� nhlh^bh^h\� ih^h[gu� oZjZdl_jbklbdZf�

nhlhj_abklhjh\�ba�ZgZeh]bqguo�fZl_jbZeh\��gh�\�g_dhlhjhc�kl_i_gb�aZ\bkyl�

b�hl�kljmdlmjguo�hkh[_gghkl_c�nhlh^bh^Z��<�\_glbevghf�b�nhlh^bh^ghf�j_�

`bfZo� hgb� g_fgh]h� jZaebqgu��GZb[he__� jZkijhkljZg_gu�nhlh^bh^u� ba�Ge 
(0,4-����fdf��b�Si (0,4-����fdf���Bo�ki_dljZevgu_�oZjZdl_jbklbdb�ihdZaZgu�gZ�
jbk��������<�_s_�[he__�^ebggh\hegh\hc�h[eZklb���-���fdf��qm\kl\bl_e_g�nh�
lh^bh^�gZ�hkgh\_�HgCdTe��<_ebqbgZ�ijb_fghc�iehsZ^db�nhlh^bh^h\�fh`_l�

khklZ\eylv�hl�^he_c�ff2�^h�^_kyldh\�ff2��IhklhyggZy�\j_f_gb�\�aZ\bkbfhklb�

hl�^ebgu�\hegu�k\_lZ��dhgkljmdpbb�nhlh^bh^Z�b�ko_fu�_]h�\dexq_gby�fh`_l�

[ulv�\�ij_^_eZo���–5-10–10�k��Ihjh]h\Zy�qm\kl\bl_evghklv�^hklb]Z_l�\_ebqbgu�

10–14�<l�=p1/2. 

  
 
Jbk�� ������ <hevl-Zfi_jgu_� oZ-
jZdl_jbklbdb�kbkl_fu�k�p-n-i_j_oh^hf��
1 —�ijb�hlkmlkl\bb�hk\_s_gby��2 —�ijb�

keZ[hf�hk\_s_gbb��3 — ijb�[he__�kbev-
ghf� hk\_s_gbb�� IhdZaZgu� h[eZklb� jZ�

[hlu� p-n-i_j_oh^Z� dZd� nhlh^bh^Z�� k\_�
lh^bh^Z�b�EN>��<_glbevguc�j_`bf�kh�

hl\_lkl\m_l�U = 0 

 
Jbk��������D\Zglh\uc�\uoh^�dj_fgb_�

\h]h�b�]_jfZgb_\h]h�nhlh^bh^h\ 
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<_kvfZ�[ukljh^_ckl\mxsb_�nhlh^bh^u�kha^Zgu�gZ�hkgh\_�keh`guo�ih�

emijh\h^gbdh\uo�kljmdlmj�k�]_l_jhi_j_oh^Zfb�beb�gZ�hkgh\_�p-n-i_j_oh^Z��
ijbe_]Zxs_]h�d�ihemijhajZqghfm�f_lZeebq_kdhfm�kehx��q_j_a�dhlhjuc�ijh�

ba\h^blky�hk\_s_gb_��<�ihke_^g__�\j_fy�jZajZ[hlZgu�nhlh^bh^u�gZ�hkgh\_�

p-i-n-kljmdlmj��oZjZdl_jbam_fu_�hq_gv�\ukhdbf�[ukljh^_ckl\b_f��Wlb�kljmd�
lmju� kha^Zxl�iml_f�bhggh]h� \g_^j_gby�beb�^bnnmabb� k�ijhlb\hiheh`guo�

klhjhg�\�lhgdmx�ieZklbgdm��a�����ff��\ukhdhhfgh]h�ijh\h^gbdZ�k�kh[kl\_g�

ghc� �intrinsic��ijh\h^bfhklvx�Zlhfh\�ijbf_k_c�p-lbiZ�b�n-lbiZ��Ij_^_evgZy�
qZklhlZ�]_jfZgb_\h]h�j-i-i-nhlh^bh^Z�k�iehsZ^vx�i_j_oh^Z�ihjy^dZ������ff2 
\�dhZdkbZevghf�bkiheg_gbb�jZ\gZ���10�=p� 

Nhlh^bh^u�k�\gmlj_ggbf�mkbe_gb_f�nhlhlhdZ�ghkyl�gZa\Zgb_�eZ\bgguo�

nhlh^bh^h\��EN>���Hgb�jZ[hlZxl�ijb�h[jZlghf�gZijy`_gbb��[ebadhf�d�gZ�

ijy`_gbx�ijh[hy�Uijh[��jbk���������Ijb�hk\_s_gbb�EN>�ijhbkoh^bl�eZ\bgh�

h[jZagh_�gZjZklZgb_�qbkeZ�ghkbl_e_c� aZjy^Z��jZafgh`Zxsboky�iml_f�m^Zj�

ghc�bhgbaZpbb��Mkbe_gb_�nhlhlhdZ�\�EN>�fh`_l�^hklb]Zlv���2-106��GZjy^m�k�

wlbf�hgb�khojZgyxl�[ukljh^_ckl\b_��k\hckl\_ggh_�h[uqguf�nhlh^bh^Zf� 
;he__�keh`gu_�kljmdlmju�k�\gmlj_ggbf�mkbe_gb_f�kb]gZeZ�gZau\Zxlky�

nhlhljZgabklhjZfb�>����@��GZjy^m�k�jhklhf�qm\kl\bl_evghklb�m�ljZgabklh�

jh\�gZ[ex^Z_lky�m\_ebq_gb_�bg_jpbhgghklb��ihwlhfm�ijhba\_^_gb_�rbjbgu�

ihehku�gZ�dhwnnbpb_gl�mkbe_gby�hklZ_lky�lZdbf�`_��dZd�m�^bh^h\��NhlhljZg�

abklhju� oZjZdl_jbamxlky� lZd`_� [hevrbf�rmfhf�� om^r_c� klZ[bevghklvx�b�

f_gvrbf�^bZiZahghf�ebg_cghklb�hldebdZ��q_f�nhlh^bh^u� 
K\_lh^bh^u�>����@�y\eyxlky�bklhqgbdZfb�baemq_gby���l\_j^hl_evgufb�

eZfiZfb����D�p-n-i_j_oh^m�k\_lh^bh^Z�ijbeh`_gh�gZijy`_gb_�g_�\�aZihjghf��
dZd�\�kemqZ_�nhlh^bh^h\��Z�\�ijyfhf�gZijZ\e_gbb��Ijb�wlhf�q_j_a�k\_lh^bh^�

l_q_l�lhd��>ujdb�i_j_oh^yl��bg`_dlbjmxlky��\�n-h[eZklv��Z�we_dljhgu�—�\�p-
h[eZklv��h[jZamy�ba[ulhqgmx�dhgp_gljZpbx�ghkbl_e_c�lhdZ��B�\�lhc�b�\�^jm�

]hc�h[eZklyo�ijhbkoh^bl�j_dhf[bgZpby�we_dljhggh-^ujhqguo�iZj�k�hl^Zq_c�
wg_j]bb�eb[h�\�\b^_�l_ieZ��eb[h�\�\b^_�baemq_gby�nhlhgh\��?keb�\_jhylghklv�

baemqZl_evghc�j_dhf[bgZpbb�\_ebdZ��gZ[ex^Z_lky�baemq_gb_�k\_lZ�k�wg_j]b�

_c� nhlhgh\�� ijbf_jgh� jZ\ghc�rbjbg_� aZij_s_gghc� ahgu� ihemijh\h^gbdZ��

GZb[hevrmx�\_ebqbgm�dhwnnbpb_glZ�ij_h[jZah\Zgby�we_dljbq_kdhc�wg_j]bb�

\�k\_lh\mx�bf__l�Zjk_gb^�]Zeeby��^ebgZ�\hegu�baemq_gby�����-����fdf���K\_�
lh^bh^u�gZ� hkgh\_�GaP:Zn�b�GaAsP�baemqZxl� djZkguc��GaP:N —� a_e_guc��
InGaP —�`_eluc�k\_l��K\_lh^bh^u�\_kvfZ�wdhghfbqgu�dZd�bklhqgbdb�k\_lZ�
—�gZijy`_gb_�iblZgby�bo� khklZ\ey_l� ���-����<�ijb� lhd_� ���f:�beb�f_g__��
Hgb�gZoh^yl�ijbf_g_gb_�\�bg^bdZlhjZo��pbnjh\uo�b�[md\_gguo�iZg_eyo��Z�

lZd`_�\�hilhwe_dljhgbd_�^ey�kha^Zgby�mkljhckl\��\�dhlhjuo�mijZ\e_gb_�we_d�

ljbq_kdbfb�p_iyfb�hkms_kl\ey_lky�k�ihfhsvx�k\_lh\uo�kb]gZeh\��<�qZklgh�

klb��hgb�bkihevamxlky�^ey�kha^Zgby�hiljhgh\�—�ijb[hjh\��kh^_j`Zsbo�bk�

lhqgbd�k\_lZ� �k\_lh^bh^��b�ijb_fgbd� �nhlh^bh^��b�h[_ki_qb\Zxsbo�]Zev\Z�

gbq_kdmx�jZa\yadm�we_dljbq_kdbo�p_i_c� 
Ijb�hq_gv�\ukhdhc�iehlghklb�lhdZ� �ihjy^dZ�khl_g�A�kf2��\�k\_lh^bh^_�

h[jZam_lky� \ukhdZy� dhgp_gljZpby�iZj�b� \hagbdZxl�mkeh\by��[eZ]hijbylgu_�

^ey�\ugm`^_ggh]h�j_dhf[bgZpbhggh]h�baemq_gby��eZa_jghc�]_g_jZpbb�� 
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����Ihemijh\h^gbdh\u_�ijb_fgbdb�bah[jZ`_gby� 
 

H^gbf�ba�djmig_crbo�^hklb`_gbc�gZmdb�b�l_ogbdb�y\ey_lky�kha^Zgb_�ih�

emijh\h^gbdh\uo�kbkl_f�ijb_fZ�b�i_j_^Zqb�bah[jZ`_gby� >����@��Hgb�jZ[h�

lZxl�ijb�fZeuo�we_dljbq_kdbo�gZijy`_gbyo��g_�lj_[mxl�\ZdmmfZ��h[eZ^Zxl�

fZeufb�jZaf_jZfb�b�\ukhdhc�gZ^_`ghklvx��d\Zglh\uc�\uoh^�nhlhwnn_dlZ�\�

gbo� ^hoh^bl� ^h� ����� <� h^ghf�

ihemijh\h^gbdh\hf� djbklZee_�

fh]ml� kh^_j`Zlvky�b�ijb_fgbd��

b�kbkl_fZ�k[hjZ�b�i_j_^Zqb�bg�

nhjfZpbb� 
<�dhgp_���-o�]h^h\�[ue�hl�

djul� ijbgpbi� jZ[hlu� l\_j^h�

l_evguo� nhlhij_h[jZah\Zl_e_c�

k� kZfhkdZgbjh\Zgb_f�� hkgh\Zg�

guc� gZ� i_j_ghk_� ehdZebah\Zg�

gh]h� aZjy^Z� >����@�� GZ� wlhf�

ijbgpbi_� kha^Zgu� ijb[hju� k�

aZjy^h\hc� k\yavx� �IAK��� ij_^�

klZ\eyxsb_� kh[hc� h^ghf_jgmx�

beb� ^\mf_jgmx� kbkl_fm� k\_lh�

qm\kl\bl_evguo�yq__d�—�ebg_c�

db� yq__d� b�fZljbpu��<� yq_cdZo�

IAK� h[uqgh� bkihevamxl�FHI�

dhg^_gkZlhju� �f_lZee-hdbk_e- 
ihemijh\h^gbd��� khklhysb_� ba�

lhgdh]h�f_lZeebq_kdh]h�we_dljh^Z��gZg_k_ggh]h�gZ�hdbke_ggmx�ih\_joghklv�

p-dj_fgby��jbk���������?keb�d�we_dljh^m�ijbeh`_g�iheh`bl_evguc�ihl_gpbZe��
lh�hkgh\gu_�ghkbl_eb��^ujdb���\hagbdZxsb_�\�j-dj_fgbb�\�j_amevlZl_�nhlh�
wnn_dlZ��ihdb^Zxl�ijbe_]Zxsbc�d�we_dljh^m�kehc�ihemijh\h^gbdZ��<[ebab�

jZa^_eZ�hdbk_e�—�ihemijh\h^gbd�ih^�we_dljh^hf�h[jZam_lky�ihl_gpbZevgZy�

yfZ��\�dhlhjmx�kh[bjZxlky�g_hkgh\gu_�ghkbl_eb��we_dljhgu���Kdhib\rbcky�

\�yf_�aZjy^�ijhihjpbhgZe_g�bgl_gkb\ghklb�iZ^Zxs_]h�baemq_gby�b�^ebl_ev�

ghklb� wdkihgbjh\Zgby��>ey� gZ]ey^ghklb� aZjy^� \� ihl_gpbZevghc� yf_�fh`gh�

ij_^klZ\blv�\�\b^_�`b^dhklb��gZeblhc�\�khkm^� 
<� ijb[hjZo� k� aZjy^h\hc� k\yavx�FHI� dhg^_gkZlhju� jZkiheh`_gu� gZ�

h[s_f�keh_�hdbkeZ�b�gZ�h[s_c�dj_fgb_\hc�ih^eh`d_�lZd�[ebadh�^jm]�d�^jm]m��

qlh�bo�ihl_gpbZevgu_�yfu�khijbdZkZxlky��AZjy^�fh`_l�i_j_l_dZlv�\�gZb[h�

e__� ]em[hdmx� yfm�� l�_�� lm^Z�� ]^_� \ur_� agZq_gb_�ihl_gpbZeZ��I_j_^\b`_gb_�

aZjy^h\� \^hev� kljmdlmju� ijhbkoh^bl� ih� ijbgpbim� �ih`Zjghc� p_ihqdb��— 
lZd�\�klZjbgm�i_j_^Z\Zeb�\_^jZ�k�\h^hc�gZ�ih`Zj_��JZkkfhljbf�i_j_ghk�aZjy�

^h\�ijb�lj_olZdlghf�iblZgbb�we_dljh^h\��GZ�jbk�������ihdZaZgu�ljb�yq_cdb�

IAK��k�lj_fy�FHI�dhg^_gkZlhjZfb�dZ`^Zy��b�rbgu��d�dhlhjuf�ih^kh_^bg_�

gu�we_dljh^u��<�j_`bf_�ojZg_gby�aZjy^Z��jbk�������Z��gZ�we_dljh^u�1, 4 b�7 
ih^Zg�g_[hevrhc�ihl_gpbZe�V2 . Ijb�ih^Zq_�gZ�we_dljh^u�2, 5 b�8 [he__�\u�
khdh]h� ihl_gpbZeZ� V3 aZjy^u� i_j_l_dZxl� \� [he__� ]em[hdb_� ihl_gpbZevgu_�

 
 
Jbk�� ������ FHI� dhg^_gkZlhj� �ihi_j_qgh_�

k_q_gb_� 
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yfu� ih^� wlb� we_dljh^u� �jbk�� �����[���Ihke_� wlh]h� kgh\Z� \dexqZ_lky� j_`bf�

ojZg_gby��jbk�������\�]���Z�aZl_f�\k_�ijhp_kku�ih\lhjyxlky��AZjy^u�ihhq_j_^�

gh�^hoh^yl�^h�djZy�kbkl_fu��]^_�ijhbkoh^bl�bo�\u\h^� 
;he__�m^h[guf�y\ey_lky�jZa^_e_gb_�k\_lhqm\kl\bl_evguo�b�kqblu\Zx�

sbo�we_f_glh\��Ijb�wdkihgbjh\Zgbb�\�k\_lhqm\kl\bl_evguo�we_f_glZo�gZdZ�

 
 
Jbk��������Ko_fZ�i_j_ghkZ�aZjy^Z�\�IAK�k�lj_olZdlguf�mijZ\e_gb_f��Z��ojZg_gb_�aZ�

jy^Z�\�yq_cdZo�1, 4, 7��[��i_j_ghk�aZjy^h\��\��ojZg_gb_�aZjy^h\�\�yq_cdZo�2, 5, 8��]��
ih^]hlh\dZ�d�ke_^mxs_fm�i_j_ghkm�aZjy^Z��Ihl_gpbZeu�V1< V2 < V3 
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ieb\Z_lky� h[jZam_fuc�iZ^Zxsbfb�nhlhgZfb� aZjy^�� aZl_f�hldju\Z_lky� ki_�

pbZevguc�aZl\hj��b�\k_�aZjy^u�i_j_oh^yl�\�gZoh^ysbcky�jy^hf�kqblu\Zxsbc 
j_]bklj��Ihke_� wlh]h� aZl\hj� aZibjZ_lky�� b� kgh\Z� b^_l� gZdhie_gb_� aZjy^Z� \�

k\_lhqm\kl\bl_evguo� we_f_glZo�� Z� bgnhjfZpby� ba� kqblu\Zxs_]h� j_]bkljZ�

l_f�\j_f_g_f�\u\h^blky�q_j_a�\uoh^gh_�mkljhckl\h��GZb[he__�rbjhdh�jZk�

ijhkljZg_gu�nhlh^bh^gu_�ebg_cdb��\�dhlhjuo�k\_lhqm\kl\bl_evgufb�yq_c�

dZfb�y\eyxlky�nhlh^bh^u��Z�^ey�kqblu\Zgby�ijbf_g_g�ijbgpbi�i_j_ghkZ�aZ�

jy^Z��Qbkeh�yq__d�\�gbo�khklZ\ey_l�[he__�lukyqb�ijb�^ebg_�\k_c�ebg_cdb�ih�

jy^dZ����ff�>����@� 
>\mf_jgu_� ijb_fgbdb� bah[jZ`_gby� �fZljbpu�� bf_xl� ^h\hevgh� keh`�

gmx� hj]ZgbaZpbx�i_j_ghkZ� aZjy^Z�b� kqblu\Zgby� >���@��GZb[hevr__� jZkijh�

kljZg_gb_�ihemqbeb�fZljbpu�k�qbkehf�yq__d�ihjy^dZ��������\uiheg_ggu_�gZ�

djbklZee_� dj_fgby� jZaf_jhf� ijbf_jgh� ��� × 15 ff2�� K\_lhqm\kl\bl_evgu_�

yq_cdb�\�lZdbo�ijb_fgbdZo�bf_xl�jZaf_ju�hl����× 30 ̂ h�15 × 15 fdf2. 
QZklhlgh-dhgljZklgZy�oZjZdl_jbklbdZ�IAK�ba-aZ�bo�^bkdj_lghc�kljmdlm�

ju�fh`_l�bf_lv�hljbpZl_evgu_�h[eZklb��GZb\ukrZy�ijhkljZgkl\_ggZy�qZklh�

lZ�� dhlhjZy� fh`_l� [ulv� aZj_]bkljbjh\ZgZ� [_a� bkdZ`_gbc�� jZ\gZ� iheh\bg_�

ijhkljZgkl\_gghc�qZklhlu�jZkiheh`_gby�we_f_glh\��Ijb�[he__�\ukhdbo�qZk�

lhlZo�bah[jZ`_gb_�fh`_l�h[jZsZlvky�—�q_jgu_�ihehku�fh]ml�klZlv�k\_leu�

fb��b�gZh[hjhl� 
G_^hklZldhf�IAK� y\ey_lky� bo� gbadZy� ihf_ohmklhcqb\hklv��FZe_gvdb_�

iZd_lu� aZjy^h\� ���4-106� we_dljhgh\��ijb� k\h_f�i_j_^\b`_gbb�ih� kljmdlmj_ 
bkiulu\Zxl� ihl_jb� �aZjy^� �jZkie_kdb\Z_lky���� <� j_amevlZl_� \hagbdZ_l� ^h�

ihegbl_evguc�rmfh\hc�kb]gZe�—�rmf�kqblu\Zgby��?keb�baf_j_gbx�ih^e_�

`bl�keZ[uc�k\_lh\hc�ihlhd�iehlghklvx�ihjy^dZ�khl_g�d\Zglh\�gZ�yq_cdm�aZ�

\j_fy�gZdhie_gby�aZjy^Z��ij_^ihqlbl_evg__�WHIu��jbk�������Z���<�gbo�aZ�kq_l�

nhdmkbjh\db� imqdZ� b� mkdhj_gby� we_dljhgh\� we_dljbq_kdbf� ihe_f� kb]gZe� \�

p_ehf�hdZau\Z_lky�f_g__�ih^\_j`_gguf�rmfZf��Ihwlhfm�ijb�gbadbo�ihjh�

]Zo�hk\_s_gghklb� \u]h^g__�ihevah\Zlvky�nhlhwfbkkbhggufb�ijb_fgbdZfb��

g_kfhljy�gZ�lh��qlh�d\Zglh\uc�\uoh^�\g_rg_]h�nhlhwnn_dlZ�khklZ\ey_l�\k_�

]h���§�����ih�kjZ\g_gbx�k���§�����^ey�IAK� 
*                   * 

* 
Ijb_fgbdb� baemq_gby� b]jZxl� j_rZxsmx� jhev� \h�fgh]bo�nbabq_kdbo�

wdki_jbf_glZo�b�\�l_ogbd_��GZ�hkgh\_�ijb_fgbdh\��djZldh�hibkZgguo�\�^Zg�

ghc� ]eZ\_��bkihevamxlky�jZaebqgu_�f_lh^u�j_]bkljZpbb�baemq_gby� �]_l_jh�

^bgguc�� hilh]Zev\Zgbq_kdbc� b� ^j���� baeZ]Z_fu_� \� ki_pbZevghc� ebl_jZlmj_��

IjZ\bevguc� \u[hj� dZd� ijb_fgbdZ�� lZd� b� f_lh^Z� j_]bkljZpbb� baemq_gby� \�

agZqbl_evghc�f_j_�hij_^_ey_l�mki_o�\�j_r_gbb�aZ^Zq��klhysbo�i_j_^�wdki_�

jbf_glZlhjhf�beb�jZajZ[hlqbdhf�hilbdh-we_dljhgghc�ZiiZjZlmju� 
 
<HIJHKU 
 
���DZdh\� oZjZdl_jguc� \b^� ki_dljZevghc� qm\kl\bl_evghklb� l_ieh\uo� b�

nhlhgguo�ijb_fgbdh\�baemq_gby" 
���Nhlhgguc�rmf�—�\�dZdhc�h[eZklb�ki_dljZ�ij_h[eZ^Z_l" 
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���DZdb_�h]jZgbq_gby�\hagbdZxl�ba-aZ�bg_jpbhgghklb�ijb_fgbdh\�baem�
q_gby" 

���DZdmx�bgnhjfZpbx�^Z_l�qZklhlgh-dhgljZklgZy�oZjZdl_jbklbdZ" 
���Ijb\_^bl_�b�ihykgbl_�djb\u_�ki_dljZevghc�qm\kl\bl_evghklb�nhlh�

wfmevkbc� 
���DZdb_�lbiu�l_ieh\uo�ijb_fgbdh\�ijb]h^gu�^ey�j_]bkljZpbb�ihklh�

yggh]h�\h�\j_f_gb�k\_lh\h]h�ihlhdZ" 
���DZdb_� lbiu� l_ieh\uo�ijb_fgbdh\�j_]bkljbjmxl� lhevdh�ijhfh^meb�

jh\Zgguc�kb]gZe" 
���<�q_f�]eZ\gh_�hlebqb_�ibjhwe_dljbq_kdbo�ijb_fgbdh\�hl�ijhqbo�l_�

ieh\uo" 
���Ijb\_^bl_�b�ihykgbl_�lbibqgu_�djb\u_�ki_dljZevghc�qm\kl\bl_evgh�

klb�nhlhdZlh^h\� 
����Qlh�lZdh_��kheg_qgh-ke_ihc��nhlhdZlh^"�  
����<�q_f�jZaebqb_�NWM�b�<WM" 
���� DZdb_� ij_bfms_kl\Z� ^Z_l� ijbf_g_gb_� fbdjhdZgZevguo� ieZklbg�

�FDI��\�we_dljhggh-hilbq_kdbo�ij_h[jZah\Zl_eyo" 
����DZd�f_gy_lky�djb\Zy�ki_dljZevghc�qm\kl\bl_evghklb�nhlhj_abklhjh\�

k�baf_g_gb_f�jZ[hq_c�l_fi_jZlmju�b�ihq_fm" 
����<�q_f�khklhbl�jZaebqb_�nhlh^bh^Z�b�k\_lh^bh^Z" 
����DZdb_�ijb_fgbdb�\u]h^g__�^ey�j_]bkljZpbb�hq_gv�keZ[uo�bah[jZ`_�

gbc" 
����<�q_f�khklhbl�ijbgpbi�jZ[hlu�ijb[hjh\�k�aZjy^h\hc�k\yavx" 
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= e Z \ Z � �  
 

NBEVLJ:PBY�HILBQ?KDH=H�BAEMQ?GBY 
 
 
 

§������G:AG:Q?GB?�B�O:J:DL?JBKLBDB�NBEVLJH< 
����������HILBQ?KDH=H�BAEMQ?GBY 
 
<� wdki_jbf_glZevghc� jZ[hl_� qZklh� \hagbdZ_l� g_h[oh^bfhklv� hlnbevl�

jh\Zlv� �\u^_eblv�� ba� rbjhdh]h� ki_dljZ� baemq_gby� g_dhlhjuc� mqZklhd� g_�

[hevrhc� rbjbgu� �ihehkm�� beb� mkljZgblv� �hlj_aZlv�� hij_^_e_ggmx� qZklv�

ki_dljZ��f_rZxsmx�\�baf_j_gbyo��>ey� wlbo�p_e_c�bkihevamxl�nbevlju�— 
\oh^gu_�beb�\uoh^gu_�mkljhckl\Z�hilbq_kdbo�kbkl_f��dZd�ijhkl_crb_��lZd�b�

\_kvfZ�keh`gu_� �\�ijbgpbi_�nbevljZfb�y\eyxlky�b�ki_dljZevgu_�ijb[hju��

dhlhjuf�ihk\ys_gu�]e���-10).  
Ih�\b^m�ki_dljZevghc�oZjZdl_jbklbdb�nbevlju�jZa^_eyxlky�gZ�ihehkh�

\u_�b�hlj_aZxsb_� �jbk������Z,[���IZjZf_ljZfb�ihehkh\h]h�nbevljZ�y\eyxlky�
ijhajZqghklv�\�fZdkbfmf_�Lmax��jZ[hqZy�^ebgZ�\hegu�λ0, rbjbgZ�ihehku�δλ  
gZ�iheh\bg_�fZdkbfZevghc�ijhajZqghklb��ijhajZqghklv�Ln�aZ�ij_^_eZfb�ih�

ehku� �nhg�� b� dhgljZklghklv�� \ujZ`Z_fZy� hlghr_gb_f� Lmax/Ln�� <_ebqbgZ�

λ0/δλ �� ij_^klZ\eyxsZy� kh[hc� ^h[jhlghklv�nbevljZ�� \� ijhkl_crbo� kemqZyo�

khklZ\ey_l���–�����<�ijbf_g_gbb�d�ki_dljZevguf�ijb[hjZf \_ebqbgm�λ0/δλ  

gZau\Zxl�jZaj_rZxs_c�kihkh[ghklvx��jZaj_rZxs_c�kbehc��>ey�kj_^gbo�b�

ohjhrbo�ih�jZaj_r_gbx�ki_dljZevguo�ijb[hjh\�lbibqgu�agZq_gby�λ0/δλ  = 
=103-105

��^ey�ki_dljZevguo�ijb[hjh\�\ukhdhc�jZaj_rZxs_c�kbeu�— 105-107. 
F_lh^Zfb�g_ebg_cghc�ki_dljhkdhibb�^hklb]Zxl�jZaj_r_gby�_s_�gZ��–��ih�
jy^dh\� \ur_�� <h� fgh]bo� kemqZyo� nbevljmxsb_� mkljhckl\Z� ^he`gu� h[_k-

 
 
Jbk���������Ki_dljZevgu_�oZjZdl_jbklbdb�ihehkh\h]h��Z��b�hlj_aZxs_]h��[���nbevljh\ 
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i_qb\Zlv�i_j_^\b`_gb_��kdZgbjh\Zgb_��\u^_ey_fh]h�mqZkldZ�δλ �hlghkbl_ev�

gh�ki_dljZ� 
>ey�hlj_aZxsbo�nbevljh\� �jbk������[��djhf_�^ebgu�\hegu�i_j_oh^Z�hl�

ijhajZqghklb� d� g_ijhajZqghklb� \Z`ghc� \_ebqbghc� y\ey_lky� djmlbagZ� ki_d�

ljZevghc�oZjZdl_jbklbdb��Hlj_aZxsb_�nbevlju�rbjhdh�bkihevamxl�^ey�mkl�

jZg_gby�f_rZxs_]h� dhjhldh\hegh\h]h� baemq_gby�� Z� lZd`_� \� dhf[bgZpbb� k�

^jm]bfb�nbevljZfb��gZijbf_j�bgl_jn_j_gpbhggufb��kf��������� 
Nbevlju��ij_^gZagZq_ggu_�^ey�hkeZ[e_gby�baemq_gby��Z�g_�^ey�_]h�fh�

ghojhfZlbaZpbb��oZjZdl_jbamxl�hilbq_kdhc�iehlghklvx��D = –lgT. 
Ih�ijbgpbim�^_ckl\by�nbevljmxsb_�mkljhckl\Z�^_eylky�gZ�^\_�]jmiiu��

<�i_j\hc� ]jmii_�ij_^klZ\e_gu�ih]ehsZxsb_� �Z[khj[pbhggu_�� k\_lhnbevl�

ju��Ih]ehs_gb_�baemq_gby�fh`_l�ijb\h^blv�d�g_`_eZl_evghfm�gZ]j_\m�b�d�

nhlhobfbq_kdbf� b� f_oZgbq_kdbf� ij_\jZs_gbyf�� ihwlhfm� ih]ehsZxsb_�

nbevlju�ke_^m_l�h[_j_]Zlv�hl�baebrg_]h�h[emq_gby��>_ckl\b_�nbevljh\�\lh-
jhc�]jmiiu�hkgh\Zgh�gZ�ijhkljZgkl\_gghf�i_j_jZkij_^_e_gbb�baemq_gby�aZ�

kq_l�^bki_jkbb��hljZ`_gby��jZkk_ygby��^bnjZdpbb��bgl_jn_j_gpbb��OZjZdl_�

jbklbdb�wlbo�nbevljh\�\�[hevrbgkl\_�djblbqgu�d�gZijZ\e_gghklb�k\_lh\h]h�

ihlhdZ��>ey�h[_ki_q_gby�ohjhrbo�iZjZf_ljh\�lZdb_�nbevlju�jZkiheZ]Zxl�ih�

\hafh`ghklb�\�iZjZee_evghf�imqd_�emq_c� 
 
 
§������K<?LHNBEVLJU�G:�HKGH<?�Y<E?GBC�IH=EHS?GBY� 

�������������������>BKI?JKBB��IJ?EHFE?GBY��HLJ:@?GBY 
 
����Ih]ehsZxsb_�k\_lhnbevlju 
 

;eZ]h^Zjy�ijhklhl_�ba]hlh\e_gby�b�m^h[kl\m�bkihevah\Zgby�ih]ehsZx�

sb_�k\_lhnbevlju�rbjhdh�jZkijhkljZg_gu��H[uqgh�wlh�hdjZr_ggu_�kl_deZ��

ieZklbgu��ie_gdb��jZkl\hju�b�l�i��?keb�bklhqgbd�baemq_gby�bf__l�ki_dlj�k�

g_[hevrbf�qbkehf�ebgbc��Z[khj[pbhggu_�nbevlju�fh]ml�\u^_eblv�h^gm�ba�

gbo��GZijbf_j��kms_kl\m_l�klZg^Zjlguc�gZ[hj�kl_deyggh-`_eZlbgh\uo�k\_�
lhnbevljh\��k�ihfhsvx�dhlhjuo�fh`gh�\u^_eylv�hl^_evgu_�ebgbb�jlmlgh]h�

ki_dljZ� >���@��Bf_xlky�lZd`_�gZ[hju�p\_lguo�kl_dhe� >��������@��dhlhju_�fh�

]ml�[ulv�bkihevah\Zgu�\�dZq_kl\_�k\_lhnbevljh\��P\_lgu_�kl_deZ�h[hagZqZ�

xlky� \� khhl\_lkl\bb� kh� ki_dljZevghc�

h[eZklvx� ijhajZqghklb�� mevljZnbhe_-
lh\u_�–�MNK��nbhe_lh\u_�–�NK��kbgb_�– 
KK�� kbg_-a_e_gu_�–�KAK�� a_e_gu_�–� AK��
`_elh-a_e_gu_� –� @AK�� `_elu_� –� @K��

hjZg`_\u_�–�HK��djZkgu_�–�DK��bgnjZ�
djZkgu_� –�BDK�� imjimjgu_� –�IK�� g_c�
ljZevgu_�–�GK��l_fgu_�–�LK�b�[_eu_�– 
;K��;_eu_�k\_lhnbevlju��ba]hlh\e_ggu_�

ba� m\bhe_\uo� kl_dhe� jZaebqguo� khjlh\��

ijhajZqgu� \� mevljZnbhe_lh\hc� h[eZklb�

ki_dljZ�� Djb\u_� ijhajZqghklb� fgh]bo�

p\_lguo�kl_dhe�ijb\_^_gu�\�>�@� 

 
 
Jbk�� ����� IjhajZqghklv� l_iehaZ-
sblguo�`b^dhklguo�nbevljh\��\h^Z��

d = �� kf� ����� ����-c�jZkl\hj�oehjb�
klhc�f_^b��d  ��kf���� 
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<�dZq_kl\_�l_iehaZsblguo�nbevljh\��mkljZgyxsbo�BD�baemq_gb_��fh`�

gh� bkihevah\Zlv� kl_deyggu_� k\_lhnbevlju�KAK��BD�baemq_gb_� ohjhrh�ih�

]ehsZ_lky�\h^hc�b�g_dhlhjufb�jZkl\hjZfb� �jbk�� ������Hkh[_ggh�m^h[gh�bk-
ihevah\Zlv�\�l_iehaZsblghf�nbevlj_�ijhlhqgmx�\h^m��qlh�h[_ki_qb\Z_l�lZd�

`_�lj_[m_fuc�l_iehhl\h^��@b^dhklgu_�ih]ehsZxsb_�nbevlju�m^h[gu�l_f��

qlh�fh]ml�[ulv�ba]hlh\e_gu�g_ihkj_^kl\_ggh�\�eZ[hjZlhjbyo�ba�ih^oh^ysbo�

obfbq_kdbo�kh_^bg_gbc� 
>ey�bkdexq_gby�\b^bfh]h�baemq_gby�b�ijhimkdZgby�bgnjZdjZkgh]h�bk�

ihevamxl�kl_deZ�BDK��hdjZr_ggu_�kheyfb�\bkfmlZ��dZ^fby�b�kmjvfu��=jZ�

gbpZ�ijhajZqghklb�lZdbo�nbevljh\��λ  ≈ ���fdf��hij_^_ey_lky�ijhimkdZgb_f�
kl_deZ�� <� [he__� ^Ze_dhc� BD� h[eZklb� ijhajZqgu� kl_deZ�� hlebqZxsb_ky� hl�

h[uqguo� kbebdZlguo� kl_dhe� hlkmlkl\b_f� dj_fgby� beb� dbkehjh^Z�� ihebd-
jbklZeebq_kdb_� d_jZfbdb�� Z� lZd`_� ihemijh\h^gbdb� b� djbklZeeu�� Djb\u_�

ijhajZqghklb�g_dhlhjuo�\_s_kl\�ijb\_^_gu�\�]e�����H[rbjgmx�bgnhjfZpbx�

hlghkbl_evgh� ba]hlh\e_gby� b� bkihevah\Zgby� ih]ehsZxsbo� k\_lhnbevljh\�

fh`gh�gZclb�\�>���������-1.6; 6.2; 6.3]. 
 
����F_lh^�nhdZevghc�baheypbb 
 

<�hkgh\_�^_ckl\by�k\_lhnbevljh\��bkihevamxsbo�f_lh^�nhdZevghc�bah�

eypbb��e_`bl�y\e_gb_�ojhfZlbq_kdhc�Z[_jjZpbb��Hkh[_ggh�jZaebqZxlky�ih�

dZaZl_eb�ij_ehfe_gby�ih�h[_�klhjhgu�hl�ihehku�ih]ehs_gby��kf��]e������Bk�

ihevamy��gZijbf_j��d\Zjp_\mx�ebgam��fh`gh�hl^_eblv�^ebggh\hegh\h_�baem�

q_gb_� �λ � !� ���fdf��hl�dhjhldh\hegh\h]h� �jbk�� �����Z���>ebggh\hegh\h_�BD�

 
 
Jbk�������Ko_fZ�^_ckl\by�ebgah\h]h�k\_lhnbevljZ� �nbevljZ�<m^Z�� �Z��b�nhdZevgh]h�

fhghojhfZlhjZ� �[���1 — bklhqgbd�k\_lZ��2 —�wdjZg�k�hl\_jklb_f��3 — ebgaZ��4 — 
bah[jZ`_gb_�bklhqgbdZ� \� dhjhldh\hegh\uo� emqZo��5 —�g_ijhajZqguc� wdjZg��6 — 
\oh^gh_�hl\_jklb_ 
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baemq_gb_�bklhqgbdZ�1�nhdmkbjm_lky�gZ�hl\_jklbb�wdjZgZ�2 \[ebab�ebgau�3 
�ihdZaZl_ev�ij_ehfe_gby�d\ZjpZ�^ey� λ � !� ���fdf�ij_\urZ_l� ����<b^bfh_�b�

[eb`g__�BD�baemq_gb_�\ke_^kl\b_�f_gvr_c�\_ebqbgu�ihdZaZl_ey�ij_ehfe_�

gby�d\ZjpZ��n ≈ ������nhdmkbjm_lky�^Zevr_��\�lhqd_�4��Z�\�iehkdhklb�wdjZgZ�2 
^Z_l�rbjhdh_�hk\_s_ggh_�iylgh��G_ijhajZqguc�wdjZg�5 bkdexqZ_l�ihiZ^Zgb_�
\�hl\_jklb_�ijyfuo�dhjhldh\hegh\uo�emq_c� 

GZ� wlhf� `_� y\e_gbb� hkgh\Zgh� ^_ckl\b_� nhdZevguo� fhghojhfZlhjh\�

�jbk������[���<�h[eZklb�\uoh^gh]h�hl\_jklby�ijb[hjZ�h[jZam_lky�ki_dlj��\uly�

gmluc�\�ihehkm�ih�gZijZ\e_gbx�hilbq_kdhc�hkb��Kd\hav�\uoh^gh_�hl\_jklb_�

gZbemqrbf�h[jZahf�ijhoh^bl�baemq_gb_�lhc�^ebgu�\hegu��^ey�dhlhjhc�bah�

[jZ`_gb_� \oh^gh]h� hl\_jklby� kh\iZ^Z_l� k� \uoh^guf��Kbff_ljbqguf�i_j_�

f_s_gb_f�h[_bo�ebga�fhghojhfZlhj�fh`_l�[ulv�i_j_kljh_g�^ey�\u^_e_gby�

^jm]hc� ^ebgu� \hegu� ki_dljZ��FhghojhfZlbqghklv� \u^_ey_fh]h� baemq_gby�

aZ\bkbl�hl�jZaf_jh\�\oh^gh]h�b�\uoh^gh]h�hl\_jklbc��Ijb�^bZf_ljZo�hl\_j�

klbc����-����ff��h[_ki_qb\Zxsbo�^hklZlhqgmx�\_ebqbgm�ijhoh^ys_]h�kd\hav�

gbo� k\_lh\h]h� ihlhdZ�� nhdZevguc� fhghojhfZlhj� \u^_ey_l� h[eZklv� ki_dljZ�

ijbf_jgh����gf��λ0/δλ  ≈  50). 
 
����>bki_jkbhggu_�k\_lhnbevlju� 
 

>bki_jkbhgguc� k\_lhnbevlj� ij_^klZ\ey_l� kh[hc� kehc�� khklhysbc� ba�

f_edbo�qZklbq_d�dZdh]h-eb[h�\_s_kl\Z��\a\_r_gguo�\�^jm]hf�\_s_kl\_��?keb�

djb\u_�^bki_jkbb�wlbo�^\mo�\_s_kl\�i_j_k_dZxlky�ijb�g_dhlhjhc�^ebg_�\he�

gu�λ0 �jbk��������baemq_gb_�wlhc�^ebgu�\hegu�ijhoh^bl�q_j_a�kehc��dZd�q_j_a�

 

 

Jbk�� ����� MqZkldb� djb\uo� ^bki_jkbb�

^\mo� \_s_kl\�� khklZ\eyxsbo� k\_lh�

nbevlj� �Z),� b� djb\Zy� _]h� ijhimkdZgby�
([��� RbjbgZ� ihehku� ijhimkdZgby� δλ  
l_f�f_gvr_��q_f�[hevr_�m]he�Θ �i_j_k_-
q_gby�djb\uo�^bki_jkbb� 

Jbk�� ����� Djb\u_� ijhimkdZgby� ^bki_j�

kbhgguo� k\_lhnbevljh\� �djbklZee–
djbklZee��>���@: 
1 – SiO2–KCl;         2 – BaSO4–NaCl; 
3 – Al2O3–KCl;       4 – CaWO4–KBr; 
5 – PbMoO4–KCl;  6 – PbF2–KI; 
7 – PbF2–KBr;         8 – PbF2–KCl; 
9 –  ZnS–KI;         10 – InP–CsI; 
11 – ZnSe–CsI;    12 – ZnSe–KI 
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h^ghjh^gh_�\_s_kl\h��Baemq_gb_�^jm]bo�^ebg�\heg�jZkk_b\Z_lky��Wlh�y\e_�

gb_�[ueh�\i_j\u_�aZf_q_gh�b�bkihevah\Zgh�OjbklbZgk_ghf��\�k\yab�k�q_f�ih�

^h[gu_�nbevlju�qZklh�gZau\Zxl�_]h�bf_g_f� 
NhjfZ� ihehku� ijhimkdZgby� nbevljZ� aZ\bkbl� hl� djmlbagu� i_-

j_k_dZxsboky� djb\uo� ^bki_jkbb�� Z� lZd`_� hl� jZaf_jh\� qZklbp��GZbemqrb_�

oZjZdl_jbklbdb� nbevljh\� ihemqZxlky�� _keb� djb\u_� ^bki_jkbb� qZklbq_d� b�

kj_^u�bf_xl�\�lhqd_�i_j_k_q_gby�kbevgh�jZaebqZxsb_ky�gZdehgu��Z�jZaf_ju�

qZklbq_d� kjZ\gbfu� k�^ebghc� \hegu��<_ebqbgZ�λ0/δλ �^ey�nbevljh\� k�djmlh�

i_j_k_dZxsbfbky�djb\ufb�^bki_jkbb�dhfihg_gl�fh`_l�^hoh^blv�^h�����H^�

gZdh�\�[hevrbgkl\_�kemqZ_\�wlZ�\_ebqbgZ�khklZ\ey_l��–10. 
<� dZq_kl\_� ^bki_jkbhgguo�nbevljh\� lbiZ� �djbklZee�—� \ha^mo��� �djb�

klZee�—�`b^dhklv����djbklZee�—�djbklZee���jbk�������fh]ml�[ulv�bkihevah\Z�

gu� kf_kb� kZfuo� jZaghh[jZaguo� dhfihg_gl��Nbevlju� �djbklZee�—� \ha^mo��

ijb]hlZ\eb\Zxl��hkZ`^Zy�\_s_kl\h�\�\b^_�ihjhrdZ�gZ�ih^eh`dm�ba�fZl_jbZ�

eZ�� ijhajZqgh]h� \� ^Zgghc� h[eZklb� ki_dljZ�� Ihke_� hkZ`^_gby� ih^eh`dZ� k�

hkZ^dhf�\ukmrb\Z_lky��K\_lhnbevlju�lbiZ��djbklZee�—�\ha^mo��bf_xl�ih�

ehkm�ijhajZqghklb�\�g_ihkj_^kl\_gghc�[ebahklb�hl�j_ahgZgkghc�qZklhlu�ih�

]ehs_gby� \_s_kl\Z�� ]^_� ihdZaZl_ev� ij_ehfe_gby� bkihevam_fh]h� \_s_kl\Z�

ijbgbfZ_l� agZq_gb_� i�   ���Ih]ehs_gb_� \� wlhf� mqZkld_� ki_dljZ� klZgh\blky�

aZf_lguf�b�\�lhgdbo�kehyo��Ihwlhfm�lZdb_�nbevlju�ijboh^blky�^_eZlv�lhe�

sbghc�g_�[he__�����fdf��Djb\u_�^bki_jkbb�fgh]bo�\_s_kl\�i_j_k_dZxlky�k�

ebgb_c�i� ���ih^�m]ehf��[ebadbf�d������ihwlhfm�nbevljmxsb_�k\hckl\Z�lZdbo�

k\_lhnbevljh\�hdZau\Zxlky�ohjhrbfb� 
<� k\_lhnbevljZo� �djbklZee� —� `b^dhklv�� ihjhrhd� djbklZeebq_kdh]h�

\_s_kl\Z��hkZ`^_gguc�gZ�ih^eh`dm��aZeb\Zxl�ih^oh^ys_c�`b^dhklvx��KK�4, 
KS2���<�wlhf�kemqZ_�ijb�ba]hlh\e_gbb�^he`gZ�[ulv�h[_ki_q_gZ�]_jf_lbqghklv�

nbevljZ� 
GZb[he__�m^h[gufb�b�ijhqgufb�y\eyxlky�nbevlju�lbiZ� �djbklZee�— 

djbklZee�� >���@�� Wlb� nbevlju� ba]hlZ\eb\Zxl� kij_kkh\u\Zgb_f� h^ghjh^ghc�

kf_kb�ihjhrdh\�^\mo�djbklZeebq_kdbo�\_s_kl\�\�\Zdmmf_�ih^�[hevrbf�^Z\�

e_gb_f� 
Kms_kl\_ggmx�jhev�b]jZ_l�\u[hj�f_klZ�jZkiheh`_gby�nbevljZ�\�k\_lh�

\hf�imqd_��<_ebqbgZ�jZkk_yggh]h�baemq_gby��^Zxs_]h�nhg�\�ki_dlj_��aZ\bkbl�

hl�m]eZ�ϕ  �jbk��������ih^�dhlhjuf�ba�lhqdb��gZoh^ys_cky�\�iehkdhklb�nbevl�

jZ�� \b^gh� hl\_jklb_�ijb_fgbdZ�beb�ihke_^mxs_c� hilbq_kdhc� kbkl_fu� �gZ�

ijbf_j��\oh^gZy�s_ev�ki_dljZevgh]h�ijb[hjZ���Nhg�\�ki_dlj_�fbgbfZe_g��_k�

eb�nbevlj�jZkiheh`_g�\�iZjZee_evghf�imqd_�emq_c� 
>ey� ijbf_jZ� gZ� jbk�� ���� ihdZaZgu� djb\u_� ijhajZqghklb� k\_lhnbevljZ�

LiF —� \ha^mo� ijb� jZaebqghf� jZkiheh`_gbb� _]h� \� ki_dljZevghf�ijb[hj_�b�

ki_dlju� ijhims_ggh]h� nbevljhf� baemq_gby�� <b^gh�� qlh� g_[eZ]hijbylgh_�

jZkiheh`_gb_�nbevljZ��djb\Zy�1) ijb\h^bl�d�ihy\e_gbx�\�ijhr_^r_f�q_j_a�

nbevlj�baemq_gbb�^h[Z\hqgh]h�fZdkbfmfZ�ijb�λ � ���fdf��fZdkbfmf�baemq_�

gby�bklhqgbdZ���ij_\hkoh^ys_]h�\u^_ey_fuc�ijb�λ0  ������fdf� 
>ey�kj_^gbo�b�^ebgguo�\heg�bgnjZdjZkghc�h[eZklb�ki_dljZ�ijbf_gyxl�

hlj_aZxsb_�jZkk_b\Zxs_-bgl_jn_j_gpbhggu_�k\_lhnbevlju�>���@��ij_^klZ\�
eyxsb_�kh[hc�hkgh\m�k�gbadbf�ihdZaZl_e_f�ij_ehfe_gby��\�dhlhjhc�\a\_r_�
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gu�iehlgu_�kehb�djbklZeebq_kdbo�qZklbp�k�\ukhdbf�ihdZaZl_e_f�ij_ehfe_�

gby��Ba-aZ�fgh]hdjZlgh]h�jZkk_ygby�k\_lZ�gZ�qZklbpZo�\�dhjhldh\hegh\hc�h[�
eZklb�ki_dljZ�nbevlj�g_�ijhimkdZ_l�baemq_gb_�k�λ < λ]j��gh�hg�ijhajZq_g�\�

^ebggh\hegh\hc�h[eZklb�k�λ > λ]j — aZ�kq_l�bgl_jn_j_gpbb�\heg��jZkk_ygguo�
gZ�kehyo�qZklbp� 

 

����F_lh^�hklZlhqguo�emq_c 
 

Ihevamykv� j_adhc� aZ\bkbfhklvx� dhwnnbpb_glZ� hljZ`_gby� hl� ^ebgu�

\hegu�^ey�^bwe_dljbq_kdbo�ih\_joghkl_c�\�h[eZklb� �f_lZeebq_kdh]h��hljZ�

`_gby��jbk���������fh`gh�\u^_eylv�^ebggh\hegh\h_�baemq_gb_�ba�kiehrgh]h�

ki_dljZ�iml_f� hljZ`_gbc� hl� ^bwe_dljbdZ��Emqb�� hklZxsb_ky� hl� kiehrgh]h�

ki_dljZ�ijb�fgh]hdjZlguo�hljZ`_gbyo��gZau\Zxl�hklZlhqgufb� 
Fhsghklv� \u^_e_ggh]h�baemq_gby�Jhkl aZ\bkbl�hl�fZdkbfZevghc� \_eb�

qbgu�hljZ`_gby�R0 b�hl�qbkeZ�hljZ`_gbc�m: Jhkl� �JiZ^R0
m. DhgljZklghklv��

hij_^_ey_fZy�dZd�hlghr_gb_�dhwnnbpb_glh\�hljZ`_gby�\�fZdkbfmf_�R0�b�\�

h[eZklb�ijhajZqghklb�djbklZeeZ�Rnhg, k�jhklhf�qbkeZ�hljZ`_gbc�m\_ebqb\Z�
_lky�dZd��R0 / Rnhg)

m. 

  
Jbk�� �����Bg^bdZljbkZ�jZkk_ygby�baem�

q_gby� f_edh^bki_jkguf� k\_lhnbevl�

jhf��P0 —� baemq_gb_� k� ^ebghc� \hegu�

λ0�� ijhoh^ys__� [_a� jZkk_ygby�� ϕ  — 

m]he�� \� ij_^_eZo� dhlhjh]h� d� gZ-
[ex^Zl_ex� ihiZ^Z_l� jZkk_yggh_� baem�

q_gb_ 
 

Jbk�� ����� AZ\bkbfhklv� ijhajZqghklb�

^bki_jkbhggh]h� k\_lhnbevljZ� hl� _]h�

f_klhiheh`_gby� �Z�� b� ki_dlj� ijhr_^�

r_]h� q_j_a� g_]h� baemq_gby�� bklhqgbd�

k\_lZ� —� ]eh[Zj�� bf_xsbc� fZdkbfmf�

baemq_gby� ijb� λ�  � ��fdf� �[���Nbevlj�

jZkiheh`_g��1, 2 — \�koh^ys_fky�imq�

d_�i_j_^�\oh^ghc�s_evx�ki_dljhf_ljZ�

gZ�jZkklhygbb�hl�g__����b�����ff, 3 — 
\�iZjZee_evghf�imqd_ 
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F_lh^�hklZlhqguo�emq_c�qZklh�bkihevamxl�^ey�ij_^\Zjbl_evghc�fhgh�

ojhfZlbaZpbb�baemq_gby�\�BD�ki_dljhf_ljZo�ijb�jZ[hl_�\�^ebggh\hegh\hc�

h[eZklb�ki_dljZ� 
 
5°. Bkihevah\Zgb_�hljZ`_gby�hl�fZlbjh\Zgguo�a_jdZe� 
������^bnjZdpbhgguo�j_r_lhd�b�yq_bkluo�ih\_joghkl_c 
 
NbevljZfb��hlj_aZxsbfb�dhjhldh\hegh\h_�baemq_gb_�b�\u^_eyxsbfb�

^ebggh\hegh\h_�� fh]ml� kem`blv� r_jhoh\Zlu_� ih\_joghklb� �fZlbjh\Zggu_�

a_jdZeZ��� ^bnjZdpbhggu_� j_r_ldb� beb� k_ldb�� Baemq_gb_� k� ^ebgZfb� \heg��

ij_\urZxsbfb�jZaf_j�d�r_jhoh\Zlhkl_c� �rljboZ�j_r_ldb�beb�yq_cdb�k_l�

db���hljZ`Z_lky�a_jdZevgh��;he__�dhjhldh\hegh\h_�baemq_gb_�jZkk_b\Z_lky�b�

e_]dh�fh`_l�[ulv�mkljZg_gh�^bZnjZ]fZfb��FZlbjh\Zggu_�a_jdZeZ�ij_^klZ\�

eyxl� kh[hc� kl_deyggmx� ih^eh`dm�� h[jZ[hlZggmx� Z[jZab\Zfb� k� hij_^_e_g�

guf� jZaf_jhf� a_j_g�� h[uqgh�ihjy^dZ� �-���fdf��b�ihdjulmx� lhgdbf� keh_f�
f_lZeeZ��Baemq_gb_�k�^ebgZfb�\heg��ij_\hkoh^ysbfb�jZaf_j�a_jgZ��hljZ`Z�

_lky�a_jdZevgh��hklZevgh_�jZkk_b\Z_lky�^bnnmagh� 
<�dZq_kl\_�yq__d�nbevljZ�fh`gh�bkihevah\Zlv�hljZ`Zxsb_�m]hedb�>���@��

ebg_cgu_�jZaf_ju�dhlhjuo�khbaf_jbfu�k�jZ[hq_c�^ebghc�\hegu�\u^_ey_fh�

]h�baemq_gby��<�khhl\_lkl\bb�kh�k\hckl\hf�m]hedh\�hljZ`Zlv�baemq_gb_�h[�

jZlgh�lZdhc�nbevlj�g_gm`gh_�dhjhldh\hegh\h_�baemq_gb_�gZijZ\ey_l�gZaZ^�\�

bklhqgbd��Z�g_�jZkk_b\Z_l��dZd�fZlbjh\Zggh_�a_jdZeh�beb�^bnjZdpbhggZy�j_�

r_ldZ��M]hedh\uc�hlj_aZxsbc�nbevlj�bf__l�hq_gv�djmlmx�ki_dljZevgmx�oZ�

jZdl_jbklbdm��dhjhldh\hegh\uc�nhg�_]h�g_�ij_\urZ_l��-5%. 
LZdb_�nbevlju�bkihevamxl�\�^ebggh\hegh\hc�h[eZklb�ki_dljZ��λ  > 25 

fdf���]^_�bf_xlky�aZljm^g_gby�k�^jm]bfb�\b^Zfb�k\_lhnbevljh\��Hkh[_ggh�

p_ggu�wlb�nbevlju�\�h[eZklb�ki_dljZ�λ �!�����fdf��]^_�g_ijb]h^gu�f_lh^u��

hkgh\Zggu_� gZ� y\e_gbyo� ^bki_jkbb�� DZd� b� \� kemqZ_� ^jm]bo� jZkk_b\Zxsbo�

nbevljh\��\_ebqbgZ�nhgZ�\�\u^_ey_fhf�baemq_gbb�aZ\bkbl�hl�jZkiheh`_gby�

nbevljZ�\�hilbq_kdhc�kbkl_f_�ijb[hjZ��Nhg�hdZau\Z_lky�gZbf_gvrbf��_keb�

nbevlj�gZoh^blky�\�iZjZee_evghf�imqd_�emq_c� 
 
����F_lh^�ihegh]h�\gmlj_gg_]h�hljZ`_gby 
 
Ijb�gZdehgghf�iZ^_gbb�\hegu�gZ�]jZgb�

pm�jZa^_eZ�^bwe_dljbdh\�� _keb� k\_l� �bkiulu�

\Z_l�ihegh_�\gmlj_gg__�hljZ`_gb_��ihe_�\he�

gu� qZklbqgh� \uoh^bl� aZ� ]jZgv�� gZ� dhlhjhc�

ijhbkoh^bl�hljZ`_gb_��\�\b^_�lZd�gZau\Z_fhc�

ih\_joghklghc�\hegu��jbk��������Ijb�m^Ze_gbb�

hl�ih\_joghklb�Zfieblm^Z�ihey�?�hkeZ[ey_lky�

ih�wdkihg_gpbZevghfm�aZdhgm��?keb�d�]jZgbp_�

^bwe_dljbdZ�ijb[ebablv�^jm]mx�^bwe_dljbq_�

kdmx�ih\_joghklv�gZ�jZkklhygb_�d ≈  λ ��ihe_�

ijhgbdZ_l� \h� \lhjhc� ^bwe_dljbd� b� kha^Z_l� \�

g_f� h[uqgmx� jZkijhkljZgyxsmxky� \hegm� 

 
Jbk�� ������KiZ^�Zfieblm^u�ihey�

we_dljhfZ]gblghc� \hegu� aZ�

hljZ`Zxs_c� ]jZgbp_c� ijb�

iheghf�\gmlj_gg_f�hljZ`_gbb
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QZklv�wg_j]bb�baemq_gby�k�^ebgZfb�\heg�[hevr_�d�hdZau\Z_lky�i_j_^Zgghc�
ba�i_j\h]h�^bwe_dljbdZ�\h�\lhjhc� 

F_lh^�ihegh]h�\gmlj_gg_]h�hljZ`_gby��I<H��fh`gh�bkihevah\Zlv�\�l_o�

h[eZklyo�ki_dljZ��]^_�bf_xlky�ijhajZqgu_�\_s_kl\Z� 
Ijb� ihklhygghc� ^ebg_� \hegu� k�ihfhsvx�f_lh^Z�I<H�fh`gh� kha^Zlv�

g_ih]ehsZxsb_� ihemijhajZqgu_� kbkl_fu�� ijb]h^gu_�� gZijbf_j�� ^ey� bk�

ihevah\Zgby�\�dZq_kl\_�k\_lh^_ebl_evguo�a_jdZe�\�bgl_jn_j_gpbhgguo�k\_�

lhnbevljZo�>�@��<\b^m�hlkmlkl\by�ih]ehs_gby�\�lZdbo�a_jdZeZo�fZdkbfZevgZy�

\_ebqbgZ�ijhajZqghklb�k\_lhnbevljZ�^hklb]Z_l����� 
F_lh^�I<H�gZr_e�ijbf_g_gb_�\�ki_dljhkdhibb�^ey�ihemq_gby�ki_dljh\�

ih]ehs_gby�� gZijbf_j� ijb� bkke_^h\Zgbb� hq_gv� kbevgh� ih]ehsZxsbo� \_�

s_kl\��lhgdbo�ie_ghd��fhghfhe_dmeyjguo�keh_\�b�^j��>���@� 
 
7°. F_lh^�k_e_dlb\ghc�fh^meypbb� 
 
<�[hevrbgkl\_�ki_dljZevguo�ijb[hjh\�mkbe_gb_�b�j_]bkljZpby�kb]gZeZ�

ijhbkoh^yl� gZ� i_j_f_gghf� lhd_��Ihklhygguc� \h� \j_f_gb� kb]gZe� ^ey� wlh]h�

ijboh^blky� fh^mebjh\Zlv� �ij_ju\Zlv�� k� g_dhlhjhc� qZklhlhc�� hilbfZevghc�

^ey�ijb_fgbdZ�k\_lZ��]e����� 

 
Fh^meylhj� h[uqgh� ij_^klZ\ey_l� kh[hc� \jZsZxsbcky� g_ijhajZqguc�

^bkd�k�\uj_aZfb�beb�dhe_[exsmxky�ieZklbgm��?keb�bkihevah\Zlv�fh^meylhj��

k^_eZgguc� ba� k_e_dlb\gh� ih]ehsZxs_]h� hilbq_kdh]h�fZl_jbZeZ�� gZijbf_j�

kl_deZ��ihy\ey_lky�\hafh`ghklv�nbevljZpbb�baemq_gby��Dh]^Z�emq�ijhoh^bl�

 
Jbk�������Ijbgpbi�f_lh^Z�k_e_dlb\ghc�fh^meypbb��Z��\jZsZxsbcky�fh^meylhj�k�

k_dlhjZfb� ba� fZl_jbZeZ�� ih]ehsZxs_]h� BD� baemq_gb_�� [�� hldebd� ijb_fgbdZ�

ijhihjpbhgZevguc�iZ^Zxs_fm�gZ�g_]h�k\_lh\hfm�ihlhdm�eb[h�\b^bfh]h�BD�ba�

emq_gby��eb[h�lhevdh�\b^bfh]h 
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[_kij_iylkl\_ggh�� j_]bkljbjm_fuc� ijb_fgbdhf� kb]gZe� ijhihjpbhgZe_g�

fhsghklb�baemq_gby��ijhkmffbjh\Zgghc�ih�\k_c�ki_dljZevghc�h[eZklb�jZ[h�

lu�ijb[hjZ��jbk��������Dh]^Z�`_�gZ�imlb�emqZ�hdZau\Z_lky�kl_deygguc�k_dlhj�

fh^meylhjZ��ijb_fgbd�j_]bkljbjm_l�f_gvrbc�kb]gZe��ihkdhevdm�BD�baemq_�

gb_�ih]ehsZ_lky�\�kl_de_��<ujZ[Zlu\Z_fuc�ijb_fgbdhf�we_dljbq_kdbc�kb]�

gZe�ihklmiZ_l�gZ�j_ahgZgkguc�mkbebl_ev��mkbeb\Zxsbc�lhevdh�i_j_f_ggmx�

qZklv� kb]gZeZ�� ijhihjpbhgZevgmx� ih]ehsZ_fhc� fhsghklb� BD� baemq_gby��

LZdbf�h[jZahf��f_lh^�k_e_dlb\ghc�fh^meypbb�iha\hey_l�k�ihfhsvx�\_s_kl�

\Z��g_ijhajZqgh]h�\�dZdhc-eb[h�h[eZklb�ki_dljZ��\u^_eylv�baemq_gb_�bf_ggh�
wlhc�h[eZklb�ki_dljZ� 

 
 
§6����K<?LHNBEVLJU�G:�HKGH<?�Y<E?GBC 
���������BGL?JN?J?GPBB 
 
����Bgl_jn_j_gpbhggu_�k\_lhnbevlju 
 
Bgl_jn_j_gpbhggu_�k\_lhnbevlju��ijhklu_�b�m^h[gu_�\�jZ[hl_��ihem�

qbeb�rbjhdh_�jZkijhkljZg_gb_� 
Bgl_jn_j_gpbhgguc� k\_lhnbevlj� khklhbl� ba� ^\mo� iZjZee_evguo� qZk�

lbqgh�ijhajZqguo� a_jdZe�k� aZdexq_gguf�f_`^m�gbfb�lhgdbf�^bwe_dljbq_�

kdbf� keh_f� �jbk�� �����Z���Baemq_gb_��ijhoh^ys__�q_j_a�nbevlj��bkiulu\Z_l�

fgh]hdjZlgu_� hljZ`_gby� f_`^m� a_jdZevgufb� ih\_joghklyfb�� ijb� dZ`^hf�

hljZ`_gbb� qZklbqgh� \uoh^y�gZjm`m��GZ� \uoh^_� kbkl_fu� h[jZam_lky�[_kdh�

g_qgZy� ihke_^h\Zl_evghklv� m[u\Zxsbo� ih� Zfieblm^_� emq_c� k� jZ\ghc� jZa-
ghklvx�oh^Z�f_`^m�gbfb��dhlhju_�bgl_jn_jbjmxl�f_`^m�kh[hc� 

Ijb� ZgZeba_�^_ckl\by�bgl_jn_j_gpbhggh]h� k\_lhnbevljZ�fh`gh�ihev�

ah\Zlvky�\ujZ`_gbyfb��������b��������k�l_f�hlebqb_f��qlh�dhwnnbpb_glu�hl�

jZ`_gby�]jZgbp�r13, r31�b�r32�l_i_jv�y\eyxlky�Zfieblm^gufb�dhwnnbpb_glZfb�

hljZ`_gby�a_jdZe�r1�b�r2. <�wlhf�kemqZ_�ihemqZ_f 
 

( ) ( )

( )

2
21 3 1 1 2 3 1 2 1 12

2
23 1 2 3 1 2

4 sin

1 4 sin

R T R T R T R R R T L
R r

T R R T R R L

β

β
Σ Σ

 − + + + = =
− +

,  (6.1) 

( )
2 3 1 2

2
23 1 2 3 1 2

,
1 4 sin

T T T
T t

T R R T R R Lβ
Σ Σ= =

− +
   (6.2) 

 
A^_kv�R1 = |r1|

2, R2 = |r2|
2, L1 , L2�b�L3 —�dhwnnbpb_glu�hljZ`_gby�b�ijhajZqgh�

klb�a_jdZe�1 b 2 b kj_^u�3 f_`^m�gbfb�ih�fhsghklb� 
JZaghklv� nZa� khk_^gbo� bgl_jn_jbjmxsbo� emq_c� k� mq_lhf� gZdehggh]h�

iZ^_gby�emq_c�gZ�nbevlj�jZ\gZ 

    2
2

2 cosL nL= πβ ϕ
λ

.    (6.3) 
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A^_kv� i —� ihdZaZl_ev� ij_ehfe_gby� \_s_kl\Z� f_`^m� a_jdZeZfb� 
Ijb� jZ\_gkl\_� jZaghklb� oh^Z� ^\mo� khk_^gbo� emq_c� p_ehfm� qbkem 
ihem\heg��l�_��ijb 

    0cos ,
2

nL q
λϕ =    1,2,3...,q =    (6.4) 

kehc�y\ey_lky�ijhajZqguf��jbk���������LZdhc�kehc�fh`_l�kem`blv�nbevljhf�k�

fZdkbfmfZfb�ijhajZqghklb��fbgbfmfZfb�hljZ`_gby��ijb�λ  = λ 0, λ  = λ 0/2,  
λ  = λ 0���b�l��^��khhl\_lkl\_ggh�^ey�q  �������������Baemq_gb_��g_�ijhimkdZ_fh_�
nbevljhf��hljZ`Z_lky�hl�g_]h�\�h[jZlghf�gZijZ\e_gbb

*
���Ijb�wlhf�q_f�\ur_�

dhwnnbpb_gl� hljZ`_gby� a_jdZe� �gZ� jbk�� ����� wlh� khhl\_lkl\m_l� djb\uf� k�

[hevrbf�agZq_gb_f�n3���l_f�k_e_dlb\g__�nbevlj��l��_��l_f�[uklj__�iZ^Z_l�_]h�

ijhajZqghklv��ih\urZ_lky�hljZ`_gb_��k�hlklmie_gb_f�^ebgu�\hegu�k\_lZ�hl�

λ 0 beb�hl�djZlguo�_c�\_ebqbg� 
<� bgl_jn_j_gpbhgguo�nbevljZo�fh`gh� bkihevah\Zlv� ex[u_� qZklbqgh�

ijhajZqgu_� a_jdZeZ�—�f_lZeebq_kdb_��fgh]hkehcgu_�^bwe_dljbq_kdb_�� a_j�

dZeZ�� hkgh\Zggu_� gZ� y\e_gbb� ihegh]h� \gmlj_gg_]h� hljZ`_gby�� ^ey� ^Ze_dhc�

BD�h[eZklb�ki_dljZ�—�k_ldb�>���@��IjhajZqghklv�nbevljZ�aZ\bkbl�hl�ihl_jv�\�

a_jdZeZo�—�q_f�f_gvr_�ihl_jb��l_f�\ur_�ijhajZqghklv� 
JZkkfhljbf� bgl_jn_j_gpbhgguc� nbevlj� i_j\h]h� ihjy^dZ� k� k_fbkehc�

gufb�^bwe_dljbq_kdbfb�a_jdZeZfb��jbk�������[). 
Imklv�nbevlj�jZkkqblZg�gZ�ijhimkdZgb_��0  �����gf��Hilbq_kdZy�lhesb�

gZ�jZa^_ebl_evgh]h�kehy�jZ\gZ��0����Z�lhesbgu�keh_\�a_jdZe�— �0����GZ�jbk��

6.10,\�ijb\_^_gZ�djb\Zy�hljZ`_gby�k_fbkehcgh]h�^bwe_dljbq_kdh]h�a_jdZeZ��
ba]hlh\e_ggh]h�ba�keh_\�ZnS�b�djbheblZ��kf��lZd`_�jbk�������[���RbjbgZ�h[�

eZklb�\ukhdh]h�hljZ`_gby��lZ[e�������khklZ\ey_l�û� /��0� ��������l��_��^ey��0 = 
����gf�aZgbfZ_l�h[eZklv�ki_dljZ�rbjbghc�a�����gf��<lhjZy�ihehkZ�\ukhdh]h�

hljZ`_gby�jZkiheh`beZkv�[u�ijb�� = �0��� �����gf��rbjbgZ�__�\�rdZe_�^ebg�

\heg�agZqbl_evgh�f_gvr_�rbjbgu�i_j\hc���h^gZdh�\�wlhc�h[eZklb�kbevgh�ih�

]ehsZxl�kehb�ZnS��kf��jbk��������GZ�wlhf�`_�jbk�������\�imgdlbjhf�ihdZaZgu�
fZdkbfmfu� ijhajZqghklb� jZa^_ebl_evgh]h� kehy� lhesbghc� �0���� dZdbfb� hgb�

[ueb�[u��_keb�[u�dhwnnbpb_gl�hljZ`_gby�a_jdZe�nbevljZ�^ey�gbo�[ue�h^b�

gZdh\h�\ukhd��<�^_ckl\bl_evghklb�h[jZam_lky�lhevdh�h^bg�fZdkbfmf�ijb��0 = 
����gf� 

BlZd�� djb\Zy� ijhajZqghklb� nbevljZ� bf__l� madbc� fZdkbfmf� gZ� ^ebg_�

\hegu�����gf�b�rbjhdb_� �djuevy�� �jbk�������]���\hagbdrb_�lZf��]^_�fZe�dh�

wnnbpb_gl�hljZ`_gby�a_jdZe��l��_��]^_�hgb ijhajZqgu��Gb`_�� = 360 gf�^Zg�
guc�nbevlj�g_ijhajZq_g�ba-aZ�ih]ehs_gby�\�kl_deygghc�ih^eh`d_� 

Imgdlbjhf�gZ�jbk�������]�ihdZaZgu�djb\u_�ijhajZqghklb�^\mo�p\_lguo�

kl_dhe��dhlhju_�bkihevamxl�\f_kl_�k�^Zgguf�bgl_jn_j_gpbhgguf�nbevljhf�

^ey� hlj_aZgby� djuev_\��IjhajZqghklv� ]hlh\h]h� nbevljZ� ijb\_^_gZ� gZ� jbk��

6.10,̂ . 
Nbevlju� [he__� \ukhdh]h�ihjy^dZ� �q� !� ���bf_xl�fZdkbfmfu� jZkiheh�

`_ggu_� qZs_��<� wlhf� kemqZ_� \� h[eZklb� \ukhdh]h� hljZ`_gby� a_jdZe� fh`_l�

                                                           
*) =jZnbdb�^ey�ijhajZqghklb�b�hljZ`_gby�ijb\_^_gu�\�]e�����gZ�jbk��������Z�lZd`_��
gZ�h[eh`d_�gZklhys_c�dgb]b� 
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hdZaZlvky�g_kdhevdh�fZdkbfmfh\�ijhajZqghklb��b�\u^_e_gb_�gm`gh]h�ba�gbo�

ij_^klZ\bl�g_dhlhju_�ljm^ghklb� 

 
 
Jbk��������Bgl_jn_j_gpbhgguc�k\_lhnbevlj��Z��ko_fZ�^_ckl\by��[��ijbf_j�nbevljZ�k�

k_fbkehcgufb�^bwe_dljbq_kdbfb�a_jdZeZfb� �h[hagZq_gu�q_l\_jlv\hegh\u_�kehb�k�

\ukhdbf�<�b�gbadbf�G�ihdZaZl_eyfb�ij_ehfe_gby���G�— ihem\hegh\uc�kehc��D — 
kl_deyggZy�ih^eh`dZ�b�aZsblgZy�ieZklbgdZ���\��djb\Zy�hljZ`_gby�a_jdZeZ� �kiehr�

gZy� ebgby�� b� djb\Zy� ijhajZqghklb� ihem\hegh\h]h� kehy� lhesbghc� 0λ ���  � ���� gf�

