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I _ l j h \ Z � = � I �  :gbahljhigu_� `b^dhklb�� ;bheh]bq_kdb_�

kljmdlmju�� F��� Nbabq_kdbc� nZdmevl_l� F=M� bf�� F�<�� Ehfhghkh\Z��

����������k� 
 
>Zggh_�mq_[gh_�ihkh[b_�gZibkZgh�gZ�hkgh\_�dmjkZ�e_dpbc��dhlhju_�

\�l_q_gb_�jy^Z�e_l�qblZebkv�Z\lhjhf�gZ�dZn_^j_�fhe_dmeyjghc�nbabdb�

nbabq_kdh]h�nZdmevl_lZ�F=M�klm^_glZf��-]h�b��-]h�dmjkh\�kgZqZeZ�dZd�
jZa^_e�h[s_]h�dmjkZ�©NbabdZ�`b^dhklbª��Z�aZl_f�dZd�kZfhklhyl_evguc�

dmjk�©@b^db_�djbklZeeu�b�[bheh]bq_kdb_�kljmdlmjuª� 
<�dgb]_�jZkkfhlj_gu�l_jfhljhigu_�b�ebhljhigu_�kbkl_fu��Baeh�

`_gu�hkgh\u�l_hjbb�mijm]hklb� �\�hkgh\ghf��gZ�ijbf_j_�g_fZlbq_kdbo�

`b^dbo�djbklZeeh\�� 
Ijb\h^ylky�wdki_jbf_glZevgu_�^Zggu_��ihemq_ggu_�Z\lhjhf�k�kh�

ljm^gbdZfb��ijb�bkke_^h\Zgbb�jZaebqguo� lbih\� l_ieh\h]h�fhe_dmeyj�

gh]h�^\b`_gby�\�l_jfhljhiguo�`b^dbo�djbklZeeZo�b�\�ebhljhiguo�kbk�

l_fZo��lZdbo��dZd�jZkl\hju�[bhihebf_jh\� 
Ihkh[b_�g_�ij_l_g^m_l�gZ�\k_h[t_fexs__�baeh`_gb_�\k_o�ijh[e_f�

nbabdb�`b^dbo� djbklZeeh\� �lZdbo�� gZijbf_j�� dZd� ^_n_dlu� kljmdlmju��

j_heh]bq_kdb_�k\hckl\Z�b�l�^����k\_^_gby�h�dhlhjuo�fh]ml�[ulv�gZc^_gu�

\�j_dhf_g^h\Zgghc�ebl_jZlmj_� 
>ey�klm^_glh\�b�ZkibjZglh\��Z�lZd`_�^ey�gZmqguo�jZ[hlgbdh\��ki_�

pbZebabjmxsboky�\�h[eZklb�fhe_dmeyjghc�nbabdb��f_^bpbgkdhc�nbab�

db�b�nbabq_kdhc�wdheh]bb� 
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<<?>?GB?� 
 

���;eb`gbc�b�^Zevgbc�ihjy^hd�\�dhg^_gkbjh\Zgghc�kj_^_��

hjb_glZpbhggh_�mihjy^hq_gb_� 
Ba\_klgh��qlh�\k_� ��khklhygby�\_s_kl\Z�hlebqZxlky�ihjy^dhf�

\�jZkiheh`_gbb�fhe_dme�b�oZjZdl_jhf�bo�l_ieh\h]h�^\b`_gby� 
Kh]eZkgh�Nj_gd_ex

∗
��©^Zevgbc�ihjy^hdª�beb�©dhhj^bgZpbhg�

guc� ihjy^hdª� khhl\_lkl\m_l� ijZ\bevghfm� jZkiheh`_gbx� Zlhfh\�

�fhe_dme��\�maeZo�djbklZeebq_kdhc�j_r_ldb� 
©;eb`gbc�ihjy^hdª�–�wlh�ihjy^hd�gZ�fZeuo�jZkklhygbyo�\�hl�

ghkbl_evghf�jZkiheh`_gbb�khk_^gbo�Zlhfh\�beb�fhe_dme� 
JZaebqZ_lky� lZd`_� ©hjb_glZpbhgguc� ihjy^hdª� \� obfbq_kdb�

h^ghjh^guo� l_eZo�� h[jZah\Zgguo� ^\moZlhfgufb� beb� [he__� keh`�

gufb�fhe_dmeZfb��khhl\_lkl\mxsbc�mihjy^hq_gbx�ih�hjb_glZpb�

yf� 
<�djbklZeeZo��dZd�ijZ\beh��kms_kl\m_l�dZd�^Zevgbc��lZd�b�hjb�

_glZpbhgguc�ihjy^db� 
Dhhj^bgZpbhgguc�ihjy^hd�g_� k\yaZg� k� hjb_glZpbhgguf��Fh�

]ml�� gZijbf_j�� kms_kl\h\Zlv� lZdb_� djbklZeebq_kdb_� khklhygby�� \�

dhlhjuo� dhhj^bgZpbhgguc� ihjy^hd� khojZgy_lky�� Z� hjb_glZpbhg�

guc� –�gZjmrZ_lky��Wlh�ijhbkoh^bl�\�\_s_kl\Zo��gZau\Z_fuo�ieZ�

klbq_kdbfb�djbklZeeZfb��Wlb�\_s_kl\Z�khklhyl�ba�fhe_dme�kn_jb�

q_kdhc�nhjfu� 
GZijbf_j�� \� djbklZeeZo� H C l� ijb� g_dhlhjhc� l_fi_jZlmj_� gZ�

[ex^Z_lky�nZah\uc� i_j_oh^�� ijb� dhlhjhf� ijZ\bevgh_� jZkiheh`_�

gb_�fhe_dme�\�maeZo�j_r_ldb�khojZgy_lky��Z�bo�\aZbfgZy�hjb_glZ�

pby� gZjmrZ_lky��Fhe_dmeu� fh]ml� k\h[h^gh� \jZsZlvky�� gZijZ\e_�

gby�bo�\jZs_gby�oZhlbq_kdh_��ijb�wlhf�\jZsZxsb_ky�fhe_dmeu�g_�

hq_gv�kbevgh�jZklZedb\Zxl�k\hbo�khk_^_c�b�g_�gZjmrZxl�iehlgmx�

miZdh\dm� djbklZeeZ�� Wlh� lZd� gZau\Z_fh_� ©]ZahdjbklZeebq_kdh_ª�

beb�©jhlZpbhggh�djbklZeebq_kdh_ª�khklhygb_� 
K� ^jm]hc� klhjhgu�� \hafh`gh� khklhygb_� kj_^u�� ijb� dhlhjhf�

dhhj^bgZpbhgguc�ihjy^hd� jZajmrZ_lky�� Z� hjb_glZpbhgguc� khojZ�

gy_lky��LZdh_�khklhygb_�kj_^u�ihemqbeh�gZa\Zgb_� ©`b^dhdjbklZe�

ebq_kdh_ª� 
KljmdlmjZ�b�nbabq_kdb_�k\hckl\Z�dhg^_gkbjh\Zgghc�kj_^u�aZ�

\bkyl�hl�obfbq_kdhc�bg^b\b^mZevghklb�h[jZamxsbo�__�qZklbp�b�hl�

oZjZdl_jZ�b�bgl_gkb\ghklb�kbe��^_ckl\mxsbo�f_`^m�gbfb� 
JZaf_j� b� nhjfZ� fhe_dme� b� kbeu� f_`fhe_dmeyjgh]h� \aZbfh�

^_ckl\by�hij_^_eyxl�oZjZdl_j�hlghkbl_evgh]h�jZkiheh`_gby�b�hl�

ghkbl_evgh]h�^\b`_gby�qZklbp�`b^dhklb� 

                                           
∗)  Nj_gd_ev�Y�B��Dbg_lbq_kdZy�l_hjby�`b^dhkl_c��F�������� 



 4  

<�dmjk_�©NbabdZ�`b^dhklbª�jZkkfZljb\Zxlky��\�hkgh\ghf��lZd�

gZau\Z_fu_� ijhklu_� `b^dhklb�� khklhysb_� ba� kn_jbq_kdb-
kbff_ljbqguo��[_a^bihevguo�qZklbp�b�bf_xsb_�gZbf_gvrmx�d\Z�

abdjbklZeebqghklv�kljmdlmju� 
<h^Z� m`_� g_� y\ey_lky� ijhklhc�`b^dhklvx��>_eh� h[klhbl� _s_�

keh`g__�k�fgh]hZlhfgufb�`b^dhklyfb��h[jZah\Zggufb�fhe_dmeZ�

fb� kh� keh`gufb� kbeZfb� \aZbfh^_ckl\by�� d� dhlhjuf� hlghkylky�

[hevrbgkl\h�hj]Zgbq_kdbo�`b^dhkl_c� 
@b^db_� djbklZeeu�� beb� ©Zgbahljhigu_�`b^dhklbª�� lZd`_� y\�

eyxlky�keh`gufb�hj]Zgbq_kdbfb��kh_^bg_gbyfb� 
@b^dhdjbklZeebq_kdh_� khklhygb_� y\ey_lky� ijhf_`mlhqguf�

f_`^m� Zfhjnghc�`b^dhklvx� b� djbklZeehf� b� bf__l� _s_� h^gh� gZ�

a\Zgb_�—  «f_ahfhjngh_ª��lh�_klv�ijhf_`mlhqgh_� 
Wlh� khklhygb_� hlebqZ_lky� l_f�� qlh� hjb_glZpbhgguc� ihjy^hd��

lh� _klv�\aZbfgZy�hjb_glZpby� khk_^gbo�fhe_dme� –� khojZgy_lky��dh�
]^Z�dhhj^bgZpbhgguc�ihjy^hd�bkq_aZ_l�iheghklvx�beb�qZklbqgh� 

 
���Bklhjby� hldjulby�`b^dbo� djbklZeeh\�b� wlZiu� jZa\b�

lby� 
<i_j\u_� wlh� khklhygb_� [ueh� h[gZjm`_gh� \� ����� ]�� Z\kljbc�

kdbf�[hlZgbdhf�Njb^jbohf�J_cgblp_jhf��Hg�gZ[ex^Ze�ih^�fbd�

jhkdhihf� ieZ\e_gb_� hj]Zgbq_kdh]h� \_s_kl\Z� ©ohe_kl_jbe[_gahZ�

lZª��bf_xs_]h�\�hkgh\_�ohe_kl_jbg��b�h[gZjm`be��qlh�wlh�\_s_kl\h�

bf__l� ^\_� klZ^bb� ieZ\e_gby�� KgZqZeZ� djbklZeebq_kdh_� \_s_kl\h�

i_j_oh^beh�\�fmlguc�jZkieZ\��Z�aZl_f�ijb�^Zevg_cr_f�gZ]j_\Zgbb�

fmlguc�jZkieZ\�ij_\jZsZeky�\�ijhajZqgmx�`b^dhklv� 
J_cgblp_j� ij_^iheh`be�� qlh� bf__l� ^_eh� kh� kf_kvx� ^\mo� kh�

_^bg_gbc��h^gh�ba�dhlhjuo�ieZ\blky�ijb�[he__�gbadhc�l_fi_jZlm�

j_��b�\�wlhf�jZkieZ\_�hklZxlky�djbklZeebdb�^jm]h]h�\_s_kl\Z��Hg�

i_j_^Ze� k\hc�ij_iZjZl�ba\_klghfm�g_f_pdhfm�nbabdm�Hllh�E_fZ�

gm — �ijhn_kkhjm�\�>j_a^_g_� 
H�� E_fZg�� dhlhjuc� kqblZ_lky� kha^Zl_e_f� f_lh^Z� iheyjbaZpb�

hgghc� fbdjhkdhibb� \� djbklZeeh]jZnbb�� m[_^beky�� qlh� ij_iZjZl�

obfbq_kdb� h^ghjh^_g� b� qlh� ijb� _]h� ieZ\e_gbb� h[jZam_lky� g_dZy�

gh\Zy� nZaZ�� ijhf_`mlhqgZy� f_`^m� bklbggh� l\_j^hc� b� bklbggh�

`b^dhc�� WlZ� gh\Zy� nZaZ� khq_lZ_l� \� k_[_� k\hckl\Z� djbklZeeh\� b�

k\hckl\Z�`b^dhkl_c� 
1 . \_s_kl\h�\� wlhc�nZa_�y\ey_lky� l_dmqbf�b�ijbgbfZ_l�nhjfm�kh�

km^Z�� \� dhlhjhf�gZoh^blky�� h[eZ^Z_l�ih\_joghklguf�gZly`_gb�

_f� 
2 . h[eZ^Z_l�Zgbahljhib_c�hilbq_kdbo�k\hckl\�–�^\hcguf�emq_ij_�

ehfe_gb_f� �aZ�kq_l�wlh]h�ij_iZjZl�dZ`_lky�fmlguf��g_ijhajZq�

guf�� 
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H��E_fZg�gZa\Ze�wlh�khklhygb_� ©`b^dbf�djbklZeehfª��<kdhj_�

E_fZg� gZr_e� ZgZeh]bqgu_� k\hckl\Z� _s_� m� g_dhlhjuo� kh_^bg_gbc�

�gZijbf_j�m�Zahdkbn_gblheZ�� 
Ijhf_`mlhqgu_�� f_ahfhjngu_� k\hckl\Z� [ueb� h[gZjm`_gu�

lZd`_�g_� lhevdh�ijb�ieZ\e_gbb��gh�b�ijb� jZkl\hj_gbb�g_dhlhjuo�

kh_^bg_gbc�� HdZaZehkv�� qlh� lZdb_�� lZd� gZau\Z_fu_� ebhljhigu_��

`b^db_�djbklZeeu�hq_gv�fgh]hqbke_ggu�b�b]jZxl�\Z`gmx�jhev�\�

ijhp_kkZo� `bag_^_yl_evghklb� `b\uo� ldZg_c��Fgh]b_� de_ldb� `b�

\uo�hj]Zgbafh\��[_edb��>GD��gmde_bgh\u_�dbkehlu���\bjmku��f_f�

[jZgu�gZoh^ylky�\�`b^dhdjbklZeebq_kdhf�khklhygbb� 
LZdbf�h[jZahf��`b^db_�djbklZeeu��@D��[ueb�kjZam�jZa^_e_gu�

gZ� ^\_� [hevrb_� ]jmiiu� –� l_jfhljhigu_� b� ebhljhigu_�� l�_�� h[jZ�
amxsb_ky� ijb� gZ]j_\Zgbb� b� ijb� jZkl\hj_gbb� �]j_q_kdh_� ©ebhª� –  
jZkl\hjyx�� 

 
Bkke_^h\Zgby� `b^dbo� djbklZeeh\� jZa\b\Zehkv� ke_^mxsbfb�

wlZiZfb� 
���Bgl_gkb\gh�bamqZebkv�k�gZqZeZ�\_dZ�^h���-o�]h^h\��Wlbf�aZ�

gbfZeZkv� ]jmiiZ� nbabdh\� \� E_gbg]jZ^_� — � <�D�� Nj_^_jbdk��

<�<� AhebgZ��<�G�P\_ldh\��K�bo�bf_gZfb�k\yaZgu�fgh]b_�ihgylby�\�

nbabd_� `b^dbo� djbklZeeh\�� <h�NjZgpbb� bkke_^h\Zgbyfb�@D� aZ�

gbfZeky�@hj`�Njb^_ev��\�=_jfZgbb�— �Hllh�E_fZg� �\�>j_a^_g_���

>��Nhje_g^_j��\�OZee_�� 
���AZl_f�gZ[ex^Zeky�i_jbh^�aZlbrvy��dh]^Z�`b^dbfb�djbklZe�

eZfb� aZgbfZebkv�ebrv�hl^_evgu_� wglmabZklu�� \�qZklghklb�� \�Jhk�

kbb� ijhn_kkhj� <�D�K_f_gq_gdh� gZ� nbanZd_� F=M�� ijhn_kkhj�

:�I� DZimklbg�\�Bgklblml_�DjbklZeeh]jZnbb��]jmiiZ�bkke_^h\Zl_�

e_c�\�]hjh^_�B\Zgh\h�ih^�jmdh\h^kl\hf�ijhn_kkhjZ�B�=��Qbklydh�

\Z� 
���<���-o�]h^Zo�gZqbgZ_lky�Zdlb\gh_�jZa\blb_�jZ[hl�ih�ijbf_�

g_gbx�`b^dbo�djbklZeeh\�� 
Lheqhd�wlhfm�wlZim�jZa\blby�[ue�^Zg�\u^Zq_c�i_j\h]h�iZl_glZ�

\������]��\�KR:�ih�bkihevah\Zgbx�`b^dbo�djbklZeeh\�^ey�j_]bkl�

jZpbb�K<Q-baemq_gby� 
<������]��\�:g]ebb�[ue�ij_^eh`_g�b�aZiZl_glh\Zg�wdjZg�bg^b�

dZlhjZ� gZ�`b^dbo� djbklZeeZo��<� wlh� \j_fy� hj]Zgbamxlky�fhsgu_�

]jmiiu�nbabdh\� b� obfbdh\�� \� dhlhjuo� bkke_^mxlky� b� kbgl_abjm�

xlky�gh\u_�`b^dhdjbklZeebq_kdb_�kh_^bg_gby� 
Wlh�]jmiiZ�\�]hjh^_�Hjk_�\h�NjZgpbb�ih^�jmdh\h^kl\hf�ijh�

n_kkhjZ�I��>_�@_gZ��]jmiiZ�bkke_^h\Zl_e_c�ijb�mgb\_jkbl_l_�\�]h�

jh^_�D_gl_�\�KR:��]jmiiZ�ijhn_kkhjZ�=jwy�\�:g]ebb��<�Yihgbb��\�

hkgh\ghf��ijh\h^bebkv�bkke_^h\Zgby�ijbdeZ^guo� aZ^Zq��<�Bg^bb�

bkke_^h\Zgbyfb� @D� aZgbfZebkv� \� ;Zg]Zehj_� �ijhn�� K�QZ^jZ-
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k_doZj���\�GBB�hj]Zgbq_kdbo�ijh^mdlh\�b�djZkbl_e_c� �GBHIBD���

\�E_gbg]jZ^kdhf�]hk��mgb\_jkbl_l_�gZ�dZn_^j_�ihebf_jh\�nbabq_�

kdh]h� nZdmevl_lZ� ijh\h^bebkv� jZ[hlu� ih^� jmdh\h^kl\hf� ijhn_k�

khjZ�<�G�P\_dh\Z�� 
KbevgZy� ]jmiiZ� obfbdh\� ih^� jmdh\h^kl\hf� ijhn_kkhjZ�

>�>_fmkZ�jZ[hlZeZ�\�]��OZe_��=_jfZgby��� 
<�gZqZe_���-o�]h^h\�ihy\behkv�gh\h_�gZijZ\e_gb_�–�`b^dhdjb�

klZeebq_kdb_�ihebf_ju��H^gbf�ba�jh^hgZqZevgbdh\�wlh]h�gZijZ\�

e_gby� y\ey_lky�ijhn_kkhj�dZn_^ju�\ukhdhfhe_dmeyjguo� kh_^bg_�

gbc�obfnZdZ�F=M�<�I�Rb[Z_\�� 
;ueh� ijh\_^_gh� [he__� ��� f_`^mgZjh^guo� dhgn_j_gpbc�� K�

����� ]�� nmgdpbhgbjm_l� h[s_kl\h� mq_guo-©`b^dhdjbklZevsbdh\ª�

©Kh^jm`_kl\hª��GZdhg_p�� \� ��-9 0 -o� ]h^Zo� ^\_� ]jmiiu� gZrbo� mq_�

guo� �E�F��;ebgh\Z�b�B�B�Lblh\Z��ihemqbeb� ]hkm^Zjkl\_ggu_�ij_�

fbb��Z�ba\_klguc�njZgpmakdbc�nbabd�I��>_�@_g�ihemqbe�Gh[_e_\�

kdmx�ij_fbx�aZ�jZ[hlu�ih�`b^dbf�djbklZeeZf�� 
D�gZklhys_fm� \j_f_gb� kbgl_abjh\Zgh�m`_�[he__� khlgb� lukyq�

gh\uo� `b^dhdjbklZeebq_kdbo� kh_^bg_gbc� b� ijh^he`Z_lky� kbgl_�

abjh\Zgb_�\k_�gh\uo�b�gh\uo�k�m`_�aZjZg__�aZ^Zggufb�k\hckl\Zfb�

�dZd�ijZ\beh�wlh�]hfheh]bq_kdb_�k_jbb��jy^u��� 
<�ihke_^gb_� ]h^u�[hevrhc�bgl_j_k�ijhy\ey_lky� d�bkke_^h\Z�

gbx� [bheh]bq_kdbo� Zki_dlh\�`b^dbo� djbklZeeh\�� ihkdhevdm� kms�

ghklv� \k_]h� `b\h]h� k\yaZgZ� k� mihjy^hq_gguf� kljh_gb_f� de_lhd�

`b\uo� hj]Zgbafh\�� Ih-\b^bfhfm�� \hagbdgh\_gb_� `b^dhdjbklZe�
ebq_kdh]h� khklhygby� ku]jZeh� b� hij_^_eyxsmx� jhev� \� w\hexpbb�

`bagb�gZ�A_fe_�� �ohly�^h�kbo�ihj�_s_�hklZ_lky�g_ykguf�f_oZgbaf�

kbgl_aZ�kZfh\hkijhba\h^ysboky�fhe_dme� 
LZdbf�h[jZahf��jZa\blb_�nbabdb�`b^dbo�djbklZeeh\��ihgbfZ�

gb_� ijbjh^u� `b^dhdjbklZeebq_kdh]h� khklhygby� \_s_kl\Z� \Z`gh�

dZd� k� lhqdb� aj_gby� bkke_^h\Zgby� dhg^_gkbjh\Zggh]h� khklhygby�

\_s_kl\Z�� nbabdb� nZah\uo� i_j_oh^h\�� lZd� b� k� lhqdb� aj_gby�

[bhnbabdb�b�f_^bpbgu� 
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JZa^_e�I  
 

L?JFHLJHIGU?�@B>DB?�DJBKL:EEU 
 
 
 
 
I����KBKL?F:�DE:KKBNBD:PBB�@B>DBO�DJBKL:EEH< 
B�HKGH<GU?�LBIU�FHE?DMEYJGH=H�MIHJY>HQ?GBY 
L?JFHLJHIGUO�@B>DBO�DJBKL:EEH< 
 
<�gZqZe_�X X �\_dZ�njZgpmakdbc�nbabd�@hj`�Njb^_ev��hkgh\u�

\Zykv�gZ�gZ[ex^_gbb�l_dklmj��lh�_klv�fbdjhkdhibq_kdbo�dhgnb]m�

jZpbc� \� iheyjbah\Zgghf� k\_l_�� ij_^eh`be� hkgh\gmx� deZkkbnbdZ�

pbx�`b^dbo�djbklZeeh\��Hg�`_��\\_e�l_jfbg�©f_ahnZaZª� 
;ueh�h[gZjm`_gh��qlh�g_aZ\bkbfh�hl�obfbq_kdhc�ijbjh^u�kh�

_^bg_gby�� `b^db_� djbklZeeu� h[jZamxl� h]jZgbq_ggh_� dhebq_kl\h�

hilbq_kdbo� dZjlbg� ijb� bkke_^h\Zgbb� bo� k� ihfhsvx� iheyjbaZpb�

hggh]h�fbdjhkdhiZ� 
@hj`�Njb^_ev� k\yaZe� lbi�gZ[ex^Z_fuo�dZjlbg� k�oZjZdl_jhf�

jZkiheh`_gby�fhe_dme�\�lhgdbo�kehyo�ij_iZjZlh\�–�gZ�wlhc�hkgh\_�
bf� [ueZ� ij_^eh`_gZ� deZkkbnbdZpby�� dhlhjZy� mihlj_[ey_lky� b� ^h�

gZklhys_]h�\j_f_gb� 
>ey� oZjZdl_jbklbdb� jZkiheh`_gby� fhe_dme� \� f_ahnZa_� \\h�

^blky�_^bgbqguc�\_dlhj�^bj_dlhj� Q ��dhlhjuc�mdZau\Z_l�gZijZ\e_�

gb_�ij_bfms_kl\_gghc�hjb_glZpbb�hk_c�fhe_dme�kj_^u� 
@b^db_�djbklZeeu�fh`gh�deZkkbnbpbjh\Zlv�\�aZ\bkbfhklb�hl�

hjb_glZpbb�^bj_dlhjZ�ih�hlghr_gbx�d�p_gljZf�fZkk�fhe_dme� 
Q_ldbo�ij_^klZ\e_gbc�h�lhf��dZdb_�fhe_dmeu�fh]ml�h[jZah\u�

\Zlv�`b^db_�djbklZeeu�ihdZ�g_l��Ih-\b^bfhfm��d�gbf�^he`gu�hl�
ghkblvky� fhe_dmeu�� bf_xsb_� `_kldh_� y^jh� b� ]b[db_� hdhgqZgby��

GZijbf_j�� iZjZnbgu�� bf_xsb_� ^ebggu_� fhe_dmeu�� gh� g_� bf_x�

sb_�`_kldh]h�y^jZ��@D-khklhygby�g_�h[jZamxl� 
>h�g_^Z\g_]h�\j_f_gb�kqblZehkv��qlh�f_ahnZam�h[jZamxl�hj]Z�

gbq_kdb_� \_s_kl\Z� k� fhe_dmeZfb� m^ebg_gghc� nhjfu� �ro d - lik e  –  
kl_j`g_h[jZagu_���Z�lZd`_�fhe_dmeu�iehkdb_��m^ebg_gghc�nhjfu��

bf_xsb_�h^gh�beb�g_kdhevdh�[_gahevguo��n_gbevguo��dhe_p� 
H[sZy�nhjfZ�lZdbo��gZb[he__�jZkijhkljZg_gguo�fhe_dme� 

R
 

<� dZq_kl\_�:�  � <� fh]ml� \uklmiZlv� ]jmiiu� N  =  N , C N  =  N . 
R, R′  — � wlh� ZebnZlbq_kdb_� p_ihqdb� jZaebqghc� ^ebgu�

( 2 2 3CH CH CH− − ). 
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Lbibqgu_� jZaf_ju� lZdhc� fhe_dmeu� �l\_j^h]h� kl_j`gy��

~ 20L Å , ~ 5d  Å . 
@��Njb^_ev� deZkkbnbpbjh\Ze� lZd� gZau\Z_fu_� l_jfhljhigu_�

\_s_kl\Z��lh�_klv�baf_gyxsb_�k\hb�k\hckl\Z�ih^�\ha^_ckl\b_f�gZ�

]j_\Z���D� wlbf� kh_^bg_gbyf� hlghkylky� wgZglbhljhigu_�� ^ey� dhlh�

juo� ihy\e_gb_� `b^dhdjbklZeebq_kdh]h� khklhygby� h[jZlbfh� ijb�

gZ]j_\Zgbb�k�i_j_oh^hf�\�bahljhigmx�nZam��b�ijb�h[jZlghf�hoeZ�

`^_gbb��b��- �fhghljhigu_��dhlhju_�h[jZamxl�f_ahnZam��lhevdh�ijb�

hoeZ`^_gbb�ba�bahljhigh]h�jZkieZ\Z� 
L_jfhljhigu_� `b^db_� djbklZeeu�@��Njb^_ev� jZa^_ebe� gZ� ��

deZkkZ�� 
 

�����G_fZlbq_kdb_�`b^db_�djbklZeeu 
 

Wlh� gZb[he__� kbff_ljbqgu_� `b^db_� djbklZeeu�� h^gZdh� kbf�

f_ljby�g_fZlbq_kdbo�`b^dbo� djbklZeeh\�gb`_�� q_f� m�bahljhighc�

`b^dhklb��lh�_klv�g_fZlbq_kdZy�nZaZ�[he__�mihjy^hq_gZ�� 
<� jZkiheh`_gbb� p_gljh\� ly`_klb� fhe_dme� ^Zevgbc� ihjy^hd�

hlkmlkl\m_l�� Dhjj_eypby� \� iheh`_gbb� p_gljh\� ly`_klb� fhe_dme�

lZdZy�`_��dZd�b�m�h[uqghc�`b^dhklb��h^gZdh�bf__lky�hij_^_e_gguc�

ihjy^hd� \�gZijZ\e_gbb�hk_c�fhe_dme��Fhe_dmeu�mklZgZ\eb\Zxlky�

iZjZee_evgh� g_dhlhjhc� h[s_c� hkb� ih� gZijZ\e_gbx� \_dlhjZ-
^bj_dlhjZ� n ��Kj_^Z�hilbq_kdb�h^ghjh^gZy��hilbq_kdZy�hkv�gZijZ\�
e_gZ�ih�n ��khklhygby�n �b� n−  — �g_jZaebqbfu� 

Fhe_dmeu�`b^dbo�djbklZeeh\�bf_xl��\�[hevrbgkl\_�kemqZ_\��

kh[kl\_gguc�^bihevguc�fhf_gl��jZ\guc�g_kdhevdbf�^_[Zyf��D ). 
<�kemqZ_�g_fZlbq_kdhc�nZau�qbkeh�^bihe_c��gZijZ\e_gguo�ih�

n �b�ijhlb\�–�h^bgZdh\h��Fh]ml�\klj_qZlvky�kh_^bg_gby��m�dhlhjuo�

^biheb� gZijZ\e_gu� \^hev� ^ebgghc� hkb�fhe_dmeu� �©debgª��b�i_j�

i_g^bdmeyjgh�_c� �©[ZgZgª���GZijZ\e_gb_�^bihey�fh`_l�khklZ\eylv�

lZd`_�g_dhlhjuc�m]he�k�hkvx�fhe_dmeu�� 
<�kj_^g_f��h^gZdh��kj_^Z�hklZ_lky�we_dljbq_kdb�g_cljZevghc� 
Fhe_dmeu� g_fZlbq_kdbo� `b^dbo� djbklZeeh\� lh`^_kl\_ggu�

k\h_fm�a_jdZevghfm�bah[jZ`_gbx� 
 
�����IZjZf_lj�ihjy^dZ�g_fZlbq_kdhc�nZau 
����b�nmgdpby�hjb_glZpbhggh]h�jZkij_^_e_gby�fhe_dme 
 
>ey�dhebq_kl\_gghc�hp_gdb�mihjy^hq_gby�g_fZlbq_kdhc�nZau�

\\h^blky�oZjZdl_jbklbdZ��gZau\Z_fZy�iZjZf_ljhf�ihjy^dZ�4 . 
?keb� �=4  — � ihegh_� hjb_glZpbhggh_� mihjy^hq_gb_�� �=4  —  

iheguc�[_kihjy^hd��bahljhigZy�`b^dhklv�� 
J_Zevgh� fhe_dmeu� kh\_jrZxl� oZhlbq_kdb_� hjb_glZpbhggu_�
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dhe_[Zgby�\hdjm]�gZijZ\e_gby�mkj_^g_gghc�hjb_glZpbb��:fieblm�

^Z�wlbo�dhe_[Zgbc�\hajZklZ_l�ih�f_j_�ijb[eb`_gby�d�l_fi_jZlmj_�

i_j_oh^Z� \� bahljhigmx� `b^dhklv�� lZd� gZau\Z_fhc� l_fi_jZlmj_�

ijhk\_le_gby�beb�ijhykg_gby�—  cT  (« c lea r in g  p o in t» ). 

JZkkfhljbf� ijhkl_crbc� kemqZc� �jbk���� fhe_dme�� bf_xsbo�

nhjfm�djm]euo�� l\_j^uo� kl_j`g_c�� a  — �_^bgbqguc�\_dlhj�\^hev�

hkb�kl_j`gy� 
sin cos ,

sin sin , cos .
x

y z

a

a a

ϑ ϕ
ϑ ϕ ϑ

=
= =

 

 

OZjZdl_jbklbdm� mihjy^h�

q_gby�^ebgguo�hk_c�fh`gh�[u�

eh� [u� hij_^_eblv� kj_^gbf�

cosϑ �� h^gZdh� cos 0anϑ = ≡ , 

lZd� dZd� n n= − � �kj_^gbc� ih� Zg�

kZf[ex� ^bihevguc� fhf_gl� jZ�

\_g� ���� Ihkdhevdm� kj_^gbc� ^b�

ihevguc� fhf_gl� hlkmlkl\m_l��

ke_^mxsbf� we_dljbq_kdbf� fh�

f_glhf�� dhlhjuc� fh`_l� [ulv�

bkihevah\Zg�^ey�hij_^_e_gby�mihjy^hq_gby�fhe_dme�kj_^u�y\ey_l�

ky�d\Z^jmihevguc�fhf_gl� 
 

( )21
3cos 1

2
Q ϑ= − ��^ey� 0ϑ =  —  1Q = ��^ey� 2 1

cos
3

ϑ =  –  �=4 .    (1 ) 

 
WlZ�\_ebqbgZ�\�dZq_kl\_�iZjZf_ljZ�ihjy^dZ�g_fZlbq_kdhc�kj_�

^u�[ueZ�ij_^eh`_gZ�<�G��P\_dh\uf� 
<� h[s_f� kemqZ_�� mihjy^hq_g�

gmx�g_fZlbq_kdmx�nZam�fh`gh�hoZ�

jZdl_jbah\Zlv� nmgdpb_c� jZkij_^_�

e_gby� ( ),f θ ϕ �� dhlhjZy� hij_^_ey_l�

\_jhylghklv�lh]h��qlh�\�kemqZ_��_keb�

aZ^ZgZ� hjb_glZpby� fhe_dmeu� ��� lh�

^ebggZy� hkv� fhe_dmeu� �� [m^_l� aZ�

dexq_gZ� \� l_e_kghf� m]e_�

sind d dω ϑ ϑ ϕ= �� hlghkbl_evgh� hjb�

_glZpbb��-c�fhemdmeu� 
Nmgdpby� f �g_�aZ\bkbl�hl�ϕ ��l�d�

bf__lky� ihegZy� kbff_ljby� \jZs_�

gby�hlghkbl_evgh�n ��jbk��2 ). 

 
 

Jbk�� ��� Hjb_glZpby� fhe_dme-kl_j`g_c�
hlghkbl_evgh�\_dlhjZ�^bj_dlhjZ 

 
Jbk�����=jZnbd�^ey� ( )ϑI  
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?keb� 2ϑ π= � �i_ji_g^bdmeyjgh_� jZkiheh`_gb_��� lh� 1 2Q = − . 

LZd�dZd�n n= − ��lh�^ey�nmgdpbb�f kijZ\_^eb\h� ( ) ( )f fϑ π ϑ= − . 

IZjZf_lju�ihjy^dZ�fh]ml�[ulv�hij_^_e_gu�dZd 

( ) ( )cos cos 0an f dϑ ϑ ϑ ω= = ≡∫  1P , 

( ) ( ) ( )2 2
2

1 1
3cos 1 3cos 1

2 2
Q f d Pϑ ϑ ϑ ω = − = − =  ∫ .      (2 ) 

<�h[s_f�kemqZ_�fh`gh�aZibkZlv 

( ) ( )cosl lQ P f P dϑ ϑ ω= = ∫ ,        (3 ) 
 

]^_� O  — � q_lgh_� qbkeh��LZdbf� h[jZahf��nmgdpby� hjb_glZpbhggh]h�

jZkij_^_e_gby�fhe_dme� g_fZlbq_kdhc�nZau�fh`_l� [ulv� ij_^klZ\�

e_gZ� k� mq_lhf� \deZ^h\� ke_^mxsbo�fmevlbihe_c�� dhlhju_� aZibku�

\Zxlky�\�\b^_�ihebghfh\�E_`Zg^jZ� 

( ) ( )
0

cosl l
l

f C Pϑ ϑ
∞

=
= ∑ , 

ijb�wlhf�dhwnnbpb_glu� lC �fh]ml�[ulv�ij_^klZ\e_gu�\�\b^_ 

( ) ( )2 1 2 cosl lC l P ϑ= + . 

<� h[s_f� kemqZ_� ^ey� dhwnnbpb_glh\� J� �fhf_glh\� jZkij_^_e_gby��

kijZ\_^eb\Z�nhjfmeZ 

( )
( )

2cos 1
1

, 0, ! 1
2 !

nn

n n n

d
P n n

n d

ϑ

ω

 −  = = = . 

<�qZklghklb� 

0 11, cosP P ϑ= = , 
2

2
3cos 1

2
P

ϑ −= , ( )3
3

1
5cos 3cos 0

2
P ϑ ϑ= − ≡ , 

{ }4 2
4

1
35cos 30cos 3

8
P ϑ ϑ= − + , 

>ey�nmgdpbb�hjb_glZpbhggh]h�jZkij_^_e_gby�bf__f� 

( ) ( )2 1
cos

2 l l
l

l
f P Pϑ ϑ+= ∑ , 

]^_� ( ) ( )cos sinl lP P f dϑ ϑ ϑ ϑ= ∫  — � iZjZf_lj� g_fZlbq_kdh]h� hjb_g�

lZpbhggh]h�ihjy^dZ� 
Ke_^mxsb_� aZ�

�
3 � kdZeyjgu_� iZjZf_lju� ihjy^dZ� mqblu\Zxl�

fhe_dmeyjgu_�nemdlmZpbb�\�kj_^_�ba�l\_j^uo�kl_j`g_c� 
<�g_dhlhjuo�nbabq_kdbo�wdki_jbf_glZo��gZijbf_j��ijb�bamq_�

gbb� nemhj_kp_gpbb� beb� dhf[bgZpbhggh]h� jZkk_ygby� \� `b^dbo�

djbklZeeZo�m^Z_lky�hij_^_eblv�g_�lhevdh� 2P Q= ��gh�b� 4P . 
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Mlhqg_ggu_�agZq_gby�iZjZf_ljZ�ihjy^dZ�k�mq_lhf�[he__�\ukh�

dbo� qe_gh\� ihebghfZ� E_`Zg^jZ� ijb\h^bl� d� emqr_fm� kh]eZkbx�

l_hj_lbq_kdbo�jZkq_lh\�iZjZf_ljZ�ihjy^dZ� k� wdki_jbf_glZevgufb�

^Zggufb� 
 
 
�����L_gahjguc�iZjZf_lj�ihjy^dZ�g_fZlbq_kdhc�nZau 
 
Ijhklhc� kdZeyjghc� nhjfhc� ^ey� iZjZf_ljZ� ihjy^dZ� 4 � fh`gh�

h]jZgbqblvky�� _keb�fhe_dmeu�bf_xl� kljh]h�pbebg^jbq_kdmx�nhj�

fm��?keb�\�kj_^_�jZkl\hj_gu�ijbf_kgu_�fhe_dmeu�k�[he__�gbadhc�

kbff_ljb_c��beb�� _keb� \jZs_gb_�fhe_dme� \hdjm]�^ebgghc�hkb�g_�

k\h[h^gh��lh�ihy\ey_lky�g_gme_\Zy�kl_i_gv��mihjy^hq_gby��ih��hkyf��

[ �b� \ . 
<�wlhf�kemqZ_�iZjZf_lj�ihjy^dZ�\\h^blky�\�l_gahjghc�nhjf_� 
H[hagZqbf� , , ,a b cα β =  — �hjlh]hgZevgu_�_^bgbqgu_�\_dlhju��

k\yaZggu_� k� fhe_dmehc�� ,i k  — � hkb� , ,x y z�� lh]^Z�

( )1
3

2 i k ikikQαβ
αβα β δ δ= − , ,ik αβδ  — � kbf\heu�Djhg_d_jZ� � 1δ = �� ijb�

α β= �b� i k= ��b� 0δ = �ijb� ,i k α β≠ ≠ ��Imklv� =  — �hkv�fhe_dmeu�� β  
— � m]he� f_`^m� = � b� n � � �\g_rgbc�

m]he���γ  — �m]he�\jZs_gby�fhe_dmeu�

\hdjm]� hkb� Z �� <_jhylghklv� gZclb�
fhe_dmem� k� g_dhlhjhc� ki_pbnbq_�

kdhc� hjb_glZpb_c� ( ),f β γ � fh`_l�

[ulv�ihemq_gZ�k�ihfhsvx�jZaeh`_�

gby� ih� gZ[hjm� kn_jbq_kdbo� ]Zjfh�

gbd� 

( ) ( ), 0
,

, ,L
L n n

L n

f f Dβ γ β γ= ∑ , 

]^_� ( )0 ,L
nD β γ  — � \b]g_jh\kdZy� fZl�

jbpZ�� >ey� 0
L
nD � kijZ\_^eb\h� khhl�

ghr_gb_� ( )*
00 1 nL L
nnD D= − ��GZ[hj� wlbo�fZljbp� iha\hey_l� ihegh�

klvx�oZjZdl_jbah\Zlv�nmgdpbx�jZkij_^_e_gby�b�gZau\Z_lky�hjb_g�

lZpbhggufb�iZjZf_ljZfb�ihjy^dZ��<� kemqZ_�fZljbpu� \lhjh]h�ih�

jy^dZ� *2
0nD  — �lZdbo�iZjZf_ljh\��� 

L_gahjguc�iZjZf_lj�ihjy^dZ�fh`_l�[ulv�ij_^klZ\e_g�\�\b^_�

^bZ]hgZevghc�fZljbpu�k�gme_\uf�ke_^hf� 

 
 

Jbk�����:gbahljhigZy�fhe_dmeZ 
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0xx yy zzQ Q Q+ + = , 

]^_ 

2 2

2 2

2

3 1
sin cos ,

2 2

3 1
sin sin ,

2 2

3 1
cos ,

2 2

xx

yy

zz

Q

Q

Q

β γ

β γ

β

= −

= −

= −

 

ijb�wlhf� ( )2
00 2 cos .zzQ D P β= =  

>ey� ^\mohkguo� fhe_dme� \hafh`gh� kms_kl\h\Zgb_� iylb� iZjZ�

f_ljh\�ihjy^dZ� 

( )0
00 , 1D β γ = ,  ( ) ( )2

00 2, cosD Pβ γ β= ,  ( )2 2 2
0 2

3
, sin

8
iD e γβ γ β± = # , 

( ) ( )4
00 4, cosD Pβ γ β= ,  

( )4 6 4 2 2
0 2 , 10 14cos 14cos 3cos

2 2 2
iD e γβ β ββ γ ±

±
 = − + 
 

, 

( )4 4 4 4
0 4 , 70 cos sin

2 2
iD e γβ ββ γ± = # . 

