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Jhkkbb�b�[eb`g_]h�aZjm[_`vy��H[s__�qbkeh�ijbkeZgguo�l_abkh\�^hdeZ^h\�gZ�k_dpbb�khklZ\beh�

�����Ke_^m_l�lZd`_�hlf_lblv�dZd�\ukhdbc�mjh\_gv�kh^_j`Zgby�kZfbo�^hdeZ^h\��lZd�b�ij_djZk�

gh_�hnhjfe_gb_�[hevrbgkl\Z�ba�gbo��Ih�wlbf�ihdZaZl_eyf�dhgn_j_gpby�©Ehfhghkh\-����ª�gb�
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>ey� [hevrbgkl\Z� mqZklgbdh\� dhgn_j_gpby� ©Ehfhghkh\-2004» —� wlh� i_j\h_� \�`bagb�
\uklmie_gb_� \� lZdhf� ojZf_� gZmdb� dZd� Fhkdh\kdbc� mgb\_jkbl_l� b� hgh� aZihfgblky� gZ� \kx�

`bagv��Ijhc^_l� kh\k_f�g_fgh]h�\j_f_gb�b�fu�m\b^bf�bf_gZ�mqZklgbdh\� wlh]h�fheh^_`gh]h�

gZmqgh]h�nhjmfZ�kj_^b�Z\lhjh\�yjdbo�klZl_c�\�\_^msbo�gZmqguo�`mjgZeZo��Z�\ihke_^kl\bb�b�

kj_^b�eZmj_Zlh\�jZaebqguo�ij_klb`guo�ij_fbc�aZ�^hklb`_gby�\�gZmd_� 
<� gZklhys_f� k[hjgbd_� ij_^klZ\e_gu�� kbkl_fZlbabjh\Zggu_� ih� ih^k_dpbyf�� l_abku�

^hdeZ^h\�ih�k_dpbb�©NbabdZª� 
 

Ij_^k_^Zl_ev�hj]dhfbl_lZ�k_dpbb�©NbabdZª 
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KH<J?F?GGU?�IJH;E?FU�G:MDB�H�IHEBF?J:O 

:dZ^_fbd�J:G�:�J��Ohoeh\� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<\_^_gb_ 
>he]h_� \j_fy� obfbq_kdZy� ijhfure_gghklv� bgl_j_kh\ZeZkv� ihebf_jZfb� ]eZ\�

guf�h[jZahf�k�p_evx�kha^Zgby�gh\uo�dhgkljmdpbhgguo�fZl_jbZeh\��ieZklfZkku��j_ab�
gu��\hehdgZ��b�l�^����>\Z�^_kylbe_lby�gZaZ^�p_glj�ly`_klb�bkke_^h\Zgbc�i_j_f_klbeky�
gZ�nmgdpbhgZevgu_�ihebf_ju� �kmi_jZ[khj[_glu��f_f[jZgu��Z^]_ab\u�b�l�^����<�^_\y�
ghkluo� ]h^Zo� mq_gu_� b� ki_pbZebklu� \� h[eZklb� obfbq_kdhc� ijhfure_gghklb� gZqZeb�
h[km`^Zlv� ©mfgu_ª�ihebf_jgu_�kbkl_fu� �gZijbf_j�fy]db_�fZgbimeylhju��ihebf_j�
gu_�kbkl_fu�^ey�mijZ\ey_fh]h�\u^_e_gby�Zdlb\gh]h�\_s_kl\Z��ihebf_ju�k�\ujZ`_g�
guf�hldebdhf�gZ�\g_rgb_�ihey�b�l�^����h[sbc�kfuke�wlh]h�l_jfbgZ�aZdexqZ_lky�\�lhf��
qlh�nmgdpbb��\uihegy_fu_�ihebf_jZfb��klZgh\ylky�[he__�lhgdbfb�b�jZaghh[jZagufb�
>�������@��Bkke_^h\Zgb_�ihebf_jguo�kbkl_f�kh�\k_�[he__�keh`gufb�nmgdpbyfb��g_kh�
fg_ggh��[m^_l�\�qbke_�]eZ\guo�gZijZ\e_gbc�gZmdb�h�ihebf_jZo�\����\_d_� 

H^bg�ba�kihkh[h\�ihemq_gby�gh\uo�ihebf_jh\�^ey�\uiheg_gby�keh`guo�nmgd�
pbc�k\yaZg�k�kbgl_ahf�gh\uo�fhghf_jh\�k�lZdhc�obfbq_kdhc�kljmdlmjhc��dhlhjZy�j_Z�
ebam_l�lj_[m_fmx�nmgdpbx��H^gZdh��ihl_gpbZe�wlh]h�ih^oh^Z�h]jZgbq_g��ihkdhevdm�\�
wlhf� kemqZ_� keh`ghklv� b� jZaghh[jZab_� nmgdpbc� ihebf_jZ� h[_ki_qb\Zxlky� djZcg_c 
keh`ghklvx�kljmdlmju�fhghf_jguo�_^bgbp��hj]Zgbq_kdbc�kbgl_a�dhlhjuo�klZgh\blky�
\k_�[he__�^hjh]bf�b�f_g__�gZ^_`guf� 

:evl_jgZlb\guc�ih^oh^�khklhbl�\�lhf��qlh[u�bkihevah\Zlv�ba\_klgu_�fhghf_�
ju�b�iulZlvky�kha^Zlv�khihebf_jgmx�p_iv�k�aZ^Zgghc�ihke_^h\Zl_evghklvx�fhghf_j�
guo� a\_gv_\��<hafh`ghklb�baf_g_gby�ihke_^h\Zl_evghklb�\�khihebf_jZo�nZdlbq_kdb�
g_h]jZgbq_ggu��hl�baf_g_gby�g_dhlhjuo�ijhkluo�oZjZdl_jbklbd��lZdbo�dZd�^hey�fhgh�
f_jguo� _^bgbp� lh]h� beb� bgh]h� khjlZ�� kj_^gyy� ^ebgZ� [ehdh\� �^ey� p_i_c� k� [ehqghc�
kljmdlmjhc���gZebqb_�\_l\e_gbc��b�l�^��^h�[he__�lhgdbo�hkh[_gghkl_c��lZdbo�dZd�^Zev�
gb_�dhjj_eypbb�\�ihke_^h\Zl_evghklyo�beb�lZd�gZau\Z_fZy�]jZ^b_glgZy�kljmdlmjZ��Ih�
wlhfm� ijb� lZdhf� ih^oh^_� fh`_l� [ulv� ihemq_gh� fgh`_kl\h� jZaghh[jZaguo� gh\uo�
nmgdpbhgZevguo�khihebf_jh\�  

<Z`gh�ih^q_jdgmlv��qlh�ijbjh^Z�\u[jZeZ�wlhl�imlv�w\hexpbb�]eZ\guo�[bheh]b�
q_kdbo�fZdjhfhe_dme��>GD��JGD�b�[_edh\��Wlb�ihebf_ju�\�`b\uo�kbkl_fZo�hl\_lkl�
\_ggu�aZ�nmgdpbb�g_kjZ\gbfh�[he__�keh`gu_�b�jZaghh[jZagu_��q_f�h[uqgh�h[km`^Z_�
fu_�nmgdpbb�kbgl_lbq_kdbo�khihebf_jh\��Fhe_dmeyjgZy�hkgh\Z�wlhc�kihkh[ghklb�bk�
ihegylv�keh`gu_�nmgdpbb�k\yaZgZ�k�mgbdZevgufb�i_j\bqgufb�ihke_^h\Zl_evghklyfb�
fhghf_jguo�a\_gv_\�\�[bhihebf_jZo��ihy\b\rbfbky�\�oh^_�[bheh]bq_kdhc�w\hexpbb� 

LZdbf�h[jZahf��h^bg�ba�fgh]hh[_sZxsbo�ih^oh^h\�\�dhgkljmbjh\Zgbb�nmgd�
pbhgZevguo�khihebf_jh\�–�[bhfbf_lbq_kdbc�ih�ijbjh^_��kgZqZeZ�\uy\eyxlky�]eZ\gu_�
hkh[_gghklb� ihke_^h\Zl_evghkl_c� fhghf_jguo� a\_gv_\� \� [bhihebf_jZo�� ^hklb]Z_lky�
ihgbfZgb_��dZd�wlb�ihke_^h\Zl_evghklb�hij_^_eyxl�nmgdpbhgZevgu_�k\hckl\Z��b�aZl_f�
ih^h[gu_�ih^oh^u�ijbf_gyxlky�^ey� kbgl_lbq_kdbo� khihebf_jh\��GZklhysbc�^hdeZ^�
ihk\ys_g�h[ahjm�g_^Z\gh�ihemq_gguo�j_amevlZlh\�^ey�wlh]h�gZijZ\e_gby��k\yaZggh]h�k�
[bhfbf_lbq_kdbf�^baZcghf�ihke_^h\Zl_evghkl_c�\�khihebf_jZo� 
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;_edh\hih^h[gu_�khihebf_ju 
I_j\u_�b^_b�� k\yaZggu_� k� dhgkljmbjh\Zgb_f�ihke_^h\Zl_evghkl_c� \�nmgdpbh�

gZevguo�khihebf_jZo��[ueb�knhjfmebjh\Zgu�gZfb�\������>�-�@��Hgb�[Zabjh\Zebkv�gZ�
ijhklhf�b�ba\_klghf�nZdl_� -�nmgdpbhgbjh\Zgb_�\k_o�]eh[meyjguo�[_edh\� aZ\bkbl�hl�
^\mo�]eZ\guo�nZdlhjh\���L��hgb�gZoh^ylky�\�]eh[meyjghf�khklhygbb���LL��hgb�jZkl\hjb�
fu�\�\h^ghc�kj_^_��Dhf[bgZpby�wlbo�^\mo�nZdlhjh\�g_ljb\bZevgZ��gZijbf_j��^ey�]h�
fhihebf_jh\�b�kemqZcguo�khihebf_jh\�i_j_oh^�d�]eh[meyjghc�dhgnhjfZpbb�h[uqgh�
khijh\h`^Z_lky�hkZ`^_gb_f�]eh[me�ba�jZkl\hjZ�>���@��=eh[meu�[_edZ�jZkl\hjbfu�\�\h�
^_� ba-aZ� hkh[hc� ihke_^h\Zl_evghklb� a\_gv_\�� \� gZlb\ghc� dhgnhjfZpbb� [hevrbgkl\h�
]b^jhnh[guo�fhghf_jguo� a\_gv_\� gZoh^blky� \� y^j_� ]eh[meu�� \� lh� \j_fy� dZd� ]b^jh�
nbevgu_�b�aZjy`_ggu_�fhghf_jgu_�a\_gvy�nhjfbjmxl�h[hehqdm�wlh]h�y^jZ��<�jZfdZo�
hibkZggh]h�\ur_�[bhfbf_lbq_kdh]h�ih^oh^Z�fu�fh`_f�knhjfmebjh\Zlv�ke_^mxsmx�
ijh[e_fm��fh`gh�eb�kdhgkljmbjh\Zlv�lZdmx�ihke_^h\Zl_evghklv�a\_gv_\�\�kbgl_lbq_�
kdhf�GJ-khihebf_j_� �khihebf_j_��khklhys_f�ba�fhghf_jguo�_^bgbp�^\mo�lbih\��+�b�
3���qlh[u�\�iehlghc� ]eh[meyjghc�dhgnhjfZpbb�\k_� ]b^jhnh[gu_�+-_^bgbpu�gZoh^b�
ebkv�\�y^j_�wlhc�]eh[meu��\�lh�\j_fy�dZd�]b^jhnbevgu_��iheyjgu_��3-_^bgbpu�nhjfb�
jh\Zeb�h[hehqdm�wlh]h�y^jZ"�Wlhl�\hijhk�[ue�\i_j\u_�ihklZ\e_g�\�>�@��kf��lZd`_�>���@���
b�khhl\_lkl\mxsb_�ihebf_ju�[ueb�gZa\Zgu�©[_edh\hih^h[gufbª�khihebf_jZfb� 

;_edh\hih^h[gu_� GJ-ihke_^h\Zl_evghklb� [ueb� kgZqZeZ� ihemq_gu� \� dhfivx�
l_jguo� wdki_jbf_glZo� >�-�@�� dhlhju_� fh]ml� [ulv� hibkZgu� ke_^mxsbf� h[jZahf��Fu�
gZqbgZ_f�k�ijhba\hevghc�dhgnb]mjZpbb�]hfhihebf_jghc�]eh[meu��knhjfbjh\Z\r_cky�
ba-aZ�kbevgh]h�ijbly`_gby�fhghf_jguo�a\_gv_\��Jbk���D��b�ijbf_gy_f�d�g_c�ijhp_^mjm�
©hdjZrb\Zgbyª��Jbk���E���fhghf_jgu_�a\_gvy�\�p_glj_�]eh[meu�gZau\Z_f�+-_^bgbpZfb�
�]b^jhnh[gufb���\�lh�\j_fy�dZd�fhghf_jgu_� a\_gvy��\uoh^ysb_�gZ� ]eh[meyjgmx�ih�
\_joghklv��ihf_qZ_f�dZd�3-_^bgbpu� �iheyjgu_�beb�]b^jhnbevgu_���AZl_f�wlZ�i_j\bq�
gZy�kljmdlmjZ�nbdkbjm_lky��ijbly`_gb_�fhghf_jguo�_^bgbp�\udexqZ_lky��b�[_edh\h�
ih^h[guc�khihebf_j�\�jZa\_jgmlhc�dem[dh\hc�dhgnhjfZpbb�]hlh\�d�^Zevg_cr_fm�bk�
ke_^h\Zgbx��Jbk���F�� 

 
 
<�jZ[hlZo� >�-�@�ihdZaZgh��qlh�i_j_oh^�dem[hd-]eh[meZ�^ey� lZdbo�khihebf_jh\��

\ua\Zgguc�ijbly`_gb_f�+-a\_gv_\��ijhbkoh^bl�ijb�[he__�\ukhdbo�l_fi_jZlmjZo��\_�
^_l�d�nhjfbjh\Zgbx�[he__�iehlghc�]eh[meu�b�bf__l�[he__�[ukljmx�dbg_lbdm�q_f�ijb�
kemqZcghc�b�kemqZcgh-[ehqghc�ihke_^h\Zl_evghklb��IjbqbgZ�wlh]h�ijhbeexkljbjh\Z�
gZ�gZ�Jbk���D�b��E��]^_�ihdZaZgu�lbibqgu_�dhgnhjfZpbb�]eh[me��h[jZah\Zgguo�[_edh�
\hih^h[gufb�b�kemqZcgufb�GJ-khihebf_jZfb�k�l_f�`_�kZfuf�khklZ\hf�G�b�J�_^bgbp�� 

 

Jbk�����Hkgh\gu_�rZ]b�j_ZebaZpbb�ko_fu�^baZcgZ�ihke_�
^h\Zl_evghkl_c� ^ey� [_edh\hih^h[guo� khihebf_jh\�� �D��
]hfhihebf_jgZy� ]eh[meZ�� �E�� lZ�`_� kZfZy� ]eh[meZ� ihke_�
ijhp_^mju�©hdjZkdbª�� �F��[_edh\hih^h[guc�khihebf_j�\�
dem[dh\hc�dhgnhjfZpbb 

 (a) (b) 

(c) 
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Jbk�� ��� Lbibqgu_� ]eh[meyjgu_� dhgnhjfZpbb�
^ey� �D��[_edh\hih^h[guo�b� �E��kemqZcguo�kh�
ihebf_jh\�� =b^jhnh[gu_� +� _^bgbpu� ij_^�
klZ\e_gu� \� k\_leh-k_jhf� p\_l_�� Z� ]b^jhnbev�
gu_�3�_^bgbpu�-�\�l_fgh-k_jhf�p\_l_ 

 
 
 
 
 
Fh`gh�\b^_lv��qlh� y^jh�[_edh\hih^h[ghc� ]eh[meu�gZfgh]h�[he__�dhfiZdlgh�b�

emqr_�knhjfbjh\Zgh��hgh�hdjm`_gh�i_leyfb�]b^jhnbevguo�_^bgbp��dhlhju_�klZ[beb�
abjmxl�y^jh��Hq_\b^gh��wlh�ijhbkoh^bl�ba-aZ�k\h_h[jZagh]h�wnn_dlZ�iZfylb��y^jh��dh�
lhjh_�kms_kl\h\Zeh�\�©fZl_jbgkdhcª�dhgnhjfZpbb��wlh�-�l_jfbg��\\_^_gguc�\�>�@��qlh�
[u�h[hagZqblv�dhgnhjfZpbx�gZ�Jbk���E��]^_�ijhba\h^blky�ihdjZkdZ���[ueh�ijhklh�\hk�
ijhba\_^_gh�ihke_�ih\lhjgh]h�k\hjZqb\Zgby��\ua\Zggh]h�\dexq_gb_f�ijbly`_gby�+-
_^bgbp��Fh`gh�kdZaZlv��qlh�hkh[_gghklb�©fZl_jbgkdhcª�dhgnhjfZpbb�©gZke_^mxlkyª�
[_edh\hih^h[guf�GJ-khihebf_jhf��JZkkfhlj_gb_�dhgnhjfZpbc�gZ�Jbk���D�b��E�ijb\h�
^bl�d�_kl_kl\_gghfm�ij_^iheh`g_gbx�h�lhf��qlh�[_edh\hih^h[gu_�khihebf_jgu_�]eh�
[meu� ^he`gu� [ulv� jZkl\hjbfu� \� \h^_� b�� ke_^h\Zl_evgh�� hgb�fh]ml� [ulv� h[t_dlZfb�
^Zevg_cr_c�fh^bnbdZpbb�^ey�ijb\g_k_gby�^jm]bo�g_h[oh^bfuo�k\hckl\�\�oh^_�[bheh�
]bq_kdhc�w\hexpbb��\�lh�\j_fy�dZd�]eh[meu�gZ�hkgh\_�kemqZcguo�khihebf_jh\�kdhj__�
\k_]h�\uiZ^ml�\�hkZ^hd��b�lZdbf�h[jZahf�hgb�g_�fh]ml�mqZkl\h\Zlv�\�w\hexpbb� 

Wdki_jbf_glZevgh_�ihemq_gb_�[_edh\hih^h[guo�khihebf_jh\ 
Ihke_�lh]h��dZd�b^_y�^baZcgZ�ihke_^h\Zl_evghkl_c�[_edh\hih^h[guo�khihebf_�

jh\�[ueZ�j_Zebah\ZgZ�\�dhfivxl_jghf�fh^_ebjh\Zgbb��g_kdhevdh�]jmii�bkke_^h\Zl_�
e_c�ijbklmibeb�d�jZ[hlZf�ih�wdki_jbf_glZevghfm�ihemq_gbx�lZdbo�khihebf_jh\�im�
l_f�j_Zevgh]h�kbgl_aZ�\�obfbq_kdhc�eZ[hjZlhjbb� 

F_lh^�©hdjZrb\Zgbyª�ih\_joghklb�]eh[meu 
Wlh�—�kZfuc�ijyfhc�f_lh^��lhqgh�khhl\_lkl\mxsbc�Jbk�����KgZqZeZ�fu�bf__f�

]hfhihebf_jgmx�p_iv��ihf_sZ_f�__�\�iehohc�jZkl\hjbl_ev��]^_�nhjfbjm_lky�iehlgZy�
]eh[meZ��AZl_f�ih\_joghklv�]eh[meu�ih^\_j]Z_lky�ki_pbZevghfm�obfbq_kdhfm�ij_h[�
jZah\Zgbx��ihebf_j-ZgZeh]bqghc�j_Zdpbb���\�j_amevlZl_�ebhnh[gu_�_^bgbpu�fhghf_�
jZ�gZ�ih\_joghklb�ijbh[j_lZxl�ebhnbevgu_�k\hckl\Z��LZdbf�h[jZahf��ihy\eyxsbcky�
khihebf_j�nhjfbjm_l�kljmdlmjm�y^jh-h[hehqdZ�ZgZeh]bqgh�lhfm��dZd�wlh�ijhbkoh^bl�\�
]eh[me_�[_edZ� 

Wlb�wdki_jbf_glu�[ueb�\i_j\u_�\uiheg_gu�\�]jmii_�ijhn��O�L_gom� �Mgb\_j�
kbl_l�O_evkbgdb��� ]^_� ijb\b\Zeb� dhjhldb_� p_ihqdb� ihebwlbe_ghdkb^Z� d� khihebf_jm�
l_jfhqm\kl\bl_evgh]h�1-bahijhibeZdjbeZfb^Z��1,3$��b�]ebpb^be�f_lZdjbeZlZ�>�����@��
Ijb�dhfgZlghc�l_fi_jZlmj_�lZdhc�khihebf_j�gZoh^blky�\�dem[dh\hc�dhgnhjfZpbb��b�
ijb\b\dZ� ijhbkoh^bl� kemqZcguf� h[jZahf��Ijb� ih\ur_gbb� l_fi_jZlmju� ijhbkoh^bl�
i_j_oh^� dem[hd-]eh[meZ�� b� ijhp_kku� ijb\b\db� hkms_kl\eyxlky� ]eZ\guf� h[jZahf� gZ�
]eh[meyjghc� ih\_joghklb�� qlh�� lZdbf� h[jZahf�� \_^_l� d� ]b^jhnbebaZpbb� bf_ggh� ih�
\_joghklb� b� d� kha^Zgbx� [_edh\hih^h[gh]h� khihebf_jZ� \� hibkZgghf� \ur_� kfuke_��
>_ckl\bl_evgh��[ueh�ihdZaZgh��qlh�jZkl\hj�[_edh\hih^h[gh]h� khihebf_jZ��ijb]hlh\�

(a)  
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e_ggh]h�wlbf�kihkh[hf��fmlg__l�ijb�[he__�\ukhdbo�l_fi_jZlmjZo��q_f�ijb�kemqZcghc�
ijb\b\d_��b�h[jZam_l�f_gvrb_�Z]j_]Zlu�\�fmlghf�jZkl\hj_� 

;ueb� k^_eZgu�g_kdhevdh�^jm]bo�ihiulhd�\� wlhf�`_�gZijZ\e_gbb��gh�\�h[s_f�
wlhl�f_lh^�ihdZaZe�k_[y�^h\hevgh�g_gZ^_`guf�ba-aZ�g_\hafh`ghklb�klZ[bebabjh\Zlv�
iehlgu_�]eh[meu�\�jZkl\hj_�\�l_q_gb_�\j_f_gb��^hklZlhqgh]h�^ey�hkms_kl\e_gby�ih�
ebf_j-ZgZeh]bqghc�j_Zdpbb� 

Khihebf_jbaZpby�k�h^gh\j_f_gguf�nhjfbjh\Zgb_f�]eh[meu 
Wlhl�f_lh^�hdZau\Z_lky�gZfgh]h�[he__�gZ^_`guf��hg�[ue�\i_j\u_�ij_^eh`_g�\�jZ�

[hl_�>��@��]^_�bamqZeZkv�k\h[h^gh-jZ^bdZevgZy�khihebf_jbaZpby�l_jfhqm\kl\bl_evgh]h�1-
\bgbedZijheZdlZfZ� �19&D��k�]b^jhnbevguf�1-\bgbebfb^Zahehf� �19,]��ijb�jZaebqguo�
l_fi_jZlmjZo��Ijb�dhfgZlghc�l_fi_jZlmj_�lZdZy�ihebf_jbaZpby�ijb\h^bl�d�kemqZcghfm�
khihebf_jm��K�^jm]hc�klhjhgu��dh]^Z�ihebf_jbaZpby�b^_l�ijb�ih\ur_gguo�l_fi_jZlmjZo�
�ijb[ebabl_evgh����&���jZklmsb_�p_ib�nhjfbjmxl�]eh[meu��b�wlhl�nZdl�\eby_l�gZ�dhg�
p_gljZpbx�fhghf_jh\�\hdjm]�Zdlb\gh]h�jZ^bdZeZ��;ueb�gZc^_gu�mkeh\by��ijb�dhlhjuo�\�
j_amevlZl_�lZdh]h�kbgl_aZ�ihy\eyxlky�[_edh\hih^h[gu_�khihebf_ju��Wlb�khihebf_ju�\h�
h[s_�g_�\uiZ^Zeb�\�hkZ^hd�ijb�gZ]j_\_�jZkl\hjZ�^h����&��k�^jm]hc�klhjhgu��iehlgu_�]eh�
[meu� h[jZah\u\Zebkv� m`_� ijb� ���&��G_^Z\gb_� j_amevlZlu�� ihemq_ggu_� gZr_c� ]jmiihc�
>��@��Z�lZd`_�]jmiiZfb�ijhn_kkhjZ�;��FZllbZkkhgZ� �Mgb\_jkbl_l�Emg^Z��R\_pby�� >��@�b�
ijhn_kkhjZ�Qb�<m� �dblZckdbc�Mgb\_jkbl_l�=hgdhg]Z�� >��@�ihdZau\Zxl�mgb\_jkZevghklv�
wlh]h�ih^oh^Z�d�ihemq_gbx�[_edh\hih^h[guo�khihebf_jh\��Fu�_]h�gZa\Zeb�khihebf_jb�
aZpb_c�k�h^gh\j_f_gguf�nhjfbjh\Zgb_f�]eh[meu��khhl\_lkl\mxsb_�l_hj_lbq_kdb_�hkgh�
\u�wlh]h�ih^oh^Z�[ueb�aZeh`_gu�\�gZrbo�g_^Z\gbo�jZ[hlZo�ih�fh^_ebjh\Zgbx�>��@� 

Fhe_dmeyjguc�^haZlhj 
B^_y�fhe_dmeyjgh]h�^haZlhjZ�-�^Zevg_cr__�jZa\blb_�gZr_]h�ih^oh^Z�d�^baZcgm�

ihke_^h\Zl_evghkl_c� khihebf_jZ��:�bf_ggh��fu� jZkkfZljb\Z_f� dhgnb]mjZpbx� ]hfh�
ihebf_jghc� p_ib�� Z^khj[bjh\Zgghc� gZ� kn_jbq_kdhc� dheehb^ghc� qZklbp_� �Jbk�� ��� b�
dhgkljmbjm_f� ihke_^h\Zl_evghklv� ^ey� wlh]h� khklhygby� fZdjhfhe_dmeu�� ?kl_kl\_ggh�
h`b^Zlv��qlh�\�kemqZ_�mkljZg_gby�©fZl_jbgkdhcª�dheehb^ghc�qZklbpu� �gZijbf_j��im�
l_f� \uljZ\eb\Zgby�� gZ� klZ^bb� Jbk�� �k�� ihemqb\rbcky� khihebf_j� [m^_l� kdhj__� \k_]h�
©gZkljh_gª� gZ� k_e_dlb\gh_� h[jZah\Zgb_� dhfie_dkh\� k� dheehb^gufb� qZklbpZfb�fZl_�
jbgkdh]h� jZaf_jZ�σp.�GZijbf_j�� _keb� lZdhc� khihebf_j� ihf_klblv� \� iheb^bki_jkguc�
dheehb^guc� jZkl\hj� qZklbp� jZaguo� jZaf_jh\�� hg� [m^_l� ba[bjZl_evgh� h[jZah\u\Zlv�

Jbk�����KlZ^bb�kha^Zgby�khihebf_jghc�h[hehqdb���D��Z^khj[pby�]b^jhnh[ghc�]h�
fhihebf_jghc�p_ib�gZ�©fZl_jbgkdhcª�dheehb^ghc�qZklbp_�� �E��©hdjZkdZª�iheb�
f_jghc�p_ib�b�\\_^_gb_�krb\hd�^ey�klZ[bebaZpbb�kljmdlmju�kh�kn_jbq_kdhc�ih�
ehklvx�� �F�� mkljZg_gb_� �\uljZ\eb\Zgb_�� dheehb^ghc� qZklbpu�� =b^jhnh[gu_� +�
_^bgbpu�ij_^klZ\e_gu�\�k\_leh-k_jhf�p\_l_��]b^jhnbevgu_�3�_^bgbpu�-�\�l_fgh-
k_jhf�p\_l_��Z�+-H krb\db�ij_^klZ\e_gu�dZd�k_ju_�kl_j`gb 

(a) (b) (c) 
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dhfie_dku�k�qZklbpZfb�lh]h�`_�jZ^bmkZ��qlh�b�\�©fZl_jbgkdhcª�kblmZpbb��Bf_ggh�ih�
wlhfm�lZdhc�khihebf_j�fh`gh�gZa\Zlv�fhe_dmeyjguf�^haZlhjhf��WlZ�b^_y�[ueZ�gZijy�
fmx�j_Zebah\ZgZ�\�wdki_jbf_glZo�ih�dhfivxl_jghfm�fh^_ebjh\Zgbx�>�5]. 

KgZqZeZ�fu�jZkkfhlj_eb�]hfhihebf_jgmx�p_iv��ijbly]b\Zxsmxky�d�dheehb^�
ghc�gZghqZklbp_��LZdZy�p_iv�nhjfbjm_l�dhfie_dk�k�qZklbp_c��_]h�lbibqguc�\b^�ihdZ�
aZg�gZ�Jbk���D���Lhevdh�qZklv�a\_gv_\�p_ib�gZoh^blky�\�ijyfhf�dhglZdl_�k�dheehb^ghc�
qZklbp_c��\�lh�\j_fy�dZd�^jm]b_�a\_gvy�nhjfbjmxl�i_leb��JZa^_ebf�l_i_jv�a\_gvy�gZ�
^\Z�lbiZ��[m^_f�©hdjZrb\Zlvª�©l_fgh-k_jufª�a\_gvy�p_ib�\�i_leyo��\�lh�\j_fy�dZd�a\_�
gvy�hdheh�dheehb^ghc�qZklbpu�hklZxlky�©k\_leh-k_jZfbª��Jbk���E���<ihke_^kl\bb�fu�
[m^_f�kqblZlv��qlh�l_fgh-k_ju_�a\_gvy�k�dheehb^ghc�qZklbp_c�g_�\aZbfh^_ckl\mxl��Z�
k\_leh-k_ju_� a\_gvy�d�g_c�ijbly]b\Zxlky��?keb�dhgkljmbjh\Zgb_�ihke_^h\Zl_evghklb�
hklZgh\blv�gZ�wlhf�wlZi_��lh�k_e_dlb\ghklv�dhfie_dkhh[jZah\Zgby�k�^jm]hc�qZklbp_c�
fZl_jbgkdh]h�jZaf_jZ�σp�g_�[m^_l�h[_ki_q_gZ��H^gZdh��_keb�^hihegbl_evgh�\\_klb�g_�
[hevrh_�qbkeh�©krb\hdª�f_`^m�©k\_eh-k_jufbª�_^bgbpZfb�b�lZdbf�h[jZahf�aZnbdkb�
jh\Zlv� kljmdlmjm� p_gljZevghc� ihehklb� �Jbk�� �E��� lh� fZdjhfhe_dmeZ� ihke_� m^Ze_gby�
dheehb^ghc�qZklbpu��Jbk���F��^_ckl\bl_evgh�[m^_l�h[eZ^Zlv�k\hckl\Zfb�fhe_dmeyjgh�
]h�^haZlhjZ�>��@� 

>ey�oZjZdl_jbklbdb� dhfie_dkhh[jZah\Zgby�^haZlhjZ�b�qZklbpu�fu� \uqbkebeb�
\_jhylghklv P (σ, T)�h[gZjm`_gby�dhfie_dkZ��khklhys_]h�ba�khihebf_jghc�h[hehqdb�b�
qZklbpu�^Zggh]h�jZaf_jZ�σ�ijb�l_fi_jZlmj_ T��b�h[gZjm`beb��qlh�k_e_dlb\ghklv�dhf�
ie_dkhh[jZah\Zgby�k�qZklbp_c�hij_^_e_ggh]h�jZ^bmkZ�^_ckl\bl_evgh�gZ[ex^Z_lky��lh�
_klv�b^_y�fhe_dmeyjgh]h�^haZlhjZ�jZ[hlZ_l��IjbqbgZ�k_e_dlb\ghc�Z^khj[pbb�dheehb^�
ghc� qZklbpu� ©fZl_jbgkdh]hª� jZaf_jZ� h[tykgy_lky� lbibqgufb� dhgnhjfZpbyfb� dhf�
ie_dkZ��qZklbpZ�©fZl_jbgkdh]hª�beb�f_gvr_]h�jZaf_jZ��σ ≤ σp)�hdZau\Z_lky�iheghklvx�
ih]ehs_gghc�p_gljZevghc�ihehklvx��qlh�[ueh�h[_ki_q_gh�ijhp_^mjhc�^baZcgZ�ihke_�
^h\Zl_evghklb��Jbk���E���K�^jm]hc�klhjhgu��qZklbpZ�[hevr_]h�jZaf_jZ��σ> σp)�hdZau\Z�
_lky�kebrdhf�\_ebdZ�^ey�p_gljZevghc�ihehklb��b�lZdbf�h[jZahf�knhjfbjh\ZggZy�kbk�
l_fZ�g_�h[_ki_qb\Z_l�\hafh`ghklv�ijbly`_gby�\k_o�©djZkguoª�_^bgbp�d�ih\_joghklb�
qZklbpu��Qlh�dZkZ_lky�fZe_gvdbo�qZklbp��lh�hgb�e_]dh�ijhgbdZxl�\�fhe_dmeyjguc�^h�
aZlhj��gh�h[jZah\Z\rbcky�dhfie_dk�g_�mklhcqb\� �hkh[_ggh�ijb�\ukhdhc�l_fi_jZlmj_��
ba-aZ�fZehc�ih\_joghklb�lZdbo�qZklbp� 

W\hexpby�ihke_^h\Zl_evghkl_c�b�bo�bgnhjfZpbhggh_�kh^_j`Z�

gb_ 
Dhgp_ipby�w\hexpbb�—�h^bg�ba�djZ_m]hevguo�dZfg_c�kh\j_f_ggh]h�_kl_kl\h�

agZgby��\�dhkfheh]bb�h[km`^Z_lky�jZa\blb_�<k_e_gghc��\�]_heh]bb�—�jZa\blb_�A_feb��
\� gZmdZo� h�`bagb�—� [bheh]bq_kdZy� w\hexpby��WlZ� dhgp_ipby� ijbf_gbfZ� lZd`_� b� \�
gZmd_� h� ihebf_jZo�� Khhl\_lkl\mxsZy� ihklZgh\dZ� aZ^Zqb� hq_gv� ykgZ�� KljmdlmjZ� b�
nmgdpbb�kms_kl\mxsbo�[bhihebf_jh\��[_edb��>GD��JGD��dh^bjmxlky�keh`gufb�ih�
ke_^h\Zl_evghklyfb�fhghf_jguo� _^bgbp�� �gZijbf_j�� wlh� lZd�^ey�mgbdZevghc� lj_lbq�
ghc�kljmdlmju�]eh[meyjguo�[_edh\���Ihwlhfm�wlb�ihke_^h\Zl_evghklb��\���-[md\_gghf�
ZenZ\bl_�\�kemqZ_�[_edh\�b�\��-[md\_gghf�ZenZ\bl_�\�kemqZ_�>GD�b�JGD��^he`gu�klZ�
lbklbq_kdb�kbevgh�hlebqZlvky�hl�kemqZcguo�b�bf_lv�agZqbl_evgu_�dhjj_eypbb�gZ�jZa�
ebqguo�fZkrlZ[Zo��>jm]bfb�keh\Zfb��_kl_kl\_ggh�h`b^Zlv��qlh�kh^_j`Zgb_�bgnhjfZ�
pbb� \� wlbo� ihke_^h\Zl_evghklyo� hlghkbl_evgh� \ukhdh� ih� kjZ\g_gbx� kh� kemqZcgufb�
ihke_^h\Zl_evghklyfb� �gZijbf_j�� ihke_^h\Zl_evghklb� >GD� kh^_j`Zl� \kx� ]_g_lbq_�
kdmx�bgnhjfZpbx���K�^jm]hc�klhjhgu��h[jZah\Zgb_�i_j\uo�khihebf_jh\�\�kZfhf�gZ�
qZe_�fhe_dmeyjghc�ij_^[bheh]bq_kdhc�w\hexpbb�fh]eh�ijb\h^blv�lhevdh�d�kemqZcguf�
ihke_^h\Zl_evghklyf�beb�ihke_^h\Zl_evghklyf� k� ljb\bZevgufb� dhjhldh^_ckl\mxsb�
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fb�dhjj_eypbyfb��Lh�_klv�bgnhjfZpbhggh_�kh^_j`Zgb_�wlbo�ihke_^h\Zl_evghkl_c�[u�
eh� nZdlbq_kdb� gme_\uf�� Fh`gh� ml\_j`^Zlv�� qlh� \� oh^_� fhe_dmeyjghc� w\hexpbb�
khihebf_jgu_� ihke_^h\Zl_evghklb� klZgh\bebkv� \k_� [he__� keh`gufb�� ihdZ� hgb� g_�
^hklb]eb� kl_i_gb� bgnhjfZpbhgghc� keh`ghklb� gug_� kms_kl\mxsbo� [bhihebf_jh\��
Bamq_gb_�jZaebqguo�\hafh`ghkl_c�wlhc�w\hexpbb�khihebf_jguo�ihke_^h\Zl_evghkl_c�
—� dZd� jZa� lZ� h[eZklv� gZmdb� h� ihebf_jZo�� ]^_�fh`_l� ijbf_gylvky� ij_^klZ\e_gb_� h[�
w\hexpbb� Ke_^m_l�hlf_lblv��qlh��ihkdhevdm�bgnhjfZpbhggh_�kh^_j`Zgb_�ihke_^h\Zl_ev�
ghklb�—�fZl_fZlbq_kdb�hij_^_e_ggh_�ihgylb_��ijhp_kk�w\hexpbb�[bhihebf_jguo�ih�
ke_^h\Zl_evghkl_c�fh`_l�[ulv�hij_^_e_g�\�lhqguo�fZl_fZlbq_kdbo�l_jfbgZo��qlh�g_�
\k_]^Z�\hafh`gh�^ey�^jm]bo�ijbf_jh\�w\hexpbb� 

K�^jm]hc�klhjhgu��knhjfmebjh\ZggZy�nmg^Zf_glZevgZy�ijh[e_fZ�qj_a\uqZcgh�
ljm^ghjZaj_rbfZ�ba-aZ�hlkmlkl\by�ijyfhc�bgnhjfZpbb�h�jZgg_f�ij_^[bheh]bq_kdhf�
jZa\blby��Ihwlhfm� hkh[uc� bgl_j_k� ij_^klZ\eyxl� mijhs_ggu_�fh^_eb� w\hexpbb� ih�
ke_^h\Zl_evghkl_c�� dhlhju_� \uy\eyxl� jZaebqgu_� \hafh`ghklb� ^ey� ihy\e_gby� klZlb�
klbq_kdhc� keh`ghklb� b� ^Zevgh^_ckl\mxsbo� dhjj_eypbc� \� ihke_^h\Zl_evghklyo� >16]. 
Ihkdhevdm� bgnhjfZpbhggh_� kh^_j`Zgb_� ihke_^h\Zl_evghkl_c� g_� fh`_l� ihy\blvky� \�
j_amevlZl_�kemqZcguo�fmlZpbc��lZdb_�mijhs_ggu_�fh^_eb�^he`gu�mqblu\Zlv�\aZbfh�
k\yav�f_`^m� dhgnhjfZpbyfb� ihebf_jghc� p_ib� �dhlhju_� hij_^_eyxlky� \aZbfh^_ckl�
\byfb�f_`^m�fhghf_jgufb�_^bgbpZfb�jZaebqgh]h�lbiZ��b�w\hexpb_c�ihke_^h\Zl_ev�
ghklb��>jm]bfb�keh\Zfb��fu�^he`gu�bkke_^h\Zlv�\hafh`ghklv�w\hexpbb�khihebf_j�
guo�ihke_^h\Zl_evghkl_c��aZ\bkys_c�hl�bo�dhgnhjfZpbc� 

<hkoh^ysb_�b�gbkoh^ysb_�\_l\b�w\hexpbb�ihke_^h\Zl_evghkl_c 
<�jZ[hl_�>��@�gZr_c�p_evx�[ueh�y\gh_�\\_^_gb_�dhgp_ipbb�w\hexpbb�ihke_^h�

\Zl_evghkl_c�\�ko_fm�]_g_jZpbb�[_edh\hih^h[guo�khihebf_jh\��Bkihevamy�Ze]hjblf��
hkgh\Zgguc� gZ� fhe_dmeyjghc� ^bgZfbd_�� fu� fh^_ebjh\Zeb� w\hexpbx� ^\moa\_gghc�
�+3��khihebf_jghc�ihke_^h\Zl_evghklb��aZ\bkysmx�hl�__�dhgnhjfZpbc�>��@��F_oZgbaf�
w\hexpbb�ihke_^h\Zl_evghklb�\dexqZe�\�k_[y�bkoh^gh_�ihemq_gb_�gZqZevghc�[_edh\h�
ih^h[ghc�ihke_^h\Zl_evghklb�iml_f�jZkkfhlj_gby�]hfhihebf_jghc�]eh[meu�b�hlg_k_�
gby�fhghf_jguo� _^bgbp� \� y^j_� wlhc� ]eh[meu� d� +-a\_gvyf�b� _^bgbp�gZ�ih\_joghklb�
]eh[meu�d�3-a\_gvyf��Ihemqb\rbcky�khihebf_j�jZa\hjZqb\Zeky�\�dem[dh\mx�kljmdlmjm�
b� aZl_f� ih\lhjgh� k\hjZqb\Zeky� ba-aZ� kbevgh]h� ijbly`_gby� +� _^bgbp�� +3-
ihke_^h\Zl_evghklv�^Ze__�baf_gyeZkv� �©i_j_djZrb\ZeZkvª��\� aZ\bkbfhklb�hl�iheh`_�
gby�fhghf_jguo� _^bgbp�\�y^j_�beb�gZ�ih\_joghklb�\gh\v�knhjfbjh\Zgghc� ]eh[meu��
LZdb_� fh^bnbdZpbb�� \_^msb_� d� baf_g_gbx� i_j\bqghc� +3-ihke_^h\Zl_evghklb� [ueb�
ih\lhj_gu�fgh]h�jZa��Ijb�lZdhf�w\hexpbhgghf�ijhp_kk_�kljmdlmju�b�ihke_^h\Zl_ev�
ghklb� ij_l_ji_\Zxl� kdhhj^bgbjh\Zggu_� baf_g_gby�� J_amevlZlu� [ueb� ihemq_gu� ^ey�
]b[dhc� p_ib� ba� ���� _^bgbp� k� +3-khklZ\hf� ���� ^ey� kemqZy�� dh]^Z� ]b^jhnh[gu_� +-
_^bgbpu�kbevgh�ijbly]b\Zxl�^jm]�^jm]Z��lZdbf�h[jZahf�klZ[bebabjmy�iehlgh_�]eh[m�
eyjgh_�y^jh��Z�wg_j]by�ijbly`_gby�εPP�f_`^m�]b^jhnbevgufb�3-_^bgbpZfb�jZkkfZljb�
\Z_lky�dZd�iZjZf_lj��>ey�wlhc�fh^_evghc�kbkl_fu�fu�\uqbkebeb�jZaebqgu_�k\hckl\Z��
aZ\bkysb_�dZd�hl�dhgnhjfZpbb��lZd�b�hl�ihke_^h\Zl_evghklb��\dexqZy�dhebq_kl\_ggu_�
oZjZdl_jbklbdb� bgnhjfZpbhgghc� gZiheg_gghklb� ihke_^h\Zl_evghklb�� ba\_klgu_� ba�
l_hjbb�bgnhjfZpbb� 

HdZaZehkv�� qlh� _klv� ^\Z� j_`bfZ� w\hexpbb� �j_`bfu� ,� b� ,,�� \� aZ\bkbfhklb� hl�
wg_j]bb�ijbly`_gby�f_`^m�iheyjgufb�_^bgbpZfb�εPP�>��@��?keb�εPP�f_gvr_�q_f�g_dh�

lhjZy�djblbq_kdZy�wg_j]by� 

PPε � �j_`bf� ,���w\hexpby�fh`_l�ijb\_klb�d�baf_g_gbx�oZ�

jZdl_jZ� i_j\bqghc� kljmdlmju� hl� ihke_^h\Zl_evghkl_c� k� [_edh\hih^h[ghc� i_j\bqghc�
kljmdlmjhc��kihkh[guo�d�nhjfbjh\Zgbx�]eh[meu�k�y^jhf�b�h[hehqdhc��d�\ujh^b\rbf�
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ky��g_�[_edh\hih^h[guf��ihke_^h\Zl_evghklyf��bf_xsbf�^ebggu_�h^ghjh^gu_�+�b�3�
[ehdb��Jbk���D�� 

<ujh^b\rZyky�i_j\bqgZy�kljmdlmjZ�gZihfbgZ_l�^\mo-�beb�lj_o-[ehqgmx�ihke_�
^h\Zl_evghklv��dhgnhjfZpby�©y^jh-o\hklª��Jbk���D���Ihwlhfm��dh]^Z�ijbly`_gb_�f_`^m�
]b^jhnbevgvgufb�_^bgbpZfb�g_^hklZlhqgh�kbevgh��fu�bf__f�^_eh�k�gbkoh^ys_c�\_l�
\vx� w\hexpbb��dhlhjZy�\_^_l�d�g_[_edh\hih^h[guf�ihke_^h\Zl_evghklyf��bf_xsbf�
gbadh_�bgnhjfZpbhggh_�kh^_j`Zgb_�b�keh`ghklv��K�^jm]hc�klhjhgu��[ueh�h[gZjm`_�

gh��qlh�\h�\lhjhf�j_`bf_� �l�_��ijb�εPP ≥ 

PPε ��keh`ghklv�[_edh\hih^h[guo�ihke_^h\Z�

l_evghkl_c�m\_ebqb\Z_lky��kf��Jbk���E���b�ihwlhfm�fu�bf__f�\hkoh^ysmx�\_l\v�w\hex�
pbb�ihke_^h\Zl_evghkl_c� 

BgnhjfZpbhggZy�keh`ghklv�khihebf_jguo�ihke_^h\Zl_evghkl_c 
H[uqguc�ih^oh^�^ey�ZgZebaZ�dhgnhjfZpbhgghc�keh`ghklb�kbkl_fu�khklhbl�\�

bkihevah\Zgbb�ihgylbc�b�f_lh^h\�l_hjbb�bgnhjfZpbb�>��@��GZrZ�p_ev�khklhyeZ�\�lhf��
qlh[u�gZclb�oZjZdl_jbklbdm��dhlhjZy�fh]eZ�[u�ihdZaZlv��gZkdhevdh�khihebf_jgu_�ih�
ke_^h\Zl_evghklb��]_g_jbjm_fu_�\�oh^_�gZr_]h�w\hexpbhggh]h�ijhp_kkZ��hlebqZxlky�\�
kfuke_�kh^_j`Zgby�bgnhjfZpbb�^jm]�hl�^jm]Z�b�hl�kemqZcguo�beb�ljb\bZevguo� �\u�
jh^b\rboky��ihke_^h\Zl_evghkl_c��HdZaZehkv��qlh�h[uqgu_�ihdZaZl_eb�bgnhjfZpbhg�
ghc�keh`ghklb��hkgh\Zggu_��gZijbf_j��gZ�Rwgghgh\kdhc�wgljhibb�b�jh^kl\_gguo�oZ�
jZdl_jbklbdZo�� g_Z^_d\Zlgu� ^ey� gZrbo� p_e_c�� Qlh[u� ij_h^he_lv� wlm� ijh[e_fm�� fu�
ij_^eh`beb�bkihevah\Zlv�lZd�gZau\Z_fmx�wgljhibcgmx�f_jm�C_gk_gZ–RwgghgZ�>��@� 

 
;ueh�ihdZaZgh��qlh�^ey�ihke_^h\Zl_evghkl_c��ihemq_gguo�\�w\hexpbhgghf�ijh�

p_kk_��hibkZgghf�\ur_��ijb�εPP ≥ 

PPε ��j_`bf�,,��kl_i_gv�keh`ghklb��baf_jy_fZy�wgljh�

 
 
Jbk�� ���Lbibqgu_�dhgnhjfZpbb�khihebf_�
jh\��ihemq_gguo�\�j_amevlZl_�^ebl_evghc��
dhgnhjfZpbhggh-aZ\bkbfhc� w\hexpbb� p_�
ib��khklhys_c�ba�����fhghf_jguo�a\_gv_\��
�D��kljmdlmjZ�y^jh-o\hkl��ih^h[gZy�]heh\Z�
klbdm��ijb�εPP / 

PPε � ���b��E��kljmdlmjZ�y^�
jh-h[hehqdZ�ijb�εPP / 

PPε
a
> � ���=b^jhnh[�

gu_� +� _^bgbpu� ij_^klZ\e_gu� \� k\_leh-
k_jhf�p\_l_��]b^jhnbevgu_�3�_^bgbpu� -�\�
l_fgh-k_jhf� p\_l_�� �F�� wgljhibcgZy� f_jZ�
C_gk_gZ–RwgghgZ� dZd� nmgdpby� εPP /



PPε . 
OZjZdl_jgZy� wg_j]by� +-+� \aZbfh^_ckl\bc�
εHH, klZ[bebabjmxsZy�iehlgh_�y^jh�]eh[m�
eu�� ijbgylZ� jZ\ghc� �� kBT�� \� lh� \j_fy� dZd�
wg_j]by� ijbly`_gby� εPP�� f_`^m� ]b^jh�
nbevgufb� 3� _^bgbpZfb� kqblZ_lky� iZjZ�
f_ljhf�� >ey� i_j_dj_klgh]h� \aZbfh^_ckl�
\by�fu�kqblZeb εHP =  (εHH×εPP)

1/2 

 (b) 

(c) 
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ibcghc�f_jhc�C_gk_gZ–RwgghgZ��fh`_l�[ulv�agZqbl_evgh�\ur_��q_f�\�kemqZ_�j_`bfZ�

,��ijb� εPP < 

PPε ��BgnhjfZpbhggZy� keh`ghklv�g_fgh]h�\hajZklZ_l�k�mf_gvr_gb_f�εPP, 

^hklb]Z_l�fZdkbfmfZ�hdheh� 

PPε ��b�aZl_f�j_adh�ihgb`Z_lky��Jbk���F�� 

AZdexq_gb_ 
<h� \k_o� kemqZyo�� hibkZgguo� \ur_�� nmgdpbhgZevgu_� hkh[_gghklb� ©fZl_jbg�

kdhcª� dhgnhjfZpbb� ©aZihfbgZebkvª� khihebf_jZfb�� ihemq_ggufb� kh]eZkgh� gZr_c�
ko_f_� dhgkljmbjh\Zgby� ihke_^h\Zl_evghkl_c�� Wlb� hkh[_gghklb� aZl_f� ijhy\eyebkv� \�
^jm]bo� mkeh\byo�� LZdZy� \aZbfhk\yav�fh`_l� jZkkfZljb\Zlvky� dZd� h^bg� ba� \hafh`guo�
f_oZgbafh\� fhe_dmeyjghc� w\hexpbb�� ihebf_j� ijbh[j_lZ_l� g_dhlhjmx� ki_pbZevgmx�
i_j\bqgmx�ihke_^h\Zl_evghklv�\�©fZl_jbgkdboª�mkeh\byo��b�aZl_f��\�^jm]bo�mkeh\byo��
bkihevam_l�lhl�nZdl��qlh�i_j\bqgZy�kljmdlmjZ�©gZkljh_gZª�gZ�lh��qlh[u�\uihegblv�hi�
j_^_e_ggu_�nmgdpbb� 
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KH<J?F?GGU?�IJH;E?FU�G?EBG?CGHC�:DMKLBDB 

Qe�-dhjj��J:G�H�<��Jm^_gdh 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Dh]^Z� gZqbgZxl� ]h\hjblv� h[� Zdmklbd_�� i_j\h_�� qlh� ijboh^bl� \� ]heh\m�—� wlh�
kemo��j_qv��fmaudZevgu_�bgkljmf_glu��dZq_kl\h�a\mdZ�\�aZeZo��rmf�gZ�mebp_��\�^hf_�b�
ijb�ih_a^dZo�gZ�ljZgkihjl_��Gh�wlh�lh�`_�kZfh_��qlh�Zkkhpbbjh\Zlv�kh\j_f_ggmx�hilb�
dm�g_�k�eZa_jZfb��Z�k�eZfihc�gZdZeb\Zgby��Z�nbabdm�ieZafu�—�k�ieZf_g_f�dhkljZ��Djm]�
aZ^Zq��j_rZ_fuo�kh\j_f_gghc�Zdmklbdhc��]hjZa^h�rbj_�� 

WlZ�klZlvy�ihk\ys_gZ�lhevdh�h^ghfm�ba�lZdbo�kh\j_f_gguo�gZijZ\e_gbc�—�g_�
ebg_cghc�Zdmklbd_�beb��^jm]bfb�keh\Zfb� -�nbabd_�kbevguo�Zdmklbq_kdbo�ihe_c��Ih^�
©kbevghcª�bf__lky�\�\b^m�lZdZy�\hegZ��m�dhlhjhc�Zfieblm^Z��bgl_gkb\ghklv��fhsghklv�
beb�fZdkbfZevgu_� agZq_gby� iZjZf_ljh\� �gZijbf_j�� ibdh\h_� ^Z\e_gb_� \� bfimevkghf�
kb]gZe_��^hklZlhqgh�\_ebdb�^ey�lh]h��qlh[u�hgZ�\_eZ�k_[y�ijbgpbibZevgh�bgZq_��q_f�
keZ[Zy�\hegZ�� 

GZijbf_j��^\Z�imqdZ�keZ[uo�\heg��i_j_k_dZykv�\�ijhkljZgkl\_��kha^Zxl�bgl_j�
n_j_gpbhggmx�dZjlbgm�—�q_j_^h\Zgb_�©l_fguoª�b�©k\_leuoª�ihehk��^ey�a\mdZ�—�wlh�
ahgu� [he__� ]jhfdh]h� b� [he__� lboh]h� a\mqZgby���H^gZdh�� ijhc^y� kd\hav� wlm� h[eZklv��
\hegu�©aZ[u\Zxlª�h�kms_kl\h\Zgbb�^jm]�^jm]Z�b�jZkijhkljZgyxlky�^Zevr_�lZd��dZd�_k�
eb� [u� wlh]h� i_j_k_q_gby� g_� [ueh��FZl_fZlbq_kdb� wlh� hagZqZ_l�� qlh� ^ey� ebg_cguo�
mjZ\g_gbc�kijZ\_^eb\�ijbgpbi�kmi_jihabpbb��ebg_cgZy�dhf[bgZpby�j_r_gbc��dZ`^h_�
ba�dhlhjuo�hibku\Z_l�h^gm�\hegm��[m^_l�gh\uf�lhqguf�j_r_gb_f��>ey�kbevguo�\heg�
ijbgpbi�kmi_jihabpbb�gZjmrZ_lky��lh�_klv�\hegu�gZqbgZxl�\aZbfh^_ckl\h\Zlv�f_`^m�
kh[hc��H[eZklv�bgl_jn_j_gpbb�klZgh\blky�bklhqgbdhf�gh\uo�\heg�k�qZklhlZfb��dhlh�
juo�g_�[ueh�\�ki_dlj_�bkoh^gh]h�baemq_gby��;he__�ih^jh[gh�h�g_ebg_cguo�y\e_gbyo�b�
bo�bkihevah\Zgbb�kdZaZgh�gb`_�� 

<gZqZe_�ohl_ehkv�[u�jZkkdZaZlv�g_fgh]h�h�dZn_^j_�Zdmklbdb�b�g_�lhevdh�ihlh�
fm��qlh�wlh�mgbdZevgh_�\�k\h_f�jh^_�mq_[gh-gZmqgh_�ih^jZa^_e_gb_��gh�]eZ\guf�h[jZ�
ahf�ih�lhc�ijbqbg_��qlh�g_ebg_cgZy�ZdmklbdZ�dZd�jZa^_e�kh\j_f_gghc�nbabdb�knhjfb�
jh\ZeZkv�\�agZqbl_evghc�k\h_c�qZklb�gZ�nbabq_kdhf�nZdmevl_l_�F=M�� 

H�dZn_^j_�Zdmklbdb 
DZn_^jZ�hj]Zgbah\ZgZ�\������]��K�G� J`_\dbguf��Wlh�[ueZ�i_j\Zy�ki_pbZebab�

jh\ZggZy�dZn_^jZ�Zdmklbdb��>h�kbo�ihj�hgZ�y\ey_lky�djmig_cr_c�\�deZkkbq_kdbo�mgb�
\_jkbl_lZo�fbjZ��AZ�ijhr_^rb_�]h^u�dZn_^jm�aZdhgqbeb�hdheh�����klm^_glh\��Ih^]h�
lh\e_gh�[he__����dZg^b^Zlh\�b���^hdlhjh\�nba�-fZl��gZmd�ih�ki_pbZevghklb�©ZdmklbdZª��
<uimkdgbdb�jZ[hlZxl�\� ZdZ^_fbq_kdbo�b�hljZke_\uo�bgklblmlZo��\�\ukrbo�mq_[guo�
aZ\_^_gbyo�� \� ijhfure_gghklb�� Kj_^b� gbo� fgh]h� ba\_klguo� mqzguo�� m^hklh_gguo�
\ukrbo�ijZ\bl_evkl\_gguo�gZ]jZ^�b�ZdZ^_fbq_kdbo�a\Zgbc�� GZ�dZn_^j_�ij_ih^Z\Zeb�
b� \_eb� bkke_^h\Zgby� fgh]b_� \u^Zxsb_ky� jhkkbckdb_� Zdmklbdb�� K�G� J`_\dbg��
E�F� ;j_oh\kdbo��<�:� DjZkbevgbdh\��E�D� AZj_f[h��b�^jm]b_�� 

GZmqgu_�gZijZ\e_gby�fh`gh�mkeh\gh�jZa^_eblv�gZ���]jmiiu��\�jZfdZo�dZ`^hc�
ba�dhlhjuo�knhjfbjh\Zebkv�ijbagZggu_�gZmqgu_�rdheu� 

NbabdZ�g_ebg_cguo�dhe_[Zgbc�b�\heg��l_hjby�g_ebg_cguo�\heg�\�keZ[h^bki_j�
]bjmxsbo� kj_^Zo�� \aZbfh^_ckl\b_� kbevgh� bkdZ`zgguo� \heg�� kh^_j`Zsbo� m^Zjgu_�
njhglu��eZa_jgh_�\ha[m`^_gb_�fhsguo� Zdmklbq_kdbo�bfimevkh\�� klhoZklbq_kdh_�ih�
\_^_gb_�g_ebg_cguo�^bgZfbq_kdbo�kbkl_f��Z\lhdhe_[Zgby�\�Zdmklbq_kdbo�b�[bheh]b�
q_kdbo�kbkl_fZo��]b^jh^bgZfbq_kdb_�g_mklhcqb\hklb�b�lmj[me_glghklv�� 
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Nbabq_kdZy�ZdmklbdZ�l\zj^h]h�l_eZ��^bgZfbdZ�ih\_joghklguo�b�debgh\uo�\heg��
baf_j_gby�g_ebg_cguo�fh^me_c�mijm]hklb��g_ebg_cgu_�y\e_gby�gZ�ih\_joghklb�l\zj�
^h]h� l_eZ�� we_dljhg-nhghggu_� b� fZ]ghg-nhghggu_� \aZbfh^_ckl\by� \� l\zj^uo� l_eZo��
g_ebg_cgu_�Zdmklbq_kdb_�f_lh^u�g_jZajmrZxs_]h�dhgljhey�b�^bZ]ghklbdb��hilhZdm�
klbdZ�b�Zdmklbq_kdZy�fbdjhkdhiby�� 

:dmklbdZ�hd_ZgZ��f_lh^u�b�kj_^kl\Z�baemq_gby�b�ijbzfZ�a\mdh\uo�\heg�\�hd_Z�
g_��dZeb[jh\dZ�]b^jhZdmklbq_kdbo�ij_h[jZah\Zl_e_c��kbgl_a�Zgl_gg�b�bo�klZ[bebaZpby�
gZ� ih^\h^guo� l_q_gbyo�� jZkijhkljZg_gb_� a\mdh\uo� \heg� \� hd_Zg_�� \_dlhjgh-nZah\Zy�
kljmdlmjZ�Zdmklbq_kdbo�ihe_c�b�k_ckfbq_kdbo�kb]gZeh\��fh^_ebjh\Zgb_�rmfh\�hd_ZgZ��
h[jZlgu_�aZ^Zqb�jZkk_ygby��Zdmklbq_kdZy�lhfh]jZnby�hd_ZgZ��� 

:wjhZdmklbdZ� �j_ahgZgkgu_�ih]ehlbl_eb�gbadhqZklhlguo�bgl_gkb\guo�kb]gZeh\��
Zdmklbq_kdZy�bgl_jn_jhf_ljby�b�bgl_gkbf_ljby��baf_j_gby�\�a\mdhf_jghc�b�j_\_j[_jZ�
pbhgghc�dZf_jZo��ZdmklbdZ�hj]Zgguo�aZeh\��\hegu�a\mdh\h]h�m^ZjZ�\�Zlfhkn_j_��� 

K_cqZk�bkke_^h\Zgby�\�wlbo�gZijZ\e_gbyo�\_^ml���^hdlhjh\�b����dZg^b^Zlh\�gZ�
md�� aZ\�� dZn_^jhc� qe_g-dhjj_kihg^_gl� J:G�� ijhn_kkhj� H�<� Jm^_gdh�� ijhn_kkhjZ�
<�:� ;mjh\�� :�B� Dhjh[h\�� B�X� Kheh^h\�� ^hp_glu� <�=� :g^j__\�� I�G� DjZ\qmg��
X�G� FZdh\��H�:� KZih`gbdh\��<�:� Ohoeh\Z��:�<� RZgbg�� \_^msb_�gZmqgu_� khljm^�
gbdb� <�:� =hj^b_gdh� b� I�K� EZg^Z�� klZjrb_� gZmqgu_� khljm^gbdb� ;�B� =hgqZj_gdh��
K�G� DZjiZqz\�� ;�:� DhjrZd�� <�D� Dmag_ph\�� B�<� E_[_^_\Z�� H�>� Jmfygp_\Z��
H�X� K_j^h[hevkdZy��gZmqguc�khljm^gbd�<�=� Fh`Z_\��Z� lZd`_�feZ^rb_�gZmqgu_�kh�
ljm^gbdb�G�B� H^bgZ�b�L�<� Kbgbeh�� 

AZ�ihke_^g__�\j_fy�ihemq_g�jy^�\Z`guo�j_amevlZlh\��<i_j\u_�wdki_jbf_glZevgh�
gZ[ex^Zebkv� fgh]b_� g_ebg_cgu_� wnn_dlu� ijb� jZkijhkljZg_gbb� Zdmklbq_kdbo� \heg� \�
`b^dhklyo��l\zj^uo�l_eZo��\ha^mo_�b�fgh]hnZaguo�kj_^Zo��JZa\bl�jy^�gZijZ\e_gbc�\�nb�
abd_�g_ebg_cguo�dhe_[Zgbc�b�\heg��JZajZ[hlZgu�gh\u_�f_lh^u�g_ebg_cghc�Zdmklbq_kdhc�
^bZ]ghklbdb�b�g_jZajmrZxs_]h�dhgljhey�fZl_jbZeh\��Z�lZd`_�f_lh^u�ijbf_g_gby�fhs�
gh]h�mevljZa\mdZ�^ey�f_^bpbgkdhc�^bZ]ghklbdb�b�l_jZibb��Kha^Zgu�gh\u_�lbiu�a\mdhih�
]ehlbl_e_c�b�]emrbl_e_c��gh\u_�f_lh^u�baf_j_gbc�\�Zwjh-�b�]b^jhZdmklbd_��Ij_^eh`_gu�
f_lh^u�j_r_gby�aZ^Zq�Zdmklbq_kdhc�lhfh]jZnbb�\�hd_Zgheh]bb�b�f_^bpbg_��Hkms_kl\e_�
gu�fhjkdb_�wdki_^bpbb��]^_�[ueb�bkke_^h\Zgu��Z�aZl_f�gZreb�ijZdlbq_kdh_�ijbf_g_gb_�
mkljhckl\Z��jZajZ[hlZggu_�gZ�dZn_^j_��Ij_^eh`_gu�dhgkljmdpbb�gbadhqZklhlguo�]b^jh�
Zdmklbq_kdbo�baemqZl_e_c�b�ijbzfgbdh\��Z�lZd`_�f_lh^u�kbgl_aZ�b�ih\ur_gby�mklhcqb\h�
klb�ih^\h^guo�Zgl_gg��J_Zebah\Zgu�Zdmklbq_kdb_�j_r_gby�jy^Z�gh\uo�b�j_dhgkljmbjh�
\Zgguo� dhgp_jlguo� aZeh\� \� Fhkd\_�� KZgdl-I_l_j[mj]_�� DZaZgb�� GZ[_j_`guo� Q_egZo��
I_jfb��Fgh]b_�j_amevlZlu�aZsbs_gu�Z\lhjkdbfb�k\b^_l_evkl\Zfb�gZ�bah[j_l_gb_�b�iZ�
l_glZfb��gZreb�ijbf_g_gb_�\�Z\bZpbhgghc�l_ogbd_�b�km^hkljh_gbb��l_ogbd_�bkke_^h\Zgby�
hd_ZgZ��Zjobl_dlmjghc�ijZdlbd_�b�hj]Zghkljh_gbb��<�bo�qbke_�—�j_ahgZgkgu_�b�rbjhdh�
ihehkgu_�a\mdhih]ehlbl_eb��j_Zdlb\gu_�rbjhdhihehkgu_�]emrbl_eb��Ze]hjblfu�kbkl_f�
h[jZ[hldb� ]b^jhZdmklbq_kdhc�bgnhjfZpbb�� jZkqzlu� hiulguo�b� k_jbcguo�iZjZf_ljbq_�
kdbo�]b^jhehdZlhjh\��\_dlhjgh-nZah\u_�ijbzfgbdb�a\mdZ�b�^j�� 

DZn_^jZ� jZkiheZ]Z_l� mgbdZevgufb� khhjm`_gbyfb�� a\mdhf_jghc� �[_awoh\hc�� b�
j_\_j[_jZpbhggufb�dZf_jZfb��]b^jh[Zkk_cghf��bkihevam_fufb�dZd�^ey�gZmqguo��lZd�
b�^ey�mq_[guo�p_e_c��MgbdZevgu_�wdki_jbf_glZevgu_�mklZgh\db�kha^Zgu�\�ihke_^gb_�
]h^u�lZd`_�\�^_ckl\mxs_f�gZ�dZn_^j_�P_glj_�dhee_dlb\gh]h�ihevah\Zgby�nbabq_kdh�
]h�nZdmevl_lZ�F=M�ih�g_ebg_cghc�Zdmklbq_kdhc�^bZ]ghklbd_�b�g_jZajmrZxs_fm�dhg�
ljhex� �^bj_dlhj�—� ijhn��:�B� Dhjh[h\�� b� \� eZ[hjZlhjbb�f_^bpbgkdbo� ijbeh`_gbc�
fhsgh]h mevljZa\mdZ��aZ\��eZ[��—�^hp��H�:� KZih`gbdh\��  

DZn_^jZ�khljm^gbqZ_l�k�djmigufb�aZjm[_`gufb�p_gljZfb��Mgb\_jkbl_lZfb�rlZ�
lh\�<Zrbg]lhg�b�Bg^bZgZ��;hklhgkdbf�mgb\_jkbl_lhf��KR:���<bg^ahjkdbf�mgb\_jkbl_�
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lhf� �DZgZ^Z���Bgklblmlhf�hgdheh]bq_kdbo�bkke_^h\Zgbc� �<_ebdh[jblZgby���Mgb\_jkbl_�
lhf�Rlml]ZjlZ� �=_jfZgby��� Dhjhe_\kdbf� l_ogbq_kdbf� mgb\_jkbl_lhf� \� Klhd]hevf_� b�
L_ogheh]bq_kdbf� bgklblmlhf� \� DZjekdjhg_� �R\_pby��� Bgklblmlhf� a^hjh\vy� b�
f_^bpbgkdbo�bkke_^h\Zgbc�NjZgpbb��;jblZgkdbf�bgklblmlhf�hj]Zgguo�bkke_^h\Zgbc� 

 
<������]��gZ�[Za_�dZn_^ju�khklhyeZkv�VI �K_kkby�Jhkkbckdh]h�Zdmklbq_kdh]h�h[�

s_kl\Z��J:H���<������]��dZn_^jZ�hj]Zgbah\ZeZ�b�ijh\_eZ�\�F=M���-uc�F_`^mgZjh^guc�
kbfihabmf�ih�g_ebg_cghc�Zdmklbd_��\�dhlhjhf�ijbgyeb�mqZklb_�[he__� ����ki_pbZeb�
klh\��\�lhf�qbke_�hdheh�����aZjm[_`guo��<�Z\]mkl_������]��gZ�nbabq_kdhf�nZdmevl_l_�
khklhyeZkv�XIII �K_kkby�J:H��ihk\ys_ggZy���-e_lbx�dZn_^ju�Zdmklbdb�� 

Jy^� khljm^gbdh\� dZn_^ju� Zdmklbdb� aZ� ihke_^gb_� ]h^u� hlf_q_gu� ij_fbyfb��
H�<� Jm^_gdh� —� eZmj_Zl� =hkm^Zjkl\_gguo� ij_fbc� KKKJ� b� Jhkkbckdhc�N_^_jZpbb�� Z�
lZd`_�Ehfhghkh\kdhc�ij_fbb��<�:� DjZkbevgbdh\�—�=hkm^Zjkl\_gghc�ij_fbb�KKKJ�b�
Ehfhghkh\kdhc� ij_fbb�� Z� lZd`_� ij_fbb� J:G� bf�E�B� FZg^_evrlZfZ�� <�:� ;mjh\� — 
eZmj_Zl� =hkm^Zjkl\_gghc� ij_fbb� KKKJ�� H�:� KZih`gbdh\� —� eZmj_Zl� Ehfhghkh\kdhc�
ij_fbb��G_kdhevdh�khljm^gbdh\�m^hklh_gu�a\Zgbc�khjhkh\kdbo�ijhn_kkhjh\�b�^hp_glh\��
;he__� ���fheh^uo� mqzguo�� ZkibjZglh\� b� klm^_glh\� dZn_^ju� \� jZagu_� ]h^u� ihemqbeb�
ij_fbb�gZ�dhgdmjkZo�gZmqguo�jZ[hl�dZd�ih�ebgbb�fbgbkl_jkl\��lZd�b�\�Fhkdh\kdhf�mgb�
\_jkbl_l_��Z�lZd`_�[ueb�m^hklh_gu�klbi_g^bc�:f_jbdZgkdh]h�Zdmklbq_kdh]h h[s_kl\Z��
H[s_kl\Z�ZdZ^_fbq_kdbo�h[f_gh\�=_jfZgbb��khjhkh\kdbo�klbi_g^bc��DZn_^jZ�j_]meyj�
gh�ihemqZ_l�]jZglu��mqZkl\m_l�\�\uiheg_gbb�n_^_jZevguo�p_e_\uo�ijh]jZff�� 

:JOBI?E:=�Q:=HK

 
 
Jbk����LjZkkZ�\�Bg^bckdhf�hd_Zg_��gZ�dhlhjhc�ijh\h^bebkv�baf_j_gby�gbadhqZklhlguo�Zdmklbq_kdbo�
ihe_c� �rljboh\Zy�ijyfZy���GZ�\j_adZo�bah[jZ`_gZ�ZiiZjZlmjZ��jZajZ[hlZggZy�khljm^gbdZfb�dZn_^ju�
Zdmklbdb 
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Khljm^gbdZfb�dZn_^ju�him[ebdh\Zgh�[he__����fhgh]jZnbc�b�mq_[guo�ihkh[bc��
jy^�dhlhjuo�i_j_ba^Zg�aZ�jm[_`hf� 

Fu� klZjZ_fky� bkihevah\Zlv� emqrb_� ljZ^bpbb� \� hj]ZgbaZpbb� b� kh^_j`Zgbb�
mq_[gh]h�ijhp_kkZ�gZ�nbabq_kdhf�nZdmevl_l_�F=M��<�khq_lZgbb�k�nmg^Zf_glZevguf�
h[jZah\Zgb_f�\�h[eZklb�nbabdb�hibkZggZy�kbkl_fZ�ih^]hlh\db�Zdmklbdh\��dZd�ihdZaZeh�
\j_fy��\_kvfZ�wnn_dlb\gZ�b�g_�bf__l�ZgZeh]h\�\�fbj_��Kijhk�gZ�ki_pbZebklh\��\uimk�
dZ_fuo� dZn_^jhc�� \k_]^Z� [ue� \ukhdbf�� NZdlbq_kdb�� nbabdh\-Zdmklbdh\� \uimkdZ_f�
lhevdh�fu�b�jZ^bhnZd�Gb`_]hjh^kdh]h�mgb\_jkbl_lZ� 

H[�Zdmklbq_kdbo�\hegZo 
MgbdZevgh_�k\hckl\h�Zdmklbq_kdbo�\heg�—�bo�kihkh[ghklv�ijhgbdZlv�ijZdlbq_kdb�

\h�\k_�kj_^u��g_ijhajZqgu_�^ey�k\_lZ�b�^jm]bo�baemq_gbc��<hegu�gbadbo�qZklhl��hl�_^b�
gbp�^h�khl_g�=_jp��fh]ml�jZkijhkljZgylvky�gZ�lukyqb�dbehf_ljh\�\�hd_Zg_�b�A_fe_�� 

GZijhlb\��\ukhdhqZklhlguc�mevljZa\md��^Ze__�MA��\�^bZiZahg_�hl�����d=p�^h����
F=p��wlh�hl�����lukyq�^h����fbeebhgh\�dhe_[Zgbc�\�k_dmg^m��bkihevam_lky�^ey�f_^b�
pbgkdhc� ^bZ]ghklbdb� b� l_jZibb�� ihkdhevdm� hg� keZ[h� aZlmoZ_l� \� [bhldZgyo� b� fh`_l�
[ulv��\�qZklghklb��knhdmkbjh\Zg�gZ�lhf�beb�bghf�\gmlj_gg_f�hj]Zg_�q_eh\_dZ��Ih�wlhc�
ijbqbg_�gZ�fbjh\hf�jugd_�^bZ]ghklbq_kdbo�ijb[hjh\�MA�mkljhckl\Z�ih�h[t_fm�ijh�
^Z`� mklmiZxl� ebrv� j_gl]_gh\kdbf� mklZgh\dZf�� H^gZdh� ^_r_\bagZ�� [_ahiZkghklv� b�
mgbdZevgu_�\hafh`ghklb�MA�\_^ml�d�lhfm��qlh�\�[eb`Zcrb_�]h^u�wlb�mkljhckl\Z�[m^ml�
^hfbgbjh\Zlv��gZjy^m�k�^hjh]bfb��gh�hq_gv�wnn_dlb\gufb�YFJ-lhfh]jZnZfb�� 

:DMKLBQ?KDB?�F?LH>U�<�F?>BPBG?

 
 
Jbk���� Kh\j_f_ggu_� �h[uqguc� b� ihjlZlb\guc�� ijb[hju�MAB��Ijbf_ju�� \bamZebaZpby� khkm^bklh]h�
jmkeZ�b�bah[jZ`_gb_�_s_�g_�jh^b\r_]hky�feZ^_gpZ 
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B^_b�� e_`Zsb_� \� hkgh\_� h[uqghc� �©ebg_cghcª�� ^bZ]ghklbdb� beexkljbjh\Zgu�
gZ�jbk����Ijhkl_crZy�ko_fZ�jZ[hlu�MA�wohkdhiZ�bkihevam_l�hljZ`_gb_�Zdmklbq_kdh]h�
bfimevkZ�hl�g_h^ghjh^ghkl_c�kj_^u��bo�k\hckl\Z�b�f_klhiheh`_gb_�hij_^_eyxlky�ih�
\_ebqbg_� hljZ`_ggh]h� kb]gZeZ� b� \j_f_gb� _]h� aZiZa^u\Zgby� ih� hlghr_gbx� d� ahg^b�
jmxs_fm�bfimevkm��=hjZa^h�[hevrmx�bgnhjfZpbx�^Z_l�MA�lhfh]jZn��bkihevamxsbc�
fgh]hjZdmjkgh_�h[emq_gb_�b� �beb��ijb_f�jZkk_yggh]h�kb]gZeZ��>Zggu_�h�jZkk_ygghf�
g_h^ghjh^ghklvx�ihe_�h[jZ[Zlu\Zxlky�dhfivxl_jhf��\�j_amevlZl_�q_]h�m^Z_lky�\hk�
klZgh\blv�nhjfm�]jZgbpu�b�^Z`_�\gmlj_ggxx�kljmdlmjm�h[t_dlZ� 

<� ihke_^gb_� ]h^u� ^bZ]ghklbdZ� \k_� [hevr_� klZghkblky� ©g_ebg_cghcª�� Kj_^b�
fgh]hh[jZaby� g_ebg_cguo� \hegh\uo� y\e_gbc� qZs_� ^jm]bo� bkihevam_lky� ijhkl_crbc�
wnn_dl�—� ]_g_jZpby�\ukrbo�]Zjfhgbd��<u]ey^bl�wlh�lZd��=Zjfhgbq_kdZy� �©kbgmkhb�
^ZevgZyª�\h�\j_f_gb��\hegZ��jZkijhkljZgyykv�\�kj_^_��baf_gy_l�nhjfm��i_j_^gb_�njhg�
lu�klZgh\ylky�[he__�djmlufb��Z�aZ^gb_�—�[he__�iheh]bfb��DZjlbgZ�gZihfbgZ_l�bkdZ�
`_gb_�fhjkdbo�\heg�\[ebab�[_j_]Z��H^gZdh��\�hlebqb_�hl�\heg�gZ�fhjkdhc�ih\_joghklb��
©]j_[gbª� kbevguo� Zdmklbq_kdbo� \heg�g_� jZamrZxlky��gZ�bo�f_kl_� \hagbdZxl� djmlu_�
m^Zjgu_�njhglu��Z�ijhnbev�\�p_ehf�ijbh[j_lZ_l�\b^�©ibeuª��ijyfhebg_cgu_�ieh]b_�
©kdehguª� kh_^bg_gu� \_jlbdZevgufb� jZaju\Zfb�� i_jbh^bq_kdb� ke_^mxsbfb� ^jm]� aZ�
^jm]hf�k�qZklhlhc�\hegu��Ki_dlj�lZdh]h�kb]gZeZ�khklhbl�ba�hkgh\ghc�qZklhlu�b�djZl�
guo�]Zjfhgbd��\lhjhc��lj_lv_c��q_l\_jlhc������Qbkeh�h[jZamxsboky�]Zjfhgbd�aZ\bkbl�hl�
ihl_jv�\�kj_^_�b�fh`_l�^hklb]Zlv�g_khevdbo�^_kyldh\��Ihevamykv�ZgZeh]b_c�k�hilbdhc��
fh`gh�kdZaZlv��qlh�©ibeZª�khklhbl�ba�fgh]bo�p\_lh\��djZkgh]h��a_e_gh]h��nbhe_lh\h]h�
b�^jm]bo�dhfihg_gl�g_\b^bfhc�dhjhldh\hegh\hc�h[eZklb�ki_dljZ��Wg_j]by�i_j_dZqb�
\Z_lky�ba�hkgh\ghc�qZklhlu�\�dhjhldh\hegh\mx�h[eZklv�ih�f_j_�jZkijhkljZg_gby�\he�

H[uqgu_�f_lh^u�MA�^bZ]ghklbdb�

L

t=2l/c

<oh^ghc�kb]gZe

Kb]gZe�k�\uoh^Z

Ahg^bjmxsbc
MA�bfimevk

HljZ`_gguc�
^_n_dlhf�
bfimevk

l

t=2L/c

MA�wohkdhiby

MA�lhfh]jZnby

 
Jbk����D�h[tykg_gbx�jZ[hlu�ijb[hjh\�Zdmklbq_kdhc�^bZ]ghklbdb 
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gu� \� kj_^_�� GZijbf_j�� Zfieblm^Z� �-c� ]Zjfhgbdb� ijhihjpbhgZevgZ� x /ε λ �� ]^_� x — 

ijhc^_ggh_�jZkklhygb_��ε —�g_ebg_cguc�iZjZf_lj�kj_^u��λ—�^ebgZ�\hegu�hkgh\ghc�
qZklhlu��Ykgh��qlh�m\_ebqblv�Zfieblm^m��-c�]Zjfhgbdb�fh`gh�g_�lhevdh�aZ�kq_l�[hev�
rh]h�jZkklhygby��gh�b�aZ�kq_l�bkihevah\Zgby�kj_^�k�[hevrhc�g_ebg_cghklvx� 

Ijbf_jhf�kj_^u��h[eZ^Zxs_c�]b]Zgkdhc�g_ebg_cghklvx��y\ey_lky�]Zabjh\ZggZy�
\h^Z��?keb�g_ebg_cghklv�qbklhc�\h^u�ε� ������\ha^moZ�ε� ������lh�bo�kf_kv�fh`_l�bf_lv�
ε� ������b�\ur_��H[emqZy�lZdmx�kj_^m�mevljZa\mdhf�b�j_]bkljbjmy�kb]gZe�gZ��-c�]Zj�
fhgbd_��fh`gh�h[gZjm`blv�g_�lhevdh�h[eZqdh�imaujvdh\��gh�^Z`_�h^bghqguc�fbdjh�
imauj_d�]ZaZ��:gZeh]bqgh��\�l\_j^uo�l_eZo�gZebqb_�fbdjhlj_sbg�ijb\h^bl�d�aZf_lgh�
fm� jhklm� g_ebg_cghklb� b�fh`_l� bkihevah\Zlvky� ^ey� ^bZ]ghklbdb� ^_n_dlh\� b� hp_gdb�
ijhqghklguo�oZjZdl_jbklbd� 

GZ�ke_^mxs_f�jbkmgd_�beexkljbjm_lky�ko_fZ�ijbf_g_gby�dhgljZklgh]h�\_s_kl\Z�
lbiZ�©:ev[mg_dkª�^ey�\bamZebaZpbb�djh\hlhdZ��<_s_kl\h�ij_^klZ\ey_l�kh[hc�\a\_kv�fbd�
jhimaujvdh\�]ZaZ�\�nbabheh]bq_kdhf�jZkl\hj_��dZ`^uc�ba�dhlhjuo�bf__l�jZaf_j��–���fdf�
b�ihdjul�[bheh]bq_kdb�bg_jlghc�`bjh\hc�h[hehqghc�^ey�h[_ki_q_gby�klZ[bevghklb��JZk�
l\hj�bg`_dlbjm_lky�\�djh\v�b�^\b`_lky�\f_kl_�k�g_c�ih�khkm^bklhfm�jmkem��<�f_klZo�km�
`_gby� �Zl_jhkde_jhlbq_kdb_�[eyrdb��kl_ghau��djh\v�^\b`_lky�[uklj__��\�f_klZo�m\_eb�
q_ggh]h�k_q_gby�khkm^h\��Zg_\jbafu��—�f_^e_gg__��H[emqZy�imauj_d�MA�qZklhlhc�b�j_]b�
kljbjmy��-x�]Zjfhgbdm��fh`gh�k�[hevrhc�lhqghklvx�baf_jblv�kdhjhklv�l_q_gby�\�^Zgghc�
h[eZklb�khkm^Z�eb[h�\bamZebabjh\Zlv�^Zgguc�mqZklhd�djh\_ghkghc�kbkl_fu��Lhqghklv�g_�
ebg_cgh]h�kihkh[Z�ehdZebaZpbb�imaujvdZ�e_]dh�h[tykgblv�k�ihfhsvx�hilbq_kdhc�ZgZeh�
]bb��>himklbf��qZklhlZ�h[emq_gby�khhl\_lkl\m_l�djZkghfm�p\_lm��Z�jZkk_yggZy��-y�]Zjfh�
gbdZ�—�a_e_ghfm��DjZkguc�p\_l�jZkk_b\Z_lky�g_h^ghjh^ghklyfb�fur_qghc�ldZgb��kl_g�
dZfb� khkm^Z�b�^jm]bfb�g_h^ghjh^ghklyfb�� kha^Z\Zy�ihf_om� ©djZkghfmª� kb]gZem�hl�im�
aujvdZ�� AZlh� ©a_e_gucª� kb]gZe� jh`^Z_lky� lhevdh� gZ� imaudvd_� �ba-aZ� _]h� ]b]Zglkdhc�
g_ebg_cghklb��b�j_]bkljbjm_lky�ijZdlbq_kdb�[_a�ihf_o� 

:dmklbq_kdb_�dhgljZklgu_�Z]_glu�jZ^bdZevgh�memqrZxl�

mevljZa\mdh\mx�\bamZebaZpbx�djh\hlhdZ�b�khkm^bklh]h�

jmkeZ

Bklhqgbd�MA
MA ijb_fgbd

&

2&

  
Jbk����<bamZebaZpby�djh\hlhdZ�k�ihfhsvx�bg`_dpbb�\ha^mrguo�fbdjhimaujv�
dh\ 
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Ke_^mxsbc�jbkmghd�ihdZau\Z_l��dZd�fh`gh�h[gZjm`blv�h^bghqgmx�lj_sbgm�\�
h[t_f_�ieZklbgdb��?keb�j_]bkljbjh\Zlv�kb]gZe�gZ�qZklhl_�\ha[m`^_gby��\�^Zgghf�kem�
qZ_�wlh����d=p���fh`gh�aZnbdkbjh\Zlv�lhevdh�nhjfm�dhe_[Zgbc�ih\_joghklb��kb]gZe�hl�
lj_sbgu� keZ[� b� gZ� wlhf�nhg_�g_� \b^_g��?keb�� h^gZdh��bkihevah\Zlv� j_]bkljZpbx�gZ�
\ukrbo�qZklhlZo��\�^Zgghf�kemqZ_�wlh�����d=p���-y�]ZjfhgbdZ���kb]gZe�hl�lj_sbgu�klZ�
g_l�^hfbgbjmxsbf� 

 

<ebygb_�^_n_dlghklb�kj_^u�gZ�g_ebg_cghklv�ijh^_fhgkljbjh\ZgZ�wdki_jbf_g�
lZfb�PGBBK� �]jmiiZ�<�:�Jh[kfZgZ���@_e_ah[_lhggZy� [ZedZ� �kf�� jbk���� gZ]jm`ZeZkv�
[hevrbfb�klZlbq_kdbfb�gZijy`_gbyfb��H^gh\j_f_ggh�gZ�\oh^�ih^Z\Zebkv�rmf� �rb�
jhdhihehkguc� ki_dlj��b� kb]gZe� �madZy� ki_dljZevgZy� ebgby���Ijb� keZ[hf�gZ]jm`_gbb�
ijbgyluc�ki_dlj�gZ�^jm]hf�dhgp_�[Zedb�g_�hlebqZeky�hl�bkoh^gh]h��K�m\_ebq_gb_f�gZ�
]jmadb�ihy\eyebkv�h^bghqgu_�lj_sbgu��Hgb�jhkeb��kh_^bgyebkv�f_`^m�kh[hc��kha^Z�
\Zy� keh`gmx� jZa\_l\e_ggmx� kbkl_fm� \gmlj_ggbo� ^_n_dlh\��Wlhl� ijhp_kk� khijh\h`�
^Zeky�jhklhf�g_ebg_cghklb�kj_^u��\�j_amevlZl_�q_]h�ki_dlj�\hegu�gZ�\uoh^_�mkeh`�
gyeky�� \hagbdZeb� \ukrb_� ]Zjfhgbdb� kb]gZeZ�b�gh\u_� ki_dljZevgu_� dhfie_dku�ba-aZ�
\aZbfh^gckl\by�kb]gZe-rmf��:gZebabjmy�ki_dlj�\hegu��ijhr_^r_c�q_j_a�[Zedm��fh`�
gh� km^blv� h� kl_i_gb� __� ^_n_dlghklb� b� hp_gblv� g_kmsmx� kihkh[ghklv�� Wlhl� kihkh[�
\i_j\u_�bkihevah\Zeky�kjZam�ihke_�dZlZkljhnbq_kdh]h� a_fe_ljyk_gby�\�KiblZd_� �:j�
f_gby�� ^ey� ijbgylby� j_r_gby� h� \hafh`ghklb� \hkklZgZ\e_gby� kbevgh� ih\j_`^_gguo�
a^Zgbc�� 

Bah[jZ`_gb_ ih\_joghklb
mqZkldZ ieblu,
dhe_[exs_cky gZ qZklhl_
20 d=p

Bah[jZ`_gb_
ehdZebah\Zggh]h ^_n_dlZ,
jZkiheh`_ggh]h gZ ]em[bg_
ih^ ih\_joghklvx ieblu,
ihemq_ggh_ gZ qZklhl_ 7-c
Zdmklbq_kdhc ]Zjfhgbdb (140
d=p).<ukhdbc dhgljZkl
^hklb]gml aZ kq_l lh]h, qlh
ijhp_kk g_ebg_cghc
]_g_jZpbb 7-c ]Zjfhgbdb
ijhbkoh^bl lhevdh gZ kZfhf
^_n_dl_ b ihwlhfm rmfh\hc
nhg hlkmlkl\m_l

 
 

Jbk����<bamZebaZpby�h[t_fghc�lj_sbgu�gZ�qZklhl_�k_^vfhc�]Zjfhgbdb 
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Jbk����G_ebg_cgu_�\aZbfh^_ckl\by�rbjhdhihehkgh]h�rmfZ�b�fhghojhfghc�\hegu�gZ�jZaguo�
mjh\gyo�jZa\blby�lj_sbg�\�`_e_ah[_lhgghc�[Zed_ 

 

Z��ijb�hlkmlkl\bb�lj_sbg 

[��ijb�ihy\e_gbb�h^bghqguo�g_k\yaZg�
guo�fbdjhlj_sbg 

\�� ijb� jZa\blbb� kbkl_fu� k\yaZgguo�
lj_sbg�b�i_j_^�\g_aZiguf�jZajmr_�
gb_f�[Zedb 

KlZlbq_kdZy� 
gZ]jmadZ 

�f 
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 F_lh^u�g_ebg_cghc�^bZ]ghklbdb�bkihevah\Zgu�ijb�kljhbl_evkl\_�khhjm`_gbc�
3-]h�ljZgkihjlgh]h�dhevpZ�\�Fhkd\_��ijb�j_dhgkljmdpbb�b�j_klZ\jZpbb�Zjobl_dlmjgh-
bklhjbq_kdbo� iZfylgbdh\�� kljhbl_evkl\_� f_ljhihebl_gh\�� h[ke_^h\Zgbb� wg_j]_lbq_�
kdbo�mklZgh\hd�k�p_evx�jZajZ[hldb�ijh_dlh\�mkbe_gby�dhgkljmdpbb�b�k_ckfhaZsblu��
^ey�^bZ]ghklbdb�^_n_dlh\�ijhe_lguo�kljh_gbc�b�hihj�[hevrbo�b�\g_deZkkguo�fhklh\�
�[he__� ����^ey� hp_gdb�nZdlbq_kdhc� ]jmahih^t_fghklb�b�ijh_dlh\�j_dhgkljmdpbb��GZ�
jbk��� ij_^klZ\e_gu� dhfivxl_jgu_� fh^_eb� bklhjbq_kdbo� a^Zgbc� \� p_glj_� Fhkd\u��
kha^Zggu_�gZ�hkgh\_�^Zgguo�g_ebg_cghc�Zdmklbq_kdhc�^bZ]ghklbdb� 

 
Jbk����Dhfivxl_jgh_�fh^_ebjh\Zgb_� ih\_^_gby� Zjobl_dlmjgh-bklhjbq_kdbo� iy�
fylgbdh\�\�ijhp_kk_�bo�j_dhgkljmdpbb�b�j_klZ\jZpbb 

 
B^_b��e_`Zsb_�\�hkgh\_�g_ebg_cguo�f_lh^h\�^bZ]ghklbdb�b�g_jZajmrZxs_]h�

dhgljhey�� ohjhrh� ba\_klgu�� K� jhklhf� Zfieblm^� �bgl_gkb\ghkl_c�� \heg� gZjmrZ_lky 
ijbgpbi�kmi_jihabpbb��i_j_k_dZykv�\h�\j_f_gb�b�\�ijhkljZgkl\_��^hklZlhqgh�kbevgu_�
\hegu�gZqbgZxl�\aZbfh^_ckl\h\Zlv��h[f_gb\Zykv�wg_j]b_c��Ijb�wlhf�dZ`^Zy�ba�\heg�
©aZihfbgZ_lª�dZd�oZjZdl_jbklbdb� k\hbo� ©iZjlg_jh\ª�� lZd�b�fZl_jbZevgu_�oZjZdl_jb�
klbdb�kj_^u� �\�lhc�h[eZklb��]^_�wlh�\aZbfh^_ckl\b_�ijhbahreh���WlZ�bgnhjfZpby�fh�
`_l�[ulv�©^hklZ\e_gZª�d�ijb_fgbdm�kZfbfb�bkoh^gufb�\hegZfb��bkiulZ\rbfb�djhkk-
fh^meypbx��Z�lZd`_�baemqZlvky�g_ihkj_^kl\_ggh�ba�h[eZklb�\aZbfh^_ckl\by�\�\b^_�gh�
\uo�ki_dljZevguo�dhfihg_gl��hlkmlkl\h\Z\rbo�\�bkoh^ghf�\hegh\hf�ki_dlj_� 

<� f_^bpbg_�� ljZgkihjlghf� b� ]jZ`^Zgkdhf� kljhbl_evkl\_�� fZl_jbZeh\_^_gbb��
jZaebqguo�h[eZklyo�bg^mkljbb��Z�lZd`_�\�]_hnbabd_�b�bg`_g_jghc�k_ckfbd_�bkihevam�
_lky�fgh`_kl\h�^bZ]ghklbq_kdbo�f_lh^h\��hkgh\Zgguo�gZ�jZaghh[jZaguo�g_ebg_cguo�
y\e_gbyo��Wlh�gZijZ\e_gb_�fh`gh�gZa\Zlv�©bgnhjfZpbhggufª��ihkdhevdm�^ey�ihemq_�
gby�k\_^_gbc�h�khklhygbb�kj_^u�beb�h[t_dlZ�bkihevamxlky�g_ebg_cgh_�ij_h[jZah\Zgb_�
qZklhlu�b�wnn_dlu�\aZbfh^_ckl\by� 

 

Dhfivxl_jgh_ fh^_ebjh\Zgb_
kbeh\h]h \aZbfh^_ckl\by
kljhys_]hky dZjdZkgh]h a^Zgby
f_`^m kms_kl\mxsbfb
a^Zgbyfb iehlghc ]hjh^kdhc
aZkljhcdb (DblZc-]hjh^).

IjhkljZgkl\_ggZy
dhfivxl_jgZy fh^_ev
jZkij_^_e_gby ^_nhjfZpbc \
dbjibqghc deZ^d_
Zjobl_dlmjgh-bklhjbq_kdh]h
iZfylgbdZ k mq_lhf ^Zgguo
g_ebg_cghc ^bZ]ghklbdb
^_n_dlh\ b ih\j_`^_gbc
(I_ljh\kdbc Iml_\hc
^\hj_p).
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Jbk����Ko_fZ�jZ[hlu�eblhljbil_jZ 

 
>jm]h_�gZijZ\e_gb_�fh`gh�gZa\Zlv� ©kbeh\ufª��Bkihevamy�\hegu�[hevrhc�bg�

l_gkb\ghklb��fh`gh�baf_gylv�khklhygb_�kj_^u��Ijb�wlhf�dh]_j_glgu_�k\hckl\Z�\hegh�
\h]h�ihey�b�_]h�ki_dlj�b]jZxl�\lhjhkl_i_ggmx�jhev� 

Ijbf_jhf�©kbeh\h]hª�bkihevah\Zgby�fhsguo�Zdmklbq_kdbo�bfimevkh\�\�f_^b�
pbg_�kem`bl�f_lh^�wdkljZdhjihjZevghc� �\g_rg_c�ih�hlghr_gbx�d�l_em�q_eh\_dZ��eb�
lhljbikbb� �jZajmr_gby� ihq_qguo� dZfg_c��� A^_kv� bkihevam_lky� dZd� kihkh[ghklv� Zdm�
klbq_kdbo�\heg�ijhgbdZlv�\�[bhldZgv��lZd�b�g_ebg_cguc�wnn_dl�nhjfbjh\Zgby�m^Zj�
gh]h�njhglZ��kha^Zxs_]h�[hevrb_�]jZ^b_glu�^Z\e_gby�\�dZfg_��Djhf_�lh]h��jZaj_`_�
gb_�\�bfimevk_�\�h[eZklb�aZ�njhglhf�ijb\h^bl�d�dZ\blZpbb�—�h[jZah\Zgbx�imaujvdh\��
Koehiu\Zykv��imaujvdb�dhgp_gljbjmxl�wg_j]bx��\�j_amevlZl_�q_]h�^Z\e_gby�^hklb]Zxl�
lukyq� Zlfhkn_j�� Z� l_fi_jZlmju�—�^_kyldh\� lukyq� ]jZ^mkh\��Djhf_� lh]h��h[jZamxlky�
\ukhdhkdhjhklgu_� dmfmeylb\gu_�fbdjhkljmb��ijb\h^ysb_� d� wjhabb�ih\_joghklb��GZ�
nbabq_kdhf� nZdmevl_l_� [ue� kha^Zg� i_j\uc� \� fbj_� hilhZdmklbq_kdbc� eblhljbil_j�
������]����\�dhlhjhf�Zdmklbq_kdbc�bfmevk�kha^Z\Zeky�aZ�kq_l�j_adh]h�l_ieh\h]h�jZkrb�
j_gby�kehy�kj_^u��ih]ehlb\r_]h�bgl_gkb\guc�bfmevk�eZa_jgh]h�baemq_gby��K_cqZk�kh�
\f_klgh�k�mq_gufb�ba�KR:�bamqZxlky�f_oZgbafu�hilbfZevgh]h�jZajmr_gby�dZfg_c�b�
khhl\_lkl\mxsb_�g_ebg_cgu_�y\e_gby� 

>jm]Zy�jZa\blZy�gZ�dZn_^j_�f_^bpbgkdZy�l_ogheh]by�bkihevam_l�fh^mebjh\Zg�
guc�ih�bgl_gkb\ghklb�MA�imqhd�dZd�iZe_p�objmj]Z��hsmiu\Zxsbc�himohev�\�fy]dhc�
ldZgb��AZ�kq_l�kbevgh]h�jZ^bZpbhggh]h�^Z\e_gby�\�gm`ghc�lhqd_�\gmlj_gg_]h�hj]ZgZ�
\ha[m`^Z_lky� k^\b]h\Zy� \hegZ�� ehdZevgZy� kdhjhklv� jZkijhkljZg_gby� dhlhjhc� hq_gv�
qm\kl\bl_evgZ�d�gZebqbx�iZlheh]bc��LZd��_keb�jZagbpZ�f_`^m�iehlghklvx�himoheb�b�
a^hjh\hc�ldZgb�g_\_ebdZ��wlh�_^bgbpu�����lh�jZaebqb_�\�k^\b]h\uo�fh^meyo�mijm]hklb�
^hklb]Z_l��–��ihjy^dh\�� 

Bklhqgbd�

m^Zjguo�\heg

Fhgblhju

J_gl]_gh\kdb_�

bklhqgbdb

IhqdZ�k�

dZfg_f

15 – ���d<
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GZdhg_p��ihke_^gbc�ijbf_j�©kb]h\h]hª�\ha^_ckl\by�MA�—�wlh�k_e_dlb\gh_�jZa�
jmr_gb_� de_lhqguo� kljmdlmj��P_evx� lZdh]h�jZajmr_gby�fh`_l�[ulv� \uk\h[h`^_gb_�
n_jf_glZ� l_ehf_jZau�� kh^_j`Zs_]hky� \� de_ldZo� jZdh\uo� himohe_c�� <uk\h[h`^Zykv��
n_jf_gl�©ih^Z_l�kb]gZeª�bffmgghc�kbkl_f_�q_eh\_dZ��dhlhjZy�Zdlb\babjm_lky�b�gZqb�
gZ_l�[hjhlvky�k�[he_agvx��<�j_amevlZl_�ijb�h[emq_gbb�i_j\bqghc�himoheb�bgl_gkb\�
guf�MA�gZ[ex^Zehkv�g_�lhevdh�__�bkq_agh\_gb_��gh�b�jZkkZku\Zgb_�f_lZklZah\�\�m^Z�
e_gguo�hj]ZgZo�q_eh\_dZ� 

JZamf__lky��\�wlhc�klZlv_�hibkZgZ�ebrv�fZeZy�qZklv�aZ^Zq�g_ebg_cghc�Zdmklbdb��
;ueh�[u�g_�f_g__�bgl_j_kgh�jZkkdZaZlv�h�rmfZo�j_Zdlb\guo�kljmc�b�a\mdh\hf�m^Zj_��
aZ^_j`b\Zxs_f�jZa\blb_�k\_joa\mdh\hc�Z\bZpbb��h�g_ebg_cguo�y\e_gbyo�\�]_h-�b�Zkl�
jhnbabd_��Hkh[h_�f_klh�aZgbfZxl�g_ebg_cgu_�wnn_dlu�\�l\_j^uo�l_eZo��k\yaZggu_�k�
Zg]Zjfhgbafhf�djbklZeebq_kdhc�j_r_ldb�b�\aZbfh^_ckl\b_f�nhghgh\�k�we_dljhgZfb�b�
d\ZabqZklbpZfb�\�l\_j^uo�l_eZo��Ih�ljZ^bpbb�wlb�\hijhku�k\yau\Zxl�k�nbabdhc�l\_j�
^h]h�l_eZ��ohly��gZijbf_j��ih]ehs_gb_�a\mdZ�\�l\_j^uo�l_eZo��©rdhevgucª�wnn_dl�l_i�
eh\h]h�jZkrbj_gby�b�fgh`_kl\h�^jm]bo�y\e_gbc��dZd�^Z\gh�ba\_klguo��lZd�b�g_^Z\gh�
hldjuluo��fh`gh�hlg_klb�d�aZ^ZqZf�g_ebg_cghc�Zdmklbdb� 

G?EBG?CGUC MEVLJ:A<MD: J:AJMR?GB?
FBDJHKDHIBQ?KDBO ;BHDHFIE?DKH< B G?L?IEH<H?

<HA>?CKL<B? G: AEHD:Q?KL<?GGMX HIMOHEV

Jbk��
Z – i_j\bqgZy f_eZgh[eZklhfZ gZ jmd_ [hevgh]h;   [ – jmdZ lh]h `_
[hevgh]h ihke_ \ha^_ckl\by gZ himohev mevljZa\mdhf \ukhdhc
bgl_gkb\ghklb.

a [

 

Jbk����Z�—�i_j\bqgZy�f_eZ[eZklhfZ�gZ�jmd_�[hevgh]h��[�—�jmdZ�lh]h�
`_�[hevgh]h�ihke_�\ha^_ckl\by�gZ�himohev�mevljZa\mdhf�\ukhdhc�bg�
l_gkb\ghklb 
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M>D������ 

<EBYGB?�Q:KLHLGH=H�A:DHG:�IH=EHS?GBY 
G:�W<HEXPBX�G?EBG?CGHC�:DMKLBQ?KDHC�<HEGU 

;Zkh\Z�F�K���:\_jvygh\�F�<���Ohoeh\Z�<�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

JZ[hlZ�ihk\ys_gZ�bgl_gkb\gh�jZa\b\Zxs_cky�\�ihke_^g__�\j_fy�ijh[e_f_�bk�
ke_^h\Zgby�jZkijhkljZg_gby�g_ebg_cguo�jZaju\guo�\heg�\�g_^bki_j]bjmxsbo�kj_^Zo�
k�ijhba\hevguf�ih�qZklhl_�aZdhghf�ih]ehs_gby�>� - �@��Hkh[_ggh�ZdlmZevguf�jZkkfZl�
jb\Z_fuc�djm]�aZ^Zq�y\ey_lky�\�k\yab�k�jZkrbjyxsbfky�ijbf_g_gb_f�fhsgh]h�mevl�
jZa\mdZ�\�f_^bpbg_��ihkdhevdm�[bheh]bq_kdb_�ldZgb�bf_xl�hlebqgmx�hl�deZkkbq_kdhc�
kl_i_ggmx�aZ\bkbfhklv�dhwnnbpb_glZ�ih]ehs_gby�hl�qZklhlu��[ebadmx�d�ebg_cghc�\�
rbjhdhf�^bZiZahg_�\ha^_ckl\mxsbo�gZ�ldZgb�qZklhl�>�@��Bamq_gb_�h[sbo�k\hckl\�g_�
ebg_cguo�\heg�\�lZdbo�kj_^Zo��\ebygb_�aZdhgZ�ih]ehs_gby�gZ�ijhl_dZgb_�g_ebg_cguo�
\aZbfh^_ckl\bc�\Z`gh�dZd�k�lhqdb�aj_gby�nmg^Zf_glZevguo�bkke_^h\Zgbc��lZd�b�fgh�
]bo�^jm]bo�kh\j_f_gguo�ijbeh`_gbc�fhsgh]h�mevljZa\mdZ�>�@��<�fZl_fZlbq_kdhf�ieZ�
g_�\k_� wlb� aZ^Zqb�gZlZedb\Zxlky�gZ� kms_kl\_ggu_� ljm^ghklb�\�j_r_gbb�g_ebg_cguo�
bgl_]jh-^bnn_j_gpbZevguo�mjZ\g_gbc��hkh[_ggh��ijb�bkke_^h\Zgbb� kbevgh�bkdZ`_g�
guo�ijhnbe_c� Zdmklbq_kdbo� \heg� k�m^Zjgufb�njhglZfb��<h�fgh]bo� kemqZyo� _^bgkl�
\_ggZy�\hafh`ghklv�ihemq_gby�g_h[oh^bfh]h�ihe_agh]h�j_amevlZlZ� -� wlh�bkihevah\Z�
gb_�qbke_gguo�f_lh^h\�^ey�fh^_ebjh\Zgby�gm`guo�ijhp_kkh\��;hevrbgkl\h�ih^h[guo�
aZ^Zq�lj_[m_l�jZa\blby�ki_pbnbq_kdbo�Ze]hjblfh\��LZd��g_h[oh^bfh�hilbfZevguf�h[�
jZahf�\u[jZlv�aZdhg�bkdmkkl\_gghc�\yadhklb�^ey�k]eZ`b\Zgby�m^Zjguo�njhglh\�b�ijb�
wlhf�\ghkys_c�fbgbfZevgu_�bkdZ`_gby�\�fh^_ebjm_fu_�ijhp_kku� 

<�jZ[hl_�bkke_^h\Zgh�\ebygb_�aZdhgh\�ih]ehs_gby��gZb[he__�qZklh�ijbf_gyx�
sboky� ijb� qbke_gghf�fh^_ebjh\Zgbb� jZaju\guo� \heg�� gZ� w\hexpbx� ijhnbey� g_eb�
g_cghc� \hegu�� __� ki_dljZ�� kj_^gbo�oZjZdl_jbklbd�b� wnn_dlb\gh]h� dhwnnbpb_glZ�ih�
]ehs_gby��JZkkfhlj_gu�mjZ\g_gby� lbiZ�;xj]_jkZ� k� aZdhgZfb�ih]ehs_gby��hibku\Z_�
fufb��-c���-c�b��-c�ijhba\h^gufb��Z�lZd`_�ih]ehs_gb_f��ijhihjpbhgZevguf�r_klhc�
kl_i_gb�qZklhlu�^ey�h]jZgbq_ggh]h�qbkeZ�ihke_^gbo� ]Zjfhgbd��bkihevam_fuo�\�qbk�
e_gghf�Ze]hjblf_��Ihemq_gu�klZpbhgZjgu_�j_r_gby�\�\b^_�klmi_gvdb�b�d\ZabklZpbh�
gZjgu_�j_r_gby�^ey�bkoh^ghc� ]Zjfhgbq_kdhc�\hegu�b�h^bghqgh]h�bfimevkgh]h�\ha�
fms_gby��Bamq_gZ� kljmdlmjZ� m^Zjgh]h�njhglZ� ^ey� jZaebqguo� lbih\� b� \_ebqbgu� ih�
]ehs_gby�k�bkihevah\Zgb_f�Z\lhfh^_evguo�k\hckl\�j_r_gbc��IhdZaZgh��qlh�\�hlebqb_�
hl� ]eZ^dh]h�� ijhihjpbhgZevgh]h� ]bi_j[hebq_kdhfm� lZg]_gkm��njhglZ� \� deZkkbq_kdhf�
kemqZ_� mjZ\g_gby� ;xj]_jkZ�� ^ey� fh^bnbpbjh\Zggh]h� mjZ\g_gby� ;xj]_jkZ� \� h[eZklb�
m^Zjgh]h�njhglZ�gZ[ex^Zxlky� hkpbeeypbb�� qZklhlZ�b� Zfieblm^Z� dhlhjuo� aZ\bkbl� hl�
\b^Z�hi_jZlhjZ�ih]ehs_gby�b�[_ajZaf_jgh]h�dhwnnbpb_glZ�ih]ehs_gby��Ijb�wlhf�ih�

 

:DMKLBD: 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Dhjh[h\�:e_dkZg^j�B\Zgh\bq 
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l_jb�Zdmklbq_kdhc�wg_j]bb�gZ�m^Zjguo�njhglZo�h^bgZdh\u�^ey�jZkkfZljb\Z_fuo�lj_o�
fh^_e_c��;ukljh_�ih]ehs_gb_�\ukrbo�]Zjfhgbd�ijb\h^bl�d�oZjZdl_jghfm�m\_ebq_gbx�
ki_dljZ� g_ebg_cghc� \hegu� gZ� \ukhdbo� qZklhlZo�� IhdZaZgh�� qlh� hkpbeeypbb� \[ebab�
m^Zjgh]h�njhglZ�b�m\_ebq_gb_�Zfieblm^u�\ukhdhqZklhlgh]h�ki_dljZ�y\eyxlky�k\hckl�
\hf�j_r_gbc�fh^bnbpbjh\Zggh]h�mjZ\g_gby�;xj]_jkZ��Z�g_�ke_^kl\b_f�ba\_klgh]h�y\�
e_gby�hljZ`_gby�qZklhl��qZklh�\hagbdZxs_]h�ijb�qbke_gghf�fh^_ebjh\Zgbb�jZaju\�
guo� \heg��<uy\e_gu� hilbfZevgu_�iZjZf_lju�bkdmkkl\_ggh]h�ih]ehs_gby�� \ghkysb_�
fbgbfZevgu_�bkdZ`_gby�\�jZaebqgu_�bkke_^m_fu_�oZjZdl_jbklbdb�jZaju\ghc�\hegu� 

Ebl_jZlmjZ 
1. Jm^_gdh�H�<��� Khemyg� K�B�� L_hj_lbq_kdb_� hkgh\u� g_ebg_cghc� Zdmklbdb� ���

F���GZmdZ������ 
2. Jm^_gdh�H�<��� Jh[kfZg�<�:��MjZ\g_gb_� g_ebg_cguo� \heg� \� jZkk_b\Zxs_c�

kj_^_����>:G�������L����������klj��-5 
3. DZs__\Z�K��K���KZih`gbdh\�H��:���Ohoeh\Z�<��:���:\_jdvx�F��:���DjZf�E��:��

��� G_ebg_cgh_� bkdZ`_gb_� b� ih]ehs_gb_� fhsguo� Zdmklbq_kdbo� \heg� \� kj_^_� kh�
kl_i_gghc�aZ\bkbfhklvx�dhwnnbpb_glZ�ih]ehs_gby�hl�qZklhlu����:dmkl��`mjg��������L��
46. N 2. C. 211 – 219. 