�imgdlbj���]��djb\Zy�ijhajZqghklb�bgl_jn_j_gpbhggh]h�nbevljZ� �kiehrgZy�ebgby��

b�^\mo�hlj_aZxsbo�nbevljh\��imgdlbj���^��ijhajZqghklv�]hlh\h]h�nbevljZ 
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Lbibqgu_�bgl_jn_j_gpbhggu_� k\_lhnbevlju� \� \b^bfhc�h[eZklb� ki_d�

ljZ�bf_xl�ihehkm�rbjbghc��-��gf��Km`_gb_�ihehku�ijhimkdZgby�^h����-0,2 
gf�lj_[m_l�bkihevah\Zgby�\�a_jdZeZo�nbevljZ�f_edh]jZgmebjh\Zgguo�keh_\�k�

fbgbfZevghc� ihjbklhklvx� b� hq_gv� fZeufb� k\_lh\ufb� ihl_jyfb�� H[uqgh�

kehb� khklhyl� ba� djbklZeebdh\� jZaf_jZfb� [he__� �� gf�� jZa^_e_gguo� ihjZfb��

\ke_^kl\b_�q_]h�iheh`_gb_�ihehku�ijhimkdZgby�baf_gy_lky�ih�ih\_joghklb�

gZ����-��gf��qlh�ij_iylkl\m_l�__�km`_gbx� 
Ijb�gZdehg_�nbevljZ�hlghkbl_evgh�gZijZ\e_gby�iZ^Zxs_]h�k\_lZ�^ebgZ�

\hegu� 0λ  kf_sZ_lky�\�klhjhgm�dhjhldbo�\heg��^himkdZy�i_j_kljhcdm�ihehku�

ijhajZqghklb�ih�^ebgZf�\heg��Ijb�wlhf�h[eZklv�\ukhdh]h�hljZ`_gby�kf_sZ�

_lky�\�dhjhldh\hegh\mx�klhjhgm��^_nhjfbjmykv�>����@��<_ebqbgZ�hljZ`_gby�\�

h[eZklb� ieZlh� mf_gvrZ_lky�� Z� \� h[eZklb� ih[hqguo� fZdkbfmfh\� —� m\_-
ebqb\Z_lky��<� j_amevlZl_� mom^r_gby� hljZ`_gby� a_jdZe�ihehkZ�ijhimkdZgby�

mrbjy_lky�� Ijb� [hevrbo� m]eZo� gZdehgZ�� djhf_� lh                     
]h��ijhbkoh^bl�jZa^\h_gb_�ihehku��Wlh�k\yaZgh�k�jZaebqb_f�\�nZah\uo�k^\b�

]Zo�ijb� hljZ`_gbb�^ey� j- b� s-dhfihg_gl�iheyjbah\Zggh]h� k\_lZ� >���@��?keb�
ihehkZ� ijhajZqghklb� rbjhdZy�� jZa^\h_gb_� gZklmiZ_l� ijb� m]eZo� gZdehgZ��

[hevrbo������<�madhihehkguo�k\_lhnbevljZo�hgh�fh`_l�gZ[ex^Zlvky�b�ijb�

f_gvrbo�m]eZo��GZ�ijZdlbd_�nbevlju�gbar_]h�ihjy^dZ�fh`gh�i_j_kljZb\Zlv�

iml_f�gZdehgZ�ijbf_jgh�gZ� ���gf��Madhihehkgu_�nbevlju�[he__� \ukhdh]h�

ihjy^dZ�^himkdZxl�i_j_kljhcdm�^ebgu�\hegu�g_�[he__�q_f�gZ��-��gf� 
<ke_^kl\b_�baf_g_gby�^ebgu�\hegu�ijhimkdZgby�nbevljZ�ijb�gZdehg_�

g_h[oh^bfh�h[jZsZlv�\gbfZgb_�gZ�jZkoh^bfhklv�imqdZ�k\_lZ��\�dhlhjhf�jZk�

iheh`_g� nbevlj��Nbevlj� h[eZ^Z_l� gZbemqr_c� fhghojhfZlbqghklvx�� gZoh�

^ykv�\�iZjZee_evghf�imqd_� 
IeZ\gmx� i_j_kljhcdm� ^ebgu� \hegu� ijhimkdZgby� \� [hevrbo� ij_^_eZo�

^himkdZ_l�debgh\uc�bgl_jn_j_gpbhgguc�k\_lhnbevlj��LZdhc�nbevlj�h[uqgh�

bf__l�\b^�ijyfhm]hevghc�ieZklbgdb�^ebghc��-���kf��\^hev�dhlhjhc�lhesbgu�

\k_o�keh_\�ieZ\gh�f_gyxlky��I_j_kljhcdm�^ebgu�\hegu�hkms_kl\eyxl�i_j_�

^\b`_gb_f�debgh\h]h�nbevljZ�hlghkbl_evgh�emqZ�iZ^Zxs_]h�k\_lZ��Kms_kl�

\mxl�nbevlju��m�dhlhjuo�^ebgZ�\hegu�ijhimkdZgby�f_gy_lky�gZ�khlgb�b�^Z`_�

lukyqb�Zg]klj_f� 
FhghojhfZlbqghklv�\u^_ey_fh]h�debgh\uf�nbevljhf�baemq_gby�aZ\b�

kbl�hl��djmlbagu��nbevljZ�dλ /dx b�hl�jZaf_jZ�imqdZ�k\_lZ�\�gZijZ\e_gbb�hkb�
o��gZijZ\e_gbb�baf_g_gby�lhesbgu�keh_\���GZ�ijZdlbd_�lZdb_�nbevlju�jZk�

iheZ]Zxl� ihaZ^b� s_eb�� rbjbgZ� dhlhjhc� hij_^_ey_lky� djmlbaghc� nbevljZ��

rbjbghc�_]h�ihehku�ijhimkdZgby�b�lj_[m_fhc�fhghojhfZlbqghklvx�baemq_�

gby��G_h[oh^bfhklv�h]jZgbqb\Zlv�k_q_gb_�imqdZ�k\h^bl�gZ�g_l�hkgh\gh_�ij_�

bfms_kl\h�� ijbkms__� k\_lhnbevljZf�� —� bo� [hevrmx� jZ[hqmx� iehsZ^v��

Debgh\u_� k\_lhnbevlju� ijbf_gyxl� \� eZa_jghc� l_ogbd_� ^ey� i_j_kljhcdb�

^ebgu�\hegu�]_g_jZpbb�eZa_jh\�gZ�djZkbl_eyo� 
IhehkZ�ijhimkdZgby�h[uqgh]h�bgl_jn_j_gpbhggh]h�nbevljZ�bf__l�hkl�

jmx�\_jrbgm�b�^Ze_dh�ijhklbjZxsb_ky��djuevy��b�ih�nhjf_�ihoh`Z�gZ�eh�

j_gph\kdbc�dhglmj��<�j_amevlZl_�nbevlj�h[eZ^Z_l�agZqbl_evguf�ijhimkdZgb�

_f�^Z`_�gZ�jZkklhygbb�hl�p_gljZ��\�g_kdhevdh�jZa�ij_\urZxs_f�rbjbgm�ih�

ehku��b�^Z_l�kbevguc�nhg�jy^hf�k�\u^_ey_fuf�mqZkldhf�ki_dljZ��Nhg�fh`gh�
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Jbk�� ������ L_hj_lbq_kdb_� djb\u_� ijha-
jZqghklb� dhgljZklguo� k\_lhnbevljh\�� kh�

klZ\e_gguo�ba�q_l\_jlv\hegh\uo�keh_\�ZnS 
�<� b�djbheblZ��G�, gZiue_gguo�gZ�kl_de_� 
Z) BH…BH (8 keh_\)–2B–HB…BH 
     (17keh_\)–2B–HB…HB (8 keh_\) 
[) HB…BH (7keh_\)–2B–HB…BH  
�������keh_\�–2B–HB…BH���keh_\� 

hkeZ[blv�� ihf_klb\� ^\Z�

h^bgZdh\uo� k\_lhnbevljZ� ^jm]�

aZ� ^jm]hf�� IjhajZqghklv� lZdhc�

kbkl_fu� jZ\gZ� ijhba\_^_gbx�

ijhajZqghkl_c� h[hbo� nbevljh\��

H^gZdh� m^h[g__� bkihevah\Zlv�

ki_pbZevgu_� ^\hcgu_� kbkl_fu��

ij_^klZ\eyxsb_� kh[hc�

gZiue_ggu_� gZ� h^gm� b� lm� `_�

ih^eh`dm� ihke_^h\Zl_evgh� ^\Z�

nbevljZ� k� q_l\_jlv\hegh\hc�

ijhkehcdhc� f_`^m� gbfb�� LZdb_�

nbevlju� gZau\Zxl� keh`gufb��

beb� dhgljZklgufb�� IjhajZq-
ghklv� wlhc� kbkl_fu� g_� y\ey_lky��

kljh]h� ]h\hjy�� ijhba\_^_gb_f�

ijhajZqghklb� ^\mo� __� kh-
klZ\eyxsbo�� Z� hij_^_ey_lky�

h[sbfb� j_ahgZgkgufb� k\hckl�

\Zfb�kbkl_fu� 
GZ� jbk�� ����� ijb\_^_gu�

djb\u_� ijhajZqghklb� ^\mo�

dhgljZklguo�nbevljh\��<�i_j\hf�

kemqZ_� kbkl_fZ� khklhbl� ba�

nbevljh\� k� \hkvfbkehcgufb�

a_jdZeZfb�� Djb\Zy� ijhajZqghklb�

ih�nhjf_� [ebadZ� d� lj_m]hevghc��<h� \lhjhf� kemqZ_�ijhf_`mlhqgu_� a_jdZeZ�

bf_xl�f_gvr_�keh_\��q_f�gZjm`gu_��IhehkZ�ijhajZqghklb�jZa^\Zb\Z_lky��K�

lhqdb�aj_gby�ijZdlbdb�m^h[gh��dh]^Z�ihehkZ�ijhajZqghklb�g_�jZa^\Zb\Z_lky��

Z�ebrv�g_fgh]h�jZkrbjy_lky�b�bf__l�I-h[jZagmx�nhjfm� 
RbjbgZ�ihehku�dhgljZklguo�k\_lhnbevljh\�khklZ\ey_l��-��gf�ijb�ijh�

ajZqghklb�\�fZdkbfmf_���-����b�ijZdlbq_kdhf�hlkmlkl\bb�nhgZ� 
 
���� Bgl_jn_j_gpbhggh-iheyjbaZ- 

pbhggu_�k\_lhnbevlju 
 
>_ckl\b_� bgl_jn_j_gpbhggh-ihey-

jbaZpbhgguo�nbevljh\�hkgh\Zgh�gZ�^\mo�

emq_\hc� bgl_jn_j_gpbb� iheyjbah\Zgguo�

emq_c�>������@� 
<�ijhkl_cr_f�\b^_�nbevlj�kh^_j`bl�

ieZklbgm�h^ghhkgh]h�djbklZeeZ�D�lhesb�

ghc� l�� \uj_aZggmx� iZjZee_evgh� hilbq_�
kdhc�hkb�b�jZkiheh`_ggmx�f_`^m�^\mfy�

iheyjbaZlhjZfb�I� �jbk�� �������Hkb� ihey�

jbaZlhjh\� mklZgh\e_gu� iZjZee_evgh�� Z�

 
Jbk��������Ko_fZ�^\moemq_\h]h�ihey�

jbaZpbhggh]h� bgl_jn_jhf_ljZ�� bk�

ihevam_fh]h� \� bgl_jn_j_gpbhggh-
iheyjbaZpbhgguo c\_lhnbevljZo
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hkv�djbklZeebq_kdhc�ieZklbgu�khklZ\ey_l�k�gbfb�m]he������Imqhd�k\_lZ��ih�

eyjbah\Zgguc�k�ihfhsvx�i_j\h]h�iheyjbaZlhjZ��jZa^_ey_lky�\�ieZklbg_�D�gZ�

^\Z�imqdZ��jZ\guo�ih�bgl_gkb\ghklb��gh�bf_xsbo�\aZbfgh�i_ji_g^bdmeyj-
gu_�iehkdhklb�iheyjbaZpbb�� khhl\_lkl\mxsb_�h[udgh\_gghfm�b�g_h[udgh�

\_gghfm� emqZf��Wlb� emqb� jZkijhkljZgyxlky� \� djbklZee_� \� h^ghf�b� lhf�`_�

gZijZ\e_gbb�k�jZagufb�nZah\ufb�kdhjhklyfb��V0 = k�io, Ve = k�i_� �io b�n_ — 
ihdZaZl_eb�ij_ehfe_gby�^ey�h[udgh\_ggh]h�b�g_h[udgh\_ggh]h�emq_c��b�bg�

l_jn_jbjmxl��<�aZ\bkbfhklb�hl�bo�jZaghklb�oh^Z�û� �l(n_ — ih��gZ�\uoh^_�ba�
ieZklbgu� ihemqZ_lky� ebg_cgZy�� weebilbq_kdZy� beb� djm]h\Zy� iheyjbaZpby�

�jbk���������Ijb�û��djZlguo�^ebg_�\hegu��iheyjbaZpby�gZ�\uoh^_�kh\iZ^Z_l�k�

iheyjbaZpb_c�gZ�\oh^_��b�emq�k\h[h^gh�\uoh^bl�ba�nbevljZ��Ijb�û� ��/2, 3�/2 
b�l�^��iehkdhklv�iheyjbaZpbb�gZ�\uoh^_�ih\_jgmlZ�gZ������b�nbevlj�g_ijhajZ�

q_g��LZdbf�h[jZahf���nbevlj�bf__l�fZdkbfmfu�ijhajZqghklb�^ey�^ebg�\heg� 
  

�� �û�k,            k = 1, 2, 3, …                               (6.5) 
b�fbgbfmfu�f_`^m�gbfb� 
 

 
 

Jbk��������OZjZdl_j�iheyjbaZpbb�gZ�\uoh^_�ba�ieZklbgdb�nbevljZ�\�aZ\bkbfhklb� 
hl�jZaghklb�oh^Z�h[udgh\_ggh]h�b�g_h[udgh\_ggh]h�emq_c 

 
 

JZkklhygb_�f_`^m�fZdkbfmfZfb�û���gZoh^bf��ijh^bnn_j_gpbjh\Z\�\u�

jZ`_gb_�������b�iheh`b\�û�k = 1: 
 

û��=��2
�û�������������������������                              (6.6) 

 

RbjbgZ�fZdkbfmfh\�ijhajZqghklb�gZ�iheh\bg_�bo�\ukhlu�jZ\gZ�û�/2. 
Ih^h[guc�nbevlj�ijb]h^_g�ebrv�^ey�ih^Z\e_gby�h^ghc�ba�^\mo�[ebadh�jZk�

iheh`_gguo�ebgbc��GZijbf_j��nbevlj�lhesbghc����ff��k^_eZgguc�ba�d\Zj�

pZ��fh`_l�kem`blv�^ey�ih^Z\e_gby�h^ghc�ba�ebgbc�^m[e_lZ�gZljby�k�^ebgZfb�

\heg���������b���������gf� 
Bkihevah\Zgb_�klhiu�hibkZgguo�\ur_�ijhkl_crbo�bgl_jn_j_gpbhggh-

iheyjbaZpbhgguo� nbevljh\� kh� ki_pbZevgh� ih^h[jZggufb� lhesbgZfb� djb�

klZeebq_kdbo�ieZklbg�iha\hey_l�m\_ebqb\Zlv�jZkklhygb_�û��f_`^m�ihehkZfb�

ijhimkdZgby�^h�^_kyldh\�gZghf_ljh\��khojZgb\�g_[hevrmx�rbjbgm�ihehku��

LZdb_�mkljhckl\Z�ba\_klgu�ih^�gZa\Zgb_f�nbevljh\�Ebh��Ijbf_j�bgl_jn_�

j_gpbhggh-iheyjbaZpbhggh]h�nbevljZ�Ebh��khklhys_]h�ba���klmi_g_c��bah[-
jZ`_g�gZ� jbk�� ���4,Z��DZ`^Zy� klmi_gv�ij_^klZ\ey_l� kh[hc� djbklZeebq_kdmx�
ieZklbgm�D��h]jZgbq_ggmx�k�^\mo�klhjhg�iheyjbaZlhjZfb�I��LhesbgZ�dZ`^hc�

ihke_^mxs_c�ieZklbgu�\�^\Z�jZaZ�ij_\urZ_l�lhesbgm�ij_^u^ms_c��;eZ]h�

^Zjy�wlhfm�\_ebqbgZ�û��dZ`^hc�ihke_^mxs_c�ieZklbgu�\�^\Z�jZaZ�f_gvr_��

FZdkbfmfu�ijhajZqghkl_c�L2��L3 b� l�^���ihiZ^Zxsb_�\�h[eZklb�fbgbfmfh\�

ij_^u^msbo�ieZklbg��kf��jbk�������[���\�agZqbl_evghc�kl_i_gb�ih^Z\eyxlky� 
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Jbk��������Ko_fZ�^_ckl\by�bgl_jn_j_gpbhggh-iheyjbaZpbhggh]h�nbevljZ�Ebh� 
Z��mkljhckl\h�nbevljZ��[��ijhajZqghklv�_]h�hl^_evguo�we_f_glh\�b�\k_]h�nbevljZ 

 
 

IjhajZqghklv�L�\k_]h�nbevljZ�jZ\gZ�ijhba\_^_gbx�ijhajZqghkl_c�\k_o�

_]h�klmi_g_c�b�aZ\bkbl�hl�qbkeZ�iheyjbaZlhjh\��JZkklhygb_�f_`^m�ihehkZfb�

ijhimkdZgby� nbevljZ� hij_^_ey_lky� lhesbghc� gZb[he__� lhgdhc� ieZklbgu��

rbjbgZ�ihehku�—� lhesbghc�gZb[he__� lheklhc�ieZklbgu��<[ebab� \u^_ey_�

fhc�ihehku�bf__lky�g_[hevrhc�nhg��h[mkeh\e_gguc�g_iheguf�ih^Z\e_gb_f�

khk_^gbo�fZdkbfmfh\�ijhimkdZgby�ihke_^g_c�klmi_gb��IjhajZqghklv�\�wlbo�

ih[hqguo�fZdkbfmfZo�khklZ\ey_l�hdheh��-5% hl�fZdkbfZevghc� 
>ey�ihemq_gby�\ukhdhc�fhghojhfZlbqghklb�\�nbevlj_�ijboh^blky�bk�

ihevah\Zlv�fgh]h�klmi_g_c��GZijbf_j��hibkZg�nbevlj�^ey�Zkljhnbabq_kdbo�

bkke_^h\Zgbc�ebgbb�\h^hjh^Z�G. (�� �������gf��k�rbjbghc�ihehku�������gf�

(�//�� ���������khklhysbc�ba����klmi_g_c�>�@��?keb�\k_����ieZklbg�nbevljZ�ba�
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]hlh\blv�ba�fZl_jbZeZ�h^gh]h�khjlZ��hlghr_gb_�lhesbg�i_j\hc�b�ihke_^g_c�

khklZ\beh�[u� ��� ������Ihwlhfm�ieZklbgu�^_eZxl�ba�jZaebqguo�fZl_jbZeh\��

GZijbf_j��^ey�ieZklbg��jZkiheh`_gguo�\�gZqZe_�nbevljZ��bkihevamxl�d\Zjp��

bf_xsbc�kjZ\gbl_evgh�g_[hevrhc�ihdZaZl_ev�^\hcgh]h�emq_ij_ehfe_gby�� 
= i_ —�io = ������Z�^ey�ihke_^gbo�klmi_g_c�—�bkeZg^kdbc�riZl��dZevpbl���\_�

ebqbgZ���dhlhjh]h�\����jZa�[hevr_� 
Ijb�gZ]j_\_�nbevljZ�ihehkZ�_]h�ijhimkdZgby�k^\b]Z_lky�\�klhjhgm�dh�

jhldbo�\heg�ijbf_jgh�gZ������gf�gZ�]jZ^mk�\�k\yab�k�l_fi_jZlmjgufb�baf_�

g_gbyfb� lhesbgu�ieZklbgu�b�dhwnnbpb_glZ�^\hcgh]h�emq_ij_ehfe_gby��K�

h^ghc� klhjhgu�� wlh� iha\hey_l� \� g_dhlhjuo� ij_^_eZo� i_j_kljZb\Zlv� ^ebgm�

\hegu� ijhimkdZgby�� Z� k� ^jm]hc� —� lj_[m_l� l_jfhklZlbjh\Zgby� nbevljZ�� <�

l_jfhdhfi_gkbjh\Zgguo�nbevljZo�djbklZeebq_kdmx�ieZklbgm�ba]hlZ\eb\Zxl�

ba� ^\mo� k� \aZbfgh�i_ji_g^bdmeyjguf� jZkiheh`_gb_f� hk_c��LZdbf� h[jZahf�

emq��g_h[udgh\_gguc�^ey�i_j\h]h�kehy��klZgh\blky�h[udgh\_gguf�^ey�\lh�

jh]h� 

 
 

Jbk��������Ko_fZ�mkljhckl\Z�eZa_jgh]h�lj_oklmi_gqZlh]h�nbevljZ 
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>jm]hc�\hafh`ghklvx�i_j_kljhcdb�^ebgu�\hegu�ijhimkdZgby�nbevljZ�

y\ey_lky�kh]eZkh\Zgguc�ih\hjhl�we_f_glh\�nbevljZ�^jm]�hlghkbl_evgh�^jm]Z��

LZdhc�nbevlj�^he`_g�bf_lv�^hihegbl_evgu_�nZahbaf_gyxsb_�mkljhckl\Z�\�

dZ`^hf� ^\mij_ehfeyxs_f� iheyjbaZpbhgghf� bgl_jn_jhf_lj_�� Hg� fh`_l�

[ulv�gZkljh_g�gZ�ex[mx�^ebgm�\hegu�\b^bfhc�h[eZklb�ki_dljZ� 
>ey�i_j_kljhcdb�^ebgu�\hegu�ijhimkdZgby�nbevljh\�\k_�rbj_�bkihev�

am_lky� ebg_cguc� we_dljhhilbq_kdbc� wnn_dl� �wnn_dl� Ihdd_evkZ��� ijb\h^y�

sbc�d�baf_g_gbx�^\memq_ij_ehfe_gby�djbklZeeZ�ih^�^_ckl\b_f�ijbeh`_g�

gh]h� d� \g_rgbf� we_dljh^Zf� gZijy`_gby��Bf_xlky� we_dljhhilbq_kdb_� djb�

klZeeu��lj_[mxsb_�kjZ\gbl_evgh�g_[hevrbo�mijZ\eyxsbo�gZijy`_gbc��hq_gv�

fZehbg_jpbhggu_� �qZklhlu�fh^meypbb� ^h� ��13
� =p��� k� ihfhsvx� dhlhjuo� \ha�

fh`gh�kha^Zgb_�nbevljh\�k�rbjhdhc�we_dljhhilbq_kdhc�i_j_kljhcdhc�>��@. 
Bgl_jn_j_gpbhggh-iheyjbaZpbhggu_�nbevlju� ihemqZxl�rbjhdh_� jZk�

ijhkljZg_gb_�\�k\yab�k�jZa\blb_f�eZa_jh\��Bo�bkihevamxl�\�eZa_jZo�gZ�djZkb�

l_eyo�^ey�i_j_kljhcdb�qZklhlu� ]_g_jZpbb�\�rbjhdbo�ij_^_eZo� >���@��EZa_j�

gu_�nbevlju� h[uqgh� khklhyl�ba� lj_o� d\Zjp_\uo�ieZklbg�� lhesbgu�i_j\uo�

^\mo� gZoh^ylky� \� khhlghr_gbb� ��� ��� lj_lvy� agZqbl_evgh� lhes_� �jbk�� �������

Jhev� iheyjbaZlhjh\� \uihegyxl� kZfb� ih\_joghklb� ieZklbg�� jZkiheh`_ggu_�

ih^�m]ehf�;jxkl_jZ�d�eZa_jghfm�emqm��Hilbq_kdZy�hkv�djbklZeebq_kdbo�ieZ�

klbg�gZoh^blky�\�iehkdhklb��gZdehg_gghc�ih^�m]ehf�.�d�iehkdhklb�iZ^_gby�

emqZ��Z�kZfZ�hkv�khklZ\ey_l�m]he�0��ih�hlghr_gbx�d�ih\_joghklb�ieZklbg��>ey�

i_j_kljhcdb�ih�^ebgZf�\heg�[ehd�ba� lj_o�ieZklbg�ih\hjZqb\Zxl�dZd�p_eh_�

\hdjm]�hkb��i_ji_g^bdmeyjghc�ih\_joghklb�ieZklbg�� 
GZ�jbk�������ij_^klZ\e_gZ�jZkkqblZggZy�gZ�W<F�oZjZdl_jbklbdZ�nbevl�

jZ�k�lhesbgZfb�ieZklbg����������b���ff�ijb�m]eZo�0� �25°,�.� ������OZjZdl_jb�
klbdZ�bf__l�fgh]h�ih[hqguo�fZdkbfmfh\� ijhimkdZgb_�\�g_dhlhjuo�^hoh^bl� 

 
Jbk��������IjhajZqghklv��lj_oklmi_gqZlh]h�eZa_jgh]h�nbevljZ�k�lhesbgZfb�ieZklbg�

���������b���ff��0� ������.� ���� 
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^h�������H^gZdh��hgb��g_��f_rZxl��lZd�dZd�]_g_jZpby�eZa_jZ��gZ��djZkbl_eyo�gZ�

gbo�g_�fh`_l�\hagbdgmlv�ba-aZ�[hevrbo�ihl_jv�\�j_ahgZlhj_������b�[he__�� 
>ey�p_e_c�eZa_jghc�ki_dljhkdhibb�g_h[oh^bfu��gZh[hjhl��dhgljZklgu_�

madhihehkgu_�k\_lhnbevlju�k�ijhajZqghklvx�\�ih[hqguo�fZdkbfmfZo�f_g__�

^_kyluo�^he_c�ijhp_glZ��H^bg�ba�lZdbo�nbevljh\��hibkZgguo�\�>����@��ij_^�

gZagZq_g�^ey� \u^_e_gby�baemq_gby� k�^ebghc� \hegu� ��  � ����� ���gf�b�bf__l�

rbjbgm� ihehku� ���� gf� ijb� ijhajZqghklb� \� ih[hqguo� fZdkbfmfZo� f_g__�

0,5%. 
 
����:dmklhhilbq_kdb_�k\_lhnbevlju 
 
:dmklhhilbq_kdb_� k\_lhnbevlju� ij_^gZagZq_gu� ^ey� \u^_e_gby� madhc�

ihehku�qZklhl��^h�����gf��ba�rbjhdh]h�ki_dljZ�b�^ey�i_j_kljhcdb�__�\�[hev�

rbo�ij_^_eZo��gZijbf_j�\h�\k_f�\b^bfhf�^bZiZahg_�ki_dljZ��iml_f�baf_g_�

gby� qZklhlu� mevljZa\mdZ��<� wlbo�nbevljZo� h[uqgh� bkihevamxl� ^bnjZdpbx�

;jw]]Z��Ba�mkeh\by�^bnjZdpbb�;jw]]Z���L��2 > 1 (� —�k\_lh\Zy�^ebgZ�\hegu��L 
— ̂ ebgZ�h[eZklb�\aZbfh^_ckl\by�k\_lZ�b�a\mdZ��� —�^ebgZ�a\mdh\hc�\hegu��

\b^gh��qlh�hgZ�ijhbkoh^bl�ijb�kjZ\gbl_evgh�\ukhdbo�qZklhlZo�a\mdZ�ihjy^dZ�

khlgb�F=p�>����@� 
Ih^�^_ckl\b_f�[_]ms_c�a\mdh\hc�\hegu�\�kj_^_�h[jZamxlky�i_jbh^bq_�

kdb_�baf_g_gby�ihdZaZl_ey�ij_ehfe_gby��j_r_ldZ���i_j_f_sZxsb_ky�kh�kdh�

jhklvx�a\mdZ��Ih�hlghr_gbx�d�k\_lh\hc�\heg_�wlZ�kljmdlmjZ�ijZdlbq_kdb�g_�

ih^\b`gZ� 
�Ijhbkoh^ysZy�gZ�g_c�^bnjZdpby�hij_^_ey_lky�nZah\ufb�k^\b]Zfb�f_�

`^m�\hegZfb��ijboh^ysbfb�\�lhqdm�gZ[ex^_gby�ba�\k_o�lhq_d�h[t_fZ�\aZb�

fh^_ckl\by��<hegu��b^msb_�ba�jZaguo�lhq_d�kj_^u��hdZau\Zxlky�kbgnZagu�

fb��b�bgl_gkb\ghklv�jZkk_yggh]h�k\_lZ�klZgh\blky�kjZ\gbfhc�k�bgl_gkb\gh�

klvx�iZ^Zxs_]h�ebrv�ijb�\uiheg_gbb�mkeh\by�nZah\h]h�kbgojhgbafZ��mkeh�

\by�;jw]]Z� 
k + D = k' ,                                            (6.7) 

 

]^_� k, D� b� k'  —� \hegh\u_� \_dlhju� iZ^Zxs_c�� Zdmklbq_kdhc� b� jZkk_ygghc�

\heg��Ba�mkeh\by�khojZg_gby�wg_j]bb�qZklhlZ�jZkk_ygghc�\hegu�&
�hlebqZ_l�

ky�hl�qZklhlu�iZ^Zxs_c�&�gZ�qZklhlm� a\mdZ� Ω ��Ihkdhevdm� Ω �  &��fh`gh�
iheZ]Zlv�&�§�&�
�= &0. 

<_ebqbgu�\hegh\uo�\_dlhjh\�jZ\gu 
 

k = 2�Q /��0;        k' =  2�i
�/��0  ;          D� � 2�I / V,               (6.8) 
 

]^_��0 —�^ebgZ�k\_lh\hc�\hegu�\�\Zdmmf_��i�b�i
�— ihdZaZl_eb�ij_ehfe_gby�
^ey�iZ^Zxs_]h�b�jZkk_yggh]h�emq_c��V —�kdhjhklv�a\mdZ��Ba�������\b^gh��qlh��

baf_gyy�qZklhlm�a\mdZ�f��fu�f_gy_f�^ebgm�\hegu���0, ^ey�dhlhjhc�\uihegy_l�
ky�mkeh\b_�kbgojhgbafZ��������<�Zdmklhhilbq_kdbo�k\_lhnbevljZo�h[uqgh�bk�

ihevamxl� ^bnjZdpbx� k\_lZ� \� Zgbahljhiguo� kj_^Zo*��� ijbq_f� iZ^ZxsZy� b�

                                                           
* ) :dmklhhilbq_kdb_�k\_lhnbevlju�k�bahljhigufb�kj_^Zfb�hq_gv�qm\kl\bl_evgu�d�
m]em�iZ^_gby�emq_c�b�ihwlhfm�jZ[hlZxl�\�kljh]h�iZjZee_evghf�imqd_�emq_c��IjZd�

lbq_kdh]h�ijbf_g_gby�hgb�g_�bf_xl� 
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jZkk_yggZy� \hegu� hlghkylky� d� \aZbfgh� hjlh]hgZevguf� iheyjbaZpbyf��?keb�

jZkkfhlj_lv� weebikhb^� ihdZaZl_e_c� ij_ehfe_gby� Zgbahljhighc� kj_^u� �jbk��

6.17,Z���lh�\b^gh��qlh�mkeh\b_�kbgojhgbafZ�������fh`_l�\uihegylvky�ijb�jZa�
guo�gZijZ\e_gbyo�b�\_ebqbgZo�\_dlhjh\�k, k' �b�D��ebrv�[u�bo�\_jrbgu�gZ�

oh^bebkv� gZ� khhl\_lkl\mxsbo� ih\_joghklyo��?keb� ijb� wlhf� dZkZl_evgu_� d�

ih\_joghklyf�\�lhqdZo�\_jrbg�\_dlhjh\�k�b�k' �iZjZee_evgu�^jm]�^jm]m��l�_��
nZah\u_� kdhjhklb�iZ^Zxs_c�b� jZkk_ygghc� \heg� h^bgZdh\h�gZijZ\e_gu��� lh�

mkeh\b_�������\uihegy_lky�^ey�imqdh\�k\_lZ�\�agZqbl_evghf�bgl_j\Ze_�m]eh\�

iZ^_gby��LZdhc�nbevlj�fZeh�qm\kl\bl_e_g�d�gZijZ\e_gbx�iZ^Zxs_]h�k\_lZ�b�

bf__l�[hevrmx�m]eh\mx�Zi_jlmjm��GZ�jbk�������Z�ihdZaZg�qZklguc�kemqZc��dh�

]^Z� \_dlhjZ� k� b� k' � dheebg_Zjgu��<� wlhf� kemqZ_� \_ebqbgZ� \_dlhjZ�D�fbgb�
fZevgZ��b�^ey�jZ[hlu�nbevljZ�lj_[m_lky�gZbf_gvrZy�qZklhlZ�a\mdZ� 

 
 
Jbk�� ������Dheebg_Zjguc�Zdmklhhilbq_kdbc�k\_lhnbevlj��Z��ih\_joghklb�ihdZaZl_�

e_c�ij_ehfe_gby�k�^bZ]jZffhc�\hegh\uo�\_dlhjh\��[��ko_fZ�^_ckl\by�nbevljZ��1 — 
Zdmklhhilbq_kdZy�yq_cdZ��2 —�iheyjbaZlhj��3 — ZgZebaZlhj��4 — baemqZl_ev�mevljZ�
a\mdZ��Klj_edZfb�ihdZaZgZ�iheyjbaZpby�k\_lh\uo�emq_c 
 
 

GZ� nbevlj� gZijZ\eyxl� iheyjbah\Zgguc� k\_l�� khhl\_lkl\mxsbc� eb[h�

h[udgh\_gghfm�� eb[h� g_h[udgh\_gghfm� emqm� \� djbklZee_�� <� j_amevlZl_�

\aZbfh^_ckl\by�k\_l�^ebgu�\hegu��0 baf_gy_l�k\hx�iheyjbaZpbx�gZ�hjlh]h�

gZevgmx��Baemq_gb_�^jm]bo�^ebg�\heg�g_�bkiulu\Z_l�\aZbfh^_ckl\by�b�kh�

ojZgy_l� ij_`gxx� iheyjbaZpbx�� GZ� \uoh^_� nbevljZ� klhbl� iheyjbaZlhj��

kdj_s_gguc�kh�\oh^guf��dhlhjuc�ijhimkdZ_l�\u^_ey_fh_�baemq_gb_��G_gm`-
gh_�baemq_gb_�h[uqgh�dZdbf-eb[h�h[jZahf�hldehgyxl�\�klhjhgm��jbk�������[). 
Ba�������b�������ihemqZ_f 

k1– k0 = ��ûn / �0 = 2�f / V,                               (6.9) 
 

]^_�ûn = |no — i_| —�^\memq_ij_ehfe_gb_�djbklZeeZ��Hlkx^Z 
 

�0 = Vûn/f = Λ ûn. 
 
I_j_kljhcdm�\_ebqbgu��0 ih�ki_dljm�hkms_kl\eyxl�h[uqgh�\�ij_^_eZo�hdlZ�

\u� �gZijbf_j������-����fdf������-�����fdf������-�����fdf�����-����fdf��khhl�
\_lkl\mxsbf�baf_g_gb_f�qZklhlu�mevljZa\mdZ� 
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Wnn_dlb\ghklv� ij_h[jZah\Zgby� aZ\bkbl� hl� ijhly`_gghklb� h[eZklb�

\aZbfh^_ckl\by�� \� ^ebgguo� djbklZeeZo� hgZ� fh`_l� ijb[eb`Zlvky� d� ������

RbjbgZ� ihehku� ijhajZqghklb� dheebg_Zjgh]h� nbevljZ� h[jZlgh� ijhihjpbh�

gZevgZ�ijhba\_^_gbx�ûnL: 
 

û� = û� / � 2 §����ûiL. 
 

Ijb�lbibqghf�agZq_gbb�ûi� ������b�^ebg_�djbklZeeZ�L= ���kf�hgZ�\�ex�
[hc�h[eZklb�ki_dljZ�khklZ\ey_l����kf

–1. 
:i_jlmjZ�nbevljZ�lh`_�hij_^_ey_lky�^ebghc�L b�\�dheebg_Zjguo�k\_lh�

nbevljZo� fh`_l� khklZ\eylv� g_kdhevdh� ]jZ^mkh\�� >ey� Zdmklhhilbq_kdbo�

nbevljh\�\�mevljZnbhe_lh\hc�b�\b^bfhc�h[eZklyo�ki_dljZ�bkihevamxl�d\Zjp�

(0,2-����� fdf��� \� \b^bfhc� b� BD� h[eZklyo� —� fheb[^Zl� dZevpby� �KZFhH4). 
Nbevlju� k� g_dheebg_Zjghc� ^bnjZdpb_c� ba]hlZ\eb\Zxl� ba� iZjZl_eemjblZ�

�L_H2). 
=eZ\gh_�ij_bfms_kl\h�nbevljh\�k�g_dheebg_Zjghc�^bnjZdpb_c�khklhbl�

\�[hevr_f�k_q_gbb�bkihevam_fh]h�k\_lh\h]h�emqZ�b�[hevrhc�Zi_jlmj_��LZd��

g_dheebg_Zjguc�k\_lhnbevlj�ba�L_H2�>����@��kdZgbjm_fuc�\�h[eZklb�hl���^h���

fdf�i_j_kljhcdhc� a\mdh\hc�qZklhlu�hl� ���^h� ���F=p��bf__l�k_q_gb_� ��� �� � 
ff2�b�fh`_l�jZ[hlZlv�\�koh^ysboky�k\_lh\uo�imqdZo�k�m]eh\hc�Zi_jlmjhc�^h�

�����RbjbgZ�_]h�ihehku�ijhimkdZgby�\�h[eZklb��� ���fdf�khklZ\ey_l� ��gf��

l�_�� � /� /��  � �����G_dheebg_Zjgu_� Zdmklhhilbq_kdb_�nbevlju�fh]ml�ijbf_�
gylvky�^ey�nbevljZpbb�hilbq_kdbo�bah[jZ`_gbc� 

:iiZjZlgZy�nmgdpby�nbevljZ��nhjfZ�ihehku�ijhimkdZgby��bf__l�agZqb�

l_evgu_�[hdh\u_�e_i_kldb��dhlhju_�fh`gh�m[jZlv�Zih^baZpb_c
*) iml_f�baf_�

g_gby�Zfieblm^u�a\mdh\hc�\hegu�ih�hij_^_e_gghfm�aZdhgm� 
<� hlebqb_� hl� ^jm]bo� bgl_jn_j_gpbhgguo� k\_lhnbevljh\�� Z� lZd`_� ^b�

njZdpbhgguo� b� bgl_jn_j_gpbhgguo� ijb[hjh\� �]e�� ��� ����� bf_xsbo� fgh]h�

ihehk�ijhimkdZgby��Zdmklhhilbq_kdb_�k\_lhnbevlju�bf_xl�h^gm�ihehkm�ijh�

ajZqghklb��H^gZdh�fh]ml�ijbkmlkl\h\Zlv�eh`gu_�ihehku�—� �^mob���Ijbqb�

ghc�y\ey_lky�\aZbfh^_ckl\b_�k\_lZ�k�hljZ`_ggufb�hl�]jZg_c�djbklZeeZ�a\m�

dh\ufb�\hegZfb�b�k�]ZjfhgbdZfb�\ukhdhqZklhlgh]h�kb]gZeZ� 
Bg_jpbhgghklv�k\_lhnbevljh\�hij_^_ey_lky�\j_f_g_f�ijhoh^Z�Zdmklb�

q_kdh]h�kb]gZeZ�ih�h[eZklb�\aZbfh^_ckl\by�b�khklZ\ey_l�g_kdhevdh�fbdjhk_�

dmg^��>hklhbgkl\hf� y\ey_lky� lZd`_� ijhklhlZ� khijy`_gby�bo� k�W<F�b� \ha�

fh`ghklv�kdZgbjh\Zgby�qZklhlu�ih�aZ^Zgghc�ijh]jZff_� 
:dmklhhilbq_kdb_� nbevlju� bkihevamxl� \� eZa_jZo� gZ� djZkbl_eyo� ^ey�

mijZ\e_gby�^ebghc�\hegu�]_g_jZpbb�b�\�kbkl_fZo�hilbq_kdhc�h[jZ[hldb�bg�

nhjfZpbb�>����@� 
Kh\_jr_gkl\h\Zgb_�Zdmklhhilbq_kdbo�nbevljh\�^Zeh�lheqhd�\hagbdgh�

\_gbx�gh\h]h�gZijZ\e_gby� \� ki_dljZevghf�ijb[hjhkljh_gbb��GZ�bo� hkgh\_�

kha^Zgu�[ukljh^_ckl\mxsb_� ki_dljhf_lju� >����@��=eZ\gufb�bo�^hklhbgkl�

\Zfb�y\eyxlky� 
–�we_dljhggh_�i_j_dexq_gb_�^ebg�\heg�k�ihklhygghc�\j_f_gb�g_�f_g__�

                                                           
* )Keh\h����Zih^baZpby����h[jZah\Zgh��hl��]j_q_kdbo���.����hljbpZgb_���b���� / ��ih^hr�
\Z��b�hagZqZ_l�mkljZg_gb_�iv_^_klZeZ�m�nmgdpbb� 
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��fk��\hafh`ghklv�ijhba\hevghc�\u[hjdb�^ebg�\heg� 
–�\ukhdZy�kdhjhklv�kdZgbjh\Zgby�-�^h�������lhq_d�\�k_dmg^m� 
–�\ukhdZy�lhqghklv�mklZgh\db�^ebg�\heg�-�^h��-��agZdh\��l�_��\�\b^bfhc�

h[eZklb�^h� ���-�����gf��hij_^_ey_fZy�klZ[bevghklvx�qZklhlu�mevljZa\mdZ�b�
\ukhdhc�h^ghjh^ghklvx�fhghdjbklZeeZ� 

–�[hevrh_�\oh^gh_�hl\_jklb_��\ukhdZy�k\_lhkbeZ��fZeu_�]Z[Zjblu� 
–�\ukhdZy�qZklhlZ�Zfieblm^ghc� �fh^meypbb� ��–�� �d=p���qlh�mf_gvrZ_l�

\ukhdhqZklhlgu_�rmfu�lbiZ���f.  
D�g_^hklZldZf�ke_^m_l�hlg_klb� 
–�nbdkbjh\Zggh_�jZaj_r_gb_�—�g_�emqr_� ��–���kf–1

�\�ex[hc�h[eZklb�

ki_dljZ� 
–� kjZ\gbl_evgh�g_[hevrhc� dhgljZkl� ���4

���hij_^_ey_fuc�jZkk_ygb_f� \�

djbklZee_�k\_lZ�\u^_ey_fhc�^ebgu�\hegu� 
Ki_dljhf_lju�k�Zdmklhhilbq_kdbfb�nbevljZfb�k�mki_ohf�ijbf_gyxlky�

\�aZ^ZqZo��dh]^Z�g_h[oh^bfu�[ukljh^_ckl\b_�b�\u[hjdZ�^ebg�\heg�gZkljhcdb�

ih�aZ^Zgghc�ijh]jZff_��gZijbf_j�^ey�dhgljhey�ijhp_kkZ�gZiue_gby�fgh]h�

kehcguo�ihdjulbc�\�j_Zevghf�fZkrlZ[_�\j_f_gb�>����@��^ey�fhgblhjbg]Z�aZ�

]jyag_gbc�hdjm`Zxs_c�kj_^u�b�^jm]bo�ki_dljhZgZeblbq_kdbo�jZ[hl� 
  

*            * 
* 

Ijh]j_kk� \�nbabq_kdbo� bkke_^h\Zgbyo� lj_[m_l� kh\_jr_gkl\h\Zgby�f_�

lh^h\�fhghojhfZlbaZpbb�baemq_gby��Ijb�wlhf�h[uqgh�klhbl�aZ^ZqZ�kha^Zgby�

nbevljh\� k� aZ^Zgghc�rbjbghc� b� nhjfhc� ihehku� ijhimkdZgby�� k� [hevrhc�

ijhajZqghklvx�b�gZb[he__�ijhkluo�ih�k\h_fm�mkljhckl\m�b�l_ogheh]bb�ba]h�

lh\e_gby� 
<ukhdb_�lj_[h\Zgby�ij_^ty\eyxlky�d�nbevljZf��bkihevam_fuf�ijb�jZ�

[hl_� k� fhsguf� eZa_jguf� baemq_gb_f�� A^_kv� g_h[oh^bfu� hkh[u_� dZq_kl\Z�

nbevljh\� —� madZy� ihehkZ�� \ukhdZy� dhgljZklghklv�� \ukhdZy� emq_\Zy� ijhq�

ghklv��<�k\hx�hq_j_^v�jZa\blb_�eZa_jghc�l_ogbdb�klbfmebjm_l�kha^Zgb_�gh�

\uo�\b^h\�nbevljh\��\�qZklghklb�k�mijZ\ey_fhc�ihehkhc� 
 
<HIJHKU 
 
���>ey�dZdhc�p_eb�ijbf_gyxlky�k\_lhnbevlju" 
���DZdh\Z�lbibqgZy�\_ebqbgZ�^h[jhlghklb� �jZaj_rZxs_c�kihkh[ghklb��

k\_lhnbevljh\" 
���IjhajZqgZ�eb�\h^Z�\�mevljZnbhe_lh\hc�h[eZklb�ki_dljZ" 
��� <� dZdhc� h[eZklb� ki_dljZ� jZ[hlZxl� ^bki_jkbhggu_� k\_lhnbevlju�

�nbevlju�OjbklbZgk_gZ�" 
���DZd�k\yaZgZ�dhgljZklghklv�^bki_jkbhggh]h�k\_lhnbevljZ�k�f_klhf�_]h�

jZkiheh`_gby�\�wdki_jbf_glZevghc�mklZgh\d_" 
6.� Ijb\_^bl_� ijbf_ju� hlj_aZxsbo� k\_lhnbevljh\� \� ^Zevg_c� bgnjZ�

djZkghc�h[eZklb�ki_dljZ� 
��� Dm^Z� b^_l� baemq_gb_�� g_� ijhims_ggh_� k\_lhnbevljhf� �ijb\_^bl_�

ijbf_ju�� 
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���;m^_l�eb�k\_lhnbevlj�<m^Z�^_ckl\h\Zlv�lZdbf�`_�h[jZahf��_keb�ebgaZ�

k^_eZgZ�ba�kl_deZ" 
���?keb�fh^meylhj��bkihevam_fuc�\�f_lh^_�k_e_dlb\ghc�fh^meypbb��k^_�

eZg�ba�nlhjbklh]h�eblby��dZdmx�h[eZklv�ki_dljZ�ijhimklbl�wlh�nbevljmxs__�

mkljhckl\h"�Dm^Z�ihc^_l�baemq_gb_��g_�ijhims_ggh_�mkljhckl\hf" 
���� <� dZdhc� h[eZklb� ki_dljZ� ijbf_gyxlky� bgl_jn_j_gpbhggu_� k\_lh�

nbevlju" 
����DZdh\u�ij_bfms_kl\Z�b�g_^hklZldb�debgh\h]h�k\_lhnbevljZ" 
����<�q_f�ijbqbgZ�jZaebqby�ki_dljZevguo�oZjZdl_jbklbd�dhgljZklgh]h�b�

h[uqgh]h�bgl_jn_j_gpbhgguo�k\_lhnbevljh\" 
���� <� q_f� khklhbl� keh`ghklv� ba]hlh\e_gby� bgl_jn_j_gpbhggh-

iheyjbaZpbhgguo�k\_lhnbevljh\" 
����<�eZa_jghc�l_ogbd_�qZklh�gm`gu�k\_lhnbevlju�k�ijhajZqghklvx�[h�

e__������DZdb_�k\_lhnbevlju�ijb]h^gu�^ey�wlhc�p_eb�b�dZd�bo�ke_^m_l�bk�

ihevah\Zlv" 
����DZdb_�k\_lhnbevlju�h[_ki_qb\Zxl�i_j_kljhcdm�ihehku�ijhimkdZgby�

ih�^ebg_�\hegu" 
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= e Z \ Z � 7  
 

 KI?DLJ:EVGU?�IJB;HJU� 
       H;SB?�<HIJHKU 
 
 
 

 ������DE:KKU�KI?DLJ:EVGUO�IJB;HJH< 
 

GZagZq_gb_f� ki_dljZevguo� ijb[hjh\� y\ey_lky� \u^_e_gb_� madbo�

ki_dljZevguo� bgl_j\Zeh\� baemq_gby� k� jZaj_r_gb_f� h[uqgh� ��
2-107

��<�

hkgh\m� ^_ckl\by� ki_dljZevguo� ijb[hjh\�fh]ml� [ulv� iheh`_gu� kZfu_�

jZaghh[jZagu_�ijbgpbiu� 
>Z\gh�ba\_klgu�b�gZb[he__�jZkijhkljZg_gu�ki_dljZevgu_�ijb[hju�

k�ijhkljZgkl\_gguf�jZa^_e_gb_f�^ebg�\heg��LZdb_�ijb[hju�k_cqZk�gZ�

au\Zxl� �deZkkbq_kdbfb��� Z�bkihevam_fuc�f_lh^�jZa^_e_gby�baemq_gby�

ih�^ebgZf�\heg�— �f_lh^hf� k_e_dlb\ghc�nbevljZpbb��H[yaZl_evguf�\�

ki_dljZevguo�ijb[hjZo�wlh]h�deZkkZ�y\ey_lky�^bki_j]bjmxsbc�we_f_gl��

ijhkljZgkl\_ggh�jZa^_eyxsbc�ih�^ebgZf�\heg�iZ^Zxs__�gZ�g_]h�baem�

q_gb_��IjbgpbibZevgZy�ko_fZ�ijb[hjZ�bah[jZ`_gZ�gZ�jbk�������>bki_j�

]bjmxsbc� we_f_gl� �ijbafZ�� ^bnjZdpbhggZy� j_r_ldZ�� bgl_jn_jhf_lj�

NZ[jb–I_jh�beb�^j���jZkiheZ]Z_lky�\�iZjZee_evghf�imqd_�emq_c��kha^Z�

\Z_fhf�dheebfZlhjhf�—  kh\hdmighklvx�\oh^gh]h�hl\_jklby�1  b�h[t_d-
lb\Z�2 . Ki_dlj�gZ[ex^Z_lky�\�nhdZevghc�iehkdhklb�5  dZf_jgh]h�h[t_d�
lb\Z�4 . <�ijb[hjZo��m�dhlhjuo�^bki_j]bjmxsbc�we_f_gl�g_�bf__l�hk_�

\hc�kbff_ljbb� �gZijbf_j��ijbafZ�b�j_r_ldZ���jZaeh`_gb_�baemq_gby�\�

ki_dlj� ijhbkoh^bl� \� h^ghc� iehkdhklb�� <oh^guf� hl\_jklb_f� \� lZdbo�

ijb[hjZo� kem`bl�s_ev��Ki_dlj� ihemqZ_lky� \� \b^_�fhghojhfZlbq_kdbo�

bah[jZ`_gbc�s_eb�� i_j_\_jgmluo� ih� hlghr_gbx� d� \oh^ghc�s_eb�� —  

 
Jbk�������Ko_fZ�s_e_\h]h�ki_dljZevgh]h�ijb[hjZ��1 — \oh^gZy�s_ev��2 — dheebfZ�
lhjguc� h[t_dlb\�� 3 — ^bki_j]bjmxsZy� kbkl_fZ�� 4 — dZf_jguc� h[t_dlb\�� 5 — 
ki_dlj��s —�rbjbgZ�\oh^ghc�s_eb��D — ̂ _ckl\mxs__�hl\_jklb_��0 —�m]he�f_`^m�

ih\_joghklvx�ki_dljZ�b�hkvx�dZf_ju 
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�ki_dljZevguo�ebgbc��� Wlb� bah[jZ`_gby�m\_ebq_gu�\�f2/f1�jZa�� ]^_�f2�b�

f1 — �nhdmkgu_�jZkklhygby�dZf_jgh]h�b�dheebfZlhjgh]h�h[t_dlb\h\��^h�

ihegbl_evgh_�m\_ebq_gb_�aZ�kq_l�^bki_j]bjmxs_c�kbkl_fu�[m^_l�jZah�

[jZgh�^Zevr_�� 
�DeZkkbq_kdb_��ki_dljZevgu_�ijb[hju�fh`gh�jZa^_eblv�gZ�ke_^mxsb_�

]jmiiu� 
Z��Ki_dljhkdhiu�—  ijhkl_crb_� ki_dljZevgu_�ijb[hju�^ey�\bam�

Zevgh]h�gZ[ex^_gby�ki_dljZ��bf_xsb_�gZ�\uoh^_�hdmeyj��QZklguf�kem�

qZ_f�ki_dljhkdhiZ�y\ey_lky�klbehkdhi��ij_^gZagZq_gguc�^ey�[ukljh]h�

dhebq_kl\_ggh]h� ZgZebaZ� khklZ\Z� klZe_c� (stee l��b� ^jm]bo� kieZ\h\�f_lh�
^hf�\bamZevgh]h�kjZ\g_gby�yjdhkl_c�ki_dljZevguo�ebgbc� 

[��Ki_dljh]jZnu��ij_^gZagZq_ggu_� ^ey�nhlh]jZnbjh\Zgby� ki_dljZ��

Hgb�bf_xl�\�nhdZevghc�iehkdhklb�dZkk_lm�^ey�nhlhieZklbgdb�beb�nh�

lhie_gdb��<�ki_dljh]jZnZo�kh\hdmighklv�ebgau�4  b�nhdZevghc�iehkdh�
klb�5  gZau\Zxl�dZf_jhc�ijb[hjZ� 

\��FhghojhfZlhju�� ij_^gZagZq_ggu_� ^ey� \u^_e_gby� baemq_gby� \�

ij_^_eZo� aZ^Zggh]h� ki_dljZevgh]h� bgl_j\ZeZ�� <� nhdZevghc� iehkdhklb 
\uoh^gh]h��dZf_jgh]h��h[t_dlb\Z�fhghojhfZlhjZ�bf__lky�g_ih^\b`gZy�

s_ev�^ey�\uoh^Z�baemq_gby��<�fhghojhfZlhjZo�\k_]^Z�ij_^mkfZljb\Zxl�

\hafh`ghklv�kdZgbjh\Zgby�ki_dljZ��gZijbf_j�iml_f�i_j_f_s_gby�ki_d�

ljZ�hlghkbl_evgh�g_ih^\b`ghc�\uoh^ghc�s_eb��H[t_dlb\�4  \�khq_lZgbb�
k� \uoh^guf� hl\_jklb_f� �\uoh^ghc� s_evx�� fhghojhfZlhjZ� gZau\Zxl�

\uoh^guf�dheebfZlhjhf��?keb�fhghojhfZlhj�bf__l�g_kdhevdh�\uoh^�

guo�s_e_c��_]h�gZau\Zxl�ihebojhfZlhjhf� 
GZ�hkgh\_�fhghojhfZlhjh\�b�ihebojhfZlhjh\�fh]ml�[ulv�ihkljh_gu�

ki_dljhf_lju��Z�lZd`_�ki_dljhnhlhf_lju��Wlb�ijb[hju�h[uqgh�bf_xl�

\kljh_ggu_�bklhqgbd�k\_lZ��kbkl_fm�hk\_s_gby�s_eb��fhghojhfZlhj�b�

ijb_fgh-j_]bkljbjmxsmx�kbkl_fm��Ki_dljhf_lju�ij_^gZagZqZxlky�^ey�

baf_j_gby�^ebg�\heg�beb�qZklhl�ki_dljZevguo�ebgbc�\�ki_dljZo�bkimk�

dZgby�beb�ihehk�\�ki_dljZo�ih]ehs_gby��Ki_dljhf_lju�k�ihebojhfZlh�

jZfb�� bf_xsb_� jZagu_� ijb_fgbdb� baemq_gby� aZ� dZ`^hc� ba� \uoh^guo�

s_e_c�b�iha\heyxsb_�ijh\h^blv�dhebq_kl\_gguc� ki_dljZevguc� ZgZeba�

h^gh\j_f_ggh�gZ�g_kdhevdh�jZaebqguo�we_f_glh\��gZau\Zxlky�d\Zglh�

f_ljZfb�(quan tity  —�dhebq_kl\h�� 
Ki_dljhnhlhf_lju� \h� fgh]hf� ih^h[gu� ki_dljhf_ljZf�� H^gZdh�

ijb_fgh-j_]bkljbjmxsZy� kbkl_fZ� ki_dljhnhlhf_ljh\� \� hlebqb_� hl�
ki_dljhf_ljh\� iha\hey_l� ihemqZlv� ki_dlju� ih]ehs_gby� bkke_^m_fuo�
h[t_dlh\�g_ihkj_^kl\_ggh�\�rdZe_�ijhajZqghkl_c�beb�hilbq_kdbo�iehl�
ghkl_c� 

<k_� ki_dljZevgu_� ijb[hju� jZaebqZxlky� lZd`_� ih� qbkem� h^gh\j_�
f_ggh�j_]bkljbjm_fuo�bfb�ki_dljZevguo�bgl_j\Zeh\�/���ih�qbkem�dZgZ�
eh\���GZijbf_j��nhlh]jZnbjmy�ki_dlj�k�ihfhsvx�ki_dljh]jZnZ��fu�ih�
emqZ_f�bgnhjfZpbx�h^gh\j_f_ggh�h�fgh]bo�ki_dljZevguo�bgl_j\ZeZo��
qbkeh�dhlhjuo�jZ\gh�qbkem�mf_sZxsboky�^jm]�jy^hf�k�^jm]hf�bgl_j�
\Zeh\�/� \�ij_^_eZo�\k_c�jZ[hq_c�h[eZklb�ijb[hjZ��K�wlhc�lhqdb�aj_gby�
ki_dljh]jZn�y\ey_lky�fgh]hdZgZevguf�ijb[hjhf��Fgh]hdZgZevguf�y\�
ey_lky�b�ki_dljhf_lj�k�ihebojhfZlhjhf��Qbkeh�dZgZeh\�\�^Zgghf�kemqZ_�
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jZ\gh� qbkem� \uoh^guo� s_e_c�� Ki_dljhf_lj� k� fhghojhfZlhjhf� ij_^�
klZ\ey_l�kh[hc�ijbf_j�h^ghdZgZevgh]h�ijb[hjZ��bgnhjfZpbx�h�jZaebq�
guo�ki_dljZevguo�bgl_j\ZeZo�fu�ihemqZ_f��ihke_^h\Zl_evgh�gZkljZb\Zy�
_]h�gZ�jZagu_�^ebgu�\heg� 

GZjy^m�k� �deZkkbq_kdbfb��\�hkgh\m�ihkljh_gby�ki_dljZevguo�ijb�

[hjh\�fh]ml�[ulv�iheh`_gu��gh\u_��f_lh^u��\�dhlhjuo�jZaeh`_gb_�ba�

emq_gby�\�ki_dlj�k�hilbq_kdh]h��^bki_j]bjmxs_]h��we_f_glZ�i_j_eh`_�

gh�gZ�we_dljbq_kdmx�ko_fm�ijb[hjZ��<�hkgh\_�^_ckl\by�lZdbo�ijb[hjh\ 
e_`bl� k_e_dlb\gZy� fh^meypby� baemq_gby�� Z� kZfb� ijb[hju� gZau\Zxl�

�fh^meypbhggufb�� 
Ijb�bkihevah\Zgbb� wlbo�f_lh^h\�baemq_gb_�\�dZ`^hf�mqZkld_�gZ�

[ex^Z_fh]h�hilbq_kdh]h� ki_dljZ�fh^mebjm_lky�qZklhlhc� f��h^ghagZqgh�
k\yaZgghc� k� ^ebghc� \hegu� baemq_gby�� >Ze__� k� ihfhsvx� ijb_fgbdZ��

ijbgbfZxs_]h� h^gh\j_f_ggh� \k_� ijhfh^mebjh\Zggu_� hilbq_kdb_� kb]�

gZeu�� \ujZ[Zlu\Z_lky� we_dljbq_kdbc� kb]gZe�� \� dhlhjhf� aZdh^bjh\Zg�

i_j\hgZqZevguc�hilbq_kdbc�ki_dlj��>ey�gZoh`^_gby�bkoh^gh]h�hilbq_�

kdh]h�ki_dljZ�g_h[oh^bfh�ijh\_klb�]Zjfhgbq_kdbc�ZgZeba�ihemq_ggh]h�

we_dljbq_kdh]h� kb]gZeZ�b� \hkihevah\Zlvky� k\yavx�hilbq_kdbo�qZklhl� k�

fh^meypbhggufb�qZklhlZfb��aZeh`_gghc�\�^Zgghf�ijb[hj_��<�ijhkl_c�

rbo�kemqZyo�lZdhc�ZgZeba�fh`_l�[ulv�ijh\_^_g��gZijbf_j��k�ihfhsvx�

ki_dljhZgZebaZlhjZ�� \� [he__� keh`guo� kemqZyo� lj_[m_lky� dhfivxl_j��

OZjZdl_j� j_]bkljZpbb� ki_dljZ� \� ^Zgghf� f_lh^_� y\ey_lky� fgh-
]hdZgZevguf�b�ih^h[_g��gZijbf_j��nhlh]jZnbjh\Zgbx�ki_dljZ��dh]^Z�\�

l_q_gb_�\k_]h�\j_f_gb�j_]bkljZpbb�ijhbkoh^bl�gZdhie_gb_�bgnhjfZpbb�

kjZam�ih�\k_fm�ki_dljm� 
Bf_xlky� b� h^ghdZgZevgu_� \ZjbZglu�f_lh^Z� k_e_dlb\ghc�fh^mey�

pbb��\�dhlhjuo�hilbq_kdbc�kb]gZe�fh^mebjm_lky�lhevdh�^ey�h^gh]h�bg�

l_j\ZeZ�/���Z�khk_^gb_�k�gbf�hklZxlky�g_fh^mebjh\Zggufb��LZdhc�ijb�

[hj� i_j_kljZb\Zxl� ih� ^ebgZf� \heg� k� ihfhsvx� dZdh]h-eb[h� we_f_glZ��
dhlhjuc�ihhq_j_^gh�\u\h^bl�jZaebqgu_�^ebgu�\heg�\�iheh`_gb_��\�dh�

lhjhf�ijhbkoh^bl�fh^meypby��Hilbq_kdbc�ki_dlj�aZibku\Z_lky�\�rdZe_�

hilbq_kdbo�^ebg�\heg�beb�qZklhl��dZd�\�deZkkbq_kdbo�ki_dljhf_ljZo� 
<�h[s_f�\b^_�deZkkbnbdZpby�ki_dljZevguo�ijb[hjh\�ij_^klZ\e_gZ�

\� lZ[e�� ����� <� ^Zevg_cr_f� baeh`_gbb� hkgh\gh_� \gbfZgb_� m^_ey_lky�

�deZkkbq_kdbf�� ki_dljZevguf�ijb[hjZf��ihkdhevdm� hgb�ihemqbeb�gZb�

[hevr__�jZkijhkljZg_gb_� 
LZ[ebpZ���� 
DeZkkbnbdZpby�ki_dljZevguo�ijb[hjh\ 

 

F_lh^u�\u^_e_gby�bkke_^m_fuo 
ki_dljZevguo�bgl_j\Zeh\ 

Qbkeh�dZgZeh\��h^�

gh\j_f_ggh�\u^_�

ey_fuo�bgl_j\Z�

eh\� 
�deZkkbq_kdb_��f_lh^u� 

�k_e_dlb\gZy�nbevljZpby� 
�gh\u_��f_lh^u��k_e_dlb\gZy�

fh^meypby� 
Fgh]h 

 
Ki_dljh]jZn��ki_dljhkdhi� 

ihebojhfZlhj 
nmjv_-ki_dljhf_lj 

 
H^bg 

 
fhghojhfZlhj 

 
kbkZf 

jZkljh\uc�ki_dljhf_lj 
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�������HKGH<GU?�O:J:DL?JBKLBDB 
          KI?DLJ:EVGUO�IJB;HJH< 
 
DZ`^uc� lbi� ki_dljZevgh]h� ijb[hjZ� oZjZdl_jbam_lky� ijbkms_c�

_fm�ZiiZjZlghc�nmgdpb_c��ij_^klZ\eyxs_c�kh[hc�hldebd�ki_dljZevgh]h�

ijb[hjZ� gZ� fhghojhfZlbq_kdh_� baemq_gb_�� NZdlbq_kdb� ZiiZjZlgZy�

nmgdpby� �ki_dljZevgh_� hdgh�� bgkljmf_glZevguc� dhglmj�� — � wlh�

�ki_dlj��� aZibku\Z_fuc� �\ujZ[Zlu\Z_fuc�� ki_dljZevguf� ijb[hjhf�

ijb�gZ[ex^_gbb�fhghojhfZlbq_kdh]h�baemq_gby�_^bgbqghc�fhsghklb� 
:iiZjZlgZy�nmgdpby�bkdZ`Z_l�j_]bkljbjm_fuc�ki_dlj��Imklv��gZ�

ijbf_j�� bklbggh_� jZkij_^_e_gb_� wg_j]bb� \� ki_dlj_� ^Z_lky� nmgdpb_c�

-(���� DZ`^hc� ^ebg_� \hegu� � 
ki_dljhf_ljhf�ijbibku\Z_lky�hi-
j_^_e_ggZy�dhhj^bgZlZ�gZ�nhdZev-
ghc� iehkdhklb� ijb[hjZ��Ihwlhfm�

\f_klh�-(�) aZ�bklbggh_�jZkij_^_-
e_gb_� ijbf_f� jZkij_^_e_gb_�3( l )  
�jbk�� ������ dhlhjh_� j_]bkljbjh\Z-
ehkv� [u� ijb� hlkmlkl\bb� bkdZ`_-
gbc�� GZc^_f� jZkij_^_e_gb_� f( l ) , 
dhlhjh_� fu� aZj_]bkljbjm_f� \f_�

klh� bklbggh]h� 3( l ) . <u^_ebf� \�

bklbgghf� ki_dlj_� 3( l )  fh-
ghojhfZlbq_kdmx� dhfihg_glm�

baemq_gby�� wg_j]by� dhlhjhc�3( l )d l 
ij_^klZ\e_gZ� aZrljboh\Zgguf� ijyfhm]hevgbdhf� gZ� jbk�� ����� RbjbgZ�

_]h�� jZ\gZy� d l, \� ^_ckl\bl_evghklb� hq_gv� fZeZ��Ijb[hj� k� ZiiZjZlghc�

nmgdpb_c� Z�l ) � �jZafZau\Z_l�� wlhl� ijyfhm]hevgbd� \� jZkij_^_e_gb_�
Z�l ) . �Wg_j]by��aZdexq_ggZy�\�g_f��ijb�wlhf�khojZgy_lky��lZd�dZd�ZiiZ�

jZlgZy�nmgdpby�ghjfbjh\ZgZ�ih�iehsZ^b 

( ) 1a l dl
∞

−∞

=∫ .                                       (7 .1 ) 

Hij_^_ebf� agZq_gb_� gZ[ex^Z_fh]h� jZkij_^_e_gby� f( l') � \� lhqd_� l' . 
>hey� wg_j]bb� fhghojhfZlbq_kdhc� dhfihg_glu� d l, aZ� kq_l� �jZafZau\Z�
gby��ijb[hjhf�ihiZ\rZy�\�lhqdm�l'��jZ\gZ�agZq_gbx�ZiiZjZlghc�nmgdpbb�

\�wlhc�lhqd_�Z( l — l'), mfgh`_gghc�gZ�\_ebqbgm�wg_j]bb�3( l )d l��Z�l— l')3( l )d l. 
>jm]b_�fhghojhfZlbq_kdb_�dhfihg_glu�lZd`_�^Z^ml�k\hc�\deZ^�\�agZq_gb_�

gZ[ex^Z_fhc�nmgdpbb�\�lhqd_�l'��<�j_amevlZl_�gZ[ex^Z_fh_�jZkij_^_e_�

gb_�\ujZablky�k\_jldhc�nmgdpbc�a( l )  b�3( l ) : 

f( l')  =  ( ) ( ) ( )' 'f l a l l l dlϕ
∞

−∞

= −∫   (7 .2) 

<ujZ`_gb_� ������ fh`gh� bkihevah\Zlv� ^ey� gZoh`^_gby� bklbggh]h�

jZkij_^_e_gby�3( l )  ih�gZ[ex^Z_fhfm�f( l ) ��_keb�ba\_kl_g�\b^�ZiiZjZlghc�
nmgdpbb�a( l ) . 

 
 
Jbk �� ����� D� ihemq_gbx � gZ[ex^Z -
_fh]h � jZkij_^_e_gby � f( l �� \� ki_dlj_ �
ba �bklbggh]h �3( l��k�mq_lhf �ZiiZjZ l�

ghc �nmgdpbb �Z�l )  
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K�ihgylb_f�ZiiZjZlghc�nmgdpbb�k\yaZgZ�jZaj_rZxsZy�kihkh[ghklv�

ijb[hjZ��//���oZjZdl_jbamxsZy�\hafh`ghklv�jZa^_evghc�j_]bkljZpbb�kh�

k_^gbo� ki_dljZevguo� bgl_j\Zeh\� /�. K� ihfhsvx� ZiiZjZlghc� nmgdpbb�

djbl_jbc�jZaj_r_gby�\ujZ`Zxl�ke_^mxsbf�h[jZahf��^\_�ki_dljZevgu_�

ebgbb� jZaj_r_gu�� _keb� jZkklhygb_�f_`^m� gbfb� ijb[ebabl_evgh� jZ\gh�

rbjbg_�ZiiZjZlghc�nmgdpbb�gZ�iheh\bg_�\ukhlu�__�dhglmjZ� 
GZ�ijZdlbd_�h[uqgh�\hagbdZ_l�g_h[oh^bfhklv�hlukdZgby�bklbggh]h�

jZkij_^_e_gby�wg_j]bb�3( l )  ih�gZ[ex^Z_fhfm� f( l ) �b�ih�ba\_klghc�ZiiZ�
jZlghc�nmgdpbb� a( l ) . J_r_gb_� wlhc� aZ^Zqb� gZau\Zxl� j_^mdpb_c� d�b^_�

Zevghfm�ijb[hjm��beb�bkdexq_gb_f�ZiiZjZlghc�nmgdpbb�>���@��<�h[s_f�

kemqZ_�^ey�wlh]h�g_h[oh^bfh�j_r_gb_�ebg_cgh]h�bgl_]jZevgh]h�mjZ\g_�

gby��������Gm`gh�bf_lv�\�\b^m��qlh�gZ[ex^Z_fh_�jZkij_^_e_gb_�\dexqZ_l�

\�k_[y�jZaebqgu_�hrb[db�baf_j_gbc�b�g_�\k_]^Z�[u\Z_l�ba\_klgh�k�g_h[�

oh^bfhc�lhqghklvx��ihwlhfm�aZ^ZqZ�j_^mdpbb�d�b^_Zevghfm�ijb[hjm�y\-
ey_lky�g_dhjj_dlghc�>���@� 

H^gbf�ba�\Z`guo�iZjZf_ljh\�ki_dljZevguo�ijb[hjh\�y\ey_lky�k\_�

lhkbeZ�� oZjZdl_jbamxsZy� \_ebqbgm�bkihevam_fh]h�ijb[hjhf� k\_lh\h]h�

ihlhdZ. 
 