2
00D  — �hij_^_ey_l�mihjy^hq_gb_�hk_c�Z�fhe_dme�ih�hlghr_�

gbx�d�^bj_dlhjm� 
2
02Re D  — � ^\mhkguc� iZjZf_lj� ihjy^dZ�� dhlhjuc� ihdZau\Z_l�

jZaebqb_�\�hjb_glZpbb�fhe_dme�`b^dbo�djbklZeeh\�ih�hkyf� x �b� y , 
beb� bf__l� kfuke� ^ey�fhe_dme� k� aZljm^g_gguf� \jZs_gb_f� \hdjm]�

hk_c� x �b� y . 
 
�����Ohe_kl_jbq_kd_�`b^db_�djbklZeeu 

 
@��Njb^_ev�hlg_k�bo�d�h^ghfm�lbim�k�g_fZlbq_kdbfb�@D��gh�

lhevdh�^ey�kemqZy�lZdbo�fhe_dme��dhlhju_�h[eZ^Zxl�k\hckl\hf�ob�

jZevghklb��hl�keh\Z�©o_cjª�–�jmdZ���Wlb�fhe_dmeu�hlebqgu�hl�k\h�
_]h�a_jdZevgh]h�bah[jZ`_gby��hilbq_kdb�Zdlb\gu��bf_xl�Zkbff_l�

jbqgh_�kljh_gb_� 
Ijbf_j� objZevghc� fhe_dmeu� — � fhe_dmeZ� ohe_kl_jbe-

i_eZj]hgZlZ� 
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EhdZevgh� ohe_kl_jbq_kdb_�`b^db_� djbklZeeu� hq_gv� ihoh`b�

gZ� g_fZlbq_kdb_� –� hlkmlkl\m_l� ^Zevgbc� ihjy^hd� \� jZkiheh`_gbb�
p_gljh\� ly`_klb��b�bf__lky�ij_bfms_kl\_ggh_�gZijZ\e_gb_�fhe_�

dme�\^hev�hkb�n . 
H^gZdh�wlh�gZijZ\e_gb_�\�ijhkljZgkl\_�baf_gy_lky�ih�kibjZ�

eb��EhdZevgh� n n= − ��JZkklhygb_�ih� = ��gZ�dhlhjhf�^bj_dlhj� n �^_�
eZ_l�iheguc�pbde�\jZs_gby��gZau\Z_lky�rZ]hf�kibjZeb�L . 

AZdjmqb\Zgb_��aZdjmldZ��gZ�_^bgbpm�^ebgu� � 02 L qπ =  — �hi�

j_^_ey_l�^Zggh_�ohe_kl_jbq_kdh_�kh_^bg_gb_� 
Dhfihg_glu� n � fh]ml� [ulv�

hij_^_e_gu� 

( )
( )

0

0

cos ,

cos ,

0.

x

y

z

n q z

n q z

n

ϕ
ϕ

 = +
 = +
 =

 

>ebgZ� ohe_kl_jbq_kdhc� kib�

jZeb�L �bf__l�h[uqgh�jZaf_ju�ih�
jy^dZ�3000 5000÷ Å . 

JZkklhygby� f_`^m� d\Zabg_�

fZlbq_kdbfb�kehyfb� ~ 5 6d ÷  Å . 
>ey�aZ^Zggh]h�\_s_kl\Z�agZd�

b� \_ebqbgZ� 0q � bf_xl� \iheg_� hi�

j_^_e_ggu_� agZq_gby� �hij_^_eyxl�

mihjy^hq_gb_�kibjZeb�\�ijhkljZgkl\_���Ijb�aZ^Zgguo�mkeh\byo�—  
T �l_fi_jZlmjZ��� p � �^Z\e_gb_���khklZ\�Zlfhkn_ju�—   0q �\k_]^Z�h^�

gh�b�lh�`_�^ey�^Zggh]h�kh_^bg_gby��K�baf_g_gb_f�\g_rgbo�mkeh�

\bc� 0q ��baf_gy_lky� 
JZaebqZxlky�ijZ\h- �b�e_\haZdjmq_ggu_�kibjZeb�� 
 

ijZ\haZdjmq_ggZy e_\haZdjmq_ggZy 

 
 

Jbk�����Hjb_glZpby�fhe_dme�ohe_�
kl_jbq_kdh]h�djbklZeeZ�ih�kehyf 
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>ey�kf_k_c�ijZ\h- �b�e_\haZdjmq_gguo�kibjZe_c� �ijb�g_dhlh�

jhc� l_fi_jZlmj_� T T∗= �� dh]^Z� ^ebgZ� ohe_kl_jbq_kdhc� kibjZeb�

L → ∞ � �jbk�� ���� ohe_kl_jbq_kdh_� \_s_kl\h� klZgh\blky� ih^h[guf�

g_fZlbq_kdhfm��WlZ�l_fi_jZlmjZ�aZ\bkbl�hl�khklZ\Z�kf_kb� 
Ijb� ^Zevg_cr_f� gZ]j_\Zgbb� \ur_�

T∗ �� \_s_kl\h� hiylv� klZgh\blky� ohe_kl_�

jbq_kdbf��gh� agZd� \jZs_gby� kibjZeb�f_�

gy_lky� gZ� h[jZlguc�� Ijb� � wlhf�� \k_� hk�

lZevgu_� nbabq_kdb_� k\hckl\Z� \_s_kl\Z�

hklZxlky�g_baf_ggufb��T∗ — �wlh�lZd�gZ�

au\Z_fZy� l_fi_jZlmjZ� dhfi_gkZpbb�� JZ�

p_fbq_kdZy� kf_kv� –� wlh� kf_kv�� bf_xsZy�

k\hckl\Z� g_fZlbdZ�� gh� k� h^bgZdh\uf� dh�

ebq_kl\hf� ijZ\uo� b� e_\uo� ohe_kl_jbq_�

kdbo�fhe_dme� 
?keb�jZkkfZljb\Zlv�\�h[s_f�kemqZ_�

aZdjmq_ggmx�kljmdlmjm� � �
( )
( )

cos
sin

x

y

n z
n z

θ
θ

 = 
 = 

�b�

gZclb�nhjfm�k\h[h^ghc�wg_j]bb��dZd�nmgdpbx�djmq_gby� q
z

θ∂=
∂

��lh�

hdZau\Zxlky� kms_kl\_ggufb� ^\Z� kemqZy� aZ\bkbfhklb� k\h[h^ghc�

wg_j]bb�hl�iZjZf_ljZ�q ( ( )F f q= ) : 

1 ) ijZ\Zy� b� e_\Zy� nhjfZ� g_jZaebqbfu� �jbk��Z���Fhe_dmeZ� g_�

hlebqZ_lky�hl�k\h_]h�a_jdZevgh]h�bah[jZ`_gby� 
���objZevgu_�fhe_dmeu��jbk��[) . 
 

 
 

Jbk����AZ\bkbfhklv�k\h[h^ghc�wg_j]bb�hl�iZjZf_ljZ�djmq_gby 
 
 

 
Jbk���� L_fi_jZlmjgZy� aZ�
\bkbfhklv� ^ebgu� kibjZeb�
jZp_fbq_kdhc�kf_kb 
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<�wlhf�kemqZ_�fhe_dmeZf�wg_j]_lbq_kdb�\u]h^g__�hjb_glbjh�

\Zlvky�\�ijhkljZgkl\_�ih�kibjZeb� 
IZjZf_lj�mihjy^hq_gby�ohe_kl_jbq_kdhc�kibjZeb��ZgZeh]�iZ�

jZf_ljZ� ihjy^dZ�� —  2q Lπ= �� ijb� wlhf� dhfihg_glu� \_dlhjZ-

^bj_dlhjZ�[m^ml� ( )cos ,sin ,0n qz qz . 

Ohe_kl_jbq_kdmx� nZam� fh]ml� h[jZah\u\Zlv� b� g_fZlbq_kdb_�

djbklZeeu�k�^h[Z\dZfb�Zdlb\guo�fhe_dme� 
Ijbqbgu� h[jZah\Zgby� ohe_kl_jbq_kdhc� f_ahnZau� ^h� dhgpZ�

_s_�g_�ihgylu��Kms_kl\mxl�jZaebqgu_�\a]ey^u�gZ�ijhp_kk�h[jZah�

\Zgby�aZdjmq_gghc�kljmdlmju��Ij_^iheZ]Z_lky��qlh�gZ�hjb_glZpbx�

fhe_dme� \ebygb_� hdZau\Zxl� ^Zevgh^_ckl\mxsb_� kbeu� <Zg-^_j-
<ZZevkZ� b� kbeu� ^bihevgh]h� \aZbfh^_ckl\by�� A^_kv� ijhy\ey_lky�

wnn_dl� ©kZfhk[hjdbª�� :gZeh]bqgu_� wnn_dlu� kZfhk[hjdb� gZ[ex�

^Zxlky�b�\�gZlb\guo�kbkl_fZo�–�\�fhe_dmeZo�>GD��\bjmkh\�b�l�^� 
Bgl_j_kghc� y\ey_lky� l_hjby� Dblbg]Z�� dhlhjuc� kqblZ_l�� qlh�

fhe_dmeu� kh\_jrZxl� ihklhyggu_� \jZsZl_evgu_� b� dhe_[Zl_evgu_�

^\b`_gby��Ijb�wlhf�\gmlj_gg__�fhe_dmeyjgh_�ihe_�khk_^g_]h�d\Z�

abg_fZlbq_kdh]h� kehy� ij_iylkl\m_l� oZhlbq_kdbf� dhe_[Zgbyf�� b��

\ke_^kl\b_�Zkbff_ljbb�fhe_dme��^ey�fhe_dme�\lhjh]h�kehy�ihy\ey�

_lky�g_gme_\h_�kj_^g__�agZq_gb_�m]eZ�aZdjmqb\Zgby�b�lZd�^Ze__��_k�

eb�i_j\uc�kehc�hjb_glbjh\Zg�gZ�ih\_joghklb�ih^eh`db� 
H^gZdh� \k_� l_hjbb�ihdZ� y\eyxlky�dZq_kl\_ggufb��b� lhqgh]h�

hl\_lZ�gZ�\hijhku�h�ijbqbgZo�h[jZah\Zgby�kibjZevghc�kljmdlmju�

b��k\yayo�rZ]Z�kibjZeb�k�iZjZf_ljZfb�fhe_dme��g_�^Zxl� 
 
 
�����Hilbq_kdb_�k\hckl\Z�ohe_kl_jbq_kdbo�`b^dbo 
djbklZeeh\ 

 
Ohe_kl_jbq_kdb_�@D�bf_xl�p_euc�jy^�bgl_j_kguo�hilbqkdbo�

k\hckl\� 
���@D� h[eZ^Zxl� ]b]Zglkdhc� hilbq_kdhc� Zdlb\ghklvx� –� \ukh�

dbf�agZq_gb_f�\jZs_gby�ebg_cgh�iheyjbah\Zggh]h�k\_lZ� 
>ey� kjZ\g_gby� —� hilbq_kdZy� Zdlb\ghklv� d\ZjpZ� — � ihjy^dZ�

300 kf° �� hilbq_kdZy� Zdlb\ghklv� ohe_kl_jbq_kdh]h� `b^dh]h� djb�

klZeeZ�fh`_l�^hklb]Zlv�
510 kf° . 

���HljZ`_ggZy�k\_lh\Zy�\hegZ�b^_glbqgZ�ih�nhjf_�kh�kibjZ�

evx�ohe_kl_jbq_kdh]h�`b^dh]h�djbklZeeZ��jbk���� 
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Jbk����K\hckl\Z�\hegu��hljZ`_gghc�hl�ohe_kl_jbq_kdh]h�djbklZeeZ� 
 

���KibjZevgZy� kljmdlmjZ�ohe_kl_jbq_kdh]h�`b^dh]h�djbklZe�

eZ� ih^h[gZ� � ^bnjZdpbhgghc� j_r_ld_� ^ey� k\_lZ� �jbk�� ����Ihwlhfm�

kijZ\_^eb\h�khhlghr_gb_�<mevnZ–;j_]]Z� 
 

2 sind mϑ λ= . 
 

Ijb� 90 , 2 , 1d m mϑ λ= ° = = � �\hafh`_g�

lhevdh� h^bg� ^bnnjZdpbhgguc�

fZdkbfmf� 

max 2 2
2

L
d Lλ = = = . 

Ijb� baf_g_gbb� / � � baf_gy_lky� p\_l� k_�

e_dlb\gh�hljZ`_ggh]h�k\_lZ� 
GZ� rZ]� kibjZeb� \ebyxl� \g_rgb_�

ihey�— �^Z\e_gb_P ��we_dljbq_kdh_�b�fZ]gblgh_�ihey� E �b�H ��Z�lZd�

`_�l_fi_jZlmjZ�b obfbq_kdb_�ijbf_kb� 
���FmZjh\u_� wnn_dlu��Ijb� hk\_s_gbb� _kl_kl\_gguf� k\_lhf�

ohe_kl_jbq_kdbc�@D�hljZ`Z_l�yjdb_�p\_lZ��>ebgZ�\hegu�hljZ`_g�

gh]h�k\_lZ�_klv�nmgdpby�^\mo�m]eh\�� ( )hlj� k\_lZ iZ^� hlj�bfλ ϑ ϑ= �b�ijb�

iZ^� hlj�= 0ϑ ϑ = �^ebgZ�hljZ`_gghc�\hegu�fZdkbfZevgZ�� hlj� PD[λ λ= . 

 
��� LZd� dZd� ~ Tα � b� m\_ebqb\Z_lky� k� jhklhf� l_fi_jZlmju�� lh�

2L dπ α= �� ]^_� α  — � m]he� ih\hjhlZ� hl� kehy� d� kehx�� Ihwlhfm� L  

mf_gvrZ_lky� k� m\_ebq_gb_f� l_fi_jZlmju��
1

~ , 0
dL

L
T dT

< � �jbk�� ����

hlj� k\_lZmax (rZ]m ohe_kl_jbq_kdhc kibjZeb�Lλ = . 

 
Jbk��� 
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GZ�jbk����bah[jZ`_gZ�aZ\bkbfhklv� / �hl� 7 �^ey�ohe_kl_jbegh�

gZghZlZ��Ijb� baf_g_gbb� l_fi_jZlmju� \k_]h� gZ� ��� �K� ^ebgZ�rZ]Z�

kibjZeb� ijhoh^bl� ^bZiZahg�� khhl\_lkl\mxsbc� ^ebgZf� \heg� \b^b�

fh]h�k\_lZ�� 
��� Dhwnnbpb_gl� hljZ`_gby� hl� kehy� ohe_kl_jbq_kdh]h� djb�

klZeeZ�aZ\bkbl�hl�^ebgu�\hegu��jbk�������GZ[ex^Z_lky�ba[bjZl_ev�

gh_�hljZ`_gb_�k\_lZ� 
m ax hlj�k\_lZ Lλ =  (rZ]�ohe_kl_jbq_kdhc�kibjZeb�� 

 

  
Jbk��.�AZ\bkbfhklv�^ebgu�ohe_kl_�
jbq_kdhc�kibjZeb�^ey�ohe_kl_jbegh�
gZghZlZ 

 

Jbk�� ���� K_e_dlb\gh_� hljZ`_gb_� k\_lZ� hl�
kehy�ohe_kl_jbq_kdh]h�djbklZeeZ� �^ey�ieZ�
gZjghc� l_dklmju� ijb� ghjfZevghf� iZ^_�
gbb�� 

 
 
1 .6���Kf_dlbq_kdb_�`b^dhdjbklZeebq_kdb_�nZau 
 
Wlh� gZbf_gh\Zgb_� [ueh� ^Zgh�@��Njb^_e_f� ^ey� f_ahnZau� k�

f_oZgbq_kdbfb� k\hckl\Zfb� ih^h[gufb� fueZf� �©kf_]fZª� ih-
]j_q_kdb�–�fueh�� 

<k_�kf_dlbq_kdb_�djbklZeeu�–�kehbklu_�kljmdlmju�k�ohjhrh�

hij_^_e_gguf�f_`keh_\uf� ijhkljZgkl\hf� �kZfu_� mihjy^hq_ggu_�

kljmdlmju�`b^dbo�djbklZeeh\�k�kZfhc�gbadhc�kbff_ljb_c�� 
1 )  Kf_dlbq_kdZy�nZaZ�:��K@D:�� 
Ijhkl_crbc�lbi�kf_dlbq_kdh]h�djbklZeeZ�� 
Ijbf_j�–�\_s_kl\h�l_j_nlZe-[bk-[mlbe-Zgbebg��L;;:) : 

 
?s_�h^bg�ijbf_j�–�i_glZn_gbe� 

Wlh�\_s_kl\h�bf__l�hq_gv�\ukhdmx�l_fi_jZlmjm�kms_kl\h\Z�

gby�kf_dlbq_kdhc�nZau��a����
 
�K�� 
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LhesbgZ� kehy� kf_dlbq_kdh]h�@D:� fhe_dmeud l≈ ��<gmljb� dZ`�

^h]h�kehy�p_glju�ly`_klb�fhe_dme�g_�h[eZ^Zxl�^Zevgbf�ihjy^dhf�

\� jZkiheh`_gbb��Kbkl_fZ� hilbq_kdb� h^ghhkgZ� k� hilbq_kdhc� hkvx�

i_ji_g^bdmeyjghc� iehkdhklb� kehy�� �GZijZ\e_gby� z� b� z− � wd\b\Z�

e_glgu� 
Kehb�e_]dh�kf_sZxlky�h^bg�hlghkbl_evgh�^jm]h]h��gh�gZ�jZk�

ly`_gb_� wlZ� kbkl_fZ� j_Z]bjm_l�

\iheg_� hij_^_e_gguf� h[jZahf� —  
\hagbdZxl�\heghh[jZagu_�^_n_dlu� 

2 )   Kf_dlbq_kdZy� nZaZ� K�

�K@DK�� 
LhesbgZ� kehy� d � jZ\gZ��

~ cosd l ϑ . 
<gmljb� keh_\� p_glju� ly`_klb�

fhe_dme� g_� h[eZ^Zxl� ^Zevgbf� ih�

jy^dhf�\�jZkiheh`_gbb�� 
DZ`^uc� kehc� — � ^\mf_jgZy�

`b^dhklv�� \_s_kl\h� hilbq_kdb� ^\m�

hkgh_��jbk�����Z) . 
?keb�\� lZdhc� kf_dlbq_kdbc�djbklZee�^h[Z\blv�objZevgh_�\_�

s_kl\h�� ihy\blky� kljmdlmjZ� `b^dh]h� djbklZeeZ�� aZdjmq_ggZy� ih�

kehyf��jbk�����[) . 

                    
Z��������������������������������������������������[ 

 
Jbk������Kf_dlbq_kdb_�nZau�K��Z��b�K
��[)  

 
<�wlhc�nZa_�fhe_dmeu�dZ`^h]h�kehy�ih\_jgmlu�gZ�g_dhlhjuc�

m]he� 
 

 
������Kf_dlbq_kdb_�nZau�kh�kljmdlmjgufb�kehyfb 
 
<� kf_dlbq_kdbo� djbklZeeZo� gZ[ex^Z_lky� [hevrh_� qbkeh�fh�

^bnbdZpbc�nZa��nZau�B , D , F , H , G�b�l�^� 

 
Jbk��1��Ko_fZ� jZkiheh`_gby�fh�
e_dme� \� kehyo� kf_dlbq_kdh]h�
djbklZeeZ�lbiZ�: 
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����Kf_dlbq_kdZy�nZaZ�<� 
<�dZ`^hf�keh_�bf__lky�ih^h[b_�^\mf_jghc�djbklZeebq_kdhc�

j_r_ldb��bf_xs_c�]_dkZ]hgZevgmx�miZdh\dm� 
<yadhklv�lZdhc�nZau���dZd�m�f_^Z� 

���Kf_dlbq_kdZy�nZaZ�G .  
Lh�`_� kZfh_�� �qlh�b�\�ij_^u^ms_f�kemqZ_��gh�jZkiheh`_gb_�

fhe_dme�\�keh_��gZdehggh_� 
5) Kf_dlbq_kdZy�nZaZ�D . 
<� hkgh\_� mihjy^hq_gby� \� keh_� –� ^\mf_jgZy� dm[bq_kdZy� j_�

r_ldZ� 
���Kf_dlbq_kdZy�nZaZ�F . 
GZ[ex^Z_lky� d\Zablj_of_jgh_� mihjy^hq_gb_� fhe_dme� khk_^�

gbo�keh_\��h[jZamxsbo�hjlhjhf[bq_kdmx�j_r_ldm� 
<� hlebqb_� hl� bklbggh� djbklZeebq_kdbo� \_s_kl\� \� `b^dbo�

djbklZeeZo� kh� kljmdlmjgufb� kehyfb� bf__l� f_klh� k\h[h^gh_�

kdhev`_gb_� keh_\� ^jm]� hlghkbl_evgh� ^jm]Z� b� \jZs_gb_� fhe_dme�

\hdjm]�bo�^ebgguo�hk_c� 

                          
�������������������Z�������������������������������������������������������������������[ 

 
Jbk������JZkiheh`_gb_�fhe_dme��Z — �\�keh_�kf_dlbq_kdhc�nZau�<��[ — �\�nZaZo�

G ��?��b�G���NZau�?�b�G�h[jZah\Zgu�fhe_dmeZfb�–�ieZgdZfb� 
 

               
 

Jbk������>\hcghc��kf_dlbq_kdbc�kehc Jbk������Ko_fZ�fuevgh]h�imaujy 
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Hkh[h_� f_klh� \� kf_dlbq_kdbo� djb�

klZeeZo� aZgbfZxl� kf_dlbdb� k� miZdh\dhc� \�

\b^_� ^\hcguo� keh_\�� khklhysbo� ba� iheyj�

guo� fhe_dme�� bf_xsbo� hljbpZl_evgh� aZ�

jy`_ggmx� qZklv� �gZijbf_j�� 2CO− �� f_`^m�

khijbdZkZxsbfbky�kehyfb� 
<� dZq_kl\_� ijbf_jZ� lZdhc� kljmdlmju�

jZkkfhljbf�fuevguc�imaujv� �jbk������Wlh�

^h\hevgh� keh`gZy� kbkl_fZ�� khklhysZy� ba�

fhe_dme� \h^u� b� Zfnbnbevguo� fhe_dme��

bf_xsbo� ^bihevgmx� qZklv� b� Zedbevguc�

�m]e_\h^hjh^guc�beb�iZjZnbgh\uc��o\hkl�� 
Ie_gdZ� imaujy� mkljh_gZ� lZd�� lhgdZy�

ijhkehcdZ� \h^u� hdjm`_gZ� k� ^\mo� klhjhg�

^bihevgufb� fhe_dmeZfb�� Ih\_joghklv�

ie_gdb�Z[khexlgh�g_cljZevgZ��lZd�dZd�o\h�

klu� fhe_dme� g_� g_kml� gZ� k_[_� gbdZdbo�

we_dljbq_kdbo� aZjy^h\�� ie_gdZ� gb� d� q_fm�

g_� ijbebiZ_l�� \h^Z� bkiZjy_lky� f_^e_ggh�

�ih\_joghklgh_� gZly`_gb_��LZd� `_�� dZd� \�

kf_dlbdZo�:��\�wlhf�kemqZ_�fhe_dmeu�hjb�

_glbjh\Zgu�i_ji_g^bdmeyjgh�d�kehx�\h^u�

b�fh]ml� k\h[h^gh� i_j_f_sZlvky� \^hev� _]h�

ih\_joghklb� 
Kf_dlbq_kdbc�djbklZee�lbiZ�:��h[jZ�

ah\Zgguc� ^\hcgufb� kehyfb� Zfnbnbevguo�

fhe_dme� �jbk�� �����ijb�djbklZeebaZpbb�i_j_oh^bl�\�g_fZlbq_kdmx�

nZam��jbk������ 
?keb�lZdmx�kbkl_fm�ba�^\hcguo�keh_\�gZ]j_lv��hgZ�i_j_oh^bl�

\�g_fZlbd� 1 ��Ijb�hoeZ`^_gbb�\hagbdZ_l�k`Zlb_�kj_^u��Dh]^Z�^\Z�

h^bghqguo� kehy� k� h^bgZdh\ufb� aZjy^Zfb� ijb[eb`Zxlky� ^jm]� d�

^jm]m�� \hagbdZ_l� kbevgh_� hllZedb\Zgb_� h^ghbf_gguo� aZjy^h\�� b�

ijhbkoh^bl�\aZbfhijhgbdgh\_gb_�h^gh]h�kehy�\�^jm]hc��LZdbf�h[�

jZahf�� hiylv� h[jZam_lky� g_fZlbq_�

kdZy�nZaZ� �1 ���Z� aZl_f��ijb�^Zevg_c�

r_f� hoeZ`^_gbb�� \hagbdZ_l� j_r_ldZ�

ba� h^bgZjguo� keh_\��Lh� _klv�gZ[ex�

^Z_lky� ©aZly]b\Zgb_ª� ijhp_kkZ� djb�

klZeebaZpbb� 
Wlh�y\e_gb_�ieZ\e_gby�ijb�ho�

eZ`^_gbb� beb� ©j__glgZyª� �\ha\jZl�

gZy��nZaZ�[ueh�hldjulh�\������]� 

>\hcgZy�i_jbh^bqghklv 
keh_\ 

OGOG �� ≈≈ , 
]^_� O  — �^ebgZ�fhe_dmeu 

 
Jbk����� >\hcghc� kf_dlb�
q_kdbc� kehc� ba� Zfnb�
nbevguo�fhe_dme 

 
 

Jbk����� H[jZah\Zgb_� g_fZlbq_�
kdhc�nZau�ijb�hoeZ`^_gbb�kf_d�
lbq_kdhc� 
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>ey�kf_dlbq_kdhc�nZau�ijbgylh�hij_^_eylv�iZjZf_lj�ihjy^�

dZ�k�ihfhsvx�ihgylby�\hegu�iehlghklb� 
Hij_^_ebf� ρ �dZd� ( )z dρ ρ= + ��JZaeh`bf�wlm�nmgdpbx�\�jy^�

ih�dhkbgmkZf�hl�\_ebqbgu�
2 m

q
d

π= ��]^_� 0,1, 2, 3m= ) : 

( ) ( )cosq
q

z qzρ ρ= ∑ ���b�h]jZgbqbf�jy^� 

( ) 0
2

1 cosz z
d

πρ ρ ϕ  = + Ψ +    
,     (5 ) 

]^_� �=P , ϕ  — �nZaZ��:fieblm^Z� Ψ  — �hibku\Z_l�\_ebqbgm�kf_dlb�

q_kdh]h�mihjy^hq_gby��kf_dlbq_kdbc�iZjZf_lj�ihjy^dZ���
2

q
d

π=  —  

\hegh\hc�\_dlhj�\hegu�iehlghklb� 
 

 
 

Jbk������©<hegZ�iehlghklbª�\�kf_dlbq_kdhc�nZa_ 
 
 

������>bkdh\u_�nZau 
 

<� ����� ]�� \� bg^bckdhf� gZmqghf� p_glj_� \� ]hjh^_� ;Zg]Zehj_�

[ueb� kbgl_abjh\Zgu� gh\u_� f_ahnZau�� \� dhlhjuo� \� hlebqb_� hl�

lhevdh� qlh� jZkkfhlj_gguo�`b^dhdjbklZeebq_kdbo� kbkl_f� k� \uly�

gmlufb�fhe_dmeZfb�� \_s_kl\Z� khklhyl� ba� iehkdbo� ^bkdhh[jZaguo�

fhe_dme��d isk - lik e ). 
LZdb_� `b^dhdjbklZeebq_kdb_� nZau� fh]ml� [ulv� h[jZah\Zgu�

fhe_dmeZfb�� miZdh\Zggufb� \� `b^db_� dhehgdb� beb� klhe[bdb� k�

^bkdZd d≈ . 
<� dZ`^hf� klhe[p_� fhe_dmeu� iZjZee_evgu� ^jm]� ^jm]m�� jZk�

klhygby� f_`^m� gbfb� ijhba\hevgu�� Fhe_dmeu� fh]ml� ^\b]Zlvky�

\^hev�klhe[bdh\��`b^db_�gblb�� 
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Klhe[pu�fh]ml� [ulv� \ukljh_�

gu�\�i_jbh^bq_kdb_�jy^u�k�]_dkZ]h�

gZevghc�miZdh\dhc��Ijb�m\_ebq_gbb�

l_fi_jZlmju� i_jbh^bq_kdb_� jy^u�

ij_\jZsZxlky�\�`b^db_�gblb��aZl_f�

kljh]bc� ihjy^hd� \� klhe[pZo� gZjm�

rZ_lky�b� \hagbdZ_l� lj_of_jguc�g_�

fZlbq_kdbc�djbklZee�� ND  — �nZaZ�� 

Ke_^m_l�h[jZlblv�\gbfZgb_�gZ�

lh�� qlh� ih^h[gh_� kljh_gb_� bf_xl��

lZd� gZau\Z_fu_�� ©m]e_jh^bklu_ª�

beb� ©i_dh\u_ª�nZau��dhlhju_�h[jZ�

amxlky� ijb� dhdkh\Zgbb� m]ey��I_dh�

\u_� nZau� h[jZamxlky� ijb� \ukhdbo�

l_fi_jZlmjZo� &°÷ ������a ��Ba\_klgh��

qlh�_keb�ijb�dhdkh\Zgbb�]jZnbl�ijhoh^bl�q_j_a�i_dh\mx��`b^dhd�

jbklZeebq_kdmx�� nZam�� dZq_kl\h� ]jZnblZ� ihemqZ_lky� gZb\ukrbf��

LZdbf� h[jZahf�� ^bkdh\u_�nZau� y\eyxlky� m^h[guf� gbadhl_fi_jZ�

lmjguf�h[t_dlhf� �fh^_evghc�kbkl_fhc��^ey�bkke_^h\Zgby�hkh[_g�

ghkl_c�m]e_jh^bkluo�nZa� 
 
 
 

I ����HLEBQBL?EVGU?�HKH;?GGHKLB�N:AH<UO 
I?J?OH>H<�<�@B>DBO�DJBKL:EE:O 
 

>ey� jZkkfhlj_gby� nZah\uo� i_j_oh^h\� \� `b^dbo� djbklZeeZo�

bkihevam_lky�l_hjby�dhglbgmmfZ��<�wlhf�kemqZ_�ijb�l_fi_jZlmjZo�

g_�hq_gv�[ebadbo�d�lhqd_�nZah\h]h�i_j_oh^Z�iZjZf_lj�ihjy^dZ�y\�

ey_lky� keZ[h� f_gyxs_cky� nmgdpb_c� l_fi_jZlmju�� b� wlh� nmgdpby�

g_ij_ju\gZ��OZjZdl_j�nZah\uo�i_j_oh^h\�f_`^m�f_ahnZahc�b�bah�

ljhighc�`b^dhklvx��Z�lZd`_�f_`^m�jZaebqgufb�f_ahnZaZfb�l_kgh�

k\yaZg�k�kZfhc�ijbjh^hc�f_ahnZa��K\hckl\Z�f_ahnZau�ij_^hij_^_�

eyxlky�_s_�\�ij_^u^ms_c�nZa_�^h�gZklmie_gby�nZah\h]h�i_j_oh^Z��

qlh� kdZau\Zxlky� gZ� k\hckl\Zo� fgh]bo� iZjZf_ljh\� `b^dhdjbklZe�

ebq_kdhc�nZau� 
 
�����L_hjby�nZah\uo�i_j_oh^h\�EZg^Zm–^_�@_gZ 
�^ey�g_fZlbq_kdhc�nZau� 

 

G_fZlbq_kdb_�`b^db_�djbklZeeu�gZb[he__�kbff_ljbqgu_��fh�

e_dmeu�g_�bf_xl�^Zevg_]h�ihjy^dZ�hlghkbl_evgh�bo�p_gljh\�ly`_�

klb�� gh� khojZgyxl�ihjy^hd�ih� hjb_glZpbyf��>ey� dhebq_kl\_ggh]h�

 
 

Jbk�� ����LbibqgZy�^bkdhh[jZagZy�
fhe_dmeZ 
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hibkZgby� mihjy^hq_gby� \\h^ylky� kdZeyjguc� iZjZf_lj� ihjy^dZ�

( )21
3cos 1

2
Q ϑ= − �� _keb�

2 1
cos

3
ϑ =  — � hjb_glZpby� iheghklvx� [_k�

ihjy^hqgZ�—  0Q =  — �khhl\_lkl\m_l�bahljhighc�nZa_� 
LZd� dZd� `b^dhdjbklZeebq_kdZy� kj_^Z� y\ey_lky� kms_kl\_ggh�

Zgbahljhighc�� ^ey� hij_^_e_gby� mihjy^hq_gby� bkihevam_lky� l_g�

ahjguc� iZjZf_lj� ihjy^dZ� ijQ  — � l_gahj� \lhjh]h� jZg]Z� k� gme_\uf�

ke_^hf� 
>ey�^Zevg_cr_c�jZ[hlu�gZf�m^h[g__�\ujZablv�baf_g_gb_�hjb�

_glZpbb�� k\yaZggh_� k�baf_g_gb_f�iZjZf_ljZ�ihjy^dZ�� \� ehdZevghc�

kbkl_f_�dhhj^bgZl�q_j_a�dhfihg_glu�^bj_dlhjZ� ( )0,0,1n  

1

3ij i j ijQ Q n n δ = −  
, 

1,
0,

ij

ij

i j
i j

δ
δ

= =
= ≠ , Q  — �kdZeyjguc�iZjZf_lj�

ihjy^dZ 
1

0 0
3

1
0 0

3
2

0 0
3

x x y x z x

ij x y y y z y

x z y z z z

n n n n n n

Q Q n n n n n n

n n n n n n

 = − = = 
 
 = = = − = 
 
 = = =
  

.                    (6 ) 

<�bahljhighc�nZa_�g_l�^Zevg_]h�ihjy^dZ�\�gZijZ\e_gbb�hjb_g�

lZpbb�fhe_dme�—  ijQ  — �bkq_aZ_l��H^gZdh��_keb�jZkkfZljb\Zlv�fh�

e_dmeu�gZ�fZeuo�fZkrlZ[Zo��lh�ehdZevgh�b�\�bahljhighc�nZa_�hgb�

hklZxlky�iZjZee_evgufb�^jm]�^jm]m��Wlh�ehdZevgh_�mihjy^hq_gb_�

kms_kl\m_l�\iehlv�^h�g_dhlhjh]h�oZjZdl_jgh]h�jZkklhygby� ( )7ξ ��gZ�

au\Z_fh]h�^ebghc�dh]_j_glghklb�beb�jZ^bmkhf�dhjj_eypbb� 
>ey� hibkZgby�nZah\uo� i_j_oh^h\�� \� qZklghklb�� gZb[he__� jZk�

ijhkljZg_ggh]h� i_j_oh^Z� g_fZlbq_kdZy� nZaZ� –� bahljhigZy� `b^�
dhklv�� bkihevam_lky� b^_y� l_hjbb� nZah\uo� i_j_oh^h\� EZg^Zm�� WlZ�

l_hjby� [ueZ� jZkijhkljZg_gZ� gZ� `b^db_� djbklZeeu� Ihe_f� >_-
@_ghf��<�hkgh\_�wlhc�l_hjbb�e_`Zl�^\Z�hkgh\guo�iheh`_gby� 

���\hafh`ghklv�hibkZlv�kbkl_fm�k�ihfhsvx�iZjZf_ljZ�ihjy^�

dZ� 
��� ZgZeblbqghklv� k\h[h^ghc� wg_j]bb� \� hdj_klghklb� nZah\h]h�

i_j_oh^Z� 
<lhjh_�iheh`_gb_�–�ZgZeblbqghklv�k\h[h^ghc�wg_j]bb�–�ij_^�

iheZ]Z_l��qlh�^ey�hibkZgby�k\hckl\�kj_^u�ih�h[_�klhjhgu�hl�lhqdb�

nZah\h]h�i_j_oh^Z�bkihevam_lky�h^gZ�ihl_gpbZevgZy�nmgdpby��Ijb�

wlhf� kqblZ_lky��qlh�iZjZf_lj�ihjy^dZ� LM4 �fZe�\�hdj_klghklb�nZah�

\h]h� i_j_oh^Z�� Ihwlhfm� fh`gh� jZaeh`blv� iehlghklv� k\h[h^ghc�
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wg_j]bb�\�jy^�ih�kl_i_gyf�l_gahjgh]h�iZjZf_ljZ�ihjy^dZ 

0
1 1 1

...
2 3 4ij ji ij jk ki ij jk kl liF F AQ Q BQ Q Q CQ Q Q Q= + + + + ,   (7 ) 

0F  — � iehlghklv� k\h[h^ghc� wg_j]bb� bahljhighc� nZau�� , ,A B C —  
dhwnnbpb_glu�jZaeh`_gby��nmgdpbb�T �b� p . 

<k_� keZ]Z_fu_� bg\ZjbZglgu� hlghkbl_evgh� hk_c� , ,x y z��<� jZa�
eh`_gbb� g_l� keZ]Z_fh]h�� ebg_cgh]h� ih� ijQ �� Wlh� h[tykgy_lky� l_f��

qlh��ih�mkeh\bx��\�khklhygbb�k�fbgbfZevghc�k\h[h^ghc�wg_j]b_c��

) �aZ\bkbl�lhevdh�hl�Q ��ihwlhfm�ijb�^bnn_j_gpbjh\Zgbb�g_�[ueh�

[u�Z[khexlgh]h�fbgbfmfZ��lZd�dZd�ihy\beZkv�[u�ihklhyggZy�\_eb�

qbgZ� 
Bg\ZjbZgl�lj_lv_]h�ihjy^dZ�ihy\ey_lky�ihlhfm��qlh�k\h[h^gZy�

wg_j]by�\�khklhygbb�k� LM4− �hlebqZ_lky�hl�k\h[h^ghc�wg_j]bb�\�kh�

klhygbb�k� ijQ  

1 3 0 0

0 1 3 0

0 0 2 3
ijQ Q− =

−
. 

 
>ey�g_fZlbq_kdhc�kljmdlmju�g_baf_ggufb�dhfihg_glZfb�l_g�

ahjZ�y\eyxlky� 2 2zz xx yyQ Q Q= − = − . 

Iehkdhklv� xy — � iehkdhklv� a_jdZevgh]h� hljZ`_gby� lZdhc�

kljmdlmju� 
Khklhygb_� ijQ �khhl\_lkl\m_l�hjb_glZpbb� Q �ih� ] ��Z�khklhygb_�k�

ijQ−  — �hjb_glZpbb�Q �\�iehkdhklb� xy z⊥ . 

Ihkdhevdm�wlb�khklhygby�g_�wd\b\Ze_glgu��g_l�lZdh]h�kbff_l�

jbqgh]h�ij_h[jZah\Zgby��dhlhjh_�i_j_\h^beh�[u�h^gh�khklhygb_�\�

^jm]h_���\�jZaeh`_gbb�^ey� F �bf__lky�bg\ZjbZgl�lj_lv_]h�ihjy^dZ��

Ij_h[jZam_f�\ujZ`_gb_�^ey�F �k�mq_lhf�aZ\bkbfhklb� ijQ �hl�4 . 

>ey� (1 2) ij jiAQ Q �bf__f� 

2 2 2

1 3 1 3
1 1 6 1

1 3 1 3
2 2 9 3

2 3 2 3

AQ AQ AQ

− −
− − = = . 

 
Ijh\_^_f� ZgZeh]bqgu_� \uqbke_gby� ^ey� hklZevguo� qe_gh\� \�

jZaeh`_gbb�) ��\�j_amevlZl_�ihemqbf� 

2 3 4
0

1 2 1

3 27 18
F F AQ BQ CQ= + − + .   (8 ) 
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<�l_hjbb�iheZ]Z_lky��qlh� % �b� & �hl� 7 �g_�aZ\bkyl��Z�dhwnnbpb�

_gl� ( )'A A T T∗= − ��]^_� CT T∗ <  — �l_fi_jZlmju�i_j_oh^Z�\�bahljhi�

gmx�nZam�� CT  —  l_fi_jZlmjZ�ijhk\_le_gby�beb�ijhykg_gby�–  c lea r-
in g  p o in t) . 

Mklhcqb\ufb�khklhygbyfb�[m^ml�lZdb_��dhlhjuf�khhl\_lkl\m�

_l� 0
F

Q

∂ =
∂

��fbgbfmf�k\h[h^ghc�wg_j]bb�� 

2 32 2 2
0

3 9 9

F
AQ BQ CQ

Q

∂ = − + =
∂

.                     (9 ) 

H^gh�ba�j_r_gbc� 0Q = �khhl\_lkl\m_l�bahljhighc�nZa_� 
Ijh\_^_f� ij_h[jZah\Zgby� ihke_^g_]h� mjZ\g_gby� ^ey� kemqZy��

dh]^Z� 0Q ≠ : 

22 2 2
0

3 9 9
A BQ CQ− + = , 

2 3
0

B A
Q Q

C C
− + = . 

J_r_gb_�wlh�mjZ\g_gby�ijb� �≠4 : 
2 2

2 2 2

3 12 12
1 1 1

2 2 2 24

B B A B B AC B AC
Q

C C C C CC B C B

 
= ± − = ± − = ± − 

 
. 

>ey� lh]h�� qlh[u� hij_^_eblv�� dZdhc� agZd� –� iexk� beb�fbgmk� –  
hklZ\blv�� gZc^_f�� ijb� dZdhf� agZq_gbb� 4 � j_r_gb_� [m^_l� mklhcqb�

\uf��J_r_gb_�mklhcqb\h��_keb�
2

2
0

F

Q

∂ >
∂

 (m in ): 

1 2
0

3 3
B CQ− + > ,    

2 1

3 3
CQ B> ,    2CQ B> ,   

2

B
Q

C
> . 

Ihwlhfm�iZjZf_lj�ihjy^dZ�g_fZlbq_kdhc�nZau�fh`_l�[ulv�aZ�

ibkZg� 

2

12
1 1

2

B AC
Q

C B

 
= + − 

 
,    (1 0 ) 

]^_� ( )'A A T T∗= − . 