4. ;udh\� <�=�� G_ebg_cgu_� \hegh\u_� ijhp_kku� \� ]_heh]bq_kdbo� kj_^Zo� �����
<eZ^b\hklhd��>ZevgZmdZ, 2000.  
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BAF?J?GB?�A:LMO:GBY�MEVLJ:A<MD:�<�DJBKL:EE?�KDP 
:DMKLHHILBQ?KDBF�F?LH>HF 

Ljhobfh\kdbc�:�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

:dmklhhilbdZ��:H��bamqZ_l�^bnjZdpbx�we_dljhfZ]gblguo�\heg�gZ�nZah\hc�^b�
njZdpbhgghc�j_r_ld_��h[jZah\Zgghc�g_h^ghjh^ghklyfb�ihdZaZl_ey�ij_ehfe_gby��\u�
a\Zgguo� mevljZa\mdh\hc� �MA�� \heghc�� jZkijhkljZgyxs_cky� \� ijhajZqghc� ^ey� k\_lZ�
kj_^_��GZ�hkgh\_�:H�wnn_dlZ�kha^Zxlky�mkljhckl\Z��ijbf_gy_fu_�^ey�mijZ\e_gby�iZ�
jZf_ljZfb�hilbq_kdh]h�baemq_gby��\�qZklghklb��^ey�ki_dljZevgh]h�ZgZebaZ�hilbq_kdbo�
imqdh\� b� bah[jZ`_gbc� >�-�@�� QZklhlZ� we_dljbq_kdh]h� kb]gZeZ�� ih^Zxs_]hky� gZ� :H�
ki_dljhf_lj�� hij_^_ey_l� ^ebgm� \hegu� hilbq_kdh]h� baemq_gby�� ijhims_ggh]h�nbevl�
jhf��GZklhysZy�jZ[hlZ�ihk\ys_gZ�bkke_^h\Zgbx�Zdmklbq_kdbo�k\hckl\�djbklZeeZ�.'3�
(KH2PO4���dhlhjuc�fh`_l�[ulv�bkihevah\Zg�\�:H�ki_dljhf_ljZo��>b]b^jhnhknZl�dZ�
eby�ba\_kl_g�l_f��qlh�wlhl�^\memq_ij_ehfeyxsbc�fZl_jbZe�ijhajZq_g�^ey�mevljZnbh�
e_lh\h]h��MN��^bZiZahgZ�^ebg�\heg��Ihwlhfm�wlhl�djbklZee��gZjy^m�k�d\Zjp_f�b�nlhjb�
^hf�fZ]gby��fh`_l�[ulv�bkihevah\Zg�\�:H�mkljhckl\Zo�^ey�jZ[hlu�\�MN�ki_dlj_�hilb�
q_kdh]h�baemq_gby�>�@� 

D�gZklhys_fm�\j_f_gb�ohjhrh�ba\_klgu�we_dljhhilbq_kdb_�k\hckl\Z�djbklZeeZ�
.'3��Z�lZd`_�g_ebg_cgh-hilbq_kdb_�k\hckl\Z�wlh]h�fZl_jbZeZ��K�^jm]hc�klhjhgu��_]h�
:H�oZjZdl_jbklbdb�bkke_^h\Zgu�g_^hklZlhqgh�ihegh� >�@��Bgl_j_k�d�.'3�h[mkeh\e_g�
l_f��qlh�\�ihke_^g__�\j_fy�[ueb�kha^Zgu�:H�nbevlju�gZ�hkgh\_�.'3��ZgZebabjmxsb_�
bah[jZ`_gb_�>�@��<�i_j\uo�fZd_lZo�nbevljh\�gZ�hkgh\_�.'3�[ueb�bkihevah\Zgu�k^\b�
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]h\u_�Zdmklbq_Fdb_�\hegu��jZkijhkljZgyxsb_ky�ih^�m]ehf�α = 60
�d�hkb�;�\�iehkdhklb�

������ djbklZeeZ��G_^hklZldhf�fZd_lh\� wlbo�nbevljh\� [ueb�fZeu_� m]eh\u_� Zi_jlmju�
ijb[hjh\�ba-aZ�fZeuo�m]eh\�f_`^m�iZ^Zxsbf�b�^bnjZ]bjh\Zgguf�emqhf�gZ�\uoh^_�ba�
yq_cdb��GZijbf_j��\�i_j\hf�fZd_l_�nbevljZ�wlhl�m]he�g_�ij_\urZe� �0

��FZehklv�m]eZ�
^bnjZdpbb�g_ba[_`gh�ijb\h^bl�d�mom^r_gbx�dZq_kl\Z�hlnbevljh\Zggh]h�bah[jZ`_gby�
b�d�mkeh`g_gbx�xklbjh\db�ijb[hjZ�� 

H^gZ�ba� \hafh`ghkl_c� m\_ebq_gby�m]eh\hc� Zi_jlmju� \�:H�nbevlj_� khklhbl� \�
bkihevah\Zgbb� lZdbo� kj_ah\� djbklZeeh\�� \� dhlhjuo�MA� \hegu� jZkijhkljZgyxlky� ih^�
[hevrbfb�m]eZfb�hlghkbl_evgh�hkb�;��D�kh`Ze_gbx��ijbf_g_gb_�\�djbklZeeZo�mijm�
]bo� \heg� k� gZijZ\e_gb_f� jZkijhkljZg_gby� a\mdZ� α >60 khijh\h`^Z_lky� m\_ebq_gb_f�
Zdmklbq_kdhc�qZklhlu�ƒ�k\ur_�����F=p��GZ�clhev�\ukhdbo�qZklhlZo�a\mdZ�ke_^m_l�mqb�
lu\Zlv�aZlmoZgb_�MA�\�a\mdhijh\h^_��H^gZdh��gZ�gZklhys__�\j_fy�g_�bf__lky�k\_^_gbc�
h�aZlmoZgbb�MA�\�djbklZee_�.'3��LZdbf�h[jZahf��p_evx�^Zgghc�jZ[hlu�[ueh�baf_j_�
gb_�dhwnnbpb_glh\�aZlmoZgby�mijm]hc�\hegu�\�:H�fZl_jbZe_� 

Baf_j_gb_� aZlmoZgby� ijh\h^behkv� ih� klZg^Zjlghc�f_lh^bd_� >�-�@��<� wdki_jb�
f_gl_�h[_ki_qb\Zehkv�i_j_f_s_gb_�h[jZapZ�ih�gZijZ\e_gbx�jZkijhkljZg_gby�a\mdZ�b�
i_ji_g^bdmeyjgh� d� gZijZ\e_gbx� emqZ� eZa_jZ�� LZdbf� h[jZahf�� hilbq_kdh_� baemq_gb_�
^bnjZ]bjh\Zeh�gZ�jZaghf�jZkklhygbb�hl�bklhqgbdZ�a\mdZ��b�bgl_gkb\ghklv�^bnjZ]bjh�
\Zggh]h� k\_lZ� hij_^_eyeZkv�fhsghklvx� a\mdZ� \� h[eZklb� \aZbfh^_ckl\by�ijb� dZ`^hf�
iheh`_gbb�:H�yq_cdb��;ueb�hij_^_e_gu�aZ\bkbfhklb�hlghkbl_evghc�Zfieblm^u�a\mdZ 
hl�jZkklhygby�^h�iv_ahij_h[jZah\Zl_ey�ijb�jZaebqguo�qZklhlZo� Zdmklbq_kdhc�\hegu��
Baf_j_gby�ijh\h^bebkv�gZ�^ebg_�\hegu�k\_lZ� λ  �����gf�ijb�^bZf_lj_�eZa_jgh]h�imq�
dZ�d  �����kf��J_ahgZgkgZy�qZklhlZ�iv_ahij_h[jZah\Zl_ey�khklZ\eyeZ�ƒ = 1���F=p��ijb�
wlhf�MA�\hegu�wnn_dlb\gh�\ha[m`^Zebkv�\�djbklZee_�\�^bZiZahg_�Zdmklbq_kdbo�qZklhl�
ƒ = 100÷����F=p��H^gZdh�� \ukhdZy�qm\kl\bl_evghklv�mklZgh\db�b�m^Zqgh� \u[jZggZy�
^ey�ZgZebaZ�]_hf_ljby�:H�\aZbfh^_ckl\by�h[_ki_qb\Zeb�\hafh`ghklv�ijh\h^blv�baf_�
j_gby�\�^bZiZahg_�qZklhl�a\mdZ�ƒ = 60÷����F=p��kms_kl\_ggh�ij_\urZxs_f�^bZiZahg�
wnn_dlb\gh]h�\ha[m`^_gby�MA�iv_ahij_h[jZah\Zl_e_f� 

Baf_j_ggu_�aZ\bkbfhklb�bgl_gkb\ghklb�^bnjZ]bjh\Zggh]h�k\_lZ�hl�iheh`_gby�emqZ�
eZa_jZ�hlghkbl_evgh�iv_ahij_h[jZah\Zl_ey�Ziijhdkbfbjh\Zebkv�khhl\_lkl\mxsbfb�wdkih�
g_gpbZevgufb� aZ\bkbfhklyfb�� ba� dh�
lhjuo� fh`gh� [ueh� hij_^_eblv� dhwn�
nbpb_gl� aZlmoZgby� a\mdZ� β , Z� lZd`_�
_]h� aZ\bkbfhklv� hl� qZklhlu�� >ZggZy�
aZ\bkbfhklv�ij_^klZ\e_gZ�gZ�Jbk��� 

Wdki_jbf_glZevgh� hij_^_�
e_ggZy� aZ\bkbfhklv� β (ƒ�� hdZaZeZkv�
[ebadZ�d�d\Z^jZlbqghc��oZjZdl_jghc�
^ey� [hevrbgkl\Z� ^bwe_dljq_kdbo�
fZl_jbZeh\��ijbf_gy_fuo� \�:H��Ba�
ihemq_gguo� wdki_jbf_glZevguo�
^Zgguo� fh`gh� k^_eZlv� \u\h^�� qlh�
aZlmoZgb_� ≤β ���^;�kf�gZ[ex^Z_lky�
\�KDP�gZ�qZklhlZo�ihjy^dZ�ƒ ≤  500 
F=p��Wlh� hagZqZ_l�� qlh�:H�nbevlj�
^ey� ZgZebaZ� bah[jZ`_gbc� k� ebg_c�
ghc�hilbq_kdhc�Zi_jlmjhc�ihjy^dZ���
kf�fh]ml� [ulv� kha^Zgu� ebrv� \� lhf�
kemqZ_�� _keb� qZklhlZ� mijZ\eyxs_]h�
kb]gZeZ� g_� ij_\urZ_l� ���� F=p��

 

1 0 0

ƒ

1 .0

β

0 .5

2 .0

3 .0

4 .0

2 0 0 3 0 0 4 00 5 00 6 0 0

��
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Jbk���� AZ\bkbfhklv� dhwnnbpb_glZ� aZlmoZ�
gby�hl�qZklhlu�mevljZa\mdZ 
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Wlhl�\u\h^�y\ey_lky�ijbgpbibZevguf�ijb�jZajZ[hld_�:H�nbevljh\�b�kha^Zgbb�gh\uo�
kbkl_f�nbevljZpbb�gZ�djbklZee_�KDP�^ey�ZgZebaZ�bah[jZ`_gbc�\�MN�h[eZklb� 
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M>D����������� 

<HEGH<:Y�KO?F:�:DMKLBQ?KDHC�LHFH=J:NBB�HD?:G:� 
K�J:AEH@?GB?F�J?NJ:DPBHGGHC�G?H>GHJH>GHKLB� 
IH�IHEHKQ:LHFM�B�PBEBG>JBQ?KDHFM�;:ABK:F 

Rmjmi�:�K� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

<� aZ^ZqZo� Zdmklbq_kdhc� ^\mf_jghc� lhfh]jZnbb� hd_ZgZ� ]b^jheh]bq_kdb_� iZjZ�
f_lju��\_ebqbgZ�kdhjhklb�a\mdZ��kdhjhklb�l_q_gbc��aZ\boj_gghklv��jZkdeZ^u\Zxlky�ih�
aZjZg__�\u[jZgghfm�[Zabkm��<�dZq_kl\_�[Zabkguo�we_f_glh\�qZklh�\u[bjZxlky�iehkdb_�
nb]mju�\�nhjf_�d\Z^jZlh\�beb�lj_m]hevgbdh\��LZdb_�ko_fu�bf_xl�lhl�g_^hklZlhd��qlh�
ijb�ihkljh_gbb�fZljbpu�\hafms_gbc�\�kemqZ_�emq_\h]h�ij_^klZ\e_gby�a\mdh\h]h�ihey�
emqb�qZklh�ihiZ^Zxl�\�m]eu��Z�\�kemqZ_�\hegh\h]h�ij_^klZ\e_gby�ijhbkoh^bl�^bnjZd�
pby� \heg�gZ�m]eZo��qlh��\�dhg_qghf� kq_l_��ijb\h^bl�d�g_hij_^_ezgghklyf�\�j_r_gbb�
ijyfhc�aZ^Zqb�b�g_fbgm_fhc�ihl_j_�^Zgguo��Qlh�^_eZlv�\�lZdhf�kemqZ_��g_ihgylgh��oh�
ly�ykgh��qlh�^ZggZy�ljm^ghklv�bf__l�g_�nbabq_kdmx��Z�fh^_evgmx�ijbjh^m��Ko_fu�`_��
\�dhlhjuo�agZq_gb_�kdhjhklb�a\mdZ�aZ^Z_lky�\�maeZo��^hklZlhqgh�]jhfha^db� 

<� ^Zgghc� jZ[hl_�ijb� \u[hj_� [Zabkguo� we_f_glh\�bkihevah\Zeky�ijbgpbibZevgh�
bghc�ih^oh^��hkgh\Zgguc�gZ�jZaeh`_gbb�g_h^ghjh^ghkl_c�ih�lZd�gZau\Z_fuf� ©g_klZg�
^Zjlgufª�[ZabkZf��H^gbf�ba�bkihevam_fuo�[Zabkh\�y\ey_lky�©ihehkqZlucª�[Zabk��ij_^�
klZ\eyxsbc�kh[hc�gZ[hj�iZjZee_evguo�ihehk��ih\hjZqb\Z_fuo�k�jZ\ghi_j_f_gguf�m]eh�
\uf�rZ]hf�\�bgl_j\Ze_�hl���^h�π��>jm]bf�[Zabkhf�y\ey_lky�©pbebg^jbq_kdbcª��\�dhlhjhf�
\�dZq_kl\_�[Zabkguo�we_f_glh\�jZkkfZljb\Zebkv�hdjm`ghklb��\�^\mf_jghc�aZ^Zq_��� 

Ke_^m_l� hlf_lblv�� qlh� jZkkfZljb\Z_fu_� [Zabku�ijb]h^gu� ^ey� \hkklZgh\e_gby�
g_h^ghjh^ghklb�ijb�ex[hf�ij_^klZ\e_gbb�Zdmklbq_kdh]h�ihey��<�jZ[hl_� >�@�jZkkfZl�
jb\Zehkv�\hkklZgh\e_gb_�j_njZdpbhgghc�g_h^ghjh^ghklb�\�©ihehkqZlhfª�[Zabk_�\�em�
q_\hf�ij_^klZ\e_gbb�\�ijhklhc�emq_\hc�\j_fy-ijhezlghc�ko_f_��<�^Zgghc�jZ[hl_�aZ^Z�
qZ�j_rZ_lky�\�kljh]h�\hegh\hc�ihklZgh\d_� 

<\_^zggu_� [Zabku� y\ey_lky�g_hjlh]hgZevgufb�b�i_j_iheg_ggufb�ih� hlghr_�
gbx�d�bkoh^guf�^Zgguf��Ihke_^g__�h[klhyl_evkl\h�gZdeZ^u\Z_l�^hihegbl_evgh_�lj_�
[h\Zgb_� j_]meyjbaZpbb� ^ey� \u^_e_gby� _^bgkl\_ggh]h� j_r_gby��Ijb� wlhf� _^bgkl\_g�
gufb� lj_[h\Zgbyfb�� dhlhjuf� ^he`gu� m^h\e_l\hjylv� [Zabku�� y\eyxlky� lj_[h\Zgb_�
iheghlu�[ZabkZ�b�Z^^blb\ghklb�mqblu\Z_fuo�wnn_dlh\��Lj_[h\Zgb_�hjlh]hgZevghklb�
g_�y\ey_lky�g_h[oh^bfuf� 

<�dZq_kl\_�beexkljZpbb�jZ[hlu�ij_^eh`_gghc� lhfh]jZnbq_kdhc� ko_fu�\�jZa�
guo� ©g_klZg^Zjlguoª�[ZabkZo�jZkkfhlj_gZ� aZ^ZqZ�\hkklZgh\e_gby�g_dhlhjuo�j_njZd�
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pbhgguo� g_h^ghjh^ghkl_c�� ihf_szgguo� \� jZkkfZljb\Z_fuc� j_]bhg�� Dhfivxl_jgh_�
fh^_ebjh\Zgb_�ih^l\_j^beh�jZ[hlhkihkh[ghklv�ij_^eZ]Z_fh]h�f_lh^Z� 

<�dZq_kl\_�beexkljZpbb�ijb\_^_gh�\hkklZgh\e_gb_�g_h^ghjh^ghklb��ij_^klZ\e_g�
ghc�gZ�jbk� ���Nhgh\h_� agZq_gb_�kdhjhklb� a\mdZ�[jZehkv�jZ\guf� �����f�k��<hafms_gb_�
kdhjhklb�\�\hkklZgZ\eb\Z_fhc�g_h^ghjh^ghklb�b�\�[Zabkguo�we_f_glZo�[jZehkv������f�k�
�gZ�~�����f_gvrbf�nhgh\h]h�agZq_gby���<�dZq_kl\_�\hkklZgZ\eb\Z_fhc�g_h^ghjh^ghklb�
jZkkfZljb\Zehkv�pbebg^jbq_kdhc�nhjfu�\hafms_gb_�nZah\hc�kdhjhklb�jZ^bmkhf�~12λ, 
p_glj�dhlhjhc�kf_s_g�\^hev�iheh`bl_evgh]h�gZijZ\e_gby�hkb�Z[kpbkk�gZ�~10λ��JZkkfZl�
jb\ZeZkv�Zd\Zlhjby�jZ^bmkhf���λ (λ -�^ebgZ�\hegu���hdjm`zggZy�kbkl_fhc�ba����ijbzfh-
i_j_^Zxsbo�mkljhckl\��baemqZxsbo�gZ�qZklhl_����=p��GZ�jbkmgd_���ijb\_^_gu�j_amevlZ�
lu�\hkklZgh\e_gby�g_h^ghjh^ghklb�\�©ihehkqZlhfª�[Zabk_��GZ�jbkmgd_���bah[jZ`_gZ�dZj�
lbgZ�\hkklZgh\e_gby�jZkkfZljb\Z_fhc�g_h^ghjh^ghklb�\�pbebg^jbq_kdhf�[Zabk_�� 

 

Jbk��� Fh^_evgh_� jZkij_�
^_e_gb_� nZah\hc� kdhjhklb�
ih�Zd\Zlhjbb� 

Jbk��� J_amevlZlu� \hkklZ�
gh\e_gby� \� ©ihehkqZlhfª�
[Zabk_� 

Jbk��� J_amevlZlu� \hkklZ�
gh\e_gby� \� ©pbebg^jbq_�
kdhfª�[Zabk_� 

 
GZklhysZy� jZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglZ� Ij_ab^_glZ� JN��� GR-

�����������b�]jZglZ�JNNB�����-02-16043. 

Ebl_jZlmjZ 
1. Burov V.A., Radchenko I.V., Sergeev S.N. Ocean tomography scheme in strip-

line basis. Proc. 11 Int. Symposium ISAC/CNR, Roma-Italy, 2002, p. 457-459. 
 
 
 

M>D������������ 

FH>?EVGU?�WDKI?JBF?GLU�:DLB<GH-I:KKB<GHC�
:DMKLBQ?KDHC�L?JFHLHFH=J:NBB 

∗?\lmoh\�K�G�  

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

G_^Z\gh�ijh\_^_ggu_�bkke_^h\Zgby� >�@�ihdZaZeb�� qlh� \� aZ^ZqZo� Zdmklbq_kdh]h�
l_jfhlhfh]jZnbjh\Zgby� klj_fe_gb_�fZdkbfZevgh�ih\ukblv�ijhkljZgkl\_ggmx� jZaj_�
rZxsmx� kihkh[ghklv�b�bgnhjfZlb\ghklv�ihemqZ_fh]h�bah[jZ`_gby�^_eZ_l�i_jki_d�
lb\guf� kh\f_klgh_� bkihevah\Zgb_� ^Zgguo� \� Zdlb\gh-iZkkb\ghf� j_`bf_��Ih^oh^� bk�
ihevam_l�j_]bkljZpbx�\�dhjj_eypbhgghc�lhfh]jZnbq_kdhc�kbkl_f_�ihe_c��h[mkeh\e_g�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb� 

k��f�k 

o�λ 

k��f�k 

o�λ 

k��f�k 

o�λ 
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guo�dZd�kh[kl\_gguf�l_ieh\uf�baemq_gb_f�bkke_^m_fh]h�h[t_dlZ� �gZijbf_j��[bheh�
]bq_kdhc�ldZgb���lZd�b�jZkk_ygb_f�wlbf�h[t_dlhf�\g_rgbo�Zdmklbq_kdbo�ihe_c��\�lhf�
qbke_�� ijb� h^gh\j_f_gghf� bkihevah\Zgbb� ^hihegbl_evgh]h� l_ieh\h]h� beb� d\Zabkem�
qZcgh]h�Zdmklbq_kdh]h�h[emq_gby�^Zggh]h�h[t_dlZ��Wlhl�Zdlb\gh-iZkkb\guc�j_`bf�ih�
a\hey_l� j_Zebah\Zlv� _^bguc� ih^oh^� d� ijh[e_f_�� hldju\Z_l� \hafh`ghklv� klZlbklbq_�
kdhc�hp_gdb� dZd� l_fi_jZlmjguo�� lZd�b� Zdmklbq_kdbo�oZjZdl_jbklbd� kj_^u��b�� l_f� kZ�
fuf��ih\urZ_l�^bZ]ghklbq_kdb_�\hafh`ghklb�Zdmklbq_kdbo�f_lh^h\��<�jZfdZo�wlh]h�
ih^oh^Z�m^Z_lky�ij_^eh`blv�gh\mx��jZg__�g_�bkihevah\Z\rmxky��ko_fm�Zdmklbq_kdhc�
dhjj_eypbhgghc�l_jfhlhfh]jZnbb�kj_^u��y\eyxs_cky�g_h^ghjh^ghc�ih�l_fi_jZlmj_��
dhwnnbpb_glm�ih]ehs_gby��nZah\hc�kdhjhklb�mevljZa\mdZ�b��\hafh`gh��iehlghklb� 

 

L_hj_lbq_kdh_� jZkkfhlj_gb_� \hafh`ghkl_c�f_lh^Z�^hklZlhqgh�ih^jh[gh�baeh�
`_gh�\�>�@��<�gZklhys_c�jZ[hl_�\�djZldhc�nhjf_�[m^ml�ijb\_^_gu�j_amevlZlu�wdki_jb�
f_glZevgh]h�fh^_ebjh\Zgby��\hkijhba\h^ysb_�ko_fm��jbk� ����^ey�dhlhjhc�[ueb�ihem�
q_gu�l_hj_lbq_kdb_�j_amevlZlu��\�h[t_f_��aZiheg_gghf�fZeh�ih]ehsZxs_c�`b^dhklvx�
b� h]jZgbq_gghf�ih]ehsZxsbfb� kl_gdZfb�� jZkiheh`_gu� h^bgZdh\u_�iehkdb_�ijb_f�
gu_� ij_h[jZah\Zl_eb�� Z� lZd`_� bkke_^m_fuc� lhgdbc� kehc�� lhesbgZ� dhlhjh]h� fgh]h�
f_gvr_�kj_^g_c�^ebgu�\hegu� β �\�g_f� 

Dhjj_eypbhggZy�h[jZ[hldZ�kb]gZeh\��ijboh^ysbo�k�ij_h[jZah\Zl_e_c�b�knZab�
jh\Zgguo�iml_f�dhfi_gkZpbb�jZaghklguo�beb�kmffZjguo�aZ^_j`_d��iha\hey_l�\hkklZ�
gh\blv� \� dZ`^hc� ijhkljZgkl\_gghc� lhqd_� r � ke_^mxsb_� g_ba\_klgu_� oZjZdl_jbklbdb�
h[t_dlZ�� dhwnnbpb_gl� \yadhklb� )(rb �� ijhihjpbhgZevguc� dhwnnbpb_glm� ih]ehs_gby��
g_h^ghjh^ghklv�nZah\hc�kdhjhklb�a\mdZ� )(rν ��kh[kl\_ggmx�l_fi_jZlmjm� )(rT �b�l_fi_�

jZlmjm�nhgh\h]h�baemq_gby� )(rbgT ��<hkklZgh\e_gb_�hkgh\Zgh�gZ�ZgZeba_�khhlghr_gbc�

f_`^m� l_jfhZdmklbq_kdbfb�iheyfb��baemqZ_fufb�g_ihkj_^kl\_ggh� we_f_glhf�gZ]j_�

 
Jbk��� Ko_fZ�dhjj_eypbhgguo�baf_j_gbc�l_jfhZdmklbq_kdbo�ihe_c�lhgdh]h�
kehy� 
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lh]h�ih]ehsZxs_]h�h[t_dlZ��b�\g_rgbf�ihe_f��hl�^jm]bo�ih^h[guo�bklhqgbdh\���jZk�
k_b\Z_fuf� wlbf� `_� we_f_glhf�� Ke_^m_l� hlf_lblv�� qlh� \� wdki_jbf_gl_� baf_jy_lky�
nmgdpby�dhjj_eypbb��h^gZdh�^ey�l_hj_lbq_kdh]h�jZkkfhlj_gby�[he__�m^h[gh�\hkihev�
ah\Zlvky�nmgdpb_c�dh]_j_glghklb�–�dhfie_dkguf�ZgZeh]hf�nmgdpbb�dhjj_eypbb� 

<�kemqZ_�j_`bfZ�nZabjh\Zgby�gZ�jZaghklguo�aZ^_j`dZo�lhgdbc�kehc�hjb_glbjh�
\Zg�iZjZee_evgh�[bkk_dljbk_�m]eZ�f_`^m�iehkdhklyfb�ijb_fguo�ij_h[jZah\Zl_e_c���b���
gZ�jbk� ���>ey�j_ZebaZpbb�j_`bfZ�nZabjh\Zgby�gZ�kmffZjguo�aZ^_j`dZo�bkihevamxlky�
^hihegbl_evgu_�ij_h[jZah\Zl_eb ��b����ijhajZqgu_�^ey�l_jfhZdmklbq_kdh]h�baemq_gby�b�
^\mklhjhgg_�qm\kl\bl_evgu_�d�baemq_gbx��Hgb�e_`Zl�ih�^jm]mx�klhjhgm�hl�kehy��gZijh�
lb\�ij_h[jZah\Zl_e_c ��b����khhl\_lkl\_ggh��jbk� ����Ijb�wlhf�lhgdbc�kehc�hjb_glbjh\Zg�
i_ji_g^bdmeyjgh�[bkk_dljbk_�m]eZ�f_`^m�iehkdhklyfb�ijb_fgbdh\ ��b�������b 1). 

JZkkfhljbf�^\Z�ijhkl_crbo�\ZjbZglZ�hj]ZgbaZpbb�Zgbahljhigh]h�nhgh\h]h�ba�
emq_gby�ijb�nbdkbjh\Zgghc�kh[kl\_gghc�l_fi_jZlmj_�T �bkke_^m_fh]h�lhgdh]h�kehy��<�
i_j\hf� \ZjbZgl_� lhevdh� l_fi_jZlmjZ� ihey� 01ϕ � hlebqZ_lky� hl� T :  )1()1( TTTbg δ+= ;  

TTbg =)2( ��>ey�wlh]h�kemqZy�h[hagZqbf�nmgdpbx�dh]_j_glghklb�� )I(
12Γ ��<h�\lhjhf�\ZjbZg�

l_��gZh[hjhl��l_fi_jZlmjZ�ihey� 02ϕ �hlebqZ_lky�hl�T :  TTbg =)1( ;  )2()2( TTTbg δ+= ��Lh]^Z�

^ey�wlh]h�kemqZy�bf__f )II(
12Γ ��KmffZ� )II(

12
)I(

12 Γ+Γ �kh\iZ^Z_l�k�j_amevlZlhf�ijb�h^gh\j_�

f_gghf�h[emq_gbb� )1()1( TTTbg δ+= ,  

 

)2()2( TTTbg δ+= :
[ ]

[ ]





−=Γ+Γ

+−=Γ+Γ
−−

−−

)2()1(
21

)II(
1221

)I(
12

)2()1(
21

)II(
1221

)I(
12

)()(Im)(Im

2)()(Re)(Re

TTC

TTbA

δδνττ

δδττ
 , 

 
]^_�dhwnnbpb_glu� )(bA �b� ��ν& �ijhihjpbhgZevgu�khhl\_lkl\_ggh�b �b�ν . 

 

JZaghklv� )II(
12

)I(
12 Γ−Γ ��^Z_l� 

[ ]
[ ]





+=Γ−Γ

−−=Γ−Γ
−−

−−

)2()1(
21

)II(
1221

)I(
12

)2()1(
21

)II(
1221

)I(
12

)()(Im)(Im

2)()(Re)(Re

TTC

TTbA

δδνττ

δδττ
 . 

QZklguc�kemqZc� )2()1( TTT δ=δ≡δ �iha\hey_l�ijhbeexkljbjh\Zlv�ij_bfms_kl\Z�
dhf[bgZpbc� )II(

12
)I(

12 Γ±Γ : 
 

TbA δ−=τΓ+τΓ −− )()(Re)(Re 21
)II(

1221
)I(

12  ,       0)(Im)(Im 21
)II(

1221
)I(

12 =τΓ+τΓ −−  ;       (1) 

0)(Re)(Re 21
)II(

1221
)I(

12 =τΓ−τΓ −−  ,            TC δν=τΓ−τΓ −− )(2)(Im)(Im 21
)II(

1221
)I(

12    .(2) 

 
>_ckl\bl_evgZy�qZklv�kmffZjghc�dhf[bgZpbb��1��\u^_ey_l�\deZ^�hl�ih]ehsZx�

s_c�dhfihg_glu�kehy��m^\Zb\Zy�_]h��jbk� 2Z���Ijb�wlhf�\deZ^�hl�g_h^ghjh^ghklb�kdh�
jhklb�a\mdZ�\�fgbfhc�qZklb�dhfi_gkbjm_lky��GZh[hjhl��fgbfZy�qZklv�jZaghklghc�dhf�
[bgZpbb��2��\u^_ey_l�b�m^\Zb\Z_l�\deZ^�hl�g_h^ghjh^ghklb�kdhjhklb�a\mdZ��jbk� 2[���<�
lh�`_�\j_fy��\deZ^�hl�ih]ehsZxs_c�dhfihg_glu�\�^_ckl\bl_evghc�qZklb�dhfi_gkbjm�
_lky��<�wdki_jbf_glZo�[ueb�ihemq_gu�ZgZeh]bqgu_�bah[jZ`_gby�^ey�lhgdh]h�kehy��h[�
eZ^Zxs_]h�ij_bfms_kl\_ggh�ih]ehs_gb_f�beb�`_�j_njZdpb_c��Z�lZd`_�bf_xs_]h�h[_�
wlb�dhfihg_glu� 

<�gZklhys__�\j_fy�l_hjby�ijhp_kkh\��hij_^_eyxsbo�\hafh`ghklb�b�ljm^ghklb�
Zdlb\gh-iZkkb\gh]h�j_`bfZ�l_jfhlhfh]jZnbjh\Zgby��\�]eZ\guo�q_jlZo�ykgZ��Hkgh\gu_�
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�[ 

l_hj_lbq_kdb_�j_amevlZlu�ih^l\_j`^_gu�wdki_jbf_glZevgh��GZ�^Zgghf�wlZi_�ihgbfZ�
gb_� nbabq_kdhc� klhjhgu� l_jfhZdmklbq_kdbo� ijhp_kkh\� ^hklZlhqgh� ^ey� ^Zevg_cr_c�
jZajZ[hldb� kbkl_f� l_jfhlhfh]jZnbjh\Zgby�� gh� ]eZ\ghc� ljm^ghklvx� ijb� j_ZebaZpbb�
lZdbo�kbkl_f�y\ey_lky�gbadh_�\oh^gh_�hlghr_gb_�kb]gZe�ihf_oZ. 

 
 
 

 
Jbk�����KmffZ (Z��b�jZaghklv ([��nmgdpbc�\aZbfghc�dh]_j_glghklb��khhl\_lkl\mxsbo�l_ieh�
\hc� g_kbff_ljbqghc� ih^k\_ld_� lhgdh]h� ih]ehsZxs_]h� kehy� ihke_^h\Zl_evgh� k� ^\mo� gZ�
ijZ\e_gbc� 
 
GZklhysZy� jZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglZ� ij_ab^_glZ� JN�

� GR-�����������b�]jZglZ�JNNB�����-02-16043. 

Ebl_jZlmjZ 
1. ;mjh\ <�:��� >ZjbZeZr\beb I�B��� Jmfygp_\Z H�>�� :dlb\gh-iZkkb\gZy� l_jfh�

Zdmklbq_kdZy�lhfh]jZnby����:dmklbq��`mjg��������L���������K����-484. 
2. Hessemer R.A.,  Jr., Perper T., Bowen T. Correlation thermotomography // 

U.S. Patent 4,416,552. Nov. 22, 1983. 
 
 
 

M>D������������� 

FH>?EBJH<:GB?�J?R?GBY�LJ?OF?JGHC�H;J:LGHC�A:>:QB�
:DMKLBQ?KDH=H�J:KK?YGBY�IH�:E=HJBLFM� 

GH<BDH<:–O?GDBG: 

:e_dk__gdh�G�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H[jZlgZy�aZ^ZqZ�jZkk_ygby�khklhbl�\�hij_^_e_gbb�oZjZdl_jbklbd�jZkk_b\Zl_ey��
khkj_^hlhq_ggh]h�\�h[eZklb�ijhkljZgkl\Z�ℜ �b�hibku\Z_fh]h�nmgdpb_c� )(v r , ℜ∈r ��gZ�
hkgh\_�baf_j_ggh]h�ihey��Kms_kl\m_l�^\Z�deZkkZ�ih^oh^h\�d�j_r_gbx�h[jZlghc�aZ^Zqb�
jZkk_ygby�� h^bg�ba� dhlhjuo� hkgh\Zg�gZ�bl_jZpbhgguo�f_lh^Zo�� h[ahj� dhlhjuo�^Zg� \�
>�@��Z�^jm]hc�–�gZ�f_lh^Zo�nmgdpbhgZevgh]h�ZgZebaZ�>����@� 

=�F�� O_gdbguf� b� J�=�� Gh\bdh\uf� ij_^eh`_g� nmgdpbhgZevgh-ZgZeblbq_kdbc�
f_lh^�j_r_gby�h[jZlguo�fgh]hf_jguo� aZ^Zq�jZkk_ygby�ijb�fhghojhfZlbq_kdbo�^Zg�
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guo� >�@��Wdki_jbf_glZevgufb�^Zggufb� \�g_f� y\ey_lky� Zfieblm^Z�jZkk_ygby� ),( lkf . 

A^_kv� nR, ∈lk  –�\hegh\u_�\_dlhju�iZ^Zxs_c�b�jZkk_ygghc�\heg�khhl\_lkl\_ggh��]^_�
2
0

22 k== lk , 0k  –�\hegh\h_�qbkeh��n –�jZaf_jghklv�ijhkljZgkl\Z��>ey�j_r_gby�ihklZ\�

e_gghc� aZ^Zqb�\hegh\u_�\_dlhju�nhjfZevgh�jZkijhkljZgyxlky�gZ�h[eZklv�dhfie_dk�
guo� agZq_gbc� nC, ∈lk ��<Z`gh��qlh�ijb� wlhf� khojZgy_lky�mkeh\b_� 2

0
22 k== lk ��Lh]^Z�

deZkkbq_kdZy� Zfieblm^Z� jZkk_ygby� ),( lkf � i_j_oh^bl� \� h[h[s_ggmx� ),( lkh �� ]^_�
nC, ∈lk  [2]. 
Lj_of_jguc�fhghojhfZlbq_kdbc�Ze]hjblf�k\yau\Z_l�ijhkljZgkl\_gguc�ki_dlj�

jZkk_b\Zl_ey� )(v~ klp −=− �k�h[h[s_ggufb�^Zggufb�jZkk_ygby� ),(),( pklkpk −=≡ hH  
ke_^mxsbf�h[jZahf� 

],),([],),([),()(v~ *2*1* 00 kpkkpkpkp kk →≠ ++=−
II

HZHZH (1) 

A^_kv� kk Im≡I ; *k  –� ijhba\hevguc� \_dlhj�� ijbgZ^e_`Zsbc� hij_^_e_gghfm�

fgh`_kl\m�� 1Z  –�bgl_]jZe�ih�ih\_joghklb�\�dhfie_dkghf�ijhkljZgkl\_�� 2Z  –�bgl_]jZe�

ih�hdjm`ghklb��jZkiheh`_gghc�gZ�wlhc�ih\_joghklb��Bgl_]jZe� 2Z �hij_^_ey_lky�lhevdh�

kdZqdhf�nmgdpbc� ( , ) ( , )H H+ −−k p k p ��dhlhju_�y\eyxlky�ij_^_evgufb�agZq_gbyfb�

h[h[s_gguo�Zfieblm^�jZkk_ygby�� )]),([0(),( pkpkpk ×±≡± iHH ��Ijb�qbke_gghc�hp_g�

d_� )(v~ p− �qe_g� 1Z �g_�jZkkfZljb\Zeky�\�kbem�[hevrh]h�dhebq_kl\Z�\uqbkebl_evguo�hi_�

jZpbc�b�g_mklhcqb\hklb�ijhp_^mju�gZoh`^_gby� ),( pkH �ijb� 0≠Ik ��H^gZdh�ij_g_[�
j_`_gb_�wlbf�qe_ghf�ijb\h^bl�\�jy^_�kemqZ_\�d�kjZ\gbl_evgh�g_[hevrhfm�bkdZ`_gbx�
hp_gdb�jZkk_b\Zl_ey��qlh�^Ze__�beexkljbjm_lky�qbke_gguf�fh^_ebjh\Zgb_f� 

GZ�gZqZevghf�wlZi_�wnn_dlb\ghklv�Ze]hjblfZ�����[ueZ�bkke_^h\ZgZ�gZ�ijbf_j_�
\hkklZgh\e_gby�kn_jbq_kdb-kbff_ljbqgh]h�jZkk_b\Zl_ey�\�\b^_�h^ghjh^gh]h�rZjZ�jZ�
^bmkZ�a�b�kdhjhklvx�a\mdZ�\�g_f�c��hlebqghc�hl�nhgh\hc�kdhjhklb� 0c ��>hihegbl_evguc�

gZ[_]� nZau� \hegu� ijb� __� jZkijhkljZg_gbb� \^hev� ^bZf_ljZ� jZkk_b\Zl_ey� khklZ\ey_l�
akk 2|| 0−≅ψ∆ ; 000 /2 λπ=ω= ck , ck ω= �� <� wlhf� kemqZ_�� Zfieblm^Z� jZkk_ygby�

),( lkf � \uqbkey_lky� ZgZeblbq_kdb� >�@�� <� kbem� kbff_ljbb� jZkk_b\Zl_ey� bf__f�

),(),( pkpk −+ ≡ HH ��b��ke_^h\Zl_evgh�� 02 ≡Z . 

IheZ]Zehkv� 0Im →*k ��lh]^Z�ki_dlj� )(v~ p− �fh`gh�hp_gblv�lhevdh�ijb� 02|| k≤p . 

Ihwlhfm�j_amevlZl�\hkklZgh\e_gby� )(v̂ r �kjZ\gb\Z_lky�k�nmgdpb_c� )(v rcut ��ijhkljZgkl�

\_gguc�ki_dlj�dhlhjhc�kh\iZ^Z_l�kh�ki_dljhf�bklbggh]h�jZkk_b\Zl_ey�v(r ��\�ij_^_eZo�
djm]Z�jZ^bmkZ� 02k �b�jZ\_g�gmex�\g_�wlh]h�djm]Z� 

IhemqZ_fZy�hp_gdZ� )(v̂ r �hdZau\Z_lky�lhqg__��q_f�hp_gdZ� )(v̂ rborn �\�i_j\hf�ijb�

[eb`_gbb�;hjgZ��ijb�dhlhjhf� ),()(v̂~ lkklp fborn =−=− ��LZd��\hagbdZ_l�eh`gZy�fgbfZy�

qZklv� )(v̂Im rborn ��\hajZklZxsZy�ih�f_j_�m\_ebq_gby�kbeu�jZkk_b\Zl_ey��Ijb� 4/π≈ψ∆ , 

Zfieblm^u� ^ey� )(v̂Re rborn � b� )(v̂Im rborn � m`_� kjZ\gbfu�ih� \_ebqbg_� �jbk��Z���<� lh�`_�

\j_fy��ZgZeh]bqgZy�eh`gZy�fgbfZy�qZklv� )(v̂Im r ��h[mkeh\e_ggZy�ij_g_[j_`_gb_f�\�����

qe_ghf� 1Z ��klZgh\blky�ebrv�g_fgh]h�aZf_lghc�lhevdh�^ey�jZkk_b\Zl_e_c��ijb[eb`Zx�
sboky� d� kbevguf�� l�_�� ijb� 4/3π≥ψ∆ ��<� p_ehf�� ijb� 2/π≤ψ∆ � hp_gdZ� jZkk_b\Zl_ey�

)(v̂ r �emqr_�\hkijhba\h^bl�nmgdpbx� )(v rcut ��q_f�hp_gdZ� )(v̂ rborn ��jbk��Z���H^gZdh�ijb�

2/π≥ψ∆ �bkdZ`_gby�\�hp_gd_� )(v̂ r �klZgh\ylky�[he__�kms_kl\_ggufb�b�\ujZ`Zxlky�\�
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m\_ebq_gbb� hlghkbl_evghc� Zfieblm^u� hkpbeeypbc� �jbk�� �[��� qlh� k\b^_l_evkl\m_l� h�
\ebygbb�g_mql_ggh]h�qe_gZ� 1Z . 

BlZd��hp_gdZ�ih�ijb[eb`_gghfm�\ZjbZglm�Ze]hjblfZ� ����hdZau\Z_lky�ijb_fe_�
fhc� ^ey� jZkk_b\Zl_e_c� kj_^g_c� kbeu�� kha^Zxsbo� ^hihegbl_evguc� gZ[_]�nZau�f_g__�

2/π ��>ey� [he__� kbevguo� jZkk_b\Zl_e_c� ihemq_gb_� Z^_d\Zlghc� hp_gdb� lj_[m_l� mq_lZ�
hl[jhr_ggh]h�bgl_]jZevgh]h�keZ]Z_fh]h� 1Z . 

GZklhysZy� jZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglZ� ij_ab^_glZ� JN��� GR-
�����������b�]jZglZ�JNNB�����-02-16043. 

 

-2 -1 0 1 2
-10

-8

-6

-4

-2

0

x 10
5

x/ 0λ -2 -1 0 1 2
-10

-8

-6

-4

-2

0

x 10
5

x/ 0λ
 

 

-2 -1 0 1 2
-5

-4

-3

-2

-1

0

x 10
6

x/ 0λ -2 -1 0 1 2
-5

-4

-3

-2

-1

0

x 10
6

x/ 0λ
 

 

Jbk����P_gljZevgu_�k_q_gby�kn_jbq_kdbo�jZkk_b\Zl_e_c�jZ^bmkZ�
02.1 λ=a � ijb� 050.0/)( 00 −≈− ccc , 4/π≈ψ∆  (a�� b� ijb�

116.0/)( 00 −≈− ccc , 2/π≈ψ∆  ([): v � �lhgdZy� kiehrgZy���
cutv ��imgdlbj��� v̂ ��lheklZy�kiehrgZy�� bornv̂ ��lhqdb�� 
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^_n_dlhkdhiby� dZd� h[jZlgu_� aZ^Zqb� jZkk_ygby� ��� <_klgbd� F=M� K_j��� NbabdZ��
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Kh\j_f_ggu_�ijh[e_fu�fZl_fZlbdb��F���<BGBLB��������3��k���-180 
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M>D������ 

:G:EBA�I?J?F?S?GBY�H;T?DLH<�F:EUO�J:AF?JH<�
BFIMEVK:FB�IH<?JOGHKLGUO�:DMKLBQ?KDBO�<HEG 

Aujygh\Z�:�<���Fh`Z_\�<�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

<hegu��dZd�ba\_klgh��y\eyxlky�bkdexqbl_evgh�wnn_dlb\guf�kj_^kl\hf�i_j_^Z�
qb�bgnhjfZpbb�gZ�^Zevg__�jZkklhygb_��Kemo�b�j_qv��aj_gb_��l_e_\b^_gb_�b�jZ^bhk\yav�
hlghkylky� d� gZb[he__� ba\_klguf� ijbf_jZf� lZdh]h� ijbf_g_gby� \hegh\uo� ijhp_kkh\��
>jm]bf�bgl_j_kguf�k\hckl\hf�\heg�y\ey_lky�bo�kihkh[ghklv�i_j_f_sZlv�\�ijhkljZg�
kl\_�fZl_jbZevgu_�h[t_dlu��Bgl_j_k�d�bkke_^h\Zgbx�Zdmklbq_kdh]h�i_j_ghkZ�fZl_jb�
Zevguo�h[t_dlh\�klbfmebjm_lky�\�ihke_^g__�\j_fy�gh\uf�ijbf_g_gb_f�wlh]h�y\e_gby�
\�fbgbZlxjguo�mkljhckl\Zo��ihemqb\rbo�gZa\Zgb_�[bhqbih\��;bhqbiu�ij_^klZ\eyxl�
kh[hc�rbjhdbc�deZkk�ijh]jZffbjm_fuo�mkljhckl\�gh\h]h�lbiZ��kihkh[guo�\uihegylv�
\� Z\lhfZlbq_kdhf� j_`bf_� nmgdpbb� h[uqghc� obfbq_kdhc� eZ[hjZlhjbb�� gh� lhevdh� \ 
fZkrlZ[Zo�fbdjh-�b�gZghebljh\��:dmklbq_kdb_�\hegu�\� lZdbo�mkljhckl\Zo�fh]ml�bk�
ihevah\Zlvky�^ey�ijhkljZgkl\_ggh]h�i_j_f_s_gby�fZl_jbZevguo�h[t_dlh\��dhgljheb�
jm_fh]h�^_e_gby�fbdjhdZi_ev�b�^ey�bgl_gkbnbdZpbb�obfbq_kdbo�j_Zdpbc�>�@� 

D�ljZ^bpbhgguf�y\e_gbyf�Zdmklbq_kdh]h�i_j_ghkZ�hlghkylky�Zdmklbq_kdb_�l_�
q_gby� \�`b^dhklyo� b� ]ZaZo� b� Zdmklhwe_dljbq_kdbc� lhd� \� iv_ahihemijh\h^gbdZo��Kh�
]eZkgh�keh`b\rbfky�ij_^klZ\e_gbyf�>�@�h[Z�wlb�y\e_gby�\hagbdZxl�lhevdh�\�lhf�kem�
qZ_��dh]^Z�agZq_gb_�kj_^g_c�ih�\j_f_gb�kbeu��^_ckl\mxs_c�kh�klhjhgu�\hegu�gZ�i_�
j_f_sZ_fu_�h[t_dlu��hlebqgh�hl�gmey��<�gZklhys_c�jZ[hl_�[m^_l�ihdZaZgh��qlh�ijb�
\uiheg_gbb�hilbfZevguo�nZah\uo�khhlghr_gbc�b�hilbfZevghc�^ebl_evghklb�bfimev�
kh\� ihklmiZl_evguc� \hegh\hc� ljZgkihjl� h[t_dlh\�fZeuo� jZaf_jh\� \hafh`_g� ^Z`_� \�
lhf�kemqZ_��dh]^Z�agZq_gb_�kj_^g_c�ih�\j_f_gb�kbeu�jZ\gy_lky�gmex�� 

>ey� mijhs_gby� ZgZebaZ� jZkkfhljbf� h^ghf_jgmx� aZ^Zqm� h� ^\b`_gbb� l\_j^hc�
qZklbpu�beb�dZieb�\�ihe_�[_]ms_c�\hegu��;m^_f�kqblZlv�qlh��^\b`msbcky�h[t_dl�fZe�
ih�kjZ\g_gbx�k�^ebghc�\hegu��qlh�iha\hey_l�aZf_gblv�_]h�fZl_jbZevghc�lhqdhc�k�fZk�
khc�m ��MjZ\g_gb_�^\b`_gby�h[t_dlZ�\�ihe_�[_]ms_c�\hegu�\�wlhf�kemqZ_�fh`gh�aZib�
kZlv�\�\b^_� 

)sin()( φωα +⋅⋅=⋅+⋅ tt0Fxxm ��� ,                                (1) 

]^_�dhhj^bgZlZ� x �hij_^_ey_l�iheh`_gb_�h[t_dlZ�� α  -�dhwnnbpb_gl� lj_gby�kdhev`_�

gby�� )(t0F  -�Zfieblm^Z�kbeu��khhl\_lkl\mxsZy�h]b[Zxs_c�\hegh\uo�bfimevkh\��ω  - 

qZklhlZ�g_kms_c�\hegu�� 0xk φφ +⋅= , 
V

k
ω=  -�\hegh\h_�qbkeh�� 0φ  -�gZqZevgZy�nZaZ��V  - 

kdhjhklv�jZkijhkljZg_gby�\hegu��;m^_f�bkdZlv�j_r_gb_�mjZ\g_gby������m^h\e_l\hjyx�
s__�gZqZevguf�mkeh\byf�� 00tx == )( , 00tx == )(� ��dhlhju_�hagZqZxl��qlh�gZ�ihdhysbcky�
fbdjhh[t_dl�gZ[_]Z_l�\�fhf_gl� 0t= �ih\_joghklgZy�\hegZ�\�\b^_�jZ^bhbfimevkZ�k�qZk�
lhlhc� aZiheg_gby� ω ��KbeZ�\�ijZ\hc�qZklb�mjZ\g_gby� ����fh`_l�bf_lv�f_oZgbq_kdmx�
ijbjh^m� �kbeZ�lj_gby�kdhev`_gby��beb�we_dljbq_kdmx�ijbjh^m� �\ha^_ckl\b_�we_dljb�
q_kdbo�ihe_c�ih\_joghklguo�Zdmklbq_kdbo�\heg��jZkijhkljZgyxsboky�\�iv_ahdjbklZe�
eZo��gZ�aZjy`_ggu_�fbdjhh[t_dlu��jZkiheh`_ggu_�gZ�ih\_joghklb���<�mijhs_gghf�\Z�
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jbZgl_�jZkkfzZljb\Z_fhc�fh^_eb��ijb� 0=α ��mjZ\g_gb_� ����bgl_]jbjm_lky� lhqgh��>ey�
ijyfhm]hevghc�h]b[Zxs_c� )(t0F j_amevlZl�bf__l�\b^� 

( )
1c0xkt0F

2

2
x

mkxm ++⋅−⋅⋅−=⋅⋅−⋅⋅ )cos( φωω
�

�                  (2) 

]^_� 00F1c φcos⋅= �dhgklZglZ�bgl_]jbjh\Zgby��hij_^_ey_fZy�ba�gZqZevguo�mkeh\bc� 

<� ijZdlbq_kdb� bgl_j_kghf� kemqZ_�� dh]^Z� kj_^gyy� kdhjhklv� ^\b`_gby� h[t_dlZ�
Vx <<� ��lhqgh_�j_r_gb_�ebrv�g_agZqbl_evgh�hlebqZ_lky�hl�ijb[eb`_ggh]h��ihemqZ_�

fh]h�\�ijb[eb`_gbb��dh]^Z�aZ\bkbfhklv� φ �hl� x �ijb�bgl_]jbjh\Zgbb�g_�mqblu\Z_lky��
Wlh� iha\hey_l� bkihevah\Zlv� lZdhc� ijb[eb`_gguc� kihkh[� bgl_]jbjh\Zgby� \� [he__�
keh`guo� kemqZyo��>Zgguc�ih^oh^�bkihevah\Zeky�^ey�gZoh`^_gby�j_r_gbc�ijb� 0≠α  
^ey�jy^Z�bfimevkh\�k�dhg_qguf�\j_f_g_f�gZjZklZgby�kb]gZeZ��GZ�]jZnbd_�\�dZq_kl\_�
beexkljZpbb�ijb\_^_gZ�aZ\bkbfhklv�iheh`_gby�qZklbpu�hl�\j_f_gb�ijb�\ha^_ckl\bb�
gZ�g__�ijyfhm]hevgh]h�jZ^bhbfimevkZ�k� 00 =φ ��<b^gh��qlh�gZ�i_j\uo�i_jbh^Zo�dhe_�

[Zgbc� \ebygb_� kbeu� lj_gby�g_agZqbl_evgh�b� qZklbpZ� \� kj_^g_f�i_j_f_sZ_lky�ihqlb�
ebg_cgh� kh� \j_f_g_f��Ba-aZ� lj_gby�ihkl_i_ggh�gZjZklZ_l� k[hc�nZau��qlh�ijb\h^bl�d�
mf_gvr_gbx�kj_^g_c�kdhjhklb�i_j_f_s_gby�qZklbpu�^h�gmey� 

 
 
Hlkx^Z�ke_^m_l��qlh�fZdkbfZevguc�ihe_aguc�wnn_dl�i_j_f_s_gby�^hklb]Z_lky�

ebrv�ijb�h]jZgbq_gbb�^ebl_evghklb�bfimevkh\�b�ijb�\u[hj_�hilbfZevghc�nZau�g_�
kms_c� \hegu� hlghkbl_evgh�gZqZeZ� h]b[Zxs_c��H[gZjm`_gh� lZd�`_�� qlh�gZijZ\e_gb_�
i_j_f_s_gby�fh`gh�baf_gylv�ijhkluf�i_j_dexq_gb_f�iheyjghklb�bfimevkh\�[_a�ba�
f_g_gby�gZijZ\e_gby�jZkijhkljZg_gby�\hegu� 

Ihemq_ggu_� j_amevlZlu� kh]eZkmxlky� k� ba\_klgufb� ^Zggufb� h� i_j_f_s_gbb�
kuimqbo�h[t_dlh\�ih^�^_ckl\b_f�\b[jZpbc� >�@�b�ljZgkihjlbjh\Zgbb�aZjy`_gguo�qZk�
lbp�i_j_f_ggufb�we_dljbq_kdbfb�iheyfb�>�@� 

Ebl_jZlmjZ� 
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3. B�B�� ;e_ofZg�� =�X�� >`Zg_eb^a_�� <b[jZpbhggh_� i_j_f_s_gb_��F��� GZmdZ��
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4. Y.N. Garstein, J.G. Shaw, Many-particle effects in travelling electrostatic wave 
transSRUW��-�3K\V��'��$SSO��3K\V���������9����������SS������-2180. 
 
 
 

BAF?J?GB? 
HILBQ?KDBO�B�:DMKLBQ?KDBO�O:J:DL?JBKLBD� 

DJBKL:EE:�PB2MOO5�:DMKLHHILBQ?KDBF�F?LH>HF 

Ju`_\kdbc�<�J� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

P_evx� jZ[hlu� y\ey_lky� wdki_jbf_glZevgh_� bkke_^h\Zgb_� Zdmklhhilbq_kdbo�
�:H�� k\hckl\�fZl_jbZeZ�Pb2MoO5 b� hij_^_e_gb_� lZdbo� oZjZdl_jbklbd� djbklZeeZ�� dZd�
kdhjhklv� mevljZa\mdZ�� dhwnnbpb_gl� Zdmklhhilbq_kdh]h� dZq_kl\Z� b� nhlhmijm]b_� dhg�
klZglu� >�-�@��D�gZklhys_fm�\j_f_gb�ba\_klgu�ebrv�^\_�im[ebdZpbb��\�dhlhjuo�ij_^�
klZ\e_gu�j_amevlZlu�bkke_^h\Zgbc�^Zggh]h�fZl_jbZeZ�>���@��;ueh�h[gZjm`_gh��qlh�dh�
wnnbpb_gl�:H�dZq_kl\Z� 2M �^hklb]Z_l�\_ebqbgu����×10-18 k_d3

�]��iehlghklv�fZl_jbZeZ�
!� �����]�kf3 

>�@��Z�h[eZklv�ijhajZqghklb�hl�λ = 0.39 fdf�^h�λ = 2.5 fdf��>�@��Wlhl�^\mhk�
guc�djbklZee�bf__l�ihdZaZl_eb�ij_ehfe_gby��nX = 2.183, nY = 2.196, nZ  �������gZ�^ebg_�
\hegu� λ = 633 gf� >�@�� JZg__� [ueb� lZd`_� hij_^_e_gu� ljb� dhfihg_glu�nhlhmijm]h]h�
l_gahjZ�p12 = 0.249, p22  �������b�p32  �������>�@��Hq_\b^gh��qlh�^ey�jZajZ[hldb�:H�ijb�
[hjh\� b� mkljhckl\� gZ� hkgh\_� gh\h]h� fZl_jbZeZ� i_j_qbke_gguo� \ur_� iZjZf_ljh\� g_�
^hklZlhqgh� >�@��Ihwlhfm�\�gZklhys__�\j_fy� lj_[m_lky�[he__�ih^jh[gh_�bkke_^h\Zgb_�
nbabq_kdbo�k\hckl\�djbklZeeZ�^\hcgh]h�fheb[^ZlZ�k\bgpZ� 

>ey� bkke_^h\Zgby� [ue� \u[jZg� djbklZee� jZaf_jhf� hdheh� ���� kf3
�� \uj_aZgguc�

\^hev� hk_c� [ ]120 , [ ]010 � b� [ ]021 �� Baf_j_gb_� iehlghklb� h[jZapZ� ^Zeh� agZq_gb_� ρ = 

7.195±0.005 ]�kf3
��dhlhjh_�hdZaZehkv�[ebadbf�d�^Zgguf�ba�klZlvb�>�@�ρ = 7.1 ]�kf3

�^ey�
kh_^bg_gby�Pb2MoO5�b�aZf_lgh�hlebqZehkv�hl�iehlghklb�h^ghhkgh]h�ZgZeh]Z�PbMoO4 , 
m� dhlhjh]h�ρ = 6.3 ]�kf3 

>�@��Hilbq_kdb_� oZjZdl_jbklbdb�^\hcgh]h�fheb[^ZlZ� k\bgpZ�
hij_^_eyebkv�ijb�ihf_s_gbb�h[jZapZ�f_`^m�kdj_s_ggufb�ZgZebaZlhjhf�b�iheyjbaZ�
lhjhf�b�gZijZ\e_gb_f�gZ�g_]h�koh^ys_]hky�imqdZ�baemq_gby�eZa_jZ�k�^ebghc�\hegu�λ = 
633 gf��LZdbf�h[jZahf�[ueZ�ijh\_j_gZ�hjb_glZpbb�h[jZapZ�hlghkbl_evgh�djbklZeeh�
]jZnbq_kdbo�hk_c� 

Kdhjhklv�Zdmklbq_kdbo�\heg�\�djbklZee_�baf_jyeZkv�f_lh^hf�Zdmklbq_kdbo�woh-
kb]gZeh\�ijb�\ha[m`^_gbb�\�h[jZap_�Zdmklbq_kdbo�\heg�\�\b^_�dhjhldbo�pm]h\��Kdh�
jhklv� ijh^hevghc� Zdmklbq_kdhc� fh^u� \� gZijZ\e_gbb� >���@� hdZaZeZkv� jZ\ghc� V = 
3.03×105 kf�k_d�±�����<ha[m`^_gb_�mijm]bo�dhe_[Zgbc�\�djbklZee_�Pb2MoO5 hkms_kl\�
eyehkv�k�ihfhsvx�:H�yq_cdb�ba�ieZ\e_gh]h�d\ZjpZ� 

NZah\Zy� kdhjhklv� mevljZa\mdZ� lZd`_� hp_gb\ZeZkv� Zdmklhhilbq_kdbf� f_lh^hf�
>�@��Ijb�wlhf�gZ[ex^ZeZkv�^bnjZdpby�gZ�nZah\hc�^bnjZdpbhgghc�j_rzld_��h[jZah\Zg�
ghc�Zdmklbq_kdhc�\heghc��ijbr_^r_c�\�h[jZa_p�ba�d\ZjpZ��Ijb�qZklhl_�mevljZa\mdZ��f = 
90 F=p�b�gZ�^ebg_�\hegu�k\_lZ�λ = 633 gf�ih�m]em�hldehg_gby�^bnjZ]bjh\Zggh]h�emqZ�
ih�hlghr_gbx�d�iZ^Zxs_fm�imqdm�[ueh�hij_^_e_gh�agZq_gb_�nZah\hc�kdhjhklb�mevl�
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jZa\mdZ�V = 3.06×105 kf�k_d�±�����hdZaZ\r__ky�[ebadbf�d�agZq_gbx��ihemq_gghfm�f_�
lh^hf�Zdmklbq_kdbo�woh-bfimevkh\� 

Wnn_dlb\ghklv�^bnjZdpbb�\�^\hcghf�fheb[^Zl_�k\bgpZ�b�agZq_gb_�Zdmklhhilb�
q_kdh]h� dZq_kl\Z� fZl_jbZeZ� baf_jyebkv� ih� klZg^Zjlghc� f_lh^bd_�� ij_^eh`_gghc�
J�>bdkhghf� >�@�� Ijb� wlhf� mevljZa\md� ihke_^h\Zl_evgh� ijhimkdZeky� q_j_a� h[jZapu�
d\ZjpZ�b�fheb[^ZlZ�k\bgpZ��Z�\�wdki_jbf_gl_�hp_gb\ZeZkv�wnn_dlb\ghklv�^bnjZdpbb 
gZ�Zdmklbq_kdbo�\hegZo��ijhr_^rbo�q_j_a�d\Zjp�b�Pb2MoO5���LZdbf�h[jZahf��nhlhmi�
jm]b_� dhgklZglu� \� gh\hf� djbklZee_� baf_jyebkv� ih� hlghr_gbx� d� khhl\_lkl\mxsbf�
dhgklZglZf�ieZ\e_gh]h�d\ZjpZ�� �>ey�hij_^_e_gby�\k_o�g_ba\_klguo�nhlhmijm]bo�dhg�
klZgl�fheb[^ZlZ�k\bgpZ�g_h[oh^bfh�bkihevah\Zgb_�dZd�ijh^hevguo��lZd�b�k^\b]h\uo�
\heg�mevljZa\mdZ��GZijZ\e_gb_�jZkijhkljZg_gby��iheyjbaZpby�k\_lZ�gZ�\oh^_�b�\uoh^_�
djbklZeeZ�\�ijhp_kk_�baf_j_gbc�\Zjvbjh\Zebkv��LZd`_�baf_gyehkv�b�gZijZ\e_gb_�jZk�
ijhkljZg_gby�Zdmklbq_kdbo�\heg��� 

<� j_amevlZl_� ijh\_^_gguo� baf_j_gbc� � [ue� k^_eZg� ijbgpbibZevguc� \u\h^� h�
lhf��qlh�djbklZee�Pb2MoO5 �hdZau\Z_lky�agZqbl_evgh�[he__�wnn_dlb\guf�:H�fZl_jbZ�
ehf�� q_f�ieZ\e_guc� d\Zjp��Wlh� ^hdZau\Z_l�i_jki_dlb\ghklv�ijh\_^_gby� ^Zevg_crbo�
bkke_^h\Zgbc�gh\h]h�fZl_jbZeZ� 

Ebl_jZlmjZ� 
1. Goutzoulis A.and Pape D., “Design and Fabrication of Acoustooptic Devices”, 

Marcel Dekker, NY, USA, 1994.  
2. Ohmachi Y.and Uchida N., Journal of Appl. Phys., “Acoustic and Acousto-Optical  

Properties of Pb2MoO5 Single Crystal”, v. 42, N2, p.521-524, 1971.  
3. Uchida N.and Miyazawa S., Journal of Opt. Society of America, “Refractive Indi-

ces of Pb2MoO5 Single Crystal”, v.60, N11, p.1375-1377, 1970.  
4. Dixon R.W.and Cohen M.G., Applied Phys. Lett., “A new technique for measuring 

magnitudes of photoelastic tensors”, v.8,  N 8, p.205-206, 1966. 
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Djhf_�wlh]h��jZkijhkljZgy_lky�gme_\Zy�fh^Z�ba]b[ghc�\hegu��?_�kdhjhklv�jZk�
ijhkljZg_gby�aZ\bkbl�hl�\_ebqbgu�\hegh\h]h�\_dlhjZ��Z��ke_^h\Zl_evgh��b�hl�qZklhlu�b�
\�i_j\hf�ijb[eb`_gbb�jZ\gZ� 
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>bki_jkbhggu_�djb\u_�^ey�jZaebqguo�fh^�bah[jZ`_gu�gZ�jbkmgd_���>���@�� 
<�gZr_c�jZ[hl_�bkke_^h\Zehkv�jZkijhkljZg_gb_�mijm]bo�\heg�\�lhgdbo�f_lZe�

ebq_kdbo� ieZklbgdZo�� \� qZklghklb� \� ieZklbgd_� eZlmgb� jZaf_jZfb� �������ff3
��>ey�

wlh]h�jZajZ[hlZgZ�mklZgh\dZ��iha\heyxsZy�kgbfZlv�ki_dlj�dZd�ijh^hevguo��lZd�b�k^\b�
]h\uo�a\mdh\uo�\heg� �jbk�����MklZgh\dZ�khklhbl�ba�hkgh\Zgby� �����gZ�dhlhjhf�aZdj_i�
e_gu��bkke_^m_fuc�h[jZa_p������\ha[m^bl_ev�����b�ijb_fgbd�����ijh^hevguo�dhe_[Zgbc��
GZ�h[jZa_p�ijbde__g�\ha[m^bl_ev� ����b�ijb_fgbd� ����ihi_j_qguo�dhe_[Zgbc��Dhe_[Z�
gby�\ha[m`^Zebkv�k�ihfhsvx�]_g_jZlhjZ�GJ�����:��Z�\uoh^ghc�kb]gZe�ih^Z\Zeky�gZ�
hkpbeeh]jZn�©Infiniium 54830B». 

<�oh^_�wdki_jbf_glZ�^ey�ihemq_gby�ki_dljZ�kh[kl\_gguo�qZklhl�ieZklbgu�bk�
ihevah\Zeky� f_lh^� j_ahgZgkghc� Zdmklbq_kdhc� ki_dljhkdhibb�� GZ� h[jZa_p� ih^Z\Zeky�
]Zjfhgbq_kdbc�kb]gZe��JZkq_l�kdhjhklb�a\mdZ�ijhba\h^beky�iml_f�baf_j_gbc�\j_f_gb�
aZ^_j`db�ijb�bkihevah\Zgbb�ijyfhm]hevgh]h�jZ^bhbfimevkZ�gZ�j_ahgZgkguo�qZklhlZo��
;ue�kgyl�ki_dlj��jbk�����b�ihemq_gu�ke_^mxsb_�agZq_gby�^ey�kdhjhkl_c�jZkijhkljZg_�
gby� gme_\uo� fh^� ijh^hevghc� b� k^\b]h\uo� \heg� khhl\_lkl\_ggh�� kfcsl /5031430 ±= ,  

kfcss /7020970 ±= ��Ijb�agZq_gbb�iehlghklb�eZlmgb� 3/2,8 kf]=ρ �>�@�[ueb�jZkkqblZgu�

fh^mev�k^\b]Z� ( )=IZ� 6,11,36 ±= �b�fh^mev�Xg]Z� ( =IZE )480±= ��Wlb�agZq_gby�kh]eZ�

kmxlky�kh�kijZ\hqgufb�^Zggufb�\�ij_^_eZo�hrb[db�>�@� 
P_evx�^Zevg_cr_c�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�\ebygby�\ghkbfuo�\�h[jZa_p�

^_n_dlh\�gZ�jZkijhkljZg_gb_�\�g_f�a\mdh\uo�\heg��JZ[hlZ�[m^_l�ijh\h^blvky�k�ihfh�
svx�eZa_jgh]h�\b[jhf_ljZ� 

JZ[hlZ� [ueZ� \uiheg_gZ� \� P_glj_� dhee_dlb\gh]h� ihevah\Zgby� ih� g_ebg_cghc�
Zdmklbq_kdhc�^bZ]ghklbd_�b�g_jZajmrZxs_fm�dhgljhex�nbabq_kdh]h�nZdmevl_lZ�F=M�
bf��F�<�� Ehfhghkh\Z� ijb� ih^^_j`d_� ]jZglZ� Ij_ab^_glZ� Jhkkbckdhc� N_^_jZpbb���

GR-�����������b�]jZglZ�JNNB���-02-16186. 

Ebl_jZlmjZ 
1. Nbabq_kdZy�ZdmklbdZ��F_lh^u�b�ijb[hju�mevljZa\mdh\uo�bkke_^h\Zgbc��Ih^�

j_^��M��FwahgZ���L�����Q��:��Fhkd\Z���Fbj������ 
2. EZg^Zm � �E �> � � �Eb\rbp �? �F � �L_hj_lbq_kdZy�f_oZgbdZ��L_hjby�mijm]hklb���

L����Fhkd\Z��NbafZlebl������ 
3. Nbabq_kdZy�wgpbdehi_^by�L����Fhkd\Z��;JW��������k�����-621 
4. KijZ\hqgbd�nbabq_kdbo�� obfbq_kdbo�b� l_ogheh]bq_kdbo� \_ebqbg��L����Fh�

kd\Z��������F���� 
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M>D������� 

:G:EBA�NHJFBJH<:GBY�BFIMEVK:�A<MDH<H=H�M>:J: 
HL�K<?JOA<MDH<H=H�K:FHE?L:��><B@MS?=HKY 

K�MKDHJ?GB?F 

Dhaeh\�:�I� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

DZd�ihdZau\Zxl�wdki_jbf_glZevgu_�^Zggu_��_keb�k\_joa\mdh\hc�kZfhe_l�e_lbl�
k�mkdhj_gb_f��lh�nhjfZ�bfimevkZ�a\mdh\h]h�m^ZjZ��iZ^Zxs_]h�gZ�ih\_joghklv�a_feb��
fh`_l�aZf_lgh�hlebqZlvky�hl�klZg^Zjlghc�nhjfu�N-bfimevkZ��AgZq_gb_�fZdkbfZevgh�
]h�ba[ulhqgh]h�^Z\e_gby�\� lZdhf�bfimevk_�\� �-��jZa�[hevr_��q_f�\�klZg^Zjlghf�bf�
imevk_�a\mdh\h]h�m^ZjZ��Ihwlhfm�wlhl�bfimevk�gZau\Zxl�bfimevkhf�a\mdh\h]h�k\_jom�
^ZjZ� �sonic superboom���Z�ba-aZ�koh^kl\Z�_]h�nhjfu�k�eZlbgkdhc�[md\hc�U�qZklh�gZau�
\Zxl�U-bfimevkhf�>���@��<�^Zgghc�jZ[hl_�gZ�hkgh\_�ZgZebaZ�emq_\hc�dZjlbgu�\u\h^yl�
ky� khhl\_lkl\mxsb_� w\hexpbhggu_� mjZ\g_gby� imqdh\hc� Zdmklbdb�� hibku\Zxsb_� \�
ih^oh^ys_c�]_hf_ljbb�nhjfbjh\Zgb_�bfimevkh\�a\mdh\uo�k\_jom^Zjh\�gZ�\k_c�ljZkk_�
hl�^Zevg_c�ahgu�\hdjm]�e_lys_]h�kZfhe_lZ�^h�ih\_joghklb�a_feb��J_r_gb_�ihemq_gguo�
mjZ\g_gbc� ^Z_l�nhjfm� b� iZjZf_lju� bfimevkZ�� khihklZ\bfu_� k� j_Zevgufb��<� kemqZ_�
ihe_lZ�k\_joa\mdh\h]h�kZfhe_lZ�k�ihklhygghc�kdhjhklvx�emqb��bkims_ggu_�kZfhe_lhf��
iZjZee_evgu�^jm]�^jm]m��Z�njhgl�a\mdh\h]h�m^ZjZ�ke_^m_l�\f_kl_�k�kZfhe_lhf�b�bf__l��
dhgbq_kdmx�nhjfm� �dhgmk�FZoZ���?keb�`_�kZfhe_l�e_lbl�k�ebg_cguf�mkdhj_gb_f��lh�
emq_\Zy�dZjlbgZ�b�nhjfZ�njhglZ�baf_gyxlky��<�wlhf�kemqZ_�emqb�koh^ylky�ih^�g_dhlh�
juf�m]ehf��h[jZamy�³\__jgmx´�kljmdlmjm��qlh�khhl\_lkl\m_l�wnn_dlm�nhdmkbjh\db��GZ�
hkgh\_�dbg_fZlbq_kdbo�khhlghr_gbc�m^Zehkv�ihemqblv�mjZ\g_gb_�njhglZ�b�ihkljhblv�
emq_\mx�dZjlbgm��jbk�����^ey�^Zggh]h�j_`bfZ�ihe_lZ��� 

 
 

 
 
 

Jbk�����Emq_\Zy�dZjlbgZ�hl�ghkZ�kZfhe_lZ�ijb�mkdhj_gghf�ihe_l_ 
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DZd�\b^gh�ba�jbkmgdZ��ijb�ihe_l_�kZfhe_lZ�k�mkdhj_gb_f�\�emq_\hc�dZjlbg_�ih�
y\ey_lky�dZmklbdZ��Q_j_a�g_dhlhjh_�\j_fy�ihke_�gZqZeZ�mkdhj_gby��hgZ�i_j_k_dZ_l�ih�
\_joghklv�a_feb��LZdbf�h[jZahf��lhqdZ�nhdmkZ�gZ�a_fe_�y\ey_lky�lhqdhc�i_j_k_q_gby�
dZmklbdb�b�ih\_joghklb� a_feb��Ba� \k_]h� kdZaZggh]h� \ur_�fh`gh� k^_eZlv� \u\h^��qlh�
^ey�hibkZgby� wnn_dlh\�� k\yaZgguo� k�nhdmkbjh\dhc�emq_c�ijb�ihe_l_� k\_joa\mdh\h]h�
kZfhe_lZ� k� mkdhj_gb_f�� fh`gh� \hkihevah\Zlvky� fh^_evx� pbebg^jbq_kdh]h� nhdmkb�
jmxs_]h�baemqZl_ey��ih\_jgmlh]h�ih^�m]ehf�d�ljZ_dlhjbb�ihe_lZ��<hegh\hc�njhgl�lZ�
dh]h� baemqZl_ey�fh`gh� jZkkfZljb\Zlv� dZd� pbebg^jbq_kdmx� \hegm�� jZkoh^ysmxky� ih�
m]eh\hc�dhhj^bgZl_�b�koh^ysmxky�ih�hk_\hc� 

Bkoh^y� ba� wlh]h� bkihevam_lky� ke_^mxs__� w\hexpbhggh_� mjZ\g_gb_� imqdh\hc�
Zdmklbdb�� \� h[s_f� kemqZ_� mqblu\Zxs__� g_ebg_cgu_� wnn_dlu� �mjZ\g_gb_� Ohoeh\Z-
AZ[hehlkdhc���\�pbebg^jbq_kdbo�dhhj^bgZlZo� 

 
2

0
3 2
0 0 2 2

cp p p p
p

r c r z

ε
τ ρ τ

 ′ ′ ′ ′∂ ∂ ∂ ∂′− + = ∂ ∂ ∂ ∂ 
                                      (1) 

 
]^_�r - jZkklhygb_�\^hev�emqZ�i_ji_g^bdmeyjgh�hkb�baemqZl_ey z; p̀  -�ba[ulhqgh_�^Z\�
e_gb_��h[mkeh\e_ggh_�a\mdh\uf�m^Zjhf��τ -�[_]msZy�dhhj^bgZlZ� 

Hp_gdZ�hlghkbl_evgh]h�\deZ^Z�g_ebg_cguo�b�^bnjZdpbhgguo�wnn_dlh\�ihdZau�
\Z_l��qlh�g_ebg_cgu_�wnn_dlu�bf__l�kfuke�mqblu\Zlv��_keb�fu�ohlbf�emqr_�ijhib�
kZlv�bkdZ`_gby�hkljuo�qZkl_c�bfimevkZ�a\mdh\h]h�m^ZjZ��W\hexpby�`_�iheh]bo�qZkl_c�
bfimevkZ�ohjhrh�hibku\Z_lky�b�\�ebg_cghf�ijb[eb`_gbb�k�mq_lhf�lhevdh�^bnjZdpbb�
b�nhdmkbjh\db��J_r_gb_�mjZ\g_gby�����\�ebg_cghf�ijb[eb`_gbb�^Z_l�ljZgknhjfZpbx�
ijhnbey�klZg^Zjlgh]h�N-bfimevkZ�a\mdh\h]h�m^ZjZ�\�U-bfimevk�� 

 

 

2
0

22
0 2 20204

0 0
2

022
020

1 ( )
( , , ) exp

1 ( )1 ( )

1
( ) 1

1 ( ) 1( )
sin arctg ( )

2 211 ( )

Nr p z
p r z

r r rr r a DD
FF

r r r r
D

z DF F D
r r F d

r ra r r
D FF

ωτ
π

ωω

ω
ωωωτ πϑ

ω

∞

 
 
 ′ = − ×  − −   − +− +            

 − − − −    × − + + − −− −  −− +    

∫
�

0 0
2

2 ( )
( ) , ( ) Nmjv_�h[jZa1�bfimevkZ�]^_ N

c r r
D p

a

ω

ω ω
ω

−= −�

    (2) 

a -�Zi_jlmjZ�baemqZl_ey��F –�nhdmkgh_�jZkklhygb_��r0-�jZ^bmk�baemqZl_ey� 
GZ�jbk����ihdZaZgZ�ljZgknhjfZpby�bfimevkZ�a\mdh\h]h�m^ZjZ�\�aZ\bkbfhklb�hl�r 

(a ���f��F ����f��r0 ���f��z=0). 
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Jbk�����LjZgknhjfZpby�nhjfu�bfimevkZ�a\mdh\h]h�m^ZjZ�ijb�baf_g_gbb�jZk�
klhygby�r�hl�^\b]Zxs_]hky�k�mkdhj_gb_f�k\_joa\mdh\h]h�kZfhe_lZ 

 

Ebl_jZlmjZ 
1. Wanner J.L., Vallee J. // Theoretical and Experimental Studies of the Focus of 

Sonic Booms / JASA, v. 52, No. 1, 14-32, (1972) 
2. Downing M., Maglieri D.J. // Controlled Focused Sonic Booms from Maneuvering 

Aircraft / JASA, v. 104, No. 1, 112-121, (1998) 
 
 
 

M>D���� 

<A:BFH>?CKL<B?�MEVLJ:A<MDH<UO�<HEG 
K�J?R?LDHC�<BGLH<UO�KMI?J>BKEHD:PBC 

DZebf]meh\�:�J� 
;Zrdbjkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l��Obfbdh-L_ogheh]bq_kdbc�

NZdmevl_l 

Bkke_^h\Zgh�\ebygb_�j_r_ldb�\bglh\uo�kmi_j^bkehdZpbc�k�\_dlhjhf�;xj]_jkZ�
[he__������>�@�gZ�jZkijhkljZg_gby�mevljZa\mdh\uo�\heg��MA-\heg��\�d\Zjp_\uo�j_ahgZ�
lhjZo��Wdki_jbf_glu�ijh\h^bebkv�gZ�ieZklbgZo�O�b�M�–�kj_ah\��gZ�dhlhju_�gZghkbebkv�
we_dljh^u��JZ[hlZ�ijh\h^beZkv�gZ��–hc�]Zjfhgbd_�j_ahgZlhjh\��\ha[m`^Z_fhc�]_g_jZ�
lhjhf�klZg^Zjlguo�kb]gZeh\��MA–\hegZ�wlhc�]Zjfhgbdb�jZkijhkljZgyeZkv�\�djbklZee_�
b�\ha[m`^ZeZ�gZ�^jm]hc�iZj_�we_dljh^h\�i_j_f_ggmx�w�^�k���dhlhjZy�j_]bkljbjh\ZeZkv�

r=r0 

r=0.7F 

 r=0.9F 

r=F 
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k_e_dlb\guf�fbdjh\hevlf_ljhf��<uykg_gh��qlh�ijb�jZkijhkljZg_gbb�MA–\hegu�djhf_�
]Zjfhgbd� hkgh\gh]h� kb]gZeZ� h[uqgh� ijbkmlkl\mxl� kb]gZeu� ^hihegbl_evguo� qZklhl��
q_]h�g_l�\�h[uqguo�j_ahgZlhjZo��GZijbf_j��Zfieblm^gh-qZklhlgZy�aZ\bkbfhklv�kb]gZ�
eh\�j_ahgZlhjZ�O–kj_aZ�ijb�\ha[m`^_gbb�k�qZklhlhc������F=p�b�g_j_ahgZgkghc�qZklh�
lhc����F=p�kh^_j`bl�bgnhjfZpbx�h�ij_h[jZah\Zgb_�qZklhl��b�\k_]^Z�\�gZrbo�bkke_^h�
\Zgbyo�ijbkmlkl\h\Ze�kb]gZe�k�qZklhlhc����F=p��\_ebqbgZ�dhlhjh]h�keZ[h�aZ\bk_eZ�hl�
qZklhlu�\ha[m`^Zxs_]h�kb]gZeZ��Ih-\b^bfhfm��wlhl�kb]gZe�k\yaZg�k�g_ebg_cguf�\ha�
[m`^_gb_f�kh[kl\_gguo�dhe_[Zgbc�\bglh\uo�kmi_j^bkehdZpbc��Hlf_lbf��qlh�kb]gZe�k�
qZklhlhc� –� ���F=p� hlkmlkl\h\Ze� ijb� SDkkljhcd_� j_ahgZlhjZ� b� i_j_oh^_� gZ� jZ[hqmx�
qZklhlm����F=p��Ba�ihemq_gguo�j_amevlZlh\�b�j_amevlZlh\�bkke_^h\Zgby�j_ahgZlhjh\�
f_lh^Zfb�j_g]_gh\kdhc�lhih]jZnbb�e_]dh�\uqbkeblv�jZaf_ju�hl^_evguo�keh_\��>_ckl�
\bl_evgh��lZd�dZd�ijb�ij_h[jZah\Zgbb�MA–\hegu�^ey�\hegh\uo�\_dlhjh\�a\mdh\uo�\heg�
fh`gh�aZibkZlv� KKK

&&&
−=′ 0 ��]^_� 0K

&
 –�\hegh\hc�\_dlhj��\ha[m`^Zxsbc�MA�\hegu��K

&
 – 

\hegh\hc� \_dlhj� i_jbh^bq_kdhc� kljmdlmju�� agZy� K ′
&
� e_]dh� gZclb� i_jbh^� kljmdlmju�

KKdC ′−=
&&

02π ��dhlhjuc�^ey�ijb\_^_ggh]h�ijbf_jZ�agZq_gby�qZklhl�jZ\_g�����fdf��

Ih�^Zgguf�f_lh^h\�j_gl]_gh\kdhc�lhih]jZnbb�b�ba[bjZl_evgh]h�ljZ\e_gby�\_ebqbgZ�
i_j_oh^Z�j_r_ldb�����fdf��>hihegbl_evgu_�j_ahgZgku��kms_kl\mxsb_�gZ�qZklhlZo����
0=p��\hh[s_�]h\hjy��g_�khhl\_lkl\mxl�i_jbh^bqghklb�����fdf��Wlh�k\yaZgh�k�l_f��qlh�
dZ`^uc�hl^_evguc�we_f_gl�g_�bf__l�kljh]h�ijZ\bevghc�kljmdlmju��Z�kdhjhklv�]jmiiu�
\heg��\hagbdZxsbo�ijb�wlbo�j_ahgZgkZo��g_�kh\iZ^Z_l�kh�kdhjhklvx�MA–\heg�\�h[uq�
ghf�djbklZee_�d\ZjpZ� 

Ebl_jZlmjZ� 
1. Qm\ujh\� :�G���FZablh\� J�F���� ;Zebpdbc� <�K��F_oZgbaf� jhklZ� djbklZeeh\ 

d\ZjpZ�ba�nlhjb^guo�jZkl\hjh\��>:G�KKKJ��������l�������k������� 
 
 
 

M>D������ 

DHJJ?EYPBHGGH-LHFH=J:NBQ?KDH?�<HKKL:GH<E?GB?�
J:KIJ?>?E?GBY�<?DLHJ:�KDHJHKLB�DJH<HLHD: 

FZl\__\�H�<� ��G_kl_jh\Z�?�<��  
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZ[hlZ� ihk\ys_gZ� \hkklZgh\e_gbx� dZjlbgu� djh\hkgZ[`_gby� hj]ZgZ� –� \Z`ghc�
^bZ]ghklbq_kdhc� aZ^Zq_�� dhlhjmx� ij_^eZ]Z_lky� j_rZlv� Zdmklbq_kdbfb�f_lh^Zfb��Bk�
ihevam_fu_�ijb�wlhf�ijbgpbiu�lhfh]jZnbjh\Zgby�b�bo�l_ogbq_kdb_�\hiehs_gby�^hk�
lZlhqgh�jZaghh[jZagu��>Ze__�jZkkfZljb\Z_lky�lhfh]jZn�k�dhevp_\hc�Zgl_gghc�j_r_l�
dhc�ijb_fhbaemqZxsbo�ij_h[jZah\Zl_e_c��^Zxsbc�fgh]hjZdmjkgmx�bgnhjfZpbx� h[�
bkke_^m_fhf� hj]Zg_� >��� �@��Bf_ggh�fgh]hjZdmjkgu_� ^Zggu_� jZkk_ygby� iha\heyxl� g_�
lhevdh�ihemqblv�dZjlbgm�jZkij_^_e_gby�djh\_ghkguo�khkm^h\��gh�b�\hkklZgh\blv�ihe�
guc�\_dlhj�kdhjhklb�djh\hlhdZ�\^hev�wlbo�khkm^h\��Bkihevah\Zgb_�hlghkbl_evgh�gba�
dbo�qZklhl�a�F=p�h[_ki_qb\Z_l�]em[hdh_�ijhgbdgh\_gb_�mevljZa\mdZ�\�lhesm�[bhldZ�
gb��iha\heyy�l_f�kZfuf�bkke_^h\Zlv�djh\hkgZ[`_gb_�g_�lhevdh�\[ebab�ih\_joghklb��gh�
b� \� ]em[bg_� hj]ZgZ�� Ijb� wlhf� djh\v� fh`_l� g_� kh^_j`Zlv� Zdmklbq_kdb� dhgljZklguo�
Z]_glh\� 

Ij_^eZ]Zxlky� Z^^blb\gh-dhjj_eypbhgguc� b� fmevlbiebdZlb\gh-dhjj_ey-
pbhgguc�Ze]hjblfu�kh\f_klgh]h�\hkklZgh\e_gby�iheghc�lhfh]jZnbq_kdhc�dZjlbgu�k�
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iZjZee_evguf�\hkklZgh\e_gb_f�\_dlhjZ�kdhjhklb�djh\hlhdZ�\�jZfdZo�lhc�`_�kZfhc�lh�
fh]jZnbq_kdhc�ko_fu��Nbabq_kdZy�klhjhgZ�wlbo�Ze]hjblfh\�b�^\mf_jgZy�ko_fZ�lhfh�
]jZnbjh\Zgby�h[km`^Zebkv�\� >�@��Imklv�dZ`^uc�baemqZl_ev�k�jZ^bmk-\_dlhjhf� Sr �ih�
ke_^h\Zl_evgh�]_g_jbjm_l�ljb�beb�[he__�ahg^bjmxsbo�bfimevkZ��dhlhju_�fh`gh�h[t�
_^bgblv�\�^\_�iZju��h[hagZqZ_fu_�^Ze__�bg^_dkZfb� I�b�II ��khhl\_lkl\_ggh��<j_f_gg)c�
bgl_j\Ze� rep	 �f_`^m�i_j\uf�b�\lhjuf� �bfimevkZfb�nbdkbjh\Zgghc�iZju�� l�_��\j_fy�

ih\lhj_gby��h^bgZdh\�^ey�h[_bo�iZj��JZkk_yggu_�kb]gZeu��ijboh^ysb_�gZ�ijb_fgbd�k�
jZ^bmk-\_dlhjhf� Rr � b� khhl\_lkl\mxsb_�nbdkbjh\Zgghc� iZj_� ihkuehd�� ^_kljmdlb\gh�

h[t_^bgyxlky��nhjfbjmy�^\Z�jZaghklguo�kb]gZeZ�� ),,(I
sc tu RS rr∆ , ),,(II

sc tu RS rr∆ ��L_f�
kZfuf�hkms_kl\ey_lky�k_e_dpby��ih^Z\eyxsZy�jZkk_ygb_�hl�g_ih^\b`guo�h[t_dlh\�b�
hklZ\eyxsZy� \� kb]gZeZo� scu∆ � bgnhjfZpbx� lhevdh� h� ^\b`msboky� jZkk_b\Zl_eyo��GZ�

hkgh\_� scu∆ = I
scu∆ �b� scu∆ = II

scu∆ � kljhylky�� khhl\_lkl\_ggh�� ^\Z� dhfie_dkguo� \� �h[s_f�

kemqZ_��bah[jZ`_gby� IZZ = �b� IIZZ = �^ey�dZ`^h]h�nbdkbjh\Zggh]h�baemqZl_ey��Ijb�
Z^^blb\ghf�kihkh[_�ihkljh_gby� 

∑ ϕ−ϕ∆=
R

RSRSSRRSS AtuZ ),,()(sin))(,,(),( sc rrrrrrrr ;  (3) 

ijb�fmevlbiebdZlb\ghf�kihkh[_� 
( ) ( )

( ) .),,()sin()(,,

),,()sin()(,,,

*
sc

,
sc

rrrrrr

rrrrrrrr

''''

''

RSRSSRRS

R RRR

RSRSSRRSS

Atu

AtuZ

ϕ−ϕ∆×

×ϕ−ϕ∆= ∑ ∑
≠                (4) 

A^_kv� Sϕ , Rϕ , 'R
ϕ  –�iheyjgu_�m]eu�bklhqgbdZ� Sr �b�ijb_fgbdh\� Rr , 'r

R
��khhl�

\_lkl\_ggh��<�kemqZ_�ahg^bjmxsbo�kb]gZeh\�hl�lhq_qguo�bklhqgbdh\�wlb�m]eu�hlkqb�
lu\Zxlky�ba�l_dms_c�lhqdb�bah[jZ`_gby� r ��Z�\�kemqZ_�iehkdbo�\heg�–�ba�gZqZeZ�dhhj�
^bgZl�� ihf_s_ggh]h� \� p_glj� djm]h\hc� Zgl_gghc� j_r_ldb�� Kbf\he� ∗ � hagZqZ_l� dhf�
ie_dkgh_� khijy`_gb_��<_kh\u_� fgh`bl_eb� lbiZ� )sin( RS ϕ−ϕ � h[_ki_qb\Zxl� jZ\gh�

f_jghklv�m]eh\hc�iehlghklb�^Zgguo�jZkk_ygby� scu∆ ��NmgdpbhgZevgu_�fgh`bl_eb�lbiZ�

),,( rrr RSA � dhfi_gkbjmxl� ]_hf_ljbq_kdmx�jZkoh^bfhklv� \heg�� Z� lZd`_�bo�ih]ehs_�

gb_�\�nhgh\hc�kj_^_��Kb]gZeu� ),,(sc tu RS rr∆ �knZabjh\Zgu�ih�\k_f�k\hbf�qZklhlguf�
dhfihg_glZf�ki_dljZ�gZ�l_dmsmx�lhqdm�\hkklZgh\e_gby� r �ihkj_^kl\hf�\u[hjZ�fhf_g�
lZ�\j_f_gb� )(rSRtt = ��jZ\gh]h�kmffZjghfm�\j_f_gb�jZkijhkljZg_gby�kb]gZeZ�hl�baem�
qZl_ey� S � ^h� lhqdb� r � b� hl� r � ^h� ijb_fgbdZ� R �� \dexqZy� ^hihegbl_evgmx� aZ^_j`dm��
h[_ki_qb\Zxsmx�h^gh\j_f_ggmx�nZabjh\dm�gZ�fZdkbfmf�h]b[Zxs_c�b�gZ[b\db�kb]�
gZeZ� scu∆ . 

Hp_gdZ�\_dlhjZ�kdhjhklb�djh\hlhdZ� )(rv �hkms_kl\ey_lky�\aZbfghc�ijhkljZgkl\_gghc�

dhjj_eypb_c�fZeuo�njZ]f_glh\�bah[jZ`_gbc�
IZ �b�

IIZ �ijb�h^ghf�b�lhf�`_�baemqZl_e_��

J_amevlZlhf�lZdhc�dhjj_eypbb�y\ey_lky�nmgdpby� ),,( rrr ∆Γ S ��]^_� rr ∆,  –�dhhj^bgZlu�

p_gljZ�b�hlghkbl_evguc�k^\b]�dhjj_ebjm_fuo�njZ]f_glh\��<_dlhj�k^\b]Z� r∆ = maxr∆ , 
khhl\_lkl\mxsbc� ]eZ\ghfm� fZdkbfmfm� mkj_^g_gghc� ih� baemqZl_eyf� nmgdpbb�

∑ ∆Γ≡∆Γ
S

S ),,(),( rrrrr
�ijb�dZ`^hf�nbdkbjh\Zgghf� r ��hij_^_ey_l�bkdhfmx�kdhjhklv�

djh\hlhdZ� repmax)( 	rrv ∆=
��?^bgkl\_gghklv� ]eZ\gh]h�fZdkbfmfZ�ijb�nbdkbjh\Zgghf�

r �h[_ki_qb\Z_lky�gZdhie_gb_f� �ijb�i_j_[hj_�baemqZl_e_c��[hevrh]h�dhebq_kl\Z�keZ�
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]Z_fuo� Γ ��<�lh�`_�\j_fy��ijhkljZgkl\_ggZy�ehdZebaZpby�nmgdpbb� ),( maxrr ∆Γ
�mdZau�

\Z_l�gZ�f_klhiheh`_gb_�djh\_ghkguo�khkm^h\� 

Mklhcqb\hklv�hp_gdb�h[_ki_qb\Z_lky�ijb�mkeh\bb�
4repmin λ≥	v
��]^_� minv  –�fb�

gbfZevgh_�agZq_gb_�kdhjhklb�djh\hlhdZ� minv
��dhlhjh_�lj_[m_lky�gZclb� λ  –�kj_^gyy�

^ebgZ�\hegu�\�[bhldZgb��Ih]j_rghklv�`_� vδ �\�hp_gd_�kdhjhklb�hij_^_ey_lky�rZ]hf�

^bkdj_lbaZpbb�k^\b]Z� r∆ �ijb�dhjj_eypbb�njZ]f_glh\�bah[jZ`_gbc��J_amevlZlu�qbk�

e_ggh]h�fh^_ebjh\Zgby�^ey�kdhjhklb�djh\hlhdZ�
=v

20 kf�k_d�b�
fk_d1rep =	

�ijb\_^_�
gu�gZ�jbk��� 2. 

GZklhysZy� jZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglZ� ij_ab^_glZ� JN� � GR-
�����������b�]jZglZ�JNNB�����-02-16043. 

 

 
Jbk� 1, ��� J_amevlZl� fh^_evgh]h� \hkklZgh\e_gby� Z^^blb\gh-dhjj_eypbhgguf� �Z), 
fmevlbiebdZlb\gh-dhjj_eypbhgguf� �[��f_lh^Zfb�f_klhiheh`_gby�b�\_dlhjZ� kdh�
jhklb�]jmiiu�jZkk_b\Zl_e_c��^\b`msboky�\^hev�jZa\_l\e_ggh]h� �jbk� ���b� ³i_le_�
h[jZagh]h´��jbk� ���djh\_ghkguo�khkm^h\ 

 

Ebl_jZlmjZ 
1. IZjohf_gdh I�I���DZjZ\Zc F�N���Kmoh\ ?�=���NZe__\ ;�:���>fbljb_\ H�<���

>jha^h\ K�:��� DhfZjh\ H�<��� ;Z[bg E�<��� Ihih\ :�K��� ;mjh\ <�:��� JZllwev F�B��� ;h�
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[h\ D�G���Dhgxrdbg :�E���Jmfygp_\Z H�>��MevljZa\mdh\hc� lhfh]jZn� b� dhevp_\Zy� Zg�
l_ggZy� j_rzldZ�^ey� mevljZa\mdh\h]h� lhfh]jZnZ�–�IZl_gl�gZ�bah[j_l_gb_�� 2145797. 
Ijbhjbl_l�hl�������������Fhkd\Z������� 

2. André M.P., Janée H.S., Barrett T.K., Spivey B.A., Martin P.J. Simultaneous 
spatial and velocity vector mapping with diffraction tomography. – Acoustical Imaging-23 / 
Ed. by S. Lees and L.A. Ferrari. V.23. New York: Plenum Press, 1997. P.583-588. 

3. FZl\__\ H�<��<hkklZgh\e_gb_� dZjlbgu� djh\hlhdZ� \� ijhp_kk_� Zdlb\gh]h�
dhjj_eypbhggh]h�lhfh]jZnbjh\Zgby��–�K[hjgbd�l_abkh\�³Ehfhghkh\-����´��F�� Nbabq��
n-l�F=M��������k�����-119. 
 
 
 
 

M>D�������534.1 

KL:PBHG:JGU? 
G?EBG?CGU?�<HEGH<U?�IJHP?KKU 

<�GBADHKBFF?LJBQGHF 
:GBAHLJHIGHF�DJBKL:EEBQ?KDHF�<HEGH<H>? 

Dmj_ggZy�D�B� 

>hg_pdbc�gZpbhgZevguc�mgb\_jkbl_l��MdjZbgZ 

<�jZfdZo�fh^_eb�]_hf_ljbq_kdb�b�nbabq_kdb�g_ebg_cgh]h�^_nhjfbjh\Zgby�Zgb�
ahljhighc�b^_Zevghc�mijm]hc�kj_^u�ihkljh_gu�b�bkke_^h\Zgu�\ukrb_�]Zjfhgbdb�g_�
ebg_cguo�fhghojhfZlbq_kdbo�ghjfZevguo�\heg��Z�lZd`_�\lhju_�dhf[bgZpbhggu_�]Zj�
fhgbdb��\hagbdZxsb_�dZd�j_amevlZl�g_ebg_cgh]h�\aZbfh^_ckl\by�jZaebqguo�fhghojh�
fZlbq_kdbo�ghjfZevguo�\heg��:gZeba�klZpbhgZjguo�g_ebg_cguo�\hegh\uo�ijhp_kkh\�
k�fZeufb�i_j_f_s_gbyfb�k\h^blky�d�ki_dljZevguf�djZ_\uf�aZ^ZqZf�^ey�kbkl_f�^\m�
f_jguo� ^bnn_j_gpbZevguo� mjZ\g_gbc� \� qZklguo� ijhba\h^guo� hlghkbl_evgh� Zfieb�
lm^guo� khklZ\eyxsbo� \hegh\uo�nmgdpbc��Bkke_^h\Zgb_� j_Zebam_lky� k�ijbf_g_gb_f�
ijbgpbiZ�jZaeh`_gby�g_ebg_cguo�\hegh\uo�mijm]bo�i_j_f_s_gbc�\�jy^u�ih�kl_i_gyf�
fZeh]h�iZjZf_ljh\�\b^_�Zdmklbq_kdh]h�qbkeZ�FZoZ�b�k\h^blky�d�hij_^_e_gbx�i_j\uo�
^\mo�khklZ\eyxsbo�\�wlbo�jZaeh`_gbyo� 

Ihkljh_gu� ZgZeblbq_kdb_� aZ\bkbfhklb� jZkij_^_e_gbc� ih� lhesbg_� \hegh\h^Z�
^ey�ghjfbjh\Zgguo�Zfieblm^guo�\_ebqbg�i_j_f_s_gbc�\h�\lhjuo�]ZjfhgbdZo�fhgh�
ojhfZlbq_kdbo�ghjfZevguo�mijm]bo�]hjbahglZevgh�iheyjbah\Zgguo�ghjfZevguo�\heg��
Z� lZd`_�^ey� \lhjuo� ]ZjfhgbdZo�ghjfZevguo�ijh^hevgh-k^\b]h\uo�h[h[s_gguo� \heg�
Ewf[Z�\^hev�djbklZeeh]jZnbq_kdbo�gZijZ\e_gbc�Zgbahljhigh]h�kehy�dm[bq_kdhc�kbk�
l_fu�ba�fhghdjbklZeeZ�]_jfZgby��J_r_gZ�aZ^ZqZ�ijh�\lhju_�]Zjfhgbdb�lj_oiZjpbZev�
guo�ghjfZevguo�mijm]bo�\heg�\^hev�ijhba\hevgh]h�g_mijm]hwd\b\Ze_glgh]h�gZijZ\�
e_gby�kehy�dm[bq_kdhc�kbkl_fu��ZgZeh]bqgu_�aZ\bkbfhklb�ihkljh_gu�^ey�\lhjuo�]Zj�
fhgbd� 

Bkke_^h\Zgu�jZkij_^_e_gby�ghjfbjh\Zgguo�dhfihg_gl�kj_^g_]h�aZ�i_jbh^�ih�
lhdZ�fhsghklb� ih� lhesbg_� ieZklbgu� ^ey� ebg_cguo� \heg� mdZaZgguo� lbih\� b� ^ey� bo�
\lhjuo� ]Zjfhgbd�� ijh\_^_g� khihklZ\bl_evguc� ZgZeba� ih^h[guo� jZkij_^_e_gbc� ih�
lhesbgghc� dhhj^bgZl_� \hegh\h^Z��>ZgZ� hp_gdZ� khhlghr_gbc�f_`^m�fZdkbfZevgufb�
agZq_gbyfb� \� ZgZebabjm_fuo� ihlhdZo� b� ij_^klZ\e_g� ZgZeba� qZklhlguo� aZ\bkbfhkl_c�
^ey�bgl_]jZevguo�oZjZdl_jbklbd�ihlhdh\�\h�\lhjuo�]ZjfhgbdZo� 
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M>D�������� 

HP?GD:�F:KKU�Q?JGHC�>UJU�B�G:DEHG?GBY�HJ;BLU 
IH�DJB<HC�EMQ?<UO�KDHJHKL?C 

<�J?GL=?GH<KDHC�><HCGHC�KBKL?F?�CYG X-1 

:[m[_d_jh\�F�D���:glhobgZ�W�:���Q_j_iZsmd�:�F� 
F=M�bf�F�<��Ehfhghkh\Z��Nbabq_kdbc�nZdmevl_l 

Ij_^klZ\e_gu� j_amevlZlu� klZlbklbq_kdh]h� ih^oh^Z� d� bgl_jij_lZpbb� k\h^ghc�
djb\hc�emq_\uo�kdhjhkl_c�j_gl]_gh\kdhc�^\hcghc�Cyg X-���GZ�hkgh\_�ZgZebaZ�k\h^ghc�
djb\hc�emq_\uo�kdhjhkl_c�\�jZfdZo�fh^_eb�JhrZ�ihemq_gZ�aZ\bkbfhklv�fZkku�j_gl]_�
gh\kdh]h�dhfihg_glZ�mx�hl�fZkku�hilbq_kdh]h�mv��Ijb\_^_gZ�f_lh^bdZ�hp_gdb�gZdeh�
g_gby�hj[blu�ih�djb\hc�emq_\uo�kdhjhkl_c��<�hlebqb_�hl�kemqZy�lhq_qghc�hilbq_kdhc�
a\_a^u�\� kemqZ_�ijbeb\gh-^_nhjfbjh\Zgghc� a\_a^u� kh� keh`guf� l_fi_jZlmjguf�jZk�
ij_^_e_gb_f�ijb�baf_g_gbb�gZdehg_gby�hj[blu� i�f_gy_lky�g_�lhevdh�ihemZfieblm^Z�
djb\hc�emq_\uo�kdhjhkl_c�Kv��gh�b�__�nhjfZ��L_hj_lbq_kdb_�jZkq_lu�ihdZaZeb��qlh�ijb�
baf_g_gbb� gZdehg_gby� hj[blu� ^\hcghc� kbkl_fu� k� i=40o

� gZ� i=80o
� baf_g_gb_� nhjfu�

djb\hc�emq_\uo�kdhjhkl_c khklZ\ey_l��� hl�__�ihemZfieblm^u�Kv.
 Wlh�iha\hey_l�gZeh�

`blv�h]jZgbq_gb_�g_�lhevdh�gZ�fZkkm�q_jghc�^uju��gh�b�gZ�gZdehg_gb_�hj[blu��i<45o.  
Bkihevah\Zgb_�bgnhjfZpbb�h[�hilbq_kdhc�djb\hc�[e_kdZ��jZ^bmk_�b�k\_lbfhklb�

hilbq_kdhc� a\_a^u� iha\heyxl� ^Zlv� ke_^mxsb_� hp_gdb� iZjZf_ljh\�� ��o<i<44o, 8.5 
Msun<mx<13.6 Msun . 

 

 
 
 

M>D��24.338.2 

BHGBAMXS??�BAEMQ?GB?�=HJYQBO�A<?A>� 
HDJM@,GGUO�H;HEHQD:FB 

AZcp_\�F�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Oh^�kl_i_gb�bhgbaZpbb�]ZaZ�\�hdj_klghklb�a\_a^u�oZjZdl_jbam_lky�j_adbf�kiZ�
^hf�gZ�g_dhlhjhf�jZkklhygbb��qlh�ijhy\ey_lky�\�\b^_�ahgu�bhgbaZpbb�k�j_adhc�]jZgb�
p_c��ba\_klghc�dZd�ahgZ�Klj_f]j_gZ��<g_�wlhc�ahgu�bhgbamxs__�\ebygb_�a\_a^u�g_agZ�
qbl_evgh��A\_a^Z��hdjm`zggZy�h[hehqdhc��bf__l�kbevgmx�^_ij_kkbx�ki_dljZ�aZ�]jZgb�
p_c� eZcfZgh\kdhc� k_jbb��FZdkbfmf� ki_dljZ� a\_a^u� k� l_fi_jZlmjhc� k\ur_� ��0000K 
e_`bl� ^Ze_dh� aZihjh]hf� bhgbaZpbb� \h^hjh^Z� b�� g_kfhljy� gZ� ^_ij_kkbx� \� eZcfZgh\�
kdhf�dhglbgmmf_��^ey�dhjj_dlgh]h�\uqbke_gby�kl_i_gb�bhgbaZpbb�hdjm`Zxs_]h�a\_a�

 

:KLJHNBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Ihklgh\�DhgklZglbg�:e_dkZg^jh\bq 
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^m�]ZaZ�g_h[oh^bf�mqzl�dhjhldh\hegh\hc�qZklb�ki_dljZ�a\za^ghc�h[hehqdb��GZfb�ijh�
\_^zg�jZkqzl�ki_dljZ�\h^hjh^gh-]_eb_\h-dbkehjh^ghc�h[hehqdb��hdjm`Zxs_c�]hjyqmx�
a\_a^m�b�\uqbke_gZ�kl_i_gv�bhgbaZpbb�]ZaZ��hdjm`Zxs_]h�h[hehqdm��IhdZaZgh��qlh�ih�
emq_gguc� j_amevlZl� ijbgpbibZevgh� hlebqZ_lky� hl� deZkkbq_kdhc� ahgu� Klj_f]j_gZ��
f_`a\_a^guc�]Za�bhgbam_lky�lhevdh�qZklbqgh��gh�aZlh�ahgZ�qZklbqghc�bhgbaZpbb�fh`_l�
[ulv�\_kvfZ�ijhly`_gghc� 

 
 
 

M>D������ 

DHKFHEH=BQ?KD:Y�>BG:FBD:�G:�:GBAHLJHIGHC�;J:G? 

Lj_lvydh\�I�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^gb_�]h^u�bgl_j_k�d�g_klZg^Zjlguf�dhkfheh]bq_kdbf�fh^_eyf�\kz�\ha�
jZklZ_l��Wlh�k\yaZgh�\�i_j\mx�hq_j_^v�k�l_f��qlh�\�jZfdZo�ih^h[guo�fh^_e_c�m^Zzlky�
j_rblv�fgh]b_�ljZ^bpbhggu_�ijh[e_fu�klZg^Zjlghc�dhkfheh]bb��<kz�\ur_kdZaZggh_�
hlghkblky�b�d�lZd�gZau\Z_fhc�l_hjbb�[jZg��DZd�ba\_klgh��ij_^ihkuedb�d�g_c�^Zxlky�\�
jZfdZo�l_hjbb�kmi_jkljmg��ba�dhlhjhc�ke_^m_l��qlh�gZr_�ijhkljZgkl\h-\j_fy�^he`gh�
bf_lv�[hevr__�dhebq_kl\h�baf_j_gbc��g_`_eb�^hklmigh�gZr_fm�\hkijbylbx� �h[uqgh�
j_qv�b^zl�h[�h^bggZ^pZlbf_jguo�fh^_eyo��ohly�jZkkfZljb\Zxlky�b�[he__�keh`gu_�\Z�
jbZglu�>�@��LZdbf�h[jZahf��\�jZfdZo�[jZggh]h�ih^oh^Z�ij_^iheZ]Z_lky��qlh�gZ�[jZg_�
�l�_��\�^hklmiguo�gZf�q_lujzo�baf_j_gbyo��gZoh^ylky�\k_�klZg^Zjlgu_�qZklbpu�b�\aZb�
fh^_ckl\by�� \� lh� \j_fy� dZd� ]jZ\blZpby�fh`_l� ijhgbdZlv� b� \� ^h[Z\hqgu_� baf_j_gby�
�l�g��[Zed���GZ�ijZdlbd_�dZd�ijZ\beh�j_qv�b^zl�lhevdh�h[�h^ghf�^h[Z\hqghf�baf_j_gbb�
-�wlh�k\yaZgh�k�l_f��qlh�lZdhc�ih^oh^�iha\hey_l�[_a�baebrg_]h�mkeh`g_gby�ijhke_^blv�
hkgh\gu_� aZdhghf_jghklb��G_� kfhljy� gZ� mki_ob� l_hjby� kljmg� klZedb\Z_lky� k� jy^hf�
keh`ghkl_c�� b� kd_ikbk� ih� hlghr_gbx� d� g_c� \� gZmqghf� khh[s_kl\_� \kz� _sz� \_ebd��
Bf_ggh� ihwlhfm� hq_gv� \Z`guf� y\ey_lky� bamq_gb_� _z� dhkfheh]bq_kdbo� ke_^kl\bc�� Z�
bf_ggh�l_hjbb�[jZg�-�dhkfheh]bq_kdZy�ijh\_jdZ�y\ey_lky��dZd�ba\_klgh��g_hlt_fe_fhc�
qZklvx�Zijh[Zpbb�ih^h[guo�fh^_e_c� 

<�gZr_c�jZ[hl_�bkke_^h\ZeZkv�fh^_ev�Zgbahljhighc�[jZgu�k�h^gbf�^h[Z\hqguf�
baf_j_gb_f�� qe_ghf�� hibku\Zxsbf� lzfgmx� wg_j]bx� [ZedZ�� b� fZ]gblguf� ihe_f� gZ�
[jZg_��FZ]gblgh_�ihe_�\�^Zgghf�kemqZ_�bgl_j_kgh�dZd�h^bg�ba�gZb[he__�ijhkluo�b�_k�
l_kl\_gguo�bklhqgbdh\�Zgbahljhibb��dhlhjuc�fh]�b]jZlv�hij_^_eyxsmx�jhev�\�^bgZ�
fbd_�\k_e_gghc�gZ�jZggbo�wlZiZo�w\hexpbb��:gZeh]bqgZy�fh^_ev��gh�[_a�fZ]gblgh]h�
ihey�� ij_^klZ\ey_lky� ^hklZlhqgh� ljb\bZevghc� b� \iheg_� ^himkdZ_l� ZgZeblbq_kdh_� bk�
ke_^h\Zgb_��qlh�b�[ueh�ijh^_eZgh�\�gZr_�jZ[hl_��HdZau\Z_lky��qlh�\�kemqZ_�hlkmlkl\by�
fZ]gblgh]h�ihey�mjZ\g_gb_�Njb^fZgZ�^ey�Zgbahljhighc�[jZgu�\u]ey^bl�ke_^mxsbf�
h[jZahf>�@� 

��
�

�
�� ������

8+
&%$

χχρρσσσσ ++++++= +  

]^_� +  -�iZjZf_lj�OZ[[eZ��
&%$ ���+σ  -�dhfihg_glu�l�g��shear-l_gahjZ��oZjZdl_jbamxsb_�

ijhkljZgkl\_ggmx�Zgbahljhibx�� ρ  -�iehlghklv�wg_j]bb��8  -�l_fgZy�wg_j]by� χ  -�iZ�
jZf_lj��oZjZdl_jbamxsbc�gZly`_gb_�[jZgu��AZf_lbf��qlh�\hh[s_� ]h\hjy�wlh�mjZ\g_�
gb_� y\ey_lky�i_j\uf�bgl_]jZehf� kbkl_fu�^bnn_j_gpbZevguo�mjZ\g_gbc�i_j\h]h�ih�
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jy^dZ��dhlhjmx�\�\b^m�]jhfha^dhklb�fu�ijb\h^blv�g_�klZg_f��Ohjhrh�\b^gh��qlh��ijb�
hljbpZl_evguo�agZq_gbyo�qe_gZ��hibku\Zxs_]h�lzfgmx�wg_j]bx��\�ih^h[ghc�fh^_eb�
\hafh`_g�dheeZik� �=+ ���qlh�aZklZ\ey_l�hlghkblky�d�g_c�k�ba\_klghc�hklhjh`ghklvx��
GZfb�[ue�bkke_^h\Zg�\hijhk�h�\hafh`ghklb�j_dheeZikZ�^ey�g_dhlhjuo�bgl_j_kguo�k�
Zkljhghfbq_kdhc�lhqdb�aj_gby�mjZ\g_gbc�khklhygby�\_s_kl\Z��\�qZklghklb�jZkkfZljb�

\Zebkv� ke_^mxsb_� agZq_gby��
�

�
����=γ �� AZf_lbf�� qlh� kblmZpby� k� \hagbdgh\_gb_f� j_�

dheeZikZ�\�iehkdhc�\k_e_gghc�y\ey_lky�ijbgpbibZevgh�gh\hc�b�ijb�hlkmlkl\bb�^hihe�
gbl_evguo�baf_j_gbc�g_\hafh`gZ� 

>Ze__�[ueh�bgl_j_kgh�ihkfhlj_lv�dZdbf�h[jZahf�ijbkmlkl\b_�fZ]gblgh]h�ihey�
f_gy_l�keh`b\rmxky�kblmZpbx��MjZ\g_gb_�Njb^fZgZ�\�^Zgghf�kemqZ_�ijbgbfZ_l�ke_�
^mxsbc�\b^>�@�� 

�
�

�

�

�

�

�
�

�

�
�� ���������

KKK8+
&%$

χχρχχρρσσσσ −++++++++= +  

a^_kv� K  -�fZ]gblgh_�ihe_� 
<\b^m�keh`ghklb�ihemq_gguo�mjZ\g_gbc�fu�bkke_^h\Zeb�bo�qbke_ggh��b�ohly�

g_dhfiZdlghklv�h[eZklb�gZqZevguo� agZq_gbc�g_�iha\hey_l�j_rblv� aZ^Zqm�iheghklvx��
dZq_kl\_ggu_�j_amevlZlu�ijh^_eZgghc�jZ[hlu�ke_^mxsb_� 

IjZdlbq_kdb�\k_�ihemq_ggu_�j_amevlZlu�k\b^_l_evkl\mxl�h�lhf��qlh�ijbkmlkl�
\b_�fZ]gblgh]h� ihey� m\_ebqb\Z_l� hlghkbl_evgmx� ^hex� gZqZevguo� ^Zgguo�� ijb\h^y�
sbo�d�dheeZikm��ijbqzf��q_f�fZ]gblgh_�ihe_�[hevr_��l_f�[hevr_�dheeZikZ��Djhf_�lh�
]h��gZebqb_�fZ]gblgh]h�ihey�k^_eZeh�\hafh`guf�dheeZik�b�ijb�iheh`bl_evghc�lzfghc�
wg_j]bb��qlh�[ueh�g_\hafh`gh�[_a�fZ]gblgh]h�ihey��LZdbf�h[jZahf��\�iylbf_jguo�fh�
^_eyo�k�Zgbahljhighc�[jZghc�b�fZ]gblguf�ihe_f�^hey�dheeZikZ�\_ebdZ��qlh�aZklZ\ey_l�
k�hklhjh`ghklvx�hlghkblky�d�ih^h[guf�fh^_eyf��ohly�b�g_�fh`_l�aZklZ\blv�hldZaZlvky�
hl�gbo�iheghklvx��lZd�dZd�g_dhlhjuc�ijhklhj�^ey�fZgz\jZ�\kz-lZdb�_klv�� 

Ebl_jZlmjZ� 
1. .Randall L.J and R.Sundrum, Phys.Rev.Lett. 83, 3370 (1999) 
2. Maartens R.hep-th/0004166 
3. Barrow J., Hervik S.gr-qc/0109084 
 
 
 

M>D������� 

:<LHF:LBQ?KD:Y�DHFI?GK:PBY 
H;SBO�G:DEHGH<�<HEGH<H=H�NJHGL: 

<H�<J?FY�:KLJHGHFBQ?KDBO�G:;EX>?GBC 

∗IhlZgbg�K�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Hq_gv� qZklh� Zkljhghfbq_kdb_� gZ[ex^_gby� hly]hsZxlky� jZaebqgufb� g_ijbyl�
gufb�ih[hqgufb�wnn_dlZfb��\�qbkeh�dhlhjuo�\oh^bl�baf_g_gb_�iheh`_gby�bah[jZ`_�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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gby�a\_a^u�\�nhdZevghc�iehkdhklb�l_e_kdhiZ��Wlh�ijb\h^bl�d�ihl_jyf�k\_lZ��Z�agZqbl�
mf_gvr_gbx�hlghr_gby�kb]gZe�rmf�ijb�ex[uo�Zkljhghfbq_kdbo�gZ[ex^_gbyo��[m^v�
lh�Zi_jlmjgZy�nhlhf_ljby�beb�ijyfu_�kgbfdb�gZ�IAK�ijb_fgbd� 

Baf_g_gby�iheh`_gby�a\_a^u�\ua\Zgu�baf_g_gbyfb�h[s_]h�gZdehgZ�\hegh\h]h�
njhglZ�hlghkbl_evgh�iehkdhklb�\oh^gh]h�ajZqdZ�l_e_kdhiZ��Ihke_^g__��\�[hevr_c�kl_�
i_gb��ijh^mpbjm_lky�kemqZcgufb�b�kbkl_fZlbq_kdbfb�hrb[dZfb�qZkh\h]h�\_^_gby��Z�
lZd�`_� ijh]b[Zfb� dhgkljmdpbc� b�f_^e_ggufb� baf_g_gbyfb� l_fi_jZlmju��D� kh`Ze_�
gbx��[hevrbgkl\h�djmiguo�l_e_kdhih\�g_�k\h[h^gh�hl�wlbo�y\e_gbc� 

<�^Zgghc�jZ[hl_�hkms_kl\e_g�ijhklhc�b�wnn_dlb\guc�kihkh[�dhfi_gkZpbb�wlbo�
wnn_dlh\��;ueh�kha^Zgh�hilbq_kdh_�mkljhckl\h��dhlhjh_�\uihegy_l�klZ[bebaZpbx�bah�
[jZ`_gby� a\_a^u� gZ� \oh^ghc� Zi_jlmj_� Zkljhghfbq_kdh]h� ki_dljh]jZnZ��Wlhl� ijb[hj�
ijbf_gyeky� \h� \j_fy�ieZgh\uo�gZ[ex^_gbc�gZ� ����f� j_ne_dlhj_�Djufkdhc� klZgpbb�
=:BR�� AZ� h^bg� k_ahg� gZ[ex^_gbc� [ueh� ihemq_gh� [he__� ���� ki_dljh\� ki_dljZevgh-
^\hcguo�a\_a^��JZ[hlZ�dhfi_gkZlhjZ�iha\hebeZ�[he__�q_f�\���jZaZ�ih\ukblv�wnn_dlb\�
ghklv�gZ[ex^_gbc�b�iheghklvx�hk\h[h^blv�gZ[ex^Zl_ey�gZ�\j_fy�wdkihabpbb���;_a�bk�
ihevah\Zgby� dhfi_gkZlhjZ� hg� \ugm`^_g� [ue� \jmqgmx� bkijZ\eylv� iheh`_gb_� a\_a^u�
hlghkbl_evgh� Zi_jlmju��� <� jZ[hl_� hp_g_gu� ihl_jb� k\_lZ�� \hagbdZxsb_� ijb� jZ[hl_�
dhfi_gkZlhjZ��ihdZaZgZ�\hafh`ghklv�bkke_^h\Zgby�kbkl_fZlbq_kdbo�hrb[hd�qZkh\h]h�
\_^_gby��ijhnbey�bah[jZ`_gby�a\_a^u�� 

 
 
 

M>D�����������������4 

HJ;BL:EVG:Y�HJB?GL:PBY 
KBKL?FU�IMEVK:J-<?-A<?A>:�IHKE?�<AJU<:�K<?JOGH<HC 

;h]hfZah\�:�B� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijhreh�[he__�^_kylb�e_l�kh�\j_f_gb�hldjulby�gZ�IZjdkdhf�jZ^bhl_e_kdhi_�\h�
\j_fy�h[ahjZ�x`ghc�]ZeZdlbq_kdhc�iehkdhklb�i_j\hc�kbkl_fu��dhlhjZy�khklhbl�ba�jZ�
^bhimevkZjZ�b�fZkkb\gh]h�hilbq_kdh]h�dhfiZgvhgZ�- PSR B1259-����ImevkZj�gZoh^blky�
gZ�kbevgh�wdkp_gljbqghc�hj[bl_��_≥������\hdjm]�fZkkb\gh]h�hilbq_kdh]h�dhfiZgvhgZ��
b^_glbnbpbjh\Zggh]h�k�<_-a\_a^hc���-hc�a\za^ghc�\_ebqbgu�SS2883 [1]. 

;ueb�lZd`_�qbke_ggh�jZkkqblZgu�\hafh`gu_�w\hexpbhggu_�lj_db�^ey�kbkl_f�
PSR B1259-���b�PSR J0045-�����>�@��Hq_gv�\ukhdbc�wdkp_gljbkbl_l�h[tykgzg�^hihegb�
l_evguf�lheqdhf��\ua\Zgguf�Zgbahljhiguf�dheeZikhf�\h�\j_fy�\aju\Z�k\_jogh\hc� 

<_-a\_a^Z� hij_^_e_gZ� dZd� a\_a^Z� ]eZ\ghc� ihke_^h\Zl_evghklb� ki_dljZevgh]h�
deZkkZ�<��dhlhjZy�bf__l�\�ki_dlj_�h^gm�beb�[he__�wfbkkbhggmx�ebgbx�k_jbb�;Zevf_jZ��
Wlb�ebgbb�h[uqgh�bf_xl�^\Z�ibdZ��?sz�Kljm\_�\������]h^m�ij_^iheh`be��qlh�^Zgguc�
kemqZc�fh`_l�[ulv�h[tykg_g�fZl_jb_c�\jZsZxs_]hky�^bkdZ��k\yaZggh]h�k�<_-a\_a^hc��
D�gZklhys_fm�\j_f_gb�wlb�^bkdb�gZ[ex^Zebkv�\�hilbq_kdhf��bgnjZdjZkghf�b�jZ^bh�
^bZiZahgZo��Hgb�khklhyl�ba�iehlgh]h��f_^e_ggh�\jZsZxs_]hky�\_s_kl\Z��gZoh^ys_]h�
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ky� \�iehkdhklb� wd\ZlhjZ�<_-a\_a^u�beb�[ebadh� d�g_c��Djhf_� lh]h��gZ[ex^_gb_� yjdbo�
mevjZnbhe_lh\uo�j_ahgZgkguo�ebgbc�]h\hjbl�h�lhf��qlh�<_-a\za^u�h[eZ^Zxl�b�\_ljhf�
k�fZehc�iehlghklvx�b�\ukhdhc�kdhjhklvx��GZ[ex^_gby�ijhoh`^_gbc�imevkZjZ�B1259-
��� klZeb� mgbdZevghc� \hafh`ghklvx�^ey�bam�
q_gby� oZjZdl_jbklbd� ^bkdZ� <_-a\_a^u� [eZ]h�
^Zjy� baf_g_gbx� ihlhdZ� jZ^bhbaemq_gby�� eb�
g_cghc� iheyjbaZpbb�� f_ju� \jZs_gby� b� aZ�
^_j`d_�bfimevkh\�>�@��Wlh�klZeh�\hafh`guf��
ihkdhevdm� ^bkd�SS����� kbevgh� gZdehgzg� hl�
ghkbl_evgh� iehkdhklb� hj[blu� dhfiZgvhgZ� b�
ijhbkoh^yl�aZlf_gby�imevkZjZ�^bkdhf� 

Kbkl_fZ� PSR B1259-��� g_h^ghdjZlgh�
gZ[ex^ZeZkv� b� \� j_gl]_gh\kdbo� emqZo�� G_�
imevkbjmxs__�j_gl]_gh\kdh_�baemq_gb_�wlhc�
kbkl_fu� \hagbdZ_l� ba-aZ� h[jZlgh]h� wnn_dlZ�
DhfilhgZ�>�@��IhdZaZgh�>�@��qlh�^he`gZ�kms_�
kl\h\Zlv� hj[blZevgZy� fh^meypby� j_gl]_gh\�
kdhc� djb\hc� [e_kdZ� lZdbo� kbkl_f��ImevkZj�– 
bklhqgbd�j_eylb\bklkdbo�qZklbp��dhlhju_�\u�
au\Zxl� h[jZlgh_� dhfilhgh\kdh_� jZkk_ygb_�
fy]dbo�nhlhgh\�dhfiZgvhgZ��<_-a\_a^Z�–�[u�
kljh� \jZsZxsbcky� h[t_dl�� ke_^h\Zl_evgh��
_]h�l_fi_jZlmjZ�b�yjdhklv�f_gyxlky�hl�]hjy�
qbo� b� yjdbo� h[eZkl_c� gZ� ihexk_� ^h� ³oheh^�
guo´�b�³l_fguo´�gZ�wd\Zlhj_�ih�l_hj_f_�nhg�
P_ci_ey��?keb�hj[blZ�imevkZjZ�e_`bl�\�wd\Z�
lhjbZevghc� iehkdhklb�<_-a\_a^u�� lh� mkeh\by�
^ey� h[jZlgh]h�Dhfilhgh\kdh]h� jZkk_ygby� g_�
baf_gyxlky��<�kemqZ_��dh]^Z�iehkdhklb�hj[b�
lu� imevkZjZ� b� wd\ZlhjZ� <_-a\_a^u� g_� kh\iZ�
^Zxl�� lh� bgl_gkb\ghklv� hilbq_kdh]h� baemq_�
gby� ^he`gZ� f_gylvky� f_`^m� fZdkbfmfhf�
�imevkZj� gZ^� ihexkhf�� b�fbgbfmfhf� �imev�
kZj�gZ^� wd\Zlhjhf���Fh^meypby�djb\hc�j_gl�
]_gh\kdh]h� [e_kdZ� \ke_^kl\b_� wlh]h� wnn_dlZ�
fh`_l�^hklb]Zlv�����b�[he__��_keb�m]he�f_`�
^m� iehkdhklyfb� hj[blu� imevkZjZ� b� wd\ZlhjZ�
<_-a\_a^u��≥80 °. 