������S?E?<U?�KI?DLJ:EVGU?�IJB;HJU 
 

JZkkfhljbf�s_e_\u_� ki_dljZevgu_� ijb[hju�� l�_�� ijb[hju� k� \oh^�

guf� hl\_jklb_f� \� \b^_�s_eb� �jbk�� ������GZ� \uoh^_� lZdbo�ijb[hjh\�fu�

ihemqZ_f� kh\hdmighklv�fhghojhfZlbq_kdbo�bah[jZ`_gbc� \oh^ghc�s_eb�

— �ki_dljZevgu_�ebgbb��RbjbgZ�s'�b�\ukhlZ�h' bah[jZ`_gby�s_eb�jZ\gu 

s' =  s 2

1

f

f

1

sinε
 ,    h ' =   h 2

1

f

f
.                                       (7.3) 

A^_kv�0�—  m]he�f_`^m�iehkdhklvx�ki_dljZ�b�hkvx�dZf_ju� 
Ijb[hj�oZjZdl_jbam_lky�m]eh\hc�^bki_jkb_c�G�/d���aZ\bkbfhklvx�m]eZ�

�� hldehg_gby� emq_c� ^bki_j]bjmxsbf� we_f_glhf� hl� ^ebgu� \hegu�� b� eb�

g_cghc�^bki_jkb_c 

2
1

� � VLQ

dl d
f

d d

θ
ε

= ,     (7 .4 ) 

]^_�l  — �dhhj^bgZlZ�gZ�ki_dlj_��QZklh�mihlj_[ey_lky�h[jZlgZy�ebg_cgZy�

^bki_jkby� d�/d l, \ujZ`Z_fZy� \_ebqbghc� ki_dljZevgh]h�bgl_j\ZeZ��mf_�
sZxs_]hky�gZ�^ebg_�ki_dljZ��jZ\ghc���ff��H[jZlgZy�ebg_cgZy�^bki_j�

kby�bf__l�jZaf_jghklv�>gf�ff@� 
 

����:iiZjZlgZy�nmgdpby��jZaj_r_gb_ 
 

<�s_e_\uo�ki_dljZevguo�ijb[hjZo�gZb[he__�\Z`gufb�y\eyxlky�^\Z�

\b^Z�ZiiZjZlghc�nmgdpbb�—  ^bnjZdpbhggZy�b�s_e_\Zy� 
>bnjZdpbhggZy�ZiiZjZlgZy�nmgdpby��<�wlhf�kemqZ_�mqblu\Z_lky�

lhevdh� ^bnjZdpby� gZ� ^_ckl\mxs_f� hl\_jklbb� ijb[hjZ�� b� ZiiZjZlgZy�

nmgdpby�bf__l�\b^ 
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a(l)= 2

0 0

1
sin

l
c

s s

π
.                                                 (7.5) 

A^_kv s0 =  �f2/D .�>bnjZdpbhggZy�ZiiZjZlgZy�nmgdpby�hij_^_ey_l�l_hj_�
lbq_kdbc�ij_^_e�jZaj_r_gby�ki_dljZevguo�ijb[hjh\��Jwe_c�\\_e�djbl_jbc�

jZaj_r_gby� ^bnjZdpbhgguo� bah[jZ`_gbc�� dhlhjuc� \� ijbf_g_gbb� d�

ki_dljZevguf�ijb[hjZf� a\mqbl� lZd��^\_�ki_dljZevgu_�ebgbb�y\eyxlky�

jZaj_r_ggufb� �jZa^_evgh�gZ[ex^Z_fufb���_keb�]eZ\guc�fZdkbfmf�^b�

njZdpbhgghc�dZjlbgu�h^ghc�ba�ebgbc�ihiZ^Z_l�g_�[eb`_�q_f�gZ�i_j\uc�

gmev�^bnjZdpbhgghc�dZjlbgu�\lhjhc�ebgbb��<�ij_^_evghf�kemqZ_�ijb�

jZ\ghc�bgl_gkb\ghklb�\�fZdkbfmfZo�h[_bo�^bnjZdpbhgguo�dZjlbg�hj�

^bgZlZ� lhqdb�i_j_k_q_gby�dhglmjh\�ijbf_jgh�jZ\gZ� ����hl�fZdkbfZev�

ghc� �jbk�� ������Kgb`_gby�bgl_gkb\ghklb�gZ� �����h[jZamxs_]hky�f_`^m�

ebgbyfb�ijb�gZeh`_gbb�bo�dhglmjh\��^hklZlhqgh�^ey�\bamZevgh]h�jZa�

^_evgh]h�gZ[ex^_gby�wlbo�ebgbc��Ijb�jZkkfhlj_gbb�jZaj_r_gby�ki_d�

ljZevguo�ebgbc�ih�djbl_jbx�Jwe_y�\oh^gZy�s_ev�kqblZ_lky�[_kdhg_qgh�

madhc� 
Kh\j_f_ggZy�j_]bkljbjmxsZy�ZiiZjZlmjZ�b�f_lh^bdb�h[_ki_qb\Z�

xl�jZa^_evgh_�gZ[ex^_gb_�b�[he__�[ebadbo�ki_dljZevguo�ebgbc�kh�agZ�

qbl_evgh�f_gvrbf�ijh\Zehf�bgl_gkb\ghklb�f_`^m�gbfb�����b�f_g__���

LZdbf� h[jZahf�� djbl_jbc� Jwe_y� y\ey_lky� mkeh\ghc�� gh� l_f� g_� f_g__�

m^h[ghc�f_jhc�jZaj_r_gby�ki_dljZevguo�ebgbc� 
M]eh\h_�jZkklhygb_�f_`^m�p_gljhf�b�i_j\uf�gme_f�^bnjZdpbhg�

ghc�dZjlbgu�jZ\gh�/��=  ��D , hldm^Z�� =  /��D . K�mq_lhf�fZehklb�\_ebqbg�

 
 

Jbk �� ����� >bnjZdpbhggu_ � bah[jZ`_gby � ^\mo � fhghojhfZlbq_kdbo � ki_d�

ljZevguo �ebgbc � �1  b�2��gZ�nhdZevghc �iehkdhklb �ijb[hjZ �k�jZagbp_c �^ebg �

\heg ��2 –��1� �/��\�kemqZ_ �\uiheg_gby �djbl_jby �Jwe_y �b�kmffZjgZy �dZjl b�

gZ ��3) 
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/��b�/��aZf_gbf�bo�^bnn_j_gpbZeZfb�d��b�d�. Lh]^Z��ihemqZ_f 
 

� /� G�

/� /� G�
D D= =     (7 .6 ) 

 

BlZd��jZaj_rZxsZy�kihkh[ghklv�ki_dljZevgh]h�ijb[hjZ�jZ\gZ�ijhba�

\_^_gbx�m]eh\hc�^bki_jkbb�gZ�\_ebqbgm�^_ckl\mxs_]h�hl\_jklby� 
>bnjZdpbhggZy�ZiiZjZlgZy�nmgdpby�hlghkblky�d�b^_Zevghfm�kem�

qZx�[_kdhg_qgh�lhgdhc�\oh^ghc��s_eb�b��hlkmlkl\by�dZdbo-eb[h��bkdZ�
`_gbc� � ki_dljZ��<� j_Zevguo� � ijb[hjZo� bah[jZ`_gb_� fhghojhfZlbq_�

kdhc� ki_dljZevghc� ebgbb� ^hihegbl_evgh� bkdZ`Z_lky� dhg_qghc�rbjb�

ghc� \oh^ghc�s_eb�� Z[_jjZpbyfb�hilbq_kdhc� kbkl_fu�b�ih]j_rghkly�

fb�j_]bkljZpbb� ki_dljZ� �jZkk_ygb_f� k\_lZ�\�nhlhwfmevkbb�ijb�nhlh�

]jZnbjh\Zgbb�beb�bg_jpbhgghklvx�  j_]bkljbjmxs_]h�mkljhckl\Z�ijb�

nhlhwe_dljbq_kdhc�aZibkb�� 
S_e_\Zy�ZiiZjZlgZy�nmgdpby��<�wlhf�kemqZ_�\k_fb�mrbjyxsbfb�

nZdlhjZfb��djhf_�dhg_qghc�rbjbgu�s_eb��ij_g_[j_]Zxl� 
Z��S_e_\Zy�ZiiZjZlgZy�nmgdpby�ki_dljh]jZnZ�bf__l�nhjfm�ijyfhm]hev�

gbdZ��jbk������a): 

( )
' '

'

1 , 2

0, 2

s l s
a l

l s

 ≤
=  >

.    (7 .7 ) 

[�� S_e_\Zy� ZiiZjZlgZy� nmgdpby� fhghojhfZlhjZ� ij_^klZ\ey_l� kh[hc�

k\_jldm�^\mo�ijyfhm]hevguo�nmgdpbc��H^gZ�ba�nmgdpbc�khhl\_lkl\m_l�\u�

oh^ghc� s_eb�� \lhjZy� — � bah[jZ`_gbx� \oh^ghc� s_eb� gZ� nhdZevghc�

iehkdhklb� ijb[hjZ� beb�� mqblu\Zy�� qlh� m\_ebq_gb_� \�fhghojhfZlhjZo�

h[uqgh�jZ\gh�_^bgbp_��kZfhc�\oh^ghc�s_eb��:iiZjZlgZy�nmgdpby�fh�

ghojhfZlhjZ�ijb�wlhf�bf__l�nhjfm�ljZi_pbb��jbk������[�� 

( )

( )

1 1 2

1 2 1 2 1 2

1 2

1 2

1

1
, ,

2 2 2

0, 2 ,

2,s l s s

s s s s s s
a l l l

s s

s s l

 ≤ −


+ − +  = − ≤ ≤   
 + ≤

    (7 .8 ) 

 
 
Jbk�� �����S_e_\u_� ZiiZjZlgu_�nmgdpbb�� Z�� \� kemqZ_� ki_dljh]jZnZ�� [�� b� \�� \�

kemqZ_� fhghojhfZlhjZ� �ljZi_p_b^ZevgZy� ijb� g_jZ\guo�s_eyo� b� lj_m]hevgZy�

ijb�jZ\guo� 
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]^_�s1�b�s2 — �rbjbgu�\oh^ghc�b�\uoh^ghc�s_e_c�� 
<� kemqZ_� jZ\_gkl\Z�s_e_c�fhghojhfZlhjZ� �s1 =  s2 =  s�� ZiiZjZlgZy�

nmgdpby�ijbh[j_lZ_l�lj_m]hevgmx�nhjfm��jbk������\) :  

( )
1

1 , ,

0,

l
l s

s sa l

l s

  
− ≤  =   

 ≥

 ( 7 . 9 )  

k�rbjbghc�ih�hkgh\Zgbx��jZ\ghc��s. 
H[jZah\Zgb_� ljZi_p_b^Zevghc� b� lj_m]hevghc� ZiiZjZlguo� nmgdpbc�

fh`gh�gZ]ey^gh�ij_^klZ\blv�ke_^mxsbf�h[jZahf��Ki_dljZevgZy�ebgby�

rbjbghc�s��y\eyxsZyky�fhghojhfZlbq_kdbf�bah[jZ`_gb_f�\oh^ghc�s_�

eb�� i_j_f_sZ_lky� �kdZgbjm_lky�� k ihfhsvx� f_oZgbafZ� i_j_kljhcdb�

^ebg� \heg� fhghojhfZlhjZ�� ihkl_i_ggh� i_j_^\b]Zykv� hlghkbl_evgh� \u�

oh^ghc�s_eb�� aZ�dhlhjhc�jZkiheh`_g�ijb_fgbd�baemq_gby��IhdZ� ki_d�

ljZevgZy�ebgby�ijb[eb`Z_lky�d�\uoh^ghc�s_eb��k\_lh\hc�ihlhd�g_�ijh�

oh^bl� kd\hav�s_ev��Ihlhd� gZqbgZ_l� ihiZ^Zlv� \�s_ev� k�fhf_glZ�� dh]^Z�

jZkklhygb_� f_`^m� p_gljZfb� ki_dljZevghc� ebgbb� b� s_eb� klZgh\blky�

jZ\guf�s��AZl_f�ijhr_^rbc�k\_lh\hc�ihlhd�jZkl_l�ebg_cgh��ijb�ihklh�

ygghc� kdhjhklb� kdZgbjh\Zgby��� ihdZ� \ky� ki_dljZevgZy� ebgby� g_� mf_�

klblky�\�\uoh^ghc�s_eb��Ijb�^Zevg_cr_f�i_j_f_s_gbb�ebgbb��_keb�rb�

jbgu� \oh^ghc� b� \uoh^ghc�s_eb� jZ\gu�� ijhr_^rbc� d� ijb_fgbdm� ihlhd�

ebg_cgh� m[u\Z_l� ^h�gme_\h]h� agZq_gby� �lj_m]hevgZy� ZiiZjZlgZy nmgd�
pby���?keb�`_�s1 � s2, ijb�i_j_^\b`_gbb�ebgbb�ijhr_^rbc�k\_lh\hc�ih�

lhd�g_dhlhjh_�\j_fy�khojZgy_lky�g_baf_gguf��Z�aZl_f�ebg_cgh�m[u\Z_l�

^h�gmey��ljZi_p_b^ZevgZy�ZiiZjZlgZy�nmgdpby�� 
Bgl_j\Ze�^ebg�\heg�/�ki, gZdju\Z_fuc�ZiiZjZlghc�nmgdpb_c�gZ�nh�

dZevghc� iehkdhklb�� gZau\Zxl� ki_dljZevghc� rbjbghc� s_eb�� H[uqgh�

ki_dljZevgZy� rbjbgZ� s_eb� hij_^_ey_lky� ^bnjZdpbhgguf� mrbj_gb_f�

ebgbb�/�^bnj b�rbjbghc� ]_hf_ljbq_kdh]h�bah[jZ`_gby�s_eb�/�s� �\�_^b�

gbpZo�^ebg�\heg�� 
/�ki�=  /�^bnj���/�s .                                       (7 .10 )  

 

<_ebqbgZ�/�s \� kemqZ_� ki_dljh]jZnZ�jZ\gZ�rbjbg_�bah[jZ`_gby�s_eb� s', 
mfgh`_gghc�gZ�h[jZlgmx�ebg_cgmx�^bki_jkbx� 

'
s

�
/�

d
s

dl
= .     (7 .11 ) 

 

<�\b^bfhc�b�MN�h[eZklyo�ki_dljZ�rbjbgZ�^bnjZdpbhggh]h�bah[jZ`_gby�

h[uqgh�fgh]h�f_gvr_��q_f�]_hf_ljbq_kdZy�rbjbgZ�s_eb��/�^bnj « /�s)��b�
ki_dljZevgmx�rbjbgm�s_eb�fh`gh�kqblZlv�jZ\ghc�rbjbg_�s_e_\hc� ZiiZ�

jZlghc�nmgdpbb��Lh]^Z�k�mq_lhf���������������b�������ihemqZ_f 

ki
1

/�
�

s

f d dθ
= .    (7 .1 2 ) 

 

Ki_dljZevgZy� rbjbgZ� s_eb� \� wlhf� kemqZ_� jZ\gZ� bgl_j\Zem� ki_dljZ��

mf_sZxs_fmky�\�rbjbg_� ]_hf_ljbq_kdh]h�bah[jZ`_gby�s_eb�gZ�iehk�
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dhklb�ki_dljZ��GZijbf_j��_keb�rbjbgZ�bah[jZ`_gby�s_eb�s ' =  ����fdf��
Z� h[jZlgZy� ebg_cgZy� ^bki_jkby� \� ^Zgghc� h[eZklb� ki_dljZ� jZ\gZ� ����

gf�ff��\_ebqbgZ�ki_dljZevghc�rbjbgu�s_eb�khklZ\ey_l������gf� 
OZjZdl_jghc� ^ey� dZ`^h]h� ki_dljZevgh]h� ijb[hjZ� y\ey_lky� ghj�

fZevgZy�rbjbgZ�s_eb�sg.  GZc^_f�lZdmx�\_ebqbgm�\oh^ghc�s_eb��dh]^Z�__�

]_hf_ljbq_kdh_� bah[jZ`_gb_� \� nhdZevghc� iehkdhklb� ijb[hjZ� jZ\gh�

rbjbg_� p_gljZevghc� qZklb� ]eZ\gh]h� ^bnjZdpbhggh]h� fZdkbfmfZ� \�

wlhc�`_�iehkdhklb��>ey�wlh]h�ijbjZ\gy_f�ebg_cgh_�jZkklhygb_�hl�p_g�

ljZ�^bnjZdpbhgghc�dZjlbgu�^h�__�i_j\h]h�gmey�/l =  f 2�/D ��jbk�������\_�
ebqbg_�]_hf_ljbq_kdh]h�bah[jZ`_gby�s1 =  sg f2/f1��Hlkx^Z�gZoh^bf 

 
sg�=  � f1/D .                                         (7 .13) 

 
RbjbgZ�bah[jZ`_gby�s_eb�g_�fh`_l�klZlv�f_gvr_�^bnjZdpbhggh]h�ij_�

^_eZ��Ihwlhfm��klj_fykv�ihemqblv�ebgbb�dZd�fh`gh�lhgvr_��[_kihe_agh�

bkihevah\Zlv�\oh^gmx�s_ev�f_gvr_�ghjfZevghc� 
JZkkfhljbf� l_i_jv� ^bnjZdpbx� gZ� \oh^ghc� s_eb� ijb[hjZ�� <� j_�

amevlZl_� m]eh\h]h� i_j_jZkij_^_e_gby� ihlhdZ� \� imqd_� \gmljb� ijb[hjZ�

gZ[ex^Z_lky� ^bnjZdpbhggZy� dZjlbgZ�� ih^h[gZy� bah[jZ`_gghc� gZ� jbk��

���� gZ� h[t_dlb\_� dheebfZlhjZ��?_� e_]dh� m\b^_lv�� _keb� ijb� hk\_s_gbb�

\oh^ghc�s_eb�hl�m^Ze_ggh]h�gZ� ��-���� kf�bklhqgbdZ�k\_lZ�g_[hevrbo�

jZaf_jh\�ihkfhlj_lv�kh�klhjhgu�dZf_ju�\gmljv�ijb[hjZ�gZ�_]h�h[t_d�

lb\� 
Ijb�ghjfZevghc�rbjbg_�s_eb��dZd�e_]dh�ihemqblv�ba� ��������jZk�

klhygb_� hl� p_gljZ� wlhc� ^bnjZdpbhgghc� dZjlbgu� ^h� __� i_j\h]h� gmey�

f1�/sg�jZ\gh�\_ebqbg_�^_ckl\mxs_]h�hl\_jklby�D . Ijb�wlhf�p_gljZevgZy�

qZklv� ]eZ\gh]h�fZdkbfmfZ�� \�dhlhjhc� khkj_^hlhq_g�hkgh\ghc� k\_lh\hc�

ihlhd��mf_sZ_lky�\�^_ckl\mxs_f�hl\_jklbb��Ijb�s <  sg k mf_gvr_gb_f�

s_eb�ijhoh^ysbc�\�ijb[hj�k\_lh\hc�ihlhd�[ukljh�iZ^Z_l��K�m\_ebq_�

gb_f�s_eb�ijb�s >  sg�k\_lh\hc�ihlhd� �k�_^bgbpu�iehsZ^b�s_eb��keZ[h�

jZkl_l� aZ� kq_l�ihiZ^Zgby�\ ^_ckl\mxs__�hl\_jklb_�[eb`Zcrbo�d� ]eZ\�

ghfm�^bnjZdpbhggguo�fZdkbfmfh\��Z�aZl_f�_]h�jhkl�ij_djZsZ_lky� 
:iiZjZlgZy� nmgdpby� j_Zevgh]h� ijb[hjZ� h[uqgh� hlebqZ_lky� hl�

ijb\_^_gguo� \ur_� ijhkl_crbo� nmgdpbc� \ke_^kl\b_� h^gh\j_f_ggh]h�

^_ckl\by� jZaguo�nZdlhjh\��<� lZdbo� kemqZyo� klj_fylky� ih^h[jZlv� we_�

f_glZjgu_� nmgdpbb�� ^Zxsb_� ^hklZlhqgh� ohjhr__� ijb[eb`_gb_�� LZd��

lj_m]hevgZy� ZiiZjZlgZy� nmgdpby� fhghojhfZlhjZ� ijb� h^gh\j_f_gghf�

^_ckl\bb� ^bnjZdpbb� b� Z[_jjZpbb� hilbdb� ohjhrh� Ziijhdkbfbjm_lky�

nmgdpb_c�Nhc]lZ�>����@��y\eyxs_cky�k\_jldhc�^bki_jkbhgghc�b�]Zmkkh�

\hc�nmgdpbc��:iiZjZlgZy�nmgdpby�ki_dljh]jZnZ�ijb�madhc�\oh^ghc�s_�

eb�lZd`_�fh`_l�kqblZlvky�nhc]lh\kdhc��lZd�dZd�^bnjZdpbhgguc�dhglmj�

[ebahd�d�]Zmkkh\hfm��Z�ZiiZjZlgZy�nmgdpby�nhlhwfmevkbb�— �djb\Zy��ih�

nhjf_�[ebadZy�d�^bki_jkbhgghc��  
Bg_jpbhgghklv� j_]bkljbjmxs_]h� mkljhckl\Z� \ghkbl� bkdZ`_gby��

ih^h[gu_� ^_ckl\bx� RK-p_ihqdb� gZ� we_dljbq_kdbc� kb]gZe�� Ijb� wlhf�

f_gy_lky�nhjfZ� jZkij_^_e_gby�b�ijhbkoh^bl� kf_s_gb_� ki_dljZ�gZ� \_�



 178 

ebqbgm�ûl ��aZ\bkysmx�hl�kdhjhklb�kdZgbjh\Zgby�ki_dljZ�V  b�ihklhygghc�

\j_f_gb�2�j_]bkljbjmxs_]h�mkljhckl\Z� 
 

ûl =  V�2��                                       (7 .14 ) 
 

Ijb�f_^e_gghf�kdZgbjh\Zgbb��dh]^Z�kf_s_gb_�ki_dljZ�ûl �fgh]h�f_gvr_�

gZ[ex^Z_fhc�rbjbgu� ebgbb�� hlghkbl_evgZy� hrb[dZ� aZibkb� bgl_gkb\�

ghklb�ijhba\hevghc�lhqdb�dhglmjZ�jZ\gZ�k(V2)2. Dhwnnbpb_gl�k�hij_^_�
ey_lky�\lhjhc�ijhba\h^ghc�djb\hc�gZ[ex^Z_fh]h�jZkij_^_e_gby�\�^Zg�

ghc�lhqd_��Hq_\b^gh��qlh�gZb[hevrb_�bkdZ`_gby�kb]gZe�[m^_l�bkiulu�

\Zlv�\�hkljuo�fZdkbfmfZo�b�fbgbfmfZo��]^_�\lhjZy�ijhba\h^gZy�gZb[h�

e__� \_ebdZ��Bg_jpbhggu_� bkdZ`_gby� ij_g_[j_`bfh� fZeu�� _keb� \j_fy�

kdZgbjh\Zgby�ebgbb�beb�ihehku�ih]ehs_gby�\�ki_dlj_�khklZ\ey_l��-102. 
 
2 °. :iiZjZlgZy�nmgdpby�ijb�dh]_j_glghf 
������b�g_dh]_j_glghf�hk\_s_gbb�s_eb 
 

Bkihevamy�jZaebqgu_�hilbq_kdb_�kbkl_fu��fh`gh�hk\_lblv�\oh^gmx�

s_ev�k�jZaebqghc�kl_i_gvx�ijhkljZgkl\_gghc�dh]_j_glghklb��Dh]_j_gl�

gh_�hk\_s_gb_�s_eb�bf__l�f_klh��_keb�gZ�s_ev�iZ^Z_l�iZjZee_evguc�im�

qhd��?keb�bklhqgbd�hk\_s_gby�knhdm�

kbjh\Zg�\�iehkdhklb�s_eb��hk\_s_gb_�

s_eb�g_dh]_j_glgh��<�hklZevguo�kem�

qZyo� hk\_s_gb_� \� lhc� beb� bghc�f_j_�

qZklbqgh� dh]_j_glgh��JZkkfhljbf�^\Z�

djZcgbo� kemqZy� hk\_s_gby�s_eb�� g_�

dh]_j_glgh_�b�dh]_j_glgh_�>��@��;m^_f�

ij_^iheZ]Zlv��qlh�\oh^gZy�s_ev�hk\_�

s_gZ�kljh]h�fhghojhfZlbq_kdbf�imq�

dhf� 
<�kemqZ_�g_dh]_j_glgh]h�hk\_s_�

gby�s_ev�kem`bl�\lhjbqguf�bklhqgb�

dhf� baemq_gby� �y\ey_lky� kZfhk\_ly�

s_cky��� DZ`^Zy� lhqdZ� __� g_aZ\bkbfh�

hl� khk_^g_c� bkimkdZ_l� k\hc� k\_lh\hc�

ihlhd�� ij_l_ji_\Zxsbc� ^bnjZdpbx�

gZ�^_ckl\mxs_f�hl\_jklbb�ijbafu��<�

nhdZevghc� iehkdhklb� ijb[hjZ� h[jZ�

amxlky� ^bnjZdpbhggu_� bah[jZ`_gby�

dZ`^hc� ba� k\_lysboky� lhq_d� s_eb��

JZkij_^_e_gb_� hk\_s_gghklb� gZ� nh�

dZevghc�iehkdhklb�� l�_�� ZiiZjZlgmx�nmgdpbx��ijb�g_dh]_j_glghf�hk\_�

s_gbb� ihemqZxl� iml_f� k\_jldb� ^bnjZdpbhgghc� ������ b� ijyfhm]hevghc�

������ZiiZjZlguo�nmgdpbc� 
 

ag_d( l )  =  

'

'

/ 2
2

0

/ 2

sinc  [ (   ')/s ] ' 
s

s

l l dlπ
−

−∫ .        (7.15) 

 
 
Jbk�� �����:iiZjZlgZy�nmgdpby� ki_d�

ljZevgh]h� ijb[hjZ� \� kemqZyo� g_dh�

]_j_glgh]h� �Z�� b� dh]_j_glgh]h� �[��

hk\_s_gby� \oh^ghc�s_eb� �kf�� lZ[e��

7.2) 
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J_amevlZlu�ijb\_^_gu�gZ�jbk��7.5,Z��Ih�hkb�Z[kpbkk�hleh`_gu�jZkklhygby�
l � hl� p_gljZ�� \ujZ`_ggu_� \� _^bgbpZo�rbjbgu� bah[jZ`_gby� ghjfZevghc�

\oh^ghc�s_eb�s'g��Djb\u_�ghjfbjh\Zgu�ih�\ukhl_�^ey�m^h[kl\Z�kjZ\g_�
gby�bo�nhjfu��Bklbggu_�agZq_gby�hk\_s_gghklb�?0 \�p_glj_�djb\uo�ih�
hlghr_gbx�d�hk\_s_gghklb�E

�
 ijb�[_kdhg_qgh�rbjhdhc�s_eb�ijb\_^_�

gu�\�lZ[e�������LZf�`_�^Zgu�qbke_ggu_�agZq_gby�hlghkbl_evghc�rbjbgu�

ihemqb\rboky�jZkij_^_e_gbc�Z1 /2�gZ�iheh\bg_�bo�\ukhlu� 
:iiZjZlgZy�nmgdpby�ijb�g_dh]_j_glghf�hk\_s_gbb�s_eb�bf__l�^b�

njZdpbhgguc�\b^�lhevdh�ijb�[_kdhg_qgh�madhc�\oh^ghc�s_eb��djb\Zy�0). 
Kh]eZkgh�lZ[e������hk\_s_gghklv�\�wlhf�kemqZ_�jZ\gZ�gmex��Ijb�m\_eb�

q_gbb�s_eb�^h�ghjfZevghc�ZiiZjZlgZy�nmgdpby�g_agZqbl_evgh�mrbjy�

_lky�— �hl������^h������\�_^bgbpZo�s'g. Hk\_s_gghklv�\�p_glj_�ebgbb�\ha�

jZklZ_l� hl�gmey�^h� ����� k\h_]h�fZdkbfZevgh]h� agZq_gby��Ijb�^Zevg_c�

r_f�jZkrbj_gbb�\oh^ghc�s_eb�gZ[ex^Zxlky�ihqlb�ijhihjpbhgZevguc�

jhkl�rbjbgu�ZiiZjZlghc�nmgdpbb�b� aZf_^e_gb_�jhklZ�hk\_s_gghklb�\�

p_glj_�ebgbb��Dh]^Z�rbjbgZ�\oh^ghc�s_eb�ij_\urZ_l�ghjfZevgmx�[h�

e__�q_f�\�q_luj_�jZaZ��\_ebqbgZ�Z1 /2 g_d�hdZau\Z_lky�jZ\ghc�rbjbg_�]_h�

f_ljbq_kdh]h� bah[jZ`_gby� \oh^ghc� s_eb�� Z� hk\_s_gghklv� \� p_glj_�

ijZdlbq_kdb�jZ\gZ�hk\_s_gghklb�ijb�[_kdhg_qgh�rbjhdhc�s_eb��<�wlbo�

mkeh\byo� nhjfZ� ZiiZjZlghc� nmgdpbb� ij_^klZ\ey_l� kh[hc� ]_hf_ljbq_�

kdh_� bah[jZ`_gb_� \oh^ghc� s_eb� k� djZyfb�� bkdZ`_ggufb� aZ� kq_l� ^b�

njZdpbb� 
 

L Z [ e b p Z  7. 2 
Hk\_s_gghklv�\�p_glj_�bah[jZ`_gby�fhghojhfZlbq_kdhc 
�ki_dljZevghc�ebgbb�b�rbjbgZ�ZiiZjZlghc�nmgdpbb 
�ijb�g_dh]_j_glghf�b�dh]_j_glghf�hk\_s_gbb�s_eb 
 

s/sG G_dh]_j_glgh_ Dh]_j_glgh_ 
 ?H/E∞  Z1 /2  g_d�/ G

's  ?0/?∞  Z����dh]/ G
's  

0 0 0,86 0 0 ,86 
1 0,77 1,12 0,75 0,87 
2 0 ,91 2,04 1,4 1,26 
3 0,94 3,01 1,1 2,56 
4 0,96 4,0 0,87 3,38 
6 0 ,99 6,0 1,12 5,3 

 
<h� \lhjhf� kemqZ_�� dh]^Z� bkihevam_lky� dh]_j_glgh_� hk\_s_gb_�� gZ�

s_eb�bf__lky�iehkdbc�\hegh\hc�njhgl��<�nhdZevghc�iehkdhklb�ijb[hjZ�

h[jZam_lky� jZkij_^_e_gb_� hk\_s_gghklb�� \hagbdr__� \� j_amevlZl_� keh�

`_gby�Zfieblm^�k\_lh\uo�\heg��ihklmiZxsbo�hl�dZ`^hc�ba�lhq_d�s_eb��

<ujZ`_gb_�^ey�ZiiZjZlghc�nmgdpbb�ihemqZ_lky�\�\b^_ 

adh]( l )  =  
'

'

2/ 2

0
/ 2

sinc [ (  - ')/s ] ' 
s

s

l l dl
−

  π 
  

∫ .                                      (7.16) 
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J_amevlZlu�jZkq_lh\�ihdZaZgu�gZ�jbk������[. JZagu_�djb\u_��dZd�b�

gZ�jbk������Z��khhl\_lkl\mxl�jZaguf�hlghkbl_evguf�agZq_gbyf�rbjb�

gu�\oh^ghc�s_eb��Bklbggu_�agZq_gby�hlghkbl_evguo�hk\_s_gghkl_c�\�

p_glj_��dZd�b�\�ij_^u^ms_f�kemqZ_��ijb\_^_gu�\�lZ[e������� 
Ba�jbk�� ����[�\b^gh��qlh�ijb�dh]_j_glghf�hk\_s_gbb�s_eb�ZiiZ�

jZlgZy�nmgdpby�bf__l�keh`gmx�kljmdlmjm��Ijb�s =  4 sg��hgZ jZa^\h_�
gZ�� ijb� s =  6sg — � bf__l� ljb�fZdkbfmfZ��K� ^Zevg_crbf� m\_ebq_gb_f�

rbjbgu� s_eb� jZkl_l� qbkeh� fZdkbfmfh\�� Z� Zfieblm^Z� baf_g_gbc� hl�

fZdkbfmfZ�d�fbgbfmfm�mf_gvrZ_lky��Ijb�wlhf�\k_]^Z�djZcgb_�fZdkb�

fmfu�gZb[hevrb_��Hk\_s_gghklv�ki_dljZevghc�ebgbb�ijb�dh]_j_glghf�

hk\_s_gbb� ijZdlbq_kdb� jZ\ghf_jgZ� ebrv� ijb� hq_gv� [hevrhc�rbjbg_�

\oh^ghc�s_eb��Kh]eZkgh�lZ[e������gZb[hevrZy�\_ebqbgZ�hk\_s_gghklb�\�

p_glj_� ebgbb� ^hklb]Z_lky� ijb� s =  2sg�� AZf_lbf�� qlh� bf_ggh� ijb� wlhf�
mkeh\bb� ]eZ\guc� ^bnjZdpbhgguc�fZdkbfmf�� ihemqb\rbcky� \� j_amev�

lZl_� ^bnjZdpbb� gZ� \oh^ghc�s_eb�� p_ebdhf� mf_sZ_lky� \� ^_ckl\mxs_f�

hl\_jklbb�ijb[hjZ� 
RbjbgZ� ZiiZjZlghc� nmgdpbb� ijb� dh]_j_glghf� hk\_s_gbb� \k_]^Z�

f_gvr_� ]_hf_ljbq_kdh]h� bah[jZ`_gby�s_eb��Wlh� e_]dh� \b^_lv� ba� jbk��

7 .5 ,[�b�lZ[e�� �����Hkh[h�ke_^m_l�hlf_lblv�nZdl��qlh�ijb� s =  sg�rbjbgZ�

ZiiZjZlghc�nmgdpbb�ijZdlbq_kdb�jZ\gZ�rbjbg_� __�ijb�[_kdhg_qgh�ma�

dhc�s_eb� �s�  � ���� khhl\_lkl\mxsb_� djb\u_� 0  b� 1  gZ� jbk�� ����[� ihqlb�
keb\Zxlky��LZdbf� h[jZahf�� dh]_j_glgh_� hk\_s_gb_�^Z_l� _^bgkl\_ggmx�

\hafh`ghklv�ijb�j_Zevghc�rbjbg_�s_eb��jZ\ghc�ghjfZevghc��b�^hklZ�

lhqgh�ohjhr_c�hk\_s_gghklb�\�p_glj_�?0 =  0,75?
�
�ihemqblv�bah[jZ`_�

gb_� fhghojhfZlbq_kdhc� ebgbb� k� rbjbghc�� ijZdlbq_kdb� jZ\ghc� ^b�

njZdpbhgghc� rbjbg_� K� wlbf� `_� wnn_dlhf� k\yaZgh� h[uqgh� gZ[ex�
^Zxs__ky� mom^r_gb_� q_ldhklb� bah[jZ`_gby� ki_dljZevguo� ebgbc� ijb�

nhdmkbjh\d_�bklhqgbdZ�gZ�s_ev��Ihkdhevdm� agZq_gb_� sg�y\ey_lky�nmgd�
pb_c� ^ebgu� \hegu�� ijb� h^ghc� b� lhc�`_� \oh^ghc�s_eb� ki_dljZevgu_�

ebgbb�\�jZaguo�qZklyo�ki_dljZ�bf_xl�jZagmx�i_jbh^bq_kdmx�kljmdlm�

jm� 
 
 

������K<?LHKBE:�S?E?<UO 
         KI?DLJ:EVGUO�IJB;HJH< 
 
K\_lhkbehc� hilbq_kdh]h� ijb[hjZ� gZau\Zxl� dhwnnbpb_gl�� k\yau�

\Zxsbc�ihklmiZxsmx�gZ�\uoh^�ijb[hjZ�\_ebqbgm� �hk\_s_gghklv�beb�

k\_lh\hc�ihlhd�� k� yjdhklvx�bklhqgbdZ��<�ijbf_g_gbb�d� ki_dljZevguf�

ijb[hjZf�k\_lhkbem�hij_^_eyxl�dZd�hlghr_gb_�hk\_s_gghklb�beb�k\_�

lh\h]h�ihlhdZ�gZ�\uoh^_�ijb[hjZ�d�fhghojhfZlbq_kdhc�yjdhklb�\oh^gh�

]h�hl\_jklby�ijb[hjZ�� 
JZkkfhljbf� ki_dljZevguc�ijb[hj� kh�\oh^ghc�s_evx�\ukhlhc� h  b�

rbjbghc�s�k�djm]euf�^_ckl\mxsbf�hl\_jklb_f�^bZf_ljhf�D  b�nhdmk�
gufb�jZkklhygbyfb�dheebfZlhjZ�b�dZf_ju�f1�b�f2��<oh^gZy�s_ev�ijb[hjZ�

hk\_s_gZ�ba\g_�b�fh`_l�jZkkfZljb\Zlvky�dZd�kZfhklhyl_evguc�bklhqgbd�

k� yjdhklvx� b�G�. KqblZ_f�� qlh� ihlhd� baemq_gby�� bkoh^ysbc� hl� \oh^ghc�
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s_eb��aZihegy_l�^_ckl\mxs__�hl\_jklb_�ijb[hjZ��>bnjZdpb_c�gZ�\oh^�

ghc�s_eb�b�gZ�^_ckl\mxs_f�hl\_jklbb�ij_g_[j_]Z_f��IjhajZqghklv�hi�

lbdb�ijb[hjZ�h[hagZqbf�q_j_a�L��ijhajZqghklv�f_gvr_�_^bgbpu�aZ�kq_l�

ih]ehs_gby��hljZ`_gby�b�jZkk_ygby�\�hilbq_kdbo�^_lZeyo�ijb[hjh\�� 
FhghojhfZlbq_kdbc� k\_lh\hc� ihlhd� -�d�

* )�� ^hklb]Zxsbc� nh�

dZevghc�iehkdhklb�dZf_ju��jZ\_g� yjdhklb�\oh^ghc�s_eb� b�d�, mfgh�
`_gghc�gZ�iehsZ^v�s_eb�hs b�gZ�l_e_kguc�m]he��ih^�dhlhjuf�ba�p_g�
ljZ�\oh^ghc�s_eb�\b^gh�^_ckl\mxs__�hl\_jklb_�ijb[hjZ���D 2/4f1

2
��Z�

lZd`_�gZ�ijhajZqghklv�L� 
2

2
1

N
4

D
d b d hs T

f
λ λ

πλ λ= .    (7 .1 7 ) 

H[hagZqbf�m]eh\u_�jZaf_ju�\oh^ghc�s_eb�q_j_a�
� �hs/f1
2, ieh�

sZ^v�^_ckl\mxs_]h�hl\_jklby�— �q_j_a�S =  �D 2/4 , Z�ijhba\_^_gb_�bo 


S=
2

2
1

�

4

hs D

f
     (7 .18 ) 

gZah\_f�]_hf_ljbq_kdhc�k\_lhkbehc��beb�]_hf_ljbq_kdbf�nZdlhjhf�ijb[h�
jZ��Lh]^Z�ba��������ihemqZ_f�k\_lhkbem�ih�ihlhdm�jZ\ghc 

2

ihl 2
1

N

4

d hs D
L T ST

b d f
λ

λ

λ π
λ

= = = Ω .  (7.19) 

K\_lh\hc�ihlhd��aZdexq_gguc�\�we_f_glZjghf�ki_dljZevghf�bg�

l_j\Ze_�d��b�jZ\guc�-�d�, gZ�nhdZevghc�iehkdhklb�\�ij_^_eZo�bah[jZ�
`_gby�\oh^ghc�s_eb�iehsZ^vx�h 's '�kha^Z_l�hk\_s_gghklv 

2
2

fhghoj ' ' ' ' 2 2
1 2

N � VLQ �

44

d hs D
E b d T b d D T

h s h s f f
λ

λ λ
λ ελ λ= = = . (7 .2 0 ) 

A^_kv�fu�mqeb�m\_ebq_gb_�ijb[hjZ��������K\_lhkbeZ�ih�hk\_s_gghklb�

L hk\�ba��������jZ\gZ� 

2�
hk\ ' ' 2

� �

N VLQ

4

d
L D T

b d h s f

λ ε π
λ

= = .   (7 .2 1 ) 

H[uqgh�ijboh^blky�bf_lv�^_eh�eb[h�k�j_]bkljZpb_c�hk\_s_gghklb��ijb�
nhlh]jZnbjh\Zgbb� ki_dljZ��� eb[h� k� j_]bkljZpb_c� k\_lh\h]h� ihlhdZ� �nhlh�
we_dljbq_kdZy� j_]bkljZpby� k� ihfhsvx� ijb_fgbdZ�� jZkiheh`_ggh]h� aZ� \u�
oh^guf�hl\_jklb_f�ijb[hjZ���Bkke_^m_fuc�ki_dlj�fh`_l�[ulv�ebg_cqZluf��

l�_�� khklhylv� ba� kjZ\gbl_evgh� madbo� ki_dljZevguo� ebgbc�� Z� fh`_l� [ulv� b�
kiehrguf�� l�_�� aZgbfZlv� agZqbl_evgmx� ki_dljZevgmx� h[eZklv�� JZkkfhljbf�

                                                           

*  GZihfgbf��qlh�q_j_a�-��, b� b�l�^��h[hagZqZ_lky�ki_dljZevgZy�iehlghklv�^Zgghc�\_eb�

qbgu��l�_��\_ebqbgZ��hlg_k_ggZy�d�_^bgbqghfm�ki_dljZevghfm�bgl_j\Zem� 
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hk\_s_gghklv�\�ki_dlj_�b�\uoh^ysbc�ba�ijb[hjZ�k\_lh\hc�ihlhd�\�wlbo�^\mo�
kemqZyo� 

 

�����Hk\_s_gghklv�\�ki_dlj_ 
 

Z��MadZy�ki_dljZevgZy�ebgby��Imklv�ki_dljZevgZy ebgby��baemqZ_�
fZy�bklhqgbdhf��bf__l�rbjbgm�û���fgh]h�f_gvrmx�ki_dljZevghc�rbjbgu�

s_eb�/�ki��DZ`^uc�we_f_glZjguc�ki_dljZevguc�bgl_j\Ze�ebgbb�\�iehk�

dhklb�ki_dljZ�bah[jZ`Z_lky�jZ\ghf_jgh�hk\_s_gguf�ijyfhm]hevgbdhf�k�

jZaf_jZfb� h 's ', khhl\_lkl\mxsbf� bah[jZ`_gbx� \oh^ghc�s_eb�� ijbq_f�

wlb� bah[jZ`_gby� kf_s_gu� ^jm]� hlghkbl_evgh� ^jm]Z� aZ� kq_l� ^bki_jkbb�

ijb[hjZ��jbk������Z���Ihkdhevdm�rbjbgZ�ebgbb�û��hq_gv�fZeZ�(û� «�/�ki), 
fh`gh�kqblZlv��qlh j_amevlbjmxs__ ]_hf_ljbq_kdh_�bah[jZ`_gb_�\�iehk�
dhklb�ki_dljZ�bf__l�ij_`gb_�jZaf_ju�h 's ' b�lhevdh�djZy�_]h�g_fgh]h�jZa�
fulu�aZ�kq_l�dhg_qghklb�\_ebqbgu�û���Lh]^Z�hk\_s_gghklv�bah[jZ`_gby�

ebgbb�jZ\gZ�kmff_�hk\_s_gghkl_c��kha^Z\Z_fuo�dZ`^uf�we_f_glZjguf�

ki_dljZevguf� bgl_j\Zehf�� \� ij_^_eZo�rbjbgu� û��� ?keb� ^ey� ijhklhlu�

iheh`blv�� qlh� ki_dljZevgh_� jZkij_^_e_gb_� yjdhklb� bklhqgbdZ� bf__l�

nhjfm�ijyfhm]hevgbdZ�rbjbghc�û���^ey�hk\_s_gghklb�ebgbb�?e fh`gh�

aZibkZlv�  

2
e ' ' 2

2

N � sin
� �

4
E b D T

h s f
λ

λ
ε π∆= = ∆     (7.22) 

 
 

Jbk�������H[jZah\Zgb_�hk\_s_gghklb�gZ�nhdZevghc�iehkdhklb�ki_dljZevgh]h�ijb[h�

jZ�ijb�ebg_cqZlhf��û�«/�ki) (Z��b�g_ij_ju\ghf��û�»/�ki) ([��ki_dlj_��=hjbahglZev�
gu_�hlj_adb�mkeh\gh�ihdZau\Zxl�mrbj_ggu_�^h /�ki�gZdeZ^u\Zxsb_ky�^jm]�gZ�^jm�

]Z�bah[jZ`_gby�ki_dljZevguo�bgl_j\Zeh\ 
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BlZd�� hk\_s_gghklv� ijhihjpbhgZevgZ� d\Z^jZlm� hlghkbl_evgh]h� hl�

\_jklby�h[t_dlb\Z�dZf_ju�D 2/f2
2.   Ke_^h\Zl_evgh��^ey�ihemq_gby�gZb�

[hevr_c� hk\_s_gghklb� ijb� nhlh]jZnbjh\Zgbb� ki_dljZevguo� ebgbc�

ke_^m_l�\u[bjZlv�ijb[hj�k�dhjhldhnhdmkghc�dZf_jhc� 
[��Kiehrghc�ki_dlj��<�iehkdhklb�ki_dljZ�h[jZam_lky�g_ij_ju\�

guc� jy^� ijyfhm]hevguo� fhghojhfZlbq_kdbo� bah[jZ`_gbc� \oh^ghc�

s_eb��k^\bgmluo�^jm] hlghkbl_evgh�^jm]Z�aZ�kq_l�^bki_jkbb��GZeh`_�

gb_� wlbo� fhghojhfZlbq_kdbo� bah[jZ`_gbc� b� kmffbjh\Zgb_� hk\_s_g�

ghkl_c�ijhbkoh^yl��dZd�\b^gh�ba�jbk������[��\ ij_^_eZo�ebg_cgh]h�bg�
l_j\ZeZ� /l , jZ\gh]h� s '�� l�_�� \� ki_dljZevguo� _^bgbpZo� — � \� ij_^_eZo�

ki_dljZevgh]h�bgl_j\ZeZ�/�ki. >ey�gZoh`^_gby�hk\_s_gghklb�\�ki_dlj_�

g_h[oh^bfh� hk\_s_gghklv�� kha^Z\Z_fmx� ihlhdhf� \� _^bgbqghf� ki_d�

ljZevghf�bgl_j\Ze_��ijhkmffbjh\Zlv�\�ij_^_eZo�/�ki. ?keb�ki_dljZev�
gmx�iehlghklv�ihlhdZ�-��\�ij_^_eZo�/�ki�ij_^iheh`blv�jZ\ghf_jghc�ih�

ki_dljm��kmffbjh\Zgb_�aZf_gy_lky�mfgh`_gb_f�gZ�/�ki: 
 

2� ki
kie� �' ' 2

12

N /� sin
� �

s
E b D T

f d dh s f

ε π
θ

= =   (7.23) 

A^_kv�fu�\hkihevah\Zebkv�^ey�/�ki \ujZ`_gb_f�������� 
BlZd��\�kemqZ_�kiehrgh]h�ki_dljZ�\�\ujZ`_gb_�^ey�hk\_s_gghklb�

ih�kjZ\g_gbx�k�hk\_s_gghklvx�^ey�hl^_evguo�ebgbc� �������\oh^yl�^h�

ihegbl_evgh� m]eh\Zy� rbjbgZ� \oh^ghc� s_eb� s/f1� b� m]eh\Zy� ^bki_jkby�

ijb[hjZ�G�/d�� 
GZ� ijZdlbd_� wdki_jbf_glZlhj� h[uqgh� \Zjvbjm_l�rbjbgm� \oh^ghc�

s_eb�� ^h[b\Zykv� gZbemqrbo� mkeh\bc� ^ey� nhlh]jZnbjh\Zgby� ki_dljZ��

Khhlghr_gby� ������� b� ������� ihdZau\Zxl�� qlh� k� m\_ebq_gb_f�rbjbgu�

\oh^ghc�s_eb�hk\_s_gghklv��ihemqZ_fZy�hl�hq_gv�madbo�ki_dljZevguo�

ebgbc�� khojZgy_lky� g_baf_gghc�� gh� jZkl_l� ]_hf_ljbq_kdZy�rbjbgZ� eb�

gbc� �gZihfgbf�� qlh� y\e_gbyfb� ^bnjZdpbb� fu� a^_kv� ij_g_[j_]Z_f��� <�

kiehrghf�`_�ki_dlj_�k�m\_ebq_gb_f�rbjbgu�s_eb�hk\_s_gghklv�ki_d�

ljZ�ebg_cgh�\hajZklZ_l��>ey�\uy\e_gby�keZ[uo�ki_dljZevguo�ebgbc�gZ�

nhg_�kiehrgh]h�ki_dljZ�gm`gh�ihevah\Zlvky�madhc�\oh^ghc�s_evx��gh��

jZamf__lky��g_�f_g__�ghjfZevghc�rbjbgu�s_eb���@_eZl_evgh�lZd`_�\u�

[bjZlv� ki_dljh]jZn� k� [hevrhc� m]eh\hc� ^bki_jkb_c�� ^Z`_� _keb� hgZ� g_�

lj_[m_lky�k�lhqdb�aj_gby�jZa^_e_gby�ki_dljZevguo�ebgbc� 
GZ^_`ghklv�\uy\e_gby�ebgbc�gZ�nhg_�kiehrgh]h�ki_dljZ�oZjZdl_�

jbamxl�hlghr_gb_f��ebgby�–�nhg���e�n���dhlhjh_�jZ\gh�hlghr_gbx�hk�

\_s_gghkl_c�?e�?kie. Ih��������b��������ihemqZ_f 
 

e 1

kie ki

� �
e n

/� �

E f d

E s d

θ∆ ∆= = = .   (7.24) 

 
<b^gh��qlh�^ey�memqr_gby�hlghr_gby�e�n�g_h[oh^bfh�mf_gvrZlv�ki_dljZev�

gmx�rbjbgm�s_eb�� � � �H^gZdh�wlh�^Z_l�iheh`bl_evguc�wnn_dl�ebrv�^h�l_o�
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ihj��ihdZ�\_ebqbgZ�/�ki�g_�klZg_l�

kjZ\gbfhc� k� rbjbghc� ebgbb� ba�

emq_gby�û�. 
Hk\_s_gghklv� gZ� nhdZevghc�

iehkdhklb�� kha^Z\Z_fZy� ki_dl-
jZevghc�ebgb_c�rbjbghc�û���fh�

`_l� [ulv� ij_^klZ\e_gZ� \� \b^_�

]jZnbdZ� �jbk�� ����Z���<�gZqZevghc�

h[eZklb�� ]^_� \uihegy_lky� g_jZ-
\_gkl\h� û� »� /�ki�� hk\_s_gghklv�

jZkl_l�ebg_cgh�k�m\_ebq_gb_f�s_�

eb��dZd�\�kemqZ_�kiehrgh]h�ki_d�

ljZ��>Ze__�jhkl�hk\_s_gghklb� aZ�

f_^ey_lky�� Ijb� û� «� /�ki 
ki_dljZevgZy� ebgby� bf__l� \b^�

ijyfhm]hevgbdZ� �jbk�� ����[), 
khhl\_lkl\mxs_]h� bah[jZ`_gbx�

\oh^ghc�s_eb�� k� jZ\ghf_jghc� hk-
\_s_gghklvx�� >ey� dhebq_kl\_g-
guo� baf_j_gbc� bgl_]jZevguo� bg�

l_gkb\ghkl_c�ki_dljZevguo�ebgbc�`_eZl_evgh�jZ[hlZlv�bf_ggh�ijb�wlbo�

agZq_gbyo�rbjbgu� \oh^ghc�s_eb��Ihkdhevdm� ki_dljZevgu_� ebgbb�� ba�

emqZ_fu_�bklhqgbdhf��bf_xl�jZagmx�rbjbgm��rbjbgZ�s_eb��gZqbgZy�k�

dhlhjhc�\uihegy_lky�mkeh\b_�û� «  /�ki��hdZau\Z_lky�jZaebqghc�^ey�jZa�
guo�ebgbc� 

����<uoh^ghc�k\_lh\hc�ihlhd 

;m^_f� kqblZlv��qlh�jZaf_ju�\uoh^ghc�s_eb�fhghojhfZlhjZ�jZ\�

gu�jZaf_jZf�bah[jZ`_gby�\oh^ghc�s_eb�\�nhdZevghc�iehkdhklb�b�\_kv�

k\_lh\hc�ihlhd��^hr_^rbc�^h�\uoh^ghc�s_eb��ijhoh^bl�q_j_a�g__� 
Z��MadZy� ki_dljZevgZy� ebgby��DZd� b� ij_`^_�� iheh`bf� ki_dljZev�

gmx�iehlghklv�k\_lh\h]h�ihlhdZ�-��jZ\ghf_jgh�jZkij_^_e_gghc�ih�ki_d�

ljZevghc�ebgbb�rbjbghc�û���ijbq_f�û� «  /�ki��Lh]^Z�^bki_jkby�ijb[hjZ�
ijZdlbq_kdb�g_�baf_gy_l�ijyfhm]hevghc�nhjfu�bah[jZ`_gby�ki_dljZev�

ghc�ebgbb�\�nhdZevghc�iehkdhklb�b�k\_lh\hc�ihlhd�hl�dZ`^h]h�_^bgbq�

gh]h�ki_dljZevgh]h�bgl_j\ZeZ�\�ij_^_eZo�ki_dljZevghc�ebgbb�kmffbjm�

_lky�ih�û�: 

2
e � � 2

1

�
N N � �

4

hs
b D T

f
= ∆ ∆ .    (7.25) 

[��Kiehrghc�ki_dlj��<�iehkdhklb�\uoh^ghc�s_eb�bf__lky�kiehr�

ghc�ki_dlj��h[jZah\Zgguc�g_ij_ju\guf�jy^hf�fhghojhfZlbq_kdbo�bah�

[jZ`_gbc�\oh^ghc�s_eb��k^\bgmluo�^jm]�hlghkbl_evgh�^jm]Z��jbk��������

K\_lh\hc� ihlhd�� ihiZ^Zxsbc� \� hl\_jklb_ \uoh^ghc� s_eb� jZaf_jhf�

h ' s ' ,gZc^_f�� mfgh`b\� \_ebqbgm� -�� gZ� rbjbgm� bgl_j\ZeZ� ki_dljZ�

 
 
Jbk�������Baf_g_gb_�hk\_s_gghklb�\�p_g�

lj_�ebgbb� eE  (Z��b�nhjfu�ebgbb�gZ�nh�

lhieZklbgd_� �[�� k� jhklhf�rbjbgu� \oh^�

ghc�s_eb�� λ∆  —�rbjbgZ�ebgbb�� ciδλ  — 

ki_dljZevgZy�rbjbgZ�s_eb� �y\e_gb_�^b�

njZdpbb�g_�mqblu\Z_lky� 
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/�ki, \ ij_^_eZo�dhlhjh]h�ijhbkoh^bl�kmffbjh\Zgb_�hk\_s_gghkl_c�\�

dZ`^hc�lhqd_�\uoh^ghc�s_eb� 
2 2

kie � ki � 2
1

1
N N /�

4

hs D
b T

d df

π
θ λ

= = .   (7.26) 

 

KjZ\gb\Zy��������b��������k��������b���������fh`gh�aZf_lblv��qlh�\�\ujZ`_�

gbyo�^ey�ihlhdZ�rbjbgZ�\oh^ghc�s_eb�klhbl�\�[he__�\ukhdhc�kl_i_gb��

q_f� \� \ujZ`_gbyo� ^ey� hk\_s_gghklb��Ihwlhfm� djb\Zy�-e( s) ,�ij_^klZ\�
e_ggZy�\�\b^_��ih^h[ghf�jbk������^ey�hk\_s_gghklb��\�h[eZklb�û� »  /�ki 
\hajZklZ_l�d\Z^jZlbqgh��Z�\�h[eZklb�û� «  /�ki —�ebg_cgh� 

<_ebqbgZ�ihlhdZ�aZ\bkbl�lZd`_�hl�\ukhlu s_e_c�h��Ihwlhfm�\�fh�

ghojhfZlhjZo�klZjZxlky�bkihevah\Zlv�fZdkbfZevgh�\ukhdb_�\oh^gmx�b�

\uoh^gmx�s_eb� 
Hlghr_gb_� ebgby� –� nhg� \� kemqZ_� j_]bkljZpbb� k\_lh\uo� ihlhdh\�

ihemqZ_lky�ba��������b��������\�lhf�`_�\b^_��qlh�b�\�kemqZ_�j_]bkljZpbb�

hk\_s_gghklb�������� 

1
e kie

ki

û� û�
e n N N

/� �

f d

s d

θ= = = .    (7 .27 ) 

 
3 ° .�Hk\_s_gb_�s_eb�ki_dljZevguo�ijb[hjh\ 

<� aZ\bkbfhklb� hl� ihklZ\e_gghc� aZ^Zqb�� Z� lZd`_� mqblu\Zy�nhjfm��

jZaf_ju�b�yjdhklv�bklhqgbdZ�k\_lZ��ke_^m_l�ijbf_gylv�jZaebqgu_�kih�

kh[u�hk\_s_gby�\oh^ghc�s_eb�ijb[hjZ��>ey�gZbemqr_]h�bkihevah\Zgby�

k\_lhkbeu�b�jZaj_rZxs_c�kihkh[ghklb�ijb[hjZ�gm`gh�hk\_sZlv�s_ev�

lZd��qlh[u�\hr_^rbc�\�ijb[hj�imqhd�k\_lZ�aZihegye�\k_�^_ckl\mxs__�

hl\_jklb_��]h\hjyl���aZihegye�dheebfZlhj����H^gZdh�k\_lh\hc�ihlhd��ih�

klmiZxsbc�gZ�\oh^gmx�s_ev��g_�\k_]^Z�bf__l�ih^oh^ysb_�ijhkljZgkl�

\_ggu_�iZjZf_lju��Ihwlhfm�_]h�ij_h[jZah\u\Zxl�k�ihfhsvx�kbkl_fu�

kh[bjZxsbo� ebga� beb� a_jdZe�� dhlhjmx� gZau\Zxl� kbkl_fhc� hk\_s_gby�

s_eb��Ijb�rbjbg_�\oh^ghc�s_eb�f_gvr_�ghjfZevghc�dheebfZlhj�\k_�

]^Z�aZiheg_g�k\_lhf��lZd�dZd�m]eh\u_�jZaf_ju�]eZ\gh]h�^bnjZdpbhggh]h�

fZdkbfmfZ�ijb�^bnjZdpbb�gZ�s_eb�\�wlhf�kemqZ_�ij_\urZxl�m]eh\u_�

jZaf_ju�dheebfZlhjZ��F_lh^u�hk\_s_gby�s_eb�ki_dljZevguo�ijb[hjh\�

ohjhrh�baeh`_gu�\h�fgh]bo�jmdh\h^kl\Zo�ih�ki_dljhkdhibb�>�����������-
21 ; ��@��HklZgh\bfky�a^_kv�gZ�g_dhlhjuo�gZb[he__�\Z`guo�kemqZyo� 

Hk\_s_gb_�s_eb�[_a�ebgau��Bklhqgbd�k\_lZ�k�[hevrhc�jZ\ghf_jgh�

baemqZxs_c�ih\_joghklvx�fh`gh�jZkiheZ]Zlv�i_j_^�s_evx� �jbk�� ����Z) . 
?keb�m]eh\hc�jZaf_j�.�bklhqgbdZ�g_�f_gvr_�m]eh\h]h�jZaf_jZ���dheeb�

fZlhjgh]h� h[t_dlb\Z�� dheebfZlhj� aZiheg_g� k\_lhf��Ijb� wlhf� gbdZdZy�

hk\_lbl_evgZy�kbkl_fZ�g_�fh`_l�m\_ebqblv�k\_lh\hc�ihlhd��ijhoh^ysbc�

\�ijb[hj��DZd�ba\_klgh��hilbq_kdb_�kbkl_fu�ljZgknhjfbjmxl�jZaf_ju�

b�hk\_s_gghklv�bah[jZ`_gby�[_a�m\_ebq_gby�_]h�yjdhklb� 
?keb�bklhqgbd�k\_lZ�fZe�ih�jZaf_jZf�b�ih�l_ogbq_kdbf�ijbqbgZf�

_]h�g_evay�jZkiheh`blv�[ebadh�d�s_eb��qlh[u�\uihegyehkv�mkeh\b_�.���
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���ihevamxlky�hk\_lbl_evgufb�kbkl_fZfb��H^gZdh�_keb�yjdhklb�bklhq�

gbdZ� o\ZlZ_l� ^ey� j_]bkljZpbb� ki_dljZ�� fh`gh� jZ[hlZlv� b� [_a� hk\_lb�

l_evghc� kbkl_fu��Gh� g_� ke_^m_l� aZ[u\Zlv�� qlh� ijb� wlhf� mf_gvrZ_lky�

^_ckl\mxs__�hl\_jklb_�ijb[hjZ�b��ke_^h\Zl_evgh��iZ^Z_l�jZaj_r_gb_�\�

ki_dlj_� 

H^ghebgah\Zy�hk\_lbl_evgZy�kbkl_fZ��K�h^ghc�ebgahc�h[uqgh�bk�

ihevamxl�hlh[jZ`_gb_�bklhqgbdZ�k\_lZ�gZ�\oh^gmx�s_ev��jbk������[��beb�

gZ�dheebfZlhjguc�h[t_dlb\� �jbk�� ����\���I_j\uc�kihkh[�ij_^ihqlbl_ev�

g__��dh]^Z�`_eZl_evgh�ihemqblv�gZb[hevrmx�yjdhklv�\�ki_dlj_��Ijb�wlhf�

dZ`^Zy�lhqdZ�s_eb�y\ey_lky�g_aZ\bkbfuf�\lhjbqguf�bklhqgbdhf�k\_lZ�

�g_dh]_j_glgh_� hk\_s_gb_�s_eb�� b� khhl\_lkl\_ggh� \^hev� ki_dljZevguo�

ebgbc� hljZ`Z_lky� lhih]jZnby� bklhqgbdZ�� J_adh_� bah[jZ`_gb_� gZ�

s_eb� bkihevamxl� ijb� ehdZevguo� bkke_^h\Zgbyo� k_q_gbc� bklhqgb�

dh\�k\_lZ� 
?keb�bklhqgbd�k\_lZ�g_klZ[be_g�\�ijhkljZgkl\_��gZijbf_j��^m]h\hc�

jZajy^� \� \ha^mo_�� b� _]h� bah[jZ`_gb_� moh^bl� kh�s_eb�� ijboh^blky� bk�

ihevah\Zlv�\lhjhc�kihkh[��>_ckl\mxs__�hl\_jklb_�ijb[hjZ�hdZau\Z_lky�

 
 
Jbk�������Kihkh[u�hk\_s_gby�s_eb��[_a�dhg^_gkhjghc�ebgau��Z���k�h^ghc�ebgahc�ijb�

nhdmkbjh\Zgbb�bah[jZ`_gby�bklhqgbdZ��gZ�s_ev��[���gZ�dheebfZlhjguc�h[t_dlb\�

�\���1 —�bklhqgbd�k\_lZ��2—�bah[jZ`_gb_�bklhqgbdZ�k\_lZ��3 — \oh^gZy�s_ev��4 — 
dheebfZlhjguc�h[t_dlb\ 
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aZiheg_gguf�� _keb� bah[jZ`_gb_� bklhqgbdZ� ihdju\Z_l� dheebfZlhjguc�

h[t_dlb\� p_ebdhf�� GZ� \oh^ghc� s_eb� ijb� wlhf� hdZau\Z_lky� ^h\hevgh�

jZ\ghf_jgh_�hk\_s_ggh_�iylgh� 

<bgv_lbjh\Zgb_�s_eb�b�bklhqgbdZ��HibkZggu_� kihkh[u� hk\_s_�

gby�s_eb�g_�k\h[h^gu�hl�\bgv_lbjh\Zgby��Hgh�khklhbl�\�lhf��qlh�k\_lh�

\u_�imqdb��bkoh^ysb_�ba�g_p_gljZevguo�qZkl_c�s_eb�b�bklhqgbdZ��jZk�

ijhkljZgyykv� \gmljb� ijb[hjZ� ih^� m]ehf� d� hilbq_kdhc� hkb�� qZklbqgh�

^bZnjZ]fbjmxlky� ^_ckl\mxsbf� hl\_jklb_f�� <bgv_lbjh\Zgb_� s_eb�

�jbk������Z��ijhy\ey_lky�\�lhf��qlh�emqb��ijhr_^rb_�q_j_a�djZy�s_eb��g_�

iheghklvx�mqZkl\mxl�\�h[jZah\Zgbb�hk\_s_gghklb�ki_dljZevguo�ebgbc��

 

Jbk�������<bgv_lgjh\Zgb_�s_eb��Z��b�bklhqgbdZ��[��b�^_ckl\b_�Zglb\bgv_lbjmxs_c�

ebgau��\���1 — bklhqgbd�k\_lZ��2 —�\oh^gZy�s_ev �ih�\ukhl_���3 — dheebfZlhjguc 
h[t_dlb\ 
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<� j_amevlZl_� ^Z`_� ijb� b^_Zevgh� jZ\ghf_jghc� hk\_s_gghklb� \oh^ghc�

s_eb� hk\_s_gghklv� ebgbc� gZ� ki_dlj_� hdZau\Z_lky� g_jZ\ghf_jghc� ih�

\ukhl_� — � dhgpu� hk\_s_gu� keZ[__� p_gljZevghc� qZklb��<bgv_lbjh\Zgb_�

bklhqgbdZ��jbk������[��ijb\h^bl�d�lhfm��qlh�djZy�bklhqgbdZ��k\_lh\hc�ih�

lhd�hl�dhlhjuo�qZklbqgh�^bZnjZ]fbjm_lky�h[t_dlb\hf��mqZkl\mxl�\�kha�

^Zgbb� h[s_c� hk\_s_gghklb� ki_dljZevguo� ebgbc� \� f_gvr_c� kl_i_gb��

q_f�_]h�p_gljZevgZy�qZklv� 
<bgv_lbjh\Zgb_� mkljZgyxl�� ihf_sZy� i_j_^� \oh^ghc� s_evx� Zglb�

\bgv_lbjmxsmx� ebgam�� ijh_pbjmxsmx� bah[jZ`_gb_� bklhqgbdZ� �jbk��

7 .9 ,\��\�iehkdhklb�dheebfZlhjgh]h�h[t_dlb\Z��DZd�\b^gh�ba�jbkmgdZ��wlZ�
ebgaZ� gZdehgy_l� dhku_� emqb� lZdbf� h[jZahf�� qlh[u� hgb� ijhreb� q_j_a�

dheebfZlhjguc�h[t_dlb\� 
Kbkl_fm��khklhysmx�ba�dhg^_gkhjghc�b�Zglb\bgv_lbjmxs_c�ebga��

gZau\Zxl� ^\moebgah\hc� kbkl_fhc� hk\_s_gby� s_eb�� QZs_� `_�� aZ[u\Zy� h�

lhf��qlh�Zglb\bgv_lbjmxsZy�ebgaZ�h[uqgh�aZdj_ie_gZ�\�hijZ\_�gZ�s_eb�

ki_dljZevgh]h�ijb[hjZ��b�\�wlhf�kemqZ_�]h\hjyl���H^ghebgah\h_�hk\_s_�

gb_�s_eb�� 
Lj_oebgah\Zy� hk\_lbl_evgZy� kbkl_fZ�� K� ihfhsvx� lj_oebgah\hc�

hk\_lbl_evghc�kbkl_fu� �jbk��������fh`gh�hl�bklhqgbdZ�fZeuo�jZaf_jh\�

ihemqblv�jZ\ghf_jgmx�hk\_s_gghklv�s_eb�ih�\ukhl_�[_a�\bgv_lbjh\Z�

gby� b� ohjhr__� aZiheg_gb_� ^_ckl\mxs_]h� hl\_jklby� ijb[hjZ� k\_lhf��

EbgaZ�3  nhdmkbjm_l�bah[jZ`_gb_�ebgau�2  gZ�\oh^gmx�s_ev�ijb[hjZ�6  �b�
gZ�Zglb\bgv_lbjmxsmx�ebgam�4 ) .  LZdbf�h[jZahf��_keb�ebgaZ�2  hk\_s_gZ�

hl�bklhqgbdZ�1  jZ\ghf_jgh��l�_��_keb�jZaf_ju�bklhqgbdZ�fgh]h�f_gvr_�

jZkklhygby�hl�bklhqgbdZ�^h�ebgau�2 , \oh^gZy�s_ev�lZd`_�hk\_s_gZ�jZ\�

ghf_jgh� 
AZiheg_gb_�dheebfZlhjZ�h[_ki_qb\Z_lky�l_f��qlh�gZ�dheebfZlhjguc�

h[t_dlb\� 5  ijh_pbjm_lky� ijhf_`mlhqgh_� bah[jZ`_gb_� 7� bklhqgbdZ��
DjZlghklv� m\_ebq_gby� ijb� wlhf� lZdh\Z�� qlh� ijb� h[uqguo� jZaf_jZo�

ieZafu� ^m]h\h]h� jZajy^Z� ihjy^dZ� 3 × 3  ff2 
bah[jZ`_gb_� bklhqgbdZ�

\ibku\Z_lky� \�jZaf_ju� dheebfZlhjgh]h�h[t_dlb\Z�� aZgbfZy� _]h�p_g�

ljZevgmx�qZklv� 

 

 

Jbk�� ������Lj_oebgah\Zy� kbkl_fZ� hk\_s_gby�s_eb��1 —� bklhqgbd� k\_lZ��2, 3, 4 — 
ebgau��5 —�dheebfZlhjguc�h[t_dlb\��6 —�\oh^gZy�s_ev��7 —�ijhf_`mlhqgh_�bah�

[jZ`_gb_�bklhqgbdZ 
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Nhdmkgu_�jZkklhygby�ebga�b�bo�\aZbfgh_�jZkiheh`_gb_�ih^h[jZgu�

lZdbf� h[jZahf�� qlh� bklhqgbd� 1  ijh_pbjm_lky� gZ� ebgam� �� k� lj_o-
q_luj_odjZlguf� m\_ebq_gb_f��GZ� ebga_� 3 bf__lky� j_\hev\_jgZy� ^bZ�
njZ]fZ� k�s_e_\ufb�ijhj_ayfb� \ukhlhc�hl� ��^h� ����ff��iha\heyxsZy�

bkihevah\Zlv�^ey�hk\_s_gby�s_eb�jZaebqgu_�h[eZklb�ieZafu�bklhqgb�

dZ��Ihkdhevdm�^bZnjZ]fbjh\Zgb_�mf_gvrZ_l�wnn_dlb\gu_�jZaf_ju�bk�

lhqgbdZ�� h^gh\j_f_ggh� mom^rZ_lky� aZiheg_gb_� dheebfZlhjZ� k\_lhf��

H^gZdh�jZaj_rZxsZy�kihkh[ghklv�ijb[hjZ�ijb�wlhf�g_�iZ^Z_l��lZd�dZd�

s_e_\u_� ijhj_ab� g_� f_gyxl� jZaf_j� bklhqgbdZ� \� f_jb^bhgZevghc�

iehkdhklb� �iehkdhklb�� \� dhlhjhc�ijhbkoh^bl� jZaeh`_gb_�baemq_gby� \�

ki_dlj���?keb�bklhqgbd�k\_lZ�kebrdhf�fZe��_]h�bah[jZ`_gb_� aZgbfZ_l�

ebrv� p_gljZevgmx� qZklv� dheebfZlhjgh]h� h[t_dlb\Z�� Hk\_s_gghklv�

ebgbc�gZ�ki_dlj_�\�wlhf�kemqZ_�fh`_l�hdZaZlvky�\��-���jZa�f_gvr_�hk�

\_s_gghklb��dhlhjZy�ihemqbeZkv�[u�k�h^ghebgah\hc�kbkl_fhc�hk\_s_�

gby�ijb�nhdmkbjh\d_�bklhqgbdZ�gZ�s_ev� 
JZkljh\Zy� hk\_lbl_evgZy� kbkl_fZ�� Lj_oebgah\Zy� kbkl_fZ� hk�

\_s_gby�s_eb�bf__l�g_^hklZlhd��khklhysbc�\�lhf��qlh�gZ�jZagu_�mqZ�

kldb�dheebfZlhjgh]h�h[t_dlb\Z�b�ijbafu�ihiZ^Z_l�k\_l�hl�jZaguo�mqZ�

kldh\�bklhqgbdZ��Ijb�ijhoh`^_gbb�jZaebqghc�lhesb�ijbafu�baemq_�

gb_�ih]ehsZ_lky�g_h^bgZdh\uf�h[jZahf��ihwlhfm�hl^_evgu_�ahgu�bk�

lhqgbdZ� ijbgbfZxl� jZagh_� mqZklb_� \� h[jZah\Zgbb� ki_dljZevghc� eb�

gbb��Wlh�g_`_eZl_evgh��gZijbf_j��ijb� ki_dljZevghf� ZgZeba_��Djhf_�

lh]h�� kZfhijhba\hevgu_� i_j_f_s_gby� ^m]b� ih� we_dljh^Zf�ijb\h^yl� d�

i_j_f_s_gbx� bah[jZ`_gby� ih� dheebfZlhjghfm� h[t_dlb\m�� qlh� ^Z_l�

^hihegbl_evgu_�hrb[db� 
JZkljh\Zy� hk\_lbl_evgZy� kbkl_fZ� ebr_gZ� mdZaZgguo� g_^hklZldh\��

Ijhkl_crZy� jZkljh\Zy� kbkl_fZ� hk\_s_gby�s_eb� �jbk�� ������ khklhbl�ba�

iehkdh-\uimdehc�ebgau�1��gZ�iehkdhc�klhjhg_�dhlhjhc�gZoh^blky�jZklj��
ba]hlh\e_gguc� ba� [hevrh]h� qbkeZ� h^bgZdh\uo� ebga� 2 . Kh\hdmighklv�

 
 
Jbk��������JZkljh\Zy�kbkl_fZ�hk\_s_gby�s_eb��1, 2 —�ebgau��3 —�bklhqgbd�k\_lZ��4, 
4' —�_]h�bah[jZ`_gby��5 —�Zglb\bgv_lbjmxsZy�ebgaZ��6 —�dheebfZlhjguc�h[t_d�

lb\��7 —�\oh^gZy�s_ev 
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ebga�1  b�2  ^Z_l�fgh`_kl\h��ih�qbkem�ebga�2) mf_gvr_gguo�bah[jZ`_gbc�

bklhqgbdZ�3  \�iehkdhklb�4 .  EbgaZ�5   hlh[jZ`Z_l�iehkdhklv�4  \�iehkdh�
klb� 4 ' dheebfZlhjgh]h� h[t_dlb\Z� 6 . DheebfZlhjguc� h[t_dlb\� hdZau\Z�
_lky� iheghklvx� aZiheg_gguf� k\_lhf�� GZ� dZ`^uc� _]h� �we_f_glZjguc��

mqZklhd�� jZ\guc� jZaf_jZf�bah[jZ`_gby�bklhqgbdZ� k\_lZ�gZ�g_f��ihiZ�

^Z_l�baemq_gb_�hl�\k_]h�bklhqgbdZ�k\_lZ��Kf_s_gby�bklhqgbdZ�k\_lZ�ijb�

[em`^Zgbyo�^m]b�ih�we_dljh^Zf�g_�kdZau\Zxlky�gZ�hk\_s_gghklb�ebgbc� 
JZkkfhlj_ggZy� ijhkl_crZy� jZkljh\Zy� kbkl_fZ� y\ey_lky� ZgZeh]hf�

^\moebgah\hc� kbkl_fu� hk\_s_gby�s_eb��Bf_xlky� jZkljh\u_� kbkl_fu��

h[_ki_qb\Zxsb_�b�jZ\ghf_jghklv�hk\_s_gby�s_eb�ih�\ukhl_��l�_��ZgZ�

eh]bqgu_�lj_oebgah\hc�hk\_lbl_evghc�kbkl_f_� 
Hk\_s_gb_�s_eb� h[t_fguf�bklhqgbdhf� k\_lZ��<� kemqZ_� h[t_f�

gh]h� bklhqgbdZ� k\_lZ �bklhqgbdZ�� jZaf_ju� dhlhjh]h� \� ijh^hevghf� gZ�
ijZ\e_gbb�kjZ\gbfu�k�jZkklhygb_f�hl�bklhqgbdZ�^h�s_eb��hilbfZevguf�

y\ey_lky�lZdh_�iheh`_gb_�bklhqgbdZ�b�dheebfZlhjghc�ebgau��dh]^Z�i_�

j_^gbc�lhj_p�bklhqgbdZ�ijh_pbjm_lky�k�m\_ebq_gb_f�gZ�h[t_dlb\�dhe�

ebfZlhjZ��Z�aZ^gbc�lhj_p�— �k�mf_gvr_gb_f�gZ�\oh^gmx�s_ev��jbk���������

Ijb�wlhf�\k_�lhqdb�bklhqgbdZ�mqZkl\mxl�\� aZiheg_gbb�dheebfZlhjZ��Z�

ijb�gZ^e_`Zs_c�\ukhl_�s_eb�\�ijb[hj�g_�ihiZ^Z_l�k\_l�hl�kl_ghd�bk�

lhqgbdZ� 
D� qbkem� h[t_fguo� bklhqgbdh\� k\_lZ�fh`gh� hlg_klb� bklhqgbd�� \_kvfZ�

ijhly`_gguc�\�gZijZ\e_gbb�hilbq_kdhc�hkb��Ijbf_jhf�fh`_l�kem`blv�]Zah�
jZajy^gZy�ljm[dZ��gZijbf_j�eZa_jgZy��k\_q_gb_�dhlhjhc�gZ[ex^Z_lky�k�lhjpZ��

?keb� lj_[m_lky�ijhkmffbjh\Zlv�baemq_gb_�\^hev�\k_]h� k\_lys_]hky�klhe[Z��
ke_^m_l�hl[bjZlv�hl�ljm[db�iZjZee_evguc�imqhd�emq_c��>ey�wlhc�p_eb�dhg�
^_gkhjgmx�ebgam�gm`gh�jZkiheh`blv�lZdbf�h[jZahf��qlh[u�s_ev�ki_dljZev�
gh]h�ijb[hjZ�gZoh^beZkv�\�__�nhdmk_� 

������HILBQ?KDB?�KO?FU 

 
 

Jbk��������Hk\_s_gb_�s_eb�h[t_fguf�bklhqgbdhf�k\_lZ��1 — bklhqgbd�baemq_gby�\�
dx\_l_��2 —�^bZnjZ]fZ��ij_iylkl\mxsZy�ihiZ^Zgbx�\�ki_dljZevguc�ijb[hj�baem�

q_gby��hljZ`_ggh]h�hl�kl_ghd�dx\_lu��3 — dhg^_gkhj��4 — \oh^gZy�s_ev��ih�\ukh�

l_���5 —�dheebfZlhjguc�h[t_dlb\��AZrljboh\Zgu�ihe_agh�bkihevam_fuc�h[t_f�bk�

lhqgbdZ�b�_]h�bah[jZ`_gb_�\gmljb�dheebfZlhjZ��Z, b b�Z', b' —�lhqdb�lhjph\�bklhq�

gbdZ�b�_]h�bah[jZ`_gby 
 



 191 

���������KI?DLJ:EVGUO�IJB;HJH< 

����:\lhdheebfZpbhggu_�ijb[hju 

;hevrbgkl\h�ki_dljZevguo�ijb[hjh\�\�gZklhys__�\j_fy�bf__l�Z\�

lhdheebfZpbhggmx� hilbq_kdmx� ko_fm��Ih� kjZ\g_gbx� kh� ko_fhc�� bah�

[jZ`_gghc�gZ�jbk�������Z\lhdheebfZpbhgguc�ijb[hj�dZd�[u�keh`_g�ih�

iheZf��<gmljb�ijb[hjZ�\�h[eZklb�iZjZee_evgh]h�oh^Z�emq_c�ijhbkoh^bl�

hljZ`_gb_� imqdZ� \� h[jZlghf� gZijZ\e_gbb��DZf_jguf� h[t_dlb\hf� ijb�

wlhf�kem`bl�dheebfZlhjguc�h[t_dlb\��Z�ki_dlj�jZkiheZ]Z_lky�\ur_�beb�

gb`_ \oh^ghc�s_eb��hljZ`ZxsZy�iehkdhklv�h[uqgh�g_kdhevdh�gZdehg_�

gZ�ih�hlghr_gbx�d�hkb�ijb[hjZ���:\lhdheebfZpbhggu_�ijb[hju�agZqb�

l_evgh�dhfiZdlg__�h[uqguo��<�ijbaf_gguo�ki_dljZevguo�ijb[hjZo�ijb�

Z\lhdheebfZpbhgghc�ko_f_�fh`gh�h[_ki_qblv�^\hcghc�ijhoh^�emqZ�q_j_a�

ijbafm�� l_f� kZfuf�ih\ukb\�m]eh\mx�^bki_jkbx�b�jZaj_rZxsmx�kih�

kh[ghklv��Ijb[hju�k�^bnjZdpbhggufb�j_r_ldZfb�\�[hevrbgkl\_�kemqZ�

_\�y\eyxlky�Z\lhdheebfZpbhggufb��ihkdhevdm�\�ki_dljhkdhibb�ijbf_�

gyxlky�lhevdh�hljZ`Zl_evgu_�j_r_ldb� 
 
 ����A_jdZevgu_�h[t_dlb\u�ijb[hjh\ 
 

<� ki_dljZevguo� ijb[hjZo� bkihevamxlky� ij_bfms_kl\_ggh� a_jdZev�

gu_�h[t_dlb\u��Wlh�\ua\Zgh�g_kdhevdbfb�ijbqbgZfb��A_jdZevgu_�h[t�

_dlb\u� g_� h[eZ^Zxl� ojhfZlbq_kdhc� Z[_jjZpb_c��Hgb� \iheg_� hl\_qZxl�

kh\j_f_gghc� l_g^_gpbb� jZkrbjylv� ki_dljZevgmx� h[eZklv� jZ[hlu� ijb�

[hjZ�� bkihevamy� kf_ggu_� ^bki_j]bjmxsb_� we_f_glu� ijb� h^ghc� b� lhc�

`_� nhdmkbjmxs_c� hilbd_�� Bkihevah\Zgb_� a_jdZevguo� h[t_dlb\h\� b�

iehkdbo� a_jdZe� iha\hey_l� dhgkljmbjh\Zlv� ki_dljZevgu_� ijb[hju�� g_�

[hevrb_� ih� jZaf_jZf�� GZdhg_p�� ba]hlh\e_gb_� a_jdZevguo� h[t_dlb\h\�

ijhs_��q_f�ebgah\uo��lZd�dZd�^ey�gbo�g_h[oh^bfh�h[_ki_qblv�\ukhdmx�

lhqghklv�b�aZ^Zgguc�ijhnbev�ebrv�h^ghc�ih\_joghklb� 
A_jdZevgu_�h[t_dlb\u�kh�kn_jbq_kdhc�ih\_joghklvx��dZd�b�ebgah�

\u_�� g_� k\h[h^gu� hl� Z[_jjZpbc��Kn_jbq_kdZy�ih\_joghklv� \�ijbgpbi_�

g_�fh`_l�h[_ki_qblv�nhdmkbjh\dm�iZjZee_evgh]h�imqdZ�\� lhqdm��BkdZ�

`_gby��gZ[ex^Z_fu_�\�wlhf�kemqZ_��gZau\Zxl�kn_jbq_kdhc�Z[_jjZpb_c�

�jbk�� �����[��� Kms_kl\mxl� b� ^jm]b_� \b^u� Z[_jjZpbc�� <� ki_dljZevguo�

ijb[hjZo�ijboh^blky�bf_lv�^_eh�k�^\mfy�\b^Zfb��dhfhc�b�Zklb]fZlba�

 
 
Jbk��������Bah[jZ`_gb_���lhq_d�\�b^_Zevghf�kemqZ_��Z��b�ijb�Z[_jjZpbyo��

kn_jbq_kdhc��[���dhf_��\���Zklb]fZlbaf_��]��^) 
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fhf�� dhlhju_� ijhy\eyxlky� ^ey� emq_c�� iZ^Zxsbo� gZ� a_jdZeh� gZdehggh�

ih�hlghr_gbx�d�hilbq_kdhc�hkb��Ijb�dhf_�lhqdZ�ij_h[jZam_lky�\�nb]m�

jm�k��y^jhf��b��o\hklhf���jbk�������\���Ijb�Zklb]fZlbaf_�lhqdZ�nhdmkb�

jm_lky� \� ^\Z� \aZbfgh�i_ji_g^bdmeyjguo� hlj_adZ� �^\_� Zklb]fZlbq_kdb_�

nhdZeb��� gZ[ex^Z_fuo� gZ� jZaguo� jZkklhygbyo� hl� \h]gmlh]h� a_jdZeZ�

�jbk��������],^). 

 
Jbk��������Ijbf_ju�bkihevah\Zgby�\h]gmluo weebikhb^gh]h��Z��b�iZjZ[h�
ehb^gh]h��[��a_jdZe�\�ki_dljZevguo�ijb[hjZo 

 
JZkq_lu�ihdZau\Zxl��qlh�jZaebqgu_�lbiu�Z[_jjZpbc�fh`gh�mkl�

jZgylv�� bkihevamy� hljZ`Zxsb_� ih\_joghklb� keh`gh]h� ijhnbey�— � we�

ebikhb^gu_�� iZjZ[hehb^gu_� b� ^j��Weebikhb^gh_� a_jdZeh� ijbf_gy_lky�

^ey�nhdmkbjh\Zgby�bklhqgbdZ� k\_lZ�gZ�\oh^gmx�s_ev�ijb[hjZ�� Z� lZd`_�

ijb�nhdmkbjh\Zgbb�bah[jZ`_gby� \uoh^ghc�s_eb�gZ�ijb_fgbd�baemq_�

gby� �jbk�������Z���K�ihfhsvx�iZjZ[hehb^gh]h�a_jdZeZ� �jbk�������[��kha�

^Z_lky�kljh]h�iZjZee_evguc�imqhd��\�dhlhjhf�jZaf_sZxl�^bki_j]bjmx�

sbc�we_f_gl��<oh^gZy�s_ev�ijb[hjZ�ijb�wlhf�ihf_s_gZ�\�nhdmk_�iZ�

jZ[heu��DZd�\b^gh�ba�jbk��������fh`gh�bkihevah\Zlv�qZklv�ih\_joghklb�

a_jdZe��g_�\dexqZxsmx�\�k_[y�hilbq_kdmx�hkv��LZdb_�a_jdZeZ�gZau\Z�

xl��\g_hk_\ufb�� 

����Ki_dljhf_lju�b�ki_dljhnhlhf_lju 

Hkgh\guf�gZagZq_gb_f�ki_dljhf_ljh\�y\ey_lky�baf_j_gb_�ki_dljh\�

bkimkdZgby� b� ih]ehs_gby� \� _^bgbpZo�� ijhihjpbhgZevguo� fhsghklb�

ihklmiZxs_]h�gZ�ijb_fgbd� kb]gZeZ��Ki_dljhnhlhf_lju�ij_^gZagZq_gu�

^ey�baf_j_gby�ki_dljh\�ih]ehs_gby�bkke_^m_fh]h�h[t_dlZ�\�rdZe_�ijh�

ajZqghklb�beb�hilbq_kdhc�iehlghklb� 
Mijhs_ggu_�ko_fu�ki_dljhf_ljZ�b�ki_dljhnhlhf_ljZ�ihdZaZgu�gZ�

jbk��������Hk\_lbl_ev�ki_dljhf_ljZ�khklhbl�ba�bklhqgbdZ�k\_lZ�1  b�a_j�
dZeZ�2 . Bah[jZ`_gb_�bklhqgbdZ�nhdmkbjm_lky�gZ�\oh^gmx�s_ev�3  fhgh�
ojhfZlhjZ��GZ�imlb�emqZ�i_j_^�s_evx�ihf_s_gZ�dx\_lZ�k�bkke_^m_fuf�

\_s_kl\hf� 4. <� fhghojhfZlhj_� ijhbkoh^bl� jZaeh`_gb_� baemq_gby� \�
ki_dlj��dhlhjuc�h[jZam_lky�\�iehkdhklb�\uoh^ghc�s_eb�5 . Weebikhb^�
gh_�a_jdZeh�7  nhdmkbjm_l�ijhr_^r__�kd\hav�s_ev�baemq_gb_�gZ�ijb_f�
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gbd 6 . GZ�imlb�emqZ�ihf_s_g�fh^meylhj� �gZ�jbkmgd_�g_�ihdZaZg���ij_�

ju\Zxsbc� k\_lh\hc�ihlhd� k� qZklhlhc�� hilbfZevghc� ^ey� ^Zggh]h�ijb�

_fgbdZ�baemq_gby� ��� ������H[uqgh�wlZ�qZklhlZ�khklZ\ey_l� ��=p��Fh^m�

eylhj� iha\hey_l� lZd`_� hkms_kl\eylv� k_e_dlb\gmx�fh^meypbx�baemq_�

gby����������k�ihfhsvx�dhlhjhc�ijb�jZ[hl_�\�^ebggh\hegh\hc�BD�h[eZk�

lb� ki_dljZ� fh`gh� mf_gvrblv� nhg� dhjhldh\hegh\h]h� baemq_gby�� Ijb�

jZ[hl_� k� ^ebgZfb� \heg� [he__� ��fdf� \�fh^meylhj_� j_dhf_g^m_lky� bk�

ihevah\Zlv� kl_deyggmx� ieZklbgdm�� Z� ijb� �� !� ���fdf�— �ieZklbgdm�ba�

nexhjblZ� C aF2�� >ey� ih^Z\e_gby� dhjhldh\hegh\h]h� baemq_gby� ijbf_�

gyxl� lZd`_�fZlbjh\Zggu_�beb�^bwe_dljbq_kdb_� a_jdZeZ��Ijb�jZ[hl_� \�

h[eZklb���-���fdf�iehkdh_�a_jdZeh�8  fh`gh�aZf_gblv�a_jdZehf�L iF ��h[�

eZ^Zxsbf�\�wlhc�h[eZklb�f_lZeebq_kdbf�hljZ`_gb_f� 
AZibkv� ki_dljZ�� ihemqZ_fZy� k� ihfhsvx� ki_dljhf_ljZ�� bf__l� \b^��

ih^h[guc�bah[jZ`_gghfm�gZ�jbk�������Z��Ih�hkb�hj^bgZl�rdZeZ�ijhihj�

pbhgZevgZ�fhsghklb�ihklmib\r_]h�gZ�ijb_fgbd�kb]gZeZ��ih�hkb�Z[kpbkk�

hlf_jyxlky� qZklhlu� beb� ^ebgu� \heg�� Ih� ki_dljZf�� ihemq_gguf� kh�

 
 
Jbk�� ������Mijhs_ggu_� hilbq_kdb_� ko_fu� ki_dljhf_ljZ� �Z�� b� ki_dljhnhlhf_ljZ�

([): 1 —�bklhqgbd�k\_lZ��2 —�a_jdZeh�hk\_lbl_evghc�kbkl_fu��3 — \oh^gZy�s_ev��4 
b�4' —�dx\_lu��5 —�\uoh^gZy�s_ev��6 — ijb_fgbd��7, 9 — \h]gmlu_�a_jdZeZ��8 — 
iehkdh_�a_jdZeh��10 —�k_dlhjguc�fh^meylhj��11 — nhlhf_ljbq_kdbc�b�dhfi_gkZ�
pbhgguc�debgvy 
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ki_dljhf_ljhf��iml_f�g_keh`gh]h�i_j_kq_lZ�fh`gh�gZclb�ijhajZqghklv�

beb�hilbq_kdmx�iehlghklv�h[jZapZ��>ey�wlh]h�gm`gh�bf_lv�^\_�aZibkb�

ki_dljh\��k�h[jZaphf�b�[_a�h[jZapZ�gZ�imlb�emqZ�  
GZjy^m�k�ihehkZfb�ih]ehs_gby�h[jZapZ�ki_dljhf_lj�j_]bkljbjm�

_l�b�ihehku�Zlfhkn_jgh]h�ih]ehs_gby��ihkdhevdm�emq�\�ijb[hj_�ijh�

oh^bl�[hevrhc�imlv�\�\ha^mo_��<�wlbo�h[eZklyo�g_�lhevdh�baf_j_gb_�

ijhajZqghkl_c�� gh� b� b^_glbnbdZpby� ihehk� h[jZapZ� hdZau\Z_lky� aZ�

ljm^gbl_evghc� 
<�ki_dljhnhlhf_lj_��jbk�������[��ba�hk\_lbl_ey�\uoh^yl�^\Z�emqZ��

 
 
Jbk��������Ijbf_ju�aZibkb�ki_dljZ�ih]ehs_gby�iZjh\�ZffbZdZ�gZ�ki_dljhf_lj_��Z��

b�gZ�ki_dljhnhlhf_lj_� �[���Ih^t_f�djb\hc�\�klhjhgm�m\_ebq_gby�qZklhl�\�kemqZ_�

�Z��h[mkeh\e_g�jhklhf�yjdhklb�]eh[ZjZ��fZdkbfmf�yjdhklb�khhl\_lkl\m_l��� ���fdf� 
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\� h^ghf� ba� dhlhjuo� �hkgh\ghf�� ihf_sZ_lky� dx\_lZ� k� bkke_^m_fuf�

\_s_kl\hf� 4, \ ^jm]hf� �dhfi_gkZpbhgghf�� — � dx\_lZ� kjZ\g_gby� 4 ', 
imklZy�beb�k�jZkl\hjbl_e_f��b^_glbqgZy�gZoh^ys_cky�\�hkgh\ghf�em�

q_��Imqdb��ijhr_^rb_�hkgh\gmx�dx\_lm�b�dx\_lm�kjZ\g_gby��ihiZ^Z�

xl�gZ�\jZsZxsbcky�fh^meylhj�10  k�a_jdZevgufb�k_dlhjZfb��GZ�a_j�

dZeh�9  b�^Ze__�\�fhghojhfZlhj�ijhoh^bl�ihi_j_f_ggh�lh�hkgh\ghc�im�
qhd��lh�imqhd�kjZ\g_gby� 

Debgvy� 11  fh]ml� \^\b]Zlvky� \� imqhd�� qZklbqgh� i_j_dju\Zy� _]h��
Debg��gZoh^ysbcky�\�hkgh\ghf�imqd_��mjZ\gb\Z_l�hilbq_kdb_�^ebgu�im�

lb�h[hbo�emq_c�i_j_^�gZqZehf�baf_j_gbc��<lhjhc�debg��nhlhf_ljbq_�

kdbc��i_j_f_sZ_lky�\�imqd_�kjZ\g_gby�\�ijhp_kk_�baf_j_gby� 
?keb� \� hkgh\ghf� dZgZe_� \hagbdZ_l� ih]ehs_gb_�� baf_jbl_evgZy�

ko_fZ� ijb[hjZ� \ujZ[Zlu\Z_l� i_j_f_gguc� kb]gZe�� ijhihjpbhgZevguc�

jZaghklb� \_ebqbg� k\_lh\uo�ihlhdh\�hkgh\gh]h�dZgZeZ�b�dZgZeZ� kjZ\�

g_gby��Kbkl_fZ� j_]bkljZpbb� ijb\h^bl� \� ^\b`_gb_� nhlhf_ljbq_kdbc�

debg��dhlhjuc�i_j_dju\Z_l�imqhd�kjZ\g_gby�lZd��qlh[u�ihlhdb�kgh\Z�

mjZ\gyebkv�b�i_j_f_ggZy�khklZ\eyxsZy�\�kb]gZe_�bkq_aeZ� 
K�^\b`_gb_f�debgZ�k\yaZgh�^\b`_gb_�i_jZ�kZfhibkpZ��dhlhjh_�ijb�

kdZgbjh\Zgbb� ki_dljZ� \uq_jqb\Z_l� djb\mx� ijhajZqghklb� h[jZapZ�

�jbk�������[). 
Bkihevah\Zgguc� a^_kv�f_lh^�� gZau\Z_fuc� gme_\uf�� h[_ki_qb\Z_l�

\ukhdmx� lhqghklv� baf_j_gbc�� mf_gvrZy� hrb[db�� k\yaZggu_� k� g_klZ�

[bevghklvx� we_dljbq_kdbo� ko_f� bklhqgbdZ� b� ijb_fgbdZ��Ijb� kljh]h�

h^bgZdh\hc� ^ebg_� hkgh\gh]h� b� kjZ\gbl_evgh]h� imqdh\� [ZeZgkbjm_lky�

ih]ehs_gb_� \� \ha^mo_�� ihwlhfm� Zlfhkn_jgu_� ihehku� ih]ehs_gby� g_�

j_]bkljbjmxlky��:lfhkn_jgh_�ih]ehs_gb_�ijhy\ey_lky�ebrv�\�lhf��qlh�

\� wlbo�h[eZklyo�f_gvr_�h[sbc�ihlhd� \�imqdZo�b� lhqghklv�baf_j_gby�

g_kdhevdh�kgb`Z_lky� 
Ki_dljhnhlhf_lju�fh]ml�jZ[hlZlv�dZd�ki_dljhf_lju��<�wlhf�kem�

qZ_�h^bg�ba�imqdh\�ihklmiZ_l�gZ�ijb_fgbd�[_a�ki_dljZevgh]h�jZaeh`_�

gby�b�kem`bl�imqdhf�kjZ\g_gby�ihklhygghc�bgl_gkb\ghklb��Hg�ihiZ^Z�

_l� gZ� ijb_fgbd�� fbgmy� fhghojhfZlhj�� dZd� ihdZaZgh� gZ� jbk�� �����[ 
imgdlbjhf� 

Ki_dljhnhlhf_lju� b� ki_dljhf_lju� ijb� gZebqbb� ^hihegbl_evghc�

ijbklZ\db�ijb]h^gu�^ey�baf_j_gbc�ki_dljh\�hljZ`_gby�>���@� 
 
 
4°. >\hcgu_�fhghojhfZlhju 

<� ki_dljZevguo� ijb[hjZo� \k_]^Z� ijbkmlkl\m_l� jZkk_ygguc� k\_l��

gZdeZ^u\Zxsbcky� gZ� bkke_^m_fuc� ki_dlj��<ebygb_� jZkk_yggh]h� k\_lZ�

fh`gh�mf_gvrblv��gZijbf_j��k�ihfhsvx�k_e_dlb\guo�nbevljh\��H^gZdh�

jZ^bdZevghc� f_jhc� y\ey_lky� ^\hcgZy� fhghojhfZlbaZpby� baemq_gby. 
>\hcghc� fhghojhfZlhj� ij_^klZ\ey_l� kh[hc� khq_lZgb_� ^\mo� ijhkluo�

fhghojhfZlhjh\�� khijy`_gguo� lZdbf�h[jZahf��qlh�fhghojhfZlbq_kdbc�

imqhd�� ijhims_gguc� i_j\uf� ijb[hjhf�� ijhoh^bl� ^Ze__� q_j_a� \lhjhc��
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Ijb� wlhf�\uoh^gZy�s_ev�i_j\h]h�fhghojhfZlhjZ�kem`bl�\oh^ghc�s_�

evx�^ey�\lhjh]h� 
Kms_kl\mxl� ^\Z� \ZjbZglZ� ^\hcguo� fhghojhfZlhjh\�� hlebqZ-

xsboky� gZijZ\e_gb_f� ^bki_jkbc�� <� i_j\hf� kemqZ_� �jbk�� �����Z�� k\_l��

\hr_^rbc� q_j_a� \oh^gmx�s_ev� 1 , h[jZam_l� ijhf_`mlhqguc� ki_dlj� \�
iehkdhklb�s_eb�2 . MqZklhd�wlh]h�ki_dljZ��\uj_aZgguc�s_evx�2��ihklm�

 
 
Jbk��������IjbgpbibZevgu_�hilbq_kdb_�ko_fu�^\hcguo�fhghojhfZlhjh\�kh�keh`_�

gb_f��Z��b�\uqblZgb_f��[��^bki_jkbc�b�ko_fZ�kh�keh`_gb_f�^bki_jkbc�b�kdZgbjh�

\Zgb_f�ki_dljZ�iml_f�i_j_f_s_gby�ijhf_`mlhqghc�s_eb��\):  1 — \oh^gZy�� �2 — 
ijhf_`mlhqgZy���3 —-\uoh^gZy�s_eb��4 —�a_jdZeh 
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iZ_l�\h�\lhjmx�qZklv�ijb[hjZ�b�kgh\Z�bkiulu\Z_l�^bki_jkbx��H[jZlb\�

\gbfZgb_� gZ� jZkiheh`_gb_� ^ebg� \heg� \� ijhf_`mlhqghf� ki_dlj_� \�

iehkdhklb�s_eb�2 , e_]dh�\b^_lv��qlh��_keb�h[_�qZklb�fhghojhfZlhjZ�h[�
eZ^Zxl�h^bgZdh\hc�^bki_jkb_c��\�iehkdhklb�\uoh^ghc�s_eb�3  ebg_cgZy�
^bki_jkby� hdZau\Z_lky� \� ^\Z� jZaZ� [hevr_�� LZdbf� h[jZahf�� ^bki_jkbb�

h[_bo�qZkl_c�fhghojhfZlhjZ�kdeZ^u\Zxlky��I_j_kljhcdZ�lZdh]h�fhgh�

ojhfZlhjZ� ih� ^ebgZf� \heg� ijhba\h^blky� h^gh\j_f_gguf� \jZs_gb_f�

h[_bo�ijbaf� 
<� ^\hcghf�fhghojhfZlhj_�� bah[jZ`_gghf� gZ� jbk�� �����[�� gZ� ijh�

f_`mlhqghc�s_eb� 2  h[jZam_lky� lZdhc�`_�ki_dlj��dZd�b�\�ij_^u^ms_f�

kemqZ_��H^gZdh�\lhjZy�qZklv�fhghojhfZlhjZ�g_�memqrZ_l�ki_dljZevgh�

]h� jZaeh`_gby�� Z�gZh[hjhl�� kh[bjZ_l� emqb��jZaeh`_ggu_�\� ki_dlj�i_j�

\hc�qZklvx��^h�i_j\hgZqZevgh]h�khklhygby��?keb�kj_^gyy�s_ev�hlkmlkl�

\m_l��\�iehkdhklb�3  h[jZam_lky�bah[jZ`_gb_�\oh^ghc�s_eb�1  [_a�ki_d�
ljZevgh]h�jZaeh`_gby��Ijb�gZebqbb�ijhf_`mlhqghc�s_eb�gZ�nhdZevghc�

iehkdhklb�ihemqZ_lky�bah[jZ`_gb_�\oh^ghc�s_eb�\�emqZo�lh]h�bgl_j\Z�

eZ� ^ebg� \heg�� dhlhjuc� ijhr_e� kd\hav�s_ev��KdZgbjh\Zgb_� ki_dljZ� \�

^\hcghf� fhghojhfZlhj_� k� \uqblZgb_f� ^bki_jkbb� fh`gh� hkms_kl\blv�

hq_gv�ijhklh�— �i_j_f_s_gb_f�ijhf_`mlhqghc�s_eb�\^hev�ki_dljZ� 
>\hcghc� fhghojhfZlhj� kh� keh`_gb_f� ^bki_jkbc� ^Z_l� \ub]jur� \�

^bki_jkbb�b��dZd�ke_^kl\b_�wlh]h��\�k\_lhkbe_��^ey�ihemq_gby�aZ^Zgghc�

jZaj_rZxs_c� kihkh[ghklb�fh`gh�ihevah\Zlvky� \�^\Z�jZaZ�[he__�rbjh�

dbfb�s_eyfb��l�_��bkihevah\Zlv�\�^\Z�jZaZ�[hevrbc�k\_lh\hc�ihlhd� 
<hafh`gZ� ko_fZ� ^\hcghc�fhghojhfZlbaZpbb�� khq_lZxsZy� ijhklhlm�

kdZgbjh\Zgby��k\hckl\_ggmx�fhghojhfZlhjZf�k�\uqblZgb_f�^bki_jkbc��

k� [hevrhc� ^bki_jkb_c� beb� k\_lhkbehc�� ijbkms_c� fhghojhfZlhjZf� kh�

keh`_gb_f� ^bki_jkbc��<� wlhc� ko_f_� �jbk�� �����\) ijhf_`mlhqgZy�s_ev�

h[jZam_lky�gh`hf�2  b�_]h�hlh[jZ`_gb_f�\�a_jdZe_�4 . A_jdZeh�h[hjZqb�
\Z_l�imqhd�� \�j_amevlZl_�q_]h� \uqblZgb_�^bki_jkbc� aZf_gy_lky� keh`_�

gb_f�� KdZgbjh\Zgb_� ki_dljZ� hkms_kl\ey_lky� i_j_f_s_gb_f� kj_^g_c�

s_eb��l�_��a_jdZeZ�k�gh`hf� 
G_^hklZldhf� ^\hcguo� fhghojhfZlhjh\� y\ey_lky� \bgv_lbjh\Zgb_�

djZcgbo� mqZkldh\� ki_dljZ�� ihwlhfm� hgb� g_�fh]ml� jZ[hlZlv� \�rbjhdhf�

ki_dljZevghf�^bZiZahg_� 
 
 
§������KI?DLJ:EVGU?�IJB;HJU�K�DHFIVXL?J:FB 

<�ihke_^gb_�]h^u�gZ[ex^Z_lky�[ukljuc�ijh]j_kk�\�Z\lhfZlbaZpbb�

ki_dljZevguo�ijb[hjh\�^ey�mijZ\e_gby�bfb��^ey�k[hjZ�b�h[jZ[hldb�bg�

nhjfZpbb�� K_cqZk� ijZdlbq_kdb� \k_� ki_dljZevgu_� ijb[hju�� \uimkdZ_�

fu_�jZaebqgufb�nbjfZfb��eb[h�hkgZs_gu�dhfivxl_jZfb��eb[h�fh]ml�

bkihevah\Zlvky�k�gbfb�>���@��Bf_xlky�[b[ebhl_db�ijh]jZff�^ey�j_r_gby�

jy^Z�ki_dljhkdhibq_kdbo�aZ^Zq��[Zgdb�klZg^Zjlguo�ki_dljh\��Ijbf_g_�

gb_�  dhfivxl_jh\ �ih\urZ_l �lhqghklv�b�qm\kl\bl_evghklv�baf_j_gbc��
mkdhjy_l�h[jZ[hldm�j_amevlZlh\��iha\hey_l�hilbfbabjh\Zlv�jZ[hlm�ijb�



 198 

[hjZ�\�oh^_�wdki_jbf_glZ�b�l�^� 
<� dZq_kl\_� ijbf_jZ� ijb\_^_f� [ehd-ko_fm� mklZgh\db� ^ey� fgh-

]hwe_f_glgh]h� ZgZebaZ� ]_heh]bq_kdbo� h[jZaph\� b� h[t_dlh\� hdjm-
`Zxs_c� kj_^u� ih� ki_dljZf� bkimkdZgby� �jbk�� �������Bklhqgbdhf� k\_lZ�

kem`bl�]hj_edZ�k�bg^mdlb\gh�k\yaZgghc�ieZafhc��]e������JZkl\hj�ZgZeb�

abjm_fhc�ijh[u�\\h^blky�\�g__�\�\b^_�\h^gh]h�Zwjhahey��<�hkgh\_�hilb�

q_kdhc�qZklb�ijb[hjZ�bkihevah\Zg�ihebojhfZlhj�k�\h]gmlhc�^bnjZdpb�

hgghc� j_r_ldhc�� ihkljh_gguc� ih� ko_f_�IZr_gZ–Jmg]_� �]e�� ���� aZ� \u�
oh^gufb� s_eyfb� dhlhjh]h� jZkiheh`_gu� nhlhmfgh`bl_eb�� <_ebqbgu�

ihemq_gguo�k�dZ`^h]h�nhlhmfgh`bl_ey�kb]gZeh\�kjZ\gb\Zxlky�k�ij_^�

\Zjbl_evgh� baf_j_ggufb� \_ebqbgZfb� ^ey� jZkl\hjh\� k� ba\_klgufb� dhg�

p_gljZpbyfb��Ih� wlbf�^Zgguf�jZkkqblu\Zxlky�bkdhfu_�dhgp_gljZpbb��

J_amevlZl�ZgZebaZ�\u^Z_lky�gZ�^bkie_c�b�gZ�ijbgl_j� 
>jm]bf� ijbf_jhf� Z\lhfZlbabjh\Zgguo� ki_dljZevguo� ijb[hjh\�

y\ey_lky�k_jby�mgb\_jkZevguo�\uqbkebl_evguo�dhfie_dkh\�fh^mevgh�

]h�lbiZ��DK<M���ij_^gZagZq_gguo�^ey�j_]bkljZpbb�ki_dljh\�bkimkdZ�

gby�b�ih]ehs_gby�\�mevljZnbhe_lh\hc��\b^bfhc�b�BD�h[eZklyo�ki_d�

ljZ� 
NmgdpbhgZevgZy�ko_fZ�DK<M�ihdZaZgZ�gZ�jbk��������K\_l�hl�bklhq�

gbdZ�baemq_gby�1  ebgah\uf�beb�a_jdZevguf�dhg^_gkhjhf�2  gZijZ\ey_l�
ky�gZ�\oh^gmx�s_ev�3  fhghojhfZlhjZ�4 . Baemq_gb_��\u^_e_ggh_�\uoh^�

ghc�s_evx�5, ijhc^y�dx\_lgh_�hl^_e_gb_�6, ihklmiZ_l�gZ�NWM����^ey�h[�

eZklb� ki_dljZ� ���-���� gf� — � NWM-100 , ^ey� h[eZklb� ���-����� gf� —  
NWM-�����We_dljbq_kdbc� kb]gZe� k�NWM�� mkbe_gguc� mkbebl_e_f� ��� gZ�

 
 
Jbk��������Ko_fZ�mklZgh\db�^ey�Z\lhfZlbabjh\Zggh]h�fgh]hwe_f_glgh]h�ki_dljZev�

gh]h�ZgZebaZ 
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ijZ\ey_lky�eb[h�gZ�kZfhibk_p�9 , eb[h�gZ�pbnjh\hc�\hevlf_lj��:PI��10 . 
Ij_h[jZah\Zgguc�kb]gZe�ihklmiZ_l�\�mkljhckl\h�\\h^Z-\u\h^Z�b�^Ze__�
\�dhfivxl_j�12 . LZf�kb]gZeu�h[jZ[Zlu\Zxlky�b�aZl_f�eb[h�ihklmiZxl�

gZ�ijbgl_j�13 , eb[h� aZihfbgZxlky�b�ihke_�h[jZ[hldb�\u\h^ylky�gZ�\u�

oh^gu_�mkljhckl\Z��Ki_dlj�kdZgbjm_lky�k�ihfhsvx�rZ]h\h]h�^\b]Zl_ey�

14  b�[ehdZ�mijZ\e_gby�15 . KdZgbjh\Zgb_�fh`_l�ijhbkoh^blv�ih�ex[hc�

aZ^Z\Z_fhc�ijh]jZff_� 

Ih^h[gu_�ijb[hju� �d\Zglhf_lju�� h[uqgh� madhki_pbZebabjh\Zgu��

<� hkgh\ghf� wlh� hij_^_ey_lky� ki_dljZevghc� h[eZklvx� jZ[hlu� ijb[hjZ�

�gZijbf_j��^ey�ZgZebaZ�gZ�g_dhlhju_�we_f_glu�ijb[hj�^he`_g�jZ[hlZlv�

\� \Zdmmfghf� mevljZnbhe_l_��� kihkh[hf� \ha[m`^_gby� ki_dljZ� b� kihkh�

[hf�gZ[ex^_gby��\hafh`_g�ZgZeba��gZijbf_j��ih�ki_dljZf�bkimkdZgby��

ih�ki_dljZf�ih]ehs_gby��ih�ki_dljZf�nemhj_kp_gpbb� 
OZjZdl_jghc� hkh[_gghklvx�ijbf_g_gby� dhfivxl_jh\� \�gZmqguo�

bkke_^h\Zgbyo� y\ey_lky� klj_fe_gb_� ijh\h^blv� h[jZ[hldm� j_amevlZ�

lh\�\�^\Z�wlZiZ��GZ�i_j\hf�wlZi_�ijhbkoh^bl�mijZ\e_gb_�wdki_jbf_g-
lhf�� gZdhie_gb_� b� ij_^\Zjbl_evgZy� h[jZ[hldZ� ^Zgguo��>Zevg_crZy�

h[jZ[hldZ� ^Zgguo�� gZijbf_j� hlh`^_kl\e_gb_� ki_dljh\�� ijh\h^blky�

gZ�\lhjhf�wlZi_. 
*               *  

*  

 
 

Jbk��������NmgdpbhgZevgZy�ko_fZ�DK<M 
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Ijb�\u[hj_� ki_dljZevgh]h�ijb[hjZ�^ey�dhgdj_lguo�p_e_c�ijb�

gbfZxl�\h�\gbfZgb_�jZaj_rZxsmx�kihkh[ghklv��k\_lhkbem�b�ebg_c�

gmx� ^bki_jkbx��Wlb� ljb�iZjZf_ljZ� l_kgh� k\yaZgu� ^jm]� k� ^jm]hf��b�

m\_ebq_gb_�h^gh]h�ba�gbo�fh`_l�ijb\_klb�d�mf_gvr_gbx�^jm]bo��GZ�

ijbf_j�� ih\ur_gb_� k\_lhkbeu� lj_[m_l� m\_ebq_gby� jZaf_jh\� h[t_d�

lb\h\� b�s_e_c�� mf_gvr_gby�nhdmkgh]h� jZkklhygby� dZf_ju��Wlh� aZ�

ljm^gy_l� mkljZg_gb_� Z[_jjZpbc�� mf_gvrZ_l� ebg_cgmx� ^bki_jkbx� b�

mom^rZ_l�jZaj_rZxsmx�kihkh[ghklv� 
Ki_dljZevgu_�ijb[hju� h[uqgh�bf_xl�p_e_\h_�gZagZq_gb_��GZ�

ijbf_j��^ey�wfbkkbhggh]h�ki_dljZevgh]h�ZgZebaZ�bkihevamxlky�ijb�

[hju� kj_^g_c�^bki_jkbb�b�g_\ukhdhc� k\_lhkbeu�� lZd�dZd�ijbf_gy_�

fu_�^ey� wlhc�p_eb�bklhqgbdb� k\_lZ�h[eZ^Zxl�[hevrhc� yjdhklvx��<�

d\Zglhf_ljZo� g_h[oh^bfh� h[_ki_qblv� [hevrhc� k\_lh\hc� ihlhd�� l�_��

bkihevah\Zlv�rbjhdb_�s_eb��Z�aZ�\uoh^gufb�s_eyfb�gm`gh�jZaf_k�

lblv� ijb_fgbdb� baemq_gby�� Ihwlhfm� ebg_cgZy� ^bki_jkby� ^he`gZ�

[ulv�[hevrhc��Ijb�bkke_^h\Zgbb�ki_dljh\�keZ[uo�k\_q_gbc� �dhf[b�

gZpbhggh]h� jZkk_ygby�� exfbg_kp_gpbb�� g_h[oh^bfZ� \� i_j\mx� hq_�

j_^v�[hevrZy�k\_lhkbeZ� 

<HIJHKU 

���DZdb_�ki_dljZevgu_�ijb[hju�y\eyxlky�h^ghdZgZevgufb��dZdb_�fgh�

]hdZgZevgufb" 
���<�q_f�khklhbl�jZaebqb_�ki_dljhf_ljh\�b�ki_dljhnhlhf_ljh\" 
���Qlh�lZdh_�ZiiZjZlgZy�nmgdpby�ki_dljZevgh]h�ijb[hjZ" 
��� Qlh� lZdh_� ghjfZevgZy�rbjbgZ�s_eb"� Ki_dljZevgZy�rbjbgZ�

s_eb" 
���Bf__l�eb� kfuke�bkihevah\Zlv�rbjbgm�\oh^ghc�s_eb�ijb[hjZ�

f_gvr_�ghjfZevghc"�Ihq_fm" 
���DZdh\Z�p_ev�ijbf_g_gby�jZaebqguo�f_lh^h\�hk\_s_gby�s_eb" 
��� �Ijb�dZdhf�kihkh[_�hk\_s_gby�s_eb�fh`gh�ijZdlbq_kdb�gZ�

[ex^Zlv�^bnjZdpbhggmx�ZiiZjZlgmx�nmgdpbx" 
���Qlh� gm`gh�� qlh[u� emqr_� \u^_eblv� keZ[mx� ki_dljZevgmx� eb�

gbx� gZ�nhg_� kiehrgh]h� ki_dljZ� �ijb�nhlh]jZnbjh\Zgbb� ki_dljZ� b�

ijb�nhlhwe_dljbq_kdhc�aZibkb�" 
���Qlh�gm`gh�^_eZlv�^ey�m\_ebq_gby�hk\_s_gghklb�\�bah[jZ`_gbb�ki_d�

ljZevguo�ebgbc�gZ�nhlhieZklbgd_" 
����GZ� dZdbo� ^\mo� hl\_jklbyo� ki_dljZevgh]h� ijb[hjZ� ijhbkoh^bl�

^bnjZdpby��ijb�dZdbo�mkeh\byo�b�]^_�fh`gh�gZ[ex^Zlv�h^gm�b�^jm]mx�

^bnjZdpbhggu_� dZjlbgu�� b� dZd� hgb� \ebyxl� gZ� oZjZdl_jbklbdb� ki_d�

ljZevgh]h�ijb[hjZ" 
���AZq_f�gm`gu�^\hcgu_�fhghojhfZlhju" 
����Qlh�lZdh_�Z\lhdheebfZpbhggu_�ki_dljZevgu_�ijb[hju" 
���� A_jdZevgu_� h[t_dlb\u� ijb[hjh\� bf_xl� ih\_joghklb� dZdhc�

nhjfu" 
����Qlh� ij_^klZ\ey_l� kh[hc� ki_dljZevguc� ijb[hj�� gZau\Z_fuc� d\Zglh�

f_ljhf" 
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= e Z \ Z  8  
 

IJBAF?GGU?�KI?DLJ:EVGU?�IJB;HJU 
 
 
 
�������HKGH<GU?�K<HCKL<: 
 
Ijbaf_ggmx� kbkl_fm� \� h[s_f� kemqZ_� fh`gh� ij_^klZ\blv� \� \b^_�

g_dhlhjh]h� ijhkljZgkl\Z�� aZiheg_ggh]h� ^bwe_dljbdZfb� jZaguo� khjlh\� k�

j_adbfb� ]jZgbpZfb� jZa^_eZ� f_`^m� gbfb�� gZ� dhlhjuo� b� ijhbkoh^bl�

ij_ehfe_gb_�imqdZ�emq_c��JZkkfhljbf�k\hckl\Z�ijbaf_gguo�kbkl_f� 
 
����M]eh\h_�m\_ebq_gb_�ijbaf 
 

Ijb�ijhoh`^_gbb�imqdZ�q_j_a�ih\_joghklv�Z�jZa^_eZ�^\mo�^bwe_dljbdh\�

k� ihdZaZl_eyfb� ij_ehfe_gby� n1� b� n2� �jbk�� ����Z�� m]eh\hc� jZkl\hj� imqdZ� b�

k_q_gb_� baf_gyxlky��K_q_gb_� iZ^Zxs_]h� imqdZ� khklZ\ey_l�D1 = :B cos iZ, 
ij_ehfe_ggh]h� �D2 = :B cos rZ� . GZah\_f� hlghr_gb_� drZ/diZ = =Z� m]eh\uf�

m\_ebq_gb_f� ih\_joghklb� Z�� Ijh^bnn_j_gpbjh\Z\� bg\ZjbZgl� ij_ehfe_gby�

n1sin i = n2sin r b� bkihevah\Z\� \_ebqbgu� k_q_gbc� D1 b� D2�� ihemqZ_f� ^ey�

m]eh\h]h�m\_ebq_gby�ih\_joghklb�\ujZ`_gb_ 
 

1 1 1

2 2 2

cos
=

cos
a a

Z
a a

dr in n D

di n r n D
= = = .    (8.1) 

 

JZkkfhljbf� l_i_jv� m]eh\h_� m\_ebq_gb_� ijbafu�� khklZ\e_gghc� ba� ^\mo�

ih\_joghkl_c�Z�b�b�b�gZoh^ys_cky�\�\ha^mo_��DZd�\b^gh�ba�jbk������[��m]eh\hc�

jZkl\hj�diZ�imqdZ�gZ�\oh^_�\�ijbafm�aZ\bkbl�hl�jZaf_jh\�\oh^ghc�s_eb�s��<�
k\hx� hq_j_^v� m]eh\hc� jZkl\hj� imqdZ� gZ� \uoh^_� ba� ijbafu� hij_^_ey_l�

jZaf_ju� bah[jZ`_gby� s_eb� s��� M\_ebq_gb_� ijbafu� gZoh^bf�� i_j_fgh`b\�
m\_ebq_gby�=Z�b�=b�dZ`^hc�ba�]jZg_c� 

 

1 2 \o \o

2 3 \uo \uo

cos cos
= = =

cos cos
a a b

Z E
a a b

dr i in n D D D

di n r n r D D D
= = = = ,  (8.2) 

 

]^_�D, D\o, D\uo —�k_q_gby�imqdZ�\�ijbaf_��gZ�\oh^_�b�gZ�\uoh^_� 
LZdbf�h[jZahf��m\_ebq_gb_�ijbafu�fh`gh�gZclb�ih�k_q_gbyf�imqdZ��gZ�

\oh^_� � b� � gZ� \uoh^_�� M\_ebq_gb_� jZ\gh� _^bgbp_� ijb� kbff_ljbqghf� oh^_�

emq_c�q_j_a�ijbafm��Fh`gh�ihdZaZlv�>�@��qlh�ijb�wlhf�m]he�hldehg_gby�emqZ�

\�ijbaf_�—�gZbf_gvrbc��?keb�m]he�fbgbfZevgh]h�hldehg_gby�khhl\_lkl\m_l�

kj_^g_c� qZklb� \b^bfh]h� ki_dljZ�� lh� ^ey� nbhe_lh\uo� emq_c� m\_ebq_gb_�

ijbafu�[hevr_�_^bgbpu��Z�^ey�djZkguo�—�f_gvr_�_^bgbpu� 
M\_ebq_gb_� ijbaf� \eby_l� gZ� rbjbgm� s�� bah[jZ`_gbc� ki_dljZevguo��

ebgbc� 

2 2 \o

1 1 \uo

= �
'

sin sin

f f D
s s s

f f Dε ε
= =     (8.3) 
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�a^_kv�f2/f1 —�m\_ebq_gb_�h[t_dlb\h\�ijb[hjZ��0�— m]he�f_`^m�iehkdhklvx�
ki_dljZ�b�hkvx�dZf_ju��kf��jbk������� 

Wlh� hkh[_ggh� aZf_lgh� \� fgh]hijbaf_gguo� ijb[hjZo�� lZdbo�� dZd�

ki_dljh]jZn�BKI-5���GZijbf_j��_keb�gZbf_gvr__�hldehg_gb_�bkiulu\Z_l�\�

wlhf�ijb[hj_�imqhd k� ^ebghc� \hegu� ������gf�� m\_ebq_gb_�ijbaf� ^ey� ^ebg�

\heg� ������� ������ b� ������ gf� khklZ\ey_l� khhl\_lkl\_ggh� ������ ����� b� ������

LZdbf�h[jZahf��\�ij_^_eZo�h[eZklb�ki_dljZ�rbjbghc�\k_]h�\�����gf�rbjbgZ�

bah[jZ`_gby� ki_dljZevguo�ebgbc� aZ�kq_l�m\_ebq_gby�ijbaf�f_gy_lky�\�^\Z�

jZaZ� 

 
Jbk�������D�gZoh`^_gbx�m]eh\h]h�m\_ebq_gby  ih\_joghklb��Z��b�ijbafu� 

\�\ha^mo_��[) ; � — �m]he�hldehg_gby�emqZ�ijbafhc 
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2°. M]eh\Zy�b�ebg_cgZy�^bki_jkbb 
 
M]eh\hc� ^bki_jkb_c� ki_dljZevgh]h�ijb[hjZ�gZau\Zxl� \_ebqbgm�d��d���

ihdZau\Zxsmx�� dZd� f_gy_lky� m]he� hldehg_gby� �� ijb� baf_g_gbb� ^ebgu�

\hegu��<ujZ`_gb_�^ey�m]eh\hc�^bki_jkbb�bf__l�\b^�>��@� 

1 11 2

sin1

� � FRV FRV
=

kk
a a

l
a a aa l a

dnd

d n d r r

αθ
+ += = +

= ∑ ∏ ,  (8.4) 

]^_ 
1

sin

cos cos
a

a a

D
r r α

α

+
=  —� ljb]hghf_ljbq_kdbc� fgh`bl_ev� ijbafu� f_`^m�

ih\_joghklyfb�Z�b�Z������h[jZamxsbfb�ij_ehfeyxsbc�m]he�.��GZijbf_j��^ey�

lj_oijbaf_ggh]h�ki_dljh]jZnZ�m]eh\Zy�^bki_jkby�ih�������jZ\gZ 

2 3 3
1 2 3 4 5 6

sin sin sin
= = = �

� � FRV FRV FRV FRV FRV FRV

d dn

d d r r r r r r

θ α α α 
= + + 

 
 (8.5) 

>ey�h^ghc�ijbafu�ihemqZ_f 
 

1 2

sin

� � FRV FRV �

d dn dn
D

d d r r d α
θ α= = .    (8.6) 

 

Ijb� fbgbfZevghf� m]e_� hldehg_gby� emq� \� ijbaf_� b^_l� iZjZee_evgh�

hkgh\Zgbx��ihwlhfm�r1 = r2 = .� ����jbk��������Ijhba\_^y�ljb]hghf_ljbq_kdb_�
ij_h[jZah\Zgby�b�mqly��qlh�sin r2 = n sin i2��ihemqZ_f�ba������ 

2 2

2sin
2

� �
1 sin

2

d dn

d d
n

α
θ

α
=

−
.    (8.7) 

 
Nhjfmehc� ������ fh`gh� ihevah\Zlvky� \[ebab� m]eZ� gZbf_gvr_]h� hl-

dehg_gby� \� agZqbl_evghc� h[eZklb� ki_dljZ� �\� ij_^_eZo� baf_g_gby� m]eZ� r2 
ijbf_jgh�gZ������ 

>ey�gZb[he__�jZkijhkljZg_gguo�ijbaf�k�ij_ehfeyxsbf�m]ehf�. = 60° 
ba�nhjfmeu�������ihemqZ_f�\ujZ`_gb_ 

d��d�� �
2

2
,

�4

dn

dn−
 

m^h[gh_�^ey�hjb_glbjh\hqguo�jZkq_lh\� 
?keb� ijbafZ� aZ^ZgZ�� l�_�� aZ^Zgu� di�d� b m]he� .�� m]eh\Zy� ^bki_jkby�

hdZau\Z_lky� nmgdpb_c� lhevdh� m]eh\� ij_ehfe_gby�� dhlhju_� hij_^_eyxlky�

m]ehf�iZ^_gby�emqZ�gZ�i_j\mx�]jZgv�ijbafu�� 
Ke_^h\Zl_evgh��\�dhg_qghf�blh]_�d��d�� f(i1���Lh�`_�fh`gh�kdZaZlv�b�h[�

m]eh\hf� m\_ebq_gbb� ijbafu� =�� M]he� hldehg_gby� emqZ� �� lZd`_� y\ey_lky�

nmgdpb_c�m]eZ�i1.  
<k_�ljb�aZ\bkbfhklb�ij_^klZ\e_gu�gZ�jbk�������Djb\u_�jZkkqblZgu�^ey�

kl_deygghc�ijbafu��n� ������k�ij_ehfeyxsbf�m]ehf����� 
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Fh`_l� ihdZaZlvky�� qlh� ^ey�

ih\ur_gby� ^bki_jkbb� ijbafu� ke_-
^m_l�mf_gvrZlv�m]he� i1� �ijb�wlhf�D. 
\hajZklZ_l��� H^gZdh� ba� kjZ\g_gby�

djb\uo� D.(i1) b� =�i1�� \b^gh�� qlh�

m]eh\h_� m\_ebq_gb_� ijbafu� k�

mf_gvr_gb_f� i1 jZkl_l� [uklj__�� q_f�

ljb]hghf_ljbq_kdbc� fgh`bl_ev��

JZaj_r_gb_� \� ki_dlj_� ijb� wlhf�

mom^rZ_lky�� Bgh_� ^_eh�� _keb�

m\_ebqb\Zlv� m]he� iZ^_gby� emqZ��

Lh]^Z� m]eh\h_� m\_ebq_gb_� ijbafu�

iZ^Z_l�� Z� ljb]hghf_ljbq_kdbc� fgh-
`bl_ev� hklZ_lky� ihqlb� g_baf_gguf��

Ki_dljZevgu_� ebgbb� klZgh\ylky� [he__� madbfb�� jZaj_r_gb_� memqrZ_lky��

H^gZdh�ijb� wlhf� \hajZklZxl�ihl_jb� k\_lZ� aZ� kq_l� \ukhdh]h�hljZ`_gby�ijb�

kdhevays_f� iZ^_gbb� �jbk�� ������ Z� lZd`_� aZ� kq_l� fZehklb� k_q_gby�

bkihevam_fh]h�imqdZ�k\_lZ� 
Ebg_cgZy� ^bki_jkby� dl/d�� k\yaZgZ� k� m]eh\hc� khhlghr_gb_f� �������

Ijbaf_ggu_� ijb[hju� h[uqgh� h[eZ^Zxl� g_[hevrhc� h[jZlghc� ebg_cghc�

^bki_jkb_c d�/dl�� ihjy^dZ� ^_kyldh\� beb� _^bgbp� gf�ff�� >bki_jkby�

m\_ebqb\Z_lky� \� dhjhldh\hegh\mx� b� ^ebggh\hegh\mx� klhjhgu� \�

khhl\_lkl\bb�k�jhklhf�dn/d��\[ebab�h[eZkl_c�ih]ehs_gby�fZl_jbZeZ�ijbaf� 
 
����Iheyjbamxs__�^_ckl\b_�ijbaf��;jxkl_jh\kdZy�ijbafZ 
 
Ijb� gZdehgghf� iZ^_gbb� emqZ� gZ� ih\_joghklv� ^bwe_dljbdZ� dh-

wnnbpb_glu� hljZ`_gby�� hij_^_ey_fu_� nhjfmeZfb�Nj_g_ey�� jZaebqgu� ^ey�

k\_lZ� k� jZagufb� gZijZ\e_gbyfb� iheyjbaZpbb�� <� kemqZ_� ijbafu� k�

ij_ehfeyxsbf�m]ehf�.� �����b�ihdZaZl_e_f�ij_ehfe_gby�fZl_jbZeZ�n� �����\�
fbgbfmf_� hldehg_gby� m]he� iZ^_gby� emqZ� gZ� i_j\mx� ]jZgv� ijbafu� jZ\_g�

�����
�� qlh� ^h\hevgh� [ebadh� d� m]em� ;jxkl_jZ� �jbk�� ������ Ke_^h\Zl_evgh��

ijbaf_gguc�ijb[hj�ijb�ijhoh`^_gbb�q_j_a�g_]h�k\_lZ�f_gy_l�khhlghr_gb_�

f_`^m� dhfihg_glZfb� iheyjbaZpbb�� Wlhl� wnn_dl� hkh[_ggh� \_ebd� \�

fgh]hijbaf_gguo�kbkl_fZo� 
<�l_ogbd_�eZa_jh\�qZklh�bkihevamxl�[jxkl_jh\kdmx�ijbafm� �jbk�� ������

Emq��b^msbc�\�wlhc�ijbaf_�iZjZee_evgh�hkgh\Zgbx��iZ^Z_l�gZ�__�]jZgv�ih^�

m]ehf� ;jxkl_jZ�� <� wlhf� kemqZ_� ^ey� h^ghc� ba� dhfihg_gl� iheyjbaZpbb��

we_dljbq_kdbc� \_dlhj� dhlhjhc� e_`bl� \� iehkdhklb� iZ^_gby�� ihl_jb� gZ�

hljZ`_gb_�hlkmlkl\mxl� 
Ijb� m]e_� ;jxkl_jZ� m]he�f_`^m� hljZ`_gguf� b� ij_ehfe_gguf� emqZfb�

khklZ\ey_l� ����� Ihwlhfm�� dZd� \b^gh� ba� jbk�� ����� i1+ .���  � ����� Hlkx^Z��
mqblu\Zy� mkeh\b_� m]eZ� ;jxkl_jZ� tgi1 = n�� gZoh^bf� khhlghr_gb_��

k\yau\Zxs__� ij_ehfeyxsbc� m]he� .� [jxkl_jh\kdhc� ijbafu� k� ihdZaZl_e_f�

ij_ehfe_gby�i�\_s_kl\Z� 
( )tg 1 .. � n=     (8.8) 

 
Jbk�� ����� Ijhoh`^_gb_� emqZ� q_j_a�

ijbafm� ijb� fbgbfZevghf� m]e_�

hldehg_gby 
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Ij_ehfeyxsbc� m]he� [jxkl_jh\kdhc� ijbafu� h[uqgh� ij_\urZ_l� �����

GZijbf_j�� [jxkl_jh\kdZy� ijbafZ� ba� ieZ\e_gh]h� d\ZjpZ� bf__l� m]he� .�  �

�����
��ij_ehfeyxsbc�m]he�ijbafu�ba�kl_deZ�LN-��^ey�lhc�`_�^ebgu�\hegu�
(n� ����������khklZ\ey_l�������
� 

DZd�[m^_l�ihdZaZgh�^Zevr_���������i. 
�����kijZ\_^eb\h�khhlghr_gb_ 

 

� �

d b dn

d D d

θ = ,     (8.9) 

 
]^_� b� b�D — jZaf_ju� hkgh\Zgby� ijbafu� b�
k_q_gby� imqdZ�� <hkihevah\Z\rbkv� l_f�� qlh�

^ey� [jxkl_jh\kdhc� ijbafu� b = 2D �wlh�
hq_\b^gh�ba�jbk��������\f_klh�������ihemqZ_f 
 

d��d�� �2dn/d�������            (8.10) 
 
BlZd�� m]eh\Zy� ^bki_jkby� [jxkl_jh\kdhc� ijbafu� qbke_ggh� jZ\gZ�

m^\h_gghc�\_ebqbg_�^bki_jkbb�fZl_jbZeZ�ijbafu� 

  
Jbk�� ����� AZ\bkbfhklv� m]eh\h]h�

m\_ebq_gby� =�� ljb]hghf_-
ljbq_kdh]h� fgh`bl_ey� D . \�

hlghkbl_evguo�_^bgbpZo�b�m]eZ�

hldehg_gby� �� emqZ� hl� m]eZ� iZ-
^_gby� emqZ� gZ� i_j\mx� ]jZgv�

ijbafu�� D . fbg — � agZq_gb_� \�

fbgbfmf_�m]eZ�hldehg_gby 
 

Jbk�� ����� AZ\bkbfhklv� dhwnnbpb_glZ�

hljZ`_gby�k\_lZ�hl�m]eZ�iZ^_gby�emq_c�

gZ� ih\_joghklv� ^bwe_dljbdZ�� ^ey�

g_iheyjbah\Zggh]h� k\_lZ� ( 1 )  b� ^\mo�
dhfihg_gl�iheyjbaZpbb� �2, 3) ijb� n =  
� � � b  n   ����Ijb\_^_gu�agZq_gby�m]eZ�

;jxkl_jZ�i 1 
 

Jbk��������;jxkl_jh\kdZy�

ijbafZ 
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4°. JZaj_rZxsZy�kihkh[ghklv 
 
JZaj_rZxsZy�kihkh[ghklv�ijbaf_ggh]h�ijb[hjZ�\ujZ`Z_lky�nhjfmehc�

������� >ey� fbgbfmfZ� m]eZ� hldehg_gby� wlh� \ujZ`_gb_� fh`_l� [ulv�

ij_^klZ\e_gh�\�^jm]hf�\b^_��H[hagZqbf�klhjhgm�ijbafu�q_j_a�a��Z�hkgh\Zgb_�
�[Zam�ijbafu��—�q_j_a�b �jbk��������Lh]^Z�ihemqbf 

sin ,
2 2

b
a

α=      (8.11) 

2 2 22 2cos 1 sin 1 sin .
2

D a r a r a n
α= = − = −   (8.12) 

 
JZa^_ebf���������m^\hb\�_]h��gZ��������b�mfgh`bf�ijZ\mx�b�e_\mx�qZklb�\�

ihemq_gghf�\ujZ`_gbb�gZ�dn/d���<�j_amevlZl_�bf__f 

2 2

2sin
2

� �
1 sin

2

dn b dn

d D d
n

α

α
=

−
.   (8.13) 

IjZ\Zy� qZklv� gZc^_ggh]h� \ujZ`_gby� ij_^klZ\ey_l� kh[hc� ih� ������ \_ebqbgm�

m]eh\hc�^bki_jkbb�d��d���Ihwlhfm�\f_klh��������fh`gh�aZibkZlv 

� �

dn d
b D

d d

θ= .     (8.14) 

KjZ\gb\��������k�\ujZ`_gb_f��������ihemqZ_f�^ey�jZaj_rZxs_c�

kihkh[ghklb�ijbafu 
�

� �

dn
b

dδ
= .     (8.15) 

<ujZ`_gb_��������m^h[g__�^ey�ih^kq_lZ�jZaj_rZxs_c�kihkh[ghklb��q_f��������

lZd�dZd�agZq_gby�^bki_jkbb�hilbq_kdbo�fZl_jbZeh\�fh`gh�gZclb�\�lZ[ebpZo��

Z�jZaf_j�hkgh\Zgby�ijbafu�e_]dh�baf_jy_lky��Ijb�^bZnjZ]fbjh\Zgbb�imqdZ�

\_ebqbgZ�b�^he`gZ�[ulv�aZf_g_gZ�jZaghklvx�]_hf_ljbq_kdbo�iml_c�djZcgbo�
emq_c� imqdZ� \� ijbaf_�� ?keb� \� ijb[hj_� bf__lky� m� h^bgZdh\uo� ijbaf�� wlh�
wd\b\Ze_glgh�m\_ebq_gbx�[Zau�b�\�m�jZa� 

JZaj_rZxsZy� kbeZ�ijbaf_gguo�ijb[hjh\�fh`_l�^hoh^blv�^h�^_kyldh\�

lukyq�� >ey� ihemq_gby� \_ebqbgu� ��d�� ihjy^dZ� ��5� lj_[mxlky� ijbafu�

[hevrh]h�jZaf_jZ��\�dhlhjuo�klZgh\ylky�aZf_lgufb�ih]ehs_gb_�b�bkdZ`_gby�

aZ�kq_l�g_h^ghjh^ghklb�fZl_jbZeZ� 
 
����:klb]fZlbaf�ijbaf 
 
<�ijbaf_�fh]ml�[ulv�\u^_e_gu�^\Z�k_q_gby��f_jb^bhgZevgh_� �]eZ\gh_��

b� kZ]bllZevgh_� �i_ji_g^bdmeyjgh_� ]eZ\ghfm��� <� f_jb^bhgZevghf� k_q_gbb�

ijbafZ� jZaeZ]Z_l� k\_l� \� ki_dlj� b� h^gh\j_f_ggh� \ghkbl� \� imqhd� m]eh\h_�

�f_jb^bhgZevgh_�� m\_ebq_gb_�� <� iehkdhklb� kZ]bllZevgh]h� k_q_gby� ijbafZ�

^_ckl\m_l� dZd� iehkdhiZjZee_evgZy� ieZklbgdZ�� ihwlhfm� m]eh\h_� m\_ebq_gb_�

hlkmlkl\m_l� 
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JZkkfhljbf� ijhoh`^_gb_� imqdZ� q_j_a� h^gm� ih\_joghklv� ijbafu� �jbk��

������;m^_f�kqblZlv�imqhd�]hfhp_gljbq_kdbf1���Wlh�khhl\_lkl\m_l�j_Zevghfm�

kemqZx� iZ^_gby� gZ� ijbafm� ke_]dZ� koh^ys_]hky� imqdZ�� ;_a� ih\_joghklb� S 
]hfhp_gljbq_kdbc�imqhd�koh^beky�[u�\�lhqd_�H��<�j_amevlZl_�ij_ehfe_gby�

imqhd�bkdZ`Z_lky��<�kZ]bllZevghf�k_q_gbb�CDH
�imqhd�ebrv�baf_gy_l�k\h_�

gZijZ\e_gb_�� m]eh\h_� m\_ebq_gb_� hlkmlkl\m_l�� <� ]eZ\ghf� k_q_gbb� :<H��� \�

dhlhjhf� ijhbkoh^bl� ij_ehfe_gb_�� bf__lky� m]eh\h_� m\_ebq_gb_� =�� <�

j_amevlZl_� m]eh\u_� jZaf_ju� ]hfhp_gljbq_kdh]h� imqdZ�f_gyxlky��<� kemqZ_��

bah[jZ`_gghf� gZ� jbk�� ����� kj_^Z� k� [hevrbf� ihdZaZl_e_f� ij_ehfe_gby�

gZoh^blky�kijZ\Z�hl�ih\_joghklb�S��ihwlhfm�k_q_gb_�imqdZ�ijb�ij_ehfe_gbb�
m\_ebqb\Z_lky�b�=������LhqdZ�koh`^_gby�imqdZ�H�ij_h[jZam_lky�\�^\Z�\aZbfgh�

i_ji_g^bdmeyjguo� hlj_adZ� ��� b� ���� jZa^_e_gguo� jZkklhygb_f� H
H��� Wlh�

jZkklhygb_�gZau\Zxl�Zklb]fZlbq_kdhc�jZaghklvx� 
Wnn_dl�� gZ[ex^Z_fuc� ijb� ijhoh`^_gbb� imqdZ� k\_lZ� q_j_a� h[_� ]jZgb�

ijbafu�� aZ\bkbl� hl� khhlghr_gby� m]eh\uo� m\_ebq_gbc� gZ� wlbo� ]jZgyo��Ijb�

ijhoh`^_gbb� imqdZ� iZjZee_evgh� hkgh\Zgbx� ijbafu� ijhba\_^_gb_� m]eh\uo�

m\_ebq_gbc�]jZg_c�jZ\gh�_^bgbp_�b�Zklb]fZlbaf�hlkmlkl\m_l� 
Y\e_gb_�Zklb]fZlbafZ�g_�gZ[ex^Z_lky��_keb�\k_�emqb�imqdZ�iZ^Zxl�gZ�

ij_ehfeyxsmx� ih\_joghklv� ih^� h^gbf� b� l_f� `_� m]ehf�� l�_�� _keb� imqhd�

y\ey_lky� iZjZee_evguf�� Bf_ggh� ih� wlhc� ijbqbg_� \h� \k_o� ijbaf_gguo�

ki_dljZevguo� ijb[hjZo� bkihevamxl� dheebfZlhjgu_� h[t_dlb\u��

bkijZ\e_ggu_� gZ� kn_jbq_kdmx� b� ojhfZlbq_kdmx� Z[_jjZpbb�� H^gZdh� ba-aZ�
g_ihegh]h�bkijZ\e_gby�ihke_^g_c�gZ�djZyo�jZ[hq_c�h[eZklb�ki_dljZ�fh`_l�

                                                 
1) =hfhp_gljbq_kdbf��gZau\Zxl��imqhd����bkoh^ysbc��ba�h^ghc��lhqdb��beb�

koh^ysbcky���\���h^ghc��lhqd_� 

 
Jbk�� �����Ij_ehfe_gb_� gZdehggh]h� ]hfhp_gljbq_kdh]h� imqdZ� gZ� ]jZgb�

ijbafu�� :<H�� — � f_jb^bhgZevgZy� iehkdhklv�� C D O ' — � kZ]bllZevgZy�

iehkdhklv��S  —  ij_ehfeyxsZy�ih\_joghklv 
 



 208 

hklZlvky�g_[hevrh_�����-����ff��jZafulb_�bah[jZ`_gby�s_eb�\�gZijZ\e_gbb��

iZjZee_evghf�s_eb� 
 
����Djb\bagZ�ki_dljZevguo�ebgbc 
 
Bkdjb\e_gb_� ebgbc� \� ki_dlj_� \ua\Zgh� \ebygb_f� gZdehggh]h�

ijhoh`^_gby�emq_c�q_j_a�ijbafm��Ko_fZlbq_kdb�wlh�bah[jZ`_gh�gZ�jbk�������

Imqhd�� h[jZah\Zgguc� emqZfb�� \ur_^rbfb� ba� p_gljZevghc� lhqdb� :� s_eb��

ijhoh^bl� q_j_a� ijbafm� \� iehkdhklb� __� ]eZ\gh]h� k_q_gby� ZZZ�� Emqb��

\ur_^rb_�ba�^jm]bo�lhq_d�s_eb��kha^Zxl�iZjZee_evgu_�imqdb��gZdehg_ggu_�

hlghkbl_evgh�]eZ\gh]h�k_q_gby��Ij_ehfeyxsbc�m]he�ijbafu��h[jZah\Zgguc�

i_j_k_q_gb_f� __�gZdehgghc�iehkdhklvx� �gZijbf_j��iehkdhklvx�bbb gZ�jbk��
������� [hevr_� m]eZ� .� \� ]eZ\ghc� iehkdhklb��<� j_amevlZl_� ebgbb� ba]b[Zxlky��

ijbq_f�\_jogbc�b�gb`gbc�dhgpu�bo�h[jZs_gu�\�klhjhgm�dhjhldbo�\heg� 

JZkq_lu� ihdZau\Zxl� >���� ��@�� qlh� _keb� \oh^gZy� s_ev� ijyfZy��

ki_dljZevgu_� ebgbb� ih� nhjf_� [ebadb� d� iZjZ[heZf�� JZ^bmk� djb\bagu� !� \�

\_jrbg_�iZjZ[heu�h[jZlgh�ijhihjpbhgZe_g�^bki_jkbb�ijb[hjZ� 
 

2 1 2 2
2 2

cos cos 1
.