GZc^_f�4 �ijb� &7 ��Hij_^_ebf��ijb�dZdhc� &77 = �[m^_l�gZ[ex�

^Zlvky�i_j_oh^�ba�g_fZlbq_kdhc�nZau�\�bahljhigmx�`b^dhklv��Wlh�

CT T∗> ��<�lhqd_�i_j_oh^Z�ijb� CT T=  — �k�h^ghc�klhjhgu�� 0
F

Q

∂ =
∂

, 

Z�k�^jm]hc�klhjhgu� 0F F= ��k\h[h^gZy�wg_j]by�bahljhighc�nZau�� 
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J_rbf�\f_kl_�mjZ\g_gby�����b������ 
2 3 4

0 0
1 2 1

3 27 18
F AQ BQ CQ F+ − + = ,    (1 1 ) 

2 3

2 3 4

2 2 4
0,

3 9 18
1 2 1

0,
3 27 18

AQ BQ CQ

AQ BQ CQ

 − + =

 − + =


 

beb 

( )
( )

2 3

2 3

1 1
' 0

3 3
2 1

' 0
9 6

C

C

A T T Q BQ CQ

A T T Q BQ CQ

∗

∗

 − − + =

 − − + =


            (1 2 ) 

 

<uqblZy�ba�i_j\h]h�mjZ\g_gby�\lhjh_��ihemqbf� 
2 31 1

0
9 6

BQ CQ− + = , 

1 1

6 9
CQ B= , 

6 2

9 3

B B
Q

C C
= =  — �\�lhqd_� CT T= .   �����Z� 

Ih^klZ\bf������\�h^gh�ba�mjZ\g_gbc�������lh]^Z�ihemqbf� 
2 22 4

' ' 0
9 27C
B B

A T A T
C C

∗− − + = , 

hldm^Z�   
22

27 'C
B

T T
A C

∗= + .         (1 4 ) 

BlZd��\�lhqd_� CT T= �iZjZf_lj�ihjy^dZ�jZ\_g�
2

3C
B

Q
C

= , CT �hij_�

^_ey_lky�nhjfmehc������ 
GZc^_f� agZq_gby� Q∗ � ijb� T T∗= �� >ey� wlh]h� \� \ujZ`_gb_�

2

12
1 1

2

B AC
Q

C B

 
= + − 

 
� ih^klZ\bf� ( )' 0A A T T∗ ∗= − = ��Ihemqbf� ij_�

^_evgh_�agZq_gb_�iZjZf_ljZ�ihjy^dZ�\�khklhygbb��dh]^Z�mklhcqb\Z�

lhevdh�g_fZlbq_kdZy�nZaZ 

( )1 1
2

B B
Q

C C
∗ = + = .    ���[� 

 
LZd`_�\hafh`gu�lZdb_�khklhygby��dh]^Z�mklhcqb\Z�lhevdh�bah�

ljhigZy�nZaZ��Bf__lky� lhevdh� h^bg� mklhcqb\uc�fbgbfmf� \� lhqd_�

0Q = � �jbk�� �����Wlh� hagZqZ_l�� qlh� Q � jZ\gh� ^jm]hfm� ij_^_evghfm�
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agZq_gbx��ijb�dhlhjhf�fh`_l�[ulv�mklhcqb\h�j_r_gb_� 

, :
2 2

B B
Q Q

C C
∗∗  = >  

     ���\� 

2

12
1 0

AC

B
− = ,      

( )
2

12 '
1 0

A T T C

B

∗∗ ∗−
− = , 

2

12 '

B
T T

A C
∗∗ ∗= + .     (1 5 ) 

 
BlZd��\hafh`gu�ke_^mxsb_�khklhygby�g_fZlbq_kdh]h�@D� �jbk��

2 0 ): 

1 )  0
CT T

Q
>
=   — � nmgdpby� bf__l� lhevdh� h^bg� fbgbfmf� �mklhcqb\Z�

lhevdh�bahljhigZy�nZaZ�� 

2 )  CT T=  — �^\Z�jZ\ghagZqguo�fbgbfmfZ�
�

�

≠
=

4

4
. 

3 )  CT T T∗= <  — �h^bg�fbgbfmf� 0Q ≠ ��Mklhcqb\Z�lhevdh�g_fZlbq_�

kdZy�nZaZ�� 0A= �b� 0Q = �g_�m^h\e_l\hjy_l�mjZ\g_gbx� 

4 )  CT T T∗> >  — � ^\Z� fbgbfmfZ� g_� jZ\ghagZqgu� ih� wg_j]byf� ijb�

0Q =  F � [hevr_�� q_f� ijb� 0Q ≠ ��Ijb� wlbo� l_fi_jZlmjZo�fh]ml�

khkms_kl\h\Zlv�h[_�nZau��gh�bahljhigZy� y\ey_lky�f_lZklZ[bev�

ghc��lZd�dZd�_c�khhl\_lkl\m_l�[hevrZy�wg_j]by� 
5 )  T∗∗  — �\_jogbc�ij_^_e�kms_kl\h\Zgby�g_fZlbq_kdhc�nZau��bf_�

_lky� lhevdh�h^bg�fbgbfmf�� khhl\_lkl\mxsbc� 0Q = ��G_l�fbgb�

fmfZ�ijb� 0Q ≠ . 

6 )  CT T T∗∗ > >  — �fh]ml�[ulv�^\Z�fbgbfmfZ��gh�fbgbfmf�ijb� 0Q =  
bf__l� f_gvrmx� \_ebqbgm� F �� q_f� ijb� 0Q ≠ ��F_lZklZ[bevghc�

y\ey_lky�g_fZlbq_kdZy�nZaZ� 
Ba�\ur_baeh`_ggh]h�ke_^m_l��qlh�i_j_oh^�g_fZlbq_kdbc�`b^�

dbc�djbklZee�–�bahljhigZy�`b^dhklv�–�wlh�i_j_oh^�i_j\h]h�jh^Z� 
���ijb�l_fi_jZlmj_�nZah\h]h�i_j_oh^Z�khkms_kl\mxl�^\_�nZau��

ZgZeblbq_kdb� wlh� h[mkeh\e_gh�gZebqb_f� lj_lv_]h�ihjy^dZ� \� mjZ\�

g_gbb�^ey�jZaeh`_gby�k\h[h^ghc�wg_j]bb��qlh�ijb\h^bl�d�ihy\e_�

gbx�\lhjh]h�fbgbfmfZ�gZ�djb\hc�aZ\bkbfhklb��k\h[h^ghc�wg_j]bb�

hl�Q ; 
��� bf__lky� l_fi_jZlmjguc� ]bkl_j_abk� –� kms_kl\h\Zgb_� f_lZ�

klZ[bevguo�khklhygbc�–�i_j_]j_\Z�b�i_j_hoeZ`^_gby� 
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Jbk���� 

 
GZc^_f� l_fi_jZlmjgmx� aZ\bkbfhklv� iZjZf_ljZ� ihjy^dZ� ijb�

nZah\hf� i_j_oh^_� g_fZlbq_kdZy� nZaZ� –� bahljhigZy� `b^dhklv�� Ba�

nhjfmeu 

( ) 1 2

2

12 '
1 1

2

A C T TB
Q

C B

∗  −  = + −  
   

, 

mqblu\Zy�nhjfmem������ihemqbf� 

( )
( )

( )
( )

1 2 1 2
24 8

1 1 1 1
2 227 9C C

T T T TB B
Q

C CT T T T

∗ ∗

∗ ∗

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

.  (1 6 ) 

>ey� ( )Q f T= �ihemqZ_lky�aZ\bkbfhklv�\b^Z�( )1 2
T T∗− ��jbk������ 

Hij_^_ebf�� dZd� baf_gy_lky� l_ieh_fdhklv� \� lhqd_� nZah\h]h�

i_j_oh^Z� 

p

F
S

T

∂ = − ∂ 
,  

F
S

T

∂= −
∂

�ijb� 0F F= , 

LZd� dZd� ( )' CA A T T∗= − �� lh� ^ey�
2 21 1

'
3 3C

C

C CQ
T

A
S Q A Q

T

∂ = − = − ∂ 
, 

mqblu\Zy�������ihemqbf 
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( )
( )

1
2

0
8

1 1
9p

C

T T
C C

T T

−∗

∗

  −  = − +  −   

,   (1 7 ) 

]^_� ( )
2

0 2

'2
~

27
C

C

A T B
C

T T C∗
−

−
 

1
8

1 ( ) ( )
9 CT T T T∗ ∗− − −

���jbk������ 

 
 

 
Jbk������Lbibqgu_�djb\u_� Q = f(T ) ^ey�i_joh^Z�i_j\h]h�jh^Z�–�ieZ\gh_�

mf_gvr_gb_�^h� &7 �b�j_adh_�iZ^_gb_�ijb� &77 >  
 

 
 
Jbk������L_fi_jZlmjgZy�aZ\bkbfhklv� S& �^ey�F;;:��j_adh�\hajZklZ_l�ijb�ih^�

oh^_�d�lhqd_� &7 )  

 
Ba�wdki_jbf_glZevguo�^Zgguo�ih� pC �\�F;;:�[ueb�ihemq_gu�

qbke_ggu_� agZq_gby� dhwnnbpb_glh\� jZaeh`_gby� iehlghklb� k\h�

[h^ghc�wg_j]bb� ) :  
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>` >` >`
' 0,017 , 0,065 , 0,038

]×]jZ^ ] ]
A B C= = = . 

Ba� wlbo� ^Zgguo� [ueZ� hij_^_e_gZ� h[eZklv� f_lZklZ[bevghklb�

0,22T T C∗∗ ∗− = ° ��DZd�\b^gh��hgZ�hq_gv�fZeZ��b�__�hq_gv�ljm^gh�aZ�

nbdkbjh\Zlv�wdki_jbf_glZevgh� 

 
 

�kdZqhd�gZ������� 
 

Jbk�����Baf_g_gb_�m^_evgh]h�h[t_fZ�^ey�iZjZ-ZahdkbZgbaheZ 
 

M^_ev�guc�h[t_f�
F

V
p

∂ = ∆
∂

 — �baf_gy_lky�kdZqdhf��gh�\_ebqbgZ�

wlh]h�baf_g_gby�hq_gv�fZeZ��jbk������ 
 
 
 
�����Hkh[_gghklb�jwe__\kdh]h�jZkk_ygby�k\_lZ 

����������������\�`b^dbo�djbklZeeZo��Pb[hlZdkbq_kdb_�]jmiiu 
 
Wdki_jbf_glu�ihdZau\Zxl��qlh�^ey�C p  djblbq_kdbc�ihdZaZl_ev�

bf__l�\_ebqbgm� ����� ��Z�ba�l_hjbb�nZah\uo�i_j_oh^h\�EZg^Zm-^_-
@_gZ�� �ke_^m_l��qlh�djblbq_kdbc�ihdZaZl_ev�jZ\_g� ������G_kh]eZkb_�

l_hjbb� b� wdki_jbf_glZ�fh`_l� h[tykgylvky� \hagbdgh\_gb_f�nemd�

lmZpbc� mihjy^hq_gguo� ]jmii� \� h[eZklb� nZah\h]h� i_j_oh^Z� –� lZd�
gZau\Z_fuo�� pb[hlZdkbq_kdbo� ]jmii�� ihwlhfm� iZjZf_lj� ihjy^dZ�

^he`_g�aZ\bk_lv�hl�ijhkljZgkl\_gguo��dhhj^bgZl� 
Pb[hlZdkbq_kdb_� ]jmiiu� bf_xl� nemdlmZpbhggmx� ijbjh^m��

kemqZcguf� h[jZahf� \hagbdZy� \� dZdhf-eb[h� f_kl_� h[t_fZ� b� q_j_a�
g_dhlhjh_�\j_fy�jZajmrZykv��\hagbdZxl�\�^jm]hf�f_kl_��LZdbf�h[�

jZahf��ihjZf_lj�ihjy^dZ�Q �baf_gy_lky�hl�lhqdb�d�lhqd_� 
JZ\gh\_kgh_�agZq_gby�Q �\�bahljhighc�nZa_�jZ\gh����h^gZdh�ba-
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aZ�nemdlmZpbc�iZjZf_ljZ�ihjy^dZ��jZkk_ygb_�k\_lZ�bf__l�ZghfZev�

gh_�l_fi_jZlmjgh_�ih\_^_gb_� 
@D�\�bahljhighc�nZa_�jZkk_b\Z_l�k\_l�agZqbl_evgh�keZ[__��q_f�

\� g_fZlbq_kdhc�� h^gZdh�� ih� kjZ\g_gbx� k� jZkk_ygb_f� \� h[uqguo�

`b^dhklyo�jZkk_ygb_�\�@D�gZfgh]h�\ur_��Wlh�dZd�jZa�b�h[mkeh\�

e_gh� gZebqb_f� nemdlmZpbhgguo� ^\mij_ehfeyxsbo� h[eZkl_c� –  
[_kihjy^hqgh� jZkiheh`_gguo� Zgbahljhiguo� pb[hlZdkbq_kdbo�

]jmii��JZaf_ju�wlbo�pb[hlZdkbq_kdbo�]jmii�bf_xl�ihjy^hd�jZ^bm�

kZ� dhjj_eypbb� ( )Tξ ��<� hdj_klghklb� T  =  Tc� �l_fi_jZlmjZ� i_j_oh^Z�

bahljhigZy� `b^dhklv� –� g_fZlbq_kdZy� nZaZ�� ( ) 200Tξ ≅ Å , qlh� ijb�
f_jgh� jZ\gh� ��� ^ebgZf� fhe_dme� �\� h[eZklb� dhjj_eypbb� —
pb[hlZdkbq_kdhc�]jmii_�bf__lky� a������fhe_dme���>ebgZ�dhjj_ey�

pbb� ξ λ<<  — � ^ebgu� \hegu� \b^bfh]h]h� k\_lZ��ihwlhfm�bgl_gkb\�

ghklv� jZkk_ygby� g_� aZ\bkbl� hl� m]eZ� gZ[ex^_gby� �jwe__\kdh_� jZk�

k_ygb_�� 
:fieblm^Z� jZkk_ygby� k\_lZ� \� g_dhlhjhf� ehdZevghf� h[t_f_�

ijhihjpbhgZevgZ� nemdlmZpbyf� l_gahjZ� ^bwe_dljbq_kdhc� ijhgb�

pZ_fhklb� ijε �� dhlhjuc� hij_^_ey_lky� fbdjhkdhibq_kdbf� l_gahjhf�

iZjZf_ljZ�ihjy^dZ� ijQ ��Bgl_gkb\ghklv�jZkk_ygby�fh`gh�\ujZablv�� 

 
1,2( )

1 2 1,2( ) ( ) ik RI c Q R Q R e d R= ∫
& )))&))& ))& )))&

, 

 
a^_kv� k

&
� \hegh\hc� \_dlhj� jZkk_yggh]h� k\_lZ�� 1 2,R R

))& ))&
 — � jZ^bmku-

\_dlhju�� 1,2R
)))&

 — � jZkklhygb_�f_`^m�ijhba\hevgufb� lhqdZfb�h[t_�

fZ��c  –�g_dhlhjZy�ihklhyggZy��R�bf__l�ihjy^hd� ξ  ( R ξ≥ ���Nmgdpby�

dhjj_eypbb� (0) ( )Q Q R
)&

�� kh]eZkgh� l_hjbb� Hjgrl_cgZ–P_jgbd_��

bf__l�\b^� 
/

(0) ( ) const
Re

Q Q R
R

ξ−
≈

)&
. 

 

LZd�dZd�R ξ λ≈ << ��lh�ijb[eb`_ggh� 0kR≈  (
2

k
π
λ

= ) . 

>ey�bgl_gkb\ghklb�jZkk_ygby�fh`gh�gZibkZlv�ke_^mxs__�\u�

jZ`_gb_� 

1,2( )
1 2 1,2

/
2

( ) ( ) ,

4 ,

ik R

R

I c Q R Q R e d R

e
I c R dR

R

ξ
π

−
=

=

∫
∫

& ))))&))& ))& )))&
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ihkdhevdm��� 1≈ikRe ���lh� 

/

2

1
(const),

4 4 .

Re
e

I RdR

ξ

π πξ

− ≈

≈ =∫
    (1 8 ) 

 
Kh]eZkgh� l_hjbb�EZg^Zm�� l_fi_jZlmjgZy� aZ\bkbfhklv� jZ^bmkZ�

dhjj_eypbb�bf__l�\b^� 
1/ 2

0
*

*
T

T T
ξ ξ  =  − 

 ( 0ξ  — �^ebgZ�fhe_dmeu�� 

 
WlZ� aZ\bkbfhklv� ih^l\_j`^Z_lky� wdki_jbf_glZevgh� �jbk�� �����

<� h[uqguo�`b^dhklyo� k� m\_ebq_gb_f� l_fi_jZlmju� h[s__� jZkk_y�

gb_�jZkl_l� �l�_��oh^�aZ\bkbfhklb�1/ PI �hl�T�h[jZlguc���>ey�`b^dbo�

djbklZeeh\� 

                          *

1

*

*
0 TTTT

T
I

−
≈

−
≅ ξ .    ���Z� 

 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�h[jZlghc�bgl_gkb\ghklb�jZkk_ygby�k\_lZ�
�wdki_jbf_gl�FZkkZqma_lkdhc�]jmiiu� 

 
 

Nbabq_kdbc� kfuke� l_fi_jZlmju� T*  — � wlh� l_fi_jZlmjZ�� ijb�

dhlhjhc�pb[hlZdkbq_kdb_�]jmiiu�klZgh\ylky�[_kdhg_qgh�[hevrbfb�

�kZfZy� gbadZy� l_fi_jZlmjZ�� ^h� dhlhjhc� fh`gh� i_j_hoeZ^blv� bah�

ljhigmx�nZam�� 
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I����FHE?DMEYJGH-KL:LBKLBQ?KD:Y�L?HJBY 
      G?F:LBQ?KDHC�N:AU 
 
Hkgh\ghc� \hijhk� l_hjbb� `b^dhdjbklZeebq_kdh]h� khklhygby�

wlh�\hijhk�h�lhf��dZdbfb�k\hckl\Zfb�^he`gu�h[eZ^Zlv�fhe_dmeu��

qlh[u�\�\_s_kl\_�h[jZah\Zeky�^Zevgbc�hjb_glZpbhgguc�ihjy^hd�� 
>_eZebkv� ihiuldb� hij_^_eblv� l_jfh^bgZfbq_kdb_� k\hckl\Z�

f_ahnZau�ba�hkh[_gghkl_c�we_dljhgghc�kljmdlmju�fhe_dme�� 
LZdb_�bkke_^h\Zgby�ijh\h^bebkv�gZ�jZaebqguo�mjh\gyo�keh`�

ghklb��Z�bf_ggh� 
1 . ijhkl_crbc�mjh\_gv�— �fhe_dmeu�jZkkfZljb\Zxlky�dZd�`_�

kldb_�kl_j`gb� 
2 . \lhjhc� mjh\_gv�— �fhe_dmeu� jZkkfZljb\Zxlky� dZd�iehkdb_�

ieZklbgdb�� bf_xsb_� kh[kl\_ggu_� ^biheb�� dhlhju_� fh]ml�

[ulv��gZijZ\e_gu�ih^�m]ehf�d�hkb�fhe_dmeu� 
3 . lj_lbc� mjh\_gv� — � jZkkfZljb\Z_lky� j_Zevgh_� kljh_gb_� fh�

e_dme� 
>Z`_�gZ�mjh\g_� ��hklZ_lky�fgh]h�g_�j_r_gguo� \hijhkh\� �hi�

j_^_e_gb_� iZjZf_ljZ� mihjy^hq_gghklb� objZevghc� kf_dlbq_kdhc�

nZau�� kl_i_gv� k\ayb� f_`^m� kf_dlbq_kdbfb� kehyfb���GZ� mjh\g_� ��

hklZxlky� g_� j_r_ggufb� ijh[e_fu�� k\yaZggu_� kh� kihkh[ghklvx�

fhe_dme� d� \jZs_gbx� b� l�^�� GZ� mjh\g_� �� g_h[oh^bfh� mqblu\Zlv�

dhjj_eypbx� dhgp_\uo� p_ihq_d� fhe_dme�� hjb_glZpbb� h^gbo� fhe_�

dmeyjguo�njZ]f_glh\�hlghkbl_evgh�^jm]bo� 
L_f�g_�f_g__�gZ� mjh\g_� �� [ueb�ihemq_gu� \Z`gu_� dZq_kl\_g�

gu_�j_amevlZlu��\�hkgh\ghf��^ey�g_fZlbq_kdhc�nZau��dhlhju_�fh�

]ml� [ulv� bkihevah\Zgu� b� ^ey� jZkkfhlj_gby� ^jm]bo� f_ahnZa� �dZd�

l_jfhljhiguo�lZd�b�ebhljhiguo�� 
<�aZ^Zqm�fhe_dmeyjgh�klZlbklbq_kdhc�l_hjbb�`b^dbo�djbklZe�

eh\�\oh^bl�jZkq_l�nmgdpbb�jZkij_^_e_gby�fhe_dme�ih�hjb_glZpb�

yf� b� \uqbke_gb_� jZaebqguo� l_jfh^bgZfbq_kdbo� iZjZf_ljh\��

\dexqZy�iZjZf_lj�ihjy^dZ� 
Ih� \ujZ`_gbx�>_�@_gZ� ©klZlbklbq_kdZy�f_oZgbdZ�`b^dhklb�

ljm^gZ��klZlbklbq_kdZy�f_oZgbdZ�g_fZlbq_kdbo�`b^dbo�djbklZeeh\�

_s_�om`_ª� 
Hkgh\gZy� ijh[e_fZ� aZdexqZ_lky� \� gZoh`^_gbb� ihl_gpbZeZ�

\aZbfh^_ckl\by� h^ghc� fhe_dmeu� k� hdjm`_gb_f��Ihwlhfm� \h^blky�

ijb[eb`_ggh_� ihgylb_� ©fhe_dmeyjgh]h� iheyª� l�_�� mkj_^g_ggh]h�

\gmlj_gg_]h�ihey��k�dhlhjuf�\aZbfh^_ckl\m_l�ba[jZggZy�fhe_dmeZ��

F_lh^� \gmlj_gg_]h� ihey� [ue� l_hj_lbq_kdb� h[hkgh\Zg� ^ey�n_jjh�

fZ]g_lbdh\�<_ckhf�b�;hjghf� 
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�����JZaebqgu_�lbiu�f_`fhe_dmeyjgh]h�\aZbfh^_ckl\by 
\�`b^dbo�djbklZeeZo 
 
@b^db_�djbklZeeu�khklhyl�ba�keh`guo�Zgbahljhiguo�fhe_dme�

b�ihwlhfm�g_\hafh`gh�mq_klv�\k_�\b^u�\aZbfh^_ckl\by�f_`^m�fh�

e_dmeZfb� 
<hijhk�h�ijbjh^_�f_ahnZau�— �wlh�ij_`^_�\k_]h�\hijhk�h�ijb�

jh^_�f_`fhe_dmeyjguo�kbe�� 
<hafh`gu�jZaebqgu_�lbiu�f_`fhe_dmeyjguo�kbe 
���Dmehgh\kdb_� kbeu� \aZbfh^_ckl\by� ^\mo� aZjy`_gguo�fhe_�

dme��Wg_j]by�\aZbfh^_ckl\by� 1 2qqW q q r= � �^ey�h^ghbf_gguo� aZjy�

^h\�–�kbeu�hllZedb\Zgby� 
���>bihev-^bihevgh_�\aZbfh^_ckl\b_��Fhe_dmeu�we_dljbq_kdb�

g_cljZevgu�� gh� p_glju�fZkk� iheh`bl_evguo� b� hljbpZl_evguo� aZ�

jy^h\�g_�kh\iZ^Zxl� 

 
 

MqZkldb� fhe_dme�� aZjy`_ggu_� jZaghbf_ggh� [m^ml� ijbly]b�

\Zlvky� d� ^jm]� ^jm]m� b�fhe_dmeu� [m^ml� klj_fblvky� jZkiheh`blvky�

ZglbiZjZe_evgh�� beb� ©]heh\Z� d� o\hklmª�� Wg_j]by� \aZbfh^_ckl\by�

^\mo�^bihe_c� k�fhf_glZfb� 1µ �b� 2µ �fh`_l�[ulv�\ujZ`_gZ� khhlgh�

r_gb_f� 
3

12 1 22 /W rµ µ= −  (r  –�jZkklhygb_�f_`^m�fhe_dmeZfb�� (1 9 ) 

 
Wlh� ^Zevgh^_ckl\mxsb_� kbeu�� ^h\hevgh� f_^e_ggh� aZlmoZx�

sb_� k� jZkklhygb_f��Hlf_lbf� qlh� mq_l� \aZbfghc� hjb_glZpbb� ^\mo�

^bihe_c� 1 2
3

2
(cos ,sin )W f

rµµ
µ µ

ϑ ϑ= − � ijb� mkj_^g_gbb� ijb\h^bl� d�

ke_^mxs_c�nhjfme_
∗) : 

2 2
1 2

6

2

3
W

kT rµµ
µ µ

= − .    (2 0 ) 

                                           
∗)  =bjrn_ev^_j�>`���D_jlbk�D��� ;zj^�J��Fhe_dmeyjgZy� l_hjby� ]Zah\� b�

`b^dhkl_c��F�������� 
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���DZ`^uc�^bihev�bg^mpbjm_l�gZ\_^_gguc�^bihev�\�khk_^g_c�

fhe_dme_�� <_ebqbgZ� gZ\_^_ggh]h� ^bihey�
gZ\

µ α≈ � �bg^mdpbhgghc�

iheyjbam_fhklb�fhe_dmeu��� 
2 6

. . . 2 /
^ bg^ ^

W rµ α= −     (2 1 ) 

— � wg_j]by� \aZbfh^_ckl\by�ihklhyggh]h�b�bg^mpbjh\Zggh]h�^bih�

e_c��dhjhldh^_ckl\mxsb_�kbeu�� 
���Kbeu�\aZbfh^_ckl\by��\hagbdZxsb_�aZ�kq_l�\g_rgbo�fmev�

lbihe_c�–�d\Z^jmihe_c��hdlhihe_c�b�l�^���–�fZeu��Hgb�y\eyxlky�dh�

jhldh^_ckl\mxsbfb� kbeZfb� ijbly`_gby� b� ijhihjpbhgZevgu�� kh�

hl\_lkl\_ggh�� 81/r , 101/r . 
���>ey�g_iheyjguo�fhe_dme�gZb[he__�\_jhylgufb�kbeZfb�ijb�

ly`_gby�y\eyxlky�kbeu�^bki_jkbhggh]h�\aZbfh^_ckl\by��Wlb�kbeu�

h[mkeh\e_gu� gZebqb_f� \g_rgbo�� keZ[h� k\yaZgguo�� k� y^jhf� we_d�

ljhgh\��<g_rgb_�we_dljhgu�hl\_lkl\_ggu�aZ�^bki_jkbx�k\_lZ��ih�

wlhfm� wlb� kbeu� gZau\Zxlky� ^bki_jkbhggufb��Wlb� kbeu� y\eyxlky�

j_amevlZlhf� \aZbfh^_ckl\by� f_`^m� f]gh\_ggufb� fmevlbihevgu�

fb�fhf_glZfb��i_j_f_ggufb�ih�\_ebqbg_�b�ih�gZijZ\e_gbx��>bk�

i_jkbhggh_� \aZbfh^_ckl\b_� ijbkms_� ^bihevguf� b� [_a^bihevguf�

fhe_dmeZf��Wg_j]by� \aZbfh^_ckl\by� gZ\_^_gguo� ^bihe_c� hij_^_�

ey_lky� ba� � d\Zglh\hf_oZgbq_kdbo� ij_^klZ\e_gbc� �ih� Ehg^hgm���

1 2 1 2
6

1 2

3

2q

I I
W

I I r

α α
= −

+
.  

Wg_j]by�^bki_jkbhggh]h�\aZbfh^_ckl\by�hp_gb\Z_lky�ijb[eb�

abl_evgh� k� mq_lhf� ihl_gpbZeh\� bhgbaZpbb� \aZbfh^_ckl\mxsbo�

fhe_dme� 1 aI hν= �b� 1 bI hν= ��ijb�wlhf� 1α �b� 2α  — �bo�iheyjbam_fhklb��

<k_� kbeu� \aZbfh^_ckl\by� Z^^blb\gu��IhegZy� wg_j]by� \aZbfh^_c�

kl\by� fhe_dme�� h[eZ^Zxsbo� ^bihevguf� fhf_glhf� µ �� oZjZdl_jb�
am_fuo�iheyjbam_fhklvx� α �b�ihl_gpbZehf�bhgbaZpbb��bf__l�\b^��

2
2 2

3 6

2 3 1
2

4
W I

r r

µ αµ α = − − +  
. 

DZd�ijZ\beh��fhe_dmeu�`b^dbo�djbklZeeh\�bf_xl�`_kldh_�y^�

jh��`_kldhklv� hij_^_ey_lky� [_gahevgufb� dhevpZfb� beb� kbehc� kh�

ijy`_gguo�k\ya_c���>bihevguc�fhf_gl� µ �baf_gy_lky�hl���^h��D �b�
ehdZebam_lky�gZ�ZlhfZo�O �beb�N ����ijbf_j�–�i_glbe-pbZgh[bn_gbe 
–�IP;��� 

Jy^hf� Z\lhjh\� ijh\h^bebkv� hp_gdb�� dhlhju_� ihdZaZeb�� qlh�

\deZ^u�^bihev-^bihevgh]h�\aZbfh^_ckl\by�b�bg^mdpbhggh]h�\aZb�
fh^_ckl\by� g_\_ebdb�� ij_h[eZ^Zxsbc� \deZ^� \ghkbl� ^bki_jkbhg�

gh_� \aZbfh^_ckl\b_��H^gZdh� ba\_klgh�� gZijbf_j�� qlh� ^ey� g_[hev�

rbo�hj]Zgbq_kdbo�fhe_dme�k�[hevrbf�^bihevguf�fhf_glhf�]eZ\�
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guc� \deZ^� \� wg_j]bx� \aZbfh^_ckl\by� \ghkbl� hjb_glZpbhggh_�

\aZbfh^_ckl\b_�—  
hj

W ��>ey�fhe_dme�k�g_[hevrbf�^bihevguf�fh�

f_glhf�� wg_j]by� ^bki_jkbhggh]h� \aZbfh^_ckl\by� fh`_l� [ulv� gZ�

g_kdhevdh� ihjy^dh\� �\� 3 410 ,10 � jZa�� ij_\urZlv�
hj

W �� >ey� fhe_dme�

C O  0,12Dµ = ��b�
^bki

W �\� 410 �jZa�[hevr_��q_f�
hj

W .  

���Kbeu�hllZedb\Zgby�–�dhjhldh^_ckl\mxsb_��Hgb�\hagbdZxl�

ijb� \aZbfghf� ijhgbdgh\_gbb� we_dljhgguo� h[eZdh\� fhe_dme��

Wg_j]by�hllZedb\Zgby� 121/
hl

W r≈ . 

 
 

�����L_hjby�FZc_jZ–AZmi_ 
 

GZ�hkgh\_�mq_lZ�^bki_jkbhggh]h�\aZbfh^_ckl\by�ihkljh_gZ�ijh�

klZy�n_ghf_gheh]bq_kdZy�l_hjby�FZc_jZ–AZmi_��M aier– S au p e��gZb�
[he__�mihlj_[ey_fZy�b�gZ]ey^gZy� 

JZkkfZljb\Z_lky�kbkl_fZ�`_kldbo�fhe_dme�k�^ebgghc�hkvx� α . 
Iheh`_gb_� dZ`^hc�fhe_dmeu�fh`_l� [ulv� aZ^Zgh� h^gbf� m]ehf� ϑ  
f_`^m�_^bgbqguf�\_dlhjhf�α �b�hkvx� ||z n. 

>ey�oZjZdl_jbklbdb�mihjy^hq_gby�\�kbkl_f_�bkihevam_lky�kdZ�

eyjguc�iZjZf_lj�ihjy^dZ� 
 

2 2 21 1 3
3cos 1 2 cos 1 1 sin

2 2 2
Q ϑ ϑ ϑ= − = − = − , 

1Q = ,  2sin 0ϑ = , 

0Q = ,  2sin 2/3ϑ = . 
 
>ey� \aZbfh^_ckl\by� fhe_dme� jZkkfZljb\Z_lky� ijb[eb`_gb_�

ZgZeh]bqgh_�ijb[eb`_gbx�kj_^g_]h�fhe_dmeyjgh]h�ihey�^ey��n_j�

jhfZ]g_lbdh\��Mq_klv�\k_�^bki_jkbhggu_�kbeu��k�dhlhjufb�^_ckl�

\mxl� ^jm]�gZ� ^jm]Z�fhe_dmeu� \�f_ahnZa_��g_\hafh`gh��ihwlhfm� \�

^Zgghf� kemqZ_� wlh� lZd�gZau\Z_fh_�ijb[eb`_gb_� ©kZfhkh]eZkh\Zg�

gh]hª�ihey��JZkkfZljb\Z_lky�wnn_dlb\guc�ihl_gpbZe� iW   i-c�fhe_�

dmeu��gZ�dhlhjmx�^_ckl\mxl�\k_�^jm]b_��kn_jbq_kdb_�kbff_ljbqgh�

jZkiheh`_ggu_�fhe_dmeu��ijb�wlhf�wnn_dlu�[eb`g_]h�ihjy^dZ�g_�

mqblu\Zxlky��� Wnn_dlb\guc� ihl_gpbZe� aZ\bkbl� hl� hjb_glZpbb��

Ijb�wlhf�fbgbfmf�ihl_gpbZeZ�\�g_fZlbq_kdhc�nZa_�khhl\_lkl\m_l�

||a n�� Z�fZdkbfmf�—  a n⊥ ��<�bahljhighc�nZa_�ihl_gpbZe�jZ\_g� ���

LZdZy�m]eh\Zy�aZ\bkbfhklv�bf__l�\b^�� 21 (3 2)sin iϑ− .  
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Wnn_dlb\guc�ihl_gpbZe�fh`gh�ij_^klZ\blv�lZdbf�h[jZahf�� 

( )2 2
0( ) 1 (3 2)sini iW A V ϑ≈ − − . 

A^_kv� iϑ  — �m]he�hjb_glZpbb� i �fhe_dmeu��v  –�fheyjguc�h[t_f��keZ�

[h�aZ\bkysbc�hl�T��IhklhyggZy� 0A �g_�aZ\bkbl�hl�mihjy^hq_gghklb�

kj_^u�� gh� hij_^_ey_lky� iheyjbam_fhklvx� fhe_dme� b� jZkklhygb_f�

f_`^m�gbfb��<� k\hx�hq_j_^v�� wnn_dlb\guc�ihl_gpbZe� aZ\bkbl�hl�

hjb_gZpbb�� ihwlhfm� hg� ^he`_g� [ulv� ijhihjpbhgZe_g� Q : 

20
2

3
1 sin

2i i

A Q
W

V
ϑ ≈ − −  

.  

>ey� ^bki_jkbhggh]h� \aZbfh^_ckl\by� 2 6
0 i

i

A V a r−= ∑ �� ]^_� a –  

ihklhyggZy�� aZ\bkysZy� hl� iZjZf_ljh\� fhe_dmeu�� ir  — � jZ^bmk-

\_dlhj�i -c�fhe_dmeu�� 
Baf_g_gb_� iW �aZ\bkbl�lhevdh�hl� iϑ  — �m]eZ�hjb_glZpbb� i -c�fh�

e_dmeu��>ey�jZaebqguo� iϑ � kijZ\_^eb\h�[hevpfZgh\kdh_�jZkij_^_�

e_gb_� 
/ 2 2

2 /

2 0 0
/ 2 2

/

0 0

sin sin

sin

sin

W kT
i i i

i
W kT

i i

e d d

e d d

π π

π π

ϑ ϑ ϑ ϕ
ϑ

ϑ ϑ ϕ

−

−
=

∫ ∫

∫ ∫
.    (2 3 ) 

J_rZy� mjZ\g_gb_� ������fh`gh�gZclb� \_ebqbgm� kj_^g_c� hjb_g�

lZpbb� i -c� fhe_dmeu� 2sin iϑ �� Mkj_^g_gb_� ih� l_e_kghfm� m]em�

sin i id d dϑ ϑ ϕΩ = �kbff_ljbqgh� �hlghkbl_evgh�m]eZ ϕ ��Ijh\_^_f�g_�

dhlhju_�ij_j[jZah\Zgby� 
20

2

20
2

/ 2 0 (1 3/ 2sin )
2 / 2

2 0 1
/ 2 0 (1 3/ 2sin )/

0 1

sin sin sin cos

sin

sin cos

A Q

W kT V kT
i i i

i A Q
W kT

V kTi i

e d e d

e d e d

π ϑ

π
ϑ

ϑ ϑ ϑ ϑ ϑ
ϑ

ϑ ϑ ϑ

−
−

−−
= =

∫ ∫

∫ ∫
, 

2sin iϑ =

20 0
2 2

20
2

3 30 0 sin
22 2

1 1
30 sin
2

1

cos cos cos

.

cos

i

i

A Q A Q

V kT V kT
i i i

A Q

V kT
i

e d e d

e d

ϑ

ϑ

ϑ ϑ ϑ

ϑ

−

−

−∫ ∫

∫
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Iheh`bf� 0
2

3

2

A

V kT
β= ��lh]^Z� 

2

2

1
cos 2

2 0
1

cos

0

cos cos

sin 1 .

cos

i

i

Q
i i

i
Q

i

D

e d

e d

β ϑ

β ϑ

ϑ ϑ
ϑ

ϑ
= −

∫

∫
	���
����

 

Bgl_]jZe�
2cos 2cos cosiQ

i ie dβ ϑ ϑ ϑ∫ �fh`gh�\aylv�ih�qZklyf� 

2 2xe x dx udvα =∫ ∫ ��]^_�
1

2
du dx= , 

21 xv eα
α

= . 

Lh]^Z 

 
2 2

11

0 0

1 1

2 2
x xx

udv uv vdu e e dxα α
α α

= − = − =∫ ∫ ∫  

21 1 1

2 2 2 2
x

D

D
e e dx e

D
α α α

α α α α
= − = −∫

	�
��
, 

Hlkx^Z� 
2 1 1

sin 1
2 2

Q
i e

QD Q
βϑ

β β
= − + .  (2 4 ) 

LZd� dZd� 23
1 sin

2 iQ ϑ= − �� fu� ihemqbeb� bgl_]jZevgh_� mjZ\g_�

gb_��k�ihfhsvx�dhlhjh]h�fh`gh�gZclb� ( )74 �^ey�jZaebqguo�agZq_�

gbc�iZjZf_ljZ� 0
2

3

2

A

V kT
β− = . 

Mkeh\b_�kZfhkh]eZkh\Zgby�fh`gh�aZibkZlv�lZd� 
2 2sin siniϑ ϑ= .     (2 5 ) 

 

Jbk����� Mkeh\b_� kZfhkh]eZkh\Z�
gby�� LhqdZ� J� khhl\_lkl\m_l� bah�
ljhighc�nZa_ 
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Kj_^gyy� hjb_glZpby� ex[hc� fhe_dmeu� ^he`gZ� kh\iZ^Zlv� kh�

kj_^g_c� hjb_glZpb_c� ^jm]bo� fhe_dme��Ihemq_ggh_� mjZ\g_gb_� fh�

`_l� [ulv� qbke_ggh� ijhbgl_]jbjh\Zgh�� qbkeh� j_r_gbc� aZ\bkbl� hl�

iZjZf_ljZ�β .  

>ey� 2 2
sin 0.

3
Qϑ = =  

IZjZf_lj� β � aZ\bkbl� hl� l_fi_jZlmju� kh]eZkgh� nhjfme_�

0
2

3

2

A

V kT
β = ��l�_��_keb�T ��iZ^Z_l��lhβ ��jZkl_l� 

 
 

Jbk������Lhqdb�i_j_k_q_gby�khhl\_lkl\mxl�\hafh`guf�j_r_gbyf�mjZ\g_gby�
�����kh\f_klgh�k�mjZ\g_gb_f����� 

 
2sin iϑ         2sin iϑ  

  
     2sin ϑ          2sin ϑ  

Jbk�����D�hij_^_e_gbx�l_fi_jZlmju 
L

••( ∗∗→ TP4 ) 
 

Jbk�����Hij_^_e_gb_�L
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Lhqdb� i_j_k_q_gby� gZ� ]jZnbdZo� khhl\_lkl\mxl� khklhygbyf�

jZ\gh\_kby��Lhqdb�J4�b�J3�gZ�jbkmgdZo����b����khhl\_lkl\mxl�l_f�

i_jZlmjZf�L

�b�L
� 

Ijb� 2 2
sin ,

3
ϑ > �iZjZf_lj�ihjy^dZ� 0Q < ��Wlh� khhl\_lkl\m_l� kem�

qZx�i_ji_g^bdmeyjghc�hjb_glZpbb� a n⊥ . 

Ijb� 2 2
sin , 0

3
Qϑ < >  — �khhl\_lkl\m_l�g_fZlbq_kdhc�nZa_ 

Ijb� l_fi_jZlmj_� i_j_oh^Z� cT � h^gh\j_f_ggh� \uihegy_lky�

}0
0

Q
Q

=
> ��Ijb�wlhf�

3
4,54

2
β = ⋅ . 

 
 

Jbk�����Baf_g_gb_�iZjZf_ljZ�ihjy^dZ�^ey�@D�–�=H;D��F;;:��;F:H; 
k�baf_g_gb_f�hlghkbl_evghc�l_fi_jZlmju 

 
 

 

Jbk�����=jZnbq_kdh_�j_r_gb_�mjZ\g_gby�����
2

0

2

3

kTV
tg

A
α =  
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<�l_hjbb�FZc_jZ–AZmi_�ij_^iheZ]Z_lky��qlh�\gmlj_ggyy�wg_j�

]by�� 0
2

A
u

V
= �b�g_�aZ\bkbl�hl�T ��ihwlhfm�ihemqZ_f��qlh 

3
5

5
β = ⋅  — �gZb[hevr__��_keb��T  — �gZbf_gvrZy� 

3
4,49

5
β = ⋅  — ��gZbf_gvr__��_keb�T — �gZb[hevrZy� 

?keb� 2
0kTV A ��fZeh��mjZ\g_gb_�bf__l�^\Z�j_r_gby��lhqdZ�F�gZ�

]jZnbd_�jbk�� ���khhl\_lkl\m_l�g_fZlbq_kdhc�nZa_��lhqdZ� �H�–�bah�
ljhighc�nZa_�� cT  — �hij_^_ey_lky�jZ\_gkl\hf� 

2

0

1

4,55
ckT V

A
= ��hldm^Z� 0

24,55c

A
T

kV
= . 