AZ^Z^bf� \hijhk�� fh]ml� eb� lZdb_� gZ�
dehggu_�kbkl_fu�kms_kl\h\Zlv"�Ij_^iheZ]Z�
_lky�� qlh� ^hihegbl_evguc� lheqhd�� ijhbkoh�
^ysbc� hl� Zgbahljhigh]h� dheeZikZ� \h� \j_fy�
\aju\Z� k\_jogh\hc�� fh`_l� ijb\_klb� d� g_h[�
oh^bfuf� baf_g_gbyf� hj[blZevguo� iZjZf_l�
jh\� 
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Qbke_ggu_�jZkqzlu��>ey�qbke_gguo�jZkqzlh\�bkihevah\ZeZkv�³FZrbgZ�kp_�
gZjb_\´��Bkke_^h\ZeZkv� klZlbklbq_kdZy� aZ\bkbfhklv�gZdehgZ�iehkdhklb�hj[blu�imev�
kZjZ�d�wd\ZlhjbZevghc�iehkdhklb�<_-a\_a^u�hl�oZjZdl_jghc�\_ebqbgu�kdhjhklb�Zgbah�
ljhigh]h�lheqdZ�� 

;ueh� ijbgylh� iehkdh_� jZkij_^_e_gb_� gZijZ\e_gby� lhqdZ�� Z� _]h� \_ebqbgZ� jZk�

ij_^_eyeZkv�ih�aZdhgm��ih^h[ghfm�jZkij_^_e_gbx�FZdk\_eeZ�� �H[S��� �

�

��

Y
YYYI −∝  , 

]^_� �Y  -�oZjZdl_jgZy�kdhjhklv�lheqdZ� 

LZd`_�ij_^iheZ]Zehkv��qlh�\�fhf_gl��ij_^r_kl\mxsbc�\aju\m�k\_jogh\hc��hj�
[blZ�a\_a^u�[ueZ�djm]h\hc�b�e_`ZeZ�\�iehkdhklb�wd\ZlhjZ�<_-a\_a^u� 

<�kemqZ_��_keb�m]he�f_`^m�iehkdhklyfb�hj[blu�imevkZjZ�b�wd\ZlhjZ�<_-a\_a^u�
f_gvr_��� ° ��kbkl_fZ�ijbgbfZeZkv�jZ^bhg_\b^bfhc��hilbq_kdZy�lhesbgZ�^ey�jZ^bhba�
emq_gby�kebrdhf�\_ebdZ�\�iehkdhklb�^bkdZ�<_-a\_a^u� 

J_amevlZlu�b�\u\h^u� J_amevlZlu�ij_^klZ\e_gu�gZ�]jZnbdZo��Ih�hkb�hj^b�
gZl�hleh`_g�ijhp_gl�kbkl_f�\�^Zgghf�^bZiZahg_�m]eh\�^ey�dhgdj_lgh]h�agZq_gby� �Y , 

ih�hkb�Z[kpbkk�–�m]he�α �gZdehgZ�iehkdhklb�hj[blu�imevkZjZ�d�iehkdhklb�wd\ZlhjZ�<_-
a\_a^u��Ihf_ldb�gZ�]jZnbdZo����- °≤<° ���� α , 2 - °≤<° ���� α , 3 - °≤<° ���� α , 4 - 

°≤<° ���� α , 5 - °≤<° ���� α , 6 - °≤<° ���� α , 7 - °≤<° ���� α , 8 - °≤<° ���� α . 
LZdbf�h[jZahf��_keb�ihjy^hd�oZjZdl_jghc�kdhjhklb�lheqdZ�hdheh����df��k���gZ�

[ex^Z_lky� y\guc�ibd�jZkij_^_e_gby�hdheh�fZeuo�m]eh\�b�hlkmlkl\b_� kbkl_f� k�[hev�
rbfb�m]eZfb��M\_ebqb\Zy�\_ebqbgm�lheqdZ�^h����df��c���fu�\b^bf�mf_gvr_gb_�wlh]h�
ibdZ��djhf_�lh]h��ihy\eyxlky�kbkl_fu�k�[hevrbfb�m]eZfb��≥80°���JZ]mah\Z�b�Ebimgh\�
>�@�\�k\hbo�\uqbke_gbyo�ijbgbfZeb�kdhjhklv�lheqdZ�jZ\gmx� ���df��c��<�kemqZ_��_keb�
oZjZdl_jgZy��kdhjhklv�lheqdZ�jZ\gZ�����df��k���m]eh\h_�jZkij_^_e_gb_�iehkdh_��Ijb�oZ�
jZdl_jghc�\_ebqbg_�lheqdZ�\�����df��c��b�\ur_�[hevrbgkl\h�kbkl_f�^he`gu�jZkiZklv�
ky�� _^bgbqgu_� kbkl_fu�� i_j_`b\rb_� lZdhc� dZlZdebaf�� g_� h[jZamxl� dZdh]h-eb[h� jZk�
ij_^_e_gby� 

Ke_^h\Zl_evgh�� fh`gh� ml\_j`^Zlv�� qlh� kbkl_fu� k� \ukhdbfb� m]eZfb� gZdehgZ�
^he`gu� kms_kl\h\Zlv�� ?keb� fu� ij_^iheh`bf� jZamfgmx� \_ebqbgm� lheqdZ� ���-300 
df��k����lh�dhebq_kl\h�kbkl_f�k�gZdehghf�k\ur_���° fh`_l�^hklb]Zlv�����ijb�lheqd_�
k\ur_�����df��k��b��-���ijb�lheqd_���-����df��k��[6]. 
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M>D������-82  

NHLHF?LJBQ?KDH?�B�KI?DLJ:EVGH?�BKKE?>H<:GB?�
EBGAH<B>GHC�=:E:DLBDB�K�H;HEHQD:FB�1*&��74 

∗Dhihkh\�K�?� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

WlZ�jZ[hlZ�ihk\ys_gZ�^_lZevghfm�bkke_^h\Zgbx�]ZeZdlbdb�1*&�����k�bkihev�
ah\Zgb_f�nhlhf_ljbq_kdbo�f_lh^h\� b�f_lh^Z� bgl_]jZevghc� ki_dljhkdhibb� ihey�� =Z�
eZdlbdZ� 1*&� ���� h[eZ^Z_l� ydjbfb� \g_rgbfb� h[hehqdZfb� b� g_h[uqghc� \gmlj_gg_c�
kljmdlmjhc��mdZau\Zxs_c�gZ�[mjgu_�ijhp_kku�ijhbkoh^b\rb_�\�wlhc�]ZeZdlbd_�\�ih�
ke_^gb_�g_kdhevdh�fbeebZj^h\�e_l�b��lZdbf�h[jZahf��y\ey_lky�hq_gv�bgl_j_kguf�h[t�
_dlhf�^ey�bke_^h\Zgby�� 

Ih�nhlhf_ljbq_kdbf�^Zgguf�\�]ZeZdlbd_�ihfbfh�[Ze^`Z�h[gZjm`_gu�hklZldb�
hl� \g_rg_]h� ]eh[Zevgh]h� a\_a^gh]h� ^bkdZ��H^gZdh�� \� hkgh\ghf�� \_s_kl\h� \� a\_a^ghf�
^bkd_�kbevgh�\hafms_gh��a\_a^guc�^bkd�kbevgh�mlhes_g�b�wdkihg_gpbZevgh_�jZkij_�
^_e_gb_�yjdhklb�\�g_f�gZjmr_gh��Ih�nhlhf_ljbq_kdbf�^Zgguf�\�]ZeZdlbd_�gZ[ex^Z�
xlky�ijbagZdb�[Zjhih^h[ghc�kljmdlmju��\b^bfh�ijbeb\ghc�ijbjh^u��Ijhy\e_gby�wlhc�
kljmdlmju�lZd`_�\b^gu�b�\�ki_dljZevguo�^Zgguo��^bgZfbq_kdZy�hkv�\jZs_gby�a\_a^�\�
p_gljZevghc� h[eZklb� ih\hjZqb\Z_lky� ih� hlghr_gbx� d�nhlhf_ljbq_kdhc� hkb�� qlh� ^_�
fhgkljbjm_l�gZebqb_�\�p_glj_�]ZeZdlbdb�ljbZdkbZevgh]h�ihl_gpbZeZ� 

<�]ZeZdlbd_�1*&������y\eyxs_cky�ebgah\b^ghc�]ZeZdlbdhc�� �l�_��ih�hij_^_e_�
gbx�� ]ZeZdlbdhc� k�fZkkb\guf�[Ze^`_f�� k�^bkdhf�b�[_a� ]ZaZ���ih�baemq_gbx�\� aZij_�
s_gghc�ebgbb� >2,,,@�����?��[ueZ�h[gZjm`_gZ�djmighfZkrlZ[gZy�kljmdlmjZ� �ihoh`Zy�
gZ� dhevph�� bhgbah\Zggh]h� ]ZaZ�� ^\b`ms_]hky� k� [hevrbfb� kdhjhklyfb�� qlh� y\ey_lky�
djZcg_�g_h[uqguf�b�mdZau\Z_l�gZ�lh�qlh��km^y�ih�\k_fm��wlhl�]Za�y\ey_lky�ih]ehs_g�
guf�wlhc�]ZeZdlbdhc� 

Ihemq_ggu_�^ey�1*&������ba�bgl_]jZevghc�ki_dljhkdhibb�ihey�dZjlu�^bki_j�
kbc�kdhjhkl_c�b�kdhjhkl_c�a\_a^�iha\hebeb�gZf�dbg_fZlbq_kdb�\u^_eblv�\�p_glj_��]Z�
eZdlbdb�[Ze^`��Z�\g_�p_gljZevghc�h[eZklb�gZ]j_luc�^h�a����df�k�a\_a^guc�^bkd� 

:gZeba�^\mf_jguo�ki_dljh\�]ZeZdlbdb�iha\hebe�hij_^_eblv�k\hckl\Z�a\_a^guo�
gZk_e_gbc�\�1*&������Ijb�bamq_gbb�Z[khj[pbhgguo�^_lZe_c�\�ki_dlj_��kjZ\g_gbb�bo�k�
jZaebqgufb�fh^_eyfb��Z�lZd`_�ijb�ihimeypbhgghf�kbgl_a_�ki_dljh\�[ueb�h[gZjm`_�
gu�baf_g_gby�k\hckl\��\hajZklZ�b�f_lZeebqghklb��a\_a^gh]h�gZk_e_gby�]ZeZdlbdb�k�jZ�
^bmkhf��mdZau\Zxsb_�gZ�keh`gmx�w\hexpbx�p_gljZevghc�h[eZklb�]ZeZdlbdb� 

<�blh]_��\_kv�dhfie_dk�h[gZjm`_gguo� kljmdlmj�^hklZlhqgh�ykgh�mdZau\Z_l�gZ�
lh��qlh�\�]ZeZdlbd_�1*&�����ijhbahreh�ih]ehs_gb_�^jm]hc��kdhj__�\k_]h��[h]Zlhc�]Z�
ahf��]ZeZdlbdb��Wlh�y\e_gb_�ij_^klZ\ey_lky�hq_gv�bgl_j_kguf�b�y\ey_lky��km^y�ih�\k_�
fm��hq_gv�\Z`guf�nZdlhjhf�\�w\hexpbb�fgh]bo�]ZeZdlbd� 

  
 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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M>D������� 

MEVLJ:NBHE?LH<U?�IHEHKU�>EY�FGH=HP<?LGHC 
DHKFBQ?KDHC�NHLHF?LJBQ?KDHC�KBKL?FU 

:f[Zjpmfyg�:�J� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

H^gZ�ba�hkgh\guo�aZ^Zq�Zkljhghfbb���jZajZ[hlZlv�fgh]hp\_lgmx�dhkfbq_kdmx��
nhlhf_ljbq_kdmx� kbkl_fm�� dhlhjZy� iha\hebeZ� [u� ijhba\h^blv�fgh]hf_jgmx� deZkkb�
nbdZpbx�a\_a^�ijb�gZebqbb�f_`a\_a^gh]h��FA��ih]ehs_gby��<�kh\j_f_gguo�mkeh\byo�
fu�fh`_f�bkihevah\Zlv� ^bZiZahgu� ^ebg� \heg��g_^hklmigu_� jZg__�ijb�gZa_fguo�gZ�
[ex^_gbyo��Wlh�hldju\Z_l�gh\u_�\hafh`ghklb��G_h[oh^bfh�ih^[bjZlv�ihehku�fgh]h�
p\_lghc�dhkfbq_kdhc�nhlhf_ljbq_kdhc�kbkl_fu�\h�\k_f�hilbq_kdhf�^bZiZahg_��dhlh�
juc�iha\hey_l�bkihevah\Zlv�kh\j_f_ggZy�l_ogbdZ��mqblu\Zy�hkh[_gghklb�jZkij_^_e_�
gby�wg_j]bb�\�ki_dljZo�a\_a^�b�k\hckl\Z�ih]ehsZxs_]h�FA�\_s_kl\Z��<�gZklhys_c�jZ�
[hl_� jZkkfZljb\Z_lky� ijh[e_fZ� hij_^_e_gby�FA� ih]ehs_gby� � k� bkihevah\Zgb_f� gZ�
[ex^_gbc�\�MN�h[eZklb� 

MN�ki_dljZevguc�bgl_j\Ze�ij_^klZ\ey_l�hkh[uc�bgl_j_k�^ey�bamq_gby�FA�ih�
djZkg_gby��lZd�dZd�gZ�^ebg_�\hegu�λ2175 Å  djb\Zy�FA�ih]ehs_gby�bf__l�fZdkbfmf��
\ZjbZpbb� dhlhjh]h� ij_^klZ\eyxl� hkh[_gguc� bgl_j_k� ^ey� bkke_^h\Zgby�FA� kj_^u� b�
kljmdlmju�=ZeZdlbdb��Fu�ij_^eZ]Z_f�bkihevah\Zlv�MN�ihehku��h^gZ�ba�dhlhjuo�[m^_l�
p_gljbjh\ZgZ� gZ� ^ebg_� \hegu� λ2175 Å, Z� ^\_� ^jm]bo� [m^ml� jZkiheh`_gu� ih� jZagu_�
klhjhgu� hl� g__�� Q_f� ^Zevr_� jZkiheh`_gu� [hdh\u_� ihehku� hl� p_gljZevghc�� l_f� k�
[hevr_c� lhqghklvx� fh`gh� baf_jylv� dhebq_kl\h� ih]ehsZxs_]h� FA� \_s_kl\Z��
H]jZgbq_gby� kh� klhjhgu� dhjhldbo� ^ebg� \heg� gZ� iheh`_gb_� ihehk� gZdeZ^u\Z_l�
iheh`_gb_� iehkdh]h� fbgbfmfZ� djb\hc�FA� wdklbgdpbb� �λλ 1700−2000 Å) b� j_adh_�
iZ^_gb_�bgl_gkb\ghklb�baemq_gby�a\_a^�ki_dljZevguo�deZkkh\�A8 − F��ijb�λ<1800 Å. 
Kh� klhjhgu� ^ebgguo� \heg� h]jZgbq_gby� gZdeZ^u\Z_l� [Zevf_jh\kdbc� kdZqhd��
Ihemq_gguc�j_amevlZl�^Zgu�\�lZ[ebp_��� 

 
LZ[ebpZ�����Iheh`_gby�b�ihemrbjbgu�nhlhf_ljbq_kdbo�ihehk�\�MN�^bZiZahg_ 
^ey�hij_^_e_gby�FA�ihdjZkg_gby�� 
 

GZa\Zgb_�ihehku m19 m22 m35 

p_gljZevgZy�^ebgZ�\hegu�λ 1900 Å 2200 Å 3500 Å 

ihemrbjbgZ�ihehku�∆� 200 Å 200 Å 500 Å 

 
<Z`guf�ij_bfms_kl\hf�ijb�bkihevah\Zgbb�MN�ihehk�^ey�hij_^_e_gby�FA�ih�

]ehs_gby�y\ey_lky�lh��qlh�^ey�wlhc�p_eb�fh`gh�ijb\e_dZlv� a\za^u�g_�lhevdh�jZggbo�
ki_dljZevguo�deZkkh\��gh�b�mf_j_ggh�]hjyqb_�h[t_dlu��\iehlv�^h�ki_dljZ�*���Wlh�^Z_l�
rbjhdb_�\hafh`ghklb�^ey�j_r_gby�aZ^Zqb�bkke_^h\Zgby� �jZkij_^_e_gby�b�dhebq_kl\Z�
FA�\_s_kl\Z�\�=ZeZdlbd_�� 

>ey�hp_gdb�lhqghklb�hij_^_e_gby�FA�ih]ehs_gby�k�ihfhsvx�gZc^_gguo�ihehk�
[ueZ�ihkljh_gZ�fZl_fZlbq_kdZy�fh^_ev��mqblu\ZxsZy�lbibqgu_�k\_lbfhklb�a\_a^�jZa�
ebqguo� lbih\� b� oZjZdl_jgh_� jZkiheh`_gb_� bo� \� hdj_klghklyo�KhegpZ��Ijh\_^_gguc�
ZgZeba�ihdZaZe�� qlh� lhqghklv� hij_^_e_gby� dhebq_kl\Z�ih]ehsZxs_]h�FA� \_s_kl\Z� \�
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ij_^eZ]Z_fhc�MN� kbkl_f_� \� �í��jZaZ� \ur_��q_f� \� kbkl_f_�ihehk� ;<= <bevgxkkdhc�
kbkl_fu��ki_pbZevgh�ih^h[jZgguo�^ey�hp_gdb�FA�wdklbgdpbb�� 

 
 
 

M>D������� 

F?LH>�:<LHF:LBQ?KDH=H�HLH@>?KL<E?GBY 
Q:KLBQGH�I?J?K?D:XSBOKY�KIBKDH<�A<?A> 

GbdheZ_\�N�G� 

F=M��=:BR��EZ[hjZlhjby�gh\uo�nhlhf_ljbq_kdbo�f_lh^h\ 

P_evx�gZklhys_c�jZ[hlu�y\eyeZkv�jZajZ[hldZ�f_lh^Z�Z\lhfZlbq_kdh]h�hlh`^_�
kl\e_gby�^\mo�qZklbqgh�i_j_k_dZxsboky�kibkdh\� a\_a^�gZ�hkgh\Zgbb�kjZ\gbl_evgh]h�
ZgZebaZ�]_hf_ljbq_kdbo�iZjZf_ljh\��dhlhjufb�fh`gh�hoZjZdl_jbah\Zlv�\aZbfgh_�jZk�
iheh`_gb_�a\_a^�\�h[hbo�kibkdZo� 

AZ^ZqZ�hlh`^_kl\e_gby� a\_a^� k�dZjlhc�mqZkldZ�g_[Z�klhyeZ�i_j_^�ZkljhghfZfb�
\k_]^Z��<�k\yab�k�ihy\e_gb_f�pbnjh\uo�iZghjZfguo�ijb[hjh\�b�baf_j_gbc��k^_eZgguo�
k� bo� ihfhsvx� gZ� jZaguo� l_e_kdhiZo�� \� jZaguo�nhlhf_ljbq_kdbo� ihehkZo�� Z� lZd`_� \�
k\yab�k�hkh[_gghklyfb�h[jZ[hldb�bah[jZ`_gbc��\hagbdZ_l�ihlj_[ghklv�Z\lhfZlbaZpbb�
wlh]h�� \hh[s_� ]h\hjy�� g_ljb\bZevgh]h� ijhp_kkZ��Kms_kl\m_l� \_kvfZ�rbjhdbc� ki_dlj�
aZ^Zq��^ey�dhlhjuo�g_h[oh^bfh�mf_lv�jZaj_rZlv�ijh[e_fm�hlh`^_kl\e_gby�^\mo�kib�
kdh\�h[t_dlh\�[_a�\f_rZl_evkl\Z�q_eh\_dZ��<�qZklghklb��wlh�lZdb_�aZ^Zqb��dZd�gZoh`�
^_gb_�ihl_jygghc�hjb_glZpbb�dhkfbq_kdh]h�ZiiZjZlZ��ihbkd�h[t_dlh\��hlkmlkl\mxsbo�
\�hihjghf�dZlZeh]_��\�lhf�qbke_�ihbkd�a\_a^guo�\kiur_d��fZeuo�ieZg_l�b�ijhq���kha�
^Zgb_�[Za�^Zgguo�gZ�hkgh\_�hpbnjh\Zgguo�nhlh]jZnbq_kdbo�ieZklbghd��hlh`^_kl\e_�
gb_�bah[jZ`_gbc�g_[_kguo�h[t_dlh\�\�h^ghf�b�lhf�`_�mqZkld_�g_[Z�gZ�kgbfdZo��k^_�
eZgguo�\�emqZo�^Ze_dbo�^jm]�hl�^jm]Z�ki_dljZevguo�h[eZklyo�b�l�^� 

QZklgu_�kemqZb�^Zgghc�ijh[e_fu�j_rZebkv�b�jZg__��H^gZdh��\�^hklmighc�ebl_�
jZlmj_�g_l�hibkZgbc�gb�h^gh]h�f_lh^Z��iha\heyxs_]h�ijh\h^blv�b^_glbnbdZpbx�h[t�
_dlh\� ijb� gZb[he__� h[sbo� ij_^iheh`_gbyo� b� [_a� g_ihkj_^kl\_ggh]h� \f_rZl_evkl\Z�
q_eh\_dZ� 

AZ^ZqZ�[ueZ�ihklZ\e_gZ�\�ke_^mxs_f�\b^_� 
Imklv�kms_kl\mxl�^\Z�kibkdZ�a\_a^���dZlZeh`guc�b�gZ[ex^zgguc��Ij_^iheh�

`bf��qlh�\�dZ`^hf�ba�kibkdh\�kms_kl\mxl�aZibkb��mdZau\Zxsb_�gZ�h^bg�b�lhl�`_�j_�
Zevguc�h[t_dl��;m^_f�kqblZlv��qlh�dhhj^bgZlu�a\_a^�\�dZlZeh`ghf�kibkd_�g_�kh^_j`Zl�
hrb[hd��Z�mkeh\by�ihemq_gby�gZ[ex^_ggh]h�kibkdZ�gZf�g_ba\_klgu��Lh�_klv��g_ba\_kl�
gu�g_[_kgu_�dhhj^bgZlu�p_gljZ�ihey�aj_gby��m]he�ih\hjhlZ�ijb_fgbdZ�hlghkbl_evgh�
\u^_e_ggh]h�gZijZ\e_gby�b�nhdmkgh_�jZkklhygb_�h[t_dlb\Z��khhlghr_gb_�nhlhf_ljb�
q_kdbo�kbkl_f�ijb_fgbdZ�b�hihjgh]h�dZlZeh]Z�gZf�lZd`_�g_ba\_klgh� 

;m^_f�bkdZlv�khhl\_lkl\b_�a\_a^�ba�kibkdZ�hihjgh]h�dZlZeh]Z��hihjgh]h�kibkdZ��
kh^_j`Zs_]h� dhhj^bgZlu� a\_a^�� h[t_dlZf�ba� kibkdZ��ihemq_ggh]h� \� j_amevlZl_� h[jZ�
[hldb�bah[jZ`_gby� �gZ[ex^Z_fh]h� kibkdZ�beb� kibkdZ�gZ[ex^Z_fuo�h[t_dlh\�� kh^_j�
`Zs_]h�dhhj^bgZlu�p_gljh\�bah[jZ`_gby�a\_a^�� 

<�hkgh\_�^Zggh]h�f_lh^Z�e_]eb�ke_^mxsb_�^hims_gby��Ex[hc�iZj_�a\_a^�ba�dZ�
`^h]h� kibkdZ�fh`gh�ihklZ\blv�\� khhl\_lkl\b_�iZjZf_lju�ij_h[jZah\Zgby�dhhj^bgZl��
i_j_\h^ysb_�dhhj^bgZlu�a\_a^�ba�h^gh]h�kibkdZ�\�dhhj^bgZlu�a\_a^��ihklZ\e_gguo�\�



EHFHGHKH<�– 2004 

 

58 

khhl\_lkl\b_� i_j\uf�� ba� ^jm]h]h� kibkdZ��<� dZq_kl\_� lZdbo� iZjZf_ljh\� bkihevam_lky�
fZkrlZ[guc�nZdlhj� b� ljb� wce_jh\uo� m]eZ� ih\hjhlZ�f_`^m� hkyfb� kbkl_f� dhhj^bgZl�
jZaguo� kibkdh\�� ;m^_f� kqblZlv� qlh� iZjZf_lju� ij_h[jZah\Zgby� \_jguo� khhl\_lkl\bc�
jZ\gu� \� ij_^_eZo� hrb[hd��Ba�fgh`_kl\Z� \k_\hafh`guo� khhl\_lkl\bc�f_`^m� iZjZfb�
a\_a^�ba�jZaguo�kibkdh\��\hkihevah\Z\rbkv�f_lh^hf�deZkl_jbaZpbb��\u[_j_f�g_ijhlb�
\hj_qb\u_�khhl\_lkl\by�h[eZ^Zxsb_�[ebadbfb�iZjZf_ljZfb��LZdbf�h[jZahf�gZ�\uoh^_�
fu�ihemqbf�\k_�fgh`_kl\Z�ij_^iheh`bl_evgh�\_jguo�khhl\_lkl\bc�f_`^m�a\_a^Zfb�ba�
jZaguo� kibkdh\�� Ijb� wlhf� dhgnb]mjZpbb� a\_a^�� khhl\_lkl\mxsbo� dZ`^hfm� ba� fgh�
`_kl\�khhl\_lkl\bc��[m^ml� ³ih^h[gu´�\�ij_^_eZo�hrb[hd��Bkihevah\Zgb_�hrb[hd�ba�
f_j_gby� dhhj^bgZl� a\_a^� \� dZlZeh]Zo�iha\hey_l� km^blv�h�^hklh\_jghklb�ihemq_ggh]h�
j_r_gby� 

JZajZ[hlZgguc�Ze]hjblf�[ue�j_Zebah\Zg�b�mki_rgh�ijhl_klbjh\Zg�gZ�j_Zevguo�
^Zgguo�� Hkh[_gghklvx� ^Zggh]h� f_lh^Z� y\ey_lky� kihkh[ghklv� mklhcqb\h� ijh\h^blv�
hlh`^_kl\e_gb_� ijb� gZb[he__� h[s_c� ihklZgh\d_� aZ^Zqb�� D� kh`Ze_gbx� g_\hafh`gh�
kjZ\gblv�wnn_dlb\ghklv�jZ[hlu�^Zggh]h�Ze]hjblfZ�k�ih^h[gufb�\�k\yab�k�l_f��qlh�\�
^hklmighc�gZf�ebl_jZlmj_�hibkZgby�ih^h[guo�kihkh[h\�h[gZjm`blv�g_�m^Zehkv� 

 
 
 

 

M>D�524.352.7 

BKKE?>H<:GB?�<KIUR?D�K<?JOGH<UO 
G:�HKGH<?�OHJHRH�BAMQ?GGHC�K<?JOGH<HC�SN1999EM 

;ZdeZgh\�I�<���;ebggbdh\�K�B� 

=hkm^Zjkl\_gguc�:kljhghfbq_kdbc�Bgklblml�bf��Rl_jg[_j]Z 

Kh\j_f_gguf� bgkljmf_glhf� bamq_gby� nbabdb� k\_jogh\uo�KG�� y\ey_lky� ih�
kljh_gb_� �dhfivxl_jguo�fh^_e_c��>hklh\_jghklv�fh^_eb�hij_^_ey_lky�khihklZ\e_gb�
_f�j_amevlZlh\�fh^_eb�k�nZdlbq_kdbfb�^Zggufb��ihemq_ggufb�\�oh^_�gZ[ex^_gbc��KG�
gZ[ex^Zxlky��dZd�ijZ\beh��gZ�hq_gv�[hevrbo�jZkklhygbyo��\�^_kyldb�b�khlgb�Fid��qlh�
aZljm^gy_l� ihemq_gb_� ^ey� lZdbo� h[t_dlh\� iheguo� nZdlbq_kdbo� ^Zgguo�nhlhf_ljby��
ki_dlju��� 

Ijbylguf�bkdexq_gb_f�y\ey_lky�KG�lbiZ� ,,3��Sn1999em��dhlhjZy \kiuogmeZ�\�
[ebadhc�]ZeZdlbd_�1*&������gZ�jZkklhygbb�ijbf_jgh�����Fid��;eZ]h^Zjy�gZ[ex^_gb�
yf�k�kZfh]h�gZqZeZ�\kiurdb�b�\�rbjhdhf�^bZiZahg_�qZklhl�ih�g_c�[ueb�gZdhie_gu�[h�
]Zlu_�^Zggu_�ih�nhlhf_ljbb�b�ki_dljZf�� 

<�jZ[hl_�[ueZ�ihkljh_gZ�dhfivxl_jgZy�fh^_ev�KG�b�k�ihfhsvx�__�bkke_^h\Zg�
ijhp_kk�jZa\blby�\kiurdb�KG�gZ�ijhly`_gbb�����^g_c�ihke_�\aju\Z��<�j_amevlZl_�fh�
^_ebjh\Zgby�\kiurdb�KG�[ueb�ihemq_gu�hkgh\gu_�iZjZf_lju�ij_^k\_jogh\hc�b�KG��
<�qZklghklb�djb\u_�[e_kdZ�\�lj_o�nbevljZo�UBV�b� �ih\_^_gb_�ki_dljZ�khhl\_lkl\mxl�
gZ[ex^_gbyf� 

<�jZ[hl_�bkihevah\Zebkv�^Zggu_�gZ[ex^_gbc�Hamuy M��Z�lZd`_�^Zggu_�gZ[ex�
^_gbc��kh[jZggu_�b�h[jZ[hlZggu_�IZ\exdhf�G� 

<�^Zgghc�jZ[hl_�ihemq_gu�ke_^mxsb_�j_amevlZlu� 
���Ihkljh_gZ�fh^_ev� k\_jogh\hc�� dhlhjZy� ^Z_l� ohjhr__� kh]eZkb_� k� gZ[ex^Z_�

fufb�djb\ufb�[e_kdZ�\�lj_o�nbevljZo�UBV���Ihke_�����^g_c�h[hehqdZ�klZgh\blky�gZ�
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klhevdh� ijhajZqghc�� qlh� \Z`gmx� jhev� gZqbgZxl� b]jZlv�
wnn_dlu�GELJ��dhlhju_�\�fh^_eb�ihdZ�g_�mqblu\Zxlky� 

���Ihkljh_gu�ki_dlju�^ey�Sn 1999em�gZ���fhf_g�
lh\�\j_f_gb�\�l_q_gb_��-o�f_kyp_\�ihke_�\aju\Z��KjZ\g_�
gb_�k�gZ[ex^_gbyfb�\�wlb�`_�hlkq_lu�\j_f_gb�ihdZau\Z�
_l�ohjhr__�kh\iZ^_gb_�j_amevlZlh\� 

>Zgu� kjZ\g_gby� j_Zevguo� b� qbke_gguo� ki_dljh\�
gZ� ljb�fhf_glZ� \j_f_gb� ihke_� \aju\Z�� kZfuc� i_j\uc���
^gy��� ijhf_`mlhqguc���� ^g_c�� b� kZfuc� ihke_^gbc����
^gy� 

 

   
 

���Ihemq_gu�hkgh\gu_�iZjZf_lju�ij_^k\_jogh\hc��jZ^bmk�– 450 R���fZkkZ�– 15 
M���Wg_j]by�\aju\Z�k\_jogh\hc�–��o��

50
�wj]��   

���[ueb�g_aZ\bkbfh�ih^l\_j`^_gu�bkke_^h\Zgb_f�ki_dljh\�k\_jogh\hc� 

Ebl_jZlmjZ� 
1. Hamuy M. et al. “Observed and physical properties of type II plateau supernovae” 

// astro-ph/0310015 v1 1 Oct 2003 
2. Baron E. et al. “Preliminary Spectral Analysis of Type II Supernova 1999em” // 

astro-ph/0010614 v1 30 Oct 2000 
 
 
 
 

M>D������������ 
FH>?EBJH<:GB?�WFMEVKBHGGHC�D:F?JU 

<�WDKI?JBF?GL?�581-2% 

;hg^Zjph\Z�H�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijh\_^_gh� fh^_ebjh\Zgb_� ijhp_kkh\� ijhoh`^_gby� qZklbp� dhkfbq_kdbo� emq_c�
q_j_a�wfmevkbhggmx�dZf_jm�wdki_jbf_glZ�581-2%��gZp_e_ggh]h�gZ�bamq_gb_�ki_dljZ�
b�obfbq_kdh]h�khklZ\Z�i_j\bqguo�dhkfbq_kdbo�emq_c� 

>ey�fh^_ebjh\Zgby� bkihevah\Zeky� ijh]jZffguc� dhfie_dk�� kha^Zgguc� gZ� [Za_�
dhfie_dkZ�*($17�������\hafh`ghklb�dhlhjh]h�[ueb�jZkrbj_ggu�aZ�kq_l�^h[Z\e_gby�
\hafh`ghklb�]_g_jZpbb�Z^jhggh-y^_jguo�b�y^jh-y^_jguo�\aZbfh^_ckl\bc�ijb�wg_j]b�
yo�\ur_���=w<�gZ�gmdehg�b�mq_lZ�wnn_dlZ�EZg^Zm-Ihf_jZgqmdZ-Fb]^ZeZ�ijb�fh^_eb�
jh\Zgbb�we_dljhfZ]gblguo�ijhp_kkh\�ijb�k\_jo\ukhdbo�wg_j]byo� 
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Fh^_ebjh\Zgb_� iha\hebeh� \uykgblv� lhqghklv� f_lh^bdb� wdki_jbf_glZevgh]h�
hij_^_e_gby� wg_j]_lbq_kdh]h� ki_dljZ� y^_j� i_j\bqguo� dhkfbq_kdbo� emq_c� b� ]ZffZ-
d\Zglh\�\�dZf_j_������]h^Z� 

Ebl_jZlmjZ 
1. RUNJOB collaboration, Astroparticle phys., 16 (2001) 13-46 
2. GZaZjh\� K�G�� ³Fh^_ebjh\Zgb_� ijhp_kkZ� j_]bkljZpbb� dhkfbq_kdh]h�

baemq_gby� \ukhdbo� wg_j]bc� ^ey� h[jZ[hldb� ^Zgguo� wfmevkbhgguo� b� q_j_gdh\kdbo�
wdki_jbf_glh\´��>bkk��dZg^��nba�-fZl��GZmd��Fhkd\Z������ 
 
 
 

 

M>D��������-54 

:DLB<GHKLV�SS433 
<�KL:G>:JLGHF�J?GL=?GH<KDHF�>B:I:AHG? 

IH�>:GGUF�ASM RXTE�B�GBI NRAO 

:[hefZkh\�I�D� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

• Ih�^Zgguf�im[ebqgh]h�Zjob\Z�ASM RXTE�bkke_^h\ZeZkv�i_j_f_gghklv�SS����\�
klZg^Zjlghf�j_gl]_gh\kdhf�^bZiZahg_������–����dw<��k�yg\Zjy������ih�hdly[jv������]h�
^Z� 

• \\b^m� aZrmfe_gghklb� bkoh^guo� ^Zgguo�� Zdlb\gh� bkihevah\ZgZ� ZijbhjgZy� bg�
nhjfZpby��ba\_klgu_�\_ebqbgu�hj[blZevgh]h�b�ij_p_kkbhggh]h�i_jbh^h\�b�^Zggu_�h�
\_ebqbg_�jZ^bhihlhdZ��\aylu_�ba�im[ebqgh]h�Zjob\Z�GBI NRAO���iha\heyxsb_�\u^_�
eblv�Zdlb\gu_�b�iZkkb\gu_�khklhygby�b�mdZaZlv�fhf_glu�\kiur_d� 

• ihdZaZgh��qlh�\�Zdlb\ghf�khklhygbb�j_gl]_gh\kdbc�ihlhd�agZqbfh��gZ�mjh\g_�g_�
f_g__��1��keZ[__�q_f�\�iZkkb\ghf� 

• bkke_^h\ZgZ�ij_p_kkbhggZy�i_j_f_gghklv��ihdZaZgh��qlh�hgZ�g_�fh`_l�[ulv�h[t�
ykg_gZ�bkdexqbl_evgh�wnn_dlZfb�j_eylb\bklkdhc�Z[_jjZpbb��[bfbg]Z�� 

• bkke_^h\Zgh� ih\_^_gb_� j_gl]_gh\kdh]h� ihlhdZ� \h� \kiurdZo�� ihdZaZgh�� qlh� \�
fhf_glu�jZ^bh\kiur_d�j_gl]_gh\kdbc�ihlhd�keZ[__l�ijbf_jgh�\^\h_-\ljh_� 

• ba� ihemq_gguo� j_amevlZlh\� ^_eZ_lky� aZdexq_gb_� h� kms_kl\_gghf� \ebygbb� gZ�
j_gl]_gh\kdbc�ihlhd�i_j_f_ggh]h�ih]ehs_gby�\�kbkl_f_�� 

Ebl_jZlmjZ 
1. Cherepashchuk, A. M. 1981, MNRAS, 194, 761 
2. Eickenberry, S. S. et al. 2001 ApJ, 561, 1027 
3. Gies, J. et al., 2001, A&A, 146, 215 
4. =hjZgkdbc�<�I��b�^j��������:kljhghfbq_kdbc�@mjgZe��������� 
5. Katz, J. I. and Margon, S. A. 1982, ApJ, 260, 780 
6. Marshall, H. L., Canizares, C. R., Schulz, N. S. 2002, ApJ, 564, 941 
7. Zdziarski, A. A. et al., 2002, ApJ, 578, 357 
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M>D���������� 

H�DHFILHGBA:PBB�H;UDGH<?GGUO�NHLHGH< 
<�KBEVGHF�F:=GBLGHF�IHE?�<�IJ?>?E?�F:EUO�Q:KLHL 

@mjZ\e_\�<�<���RZdmjZ�G�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�Zkljhnbabd_�g_cljhgguo�a\_a^�ijboh^blky�klZedb\Zlvky�k�jZkk_ygb_f�baemq_�
gby� \� kbevghf� fZ]gblghf� ihe_�� dh]^Z� ih^Z\eyxs__� qbkeh� we_dljhgh\� gZoh^blky� gZ�
i_j\hf�mjh\g_�EZg^Zm��lZd�qlh�bf__l�h^ghf_jgh_�fZdk\_eeh\kdh_�jZkij_^_e_gb_�\^hev�
gZijZ\e_gby�ihey��<�wlhf�kemqZ_�kj_^Z�g_bahljhigZ��b�ihy\ey_lky�^\Z�khjlZ�nhlhgh\��
h[udgh\_ggu_� b� g_h[udgh\_ggu_��Qlh[u� gZclb� ki_dlj� b� ^bZ]jZffm� gZijZ\e_gghklb�
baemq_gby��\uoh^ys_]h�ba�jZkk_b\Zxs_c�h[eZklb��g_h[oh^bfh�j_rZlv�kbkl_fm�mjZ\g_�
gbc�i_j_ghkZ�^ey�nhlhgh\�h[hbo�\b^h\��H^gZdh�ba-aZ�hkh[_gghkl_c�\aZbfh^_ckl\by�ba�
emq_gby�k�we_dljhgZfb�\�fZ]gblghf�ihe_�\_ebqbgZ�k_q_gby�jZkk_ygby�g_h[udgh\_gguo�
nhlhgh\��Z�lZd`_�k_q_gbc�ij_\jZs_gby�h^gbo�nhlhgh\�\�^jm]b_�ijb�jZkk_ygbb��j_adh�
mf_gvrZ_lky�ijb�m^Ze_gbb�hl�]bjhqZklhlu�\�klhjhgm�f_gvrbo�wg_j]bc�>�@��Wlh�ijb\h�
^bl� d� lhfm�� qlh� gZ�fZeuo� qZklhlZo� kj_^Z�fh`_l� hdZaZlvky� hilbq_kdb� lhgdhc� ^ey�g_�
h[udgh\_gguo�nhlhgh\�b�g_ijhajZqghc�^ey�h[udgh\_gguo��Ijb�wlhf�[m^ml�wnn_dlb\�
gh�]_g_jbjh\Zlvky�b�jZkijhkljZgylvky�ebrv�h[udgh\_ggu_�nhlhgu��<�mdZaZgghf�kem�
qZ_�fZeuo�qZklhl�\�jZ[hl_�>�@�[ueZ�j_r_gZ�aZ^ZqZ�h�i_j_ghk_�baemq_gby�h[udgh\_gghc�
fh^u�\�iehkdhc�Zlfhkn_j_�[_a�mq_lZ�dhfilhgbaZpbb��>ey�jZkq_lZ�ihke_^g_c�\�hlkmlkl�
\bb�fZ]gblgh]h�ihey�qZklh�ihevamxlky�mjZ\g_gb_f�DhfiZg_cpZ�>�@��Ihkdhevdm�hilbq_�
kdZy�lhesZ�^ey�h[udgh\_gguo�nhlhgh\�\_ebdZ��fh`gh�kqblZlv�bo�jZkij_^_e_gb_�bah�
ljhiguf�\�]em[bg_�h[eZklb�jZkk_ygby��b�\�jZkkfZljb\Z_fhc�kblmZpbb�\uihegyxlky�\k_�
mkeh\by�^ey�\u\h^Z��ZgZeh]bqgh]h�mjZ\g_gby�^ey�jZkk_ygby�\�kbevghf�fZ]gblghf�ihe_��
Ijb�wlhf�p_ihqdm�jZkkm`^_gbc�fh`gh�ijh\_klb�lZd�`_��dZd�b�\�jZ[hl_�>�@��� 

>bnn_j_gpbZevgh_�k_q_gb_�jZkk_ygby�h[udgh\_gguo�nhlhgh\�\�ij_^_e_�fZeuo�
qZklhl�\u]ey^bl�ke_^mxsbf�h[jZahf�>�@�� 

 

 
A^_kv�fu�ij_g_[j_]Z_f�fZehc�^he_c�nhlhgh\��jZkijhkljZgyxsboky�ihqlb�\^hev�

fZ]gblgh]h�ihey��^ey�dhlhjuo�k_q_gb_�jZkk_ygby�hdZau\Z_lky�kjZ\gbfuf�k�k_q_gb_f�
^ey�g_h[udgh\_gguo�nhlhgh\��WlZ�^hey�l_f�f_gvr_��q_f�f_gvr_�hlghr_gb_�qZklhlu�
d\ZglZ�d�]bjhqZklhl_�� 

>Ze__��wg_j]by� �\�_^bgbpZo�l_fi_jZlmju�we_dljhgh\�,�i_j_^Z\Z_fZy�\�h^ghf�
Zdl_�jZkk_ygby�fZeZ�ih�kjZ\g_gbx�k�wg_j]b_c�d\ZglZ��Ba�aZdhgh\�khojZg_gby�^ey�kbk�
l_fu�we_dljhg-nhlhg�\�fZ]gblghf�ihe_�gZoh^bf��qlh� 

 

 
A^_kv aZ\bkbl�hl�m]eh\�f_`^m�fZ]gblguf�ihe_f�b�gZijZ\e_gbyfb�ihe_lZ�nh�

lhgZ�^h�b�ihke_�jZkk_ygby��[_ajZaf_jgh_�[�–�hlghr_gb_�i_j\hgZqZevghc�wg_j]bb�nhlh�

gZ�d�l_fi_jZlmj_�we_dljhgh\��Z�S�–�bfimevk�  
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DZd�b�\�>�@��qlh[u�ihemqblv�mjZ\g_gb_�^bnnmabhggh]h�lbiZ��g_h[oh^bfh�\uqbk�
eblv�^\Z�bgl_]jZeZ�ih�gZijZ\e_gbyf�b�bfimevkZf�we_dljhgh\��dm^Z�\oh^bl�^bnn_j_g�
pbZevgh_� k_q_gb_� jZkk_ygby� b ��MdZaZggu_� bgl_]jZeu� y\eyxlky� dhwnnbpb_glZfb� \�
jZaeh`_gbb�ih^bgl_]jZevgh]h�\ujZ`_gby�mjZ\g_gby�;hevpfZgZ�\�jy^�ih�fZehfm� . 
H^bg�ba�gbo�e_]dh�\uqbkey_lky�ijyfh��Z�\lhjhc�hij_^_ey_lky�ba�^hihegbl_evgh]h�mk�
eh\by�khojZg_gby�ihegh]h�qbkeZ�nhlhgh\�ijb�jZkk_ygbb��� 

Ihke_�mkj_^g_gby�ih�m]eZf�\uqbke_gguo�bgl_]jZeh\�b�i_j_]jmiibjh\db�qe_gh\�
\�jZaeh`_gbb�mjZ\g_gby�;hevpfZgZ��ihemqZ_lky�ke_^mxs__�mjZ\g_gb_� 

 

 
jZaebqZxs__ky�k�mjZ\g_gb_f�DhfiZg_cpZ��ebrv�qbke_gguf�dhwnnbpb_glhf������ 
 

 
LZdbf�h[jZahf��fh`gh�k^_eZlv�\u\h^��qlh�^bnnmaby�h[udgh\_gguo�nhlhgh\�ih�

wg_j]byf�ijb�jZkk_ygbb�gZ�we_dljhgZo�\�kbevghf�fZ]gblghf�ihe_�gZ�fZeuo�qZklhlZo�
[m^_l�ijhbkoh^blv�\�lhqghklb�lZd`_��dZd�b�\�hlkmlkl\bb�ihey�^ey�g_iheyjbah\Zggh]h�
baemq_gby��lhevdh�k�aZf_lgh�f_gvr_c�kdhjhklvx��ihqlb�\���jZa�f_^e_gg__��Ih�kmlb��ih�
emq_ggh_�mjZ\g_gb_�hibku\Z_l�djZcgbc�kemqZc�ij_^_evgh�kbevgh]h�ihey��dh]^Z�b�l_f�
i_jZlmjZ� we_dljhgh\�b� wg_j]by� d\Zglh\�fgh]h�f_gvr_� ]bjhqZklhlu� \� wg_j]_lbq_kdbo�
_^bgbpZo��<�^\mo�^jm]bo�djZcgbo� kemqZyo��dh]^Z�eb[h� l_fi_jZlmjZ� we_dljhgh\��eb[h�
wg_j]by�d\Zglh\�fgh]h�[hevr_�]bjhqZklhlu��dZd�ihdZaZgh�\�jZ[hl_�>�@��\gh\v�kijZ\_^�
eb\h� mjZ\g_gb_�DhfiZg_cpZ��NZdlhj�`_� ����� ihy\ey_lky� ih� ^\mf� ijbqbgZf��Ij_`^_�
\k_]h�ba-aZ�kbevghc�Zgbahljhibb�nmgdpbb�jZkij_^_e_gby�we_dljhgh\� �ihke_^gb_�^\b�
`mlky� lhevdh�\^hev�fZ]gblguo�kbeh\uo�ebgbc�� l_fi�^bnnmabb�nhlhgh\�ih�qZklhlZf�
mf_gvrZ_lky�\�ljb�jZaZ��?s_�����ihy\ey_lky�ba-aZ�f_gvr_c�ih�kjZ\g_gbx�k�lhfkhgh\�
kdhc�\_ebqbgu�k_q_gby�jZkk_ygby�h[udgh\_gguo�nhlhgh\� 

Ebl_jZlmjZ� 
1. =g_^bg��X��G���Kxgy_\��J�:���������@WLN���������� 
2. ;Zkdh��F��F���������:kljhnbabdZ���������� 
3. DhfiZg__p��:��K���������@WLN��������� 
 

 
 

M>D�������� 

KI?DLJ:EVGU?�BKKE?>H<:GBY 
H;E:KL?C�BHGBAH<:GGH=H�=?EBY�<�SS433 

F_^\_^_\�:�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l�� 

SS���� y\ey_lky� mgbdZevguf� h[t_dlhf� \� dhlhjhf� hkms_kl\ey_lky� ihklhygguc�
k\_jodjblbq_kdbc�j_`bf�Zddj_pbb�gZ�j_eylb\bklcdmx�a\_a^m��\�j_amevlZl_�q_]h�h[jZ�
amxlky�dheebfbjh\Zggu_�j_eylb\bklkdb_�kljmb��Djhf_�lh]h��ij_p_kkby�^bkdZ�b�kljmc��
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Z� lZd`_� i_jbh^bq_kdb_� aZlf_gby� hilbq_kdhc� a\_a^hc� ^Zxl� ij_djZkgmx� \hafh`ghklv�
g_ihkj_^kl\_ggh]h�bamq_gby�p_gljZevguo�h[eZkl_c�Zddj_pbhggh]h�^bkdZ���<�qZklghklb��
l�d�� ki_dljZevgu_�ebgbb�bhgbah\Zggh]h� ]_eby�bf_xl�gZb[hevrbc�ihl_gpbZe�\ha[m`�
^_gby��lh�ke_^m_l�h`b^Zlv��qlh�hgb�h[jZamxlky�\�gZb[he__�]hjyqbo�h[eZklyo�^\hcghc�
kbkl_fu��l�_��\h�\g_rgbo�qZklyo�hkgh\Zgby�kljmc��beb�]Zah\uo�dhdhgZo���Z�lZd`_�\�ih�
lhdZo�h[f_gZ�fZkk��I_j\h_�mdZaZgb_�gZ�\hafh`gh_�ijhy\e_gb_�]Zah\uo�dhdhgh\�\�ijh�
nbe_�ebgbb�HeII�������[ueh�ij_^klZ\e_gh�\�jZ[hl_�>�@��Wlb�ij_^iheh`_gby�[ueb�hkgh�
\Zgu�gZ�lhf��qlh�ebgby�HeII�������bf__l�keh`guc�Zkbff_ljbqguc�ijhnbev��madbc�]Z�
mkkh\uc�dhfihg_gl�b�rbjhdb_�djuevy���f_gyxsbcky�\�aZ\bkbfhklb�hl�hj[blZevghc�b�
ij_p_kkbhgghc�nZau� 

GZfb�[ueZ�ijh\_^_gZ�ZiijhdkbfZpby�ijhnbey�ebgbb�HeII�������nmgdpbyfb�=Z�
mkkZ�ih�ki_dljZf��ihemq_gguf��gZ��-f�l_e_kdhi_�K:H�J:G�aZ���-e_lgbc�i_jbh^�k������
ih������]]��<�j_amevlZl_�wlbo�gZ[ex^_gbc�[ue�ihdjul�^bZiZahg�hj[blZevguo�nZa�hl�����
^h�����b�ij_p_kkbhgguo�hl�����^h�������Hj[blZevgZy�nZaZ�aZlf_gby�Zddj_pbhggh]h�^bk�
dZ�hilbq_kdhc�a\_a^hc�ijbgylZ�aZ�gme_\mx� 

<� g_dhlhjuo� ki_dljZo� ^\b`msb_ky� j_eylb\bklkdb_� wfbkkbb� �\� qZklghklb�H/
+) 

[e_g^bjmxlky�k�ebgb_c�HeII��������l_f�kZfuf��bkdZ`Zy�__�ijhnbev��Ihwlhfm�^ey�qbk�
lhlu�]Zmkk-ZgZebaZ�ijhba\h^behkv�\uqblZgb_�j_eylb\bklkdbo�wfbkkbc��ijhnbeb�b�bg�
l_gkb\ghklb� dhlhjuo� gZoh^bebkv� ih� ^jm]bf� j_eylb\bklkdbf� wfbkkbyf� \h^hjh^Z��=Z�
mkk-ZgZeba�HeII� ������ hkgh\u\Zeky� gZ� ke_^mxsbo� ij_^iheh`_gbyo�� Z�� ijhnbev�HeII 
nhjfbjm_lky�\�p_gljZevghc�h[eZklb��rbjhdb_�djuevy��b�\�ihlhd_�h[f_gZ�fZkk��madbc�
dhfihg_gl���[��^bki_jkby�kdhjhkl_c�ihi_j_d�ihlhdZ�ij_g_[j_`bl_evgh�fZeZ�b�ihwlhfm�
rbjbgZ�gZ�iheh\bg_�bgl_gkb\ghklb�madh]h�dhfihg_glZ��l�g��FWHM��hklZ_lky�ihklhyg�
ghc��\��gZ�hj[blZevghc�nZa_� �� aZlf_\Z_lky�p_gljZevgZy�h[eZklv�Zddj_pbhggh]h�^bkdZ�
�l�_��\b^_g�lhevdh�ihlhd���Z�gZ�nZa_�����ihlhd�aZlf_\Z_lky��Ihwlhfm�ihke_^h\Zl_evghklv�
ZgZebaZ�[ueZ�ke_^mxs_c��kgZqZeZ�ijh\h^beZkv�ZiijhdkbfZpby�ijhnbey�HeII��gZ�hj[b�
lZevguo�nZaZo����Z�ihlhf�gZ�\k_o�hklZevguo�nZaZo�k�g_baf_gghc�rbjbghc�madh]h�dhf�
ihg_glZ��>Ze__��ihemq_gguc�j_amevlZl�ZiijhdkbfZpbb��\uqblZeky�ba�khhl\_lkl\mxsbo�
ijhnbe_c�ebgbb�HeII��������<k_�ki_dlju�[ueb�ijhdZeb[jh\Zgu�gZfb�ih�bgl_gkb\gh�
klb��k�bkihevah\Zgb_f�^Zgguo�nhlhf_ljbb��<�lhf�kemqZ_��_keb�^ey�dZdhc-gb[m^v�hij_�
^_e_gghc�ghqb�gZ[ex^_gby�g_�o\ZlZeh�nhlhf_ljbq_kdbo�^Zgguo��hgb�gZoh^bebkv�eb[h�
bgl_jiheypb_c��eb[h�ih� kj_^gbf�djb\uf�[e_kdZ��LZdbf�h[jZahf��[ueb�ihemq_gu�dZ�
eb[jh\Zggu_� hklZldb� \uqblZgby� �beb� g_\yadb��� dhlhju_� \� ^Zevg_cr_f� ih^\_j]Zebkv�
ZgZebam��� 

G_\yadb�bf_xl�oZjZdl_jguc�^\moibdh\uc�ijhnbev��<�dZq_kl\_�klZg^Zjlghc�fh�
^_eb��h[tykgyxs_c�lZdmx�kljmdlmjm�ebgbb�HeII��[ueh�\aylh�ij_^iheh`_gb_��qlh�³dju�
evy´�ebgbb�nhjfbjmxlky�\�]hjyqbo�]Zah\uo�dhdhgZo��hdjm`Zxsbo�hkgh\Zgby�ijb[eb�
`Zxs_cky� b� m^Zeyxs_cky� kljmb� >�@��>ey� ^Zevg_cr_]h� ZgZebaZ� ihemq_ggu_� g_\yadb�
khjlbjh\Zebkv�ih�hj[blZevguf�nZaZf������������������b�ih�\hajZklZgbx�nZa�ij_p_kkbb��
LZdbf�h[jZahf��ijb�nbdkbjh\Zgghc�hj[blZevghc�nZa_� �gZijbf_j��nZaZ�����gZ�dhlhjhc�
aZlf_\Z_lky�ihlhd���fu�\b^bf�jZa\hjZqb\Zxsb_ky�\�ij_p_kkbhgghf�^\b`_gbb�]Zah\u_�
kljmb��qlh�iha\hey_l�ijh\_klb�kjZ\gbl_evgh�ijhklhc�dZq_kl\_gguc�ZgZeba��<�qZklgh�
klb��ih�oZjZdl_jm�aZlf_gby�djZkgh]h�b�]hem[h]h�djueZ�hklZldh\��[ueb�\uy\e_gu�ij_�
p_kkbhggu_�nZau��dZd�kh]eZkmxsb_ky�kh�klZg^Zjlghc�fh^_evx��lZd�b�ijhlb\hj_qZsb_�
_c�� Ijbq_f� nZau�� gZ� dhlhjuo� bf_ebkv� hldehg_gby� hl� ijbgylhc� gZfb� fh^_eb�� ih-
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\b^bfhfm��kljh]h�ehdZebah\Zgu�\�^bZiZahg_�hl������^h�������Wlh�mdZau\Z_l�gZ�lh��qlh�
ijbqbgu� ijhlb\hj_qbc�� kdhj__� \k_]h�� h[mkeh\e_gu� keh`ghklvx� ]_hf_ljbb� kbkl_fu��
GZijbf_j��m]he�gZdehgZ�iehkdhklb�hj[blu�d�emqm�aj_gby�khklZ\ey_l�hdheh������ihwlh�
fm�m^ZeyxsZyky�hl�gZk�kljmy�kms_kl\_ggmx�qZklv�\j_f_gb�gZ[ex^_gby�aZdjulZ�a\_a�
^hc�b�qZklbqgh�i_j_dju\Z_lky�Zddj_pbhgguf�^bkdhf��LZd`_��bf__lky�\hafh`ghklv�ih�
]ehs_gby�baemq_gby�hl�m^Zeyxs_cky�kljmb�\�wd\ZlhjbZevghf�\_lj_�^bkdZ� 

<� oh^_� bkke_^h\Zgby� \uykg_gh�� qlh� ij_^iheh`_gby� k^_eZggu_� ijb� ]Zmkk-
ZgZeba_�HeII�������^Zxl�g_dhlhju_�ijhlb\hj_qby�k�ihemq_ggufb�^Zggufb��qlh��kdhj__�
\k_]h�� mdZau\Z_l� gZ� keh`ghklv� ]_hf_ljbb� kbkl_fu��L_f� g_�f_g__�� gZr_� bagZqZevgh_�
ij_^klZ\e_gb_� h[� mkeh\byo�nhjfbjh\Zgby� ijhnbey�HeII� \� ^hklZlhqghc� kl_i_gb� ih^�
l\_j`^Z_lky��>ey� ^Zevg_cr_]h� ZgZebaZ� lj_[m_lky�ijb\e_q_gb_� [he__� lhgdbo�f_lh^h\�
ZgZebaZ��gZijbf_j��fh^_ebjh\Zgb_�Zddj_pbhggh]h�^bkdZ�b�kbkl_fu�SS�����<�[m^ms_f�
wlh�ij_^iheZ]Z_lky�k^_eZlv�� 

Ebl_jZlmjZ� 
1. =hjZgkdbc�b�^j��³Hilbq_kdb_�gZ[ex^_gby�66����\�aZlf_gbyo�–�kljmdlmjZ�

Zddj_pbhggh]h�^bkdZ´�����:kljhghfbq_kdbc�`mjgZe��������lhf������k������ 
 
 
 

M>D������-423 

DHF;BGBJH<:GG:Y�HILH-:DMKLBQ?KD:Y 
=J:<BL:PBHGG:Y�:GL?GG: 

Dmlvdbg�:�F� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

DZd� ba\_klgh�� ]jZ\blZpbhggu_� \hegu� y\eyxlky� mgbdZevguf� b� g_hk\h_gguf�
dZgZehf�bgnhjfZpbb�h�khklhygbb�b�w\hexpbb� �<k_e_gghc��AZ^ZqZ�bo� �^_l_dlbjh\Z�
gby� kmlv�h^gZ�ba�nmg^Zf_glZevguo�ijh[e_f� kh\j_f_gghc� Zkljhnbabdb��GZ^� kha^Z�
gb_f� ]jZ\blZpbhgguo� Zgl_gg� jZ[hlZxl� gZmqgu_� ]jmiiu� fgh]bo� kljZg�� gZijbf_j�
ijh_dlu�� VIRGO� �BlZeby��� TAMA � �Yihgby��� LIGO� �KR:��� Ih� Zkljhnbabq_kdbf�
hp_gdZf�� fhsghklv� ]jZ\blZpbhggh]h� baemq_gby�� ^hklb]Zxs_]h� A_feb�� ^hklZlhqgZ�
^ey� kha^Zgby� bfimevkguo� \hafms_gbc� f_ljbdb� gZ� mjh\g_� ��-18-10-21 

>�@�� L_ogbq_�
kdZy�keh`ghklv�^hklb`_gby�lZdhc�qm\kl\bl_evghklb�gZ�l\_j^hl_evguo�Zgl_ggZo�kh�
klhbl�\�g_h[oh^bfhklb�ih^^_j`Zgby�^he]h\j_f_gghc�klZ[bevghc�jZ[hlu�fZkkb\gh�
]h� ��-�l�� ]jZ\b^_l_dlhjZ�� hoeZ`^_ggh]h� ^h� k\_jogbadbo� l_fi_jZlmj� ���-2-10-1D���<�
k\hx� hq_j_^v� bgl_jn_jhf_ljbq_kdb_� Zgl_ggu� gZ� k\h[h^guo�fZkkZo� lj_[mxl� qj_a�
\uqZcgh�keh`guo�ke_^ysbo�kbkl_f� 

;Zah\Zy� b^_y� ijh_dlZ�� jZajZ[Zlu\Z_fh]h� \�=:BR�F=M�� khklhbl� \� kha^Zgbb�
dhf[bgbjh\Zgghc�hilh-Zdmklbq_kdhc� ]jZ\blZpbhgghc� Zgl_ggu� �H=J:G��k�qm\kl\b�
l_evghklvx�h~10-18

�\�ihehk_�ijb_fZ��-����=p�[_a�]em[hdh]h�hoeZ`^_gby�l\_j^hl_ev�
gh]h� ^_l_dlhjZ�� kgZ[`_ggh]h� hilbq_kdbf� j_ahgZlhjhf�NZ[jb-I_jh� \^hev�ijh^hev�
ghc�hkb�>�@��OZjZdl_jghc�hkh[_gghklvx�ijh_dlZ�y\ey_lky�bkihevah\Zgb_�dZd�Zdmklb�
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q_kdh]h��lZd�b�hilbq_kdh]h�hldebdh\�Zgl_ggu�gZ�]jZ\blZpbhggh-\hegh\h_�\hafms_�
gb_�� 

<�hl^_e_�]jZ\blZpbhgguo�baf_j_gbc�=:BR�F=M�[ue�kha^Zg�ijhlhlbi�H=J:G��
j_Zebamxsbc�gZ�ijZdlbd_�ijbgpbibZevgu_�b^_b�b�dhgkljmdlb\gu_�[ehdb��aZeh`_ggu_�
\�l_hj_lbq_kdhc�ko_f_�ijh_dlZ�>�@�� 

F_oZgbq_kdZy� fh^_ev� ^_l_dlhjZ� ij_^klZ\ey_l� kh[hc� Zexfbgb_\uc� pbebg^j�
^bZf_ljhf�����ff�b�^ebghc�����ff�k�hl\_jklb_f�^bZf_ljhf����ff�\^hev�ijh^hevghc�
hkb��ih^\_r_gguc�gZ� lhgdhf� klZevghf� ljhk_� d� dhjhfukem�� mklZgh\e_gghfm�gZ� Zglb�
k_ckfbq_kdhf� nbevlj_�� GZ� lhjpZo� pbebg^jZ� mklZgh\e_gu� a_jdZeZ� bgl_jn_jhf_ljZ�
NZ[jb-I_jh��Dhgkljmdpby�gZoh^blky�\�\Zdmmfghc�dZf_j_��>ey�ih^Z\e_gby�qZklhlguo�
rmfh\�eZa_jZ�\�ko_f_�bkihevam_lky�hihjgh_�ie_qh�k�j_ahgZlhjhf�NZ[jb-I_jh�f_gvr_�
]h�jZaf_jZ��Kms_kl\_ggufb�we_f_glZfb�fh^_eb�y\eyxlky�\ukhdhklZ[bevguc�fZehrm�
fysbc�eZa_j�fhsghklvx�ihjy^dZ�����f<l� �� �����gf��b�kbkl_fZ�h[jZlghc�k\yab��ih�
a\heyxsZy�hlke_`b\Zlv�\ZjbZpbb�^ebgu�hihjgh]h�b�baf_jbl_evgh]h�ie_qZ�� 
Ij_^_evgmx�qm\kl\bl_evghklv�bgl_jn_jhf_ljZ�ih�nhlhgghfm�rmfm�\�ihehk_�qZklhl�ûf 
fh`gh�hp_gblv�ih�nhjfme_�� 

 
]^_� �� -�^ebgZ�\hegu��F –�j_adhklv�bgl_jn_jhf_ljZ��  K� –�wg_j]by�d\ZglZ�k\_lZ��P – 
fhs 
ghklv� k\_lZ�� mqZkl\mxs_]h� \� bgl_jn_j_gpbb�� �� –� d\Zglh\uc� \uoh^� nhlh^bh^h\��
Ih^klZgh\dZ�iZjZf_ljh\�kms_kl\mxs_c�fh^_eb��P ��f<l��F �����^Z_l�ûxmin=2,5· 10-
15
� kf�\�ihehk_� ��=p��L_dms__� wdki_jbf_glZevgh�baf_j_ggh_� agZq_gb_�qm\kl\bl_ev�

ghklb�ûxmin~3· 10-14
�kf�\�ihehk_���=p��H[tykgy_lky�wlh��]eZ\guf�h[jZahf��ba[ulhq�

guf�rmfhf� eZa_jZ� �\� ����� jZa�ij_\urZxsbf� mjh\_gv�nhlhggh]h�rmfZ��� dhlhjuc�
ihdZ�g_�m^Zehkv�ih^Z\blv�hdhgqZl_evgh��>ey�^hklb`_gby�jZkkq_lghc�qm\kl\bl_evgh�
klb�ijh\h^blky�fh^_jgbaZpby�bklhqgbdZ�baemq_gby�\�p_eyo�mf_gvr_gby�ImZkkhgh\�
kdbo�rmfh\�b�m\_ebq_gby�ihe_aghc�fhsghklb�P��b�ih\ur_gb_�dZq_kl\Z�hilbdb� 

K�qm\kl\bl_evghklvx���-18
�H=J:G�ho\Zlu\Z_l�kh[ulby�\�hdj_klghklb�=ZeZdlb�

db��>Zevg_crbc�ijh]j_kk�k\yaZg� �k�i_j_oh^hf�gZ�[he__�\ukhdb_�qZklhlu-�^h�����d=p��
^hklb`_gb_� ��-21

� �hdj_klghklv�Virgo-claster��lj_[m_l�hoeZ`^_gby�^_l_dlhjZ�^h� �l_fi_�
jZlmju���D��� 

JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ijh]jZffu�nmg^Zf_glZevguo� bkke_^h\Zgbc�
Ij_ab^bmfZ�J:G��Z�lZd`_�]hk��dhgljZdlZ�Fbg��GZmdb� 

Ebl_jZlmjZ� 
1. .�6��7KRUQ��5HY��RI�0RG��3K\V���������3DUW�1������� 
2. 2. A.V. Gusev, V.V.Kulagin, V.N. Rudenko «Room temperature gravitational bar-    

GHWHFWRU�ZLWK�FU\RJHQLF�OHYHO�RI�VHQVLWLYLW\ª�©*UDYLWDWLRQ�	�&RVPRORJ\ª�9RO����������������

(5) pp. 68-70. 
 
 
 

,min f
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M>D������ 

G:;EX>?GBY�HILBQ?KDBO�LJ:GAB?GLH< 
G:�L?E?KDHI:O�KBKL?FU�F:KL?J 

:glbih\�=�:��hl�]jmiiu�F:KL?J� 

F=M�bf�Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kbkl_fZ�F:KL?J��Fh[bevgZy�:kljhghfbq_kdZy�Kbkl_fZ�L_e_kdhih\-Jh[hlh\��
[ueZ�kha^ZgZ�k�p_evx�ihbkdZ�khimlkl\mxs_]h�hilbq_kdh]h�baemq_gby�]ZffZ-\kie_kdh\�
b�bo�ihke_k\_q_gby�ih�ke_^mxs_c�ko_f_� 

 

 
 
=ZffZ-�b�j_gl]_gh-�h[k_j\Zlhjbb��gZoh^ysb_ky�gZ�hj[bl_��^_l_dlbjmxl�]ZffZ-

\kie_kd��hij_^_eyy�_]h�iheh`_gb_�gZ�g_[_kghc�kn_j_�k�g_dbf�d\Z^jZlhf�hrb[hd��Kh�
h[s_gb_� �Ze_jl��h[�wlhf�ihklmiZ_l�\�k_lv�GCN� �*5%�&RRUGLQDWHV�1HWZRUN���hldm^Z��\�
k\hx�hq_j_^v��\�gZa_fgu_�h[k_j\Zlhjbb��]^_�k�fZdkbfZevghc�kdhjhklvx�ijhba\h^blky�
ktzfdZ�mdZaZgghc�h[eZklb�\�^jm]bo�wg_j]_lbq_kdbo�^bZiZahgZo��H^ghc�ba�lZdbo�h[k_j�
\Zlhjbc�b�y\ey_lky�h[k_j\Zlhjby�:e_dkZg^jZ�Djueh\Z�\�ih^fhkdh\ghf�]hjh^_�<hkljy�
dh\h��]^_�mklZgh\e_gZ�kbkl_fZ�F:KL?J� 

GZ�gZklhysbc�fhf_gl�kbkl_fZ�khklhbl�ba�ljzo�k\_lhkbevguo�l_e_kdhih\��KZfuf�
fhsguf�ba�gbo� y\ey_lky�mklZgh\e_gguc�\h�\j_fy�ihke_^g_c�fh^_jgbaZpbb� l_e_kdhi�
fh^bnbpbjh\Zgghc�kbkl_fu�Jbol_jZ–Ke_nh]lZ�^bZf_ljhf�355�ff��b�hlghkbl_evguf�
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hl\_jklb_f�1:2,4��<�_]h�]eZ\ghf�nhdmk_�mklZgh\e_gZ�IAK-dZf_jZ�AP16E�jZaj_r_gb_f�
����o�����ibdk_eh\��Ihe_�aj_gby�wlhc�dZf_ju��ih�^bZ]hgZeb��gZ�^Zgghf�l_e_kdhi_�kh�
klZ\ey_l�ihqlb�3,5°��Bf_ggh�k�_z�ihfhsvx�\_^zlky�\�^Zggh_�\j_fy�h[ahj�g_[Z�\�[_ehf�
k\_l_��h^gbf�ba�j_amevlZlh\�dhlhjh]h�b�y\eyxlky�fZl_jbZeu�wlh]h�^hdeZ^Z� 

KtzfdZ� iehsZ^hd� g_[_kghc� kn_ju� \� oh^_� h[ahjghc�ijh]jZffu� \_^zlky� ^\mfy�
ljhcdZfb��k�i_j_ju\hf�f_`^m�ljhcdZfb�ihjy^dZ����fbgml��<j_fy�wdkihabpbb�gZ�dZ`�
^hf�kgbfd_�khklZ\ey_l����k_dmg^��Blh]h��m�gZk�bf__lky�ih�r_klv�kgbfdh\�gZ�dZ`^mx�
hlkgylmx�qZklv�g_[Z��H[jZ[Zlu\Zy�dZ`^uc�dZ^j�ih�hl^_evghklb��b�kjZ\gb\Zy�bo�aZl_f��
fu�ihemqZ_f�bgnhjfZpbx�h�gh\uo��b�i_j_f_gguo�gZ�fZkrlZ[Zo�ihjy^dZ�fbgmlu��bk�
lhqgbdZo��Wlh�fh]ml� [ulv� dZd� [ukljhi_j_f_ggu_� a\za^u� b� a\za^gu_� kbkl_fu�� lZd� b�
dhkfheh]bq_kdb_� h[t_dlu�� ]ZeZdlbdb�� \� dhlhjuo� ijhbkoh^yl� \kiurdb� gZ� mdZaZgguo�
\j_f_gguo�rdZeZo��Bf_ggh�wlb�\kiurdb�b�fh]ml�[ulv�k\yaZgu�k�hilbq_kdbfb�ijhy\�
e_gbyfb�]ZffZ-\kie_kdh\�[_a�khimlkl\mxs_]h�]ZffZ-baemq_gby�� 

>Zgguc�^hdeZ^� jZkkdZau\Z_l� h� j_amevlZlZo� jZ[hlu��ijhba\_^zgghc� k�ihemq_g�
gufb�gZ�k_]h^gyrgbc�^_gv�^Zggufb�ih�\ur_mdZaZgghc�h[jZ[hld_��Ij_^_evgZy�a\za^�
gZy�\_ebqbgZ�^ey�lZdbo�ljZgab_glguo�bklhqgbdh\�khklZ\ey_l�hdheh�18m��Djhf_�lh]h��
hl^_evgh_� \gbfZgb_� m^_ey_lky� ij_^klZ\e_gbx� j_amevlZlh\� h[jZ[hldb� ^_\ylb� gZ[ex�
^Z\rboky� wjjhj� [hdkh\� �d\Z^jZlh\� hrb[hd�� ]ZffZ-\kie_kdh\� k� ihfhsvx� kbkl_fu�
F:KL?J��<�h^ghf�ba�wlbo�kemqZ_\�gZ[ex^_gby�ihke_k\_q_gby�[ueb�k^_eZgu�i_j\ufb�
\�?\jhi_� 

 
 
 
 

M>D�- 520.6 

KBKL?F:�MIJ:<E?GBY�JH;HLBABJH<:GGUF�L?E?KDHIHF 

Dm\rbgh\�>�:���hl��dhfZg^u�F:KL?J� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l�� 

IhklZgh\dZ�aZ^Zqb 
Hdheh����e_l�Zkljhnbabdb�[_amki_rgh�iulZebkv�jZa]Z^Zlv�h^gm�ba�kZfuo�aZ]Z�

^hqguo�lZcg�kh\j_f_gghc�Zkljhnbabdb�-�ijbjh^m�]ZffZ-\kie_kdh\��Fgh`_kl\h�dhkfb�
q_kdbo�wdki_jbf_glh\��l_hj_lbq_kdbo�klZl_c��lhevdh�aZlmfZgb\Zeb�kblmZpbx��Ebrv�kh�
\k_f�g_^Z\gh��\������]h^m�klZeh�ba\_klgh��qlh�wlh�kZfu_�]jZg^bhagu_�y\e_gby�\h�<k_�
e_gghc��AZ^he]h�^h� wlh]h�� ��-_� ]h^u�\�KKKJ�[ue�ijh\_^_g� wdki_jbf_gl� �Dhgmk��ih^�
jmdh\h^kl\hf�?�I��FZa_pZ�gZ�dhkfbq_kdbo�ZiiZjZlZo��<_g_jZ-11, -����b��Ijh]gha���ih�
j_amevlZlZf�dhlhjh]h�klZeh�ba\_klgh��qlh�]ZffZ-\kie_kdb�h[eZ^Zxl�\ukhdhc�qZklhlhc�
b�jZ\gh\_jhylghc�gZijZ\e_gghklvx��jZkij_^_e_gu�bahljhigh���I_j_^�bkke_^h\Zl_eyfb�
\klZeZ�ijh[e_fZ�[he__�lhqghc�dhhj^bgZlghc�j_]bkljZpbb�bklhqgbdh\�]ZffZ-baemq_gby�
\�wdklj_fZevgh�dhjhldh_�\j_fy���-�����k_dmg^��\j_fy�`bagb�]ZffZ-\kie_kdZ�� 

>ey�j_r_gby�wlhc�ijh[e_fu�lj_[h\Zehkv�hij_^_eylv�dhhj^bgZlu�aZj_]_kljbjh�
\Zggh]h�bklhqgbdZ�baemq_gby��GZ�^Zgguc�fhf_gl�kms_kl\m_l�p_gljZebah\ZggZy�k_lv�ih�
gZ[ex^_gbx� hilbq_kdh]h� ihke_k\_q_gby� ]ZffZ-\kie_kdh\� *5%� �*DPPD� 5D\� %XUVWV��
Coordinates Network -� *&1� b� kbkl_fZ� khh[s_gbc� hl� ]ZffZ-h[k_j\Zlhjbb� ,QWHJUDO��
Ijbgpbi�jZ[hlu�khklhbl�\�ke_^mxs_f��gZ�hj[bl_��\�j_`bf_�h`b^Zgby��gZoh^ylky�g_�
kdhevdh� ]ZffZ-h[k_j\Zlhjbc�+(7(�� ,1TEGRAL, RXTE, Wind-KONUS, ALEXIS, 
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BeppoSAX, NEAR-;*56�� %$76(�� &2037(/�*52��� Kimlgbdb� hlijZ\eyxl� \� p_glj�
*&1� dhhj^bgZlu� � aZj_]bkljbjh\Zgguo� bklhqgbdh\� baemq_gby�� >Ze__� ijhba\h^blky�
ZgZeba�l_e_f_ljbb��\j_f_ggZy� aZ^_j`dZ�jZkq_lZ�dhlhjhc�fh`_l�^hklb]Zlv�g_kdhevdbo�
^g_c��H^gZdh��kimlgbdb�lbiZ�+(7(�beb�,QWHJUDO�jZ[hlZxl�\�j_`bf_�j_Zevgh]h�\j_f_gb�
b� \u^Zxl� dhhj^bgZlu� h[t_dlZ� k� aZ^_j`dhc� \� k_dmg^u�� qlh� iha\hey_l� ijhgZ[ex^Zlv�
]ZffZ-\kie_kd� \� l_q_gb_�g_kdhevdbo�fbgml�ihke_�bo�gZqZeZ�� qlh� y\ey_lky� dexq_\uf�
^ey�ihgbfZgby�ijbjh^u�]ZffZ-\kie_kdh\� 

L_ogbq_kdh_�j_r_gb_� 
^ey�[ukljhc�j_]bkljZpbb�ihke_k\_q_gby 

Kbkl_fu�*&1�b�,QWHJUDO�ij_^hklZ\ey_l�g_kdhevdh�k_j\bkh\�^hklZ\db�khh[s_gbc��
e-PDLO�� VRFNHW�b�SDJHU��GZb[he__�[ukljuf�ba�gbo�y\ey_lky� VRFNHW� �aZ^_j`dZ��� -���k_d����
kfuke�dhlhjh]h�k\h^blky�d�lhfm��qlh�ih�k_lb�Bgl_jg_l�mklZgZ\eb\Z_lky�ihklhyggh_�kh�
_^bg_gb_�\�j_`bf_�h`b^Zgby�f_`^m�p_gljZfb�*&1�b� ,QWHJUDO�b�m^Ze_gghc�gZ[ex^Z�
l_evghc�h[k_j\Zlhjb_c�� 

GZ[ex^Zl_evguc�dhfie_dk�khklhbl�ba�jh[hlbabjh\Zggh]h�l_e_kdhiZ��IAK�fZl�
jbpu�� kbkl_fu� ^hklZ\db� khh[s_gbc� b� kbkl_fu� h[jZ[hldb� ihemqZ_fuo� bah[jZ`_gbc��
Mijhs_ggZy�[ehd-ko_fZ�eh]bdb�kbkl_fu�  

 

 
J_amevlZlu�jZ[hlu 
��� ;ue� jZajZ[hlZg� bgnhjfZpbhgguc� f_lh^� ^hklZ\db� 606-khh[s_gbc� ^ey� bg�

nhjfZpbb�mqZklgbdh\�gZ�kemqZc�ihl_jb�k\yab� 
���;ueb�j_Zebah\Zgu�^hihegbl_evgu_�f_lh^u�^hklZ\db�bgnhjfZpbb�hl�h[k_j\Z�

lhjbb�,QWHJUDO��H-PDLO�b�606�� 
��� ;ueZ� ihklZ\e_gZ� dZf_jZ� ke_`_gby� aZ� ihe_f� aj_gby� ]ZffZ-h[k_j\Zlhjbb�

HETE-2. 
���<�ij_^_eZo�����k_dmg^�ijb�ihfhsb�ij_^klZ\e_gghc�\�^hdeZ^_�kbkl_fu�[ueh�

hkms_kl\e_gZ�j_]bkljZpby�g_kdhevdbo�kh[ulbc��hlijZ\e_gguo�*&1� 
���J_Zebah\Zg�h[ahjguc�j_`bf�jZ[hlu�kbkl_fu�F:KL?J�k�p_evx�ihbkdZ�gh\uo� 

Ebl_jZlmjZ� 
1. Lipunov, V. and MASTER team; GRB030329: final r-band light curve by 

MASTER GCN, 2003 (http://gcn.gsfc.nasa.gov/gcn3/2035.gcn3). 
2. Ebimgh\�<�F��©<h_ggZy�lZcgZ�Zkljhnbabdbª��Khjhkh\kdbc�h[jZah\Zl_evguc�

`mjgZe����������� 
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M>D�������� 

:E=HJBLF�:JK?L: 
QBKE?GGH=H�FH>?EBJH<:GBY 

A<?A>GUO�KDHIE?GBC�B�IJH=J:FF:�NBODY6PRO 

QmfZd�Y�H� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZ�gZklhysbc�fhf_gl�Ze]hjblf�qbke_ggh]h�fh^_ebjh\Zgby�:jk_lZ�y\ey_lky�h^�
gbf�ba�kZfuo�emqrbo�kj_^kl\�qbke_ggh]h�fh^_ebjh\Zgby�a\_a^guo�kbkl_f��:e]hjblf�
:jk_lZ�gZb[he__�ijb[eb`_g�d�j_Zevguf�nbabq_kdbf�ijhp_kkZf��ijhbkoh^ysbf�\gmljb�
a\_a^ghc�kbkl_fu��Ijb�fh^_ebjh\Zgbb�mqblu\Zxlky�lZdb_�nZdlhju��dZd�l_kgu_�k[eb�
`_gby� a\_a^�� ihl_jy� fZkku� kdhie_gby�� gZebqb_� \g_rg_]h� ijbeb\gh]h� ihey�� gZebqb_�
f_`a\_a^guo�h[eZdh\�� w\hexpby� a\_a^-qe_gh\� kdhie_gby��jZkq_l�^\hcguo�� ljhcguo�b�
djZlguo�kbkl_f�b�fgh]h_�^jm]h_��:\lhj�ihk\ylbe�gZibkZgbx�Ze]hjblfZ�hdheh� ���e_l�
jZ[hlu��Ijh]jZffZ�gZibkZgZ�gZ�yaud_�nhjljZg��bf__l�h[t_f�hdheh��������kljhd� 

<f_kl_�k�l_f��kms_kl\mxl�hij_^_e_ggu_�ljm^ghklb�\�jZ[hl_�k�wlbf�Ze]hjblfhf��
AZ^Zgb_�gZqZevguo�iZjZf_ljh\�fh^_ebjh\Zgby�hq_gv�aZljm^gbl_evgh��l�d��j_Zebah\Zgh�
q_j_a� l_dklh\uc� nZce�� Ih^]hlh\blv� g_h[oh^bfu� gZqZevgu_� mkeh\by� ^hklZlhqgh� aZ�
ljm^gbl_evgh��l�d��hlkmlkl\m_l�gZ]ey^ghklv�b�dhgljhev�wlh]h�ijhp_kkZ��<u\h^�j_amev�
lZlh\�fh^_ebjh\Zgby�ijhbkoh^bl�q_j_a�dhgkhevgh_�hdgh�beb�hkms_kl\ey_lky�\�^\hbq�
gu_�b�l_dklh\u_�nZceu��<u\h^�bgnhjfZpbb�\�lZdhf�\b^_�hq_gv�g_�m^h[_g�^ey�bkihev�
ah\Zgby��LZdhc�\u\h^�g_�iha\hey_l� wnn_dlb\gh�dhgljhebjh\Zlv�ijhp_kk�fh^_ebjh\Z�
gby�� 

>ey�j_r_gby�wlbo�ijh[e_f�g_h[oh^bfZ�ijh]jZffZ�k�m^h[guf�ihevah\Zl_evkdbf�
bgl_jn_ckhf��mijZ\eyxsZy�jZ[hlhc�ijh]jZffu�NBODY6Pro��>ey�j_r_gby�wlhc�aZ^Zqb�
[ueZ�gZibkZgZ�ijh]jZffZ�Noody6Pro��Kha^Zgb_�ijh]jZffu�Nbody6Pro�iha\hebeh�k^_�
eZlv� [hevrhc�rZ]� \� ieZg_� ijh\_^_gby� qbke_gguo� wdki_jbf_glh\� ih�fh^_ebjh\Zgbx�
a\_a^guo�kbkl_f��GZ�jbkmgd_�ij_^klZ\e_g�\b^�]eZ\ghc�nhjfu�dhgljhey�gZ^�ijhp_kkhf�
fh^_ebjh\Zgby��Ijh]jZffZ�Nbody6Pro� y\ey_lky�i_j\hc�^hklmighc�ijh]jZffhc�fh^_�
ebjh\Zgby�w\hexpbb�a\_a^guo�kbkl_f�^ey�ihevah\Zl_e_c�hi_jZpbhgghc�kbkl_fu�Win-
dows��>h�ihy\e_gby�ijh]jZffu�Nbody6Pro�g_�kms_kl\h\Zeh�ijhn_kkbhgZevguo�bgkl�
jmf_glh\��rbjhdh�^hklmiguo��^ey�ijh\_^_gby�qbke_gguo�wdki_jbf_glh\�gZ^�a\_a^gu�
fb� kbkl_fZfb�� Kha^Zgb_� ijh]jZffu� Nbody6Pro� hldju\Z_l� \hafh`ghklb� ijh\_^_gby�
p_eh]h�deZkkZ��gh\uo�wdki_jbf_glh\��Ijh]jZffZ�j_rbeZ�ke_^mxsb_�ijh[e_fu� 

Hkms_kl\e_g� ]jZnbq_kdbc�\u\h^�j_amevlZlh\�fh^_ebjh\Zgby�gZ�dZ`^hf�rZ]_��
Wlh�iha\hey_l�e_]dh�dhgljhebjh\Zlv�ijhp_kk�fh^_ebjh\Zgby��Z�lZd`_�bgl_jZdlb\gh�gZ�
[ex^Zlv�aZ�ijhoh^ysbfb�\�a\_a^ghc�kbkl_f_�w\hexpbhggufb�ijhp_kkZfb� 

J_Zebah\Zg�FZkl_j�kha^Zgby�gZqZevguo�mkeh\bc�fh^_ebjh\Zgby��Hg�iha\hey_l�
e_]dh�b�^hklZlhqgh�[ukljh�knhjfbjh\Zlv�g_h[oh^bfmx�dhgnb]mjZpbx�\oh^guo�iZjZ�
f_ljh\��Djhf_� lh]h��FZkl_j�iha\hey_l� hl^_evgh� khojZgylv� wlb� dhgnb]mjZpbb��LZdbf�
h[jZahf�� \�ex[hc�fhf_gl�fh`gh� aZ]jmablv��hlj_^Zdlbjh\Zlv�b� aZimklblv�ex[mx� kha�
^Zggmx�jZg__�dhgnb]mjZpbx� 
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<�ijhp_kk_� jZ[hlu�gZ^�ijh]jZffhc� 1%RG\�Pro� \uy\e_gu�hrb[db� \�bkoh^ghf�
dh^_�Ze]hjblfZ�:jk_lZ��Wlb�hrb[db�[ueb�h[km`^_gu�k�Z\lhjhf�1ERG\��:jk_lhf�b�kh�
\f_klgh�mkljZg_gu��MkljZg_gb_�wlbo�hrb[hd�memqrbeh�klZ[bevghklv�b�dZq_kl\h�jZ[h�
lu�ijh]jZffu�:jk_lZ�Nbody6.  

JZkkqblZgZ�^bgZfbq_kdZy�w\hexpby�[eb`Zcr_]h�d�Khegpm�jZkk_yggh]h�kdhie_�
gby�=bZ^u�ih^�^_ckl\b_f� a\_a^guo� k[eb`_gbc�b�ijbeb\gh]h�ihey��^_ckl\mxs_]h� kh�
klhjhgu�=ZeZdlbdb��IhdZaZgh��qlh�ijb�gZqZevghc�fZkk_�wlh]h�kdhie_gby�ihjy^dZ������
kheg_qguo� m^Z_lky� h[tykgblv� kms_kl\h\Zgb_� \� [eb`Zcrbo� kheg_qguo� hdj_klghklyo�
^_kyldh\�a\_a^��jZg__�k\yaZgguo�kh�kdhie_gb_f�b�ihdbgm\rbo�_]h�\�oh^_�^bgZfbq_kdhc�
w\hexpbb� 

 
 
 
 

M>D���������������� 

HLDJULB?�B�BKKE?>H<:GB?�I?J?F?GGUO�A<,A> 

B]gZlv_\Z�L�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

P_ev� ^Zgghc� jZ[hlu� aZdexqZeZkv� \� hldjulb_� gh\uo� i_j_f_gguo� a\za^� b� bo�
^Zevg_cr_f�bkke_^h\Zgb_��>ey� wlh]h�bkihevah\Zebkv�nhlhieZklbgdb�ba�Fhkdh\kdh]h�
Zjob\Z�Zkljhnhlh]jZnbb� 

<� jZ[hl_� ijbf_gyeky� ihablb\gh-g_]Zlb\guc� f_lh^� ihbkdZ� i_j_f_gguo� a\_a^��
>Zevg_crb_� bkke_^h\Zgby� hldjuluo� i_j_f_gguo� ijh\h^behkv� k� ihfhsvx� ]eZahf_j�
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guo�hp_ghd�[e_kdZ�ih�f_lh^m�Ibdd_jbg]Z��DZ`^Zy�a\_a^Z�hp_gb\ZeZkv�ih�k_jbb�ba����– 
����nhlhieZklbghd�� 

<�j_amevlZl_�ijh^_eZgghc�jZ[hlu�[ueb�hlh[jZgu�ke_^mxsb_�q_luj_�a\za^u: 
 

mpg 
N�a\_a�
^u 

α(2000) δ(2000) Lbi 

max min 

JDmax I_jbh^ 

Var1 
h18 m20

3.37s  
°+ 9 62 ′
30 ′′  

Lb 9.13m  2.15m  _ _ 

Var2 
h18 m24

5.43s  
°+ 9 25 ′
02 ′′  

M 6.13m  < 0.15m  
2447390.

3 
d257  

Var3 
h18 m20

7.53s  

°+11
72 ′

6.45 ′′  
RRab 7.14m  5.15m  

2447419.
26 

641694.0d

 

V1543C
yg 

h21 m00
8.15s  

°+ 48
62 ′ 85 ′′  

DCep 9.13m  7.14m  
2443343.

07 
03029.2d

 

 
H^gZ�ba�wlbo�a\za^� �hdZaZeZkv�m`_�ba\_klghc�i_j_f_gghc�V1543Cyg��;eZ]h^Zjy�

gh\hc�hp_gd_�[e_kdZ� wlhc� a\_a^u�m^Zehkv�deZkkbnbpbjh\Zlv�_z�dZd�i_j_f_ggmx� lbiZ�
δ P_n_y� b�� l_f� kZfuf�� ihijZ\blv� g_m\_j_ggmx� deZkkbnbdZpbx� h[sbc� dZlZeh]� i_j_�
f_gguo�a\_a^��HDIA���HklZ\rb_ky�ljb�a\_a^u�hdZaZebkv�gh\ufb�i_j_f_ggufb��g_ijZ�
\bevghc�i_j_f_gghc��Lb���i_j_f_gghc�lbiZ�Fbju�DblZ��M��b�i_j_f_gghc�lbiZ�RR�Eb�
ju��RRab����_s_�g_�\g_k_ggufb�\�HDIA�� 

 
 
 

M>D������ 

IJH=GHABJH<:GB?�IHEH@?GBY�IHEXK:�A?FEB 
B�KDHJHKLB�??�<J:S?GBY 

Ahlh\�E�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<jZs_gb_�A_feb�y\ey_lky�keh`guf�ijhp_kkhf��gZ�dhlhjuc�\eby_l�[hevrh_�qbk�
eh�baf_gyxsboky�nZdlhjh\��Lhqgh_�ijh]ghabjh\Zgb_�iheh`_gby�ieZg_lu�b�__�m]eh\hc�
kdhjhklb� y\ey_lky� \Z`ghc� aZ^Zq_c�� j_r_gb_� dhlhjhc� g_h[oh^bfh� ^ey� Zkljhf_ljbb��
dhkfbq_kdhc�gZ\b]Zpbb�b�]_hnbabdb� 

K�jZa\blb_f�l_ogbdb�b�kj_^kl\�gZ[ex^_gbc�h[gZjm`beZkv�g_klZ[bevghklv�\jZ�
s_gby�A_feb��<�dhgp_�XIX �\_dZ�dhff_jkZglm�ba�D_f[jb^`Z�QZg^e_jm��ijhZgZebabjh�
\Z\r_fm�jy^u�rbjhlguo�gZ[ex^_gbc��m^Zehkv�h[gZjm`blv�dhe_[Zgb_�iheh`_gby�ih�
exkZ�k�i_jbh^hf�hdheh�����kmlhd�b�Zfieblm^hc�hdheh���f_ljh\��K�ihy\e_gb_f�\�k_j_�
^bg_�XX �\_dZ�Zlhfguo�qZkh\��h[gZjm`behkv�k_ahggh_�baf_g_gb_�^ebl_evghklb�kmlhd��
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^hoh^ys__�^h�g_kdhevdbo�fbeebk_dmg^��b�ihkl_i_ggh_�aZf_^e_gb_�kdhjhklb�\jZs_gby�
A_feb�ih^�^_ckl\b_f�ijbeb\h\��K_]h^gyrgb_�f_lh^u�gZ[ex^_gbc� k�bkihevah\Zgb_f��
JK>;��GPS�b�eZa_jghc�^Zevghf_ljbb�iha\heyxl�h[gZjm`blv�fbeebf_ljh\u_�hldehg_�
gby�\�iheh`_gbb�ihexkZ�b�fbdjhk_dmg^gu_�–�\�^ebl_evghklb�kmlhd�\�rbjhdhf�^bZiZ�
ahg_�qZklhl��hl�dhe_[Zgbc�k�i_jbh^hf�\�g_kdhevdh�qZkh\�^h�ijhbkoh^ysbo�aZ�\_dZ��Ba�
f_g_gby� \h� \jZs_gbb� A_feb� h[mkeh\e_gu� [hevrbf� qbkehf� \g_rgbo� b� \gmlj_ggbo�
ijhp_kkh\�� fgh]b_� ba� dhlhjuo� fZehbamq_ggu��G_ihklhygkl\h� fhf_glZ� \g_rgbo� kbe��
ijhp_kkh\�h[f_gZ�fhf_glhf�bfimevkZ�f_`^m�h[hehqdZfb�A_feb�ijb\h^bl�d�hldehg_�
gbx�]eZ\ghc�hkb�bg_jpbb�A_feb�hl�hkb�__�\jZs_gby�b�baf_g_gbx�kdhjhklb�\jZs_gby��
LZdbf�h[jZahf��\jZs_gb_�ieZg_lu�hljZ`Z_l�fgh`_kl\h�]_hnbabq_kdbo�b�Zkljhghfbq_�
kdbo� y\e_gbc��Wlhl�ijhp_kk�hlghkblky� d�qbkem�gZ[ex^Z_fuo��gh�iehoh�ijh]ghabjm_�
fuo��<�lh�`_�\j_fy��k�ihy\e_gb_f�kj_^kl\�kimlgbdh\hc�gZ\b]Zpbb�kZglbf_ljh\hc�lhq�
ghklb��ihklhygguc�fhgblhjbg]�b�ijh]gha�iheh`_gby�b�kdhjhklb�\jZs_gby�A_feb�klZeb�
qj_a\uqZcgh�\Z`gu�� 

Ex[h_�gZmqgh_�ijh]ghabjh\Zgb_�hkgh\u\Z_lky�gZ�h[gZjm`_gbb�khklZ\eyxsbo�
bkke_^m_fh]h� y\e_gby��f_gyxsboky�ih�g_dhlhjhfm�fZl_fZlbq_kdhfm� aZdhgm��hij_^_�
e_gbb� qbke_gguo� oZjZdl_jbklbd� wlh]h� aZdhgZ� b� wdkljZiheypbb� gZ� [m^ms__��Ijb� bk�
ihevah\Zgbb�fZl_fZlbq_kdh]h�ih^oh^Z�fh`_l�ihgZ^h[blvky�hij_^_e_gb_�[hevrh]h�dh�
ebq_kl\h�iZjZf_ljh\��H^gZdh�fh`gh�aZ]eygmlv�\�nbabq_kdmx�kmlv�y\e_gby��\uy\blv�^_�
l_jfbgbjh\Zggu_� khklZ\eyxsb_�� h[mkeh\e_ggu_� ^_ckl\b_f� g_dhlhjuo� nZdlhjh\� b�
kijh]ghabjh\Zlv� bo�� LZdhc� ijh]gha� fh`_l� hdZaZlvky� lhqg__� b� ijhs_��D� kh`Ze_gbx��
fh`gh�mdZaZlv�ebrv�h]jZgbq_ggh_�qbkeh�nZdlhjh\��\ebygb_�dhlhjuo�gZ�\jZs_gb_�A_f�
eb�q_ldh�hij_^_e_gh��Kj_^b�gbo�\ZjbZpbb�ijbeb\gh]h�ihl_gpbZeZ��ijb\h^ysb_�d�i_j_�
jZkij_^_e_gbx�fZkk��baf_g_gby�fhf_glZ�bfimevkZ�\_ljh\��l_q_gbc��]h^h\hc�pbde�\ha�
[m`^_gby�Zlfhkn_ju��y\e_gb_�El Nino��lZygb_�e_^gbdh\�b�^j��Ijh]gha�fgh]bo�ba�wlbo�
nZdlhjh\�djZldhkjhq_g�� Z�g_dhlhjuo��dZd��gZijbf_j�� a_fe_ljyk_gbc��ihdZ�\hh[s_�g_�
\hafh`_g��>Z`_�ijbjh^Z�kZfh]h�fhsgh]h�\h�\jZs_gbb�A_feb��qZg^e_jh\kdh]h�dhe_[Z�
gby��kqblZxs_]hky�ZgZeh]hf�k\h[h^gh]h�Wce_jh\kdh]h�dhe_[Zgby�Z[khexlgh�l\_j^h]h�
l_eZ��hklZ_lky�lmfZgghc��KqblZ_lky��qlh�hgh�y\ey_lky�j_ahgZgkguf��b�aZlmoeh�[u�\�hl�
kmlkl\b_�\g_rg_]h�\ha[m`^_gby�ba-aZ�\yadhklb�A_feb��M`_�[hevr_�\_dZ�\ukdZau\Zxlky�
jZaebqgu_�ij_^iheh`_gby�h�ijbjh^_�\ha[m`^Zxs_c�kbeu� >�@��GZ[ex^Z_fZy�i_j_f_g�
ghklv�Zfieblm^u�b�qZklhlu�wlh]h�dhe_[Zgby�fh`_l�[ulv�h[mkeh\e_gZ�dZd�i_j_f_ggh�
klvx�\g_rg_c�\ha[m`^Zxs_c�kbeu��lZd�b�__�keh`guf�khklZ\hf��G_dhlhju_�Z\lhju�\b�
^yl� \� Zlfhkn_jguo� b� hd_Zgbq_kdbo� ijhp_kkZo� hkgh\gmx� ijbqbgm�� \ha[m`^Zxsmx�
qZg^e_jh\kdh_� dhe_[Zgb_� >�@�� h^gZdh� hgh� \k_� _s_� hklZ_lky� aZ]Z^hqguf��Ihwlhfm�� gZ�
^Zgghf�wlZi_��^ey�ijh]ghabjh\Zgby�fu�\hkihevah\Zebkv�fZl_fZlbq_kdbf�fh^_ebjh\Z�
gb_f��hkgh\Zgghf�gZ� 

• <uy\e_gbb�lj_g^Z� 
• Hp_gd_�iZjZf_ljh\�g_dhlhjuo�]Zjfhgbq_kdbo�khklZ\eyxsbo� 
• Hp_gd_�iZjZf_ljh\�Z\lhj_]j_kkbhgghc�fh^_eb� 

Hq_\b^gh�� \ur_i_j_qbke_ggu_� f_lh^u� ih^oh^yl� ebrv� ^ey� klZpbhgZjghc� kh�
klZ\eyxs_c�ijhp_kkZ��G_klZpbhgZjgZy�qZklv�hklZ_lky�g_mql_gghc�� 

<� dZq_kl\_� bkoh^guo� ^Zgguo� ^ey� ^\moe_lg_]h� ijh]ghaZ� bkihevah\Zeky� [xee_�
l_gv�EOPC���F_`^mgZjh^ghc�Kem`[u�<jZs_gby�A_feb��FK<A���kh^_j`Zsbc�hp_gdb�
IZjZf_ljh\�<jZs_gby�A_feb��I<A��k�rZ]hf������]h^Z�gZ�bgl_j\Ze_�hdheh�����e_l��>ey�
djZldhkjhqgh]h�^\mof_kyqgh]h�ijh]ghaZ�bkihevah\Zeky�[xee_l_gv�EOPC���FK<A��gZ�
bgl_j\Ze_�hdheh����e_l��kh^_j`Zsbc�hp_gdb�I<A�k�rZ]hf�\�h^gb�kmldb��KgZqZeZ�fh^_�
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ebjh\Zeky�lj_g^�\lhjh]h�ihjy^dZ��iZjZf_lju�]h^h\h]h�dhe_[Zgby�\�^\b`_gbb�ihexkZ�
mlhqgyebkv�g_ebg_cguf�f_lh^hf�gZbf_gvrbo�d\Z^jZlh\��aZl_f�hklZlhqguc�jy^�fh^_�
ebjh\Zeky�ijhp_kkhf�Z\lhj_]j_kkbb�iylb^_kylh]h�ihjy^dZ��\ha[m`^Z_fh]h�]Zmkkh\kdbf�
rmfhf��GZ� jbkmgd_� ��ij_^klZ\e_g�ihemq_gguc�ijh]gha� dhhj^bgZl�ihexkZ� k� �����ih�
����� ]h^�� Z�gZ�jbkmgd_� �� -�^\mof_kyqguc�ijh]gha� kdhjhklb�\jZs_gby�A_feb��>Zggu_�
FK<A�aZ������]��[ueb�bkihevah\Zgu�^ey�hp_gdb�lhqghklb�ijh]ghaZ��FZdkbfZevgu_�hl�
dehg_gby�^he]hkjhqgh]h�ijh]ghaZ�aZ������]h^�khklZ\eyxl����fk�^m]b��DjZldhkjhqgh]h��
–�hdheh���fk�\j_f_gb��aZ�i_j\u_�^\_�g_^_eb���WlZ�lhqghklv�kjZ\gbfZ�k�ihemqZ_fhc�^jm�
]bfb�f_lh^Zfb��d�ijbf_jm��k�bkihevah\Zgb_f�g_cjhgguo�k_l_c�>�@��<�^Zevg_cr_f�ijh�
]gha�ieZgbjm_lky�memqrblv�k�mq_lhf�dhjj_eypbb�f_`^m�i_jbh^hf�b�qZklhlhc�qZg^e_�
jh\kdh]h�dhe_[Zgby�b�k�ijb\e_q_gb_f�f_lh^h\�\_c\e_l-ZgZebaZ�� 
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Jbkmghd���>\mof_kyqguc�ijh]gha�kdhjhklb�\jZs_gby�A_feb� 
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M>D���������� 

J?AMEVL:LU 
KH<F?KLGUO�HILBQ?KDBO�B�J?GL=?GH<KDBO�G:;EX>?GBC�

L?JFHY>?JGUO�<KIE?KDH< 
;:JKL?J:�GS 1826-���HK?GVX������=H>: 

F_s_jydh\�:�<. 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZ[hlZ�ihk\ys_gZ�bkke_^h\Zgbx�[Zjkl_jZ���lbiZ�GS1826-��� �l�_��l_kghc�^\hcghc�
kbkl_fu�kh�keZ[h�aZfZ]gbq_gghc�g_cljhgghc�a\_a^hc�\�dZq_kl\_�dhfiZdlgh]h�h[t_dlZ��gZ�
ih\_joghklb� dhlhjhc� j_]meyjgh� ijhbkoh^yl� \kie_kdb� l_jfhy^_jgh]h� ]hj_gby� \_s_kl\Z��
gZdhie_ggh]h�\�j_amevlZl_�Zddj_pbb��ih�fZl_jbZem�kh\f_klguo�hilbq_kdbo�b�j_gl]_gh\�
kdbo�gZ[ex^_gbc��J_gl]_gh\kdbc�bklhqgbd�GS 1826-���[ue�hldjul�kh�kimlgbdZ�GINGA�\�
����� ]�� J_]meyjgu_� j_gl]_gh\kdb_� \kie_kdb� �� lbiZ� gZ[ex^Zxlky� k� ����� ]��Hilbq_kdbc�
dhfiZgvhg�[Zjkl_jZ�[ue�hldjul�\������]��<kie_kdb�[Zjkl_jZ�\�hilbq_kdhf�^bZiZahg_�gZ�
[ex^Zebkv�\k_]h�^\Z`^u�� 

Hilbq_kdb_� nhlhf_ljbq_kdb_� �nbevlj� R�� gZ[ex^_gby� ijhoh^beb� gZ� jhkkbckdh-
lmj_pdhf����f�l_e_kdhi_�JLL-����\�l_q_gb_�g_^_eb�k���ih����k_gly[jy��Z�lZd`_�����b����hd�
ly[jy������]h^Z��J_gl]_gh\kdhc�h[k_j\Zlhjb_c�RXTE�h[t_dl�gZ[ex^Zeky�\�l_q_gb_�qZkZ�
01:18-������87�����k_gly[jy������]h^Z��qlh�gZ���qZkh\�hlklhbl�hl�gZ[ex^_gby�JLL-150 10 
k_gly[jy��Ba-aZ�h]jZgbq_gbc��k\yaZgZguo�k�\b^bfhklvx�bklhqgbdZ�k�l_e_kdhiZ�JLL-����g_�
m^Zehkv�hj]Zgbah\Zlv�kljh]h�h^gh\j_f_ggu_�gZ[ex^_gby�j_gl]_gh\kdh]h�\kie_kdZ�� 

GZ[ex^Z_fZy� \_ebqbgZ� hilbq_kdh]h� dhfiZgvhgZ� *6����-��� \�nbevlj_� 5�� mkj_^�
g_ggZy�aZ�\k_�\j_fy�gZ[ex^_gbc��khklZ\beZ�PR≈18.2m

��Bkke_^h\Zgb_�^he]hi_jbh^bq_kdhc�
i_j_f_gghklb�hilbq_kdhc�djb\hc�[e_kdZ�*6����-���[m^_l�ijb\_^_gh�\�hl^_evghc�jZ[hl_��
<���gZ[ex^_gbyo�������������k_gly[jy�b��������hdly[jy�gZ�djb\hc�[e_kdZ�\b^gu�hilbq_kdb_�
\kie_kdb��<�fZdkbfmf_�\kiurdb�a\_a^gZy�\_ebqbgZ�h[t_dlZ�\�nbevlj_�R�mf_gvrZ_lky�gZ�
≈0.5m ih� kjZ\g_gbx� kh� a\_a^ghc�\_ebqbghc�\� kihdhcghf� khklhygbb��Bkihevamy�\j_f_gZ�
fZdkbfmfh\�hilbq_kdbo�\kie_kdh\�������������k_gly[jy��Z�lZd`_�j_gl]_gh\kdbc�\kie_kd��aZ�
j_]bkljbjh\Zgguc� ��� k_gly[jy� kh� kimlgbdZ�RXTE�� [ue� hij_^_e_g� gZb[he__� \_jhylguc�
d\Zabi_jbh^�\kie_kdh\��\�k_gly[j_�����]���������-����qZkZ��;ueb�hij_^_e_gu�oZjZdl_jgu_�
\j_f_gZ�wdkihg_gpbZevgh]h�kiZ^Z�ihlhdZ�\h�\kie_kd_�\�hilbq_kdhf�b�j_gl]_gh\kdhf�^bZ�
iZahg_��Bkihevamy� \j_f_gZ� fZdkbfmfh\� \kie_kdh\� [ue� hij_^_e_g� gZb[he__� \_jhylguc�
d\Zabi_jbh^�\kie_kdh\� �\�k_gly[j_�����]���������-����qZkZ�b�oZjZdl_jgu_�\j_f_gZ�wdkih�
g_gpbZevgh]h�kiZ^Z�ihlhdZ�\h�\kie_kd_�\�hilbq_kdhf�b�j_gl]_gh\kdhf�^bZiZahg_��Bkihev�
amy�ijhklmx�fh^_ev�klZg^Zjlgh]h�Zddj_pbhggh]h�^bkdZ�k�ijh]j_\hf�ihevamykv�^Zggufb�
gZ[ex^_gbc�\kie_kdh\�[ueb�ihemq_gu�h]jZgbq_gby�gZ�iZjZf_lju��jZ^bmk�Zddj_pbhggh]h�
^bkdZ�5out�b�_]h�lhesbgZ�gZ�\g_rg_f�djZ_��H/R)out�\�kbkl_f_�GS1826-���jbk�����Ihevamykv�
wlbf�j_amevlZlhf��\�ij_^iheh`_gbb��H/R)out≈�����[ueZ�k^_eZgZ�hp_gdZ��\g_rg_]h�jZ^bmkZ�
^bkdZ�5out ≈4e10/[cos(i)]1/2

�kf�beb�≈0.6 Rsun/[cos(i)]1/2
��]^_�L�-�gZdehg_gb_�hj[blu�^\hcghc��

LZd`_�[ueZ�k^_eZgZ�]jm[Zy�hp_gdZ�gZdehg_gby�hj[blu�GS1826-24: i ∼70o–80o. 
>hdeZ^�ij_^klZ\e_g�gZ�hkgh\_�jZ[hlu��:�<�F_r_jydh\��B�F�OZfblh\��F�=��J_\�

gb\p_\��J�:��;mj_gbg��F�J��=bevnZgh\��F�G��IZ\ebgkdbc��J�:��Kxgy_\��A��:keZg�³Hi�
lbq_kdb_�b�j_gl]_gh\kdb_�gZ[ex^_gby�l_jfhy^_jguo�\kie_kdh\�[Zjkl_jZ�GS 1826-���\�
k_gly[j_-hdly[j_������]�´��IbkvfZ�\�:kljhghfbq_kdbc�@mjgZe��\�i_qZlb�� 
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M>D����������� 

FH>?EBJH<:GB?�J:;HLU�LJ?DH<H=H�A?JD:E:�>?L?DLHJ:�
>EY�BKKE?>H<:GBY�DHKFBQ?KDBO�EMQ?C 

IJ?>?EVGH�<UKHDBO�WG?J=BC 

∗Debfh\�I�:� 

F=M�bf�Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bamq_gb_�Dhkfbq_kdbo�Emq_c�Ij_^_evgh�<ukhdbo�Wg_j]bc� �DEI<W��y\ey_lky�
\Z`ghc�Zkljhnbabq_kdhc�ijh[e_fhc��Hkgh\gufb�aZ^ZqZfb�y\eyxlky�\uykg_gb_�bklhq�
gbdh\� DEI<W�� f_oZgbafh\� mkdhj_gby� qZklbp� \� dhkfhk_� b� kms_kl\m_l� eb� h[j_aZgb_��

ki_dljZ�DE�ijb�wg_j]byo�[hevr_� w<19105⋅ ��=AD�ij_^_e���Bamq_gb_�wlbo�\hijhkh\�hk�

eh`gy_lky�gbadhc�bgl_gkb\ghklvx�kh[ulbc��qZklbpu�k�wg_j]b_c�\ur_� w<2010 �ijboh�

^yl� �� jZa� \� ]h^�gZ� �� df2
��Kh\j_f_ggu_�gZa_fgu_� mklZgh\db�� j_]bkljbjmxsb_�DE�ih�

rbjhdbf� Zlfhkn_jguf� eb\gyf� �R:E���g_� kfh]ml� \� h[hajbfhf� [m^ms_f� h[_ki_qblv�
gZk�^hklZlhqghc�klZlbklbdhc�kh[ulbc� 

<�k\yab�k�wlbf�[ue�ij_^eh`_g�f_lh^�gZ[ex^_gby�R:E�k�bkdmkkl\_gguo�kiml�
gbdh\�A_feb�ih�nemhj_kp_glghfm�baemq_gbx� -�baemq_gbx�fhe_dme�ZahlZ��\ha[m`^zg�
guo�qZklbpZfb�R:E��<�gZklhys__�\j_fy�\�GBBYN�F=M�ih^]hlZ\eb\Z_lky�ih^h[guc�
dhkfbq_kdbc�wdki_jbf_gl�LMK�>�@�b�h^ghc�ba�aZ^Zq�wlhc�jZ[hlu�y\ey_lky�jZajZ[hldZ�b�
fh^_ebjh\Zgb_� a_jdZeZ-dhgp_gljZlhjZ�� kh[bjZxs_]h� k\_l�gZ�nhlhijb_fgbd� �fZljbpm�
ba�NWM���LjZ^bpbhggh_�iZjZ[hebq_kdh_�a_jdZeh�g_m^h[gh�^ey�bkihevah\Zgby�\�hldju�
lhf�dhkfbq_kdhf�wdki_jbf_gl_�ba-aZ�[hevrbo�jZaf_jh\��keh`ghc�nhjfu�b�g_m^h[kl\_�
\�h[jZs_gbb�k�gbf�gZ�hj[bl_��Ihwlhfm�ihy\beZkv�b^_y�bkihevah\Zlv�a_jdZeh�Nj_g_ey��
Z�iha^g__�[ueh�ij_^eh`_gh�b�lj_dh\h_�a_jdZeh�[2]. 

Dhgkljmdlb\gh�lj_dh\h_�a_jdZeh�ij_^klZ\ey_l�kh[hc�iehkdmx�fZljbpm�ba�fbdjh�
a_jdZe� ����×����fdf���dhlhju_�kihkh[gu�ih\hjZqb\Zlvky�\hdjm]�^\mo�hk_c�ih^�^_ckl�
\b_f�we_dljbq_kdh]h�kb]gZeZ��Kdhjhklv�ih\hjhlZ�a_jdZe�- 1°�\�fbdjhk_dmg^m��Ih\hjhl�
dZ`^h]h�fbdjh�a_jdZeZ�aZ^Zzlky�k�ihfhsvx�^\mo�m]eh\��α�b�β).  