1 sin 1

f n r r f n

n n Dα
ρ

α
= =

− −
   (8.16) 

 
<� \b^bfhc� b� mevljZnbhe_lh\hc� h[eZklyo� ki_dljZ� bkdjb\e_gb_� ebgbc�

\hajZklZ_l� \� klhjhgm� dhjhldbo� \heg�� >ey� fbgbfmfZ� hldehg_gby� nhjfmem�

(8.16)�fh`gh�ijb\_klb�d�\b^m 

 
Jbk�������Ijhoh`^_gb_�gZdehgguo�emq_c�q_j_a�ijbafm��^ey�mijhs_gby�

jbkmgdZ�g_�ihdZaZgu�dZf_jguc�b�dheebfZlhjguc�h[t_dlb\u� 
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( )
22

2 1

1

2 1 tg

f n

n i
ρ =

−
.     (8.17) 

Djb\bagZ� ebgbc� ohjhrh� aZf_lgZ� \� ijb[hjZo� k� g_[hevrbf� nhdmkguf�

jZkklhygb_f� dZf_ju�� <� ki_dljZo�� ihemq_gguo� k� ijb[hjZfb� k� nhdmkguf�

jZkklhygb_f�[he__���f��__�ljm^gh�aZf_lblv� 
Djb\bagZ� ki_dljZevguo� ebgbc� g_� \ghkbl� hkh[uo� g_m^h[kl\� ijb�

nhlh]jZnbjh\Zgbb�� H^gZdh� \� ki_dljhf_ljZo� b� ki_dljhnhlhf_ljZo� wlhl�

wnn_dl� ijb\h^bl� d� iZ^_gbx� jZaj_r_gby�� H^gm� ba� s_e_c� beb� kjZam� h[_�

^_eZxl�bah]gmlufb�lZdbf�h[jZahf��qlh[u�\�p_glj_�jZ[hq_c�h[eZklb�ki_dljZ�

ki_dljZevgZy�ebgby�kh\iZ^ZeZ�k�\uoh^ghc�s_evx��<�^jm]bo�mqZkldZo�ki_dljZ�

\� \uoh^gmx� s_ev� qZklbqgh� ihiZ^Z_l� baemq_gb_� khk_^gbo� ki_dljZevguo�

bgl_j\Zeh\�� �aZ]jyagyy�� ki_dlj� b� mom^rZy� jZaj_r_gb_�� Ba-aZ� wlh]h� \�

fhghojhfZlhjZo�g_�bkihevamxl�\oh^gmx�s_ev�[hevrhc�\ukhlu� 
 
 
§8�����HILBQ?KDB?�KO?FU�IJBAF?GGUO� 

�������������������KI?DLJ:EVGUO�IJB;HJH< 
 
����Ijbafu�b�kbkl_fu�ijbaf 
 
DZd�\b^gh�ba�nhjfmeu��������^ey�m\_ebq_gby�m]eh\hc�^bki_jkbb�ijbafu�

ke_^m_l� m\_ebqb\Zlv� __� ij_ehfeyxsbc� m]he�� H^gZdh� h^gh\j_f_ggh�

\hajZklZxl� b� m]eu� iZ^_gby� b� ij_ehfe_gby� gZ� ]jZgyo� ijbafu� b��

ke_^h\Zl_evgh�� ihl_jb� gZ� hljZ`_gb_�� HilbfZevguc� ij_ehfeyxsbc� m]he�

ijbafu�k\yaZg�k�ihdZaZl_e_f�ij_ehfe_gby�__�fZl_jbZeZ��>ey�kl_deZ�b�d\ZjpZ�

ij_ehfeyxsbc� m]he� khklZ\ey_l� h[uqgh� hdheh� ����� >ey� fZl_jbZeh\� k�

[hevrbf�ihdZaZl_e_f�ij_ehfe_gby�m]he�f_gvr_� 
G_dhlhju_� hkh[_gghklb� oZjZdl_jgu� ^ey� ��-]jZ^mkghc� ijbafu� ba�

djbklZeebq_kdh]h�d\ZjpZ��D\Zjp�y\ey_lky�^\hydhij_ehfeyxsbf�djbklZeehf��

jZa^_eyxsbf� emq� gZ� ^\Z�� h[udgh\_gguc� b� g_h[udgh\_gguc�� dhlhju_�

jZkijhkljZgyxlky� \� djbklZee_� k� jZagufb� kdhjhklyfb�� <� j_amevlZl_� wlh]h�

\hagbdZ_l�^\hcgh_�ij_ehfe_gb_�b�\jZs_gb_�iehkdhklb�iheyjbaZpbb��Qlh[u�

ba[_`Zlv� ^\hydhij_ehfeyxs_]h� ^_ckl\by� ijbafu�� __� \uj_aZxl� lZd�� qlh�

hilbq_kdZy�hkv�djbklZeeZ�iZjZee_evgZ�hkgh\Zgbx�ijbafu��>ey�dhfi_gkZpbb�

\jZs_gby� iehkdhklb� iheyjbaZpbb� d\Zjp_\mx� ijbafm� khklZ\eyxl� ba� ^\mo�

ijbaf��ba]hlh\e_gguo�ba�ijZ\h-�b�e_\h\jZsZxs_]h� d\ZjpZ��ihkZ`_gguo�gZ�

hilbq_kdbc� dhglZdl� �ijbafZ�Dhjgx�� jbk�� ����Z���L_f� g_�f_g__� ^ey� djZcgbo�

emq_c�ki_dljZ�\hafh`gh�g_[hevrh_�jZa^\h_gb_�ebgbc� 
JZagh\b^ghklvx� ��-]jZ^mkghc� ijbafu� y\ey_lky� ��-]jZ^mkgZy� ijbafZ�

Eblljh\Z� k� a_jdZevghc� aZ^g_c� ]jZgvx� �jbk�� ����[��� qZklh� ijbf_gy_fZy� \�

Z\lhdheebfZpbhgguo� ijb[hjZo�� LZdZy� ijbafZ�� \uiheg_ggZy� ba� d\ZjpZ��

wd\b\Ze_glgZ� ijbaf_� Dhjgx�� ihkdhevdm� ijhoh`^_gb_� emqZ� \� ijyfhf� b�

h[jZlghf� gZijZ\e_gbyo� jZ\ghp_ggh� ijhoh`^_gbx� emqZ� q_j_a� ijZ\h-� b�
e_\h\jZsZxsb_�iheh\bgu�ijbafu�Dhjgx� 

GZjy^m� k� ��-]jZ^mkgufb� ijbafZfb� ijbf_gyxl� b� [he__� keh`gu_��
dhlhju_� \k_]^Z� y\eyxlky� dhf[bgZpb_c� ijhkluo� ijbaf�� <� g_[hevrbo�
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ki_dljhkdhiZo� bkihevamxl� ijbafm� ijyfh]h� aj_gby� :fbqb�� khklhysmx� ba�

gZ[hjZ� �-�� ijbaf� ba� kl_dhe� k� jZagufb� ^bki_jkbyfb�� ih^h[jZggufb� lZd��
qlh[u� emq� kj_^g_c� qZklb� \b^bfh]h� ki_dljZ� ijhoh^be� q_j_a� ijbafm� [_a�

baf_g_gby�gZijZ\e_gby��jbk������\). 
KhklZ\ghc� y\ey_lky� ijbafZ� J_a_jnhj^Z� �jbk�� ����]��� \� dhlhjhc�

bkihevamxl� ij_ehfeyxsbc� m]he� ������ GZ� ij_ehfeyxsb_� ]jZgb� hkgh\ghc�

ijbafu� k� [hevrhc� \_ebqbghc� dn/G�, ba]hlh\e_gghc� ba� kl_deZ� nebgl��

gZde__gu�^hihegbl_evgu_�ijbafu�k�fZeuf�dn/G� ba�kl_deZ�djhg� 

 
IjbafZ� :[[_� �jbk�� ����^�� khklZ\e_gZ� ba� ^\mo� ��-]jZ^mkguo� ijbaf� b�

h^ghc� ��-]jZ^mkghc�� kem`Zs_c� ^ey� hldehg_gby� emqZ� gZ� �����Ihkdhevdm� ��-
]jZ^mkgu_� ijbafu� hldehgyxl� emq� \� ijhlb\hiheh`guo� gZijZ\e_gbyo�� ^ey�

emqZ� ex[hc� ^ebgu� \hegu�� b^ms_c� \� fbgbfmf_� hldehg_gby�� h[s__�

hldehg_gb_� emqZ� jZ\gh� ����� G_^hklZldhf� ijbafu� wlh]h� lbiZ� y\ey_lky�

 
Jbk�������Lbiu�ijbaf��ijbf_gy_fuo�\�ki_dljZevguo�ijb[hjZo��d\Zjp_\Zy�ijbafZ�

Dhjgx� �Z��� ijbafZ� Eblljh\Z� �[��� ljhcgZy� ijbafZ� ijyfh]h� aj_gby� :fbqb� �\); 
ijbafZ�J_a_jnhj^Z��]���ijbafZ�:[[_��kde__ggZy�ba�lj_o�ijbaf��^���ijbafZ�:[[_��

ba]hlh\e_ggZy�ba�h^gh]h�dmkdZ�kl_deZ��_) 
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[hevrZy� lhesZ� fZl_jbZeZ�� m\_ebqb\ZxsZy� ih]ehs_gb_� k\_lZ�� >ey� ijbafu�

:[[_� h[uqgh� bkihevamxl� gZb[he__� ijhajZqgh_� kl_deh� �gZijbf_j�� LN-I). 
Ijbf_gyxl� bo� lhevdh� \� \b^bfhc� h[eZklb�

ki_dljZ��Ijbafm�:[[_� g_[hevrh]h� jZaf_jZ�

ba]hlZ\eb\Zxl�ba�h^gh]h� dmkdZ� kl_deZ� �jbk��

8.8,_��� QZklh� bkihevam_lky� kbkl_fZ��

khklhysZy� ba� ^\mo� ��-]jZ^mkguo� ijbaf� b�
ijbafu� :[[_� f_`^m� gbfb�� Kh]eZkh\Zgguf�

ih\hjhlhf� \k_o� lj_o� ijbaf� fh`gh�

hkms_kl\blv�kdZgbjh\Zgb_�ki_dljZ� 
 

����Ijbaf_ggu_�kbkl_fu 
               fhghojhfZlhjh\ 

 
K� ijbgpbibZevghc� lhqdb� aj_gby�

[_ajZaebqgh��dZdbf�h[jZahf�hkms_kl\ey_lky�

kdZgbjh\Zgb_� ki_dljZ� —� i_j_^\b`_gb_f�

\uoh^ghc� s_eb� ih� ki_dljm� beb�

i_j_^\b`_gb_f� ki_dljZ� hlghkbl_evgh�

\uoh^ghc� s_eb�� H^gZdh� k� dhgkljmdlb\ghc�

lhqdb� aj_gby� \lhjh_� j_r_gb_� ijhs_��

Ihwlhfm� \� lbibqguo� dhgkljmdpbyo�

fhghojhfZlhjh\� bkihevamxl� g_ih^\b`gu_�

s_eb�� KdZgbjh\Zgb_� ki_dljZ� hlghkbl_evgh�

\uoh^ghc� s_eb� ^hklb]Z_lky� ih\hjhlhf�

^bki_j]bjmxs_]h�we_f_glZ� 
Ijb�g_ih^\b`guo�\oh^ghc�b�\uoh^ghc�

s_eyo� ^he`_g� [ulv� h[_ki_q_g� ihklhygguc�

m]he�hldehg_gby�imqdZ�emq_c��ijbq_f�^hihe-
gbl_evguf� mkeh\b_f� y\ey_lky�ijhoh`^_gb_�

imqdZ�q_j_a�ijbafu�\�fbgbfmf_�hldehg_gby�

beb� \[ebab� _]h��G_� \kydZy�ijbafZ�beb� kbkl_fZ�ijbaf�fh`_l�m^h\e_l\hjblv�

wlbf�lj_[h\Zgbyf� 
Ijbf_jhf� ijbafu� ihklhyggh]h� hldehg_gby� kem`bl� ijbafZ� :[[_��

Lj_oijbaf_ggZy�kbkl_fZ�k�ijbafhc�:[[_�\�k_j_^bg_�lZd`_�y\ey_lky�kbkl_fhc�

ihklhyggh]h� hldehg_gby�� Ihwlhfm� ki_dljh]jZn� BKI-��� fh`_l� kem`blv�
fhghojhfZlhjhf�� _keb� dZf_jm� ijb[hjZ� aZf_gblv� \uoh^guf� dheebfZlhjhf��

kh^_j`Zsbf� h[t_dlb\� b� \uoh^gmx� s_ev�� IjbafZ� b� a_jdZeh�� `_kldh�

kdj_ie_ggu_� f_`^m� kh[hc� �jbk�� ����Z��� lZd`_� h[_ki_qb\Zxl� ihklhyggh_�

hldehg_gb_�emqZ��M]he�hldehg_gby�emqZ��b^ms_]h�q_j_a�ijbafm�iZjZee_evgh�

hkgh\Zgbx��hdZau\Z_lky�nmgdpb_c�lhevdh�m]eZ�3�f_`^m�iehkdhklvx�a_jdZeZ�b�

ijh^he`_gb_f�\ukhlu�ijbafu����= 180° – 23��<�ihke_^g_f�e_]dh�m[_^blvky��
jZkkfhlj_\�khhlghr_gby�f_`^m�m]eZfb�\�lj_m]hevgbdZo�H:<�b�ABC gZ�jbk��
8.9,Z�� KdZgbjh\Zgb_� ki_dljZ� \� wlhc� kbkl_f_� hkms_kl\ey_lky� ih\hjhlhf�

ijbafu� b� a_jdZeZ� \hdjm]� hkb�� gZoh^ys_cky� \� lhqd_� i_j_k_q_gby� \ukhlu�

ijbafu�b�iehkdhklb�a_jdZeZ��lhqdZ�H���Fh`gh�ihdZaZlv��qlh�ijb�wlhf�emq�g_�

 
Jbk�� ����� Ijbaf_ggu_� kbkl_fu�

ihklhyggh]h�hldehg_gby��Z��[��b�

Z\lhdheebfZpbhggZy� ko_fZ� k�

g_ih^\b`ghc� ijbafhc� b�

ih\hjZqb\Z_fuf� iehkdbf�

a_jdZehf��\) 
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bkiulu\Z_l� [hdh\h]h� kf_s_gby�� GZ� jbk�� ����[� ihdZaZgZ� kbkl_fZ�� g_�

baf_gyxsZy�gZijZ\e_gby�emqZ��3�= 90°, �� �����IjbafZ�Eblljh\Z��jbk������[) 
ih\hjZqb\Z_l�emq�gZ� ����� �iehkdhklv� a_jdZeZ�kh\f_s_gZ�k�\ukhlhc�ijbafu��

ihwlhfm�3�= 0).  
<� fhghojhfZlhjZo� qZklh� bkihevam_lky� Z\lhdheebfZpbhggZy� kbkl_fZ��

khklhysZy�ba�g_ih^\b`ghc�ijbafu�b�ih\hjZqb\Z_fh]h�iehkdh]h�a_jdZeZ��jbk��

8.9,\��� <� dhgkljmdlb\ghf� hlghr_gbb� hgZ� ijhs_� i_j\uo� ^\mo�� h^gZdh� \�

^Zgghf�kemqZ_�ijbafZ�jZ[hlZ_l�g_�\�fbgbfmf_�hldehg_gby��Ih�kjZ\g_gbx�k�

kbkl_fZfb� ihklhyggh]h� hldehg_gby� Z\lhdheebfZpbhggZy� ko_fZ� h[eZ^Z_l�

\^\h_� [hevr_c� ^bki_jkb_c�� lZd� dZd� emqb� ijhoh^yl� q_j_a� ijbafm� ^\Z`^u��

<ke_^kl\b_�jZkrbj_gby�imqdZ�aZ�kq_l�^bki_jkbb�ebg_cgu_�jZaf_ju�ijbafu�

ijb� lhf� `_� ^_ckl\mxs_f� hl\_jklbb� ijb[hjZ� \� wlhc� ko_f_� ^he`gu� [ulv�

[hevr_� 
 

*                  * 
* 

Ijbaf_ggu_�ki_dljZevgu_�ijb[hju��kha^Zggu_�bklhjbq_kdb�i_j\ufb��b�

k_cqZk�bf_xl�rbjhdh_�jZkijhkljZg_gb_��AZ�\j_fy�k\h_]h�kms_kl\h\Zgby�hgb�

ij_l_ji_eb� fgh`_kl\h� mkh\_jr_gkl\h\Zgbc�� ihy\behkv� [hevrh_� qbkeh� bo�

jZagh\b^ghkl_c��H^gZdh� l_ogbdZ� ba]hlh\e_gby� ijbaf� b� ebga� b� bo� dZq_kl\h�

^hklb]eb�\ukhdh]h�mjh\gy�_s_�d�dhgpm�ijhreh]h�klhe_lby� 
<� gZklhys__� \j_fy� k_jv_aguf� dhgdmj_glhf� ijbaf_gghc� ^bki_j-

]bjmxs_c� kbkl_fu� klZeZ� ^bnjZdpbhggZy� j_r_ldZ��L_f� g_�f_g__� \� gZmqgh-
bkke_^h\Zl_evkdbo� eZ[hjZlhjbyo� b� gZ� ij_^ijbylbyo� mki_rgh� jZ[hlZxl�

ijbaf_ggu_� ijb[hju� jZaguo� lbih\�� <� [m^ms_f� ij_h[eZ^Zxsbfb� klZgml�

ki_dljZevgu_�ijb[hju�k�j_r_ldZfb��H^gZdh�b�lh]^Z�ijbaf_ggu_�kbkl_fu�g_�

ihl_jyxl� k\h_]h� agZq_gby�� ihkdhevdm� hgb� fh]ml� ijbf_gylvky� \� ijhkluo�

ki_dljZevguo� ijb[hjZo�� ij_^\Zjbl_evguo� fhghojhfZlhjZo�� Z� lZd`_� \�

dZq_kl\_�jZa^_ebl_e_c�ihjy^dh\�ijb[hjh\�k�j_r_ldZfb��]e����� 
Ijbafu�k�mki_ohf�bkihevamxlky�\�eZa_jghc�l_ogbd_�^ey�k_e_dpbb�^ebg�

\heg� \� eZa_jguo� j_ahgZlhjZo�� ^ey� jZkrbj_gby� k\_lh\h]h� imqdZ�� Z� lZd`_� \�

mkljhckl\Zo�^ey�ihemq_gby�k\_jodhjhldbo�eZa_jguo�bfimevkh\��J_rZxsmx�

jhev� \� wlhf�b]jZ_l�fZehklv�ihl_jv�\�ijbaf_gguo� kbkl_fZo�ih� kjZ\g_gbx� k�

^jm]bfb�lbiZfb�^bki_j]bjmxsbo�we_f_glh\� 
 
'<HIJHKU 
 
���Ihq_fm�ijbafZ�^he`gZ�jZ[hlZlv�\�iZjZee_evghf�imqd_�emq_c" 
��� ?keb� gZ� ^hklZlhqgh� rbjhdhc� \oh^ghc� s_eb� ki_dljh]jZnZ� bf__lky�

bah[jZ`_gb_� bklhqgbdZ� \� \b^_� dhevpZ�� dhlhjh_� ihf_sZ_lky� p_ebdhf� \�

ij_^_eZo� s_eb�� dZdmx� dZjlbgm� fu� m\b^bf� gZ� ki_dljZevguo� ebgbyo� \�

djZkghc��a_e_ghc�b�kbg_c�h[eZklyo�ki_dljZ" 
���<�dZdmx�klhjhgm�ki_dljZ�aZ]gmlu�dhgpu�ki_dljZevguo�ebgbc" 
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��� Iheyjbam_l� eb� ^bki_j]bjmxsZy� ijbafZ� ijhoh^ys__� q_j_a� g__�

baemq_gb_" 
���DZd�gZ�ijZdlbd_�mklZgh\blv��qlh�ijbafZ�y\ey_lky�[jxkl_jh\kdhc" 
���<�dZdbo�h[eZklyo�ki_dljZ�bkihevamxl�ijbafm�:[[_" 
���<u]h^gh� eb� ^ey� ih\ur_gby� ^bki_jkbb� m\_ebqb\Zlv� ij_ehfeyxsbc�

m]he�ijbafu" 
��� DZdh\Z� lbibqgZy� \_ebqbgZ� jZaj_rZxs_c� kihkh[ghklb� ijbaf_gguo�

ki_dljZevguo�ijb[hjh\" 
���DZdbf�h[jZahf�bkihevamxlky�ijbafu�\�eZa_jghc�l_ogbd_" 
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= e Z \ Z  9 
 
KI?DLJ:EVGU?�IJB;HJU� 
K�>BNJ:DPBHGGUFB�J?R?LD:FB 
 
<� gZklhys__� \j_fy� \k_� [hevr__� jZkijhkljZg_gb_� ihemqZxl�

^bnjZdpbhggu_� j_r_ldb
1
�� <� dZq_kl\_� ^bki_j]bjmxs_]h� we_f_glZ� \�

ki_dljZevguo� ijb[hjZo� bkihevamxl� hljZ`Zl_evgu_� j_r_ldb� jZaebqguo�

lbih\�—�iehkdb_��\h]gmlu_��k�jZaebqghc�nhjfhc�b�ijhnbe_f�rljboZ� 
 
 
§������IEHKDB?�>BNJ:DPBHGGU?�J?R?LDB 
 
����H[jZah\Zgb_�^bnjZdpbhgghc�dZjlbgu�\�ijb[hj_�k�j_r_ldhc 
 
IehkdZy� hljZ`Zl_evgZy� ^bnjZdpbhggZy� j_r_ldZ� ij_^klZ\ey_l� kh[hc�

kbkl_fm� iZjZee_evguo� jZ\ghhlklhysbo� a_jdZevguo� ihehkhd� �rljboh\�� gZ�

ih\_joghklb� dZdhc-eb[h� ieZklbgdb�

�ih^eh`db��� GZ� jbk�� ���� ihdZaZgh�

jZkiheh`_gb_�^bnjZ]bjh\Z\rbo�emq_c�

ijb� iZ^_gbb� gZ� j_r_ldm� fhghojh-
fZlbq_kdh]h�k\_lh\h]h�imqdZ�k�^ebghc�

\hegu� ��� Emqb�� hljZ`_ggu_� hl�

jZaebqguo� rljboh\�� bgl_jn_jbjmxl 
f_`^m� kh[hc�� J_amevlZl� bgl_jn_-
j_gpbb� aZ\bkbl� hl� ^ebgu� \hegu� �� b�

m]eh\� iZ^_gby� %� b� ^bnjZdpbb� 3. 
H[uqgh� kqblZxl�� qlh� m]eu� %� b� 3 
hlkqblu\Zxlky�hl�ghjfZeb�d�j_r_ld_�b�

bf_xl� jZagu_� agZdb�� _keb� jZkih-
eh`_gu� ih� jZagu_� klhjhgu� hl�

ghjfZeb�� Ih� gZijZ\e_gbyf�� ^ey�

dhlhjuo� jZaghklv� oh^Z� emq_c��

hljZ`_gguo� hl� khk_^gbo� rljboh\��

jZ\gZ� p_ehfm� qbkem� ^ebg� \heg��

h[jZamxlky�]eZ\gu_�fZdkbfmfu� 
 

d(sin % + sin 3) = q�,    q = 0,±1, ±2, …                  (9.1) 
 

Mkeh\b_�fZdkbfmfZ�gme_\h]h�ihjy^dZ 
 

d(sin % + sin 3) = 0 �⋅      (9.2) 
 

hij_^_ey_l� m]he� 3�� ih^� dhlhjuf� jZkijhkljZgy_lky� k\_l� ex[uo� ^ebg� \heg��

Mkeh\b_�������kh\iZ^Z_l�k�aZdhghf�a_jdZevgh]h�hljZ`_gby��% = –�3 . 
                                                 
1 ) Ih^jh[guc�h[ahj�k\hckl\��ijbf_g_gbc�b�l_ogheh]bc�ba]hlh\e_gby�kh\j_f_gguo�
^bnjZdpbhgguo�j_r_lhd�bf__lky�\�>���@� 

 
Jbk�� ����� >bnjZdpby� fhghojhfZlb-
q_kdh]h�imqdZ�k\_lZ��k�^ebghc�\hegu�

� � gZ� iehkdhc� j_r_ld_�� ψ  —� m]he�

iZ^_gby��ϕ  —�m]he�^bnjZdpbb��q — 
ghf_jZ�ihjy^dh\ 
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<� ki_dljZevguo� ijb[hjZo� iehkdZy� j_r_ldZ�� dZd� b� ijbafZ�� mk-
lZgZ\eb\Z_lky� \� iZjZee_evghf� imqd_� emq_c� �jbk�� ������ Rljbob� j_r_ldb�

iZjZee_evgu� \oh^ghc�s_eb��Imqhd� k\_lZ�ihiZ^Z_l� \�ijb[hj�q_j_a� \oh^gmx�

s_ev� 1�� hljZ`Z_lky� hl� iehkdh]h� a_jdZeZ� 2 b� ihke_� h[t_dlb\Z� 3 iZ^Z_l� gZ�
j_r_ldm��ij_^klZ\eyxsmx�kh[hc�kbkl_fm�a_jdZevguo�ihehkhd�4 gZ�ih^eh`d_�
5�� Qlh[u� a_jdZeh� 2 g_� f_rZeh� jZkijhkljZg_gbx� ^bnjZ]bjh\Z\rbo� emq_c��

j_r_ldZ� g_fgh]h� gZdehg_gZ� b� ihwlhfm� iZ^Zxsbc� imqhd� gZoh^blky� \� iehk-
dhklb��g_�kh\iZ^Zxs_c�k�iehkdhklvx�^bnjZ]bjh\Z\rbo�emq_c� 

Ijb� ^bnjZdpbb� gZ� j_r_ld_� ijhbkoh^yl� ^\Z� y\e_gby�—� ^bnjZdpby� gZ�

dZ`^hf�a_jdZevghf�rljbo_��rbjbgZ�a_jdZevghc�ihehkdb�b) b�bgl_jn_j_gpby�
emq_c�� hljZ`_gguo� hl� jZaebqguo�rljboh\� �h[s__� qbkeh�rljboh\� j_r_ldb�

jZ\gh�N, i_jbh^�rljboh\�d). 
J_amevlZl�^bnjZdpbb�gZ�dZ`^hf�hl^_evghf�rljbo_�N�u) = sinc2 b��b� �

= �b(sin�%���sin�3)/���ihdZaZg�imgdlbjhf�gZ�jbk������\�nhdZevghc�iehkdhklb�6 
h[t_dlb\Z�3. Hkgh\gZy�^hey�k\_lh\hc�wg_j]bb�ijb�^bnjZdpbb�gZ�Zfieblm^ghc�
j_r_ld_� �jbk�� ����Z�� b^_l� \� p_gljZevguc� fZdkbfmf�� m]eh\u_� jZaf_ju�

dhlhjh]h� hij_^_eyxlky� \_ebqbghc� sin� %� �� sin� 3 = �/b� �i_j\uc� gmev�
^bnjZdpbhgghc�dZjlbgu�� 

 
Jbk�������Ko_fZ�ki_dljZevgh]h�ijb[hjZ�k�Zfieblm^ghc� �Z��b�Zfieblm^gh-nZah\hc�
�[��hljZ`Zl_evghc�^bnjZdpbhgghc�j_r_ldhc��1 —�\oh^gZy�s_ev��2 —�ih\hjhlgh_�

a_jdZeh��3 — ebgaZ��4 —�hljZ`Zxsb_�ih\_joghklb�rljboh\��5—�ih^eh`dZ��6— 
nhdZevgZy�iehkdhklv�ebgau��%�— m]he�iZ^_gby��3 — m]he�^bnjZdpbb��IZ^Zxsb_�

emqb� b� ^bnjZ]bjh\Zggu_� e_`Zl� \� jZaguo� iehkdhklyo� [eZ]h^Zjy� g_[hevrhfm 
gZdehgm�j_r_ldb� 
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Imqdb�� hljZ`_ggu_� hl� jZaebqguo� rljboh\�� bgl_jn_jbjmxl� f_`^m�

kh[hc� b� h[jZamxl� \� nhdZevghc� iehkdhklb� 6 bgl_jn_j_gpbhggmx� dZjlbgm��
Kh]eZkgh�mkeh\bx�������ih�gZijZ\e_gbyf��khhl\_lkl\mxsbf�agZq_gbyf�sin�%�
+ sin� 3 , jZ\guf� �Â�/d, ±�/d, ±2�/d,.���� \hegu� hl� \k_o� N� ihehkhd� j_r_ldb�

kdeZ^u\Zxlky�b� h[jZamxl� ]eZ\gu_�fZdkbfmfu��GZ� jbk�� ���� wlb�fZdkbfmfu�

bah[jZ`_gu�kiehrghc�ebgb_c��Gme_\hc�fZdkbfmf�—�h^bg�b�lhl�`_�^ey�\k_o�

^ebg�\heg��Hg��[_euc���lZd�dZd�baemq_gb_�\�g_f�g_�jZaeh`_gh�\�ki_dlj��Ih-
eh`_gby� \k_o� ^jm]bo� fZdkbfmfh\� ^ey� jZaguo� ^ebg� \heg� jZagu_�� b� fh`gh�

]h\hjblv� h� ki_dljZo� i_j\h]h� ihjy^dZ� �q = ����� \lhjh]h� �q = ���� b� l�^��
Ihkdhevdm� ^ey� aZ^Zggh]h� m]eZ� 3�� dZd� \b^gh� ba� ������� T� = const�� ki_dlju�
jZaguo�ihjy^dh\�gZdeZ^u\Zxlky�^jm]�gZ�^jm]Z��LZd��gZ�^ebgm�\hegu�� = 600 
gf i_j\h]h�ihjy^dZ�gZdeZ^u\Z_lky� ��  � ����gf \lhjh]h�ihjy^dZ����  � ����gf 
lj_lv_]h�ihjy^dZ�b�l�^� 

Bgl_gkb\ghklb� ]eZ\guo� fZdkbfmfh\� g_� h^bgZdh\u�� Hgb�

ijhfh^mebjh\Zgu� nmgdpb_c� N�u��� \ujZ`Zxs_c� m]eh\h_� jZkij_^_e_gb_�

hljZ`_ggh]h� hl� j_r_ldb� k\_lh\h]h� ihlhdZ�� \hagbdZxs__� \� j_amevlZl_�

^bnjZdpbb� gZ� rljboZo� j_r_ldb�� <� kemqZ_�� bah[jZ`_gghf� gZ� jbk�� ����Z, 
hkgh\gZy� qZklv� k\_lh\h]h� ihlhdZ� khkj_^hlhq_gZ� \� gme_\hf� �[_ehf��

fZdkbfmf_�� dhlhjuc� g_� g_k_l� ki_dljhkdhibq_kdhc� bgnhjfZpbb�� K\_lh\hc�

ihlhd��b^msbc�\�i_j\uc��\lhjhc�b� l�^��fZdkbfmfu�� agZqbl_evgh�keZ[__��Hg�

fh`_l�hdZaZlvky�ihqlb�gme_\uf�� _keb� khhl\_lkl\mxsbc� ]eZ\guc�fZdkbfmf�

gZoh^blky�\[ebab�gme_\uo�agZq_gbc�sin %���sin�3�= �/b, 2�/b��b�l�^��nmgdpbb�
N�u). 

Qlh[u�ba[_`Zlv�ihl_jb�k\_lZ�\�[_kihe_aghf�gme_\hf�fZdkbfmf_��gm`gh�

kf_klblv�bgl_jn_j_gpbhggmx�dZjlbgm�hlghkbl_evgh�dZjlbgu�^bnjZdpbb�gZ�

rljbo_� lZd�� qlh[u� \� p_glj� hkgh\gh]h� ^bnjZdpbhggh]h�fZdkbfmfZ� ihiZ^Ze�

lj_[m_fuc�ihjy^hd�ki_dljZ��Z�gme_\hc�—�hdZaZeky�[u�gZ�kdehg_�fZdkbfmfZ�

beb� ^Z`_� ]^_-gb[m^v� \� jZchg_� gme_c� �/b, 2�/b����� Wlh]h� ^hklb]Zxl� iml_f�
\g_k_gby� ^hihegbl_evghc� jZaghklb� nZa� \� imqdb�� hljZ`_ggu_� hl� khk_^gbo�

rljboh\��gZijbf_j��bkihevamy�^bnjZdpbhggu_�j_r_ldb�k�ijhnbebjh\Zgguf�

�klmi_gqZluf��rljbohf��jbk������[. 
Rljbob� ijhnbebjh\Zgghc� j_r_ldb� h[uqgh� gZj_aZgu� �\u^Z\e_gu�� gZ�

ih\_joghklb� aZ]hlh\db� ZefZaguf� j_aphf� hij_^_e_ggh]h� ijhnbey��H^gZ� ba�

a_jdZevguo� ]jZg_c� rljboZ�� [he__� \ukhdhdZq_kl\_ggZy�� y\ey_lky� jZ[hq_c��

Iehkdhklb� wlbo� a_jdZevguo� ]jZg_c�� rbjbgZ� dhlhjuo� jZ\gZ� b, kljh]h�
iZjZee_evgu�^jm]�^jm]m�b�h[jZamxl�klmi_gvdb��gZdehg_ggu_�ih^�m]ehf���d�

iehkdhklb�ih^eh`db� 
M]he� �� y\ey_lky� \Z`ghc� oZjZdl_jbklbdhc� j_r_ldb�b�gZau\Z_lky� m]ehf�

�[e_kdZ���Ba�gZa\Zgby�\b^gh��qlh�wlh�m]he��ih^�dhlhjuf�j_r_ldZ��[e_klbl��\�

hljZ`_gghf�k\_l_��_keb�k\_l�iZ^Z_l�ih�ghjfZeb�d�hljZ`Zxs_c�]jZgb�rljboZ� 
<k_� ]jZgb�rljboh\� hljZ`Zxl� k\_l� \� lhf�`_�gZijZ\e_gbb�� hldm^Z� k\_l�

iZ^Z_l�� l�_�� ^ey� p_gljZ� ^bnjZdpbhgghc� dZjlbgu� %�  � 3�  � �. <ukhlZ� h 
klmi_gvdb� rljboZ� gZ� jbk�� ����[� jZ\gZ� ��� >hihegbl_evgZy� jZaghklv� oh^Z�

khk_^gbo� imqdh\� jZ\gZ� m^\h_gghc� \ukhl_� klmi_gvdb� b� khklZ\ey_l� ���� Wlh�
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hagZqZ_l��qlh�\�p_glj�hkgh\gh]h�^bnjZdpbhggh]h�fZdkbfmfZ�hljZ`_ggh]h�hl�

j_r_ldb� k\_lZ� ihiZ^Z_l� \lhjhc� ]eZ\guc� fZdkbfmf� bgl_jn_j_gpbhgghc�

dZjlbgu�^ebgu�\hegu����khhl\_lkl\mxs_c�ih�������agZq_gbx�sin %�+ sin�3� �
2��d. J_r_ldZ�� dZd� ]h\hjyl�� �dhgp_gljbjm_l�� wg_j]bx� \� ^Zgguc� ihjy^hd��

Gme_\hc� fZdkbfmf�� kZfuc� yjdbc� ijb� ^bnjZdpbb� gZ� j_r_ld_� k� iehkdbfb�

rljboZfb� �jbk�� ����a��� l_i_jv� kf_s_g� \� h[eZklv� fZeuo� bgl_gkb\ghkl_c�

^bnjZdpbhgghc�dZjlbgu�b�hq_gv�keZ[� 
HljZ`Zl_evgmx� kihkh[ghklv� j_r_ldb� oZjZdl_jbamxl� __� wn-

n_dlb\ghklvx� Rw —� dhwnnbpb_glhf� hljZ`_gby� j_r_ldb� ^ey� baemq_gby�

aZ^Zgghc� ^ebgu� \hegu� ��ijhimkdZgb_f�� __� ^ey� iZ^Zxs_]h� baemq_gby���

L_hj_lbq_kdZy�wnn_dlb\ghklv��\ujZ`Z_fZy�nmgdpb_c�N�u���ihdZaZgZ�gZ�jbk��
9.3,Z�\�rdZe_�^ebg�\heg� 

 
����Iheyjbamxs__�^_ckl\b_�j_r_lhd 
 
F_lZeebq_kdZy� ih\_joghklv� ohjhrh� hljZ`Z_l� we_dljhfZ]gblgh_�

baemq_gb_��_keb�\�g_c�ih^�^_ckl\b_f�we_dljbq_kdh]h�ihey�iZ^Zxs_c�\hegu�

\hagbdZ_l�lhd�ijh\h^bfhklb��\�k\hx�hq_j_^v�kha^Zxsbc�we_dljbq_kdh_�ihe_��

dhlhjh_�h[_ki_qb\Z_l�jZ\_gkl\h�gmex�lZg]_gpbZevghc�khklZ\eyxs_c�ihey�gZ�

hljZ`Zxs_c� ih\_joghklb�� <� gZijZ\e_gbb� rljboh\� b� ihi_j_d� rljboh\�

ih\_joghklv�j_r_ldb�bf__l�jZagmx�ijh\h^bfhklv��Ihwlhfm�dhfihg_glu�ba-
emq_gby� k� we_dljbq_kdbfb� \_dlhjZfb� ?|| b� E⊥  �iZjZee_evguf� b�

i_ji_g^bdmeyjguf� rljboZf� j_r_ldb�� hljZ`Zxlky� ih-jZaghfm�� FZdkbfmf�

hljZ`_gby� ( )wR λ⊥ � jZkiheh`_g� ijb[ebabl_evgh� ijb� m]e_� ^bnjZdpbb��

kh\iZ^Zxs_f� k� a_jdZevguf� hljZ`_gb_f� rljboZ�� FZdkbfmf� hljZ`_gby�

( )wR λ
�

� kf_s_g� \� dhjhldh\hegh\mx� klhjhgm� �jbk�� ����[,\�� gZ� \_ebqbgm��

aZ\bkysmx� hl� hlghr_gby� ^ebgu� \hegu� \� fZdkbfmf_� d� \_ebqbg_� d. 
IheyjbaZpby�hkh[_ggh�\_ebdZ�^ey�j_r_lhd�k�f_edbfb�rljboZfb� 

JZagh_� \aZbfh^_ckl\b_� dhfihg_gl� ihey� ?||� b� E⊥ � k� ih\_joghklvx�

klmi_gqZlhc� j_r_ldb�� ijb\h^ys__� d� \aZbfghfm� k^\b]m� djb\uo� ( )wR λ
�

� b�

( )wR λ⊥ �� \ua\Zgh� jZaebqghc� ]em[bghc� ijhgbdgh\_gby� ihey \� ijhnbev�

j_r_ldb�� ?keb� gZ� ^g_� rljboh\� bf__lky� iehkdZy� iehsZ^dZ�� mkeh\by� ^ey�

hljZ`_gby�dhfihg_gl�ihey�hdZau\Zxlky�[ebadbfb��LZdZy�j_r_ldZ�ihqlb�g_�

iheyjbam_l baemq_gb_��NhjfZ�djb\hc� ( )wR λ⊥ �qZklh�bf__l�g_fhghlhgguc�\b^�

\� hlebqb_� hl� djb\hc� ( )wR λ
�

�� JZagbpZ� ih� nhjf_� f_`^m� djb\ufb� fh`_l�

gZ[ex^Zlvky� g_� lhevdh� m� jZaguo� j_r_lhd�� gh� b� gZ� jZaguo� mqZkldZo�

ih\_joghklb� h^ghc� b� lhc� `_� j_r_ldb�� hkh[_ggh� ijb� [hevrhf� jZaf_j_� __��

Ijbqbghc� jZaebqby� y\eyxlky� fbdjhg_jh\ghklb� gZ� hljZ`Zxsbo� ]jZgyo�

rljboZ�� kbevgh� \ebyxsb_� gZ� ( )wR λ⊥ � \ke_^kl\b_� lh]h�� qlh� ihe_� E⊥  \ 

[hevr_c�kl_i_gb�ijhgbdZ_l�\�]em[v�rljboh\� 
Iheyjbamxs__� ^_ckl\b_� j_r_lhd� iha\hey_l� bkihevah\Zlv� bo� \� jheb�

iheyjbaZlhjh\� baemq_gby�� I_jbh^� j_r_ldb� ^he`_g� [ulv� ijb� wlhf� \�
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g_kdhevdh�jZa�f_gvr_�jZ[hq_c�^ebgu�\hegu��J_r_ldb-iheyjbaZlhju�h[uqgh�
y\eyxlky�Zfieblm^gufb�b�jZ[hlZxl� �gZ�ijhimkdZgb_���LZdb_�iheyjbaZlhju�

ijbf_gyxl��gZijbf_j��\�kh\j_f_gguo�BD�ki_dljhf_ljZo� 
 

 
 
Jbk�� �����Wnn_dlb\ghklv� klmi_gqZlhc� ^bnjZdpbhgghc� j_r_ldb� \� hlghkbl_evguo�

_^bgbpZo� \� i_j\hf�� \lhjhf� b� lj_lv_f� ihjy^dZo� [_a� mq_lZ� iheyjbaZpbhgguo�

k\hckl\�j_r_ldb�b�\ebygby�\lhjhc�]jZgb�rljboZ��Z��b�\�iheyjbah\Zgghf�k\_l_�\h�

\lhjhf� �[�� b� lj_lv_f� �\�� ihjy^dZo� �lhqdb�—� wdki_jbf_gl�� djb\u_�—� jZkq_l� ih�

kdZeyjghc�l_hjbb�^bnjZdpbb� 
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���M]eh\h_�m\_ebq_gb_��>bki_jkby 
 
>bnjZdpbhggZy� j_r_ldZ� h[eZ^Z_l� m]eh\uf� �f_jb^bhgZevguf��

m\_ebq_gb_f�=��Ba�������ihemqZ_f 

= = 
cos

cos

d

d

ϕ ψ
ψ ϕ

= .     (9.3) 

M]eh\h_� m\_ebq_gb_� hlkmlkl\m_l� \� gme_\hf� ihjy^d_� �3�  � –%) b� ijb�

bkihevah\Zgbb�j_r_ldb�\�Z\lhdheebfZpbb��3� �%). 
M]eh\mx�^bki_jkbx�j_r_ldb�d3�d��gZoh^bf�ba�mkeh\by������� 

cos

d q

d d
=ϕ

λ ϕ
.    (9.4) 

>ey� aZ^Zgguo� \_ebqbg� q b� d m]eh\Zy� ^bki_jkby� aZ\bkbl� lhevdh� hl� m]eZ�
^bnjZdpbb�� ?keb� 3�  � ��� l�_�� gZ[ex^Z_lky� ki_dlj� ih� ghjfZeb� d� j_r_ld_�

��ghjfZevguc��ki_dlj���m]eh\Zy�^bki_jkby�kh]eZkgh�������ihklhyggZ� 
d q

d d

ϕ
λ

= .     (9.5) 

M]eh\u_�jZaf_ju�ki_dljZ�\�ijb[hjZo�h[uqgh�g_�ij_\urZxl�g_kdhevdbo�

]jZ^mkh\��Ihwlhfm� ijb� g_� hq_gv� [hevrbo� m]eZo� ^bnjZdpbb� ^ey� baf_j_gbc�

^ebg� \heg� ebgbc� \� ^bnjZdpbhgghf� ki_dlj_� ijZdlbq_kdb� \k_]^Z� fh`gh�

ihevah\Zlvky�ebg_cghc�bgl_jiheypb_c� 
<hkihevah\Z\rbkv� \ujZ`_gb_f� ������� ba� ������ ihemqZ_f� ^jm]h_�

\ujZ`_gb_�^ey�m]eh\hc�^bki_jkbb� 
sin sin

,
cos

d

d

+=ϕ ψ ϕ
λ λ ϕ

             (9.6) 

dhlhjh_�ihdZau\Z_l��qlh�m]eh\Zy�^bki_jkby�ex[hc�j_r_ldb�aZ\bkbl�lhevdh�hl�

jZ[hq_c�^ebgu�\hegu�b�m]eh\�iZ^_gby�b�^bnjZdpbb�� 
<�Z\lhdheebfZpbhgghc�ko_f_�sin %� �sin 3��b�\ujZ`_gb_�������ijbgbfZ_l�

\b^ 
/ 2 /d d tgϕ λ ϕ λ= .                                           (9.7) 

 

Ebg_cgZy� ^bki_jkby� dl/G� b� h[jZlgZy� ebg_cgZy� ^bki_jkby�� dZd� b� \� kemqZ_�
ijbaf_gguo� ki_dljZevguo� ijb[hjh\� ��� ������ k\yaZgu� k� m]eh\hc�

khhlghr_gbyfb 

2
2

1
;

/

dl d d
f

d d dl f d d

ϕ λ
λ λ ϕ λ

= ⋅ = ,   (9.8) 

 

]^_� f2 —� nhdmkgh_� jZkklhygb_� h[t_dlb\Z�� nhjfbjmxs_]h� ki_dlj� gZ�

nhdZevghc�iehkdhklb�ijb[hjZ� 
Ebg_cgZy�^bki_jkby��dZd�b�m]eh\Zy��ijb�g_[hevrbo�baf_g_gbyo�m]eZ�3 

ijZdlbq_kdb� ihklhyggZ�� Ihklhygkl\h� ^bki_jkbb� hlebqZ_l� ^bnjZdpbhgguc�

ki_dlj� hl� ijbaf_ggh]h� ih� \g_rg_fm� \b^m��Hlebqb_� gZklhevdh� \_ebdh�� qlh�

ijb� hlh`^_kl\e_gbb� ebgbc� \� ^bnjZdpbhgghf� ki_dlj_� aZljm^gbl_evgh�

ihevah\Zlvky� ZleZkZfb� ki_dljh\�� knhlh]jZnbjh\Zgguo� k� ijbaf_gguf�

ki_dljh]jZnhf��b�gZh[hjhl� 
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>ey� aZ^Zgghc� j_r_ldb� ^bki_jkby� jZkl_l� ijhihjpbhgZevgh� ihjy^dm� q 
ki_dljZ�� h^gZdh� \hajZklZ_l� b� i_j_djulb_� ki_dljh\� jZaguo� ihjy^dh\��

GZeh`_gb_� ki_dljh\� aZljm^gy_l� jZ[hlm�� gh�fh`_l� [ulv� b� ihe_aguf�� ^Z\Zy�

\hafh`ghklv� ih� ebgbyf� k� ba\_klgufb� ^ebgZfb� \heg� \� h^ghf� ihjy^d_�

hlh`^_kl\eylv�ebgbb�\�ki_dlj_�^jm]h]h�ihjy^dZ� 
 
4°. GZeh`_gb_�ihjy^dh\ 
 
Ba�mkeh\by�]eZ\guo�fZdkbfmfh\�������ke_^m_l��qlh�ijb�Z\lhdheebfZpbb��

l�_��dh]^Z�%� �3� ����kijZ\_^eb\h�khhlghr_gb_ 
 

�q max = 2d sin ���T�  (9.9) 
 

Wlh�hagZqZ_l��qlh�j_r_ldZ�k�ijhnbebjh\Zgguf�rljbohf�\�jZaguo�ihjy^dZo�q 
�[e_klbl��\�k\_l_�jZaguo�^ebg�\heg 

 

1max 1 2max 2 2 sin .q q dλ λ β= = ⋅ ⋅ ⋅ =   (9.10) 
 

<k_�wlb�^ebgu�\heg�gZdeZ^u\Zxlky�^jm]�gZ�^jm]Z��>ey�^jm]bo�^ebg�\heg��1, 
�2, �3, ����ihjy^dh\�q1, q2, q3, ... mkeh\b_�gZeh`_gby 

 

�1q1 = �2q2 = �3 q3  =... = const.  (9.11) 
 

GZeh`_gb_� ki_dljh\� \�ijb[hjZo� k�j_r_ldZfb�bf__l�iheh`bl_evgmx�b�

hljbpZl_evgmx�klhjhgu��Ijb�jZ[hl_�kh�ki_dljZfb��[_^gufb�ki_dljZevgufb�

ebgbyfb�� ebgbb� ba� ^jm]bo� ihjy^dh\� fh]ml� kem`blv� ^hihegbl_evgufb�

j_i_jZfb�ijb�jZkrbnjh\d_�ki_dljh\��<�lh�`_�\j_fy�_klv�hiZkghklv�ijbgylv�

ebgbb�� ihy\eyxsb_ky� ba� khk_^gbo� ihjy^dh\�� aZ� ebgbb� ki_dljZ� ^Zggh]h�

ihjy^dZ�� Ijb� ^hklZlhqgh� [h]Zluo� ki_dljZo� \� gZeh`_gguo� ^jm]� gZ� ^jm]Z�

ki_dljZo�jZah[jZlvky�ijZdlbq_kdb�g_\hafh`gh� 
H[eZklv� ^ebg� \heg� û��� k\h[h^gmx� hl� gZeh`_gby� lZdbo�`_� ^ebg� \heg�

khk_^gbo� ihjy^dh\� q – �� b� q + ��� gZau\Zxl� k\h[h^ghc� ki_dljZevghc�
h[eZklvx��beb�h[eZklvx�^bki_jkbb��?_�\_ebqbgm�gZoh^yl�ih�nhjfme_ 

 

û� = �/q,                                                 (9.12) 
 

ihemq_gghc�ba� hkgh\gh]h� mjZ\g_gby� ������ijb�ûq�  � ���GZijbf_j�� \� ki_dlj_�
\lhjh]h� ihjy^dZ� ^ey� ��  � ���� gf� k\h[h^gZy� ki_dljZevgZy� h[eZklv� û� 
khklZ\ey_l�����gf� 

Ebgbb� f_rZxsbo� ihjy^dh\� mkljZgyxl� ih^[hjhf� j_]bkljbjmxs_c�

kbkl_fu�� g_� qm\kl\bl_evghc� d� g_gm`ghc� h[eZklb� ki_dljZ�� k\_lhnbevljZfb�

beb�iml_f�^hihegbl_evghc�fhghojhfZlbaZpbb�baemq_gby� 
I_j_^� \oh^ghc� s_evx� ^bnjZdpbhggh]h� ijb[hjZ� fh`gh� mklZgh\blv�

fhghojhfZlhj�k�g_[hevrhc�^bki_jkb_c��gZagZq_gb_�dhlhjh]h�—�h[_ki_qblv�

ihiZ^Zgb_�\h�\oh^gmx�s_ev�^bnjZdpbhggh]h�ijb[hjZ�baemq_gby�\�ij_^_eZo�

ki_dljZevghc� h[eZklb��g_�ij_\urZxs_c� \_ebqbgm� k\h[h^ghc� ki_dljZevghc�

h[eZklb� û�� j_r_ldb�� LZdbf� fhghojhfZlhjhf� fh`_l� kem`blv� ijhklZy�

dhf[bgZpby� ba� ^\mo� ebga� b� ijbafu� f_`^m� gbfb� k� ^h\hevgh� ]jm[hc� b�

rbjhdhc�\oh^ghc�s_evx� 
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Fh`gh� mklZgh\blv� fhghojhfZlhj� k� ^bki_jkb_c�� gZijZ\e_gghc�

i_ji_g^bdmeyjgh� ^bki_jkbb� j_r_ldb� �kdj_sb\Zgb_� ^bki_jkbc��� dhlhjuc�

^Zkl�ki_dlj��jZkiheh`_gguc�\^hev�\oh^ghc�s_eb�^bnjZdpbhggh]h�ijb[hjZ��

Lh]^Z� ki_dlju� hl^_evguo� ihjy^dh\� j_r_ldb� jZahc^mlky� \� gZijZ\e_gbb�

^bki_jkbb� ij_^\Zjbl_evgh]h� fhghojhfZlhjZ� b� gZ� ki_dljh]jZff_� h[jZamxl�

gZdehggu_� kljhqdb�� Fu� ihemqbf� ^\mf_jgmx� ki_dljh]jZffm� rbjhdhc�

ki_dljZevghc�h[eZklb� 
Ijb�kdj_sb\Zgbb�^bki_jkbc�^hihegbl_evguc�^bki_j]bjmxsbc�we_f_gl�

�j_r_ldm�k�g_[hevrhc�^bki_jkb_c�beb�ijbafm�k�g_[hevrbf�ij_ehfeyxsbf�

m]ehf�� h[uqgh� jZkiheZ]Zxl� \gmljb�ijb[hjZ� \� lhf�`_�iZjZee_evghf�imqd_��

qlh�b�hkgh\gZy�j_r_ldZ� 
GZ�jbk������Z�bah[jZ`_gu�djb\u_�Nq(u��i_j\uo�iylb�ihjy^dh\�^ey�^ebg�

\heg�� khhl\_lkl\mxsbo�mkeh\bx� Z\lhdheebfZpbb�� \�^Zgghf� kemqZ_� wlh� �1 = 
12000 Å, �2 = 6000 Å, �3 = 4000 Å, b�l�^��<b^gh��qlh�djb\u_�[he__�\ukhdbo�

 
 
Jbk�������JZa^_e_gb_�ki_dljh\�jZaebqguo�ihjy^dh\�k�ihfhsvx�ijbafu��^bki_jkby�

dhlhjhc� i_ji_g^bdmeyjgZ� gZijZ\e_gbx� ^bki_jkbb� j_r_ldb� �kdj_sb\Zgb_�

^bki_jkbc���Ijb\_^_g� ijbf_j� ^ey� i_j\uo� iylb� ihjy^dh\��<\_jom� �Z�� ihdZaZgu�

p_gljZevgu_�fZdkbfmfu�nmgdpbc�Nq(u���\gbam��[) —�^\mf_jgZy�ki_dljh]jZffZ 
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ihjy^dh\� ijb� hloh^_� hl� iheh`_gby� Z\lhdheebfZpbb� [uklj__� m[u\Zxl� ih�

bgl_gkb\ghklb�� P_gljZevgmx� qZklv� ^bnjZdpbhggh]h� fZdkbfmfZ� N�u��� ]^_�
\_ebdZ�bgl_gkb\ghklv��gZau\Zxl�h[eZklvx�\ukhdhc�dhgp_gljZpbb�wg_j]bb� 

GZ� jbk�� ����[� ihdZaZgZ� ^\mf_jgZy� ki_dljh]jZffZ�� khklhysZy� ba� ��

kljhq_d�� ijb� bkihevah\Zgbb� ijbafu� \� dZq_kl\_� ^_ebl_ey� ihjy^dh\� �k�

j_r_ldhc�–�^_ebl_e_f�kljhqdb�ij_^klZ\eyeb�[u�kh[hc�ijyfu_�ebgbb��\__jhf�
jZkoh^ysb_ky� \� ^ebggh\hegh\mx� klhjhgm��� >\_� imgdlbjgu_� ebgbb�

h]jZgbqb\Zxl� k\h[h^gmx� ki_dljZevgmx� h[eZklv� û� = �/q� \� dZ`^hf� ba�
ihjy^dh\��Pbnju�ihdZau\Zxl�^ebgu�\heg��khhl\_lkl\mxsb_�djZyf�h[eZklb�

û�. DZd fh`gh� aZf_lblv�� ki_dljZevgu_� h[eZklb� û�� i_j_dju\Zxl�rbjhdbc�

ki_dljZevguc�^bZiZahg�[_a�i_j_ju\h\��^Z`_�g_fgh]h��\gZoe_kl�� 
GZc^_f�� dZd� [m^_l� baf_gylvky� bgl_gkb\ghklv� ijb� i_j_oh^_� hl� h^gh]h�

ihjy^dZ�d�^jm]hfm�\^hev�ih�ki_dljm��GZ�jbk������Z�ijb\_^_gu�djb\u_�Nq(�) = 

sinc2u�� ]^_� b�  � 1maxq
λπ

λ
 −  

 ^ey� i_j\uo� g_kdhevdbo� ihjy^dh\�� Djb\u_�

g_kbff_ljbqgu�—�hgb�[he__�iheh]b_�k�^ebggh\hegh\hc�klhjhgu��kf��lZd`_�

jbk�� ����Z��� Djb\u_� i_j_k_dZxlky� ijb� agZq_gbb� hj^bgZlu�� [ebadhf� d� �����

Ke_^h\Zl_evgh��jZ[hq_c�h[eZklvx�ki_dljZ��jZ[hq_c�^ebghc�ki_dljZ��^Zggh]h�

phjy^dZ� y\ey_lky� h[eZklv�� ]^_�Nq(�) �� ����� K� m\_ebq_gb_f� ghf_jZ� ihjy^dZ�
^ebgZ� ki_dljZ� mf_gvrZ_lky� �wlh� ke_^kl\b_� km`_gby� djb\hc� Nq(��� k�

mf_gvr_gb_f� ^ebgu� \hegu�� jbk�� ����Z��� Kh\hdmighklv� ki_dljh\� jZaguo�

ihjy^dh\�bf__l�\b^�nb]mju��ihoh`_c�gZ�ljZi_pbx� 

<�rdZe_�\hegh\uo�qbk_e�v = 1/��\k_�fZdkbfmfu�nmgdpbb�Nq(v) = sinc2 b��
b�  � �(q — 1maxν ν ��� h^bgZdh\u� �jbk�� ����[��� ^ebgZ� ki_dljh\� \k_o� ihjy^dh\�

h^bgZdh\Z�b�jZ\gZ�\hegh\hfm�qbkem�v1max i_j\h]h�ihjy^dZ� 
;he__� ^_lZevgu_� jZkq_lu� >���@� ihdZau\Zxl�� qlh� hj^bgZlZ� i_j_k_q_gby�

djb\uo� Nq(��� aZ\bkbl� hl� m]eZ� [e_kdZ� �jbk�� ����Z��� � LZdbf� h[jZahf�� ijb�
[hevrbo�m]eZo�[e_kdZ�bgl_gkb\ghklv�\�kljhqdZo�f_gy_lky�keZ[__�—�gZ�djZyo�

 
 
 
Jbk�������P_gljZevgu_�fZdkbfmfu�nmgdpbb�-q�\�aZ\bkbfhklb�hl�^ebgu�\hegu��Z��b�

\hegh\h]h�qbkeZ��[) 
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^h� ���� hl� fZdkbfZevghc� \� p_glj_� djb\hc�Nq(��� �ijbf_j� bah[jZ`_g� gZ� jbk��
9.6,[). 

AgZqbl_evgu_� baf_g_gby� bgl_gkb\ghklb� hl� p_gljZ� d� djZx� jZ[hq_c�

h[eZklb� ki_dljZ�—� g_^hklZlhd� ki_dljZevguo� ijb[hjh\� k� ^bnjZdpbhggufb�

j_r_ldZfb��H^gZdh�wlh]h�fh`gh�ba[_`Zlv��_keb�bkihevah\Zlv�mgb\_jkZevgmx�

^bnjZdpbhggmx�j_r_ldm� >���@��<� lZdbo�j_r_ldZo�ijhnbev�rljboZ�y\ey_lky�

ijyfhm]hevguf� beb� [ebadbf� d� g_fm�� h[_� ]jZgb� rljboZ� hljZ`Zxsb_�� l�_��

bf_xl� \ukhdh_� dZq_kl\h�� b� j_r_ldZ� jZ[hlZ_l� ih� ijbgpbim� m]hedh\h]h�

hljZ`Zl_ey� �jbk�� ������ J_r_ldZ�

�[e_klbl�� ijb� baf_g_gbb� m]eh\�

iZ^_gby� \� rbjhdbo� ij_^_eZo��

hij_^_ey_fuo� mkeh\b_f�� qlh[u�

imqhd� g_� wdjZgbjh\Zeky� h^ghc� ba�

]jZg_c�rljboZ��DZd�\b^gh�ba�nhjfme�

������b� ������� m]eh\Zy�^bki_jkby�ijb�

wlhf�baf_gy_lky�agZqbl_evgh��Baf_-
gy_lky�b�^ebgZ�\hegu��ihiZ^ZxsZy�\�

fZdkbfmf�� Bgl_gkb\ghklv� `_� \�

mkeh\byo� Z\lhdheebfZpbb� \k_]^Z�

khhl\_lkl\m_l� fZdkbfmfm� nmgdpbb�

Nq(�). 
Bkihevah\Zgb_� j_r_lhd�� jZ[h-

lZxsbo� \� \ukhdbo� ihjy^dZo��

iha\hey_l� dhgkljmbjh\Zlv� dhf-
iZdlgu_� ki_dljZevgu_� ijb[hju� k� hq_gv� \ukhdhc� ^bki_jkb_c�� gZoh^ysb_�

rbjhdh_�ijbf_g_gb_�>���@�  
 
 

 
 
Jbk��������Mgb\_jkZevgZy�^bnjZdpbhggZy�

j_r_ldZ�>���@ 

 

 
 
Jbk����������AZ\bkbfhklv�hj^bgZlu�i_j_k_q_gby��djb\uo�Nq��hl�m]eZ�[e_kdZ���j_r_ldb�

�Z�� b� djb\u_�Nq(���� jZkkqblZggu_� ^ey� j_r_ldb-wr_ee_� k� iehlghklvx�rljboh\� ����

rlj�ff�b�m]ehf�[e_kdZ��� �����\���-���ihjy^dZo��>���@ 
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����Djb\bagZ�ki_dljZevguo�ebgbc 
 
Ki_dljZevgu_� ebgbb� \� ^bnjZdpbhgghf� ki_dlj_�� dZd� b� \� ijbaf_gghf��

g_fgh]h� bkdjb\e_gu�� >ey� gZdehgguo� emq_c�� b^msbo� hl� djZcgbo� dhgph\�

\oh^ghc�s_eb��hkgh\gh_�mjZ\g_gb_�^bnjZdpbhgghc�j_r_ldb�bf__l�\b^�>�@ 
 

             d cos ��(sin % + sin 3) = T����   (9.13) 
 
A^_kv� � — m]he� gZdehgZ� emq_c� hlghkbl_evgh� ]eZ\ghc� iehkdhklb� j_r_ldb��

KjZ\gb\Zy��������k��������fh`gh�\b^_lv��qlh�^ey�gZdehgguo�emq_c�ihklhyggZy�

j_r_ldb�dZd�[u�mf_gvrZ_lky��ihwlhfm�m]he�hldehg_gby�emq_c�\hajZklZ_l��<�

j_amevlZl_� dhgpu� ki_dljZevguo� ebgbc� hdZau\Zxlky� hldehg_ggufb� gZ�

[hevrbc� m]he�� l�_�� \� ^ebggh\hegh\mx� klhjhgm� ki_dljZ�� ijhlb\hiheh`gh�

lhfm��qlh�bf__l�f_klh�\�ijbaf_gguo�ijb[hjZo��NhjfZ�bo�[ebadZ�d�iZjZ[heZf�

k�jZ^bmkhf�djb\bagu�\�\_jrbg_ 

2 2cos cos
.

sin sin

df f

q

ϕ ϕρ
λ ψ ϕ

= =
+

    (9.14) 

 
K�m\_ebq_gb_f�ihjy^dZ�b�^ebgu�\hegu�djb\bagZ�ebgbc�\hajZklZ_l� 

 
����K\_lhkbeZ��JZaj_rZxsZy�kihkh[ghklv 
 
K\_lhkbeZ� ijb[hjZ� k� iehkdhc� ^bnjZdpbhgghc� j_r_ldhc� hij_^_ey_lky�

khhlghr_gbyfb��ihemq_ggufb�\� ]e�� ���<�^hiheg_gb_�gm`gh�mq_klv��qlh�^ey�

^ebg� \heg�� ijboh^ysboky� gZ� djZy� jZ[hq_c� ki_dljZevghc� h[eZklb��

wnn_dlb\ghklv� j_r_ldb� ijbf_jgh� \^\h_� f_gvr_� �jbk�� ���� b� ������

khhl\_lkl\_ggh� f_gvr_� b� k\_lhkbeZ�� ?keb� \� ijb[hj_� bkihevam_lky�

mgb\_jkZevgZy�^bnjZdpbhggZy�j_r_ldZ��jbk��������ih\hjhlhf�j_r_ldb�fh`gh�

kh\f_klblv�h[eZklv�fZdkbfmfZ�nmgdpbb�Nq(���k�ex[hc�^ebghc�\hegu�jZ[hq_c�
h[eZklb�ki_dljZ� 

JZaj_rZxsmx� kihkh[ghklv� ^bnjZdpbhggh]h� ijb[hjZ� ihemqbf��

ih^klZ\b\� \� ������ m]eh\mx� ^bki_jkbx� ������ b� \_ebqbgm� ^_ckl\mxs_]h�

hl\_jklby��\�gZijZ\e_gbb�^bnjZdpbb�jZ\gmx�D = Nd cos3: 
 

cos
.

cos

d qNd
D qN

d d

λ ϕ ϕ
δλ λ ϕ

= = =     (9.15) 

 
Bkihevah\Z\��������fh`gh�\f_klh��������aZibkZlv 

( )sin sin
,

W ψ ϕλ
δλ λ

+
=     (9.16) 

]^_�W = Nd — rbjbgZ�aZrljboh\Zgghc�ih\_joghklb�j_r_ldb��LZdbf�h[jZahf��

ijb� aZ^Zgghc� �� jZaj_rZxsZy� kihkh[ghklv� aZ\bkbl� lhevdh� hl� rbjbgu�

j_r_ldb� b� m]eh\� iZ^_gby� b� ^bnjZdpbb�� FZdkbfZevgZy� \_ebqbgZ�

jZaj_rZxs_c�kihkh[ghklb�jZ\gZ��W/���l�_��jZ\gZ�m^\h_gghc�rbjbg_�j_r_ldb��

\ujZ`_gghc�\�^ebgZo�\heg� 
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§�����BA=HLH<E?GB?�>BNJ:DPBHGGUO�J?R?LHD 
 
Ih� kihkh[m� ba]hlh\e_gby� j_r_ldb� [u\Zxl� gZj_agu_� �hjb]bgZevgu_���

j_iebdb� �dhibb� k� hjb]bgZevguo� j_r_lhd�� b� ]heh]jZnbq_kdb_�� ihemqZ_fu_�

iml_f�nhlh]jZnbjh\Zgby�bgl_jn_j_gpbhgguo�ihehk� 
 
����GZj_agu_�^bnjZdpbhggu_�j_r_ldb 
 
J_r_ldb� gZj_aZxlky� ZefZaguf� j_aphf� k� ihfhsvx� ^_ebl_evguo� fZrbg�� dZd�

ijZ\beh�� gZ� keh_� Zexfbgby� lhesbghc� ���-���fdf�� gZiue_gghf� gZ� ihebjh\Zggmx�
kl_deyggmx�ih\_joghklv�aZ]hlh\db�k�ih^keh_f�ojhfZ��J_r_ldb��ij_^gZagZq_ggu_�

^ey�^Ze_dhc�MN�h[eZklb�ki_dljZ��gZj_aZxl�gZ�ih\_joghklb�kl_deZ��J_r_ldb�^ey�

^Zevg_c�BD�qZklb�ki_dljZ�gZj_aZxl�gZ�aZ]hlh\dZo��k^_eZgguo�ba�^xjZexfbgby�

jZaebqguo� fZjhd�� bg\ZjZ�� g_j`Z\_xs_c� klZeb�� f_^b� b� [jhgau�� <j_fy�

gZj_aZgby�h^gh]h�rljboZ�khklZ\ey_l��-��k�\�aZ\bkbfhklb�hl�]em[bgu�b�rbjbgu�

rljboZ��Q_f�]em[`_�rljbo��l_f�f_^e_gg__�^he`gh�[ulv�^\b`_gb_�j_apZ��Ijb�

gZj_ad_� lbibqghc� j_r_ldb� iehsZ^vx� ���� ×  1 0 0  ff� k� ����� rlj�ff� j_a_p�

^he`_g� ijhclb� ��� df�� GZj_aZgb_� lZdhc� j_r_ldb� ^eblky� �� kmlhd�� Ijhp_kk�

gZj_aZgby�j_r_ldb�[hevrh]h�jZaf_jZ�aZgbfZ_l�[he__�^\mo�g_^_ev� 
Hl_q_kl\_ggZy� ijhfure_gghklv� \uimkdZ_l� ^bnjZdpbhggu_� j_r_ldb�

jZaghh[jZaguo�jZaf_jh\� >��@�k�jZagufb�ijhnbeyfb�b�iehlghklvx�rljboh\��

J_r_ldb�k�gZb[he__�f_edhc�gZj_adhc�bf_xl������rlj�ff��jZkklhygb_�f_`^m�

rljboZfb������fdf���Wlb�j_r_ldb�ijb]h^gu�lhevdh�^ey�MN�h[eZklb�ki_dljZ��

<� \b^bfhc� qZklb� ki_dljZ� bkihevamxlky� j_r_ldb� k� ���� rlj�ff� b� �����

rlj�ff��J_r_ldb��ij_^gZagZq_ggu_�^ey�^Ze_dhc�BD�h[eZklb�ki_dljZ��bf_xl�

g_[hevrmx� iehlghklv� rljboh\� b� fh]ml� [ulv� ba]hlh\e_gu� gZ� h[uqguo�

klZgdZo� \ukhdh]h� deZkkZ�� GZijbf_j�� ^ey� h[eZklb� ki_dljZ� ���-���� fdf�
j_r_ldZ�fh`_l�bf_lv���rljboZ�gZ�fbeebf_lj� 

>bnjZdpbhggu_�j_r_ldb�^ey�BD�h[eZklb��bf_xsb_�hl�����^h���rlj�ff�

b� ij_^gZagZq_ggu_� ^ey� jZ[hlu� \� �-�� ihjy^dZo�� h[uqgh� gZau\Zxl�

wr_e_llZfb��J_r_ldb��ij_^gZagZq_ggu_�^ey� jZ[hlu� \� \ukhdbo�ihjy^dZo�b�

ba]hlh\e_ggu_� k� lZdbf� jZkq_lhf�� qlh[u� bo� fh`gh� [ueh� bkihevah\Zlv� \�

ijb[hjZo� kh� kdj_s_gghc� ^bki_jkb_c� ^ey� ho\ZlZ�rbjhdhc� h[eZklb� ki_dljZ��

gZau\Zxl� wr_ee_
2)��H[uqgh� wr_ee_� bf_xl� g_kdhevdh� ^_kyldh\�rljboh\� gZ�

ff� 
K�^bnjZdpbhgghc�j_r_ldb�fh`gh�ba]hlh\blv�jy^�dhibc��j_iebd���H^bg�

ba� kihkh[h\� ba]hlh\e_gby� j_iebd� khklhbl� \� ke_^mxs_f�� GZ� ih\_joghklv�

j_r_ldb� \� \Zdmmf_� gZiueyxl� lhgdbc� aZsblguc� kehc�� aZl_f� lhgdbc�

jZa^_ebl_evguc� kehc� \_s_kl\Z�� g_� \aZbfh^_ckl\mxsbc� k� ih\_joghklvx�

j_r_ldb�� gZijbf_j� kehc� fZggblZ� beb� nmdkbgZ�� K\_jom� gZ� wlhl� kehc�

gZiueyxl�kehc�Zexfbgby�lhesbghc�hdheh�����fdf��GZ�g_]h�gZghkblky�kehc�

`b^dhc� kde_b\Zxs_c� kfheu�� k\_jom� gZdeZ^u\Z_lky� kl_deyggZy� aZ]hlh\dZ��

Ih\_joghklv�aZ]hlh\db�^he`gZ�[ulv�ij_^\Zjbl_evgh�h[jZ[hlZgZ�obfbq_kdbf�

iml_f�^ey�memqr_gby�ijbebiZgby� __�d� kfhe_��Ihke_�ihebf_jbaZpbb� kfheu�

dhiby� hl^_ey_lky� hl� j_r_ldb� ih� jZa^_ebl_evghfm� kehx� dhlhjuc� aZl_f�

                                                 
2)  Hl�njZgpmakdh]h�keh\Z�echelle —�ijbklZ\gZy�e_klgbpZ 
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kfu\Z_lky� \h^hc�� J_iebdb� g_� mklmiZxl� ih� dZq_kl\m� hjb]bgZem�� Z� qZklh� b�

g_kdhevdh� ij_\hkoh^yl� _]h� aZ� kq_l� lh]h�� qlh� ijb� dhibjh\Zgbb� \_jomrdb�

rljboh\-hjb]bgZeh\�moh^yl�gZ�^gh��Z�^gh�rljboh\-hjb]bgZeh\��dhlhjh_�ijb�
gZj_aZgbb�\uiheg_gh�emqr_�\_jomr_d��ij_\jZsZ_lky�\�\_jomrdb� 

 
2° ��>_n_dlu�gZj_aguo�j_r_lhd 
 
Hrb[db�\�jZ[hl_�^_ebl_evghc�fZrbgu�ijb\h^yl�d�ihy\e_gbx�\�ki_dlj_�

eh`guo�ki_dljZevguo�ebgbc���^moh\����kimlgbdh\�ebgbc�b�nhgZ� 
>mob� JhmeZg^Z� \ua\Zgu� i_jbh^bq_kdhc� hrb[dhc� rZ]Z� \bglZ�

^_ebl_evghc� fZrbgu� ijb� i_j_f_s_gbb� aZ]hlh\db�� Hgb� \hagbdZxl� ijb�

^bnjZdpbb�gZ�j_r_ld_�kh�rljboZfb��hlklhysbfb�^jm]�hl�^jm]Z�gZ�rZ]�\bglZ��

b� jZkiheZ]Zxlky� kbff_ljbqgh� ih� h[_� klhjhgu� hl� ebgbb�� >ebgZ� \hegu� bo�

khklZ\ey_l 
'

'
'

cos
1 ,

q

qN

ϕλ λ  
= ± 

 
    (9.17) 

 
]^_�q — ihjy^hd�ki_dljZ��� —�^ebgZ�\hegu�ebgbb��q' — ihjy^hd�^moZ��N' — 
qbkeh� rljboh\�� gZghkbfuo� aZ� h^bg� h[hjhl� \bglZ� fZrbgu�� M� fZrbgu�

JhmeZg^Z�� \i_j\u_� gZ[ex^Z\r_]h� wlb� ^mob��rZ]� \bglZ� khhl\_lkl\h\Ze� ����

rljboZf��ihwlhfm�^mob�bf_eb�^ebgu�\heg��hlebqZxsb_ky�gZ�������hl�^ebg�

\heg� bklbgguo� ebgbc�� Yjdhklv� ^moh\� ijhihjpbhgZevgZ� d\Z^jZlm� ihjy^dZ�

ki_dljZ��Ijb�bgl_jn_j_gpbhgghf�dhgljhe_�ijhp_kkZ�gZj_adb�^mob�JhmeZg^Z�

g_�gZ[ex^Zxlky� 
<� kemqZ_�� _keb� i_jbh^� hrb[db� khklZ\ey_l� g_kdhevdh� rljboh\��

ihy\eyxlky�^mob�EZcfZgZ��Hgb� agZqbl_evgh� m^Ze_gu� hl�hkgh\guo�ebgbc�b�

e_]dh� fh]ml� [ulv� ijbgylu� aZ� bklbggu_� ebgbb�� GZijbf_j�� _keb� i_jbh^�

hrb[db� khklZ\ey_l�r_klv�rljboh\��ihy\eyxlky�eh`gu_�ebgbb��^ebgu�\heg�

dhlhjuo� djZlgu� �/6: �'/��  � ����� ����� ����� ���� b� l�^��<� kh\j_f_gguo� j_r_ldZo�

yjdhklv�^moh\�EZcfZgZ�h[uqgh�g_�ij_\urZ_l 0,01%. 
>mob�� bgl_gkb\ghklv� dhlhjuo� agZqbl_evgh� f_gvr_� ^_kylhc� ^heb�

ijhp_glZ�hkgh\guo�ebgbc��dZd�ijZ\beh��g_�f_rZxl�jZ[hl_�\�kemqZ_�h[uqguo�

bklhqgbdh\� k\_lZ��H^gZdh�ijb�jZ[hl_� k�eZa_jguf�baemq_gb_f�hlghkbl_evgh�

keZ[u_�^mob�fh]ml�ij_\jZlblvky�\�ohjhrh�aZf_lgu_��ebgbb�� 
Bgh]^Z� jy^hf� k� bklbggufb� ebgbyfb� ihy\eyxlky� kimlgbdb�� hq_gv�

ihoh`b_� gZ� lhgdmx� kljmdlmjm� ebgbc�� beb� nhg�� IjbqbgZ� bo� ihy\e_gby�

aZdexqZ_lky� \� g_i_jbh^bq_kdhc� hrb[d_� ijb� gZj_ad_� j_r_ldb�� gZijbf_j��

\ke_^kl\b_� baf_g_gby� l_fi_jZlmju�� >_n_dlgmx� qZklv� j_r_ldb� e_]dh�

h[gZjm`blv��aZdju\�bah[jZ`_gb_�bklbgghc�ebgbb�e_a\b_f�gh`Z�beb�[jbl\u�

b�jZkkfZljb\Zy�j_r_ldm�\�k\_l_�kimlgbdh\��Wlh�iha\hey_l�hlebqblv�kimlgbdb�

hl� ^moh\�EZcfZgZ� b� JhmeZg^Z�� lZd� dZd� ihke_^gb_� \hagbdZxl� ijb� ^_ckl\bb�

\k_c�j_r_ldb�p_ebdhf��Kimlgbdb�e_]dh�mkljZgblv��aZwdjZgbjh\Z\�^_n_dlgmx�

qZklv�j_r_ldb� 
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����=heh]jZnbq_kdb_�^bnjZdpbhggu_�j_r_ldb 
 

?keb� ^\Z� dh]_j_glguo� imqdZ� k\_lZ� k� iehkdbfb� \hegh\ufb� njhglZfb�

gZijZ\blv�lZd��qlh[u�hgb�i_j_k_dZebkv��lh�\�h[eZklb�i_j_k_q_gby�\hagbdZ_l�

dZjlbgZ� klhyqbo� \heg� �jbk�� ����Z�[��� ?keb� __� knhlh]jZnbjh\Zlv�� imqghklb�

klhyqbo�\heg�hdZ`mlky�aZj_]bkljbjh\Zggufb�\�wfmevkbb�\�\b^_�lj_of_jghc�

kehbklhc� kljmdlmju�� <� ijhp_kk_� h[jZ[hldb� >���@� ih\_joghklv� wfmevkbb�

ijbh[j_lZ_l� j_ev_ngmx� kljmdlmjm�� [ebadmx� d� kbgmkhb^Zevghc� �jbk�� ������

dhlhjmx� Zexfbgbjmxl�� LZdb_� j_r_ldb� g_� bf_xl� m]eZ� [e_kdZ� b� jZ[hlZxl�

lhevdh� \� i_j\hf� ihjy^d_�� >ey� ^hklb`_gby� gZbemqr_c� wnn_dlb\ghklb�

iehlghklv� rljboh\� ih^[bjZxl� lZd�� qlh[u� jZ[hqZy� h[eZklv� ki_dljZ�

gZoh^beZkv�\�ij_^_eZo���������d < 2. 