?keb� cT T< ��lh�mklhcqb\Z�g_fZlbq_kdZy�nZaZ��_keb� cT T>  — �mk�

lhcqb\Z�bahljhigZy�nZaZ� 
Ijb� cT T=  — �i_j_oh^�i_j\h]h�jh^Z� 

>ey�iZjZf_ljZ�ihjy^dZ�\�lhqd_�nZah\h]h�i_j_oh^Z�ihemqZ_lky�

mgb\_jkZevgh�agZq_gb_� 0,4292cQ = . 

LZdbf�h[jZahf��ih�l_hjbb�FZc_jZ–AZmi_�agZq_gb_� cQ �^he`gh�

[ulv�h^bgZdh\uf�^ey�\k_o�g_fZlbq_kdbo�djbklZeeh\�ijb�i_j_oh^_�

ba�g_fZlbq_kdhc�nZau�\�bahljhigmx� 
L_hjby� FZc_jZ–AZmi_� ^Z_l� dZq_kl\_ggh� m^h\e_l\hjbl_evgh_�

kh]eZkb_�k�wdki_jbf_glhf��HgZ�ohjhrh�hibku\Z_l�i_j_oh^�ba�bah�

ljhighc� \� g_fZlbq_kdmx� nZam�� ij_^kdZau\Z_l� i_j_]j_\� b� i_j_ho�

eZ`^_gb_�� AZ\bkbfhklv� F � hl� Q �bf__l� lhl�`_� \b^�� qlh�b� \� l_hjbb�

EZg^Zm–>_�@_gZ� 
Hkgh\gu_�^hims_gby�l_hjbb�FZc_jZ–AZmi_� 
��� Ijb� \\_^_gbb� ihgylby� kZfhkh]eZkh\Zggh]h� ihey� l_hjby�

ij_g_[j_]Z_l� m]eh\ufb� dhjj_eypbyfb� f_`^m� khk_^gbfb�

fhe_dmeZfb� 
���Kbeu�hllZedb\Zgby�b�kbeu�ijbly`_gby�ihklhygguo�^bihe_c�

�_keb�hgb�ijbkmsb�fhe_dmeZf��g_�mqblu\Zxlky� 
��� Mqblu\Z_lky� lhevdh� ^bihev-^bihevgh_� ^bki_jkbhggh_�

\aZbfh^_ckl\b_� 
��� Ij_^iheZ]Z_lky�� qlh� \k_� fhe_dmeu� gZoh^ylky� \� hkgh\ghf�

wg_j]_lbq_kdhf�khklhygbb� 
���AZ^ZqZ�kn_jbq_kdb�kbff_ljbqgZ�� 
Kmffbjh\Zgb_� ih� hdjm`Zxsbf� fhe_dmeZf� ijb� kn_jbq_kdhc�

kbff_ljbb�kijZ\_^eb\h�ebrv�^ey�m^Ze_gguo�fhe_dme��lZdbf�h[jZ�

ahf��wnn_dlu�[eb`g_]h�ihjy^dZ�g_�mqblu\Zxlky� 
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Ijb� kjZ\g_gbb� k� wdki_jbf_glhf� gZ[ex^Zxlky� agZqbl_evgu_�

jZkoh`^_gby� wdki_jbf_glZevguo� ^Zgguo� k� l_hj_lbq_kdbfb� jZkq_�

lZfb� m^_evghc� l_ieh_fdhklb� 9& � b� dhwnnbpb_glZ� bahl_jfbq_kdhc�

k`bfZ_fhklb� Tβ �\�g_fZlbq_kdhc�nZa_�� 

<� l_hjbb�FZc_jZ–AZmi_� ij_^iheZ]Z_lky�� qlh� wg_j]by� \aZbfh�
^_ckl\by� �iZjZf_lj� 0A �� g_� aZ\bkbl� hl� T �� \� wlhf� kemqZ_� Q � [m^_l�

mgb\_jkZevghc�nmgdpb_c�hl� cT T .�H^gZdh�^hihegbl_evgu_�jZkq_lu�

ihdZau\Zxl��qlh�gZ�kZfhf�^_e_�kms_kl\m_l�j_adZy� aZ\bkbfhklv� 0A  

hl�T . 
Bg^bckdb_�nbabdb�QZg^jZk_doZj�b�FZ^omkm^ZgZ jZkkfZljb\Z�

eb�fh^_ev�� \�dhlhjhc�ij_^iheZ]Z_lky��qlh�fhe_dmeu�h[jZamxl�fZ�

eu_�deZkl_ju�ih��-��fhe_dmeu�\�dZ`^hf��b�qlh�ihl_gpbZe�hl^_ev�
ghc� \aZbfh^_ckl\mxs_c� qZklbpu� khhl\_lkl\m_l� ihl_gpbZem� deZ�

kl_jZ��<�wlhf�kemqZ_�ihemqZxlky�jZamfgu_�agZq_gby�^ey� VC �b� Tβ . 

 
 
�����Fh^_ebjh\Zgb_�@D-nZau� k� ihfhsvx� fZrbgguo� wdk�

i_jbf_glh\ 
 
L_hjby� FZc_jZ–AZmi_�� hkgh\ZggZy� gZ� \\_^_gbb� kZfhkh]eZkh�

\Zggh]h� ihey� ij_g_[j_]Z_l� m]eh\ufb� dhjj_eypbyfb�f_`^m� khk_^�

gbfb�fhe_dmeZfb� �kl_j`gyfb���dhlhju_� kms_kl\_ggu� \[ebab� lhq�

db�nZah\h]h�i_j_oh^Z� 
GZ� wlb� \hijhku� fh]ml� ^Zlv� hl\_l� lhqgu_� fZrbggu_� jZkq_lu�

^ey�qZklbp�jZaebqghc�nhjfu��Ihwlhfm�ihemqbeb�rbjhdh_�jZkijh�

kljZg_gb_� fZrbggu_� wdki_jbf_glu�� iha\heyxsb_� j_rZlv� klZlb�

klbq_kdb_� aZ^Zqb� hij_^_e_gby� kljmdlmju� b� l_jfh^bgZfbq_kdbo�

k\hckl\�kbkl_fu�[hevrh]h�qbkeZ�qZklbp� 
GZijbf_j��\�h^ghc�ba�jZ[hl�lZdh]h�jh^Z

∗
��[ueZ�bamq_gZ�lj_o�

f_jgZy�fh^_ev�`b^dh]h�djbklZeeZ�f_lh^hf�fhe_dmeyjghc�^bgZfb�

db��Hkgh\ghc�h[jZa_p�kh^_j`Ze�����weebikhb^h\�\jZs_gby�� 
GZ� ]jZgb� h[jZapZ� gZdeZ^u\Zebkv� i_jbh^bq_kdb_� ]jZgbqgu_�

mkeh\by��qlh�iha\hebeh�bamqZlv�[_kdhg_qgh�[hevrmx�kbkl_fm� 
Ihl_gpbZe�iZjgh]h�\aZbfh^_ckl\by�jZkkfZljb\Zeky�\�lj_o�\b�

^Zo� 
��� ihl_gpbZe� ³fy]dh]h´� hllZedb\Zgby� 1Φ � ^ey� Zgbahljhiguo�

qZklbp�\�aZ\bkbfhklb�hl�bo�\aZbfghc�hjb_glZpbb�b� 12r ; 

                                           
∗)  PudZeh�:�E���;Z]f_l :�>��(1 9 7 6 ). 
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���fh^bnbpbjh\Zgguc� ihl_gpbZe� 2Φ �E_ggZj^Z–>`hgkZ�� iZ�
jZf_lju�dhlhjh]h�aZ\bkyl�hl�hjb_glZpbb�\aZbfh^_ckl\mxsbo�qZk�

lbp� 
���ihl_gpbZe�hllZedb\Zl_evgh]h�lbiZ� 3Φ  — �hllZedb\Zl_evgZy�

qZklv�ihl_gpbZeZ�E_ggZj^Z–>`hgkZ� 
Iheh`_gb_� weebikhb^h\� aZ^Z\Zehkv� iylvx� dhhj^bgZlZfb� –  

lj_fy�^_dZjlh\ufb�dhhj^bgZlZfb�b�^\mfy�iheyjgufb�m]eZfb��oZ�

jZdl_jbamxsbfb�hjb_glZpbx�^ebgghc�hkb�fhe_dmeu��<�oh^_�jZk�

q_lh\� ^_eZebkv� ijh\_jdb� � khhl\_lkl\by� iheghc� wg_j]bb� l_jfh^b�

gZfbq_kdhfm� jZ\gh\_kbx� kbkl_fu�� GZc^_gu� Z\lhdhjj_eypbhggu_�

nmgdpbb��hjb_glZpbhgguc�iZjZf_lj�ihjy^dZ��\gmlj_ggyy�b�ihegZy�

wg_j]bb� 
DZd� fh`gh� \b^_lv� �jbk�� �����nmgdpby� jZkij_^_e_gby� p_gljh\�

ly`_klb� qZklbp� `b^dh-djbklZeebq_kdhc� kbkl_fu� \� keh_� 02,5σ  

bf__l�lbibqgh�`b^dhklghc�oZjZdl_j�–�^Zevg_]h�ihjy^dZ�g_l� 
 

 

 

Jbk����� JZkq_l� nmgdpbb� jZ^bZevgh]h� jZkij_-
^_e_gby 
 

Jbk������Lbibqgu_�jZaf_ju�fh�
e_dmeu�@D 
 

 
 

 

>ey�I::�iZjZf_lju�^ey�\uqbke_gby��ihl_gpbZeZ�
�

Φ [ueb�\ay�

lu�jZ\gufb��� 2,37σ ⊥ = Å , 0 3730 Kkε = , 0 3730 Kkε = . 

IZjZf_lj� ihjy^dZ� ShdZaZeky� [eb`_� \k_]h� d� wdki_jbf_glZev�
guf� agZq_gbyf�^ey�jZkq_lh\�k�ihl_gpbZehf� 3Φ � �fy]dh]h�hllZedb�

\Zgby�� 
Wlh�iha\hey_l�k^_eZlv�\u\h^��qlh�hkgh\gmx�jhev�\�mklZgh\e_�

gbb� hjb_glZpbhgghc� mihjy^hq_gghklb� b]jZxl� hllZedb\Zl_evgu_�

kbeu�� Ihwlhfm� hkgh\gu_� dZq_kl\_ggu_� hkh[_gghklb� fh]ml� [ulv�

ij_^kdZaZgu� gZ� hkgh\_� bamq_gby�fh^_eb� l\_j^uo� qZklbp� beb� qZk�

lbp�k�³fy]dbf´�hllZedb\Zgb_f� 
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I����WE?F?GLU�L?HJBB�MIJM=HKLB�@B>DBO� 
DJBKL:EEH< 
 
?s_� kZfu_� i_j\u_� gZ[ex^_gby�`b^dbo� djbklZeeh\� ihdZaZeb��

qlh� wlb� \_s_kl\Z�ohly�b�h[eZ^Zxl� k\hckl\Zfb�`b^dhkl_c��gh�\� lh�
`_�\j_fy�bf_xl�kbevgh_�^\memq_ij_ehfe_gb_� 

H[jZa_p�`b^dh]h�djbklZeeZ�fmlguc��JZg__�wlh�h[tykgyeb�l_f��
qlh�bf__lky�[hevrh_�qbkeh�jh_\�— �h[eZkl_c��\�dhlhjuo�fhe_dmeu�
hjb_glbjh\Zgu�h^bgZdh\uf�h[jZahf��b�wlZ�hjb_glZpby�baf_gy_lky�
hl�mqZkldZ�d�mqZkldm�oZhlbq_kdb� 

Bkoh^y� ba� l_hjbb� dhglbgmmfZ� f_ahnZaZ� jZkkfZljb\Z_lky� dZd�
g_ij_ju\gh_�khklhygb_��baf_g_gby�iZjZf_ljZ�ihjy^dZ�]eZ^dh_� 

Fh`gh� ]h\hjblv� h� kms_kl\h\Zgbb� h[eZkl_c� �jh_\�� lhevdh� \�
bahljhighc�nZa_��]^_�kms_kl\mxl�pb[hlZdkbq_kdb_�]jmiiu��\�dhlh�
juo�fhe_dmeu� ehdZevgh� hklZxlky�iZjZee_evgufb�^jm]�^jm]m��WlZ�
ehdZevgZy�mihjy^hq_gghklv�kms_kl\m_l�^h�g_dhlhjh]h�oZjZdl_jgh�

]h� jZkklhygby� ( )Tξ  — � ^ebgu� dh]_j_glghklb��Ihwlhfm� [he__� ijZ�

\bevgh� h[tykgylv� fmlghklv� h[jZapZjZkk_ygb_f� k\_lZ� gZ� nemdlmZ�
pbyo�hjb_glZpbb�fhe_dme� 

Wlh�h[tykgy_l�lZd`_��ihq_fm�ijbgylh�bkke_^h\Zlv�wlh�khklhy�
gb_�\�lhgdbo�hjb_glbjh\Zgguo�kehyo��]^_��\�hkgh\ghf��ijhy\eyxl�
ky�\k_�bgl_j_kgu_�wnn_dlu�`b^dbo�djbklZeeh\� 

<k_� hkgh\gu_� aZdhghf_jghklb� [ueb� h[gZjm`_gu� ijb� gZ[ex�
^_gbb� lhgdbo� keh_\� `b^dhdjbklZeebq_kdh]h� ij_iZjZlZ� \� kehyo�
~10 100÷ �fbdjhg� 

Kms_kl\mxl�jZaebqgu_� kihkh[u�ihemq_gby�h^ghjh^gh�hjb_g�
lbjh\Zgguo�h[jZaph\�–�ieZgZjgZ��]hf_hljhigZy�b�aZdjmq_ggZy�hjb�
_glZpbb� 

H^gh� ba� i_j\uo� l_hj_lbq_kdbo� hibkZgbc� k\hckl\� `b^dhdjb�
klZeebq_kdhc� nZau� [ueh� k^_eZgh� \� jZfdZo� l_hjbb� mijm]hklb�� ?_�
kha^Zl_eb� — � Pho_j� b� Ha__g� ������ ]��� b� \� kh\j_f_gghf� \b^_� —
Zg]ebckdbc�nbabd�NjZgd������-_�]]��� 

L_hjby� mijm]hklb� hkgh\u\Z_lky� gZ� lhf� nZdl_�� qlh� \� `b^dhf�
djbklZee_� kms_kl\m_l� dhjj_eypby� gZijZ\e_gbc� hjb_glZpbb� ^ebg�
guo�hk_c�fhe_dme��Wlh�hagZqZ_l��qlh� _keb�ih�dZdhc-eb[h�ijbqbg_�
ijhbahreh� g_[hevrh_� gZjmr_gb_� kh]eZkh\Zgghc� hjb_glZpbb� fh�
e_dme� \� khk_^gbo� lhqdZo�� lh� \hagbdgml� kbeu�� dhlhju_� [m^ml� klZ�
jZlvky� \hkklZgh\blv� ihjy^hd�� l�_�� kh]eZkh\Zggmx� hjb_glZpbx� fh�
e_dme�� Bkoh^ghc� fbdjhkdhibq_kdhc� ijbqbghc� lZdbo� \ha\jZsZx�
sbo� kbe� y\ey_lky� kbeu� \aZbfh^_ckl\by�f_`^m� hl^_evgufb�fhe_�
dmeZfb� 

N_ghf_gheh]bq_kdZy� l_hjby� mijm]hklb� g_� jZkkfZljb\Z_l� fh�
e_dmeyjgu_� Zki_dlu� kljh_gby�`b^dbo�djbklZeeh\�� Z�hibku\Z_l�bo�
dZd�kiehrgmx�kj_^m�k�mijm]bfb�k\hckl\Zfb� 
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�����Ba]b[h\u_�^_nhjfZpbb�`b^dhdjbklZeebq_kdbo�keh_\�� 
Fh^meb�NjZgdZ 
 
<� hkgh\_� l_hjbb� mijm]hklb� `b^dbo� djbklZeeh\� e_`bl� wdki_�

jbf_glZevguc�nZdl�� qlh�^ey� wlbo� kj_^�^_nhjfZpbb� k`Zlby�b� jZk�
ly`_gby�fZeu��Z�^_nhjfZpby�k^\b]Z�ijb\h^bl�d�l_q_gbyf� 

Ihwlhfm�jZkkfZljb\Zxlky�ba]b[h\u_�^_nhjfZpbb� 
GZb[he__� mklhcqb\uf� \� l_jfh^bgZfbq_kdb� jZ\gh\_kghf� kh�

klhygbb�`b^dh]h�djbklZeeZ�y\ey_lky�h^bgZdh\h_�ih�\k_fm�h[jZapm�
mihjy^hq_ggh_�khklhygb_��?keb�`b^dbc�djbklZee�^_nhjfbjm_lky��k�
ihfhsvx�ih\_joghklb��ihe_c� ( �b� + ���lh�^ebggu_�hkb�fhe_dme�[m�
^ml�bf_lv�jZaebqgu_�gZijZ\e_gby�\�jZaguo�qZklyo�h[t_fZ� 

>ey�^_nhjfbjh\Zggh]h�h[jZapZ�^ey�hibkZgby�ij_bfms_kl\_g�
gh]h�gZijZ\e_gby�hjb_glZpbb�\�dZ`^hc�lhqd_�h[t_fZ�ijbf_gy_lky�

ihe_�ehdZevguo�^bj_dlhjh\� ( )n r
&

��<�dZ`^hc�lhqd_�h[jZapZ�jZkkfZl�

jb\Z_lky� khimlkl\mxsZy� kbkl_fZ� dhhj^bgZl� k� gZqZehf� \� ^Zgghc 
lhqd_�� 0n

&
 — �ehdZevguc�^bj_dlhj�gZijZ\e_g�ih�hkb� z�khimlkl\mx�

s_c� kbkl_fu� dhhj^bgZl�� BkdZ`_gb_� ihey� ^bj_dlhjZ� hibku\Z_lky�
ijhba\h^gufb�baf_g_gbc�^bj_dlhjZ�ih�dhhj^bgZlZf� i i ka n x= ∂ ∂ . 

<k_� ^_nhjfZpbb�� dhlhju_� fh`gh� gZ[ex^Zlv� wdki_jbf_glZev�
gh��bf_xl�ijhly`_gghklv�fgh]h�[hevrmx�ebg_cguo�jZaf_jh\�fh�
e_dme� 

<�hlebqb_�hl�l\_j^h]h�l_eZ��\�`b^dhdjbklZeebq_kdhc�kj_^_�g_l�
^_nhjfZpbb� jZkly`_gby� b� k`Zlby� keh_\�� lZd� dZd� ijhbkoh^bl� ijh�
kdZevah\Zgb_� keh_\��>_nhjfZpby� djmq_gby� g_� ijb\h^bl� d� k^\b]m��
ihy\ey_lky�lhevdh�ih\hjhl�fhe_dmeyjguo�hk_c� 

<�`b^dbo�djbklZeeZo�jZaebqZxlky�r_klv�\b^h\�we_f_glZjguo�
^_nhjfZpbc��<k_�^_nhjfZpbb�y\eyxlky�ba]b[h\ufb� 

���Ihi_j_qguc�ba]b[��sp lay  –�\__jguc��    

 

x

y

n
Z[khexlgu_ ^_nhjfZpbbn

∆ 
∆ 

, 1 5; yx
nn

a a
x y

∂∂
= =

∂ ∂
. 

Jbk������Z��D�jZkq_lm�\_ebqbgu�^_nhjfZpbb 

Z 
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2 .�>_nhjfZpby�djmq_gby��tw is t) .     

2;xn
a

z

∂
− =

∂
  

[ 

yn
a

z

∂
=

∂
. 

 
3 . >_nhjfZpby�ijh^hevgh]h�ba]b[Z�    

                  

�\

 

3 6; yx
nn

a a
z z

∂∂
− = =

∂ ∂
. 

    

]

 
Jbk������[, \��]���D�jZkq_lm�\_ebqbgu�^_nhjfZpbb 
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:[khexlgh_� baf_g_gb_� ^bj_dlhjZ� \� g_dhlhjhc� lhqd_�H� �jbk��

3 4 , ]) : 0n n n∆ = −& & &
, x xn n= ∆ , y yn n= ∆ �� Ba� jbk�� ���� ]� \b^gh�� qlh�

( )22 2 2
0x y zn n n n n= ∆ + ∆ + − ∆ , 2 2 2 2 2

0 02x y z zn n n n n n n= ∆ + ∆ + − ∆ + ∆ , 0~n n , 

ihwlhfm�

2 2

0

~
2

x y
z

n n
n

n

∆ + ∆
∆  — �\_ebqbgZ�\lhjh]h�ihjy^dZ�fZehklb� 

<_ebqbghc� zn∆ �h[uqgh�ij_g_[j_]Zxl��b�dhfihg_glu�^bj_dlh�

jZ�^ey�fZeuo�^_nhjfZpbc� 2 2 2 2r x y z= + + �fh`gh�aZibkZlv�lZd� 

( )21zn O r= + , 

( )2
1 2 3xn a x a y a z O r= + + + , 

( )2
4 5 6yn a x a y a z O r= + + + , 

beb�\�\b^_�fZljbpu 

1 2 3

4 5 6

0 0 0

a a a

a a a . 

L_gahj� ba]b[h\uo� ^_nhjfZpbc� i
i

i

n
a

x

∂ = ∂ 
� bf__l� �� dhfihg_gl�� gh��

lZd�dZd� ~ 0zn∆ ��lh�bo�hklZ_lky��� 

H^ghjh^gh_� ih� \k_fm� h[jZapm� khklhygb_� `b^dh]h� djbklZeeZ�

y\ey_lky�l_jfh^bgZfbq_kdb�jZ\gh\_kguf��b��ke_^h\Zl_evgh��oZjZd�

l_jbam_lky� fbgbfmfhf� k\h[h^ghc� wg_j]bb�� >_nhjfbjh\Zggh_� kh�

klhygb_� m`_� g_� jZ\gh\_kgh�� 0F F F= + ∆ �� a^_kv� 0F  — � k\h[h^gZy�

wg_j]by� g_^_nhjfbjh\Zggh]h� h[jZapZ�� F∆  — � wg_j]by� ba]b[h\uo�

^_nhjfZpbc��beb�mijm]Zy�wg_j]by�ba]b[h\uo�^_nhjfZpbc� 
?keb� ba]b[h\u_� ^_nhjfZpbb� fZeu�� lh� iehlghklv� k\h[h^ghc�

wg_j]bb�fh`gh�jZaeh`blv�\�jy^�ih�kl_i_gyf�^_nhjfZpbc� 

0
1

2i i ij i j
ij

F F k a k a a= + +∑ ∑ .                           (2 6 ) 

>Zggh_�mjZ\g_gb_�y\ey_lky�ZgZeh]hf�aZdhgZ�=mdZ��kh]eZkgh�dh�

lhjhfm� fZeu_� ba]b[h\u_� ^_nhjfZpbb� ijhihjpbhgZevgu� ba]b[h�

\uf�gZijy`_gbyf��Dhwnnbpb_glu� ik �b� ijk �b]jZxl�jhev�mijm]bo�ih�

klhygguo��ijb�wlhf�l_gahj� ijk  — �kbff_ljbqguc�� ij jik k= . 

�<hafh`gh���mijm]bo�ihklhygguo� ik �b����—  ijk ) . 
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DhgklZglu� LN �b� LMN �gZau\Zxlky�fh^meyfb�mijm]hklb�NjZgdZ� 

J_amevlbjmxs__� mjZ\g_gb_� ^ey�iehlghklb� k\h[h^ghc� wg_j]bb�

^_nhjfbjh\Zggh]h� h[jZapZ� [m^_l� aZ\bk_lv� hl� dhgdj_lgh]h� \b^Z�

kbff_ljbb� `b^dh]h� djbklZeeZ�� >ey� g_fZlbq_kdbo� djbklZeeh\�

( n n= − ��fhe_dmeu�g_�objZevgu�� 1k �b� 2 0k = . 

>ey�ohe_kl_jbq_kdbo�djbklZeeh\� 2 0k ≠ . 
K�mq_lhf� agZq_gbc� 1a , 2a �b�l�^��iehlghklv�k\h[h^ghc�wg_j]bb�

�\�wj]�kf
3
��fh`_l�[ulv�\ujZ`_gZ� 

2 2 22

0 11 22 33
1

2
y y yx x x

n n nn n n
F F k k k

x y x y z z

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

     ( )2
1 5a a+     ( )( )2

2 4a a− +     2 2
3 6a a+  

 
Fh`gh�ij_^klZ\blv�wlh�mjZ\g_gb_�\�\_dlhjghc�nhjf_��LZd�dZd 

divyx
nn

n
x y

∂∂
+ =

∂ ∂
, 

( ) ( )001 0 rot

1

yx

x y

i j k
nn

n n
y x x y

n n

∂∂ ∂ ∂− = = ⋅
∂ ∂ ∂ ∂

, 

lh�\deZ^�^_nhjfZpbc�fh`gh�aZibkZlv�\�\_dlhjghc�nhjf_� 

( )
2

2divyx
nn

n
z y

∂ ∂
+ =  ∂ ∂ 

  (sp lay ) 

( )
2

2rotyx
nn

n n
y x

∂ ∂
− + = ⋅  ∂ ∂ 

 ( tw is t)  

[ ]
22

2
rotyx

nn
n n

z z

∂ ∂  + = ⋅    ∂ ∂   
 (b en d ) 

>ey� g_fZlbq_kdhc� nZau� wg_j]by�� ijboh^ysZyky� gZ� �� 3kf �� �iehl�

ghklv�wg_j]bb��F  \ujZ`Z_lky�nhjfmehc� 

( ) ( ) [ ]22 2
11 22 33

1 1 1
div rot rot

2 2 2
F k n k n n k n n= + ⋅ + ⋅ .         (2 7 ) 

>ey� ohe_kl_jbq_kdbo� djbklZeeh\� bf__lky� ihklhyggh_� djmq_�

gb_�� ihwlhfm� \f_klh� 22k � bf__f�� ( )2
22 2 22rotk n n k k⋅ + �� ]^_�
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2 22 0k k q=  — �\hegh\hc�\_dlhj�ohe_kl_jbq_kdhc�kibjZeb�� 0 2q Lπ= . 

Ihkdhevdm� n  — � [_ajZaf_jgZy� \_ebqbgZ�� lh� mijm]b_� ihklhyggu_�

^_nhjfZpbc� 11k  (sp lay ), 22k  ( tw is t) , 33k  (b en d�� bf_xl� jZaf_jghklv�

wg_j]bb��^_e_gghc�gZ�^ebgm�–�wj]�kf�>^bgZ@� 
k �bf__l�ihjy^hd� u a��]^_�u  — �wg_j]by�\aZbfh^_ckl\by�f_`^m�

fhe_dmeZfb��a  — �fhe_dmeyjguc�jZaf_j� 
JZkq_l�ihdZau\Z_l��qlh��_keb�u �a���ddZe�fhev� �����w<� ���3

D�≅  

≅  1 ,4  Â���-1 3  
wj]�b�

o
14a ≈ Α ��lh 

13
6

7

1,4 10 wj]
~ 10 ^bg

1,4 10 kf
k

−
−

−
⋅ ≈
⋅

. 

 
>ey� II:� agZq_gby� dhgklZgl� mijm]hklb�� baf_j_ggu_� \� g_fZlbq_�

kdhc�nZa_�ijb�120 °K ��jZ\gu� 
6

11 0,7 10 ^bgk −= ⋅ , 
6

22 0,43 10 ^bgk −= ⋅ , 
6

33 1,7 10 ^bgk −= ⋅ . 

>ey�F;;:��khhl\_lkl\_ggh� 
6

11 5,3 10 ^bgk −= ⋅ , 
6

22 2,2 10 ^bgk −= ⋅ , 
6

33 7,45 10 ^bgk −= ⋅ . 

LZdbf� h[jZahf�� g_fZlbq_kdbc� djbklZee� e_]q_� \k_]h� ih^\_j]gmlv�

^_nhjfZpbb�djmq_gby��DZd�\b^gh�ba�jZkq_lZ��dhwnnbpb_gl�mijm]h�

klb�^_nhjfZpbb�ijh^hevgh]h�ba]b[Z�fgh]h�[hevr_�hklZevguo�� 
GZ]ey^gh� wlh� e_]dh� ihgylv�� _keb� jZkkfZljb\Zlv� fhe_dmeu� \�

\b^_�l\_j^uo�kl_j`g_c� 
>ey� dZq_kl\_ggh]h�jZkkfhlj_gby�bgh]^Z�ihevamxlky�h^ghdhg�

klZglguf�ijb[eb`_gb_f�� 

11 22 33k k k k= = = , 

b�wg_j]by�bkdZ`_gby�bf__l�\b^� ( ) ( )( )2 21
div rot

2
k n nΦ = + . 

Mijm]b_�ihklhyggu_�beb�fh^meb�NjZgdZ�mqblu\Zxlky�ijZdlb�

q_kdb�ijb�\k_o�jZkq_lZo�mkljhckl\�gZ�`b^dbo�djbklZeeZo� 
<k_� bkdZ`_gby� \� `b^dhdjbklZeebq_kdhf� keh_�� ijhbkoh^ysb_�

ih^� \ha^_ckl\b_f� \g_rgbo� ihe_c�� hij_^_eyxlky� _]h� mijm]bfb�

k\hckl\Zfb� 
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Bgl_j_kgh�� qlh� ijb� ba]b[h\uo� ^_nhjfZpbyo� \�`b^dhdjbklZe�

ebq_kdbo� ie_gdZo�� khklhysbo� ba� fhe_dme� k� kh[kl\_gguf� ^bihev�

guf� fhf_glhf� \hagbdZ_l� iheyjgZy� hkv�� ijb� wlhf� gZ� we_dljh^Zo�

\hagbdZxl�we_dljbq_kdb_�aZjy^u� 
GZ[ex^Z_lky�lZd`_�h[jZlguc�wnn_dl�–�\hagbdgh\_gb_�^_nhj�

fZpbb�ih^�^_ckl\b_f�gbadhqZklhlgh]h�i_j_f_ggh]h� we_dljbq_kdh�

]h�ihey��Wlh�lZd�gZau\Z_fuc�ne_dkhwe_dljbq_kdbc�wnn_dl��hldjul�

\������]���–�ZgZeh]by�k�i_j_^Zq_c�bfimevkZ�ih�g_j\guf�\hehdgZf� 
 
 
I����G?DHLHJU?�NBABQ?KDB?�K<HCKL<:�L?JFHLJHIGUO�
@B>DBO�DJBKL:EEH< 

 
 

�����:gbahljhiby�we_dljbq_kdbo�b�fZ]gblguo�k\hckl\�@D 
 
Hkgh\gu_�nbabq_kdb_�k\hckl\Z�`b^dbo�djbklZeeh\�bkke_^h\Z�

ebkv� \� lhgdbo� hjb_glbjh\Zgguo� kehyo�� <� lhgdhf� keh_� g_fZlbq_�

kdbc�`b^dbc�djbklZee�[m^_l�ZgZeh]bq_g�djbklZeebq_kdhc�ieZklbg�

d_��\uj_aZgghc�jZaebqguf�h[jZahf� 
 

n     n  
 
:gbahljhiby� nhjfu� fhe_dme� ijb\h^bl� d� Zgbahljhibb� bo�

we_dljbq_kdbo�k\hckl\� 
AgZq_gb_� iheyjbam_fhklb� fhe_dme� `b^dh]h� djbklZeeZ� \^hev�

^ebgghc�hkb�hlebqZ_lky�hl�__�agZq_gby�\�ihi_j_qghf�gZijZ\e_gbb��

>bwe_dljbq_kdZy� ijhgbpZ_fhklv� `b^dh]h� djbklZeeZ� hibku\Z_lky�

iheyjguf� l_gahjhf� \lhjh]h� jZg]Z� ijε ��?keb� ijb\_klb� l_gahj� ijε � d�

]eZ\guf� hkyf� kbkl_fu� dhhj^bgZl� k� ||n z
&

�� lh� hg� [m^_l� bf_lv�

fZljbpm�ba�^\mo�hlebqguo�hl�gmey�dhfihg_gl� 

||

0 0

0 0

0 0
ij

ε
ε ε

ε

⊥

⊥= . 
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>bwe_dljbq_kdZy�Zgbahljhiby�hij_^_ey_lky�dZd ||ε ε ε⊥∆ = − , ||ε  

— ^bwe_dljbq_kdZy� ijhgbpZ_fhklv� ^ey� ihey�� gZijZ\e_ggh]h� \^hev�

^bj_dlhjZ��ε⊥  — i_ji_g^bdmeyjgh�^bj_dlhjm� 

ε∆ �fh`_l�[ulv�dZd�[hevr_�gmey��lZd�b�f_gvr_�gmey� 
>ey�F;;:� ~ 2, 0,59ε ε∆ = − . 

Lh� _klv� ^ey� F;;:� ||ε ε⊥ >  –� hljbpZl_evgZy� ^bwe_dljbq_kdZy�

Zgbahljhiby��jbk������ 

 
 

Jbk������>bwe_dljbq_kdZy�Zabahljhiby�\�F;;: 
 
>ey� wlhdkb-[_gabeb^_g-Zfbgh-[_gahgbljbeZ� ^bwe_dljbq_kdZy�

Zgbahljhiby� baf_gy_lky� ijb� i_j_oh^_� ba� g_fZlbq_kdhc� \�

kf_dlbq_kdmx�nZam��Fhe_dmeu�W;:;G�iheyjgu�� 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�^bwe_dljbq_kdhc�ijhgbpZ_fhklb 
\�wlhdkb-[_gabeb^_g-Zfbgh-[_gahgbljbe_��W;:;G� 

 
 
<� g_fZlbq_kdhc� nZa_� W;:;G� ijh^hevgu_� dhfihg_glu�

^bihe_c� miZdh\Zgu� ZglbiZjZee_evgh� —  ||ε � mf_gvrZ_lky�� \�
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kf_dlbq_kdhc� nZa_� ihi_j_qgu_� ^biheb� mklZgZ\eb\Zxlky�

iZjZee_evgh�^jm]�^jm]m��ijb�wlhf�\hajZklZ_l� ⊥ε . 
>bwe_dljbq_kdZy� Zgbahljhiby� \� klZlbq_kdbo� iheyo� b� ijb�

gbadbo� qZklhlZo� ^ey� g_fZlq_kdbo�`b^dbo� djbklZeeh\�fh`_l� [ulv�

dZd�[hevr_�gmey��lZd�b�f_gvr_� 
:gbahljhiby� ihdZaZl_ey� ij_ehfe_gby� \k_]^Z� [hevr_� gmey��

||

e o

n n n
n n

⊥∆ = −
. 

Wlh� k\yaZgh� k� l_f�� qlh�ihdZaZl_ev�ij_ehfe_gby�`b^dh]h� djb�

klZeeZ� g_� aZ\bkbl� hl� hjb_glZpbhgghc� qZklb� iheyjbam_fhklb�� Z�

\dexqZ_l� \� k_[y� lhevdh� we_dljhggmx� b� Zlhfgmx� khklZ\eyxsb_��

Ihwlhfm� gZ� hilbq_kdbo� qZklhlZo� Zgbahljhiby� Q∆ � hij_^_ey_lky�

lhevdh�dhgnb]mjZpb_c�kZfbo�fhe_dme� 
 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�ihdZaZl_ey�ij_ehfe_gby 
\�F;;: 

 
Fhe_dmeu�`b^dbo�djbklZeeh\�^bZfZ]gblgu��fZ]gblgu_�\hk�

ijbbfqb\hklb�hljbpZl_evgu���>bZfZ]gblgu_�\hkijbbfqb\hklb�

lZd`_�hibku\Zxlky�iheyjguf�l_gahjhf�\lhjh]h�jZg]Z 

ijχ  =  

||

0 0

0 0

0 0

χ
χ

χ

⊥

⊥  

||χ χ χ⊥∆ = −  — �^bZfZ]gblgZy�Zgbahljhiby��fh`_l�[ulv�[hevr_�

gmey�b�f_gvr_�gmey� 
>ey�g_fZlbq_kdbo�b� kf_dlbq_kdbo�`b^dbo�djbklZeeh\� 0χ∆ > , 

^ey�ohe_kl_jbq_kdbo�—  0χ∆ < . 7~10 _^�K=KFχ −∆ . 
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�����<ebygb_�\g_rgbo�ihe_c� I_j_oh^u�Nj_^_jbdkZ 
 
<h�\g_rgbo�we_dljbq_kdbo�b�fZ]gblguo�iheyo�ZgkZf[ev�fhe_�

dme�`b^dh]h� djbklZeeZ� klj_fblky� hjb_glbjh\Zlvky� lZd�� qlh[u� _]h�

hjb_glZpby�khhl\_lkl\h\ZeZ�fbgbfmfm�k\h[h^ghc� �wg_j]bb�h[t_fZ�

mihjy^hq_gguo�fhe_dme� 
?keb� 0ε∆ > ��lh�_klv� ||ε ε⊥> ��b��_keb�gZijZ\e_gby�ijbeh`_ggh]h�

ihey� E
&
�g_�khhl\_lkl\m_l�fbgbfmfm�k\h[h^ghc�wg_j]bb� ) ��lh�fhe_�

dmeu� \� h[t_f_� h[jZapZ� klj_fylky� mklZgh\blvky� ^ebggufb� hkyfb�

||E
&

 ( ||n E
&&
��� _keb� 0ε∆ < �� hgb� [m^ml� klj_fblvky� mklZgh\blvky�

E⊥
&

( n E⊥
&&
��� :gZeh]bqgu_� wnn_dlu� gZ[ex^Zxlky� b� \� fZ]gblguo�

iheyo��Wlb� wnn_dlu� \i_j\u_� [ueb�bamq_gu�Nj_^_jbdkhf��P\_dh�

\uf�b�Ahebghc�b�ihemqbeb�gZa\Zgb_�©i_j_oh^h\�Nj_^_jbdkZª��Wn�

n_dlu�ghkyl�ihjh]h\uc�oZjZdl_j��b�wlh�k\yaZgh�dZd�jZa�k�l_f��qlh�

^ey�baf_g_gby�k\h_c�hjb_glZpbb�fhe_dmeZf�gm`gh�ij_h^he_lv�kb�

eu�mijm]hklb��?keb�`b^dbc�djbklZee�ihf_s_g�\h�\g_rg__� + -ihe_��
lh� \� ^hiheg_gb_� d� mijm]hc� wg_j]bb�� ihy\blky� keZ]Z_fh_�� hibku�

\Zxs__� \aZbfh^_ckl\b_� ihey� + � b� `b^dbc� djbklZee��

( )21

2f
F n Hχ= − ∆ × . 

Mkeh\by�fbgbfmfZ� ) �lj_[mxl��qlh[u�ijb� 0χ∆ < �[ueh� H n⊥ , 
Z�ijb� 0χ∆ >  ||H n . 

Nj_^_jbdkhf� [ueh� \i_j\u_� wfibjbq_kdb� mklZgh\e_gh�� qlh�

kms_kl\m_l� ij_^_evgZy� fbgbfZevgZy� lhesbgZ� kehy�� ^ey� dhlhjhc�

ijb�^Zgghc�\_ebqbg_� cH �_s_�gZ[ex^Z_lky�i_j_hjb_glZpby��lh�_klv�

0 constcd H = . 

<_ebqbgZ� cH � ^he`gZ� [ulv� ^hklZlhqgZ� ^ey� ij_h^he_gby� kbe�

kp_ie_gby�fhe_dme�k�hihjgufb�ih\_joghklyfb� 
WlZ�ij_^_evgZy�lhesbgZ��beb�ij_^_evgh_�jZkklhygb_�^h�hihj�

ghc�ih\_joghklb��[eb`_�dhlhjh]h� + -ihe_�g_�\eby_l�gZ�hjb_glZpbx�
fhe_dme�gZau\Z_lky�fZ]gblghc�^ebghc�dh]_j_glghklb� 

<�kemqZ_�H -ihey��fZ]gblgZy�^ebgZ�dh]_j_glghklb 
1 2

1
f

k

H
ξ

χ
 =  ∆ 

.     (2 8 ) 

 

Hp_gdb� ^Zxl� ke_^mxsb_� agZq_gby�� 610 ^bg�k −=  
710 _^�K=KF�χ −∆ =  410 WH =  µξ �≈

f
 — � gZ� lZdhf� jZkklhygbb� hl�

hihjghc�ih\_joghklb�fhe_dmeu�[m^ml�hjb_glbjh\Zlvky�fZ]gblguf�

ihe_f� 
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Jbk������G_fZlbq_kdbc�djbklZee�k�ieZgZjghc�hjb_glZpb_c�\�fZ]gblghf�ihe_ 
 
 
 

>ey� kemqZy� sp lay -̂ _nhjfZpbb� �ihi_j_qguc� ba]b[�� bf__f�
1 2

||
c

k
H

a

π
χ

 
=   ∆ 

��]^_�Z — �lhesbgZ�kehy�`b^dh]h�djbklZeeZ� 

:gZeh]bqgZy�kblmZpby�gZ[ex^Z_lky�b�ijb�gZeh`_gbb�we_dljb�

q_kdh]h� ihey�� lhevdh� \� wlhf� kemqZ_� mqblu\Z_lky� ^bwe_dljbq_kdZy�

Zgbahljhiby� ||ε ε ε⊥∆ = − . 

>ey� 0ε∆ > � wg_j]_lbq_kdb� \u]h^gZ� hjb_glZpby� ^ebgguo� hk_c�

fhe_dme�ih�ihex��^ey� 0ε∆ <  — �i_ji_g^bdmeyjgh�ihex� 

Ihjh]h\Zy�gZijy`_gghklv�ihey�

1 24
c

k
E

a

π π
ε

 =  ∆ 
��ijb�wlhf�djb�

lbq_kdh_�gZijy`_gb_�

1 24
c

k
V

ππ
ε

 =  ∆ 
�b�g_�aZ\bkbl�hl�lhesbgu�kehy�

djbklZeeZ� 
We_dljbq_kdZy�^ebgZ�dh]_j_glghklb� 

1 21 4
E

k

E

πξ
ε

 =  ∆ 
.       (2 9 ) 

>ey� 0,1 2cVε∆ ≈ ≈ �<� 

?keb�ijbjZ\gylv� H Eξ ξ= � �kjZ\gblv�^_ckl\by�we_dljbq_kdh]h�b�

fZ]gblgh]h�ihe_c���lh�fh`gh�aZibkZlv��

1 24
E H

π χ
ε
∆ =  ∆ 

. 