<�gZklhys_c�jZ[hl_�[ueh�ijh\_^_gh�dhfivxl_jgh_�fh^_ebjh\Zgb_�jZ[hlu�lj_�
dh\h]h�a_jdZeZ�b�kjZ\g_gb_�g_dhlhjuo�_]h�oZjZdl_jbklbd�k�iZjZ[hebq_kdbf�� 

<� klZpbhgZjghf� j_`bf_��fbdjh� a_jdZeZ�jZkiheh`_gu� lZd��qlh[u� kh[bjZlv�iZ�
^Zxsbc�i_ji_g^bdmeyjgh�d�iehkdhklb�a_jdZeZ�k\_l�\�h^gm�lhqdm��GZijZ\e_gb_�ijboh^Z�
k\_lZ�hl�[_kdhg_qgh�m^Ze_ggh]h�bklhqgbdZ�aZ^Zzlky�a_gblguf�b�ZabfmlZevguf�m]eZfb��

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 

 

:LHFG:Y�B�Y>?JG:Y�NBABD: 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��DZiblhgh\�B]hjv�FboZceh\bq 
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Jbk��� Bah[jZ`_gby�� ihemqZ_fu_� \� nhdZevghc� iehk-
dhklb�ijb�jZaguo�a_gblguo�m]eZo���Z��–0°���[��– 5°���\��– 
10°��nhdmkgh_�jZkklhygb_� a_jdZeZ� ����f��iehsZ^v� a_j�
dZeZ���f2 

Bah[jZ`_gby� bklhqgbdZ�� ihemqZ-
_fu_� ijb� jZaguo� a_gblguo� m]eZo��
ij_^klZ\e_gu�gZ�jbk���� 

DZd� \b^gh�� q_f� ^Zevr_� hl�
hilbq_kdhc� hkb�� l_f� kbevg__�
ijhy\ey_lky�keh`gZy�kljmdlmjZ�ba-
h[jZ`_gby�� Z� _]h� jZaf_ju� m\_eb-
qb\Zxlky� 

Ij_bfms_kl\hf� lj_dh\h]h�
a_jdZeZ�� y\ey_lky� lh�� qlh� fh`gh�
[ukljh� �k�ihfhsvx� we_dljbq_kdbo�
kb]gZeh\��� ih\hjZqb\Zy�fbdjh� a_j�
dZeZ�� gZkljhblv� _]h� lZd�� qlh� bah�
[jZ`_gb_� knhdmkbjm_lky� \� ex[mx�
aZ^Zggmx�lhqdm��LZd�dZd�fu�g_�agZ�
_f� aZjZg__� gZijZ\e_gby� ijboh^Z�
k\_lZ�� lh� gZf� gm`gh� _]h� kgZqZeZ�
hij_^_eblv� k� ihfhsvx� a_jdZeZ� \�
klZpbhgZjghf� iheh`_gbb�� Z� aZl_f�
i_j_kljhblv�a_jdZeh�lZd��qlh[u�ih�
emqblv� [he__� lhqgh_� gZijZ\e_gb_�
gZ�bklhqgbd��<�k\yab�k� wlbf��[ueh�
j_r_gh�bkihevah\Zlv�f_lh^�ihke_�
^h\Zl_evguo� ijb[eb`_gbc�� >ey�
wlh]h�fu�baf_gbeb�kljmdlmjm�ijb�
_fgbdZ� k\_lZ� \�nhdZevghc� iehkdh�
klb�� jZaf_ju� yq__d� �NWM�� mf_gv�
rZxlky�d�p_gljm��l�_��\�p_glj_�m\_�
ebqb\Z_lky� lhqghklv� baf_j_gby��
Ijb[eb`_ggh_� gZijZ\e_gb_� gZ� bk�
lhqgbd�k\_lZ�kgZqZeZ�hij_^_ey_lky�
ih� ihdZaZgbyf� [hevrbo� NWM�� Ih�
gZc^_gghfm� ijb[eb`zgghfm� gZ�
ijZ\e_gbx� ijboh^Z� k\_lZ� nhjfb�
jmxlky� mijZ\eyxsb_� we_dljbq_�
kdb_� kb]gZeu� ^ey� dZ`^h]h� fbdjh�
a_jdZeZ�� ih^� ^_ckl\b_f� dhlhjuo�
hgb�ih\hjZqb\Zxlky�gZ�gm`gu_�m]�
eu� –� a_jdZeh� gZkljZb\Z_lky� gZ� bk�
lhqgbd��Ijb� wlhf�bah[jZ`_gb_�i_�
j_[jZku\Z_lky�\�p_gljZevgmx�qZklv�
nhdZevghc� iehkdhklb�� ]^_� jZkih�
eh`_gu�yq_cdb�f_gvrbo�jZaf_jh\��
<�gh\hf�iheh`_gbb�a_jdZe�_s_�jZa�
hij_^_eyxlky� a_gblguc� b� Zabfm�
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lZevguc�m]eu�iZ^_gby�k\_lZ��gh�m`_�[he__�lhq�
gh�� LZdhc� bl_jZpbhgguc� ijhp_kk� fh`gh� ijh�
^he`Zlv� ^Ze__�� gh� ijb� fh^_ebjh\Zgbb� [ueh�
ihdZaZgh��qlh�^hklZlhqgh�k^_eZlv��-��bl_jZpbb��
Ijbf_j� mf_gvr_gby� hlghkbl_evghc� hrb[db�
baf_j_gby� a_gblgh]h� m]eZ� \� bl_jZpbhgghf�
ijhp_kk_�ijb\_^zg�gZ�jbk��� 

Ijhp_kk� i_j_kljhcdb� a_jdZeZ� ijhba\h�
^blky�aZ�hq_gv�fZeh_�\j_fy��Kdhjhklv�ih\hjhlZ�
fbdjh�a_jdZeZ��khklZ\ey_l��°�aZ���fdk��Ijb�fh�
^_ebjh\Zgbb�m^Zehkv�ihdZaZlv��qlh�^ey�ih\hjh�
lZ�hkb�a_jdZeZ�gZ�g_dhlhjuc�m]he���\k_�fbdjh�
a_jdZeZ� g_h[oh^bfh� ih\_jgmlv� gZ� m]he�� \^\h_�
f_gvrbc�� qlh� m\_ebqb\Z_l� [ukljh^_ckl\b_��
AZf_lbf��qlh�ih\hjhl�iZjZ[hebq_kdh]h�a_jdZeZ�
ijbrehkv�[u�p_ebdhf�ih\hjZqb\Zlv�gZ�m]he���� 

<�gZklhys__�\j_fy�ijhjZ[Zlu\Z_lky�Ze]hjblf�ke_`_gby�aZ�^\b`msbfky�h[t_d�
lhf��qlh�iha\hebl�kha^Zlv�mgbdZevguc�ijb[hj��gZ[ex^Zxsbc�aZ�jZa\blb_f�R:E�\�Zl�
fhkn_j_� 

Ih�i_j\uf�j_amevlZlZf�fh^_ebjh\Zgby� lj_dh\h]h� a_jdZeZ�fh`gh�hlf_lblv�p_�
euc�jy^�_]h�ij_bfms_kl\� 

1. Kms_kl\m_l�\hafh`ghklv�hi_jZlb\ghc�gZkljhcdb�gZ�bklhqgbd�k\_lZ��ijbqzf�
hgZ�g_�k\yaZgZ�k�ih\hjhlhf�fZkkb\ghc�dhgkljmdpbb��dZd�\�kemqZ_�iZjZ[hebq_kdh]h�a_j�
dZeZ���Dhgkljmdpby� a_jdZeZ�h[_ki_qb\Z_l�\ukhdh_�[ukljh^_ckl\b_�ijb�fZeuo�wg_j]_�
lbq_kdbo�aZljZlZo� 

2. >_l_dlhj��bkihevamxsbc�lj_dh\h_�a_jdZeh��fh`_l�h[eZ^Zlv�[hevrbf�ihe_f�
aj_gby� 

3. OhjhrZy�nhdmkbjh\dZ�iha\hebl�memqrblv�khhlghr_gb_�kb]gZe-rmf� 

Ebl_jZlmjZ� 
���N_^_jZevgZy�dhkfbq_kdZy�ijh]jZffZ�JN��wdki_jbf_gl�LMK��klj�����������]� 
2. I.H. Park, G.K. Garipov, B.A. Khrenov, Proc. ICRC-����7VXNXED��������������]� 

 

 

 

M>D�������������� 

DJBH=?GG:Y�KBKL?F:�GMDEHLJHG:��KHKLHYGB?�B�
IHKE?>GB?�MKH<?JR?GKL<H<:GBY 

<Zk_g_\Z�X�:���:]Zih\�G�G� 

H[t_^bg_gguc�Bgklblml�Y^_jguo�Bkke_^h\Zgbc��>m[gZ 

<\_^_gb_ 
Gmdehljhg� –� i_j\uc� [ukljhpbdebjmxsbc� kbgojhljhg� kh� k\_joijh\h^ysbfb�

fZ]gblZfb��ij_^gZagZq_gguc�^ey�ihemq_gby�imqdh\�fgh]haZjy^guo�bhgh\�b�ly`_euo�
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Jbk��� AZ\bkbfhklv� hlghkbl_evghc�
hrb[db�hl�ghf_jZ�bl_jZpbb�^ey�a_gbl�
gh]h�m]eZ���° 
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y^_j��Hg�[ue�ihkljh_g� \�E<W�HBYB� \�i_jbh^� �����–� ����� ]]��Hkgh\gu_�iZjZf_lju�
GmdehljhgZ�ijb\_^_gu�\�>�@� 

Djbh]_ggZy�kbkl_fZ�dhevpZ�gmdehljhgZ 
IjbgpbibZevgZy�ko_fZ�djbhklZlbjh\Zgby�mkdhjbl_ey�ij_^klZ\e_gZ�gZ�jbk�����<�

hkgh\m�djbh]_gghc�kbkl_fu�iheh`_gu�ljb�]_eb_\uo�j_njb`_jZlhjZ�D=M�– 1600/4,5.  
 
 

 
 
 

Jbk�����IjbgpbibZevgZy�ko_fZ�djbh]_gghc�]_eb_\hc�kbkl_fu�GmdehljhgZ� 
1 –�\Zdmmfguc�dh`mo����–�l_iehaZsblguc�wdjZg����–�dhee_dlhj�ijyfh]h�ihlhdZ����–�dhee_dlhj�h[�
jZlgh]h�ihlhdZ����–�^bihevguc�fZ]gbl����–�d\Z^jmihevguc�fZ]gbl����–�i_j_hoeZ^bl_ev����–�k_iZjZ�
lhj����–�[ehd�hoeZ`^_gby�D=M�– 1600/4,5; 10 –�]Za]hev^_ju�����–�j_kb\_ju�����–�ihjrg_\u_�dhf�
ij_kkhju�����–�ihjrg_\u_�dhfij_kkhju�����–�ihjrg_\hc�dhfij_kkhj�����–�[ehd�hqbkldb�hl�fZkeZ�b�����
\eZ]b�FH�– 800, 16 –�\bglh\hc�dhfij_kkhj�©DZkdZ^�– 80/25» 

 
 

Dhevp_\Zy�fZ]gblhdjbhklZlgZy�kbkl_fZ 
We_f_glu�fZ]gblghc�hilbdb�mkdhjbl_ey��Z�lZd`_�]_eb_\u_�dhee_dlhju�ijyfh]h�

b�h[jZlgh]h�ihlhdh\�jZaf_s_gu�\�dhevp_\hf�djbhklZl_��h[jZam_fhf�]hjbahglZevgufb�
pbebg^jbq_kdbfb�mqZkldZfb�ba�g_j`Z\_xs_c�klZeb��Djhf_�lh]h��ih�\k_fm�i_jbf_ljm�
dhevp_\h]h� djbhklZlZ� bf__lky� l_iehaZsblguc� wdjZg�� hoeZ`^Z_fuc� `b^dbf� Zahlhf��
Pbebg^jbq_kdb_�mqZkldb�bf_xl�^ebgu��khhl\_lkl\mxsb_�^ebgZf�fZ]gblh\��b�\�k[hj_�
h[jZamxl�fZ]gblhdjbhklZlgu_�[ehdb��dhlhju_�kh_^bgyxlky�f_`^m�kh[hc��Bf__lky�ljb�
lbiZ�fZ]gblhdjbhklZlguo�[ehdh\��^bihevguo��nhdmkbjmxsbo�b�^_nhdmkbjmxsbo�fZ]�
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gblh\��<�Gmdehljhg_�bkihevamxlky�fZ]gblu��hkgh\gufb�we_f_glZfb�dhlhjh]h�y\eyxl�
ky�k\_joijh\h^ysZy�h[fhldZ�b�`_e_agh�yjfh��h[_ki_qb\Zxs__�fZ]gblgh_�ihe_�\ukh�
dhc�h^ghjh^ghklb�b�\hkijbgbfZxs__�fZ]gblgu_�kbeu��^_ckl\mxsb_�gZ�h[fhldm�� 

DjbhklZlbjh\Zgb_�^\monZaguf�ihlhdhf�]_eby 
Dhevph�GmdehljhgZ�khklhbl�ba����^bihevguo�fZ]gblh\�����d\Z^jmihevguo�ebga��

���fmevlbihevguo�dhjj_dlhjh\�k�lj_fy�beb�q_lujvfy�lbiZfb�h[fhlhd�\�dZ`^hf��?]h�
djbhklZlbjh\Zgb_� ijb� l_fi_jZlmj_� hdheh� ����D� hkms_kl\ey_lky� pbjdmeypb_c� ihlhdZ�
dbiys_]h�]_eby�ih�jZkiheh`_gguf�\gmljb�h[fhlhd�iZjZee_evguf�dZgZeZf�� 

IZjZee_evgh_�kh_^bg_gb_�\k_o�dZgZeh\�hoeZ`^_gby 
DZd�ihdZaZgh�gZ�jbk�����dZ`^uc�ba�fZ]gblh\�iblZ_lky�`b^dbf�]_eb_f�ba�dhee_d�

lhjZ��ijheh`_ggh]h�ih�\k_c�^ebg_�mkdhjbl_ey��<\b^m�jZ[hlu�GmdehljhgZ�k�iZjZf_ljZ�
fb��hlebqZxsbfbky�hl�ijh_dlguo��b�jZaebqbc�\�dhgnb]mjZpbyo�fZ]gblh\�dhevpZ��\ha�
fh`gh� g_jZ\ghf_jgh_� jZkij_^_e_gb_� ihlhdh\� ih� iZjZee_evguf� dZgZeZf� Wlh�fh`_l�
ijb\h^blv�d�iheghfm�bkiZj_gbx�`b^dhklb�\�dZdhf-eb[h�hl^_evghf�dZgZe_�k�ih\ur_�
gb_f�l_fi_jZlmju�ihlhdZ�\�g_f�b��ke_^h\Zl_evgh��ihl_j_c�k\_joijh\h^bfhklb�\�khhl�
\_lkl\mxs_f�fZ]gbl_��LZdZy�kblmZpby�qZklh�gZ[ex^ZeZkv�\�oh^_�wdkiemZlZpbb�Gmdeh�
ljhgZ�\�l_q_gb_������–������]]��<������]h^m�\�ko_fm�djbhklZlbjh\Zgby�mkdhjbl_ey�[ueb�
\dexq_gu�kljmcgu_�ZiiZjZlu�JP� �jbk���� >���@��Ihemq_gguc�ijb�wlhf�^hihegbl_evguc�
ihlhd�`b^dh]h�]_eby�iha\hebe�g_�lhevdh�ij_h^he_lv�mdZaZggu_�\ur_�ljm^ghklb��gh�b�
agZqbl_evgh�kgbablv�jZkoh^�wg_j]bb�>�@��GZ�jbk����ij_^klZ\e_g�q_jl_`�jZajZ[hlZggh]h�
gZfb�b�\g_k_ggh]h�\�ko_fm�djbhklZlbjh\Zgby�GmdehljhgZ�kljmcgh]h�ZiiZjZlZ�� 

 
 

 
 

Jbk�����Kljmcguc�gZkhk����–�khieh����–�pbebg^jbq_kdZy�
dZf_jZ�kf_r_gby����–�^bnnmahj 

 
 

Dhjhldh_�\j_fy�hoeZ`^_gby 
>ey�fZ]gblh\�GmdehljhgZ� g_l� h]jZgbq_gbc� ih� \j_f_gb� hoeZ`^_gby� \� k\yab� k�

l_fi_jZlmjgufb�]jZ^b_glZfb�b�gZijy`_gbyfb�\�dhgkljmdpbyo��<k_�hgb�ijhoh^beb�bk�
iulZgby�ijb�\j_f_gb�hoeZ`^_gby�^h�]_eb_\uo�l_fi_jZlmj�g_�[he__����qZkh\��Ihwlhfm�
\ky�fZ]gblgZy�kbkl_fZ�mkdhjbl_ey�hoeZ`^Z_lky�aZ�fbgbfZevgh�\hafh`gh_�\j_fy��:gZ�
eba�ihdZaZe��qlh�gZb[he__�ijb_fe_fh����–�����qZkh\��Wlh�j_dhj^gh�dhjhldh_�\j_fy�ho�
eZ`^_gby�ih� kjZ\g_gbx� k� ZgZeh]bqgufb� kbkl_fZfb��Ko_fZ�bkihevam_l�ijbgm^bl_ev�
guc�ihlhd� ]Zahh[jZagh]h�]_eby��hoeZ`^_gguc�\�mklZgh\dZo�D=M�– 16�������ihkj_^kl�
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\hf� bkiZj_gby� hdheh� ���f3
� aZjZg__� aZiZk_ggh]h�`b^dh]h� ZahlZ��Ijhp_kk� hoeZ`^_gby�

j_Zebam_lky�[_a�dZdh]h-eb[h�^hihegbl_evgh]h�h[hjm^h\Zgby��Ijyfhc�b�h[jZlguc�ihlh�
db�bf_xl�l_�`_�gZijZ\e_gby��qlh�b�ijb�h[uqghc�jZ[hl_�\�ghfbgZevghf�j_`bf_��lh�_klv�
ijb�djbhklZlbjh\Zgbb�fZ]gblh\�gZ�]_eb_\hf�l_fi_jZlmjghf�mjh\g_�>�@� 

AZdexq_gb_ 
Djbh]_ggZy�kbkl_fZ�GmdehljhgZ�y\ey_lky�ijh_dlhf�k�[hevrbf�dhebq_kl\hf�jZ�

g__�g_�ijbf_gy\rboky�l_ogbq_kdbo�b^_c�b�j_r_gbc��WlZ�kbkl_fZ�hibku\Z_lky�\�lZdbo�
l_jfbgZo�� dZd� ©[ukljhpbdebjmxsb_� k\_joijh\h^ysb_� fZ]gbluª�� ©djbhklZlbjh\Zgb_�
ihlhdhf�^\monZagh]h�]_ebyª��©\_kvfZ�dhjhldh_�\j_fy�hoeZ`^_gby�^h�jZ[hq_c�l_fi_jZ�
lmjuª��©iZjZee_evgh_�kh_^bg_gb_�\k_o�fZ]gblh\ª�b�^j��Wlb�l_ogbq_kdb_�j_r_gby�ih�
a\hebeb�kha^Zlv�g_�lhevdh�\_kvfZ�wnn_dlb\gmx�b�gZ^_`gmx�kbkl_fm��gh�b�k^_eZlv�__�
g_h[uqgh�^_r_\h��Wlh�ijbgpbibZevgh�\Z`gh�^ey�hkms_kl\bfhklb�[m^msbo�mkdhjbl_�
e_c�� 

Ebl_jZlmjZ 
1. :]Zih\� G�G�� Djbh]_ggu_� l_ogheh]bb� \� k\_joijh\h^ys_f� mkdhjbl_e_�

j_eylb\bklkdbo�y^_j�–�Gmdehljhg_�����WQ:Y��l������\ui�����k��760, 1999. 
2. N.N.Agapov et al. Study of a liquid helium jet pump for circulating refrigeration 

systems // Cryogenics, v. 18, p. 491, 1978. 
3. N. N. Agapov et al. Study of jet pump for circulating a helium two-phase mixture 

// Cryogenics, v. 20, p. 200, 1980. 
4. <Zk_g_\Z�X�:��b�^j��Ijbf_g_gb_�kljmcguo�ZiiZjZlh\�\�djbh]_gghc�kbkl_f_�

GmdehljhgZ�–�k\_joijh\h^ys_]h�mkdhjbl_ey�ly`_euo�y^_j����9,,�gZmqgZy�dhgn_j_gpby�
fheh^uo�mq_guo�b�ki_pbZebklh\�HBYB��k������������ 

5. N. N. Agapov et al. Development and operating experience of the Nuclotron cryo-
genic system //Proc. of the 16th Int. Cryog. Eng. Conf., vol. 1, p.139, 1996. 
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MKL:GH<D:�>EY�BKKE?>H<:GBY�<EBYGBY�;UKLJUO�
A:JY@?GGUO�Q:KLBP�G:�OBFBQ?KDB?�KBKL?FU� 

FH>?EBJMXSB?�@B<U?�HJ=:GBAFU 

Dhgxoh\Z�B��:� 

GZmqgh-bkke_^h\Zl_evkdbc�bgklblml�y^_jghc�nbabdb�F=M�bf��F�<��

Ehfhghkh\Z� 

<�ihke_^g__�\j_fy�ijhy\ey_lky� agZqbl_evguc�bgl_j_k�d�f_oZgbafZf�\ha^_ckl�
\by�gZ�khklhygb_�kbkl_f�hj]ZgbafZ�lZdbo�wdklj_fZevguo�nZdlhjh\�nbabq_kdhc�ijbjh�
^u��dZd�bhgbabjmxs__�b�g_bhgbabjmxs__�baemq_gby�b�ih\ur_ggh_�^Z\e_gb_��Bkke_�
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^h\Zgby� bf_xl�nmg^Zf_glZevgmx� agZqbfhklv� b� \Z`gu� ^ey� ijZdlbdb� �gZijbf_j�� ^ey�
ibehlbjm_fuo�dhkfbq_kdbo�ihe_lh\��]em[hdh\h^guo�jZ[hl�b�l��^��� 

�Ba\_klgh�� qlh� Z\lhdhe_[Zgby� b� Z\lh\hegu�� \hagbdZxsb_� \� oh^_� ]hfh]_gguo�
obfbq_kdbo�j_Zdpbc��fh^_ebjmxl�fgh`_kl\h�ijhp_kkh\�\�`b\uo�kbkl_fZo��Bkke_^h\Z�
gb_�\ha^_ckl\by�gZ�wlb�j_Zdpbb�l_o�beb�bguo�wdklj_fZevguo�mkeh\bc��\klj_qZxsboky�
gZ� ijZdlbd_�� iha\hey_l� ijhfh^_ebjh\Zlv� baf_g_gby� koh^guo� ijhp_kkh\� \� hj]Zgbaf_��
dhlhjuc�ih^\_j]Z_lky�lZdbf�\ha^_ckl\byf� 

�GZfb�bamqZehkv�\ebygb_�gZ�Z\lh\hegh\u_�b�Z\lhdhe_[Zl_evgu_�ijhp_kku�lZdbo�
wdklj_fZevguo�nZdlhjh\��dZd� aZjy`_ggu_�qZklbpu�k�\ukhdbfb�\_ebqbgZfb�ebg_cghc�
i_j_^Zqb�wg_j]bb��EIW��b�ih\ur_ggh_�^Z\e_gb_�� 

�<� gZklhys_c� jZ[hl_� hibku\Z_lky� mklZgh\dZ�� iha\heyxsZy� gZ[ex^Zlv� baf_g_�
gby�\�wlbo�ijhp_kkZo�ijb�h[emq_gbb�obfbq_kdbo�kf_k_c�imqdhf�α-qZklbp�b�^_cljhgh\�
ba����-kf�pbdehljhgZ�GBBYN�F=M��MklZgh\dZ�khklhbl�ba�^xjZe_\hc�pbebg^jbq_kdhc�
dZf_ju�k�lhgdbf�����fdf��eZ\kZgh\uf�\oh^guf�b�\uoh^guf�hdghf�^bZf_ljhf����ff��
IjhkljZgkl\h�f_`^m�hdgZfb�gZihegy_lky�bkke_^m_fhc�obfbq_kdhc�kf_kvx��JZkklhygb_�
f_`^m�hdgZfb�khklZ\ey_l�hdheh�����ff��<u\_^_gguc�gZ�\ha^mo�imqhd�qZklbp�ba�pbdeh�
ljhgZ�ihiZ^Z_l�gZ�\oh^gh_�hdgh��ijhoh^bl�q_j_a�kehc�jZkl\hjZ�b�\uoh^bl�ba�dZf_ju��
Lhd�qZklbp�khklZ\eye�hdheh���g:��<j_fy�h[emq_gby��-���fbg��Djbl_jbyfb�^ey�kjZ\g_�
gby� y\eyebkv�i_jbh^�dhe_[Zgbc�b� w\hexpby�dhe_[Zgbc��J_]bkljZpby�\_eZkv��\�hkgh\�
ghf�� hilbq_kdbfb�f_lh^Zfb�� \� lhf� qbke_� k�bkihevah\Zgb_f�web-dZf_j�b� aZibkvx�gZ�
dhfivxl_j�\�j_`bf_�j_Zevgh]h�\j_f_gb� 
<ha^_ckl\by�aZjy`_gguo�qZklbp�k�\ukhdbfb�\_ebqbgZfb�EIW�–�^_cljhgh\�b�α-qZklbp�
k� wg_j]b_c� ����Fw<�gmdehg� �fZdkbfZevgZy� wg_j]by� –� ���Fw<� ��EIW� –� ��Dw<�fdf� b�
\ur_�� b� ��� Fw<� �EIW� –� ��� Dw<�fdf� b� \ur_� khhl\_lkl\_ggh�� f_gyxl� oZjZdl_j�
Z\lhdhe_[Zgbc�b�Z\lh\heg� 

 

 

 

M>D����������� 

IJH<?JD:�IJ?>KD:A:GBC�L?HJBB�=HJYQ?=H�J:KKEH?GBY�G:�
;:A?�>:GGUO�G:;EX>?GBC�KIMLGBD:�:J?HE-3 

?jfZdh\Z�G�H� 

F=M�bf�F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ij_^klZ\e_gu�j_amevlZlu�ZgZebaZ�ijhp_kkh\�jZkkeh_gby�]hjyq_c�fZ]gblhkn_j�
ghc�ieZafu�gZ�[Za_�^Zgguo�kimlgbdZ�:j_he-3. Kimlgbd�:j_he-��ijh\h^be� �baf_j_gby�
gZ�iheyjghc�hj[bl_�k�gZdehg_gb_f�����°��i_jb]__f�����df�b�Zih]__f�k�ghy[jy������ih�
^_dZ[jv������]��Ihlhdb�qZklbp�baf_jyebkv�ijb[hjhf�KI?DLJH��Ijb[hj�\dexqZe�jy^�
we_dljhklZlbq_kdbo� ki_dljhf_ljh\��ijh\h^b\rbo�baf_j_gby� \� wg_j]_lbq_kdhf�^bZiZ�
ahg_�����-���dw<��b�^\mo�wg_j]hfZkki_dljhf_ljh\��BHG��b�BHG����iha\hey\rbo�jZa^_�
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eylv�bhgu�++, He+
�b�2+

�k�wg_j]byfb�hl����w<�aZjy^�^h����dw<�aZjy^��kf�>�@���Baf_j_gby�
lj_o�dhfihg_gl�fZ]gblgh]h�ihey�ijh\h^behkv�bgkljmf_glhf�75$&��kf�>�@�� 

<bamZevguc� ZgZeba� [he__� q_f� ����� i_j_k_q_gbc� Z\jhjZevgh]h� h\ZeZ� iha\hebe�
\u^_eblv�fgh]hqbke_ggu_�kemqZb�\hagbdgh\_gby�kljmdlmj�lbiZ�i_j_\_jgmlh]h�V��;ueh�
ihdZaZgh��qlh�f_jb^bhgZevguc�fZkrlZ[�gZ[ex^Z_fuo�kljmdlmj�khklZ\ey_l���-����df��
>Zggu_�ih�baf_j_gbyf�ihlhdh\�qZklbp�bkihevah\Zebkv�^ey�hij_^_e_gby�bgl_gkb\ghklb�
\ul_dZxs_]h�ijh^hevgh]h�lhdZ��ihemrbjbgu�ihehku�\ul_dZxs_]h�ijh^hevgh]h�lhdZ��
ijhbgl_]jbjh\Zgghc�ih�lhesbg_�^bgZfh-kehy�bhghkn_jghc�ijh\h^bfhklb�b�l_fi_jZ�
lmju�bhgh\�ieZaf_ggh]h�kehy��<�l_o�kemqZyo��dh]^Z�bf_ebkv�^Zggu_�fZ]gblguo�baf_�
j_gbc��gZ�hkgh\Zgbb�wlbo�^Zgguo�hij_^_eyeZkv�rbjhlgZy�ijhly`_gghklv�ihehku�\ul_�
dZxs_]h� ijh^hevgh]h� lhdZ�� Baf_jy_fu_� \_ebqbgu� bkihevah\Zebkv� ^ey� hij_^_e_gby�
iZjZf_ljZ� Λ e �b�kjZ\gb\Zebkv�kh� agZq_gbyfb� Λ ��ihemq_ggufb�l_hj_lbq_kdb��Hkgh\�

ghc�dhfihg_glghc�y\eyxlky�i_j\bqgu_�we_dljhgu� �l�_��we_dljhgu�bg`_dlbjm_fu_�ba�
ieZaf_ggh]h�kehy���mkdhjy_fu_�\�ijh^hevghf�iZ^_gbb�ihl_gpbZeZ��;ueb�bkihevah\Zgu�
ihdZaZgby�ijb[hjZ�TBE��^ey�hp_gdb�gZijZ\e_gguo�\\_jo�ihlhdh\�we_dljhgh\�k�wg_j�
]byfb���-������w<��<�klZlv_��kf�>�@��ihdZaZeb��qlh�\ul_dZxsbc�\\_jo�ijh^hevguc�lhd�
ij_bfms_kl\_ggh�i_j_ghkblky�]hjyqbfb�mkdhj_ggufb�fZ]gblhkn_jgufb�we_dljhgZfb��
Ijhbgl_]jbjh\ZggZy� ih� \ukhl_� ^bgZfh-kehy� ijh\h^bfhklv�I_^_jk_gZ� \uqbkeyeZkv� k�
bkihevah\Zgb_f�wfibjbq_kdbo�nhjfme�ij_^eh`_gguo� �kf�>���@���<k_�f_lh^u�ij_^kdZ�
au\Zxl� ijhihjpbhgZevghklv� ijh\h^bfhklb� dhjgx� ihlhdZ� wg_j]bb� \ukuiZxsboky�
we_dljhgh\�k�lhqghklvx�\� ��-15%. Ijb�jZkq_lZo�\_ebqbgu� kΛ �ij_^iheZ]Zehkv��qlh�\�

ijhp_kk_�jZkkeh_gby�khojZgyxlky�ihegZy�\_ebqbgZ�ijh^hevgh]h�lhdZ�b�rbjbgZ�ihehku�
ijh^hevgh]h� lhdZ�� bhghkn_jguc� lhd� aZfudZ_l� ijh^hevguc� lhd�� \� hkgh\ghf�� ihi_j_d�
ihehku�� Ih� ^Zgguf� kh� kimlgbdZ� Aj_he-�� gZ[ex^Zebkv� ��� h^bghqguo� kljmdlmj�� ���
^\hcguo�� ��� ljhcguo�� �� i_j_k_q_gbc� k� �� kljmdlmjZfb�� �� –� k� �� kljmdlmjZfb�� �� –� k� ��
kljmdlmjZfb��GZ[ex^Z_lky�kbkl_fZlbq_kdbc�jhkl�qbkeZ�kljmdlmj�k�m\_ebq_gb_f�Λ ��LZ�
dbf�h[jZahf��ihemq_ggu_�klZlbklbq_kdb_�j_amevlZlu�ih^l\_j`^Zxl�\u\h^u�ihemq_g�
gu_�jZg__�\�oh^_�ZgZebaZ�^Zgguo�kimlgbdZ�Bgl_jdhkfhk-;he]Zjby-������Ijh\_^_ggh_�
khihklZ\e_gb_�j_amevlZlh\�wdki_jbf_glZevguo�gZ[x^_gbc�k�ij_^kdZaZgbyfb�ebg_cghc�
l_hjbb�fh`_l�jZkkfZljb\Zlvky�lhevdh�dZd�i_j\uc�rZ]�\�bamq_gbb�ijhp_kkh\�nhjfbjh�
\Zgby�fmevlbie_lguo�kljmdlmj��<�p_ehf��ihemq_ggh_�dZq_kl\_ggh_�b�dhebq_kl\_ggh_�
kh]eZkb_� ij_^kdZaZgbc� l_hjbb� b� ^Zgguo� wdki_jbf_glZevguo� gZ[ex^_gbc�fh`_l� jZk�
kfZljb\Zlvky� \� dZq_kl\_�g_ijyfh]h�ih^l\_j`^_gby� kijZ\_^eb\hklb� mkeh\by�fZ]gblh�
klZlbq_kdh]h�jZ\gh\_kby�\�fZ]gblhkn_jghc�ieZaf_�\�fZ]gblhkhdhcguo�mkeh\byo��:gZ�
ebabjmy�\uqbke_gby�hkgh\gh]h�iZjZf_ljZ� kΛ ��k^_eZggu_�ih����kh[ulbyf��fh`gh�kdZ�

aZlv��qlh�\�����kemqZ_\�gZ[ex^Z_lky�memqr_gb_�kh\iZ^_gby�l_hj_lbq_kdbo�agZq_gbc�k�
wdki_jbf_glZevgufb�^Zggufb�� 
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2. Berthelier, J. J., F. Lefeuvre, M. M. Mogilevsky, O. A. Molchanov, Y. I. Galperin, 

J. F. Karczewski, R. Ney, G. Gogly, C. Guérin, M. Levêque, J.-M. Moreau, and F. X. Sené, 
Ann. Geophysicae, 38, 643-667, 1982.  



Ih^k_dpby�Zlhfghc�b�y^_jghc�nbabdb 

 

83 

3. Hoffman, R. A., M. Sugiura, and N. C. Maynard, , Adv. Space Res., 5, 109-126, 
1985. 

4. Harel M., R.A Wolf., P.H. Reiff, R.W. Spiro, W.J.Burke, F.I.Rich, M. Smiddy, J. 
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E?=DBC�;HAHG�OB==K:�<�7+'0�K�KJ�G:JMR?GB?F 

:of_laygh\Z�W�G� 

KZfZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

JZa\blZ�fh^_ev�k�h[h[s_gguf�^\mo^m[e_lguf�ob]]kh\kdbf�k_dlhjhf�k�gZjmr_�
gb_f�KJ�bg\ZjbZglghklb�ijb�\dexq_gbb�dhfie_dkguo�iZjZf_ljh\�\�dZeb[jh\hqgh�bg�
\ZjbZglguc�ob]]kh\kdbc�ihl_gpbZe� >�@��<�kmi_jkbff_ljbqguo�fh^_eyo� �0660��ob]]�
kh\kdbc�k_dlhj�^\mo^m[e_lguc��\ke_^kl\b_�wlh]h�ihy\eyxlky�ljb�g_cljZevguo�b�h^bg�
aZjy`_gguc�[hahgu�Ob]]kZ��<�7+'0�CP�bg\ZjbZglghklv�fh`_l�[ulv�gZjmr_gZ�qe_gZ�
fb�ihl_gpbZeZ��kh^_j`Zsbfb�jZagu_�^m[e_lu�k�dhfie_dkgufb�iZjZf_ljZfb��A^_kv�CP 
gZjmr_gb_�fh`_l� \hagbdgmlv� aZ� kq_l� i_j_f_rb\Zgby� \� gh\uo�nbabq_kdbo�fZkkh\uo�
khklhygbyo�CP�q_lguo�b�CP�g_q_lgh]h�[hahgh\�Ob]]kZ��qlh�ijb\h^bl�d�baf_g_gbyf�bo�
fZkk�b�\_jrbg�\aZbfh^_ckl\by�k�n_jfbhgZfb�b�k�dZeb[jh\hqgufb�[hahgZfb��<�kemqZ_�
0660�dhfie_dkgu_�iZjZf_lju�wnn_dlb\gh]h�^\mo^m[e_lgh]h�ihl_gpbZeZ�fh]ml�ihy\�
eylvky�ijb�mq_l_�\aZbfh^_ckl\by�[hahgh\�Ob]]kZ�kh�kdZeyjgufb�d\ZjdZfb��fy]dh�gZ�
jmrZxsbfb�kmi_jkbff_ljbx� 

JZkkqblZgu�fZkku��rbjbgu�jZkiZ^Z�b�hp_g_gh�k_q_gb_�jh`^_gby�[hahgh\�Ob]]�
kZ� \� kmi_jkbff_ljbqghc�fh^_eb� k�KJ� gZjmr_gb_f� ^ey� dheeZc^_jZ� /+&� b� we_dljhg-
ihabljhggh]h�dheeZc^_jZ��Ijh\_^_gh�^_lZevgh_�kjZ\g_gb_�k�j_amevlZlZfb�ijh]jZffu��
jZajZ[hlZgghc�\�jZ[hl_�>�@� 
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M>D������ 

K?Q?GBY�G?MIJM=BO�IJHP?KKH< 
IJB�KLHEDGH<?GBYO 

J?EYLB<BKLKDBO�KLJMDLMJGUO�FGH=HA:JY>GUO�BHGH< 
K�:LHF:FB 

=mkZj_\bq�?�K� 

Ihfhjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��F�<��Ehfhghkh\Z 

<� ^Zgghc� jZ[hl_� ij_^klZ\e_gh� l_hj_lbq_kdh_� bkke_^h\Zgb_� g_mijm]bo� ijh�
p_kkh\�� khijh\h`^Zxsbo� klhedgh\_gby� j_eylb\bklkdbo� kljmdlmjguo� fgh]haZjy^�
guo� bhgh\� k� ZlhfZfb�� A^_kv� ih^� kljmdlmjgufb� bhgZfb�ihgbfZxlky�bhgu�� khklhy�
sb_� ba� y^jZ� b� g_dhlhjh]h� dhebq_kl\Z� k\yaZgguo� we_dljhgh\�� qZklbqgh� dhfi_gkb�
jmxsbo�aZjy^�y^jZ�bhgZ�b�h[jZamxsbo�_]h�we_dljhggmx�³rm[m´��H[uqgh�lZdb_�bh�
gu� jZkkfZljb\Zxlky� dZd� lhq_qgu_� qZklbpu��Ihwlhfm� p_evx� gZr_]h� bkke_^h\Zgby�
[ueh�\uykgblv�dZd�\eby_l�mqzl�ijhly`zgghklb� aZjy^Z�bhgZ�gZ� k_q_gby�bgl_j_kmx�

sbo�gZk�g_mijm]bo�ijhp_kkh\� 
<�ij_^eZ]Z_fhf�bkke_^h\Zgbb�ihemq_gu�ke_^mxsb_�hkgh\gu_�gh\u_�j_amev�

lZlu� 
���GZ�hkgh\_�jZa\blh]h�gZfb�g_i_jlmj[Zlb\gh]h�f_lh^Z� >�� �@�\i_j\u_�ihem�

q_gu�ijhklu_� �\�g_dhlhjuo�kemqZyo�iheghklvx�ZgZeblbq_kdb_��\ujZ`_gby�^ey�jZk�
qzlZ�iheguo�b�^bnn_j_gpbZevguo�k_q_gbc��khhl\_lkl\mxsbo�bhgbaZpbb�Zlhfh\�\h�
^hjh^Z� b� ]_eby� j_eylb\bklkdbfb� kljmdlmjgufb� fgh]haZjy^gufb� bhgZfb�� Z� lZd`_�
lhjfh`_gby�j_eylb\bklkdh]h�kljmdlmjgh]h�fgh]haZjy^gh]h�bhgZ�gZ�Zlhf_�\h^hjh^Z� 

��� Ijhba\_^zg� qbke_gguc� jZkqzl� \ur_mdZaZgguo� k_q_gbc� b� lhjfh`_gby��
KjZ\g_gb_f� jZkqzlguo� ^Zgguo� k� wdki_jbf_glZevgufb� ^hdZaZgZ� Z^_d\Zlghklv� ijb�
f_g_gby� jZajZ[hlZggh]h�f_lh^Z�^ey� hibkZgby� \ur_jZkkfhlj_gguo�g_mijm]bo�ijh�
p_kkh\� 

��� JZkkqblZgu� ihijZ\db�� hij_^_eyxsb_� kl_i_gv� \ebygby� wnn_dlh\� ijhly�
`zgghklb� aZjy^Z�bhgZ�gZ�\_ebqbgm�\ur_mdZaZgguo� k_q_gbc�bhgbaZpbb�b� lhjfh`_�
gby��IhdZaZgh�� qlh� mqzl� ijhkljZgkl\_gghc� ijhly`zgghklb� aZjy^Z� bhgZ� ijb\h^bl� d�
aZf_lghfm�baf_g_gbx�wlbo�oZjZdl_jbklbd�ih�kjZ\g_gbx�kh�kemqZ_f�hibkZgby�bhgZ�
dZd�lhq_qghc�qZklbpu� 

LZdbf�h[jZahf��j_amevlZlu�ijh\_^zggh]h�gZfb�bkke_^h\Zgby�iha\heyxl�k^_�
eZlv� \u\h^� h� g_h[oh^bfhklb� mqzlZ� ijhly`zgghklb� we_dljhgghc� ³rm[u´� kljmdlmj�
guo�bhgh\�ijb�bamq_gbb�bo�klhedgh\_gbc�k�ZlhfZfb� 

:\lhj� [eZ]h^Zjbl�Fbgbkl_jkl\h� h[jZah\Zgby� Jhkkbckdhc�N_^_jZpbb� �]jZgl�
A03-2.9-�����b�Nhg^� INTAS-GSI� �ijh_dl�03-54-4294��aZ�nbgZgkh\mx�ih^^_j`dm�jZ�
[hlu� 

Ebl_jZlmjZ� 
��� FZl\__\ <�B��� JZobfh\ O�X�� ³K_q_gby� g_mijm]bo� ijhp_kkh\� ijb�

klhedgh\_gbyo� [ukljuo� fgh]haZjy^guo� bhgh\� k� ZlhfZfb´� ��� @WLN�� ������ l� 114, 
� 5 ������k� 1646-1661. 
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��� FZl\__\ <�B��� =mkZj_\bq ?�K�� ³K_q_gby� g_mijm]bo� ijhp_kkh\� ijb�
klhedgh\_gbyo�j_eylb\bklkdbo�kljmdlmjguo�ly`zeuo�bhgh\�k�ZlhfZfb´����@WLN��������

l� �����k� 42-48. 

 

 

 

M>D� 539.1 

BHGBA:PBY�:LHF:�B�JH@>?GB?�K<H;H>GH-K<YA:GGUO�I:J�
IJB�<A:BFH>?CKL<BB�K�MEVLJ:DHJHLDBF�BFIMEVKHF�

WE?DLJHF:=GBLGH=H�IHEY 

IZr_\ B� G� 

Ihfhjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf� F�<� Ehfhghkh\Z 

JZkkfhlj_gu�h^ghwe_dljhggu_�ijhp_kku�ijb�\aZbfh^_ckl\bb�ly`_eh]h�j_ey�

lb\bklkdh]h� \h^hjh^hih^h[gh]h� ZlhfZ� k�ijhkljZgkl\_ggh�g_h^ghjh^guf�mevljZdh�

jhldbf� bfimevkhf� we_dljhfZ]gblgh]h� ihey�� ihemq_gu� \_jhylghklb� \ha[m`^_gby��

bhgbaZpbb�b�jh`^_gby�k\h[h^gh-k\yaZgguo�we_dljhg-ihabljhgguo�iZj� 
JZa\blZy�f_lh^bdZ� iha\hey_l� ijhba\_klb� lhqguc� mq_l� ijhkljZgkl\_gghc� g_�

h^ghjh^ghklb�ihey�mevljZdhjhldh]h�bfimevkZ��<h�fgh]bo�ijZdlbq_kdb�\Z`guo�kem�

qZyo� \hafms_gb_� g_� y\ey_lky� ^hklZlhqgh�fZeuf� ^ey�ijbf_g_gby� l_hjbb� \hafms_�

gbc��h^gZdh�qZklh� �kf���gZijbf_j�� >�@��\klj_qZxlky�kblmZpbb��dh]^Z�\j_fy�^_ckl\by�

\hafms_gby� agZqbl_evgh�f_gvr_�oZjZdl_jguo� Zlhfguo�i_jbh^h\� \j_f_gb��qlh�ih�

a\hey_l�j_rZlv� aZ^Zqm�g_�h]jZgbqb\Zy�\_ebqbgm�\hafms_gby�b�\uihegblv�jZkq_lu�

ZgZeblbq_kdb��<aZbfh^_ckl\b_� Zlhfh\� k� mevljZdhjhldbfb�bfimevkZfb� we_dljhfZ]�

gblgh]h�ihey�\�gZklhys__�\j_fy� klZgh\ylky�h[t_dlhf� wdki_jbf_glZevguo�b� l_hj_�

lbq_kdbo� bkke_^h\Zgbc�� Ih^� mevljZdhjhldbfb� bfimevkZfb� ihgbfZxlky� bfimevku�

^ebl_evghklvx� f_gvr_c� oZjZdl_jguo� i_jbh^h\� \j_f_gb� ^ey� ZlhfZ-fbr_gb�� dhlh�

juc�^h�\aZbfh^_ckl\by�fh`_l�gZoh^blvky�dZd�\�hkgh\ghf�khklhygbb��lZd�b�\�\ha[m�

`^_gghf��Imlb�]_g_jZpbb�ih^h[guo�bfimevkh\�Zdlb\gh�h[km`^Zxlky�\�ebl_jZlmj_��

LZdb_� bfimevku� fh]ml� bf_lv� jZaebqgh_� ijhbkoh`^_gb_�� gh� fh]ml� [ulv� b� iheyfb�

^\b`msboky� k�j_eylb\bklkdhc�beb�mevljZj_eylb\bklkdhc�kdhjhklvx� ly`_euo� aZjy�

`_gguo� qZklbp�� <� jZkkfhlj_gguo� kemqZyo� oZjZdl_jgh_� Zlhfgh_� \j_fy� kqblZ_lky�

agZqbl_evgh� [hevr_� ^ebl_evghklb� mevljZdhjhldbo� bfimevkh\��Ihwlhfm� h[s_c� hk�

gh\hc�^ey�j_r_gby�fh`_l�kem`blv�ijb[eb`_gb_�\g_aZiguo�\hafms_gbc��g_�h]jZgb-
qb\Zxs__�\hafms_gb_�ih�\_ebqbg_��qlh�iha\hey_l�ijhba\_klb� lhqguc� >�@�mq_l�dZd�

ijhkljZgkl\_gghc� g_h^ghjh^ghklb� �gZ� jZaf_jZo� g_j_eylb\bklkdh]h� ZlhfZ-fbr_gb��

ihey�mevljZdhjhldh]h�bfimevkZ��lZd�b�bfimevkh\�nhlhgh\�\�ijhp_kkZo�i_j_baemq_�

gby� 
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<� gZklhys_c� jZ[hl_� gZ� hkgh\_� lhqgh]h� j_r_gby� mjZ\g_gby� >bjZdZ� \�

ijb[eb`_gbb� \g_aZiguo� \hafms_gbc� ihemq_gu� \ujZ`_gby� ^ey� \_jhylghkl_c�

jZaebqguo� ijhp_kkh\� b� ijh\_^_gu� khhl\_lkl\mxsb_� qbke_ggu_� jZkqzlu�� Ijb�

jZkqzlZo� \� dZq_kl\_� \hegh\uo� nmgdpbc� gZqZevgh]h� b� dhg_qgh]h� khklhygbc�

bkihevah\Zebkv� \hegh\u_� nmgdpbb� >Zj\bgZ� >�@�� iha\heyxsb_� \� ZgZeblbq_kdhc�

nhjf_�ijh\_klb�\uqbke_gby�nhjf-nZdlhjh\� 

Ebl_jZlmjZ� 

1. Baltz A.J. “Exact Dirac Equation Calculation of Ionization and Pair Production 
Induced by Ultrarelativistic Heavy Ions”// Phys. Rev. Lett. 1997. V. 78. P. 1231. 

2. Anholt R. “Calculation of K-vacancy production by relativistic projec-
tiles”// Phys. Rev. A. 1979. V. 19. P. 1004. 
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M>D�������������� 

OBJ:EVGU?�A:=JYAG?GBY 
D:D�N:DLHJ�:GLJHIH=?GGH=H�IJ?KKBG=: 

Kb^hjh\Z�<�<� 

F_`^mgZjh^guc�g_aZ\bkbfuc�wdheh]h-iheblheh]bq_kdbc�mgb\_jkbl_l�
�FGWIM� 

<k_�hj]Zgbafu��\oh^ysb_�\�[bhkn_jm��dZd�b�hj]Zgbq_kdb_�\_s_kl\Z�[bh]_ggh]h�
ijhbkoh`^_gby�� \dexqZxl� objZevgu_� kh_^bg_gby�– L-Zfbghdbkehlu�b� '-kZoZjZ�� qlh�
k\yaZgh�kh�kl_j_hki_pbnbqghklvx�[_edh\�b�gmde_bgh\uo�dbkehl��ObjZevgZy�Zkbff_l�
jby�[ueZ�`_kldh�aZdj_ie_gZ�\�oh^_�[bheh]bq_kdhc�w\hexpbb�b�h^ghagZqgh�j_Zebam_lky�
gZ�]_g_lbq_kdhf�mjh\g_�b�\�[bhkbgl_a_��;bhkn_jZ�k_]h^gy�klZedb\Z_lky�k�fhsguf�ih�
lhdhf�objZevguo�kh_^bg_gbc��nhjfbjm_fuf�g_nlyghc��hilbq_kdhc��obfbq_kdhc��i_j_�
jZ[Zlu\Zxs_c��nZjfZp_\lbq_kdhc��Z]jhobfbq_kdhc��ibs_\hc�ijhfure_gghklvx�b�l�^�� 

ObjZevgu_�kh_^bg_gby�kh^_j`Zl�h^bg�beb�[he__�Zkbff_ljbqguo�Zlhfh\�m]e_�
jh^Z�� y\eyxlky� hilbq_kdbfb� wgZglbhf_jZfb�� \jZsZxsbfb� iehkdhklv� iheyjbaZpbb�
k\_lZ�\�jZagu_�klhjhgu��b�g_�fh]ml�gbdhbf�h[jZahf�[ulv�kh\f_s_gu�kh�k\hbf�a_jdZev�
guf�bah[jZ`_gb_f��Ba�^_kyldh\�lukyq�kbgl_abjm_fuo�\�fbj_�hj]Zgbq_kdbo�kh_^bg_�
gbc�f_g__�����kh_^bg_gbc��bkihevam_fuo�\�nZjfZp_\lbq_kdhc�ijhfure_gghklb��hdh�
eh� ����\_s_kl\��bkihevam_fuo�\�Z]jhobfbq_kdhc�ijhfure_gghklb� �fgh]b_�[bhpb^u�
kha^Zgu�gZ�hkgh\_�objZevguo�g_cjhi_ilb^h\��ihemkbgl_lbq_kdbo�kh_^bg_gbc�kl_j_h�
bahf_jZ� ljZ^bpbhggh]h� i_klbpb^Z�� fh`gh� kqblZlv� ]hfhobjZevgufb��Iheh`bl_evgh_�
beb�hljbpZl_evgh_�^_ckl\b_�e_dZjkl\_gguo�\_s_kl\��bgk_dlbpb^h\��hj]Zghe_ilbq_kdbo�
ijhy\e_gbc�ijbgpbibZevguf�h[jZahf�k\yaZgh�k�bo�objZevghc�qbklhlhc��DZd�ijZ\beh��
e_dZjkl\Z�bf_xl�iheh`bl_evguc�wnn_dl�\�³e_\hc´�nhjf_��qlh�k\yaZgh�kh�kl_j_hki_pb�
nbq_kdhc� hj]ZgbaZpb_c� de_lhqguo� j_p_ilhjh\�� ljZgkihjlguo� kbkl_f�� dhfie_f_glZj�
ghklvx�\aZbfh^_ckl\by�[_edh\�b�gmde_bgh\uo�dbkehl�k�eb]Zg^Zfb��<�dZq_kl\_�ijbf_jZ�
fh`gh�ijb\_klb�bklhjbx�bkihevah\Zgby�ij_iZjZlZ�lZeb^Zfb^��_]h L-bahf_j�h[eZ^Ze�
iheh`bl_evguf�^_ckl\b_f�� Z� ³ijZ\uc´� -� \ujZ`_gguf� l_jZlh]_gguf� wnn_dlhf��Ijb�
f_jh\� lZdh]h�jh^Z�bf__lky�fgh`_kl\h�� Zglbhimohe_\uc�ij_iZjZl� kZjdhebabg� Zdlb\_g�
ebrv�\�³e_\hc´�nhjf_��ZglbdhZ]meygl�\ZjnZ\bg�b�jy^�ijhlb\h\hkiZebl_evguo�kj_^kl\�
aZf_^eyxl�f_lZ[hebq_kdb_�ijhp_kku�lhevdh�\�L�nhjf_��bgkmebg��^hiZfbg��fgh]b_�kbg�
l_lbq_kdb_� ]hjfhgu� � lZd`_� ^he`gu� [ulv� objZevgh� qbklufb� ³e_\ufb´� bahf_jZfb��
<f_kl_� k� l_f� \hkijbbfqb\hklv�hj]Zgbafh\� d� /-bahf_jZf�g_� y\ey_lky�bkdexqbl_evgh�
iheh`bl_evguf�k\hckl\hf��l�d��b�/-bahf_ju�fh]ml�\uau\Zlv�g_`_eZl_evgu_�wnn_dlu�� 

Iheh`bl_evguf��gh�^hjh]hklhysbf�b�ihdZ�g_^hklZlhqguf��y\ey_lky�klj_fe_gb_�
obfbq_kdhc�ijhfure_gghklb�kbgl_abjh\Zlv�objZevgh�[_ahiZkgu_�wgZglbhf_ju��GZjy�
^m� k� \g_k_gb_f� ijhfure_gguo� objZevguo� aZ]jyag_gbc� ^ey� [bhkn_ju� kms_kl\_ggZ�

 

;BHNBABD: 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��L\_j^bkeh\�<k_\heh^�:e_dkZg^jh\bq 



EHFHGHKH<�– 2004 

 

88 

lZd`_�kdhjhklv�[bhobfbq_kdhc�mlbebaZpbb�jZaguo�wgZglbhf_jh\�\�ijbjh^guo�mkeh\b�
yo�� 

Bahf_jgu_�nhjfu�jZaebqguo�\_s_kl\�\�©k\_jofZeuo�^haZoª��KF>��fh]ml�ijh�
y\eylv� bgu_� wnn_dlu�� q_f� \� h[uqguo� ^haZo��Ihwlhfm� kms_kl\_gguf�ij_^klZ\ey_lky�
mq_l�wnn_dlb\gh]h�\ebygby�KF>�objZevguo�kh_^bg_gbc�gZ�[bhkbkl_fu�� 

FZkrlZ[�hiZkghklb� ³objZevgh]h�aZ]jyag_gby´�i_j_hp_gblv�ljm^gh��Bahf_jgu_�
kh_^bg_gby�fh]ml�\uau\Zlv�fmlZpbb�m�jZkl_gbc��m�k_evkdhohayckl\_gguo�`b\hlguo��m�
³ihe_aguo´�gZk_dhfuo�b�m�\j_^bl_e_c��klbfmebjh\Zlv�jhkl� aZ[he_\Z_fhklb�\�jZaebq�
guo�j_]bhgZo��g_�lhevdh�\�ahgZo�wfbkkbb�� 

LZdb_�^bgZfbq_kdb_�kljmdlmju�dZd�l_jfh^bgZfbq_kdb�g_jZ\gh\_kgu_�]jZgbpu�
jZa^_eZ�nZa�e_^�\h^Z��\h^Z�Zlfhkn_jZ�b�ih\_joghklv�gZghjZaf_jguo�\h^guo�deZkl_jh\��
ijbkmlkl\mxsbo�\�\h^ghc�b�\ha^mrghc�kj_^Zo��h[eZ^Zxl�k\hckl\hf�qZklbqgh]h�njZd�
pbhgbjh\Zgby�/-�b�'-bahf_jh\�b�kihkh[gu�^bkdjbfbgbjh\Zlv�wgZglbhf_ju�\�\h^guo�
Zwjhaheyo��<�j_amevlZl_�i_j_f_s_gby�\�khklZ\_�Zwjhahe_c�[Zjbq_kdbfb�\h^gufb�b�\_l�
jh\ufb� ihlhdZfb� ba� ahg� wfbkkbb� objZevgu_�iheexlZglu�i_j_ghkylky�gZ� jZkklhygby�
f_`dhglbg_glZevgh]h�fZkrlZ[Z�� 

GZ�k_]h^gyrgbc�^_gv�g_�kms_kl\m_l�kbkl_fu�]eh[Zevgh]h�[bhkn_jgh]h�fhgblh�
jbg]Z��ihwlhfm�\_kvfZ�i_jki_dlb\guf�y\ey_lky�kha^Zgb_�dhfie_dkZ�[bhk_gkhjh\��ki_�
pbnbqguo�d�L-�b�D-�bahf_jZf��^ey�kha^Zgby�kbkl_fu�ijhfure_ggh]h�dhgljhey�b�wdh�
fhgblhjbg]Z�� 

Mqblu\Zy� jhkl� bkihevah\Zgby� \� kh\j_f_gghc� ijhfure_gghklb� objZevguo� kh�
_^bg_gbc��fh`gh�ijh]ghabjh\Zlv��qlh�\kdhj_�hiZkghklv�³objZevguo�aZ]jyag_gbc´�ijb�
h[j_l_l�]eh[Zevguc�oZjZdl_j�� 

 
 
 

M>D������53.013  

HSPBP��D:D�BG=B;BLHJ�PBLHLHDKBQ?KDBO�K<HCKL<�DHF�

IE?DK:�HSP70:TAG7 

∗Khjhdbg�<�:��Yrbg�>�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bamq_gb_� f_oZgbafh\� bffmggh]h� hl\_lZ� y\ey_lky� h^ghc� ba� \Z`g_crbo� aZ^Zq�
bffmgheh]bb��Ba\_klgh�� qlh� dexq_\mx� jhev� \� mgbqlh`_gbb� hiZkguo� ^ey� hj]ZgbafZ�
de_lhd��lZdbo�dZd�aZjZ`_ggu_�\bjmkhf�de_ldb�b�jZdh\u_�de_ldb��\uihegyxl�pblheblb�
q_kdb_�ebfnhpblu��GZ�k_]h^gyrgbc�^_gv�ba\_klgh�h]jhfgh_�dhebq_kl\h�pblhlhdkbq_�
kdbo� [_edh\�� \u^_ey_fuo� de_ldZfb� bffmgghc� kbkl_fu�� nZdlhj� g_djhaZ� himohe_c�
(TNF), TRAIL, Fas-eb]Zg^��ebfnhlhdkbgu���-bgl_jn_jhg��i_jnhjbg��Gh�ljm^gh�h[tyk�
gblv�pblheblbq_kdh_�^_ckl\b_�ebfnhpblh\�ebrv�hibkZggufb�[_edZfb��G_^Z\gh�\�B;=�
J:G��[ueh�ihdZaZgh��qlh�dhfie_dk�Tag7:Hsp����h[eZ^Zxsbc�pblhlhdkbq_kdhc� Zdlb\�
ghklvx��k_dj_lbjm_lky�ebfnhdbg�Zdlb\bjh\Zggufb�dbee_jZfb�q_j_a�ZiiZjZl�=hev^`b� 

P_evx�ijh\_^_ggh]h�bkke_^h\Zgby�[ueh�ih^l\_j^blv�beb�hijh\_j]gmlv� �ml\_j�
`^_gb_�� qlh� ATPZagZy� Zdlb\ghklv� Hsp��� kms_kl\_ggZ� ^ey� pblhlhdkbq_kdbo� k\hckl\�
dhfie_dkZ�� >ey� j_r_gby� ihklZ\e_gghc� aZ^Zqb� [ue� bkihevah\Zg� ZglbdhrZi_jhg�
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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HspBP���[ehdbjmxsbc�ATPZagmx� Zdlb\ghklv�[_edZ�Hsp����;ueb�ijh^_eZgu� ke_^mx�
sb_�ijhp_^mju� 

Ihemq_gb_� HspBP��� ihemq_gb_� bffmghdhfi_l_glguo� de_lhd�� ljZgkn_dpby�
ieZafb^u�k�]_ghf�^Zggh]h�[_edZ��bg^mdpby�b�gZjZ[hldZ�[_edZ��hqbkldZ�[_edZ� 

Bkke_^h\Zgb_�nmgdpbb�HspBP���ijb]hlh\e_gb_�dhfie_dkZ�HspBP1:Hsp70:Tag7, 
hij_^_e_gb_�pblhlhdkbqghklb� 

GZ�hkgh\_�ijh\_^_gguo�bkke_^h\Zgbc�[ueh�ijh^_fhgkljbjh\Zgh��qlh�pblhlhd�
kbqghklv�dhfie_dkZ�HspBP1:Hsp70:Tag��hsmlbfh�f_gvr_�pblhlhdkbqghklb�dhfie_dkZ�
Hsp70:Tag���Ihemq_ggu_�j_amevlZlu�iha\heyxl�ml\_j`^Zlv��qlh�ATPZagZy�Zdlb\ghklv�
Hsp���kms_kl\_ggZ�^ey�pblhlhdkbq_kdbo�k\hckl\�dhfie_dkZ�� 

 
 

 
F:L?F:LBQ?KD:Y�FH>?EV�LBE:DHB>: 

D:D�J:KIJ?>?E?GGHC�=?L?JH=?GGHC�KBKL?FU�WE?DLJHG�
GH=H�B�IJHLHGGH=H�LJ:GKIHJL: 

∗Njheh\�:�?�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

M�\ukrbo�jZkl_gbc�ijhp_kku�nhlhkbgl_aZ�ijhl_dZxl�\�oehjhieZklZo�–�ki_pbZ�
ebabjh\Zgguo� wg_j]hij_h[jZamxsbo� hj]Zg_eeZo� jZklbl_evghc� de_ldb�� Ih^� ^\hcghc�
h[hehqdhc�oehjhieZklZ��khklhys_c�ba�gZjm`ghc�b�\gmlj_gg_c�f_f[jZg��gZoh^ylky�ijh�
ly`_ggu_�f_f[jZggu_�kljmdlmju��dhlhju_�h[jZamxl�aZfdgmlu_�imaujvdb��gZau\Z_fu_�
lbeZdhb^Zfb��<gmljb�oehjhieZklZ�gZoh^ylky�fgh]h�lbeZdhb^h\�b�ij_^eh`_ggu_�jZg__�
fh^_eb� >���@� wlh� mqblu\Zxl�� H^gZdh� \� jZfdZo� ^Zgguo� fh^_e_c� iZjZf_lju� kljhfu�
�\gmlj_gg_]h�h[t_fZ�oehjhieZklZ��kqblZebkv�ihklhyggufb��>ey�dZq_kl\_gghc�hp_gdb�
baf_g_gby�pH�\�kljhf_�p_e_khh[jZagh�bkke_^h\Zlv�fh^_ev�oehjhieZklZ�k�bahebjh\Zg�
guf�lbeZdhb^hf� 

Kljmdlmjgh-nmgdpbhgZevgu_� dhfie_dku� nhlhkbkl_f� ,� g� ,,�� Z� lZd`_� b/f-
dhfie_dk��ehdZebah\Zggu_�\�f_f[jZg_�lbeZdhb^Z��jZkkfZljb\Zxlky�dZd�g_ih^\b`gu_��
<aZbfh^_ckl\b_�ijhkljZgkl\_ggh�m^Ze_gguo�we_dljhg-ljZgkihjlguo�dhfie_dkh\�h[_k�
i_qb\Z_lky�aZ�kq_l�ieZklhobghgZ�b�ieZklhpbZgbgZ��^bnnmg^bjmxsbo�khhl\_lkl\_ggh�\�
lbeZdhb^ghc� f_f[jZg_� b� \gmljblbeZdhb^ghf� h[t_f_�� JZkkfhlj_gu� hkgh\gu_� klZ^bb�
we_dljhggh]h� b� ijhlhggh]h� ljZgkihjlZ�� jZaeh`_gb_� \h^u� nhlhkbkl_fhc� II �� hdbkeb�
l_evgh-\hkklZgh\bl_evgu_� ij_\jZs_gby� ieZklhobghgZ�b�ieZklhpbZgbgZ�� \hkklZgh\e_�
gb_� nhlhkbkl_fu� I� b� __� ihke_^mxs__� hdbke_gb_� dhg_qguf� Zdp_ilhjhf� we_dljhgZ�
�G:>N���Mqblu\Z_fuc�\�jZkkfZljb\Z_fhc�fh^_eb�dhg_qguc�Zdp_ilhj�we_dljhgZ�ehdZ�
ebah\Zg�\�kljhf_�b�\�\hkklZgh\e_gghc�nhjf_�fh`_l�ijbgbfZlv�ijhlhgu��\�^Zevg_cr_f�
mqZkl\my� \� [bhkbgl_a_�� Mqblu\Zxlky�� \aZbfh^_ckl\b_� ijhlhgh\� k� f_f[jZggh-
k\yaZggufb�[mn_jgufb�]jmiiZfb��ijhp_kku�eZl_jZevghc�^bnnmabb�bhgh\�\h^hjh^Z�\h�
\gmljblbeZdhb^ghf� ijhkljZgkl\_�� Z� lZd`_� ljZgkf_f[jZgguc� i_j_ghk� ijhlhgh\�� k\y�
aZgguc�k�jZ[hlhc�:LN-kbglZau�b�iZkkb\ghc�ml_qdhc�ijhlhgh\�ba�lbeZdhb^Z�gZjm`m� 

Ijb�fh^_ebjh\Zgbb�nhjfZ�oehjhieZklZ�[ueZ�\u[jZgZ�\�\b^_�pbebg^jZ��\gmljb�
dhlhjh]h�\�kljhf_�kbff_ljbqgh�b�khhkgh�jZkiheZ]Z_lky�lbeZdhb^��lZd`_�\�\b^_�pbebg�
^jZ���Ijhp_kku�we_dljhggh]h�b�ijhlhggh]h�ljZgkihjlZ�ij_^klZ\eyxlky�ihke_^h\Zl_ev�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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ghklvx� obfbq_kdbo� j_Zdpbc�� Ba-aZ� ih^\b`ghklb� qZklb� i_j_ghkqbdh\� we_dljhgh\�� Z�
lZd`_�bhgh\� \h^hjh^Z� kbkl_fZ�mjZ\g_gbc�obfbq_kdhc� dbg_lbdb�^hihegy_lky�ihijZ\�
dZfb��h[mkeh\e_ggufb�y\e_gbyfb�i_j_ghkZ��<�blh]_�ihemqZ_f�^ey�ZgZebaZ�b�fZl_fZlb�
q_kdh]h� fh^_ebjh\Zgby� kbkl_fm� ^bnn_j_gpbZevguo� mjZ\g_gbc� lbiZ� ©j_Zdpby-
^bnnmabyª�k�gZqZevgufb�b�]jZgbqgufb�mkeh\byfb��Ijb�khklZ\e_gbb�mjZ\g_gbc�[ueh�
ijbgylh�ij_^iheh`_gb_��qlh�pH�\�kljhf_��Z�lZd`_�dhgp_gljZpby�dhg_qgh]h�Zdp_ilhjZ�
we_dljhgZ�aZ\bkyl�lhevdh�hl�\j_f_gb�b�g_�aZ\bkyl�hl�ijhkljZgkl\_gguo�dhhj^bgZl��qlh�
wd\b\Ze_glgh�mkeh\bx�[ukljh]h�i_j_f_rb\Zgby��Jy^�iZjZf_ljh\�fh^_eb�Zijbhjb�g_�
ba\_klgu�b�ih^[bjZxlky�lZdbf�h[jZahf��qlh[u�^hklbqv�gZbemqr_]h�kh]eZkby�k�wdki_�
jbf_glZevgufb�^Zggufb��� 

Qbke_ggh_�bgl_]jbjh\Zgb_�gZqZevgh-djZ_\hc� aZ^Zqb� hkms_kl\e_gZ� \� klZg^Zjl�
ghf�iZd_l_�MATLAB ����J_amevlZlu�bkke_^h\Zgby�\ebygby�jy^Z�]_hf_ljbq_kdbo�iZjZ�
f_ljh\�oehjhieZklZ�gZ�ijhl_dZxsb_�\�g_f�ijhp_kku�[m^ml�ij_^klZ\e_gu�\�^hdeZ^_� 

Ebl_jZlmjZ� 
1. >m[bgkdbc�:�X���Lbohgh\�:�G����;bhnbabdZ��������L�����K����� 
2. <_jrm[kdbc�:�<���Ijbdehgkdbc�<�B���Lbohgh\�:�G����;bhnbabdZ��������L�����

K����� 
3. KZfZjkdbc�:�:���=mebg�:�<��Qbke_ggu_�f_lh^u��–�F���GZmdZ������� 

 
 
 

<EBYGB?�KHEX;BEBA:PBB�<H>U 
H;J:S?GGUFB�FBP?EE:FB 

G:�:KKHPB:PBX�J:KL<HJ?GGUO�FHE?DME�DJ:KBL?E?C 

Gbs_\Z�B�=���IhlZih\�:�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

;ueb�bkke_^h\Zgu�ki_dlju�ih]ehs_gby�fhe_dme�jh^ZfbgZ��@�\�h[jZlguo�fb�
p_eeZo�k�jZaebqghc�kl_i_gvx�]b^jZlZpbb�w��fheyjgh]h�khhlghr_gby�>G2�@�>:HL@��^ey�
jZaebqgh]h�dhebq_kl\Z�fhe_dme�djZkbl_ey�\gmljb�fbp_ee�b�\�\h^guo�jZkl\hjZo��Ihem�
q_gu� aZ\bkbfhklb��oZjZdl_jbamxsb_�baf_g_gb_� kl_i_gb� ZkkhpbZpbb� �dhfie_dkhh[jZ�
ah\Zgby�\�hkgh\ghf�khklhygbb��ijb�m\_ebq_gbb�w�b�qbkeZ�fhe_dme�djZkbl_ey�\gmljb�
fbp_eeu��MklZgh\e_gh��qlh�dhfie_dkhh[jZah\Zgb_�\�fbp_eeyjghc�\h^_�ijhbkoh^bl�ijb�
[hevrbo�dhgp_gljZpbyo��q_f�\�h[t_fghc�\h^_��Ijb�m\_ebq_gbb�dhebq_kl\Z�fhe_dme�hl�
��^h�ijbf_jgh� ��gZ[ex^Z_lky�agZqbl_evgh_�mf_gvr_gb_�kl_i_gb�ZkkhpbZpbb��]^_�hgZ�
^hklb]Z_l�k\h_]h�fbgbfmfZ�������AZl_f�ijb�m\_ebq_gbb�dhebq_kl\Z�fhe_dme�J�@�hl���
^h����gZ[ex^Z_lky�j_adh_�\hajZklZgb_�ijbf_jgh�^h��������>Ze__�ijb�m\_ebq_gbb�dheb�
q_kl\Z�fhe_dme� hl� ��� ^h� ��� agZq_gb_� kl_i_gb� ZkkhpbZpbb� dhe_[e_lky� \hae_� agZq_gby�
������MklZgh\e_gh�m\_ebq_gb_�kl_i_gb�ZkkhpbZpbb�k�m\_ebq_gb_f�kl_i_gb�]b^jZlZpbb�� 

LZd�`_�[ueh�ih\_^_gh�bkke_^h\Zgb_�\ebygby�kljmdlmju�jZkl\hjZ�gZ�kljmdlmjm�
h[jZamxsboky�^bf_jh\��gZ�m]he�f_`^m�h[jZamxsbfb�_]h�fhe_dmeZfb�djZkbl_ey�b�gZ�
jZkklhygb_�f_`^m�fhe_dmeZfb�\�^bf_j_��Ihemq_gu�aZ\bkbfhklb�m]eZ�hl�kl_i_gb�]b^jZ�
lZpbb�^ey���b���fhe_dme�\gmljb�fbp_ee��<�fbp_eeyjhgc�\h^_�jZkklhygb_�b�m]he�[hevr_�
agZq_gby�� ihemq_ggh]h� ^ey� h[t_fghc� \h^u�� ijb� m\_ebq_gbb� kl_i_gb� ]b^jZlZpbb� dZd�
jZkklhygb_�� lZd�b�m]he�mf_gvrZxlky�b�ijb[eb`Zxlky�d� khhl\_lkl\mxsbf� agZq_gbyf�
^ey�h[t_fghc�\h^u���LZdbf�h[jZahf�khex[bebaZpby�\h^guo�jZkl\hjh\�J�@�ijb\h^bl 
dZd�d�baf_g_gbx�wnn_dlb\ghklb�ijhp_kkh\�ZkkhpbZpbb�lZd�b�d�i_j_kljhcd_�kljmdlmju�
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^bf_jZ��Ihemq_ggu_�j_amevlZlu�fh]ml�[ulv�h[tykg_gu�i_j_kljhcdhc�b�jZajmr_gb_f�
deZkl_jghc�kljmdlmju�\h^u�\gmljb�h[jZlguo�fbp_ee� 

 
 
 

I?J?GHK�WG?J=BB�WE?DLJHGGH=H�<HA;M@>?GBY 
F?@>M�FHE?DME:FB�HJ=:GBQ?KDBO�DJ:KBL?E?C 

<�KBKL?F:O�H;J:S?GGUO�FBP?EE 

Dmavfbq_\Z�:�G���IhlZih\�:�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgu�f_`-�b�\gmljbfbp_eeyjgu_�ijhp_kku�i_j_ghkZ�wg_j]bb�we_dljhg�
gh]h� \ha[m`^_gby� f_`^m� fhe_dmeZfb� hj]Zgbq_kdbo� djZkbl_e_c� \� \h^guo� jZkl\hjZo��
khex[bebabjh\Zgguo�h[jZs_ggufb�fbp_eeZfb�� 

Ihemq_gu� wdki_jbf_glZevgu_� aZ\bkbfhklb�hlghkbl_evgh]h� d\Zglh\h]h� \uoh^Z�
nemhj_kp_gpbb�fhe_dme�jh^ZfbgZ��@��^hghj��hl�dhgp_gljZpbb�f_lbe_gh\h]h�]hem[h]h�
�Zdp_ilhj��^ey�jZaebqguo�kl_i_g_c� ]b^jZlZpbb� �hl� ���^h� ����\�kbkl_fZo�h[jZs_gguo�
fbp_ee��IhdZaZgh�jZaebqb_�\�oh^_�djb\uo� lmr_gby�nemhj_kp_gpbb�\� aZ\bkbfhklb�hl�
kl_i_gb�]b^jZlZpbb�\�kbkl_f_�� 

Hij_^_e_gu�agZq_gby�wdki_jbf_glZevgh]h�djblbq_kdh]h�jZ^bmkZ�i_j_ghkZ�wg_j�
]bb�f_`^m�fhe_dmeZfb�^hghjZ�b�Zdp_ilhjZ��oZjZdl_jbamxs_]h�wnn_dlb\ghklv�ijhp_k�
kh\�IWW<��b�njZdlZevghc�jZaf_jghklb�bkke_^m_fuo�kbkl_f�^ey�jZaebqguo�kemqZ_\�� 

• ^hghj�b�Zdp_ilhj�gZoh^ylky�\�h^ghc�fbp_ee_� 
• ^hghj�b�Zdp_ilhj�gZoh^ylky�\�jZaguo�fbp_eeZo� 
AgZq_gby� jZ^bmkZ� i_j_ghkZ� wg_j]bb� \� fbp_eeyjghc� \h^_� f_gvr_� ihemq_gguo�

jZg__�agZq_gbc�^ey�h[t_fghc�\h^u��NjZdlZevgZy�jZaf_jghklv�kbkl_fu�ijb�w ���\�kem�
qZ_����[ebadZ�d�agZq_gbx����lh]^Z�dZd�\�kemqZ_����f_gvr_��� 

MklZgh\e_gh�m\_ebq_gb_�jZ^bmkZ�i_j_ghkZ�b�mf_gvr_gb_�njZdlZevghc�jZaf_j�
ghklb�kbkl_fu�ijb�m\_ebq_gbb�kl_i_gb�]b^jZlZpbb� 

Ihemq_ggu_�j_amevlZlu�h[tykg_gu�jZajmr_gb_f�deZkl_jghc�kljmdlmju�\h^ghc�
fZljbpu�\�ihehklyo�h[jZs_gguo�fbp_ee�b�kljmdlmjbjh\Zgb_f�jZkl\hjZ�kZfbo�fbp_e�
eyjguo�dhfie_dkh\� 

 
 
 

M>D�������� 

FH>?EBJH<:GB?�DHE?;:L?EVGH=H�J?@BF: 
A:F?>E?GGHC�EXFBG?KP?GPBB�<UKRBO�J:KL?GBC 

DZj_ebgZ�L�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�aZ\bkbfhklb�hl�mkeh\bc�wdki_jbf_glZ��bgl_gkb\ghklb�k\_lZ��]Zah\h]h�khklZ\Z�
kj_^u��dhgp_gljZpbb�nhknZlZ��fh`gh�gZ[ex^Zlv�jZaebqgh_�baf_g_gb_�\h�\j_f_gb�ba�
f_jy_fuo�\_ebqbg��\�lhf�qbke_�b�aZlmoZxsb_�dhe_[Zgby�bgl_gkb\ghklb�nemhj_kp_g�
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pbb�b�f_lZ[heblh\�pbdeZ�DZev\bgZ�>���@��>ey�ihgbfZgby�j_]meylhjguo�ijhp_kkh\��hl�
\_lkl\_gguo�aZ�lZdh_�ih\_^_gb_��ihe_agh�dhebq_kl\_ggh_�bamq_gb_�j_]meylhjguo�k\y�
a_c� >�@�b�kha^Zgb_�fh^_e_c��hibku\Zxsbo�kbkl_fm�\�j_`bf_� aZlmoZxsbo�dhe_[Zgbc��
H^gbf�ba�kihkh[h\�wdki_jbf_glZevgh]h�bkke_^h\Zgby�j_]meylhjguo�k\ya_c�nhlhkbgl_�
lbq_kdbo�kbkl_f�y\ey_lky�aZf_^e_ggZy�exfbg_kp_gpby� >�@��AZf_^e_ggZy�exfbg_kp_g�
pby�\hagbdZ_l�\�oh^_�h[jZlguo�j_Zdpbc�we_dljhggh]h�ljZgkihjlZ�\�j_Zdpbhgghf�p_g�
lj_� nhlhkbkl_fu� ��� ijb\h^ysbf� d� h[jZah\Zgbx� 3����� >ey� bamq_gby� we_dljhggh]h�
ljZgkihjlZ�f_`^m�nhlhkbkl_fZfb�gZb[he__�qZklh�bkihevam_lky�aZf_^e_ggZy�exfbg_k�
p_gpby�\�fbeebk_dmg^ghf�^bZiZahg_��dhlhjZy�ijhklZ�\�j_]bkljZpbb�b�y\ey_lky�\_kvfZ�
qm\kl\bl_evghc�d�khklhygbx�we_dljhg-ljZgkihjlghc�p_ib��<������]�� >�@�[ueb�h[gZjm�
`_gu�dhe_[Zgby�aZf_^e_gghc�exfbg_kp_gpbb��<�k\yab�k�wlbf� �bgl_j_kgh�jZkkfhlj_lv�
l_hj_lbq_kdmx�fh^_ev�nhlhkbgl_aZ��dhlhjZy�iha\hey_l�ihemqblv�g_�lhevdh�dhe_[Zgby�
nemhj_kp_gpbb��gh�b�dhe_[Zgby�aZf_^e_gghc�exfbg_kp_gpbb�\�fbeebk_dmg^ghf�^bZ�
iZahg_�� 

GZ�dZn_^j_�[bhnbabdb�[ueZ�jZa\blZ�fh^_ev�>�@��mqblu\ZxsZy�dZd�k\_lh\u_��ih�
]ehs_gb_�d\ZglZ�k\_lZ�ib]f_glZfb��we_dljhgguc�ljZgkihjl���lZd�b�l_fgh\u_�ijhp_kku�
�ih]ehs_gb_�KH2�\�pbde_�DZev\bgZ���K�ihfhsvx�wlhc�fh^_eb�ijb�hij_^_e_gguo�agZ�
q_gbyo�iZjZf_ljh\�\�kbkl_f_�gZfb�[ueb�ihemq_gu�dhe_[Zgby��kf�jbk����ijb[ebabl_ev�
gh�khhl\_lkl\mxsb_�gZ[ex^Z_fuf�wdki_jbf_glZevgh�� 

:gZeba�\j_f_gguo�aZ\bkbfhkl_c�ihdZau\Z_l��qlh�ihke_�\dexq_gby�k\_lZ�ij_`^_�
\k_]h�gZqbgZ_l�Zdlb\gh�jZ[hlZlv�g_pbdebq_kdbc�we_dljhgguc�ljZgkihjl�b�gZdZieb\Z�
_lky�:LN�b�G:>NG��Ba-aZ�g_khhl\_lkl\by�khhlghr_gby�dhgp_gljZpbc�G:>NG�b�:LN�
hilbfZevghfm� ������ pbde� DZev\bgZ� jZ[hlZ_l� f_^e_ggh�� qlh� ijb\h^bl� d� \hajZklZgbx�
dhgp_gljZpbb�G:>NG��Ijb�wlhf�gZqbgZ_l�jZ[hlZlv�pbdebq_kdbc�ljZgkihjl��<�j_amev�
lZl_� ih\urZ_lky� dhgp_gljZpby�:LN� b� gZdZieb\Z_lky�f_lZ[hebl� pbdeZ�DZev\bgZ� ^b�
nhknh]ebp_jbgh\Zy�dbkehlZ��dhlhjZy�\klmiZ_l�\�j_Zdpbx�k�G:>NG��hdbkeyy�_]h��H^�
gZdh�wlh�ijb\h^bl�d�mf_gvr_gbx�pbdebq_kdh]h�ihlhdZ�b�ke_^h\Zl_evgh��kgb`Z_l�kdh�
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jhklv�kbgl_aZ�:LN��Pbde�DZev\bgZ�gZqbgZ_l�jZ[hlZlv�f_^e_gg__��gZdZieb\Z_lky�[hev�
rh_�dhebq_kl\h�\hkklZgh\e_gguo�Zdp_ilhjh\�NK���b�pbde�ih\lhjy_lky��LZdbf�h[jZahf��
dhe_[Zgby�fh]ml�[ulv�h[mkeh\e_gu�gZjmr_gb_f�[ZeZgkZ�G:>NG�:LN��Ihwlhfm�ih\_�
^_gb_�kbkl_fu�aZ\bkbl�hl�iZjZf_ljh\��k\yaZgguo�k�kbgl_ahf�b�ihlj_[e_gb_f�ATN�� 

<� hlebqb_� hl� ij_^u^msbo� jZ[hl� >�@� m^Zehkv� ihemqblv� oZjZdl_jgu_� \j_f_gZ�
ijhp_kkh\��[ebadb_�d�gZ[ex^Z_fuf�wdki_jbf_glZevgh� 

;eZ]h^Zjx�:�:�>he]hiheh\m�b�:�D��DmdmrdbgZ�aZ�p_ggu_�aZf_qZgby�b�ihfhsv� 

Ebl_jZlmjZ� 
1. :DONHU��'�$���3KRWRV\QWKHVLV�UHVHDUFK������������k����-395; 
2. )XUEDQN��5�7��DQG�)R\HU��&�+����$UFK��%	KHP��%LRSK\V������������k����-244; 
3. Jm[bg�:�;���Dhghg_gdh�:�:���IZs_gdh�<�A���QZfhjh\kdbc�K�D���<_g_^bdlh\�

I�K���Blh]b�gZmdb�b�l_ogbdb�<BGBLB��F���������k������ 
4. >Zf^bgkmjwg��K���;bhnbabdZ�����������������k����-688; 
5. DZjZ\Z_\�<�K���Dmdmrdbg�:�D���;bhnbabdZ����������������k����-975. 
 
 
 

M>D������ 

H�JHEB�DH=?J?GLGHKLB�IJB�<HA>?CKL<BB�KE:;UO  
WE?DLJHF:=GBLGUO�IHE?C�G:�;BHEH=BQ?KDB?�H;T?DLU 

Ib\h\Zjh\�B�H� 

F=M�bf��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijh\_^_g�h[ahj�fh^_e_c��hibku\Zxsbo�f_oZgbaf�\aZbfh^_ckl\by�keZ[uo�we_d�
ljhfZ]gblguo�ihe_c�k�[bhh[t_dlZfb��JZkkfhlj_gh�g_kdhevdh�]jmii�fh^_e_c� 

• d\Zglh\h-obfbq_kdb_� fh^_eb�� j_Zdpbb� k� mqZklb_f� nhlhZdp_ilhjguo� n_j�
f_glh\��f_oZgbaf�h[jZah\Zgby�kbg]e_lgh]h�dbkehjh^Z��fh^_ev�³ijbf_kguo�Zlh�
fh\´��f_oZgbafu�i_j_baemq_gby� 
• j_ahgZgkgu_�fh^_eb��we_dljhgguc�b�y^_jguc�iZjZfZ]gblguc�j_ahgZgk��fh�
^_ev� bhgguo� dZgZeh\� dZd�iZjZf_ljbq_kdh]h� dhglmjZ��bhgguc�pbdehljhgguc�b�
iZjZf_ljbq_kdbc�j_ahgZgk� 
• fh^_eb� k\yaZggu_� k�dhgnhjfZpb_c�b�Zkbff_ljb_c��objZevghklv��dZd�f_oZ�
gbaf�\hkijbylby�WFI��dhgnhjfZpbhggu_�i_j_oh^u�de_lhqguo�f_f[jZg��\eby�
gb_�WFI�gZ�nhjfbjh\Zgb_�[bkehcguo� de_lhqguo�f_f[jZg��f_oZgbaf�de_lhq�
guo�f_f[jZg��dZd�j_ahgZlhjh\�^ey�Zdmklhwe_dljbq_kdbo�\heg��f_oZgbaf�\ha^_c�
kl\by�WFI�gZ� kljmdlmjm�`b^dhdjbklZeebq_kdbo� kbkl_f�� \ha^_ckl\b_�WFI�gZ�
kljmdlmjm�\h^u��\ebygb_�WFI�gZ�ijhkljZgkl\_ggh-\j_f_ggu_�kljmdlmju�\�kbk�
l_f_�³j_Zdpby-^bnnmaby´��fh^_ev�Zdmklbq_kdhc�\hegu��\_dlhjbaZpby�^\b`_gbc�
\gmljbde_lhqguo�dhfihg_glh\� 
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• db[_jg_lbq_kdb_� fh^_eb�� g_ihkj_^kl\_ggh_� \ha^_ckl\b_� WFI� gZ� \gmljb�
de_lhqgu_�bgnhjfZpbhggu_�ijhp_kku��jblfbq_kdZy�fh^_ev�\ha^_ckl\by�WFI��
fh^_eb�mihjy^hq_gghklb��bgnhjfZlb\ghklb��WFI� 
Ihqlb�\k_�bkke_^h\Zl_eb�\u^_eyxl�dZq_kl\_ggu_�oZjZdl_jbklbdb�keZ[h]h�WFI�

dZd�hkgh\ghc�nZdlhj��hij_^_eyxsbc�wnn_dlb\ghklv�\ha^_ckl\by�WFI�gZ�[bhh[t_dl��
Wlh� lZdb_� oZjZdl_jbklbdb�� dZd� iheyjbaZpby�� fhghojhfZlbqghklv�� dh]_j_glghklv� beb�
dZdZy-lh�^jm]Zy�mihjy^hq_gghklv��gZijbf_j��bgnhjfZpbhggZy��� 

IhdZaZgh�� qlh� kms_kl\mxsb_� fh^_eb� g_� ^Zxl� ihegh]h� hibkZgby� wdki_jbf_g�
lZevgh�gZ[ex^Z_fuf�y\e_gbyf�� 

IjhZgZebabjh\ZgZ�dh]_j_glghklv�keZ[h]h�WFI�dZd�nZdlhj��hij_^_eyxsbc�wn�
n_dlb\ghklv�\ha^_ckl\by�WFI�gZ�[bhh[t_dl��Ijb\_^_gu�klZlbklbq_kdb_�^Zggu_�f_^b�
pbgkdbo�bkke_^h\Zgbc�k�bkihevah\Zgb_f�l_jZi_\lbq_kdbo�eZa_jh\� 

JZkkfhlj_g�f_oZgbaf� ]_g_jZpbb�eZa_jgh]h�baemq_gby� �f_oZgbaf�bg^mpbjh\Zg�
gh]h�baemq_gby���IjhZgZebabjh\ZgZ�nmg^Zf_glZevgZy�jZ[hlZ�ih�f_oZgbafm�bg^mpbjh�
\Zggh]h�baemq_gby��Ij_^eh`_g�nbabq_kdbc�f_oZgbaf�ihy\e_gby�bg^mpbjh\Zggh]h�ba�
emq_gby�–�ihe_�\bjlmZevguo�³kbgojhgbabjmxsbo´�qZklbp� 

GZ�[Za_�wlh]h�f_oZgbafZ�ij_^eh`_g�gh\uc�ih^oh^�d�ihkljh_gbx�fh^_eb�f_oZ�
gbafZ�\aZbfh^_ckl\by�WFI�k�[bhh[t_dlhf�–�\aZbfh^_ckl\b_�\bjlmZevgh]h�³kbgojhgb�
abjmxs_]h´� ihey� [bhh[t_dlZ�� k� ihe_f� \bjlmZevguo� ³kbgojhgbabjmxsbo´� qZklbp�
\g_rg_]h�WFI� 

Ijb\_^_gu�hibkZgby�wdki_jbf_glh\��^ey�dhlhjuo�ij_^eZ]Z_fuc�ih^oh^�fh`_l�
hdZaZlvky�[he__�ieh^hl\hjguf��q_f�kms_kl\mxsb_� 

 
 
 

M>D������ 

J?>MDPBY�I:J:F?LJH< 
<�FH>?EB�K<YA:GGHC�K�;BHIHEBF?J:FB�<H>U 

∗Kheh\_c�:�;� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZ�[Za_�ij_^eh`_gghc�\�jZ[hlZo�>����@�fh^_eb�k\yaZgghc�k�[bhihebf_jZfb�\h^u�
�fh^_eb�th-pbdeh\��ihkljh_gh�ij_h[jZah\Zgb_��agZqbl_evgh�mf_gvrZxs__�qbkeh�iZjZ�
f_ljh\�bkoh^ghc�fh^_eb� 

<�jZkkfZljb\Z_fhc�\�jZ[hlZo� >��� ��� �@�fh^_eb� k\yaZgghc�\h^u�fhe_dmeu�\h^u�
ij_^klZ\eyxlky� l_ljZw^jbq_kdbfb� qZklbpZfb�� dhlhju_� k\yaZgu� ih� l_ljZw^jbq_kdbf�
k\yayf��Ba\_klgh��qlh�ih^h[ghc�kljmdlmjhc�y\ey_lky�e_^-1h –�h^gZ�ba�rbjhdh�jZkijh�
kljZg_gguo� djbklZeebq_kdbo� nZa� \h^u�� IhdZaZgh�� qlh� kms_kl\m_l� ^bkibjZpbhggh_�
ij_h[jZah\Zgb_� njZ]f_glh\� kljmdlmju� ev^Z-1h�� ij_h[jZamxs__� wlm� kljmdlmjm� \� th-
pbde� 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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Th-pbdeu�oZjZdl_jbamxlky�jy^hf�hkh[_gghkl_c��<h-i_j\uo��wlb�kljmdlmju�ihe�
ghklvx� khklhyl�ba� l_ljZw^jbq_kdbo� qZklbp�� hj]Zgbah\Zgguo� \� objZevgu_� ]_dkZpbdeu�
dhgnhjfZpbb� ©l\bkl-\ZggZª�� <h� \lhjuo�� th-pbdeZfb� g_\hafh`gh� [_a� bkdZ`_gbc� ba�
\gmlj_ggbo�iZjZf_ljh\�aZihegblv�iehlgh�lj_of_jgh_�_\deb^h\h�ijhkljZgkl\h��Gh��l_f�
g_�f_g__��bamq_gu�g_dhlhju_�Ze]hjblfu�aZiheg_gby�th-pbdeZfb�lj_of_jgh]h�_\deb^h�
\Z� ijhkljZgkl\Z� eb[h�njZdlZevgh�� eb[h� ih� \u^_e_gguf� gZijZ\e_gbyf��<� qZklghklb��
ihemq_gu�th-pbdeu��ij_^klZ\eyxsb_�kh[hc�h^ghf_jgu_�djbklZeeu�g_djbklZeeh]jZnb�
q_kdhc�kbff_ljbb����2, 111��b�l�^�� 

    
 

Jbk�����L_ljZw^j��]_dkZpbde�dhgnhjfZpbb�©l\bkl-\ZggZª�b�g_dhlhju_�th-pbdeu 
 
<�kbem�rbjhdh]h�jZaghh[jZaby�\hafh`guo�nhjf�th-pbdeh\�>�@>�@�ijb�aZ^Zgguo�

Ze]hjblfZo�ihkljh_gby�th-pbdeh\��bamq_gb_�ih^h[guo�kljmdlmj�b�bo�oZjZdl_jbklbd�dZd�
fh^_e_c� ]b^jZlguo� h[hehq_d� [bhihebf_jh\�fh`_l� ij_^klZ\eylv� agZqbl_evguc� bgl_�
j_k�� 

H^ghc� ba� ijh[e_f�fh^mevgh]h� ^baZcgZ� th-pbdeh\� y\ey_lky� g_\hafh`ghklv� aZ�
iheg_gby� bfb� lj_of_jgh]h� _\deb^h\Z� ijhkljZgkl\Z�� Ihkdhevdm� iehlgh_� aZiheg_gb_�
g_\hafh`gh��Z�qZklbqgh_� aZiheg_gb_�ijhkljZgkl\Z�khijy`_gh�k�bkdZ`_gb_f�\gmlj_g�
gbo�iZjZf_ljh\�th-pbdeh\��lh�g_h[oh^bfh�\\h^blv�f_jm�bkdZ`_gby��<�ij_^u^msbo�jZ�
[hlZo�>���@�bkdZ`_gb_�kljmdlmj�\\h^behkv�k�ihfhsvx�gZeh`_gby�gZ�kbkl_fm�ihl_gpbZ�
eZ� AMBER� k� dhgklZglZfb�� fZdkbfZevgh� khhl\_lkl\mxsbfb� dhgklZglZf� \h^hjh^ghc�
k\yab�\�lhqd_�fbgbfmfZ��Ihke_�fbgbfbaZpbb�]jZnZ�th-pbdeZ��khklhys_]h�ba�N�qZklbp�\�
aZ^Zgghf�ihl_gpbZe_�^ey�h^ghagZqgh]h�hibkZgby�_]h�g_h[oh^bfh�aZ^Zlv��N�dhhj^bgZl��
khklZ\eyxsbo�_]h�qZklbp�Z�lZd`_�hij_^_eblv�fZljbpm�k\yaghkl_c�th-pbdeZ� 

<� gZklhys_c� jZ[hl_� ij_^eZ]Z_lky� hlh[jZ`_gb_� kljmdlmju� th-pbdeh\� \� ^jm]b_�
kljmdlmju��gZau\Z_fu_� \� wlhc� jZ[hl_�T-pbdeu� kh� agZqbl_evguf� mf_gvr_gb_f� qbkeZ�
i_j_f_gguo� \� bkoh^ghc� kljmdlmj_��<� dZq_kl\_� beexkljZpbb� ijb\_^_f� ijbf_ju� hlh�
[jZ`_gby�th-pbdeh\�\�T-kljmdlmju�Z�lZd`_�bah[jZ`_gb_�g_dhlhjuo�th-pbdeh\�gZ�]_dkh�
]hgZevghc�k_ld_�� 

 

 
 

 
Jbk�����th-pbdeu�b�khhl\_lkl\mxsb_�bf�L-kljmdlmju 
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Ij_bfms_kl\h� hibkZgby� th-pbdeh\� k� ihfhsvx� T-kljmdlmj� khklhbl� lZd`_� b� \�
lhf��qlh�^ey�L-kljmdlmj�kms_kl\m_l�[Zabk�gZ�iehkdhc�]_dkZ]hgZevghc�k_ld_��b��khhl\_l�
kl\_ggh��\hafh`ghklv�hibkZgby�th-pbdeh\�bo�©Ze]hjblfbq_kdbfb�dhhj^bgZlZfbª� 

 

                               
 

                                      
 
 

Jbk�����th-pbdeu�b�khhl\_lkl\mxsb_�bf�©Ze]hjblfbq_kdb_�dhhj^bgZluª 
 
 

Ebl_jZlmjZ� 
1. G�:�� ;mev_gdh\�� H� \hafh`ghc� jheb� ]b^jZlZpbb� dZd� \_^ms_]h�

bgl_]jZpbhggh]h�nZdlhjZ� \� hj]ZgbaZpbb� [bhkbkl_f� gZ� jZaguo� mjh\gyo� bo� b_jZjobb��
;bhnbabdZ��������l������\ui�����k�����-243 

2. <�B�� Eh[ur_\�� :�;�� Kheh\_c�� G�:�� ;mev_gdh\�� Dhfivxl_jguc� fh^mevguc�
`baZcg�iZjZf_ljbq_kdbo�kljmdlmj�\h^u��;bhnbabdZ��������l���������k�����-1021 

3. V.I. Lobyshev, A. B. Solovey, N.A. Bulienkov. Computer construction of modular 
structures of water. Journal of Molecular Liquids, 2003, 106/203, pp 277-297 

 
 
 
 

EXFBG?KP?GPBY�<H>GUO�J:KL<HJH< 
KHE?C��DBKEHL�B�>JM=BO�<?S?KL<� 

G?�H;E:>:XSBO�KH;KL<?GGHC�EXFBG?KP?GPB?C 

>m[jh\kdbc�:�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijb�bkke_^h\Zgbb�jZa[Z\e_gguo�\h^guo�jZkl\hjh\�^bi_ilb^h\�[ueZ�h[gZjm`_�
gZ� exfbg_kp_gpby� ^bklbeebjh\Zgghc� \h^u��GZ[ex^Zeb� ^\_� ihehku� k� fZdkbfmfZfb�
ijb�����gf�b�����gf��Khhl\_lkl\mxsb_�fZdkbfmfu�\�ki_dljZo�\ha[m`^_gby�gZ[ex^Zeb�
ijb� ���� gf� b� ���� gf��Hkh[_ggh� qm\kl\bl_evghc� d�fZeuf� ^h[Z\dZf� dZd� exfbg_kpb�
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jmxsbo� �]ebpbeljbilhnZg��� lZd� b� g_exfbg_kpbjmxsbo� �]ebpbeZkiZjZ]bg�� kh_^bg_�
gbc�hdZaZeZkv� ³^ebggh\hegh\Zy´�ihehkZ��G_[_ajZaebqguf�^ey� wlhc�ihehku�hdZaZehkv�
\j_fy�ojZg_gby�jZkl\hjZ�ihke_�ijb]hlh\e_gby��<ky�kh\hdmighklv�h[gZjm`_gguo�n_gh�
f_gh\��k\yaZgguo�k�³^ebggh\hegh\hc´�ihehkhc��iha\hebeZ�knhjfmebjh\Zlv�]bihl_am�h�
lhf��qlh�wlZ�ihehkZ�g_�k\yaZgZ�k�gZebqb_f�hj]Zgbq_kdbo�exfbg_kpbjmxsbo�ijbf_k_c��
Z� y\ey_lky� dhee_dlb\guf� k\hckl\hf� kbkl_fu�� hljZ`Zxsbf� kljmdlmjgu_� baf_g_gby�
\h^guo� jZkl\hjh\�� Ijh\_^_gZ� ZgZeh]by� kh� k\_q_gb_f� djbklZeehnhknhjh\�� <� kemqZ_�
\h^guo� jZkl\hjh\� jhev� hkgh\gh]h� \_s_kl\Z�� ih]ehsZxs_]h� baemq_gb_��fh]eZ� [u�b]�
jZlv�d\ZabdjbklZeebq_kdZy� kljmdlmjZ�\h^u�� Z�jhev�p_gljh\�baemq_gby�–�ijbf_kb�beb�
^_n_dlu�kljmdlmju� >��� �@��Bkke_^h\Zgu�\h^gu_�jZkl\hju�\_s_kl\��dhlhju_�fh]eb�[u�
ih\ebylv�gZ�³^ebggh\hegh\mx´�ihehkm��\uau\Zy�kljmdlmjgu_�baf_g_gby� 

GZ[ex^Zeb� aZ\bkbfhklv� ki_dljZevgh]h� khklZ\Z� b� bgl_gkb\ghklb� exfbg_kp_g�
pbb�����F�\h^guo�jZkl\hjh\�g_cljZevguo�khe_c�ijb�\ha[m`^_gbb�gZ�����gf�hl�d\Zeb�
nbdZpbb�b�nbjfu-ijhba\h^bl_ey�ij_iZjZlZ��Hkh[_ggh� kbevgmx� aZ\bkbfhklv� h[gZjm�
`beb�\�kemqZ_�CH3COONa��<�ki_dljZo�bkimkdZgby�\h^guo�jZkl\hjh\�bahijhibeh\h]h�
kibjlZ��kgyluo�q_j_a�g_^_ex�ihke_�ijb]hlh\e_gby�jZkl\hjh\��ijb�\ha[m`^_gbb�gZ�����
gf�gZ[ex^Zeb�ihehkm�exfbg_kp_gpbb� k�fZdkbfmfhf�ijb� ����gf�b�ihemrbjbghc� ���
gf��Ihkljh_gb_�aZ\bkbfhklb�bgl_gkb\ghklb�wlhc�ihehku�hl�fhevghc�^heb�kibjlZ�x�\�
jZkl\hj_� g_� \uy\beh� gbdZdbo� hkh[_gghkl_c� \� lhc� dhgp_gljZpbhgghc� h[eZklb� �ijb�
x �������]^_�[ue�aZj_]bkljbjh\Zg�fZdkbfmf�k\_lhjZkk_ygby��k\yaZgguc�k�nemdlmZpby�
fb�kljmdlmju�>�@��Ki_dlj�exfbg_kp_gpbb�\h^gh]h�jZkl\hjZ�H2SO4�ijb�\ha[m`^_gbb�gZ�
����gf�ij_^klZ\ey_l� kh[hc�fhghlhgguc� ³ih^t_f´��g_ihkj_^kl\_ggh�ijbfudZxsbc� d�
ibdm�dhf[bgZpbhggh]h�jZkk_ygby�k�^ebggh\hegh\hc�klhjhgu��Ijb�g_kdhevdbo�ihke_�
^h\Zl_evguo�^_kylbdjZlguo�jZa[Z\e_gbyo�bkoh^gh]h�jZkl\hjZ��pH�kZfh]h�jZa[Z\e_ggh�
]h�jZkl\hjZ�[ue�jZ\_g����\_ebqbgZ�³ih^t_fZ´�gbdh]^Z�g_�mf_gvrZeZkv�[he__��q_f�\���
jZaZ��LZdmx�`_�dZjlbgm�gZ[ex^Zeb�\�kemqZ_�\h^guo�jZkl\hjh\�HCl�b�NaOH��qlh�k\b^_�
l_evkl\m_l�h�\hafh`ghc�_^bghc�hkgh\_�wlbo�y\e_gbc��Ihemq_ggu_�j_amevlZlu�hlebqZ�
xlky�hl�j_amevlZlh\�ZgZeh]bqgh]h�bkke_^h\Zgby�\h^guo�jZkl\hjh\�H2SO4��ihemq_gguo�
\�jZ[hl_�>�@��Ijbqbghc�lZdh]h�hlebqby�fh`_l�[ulv�lh��qlh�lZ�\h^Z��dhlhjmx�bkihevah�
\Zeb�^ey�ijb]hlh\e_gby�jZkl\hjh\�\�jZ[hl_� >�@��h[eZ^ZeZ�agZqbl_evgh�[hevr_c�exfb�
g_kp_gpb_c�� q_f� gZrZ�� Bkke_^h\Zgb_� \h^guo� jZkl\hjh\� H2O2� jZaguo� nbjf-
ijhba\h^bl_e_c�ihdZaZeh�gZebqb_�ihehku�exfbg_kp_gpbb�k�fZdkbfmfhf�ijb�����gf�b�
ihemrbjbghc� ��-��� gf��FZdkbfmf� \� ki_dlj_� \ha[m`^_gby� gZ[ex^Zeb� ijb� ���� gf��
G_evay�g_�hlf_lblv�ijZdlbq_kdb�ihegh_�kh\iZ^_gb_�iZjZf_ljh\�wlhc�exfbg_kp_gpbb�k�
iZjZf_ljZfb� ³^ebggh\hegh\hc´�ihehku�exfbg_kp_gpbb�^bklbeebjh\Zgghc�\h^u��LZ�
dh_�kh\iZ^_gb_�\jy^�eb�kemqZcgh� 

Ebl_jZlmjZ 
1. Eh[ur_\� <�B��� Ju`bdh\� ;�>���RboebgkdZy� J�W�� ��� ;bhnbabdZ�� ������ L�����

K����� 
2. Eh[ur_\�<�B���Ju`bdh\�;�>���RboebgkdZy�J�W���FZamjh\Z�L�G�����;bhnbabdZ��

������L�����K����� 
3. <mdk�F�N���Rmjmih\Z�E�<�����@mjg��kljmdl��obfbb��������L�����K����� 
4. IZpZ_\Z�K�<���NZ^__\�<�<���Nbebiih\Z�?�F���Qm[Zjh\�<�<���X`Zdh\�<�B�� ���

Ba\��:G��K_j��nbabq_kdZy��������L����������K����� 
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M>D������������� 

HP?GD:�>HKLH<?JGHKLB�DE:KL?JBA:PBB�IJHNBE?C�WDK�
IJ?KKBB��IHEMQ?GGUO�<�WDKI?JBF?GL:O 

G:�=?GGUO�FBDJHQBI:O 

∗K\_rgbdh\Z�:�G���B\Zgh\�I�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ihy\e_gb_� \h� \lhjhc�iheh\bg_� ��-o� ]h^h\� l_ogheh]bb� ]_gguo�fbdjhqbih\�hl�
djueh�\hafh`ghklv�ZgZebaZ�Zdlb\ghklb�]_g_lbq_kdh]h�ZiiZjZlZ�de_ldb�ijb�jZaebqguo�
nmgdpbhgZevguo� khklhygbyo��<�qZklghklb�� klZeh�\hafh`guf� wdki_jbf_glZevgh_�bam�
q_gb_�baf_g_gbc�mjh\gy�wdkij_kkbb�fgh]bo�lukyq�]_gh\�\�aZ\bkbfhklb�hl�\g_rgbo�mk�
eh\bc�� Ih^h[gu_� bkke_^h\Zgby� iha\heyxl� \uy\blv� ]jmiiu� ]_gh\�� dhlhju_� k\yaZgu�
f_`^m� kh[hc�nmgdpbhgZevgh� �dh^bjmxl�n_jf_glu�h^ghc�f_lZ[hebq_kdhc� k_lb��eb[h�
bf_xl�h[sb_�j_]meylhju�ljZgkdjbipbb��Z�lZd`_�ijhZgghlbjh\Zlv�]_gu��jhev�dhlhjuo�
\�de_ld_�jZg__�[ueZ�g_ba\_klgZ� 

<�gZklhys__�\j_fy�hkgh\guf�ih^oh^hf�d�ZgZebam�ijhnbe_c�wdkij_kkbb�]_gh\��
ihemqZ_fuo�\�wdki_jbf_glZo�gZ�fbdjhqbiZo��y\ey_lky�bkihevah\Zgb_�f_lh^h\�deZkl_j�
gh]h� ZgZebaZ� >�@��<� k\yab� k� l_f��qlh�ijbf_g_gb_�jZaguo� Ze]hjblfh\�deZkl_jbaZpbb�d�
h^gbf�b�l_f�`_�fZkkb\Zf�^Zgguo�^Z_l�jZagu_�jZa[b_gby�gZ�deZkku��qbkeh�b�khklZ\�dh�
lhjuo�g_j_^dh�aZ\bkyl�hl�gZqZevgh]h�\u[hjZ�iZjZf_ljh\�Ze]hjblfZ��djZcg_�ZdlmZevghc�
hdZau\Z_lky� aZ^ZqZ�hp_gb\Zgby� klZlbklbq_kdhc�^hklh\_jghklb�ihemqZ_fuo�deZkkbnb�
dZpbc��?_�j_r_gb_�hkeh`gy_lky�hlkmlkl\b_f�dZdbo-eb[h�Zijbhjguo�k\_^_gbc�h�\_jhyl�
ghklghc�kljmdlmj_�wdki_jbf_glZevguo�^Zgguo��qlh�aZljm^gy_l�ijbf_g_gb_�iZjZf_ljb�
q_kdbo�f_lh^h\��Z�lZd`_�fZehqbke_gghklvx�wdki_jbf_glZevguo�lhq_d� �h[uqgh�g_�[h�
e__���j_iebd�^ey�dZ`^h]h�mkeh\by��^ey�dZ`^h]h�ba�g_kdhevdbo�lukyq�deZkkbnbpbjm_�
fuo�h[t_dlh\��>ey�hp_gdb�^hklh\_jghklb�j_amevlZlh\�deZkl_jbaZpbb�Z\lhjZfb�bkihev�
ah\Zg�g_iZjZf_ljbq_kdbc�f_lh^�[mlklj_iZ�>�@��Djhf_�lh]h��^ey�ih\ur_gby�gZ^_`ghklb�
ihemqZ_fuo�jZa[b_gbc�d�h^ghfm�fZkkb\m�^Zgguo�ijbf_g_gu�^\Z�ijbgpbibZevgh�jZa�
ebqguo�f_lh^Z�deZkl_jbaZpbb�–�Z]ehf_jZlb\gZy�b_jZjobq_kdZy�deZkl_jbaZpby�b�f_lh^�
k-kj_^gbo� 

>Zggu_� wdki_jbf_glh\� gZ�fbdjhqbiZo�� dZd� ijZ\beh�� kh^_j`Zl� [hevrmx� ^hex�
ijhnbe_c�wdkij_kkbb��khhl\_lkl\mxsbo�³fheqZsbf´�]_gZf��Z�lZd`_�hlebqZxlky�\ukh�
dbf�mjh\g_f�rmfh\��g_�iha\heyxsbo�^hklh\_jgh�hl^_eblv�³fheqZsb_´�]_gu�hl�baf_�
gyxsbo�k\hx�Zdlb\ghklv��AgZqbl_evgZy�^hey�]_gh\�k�ijZdlbq_kdb�ihklhygguf�mjh\g_f�
wdkij_kkbb� aZljm^gy_l�bgl_jij_lZpbx�j_amevlZlh\�deZkl_jgh]h�ZgZebaZ��<�wlhc�k\yab�
Z\lhjZfb�bkihevah\Zgh�g_kdhevdh�Ze]hjblfh\�ij_^\Zjbl_evghc�nbevljZpbb�bkoh^guo�
^Zgguo� 

• wfibjbq_kdbc�f_lh^�nbevljZpbb�ih�ihjh]h\uf�agZq_gbyf��m^Zeyxsbc�]_gu�
kh�keZ[ufb�baf_g_gbyfb�wdkij_kkbb�ijb�\Zjvbjh\Zgbb�\g_rgbo�mkeh\bc� 
• nbevljZpby� ih� dhwnnbpb_glm� \ZjbZpbb�� hl[jZku\ZxsZy� ]_gu� k� baebrg_�
\ukhdhc�\ZjbZ[_evghklvx�ijb�b^_glbqguo�wdki_jbf_glZevguo�mkeh\byo�>�@� 
• nbevljZpby� ih� ghjfbjh\Zgghc� \gmljb]_gghc� ^bki_jkbb� k� dhjj_dpb_c� ih�
f_lh^m�)'5�>�@��mkljZgyxsZy�³fheqZsb_´�]_gu� 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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Hlnbevljh\Zggu_�^Zggu_�ihke_�^hihegbl_evghc�ghjfbjh\db�b�mkj_^g_gby�f_�
`^m�j_iebdZfb�\�ij_^_eZo�h^gh]h�mkeh\by�ih^\_j]Zebkv�ijhp_^mj_�deZkl_jbaZpbb��>ey�
f_lh^Z� N-kj_^gbo�ijhba\h^beZkv�^hihegbl_evgZy� dhjj_dpby� aZ\bkbfhklb�j_amevlZlh\�
deZkkbnbdZpbb�hl�\u[hjZ�gZqZevguo�p_gljh\��;mlklj_i-\u[hjdb�]_g_jbjh\Zebkv�kem�
qZcguf�h[jZahf�ih�mkj_^g_gguf�ijhnbeyf�wdkij_kkbb��\u[hj�k�\ha\jZs_gb_f���ihke_�
q_]h�^ey�dZ`^hc�ba�gbo�ijh\h^beZkv�ijhp_^mjZ�deZkl_jbaZpbb�b�hp_gb\Zeky�iZjZf_lj�
dZq_kl\Z�jZa[b_gby��Ihemq_ggh_�fgh`_kl\h�agZq_gbc�iZjZf_ljZ�dZq_kl\Z�hlh`^_kl\ey�
ehkv�k�]_g_jZevghc�kh\hdmighklvx�b�kem`beh�^ey�j_dhgkljmdpbb�nmgdpbb�jZkij_^_e_�
gby� \_jhylghkl_c� wlhc� \_ebqbgu��GZ� hkgh\_� ihemq_ggh]h� jZkij_^_e_gby� hp_gb\Zeky�
mjh\_gv� agZqbfhklb� ^ey� ijbgylby� beb� hldehg_gby� gme_\hc� ]bihl_aZ� h� kemqZcghklb�
deZkkbnbdZpbb�bkoh^guo�^Zgguo� 

HibkZggu_� ijhp_^mju�nbevljZpbb� b� [mlklj_i-hp_gb\Zgby� [ueb� ijbf_g_gu� d�
j_amevlZlZf�wdkij_kkbb�]_gh\�nhlhljhnguo�[Zdl_jbc�Rhodobacter sphaeroides 2.4.1�ijb�
jZaebqghf�kh^_j`Zgbb�dbkehjh^Z�\�kj_^_��r_klv�agZq_gbc�>22@�hl�����^h������\�h[s_c�
keh`ghklb����j_iebd���Kdhgkljmbjh\Zggu_�^ey�gbo�fbdjhqbiu�kh^_j`Zeb������heb]h�
gmde_hlb^guo� ihke_^h\Zl_evghkl_c�� ba� dhlhjuo� ����� khhl\_lkl\h\Zeb� ba\_klguf� ]_�
gZf�� Z� hklZevgu_� –�f_`]_gguf� mqZkldZf��<� j_amevlZl_� ijbf_g_gby� jZaebqguo� Ze]h�
jblfh\�nbevljZpbb�ba�wlhc�kh\hdmighklb�[ue�\u^_e_g�fZkkb\�ijhnbe_c�wdkij_kkbb��
dhlhjuc�ih^\_j]Zeky�ihke_^mxs_c�deZkl_jbaZpbb��Ij_^\Zjbl_evgu_�j_amevlZlu�h[jZ�
[hldb�wdki_jbf_glZevguo�^Zgguo��ihemq_gguo�gZ�R. sphaeroides, iha\heyxl�]h\hjblv�h�
ijh^mdlb\ghklb�ij_^eh`_ggh]h�ih^oh^Z�\� ZgZeba_�^bnn_j_gpbZevghc� wdkij_kkbb� ]_�
gh\� 

Ebl_jZlmjZ 
1. Jiang D., Tang C., Zhang A. IEEE Trans. Knowledge Data Eng., 2004 (submitted) 
2. Davison A.C., Hinkley D.V. Bootstrap Methods And Their Applications. Cam-

bridge 
3. Univ. Press, 1997 
4. Phang T.L. et al. Pac. Symp. Biocomput. 2003, p. 351. 
5. Storey J.D., Tibshirani R. Proc. Natl. Acad. Sci., vol. 100, p. 9440 (2003). 
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KL:;BEBA:PBY�F:J=:GP?<H=H�DE:KL?J:�<H>HJ:KS?I�
EYXS?=H�DHFIE?DK:�?=H�HDJM@?GB?F 

>_gbk_gdh�:�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

<i_j\u_�nhlhkbgl_a�h[jZah\Zeky��-��fej^��e_l�gZaZ^�b�k�l_o�ihj�y\ey_lky�kZfuf�
\Z`guf�ijhp_kkhf�gZ�A_fe_��l�d��h[_ki_qb\Z_l�`bagv�\k_f�]_l_jhljhnguf�hj]ZgbafZf��
d�dhlhjuf�hlghkblky�b�q_eh\_d��Gh��g_kfhljy�gZ�lh��qlh�jZkl_gby�m`_�lZd�^Z\gh�gZmqb�
ebkv�h[jZah\u\Zlv�dbkehjh^��q_eh\_d�^h�kbo�ihj�g_�fh`_l�ijhgbdgmlv�\�]em[bgu�wlh]h�
ijhp_kkZ�b�iheghklvx�\�g_f�jZah[jZlvky�� 

Ba\_klgh��qlh�hdbke_gb_�^\mo�fhe_dme�\h^u�b�\u^_e_gb_�h^ghc�fhe_dmeu�db�
kehjh^Z�ijhbkoh^bl�\�nhlhkbkl_f_����NK���k�g_ihkj_^kl\_gguf�mqZklb_f�\h^hjZks_i�
eyxs_]h�dhfie_dkZ� �<JD�� >�@��DZlZeblbq_kdbf�p_gljhf�wlh]h�dhfie_dkZ�y\ey_lky�q_�
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luj_oy^_jguc� deZkl_j�fZj]ZgpZ��>ey� ijh�
\_^_gby�j_Zdpbb�jZaeh`_gby�\h^u�g_h[oh�
^bfh� ihke_^h\Zl_evgh_� ih]ehs_gb_� q_lu�
j_o�d\Zglh\�k\_lZ��Wg_j]by�k\_lZ�aZiZkZ_lky�
\� \b^_� wg_j]bb� jZa^_e_gguo� aZjy^h\� k� h[�
jZah\Zgb_f� i_j\bqgh]h� hdbke_ggh]h� ^hgh�
jZ�we_dljhgh\�ib]f_glZ�J���+

�b�\hkklZgh\�
e_ggh]h�n_hn_lbgZ��Phe���>Ze__�k�mqZklb_f�
lbjhabgZ� Yz����� ]bklb^bgZ� H190, Mn-
deZkl_jZ� b� _s_� g_dhlhjuo� \kihfh]Zl_ev�
guo�dhfihg_glh\�ijhbkoh^bl�jZks_ie_gb_�
\h^u��Gh�lhqguc�f_oZgbaf�wlh]h�ijhp_kkZ��
Z�lZd`_�kljmdlmjZ�Mn-deZkl_jZ�^h�kbo�ihj�
g_� \uykg_gu�� Keh`ghklv� f_oZgbafZ� h[jZ�
ah\Zgby� dbkehjh^Z� khklhbl� \� lhf�� qlh� hl�
^\mo�fhe_dme�\h^u�^he`gu�hlhj\Zlvky�q_�
luj_�ijhlhgZ�b�q_luj_�we_dljhgZ��qlh�ijb�
\h^bl� d� h[jZah\Zgbx� g_mklhcqb\hc� kljmd�

lmju�� G_h[oh^bfh� \uykgblv�� dZdb_� \aZbfh^_ckl\by� klZ[bebabjmxl� wlm� kljmdlmjm� \�
jZaguo�khklhygbyo�� 

GZ� ^Zgguc� fhf_gl� ij_^eh`_gh� m`_� ^h\hevgh� fgh]h� ]bihl_a� h� kljmdlmj_� Mn-
deZkl_jZ�>�@�b�h�f_oZgbaf_�h[jZah\Zgby�dbkehjh^Z�>���@��P_ev�gZr_c�jZ[hlu�-�ijhZgZebab�
jh\Zlv�\hafh`ghklv�kms_kl\h\Zgby�h^ghc�ba�gZb[he__�\_jhylguo�kljmdlmj�Mn-deZkl_jZ�b�
\�^Zevg_cr_f�ijh\_jblv�]bihl_am�h[jZah\Zgby�dbkehjh^Z�\�lZdhf�dhfie_dk_� 

>ey�gZr_c�jZ[hlu�fu�bkihevah\Zeb�ijh]jZffm�HyperChem 7.1 Professional��K�ih�
fhsvx�g__�fu�jbkh\Zeb�Mn-deZkl_j��Z�aZl_f�jZkkqblu\Zeb�wg_j]bx�wlh]h�deZkl_jZ��Ijb�
q_f�ihkdhevdm�g_l� lhqguo� wdki_jbf_glZevguo�^Zgguo�h[�hdjm`_gbb�Mn-deZkl_jZ��k\h�
[h^gu_�\Ze_glghklb�fu�aZihegyeb�kZfhklhyl_evgh�gZb[he__�\_jhylgufb�eb]Zg^Zfb��>ey�
jZkq_lZ�wg_j]bb�bkihevah\Zeky�f_lh^�ZINDO/1 (the Ziner’s Intermediate Neglect of Differen-
tial Overlap���l�d��wlh�_^bgkl\_gguc�f_lh^��iha\heyxsbc�jZkkqblu\Zlv�dhfie_dku�k�i_j_�
oh^gufb� f_lZeeZfb�� ZINDO –� wlh� ihemwfibjbq_kdbc� f_lh^�� ijbgZ^e_`Zsbc� p_ehfm�
deZkkm�INDO�f_lh^h\��<�gbo��\�hlebqb_�hl�CNDO�f_lh^h\��Complete Neglect of Differential 
Overlap���mqblu\Z_lky�h[f_ggh_�\aZbfh^_ckl\b_�f_`^m�we_dljhgZfb�� 

<�j_amevlZl_�gZr_c�jZ[hlu�fu�ihemqbeb��qlh�Mn-deZkl_j��ijb�aZiheg_gbb�k\h�
[h^guo� \Ze_glghkl_c�bhgh\�Mn�g_cljZevgufb�fhe_dmeZfb��g_� y\ey_lky� klZ[bevguf��
IhegZy�wg_j]by�lZdh]h�dhfie_dkZ�iheh`bl_evgZ��Z�ijb�ihbkd_�fbgbfmfZ�_]h�wg_j]bb�
kljmdlmjZ� klZgh\blky�g_klZ[bevghc��b� Zlhfu� m^Zeyxlky�^jm]� hl�^jm]Z�gZ� jZkklhygb_�
ihjy^dZ� g_kdhevdbo� khl� Zg]klj_f��Ijb� dhfi_gkZpbb� aZjy^h\� gZ�Mn� hljbpZl_evgufb�
eb]Zg^Zfb�fu�ihemqb-eb�ihgb`_gb_�wg_j]bb�kbkl_fu��qlh�k\b^_l_evkl\m_l�h�__�klZ[b�
ebaZpbb�� 

LZdbf�h[jZahf��ba�ZgZebaZ�ihemq_gguo�j_amevlZlh\�fh`gh�k^_eZlv�\u\h^��qlh�
deZkl_j�\�gm`ghc�^ey�_]h�nmgdpbhgbjh\Zgby�dhgnb]mjZpbb�fh`_l�gZoh^blvky�lhevdh�
ijb�mkeh\bb�klZ[bebaZpbb�_]h�eb]Zg^Zfb��Ihwlhfm�iheh`bl_evgu_�aZjy^u�gZ�q_luj_o�
bhgZo�Mn�^he`gu�[ulv� kdhfi_gkbjh\Zgu��L�d��Mn�deZkl_j�hdjm`_g�[_edh\hc� ]eh[m�
ehc��eh]bqgh�ij_^iheh`blv��qlh�eb]Zg^Zfb�^he`gu�[ulv�Zfbghdbkehlu��bf_xsb_�hl�
jbpZl_evguc�aZjy^��l�_��ZkiZjZ]bgh\Zy�b�]emlZfbgh\Zy�dbkehlu��:�lZd`_�\hafh`gh�mqZ�
klb_�\�klZ[bebaZpbb�deZkl_jZ�hljbpZl_evguo�bhgh\�oehjZ� 

Jbk��<hafh`gZy�kljmdlmjZ�Mn-deZkl_jZ 
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<� aZdexq_gb_� ohqm� ih[eZ]h^Zjblv� k\h_]h� gZmqgh]h� jmdh\h^bl_ey� DmdmrdbgZ�
:�D��aZ�ihklZgh\dm�aZ^Zqb�b�ihfhsv�\�jZ[hl_��Z�lZd`_�Ihel_\Z�K�<��aZ�ihe_agu_�kh\_lu�
b�;_ehmkh\Z�J�<��aZ�dhgkmevlZpbb�� 

Ebl_jZlmjZ 
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of the Mn cluster and mechanism of photosynthetic oxygen evolution”// Biochimica et Bio-
physica Acta 1503 (2001) 7-23 
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M>D�������� 

KO?F:�KHIJY@?GBY�WE?DLJHGGH=H�B�IJHLHGGH=H�LJ:GK�
IHJL:�<�DHFIE?DK?�J:AEH@?GBY�<H>U 

M�<UKRBO�J:KL?GBC 

∗;_ehmkh\�J�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijhp_kk�nhlhkbgl_aZ�m�kbg_-a_e_guo�\h^hjhke_c�b�\ukrbo�jZkl_gbc��hkms_kl\�
ey_lky�iml_f�jZks_ie_gby�\h^u�ih^�^_ckl\b_f�kheg_qgh]h�k\_lZ�k�\u^_e_gb_f�dbkeh�
jh^Z��i_j_^Zqb�we_dljhgh\�hl�\h^u�\�we_dljhg-ljZgkihjlgmx�p_iv�b�h[jZah\Zgby�fhe_�
dme�1$'3+��dhlhju_�aZl_f�mqZkl\mxl�\�pbde_�DZev\bgZ��Ijb�wlhf�ijhbkoh^bl�nbdkZ�
pby�CO2�b�kbgl_a�m]e_\h^h\��JZks_ie_gb_�\h^u�m�wlbo�hj]Zgbafh\�hkms_kl\ey_lky�i_�
pbZebabjh\Zgguf� n_jf_glguf� dhfie_dkhf� hdbke_gby� \h^u� -� <HD-p_gljhf� �\h^h-
hdbkeyxsbc�dhfie_dk���-�\�khklZ\_�nhlhkbkl_fu�II.  