>ey� ijbf_jZ� gZ� jbk�� ����� ihdZaZgZ� wnn_dlb\ghklv� h^ghc� ba�

]heh]jZnbq_kdbo� j_r_lhd� hljZ`Zl_evgh]h� lbiZ� >���@�� =heh]jZnbq_kdb_�

j_r_ldb� \uimkdZxlky� k� jZaebqghc� iehlghklvx� rljboh\� \iehlv� ^h� �����

rlj�ff�� hgb� fh]ml� bf_lv� \� ^bZf_lj_� ^h� ��-��� kf�� J_r_ldb� k� gZb[he__�

f_edbfb� �rljboZfb�ij_^gZagZq_gu� �^ey�jZ[hlu�\�h[eZklb�^ebg�\heg�f_g__�

����gf� 
Hkgh\guf� ij_bfms_kl\hf� ]heh]jZnbq_kdbo� j_r_lhd� y\ey_lky�

ijbgpbibZevgh_� hlkmlkl\b_� ^moh\�� Z� lZd`_� nhgZ�� \hagbdZxs_]h� \� ki_dlj_�

     
 

Jbk�� ����� H[jZah\Zgb_� klhyqbo� \heg�

\klj_qgufb� imqdZfb� �Z�� b� imqdZfb��

koh^ysbfbky�ih^�m]ehf�.�([) 

Jbk�� ����� H[jZah\Zgb_� j_ev_nZ� gZ�

ih\_joghklb�� 1 — i_j\hgZqZevgZy� ih-
\_joghklv�� �2 —�\uljZ\e_gguc�j_ev_n��

3 — imqghklb� klhyqbo� k\_lh\uo \heg�
ijb�wdkihgbjh\Zgbb 

 
 
 
 
 
 
 
 
 
Jbk�� ������ Wnn_dlb\ghklv� hljZ`Z-
l_evghc� ]heh]jZnbq_kdhc� j_r_ldb� k�

�����rlj�ff  
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gZj_aguo� j_r_lhd� aZ� kq_l� jZkk_ygby� k\_lZ� gZ� fbdjhg_h^ghjh^ghklyo��

=heh]jZnbq_kdbf� iml_f� ijhklh� ba]hlh\eylv� j_r_ldb� k� baf_g_gb_f� rZ]Z�

rljboh\� ih� hij_^_e_gghfm� aZdhgm� b� k� jZaguf� ]_hf_ljbq_kdbf�

jZkiheh`_gb_f� bo�� >ey� wlh]h� g_h[oh^bfh� ebrv� kha^Zlv� imqdb� k\_lZ� k�

aZ^Zggufb�\hegh\ufb�njhglZfb� 
  
 

�������KI?DLJ:EVGU?�IJB;HJU 
����������K�IEHKDBFB�>BNJ:DPBHGGUFB�J?R?LD:FB 
  
Ki_dljZevgu_� ijb[hju� k� iehkdbfb� ^bnjZdpbhggufb� j_r_ldZfb�

h[uqgh� bf_xl� a_jdZevgu_� h[t_dlb\u� b� ijb� gZebqbb� kf_gguo� j_r_lhd� k�

jZaguf�qbkehf�rljboh\�gZ���ff�fh]ml�jZ[hlZlv�\�rbjhdhc�h[eZklb�ki_dljZ��

JZaj_rZxsZy�kihkh[ghklv�b�k\_lhkbeZ�

ijb[hjh\� k� iehkdbfb� j_r_ldZfb�

^hklb]Zxl� gZb\ukrbo� ^ey� s_e_\uo�

ijb[hjh\� \_ebqbg�� Wlh� h[mkeh\e_gh�

l_f�� qlh�� \h-i_j\uo�� ]_hf_ljbq_kdb_�
jZaf_ju� iehkdbo� j_r_lhd�fh]ml� [ulv�

\_kvfZ� \_ebdb�� Z� \h-\lhjuo�� m]eh\Zy�
^bki_jkby�j_r_lhd�h[uqgh�ij_\urZ_l�

m]eh\mx� ^bki_jkbx� ijbaf�� b� fh`gh�

ihevah\Zlvky�[he__�rbjhdbfb�s_eyfb� 
Dhgkljmdlb\gh_� \uiheg_gb_�

ijb[hjh\� k� \ukhdbf� jZaj_r_gb_f� b� k�

\ukhdhc� k\_lhkbehc� jZaebqgh�� >ey�

ijb[hjh\� k� [hevrhc� ebg_cghc�

^bki_jkb_c�bkihevam_lky�ko_fZ�W[_jlZ�

�jbk�� �����Z��� DheebfZlhjguf� b�

dZf_jguf� h[t_dlb\Zfb� \� g_c� kem`Zl�

jZaebqgu_� qZklb� h^gh]h� b� lh]h� `_�

\h]gmlh]h� a_jdZeZ�� Ko_fZ� W[_jlZ�

bkihevah\ZgZ� \� ^ebgghnhdmkguo�

^bnjZdpbhgguo� ki_dljh]jZnZo� >NK-
13 (f�  � �� f�� b�>NK-8 (f�  � ����� f��� <�
lZdbo� ijb[hjZo� ki_dlj� h[uqgh� g_�

ihf_sZ_lky� p_ebdhf� gZ� h^ghc�

nhlhieZklbgd_�� >ey� ho\ZlZ� \k_c�

jZ[hq_c�h[eZklb�ki_dljZ�ij_^mkfhlj_g�

ih\hjhl� j_r_ldb�� ?keb� \� iehkdhklb� ki_dljZ� mklZgh\e_gZ� s_ev�� ^Zggu_�

ijb[hju�fh]ml�kem`blv�b�fhghojhfZlhjZfb� 
<� [he__� dhjhldhnhdmkguo� k\_lhkbevguo� ijb[hjZo� ij_^ihqlbl_evg__�

ko_fZ� Q_jgb–Lmjg_jZ� �jbk�� ��������� Bkihevah\Zgb_� jZa^_evguo�

dheebfZlhjgh]h�b�dZf_jgh]h�a_jdZe�\�wlhc�ko_f_�iha\hey_l�fbgbfbabjh\Zlv�

Zklb]fZlbaf�� \hagbdZxsbc� ba-aZ� [hevrbo� m]eh\� iZ^_gby� emq_c� gZ� a_jdZeZ��

L_f� g_� f_g__� Zklb]fZlbaf� hklZ_lky� agZqbl_evguf�� lhqdZ� \oh^ghc� s_eb� \�

lZdbo�ijb[hjZo�hlh[jZ`Z_lky�\�iehkdhklb�\uoh^ghc�s_eb�ihehkdhc� 

 
 
Jbk��������Hilbq_kdb_�ko_fu�ijb[hjh\�

k� iehkdbfb� � ^bnjZdpbhggufb�

j_r_ldZfb�� Z� —� ko_fZ� W[_jlZ�

�\_jlbdZevgZy� ko_fZ��\b^�k[hdm���[�— 
ko_fZ�Q_jgb–Lmjg_jZ��]hjbahglZevgZy�
ko_fZ��\b^�k\_jom� 
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>bki_jkby� b� jZaj_rZxsZy� kihkh[ghklv� ijb[hjZ� m\_ebqb\Zxlky� \^\h_�

ijb� ^\mdjZlghf� ijhoh`^_gbb� emqZ� q_j_a� ^bki_j]bjmxsmx� kbkl_fm��

GZijbf_j��fhghojhfZlhj�nbjfu��Jobin – Yvon���kh[jZgguc�ih�ko_f_�Q_jgb-
Lmjg_jZ�b�bf_xsbc�nhdmkgh_�jZkklhygb_�����f�b�]heh]jZnbq_kdmx�j_r_ldm�

�����rlj�ff��\�wlhf�kemqZ_�h[_ki_qb\Z_l�jZaj_rZxsmx�kihkh[ghklv�hdheh�

�������ijb�hlghkbl_evghf�hl\_jklbb�������� 
GZebqb_� iehkdhc� j_r_ldb�� kihkh[ghc� jZ[hlZlv� \� \ukhdbo� ihjy^dZo�

^bnjZdpbb��b�Z\lhdheebfZpbhgghc�dZf_ju�MN-���iha\hey_l�eZ[hjZlhjgufb�
kj_^kl\Zfb� hkms_kl\blv� ki_dljZevguc� ijb[hj� \ukhdhc� ^bki_jkbb�� K�

j_r_ldhc�k�����rlj�ff�ijb�hljZ`_gbb�k\_lZ�hl�fZehc�]jZgb�rljboZ�fh`gh�

ihemqblv�\�\b^bfhc�h[eZklb�ki_dljZ�ebg_cgmx�^bki_jkbx�����gf�ff��M]eu�

iZ^_gby� b� ^bnjZdpbb� \� wlhf� kemqZ_� hdZau\Zxlky� [hevrbfb�� %�  � 3� §� �����

Qlh[u� ijb� wlhf� ^_ckl\mxs__� hl\_jklb_� dZf_ju� g_� mf_gvrZehkv�� j_r_ldZ�

^he`gZ�bf_lv�^hklZlhqgmx�rbjbgm� 
M^h[guf� ijb[hjhf�� khq_lZxsbf� \� k_[_� ohjhrmx� k\_lhkbem��

\hafh`ghklv� nhlh]jZnbjh\Zlv� aZ� h^gm� wdkihabpbx� \_kv� \b^bfuc� beb� MN�

ki_dlj�� Z� lZd`_� g_[hevrb_� ]Z[Zjblu� b� \_k�� y\ey_lky� ki_dljh]jZn� kh�

kdj_s_gghc� ^bki_jkb_c� KLW-�� >��@�� K� kha^Zgb_f� lZdbo� ijb[hjh\� iZ^Z_l�
g_h[oh^bfhklv� \� \_kvfZ� ]jhfha^dbo� ijb[hjZo� lbiZ�>NK-13��L_f� g_�f_g__�
ihke_^gb_� \� jy^_� kemqZ_\� hdZau\Zxlky� ij_^ihqlbl_evg__�� gZijbf_j�� ijb�

wfbkkbhgghf� ki_dljZevghf� ZgZeba_� ih� keh`guf� ki_dljZf� >���@�� Hgb�

hklZxlky� lZd`_� \� klZpbhgZjguo�mklZgh\dZo��ij_^gZagZq_gguo�^ey�mgbdZev-
guo�bkke_^h\Zgbc� 

 
 

�������<H=GMLU?�>BNJ:DPBHGGU?�J?R?LDB 
  
����Hkgh\gu_�k\hckl\Z�\h]gmluo�j_r_lhd 
Nmgdpbb� ^bnjZdpbhgghc� j_r_ldb� b� h[t_dlb\h\� fh`gh� kh\f_klblv� \�

h^ghf� we_f_gl_� —� j_r_ld_�� gZj_aZgghc� gZ� \h]gmlhf� a_jdZe_�� Ijb� wlhf� \�

hilbq_kdhc�ko_f_�ijb[hjh\�hklZ_lky�h^gZ�hljZ`ZxsZy�ih\_joghklv —�kZfZ�

j_r_ldZ��<h]gmlu_�j_r_ldb�g_aZf_gbfu�\�^Ze_dhc�MN�h[eZklb�ki_dljZ��]^_�

g_l� ih^oh^ysbo� fZl_jbZeh\� ^ey� ebga�� Z� hljZ`ZxsZy� kihkh[ghklv� a_jdZe�

hq_gv� fZeZ�� b� ihke_� g_kdhevdbo� hljZ`_gbc� k\_lh\hc� ihlhd� hdZau\Z_lky�

gbqlh`gh�fZeuf� 
Ba]hlh\e_gb_� \h]gmluo� ^bnjZdpbhgguo� j_r_lhd� g_� ij_^klZ\ey_l�

hkh[uo� ljm^ghkl_c�� Rljbob� \h]gmlhc� j_r_ldb� \� ijhkl_cr_f� kemqZ_�

wd\b^bklZglgu� ih� ohj^_�� ihwlhfm� ijhp_kk� gZj_aZgby� fZeh� hlebqZ_lky� hl�

gZj_aZgby�iehkdbo�j_r_lhd� 
HklZgh\bfky� gZ� k\hckl\Zo� \h]gmluo� j_r_lhd� gZ� kn_jbq_kdbo�

a_jdZevguo� ih\_joghklyo�� Nhdmkbjmxs__� ^_ckl\b_� kn_jbq_kdhc� \h]gmlhc�

^bnjZdpbhgghc�j_r_ldb�hij_^_ey_lky�khhlghr_gbyfb� 
^ey�f_jb^bhgZevgh]h�k_q_gby 

2 2

1 2

cos cos cos cos
;

f f

ψ ϕ ψ ϕ
ρ
++ =    (9.18) 
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^ey�kZ]bllZevgh]h�k_q_gby 

1 2

1 1 cos cos

f f

ψ ϕ
ρ
++ =

+ ∆
.    (9.19) 

 

H[hagZq_gby�\��������b��������kf��gZ�jbk�������� 
<gZqZe_� [m^_f� jZkkfZljb\Zlv� lhevdh� emqb�� e_`Zsb_� \� ]eZ\ghc�

f_jb^bhgZevghc� iehkdhklb�� ijhoh^ys_c� q_j_a� p_glju� rljboh\� b� p_glj�

djb\bagu�j_r_ldb� 

?keb�\��������aZ^Zlv�f1 = ! cos%, lh�^ey�iheh`_gby�ki_dljZ�gZoh^bf�f2 = ! 
cos3. <� wlhf� kemqZ_� \oh^gZy� s_ev� b� ki_dlj� jZkiheh`_gu� gZ� djm]_� k�

^bZf_ljhf��jZ\guf�jZ^bmkm�djb\bagu�! kn_jbq_kdhc�ih\_joghklb��Wlhl�djm]�
gZau\Zxl�djm]hf�JhmeZg^Z��ih�bf_gb�mq_gh]h��h[gZjm`b\r_]h�wlh�k\hckl\h�

kn_jbq_kdhc�^bnjZdpbhgghc�j_r_ldb� 
M]eh\Zy� b� ebg_cgZy� ^bki_jkby��>ey� \h]gmlhc� j_r_ldb� kijZ\_^eb\h�

mjZ\g_gb_� ������ijb�mkeh\bb��qlh�rbjbgZ�rljboZ�d hlkqblu\Z_lky�ih�ohj^_��
Ihwlhfm� m]eh\Zy� ^bki_jkby� \h]gmlhc� j_r_ldb� \ujZ`Z_lky� l_fb� `_�

nhjfmeZfb������-�������dhlhju_�[ueb�ihemq_gu�^ey�iehkdhc�j_r_ldb��AZf_gyy�

\�������cos3�q_j_a�hlghr_gb_�f2/!, ihemqZ_f 

2
,

cos

d q q

d d d f

ϕ ρ
λ ϕ

= =     (9.20) 

 

 
Jbk�� ������ Nhdmkbjmxs__� ^_ckl\b_� \h]gmlhc� kn_jbq_kdhc� ^bnjZdpbhgghc�

j_r_ldb� \� f_jb^bhgZevghf� �kiehrgu_� ebgbb�� b� kZ]bllZevghf� �imgdlbj��

k_q_gbyo�� !�— jZ^bmk� djb\bagu� j_r_ldb��%� b�3 — m]eu� iZ^_gby� b� ^bnjZdpbb��
Lhgdhc�ebgb_c�ihdZaZg�djm]�JhmeZg^Z 
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hldm^Z�\b^gh��qlh�m]eh\Zy�^bki_jkby�h[jZlgh�ijhihjpbhgZevgZ�jZkklhygbx�f2 

hl� j_r_ldb� ^h� ki_dljZ�� M]eh\Zy� ^bki_jkby� fbgbfZevgZ� �G3/d��  � q/d) ijb�
gZ[ex^_gbb�ki_dljZ�ih�ghjfZeb�d�j_r_ld_� 

<�ki_dljh]jZnZo�k\_lhqm\kl\bl_evgZy�ih\_joghklv�nhlhie_gdb�h[uqgh�

kh\f_sZ_lky� k� djm]hf� JhmeZg^Z�� ;m^_f� hlkqblu\Zlv� dhhj^bgZlm� l� ih� ^m]_�
hdjm`ghklb� JhmeZg^Z� hl� p_gljZ� j_r_ldb� �jbk�� ������� M]he� ^bnjZdpbb� 3 
y\ey_lky�\ibkZgguf�\�hdjm`ghklv�^bZf_ljZ�!, ihwlhfm 

 

3 = �/2 – l/!.     (9.21) 
 

Hlkx^Z�gZoh^bf�ebg_cgmx�^bki_jkbx�ki_dljh]jZnZ 
2

2�

dl d q

d d d f

ϕ ρρ
λ

= − = − .    (9.22) 

 

AgZd�fbgmk�hagZqZ_l��qlh�k�m\_ebq_gb_f�l�mf_gvrZ_lky��. 
BlZd�� ebg_cgZy� ^bki_jkby� ijb� hlkq_l_� dhhj^bgZlu� ih� ^m]_� djm]Z�

JhmeZg^Z�h[jZlgh�ijhihjpbhgZevgZ�jZkklhygbx�f2�hl�j_r_ldb�^h�ki_dljZ� 
H[jZlgmx�ebg_cgmx�^bki_jkbx�ihemqZ_f�ba��������b������� 
 

� FRV
sin .

d q d d l

dl d d q q

ϕ
ρ ϕ λ ρ ρ ρ

= = =     (9.23) 

 

>ey�ba\_klghc�j_r_ldb�b�aZ^Zggh]h�ihjy^dZ�q ih�nhjfme_��������fh`gh�
ihkljhblv� ]jZnbd� h[jZlghc� ebg_cghc� ^bki_jkbb� �jbk�� ������� GZqZeh�

dhhj^bgZl� gZ� ]jZnbd_� khhl\_lkl\m_l� p_gljm� j_r_ldb� �l�  � ����DZd� \b^gh� ba�

           
 

Jbk��������Djm]�JhmeZg^Z Jbk�� ������ Djb\Zy� h[jZlghc�

ebg_cghc� ^bki_jkbb� \h]gmlhc�

j_r_ldb� � � ������rlj�ff�� � �!� ���f���

q = 1) 
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jbkmgdZ��gZ�i_j\hc�lj_lb�djb\hc��l�_��ijb�m]eZo�^bnjZdpbb�hl�3� �����^h�3 §�
�����h[jZlgZy�ebg_cgZy�^bki_jkby�ijbf_jgh�ijhihjpbhgZevgZ�^ebg_�^m]b l. 
Wlb� m]eu� ^bnjZdpbb� gZau\Zxl� kdhevaysbfb� �^bnjZ]bjh\Zggu_� emqb�

hldehg_gu�gZklhevdh��qlh��kdhevayl��ih�j_r_ld_�� 
Ke_^m_l�hlf_lblv��qlh�\�nhjfmem��������g_�\oh^bl�m]he�iZ^_gby�%�emq_c�

gZ� j_r_ldm�� l�_�� hg� fh`_l� [ulv� ex[uf�� H^gZdh� _keb� m]eu� iZ^_gby� b�

^bnjZdpbb� kbevgh� jZaebqZxlky� �gZijbf_j��%�= 0; 3�  � ������ wnn_dlb\ghklv�
j_r_ldb�fZeZ��Ihwlhfm�m]he�iZ^_gby�emq_c�gZ�j_r_ldm�ijb�[hevrbo�m]eZo�

^bnjZdpbb�\u[bjZxl�lZd`_�kdhevaysbf� 
<� fhghojhfZlhj_� gZ� \uoh^_� jZkiheh`_gZ� s_ev�� iehkdhklv� dhlhjhc�

i_ji_g^bdmeyjgZ� gZijZ\e_gbx� iZ^Zxs_]h� gZ� g__� k\_lh\h]h� ihlhdZ�

�i_ji_g^bdmeyjgZ� jZ^bmk-\_dlhjm�� kh_^bgyxs_fm� p_glj� j_r_ldb� k� lhqdhc�

djm]Z� JhmeZg^Z�� ]^_� gZ[ex^Z_lky� ki_dlj��� ?keb� q_j_a� l' � h[hagZqblv�

dhhj^bgZlm�\�iehkdhklb�\uoh^ghc�s_eb��lh��dZd�\b^gh�ba�jbk��������dl' = dl cos 
3��Lh]^Z�ba��������b��������ihemqZ_f 

'
2cos

dl d d q
f

d d d d
= = = −ϕ ϕρ ϕ ρ

λ λ λ
.   (9.24) 

 

Ke_^h\Zl_evgh��ebg_cgZy�^bki_jkby�fhghojhfZlhjZ�ihklhyggZ�^ey�\k_o�lhq_d�

djm]Z�JhmeZg^Z� 
 
JZaj_rZxsZy� kihkh[ghklv� b� k\_lhkbeZ�� JZaj_rZxsZy� kihkh[ghklv�

\h]gmlhc� ^bnjZdpbhgghc� j_r_ldb� hij_^_ey_lky�� dZd� b� \� kemqZ_� iehkdhc�

j_r_ldb�� ihjy^dhf� ki_dljZ� q b�

h[sbf�qbkehf�rljboh\�N. Ba��������
\b^gh�� qlh� q_f�rbj_� j_r_ldZ� ijb�

aZ^Zgghc� iehlghklb� rljboh\�� l_f�

\ur_�__�jZaj_rZxsZy�kbeZ��H^gZdh�

^ey� \h]gmlhc� j_r_ldb� bf__lky�

h]jZgbq_gb_��Hgh�k\yaZgh�k�l_f��qlh�

jZ^bmk� djb\bagu� j_r_ldb� \^\h_�

ij_\urZ_l� jZ^bmk� djb\bagu� djm]Z�

JhmeZg^Z�� b� ihwlhfm� gZ� djm]_�

gZoh^blky�lhevdh�p_glj�j_r_ldb�— 
k_j_^bgZ� kj_^g_]h� rljboZ��

HklZevgu_� qZklb� j_r_ldb� hlklm-
iZxl�hl�djm]Z��b�q_f�[eb`_�d�djZx��

l_f� [hevr_�� <� j_amevlZl_� ^ey 
emq_c�� hljZ`_gguo� hl� wlbo� qZkl_c��

\hagbdZ_l�^hihegbl_evgZy�jZaghklv�

oh^Z�� Kh]eZkgh� mkeh\bx� Jwe_y� wlZ�

^h[Z\hqgZy� jZaghklv� oh^Z� g_�

^he`gZ� ij_\urZlv� ����� bgZq_� bah[jZ`_gb_� bkdZablky�� JZkq_lu� ihdZau\Zxl�

>������@��qlh�jZaf_j�^_ckl\mxs_]h�hl\_jklby�j_r_ldb�g_�^he`_g�ij_\urZlv�

g_dmx�hilbfZevgmx�\_ebqbgm�Dhil . 

 

 
 
 
Jbk�� ������ HilbfZevgZy� rbjbgZ� ^_c-
kl\mxs_]h� hl\_jklby� j_r_ldb� \�

aZ\bkbfhklb� hl� ^ebgu� \hegu� ^ey�

jZaebqguo� m]eh\� iZ^_gby� b� jZ^bmkh\�

djb\bagu� !� j_r_ldb� k� ���� rlj�ff� \�

i_j\hf�ihjy^d_ 
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HilbfZevgu_� jZaf_ju� \h]gmluo�

j_r_lhd� hdZau\Zxlky� g_[hevrbfb��

GZijbf_j��j_r_ldZ��jZ[hlZxsZy�\[ebab�

ghjfZeb�\�\b^bfhc�h[eZklb�ki_dljZ��g_�

^he`gZ� [ulv� rbj_� ���-���� ff�� Ijb�
kdhevays_f� iZ^_gbb� \_ebqbgZ� Dhil 
hdZau\Z_lky� agZqbl_evgh� f_gvr_� �jbk��

������� LZd�� ijb� ��  � ��� gf� b� jZ^bmk_�

djb\bagu� j_r_ldb� �� f� g_� ke_^m_l�

ihevah\Zlvky� rbjbghc� imqdZ� k\_lZ�

[he__� �� kf�� GZ� jbk�� ����� ijb\_^_gu�

ki_dlju� >�@�� ihemq_ggu_� k� j_r_ldhc�

�����rlj�ff�k�jZ^bmkhf�djb\bagu� ��f�

ijb� m]e_� iZ^_gby� %�  � 84,4°, 
ihdZau\Zxsb_�� dZd� mom^rZ_lky�

dZq_kl\h� ki_dljZ�� _keb� j_r_ldZ�

baebrg_� rbjhdZ�� Ijb� nhlh]jZ-
nbjh\Zgbb� ki_dljh\� j_r_ldZ� ^bZ-
njZ]fbjh\ZeZkv�ih�rbjbg_�hl����^h����

ff�� hilbfZevgZy� rbjbgZ� hl\_jklby�

khklZ\eyeZ����ff� 
Ki_dljh]jZnu� kdhevays_]h� iZ-

^_gby� �kf�� jbk�� ������ kgZ[`Zxlky�

j_]mebjm_fhc� ^bZnjZ]fhc�� iha\h-
eyxs_c� hldju\Zlv� mqZklhd� j_r_ldb�

gm`ghc� rbjbgu�� <� fhghojhfZlhjZo�

ih^h[ghc� ^bZnjZ]fu� g_� ij_^mkfZljb\Zxl�� ihkdhevdm� hgb� jZ[hlZxl� ijb�

kjZ\gbl_evgh� rbjhdbo� s_eyo�� b� d� dZq_kl\m� ki_dljZevguo� ebgbc� g_�

ij_^ty\ey_lky�\ukhdbo�lj_[h\Zgbc� 
>himklbfu_� jZaf_ju� \h]gmlhc� j_r_ldb� bf_xl� _s_� h]jZgbq_gb_��

k\yaZggh_�k�l_ogbdhc�gZg_k_gby�rljboh\��M]he�f_`^m�jZ[hq_c�ih\_joghklvx�

j_apZ�b�ohj^hc��kly]b\Zxs_c�dhgpu�aZ]hlh\db��ijb�jZ[hl_�fZrbgu�hklZ_lky�

ihklhygguf��Ihwlhfm� m]he�f_`^m� hljZ`Zxs_c� ]jZgvx�rljboZ� b� \h]gmlhc�

ih\_joghklvx�j_r_ldb�f_gy_lky��<�j_amevlZl_�wnn_dlb\ghklv�hl^_evguo�qZk-
l_c�j_r_ldb�hdZau\Z_lky�jZaebqghc��qlh�h]jZgbqb\Z_l�j_Zevgh�bkihevam_fmx�

rbjbgm� j_r_ldb�� M� gZj_aguo� j_r_lhd� ^h\hevgh� \ukhdh]h� dZq_kl\Z 
hlghr_gb_�jZaf_jZ�j_r_ldb�d�jZ^bmkm�djb\bagu�g_�fh`_l�ij_\urZlv�������� 

:klb]fZlbaf��:klb]fZlbq_kdh_�^_ckl\b_� kn_jbq_kdhc�^bnjZdpbhgghc�

j_r_ldb� hij_^_ey_lky� khhlghr_gb_f� �������� ^Zxsbf� m^Ze_gb_� f2� �� û�
kZ]bllZevgh]h�nhdmkZ�hl�\_jrbgu�j_r_ldb��Ijb�wlhf�lhqdZ�\oh^ghc�s_eb�\�

ki_dlj_� bah[jZ`Z_lky� \_jlbdZevguf� hlj_adhf�H�� jZkiheh`_gguf� gZ� djm]_�
JhmeZg^Z��jbk���������Bkihevamy���������gZoh^bf�\_ebqbgm�H: 

2 2
r�

cos
sin sin

cos
H L

ϕϕ ψ
ψ

 = + 
 

    (9.25) 

A^_kv�Lr — jZ[hqZy�\ukhlZ�rljboZ�� 

 
Jbk��������<ebygb_�rbjbgu�\h]gmlhc�

j_r_ldb�gZ�dZq_kl\h�ki_dljZ 



 234 

GZ� jbk�� ����� ijb\_^_gu� djb\u_� jZ\guo� \_ebqbg� G/Lr. Djb\u_�

ihdZau\Zxl�� \h� kdhevdh� jZa� ijb� aZ^Zgguo� %� b� 3� hlj_ahd�� dhlhjuf�

bah[jZ`Z_lky�lhqdZ�s_eb��ij_\urZ_l�^ebgm�rljboZ�j_r_ldb��GZijbf_j��ijb�

m]eZo�iZ^_gby�[he__�����^ebgZ�nhdZevgh]h�hlj_adZ�ij_\urZ_l�^ebgm�rljboZ�

\� iylv� b� [he__� jZa�� Wlhl� wnn_dl� kms_kl\_ggh� mf_gvrZ_l� hk\_s_gghklv�

ki_dljZevguo� ebgbc�� Djhf_� lh]h�� _keb� \� klb]fZlbq_kdbo� ki_dljh]jZnZo� �k�

iehkdbfb�^bnjZdpbhggufb�j_r_ldZfb�b�ijbafZfb��g_[hevrhc�gZdehg�s_eb�

hlghkbl_evgh� rljboh\� ijb\h^bl� d� gZdehgm� ki_dljZevguo� ebgbc�� lh� \�

ki_dljh]jZnZo� k� \h]gmlufb� j_r_ldZfb� gZdehg�s_eb� \uau\Z_l� jZafu\Zgb_�

ebgbc� 

JZkklhygb_� f_`^m� ]hjbahglZevgufb� b� \_jlbdZevgufb� nhdZevgufb�

hlj_adZfb��jZ\gh_� 
2sin sin tg cos

,
cos sin tg

ϕ ψ ψ ϕρ
ϕ ψ ψ
+∆ =

−
    (9.26) 

 
gZau\Z_lky�Zklb]fZlbq_kdhc�jZaghklvx� 

?keb� \hkihevah\Zlvky� k\hckl\hf� h[jZlbfhklb� k\_lh\uo� emq_c� b� \�

dZq_kl\_� bklhqgbdh\� k\_lZ� kqblZlv� ]hjbahglZevgmx�s_ev� \� iheh`_gbb� II � b�
\_jlbdZevgmx�\�iheh`_gbb�I��lh�emqb�kh[_jmlky�\�lhqdm�:��Wlbf�ihevamxlky�
ijb�gZg_k_gbb�fZjhd�ihq_jg_gbc�gZ�nhlhieZklbgdm� 

:klb]fZlbaf� \h]gmlhc� j_r_ldb� fh`gh� bkijZ\blv�� ihf_sZy� gZ� imlb�

emq_c� ^hihegbl_evgu_� pbebg^jbq_kdb_� ebgau�� dhlhju_� ijb[eb`Zxl�

bah[jZ`_gb_� nhdZevghc� ebgbb� II d� djm]m� JhmeZg^Z�� >jm]bf� kihkh[hf�

mf_gvr_gby� Zklb]fZlbafZ� y\ey_lky� bkihevah\Zgb_� j_r_lhd� k� i_j_f_gguf�

rZ]hf�� m� dhlhjuo� jZkklhygb_� f_`^m� rljboZfb� f_gy_lky� ih� ebg_cghfm�

aZdhgm�d = do(1 + .\), ]^_�. — hq_gv�fZeZy�\_ebqbgZ� >���@��<�ki_dlj_�lZdhc�
j_r_ldb�kms_kl\mxl�lhqdb��\�dhlhjuo�Zklb]fZlbaf�kh\_jr_ggh�hlkmlkl\m_l� 

 
Jbk�����������Ghfh]jZffZ�^ey�hij_^_e_gby��\_ebqbgu�Zklb]fZlbafZ \h]gmlhc�j_r_ldb�

ijb�jZaebqguo�m]eZo�iZ^_gby�b�^bnjZdpbb 
 



 235 

Bkihevah\Zgb_� j_r_lhd�� gZj_aZgguo� gZ� lhjhb^Zevguo�� weebi-
khb^Zevguo� b� ^jm]bo� g_kn_jbq_kdbo� ih\_joghklyo�� iha\hey_l� iheghklvx�

kdhfi_gkbjh\Zlv� Zklb]fZlbaf� \� ^\mo� lhqdZo� ki_dljZ�� Z� \[ebab� gbo� k^_eZlv�

_]h� g_[hevrbf�� Lhjhb^ZevgZy� j_r_ldZ� h[eZ^Z_l� jZagufb� jZ^bmkZfb�

djb\bagu�\�f_jb^bhgZevghf�!f b�kZ]]blZevghf�!k k_q_gbyo��Nhdmkbjmxs__�

^_ckl\b_� lZdhc� ^bnjZdpbhgghc� j_r_ldb� hij_^_ey_lky� hkgh\gufb�

khhlghr_gbyfb� ������� b� ������� ijb� bkihevah\Zgbb� \� ijZ\uo� qZklyo� wlbo�

khhlghr_gbb�khhl\_lkl\mxsbo�jZ^bmkh\�djb\bagu��!f —^ey�i_j\h]h�khhlgh-
r_gby�b�!k —^ey�\lhjh]h��?keb�\u[jZlv�!k���!f, lh�kZ]]blZevguc�nhdmk�fh`_l�
[ulv� agZqbl_evgh� ijb[eb`_g� d� f_jb^bhgZevghfm�� qlh� iha\hey_l�

kms_kl\_ggh�kgbablv�\_ebqbgm�Zklb]fZlbafZ� 
JZkq_lu�jy^Z� ko_f� k� \h]gmlufb�^bnjZdpbhggufb�j_r_ldZfb�gZ�djm]_�

JhmeZg^Z� b� \g_� _]h� b� bkke_^h\Zgby� hilbfZevguo� mkeh\bc� bo� jZ[hlu�

baeh`_gu�\�>���@� 
 
2°��=heh]jZnbq_kdb_�\h]gmlu_�j_r_ldb 
 
=heh]jZnbq_kdb_� j_r_ldb� h[uqgh� ba]hlZ\eb\Zxl� gZ� kn_jbq_kdbo�

\h]gmluo� ih\_joghklyo�� Kms_kl\m_l� g_kdhevdh� lbih\� lZdbo� j_r_lhd��

J_r_ldb� lbiZ� I ih�nhdmkbjmxsbf� k\hckl\Zf�ih^h[gu� \h]gmluf�gZj_aguf�

j_r_ldZf��>ey�bo�ba]hlh\e_gby�bkihevamxl�^\Z�iZjZee_evguo�dh]_j_glguo�

imqdZ��dZd�bah[jZ`_gh�gZ�jbk�������Rljbob�]heh]jZnbq_kdbo�j_r_lhd�lbiZ�I, 
dZd�b�gZj_aguo��wd\b^bklZglgu�ih�ohj^_��<h]gmlu_�]heh]jZnbq_kdb_�j_r_ldb�

g_�bf_xl�h]jZgbq_gbc�ih�hlghkbl_evghfm�hl\_jklbx� �fh`gh�ba]hlZ\eb\Zlv�

j_r_ldb� k� hl\_jklb_f� ^h� ���–������ J_r_ldb� lbiZ� I p_e_khh[jZagh�

bkihevah\Zlv� \� l_o� kemqZyo�� dh]^Z� g_h[oh^bfu� ihgb`_gguc� mjh\_gv�

jZkk_yggh]h� k\_lZ� b� \ukhdh_� hlghr_gb_� kb]gZe�rmf� ijb� j_]bkljZpbb�

ki_dljZ� 
<h]gmlu_�j_r_ldb�lbiZ�II nhdmkbjmxl�ki_dlj�gZ�djm]_�JhmeZg^Z��dZd�b�

j_r_ldb�lbiZ�I��h^gZdh�hgb�h[eZ^Zxl�agZqbl_evgh�f_gvrbf�Zklb]fZlbafhf�b�

Z[_jjZpbyfb��Ijb� bo� ba]hlh\e_gbb bkihevamxl� ^\Z� lhq_qguo� dh]_j_glguo�
bklhqgbdZ� k\_lZ�� ^Zxsbo� jZkoh^ysb_ky� imqdb�� Bklhqgbdb� fh]ml� [ulv�

jZkiheh`_gu� \� ijhba\hevguo� lhqdZo� ]eZ\ghc� iehkdhklb� j_r_ldb��

FZl_fZlbq_kdbf� iml_f� fh`gh� gZclb� lZdb_� iheh`_gby� bklhqgbdh\�� ijb�

dhlhjuo� ^ey� aZ^Zggh]h� ki_dljZevgh]h� ijb[hjZ� �aZ^Zgghc� h[eZklb� ki_dljZ��

^bki_jkbb�b�ij���Zklb]fZlbaf�hdZau\Z_lky�mf_gvr_gguf�\�g_kdhevdh�jZa�ih�

kjZ\g_gbx� k� j_r_ldZfb� lbiZ� I�� Fh`gh� lZd`_� fbgbfbabjh\Zlv� b� ^jm]b_�

Z[_jjZpbb�\h]gmlhc�j_r_ldb��J_r_ldb�lbiZ�II �p_e_khh[jZagh�bkihevah\Zlv�\�
l_o�ko_fZo��dhlhjuf�k\hckl\_g_g�Zklb]fZlbaf��gZijbf_j�\�ki_dljh]jZn_�ih�

ko_f_�B]ey�beb�\�fhghojhfZlhj_�K_cy–GZfbhdZ��kf�����.5). 
J_r_ldb� lbiZ� III ^Zxl� kh\_jr_ggh� klb]fZlbq_kdh_� bah[jZ`_gb_� ^ey�

lj_o� ^ebg� \heg� ki_dljZ�� Z� \� hklZevguo� qZklyo� ki_dljZ� Zklb]fZlbaf� fh`_l�

[ulv�g_\_ebd��GZ�jbk�������Z�ihdZaZgZ�ko_fZ�jZkiheh`_gby�\hegh\uo�njhglh\�

imqdh\�ijb�ba]hlh\e_gbb�gZ�kn_jbq_kdhc�ih^eh`d_�\h]gmlhc�j_r_ldb� lbiZ�

III. H^bg�ba�lhq_qguo�dh]_j_glguo�bklhqgbdh\��:) gZoh^blky�kljh]h�\�p_glj_�
djb\bagu�ih\_joghklb�j_r_ldb��<lhjhc� �<) fh`_l�gZoh^blvky�\�ijhba\hev-
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ghf� f_kl_�� <� ij_^_eZo� m]eh\h]h� jZkl\hjZ� dZ`^h]h� ba� imqdh\� ihdZaZgu�

\hegh\u_�njhglu�� hlklhysb_� ^jm]� hl� ^jm]Z� gZ� �0���� ]^_� �0 —� ^ebgZ� \hegu�

dh]_j_glguo� bklhqgbdh\�� @bjgufb� lhqdZfb hlf_q_gu� imqghklb� klhyqbo�
\heg� \� h[eZklb�i_j_djulby�imqdh\�� kh\iZ^Zxsb_� k�ih\_joghklvx� j_r_ldb��

Wlb� lhqdb� ihdZau\Zxl� jZkiheh`_gb_� ihemqZxsboky� rljboh\� \� ^Zgghf 
k_q_gbb� j_r_ldb��NhdZevgZy� djb\Zy� j_r_ldb� lbiZ� III ^ey�f_jb^bhgZevguo�
imqdh\� �e_`Zsbo�\�]eZ\ghc�iehkdhklb�j_r_ldb��ij_^klZ\ey_l�kh[hc�g_�djm]�

JhmeZg^Z�� Z� djb\mx� lbiZ� e_fgbkdZlu�� ijhoh^ysmx� q_j_a� p_glj� j_r_ldb� b�

p_glj� __� djb\bagu�� dZd� ihdZaZgh� gZ� jbk�� ����,[�� WlZ� djb\Zy� ljb`^u�
i_j_k_dZ_l� nhdZevgmx� ebgbx� kZ]bllZevguo� imqdh\� �imqdh\�� iehkdhklv�

dhlhjuo�i_ji_g^bdmeyjgZ�]eZ\ghc�iehkdhklb�j_r_ldb��—�\�lhqdZo�:��<�b�K��

Ke_^h\Zl_evgh�� j_r_ldZ� bf__l� ljb� klb]fZlbq_kdb_� lhqdb�� :�� <� b� K�� ?keb�

bklhqgbd�k\_lZ��gZijbf_j��\oh^gZy�s_ev�ki_dljZevgh]h�ijb[hjZ��gZoh^blky�\�

h^ghc� ba� wlbo� lhq_d�� \� ^\mo� ^jm]bo� \hagbdZxl� _]h� klb]fZlbq_kdb_�

bah[jZ`_gby��Ijb�wlhf�\uihegyxlky�khhlghr_gby 
 

�0 = d sin�,  ! = kAB,  ! = AC/k.     (9.27) 
 

 
 
Jbk�� ������ Ko_fZ� ba]hlh\e_gby� �Z�� b� f_jb^bhgZevgu_� (I) b� kZ]bllZevgu_� �2) 
nhdZevgu_� djb\u_� �[�� \h]gmlhc� ]heh]jZnbq_kdhc� j_r_ldb�� :� — p_glj� djb\bagu�
ih\_joghklb��:��<��K�— klb]fZlbq_kdb_�lhqdb 
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A^_kv� ! — jZ^bmk� djb\bagu� kn_jbq_kdhc� ih\_joghklb� j_r_ldb�� d — 
jZkklhygb_�f_`^m�rljboZfb��k — iZjZf_lj��<_ebqbgm�d ijb[eb`_ggh�fh`gh�
kqblZlv�ihklhygghc��lZd�dZd�baf_g_gb_�rZ]Z�\^hev�j_r_ldb�hq_gv�fZeh� 
 

LZ[ebpZ���� 
>ebgu�\heg�\�ki_dlj_��ihiZ^Zxsb_�\�klb]fZlbq_kdb_�lhqdb�:�� 
<�b�K�ijb jZaebqguo�iheh`_gbyo�bklhqgbdZ�k\_lZ 
 

>ebgZ�\hegu�\�lhqdZo� Iheh`_gb_�

bklhqgbdZ : < K 
 
: 

 
0 

0

q

λ
 0k

q

λ
 

 
< 

0

q

λ
 02

q

λ
 0( 1)k

q

λ+  

 
K 

0k
q

λ
 0( 1)k

q

λ+  02k
q

λ
 

 
Bklhqgbd� k\_lZ� fh`gh� ihf_sZlv� \� ex[mx� ba� lj_o� klb]fZlbq_kdbo�

lhq_d��<�lZ[e������ijb\_^_gu�^ebgu�\heg��khhl\_lkl\mxsb_�klb]fZlbq_kdbf�

lhqdZf��Q_j_a�q h[hagZq_g�ihjy^hd�ki_dljZ��?keb�bklhqgbd�k\_lZ�ihf_s_g�\�

lhqdm� <� beb� K�� fh`gh� jZ[hlZlv� \� Z\lhdheebfZpbb�� <� wlhf� kemqZ_� ki_dlj�

gZ[ex^Z_lky� lZf�`_�� ]^_� jZkiheh`_g� bklhqgbd� k\_lZ� �iehkdhklb� iZ^_gby� b�

^bnjZdpbb� emq_c�� dZd� b� \� ex[hc� Z\lhdheebfZpbhgghc� ko_f_�� g_� ^he`gu�

kh\iZ^Zlv�^jm]�k�^jm]hf�� 
GZ� jbk�� ����� ihdZaZgu�nhdZevgu_� djb\u_� ijb� jZaebqguo� iheh`_gbyo�

\lhjh]h� bklhqgbdZ� dh]_j_glguo� \heg� �lhqdb� <�� GZ� jbk�� �����Z� m]he� � b��
ke_^h\Zl_evg  h�� iehlghklv� rljboh\� j_r_ldb� aZ^Zgu�

ihklhyggufb��Ijb�i_j_f_s_gbb�lhqdb�<�baf_gy_lky�^ebgZ�\hegu��k��GZ�jbk��

9.19,[�aZ^ZgZ�^ebgZ�\hegu��ihiZ^ZxsZy�\�lj_lvx�klb]fZlbq_kdmx�lhqdm���k = 
����gf��Ke_^h\Zl_evgh��k = const�b� ]_hf_ljbq_kdbf�f_klhf�lhq_d�<�b�K�ih 
�������y\eyxlky�hdjm`ghklb�k�jZ^bmkZfb�khhl\_lkl\_ggh�!/k b�N! b�p_gljhf�\�
lhqd_�:��GZ� jbkmgd_�ijb\_^_gu� djb\u_�^ey� lj_o� kemqZ_\��M]he� �� \� dZ`^hf�

kemqZ_� jZaguc�� ihwlhfm� iehlghklv� rljboh\� jZaebqgZ�� F_jb^bhgZevgZy�

nhdZevgZy�djb\Zy� \�ijhf_`mld_�f_`^m� klb]fZlbq_kdbfb� lhqdZfb�ijhoh^bl�

^h\hevgh� [ebadh� d� nhdZevghc� ebgbb� ^ey� kZ]bllZevguo� imqdh\�� <� wlbo�

h[eZklyo�Zklb]fZlbaf�g_agZqbl_e_g� 
Mf_gvr_gb_� Zklb]fZlbafZ� ]heh]jZnbq_kdbo� j_r_lhd� \hafh`gh� b� ijb�

g_dhlhjuo�^jm]bo�mklZgh\dZo�>���@� 
=heh]jZnbq_kdb_� j_r_ldb� lbiZ� III ba]hlZ\eb\Zxlky� k� iehlghklvx�

rljboh\� ^h� ����� rlj�ff�� Bo� p_e_khh[jZagh� bkihevah\Zlv� \� l_o� kemqZyo��

dh]^Z�g_h[oh^bf�fZeuc�Zklb]fZlbaf�\�rbjhdhc�h[eZklb�ki_dljZ��Ijbf_jhf�

fh`_l� kem`blv� fbgbZlxjguc� fhghojhfZlhj� HR-��� njZgpmakdhc� nbjfu�
"Jobin — Yvon�� k� hlghkbl_evguf� hl\_jklb_f� ������� ho\Zlu\Zxsbc� h[eZklv�

ki_dljZ�hl�����^h�����gf�ijb�jZaj_rZ_fhf�ki_dljZevghf�bgl_j\Ze_�����gf� 
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DZd� e_]dh� \b^_lv�� rljbob� \h]gmluo� ]heh]jZnbq_kdbo� j_r_lhd� g_�

ijyfhebg_cgu� b� g_� wd\b^bklZglgu�� q_f� b� hij_^_eyxlky� Zklb]fZlbq_kdb_�

k\hckl\Z� wlbo� j_r_lhd�� Mki_ob�� ^hklb]gmlu_� aZ� ihke_^gb_� ]h^u� \�

kh\_jr_gkl\h\Zgbb� ^_ebl_evguo� fZrbg�� iha\heyxl� l_i_jv� ba]hlZ\eb\Zlv 
j_r_ldb� k� lZdbfb�`_� k\hckl\Zfb�f_oZgbq_kdbf� iml_f� >���@��RZ]� b�nhjfZ�

rljboh\� ]heh]jZnbq_kdhc� j_r_ldb� aZ\bkyl� hl� jZkiheh`_gby� bklhqgbdh\�

 
 

Jbk��������NhdZevgu_�djb\u_�\h]gmluo�]heh]jZnbq_kdbo�j_r_lhd�lbiZ�III: Z) �� �const, 
[) �k = const; —�f_jb^bhgZevgZy�nhdZev��– – –��kZ]bllZevgZy�nhdZev���0  �����gf 
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k\_lZ� ijb� aZibkb�� gZj_aghc� j_r_ldb� —� hl� khhlghr_gby� f_`^m� \_ebqbghc�

ih^Zqb� aZ]hlh\db� b� ljZ_dlhjb_c� ^\b`_gby� j_apZ�� >ey� baf_g_gby� ih�

aZ^Zgghfm� aZdhgm� rZ]Z� gZj_adb� b� djb\bagu� rljboh\� \h� \j_fy� gZj_adb�

^_ebl_evgZy�fZrbgZ�\�h[s_f�kemqZ_�^he`gZ�bf_lv�ijh]jZffgh_�mijZ\e_gb_� 
=heh]jZnbq_kdb_� \h]gmlu_� j_r_ldb� lbiZ� I� jZ\ghp_ggu� ih� nh-

dmkbjmxsbf�k\hckl\Zf�gZj_aguf�\h]gmluf�j_r_ldZf�k�ijyfufb�rljboZfb�

b�ihklhygguf�rZ]hf�b�fh]ml�aZf_gylv�bo�\�ex[uo�ijb[hjZo��_keb�lj_[m_lky�

mf_gvrblv�nhg�\�ki_dlj_��=heh]jZnbq_kdb_�j_r_ldb�lbih\� II �b� III, Z�lZd`_�
gZj_agu_� j_r_ldb� k� i_j_f_gguf� rZ]hf� b� djb\hebg_cgufb� rljboZfb�

wnn_dlb\gu�lhevdh�^ey�l_o�mklZgh\hd��^ey�dhlhjuo�hgb�jZkkqblZgu� 
 
 
§������KI?DLJ:EVGU?�IJB;HJU�K�<H=GMLUFB� 
����������>BNJ:DPBHGGUFB�J?R?LD:FB 
 
<� hkgh\_� [hevrbgkl\Z� \ZjbZglh\� hilbq_kdbo� ko_f� ijb[hjh\� k�

\h]gmlufb� j_r_ldZfb� e_`bl� djm]� JhmeZg^Z��Ih^jh[guc� ZgZeba� jZaebqguo�

ko_f�bf__lky�\�>�������@��JZkkfhljbf�gZb[he__�jZkijhkljZg_ggu_�ko_fu� 
Ko_fZ� IZr_gZ–Jmg]_� bkihevam_l� \_kv� djm]� JhmeZg^Z�� gZ� dhlhjhf�

`_kldh�mdj_ie_gu� \oh^gZy�s_ev�b�j_r_ldZ��DZkk_lZ�fh`_l�jZkiheZ]Zlvky�\�

ex[hc� lhqd_� djm]Z��Ijb[hju�� ihkljh_ggu_� ih� wlhc� ko_f_�� bf_xl� djm]emx 
nhjfm� k� ^bZf_ljhf�� jZ\guf� ^bZf_ljm� djm]Z� JhmeZg^Z�� Ijb� [hevrbo�

jZ^bmkZo�djb\bagu�j_r_ldb�\�ki_dljh]jZn�ijboh^blky�ij_\jZsZlv�[hevrmx�

aZl_fg_ggmx� dhfgZlm�� jZaf_sZy� \� g_c� gZ� [_lhgguo� hkgh\Zgbyo� j_r_ldm��

s_ev�b�gZijZ\eyxsb_�^ey�dj_ie_gby�dZkk_lu� 
<�ijb[hjZo��ihkljh_gguo�ih� ko_f_�IZr_gZ–Jmg]_�� k_cqZk�bkihevamxl�

j_r_ldb�k�jZ^bmkhf�djb\bagu�g_�[he__� ��f��Qlh[u�ijb[hju�[ueb�g_�hq_gv�

]jhfha^dbfb�� iehkdhklv� djm]Z� JhmeZg^Z� �]eZ\gmx� iehkdhklv� j_r_ldb��

jZkiheZ]Zxl�\_jlbdZevgh��Lh]^Z�\oh^gZy�s_ev�b�rljbob�j_r_ldb�gZijZ\e_gu�

]hjbahglZevgh�� Ih� wlhc� ko_f_� kljhyl� ijb[hju� ^ey� dhebq_kl\_ggh]h�

ki_dljZevgh]h� ZgZebaZ� �d\Zglhf_lju��� AgZqbl_evgZy� ^ebgZ� hdjm`ghklb�� gZ�

dhlhjhc� nhdmkbjm_lky� ki_dlj�� iha\hey_l� jZaf_sZlv� gZ� g_c� [hevrh_�

dhebq_kl\h� \uoh^guo� s_e_c� b�

gZkljZb\Zlv� dZ`^mx� gZ� hij_^_e_ggmx�

ki_dljZevgmx�ebgbx� 
Ko_fZ� B]ey� hq_gv� dhfiZdlgZ� k�

dhgkljmdlb\ghc� lhqdb� aj_gby�� HgZ�

y\ey_lky�Z\lhdheebfZpbhgghc��ihkdhevdm�

m]he� iZ^_gby� %� ijbf_jgh� jZ\_g� m]em�

^bnjZdpbb� 3� �jbk�� ������� Ijb[hj��

ihkljh_gguc�ih� wlhc�ko_f_��fh`_l�[ulv�

aZdexq_g� \� m^h[guc� ih� nhjf_� dh`mo��

<oh^gZy� s_ev� qZs_� \k_]h� [u\Z_l�

kfhglbjh\ZgZ�gZ�[hdh\hc�qZklb�ijb[hjZ��

K\_l� gZijZ\ey_lky� \� klhjhgm� j_r_ldb� k�

ihfhsvx� ijbafu� ihegh]h� \gmlj_gg_]h�
 

Jbk��������Ko_fZ�B]ey 
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hljZ`_gby� beb� a_jdZeZ�� gZoh^ys_]hky� g_fgh]h� \ur_� beb� gb`_� iehkdhklb�

ki_dljZ� �lZdmx� ko_fm� gZau\Zxl� ijhkljZgkl\_gghc���Ijb� ijhkljZgkl\_gghf�

jZkiheh`_gbb� j_r_ldb��s_eb� b� ki_dljZ� aZ� kq_l� bkdjb\e_gby� ki_dljZevguo�

ebgbc�s_ev�b�__�bah[jZ`_gb_�g_�iZjZee_evgu�^jm]�^jm]m��Wlh�bf__l�f_klh�\�

ex[hf�ki_dljZevghf�ijb[hj_��m�dhlhjh]h�p_glju�s_eb�b�__�bah[jZ`_gby�g_�

e_`Zl�\�iehkdhklb�]eZ\gh]h�k_q_gby�^bki_j]bjmxs_]h�we_f_glZ� 
Ijb� i_j_kljhcd_� jZ[hq_c� h[eZklb� ki_dljZ� \� ko_f_� B]ey� g_h[oh^bfh�

baf_gylv� iheh`_gb_� dZkk_lu� b� j_r_ldb�� qlh[u� khojZgbehkv� mkeh\b_�

jZkiheh`_gby�bo�gZ�djm]_�JhmeZg^Z��gZ�jbk�������bah[jZ`_gu�^\Z�iheh`_gby�

j_r_ldb�b�dZkk_lu�� 
Ko_fu� ^ey� \Zdmmfghc� h[eZklb� ki_dljZ��H[eZklv� ki_dljZ� k� ^ebgZfb�

\heg�dhjhq_� ����gf� �\ZdmmfgZy�h[eZklv�ki_dljZ��\ke_^kl\b_�fZehklb�^ebgu�

\hegu�jZkiheZ]Z_lky�hq_gv�[ebadh�d�gme_\hfm�ihjy^dm�ki_dljZ�j_r_ldb��LZd��

k� j_r_ldhc� ����� rlj�ff� �d = ���� fdf�� ijb� m]e_� iZ^_gby�� jZ\ghf� gmex��
i_j\uc�ihjy^hd�^ebgu�\hegu����gf�gZ[ex^Z_lky�ijb�m]e_�^bnjZdpbb�\k_]h�

����>ey�dhfiZdlghklb�\k_c�mklZgh\db�b�h[e_]q_gby�hldZqdb�__�^h�ohjhr_]h�

\ZdmmfZ�m]he�iZ^_gby�lZd`_�\u[bjZxl�[ebadbf�d�ghjfZeb (5-������Ijb[hju�k�
ghjfZevguf�iZ^_gb_f�emq_c�fh]ml�jZ[hlZlv�\�\Zdmmfghc�h[eZklb�ki_dljZ�hl�

���^h�����gf��H^gZdh�ijb�f_gvrbo�^ebgZo�\heg�bo�bkihevah\Zlv�g_�m^Z_lky��

HljZ`Zl_evgZy� kihkh[ghklv� \k_o� fZl_jbZeh\� k� mf_gvr_gb_f� ^ebgu� \hegu�

gb`_�����gf�[ukljh�iZ^Z_l��GZijbf_j��dZd�\b^gh�ba�jbk��������Zexfbgb_\Zy�

ih\_joghklv� m`_� ijb� ��  � ��� gf� ih� ghjfZeb� ihqlb� gbq_]h� g_� hljZ`Z_l��<�

mkeh\byo� kdhevays_]h� iZ^_gby� k\_lZ� dhwnnbpb_gl� hljZ`_gby� Zexfbgby�

g_kdhevdh� \ur_�� >ey� memqr_gby� hljZ`_gby� Zexfbgb_\mx� ih\_joghklv�

j_r_ldb�bgh]^Z�ihdju\Zxl�keh_f�nlhjbklh]h�fZ]gby�beb�jh^by��<�h[eZklb�

^ebg�\heg�dhjhq_� ���gf�ohjhr__�hljZ`_gb_�ijb�kdhevays_f�iZ^_gbb�^Zxl�

j_r_ldb�� gZj_aZggu_� gZ� kl_de_�� K\_lhkbeZ� ki_dljZevguo� ijb[hjh\�

kdhevays_]h� iZ^_gby� g_\_ebdZ� ba-aZ� agZqbl_evgh]h� Zklb]fZlbafZ� b�

g_[hevrbo�^himklbfuo�jZaf_jh\�j_r_lhd� 

Hilbq_kdZy�ko_fZ�ki_dljh]jZnZ�kdhevays_]h�iZ^_gby��ijbf_gyxs_]hky�

\�h[eZklb�dhjhldh\hegh\h]h�\Zdmmfgh]h�mevljZnbhe_lZ�k�^ebgZfb�\heg�hl���

^h����gf��ihdZaZgZ�gZ�jbk������� 

Jbk��������Ko_fZ�ki_dljh]jZnZ�kdhevays_]h�iZ^_gby 
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JZaebqgu_� ijbf_ju� ki_dljh]jZnh\� b� fhghojhfZlhjh\� ^ey� \Zdmmfghc�

h[eZklb�ki_dljZ�ijb\_^_gu�\�>������@� 
MklZgh\dZ� \h]gmlhc� kn_jbq_k-

dhc� j_r_ldb� \� iZjZee_evguo� emqZo�

ih� ko_f_� <h^k\hjlZ� ihdZaZgZ� gZ� jbk��

������>ey�jZkkfhlj_gby�nhdmkbjmxs_]h�

^_ckl\by� lZdhc� ko_fu� ijbf_f� \�

hkgh\guo� khhlghr_gbyo� �������b� �������

agZq_gb_� f1 = ���Lh]^Z� ^ey� iheh`_gby�
ki_dljZ� gZ� nhdZevghc� ih\_joghklb�

ihemqZ_f 
2

2
cos

,
cos cos

f
ρ ϕ
ψ ϕ

=
+

  (9.28) 

Z�^ey�iheh`_gby�kZ]bllZevgh]h�nhdmkZ 

2 .
cos cos

f
ρ

ψ ϕ
+ ∆ =

+
 (9.29) 

 
H[Z�\ujZ`_gby�kh\iZ^Zxl�ijb�3�  0, qlh�^Z_l�hlkmlkl\b_�Zklb]fZlbafZ��

<_jrbgZ�nhdZevghc�ih\_joghklb�gZoh^blky�gZ�jZkklhygbb 

2 1 cos 2
f

ρ ρ
ψ

= ≈
+

.     (9.30) 

 

Ihwlhfm�\�lZdhc�ko_f_�ki_dlj�jZkiheZ]Z_lky�\[ebab�ghjfZeb�d�j_r_ld_�

�\�jZchg_�fZeuo�m]eh\�^bnjZdpbb���]^_�Zklb]fZlbaf�fZe��Ijb�m^Ze_gbb�hl�3 = 
��Zklb]fZlbq_kdZy�jZaghklv�ihkl_i_ggh�\hajZklZ_l� 

2sin

cos cos

ρ ϕ
ψ ϕ

∆ =
+

.                                            (9.31) 

 

Ko_fZ� <h^k\hjlZ� bf__l� ij_bfms_kl\Z� i_j_^� mklZgh\dhc� gZ� djm]_�

JhmeZg^Z�� <h-i_j\uo�� ]Z[Zjblu� ijb[hjZ� mf_gvrZxlky� ijbf_jgh� \^\h_� ih�

kjZ\g_gbx� kh� ko_fhc� ghjfZevgh]h� iZ^_gby�� <h-\lhjuo�� qlh� [he__� \Z`gh��
ko_fZ�<h^k\hjlZ�h[eZ^Z_l�djZcg_�fZeuf�Zklb]fZlbafhf� 

<k_f�ijb\_^_gguf�\ur_�ko_fZf�ijbkms�h[sbc�g_^hklZlhd��khklhysbc�

\�lhf��qlh�ijb�baf_g_gbb�jZ[hq_c�h[eZklb�ki_dljZ�ijboh^blky�k�ih\hjhlhf�b�

i_j_f_s_gb_f�j_r_ldb�baf_gylv�b�iheh`_gb_�dZkk_lu��beb�\uoh^ghc�s_eb���

Ijb� nhlh]jZnbjh\Zgbb� wlZ� hkh[_gghklv� gZkljhcdb� ijb[hjZ� g_� kha^Z_l�

g_m^h[kl\��h^gZdh�hgZ�g_`_eZl_evgZ�ijb�bkihevah\Zgbb�ijb[hjZ�\�dZq_kl\_�

fhghojhfZlhjZ� 
<� dhjhldh\hegh\hc� MN� h[eZklb� ki_dljZ�� ]^_� bkihevamxlky� ijb[hju�

kdhevays_]h�iZ^_gby��dhgkljmbjmxl�fhghojhfZlhju� k�^\mfy�^\b`msbfbky�

maeZfb�� ij_^ihqblZy� i_j_f_sZlv� \oh^gmx�s_ev� k� bklhqgbdhf� baemq_gby� b�

j_r_ldhc�� Z� \uoh^gmx� s_ev� b� ijb_fgbd� hklZ\eylv� g_ih^\b`gufb��

Bkihevah\Zgb_� ]heh]jZnbq_kdhc� j_r_ldb� k� ^hihegbl_evghc� dhfi_gkZpb_c�

Z[_jjZpbc� lhjhb^Zevghc� ih\_joghklvx� j_r_ldb� iha\hey_l� kha^Z\Zlv�

fhghojhfZlhju� kdhevays_]h� iZ^_gby�� i_j_kljZb\Z_fu_� h^gbf� ebrv�

 
Jbk��������MklZgh\dZ�\h]gmlhc�j_r_l-
db�ih�ko_f_�<h^k\hjlZ�\�ijZee_evguo�

emqZo 
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\jZs_gb_f�j_r_ldb��Ijb�wlhf�we_f_glu�ijb[hjZ�hdZau\Zxlky�jZkiheh`_g-
gufb�g_�gZ�djm]_�JhmeZg^Z� 

Ko_fZ K_cy–GZfbhdZ� �jbk�� ������ ijbf_gy_lky� k� j_r_ldZfb�� gZ-
j_aZggufb�gZ�kn_jbq_kdbo�ih\_joghklyo��JZkiheh`_gb_�\oh^ghc�b�\uoh^ghc�

s_e_c� gZ� djm]_� JhmeZg^Z� \� wlhc� ko_f_� gZc^_gh� l_hj_lbq_kdb� ba� mkeh\by�

gZbf_gvr_]h� baf_g_gby� jZkklhygbc� hl�

j_r_ldb�^h� \oh^ghc�b� \uoh^ghc�s_e_c�

f1� b� f2� ijb� ih\hjhl_� j_r_ldb�� Wlh�

mkeh\b_� khhl\_lkl\m_l� gZbf_gvr_c�

jZknhdmkbjh\d_� ki_dljZ�� Hgh�

\uihegy_lky�ijb f1 = f2 = !�cos(35°7'30"), 
]^_�!�—�jZ^bmk�djb\bagu�j_r_ldb� 

<� fhghojhfZlhj_�� kh[jZgghf� ih�

ko_f_� K_cy–GZfbhdZ� b� bf_xs_f��

gZijbf_j�� j_r_ldm� k� ���� rlj�ff� k�

jZ^bmkhf� djb\bagu� �� f�� ih\hjhlhf�

j_r_ldb� gZ� ���� fh`gh� ihemqblv� gZ�

\uoh^ghc� s_eb� ex[mx� ^ebgm� \hegu� \�

h[eZklb� ki_dljZ� hl� \Zdmmfghc�

mevljZnbhe_lh\hc� ^h� ���� gf� ijb�

jZknhdmkbjh\d_� g_� [he__� ����� ff�� >ey�

kjZ\g_gby�mdZ`_f��qlh�\�fhghojhfZlhj_�

ghjfZevgh]h� iZ^_gby� k� lhc� `_� j_r_ldhc� ijb� ih\hjhl_� __� gZ� m]he� ���

^_nhdmkbjh\dZ�ki_dljZ�[ueZ�[u�\����jZa�[hevr_� 
G_^hklZldhf� ko_fu� K_cy–GZfbhdZ� y\ey_lky� gZebqb_� kjZ\gbl_evgh�

[hevrh]h� Zklb]fZlbafZ�� DZd� ke_^m_l� ba� jbk�� ������ ijb� m]eZo� iZ^_gby� b�

^bnjZdpbb�� [ebadbo� d� ��-����� ^ebgZ� \_jlbdZevgh]h� nhdZevgh]h� hlj_adZ�
^hoh^bl�^h�����hl�^ebgu�rljboZ�j_r_ldb��Ihwlhfm�\�lZdbo�fhghojhfZlhjZo�

p_e_khh[jZagh� ijbf_gylv� j_r_ldb� k� Zkn_jbq_kdbfb� ih\_joghklyfb��

gZijbf_j� k� lhjhb^Zevgufb�� beb� ]heh]jZnbq_kdb_�� LZd�� ijb� aZf_g_�

kn_jbq_kdhc� j_r_ldb� gZ� lhjhb^Zevgmx� k\_lhkbeZ� fhghojhfZlhjZ� ijb�

\oh^ghc�s_eb�\ukhlhc����ff�ih\urZ_lky�\���jZaZ��Z�ijb�fZehc�\ukhl_�s_eb�

�ihjy^dZ���ff��gZ[ex^Z_lky���-djZlgh_�m\_ebq_gb_�k\_lhkbeu� 
<hafh`ghklv� bkihevah\Zgby�fhghojhfZlhjZ�K_cy–GZfbhdZ� \� dZq_kl\_�

ihebojhfZlhjZ�beb�ki_dljh]jZnZ�ijhZgZebabjh\ZgZ�\�>���@� 
 

*                           * 
* 

>bnjZdpbhggu_� j_r_ldb� ijbf_gbfu� \h� \k_f� hilbq_kdhf� ^bZiZahg_�

ki_dljZ��Ijb[hju�k�j_r_ldZfb�iha\heyxl�bkihevah\Zlv�fbgbfZevgh_�qbkeh�

hljZ`Zxsbo�ih\_joghkl_c�—�^h�h^ghc��\�ijb[hjZo�k�\h]gmlufb�j_r_ldZfb���

Wlh�iha\hey_l�kha^Z\Zlv�ki_dljZevgu_�ijb[hju�\�djZcg_c�dhjhldh\hegh\hc�

h[eZklb� ki_dljZ�� ]^_� hljZ`ZxsZy� kihkh[ghklv� fZl_jbZeh\� fZeZ�� <� l_o�

kemqZyo�� dh]^Z� j_rZxs_c� y\ey_lky� k\_lhkbeZ�� ij_bfms_kl\h� lZd`_� hdZau-
\Z_lky�aZ�j_r_ldhc��jZaf_j�dhlhjhc�fh`_l�[ulv�\_kvfZ�\_ebd� 