JZkq_l�ihdZau\Z_l�� qlh�ihe_� 1wjkl_^H ≈ � jZ\ghkbevgh�ih� \ha�

^_ckl\bx�gZijy`_gghklb�ihey� 1 < kf≈ . 
>ey�ohe_kl_jbq_kdhc�kibjZeb�ijb�\ha^_ckl\bb� + -ihey�gZ[ex�

^Z_lky�\hagbdgh\_gb_�lZd�gZau\Z_fuo�180° -guo�kl_ghd� 
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1 22
22

2c

k
H

L

π
χ

  =     ∆  
,   

1 22
224

2c

k
E

L

ππ
ε

  =     ∆  
.  (3 0 ) 

?keb� 6
22 ~10 ^bgk − , 7~10 _^�K=KFχ −∆ , 3~ 2 10 kfL −⋅ �� lh�

15dWcH ≈ . L  — �^ebgZ�ohe_kl_jbq_kdhc�kibjZeb� 

 

 
 

Jbk������Ohe_kl_jbq_kdZy�kibjZev�\�fZ]gblghf�ihe_��Ihy\e_gb_����h-guo�
kl_ghd 

 
 

GZ�wlbo�wnn_dlZo�hkgh\Zgu�ijbgpbiu�jZ[hlu�we_dljhhilbq_�

kdbo�yq__d� 

 
     

Jbk�����We_dljhhilbq_kdZy�l\bkl-yq_cdZ 
 
 
<hafh`gh� kha^Zgb_� yq__d� k� i_j_dexq_gb_f� p\_lZ�� <� lZdmx�

yq_cdm� \ghkblky� ^bojhbqguc� djZkbl_ev� �©]hklvª��� ki_dlj�

ih]ehs_gby�dhlhjh]h�aZ\bkbl�hl�iheyjbaZpbb�iZ^Zxs_]h�k\_lZ� 
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Jbk�� ���� We_f_gl� `b^dhdjbklZeeb�
q_kdh]h� wdjZgZ� k� we_dljhhilbq_�
kdbfb�yq_cdZfb 

Jbk�������Yq_cdZ�³]hklv-ohaybg 
 

. 
BhggZy� ijh\h^bfhklv� `b^dh]h� djbklZeeZ�

8 9 -1 -1~10 10 Hf kfσ − −÷ ��:gbahljhigZy�ijh\h^bfhklb� // ~1,5σ σ ⊥ . 

K�ihfhsvx�`b^dbo�djbklZeeh\�\hafh`gh�kha^Zgb_� �wdjZgh\�b�

lZ[eh� 

 
 

Jbk������WdjZg�gZ�`b^dhf�djbklZee_ 
 
 

Yjdhklv� we_f_glh\� wdjZgZ� h[mkeh\e_gZ� Zfieblm^hc�

bgnhjfZpbhgguo�bfimevkh\� 
Ijb�gZeh`_gbb�we_dljbq_kdh]h�ihey�\�keh_�`b^dh]h�djbklZeeZ�

gZqbgZ_l� l_qv� lhd�� qlh� ijb\h^bl� d� i_j_hjb_glZpbb� \_dlhjZ�

^bj_dlhjZ�b�ihy\e_gbx�lZd�gZau\Z_fuo�^hf_gh\� 
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Jbk�������>hf_gu��Lhd�\�`b^dbo�djbklZeeZo�ijb\h^bl�d�i_j_hjb_glZpbb�Q  
 
 

=jmiiu� bhgh\� ^\b]Zxlky� ih^� ^_ckl\b_f� ihey�� ihy\ey_lky�

ihlhd��aZfdgmlu_�\bojb�— �^hf_gu�� 
Ohe_kl_jbq_kdb_�`b^db_�djbklZeeu�jZaebqZxlky�ijZ\h�b�e_\h�

aZdjmq_ggufb� kibjZeyfb�� Ijb� ^h[Z\e_gbbb� \� g_fZlbq_kdbc�
`b^dbc�djbklZee�ohe_kl_jbq_kdh]h�kh_^bg_gby�fh`gh�kha^Zlv�l�g��
ohe_kl_jbq_kdbc� g_fZlbd�� ^ebgZ� kibjZeb� dhlhjh]h� fh`_l�
^hklb]Zlv�\_ebqbg� 3000 5000L ≈ ÷ Å . 

 
 
I����FHE?DMEYJG:Y�IH><B@GHKLV 
�����<�@B>DBO�DJBKL:EE:O 
 
Ki_pbnbdZ� kljh_gby�fhe_dme�b�f_`fhe_dmeyjgu_�\aZbfh^_c�

kl\by� \� `b^dbo� djbklZeeZo� ijb\h^yl� d� kms_kl\h\Zgbx� fgh]hh[�

jZaguo�nhjf� l_ieh\h]h�fhe_dmeyjgh]h�^\b`_gby�— � ljZgkeypbhg�

guo�^\b`_gbc��\jZsZl_evguo�^\b`_gbc�\hdjm]�jZaebqguo�hk_c��Z�

lZd`_�[he__�keh`guo�dhee_dlb\guo�dhjj_ebjh\Zgguo�^\b`_gbc� 
Fhe_dmeu� `b^dbo� djbklZeeh\� h[eZ^Zxl� \ukhdhc� \jZsZl_ev�

ghc� b� ljZgkeypbhgghc� ih^\b`ghklvx�� \� lh� `_� \j_fy� dhjj_ebjh�

\Zggu_� ^\b`_gby�� k\yaZggu_� k� kms_kl\h\Zgb_f� [hevrbo� fhe_dm�

eyjguo� dhfie_dkh\� k� ij_bfms_kl\_gghc� hjb_glZpb_c� fhe_dme��

ij_^klZ\eyxl�kh[hc�kjZ\gbl_evgh�f_^e_ggu_�ijhp_kku��OZjZdl_j�

gu_� \j_f_gZ� j_eZdkZpbb� wlbo� ijhp_kkh\� fh]ml� hlebqZlvky� gZ� g_�

kdhevdh�ihjy^dh\��hl���
– 1 2
�^h���

– 6  
k�� 

>bgZfbdZ� fhe_dmeyjguo� ijhp_kkh\� \� `b^dhdjbklZeebq_kdbo�

kj_^Zo�\�klhev�rbjhdhf�bgl_j\Ze_�qZklhl�g_�fh`_l�[ulv�bamq_gZ�k�

ihfhsvx� dZdh]h� eb[h� h^gh]h�nbabq_kdh]h� f_lh^Z��K� wlhc� p_evx�

\hafh`gh� bkihevah\Zgb_� lZdbo� f_lh^h\�� dZd�� gZijbf_j�� jZkijh�

kljZg_gb_� � mevljZa\mdh\uo� \heg�� ki_dljhkdhiby� jZkk_ygby� FZg�

^_evrlZfZ–;jbeexwgZ��iheyjbah\ZggZy�exfbg_kp_gpby�b�l�^� 
Wlb�f_lh^u�iha\heyxl�bkke_^h\Zlv�jZaebqgu_�h[eZklb�ki_dljZ�

fhe_dmeyjghc� ih^\b`ghklb�� ijbq_f� dZ`^uc� ba� gbo� fh`_l� ^Zlv�

bgnhjfZpbx�lhevdh�h[�h^ghc�ba�nhjf�^\b`_gbc�— �ljZgkeypbhg�

ghc�beb�\jZsZl_evghc� 
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�����MevljZZdmklbq_kdb_�k\hckl\Z�`b^dbo�djbklZeeh\ 
 
D� gZklhys_fm� \j_f_gb� \� ebl_jZlmj_� gZdhie_g� h[rbjguc�fZ�

l_jbZe�ih�mevljZ-Zdmklbq_kdbf�k\hckl\Zf�`b^dbo�djbklZeeh\�\�h[�
eZklb�qZklhl��ihjy^dZ���

7 –1 08
�=p

∗) . 
Ijhp_kku� jZkijhkljZg_gby� a\mdh\uo� \heg� \� wlbo� kj_^Zo� ^hk�

lZlhqgh� keh`gu� b� ihgylu� lhevdh� qZklbqgh�� Wdki_jbf_glZevgu_�

bkke_^h\Zgby� ihdZaZeb�� qlh� Zdmklbq_kdb_� k\hckl\Z� `b^dbo� djb�

klZeeh\� ijhy\eyxl� j_adh� \ujZ`_ggmx� � Zgbahljhibx�� GZ� hq_gv�

gbadbo� qZklhlZo� �fgh]h� gb`_� ��F=p�� ijh^hevgu_� \hegu� jZkijh�

kljZgyxlky� \�@D� kh� kdhjhklvx�� g_� aZ\bkys_c� hl� gZijZ\e_gby� kh�� 
Nmgdpby�kh�m[u\Z_l�k�jhklhf�l_fi_jZlmju�b�bf__l�fbgbfmf�\[eb�

ab�lhqdb�i_j_oh^Z�\�bahljhigmx�`b^dhklv� 
Mijm]Zy�\hegZ�gZjmrZ_l�i_j\hgZqZevgmx�hjb_glZpbx�fhe_dme�

`b^dh]h� djbklZeeZ�� ijb� wlhf� mklZgh\e_gb_� gh\h]h� jZ\gh\_kgh]h�

khklhygby� ghkbl� j_eZdkZpbhgguc� oZjZdl_j�� Wnn_dl� i_j_hjb_glZ�

pbb� khijh\h`^Z_lky� ^bkkbiZpb_c� wg_j]bb� a\mdZ�� hij_^_ey_fhc�

h[t_fghc�ζ��k^\b]h\hc�η�b�l�g��\jZsZl_evghc�\yadhklvx��k\yaZgghc�

k�\jZs_gb_f�^bj_dlhjZ��l_iehijh\h^ghklvx�b�jZkk_ygb_f�a\mdZ�gZ�

pb[hlZdkbq_kdbo�]jmiiZo�— �h[eZklyo��\�dhlhjuo�bf__lky�kh]eZkh�

\ZggZy�hjb_glZpby�fhe_dme� 
<� ^bZiZahg_� mevljZa\mdh\uo� qZklhl� \� h[eZklb� i_j_oh^Z� bah�

ljhigZy� `b^dhklv–`b^dbc� djbklZee� �B@–@D��� dhwnnbpb_gl� ih�

]ehs_gby� ijbgbfZ_l� fZdkbfZevgh_�� Z� kdhjhklv� — � fbgbfZevgh_��

agZq_gby�� �<^Zeb�hl�i_j_oh^Z� wlb�iZjZf_lju�baf_gyxlky�k�l_fi_�

jZlmjhc� g_agZqbl_evgh�� F_oZgbaf� wlbo� ZghfZevguo� y\e_gbc� aZ�

dexqZ_lky�\�lhf��qlh�baf_g_gby�^Z\e_gby�\� a\mdh\hc�\heg_�\uau�

\Zxl�baf_g_gby�oZjZdl_jZ�nemdlmZpbc�iZjZf_ljZ�ihjy^dZ��dhlhju_�

hlklZxl�ih�nZa_�hl�baf_g_gbc�^Z\e_gby��:ghfZebb�ih\_^_gby�kdh�

jhklb�b�ih]ehs_gby�gZ[ex^Zxlky�ijb�i_j_oh^_�ba�g_fZlbq_kdhc�b�

ohe_kl_jbq_kdhc�nZau�\�bahljhigmx��Z�lZd`_�ijb�i_j_oh^_�ba�oh�

e_kl_jbq_kdhc�nZau�\�kf_dlbq_kdmx� 
GZ� jbk���� ijb\_^_gu� l_fi_jZlmjgu_� aZ\bkbfhklb� kdhjhklb�

mevljZa\mdZ� gZ� jZaebqguo� qZklhlZo� \�@D�— � ^_pbehdkb[_gahcghc�

dbkehl_� �>H;D��� bf_xs_c� g_fZlbq_kdmx� b� kf_dlbq_kdmx�nZam�� Z�

lZd`_�kdhjhklb�b�ih]ehs_gby�\�iZjZ-ZahdkbZgbahe_� �I::���K�jhk�

lhf�qZklhlu�mijm]bo�\heg�j_adh_�mf_gvr_gb_� kdhjhklb�\�h[eZklb�

nZah\uo�i_j_oh^h\�klZgh\blky�f_g__�aZf_lguf� 
:dmklbq_kdb_�k\hckl\Z�f_ahfhjnguo�kj_^�\�h[eZklb�]bi_ja\m�

dh\uo�qZklhl�fZeh�bamq_gu� 

                                           
∗ )  DZimklbg�:�I��������]�� 
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Z

 
 

[

 
 

Jbk�� ����L_fi_jZlmjgu_�aZ\bkbfhklb: Z — �kdhjhklb�MA�ijb�baf_g_gbb�qZklh�
lu�hl���^h����F=p��>H;D��:gbdbg�:�F���EZaZj_\Z�<�L���EZ]mgh\�:�K��������� 
[ — �kdhjhklb�b�ih]ehs_gby�MA�gZ�qZklhl_���F=p�\�I::��:�I�DZimklbg������ 

 
 
Bkke_^h\Zgby� Zdmklbq_kdbo� k\hckl\� `b^dbo� djbklZeeh\� jZa�

ebqguo�lbih\�k�ihfhsvx�f_lh^Z�[jbeexwgh\kdh]h�jZkk_ygby�\�h[�

eZklb� ]bi_ja\mdh\uo� qZklhl� �\ur_� ��
1 0
�=p�� b� kjZ\g_gb_� mevljZ� b�

]bi_jZdmklbqkdbo�^Zgguo�iha\heyxl�bamqZlv�j_eZdkZpbhggu_��ijh�

p_kku��\�hkh[_gghklb��\[ebab��nZah\uo�i_j_oh^h\� 
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�����>bki_jkby�kdhjhklb�a\mdZ�\�@D 
 
:gZeba�ki_dljh\�lhgdhc�kljmdlmju�jZkk_yggh]h�k\_lZ� �jZkk_y�

gby� FZg^_evrlZfZ–;jbeexwgZ�� iha\hey_l� ihemqblv� ^Zggu_� h[�

Zdmklbq_kdbo� k\hckl\Zo�`b^dbo� djbklZeeh\� � gZ� qZklhlZo� ihjy^dZ�

1 –��==p�� 
:\lhjhf�k�khljm^gbdZfb�[ueb�bamq_gu�hkh[_gghklb�ki_dljh\�

jZkk_ygby�F-;� \� bahljhighc� nZa_� `b^dbo� djbklZeeh\� jZaebqguo�
lbih\�–�g_fZlbq_kdbo��kf_dlbq_kdbo�b�ohe_kl_jbq_kdbo��Kljmdlmj�
gu_�nhjfmeu�bkke_^h\Zgguo�kh_^bg_gbc�^Zgu�\�lZ[e���� 

@b^db_� djbklZeeu� I::� �iZjZ-ZahdkbZgbahe��� f_lhdkb-
[_gabeb^_g-[mlbe� Zgbebg� �F;;:��� wlhdkb-[_gabeb^_g-[mlbe� Zgb�
ebg� �W;;:��� ]_dkbe-hdkb[_gahcgZy� dbkehlZ� �=KH;D��� hdlbe-
hdkb[_gahcgZy�dbkehlZ� �HH;D���i_glbe-pbZgh[bn_gbe� �IP;���i_g�

lbe-n_gbe-pbdeh]_dkZg� �INP;��� ]_ilbe-hdkb[_gahcgZy� dbkehlZ�

�=I;D�� hlghkylky� d� g_fZlbq_kdbf�`b^dbf� djbklZeeZf��GZb[he__�

bamq_ggufb�\_s_kl\Zfb�y\eyxlky�F;;:�b�IP;��ij_^klZ\eyxsb_�

hkh[uc�ijZdlbq_kdbc�bgl_j_k��lZd�dZd�wlh�h^gb�ba�g_fgh]bo�kh_^b�

g_gbc��dhlhju_�ijb�dhfgZlghc�l_fi_jZlmj_�gZoh^ylky�\�`b^dhdjb�

klZeebq_kdhf�khklhygbb� 
@b^dhdjbklZeebq_kdb_� kh_^bg_gby� �-g-]_dkbe-hdkbn_gbe-4 -g-

^_pbehdkb[_gahZl� �=HN>H;�� b� �-gbljhn_gbe-�g-
hdlbehdkb[_gahZl��GNHH;���h[jZamxl�� �djhf_�g_fZlbq_kdhc�nZau��

jy^�kf_dlbq_kdbo�nZa
∗) . 

<_s_kl\Z� IP;� b� INP=� h[eZ^Zxl� [ebadbf� kljh_gb_f� fhe_�

dme — � wlh� ^\modhevqZlu_� kh_^bg_gby� k� h^bgZdh\ufb� dhgp_\ufb�

]jmiiZfb� �Zedbevgu_� b�K1-]jmiiu��� h^gh� dhevph� \k_]^Z� n_gbev�
gh_�� Z� ^jm]h_� y\ey_lky�n_gbevguf� beb� pbdeh]_dkZgh\uf��=_hf_l�

jbq_kdb_�jZaf_ju�wlbo�fhe_dme�ijZdlbq_kdb�h^bgZdh\u�� 
Hkh[_gghklvx�ki_dljh\�F-;�\�f_ahfhjnguo�kh_^bg_gbyo� �y\�

ey_lky�\ukhdZy�bgl_gkb\ghklv�p_gljZevghc�dhfihg_glu�ih�kjZ\g_�

gbx�k�[hdh\ufb��^h���– 1 02  
jZa���jbk����� 

Ba�^Zgguo�ih�kf_s_gbx�[hdh\uo�dhfihg_gl� ∆ν �kf– 1
��jZkkqb�

lu\ZeZkv�kdhjhklv�]bi_ja\mdZ��9]a�ih�nhjfme_�� 
 

∆ω  =  q  V ]a =  2  n ( ω /c )V s in  θ/2 ,                           (3 1 ) 
 

]^_��� ∆ω  =  2π ∆ν , q — �\hegh\hc�\_dlhj�mijm]hc�\hegu��Q�- �ihdZaZ�
l_ev�ij_ehfe_gby�kj_^u� 

                                           
∗ )  M artin -L u te r-U n iv . F o rsch u n g en  u b er f lu ss ig e  k r is ta lle  (H O P D O B ),1 9 8 3 . 
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     LZ[ebpZ�� 
 

� GZa\Zgb_ 
kh_^bg_gby 

Obfbq_kdZy�nhjfmeZ�@D L_fi_jZlmjZ� 
i_j_oh^Z 

1  I:: 
iZjZ-

ZahdkbZgbahe 

CH3O N N OH3C

O
 

T c= 1 3 5 ,5°C  

2  F;�;: 
f_lhdkb[_gabeb�
^be-[mlbeZgbebg 

CH3O CH N C4H9

 

T c= 3 9°C  

3  W;;: 
wlhdkb[_gabeb^be 

[mlbZgbebg 

C2H5O CH N C4H9

 
T c= 7 8°C  

4  =HN>H; 
]_dkbehdkbn_�
gbe^_pbehdkb�

[_gahZl 

C10H21 C

O

O OC6H13

 
T c= 8 5 ,5°C  

5  =KH;D 
]_dkbehdkb[_g�

ahcgZy 
dbkehlZ 

C6H13 O COOH
 T c= 1 5 2 ,5°C  

6  =I;D 
]_ilbehdkb[_�
ghcgZy�dbkehlZ 

C7H15 O COOH
 

T c= 1 4 7°C  

7  HH;D 
hdkbehdkb[_g�
ahcgZy�dbkehlZ 

C8H17 O COOH
 

T c= 1 4 6 ,8°C  

8  BNHH; 
gbljhn_gbe-

hdkbhdlbehdkb�
[_gahZl 

C8H17O COO NO2

 T c= 6 5 ,4°C  

9  ;;: 
[mlbehdkb[_gahZl 

C4H9 O CH N
 

T d-b`= 4 5°C ; 
T b`-k`d= 2 3 ,9°C  

1 0  IP; 
i_glbpbZgh[bn_�

gbe 
C5H11 CN

 
T c= 3 5°C  

1 1  INP= 
i_glben_gbepbd�

eh]_dkZg 

CNC5H11

 
T c= 5 4°C  
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1 2  

OI 
ohe_kl_jbe 
i_eZj]hgZl 

O

O

CC11H23

CH3  

CH3 CH
CH3

C6H13

T c= 9 3°C  

 

Jbk�����Ki_dlju�lhgdhc��kljmdlm�
ju�jZkk_yggh]h�k\_lZ�\�=HN>H; 

ijb�∆L� �L�–�Lk = 5h 
 

ChihklZ\e_gb_�^Zgguo�^ey�l_fi_jZlmjghc�aZ\bkbfhklb�kdhjh�

klb� ]bi_j- �b� mevljZa\mdZ�ihdZaZeh�� qlh�ijZdlbq_kdb�^ey� \k_o�bam�
q_gguo�\_s_kl\�\�bahljhighc�nZa_�gZ[ex^Z_lky�agZqbl_evgZy�Zdm�

klbq_kdZy�^bki_jkby��jbk������� 
DZd�ijZ\beh��kjZ\g_gb_�\ukhdhqZklhlguo�iZjZf_ljh\��hij_^_�

ey_fuo� ih� ki_dljZf�F;�� k� mevljZa\mdh\ufb� ^Zggufb� bf__l� lhl�

g_^hklZlhd�� qlh� h[jZapu� `b^dbo� djbklZeeh\� ijb]hlZ\eb\Zxlky� b�

wdkiemZlbjmxlky�\�jZaebqguo�mkeh\byo��ijb�wlhf�fh]ml�[ulv�jZk�

oh`^_gby� \� qbklhl_� h[jZaph\� b� l_fi_jZlmjZo�nZah\uo� i_j_oh^h\��

Wlhl�g_^hklZlhd�fh`_l�[ulv�mkljZg_g��_keb�k�ihfhsvx�h^ghc�f_�

lh^bdb�bkke_^h\Zlv�\_s_kl\h�\�rbjhdhf�qZklhlghf�bgl_j\Ze_�� 
K�ihfhsvx�hilbq_kdh]h�f_lh^Z�fh`gh�bkke_^h\Zlv�Zdmklbq_�

kdb_�iZjZf_lju�ijb�jZaebqguo�qZklhlZo��f_gyy�\_ebqbgm�\hegh\h�

]h�\_dlhjZ�jZkk_yggh]h�k\_lZ��K�wlhc�p_evx�fh`gh�baf_gylv�^ebgm�

\hegu�\ha[m`^Zxs_]h�k\_lZ�beb�m]he�f_`^m�\hegh\ufb�\_dlhjZfb�

jZkk_yggh]h� b� iZ^Zxs_]h� baemq_gbc�� H[Z� wlb� kihkh[Z� [ueb� bk�

ihevah\Zgu�\�jy^_�bkke_^h\Zgbc
∗) . 

Ki_dlju� FZg^_evrlZfZ–;jbeexwgZ� [ueb� ihemq_gu� k� ihfh�

svx� kdZgbjmxs_]h� bgl_jn_jhf_ljZ�NZ[jb–I_jh� b�G_-1H� eZa_jZ�

ijb�jZaebqguo�m]eZo�jZkk_ygby�θ ��jZ\guo���
0, 4 00, 5 80, 9 00, 1 0 00

�b�

1 6 40  
���Wlh�iha\hebeh�bkke_^h\Zlv�qZklhlgu_�aZ\bkbfhklb�kdhjhklb�

b�ih]ehs_gby�]bi_ja\mdZ�\�^bZiZahg_�baf_g_gby�qZklhlu�hl�a���^h�

��==p� 
QZklhlgu_� aZ\bkbfhklb�kdhjhklb� ]bi_ja\mdZ�9]a�\�bahljhighc�

nZa_�=HN>H;�ihdZaZgu�gZ�jbk���� 

                                           
∗)  I_ljh\Z� =�I���XfZ]mabg� L�O� ���� Obfbq_kdZy� nbabdZ�� ������ I_ljh\Z�

=�I���F_^bgp_\Z�L�B�����Obfbq_kdZy�nbabdZ������� 
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<_ebqbgZ�9]a�jZkl_l�\�^bZiZahg_�qZklhl�hl���^h�a�����==p�b�hk�

lZ_lky� ijZdlbq_kdb� ihklhygghc� ijb� [he__� \ukhdbo� qZklhlZo� ^ey�

\k_o�agZq_gbc ∆ L. 
 
 

 
 
 

 
 
Jbk�����Z — �QZklhlgu_�aZ\bkbfhklb�kdhjhklb�a\mdZ�\�`b^dbo�djbklZeeZo�
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F;;:�����W;;:������IP;�����b�INP=�����ijb�∆L�≅ 10hK���MevljZa\mdh�

\u_�^Zggu_�\aylu�ba�jZ[hl� �D .E den e t a l // J . C hem . P hys. 1973 ; C .C la rk 
and  G .B radberry // P hys. L e tt. 1983 ; H ann ise tt S .D. e t a l // U ltrason  C on f. 
1981 ); [ — �L_fi_jZlmjgu_�aZ\bkbfhklb�kdhjhklb�b�ih]ehs_gby�]bi_ja\mdZ�\�
fhghljhighf� ;;:� �mevljZa\mdh\u_� ^Zggu_� — :e_obg�X�K�� ��� :dmklbq_kdbc�
`mjgZe������� 

 
 

Jbk����QZklhlgu_�aZ\bkbfhklb�kdhjhklb�]bi_ja\mdZ�\�=HN>H;� 
ijb�jZaebqguo�l_fi_jZlmjZo�\�bahljhighc�nZa_ 
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Jbk�����QZklhlgZy�aZ\bkbfhklv�iZjZf_ljZ�ih]ehs_gby� 

\�bahljhighc�nZa_�=HN>H; 
 

QZklhlgu_�aZ\bkbfhklb� α / f 2 �y\eyxlky�kms_kl\_ggh�g_ebg_c�

gufb�\�h[eZklb�qZklhl��–��==p� �jbk�������LZdh_�ih\_^_gb_�Zdmklb�
q_kdbo�iZjZf_ljh\�oZjZdl_jgh�^ey�j_eZdkZpbhgghc�h[eZklb� 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�\j_f_gb�j_eZdkZpbb�\�=HN>H; 



 66  

 
 

?keb� ij_^iheh`blv�� qlh� \� bkke_^m_fhc� h[eZklb� qZklhl� kms_�

kl\_ggmx�jhev�b]jZ_l�h^bg�j_eZdkZpbhgguc�ijhp_kk��lh�^ey�hij_�

^_e_gby� khhl\_lkl\mxs_]h� \j_f_gb� j_eZdkZpbb� fh]ml� [ulv� bk�

ihevah\Zgu� nhjfmeu� ijhklhc� j_eZdkZpbhgghc� l_hjbb� k� h^gbf�

\j_f_g_f�τ ∗) . 
Ihemq_ggu_�^Zggu_�ijb\_^_gu�gZ�jbk�����GZ[ex^Z_lky�m^h\�

e_l\hjbl_evgh_� kh\iZ^_gb_� agZq_gbc� \j_f_g� j_eZdkZpbb�� jZkkqb�

lZgguo�ba�^Zgguo�ih�^bki_jkbb�kdhjhklb�b�qZklhlghc�aZ\bkbfhklb�

iZjZf_ljZ�ih]ehs_gby��Ba�wdki_jbf_glZevguo�^Zgguo�^ey�9]a�b�α  
fh]ml� [ulv� jZkkqblZgu� lZd`_� dhwnnbpb_glu� wnn_dlb\ghc� ^bgZ�

fbq_kdhc�\yadhklb� (4 3)effη η ζ′ = + �b�gZc^_gu�bo�qZklhlgu_�aZ\bkb�

fhklb�^ey�jZaebqguo� ∆T � �jbk������GZ�wlhf�`_�jbkmgd_�imgdlbjhf�

mdZaZgu� agZq_gby� klZlbq_kdhc� \yadhklb� νρ �^ey� ω �  � ���QZklhlgZy�

aZ\bkbfhklv� dhwnnbpb_glZ� \yadhklb� ′η eff �� ih� \k_c� \_jhylghklb��

h[mkeh\e_gZ�f_oZgbafhf� kljmdlmjghc�j_eZdkZpbb��dhlhjuc�fh`_l�

[ulv�k\yaZg�dZd�k�h[t_fghc��lZd�b�kh�k^\b]h\hc�^_nhjfZpb_c�kj_�

^u� 

 
Jbk�����QZklhlgu_�aZ\bkbfhklb�wnn_dlb\ghc�\yadhklb�\�=HN>H;��∆L =  1 ,5hK�
(1 ),  4 ,4hK����������hK��������Imgdlbjgufb�ebgbyfb�ihdZaZgu�khhl\_lkl\mxsb_�

agZq_gby�klZlbq_kdhc�\yadhklb 
 
 

                                           
∗)  FboZceh\�B�=���Kheh\v_\� <�:���Kujgbdh\�X�I��Hkgh\u�fhe_dmeyjghc� Zdm�
klbdb�������� 
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Lhl�nZdl��qlh�\_ebqbgZ� ′η eff�g_kdhevdh�ij_\urZ_l�νρ �^ey�I�����
==p��Z� aZl_f�klZgh\blky�f_gvr_�wlhc�\_ebqbgu��ihdZau\Z_l��qlh�\�

h[eZklb�qZklhl�ihjy^dZ� ��==p�h[t_fgZy�\yadhklv�i_j_klZ_l�b]jZlv�

kms_kl\_ggmx�jhev��b�ijb�[he__�\ukhdbo�qZklhlZo�gZqbgZ_lky�ijh�

p_kk�j_eZdkZpbb�k^\b]h\hc�\yadhklb� 
:dmklbq_kdb_� iZjZf_lju� ^\mo� koh^guo� ih� fhe_dmeyjghfm�

kljh_gbx� pbZghn_gbeh\� —  4 `n -i_glbe-pbZgh[bn_gbeZ� �IP;�� b�

4 n `-�i_glben_gbepbdeh]_dkZgZ� �INP=��[ueb�bamq_gu�ijb�baf_g_�

gbb� qZklhlu� mijm]bo� \heg�� qlh� ^hklb]Zehkv� baf_g_gb_f� ^ebgu�

\hegu� \ha[m`^Zxs_]h� k\_lZ��Baf_j_gby�[ueb�ijh\_^_gu�^ey�λ =  
������ �����b� �����Å  \[ebab�i_j_oh^Z�ba�bahljhighc�nZau�\�g_fZ�
lbq_kdmx� nZam

∗
��� Ijb� baf_g_gbb� m]eZ� jZkk_ygby� b� ^ebgu� \hegu�

\ha[m`^Zxs_]h� k\_lZ� qZklhlu� mijm]bo� ]Zjfhgbd� baf_gyebkv� \�

ij_^_eZo�hl���^h���==p� 
Wdki_jbf_glZevgh� baf_j_ggu_� l_fi_jZlmjgu_� aZ\bkbfhklb�

ihdZaZl_e_c�ij_ehfe_gby�\�bahljhighc�nZa_�IP;�b�INP=�fh]ml�

[ulv�ij_^klZ\e_gu�ke_^mxsbfb�aZ\bkbfhklyfb� 

4 4 1 6  Å :         n IP; =  -4 ,1 7  1 0-4
�L��

h
K������������� 

           n INP=�= -5 ,4 0  1 0-4
�L��

h
K����������� 

6 3 2 8  Å :         n IP;=  – 5 ,4 8  1 0-4
�L��

h
K���������� 

         n INP=�= – 4 ,0 2  1 0-4
�L��

h
K����������� 

AZ\bkbfhklb�kdhjhklb�V ]a��b�ih]ehs_gby�α�hl�∆L�y\eyxlky�eb�

g_cgufb�b�fhghlhggh�m[u\Zxsbfb�� 
K� mf_gvr_gb_f� ^ebgu� \hegu� \ha[m`^Zxs_]h� k\_lZ� ^ey� ^Zg�

gh]h�m]eZ�gZ[ex^_gby�jZkk_yggh]h� k\_lZ� kdhjhklv� ]bi_ja\mdZ�\ha�

jZklZ_l�� Z�ih]ehs_gb_�iZ^Z_l�� l�_��gZ[ex^Z_lky�^bki_jkby� a\mdZ�b�

qZklhlgZy� aZ\bkbfhklv� α ��Ihemq_ggu_� agZq_gby� kdhjhklb�b�iZjZ�

f_ljZ� ih]ehs_gby� gZ� ]bi_ja\mdh\uo� qZklhlZo� khihklZ\eyebkv� k�

^Zggufb� jZ[hl�� E den  D .e t a l, 1 9 7 3 ; W erg in  A .e t a l. 1 9 7 9 ; H ann isett 
S .D . e t a l���������Ba�qZklhlguo�aZ\bkbfhkl_c�kdhjhklb�9�b�iZjZf_l�

jZ�ih]ehs_gby�α / f 2
��jbk�����b�����\b^gh��qlh�bo�ih\_^_gb_�bf__l�

lbibqgh� j_eZdkZpbhgguc� oZjZdl_j��<j_fy� j_eZdkZpbb�� jZkkqblZg�

gh_� ba� ^Zgguo� ^ey� 9� b� α / f 2
�� bf__l� wdkihg_gpbZevgmx� aZ\bkb�

fhklv�hl�l_fi_jZlmju��jbk������ 

                                           
∗)  I_ljh\Z�=�I���F_^bgp_\Z�L�B�����Obfbq_kdZy�nbabdZ������� 
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Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�\j_f_gb�j_eZdkZpbb�τ�\�bahljhighc�
nZa_�IP;� 

 
 
 

Ih� l_fi_jZlmjghc� aZ\bkbfhklb� dhwnnbpb_glZ� ih]ehs_gby�

[ueb�lZd`_�jZkkqblZgu�dhwnnbpb_glu�wnn_dlb\ghc�^bgZfbq_kdhc�

\yadhklb� ′ηeff � �����\�IP;�b�INP=��QZklhlgZy�aZ\bkbfhklv� ′ηeff �^ey�

IP;�^ey� ∆T  =  5o
&�ihdZaZgZ�gZ�jbk�����Imgdlbjhf�ihdZaZgu� agZ�

q_gby�klZlbq_kdhc�\yadhklb�η o �\�IP;��baf_j_ggu_�k�ihfhsvx�dZ�

ibeeyjgh]h�\bkdhabf_ljZ� 
Ba�l_fi_jZlmjguo� aZ\bkbfhkl_c�oZjZdl_jguo�\j_f_g�j_eZdkZ�

pbb� ^ey� =HN>H;� b� IP;� fh`gh� hij_^_eblv� wg_j]bb� Zdlb\Zpbb�

wlh]h�j_eZdkZpbhggh]h�ijhp_kkZ��Wg_j]by�Zdlb\Zpbb�^ey�=HN>H;��

?:� ������ddZe�fhev��^ey�IP;�?:�

 �����ddZe��fhev� 
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Jbk�����QZklhlgZy�aZ\bkbfhklv�wnn_dlb\ghc�^bgZfbq_kdhc�\yadhklb� 
\�IP; 

 
;ueb� ihemq_gu� lZd`_� ^Zggu_� ^ey� l_fi_jZlmjguo� aZ\bkbfh�

kl_c�kdhjhklb�]bi_ja\mdZ�b�^bgZfbq_kdhc�\yadhklb�^ey�ohe_kl_jb�

q_kdh]h�`b^dh]h�djbklZeeZ�— �ohe_kl_jbe-i_eZj]hgZlZ�gZ�qZklhlZo�
a� �� ==p�� L_fi_jZlmjgZy� aZ\bkbfhklv� kdhjhklb� ]bi_ja\mdZ� \� bah�

ljhighc�nZa_�ohe_kl_jbe-i_eZj]hgZlZ�ijb\h^blky�gZ�jbk�� ����Kdh�
jhklv� j_adh� mf_gvrZ_lky�ijb� m\_ebq_gbb� l_fi_jZlmju� \�bahljhi�

ghc�nZa_��DZd�fh`gh�\b^_lv� �jbk� �����9�b� ′ηeff � aZ\bkyl�hl�L�g_eb�

g_cguf�h[jZahf�� 
KlZlbq_kdZy� \yadhklv�OI� \� lhqd_� i_j_oh^Z� ihqlb� \� iylv� jZa�

ij_\urZ_l�agZq_gb_�baf_j_gghc� ′ηeff ��JZkq_l�ih�nhjfme_�:jj_gbm�

kZ� ihdZau\Z_l�� qlh� \� wlhf� kemqZ_� \yadhklv� ^he`gZ� hibku\Zlvky� k�

ihfhsvx�g_kdhevdbo�j_eZdkZpbhgguo�ijhp_kkh\��lZd�dZd�ihemq_g�

gZy� aZ\bkbfhklv� ln (1 )f Tη = � g_�fh`_l� [ulv� Ziijhdkbfbjh\ZgZ� h^�

ghc� ijyfhc��Fh`gh� ij_^iheh`blv�� qlh� kms_kl\mxl�� ih� djZcg_c�

f_j_��^\Z�j_eZdkZpbhgguo�ijhp_kkZ�k�wg_j]byfb�Zdlb\Zpbb�EA = 1 ,3 5  
ddZe�fhev�b������ddZe�fhev�� 



 70  

 
 

Jbk������L_fi_jZlmjgu_�aZ\bkbfhklb�Zdmklbq_kdbo�iZjZf_ljh\ 
\�ohe_kl_jbe-i_eZj]hgZl_ 

 
 

Wlh� fh`_l� [ulv� ke_^kl\b_f� keh`gh]h� f_`fhe_dmeyjgh]h�

\aZbfh^_ckl\by�� dhlhjh_� hij_^_ey_l� lZd`_� \hagbdgh\_gb_� fhgh�

ljhighc�kf_dlbq_kdhc�nZau� 
 

 
�����JZkijhkljZg_gb_�m^Zjgh-Zdmklbq_kdh]h�\hafms_gby 
\�`b^dbo�djbklZeeZo 
 
M^Zjgu_� \hegu�� jZkijhkljZgyxsb_ky� \� `b^dhklyo�� bf_xl�

hkh[_gghklb��k\yaZggu_�k�fZehc�k`bfZ_fhklvx�`b^dhklb�ih�kjZ\�

g_gbx� k� ]Zahf��Wlh�\�i_j\mx�hq_j_^v�hlghkblky�d�Zfieblm^_�^Z\�

e_gby� gZ�njhgl_� m^Zjghc� \hegu�� dhlhjh_� \�`b^dhklb�fh`_l� ij_�

\urZlv� gZ� ^\Z� ihjy^dZ� ZgZeh]bqgh_� ^Z\e_gb_� gZ�njhgl_� m^Zjghc�

\hegu�\�]Za_��ijb�wlhf�jhkl�l_fi_jZlmju��\�hlebqb_�hl�]ZaZ��[m^_l�

\_kvfZ�g_[hevrbf��GZb[hevrZy�iehlghklv�wg_j]bb�\�m^Zjghc�\he�

g_� \� `b^dhklb� ehdZebam_lky� \� madhc� njhglZevghc� ahg_�� m^ZjgZy�

\hegZ�[ukljh� aZlmoZ_l�b�i_j_oh^bl�\�kbevgh_�Zdmklbq_kdh_�\hafm�

s_gb_
∗) . 

IjZdlbq_kdb�g_�bamq_gghc�h[eZklvx�y\ey_lky�jZkijhkljZg_gb_�

m^Zjguo�\heg�b�kbevguo�Zdmklbq_kdbo�\hafms_gbc�\�keh`guo�Zgb�

                                           
∗)  K_eb\Zgh\�<�<���Kheh\v_\�<�K���Kukh_\��G�G��M^Zjgu_�b�^_lhgZpbhggu_�

\hegu�������� 
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ahljhiguo�kj_^Zo��\�qZklghklb��\�`b^dbo�djbklZeeZo��DZd�m`_�mih�

fbgZehkv�� kms_kl\m_l� [hevrh_� qbkeh� jZ[hl�� ihk\ys_gguo� bkke_�

^h\Zgbx� mevljZa\mdh\uo� b� ]bi_ja\mdh\uo� dhe_[Zgbc� \� `b^dbo�

djbklZeeZo�� h^gZdh� ^h� gZklhys_]h� \j_f_gb� y\e_gby�� k\yaZggu_� k�

m^Zjgh-Zdmklbq_kdbfb�\hafms_gbyfb�\�Zgbahljhighc�`b^dhc�kj_�

^_��g_�bamqZebkv� 
@b^db_� djbklZeeu� hlebqZxlky� l_f�� qlh� bo� k\hckl\Z� kbevgh�

baf_gyxlky�ih^�^_ckl\b_f�jZaebqguo�\g_rgbo�ihe_c� - �we_dljbq_�
kdh]h�beb�fZ]gblgh]h�� ]jZ^b_glh\�^Z\e_gby�� l_fi_jZlmju�b� l�^��<�

k\yab�k�wlbf�fh`gh�h`b^Zlv��qlh�ijhp_kk�jZkijhkljZg_gby�m^Zjgh�

]h�\hafms_gby�\�`b^dhdjbklZeebq_kdhc�kj_^_�[m^_l�bf_lv�ki_pb�

nbq_kdb_�hkh[_gghklb�� 
GZebqb_�]jZ^b_glh\�^Z\e_gby�\�`b^dhf�djbklZee_�fh`_l�ijb�

\_klb�d�gZjmr_gbx�_]h�hjb_glZpbhgghc�kljmdlmju��J_adh_�baf_g_�

gb_� fhe_dmeyjghc� hjb_glZpbb� ih^� \ha^_ckl\b_f� m^Zjgh-
Zdmklbq_kdh]h� \hafms_gby� \� `b^dhdjbklZeebq_kdhc� kj_^_� ih\e_�

q_l�aZ�kh[hc�baf_g_gb_�__�hilbq_kdbo�k\hckl\� 
<� dZq_kl\_� h[t_dlh\� bkke_^h\Zgby� bkihevah\Zebkv� `b^db_�

djbklZeeu� k� ba\_klgufb� mevljZZdmklbq_kdbfb� b� ]bi_jZdmklbq_�

kdbfb�k\hckl\Zfb�— �F;;:���IP;�b�INP=��kf��lZ[e����� 
M^Zjgh� \hegh\h_� \hafms_gb_� \�@D� kj_^_� bgbpbbjh\Zehkv� k�

ihfhsvx�hilbq_kdh]h�ijh[hy��\hagbdZxs_]h�ijb�nhdmkbjh\d_�eZ�

a_jgh]h�emqZo�� 
Ijb�ijZdlbq_kdhf�bkihevah\Zgbb�©eZa_jgh]h�\aju\Zª�^ey�\ha�

[m`^_gby� m^Zjgh]h� \hafms_gby� \� `b^dhf� djbklZee_� g_h[oh^bfh�

mqblu\Zlv��qlh�eZa_jgh_�baemq_gb_�g_ebg_cguf�h[jZahf�ih]ehsZ�

_lky�\�`b^dhc�kj_^_� 
Qlh[u� ba[_`Zlv� g_dhgljhebjm_fuo� ijh[h_\� \^hev� gZijZ\e_�

gby�eZa_jgh]h�emqZ�ijb�nhdmkbjh\Zgbb�_]h�\�h[jZap_��emq�nhdmkb�

jh\Zeky�g_� \� lhesm�`b^dh]h� djbklZeeZ�� Z�gZ� _]h�ih\_joghklv��ih�

djulmx� Zexfbgb_\hc� nhev]hc�� M^Zjgh-Zdmklbq_kdb_� \hafms_gby�

kha^Z\Zebkv�ijb�ihfhsb�baemq_gby�bfimevkgh]h�jm[bgh\h]h�eZa_�

jZ��jbk������k�^ebl_evghklvx�bfimevkZ����gk�b�wg_j]b_c�0 ,1 -�����>`��
EZa_jguc�bfimevk�nhdmkbjh\Zeky�dhjhldhnhdmkghc�ebgahc� �f =  2 0  
Ff��gZ�Zexfbgb_\mx�nhev]m��e_`Zsmx�gZ�ih\_joghklb�djbklZeeZ��

gZoh^ys_]hky� \� iehkdhc� d\Zjp_\hc� dx\_l_� ���o�o��� ff���Dx\_lZ�

mklZgZ\eb\ZeZkv�\�l_jfhklZl_�ki_pbZevghc�dhgkljmdpbb�k�ijhj_ay�

fb�^ey�gZ[ex^_gby�l_g_\hc�dZjlbgu��L_fi_jZlmjZ�djbklZeeZ�baf_�

jyeZkv�k�ihfhsvx�l_jfhiZju�k�lhqghklvx�����D
∗) . 