>ey�nmgdpbhgbjh\Zgby�dhfie_dkZ�jZaeh`_gby�\h^u�\�khhl\_lkl\bb�k�mjZ\g_gb_f 
4

2 22 4 4H O H e Oν + −→ + +                                            (1) 
g_h[oh^bfh�mqZklb_�iylb�dhnZdlhjh\� 

1. oehjhnbeeZ�P680; 
2. lbjhabgZ�Yz; 
3. ]bklb^bgZ�His D1-190; 
4. 4-Mn�bhggh]h�deZkl_jZ� 
5. bhgZ�Ca2+; 
6. ih�djZcg_c�f_j_�h^gh]h�Cl-. 
<� jZ[hl_�=��J_g^`_jZ� >�@�ij_^klZ\e_gZ� kljmdlmjZ��mqZkl\mxsZy� \� khijy`_gbb�

we_dljhggh]h�b�ijhlhggh]h�ljZgkihjlZ�\�<HD-p_glj_��Ba�g__�ke_^m_l��qlh�lbjhabg�YZ 

jZkiheh`_g�gZ�jZkklhygbb���– 12 Ö�hl�Mn-deZkl_jZ�b�gZ�jZkklhygbb�ijbf_jgh����Ö�hl�
oehjhnbeeZ� j_Zdpbhggh]h� p_gljZ� P680�� Ko_fZ� hlju\Z� ijhlhgZ� b� we_dljhgZ� hl� Mn-
deZkl_jZ�lbjhabghf�YZ�hibkZgZ�ke_^mxs_c�ko_fhc�� 
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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a��Ihke_�ih]ehs_gby�d\ZglZ�k\_lZ�oehjhnbeehf�P680��hg�l_jy_l�we_dljhg��i_j_�
^Z\Zy�_]h�q_j_a�g_kdhevdh�^jm]bo�i_j_ghkqbdh\�gZ�i_j\bqguc�obghg�QA��b�hdbkey_lky�
^h�P680

+�  

P680
+�   +                                                         

ns→                                           (3a) 
 
 
 
b��hdbke_gguc�P680

+��hlgbfZ_l� we_dljhg�m� lbjhabgZ�YZ�� wlh�\uau\Z_l�i_j_jZk�
ij_^_e_gb_�we_dljhgghc�iehlghklb�\�ZjhfZlbq_kdhf�dhevp_�lbjhabgZ��\�j_amevlZl_�q_�
]h�ihy\b\rbcky�qZklbqguc�iheh`bl_evguc�aZjy^�hllZedb\Z_l�ijhlhg�n_ghevghc�]jmi�
iu�lbjhabgZ�YZ��dhlhjuc�k\yau\Z_lky�k�Zlhfhf�ZahlZ�/N�khk_^g_c�Zfbghdbkehlu�His 
D1-190 

 

P680    +                                                          
sµ→                                             (3b) 

 
 
c��h[jZah\Z\rbcky�\�j_amevlZl_�iheh`bl_evguc�aZjy^�gZ�+LV�'�-����hllZedb\Z_l�

ijhlhg�hl�^jm]h]h�k\h_]h�ZlhfZ�ZahlZ�1��gZoh^ys_]hky�\�ZjhfZlbq_kdhf�]_l_jhdhevp_��
i_j_^Z\Zy�_]h�h^ghc�ba�khk_^gbo�Zfbghdbkehl��b�\�dhg_qghf�blh]_��q_j_a�kbkl_fm�ijh�
lhggh]h�dZgZeZ�ijhlhg�hdZau\Z_lky�\�exf_g_�lbeZdhb^Z� 

 
P680   +                                                                                              (3c) 

 
 
 
Ihke_�wlh]h��lbjhabg�\�jZ^bdZevghc�nhjf_�Y�

Z�hlgbfZ_l�ijhlhg�b�we_dljhg�g_�
ihkj_^kl\_ggh� m� Mn-deZkl_jZ�� k� dhlhjuf� k\yaZgu� ^\_� fhe_dmeu� \h^u�� Dhgdj_lguc�
Zlhf�0Q-deZkl_jZ��hl�dhlhjh]h�hkms_kl\ey_lky�hlju\�we_dljhgZ�b�ijhlhgZ��aZ\bkbl�hl�
l_dms_]h�Si-khklhygby�<HD-p_gljZ��b�gZ�^Zgguc�fhf_gl�wlhl�\hijhk�^h�dhgpZ�_s_�g_�
jZaj_r_g�� 

Kbkl_fZ�lbjhabg�YZ –�]bklb^bg�His D1-�����IhdZaZgh��qlh�ijhlhg�G��jZkiheh�
`_gguc�f_`^m�ZlhfZfb�N�b�O�kf_sZ_lky�ihke_�hdbke_gby�lbjhabgZ�YZ. <�gZklhys_c�
jZ[hl_� dhebq_kl\_ggh�bkke_^h\ZeZkv� ko_fZ��ij_^klZ\e_ggZy� \� klZlv_�=��J_g^`_jZ� >�@��
hibkZggZy�j_Zdpbyfb��D�–��F� �jbk������>ey�\uykg_gby�\hijhkZ�h�ehdZebaZpbb�ijhlhgZ�
n_ghevghc�]jmiiu�lbjhabgZ�<Z jZkkqblu\Zebkv�d\Z^jZlu�\hegh\uo�nmgdpbc�ijhlhgZ�\�
ihl_gpbZe_�� kha^Z\Z_fhf� \k_c� jZkkfZljb\Z_fhc� kbkl_fhc� dZd� \� g_cljZevghf� khklhy�
gbb�� lZd� b� iheh`bl_evgh� aZjy`_gghc�� ihke_� ihl_jb� h^gh]h� we_dljhgZ� oehjhnbeehf�
P680��LZdbf�h[jZahf��^ey�j_r_gby�\�oh^_�jZ[hlu�klZ\bebkv�ke_^mxsb_�aZ^Zqb� 

1. jZkkqblZlv�aZ\bkbfhklv�iheghc�wg_j]bb�kbkl_fu�lbjhabg�<Z –�]bklb^bg�+LV�
D1-����hl�iheh`_gby�ijhlhgZ�f_`^m�ZlhfZfb�2�n_ghevghc�]jmiiu�lbjhabgZ�<Z�b�Zlhf�
ZahlZ�1�]_l_jhdhevpZ�]bklb^bgZ�+LV�'�-����^ey�g_cljZevgh]h�b�hdbke_ggh]h�lbjhabgZ�
YZ; 

2. \uqbkeblv�\hegh\u_�nmgdpbb�b�wg_j]_lbq_kdb_�mjh\gb�ijhlhgZ�\�ihl_gpbZ�
eZo�ihemq_gguo�\�imgdl_��� 

3. ijhZgZebabjh\Zlv� jZaebqgu_� qbke_ggu_�f_lh^u� j_r_gby� aZ^Zqb�RlmjfZ-
Ebm\beey�gZ�kh[kl\_ggu_�nmgdpbb�b�kh[kl\_ggu_�agZq_gby�b�jZajZ[hlZlv�ijh]jZffm�
^ey�hilbfZevgh]h�\uqbke_gby�\he-gh\uo�nmgdpbc�b� wg_j]_lbq_kdbo�mjh\g_c�^ey�h^�
ghf_jgh]h�mjZ\g_gby�Rj_^bg]_jZ�\�ijhba\hevghf�ihl_gpbZe_� 
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Jbk��� 

Ihemq_ggu_� \� gZklhysbc� jZ-
[hl_� j_amevlZlu� d\Zglh\hf_oZgbq_�
kdbo� jZkq_lh\� iheh`_gby� ijhlhgZ� \�
kbkl_f_� � lbjhabg� <Z –� ]bklb^bg� +LV�
D1-���� ih^l\_j`^Zxl� ke_^mxsb_�
ij_^iheh`_gby� 

1. \� g_cljZevghf� khklhygbb�
kbkl_fu� ijhlhg� gZoh^blky� gZ�
jZkklhygbb� ijbf_jgh 1 A� hl� ZlhfZ�
dbkehjh^Z� O� lbjhabgZ� YZ�� Z� ihke_�
hdbke_gby�lbjhabgZ�Y+

Z�kf_sZ_lky�gZ�
1.7 A�� hdZau\Zykv� gZ� jZkklhygbb�
ijbf_jgh� ��A� hl� ZlhfZ� ZahlZ�N� ]bk�
lb^bgZ�His D1-�����jbk����� 

2. ijhba\_^_gguc�jZkq_l�ihdZ-
au\Z_l� \hafh`ghklv� ijbf_g_gby�
f_lh^h\� d\Zglh\hc� obfbb� ^ey� bk-
ke_^h\Zgby� kbkl_fu� jZaeh`_gby�
\h^u� 

3. hllhd�ijhlhgh\�hl�dhfie_dkZ�jZks_ie_gby�\h^u�\�exf_g�hkms_kl\ey_lky�q_�
j_a�ijhlhgguc�dZgZe��Jhev�i_j\h]h�a\_gZ��bgbpbbjmxs_]h�i_j_ghk�ijhlhgZ�hl�lbjhab�
gZ�YZ�ih�dZgZem��ih-\b^bfhfm��b]jZ_l�hklZlhd�]bklb^bgZ�His D1-190; 

Ebl_jZlmjZ 
1. G. Renger. Photosynthetic water oxidation to molecular oxygen: apparatus and 

mechanism. // Bioch. Bioph. Acta 1503 (2001) P. 210-228. 
 
 
 

M>D������� 

IE,GDB�E?G=FXJ:–;EH>@?LL� 
KH>?J@:SB?�GMDE?HEBIB>U� 

<�D:Q?KL<?�J:KIHAG:XS?=H�WE?F?GL:�;BHK?GKHJH< 

KlZjbpug�K�G���L\_j^bkeh\�<�:���Ydh\_gdh�K�:� 
F=M�bf�F�<�Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Gmde_hebib^u� –� deZkk� Zfnbnbevguo� \_s_kl\�� ij_^klZ\eyxsbo� kh[hc� ijhba�
\h^gu_�gmde_hlb^guo�hkgh\Zgbc�b�`bjguo�dbkehl��<�bkihevam_fuo�gZfb�\_s_kl\Zo�
�he_belbfbg�b�wjmpbeZ^_gbg��kbgl_a�[ue�ijh\_^_g�lZdbf�h[jZahf��qlh�]jmiiu�Zlhfh\��
hl\_qZxsbo� aZ� h[jZah\Zgb_� dhfie_f_glZjguo� k\ya_c� \� >GD�� hklZebkv� k\h[h^gufb���
;eZ]h^Zjy�k\h_fm�kljh_gbx��gmde_hebib^u�kihkh[gu�d�jZkihagZ\Zgbx�b�k_e_dlb\ghfm�
k\yau\Zgbx�k�Zahlbklufb�hkgh\Zgbyfb��\oh^ysbfb�\�khklZ\�gmde_bgh\uo�dbkehl��im�
l_f�h[jZah\Zgby�dhfie_f_glZjguo�\h^hjh^guo�k\ya_c��Z�lZd`_�kihkh[gu�nhjfbjh\Zlv�
klZ[bevgu_�e_g]fxjh\kdb_�fhghkehb�gZ�]jZgbp_�jZa^_eZ�\h^Z-\ha^mo��<�ij_^eh`_gghf�
gZfb�ih^oh^_�jZkl\hj_ggu_�\�\h^ghc�km[nZa_�ihebgmde_hlb^u�b]jZxl�jhev�fZljbpu�
�rZ[ehgZ���gZ�dhlhjhf�mihjy^hqb\Zxlky�fhe_dmeu�gmde_hebib^h\��h[jZamxsb_�fhgh�
kehc�gZ�ih\_joghklb� jZkl\hjZ�ihebgmde_hlb^h\� �qlh�gZihfbgZ_l�ijhp_kku��ijhbkoh�
^ysb_�ijb�j_iebdZpbb�>GD���<Zjvbjmy�iehsZ^v��ijboh^ysmxky�gZ�h^gm�fhe_dmem�fh�
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ghkehy��\hafh`gh�baf_gylv�jZkklhygb_�f_`^m�gbfb��ih^[bjZy�lZdbf�h[jZahf�gZbemq�
rb_�mkeh\by�^ey�]b[jb^baZpbb� 

;ueb�mklZgh\e_gu�khhlghr_gby�dhfihg_gl��ijb�dhlhjuo�nhjfbjmxlky�bklbg�
gu_� ^\mof_jgu_� jZkl\hju� gmde_hebib^h\� b� ]_g_cdhah-10,12-̂ bbgh\hc� dbkehlu�
KG3�KG2)7KAK-KAK�KG2)8KHHG�\�fhghkeh_��Fhe_dmeu�^bbgh\hc�dbkehlu�nhlhiheb�
f_jbamxlky� ijb� h[emq_gbb� mevljZnbhe_lhf�� Ijb� wlhf� gmde_hebib^u� hdZau\Zxlky�
\kljh_ggufb�\�ihebf_jgmx�fZljbpm�^bbgh\hc�dbkehlu��qlh�iha\hey_l�aZnbdkbjh\Zlv�
bo�jZkiheh`_gb_��aZ^Zggh_�ihebgmde_hlb^Zfb�� �Ihebf_jbah\Zggu_�fhghkehb�h[eZ^Z�
xl�[hevr_c�f_oZgbq_kdhc�ijhqghklvx�b�l_jfbq_kdhc�klZ[bevghklvx��ihebf_jbah\Zg�
gu_�fhghkehb��i_j_g_k_ggu_�gZ�l\_j^u_�ih^eh`db��g_�jZajmrZxlky�ijb�ih]jm`_gbb�\�
\h^m�ijb�l_fi_jZlmj_�g_�f_g__���hK�� 

:gZebahf�bahl_jf�k`Zlby�fhghkeh_\��Zlhfgh-kbeh\hc�fbdjhkdhib_c��:KF��ih�
emq_gguo�ie_ghd�b�bamq_gb_f�Z^khj[pbb�f_lh^hf�d\Zjp_\h]h�fbdjh\a\_rb\Zgby�ihdZ�
aZgh��qlh�ihebgmde_hlb^u�dhfie_f_glZjgh�k\yau\Zxlky�k�fhghkehyfb�gmde_hebib^h\�
b� bo� kf_k_c� k� ^bbgh\hc� dbkehlhc�� dZd� knhjfbjh\Zgguo� gZ� ]jZgbp_� jZa^_eZ� \h^Z-
\ha^mo�� lZd� b� i_j_g_k_gguo� gZ� l\_j^u_�ih^eh`db��F_lh^hf�:KF� [ueh� mklZgh\e_gh�
jZaebqb_�\�dhgnhjfZpbb�ihebgmde_hlb^h\� k\yaZgguo� k�fhghkehyfb�bg^b\b^mZevguo�
gmde_hebib^h\��ihebgmde_hlb^u�gZoh^ylky�\�dhgnhjfZpbb�³]eh[meZ´��beb�bo�kf_k_c�k�
^bbgh\hc�dbkehlhc��ihebgmde_hlb^u�gZoh^ylky�\�jZkijZ\e_gghf�khklhygbb��� 

 
 
 

M>D����������������� 

EXFBG?KP?GLGH�–�DBG?LBQ?KDB?�F?LH>U�BAMQ?GBY�
KLJMDLMJGUO�BAF?G?GBC�<�;?ED:O�IH>�>?CKL<B?F�

IH<?JOGHKLGH-:DLB<GUO�<?S?KL< 

F_evgbdh\�:�=� 
KZjZlh\kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l��nZdmevl_l�nbabdb�

g_ebg_cguo�ijhp_kkh\ 

JZ[hlZ� ihk\ys_gZ� � bkke_^h\Zgbx� \ebygby� i_j_kljhcdb� kljmdlmju� [_edZ� ih^�
^_ckl\b_f� ih\_joghklgh-Zdlb\guo� \_s_kl\� �I:<�� gZ� exfbg_kp_glgh-dbg_lbq_kdb_�
oZjZdl_jbklbdb� ijhp_kkh\� ^_aZdlb\Zpbb� wg_j]bb� we_dljhggh]h� \ha[m`^_gby� ljbie_l�
guo�khklhygbc�fhe_dme�djZkbl_e_c��k\yaZgguo�k�[_edZfb  

F_lh^hf�bfimevkghc�nemhjbf_ljbb�ihemq_gu� ki_dlju� aZf_^e_gghc�nemhj_k�
p_gpbb�b��nhknhj_kp_gpbb��Z�lZd`_�hij_^_e_gu�\j_f_gZ�`bagb�ljbie_lguo�khklhygbc�
exfbg_kp_glguo� ahg^h\�� k\yaZgguo� k� [_edZfb� ih� aZlmoZgbx� bo� exfbg_kp_gpbb� \h�
\j_f_gb� ihke_� bfimevkgh]h� nhlh\ha[m`^_gby�� Exfbg_kp_glgufb� ahg^Zfb� kem`beb�
fhe_dmeu�djZkbl_ey�dkZgl_gh\h]h�jy^Z�-�whabgZ��Ba�[_edh\�[ue�\u[jZg�ku\hjhlhqguc�
Zev[mfbg�q_eh\_dZ��H[gZjm`_gh�agZqbl_evgh_�m\_ebq_gb_�bgl_gkb\ghklb�aZf_^e_gghc�
nemhj_kp_gpbb�b�nhknhj_kp_gpbb��Z�lZd`_�\j_f_gb�`bagb�ljbie_lguo�khklhygbc�wh�
abgZ��k\yaZggh]h�k�[_edZfb�ih�kjZ\g_gbx�k�\h^gufb�jZkl\hjZfb��Wlh�k\b^_l_evkl\m_l�
h�`_kldhf�aZdj_ie_gbb�fhe_dme�whabgZ�gZ�[_edZo�b�dZd�ke_^kl\b_�i_j_jZkij_^_e_gbb�
\_jhylghklb�baemqZl_evguo�b�[_auaemqZl_evguo�ijhp_kkh\�^_aZdlb\Zpbb�wg_j]bb�ljb�
ie_lguo�khklhygbc�fhe_dme�whabgZ��� 

MklZgh\e_gh��qlh�ijb�^h[Z\e_gbb�\�\h^guc�jZkl\hj�[_edZ�fhe_dme�ih\_joghkl�
gh-Zdlb\gh]h�\_s_kl\Z��\�dZq_kl\_�dhlhjh]h�[ue�\u[jZg�^h^_pbekmevnZlZ�gZljby��ijh�
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bkoh^bl�khdjZs_gb_�\j_f_gb�`bagb�ljbie_lguo�khklhygbc�b�mf_gvr_gb_�bgl_gkb\gh�
klb� nhknhj_kp_gpbb� b� aZf_^e_gghc� nemhj_kp_gpbb� whabgZ��Ihemq_ggu_� j_amevlZlu�
h[tykgyxlky�baf_g_gb_f�kljmdlmju�[_edh\�ih^�^_ckl\b_f�fhe_dme�I:<��H[gZjm`_gh�
jZaebqb_�aZ\bkbfhkl_c�\j_f_gb�`bagb�ljbie_lguo�khklhygbc�fhe_dme�whabgZ��k\yaZg�
guo�k�[_edZfb��hl�dhgp_gljZpbb�^h^_pbekmevnZlZ�gZljby�ijb�baf_g_gbb�jG�jZkl\hjZ�� 

Ihemq_ggu_�j_amevlZlu�k\b^_l_evkl\mxl�h�lhf��qlh�bgl_gkb\ghklv��Z�lZd`_�db�
g_lbdZ�nhknhj_kp_gpbb�b�aZf_^e_gghc�nemhj_kp_gpbb�exfbg_kp_glguo�ahg^h\�qm\kl�
\bl_evgu�d�kljmdlmjguf�baf_g_gbyf�[_edZ�� 

 
 

M>D���������� 

DBG?LBQ?KD:Y�FH>?EV�;BNMGDPBHG:EVGH=H�
FGH=HKM;KLJ:LGH=H�N?JF?GL:�<�KL:PBHG:JGHF�

IJB;EB@?GBB 

DZjZlZkkh�X�H��Nbebfhgh\�B�K��PZiebgZ�E�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� gZklhys__� \j_fy� ba\_klgh� [hevrh_� qbkeh� [bnmgdpbhgZevguo� n_jf_glh\��
bf_xsbo�dZd�ijbjh^gh_�ijhbkoh`^_gb_��lZd�b�ihemq_gguo�bkdmkkl\_gguf�iml_f��Kh�
\j_f_ggu_�bkke_^h\Zgby�ihdZau\Zxl��qlh�lZdb_�n_jf_glu�fh]ml�bf_lv�^\Z�g_aZ\bkb�
fuo� Zdlb\guo� p_gljZ�� eb[h� hkms_kl\eyxl� dZlZeba� ^\mo� j_Zdpbc� gZ� h^ghf� Zdlb\ghf�
p_glj_��Keh`ghklv�j_Zdpbc��dZlZebabjm_fuo�[bnmgdpbhgZevgufb�n_jf_glZfb��^bdlm�
_l�g_h[oh^bfhklv�jZajZ[hldb�h[sbo�f_lh^h\�mklZgh\e_gby�dbg_lbq_kdh]h�f_oZgbafZ�
bo� ^_ckl\by� b� jZkkfhlj_gby� h[sbo� ko_f� dZlZebaZ� [bnmgdpbhgZevgufb�n_jf_glZfb��
GZfb�ijh\_^_g�ZgZeba�dbg_lbdb�^ey�h[h[s_gghc�fh^_eb�[bnmgdpbhgZevgh]h�n_jf_g�
lZ��\dexqZy�aZ\bkbfu_�b�g_aZ\bkbfu_�kemqZb�ijhl_dZgby�j_Zdpbb��K�ihfhsvx�f_lh^Z�
]jZnh\�[ue�ijh\_^_g�dZq_kl\_gguc�ZgZeba��dhlhjuc�ihdZaZe��qlh�bkke_^my�aZ\bkbfhklv�
klZpbhgZjghc� kdhjhklb� hl� dhgp_gljZpbb� km[kljZlZ�� fu� fh`_f� jZaebqblv� g_kdhevdh�
f_oZgbafh\� nmgdpbhgbjh\Zgby� n_jf_glZ�� Ihemq_ggu_� j_amevlZlu� [ueb� ijbf_g_gu�
^ey�h[tykg_gby�f_oZgbafZ�^_ckl\by�n_jf_glZ�ijhklZ]eZg^bg�–�G�–�kbglZau� 

 
 
 

M>D 621.373.826  

BAMQ?GB?�OBJ:EVGUO�K<HCKL<�;BHEH=BQ?KDBO�FHE?DME�
F?LH>HF�=?G?J:PBB�IH<?JOGHKLGHC�<LHJHC�HILBQ?KDHC�

=:JFHGBDB 

GZaZjh\�F�F���Rh^`Zb�;Z]bgb�F���Rdmjbgh\�:�I���Ydh\_gdh�E�<. 

F=M�bf��F�<��Ehfhghkh\Z�nbabq_kdbc�nZdmevl_l��F_`^mgZjh^guc�

EZa_jguc�P_glj 

ObjZevgu_� �g_� h[eZ^Zxsb_� a_jdZevghc� kbff_ljb_c��fhe_dmeu� kms_kl\mxl� \�
\b^_�^\mo�wgZglbhf_jh\��Z�\�`b\uo�hj]ZgbafZo�fu�\klj_qZ_fky�lhevdh�k�h^gbf�ba�gbo�
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–� wlh� h^gZ� ba� g_jZaj_rzgguo� gZ� k_]h^gy� aZ^Zq� [bhnbabdb��Bamq_gb_� wlhc�ijh[e_fu�
lj_[m_l� gh\uo� kihkh[h\� ehdZevgh]h� bkke_^h\Zgby� wlbo� fhe_dme� �gZ� ih\_joghklb�� \�
lhgdbo�kehyo�b�\�h[tzf_��b�jZkkfhlj_gby�\_jhylguo�_kl_kl\_gguo�ijhp_kkh\��ijb\h�
^ysbo�d�^bkdjbfbgZpbb�wgZglbhf_jh\��<�qZklghklb��aZ]Z^dZ�objZevghc�qbklhlu�`b\hc�
ijbjh^u�fh`_l�[ulv�k\yaZgZ�k�^bkdjbfbgZpb_c�objZevguo�wgZglbhf_jh\�gZ�ih\_jogh�
klb�fbjh\h]h� hd_ZgZ��<� l_q_gb_� ihke_^gbo� ^_kylb� e_l�� [eZ]h^Zjy� k\hbf� mgbdZevguf�
\hafh`ghklyf��f_lh^u�g_ebg_cghc� hilbdb� qZklh�bkihevamxlky�^ey� h[gZjm`_gby� ob�
jZevghklb� \� jZaebqguo� kj_^Zo�� KZfbf� m^h[guf� g_ebg_cguf� hilbq_kdbf� wnn_dlhf��
bkihevamxsbfky�ijb�bamq_gbb�objZevghklb��y\ey_lky�]_g_jZpby�ih\_joghklghc�\lhjhc�
hilbq_kdhc�]Zjfhgbdb��I=<=�� 

Ba\_klgh��qlh�gZebqb_�objZevguo�\_s_kl\�gZ�]jZgbp_�jZa^_eZ�^\mo�kj_^�\eby_l�
gZ� iheyjbaZpbhggu_� k\hckl\Z� ]_g_jbjm_fhc� hilbq_kdhc� ]Zjfhgbdb��Wlh� \ebygb_� bk�
ihevam_lky�\�^Zgghc�jZ[hl_�lj_fy�jZagufb�kihkh[Zfb��I_j\uc�f_lh^��=<=-HD>��–�wlh�
baf_j_gb_� \jZs_gby�iehkdhklb�iheyjbaZpbb� \lhjhc� ]Zjfhgbdb��Kmlv� \lhjh]h�f_lh^Z�
�=<=-D>��aZdexqZ_lky�\�kjZ\g_gbb�bgl_gkb\ghklb�\lhjhc�]Zjfhgbdb�ijb�hkgh\ghf�ba�
emq_gbb�c�e_\h-�b�ijZ\h-pbjdmeyjghc�iheyjbaZpb_c��<�lj_lv_f�f_lh^_� �=<=-E>���bk�
ihevamxlky� emqb� ebg_cgh� iheyjbah\Zggu_�� gh� iheyjbaZpby� gZijZ\e_gZ� \� ijhlb\hih�
eh`gu_�klhjhgu��ih^�m]ehf�����hlghkbl_evgh�iehkdhklb�iZ^_gby�� 

<�^Zgghc�wdki_jbf_glZevghc�jZ[hl_�fu�k�ihfhsvx�n_flhk_dmg^gh]h�eZa_jgh]h�
baemq_gby�bamqZeb�iheyjbaZpbhggu_�k\hckl\Z�\lhjhc�hilbq_kdhc�]Zjfhgbdb��ihemqZ_�
fu_�hl�k\h[h^ghc�ih\_joghklb�jZkl\hjh\�^\mo�wgZglbhf_jh\�b�jZp_fZlZ��L, D�b�L+D) 
ZjZ[bghau��K�ihfhsvx�f_lh^Z�=<=-HD>�[ueh�h[gZjm`_gh��qlh�ih\_joghklgZy�\lhjZy�
]ZjfhgbdZ�qm\kl\bl_evgZ�d�objZevghklb��ijbq_f�gZ[ex^Zehkv�agZqbl_evgh_�\jZs_gb_�
iehkdhklb�iheyjbaZpbb�\lhjhc�]Zjfhgbdb�hlghkbl_evgh�P-iheyjbaZpbb�iZ^Zxs_]h�em�
qZ��Hlkmlkl\b_�\jZs_gby�\�kemqZ_�jZp_fZlZ��L+D��ih^l\_j^beh�wlhl�j_amevlZl��<�jZ[h�
l_�lZd`_�ij_^klZ\e_gu�j_amevlZlu�jZkkfhlj_gby�\lhjhc�]Zjfhgbdb�f_lh^hf�=<=-E>��
;ueh�h[gZjm`_gh��qlh�\�^Zgghf�kemqZ_�wgZglbhf_ju�fh`gh�jZaebqZlv��lZd�dZd��bgl_g�
kb\ghklv�\lhjhc�]Zjfhgbdb�ijb�khklhygbb�iheyjbaZpbb�SP�iZ^Zxs_]h�k\_lZ�b�_]h�bg�
l_gkb\ghklv�ijb�khklhygbb�iheyjbaZpbb�PS��^ey�jZaebqguo�wgZglbhf_jh\��kbff_ljbq�
gh�hlebqZxlky��Ih^h[gu_�j_amevlZlu�[ueb�ihemq_gu�b�f_lh^hf�=<=-D>�� 

 
 
 

M>D������� 

DHFIE?DKHH;J:AH<:GB?�B�NHLHIJHP?KKU 
<�A:F?S,GGUO�G:NL:EBG:�B�DMF:JBG?�� 

@Zjdh\Z�H�F���Fhjhah\Z�X�I���:jlxoh\�<�Y� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<ebygb_�dhfie_dkhh[jZah\Zgby�gZ�ki_dljZevgh-exfbg_kp_glgu_�oZjZdl_jbklb�
db�fhe_dmeyjguo�kbkl_f�–�ZdlmZevgZy�ijh[e_fZ�fhe_dmeyjghc�nhlhnbabdb��Dhfie_d�
kh[jZah\Zgb_�fh`_l�kms_kl\_ggh�baf_gylv�khhlghr_gb_�f_`^m�baemqZl_evgufb�b�[_�
auaemqZl_evgufb�ijhp_kkZfb�� 

<� jZ[hl_�[ueb� jZkkfhlj_gu�nhlhnbabq_kdb_�ijhp_kku�b� \ebygb_�f_`fhe_dm�
eyjguo� \aZbfh^_ckl\bc� gZ� ijbf_j_� aZf_szgguo� gZnlZebgZ� ��-gZnlhe� b� ijh^Zg� ��-
ijhibhgbe-2-̂ bf_lbeZfbg�gZnlZebg��b�dmfZjbgZ���� 
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Ijh\_^zg� d\Zglh\h-obfbq_kdbc� jZkqzl�f_lh^hf�QI>I� kh� ki_dljhkdhibq_kdhc�
iZjZf_ljbaZpb_c�mdZaZgguo�fhe_dme�b�bo�dhfie_dkh\��Bamq_gh�lmr_gb_�nemhj_kp_g�
pbb�fhe_dme� �-gZnlheZ� b� dmfZjbgZ� �� \� bahijhiZghe_� gbljhf_lZghf�� \h^hc� b� l_ljZ�
oehjf_lZghf� 

<� hkgh\_� lmr_gby�nemhj_kp_gpbb� �-gZnlheZ�gbljhf_lZghf� e_`bl� \h^hjh^gZy�
k\yav��dhlhjZy�ijb\h^bl�d�m\_ebq_gbx�bgl_jdhf[bgZpbhgghc�dhg\_jkbb� 

>ey�fhe_dmeu��-gZnlheZ�kms_kl\m_l�\hafh`ghklv�nhlhijhlhgbjh\Zgby�ih�Zjh�
fZlbq_kdhfm�y^jm�\�khklhygbyo�S1�b�S2��dhlhjZy�agZqbl_evgh�\ur_�^ey�Zgbhgghc�nhj�
fu� 

Ki_dlju� ih]ehs_gby� b� baemq_gby� ijh^ZgZ� h[eZ^Zxl� \ukhdhc� qm\kl\bl_evgh�
klvx� d�ijbjh^_�jZkl\hjbl_ey��q_f�h[tykgy_lky� _]h�bkihevah\Zgb_� \� dZq_kl\_� ahg^Z�\�
[bhobfbq_kdbo�bkke_^h\Zgbyo��<�fhe_dme_�ijh^ZgZ�ihehkZ�ih]ehs_gby�\�pbdeh]_dkZg_�
khhl\_lkl\m_l� ^\mf� we_dljhgguf� i_j_oh^Zf� jZaebqghc� hj[blZevghc� ijbjh^u� �nπ*

� b�
ππ*-lbiZ���[ebadh�jZkiheh`_gguf������kf-1

���Fh^_ebjh\Zgb_�dhfie_dkh\�ijh^ZgZ�\�\h�
^_� ih� dZj[hgbevghc� b� ^bwlbeZfbgh-� ]jmiiZf� ihdZaZeh� baf_g_gb_� \� jZkiheh`_gbb�
mjh\g_c��ππ*

�\�h[eZklv�f_gvrbo�qZklhl��nπ* -�\�h[eZklv�[hevrbo�qZklhl���K�mqzlhf�ba�
f_g_gby�aZk_ezgghkl_c�k\ya_c�b�wnn_dlb\guo�aZjy^h\�Zlhfh\�\�\ha[m`^zgghf�khklhy�
gbb�ijh^ZgZ��[ueZ�baf_g_gZ�]_hf_ljby�fhe_dmeu�b�ihemq_gu�oZjZdl_jbklbdb�nemhj_k�
p_glgh]h�khklhygby�� 

>ey�dmfZjbgZ���\uykg_gZ�jhev�\h^hjh^ghc�k\yab�b�Zahl-Zahlgh]h�\aZbfh^_ckl�
\by�\�lmr_gbb�nemhj_kp_gpbb��Ijb�ih^\_^_gbb�bhgZ�]b^jhdkhgby�ih�dbkehjh^m�dZj[h�
gbevghc�]jmiiu��k�mqzlhf�baf_gzgghf�]_hf_ljbb��aZ�kqzl�\ukhdhc�dhgklZglu�kdhjhklb�
bgl_jdhf[bgZpbhgghc� dhg\_jkbb� gZ[ex^Z_lky� keZ[Zy� nemhj_kp_gpby� ba� gb`g_]h�
kbg]e_lgh]h� khklhygby�� qlh� kh]eZkm_lky� k� wdki_jbf_glZevguf� d\Zglh\uf� \uoh^hf�
nemhj_kp_gpbb�\�\h^_�� 

>ey�bkke_^h\Zgguo�fhe_dme�ihemq_gu�agZq_gby�dhgklZgl�kdhjhkl_c�nhlhnbab�
q_kdbo�ijhp_kkh\��>ey� �-gZnlheZ�b�dmfZjbgZ� ��\uykg_g�f_oZgbaf� lmr_gby�nemhj_k�
p_gpbb��>ey�ijh^ZgZ�h[tykg_gZ�qm\kl\bl_evghklv�d�jZkl\hjbl_ex�� 

 
 
 

M>D���������� 

<HAFH@GHKLV�>BKL:GPBHGGH=H�H;G:JM@?GBY�G?NLB�
ML?Q?D�IH�BAF?G?GBX�BGL?GKB<GHKLB�NEMHJ?KP?GPBB�

OEHJHNBEE:�J:KL?GBC 

Rmev]bgZ�E�:��NZl__\Z�G�E� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<� jZ[hl_� ij_^klZ\e_gu� j_amevlZlu� h[gZjm`_gby� g_nlb� ml_q_d� ih� baf_g_gbx�
nemhj_kp_gpbb�oehjhnbeeZ�m�jZkl_gbc��jZklmsbo�\[ebab�\u[jhkh\��ihemq_ggu_�^\mfy�
jZagufb�f_lh^Zfb��h^bg�ba�dhlhjuo�^bklZgpbhgguc�b�hkgh\Zg�gZ�baf_g_gbb�hlghr_�
gby� ^\mo� fZdkbfmfh\� nemhj_kp_gpbb� oehjhnbeeZ�� Z� ^jm]hc� bkihevah\Zeky� ^ey� dhg�
ljhevguo� baf_j_gbc� b� ij_^klZ\eye� kh[hc� ki_dljhnhlhf_ljbq_kdbc�f_lh^��Ba\_klgh��
qlh�\_ebqbgZ�nemhj_kp_gpbb�ijb�nhlhkbgl_a_�h[jZlgh�ijhihjpbhgZevgZ�wnn_dlb\gh�
klb�b�kdhjhklb�nhlhkbgl_aZ��?keb�j_Zdpby�nhlhkbgl_aZ�aZlhjfZ`b\Z_lky��lh��\�l_ieh�b�
nemhj_kp_gpbx�i_j_oh^bl�[hevrZy�qZklv�wg_j]bb�\ha[m`^_gby��<�wlhf�kemqZ_�\u^_e_�
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gb_� l_ieZ� b�nemhj_kp_gpby�fh]ml� \ujZklb� \� �-�� jZa��LZdbf� h[jZahf�� bgl_gkb\ghklv�
nemhj_kp_gpbb�oehjhnbeeZ�Z�\�jZkl_gbb�y\ey_lky�nmgdpb_c�wnn_dlb\ghklb�nhlhkbg�
l_aZ�\�ij_^iheh`_gbb��qlh�dhgp_gljZpby�fhe_dme�hklZ_lky�g_baf_gghc��LZdbf�h[jZahf��
klj_kk�bg^mpbjm_l�baf_g_gby�nhlhkbgl_lbq_kdhc�d\Zglh\hc�dhg\_jkbb��b�dZd�ke_^kl�
\b_� ih\j_`^_gby�nhlhkbgl_lbq_kdh]h� ZiiZjZlZ�� �<� j_amevlZl_� ijh^_eZgguo� wdki_jb�
f_glh\�mklZgh\e_gh��qlh�f_lh^hf�eZa_jgh-bg^mpbjh\Zgghc�nemhj_kp_gpbb�oehjhnbeeZ�
fh`gh�hij_^_eblv�m�d_^jZ�jZggxx�klZ^bx�klj_kkh\h]h�nZdlhjZ��k\yaZggh]h�k�gZebqb�
_f�\�ihq\_�©g_nlyghc�]jyabª��GZlmjgu_�baf_j_gby�^Zeb�\hafh`ghklv�gZ[ex^Zlv�aZ�^b�
gZfbdhc�khklhygby�nhlhkbgl_lbq_kdh]h�ZiiZjZlZ�^j_\_kguo�jZkl_gbc�\�_kl_kl\_gguo�
mkeh\byo�� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglZ�Fbgh[jZah\Zgby�Jhkkbb��:��-2.9-713.   
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M>D���������� 

K?AHGGU?�<:JB:PBB�<DE:>H<�J:AEBQGUO�IJHP?KKH< 
<�G:;EX>:?FMX�BAF?GQB<HKLV�IJBA?FGH=H�HAHG: 

G:>�?<JHIHC 
∗AZoZjh\�B�K���Dmag_ph\�=�B���LZjZkh\Z�H�:�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kj_^b�hkgh\guo�aZ]jyagbl_e_c�ijba_fgh]h�kehy�Zlfhkn_ju�agZqbl_evgmx�jhev�
b]jZ_l�ijba_fguc�hahg��AZnbdkbjh\Zggu_�k�gZqZeZ���-o�]h^h\�kemqZb�ih\ur_gby�_]h�
dhgp_gljZpbb�\ur_�ij_^_evgh�^himklbfuo�gZghkyl�ms_j[�a^hjh\vx�q_eh\_dZ��ih\j_�
`^Zxl� jZkl_gby� b�fZl_jbZeu��GZb[hevrmx� h[_kihdh_gghklv� \uau\Z_l� jhkl� dZd� Zgh�
fZevgh�\ukhdbo��lZd�b�nhgh\uo�dhgp_gljZpbc�ijba_fgh]h�hahgZ�ih�\k_fm�fbjm�>���@��B�
ohly�\�ihke_^g__�\j_fy�gZ[ex^Z_lky�mf_gvr_gb_�qbkeZ�kemqZ_\�ij_\ur_gby�I>D�>�@��
\�lh�`_�\j_fy�kj_^gb_�mjh\gb�dhgp_gljZpbc�ijh^he`Zxl�jZklb� 

G_kfhljy� gZ� h]jhfguc� bgl_j_k� d� ijh[e_f_� ijba_fgh]h� hahgZ��f_oZgbafu� _]h�
baf_gqb\hklb�^h�dhgpZ�g_�bamq_gu��HklZ_lky�g_ihgyluf�\deZ^�Zgljhih]_gguo�b�_kl_�
kl\_gguo�ijhp_kkh\�\�gZ[ex^Z_fmx�baf_gqb\hklv�ijba_fgh]h�hahgZ� 

<� ^Zgghc� jZ[hl_� hp_gb\Zxlky� k_ahggu_� \ZjbZpbb� \deZ^h\� g_dhlhjuo� \u[jZg�
guo�ijhp_kkh\�\�gZ[ex^Z_fmx�baf_gqb\hklv�ijba_fgh]h�hahgZ�gZ^�?\jhihc�� 

<�jZ[hl_�bkihevah\Zgu�j_amevlZlu�gZ[ex^_gbc�ijba_fgh]h�hahgZ�gZ�k_lb�nhgh�
\uo� hahghf_ljbq_kdbo� klZgpbc� ijh_dlZ� EMEP� \� i_jbh^� ����-����� ]]��
(http://www.nilu.no���>ey�ZgZebaZ�bkihevah\Zebkv�ebrv�l_�jy^u��^ebgZ�dhlhjuo�khklZ\�
ey_l���b�[he__�e_l��qlh�k\yaZgh�k�g_h[oh^bfhklvx�ihemq_gby�gZ^_`guo�ki_dljZevguo�
hp_ghd�� 

Bgl_j\Ze� \gmljb]h^h\hc� baf_gqb\hklb� ijba_fgh]h� hahgZ� jZa[b\Zeky� gZ� g_�
kdhevdh�]jmii�i_jbh^h\��k\yaZgguo�k�hij_^_e_ggufb�ijhp_kkZfb�\�Zlfhkn_j_��Kj_^b�
lZdbo� ijhp_kkh\� fh]ml� [ulv� \u^_e_gu� ke_^mxsb_�� ^he]hi_jbh^gu_� baf_g_gby� dhg�
p_gljZpbb� ���-��� kmlhd��� \hegh\u_� ^\b`_gby� \� Zlfhkn_j_� ���-��� kmlhd��� djmighfZk�
rlZ[gu_� kbghilbq_kdb_� ijhp_kku� ��-��� kmlhd�� b� ehdZevgu_� ijhp_kku� ��-�� kmlhd���
;hevrbgkl\h�ba�mdZaZgguo�i_jbh^h\�[ueb�h[gZjm`_gu�jZg__�dZd�\�\ZjbZpbyo�h[s_]h�
kh^_j`Zgby�hahgZ�>�@��lZd�b�gZ�jy^_�?\jhi_ckdbo�hahghf_ljbq_kdbo�klZgpbc��jZ[hlZx�
sbo��\�jZfdZo�ijh_dlZ�TOR-2 [1]. 

>ey�ZgZebaZ�^Zgguo�bkihevah\Zeky�f_lh^�nbevljZpbb�ki_dljZevguf�hdghf��>ey�
\k_o� klZgpbc�� ^ebl_evghklv� baf_j_gbc� dhgp_gljZpbb� ijba_fgh]h� hahgZ� gZ� dhlhjuo�
ij_\urZ_l� �� e_l� ���� klZgpbc��� jZkkqblu\Zeky� fh^_evguc� kj_^gbc� ]h^�� ih� dhlhjhfm�
hp_gb\Zebkv�ki_dlju�\ZjbZpbc�dhgp_gljZpbb�ijba_fgh]h�hahgZ��Ihemq_ggu_�ki_dlju�
[ueb�k\_jgmlu�k�khhl\_lkl\mxsbfb�hdgZfb�i_jbh^h\�\�ki_dljZevghc�h[eZklb�b�ih^�
\_j]gmlu�h[jZlghfm�Nmjv_�ij_h[jZah\Zgbx��DZd�ihdZaZl_ev�baf_gqb\hklb�jZkkqblu�
\Zebkv�mljh_ggu_�klZg^Zjlgu_�hldehg_gby�fh^_evguo�jy^h\�^ey�jZaebqguo�k_ahgh\�� 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 

 

=?HNBABD: 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Ghkh\�FboZbe�:e_dkZg^jh\bq 



EHFHGHKH<�– 2004 

 

110 

Ihemq_ggu_�ijhkljZgkl\_ggu_� jZkij_^_e_gby� k_ahgghc�baf_gqb\hklb� \deZ^h\�
jZaebqguo�ijhp_kkh\�iha\heyxl�k^_eZlv�jy^�\Z`guo�\u\h^h\�� 

IjZdlbq_kdb�\h�\k_�k_ahgu�b�^ey�\k_o�]jmii�ijhp_kkh\�baf_gqb\hklv�ijba_fgh�
]h�hahgZ�\�:evibckdhf�j_]bhg_�kms_kl\_ggh�gb`_��q_f�gZ�ijbe_`Zs_c�l_jjblhjbb�� 

FZdkbfZevgu_�Zfieblm^u�f_ah-fZkrlZ[ghc�baf_gqb\hklb�gZ[ex^Zxlky�e_lhf�
b�abfhc��^h�����]�f3

���H^gZdh��_keb�abfhc�ahgZ�fZdkbfmfZ�gZ[ex^Z_lky�gZ^�l_jjblhjb�
_c�NjZgpbb�b�<_g]jbb��lh�e_lhf�wlZ�h[eZklv�kf_sZ_lky�\�j_]bhg�=_jfZgbb�–�Ihevrb��
Kms_kl\_gguc�]jZ^b_glguc�jhkl�Zfieblm^�\ZjbZpbc�k�k_\_jZ�gZ�x]��hlf_qZ_lky�\�h[Z�
k_ahgZ��<_kghc�ihe_�f_ah-fZkrlZ[ghc�baf_gqb\hklb�[he__�h^ghjh^gh��q_f�\�hklZevgu_�
k_ahgu��FZdkbfZevgZy� baf_gqb\hklv� g_� ij_\urZ_l� ���� �]�f3

��Hk_gvx� dZjlbgZ� f_ah-
fZkrlZ[ghc�baf_gqb\hklb�ih\lhjy_l�e_lgxx��ohly�b�k�f_gvrbfb�Zfieblm^Zfb��k�kh�
ojZg_gb_f�fZdkbfmfZ�\�aZ]jyag_gguo�jZchgZo��Wlhl�nZdl�iha\hey_l�aZdexqblv��qlh�\�
f_ah-fZkrlZ[ghc�baf_gqb\hklb�ijhke_`b\Z_lky�\ebygb_�k_ahgguo�\ZjbZpbc�hk\_s_g�
ghklb��b��ke_^h\Zl_evgh��Zdlb\ghklb�nhlhobfbq_kdbo�ijhp_kkh\�]_g_jZpbb�ijba_fgh]h�
hahgZ�� 

Kms_kl\_ggh� f_gvrZy�� ih� kjZ\g_gbx� k� f_ah-fZkrlZ[ghc�� baf_gqb\hklv� ijb�
a_fgh]h�hahgZ�h[mkeh\e_gZ�\hegh\ufb�^\b`_gbyfb�\� Zlfhkn_j_� �^h� ���]�f3

���J_]bhg�
fZdkbfmfZ�gZ[ex^Z_lky�\�Gb^_jeZg^Zo�abfhc��\_kghc�hg�kf_sZ_lky�qmlv�\hklhqg__�b�
x`g__��e_lhf�-�_s_�\hklhqg__��\�kmff_�gZ���]jZ^mkh\�aZ���k_ahgZ��b�hk_gvx�\ha\jZsZ_l�
ky� d� abfg_fm� j_`bfm�� Hk_gvx� ahgZ� fZdkbfZevguo� \ZjbZpbc� f_g__� bahebjh\ZgZ� ih�
kjZ\g_gbx�k�hklZevgufb�k_ahgZfb�� 

GZb[hevrZy�baf_gqb\hklv�ijba_fgh]h�hahgZ�kj_^b�bkke_^m_fuo�]jmii�\gmljb�
]h^h\hc� baf_gqb\hklb� k\yaZgZ� k� djmighfZkrlZ[gufb� kbghilbq_kdbfb� ijhp_kkZfb��
Baf_gqb\hklv�� hij_^_ey_fZy� wlhc� ]jmiihc� ijhp_kkh\�� f_gy_lky� \� fZdkbfmf_� hl� ���
�]�f3

�hk_gvx�^h�����]�f3 e_lhf��<Z`guf�nZdlhjhf�k�wlhc�]jmii_�y\ey_lky�[ebahklv�fh�
jy��ihwlhfm�\�e_lgbc�b�abfgbc�i_jbh^�fZdkbfZevgu_�\ZjbZpbb�gZ[ex^Zxlky�gZ�ijb�
fhjkdbo�klZgpbyo�Gb^_jeZg^h\�b�<_ebdh[jblZgbb��jZkiheh`_gguo�\^hev�ijheb\Z�EZ-
FZgr�b�;bkdZckdh]h�aZeb\Z��;ebahklv�fhjy�h[_ki_qb\Z_l�[hevrb_�l_fi_jZlmjgu_�]jZ�
^b_glu�b�]jZ^b_glu�\eZ`ghklb��qlh�h[_ki_qb\Z_l�[eZ]hijbylgu_�mkeh\by�^ey�hij_^_�
e_gby�iml_c�ijhoh`^_gby�djmighfZkrlZ[guo�[Zjbq_kdbo�kbkl_f��<�i_j_oh^gu_�k_ah�
gu�wlb�]jZ^b_glu�f_g__�\ujZ`_gu��qlh�ijb\h^bl�d�k^\b]m�fZdkbfmfZ�\ZjbZpbc�\�[he__�
dhglbg_glZevgu_�b�aZ]jyag_ggu_�jZchgu�� 

Bgl_j_kguf� j_amevlZlhf� y\ey_lky� fZehklv� ehdZevguo� \ZjbZpbc� ijba_fgh]h�
hahgZ� ih� kjZ\g_gbx� k� djmighfZkrlZ[ghc� kbghilbdhc�� <� wlhc� `_� ]jmii_� ijhp_kkh\�
gZb[he__�yjdh�\u^_ey_lky�:evibckdbc�j_]bhg��\ZjbZpbb�a^_kv�\h�\k_�k_ahgu�kjZ\gbfu�
ih�fZehklb�k�gZ[ex^Z_fufb�gZ�kZfuo�k_\_jguo�klZgpbyo���FZdkbfZevgZy�Zfieblm^Z�
\ZjbZpbc�^ey�wlhc�]jmiiu�i_jbh^h\�khklZ\ey_l� ���]�f3

�b�gZ[ex^Z_lky�e_lhf�gZ^�Gb�
^_jeZg^Zfb��DZd�b�^ey�djmighfZkrlZ[guo�kbghilbq_kdbo�ijhp_kkh\��\ebygb_�fhjy�\�
wlhc�]jmii_�kms_kl\_ggh�� 

JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglh\� JNNB����-05-������ b� INTAS 01-
0016.  

Ebl_jZlmjZ 
1. &YLWDVß�� 7��� HW� DO�� 6SHFWUDO� DQDO\VLV� RI� ERXQGDU\� OD\HU� R]RQH� GDWD� IURP� WKH�

EUROTRAC TOR network, J. Geophys. Res., 109, D02302, 2004, 
doi:10.1029/2003JD003727. 

2. Solberg S., Bergstroem R., Langner J., Laurila T., Sjoeberg K. and Lindskog A. 
Changes in ozone episodes due to emission reductions: A Nordic study // Norwegian Institute 
for Air Research: Kjeller. EMEP/CCC-Report 10/2002. 74 p. (http://www.nilu.no). 
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3. TOR-2 (Tropospheric Ozone Research), Final Report. International Scientific Se-
cretariat (ISS), GSF, Munich, Germany, 2003. 168p. 

4. A\y]bgp_\� :�F��� Djmq_gbpdbc� =�F�� H� ijhkljZgkl\_ggh-\j_f_gguo� k\yayo�
ijba_fghc�dhgp_gljZpbb�hahgZ�\�?\jhi_��-�Ba\_klby�J:G��NbabdZ�Zlfhkn_ju�b�hd_ZgZ��
������l�����������k�����-113. 

5. Oj]bZg� :�O��� Dmag_ph\� =�B�� Ijh[e_fZ� gZ[ex^_gbc� b� bkke_^h\Zgbc�
Zlfhkn_jgh]h�hahgZ��F���Ba^Zl_evkl\h�Fhkdh\kdh]h�Mgb\_jkbl_lZ������������k� 
 
 
 

M>D��������������� 

KJ:<GBL?EVGUC�:G:EBA�G:;EX>:?FUO�B�FH>?EVGUO�
KDHJHKL?C�BAF?G?GBY�DHGP?GLJ:PBC�HAHG: 

<�A<?GB=HJH>? 

DZebkljZlh\Z�?�K���Dmag_ph\�=�B���LZjZkh\Z�H�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� j_amevlZl_� bklhjbq_kdbo� ijhp_kkh\�nhjfbjh\Zgby� a_fghc� Zlfhkn_ju� d� gZ�
klhys_fm�fhf_glm�\j_f_gb�knhjfbjh\Zeky�hij_^_e_gguc�dZq_kl\_gguc�khklZ\�Zlfh�
kn_jgh]h�\ha^moZ��JZ\gh\_kguc�khklZ\�fZeuo�]Zah\uo�ijbf_k_c�j_]mebjm_lky�jZaebq�
gufb�obfbq_kdbfb�b�nhlhobfbq_kdbfb�j_Zdpbyfb��GZb[he__�obfbq_kdb�Zdlb\gufb�ba�
fZeuo�]Zah\uo�ijbf_k_c�y\eyxlky�hahg��Zahlgu_�b�k_jgbklu_�hdkb^u��hdkb^�m]e_jh^Z��
jZaebqgu_�jZ^bdZeu�b�jy^�hj]Zgbq_kdbo�kh_^bg_gbc��Nhlhobfbq_kdh_�khklhygb_�Zlfh�
kn_ju� hij_^_ey_lky� \aZbfgufb� ij_\jZs_gbyfb� bf_ggh� wlbo� kh_^bg_gbc� >�@��Djhf_�
obfbq_kdbo�ij_\jZs_gbc��\ZjbZpbb�]Zah\h]h�khklZ\Z�fh]ml�hij_^_eylvky�jZaebqgufb�
^bgZfbq_kdbfb� ijhp_kkZfb�� lZdbfb� dZd� ]hjbahglZevguc� b� \_jlbdZevguc� ljZgkihjl��
klhd�gZ�ih^klbeZxsmx�ih\_joghklv�b�\ufu\Zgb_�hkZ^dZfb� 

<�jZ[hl_�ijh\h^blky�kjZ\gbl_evguc�ZgZeba�\ZjbZpbc�ijba_fgh]h�hahgZ��j_Zevgh�
gZ[ex^Z_fuo�\�Zlfhkn_j_�b�fh^_evgh�hp_g_gguo��>ey�wlhc�p_eb�bkihevamxlky�^Zggu_�
baf_j_gbc�hahgZ��_]h�ij_^r_kl\_ggbdh\�b�ehdZevguo�f_l_hmkeh\bc�\h�\j_fy�wdki_^b�
pbb�TROICA-���Baf_j_gby�ijh\h^bebkv�gZ�A\_gb]hjh^kdhc�gZmqghc�klZgpbb�\�fZjl_�
(17-����b�\�bxe_���-��������]�� 

>ey� hp_gdb� nhlhobfbq_kdh]h� ihl_gpbZeZ� ]_g_jZpbb� hahgZ� bkihevah\ZgZ� ijh�
kl_crZy� fh^_ev� hij_^_e_gby� khklhygby�nhlhobfbq_kdh]h� jZ\gh\_kby� \� kbkl_f_�Ha - 
NOx� �Hdbkeu�ZahlZ� �12�b�122��b�hahg�y\eyxlky�hkgh\gufb�j_Z]_glZfb�nhlhobfbq_�
kdbo�ijhp_kkh\�dZd�\�aZ]jyag_gguo�bg^mkljbZevguo��lZd�b�\�g_aZ]jyag_gguo�m^Ze_gguo�
jZchgZo�b�gZ^�hd_ZgZfb��dhlhju_�fh]ml�jZkkfZljb\Zlvky�dZd�nhgh\u_�ih�aZ]jyag_gbx��
Ijb� hlkmlkl\bb� ijhqbo� aZ]jyagbl_e_c� kbkl_fZ� fZeuo� ]Zah\� 12x-Ha (NOX=NO+NO2) 
k\yaZgZ�\�ljhihkn_j_�\�_^bguc�nhlhobfbq_kdbc�pbde�\�khhl\_lkl\bb�k�gZ[hjhf�j_Zd�
pbc�>�@ 

NO2+hν→NO+O, λ<424 gf                                                (1) 
O+O2+M→O3+M                                                          (2) 
NO+O3→NO2+O2                                                         (3) 

Baf_g_gb_�dhgp_gljZpbb�hahgZ�ih�\j_f_gb��hp_g_ggh_�gZ�hkgh\_�nhlhobfbq_�
kdhc�fh^_eb��jZkqblu\Z_lky�ih�nhjfme_�������������� 
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 [NO],][Ok)(k - ][NO]NO [j /dt dO 31223 ××××=  

]^_� kdhjhklv� j_Zdpbb� ��� 1k = ))273/(500exp(101,1 14 +−×× − T �� dhwnnbpb_gl� i_j_kq_lZ�

_^bgbp�k= 91069,2 × , j(NO2)-kdhjhklv�nhlh^bkkhpbZpbb�^\mhdbkb�ZahlZ� 
L_hj_lbq_kdb_� hp_gdb� kdhjhklb� ]_g_jZpbb� hahgZ� ihdZau\Zxl�� qlh� \� \_k_ggb_�

f_kypu��fZjl��aZ�kq_l�_]h�]_g_jZpbb�jhkl�dhgp_gljZpbb�hahgZ�d�ihem^gx�hl�gZqZevgh]h�
gme_\h]h�mjh\gy�fh`_l�khklZ\eylv��-5 ppb�b�e_lhf��-4 ppb��Wlb�\_ebqbgu�kms_kl\_ggh�
f_gvr_�j_Zevgh�gZ[ex^Z_fhc�baf_gqb\hklb��Ke_^m_l�aZf_lblv��qlh�ihkdhevdm�klZgpby�
A\_gb]hjh^�gZoh^blky�\�nhgh\uo�mkeh\byo��ihl_gpbZe�nhlhobfbq_kdhc�]_g_jZpbb�hah�
gZ�gZ�g_c�gbahd����fZjlZ�\����qZkh\�gZ�klZgpbb�gZ[ex^Z_lky�y\guc�ibd�]_g_jZpbb�hah�
gZ�^h����ppb�\�fZdkbfmf_��qlh�khhl\_lkl\m_l�\ughkm�aZ]jyag_gby�ba�Fhkd\u��Wlhl�\u�
ghk�khijh\h`^Z_lky�ih\ur_gguf�dhgp_gljZpbyf�hdbkeh\�ZahlZ��L_hj_lbq_kdb_�hp_gdb�
ihdZau\Zxl��qlh�^he`gZ�b^lb�]_g_jZpby�hahgZ��h^gZdh�j_Zevgh�wlh]h�g_�gZ[ex^Z_lky� 

J_Zevgh� gZ[ex^Z_fu_� baf_g_gby� kdhjhklb� ]_g_jZpbb� dhgp_gljZpbb� hahgZ� kh�
klZ\eyxl�fZdkbfZevgh�hl����ppb�^h�–20 ppb�\�bxe_��Z�\�kj_^g_f�hl���ppb�^h�-15 ppb��\�
fZjl_�gZb[hevrb_�dhe_[Zgby�ijhbkoh^yl�\�\_q_jgb_�qZku�b�khklZ\eyxl�hl���ppb�^h�–9 
ppb�b�\�ghqgu_�qZku�hl����ppb�^h�–14 ppb��Ijbqbghc�lZdbo�dhe_[Zgbc�y\ey_lky�g_mk�
lhcqb\hklv� Zlfhkn_ju��<� mlj_ggb_� qZku� ijbqbghc� mf_gvr_gby� hahgZ� y\ey_lky� klhd�
hahgZ�gZ�ih^klbeZxsmx�ih\_joghklv�ih^�l_fi_jZlmjgufb�bg\_jkbyfb� 

Ijbf_j� kjZ\g_gby� l_hj_lbq_kdhc� b� j_Zevgh� gZ[ex^Z_fhc� kdhjhklb� ]_g_jZ�
pbb�jZajmr_gby�hahgZ�ijb\_^_g�gZ�jbk��� 
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 Jbk���KjZ\g_gb_�l_hj_lbq_kdbo�b�ijZdlbq_kdb�gZ[ex^Z_fuo�kdhjhkl_c�baf_g_gby�hgp_gljZpbb 
�hahgZ 

 
<�j_amevlZl_�ijh\_^_gguo�bkke_^h\Zgbc�fh`gh�k^_eZlv�\u\h^��qlh�\�qbkluo�mk�

eh\byo�]_g_jZpby�hahgZ�ba�ij_^r_kl\_ggbdh\�g_�gZ[ex^Z_lky��Jhev�]_g_jZpbb�ijb�aZ�
lhdZo�]hjh^kdh]h�\ha^moZ�\�qbkluc�jZchg�i_j_hp_gb\Z_lky��_keb�bkihevah\Zlv�^ey�jZk�
q_lZ� kdhjhkl_c� ]_g_jZpbb� hahgZ� ijhkl_crmx� ko_fm� nhlhobfbq_kdh]h� jZ\gh\_kby��
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Fh`gh�hlf_lblv��qlh�dexq_\mx�jhev�\�nhgh\uo�j_]bhgZo�b]jZ_l�ijhp_kk�klhdZ�hahgZ�
gZ�ih^klbeZxsmx�ih\_joghklv�� 

JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ]jZglh\� JNNB����-05-������ b� INTAS 01-
0016. 

Ebl_jZlmjZ 
1. LZjZkh\Z�H�:��OZjZdl_jgu_�hkh[_gghklb�aZ]jyag_gby�Zlfhkn_ju�b�__�hdbk�

ebl_evguo�k\hckl\�gZ^�g_dhlhjufb�jZchgZfb�Jhkkbb��^bkk_jlZpby�gZ�khbkdZgb_�mq_�
ghc�kl_i_gb�dZg^b^ZlZ�nbabdh-fZl_fZlbq_kdbo�gZmd��Fhkd\Z������� 

2. Calvert J. G., Stockwell W.R. Deviations from the O3-NO-NO2 photostationary 
state in troposphere chemistry, Can. J. Chem., 61, p. 983-992, 1983. 

 
 
 

M>D���������� 

:G:EBA�BAF?GQB<HKLV�IHE?C�I?J?GHK:�<HA>MRGUO�F:KK�
G:>�?<JHIHC 

GZf�F�X���Dmag_ph\�=�B���LZjZkh\Z�H�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^g__�^_kylbe_lb_�\k_�[hevr__�\gbfZgb_�mq_gu_�\k_]h�fbjZ�m^_eyxl�\h�
ijhkZf�]eh[Zevgh]h�baf_g_gby�debfZlZ��Wlb�baf_g_gby�g_jZaju\gh�k\yaZgu�k�^bgZfb�
q_kdbfb�ijhp_kkZfb�\�Zlfhkn_j_��hij_^_eyxsbfb�baf_gqb\hklv�]Zah\h]h�khklZ\Z�Zl�
fhkn_ju�\�qZklghklb� aZ�kq_l� ]hjbahglZevgh]h�b�\_jlbdZevgh]h�i_j_ghkZ��DjmighfZk�
rlZ[gu_�baf_g_gby�Zlfhkn_jghc�pbjdmeypbb�hljZ`Zxlky�\�baf_g_gbb�ihe_c�i_j_gh�
kZ��dhlhju_�\�k\hx�hq_j_^v�fh]ml�hij_^_eblv�baf_gqb\hklv�jZaebqgh]h�fZkrlZ[Z� �hl�
g_kdhevdbo�klhd�^h�fgh]he_lg_c��ijba_fgh]h�hahgZ� 

<hijhk� h� \ebygbb� i_j_ghkZ� gZ� dhgp_gljZpbx� ijba_fgh]h� hahgZ� bkke_^m_lky�
^hklZlhqgh�^Z\gh��gh�hp_gdb�wlh]h�\ebygby�ihemq_gu�lhevdh�^ey�hl^_evguo�lhq_d�gZ�
[ex^_gby�>����@��<�qZklghklb��^ey�Dbkeh\h^kdhc�<ukhdh]hjghc�klZgpbb�[ueh�ihdZaZgh��
qlh�baf_g_gb_�gZijZ\e_gbc�i_j_ghkZ�hl�]h^Z�d�]h^m�fh`_l�[ulv�hl\_lkl\_gguf�aZ�gZ�
[ex^Z_fu�gZ�klZgpbb�hljbpZl_evguc�lj_g^�dhgp_gljZpbb�ijba_fgh]h�hahgZ�>�@� 

<� ^Zgghc� jZ[hl_� c^_eZgZ� ihiuldZ� hij_^_eblv� oZjZdl_j� \aZbfhk\yab� f_`^m�
ljZgkihjlhf��i_j_ghkhf��\ha^mrguo�fZkk��<F���ijboh^ysbo�\�P_gljZevgmx�qZklv�?\�
jhiu�b�dhgp_gljZpb_c�ijba_fgh]h��ljhihkn_jgh]h��hahgZ�\�lhf�`_�jZchg_�� 

>ey�hp_gdb�i_j_ghkZ�<F�[ueb�bkihevah\Zgu�^\mof_jgu_�ljZ_dlhjbb��LjZ_dlh�
jbb�� ihkljh_ggu_� gZ� �� kmlhd� gZaZ^�� bf_xl� jZaj_r_gb_� �� qZkh\� b� aZdju\Zxl� i_jbh^�
1988 -������]h^��Hgb�jZkkqblZgu�Ghj\_`kdbf�Bgklblmlhf� �Bkke_^h\Zgbc�:lfhkn_ju�
�1,/8��k�bkihevah\Zgb_f�ijh]jZffu�jZkq_lZ�^\mf_jguo�ljZ_dlhjbc�kbkl_fu�(0(3�b�
f_l_hjheh]bq_kdbo�^Zgguo��h[_ki_q_gguo�ijh_dlZfb�(0(3�MSC-:�Ghj\_`kdh]h�F_�
l_hjheh]bq_kdh]h� BgklblmlZ� >www.nilu.no@�� LjZ_dlhjgu_� ^Zggu_� [ueb� aZ]jm`_gu� k�
web-kZclZ�^ey����hahghf_ljbq_kdbo�klZgpbc�?\jhiu��\dexq_gguo�\�ijh_dl�EMEP.  

GZ�hkgh\_�h[jZlguo�ljZ_dlhjbc�[ue�ijh\_^_g�ZgZeba�ih\lhjy_fhklb�jZaebqguo�
gZijZ\e_gbc� i_j_ghkZ�� hp_g_gZ� _]h� f_`]h^h\Zy� b� \gmljb]h^h\Zy� baf_gqb\hklv�� GZ�
ijZ\e_gby�i_j_ghkZ�jZa[b\Zebkv�gZ� ��k_dlhjh\�ih����]jZ^mkh\��hjb_gljh\Zgguo�khhl�
\_lkl\_ggh� klhjhgZf� k\_lZ��KqblZehkv�� qlh� ljZ_dlhjby� e_`bl� \�^Zgghf� k_dlhj_�� _keb�
[hevr_�����__�lhq_d�\�jZaebqgu_�fhf_glu�\j_f_gb�gZoh^behkv�\�aZ^Zgghf�k_dlhj_� 



EHFHGHKH<�– 2004 

 

114 

GZ� hkgh\gh_� ih\lhjy_fhklb� k_dlhjh\� i_j_ghkZ� \� l_q_gb_� ^ey� dZ`^h]h�f_kypZ�
[ueb�jZkkqblZgu�ahgZevguc�b�f_jb^bhgZevguc�ljZgkihjlgu_�bg^_dku�^ey�\k_o�klZg�
pbc��Wlb�bg^_dku�ij_^klZ\eyxl�kh[hc�hlghr_gb_�aZiZ^guo�k_\_jguo�gZijZ\e_gbc�i_�
j_ghkZ�d�h[s_fm�qbkem�ljZ_dlhjbc�\�l_q_gb_�f_kypZ��\ujZ`_ggu_�\�ijhp_glZo�� 

;ueb� ihkljh_gu� ihey� kj_^g_]h^h\uo� b� kj_^g_f_kyqguo� bg^_dkh\� i_j_ghkZ�� Z�
lZd`_�hp_g_gu�f_`]h^h\u_�baf_g_gby�ljZgkihjlguo�bg^_dkh\�b�bo�ZghfZebb��Ihkljh�
_ggu_�ihey�ZghfZebc�b�f_`]h^h\hc�baf_gqb\hklb�iha\hebeb�\uy\blv�jy^�bgl_j_kguo�
hkh[_gghkl_c�� 

:fieblm^Z�kj_^g_]h^h\uo�ZghfZebc�ahgZevgh]h�bg^_dkZ�i_j_ghkZ�khklZ\ey_l�hl�
–����^h�������Ke_^m_l�hlf_lblv��qlh�kZfu_�agZqbl_evgu_�iheh`bl_evgu_�ZghfZebb�
ahgZevgh]h�ljZgkihjlgh]h�bg^_dkZ�gZ[ex^Zxlky�\������]h^m��FZdkbfZevgu_�agZq_gby�
gZ[ex^Zxlky�gZ^�p_gljZevgufb�dhglbg_glZevgufb�j_]bhgZfb�?\jhiu��AgZqbl_evgu_�
iheh`bl_evgu_�ZghfZebb�ahgZevgh]h�bg^_dkZ�gZ[ex^Zxlky�lZd`_�\������]h^m� �hdheh�
6%).  

Bgl_j_kghc� hkh[_gghklvx�ihe_c� ZghfZebc� ahgZevgh]h�bg^_dkZ� y\ey_lky�gZeb�
qb_�hkh[hc�ebgbb�i_j_oh^Z�q_j_a�ghev�beb�hkb�kbff_ljbb�\�hjb_glZpbb�ihe_c��?_�ih�
eh`_gb_�kh\iZ^Z_l�k�gZijZ\e_gb_f�KA-X<�beb�K<-XA��Ih\hjhl�hkb�kbff_ljbb�ijh�
bkoh^bl� dZ`^u_� �-3 ]h^Z��Fh`gh� ij_^iheh`blv�� qlh� ihe_� ZghfZebc� bf__l� d\Zab� - 
^\moe_lgxx�ih\lhjy_fhklv��H^gZdh�kebrdhf�dhjhldbc�i_jbh^�ZgZebaZ� ���e_l��g_�ih�
a\hey_l�k^_eZlv�ihdZ�q_ldbo�aZdexq_gbc� 

GZb[he__�\ujZ`_ggu_�hljbpZl_evgu_�ZghfZebb� ahgZevgh]h�ljZgkihjlgh]h�bg�
^_dkZ��^h�– 5 –����ih�\k_fm�ihex��gZ[ex^Zxlky�\������]h^m� 

Ke_^m_l�hlf_lblv��qlh�ijZdlbq_kdb�\h�\k_�ZgZebabjm_fu_�]h^u�ihey�ahgZevgh]h�
ljZgkihjlgh]h�bg^_dkZ�kms_kl\_ggh�g_h^ghjh^gu��OZjZdl_jgu_�jZaf_ju�\u^_e_gguo�
bahebjh\Zgguo�ZghfZebc�khklZ\eyxl�����-�����df� 

JZkij_^_e_gb_� ZghfZebc� f_jb^bhgZevgh]h� ljZgkihjlgh]h� bg^_dkZ� gZoh^blky�
ijZdlbq_kdb�\�ijhlb\hnZa_�k�ahgZevguf�bg^_dkhf��Bkdexq_gb_�khklZ\ey_l������]h^� 

FZdkbfZevgu_� Zfieblm^u� \ZjbZpbc� f_jb^bhgZevgh]h� ljZgkihjlgh]h� bg^_dkZ�
khklZ\eyxl�hl�–����^h�����\�]h^��<�f_jb^bhgZevghf�bg^_dk_�lZd`_�\ujZ`_gZ�d\Zab-
^\moe_lgyy� pbdebqghklv�� GZb[hevrb_� hljbpZl_evgu_� ZghfZebb� f_jb^bhgZevgh]h�
ljZgkihjlgh]h�bg^_dkZ�gZ[ex^Zxlky�\������]h^m�b�khklZ\eyxl�ih�\k_fm�ihex�hdheh�–
5%. 

Hkh[h_�\gbfZgb_�gm`gh�m^_eblv�iheyf�ZghfZebc� ����� ]h^Z��dh]^Z�jhkl�f_jb�
^bhgZevgh]h�b�ahgZevgh]h�bg^_dkZ�gZ[ex^Z_lky�h^gh\j_f_ggh��Ijbq_f�jhkl�b�ahgZev�
gh]h�b�f_jb^bhgZevgh]h� ljZgkihjlguo�bg^_dkh\�khklZ\ey_l�hdheh� ����\�fZdkbfmf_��
Fh`gh�ij_^iheh`blv��qlh�h^gh\j_f_gguc�jhkl�wlbo�bg^_dkh\�k\yaZg�k�jhklhf�ih\lh�
jy_fhklb�KA�k_dlhjZ�i_j_ghkZ��dhlhjuc�h^gh\j_f_ggh�\ghkbl�\deZ^�\�h[Z�bg^_dkZ� 

DZd�b�^ey�ahgZevgh]h�ljZgkihjlgh]h�bg^_dkZ��h[eZklb�bahebjh\Zgguo�ZghfZebc�
f_jb^bhgZevgh]h�bg^_dkZ�bf_xl�ijhkljZgkl\_ggu_�jZaf_ju�����-�����df� 

:fieblm^Z� dhe_[Zgbc� ihdZaZl_e_c� f_`]h^h\hc� baf_gqb\hklb� bg^_dkh\� f_jb�
^bhgZevgh]h� ljZgkihjlZ� aZ�i_jbh^� ����-����� khklZ\ey_l�ijhf_`mlhd� hl�–��� ^h� �����
LZd`_�� dZd� b� \� i� iheyo� ZghfZebc� gZ[ex^Z_lky� d\Zab-^\moe_lgyy� pbdebqghklv� ihe_c�
f_`]h^h\hc�baf_gqb\hklb��l�_��\�h[eZklyo�k�jhklhf�ihdZaZl_e_c�gZ�ke_^mxsbc�]h^�gZ�
[ex^Z_lky�bo�mf_gvr_gb_��b�gZh[hjhl��\�f_klZo�]^_�ihdZaZl_eb�mf_gvrZebkv��gZ�ke_�
^mxsbc� ]h^� gZ[ex^Z_lky� ih\ur_gb_� bg^_dkh\� ahgZevgh]h� ljZgkihjlZ�� :gZeh]bqgh�
iheyf� ZghfZebc�� h[eZklb� ih\ur_gby� b� mf_gvr_gby� jZa^_e_gu� hkvx� i_j_oh^Z� q_j_a�
ghev��HljbpZl_evgZy� ZghfZeby� ihe_c� baf_gqb\hklb�f_jb^bhgZevgh]h� ljZgkihjlZ� gZ�
[ex^Z_lky�\������]h^m��GZ�\k_f�ihe_�kj_^g__�mf_gvr_gb_�gZ�����KZfZy�agZqbl_evgZy�
iheh`bl_evgZy�ZghfZeby�gZ[ex^Z_lky�\������]h^m��]^_�\�kj_^g_f�baf_g_gby�ih�ihex�
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khklZ\eyxl������:gZeh]bqgZy�kljmdlmjZ�ihe_c�gZ[ex^Zxlky�b�\�f_`]h^h\hc�baf_gqb�
\hklb�ahgZevgh]h�ljZgkihjlgh]h�bg^_dkZ� 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglh\�JNNB����-05-������b�INTAS 01-0016.  

Ebl_jZlmjZ 
1. DZji_qdh�:�X���G�N��?eZgkdbc�� =�B��Dmag_ph\��F�B�� ;_eh]eZah\��K�:�� Jm�

fygph\��H�:��LZjZkh\Z��Jhev�ijhp_kkh\�i_j_ghkZ�\ha^moZ�\�nhjfbjh\Zgbb�ihe_c�dhg�
p_gljZpbb�ijba_fgh]h�hahgZ�gZ�Dhevkdhf�ihemhkljh\_��Ba\_klby�:dZ^_fbb�GZmd��K_�
jby�NbabdZ�:lfhkn_ju�b�Hd_ZgZ��lhf���������������k�����-699. 

2. Tarasova O.A., G.I. Kuznetsov, I.N. Kuznetsova, I.A. Senik, M.I. Beloglazov, 
A.Karpechko, The Impact of Air Transport and Meteorological Processes on the Surface 
Ozone Variations at Kislovodsk High Mountain Station and Lovozero Site, Proceedings from 
the  EUROTRAC Symposium 2002, Eds. P.M. Midgley, and M.Reuther, Mergraf Verlag, 
Wiekersheim, Germany, 2002, TOR27.1-5. 

3. Tarasova O.A., N.F. Elansky, G.I. Kuznetsov, I.N. Kuznetsova, I.A.  Senik, Im-
pact of Air Transport on Seasonal Variations and Trends of Surface Ozone at Kislovodsk 
High Mountain Station, J. Atmos. Chem, 45 (3), July 2003, p. 245-259. 
 
 
 

M>D�������� 

F?O:GBAF�<A:BFH>?CKL<BY�<?LJH<UO�KHEBLHGH< 

Fhqmebg�I�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bamq_gb_�m_^bg_gguo�\heg�gZ�ih\_joghklb�\h^u�ij_^klZ\ey_l�bgl_j_k�g_�lhev�
dh�\�gZmqghf�ieZg_��gh�b�\�ijZdlbq_kdhf��<�qZklghklb��agZgb_�iZjZf_ljh\�\_ljh\uo�m_�
^bg_gguo�\heg�g_h[oh^bfh�ijb�ijh_dlbjh\Zgbb��wdkiemZlZpbb�b��^h[uqb�g_nlb�b�]ZaZ�
k�fhjkdbo� ieZlnhjf��JZ[hl� \� wlhf� gZijZ\e_gbb� y\gh� g_^hklZlhqgh��Wlh� h[tykgy_lky�
l_f��qlh�\�ijbjh^guo�mkeh\byo�baf_j_gby�k\yaZgu�k�[hevrbfb�l_ogbq_kdbfb�ljm^gh�
klyfb�b� keh`gufb� ]b^jhf_l_hjheh]bq_kdbfb�mkeh\byfb�� Z� l_hj_lbq_kdb_�bkke_^h\Z�
gby�lZdbo�ijhp_kkh\�hkeh`g_gu�g_h[oh^bfhklvx�mq_lZ�\ebygby�\_ljZ�b�j_r_gby�mjZ\�
g_gb_�Dhjl_\_]Z�-�>_�NjbaZ�k�ijZ\hc�qZklvx� B�lhevdh�\�ihke_^g__�\j_fy�\_ljh\u_�m_�
^bg_ggu_�\hegu�gZqZeb�Zdlb\gh�bkke_^h\Zlvky�\�eZ[hjZlhjguo�mkeh\byo�>�@� 

GZfb�[ueZ�ijh\_^_gZ�k_jby�wdki_jbf_glh\�\�dhevp_\hf�Zwjh]b^jhdZgZe_��\�oh^_�
dhlhjuo� bkke_^h\Zeky� ijhp_kk� \aZbfh^_ckl\by� \_ljh\uo� m_^bg_gguo� \heg��Ijb� jZa�
ebqguo� agZq_gbyo� ]em[bgu�`b^dhklb�� \ukhlu� \ha^mrgh]h� dZgZeZ�� Z� lZd`_� kdhjhklb�
\_ljZ� [ueb� hij_^_e_gu� j_`bfu� jZ[hlu� mklZgh\db��ijb� dhlhjuo� h[jZah\u\Zebkv�^\Z�
\aZbfh^_ckl\mxsbo�kheblhgZ�� 

F_oZgbaf�wlh]h�\aZbfh^_ckl\by�fh`gh�hibkZlv�ke_^mxsbf�h[jZahf��ihkdhevdm�
kdhjhklv�kheblhgZ�ijyfh�ijhihjpbhgZevgZ�_]h�Zfieblm^_��lh�\hagbdZeZ�kblmZpby��dh�
]^Z� [hevrbc�� \lhjhc� kheblhg� ^h]hgye�f_gvrbc�� i_j\uc��Ih�f_j_� k[eb`_gby� \lhjhc�
kheblhg�m\_ebqb\Ze�wdjZgbjh\Zgb_�i_j\h]h�hl�\ha^_ckl\by�\_ljZ��\ke_^kl\b_�q_]h�i_j�
\uc�kheblhg�mf_gvrZeky��Z�\lhjhc�ijh^he`Ze�m\_ebqb\Zlvky��H^gZdh�ijb�fZehc�jZa�
gbp_�f_`^m�wg_j]byfb�kheblhgh\��dh]^Z�bo�Zfieblm^u�b�kdhjhklb�[ueb�[ebadb��keby�
gby�kheblhgh\�g_�ijhbkoh^beh��<f_klh�wlh]h�\�ijhp_kk_�k[eb`_gby�qZklv�wg_j]bb�hl�
\lhjh]h� kheblhgZ� i_j_^Z\ZeZkv� d� i_j\hfm�� \� j_amevlZl_� q_]h� wg_j]by� \lhjhc� \hegu�
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mf_gvrZeZkv�� b� kheblhgu� m^Zeyebkv� ^jm]� hl� ^jm]Z� ^h� g_dhlhjh]h� jZkklhygby��Ihke_�
wlh]h�\lhjhc�kheblhg��mf_gvrb\rbcky�\�j_amevlZl_�ihl_jb�wg_j]bb��gZqbgZe�m\_ebqb�
\Zlv�k\hb�kdhjhklv�b�Zfieblm^m��ihkdhevdm�ihklmiZxsZy�hl�\_ljZ�wg_j]by�[ueZ�[hevr_�
wg_j]bb��l_jy_fhc�gZ�^bkkbiZpbx�b�^\b`_gb_�kheblhgZ��I_j\uc�`_�kheblhg�khojZgye�
k\h_�khklhygb_��<�j_amevlZl_�kheblhgu�\uoh^beb�gZ�ihabpbx�ih\lhjgh]h�\aZbfh^_ckl�
\by�� 

<�kemqZ_�_keb�jZagbpZ�f_`^m�Zfieblm^Zfb�i_j\h]h�b�\lhjh]h�kheblhgh\�hdZau�
\ZeZkv�agZqbl_evghc��lh�kblmZpby�baf_gyeZkv��\lhjhc�kheblhg��k�[hevr_c�Zfieblm^hc��
ijhoh^be� q_j_a� i_j\uc� kheblhg� �k� f_gvr_c� Zfieblm^hc���F_gvrbc� kheblhg� l_jye�
wg_j]bx��aZf_^eyeky�_s_�kbevg__�b�q_j_a�g_kdhevdh�lZdbo�pbdeh\�iheghklvx�aZlmoZe��
LZdbf�h[jZahf�ijhbkoh^beh�nhjfbjh\Zgb_�h^gh]h�_^bgkl\_ggh]h�kheblhgZ� 

>_lZevgh_�jZkkfhlj_gb_�ijhp_kkh\�\aZbfh^_ckl\by�\_ljh\uo�m_^bg_gguo�\heg�
ihdZaZeh��qlh�\�gZr_f�kemqZ_�bf_eZ�f_klh�qZklbp_ih^h[ghklv�kheblhgh\��qlh�dZq_kl�
\_ggh� kh\iZ^Z_l� k�g_dhlhjufb�\u\h^Zfb�AZ[mkkdb�b�DjmkdZeZ� � >�@��H^gZdh� wlh�[ueh�
kijZ\_^eb\h�lhevdh�^ey�\aZbfh^_ckl\mxsbo�\heg�k�fZeuf�jZaebqb_f�agZq_gbc�bo�iZ�
jZf_ljh\�� Ijb� [hevrhc� jZagbp_� agZq_gbc� Zfieblm^�� Z�� ke_^h\Zl_evgh�� kdhjhkl_c� b�
wg_j]bc�kheblhgu�ijhoh^beb�^jm]�q_j_a�^jm]Z��lh�_klv�bf_e�f_klh�\hegh\hc�oZjZdl_j�
\aZbfh^_ckl\by��<�gZr_f�kemqZ_�y\e_gby�j_dmjj_glghklb�g_�gZ[ex^Zehkv�b�knhjfbjh�
\Z\rbcky�\_ljh\hc�kheblhg�khojZgye�k\hb�iZjZf_lju�\iehlv�^h�\udexq_gby�mklZgh\�
db� 

Ebl_jZlmjZ 
1. R_edh\gbdh\�G�D��<_ljh\u_�m_^bg_ggu_�\hegu�\�dhevp_\hf�Zwjh]b^jhdZgZ�

e_��F���F=M�������–��k���be���;b[e������>_i�\�<BGBLB������������������-<������ 
2. Zabusky N.J., Kruskal M.D. “Interaction of “solitons” in a collisionless plasma 

and the recurrence of initial states”, Phys. Rev. Lett. 1965. V.15, P.240—243. 
 
 
 
 

M>D 551.466 

<?JLBD:EVGUC�H;F?G 
G:�=J:GBP?�J:A>?E:�><MOKEHCGHC�@B>DHKLB 

>jm`bgkdbc�:�I���@mjZ\ez\�I�G� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba\_klgh�� qlh� ijb� \aZbfh^_ckl\bb� Zlfhkn_ju� b� hd_ZgZ�nhjfbjm_lky� \_jogbc�
d\Zabh^ghjh^guc� kehc� �<DK��� iZjZf_lju� dhlhjh]h� g_h[oh^bfh� mqblu\Zlv� \� ijh]gh�
klbq_kdbo�fh^_eyo�ih]h^u��Bamq_gb_f�wlhc�ijh[e_fu�aZgbfZebkv�DZeZpdbc�>�@��Ib\h�
\Zjh\��Nz^hjh\�>�@�b�^j��<�l_hj_lbq_kdbo�fh^_eyo��dZd�ijZ\beh��bkihevamxl�hkj_^gzg�
gu_�oZjZdl_jbklbdb�<DK��qlh�aZljm^gy_l�\uy\e_gb_�f_oZgbafh\��aZ�kqzl�dhlhjuo�hkm�
s_kl\ey_lky�h[f_g�f_`^m�kehyfb�k�jZaghc�iehlghklvx��Ihwlhfm�y\ey_lky�\Z`guf�bk�
ke_^h\Zgb_�baf_g_gby�lhesbgu�<DK��h[mkeh\e_ggh]h�ijhp_kkZfb�ijhbkoh^ysbfb�gZ�
]jZgbp_� 

>ey� \uy\e_gby�f_oZgbafh\� h[f_gZ�f_`^m� kehyfb� \� ^\mokehcghc�`b^dhklb� b�
h[tykg_gby� y\e_gby� ³ijhlm[_jZgp_\´� �\u[jhkh\� [he__� ly`zehc� khezghc�`b^dhklb� ba�
gb`g_]h�kehy�\�\_jogbc���gZfb�[ueb�ijh\_^_gu�wdki_jbf_glu�\�ijyfhebg_cghf�Zwjh�
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]b^jhdZgZe_�k_q_gb_f���������kf3
��Kl_gdb�dZgZeZ�[ueb�ba]hlh\e_gu�ba�ijhajZqgh]h�

hj]kl_deZ��qlh�iha\heyeh�gZ[ex^Zlv�ijhp_kk�jZkijhkljZg_gby�\heg�\^hev�\k_]h�dZgZeZ��
ijh\h^blv�\b^_h�b�nhlhkt_fdm��>ey�kha^Zgby�\ha^mrgh]h�ihlhdZ�bkihevah\Zeky�\_glb�
eylhj��dhlhjuc�gZ]g_lZe�\ha^mo�\�ijhkljZgkl\h�f_`^m�ih\_joghklvx�\h^u�b�djurdhc�
dZgZeZ�q_j_a�ki_pbZevguc�dhjh[��<_glbeylhj�bf_e�mkljhckl\h��iha\hey\r__�j_]mebjh�
\Zlv�ihlhd�\ha^moZ��gZijZ\ey_fuc�q_j_a�jmdZ\Z�\�dZgZe��;eZ]h^Zjy�wlhfm�mkljhckl\m��
kdhjhklv�\_ljZ�\�kh_^bgbl_evguo�jmdZ\Zo�fh`gh�[ueh�baf_gylv�hl���^h����f�k��Baf_�
j_gb_�ijhnbe_c�khezghklb�ijh\h^behkv�ijb�ihfhsb�^ZlqbdZ�we_dljhijh\h^ghklb� 

Ijhp_kk� i_j_f_rb\Zgby� gZ� ]jZgbp_� jZa^_eZ� ^\mokehcghc�`b^dhklb� ijhoh^be�
ke_^mxsb_�wlZiu� 

1. H[jZah\Zgb_�d\Zab-kbgmkhb^Zevguo�dhe_[Zgbc�gZ^�keh_f�kdZqdZ�iehlghklb� 
2. Ihy\e_gb_�h^bghqguo�³ijhlm[_jZgp_\´��l�g��\aju\gZy�g_mklhcqb\hklv�� 
3. Ihy\e_gb_�[hevrh]h�qbkeZ�³ijhlm[_jZgp_\´��ihdju\Zxsbo�]jZgbpm�jZa^_eZ�

^\mokehcghc�`b^dhklb� 
4. KlZ[bebaZpby��\ujZ\gb\Zgb_��gb`g_c�]jZgbpu�<DK� 
GZ� \lhjhf� b� lj_lv_f� wlZiZo� ijhbkoh^beb� agZqbl_evgu_� dhe_[Zgby� lhesbgu�

<DK��Ijb�agZq_gbyo�kdhjhklb�\_ljh\h]h�ihlhdZ�f_gvrbo���f�F�gZ[ex^Zebkv�\k_���wlZ�
iZ��Ijb� wlhf� bf_eh�f_klh� i_jbh^bq_kdh_� ih\lhj_gb_� �-]h� b� �-]h� wlZih\� ^h�fhf_glZ�
klZpbhgbjh\Zgby�ijhp_kkZ�i_j_f_rb\Zgby��aZdexqZxs_]hky�\�ijbhklZgh\d_�aZ]em[e_�
gby�<DK��GZ�wlhf�wlZi_�gb`gyy�]jZgbpZ�<DK�klZgh\beZkv�ijZdlbq_kdb�jh\ghc��ijhlm�
[_jZgpu�b�\bojb�g_�gZ[ex^Zebkv� 

Baf_j_gb_� lhesbgu� <DK� ijh\h^behkv� \� l_q_gbb� \k_]h� wdki_jbf_glZ��HdZaZ�
ehkv��qlh�lhesbgZ�wlh]h�kehy�imevkbjm_l��^h�gZklmie_gby�wlZiZ�klZ[bebaZpbb� 

<�j_amevlZl_�bkke_^h\Zgby�ijhp_kkZ�jZa\blby�ijhlm[_jZgp_\��dZd�ijb�\dexqzg�
ghf��lZd�b�\udexq_gghf�\_lj_��[ueh�h[gZjm`_gh�dZq_kl\_ggh_�kh\iZ^_gb_�\ur_hib�
kZgguo�wlZih\�kh�klZ^byfb�jZa\blby�g_mklhcqb\hklb�\boj_\h]h�kehy�hibkZggufb�Kdh�
j_jhf�>�@� 

Ihke_� \udexq_gby� \_ljZ� b� \hagbdgh\_gby� ]jZ^b_glguo� l_q_gbc� gZ[ex^Zehkv�
g_h`b^Zggh_�ihy\e_gb_� dhe_[exs_]hky� kehy�� aZo\Zlu\Zxs_]h� h[eZklv� [hevr_�iheh�
\bgu�^ebgu�dZgZeZ��Wlhl�kehc��kh\_jrZy�\heghh[jZagu_�dhe_[Zgby��ih^gbfZeky�hl�^gZ�
^h�gb`g_c�]jZgbpu�<DK��>ey�dZq_kl\_ggh]h�h[tykg_gby�f_oZgbafZ�h[jZah\Zgby�lZdh]h�
kehy�jZkkfhlj_gZ�nbabq_kdZy�fh^_ev� 

>ey�khihklZ\e_gby�ijhp_kkh\�h[f_gZ�gZ�]jZgbp_�jZa^_eZ�^\mokehcghc�`b^dhklb�
\�ijyfhebg_cghf�b�dhevp_\hf�Zwjh]b^jhdZgZeZo�[ueb�ijh\_^_gu�ki_pbZevgu_�wdki_�
jbf_glu��IhdZaZgh��qlh�\�dhevp_\hf�dZgZe_�gZ�\k_o�wlZiZo�wdki_jbf_glZ��dZd�b�ke_^h�
\Zeh�h`b^Zlv��\_jlbdZevgZy�pbjdmeypby�g_�gZ[ex^ZeZkv��Djhf_�wlh]h�[ueh�h[gZjm`_�
gh��qlh�ijh^he`bl_evghklv�gZqZevguo�wlZih\�ijhp_kkZ�\h\e_q_gby��oZjZdl_jbam_fh]h�
h[jZah\Zgb_f�d\Zab-kbgmkhb^Zevguo�dhe_[Zgbc��\�ijyfhebg_cghf�dZgZe_�[ueZ�f_gv�
r_� 

Ebl_jZlmjZ 
1. DZeZpdbc�<�B�� ³Fh^_ebjh\Zgb_� \_jlbdZevghc� kljmdlmju� ^_yl_evgh]h� kehy�

hd_ZgZ´��–�E���=b^jhf_l_hba^Zl������������k� 
2. Kdhj_j� J�� ³:wjh]b^jh^bgZfbdZ� hdjm`Zxs_c� kj_^u´�� –�F���Fbj�� ������ k��

250-269. 
3. Nz^hjh\� D�G�� ³LhgdZy� l_jfhoZebggZy� kljmdlmjZ� \h^� hd_ZgZ´�� –� E���

=b^jhf_l_hba^Zl��������k����-54. 
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M>D����������� 

A:<BKBFHKLV�DHGP?GLJ:PBB�IJBA?FGH=H�HAHG: 
HL�F?L?HI:J:F?LJH< 

;m[gh\�:�B� 

F_`^mgZjh^guc�]hkm^Zjkl\_gguc�wdheh]bq_kdbc�mgb\_jkbl_l� 
bf��:�>��KZoZjh\Z��j_kim[ebdZ�;_eZjmkv 

F_l_hjheh]bq_kdb_�ijhp_kku��gZjy^m�k�nhlhobfbq_kdbfb�ijhp_kkZfb��y\eyxl�
ky�\Z`ghc�khklZ\eyxs_c�nhjfbjh\Zgby�ihe_c�ijba_fghc�dhgp_gljZpbb�hahgZ��IDH���
<�^Zgghc�jZ[hl_�bkke_^h\ZeZkv�aZ\bkbfhklv�dhgp_gljZpbb�ijba_fgh]h�hahgZ�hl�lZdbo�
f_l_hiZjZf_ljh\�� dZd� l_fi_jZlmjZ� \ha^moZ�� Zlfhkn_jgh_� ^Z\e_gb_�� kdhjhklv� \_ljZ� b�
\eZ`ghklv�� FZl_jbZehf� ^ey� bkke_^h\Zgby� ihkem`beb� ^Zggu_� baf_j_gbc� IDH� \� ]��
Fbgkd_�\�����-����]]��M^Zeb\�ba�jy^h\�gZ[ex^_gbc�k_ahggu_�oh^Z��[ueb�jZkkqblZgu�
agZq_gby�dhwnnbpb_glh\�dhjj_eypbb�f_`^m�jy^Zfb�hklZldh\�IDH�b�f_l_hiZjZf_ljZ�
fb��=em[bgZ�b�oZjZdl_j�k\yab�^ey�dZ`^h]h�iZjZf_ljZ�f_gy_lky�\�l_q_gbb�]h^Z��Ba�\u�
r_i_j_qbke_gguo�nZdlhjh\�klZlbklbq_kdb�agZqbfufb�y\eyxlky�k\yab�IDH�k�l_fi_jZ�
lmjhc� \ha^moZ�b� \eZ`ghklvx��LZd� dhjj_eypby�f_`^m�IDH�b� l_fi_jZlmjhc� \ha^moZ� \�
abfgb_�f_kypu�g_agZqbl_evgZ��Z�\�\_k_ggbc��e_lgbc�b�hk_ggbc�i_jbh^u�y\ey_lky�iheh�
`bl_evghc��GZb[hevrb_�agZq_gby�dhjj_eypbb�[ueb�^hklb]gmlu�e_lhf��ih�mjh\gx�^h�
\_jbl_evghc�\_jhylghklb�������K\yav�IDH�k�\eZ`ghklvx�y\ey_lky�hljbpZl_evghc��gZb�
[he__�kbevgh�wlh�ijhy\ey_lky�\�hk_ggbc�i_jbh^� 

Bkihevah\Z\�j_]j_kkbhggmx�fh^_ev��[ueh�hp_g_gh�\ebygb_�f_l_hjheh]bq_kdbo�
wnn_dlh\� gZ� nhjfbjh\Zgb_� ihe_c� IDH�� >ey� hp_gdb� bo� \ebygby� jZkkfZljb\Zehkv�
mf_gvr_gb_�^bki_jkbb�hklZldh\�IDH�>���@��<�dZq_kl\_�j_]j_kkhjh\�bkihevah\Zebkv�jy�
^u�hklZldh\�l_fi_jZlmju��\eZ`ghklb��^Z\e_gby�b�kdhjhklb�\_ljZ��Bkihevamy�f_lh^�ih�
rZ]h\hc� j_]j_kkbb�� [ueb� \u[jZgu� emqrb_�ij_^bdlhju� ^ey� hibkZgby� jy^h\� hklZldh\�
IDH�>�@��Ba�j_amevlZlh\�fh^_ebjh\Zgby�ke_^m_l��qlh�^Z\e_gb_�–�_^bgkl\_gguc�nZdlhj��
g_� \ebyxsbc� gZ�ijba_fguc� hahg��>ey� hklZevguo� khklZ\eyxsbo�fh^_eb�ij_^eh`_gh�
mq_klv�aZ\bkbfhklv�k\ya_c�IDH�hl�k_ahgh\�]h^Z��lh�_klv�baf_gylv�khhl\_lkl\mxsb_�dh�
wnnbpb_glu� ^ey� l_fi_jZlmju�� \eZ`ghklb� b� kdhjhklb� \_ljZ� ^ey� dZ`^h]h� k_ahgZ��Ijb�
lZdhc� dhjj_dpbb� dhwnnbpb_gl� dhjj_eypbb� f_`^m� ^Zggufb� baf_j_gbc� b� jZkq_lZfb��
ihemq_ggufb�kh]eZkgh�fh^_eb��\hajZklZ_l�k�����������^h����������� 

Ebl_jZlmjZ 
1. Lxjbg�X�G���FZdZjh\�:�:��KlZlbklbq_kdbc�ZgZeba�^Zgguo�gZ�dhfivxl_j_. 

F��� ������ ���k��� IZgh\kdbc� =�:��� ;jZc_j� =�<�� KlZlbklbq_kdb_� f_lh^u� \�

f_l_hjheh]bb��E��� ������ ���k��� 6WRrch H., Zwiers F.W. Statistical analysis in climate re-
search. Cambridge University Press, 1999, p.484. 
 
 
 

 

 



Ih^k_dpby�]_hnbabdb 

 

119 

M>D����������� 

A:<BKBFHKLV�DHGP?GLJ:PBB�IJBA?FGH=H�HAHG: 
HL�HDKB>H<�:AHL:�B�=:AH<�IJ?>R?KL<?GGBDH< 

;m[gh\�:�B� 

F_`^mgZjh^guc�]hkm^Zjkl\_gguc�wdheh]bq_kdbc�mgb\_jkbl_l 
bf��:�>��KZoZjh\Z��j_kim[ebdZ�;_eZjmkv 

<�^Zgghc�jZ[hl_�gZ�hkgh\_�[hdkh\hc�obfbq_kdhc�fh^_eb�[ueZ�bkke_^h\ZgZ�aZ�
\bkbfhklv�dhgp_gljZpbb�ijba_fgh]h�hahgZ�hl�wfbkkbb�hdkb^h\�ZahlZ�b�dhgp_gljZpbb 
]Zah\�ij_^r_kl\_ggbdh\��Kdhjhklb�hkZ`^_gby� ]Zah\uo� khklZ\eyxsbo� \aylu�ba� >�@��<�
fh^_eb�ijbgylh��qlh�aZ]jyag_gb_�Zlfhkn_ju�hdkb^Zfb�ZahlZ�ijhbkoh^bl�\�l_q_gb_�jZ�
[hq_]h�^gy� �k������^h�������qZkh\���<�l_q_gb_�wlh]h�\j_f_gb�wfbkkby�NO�\�Zlfhkn_jm�
kqblZeZkv�ihklhygghc�b�baf_gyeZkv�\�ij_^_eZo�hl���^h���Â ��11

�fhe��kf2
Â k�� KmffZjgZy�

bgl_gkb\ghklv�Zed_gh\�b�ZedZgh\�baf_gyeZkv�\�ij_^_eZo�hl���̂ h���Â ��11fhe��kf2
Â k���ijb�

wlhf�khhlghr_gb_�bgl_gkb\ghkl_c�khojZgyehkv�ihklhygguf��Kdhjhklb�nhlh^bkkhpbZ�
pbb�ij_^klZ\e_gu�\�\b^_�ihemkbgmkhb^��gZqZeh�dhlhjuo�kh\iZ^Z_l�k�\hkoh^hf��Z�hdhg�
qZgb_�-�k�aZoh^hf�khegpZ�Bkihevah\Zebkv�agZq_gby�kdhjhkl_c��jZkkqblZggu_�^ey�kj_^�
g_rbjhlguo�mkeh\bc�>�@� 

<�oh^_�jZkq_lh\�[ueb�ihemq_gu�ke_^mxsb_�j_amevlZlu��AgZq_gb_�dhgp_gljZpbb�
ijba_fgh]h� hahgZ� kgZqZeZ� jZkl_l� k� jhklhf� >NOx@�� Z� aZl_f� gZqbgZ_l� mf_gvrZlv�
ky�FZdkbfmf�IDH�khhl\_lkl\m_l�agZq_gbyf�>NOx@�hl���^h����fd]�f

3
��Dhgp_gljZpby�m]�

e_\h^hjh^h\�\eby_l�gZ�iheh`_gb_�fZdkbfmfZ�\�[hevr_c� kl_i_gb��q_f�mjh\_gv�nhlh�
^bkkhpbZpbb��\�lh�\j_fy�dZd�kZfb�agZq_gby�IDH�kbevgh�aZ\bkyl�hl�h[hbo�wlbo�nZdlh�
jh\��K� mf_gvr_gb_f� dhgp_gljZpbb� m]e_\h^hjh^h\�fZdkbfmf�IDH� klZgh\blky�f_g__�
\ujZ`_gguf�b�k^\b]Z_lky�\�h[eZklv�[he__�gbadbo�agZq_gbc�>NOo]. 

Ihemq_ggu_�^Zggu_�ohjhrh�kh]eZkmxlky�k�wdki_jbf_glZevgufb�^Zggufb��ih�
emq_ggufb�\�j_amevlZl_�j_]meyjguo�baf_j_gbc�IDH�b�>NOx@�\�]�Fbgkd_��AZ\bkbfhklv�
IDH� hl� mjh\gy� nhlh^bkkhpbZpbb� fh`gh� hp_gblv�� bkihevamy� ^Zggu_� gZ[ex^_gbc� aZ 
�mevljZnbhe_lh\hc� jZ^bZpb_c�� dhlhju_� ijh\h^bebkv� \� i_jbh^� ����-����]]�� 
�f_`^m�wlbfb�\_ebqbgZfb�ijhke_`b\Z_lky�q_ldZy�iheh`bl_evgZy�k\yav��J_]j_kkbhgguc 
�ZgZeba�ihdZau\Z_l��qlh�wlZ�aZ\bkbfhklv�y\ey_lky�klZlbklbq_kdb�agZqbfhc��b�wlh�wdki_�
jbf_glZevgh�ih^l\_j`^Z_lky�gZ[ex^_gbyfb�^jm]bo�Z\lhjh\�\�kj_^gbo�rbjhlZo�>�@�� 

Ebl_jZlmjZ  
1. Sander R., Crutzen P.J. «Model study indicating halogen activation and ozone de-

struction in polluted air masses transported to the sea» // J. Geophys. Res., 1996, V.101, P. 
9121-9138. 
2. Kleinmann L., Lee Y.-N., Springston S.R., Lee J. H., Nunnermacker L., Weinstein- Lloyd 
J., Zhou X. «Peroxy radical concentration and ozone formation rate at rural site in the south-
eastern United Stakes» // J.Geophys.Res., 1995, V�������'���3������-7273. 
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M>D�����������������7 

BAMQ?GB?�NHJFU�<BOJ?<H=H�<HAFMS?GBY 
<�H=J:GBQ?GGHF�H;T?F? 

Kl_iZgh\Z�?�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�pbebg^jbq_kdhf�dhgl_cg_j_�`b^dhklv�kh�k\h[h^ghc�ih\_joghklvx�ijb\h^bl�
ky�\�^\b`_gb_�k�ihfhsvx�^bkdh\�jZaebqgh]h�^bZf_ljZ��\jZsZxsboky�\[ebab�^gZ�dhg�
l_cg_jZ��Bkihevah\Zebkv�^bkdb-Zdlb\Zlhju�^\mo�jZaebqguo� lbih\�� k� ]eZ^dhc�ih\_jo�
ghklvx�b�k�ijyfhm]hevgufb�\uklmiZfb�jZaebqghc�\ukhlu��KlZ\blky�aZ^ZqZ�-�ijhgZ[�
ex^Zlv�aZ�baf_g_gb_f�nhjfu�k\h[h^ghc�ih\_joghklb�`b^dhklb�\�aZ\bkbfhklb�hl�qZk�
lhlu�\jZs_gby�^bkdZ-Zdlb\ZlhjZ��_]h�^bZf_ljZ��hlkmlkl\by�beb�gZebqby�gZ�g_f�\uklm�
ih\�b�bo�\ukhlu�� 

<�k\yab�k�l_f��qlh�l_hj_lbq_kdb_�bkke_�
^h\Zgby�nhjfu�k\h[h^ghc�ih\_joghklb�ijh\h�
^bebkv� lhevdh� ^ey� b^_Zevghc� [_a]jZgbqghc�
`b^dhklb�� ijb� jZkkfhlj_gbb� ^Zgghc� aZ^Zqb�
lZdb_�mjZ\g_gby�fh`gh�ijbf_gylv�lhevdh�^ey�
dZq_kl\_ggh]h� kjZ\g_gby��>ey� dhebq_kl\_ggh�
]h� khihklZ\e_gby� k� wdki_jbf_glZevgufb� ^Zg�
gufb� gm`gh� j_rblv� ^jm]mx� l_hj_lbq_kdmx�
aZ^Zqm�� <� oh^_� wdki_jbf_glh\� h[gZjm`behkv��
qlh� ijb� aZdjmqb\Zgbb�`b^dhklb� lZdbf� kihkh�
[hf�\hagbdZxl�g_�lhevdh�^\Z�\boj_\uo�^\b`_�
gby� �lhjhb^Zevgh_� \boj_\h_� ^\b`_gb_� b� ^\b�
`_gb_� k� \_jlbdZevghc� hkvx�� b� \hafms_gb_�
k\h[h^ghc� ih\_joghklb� `b^dhklb� \� \b^_� \h�
jhgdb��gh�lZd`_�hlf_q_gh�ijbkmlkl\b_�gZ�k\h�
[h^ghc� ih\_joghklb� `b^dhklb� kibjZevguo�
\heg� b� [he__� djmighfZkrlZ[guo� \hafms_gbc�
�kf��jbk������>ey�wlbo�kljmdlmj��mkeh`gyxsbo�
nhjfm� k\h[h^ghc� ih\_joghklb�� ihdZ� _s_� g_�
kha^Zgh�l_hj_lbq_kdh]h�hibkZgby� 

L_hj_lbq_kdZy�fh^_ev� >�@�hibku\Z_l�nhjfm� k\h[h^ghc�ih\_joghklb�b^_Zevghc�
ihem[_kdhg_qghc�`b^dhklb�ijb�gZebqbb�aZ\boj_gghklb��\_ebqbgZ�dhlhjhc�iheZ]Z_lky�
dhg_qghc��b�kibjZevghklb�jZ\ghc�gmex� 
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]^_�p –�^Z\e_gb_��ω  –�m]eh\Zy�qZklhlZ�\jZs_gby�\bojy��Z –�jZ^bmk�l\_j^hl_evgh]h�\jZ�
s_gby�� ρ  –�jZkklhygb_�hl�hkb�\jZs_gy�� δ  –�iZjZf_lj�aZ^Zqb��ih�dhlhjhfm�hgZ�bf__l�
\ujh`^_gb_��<�qZklghklb�ijb��δ =-2�wlh�j_r_gb_�i_j_oh^bl�\�ba\_klgh_�j_r_gb_�\�\b�
^_�ihl_gpbZevgh]h�\bojy�JwgdbgZ�  

Ijh\_^_gh�dZq_kl\_ggh_� kjZ\g_gb_�nhjfu�\hjhghd��ihemq_gguo�\�oh^_� wdki_�
jbf_glh\�� k� l_hj_lbq_kdb� jZkkqblZgghc� nhjfhc� k\h[h^ghc� ih\_joghklb� b^_Zevghc�
`b^dhklb��>ey�m^h[kl\Z�kjZ\g_gby�\k_�djb\u_��dZd� l_hj_lbq_kdb_�� lZd�b� wdki_jbf_g�

 
 
Jbk�� ���<boj_\h_� \hafms_gb_� \� eZ[hjZlhj�
ghf�wdki_jbf_gl_ 
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lZevgu_��[ueb�ijhghjfbjh\Zgu�gZ�_^bgbpm��Wlh�lZd`_�iha\hebeh�ijhba\h^blv�kjZ\g_�
gb_�[_a�mq_lZ�qZklhlu�\jZs_gby�\bojy��l�d��wlhl�iZjZf_lj�mljZqb\Z_l�agZqbfhklv�ijb�
ghjfbjh\d_��DZ`^Zy�wdki_jbf_glZevgZy�djb\Zy��hljZ`ZxsZy�nhjfm�\hjhgdb��kjZ\gb�
\ZeZkv� k� l_hj_lbq_kdbfb� djb\ufb� ^ey� jZaebqguo� jZ^bmkh\� �l_hj_lbq_kdbc� jZkq_l��
l\_j^hl_evghc�ahgu�\jZs_gby�\bojy�b�jZaebqguo�agZq_gbc�iZjZf_ljZ�δ ��Qlh�bgl_j_k�
gh�� \�[hevrbgkl\_� kemqZ_\� h^gbf�ba� kZfuo�[ebadbo�ih�nhjf_� d� wdki_jbf_glZevguf�
^Zgguf� [ue� deZkkbq_kdbc� \bojv� JwgdbgZ�� GZ� jbk�� �� ihdZaZgu� nhjfu� \hjhghd�� aZ�
nbdkbjh\Zggu_�\�wdki_jbf_glZo� �kbgbf���b�nhjfZ�ih\_joghklb�`b^dhklb�^ey�deZkkb�
q_kdh]h�\bojy�JwgdbgZ��djZkguf�� 

 
Jbk�����Nhjfu�\hjhghd��ihemq_ggu_�\�wdki_jbf_glZo��KjZ\g_gb_�k�l_hj_lbq_kdbfb�
jZkq_lZfb� 

 
IhklZgh\dZ�^Zgghc�aZ^Zqb�g_�kemqZcgZ�b�bf__l�i_jki_dlb\m�\�qZklb�ijbf_g_gby�

ihemq_gguo� j_amevlZlh\� \� jZaebqguo� h[eZklyo�gZmdb�b� l_ogbdb��<boj_\h_�^\b`_gb_�
bamqZ_lky�fgh]bfb�gZmqgufb�]jmiiZfb�b�mq_gu_�Zdlb\gh�jZajZ[Zlu\Zxl�^Zggmx�h[�
eZklv�]b^jhf_oZgbdb��<�gZr_f�kemqZ_�j_amevlZlu�baukdZgbc�fh]ml�gZclb�ijbf_g_gb_�
\�]_hnbabd_��ijb�hibkZgbb�\boj_\uo�^\b`_gbc�jZaebqgh]h�fZkrlZ[Z�\�hd_Zg_�b��\ha�
fh`gh��Zlfhkn_j_��>jm]bf�ijbf_g_gb_f�j_amevlZlh\�bkke_^h\Zgbc�fh]ml�klZlv�ijZd�
lbq_kdb_�j_dhf_g^Zpbb�^ey�ih\ur_gby�wnn_dlb\ghklb�jZ[hlu�jZaebqguo�]b^jZ\ebq_�
kdbo�f_oZgbafh\��bf_xsbo�\jZsZxsb_ky�qZklb��<hafh`ghklb�^Zgghc�mklZgh\db�ih�
a\heyxl�ijh\h^blv�wdki_jbf_glu�k�jZaebqgufb�lbiZfb�Zdlb\Zlhjh\�gZ�jZaghf�m^Ze_�
gbb� hl� ^gZ�� qlh� iha\hebl� fh^_ebjh\Zlv� jZaebqgu_� nbabq_kdb_� ijhp_kku��<hafh`gh�
ijh\_^_gb_� wdki_jbf_glh\� kh� kljZlbnbpbjh\Zgghc�`b^dhklvx�� bamq_gb_� \gmlj_ggbo�
ih]jZgbqguo�keh_\��>Zggh_�bkke_^h\Zgb_�fh`_l�klZlv�hkgh\hc�^ey�ihklZgh\db�b�ZgZ�
eblbq_kdh]h�j_r_gby�]b^jh^bgZfbq_kdhc�aZ^Zqb��dhlhjZy�[m^_l�mqblu\Zlv�\k_�agZqb�
l_evgu_�iZjZf_lju�g_b^_Zevghc�`b^dhklb�b�hibr_l�\k_�lbiu�^\b`_gbc��\hagbdZxsbo�
gZ�ih\_joghklb�b�\�lhes_�`b^dhklb� 

Ebl_jZlmjZ 
1. Dbklh\bq� :�<��� QZr_qdbg� X�>��� <boj_\u_� b� kibjZevgu_� kljmdlmju� \�

h^ghjh^ghc�b^_Zevghc�`b^dhklb��BIF�J:G��ij_ijbgl��������F������ 
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M>D���������� 

KJ:<GBL?EVGUC�:G:EBA�><MO�F?LH>BD�HP?GDB�
DHGP?GLJ:PBB�I?JHDKBJ:>BD:EH< 

Dhehlgbdh\�:�F���Dmag_ph\�=�B���LZjZkh\Z�H�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Baf_g_gby� ]Zah\h]h� khklZ\Z� ijba_fgh]h� kehy� Zlfhkn_ju� � dZd� hij_^_eyxs_]h�
dZq_kl\h�kj_^u�h[blZgby�\uau\Zxl�h[_kihdh_gghklv�\k_]h�gZmqgh]h�khh[s_kl\Z��Hkh�
[h_�\gbfZgb_�m^_ey_lky�baf_g_gbx�hdbkebl_evguo�k\hckl\�Zlfhkn_ju��ihkdhevdm�hgb�
hij_^_eyxl��gZkdhevdh�ohjhrh� Zlfhkn_jZ�fh`_l� kZfhhqbklblvky� �hl� Zgljhih]_ggh]h�
aZ]jyag_gby��Kj_^b�fZeuo�]Zah\uo�khklZ\eyxsbo��y\eyxsboky�bg^bdZlhjZfb�hdbkeb�
l_evghc�kihkh[ghklb�Zlfhkn_ju��fh`gh�\u^_eblv�]jmiim�kh_^bg_gbc�k�h[s_c�nhjfm�
ehc�RO2 –� hj]Zgbq_kdb_�i_jhdkbjZ^bdZeu��DZd�[ueh�ihdZaZgh�jy^hf�bkke_^h\Zl_e_c�
>�����@��\ukhdb_�dhgp_gljZpbb�i_jhdkbjZ^bdZeh\�gZ[ex^Zxlky�\�qbkluo�mkeh\byo��\�lh�
\j_fy�dZd�\�mkeh\byo�aZ]jyag_gby�bo�dhgp_gljZpby�mf_gvrZ_lky�\�^_kyldb�jZa��Wlh�k\y�
aZgh�k�l_f��qlh�RO2�y\eyxlky�Zevl_jgZlb\guf�iml_f�\�hdbkebl_evguo�p_ihqdZo�hkgh\�
guo�aZ]jyagbl_e_c�Zlfhkn_ju��gZijbf_j��NOx). 