H^gZdh� ih� jy^m� nZdlhjh\� ^bnjZdpbhggu_� ijb[hju� mklmiZxl�

ijbaf_gguf��GZijbf_j��ijhimkdZgb_�ki_dljZevgh]h�ijb[hjZ��hij_^_eyxs__�

 
Jbk�� ������ MklZgh\dZ� \h]gmlhc�

j_r_ldb�ih�ko_f_�K_cy–GZfbhdZ 
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gZjy^m� k� ]_hf_ljbq_kdbf� nZdlhjhf� _]h� k\_lhkbem�� \� kemqZ_� ijbaf_gguo�

ijb[hjh\� [he__� jZ\ghf_jgh� ih� ki_dljm�� q_f� \� kemqZ_� ^bnjZdpbhgguo�� <�

ihke_^gbo� ijhimkdZgb_� hij_^_ey_lky� wnn_dlb\ghklvx� j_r_ldb�� dhlhjZy�

kbevgh�aZ\bkbl�hl�^ebgu�\hegu��Ihl_jb��\ghkbfu_�j_r_ldhc�ijb�hljZ`_gbb�

hl� g__� baemq_gby�� \� agZqbl_evghc� f_j_� jZkoh^mxlky� gZ� gZ]j_\Zgb_�

f_lZeebq_kdhc� ih\_joghklb� j_r_ldb�� Ijb� [hevrhc� iehlghklb� baemq_gby�

�gZijbf_j��\�eZa_jghf�imqd_��ih\_joghklv�j_r_ldb�fh`_l�[ulv�ih\j_`^_gZ��

Ihl_jb� `_�� \ghkbfu_� ijbafZfb�� hij_^_eyxlky� ]eZ\guf� h[jZahf�

nj_g_e_\kdbf�hljZ`_gb_f�gZ�]jZgyo�b�jZkk_ygb_f�gZ�g_h^ghjh^ghklyo� 
 
<HIJHKU 
��� Ihq_fm� \� ki_dljhkdhibb� \u]h^gh� bkihevah\Zlv� j_r_ldb� kh�

klmi_gqZluf�ijhnbe_f�rljboZ" 
��� Ihq_fm� \Z`gh� agZlv� m]he� [e_kdZ� j_r_ldb"� GZjbkmcl_� ijhnbev�

rljboZ�j_r_ldb�b�ihdZ`bl_�m]he�[e_kdZ� 
���Qlh�lZdh_�k\h[h^gZy�ki_dljZevgZy�h[eZklv" 
���Qlh�gZau\Zxl�^ebghc�ki_dljZ" 
���DZd�ba[_`Zlv�gZeh`_gby�ihjy^dh\�\�ijb[hj_�k�j_r_ldhc" 
���Qlh�lZdh_�kdj_sb\Zgb_�^bki_jkbc" 
��� GZjbkmcl_� ijhnbev�rljboZ� j_r_ldb� wr_ee_�� ij_^gZagZq_gghc� ^ey�

jZ[hlu� \� ihjy^dZo� \[ebab� khlh]h� \� \b^bfhc� h[eZklb� ki_dljZ�� GZc^bl_�

\_ebqbgm�k\h[h^ghc�ki_dljZevghc�h[eZklb� 
���DZd�baf_gy_lky�hljZ`Zl_evgZy�kihkh[ghklv�j_r_ldb�\^hev�ki_dljZ�\�

dZ`^hf�ba�ihjy^dh\" 
��� Dh]^Z� \� ki_dlj_�� ihemq_gghf� k� j_r_ldhc�� ijbkmlkl\mxl� eh`gu_�

ebgbb��^mob�" 
���Qlh�lZdh_�ghjfZevguc�ki_dlj" 
���� Q_f� h]jZgbq_g� fZdkbfZevguc� jZaf_j� ^bnjZdpbhgghc� j_r_ldb�

�iehkdhc��\h]gmlhc�" 
����Hl�q_]h�aZ\bkyl�iheyjbamxsb_�k\hckl\Z�klmi_gqZlhc�j_r_ldb" 
���� <� q_f� jZaebqb_� k\hckl\� gZj_aguo� b� ]heh]jZnbq_kdbo� iehkdbo�

j_r_lhd" 
����DZd�^_eZxl�j_iebdb�j_r_lhd�b�dZdh\u�bo�k\hckl\Z" 
���� DZdh\u� hkgh\gu_� k\hckl\Z� \h]gmlhc� j_r_ldb� �\� hlebqb_� hl�

iehkdhc�" 
���� DZd� fh`gh� mkljZgblv� beb� mf_gvrblv� Zklb]fZlbaf� \h]gmlhc�

j_r_ldb" 
����Fh]ml� eb� gZj_agu_� \h]gmlu_� j_r_ldb� bf_lv� lZdb_�`_� nhdZevgu_�

djb\u_��dZd�b�]heh]jZnbq_kdb_" 
���� Q_f� hij_^_ey_lky� k\_lhkbeZ� ijb[hjh\� k� iehkdbfb� b� \h]gmlufb�

j_r_ldZfb" 
���� H[yaZl_evgh� eb� ijb[hju� k� \h]gmlufb� j_r_ldZfb� ^he`gu� [ulv�

ihkljh_gu�gZ�hkgh\_�djm]Z�JhmeZg^Z" 
����<�q_f�khklhyl�ij_bfms_kl\Z�b�g_^hklZldb�ko_fu�K_cy–GZfbhdZ" 
����DZdh\u�hkh[_gghklb�ko_fu�<h^k\hjlZ" 
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= e Z \ Z���� 
 
BGL?JN?J?GPBHGGU? 
KI?DLJ:EVGU?�IJB;HJU 
 
 
 
Bgl_jn_j_gpbhggufb� ki_dljZevgufb� ijb[hjZfb� ijbgylh� gZau\Zlv�

ijb[hju��\�dhlhjuo�bkihevam_lky�bgl_jn_j_gpby�ijb�jZaghklb�oh^Z�^h���
5-

106
�^ebg� \heg��LZdb_�ijb[hju�bf_xl�jZaj_rZxsmx� kihkh[ghklv�^h� ��/�� §�

106-107��>bki_j]bjmxsbf� we_f_glhf� \� gbo� kem`bl� h[uqgh� bgl_jn_jhf_lj�

NZ[jb–I_jh��K�jZa\blb_f�eZa_jghc�l_ogbdb�bgl_jn_jhf_lj�NZ[jb–I_jh�gZ�
r_e�lZd`_�rbjhdh_�ijbf_g_gb_�\�dZq_kl\_�eZa_jguo�j_ahgZlhjh\�� 

Hkh[_gghklvx� bgl_jn_jhf_ljZ� NZ[jb–I_jh�� hlebqZxs_c� _]h� hl� jZk�

kfZljb\Z\rboky� \ur_�s_e_\uo� ijb[hjh\�� y\ey_lky� hk_\Zy� kbff_ljby��Wlh�

iha\hey_l�gZ�\oh^_�b�gZ�\uoh^_�ijb[hjZ�bkihevah\Zlv�djm]eu_�hl\_jklby��Z�

g_�s_eb��qlh�^Z_l�\ub]jur�\�k\_lhkbe_�gZ��-��ihjy^dZ� 
 
�������BGL?JN?JHF?LJ�N:;JB-I?JH 
 

Hkgh\ghc�qZklvx�bgl_jn_jhf_ljZ�NZ[jb–I_jh�y\eyxlky�^\Z�qZklbqgh�
hljZ`Zxsbo�a_jdZeZ��iZjZee_evguo�^jm]�^jm]m��—�kbkl_fZ��m`_�jZkkfhlj_g�

gZy�gZfb�\��������b������A_jdZeZ�fh]ml�[ulv�gZg_k_gu�gZ�\gmlj_gg_c�ih\_jo�

ghklb�^\mo�kl_deygguo�beb�d\Zjp_\uo�ieZklbg�beb�gZ�gZjm`guo�ih\_jogh�

klyo�h^ghc�iehkdhiZjZee_evghc�ieZklbgu��<lhjZy�kbkl_fZ��qZs_�gZau\Z_fZy�

wlZehghf�NZ[jb–I_jh��ijbf_gy_lky�\�l_o�kemqZyo��dh]^Z�g_l�g_h[oh^bfhklb�
\Zjvbjh\Zlv� jZkklhygb_�f_`^m� a_jdZeZfb�b�ih� mkeh\byf� wdki_jbf_glZ� lj_�

[mxlky�dhfiZdlghklv�b�`_kldhklv�kbkl_fu� 
 

����H[jZah\Zgb_�bgl_jn_j_gpbhgghc�dZjlbgu 
 

JZkkfhljbf�ijhoh`^_gb_�k\_lh\h]h�imqdZ�q_j_a�bgl_jn_jhf_lj�NZ[jb–
I_jh� k� ^\mfy� h^bgZdh\ufb� a_jdZeZfb�� jZkiheh`_ggufb� gZ� jZkklhygbb� L 
^jm]� hl� ^jm]Z� b� bf_xsbfb� ijhimkdZgb_� L� b� dhwnnbpb_glu� hljZ`_gby� ih�

fhsghklb�R �jbk���������H^bgZdh\u_�a_jdZeZ�gZb[he__�\u]h^gu�k�lhqdb�aj_�
gby� fZdkbfmfZ� ijhoh^ys_]h� q_j_a� bgl_jn_jhf_lj� k\_lh\h]h� ihlhdZ� >������

����@��Kj_^Z�f_`^m�a_jdZeZfb�bf__l�ijhajZqghklv�ih�fhsghklb�L�kj�b�ihdZaZ�

l_ev�ij_ehfe_gby�i� 
Ihlhd�k\_lZ��iZ^Zxsbc�gZ�bgl_jn_jhf_lj�kh�klhjhgu�ebgau�2, khklhbl�

ba�fgh`_kl\Z�iZjZee_evguo�imqdh\��\uoh^ysbo�ba�jZaguo�lhq_d�bklhqgbdZ�1. 
<ke_^kl\b_�fgh]hdjZlguo�hljZ`_gbc�hl� a_jdZevguo�ih\_joghkl_c�ijhbkoh�

^bl�jZks_ie_gb_�dZ`^h]h�imqdZ�gZ�[_kdhg_qgh_�qbkeh�m[u\Zxsbo�ih�Zfieb�

lm^_�imqdh\�k�jZaghklvx�nZa� ��L f_`^m�khk_^gbfb�imqdZfb��hij_^_ey_fhc�
\ujZ`_gb_f��������Ijb�bgl_jn_j_gpbb�wlbo�imqdh\�\hagbdZxl�ihehku�jZ\gh-
]h�gZdehgZ� �\�^Zgghf�kemqZ_�dhevpZ���ehdZebah\Zggu_�\�[_kdhg_qghklb��>ey�

bo�gZ[ex^_gby�kem`bl�ebgaZ�3, nhdmkbjmxsZy�bah[jZ`_gb_�bklhqgbdZ�k\_lZ�

b�dhe_p�gZ�_]h�nhg_�gZ�wdjZg_�4. 
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J_amevlbjmxsZy�dZjlbgZ�\�nhdZevghc�iehkdhklb�ebgau�3 y\ey_lky�ijh�
ba\_^_gb_f� nmgdpbb�� h[mkeh\e_gghc� ^bnjZdpb_c� gZ� hl\_jklbb� bgl_jn_jh�

f_ljZ��b�nmgdpbb��ihemq_gghc�\�j_amevlZl_�fgh]hemq_\hc�bgl_jn_j_gpbb��<�

wlhf�hlghr_gbb�bf__lky�ihegZy�ZgZeh]by�k�^bnjZdpbhgghc�j_r_ldhc��]e������

<ke_^kl\b_� [hevrh]h� ^bZf_ljZ� hl\_jklby� bgl_jn_jhf_ljZ�� h[uqgh� ij_\u�

rZxs_]h� ��kf��m]eh\Zy�rbjbgZ�]eZ\gh]h�^bnjZdpbhggh]h�fZdkbfmfZ�hq_gv�

fZeZ��Ihwlhfm�^ey�gZ[ex^_gby�iheghc�bgl_jn_j_gpbhgghc�dZjlbgu�gZ�bg�

l_jn_jhf_lj�ke_^m_l�gZijZ\eylv�fgh`_kl\h�iehkdbo�\heg�\k_\hafh`guo�gZ�

ijZ\e_gbc��l�_��bkihevah\Zlv�bklhqgbd�k\_lZ�[hevrbo�m]eh\uo�jZaf_jh\��?keb�

`_� gZ� bgl_jn_jhf_lj� iZ^Z_l� h^gZ� iehkdZy� \hegZ�� gZ� wdjZg_� h[jZam_lky� ^b�

njZdpbhggh_� bah[jZ`_gb_� lhqdb� k� mq_lhf� jZaghklb�nZa� bgl_jn_jbjmxsbo�

imqdh\� 
IjhajZqghklv� bgl_jn_jhf_ljZ� NZ[jb–I_jh� ^ey� fhghojhfZlbq_kdh]h�

baemq_gby�\ujZ`Z_lky�nhjfmehc��������Ijb�h^bgZdh\uo�a_jdZeZo�wlm�nhjfm�

em�fh`gh�aZibkZlv 

( ) ( )

2
kj

NI 2 2
kj kj

.
1 4 sin

T T
T

T R T R Lβ
=

− +
   (10.1) 

 

<� aZ\bkbfhklb� hl� m]eZ� gZdehgZ� 3� emq_c� hlghkbl_evgh� hkb� baf_gy_lky�

jZaghklv�nZa���L��kf���������b��ke_^h\Zl_evgh��f_gy_lky�\_ebqbgZ�LNI��DZd�b�\�

kemqZ_��jZah[jZgghf�\��������kf��jbk�������� fZdkbfZevgZy�ijhajZqghklv�NZ[�

jb–I_jh�khhl\_lkl\m_l�hilbq_kdhc�jZaghklb�oh^Z�khk_^gbo�imqdh\��jZ\ghc 
2 cosLn qϕ λ= ,    (10.2) 

Z�fbgbfZevgZy�—�hilbq_kdhc�jZaghklb�oh^Z 

2Ln
1

cos ,
2

q = +  
ϕ λ    (10.3) 

 
 

Jbk�� ������ H[jZah\Zgb_� bgl_jn_j_gpbhgghc� dZjlbgu� k� ihfhsvx� bgl_jn_jhf_ljZ�

NZ[jb–I_jh��1 — ijhly`_gguc�bklhqgbd� k\_lZ��2 — dheebfbjmxsZy�ebgaZ��3 — 
h[t_dlb\�� h[jZamxsbc�gZ� wdjZg_�4 bah[jZ`_gb_�bklhqgbdZ� k\_lZ�b� dhe_p�jZ\gh]h�
gZdehgZ 
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]^_�q —�ihjy^hd�bgl_jn_j_gpbb��AgZq_gby�ijhajZqghklb�\�fZdkbfmfZo�b�fb�

gbfmfZo�fh`gh�gZclb�ba��������k�mq_lhf��������b�(10.3): 

( )
2

cj
NI fZdk 2

kj

;
1

T T
T

T R
=

−
  

NI fbgT =

( )
2

cj
2

kj

.
1

T T

T R+
  (10.4) 

 

Hlghr_gb_�LNI� fZdk� / LNI� fbg�gZau\Zxl� dhgljZklhf�bgl_jn_j_gpbhgghc�

dZjlbgu 

NIfZdk NIfbg/K 7 7=
2

kj

kj

1

1

T R

T R

 +
=   − 

.   (10.5) 

?keb� a_jdZeZ� bgl_jn_jhf_ljZ� b� kj_^Z� f_`^m� gbfb� g_� bf_xl� ihl_jv��

ijhajZqghklv�\�fZdkbfmfZo�jZ\gZ�_^bgbp_��Z�djb\u_�ijhajZqghklb�b�hljZ`_�

gby� \aZbfgh� ^hihegyxl� ^jm]� ^jm]Z�

�jbk�� �����Z,[��� Ijb� gZebqbb� ihl_jv�

ijhajZqghklv�\�fZdkbfmfZo�g_�^hoh^bl�

^h�_^bgbpu� 
IjhajZqghklv� bgl_jn_jhf_ljZ��

hibku\Z_fZy� \ujZ`_gb_f� �������� g_�

^hklb]Z_l� gme_\uo� agZq_gbc�� bf_xlky�

lhevdh�fbgbfmfu�� jZkiheh`_ggu_� ih�

kj_^bg_�f_`^m�fZdkbfmfZfb��K�nbab�

q_kdhc�lhqdb�aj_gby�wlh�y\ey_lky�ke_^�

kl\b_f� g_jZ\_gkl\Z� Zfieblm^� [_kdh�

g_qgh]h� qbkeZ� bgl_jn_jbjmxsbo� imq�

dh\� �\� hlebqb_� hl� kemqZy� ^bnjZdpbhg�

ghc�j_r_ldb��]^_�bgl_jn_jbjmxl�N em�
q_c� jZ\guo� Zfieblm^��� H^gZdh� qbkeh�

bgl_jn_jbjmxsbo� imqdh\� fh`gh� kqb�

lZlv�[_kdhg_qgh�[hevrbf�lhevdh�\�lhf�

kemqZ_�� _keb� iZ^Zxsbc� imqhd� h]jZgb�

q_g� ih� k_q_gbx� i_j_^� bgl_jn_jhf_l�

jhf�� Z� a_jdZeZ� bf_xl� [hevrmx� ijhly�

`_gghklv� b� ijb� [hdh\hf� kf_s_gbb�

jZks_ib\rboky� imqdh\� g_� ijhbkoh^bl�

h[j_aZgby�imqdh\�hijZ\hc�bgl_jn_jhf_ljZ� 
 
2°. M]eh\Zy�b�ebg_cgZy�^bki_jkbb 
 
?keb�\�iZ^Zxs_f�gZ�bgl_jn_jhf_lj�k\_lh\hf�ihlhd_�ijbkmlkl\m_l�ba�

emq_gb_� jZaebqguo� ^ebg� \heg�� ^ey� dZ`^hc� ba� gbo� h[jZam_lky� k\hy� kbkl_fZ�

bgl_jn_j_gpbhgguo�dhe_p�k�h^gbf�b�l_f�`_�p_gljhf��gh�k�jZagufb�m]eh\u�

fb� iheh`_gbyfb� fZdkbfmfh\� b� fbgbfmfh\�� l�_�� baemq_gb_� jZaeZ]Z_lky� \�

ki_dlj� 
M]eh\mx� ^bki_jkbx�bgl_jn_jhf_ljZ�gZc^_f� ^bnn_j_gpbjh\Zgb_f� mk�

eh\by�fZdkbfmfh\��������ih�3�b�ih�� 

 
Jbk������� Djb\u_� ijhajZqghklb� LNI 
b� hljZ`_gby� R bgl_jn_jhf_ljZ�

NZ[jb–I_jh� �ijb� �R = 0,6, T = 0,4, 
Tkj = 1 
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.
� � VLQ

d q

d L

ϕ
ϕ

=     (10.6) 

Ihkdhevdm� m]he� 3� fZe�� Z� ihjy^hd� bgl_jn_j_gpbb� jZ\_g q=2L / � �� ba�
�������ihemqZ_f 

�

d

d

ϕ
=

1
,

λϕ
     (10.7) 

hldm^Z�\b^gh��qlh�m]eh\Zy�^bki_jkby�g_�aZ\bkbl�hl�lhesbgu�bgl_jn_jhf_ljZ��

HgZ�hq_gv�\_ebdZ�\�p_glj_�bgl_jn_j_gpbhgghc�dZjlbgu��ijb�3��:����b�m[u�

\Z_l� k� jhklhf� m]eZ� 3��Ba� ������� fh`gh� ihemqblv� \ujZ`_gb_� ^ey� ebg_cghc�

^bki_jkbb� 
2

� �

dl f

d l
= .     (10.8) 

A^_kv�l —�dhhj^bgZlZ��hlkqblu\Z_fZy�hl�p_gljZ�bgl_jn_j_gpbhgghc�dZjlbgu�

�jZ^bmk�dhe_p��� f —�nhdmkgh_�jZkklhygb_�h[t_dlb\Z��Nhjfmem� �������fh`gh�

aZibkZlv�\�\b^_��m^h[ghf�^ey�jZkq_lZ�jZagbpu�\�^ebgZo�\heg� G� beb�qZklhlZo�
dv f_`^m�dhfihg_glZfb�bgl_jn_j_gpbhgghc�dZjlbgu�ih�baf_j_gguf�ebg_c�
guf�jZkklhygbyf�dl f_`^m�gbfb� 

2

�

�

d d l
dl

f

ν
ν

= = .    (10.9) 

Hlkx^Z�ohjhrh�\b^gh��qlh�k�m\_ebq_gb_f�jZ^bmkZ�dhe_p� l�\k_�f_gvrbc�eb�

g_cguc�bgl_j\Ze�dl�khhl\_lkl\m_l�h^gbf�b�l_f�`_�bgl_j\ZeZf�G��beb�dv, l�_��k�
jhklhf�jZ^bmkZ�^bki_jkby�m[u\Z_l� 

>ey� ihkljh_gby� djb\hc� ^bki_jkbb� bgl_jn_jhf_ljZ� \� dhhj^bgZlZo� � = 
f(D), ]^_�D — ̂ bZf_lj�dhe_p��fh`gh�\hkihevah\Zlvky�nhjfmehc 

2
0

2
0

� �
,

� 8

D

f

− =      (10.10) 

dhlhjmx�e_]dh�ihemqblv�ba��������ijb�cos�3 §���– 32/2. Q_j_a��0 \���������h[h�

agZq_gZ�^ebgZ�\hegu��^ey�dhlhjhc�fZdkbfmf�bgl_jn_j_gpbb�ihjy^dZ�q khhl�
\_lkl\m_l�p_gljm�dZjlbgu��l�_���Ln = T�0. 

=jZnbdhf� ^bki_jkbb� m^h[gh� ihevah\Zlvky� ^ey� gZoh`^_gby� jZaghkl_c�

^ebg�\heg��1  b��2 ih�baf_j_gguf�^bZf_ljZf�D1 b�D2�bo
 
dhe_p�\�h^ghf�b�lhf�

`_�ihjy^d_�q. 
 
����K\h[h^gZy�ki_dljZevgZy�h[eZklv��h[eZklv�^bki_jkbb� 
 
<� bgl_jn_j_gpbhgghc� dZjlbg_� ijhbkoh^bl� gZeh`_gb_� ki_dljh\� khk_^�

gbo� ihjy^dh\� bgl_jn_j_gpbb�� <_ebqbgm� k\h[h^ghc� ki_dljZevghc� h[eZklb�

�h[eZklb� ^bki_jkbb��� jZ\gmx� jZkklhygbx� f_`^m� khk_^gbfb� fZdkbfmfZfb��

\ujZ`_gghfm�\�^ebgZo�\heg��fh`gh�gZclb�^bnn_j_gpbjh\Zgb_f��������ih�q b�
���IheZ]Zy�ijb�wlhf�ûq� ���b�cos3 §����bf__f 

 

û�� = �2/2L = �/q.                                                      (10.11) 
 

H[eZklv�^bki_jkbb�bgl_jn_jhf_ljZ�qZklh�\ujZ`Zxl�\�kf–1�beb�F=p� 
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[ ]1 61 1
kf � �� F=p �

2 2L L
ν ν− − ∆ = ∆ = ⋅    (10.12) 

lh]^Z�hgZ�aZ\bkbl�lhevdh�hl�lhesbgu�bgl_jn_jhf_ljZ��H[eZklv�^bki_jkbb�\�

kf–1
�gZau\Zxl�ihklhygghc�bgl_jn_jhf_ljZ� 

 
4°. JZaj_rZxsZy�kihkh[ghklv 
 
:iiZjZlghc�nmgdpb_c�bgl_jn_jhf_ljZ�y\ey_lky�m]eh\h_�jZkij_^_e_gb_�

�������� dhlhjh_�bf__l�fhghojhfZlbq_kdbc� k\_lh\hc�ihlhd�gZ� \uoh^_�ba�bg�

l_jn_jhf_ljZ��?keb� \�baemq_gbb�ijbkmlkl\mxl�[ebadb_�^ebgu�\heg� �1 b� �2, 
m]eh\u_� jZkij_^_e_gby� bo� k\_lh\uo� ihlh-
dh\� qZklbqgh� i_j_dju\Zxlky�� <� dZq_kl\_�

djbl_jby� jZaj_r_gby� wlbo� ^\mo� ^ebg� \heg�

ijbgbfZxl�mkeh\b_�i_j_k_q_gby�bo�jZkij_�

^_e_gbc�\�lhqdZo����LNIfZdk��jbk���������Ijb�

wlhf� kmffZjgZy� djb\Zy� bf__l� \� k_j_^bg_�

ijh\Ze�]em[bghc�ijbf_jgh����LNIfZdk. 
IjbjZ\gb\Zy� ijhajZqghklv� LNI (10.1) 

iheh\bg_� fZdkbfZevgh]h� agZq_gby� LNIfZdk 
(10.4���gZoh^bf�agZq_gb_�sin �L�\�lhqd_�i_�
j_k_q_gby�djb\uo�gZ�jbk������� 

 

kj
1 2

kj

1
(sin )

2

T R
L

T R
β

−
= ± .    (10.13) 

 

Ihkdhevdm� \_ebqbgZ� �/ \� lhqd_� i_j_�
k_q_gby� fZeh� hlebqZ_lky� hl� T�, \_ebqbgm�
(sin �/)1/2�\�\ujZ`_gbb���������fh`gh�aZf_�

gblv�ijbjZs_gb_f�Zj]mf_glZ��/.�IjbjZs_�

gb_� �/ gZoh^bf� ^bnn_j_gpbjh\Zgb_f� \u�
jZ`_gby��������<�j_amevlZl_�ihemqZ_f 

1 2(sin )Lβ = ( ) ( )sin 2 sin .
�

q L L L
ππ δ β δ β ϕδϕ+ = = −        (10.14) 

Ih^klZ\eyy���������\����������bf__f 

kj

kj

1

2

T R

T R

−
= ± 2 sin

�
L

π ϕδϕ .   (10.15) 

BlZd��m]eh\h_�jZkklhygb_�hl�p_gljZ�bgl_jn_j_gpbhggh]h�fZdkbfmfZ�^h�

lhqdb�i_j_k_q_gby�djb\uo�gZ�jbk�������jZ\gh 

kj

kj

1
.

2 sin2

T R

LT R

λδϕ
ϕπ

−
= ±     (10.16) 

>ey�gZoh`^_gby�fbgbfZevgh]h�jZaj_rbfh]h�bgl_j\ZeZ�^ebg�\heg��ij_�

^_eZ�jZaj_r_gby��/��= �2 – �1 ^_ebf�m^\h_ggmx�\_ebqbgm�/3�gZ�m]eh\mx�^bk�

i_jkbx�������� 

 
 
 
Jbk�� ������ D� gZoh`^_gbx� jZaj_-
rZxs_c� kihkh[ghklb� bgl_jn_�

jhf_ljZ�NZ[jb–I_jh 
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kj

kj

1
2 .

T Rd

d q T R

λ λδλ δϕ
ϕ π

−
= =    (10.17) 

<_ebqbgZ� /�� ij_^klZ\ey_l� kh[hc�rbjbgm� bgkljmf_glZevgh]h� dhglmjZ�

beb�ZiiZjZlghc�nmgdpbb�bgl_jn_jhf_ljZ�NZ[jb–I_jh��Ba� ��������gZoh^bf�
jZaj_rZxsmx�kihkh[ghklv�bgl_jn_jhf_ljZ� 

 

kj

wnn
kj

,
1

T R
q qN

T R
= =

−

πλ
δλ

    (10.18) 

]^_ 

wnnN = kj

kj1

T R

T R

π
−

              (10.19) 

 

y\ey_lky�wnn_dlb\guf�qbkehf�bgl_jn_jbjmxsbo�emq_c��l�_��qbkehf�h^bgZ�

dh\uo� ih� Zfieblm^_� emq_c�� h[_ki_qb\Zxsbo� lZdmx�`_� jZaj_rZxsmx� kih�

kh[ghklv��dZd�b�[_kdhg_qgh_�qbkeh�emq_c�k�m[u\Zxs_c�Zfieblm^hc� 
DZd�\b^gh�ba� ���������jZaj_rZxsZy� kihkh[ghklv�bgl_jn_jhf_ljZ� aZ\b�

kbl� hl� ihjy^dZ� bgl_jn_j_gpbb� b� hl� dhwnnbpb_glZ� hljZ`_gby� a_jdZe� �ijh�

ajZqghklv�kj_^u�f_`^m�a_jdZeZfb�Lkj�h[uqgh�[ebadZ�d�_^bgbp_�� 
Ba���������b���������fh`gh�ihemqblv 
 

û� = /� Nwnn.                                                      (10.20) 
 

LZdbf�h[jZahf��rbjbgZ�ZiiZjZlghc�nmgdpbb�bgl_jn_jhf_ljZ�/��k\yaZgZ�

k�\_ebqbghc� k\h[h^ghc� ki_dljZevghc�h[eZklb�û��q_j_a�Nwnn��AgZy�\_ebqbgm�

Nwnn��fh`gh�kjZam�kdZaZlv��dZdmx�^hex�hl�h[eZklb�^bki_jkbb�û��khklZ\ey_l�

rbjbgZ�ZiiZjZlghc�nmgdpbb�/���>ey�hp_ghd�ihe_agZ�lZ[ebpZ��k\yau\ZxsZy�

\_ebqbgm�Nwnn�k�R �kf��lZ[e�������� 
 

LZ[ebpZ������� 
Wnn_dlb\gh_�qbkeh�bgl_jn_jbjmxsbo�emq_c�Nwnn 

ijb�jZaguo�agZq_gbyo�TcpR 
 

TkjR Nwnn TkjR Nwnn 

0,80 14 0,95 61,5 
0,85 19,3 0,97 103 
0,90 30 0,98 156 
0,92 38 0,99 314 

 
<_ebqbgm�Nwnn�gZau\Zxl�lZd`_�nZdlhjhf�j_adhklb�bgl_jn_j_gpbhgghc�

dZjlbgu�beb� �hkljhlhc�ihehk�b�h[hagZqZxl�qZklh�q_j_a�F (finesse���NZdlhj�

j_adhklb�ihdZau\Z_l��\h�kdhevdh�jZa�rbjbgZ�bgl_jn_j_gpbhggh]h�fZdkbfmfZ�

f_gvr_�jZkklhygby�f_`^m�khk_^gbfb�fZdkbfmfZfb� 
Fh`gh� ^mfZlv�� qlh� k� ih\ur_gb_f� dhwnnbpb_glh\� hljZ`_gby� a_jdZe�

jZaj_rZxsZy� kihkh[ghklv� bgl_jn_jhf_ljZ� [_a]jZgbqgh� \hajZklZ_l�� Wlh�
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kijZ\_^eb\h�� h^gZdh�� lhevdh� \� kemqZ_� b^_Zevgh]h� bgl_jn_jhf_ljZ� NZ[jb–
I_jh��<�j_Zevghf�bgl_jn_jhf_lj_�g_iZjZee_evghklv�a_jdZe��^_n_dlu�bo�ih�

\_joghkl_c� b� ^jm]b_� ijbqbgu� \ghkyl� bkdZ`_gby� \� m]eh\h_� jZkij_^_e_gb_�

k\_lh\h]h�ihlhdZ��jZkrbjyy�bgl_jn_j_gpbhggu_�fZdkbfmfu�b�f_gyy�bo�nhj�

fm� >����@��Ba]hlh\e_gb_�hilbq_kdbo�ih\_joghkl_c�k�hlklmie_gbyfb�hl�iehk�

dhklb��g_�ij_\urZxsbfb��gZijbf_j��������^ey�\b^bfh]h�k\_lZ��ij_^klZ\ey_l�

kh[hc�ljm^gmx�aZ^Zqm��Hkgh\ghc�ijh[e_fhc�y\ey_lky�dhgljhev�klhev�fZeuo�

^himkdh\�� IeZklbgu� bgl_jn_jhf_ljZ� h[uqgh� ba]hlZ\eb\Zxl� ihiZjgh� lZd��

qlh[u� ^_n_dlu� h^ghc� ieZklbgu� dhfi_gkbjh\Zebkv� ^_n_dlZfb� ^jm]hc� �gZ�

ijbf_j��qlh[u�\uimdehklv�gZ�h^ghc�khhl\_lkl\h\ZeZ�\h]gmlhklb�gZ�^jm]hc�� 
<� ohjhr_f� bgl_jn_jhf_lj_�NZ[jb–I_jh� hlklmie_gby� hl� ihklhygkl\Z�

lhesbgu�fh]ml�[ulv�§�������Ba�khhlghr_gby�q = 2L/� gZoh^bf��qlh�baf_g_gb_�
lhesbgu�gZ�ûL = �����kf_sZ_l�dhevph�gZ������ihjy^dZ��Wlh�ijb\h^bl�d�jZa�

fu\Zgbx�dZjlbgu��jZaj_r_gb_�mf_gvrZ_lky��IZ^Z_l�b�hk\_s_gghklv�dhe_p��

ihkdhevdm�h[s__�dhebq_kl\h�k\_lZ��ijboh^ys__ky�gZ�^Zgguc�ihjy^hd��hklZ_l�

ky�ij_`gbf��Hq_\b^gh��qlh�\�wlhf�kemqZ_�g_�bf__l�kfukeZ�bkihevah\Zlv�a_j�

dZeZ� k�dhwnnbpb_glZfb�hljZ`_gby��ij_\urZxsbfb� ������dhlhju_� kh]eZkgh�

lZ[e�� ����� \iheg_� h[_ki_qb\Zxl�rbjbgm� bgkljmf_glZevgh]h� dhglmjZ� /�� � = 
û�/20. 

>ey�ih\ur_gby�jZaj_rZxs_c�kihkh[ghklb�j_Zevgh]h�bgl_jn_jhf_ljZ�k�

g_�hq_gv�ohjhrbfb�a_jdZeZfb�ijboh^blky�^bZnjZ]fbjh\Zlv�\oh^ghc�imqhd��

gZijZ\eyy�_]h�q_j_a�gZbemqrbc�mqZklhd�ih\_joghkl_c�ieZklbg��Ijb�jZ[hl_�k�

emqhf�g_[hevrh]h�^bZf_ljZ�� �gZijbf_j�eZa_jguf��fh`gh�bkihevah\Zlv�a_j�

dZeZ�k�dhwnnbpb_glZfb�hljZ`_gby���-98%. 
 
����Fmevlbie_dk-�b�fgh]hijhoh^ghc�bgl_jn_jhf_lju 
 
Fh`gh��h[hclb��khhlghr_gb_����������l�_��jZkrbjblv�h[eZklv�^bki_jkbb�

bgl_jn_jhf_ljZ� û�� ijb� aZ^Zgghf� jZaj_r_gbb� /�� beb�� gZh[hjhl�� ih\ukblv�

jZaj_r_gb_��gh� khojZgblv�ij_`g_c� \_ebqbgm�h[eZklb�^bki_jkbb��>ey� wlh]h�

bkihevamxl� fmevlbie_dk-bgl_jn_jhf_lj� —� ^\Z� ihke_^h\Zl_evgh� jZkiheh�

`_gguo� bgl_jn_jhf_ljZ� NZ[jb–I_jh� k� jZagufb� lhesbgZfb� �jbk�� �����Z). 
Ihkdhevdm� m]eh\Zy� ^bki_jkby� bgl_jn_jhf_ljZ� ih� ������� g_� aZ\bkbl� hl� _]h�

lhesbgu��gZijZ\e_gby�fZdkbfZevgh]h�ijhimkdZgby�h[hbo�bgl_jn_jhf_ljh\�

^ey�h^ghc�b�lhc�`_�^ebgu�\hegu�kh\iZ^Zxl� 
:iiZjZlgZy� nmgdpby� fmevlbie_dk-bgl_jn_jhf_ljh\� y\ey_lky� ijhba\_�

^_gb_f�ZiiZjZlguo�nmgdpbc�h[hbo�bgl_jn_jhf_ljh\��Z�dhgljZkl�jZ\_g�ijh�

ba\_^_gbx� dhgljZklh\��Ijb� hlghr_gbb� lhesbg� bgl_jn_jhf_ljh\�� djZlghf�

p_ehfm�qbkem��h[eZklv�^bki_jkbb�fmevlbie_dk-bgl_jn_jhf_ljZ�hij_^_ey_lky�
h[eZklvx�^bki_jkbb�lhgdh]h�bgl_jn_jhf_ljZ��Z�jZaj_rZxsZy�kbeZ�hdZau\Z�

_lky�g_kdhevdh�[hevr_��q_f�m�lheklh]h�bgl_jn_jhf_ljZ� 
Qj_a\uqZcgh�fZeZy�ki_dljZevgZy�rbjbgZ�eZa_jguo�ebgbc�k^_eZeZ�\ha�

fh`gufb�bkke_^h\Zgby�keZ[h]h�fhe_dmeyjgh]h�jZkk_ygby��lhgdhc�kljmdlmju�

djuev_\�ebgbc�jZkk_ygby�b�^j��>ey�wlbo�p_e_c�bkihevamxl�fgh]hijhoh^gu_�

bgl_jn_jhf_lju�� \� dhlhjuo� k\_l� ijhoh^bl� q_j_a� bgl_jn_jhf_lj� ^\Z`^u��

ljb`^u�b�l�^���jbk�������[�\�]���>ey�ih\hjhlZ�emqZ�\�fgh]hijhoh^ghf�bgl_jn_�
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jhf_lj_�bkihevam_lky�ljbiev-ijbafZ��ij_^klZ\eyxsZy�kh[hc�m]he�dm[Z��Emq��

iZ^Zxsbc gZ� ijbafm� kh� klhjhgu� hkgh\Zgby� ihke_� lj_odjZlgh]h� ihegh]h�

\gmlj_gg_]h�hljZ`_gby�hl�]jZg_c�ijbafu�\uoh^bl�ba�g__�h[jZlgh�iZjZee_ev�

gh� iZ^Zxs_fm� emqm�� ijbq_f� ijhba\hevgu_� gZdehgu� ijbafu� hlghkbl_evgh�

iZ^Zxs_]h�emqZ�g_�gZjmrZxl�iZjZee_evghklb�iZ^Zxs_]h�b�hljZ`_ggh]h�em�

q_c� 
J_amevlbjmxsZy�hkljhlZ�ihehk�Fn n-ijhoh^gh]h�bgl_jn_jhf_ljZ�b�dhg�

ljZkl�Kn�jZ\gu 

( ) 1 21
1 2 1n

nF F
−

= − ,    (10.21) 

 

1
n

nC C= ,     (10.22) 

 
]^_�F1 b�K1 hij_^_eyxlky�nhjfmeZfb���������b�������� 

 
����HljZ`Zxsb_�bgl_jn_jhf_lju 
 
<�ihke_^g__�\j_fy�agZqbl_evgh_�\gbfZgb_�m^_eyxl�hljZ`Zl_evghc�bg�

l_jn_jhf_ljbb�>����@��DZd�\b^gh�ba�jbk��������oZjZdl_jbklbdZ�hljZ`_gby�bg�

l_jn_jhf_ljZ��h[jZs_gZ��ih�hlghr_gbx�d�oZjZdl_jbklbd_�ijhimkdZgby��HgZ�

bf__l�rbjhdh_�ieZlh�\ukhdh]h�hljZ`_gby�b�madb_�ijh\Zeu��\�b^_Zevghf�kem�

qZ_� ^hoh^ysb_� ^h� gmey�� K� mq_lhf� ih]ehs_gby� \� a_jdZeZo� ijh\Zeu� ke_]dZ�

Zkbff_ljbqgu�b�g_fgh]h� k^\bgmlu�ih�nZa_�hlghkbl_evgh�fZdkbfmfh\�ijh�

imkdZgby� 
HljZ`Zxsb_� bgl_jn_jhf_lju� bf_xl� jy^� ^hklhbgkl\� ih� kjZ\g_gbx� k�

h[uqgufb��LZd�� \� kemqZ_�nhlhwe_dljbq_kdhc�j_]bkljZpbb�ijb�gZkljhcd_�gZ�

 
 

Jbk����������Fmevlbie_dk-bgl_jn_jhf_lj����Z����^\mo-  ([����lj_o-  (\��b�iylbijhoh^guc�
(]���bgl_jn_jhf_lju 
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fbgbfmf� hljZ`_gby� j_adh� kgb`Zxlky� ^jh[h\u_�rmfu� nhlhijb_fgbdZ� �aZ�

kq_l�lh]h��qlh�\�wlhf�kemqZ_�nhlhlhd�ijb_fgbdZ�fbgbfZe_g��Z�g_�fZdkbfZe_g��

dZd�ijb�jZ[hl_�k�ijhimkdZxsbf�bgl_jn_jhf_ljhf���Djhf_�lh]h��djmlbagZ�oZ�

jZdl_jbklbdb�hljZ`Zl_evgh]h�bgl_jn_jhf_ljZ�[hevr_��q_f�\�kemqZ_�ijhimk�

dZgby��<�j_amevlZl_�qj_a\uqZcgh�\hajZklZ_l�qm\kl\bl_evghklv�bgl_jn_jhf_l�

jZ�d�baf_g_gbx�^ebgu�\hegu�k\_lZ�beb�gZ[_]Z�nZau� 
>jm]h_� ij_bfms_kl\h� hlghkblky� d� baf_j_gbyf� k� ]_l_jh^bgbjh\Zgb_f��

HljZ`_gguc�hl�i_j\hc�ih\_joghklb�emq���gme_\hc��emq��\ujZ`Z_fuc�i_j\uf�

keZ]Z_fuf� \� ��������bf__l� kh\_jr_ggh�bgu_� ki_dljZevgu_�b�^j��oZjZdl_jb�

klbdb�� q_f� emq�� \uoh^ysbc� bagmljb� bgl_jn_jhf_ljZ� �\lhjh_� keZ]Z_fh_� \�

���������H^bgZdh\Zy�gZijZ\e_gghklv�wlbo�emq_c�b�]_hf_ljbq_kdh_�kh\iZ^_gb_�

bo�ihe_c�^_eZxl� hq_gv� m^h[guf�bo� kf_r_gb_�gZ�nhlh^_l_dlhj_��?s_�h^gZ�

hkh[_gghklv�khklhbl�\�lhf��qlh��gme_\hc��emq�f]gh\_ggh�j_Z]bjm_l�gZ�baf_�

g_gb_�iZ^Zxs_]h�k\_lZ��Z�ihe_��\uoh^ys__�bagmljb�bgl_jn_jhf_ljZ��nhjfb�

jm_lky�k�aZiZa^u\Zgb_f�\�khhl\_lkl\bb�kh�\j_f_g_f�mklZgh\e_gby�dhe_[Zgbc�

\� j_ahgZlhj_��Wlh� iha\hey_l� bkihevah\Zlv� hljZ`Zxsbc� bgl_jn_jhf_lj� ^ey�

bkke_^h\Zgby�bfimevkh\� 
Ijbf_g_gb_�f_lZeeh^bwe_dljbq_kdbo�a_jdZe�k�j_adh�\ujZ`_gghc�Zkbf�

f_ljb_c�hljZ`_gby��\ukhdbc�dhwnnbpb_gl�hljZ`_gby�\gmljb�bgl_jn_jhf_l�

jZ��g_h[oh^bfuc�^ey� kha^Zgby�[hevrh]h� qbkeZ�bgl_jn_jbjmxsbo�emq_c��b�

fZeh_�hljZ`_gb_�\�klhjhgm�bklhqgbdZ�k\_lZ��iha\hey_l�kha^Zlv�hljZ`Zxsbc�

bgl_jn_jhf_lj� k� �g_h[jZs_gghc�� qZklhlghc� oZjZdl_jbklbdhc�� ih^h[guc�

ijhimkdZxs_fm�bgl_jn_jhf_ljm��jbk�������Z). 
 
 

§10.2.  BKIHEVAH<:GB?�BGL?JN?JHF?LJ:�N:;JB–I?JH�<�

KI?DLJ:EVGUO�IJB;HJ:O 
 
�����Kdj_sb\Zgb_�^bki_jkbc 
 
K\h[h^gZy� ki_dljZevgZy� h[eZklv� bgl_jn_jhf_ljZ� NZ[jb–I_jh� hq_gv�

fZeZ��GZijbf_j��^ey�bgl_jn_jhf_ljZ�lhesbghc���ff�ijb��� �����gf�\_ebqbgZ�

û��ih���������khklZ\ey_l�\k_]h�������gf��Ihwlhfm�ijb�jZ[hl_�k�bgl_jn_jhf_l�

jhf�NZ[jb–I_jh�g_h[oh^bfZ�[he__�kbevgZy�^hihegbl_evgZy�fhghojhfZlbaZ�
pby�baemq_gby�� q_f�ijb� jZ[hl_� k� j_r_ldZfb� \� \ukhdbo�ihjy^dZo��>ey� wlhc�

p_eb� fh`gh� bkihevah\Zlv� madb_� k\_lhnbevlju�� gZijbf_j� bgl_jn_j_g-
pbhggu_��H^gZdh� qZs_� bgl_jn_jhf_lj�NZ[jb–I_jh� ijbf_gyxl� k� ijbaf_g�
gufb�beb�^bnjZdpbhggufb�ki_dljZevgufb�ijb[hjZfb� 

Kms_kl\mxl� ^\Z� kihkh[Z� �kdj_sb\Zgby�� bgl_jn_jhf_ljZ�NZ[jb–I_jh�
kh�ki_dljZevgufb�ijb[hjhf�—�\g_rgbc�b�\gmlj_ggbc��<�i_j\hf�kemqZ_�bg�

l_jn_jhf_lj�jZkiheZ]Zxl�i_j_^� \oh^ghc�s_evx�ijb[hjZ� �jbk�� �����Z���Bah�

[jZ`_gb_�bgl_jn_j_gpbhgguo�dhe_p�h[t_dlb\hf�\ukhdh]h�dZq_kl\Z�ijh_pb�

jmxl� gZ� \oh^gmx�s_ev��?keb�s_ev� ki_dljh]jZnZ�ijb� wlhf� ^hklZlhqgh�rb-
jhdZ�� ki_dljZevgu_�ebgbb�hdZau\Zxlky�i_j_k_q_ggufb�mqZkldZfb�bgl_jn_�

j_gpbhgguo�dhe_p��jbk�������� 
Ijb�\gmlj_gg_f�jZkiheh`_gbb��jbk�������[��bgl_jn_jhf_lj�NZ[jb–I_jh�

ihf_sZxl� \� iZjZee_evghf� imqd_� emq_c�� \� dhlhjhf� gZoh^blky� b� ^bki_j]b�
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jmxsZy� kbkl_fZ� ijb[hjZ��<gmlj_g�

gyy� mklZgh\dZ� [he__� dhfiZdlgZ�� h^�

gZdh�hgZ�\hafh`gZ��ebrv�_keb�f_`�

^m� dheebfZlhjhf� b� ijbaf_gghc� qZ�

klvx� ki_dljh]jZnZ� bf__lky� ^hklZ�

lhqgh� f_klZ� ^ey� bgl_jn_jhf_ljZ� b�

ijb� wlhf� \gmljv� ki_dljh]jZnZ� g_�

ijhgbdZ_l�ihklhjhggbc�k\_l� 
?keb� p_glj� bgl_jn_j_gpbhg�

ghc�dZjlbgu�ijb�\g_rg_c�mklZgh\d_�

kh\f_s_g� k� p_gljhf�s_eb�� \k_� eb�

gbb� i_j_k_dZxl� bgl_jn_j_gpbhg�

gmx� dZjlbgm� ih� ^bZf_ljm�� Ijb�

\gmlj_gg_c� mklZgh\d_� p_glj� bgl_j�

n_j_gpbhgguo�dhe_p�kh\f_sZ_lky�k�

p_gljhf�lhevdh�h^ghc�ki_dljZevghc�

ebgbb�� >jm]b_� ebgbb� i_j_k_dZxl�

bgl_jn_j_gpbhggmx�dZjlbgm�ih�ohj^Zf� 
 
2°. Nhlh]jZnbq_kdZy�j_]bkljZpby�bgl_jn_jh]jZff 
 
Bgl_jn_j_gpbhggmx� dZjlbgm�fh`gh� knhlh]jZnbjh\Zlv�� _keb� gZ�f_kl_�

wdjZgZ�4 �jbk��������ihf_klblv�nhlhieZklbgdm�beb�nhlhie_gdm��Ijb��kdj_sb�

\Zgbb��bgl_jn_jhf_ljZ�kh�ki_dljh]jZnhf nhlhieZklbgdm�jZkiheZ]Zxl�\�nh�
dZevghc�iehkdhklb�ki_dljh]jZnZ� 

>ey�gZoh`^_gby� jZaghkl_c� ^ebg� \heg�beb� qZklhl�ih�bgl_jn_jh]jZff_�

fh`gh�ihevah\Zlvky�nhjfmeZfb��������b����������H^gZdh�ijb�baf_j_gbyo�^bZ�

 
 
Jbk����������Kihkh[u�\g_rg_c��Z��b�\gmlj_gg_c��[��mklZgh\db�bgl_jn_jhf_ljZ�

NZ[jb–I_jh�ijb�kdj_sb\Zgbb�kh�ki_dljh]jZnhf 
 

 
 
Jbk�� ������ <b^� ki_dljZ�� ihemq_ggh]h�

ijb� kdj_sb\Zgbb� bgl_jn_jhf_ljZ 
NZ[jb–I_jh�khki_dljh]jZnhf 
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f_ljh\�dhe_p�fh]ml�\hagbdgmlv�^hihegbl_evgu_�ljm^ghklb��JZkklhygby�f_`�

^m�lhqdZfb�bgl_jn_jh]jZffu��^Ze_dh�hlklhysbfb�^jm]�hl�^jm]Z��fh]ml�[ulv�

bkdZ`_gu� aZ� kq_l� Z[_jjZpbb� h[t_dlb\Z� �^bklhjkbb��� Ih]j_rghklb� \ghkbl�

lZd`_�djb\bagZ�ki_dljZevguo�ebgbc��GZdhg_p��q_ldhklv�bgl_jn_j_gpbhgghc�

dZjlbgu� �g_� �[u\Z_l� �h^bgZdh\h� �ohjhr_c� �ih� �\k_c� �hdjm`ghklb�\ke_^kl\b_�

g_kh\_jr_gkl\Z� �ih\_joghkl_c� �ieZklbg� �b� �g_b^_Zevghc� �xklbjh\db� �bgl_j�

n_jhf_ljZ� 
;he__�m^h[gZ�h^ghklhjhggyy�bgl_jn_j_gpbhggZy�dZjlbgZ��<�wlhf�kemqZ_�

g_h[oh^bfh� kijh_pbjh\Zlv� bgl_jn_j_gpbhggu_� dhevpZ� gZ� \oh^gmx� s_ev�

ki_dljh]jZnZ�lZdbf�h[jZahf��qlh[u�p_glj�dhe_p�gZoh^beky�aZ�ij_^_eZfb�s_�

eb��Z�kZfZ�s_ev�[ueZ�[u�i_j_k_q_gZ�]hjbahglZevgufb�mqZkldZfb�dhe_p��jbk��

�������?keb�baf_j_gby�ijh\h^ylky�^Ze_dh�hl�p_gljZ�dhe_p��]^_�djb\mx�^bki_j-
kbb�fh`gh�kqblZlv�ebg_cghc��^ey�jZkq_lh\�ihevamxlky�ebg_cghc�bgl_jihey�

pb_c� 
 

����Ki_dljhf_lj�NZ[jb–I_jh 
 

Ki_dljhf_ljhf�NZ[jb–I_jh�fh`gh�gZa\Zlv�kbkl_fm��khklhysmx�ba�dhe�

ebfbjmxs_c�ebgau�2 �jbk���������bgl_jn_jhf_ljZ�NZ[jb–I_jh��h[t_dlb\Z�3 b�
\uoh^gh]h�hl\_jklby��jZkiheh`_ggh]h�\�nhdZevghc�iehkdhklb�4. <oh^gh_�hl�
\_jklb_�\�hlebqb_�hl�s_e_\uo�ki_dljhf_ljh\�g_�y\ey_lky�h[yaZl_evguf��?]h�

bkihevamxl�^ey�mf_gvr_gby�jZkk_yggh]h�k\_lZ�\gmljb�ki_dljhf_ljZ��jZkih�

eZ]Zy� \� iehkdhklb� 1. Bklhqgbd� k\_lZ� ijh_pbjmxl� gZ� g_]h� ^hihegbl_evghc�
ebgahc��B�gZh[hjhl��fh`_l�[ulv� lhevdh� \oh^gh_�hl\_jklb_��Lh]^Z�gZ�f_kl_�

\uoh^gh]h� hl\_jklby� jZkiheZ]Zxl� ijb_fgbd� baemq_gby�� ?keb� ijhoh^ysbc�

q_j_a�bgl_jn_jhf_lj�imqhd� k\_lZ�g_�rbjhd�b�mf_sZ_lky�gZ�ijb_fghc�ieh�

sZ^d_��ijb_fgbd�fh`gh�jZkiheZ]Zlv�g_ihkj_^kl\_ggh�ihke_�bgl_n_jhf_ljZ��

<�h[uqguo�eZ[hjZlhjguo�mklZgh\dZo�ki_dljhf_lj�NZ[jb–I_jh�g_�ij_^klZ\�
ey_l�kh[hc�_^bgh]h�p_eh]h��Z�khklZ\ey_lky�ba�hl^_evguo�i_j_qbke_gguo�\ur_�

we_f_glh\� 
GZ� jbk�� �����Z� ihdZaZgh� jZkij_^_e_gb_� hk\_s_gghklb� \� bg-

l_jn_j_gpbhgghf�dhevp_��gZoh^ys_fky�\�g_dhlhjhf�m^Ze_gbb�hl�p_gljZ�dZj�

lbgu��>ey�\u^_e_gby�k\_lh\h]h�ihlhdZ�\�bgl_j\Ze_�/��wlh]h�dhevpZ�g_h[oh�

^bfZ�dhevp_\Zy�^bZnjZ]fZ�iehsZ^vx�Ŝ , \ujZ`Z_fhc�q_j_a�jZ^bmku�!�b�!���/�, 
ke_^mxsbf�h[jZahf� 

( )2 2
^ � �� �S δπ ρ ρ= −  .    (10.23) 

 

IheZ]Zy�cos 3 § 1 –�32
����mkeh\b_�fZdkbfmfh\��������aZibr_f�\��\b^_ 

 

2
1

2 2
q

L

ϕ λ− =     beb���32 = 2– q�/L.   (10.24) 

I_j_oh^y�hl�jZ^bmkh\�dhe_p�d�bo�m]eh\uf�jZaf_jZf��!� �I3, ]^_�f —�nhdmkgh_�

jZkklhygb_�h[t_dlb\Z��ijh_pbjmxs_]h�bgl_jn_j_gpbhggmx�dZjlbgm��ihemqZ�

_f�ba���������b�������� 

( ) ( ) 2
2 2 2 2

^ .
q q f q

S f f
L L L+
+ 

= − = − = 
 

λ λ δλ
λ δλ λ ππ ϕ ϕ π δλ  (10.25) 



 255 

Ihjy^hd�bgl_jn_j_gpbb�q \_ebd��ihwlhfm�\�ij_^_eZo�g_[hevrh]h�baf_g_gby�

q iehsZ^b� \k_o� dhevp_\uo� ^bZnjZ]f�� \u^_eyxsbo� h[eZklv� /��� h^bgZdh\u��

H[uqgh�bkihevam_lky�^bZnjZ]fZ�k�\gmlj_ggbf�jZ^bmkhf��jZ\guf�gmex��!���/� 
 ����jbk�������[���Djm]eh_�hl\_jklb_�m^h[g__�dhevp_\h]h�b��djhf_�lh]h��iha\h�

ey_l�bkihevah\Zlv�bklhqgbd�k\_lZ�fZeuo�jZaf_jh\� 
JZ^bmk�djm]ehc�^bZnjZ]fu��lj_[m_fhc�^ey�\u^_e_gby�bgl_j\ZeZ�ki_dljZ�

rbjbghc�/���gZoh^bf�ba��������� 

^ ^ / 2 /S f q L fρ π δλ δλ λ= = = .   (10.26) 
 

H[uqgh� \_ebqbgZ� \u^_ey_fh]h� ki_dljZevgh]h� bgl_j\ZeZ� \u[bjZ_lky�

jZ\ghc� ij_^_evgh� jZaj_rbfhc� \_ebqbg_�� <� lZdhf� kemqZ_ hlghr_gb_� /�/���
klhys__�ih^�dhjg_f�\�\ujZ`_gbb� ���������ij_^klZ\ey_l�kh[hc�h[jZlgmx�\_�

ebqbgm�jZaj_rZxs_c� kihkh[ghklb�bgl_jn_jhf_ljZ��Q_f�[hevr_�jZaj_rZx�

sZy�kihkh[ghklv��//���l_f�f_gvr_�^he`_g�[ulv�jZaf_j�^bZnjZ]fu� 
>ey�jZkq_lh\�jZ^bmkZ�^bZnjZ]fu�m^h[gh�bkihevah\Zlv�^jm]h_�\ujZ`_�

gb_��dhlhjh_�fh`gh�ihemqblv�ba���������k�mq_lhf��������� 
 

^ .f f q L
L

= =
∆
δλ λρ δ λ

λ
    (10.27) 

 

Wlh�\ujZ`_gb_�k\yau\Z_l�jZaf_j�^bZnjZ]fu�k�h[eZklvx�^bki_jkbb�bg�

l_jn_jhf_ljZ�û��b�rbjbghc�\u^_ey_fhc�h[eZklb�/�. Q_j_a�/T = /��û��h[hagZ�
q_gZ� ^hey� ihjy^dZ� bgl_jn_j_gpbb�� mf_sZxsZyky� \gmljb� \uoh^gh]h� hl\_j�

 
 
 Jbk�� ������ � <u^_e_gb_� mqZkldZ� bgl_jn_j_gpbhggh]h� dhevpZ�� khhl\_lkl\mxs_]h 
�aZ^Zgghfm�ki_dljZevghfm�bgl_j\Zem�/� 
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klby��?keb� jZaj_rZxsZy� kihkh[ghklv� bgl_jn_jhf_ljZ� bkihevam_lky� ihegh�

klvx��l�_��/� — fbgbfZevguc�jZaj_rbfuc�bgl_j\Ze��lh�agZq_gb_�/T jZ\gh�h[�
jZlghc�\_ebqbg_�wnn_dlb\gh]h�qbkeZ�bgl_jn_jbjmxsbo�emq_c�Nwnn. 

Ba� �������� ke_^m_l�� qlh� m]eh\hc� jZaf_j�
 = Ŝ /f2 \uoh^gh]h� hl\_jklby�
k\yaZg�k�jZaj_rZxs_c�kbehc�bgl_jn_jhf_ljZ�fgh`bl_e_f���: 

 

Ω  = 2��/������������������������������������������������������������� 
 

KdZgbjh\Zgb_�ki_dljZ�ijhba\h^yl�baf_g_gb_f�hilbq_kdhc�lhesbgu�bg�

l_jn_jhf_ljZ�nL. Ijb�wlhf�\hafh`gu�^\Z�imlb��baf_g_gb_�jZkklhygby�L f_�
`^m� a_jdZeZfb� b� baf_g_gb_� ihdZaZl_ey� ij_ehfe_gby� i� kj_^u� f_`^m� gbfb�

�gZijbf_j��baf_g_gb_f�^Z\e_gby�]ZaZ�� 
KdZgbjh\Zgb_�ki_dljZ�iml_f�f_oZgbq_kdh]h�i_j_f_s_gby�a_jdZe�lj_[m�

_l�bkdexqbl_evghc�lhqghklb�bo�^\b`_gby��dhlhjmx�g_evay�h[_ki_qblv�ijh�

klufb�f_oZgbq_kdbfb�mkljhckl\Zfb��DZd�ijZ\beh��^ey�wlh]h�bkihevamxl�dZ�

dh_-eb[h�nbabq_kdh_�\ha^_ckl\b_�gZ�^_j`Zl_eb�a_jdZe�—�gZ]j_\Zgb_��fZ]gb�

lhkljbdpbx�beb�h[jZlguc�iv_ahwe_dljbq_kdbc�wnn_dl� 
<�ihke_^g__�\j_fy�gZb[he__�qZklh�ijbf_gyxl�iv_ahwe_f_glu��<�kdZgb�

jmxsbo�bgl_jn_jhf_ljZo� lZdh]h� lbiZ�h^gh�ba� a_jdZe��g_[hevrh_�b�e_]dh_, 
mdj_ieyxl�gZ�lhjp_�iv_ahd_jZfbq_kdh]h�pbebg^jZ��Z�\lhjh_� a_jdZeh�`_kldh�

dj_iyl�gZ� dhjimk_��Ih^Z\Zy�gZ�h[deZ^db�iv_ahwe_f_glZ�f_gyxs__ky�gZijy�

`_gb_�� fh`gh� kf_sZlv� ih^\b`gh_� a_jdZeh� hlghkbl_evgh� g_ih^\b`gh]h� gZ�

g_kdhevdh�fbdjhg� 
KdZgbjh\Zgb_�ki_dljZ�baf_g_gb_f�^Z\e_gby�\gmljb�bgl_jn_jhf_ljZ�y\�

ey_lky�ijhkluf�b�gZ^_`guf�kihkh[hf��ijbf_gbfuf��h^gZdh��ebrv�ijb�kjZ\�

gbl_evgh�[hevrbo�lhesbgZo�bgl_jn_jhf_ljZ�—�[he__���kf��IhdZaZl_ev�ij_�

ehfe_gby�i�]ZaZ�k\yaZg�k�^Z\e_gb_f�j�ebg_cghc�aZ\bkbfhklvx 
 

                      n – 1 = (n0 – 1) p/p0,     (10.29) 
 

]^_�n0 —�ihdZaZl_ev�ij_ehfe_gby�ijb�gZqZevghf�^Z\e_gbb�j0��QZklh�\�dZq_kl�

\_�]ZaZ�bkihevamxl�\ha^mo�beb�Zahl��IhdZaZl_ev�ij_ehfe_gby�wlbo�]Zah\�ijb�

Zlfhkn_jghf� ^Z\e_gbb� j0�  � ����ff� jl�kl�� jZ\_g�n0�  � ��������GZ� hkgh\Zgbb�

nhjfmeu���������b�gZqZevguo�agZq_gbc�j0�b�n0  fh`gh�ihemqblv��qlh�ijbjhkl�

^Z\e_gby�gZ�\_ebqbgm�ûj�ijb\h^bl�d�m\_ebq_gbx�ihdZaZl_ey�ij_ehfe_gby 
 

���������������������������������ûn = 4Â��–7
ûj.                            (10.30) 

 
A^_kv�ûj��dZd�b�j0�\�bkoh^guo�^Zgguo��\ujZ`Z_lky�\�ff�jl�kl� 

Bgl_jn_jhf_lj� NZ[jb–I_jh�� kdZgbjm_fuc� ^Z\e_gb_f�� h[uqgh� ihf_�
sZxl�\�]_jf_lbqgmx�dZf_jm�k�ijhajZqgufb�hdgZfb��DZf_jZ�q_j_a�gZl_dZl_ev�

kh_^bg_gZ�k�[Zeehghf�kh�k`Zluf�]Zahf��Hp_gbf��gZkdhevdh�gm`gh�baf_gblv�

^Z\e_gb_�� qlh[u� bgl_jn_j_gpbhggZy� dZjlbgZ� kf_klbeZkv� gZ� h^bg� ihjy^hd��

Imklv��� �����gf�b�L  ���kf��Ih�nhjfme_���������b�mkeh\bx�fZdkbfmfh\��������
ihemqZ_f�ûj� ����ff�jl�kl��Ke_^h\Zl_evgh��baf_g_gb_�^Z\e_gby�ijbf_jgh�gZ�

����hl�Zlfhkn_jgh]h�\�^Zgghf�kemqZ_�^Z_l�\hafh`ghklv�kdZgbjh\Zlv�bgl_j�

n_j_gpbhggmx� dZjlbgm� \� ij_^_eZo� h^gh]h� ihjy^dZ�� l�_�� \_ebqbgu� h[eZklb�
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^bki_jkbb��H[uqgh� kdZgbjh\Zgb_� ijhba\h^blky� \� ij_^_eZo� g_kdhevdbo� ih�

jy^dh\�bgl_jn_j_gpbb��bgh]^Z��^_kylb-^\Z^pZlb��DZd�\b^gh�ba�ijb\_^_ggh]h�
ijbf_jZ�� ijb� lhesbg_� bgl_jn_jhf_ljZ� �� kf� wlh� lj_[m_l� [hevrh]h� ih\u-
r_gby� ^Z\e_gby� \gmljb� dZf_ju� bgl_jn_jhf_ljZ��Q_f� [hevr_� lhesbgZ� bg�

l_jn_jhf_ljZ��l_f�f_gvr__�ih\ur_gb_�^Z\e_gby�^ey�wlh]h�g_h[oh^bfh� 
?keb� \uoh^guf� hl\_jklb_f� kem`bl� dhevp_\Zy� ^bZnjZ]fZ�� kdZgbjh\Zlv�

ki_dlj�fh`gh�baf_g_gb_f�fZkrlZ[Z�bgl_jn_j_gpbhgghc�dZjlbgu��gZijbf_j�

k�ihfhsvx�iZgdjZlbq_kdh]h�h[t_dlb\Z�>����@��<�ki_dljhf_lj_�BNIK-����ih�
kljh_gghf� ih� wlhfm� ijbgpbim�� ijbf_g_g� iZgdjZlbq_kdbc� h[t_dlb\�� ^himk�

dZxsbc�ieZ\gh_�baf_g_gb_�nhdmkgh]h�jZkklhygby�\�ij_^_eZo�hl�����^h�����

ff��Dhevp_\h_� hk\_s_gb_� bgl_jn_jhf_ljZ�� khhl\_lkl\mxs__� bkihevam_fhc�

dhevp_\hc�^bZnjZ]f_��kha^Z_lky�ki_pbZevguf�hk\_lbl_e_f� 
KdZgbjmxsbc� bgl_jn_jhf_lj�NZ[jb–I_jh� fh`_l� kem`blv� \� dZq_kl\_�

madhihehkgh]h�i_j_kljZb\Z_fh]h�nbevljZ�^ey�ihemq_gby�fhghojhfZlbq_kdbo�

bah[jZ`_gbc� baemqZxsbo� ih\_joghkl_c� >����@�� <� wlhf� kemqZ_� \� dZq_kl\_�

ij_^\Zjbl_evgh]h�fhghojhfZlhjZ�bkihevah\Zg�^\hcghc�fhghojhfZlhj�k�\u�

qblZgb_f�^bki_jkbc��Ijb�ohjhr_c�^bki_jkbb�j_r_ldb�hg�h[_ki_qb\Z_l�fh�

ghojhfZlbqghklv� ihey� aj_gby�� g_� ij_\urZxsmx�rbjbgm� k\h[h^ghc� ki_d�

ljZevghc� h[eZklb� bgl_jn_jhf_ljZ�NZ[jb–I_jh��>Ze__� k\_l� ijhoh^bl� q_j_a�
bgl_jn_jhf_lj�NZ[jb–I_jh��dhlhjuc�km`Z_l�ihehkm�ijhajZqghklb�^h�rbjb�

gu�k\h_c�ZiiZjZlghc�nmgdpbb� 
 
 
�������K<?LHKBE:�IJB;HJH<�K�BGL?JN?JHF?LJHF 
�����������N:;JB–I?JH 
 
����K\_lhkbeZ�ih�hk\_s_gghklb�b�ihlhdm 
 
Hk\_s_gghklv�?�ijb�fhghojhfZlbq_kdhf�baemq_gbb��kha^Z\Z_fZy�gZ�bg�

l_jn_jh]jZff_�\�fZdkbfmfZo�dhe_p��hij_^_ey_lky�yjdhklvx�bklhqgbdZ�k\_lZ�

<��ijhajZqghklvx�bgl_jn_jhf_ljZ�LNI fZdk�b�l_e_kguf�m]ehf�S/f2��\�ij_^_eZo 
dhlhjh]h�k\_l�iZ^Z_l�gZ�nhdZevgmx�ih\_joghklv� (S — iehsZ^v�ieZklbg�bg�

l_jn_jhf_ljZ��f —�nhdmkgh_�jZkklhygb_�ijh_pbjmxs_]h�h[t_dlb\Z�� 

NIfZdk
2

.
S

E B T
f

=     (10.31) 

K\_lhkbeZ�bgl_jn_jhf_ljZ�ih�hk\_s_gghklb�jZ\gZ 

 
2

E S
L

B f
= = NIfZdkT .   (10.32) 

IjhajZqghklv�bgl_jn_jhf_ljZ�\�fZdkbfmfZo��������h[uqgh�f_gvr_�_^b�

gbpu�� Djhf_� lh]h�� ih\_joghklb� a_jdZe� j_Zevgh]h� bgl_jn_jhf_ljZ� \k_]^Z�

bf_xl�^_n_dlu��hlklmie_gby�hl�iehkdhklb�b�^j���>����@��ihwlhfm�dhglmju�bg�

l_jn_j_gpbhgguo� dhe_p� �jZafZau\Zxlky�� b� hk\_s_gghklv� \� fZdkbfmfZo�

kgb`Z_lky� 
K\_lhkbeZ�ih�ihlhdm�jZ\gZ�k\_lhkbe_�ih�hk\_s_gghklb�\�fZdkbfmf_�bg�

l_jn_j_gpbhgghc�dZjlbgu��mfgh`_gghc�gZ�iehsZ^v�\uoh^ghc�^bZnjZ]fu�Ŝ : 
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ihl hk\ ^ ^ NIfZdk2

S
L L S S T

f
= =     (10.33) 

Mqblu\Zy����������ihemqZ_f�k\_lhkbem�ih�ihlhdm�\�\b^_ 

ihl NIfZdk NIfZdk2 ,L S T ST= = Ωδλπ
λ

   (10.34) 

ih^h[gh�lhfm��qlh�bf_eh�f_klh�b�^ey�s_e_\uo�ki_dljZevguo�ijb[hjh\� �kf��

\ujZ`_gb_����������Ba���������\b^gh��qlh�ijhba\_^_gb_�Lihl�gZ�jZaj_rZxsmx�

kihkh[ghklv���/��^ey�^Zggh]h�bgl_jn_jhf_ljZ�—�\_ebqbgZ�ihklhyggZy� 
Bgl_jn_jhf_lj�NZ[jb–I_jh�bkihevamxl�h[uqgh�kh\f_klgh�k�bgl_jn_�

j_gpbhgguf�k\_lhnbevljhf�beb�s_e_\uf�ki_dljZevguf�ijb[hjhf��<�i_j\hf�

kemqZ_�ijhr_^rbc�k\_lh\hc�ihlhd�mf_gvrZ_lky�gZ�\_ebqbgm��ih]ehs_ggmx�\�

nbevlj_��<h�\lhjhf�kemqZ_�^_eh�h[klhbl�keh`g__��GZ�ijZdlbd_��dZd�ijZ\beh��

ih^[bjZxl ki_dljZevguc� ijb[hj� k� ih^oh^ys_c� ebg_cghc� ^bki_jkb_c� ba�

bf_xsboky�\�jZkihjy`_gbb��>ey�ihegh]h�bkihevah\Zgby�k\_lhkbeu�bgl_jn_�

jhf_ljZ�g_h[oh^bfh��qlh[u�\_kv�k\_lh\hc�ihlhd��ijhoh^ysbc�q_j_a�bgl_jn_�

jhf_lj��ijhoh^be�b�q_j_a�fhghojhfZlhj��G_h[oh^bfh�lZd`_��qlh[u�djm]eh_�

hl\_jklb_��lj_[m_fh_�^ey�\u^_e_gby�bgl_jn_jhf_ljhf�baemq_gby� aZ^Zggh]h�

ki_dljZevgh]h� khklZ\Z�� \ibku\Zehkv� \� ]_hf_ljbq_kdb_� jZaf_ju�s_eb�fhgh�

ojhfZlhjZ�� ?keb� \� bkke_^m_fhf� ki_dlj_� bf_xlky� [ebadh� jZkiheh`_ggu_�

ki_dljZevgu_� ebgbb��ijboh^blky�ihevah\Zlvky� madhc� \oh^ghc�s_evx�fhgh�

ojhfZlhjZ��Ijb�wlhf�rbjbgZ�s_eb�fh`_l�hdZaZlvky�kebrdhf�fZehc��qlh[u�\�

g_c�mf_klbehkv�\k_�djm]eh_�hl\_jklb_��<�lZdhf�kemqZ_�^ey�ihemq_gby�gZ^_`�

ghc�bgnhjfZpbb�ba�j_amevlZlh\�baf_j_gbc�g_h[oh^bfh�ihevah\Zlvky�fZl_fZ�

lbq_kdbfb�f_lh^Zfb�>����@� 
 
2°��KjZ\g_gb_�k\_lhkbeu�ijbaf_gguo�b�^bnjZdpbhgguo 
�������ki_dljhf_ljh\�b�ki_dljhf_ljZ�NZ[jb–I_jh 
 