 
                                           
∗)  M ohkovsky  A .N ., P etrova  G .P ., Sysoev N .N . //  S P IE , 1 9 9 6 . 
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<�dZq_kl\_�bklhqgbdZ�ih^k\_ldb�^ey�l_g_\h]h�f_lh^Z�\bamZeb�

aZpbb�ijhp_kkZ�jZkijhkljZg_gby�m^Zjgh]h�\hafms_gby�\�kj_^_�bk�

ihevah\Zeky� k\_lh\hc� bfimevk� hl� \ukhdh\hevlgh]h� jZajy^Z� \� dZ�

ibeeyj_�� oZjZdl_jghc� hkh[_gghklvx� dhlhjh]h� y\ey_lky� ijbf_jgh�

h^bgZdh\Zy� bgl_gkb\ghklv� \� \b^bfhc� h[eZklb� ki_dljZ� \� l_q_gb_�

ijZdlbq_kdb� \k_c� ^ebl_evghklb� bfimevkZ�� J_]bkljZpby� ijhp_kkZ�

�s_e_\Zy� jZa\_jldZ�beb�ihdZ^jh\Zy� kt_fdZ�� hkms_kl\eyeZkv� \ukh�

dhkdhjhklguf�nhlhj_]bkljZlhjhf�<KD-5 . 

 
Jbk������Ko_fZ�mklZgh\db�^ey�bkke_^h\Zgby�jZkijhkljZg_gby�m^Zjgh]h�\hafm�
s_gby�\�`b^dbo�djbklZeeZo����— �eZa_j����— �h[t_dlb\����— �iehkdZy�dx\_lZ�k�
@D����— �gZ]j_\Zl_evgh_�mkljhckl\h����— �\ukhdhkdhjhklgZy�nhlhdZf_jZ�

�<KD-5 ), 6  —�jZajy^gh_�mkljhckl\h 

 
Jbk�����L_g_\Zy�jZa\_jldZ�jZkijhkljZg_gby�Zdmklbq_kdh]h�\hafms_gby�\�@D�
F;;:��bg^mpbjh\Zggh]h�fhsguf�eZa_jguf�bfimevkhf�gZ�ih\_joghklb�`b^�
dh]h�djbklZeeZ����— �fhf_gl�©ijh[hyª�eZa_jgh]h�bfimevkZ�gZ�nhev]_��e_`Zs_c�
gZ�ih\_joghklb�djbklZeeZ����— �m^ZjgZy�\hegZ�\�\ha^mo_����— �Zdmklbq_kdh_�

\hafms_gb_�\�bahljhighc�nZa_�F;;:� 
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KbgojhgbaZpby� ijhba\h^beZkv� k� ihfhsvx� a\mdh\h]h� ]_g_jZ�

lhjZ�� <k_� wdki_jbf_glu� ijh\h^bebkv� k� g_hjb_glbjh\Zggufb� h[�

jZapZfb� `b^dbo� djbklZeeh\�� GZ� \j_f_gghc� jZa\_jld_� ijhp_kkZ�

�jbk������fh`gh�\b^_lv�l_g_\mx�dZjlbgm�jZkijhkljZg_gby�m^Zjghc�

\hegu�\�`b^dhf�djbklZee_��\hagbdZxs_c�\�j_amevlZl_�hilbq_kdh]h�

ijh[hy�gZ�ih\_joghklb�nhev]b�b� ^h\hevgh� [ukljh�i_j_oh^ys_c� \�

kbevgh_�Zdmklbq_kdh_�\hafms_gb_��b�m^Zjghc�\hegu�\�\ha^mo_�gZ^�

ih\_joghklvx�`b^dh]h�djbklZeeZ�� 
Baf_j_gby�kdhjhklb�jZkijhkljZg_gby�Zdmklbq_kdh]h�\hafms_�

gby� \�`b^dbo� djbklZeeZo�ijh\h^bebkv� \�^bZiZahg_� l_fi_jZlmj�hl�

��� ^h� ��
h
�K��K� ihfhsvx� nhlhf_ljbjh\Zgby� hij_^_eyebkv� bgl_g�

kb\ghklv�jZkk_ygby�ih^k\_ldb�b�\j_fy�\hkklZgh\e_gby�jZ\gh\_kgh�

]h� khklhygby� �oZjZdl_jgh]h� \j_f_gb� j_eZdkZpbb� tp�� aZ� njhglhf�

\hegu�Zdmklbq_kdh]h�\hafms_gby�gZ�jZaebqguo�]em[bgZo�\�dx\_l_�� 
GZ� jbk�� ���� ��� ijb\_^_gu� l_fi_jZlmjgu_� aZ\bkbfhklb� kdhjh�

klb� jZkijhkljZg_gby� kbevgh]h� Zdmklbq_kdh]h� \hafms_gby� \� ^\mo�

`b^dbo�djbklZeeZo��F;;:�b�IP;��DZd�fh`gh�\b^_lv��^ey�\k_o�bk�

ke_^h\Zgguo� \_s_kl\� wlb� aZ\bkbfhklb� kms_kl\_ggh� g_ebg_cgu� b�

bf_xl�hkh[_gghklv�\�hdj_klghklb�l_fi_jZlmju�nZah\h]h�i_j_oh^Z�

g_fZlbq_kdbc�djbklZee�- �bahljhigZy�`b^dhklv� 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�kdhjhklb�kbevgh]h�Zdmklbq_kdh]h�\hafm�
s_gby���h���b�kj_^g_]h�\j_f_gb�j_eZdkZpbb��∗��\�@D�F;;: 

 
 

>ey�F;;:� agZq_gby� kdhjhklb�jZkijhkljZg_gby� Zdmklbq_kdh]h�

\hafms_gby� 9�ijZdlbq_kdb� kh\iZ^Zxl� k�^Zggufb�mevljZa\mdh\uo�

bkke_^h\Zgbc
∗
��^ey�qZklhlu�f� ������F=p��AgZq_gby�V ]a��ihemq_ggu_�

                                           
∗)  E den  D .et a l // J . C h em . P h y s, 1 9 7 3 . 
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k�ihfhsvx� ki_dljhkdhibb�[jbeexwgh\kdh]h�jZkk_ygby�gZ�qZklhl_�

a���==p
*
���\ur_�V  ijbf_jgh�gZ����� 

 

 
 

Jbk������L_fi_jZlmjgZy�aZ\bkbfhklv�kdhjhklb�kbevgh]h�Zdmklbq_kdh]h 
\hafms_gby��h��b�kj_^g_]h�\j_f_gb�j_eZdkZpbb��•��\�@D�IP; 

 
 
:gZeh]bqgZy� kblmZpby� gZ[ex^Z_lky� ^ey� djbklZeeZ�IP;��Kdh�

jhklb�jZkijhkljZg_gby�m^Zjgh]h�\hafms_gby�9�kh\iZ^Zxl�kh�kdh�

jhklyfb� � ijh^hevguo� \heg� gZ� qZklhl_� ���F=p
* *
�� ^ey� khhl\_lkl�

\mxsbo� l_fi_jZlmj�b�e_`Zl�gb`_� \_ebqbg�9]a��hij_^_e_gguo� �ih�

ki_dljZf�F-;�^ey�qZklhlu�I�a���==p* * * ) . 
GZ�]jZnbdZo�jbk�����b����ijb\_^_gu�lZd`_�l_fi_jZlmjgu_�aZ�

\bkbfhklb� Wp� ^ey� bkke_^h\Zgguo� djbklZeeh\�� DZd� fh`gh� \b^_lv��

wlb� aZ\bkbfhklb� bf_xl� ih^h[guc� oZjZdl_j�� GZ[ex^Z_lky� j_adh_�

m\_ebq_gb_�\j_f_gb�j_eZdkZpbb�ijb�ih^oh^_�d�lhqd_�nZah\h]h�i_�

j_oh^Z�Lk��aZl_f�mf_gvr_gb_�wlhc�\_ebqbgu�ijb�g_dhlhjhc�l_fi_�

jZlmj_�b�kgh\Z�\hajZklZgb_�ijb�[he__�\ukhdbo�agZq_gbyo�l_fi_jZ�

lmju��Ke_^m_l� hlf_lblv�� qlh�fbgbfmf� Wp�gZ[ex^Z_lky�ijbf_jgh� \�

h^ghc� b� lhc� `_� h[eZklb� l_fi_jZlmj�� e_`Zs_c� ijbf_jgh� gZ� ��
h
K�

\ur_� lhqdb�nZah\h]h� i_j_oh^Z� b�� khhl\_lkl\_ggh��fbgbfmfZ� kdh�

jhklb�\hegu�\hafms_gby��Ihemq_ggu_� agZq_gby� Wp�bf_xl�ihjy^hd�

\_ebqbgu� \j_f_gb� ^bwe_dljbq_kdhc� j_eZdkZpbb� ^ey� ε \� h[eZklb�

gbadbo�qZklhl�>kf��I�^_�@_g�@� 
Ke_^m_l� hlf_lblv�� qlh� \� \h^_� ijb� l_o�`_� wdki_jbf_glZevguo�

mkeh\byo� ihehkZ� ih]ehs_gby� baemq_gby� ih^k\_ldb� [ueZ� agZqb�

                                           
*  )  I_ljh\Z�=�I��b�^j�����HilbdZ�b�ki_dljhkdhiby��1 9 7 7 , 1 9 7 9 . 
* *  )  H ann ise tt S .D . e t a l., // In t. U ltraso n . C o n f. 1 9 8 1 . 
* * *  )  I_ljh\Z�=�I���F_^bgp_\Z�L�B�����Obfbq_kdZy�nbabdZ������� 
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l_evgh�m`_�b�g_�bf_eZ�hkh[_gghkl_c��Khhl\_lkl\mxsb_�\_ebqbgu�

oZjZdl_jgh]h� \j_f_gb� j_eZdkZpbb� ^ey� \h^u� ihdZaZgu� gZ� jbk�� ���

imgdlbjghc�ebgb_c� 
Ih\_^_gb_�\j_f_gb�j_eZdkZpbb�tp�^ey�`b^dbo�djbklZeeh\�\�h[�

eZklb�Lk�ZgZeh]bqgh�lhfm��qlh�gZ[ex^Z_lky�^ey�l_fi_jZlmjghc�aZ�

\bkbfhklb� dhwnnbpb_glZ� ih]ehs_gby� mevljZa\mdZ� >kf�� :�I�� DZ�

imklbg@��<aZbfh^_ckl\b_� Zdmklbq_kdhc�\hegu� k�nemdlmZpbyfb�ih�

jy^dZ� kms_kl\_ggu� \� hdj_klghklb� nZah\h]h� i_j_oh^Z�� <aZbfgZy�

hjb_glZpby� b� jZkiheh`_gb_� fhe_dme� \� `b^dhf� djbklZee_� fh`_l�

baf_gylvky� ih^� \ha^_ckl\b_f� � Zdmklbq_kdh]h� ihey�� ijb� wlhf� \ha�

fh`gZ�j_eZdkZpby�dZd�h[t_fghc��lZd�b�k^\b]h\hc�\yadhkl_c��Wlbf�

`_�fh`gh�h[tykgblv�hkh[_gghklb�ih\_^_gby�Vma�\�hdj_klghklb�Lk. 
GZ� ]bi_ja\mdh\uo� qZklhlZo�nemdlmZpbb� hjb_glZpbb� g_� kms_�

kl\_ggu�� ihwlhfm� kdhjhklv� jZkijhkljZg_gby� ]bi_ja\mdh\uo� \heg�

kms_kl\_ggh� \ur_� kdhjhklb� mevljZa\mdZ� �^bki_jkby��� GZebqb_�

Zdmklbq_kdhc� j_eZdkZpbb� k� \j_f_gZfb� ihjy^dZ� ��
-7-1 0-8

� k� fh`_l�

h[tykgy_lky� j_eZdkZpb_c� h[t_fghc� \yadhklb�� J_eZdkZpbhgguc�

ijhp_kk� k� \j_f_g_f� ihjy^dZ� ��
– 1 0
� k� \� bahljhighc�nZa_� g_fZlbq_�

kdbo� djbklZeeh\�� dhlhjuc� bf__l� f_klh� \� h[eZklb� ]bi_ja\mdh\uo�

qZklhl��k\yaZg��\_jhylgh��k�j_eZdkZpb_c�k^\b]h\hc�\yadhklb� 
Ihy\e_gb_� \lhjh]h�fZdkbfmfZ�gZ� l_fi_jZlmjghc� aZ\bkbfhklb�

tp� fh`_l� [ulv� h[tykg_gh� agZqbl_evguf� \hajZklZgb_f� \yadhklb� \�

h[eZklb� \hafms_gby� aZ� njhglhf� kbevghc� Zdmklbq_kdhc� \hegu��

Hp_gdb�\_ebqbgu�^Z\e_gby�J��dhlhjh_�fh`_l�jZa\b\Zlvky�gZ�njhg�

l_� \hafms_gby�� ihdZau\Zxl�� qlh�J�fh`_l� ^hklb]Zlv� agZq_gbc� ih�

jy^dZ� ��-���d[Zj���>ey�kjZ\g_gby�fh`gh�ijb\_klb�hp_gdb�\_ebqb�
gu�^Z\e_gby�\�a\mdh\hc�\heg_�ijb�mevljZa\mdh\uo�wdki_jbf_glZo��

<� bgl_j\Ze_� qZklhl� �–���F=p� ijb� iehlghklb� wg_j]bb� �� f<l�Ff
2 

Zfieblm^Z�^Z\e_gby�≅������Zlf�� 
Ba\_klgh�� qlh� \yadhklv� `b^dbo� djbklZeeh\�� \� ^Zgghf� kemqZ_�

F;;:��fh`_l�^hklb]Zlv� agZq_gbc�[he__� ��� kI�^ey� ∆ L!� ���.�ijb�

m\_ebq_gbb�^Z\e_gby� \� kj_^_� \k_]h�^h� �� d[Zj�� l�_��bf_lv� lZdh_�`_�

agZq_gb_�� dZd� \� g_fZlbq_kdhc� nZa_� ijb� ∆ L =  –���D� �A .C . D io d o , 
�������Fh`gh�ij_^iheh`blv��qlh�\�^Zgghf�kemqZ_�kbevgh_�Zdmklb�

q_kdh_� \hafms_gb_� hjb_glbjm_l� fhe_dmeu� `b^dh]h� djbklZeeZ� gZ�

njhgl_�\hegu��kha^Z\Zy�h[eZklv�g_fZlbq_kdhc�nZau�ijb�[he__�\u�

khdbo� l_fi_jZlmjZo�� q_f�Lk��Ijb� wlhf� ba-aZ� agZqbl_evgh]h� m\_eb�
q_gby� \yadhklb� aZ�njhglhf� \hegu� mklZgh\e_gb_� jZ\gh\_kgh]h� kh�

klhygby�aZf_^ey_lky��qlh�b�h[tykgy_l��ih-\b^bfhfm��\hajZklZgb_� Wp 
ijb�l_fi_jZlmjZo�\ur_�lhqdb�nZah\h]h�i_j_oh^Z�bahljhigZy�`b^�

dhklv�— �g_fZlbq_kdbc�djbklZee� 
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�����Iheyjbah\ZggZy�nemhj_kp_gpby�\�l_jfhljhiguo 
���������������`b^dbo�djbklZeeZo 

 

Iheyjbah\ZggZy� nemhj_kp_gpby� y\ey_lky� h^gbf� ba� gZb[he__�

m^h[guo�b�bgnhjfZlb\guo�f_lh^h\ bkke_^h\Zgby�^bgZfbdb�fhe_�
dme�\�l_jfhljhiguo�`b^dbo�djbklZeeZo�� 

Wlhl�f_lh^� gZqZeb� ijbf_gylv� ^ey� bkke_^h\Zgby�`b^dbo� djb�

klZeeh\� kjZ\gbl_evgh� g_^Z\gh� ���-_� ]h^u��� ijb� wlhf� h[uqgh� bk�
ihevam_lky� f_lh^� nemhj_kp_glghc� f_ldb��� nemhjhnhjZ�� jZkl\h�

j_ggh]h� \� `b^dhf� djbklZee_�� Wlb� kbkl_fu� ihemqbeb� gZa\Zgb_�

³]hklv-ohaybg´��Fhe_dmeu� djZkbl_ey� �³]hkly´�� mihjy^hqb\Zxlky� \�

`b^dhdjbklZeebq_kdhc� fZljbp_�� hjb_glbjmykv� k\hbfb� ^ebggufb�

hkyfb�\^hev�^ebgguo�hk_c�fhe_dme�`b^dh]h�djbklZeeZ��³ohaybgZ´���

qlh�iha\hebeh�bkihevah\Zlv�f_lh^�nemhj_kp_glgh]h� ahg^Z�^ey�bk�

ke_^h\Zgby�lZdbo�kj_^��G_h[oh^bfuf�mkeh\b_f�^ey�mki_rgh]h�bk�

ihevah\Zgby� wlh]h�f_lh^Z�y\ey_lky�bahfhjnbaf�ijhkljZgkl\_gguo�

kljmdlmj�ijbf_kb�b�fZljbpu� 
>Zggu_� ih�nemhj_kp_gpbb� ahg^Z��`_kldh� \kljh_ggh]h� \�`b^�

dhdjbklZeebq_kdmx�fZljbpm�� ^Zxl�bgnhjfZpbx� h� jZaebqguo� hkh�

[_gghklyo� fhe_dmeyjguo� ^\b`_gbc� b� f_`fhe_dmeyjguo� \aZbfh�

^_ckl\bc�\�bkke_^m_fhf�`b^dhf�djbklZee_� 
<� l_hj_lbq_kdbo� jZ[hlZo�� ihk\ys_gguo� ijbf_kghc� nemhj_k�

p_gpbb� \�@D�� [ueh� ihemq_gh� \ujZ`_gb_�� k\yau\Zxs__� iZjZf_lj�

Zgbahljhibb� nemhj_kp_gpbb� k� \j_f_g_f� `bagb� nemhj_kp_gpbb��

\j_f_g_f�hjb_glZpbhgghc�dhjj_eypbb�fhe_dme�b�iZjZf_ljZfb�ih�

jy^dZ��oZjZdl_jbamxsbfb�`b^dbc�djbklZee 
F_lh^� nemhj_kp_glgh]h� ahg^Z� k\yaZg� k� ijh[e_fhc� ih^[hjZ�

nemhjhnhjZ�� fhe_dmeu� dhlhjh]h� ih� nhjf_� b� jZaf_jZf� kh\iZ^Zeb�

[u� k� fhe_dmeZfb� `b^dhdjbklZebq_kdhc� fZljbpu�� Ba� iZjZf_ljh\�

nemhj_kp_gpbb� ahg^Z� fh`gh� ihemqblv� ebrv� hihkj_^h\Zggmx� bg�

nhjfZpbx�h�ih\_^_gbb�fhe_dme�fZljbpu�� 
Gh\u_� \hafh`ghklb� ^ey� nemhj_kp_glghc� ki_dljhkdhibb�@D�

hldju\Z_l� h[gZjm`_ggZy� kh[kl\_ggZy� nemhj_kp_gpby� g_dhlhjuo�

f_ah]_gguo�\_s_kl\
∗) .  

Ijb�\ha[m`^_gbb�ebg_cgh�iheyjbah\Zgguf�k\_lhf�we_dljbq_�

kdbc� \_dlhj� nemhj_kp_glgh]h� baemq_gby� lZd`_� ^he`_g� h[eZ^Zlv�

ij_bfms_kl\_gguf�gZijZ\e_gb_f��?keb�^bihevgu_�fhf_glu�kh\h�

dmighklb�fhe_dme�iZjZee_evgu��lh�bo�nemhj_kp_gpby�[m^_l�ihegh�

klvx�iheyjbah\ZgZ��<h�\k_o�^jm]bo�kemqZyo�nemhj_kp_glgh_�baem�

q_gb_� [m^_l� iheyjbah\Zgh� qZklbqgh�� >ey� dhebq_kl\_gghc� hp_gdb�

iheyjbaZpbb�nemhj_kp_gpbb�\\h^blky�iZjZf_lj�Zgbahljhibb�r : 
                                           
∗)  I_ljh\Z�=�I���IZe_gkmweZ�=Zj^hg�>��Ij_ijbgl�nbabq_kdh]h�nZdmevl_lZ�

(1 9 9 0 ). 
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r  =  ||

|| 2

I I

I I
⊥

⊥

−

+
,     (3 2 ) 

]^_� I ||  b I ⊥  — �khklZ\eyxsb_�bgl_gkb\ghklb�nemhj_kp_gpbb��khhl�

\_lkl\_ggh�iZjZee_evgZy�b�i_ji_g^bdmeyjgZy�we_dljbq_kdhfm�\_d�

lhjm�\ha[m`^Zxs_]h�k\_lZ� 
Hkgh\u� l_hjbb� iheyjbah\Zgghc�nemhj_kp_gpbb� ^ey� [jhmgh\�

kdbo�qZklbp�\�jZkl\hjZo�[ueb� aZeh`_gu�<Z\beh\uf�b�E_\rbguf��

Bfb�[ueh�ij_^eh`_gh�hibkZgb_�hkgh\guo�aZdhghf_jghkl_c�nemh�

j_kp_gpbb�k�ihfhsvx�fh^_eb�Zgbahljhiguo�hkpbeeylhjh\� 
Hkgh\ghc� \deZ^� \� ^_iheyjbaZpbx� nemhj_kp_gpbb� \� `b^dbo�

kj_^Zo� \ghkbl� [jhmgh\kdh_� \jZs_gb_�fhe_dme��E_\rbguf� b�I_j�

j_ghf
∗)
� [ueZ� jZa\blZ� l_hjby� \jZsZl_evghc� ^_iheyjbaZpbb� nemh�

j_kp_gpbb� \�`b^dbo� kj_^Zo�� khklhysbo� ba� deZkkbq_kdbo� hkpbeey�

lhjh\��k�bkihevah\Zgb_f�fh^_eb�\jZsZl_evghc�^bnnmabb� 
NhjfmeZ� ^ey� \jZsZl_evghc� ^_iheyjbaZpbb� nemhj_kp_gpbb��

gZau\Z_fZy�nhjfmehc�E_\rbgZ–I_jj_gZ�bf__l�\b^�� 

r  =  0

1 f r

r

τ τ+
,     (3 3 ) 

]^_� r 0 — � ij_^_evgZy� Zgbahljhiby� baemq_gby�� τf��� kj_^g__� \j_fy�

`bagb�\ha[m`^_ggh]h�khklhygby��τr ���\j_fy�\jZsZl_evghc�dhjj_�

eypbb�fhe_dme� 
LZdbf�h[jZahf�� klZpbhgZjgu_�baf_j_gby�iZjZf_ljZ� Zgbahljh�

ibb� nemhj_kp_gpbb� fh]ml� ^Zlv� bgnhjfZpbx� h[� hjb_glZpbhgguo�

^\b`_gbyo�fhe_dme�`b^dbo�djbklZeeh\�� 
>ey� klZpbhgZjghc� nemhj_kp_gpbb� \� kemqZ_�� dh]^Z� fhf_glu�

^bihe_c� ih]ehs_gby� b� baemq_gby� iZjZee_evgu� hkb� kbff_ljbb��

fh`gh� \hkihevah\Zlvky� ke_^mxsbfb�nhjfmeZfb� ^ey� Zgbahljhibb�

iheyjbaZpbb� 

r  =  

2

2

0 2

0 2

(1 )

2
5

1

r

r
f

r r

r r
f f

τ

τ τ

τ τ

τ τ τ τ

+

+ ∆

+ +
− ∆ + −

,    (3 4 ) 

]^_�
2

2 4 2

2 4

4 3 7

7 10 3

P P P

P P

< > + < > − < >
∆ =

− < > + < >
, 0

rτ ��� \j_fy� \jZsZl_evgh]h� dhjj_�

ebjh\Zggh]h� ^\b`_gby�fhe_dmeu� \hdjm]� dhjhldhc� hkb�� i_ji_g^b�

dmeyjghc�iehkdhklb�^ebgguo�hk_c�fhe_dme�� Z� 2
rτ ���\j_fy�\jZsZ�

l_evgh]h� dhjj_ebjh\Zggh]h� ^\b`_gby� \hdjm]� dhjhldhc� hkb�� i_j�
i_g^bdmeyjghc�\_dlhjm�^bj_dlhjm�b�e_`Zs_c�\�iehkdhklb�^ebgguo�

                                           
∗)  E_\rbg�<�E��Nhlhexfbg_kp_gpby�`b^dbo�b�l\_j^uo�\_s_kl\��F., 1951. 



 78  

hk_c�fhe_dme��<� kemqZ_�� dh]^Z� 0, 2
r

fτ τ<< �� k� mq_lhf� lhevdh� qe_gh\�

i_j\h]h�ihjy^dZ��fh`gh�ihemqblv�� 

2 (5 2) (1 )r
frτ τ≅ − ∆ .     (3 5 ) 

Wlh�\ujZ`_gb_�^Z`_�ijb� ]jm[hc� ZiijhdkbfZpbb�< P 2> , < P 4> �^Z_l�

ohjhr__�ijb[eb`_gb_�^ey� 9
2 /r

frτ ∗) . 

<� wdki_jbf_glZo�>hah\Z� b� khZ\lhjh\� [ueb� bkihevah\Zgu� ^\_�

kbkl_fu� ³]hklv��� ohaybg´�� jZkl\hj� djZkbl_ey� '0$16� \�W;;:� b�

jZkl\hj� djZkbl_ey� '3+� \� �P;��L_fi_jZlmjgu_� aZ\bkbfhklb� iZjZ�

f_ljZ� r  ^ey�h[_bo�kbkl_f�bf_xl�h[sb_�aZdhghf_jghklb���\�g_fZ�

lbq_kdhc�nZa_ r �gb`_�� q_f� \�bahljhighc��ih�f_j_�ijb[eb`_gby� d�
nZah\hfm� i_j_oh^m� r  m\_ebqb\Z_lky�� bkiulu\Zy� kdZqhd� \� lhqd_�Lk�

�l_fi_jZlmjZ�ijhykg_gby���<�bahljhighc�nZa_� k�m\_ebq_gb_f� l_f�

i_jZlmju�r  mf_gvrZ_lky��AgZq_gby� τ 0
r   
b� 2

rτ �^ey�kbkl_fu�'0$16�\�

W;;:��jZ\guo��khhl\_lkl\_ggh������- �����gk�^ey�g_fZlbq_kdhc�nZau��

ijb�wlhf�agZq_gb_ 2
rτ �^ey�bahljhighc�nZau�≅�����gk�� 

>ey� kbkl_fu� '3+� \� �P;� \� jZ[hl_� >hah\Z� b� ^j�hij_^_e_gh�

lhevdh�hlghr_gb_� 2
r

fτ τ  . 

H[gZjm`_ggZy� kh[kl\_ggZy� nemhj_kp_gpby� ^Z_l� \hafh`ghklv�

ijh\_klb�ZgZeh]bqgu_�wdki_jbf_glu�[_a�bkihevah\Zgby�ahg^h\� 
Baf_j_gby� iZjZf_ljZ� Zgbahljhibb� kh[kl\_gghc� nemhj_kp_g�

pbb� \�IP;�INP=��F;;:�b�=HN>H;
* *
��[ueb�ijh\_^_gu�ijb�\ha�

[m`^_gbb�gZ� λ \� �������gf�\�g_hjb_glbjh\Zgguo�kehyo�lhesbghc���

ff��Nemhj_kp_gpby�gZ[ex^ZeZkv�ih^�m]ehf���
0
�d�iZ^Zxs_fm�emqm��

L_fi_jZlmjgu_�aZ\bkbfhklb�iZjZf_ljZ�U�ihdZaZgu�gZ�jbk���� 
<� lhqdZo� nZah\uo� i_j_oh^h\� g_fZlbd— bahljhigZy� `b^dhklv�

^ey�\k_o�kh_^bg_gbc�ijhbkoh^bl�j_adh_�baf_g_gb_�iZjZf_ljZ�Zgb�

ahljhibb�r .   
>ey�g_fZlbq_kdbo�@D��P;�INP=�b�F;;:�l_fi_jZlmjgu_�aZ�

\bkbfhklb r �hq_gv�[ebadb��<�g_fZlbq_kdhc�nZa_� r  ijZdlbq_kdb�ih�
klhyggh��Ijb�i_j_oh^_�\�bahljhigmx�nZam� r �kdZqdhh[jZagh�\hajZk�
lZ_l�� K� jhklhf� l_fi_jZlmju� \� bahljhighc� nZa_� r � ihkl_i_ggh�
mf_gvrZ_lky�� 

>ey�=HN>H;�k�baf_g_gb_f�l_fi_jZlmju�ijb�i_j_oh^Zo�f_`�

^m� jZaebqgufb� `b^dhdjbklZeebq_kdbfb� nZaZfb� �kf_dlbd� :–
kf_dlbd�K��baf_g_gbc�r �g_�h[gZjm`_gh��Ijb�i_j_oh^_�ba�g_fZlbq_�

kdhc� \� bahljhigmx� nZam� gZ[ex^Z_lky� kdZqhd� r � \� h[eZklv� hljbpZ�
                                           
∗ )  D ozov I. et a l. // L iq . C ry st. (1 9 8 9 ). 
* *  )  I_ljh\Z�=�I���?\k__\bq�:�G���;hjbkh\�X�:�����<_klg��F=M������� 
      I_ljh\Z�=�I���IZe_gkmweZ��=�>��Ij_ijbgl�nba��nZd-lZ������� 
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l_evguo� agZq_gbc�� Ijb� ^Zevg_cr_f� gZ]j_\Zgbb� fh^mev� r � ihkl_�
i_ggh�mf_gvrZ_lky� 

 

 
 

Jbk�����L_fi_jZlmjgu_�aZ\bkbfhklb�iZjZf_ljZ r �\�g_hjb_glbjh\Zgguo�kehyo 
lhesbghc���ff 

 
 
 

AZ\bkbfhklv� r (T )� ^ey� =HN>H;� bf__l� hkh[_gghklv� - � hljbpZ�
l_evgu_�agZq_gby�r �\�bahljhighc�nZa_��qlh��kh]eZkgh�l_hjbb��fh`_l�
khhl\_lkl\h\Zlv�[hevrhfm�m]em�f_`^m�^biheyfb�ih]ehs_gby�b�ba�

emq_gby� fhe_dmeu�� Ihkdhevdm� fhe_dmeu� =HN>H;� fh]ml� h[jZah�

\u\Zlv� kf_dlbq_kdmx� f_ahnZam�� l�_�� hjb_glbjh\Zlvky� ih� kehyf��

fh`gh�ij_^iheh`blv��qlh�f_`^m�gbfb�kms_kl\m_l�hjb_glZpbhggh_�

\aZbfh^_ckl\b_� \� gZijZ\e_gbb�� i_ji_g^bdmeyjghf� ^ebgghc� hkb�

fhe_dme��Ijb�i_j_oh^_�\�bahljhigmx�nZam�\deZ^�\h�nemhj_kp_gl�

gh_� baemq_gb_�� \hafh`gh�� gZqbgZxl� \ghkblv� ^biheb� baemq_gby��

i_ji_g^bdmeyjgu_�^ebgghc�hkb�fhe_dme��dhlhju_�\�g_fZlbq_kdhc�

b�kf_dlbq_kdhc�nZaZo�[ueb�\aZbfgh�kdhfi_gkbjh\Zgu� 
AgZq_gb_� r �^ey�INP=�\�bahljhighc�nZa_�ijbf_jgh�\�^\Z�jZaZ�

gb`_��q_f�^ey�IP;��qlh��ih-\b^bfhfm� �� lZd`_�fh`_l�h[tykgylvky�
\aZbfh^_ckl\b_f�^bihe_c���k\yaZgguo�k�[_gahevgufb�dhevpZfb�� 

GZ� jbk�� ��� b� ��� ihdZaZgu� l_fi_jZlmjgu_� aZ\bkbfhklb� iZjZ�

f_ljZ� r � \� lhgdbo� hjb_glbjh\Zgguo� kehyo� �P;� b�F;;:�� dhlhju_�

kha^Z\Zebkv�f_`^m�gZl_jlufb�d\Zjp_\ufb�ih\_joghklyfb��lhesb�

gZ�kehy� ���fdf���>ey�\ha[m`^_gby�nemhj_kp_gpbb�bkihevah\ZeZkv�

]_hf_ljby�njhglZevgh]h�hk\_s_gby��jbk����
* ) . 

                                           
*  )  I_ljh\Z =�I���?\k__\bq_\Z�:�G���;hjbkh\�X�:�����<_klg��F=M������� 
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Jbk������L_fi_jZlmjgZy�aZ\bkbfhklv�iZjZf_ljZ r �\�lhgdhf�hjb_glbjh\Zgghf�

keh_��P;�����fdf����–�\_jlbdZevgZy�hjb_glZpby� 
2  –�]hjbahglZevgZy�hjb_glZpby 

 

 

 
Jbk������L_fi_jZlmjgZy�aZ\bkbfhklv�iZjZf_ljZ�r  \�lhgdhf�hjb_glbjh\Zgghf�
keh_�F;;:�����fdf�����— �\_jlbdZevgZy�hjb_glZpby����— �]hjbahglZevgZy 

hjb_glZpby 
 

DZd�\b^gh�ba�jbk����b�����\�g_fZlbq_kdhc�nZa_�\�kemqZ_�\_jlb�

dZevghc�hjb_glZpbb��dh]^Z�\_dlhj-^bj_dlhj� n
&
b�we_dljbq_kdbc�\_d�

lhj� E
&
� \ha[m`^Zxs_]h� emqZ� iZjZee_evgu�� agZq_gby� r  \� f_ahnZa_�

g_kdhevdh� \ur_�� q_f� ^ey� ]hjbahglZevghc� �dh]^Z� n E⊥
&&
���>ey� bah�
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ljhighc�nZau�agZq_gb_�r  \�h[hbo�h[jZapZo�h^bgZdh\h�b�lZd�`_��dZd�
b�\�kemqZ_�g_hjb_glbjh\Zgguo�keh_\��j_adh�mf_gvrZ_lky�ijb�i_j_�

oh^_�\�`b^dhdjbklZeebq_kdmx�nZam� 
F_gvr__� agZq_gb_� iZjZf_ljZ� r � \�g_fZlbq_kdhc�nZa_�ih� kjZ\�

g_gbx� k�bahljhighc�fh`_l� [ulv� h[tykg_gh� l_f�� qlh� \�`b^dhdjb�

klZeebq_kdhf� khklhygbb� ijhbkoh^bl� \aZbfgZy� dhfi_gkZpby� baem�

qZxsbo�^bihe_c��k\yaZgguo�k�[_gahevgufb�dhevpZfb� 
Hilbq_kdb_� wdki_jbf_glu� \� Zgbahljhiguo� kj_^Zo� fh]ml� hk�

eh`gylvky� jy^hf� nZdlhjh\�� D� hkgh\guf� ijbqbgZf� ih]j_rghkl_c�

fh`_l� [ulv� hlg_k_gh� \ebygb_� lhesbgu� h[jZaph\� gZ� ih]ehs_gb_�

nemhj_kp_glgh]h�baemq_gby��\ebygb_�hilbq_kdhc�iehlghklb�b�^\m�

emq_ij_ehfe_gby�� \ebygb_� Zgbahljhibb� ehdZevgh]h� we_dljbq_kdh�

]h�ihey��Hp_gdZ�p_e_khh[jZaghklb�mq_lZ�wlbo�nZdlhjh\�ihdZau\Z_l��

qlh� ^Z`_� \� kemqZ_� ]hfheh]bq_kdh]h� jy^Z� pbZgh[bn_gbeh\�� h[eZ�

^Zxsbo�aZf_lghc�\_ebqbghc�Zgbahljhibb�ihdZaZl_ey�ij_ehfe_gby�

( ∆ n  =  n0 –  ne ),�jZaebqb_�\�dhjj_dpbb�ehdZevgh]h�ihey�kebrdhf�fZ�

eh�� qlh[u� ijb\h^blv� d� aZf_lghfm� baf_g_gbx� iZjZf_ljZ� ihjy^dZ��

Dhjj_dpby��mqblu\ZxsZy�wlb��wnn_dlu��ijhihjpbhgZevgZ�lhesbg_�

h[jZaph\� b� fZeZ� ^ey� lhesbg� a� ��� fdf�� <\_^_gb_� ihijZ\hqgh]h�

fgh`bl_ey�� aZ\bkys_]h�hl�jZaghklb�ihdZaZl_e_c�ij_ehfe_gby� kl_�

ghd� yq_cdb� b� agZq_gbc� n0� b� ne `b^dhdjbklZeebq_kdh]h� kehy�� ijb�

jZkq_l_�iZjZf_ljZ�r  ^Zkl�ih]j_rghklv�a���� 

 
Jbk������=_hf_ljby�wdki_jbf_glh\��Z — �lheklu_�kehb��[�— �ieZgZjgZy��©\_jlb�
dZevgZyª��hjb_glZpby��\ — �ieZgZjgZy��©]hjbahglZevgZyª��hjb_glZpby��] –�]h�

f_hljhigZy�hjb_glZpby 



 82  

<ebygb_� lZdbo� nZdlhjh\�� dZd� ih]ehs_gb_� b� jZkk_ygb_� nemh�

j_kp_glgh]h�baemq_gby�� lZd`_� aZ\bkbl� hl� lhesbgu� h[jZapZ�b�� dZd�

ihdZaZgh�� fZeh� ^ey� lhesbg� a� ��� fdf�� gh� fh`_l� [ulv� g_kdhevdh�

\ur_�^ey�lhesbg�[he__�����fdf� 
>Zggu_� ^ey� iZjZf_ljZ� Zgbahljhibb� nemhj_kp_gpbb� fh]ml�

[ulv�bkihevah\Zgu�^ey�hp_gdb�\j_f_gb�\jZsZl_evghc�dhjj_eypbb�

τ r���_keb�ba\_klgh�\j_fy�`bagb�\ha[m`^_ggh]h�khklhygby�τ f  .  
GZ� jbk�� ���� ��� ijb\_^_gu� ^Zggu_� baf_j_gbc� \j_f_gb� `bagb�

nemhj_kp_gpbb� b� jZkq_lh\� \j_f_gb� hjb_glZpbhgghc� dhjj_eypbb�

fhe_dme�\��P;�b�F;;:��<j_fy� τ f�baf_gy_lky�ih�ebg_cghfm�aZdhgm�

[_a�hkh[_gghkl_c�\�lhqd_�nZah\h]h�i_j_oh^Z� 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv� fτ �����b� rτ  ����\�IP; 

 
Jbk������L_fi_jZlmjgZy�aZ\bkbfhklv� fτ �����b� rτ �����\�F;;: 
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AgZq_gby� \j_f_gb� hjb_glZpbhgghc� dhjj_eypbb� fhe_dme� @D�

[ueb� jZkkqblZgu� ih� nhjfme_� ������ AgZq_gby� iZjZf_ljh\� ihjy^dZ�

< P 2> �b�< P 4> �^ey��P;�b�F;;:�[ueb�\aylu�ba�ebl_jZlmju� 
L_fi_jZlmjgZy� aZ\bkbfhklv� \j_f_gb� hjb_glZpbhgghc� dhjj_�

eypbb� ^ey� �P;� b� F;;:� ZgZeh]bqgZ� l_fi_jZlmjghc� aZ\bkbfhklb�

iZjZf_ljZ�r .�Ijb�i_j_oh^_�ba�g_fZlbq_kdhc�nZau�\�bahljhigmx�\_�

ebqbgZ� τ r�m\_ebqb\Z_lky�ihqlb�gZ�ihjy^hd��KjZ\g_gb_�ihemq_gguo�

agZq_gbc�\j_f_gb�hjb_glZpbhgghc�dhjj_eypbb�k�^Zggufb�f_lh^h\�

YFJ�b�[jbeexwgh\kdh]h�jZkk_ygby� k\_lZ�^ey�oZjZdl_jguo�\j_f_g�

fhe_dmeyjguo�^\b`_gbc�\�bahljhighc�nZa_� �P;�b�F;;:�ihdZau�

\Z_l�� qlh� wlb� \_ebqbgu�gZoh^ylky� \� ohjhr_f� khhl\_lkl\bb� ^jm]� k�

^jm]hf� 
 

JZa^_e�I I  
 

EBHLJHIGU?�@B>DB?�DJBKL:EEU� 
;BHEH=BQ?KDB?�KLJMDLMJU 

 
 