<�jZ[hl_�[ueh�ijh\_^_gh�kjZ\g_gb_�^\mo�f_lh^h\�hp_gdb�dhgp_gljZpbb�i_jhd�
kbjZ^bdZeh\��I_j\uc�f_lh^�hkgh\Zg�gZ�hp_gd_�hldehg_gby�kbkl_fu�NOx-O3�hl�khklhy�
gby�nhlhobfbq_kdh]h�jZ\gh\_kby��Photo Stationary State – PSS�f_lh^�>�@� 

 

[HO2]+ [RO2]≈(ϕ -1)[O3](k3/k5), 

]^_  
[ ]

[ ][ ]33

22

ONOk

NOJ NO=ϕ . 

 
A^_kv� >NO2], [NO], [O3] –� dhgp_gljZpbb� khhl\_lkl\mxsbo� kh_^bg_gbc�� J(NO2) –� kdh�
jhklv�nhlhebaZ�NO2, k3 –�kdhjhklv�j_Zdpbb�NO+O3→NO2+O2. 

<lhjhc� f_lh^� hkgh\Zg� g_� wdki_jbf_glZevgh� \uy\e_gghf� khhlghr_gbb� f_`^m�
dhgp_gljZpb_c� i_jhdkbjZ^bdZeh\� b� kdhjhklvx�nhlhebaZ� hahgZ� >�@��<� aZ\bkbfhklb� hl�
agZq_gby�dhgp_gljZpbb�NO�\�Zlfhkn_j_�jZaebqZxl�qbklu_�b�aZ]jyag_ggu_�mkeh\by��<�
ijbkmlkl\b_�^hklZlhqgh]h�dhebq_kl\Z�NO�ijhbkoh^bl�dZlZeblbq_kdbc�pbde�h[jZah\Z�
gby�hahgZ��Z�\�mkeh\byo�hq_gv�gbadbo�beb�hq_gv�[hevrbo�dhgp_gljZpbc�NOx�ijhbkoh�
^bl��jZajmr_gb_�hahgZ��<�aZ\bkbfhklb�hl�mjh\gy�NOx�dhgp_gljZpby�i_jhdkbjZ^bdZeh\�
hij_^_ey_lky�ih�h^ghc�ba�^\mo�wfibjbq_kdbo�nhjfme� 
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Dhwnnbpb_gl�k' -�wlh�dhgklZglZ��hibku\ZxsZy�\gmlj_ggb_�b�i_j_dj_klgu_�j_�

Zdpbb�GH2�b�KGaH2��<_ebqbgZ�f�ihdZau\Z_l�^hex�\ha[m`^_gguo�Zlhfh\�dbkehjh^Z��dh�
lhjZy�ijb\h^bl�d�h[jZah\Zgbx�]b^jhdkbeZ�HG��J(O1D) –�kdhjhklv�nhlhebaZ�hahgZ��k5, 
k7, k14, k15 –�dhwnnbpb_glu�khhl\_lkl\mxsbo�j_Zdpbc� 
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Wfibjbq_kdbc�f_lh^�[ue�jZajZ[hlZg�^ey�mkeh\bc�\ukhdh]hjghc� klZgpbb�Xg�
]njZmcho� �R\_cpZjby���<�^Zgghc�jZ[hl_�[ueZ�ij_^ijbgylZ�ihiuldZ�ijbf_gblv�_]h�\�
Jhkkbb�dZd�^ey�\ukhdh]hjguo��lZd�b�^ey�jZ\gbgguo�mkeh\bc��<�jZ[hl_�bkihevah\Zebkv�
wdki_jbf_glZevgu_� ^Zggu_�� ihemq_ggu_� \� wdki_^bpbb� TROICA-�� gZ� Dbkeh\h^kdhc�
<ukhdh]hjghc�GZmqghc�KlZgpbb� �D<GK��� �Eh\ha_j_�b�A\_gb]hjh^kdhc�gZmqghc�klZg�
pbb�� 

Keh`ghklv�ijbf_g_gby�f_lh^bd�aZdexqZeZkv�\�lhf��qlh�ih�jZaebqguf�ijbqbgZ�
fb�\�l_q_gb_�wdki_^bpbb�TROICA-��g_�\k_�g_h[oh^bfu_�\oh^gu_�iZjZf_lju�[ueb�ba�
f_j_gu��GZb[he__�iheguc�gZ[hj�^Zgguo�bf_eky�lhevdh�^ey�A\_gb]hjh^kdhc�klZgpbb��
Qlh[u�hp_gblv�dhgp_gljZpbx�i_jhdkbjZ^bdZeh\�PSS-f_lh^hf�g_h[oh^bfh�agZlv�dhg�
p_gljZpbx�NO2��dhlhjZy�gZ�D<GK�b�Eh\ha_jZ�g_�baf_jyeZkv��>ey�__�hp_gdb�\�mdZaZg�
guo�j_]bhgZo�bkihevah\Zeky�i_j_kq_lguc�dhwnnbpb_gl��ihemq_gguc�ih�mkj_^g_gghfm�
jy^m�\j_f_ggh]h�hlghr_gby�NO2/NO�gZ�A\_gb]hjh^kdhc� klZgpbb��Kdhjhklv�nhlhebaZ�
hahgZ�lZd`_�g_�baf_jyeZkv�\�wdki_^bpbb��<�jZ[hl_�hgZ�hp_gb\ZeZkv�gZ�hkgh\_�wfibjb�
q_kdhc�aZ\bkbfhklb�ih�kdhjhklb�nhlhebaZ�NO2��<�dZq_kl\_�hihjguo�lhq_d�^ey�hij_^_�
e_gby� g_ba\_klguo� dhwnnbpb_glh\� wfibjbq_kdh]h� khhlghr_gby� bkihevah\Zebkv� ^\Z�
agZq_gby�dhgp_gljZpbb�i_jhdkbjZ^bdZeh\��hp_g_ggu_�f_lh^hf�PSS�gZ�D<GK� 

KjZ\g_gb_�j_amevlZlh\�^Zgguo�f_lh^h\��ijbf_g_gguo�gZ�klZgpbyo�D<GK��Eh�
\ha_jZ�b�\�A\_gb]hjh^_�ihdZau\Z_l�bo�hlghkbl_evgh�g_iehomx�dhjj_eypbx�b�]h\hjbl�h�
\hafh`ghklb�ijbf_g_gby�f_lh^Z��hkgh\Zggh]h�gZ�kdhjhklb�nhlhebaZ�hahgZ��^ey�Jhkkbb��
GZbemqr__�kh\iZ^_gb_�agZq_gbc�dhgp_gljZpbb�gZ[ex^Z_lky�\�qbkluo�mkeh\byo��D<GK�
b�Eh\ha_jh���GZijbf_j��fZdkbfZevgu_�agZq_gby�dhgp_gljZpbc��hp_g_ggu_�k�ihfhsvx�
^\mo�f_lh^bd��khklZ\eyxl�����ppt�ih�PSS-f_lh^m�b�����ppt�ih�\lhjhfm�f_lh^m�gZ�klZg�
pbb�D<GK��FZdkbfZevgu_� agZq_gby��hp_g_ggu_�^ey�A\_gb]hjh^kdhc� klZgpbb� khklZ\�
eyxl��PSS–f_lh^�- 141 ppt, Z�\lhjhc�f_lh^�– 877 ppt��Lh�_klv��\�aZ]jyag_gguo�mkeh\byo�
A\_gb]hjh^kdhc� klZgpbb� jZkoh`^_gb_� j_amevlZlh\� [hevr_�� q_f� \� qbkluo� mkeh\byo��
ijbf_jgh��\���jZaZ��Ih�kjZ\g_gbx�k�jZg__�ihemq_ggufb�hp_gdZfb�lZdh_�jZkoh`^_gb_�
\iheg_�ijb_fe_fh� 

JZaebqb_� j_amevlZlh\��ihemqZ_fuo�^\mfy�f_lh^Zfb��fh`_l�[ulv� k\yaZgh� k�hl�
kmlkl\b_f�g_h[oh^bfuo� wdki_jbf_glZevguo�^Zgguo�b�� dZd� ke_^kl\b_�� k�g_lhqghklvx�
agZq_gbc�NO2��b�kdhjhklb�nhlhebaZ�hahgZ��bkihevah\Zgguo�ijb�jZkq_l_� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZg^h\�JNNB���-05-������b  INTAS 01-0016.  

Ebl_jZlmjZ 
1. Parish D.D. et al., Measurements of NOx-O3 photostationary state at Niwot Ridge 

Colorado, Journ. Geoph. Research, 91, 5361-5370, 1986. 
2. Parish D.D. et al., The measurement of the photodissiciation rate of NO2 in the at-

mosphere, Atm. Envir., 17, 7, 1365-1379, 1983. 
3. Zanis P. et al.,  On the relationship of HO2+RO2 with j(O1D) during the Free Tro-

poshperic Experiment (FRETEX’96), JGR, v.104, n. D21, 26913-26925, 1999 
4. Cantrell C.A. et al. Peroxy radicals from photostationary state deviation and steady 

state calculations during the tropospheric photochemistry experiment in Idaho Hill, Colorado, 
1993., Journal of Geoph. Res., 102 (D5), 6369-6378, 1997. 

5. ?eZgkdbc� G�N��� Dmag_ph\� =�B��� L_j_oh\Z� H�:�� Kmlhqgu_� b� f_`kmlhqgu_�
baf_g_gby� dhgp_gljZpbb� i_jhdkbjZ^bdZeh\� \� mkeh\byo� i_j_f_gghc� bg^mkljbZevghc�
gZ]jmadb� \� ]�� Fhkd\_�� <_klgbd� Fhkdh\kdh]h� Mgb\_jkbl_lZ�� K_jby� ��� NbabdZ��
:kljhghfby�������k���-16, 1998.    
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M>D�������� 

IJB;EB@?GGU?�KBFF?LJBB�B�IJB;EB@?GGH�
BG<:JB:GLGU?�J?R?GBY�MJ:<G?GBC�

KLJ:LBNBPBJH<:GGUO�L?Q?GBC�B�IH=J:GBQGH=H�KEHY 

<Zkbev_\�F�I� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� ^bgZfbd_� ijbjh^guo� kbkl_f� A_feb� [hevrmx� jhev� b]jZ_l�Fbjh\hc� hd_Zg��
w\hexpbx�l_q_gbc�dhlhjh]h�hibku\Zxl�fh^_eb�f_oZgbdb�g_h^ghjh^guo�`b^dhkl_c��d�
gZb[he__�jZkijhkljZg_gguf�ba�gbo�fh`gh�hlg_klb�fh^_ev�g_k`bfZ_fhc�\yadhc�kljZ�
lbnbpbjh\Zgghc�`b^dhklb� >�@�b�ij_^eh`_ggmx�\�k_j_^bg_�ijhreh]h�\_dZ�E��IjZg^l�
e_f�fh^_ev�ih]jZgbqgh]h�kehy�>�@� 

MjZ\g_gby�^\b`_gby�kljZlbnbpbjh\Zgghc�`b^dhklb��dZd�b�fgh]b_�^jm]b_�mjZ\�
g_gby�kiehrghc�kj_^u��y\eyxlky�kbkl_fZfb�d\Zabebg_cguo�mjZ\g_gbc�\�qZklguo�ijh�
ba\h^guo��Mq_l�^bkkbiZlb\guo�wnn_dlh\��\yadhklb��^bnnmabb��l_fi_jZlmjhijh\h^gh�
klb�b�l�i���ijb\h^bl�d�ihy\e_gbx�qe_gh\�kh�klZjrbfb�ijhba\h^gufb��ijbq_f�dbg_lb�
q_kdb_�dhwnnbpb_glu��\� agZqbl_evghc� kl_i_gb�hij_^_eyxsb_�\deZ^� wlbo�nZdlhjh\�\�
h[smx� dZjlbgm� l_q_gbc�� dZd� ijZ\beh��fZeu�� \_ebqbgZ� kljZlbnbdZpbb� h[uqgh� lZd`_�
g_\_ebdZ�� 

<�^Zgghc�jZ[hl_�bamqZebkv�h[sb_�k\hckl\Z�b�j_r_gby�^\mo�kbkl_f�mjZ\g_gbc�
ebg_cgh�kljZlbnbpbjh\Zgghc�`b^dhklb�–�;mkkbg_kdZ� 
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]^_�x b�y -�ehdZevgu_�lZg]_gpbZevgZy�b�ghjfZevgZy�dhhj^bgZlu��.�–�ehdZevguc�m]he�
gZdehgZ�h[l_dZ_fhc�ih\_joghklb�d�]hjbahglZeb����–�fZkrlZ[�kljZlbnbdZpbb��ν –�dh�
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wnnbpb_gl� dbg_fZlbq_kdhc� \yadhklb�� κ –� dhwnnbpb_gl� ^bnnmabb� kheb�� ^ey� \h^u�
ν = �����kf2

�k�� 700/ ≈κν . 
D�h[sbf�f_lh^Zf��iha\heyxsbf�kljhblv�j_r_gby�kbkl_f�\b^Z����������hlghkylky�

f_lh^u�l_hjbb�\hafms_gbc��H^gZdh�h[uqgh�\�dZq_kl\_�gZqZevgh]h�ijb[eb`_gby�jZk�
kfZljb\Z_lky�ebg_Zjbah\ZggZy�aZ^ZqZ��qlh�g_�iha\hey_lky�\�^hklZlhqghc�kl_i_gb�hib�
ku\Zlv�g_ebg_cgu_�k\hckl\Z�kbkl_f���������dhlhju_�y\eyxlky�bo�hlebqbl_evghc�q_jlhc��
D�^jm]bf�g_^hklZldZf�fh`gh�hlg_klb�keh`ghklb�hij_^_e_gby�jZ^bmkZ�koh^bfhklb�jy�
^Z� l_hjbb� \hafms_gbc�� ihy\e_gb_� ³\_dh\uo´� qe_gh\�� Zkbfilhlbq_kdbc� oZjZdl_j�
kljhysboky�jy^h\��<�ihke_^g__�\j_fy�[ueh�ij_^ijbgylh�jy^�ihiulhd�mkh\_jr_gkl\h�
\Zlv� f_lh^u� l_hjbb� \hafms_gbc�� bkihevamy� ]jmiiu� g_ij_ju\guo� ij_h[jZah\Zgbc��
Ij_`^_�\k_]h��d�gbf�ke_^m_l�hlg_klb�f_lh^�j_ghjf]jmiiu�ij_^eh`_gguc�G�G��;h]h�
ex[h\uf�>�@� 

Bkihevah\Zgb_�]jmii�Eb�\�mjZ\g_gbyo�fZl_fZlbq_kdhc�nbabdb�iha\hebeh�ihem�
qblv�jy^�aZf_qZl_evguo�j_amevlZlh\�>�@��\�qZklghklb�gZoh^blv�lhqgu_�j_r_gby�djZ_\uo�
aZ^Zq� g_ebg_cguo� kbkl_f� mjZ\g_gbc� f_oZgbdb� kiehrghc� kj_^u�� k� bkihevah\Zgb_f�
]jmiiu� jZkly`_gbc� �qZklgh]h� \b^Z� ]jmiiu� g_ij_ju\guo� ij_h[jZah\Zgbc�� [ueh� ih�
kljh_gu� j_r_gby� mjZ\g_gbc�GZ\v_-KlhdkZ� �^bnnmaby� \boj_\hc� gblb�� l_q_gb_� hdheh�
djblbq_kdhc�lhqdb�gZ�iehkdhklb��–�lZd�gZau\Z_fu_�Z\lhfh^_evgu_�j_r_gby��Hkh[_ggh�
wnn_dlb\guf�hdZaZehkv�ijbf_g_gb_�]jmiih\uo�f_lh^h\�\�l_hjbb�ih]jZgbqgh]h�kehy��
gZijbf_j�l_q_gb_�iehkdhc�b�hk_kbff_ljbqghc�kljmb��l_q_gby�\�debg_��dZgZe_�b�l�^��>�@��
H^gZdh��ihkljh_gb_�bg\ZjbZglguo�j_r_gbc��dZd�ijZ\beh��hdZau\Z_lky�ijbf_gbfuf�d�
aZ^ZqZf� k� ]jZgbqgufb� mkeh\byfb� ^hklZlhqgh� ijhklh]h� \b^Z�� Qlh[u� ij_h^he_lv� ih�
ke_^g__�ij_iylkl\b_�[ueZ�ij_^eh`_gZ�l_hjby�ijb[eb`_gguo�]jmii�kbff_ljbb��dhlh�
jZy�k�h^ghc�klhjhgu�fh`_l�jZkkfZljb\Zlvky�dZd�l_hjby�\hafms_gbc�\�l_hjbb�]jmii��Z�k�
^jm]hc�dZd�ijbf_g_gb_�]jmiih\uo�f_lh^h\�\�l_hjbb�\hafms_gbc�� 

Hkgh\u\Zykv� gZ� deZkkbq_kdhc� l_hjbb� ]jmii� Eb� kmlv� f_lh^h\� ijb[eb`_gguo�
]jmii� ij_h[jZah\Zgbc� fh`gh� ihykgblv� ke_^mxsbf� h[jZahf��Imklv� ^Zgh� mjZ\g_gb_��
kh^_j`Zs__�fZeuc�iZjZf_lj��lh]^Z�ijZ\Zy�qZklv�mjZ\g_gby�fh`_l�[ulv�ij_^klZ\e_gZ�\�
\b^_�jy^Z�L_cehjZ 

 

0)(...)()(),( 10 ≈ε++ε+≡ε zFzFzFzF q
q  (3) 

 

k�lhqghklvx�ihjy^dZ� )0()( ≥εο qq .  
Ijb�wlhf�mjZ\g_gb_�����fh`_l�^himkdZlv�kms_kl\h\Zgb_�^\mo�\b^h\�bgnbgbl_�

abfZevguo�hi_jZlhjh\��]_g_jZlhjh\���lZdbo�dZd�hi_jZlhju�gme_\h]h�ihjy^dZ 
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dhlhjuc�ihemq_gu�gZ�hkgh\_�g_dhlhjuo� �g_�h[yaZl_evgh� \k_o�� kbff_ljbc� 0X �g_\ha�

fms_ggh]h�mjZ\g_gby�� 0=ε ) 
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H[Z�\b^Z�hi_jZlhjh\�h[jZamxl�ijb[eb`_ggmx�h^ghiZjZf_ljbq_kdmx�]jmiim��Z�
kmi_jihabpby�wlbo�h^ghiZjZf_ljbq_kdbo�ij_h[jZah\Zgbc�kha^Zxl�ijb[eb`_ggmx�fgh�
]hiZjZf_ljbq_kdmx�]jmiim�ij_h[jZah\Zgbc�� 

LZd`_� dZd� deZkkbq_kdZy� l_hjby� g_ij_ju\guo� ]jmii�� l_hjby� ijb[eb`_gguo�
]jmii� ij_h[jZah\Zgbc� iha\hey_l� kljhblv� m`_� ijb[eb`_ggh� bg\ZjbZglgu_� j_r_gby�
kbkl_f�^bnn_j_gpbZevguo�mjZ\g_gbc� 

<� ^Zgghc� jZ[hl_� k� bkihevah\Zgb_f� f_lh^h\� dhfivxl_jghc� Ze]_[ju� gZc^_gu�
ijb[eb`_ggu_�]jmiiu�ij_h[jZah\Zgbc�mjZ\g_gbc�ebg_cgh�kljZlbnbpbjh\Zgghc�`b^�
dhklb� \� ijb[eb`_gbb� ;mkkbg_kdZ� b� mjZ\g_gbc� kljZlbnbpbjh\Zggh]h� ih]jZgbqgh]h�
kehy��ijbq_f�\�dZq_kl\_�fZeh]h�iZjZf_ljZ�jZkkfZljb\ZeZkv�\yadhklv��Ihkljh_gu�ijb�
f_ju�ijb[eb`_ggh�bg\ZjbZglguo�j_r_gbc��^ZgZ�bo�nbabq_kdZy�bgl_jij_lZpby� 

Ebl_jZlmjZ 
1. L_jg_j�>`��Wnn_dlu�ieZ\mq_klb�\�`b^dhklyo��F���Fbj������������k�� 
2. Rebolbg]� =�� L_hjby� ih]jZgbqgh]h� kemqZy�� F��� BghkljZggZy� ebl_jZlmjZ��

����������k�� 
3. H\kyggbdh\� E�<�� =jmiih\hc� ZgZeba� ^bnn_j_gpbZevguo� mjZ\g_gbc�� F���

GZmdZ������������k�� 
4. Baikov V. A., Gazizov R. K., and Ibragimov N. K., Approximate groups of trans-

formations. Differential equations, Vol. 29, No. 10, 1993. 
5. Dh\Ze_\� <�N��� Rbjdh\� >�<�� NmgdpbhgZevgZy� Z\lhfh^_evghklv� b�

j_ghjf]jmiiZ�kbff_ljby�\�fZl_fZlbq_kdhc�nbabd_����L_hj_lbq_kdZy�b�fZl_fZlbq_kdZy�
nbabdZ��������L������������k�����– 89.  
 
 
 

M>D������������ 

J:A<BLB?�IJHF?@MLHQGUO�KLJ:LBNBPBJH<:GGUO�
L?Q?GBC�<�<H>HOJ:GBEBS:O�B�HA?J:O 

=j_[g_\Z�G�<� 

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

Ijb�\uiheg_gbb�gZklhys_c�jZ[hlu�ijh\h^bebkv�gZlmjgu_�b�l_hj_lbq_kdb_�bk�
ke_^h\Zgby�aZdhghf_jghkl_c�jZa\blby�kljmcguo�kljZlbnbpbjh\Zgguo�l_q_gbc�>�@��J_�
rZebkv� ke_^mxsb_� aZ^Zqb�� ��� \uy\e_gb_�f_oZgbafh\� jZa\blby� kljmcguo� l_q_gbc� ih�
j_amevlZlZf�baf_j_gbc�\h^hojZgbebsZo�b�ha_jZo�����jZajZ[hldZ�f_lh^h\�l_hj_lbq_kdh�
]h�hibkZgby�l_q_gbc�b�i_j_ghkZ�ijbf_k_c�wlbfb�ihlhdZfb� 

Ijb� ZgZeba_� j_amevlZlh\� wdki_jbf_glZevguo� bkke_^h\Zgbc� ij_^eh`_gu�f_oZ�
gbafu� Z�� jZa\blby� kljmb�� hl^_eyxs_cky� hl� ijb^hggh]h� iehlghklgh]h� ihlhdZ� b� keb�
\Zxs_cky�k�gbf�ijb�aZ]em[e_gbb�l_jfhdebgZ�b�ijb�mkbe_gbyo�lmj[me_glgh]h�\h\e_q_�
gby� �jbk����� [��ihy\e_gby�b� aZlmoZgby� kljZlbnbpbjh\Zgghc� kljmb� aZ� kq_l� jZkkeh_gby�
ijb^hggh]h�iehlghklgh]h�ihlhdZ��knhjfbjh\Zggh]h�]_g_lbq_kdb�jZaebqgufb�\h^gufb�
fZkkZfb�b�\��nhjfbjh\Zgby�kljmb�gZ^�dmihehh[jZaguf�l_jfhdebghf�b�__�ihke_^mxs_�
]h�jZkijhkljZg_gby�ih�gZdehgghc�bahibdgbq_kdhc�ih\_joghklb��jbk��� 
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MklZgh\e_gh�� qlh� jZkijhkljZg_gb_� ijhf_`mlhqgh]h� l_q_gby� hij_^_ey_lky�
]b^jh^bgZfbq_kdhc� mklhcqb\hklvx� kljmb�� mdehghf�ih� __� ljZ_dlhjbb�� Z� lZd`_� lhe�
sbghc�kljmcgh]h�l_q_gby��\aZbfh^_ckl\mxs_]h�k�^j_cnh\uf�b�ijb^hgguf�iehlgh�
klguf� ihlhdZfb�� Ihemq_gh� b� Zijh[bjh\Zgh� \� r_klb� l_q_gbyo� ihemwfibjbq_kdh_�
\ujZ`_gb_�jZkij_^_e_gby�kdhjhklb�kljmb��iha\heyxs__�mq_klv�i_j_qbke_ggu_�\u�
r_�nZdlhju� 

GZc^_gh�ihemwfibjbq_kdh_�\ujZ`_gb_��k\yau\Zxs__�mlhes_gb_�kljmb�k�ih^�
\b`ghklvx� hdjm`Zxs_c� `b^dhklb�� ]b^jh^bgZfbq_kdhc� mklhcqb\hklvx� ihlhdZ� b�
ihdZaZl_e_f� Z^\_dlb\guo�baf_g_gbc� kdhjhklb��Ihemq_gh� l_hj_lbq_kdh_�\_jlbdZev�
gh_� jZkij_^_e_gb_� dhgp_gljZpbb� ijbf_kb� \� ijb[eb`_gbb� ih^h[by� ^ey� ijhnbey�
kdhjhklb��MklZgh\e_gh��qlh�\�kljZlbnbpbjh\Zgghf�l_q_gbb�wlh�jZkij_^_e_gb_�ZgZ�
eh]bqgh� ke_^mxs_fm� ba� l_hjbb� kljmc�� Kms_kl\_ggu_� hldehg_gby� gZ[ex^Zxlky�
ebrv�\�lhgdhf�keh_�\[ebab�]jZgbpu�kljmb��Kh]eZkgh�j_r_gbx��jZkij_^_e_gby�dhg�
p_gljZpbb� \� \_jog_f� b� gb`g_f� kehyo� kf_r_gby� fh]ml� [ulv� Zglbkbff_ljbqgufb�
ijb�jZaguo�agZq_gbyo�ihdZaZl_e_c�Z^\_dlb\guo�baf_g_gbc�kdhjhklb��dhgp_gljZpbb�
ijbf_kb�b�mlhes_gby�kljmb� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�JNNB��]jZgl���-05-64494). 
Ebl_jZlmjZ 
1. Kuznetzov I. S., Grebneva N. V., Samolyubov B. I. Structural spatial transforma-

tions of near-bottom and intermediate stratified currents // Int. conf. “Fluxes and structures in 
fluids” St. Petersburg.2003. Abstracts of the Reports. . P.70-72. 
 
 
 

M>D������������ 

G:LMJGU?�B�L?HJ?LBQ?KDB?�BKKE?>H<:GBY 
IEHLGHKLGH=H�IHLHD:�K�MQ?LHF�<EBYGBY�L?Q?GBC�

HDJM@:XSBO�<H> 
∗:nZgZkv_\�?�K� 

F=M�bf�F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Iehlghklgu_�ihlhdb�b]jZxl�\Z`gmx�jhev�\�^bgZfbq_kdbo�ijhp_kkZo�\�ha_jZo�b�
\h^hojZgbebsZo��JZa\blb_�wlbo�ihlhdh\�\�agZqbl_evghc�f_j_�hij_^_ey_lky�\aZbfh^_c�
kl\b_f�ijb^hgguo�l_q_gbc�k�^j_cnh\ufb�b�klhdh\ufb��>ey�jZkrbnjh\db�f_oZgbafh\�
ih^h[guo�ijhp_kkh\�g_h[oh^bfh�khq_lZgb_�^_lZevguo�gZlmjguo�b�l_hj_lbq_kdbo�bk�
ke_^h\Zgbc��LZdhc�ih^oh^�ij_^ijbgyl�\�^Zgghc�jZ[hl_��p_eb�dhlhjhc�� � ���\uy\e_gb_�
aZdhghf_jghkl_c� wg_j]hi_j_^Zqb� ba� \ur_e_`Zsbo� \h^� \� ijb^hgguc� ihlhd�� � ��� ih�
kljh_gb_� b� Zijh[Zpby� fZl_fZlbq_kdhc� fh^_eb� iehlghklgh]h� l_q_gby�� \aZbfh^_ckl�
\mxs_]h�k�^j_cnh\uf�b�klhdh\uf� 

<� oh^_� bkke_^h\Zgbc� ijh\h^bebkv� dhfie_dkgu_� j_]bkljZpbb� jZkij_^_e_gbc�
kdhjhklb��l_fi_jZlmju�\h^u��dhgp_gljZpbc�\a\_kb��jZkl\hj_gguo�khe_c�b�dbkehjh^Z�gZ�
jZaj_aZo�\�\h^hojZgbebsZo�b�ha_jZo� �jbk�� ��� ����Ijb�ZgZeba_�^Zgguo�baf_j_gbc�ijh�
ke_`_gu�ij_h[jZah\Zgby�l_q_gbc�b�jZkij_^_e_gbc�ijbf_k_c��<u^_e_gu�wnn_dlu��k\y�
aZggu_�k�\ebygb_f�\_ljZ� 

Z��mkdhj_gby�iehlghklguo�l_q_gbc� 
[��kf_s_gby�bo�y^_j� 
\��mkbe_gby�\h\e_q_gby�\ur_e_`Zsbo�\h^�� 
]��ijh]b[u�bahibdgbq_kdbo�ih\_joghkl_c� 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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Jbk�� ���JZkij_^_e_gby�Z��mkeh\ghc�iehlghklb� Tσ �imgdlbj��b�kdhjhklb�l_q_gby�U� �kiehrgZy�eb�
gby��ih�\ukhl_�z�gZ^�^ghf�gZ�jZaj_a_�\�rbjhlghc�qZklb�L_e_pdh]h�ha_jZ��bxev�������\�kemqZyo������
–�ihy\e_gby�\lhjbqgh]h�ijb^hggh]h�ihlhdZ�gZ�mqZkld_�k�fhsguf�nhgh\uf�klhdh\uf�l_q_gb_f�
ijb��x ����df���-_�m]em[e_gb_�ih�jbk��[��������–�bkq_agh\_gby�\lhjbqgh]h�ihlhdZ�ihke_�ih^t_fZ�l_�
q_gby�gZ�oj_[_l��x ����df�������–�\lhjhc�\kiurdb�]jZ\blZpbhggh]h�ihlhdZ�m�^gZ�ijb�hkeZ[e_gbb�
klhdh\h]h�l_q_gby��x ����df���-_�m]em[e_gb_�ih�jbk���[���[��jZkl\hj_ggh]h�dbkehjh^Z�ih�]em[bg_�H 
b�^ebg_�x�gZ�jZaj_a_��Imgdlbj�gZ�jbk��[�–�\_jogyy�]jZgbpZ�ijb^hggh]h�l_q_gby 

Ijb�fZl_fZlbq_kdhf�fh^_ebjh\Zgbb�l_q_gbc�ijbgylu�\h�\gbfZgb_�aZ\bkbfhklb 
i_j_ghkZ�bfimevkZ�hl�^j_cnh\h]h�ihlhdZ�d�ijb^hgghfm�hl�Z��kdhjhklb�\_ljZ��mklhcqb�
\hklb�b�]em[bgu�aZe_]Zgby�l_jfhdebgZ���[��iehsZ^b�h[eZklb�^_ckl\by�\_ljZ�gZ�l_q_gb_��
WlZ�qZklv�\�fh^_eb�[Zabjm_lky�gZ�©deZiZgghfª�f_oZgbaf_�wg_j]hi_j_^Zqb�q_j_a�l_jfh�
debg� >�@��Fh^_ev�ijh\_j_gZ�ih�^Zgguf�baf_j_gbc� \�Jmakdhf��Ha_jgbgkdhf��Bkljbg�
kdhf��B\Zgvdh\kdhf�\h^hojZgbebsZo��jbk�����b�gZ�L_e_pdhf�ha_j_� 
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Ijb� ZgZeba_� jZkijhkljZg_gby� kljZlbnbpbjh\Zgguo� ihlhdh\� \� L_e_pdhf� ha_j_�
[ueb� h[gZjm`_gu� \kiuob\Zxsb_� ijb^hggu_� ]jZ\blZpbhggh-[Zjhdebggu_� ihlhdb� \�
lhes_�hkgh\gh]h�klhdh\h]h�l_q_gby��jbk������GZc^_g�djbl_jbc�kms_kl\h\Zgby�lZdbo�ih�
lhdh\� ih� hp_gd_� kmffZjgh]h� \ebygby� ]jZ\blZpbhgghc� kbeu� b� ijh^hevgh]h� ]jZ^b_glZ�
^Z\e_gby�gZ� l_q_gb_��Wlhl�djbl_jbc��\dexq_gguc�\�fh^_ev��iha\hey_l�mq_klv�wnn_dlu�
ihy\e_gby�b�bkq_agh\_gby�fZdkbfmfZ�kdhjhklb�\�ijb^hgghf�keh_��jbk��Z���<�h[hbo�kem�
qZyo� iehlghklghc� ihlhd� khojZgy_lky� ijb� baf_g_gbyo� agZdZ� \_jlbdZevgh]h� ]jZ^b_glZ�
kdhjhklb�\�keh_�kf_r_gby�k�\ur_e_`Zsbfb�\h^Zfb��Iheh`_gb_�\_jog_c�]jZgbpu�wlh]h�
ihlhdZ��imgdlbj�gZ�jbk��[��kh]eZkm_lky�k�dhglmjZfb�ijb^hgghc�Zwjh[ghc�ahgu� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�JNNB��]jZgl���-05-64494). 
Ebl_jZlmjZ 
1. Hafb^h\�J�<��<_jlbdZevguc� h[f_g�q_j_a� kehb� k�[hevrbfb� \_jlbdZevgufb�

]jZ^b_glZfb�iehlghklb�\�hd_Zg_����Hd_Zgheh]by���997��lhf����������k����-496. 
 
 
 

M>D�������� 

D:JLBG:�KLJ:LBNBPBJH<:GGH=H�L?Q?GBY 
<HDJM=�IEHOHH;L?D:?FUO�L?E 

KZ\_ev_\�B�;� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bgl_j_k�d�y\e_gbyf��ijhbkoh^ysbf�\�kljZlbnbpbjh\Zgguo�kj_^Zo��lZdbo�dZd�hd_Zg�
b�Zlfhkn_jZ�h[mkeh\e_g�fgh]hh[jZab_f�y\e_gbc�b�ijZdlbq_kdhc�agZqbfhklvx�bkke_^h\Z�
gbc�\�h[eZklb�ijbjh^guo�kbkl_f��;eZ]h^Zjy�jZa\blbx�f_lh^h\�gZ[ex^_gby�ijhp_kkh\�\�
hd_Zg_��[mb��ih^\h^gu_�ZiiZjZlu��kbkl_fu�kimlgbdh\h]h�ke_`_gby��Z�lZd�`_�Zdmklbq_kdb_��
fZ]gblgu_�b�^jm]b_�f_lh^u���aZ�ihke_^g__�\j_fy�kbevgh�baf_gbehkv�ij_^klZ\e_gb_�h[�bo�
^bgZfbd_��Gh\u_�^Zggu_�\uy\beb�g_iheghlm�ljZ^bpbhggh]h�hibkZgby�^\b`_gbc�\�hd_Zg_�
b�g_h[oh^bfhklv�jZajZ[hldb�[he__�iheguo�nbabq_kdbo�b�fZl_fZlbq_kdbo�fh^_e_c� 

<�k\yab�k�wlbf�gZjy^m�k�baf_j_gbyfb�\�_kl_kl\_gguo�mkeh\byo��fZl_fZlbq_kdbf�
�ZgZeblbq_kdbf�b�qbke_gguf��fh^_ebjh\Zgb_f��^ey�bamq_gby�ijbjh^guo� kbkl_f�rb�
jhdh�ijb\e_dZ_lky�eZ[hjZlhjgh_�fh^_ebjh\Zgb_��H^gbf�ba�hkgh\guo�^hklhbgkl\�eZ[h�
jZlhjgh]h�fh^_ebjh\Zgby�y\ey_lky�\hafh`ghklv�fgh]hdjZlgh]h�\hkijhba\_^_gby�bam�
qZ_fh]h�y\e_gby�\�aZ^Zgghf�^bZiZahg_�iZjZf_ljh\� 

<�kbkl_fm�mjZ\g_gbc�]b^jh^bgZfbdb�g_k`bfZ_fhc�kljZlbnbpbjh\Zgghc�`b^dhklb�
\oh^yl�mjZ\g_gb_�GZ\v_�–�KlhdkZ��mjZ\g_gb_�g_ij_ju\ghklb��mjZ\g_gb_�khojZg_gby�kheb�
�k�mq_lhf�^bnnmabhggh]h�b�dhg\_dlb\gh]h�i_j_ghkZ���nmgdpby�jZkij_^_e_gby�iehlghklb� 

 
<� kemqZ_� h[l_dZgby� \yadhc� kljZlbnbpbjh\Zgghc�`b^dhklvx� lj_of_jgh]h� l_eZ�

\uihegyxlky�ke_^mxsb_�]jZgbqgu_�mkeh\by��mkeh\b_�ijbebiZgby�^ey�kdhjhklb�gZ�ih�
\_joghklb�l_eZ��\�^Zgghf�kemqZ_�dm[Z� �9

E
= ��mkeh\b_�g_�ijhl_dZgby�kheb�q_j_a�]jZ�

gbpm�l_eZ� �
GQ

GV

E

= �b�aZlmoZgb_�\k_o�\hafms_gbc�gZ�[_kdhg_qghklb� �9 =∞ . 
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<�^Zgghc� aZ^Zq_� jZaf_jgufb�iZjZf_ljZfb� y\eyxlky� jZaf_ju� l_eZ� �\� dZq_kl\_�
lj_of_jgh]h�l_eZ�bkihevah\Zeky�dm[�k�j_[jhf���kf���_]h�kdhjhklv��mkdhj_gb_�k\h[h^gh�
]h�iZ^_gby��dbg_fZlbq_kdZy�\yadhklv��dhwnnbpb_gl�^bnnmabb�kljZlbnbpbjmxs_]h�\_�
s_kl\Z� �1D&O��� jZkij_^_e_gb_� kheb� ih� ]em[bg_� �ebg_cgZy� kljZlbnbdZpby�� b� i_jbh^�
ieZ\mq_klb��L� ����k��� 

Wdki_jbf_glZevgZy� mklZgh\dZ� ij_^klZ\ey_l� kh[hc� [Zkk_cg� k� beexfbgZlhjZfb�
ba�hilbq_kdh]h�kl_deZ��f_oZgbafZ�^ey�ijhly`db�l_eZ�q_j_a�[Zkk_cg�\�]hjbahglZevghf�
gZijZ\e_gbb� k�jZaebqgufb� kdhjhklyfb��bgl_jn_j_gpbhggh-l_g_\hc�ijb[hj�B:;-458, 
nhlh�b�\b^_hdZf_ju�^ey�kt_fdb�l_g_\hc�dZjlbgu��>ey�baf_j_gby�i_jbh^Z�ieZ\mq_klb�b�
\ZjbZpbc�we_dljhijh\h^ghklb��iehlghklb��bkihevah\Zeky�dhglZdlguc�^Zlqbd��jZajZ[h�
lZgguc�\�eZ[hjZlhjbb�f_oZgbdb�`b^dhklb�BIF�J:G�� 

Wdki_jbf_glu� [ueb� ijh\_^_gu� k�
dm[hf�� ^ebgZ� j_[jZ� dhlhjh]h� khkly\ey_l�
����kf��Dm[�^\b]Zeky�kh�kdhjhklyfb�hl�a�
����^h� a��kf�c��DZjlbgZ�eZfbgZjgh]h�l_�
q_gby�ij_^klZ\e_gZ�gZ�jbk�� ���<�dZjlbg_�
l_q_gby� fh`gh� \u^_eblv� hi_j_`Zxs__�
\hafms_gb_�� kbkl_fm� ijbkh_^bg_gguo�
\gmlj_ggbo� \heg�� kdhjhklghc� b� iehlgh�
klghc� kimlgu_� ke_^u��Iehlghklghc� ke_^�
hdhglmj_g� lhgdhc� \ukhdh]jZ^b_glghc�
h[hehqdhc�� y\eyxs_cky� ijh^he`_gb_f�
ih]jZgbqgh]h� kehy� gZ� l_e_�� Kdhjhklghc�
ke_^��dZd�ke_^m_l�ba�^_nhjfZpbb�dZjlbgu�
\gmlj_ggbo� \heg�� y\ey_lky� [he__� rbjh�
dbf�� q_f� iehlghklghc�� M]he� jZkdjulby�
iehlghklgh]h� ke_^Z� khklZ\ey_l� ��°� d� ]h�
jbahglZeb�� Ih� ebg_cghc� l_hjbb� ^ebgZ�
\hegu� \� p_gljZevghf� l_q_gbb�

bUTNU =π=λ /2 b�g_�aZ\bkbl�hl�\yadh�
klb�� <� ^Zgguo� hiulZo� wlZ� nhjfmeZ� \u�
ihegy_lky� \� ^bZiZahg_� m]eh\� ��° < α < 
90°�d�]hjbahglZeb� 

GZ� jbk��� bah[jZ`_gZ� l_g_\Zy� dZjlbgZ� kh� kdhjhklvx� h[l_dZgby� dm[Z� U ���kf�k��
<Z`ghc�hkh[_gghklvx�wlhc�l_g_\hc�dZjlbgu�y\ey_lky�lh��qlh�\hdjm]�l_eZ�gZ�g_[hevrhf�
jZkklhygbb�\b^_g�kehc�k�\ukhdbf�]jZ^b_glhf�iehlghklb��Ijbq_f��h[jZah\Z\rbcky�dmihe�\�
k_q_gbb�aZf_lgh�[hevr_�k_q_gby�kZfh]h�l_eZ��Klhbl�aZf_lblv��qlh�ijb�h[l_dZgbb�]eZ^dbo�
l_e��gZijbf_j�kn_ju��ijb�l_o�`_�iZjZf_ljZo��lZdh]h�wnn_dlZ�g_�gZ[ex^Z_lky� 

 
 

 
Jbk� ��� DZjlbgZ� \boj_\h]h� l_�
q_gby�hdheh�dm[Z��^\b`ms_]h�
ky�kijZ\Z�gZe_\h�kh�kdhjhklvx�

2,3=U kf�k� �Re = 578 , Fr = 
�������K� � d/Λ = 939���<b^gZ�
hdhglmjb\ZxsZy�l_eh�\ukhdh�
]jZ^b_glgZy� h[hehqdZ�� ^hg�
guc� \bojv� b� kbkl_fZ� \boj_�
\uo�i_l_ev 

 
 
 

 

 
 
 
Jbk� ��� DZjlbgZ� eZfbgZjgh]h� l_q_gby� hdheh� dm[Z
^\b`ms_]hky�ke_\Z�gZijZ\h�kh�kdhjhklvx� 5,0=U kf�k
(Re = 90, Fr� �����������K� � d/Λ  �������\b^�k[hdm��GZ�
dehggu_�b�kdjm]e_ggu_�ihehku�–�\gmlj_ggb_�\hegu
ijhkehcdb�� h]jZgbqb\Zxsb_� iehlghklghc� ke_^� –
\gmlj_ggb_�ih]jZgbqgu_�l_q_gby 
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M>D 523.74 

BKKE?>H<:GB?�<EBYGBY 
DHJHLDHI?JBH>BQGHC�KHEG?QGHC�:DLB<GHKLB 
G:�KHKLHYGB?�GB@G?C�:LFHKN?JU�F?LH>HF 

NEBDD?J-RMF: 

FZebgh\kdZy�?�:� 

KlZ\jhihevkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

<�gZklhys__�\j_fy�gZ[ex^Z_lky�agZqbl_evgh_�ih\ur_gb_�bgl_j_kZ�d�ijh[e_f_�
\ha^_ckl\by�ijhy\e_gbc�kheg_qghc�Zdlb\ghklb�gZ�khklhygb_�gb`g_c�Zlfhkn_ju��GZdh�
ie_g�h[rbjguc�wdki_jbf_glZevguc�fZl_jbZe��k\b^_l_evkl\mxsbc�h�j_Zevghklb�\eby�
gby�kheg_qghc�Zdlb\ghklb�gZ�khklhygb_�gb`g_c�Zlfhkn_ju��ljhihkn_ju�b�kljZlhkn_�
ju���ih]h^m�b�debfZl�>�@�� 

KemqZcgu_�ijhp_kku�kh�ki_dljZevghc�iehlghklvx�
αω −
��]^_�α �ijbgbfZ_l�agZ�

q_gby� hl� ���� ^h� ����� gZau\Zxl� nebdd_j-rmfhf�� >�@��F_lh^� ki_dljhkdhibb� nebdd_j-
rmfZ�iha\hey_l�hij_^_eblv�^bgZfbq_kdmx�kljmdlmjm�kbkl_fu�>�@��GZ�hkgh\Zgbb�wlh]h�
f_lh^Z�[ueb�h[jZ[hlZgu�agZq_gby�l_fi_jZlmj�\�]� Fhkd\u�>�@�b�baf_g_gbc�D-bg^_dkh\�
>�@�aZ������]h^��\uy\e_gu�bgl_j\Zeu�qZklhl�l_fi_jZlmjguo�dhe_[Zgbc��mkj_^g_gguo�ih�
g_kdhevdbf�\u^_e_gguf�bgl_j\ZeZf�\j_f_gb��ih�gbf�ihemq_gu�dhwnnbpb_glu�dhjj_�
eypbb�^ey�g_kdhevdbo�f_kyp_\�\�kemqZ_�kf_s_gby�bg^_dkh\�l_fi_jZlmj�gZ���������b�l�^��
kmlhd��GZc^_g�bgl_j\Ze�kf_s_gby��ijb�dhlhjhf�dhjj_eypbb�baf_g_gbc�D-bg^_dkh\�b�
l_fi_jZlmj�fZdkbfZevgu��GZ�hkgh\_�wlbo�bkke_^h\Zgbc�k^_eZgh�ij_^iheh`_gb_�h�^eb�
l_evghklb�\ebygby� �baf_g_gby�wg_j]bb�we_dljhfZ]gblgh]h�ihey�A_feb�ih^�^_ckl\b_f�
baemq_gbc��bkoh^ysbo�hl�KhegpZ��gZ�baf_g_gb_�l_fi_jZlmj� 

>Zevg_crb_�bkke_^h\Zgby�\�wlhf�gZijZ\e_gbb�fh]ml�\uy\blv�jZaebqgu_� aZdh�
ghf_jghklb�\�ijhp_kkZo�ljZgknhjfZpbb�wg_j]bb�we_dljhfZ]gblgh]h�ihey�\h�\gmlj_g�
gxx�wg_j]bx�l_ieh\uo�ijhp_kkh\�\�Zlfhkn_j_�A_feb�� 

Ebl_jZlmjZ� 
1. Fhjhah\Z :�E��Fh^_ev� \hafms_gby� \� gb`g_c� Zlfhkn_j_�� h[mkeh\e_ggh]h�

\ZjbZpbyfb�kheg_qghc�Zdlb\ghklb��–�F���Fbj�������]� 
2. GZc^_gh\ <�B��� Dh`_\gbdh\Z� B�:��� NjZdlZevgh_� [jhmgh\kdh_� ^\b`_gb_� ���

Ijbjh^Z��– 2000. –�����–�K����� 
3. <Zgyjoh <�=�� Ki_dljhkdhiby� nebdd_j-rmfZ� –� f_lh^� bkke_^h\Zgby�

^bgZfbq_kdhc� kljmdlmju� ©Kh[kl\_ggh_� \j_fy� kZfhhj]ZgbaZpbb� –� fZkkZ� –� wg_j]by�
]jZ\blZpbhggh]h�iheyª // Kbg_j]_lbdZ����–�F�������]��k���� 
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M>D�������������� 

QBKE?GGUC�J:KQ?L�>HA<MDH<UO�L?Q?GBC�=:A: 
G:�HKGH<?�D<:AB=:AH>BG:FBQ?KDHC�KBKL?FU�MJ:<G?GBC 

Khdheh\Z�F�?� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�jZ[hl_�ij_^eh`_g�b�ijhl_klbjh\Zg�gh\uc�qbke_gguc�Ze]hjblf�jZkq_lZ�^ha\m�
dh\uo�l_q_gbc��hkgh\Zgguc�gZ�kbkl_f_�d\Zab]Zah^bgZfbq_kdbo��D=>��mjZ\g_gbc��Ij_�
bfms_kl\hf� Ze]hjblfZ� y\ey_lky� ijhklhlZ� ihklZgh\db� ]jZgbqguo� mkeh\bc��:e]hjblf�
ijhl_klbjh\Zg�gZ� aZ^ZqZo� l_q_gby� \� dZgZeZo� k� \g_aZiguf� jZkrbj_gb_f�b� \g_aZiguf�
km`_gb_f��J_amevlZlu�jZkq_lh\�^_fhgkljbjmxl�wnn_dlb\ghklv�baeh`_ggh]h�f_lh^Z�� 

<� >�@�[ueZ�ij_^eh`_gZ�kbkl_fZ�D=>�mjZ\g_gbc�^ey�hibkZgby� l_q_gbc�\yadh]h�
k`bfZ_fh]h� ]ZaZ�� hlebqZxsZyky� hl� deZkkbq_kdhc� kbkl_fu� mjZ\g_gbc� GZ\v_-KlhdkZ�
�GK��^hihegbl_evgufb�^bkkbiZlb\gufb�keZ]Z_fufb��<�>�@�gZ�hkgh\_�D=>�fh^_eb�[ue�
ij_^eh`_g�gh\uc�Ze]hjblf�jZkq_lZ�k\_joa\mdh\uo�l_q_gbc�\yadh]h�]ZaZ�� 

Ijb� jZkq_l_� ^ha\mdh\uo� l_q_gbc� \� p_eyo� klZ[bebaZpbb� qbke_ggh]h� Ze]hjblfZ�
\\h^blky�bkdmkkl\_ggZy�^bkkbiZpby��h^gZdh��\�hlebqb_�hl�kemqZy�k\_joa\mdh\uo�l_q_�
gbc�hgZ�ijbkmlkl\m_l�lhevdh�\�D=>�keZ]Z_fuo��Gb�l_ieh\hc�ihlhd��gb�lj_gb_�gZ�kl_g�
dZo�^h[Z\hd�g_�kh^_j`Zl��lh�_klv�^hihegbl_evgZy�^bkkbiZpby�©jZ[hlZ_lª�lhevdh�\�ihe_�
l_q_gby�b�bkq_aZ_l�gZ�kl_gdZo�� 

H[uqgh�ijb� jZkq_l_� ^ha\mdh\uo� l_q_gbc� \hagbdZ_l�ijh[e_fZ�ihklZgh\db� ]jZ�
gbqguo�mkeh\bc�gZ�\oh^ghc�b�\uoh^ghc�]jZgbpZo�dZgZeZ��LjZ^bpbhggh�^ha\mdh\u_�mk�
eh\by�]jhfha^db�b�keh`gu�>�@��<�^Zgghc�jZ[hl_�gZf�m^Zehkv�ijbf_gblv�]jZgbqgu_�mk�
eh\by�� bkihevam_fu_� ijb� jZkq_lZo� l_q_gbc� g_k`bfZ_fhc�`b^dhklb� �gZ� \oh^_�–� ijh�
nbev�ImZa_cey�� 
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 −= ,           (1) 

 

]^_� 1p  -�^Z\e_gb_�\�lhqd_�k�dhhj^bgZlZfb� )0,(h , 2p  -�\�lhqd_� ),( Lh , h  -�\ukhlZ�mklmiZ��

H �b� L  -�\ukhlZ�b�^ebgZ�dZgZeZ�khhl\_lkl\_ggh��R_  -�qbkeh�J_cghev^kZ�� 
>ey�qbke_ggh]h�j_r_gby� aZ^Zqb�\�h[eZklb�jZkq_lZ� �\\h^blky�jZaghklgZy� k_ldZ��

ih�ijhkljZgkl\m�b�ih�\j_f_gb��Dhfihg_glu�kdhjhkl_c��^Z\e_gb_�b�iehlghklv�hij_^_�
eyxlky�\�maeZo�k_ldb��AgZq_gby�\_ebqbg�\�ihemp_euo�maeZo�b�\�p_gljZo�yq__d�hij_^_�
eyxlky� dZd� kj_^g__� Zjbnf_lbq_kdh_� bo� agZq_gbc� \� ijbe_]Zxsbo� maeZo��IjhkljZgkl�
\_ggu_�ijhba\h^gu_� Ziijhdkbfbjmxlky�p_gljZevgufb�jZaghklyfb� kh�\lhjuf�ihjy^�
dhf�lhqghklb��Ijhba\h^gu_�ih�\j_f_gb�Ziijhdkbfbjm_f�jZaghklyfb�\i_j_^�k�i_j\uf�
ihjy^dhf��>ey� qbke_ggh]h� j_r_gby�gZqZevgh-djZ_\hc� aZ^Zqb�bkihevam_lky� � y\gZy�ih�
\j_f_gb�jZaghklgZy�ko_fZ��KlZpbhgZjgh_�j_r_gb_�gZoh^blky�f_lh^hf�mklZgh\e_gby� 

 

F:L?F:LBD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Y]heZ�:gZlhebc�=jb]hjv_\bq 
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L_q_gb_�\�dZgZe_�k�\g_aZiguf�jZkrbj_gb_f 
JZkkfZljb\Z_lky�l_q_gb_�h^ghjh^gh]h�^ha\mdh\h]h�ihlhdZ�\yadh]h�k`bfZ_fh]h�

l_iehijh\h^gh]h�]ZaZ�\�dZgZe_�k�mklmihf��=Za�\l_dZ_l�kh�klhjhgu�mklmiZ�–�ke_\Z�gZijZ�
\h��Kdhjhklv� b� iehlghklv� \oh^gh]h� ihlhdZ� iheh`bf� jZ\gufb� _^bgbp_� �oZjZdl_jgu_�
\_ebqbgu��gZ�dhlhju_�ijh\_^_gh�h[_ajZaf_jb\Zgb_���\_jlbdZevgZy�dhfihg_glZ�kdhjh�
klb�jZ\gZ�gmex�� 2=H , 1=h ��\�[_ajZaf_jguo�\_ebqbgZo��� 

=jZgbqgu_�mkeh\by�gZ�\oh^ghc�]jZgbp_�k�mq_lhf�����ijbgbfZxl�\b^� 
 

1=ρ ,  )1()2(6)( yyyux −⋅−⋅−= , 0=yu ,  
R_x

p 12−=
∂
∂

. 

 
GZ� \uoh^ghc� ]jZgbp_� aZ^Z_lky� jZ\_gkl\h� gmex� ijhba\h^guo� hl� iehlghklb� b�

kdhjhklb��Z�^Z\e_gb_�ih^^_j`b\Z_lky�ihklhygguf� )(1 2Map ⋅= γ ��]^_� Ma  -�qbkeh�FZ�
oZ� 

JZkq_lu�ijh\_^_gu�^ey�jZaguo�qbk_e�FZoZ�b�J_cghev^Z��lZd`_�fu�\Zjvbjh\Zeb�
\_ebqbgm�bkdmkkl\_gghc�^bkkbiZpbb��<�dZq_kl\_�©dhgljhevghcª�\_ebqbgu�bkihevah\Z�
eb�^ebgm�hlju\ghc� ahgu��dhlhjZy�^ey�\k_o�\ZjbZglh\�jZkq_lh\�ohjhrh�khhl\_lkl\m_l�
j_amevlZlZf�jZkq_lh\�l_q_gbc�g_k`bfZ_fhc�`b^dhklb�>�@� 

GZ� jbk�� �� ijb\_^_gh� jZkij_^_e_gb_� iehlghklb� ^ey� kemqZy� =R_ 300, 1.0=Ma , 
ijhkljZgkl\_gguc�rZ]� =xh �����>ebgZ�hlju\ghc�ahgu�khklZ\ey_l� =sL ������qlh�\�lhq�
ghklb�khhl\_lkl\m_l�j_amevlZlm��ihemq_gghfm�\�kemqZ_�g_k`bfZ_fhc�`b^dhklb� 

 

 
Jbk�����L_q_gb_�\�dZgZe_�k�\g_aZiguf�jZkrbj_gb_f 

 

L_q_gb_�\�dZgZe_�k�\g_aZiguf�km`_gb_f 
<�^Zgghf�kemqZ_�gZ�\oh^ghc��l_i_jv�ijZ\hc�]jZgbp_��mkeh\by�ijbgbfZxl�\b^� 
 

1=ρ ,  yyyux ⋅−⋅−= )2(3)( , 0=yu ,  
R_x

p 6=
∂
∂

. 

 

Jbk���� 

Jbk���� 

Mkeh\by� gZ�
\uoh^ghc� ]jZgbp_�
ZgZeh]bqgu� kemqZx�
dZgZeZ� k� \g_aZiguf�
jZkrbj_gb_f� 

Ijh\_^_gu�
jZkq_lu� ^ey� qbk_e�
J_cghev^kZ� R_ =100 
b�R_ =400, Ma=0.1. 

GZ� jbk�� �� b� ��
ijb\_^_gh� jZkij_^_�
e_gb_� iehlghklb� ^ey�
kemqZ_\� R_  ���� b�
400 (α =0.5. 
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<u\h^u 
1. Ihkljh_g� wnn_dlb\guc� qbke_gguc�f_lh^� jZkq_lZ� ^ha\mdh\uo� l_q_gbc�� hk�

gh\gufb�hkh[_gghklyfb�dhlhjh]h�y\eyxlky�� 
2. kihkh[� \\_^_gby� bkdmkkl\_gghc� ^bkkbiZpbb� lhevdh� \� D=>� ^h[Z\db�� � qlh�

iha\hey_l�jZkkqblu\Zlv�l_ieh\u_�ihlhdb�b�dhwnnbpb_gl�lj_gby�[_a�bkdZ`_gbc� 
3. kihkh[�aZ^Zgby�]jZgbqguo�mkeh\bc�gZ�k\h[h^guo�]jZgbpZo�iha\hey_l�ba[_�

`Zlv� bkihevah\Zgby� lZd� gZau\Z_fuo� ^ha\mdh\uo� ]jZgbqguo� mkeh\bc�� hkgh\Zgguo� gZ�
oZjZdl_jbklbdZo�^ey�mjZ\g_gbc�Wce_jZ� 

4. Hij_^_e_g�hilbfZevguc�\u[hj�^ey�iZjZf_ljZ�j_]meyjbaZpbb�α . 
5. K� mf_gvr_gb_f� qbkeZ�FZoZ� kdhjhklv� koh^bfhklb�ihkljh_ggh]h�f_lh^Z� aZ�

f_^ey_lky�� qlh� y\ey_lky� _kl_kl\_gguf�ijb�bkihevah\Zgbb�iheguo�mjZ\g_gbc� ]Zah\hc�
^bgZfbdb� 

G_^hklZldhf�wlh]h�f_lh^Z�y\ey_lky�f_^e_ggZy�koh^bfhklv�ijb�fZe_gvdbo�qbk�
eZo�FZoZ� Ma ��>ey� ij_h^he_gby� wlh]h� g_^hklZldZ� kms_kl\mxl� ki_pbZevgu_�f_lh^u��
gZijbf_j��ijb[eb`_gb_�;mkkbg_kdZ�beb�/0-ijb[eb`_gb_�>�@��Low-Mach-number equa-
tions –mijhs_ggu_�mjZ\g_gby�GZ\v_-KlhdkZ��ij_^iheZ]Zxsb_�fZehklv�qbkeZ�FZoZ�� 

Ebl_jZlmjZ 
1. ?ebaZjh\Z�L�=���Q_l\_jmrdbg� ;�G�� ��@<F� b�FN��� ������ l�����N10, C.1526-

1533. 
2. R_j_lh\�X�<�����Ijbf_g_gb_�nmgdpbhgZevgh]h�ZgZebaZ�\�l_hjbb�ijb[eb`_�

gbc� L\_jv��L\_jkdhc�]hk��mg-l��������&�����-207. 
3. Woodward P., Collela P. The numerical simulation of two-dimensional fluid flow 

with strong shock // J. Comput. 3K\V�������������3�����-173 – 15 
4. ?ebaZjh\Z� L�=��� DZeZqbgkdZy� B�K��� R_j_lh\� X�<��� Rbevgbdh\� ?�<��

Qbke_ggh_�fh^_ebjh\Zgb_� hlju\guo� l_q_gbc� aZ� h[jZlguf� mklmihf��K[��IjbdeZ^gZy�
l_fZlbdZ�b�bgnhjfZlbdZ��Ljm^u�nZdmevl_lZ�<uqbkebl_evghc�fZl_fZlbdb�b�db[_jg_lb�
db��Fhkd\Z��FZdk�Ij_kk�������1�����k����-118.  

5. EZibg� X�<��� Klj_e_p� F�O�� <gmlj_gg__� l_q_gb_� ]Zah\uo� kf_k_c�� GZmdZ��
Fhkd\Z������� 
 
 
 

M>D��������������� 

QBKE?GGH?�J?R?GB? 
D<:AB=:AH>BG:FBQ?KDBO�MJ:<G?GBC 

G:�LJ?M=HEVGUO�K?LD:O 

K_jz]bg�<�<� 

F=M�bf��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijh[e_fZ�hibkZgby�l_q_gbc�]ZaZ�k�ihfhsvx�fh^_e_c��jZkrbjyxsbo�\hafh`gh�
klb�ljZ^bpbhgguo�mjZ\g_gbc�GZ\v_-KlhdkZ��m`_�^he]h_�\j_fy�bgl_j_km_l�bkke_^h\Zl_�
e_c��H^ghc�ba�lZdbo�fh^_e_c�y\ey_lky�kbkl_fZ�d\Zab]Zah^bgZfbq_kdbo�mjZ\g_gbc��Wlh�
kbkl_fZ�hibku\Z_l�ih\_^_gb_�ijhkljZgkl\_ggh-\j_f_gguo�kj_^gbo�-�iehlghklb��kdhjh�
klb� b� ^Z\e_gby�� Z� g_� f]gh\_gguo� ijhkljZgkl\_gguo� kj_^gbo�� dZd� \� l_hjbb� GZ\v_-
KlhdkZ� 
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<� ^Zgghc� jZ[hl_� ij_^eZ]Z_lky�f_lh^� j_r_gby� d\Zab]Zah^bgZfbq_kdbo� mjZ\g_�
gbc��hibku\Zxsbo�l_q_gb_�\yadh]h�k`bfZ_fh]h�]ZaZ�\�^\mf_jghf�kemqZ_��\�h[eZklyo�
keh`ghc�nhjfu�k�bkihevah\Zgb_f�g_kljmdlmjbjh\Zgguo�ijhkljZgkl\_gguo�k_lhd��>ey�
ihkljh_gby�jZaghklghc� ko_fu�bkihevam_lky�bgl_]jh-bgl_jiheypbhgguc�f_lh^� �f_lh^�
dhg_qgh]h�h[t_fZ���:iijhdkbfZpby�kbkl_fu�d\Zab]Zah^bgZfbq_kdbo�mjZ\g_gbc�ijhba�
\h^blky�y\ghc�ih�\j_f_gb�jZaghklghc�ko_fhc�gZ�lj_m]hevghc�k_ld_��m^h\e_l\hjyxs_c�
ijbgpbim� ljbZg]meypbb�>_ehg_�� \� khhl\_lkl\bb� k� dhlhjuf� lj_[m_lky�� qlh[u� \� djm]��
hibkZgguc�hdheh�ex[h]h�lj_m]hevgbdZ��g_�ihiZ^Zeh�gb�h^ghc�maeh\hc�lhqdb�hlebqghc�
hl� \_jrbg� mdZaZggh]h� lj_m]hevgbdZ�� >ey� dZ`^h]h� maeZ� lj_m]hevghc� k_ldb� kljhblky�
dhglmj�� khklhysbc�ba� lhq_d�i_j_k_q_gby�f_^bZg� lj_m]hevgbdh\�� kh^_j`Zsbo�^Zgguc�
ma_e�� H[eZklv�� h]jZgbq_ggZy� wlbf� dhglmjhf� ij_^klZ\ey_l� kh[hc� gh\mx� jZkq_lgmx�
yq_cdm��Nbabq_kdb_�\_ebqbgu�hij_^_eyxlky�\�maeZo�k_ldb��Z�ihlhdb�–�\�k_j_^bgZo�]jZ�
g_c�yq_cdb�� 

<�dZq_kl\_�ijbf_jZ�jZkq_lZ�jZkkfZljb\Z_lky�aZ^ZqZ�h�jZkiZ^_�kbevgh]h�jZaju\Z��
Ihemq_ggu_�qbke_ggu_�j_amevlZlu�kjZ\gb\Zxlky�k�Z\lhfh^_evguf�j_r_gb_f� 

Ebl_jZlmjZ 
1. ?ebaZjh\Z� L�=���R_j_lh\�X�<�� �L_hj_lbq_kdh_� b� qbke_ggh_� bkke_^h\Zgb_�

d\Zab]Zah^bgZfbq_kdbo�b�d\Zab]b^jh^bgZfbq_kdbo�mjZ\g_gbc�� ���@��\uqbke��fZl_f��b�
fZl_f��nba���������L�����N���K�����-255. 

2. Iheydh\�K�<���Ihih\�B�<���JZaghklgu_�ko_fu�^ey�iZjZ[hebq_kdbo�mjZ\g_gbc�
gZ�lj_m]hevguo�k_ldZo�����Ba\_klby�\ukrbo�mq_[guo�aZ\_^_gbc��������N���K����-59. 
 
 
 

M>D���������� 

J:KQ?L�DH:DKB:EVGH=H�DBJ:EVGH=H�<HEGH<H>: 
F?LH>HF�DHG?QGUO�WE?F?GLH< 

Fhkmgh\Z�G�:� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�k\yab�k�l_f��qlh�\�dbjZevguo�\hegh\h^Zo�gZ[ex^Z_lky�jy^�bgl_j_kguo�wn�
n_dlh\� >�@�� >�@� lZdbo�� gZijbf_j�� dZd� [bnmjdZpby�fh^�� \� ihke_^g__� \j_fy� hgb�ijb�
\e_dZxl�d�k_[_�\k_�[hevr__�\gbfZgb_��P_evx�^Zgghc�jZ[hlu�y\ey_lky�ijbf_g_gb_�
f_lh^Z�dhg_qguo�we_f_glh\�^ey�bkke_^h\Zgby�dhZdkbZevguo�\hegh\h^h\��aZiheg_g�
guo�dbjZevghc�kj_^hc�� 

JZkkfhljbf�[_kdhg_qguc�dhZdkbZevguc�\hegh\h^�k�b^_Zevgh�ijh\h^ysbfb�
kl_gdZfb�� <\_^_f� pbebg^jbq_kdmx� kbkl_fm� dhhj^bgZl�� hkv� ]� dhlhjhc� gZijZ\bf�
\^hev�hkb�\hegh\h^Z��Ihe_�\�lZdhf�\hegh\h^_�\�hlkmlkl\b_�lhdh\�b�aZjy^h\�hibku�
\Z_lky� kbkl_fhc� mjZ\g_gbc� FZdk\_eeZ� k� h^ghjh^guf� ]jZgbqguf� mkeh\b_f� gZ�

kl_gd_� \hegh\h^Z� [ ] 0=×
∑

nE
&&

 ( n
&

 —� ghjfZev� d� ∑��� ;m^_f� jZkkfZljb\Zlv� [bbah�

ljhigmx� fh^_ev� dbjZevghc� kj_^u�� fZl_jbZevgu_� mjZ\g_gby� dhlhjhc� bf_xl� \b^ 

HaEaBHaEaD
&&&&&&

),,(),,(   ,),,(),,( 22211211 ξµεξµεξµεξµε +=+=  ( 021122211 ≠− aaaa ��� Ijh�
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^hevgu_� ( )zz HE , � dhfihg_glu� \_dlhjh\�gZijy`_gghklb� we_dljbq_kdh]h�b�fZ]gblgh]h�

ihey�fh`gh�\ujZablv�q_j_a�lZg]_gpbZevgu_� ( )tt HE
&&

, ��<�kbem�j_]meyjghklb�jZkkfZljb�

\Z_fhc�\hegh\h^ghc�kbkl_fu�\^hev�hkb�]�fh`gh�iheh`blv� Γ=
∂
∂

i
z

��]^_�=�–�ihklhyggZy�

jZkijhkljZg_gby��<\_^_f� h[hagZq_gb_�λ=-i=�� AZ^ZqZ� k\_^_lky� d�j_r_gbx� kbkl_fu�ba�
4N2

�mjZ\g_gbc��]^_�1�–�qbkeh�dhg_qguo�we_f_glh\�gZ�jZkkfZljb\Z_fhf�bgl_j\Ze_��Hk�
gh\gZy�b^_y�ijb�gZoh`^_gbb�j_r_gby�aZdexqZ_lky�\�jZaeh`_gbb�bkdhfhc�nmgdpbb�ih�
kbkl_f_�\u[jZgguo�[Zabkguo�nmgdpbc�{Nij}��;Zabkgmx�nmgdpbx�Nij�^ey�dhg_qgh]h�we_�
f_glZ��khhl\_lkl\mxs_]h�maem�(i,j) �\\_^_gghc�gZfb�k_ldb��\u[_j_f�lZd��qlh[u�hgZ�[ueZ�

jZ\gZ�_^bgbp_�\�mae_�(i,j) �b�gmex�\h�\k_o�hklZevguo�maeZo�� 









−−= j

h
i

h

r
rN

r
ij

ϕ

ϕϕϕ ,),(  

�nmgdpbb� DmjZglZ��� JZaeZ]Zy� ihi_j_qgu_� khklZ\eyxsb_� we_dljhfZ]gblgh]h� ihey� ih�
\u[jZgguf�[Zabkguf�nmgdpbyf��k\_^_f�aZ^Zqm�d�h^ghjh^ghc�ebg_cghc�kbkl_f_�Ze]_[�
jZbq_kdbo�mjZ\g_gbc��aZ^ZqZ�gZ�kh[kl\_ggu_�agZq_gby�^ey�Ze]_[jZbq_kdhc�kbkl_fu�� 

>ey�j_r_gby�kbkl_fu�mjZ\g_gbc�gZibkZgZ�ijh]jZffZ��FORTRAN���dhlhjZy�fh�
`_l�[ulv�bkihevah\ZgZ�\�dZq_kl\_�Z\lhghfgh]h�[ehdZ�j_r_gby�ijyfhc�aZ^Zqb�ijb�fZ�
l_fZlbq_kdhf� ijh_dlbjh\Zgbb� \hegh\_^msbo� kbkl_f� k� dbjZevguf� aZiheg_gb_f��
h[eZ^Zxsbo�aZ^Zggufb�wdkiemZlZpbhggufb�k\hckl\Zfb�� 

JZkkfhljbf�dhgdj_lgmx�fh^_ev�dbjZevghc�kj_^u�b�ijb\_^_f�^ey�g__�g_kdhevdh�

i_j\uo� kh[kl\_gguo� agZq_gbc��Imklv� EiHBHiED
&&&&&&

5.0  ,5.0 µµε +=−= � �iZjZf_lj� db�

jZevghklb� jZ\_g� ������>ey�ihklhygghc�jZkijhkljZg_gby�i_j\hc�fh^u� �a=1, b=0.1, ε = 

3.5, µ� ������ihemq_gu�ke_^mxsb_�j_amevlZlu� 
 

LZ[ebpZ����AZ\bkbfhklv�ihklhygghc�jZkijhkljZg_gby�i_j\hc�fh^u�hl�k. 
 

K Re�=� Im�=� 

1 1.72 9.23 

2 2.45 5.76 

3 2.97 2.83 
 

LZdbf�h[jZahf��ijh\_^zggu_�bkke_^h\Zgby�ihdZaZeb��qlh�f_lh^�dhg_qguo�we_�
f_glh\�fh`_l�[ulv� wnn_dlb\gh�bkihevah\Zg�ijb�jZkqzl_�\hegh\_^msbo�kbkl_f�k�db�
jZevguf� aZiheg_gb_f� ijb� keh`ghc� ]_hf_ljbb� ihi_j_qgh]h� k_q_gby��Ihkljh_ggZy� gZ�
hkgh\_�f_lh^Z�dhg_qguo�we_f_glh\�fZl_fZlbq_kdZy�fh^_ev�^hklZlhqgh�ihegh�b�Z^_d�
\Zlgh�hibku\Z_l�nbabq_kdb_�ijhp_kku��ijhbkoh^ysb_�\�ih^h[guo�kbkl_fZo�� 

Ebl_jZlmjZ 
1. DZp_g_e_g[Zmf�;�A���Dhjrmgh\Z�?�G���Kb\h\�:�G���RZljh\�:�>��–�MNG��������

lhf�����������k�����-1212. 
2. Fh^_gh\�<�I���JhfZrbg�:�<���P\_ldh\�B�<��–�NbabdZ�\hegh\uo�ijhp_kkh\�b 

jZ^bhl_ogbq_kdb_�kbkl_fu��������lhf��������k���-58. 
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M>D�����������������.8. 

H�IHEGHC�G?IJ?JU<GHKLB�HI?J:LHJ:��IHKLJH?GGH=H�IJB�
BKKE?>H<:GBB�A:>:QB�H�DHE?;:GBYO�<�EHD:EVGH�

G?J?=MEYJGHF�<HEGH<H>? 

∗IZgbg�:�:� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H[t_dlhf� gZr_]h� bkke_^h\Zgby� y\ey_lky� ehdZevgh� g_j_]meyjguc� pbebg^jbq_�
kdbc� \hegh\h^�Ω�� gZ� ]jZgbp_� dhlhjh]h� aZ^Zgu� mkeh\by�>bjboe_�� � ;ueZ� jZkkfhlj_gZ�
kdZeyjgZy�fh^_ev��Bf_ggh��bkoh^ghc�ihklZgh\dhc�y\ey_lky�aZ^ZqZ 

 

 

Nmgdpbb�f�b�q-1 bf_xl�dhfiZdlguc�ghkbl_ev� Ω′ ��Ba�nbabq_kdbo�khh[jZ`_gbc�
gZdeZ^u\Zxlky�lZd�gZau\Z_fu_�]eZ\gu_�mkeh\by�baemq_gby�� 

Ihkdhevdm� aZiheg_gb_�q�g_�h[yaZl_evgh�h[eZ^Z_l�^hklZlhqghc� ]eZ^dhklvx��j_�

r_gb_�bs_lky�\�ijhkljZgkl\_��� ( )Ω
1

,2

0

locW  . 
I_j_oh^y�d�h[h[s_gghc�ihklZgh\d_��bf__f�aZ^Zqm� 
 

 
?keb�q=1 �j_]meyjguc�\hegh\h^���j_r_gb_�^Z_lky�nhjfmehc��kf��>�@� 
 

 
A^_kv� f� [ueh� h[hagZq_gh� q_j_a� v� ih� ijbqbgZf�� dhlhju_� jZatykgyxlky� gb`_��

nmgdpbb� nψ  -�wlh�kh[kl\_ggu_�nmgdpbb�aZ^Zqb�>bjboe_�^ey�hi_jZlhjZ�EZieZkZ�gZ�k_�

q_gbb� \hegh\h^Z�� QbkeZ� n
2α  -� khhl\_lkl\mxsb_� kh[kl\_ggu_� agZq_gby��

( ) 22
nn αλλγ −= ���<�>�@�[ueh�^hdZaZgh��qlh�hi_jZlhj�� ( )λNR0 �y\ey_lky�h]jZgbq_g�

guf�ijb�^_ckl\bb�ba�� ( )Ω2L �\�� ( )Ω
1

,2

0

locW  .  
>Ze__��j_r_gb_� aZ^Zqb�h�g_j_]meyjghf�\hegh\h^_�l_i_jv�fh`gh�ihemqblv�lZd��

kljhbf�hi_jZlhj� ( ) ( ) ( )λλλ 01 RqU
def

−−= ���ih^qbgy_f�v�aZ^Zq_�� ( ) fvUv =− λ ��b�
a^_kv�ykgh��ihq_fm�fu�hl�h[hagZq_gby�f�\�ijZ\hc�qZklb�\�aZ^Zq_�h�j_]meyjghf�\hegh\h�

^_�i_j_reb�d�v), ( )Ω′∈ 2Lv ��b�lh]^Z�u�gZoh^blky�dZd� ( )vRu λ0= ��Fu�\b^bf��qlh�

^ey�bkke_^h\Zgby�k\hckl\�aZ^Zqb�gm`gh�agZlv�k\hckl\Z�hi_jZlhjZ� ( )λU ��Bf_ggh��gZ�

fb� [ueh� ihdZaZgh�� qlh� ijb� n
2αλ ≠ � hg� y\ey_lky� \iheg_� g_ij_ju\guf� hi_jZlhjhf��

>ey�wlh]h�hg�[ue�ij_^klZ\e_g�\�\b^_�kmffu�dhg_qgh]h�qbkeZ�hi_jZlhjh\ 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 

( )






=
=+∆

Ω∂
0

,*

u

fuyxqu λ

( ) ( ) ( ) ( ) ( ) ( )ΩΩΩ =+∆ 222 ,,*, LLL fwquwuw λ ( )Ω∈∀ ∞
0Cw

( ) ( )
( ) ( ) ( ) ( ) ( )λψψξ

λγ
λ ξλγ N

nSLn
xi

N

n n

Ryed
i

vR n

0

1

1
0 2,*

2
+⋅= ∫∑

∞
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b� hi_jZlhjZ� ( )λλ NRqu 0)1( −−= �� >Ze__� gZfb� [ueh� aZf_q_gh�� qlh� keZ]Z_fu_�

( )λjR �y\eyxlky�bgl_]jZevgufb�hi_jZlhjZfb��bgl_]jbjh\Zgb_�\�dhlhjuo�fh`gh�\_k�
lb�ih�h]jZgbq_gghc�h[eZklb��Z�bgl_]jZe�hl�d\Z^jZlZ�bo�y^jZ�ih�\k_f�i_j_f_gguf�dhg_�
q_g��ke_^h\Zl_evgh��kf��>�@���hgb�\iheg_�g_ij_ju\gu��Ihke_^g__�keZ]Z_fh_�[ueh�ij_^�
klZ\e_gh� \� \b^_� ijhba\_^_gby� h]jZgbq_gguo� hi_jZlhjh\�� h^bg� ba� dhlhjuo� y\ey_lky�
\iheg_�g_ij_ju\guf�� 

• hi_jZlhj� ( ) ( )Ω ′′→Ω 1
2

1

,2

0

: WWA loc �� ]^_� Ω ′′ -�iZjZee_e_ibi_^�� kh^_j�
`Zsbc�Ω′ ; 

• hi_jZlhj�\eh`_gby� ( ) ( )Ω ′′→Ω ′′ 21
2: LWB  -�hg�dhfiZdl_g��kf��>�@�� 

• ( )( ) ( ) ( )Ω ′′→Ω ′′−= 22:1, LLvyxqCv λ -� h]jZgbq_gguc� hi_jZlhj�
(ke_^m_l� ba� d\Z^jZlbqghc� bgl_]jbjm_fhklb� q-�� b� g_jZ\_gkl\Z� Dhrb--
;mgydh\kdh]h�� 

• ( ) ( )Ω ′→Ω ′′ 22: LLD  -� hi_jZlhj�� ³kj_aZxsbc´� \k_�� qlh� \uoh^bl� aZ�
Ω ′ ��nmgdpbb��bgl_j_kgu_�gZf��hg�hklZ\ey_l�[_a�baf_g_gby� 
DZd� \b^bf��ijhba\_^_gb_� ( )λNDCBAR 0 �^Z_l�ihke_^g__� keZ]Z_fh_��Ihwlhfm�

hgh��Z�ke_^h\Zl_evgh��b�\_kv�U�\iheg_�g_ij_ju\gu� 
Ihemq_gguc� j_amevlZl�� Z� lZd`_� ml\_j`^_gb_� h� ]hehfhjnghc� aZ\bkbfhklb�

( )λU � hl� iZjZf_ljZ� �kf�� >�@�� iha\hey_l� bkihevah\Zlv� f_jhfhjngmx� l_hj_fm�Nj_^�

]hevfZ��gZijbf_j��\�\b^_��\aylhf�ba�>�@��_keb�\iheg_�g_ij_ju\guc�hi_jZlhj�ZgZeblbq_�
kdb�aZ\bkbl�hl�iZjZf_ljZ�\�g_dhlhjhc�h[eZklb�_]h�baf_g_gby��Z�ijb�g_dhlhjhf�agZq_�
gbb� iZjZf_ljZ� j_ahev\_glZ� � kms_kl\m_l�� lh� hgZ� kms_kl\m_l� \h� \k_c� h[eZklb�� djhf_�
fgh`_kl\Z� bahebjh\Zgguo� lhq_d� b� y\ey_lky� f_jhfhjnghc� nmgdpb_c� iZjZf_ljZ��Ih�
kdhevdm�ijb� 0=λ �j_ahev\_glZ�kms_kl\m_l��lh�gZr�j_amevlZl�^_ckl\bl_evgh�kh^_j`Z�
l_e_g�b�iha\hey_l�km^blv�h�k\hckl\Zo�j_r_gby�aZ^Zqb�h�dhe_[Zgbyo�\�\hegh\h^_�b�ki_d�
ljZevguo�k\hckl\Zo�\hegh\h^Z� 

Ebl_jZlmjZ 

1. ;h]hex[h\�:�G���FZeuo�F�>���K\_rgbdh\�:�=��Y\e_gb_�j_ahgZgkZ�\�\hegh\h^_�
k�g_h^ghjh^guf�aZiheg_gb_f��@��\uq��fZl��b�fZl��nbabdb��41��������1����k������-1830. 

2. Exkl_jgbd� E�:��� Kh[he_\� <�B�� We_f_glu� nmgdpbhgZevgh]h� ZgZebaZ�� F���

GZmdZ��������K������ 
3. EZ^u`_gkdZy�H�:��DjZ_\u_�aZ^Zqb�fZl_fZlbq_kdhc�nbabdb��F��GZmdZ��������

K����-69. 
4. D_e^ur� F�<�� H� iheghl_� kh[kl\_gguo� nmgdpbc� g_dhlhjuo� deZkkh\�

g_kZfhkhijy`_gguo�ebg_cguo�hi_jZlhj\��=e�� ,�� ���Ba[jZggu_�ljm^u��FZl_fZlbdZ��F���

GZmdZ��������K������ 
 
 

( ) ( ) ( )

( ) ( )
( ) ( ) ( ) ( )yvedd

i
yxq

vRqvR

nn
xi

n

jj

n ψηξηψηξ
λγ

λ

λλλ
ξλγ ,**

2
)1,(

1* 0

∫
Ω

−−−=

=−−=
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M>D���������� 

H�IH<?>?GBB�KH;KL<?GGUO�AG:Q?GBC 
WE?DLJHF:=GBLGH=H�<HEGH<H>: 
IJB�<HAFMS?GBB�A:IHEG?GBY 

IhghfZj_\Z�<�E� 

F=M�bf��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� jZ[hl_� ^hdZaZgZ� g_mklhcqb\hklv� kh[kl\_gguo� agZq_gbc� we_dljhfZ]gblgh]h�
\hegh\h^Z�k�\_s_kl\_gguf�aZiheg_gb_f�ih�hlghr_gbx�d�fZeuf�\hafms_gbyf�_]h�iZ�
jZf_ljh\� 

JZkkfhljbf�pbebg^jbq_kdbc�\hegh\h^�Ω�k�hkvx��iZjZee_evghc�hkb�Oz��b�k_q_�
gb_f� S��Imklv� \hegh\h^� aZiheg_g� g_h^ghjh^guf� \_s_kl\hf�� oZjZdl_jbam_fuf� � ε = 
ε(x,y,z��b� 1≡µ ��b�h]jZgbq_g�b^_Zevgh�ijh\h^ysbfb�kl_gdZfb��Ki_dljZevgZy�aZ^ZqZ�\�
lZdhf�\hegh\h^_��[m^_l�\u]ey^_lv�ke_^mxsbf�h[jZahf� 

 

,
,

0,
0,

rotB ik E
rotE ikB
divB
div E

ε

ε

 = −
 =
 =

=

& &

& &

&

&
              (1) 

 

k�mkeh\b_f�>E,n@� ���gZ�]jZgbp_�∂Ω�b�iZjpbZevgufb�mkeh\byfb�baemq_gby�gZ�[_kdhg_q�
ghklb�� ;m^_f� ^Ze__� \kx^m� ij_^iheZ]Zlv�� qlh� ε(x,y,z) –� \_s_kl\_gghagZqgZy� dmkhqgh-
g_ij_ju\gZy�nmgdpby��ghkbl_eb�nmgdpbc�ε(x,y,z) -���b�j�h]jZgbq_gu��Z� 0≡ρ .  

L_hj_fZ 1. ?keb�aZiheg_gb_�\hegh\h^Z�ε = ε0(z��b�ε -1 ≥����lh� �\k_�kh[kl\_ggu_�
nmgdpbb�ki_dljZevghc�aZ^Zqb�h[jZamxl�^\_�[_kdhg_qgu_�k_jbb�\b^Z� 

 

]

QQ HURW(
&&

���� ψ= ��]^_� ����� ������ \[]= QQQ φ=ψ ��b� ( ) ( ) ( , )z k k kE Z z x yφ= �� ,    (2) 
 

]^_� ( ) ( , )n x yφ , ( ) ( )nZ z , ( , )k x yφ� , ( )kZ z� �y\eyxlky�kh[kl\_ggufb�nmgdpbyfb�aZ^Zq��ihem�

q_gguo�ihke_�ih^klZgh\db�����\�aZ^Zqm����� b�jZa^_e_gby�i_j_f_gguo� Khhl\_l�
kl\mxsb_� wlbf� kh[kl\_gguf�nmgdpbyf� kh[kl\_ggu_� agZq_gby� k� h[jZamxl� lhq_qguc�
ki_dlj�aZ^Zqb������ 

;ueh�ihdZaZgh��kf��>�@���qlh��_keb�\uiheg_gh� ( )( , , ), 0zE x y z e =
& &

��lh��g_ij_ju\guc�

ki_dlj�aZ^Zqb� ����gZqbgZ_lky�k�i_j\h]h�kh[kl\_ggh]h�agZq_gby�aZ^Zqb�gZ�k_q_gbb�\he�
gh\h^Z�^ey� ( ) ( , )n x yφ ��;he__�lh]h��gZqbgZy�k�g_dhlhjh]h�ghf_jZ�kh[kl\_ggu_�agZq_gby��
[m^ml�ih]jm`_gu�\�g_ij_ju\guc�ki_dlj��IhdZ`_f��qlh�\_s_kl\_ggh_�\hafms_gb_�aZ�
iheg_gby�\b^Z� 

 

),,()(),,( 10 zyxzzyx δεεε += , 
 

]^_� iZjZf_lj� δ� oZjZdl_jbam_l�fZehklv� \hafms_gby��fh`_l� ijb\_klb� d� bkq_agh\_gbx�
kh[kl\_ggh]h�agZq_gby�� 

L_hj_fZ� ��� Imklv� k0 –� kh[kl\_ggh_� agZq_gb_� aZ^Zqb� ���� k� aZiheg_gb_f� lbiZ�
\klZ\db 
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−∉
≤≤−ε=ε
@����>��
���

�� ��
� ]

]
]  

 

h�dhlhjhf�reZ�j_qv�\�l_hj_f_����b��imklv� �

�N �[hevr_�i_j\h]h�kh[kl\_ggh]h�agZq_gby�λ1 

aZ^Zqb�^ey�hi_jZlhjZ�EZieZkZ�gZ�k_q_gbb�� �Lh]^Z�kms_kl\m_l�lZdh_�nbgblgh_�\_s_kl�
\_ggh_�\hafms_gb_�ε1��qlh�\�hdj_klghklb�k0�g_�bf__lky�kh[kl\_ggh]h�agZq_gby�aZ^Zqb�
����k�aZiheg_gb_f�� ),,()(),,( 10 zyxzzyx δεεε += . 

>hdZaZl_evkl\h�wlhc�l_hj_fu�ijh\_^_f�hl�ijhlb\gh]h��Ij_^iheh`bf��qlh�\�hd�
j_klghklb� g_dhlhjh]h� kh[kl\_ggh]h� agZq_gby� k0� g_\hafms_gghc� aZ^Zqb� ���� bf__lky�
kh[kl\_ggh_� agZq_gb_� k(δ�� \hafms_gghc� aZ^Zqb��Lh]^Z�� \� jZfdZo�nhjfZevghc� l_hjbb�

\hafms_gbc��kh[kl\_ggu_�nmgdpbb� ),,( zyxE
&

,  ),,( zyxB
&

�\hafms_gghc�aZ^Zqb�����b�kh[�
kl\_ggh_�agZq_gb_�k�fh]ml�[ulv�jZaeh`_gu��\�jy^u�\b^Z 

 

0 1E E Eδ= +
& & &

+ …, 0 1B B Bδ= +
& & &

+ …,  0 1k k kδ= +  + …. 
 

;m^_f� kqblZlv�� qlh� ^ey� gme_\hc� ihijZ\db� 0( , , )E x y z
&

� � \uiheg_gh�

( )0( , , ), 0zE x y z e =
& &

�� �AZf_lbf�� � �qlh� �i_j\Zy�ihijZ\dZ�d�dhfihg_gl_�(z��h[hagZqbf�__�E, 

m^h\e_l\hjy_l�aZ^Zq_ 
 

20 0 1
0 0 0

0 0 0

2

( ) ( )
( ( , ), ),

( ) ( )

0,
( ),

z

z zE
E k E E e

z z z

E
E L

ε ε εε
ε ε ε

∂Ω

  ′ ′ ′ ∇∂  ∆ + +   + = − ∇   ∂      =
 ∈ Ω




& &

                       (3) 

 

Ihkdhevdm�g_ij_ju\guc�ki_dlj�aZ^Zqb�����gZqbgZ_lky�k�λ1��m�wlhc�aZ^Zqb��kms_�
kl\m_l�j_r_gb_��ijbgZ^e_`Zs__�L2, ebrv�ijb�bkdexqbl_evguo�ijZ\uo�qZklyo��JZaeh�
`b\�j_r_gb_�E�aZ^Zqb�����\�jy^�ih�kh[kl\_gguf�nmgdpbyf�aZ^Zqb�>bjboe_�^ey�hi_jZ�
lhjZ�EZieZkZ�gZ�k_q_gbb� 

 

1

( ) ( , )k k
k

E z x yξ φ
∞

=

= ∑  

 
b�ih^klZ\b\�_]h�\������ihemqbf�mjZ\g_gby�^ey�hij_^_e_gby�dhwnnbpb_glh\�jZaeh`_gby 
 

2 1
0 0 0

0

( ) ( , ) ( , ) ,k k k k k

S

k E x y ds
z

εξ βξ β ε λ ξ ϕ
ε

∇∂″ ′ ′+ + + − = −
∂∫

&
                     (4) 

 

JZkkfhljbf�mjZ\g_gb_�^ey 1ξ ��Ih^h[gh�lhfm��dZd�wlh�[ueh�k^_eZgh�\� >�@��ihem�
qbf��qlh� 

1 1
0

z
ξ

=±
= ,  1

1

0
zz

ξ
=±

∂ =
∂

.          (5) 
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>ey�^hdZaZl_evkl\Z�ml\_j`^_gby�l_hj_fu��^hklZlhqgh�ih^h[jZlv� ),,(1 zyxε ��lZd��
qlh[u�j_r_gby�aZ^Zqb���-���ba�L2

�g_�kms_kl\h\Zeh��JZkkfhljbf�nmgdpbx� 
 

[ ]0
1

cos ( 1) ( , )

( )n

z w x y

Z z

ε χ
ε

α
+

= , 

 
]^_�w(x,y) –�ijhba\hevgZy��^hklZlhqgh�]eZ^dZy�nmgdpby��^ey�dhlhjhc�qbkeh��� 

 

1

( , ) ( , )
( , )n n

S

w x y w x y
x y ds

x y y x

φ φα ϕ ∂ ∂∂ ∂= − ∂ ∂ ∂ ∂ ∫ , 

 
g_�jZ\gh�gmex��Ke_^m_l�hlf_lblv��qlh�^ey�lh]h��qlh�[u�ihkljh_ggZy��nmgdpby��[ueZ�bk�
dhfhc��g_h[oh^bfZ�__�h]jZgbq_gghklv��gh� ),,(1 zyxε �fh`_l�h[jZsZlvky�\�[_kdhg_qghklv�

gZ�hlj_ad_� @���>−∈] �\�gmeyo�nmgdpbb� )(zZn ��H[hagZqbf�bo�dZd� pz , Np ...1= ���Wlm�hkh�

[_gghklv�fh`gh�mkljZgblv��hdjm`bf�wlb�lhqdb�fZeufb�djm]Zfb�jZ^bmkZ�rp�b�iheh`bf�
ε1� jZ\guf� gmex� \� wlbo� djm]Zo�� LZdZy� nmgdpby� [m^_l� h]jZgbq_gghc� dmkhqgh-
g_ij_ju\ghc��b�ijb�^hklZlhqgh�fZeuo�jZ^bmkZo�mkeh\by�gZ�ijhba\h^gmx�����\k_�_s_�g_�
[m^_l�\uihegylvky��� 

LZdbf� h[jZahf�� ihdZaZgh�� qlh� \eh`_ggu_� \� g_ij_ju\guc� ki_dlj� kh[kl\_ggu_�
agZq_gby�g_mklhcqb\u�d�fZeuf�\hafms_gbyf�aZiheg_gby�\hegh\h^Z��Wlh�k\hckl\h�y\�
ey_lky�^h\hevgh�g_h`b^Zgguf��ihkdhevdm�h[uqgh�kh[kl\_ggh_�agZq_gb_�bkq_aZ_l�ebrv�
ijb�\hafms_gbb�aZiheg_gby�dhfie_dkghc�^h[Z\dhc��lh�_klv�ijb�\\_^_gbb�aZlmoZgby� 

Ebl_jZlmjZ 
1. EhdrlZgh\Z� :�?��Eh\mr_qgu_� fh^u� \� we_dljhfZ]gblghf� \hegh\h^_� k� eh�

dZevgh-g_h^ghjh^guf� aZiheg_gb_f�� Dhgn�� ©Ehfhghkh\-� ����ª�� K_dpby� nbabdZ��
K[hjgbd�l_abkh\��F�������� 

2. ;h]hex[h\ :�G���FZeuo F�>���K\_rgbdh\��:�=��Y\e_gb_�j_ahgZgkZ�\�\hegh\h�
^_�k�g_h^ghjh^guf�aZiheg_gb_f�����@<F�b�FN�Lhf������������� 12, c. 1816-1830.  
 
 
 

M>D�����������������8. 

KI?DLJ:EVGU?�K<HCKL<:�BFI?>:GKGH=H�<HEGH<H>: 

FmoZjlh\Z�X�<� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkfhlj_gZ�ki_dljZevgZy�aZ^ZqZ�^ey�pbebg^jbq_kdh]h�\hegh\h^Z�Ω ��gZ�]jZgb�
p_�dhlhjh]h�aZ^Zgu�mkeh\by�SmdbgZ-E_hglh\bqZ� 

IhklZgh\dZ�aZ^Zqb�h�\ha[m`^_gbb�dhe_[Zgbc� 
AZ^ZqZ�h�\ha[m`^_gbb�we_dljhfZ]gblguo�dhe_[Zgbc���lhdhf�\b^Z� WLMH

ω− �\�ihehf�
pbebg^jbq_kdhf�\hegh\h^_�Ω : 

 

( ){ }5]6\[ ∈∈=Ω �� , 
 

gZ�]jZgbp_�dhlhjh]h�aZ^Zgu�mkeh\by�SmdbgZ-E_hglh\bqZ��bf__l�\b^ 
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]^_�ς  -�dhfie_dkgZy�ihklhyggZy�� 

Ki_dljZevgZy�aZ^ZqZ� 
>ey�ihklZgh\db�aZ^Zqb�h�\ha[m`^_gbb�dhe_[Zgbc�\�\hegh\h^_�k�]jZgbqgufb�mk�

eh\byfb�SmdbgZ-E_hglh\bqZ�ke_^m_l�kgZqZeZ�jZkkfhlj_lv�ki_dljZevgmx�aZ^Zqm� 
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+QQ(Q

+LURW(
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ω
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^himkdZxsmx�[_kdhg_qgh_�qbkeh�j_r_gbc�\b^Z� ( ) ( ) ]L

QQ
QH+(

⋅⋅⋅ ςωγ �
� ��J_r_gb_�aZ^Zqb�����

[m^_f�bkdZlv�\�\b^_� 
 

( )
( ) �

�
�

�

PPH

PHH

IGLYIJUDGURWIL+

URWILIGLYIJUDG(

ωω
ωω

++⋅=
⋅−+=

                                     (3)  

 
]^_�we_dljbq_kdbc�b�fZ]gblguc�\_dlhju�=_jpZ�gZijZ\e_gu�ih�hkb�\hegh\h^Z��Oz�b�aZ�
\bkyl�hl�z�]Zjfhgbq_kdb�� 

 

( ) �� ]

]LH HH\[I ⋅⋅= ⋅γϕ   ( ) ]

]LP HH\[I ⋅⋅= ⋅γψ � .                              (4)  
 
MjZ\g_gby�FZdk\_eeZ�ijb�wlhf�k\_^mlky�d�kbkl_f_� 
 

��� ��

� =−+∆ ϕγωϕ , ��� ��

� =−+∆ ψγωψ   [1]                           (5) 
 
 

k�]jZgbqgufb�mkeh\byfb� 
 

( ) ��� =⋅−⋅++ ψγωςωψγϕτ QLL                                          (6) 
 

( ) ( ) ��� =−⋅+−− QLL ωϕγψςϕγω τ , 
 

]^_� [ ]QH] �=τ -�dZkZl_evguc�\_dlhj�d�]jZgbp_�\hegh\h^Z� 
;m^_f� jZkkfZljb\Zlv� kemqZc� pbebg^jbq_kdh]h� \hegh\h^Z�� k_q_gb_� dhlhjh]h�S 

ij_^klZ\ey_l�kh[hc�djm]�jZ^bmkZ�R��I_j_c^_f�\�pbebg^jbq_kdmx�kbkl_fm�dhhj^bgZl�b�
k�mq_lhf�mkeh\bc�i_jbh^bqghklb�ih�θ �ihemqbf�aZ^Zqm�^ey�u -�\_dlhj-nmgdpbb��dhfih�
g_glu� dhlhjhc� y\eyxlky� dhwnnbpb_glZfb� jZaeh`_gby� \� jy^� Nmjv_� ih� θ � nmgdpbc�

( )θρϕ � �b� ( )θρψ � �khhl\_lkl\_ggh��;m^_f�jZkkfZljb\Zlv�kemqZc� �≠ς ��Mfgh`Zy�mjZ\�

g_gb_� ^ey� u� gZ� ijhba\hevgmx� nmgdpbx� ( )7YYY ��= �� lZdmx� qlh� ( )6:Y �

�� ∈ � b�

( )6:Y �

�� ∈ ��b�bgl_]jbjmy�ih�k_q_gbx�S��ihemqbf�ke_^mxs__�lh`^_kl\h� 
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]^_� ��� γωλ −= ��<\h^y�\�ijhkljZgkl\_� ( )6: �

� �gh\h_�kdZeyjgh_�ijhba\_^_gb_� 
 

[ ] ∫ 











++⋅=

5

7
7

GXY
P

G

GX

G

GY
YX
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�

�

�� ρρ
ρρρ

,                                        (8) 

 
fh`gh�ihdZaZlv��qlh�dZd�b�\�>�@�aZ^Zqm�^ey�nmgdpbb�u�fh`gh�ij_^klZ\blv�\�hi_jZlhj�
ghf� \b^_� ( )( ) ( ) ��

�

� =+−+− X&$X&$X λγ �� ijbq_f� hi_jZlhju�A, �K � b� �K � y\eyxlky�
ebg_cgufb�h]jZgbq_ggufb�hi_jZlhjZfb�\�h-]bev[_jlh\hf�ijhkljZgkl\_��ghjfZ�\�dh�
lhjhf� hij_^_ey_lky� dZd� [ ]XX� ��Bkke_^my� khhl\_lkl\mxsb_� hi_jZlhjZf� [bebg_cgu_�
nhjfu��bkihevamy�j_amevlZlu��ihemq_ggu_�\�>�@��b�dhfiZdlgh_�\eh`_gb_�ijhkljZgkl\Z�

( )': �

� �\� ( )'/� ��fh`gh�ihdZaZlv��qlh�hi_jZlhju�A, �K �b� �K �y\eyxlky�\iheg_�g_ij_�
ju\gufb� 

Ebl_jZlmjZ 
1. Bevbgkdbc�:�C���DjZ\ph\�<�<���K\_rgbdh\�:�=��FZl_fZlbq_kdb_�fh^_eb�we_d�

ljh^bgZfbdb��F���<ukrZy�rdheZ������ 
2. EZ^u`_gkdZy�H�:��DjZ_\u_�aZ^Zqb�fZl_fZlbq_kdhc�nbabdb��F���GZmdZ������ 
3. Stummel F. Rand- und Eigenwertaufgaben in Sobolewschen Räumen. Berlin-

Heidelberg-New York: Springer, 1969. 
 
 
 

M>D���������� 

KBGL?A�I?J?OH>: 
F?@>M�IJYFHM=HEVGUF�B�DHIE:G:JGUF�<HEGH<H>:FB 

;mldZj_\�B�:� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kbgl_a�\hegh\h^guo�i_j_oh^h\�k�aZ^Zggufb�oZjZdl_jbklbdZfb�y\ey_lky�\Z`ghc�
aZ^Zq_c�fZl_fZlbq_kdhc�nbabdb�>�@��<�^Zgghc�jZ[hl_�jZkkfZljb\Z_lky�ijh[e_fZ�kbgl_�
aZ�\hegh\h^gh]h�i_j_oh^Z�f_`^m�ijyfhm]hevguf�b�dhieZgZjguf�\hegh\h^Zfb�>�@��jbk��
����>Zgguc�\hegh\h^guc�i_j_oh^�fh`_l�ijbf_gylvky�ijb�ih^dexq_gbb�d�ijyfhm]hev�
ghfm�\hegh\h^m��dZd�bgl_]jZevguo�ko_f��lZd�b�^bkdj_lguo�mkljhckl\��lZdbo�dZd�ljZg�
abklhj��GZebqb_�kh]eZkmxs_]h�j_[jZ�iha\hey_l� wnn_dlb\gh�hl\h^blv� l_ieh�ijb�ijb�
f_g_gbb�^Zggh]h�i_j_oh^Z�\�kbkl_fZo�lj_[mxsbo�i_j_^Zqb�[hevrhc�fhsghklb��lZdbo�
dZd�kbkl_fu�iblZgby�jZ^Zjguo�Zgl_gg� 

<� ^Zgghc� jZ[hl_� hkms_kl\ey_lky� kbgl_a� \hegh\h^gh]h�i_j_oh^Z�bf_xs_]h� aZ�
^Zgguc� dhwnnbpb_gl� hljZ`_gby� gZ� nbdkbjh\Zgghc� qZklhl_� ijb� lhf�� qlh� ba� ijyfh�
m]hevgh]h�\hegh\h^Z�gZ�i_j_oh^�iZ^Z_l�hkgh\gZy�L?-fh^Z��<k_�]jZgbpu�jZkkfZljb\Z_�
fh]h� i_j_oh^Z� b� \hegh\h^h\� ij_^iheZ]Zxlky� b^_Zevgh� ijh\h^ysbfb�� Z� aZiheg_gb_�
ij_^iheZ]Z_lky�h^ghjh^guf�bahljhiguf��AZ^ZqZ�kbgl_aZ�y\ey_lky�g_dhjj_dlgh�ihklZ\�
e_gghc��l�d��j_r_gb_�g_�y\ey_lky�_^bgkl\_gguf��djhf_�lh]h��dhg_qgZy�lhqghklv�\uqbk�
e_gby�oZjZdl_jbklbd�i_j_oh^Z�ijb\h^bl�d�lhfm��qlh�ihy\ey_lky�fgh`_kl\h�ijZdlbq_kdb�
wd\b\Ze_glguo�j_r_gbc��>ey�j_r_gby�aZ^Zqb�kbgl_aZ�bkihevam_lky�f_lh^�j_]meyjbaZ�
pbb�:�G� Lbohgh\Z� 
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>ey� hij_^_e_gby� dhwnnbpb_glZ� hljZ`_gby� \� h]jZgbq_gghc� h[eZklb� \dexqZx�
s_c�\hegh\h^guc�i_j_oh^�\uqbkey_lky�jZkij_^_e_gb_�z-dhfihg_glu�fZ]gblgh]h�\_d�
lhjZ�=_jpZ��DjZ_\Zy�aZ^ZqZ�^ey�g__�\u]ey^bl�ke_^mxsbf�h[jZahf� 

 
2 0, ,u k u P D∆ + = ∈                                          (1) 

( )1 20, \ ,B
P

u
P D S S S

n

∂ = ∈∂
∂

� �&                                       (2) 

0, ,BP
u P S= ∈                                                    (3) 

( ) ( ) ( ) ( ) ( ) ( )
1 1

1

1

1 1
1 1e , e , ,ni z i z

n nP S
n

u A x y R x yγ γϕ ϕ−
∈

= + ∑                               (4) 

( ) ( ) ( )2

2

2e , ,ni z
n nP S

n

u T x yγ ϕ
∈

= ∑                                         (5) 

 
]^_�S1 —�\oh^gh_�k_q_gb_�i_j_oh^Z��S2 —�\uoh^gh_�k_q_gb_��SB —�ih\_joghklv��bf_x�

sZy�hlebqgmx�hl���z-dhfihg_glm�\_dlhjZ�ghjfZeb� n
&

, ( )1,2
nγ  —�ihklhyggu_�jZkijhkljZ�

g_gby� fh^� ijyfhm]hevgh]h� b� dhieZgZjgh]h� \hegh\h^h\�� ( )1,2
nϕ  —� nmgdpbb� k_q_gby��

MjZ\g_gby����������\�^Zgghc�kbkl_f_�ij_^klZ\eyxl�kh[hc�iZjpbZevgu_�mkeh\by�baemq_�
gby��>ey�j_r_gby�aZ^Zqb����-����ijbf_gy_lky�f_lh^�dhg_qguo�we_f_glh\��J_r_gb_�kbk�
l_fu�ebg_cguo�Ze]_[jZbq_kdbo�mjZ\g_gbc�ihemq_gghc�\�j_amevlZl_�ijbf_g_gby�f_lh�
^Z�dhg_qguo�we_f_glh\�ijhba\h^blky�k�ihfhsvx�f_lh^Z�fbgbfZevghc�kl_i_gb��aZdex�
qZxs_]hky�\�fbgbfbaZpbb�aZiheg_gby�gZ�dZ`^hf�rZ]_�bkdexq_gby�ih�f_lh^m�=ZmkkZ� 

Bkke_^h\Zgb_�^Zggh]h�\hegh\h^gh]h�i_j_oh^Z�ihdZaZeh��qlh�dhwnnbpb_gl�hljZ�
`_gby�ijZdlbq_kdb�g_�aZ\bkbl�hl�^ebgu�i_j_oh^Z�L�b�^ebgu�s_eb� l��Z�nZdlbq_kdb�hi�
j_^_ey_lky�ijhnbe_f�j_[jZ��GZ�jbk����ijb\_^_gu�]jZnbdb�aZ\bkbfhklb�dhwnnbpb_glZ�
hljZ`_gby�hl�qZklhlu�^ey�\hegh\h^guo�i_j_oh^h\�k�kbgmkhb^Zevguf�j_[jhf� �g_ij_�
ju\gZy�djb\Zy��b�k�j_[jhf�\�nhjf_�klmi_gvdb��imgdlbj��b�ke_^mxsbfb�iZjZf_ljZfb��
L=0.5, l=0.1, w=0.1, h=0.15, wR=0.00635, wG=0.00635, hC=0.01. 

 

 
 
 
Jbk�� 1�� =_hf_ljby� i_j_oh^Z�� �� —� \oh^gh_�
k_q_gb_����—�j_[jh����—�\uoh^gh_�k_q_gb_ 

 
 

 
Jbk��2��Dhwnnbpb_gl�hljZ`_gby�^ey�^\mo�
\hegh\h^guo�i_j_oh^h\ 

  
<u[bjZy�ijhnbev�\�\b^_�ehfZghc� khklhys_c�ba� lj_o�hlj_adh\�� aZ^Zqm� kbgl_aZ�

fh`gh�k\_klb�d�ihbkdm�dhhj^bgZl�__�\_jrbg��<�khhl\_lkl\bb�k�f_lh^hf�j_]meyjbaZpbb�
\\h^blky�k]eZ`b\Zxsbc�nmgdpbhgZe� 
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[ ] [ ]( ) [ ]2

0 ,f q R R q qα α= − + Ω                                       (1) 

 
]^_�q —�gZ[hj�kbgl_abjm_fuo�iZjZf_ljh\��R0 —�lj_[m_fuc�dhwnnbpb_gl�hljZ`_gby��R 
—�dhwnnbpb_gl�hljZ`_gby�\hegh\h^gh]h�i_j_oh^Z��α —�iZjZf_lj�j_]meyjbaZpbb��Ω — 
klZ[bebabjmxsbc� nmgdpbhgZe�� J_r_gb_f� aZ^Zqb� kbgl_aZ� kqblZ_f� [ ]arg inf

Q
q f qα

α = . 

Ihbkd� fbgbfmfZ� k]eZ`b\Zxs_]h� nmgdpbhgZeZ� hkms_kl\ey_lky� k� ihfhsvx� f_lh^Z�
kdhevays_]h�^himkdZ� 

<�jZ[hl_�ijb\_^_gu�ijbf_ju�j_r_gby�dhgdj_lguo�aZ^Zq� 

Ebl_jZlmjZ 
1. :�G� ;h]hex[h\��B�:� ;mldZj_\��Kbgl_a�lj_of_jgh]h�\hegh\h^gh]h�i_j_oh^Z�

���<_klg��Fhkd��mg-lZ��Nba��:kljhg��������� ���K���� 
2. G.C. Dalman. A simple mm-wave transition from waveguide to coplanar 

waveguide // Microwave J. 1992. No. 10. P. 109. 
 
 
 

M>D������� 

HP?GD:�IH=J?RGHKLB�WNN?DLB<GUO�K?Q?GBC�
NHLHY>?JGUO�J?:DPBC 

GbdheZ_\Z�G�G� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijb�h[emq_gbb�bkke_^m_fuo�y^_j�lhjfhagufb��-d\ZglZfb�k�\_jog_c�]jZgbp_c�
2

0T E mc= − �� ]^_� 0E  –� ihegZy� wg_j]by� we_dljhgZ� ^h� \aZbfh^_ckl\by� k� fbr_gvx�� Z�
2 0.511mc = �Fw<�–�wg_j]by�ihdhy�we_dljhgZ��k\yav�wnn_dlb\gh]h�k_q_gby� ( )Eγσ �k�wdk�

i_jbf_glZevgh�baf_j_ggufb�\uoh^Zfb� ( )Y T �hij_^_ey_lky�\ujZ`_gb_f�>���@� 
 

min

max( ) ( , ) ( ) , [ , ],
T

min

E

Y T W T E E dE T E Eγ γ γµ σ= ∈∫                        (2) 

 

]^_� µ  –�dhebq_kl\h�bkke_^m_fuo�y^_j��hlg_k_ggh_�d���kf2
�fbr_gb�� minE  –�ihjh]�

j_Zdpbb�� ( , )W T Eγ  –� ki_dlj� lhjfhaguo� �-d\Zglh\� � ( , )W T Eγ  –� g_ij_ju\gZy�nmgdpby�

ijb� min maxE E T Eγ≤ ≤ ≤ ��� MjZ\g_gb_� ���� -� bgl_]jZevgh_� mjZ\g_gb_� <hevl_jZ� i_j\h]h�

jh^Z�hlghkbl_evgh�g_ba\_klgh]h�wnn_dlb\gh]h�k_q_gby� ( )Eγσ ��dhlhjh_�ijbgZ^e_`bl�d�

deZkkm�g_dhjj_dlgh�ihklZ\e_gguo�aZ^Zq��MjZ\g_gb_�����fh`gh�aZibkZlv�\�hi_jZlhjghf�
\b^_� 

, , ,A Y Z Y Uσ σ= ∈ ∈                                                   (3) 
]^_� ,Z U  –�ebg_cgu_�ghjfbjh\Zggu_�ijhkljZgkl\Z��Z� :A Z U→  –�ebg_cguc�g_ij_ju\�
guc�\aZbfghh^ghagZqguc�hi_jZlhj�<hevl_jZ��LZd�dZd� ( )Y T �hij_^_ey_lky�ba�wdki_jb�
f_glZ��lh�\�j_amevlZl_�ih]j_rghklb�baf_j_gbc�ba\_klgZ�g_�lhqgZy�nmgdpby� ( )Y T ��Z�g_�
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dhlhjZy�ijb[eb`_ggZy�nmgdpby� ( )Y Tδ ��G_�agZy� ( )Y T ��ih�ba\_klghc�lhqghklb�gZ[ex^_�

gbc� fh`gh� hp_gblv� hldehg_gb_� ( )Y Tδ � hl� ( )Y T � \� ghjf_� ijhkljZgkl\Z� 2L : 

2
( ) ( )

L
Y T Y Tδ δ− ≤ , 0δ > ��l�h�� 2 min max[ , ]U L E E= ��Imklv� 1

2 min max[ , ]Z W E E= ��<�j_amevlZ�

l_�wdki_jbf_glZ�g_\hafh`gh�ihemqblv�lhqguc�ki_dlj� ( , )W T Eγ ��ihwlhfm�bkihevamxl�

ijb[eb`_gguc�ki_dlj� ( , )hW T Eγ � �gZijbf_j�ki_dlj�RbnnZ� >���@���<�dZq_kl\_�ijb[eb�

`_ggh]h�j_r_gby�g_dhjj_dlgh�ihklZ\e_gghc�aZ^Zqb� ����\u[bjZ_lky�lZdh_�j_r_gb_�σ� , 
^ey�dhlhjh]h�nmgdpbhgZe�Lbohgh\Z 
 

1
2 2

2 2
[ ] h L W

M A Yα
δσ σ α σ= − +                                     (4) 

 

bf__l� fbgbfZevgh_� agZq_gb_�� A^_kv� hA  –� bgl_]jZevguc� hi_jZlhj�� khhl\_lkl\mxsbc�

y^jm� ( , )hW T Eγ �lZdhc��qlh� 1
2 2

h W L
A A h

→
− ≤ ��]^_� h  –�ih]j_rghklv�hi_jZlhjZ��IZjZf_lj�

j_]meyjbaZpbb�α �\u[bjZ_lky�ih�ijbgpbim�h[h[s_gghc�g_\yadb�>�@��Ijbf_gy_fuc�Ze�
]hjblf�mklhcqb\��Z�ihemq_ggh_�k�_]h�ihfhsvx�ijb[eb`_ggh_�j_r_gb_� σ� �bf__l�koh�
^bfhklv�d�lhqghfm�j_r_gbx�σ �\�ghjf_�ijhkljZgkl\Z� 1

2W ��_keb�ih]j_rghklb� , 0hδ →  

>�@��F_lh^�j_]meyjbaZpbb�^Z_l�\hafh`ghklv�\uy\blv�ebrv�lm�kljmdlmjm�\�wnn_dlb\ghf�
k_q_gbb�� kms_kl\h\Zgb_� dhlhjhc� ]ZjZglbjm_lky� lhqghklvx� wdki_jbf_glZ�� D� kh`Ze_�
gbx��ijb�j_r_gbb�g_dhjj_dlguo�aZ^Zq�g_\hafh`gh�hp_gblv�ih]j_rghklv�ihemqZ_fh]h�

j_r_gby��l�_��mdZaZlv�lZdh_�qbkeh� 0ε > ��^ey�dhlhjh]h� ,hδσ σ ε− ≤ ��]^_ ,hδσ  -�ijb[eb�

`_ggh_�j_r_gb_�aZ^Zqb��[_a�agZgby�g_dhlhjhc�^hihegbl_evghc�Zijbhjghc�bgnhjfZpbb�
h�kljmdlmj_�j_r_gby�>�@�� 

<�^Zgghc�jZ[hl_�jZkkfZljb\Z_lky�ih^oh^�^ey�hp_gdb�ih]j_rghklb�ihemqZ_fh]h�
k_q_gby��Hlf_lbf� kjZam�� qlh�^Zgghc�ih^oh^�emqr_�bkihevah\Zlv�^ey� k_q_gbc��bf_x�
sbo��lZd�gZau\Z_fmx��]jm[mx�kljmdlmjm��k_q_gby�k�lZdhc�kljmdlmjhc�ihemqZxlky�ijb�
h[jZ[hld_�^Zgguo� wdki_jbf_glZ��bf_xsbo�gbadh_� wg_j]_lbq_kdh_�jZaj_r_gb_�� >�@��<�
dZq_kl\_�Zijbhjghc�bgnhjfZpbb�bkihevam_lky�bgnhjfZpby�h�ij_^iheZ]Z_fhf�ih\_^_�
gbb�bkdhfhc�nmgdpbb�gZ�ijhf_`mldZo�k_]f_glZ� [ ]min max,E E ��>ey�ihemq_gby�lZdh]h�jh�

^Z�bgnhjfZpbb�bkihevam_lky�kljmdlmjZ�j_r_gby�σ� ��Z�lZd�`_�_kl_kl\_ggh_�h]jZgbq_gb_�
gZ� k_q_gb_�j_Zdpbb�� 0 ,Cσ≤ ≤ � ]^_� C �ba\_klgZy�dhgklZglZ��<�^Zgghc�jZ[hl_� k_]f_gl�

min max[ , ]E E �jZa[b\Z_lky�gZ�ijhf_`mldb��gZ�dhlhjuo�ij_^iheZ]Z_lky��qlh�bkdhfh_�j_r_�

gb_�eb[h�fhghlhggZy��eb[h�\uimdeZy��eb[h�fhghlhggh-\uimdeZy�nmgdpby��Lh]^Z�jZk�
kfZljb\Z_fh_�fgh`_kl\h�ijb[eb`_gguo�j_r_gbc� M �y\ey_lky�dhfiZdlguf�fgh`_kl�
\hf�\� 2L ��b�\�dZq_kl\_�fgh`_kl\Z�ijb[eb`_gguo�j_r_gbc� aZ^Zqb� ����fh`gh�ijbgylv�

fgh`_kl\h� 
 

{ }
2 2

, :h
M h L L

Z M A Y hδ
δσ σ δ σ≡ ∈ − ≤ +                                (5) 

 

Lh]^Z� ,
, :h
h MZδ

δσ∀ ∈  ,hδσ σ→ �ijb� , 0hδ → �>�@��B�aZ^ZqZ�hp_gdb�ih]j_rghklb�k\h^blky�

d�ihkljh_gbx�fgh`_kl\Z� ,h
MZδ �beb�fgh`_kl\Z�_]h�Ziijhdkbfbjmxs_]h��>ey�wlh]h�\�jZ�

[hl_� hkms_kl\ey_lky� i_j_oh^� d� dhg_qghf_jghc� aZ^Zq_�� b� ijbf_gyxlky� Ze]hjblfu��
ij_^eh`_ggu_�\� >�@�^ey�ihkljh_gby�h[eZklb��dhlhjhc�ijbgZ^e_`Zl�\k_�ijb[eb`_ggu_�
j_r_gby�aZ^Zqb��bf_xsb_�koh^gmx�kljmdlmjm�� 
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Ebl_jZlmjZ 
1. BroZgh\�;�K���DZiblhgh\�B�F��<aZbfh^_ckl\b_�we_dljhfZ]gblgh]h�baemq_�

gby�k�Zlhfgufb�y^jZfb��F���Ba^-\h�Fhkd��mg-lZ������� 
2. ;h]^Zgd_\bq�H�<���GbdheZ_\�N�:��JZ[hlZ�k�imqdhf�lhjfhagh]h�baemq_gby��F��

:lhfba^Zl����64. 
3. Lbohgh\�:�G���=hgqZjkdbc�:�<���Kl_iZgh\�<�<���Y]heZ�:�=��Qbke_ggu_�f_lh�

^u�j_r_gby�g_dhjj_dlguo�aZ^Zq��F���GZmdZ������� 
4. >hjhn__\�D�X���LblZj_gdh�<�G���Y]heZ�:�=��:e]hjblfu�ihkljh_gby�Zihkl_�

jbhjguo�ih]j_rghkl_c� j_r_gby� ^ey�g_dhjj_dlguo� aZ^Zq�� ���@mjgZe� \uqbkebl_evghc�
fZl_fZlbdb�b�fZl_fZlbq_kdhc�nbabdb��������T�����������C. 12-25. 
 