Ijb�\u[hj_�ki_dljZevgh]h�ijb[hjZ�^ey�j_r_gby�ihklZ\e_gghc�nbabq_�

kdhc� aZ^Zqb�\k_]^Z�ba\_klgh��dZdh\Z�^he`gZ�[ulv�_]h�jZaj_rZxsZy�kihkh[�

ghklv��<�[hevrbgkl\_�kemqZ_\�ijb�wlhf�hdZau\Z_lky��qlh�k\_lh\hc�ihlhd��aZ�

dexq_gguc�\�ij_^gZagZq_gghf�^ey�baf_j_gbc�bgl_j\Ze_��\_kvfZ�fZe�beb�\u�

[jZgZ�h[eZklv�ki_dljZ��\�dhlhjhc�hlkmlkl\mxl�ijb_fgbdb�baemq_gby�k�\ukh�

dhc�qm\kl\bl_evghklvx��<�lZdbo�kemqZyo�ki_dljZevguc�ijb[hj�ijb�aZ^Zgghc�

jZaj_rZxs_c�kbe_�^he`_g�h[eZ^Zlv�\ukhdhc�k\_lhkbehc� 
KjZ\gbf�jZaebqgu_�lbiu�ki_dljhf_ljh\�ih�k\_lhkbe_�ijb�bo�h^bgZdh�

\hc� jZaj_rZxs_c� kihkh[ghklb�� bkihevah\Z\� gZ]ey^guc� ijbf_j�� <u[_j_f�

ki_dljhf_lju� k� h^bgZdh\uf� ^_ckl\mxsbf� hl\_jklb_f� b� aZ^Z^bfky� jZaj_�

rZxs_c�kbehc���/�� �������ijb�^ebg_�\hegu�����gf��<�wlhf�kemqZ_�\_ebqbgZ�

jZaj_rbfh]h�ki_dljZevgh]h�bgl_j\ZeZ�khklZ\ey_l�/�� ��������gf� 
Iheh`bf��qlh�h[jZlgZy�ebg_cgZy�^bki_jkby�ijbaf_ggh]h�ki_dljh]jZnZ�

jZ\gZ�����gf�ff��ijb[hj�kj_^g_c�^bki_jkbb���Ke_^h\Zl_evgh��^ey�\u^_e_gby�

bgl_j\ZeZ�^ebg�\heg�/�� ��������gf�rbjbgZ�s_eb�^he`gZ�khklZ\eylv������ff��

Ijb�\ukhl_�s_eb�h  ����ff�iehsZ^v�\oh^ghc�b�\uoh^ghc�s_e_c�ijbaf_ggh]h�

ki_dljhf_ljZ�hdZau\Z_lky�jZ\ghc�����ff2��>bki_jkby�ijb[hjZ�k�^bnjZdpbhg-
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ghc�j_r_ldhc�h[uqgh�[hevr_��Ijb�^bki_jkbb������gf�ff�^ey�ihemq_gby�jZa�

j_rbfh]h�bgl_j\ZeZ�/�� �������gf�^himklbfZ�kjZ\gbl_evgh�rbjhdZy�s_ev�s = 
����ff��qlh�\�^Zgghf�ijbf_j_�ijb\h^bl�d�iehsZ^b�\oh^gh]h�hl\_jklby��jZ\�

ghc���ff2
��?keb�ijbgylv�f� �����ff��jZ^bmk�\oh^gh]h�hl\_jklby�ki_dljhf_ljZ�

NZ[jb–I_jh�k�lZdbf�`_�jZaj_r_gb_f�ih���������ihemqZ_lky�jZ\guf���ff��qlh�

khhl\_lkl\m_l�iehsZ^b�djm]ehc�^bZnjZ]fu����ff2. 
BlZd�� ijb� jZ\ghf� jZaj_r_gbb� b� kjZ\gbfuo� ]_hf_ljbq_kdbo� jZaf_jZo�

ijb[hjh\� k\_lhkbeZ�^bnjZdpbhgguo� ki_dljhf_ljh\�hdZau\Z_lky�gZ�ihjy^hd�

\ur_� k\_lhkbeu� ijbaf_gguo�� Z� k\_lhkbeZ� ki_dljhf_ljZ�NZ[jb–I_jh� [he__�
q_f�gZ�ihjy^hd�ij_\urZ_l�k\_lhkbem�^bnjZdpbhgguo�ki_dljhf_ljh\��K�nb�

abq_kdhc�lhqdb�aj_gby�[hevrZy�k\_lhkbeZ�ki_dljhf_ljZ�NZ[jb–I_jh�ihemqZ�
_lky�\�j_amevlZl_�hq_gv�\ukhdhc�^bki_jkbb�\�p_gljZevghc�qZklb�bgl_jn_j_g�

pbhgghc�dZjlbgu� 
Ohly� ki_dljhf_lj�NZ[jb–I_jh� bf__l� ij_bfms_kl\Z� i_j_^�s_e_\ufb�

ki_dljhf_ljZfb�ih�k\_lhkbe_��ba-aZ�hq_gv�madhc�k\h[h^ghc�ki_dljZevghc�h[�
eZklb� hg� h[uqgh� g_� dhgdmjbjm_l� k� ijbaf_ggufb� b� ^bnjZdpbhggufb� ki_d�

ljhf_ljZfb�ijb�h^bgZdh\hf�jZaj_r_gbb��Bgl_jn_jhf_lj�NZ[jb–I_jh�g_aZ�
f_gbf�\�l_o�kemqZyo��dh]^Z�lj_[m_lky�\ukhdZy�jZaj_rZxsZy�kbeZ���6-107��g_�

^hklb`bfZy�k�^jm]bfb�lbiZfb�ki_dljZevguo�ijb[hjh\� 
Bgl_j_kgufb�k\hckl\Zfb�h[eZ^Z_l�bgl_jn_jhf_lj�NZ[jb–I_jh�kh�kn_�

jbq_kdbfb� \h]gmlufb� a_jdZeZfb�� _keb� jZkklhygb_� L f_`^m� gbfb� jZ\gh� bo�
jZ^bmkm� djb\bagu� >�@�� DZd� \b^gh� ba� jbk�� ������ jZaghklv� oh^Z� bgl_jn_-
jbjmxsbo� emq_c� \� lZdhf� bgl_jn_jhf_lj_� jZ\gZ� q_luj_f� ijhoh^Zf� f_`^m�

a_jdZeZfb��Mkeh\b_�fZdkbfmfh\��L = q��^he`gh�\uihegylvky�^ey�\k_o�emq_c��
iZ^Zxsbo� ih^� ex[ufb� m]eZfb��

K\_lhkbeZ� bgl_jn_jhf_ljZ� \� lZdhf�

kemqZ_� aZ\bkbl� lhevdh� hl� jZaf_jh\�

a_jdZe��H^gZdh�^ey�\g_hk_\uo�emq_c�

ijb�ijhoh^Zo�f_`^m�a_jdZeZfb�\ha�

gbdZ_l�^hihegbl_evgZy�jZaghklv�oh�

^Z�b�\�j_amevlZl_�h[jZam_lky�dhevp_�

\Zy� bgl_jn_j_gpbhggZy� dZjlbgZ� k�

hq_gv� rbjhdbf� p_gljZevguf� iyl�

ghf��Wlh�p_gljZevgh_�iylgh�� \�ij_�

^_eZo� dhlhjh]h�jZaghklv�oh^Z�jZ\gZ�

4L�� b�bkihevamxl�ijb�nhlhwe_dljb�
q_kdhc�j_]bkljZpbb�ki_dljZ��hlk_dZy�

^bZnjZ]fhc�dhku_�imqdb� 
DZd� ihdZau\Z_l� ZgZeba� >�@�� \�

kn_jbq_kdhf� bgl_jn_jhf_lj_� \� hl�

ebqb_�hl�iehkdh]h�k�jhklhf�jZkklhygby�L f_`^m�a_jdZeZfb�m\_ebqb\Zxlky�b�
jZaj_rZxsZy�kihkh[ghklv�b�k\_lhkbeZ��Z�hlghr_gb_�bo�hklZ_lky�ihklhygguf��

K\_lhkbeZ� kn_jbq_kdh]h�bgl_jn_jhf_ljZ� agZqbl_evgh�ij_\urZ_l� k\_lhkbem�

iehkdh]h�bgl_jn_jhf_ljZ��_keb�lhesbgZ�ihke_^g_]h�[hevr_��q_f�^bZf_lj�_]h�

ieZklbg��LZdbf�h[jZahf��kn_jbq_kdbc�bgl_jn_jhf_lj�^Z_l�\ub]jur�\�k\_lh�

kbe_�ijb�[hevrbo�lhesbgZo��l�_��ijb�\ukhdhc�jZaj_rZxs_c�kihkh[ghklb� 

 
Jbk�� ������ Kn_jbq_kdbc� bgl_jn_jhf_lj�

NZ[jb–I_jh��L —�jZkklhygb_�f_`^m�a_j�

dZeZfb��jZ\gh_�jZ^bmkm�djb\bagu�a_jdZe��

D — ̂ bZf_lj�^bZnjZ]fu 
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*                                     * 
* 

<�ihke_^g__�\j_fy�\k_�[hevr__�\gbfZgb_�m^_eyxl�bgl_jn_j_gpbhgguf�

kbkl_fZf�\�k\yab�k�bo�\hajZklZxs_c�jhevx�\�d\Zglh\hc�we_dljhgbd_��G_�]h�

\hjy�h�lhf��qlh�kZf�j_ahgZlhj�eZa_jZ�y\ey_lky�nZdlbq_kdb�bgl_jn_jhf_ljhf�

NZ[jb–I_jh��bgl_jn_j_gpbhggu_�mkljhckl\Z�rbjhdh�bkihevamxlky�\�eZa_j�

guo�bkke_^h\Zgbyo��Wlh�ih[m`^Z_l�d�^Zevg_cr_fm�jZa\blbx�l_hjbb�b�ijb�

f_g_gbc�bgl_jn_jhf_ljh\��ihbkdZf�gh\uo�bgl_jn_j_gpbhgguo�kbkl_f��bam�

q_gbx�bo�oZjZdl_jbklbd� 
 
<HIJHKU 
���Ijb\_^bl_�hkgh\gu_�oZjZdl_jbklbdb�bgl_jn_jhf_ljZ�NZ[jb–I_jh� 
���<�q_f�jZaebqb_�bgl_jn_jhf_ljZ�NZ[jb–I_jh�b�bgl_jn_j_gpbhggh]h�

nbevljZ" 
���Ijb\_^bl_�ij_bfms_kl\Z�b�g_^hklZldb�bgl_jn_jhf_ljZ�NZ[jb–I_jh�

dZd�ki_dljZevgh]h�ijb[hjZ�ih�kjZ\g_gbx�k�ijbaf_ggufb�b�^bnjZdpbhggufb�

ijb[hjZfb" 
���DZdhc�\b^�bf__l�bgl_jn_j_gpbhggZy�dZjlbgZ��ihemqZ_fZy�k�bgl_jn_�

jhf_ljhf�NZ[jb–I_jh��_keb�bklhqgbd�k\_lZ�—�eZa_j��bkimkdZxsbc�lhgdbc�

emq" 
���DZd�f_gy_lky�m]eh\Zy�^bki_jkby�ih�jZ^bmkm�bgl_jn_j_gpbhgghc�dZj�

lbgu" 
���DZdhc�\b^�bf__l�ZiiZjZlgZy�nmgdpby�bgl_jn_jhf_ljZ�NZ[jb–I_jh�b�

qlh�y\ey_lky�djbl_jb_f�jZaj_r_gby" 
���DZdh\�nbabq_kdbc�kfuke�NWNN? <�q_f�khklhbl�ijZdlbq_kdZy�\Z`ghklv�

agZgby�\_ebqbgu�NWNN? 
���Hl�q_]h�aZ\bkbl�dhgljZkl�bgl_jn_j_gpbhgghc�dZjlbgu" 
�����AZq_f�gm`gu�fgh]hijhoh^gu_�bgl_jn_jhf_lju" 
���DZdhc�nhjfu�\oh^gh_�beb�\uoh^gh_�hl\_jklb_�bkihevamxl�k�bgl_j�

n_jhf_ljhf�NZ[jb–I_jh�ijb�nhlhwe_dljbq_kdhc�j_]bkljZpbb" 
���DZdbf�iml_f�fh`gh�hkms_kl\eylv� kdZgbjh\Zgb_� ki_dljZ� \� ki_dljh�

f_ljZo�NZ[jb–I_jh" 
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= e Z \ Z � 11 
 
FH>MEYPBHGGU?�KI?DLJ:EVGU?�IJB;HJU 
 
 
 
Fh^meypbhggu_�ki_dljZevgu_�ijb[hju�hlghkylky�d�deZkkm��gh\uo��

ki_dljZevguo� mkljhckl\�� \� dhlhjuo� jZa^_e_gb_� baemq_gby� gZ� ki_d-
ljZevgu_�khklZ\eyxsb_�ijhba\h^blky�g_�hilbq_kdbf�we_f_glhf��Z�we_d�

ljbq_kdhc�ko_fhc�ijb[hjZ��JZkkfhljbf�gZb[he__�jZkijhkljZg_ggu_�lb�

iu�fh^meypbhgguo�ki_dljZevguo�ijb[hjh\�[11.1-11.6]. 
 
�������NMJV?-KI?DLJHF?LJ 
 
����Ijbgpbi�^_ckl\by 
 
<�nmjv_-ki_dljhf_lj_�ihemq_gb_�ki_dljZ�ijhbkoh^bl�\�^\Z�wlZiZ��

kgZqZeZ� j_]bkljbjmxl� bgl_jn_jh]jZffm� baemq_gby�� \� dhlhjhc� k\_lh�

\u_� qZklhlu� aZdh^bjh\Zgu� khhl\_lkl\mxsbfb� qZklhlZfb� we_dljbq_�

kdh]h�kb]gZeZ��aZl_f�iml_f�__�]Zjfhgbq_kdh]h�ZgZebaZ�gZoh^yl�ki_dlj�

baemq_gby��<�hkgh\_�nmjv_-ki_dljhf_ljZ�fh`_l�e_`Zlv�ex[h_�mkljhc�

kl\h�� fh^mebjmxs__� k\_lh\hc� ihlhd� k� qZklhlhc�� aZ\bkys_c� hl� ^ebgu�

\hegu� baemq_gby�� H[uqgh� bkihevamxl� bgl_jn_jhf_lj� FZcd_evkhgZ��

gZkljh_gguc�gZ�ihemq_gb_�ihehk�jZ\gh]h�gZdehgZ��jbk��������Z) . 

 
 
Jbk�� ������ IjbgpbibZevgZy� ko_fZ� nmjv_-ki_dljhf_ljZ� �Z��� bgl_jn_jh]jZffu�
fhghojhfZlbq_kdh]h�baemq_gby� �[��b�kiehrgh]h�ki_dljZ�eZfiu�gZdZeb\Zgby�k�

ijb_fgbdhf�PbS��\�������—�\oh^gh_�b�\uoh^gh_�hl\_jklby����—�k\_lh^_ebl_ev�

gZy�ieZklbgZ������—�g_ih^\b`gh_�b�ih^\b`gh_�a_jdZeZ 
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Ijb� fhghojhfZlbq_kdhf� hk\_s_gbb� \oh^gh]h� hl\_jklby� b� jZ\-
ghf_jghf�i_j_f_s_gbb�a_jdZeZ�kh�kdhjhklvx�V  gZ�ijb_fgbd��jZkiheh�
`_gguc�aZ�\uoh^ghc�^bZnjZ]fhc��ihklmiZ_l�i_j_f_gguc�k\_lh\hc�ih�

lhd�N�x��� khhl\_lkl\mxsbc�ijhoh`^_gbx�q_j_a�\uoh^gmx�^bZnjZ]fm�

fZdkbfmfh\�b�fbgbfmfh\�bgl_jn_j_gpbhgghc�dZjlbgu��jbk�������[): 

( ) ( )2N FRV � FRV�
2

B
o % o o= +� πν πν .    (11.1) 

A^_kv�<�—  yjdhklv�gZ�\oh^_�bgl_jn_jhf_ljZ��x  —  jZaghklv�oh^Z��jZ\gZy�
m^\h_gghc�\_ebqbg_�i_j_f_s_gby�a_jdZeZ�b�ebg_cgh�aZ\bkysZy�hl�\j_�

f_gb�� �— � qZklhlZ� baemq_gby� \� kf
–1
��I_j_f_ggZy� khklZ\eyxsZy� bgl_j�

n_jh]jZffu�k�mq_lhf��������jZ\gZ 
 

-�x�� �-0 cos2��[� �-0 cos2�9W�� �-0 cos2��I�W,   (11.2) 
 
]^_�N0 — �Zfieblm^guc�fgh`bl_ev��f =  V v =  V��  —  qZklhlZ�ihemqZ_fhc�
fh^meypbb� 

Ijb_fgbd� j_]bkljbjm_l� kbgmkhb^Zevguc� kb]gZe�� Zfieblm^Z� dhlh�

jh]h� ijhihjpbhgZevgZ� yjdhklb� iZ^Zxs_c� \hegu�� Z� qZklhlZ� aZ\bkbl� hl�

kdhjhklb V�i_j_^\b`_gby�a_jdZeZ�b�^ebgu�\hegu�baemq_gby��GZijbf_j��

^ey�a_e_ghc�ebgbb�jlmlb���� �����gf��ijb�V=  10– 3
�ff�k�qZklhlZ�fh^mey�

pbb�jZ\gZ������=p� 
LZdmx�fh^meypbx�k\_lh\h]h�ihlhdZ�gZau\Zxl�bgl_jn_j_gpbhgghc��

HgZ� ijbgpbibZevgh� hlebqZ_lky� hl� bkihevam_fhc� \h� fgh]bo� ki_dljZev�

guo�ijb[hjZo��\g_rg_c��fh^meypbb�iml_f�ijhklh]h�ij_ju\Zgby�ihlhdZ��

Ihke_^gyy� g_� aZ\bkbl� hl� ^ebgu� \hegu�baemq_gby�b� ijbf_gy_lky� \� l_o�

kemqZyo��dh]^Z�\u]h^gh�ijh\h^blv�mkbe_gb_�kb]gZeZ�gZ�i_j_f_gghf�lh�

d_� 
?keb� bgl_jn_jhf_lj� hk\_s_g� baemq_gb_f�� ki_dlj� dhlhjh]h� kh^_j�

`bl� g_kdhevdh� fhghojhfZlbq_kdbo� dhfihg_gl�� ihemq_ggZy� bgl_jn_jh�

]jZffZ�y\ey_lky�kmffhc�kb]gZeh\��khhl\_lkl\mxsbo�dZ`^hc�ba�dhfih�

g_gl��<� kemqZ_�ijhba\hevgh]h� ki_dljZ�� aZgbfZxs_]h�h[eZklv�qZklhl�hl�

v1 ^h�v2��bgl_jn_jh]jZffZ�bf__l�\b^ 

( ) ( )
2

1

N FRV� �o % oG

ν

ν
ν

ν πν ν∫�     (11 .3 ) 

A^_kv� Bv —  ki_dljZevgZy� yjdhklv�� Wlh� \ujZ`_gb_� _klv� nmjv_-
ij_h[jZah\Zgb_� bkoh^gh]h� ki_dljZ� Bv ( )ν . <� dZq_kl\_� ijbf_jZ� gZ� jbk��

11 .1 ,\� ihdZaZgZ� bgl_jn_jh]jZffZ� kiehrgh]h� ki_dljZ� eZfiu� gZdZeb\Z�

gby��ihemq_ggZy�k�ijb_fgbdhf�P bS��FZdkbfZevguc�hl[jhk�gZ�bgl_jn_�

jh]jZff_�khhl\_lkl\m_l�gme_\hc�jZaghklb�oh^Z� 
>ey�gZoh`^_gby�i_j\hgZqZevgh]h�hilbq_kdh]h�ki_dljZ�gm`gh�ijb�

f_gblv�h[jZlgh_�ij_h[jZah\Zgb_�Nmjv_� 

( ) ( )
2

0

2 N FRV� �

L

B o oGo∫�ν ν πν    (11 .4 ) 
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<� \ujZ`_gbb� ������� i_j_^� bgl_]jZehf� bkihevah\Zg� fgh`bl_ev� ���

ihkdhevdm�bgl_jn_jh]jZffZ�kbff_ljbqgZ�hlghkbl_evgh�gme_\hc�jZagh�

klb� oh^Z�� <_jogbf� ij_^_ehf� bgl_]jbjh\Zgby� y\ey_lky� \_ebqbgZ� �L  —  
fZdkbfZevgZy� jZaghklv� oh^Z� bgl_jn_jbjmxsbo� emq_c� �fZdkbfZevgh_�

kf_s_gb_�ih^\b`gh]h�a_jdZeZ�jZ\gh�L ) .  
B^_y�hibkZggh]h�kihkh[Z�ihemq_gby�ki_dljZ�[ueZ�knhjfmebjh\ZgZ�

_s_�FZcd_evkhghf�\� ����� ]���h^gZdh�[_a�dhfivxl_jh\�\uiheg_gb_�h[�

jZlgh]h�nmjv_-ij_h[jZah\Zgby�g_�ij_^klZ\eyehkv�\hafh`guf� 
 
2°. :iiZjZlgZy�nmgdpby 
 
?keb� [u� fh`gh� [ueh� baf_jblv� bgl_jn_jh]jZffm� ijb� baf_g_gbb�

jZaghklb�oh^Z�hl���^h����l�_��hl�–��^h�����ihkdhevdm�bgl_jn_jh]jZffZ�
kbff_ljbqgZ���ki_dlj�\hkklZgZ\eb\Zeky�[u�[_a�bkdZ`_gbc�ij_h[jZah\Z�

gb_f 

( ) ( )N FRV�B o oGoν ν πν
∞

−∞
∫� .   (11.5) 

<�^_ckl\bl_evghklb� \_ebqbgZ� x  f_gy_lky� \�ij_^_eZo�hl� ��^h� �L  b�
ijb�\hkklZgh\e_gbb�ijh\h^blky�hi_jZpby���������Ijb�wlhf�\f_klh�i_j\h�

gZqZevghc� fhghojhfZlbq_kdhc� ebgbb� \hkklZgh\e_gguc� ki_dlj� bf__l�

ebgbx� dhg_qghc� rbjbgu�� Wlh� ki_dljZevgh_� jZkij_^_e_gb_�� dZd� b� \�

kemqZ_� deZkkbq_kdbo� ki_dljZevguo� ijb[hjh\�� gZau\Zxl� ZiiZjZlghc�

nmgdpb_c� 
<ujZ`_gb_��������fh`gh�ij_^klZ\blv�\�\b^_ 

( ) ( ) ( )N FRV� �B o ' o oGoν ν πν
∞

−∞
∫�    (11.6) 

]^_�D (x)  —  ijyfhm]hevgZy�nmgdpby 

( ) 1 2 2 ,

0 2 b � �

L o /
D o

o / o /

− < < +
=  < − > +

    (1 1 .7 ) 

 

:iiZjZlgZy�nmgdpby�ijb�wlhf�hibku\Z_lky�\ujZ`_gb_f  
 

a(�) = 4L sinc[2��2L] (11.8) 
 

�jbk���������HljbpZl_evgu_�h[eZklb�djb\hc�a(���g_�^he`gu�kfmsZlv��lZd�dZd�

ZiiZjZlgZy�nmgdpby�— �wlh�fZl_fZlbq_kdh_�hibkZgb_�bkdZ`_gby�ijb[hjhf�

^_evlZ-nmgdpbb� \oh^gh]h� kb]gZeZ�� Z�g_� hldebd�ijb_fgbdZ�ijb� kdZgbjh\Z�
gbb�ki_dljZ� 

:iiZjZlgmx�nmgdpbx�fh`gh�memqrblv�Zih^baZpb_c��aZf_gb\�ijyfh�

m]hevgmx�nmgdpbx�D (x) ^jm]hc�nmgdpb_c� 
?keb�D (x) bf__l�lj_m]hevguc�\b^��ZiiZjZlgZy�nmgdpby�a(���klZgh\blky�

^bnjZdpbhgghc 
a(�)  =  2L  sinc2 [��2L ],    (11 .9 ) 

dZd�b�\�kemqZ_�s_e_\uo�ki_dljZevguo�ijb[hjh\� 
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H^gZdh��dZd�\b^gh�ba�jbk��������hkeZ[e_gb_�ih[hqguo�fZdkbfmfh\�^hk�

lb]Z_lky� aZ�kq_l�mom^r_gby�jZaj_r_gby��dhglmj�ZiiZjZlghc�nmgdpbb�jZk�

rbjy_lky��Djhf_�lh]h��\�^\Z�jZaZ�mf_gvrZ_lky�bgl_gkb\ghklv�\�p_glj_� 
:ih^baZpbx� ijh\h^yl� \� ijhp_kk_� aZibkb� bgl_jn_jh]jZffu�� GZijb�

f_j��Zih^baZpby�ih�lj_m]hevghc�nhjf_�fh`_l�[ulv�^hklb]gmlZ��_keb�k�m\_�

ebq_gb_f�jZaghklb�oh^Z�jZ\ghf_jgh�hkeZ[eylv�k\_lh\hc�ihlhd��H^gZdh�ijb�

hkeZ[e_gbb� ihlhdZ� ijhbkoh^bl� mf_gvr_gb_� hlghr_gby� kb]gZe� — �rmf� gZ�

\uoh^_� ijb_fgbdZ��Wlh� \_^_l� d� ihl_j_� bgnhjfZpbb��<u]h^g__� ijh\h^blv�

Zih^baZpbx�ijb�h[jZ[hld_�kb]gZeZ��mf_gvrZy�ih�aZ^Zgghfm�aZdhgm�kb]gZe��

ihklmiZxsbc�k�ijb_fgbdZ��Ijb�wlhf�hlghr_gb_�kb]gZe�— �rmf�khojZgy_l�

ky�g_baf_gguf� 
RbjbgZ�ZiiZjZlghc�nmgdpbb�b��ke_^h\Zl_evgh��jZaj_r_gb_�\�ki_dlj_�

aZ\bkyl� hl� \b^Z� Zih^babjmxs_c� nmgdpbb�� Ijb� lj_m]hevghc� Zih^baZpbb�

rbjbgZ�ZiiZjZlghc�nmgdpbb�jZ\gZ� δ v  =  1 /2L ��Hlkx^Z�l_hj_lbq_kdZy�jZa�

j_rZxsZy�kbeZ 
�//� = 2L�.      (11.10) 

 

LZdbf�h[jZahf��dZd�b�\�deZkkbq_kdbo�ki_dljZevguo�ijb[hjZo��jZa�

j_rZxsZy�kihkh[ghklv�ijhihjpbhgZevgZ�fZdkbfZevghc�jZaghklb�oh^Z� 
L_e_kguc� m]he� 
� \uoh^gh]h� hl\_jklby�� dZd� b� \� kemqZ_� bgl_jn_-

jhf_ljZ�NZ[jb–I_jh����������k\yaZg�k�jZaj_rZxs_c�kbehc�khhlghr_gb_f�


�//� =  2���ihwlhfm�nmjv_-ki_dljhf_lj�lZd`_�h[eZ^Z_l�\ukhdhc�k\_lh�
kbehc��Wlh�ij_bfms_kl\h�\�k\_lhkbe_��^Zxs__�\ub]jur�\�a����jZa�ih�

kjZ\g_gbx�k�^bnjZdpbhggufb�ijb[hjZfb�k�ZgZeh]bqguf�jZaj_r_gb_f��

gZau\Zxl�\ub]jur_f�@Zdbgh� 
 

 
 
Jbk�� ������ :iiZjZlgZy� nmgdpby� nmjv_-ki_dljhf_ljZ�� 1 — � [_a� Zih^baZpbb��

a(�)=  4L s in c (2��� 2L ) , 2  — � k� Zih^baZpb_c� ih� lj_m]hevghfm� aZdhgm�� a(�)  =  
=  2L s in c2 (���2L ) 
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����Hkh[_gghklb�jZ[hlu�nmjv_-ki_dljhf_ljZ 
 
Nmjv_-ki_dljhf_lju�ih� oZjZdl_jm� j_]bkljZpbb� ki_dljZ� y\eyxlky�fgh�

]hdZgZevgufb� ijb[hjZfb�� hgb� h[_ki_qb\Zxl� h^gh\j_f_ggmx� j_]bkljZpbx�

baemq_gby�[hevrh]h�qbkeZ�ki_dljZevguo�bgl_j\Zeh\��Fgh]hdZgZevgu_�f_lh�

^u�j_]bkljZpbb�ki_dljZ�bf_xl�ij_bfms_kl\h�i_j_^�h^ghdZgZevgufb�\�qm\�

kl\bl_evghklb�b�[ukljh^_ckl\bb��Ijb\_^_f�ijbf_j��Imklv�gZ�h^ghdZgZevghf�

kdZgbjmxs_f�ki_dljhf_lj_�gZ�j_]bkljZpbx�h^gh]h�ki_dljZevgh]h�bgl_j\ZeZ�

ljZlblky�h^gZ�k_dmg^Z��Z�\_kv�ki_dlj������ki_dljZevguo�bgl_j\Zeh\��aZibku�

\Z_lky�aZ�����k�����fbg���<�nmjv_-ki_dljhf_lj_�gZ�h^bg�ijhoh^�a_jdZeZ�moh�
^bl���k��ijb�wlhf�aZibku\Z_lky�\_kv�ki_dlj�k�l_f�`_�kZfuf�hlghr_gb_f�kb]�

gZe�rmf��AZ����fbg�fh`gh�aZibkZlv�ki_dlj�����jZa��gZeh`b\�bo�^jm]�gZ�^jm]Z��

Ijb�wlhf�\hajZkl_l�hlghr_gb_�k�r�\� 900� ����jZa��\h�klhevdh�`_�jZa�\ha�
jZkl_l�qm\kl\bl_evghklv� 

Wlhl�\ub]jur�\�qm\kl\bl_evghklb�beb�\�[ukljh^_ckl\bb��gZau\Z_fuc�

fmetlbie_dk-nZdlhjhf��beb�\ub]jur_f�N_e`_lZ��bf__l�f_klh�lhevdh�_keb�

rmf�g_�m\_ebqb\Z_lky�ba-aZ�h^gh\j_f_ggh]h�gZ[ex^_gby�\k_o�ki_dljZevguo�
bgl_j\Zeh\��l�_��g_�y\ey_lky�nhlhgguf��<�\b^bfhc�h[eZklb�ki_dljZ��]^_�ij_�

h[eZ^Z_l�nhlhgguc�rmf��\ub]jur�N_e`_lZ�l_jy_l�kbem��gh�\ub]jur�@Zdb�

gh� hklZ_lky��� <� BD� h[eZklb� ki_dljZ�� ]^_� nhlhgguc� rmf� g_\_ebd�� nmjv_-
ki_dljhf_lju�y\eyxlky�kZfufb�[ukljh^_ckl\mxsbfb�ijb[hjZfb��Hgb�hkh�

[_ggh� \u]h^gu� \� ^Zevg_c�BD� h[eZklb� ki_dljZ� hl� ��� ^h� �����fdf�� ]^_� hgb�

ijZdlbq_kdb�\ul_kgbeb��deZkkbq_kdb_��ijb[hju� 
<�nmjv_-ki_dljhf_ljZo�g_�kms_kl\m_l�ijh[e_fu�jZkk_yggh]h�k\_lZ�dh�

jhldh\hegh\h]h�baemq_gby��ihkdhevdm�\�ex[hc�fhf_gl�\j_f_gb�bkihevam_lky�

\_kv�k\_l��\k_o�^ebg�\heg� 
Bkke_^m_fZy�h[eZklv�ki_dljZ�\k_]^Z�h]jZgbq_gZ�eb[h�ijbjh^hc�baemq_�

gby��eb[h�ijhajZqghklvx�fZl_jbZeh\��bkihevam_fuo�\�bgl_jn_jhf_lj_��eb[h�

qm\kl\bl_evghklvx�ijb_fgbdZ��Ihwlhfm�\�j_]bkljbjm_fhc�h[eZklb�ki_dljZ�v1 
– v2 \k_]^Z�mdeZ^u\Z_lky�dhg_qgh_�qbkeh�N = (v1 – v2) /Y ki_dljZevguo�bgl_j�
\Zeh\��Ke_^h\Zl_evgh�� \� bgl_jn_jh]jZff_� fh`gh� baf_jylv� lZdh_�`_� qbkeh�

lhq_d��Wlh�iha\hey_l�i_j_^\b]Zlv�dZj_ldm�k�a_jdZehf�iml_f�hl^_evguo�rZ]h\�

b� j_]bkljbjh\Zlv�bgl_jn_jh]jZffm� �ih� lhqdZf���LZdZy�bgnhjfZpby� m^h[gZ�

^ey dhfivxl_jghc�h[jZ[hldb� 
Nmjv_-ki_dljhf_lj� h[uqgh� bf__l� k\hc� dhfivxl_j�� iha\heyxsbc� jZk�

kqblu\Zlv�ki_dlj�ih�f_j_�baf_j_gby�bgl_jn_jh]jZffu��l�_��ih�f_j_�gZjZsb�

\Zgby�jZaghklb�oh^Z�b�jZaj_r_gby��GZ�wdjZg_�^bkie_y�fh`gh�ke_^blv�aZ�w\h�

expb_c�ki_dljZ� 
Hlkq_l�jZaghklb�oh^Z�\h�\j_fy�aZibkb�bgl_jn_jh]jZffu�ijh\h^blky�im�

l_f�kq_lZ�bgl_jn_j_gpbhgguo�ihehk��ihemqZ_fuo�hl�]_ebc-g_hgh\h]h�eZa_jZ��
H^gh\j_f_ggh�k�qbke_gguf�ij_h[jZah\Zgb_f�ki_dljZ�ijhbkoh^bl�_]h�dZeb[�

jh\dZ�ih�^ebgZf�\heg� 
Kh\j_f_ggu_�nmjv_-ki_dljhf_lju� kgZ[`Zxlky� dZlZeh]Zfb�fhe_dmeyj�

guo�ki_dljh\��^_kyldb�lukyq���aZibkZgguo�gZ�^bkdZo��Ijh]jZffu�ihbkdZ�ih�

a\heyxl�bkihevah\Zlv� wlb� [b[ebhl_db� ki_dljh\� jZaebqguf� h[jZahf��gZijb�

f_j��hl[bjZlv�ki_dlju�ih�dZdhfm-eb[h�ijbagZdm�—�ih�khklZ\m�\_s_kl\Z��ih�
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fhe_dmeyjghc� fZkk_�� ih� dZdhc-eb[h�
kljmdlmjghc� ]jmii_� b� l�^�� Dhfivxl_j�

nmjv_-ki_dljhf_ljZ�fh`_l�[ulv�k\yaZg�k�
h[s_c� k_lvx� ^ey� bkihevah\Zgby� ihklh�

jhggbo�[Zgdh\�^Zgguo� 
<� aZdexq_gb_� ijb\_^_f� ijb-

gpbibZevgmx�ko_fm�nmjv_-ki_dljhf_ljZ�
nbjfu�Brucker��jbk���������Ko_fZ�bgl_j�
n_jhf_ljZ� bf__l� g_kdhevdh� hkh[_ggh�

kl_c�� K\_lh^_ebl_evgh_� b� ih^\b`gh_�

a_jdZeZ� jZ[hlZxl� \� koh^ysboky� emqZo��

^bZf_lj�k\_lh\h]h�imqdZ�gZ�gbo�g_\_ebd�

—�hdheh� ���ff��G_[hevrb_�ih�jZaf_jm�

a_jdZeZ� fh]ml� [ulv� ba]hlh\e_gu� k� \u-
khdhc� lhqghklvx��FZeu_� m]eu� iZ^_gby�

emq_c� gZ� k\_lh^_ebl_ev� bkdexqZxl� ih�

eyjbaZpbhggu_� wnn_dlu�� dhlhju_� bf_�

xl�f_klh�ijb�gZdehgghf�iZ^_gbb�emq_c��

B�� gZdhg_p�� ^\Z�iehkdbo� a_jdZeZ�bgl_j�

n_jhf_ljZ� FZcd_evkhgZ� kh\f_s_gu� \�

h^ghf�iehkdhiZjZee_evghf�^\moklhjhg�

g_f�lZd��qlh�\hajZklZgb_�^ebgu�\�h^ghf�

ie_q_� khijh\h`^Z_lky� mf_gvr_gb_f� \�

^jm]hf��LZdbf�h[jZahf��ih�kjZ\g_gbx�k�

h[uqghc� ko_fhc� \^\h_� \hajZklZ_l� jZa�

ghklv�oh^Z�emq_c��>ebgZ�oh^Z�a_jdZeZ�— 
��� kf�� \j_fy� ijhoh^Z� wlh]h� jZkklhygby�

—� ���fbg��>bZf_lj�\oh^gh]h�hl\_jklby�

fh`_l�baf_gylvky�hl���^h����ff��JZaj_�

r_gb_�ijb[hjZ������kf–1. 
Nmjv_-ki_dljhf_lju�k�[ukljuf�ij_h[jZah\Zgb_f�Nmjv_�iha\heyxl�aZ�

ibku\Zlv�ki_dlj�aZ�hq_gv�dhjhldh_�\j_fy��LZdhc�ki_dljhf_lj�nbjfu�I_jdbg-
Wevf_j��gZijbf_j��j_]bkljbjm_l�\_kv�ki_dlj�\�^bZiZahg_�����-����kf–1 (2,3-
���fdf��aZ���k_dmg^u�ijb�jZaj_r_gbb�/�� ���kf

–1. 
 
 
 
��������KI?DLJHF?LJ�K�BGL?JN?J?GPBHGGHC 
�������K?E?DLB<GHC�:FIEBLM>GHC�FH>MEYPB?C��KBK:F� 
 
<� ijb[hjZo� wlh]h� lbiZ� bgl_jn_j_gpbhggZy� fh^meypby� baemq_gby� jZa�

ebqguo�^ebg�\heg�ijhbkoh^bl�ihhq_j_^gh��Z�g_�h^gh\j_f_ggh��dZd�\�nmjv_-
ki_dljhf_ljZo��Ih�ijbgpbim�j_]bkljZpbb�ki_dljZ�wlb�ijb[hju�y\eyxlky�h^�

ghdZgZevgufb� 
Hilbq_kdZy� ko_fZ� kbkZfZ� �jbk�� ������ \h�fgh]hf� ih^h[gZ� ko_f_�nmjv_-

ki_dljhf_ljZ��H^gZdh�a^_kv�a_jdZeZ�bgl_jn_jhf_ljZ�aZf_g_gu�^bnjZdpbhg�

 
 
Jbk�������Ko_fZ�nmjv_-ki_dljhf_ljZ�
nbjfu�Brucker: 1 —�bklhqgbd�k\_lZ�

�]eh[Zj� beb� jlmlgZy� eZfiZ��� 2 — 
\oh^gh_� hl\_jklb_�� 3 — k\_lh^_eb�
l_ev� 4 — ih^\b`gh_�^\moklhjhgg__�
iehkdhiZjZee_evgh_� a_jdZeh�� �� — 
\uoh^gh_�hl\_jklb_ 
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gufb� j_r_ldZfb�� Baf_g_gb_� hilbq_kdhc� jZaghklb� oh^Z� \� g_[hevrbo� ij_-
^_eZo��g_h[oh^bfh_�^ey�bgl_jn_j_gpbhgghc�fh^meypbb��hkms_kl\ey_lky�ih�

dZqb\Zgb_f�dhfi_gkZpbhgghc�ieZklbgu�bgl_jn_jhf_ljZ� 
Ijb� aZ^Zgghf� iheh`_gbb� j_r_lhd� bgl_jn_jhf_lj� gZkljh_g� ^ey� lhc�

^ebgu�\hegu��^ey�dhlhjhc�hljZ`_ggu_�hl�j_r_lhd�imqdb�b^ml�kljh]h�ih�hkb�

ijb[hjZ��Bgl_jn_j_gpbhggZy�dZjlbgZ�dhe_p�jZ\gh]h�gZdehgZ�gZ�\uoh^_�bg�

l_jn_jhf_ljZ� h[jZam_lky� lhevdh� ^ey�

wlhc� ^ebgu� \hegu�� b� lhevdh� ^ey� g__�

ijhbkoh^bl� bgl_jn_j_gpbhggZy� fh�

^meypby�k\_lh\h]h�ihlhdZ�ijb�ih\hjh�

l_� ieZklbgu�� Baemq_gb_� hklZevguo�

^ebg� \heg� kha^Z_l� ebrv� ihklhyggmx�

aZk\_ldm� ijb_fgbdZ�� AZ� ijb_fgbdhf�

ke_^m_l� mkbebl_ev� i_j_f_ggh]h� lhdZ��

gZkljh_gguc� gZ� qZklhlm� bgl_jn_j_g�

pbhgghc�fh^meypbb��GZ�\uoh^�ijb[h�

jZ� ihklmiZ_l� we_dljbq_kdbc� kb]gZe��

dhlhjuc� ijhihjpbhgZe_g� fhsghklb��

aZdexq_gghc� \� \u^_ey_fhf� ki_d�

ljZevghf�bgl_j\Ze_�/v. 
Ijb� kh]eZkh\Zgghf� ih\hjhl_�

h[_bo� j_r_lhd� bgl_jn_jhf_lj� gZ�

kljZb\Z_lky� ihhq_j_^gh� gZ� jZagu_�

^ebgu�\heg��gZ�\uoh^�ijb[hjZ�ihhq_�

j_^gh� ihklmiZxl� kb]gZeu�� ijhihj�

pbhgZevgu_� fhsghklb� \u^_ey_fuo�

mqZkldh\�ki_dljZ��Ki_dlj�aZibku\Z_l�

ky� \� h[uqguo� dhhj^bgZlZo�� dZd� \� deZkkbq_kdbo� ki_dljhf_ljZo��GZeh`_gb_�

ki_dljh\�jZaguo�ihjy^dh\�^bnjZdpbb�g_�y\ey_lky�ihf_ohc�—�qZklhlZ�fh^m�

eypbb� aZ\bkbl� hl� ^ebgu� \hegu� k\_lZ� b� kh\_jr_ggh� jZaebqgZ� ^ey� gZdeZ^u�

\Zxsboky� ihjy^dh\��K� ihfhsvx� mf_j_ggh� k_e_dlb\gh]h� mkbebl_ey� fh`gh�

mkbeblv�kb]gZe��khhl\_lkl\mxsbc�ki_dljm�ebrv�h^gh]h�ihjy^dZ� 
KbkZf��dZd�b�nmjv_-ki_dljhf_lj��h[eZ^Z_l�ij_bfms_kl\hf�i_j_^�s_e_�

\ufb�ijb[hjZfb�\�k\_lhkbe_��;hevrhc�^bZf_lj�\oh^gh]h�b�\uoh^gh]h�hl\_j�

klbc�h[_ki_qb\Z_l�agZqbl_evgmx�\_ebqbgm�ijhoh^ys_]h�q_j_a�ijb[hj�k\_lh�

\h]h�ihlhdZ� 
:iiZjZlgZy� nmgdpby� kbkZfZ� ih^h[gZ� ZiiZjZlghc� nmgdpbb� nmjv_-

ki_dljhf_ljZ� ��������:ih^baZpby�ijb^Z_l�_c�[he__�m^h[guc�^bnjZdpbhgguc�

\b^���������>ey�wlh]h�gZ�j_r_ldb�gZ^_\Zxl�^bZnjZ]fu�\�\b^_�jhf[h\��mf_gv�

rZxsb_�^ebgm�rljboh\�j_r_ldb�ih�f_j_�m^Ze_gby�hl�__�k_j_^bgu� 
JZaj_rZxsZy�kihkh[ghklv�kbkZfZ��dZd�b�^jm]bo�ki_dljZevguo�ijb[hjh\��

hij_^_ey_lky�fZdkbfZevghc�jZaghklvx�oh^Z�bgl_jn_jbjmxsbo�emq_c��dhlh�

jZy�\�^Zgghf�kemqZ_�aZ^Z_lky�j_r_ldZfb��Ihwlhfm�jZaj_rZxsZy�kihkh[ghklv�

kbkZfZ�jZ\gZ�jZaj_rZxs_c�kihkh[ghklb�_]h�j_r_lhd� 
G_fh^mebjh\Zggh_� baemq_gb_� \k_o� ^ebg� \heg�� djhf_� \u^_ey_fhc�� ih�

klhyggh�ihklmiZ_l�gZ�ijb_fgbd��<�BD�h[eZklb�ki_dljZ�nhlhgguc�rmf�fZe��

 
Jbk��������Hilbq_kdZy�ko_fZ�kbkZfZ��1 
— \oh^gh_�hl\_jklb_��2 — h[t_dlb\u��
3 —� k\_lh^_ebl_evgh_� a_jdZeh�� 4 — 
\jZsZ_fZy� ieZklbgZ�� 5 —� ^bnjZdpb�

hggu_�j_r_ldb��6 — \uoh^gh_�hl\_j�
klb_ 
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ihwlhfm�rmfu�[hevrbgkl\Z�ijb_fgbdh\�baemq_gby�g_�aZ\bkyl�hl�\_ebqbgu�

iZ^Zxs_]h�gZ�gbo�k\_lh\h]h�ihlhdZ��Ebrgyy�aZk\_ldZ�ijb_fgbdZ�\�wlhf�kem�

qZ_�g_�m\_ebqb\Z_l�rmfh\�kbkl_fu��<�\b^bfhc�`_�h[eZklb�ki_dljZ��]^_�\_ebd�

nhlhgguc�rmf�� hlghr_gb_� kb]gZe�rmf� kbkZfZ� iZ^Z_l�� qlh� fh`_l� kgbablv�

\ub]jur�\�k\_lhkbe_� 
>ey�mf_gvr_gby�ih^\_j`_gghklb�kbkZfZ�jZaebqguf�f_oZgbq_kdbf�g_�

klZ[bevghklyf�bkihevamxl�ko_fm�k�h[jZlgh-djm]h\uf�oh^hf�emq_c� >����@��<�
wlhc�ko_f_�h[Z�imqdZ�ijhoh^yl�h^bg�b�lhl�`_�imlv�\h�\aZbfgh�ijhlb\hiheh`�

guo�gZijZ\e_gbyo��<�h^ghf�ba�imqdh\�gZoh^blky�\jZsZ_fZy�kbkl_fZ�—�fh�

^meylhj��\�^jm]hf�—�lZdZy�`_��gh�g_ih^\b`gZy��ieZklbgZ-dhfi_gkZlhj� 
Ki_dljhf_lju�k�k_e_dlb\ghc�Zfieblm^ghc�fh^meypb_c�ihdZ�g_�ihemqb�

eb�lZdh]h�jZkijhkljZg_gby��dZd�nmjv_-ki_dljhf_lju��\�hkgh\ghf�ba-aZ�g_h[�
oh^bfhklb� ij_pbabhggh]h� ba]hlh\e_gby� f_oZgbq_kdbo� qZkl_c� ijb[hjZ� b�

ljm^ghkl_c�gZkljhcdb� 
 
 
�������J:KLJH<UC�KI?DLJHF?LJ 
 
<�deZkkbq_kdhf�s_e_\hf�fhghojhfZlhj_�^ey�ihemq_gby�ohjhr_]h�jZa�

j_r_gby�\oh^gZy�b�\uoh^gZy�s_eb�\u[bjZxlky�^hklZlhqgh�madbfb��Khhl\_l�

kl\_ggh�fZe�b�bkihevam_fuc�k\_lh\hc�ihlhd��:gZeba�ihdZau\Z_l� >����@��qlh�

\f_klh�h[uqguo�s_e_c�gZ�\oh^_�b�\uoh^_�fhghojhfZlhjZ�fh`gh�bkihevah�

\Zlv�ihke_^h\Zl_evghklv�s_e_c�k�rbjbghc�ijhajZqguo�b�g_ijhajZqguo�mqZ�

kldh\��f_gyxs_cky�ih�]Zjfhgbq_kdhfm�aZdhgm�hl�rbjhdhc�^h�madhc�—�jZklj��

KmffZjgZy�iehsZ^v�ijhajZqguo�qZkl_c�jZkljZ�agZqbl_evgh�[hevr_�iehsZ^b�

h^ghc�madhc�s_eb�—�[hevr_�b�ijhoh^ysbc� k\_lh\hc�ihlhd��GZ�nhdZevghc�

iehsZ^b�jZkljh\h]h�fhghojhfZlhjZ�h[jZam_lky�fgh`_kl\h�bah[jZ`_gbc�jZk�

ljZ��gZeh`_gguo�^jm]�gZ�^jm]Z�kh�kf_s_gb_f�aZ�kq_l�^bki_jkbb��<�ihemqb\�

r_cky� �f_rZgbg_�� aZdh^bjh\ZgZ� bgnhjfZpby� h[� bklbgghf� ki_dlj_��>ey� __�

^_dh^bjh\Zgby�bkihevamxl�\uoh^ghc�jZklj��ih^h[guc�\oh^ghfm��b�\u^_eyxl�

i_j_f_ggmx�khklZ\eyxsmx�fh^mebjh\Zggh]h�kb]gZeZ� 
<�jZkljh\hf�ki_dljhf_lj_�@bjZjZ� �jbk�� ������\oh^ghc�1 b�\uoh^ghc�2 

jZklju�bf_xl�\b^�jZ\gh[hdbo�]bi_j[he��GZ�\oh^ghf�jZklj_�ijhajZqgu_�ih�

ehku�q_j_^mxlky�k� a_jdZevgufb� �gZijbf_j��gZ�jbk�� �����Z�[_eu_�ihehku�— 
ijhajZqgu_��q_jgu_�—�g_ijhajZqgu_� a_jdZevgu_���K�ihfhsvx� a_jdZevgh]h�

\jZsZxs_]hky� fh^meylhjZ� 3 \ fhghojhfZlhj� gZijZ\ey_lky� lh� ijhr_^rbc�

q_j_a�\oh^ghc�jZklj�k\_l��lh�hljZ`_gguc�hl�g_]h��GZ�\uoh^_�ijb[hjZ�ihi_�

j_f_ggh� h[jZam_lky� lh� ijyfh_� bah[jZ`_gb_� jZkljZ�� lh� g_]Zlb\gh_��>ey� lhc�

^ebgu� \hegu�� gZ� dhlhjmx� gZkljh_g� ijb[hj�� bah[jZ`_gb_� \oh^gh]h� jZkljZ�

lhqgh�kh\iZ^Z_l�k�\uoh^guf��ihwlhfm�baemq_gb_�wlhc�^ebgu�\hegu�fh^meb�

jm_lky� gZ� ������ QZklhlZ� fh^meypbb� aZ^Z_lky� \jZsZxsbfky� fh^meylhjhf��

>ey�^jm]bo�^ebg�\heg�bah[jZ`_gb_�\oh^gh]h�jZkljZ�kf_s_gh�hlghkbl_evgh�

\uoh^gh]h�aZ�kq_l�^bki_jkbb�ijb[hjZ��b�ijb�gZeh`_gbb�bo�h[jZamxlky�fmZ�

jh\u_�ihehku��jZkiheh`_ggu_�\�gZijZ\e_gbb�kf_s_gby��jbk�������[,\���I_jb�
h^�wlbo�ihehk�l_f�f_gvr_��q_f�^Zevr_�hlklhbl�^ZggZy�^ebgZ�\hegu�hl�\u^_�

ey_fhc��Ijb� \jZs_gbb�fh^meylhjZ�� ihkueZxs_]h� \� ijb[hj� lh� ijhr_^rbc�
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q_j_a�jZklj�k\_l��lh�hljZ`_gguc��fmZjh\u_�ihehku�kf_sZxlky�lh�\�h^gm��lh�\�

^jm]mx�klhjhgm�gZ�ihei_jbh^Z��Fh^meypby�k\_lh\h]h�ihlhdZ��ihklmiZxs_]h�

gZ�ijb_fgbd��ijb�wlhf�hdZau\Z_lky�g_agZqbl_evghc��Z�^ey�f_edbo�fmZjh\uo�

ihehk�ijZdlbq_kdb�hlkmlkl\m_l��LZdbf�h[jZahf��Zfieblm^Z�fh^meypbb�\_ebdZ�

lhevdh�^ey� \u^_ey_fhc�^ebgu� \hegu��Baemq_gb_�^jm]bo�^ebg� \heg� kha^Z_l�

ebrv�ihklhyggmx�aZk\_ldm�ijb_fgbdZ��dZd�wlh�bf__l�f_klh�b�\�kemqZ_�kbkZfZ��

Ih� wlhc� ijbqbg_� ijbf_g_gb_� jZkljh\uo� ki_dljhf_ljh\� \u]h^gh� \� bgnjZ�

djZkghc�h[eZklb�ki_dljZ��]^_�aZk\_ldZ�ijb_fgbdZ�g_�m\_ebqb\Z_l�rmfh\�kbk�

l_fu� 

:iiZjZlgZy� nmgdpby� jZkljh\h]h� ki_dljhf_ljZ� k� ijyfhm]hevguf� jZk�

ljhf�bf__l�\b^��ih^h[guc� ��������>ey�memqr_gby�ZiiZjZlghc�nmgdpbb�ijh�

\h^yl� Zih^baZpbx�� baf_gyy� nhjfm� dhglmjZ� jZkljZ��Bkihevamxl�� gZijbf_j��

jZklj�k�dhglmjhf�\�\b^_�jhf[Z�beb�]Zmkkh\uo�djb\uo� 
JZaj_rZxsZy� kihkh[ghklv� ijb[hjZ� hij_^_ey_lky� gZb[he__� f_edhc�

kljmdlmjhc�jZkljZ��LZd��_keb�gZbf_gvrZy�rbjbgZ�ijhimkdZxs_c�ihehku�jZk�

ljZ� khklZ\ey_l� ��� fdf�� ki_dljhf_lj� h[_ki_qb\Z_l� lZdmx�`_� jZaj_rZxsmx�

kihkh[ghklv��dZd�b�deZkkbq_kdbc�ijb[hj�k�rbjbghc�s_eb����fdf��<ub]jur�\�

 
 
 Jbk�� ������Ko_fZ�jZkljh\h]h� ki_dljhf_ljZ�@bjZjZ��1 — \oh^ghc��2 —�\uoh^ghc�

jZklju��3 —�a_jdZevguc�fh^meylhj��4 —�^bnjZdpbhggZy�j_r_ldZ��5 — ijb_fgbd�
baemq_gby 
 
 

 
 
Jbk�� ������=bi_j[hebq_kdbc� \oh^ghc� jZklj� �Z��b�fmZjh\u_�ihehku�� \hagbdZxsb_�

ijb�kf_s_gbb�\�]hjbahglZevghf�gZijZ\e_gbb�bah[jZ`_gby�\oh^gh]h�jZkljZ�hlgh�

kbl_evgh�\uoh^gh]h��[, \) 
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*                   * 
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A_jdZevgu_ ihdjulby 44–49 
Baemq_gb_ 13 
— �]Zah\h]h jZajy^Z 68–69 
—, �h[t_fgZy iehlghklv 16 
— �jZ\gh\_kgh_ 54, 68 
—, �kl_i_gv q_jghlu 57 
— �l_ieh\h_ 53 
 
Bfimevkgu_ eZfiu 95  
Bg_jpbhgghklv ijb_fgbdZ�baemq_- 
      gby 117 
— j_]bkljbjmxs_]h�mkljhckl\Z 177  
Bgkljmf_glZevguc dhglmj  172 
Bgl_]jZevgZy�qm\kl\bl_evghklv�ijb- 
       _fgbdZ 112 
Bgl_gkb\ghklv 15 
Bgl_jn_j_gpbhggh-iheyjbaZpbhgguc� 
      k\_lhnbevlj 159  
Bgl_jn_j_gpbhgguc k\_lhnbevlj 155  
Bgl_jn_jhf_lj FZcd_evkhgZ 263 
— �NZ[jb-I_jh  244 
— —  —, ZiiZjZlgZy�nmgdpby 248 
— —   — fgh]hijhoh^guc  250 
— —   — fmevlbie_dk 250 
— —   — hljZ`Zxsbc 251 
— —   —, ihklhyggZy  248 
— —   — kn_jbq_kdbc 259 
 
Ch^gZy eZfiZ  61 

DZf_jguc h[t_dlb\ 170 
D\Zglh\Zy wnn_dlb\ghklv�ijb_f- 
        gbdZ 114 
D\Zglh\uc \uoh^�ijb_fgbdZ 115, 142 
D\Zglhf_lj  170, 199 
Dbjo]hnZ aZdhg  53 
�DeZkkbq_kdb_� ki_dljZevgu_ ijb[h- 
       ju 170 
Debgh\uc�bgl_jn_j_gpbhgguc�

k\_lhnbevlj 158 
Dh]_j_glgh_ hk\_s_gb_ s_eb 179 
Dh]_j_glghklv 17 
DheebfZlhj  170 
Dhglbgmmf  90, 98 
Dhkbgmkguc baemqZl_ev  15 
Dhwnnbpb_gl�dhgljZklghklb�nhlh- 
      ieZklbgdb 120 
— �hljZ`_gby 25, 41, 42 
— �ih]ehs_gby 28, 71, 72 
— kihglZggh]h baemq_gby 71 
— �q_jghlu 57 
Dhwnnbpb_glu Wcgrl_cgZ 54  
DjZl_j m]hevghc ^m]b  64 
Djb\Zy ^bki_jkbb 30, 32, 35 
— �hljZ`_gby 30, 32, 42 
— �ih]ehs_gby 30, 32 
— �ihq_jg_gby  120 
Djb\bagZ�ki_dljZevghc ebgbb 208,  
      224 
Djbl_jbc Jwe_y  174  
Djm] JhmeZg^Z 253 
 
EZa_j gZ�k\h[h^guo�we_dljhgZo 108 
EZfiu [_awe_dljh^gu_ 84 
— �\h^hjh^gu_ 89 
— �]Zah\u_ 94 
— �bfimevkgu_  95 
— �gZdZeb\Zgby 60 
— �jlmlgu_ 92 
— k�iheuf�dZlh^hf 87 
Ebg_cgZy�^bki_jkby 204  
EhdZevgh_�l_jfh^bgZfbq_kdh_�jZ\gh- 
      \_kb_ 70 
Ehj_gph\kdZy rbjbgZ ebgbb 79  
Ehj_gph\kdbc dhglmj 79, 159 
 
FZa_j�gZ�pbdehljhgghf�j_ahgZgk_ 
     ��]bjhljhg� 103 
FZdk\_eeZ nmgdpby  69, 76  
FZl_jbZeu hilbq_kdb_ 18 
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FZlbjh\Zggh_ a_jdZeh 153 
F_jb^bhgZevgh_ �]eZ\gh_��k_q_gb_� 
       ijbafu 208 
F_lZeebq_kdb_ a_jdZeZ 40  
F_lZeebq_kdh_ hljZ`_gb_ 31, 40, 41  
FbdjhdZgZevgu_ ieZklbgu 136 
Fgh]hdjZlgu_�hljZ`_gby 37, 44, 155  
Fgh]hkehcgh_ a_jdZeh 46, 156 
Fgh]hwe_f_glgu_�ijb_fgbdb�baemq_- 
        gby 112, 117, 145 
FhghojhfZlhj 169, 172 
— �^\hcghc 195 
— — k�\uqblZgb_f�^bki_jkbc 197 
— — kh�keh`_gb_f�^bki_jkbc 197 
— �nhdZevguc 149 
FmZj 269 
Fmevlbie_dk-bgl_jn_jhf_lj 250 
 
GZdhibl_ev 108 
GZeh`_gb_ ki_dljh\ 220  
G_dh]_j_glgh_ hk\_s_gb_�s_eb 178 
G_q_jgh_ l_eh 57 
GhjfZevgZy ^bki_jkby 31 
— rbjbgZ�s_eb 177 
 
H[gZjm`bl_evgZy�kihkh[ghklv�ijb_f- 
      gbdZ 114 
H[jZlgZy ebg_cgZy ^bki_jkby  173 
H[jZlguc wnn_dl DhfilhgZ 109 
H[t_dlb\u a_jdZevgu_ 191 
H[t_fgZy�ki_dljZevgZy�iehlghklv� 
       baemq_gby 16 
H^ghebgah\Zy�hk\_lbl_evgZy�kbkl_- 
       fZ 186 
Hdgh ijhajZqghklb�Zlfhkn_ju 51 
 — �ki_dljZevgh_ 172 
Hg^meylhj  107–108 
Hilbdh-Zdmklbq_kdbc ijb_fgbd 126  
HilbfZevgZy qZklhlZ�fh^meypbb  116  
Hilbq_kdZy d_jZfbdZ 19 
— �iehlghklv 148 
Hilbq_kdb_ fZl_jbZeu 18  
Hilbq_kdh_ \hehdgh 9, 38  
Hiljhg  142 
Hk\_lbl_evgZy kbkl_fZ 185 
— — ̂ \moebgah\Zy 188 
— — h^ghebgah\Zy 186 
— — �jZkljh\Zy  189 
— — �lj_oebgah\Zy 188 
 

Hk\_s_gb_ s_eb  185 
— — �g_dh]_j_glgh_ 178 
— — �dh]_j_glgh_ 178 
HklZlhqgu_ emqb  152 
Hldebd ijb_fgbdZ 112, 116 
Hlghkbl_evgZy yjdhklv 57 
Hlghr_gb_ ebgby -�nhg 183 
— kb]gZe–rmf 114, 264  
HljZ`_gb_ baemq_gby  24, 28, 40, 41 
Hlj_aZxsbc k\_lhnbevlj  147, 153 
 
Ibjhwe_dljbq_kdbc ijb_fgbd�baemq_- 
       gby 128 
IeZafZ 65 
— hilbq_kdb iehlgZy 70 
— �hilbq_kdb lhgdZy 71 
IeZaf_ggZy qZklhlZ �^ebgZ�\hegu� 33, 
       37 
IeZafhljhg  97  
IeZgdZ aZdhg 55 
IeZgdh\kdbc mjh\_gv baemq_gby 58  
IeZlbgh-d_jZfbq_kdbc baemqZl_ev 63  
Ih]ehsZl_evgZy kihkh[ghklv 16 
Ih]ehs_gby dhwnnbpb_gl 27, 72  
IhdZaZl_ev ih]ehs_gby 25 
— �ij_ehfe_gby 25, 37 
IhebojhfZlhj  170  
Ihegh_�\gmlj_gg__�hljZ`_gb_ 153  
Ihehku ih]ehs_gby 30, 51 
Iheuc dZlh^ 84–87 
Ihjy^hd ki_dljZ 214, 220 
— �nbevljZ 156 
IhklhyggZy bgl_jn_jhf_ljZ 248  
Ihl_jb nj_g_e_\kdb_ 37 
Ihlhd baemq_gby 14 
Ij_^_evgZy qZklhlZ ijb_fgbdZ 117  
Ijb[hju�k�aZjy^h\hc�k\yavx 
     ��IAK� 143 
Ijbafu :[[_ 210 
— [jxkl_jh\kdb_ 204 
— �Dhjgx 209 
— �Eblljh\Z 210 
— ihklhyggh]h�hldehg_gby 211 
— �J_a_jnhj^Z 210 
—, kbkl_fu�ihklhyggh]h�hldehg_- 
      gby 211 
Ijb_fgbdb�baemq_gby�l_ieh\u_ 111 
— — nhlhggu_ 111 
IjhajZqghklv�hilbq_kdbo�fZl_jbZ- 
       eh\ 37 
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Ijhk\_leyxsb_�ihdjulby 45 
 
JZaj_rZxsZy�kihkh[ghklv 174 
— — ̂ bnjZdpbhgghc�j_r_ldb 225,  
            232 
— — bgl_jn_jhf_ljZ�NZ[jb–I_jh  
            248 
— — jZkljh\h]h�ki_dljhf_ljZ 268 
— — �j_ZevgZy  177 
— — �kbkZfZ 266 
— — l_hj_lbq_kdZy 174 
— — nmjv_-ki_dljhf_ljZ 262 
JZkljh\Zy�hk\_lbl_evgZy�kbkl_fZ 189 
JZkljh\uc ki_dljhf_lj 268 
J_Z[khj[pby baemq_gby 80–82 
J_ahgZgkgh_�mrbj_gb_�ebgbc 80 
J_eylb\bklkdbc�wnn_dl >hiie_jZ 104  
J_iebdZ�^bnjZdpbhgghc�j_r_ldb 225  
J_r_ldb�^bnjZdpbhggu_�gZj_agu_  
          225 
— —   — k�i_j_f_gguf�rZ]hf 228,  
                 236 
— — ]heh]jZnbq_kdb_ 235 
Jlmlgu_ eZfiu 90–93 

 
KZ]bllZevgh_ k_q_gb_ ijbafu 206 
KZfhh[jZs_gb_�ki_dljZevghc�ebgbb 
82, 94 
K\_lh^bh^u 142 
K\_lhkbeZ 173, 180, 224, 258 
— �]_hf_ljbq_kdZy 181 
— ih�hk\_s_gghklb 181, 257 
— �ih ihlhdm  181, 257 
K\_lhnbevlju 147–164 
— Z[khj[pbhggu_ 148 
— Zdmklh-hilbq_kdb_ 164 
— ^bki_jkbhggu_ 150 
— bgl_jn_j_gpbhggu_ 155 
— bgl_jn_j_gpbhggh-iheyjbaZpb- 
      hggu_ 159 
— �dhgljZklgu_ 159 
— �Ebh 160 
— �hlj_aZxsb_ 147 
— OjbklbZgk_gZ 151  
K\h[h^gZy�ki_dljZevgZy�h[eZklv 220,  
        247 
K_e_dlb\gZy�fh^meypby�baemq_gby  
       154, 171 
— nbevljZpby baemq_gby 170 

K_jh_ l_eh  57 
Kbgojhljhggh_ baemq_gb_ 105 
KbkZf 266 
KblZeeu 19 
KdZgbjh\Zgb_�ki_dljZ 169, 176, 211, 
256 
Keh`guc�bgl_jn_jhf_lj�NZ[jb–I_jh� 
        �fmevlbie_dk� 250 
Kdbg-kehc 27 
Kdj_sb\Zgb_ ^bki_jkbc  221, 252 
Kheg_qgh-ke_iu_ nhlhdZlh^u 134 
Ki_dljh]jZn  169 
Ki_dljhf_lj 170, 192 
— �Zdmklhhilbq_kdbc 166 
— k�bgl_jn_j_gpbhgghc�k_e_dlb\ghc� 
      Zfieblm^ghc�fh^meypb_c 266 
—��NZ[jb–I_jh 254 
— �Nmjv_ 261 
— �jZkljh\uc 268  
Ki_dljhkdhi  170 
Ki_dljhnhlhf_lj  170, 192 
Ki_dljZevgh_ hdgh  172 
Ki_dljZevguc ZgZeba 97, 197 
KlZg^Zjl�ki_dljZevgh]h�jZkij_^_e_- 
      gby�yjdhklb�baemq_gby 62, 92, 106  
Kl_i_gv�q_jghlu��dhwnnbpb_gl�q_j- 
      ghlu��baemq_gby 57 
— �iheyjbaZpbb 16 
Klb]fZlbq_kdb_ lhqdb 236  
Klbehkdhi  170 
Ko_fZ <h^k\hjlZ 241 
— �B]ey 239 
—��IZr_gZ–Jmg]_ 239 
—��K_cy–GZfbhdZ 242 
—��Q_jgb–Lmjg_jZ 228 
— �W[_jlZ 228 

 
L_fi_jZlmjZ p\_lh\Zy 59 
— �yjdhklgZy 58 
L_hj_lbq_kdbc ij_^_e�jZaj_r_gby 174 
L_ieh\h_ baemq_gb_ 53 
L_ieh\u_ ijb_fgbdb baemq_gby  111,  
      123 
L_jfhwe_f_gl 126  
Le_xsbc jZajy^ 65, 83  
Lhgdb_ ie_gdb 41 
Lj_oebgah\Zy hk\_lbl_evgZy kbkl_- 
      fZ 188 
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Ljb]hghf_ljbq_kdbc�fgh`bl_ev 
      ijbafu 203 
 
M\_ebq_gb_�h[t_dlb\h\�ki_dljZevgh]h�
ijb[hjZ 202 
— �m]eh\h_ ijbaf 201 
— — j_r_ldb 219 
M]he [e_kdZ j_r_ldb 216 
—  ;jxkl_jZ 204 
MevljZnbhe_lh\Zy ghjfZev 92 
Mrbj_gb_�ki_dljZevguo ebgbc 74 
— —   — ̂ hiie_jh\kdh_ 76 
— —   — ehj_gph\kdh_ 79 
— —   — j_ahgZgkgh_ 80 
— —   — rlZjdh\kdh_ 80 
 
NZ[jb–I_jh bgl_jn_jhf_lj 244 
NZdlhj�j_adhklb�bgl_jn_j_gpbhgghc�

dZjlbgu 249 
N_e`_lZ \ub]jur 265 
Nhc]lh\kdbc dhglmj 78 
NhdZevgZy baheypby 149 
NhjfmeZ ;hevpfZgZ 70, 71 
— �<bgZ 55 
— ^bki_jkbb�A_evf_c_jZ 30 
— �IeZgdZ 55 
— �Jwe_y–>`bgkZ 55 
—  KZoZ  70 
Nhlh\_glbevguc�j_`bf�ijb_fgbdZ  
      141 
Nhlh\hevlZbq_kdb_ ijb_fgbdb 138  
Nhlh^bh^u 138 
Nhlhgguc rmf  115  
NhlhdZlh^u 132 
Nhlhj_abklhju 138  
Nhlhmfgh`bl_eb 134  
Nhlhwfmevkbb 118 
—, �qm\kl\bl_evghklv 121  
Nj_g_e_\kdb_ ihl_jb 37 
Nmgdpby FZdk\_eeZ 69, 76 
Nmjv_-ki_dljhf_lj 261–266 
 
OjhfZlbq_kdZy Z[_jjZpby  148, 208 
 
P\_lgu_ kl_deZ 148 
P\_lh\Zy l_fi_jZlmjZ 57 

QZklhlgh-dhgljZklgZy� oZjZdl_jbklbdZ�
�QDO� fgh]hwe_f_glguo� ijb_fgb- 
      dh\ 121 
—  — nhlhwfmevkbb 121 
— — l_jfhieZklbdh\ 122 
—  — IAK 145 
Q_jg_gb_ ih\_joghklb 36, 125  
Q_jgh_ l_eh 56, 60  
Q_l\_jlv\hegh\uc kehc 44 
Qbkeh�bgl_jn_jbjmxsbo�emq_c� 
      wnn_dlb\gh_  249 
Qm\kl\bl_evghklv�ijb_fgbdZ�baem- 
      q_gby�bgl_]jZevgZy 112 
— —   — ihjh]h\Zy  113 
— —   — ki_dljZevgZy 113, 121, 131,  
                 134 
 
RbjbgZ�ZiiZjZlghc nmgdpbb 172, 178 
— ki_dljZevghc ebgbb 74 
— —   — ̂ hiie_jh\kdZy 76 
— —   — _kl_kl\_ggZy 74, 88 
— —   — ehj_gph\kdZy 79 
— s_eb ghjfZevgZy 177, 179 
— — ki_dljZevgZy  177, 182 
Rmf ^jh[h\hc  115 
— �l_ieh\hc  115 
— �nhlhgguc  115, 264 
 
Wcgrl_cgZ dhwnnbpb_glu 53 
Wdkihabpby 119 
We_dljhggh-hilbq_kdbc�ij_h[jZ- 
       ah\Zl_ev��WHI�  136 
Wg_j]_lbq_kdZy k\_lbfhklv  15 
— �yjdhklv  15 
Wnn_dl�>hiie_jZ 76, 104 
— �RlZjdZ 79, 80 
Wnn_dlb\ghklv�^bnnjZdpbhgghc� 
      j_r_ldb 217, 218, 227 
Wr_e_ll 225 
Wr_ee_ 225 
 
YjdhklgZy l_fi_jZlmjZ 58  
Yjdhklv 14 
— �hlghkbl_evgZy 57 
— �wg_j]_lbq_kdZy 15 
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