 

I I ����EBHLJHIGU?�N:AU��EBHF?AHFHJNBAF 
  
 
�����Bklhjby�hldjulby�ebhljhiguo�@D  

 

I_j\u_�gZ[ex^_gby�ebhljhiguo�nZa�hlghkylky�_s_�d�k_j_^bg_�

ijhreh]h� \_dZ�� H[uqgh� kkueZxlky� gZ� ijbhjbl_lgmx� jZ[hlm�

H�E_fZgZ��hlghkysmxky�d������]���b�_]h�`_�–������]��ih�jZkl\hjZf�
dZeb_\h]h�fueZ

* ) . 
<hagbdgh\_gb_� `b^dbo� djbklZeeh\� ijb� jZkl\hj_gbb� [ueh�

hkhagZgh�\���-o�]]��X X �\��Ijhn_kkhj�nbabq_kdh]h�nZdmevl_lZ�F=M�

:g^j_c�;he_keZ\h\bq�Feh^a__\kdbc�b�Zg]ebckdbc�obfbd�FZd�;_g�

–� b^_glbnbpbjh\Zeb� jZaebqgu_� nZau� ^ebgghp_ihq_qguo� dbkehl�
�eZmjZlu�� he_Zlu�b� l�^���� hkgh\u\Zykv�gZ� jZ[hlZo�@hj`Z�Njb^_ey�

ih�deZkkbnbdZpbb�l_jfhljhiguo�`b^dbo�djbklZeeh\��L@D�� 
GZa\Zgb_� ©ebhljhiguc�f_ahfhjnbafª�\\_e�Zg]ebckdbc�obfbd�

Ehmj_gk�\������]��<�hkgh\ghf��bamq_gb_f�ebhljhiguo�nZa�aZgbfZ�

ebkv�obfbdb�–�ki_pbZebklu�ih�dheehb^ghc�obfbb� 
H[t_dlZfb�bo�bamq_gby�[ueb�ih\_joghklgh-Zdlb\gu_�\_s_kl�

\Z��^bki_jkgu_�kbkl_fu��fbp_eeyjgu_�jZkl\hju��<�lZdbo�kbkl_fZo��

dZd� ijZ\beh�� fhe_dmeu� jZkl\hj_ggh]h� \_s_kl\Z� iheyjgu�� ijbq_f�

iheyjgu_� hdhgqZgby� fhe_dme� �gZijbf_j�� ]b^jhnbevgZy� ]jmiiZ�

                                           
*  
��Ih^jh[g__�kf��Khgbg�:�K�����Ba\��:dZ^��gZmd������������� 
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−
�

&2 ��klj_fylky�kh_^bgblvky�k�\h^hc��lh]^Z��dZd�\ky�hklZevgZy�qZklv�

fhe_dmeu� �]b^jhnh[gZy��ba[_]Z_l�dhglZdlZ�k�\h^hc��;ueh�mklZgh\�

e_gh��qlh��jZaebqgu_�ebhljhigu_�nZau��lZdb_�dZd�eZf_eeyjgZy��dh�

ehgqZlZy�� bahljhigZy-fbp_eeyjgZy� � \hagbdZxl� � ba� Zfnbnbevguo�

fhe_dme�� Hkgh\guf� f_oZgbafhf� h[jZah\Zgby� wlbo� nZa� kqblZ_lky�

]b^jhnh[guc�wnn_dl�� 
 
 
�����:fnbnbevgu_�kbkl_fu��Ihke_^h\Zl_evghklv�nZa 
ijb�baf_g_gbb�dhgp_gljZpbb�Zfnbnbevguo�\_s_kl\ 
 

Ijb� baf_g_gbb� dhgp_gljZpbb� Zfnbnbevguo� fhe_dme�� h[eZ�

^Zxsbo�]b^jhnh[gufb�b�]b^jhnbevgufb�qZklyfb��\�\h^_�h[jZam�

_lky� kgZqZeZ� fbp_eeyjgZy� nZaZ�� LZdZy� kbkl_fZ� g_� h[eZ^Z_l� ^\hc�

guf� emq_ij_ehfe_gb_f��Ijb� ^Zevg_cr_f� m\_ebq_gbb� dhgp_gljZ�

pbb�fbp_eeu�kebiZxlky��b�\hagbdZ_l�gh\Zy�]_hf_ljby�–�pbebg^ju�
k�miZdh\dhc�\�\b^_�r_klbm]hevgbdh\��jbk�������Wlh��lZd�gZau\Z_fZy�

]_dkZ]hgZevgZy�nZaZ�� 

                  
 

Jbk������=_dkZ]hgZevgZy�nZaZ Jbk������KehbklZy�eZf_eeyjgZy�nZaZ 
 

 
<� lZdhc� kbkl_f_� bf__lky� ^\hcgh_� emq_ij_ehfe_gb_�� Wlh� lb�

ibqguc�`b^dbc�djbklZee� 
Ijb� ^Zevg_cr_f� m\_ebq_gbb� dhgp_gljZpbb� � \hagbdZxl�

kehbklu_� nZau� k� ^\hcgufb� kehyfb�� kdhevaysbfb� ^jm]�

hlghkbl_evgh�^jm]Z��jbk������ 
Ijb� _s_� [hevr_f� m\_ebq_gbb� dhgp_gljZpbb� \hagbdZxl�� lZd�

gZau\Z_fu_��h[jZlgu_�nZau��jbk�������Ijb�iheghf�bkiZj_gbb�\h^u�

ihemqZ_lky�gZklhysbc�djbklZee� 
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Jbk������H[jZlgZy�nZaZ Jbk������EbihkhfZ��\�g_c�fh`_l�[ulv�
aZrblh�gm`gh_�e_dZjkl\h� 

 
 

Fhedmeu� `bjguo� dbkehl� bf_xl� h^bg� o\hkl� b� fh]ml�

h[jZah\u\Zlv� fbp_eeu��Fhe_dmeu� nhknhebib^h\� �`bjh\�� bf_xl�

^\Z� hdhgqZgby�� H[jZam_fu_� lZdbfb� fhe_dmeZfb� klZ[bevgu_�

iehkdb_� kehb� fh]ml� bf_lv� aZfdgmlmx� kljmdlmjm�� gZau\Z_fmx�

ebihkhfhc��jbk���8 ). 
H^gZdh� ebhljhigu_�nZau� �E@D�� \hagbdZxl� g_� lhevdh� \� jZk�

l\hjZo�Zfnbnbevguo�\_s_kl\��GZijbf_j��h[gZjm`_gh�kms_kl\h\Z�

gb_�ebhljhiguo�nZa�\�jZkl\hjZo�iylbhdbkb�\ZgZ^by�b� ]b^jhhdbkb�

`_e_aZ��\bjmkZ�lZ[Zqghc�fhaZbdb��jZkl\hjZo�>GD�b�JGD��<������]��

EZmkhg� b� NeZml� h[gZjm`beb� kms_kl\h\Zgb_� g_fZlbq_kdbo� ebh�

ljhiguo�f_ahnZa� 
<� ��-_� ]h^u� gZqbgZ_lky� bamq_gb_� ebhljhiguo� f_ahnZa� k� ih�

fhsvx�ljZ^bpbhgguo�nbabq_kdbo�f_lh^h\� 
 
 
�����Kljmdlmjgu_�we_f_glu��ebhf_ahnZa 
�heb]hf_j��fbp_eeZ��dhehgdZ��\bjmk� 
 

<� gZklhys__� \j_fy� kha^ZgZ� deZkkbnbdZpby� ebhljhiguo�f_ah�

nZa� 
<� hkgh\_� wlhc� deZkkbnbdZpbb� e_`bl� ihgylb_� kljmdlmjgh]h�

we_f_glZ��<�l_jfhljhiguo�@D��L@D��lZdhc�ijh[e_fu�g_l�–�kljmd�
lmjguc�we_f_gl�–�fhe_dmeZ��bgh]^Z�ZkkhpbZlu-^bf_ju�� 

<�ebhljhiguo�`b^dbo�djbklZeeZo� kljmdlmjguc� we_f_gl� –  wlh�
dhfie_dku�fhe_dme�–�heb]hf_j��fbp_eeZ��dhehgdZ��\bjmk� 

Ih� kh\j_f_gghc� deZkkbnbdZpbb� kljmdlmjgufb� we_f_glZfb�

ebhljhiguo�nZa�fh]ml�[ulv�ke_^mxsb_� 
 

1 . Heb]hf_j� –� dmkhq_d� \ukhdhfhe_dmeyjghc� fhe_dmeu� g_�
[hevrh]h� \_kZ�b�^ebgu� –� hl� ����^h� ����Å  (dmkhq_d�>GD���

NhjfZ� –� Zgbahf_ljbqgZy��Ijbf_ju� g_hj]Zgbq_kdbo� heb]h�

f_jh\�–�iylbhdbkv�\ZgZ^by��]b^jhhdbkv�`_e_aZ� 
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2 . <bjmk� –� heb]hf_j� >GD� �JGD��� h[\bluc� [_edh\hc� h[hehq�

dhc��<bjmk�lZ[Zqghc�fhaZbdb� �<LF��bf__l�ijbf_jgu_�jZa�

f_ju��^ebgZ��l  ~  3 0 0 0  –  5 0 0 0  Å , ̂bZf_lj�d ~  2 0 0  –  3 0 0 Å . 
3 . DhehgdZ� �©klhidZ�fhg_lª���Wlb� kljmdlmju�h[jZamxlky�ieh�

kdbfb� [hevrbfb� fhe_dmeZfb� �dZd� Zfnbnbevgufb�� lZd� b�

g_Zfnbnbevgufb�� beb� ^bf_jZfb� b� l_ljZf_jZfb�� lh]^Z� dh�

ehgdb�iheu_��Klhidb��dhehgdb��fh]ml�[ulv�ijyfu_�b�dhku_�

�gZdehggu_���jZaf_ju��wlbo�kljmdlmj�hl�khl_g�Å  ^h�g_kdhev�
dbo�fdf� 

4 . Fbp_eeZ�–�dhfiZdlgZy�aZfdgmlZy�kbkl_fZ�ba�Zfnbnbevguo�
fhe_dme��Lbibqgu_�jZaf_ju�–�^_kyldb�Å  (jbk������ 

 

<� jZkl\hj_� kljmdlmjgu_� we_f_glu� [m^ml� \_klb� k_[y� ^\hydbf�

h[jZahf� –� ih\_^_gb_� g_aZ\bkbfh_� ^jm]� hl� ^jm]Z� b� dhjj_ebjh\Zg�
gh_� 

<�i_j\hf�kemqZ_�gbdZdh]h�ljZgkeypbhggh]h�b�hjb_glZpbhggh�

]h�ihjy^dZ�g_l��Khklhygb_�gZau\Z_lky�ij_^f_ahnZahc� 
<h� \lhjhf� kemqZ_� \hagbdZ_l� hjb_glZpbhgguc� beb� ljZgkeypb�

hgguc�ihjy^db�–�wlh�m`_�ebhljhigZy�f_ahnZaZ� 
 

  Z 
 

 
  [ 

 

\
                    ] 

 



 86  

�����^ 

\
                    ] 

 

 
_ 

 
Jbk������Kljmdlmjgu_�we_f_glu�eblhljhiguo�`b^dbo�djbklZeeh\�� 

Z —�dZeZfbq_kdZy�fbp_eeZ��[ —�^bkdhlbq_kdZy�fbp_eeZ��\ §�heb]hf_j��]b^jhhdbkv�

`_e_aZ���]�—�heb]hf_j��iylbhdbkv�\ZgZ^by���^�— �dmkhq_d�\ukhdhfhe_dmeyjghc�
fhe_dmeu��_ — �\bjmk��dmkhd�\ukhdhfhe_dmeyjghc�fhe_dmeu��h[\bluc�[_edh�

\hc�h[hehqdhc�� ~ 3000 5000l − Å , ~ 200 300d − Å  
 
 
���?keb�ljZgkeypbhgguc�ihjy^hd�\�kj_^_�hlkmlkl\m_l��gh�_klv�

lhevdh�hjb_glZpbhgguc��lh�wlh�fh`_l�[ulv�g_fZlbq_kdZy�f_ahnZaZ�

— �eb[h�heb]hf_jgZy��eb[h�\bjmkgZy��eb[h�dhehgqZlZy� 
Fbp_eeyjgu_� g_fZlbq_kdb_�nZau� fh]ml� [ulv� dZeZfbq_kdbfb�

b� ^bkdhlbq_kdbfb�� B� lZ� b� ^jm]Zy� –� h^ghhkgu_� kljmdlmju� �jbk��
6 9 ,Z�[���I_j_oh^�hl�dZeZfbq_kdhc�g_fZlbq_kdhc�nZau�d��^bkdhlbq_�

kdhc� hkms_kl\ey_lky� q_j_a� hilbq_kdb� ^\mohkgmx� kljmdlmjm� �jbk��

7 0 ). 
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Jbk�����Kljmdlmjgu_�we_f_glu�ebhf_ahnZa��lj_ohkgZy�fbp_eeZ 
b�__�ljZgknhjfZpbb�\�^bkdhlbq_kdmx�b�dZeZfbq_kdmx�fbp_eem 

 
 
<� dZeZfbq_kdhc� nZa_� weebikhb^� \jZsZ_lky� \hdjm]� ^ebgghc�

hkb��\�^bkdhlbq_kdhc� �— �\hdjm]�dhjhldhc�hkb��\�^\monZaghc� –�g_�
\jZsZ_lky�\h\k_���Ijbf_j�–�kbkl_fZ�eZmjZl�dZeby�–�^_dZghe�� 

���Ohe_kl_jbq_kdZy�nZaZ� h[jZam_lky� objZevgufb� kljmdlmjgu�

fb� we_f_glZfb�� LZd� heb]hf_jguc� ohe_kl_jbd�— � wlh� \h^guc� jZk�

l\hj�>GD� 
<bjmku�\k_�objZevgu��lZd�dZd�mdeZ^dZ�fhe_dme�[_edh\�ijhbk�

oh^bl�ih�kibjZeb�\�khhl\_lkl\bb�k�aZ^Zxs_c�fhe_dmehc�>GD��Ob�

jZevghklv�jZkl\hjZ�<LF�g_�\_ebdZ� 
DhehgqZlu_� ohe_kl_jbdb� \hagbdZxl� ijb� ^h[Z\e_gbb� Zfbgh�

dbkehl�\�jZkl\hj�ohe_kl_jbq_kdbo�kh_^bg_gbc�� 
Fbp_eeyjgu_� ohe_kl_jbq_kdb_� nZau� lZd`_� ba\_klgu� b� fh]ml�

bg^mpbjh\Zlvky�kibjZevgufb�^h[Z\dZfb� 
���F_ahnZau�k�ljZgkeypbhgghc�kbff_ljb_c�kljhylky�ba�l_o�`_�

kljmdlmjguo�we_f_glh\��gh�ijb�baf_g_gbb�dhgp_gljZpbb��Ijb�\u�

khdbo�dhgp_gljZpbyo�beb�\�hij_^_e_gghf�l_fi_jZlmjghf�bgl_j\Z�

e_�h[jZamxlky�iehkdh�miZdh\Zggu_�]_dkZ]hgZevgu_��jhf[bq_kdb_�b�

l_ljZ]hgZevgu_�kljmdlmju� 
>bkdhlbq_kdb_� kljmdlmjgu_� _^bgbpu� h[jZamxl� eZf_eeyjgu_�

miZdh\db� 
<hafh`gh� kms_kl\h\Zgb_� dm[bq_kdbo� f_ahnZa� beb� lZd� gZau�
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\Z_fuo�kf_dlbdh\�D ��JZaebqZxlky�lj_of_jgu_�`b^dhdjbklZeebq_�

kdb_� kljmdlmju� k� lj_of_jguf� hjb_glZpbhgguf� ihjy^dhf� ba� kn_�

jbq_kdbo�fbp_ee��Z�lZd`_�kbkl_fu�ba�[_kdhg_qguo�pbebg^jh\� �dZ�

eZfbq_kdb_�k�ljZgkeypbhgghc�kbff_ljb_c�� 
Ijbf_g_gb_�nbabq_kdbo�f_lh^h\�d�ebhljhiguf�nZaZf�ihdZaZ�

eh��qlh�[hevrh_�qbkeh�wnn_dlh\��hldjuluo�\�l_jfhljhiguo�nZaZo��

bf__l�f_klh�b�\�E@D��LZd�dhwnnbpb_glu�\yadhklb��dhgklZglu�mi�

jm]hklb�\�E@D�bf_xl�l_�`_�ihjy^db�\_ebqbg��qlh�b�\�l_jfhljhi�

guo�`b^dhdjbklZeebq_kdbo�nZaZo� 
Wlh�iha\hey_l�k^_eZlv�hkgh\ghc�\u\h^��qlh�g_kfhljy�gZ�jZaeb�

qb_� \� obfbq_kdhc� ijbjh^_� jZaebqguo� ebhljhiguo� `b^dbo� djb�

klZeeh\�b� agZqbl_evgh_�hlebqb_�bo�hl�l_jfhljhiguo�`b^dbo�djb�

klZeeh\� ijbjh^Z� kbe�� ijb\h^ysbo� d� hjb_glZpbhgghfm� mihjy^hq_�

gbx��ih�\b^bfhfm��\_a^_�h^bgZdh\Z� 
 
 
�����IZjZf_lju�ihjy^dZ�^ey�fbp_eyjghc�ebhljhighc�nZau 
 
IZjZf_lj�ihjy^dZ�^ey�ebhljhighc�f_ahnZau�fh`_l�[ulv�hij_�

^_e_g�ih�ke_^mxs_c�ko_f_��jbk����� 

        
 

Jbk�����IZjZf_lju�ihjy^dZ�^ey�fbp_eeyjghc�nZau 
 
>ey� hij_^_e_gby� iZjZf_ljZ� ihjy^dZ� _^bgbpu� h[t_fZ� kj_^u�

\\h^ylky�ke_^mxsb_�\_dlhju�� n  — �^bj_dlhj��hij_^_eyxsbc�mih�

jy^hq_gb_� kj_^u�� \_dlhj� m� hij_^_ey_l� \u^_e_ggh_� gZijZ\e_gb_�

kljmdlmjgh]h�we_f_glZ��\_dlhj�a �k\yaZg�k�hl^_evghc�fhe_dmehc� 
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<�ebhljhiguo�kbkl_fZo�jZkkfZljb\Zxlky���iZjZf_ljZ�ihjy^dZ� 
 
1 . S — � mihjy^hq_gb_� fhe_dme� hlghkbl_evgh� ^bj_dlhjZ Q  

( )2 3cosS p ϑ= . 

2 . 
F

S  — �mihjy^hq_gb_�fhe_dme�hlghkbl_evgh�hkb�kljmdlmjgh�

]h�we_f_glZ� ( )2 2cos
F

S p ϑ= . 

3 . SS  — � mihjy^hq_gb_� kljmdlmjguo� we_f_glh\� hlghkbl_evgh�

^bj_dlhjZ� ( )2 1cosSS p ϑ= . 

A^_kv� 2p  — �ihebghf�E_`Zg^jZ�\lhjh]h�ihjy^dZ� �kj_^g__�ih�hjb�

_glZpbyf�� 
?keb�nmgdpby� jZkij_^_e_gby� bf__l� pbebg^jbq_kdmx� kbff_l�

jbx��b�_keb�hjb_glZpby�hk_c�fhe_dme�hlghkbl_evgh�hk_c�kljmdlmj�

guo� we_f_glh\� klZlbklbq_kdb�g_� aZ\bkbl� hl� hjb_glZpbb� kljmdlmj�

guo�we_f_glh\�hlghkbl_evgh�^bj_dlhjZ��lh�kijZ\_^eb\h�ke_^mxs__�

khhlghr_gb_�^ey�nmgdpbc�hjb_glZpbhggh]h�jZkij_^_e_gby� 

( ) ( ) ( )3 3 1 1 2 2f f fϑ ϑ ϑ= , 

]^_� ( )3 3f ϑ  — � nmgdpby� jZkij_^_e_gby� fhe_dme� hlghkbl_evgh� ^b�

j_dlhjZ� 

( )2 2f ϑ  — � nmgdpby� jZkij_^_e_gby� fhe_dme� hlghkbl_evgh� \u�

^_e_gguo�hk_c�kljmdlmjguo�we_f_glh\� 

( )1 1f ϑ  — � nmgdpby� jZkij_^_e_gby� kljmdlmjguo� we_f_glh\� hl�

ghkbl_evgh�^bj_dlhjZ��Nmgdpby�jZkij_^_e_gby�bf__l�pbebg^jbq_�

kdmx�kbff_ljbx��Fh`gh�ihdZaZlv
∗
���qlh�iZjZf_lj�ihjy^dZ� 

( ) ( )2 1 2 2cos cos
F 6

S S S p pϑ ϑ= = .   (3 6 ) 

F
S  — �fhe_dmeyjguc�iZjZf_lj�ihjy^dZ�\�kljmdlmjghf�we_f_g�

l_� 

SS  — �fbp_eeyjguc�iZjZf_lj�ihjy^dZ� 

S — �iZjZf_lj�ihjy^dZ�\�kj_^_�\_^_l�k_[y�lbibqgh�^ey�l_jfh�

ljhiguo�`b^dbo� djbklZeeh\�� lhevdh� bf__l� kms_kl\_ggh�f_gvrb_�

agZq_gby�ih�\_ebqbg_��jbk������ 

                                           
∗)  Khgbg�:�K�����Ba\��:dZ^��gZmd������������� 
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Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv��iZjZf_ljh\�ihjy^dZ�ebhljhighc�

fbp_eeyjghc�nZau 
 

L_fi_jZlmjgZy� aZ\bkbfhklv� MS � ihdZau\Z_l�� qlh� k� jhklhf�

l_fi_jZlmju� mihjy^hq_gghklv� fhe_dme� \� fbp_ee_� jZkl_l�� Z� aZl_f�

j_adh�iZ^Z_l� 
 

�����Jhev�jZkl\hjbl_ey�\�h[jZah\Zgbb�f_ahnZa 
 

Hkgh\ghc�ijh[e_fhc�\�nbabd_�ebhljhiguo�`b^dbo�djbklZeeh\�

�\ijhq_f��lZd�`_��dZd�b�l_jfhljhiguo���hklZ_lky�\hijhk�h�ijbqbgZo�

\hagbdgh\_gby�mihjy^hq_gguo�kljmdlmj��h�k\hckl\Zo�gbadhfhe_dm-
eyjguo�b�\ukhdhfhe_dmeyjguo�f_ahnZa��\dexqZy�[bheh]bq_kdb_� 

Ebhljhigu_� `d� kbkl_fu�� dZd� ijZ\beh�� khklhyl� ba� [hevrbo�

fhe_dme� kh� keh`ghc� kljmdlmjhc� b� � kh� keh`guf� jZkij_^_e_gb_f�

aZjy^h\� gZ� bo� ih\_joghklyo�� dZd� ijZ\beh�� \� \h^guo� jZkl\hjZo��

kh^_j`Zsbo�_s_�b�ijhklu_�bhgu� 
<� ihke_^g__� \j_fy� ihy\bebkv� l_hjbb�� iha\heyxsb_�

jZkkqblu\Zlv� jZ\gh\_kgu_� ebhljhigu_� f_ahnZau�� GZijbf_j��

jZkkqblu\Zebkv� kljmdlmju� _^bgbqguo� fbp_ee� \� fbp_eeyjguo�

kbkl_fZo�� djblbq_kdZy� dhgp_gljZpby� fbp_eehh[jZah\Zgby� b�

Z]j_]Zlgh_� qbkeh� \� aZ\bkbfhklb� hl� ^ebgu� Zevdbevghc� p_ihqdb�

Zfnbnbevghc�fhe_dmeu�b�hl�bhgghc�kbeu�jZkl\hjZ��<�wlhf�kemqZ_�

hkgh\ghc� ijbqbghc� h[jZah\Zgby� fbp_eeyjghc� nZau� y\ey_lky�

]b^jhnh[guc� wnn_dl� –� k� jhklhf� ^ebgu� Zedbevghc� p_ihqdb�

djblbq_kdZy� dhgp_gljZpby� fbp_eehh[jZah\Zgby� �DDF�� iZ^Z_l�� Z�

Z]j_]Zlgh_�qbkeh���N ��jZkl_l��jbk������ 
Jhklm�fbp_ee�ij_iylkl\m_l�hllZedb\Zgb_�iheyjguo�hdhgqZgbc�

fhe_dme�� M\_ebq_gb_� ^ebgu� p_ihq_d� m\_ebqb\Z_l� wnn_dl�

]b^jhnh[gh]h� ijbly`_gby� �� GZebqb_� we_dljheblZ� ijb\h^bl� d�

wdjZgbjh\Zgbx� aZjy^h\� gZ� iheyjguo� ]jmiiZo�� b� \hajZklZgbx�

]b^jhnh[gh]h�ijbly`_gby� 
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Jbk������JZkq_lgu_�aZ\bkbfhklb�DDF��Z��b�N  ([��hl�^ebgu�Zedbevghc�p_ihqdb���
n   ̂ ey�fhe_dmeu�:nB 3��]^_�: �KG2�beb�KG3��<�–�iheyjgZy�qZklv�k�_^bgbqguf�

aZjy^hf� 1 — �[_a�we_dljheblZ��2 — �k�we_dljheblhf��k� ����F��
* )  

 
<h� \k_o� ebhljhiguo� `b^dbo� djbklZeeZo� hq_gv� \Z`gZ� jhev�

jZkl\hjbl_ey��Lbi�f_ahnZau�aZ\bkbl�hl�ijbjh^u�jZkl\hjbl_ey��lZd�

dZd� jZkl\hjbl_ev� ³kljhbl´� f_ahnZam�� <� kyab� k� wlbf� hq_gv� \Z`gZ�

jhev� ih\_joghklb� jZa^_eZ� kj_^� f_`^m� kljmdlmjguf� we_f_glhf� b�

jZkl\hjbl_e_f� 
<� dZq_kl\_� ijbf_jZ� fh`gh� jZkkfhlj_lv� i_j_oh^� hl� \h^gh]h�

jZkl\hjZ� >GD� �kibjZevgu_� fhe_dmeu� –� ohe_kl_jbq_kdZy�

ebhljhigZy� f_ahnZaZ�� d� jZkl\hjm� >GD� \� ihebwlbe_g� ]ebdhe_�� <�

ihke_^g_f� kemqZ_� lZd`_� \hagbdZ_l� � ebhljhigZy� f_ahnZaZ�� lhevdh�

fhe_dmeu� >GD� [m^ml� dhgp_gljbjh\Zlvky� \� [he__� djmiguo�

h[eZklyo�� ?keb� ih^\_j]gmlv� ihemq_gguc� jZkl\hj� ihebf_jbaZpbb��

lh�\�j_amevlZl_�ihemqblky�lZd`_�ebhljhigZy�nZaZ�lhevdh�k�l\_j^uf�

jZkl\hjbl_e_f��Ih�deZkkbnbdZpbb��ijbgylhc�\�dheehb^ghc�obfbb��

wlh� [m^_l� kbkl_fZ� k� l\_j^hc� ^bki_jkghc� kj_^hc� b� `b^dhc�

^bki_jkghc� kj_^hc��D� wlhfm�deZkkm�fh]ml�[ulv�hlg_k_gu�hiZeu� –  
fbg_jZeu�k�`b^dbfb�\dexq_gbyfb� 

 
�����G_dhlhju_�nbabq_kdb_�k\hckl\Z�ebhljhiguo 
`b^dbo�djbklZeeh\ 
 
Ijbf_g_gb_�nbabq_kdbo�f_lh^h\�d�ebhljhiguf�nZaZf�ihdZaZ�

eh��qlh�[hevrh_�qbkeh�wnn_dlh\��hldjuluo�\�l_jfhljhiguo�nZaZo��

bf__l�f_klh�b�\�E@D��LZd��dhwnnbpb_glu�\yadhklb��dhgklZglu�mi�

jm]hklb�\�E@D�bf_xl�l_�`_�ihjy^db�\_ebqbg��qlh�\�l_jfhljhiguo�

`b^dhdjbklZeebq_kdbo�nZaZo� 

                                           
*  )  B ohm er M . e t a l // J .P h y s.C h em . 1 9 9 1 . 
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Wlh�iha\hey_l�k^_eZlv�hkgh\ghc�\u\h^��qlh�g_kfhljy�gZ�jZaeb�

qb_� \� obfbq_kdhc� ijbjh^_� jZaebqguo� ebhljhiguo� `b^dbo� djb�

klZeeh\�b� agZqbl_evgh_�hlebqb_�bo�hl�l_jfhljhiguo�`b^dbo�djb�

klZeeh\� ijbjh^Z� kbe�� ijb\h^ysbo� d� hjb_glZpbhgghfm� mihjy^hq_�

gbx��ih-\b^bfhfm��\_a^_�h^bgZdh\Z�  
Nbabq_kdb_� k\hckl\Z� ebhljhiguo� b� l_jfhljhiguo� f_ahnZa�

bf_xl�fgh]h�h[s_]h� 
;ueb� gZc^_gu� i_j_oh^u� Nj_^_jbdkZ� \� ieZgZjghf� keh_�

ebhljhigh]h� g_fZlbq_kdh]h� `b^dh]h� djbklZeeZ� k� iheh`bl_evghc�

^bZfZ]gblghc�Zgbahljhib_c�� �>∆χ ��jbk� 7 4 ). 
L_hj_lbq_kdb� [ueh� ihdZaZgh�� qlh� ijb� 11 22 3,3k k > � i_j_oh^�

Nj_^_jbdkZ� ^he`_g� khijh\h`^Zlvky� \hagbdgh\_gb_f�

klZpbhgZjguo� i_jbh^bq_kdbo� kljmdlmj� –� ^hf_gh\�� AZl_f�

wdki_jbf_gZevgh�wlhl�wnn_dl�ih^l\_j^beky�gZ�g_dhlhjuo�kbkl_fZo�

�gZijbf_j�� γ -[_gabe- / -]emlZfZl��� ;ueZ� baf_j_gZ� \_ebqbgZ�

dhgklZglu�mijm]hklb� 7
11 1,6 10k ^bg−= ⋅  \�kbkl_f_�C sP F O -H2O ��p_abc�

i_jnlhjdbkehjh^��� 
<�^jm]bo�ebhljhiguo�kbkl_fZo�ihjy^hd�\_ebqbgu� iik �ijbf_j�

gh� lhl� `_�� qlh� b� m� l_jfhljhiguo� `b^dbo� djbklZeeh\� �F;;:��
6~10 ^− bg� 

  
Z��������������������������������������������������������[ 

 
Jbk������Z�— �aZ\bkbfhklv�m]eZ�ih\hjhlZ�iehkdhklb�iheyjbaZpbb�k\_lZ�hl�\_ebqb�
gu�ijbeh`_ggh]h�gZijy`_gby��[ — �i_j_oh^�Nj_^_jbdkZ�\�kbkl_f_�PBLG-[_gahe� 

cH  —  djblbq_kdZy�gZijy`_gghklv�fZ]gblgh]h�ihey�� 0L  — �rZ]�ohe_kl_jbq_kdhc�

kibjZeb�\�hlkmlkl\b_�ihey�� L  — �rZ]�kibjZeb�\�H -ihe_ 
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II �����;BHEH=BQ?KDB?�KLJMDLMJU�� 
DE?LHQGU?�F?F;J:GU��KHKL:<�DJH<B 
 
�����Kljh_gb_�de_lhqghc�f_f[jZgu 
 
De_ldb�� [bheh]bq_kdb_� f_f[jZgu� –� h[jZah\Zgu� ^\hcgufb�

kehyfb��khklZ\e_ggufb�ba�nhknhebib^h\��\gmljb�dhlhjuo�\fhglb�

jh\Zgu� ]eh[meyjgu_� [_edb� �jbk������ F_f[jZggu_� [_edb� fh]ml�

ijbfudZlv�d�[bkehx��ih]jm`Zlvky�\�g_]h�beb�ijhgbau\Zlv�_]h�gZ�

kd\hav�� <� de_lhqguo� f_f[jZgZo� \klj_qZxlky� lukyqb� jZaebqguo�

[_edh\��G_dhlhju_�ba�gbo�^_ckl\mxl�dZd�i_j_ghkqbdb��ljZgkihjlb�

jmy� q_j_a�f_f[jZgm� l_�beb�bgu_� \_s_kl\Z��Ij_^iheZ]Z_lky�� qlh� \�

[_edh\uo�fhe_dmeZo�bf_xlky�]b^jhnbevgu_�dZgZeu�beb�ihju��Wlb�

ihju�ijhgbau\Zxl�f_f[jZgm��lZd��qlh�ih�gbf�kd\hav�f_f[jZgm�fh�

]ml�ijhoh^blv�iheyjgu_�fhe_dmeu��<�f_f[jZgZo� kh^_j`Zlky�n_j�

f_glgu_� [_edb�� ki_pbnbq_kdb_� j_p_ilhju�� i_j_ghkqbdb� we_dljh�

gh\��ij_h[jZah\Zl_eb�wg_j]bb��mqZkl\mxsb_�\�nhlhkbgl_a_�b�^uoZ�

gbb�� b� l�i�� =ebdhabevgu_� ]jmiiu� –� jZa\_l\e_ggu_� heb]hkZoZjb^�
gu_�p_ib��gZihfbgZxsb_�Zgl_ggu��fh]ml�[ulv�ijbkh_^bg_gu�eb[h�

d�ebib^m� �\�fhe_dme_�]ebdhebib^Z���eb[h�d�[_edm�\�fhe_dme_�]eb�

dhijhl_bgZ� 

 
 
 

Jbk�����Ko_fZlbq_kdh_�bah[jZ`_gb_�de_lhqghc�f_f[jZgu�k�\kljh_ggufb 
]eh[meyjgufb�[_edZfb 

 
Nmgdpby� ©Zgl_ggª� k\yaZgZ� k� jZkihagZ\Zgb_f� \g_rgbo� kb]gZ�

eh\�� dhlhju_� \Z`gu� ^ey� de_lhd��gZijbf_j��^ey� k\yau\Zgby�^jm]� k�

^jm]hf�b�kp_ie_gby�de_lhd��JZkihagZ\Zgb_�iha\hey_l�de_ldZf�ijZ�

\bevgh�hjb_glbjh\Zlvky�b�h[jZah\u\Zlv�ldZgb���>\hcghc�nhknheb�

ib^guc� kehc� f_f[jZgu� –�`b^dhdjbklZeebq_kdZy� kehbklZy� i_jbh�
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^bq_kdZy� kljmdlmjZ� �^ebggu_� fhe_dmeyjgu_� o\hklu� \� f_f[jZg_�

gZoh^ylky� \�g_mihjy^hq_gghf� khklhygbb�� �jbk������LhesbgZ� wlh]h�

kehy�khklZ\ey_l�ijbf_jgh��-��gf�\�aZ\bkbfhklb�hl�lbih\�ijbkmlkl�
\mxsbo�\�g_f�`bjguo�dbkehl��G_iheyjgu_�o\hklu�ebib^guo�fh�

e_dme� h[jZs_gu� ^jm]� d� ^jm]m�� Z� iheyjgu_� ]heh\db� hklZxlky� kgZ�

jm`b�[bkehy��h[jZamy�\gmlj_ggxx�b�gZjm`gmx�]b^jhnbevgu_�ih�

\_joghklb��Fhe_dmeu�nhknhebib^h\�fh]ml�k\h[h^gh�i_j_f_sZlvky�

\^hev� ih\_joghklb� f_f[jZgu�� hklZ\Zykv� \� ij_^_eZo� k\h_]h� kehy�

�kdhjhklv� ~1fdf kV ��� Ih^\b`ghklv� ebib^h\� aZ\bkbl� hl� hlghkb�

l_evgh]h�kh^_j`Zgby�b�lbiZ�g_gZkus_gguo�`bjguo�dbkehl��M]e_�

\h^hjh^gZy�ijbjh^Z�`bjghdbkeuo�p_i_c�khh[sZ_l�f_f[jZg_�k\hc�

kl\Z��oZjZdl_jgu_�^ey�fZk_e��ijbq_f�kl_i_gv�[ebahklb�f_f[jZgu�d�

fZkeZf��beb�__�l_dmq_klv�ijb�^Zgghc�l_fi_jZlmj_�aZ\bkbl�hl�lh]h��

gZkdhevdh� iehlgh� miZdh\Zgu� p_ib�� Dh]^Z� kbeu� kp_ie_gby� f_`^m�

p_iyfb�fZdkbfZevgu�� h[jZam_lky� djbklZeebq_kdZy�nZaZ��?keb� kha�

^Zxlky� lZdb_� mkeh\by�� dh]^Z� wlb� kbeu� hkeZ[e_gu� b� \� lh`_� \j_fy�

khojZgy_lky�mihjy^hq_ggZy� kljmdlmjZ��f_f[jZgZ�[m^_l�gZoh^blvky�

\� `b^dhdjbklZeebq_kdhf� khklhygbb� �kf_dlbq_kdbc� `b^dbc� djb�

klZee�lbiZ�:���I_j_oh^�f_`^m�wlbfb�^\mfy�khklhygbyfb�\�f_f[jZ�

gZo�[hevrbgkl\Z�de_lhd�hkms_kl\ey_lky�\�l_fi_jZlmjghf�bgl_j\Z�

e_�hl����^h����
0
K�\�aZ\bkbfhklb�hl�ebib^gh]h�khklZ\Z� 

Ijb�djbklZeebaZpbb�f_f[jZgZ�jZ[hlZlv�g_�fh`_l� 
Ijbf_j�–�wjbljhpblu��F_f[jZgZ�wjbljhpblh\�khklhbl�ba�^\mo�

keh_\�k�jZaebqguf�fhe_dmeyjguf�khklZ\hf� �mijm]hklv�keh_\��ijh�

lb\h^_ckl\mxsZy�ba]b[m�f_f[jZgu��^ey�dZ`^h]h�kehy��jZaebqgZ�� 
?keb�jZkkqblu\Zlv�wg_j]_lbq_kdb_�aZljZlu�gZ�ba]b[�kf_dlbq_�

kdbo� keh_\� f_f[jZg�� lh� hdZau\Z_lky�� qlh� ijb� jZaghklb� ^Z\e_gbc�

f_`^m� \gmlj_gg_c� b� gZjm`ghc� klhjhgZfb� de_lhqghc� f_f[jZgu 
wjbljhpblZ�_c�\u]h^g__�ijbh[j_klb�\h]gmlmx�nhjfm �jbk������  

Ijhqghklv�[bheh]bq_kdbo�ldZg_c�h[mkeh\e_gZ�k[hjdhc�ba�[_e�

dh\uo� ihebf_jguo� fhe_dme� \� mihjy^hq_gghf� `b^dhdjbklZeebq_�

kdhf� khklhygbb�� F_f[jZgZ� hkms_kl\ey_l� ijhp_kku� obfbq_kdh]h�

kbgl_aZ� \Z`guo� ^ey�`bagb� fhe_dme��@b^dhdjbklZeebq_kdZy� f_f�

[jZgZ� hjb_glbjm_l� fhe_dmeu� dZlZebaZlhjh\� �n_jf_glh\��� h[_ki_�

qb\Zy�gm`gmx�]_hf_ljbx�bo�\aZbfh^_ckl\by�k�fhe_dmeZfb�ijb�j_�

Zdpbb� �ih\ur_gb_� kdhjhklb� j_Zdpbb� b� ba[bjZl_evghklb� fhe_dme�

ih� hlghr_gbx� d�iZjlg_jZf�ih� j_Zdpbb���Wdki_jbf_glu�ihdZaZeb��

qlh�j_Zdpby��ijh\h^bfZy�\�kehbklhf�ebhljhighf�`b^dhf�djbklZe�

e_��reZ�\�����jZa�[uklj__��q_f�\�h[uqghf�jZkl\hj_��I_j_ghk� e�b� i  
q_j_a�f_f[jZgm�b^_l�\�ijbkmlkl\bb�kbevgh]h�we_dljbq_kdh]h�ihey�

�i_j_oh^� obfbq_kdhc� wg_j]bb� \� we_dljbq_kdmx��� We_dljbq_kdh_�

ihe_�–�kbkl_fZ��^habjmxsZy�gm`gh_�dhebq_kl\h�wg_j]bb�^ey�h[jZ�
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ah\Zgby�obfbq_kdbo�k\ya_c��Kbgl_a�fhe_dmeu�Z^_ghabgljbnhknZlZ�

�:LN��iha\hey_l�i_j_^Z\Zlv�wg_j]bx�fhe_dme�:LN�gZ�gm`^u�de_l�

db� 

 
 

Jbk�����Wjbljhpblu�\�khkm^Zo��dZibeeyjZo���R B C  –  R ed  b lo o d  ce lls )* )  
 

De_ldb�fh]ml�bf_lv�jZaf_ju�hl���fdf�^h���f� 
<g_rgyy� f_f[jZgZ� –� we_dljbq_kdbc� baheylhj� de_ldb��<� y^j_�

gZoh^blky� aZiZk� ]_g_lbq_kdhc� bgnhjfZpbb�� Fblhohg^jbb�� gZoh�

^ysb_ky�\gmljb�de_ldb��ij_h[jZamxl�wg_j]bx�ibs_\uo�\_s_kl\�\�

[bheh]bq_kdb� ihe_agmx� nhjfm�� jb[hkhfu� –� ijhba\h^yl� kbgl_a�
[_edh\uo�fhe_dme� 

                                           
*  )  Nhlh]jZnby�[ueZ�ex[_agh�ij_^hklZ\e_gZ�:�<��Ijb_a`_\uf� 
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Wg_j]by�\�de_ldm�ihklmiZ_l� aZ�kq_l�hdbke_gby�fhe_dme�ibs_�

\uo� ijh^mdlh\� ijb� de_lhqghf� ^uoZgbb� ij_h[jZam_lky� \� wg_j]bx�

obfbq_kdbo�k\ya_c�nhknZlguo�]jmii�:LN��jbk������ 
 

 

 

 
Jbk�����Ko_fZ�de_ldb�k�\gmljbde_lhqgufb�hj]Zg_eeZ�
fb��Z����ko_fZ�ijhp_kkZ�ibghpblhaZ��aZo\ZlZ�b�mgbqlh�

`_gby�de_ldhc�bghjh^g_c�qZklbpu���[) 

 
Jbk������NhknZlgZy�
]jmiiZ� fhe_dmeu�
:LN 

 
 

<�ijhp_kk_�hdbke_gby�\_s_kl\h�l_jy_l�we_dljhgu�b�^_ckl\m_l�

ijb�wlhf�\�dZq_kl\_�\hkklZgZ\eb\Zxs_]h�Z]_glZ��<�`b\uo�kbkl_fZo�

^hghjZfb� we_dljhgh\� y\eyxlky� Zlhfu� \h^hjh^Z� hj]Zgbq_kdbo�fh�

e_dme��:dp_ilhj�we_dljhgh\�–�dbkehjh^� �hdbkebl_ev���Hdbkebl_ev�

gh-\hkklZgh\bl_evguc�ijhp_kk�ijhbkoh^bl�ih�ko_f_� 
 

1 2 1OX red red OX+ ⇔ + . 
 