 
 

M>D���������� 

F?LH>�=:E,JDBG: 
<�A:>:Q?�G:�KH;KL<?GGU?�AG:Q?GBY�>EY�<HEGH<H>: 

K�Q:KLBQGUF�;BBAHLJHIGUF�A:IHEG?GB?F 

Fh^_gh\�<�I���JhfZrbg�:�<� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^g__�\j_fy�[hevrmx�ihimeyjghklv�kj_^b�ki_pbZebklh\�\�h[eZklb�we_d�
ljh^bgZfbdb�aZ\h_\Zeb�lZd�gZau\Z_fu_�[bbahljhigu_�kj_^u�>�@���Ihgylb_�[bbahljhi�
ghc� kj_^u� y\ey_lky� h[h[s_gb_f� ^ey�rbjhdh]h� deZkkZ� kj_^��QZklguf� kemqZ_f� lZdhc�
kj_^u�y\ey_lky�^bwe_dljbd��bahljhigZy�dbjZevgZy�kj_^Z��kj_^Z�L_ee_]ZgZ�b�^j��;bbah�
ljhigu_�kj_^u�oZjZdl_jbamxlky�aZ\bkbfhklvx�\_dlhjh\�bg^mdpbb�we_dljhfZ]gblgh]h�
ihey� dZd� ebg_cghc� dhf[bgZpbb� _]h� gZijy`zgghkl_c�� dhwnnbpb_glu� dhlhjhc� aZ\bkyl�
h[uqgh�hl�h^gh]h�beb�^\mo�kdZeyjguo�iZjZf_ljh\�>�@� 

Fh^_ebjh\Zgb_� ijhp_kkZ� we_dljhfZ]gblguo� dhe_[Zgbc� \� lZdhc� kj_^_�� gZoh^y�
s_cky�\�\hegh\h^_�� y\ey_lky� ZdlmZevghc� aZ^Zq_c�� l�d��iha\hebl�jZajZ[hlZlv�K<Q�mkl�
jhckl\Z��m^h\e_l\hjyxsb_�kh\j_f_gguf�lj_[h\Zgbyf��K�^jm]hc�klhjhgu��lZdh_�bkke_�
^h\Zgb_�bf__l�b�qbklh�gZmqguc�bgl_j_k� 

<� ��-o� ]h^Zo�gZ�nbabq_kdhf�nZdmevl_l_�F=M�[ue�jZajZ[hlZg�fZl_fZlbq_kdbc�
ZiiZjZl��ohjhrh�aZj_dhf_g^h\Z\rbc�k_[y�ijb�bkke_^h\Zgbb�\hegh\h^h\��aZiheg_gguo�
Zgbahljhigufb� kj_^Zfb��<�^Zgghc�jZ[hl_� wlhl�ZiiZjZl�h[h[sZ_lky�gZ�kemqZc�[bbah�
ljhighc�kj_^u� 

>ey�bkke_^h\Zgby�we_dljhfZ]gblguo�dhe_[Zgbc�\�\hegh\h^_�k�qZklbqguf�[bb�
ahljhiguf�aZiheg_gb_f�gZfb�ijbf_gy_lky�f_lh^�=ZezjdbgZ��JZaeh`_gb_�\_dlhjh\�gZ�
ijy`zgghklb� we_dljhfZ]gblgh]h�ihey�ijhba\h^blky�ih�ijh^hevguf�dhfihg_glZf�gZ�
ijy`zgghkl_c� we_dljbq_kdh]h� b� fZ]gblgh]h� ihe_c� imklh]h� \hegh\h^Z� >�@�� >hihegb�
l_evgh�gZ�ijb[eb`zggh_� j_r_gb_�gZeZ]Z_lky� lj_[h\Zgb_�m^h\e_l\hj_gby� wg_j]_lbq_�
kdhfm�lh`^_kl\m��dhlhjhfm�m^h\e_l\hjy_l�lhqgh_�j_r_gb_�aZ^Zqb� 

<�gZklhys_c� jZ[hl_� jZkkfZljb\Z_lky� Ze]hjblf� hlukdZgby�ihklhygguo�jZkijh�
kljZg_gby�[_kdhg_qgh]h�ijyfhm]hevgh]h� \hegh\h^Z� k� qZklbqguf� aZiheg_gb_f�[bbah�
ljhighc�kj_^hc��>ZggZy�aZ^ZqZ�y\ey_lky�aZ^Zq_c�gZ�kh[kl\_ggu_�agZq_gby��lh�_klv�ih�
a\hey_l�hl\_lblv�gZ�\hijhk�h�lhf��dZdb_�lbiu�\heg�fh]ml�kms_kl\h\Zlv�\�lZdhf�\hegh�
\h^_��Wlb�j_amevlZlu�ijbf_gyxlky�^ey�j_r_gby�aZ^Zq�^bnjZdpbb� 
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:e]hjblf�j_Zebah\Zg�\�\b^_�ijh]jZffu�^ey�kbkl_fu�fZl_fZlbq_kdh]h�fh^_eb�
jh\Zgby�6FLODE��http://www.scilab.org). 

Ebl_jZlmjZ 
1. Lindell I.V., Sihvola A.H., Tretyakov S.A., Viitanen A.J. “Electromagnetic Waves 

in Chiral and Bi-isotropic Media”. London: Artech House, 1994. – 291p. 
2. Lj_lvydh\�K�:������JW��������–�L������–��������–�K������� 
3. K\_rgbdh\�:�=���Fh^_gh\�<�I�����JW��������–�L�9,,,��–�������–�K�������– 2005. 

 
 
 

M>D������� 

F?LH>�DHG?QGUO�WE?F?GLH< 
<�A:>:Q?�<UQBKE?GBY�EH<MR?QGUO�FH>�<HEGH<H>: 

Lbohgh\�:�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkfZljb\Z_lky�aZ^ZqZ�h�\hegh\h^_�k�ehdZevghc�g_h^ghjh^ghklvx�\�^\mf_jghf�
kemqZ_��<hegh\h^�ij_^klZ\ey_l�kh[hc�h[eZklv� [ ]).1,0),,(( ∈+∞−∞∈=Ω yz �Ihe_�\�\hegh�
\h^_�m^h\e_l\hjy_l�ki_dljZevghc�aZ^Zq_� 

 

)(,0

),(

2

2

Ω∈=
∂
∂

−=∆

Ω∂

Lu
n

u

uyzqku

          (1) 

 
1),( ≡yzq �ijb� 21, zzzz >< �b� 1),( >yzq �ijb� 21 zzz << ���Z�lZd`_�wlZ�nmgdpby�y\ey_lky�

kbff_ljbqghc�hlghkbl_evgh�hkb� 2
1=y ��GZ�ebgbyo�jZaju\Z�\uihegy_lky�mkeh\b_�kh�

ijy`_gby� [ ] 0,0 =
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)( 22 εε LL
uu . 

Ij_^iheh`bf�� qlh� j_r_gb_� aZ^Zqb� ���� kms_kl\m_l�� Lh]^Z� j_r_gb_� \� h[eZklb�

2zz > �ij_^klZ\bfh�\�\b^_ 
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]^_� ,222 knn −= πγ �Z� nc -�qbkeh\u_�dhwnnbpb_glu�>�@��>ey�k\_^_gby�bkoh^ghc�aZ^Zqb�
\� ihehk_� d� \gmlj_gg_c� djZ_\hc� aZ^Zq_�� ijh^bnn_j_gpbjm_f� jZ\_gkl\h� ����ih� zb�bk�
dexqbf�qbkeh\u_�dhwnnbpb_glu� nc ��<�j_amevlZl_�ihemqbf 
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]^_� 2S -� k_q_gb_� ihehku� ijyfhc� 2zz = �� :gZeh]bqgh_� djZ_\h_� mkeh\b_� ihemqbf� ijb�

1zz = ��H[hagZqbf�q_j_a� 1S �k_q_gb_�ihehku�ijyfhc� 1zz = . 
;m^_f�jZkkfZljb\Zlv�\gmlj_ggxx�djZ_\mx�aZ^Zqm 
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KijZ\_^eb\h� ba\_klgh_� ml\_j`^_gb_��Kms_kl\m_l� g_ljb\bZevgh_� j_r_gb_� aZ�

^Zqb� ����� hl\_qZxs__� kh[kl\_gghfm� agZq_gbx� 2k �� e_`Zs_fm� \� bgl_j\Ze_� ��� 2π ��� \�
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\�dZq_kl\_�kh[kl\_ggh]h�agZq_gby�dhlhjhc�\uklmiZ_l�ki_dljZevguc�iZjZf_lj� ).(kλ  

Kh]eZkgh�\ur_ijb\_^_gghfm�ml\_j`^_gbx��kms_kl\m_l�lZdh_� k ��qlh� .)( 2kk =λ  
GZ�hkgh\_�wlh]h�kljhblky�Ze]hjblf�qbke_ggh]h�\uqbke_gby�kh[kl\_gguo�agZq_gbc�aZ�
^Zqb������>ey�j_r_gby�aZ^Zqb�����bkihevam_lky�f_lh^�dhg_qguo�we_f_glh\��J_r_gb_�aZ�
^Zqb�bs_lky�\�\b^_�jZaeh`_gby�ih�kbkl_f_�[Zabkguo�nmgdpbc� ∑=
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ijij Nuu ��Z�\�dZq_kl�

\_� v �bkihevamxlky�nmgdpbb� ijN ��<�^Zgghf�khh[s_gbb�bkihevamxlky�ebg_cgu_�[Zabk�
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nmgdpbc�y\eyxlky�ijyfhm]hevgbdb��Ih^klZ\b\�ij_^klZ\e_gby� u , v �b� ijN �\� ����ihem�

qbf�fZljbqgh_�mjZ\g_gb_ 
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MjZ\g_gb_�����y\ey_lky�h[h[s_gghc�aZ^Zq_c�gZ�kh[kl\_ggu_�agZq_gby��FZljbpu�

A�b�B – kbff_ljbqgu_�b�jZaj_`_ggu_��>ey�i_j_oh^Z�d�h[udgh\_gghc�aZ^Zq_�gZ�kh[kl�
\_ggu_� agZq_gby�� d� ijZ\hc� qZklb� mjZ\g_gby� ���� ijbf_gy_lky� jZaeh`_gb_�Ohe_pdh]h��
Ihke_�wlh]h�ihemqZ_f�aZ^Zqm� zzkC λ=)( ��]^_�fZljbpZ�K�hklZ_lky�kbff_ljbqghc��LZdbf�
h[jZahf��^ey�gZoh`^_gby�kh[kl\_gguo�agZq_gbc�aZ^Zqb� �����[m^_f�baf_gylv�k hl���^h�
π ��b�^ey�dZ`^h]h�k gZoh^bf�kh[kl\_ggh_�agZq_gb_� )(1 kλ ��>Ze__��gZoh^bf�lhqdm�i_j_k_�

q_gby�nmgdpbc� 2k b� )(1 kλ ��dhlhjZy�b�[m^_l�j_r_gb_f�aZ^Zqb������JZkkfhlj_gguc�f_lh^�
j_Zebah\Zg�\�\b^_�iZd_lZ�ijh]jZff��l_klbjh\Zgb_�dhlhjh]h�ohjhrh�kh]eZkm_lky�k�lhqgh�
j_rZ_fhc�aZ^Zq_c�h�\hegh\h^ghc�\klZ\d_� 

Ebl_jZlmjZ 
1. K\_rgbdh\�:�=��Ijbgpbi�ij_^_evgh]h�ih]ehs_gby�^ey�\hegh\h^Z��>hde��:G�

KKKJ��������L���������k����-347. 
2. >_ebpug�:�E��H�aZ^Zq_�jZkk_ygby�gZ�g_h^ghjh^ghklb�\�\hegh\h^_��@<F�b�

fZl�nba����������� 
3. Ghjjb�>���Njba�@��<\_^_gb_�\�f_lh^�dhg_qguo�we_f_glh\��F���Fbj������� 
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MQ?L�BGNHJF:PBB�H�KI?DLJ?�RMF:� 
IJB;EB@?GGH�A:>:GGHC�IJ:<HC�Q:KLB 

BGL?=J:EVGH=H�MJ:<G?GBY�I?J<H=H�JH>: 
IJB�<U;HJ?�J?=MEYJBABJMXS?=H�NMGDPBHG:E: 

Ohoeh\�:�:� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkfhljbf� bgl_]jZevgh_� mjZ\g_gb_� Nj_^]hevfZ� i_j\h]h� jh^Z� lbiZ� k\_jldb�

')'()'()(
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0

dttxttKAxty ∫ −== ��]^_� ]1,0[∈t , x(t’), y(t), K(t-t’) –�g_ij_ju\gu_�nmgdpbb�k\h�

bo�Zj]mf_glh\��;m^_f�kqblZlv��qlh�j_r_gb_�wlh]h�mjZ\g_gby�kms_kl\m_l��_^bgkl\_ggh�
^ey�aZ^Zgghc�ijZ\hc�qZklb��bf__l�g_ij_ju\gmx�i_j\mx�ijhba\h^gmx�b�m^h\e_l\hjy_l�
]jZgbqghfm� mkeh\bx� 0)1()0( == xx �� Bkihevam_f� f_lh^bdm� j_]meyjbaZpbb�
:�G�Lbohgh\Z�^ey�j_r_gby�\uibkZggh]h�mjZ\g_gby��>ey�wlh]h�\\_^_f�klZ[bebabjmx�
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Imklv� \_kZ� nρ � lZdh\u�� qlh� ),1[ ∞∈∀n � \uiheg_gh� g_jZ\_gkl\h�
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ijZ\uo� qZkl_c� 02 →kε � kms_kl\m_l�ihke_^h\Zl_evghklv� kN � lZdZy�� qlh�ihke_^h\Zl_ev�

ghklv�
kNx � j_r_gbc� \uibkZgguo� dhg_qghf_jguo� aZ^Zq� k� \_kZfb� nρ � jZ\ghf_jgh� koh�

^blky�d�lhqghfm�j_r_gbx�bkoh^gh]h�bgl_]jZevgh]h�mjZ\g_gby� 
DZd�\b^gh�ba�l_hj_fu��\u[hj�\_kh\� nρ �g_�\eby_l�gZ�koh^bfhklv�ihke_^h\Zl_ev�

ghklb� dhg_qghf_jguo� ijb[eb`_gbc��L_f� g_�f_g__� \� ijbdeZ^guo� aZ^ZqZo� \u[hj� lhc�
beb�bghc�aZ\bkbfhklb�\_kh\�hl�n�iha\hey_l�memqrblv�ihemqZ_fuo�ijb[eb`_gguo�j_�
r_gbc�aZ^Zqb�\�kemqZ_��_keb�aZjZg__�ba\_kl_g�ki_dlj�rmfZ��>ey�wlh]h�\_kZ��khhl\_lkl�
\mxsb_� gZb[he__� ©rmfgufª� qZklhlZf� nn πω = � \u[bjZxlky� [óevrbfb�� Z� khhl\_lkl�

\mxsb_�gZbf_g__�aZrmfe_gguf�qZklhlZf�–�f_gvrbfb� 
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M>D�������� 

:KBFILHLBD:�J?R?GBY 
KBG=MEYJGH�<HAFMS?GGHC�KBKL?FU�>BNN?J?GPB:EVGUO�
MJ:<G?GBC�I?J<H=H�IHJY>D:�<�Q:KLGUO�IJHBA<H>GUO 

K�F:EHC�G?EBG?CGHKLVX�<�DJBLBQ?KDHF�KEMQ:? 

∗G_kl_jh\�:�<���Rmebdh�H�<� 
H[gbgkdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l�Zlhfghc�

wg_j]_lbdb 

Kljhblky� nhjfZevgh_� Zkbfilhlbq_kdh_� ij_^klZ\e_gb_� j_r_gby� gZqZevgh-
djZ_\hc� aZ^Zqb�^ey� kbg]meyjgh� \hafms_gghc� kbkl_fu�^bnn_j_gpbZevguo�mjZ\g_gbc�
i_j\h]h�ihjy^dZ�\�qZklguo�ijhba\h^guo�k�fZehc�g_ebg_cghklvx 
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( ) ( ) ( ) ( )ttUxUxU

txUFAUDUU xt

Φ==
>>+=+

0,  ,,0

,0  ,0  ,
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2 εε
 

]^_� ( )xtU ,  - n-f_jguc� \_dlhj� j_r_gbc�� D -� ^bZ]hgZevgZy� fZljbpZ, iddiagD  = , 
0  ,1 ≥≤≤ idni , A  -�\ujh`^_ggZy�fZljbpZ�� ( )UF  - n-f_jguc�\_dlhj-nmgdpby��hij_^_�

e_gguc�^ey�\k_o� niU i ≤≤1  , ��KqblZ_lky��qlh�fZljbpu� DA,  -�ihklhyggu_� 

                                                           
∗
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:kbfilhlbq_kdh_�ij_^klZ\e_gb_�ih�fZehfm�iZjZf_ljm�j_r_gby�aZ^Zqb�kljhblky�
\g_�fZehc�hdj_klghklb�gZqZeZ�dhhj^bgZl��GZ�fZljbpm� A �gZeh`_gh�^hihegbl_evgh_�mk�
eh\b_� 1 −= nArang . 

:kbfilhlbq_kdh_�ij_^klZ\e_gb_�j_r_gby� kljhblky� \� \b^_� kmffu� k]eZ`_ggh]h�
\ujh`^_ggh]h�j_r_gby��ih]jZgbqghc�nmgdpbb�\�hdj_klghklb�ebgbb� 0=t �b�nmgdpbb�
i_j_oh^gh]h�kehy��dhlhjZy�hibku\Z_lky�g_ebg_cguf�iZjZ[hebq_kdbf�mjZ\g_gb_f� 

>ZggZy�jZ[hlZ�y\ey_lky�ijh^he`_gb_f�k_jbb�jZ[hl�>�@��>�@� 

Ebl_jZlmjZ� 
1. :��<��G_kl_jh\� ³H�\gmlj_gguo�i_j_oh^guo�iZjZ[hebq_kdbo�kehyo´��L_abku�

^hdeZ^h\� dhgn_j_gpbb� ³FZl_fZlbq_kdb_� b^_b� I�� E�� Q_[ur_\Z� b� bo� ijbeh`_gb_� d�
kh\j_f_gguf�ijh[e_fZf�_kl_kl\hagZgby´��H[gbgkd��������]� 

2. :��<��G_kl_jh\��H�<��Rmebdh�³:kbfilhlbdZ�j_r_gby�keZ[h�g_ebg_cghc�kbk�
l_fu�^bnn_j_gpbZevguo�mjZ\g_gbc�lbiZ�³j_Zdpby-^bnnmaby´´����FZl��fh^_ebjh\Zgb_��
�����]���l����� 
 
 
 

M>D�����������������375.5 

K<?LHBG>MPBJH<:GGUC�L?IEHF:KKHI?J?GHK�
J:AJ?@?GGH=H�=:A:�<�IEHKDHF�D:G:E? 

ObgdbgZ�?�I���Q_jfygbgh\�B�<���Q_jgyd�<�=� 

MjZevkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l�bf��:�F��=hjvdh]h 

JZkkfZljb\Zxlky� ijhp_kku� l_ieh-� b�fZkkhi_j_ghkZ� h^ghdhfihg_glgh]h� ]ZaZ� \�
iehkdhf�dZgZe_�\�ihe_�j_ajgZgkgh]h�eZa_jgh]h�baemq_gby��AZ^ZqZ�j_rZ_lky�gZ�hkgh\_�
ebg_Zjbah\Zgguo� dbg_lbq_kdbo� mjZ\g_gbc� [hevpfZgh\kdh]h� lbiZ� ijb� ijhba\hevguo�
qbkeZo�Dgm^k_gZ��Kn���Wlb�mjZ\g_gby�\dexqZxl�qe_gu��hibku\Zxsb_�k_e_dlb\gh_�ih�
kdhjhklyf� fhe_dme� ih]ehs_gb_� k\_lZ� b� jZ^bZpbhgguc� jZkiZ^� \ha[m`^_ggh]h� mjh\�
gy>�@��Klhedgh\_gby�qZklbp�f_`^m�kh[hc�b�k�]jZgbqghc�ih\_joghklvx�ij_^iheZ]Zxlky�
mijm]bfb��=Za�fh^_ebjm_lky�dZd�[bgZjgZy�]Zah\Zy�kf_kv��khklhysZy�ba�\ha[m`^_gguo�b�
g_\ha[m`^_gguo�qZklbp�h^bgZdh\hc�fZkku��gh�jZaguo�k_q_gbc�klhedgh\_gby��<�dbg_�
lbq_kdbo�mjZ\g_gbyo�bkihevamxlky�Ziijhdkbfbjmxsb_�bgl_]jZeu�klhedgh\_gbc� 

IhdZaZgh��qlh�\hafh`gu�^\Z�f_oZgbafZ�l_ieh-�b�fZkkhi_j_ghkZ��klhedgh\bl_ev�
guc�b�ih\_joghklguc��I_j\uc� k\yaZg� k�jZaebqb_f� ljZgkihjlguo� k_q_gbc� klhedgh\_�
gbc�f_`^m�\ha[m`^_ggufb�b�g_\ha[m`^_ggufb�qZklbpZfb��<lhjhc�–�k�jZaebqb_f�dh�
wnnbpb_glh\�Zddhfh^Zpbb�wlbo�qZklbp�ijb�\aZbfh^_ckl\bb�k�ih\_joghklvx�dZgZeZ� 

<� ihqlb� k\h[h^ghfhe_dmeyjghf� j_`bf_� �Kn!!��� b� \� j_`bf_� kh� kdhev`_gb_f�
(Kn�����^ey�hkj_^g_gguo�ih�k_q_gbx�dZgZeZ�ihlhdh\�l_ieZ�b�fZkku�ihemq_gu�ZgZeb�
lbq_kdb_�\ujZ`_gby��Ijb�ijhf_`mlhqguo�qbkeZo�Kn�ijh\_^_g�qbke_gguc�jZkq_l�dbg_�
lbq_kdbo�dhwnnbpb_glh\��oZjZdl_jbamxsbo�klhedgh\bl_evguc�b�ih\_joghklguc�f_oZ�
gbafu�\�k\_lhbg^mpbjh\Zgguo�ihlhdZo�fZkku�b�l_ieZ� 

Ebl_jZlmjZ 
1. =_evfmoZgh\�N�O���RZeZ]bg�<�F���©K\_lhbg^mpbjh\ZggZy�^bnnmaby�]Zah\ª���

IbkvfZ�\�@WLN��������l����������K�����-776. 
 



Ih^k_dpby�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby�b�dhfivxl_jgh]h�ijZdlbdmfZ 

 

155 

 

 

 

 

 

M>D������� 

MQ?;GUC�DHFIE?D�K�©<BJLM:EVGUC�FHGHOJHF:LHJª 

L_j_rhghd�F�<� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Mq_[guc�dhfie_dk� ³<bjlmZevguc�fhghojhfZlhj´�ij_^klZ\ey_l�kh[hc�dhfivx�
l_jgmx� fh^_ev� j_Zevgh]h� ijb[hjZ� b� ij_^gZagZq_g� ^ey� h[mq_gby� klm^_glh\� jZ[hl_� k�
fhghojhfZlhjhf��WlZ�fh^_ev� iha\hey_l� klm^_glm� hagZdhfblvky� k� mkljhckl\hf�fhgh�
ojhfZlhjZ��ihgylv�ijbgpbiu�_]h�jZ[hlu�b�hij_^_eblv�\ebygb_�oZjZdl_jbklbd�ijb[hjZ�
gZ�j_amevlZl�wdki_jbf_glZ� 

Ijh]jZffgh_� h[_ki_q_gb_�iha\hey_l� mijZ\eylv� jZaebqgufb�iZjZf_ljZfb� \bj�
lmZevghc�wdki_jbf_glZevghc�mklZgh\db�b�gZ]ey^gh�^_fhgkljbjm_l�nhjfbjh\Zgb_�kb]�
gZeZ�gZ�\uoh^_�ijb[hjZ�b�_]h� aZ\bkbfhklv�hl� wlbo�iZjZf_ljh\��dZd�gZ�ijbf_j_�Z[kl�
jZdlghc�madhc�ki_dljZevghc�ebgbb��lZd�b�gZ�ijbf_j_�wdki_jbf_glZevgh]h�ki_dljZ��ih�
emq_ggh]h�k�ihfhsvx�j_Zevgh]h�ijb[hjZ��<g_rgbc�\b^�j_Zevguo�ijb[hjh\�b�g_dhlh�
juo�bo�^_lZe_c��Z�lZd`_�\aZbfh^_ckl\b_�jZaebqguo�qZkl_c�mklZgh\db�f_`^m�kh[hc�^_�
fhgkljbjmxl�\dexqzggu_�\�ijh]jZffguc�dhfie_dk�ljzof_jgZy�fh^_ev�mklZgh\db�b�_z�
Zgbfbjh\ZggZy�ko_fZ� 

K� dhfie_dkhf� ³<bjlmZevguc�fhghojhfZlhj´�fh`gh� jZ[hlZlv�� dZd� k� h[uqguf�
ijb[hjhf� -� fhghojhfZlhjhf�� bkihevamy� \� \bjlmZevghf� wdki_jbf_gl_� ki_dljZevgu_�
^Zggu_��ihemq_ggu_�jZg__�gZ�j_Zevghf�ijb[hj_��<�ijh]jZffghf�h[_ki_q_gbb�bf__lky�
jy^�kj_^kl\�^ey�]jZnbq_kdh]h�ij_^klZ\e_gby�b�h[jZ[hldb�ki_dljZevguo�^Zgguo� 

K�ihfhsvx�lZdhc�fh^_eb�fh`gh�\uihegylv�p_euc�jy^�aZ^Zq�Zlhfgh]h�ijZdlb�
dmfZ��LZdhc�aZ^Zq_c�y\ey_lky��gZijbf_j��aZ^ZqZ��Bamq_gb_�jZ[hlu�fhghojhfZlhjZ���dh�
lhjZy�j_Zebah\ZgZ�\�^Zgghc�\_jkbb�ijh]jZffu� 

Kh^_j`Zgb_�aZ^Zqb��Bamq_gb_�jZ[hlu�fhghojhfZlhjZ��khklhbl�\�hagZdhfe_gbb�
k�dhgkljmdlb\gufb�hkh[_gghklyfb�b�ijbgpbiZfb�jZ[hlu�ijb[hjZ�b�\�\uiheg_gbb�ke_�
^mxsbo�mijZ`g_gbc� 

• Bamq_gb_�aZ\bkbfhklb�oZjZdl_jbklbd�ijb[hjZ�hl�rbjbgu�s_e_c� 
• DZeb[jh\dZ�ijb[hjZ�ih�^ebgZf�\heg� 
• Hij_^_e_gb_�ki_dljZevghc�qm\kl\bl_evghklb�ijb[hjZ� 
• Hij_^_e_gb_�ebg_cghc�^bki_jkbb�b�jZaj_rZxs_c�kihkh[ghklb�ijb[hjZ� 
• <�^Zevg_cr_f�ieZgbjm_lky�ihiheg_gb_�[Zau�ki_dljZevguo�^Zgguo�b�ihklZ�
gh\dZ�^jm]bo�aZ^Zq�Zlhfgh]h�ijZdlbdmfZ�gZ�[Za_�wlh]h�dhfie_dkZ� 

Ebl_jZlmjZ 
1. AZc^_ev� :�G��� Hkljh\kdZy� =�<��� Hkljh\kdbc� X�B�� L_ogbdZ� b� ijZdlbdZ�

ki_dljhkdhibb��F������� 
2. AZc^_ev� :�G��� Ijhdhnv_\� <�D��� JZckdbc� K�F��� Rj_c^_j� ?�Y�� LZ[ebpu�

ki_dljZevguo�ebgbc��F������� 

 

F:L?F:LBQ?KDH?�FH>?EBJH<:GB?� 
B�DHFIVXL?JGUC�IJ:DLBDMF 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Qmebqdh\�:e_dk_c�B\Zgh\bq 
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3. D\eb\b^a_�<��:���;_eZ\bg�<��:���I_lmoh\�<��I���JZ^q_gdh�<��<��H�gh\hf�ih^�
oh^_� d� kha^Zgbx� mq_[guo� eZ[hjZlhjguo� mklZgh\hd� ^ey� nbabq_kdbo� ijZdlbdmfh\��
Nbabq_kdh_�h[jZah\Zgb_�\�<MAZo��l����������������klj����-106. 

4. D\eb\b^a_�<��:���;_eZ\bg�<��:���Dhklbg�B��D���JZ^q_gdh�<��<��Mq_[gu_�eZ[h�
jZlhjgu_� dhfie_dku� ih� Zlhfghc� nbabd_� gZ� hkgh\_� wdki_jbf_glZevguo� [Za� ^Zgguo��
GZmqgZy�dhgn_j_gpby��Ehfhghkh\kdb_�ql_gby��Zij_ev�������klj���� 

 

 

 

M>D�������� 

DHFIVXL?JGH?�FH>?EBJH<:GB?�><B@?GBY 
D?EVLKDH=H�D:FGY 

∗=jb]hjv_\�>�:���Lbohgh\�F�:� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kj_^b�e_dpbhgguo�^_fhgkljZpbc�ih�dmjkm�^bgZfbdb�l\_j^h]h�l_eZ�hkh[h_�f_�
klh�aZgbfZ_l�d_evlkdbc�dZf_gv��Hg�khq_lZ_l�\�k_[_�ijhklhlm�ihdZaZ�b�keh`ghklv�h[tyk�
g_gby��D_evlkdbc�dZf_gv�fh`_l�bf_lv�jZaebqgu_�nhjfu��h[uqgh�hg�ba]hlZ\eb\Z_lky�\�
\b^_�\ulygmlhc�eh^hqdb�k�^\mfy�^hihegbl_evgufb�]jmaZfb��ihf_s_ggufb�lZdbf�h[�
jZahf��qlh�p_glj�fZkk�jZkiheZ]Z_lky�\�p_glj_�kbff_ljbb�eh^hqdb��gh�]eZ\gu_�hkb�l_g�
ahjZ�fhf_glZ�bg_jpbb�g_� kh\iZ^Zxl� k� __� hkyfb� kbff_ljbb��<� lZdhf�bkiheg_gbb� dZ�
f_gv��iheh`_gguc�gZ�]hjbahglZevgmx�iehkdhklv��fh`_l�mklhcqb\h�\jZsZlvky�\�h^ghf�
gZijZ\e_gbb��gh�ijb�\jZs_gbb�\�ijhlb\hiheh`gmx�klhjhgm�_]h�^\b`_gb_�klZgh\blky�
g_mklhcqb\uf�� i_j_oh^bl� kgZqZeZ� \� dhe_[Zl_evgh_� ^\b`_gb_�� Z� aZl_f� \h� \jZs_gb_� \�
h[jZlgmx�klhjhgm�−�lZd��qlh�wlh�fh`_l�ihdZaZlvky�gZjmr_gb_f�aZdhgZ�khojZg_gby�fh�
f_glZ�bfimevkZ� 

G_kfhljy� gZ� dZ`msmxky� ijhklhlm� h[t_dlZ�� hg� ij_^klZ\ey_l� kh[hc� g_kbff_l�
jbqguc� ]bjhkdhi��hibkZgb_�\jZs_gby�dhlhjh]h�hq_gv� keh`gh��b�ih^jh[gh_�hibkZgb_�
_]h�^\b`_gby�hq_gv�]jhfha^dh�>����@��P_evx�gZklhys_c�jZ[hlu�[ueh�kha^Zgb_�dhfivx�
l_jghc� ijh]jZffu�� iha\heyxs_c� khijh\h`^Zlv� ^_fhgkljZpbx� j_Zevgh]h� d_evlkdh]h�
dZfgy�b��g_�ijb[_]Zy�d�]jhfha^dbf�\uqbke_gbyf��ihdZaZlv��qlh�_]h�ih\_^_gb_�hibku\Z�
_lky� klZg^Zjlgufb�mjZ\g_gbyfb�^bgZfbdb� \jZsZl_evgh]h�^\b`_gby��>ey� wlh]h�gZfb�
[ueZ�gZibkZgZ�ijh]jZffZ�gZ�yaud_�K����jZkkqblu\ZxsZy�^\b`_gb_�d_evlkdh]h�dZfgy�\�
hij_^_e_gguo�fh^_evguo�ij_^iheh`_gbyo��<�jZ[hl_�ijb\h^blky�kjZ\g_gb_�jZkkqblZg�
gh]h�^\b`_gby�k�eZ[hjZlhjguf�wdki_jbf_glhf� 

<�ijh]jZffm�\kljh_gu�^\_�jZagu_�fh^_eb�^ey�jZkq_lZ��I_j\Zy�bkoh^bl�ba�ij_^�
iheh`_gby��qlh�\ky�fZkkZ�eh^hqdb�khkj_^hlhq_gZ�\�h^ghc�lhqd_�–�\�__�p_glj_�fZkk��b�
iha\hey_l�ijhke_^blv�\hagbdgh\_gb_� wnn_dlZ�d_evlkdh]h�dZfgy�gZ�fZdkbfZevgh�ijh�
klhc�kbkl_f_��khklhys_c�\k_]h�ba�lj_o�]jmah\��<lhjZy�kqblZ_l�fZkkm�eh^hqdb�jZ\ghf_j�
gh�jZkij_^_e_gghc�ih�__�h[t_fm��qlh�ijb[eb`Z_l�wdki_jbf_gl�d�j_Zevghfm��<�h[hbo�
kemqZyo�mqblu\Z_lky�lhevdh�kbeZ�ly`_klb�b�kbeZ�lj_gby�ihdhy��g_�iha\heyxsZy�eh^hq�
d_�ijhkdZevau\Zlv�ih�klhem��D�hkh[_gghklyf�ijh]jZffu�fh`gh�hlg_klb�\hafh`ghklv�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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f_gylv�]_hf_ljbq_kdb_�jZaf_ju��jZkiheh`_gb_�\�ijhkljZgkl\_��gZqZevgmx�kdhjhklv�b�
fZkkm�eh^hqdb��Z�lZd`_�iheh`_gb_�b�fZkkm�]jmah\��Djhf_�lh]h��ijh]jZffZ�ij_^hklZ\ey�
_l�ihevah\Zl_ex�\hafh`ghklv�\u[jZlv�h^bg�ba�ij_^eZ]Z_fuo�gZ[hjh\�iZjZf_ljh\��kh�
hl\_lkl\mxsbo�gZb[he__�bgl_j_kguf�kemqZyf�^\b`_gby�d_evlkdh]h�dZfgy��JZkkqblZg�
gu_�^Zggu_�ijh]jZffZ�\u^Z_l�\�\b^_�]jZnbdh\�b�lZ[ebp�\j_f_gguo�aZ\bkbfhkl_c�dhf�
ihg_gl� m]eh\hc� kdhjhklb�� iheh`_gby� p_gljZ�fZkk� b� lhqdb� dZkZgby� dZfgy� kh� klhehf��
GZ[hj�]jZnbdh\�b�lZ[ebp�^ey�\u\h^Z�aZ^Z_lky�ihevah\Zl_e_f�� 

<� j_amevlZl_� ijh\_^_gguo� qbke_gguo� wdki_jbf_glh\� m^Zehkv� ihdZaZlv�� qlh�� \�
hlebqb_�hl�\heqdZ�LhfkhgZ�>����@��hkh[_gghklb�^\b`_gby�d_evlkdh]h�dZfgy�ijhy\eyxl�
ky�\�hlkmlkl\b_�kbeu�lj_gby�kdhev`_gby� 

J_amevlZlu��ihemq_ggu_�k�ihfhsvx�ijh]jZffu��khhl\_lkl\mxl�wdki_jbf_glZf��
ijh\_^_gguf�k�gZklhysbfb�d_evlkdbfb�dZfgyfb�>�@� 

Ebl_jZlmjZ 
1. FZjd__\�:��I��>bgZfbdZ� l_eZ�� khijbdZkZxs_]hky� k� l\_j^hc�ih\_joghklvx��

F���GZmdZ������������k� 
2. DZjZi_lyg� :�<��� Jmfygp_\� <�<�� Mklhcqb\hklv� dhgk_j\Zlb\guo� b�

^bkkbiZlb\guo�kbkl_f��Blh]b�gZmdb�b�l_ogbdb��H[sZy�f_oZgbdZ��F���<BGBLB��������
L���������k� 

3. :e_rd_\bq� <�:��� >_^_gdh� E�=��� DZjZ\Z_\� <�:�� F_oZgbdZ� l\_j^h]h� l_eZ��
E_dpbb��F���Ba^��Nbabq_kdh]h�nZdmevl_lZ�F=M�������]� 

4. Kb\mobg�>��<��H[sbc�dmjk�nbabdb��F���GZmdZ��������L�����F_oZgbdZ������k� 
5. Walker J. The Mysterious “Rattleback”: A Stone That Spins in One Direction and 

Then ReYHUVHV��6FL��$PHU��������9RO������������3�����-149. 
 

 

 

M>D���������� 

DHFIVXL?JG:Y�>?FHGKLJ:PBY 
F?O:GBAF:�<HAGBDGH<?GBY�J:>M=B 

∗;Z]jh\�>�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZibkZgZ�ijh]jZffZ��^_fhgkljbjmxsZy�f_oZgbaf�\hagbdgh\_gby�jZ^m]b��Ijh�
]jZffZ�iha\hey_l�ijhke_^blv�oh^�emq_c�\�dZie_�b�jZkkqblZlv�aZ\bkbfhklv�bgl_gkb\gh�
klb�hl�m]eZ�gZ[ex^_gby�jZ^m]b�k�mq_lhf�dhwnnbpb_glh\�hljZ`_gby�b�ij_ehfe_gby�k\_�
lZ��Ijh]jZffZ�ij_^gZagZq_gZ�^ey�khijh\h`^_gby�e_dpbc�ih�hilbd_� 

<�gZklhys__�\j_fy�\�mgb\_jkbl_lkdhf�dmjk_�hilbdb�g_�bamqZ_lky�lZdh_�yjdh_�b�
djZkb\h_�y\e_gb_�dZd�jZ^m]Z�>�-�@��<�ebl_jZlmj_�ih�h[s_c�nbabd_�wlhl�\hijhk�qZklh�hk�
\_sZ_lky�djZcg_�k`Zlh��Z�bgh]^Z�b�b]ghjbjm_lky�\h\k_��<�lh�`_�\j_fy�jZ^m]hc�ex[h�
\Zeky�dZ`^uc��b�gZ\_jgydZ�g_�jZa�\hagbdZe�\hijhk�h�lhf��dZdbf�h[jZahf�gZ�g_[_�ihy\�
eyxlky�hdjZr_ggu_�ihehku� 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb��� 
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P_evx�jZ[hlu�y\ey_lky�hibkZgb_�b�^_fhgkljZpby�f_oZgbafZ�\hagbdgh\_gby�jZ�
^m]b��>ey�wlh]h�[ueZ�gZibkZgZ�ijh]jZffZ��iha\heyxsZy�ijhke_^blv�oh^�emq_c�\�dZie_�
b�jZkkqblu\ZxsZy�m]he�gZ[ex^_gby��m]he�f_`^m�iZ^Zxsbf�gZ�dZiex�emqhf�b�emqhf��
\ur_^rbf�ba�g__�ihke_�ij_ehfe_gby� �b�hljZ`_gby���>_fhgkljbjm_lky��qlh�emqb��^ey�
dhlhjuo� m]he� gZ[ex^_gby� [ebahd� d� fZdkbfZevghfm�� bf_xl� fbgbfZevgmx� jZkoh^b�
fhklv��Z�agZqbl�b�fZdkbfZevgmx�bgl_gkb\ghklv�\uoh^ys_]h�k\_lZ�>�@��Ijh]jZffZ�qbk�
e_ggh�jZkkqblu\Z_l�aZ\bkbfhklv�bgl_gkb\ghklb�k\_lZ�hl�m]eZ�gZ[ex^_gby��bf_xsmx�
y\guc�fZdkbfmf�ijb�m]eZo�gZ[ex^_gby��[ebadbo�d�fZdkbfZevghfm� 

Ijh]jZffZ�iha\hey_l� aZ^Z\Zlv�ihdZaZl_ev�ij_ehfe_gby�b�^_fhgkljbjm_l�ihjy�
^hd� ke_^h\Zgby� p\_lh\� \� jZ^m]_��>ey� [he__� lhqguo� jZkq_lh\� ij_^mkfhlj_gZ� \hafh`�
ghklv�bkihevah\Zgby�dhwnnbpb_glh\�ij_ehfe_gby�b�hljZ`_gby�ih�nhjfmeZf�Nj_g_ey��
J_amevlZlu�\uqbke_gbc�ijh]jZffZ�\u\h^bl�gZ�wdjZg�\�\b^_�]jZnbdh\� 

LZdbf� h[jZahf�� ijh]jZffZ� iha\hey_l� dZq_kl\_ggh� b� dhebq_kl\_ggh� hibkZlv�
ijhp_kku��k\yaZggu_�k�\hagbdgh\_gb_f�jZ^m]b� 

Ebl_jZlmjZ 
1. EZgk[_j]�=�K��HilbdZ��F��NbafZlebl�������]� 
2. FZl\__\�:�G��HilbdZ��F��<ukrZy�rdheZ�������]� 
3. Kb\mobg�>�<��H[sbc�dmjk�nbabdb��F���GZmdZ��L�����HilbdZ������]� 
4. LZjZkh\�E��<���LZjZkh\Z�:��G��;_k_^u�h�ij_ehfe_gbb�k\_lZ��F���GZmdZ�������]� 

 

 

 

M>D������ 

FH>?EB�A:>:Q�;BHNBABDB�<�DHFIVXL?JGHF�IJ:DLBDMF? 

>hdmdbgZ�B�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Hkgh\gufb�p_eyfb�ij_^eZ]Z_fh]h�dhfivxl_jgh]h�ijZdlbdmfZ�y\eyxlky�^_fhg�
kljZpby�b�bamq_gb_�nbabq_kdbo�y\e_gbc��ijhp_kkh\�b�jZ[hlu�k�ihgylbyfb��dhlhju_�k�
ljm^hf�\hkijbgbfZxlky�b�mk\Zb\Zxlky�klm^_glZfb�ijb�ijhkemrb\Zgbb�e_dpbb�[_a�^_�
fhgkljZpbc�b�ijhql_gbb�khhl\_lkl\mxs_c�ebl_jZlmju��Z�lZd`_�agZdhfkl\h�klm^_glh\�k�
kh\j_f_ggufb�bkke_^h\Zgbyfb��ijh\h^ysbfbky�\�jZaebqguo�h[eZklyo�nbabdb�� 

<�ihke_^g__�\j_fy�ijb�j_r_gbb�kh\j_f_gguo�aZ^Zq�nbabdb�\k_�qZs_�gZqbgZxl�
ihevah\Zlvky�ZiiZjZlhf�g_ebg_cghc�^bgZfbdb��D�dexq_\uf�ihgylbyf�g_ebg_cghc�^b�
gZfbdb�fh`gh� hlg_klb� lZdb_�ihgylby�� dZd�nZah\Zy�iehkdhklv��nZah\uc�ihjlj_l�� hlh�
[jZ`_gb_�ImZgdZj_��[bnmjdZpby��oZhlbq_kdh_�^\b`_gb_��ij_^_evguc�pbde��h]jZgbq_g�
guc�oZhk��ZlljZdlhj�b�l�^��Hiul�ihdZau\Z_l��qlh�[hevrbgkl\h�wlbo�ihgylbc�\�hlkmlkl�
\b_�ijZdlbq_kdbo�aZgylbc�mk\Zb\Z_lky�klm^_glZfb�gZ�mjh\g_�hij_^_e_gbc�� 

Ij_^f_lhf� bkke_^h\Zgby� h^ghc� ba� hlghkbl_evgh� gh\uo� h[eZkl_c� [bhnbabdb��
ihemqb\r_c�gZa\Zgb_�©de_lhqgZy�kb]gZebaZpbyª�>�@��y\eyxlky�fhe_dmeyjgu_�f_oZgba�
fu�j_]meypbb�de_lhqgh]h�f_lZ[hebafZ�\g_rgbfb�kb]gZeZfb��g_kmsbfb�\�de_ldm�bg�
nhjfZpbx�� 

IZjZdjbggZy�f_`de_lhqgZy�k\yav�ihkj_^kl\hf�hkpbeeypbc�dZevpby�[ueZ�hldju�
lZ�kjZ\gbl_evgh�g_^Z\gh� >�@��Fh^_ev��dZq_kl\_ggh�hibku\ZxsZy�wlhl�f_oZgbaf��[ueZ�
kha^ZgZ�\������]h^m�>�@��>ey�hibkZgby�\gmljbde_lhqghc�^bgZfbdb�dZevpby�[ueZ�\aylZ�
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fh^_ev��hibkZggZy�\�jZ[hl_�>�@��Bkke_^h\Zgb_�kb]gZebaZpbb�dZevpby�y\ey_lky�ZdlmZev�
guf�\hijhkhf�kh\j_f_gghc�[bhnbabdb��lZd�dZd�fgh]b_�de_lhqgu_�ijhp_kku��\�dhlhjuo�
Zdlb\gh�mqZkl\m_l�dZevpbc��d�gZklhys_fm�\j_f_gb�bkke_^h\Zgu�g_^hklZlhqgh��LZd�dZd�
fh^_ev�� hibkZggZy� \� jZ[hl_� >�@�� y\ey_lky� hkgh\hiheZ]Zxs_c� ijb� bamq_gbb� \hijhkh\�
kb]gZebaZpbb� dZevpby�� [ueh� j_r_gh� \dexqblv� __� ih^� gZa\Zgb_f� ©<gmljbde_lhqgu_�
hkpbeeypbb� 2Ca + ª�\�khklZ\�ijZdlbdmfZ� 

LZd`_�wlZ�aZ^ZqZ�iha\hey_l�gZ�dhgdj_lghf�[bhnbabq_kdhf�ijbf_j_�ijhbeexkl�
jbjh\Zlv� bkihevah\Zgb_� ZiiZjZlZ� g_ebg_cghc� ^bgZfbdb�� Mkeh\by�� ijb� dhlhjuo� gZ�
qZevgh_� m\_ebq_gb_� \g_rg_c� klbfmeypbb� ijb\h^bl� d� \hagbdgh\_gbx� i_jbh^bq_kdbo�
ibdh\�dhgp_gljZpbb� 2Ca + �\�pblhieZaf_�fh`gh�gZclb�\�j_amevlZl_�ZgZebaZ�ih\_^_gby�
kbkl_fu�gZ�nZah\hc�iehkdhklb� 2 1( )Y Y ��]^_� 2Y  –�\gmljbde_lhqgZy�dhgp_gljZpby� 2Ca + ��Z�

1Y  –�dhgp_gljZpby� 2Ca + �\�pblhieZaf_��<_ebqbgZ�hkpbeeypbc� 2Ca + �aZ\bkbl�hl�iZjZf_l�

jZ� β ��dhlhjuc�hibku\Z_l�\ebygb_�baf_g_gby�dhgp_gljZpbb�\g_rg_]h�]hjfhgZevgh]h�

klbfmeZ�b�e_`bl�\�ijhf_`mld_� min maxβ β β< < ��LZdbf�h[jZahf��gZ[ex^Zxlky�^\_�[b�

nmjdZpbb�i_j_oh^Z�ba�klZpbhgZjgh]h�j_`bfZ�\�dhe_[Zl_evguc�ijb� minβ β= �b�h[jZlgh�

ijb� maxβ β= ��QZklhlZ�hkpbeeypbc�aZ\bkbl�hl�agZq_gby�iZjZf_ljZ� β .  

Klm^_glZf�ij_^eZ]Z_lky�bkke_^h\Zlv�
gZebqb_�hkpbeeypbc� 2Ca + �\�aZ\bkbfhklb�hl�
nmgdpbb�gZkus_gby��ihemqblv�[bnmjdZpb�
hggu_� agZq_gby� iZjZf_ljZ� nmgdpbb� gZku�
s_gby�� Z� lZd`_� bkke_^h\Zlv� aZ\bkbfhklv�
i_jbh^Z� b� Zfieblm^u� hkpbeeypbc� k\h[h^�
gh]h�pblhieZafZlbq_kdh]h� 2Ca + �b�hkpbeey�
pbc� 2Ca + � \� 3InsP -g_qm\kl\bl_evghc� pbk�

l_jg_�hl�nmgdpbb�gZkus_gby� 
>ey� bkke_^h\Zgby� mklhcqb\hklb�

^bnn_j_gpbZevguo�mjZ\g_gbc�\�jZaghklghc�
nhjf_�qZklh�ihevamxlky�f_lh^hf� ©e_klgb�
pu�EZf_j_yª�>�@��JZ[hlm�wlh]h�f_lh^Z�fh`�
gh�ijhbeexkljbjh\Zlv�gZ�h^ghf�ba�ba\_kl�
guo� mjZ\g_gbc� [bhnbabdb�� hibku\Zxs_f�
^bgZfbdm�ihimeypbc�–�^bkdj_lghf�ZgZeh]_�
mjZ\g_gby� N_joxevklZ��

1 exp{ (1 )}t
t t

N
N N r

K+ = − �� Ijb� wlhf� lZd`_�

^_fhgkljbjmxlky� hkgh\gu_� ihgylby� g_eb�
g_cghc�^bgZfbdb� 

<� k\yab� k� wlbf� aZ^ZqZ� ©>bkdj_lgh_�
mjZ\g_gb_�N_joxevklZª� lZd`_� [ueZ� \dex�
q_gZ�\�khklZ\�ijZdlbdmfZ� 

Ijb� bkke_^h\Zgbb� ^bgZfbdb� qbk�
e_gghklb� ihimeypbc� gZb[he__� \Z`guf� y\�
ey_lky� gZoh`^_gb_� khklhygbc� mklhcqb\h]h�
b�g_mklhcqb\h]h�jZ\gh\_kby�� Z� lZd`_�dZq_�
kl\_ggh_� bkke_^h\Zgb_� ^bgZfbdb� qbke_g�
ghklb� ihimeypbb��G_ihkj_^kl\_ggh_� j_r_�
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gb_� ^bkdj_lgh]h� g_ebg_cgh]h� mjZ\g_gby�N_joxevklZ� ij_^klZ\ey_l� g_dhlhjmx� keh`�
ghklv�b�y\ey_lky��\�^Zgghf�kemqZ_��g_hijZ\^Zgguf��GZ�nZah\hc�iehkdhklb�lhqdZ�i_j_�
k_q_gby� [bkk_dljbku� i_j\h]h� dhhj^bgZlgh]h� m]eZ� 1t tN N+ = � b� nmgdpbb�

( ) exp{ (1 )}t
t t

N
F N N r

K
= − �hij_^_ey_l�jZ\gh\_kgh_�khklhygb_�kbkl_fu��K�ihfhsvx�©e_�

klgbpu�EZf_j_yª�fh`gh�ihemqblv�oZjZdl_jgu_�dhe_[Zl_evgu_�j_`bfu�^bgZfbdb�qbk�
e_gghklb�ihimeypbb�  

Klm^_glZf�ij_^eZ]Z_lky�bkke_^h\Zlv�^bgZfbdm�qbke_gghklb�ihimeypbb�ijb�jZa�
ebqguo�agZq_gbyo�kdhjhklb�jhklZ� r ��<�dZ`^hf�kemqZ_�klm^_glu�hij_^_eyxl�lbi�j_`b�
fZ�^bgZfbdb��fhghlhgguc�jhkl��dhe_[Zgby��pbdeu�jZaebqghc�^ebgu�b�l��^��� 

:\lhj� \ujZ`Z_l� bkdj_ggxx� [eZ]h^Zjghklv� k\h_fm� gZmqghfm� jmdh\h^bl_ex�
k�g�k��=jZqz\m�?�:��aZ�ihklZgh\dm�aZ^Zqb�b�dhgkmevlZpbb� 

Ebl_jZlmjZ 
1. Nbebih\� I�I�� �DZd� \g_rgb_� kb]gZeu� i_j_^Zxlky� \gmljv� de_ldb���

Khjhkh\kdbc�h[jZah\Zl_evguc�`mjgZe������������ 
2. Hofer A.M., Curci S., Doble M.A., Brown E.M., Soybel D.I. "Intercellular com-

munication mediated by the extracellular calcium-sensing receptor". Nature Cell Biol. 2000. 
\textbf{7.} P. 392-398. 

3. Gracheva M.E., Gunton J.D. "Intercellular communication via intracellular cal-
cium oscillations". J. Theor. Biol. 2003. 

4. Goldbeter A., Dupont G., Berridge M.J. "Minimal model for signal-induced 2Ca +  
oscillations and for their frequency encoding through protein phosphorilation". Proc. Natl. 
Acad. Sci. USA. 1990. 87. P. 1461-1465. 

5. Jbagbq_gdh�=�X��E_dpbb�ih�fZl_fZlbq_kdbf�fh^_eyf�\�[bheh]bb��QZklv����
B`_\kd��GBP��J_]meyjgZy�b�oZhlbq_kdZy�^bgZfbdZ�������� 
 

 

 

M>D���� 

DE?LHQGU?�:<LHF:LU�–�H;J:;HLD:�>:GGUO 
<�DHFIVXL?JGHF�IJ:DLBDMF? 

K_j`Zg�;�E���>hdmdbgZ�B�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

EZ[hjZlhjguc� ijZdlbdmf� y\ey_lky� g_hlt_fe_fhc� qZklvx� ex[h]h�nbabq_kdh]h�
dmjkZ� b� ij_ke_^m_l� g_kdhevdh� p_e_c��Kj_^b� gbo�nhjfbjh\Zgb_� mf_gbc� gZ[ex^Zlv� b�
h[tykgylv�nbabq_kdb_�y\e_gby��ihevah\Zlvky�nbabq_kdbfb�ijb[hjZfb�b�bgkljmf_glZ�
fb��h[jZ[Zlu\Zlv�j_amevlZlu�baf_j_gbc�b�^_eZlv� \u\h^u�gZ�hkgh\_� wdki_jbf_glZev�
guo�^Zgguo��<f_kl_�k�l_f��\hafh`ghklb�eZ[hjZlhjgh]h�ijZdlbdmfZ�h]jZgbq_gu� 

Dhfivxl_j�iha\hey_l�fh^_ebjh\Zlv�ijhp_kk�ijh\_^_gby�wdki_jbf_glZ�ijZdlb�
q_kdb�ba�ex[hc�h[eZklb�nbabdb��Ijb�fh^_ebjh\Zgbb�nbabq_kdbo�ijhp_kkh\�gZ�dhfiv�
xl_j_� h[mq_gb_�nbabq_kdbo� ihgylbc�� y\e_gbc� b� ijhp_kkh\� klZgh\blky� [he__� gZ]ey^�
guf� 
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<�k\yab�k�wlbf�p_e_khh[jZaguf�y\ey_lky�bkihevah\Zgb_�eZ[hjZlhjgh]h�ijZdlb�
dmfZ��hj]Zgbah\Zggh]h�k�ihfhsvx�dhfivxl_jZ�b�bgnhjfZpbhgguo�l_ogheh]bc� 

Hlf_lbf�lZd`_��qlh�klm^_glh\�g_h[oh^bfh�agZdhfblv�k�kh\j_f_ggufb�bkke_^h�
\Zgbyfb��ijh\h^ysbfbky�\�jZaebqguo�h[eZklyo�nbabdb� 

<�ihke_^gb_�^\Z�^_kylbe_lby�[mjgh�jZa\b\Z_lky�gh\Zy�gZmdZ�–�kbg_j]_lbdZ� >�@��
ij_^f_lhf� dhlhjhc� y\ey_lky� dhee_dlb\gh_� ih\_^_gb_� [hevrbo� kbkl_f� \aZbfh^_ckl�
\mxsbo�h[t_dlh\��ijbq_f�kbkl_f�g_jZ\gh\_kguo�b�hldjuluo��lh�_klv�h[f_gb\Zxsboky�
kh�k\hbf�hdjm`_gb_f�b�wg_j]b_c��b�\_s_kl\hf��b�bgnhjfZpb_c��Yjdbf�ijbf_jhf�lZdhc�
kbkl_fu�y\ey_lky�`b\hc�hj]Zgbaf�>�@� 

G_hlt_fe_fhc�khklZ\eyxs_c�qZklvx�`bag_^_yl_evghklb�ldZg_c�y\ey_lky�we_d�
ljbq_kdZy� Zdlb\ghklv� ldZg_c� >�@��dZd� kihglZggZy�� lZd�b�\ua\ZggZy�jZaebqgufb�\g_r�
gbfb� ijbqbgZfb��We_dljbq_kdZy� Zdlb\ghklv� fh`_l� kem`blv� aZimkdZxsbf�nZdlhjhf�
^ey� ^jm]bo� ijhp_kkh\�� gZijbf_j� fur_qgh]h� khdjZs_gby�� ?_� gZjmr_gby� beb� i_j_�
kljhcdZ�f_`^m�__�jZaebqgufb�ghjfZevgufb�j_`bfZfb�y\eyxlky�djZcg_�bgl_j_kguf�
ij_^f_lhf� ^ey� bkke_^h\Zgbc�� wdki_�
jbf_glZevguo� b� l_hj_lbq_kdbo�� ijb�
deZ^guo�b�nmg^Zf_glZevguo�� 

Ba� wlbo� khh[jZ`_gbc� [ueh� j_�
r_gh�\dexqblv�\�khklZ\�dhfivxl_jgh�
]h� ijZdlbdmfZ� bamq_gb_� de_lhqgh-
Z\lhfZlghc� fh^_eb� we_dljbq_kdhc� Zd�
lb\ghklb� ]eZ^dhfur_qghc� ldZgb� >�@��
hibku\Zxs_c� kZfu_� h[sb_� k\hckl\Z�
ldZgb�� khklZ\eyxsbo� __� de_lhd� b� bo�
\aZbfh^_ckl\by� 

Klm^_glZf� ij_^eZ]Z_lky� gZ� hk�
gh\Zgbb� ijhkl_cr_c� j_ZebaZpbb� wlhc�
fh^_eb� ijhgZ[ex^Zlv� aZ� `bag_^_y�
l_evghklvx� g_[hevrh]h� mqZkldZ� ]eZ^�
dhfur_qghc�ldZgb�b�ijh\_klb�baf_j_�
gby� we_dljbq_kdhc� Zdlb\ghklb� wlh]h�
mqZkldZ�� � <� qZklghklb�� k� ihfhsvx�
ij_^eh`_gghc� ijh]jZffu� klm^_glu�
fh]ml� h[gZjm`blv� g_kdhevdh� oZjZd�
l_jguo�mklhcqb\uo�j_`bfh\�^bgZfbdb�
fh^_eb��Z�bf_ggh�j_`bf�\hegh\hc�Zd�
lb\ghklb��j_`bf�©[em`^Zxsbo�h]g_cª�
b�j_`bf�©j_\_j[_jZlhjª��jbk����� 

Djhf_� lh]h�� ihe_agh� bkke_^h�
\Zlv� aZ\bkbfhklv�g_dhlhjuo� klZlbklb�
q_kdbo� oZjZdl_jbklbd� fh^_evguo� kb]�
gZeh\�hl�iZjZf_ljh\�fh^_eb��<�dZq_kl�
\_� bkke_^m_fuo� oZjZdl_jbklbd� fh`gh�
\u[jZlv�� gZijbf_j�� wgljhibx� �jbk�����
kj_^gb_� qZklhlu� ki_dljZ� fhsghklb��
dhjj_eypbhggu_� nmgdpbb�� iehlghklv�
\_jhylghklb� jZkij_^_e_gby� agZq_gbc�
kb]gZeZ�� 

 
Jbk�����J_`bf�©j_\_j[_jZlhjª 

 
 
Jbk����Kf_gZ�j_`bfZ�^bgZfbdb�fh^_eb 
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<u[hj�^Zgghc�fh^_eb�h[mkeh\e_g�l_f��qlh�__�bkihevah\Zgb_�iha\hey_l�ihemqblv�
agZqbl_evgh� [he__� ih^jh[gmx� dZjlbgm�`bag_^_yl_evghklb� ldZgb�� q_f�bf_xsb_ky�gZ�
l_dmsbc�fhf_gl�wdki_jbf_glZevgu_�f_lh^u� 

Ebl_jZlmjZ 
1. Ijb]h`bg�B���Kl_g]_jk�B��Ihjy^hd�ba�oZhkZ��F��W^blhjbZe�MJKK������� 
2. Debfhglh\bq� X�E�� KlZlbklbq_kdZy� l_hjby� hldjuluo� kbkl_f�� l��-3.  

F���Ygmk������������������� 
3. I�=�� ;h]Zq�� E�<�� J_rh^vdh�� :e]hjblfbq_kdb_� b� Z\lhfZlgu_� fh^_eb�

^_yl_evghklb�]eZ^dbo�furp��–�Db_\��GZmdh\Z�^mfdZ������� 
4. K_j`Zg� ;�E��� <Zkbev_\� <�:��� =jZqz\� ?�:�� De_lhqgh-Z\lhfZlgZy� fh^_ev�

we_dljbq_kdhc� Zdlb\ghklb� ]eZ^dhfur_qguo� ldZg_c�� H^bggZ^pZlZy� f_`^mgZjh^gZy�
dhgn_j_gpby�©FZl_fZlbdZ��dhfivxl_j��h[jZah\Zgb_ª��k[hjgbd�l_abkh\�^hdeZ^h\��JO>�
Fhkd\Z-B`_\kd������� 
 

 

 

J:KIJHKLJ:G?GB?�<HA;M@>?GBY 
<�=E:>DHFUR?QGHC�LD:GB�� 

FH>?EBJH<:GB?�F?LH>HF�DE?LHQGUO�:<LHF:LH< 

K_j`Zg�;�E� 

F=M�bf��F�<�Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

We_dljbq_kdZy�\ha[m^bfhklv�`b\uo�ldZg_c�khklZ\ey_l�g_hlt_fe_fmx�qZklv�bo�
`bag_^_yl_evghklb�b�y\ey_lky�hij_^_eyxs_c�^ey�fgh]bo�^jm]bo�ijhp_kkh\��gZijbf_j��
khdjZlbl_evghc�Zdlb\ghklb�furp�beb�jZkijhkljZg_gby�g_j\guo�kb]gZeh\� 

<� ]Zkljhwgl_jheh]bb�rbjhdh�bkihevamxlky�baf_j_gby� we_dljbq_kdhc� Zdlb\gh�
klb� ]eZ^dhfur_qguo� ldZg_c�`_em^dZ� b� dbr_qgbdZ��<� gZklhys__� \j_fy� ijZdlbq_kdb�
\k_�bkihevam_fu_�f_lh^u�h[jZ[hldb�^Zgguo�wlbo�baf_j_gbc�qbklh�wfibjbq_kdb_�b�ih�
a\heyxl�magZlv�lhevdh�fZdjhkdhibq_kdb_�k\hckl\Z�ldZgb��KZfb�baf_j_gby��djhf_�lh]h��
g_�^Zxl�ijhkljZgkl\_ggh-ih^jh[ghc�dZjlbgu�we_dljbq_kdhc�Zdlb\ghklb��lZd�dZd�qbkeh�
bkihevam_fuo�we_dljh^h\�\_kvfZ�fZeh��hl���^h���� 

Hlkx^Z�\hagbdZxl�kjZam�^\_�aZ^Zqb��ijyfZy�–�k�ihfhsvx�fh^_ebjh\Zgby�bkke_�
^h\Zlv�oZjZdl_jgu_�j_`bfu�^bgZfbdb�\ha[m`^_gby�\�]eZ^dhfur_qghc�ldZgb��H[jZl�
gZy�–�hibjZykv�gZ�agZgb_�wlbo�j_`bfh\��jZajZ[hlZlv�lZdhc�f_lh^�qbke_gghc��pbnjh\hc��
h[jZ[hldb�kb]gZeh\��dhlhjuc�iha\hebe�[u�ih�^Zgguf�baf_j_gbc�we_dljbq_kdhc�Zdlb\�
ghklb�\hkklZgh\blv�g_dhlhju_�fbdjhkdhibq_kdb_� �hlghkysb_ky�d�h^ghc�de_ld_��iZjZ�
f_lju��ij_`^_�\k_]h�–�ihjh]�\ha[m^bfhklb�b�oZjZdl_jgu_�\j_f_gZ�\ha[m`^_gby�b�j_n�
jZdl_jghklb�de_lhd��wnn_dlb\ghklv�f_`de_lhqghc�i_j_^Zqb�\ha[m`^_gby� 

>ey�]eZ^dhfur_qghc�ldZgb�dZd�kljmdlmju��khklhys_c�ba�hl^_evguo�k\yaZgguo�
f_`^m�kh[hc�de_lhd��gZb[he__�_kl_kl\_gghc�[m^_l�fh^_ev��ihkljh_ggZy�ba�de_lhqguo�
Z\lhfZlh\��KhagZ\Zy�g_\hafh`ghklv�hljZablv�\�h^ghc�fh^_eb�\k_�ba\_klgu_�k\hckl\Z�
wlhc� ldZgb� b� khklZ\eyxsbo� __� de_lhd�� Z\lhj� ij_^eZ]Z_l�fh^_ev�� hljZ`Zxsmx� ebrv�
gZb[he__�h[sb_� k\hckl\Z��g_dhlhju_� ©Zdkbhfuª� we_dljhnbabheh]bb��dhlhju_�\uihe�
gyxlky� ^ey� ex[uo� ldZg_c� lZdh]h� lbiZ��LZdbfb� ©ZdkbhfZfbª� y\eyxlky� gZebqb_� lj_o�
hkgh\guo�khklhygbc�de_ldb� �\ha[m`^_ggh]h��j_njZdl_jgh]h��khklhygby�ihdhy���ihjh]Z�
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Jbk����J_`bf�©[em`^Zxsbo�h]g_cª 

\ha[m^bfhklb�� gbadhhfguo� dhglZdlh\� f_`^m�
de_ldZfb� b� l�^��<� wlm�fh^_ev� \� dZq_kl\_� iZjZ�
f_ljh\�\oh^yl�\k_�hklZevgu_��\Zjvbjmxsb_�^ey�
dhgdj_lguo� h[jZaph\� ]eZ^dhfur_qghc� ldZgb�
oZjZdl_jbklbdb��LZdbf�h[jZahf��iZjZf_lju�fh�
^_eb� –� g_� lhevdh� qbkeZ�� gh� b�nmgdpbb�� gZijb�
f_j�� aZ\bkbfhklv� lhdZ� ihl_gpbZeZ� ^_ckl\by� hl�
\j_f_gb� 

>ey� i_j\bqgh]h� bkke_^h\Zgby� fh^_eb�
[ue�\u[jZg�djZcg_�ijbfblb\guc�gZ[hj�dhgdj_�
lbabjmxsbo� __�nmgdpbc�b�iZjZf_ljh\��Dhfiv�
xl_jgh_�fh^_ebjh\Zgb_�iha\hebeh�\uy\blv�gZ�
ebqb_�dZd�fbgbfmf�lj_o�mklhcqb\uo�j_`bfh\�
^bgZfbdb�\ha[m`^_gby�\�fh^_eb�–�j_`bf�\he�
gh\hc� Zdlb\ghklb�� j_`bf� ©[em`^Zxsbo� h]�
g_cª��jbk����b�j_`bf�©j_\_j[_jZlhjª��jbk���� 

;ue�ijhfh^_ebjh\Zg�lZd`_�ijhp_kk�ba�
f_j_gby� we_dljbq_kdhc� Zdlb\ghklb� ldZgb� ijb�
ihfhsb� \`b\e_gguo� we_dljh^h\��Ihemq_ggu_�
kb]gZeu�h[jZ[Zlu\Zebkv�jZaebqgufb�kihkh[Z�
fb��\�l�q��kljhbebkv�ki_dljZevgu_�jZkij_^_e_�
gby�fhsghklb�� dhjj_eypbhggu_�nmgdpbb�� \u�
qbkeyeZkv� wgljhiby� kb]gZeZ�� ;ueb� ihkljh_gu�
aZ\bkbfhklb� wlbo� oZjZdl_jbklbd� kb]gZeZ� hl�
iZjZf_ljh\�fh^_eb��Ijbf_j�–�gZ�jbk��� 

Ihemq_ggu_�d�gZklhys_fm�fhf_glm� aZ�
\bkbfhklb� klZlbklbq_kdbo�
oZjZdl_jbklbd� kbkl_fu� hl� __�
iZjZf_ljh\�g_�iha\heyxl�h^�
ghagZqgh� hij_^_eylv� fbdjh�
kdhibq_kdb_�iZjZf_lju�de_l�
db� ih� gZ[ex^Z_fhc� we_dljb�
q_kdhc� Zdlb\ghklb� fh^_eb��
H^gZdh��[ueh�hlf_q_gh� ]eZ\�
gh_� ^hklhbgkl\h� ^Zgghc� fh�
^_eb� –� \hafh`ghklv� gZ[ex�
^Zlv� dZjlbgm� `bag_^_yl_ev�
ghklb� ldZgb� kdhev� m]h^gh�
ih^jh[gh�� :\lhj� gZf_j_g�
ijh^he`Zlv� bkke_^h\Zgb_��
bkihevamy�^ey�dhgdj_lbaZpbb�
fh^_eb� lhqgu_� wdki_jbf_g�
lZevgu_�^Zggu_� 

<�aZdexq_gb_�ohqm�\ujZablv�bkdj_ggxx�[eZ]h^Zjghklv�k\h_fm�gZmqghfm�jmdh�
\h^bl_ex�=jZq_\m�?�:��aZ�dhgkmevlZpbb�b�khljm^gbdm�GBB 

Ebl_jZlmjZ 
1. I�=�� ;h]Zq�� E�<�� J_rh^vdh�� :e]hjblfbq_kdb_� b� Z\lhfZlgu_� fh^_eb�

^_yl_evghklb�]eZ^dbo�furp��–�Db_\��GZmdh\Z�^mfdZ������� 

�

 
Jbk����J_`bf�©j_\_j[_jZlhjª 

 
Jbk����AZ\bkbfhklv�^heb�\ha[m`^_gguo�de_lhd�hl�ihjh]Z�
\ha[m^bfhklb 
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2. Jm[bg� :�;�;bhnbabdZ�� l���� ;bhnbabdZ� de_lhqguo� ijhp_kkh\-� F��� <ukrZy�
rdheZ�����7.  

3. Debfhglh\bq� X�E�� KlZlbklbq_kdZy� l_hjby� hldjuluo� kbkl_f�� ll��-3.  
F���Ygmk������������������� 

4. Marvin M. Schuster. Schuster Atlas of GASTROINTESTINAL MOTILITY in 
Health and Disease. BC Decker Inc, London, 2002. 

5. Marc A.M.T. Verhagen et al. Pitfalls in the analysis of electrogastrographic re-
cordings. – Gastroenterology, August 1999, Volume 117, Number 2, p.453 to p.460. 
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FH>?EBJH<:GB?�L?Q?GBC��<HAGBD:XSBO 
IJB�<OH>?�E?L:L?EVGUO�:II:J:LH<�<�:LFHKN?JM�F:JK: 

Khdheh\Z�F�?� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZ[hlZ�ihk\ys_gZ�jZkq_lZf�l_q_gbc��\hagbdZxsbo�ijb�\oh^_�\ha\jZsZ_fuo�e_�
lZl_evguo� ZiiZjZlh\� \� Zlfhkn_jm�FZjkZ�� <hafh`ghklb� lZdbo� ihe_lh\� \� gZklhys__�
\j_fy� rbjhdh� h[km`^Zxlky�� G_dhlhju_� ^Zggu_� ih� lbibqguf� ljZ_dlhjbyf� ihe_lZ�
kimkdZ_fuo�ZiiZjZlh\�fh`gh�gZclb�\�dgb]_�>�@� 

J_`bf�l_q_gby�\�hdj_klghklb�kimkdZ_fh]h�ZiiZjZlZ�kh�\j_f_g_f�baf_gy_lky�hl�
k\h[h^ghfhe_dmeyjgh]h�^h�j_`bfZ�kiehrghc�kj_^u��aZl_f�kgh\Z�i_j_oh^bl�\�k\h[h^�
ghfhe_dmeyjguc��Khhl\_lkl\_ggh��baf_gy_lky�kdhjhklv�^\b`_gby��iehlghklv�b�l_fi_�
jZlmjZ�kj_^u��Z�lZd`_�\yadhklv�hdjm`Zxs_]h�]ZaZ��>ey�\k_o�lhq_d�ljZ_dlhjbb�l_q_gb_�\�
hdj_klghklb�ZiiZjZlZ�oZjZdl_jbam_lky�[hevrbfb�qbkeZfb�FZoZ� ���-�����j_adbf�i_j_�
iZ^hf� l_fi_jZlmju�\[ebab�eh[h\hc�ih\_joghklb� �����-������D��b�rbjhdbf�^bZiZah�

ghf�qbk_e�J_cghev^kZ�� 2 5Re 10 2.5 10= ÷ ⋅ ���Wlh�^_eZ_l�jZkq_l�l_q_gby�^hklZlhqgh�keh`�
ghc�\uqbkebl_evghc�aZ^Zq_c� 

<� ^Zgghf� bkke_^h\Zgbb� jZkkfZljb\Z_lky� lhevdh� ]b^jh^bgZfbq_kdbc� Zki_dl�
ijh[e_fu�� ihwlhfm� obfbq_kdb_� j_Zdpbb� b� baemq_gb_�� \hagbdZxs__� \� ih]jZgbqghf�
keh_�i_j_^�ZiiZjZlhf�ijb�l_fi_jZlmjZo�k\ur_�10000K ��g_�mqblu\Zxlky� 

JZkq_lu�ijh\_^_gu�gZ�hkgh\_�kbkl_fu�d\Zab]Zah^bgZfbq_kdbo�mjZ\g_gbc��D=>��
k�bkihevah\Zgb_f�qbke_ggh]h�Ze]hjblfZ�>�@��JZg__�D=>�mjZ\g_gby�mki_rgh�bkihevah�
\Zebkv��\�qZklghklb��^ey�jZkq_lZ�l_q_gbc�iehlgh]h�b�jZaj_`_ggh]h�]ZaZ�\�hdj_klghklb�
^bkdZ��jZkiheh`_ggh]h�i_ji_g^bdmeyjgh�gZ[_]Zxs_fm�k\_joa\mdh\hfm�ihlhdm�>�@��Kh�
ihklZ\e_gb_�^Z\e_gby��dhwnnbpb_glZ�lj_gby�b�l_ieh\h]h�ihlhdZ�gZ�i_j_^g_c�ih\_jo�
ghklb�^bkdZ�k�^Zggufb�jZkq_lh\�ih�f_lh^m�Fhgl_-DZjeh�^hdZaZeb�\hafh`ghklv�ijh\_�
^_gby�jZkq_lh\�ih�D=>�fh^_eb�\�h[eZklb�l_q_gbc�k�[hevrbfb�qbkeZfb�FZoZ����b�����\�
rbjhdhf�^bZiZahg_�qbk_e�Dgm^k_gZ� 

LZd�dZd�hkgh\ghc�p_evx�bkke_^h\Zgby�[ue�jZkq_l�l_ieh\uo�ihlhdh\�gZ�eh[h\hc�
ih\_joghklb� ZiiZjZlZ�� _]h� j_ZevgZy�nhjfZ�[ueZ� aZf_g_gZ�mijhs_gghc�–�pbebg^jhf��
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ih\_joghklv�dhlhjh]h�ih^^_j`b\Z_lky�ijb�ihklhygghc�l_fi_jZlmj_� KTw 1500= ��<�hl�

ebqb_� hl� >�@�� ^ey� Z^_d\Zlgh]h� hibkZgby� mf_j_ggh-jZaj_`_ggh]h� ]ZaZ� gZ� eh[h\hc� ih�
\_joghklb� pbebg^jZ� aZ^Z\Zehkv� mkeh\b_� kdhev`_gby� ^ey� kdhjhklb� b� mkeh\b_� kdZqdZ�
l_fi_jZlmju�>�@�� 
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A^_kv� ρ  -�iehlghklv�]ZaZ��T  -�l_fi_jZlmjZ�� τu  -�lZg]_gpbZevgZy�khklZ\eyxsZy�kdhjh�

klb�� R  -�]Zah\Zy�ihklhyggZy�� n
&∂∂  -�ijhba\h^gZy�ih�ghjfZeb�d�]jZgbp_�h[eZklb�h[l_�

dZgby� 
Dhwnnbpb_glu�^bgZfbq_kdhc�\yadhklb�η �b�l_iehijh\h^ghklb�κ �hij_^_eyxlky�

ih�nhjfmeZf� 

η
γ

γκ ⋅
−⋅

⋅=
)1(Pr

R
,   

ω

ηη 





⋅=

∞
∞ T

T
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]^_� γ  -�ihdZaZl_ev�Z^bZ[Zlu��Z�aZ\bkbfhklv�\yadhklb�hl�l_fi_jZlmju�ghkbl�wdkihg_g�

pbZevguc�oZjZdl_j��JZkkfZljb\Z_lky�l_q_gb_�\yadh]h�]ZaZ� 2CO �k�iZjZf_ljZfb�� 4.1=γ , 

737.0Pr = , 634,0=ω  [4]. 

;ueb�ijh\_^_gu�jZkq_lu�^ey�fhf_glh\�\j_f_gb�t �����������������������k_dmg^��
khhl\_lkl\mxsbo� jZaebqguf� lhqdZf� ljZ_dlhjbb� ihe_lZ�� JZkij_^_e_gby� iehlghklb��
l_fi_jZlmju�b�ebgbc�lhdZ�\�hdj_klghklb�pbebg^jZ�kjZ\gb\Zebkv�k�j_amevlZlZfb��ihem�
q_ggufb�ih�^\mf�\ZjbZglZf�f_lh^Z�Fhgl_-DZjeh��DSMC��b�Disiraf� ��ijb\_^_gguf�\�
[5]. 

>ey�h^gh]h�ba�\ZjbZglh\�jZkq_lZ��t=50, Ma ����ijb\_^_f�jZkij_^_e_gb_�iehlgh�
klb� �jbk�����b�l_fi_jZlmju� �jbk�����\^hev�hkb�z�\�kjZ\g_gbb�k�j_amevlZlZfb��ihemq_g�
gufb�ih�ijh]jZff_�Disiraf.  

 

  

Jbk�����JZkij_^_e_gb_�iehlghklb�\^hev�z Jbk�����JZkij_^_e_gb_�l_fi_jZlmju�\^hev�z 
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AgZq_gby�l_ieh\h]h�ihlhdZ�gZ�i_j_^g_c�djhfd_�ZiiZjZlZ��ihemq_ggu_�ijb�jZk�
q_lZo�ih�D=>�kbkl_f_�mjZ\g_gbc��kjZ\gb\Zxlky�kh�agZq_gbyfb��ihemq_ggufb�ih�dbg_�
lbq_kdhfm�Ze]hjblfm�–�\�ijh]jZffguo�j_ZebaZpbyo�Disiraf�b�DSMC���J_amevlZlu�ijb�
\_^_gu�gZ�jbk����\�eh]Zjbnfbq_kdhf�fZkrlZ[_� 

<u\h^u 
D=>� mjZ\g_gby� iha\heyxl� jZkkqblu\Zlv� k\_joa\mdh\u_� l_q_gby� ijb� [hevrbo�

qbkeZo�FZoZ� �^h�����b�[hevrbo�]jZ^b_glZo�iehlghklb�b�l_fi_jZlmju�\[ebab�kl_gdb�\�
rbjhdhf�^bZiZahg_�qbk_e�Dgm^k_gZ� 

<�D=>� Ze]hjblf_� ^ey� ihemq_gby� lhqgh]h� j_r_gby� ijb�fZeuo� qbkeZo� Kn � bk�
ihevamxlky�^hklZlhqgh�ih^jh[gu_�k_ldb��Wlh�ijb\h^bl�d�m\_ebq_gbx�\j_f_gb�kq_lZ��
gh�g_�\ghkbl�ijbgpbibZevguo�ljm^ghkl_c�\�Ze]hjblf�� 

Ijb�mf_j_gguo�qbkeZo�Dgm^k_gZ�jZkq_l�ih�D=>�fh^_eb�mklhcqb\�b�^hklZlhqgh�
lhq_g�^Z`_�gZ�kjZ\gbl_evgh�]jm[uo�k_ldZo�� 

Ijb�qbkeZo�Dgm^k_gZ��ij_\hkoh^ysbo� 0.2Kn = ��D=>�Ze]hjblf�klZgh\blky�g_mk�
lhcqb\uf��qlh�hij_^_ey_lky�ij_^_ehf�_]h�ijbf_gbfhklb��\�^Zgghc�aZ^Zq_� 

Ebl_jZlmjZ 
1. Dh\Ze_\�<�E�� =_l_jh]_ggu_� dZlZeblbq_kdb_� ijhp_kku� \� Zwjh^bgZfbd_��F���

NbafZlebl������� 
2. ?ebaZjh\Z�L�=���Khdheh\Z�F�?��Qbke_gguc�Ze]hjblf�jZkq_lZ�k\_joa\mdh\uo�

l_q_gbc��hkgh\Zgguc�gZ�D=>�mjZ\g_gbyo��<_klgbd�Fhkdh\kdh]h�mgb\_jkbl_lZ��k_jby����
NbabdZ��:kljhghfby��������������F����– 22. 

3. Elizarova T.G., Graur I.A., Chpoun A, Lengrand J.-C. Comparison of Continuum 
and Molecular Approaches for the Flow around a Perpendicular Disk, Proceedings of the 20th 
International Symposium on Shock Waves, Pasadena, USA, Ed. B. Sturtevard, J.E.Sheperd, 
H.G.Hornung. London: World Scientific: Singapore, 1996, p. 795 - 800.  

4. Bird GA. Molecular gas dynamics and the direct simulation of gas flows, Claren-
don Press, Oxford. 1994. 

5. Chabut E., Lengrand J.C. Simulation of ahypersonic flow during a Mars entry. 
Proccedings of the 3th Intern. Symp. Atmospheric Reentry Vehicles and Systems, 24-27 
March,2003, France. ([Arcachon]) 

 

 
 

Jbk�����JZkij_^_e_gb_�l_ieh\h]h�ihlhdZ 
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M>D�������� 

IJ?><:JBL?EVG:Y�H;J:;HLD:�BAH;J:@?GBC 
<�A:>:Q?�DHGLJHEY�D:Q?KL<:�:EF:AGUO�IHJHRDH<  

:iZevdh\�B�<���;molhyjh\�K�K���Khdhe_gdh�?�:���Ojys_\�<�<� 
YjhkeZ\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��I�=��>_fb^h\Z 

>ey�ba]hlh\e_gby�ZefZagh-Z[jZab\gh]h�bgkljmf_glZ�bkihevamxl�ihjhrdb��ih�
emq_ggu_�^jh[e_gb_f�bkoh^gh]h�kujvy�k�ihke_^mxs_c�deZkkbnbdZpb_c�ihjhrdh\�ih�
jZaf_jm�b�nhjf_� [1 ]. A_jgh\hc�khklZ\�b�nhjfm�ZefZaguo�a_j_g�kjZ\gb\Zxl�k�=HKLhf�
9206-80. 

Bah[jZ`_gb_�ihemqZ_f�k�ihfhsvx�pbnjh\h]h�nhlhZiiZjZlZ��ih^dexq_ggh]h�d�
fbdjhkdhim� >ey�m^Ze_gby��bf_xsboky�gZ�bah[jZ`_gbb�f_edbo�rmfh\�p_e_khh[jZagh�
bkihevah\Zlv�f_^bZgguc�nbevlj��Ijb�wlhf�ihemqZ_lky�[he__�]eZ^dh_��ih�kjZ\g_gbx�k�
bkoh^guf�� j_amevlbjmxs__� bah[jZ`_gb_��Ihke_^mxsZy� h[jZ[hldZ� ijh\h^blky� k� ih�
fhsvx� fhjnheh]bq_kdbo� hi_jZpbc�� Hgb� \dexqZxl�� \u^_e_gb_� dhglmjh\� h[t_dlh\��
mlhes_gb_�dhglmjh\�� aZiheg_gb_� [2]. <�j_amevlZl_�ijb\_^_gguo�hi_jZpbc�ihemqZ_lky�
[bgZjgh_�bah[jZ`_gb_��dhlhjh_�kh^_j`bl�fZkdm�jZkiheh`_gby�djbklZeeh\��Ihke_^h\Z�
l_evgh_�mlhgr_gb_�^Z_l�\hafh`ghklv�hp_gblv�jZaf_ju�b�hij_^_eblv�dhhj^bgZlu�a_j_g��
Bkoh^y�ba�wlbo�^Zgguo��dZ`^uc�djbklZee�ih^\_j]Z_lky�^Zevg_cr_c��[he__�lhgdhc��h[�
jZ[hld_��dhlhjZy�\dexqZ_l�hjb_glZpbx�\�khhl\_lkl\bb�k�=HKLhf�^ey�baf_j_gby�^ebg�
ijh_dpbc� 

<�ijb�wdki_jlghc�hp_gd_�bkihevam_lky�g_cjhkbkl_fZ��khklhysZy�ba�^\mo�ih^k_�
l_c��I_j\Zy�ba�gbo�h[jZ[Zlu\Z_l�bgnhjfZpbx��ihemq_ggmx�hl�dZ`^h]h� a_jgZ��<uoh^�
k_lb�kmffbjm_lky�k�[mn_jhf�gZdhie_gby�bgnhjfZpbb�h[�h[jZap_��dhlhjuc�y\blky�\oh�
^hf�^ey�\lhjhc�ih^k_lb��g_ihkj_^kl\_ggh�\ughkys_c�j_r_gb_��<lhjZy�ih^k_lv�aZgbfZ�
_lky�ijbgylb_f�j_r_gby�h�lhf��m^h\e_l\hjy_l�eb�^Zgguc�h[jZa_p�=HKLm�� 

<g_^j_gb_�^Zgghc�kbkl_fu�iha\hebl�agZqbl_evgh�khdjZlblv�\j_fy�hp_gdb�dZq_�
kl\Z�ZefZaguo�ihjhrdh\��Z�lZd`_�ihgbablv�\_jhylghklv�hrb[db�ijb�wdki_jlghc�hp_g�
d_��lZd�dZd�^Zgguc�Ze]hjblf�k\h[h^_g�hl�q_eh\_q_kdh]h�nZdlhjZ� 

JZ[hlZ� \uiheg_gZ� ijb� nbgZgkh\hc� ih^^_j`d_� Jhkkbckdh]h� nhg^Z� nmg^Zf_g�
lZevguo�bkke_^h\Zgbc��]jZgl�����-02-17500) 

Ebl_jZlmjZ� 
1. I_j_jhabg� F�:��� KijZ\hqgbd� ih� ZefZaghc� h[jZ[hld_� kl_deZ�� – F���

FZrbghkljh_gb_��������-����k� 
2. R. Gonzalez, R. Woods, Digital Image Processing. Prentice-Hall, 2002. 793 p. 
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G?CJHK?L?<HC�F?LH>�<HKKL:GH<E?GBY�PBNJH<UO�
BAH;J:@?GBC  

Khdhe_gdh�?�:���:iZevdh\�B�<���Ojys_\�<�<� 
YjhkeZ\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��I�=��>_fb^h\Z 

<� h[s_f� kemqZ_� ijhp_kk� bkdZ`_gby� bah[jZ`_gby�fh`gh� ij_^klZ\blv� ke_^mx�
sbf�h[jZahf�>�@�������� 

),()],([),( yxyxfHyxg η+=                                      (1) 
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A^_kv� ),( yxf  —�\oh^gh_�bah[jZ`_gb_�� ),( yxg  —�bkdZ`zggh_�bah[jZ`_gb_��H 
—�nmgdpby�bkdZ`_gby�� ),( yxη  —�Z^^blb\guc�rmf��AZ^ZqZ�j_dhgkljmdpbb�khklhbl�\�
\hkklZgh\e_gbb�bah[jZ`_gby� ),( yxf �ih�bkdZ`zgghfm�bah[jZ`_gbx� ),( yxg . 

?keb� H� ij_^klZ\ey_l� ebg_cgmx�� bg\ZjbZglgmx� d� k^\b]m� kbkl_fm�� lh� ijhp_kk�
bkdZ`_gby� fh`gh� ij_^klZ\blv� \� \b^_� k\zjldb�� Ijb� wlhf� aZ^ZqZ� k\h^blky� d�
g_h[oh^bfhklb�\uihegblv�^_dhg\hexpbx�^\mo�kb]gZeh\��<�qZklghf�kemqZ_��dh]^Z�h[�
bkdZ`Zxs_f� kb]gZe_�ba\_klgh�� qlh�nZaZ� _]h�Nmjv_-h[jZaZ� jZ\gZ�gmex�� ki_dljZevgZy�
nZaZ� bkdhfh]h� kb]gZeZ� g_� bkdZ`_gZ�� LZdZy� kblmZpby� \klj_qZ_lky�� ih� djZcg_c� f_j_�
ijb[ebabl_evgh��ijb�^ebl_evghf�wdkihgbjh\Zgbb�q_j_a�lmj[me_glgmx�Zlfhkn_jm�beb�\�
kemqZ_�� dh]^Z�bah[jZ`_gby�jZafulu�ba-aZ� kbevghc�^_nhdmkbjh\db�ebgau� k�djm]eufb�
^bZnjZ]fZfb�>�@. 

Ij_^eh`_gguc�^ey�j_r_gby�^Zgghc�aZ^Zqb�bl_jZpbhgguc�f_lh^��ihkljh_gguc�
gZ�Ze]hjblf_�=_jo[_j]Z-AZdklhgZ��bf__l�jy^�g_^hklZldh\��]eZ\guc�ba�dhlhjuo�–�\ukh�
dZy�\uqbkebl_evgZy�keh`ghklv��Gb`_�\�lZ[ebp_�kjZ\gb\Z_lky�\j_fy�ihemq_gby�j_r_�
gby�lj_fy�f_lh^Zfb�gZ�kb]gZevghf�ijhp_kkhj_�ADSP-21160M. 

 

Dhebq_kl\h�lhq_d�\�bah[jZ`_gbb�M 
:e]hjblf 

1024 4096 16384 

=_jo[_j]Z-AZdklhgZ ������fk ������fk �����k 

G_cjhk_l_\hc �����fk ������fk ������fk 

Dhf[bgbjh\Zgguc ������fk ������fk ������fk 
 

GZbf_g__� lj_[h\Zl_e_g� d� \uqbkebl_evguf� j_kmjkZf�g_cjhk_l_\hc�f_lh^��Ijb�
hlkmlkl\bb�rmfZ�f_lh^�=_jo[_j]Z-AZdklhgZ�b�dhf[bgbjh\Zgguc�f_lh^u�^Zxl�lhqgh_�
j_r_gb_��g_�kh^_j`Zs__�hrb[hd��Gh�ihke_^gbc�h[eZ^Z_l��[he__�\ukhdbf�[ukljh^_ckl�
\b_f� 

JZ[hlZ� \uiheg_gZ� ijb� nbgZgkh\hc� ih^^_j`d_� Jhkkbckdh]h� nhg^Z� nmg^Zf_g�
lZevguo�bkke_^h\Zgbc��]jZgl�����-02-17500) 

Ebl_jZlmjZ 
1. R. Gonzalez, R.Woods, Digital Image Processing. Prentice-Hall, 2002. 793 p. 
2. J_dhgkljmdpby�bah[jZ`_gbc��Ih^�j_^Zdpb_c�=�KlZjdZ��F��Fbj������]�������k� 
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>B:=GHKLBD:�IE:AF?GGH=H�DJBKL:EE:�F?LH>HF 
DHFIVXL?JGHC�LHFH=J:NBB 

;mev[Z�:�<� 
I_ljhaZ\h^kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

<�gZklhys__�\j_fy�\_^zlky�bgl_gkb\gh_�bamq_gb_�iue_\uo�kljmdlmj�\�]Zah\uo�
jZajy^Zo�� bkke_^mxlky� mkeh\by� nhjfbjh\Zgby� ³ieZaf_gguo� djbklZeeh\´� b� bo� ijh�
kljZgkl\_ggu_�oZjZdl_jbklbdb� 

>bZ]ghklbdZ�kj_^u�k�ieZaf_gguf�djbklZeehf��\�hkgh\ghf��k\h^blky�d�\bamZev�
ghfm�gZ[ex^_gbx�kljmdlmju�djbklZeeZ�ih�jZkk_ygbx�eZa_jgh]h�baemq_gby�qZklbpZfb��
hdZaZ\rbfbky�\�³eZa_jghf�gh`_´��WlZ�dZjlbgZ�g_�fh`_l�[ulv�^hklZlhqgh�bgnhjfZlb\�
ghc��hkh[_ggh��_keb�qbkeh�qZklbp�\�h[eZd_�fZeh��Ijhkfhlj�`_�ih�jZaebqguf�k_q_gbyf�
qZklh�[_kihe_a_g�ba-aZ�^\b`_gby�qZklbp��Ihemq_gb_�g_kjZ\g_ggh�[he__�iheghc�bgnhj�
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fZpbb�h�ijhkljZgkl\_gghf�jZkij_^_e_gbb�qZklbp�\hafh`gh�ihkj_^kl\hf ijbf_g_gby�
f_lh^Z�dhfivxl_jghc�lhfh]jZnbb� 

P_evx� ^Zgghc� jZ[hlu� [ueh� kha^Zgb_� ijh]jZffgh]h� ijh^mdlZ� b� wdki_jbf_g�
lZevghc� mklZgh\db�� dhlhju_� iha\hebe� [u� ijh\h^blv� ^bZ]ghklbdm� djbklZeeZ�f_lh^hf�
dhfivxl_jghc�lhfh]jZnbb��Ijbf_g_gb_�wlh]h�f_lh^Z�iha\hebl�ihemqZlv�bgnhjfZpbx�
h�ijhkljZgkl\_gghf�jZkij_^_e_gbb�qZklbp��khklZ\eyxsbo�djbklZee��dhgp_gljZpbb��kh�
hlghkblv�j_amevlZlu�k�lbiZfb�djbklZeebq_kdbo�kljmdlmj�l\_j^uo�l_e� 

<�ijh]jZff_�bkihevam_lky�h^bg�ba�ijhkl_crbo��gh�\�lh�`_�\j_fy�gZb[he__�ih^�
oh^ysbo�f_lh^h\�lhfh]jZnbb�– “f_lh^�h[jZlghc�ijh_dpbb” .  

Ijh]jZffZ�iha\hey_l�fh^_ebjh\Zlv�mihjy^hq_ggu_��qZklbqgh�mihjy^hq_ggu_�b�
g_�mihjy^hq_ggu_�kljmdlmju��\uqbkeylv�ijh_dpbb�aZ^Zggh]h�k_q_gby�ijb�ex[hf�m]e_�
ih\hjhlZ� djbklZeeZ� �ih\hjhlu� hlghkbl_evgh� hkb� djbklZeeZ��� \hkklZgZ\eb\Zlv�fh^_eb�
ieZaf_ggh]h� djbklZeeZ� f_lh^hf� dhfivxl_jghc� lhfh]jZnbb�� h[jZ[Zlu\Zlv� j_Zevgu_�
^Zggu_��<Z`guf�fhf_glhf�y\ey_lky�lh��qlh�\�ijh]jZff_�ij_^mkfhlj_gZ�ihijZ\dZ�gZ�
g_iZjZee_evghklv�emq_c��nhjfbjmxsbo�ijh_dpbx��WlZ�ihijZ\dZ�ijbgpbibZevguc�fh�
f_gl� \� aZ^Zq_� lhfh]jZnbb� ieZaf_ggh]h� djbklZeeZ�� l�d�� \� Ze]hjblfZo� lhfh]jZnbb� g_�
mqblu\Z_lky�\ebygb_�hilbq_kdhc�kbkl_fu�� 

Ihke_� hij_^_e_gby� dhhj^bgZl� qZklbp� b� bo� jZaf_jh\� ij_^mkfhlj_gZ� \hafh`�
ghklv�nbevljZpbb�eh`guo�qZklbp��NbevljZpby�hkms_kl\ey_lky�imlzf�kjZ\g_gby�h[jZ�
[hlZgguo�ijh_dpbc�b�ijh_dpbc�\uqbke_gguo�k�m`_�\hkklZgh\e_ggh]h�h[t_dlZ��qlh�ih�
a\hey_l�^h[blvky�ijZdlbq_kdb�ihegh]h�bkdexq_gby�eh`guo�qZklbp� 

J_amevlZl� h[jZ[hldb� fh`gh� kjZam� hp_gblv� \bamZevgh�� l�d�� \hkklZgh\e_ggZy�
kljmdlmjZ�\u\h^blky�\��-o�f_jghf�\b^_��wlh�h[_ki_qb\Z_lky��[eZ]h^Zjy�bkihevah\Zgbx�
klZg^Zjlghc�]jZnbq_kdhc�[b[ebhl_db�OpenGL���<k_�j_amevlZlu��fh]ml�[ulv�khojZg_gu�
\�nhjfZl_�BMP�beb�³txt”. 

Wdki_jbf_glZevgZy�mklZgh\dZ�^ey�ijh\_^_gby�lhfh]jZnbq_kdh]h�wdki_jbf_glZ�
ij_^klZ\ey_l�kh[hc�kbkl_fm�ba��-o�kbgojhgbabjh\Zgguo�pbnjh\uo�nhlhZiiZjZlh\�\u�
khdh]h�jZaj_r_gby�k�h[t_dlb\Zfb�^ey�fZdjhkt_fdb��Kbkl_fZ�jZkiheh`_gZ�\hdjm]�]Zah�
jZajy^ghc�ljm[db��=ZahjZajy^gZy�ljm[dZ�mklZgh\e_gZ�\_jlbdZevgh�b�bf__l�\gmlj_ggbc�
^bZf_lj�����kf��Ijhf_`mlhd�f_`^m�we_dljh^Zfb����kf� FZdjhqZklbpu� 32OAL ��nhjfb�
jmxsb_�djbklZee��bg`_dlbjmxlky�k�\_jog_]h�dhgpZ�ljm[db��Lbibqgu_�iZjZf_lju�wdk�
i_jbf_glZ��jZaf_j�h[eZdZ�qZklbp�ijb[ebabl_evgh���kf��^bZf_lj�qZklbpu�g_�[he__�q_f�
������kf� �bah[jZ`_gb_�qZklbp�–�iylgZ��\hagbdZxsb_�ba-aZ�]_hf_ljbq_kdh]h�jZafulby� 
hl^Ze_gguo�hl�p_gljZ�djbklZeeZ��qZklbp���kj_^g__�jZkklhygb_�f_`^m�qZklbpZfb�- 0.01-
0.04 cm. 

<�jZ[hl_�ihdZaZgZ�\hafh`ghklv�j_Zevgh]h�wdki_jbf_glZ��IhdZaZgh�ij_bfms_kl�
\h�f_lh^Z�lhfh]jZnbb�i_j_^�gZ[ex^_gb_f�qZklbp�djbklZeeZ�\�eZa_jghf�gh`_��Ihemq_�
gu�i_j\u_�j_Zevgu_� wdki_jbf_glZevgu_�j_amevlZlu��>ey�gZ[ex^Z_fh]h�ieZaf_ggh]h�
djbklZeeZ�hij_^_ezg�lbi�djbklZeebq_kdhc�j_r_ldb�� 

 

 

 

M>D�������� 

DHFIVXL?JG:Y�H;MQ:XS:Y�IJH=J:FF:�IH�LHFH=J:NBB 

;mev[Z�:�<� 
I_ljhaZ\h^kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

H^gbf� ba� kh\j_f_gguo�f_lh^h\� ^bZ]ghklbdb� ieZafu� y\ey_lky�f_lh^� j_dhgkl�
jmdlb\ghc�dhfivxl_jghc�lhfh]jZnbb��Lhfh]jZnbq_kdbc�ih^oh^�iha\hey_l�k�^hklZlhq�
gh�\ukhdhc�kl_i_gvx�lhqghklb�hij_^_eylv�ehdZevgu_�oZjZdl_jbklbdb�bkke_^m_fuo�g_�
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h^ghjh^guo�ieZaf_gguo�h[t_dlh\��qlh�^Zzl�rbjhdb_�\hafh`ghklb�\�ihgbfZgbb�nbab�
q_kdbo�ijhp_kkh\��ijhl_dZxsbo�\�wlbo�h[t_dlZo��DZq_kl\h�j_dhgkljmdpbb�kms_kl\_ggh�
aZ\bkbl�hl�lZdbo�nZdlhjh\��dZd�qbkeh�gZijZ\e_gbc�gZ[ex^_gby��jZdmjkh\���dhebq_kl\h�
^_l_dlbjmxsbo�mkljhckl\��mklhcqb\hklv�Ze]hjblfZ�d�rmfZf�� 

Qbke_ggh_� fh^_ebjh\Zgb_� iha\hey_l� hij_^_eblv� hilbfZevgu_� mkeh\by� ihklZ�
gh\db�lhfh]jZnbq_kdh]h�wdki_jbf_glZ� 

<�k\yab�k�wlbf�\hagbdeZ�aZ^ZqZ�\�kha^Zgbb�h[mqZxs_]h�ijh]jZffgh]h�h[_ki_q_�
gby��dhlhjh_�iha\hebeh�[u�imlzf�fh^_ebjh\Zgby��ihagZdhfblv�klm^_glZ�k�g_dhlhjufb�
Ze]hjblfZfb�\uqbkebl_evghc�lhfh]jZnbb�b�mkeh\byfb�ijh\_^_gby�lhfh]jZnbq_kdh]h�
wdki_jbf_glZ� 

JZajZ[hlZggZy�h[mqZxsZy�ijh]jZffZ� ³Tomographý��iha\hey_l�\uqbkeylv�ijh�
_dpbb�kha^Z\Z_fuo�fZl_fZlbq_kdbo�fh^_e_c�g_h^ghjh^guo�ieZaf_gguo�h[t_dlh\��gZ�
]ey^gh�^_fhgkljbjh\Zlv�\hkklZgh\e_gb_�hk_kbff_ljbqguo�b�Zkbff_ljbqguo�h[t_dlh\�
ijb�\u[jZgghf�qbke_�ijh_dpbc��jZdmjkh\�gZ[ex^_gby���gZdeZ^u\Zlv�gZ�ijh_dpbb�rm�
fu�� k]eZ`b\Zlv� gZdeZ^u\Z_fu_� rmfu�� ij_^klZ\eylv� j_amevlZlu� \hkklZgh\e_gby� \�
ljzof_jghf� \b^_�� \hkihevah\Z\rbkv� ghjfbjh\dhc�� hij_^_eylv� lhqghklv� \hkklZgh\e_�
gby��ijh\h^blv�h[sbc�ZgZeba�aZ\bkbfhklb�lhqghklb�\hkklZgh\e_gby�h[t_dlZ�hl�qbkeZ�
ijh_dpbc��<�ijh]jZff_�[hevrh_�\gbfZgb_�m^_e_gh�\bamZebaZpbb�bamqZ_fh]h�fZl_jbZ�
eZ��<�Help�ijh]jZffu�\oh^bl�ih^jh[gZy�f_lh^bqdZ�k�\udeZ^dZfb�hkgh\guo�nhjfme� 

JZ[hlZ�j_Zebah\ZgZ�gZ�hkgh\_�h^gh]h�ba�kZfuo�fhsguo�ZgZeblbq_kdbo�kihkh[h\�
j_r_gby� aZ^Zqb�\hkklZgh\e_gby� -�ij_h[jZah\Zgby�Nmjv_� -�b�\ul_dZxsb_�ba�g_]h�\u�
qbkebl_evgu_�f_lh^u�g_ihkj_^kl\_ggh�bkihevah\Zgu�\�wlhc�ijh]jZff_��³f_lh^�h[jZl�
ghc�ijh_dpbb´�b�³nbevljZpby�k\_jldhc´� 

G_kfhljy�gZ�lh��qlh�f_lh^�h[jZlghc�ijh_dpbb�\hkklZgZ\eb\Z_l�bah[jZ`_gb_�kh�
agZqbl_evgufb� eh`gufb� kb]gZeZfb�b� \�gZklhys__� \j_fy�g_�ijbf_gy_lky�� hg�ijb\h�
^blky�ihlhfm��qlh�hq_gv�ijhkl��bglmblb\gh�ihgyl_g��gZr_e�ijbf_g_gb_�\�i_j\uo�wdk�
i_jbf_glZo�b��kZfh_�]eZ\gh_��\oh^bl�\�khklZ\�lhqguo�hkgh\guo�f_lh^h\��Djhf_�lh]h��
ij_^klZ\ey_lky�\hafh`ghklv�gZ]ey^gh�kjZ\gblv�h[Z�kihkh[Z�\hkklZgh\e_gby� 

F_lh^�`_�h[jZlgh]h�ijh_pbjh\Zgby�k�nbevljZpb_c�bkihevam_lky�\h�fgh]bo�kh�
\j_f_gguo�j_gl]_gh^bZ]ghklbq_kdbo�lhfh]jZnh\�b��lZdbf�h[jZahf��k�qbklh�mlbeblZj�
ghc�lhqdb�aj_gby�b]jZ_l�hkh[mx�jhev�� 

Djhf_�lh]h��ij_^klZ\e_g�f_lh^�³wavelet�nbevljZpby´� 
LZd`_�\�ijh]jZff_�j_Zebah\Zgu�^\Z�bl_jZpbhgguo�f_lh^Z�lhfh]jZnbb��Ze]_[�

jZbq_kdbc�f_lh^�\hkklZgh\e_gby��ART– Algebraic Reconstruction Technigues��beb�ihem�
q_\Zy�dhjj_dpby�b�bl_jZpbhgguc�f_lh^�gZbf_gvrbo�d\Z^jZlh\� �ILST - Iterative Least-
Squares Technique��beb�h^gh\j_f_ggZy�dhjj_dpby� 

>_fhgkljZpby�jZ[hlu�dZd�ZgZeblbq_kdbo��lZd�b�bl_jZpbhgguo�f_lh^h\��^Z_l�[h�
e__� ihegh_� ij_^klZ\e_gb_� h� \uqbkebl_evghc� lhfh]jZnbb�� l�d�� bf_ggh� hgb� ihemqbeb�
gZb[hevr__�jZkijhkljZg_gb_�\�jZaebqguo�ijbeh`_gbyo�b�ku]jZeb�\Z`gmx�jhev�\�jZa�
\blbb�lhfh]jZnbb� 

Ijh]jZffZ� j_Zebah\ZgZ� gZ� Delphi�� k� ijbf_g_gb_f� ]jZnbq_kdhc� [b[ebhl_db�
OpenGL. 

<� gZklhys__� \j_fy� ijh]jZffZ� bkihevam_lky� ^ey� h[mq_gby� klm^_glh\� \� dmjk_�
³Hilbq_kdb_�f_lh^u�^bZ]ghklbdb�ieZafu´� 

Ijh]jZffZ mki_rgh ij_^klZ\e_gZ gZ dhgn_j_gpbb Education and Training in Op-
tics and Photonics (ETOP), Tucson, Arizona October 5-9, 2003. 
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M>D���������������� 

I?J?GHK�WG?J=BB�F?@>M�FHE?DME:FB�DJ:KBL?E?C�
J:AEBQGH=H�LBI:�<�KIBJLH<UO�J:KL<HJ:O 

<�IHJBKLHF�KL?DE?� 

∗=hj^__\Z�X�:���Qm]Zjh\�>�I� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgu�ijhp_kku�i_j_ghkZ�wg_j]bb�we_dljhggh]h�\ha[m`^_gby��IWW<��f_`�
^m�fhe_dmeZfb�djZkbl_e_c�jZaebqgh]h�lbiZ��^hghj�b�Zdp_ilhj��\�kbkl_fZo�ihjbklh_�kl_deh�
–�Z^khj[bjh\Zggu_�fhe_dmeu�djZkbl_e_c��<�jZ[hl_�bkihevah\Zebkv�djZkbl_eb�jh^Zfbg��@�
�J�@��b�f_lbe_gh\uc�]hem[hc��F=���ijbf_gy_fu_�\�dZq_kl\_�Zdlb\guo�kj_^�\�eZa_jZo��b�
ihjbklu_�gZljbc[hjhkbebdZlgu_�kl_deZ�k�jZ^bmkhf�ihj�hl�����^h����gf� 

;ueb�ihemq_gu�wdki_jbf_glZevgu_�aZ\bkbfhklb�hlghkbl_evgh]h�d\Zglh\h]h�\uoh�
^Z�exfbg_kp_gpbb�fhe_dme�^hghjZ��J�@��hl�dhgp_gljZpbb�fhe_dme�Zdp_ilhjZ��F=��^ey�
jZaebqguo�jZaf_jh\�ihj�\�kl_de_��Hij_^_e_gu�agZq_gby�djblbq_kdh]h�jZ^bmkZ�i_j_ghkZ�
wg_j]bb�f_`^m�fhe_dmeZfb�^hghjZ�b�Zdp_ilhjZ��oZjZdl_jbamxs_]h�wnn_dlb\ghklv�ijh�
p_kkh\�IWW<�� \� kbkl_f_�ihjbklh_� kl_deh�–� Z^khj[bjh\Zggu_�fhe_dmeu� djZkbl_e_c�^ey�
jZaebqguo�jZaf_jh\�ihj��MklZgh\e_gh��qlh�k�m\_ebq_gb_f�jZaf_jZ�ihj�ijhbkoh^bl�m\_eb�
q_gb_�jZ^bmkZ�i_j_ghkZ�b��ke_^h\Zl_evgh��wnn_dlb\ghklb�i_j_ghkZ�wg_j]bb� 

<�oh^_�ijh\_^_gby�wdki_jbf_glZ�mklZgh\e_gh��qlh�jZkij_^_e_gb_�fhe_dme�^hghjZ�b�
Zdp_ilhjZ�\�\h^guo�jZkl\hjZo�bf__l�njZdlZevguc�oZjZdl_j��Ihemq_gZ�aZ\bkbfhklv�njZd�
lZevghc�jZaf_jghklb�kbkl_fu�ihjbklh_�kl_deh�–�Z^khj[bjh\Zggu_�fhe_dmeu�djZkbl_e_c�
hl�jZaf_jh\�ihj� 

 
 

 

M>D������������� 

<A:BFH>?CKL<B? 
F:EUO�=B>JH>BG:FBQ?KDBO�<HAFMS?GBC 

K�IHLHDHF�G?H>GHJH>GH=H�G?J:<GH<?KGH=H�=:A: 

Fmdbg�J�<. 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijhlhqgu_�kbkl_fu�bkihevam_lky�ijb�kha^Zgbb�fhsguo�]ZahjZajy^guo�CO2�eZ�
a_jh\��Bkke_^h\Zgb_�\ebygby�fZeuo�]b^jh^bgZfbq_kdbo�\hafms_gbc�gZ�jZkijhkljZg_�
gb_� \hafms_gbc� \� ijhlhqguo� kbkl_fZo� b]jZ_l� \Z`gmx� jhev��Ijb� wlhf� g_h[oh^bfh�
mqblu\Zlv�\ebygb_�^\mo�ijhp_kkh\��<h-i_j\uo��\ebygb_�h[jZlghc�k\yab��dhlhjZy�h[jZ�
am_lky� aZ� kq_l�hljZ`_gby�\hafms_gbc�hl�ijhnbe_c� ]b^jh^bgZfbq_kdbo�iZjZf_ljh\�\�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 

 

FHE?DMEYJG:Y�NBABD: 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Hkbih\�:e_dk_c�Bhkbnh\bq 
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j_eZdkZpbhgghc�ahg_�b��\h-\lhjuo��h[uqgh]h�f_oZgbafZ�mkbe_gby��k\yaZggh]h�k�baf_�
g_gb_f�k[jhkZ�wg_j]bb�ijb�ijhoh`^_gbb�\hafms_gbc� 

:e]hjblf�ZgZebaZ�jZkijhkljZg_gby�\hafms_gbc�kljhblky�ke_^mxsbf�h[jZahf��
jZkkqblu\Zy�ijhnbeb�]b^jh^bgZfbq_kdbo�iZjZf_ljh\�fh`gh�aZ^Zlv�iZ^Zxsmx�gZ�g_�
jZ\gh\_kgmx� h[eZklv� a\mdh\mx�� l_ieh\mx� beb� \� ^\mf_jghf� kemqZ_� _s_� b� \boj_\mx�
\hegm�b�\uqbkeylv�khhl\_lkl\mxsb_�bf�dhwnnbpb_glu�ijhoh`^_gby�b�hljZ`_gby��LZ�
dbf�h[jZahf��fh`gh�gZclb�lZdb_�iZjZf_lju�ijhlhqghc�kbkl_fu��ijb�dhlhjuo�g_jZ\gh�
\_kgZy�h[eZklv�kZfZ�]_g_jbjm_l�\hafms_gby� 

JZkkfhlj_g� dZd� h^ghf_jguc�� lZd�b� ^\mf_jguc� kemqZc��>\mf_jguc� kemqZc�ih�
a\hey_l�mq_klv�iZ^_gb_�a\mdh\uo�\heg�ih^�m]ehf�b�jZkkfhlj_lv�\boj_\u_�\hafms_gby��
F_lh^� bkke_^h\Zgby�� bkihevam_fuc� \� ^Zgghc� jZ[hl_�� ^hklZlhqgh� mgb\_jkZe_g�� ih�
kdhevdm�iha\hey_l�jZkkfhlj_lv�jZaebqgu_�kihkh[u�gZdZqdb�wg_j]bb��<�^Zgghc�jZ[hl_�
jZkkfhlj_gu�^\Z�\b^Z�gZdZqdb�eZa_jghc�kbkl_fu��ijhkl_crbc�\ZjbZgl�–�ehdZevghc�gZ�
dZqdb�wg_j]bb��\�dhlhjhc�ahgZ�gZdZqdb�]hjZa^h�f_gvr_�ahgu�j_eZdkZpbb�b�ijhly`_ggZy�
gZdZqdZ� wg_j]bb�� l�_��mqblu\Z_lky�dhg_qgZy�rbjbgZ� ahgu�gZdZqdb��LZd`_�jZkkfhlj_g�
\hijhk�mklhcqb\hklb�ijhlhqghc� kbkl_fu� k�baf_g_ggufb� ]jZgbqgufb�mkeh\byfb�^ey�
a\mdh\uo�fh^��Wlh�k\yaZgh�k�l_f��qlh�\�j_Zevguo�kbkl_fZo�ijbkmlkl\mxl�kl_gdb�b�lhj�
pu�eZa_jghc�kbkl_fu��hl�dhlhjuo�\hafms_gby�fh]ml�hljZ`Zlvky�b�\ha\jZsZlvky�\�g_�
jZ\gh\_kgmx�h[eZklv��;ueh�ihdZaZgh��qlh�wlh�\ebygb_�agZqbl_evgh��ihkdhevdm�ihy\ey�
xlky� j_ahgZgkgu_� qZklhlu�� gZ� dhlhjuo� kms_kl\_ggh� m\_ebqb\Zxlky� dhwnnbpb_glu�
ijhoh`^_gby�b�hljZ`_gby� 

Ijb� wdki_jbf_glZevguo� bkke_^h\Zgbyo� ]Zah^bgZfbq_kdh]h� ihlhdZ� [ueh� hlf_�
q_gh� g_h^ghagZqgh_� \ebygb_� ^hihegbl_evghc� lmj[mebaZpbb� gZ� mklhcqb\hklv� jZajy^Z�
[1]->�@��Kha^Zgb_�lmj[mebaZpbb�\�jZfdZo�ihklZ\e_gghc�aZ^Zqb�[m^_l�wd\b\Ze_glgh�kha�
^Zgbx�^hihegbl_evghc� \boj_\hc�fh^u��iZ^Zxs_c�gZ�njhgl��Bkihevam_fZy�f_lh^bdZ�
iha\hey_l�ihdZaZlv��qlh�kha^Zgb_�\boj_\hc�fh^u�iZ^Zxs_c�gZ�jZ[hqmx�h[eZklv��ijb�
\h^bl�d�]_g_jZpbb�\k_]h�gZ[hjZ�]b^jh^bgZfbq_kdbo�fh^��\�lhf�qbke_��l_ieh\hc�fh^u��
dhlhjZy�hdZau\Z_l�gZb[hevr__�\ebygb_�gZ�^_klZ[bebaZpbx�jZajy^Z� 

Ebl_jZlmjZ 
1. ;hg^Zj_gdh�:�<���=hem[_\�<�K���>Zgvsbdh\�?�<���E_[_^_\�N�<���JyaZgh\�:�<��

H�\ebygbb�lmj[me_glghklb�gZ�mklhcqb\hklv�kZfhklhyl_evgh]h�jZajy^Z�\�ihlhd_�\ha^moZ�
���NbabdZ�ieZafu�����������k�����-692. 