Baf_g_gb_�W>K�de_ldb�ghkbl�gZa\Zgb_�red o x  —�ihl_gpbZe� 
 
 
�����KhklZ\�djh\b 
 
<� �� ]jZff_� djh\b� kh^_j`blky� a 95 10⋅ � wjbljhpblh\� b� a 65 10⋅  

e_cdhpblh\��<� p_evghc� djh\b� wjbljhpblu� khklZ\eyxl� �����Wjbl�

jhpblu�gZ�����khklhyl�ba�]_fh]eh[bgZ�–�[_edZ�k�fhe_dmeyjguf�\_�
khf� ������� Wjbljhpblu� ij_iylkl\mxl� ^bnnmabb� ]_fh]eh[bgZ� ba�

djh\_ghkgh]h�jmkeZ��De_ldb�wjbljhpblh\�`b\ml�ijbf_jgh�����–  1 2 0  
^g_c� 

<yadhklv�djh\b� � ~
djh\b [_edh\

cη . 400 500imZa≈ ÷ ��hij_^_ey_lky��\�

hkgh\ghf��dhgp_gljZpb_c�kh^_j`Zsboky�\�g_c�[_edh\� 
Ih^\b`ghklv�f_f[jZg�wjbljhpblh\�k\yaZgZ�k�\g_rgbfb�iZjZ�

f_ljZfb��gZijbf_j� pH : 
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1 )  ijb�baf_g_gbb�pH �\hagbdZxl�h[jZlbfu_�baf_g_gby�nhjfu�

wjbljhpblh\� 
2 )  \� lh� `_� \j_fy�� baf_g_gby� wjbljhpblh\� ijhbkoh^yl� \� j_�

amevlZl_�klZj_gby�djh\b� 
Q_j_a� ��qZkh\�ihke_�ihemq_gby� k\_`_c�djh\b�\�ijh[bjd_�\ha�

gbdZxl�l��g���wobghpblu� 
<� djh\b� �[_a� iZlheh]bb�� \� ghjfZevguo� mkeh\byo� \hagbdZxl�

ebg_cgu_�Z]j_]Zlu��©fhg_lgu_�klhe[bdbª�–  ro u leau x ). 
Ijb� ghjfZevguo� nbabheh]bq_kdbo� mkeh\byo� \� gZlb\guo� h[�

jZapZo�\hagbdZ_l�k_lqZlZy�kljmdlmjZ��g_l�ba[uldZ�nb[jbgh]_gZ�� 
<� hj]Zgbaf_� djh\v� ih^\b`gZ�� ihwlhfm� k_lqZlZy� kljmdlmjZ� g_�

h[jZam_lky�� gZ[ex^Zxlky� ebg_cgu_� Z]j_]Zlu�� Ijb� mf_gvr_gbb�

�km`_gbb��dZibeeyjh\�k^\b]h\u_�gZijy`_gby�klZgh\ylky�[hevr_�b�

Z]j_]Zlu�jZajmrZxlky� 
<hafh`gh�lZd`_�h[jZah\Zgb_�ebg_cguo�Z]j_]Zlh\��ljm^gh�jZa�

[b\Z_fuo��Ijb�iZlheh]bb�Z]j_]Zpby�mkbeb\Z_lky��\hagbdZxl�k]mkl�

db��krb\dZ�k�ihfhsvx�nb[jbgh]_gZ�b�]eh[mebgZ���:]j_]Zpby�–�wlh�
g_aZ\bkbfuc�hl�ljhf[hh[jZah\Zgby�ijhp_kk� 

<�h[jZapu�djh\b�^h[Z\ey_lky� ]_iZjbg� �klZ[bebaZlhj���ij_iyl�

kl\mxsbc� k\_jlu\Zgbx� djh\b� �ljhf[hh[jZah\Zgbx���Ljhf[hpblu�

— � kbkl_fZ� ]_fhklZaZ� �krb\dZ� f_`^m� fhe_dmeZfb��� Ljhf[u –� wlh�
kde_cdZ�wjbljhpblh\�`]mlZfb�nb[jbgh]_gZ� 

Ijb� \hagbdgh\_gbb� k]mkldh\� ijhbkoh^bl� m\_ebq_gb_� KHW�

�kdhjhklb� hkZ`^_gby� wjbljhpblh\��� GZjy^m� k� iZjZf_ljhf� KHW�

\Z`ghc� oZjZdl_jbklbdhc� wjbljhpblh\� y\ey_lky� bo� kihkh[ghklv� d�

^_nhjfbjh\Zgbx�� Mf_gvr_gb_� ^_nhjfbjm_fhklb� k\yaZgh� k� \ha�

gbdgh\_gb_f�iZlheh]bq_kdbo�ijhp_kkh\�\�hj]Zgbaf_
* ) . 

?keb� k\_`Zy� djh\v� ih^\_j]gmlZ� p_gljbnm]bjh\Zgbx� ijb� g_�

[hevrbo� kdhjhklyo�� e_cdhpblu� b� wjbljhpblu� \uiZ^Zxl� \� hkZ^hd��

GZ^hkZ^hqgZy�`b^dhklv�— �wlh�ieZafZ�djh\b��HgZ�khklhbl�ba�ku\h�

jhldb�b� kihkh[gh]h� d� k\_jlu\Zgbx� hkh[h]h�[_edZ� –�nb[jbgh]_gZ��
h[jZamxs_]h� iZehqdhh[jZagu_� kljmdlmju�� <� ���� fe� ieZafu� kh�

^_j`blky�hdheh���]�[_edZ��\�lhf�qbke_���]�Zev[mfbgZ�b���]�]eh[meb�

gh\��^jm]b_�[_edb�ij_^klZ\e_gu�\�hq_gv�fZeuo�dhebq_kl\Zo� 

Ku\hjhldZ� khklhbl�ba� [_edh\�b� we_dljheblh\��KmffZjgZy�fh�

eyjgZy� dhgp_gljZpby� ku\hjhldb� hij_^_ey_lky�� \� hkgh\ghf�� we_d�

ljheblhf� 
Ku\hjhldZ�kh^_j`bl�[_edh\u_�njZdpbb�–�Zev[mfbg� a������.��

�����–�]eh[mebgu��ijb�wlhf�bffmgheh]bq_kdb�agZqbfh]h�[_edZ�–��-
]eh[mebgZ�a�����lZ[ebpZ���� 

                                           
*  )  EhiZlbg�<�G���Ijb_a`_\�:�<��b�^j��F_lh^u�k\_lhjZkk_ygby�\�ZgZeba_�

[bheh]bq_kdbo�kj_^��2 0 0 4 . 
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:ev[mfbg� –� mgb\_jkZevguc� ljZgkihjl_j� ijh^mdlh\� h[f_gZ��
=eh[mebgh\Zy� njZdpby� khklhbl� ba� g_kdhevdbo� ]_l_jh]_gguo� dhf�

ihg_glh\��d�dhlhjuf�hlghkblky��-]eh[mebgh\Zy�njZdpby�–�njZdpby�
Zglbl_e�� 

 
 

LZ[ebpZ����Dhfihg_glu�ku\hjhldb�djh\b�b�bo�nmgdpbb 
 

Dhfihg_glu Nmgdpbb 
<h^Z�(90 -92%  
hl�h[t_fZ�ieZafu� 

Hkgh\ghc�dhfihg_gl�djh\b�b�ebfnu��G_h[�

oh^bfZ� ^ey�`bag_^_yl_evghklb� de_lhd�� JZa�

ghkbl�ih�l_em�jZkl\hj_ggu_�\�g_c�\_s_kl\Z��

Kihkh[kl\m_l� ih^^_j`Zgbx� djh\ygh]h� ^Z\�

e_gby�b�h[t_fZ�djh\b�\�hj]Zgbaf_� 

;_edb�ieZafu (7 -���__�h[t_fZ� 
Ku\hjhlhqgu_� Zev[m�

fbgu� �56 ,5— 66 ,8%  
[_edh\� 

Kh^_j`Zlky� \� hq_gv� [hevrhf� dhebq_kl\_��

K\yau\Zxl�b�ljZgkihjlbjmxl�dZevpbc��Kbg�

l_abjmxlky� \�i_q_gb��H[mkeh\eb\Zxl� hkfh�

lbq_kdbc�ihl_gpbZe�djh\b� 

Ku\hjhlhqgu_�]eh[mebgu (33 ,2—������[_edh\�: 

α -]eh[mebgu 
(9 ,9—������[_edh\� 

Kbgl_abjmxlky� \� i_q_gb�� K\yau\Zxl� b�

ljZgkihjlbjmxl�]hjfhg�lbjhdkbg��ebib^u�b�

`bjhjZkl\hjbfu_�\blZfbgu��A , D , E�b�K ). 
β -]eh[mebgu 
(7 ,3—������[_edh\� 
 

Kbgl_abjmxlky� \� i_q_gb�� K\yau\Zxl� b�

ljZgkihjlbjmxl� `_e_ah�� ohe_kl_jhe� b� `b�

jhjZkl\hjbfu_�\blZfbgu��A , D , E�b�K ). 

γ -]eh[mebgu 

(12 ,9—������[_edh\� 
 

Y\eyxlky� Zglbl_eZfb��Kbgl_abjmxlky� ebf�

nhpblZfb��MqZkl\mxl�\�bffmgghf�hl\_l_� 

Ijhljhf[bg MqZkl\m_l�\�k\_jlu\Zgbb�djh\b� 
Nb[jbgh]_g 
(0 ,2— 0,4%  [_edh\� 

Kbgl_abjm_lky� \� i_q_gb��MqZkl\m_l� \� k\_j�

lu\Zgbb�djh\b� 

N_jf_glu MqZkl\mxl�\�f_lZ[hebq_kdbo�ijhp_kkZo� 

Fbg_jZevgu_�bhgu 

+Na , +K , 2+Ca , 
2+Mg , Cl− , 3HCO− , 

2 4H PO− , 2
4HPO − , 

3
4PO − , 2

4SO −  

<� kh\hdmighklb� mqZkl\mxl� \� j_]meypbb� hk�

fhlbq_kdh]h�ihl_gpbZeZ�b� S+ �djh\b��Djhf_�

lh]h�� hgb� hkms_kl\eyxl� b� ^jm]b_� jZaghh[�

jZagu_�nmgdpbb��gZijbf_j� +�
&D �fh`_l�mqZ�

kl\h\Zlv�\�k\_jlu\Zgbb�djh\b� 

 
�<�lZ[ebp_���mdZaZgu�dhfihg_glu��dhgp_gljZpby�dhlhjuo�ih^^_j`b\Z_lky�

gZ�ihklhygghf�mjh\g_�� 
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Ijb�jZks_ie_gbb�[_edh\�h[jZamxlky�Zfbghdbkehlu� 
Ijb�jZks_ie_gbb�`bjh\�–�`bjgu_�dbkehlu�b�]ebp_jbg��Iheb�

kZoZjb^u� ij_h[jZamxlky� \� fhghkZoZjb^u�� <k_� wlh� ihklmiZ_l� \�

djh\v�� ]^_� k� ihfhsvx� [bhobfbq_kdbo� j_Zdpbc� h[jZam_lky� Z^_gZ�

abgljbnhknhjgZy� dbkehlZ� �:LN���>Zevg_crZy� j_Zdpby� wlh� ij_h[�

jZah\Zgb_�:LN�\�nhknhjgmx�dbkehlm�����\u^_e_gb_�wg_j]bb� 
 
 
I I ����H;J:AH<:GB?�IJ?>F?AHN:AU�<�J:KL<HJ:O 
;?EDH<�IJB�G:EBQBB�BHGH<�LY@?EUO�F?L:EEH< 

 
<�ijbjh^_�\klj_qZxlky�ljb�deZkkZ�fZdjhfhe_dme�— �ihebkZoZ�

jb^u��[_edb�b�gmde_bgh\u_�dbkehlu� 
KljmdlmjZ�djmiguo�fhe_dme�bf__l�h[sbc�ijbagZd�— �hgb�ih�

kljh_gu� ba� ^ebgguo� p_i_c�� ih\lhjyxsboky� _^bgbp� k� fbgbfZev�

guf�qbkehf�ihi_j_qguo�k\ya_c� 
Hkh[uc�bgl_j_k�^ey�nbabdb�dhg^_gkbjh\Zgguo�kj_^�ij_^klZ\�

eyxl�kh[hc�lZdb_�h[t_dlu��dZd�fZdjhfhe_dmeu�[_edh\�b�[bhiheb�

f_jh\�� Ijb� hij_^_e_gguo� dhgp_gljZpbyo� [_edZ� \� jZkl\hjZo� hgb�

klZgh\ylky� � ih^h[gufb� `b^dhdjbklZeebq_kdbf� kj_^Zf� �l�g�� ebh�

ljhigu_�`b^db_�djbklZeeu���Djhf_�lh]h��bf_xlky�^\Z�hq_gv�oZjZd�

l_jguo�b�bgl_j_kguo�k�lhqdb�aj_gby�nbabdb�fhe_dme�k\hckl\Z�[_e�

dh\��^_eZxsbo�bo�mgbdZevgufb�h[t_dlZfb�^ey�bkke_^h\Zgby�k�ih�

fhsvx�f_lh^h\��fhe_dmeyjghc�hilbdb� 
���Ih\_joghklv�[_edh\hc�fhe_dmeu�y\ey_lky�aZjy`_gghc��ijb�

q_f�fh`gh�baf_gylv�__�aZjy^�\�rbjhdbo�ij_^_eZo��qlh�h[mkeZ\eb�

\Z_l� lZd`_� gZebqb_� [hevrh]h� ^bihevgh]h�fhf_glZ� [_edZ� ihjy^dZ�

g_kdhevdbo�khl�'� 
���JZaf_ju�b�fZkkZ�[_edh\hc�fZdjhfhe_dmeu��\�hlebqb_�hl�ih�

ebf_jghc��kljh]h�hij_^_e_gu��^ey�^Zggh]h�\b^Z�[_edZ� 
;eZ]h^Zjy�wlbf�hkh[_gghklyf�kms_kl\m_l�kbevgh_�we_dljhklZ�

lbq_kdh_� \aZbfh^_ckl\b_� f_`^m� fhe_dmeZfb� iheyjgh]h� jZkl\hjb�

l_ey�b�aZjy`_ggufb�ih\_joghklgufb�]jmiiZfb�[_edZ��qlh��\�k\hx�

hq_j_^v��\eby_l�gZ�oZjZdl_j�[jhmgh\kdhc�^bgZfbdb�fhe_dme� 
 
�����KhklZ\�b�kljh_gb_�[_edh\uo�fhe_dme 
 
;_edb� ij_^klZ\eyxl� kh[hc� ]jmiim� jZaghh[jZaguo� kh_^bg_gbc�

[hevrh]h� fhe_dmeyjgh]h� \_kZ�� h[t_^bgy_fuo� h^gbf� h[sbf� ijb�

agZdhf�— �gZebqb_f�\�bo�bhe_dme_�ihebi_ilb^gh]h�hklh\Z� 
I_ilb^�— �wlh�kh_^bg_gb_��h[jZamxs__ky�\�j_amevlZl_�j_Zdpbb�

g_kdhevdbo� Zfbghdbkehl�� ?keb� p_ihqdZ� ^ebggZy�� hgZ� gZau\Z_lky�

ihebi_ilb^� 
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<� [_ed_� p_ihqdZ� ^ebggZy� b� ihke_^h\Zl_evghklv� Zfbghdbkehl�

ki_pbnbq_kdb�hij_^_e_ggZy� 
QZklv�Zfbghdbkehl��dhlhjZy�\oh^bl�\�khklZ\�ihebi_ilb^Z�beb�

[_edZ��gZau\Z_lky�Zfbghdbkehlguf�hklZldhf��:fbgh]jmiiZ�kh^_j�

`bl�N -dhgp_\mx�]jmiim��dZj[hdkbevgZy�— �K-]jmiim� 
Fhe_dmeyjgZy�fZkku�fZdjhfhe_dmeu� [_edZ�fh`_l� khklZ\eylv�

hl� � ���� ^h�fbeebhgh\� _^bgbp��Kljmdlmjgufb� we_f_glZfb� [_edh�
\uo�fhe_dme�y\eyxlky�Zfbghdbkehlu�� 

:fbghdbkehlZfb� gZau\Zxlky� \_s_kl\Z�� kh^_j`Zsb_� ih� djZc�

g_c�f_j_�h^gm�dZj[hdkbevgmx�]jmiim�b�h^gm�Zfbgh]jmiim��<�[_e�

dh\uo� fhe_dmeZo� \klj_qZxlky� hdheh� ��� Zfbghdbkehl�� hlebqZx�

sboky�^jm]�hl�^jm]Z�ih�kljh_gbx�5-]jmii��beb�[hdh\uo�p_i_c��dh�
lhju_�fh]ml�[ulv�]b^jhnbevgufb�beb�]b^jhnh[gufb��hkgh\gufb�

��dbkeufb�beb�g_cljZevgufb�� 
 
Ijbf_ju�Zfbghdbkehlguo�hklZldh\� 
 

 
 
<�[_edh\uo�fhe_dmeZo�Zfbghdbkehlu�jZkiheZ]Zxlky�lZd��qlh�

dhg_p� h^ghc� Zfbghdbkehlu� k\yaZg� k� gZqZehf� ^jm]hc� i_ilb^ghc�

k\yavx��dhlhjZy�h[jZam_lky�\�j_amevlZl_�\u^_e_gby�fhe_dmeu�\h^u�

ba� dZj[hdkbevghc� ]jmiiu� h^ghc� Zfbghdbkehlu� b� Zfbgh]jmiiu�

^jm]hc��LZdbf� h[jZahf� \hagbdZxl� i_ilb^gu_� p_ib�� khklhysb_� ba�

Zfbghdbkehlguo� a\_gv_\�� Qbkeh� b� oZjZdl_j� q_j_^h\Zgby� wlbo�

a\_gv_\�hij_^_ey_l�l�g��i_j\bqgmx�kljmdlmjm�[_edZ�� 
AZ� kq_l� h[jZah\Zgby� \gmljbp_ihq_qguo� \h^hjh^guo� k\ya_c�

i_ilb^gZy� p_iv� ijbh[j_l_l� kibjZevgmx� dhgnb]mjZpbx�� dhlhjZy�

y\ey_lky�gZb[he__� wg_j]_lbq_kdb�\u]h^ghc��LZdbf�h[jZahf�\hagb�

dZ_l�\lhjbqgZy�kljmdlmjZ�[_edZ��l�g��α - �kibjZev� 
R -]jmiiu� Zfbghdbkehl� gZijZ\e_gu� gZjm`m� hl� kibjZevgh]h�

hklh\Z� i_ilb^ghc� p_ib��F_`^m� jZaghbf_ggh� aZjy`_ggufb� ]jmi�
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iZfb�jZaguo� a\_gv_\��m^Ze_gguo�^jm]�hl�^jm]Z� �beb�f_`^m�]b^jh�

nh[gufb� [hdh\ufb� a\_gvyfb��� fh]ml� \hagbdZlv� ba[bjZl_evgu_�

\aZbfh^_ckl\by�� Hgb� ijb\h^yl� d� ba]b[m� �kdeZ^u\Zgbx�� p_i_c��

ijbq_f� �\[ebab�kdeZ^hd� α -kibjZevgZy�kljmdlmjZ�gZjmrZ_lky��MiZ�

dh\dZ�p_i_c�\�[_edh\hc�fhe_dme_�ghkbl�gZa\Zgb_�lj_lbqghc�kljmd�

lmju� 
LZdbf� kihkh[hf� h[jZamxlky� dhfiZdlgu_�� iehlghmiZdh\Zggu_�

fZdjhfhe_dmeu�� hlghkysb_ky� d� deZkkm� ]eh[meyjguo� [_edh\� �jbk��

7 9 ). 
H[s_ijbgylZy� ko_fZ� kljh_gby� ]eh[meyjguo� [_edh\�� baeh`_g�

gZy�\ur_��[ueZ�ij_^eh`_gZ�Ebg^_jrlj_fhf�b�EZg]hf�� 
<lhjhc� hkgh\ghc� deZkk� ih� dhgnhjfZpbb� khklZ\eyxl�nb[jbe�

eyjgu_� [_edb�� \� dhlhjuo� ihebi_ilb^gu_� p_ib�� jZkiheZ]Zykv� iZ�

jZee_evgh�^jm]�^jm]m��h[jZamxl�^ebggu_�\hehdgZ� �nb[jbeeu��beb�

kehb��jbk������ 
GZ� jbk���� ijb\_^_gu� ko_fu� fhe_dmeyjgh]h� kljh_gby� [_edh\�

Zev[mfbgZ�b��-]eh[mebgZ��<b^gh��qlh�fhe_dmeZ�ku\hjhlhqgh]h�Zev�
[mfbgZ� bf__l� [he__� dhfiZdlgmx� ihebf_jgmx� kljmdlmjm� ih� kjZ\�

g_gbx�k�fhe_dmehc��-]eh[mebgZ��Fhe_dmeZ��-]eh[mebgZ�khklhbl�ba�
ljzo�hkgh\guo�iehlgh�k\zjgmluo�kibjZevguo�kljmdlmj� 

 
������������������������������Z����������������������������������������������[ 

Jbk������KljmdlmjZ�hkgh\guo�[_edh\�ku\hjhldb�djh\b� 
Z –�Zev[mfbg���[ –�]ZffZ-]eh[mebg 

 
Ku\hjhlhqgu_� Zev[mfbgu�� \uihegyxsb_� \� hj]Zgbaf_� ljZgk�

ihjlgmx�nmgdpbx��hlghkylky�d�]eh[meyjguf�[_edZf��Hgb�ohjhrh�

jZkl\hjyxlky� \� \h^_� b� e_]dh� ^bnnmg^bjmxl��Fhe_dmeyjguc� \_k�

q_eh\_q_kdh]h� ku\hjhlhqgh]h� Zev[mfbgZ� khklZ\ey_l�hdheh� ��� �����

=b^jh^bgZfbq_kdh_� ih\_^_gb_� lZdbo� fhe_dme� hibku\Z_lky� fh^_�

evx� `_kldh]h� weebikhb^Z� \jZs_gby� ^ebghc� ���� Zg]klj_f� b� ^bZ�
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f_ljhf����Zg]klj_f� 
;bhobfbq_kdb_� bkke_^h\Zgby� ihdZaZeb�� qlh� q_eh\_q_kdbc� ku�

\hjhlhqguc� Zev[mfbg� khklhbl� ba� h^ghc� ihebi_ilb^ghc� p_ib�� kh�

^_j`Zs_c�hdheh�����Zfbghdbkehlguo�hklZldh\��GZ�hkgh\Zgbb�^Zg�

guo�ih�lbljh\Zgbx�[_edZ�[ue�k^_eZg�\u\h^�h�lhf��qlh�[hevrbgkl�

\h�bhgbabjm_fuo�]jmii�gZoh^blky�gZ�ih\_joghklb�[_edh\hc�]eh[m�

eu��Wlh�ij_^iheh`_gb_� kh]eZkm_lky� k�^Zggufb�j_gl]_ghkljmdlmj�

gh]h� ZgZebaZ�� Wlb� ]jmiiu� ijb^Zxl� ih\_joghklb� [_edZ� iheh`b�

l_evguc� beb� hljbpZl_evguc� aZjy^�� Bahwe_dljbq_kdbc� �l�_�� we_d�

ljbq_kdb� g_cljZevguc�� Zev[mfbg� kh^_j`bl� ijb[ebabl_evgh� klh�

iZj�iheh`bl_evguo�b�hljbpZl_evguo� aZjy^h\��JZkij_^_e_gb_�wlbo�

aZjy^h\�ih�ih\_joghklb�[_edZ�^Z_l�\�blh]_�Zkbff_ljbq_kdbc�aZjy^��

dhlhjuc�fh`gh�ij_^klZ\blv�dZd�^bihev��bf_xsbc�gZdehg�ijbf_j�

gh� ��
0  
� d� ^ebgghc� hkb� fhe_dmeu�� JZkklhygb_� f_`^m� _]h� iheh`b�

l_evguf� b� hljbpZl_evguf� aZjy^Zfb� jZ\gh� ���� Zg]klj_f�� LZdbf�

h[jZahf�� ^bihevguc� fhf_gl� fhe_dmeu� q_eh\_q_kdh]h�

ku\hjhlhqgh]h� Zev[mfbgZ� khklZ\ey_l� hdheh� ���� _^bgbp� >_[Zy���

AgZq_gby�^bihevguo�fhf_glh\�fhe_dme�^jm]bo�[_edh\�lh`_�\_kvfZ�

\_ebdb�� gZijbf_j�� ^ey� [uqv_]h� ku\hjhlhqgh]h� Zev[mfbgZ�

^bihevguc�fhf_gl� khklZ\ey_l�hdheh� ����'��^ey�ybqgh]h�— �hdheh�

2 5 0  D . =ZffZ-]eh[mebg��bffmgheh]bq_kdb�agZqbfuc�[_ehd�\uihegy_l�
\� hj]Zgbaf_� aZsblgmx� nmgdpbx��Fhe_dmeyjguc� \_k� �-]eh[mebgZ�
khklZ\ey_l�hdheh��������>Z. 

 

 
 

Jbk�������KljmdlmjZ�fhe_dmeu�dheeZ]_gZ 
 
 

DheeZ]_g��jbk������y\ey_lky�h^gbf�ba�kZfuo�jZkijhkljZg_gguo�
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[_edh\��\oh^ysbo�\�khklZ\�`b\uo�hj]Zgbafh\��\�lhf�qbke_�hg�y\ey�

_lky� hkgh\hc� lZdbo� ldZg_c�� dZd� dh`Z�� dhklb�� kmoh`beby�� h[jZam_l�

kl_gdb�djh\_ghkguo�khkm^h\��Z�lZd`_�kh_^bgbl_evgu_�f_f[jZgu� 
 
3 .���<aZbfh^_ckl\b_�[_edh\uo�fZdjhfhe_dme 
��������k�bhgZfb�ly`_euo�f_lZeeh\ 
 
<aZbfh^_ckl\b_�[_edh\uo�fZdjhfhe_dme�\�jZkl\hj_�hij_^_ey�

_lky�we_dljhklZlbq_kdbfb�kbeZfb��\hagbdZxsbfb�f_`^m�aZjy^Zfb�

fZdjhbhgh\�b�gZoh^ysbfbky� \�bo�hdj_klghklb� aZjy^Zfb�gbadhfh�

e_dmeyjguo� bhgh\�� H[sZy� dhgp_gljZpby� bhgh\� \� jZkl\hj_� ghkbl�

gZa\Zgb_�bhgghc�kbeu�µ . 
Hkh[_ggh�bgl_j_kguf�y\ey_lky�bamq_gb_�\ebygby�gZ�jZkl\hju�

[_edh\�bhgh\�f_lZeeh\� 
<� q_eh\_q_kdhf�hj]Zgbaf_�jZaebqgu_�f_lZeeu�b]jZxl� \_kvfZ�

\Z`gmx�jhev��Hkgh\gufb�ba�gbo�y\eyxlky�gZljbc��dZebc��dZevpbc��

fZ]gbc�� kh^_j`Zsb_ky� \� q_eh\_q_kdhf� l_e_� \� dhebq_kl\_� hl� ^_ky�

luo�^he_c�ijhp_glZ�^h�g_kdhevdbo�ijhp_glh\��LZdb_�f_lZeeu��dZd�

dh[Zevl��fheb[^_g��pbgd�b�^j���ijbkmlkl\mxl�\�hj]Zgbaf_�\�]hjZa^h�

f_gvrbo� dhgp_gljZpbyo�� b� kms_kl\mxl� \� k\yaZgghf� khklhygbb� k�

n_jf_glZfb��bo�kh\hdmigh_�kh^_j`Zgb_�khklZ\ey_l�f_g__�ijhp_glZ�

�lZ[e������<�[hevrbo�dhebq_kl\Zo�fgh]b_�ba�wlbo�f_lZeeh\�y\eyxl�

ky� lhdkbqgufb��G_dhlhju_�ba� ly`_euo�f_lZeeh\�y\eyxlky� kbevgh�

lhdkbqgufb� ^Z`_� \� hq_gv� fZeuo� dhgp_gljZpbyo� �f_g__� ��

fdfhev�e) .  
LZ[ebpZ�� 

 

F_lZee Khklhygb_ 
\�hj]Zgbaf_ 

Kh^_j`Zgb_��\�]jZffZo��gZ����d]�

fZkku�q_eh\_q_kdh]h�l_eZ 
N a  k\h[h^gh_ 70  
K  k\h[h^gh_ 250  

M g  qZklbqgh�k\h[h^gh_ 42  
C a qZklbqgh�k\h[h^gh_ 1700  
M n  k\yaZggh_ < 1  
F e  k\yaZggh_ 7  
C o  k\yaZggh_ < 1  
C u  k\yaZggh_ < 1  
M o  k\yaZggh_ < 1  
Z n  k\yaZggh_ < 1  
 

KjZ\gbl_evgh�g_^Z\gh
*
��[ueh�h[gZjm`_gh��qlh�[_edh\u_�fZd�

                                           
*  )  P etrova  G .P . a t a l. // G en . P h y s. an d  B io p h y s.,1 9 9 8 ; <_klg. F=M�� ������

������D\Zglh\Zy�we_dljhgbdZ������� 
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jhfhe_dmeu��Zev[mfbgu��ijb�hij_^_e_gguo�mkeh\byo��gZijbf_j��\�

ijbkmlkl\bb� bhgh\� jZaebqguo� ly`_euo�f_lZeeh\�� h[jZamxl� gZgh�

kljmdlmju��ijb� wlhf�djhf_�fhe_dme�ijhl_bgZ�\�jZkl\hjZo�ihy\ey�

xlky�bo�Z]j_]Zlu�–�^bihevgu_�deZkl_ju��F_lh^hfb�klZlbq_kdh]h�b�

^bgZfbq_kdh]h�k\_lhjZkk_ygby��iheyjbaZpbb�nemhj_kp_gpbb��we_d�

ljhggh]h� iZjZfZ]gblgh]h� j_ahgZgkZ� �WIJ�� [ueh� h[gZjm`_gh�� qlh�

ijb� \aZbfh^_ckl\bb� [_edh\� �;K:�� q_eh\_q_kdh]h� ku\hjhlhqgh]h�

Zev[mfbgZ��ybqgh]h�b�fhehqgh]h�Zev[mfbgh\��\�\h^guo�jZkl\hjZo�

ijb�^h[Z\e_gbb�khe_c�ly`_euo�f_lZeeh\��lZdbo��dZd�dZ^fbc��f_^v��

k\bg_p�� Z� lZd`_� s_ehqguo� f_lZeeh\�� bhgu� dhlhjuo� h[eZ^Zxl�

[hevrbfb� bhggufb� jZ^bmkZfb��� p_abc�� jm[b^bc��� \hagbdZxl�

fhe_dmeyjgu_� Z]j_]Zlu��� gZghqZklbpu�� jZaf_ju� dhlhjuo� gZ� ih�

jy^hd� b� [he__� ij_\urZxl�fhe_dmeyjgmx�fZkkm� [_edZ��:gZeh]bq�

gu_�wnn_dlu�[ueb�h[gZjm`_gu�lZd`_�ijb�\aZbfh^_ckl\bb�\Z`gh�

]h�^ey�hj]ZgbafZ�[_edZ� �-]eh[mebgZ� � \� \h^guo�jZkl\hjZo� �jbk�8 1 –
8 3 ). 

 

 
 
 

Jbk������AZ\bkbfhklv�fZkku�jZkk_b\Zxsbo�qZklbp�\�jZkl\hj_�γ-]eh[mebgZ�\�
ijbkmlkl\bb�bhgh\�k\bgpZ�hl�jG�jZkl\hjZ�b�bhgghc�kbeu 

 
 
 

>ey�jZkl\hjZ� γ- � ]eh[mebgZ�fZkkZ�jZkk_b\Zxsbo�qZklbp� lZd`_�

m\_ebqb\Z_lky�ijbf_jgh�gZ�^\Z�ihjy^dZ�\�ijbkmlkl\bb�kheb�ly`z�

eh]h�f_lZeeZ�b� __� aZ\bkbfhklv�hl�ih\_joghklgh]h� aZjy^Z�gZ�[_ed_�

ijbgbfZ_l� g_ebg_cguc� oZjZdl_j� b� bf__l� fZdkbfmf� \� h[eZklb��

[ebadhc�d�bahwe_dljbq_kdhc�lhqd_��AZf_lbf��qlh�ijb�fZehc�bhgghc�

kbe_��� ��������fZkkZ�ijbf_jgh�\����jZa�ij_\urZ_l�fhe_dmeyjgmx�

fZkkm�qbklh]h��-]eh[mebgZ�� 
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Jbk�����AZ\bkbfhklv�fZkku�jZkk_b\Zxsbo�qZklbp�\�jZkl\hj_�ku\hjhlhqgh]h�

Zev[mfbgZ��;K:���kh^_j`Zs_]h�bhgu�k\bgpZ 
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Jbk������AZ\bkbfhklv�fZkku�jZkk_b\Zxsbo�qZklbp�M �hl�jG (Z��^ey�jZkl\hjZ�

ybqgh]h�Zev[mfbgZ��E g g��\�qbklhc�\h^_�����b�\�ijbkmlkl\bb�kheb�
P b (C H3C O O )2· 3 H22�ijb�bhgghc�kbe_�µ� ���������fhev�e���� 
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Wlh�iha\hey_l�k^_eZlv�ij_^iheh`_gb_�h[�h[jZah\Zgbb�gZghkl�

jmdlmj� –� deZkl_jh\�� kh^_j`Zsbo� [he__� ^_kylb� fhe_dme� [_edZ�� K�

m\_ebq_gb_f�bhgghc�kbeu�fZkkZ�deZkl_jh\�jZklzl� 
K[eb`_gbx� fZdjhfhe_dme� Zev[mfbgh\�� bf_xsbo� ijb� g_c�

ljZevguo� S+� aZjy^� q , ijbf_jgh� jZ\guc� ��� we_dljhklZlbq_kdbf�
_^bgbpZf�� ij_iylkl\m_l� bo� \aZbfgh_� dmehgh\kdh_� hllZedb\Zgb_� \�

khhl\_lkl\bb�k�nhjfmehc� 
2

qq
q

E
lε

= .                                                (3 7 ) 

Ba�jZkq_lgh]h�]jZnbdZ��jbk������\b^gh��qlh�ijb�aZjy^_�ih\_jo�

ghklb�[_edZ��jZ\ghf����we_dljhklZlbq_kdbf�_^bgbpZf��wg_j]by�dm�

ehgh\kdh]h� \aZbfh^_ckl\by� � ?q q� hdZau\Z_lky� gZ� ihjy^hd� [hevr_�

l_ieh\hc�ijb�jZkklhygbb�f_`^m�fZdjhfhe_dmeZfb�a����Å . 
 

 
 

Jbk������Hlghkbl_evgZy�wg_j]by�aZjy^-aZjy^h\uo�\aZbfh^_ckl\bc�[bhihebf_�
jh\�\�\h^guo�jZkl\hjZo��GZ�]jZnbdZo�mdZaZgu��jZkklhygby�f_`^m�fZdjhfhe_�

dmeZfb�\�Zg]klj_fZo��Ö� 
 
 

K\yav�\h^u�k�aZjy`_ggufb�bhgZfb�hij_^_ey_lky�khhlghr_gb�

_f�f_`^m�we_dljhklZlbq_kdhc�wg_j]b_c�\aZbfh^_ckl\by�bhgZ�k�^b�

ihevghc�fhe_dmehc�\h^u�Ep q��dhlhjZy�aZ\bkbl�hl�bhggh]h�jZ^bmkZ��

b�l_ieh\hc�wg_j]b_c���kT  : 
2 2

4
0

1

12
w

pq

q p
E

kTrπε
= .                                               (3 8 ) 
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A^_kv�Ep q — �we_dljhklZlbq_kdZy�wg_j]by�\aZbfh^_ckl\by�bhg�–�fh�
e_dmeZ�\h^u��q — �iheyjbaZpbhgguc� aZjy^�bhgZ�ly`_eh]h�f_lZeeZ�����

j
w  

 — �^bihevguc�fhf_gl�fhe_dmeu�\h^u�� r
o
 — �jZkklhygb_�f_`^m�

p_gljZfb�bhgZ�b�fhe_dmeu�\h^u��hij_^_ey_fh_�jZ^bmkhf�bhgZ��e—  
^bwe_dljbq_kdZy�ijhgbpZ_fhklv�\h^u��≈ 8 0 ). 

KjZ\g_gb_�hlghkbl_evghc�wg_j]bb�\aZbfh^_ckl\by�aZjy`_ggh�

]h�bhgZ�b�^bihevghc�fhe_dmeu�\h^u�k�l_ieh\hc�wg_j]b_c�ihdZau�

\Z_l��qlh�bhgu� �f_lZeeh\��h[eZ^Zxsbo�[hevrbfb�bhggufb�jZ^bm�

kZfb� �gZijbf_j��bhggu_�jZ^bmku�jm[b^by� 5E+ � � �b�p_aby� �KV+ � kh�
klZ\eyxl��khhl\_lkl\_ggh���∼1 ,5 0  Å  b��∼1 ,7  Å ),  [m^ml�kjZ\gbl_evgh�
keZ[h� m^_j`b\Zlv� � ]b^jZlgmx� h[hehqdm�� ihwlhfm� gZ� ih\_joghklb�

[_edZ�hgb�fh]ml�h[jZah\u\Zlv��lZd�gZau\Z_fuc��dmehgh\kdbc�dhf�

ie_dk��kh_^bgb\rbkv�k�hljbpZl_evguf�ijhlb\hbhghf�gZ�fZdjhfh�

e_dme_��Ihwlhfm�ijhp_kku�Z^khj[pbb��ly`_euo�bhgh\���5E+  b�KV+ �b�
e_]dh]h�1D+ �gZ�ih\_joghklb�[_edZ�[m^ml�kms_kl\_ggh�jZaebqZlvky� 

?keb�wg_j]by�\aZbfh^_ckl\by�Ep q <  kT��lh�gZ�ih\_joghklb�bhgZ�
\h^Z�g_�[m^_l�m^_j`b\Zlvky��<�j_amevlZl_�bhgu��h[jZamxsb_�we_d�

ljhklZlbq_kdb_� iZju� gZ� � [_ed_�� iheghklvx� dhfi_gkbjmxl� _]h� ih�

\_joghklguc�aZjy^� 
 

 
 

Jbk������Hlghkbl_evgZy�wg_j]by�^bihev-^bihevguo�\aZbfh^_ckl\bc�[bhiheb�
f_jh\�\�\h^guo�jZkl\hjZo��A^_kv�S�— �^bihevguc�fhf_gl�fZdjhfhe_dmeu 
\�^_[Zyo��'���O�—  jZkklhygb_�f_`^m�fZdjhfhe_dmeZfb�\�Zg]klj_fZo��Ö� 
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OZjZdl_j� \aZbfh^_ckl\by� fZdjhfhe_dme� ijhl_bgh\� \� wlhf�

kemqZ_�[m^_l� hij_^_eylvky� \� hkgh\ghf� kbeZfb�^bihev-^bihevgh]h�
\aZbfh^_ckl\by�� Wg_j]by� ^bihev-^bihevgh]h� \aZbfh^_ckl\by� fh�
e_dme�[_edZ�hij_^_ey_lky�khhlghr_gb_f� 

E
p

kTl
pp =

4

66πε .                                               (3 9 ) 

A^_kv� j — � ^bihevguc� fhf_gl� fZdjhfhe_dmeu�� l  — � jZkklhygb_�

gZb[hevr_]h�k[eb`_gby�^bihe_c��Ijb�k[eb`_gbb�^bihe_c�gZ�jZk�

klhygb_� �hdheh����Ö�wg_j]by�?p p�fh`_l�ij_\urZlv�l_ieh\mx�wg_j�

]bx�kT�ihqlb�\�����jZa��jbk������ 
;_edh\u_�fhe_dmeu�fh]ml�k[ebablvky�gZ�ij_^_evgh�fZeu_�jZk�

klhygby� ^jm]� hl� ^jm]Z�� h[jZamy� fZdjhfhe_dmeyjguc� dhfie_dk� —  
deZkl_j��FZdkbfZevgZy� �fZkkZ�F�jZkk_b\Zxsbo�qZklbp��deZkl_jh\��

fh`_l�gZ�^\Z�ihjy^dZ�ij_\urZlv�khhl\_lkl\mxsmx�fhe_dmeyjgmx�

fZkkm�[_edZ��jbk������ 
 

 
Jbk������Ko_fZ��beexkljbjmxsZy�\aZbfh^_ckl\b_�bhgh\�k�fZeuf�b�[hevrbf�

bhggufb�jZ^bmkZfb��Z�lZd`_�h[jZah\Zgby�^bihevgh]h�deZkl_jZ 
�ij_^f_ahnZau)  
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K� m\_ebq_gb_f� kmffZjgh]h� �hljbpZl_evgh]h�beb�iheh`bl_ev�

gh]h��aZjy^Z�gZ�[_ed_�dmehgh\kdb_�kbeu��hllZedb\Zgby�\hajZklZxl��

b� deZkl_ju� jZajmrZxlky�� ijbq_f� wnn_dlb\gZy� fZkkZ� jZkk_b\Zx�

sbo�qZklbp�ijb[eb`Z_lky�d�\_ebqbg_�fhe_dmeyjghc�fZkku�[_edZ� 
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