2. =_f[Zj`_\kdbc�=�<���=_g_jZeh\�G�:���Kheh\v_\�G�=��Bkke_^h\Zgb_� ki_dljZ�
imevkZpbc� kdhjhklb� \boj_\h]h� l_q_gby� dhe_[Zl_evgh-\ha[m`^_ggh]h� fhe_dmeyjgh]h�
]ZaZ�\�le_xs_f�jZajy^_�����F@=������������k����-90. 

3. Galushkin M.G., Golubev V.S., Zavalova Yu.N.,. Panchenko V.Ya. Optical in 
homogeneities of the active media of high-power industrial CO2 lasers with axial flow. // 
Quantum Electronics 27(3), 1997, c. 217-220. 
 
 
 

M>D��������� 

KL:;BEBA:PBY�KLJMDLMJGH=H�KHKLHYGBY�<H>U 
<�WE?DLJHF:=GBLGHF�IHE? 

Iehlgbdh\Z�:�<� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�]hjguc�mgb\_jkbl_l 

Kh\j_f_ggZy�gZmdZ�Zdlb\gh�aZgbfZ_lky�bamq_gb_f�ZghfZevguo�k\hckl\�\h^u�b�
_z�iZfylb��:ghfZevghklv�\h^u�iulZxlky�h[tykgblv�_z�kljmdlmjguf�kljh_gb_f��GZ�k_�
]h^gyrgbc�^_gv�ij_^eh`_gh�g_kdhevdh�fh^_e_c�kljmdlmju�fhe_dmeu�\h^u� 



Ih^k_dpby�fhe_dmeyjghc�nbabdb 

 

173 

���<h^Z�–�djbklZee�khklhysbc�ba�����fhe_dme�G2H��ihoh`bc�gZ�djbklZeebd�ev^Z�
jhf[bq_kdhc�nhjfu�� ]jZgb� dhlhjh]h� we_dljhg_cljZevgu�� _keb� \h^Z� g_� kh^_j`bl� bg�
nhjfZpbb��Z�ijb�ihiZ^Zgbb�\�\h^m�dZdh]h-eb[h�\_s_kl\Z�gZ�djbklZee_�hli_qZlu\Z_lky�
_]h�bhgguc�jbkmghd� 

���<h^Z�–�ijZ\bevguc�l_ljZw^j��\�p_glj_�dhlhjh]h�gZoh^blky�Zlhf�dbkehjh^Z�\�
^\mo�\_jrbgZo� �khhl\_lkl\mxsbo�ZlhfZf�\h^hjh^Z��jZkiheh`_gu�iheh`bl_evgu_�lh�
q_qgu_�aZjy^u��Z�\�^\mo�^jm]bo�-�hljbpZl_evgu_�aZjy^u��bah[jZ`Zxsb_�jZkij_^_e_gb_�
we_dljhgghc�iehlghklb�gZ�Zlhf_�dbkehjh^Z� 

���Bgl_j_k�\�bamq_gbb�wnn_dlZ�©iZfylbª�\h^u�ij_^klZ\ey_l�bkke_^h\Zgb_�keZ�
[uo�\aZbfh^_ckl\bc��Ih^�^_ckl\b_f�\g_rgbo�fZdjhkdhibq_kdbo�kbe�\hafh`gh�hldeh�
g_gb_�qZklbp�hl�\u[jZggh]h�iheh`_gby�jZ\gh\_kby��� 

JZkkfhlj_gZ� fh^_ev� l_ljZw^jbq_kdh]h� kljh_gby� \h^u� �p_glju� fhe_dme� \h^u�
jZkiheh`_gguo�\�\_jrbgZo�l_ljZw^jZ���<�k\h[h^ghf�khklhygbb�fhe_dmeu�\h^u�hjb_g�
lbjh\Zggu�g_�kemqZcguf�h[jZahf��aZ�kq_l�l_ieh\h]h�\jZs_gby�–�dhe_[Zgby�b�\jZs_gby�
hlghkbl_evgh� ebgbb� k\yab���IhdZaZgh�� qlh� ijb� g_agZqbl_evghf� baf_g_gbb� \g_rg_]h�
ihey��nZau�qZklhl�\_dlhjh\�^bihevguo�fhf_glh\�b�\g_rg_]h�ihey�ijZdlbq_kdb�kh\iZ�
^Zxl� 

 

        
 
 

K�ih\ur_gb_f� qZklhlu�i_j_f_ggh]h� we_dljbq_kdh]h�ihey�� \hagbdZxsb_� kbeu�
bg_jpbb�b�lj_gby�\uah\ml�aZ^_j`dm�\j_f_gb�ih\hjhlZ�^bihevguo�fhf_glh\��hjb_glZ�
pbb���Ijhbahc^_l�hlklZ\Zgb_�\j_f_gb�ih\hjhlZ�hl^_evguo�^bihevguo�fhf_glh\�hl�ba�
f_g_gby�\g_rg_]h�ihey�b�bo�klZ[bebaZpbb� 

;ueZ�jZkkfhlj_gZ� aZ^ZqZ��\�dhlhjhc�baf_gy_lky�f_oZgbq_kdh_�kljmdlmjgh_�kh�
klhygb_�fh^_eb�\h^u��k\yaZggh]h�k�\hagbdgh\_gb_f�djblbq_kdh]h�ghjfZevgh]h�^bihey��
aZ�kq_l�kbeu�^Z\e_gby�ih^�bfimevkhf�\�we_dljhfZ]gblghf�ihe_� 

GZ�ih\_joghklv�\h^u�iZ^Z_l�iehkdZy�we_dljhfZ]gblgZy�\hegZ��k�aZ^Zgguf�agZ�
q_gb_f�gZijy`_gghklb�we_dljbq_kdh]h�ihey�–�?��? G��Hij_^_eblv�\_ebqbgm�^Z\e_gby�
bfimevkZ�we_dljhfZ]gblgh]h�ihey�gZ�\h^m��ρ -�dhwnnbpb_gl�hljZ`_gby��τ -�dhwnnbpb�
_gl�ijhimkdZgby������ 

 

( )2

1
1

+
−= n

nρ ; 
 

2
1

2 )( += nnτ ; 
 

( )yij_ehfe_gbhljZ`_gbyiZ^ Ρ+Ρ−Ρ=Ρ ; 
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ΕΗ=Ρ
k

iZ^ π4

1
   ;     iZ^hlj Ρ∗= ρρ ;    iZ^ijbe

Ρ∗=Ρ τ ; 

 

( )ρτ −Ρ−Ρ=Ρ iZ^iZ^ ; 
 

Ihemq_ggu_�j_amevlZlu�ihdZau\Zxl��qlh�\ha^_ckl\by�we_dljhfZ]gblghc�\hegu�
\iheg_�^hklZlhqgh��qlh[u�kha^Zlv�^bihevguc�fhf_gl��kihkh[guc�baf_gblv�kljmdlmjm�
\h^u� 

P_evx� ^Zevg_cr_c� jZ[hlu� y\ey_lky� ijh\_jdZ� ^Zgguo� ihemq_ggh]h� j_amevlZlZ�
gZ�ijZdlbd_� 

Ebl_jZlmjZ� 
1. ;bg]b� <�G��� ©FZ]gblh[bheh]by�� wdki_jbf_glu� b� f_lh^uª�� F���

©FbevlZª�������–���k� 
2. R\_^h\�B�F��©JZajZ[hldZ�kihkh[Z�ijh]ghabjh\Zgby�\u[jhkZ�hiZkghklb�dZj�

gheblh\uo�ieZklh\�ih�bo�we_dljhfZ]gblguf�baemq_gbyfª�Z\lhj_n_jZl�DGL�^bkk_jlZ�
pbb��F������� 

3. Bjh^h\� B�?�� ©H[sZy� nbabdZ�� <hegh\u_� ijhp_kku�� Hkgh\gu_� aZdhgu�ª�
F��������©Xgbf_^bZklZeª� 
 
 
 

M>D��������:537.525:621.373.8 

H;J:AH<:GB?�>HJH@DB�D:JF:G:�IJB�H;L?D:GBB�PBEBG>J:�
DHE?;:L?EVGH-<HA;M@>?GGUF�FHE?DMEYJGUF�=:AHF 

∗<bggbq_gdh�G�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

F_lh^hf�ijyfh]h�qbke_ggh]h�fh^_ebjh\Zgby�j_r_gZ�aZ^ZqZ�h[�h[jZah\Zgbb�^h�
jh`db� dZjfZgZ� ijb� h[l_dZgbb� pbebg^jZ� ihlhdhf� dhe_[Zl_evgh-g_jZ\gh\_kgh]h� ]ZaZ��
>ZggZy�ihklZgh\dZ�aZ^Zqb�k\yaZgZ�k�wdki_jbf_glZevgufb�bkke_^h\Zgbyfb� >�@��\�dhlh�
juo�[ueh� aZnbdkbjh\Zgh�g_dhlhjh_�baf_g_gb_�^ey�i_j\hc�b�\lhjhc� ]Zjfhgbdb� ki_d�
ljh\�imevkZpbc� kdhjhklb��ijbq_f��\� aZ\bkbfhklb�hl� khklZ\Z� kf_kb��gZ[ex^Zehkv�jZa�
ebqgh_�baf_g_gb_�ki_dljZevgh]h�kb]gZeZ� 

<�^Zgghc�jZ[hl_�ijhZgZebabjh\Zgu�^\Z�nZdlhjZ��\ebyxsb_�gZ�ki_dljZevgu_�oZ�
jZdl_jbklbdb�\�nbdkbjh\Zgghc�lhqd_�ihlhdZ��Z�bf_ggh��mf_gvr_gb_�Zfieblm^u�\boj_c�
aZ�kq_l�ijhp_kkZ�j_eZdkZpbb��Z�lZd`_�^_nhjfZpby�kZfbo�\boj_c� 

Ohly� ZgZeblbq_kdh_� j_r_gb_� ^ey� ^hjh`db� dZjfZgZ� ohjhrh� ba\_klgh� >�@�� hgh�
ebrv�ijb[eb`_ggh�hibku\Z_l�j_Zevgmx�dZjlbgm�l_q_gby��Lhqgh_�j_r_gb_�^ey�jZ\gh�
\_kgh]h� ]ZaZ�fh`_l� [ulv� ihkljh_gh� gZ� hkgh\_� ijyfh]h� qbke_ggh]h�fh^_ebjh\Zgby� k�
\\_^_gb_f� bkdmkkl\_gguo� ^hihegbl_evguo� qe_gh\� \� mjZ\g_gby� ]b^jh^bgZfbdb� >�@� b�
ijbf_g_gb_f�f_lh^Z� i_j_f_`Zxsboky� k_lhd��Mq_l� j_eZdkZpbb�fh`_l� [ulv� k^_eZg� \�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb� 
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i_j\hf�ijb[eb`_gbb��LZdZy�kblmZpby�oZjZdl_jgZ�^ey�g_jZ\gh\_kghc�kj_^u�\�eZa_j_�b�
khhl\_lkl\m_l�[hevrhfm�\j_f_gb�j_eZdkZpbb��Mq_l�j_eZdkZpbhgguo�ijhp_kkh\�ihlj_�
[h\Ze�fh^_jgbaZpbb�Ze]hjblfZ� >�@�b�\\_^_gby�^hihegbl_evguo�i_j_f_gguo�b�mjZ\g_�
gbc�� J_amevlZl� jZkq_lZ� ij_^klZ\e_g� gZ� jbkmgd_�� JZkq_l� ki_dljZ� \uiheg_g� ^ey� qbkeZ�
j_cghev^kZ�hdheh�����^ey�lhq_d��e_`Zsbo�\����jZ^bmkZo�pbebg^jZ�gb`_�_]h�ih�l_q_gbx�
b�\����kemqZc�a��beb����kemqZc�b��jZ^bmkZo�hl�hkb�^hjh`db��JZkkfZljb\Zebkv�jZaebqgu_�
fh^_eb�]_l_jh]_gghc�j_eZdkZpbb�gZ�ih\_joghklb�pbebg^jZ��Ba�jbkmgdZ�\b^gh��qlh�wlhl�
nZdlhj�g_�f_gy_l�agZdZ�wnn_dlZ��j_eZdkZpby�ijb\h^bl�d�gZ]j_\m�]ZaZ�\�ahg_�^hjh`db��
mf_gvr_gbx�iehlghklb�b�^hihegbl_evghc�^bkkbiZpbb�wg_j]bb��a���H^gZdh�j_eZdkZpby�
ijb\h^bl�lZd`_�d�^_nhjfZpbb�\boj_c��H[sZy�Zfieblm^Z�\boj_c�ihgb`Z_lky��h^gZdh�aZ�
kq_l� ^_nhjfZpbb� \boj_c� d� lhqd_� gZ[ex^_gby�ijb[eb`Z_lky�fZdkbfmf� \bojy��b� kmf�
fZjgZy�Zfieblm^Z�\hajZklZ_l��b). 

 

 
 

Jbk����Baf_g_gb_�ki_dljZ�imevkZpbc�\�dhe_[Zl_evgh-g_jZ\gh\_kghf�]Za_����—�jZ\gh\_kguc�]Za����
b� ��—�dhe_[Zl_evgh-\ha[m`^_gguc�Zahl�k�jZaebqgufb�\ZjbZglZfb�]_l_jh]_gghc�j_eZdkZpbb�gZ�
pbebg^j_� 

 
Ke_^m_l� hlf_lblv�� qlh� jZkkfZljb\Z_fu_� ijb� lZdhf�fh^_ebjh\Zgbb� qbkeZ� j_c�

ghev^kZ� g_\_ebdb�� h^gZdh� m^Z_lky� \uy\blv� ^\Z� f_oZgbafZ�� \ebyxsbo� gZ� Zfieblm^u�
imevkZpbc�—�wlh�aZlmoZgb_�\boj_c�aZ�kq_l�bo�gZ]j_\Z�b�jZkrbj_gby��Z�lZd`_�^_nhjfZ�
pby� \boj_c�ih^�^_ckl\b_f�j_eZdkZpbb��Khq_lZgb_� wlbo�nZdlhjh\� \� dhgdj_lghc� lhqd_�
gZ[ex^_gby�^ey�dhgdj_lghc�kf_kb�b�ijb\h^bl�d�ijhlb\hiheh`guf�wnn_dlZf�m\_ebq_�
gby�b�mf_gvr_gby�imevkZpbc� 

Ebl_jZlmjZ 
1. =_f[Zj`_\kdbc�=�<���=_g_jZeh\�G�:���Kheh\v_\�G�=����Bkke_^h\Zgb_�ki_dljZ�

imevkZpbc� kdhjhklb� \boj_\h]h� l_q_gby� dhe_[Zl_evgh-\ha[m`^_ggh]h� fhe_dmeyjgh]h�
]ZaZ�\�le_xs_f�jZajy^_�����ba\_klby�jZg��F_oZgbdZ�`b^dhklb�b�]ZaZ������������k���-91. 

2. Dhqbg�G�?���Db[_ev�B�:���Jha_�G�<���L_hj_lbq_kdZy�]b^jhf_oZgbdZ��f���nba�
fZl]ba������� 

3. Kim J., Kim D., Choi H., "An immersed-boundary finite-volume method for simu-
lations of flow in complex geometries" // journal of computational physics, 171, p.132-150 
(2001). 
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M>D�������� 

K<H;H>G:Y�DHG<?DPBY 
<�IHEHKLB�F?@>M�DH:DKB:EVGUFB�=HJBAHGL:EVGUFB�

PBEBG>J:FB�IJB�H;T?FGHF�WG?J=H<U>?E?GBB 

JhsbgZ�G�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Qbke_ggh�j_r_gZ�aZ^ZqZ�h�k\h[h^ghc�dhg\_dpbb�\�ijhkljZgkl\_�f_`^m�]hjbahg�
lZevgufb�dhZdkbZevgufb�pbebg^jZfb�k�mq_lhf�h[t_fgh]h�wg_j]h\u^_e_gby� 

LZdZy�aZ^ZqZ�bf__l�\Z`gh_�agZq_gb_�ijb�ZgZeba_�\hafh`ghklb�kha^Zgby�dhZdkb�
Zevgh]h�eZa_jZ�>�@��Ijb�bkihevah\Zgbb�dhZdkbZevghc�ko_fu�mf_gvrZ_lky�l_fi_jZlmjZ�\�
p_glj_�eZa_jZ�b�fZdkbfZevgZy�l_fi_jZlmjZ�\�kbkl_f_��h^gZdh�\ebygb_�dhg\_dpbb�g_h[�
oh^bfh�ZgZebabjh\Zlv��Ba\_klgh��qlh�\�deZkkbq_kdhc�aZ^Zq_�i_j_^Zqb�l_ieZ�hl�pbebg^�
jZ�fZeh]h�jZ^bmkZ�dhg\_dpby�\^\h_�m\_ebqb\Z_l�l_ieh\hc�ihlhd�>���@� 

J_rZ_lky�aZ^ZqZ�h�dhg\_dpbb�\�dhZdkbZevghc�kbkl_f_�\�ijb[eb`_gbb�;mkkbg_�
kdZ��LZdZy� aZ^ZqZ� kh^_j`bl� ljb� [_ajZaf_jguo� iZjZf_ljZ�� hlghr_gb_� ]_hf_ljbq_kdbo�
jZaf_jh\�σ ��qbkeh�Jwe_y�Ra�b�fh^bnbpbjh\Zggh_�qbkeh�Jwe_y� TRa ��oZjZdl_jbamxs__�
h[t_fgh_�wg_j]h\u^_e_gb_��Dhg_qgh-jZaghklgZy�ko_fZ�klZg^ZjlgZ��mjZ\g_gb_�ImZkkh�
gZ�j_rZehkv�f_lh^hf�i_j_f_gguo�gZijZ\e_gbc��k�bkihevah\Zgb_f�^ey�dZ`^h]h�ba�gZ�
ijZ\e_gbc�f_lh^Z�ijh]hgdb� 

 

 

GZ�jbkmgd_����]^_�bah[jZ`_gZ�iehkdhklv� ),( TRaRa ijb� 2=σ ��\u^_e_gu�q_luj_�
h[eZklb��H[eZklb� I�b� II �khhl\_lkl\mxl�^\mf_jghc�dhg\_dpbb��h[eZklb� III �b� IV –�lj_o�
f_jghc��<�h[eZklb� I�dhg\_dpby�ijhbkoh^bl�k�h[jZah\Zgb_f�^\mo�\boj_c��\�h[eZklb� II 
h[jZam_lky��lhevdh�h^bg�\bojv�� 

<�h[eZklb�II �]jZ^b_gl�l_fi_jZlmju�ih�jZ^bmkm�bf__l�lhevdh�h^bg�agZd��\�h[eZk�
lb� I –�agZd�]jZ^b_glZ�f_gy_lky��h^gZdh�\gmljb�dZ`^h]h�ba�\boj_c�]jZ^b_gl�g_�f_gy_l�
agZdZ��>ey�kjZ\g_gby�gZ�jbk���ij_^klZ\e_gu�imgdlbjgu_�ijyfu_��hl^_eyxsb_�^bZiZ�
ahg�agZq_gbc� TRaRa/ hl�-�����^h��������f_`^m�dhlhjufb�\�kemqZ_�hlkmlkl\by�dhg\_dpbb�

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbkmghd����AZ\bkbfhklv�

),( ÒRaRa �^ey�σ =2. 
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gZ[ex^Z_lky� g_fhghlhgguc�ijhnbev� l_fi_jZlmju��DZd� \b^gh�ba� jbkmgdZ�� dhg\_dpby�
hq_gv� kbevgh� i_j_kljZb\Z_l� ijhnbev� l_fi_jZlmju�� ohly� khojZgy_lky� kms_kl\h\Zgb_�
g_fhghlhggh]h�ijhnbey�ijb�fZeuo�agZq_gbyo�iZjZf_ljZ� TRaRa/ . 

LbibqgZy�dZjlbgZ�bahl_jf�b�ebgbc� lhdZ�^ey�h[eZklb� I�bah[jZ`_gZ�gZ�jbkmgd_�
�Z��Z�^ey�h[eZklb�II –�gZ�jbkmgd_��[� 

 

  

 

 

 

Z� [� 
 
Jbkmghd�����Bahl_jfu�b�ebgbb�lhdZ��ijb��σ  ���Z��Ra = 3⋅103, RaT =5⋅103����[��Ra = 1⋅103, RaT =4⋅104 

. 
 
IhdZaZgh��qlh�k�m\_ebq_gb_f�wg_j]h\u^_e_gby�jZkl_l�g_h^ghjh^ghklv�jZkij_^_�

e_gby�l_fi_jZlmju�ih�m]em��<�gb`g_c�qZklb�dhZdkbZevguo�pbebg^jh\�\hagbdZ_l�kbev�
gh�gZ]j_lZy�h[eZklv��qlh�fh`_l�ijb\h^blv�d�g_mklhcqb\hklb� 

Hkgh\gu_�j_amevlZlu�b�\u\h^u� 
��Ihkljh_gZ� fZl_fZlbq_kdZy� fh^_ev�� hibku\ZxsZy� ^\mf_jgmx� dhg\_dpbx� \�

kbkl_f_� ^\mo� ]hjbahglZevguo� dhZdkbZevguo�pbebg^jh\�ijb� h[t_fghf� wg_j]h\u^_e_�
gbb�b�j_Zebah\ZgZ�ijh]jZffZ�jZkq_lZ�]b^jh^bgZfbq_kdbo�iZjZf_ljh\�kj_^u� 

���GZc^_gZ�djblbq_kdZy�ih\_joghklv� ),,( σRaRaT , hl^_eyxsZy�h[eZklb�^\mf_j�
ghc� b� lj_of_jghc� dhg\_dpbb�� dhlhjZy� h[h[sZ_l� jZg__� ba\_klgu_� j_amevlZlu� ijb�

0=TRa . 
���IhdZaZgh��qlh�\�aZ\bkbfhklb�hl�iZjZf_ljh\�aZ^Zqb�j_Zebam_lky�^\Z�\ZjbZglZ�

^\mf_jguo�l_q_gbc�–�h^gh-�b�^\mo\boj_\u_� 
��MklZgh\e_gh�� qlh� ihy\e_gb_� dhg\_dpbb� mf_gvrZ_l� h[eZklv�fZdkbfZevgh� gZ�

]j_lh]h�]ZaZ��kms_kl\mxsmx�ijb�__�hlkmlkl\bb��h^gZdh�g_�ijb\h^bl�d�__�iheghfm�bk�
q_agh\_gbx��qlh�ijb\h^bl�d�kms_kl\_gghc�g_h^ghjh^ghklb�\�jZkij_^_e_gbb�e�l_fi_�
jZlmju� 

Ebl_jZlmjZ 
1. Habich U., Plum H-D. Diffusion-cooled CO2 laser with coaxial high frequency 

excitation and internal axicon. J. Phys. D: Appl. Phys., 1993, 26, p 183-191. 
2. Kuehn, T.H. and Goldstein, R. J. An experimental and theoretical study of 

natural convection in the annulus between horizontal concentric cylinders. Journal of fluid 
Mechanics, 1976, 74, p 695-719 

3. Yoo J.-S. Prandtl number effect on bifurcation and dual solutions in natural 
convection in a horizontal annulus. Int. J. Heat Mass Transfer,1999, 42, p 3279-3290 
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M>D��������������� 

KE?>KL<BY��<UL?D:XSB?�BA�H>GHC�FH>?EB�IHKLJH?GBY�
IH=J:GBQGHC�DJB<HC�J:KKE:B<:XSBOKY�@B>DBO�KF?K?C 

;mdbg�>�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�jZ[hl_�>�@�gZ�hkgh\_�ZgZeh]bb�f_`^m�jZkkeZb\Zxsbfbky�`b^dbfb�kf_kyfb�b�
k\yaZggufb�Z\lhdhe_[Zl_evgufb�kbkl_fZfb�ihemq_g�kihkh[�hlh[jZ`_gby�wdki_jbf_g�
lZevguo� ih]jZgbqguo� djb\uo� \� dhhj^bgZlZo� dhgp_gljZpby� Ax �\� fhevguo� ^heyo�-
l_fi_jZlmjZ�T �gZ�ih]jZgbqgmx�djb\mx�^ey�Z\lhdhe_[Zl_evghc�fh^_eb�\�dhhj^bgZlZo��

Ax  - BA νν �� ]^_� Aν b� Bν � oZjZdl_jbklbq_kdb_� qZklhlu� qbkluo� dhfihg_glh\� A �b� B . 

H^gbf�ba�hkgh\guo�^hims_gbc��ijbgyluo��\�fh^_eb��[ueh�ij_^iheh`_gb_�h�kms_kl\h�
\Zgbb�h^ghagZqghc�k\yab�oZjZdl_jbklbq_kdhc�qZklhlu� Aν �k�l_fi_jZlmjhc� T ��>ey�ih�

emq_gby� nmgdpbb� � BA νν )= νf �o A ��� y\eyxs_cky� hlh[jZ`_gb_f� ih]jZgbqghc� djb\hc�

T = Lf ( Ax ���lj_[m_lky�\uihegblv�ijb\yadm�\�q_luj_o�lhqdZo��H^gZ�iZjZ�lhq_d�khhl\_l�

kl\m_l� l_fi_jZlmj_� 1L ��ijb� wlhf� o 1A �b�
'

1Ao -� dhgp_gljZpbb� dhfihg_glZ� AgZ� e_\hc�b�

ijZ\hc�\_l\yo��khhl\_lkl\_ggh��>jm]Zy�iZjZ�lhq_d�khhl\_lkl\m_l�l_fi_jZlmj_� 2L ��Ijb�

\yadZ� iha\hey_l� gZoh^blv� dhwnnbpb_glu� k\yab� 1α � b 2α �� jZaebqb_� dhlhjuo� hljZ`Z_l�
Zkbff_ljbx�ih]jZgbqguo�djb\uo��Ij_^eh`_ggZy�\� >�@�fh^_ev�iha\hey_l�lhqgh�hij_�
^_eblv�djblbq_kdmx�dhgp_gljZpbx�b�^Z_l�\hafh`ghklv�k�[hevrhc�lhqghklvx�\hkklZ�
gZ\eb\Zlv� oh^� h^ghc� ba� \_l\_c� ih]jZgbqghc� djb\hc� ih� wdki_jbf_glZevguf� lhqdZf�
^jm]hc��<�jZ[hl_�>�@�Zijh[Zpby�fh^_eb�ijh\h^beZkv��k�kbkl_fZfb��bf_xsbfb�\_jogxx�
djblbq_kdmx�lhqdm�jZkkeZb\Zgby� 

<�gZklhys_c�jZ[hl_�jZa\bluc�\�>�@�ih^oh^�ijbf_g_g�d�kbkl_fZf�k�gb`g_c�djb�
lbq_kdhc�lhqdhc��GZ�ijbf_j_�kbkl_fu�mjZgbekmevnZl�–�\h^Z�[ueh�mklZgh\e_gh��qlh�dZ�
q_kl\h�hlh[jZ`_gby�ih]jZgbqguo�djb\uo�^ey�wlhc�kbkl_fu�g_�om`_��q_f�^ey�kbkl_f�k�
\_jog_c�djblbq_kdhc�lhqdhc��GZ�jbkmgd_�ihdZaZgZ�wdki_jbf_glZevgZy�ebgby�khkms_kl�
\h\Zgby� �l_fgu_� d\Z^jZlu��b� \hkklZgh\e_ggZy� k�ihfhsvx� hlh[jZ`_gby� �lj_m]hevgb�
db���GZ�hkgh\_�ihemq_gguo�j_amevlZlh\�fh`gh�k^_eZlv�\u\h^�h�\hafh`ghklb�ijbf_g_�
gby�^Zggh]h�ih^oh^Z�d�kbkl_fZf�k�gb`g_c�djblbq_kdhc�lhqdhc� 

 
<� fh^_eb� >�@� k^_eZgh� \Z`gh_�

ij_^iheh`_gb_� h� kms_kl\h\Zgbb� h^gh�
agZqghc� aZ\bkbfhklb� BA νν � hl� l_fi_�

jZlmju�T ��Ke_^kl\b_f�ba�wlh]h�^hims_�
gby� y\ey_lky� \hafh`ghklv� ihemq_gby�
hlghr_gby� BA νν ijb� ba\_klguo� hlgh�

r_gbyo� KA νν �b� BK νν ��Ijb�wlhf�_k�

eb� hlghr_gb_� qZklhl� BA νν � fh`_l�

[ulv� ihemq_gh� lZd`_� b� ba� ^jm]bo� kbk�
l_f��Z�bf_ggh�� DA νν �b� BD νν ��lh�hgh�

^he`gh�kh\iZ^Zlv�k�ihemq_gguf�ba�i_j�

290

300
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320

330

340

350

360

370
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\hc�iZju�� KA νν �b� BK νν ��Keh`ghklv�ijh\_jdb�wlh]h�ke_^kl\by�aZdexqZ_lky�\�lhf��

qlh�\k_�hlghr_gby��nb]mjbjmxsb_� �\ur_��^he`gu�[ulv�jZkkqblZgu�ijb�h^ghc�b�lhc�
`_�l_fi_jZlmj_��<�ebl_jZlmj_�m^Zehkv�gZclb�kbkl_fu��m^h\e_l\hjyxsb_�wlbf�mkeh\b�
yf� >�@��<�lZ[ebp_�ij_^klZ\e_gu�j_amevlZlu�jZkq_lh\�^ey�kbkl_f��\dexqZxsbo�\�k_[y�
nlhjaZf_s_ggu_�ZedZgu� �b�kibjlu�ijb�l_fi_jZlmj_�T  �������D�� A �b� B �h[hagZqZxl�
i_jnlhj]_dkZg�b�i_jnlhj]_ilZg�� khhl\_lkl\_ggh�� q_j_a� FDK ,, �b� E � h[hagZq_gu� jZa�
ebqgu_�kibjlu��gZqbgZy�k�ijhibeh\h]h� 

 

KA νν = 0,651 
CB νν /  = 0,679 BA νν = 0,959 

DA νν = 0,655 
DB νν /  = 0,694 BA νν = 0,944 

FA νν = 0,669 
FB νν / = 0,700 BA νν = 0,956 

EA νν = 0,612 EB νν /  = 0,629 BA νν = 0,973 

kjBA )/( νν = 0,958 

 
Ba�lZ[ebpu�\b^gh��qlh�jZa[jhk�agZq_gbc�hlghr_gby�qZklhl��gZc^_gguo�ih�hib�

kZgghc�\ur_�ko_f_��hlghkbl_evgh�kj_^g_]h�g_�ij_\urZ_l�lj_o�ijhp_glh\��Ihklhygkl\h�
hlghr_gbc� BA νν ��ihemq_gguo�ba�jZaguo�dhf[bgZpbc��k\b^_l_evkl\m_l�h�\hafh`gh�

klb�ZgZebaZ�jZkl\hjbfhklb�`b^dhkl_c�gZ�hkgh\_�^Zgguo�h�k\hckl\Zo�qbkluo�dhfihg_g�
lh\�� 

Ebl_jZlmjZ� 
1. ;eZ]hgjZ\h\�E��:����@mjg��nba��obfbb���������L�������������������k�����-75. 
2. :e_dk__\Z�F��<���Kfbjgh\Z�G��:���Khdheh\kdZy�G��<����@mjg��ijbde��obfbb��

������������-84�^_i� 
 
 
 

KL:LBKLBQ?KDB�G?KBFF?LJBQGUC�RMF 
IJB�;JHMGH<KDHF�><B@?GBB�<�J:AJ?@?GGHC�KJ?>? 

;_ebd�<�<���Qbqb]bgZ�H�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H[s_ijbgylh�ih^�rmfhf�ihgbfZlv�kemqZcgu_�\ha^_ckl\by�k�gme_\uf�fZl_fZ�
lbq_kdbf� h`b^Zgb_f� b� \j_f_g_f� dhjj_eypbb��fZeuf� ih� kjZ\g_gbx� k� oZjZdl_jgufb�
\j_f_gZfb�bkke_^m_fh]h�ijhp_kkZ��Ijb�wlhf�lZd`_�ij_^iheZ]Z_lky�bahljhiby�kemqZc�
guo�bfimevkh\��lh�_klv�jZ\gu_�\_jhylghklb�b�Zfieblm^u�bfimevkh\�\�iheh`bl_evghf�
b�hljbpZl_evghf�gZijZ\e_gbyo��H^gZdh��kms_kl\m_l�deZkk�aZ^Zq��\�dhlhjuo�kemqZcgu_�
\ha^_ckl\by� bf_xl� [he__� keh`gmx� kljmdlmjm��Ih^h[guc� ijhp_kk� fu� \� ^Zevg_cr_f�
[m^_f�gZau\Zlv�ijhp_kkhf�k�klZlbklbq_kdb�g_kbff_ljbqguf�beb�©g_bahljhigufª�rm�
fhf� 

<�^hdeZ^_�ZgZebabjm_lky�kemqZcgh_�[em`^Zgb_�djmighc�qZklbpu��bf_xsmx�hi�
j_^_e_ggmx�kdhjhklv�v��\�jZaj_`_gghc�[ukljhj_eZdkbjmxs_c�kj_^_��Wlh�fh`_l�[ulv��
gZijbf_j��iue_\Zy�qZklbpZ�\�]Za_�beb�^Z`_�dZdZy-gb[m^v�[bheh]bq_kdZy�fZdjhfhe_dm�
eZ�� ^\b`msZyky� \h� \gmljbde_lhqghc�`b^dhklb�� JZkkfhljbf� jZkij_^_e_gb_� mkeh\guo�
\_jhylghkl_c�qZklbp�kj_^u��klZedb\Zxsboky�k�[jhmgh\kdhc�qZklbp_c��ih�kdhjhklyf� 
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+−∫

 

 
]^_� 2( ) exp( )w v v= −  -�jZkij_^_e_gb_�=ZmkkZ��DZd�\b^gh�ba�ijb\_^zgghc�nhjfmeu��hgh�
hlebqZ_lky�hl�]Zmkkh\kdh]h� �kf��jbk�����ijb�wlhf�gZ[ex^Z_lky�g_bahljhighklv�kemqZc�
guo�\ha^_ckl\bc�gZ�fZdjhfhe_dmem��[jhmgh\kdmx�qZklbpm��kh�klhjhgu�qZklbp�kj_^u��<�
dZq_kl\_�f_ju�g_bahljhighklb�fh`_l�kem`blv�jZaghklv�\_jhylghkl_c�hljbpZl_evguo�b�
iheh`bl_evguo�bfimevkh\�kemqZcghc�dhfihg_glu�rmfh\h]h�\ha^_ckl\by��dhfihg_glu�
k�gme_\uf�kj_^gbf��kh�klhjhgu�qZklbp�kj_^u� p p p− +∆ = − ��dhlhjZy�aZ\bkbl�hl�kdhjh�
klb�^\b`_gby�[jhmgh\kdhc�qZklbpu� �kf��jbk�����Hldehg_gb_�mkeh\gh]h�jZkij_^_e_gby�
hl�]Zmkkh\hc�nhjfu�ijhy\ey_lky�b�\�aZ\bkbfhklb�kj_^g_c�kdhjhklb�qZklbp�kj_^u��klZe�
db\Zxsboky�k�fZdjhfhe_dmehc��hl�kdhjhklb�ihke_^g_c��kf��jbk�����Ba�]jZnbdh\�\b^gh��
qlh�fh`gh�hp_gblv�^bZiZahg�kdhjhkl_c�[jhmgh\kdhc�qZklbpu��\�dhlhjhf��gZ[ex^Z_lky�
gZb[hevrZy� g_bahljhighklv�� LZdbf� h[jZahf�� ijb� kdhjhklyo� [jhmgh\kdhc� qZklbpu��
[ebadhc� d� kdhjhklyf�qZklbp� kj_^u�oZjZdl_j�rmfh\h]h� \ha^_ckl\by� kj_^u� aZ\bkbl�hl�
kdhjhklb�[jhmgh\kdhc�qZklbpu�b� ]bihl_aZ�fhe_dmeyjgh]h�oZhkZ�g_�\uihegy_lky��Ijb�
wlhf�fu�g_�fh`_f�bkihevah\Zlv�eZg`_\_gh\kdbc�bklhqgbd�[_eh]h�rmfZ��g_�aZ\bkysbc�
hl� kdhjhklb� [jhmgh\kdhc� qZklbpu� lZd`_� dZd� b� \� kemqZ_� hkpbeebjmxs_]h� ^\b`_gby�
fZdjhfhe_dmeu��jZkkfhlj_ggh]h�\�jZ[hl_�>�@� 

 

Jbk����Ke_\Z��KljmdlmjZ�kemqZcguo�bf�
imevkh\��\ha^_ckl\bx�dhlhjuo�ih^\_j�
]Z_lky�[jhmgh\kdZy�qZklbpZ�ijb�^\b`_�
gbb� \� jZaj_`_gghc� kj_^_�� <j_f_ggZy
dZjlbgZ� bfimevkh\� ij_^klZ\e_gZ� \� e_�
\hc� \_jog_c� qZklb� jbk��Fh`gh� bkke_�
^h\Zlv� \_jhylghklb� iheh`bl_evguo� b
hljbpZl_evguo� bfimevkh\� p´ b� p�� jZk�
kfZljb\Zy� lhevdh� kemqZcgmx� dhfih�
g_glm� kf�� jbk�� ke_\Z� \gbam��Ijb� mqzl_
mkeh\gh]h�jZkij_^_e_gby�qZklbp�kj_^u�
klZedb\Zxsboky� k� [jhmgh\kdhc� qZklb�
p_c�� ih� kdhjhklyf�� \_jhylghklb� bf�
imevkh\� p´ b� � p� hdZau\Zxlky� kms_kl�
\_ggh� jZagufb� \� hij_^_ezgghf� ^bZiZ�
ahg_� kdhjhkl_c� [jhmgh\kdhc� qZklbpu�
KijZ\Z�� JZkij_^_e_gb_� \_jhylghkl_c

( | )w v m^Zj � kdhjhkl_c� fhe_dme� kj_^u�
klZedb\Zxsboky� k� [jhmgh\kdhc� qZklb�
p_c��ijb�jZaguo�agZq_gbyo�kdhjhklb�V 

 

Jbk����<\_jom��AZ\bkbfhklv�kj_^g_c�
kdhjhklb� fhe_dme� kj_^u�� klZedb�
\Zxsboky�k�[jhmgh\kdhc�qZklbp_c��
hl� kdhjhklb� [jhmgh\kdhc� qZklbpu�
V. <gbam�� AZ\bkbfhklv� jZaghklb�
lhjfhaysbo� b� mkdhjyxsbo� bf�
imevkh\� aZ� \uq_lhf� kj_^g_c� kbeu�

p p p− +∆ = − ��Kdhjhklv�baf_jy_lky�\�
_^bgbpZo 2 /kT m 
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;ueh�ijh\_^_gh�qbke_ggh_�bkke_^h\Zgb_�g_bahljhiguo�ijhp_kkh\�\�j_^mpbjh�
\Zgghf�fh^_eb� kemqZcgh]h� [em`^Zgby� gZ� ijyfhc� k� [he__� \ujZ`_gghc� g_bahljhigh�
klvx���IhdZaZgh�� qlh�g_bahljhighklv�ijb\h^bl� d� � kms_kl\h\Zgbx� �g_dhlhjh]h�oZjZd�
l_jgh]h�\j_f_gb��ihke_�dhlhjh]h�g_bahljhighklv�i_j_klZzl�kdZau\Zlvky��Wlh�mdZau\Z_l�
gZ� jhev� g_bahljhighklb� ijb� g_jZ\gh\_kguo� ijhp_kkZo�� \j_f_gZ� j_eZdkZpbb� dhlhjuo�
[hevr_�mdZaZggh]h�oZjZdl_jgh]h�\j_f_gb� 

Ke_^m_l�hlf_lblv��qlh�ij_^eh`_ggh_�jZkkfhlj_gb_�aZ^Zqb�fh`_l�[ulv�h[h[s_�
gh�b�gZ�kemqZb�^jm]hc�jZaf_jghklb�–�^\mof_jguc�b�lj_of_jguc�–�ijb�wlhf�g_�ij_^\b�
^blky�ijbgpbibZevguo�keh`ghkl_c�� 

Ebl_jZlmjZ 
1. Chichigina O., Netrebko A.,. Romanovsky Yu, A model of Oscillations of Mac-

romolecule with Anomalous Quality Factor, Fluctuation and Noise Lett. Vol 3, No 2, June 
2003 
 
 
 

M>D�������� 

<A:BFH>?CKL<B?�:AHLGHC�DBKEHLU 
K�D?J:KBGH<HC�K:@?C� 

IJBF?G?GB?�D�:LFHKN?JGUF�IJHP?KK:F 

Emoh\bpdZy1
�?�?���Ihih\bq_\Z1

�H�;���I_jkbZgp_\Z1
�G�F���JZ\brZgdZjZ2

�:�� 
1
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

2 NOAA, Aeronomy Laboratory, Boulder CO, USA 

GZ� ih\_joghklb� kZ`_\uo� Zwjhahe_c�� wfblbjm_fuo� j_Zdlb\guf� ^\b]Zl_e_f� kZ�
fhe_lZ�\�Zlfhkn_jm��fh]ml�ijhl_dZlv�]_l_jh]_ggu_�j_Zdpbb�k�Zahlkh^_j`Zsbfb�]ZaZfb��
OZjZdl_j�b�jhev�ih^h[gh]h�\aZbfh^_ckl\by�g_�^hklZlhqgh�bamq_gu�� 

<�^Zgghc�jZ[hl_�[ueh�bamq_gh�\aZbfh^_ckl\b_�iZjh\�Zahlghc�dbkehlu�+123�k�
kZ`_c� LK�� k� bkihevah\Zgb_f� ijhlhqgh]h� j_ZdlhjZ�� kgZ[`_ggh]h� obfbq_kdbf� fZkk-
ki_dljhf_ljhf��H[jZa_p�]hlh\beky�iml_f�k]hjZgby�Z\bZpbhggh]h�d_jhkbgZ�LK-��\�]h�

j_ed_��>ey�^_l_dlbjh\Zgby�bkihevah\Zeb�bhg�
−

6SF ��Wdki_jbf_glu�ih�\aZbfh^_ckl\bx�

Zahlghc�dbkehlu�k�h[jZaphf�ijh\h^bebkv�\�^bZiZahg_�l_fi_jZlmj�����D�–�����D�b�dhg�
p_gljZpbc��hl� 310103 −⋅ kf �^h� 311105 −⋅ kf . 

<h�\k_o�wdki_jbf_glZo�ijb�wdkihabpbb�h[jZapZ�\�iZju�Zahlghc�dbkehlu�gZ[ex�
^Z_lky� Z^khj[pby� 3HNO � b� \ha\jZl� kb]gZeZ� d�nhgh\hfm� agZq_gbx� \� l_q_gb_� \j_f_gb�

wdkihabpbb�� dhlhjh_� aZ\bkbl�hl� dhgp_gljZpbb�b� l_fi_jZlmju��Ijb� wlhf�g_�gZ[ex^Z�
ehkv�gbdZdh]h�h[jZah\Zgby� 2NO �b� HONO��Ih�hdhgqZgbb�wdkihabpbb�fhe_dmeu�Zahl�
ghc� dbkehlu� ^_khj[bjh\Zebkv��Ba� kjZ\g_gby� ibdh\� Z^khj[pbb� b� ^_khj[pbb� hp_gb\Z�
ehkv�dhebq_kl\h�fhe_dme��hklZ\rboky�gZ�ih\_joghklb�kZ`b��Ijb�l_fi_jZlmj_�����D�g_�
ijhbkoh^beh�gbdZdh]h�baf_g_gby�\�kb]gZe_� 3HNO ��k�ihgb`_gb_f�l_fi_jZlmju�Z^khj�

[bjh\Zehkv�[hevr__�qbkeh�fhe_dme�Zahlghc�dbkehlu��qlh�oZjZdl_jgh�^ey�nbabq_kdhc�
Z^khj[pbb��Ijb�gZ]j_\Zgbb�h[jZapZ�\k_�fhe_dmeu�Zahlghc�dbkehlu��hklZ\rb_ky�gZ�ih�
\_joghklb�� \ha\jZsZebkv� \� ]Zah\mx�nZam� \� g_baf_gghf� \b^_��LZdbf� h[jZahf�� gZ� ih�
\_joghklb�kZ`_\h]h�h[jZapZ�LK��ijhbkoh^bl�h[jZlbfh_�ih]ehs_gb_�Zahlghc�dbkehlu�� 
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Ijb�l_fi_jZlmj_�\_jog_c�ljhihkn_ju�b�gb`g_c�kljZlhkn_ju�ijhbkoh^bl��gZdh�
ie_gb_� 3HNO � gZ� ih\_joghklb� kZ`_\uo� qZklbp��GZdhie_gb_� Zahlghc� dbkehlu� fh`_l�

ijb\_klb�d�baf_g_gbx�]b^jhnh[gh�]b^jhnbevguo�k\hckl\�kZ`b�b�m\_ebqblv�kdhjhklv�
]_l_jh]_gghc�gmde_Zpbb�\h^u� 
 
 
 

M>D�532.137.3 

BAF?J?GB?�<YADHKLB�@B>DHKL?C 
IH�A:LMO:GBX�DHE?;:GBC�D:F?JLHG: 

@^Zgh\�:�=���:]Znhgh\�B�G� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<\_^_gb_ 
<bkdhabf_lju�rbjhdh� ijbf_gyxlky� \h�fgh]bo� hljZkeyo�gZmdb�b� l_ogbdb� ^ey�

baf_j_gby�\yadhklb�jZaebqguo�\_s_kl\��\�hkgh\ghf�`b^dhkl_c��>�-�@��<�gZklhys_c�jZ�
[hl_�ij_^eZ]Z_lky�gh\Zy�f_lh^bdZ�baf_j_gby�\yadhklb��iha\heyxsZy�jZ[hlZlv�\�j_`b�
f_�j_Zevgh]h�\j_f_gb�k�`b^dhklyfb�rbjhdh]h�^bZiZahgZ�\yadhkl_c��Ijbgpbi�jZ[hlu�
ijb[hjZ� hkgh\Zg� gZ� baf_j_gbb� aZlmoZgby� a\mdh\uo� dhe_[Zgbc� \ukhdh^h[jhlgh]h� dZ�
f_jlhgZ� 

<hafh`gu� ^\Z� j_`bfZ� jZ[hlu�� bkke_^m_fZy�`b^dhklv� ihf_sZ_lky� gZ� ih\_jo�
ghklv�dZf_jlhgZ�\�\b^_�dZi_ev�>�@��bkke_^m_fZy�`b^dhklv�ihf_sZ_lky�\�_fdhklv��dm^Z�
ih]jm`Zxlky�ahg^u��ijbdj_ie_ggu_�d�dZf_jlhgm��I_j\uc�j_`bf�ij_^gZagZq_g�^ey�jZ�
[hlu�k�fZeh\yadbfb�`b^dhklyfb� �gZijbf_j��\h^Z���Z�\lhjhc�j_`bf�–�k�[he__�\yadbfb�
�gZijbf_j��]ebp_jbg�� 

Hlebqbl_evghc� q_jlhc� ij_^eZ]Z_fhc� fh^_eb� y\ey_lky� \hafh`ghklv� jZ[hlu� k�
fZeufb�h[tzfZfb�`b^dhkl_c��f_g__�����fe�^ey�©dZi_evgh]hª�j_`bfZ�b�ihjy^dZ����fe�
^ey� ahg^h\h]h� j_`bfZ���Ih^h[gu_� k\hckl\Z� baf_jbl_evghc� kbkl_fu�fh]ml� hdZaZlvky�
ihe_agufb�^ey�p_eh]h�jy^Z�ijZdlbq_kdbo�ijbeh`_gbc��]^_�kms_kl\_ggu�h]jZgbq_gby, 
k\yaZggu_�k�dhebq_kl\hf�bkke_^m_fhc�`b^dhklb�>����@� 

Wdki_jbf_glZevgZy�mklZgh\dZ� 
Nbabq_kdZy� b^_y�� e_`ZsZy� \� hkgh\_� dZf_jlhggh]h�f_lh^Z� baf_j_gby� \yadhklb�

`b^dhkl_c��aZdexqZ_lky�\�hij_^_e_gbb�aZlmoZgby��\ghkbfh]h�\�dhe_[Zgby�\ukhdh^h[�
jhlgh]h�dZf_jlhgZ�kbehc�\yadh]h�lj_gby��dhlhjZy�^_ckl\m_l�gZ�ih\_joghklv�dZf_jlhgZ�
kh�klhjhgu�dZieb�bkke_^m_fhc�`b^dhklb�beb�gZ�ijbdj_ie_gguc�d�g_fm�ahg^��hims_g�
guc�\�bkke_^m_fmx�`b^dhklv��G_aZ\bkbfhklv�ihdZaZl_e_c�\yadhklb�hl�\g_rgbo�mkeh�
\bc� ^hklb]Z_lky� kjZ\g_gb_f� wdki_jbf_glZevgh� ihemqZ_fuo� ^Zgguo� ^ey� ^_dj_f_glh\�
aZlmoZgby�dhe_[Zgbc�k�`b^dhklvx�b�[_a�g__� 

J_amevlZlu 
<� jZ[hl_� ij_^klZ\e_gu� aZ\bkbfhklb� kdhjhklb� aZlmoZgby� dhe_[Zgbc� dZf_jlhgZ�

^ey�dZi_ev�`b^dhklb�jZaebqghc�iehsZ^b�b�jZaebqghc�\yadhklb��Ij_^eZ]Z_lky�l_hj_lb�
q_kdZy�fh^_ev� ih\_^_gby� dZieb�`b^dhklb� gZ� ih\_joghklb� dZf_jlhgZ�� ohjhrh� h[tyk�
gyxsZy� wdki_jbf_glZevgu_� aZ\bkbfhklb� >�@��<� oh^_� jZ[hlu�[ueb� kh[jZgu�^\_� mklZ�
gh\db��gZ�dhlhjuo�[ueZ�hijh[h\ZgZ�hibkZggZy�f_lh^bdZ��\�qZklghklb�ihemq_gu�l_fi_�
jZlmjgu_�aZ\bkbfhklb�\yadhklb�`b^dhkl_c��Z�lZd`_�hij_^_e_gZ�wg_j]by�Zdlb\Zpbb�]eb�
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p_jbgZ� �jbk�� ��� ihemq_ggh_� agZq_�
gb_� ohjhrh� kh]eZkm_lky� kh� kijZ�
\hqguf�>�@���ijh\_^_gu�baf_j_gbc�
\yadhklb�djh\b�\�ijhp_kk_�_z�k\zj�
lu\Zgby��LZd`_�gZqZlu�bkke_^h\Z�
gby�ih�Zgbahljhibb�\yadhklb�`b^�
dbo� djbklZeeh\� b� l_fi_jZlmjguo�
aZ\bkbfhkl_c� \yadhklb� \h^guo�
jZkl\hjh\�]ebp_jbgZ�>����@� 

<kz� wlh�iha\hey_l� ]h\hjblv�
h�\hafh`ghklb�ijbf_g_gby�^Zgghc�
f_lh^bdb� \� f_^bpbgkdhc� ^bZ]gh�
klbd_�b�eZ[hjZlhjghf�wdki_jbf_g�
l_� �ieZgbjm_lky� bkihevah\Zgb_�
^Zggh]h� \bkdhabf_ljZ� \� nbaijZd�
lbdmf_� ih� fhe_dmeyjghc� nbabd_�
nbabq_kdh]h�nZdmevl_lZ�F=M�>�@��� 

Ebl_jZlmjZ 
1. JZkmeh\� K�F��� OZfb^h\�F�F��� ³MklZgh\dZ� ^ey� h^gh\j_f_ggh]h� baf_j_gby�

^Z\e_gby�� l_fi_jZlmju��h[t_fZ�b� \yadhklb�`b^dhkl_c�b� ]Zah\´� ���Ijb[hju�b� l_ogbdZ�
wdki_jbf_glZ��������N1, C. 148-150 

2. Kheh\vz\� :�G��� DZiemg� :�;��� ³<b[jZpbhgguc� f_lh^� baf_j_gby� \yadhklb�
`b^dhkl_c´����ba^Zl_evkl\h�©GZmdZª������ 

3. IZgq_gdh\� =�F��� ©L_hjby� \yadhklb� `b^dhkl_cª�� ]hkm^Zjkl\_ggh_� gZmqgh-
l_ogbq_kdh_�ba^Zl_evkl\h�g_nlyghc�b�]hjgh-lhieb\ghc�ebl_jZlmju��������K����-55, 77-106 

4. @^Zgh\�:�=���IylZdh\�:�I���³Baf_j_gb_�^bgZfbq_kdhc�\yadhklb�`b^dhklb�ih�aZ�
lmoZgbx�dhe_[Zgbc�dZf_jlhgZ´����Nbabq_kdh_�h[jZah\Zgb_�\�\maZo��������N4, C. 117-126 

5. :]Znhgh\�B�G���@^Zgh\�:�=���³Bkke_^h\Zgb_�^bgZfbdb�k\zjlu\Zgby�djh\b´�
��� F_`^mgZjh^guc� fheh^z`guc� gZmqguc� dhg]j_kk� ©Fheh^z`v� GZmdZ� H[s_kl\hª��
K[hjgbd�FZl_jbZeh\��������C. 24 

6. ;medbg�I�K���Ihih\Z�B�B���H[sbc�nbabq_kdbc�ijZdlbdmf�fhe_dmeyjgZy�nb�
abdZ��ba^Zl_evkl\h�Fhkdh\kdh]h�Mgb\_jkbl_lZ��������K�����-130 

7. =jb]hjv_\� B�K��� F_ceboh\� ?�A��� Nbabq_kdb_� \_ebqbgu�� Wg_j]hZlhfba^Zl��
1991 
 
 
 

M>D��������������� 

WDKI?JBF?GL:EVGH?�BKKE?>H<:GB? 
=:AH@B>DHKLGUO�KLJMCGUO�L?Q?GBC 

;Zju[bg�:�B� 

>hg_pdbc�GZpbhgZevguc�Mgb\_jkbl_l��MdjZbgZ 

Kha^Zgb_�wdheh]bq_kdb�qbkluo�l_ogheh]bq_kdbo�ijhp_kkh\�lj_[m_l�gh\uo�agZ�
gbc� h�nbabq_kdbo�ijhp_kkZo� �� \� dhlhjuo�ijbkmlkl\mxl� h^gh\j_f_ggh�g_kdhevdh�nZa�
\_s_kl\Z��Wdki_jbf_glZevgu_�f_lh^u� bkke_^h\Zgby� bf_xl� hkh[h_� agZq_gb_� dZd� ^ey�

Jbk��� 
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jZa\blby� ij_^klZ\e_gby� lmj[me_glgh]h� ^\b`_gby� ]Zah`b^dhklgh]h� ihlhdZ�� lZd� b� ^ey�
ihemq_gby�wfibjbq_kdbo�khhlghr_gbc��dhlhju_�hibku\Zxl�f_oZgbaf�l_q_gby� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�wdki_jbf_glZevgh_�baf_j_gb_�oZjZdl_jbklbd�aZ�
lhie_gghc�lmj[me_glghc��]Zah`b^dhklghc�kljmb��ihey�]Zahkh^_j`Zgby��ihey�kdhjhkl_c��
jZaf_ju�imaujvdh\���M^_evgh_�]Zahkh^_j`Zgb_�b�dhebq_kl\h�imauj_c�baf_jy_lky�\heh�
dhggh-hilbq_kdbf�ij_h[jZah\Zl_e_f��Iheguc�jZkoh^�`b^dhklb�baf_jy_lky�h[t_fguf�
f_lh^hf��Z�iheguc�jZkoh^�]ZaZ�–�jhlZf_ljhf��Wdki_jbf_glZevgZy�mklZgh\dZ�ij_^klZ\�
ey_l�kh[hc�dZf_jm��GZ�h^ghc�ba�[hdh\uo�kl_ghd�dZf_ju�jZkiheh`_g�]_g_jZlhj�]Zah\uo�
imaujvdh\��GZ� mklZgh\d_� jZkiheh`_gh� dhhj^bgZlgh_� mkljhckl\h�� iha\heyxs__� i_j_�
f_sZlv�^Zlqbd�\�aZ^Zggmx�lhqdm�dZf_ju��H^gZ�ba�[hdh\uo�kl_ghd�dZf_ju�\uiheg_gZ�
ba�ijhajZqgh]h�hj]kl_deZ��qlh�iha\hey_l�ijhba\h^blv�g_ihkj_^kl\_ggmx�\bamZebaZpbx�
b�nhlhktzfdm�ijhp_kkZ� Ihke_�\dexq_gby�mklZgh\db�mklZgZ\eb\Z_lky�gm`guc�jZkoh^�
`b^dhklb�b�]ZaZ��Wdki_jbf_gl�ijh\h^beky�\�khhl\_lkl\bb�k�jZajZ[hlZgghc�f_lh^bdhc��
Ijb�wlhf�ihdZaZgby�jhlZf_ljZ�jZ\gyebkv�����e�k��jZkoh^�\h^u�mklZgh\e_g�\�jZaf_j_�����
e�k�� 

Ba� ihemq_gguo� j_amevlZlh\� fh`gh� k^_eZlv� \u\h^�� qlh� hkv� kljmb� kf_sZ_lky�
\\_jo�ih�hlghr_gbx�d�p_gljm��lh�_klv�ijhbkoh^bl�\kieulb_�imaujvdh\��H[s__�]Zahkh�
^_j`Zgb_�hij_^_ey_lky�dZd�bgl_]jZe�ih�\k_fm�kj_am��gZ�dZ`^hf�kj_a_�^he`gh�[ulv�\_�
ebqbghc�fhghlhggh�m[u\Zxs_c� ��H^gZdh� �ihkqblZ\�__�ih�]jZnbdZf� �^ey�]Zahkh^_j`Z�
gby�dZd�iehsZ^v�h]jZgbq_ggmx�dZ`^hc�ba�djb\hc�fh`gh�kdZaZlv���qlh�^Zggh_�mkeh\b_�
g_�\uihegy_lky� ��Wlh�fh`gh�h[tykgblv�l_f��qlh�dhgkljmdpby�^ZlqbdZ� �lZdh\Z� ��qlh�gZ�
\_ebqbgm�baf_jy_fh]h�]Zahkh^_j`Zgby�\eby_l�kdhjhklv�imaujvdZ���LZdbf�h[jZahf�ijb�
gbfZy�\h�\gbfZgb_�i_j\h_�mkeh\b_�fh`_f�hp_gblv��dZd�baf_gy_lky�kdhjhklv�\�kljm_�ih�
kj_aZf�hlghkbl_evgh�gZqZevghc��Ihemq_ggu_�ij_^\Zjbl_evgu_�j_amevlZlu�iha\heyxl�
h[tykgblv�nbabq_kdmx�dZjlbgm�jZa\blby�]Zah`b^dhklgh]h�ihlhdZ���>Zevg_crb_�bkke_�
^h\Zgby�iha\heyl�ihemqblv�dhebq_kl\_ggu_�hp_gdb� 
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IJBF?G?GB?�NBABQ?KDBO�F?LH>H< 
<�F?>BPBG? 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��I_ljh\Z�=ZebgZ�I_ljh\gZ 

 

M>D��������������� 

J?=BKLJ:PBY�IH<J?@>:XS?=H�>?CKL<BY�BR?FBB 
G:�DHFIHG?GLU�KU<HJHLDB�DJH<B 

F?LH>:FB�KI?DLJHKDHIBB�>BG:FBQ?KDH=H 
B�KL:LBQ?KDH=H�K<?LHJ:KK?YGBY 

<eZkh\Z�B�F���Fbdjbg�<�?� 

F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZr_c�jZ[hl_�f_lh^Zfb�eZa_jghc�ki_dljhkdhibb��^bgZfbq_kdh_�b�klZlbq_kdh_�
k\_lhjZkk_ygb_��jZkk_yggh]h�k\_lZ�[ueh�ihdZaZgh�\ebygb_�br_fbb�gZ�ku\hjhldm�djh\b���
Bkke_^h\Zgby�ijh\h^bebkv�gZ�ku\hjhld_�djh\b�djuk��i_j_g_krbo�]eh[Zevgmx�br_fbx�
����qZkZ��]heh\gh]h�fha]Z��<�oh^_�bkke_^h\Zgbc�[ueb�aZj_]bkljbjh\Zgu�hlebqby�\�ku�
\hjhld_�djh\b�`b\hlguo��i_j_gzkrbo�br_fbx��ih�kjZ\g_gbx�k�ku\hjhldhc�a^hjh\uo�
`b\hlguo��F_lh^�^bgZfbq_kdh]h�k\_lhjZkk_ygby�[ue�bkihevah\Zg�gZfb�^ey�hij_^_e_�
gby�jZaf_jh\�dhfihg_glh\�ku\hjhldb��>ey�hij_^_e_gby�fhe_dmeyjgh]h�\_kZ�g_\aZbfh�
^_ckl\mxsbo� dhfihg_glh\� ku\hjhldb� \� jZ[hl_� [ue� bkihevah\Zg�f_lh^� klZlbq_kdh]h�
jZkk_ygby�k\_lZ�� 

Ijb�bkke_^h\Zgbb�\ebygby�br_fbb�gZ�ku\hjhldm�djh\b�[ueb�h[gZjm`_gu�ba�
f_g_gby�\�ahg_�bg]j_^b_glh\�^bZf_ljhf���-��gf��QZklbpu�wlh]h�jZaf_jZ�ij_^klZ\eyxl�
kh[hc� ebihijhl_bgh\u_� dhfie_dku�� Z� lhqg__� ebihijhl_bgu� gbadhc� � iehlghklb�
�EIGI���lhgdh�j_Z]bjmxsb_�gZ�br_fbq_kdb_�b�Zl_jhkde_jhlbq_kdb_�aZ[he_\Zgby��F_�
lh^hf�klZlbq_kdh]h�jZkk_ygby��gZ�ku\hjhld_�a^hjh\uo�djuk�b�djuk��i_j_gzkrbo�br_�
fbx��[ueZ�ihemq_gZ�fZkkZ�wlbo�qZklbp��jZ\gZy����feg>Z��h^bgZdh\Zy�^ey�h[_bo�]jmii�
`b\hlguo��khhl\_lkl\mxsZy�fZkk_�EIGI�ih�ebl_jZlmjguf�^Zgguf��� 

K�ihfhsvx�f_lh^Z�^bgZfbq_kdh]h� jZkk_ygby� k\_lZ� aZj_]bkljbjh\Zgu�hlebqby�
jZ^bmkh\� EIGI� dhgljhevghc� ku\hjhldb� djh\b� b� br_fbq_kdhc� ku\hjhldb�� JZaf_j�
br_fbq_kdbo�EIGI�[hevr_�jZaf_jZ�EIGI�a^hjh\hc�ku\hjhldb�ijbf_jgh�gZ���-30%. 
Ba\_klgh��qlh�a^hjh\u_�EIGI�ij_^klZ\eyxl�kh[hc�kn_jbq_kdb_�qZklbpu��GZfb�mklZ�
gh\e_gh��qlh�ihke_�br_fbb�nhjfZ�EIGI�hklZ_lky�kn_jbq_kdhc��gh�ijb�wlhf�ijhbkoh�
^bl�agZqbl_evgh_�mf_gvr_gb_�iehlghklb�EIGI�� 

AZj_]bkljbjh\Zggu_� baf_g_gby�EIGI�� ijhbahr_^rb_� \ke_^kl\b_� br_fbb� ]h�
eh\gh]h�fha]Z��h[tykgyxlky�\�jZfdZo�l_hjbb�hdbkebl_evgh]h�klj_kkZ��GZdhie_gb_�ijb�
br_fbb�k\h[h^ghjZ^bdZevguo�ijh^mdlh\�\�ldZgb�fha]Z�ijb\h^bl�d�bo�ihke_^mxs_fm�
ihiZ^Zgbx�\�djh\v�b�d�ih\j_`^_gbx�dhfihg_glh\�djh\b��JZ^bdZevgu_�hdbkebl_evgu_�
j_Zdpbb�\uau\Zxl�fh^bnbdZpbx�ebihijhl_bgh\��hkh[_ggh�wlhfm�ih^\_j`_gu�EIGI��
ieZafu�djh\b��Ihemq_ggu_�gZfb�j_amevlZlu�]h\hjyl�h[�wnn_dlb\ghklb�bkihevah\Zgby�
eZa_jghc�ki_dljhkdhibb�\�^bZ]ghklbd_�Zl_jhkde_jhlbq_kdbo�khkm^bkluo�aZ[he_\Zgbc�b�
\�hp_gd_��br_fbq_kdbo�ih\j_`^_gbc� 
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M>D�����������������41.64 

BKKE?>H<:GB?�;?EDH<UO�J:KL<HJH<�KH>?J@:SBO�LY@?EU?�
BHGU��F?LH>HF�IHEYJBAH<:GGHC�NEMHJ?KP?GPBB 

∗Khdhe�G�<� 
F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>ey�bkke_^h\Zgby�k\hckl\�[_edZ�\�jZkl\hjZo�fh`gh�bkihevah\Zlv�f_lh^�iheyjbah\Zg�
ghc�nemhj_kp_gpbb��F_lh^� iha\hey_l� hij_^_eylv� \j_f_gZ� \jZsZl_evghc� dhjj_eypbb�
fhe_dme��ijhba\h^blv�hp_gdm�jZaf_jh\�qZklbp�\�jZkl\hjZo�b�dhebq_kl\Z�p_gljh\�k\y�
au\Zgby�gZ�fZdjhfhe_dmeZo��dhlhju_�\�k\hx�hq_j_^v�aZ\bkyl�hl�jZkiheh`_gby�aZjy^h\�
gZ� [_edh\uo� ih\_joghklyo� b� dhwnnbpb_glh\�f_`fhe_dmeyjgh]h� \aZbfh^_ckl\by��LZ�
dbf�h[jZahf��ih�iZjZf_ljZf�nemhj_kp_gpbb�[_edh\uo�jZkl\hjh\�fh`gh�km^blv�h�oZ�
jZdl_j_�ih\_^_gby�fhe_dme�[_edZ�b�kljmdlmj_�kZfbo�jZkl\hjh\� 
Nemhj_kp_glgu_�ahg^u��ijbdj_ieyykv�d�[_edh\hc�ih\_joghklb��kf_sZxl�ki_dlj�exfb�
g_kp_gpbb�[_edZ�\�\b^bfmx�h[eZklv��ijb�wlhf�ihegZy�bgl_gkb\ghklv�k\_q_gby�aZ\bkbl�
hl�dhebq_kl\Z�k\yaZggh]h�b�k\h[h^gh]h�nemhj_kpbjmxs_]h�ahg^Z� 
<�gZklhys_c�jZ[hl_�bkke_^h\Zebkv�\h^gu_�jZkl\hju�[uqv_]h�ku\hjhlhqgh]h�Zev[mfb�
gZ� �;K:��� kh^_j`Zsb_� khev� dZ^fby� �Cd2SO4�� b�nemhj_kp_glguc� ahg^� �nemhj_kp_bg���
;ueb�bkke_^h\Zgu�lZd`_�\h^gu_�jZkl\hju�;K:��kh^_j`Zsb_�o_eZl�_\jhiby��O?���fhe_�
dmeu�dhlhjh]h�nemhj_kpbjmxl�\�\b^bfhc�qZklb�ki_dljZ� 
HdZaZehkv��qlh� \�jZkl\hjZo�;K:� k�bhgZfb�Cd�b�nemhj_kp_bghf� kl_i_gv�iheyjbaZpbb�
m\_ebqb\Z_lky�� qlh� k� lhqdb� aj_gby� l_hjbb�E_\rbgZ-I_jj_gZ� k\b^_l_evkl\m_l�h�jhkl_�
wnn_dlb\gh]h�h[t_fZ�qZklbp�\�jZkl\hjZo��<j_f_gZ�\jZsZl_evghc�dhjj_eypbb� �2\j�dhj�) 
qZklbp�\�jZkl\hjZo�k�bhgZfb�dZ^fby�\hajZklZxl�[hevr_�q_f�\�^\Z�jZaZ�ih�kjZ\g_gbx�k�
2\j�dhj��fhe_dmeu�Zev[mfbgZ�� 
Bgl_gkb\ghklv�nemhj_kp_gpbb�\h^guo�jZkl\hjh\�O?�baf_gy_lky�ijb�baf_g_gbb�iZjZ�
f_ljZ�jG�b�^hklb]Z_l�fZdkbfZevghc�\_ebqbgu�\�h[eZklb�jG����IhegZy�bgl_gkb\ghklv�
nemhj_kp_gpbb�jZkl\hjh\�[_edZ�k�O?�kms_kl\_gguf�h[jZahf�aZ\bkbl�hl�dhgp_gljZpbb�
o_eZlZ�b�jG�jZkl\hjZ�b�lZd`_�^hklb]Z_l�fZdkbfZevghc�\_ebqbgu�\�h[eZklb�jG����<j_�
f_gZ� 2\j�dhj�� qZklbp� \� jZkl\hjZo� Zev[mfbgZ�� kh^_j`Zsbo�O?�� \hajZklZxl� ijbf_jgh� gZ�
ihjy^hd�ih�kjZ\g_gbx�k�2\j�dhj��fhe_dme�Zev[mfbgZ�\�\h^_��qlh�\_jhylgh�k\yaZgh�k�m\_�
ebq_gb_f� jZaf_jZ� qZklbp�� Z� ke_^h\Zl_evgh� k� h[jZah\Zgb_f� [_edh\uo� deZkl_jh\��Ih�
ke_^g__�[ueh�ih^l\_j`^_gh�f_lh^Zfb�klZlbq_kdh]h�b�^bgZfbq_kdh]h�jZkk_ygby�k\_lZ� 
 
 
 

M>D������� 

FHGL?-D:JEH�FH>?EBJH<:GB?�KB=G:EH< 
HILBQ?KDH=H�DH=?J?GLGH=H�LHFH=J:N: 

HL�KEH?<�;BHLD:GB�:G:EBA�DJ:LGHKL?C�J:KK?YGBY 
∗∗N_^hk__\Z�F�K����Dbjbeebg�F�X 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Hilbq_kdZy� dh]_j_glgZy� lhfh]jZnby� �HDL�� y\ey_lky� h^gbf� ba� gh\uo� g_bg\Z�
ab\guo�f_lh^h\�eZa_jghc�f_^bpbgkdhc�^bZ]ghklbdb��dhlhju_�jZajZ[Zlu\Zxlky�^ey�bk�
                                                           
∗
��>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 

∗∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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ke_^h\Zgby�\gmlj_gg_c�kljmdlmju�k\_lhjZkk_b\Zxsbo�[bhldZg_c�>�@��HDL�hkgh\ZgZ�gZ�
ijbgpbi_�gbadhdh]_j_glghc�bgl_jn_jhf_ljbb��P_evx�gZr_c�jZ[hlu�[ueh�bkke_^h\Z�
gb_�jZkij_^_e_gby�nhlhgh\��^Zxsbo�\deZ^�\� kb]gZe�hilbq_kdh]h�dh]_j_glgh]h� lhfh�
]jZnZ��ih�dhebq_kl\m�bkiulZgguo�bfb�Zdlh\�jZkk_ygby�hl�keh_\�[bhldZgb�ijb�jZaebq�
guo� dhgp_gljZpbyo� jZkk_b\Zl_e_c�� DjZlghklv� jZkk_ygby� y\ey_lky� \Z`ghc� oZjZdl_jb�
klbdhc�ijhp_kkh\�jZkijhkljZg_gby�k\_lZ�>�@�b�nhjfbjh\Zgby�kb]gZeZ��b�fh^_ebjh\Zgb_�
wlbo� ijhp_kkh\� iha\hey_l� mklZgh\blv� h[eZklv� ijbf_gbfhklb� bkke_^m_fh]h�f_lh^Z�� Z�
lZd`_� hilbfZevgh� j_Zebah\Zlv� wdki_jbf_glZevgu_� f_lh^u� hilbq_kdhc� ^bZ]ghklbdb�
kljmdlmju�[bhldZg_c� 

>ey�fh^_ebjh\Zgby�jZkijhkljZg_gby�k\_lZ�\�bkke_^m_fhf�h[t_dl_�bkihevam_lky�
f_lh^�Fhgl_-DZjeh��Kb]gZe�HDL�jZkkqblu\Zeky�^ey�keh_\�kmki_gabb�k\_lhjZkk_b\Zx�
sbo�qZklbp��fh^_ebjmxsbo�djh\v�b�dh`m� �lhesbghc� ����ff�b� ��ff�khhl\_lkl\_ggh���
>ebgZ�\hegu�bklhqgbdZ�gbadhdh]_j_glgh]h�baemq_gby�kqblZeZkv�jZ\ghc�����gf��IZjZ�
f_lju�fh^_ebjm_fhc�mklZgh\db�khhl\_lkl\h\Zeb�iZjZf_ljZf�j_Zevgh]h�lhfh]jZnZ�>�@��
Dh`Z�fh^_ebjh\ZeZkv�kmki_gab_c�ebib^guo�\_abdme�jZaebqguo�jZaf_jh\�b�dhgp_gljZ�
pbc��l��g��©bgljZebib^hfª���;ueb�ihemq_gu�fh^_evgu_�aZ\bkbfhklb�qbkeZ�^_l_dlbjm_�
fuo�nhlhgh\�hl�dhebq_kl\Z�bkiulZgguo�bfb�Zdlh\�jZkk_ygby�ijb�jZaebqguo�]_fZlhd�
jblZo�djh\b� �Hct = 5%������������b�jZaebqguo�dhgp_gljZpbyo�bgljZebib^Z� ���������
������Ijb�wlhf�fgh]hdjZlgh�jZkk_yggufb�kqblZeky�nhlhgu��^ey�dhlhjuo�qbkeh�Zdlh\�
jZkk_ygby� [hevr_�� q_f� hlghr_gb_� ljZgkihjlghc� ^ebgu� d� kj_^g_c� ^ebg_� k\h[h^gh]h�
ijh[_]Z�\�kj_^_� 

GZ�djb\uo��ij_^klZ\eyxsbo�wlb�aZ\bkbfhklb�\�kemqZ_�djh\b� �jbk��Z��^ey�dZ`�
^h]h� ]_fZlhdjblZ�gZ[ex^Zxlky�^\Z�fZdkbfmfZ��i_j\uc�ba�dhlhjuo� khhl\_lkl\m_l�hl�
jZ`_gbx�nhlhgh\�� ^Zxsbo� kb]gZe�� hl� [eb`g_c� ]jZgbpu� kehy� �khhl\_lkl\m_l� h^ghfm�
Zdlm�jZkk_ygby���Z�\lhjhc�–�hl�^Zevg_c�]jZgbpu��>ey�Hct ���b�Hct� �����gZb[hevrbc�
\deZ^� \� h[sbc� ^_l_dlbjm_fuc� kb]gZe� ^Z_l� fZehdjZlgh_� jZkk_ygb_�� lh]^Z� dZd� ijb�
Hct ����ij_h[eZ^Z_l�\deZ^�fgh]hdjZlgh]h�jZkk_ygby��>ey�Hct ���\_ebqbgZ�\lhjh]h�
fZdkbfmfZ�[hevr_��q_f�^ey�hklZevguo� kemqZ_\��qlh� k\yaZgh� k� kbevghc� Zgbahljhib_c�
jZkk_ygby��nZdlhj�g� ��������Ijb�Hct ����ZgZeh]bqguc�fZdkbfmf�f_gvr_��qlh�h[tyk�
gy_lky�m\_ebq_gb_f�dhwnnbpb_glZ�jZkk_ygby�kj_^u��s��>ey�Hct ����jZkkfZljb\Z_fuc�
fZdkbfmf�\ujZ`_g�g_�klhev�y\gh��ihkdhevdm�Zgbahljhigu_�k\hckl\Z�kj_^u�mf_gvrZ�
xlky��Z��s��gZijhlb\��bf__l�kjZ\gbl_evgh�[hevrh_�agZq_gb_��K�m\_ebq_gb_f�]_fZlhdjb�
lZ�gZ[ex^Z_lky��kf_s_gb_�\lhjh]h�fZdkbfmfZ�\ijZ\h��qlh�k\yaZgh�k�m\_ebq_gb_f�khhl 
ghr_gby�lhesbgu�kehy�b�^ebgu�k\h[h^gh]h�ijh[_]Z�\�kj_^_� 

  
Jbk����AZ\bkbfhklb�qbkeZ�^_l_dlbjh\Zgguo�nhlhgh\�hl�qbkeZ�bkiulZgguo�bfb�Zdlh\�jZkk_ygby�^ey�
jZaebqguo�]_fZlhdjblh\�djh\b��Z��b�dhgp_gljZpbc�bgljZebib^Z��[�� 
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<� kemqZ_� bgljZebib^Z� �jbk�� �[�� gZ� khhl\_lkl\mxsbo� aZ\bkbfhklyo� lZd`_� gZ�
[ex^Zxlky�^\Z�yjdh�\ujZ`_gguo�fZdkbfmfZ��i_j\uc�ba�dhlhjuo��dZd�b�\�kemqZ_�djh\b��
khhl\_lkl\m_l�hljZ`_gbx�nhlhgh\�hl�[eb`g_c�]jZgbpu�kehy��Z�\lhjhc�h[mkeh\e_g�fgh�
]hdjZlguf�jZkk_ygb_f�nhlhgh\��K�m\_ebq_gb_f�dhgp_gljZpbb� ©o\hkluª�kb]gZeh\�m^�
ebgyxlky��l�_��gZ�[hevr__�dhebq_kl\h�Zdlh\�jZkk_ygby�ijboh^blky�[hevr_�^_l_dlbjm_�
fuo�nhlhgh\��Wlh�hiylv�`_�k\yaZgh�k�l_f��qlh�k�m\_ebq_gb_f�dhgp_gljZpbb�m\_ebqb\Z�
_lky��s,�b�^_l_dlbjh\Zgguc�nhlhg�bkiulu\Z_l�[hevr__�qbkeh�Zdlh\�jZkk_ygby��<�hleb�
qb_�hl�ZgZeh]bqghc�aZ\bkbfhklb�^ey�djh\b�kf_s_gb_�\lhjuo�fZdkbfmfh\�hlghkbl_ev�
gh�^jm]�^jm]Z�g_�gZ[ex^Z_lky��lZd�dZd�nZdlhj�Zgbahljhibb�^ey�\k_o�dhgp_gljZpbc�bg�
ljZebib^Z�h^bg�b�lhl�`_��g = 0.63).  
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<EBYGB?�K?F:DK:�G:�>?NHJFBJM?FHKLV�WJBLJHPBLH< 
M�DJUK�K�WDKI?JBF?GL:EVGH�<UA<:GGHC�BR?FB?C 

Em]h\ph\�:�?.1��LxjbgZ�:�X�
1
��FZexlbgZ�?�G�2 

F=M�bf��F�<��Ehfhghkh\Z�
1
nbabq_kdbc�nZdmevl_l��

2
nZdmevl_l�

nmg^Zf_glZevghc�f_^bpbgu 

Wdki_jbf_glZevgh�\ua\ZggZy�br_fby�m�djuk�kihkh[kl\m_l�mkbe_gbx�k\h[h^gh�
jZ^bdZevguo� ijhp_kkh\� b�� dZd� ke_^kl\b_�� ijb\h^bl� d� baf_g_gbx� j_heh]bq_kdbo�
k\hckl\�wjbljhpblh\��\�qZklghklb��d�ih\ur_gbx�`_kldhklb�f_f[jZgu�aZ�kq_l�krb\db�
f_f[jZgguo�[_edh\��H^gbf�ba�ij_iZjZlh\��kgb`Zxsbo�\ebygby�k\h[h^ghjZ^bdZevguo�
ijhp_kkh\�y\ey_lky�k_fZdk�>�@��<�^Zgghc�jZ[hl_�bkke_^h\Zgh�\ebygb_�k_fZdkZ�gZ�iZjZ�
f_lj�^_nhjfbjm_fhklb��I>��wjbljhpblh\�djuk�ijb�_]h�\\_^_gbb�in vivo.  

F_lh^�baf_j_gby�hkgh\Zg�gZ�j_]bkljZpbb�^bnjZdpbhgguo�bah[jZ`_gbc��ihem�
qZ_fuo�ijb�hk\_s_gbb�jZa[Z\e_gghc�kmki_gabb�wjbljhpblh\�\�yq_cd_�DmwllZ�eZa_jguf�
imqdhf��k�ihke_^mxs_c�dhfivxl_jghc�h[jZ[hldhc�wlbo�bah[jZ`_gbc�b�jZkq_lhf�I>�
de_lhd�dZd�nmgdpbb�k^\b]h\h]h�gZijy`_gby�>�@��<�k^\b]h\hf�ihlhd_�^_nhjfZpby�wjbl�
jhpblh\�aZ\bkbl�hl�f_oZgbq_kdbo�k\hckl\�^\mo�dhfihg_glh\��f_f[jZgu�b�\gmlj_gg_]h�
kh^_j`bfh]h� wjbljhpblh\�� y\eyxs_]hky� \yadhc� `b^dhklvx� �jZkl\hj� ]_fh]eh[bgZ���
DZ`^uc� ba� wlbo� dhfihg_gl� ^Z_l� k\hc� \deZ^� \� djb\mx� ^_nhjfZpbb��Ijb� ^\b`_gbb� \�
k^\b]h\hf� ihlhd_� f_f[jZgZ� wjbljhpblZ� \jZsZ_lky� \hdjm]� `b^dh]h� kh^_j`bfh]h� kh�
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kdhjhklvx�� aZ\bkys_c�hl�_]h�\yadhklb�b�kdhjhklb�k^\b]Z��I_j_kljh_ggu_�\�ihemeh]Z�
jbnfbq_kdhc�rdZe_�djb\u_� aZ\bkbfhklb�I>�hl�k^\b]h\h]h�gZijy`_gby�m^h\e_l\hjb�
l_evgh�kijyfeyxlky�b�oZjZdl_jbklbdhc�dZ`^hc�ba�gbo�fh`gh�\u[jZlv�lhqdm�i_j_k_q_�
gby� k� hkvx� gZijy`_gbc� k^\b]Z� �ij_^_e� l_dmq_klb��� qlh� ^Z_l� ij_^_evgh_� gZijy`_gb_�
k^\b]Z��ijb�dhlhjhf�gZqbgZ_lky�^_nhjfZpby��<lhjZy�oZjZdl_jbklbdZ—lZg]_gk�m]eZ�gZ�
dehgZ�]jZnbdZ��H[�baf_g_gbb�\yadhklb�\gmlj_gg_]h�kh^_j`bfh]h�wjbljhpblh\�fh`gh�
km^blv�ih�gZdehgm�aZ\bkbfhklb�I>�hl�eh]ZjbnfZ�kdhjhklb�k^\b]Z��Z�h[�baf_g_gbb�^_�
nhjfZpbhgguo� k\hckl\�f_f[jZgu� wjbljhpblh\�fh`gh� km^blv� ih� ij_^_em� l_dmq_klb��
KlZlbklbq_kdbc� jZa[jhk� j_amevlZlh\� baf_j_gby� I>� gZ� ghjfZevguo� wjbljhpblZo� kh�
klZ\ey_l�����qlh�kjZ\gbfh�k�nbabheh]bq_kdbf�jZa[jhkhf�ih�^_nhjfZpbhgguf�k\hckl�
\Zf�\�ime_�ghjfZevguo�de_lhd�� 

M�hiulguo�`b\hlguo�ih^�d_lhfbgh\uf�gZjdhahf�\uau\Zeb�br_fbx�]heh\gh]h�
fha]Z�iml_f�h^ghfhf_glghc�i_j_\yadb�h[_bo�h[sbo�khgguo�Zjl_jbc��Dhgljhe_f�kem�
`beb�eh`ghhi_jbjh\Zggu_�`b\hlgu_��m�dhlhjuo�ijh\h^beb�l_�`_�objmj]bq_kdb_�fZ�
gbimeypbb�ih^�gZjdhahf��gh�h[sb_�khggu_�Zjl_jbb�hklZ\eyeb�g_i_j_\yaZggufb��>ey�
bamq_gby�\ebygby�k_fZdkZ�gZ�I>�wjbljhpblh\�aZ[hj�djh\b�m�djuk�b�baf_j_gby�ijh\h�
^bebkv�g_ihkj_^kl\_ggh�^h�b�q_j_a����fbgml�ihke_�hi_jZpbb��<k_]h�[ueh�bkke_^h\Zgh�
��� djuk��ba� dhlhjuo� ��� khklZ\eyeb�hiulgmx� ]jmiim� �djuku� k� wdki_jbf_glZevgh� \u�
a\Zgghc�br_fb_c��� Z� ��� djuk� khklZ\eyeb� dhgljhevgmx� ]jmiim� �eh`ghhi_jbjh\Zggu_�
djuku���DZ`^Zy�]jmiiZ�khklhyeZ�ba�^\mo�ih^]jmii�ih���djuk��<�i_j\hc�ih^]jmii_�[ueb�
djuku��dhlhjuf�\\h^beky�k_fZdk�\gmljb[jxrgh�ih���f]�d]���jZaZ�q_j_a����fbgml�b�q_�
j_a���qZk�ihke_�i_j_\yadb�khgguo�Zjl_jbc��Z�\h�\lhjhc�djukZf�\f_klh�k_fZdkZ�\\h^beky�
nbajZkl\hj�\�l_o�`_�dhebq_kl\Zo�� 

>ey� hiulghc� ]jmiiu� djuk� \� kemqZ_� \\_^_gby�nbajZkl\hjZ�iZjZf_lj�^_nhjfb�
jm_fhklb�� baf_j_gguc� q_j_a� ��� fbgml� ihke_� hi_jZpbb�� ^hklh\_jgh� mf_gvrZ_lky� gZ�
10 ± �����ih�kjZ\g_gbx�kh�agZq_gbyfb�^h�hi_jZpbb��<�kemqZ_�\\_^_gby�k_fZdkZ�iZjZ�
f_lj� ^_nhjfbjm_fhklb� ^hklh\_jgh� mf_gvrZeky� \k_]h� gZ� � ± 1���>ey� eh`ghhi_jbjh�
\Zgguo� djuk� ^hklh\_jguo� jZaebqbc� \� I>� ijb� \\_^_gbb� nbajZkl\hjZ� b� k_fZdkZ� g_�
gZ[ex^Zehkv� 

LZd�dZd�ij_^_e�l_dmq_klb�\h�\k_o���]jmiiZo�^hklh\_jgh�g_�baf_gyeky��lh�fh`gh�
ij_^iheh`blv�� qlh� baf_g_gby� `_kldhkb� f_f[jZg� wjbljhpblh\� djuk� ijZdlbq_kdb� g_�
ijhbkoh^beh�� �Ih�baf_g_gbx�lZg]_gkZ�m]eZ�gZdehgZ�fh`gh�kdZaZlv��qlh�\�h[_bo�ih^�
]jmiiZo�dhgljhevghc�]jmiiu�djuk��\gmlj_ggyy�\yadhklv�wjbljhpblh\�g_�baf_gyeZkv��<�
kemqZ_�`_� hiulghc� ]jmiiu�� \�ih^]jmii_� k� \\_^_gguf�nbajZkl\hjhf� \gmlj_ggyy� \ya�
dhklv�djZkguo�de_lhd�m\_ebqb\ZeZkv�[hevr_��gZ��±�������q_f�\�kemqZ_�k�\\_^_gguf�k_�
fZdkhf��gZ���± 2 %). 

Ih� j_amevlZlZf� wdki_jbf_glZ� ihemq_gh�� qlh� \\_^_gb_� k_fZdkZ� iheh`bl_evgh�
kdZau\Z_lky� gZ� I>� wjbljhpblh\� br_fbq_kdbo� djuk�� IhdZaZgh�� qlh� mf_gvr_gb_� I>�
wjbljhpblh\�k\yaZgh�k�m\_ebq_gb_f�\gmlj_gg_c�\yadhklb�djZkguo�de_lhd�djh\b� 

Ebl_jZlmjZ 
1. NZ^xdh\Z�H�?���:e_dk__\�:�:���;ZrdZlh\Z�<�=��b�^j���Wdki_jbf_glZevgZy�b�

debgbq_kdZy�nZjfZdheh]by��- 2001. -�L���������-�K����-34. 
2. Lugovtsov A.E., Priezzhev A.V., Tyurina A.Yu., Rheological behavior of erythro-

cytes of hemorrhagic rats: examination by the method of laser diffractometry, Optical Tech-
nologies in Biophysics and Medicine V, V. Tuchin - Ed, SPIE Proc., vol. 5474, in print 
(2003). 
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M>D������ 

<EBYGB?�IH<UR?GGH=H�IHLJ?;E?GBY�DHWGABF: Q10 
G:�KHDJ:LBL?EVGMX�B�FBLHOHG>JB:EVGU? 

NMGDPBB�FBHD:J>: 

=m[dbg�:�:���EZdhfdbg�<�E���Lbfhrbg�:�:� 

F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 
GBB�wdki_jbf_glZevghc�dZj^bheh]bb�=M�©Jhkkbckdbc�dZj^bheh]bq_kdbc�

gZmqgh-ijhba\h^kl\_gguc�dhfie_dk�Fbga^jZ\Z�JNª 

P_evx� ^Zgghc� jZ[hlu� [ueh� bkke_^h\Zgb_� aZsblgh]h� ^_ckl\by� m[bobghgZ� gZ�
dZj^bhfbhpblu��gZoh^ysb_ky�\�mkeh\byo�hdbkebl_evgh]h�klj_kkZ��;ueh�ihdZaZgh�qlh�
dhwgabf�Q10��[eZ]h^Zjy�_]h�Zglbhdkb^Zglguf�k\hckl\Zf��kihkh[_g�mf_gvrZlv�g_]Zlb\�
gu_�wnn_dlu��\ua\Zggu_�i_jbh^hf�br_fbb��Bkke_^h\Zgb_�ijh\h^behkv�gZ�djukZo�eb�
gbb�Wistar�� qZklv� ba� dhlhjuo� \� l_q_gb_� �-��� g_^_ev� ihemqZeZ� m[bobghg� �ij_iZjZl� \�
nhjf_�\h^ghc�wfmevkbb�m[bobghgZ��©Dm^_kZgª�nbjfu�:D<BHG��\�dZq_kl\_�ibs_\hc�
^h[Z\db� ����f]�d]���>Ze__�ihemq_ggu_�ba� wlbo�`b\hlguo� k_j^pZ�i_jnmabjh\Zehkv�ih�
f_lh^m� EZg]_g^hjnZ� jZkl\hjhf� Dj_[kZ-O_ga_e_clZ�� Ihke_� wlh]h� ke_^h\Zeb� ��-
fbgmlgZy�lhlZevgZy�br_fby�k�ihke_^mxs_c���-fbgmlghc�j_i_jnmab_c��<h�\j_fy�hiu�
lZ�ijh\h^beky�fhgblhjbg]�hkgh\guo�nbabheh]bq_kdbo�iZjZf_ljh\��\�lhf�qbke_�khdjZ�
lbl_evghc�nmgdpbb��GZb[hevrb_�jZaebqby�gZ[ex^Zebkv�\�i_jbh^�j_i_jnmabb��k_j^pZ�
djuk��ihemqZ\rbo�m[bobghg��[uklj__�b�\�[hevr_c�kl_i_gb�\hkklZgZ\eb\Zeb�khdjZlb�
l_evgmx�nmgdpbx��<h�\j_fy�wdki_jbf_glZ�[jZebkv�h[jZapu�i_jnmaZlZ�hll_dZxs_]h�hl�
k_j^pZ�� \� dhlhju_� ^h[Z\eyeZkv� kibgh\Zy� eh\mrdZ� DMPO�� >Ze__� k� ihfhsvx� f_lh^Z�
WIJ-ki_dljhkdhibb� hp_gb\Zeb� kh^_j`Zgb_� \� gbo� Zdlb\guo� nhjf� dbkehjh^Z� �:ND���
;ueh�ihdZaZgh��qlh�\�j_amevlZl_�ihlj_[e_gby�ij_iZjZlh\�m[bobghgZ�kh^_j`Zgb_�:ND�
\h�\j_fy�j_i_jnmabb�kgb`Zehkv��qlh�k\b^_l_evkl\h\Zeh�h[�mf_gvr_gbb�hdbkebl_evghc�
gZ]jmadb�gZ�ldZgv�k_j^pZ��Ihke_�hdhgqZgby�j_i_jnmabb�\u^_eyeb�fblhohg^jbb�b�hij_�
^_eyeb�^uoZl_evguc�dhgljhev��GZfb�[ueh�mklZgh\e_gh��qlh�^ey�]jmiiu�djuk��ihlj_[�
ey\rbo�m[bobghg��hg�[ue�kms_kl\_ggh�\ur_� 

<�^jm]bo�hiulZo�ihke_�hdhgqZgby�j_i_jnmabb�ijh\h^behkv�[ukljh_�aZfhjZ`b�
\Zgb_�ldZgb�fbhdZj^Z��>Ze__�hgb�bkke_^h\Zebkv�gZ�f_lh^hf�WIJ�ijb�l_fi_jZlmj_�–40 
�K�� <� wlbo� mkeh\byo� k\h[h^ghjZ^bdZevgu_� ki_dlju� aZfhjh`_gghc� ldZgb� fbhdZj^Z�
ij_^klZ\eyeb�kh[hc�kmi_jihabpbx�^\mo�kb]gZeh\�hl�lZdbo�ihem\hkklZgh\e_gguo�dhf�
ihg_glh\� ^uoZl_evghc� p_ib� fblhohg^jbc�� dZd� m[bk_fbobghgZ� b� neZ\hk_fbobghgh\��
GZfb�[ueh�ihdZaZgh�m\_ebq_gb_�\deZ^Z�kb]gZeZ�m[_kbfbobghgZ�\�bgl_]jZevguc�ki_dlj�
^ey�]jmiu�djuk��ihlj_[ey\rbo�ij_iZjZl�m[bobghgZ�� 

Djhf_�lh]h��[ueb�ijh\_^_gu�^jm]b_�k_jbb�wdki_jbf_glh\��]^_�\�dZq_kl\_�hdbk�
ebl_evghc�gZ]jmadb�bkihevah\Zebkv�bahijhl_jbghe��bkdmkkl\_gguc�dZl_oheZfbg��b�i_�
j_dbkv�\h^hjh^Z��Bahijhl_jbghe�\\h^beky�djukZf�aZ�kmldb�^h�wdki_jbf_glZ��H2O2�^h�
[Z\eyeZkv�\�jZkl\hj�Dj_[kZ-O_ga_e_clZ��bkihevam_fuc�^ey�i_jnmabb�k_j^_p��J_amevlZ�
lu�hiulh\�iha\hebeb�]h\hjblv�h�ohjhrh�\ujZ`_gguo�dZj^bhijhl_dlhjguo�k\hckl\Zo�
m[bobghgZ�� 

MklZgh\e_gh��qlh�ihlj_[e_gb_�djukZfb�ih\ur_gguo�^ha�410�ijb\h^bl�d�memq�
r_gbx�mklhcqb\hklb�fbhdZj^Z�d�hdbkebl_evguf�ih\j_`^_gbyf��\ua\Zgguf�^ebl_ev�
guf�i_jbh^hf�br_fbb�b�j_i_jnmabb��beb�\\_^_gb_f�ij_iZjZlh\�dZl_oheZfbgh\� 
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M>D���3.232 

BKKE?>H<:GB?�KLJMDLMJU�:DMKLBQ?KDH=H�IHEY�
FGH=HWE?F?GLGH=H 

F?>BPBGKDH=H�:DMKLBQ?KDH=H�>:LQBD: 

KfZ]bg�F�:���Fhjhah\�:�<� 
F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>ey� ijh\_^_gby� dZq_kl\_gghc� mevljZa\mdh\hc� ^bZ]ghklbdb� \Z`gh� lhqgh� agZlv�
k\hckl\Z�ijbf_gy_fuo�bklhqgbdh\�b�mf_lv�ij_^kdZau\Zlv�kljmdlmjm�bo�Zdmklbq_kdh]h�
ihey��<� kbem� keh`ghklb�dhgkljmdpbb�bkihevam_fuo�\�f_^bpbg_� Zdmklbq_kdbo�^Zlqb�
dh\��hkh[_ggh�fgh]hwe_f_glguo�nZabjh\Zgguo�j_r_lhd��l_hj_lbq_kdb�ljm^gh�ij_^kdZ�
aZlv� kljmdlmjm�f_oZgbq_kdbo� dhe_[Zgbc� ih\_joghklb� j_r_ldb� b� \uy\blv� k\hckl\Z� b�
dhgnb]mjZpbx� baemqZ_fh]h� _x� ihey��Ihwlhfm� ij_^klZ\ey_l� [hevrhc� bgl_j_k� jZajZ�
[hldZ�Zevl_jgZlb\guo�f_lh^h\�bkke_^h\Zgby�Zdmklbq_kdbo�ihe_c��H^bg�ba�gbo�hkgh\Zg�
gZ� f_lh^_� Zdmklbq_kdhc� ]heh]jZnbb�� iha\heyxs_f� \hkklZgh\blv� dZjlbgm� dhe_[Zgbc�
ih\_joghklb�Zdmklbq_kdh]h�baemqZl_ey�gZ�hkgh\_�baf_j_gguo�\^hev�g_dhlhjhc�ih\_jo�
ghklb�Zfieblm^u�b�nZau�\hegu�>�@�� 

<�^Zgghc�jZ[hl_�ijh\_^_gh�bkke_^h\Zgb_�ihey�fgh]hwe_f_glgh]h�f_^bpbgkdh]h�
^ZlqbdZ� 0HGHONRP� ���� &��� Z[^hfbgZevgh]h� lbiZ�� k� jZ[hq_c� qZklhlhc� ���� F=p� b�
96-we_f_glghc�baemqZxs_c�ih\_joghklvx��<g_rgbc�\b^�^ZlqbdZ�bah[jZ`_g�gZ�jbk� 1. 
Ijb� bkihevah\Zgbb� \�f_^bpbgkdhc� ^bZ]ghklbd_� d� dZ`^hfm� we_f_glm� ih^\h^blky� hl�
^_evguc� ijh\h^�� qlh[u� bf_lv� \hafh`ghklv� ijh\h^blv� nhdmkbjh\dm� b� kdZgbjh\Zgb_�
ihey�\�iehkdhklb yz��kf��jbk� ���iml_f�\\_^_gby�khhl\_lkl\mxsbo�nZah\uo�k^\b]h\�f_�
`^m�ih^Z\Z_fufb�gZ�we_f_glu�kb]gZeZfb�>�@��< iehkdhklb xz�ijhba\h^blky�keZ[Zy�nh�
dmkbjh\dZ� aZ�kq_l�pbebg^jbq_kdhc�ebgau��jZkiheh`_gghc�gZ�ih\_joghklb�baemqZl_ey�
�gZ�jbk� ��g_�ihdZaZgZ���Ijb�ijh\_^_gbb�^Zgghc�jZ[hlu�\k_�we_f_glu�j_r_ldb�we_dljb�
q_kdb� kh_^bgyebkv�� l�_��gZ�gbo�ih^Z\Zeky�h^bg�b� lhl�`_� kb]gZe��MdZaZgguc� kbgmkhb�
^Zevguc�kb]gZe�ih^Z\Zeky�k�]_g_jZlhjZ�kb]gZeh\�Agilent�b�bf_e�\b^�jZ^bhbfimevkh\�k�
ijyfhm]hevghc�h]b[Zxs_c��qZklhlhc� aZiheg_gby� ��� F=p�b�Zfieblm^hc� �� <��>Zlqbd�
ihf_sZeky�\�dx\_lm�k�\h^hc� KgZqZeZ�ijh\h^bebkv�baf_j_gby�jZkij_^_e_gby�Zdmklbq_�

������

������

������

������

x (ff� 

U (<� U (<� 

y (ff� 

 
Jbk���� JZkiheh`_gb_� dhhj�
^bgZlguo� hk_c�ijb� kdZgbjh�
\Zgbb�ihey�fgh]hwe_f_glgh�
]h�mevljZa\mdh\h]h�^ZlqbdZ� 

 

x 

y 

z 

 
Jbk� 2.  JZkij_^_e_gb_� Zfieblm^u� Zdmklbq_kdh]h� ^Z\e_�
gby��kb]gZeZ�]b^jhnhgZ U ��\^hev�]hjbahglZevghc��ke_\Z�
b�\_jlbdZevghc��kijZ\Z��hk_c�gZ�jZkklhygbb�z = 20 ff 
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kdh]h� ^Z\e_gby� \� ihi_j_qghc� iehkdhklb�� B]hevqZluc� iv_ahd_jZfbq_kdbc� ]b^jhnhg�
^bZf_ljhf�����ff� �SEA, USA��i_j_f_sZeky�\�gm`ghc�iehkdhklb�k�ihfhsvx�kbkl_fu�
ihabpbhgbjh\Zgby��Kb]gZe�]b^jhnhgZ�kqblu\Zeky�pbnjh\uf�hkpbeeh]jZnhf�Tektronix. 
;ueb�bkke_^h\Zgu�jZkij_^_e_gby�Zdmklbq_kdh]h�^Z\e_gby�ih�^\mf�gZijZ\e_gbyf�\�ih�
i_j_qghc� iehkdhklb� gZ� jZaebqguo� jZkklhygbyo� hl� ^ZlqbdZ�� GZ� jbk�� �� ij_^klZ\e_gu�
]jZnbdb�wlbo�jZkij_^_e_gbc�ih�]hjbahglZevghc�b�\_jlbdZevghc�hkyf�khhl\_lkl\_ggh��
Hlq_leb\h�\b^gZ�lhgdZy�kljmdlmjZ�Zdmklbq_kdh]h�ihey��h[mkeh\e_ggZy�dZd�^bnjZdpb�
hggufb�wnn_dlZfb�[eb`g_]h�ihey��lZd�b�fgh]hwe_f_glghc�kljmdlmjhc�bklhqgbdZ��DZd�
\b^gh��ihe_�ehdZebah\Zgh�\�h[eZklb�jZaf_jhf� ��o�� ff��qlh�ijbf_jgh�khhl\_lkl\Zeh�
]_hf_ljbq_kdhfm�jZaf_jm�bklhqgbdZ��K�mq_lhf�ihemq_ggh]h�ihi_j_qgh]h�jZaf_jZ�Zdm�
klbq_kdh]h�imqdZ��^Ze__�ijh\h^behkv�^\mf_jgh_�kdZgbjh\Zgb_�]b^jhnhgZ�\�khhl\_lkl�
\mxs_c�ijyfhm]heghc�h[eZklb�gZ�jZkklhygbb�z ��kf�i_j_^�baemqZxs_c�ih\_joghklvx��
>Zggh_�jZkklhygb_�[ueh�\u[jZgh��dZd�fbgbfZevgh_�ijb�ijh\_^_gbb�h[ke_^h\Zgbc�j_�
Zevgufb�f_^bpbgkdbfb� ijb[hjZfb� b� iha\heyeh� q_ldh� jZa^_eylv� \deZ^� dZ`^h]h� we_�
f_glZ�\�h[smx�kljmdlmjm�ihey��J_amevlZl�baf_j_gby�^ey�Zfieblm^u�kb]gZeZ�]b^jhnh�
gZ�ijb\_^_g�gZ�jbk� ���GZjy^m�k�Zfieblm^hc��ijh\h^behkv�baf_j_gb_�nZau�\hegu��MdZ�
aZggZy�bgnhjfZpby�bkihevah\ZeZkv�^ey�]heh]jZnbq_kdh]h�\hkklZgh\e_gby�jZkij_^_e_�
gby�dhe_[Zl_evghc�kdhjhklb�gZ�ih\_joghklb�bklhqgbdZ��J_amevlZl�\hkklZgh\e_gby�ih�
dZaZg�gZ�jbk� ���<b^gh��qlh�jZkij_^_e_gb_�kdhjhklb�hljZ`Z_l�fgh]hwe_f_glgmx�kljmd�
lmjm�bkihevam_fh]h�baemqZl_ey��LZdbf�h[jZahf��ijh\_^_ggu_�bkke_^h\Zgby�iha\heyxl�
k^_eZlv�\u\h^�h�\hafh`ghklb�bkke_^h\Zgby�kljmdlmju�dhe_[Zgbc�b�lhqgh]h�ij_^kdZaZ�
gb_�ihe_c�fgh]hwe_f_glguo�j_r_lhd��bkihevam_fuo�\�f_^bpbg_� 

Ebl_jZlmjZ� 
1. KZih`gbdh\�H�:���IbsZevgbdh\�X�:���Fhjhah\�:�<��<hkklZgh\e_gb_� jZk�

ij_^_e_gby�ghjfZevghc�kdhjhklb�gZ�ih\_joghklb�mevljZa\mdh\h]h�baemqZl_ey�gZ�hkgh�
\_� baf_j_gby� Zdmklbq_kdh]h� ^Z\e_gby� \^hev� dhgljhevghc� ih\_joghklb�� -� :dmkl�� `���
������l���������k����-424. 

2. Hkbih\�E�<��MevljZa\mdh\u_�^bZ]ghklbq_kdb_�ijb[hju� IjZdlbq_kdh_�jmdh�
\h^kl\h�^ey�ihevah\Zl_e_c��-�F���<b^Zj������� 

 

 

Jbk� 3.  Baf_j_ggh_� jZkij_^_e_gb_�
Zfieblm^u� Zdmklbq_kdh]h� ^Z\e_gby�
gZ� jZkklhygbb� z=2 kf� hl� baemqZx�
s_c�ih\_joghklb 

 

Jbk� 4. <hkklZgh\e_ggh_� jZk�
ij_^_e_gb_� Zfieblm^u� dhe_�
[Zl_evghc� kdhjhklb� gZ� ih�
\_joghklb�baemqZl_ey 
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M>D������ 

=?G?J:PBY�K<H;H>GUO�J:>BD:EH<�DBKEHJH>: 
<�FBLHOHG>JBYO�K?J>P:� 

WNN?DL�=BIHDKBB–J?HDKB=?G:PBB 

∗K\bjy_\Z�B�<� 
F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba\_klgh�� qlh� Zdlb\gu_�nhjfu� dbkehjh^Z� � •_
2O , 2 2H O , •OH �� b]jZxl� agZqb�

l_evgmx�jhev�\�gZjmr_gbyo�khdjZlbl_evghc�nmgdpbb�b�wg_j]_lbq_kdh]h�f_lZ[hebafZ�
k_j^_qghc� furpu�� <� de_ldZo� fbhdZj^Z� Zdlb\gu_� nhjfu� dbkehjh^Z� ]_g_jbjmxlky�
]eZ\guf�h[jZahf�\�fblhohg^jbyo��DZj^bhfbhpblu�ih^\_j`_gu�ihklhygghfm�\ha^_c�
kl\bx�g_[hevrh]h�dhebq_kl\Z�k\h[h^guo�jZ^bdZeh\��h[jZamxsboky�\�j_amevlZl_�ijy�
fh]h�\aZbfh^_ckl\by�we_dljhgguo�i_j_ghkqbdh\�fblhohg^jbc�k�fhe_dmeyjguf�dbkeh�
jh^hf��Ijb�ghjfZevghf�ijhl_dZgbb�j_Zdpbc�de_lhqgh]h�f_lZ[hebafZ�ihy\b\rb_ky�\�
dZj^bhfbhpblZo� Zdlb\gu_�nhjfu� dbkehjh^Z�g_cljZebamxlky� wg^h]_ggufb� Zglbhdkb�
^ZglZfb�de_lhd�fbhdZj^Z��H^gZdh��\�iZlhnbabheh]bq_kdbo�mkeh\byo�kdhjhklv�h[jZah�
\Zgby�k\h[h^guo�jZ^bdZeh\��Z�lZd`_�^jm]bo�lhdkbqguo�f_lZ[heblh\�dbkehjh^Z�\hajZk�
lZ_l�gZklhevdh��qlh�Zglbhdkb^Zglgu_�kbkl_fu�de_lhd�g_�[m^ml�\�khklhygbb�bo�g_cljZ�
ebah\Zlv� b� \hagbdZ_l� khklhygb_� hdbkebl_evgh]h� klj_kkZ��Fblhohg^jbb�� y\eyxsb_ky�
wg_j]h-ij_h[jZamxsbfb�hj]Zg_eeZfb�de_ldb��\�^hklZlhqghc�kl_i_gb�Z\lhghfgu��Hgb�
b]jZxl�\Z`gmx�jhev�\�ijhp_kkZo��k\yaZgguo�k�jZa\blb_f�ih\j_`^_gbc�\h�\j_fy�br_�
fbb�b�j_i_jnmabb��lZdbo�dZd���]hf_hklZa�dZevpby��bg^mdpby�g_djhaZ�b�ZihilhaZ��ihl_jy�
:LN�ijb�br_fbb�b�]_g_jZpby�Zdlb\guo�nhjf�dbkehjh^Z�b�ZahlZ�� 

<�^Zgghc�jZ[hl_�bamq_gh�\ebygb_�]bihdkbb�b�j_hdkb]_gZpbb�gZ�kdhjhklv�]_g_�
jZpbb� k\h[h^guo� jZ^bdZeh\� dbkehjh^Z� \� bahebjh\Zgguo� fblhohg^jbyo� k_j^pZ� djuk�
ebgbb�Wistar��Kdhjhklv�ihlj_[e_gby�dbkehjh^Z�fblhohg^jbyfb�\�khklhygbyo���b���ba�
f_jyeb�ijb����K�k�ihfhsvx�we_dljh^Z�DeZjdZ�gZ�iheyjh]jZn_�Oxygen Monitor Model 
53 nbjfu�YSL, Inc �KR:�. Ki_dlju�WIJ�j_]bkljbjh\Zeb�gZ�ki_dljhf_lj_�E-109E nbj�
fu�Varian �KR:�� ijb� dhfgZlghc� l_fi_jZlmj_� �a���K���Kmki_gabx�fblhohg^jbc� ih�
f_sZeb�\� lhgdhkl_gguc�dZibeeyj�nbjfu�Zeus, Inc. �KR:���qlh�iha\heyeh�ijh\h^blv�
bgdm[Zpbx�fblhohg^jbc�g_ihkj_^kl\_ggh�\�j_ahgZlhj_�ki_dljhf_ljZ�WIJ�ijb�hdkb]_�
gZpbb� �ijh^m\dZ�\ha^mohf��b�]bihdkbb� �ijh^m\dZ�Zahlhf���:[khexlgu_�agZq_gby�kdh�

jhklb� h[jZah\Zgby� kmi_jhdkb^� Zgbhg� jZ^bdZeh\� •_
2O � fblhohg^jbyfb� hij_^_eyeb� ih�

bgl_gkb\ghklb� kb]gZeZ� WIJ� kibgh\hc� eh\mrdb� TIRON(4,5-̂ bhdkb[_gahe-1,3-
^bkmevnhgZl�gZljby�� 

<� khklhygbyo� ��b� ��gZqZevgZy�bgl_gkb\ghklv� kb]gZeZ�TIRON fZeZ�� Z� agZqbl�b�
kdhjhklv�]_g_jZpbb�kmi_jhdkb^gh]h�jZ^bdZeZ�lh`_�fZeZ��h^gZdh�hgZ�\hajZklZ_l�m`_�ih�
ke_�i_j\h]h�i_jbh^Z�]bihdkbb� ����–����fbg���J_]bkljbjm_fu_�kibgh\hc�eh\mrdhc�km�
i_jhdkb^gu_� jZ^bdZeu� h[jZamxlky�ijb� \aZbfh^_ckl\bb� k_fbobghgh\hc�nhjfu� dhwg�
abfZ�Q�k�fhe_dmeyjguf�dbkehjh^hf�\�bc1�k_]f_gl_� �dhfie_dk� ,,,��^uoZl_evghc�p_ib��
>h[Z\e_gb_� bg]b[blhjZ� ZglbfbpbgZ�A�� [ehdbjmxs_]h� i_j_ghk� we_dljhgh\� \� ,,,� dhf�
ie_dk_�hl�pblhojhfh\�b gZ�hdbke_gguc Q��ijb\h^bl�d�agZqbl_evghfm��^h����jZa��m\_eb�
q_gbx�kb]gZeZ�WIJ�kibgh\hc�eh\mrdb�TIRON��DZd�ijb�bkihevah\Zgbb�kmdpbgZlZ��km[�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 



EHFHGHKH<�– 2004 

 

218 

kljZlZ�^ey�,,�dhfie_dkZ���lZd�b�ijb�bkihevah\Zgbb�fZeZlZ�b�]emlZfZlZ��km[kljZlh\�^ey�,�
dhfie_dkZ��q_j_^h\Zgb_�i_jbh^h\�]bihdkbb�b�j_hdkb]_gZpbb�khijh\h`^Z_lky�m\_ebq_�
gb_f�kdhjhklb�]_g_jZpbb�kmi_jhdkb^guo�jZ^bdZeh\��^h���jZa���qlh�kms_kl\_ggh�f_gv�
r_�� q_f� \� kemqZ_�ghjfZevgh]h�i_j_ghkZ� we_dljhgh\��?keb�[ehdbjh\Zlv�i_j_ghk� we_d�
ljhgh\�\�,�dhfie_dk_�jhl_ghghf��km[kljZlu�–�fZeZl�b�]emlZfZl���lh�kmi_jhdkb^gu_�jZ�
^bdZeu�g_�h[jZamxlky��g_kfhljy�gZ�^ebl_evguc�����fbg��i_jbh^�]bihdkbb� 

LZdbf� h[jZahf�� ijh\_^zggu_� gZfb� wdki_jbf_glu�ihdZau\Zxl�� qlh� ]bihdkby�b�
ihke_^mxsZy�j_hdkb]_gZpby�ijb\h^yl�d�hij_^_ezgguf�baf_g_gbyf�\�f_f[jZgZo�bah�
ebjh\Zgguo� fblhohg^jbc�� \uau\Zxsbf� m\_ebq_gb_� kdhjhklb� ]_g_jZpbb� k\h[h^guo�
jZ^bdZeh\�dbkehjh^Z� 

 
 
 

M>D������� 

BKKE?>H<:GB?�FHE?DMEYJGUO�I:J:F?LJH<�;?EDH<�
KU<HJHLDB�DJH<B�DJUK 

IJB�G:JMR?GBYO�FHA=H<H=H�DJH<HH;J:S?GBY 

;hcdh�:�<� 
F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZa\blb_�iZlheh]bq_kdbo�ijhp_kkh\� \�hj]Zgbaf_� khijh\h`^Z_lky�baf_g_gbyfb�
jy^Z�fhe_dmeyjguo�iZjZf_ljh\�\�de_ldZo�b�ldZgyo��Z�lZd`_�\�ku\hjhld_��djh\b� 

<�^Zgghc�jZ[hl_�bamqZehkv�baf_g_gb_�fhe_dmeyjguo�iZjZf_ljh\�[_edh\�\�\h^�
guo� jZkl\hjZo� ku\hjhldb� djh\b� djuk�� ijb� bkdmkkl\_ggh� \ua\Zgghc� br_fbb�fha]Z� b�
]_fhjjZ]bq_kdhf�bgkmevl_��k�p_evx�jZajZ[hldb�gh\uo�nbabq_kdbo�f_lh^h\�^bZ]ghklb�
db�aZ[he_\Zgbc�fha]Z��>ey�bkke_^h\Zgby�f_oZgbafh\�jZa\blby�br_fbb�fha]Z��kha^Zgu�
jZaebqgu_�wdki_jbf_glZevgu_�fh^_eb�^Zgghc�iZlheh]bb�gZ�`b\hlguo��<�wlhc�jZ[hl_�
[ueZ�bkihevah\ZgZ�fh^_ev�nhdZevghc�br_fbb�fha]Z��=_fhjjZ]bq_kdbc�bgkmevl�m�ki_�
pbZevghc�ebgbb�djuk� �Djmrbgkdh]h-Fheh^dbghc�� �\uau\Zeky�kbevguf�Zdmklbq_kdbf�
\ha^_ckl\b_f�gZ�`b\hlguo� 

JZ[hlZ�ijh\h^beZkv� \�jZfdZo�f_`^bkpbiebgZjgh]h�gZmqgh]h�ijh_dlZ� ©HilbdZ�
djh\b�b�^bZ]ghklbdZ�k_j^_qgh-khkm^bkluo�b�hgdheh]bq_kdbo�aZ[he_\Zgbcª� 

H[jZapu�^ey�bkke_^h\Zgby�[ueb�ij_^hklZ\e_gu�nZdmevl_lhf�nmg^Zf_glZevghc�
f_^bpbgu�F=M�bf��Ehfhghkh\Z� 

GZb[he__� ijyfuf� b� wnn_dlb\guf� f_lh^hf� bkke_^h\Zgby� f_`fhe_dmeyjgh]h�
\aZbfh^_ckl\by�� ih^\b`ghklb� b� iheyjbaZpbhgguo� k\hckl\� jZkl\hjh\� fZdjhfhe_dme�
y\ey_lky�f_lh^�jZkk_ygby��k\_lZ� 

F_lh^� jZkk_ygby� eZa_jgh]h� baemq_gby� ^Z_l� \hafh`ghklv� hij_^_e_gby� wnn_d�
lb\ghc� fZkku� jZkk_b\Zxsbo� fZdjhfhe_dme�� wg_j]_lbq_kdbo� iZjZf_ljh\� f_`fhe_dm�
eyjgh]h�\aZbfh^_ckl\by��]b^jh^bgZfbq_kdbo�jZ^bmkh\�jZkk_b\Zxsbo�qZklbp��Z�lZd`_�
dhwnnbpb_glZ�ljZgkeypbhgghc�^bnnmabb��<�j_amevlZl_�hdZau\Z_lky��qlh�\k_�i_j_qbk�
e_ggu_� \ur_� iZjZf_lju� kms_kl\_ggh� baf_gyxlky� \� kemqZ_� bkdmkkl\_ggh� \ua\Zgghc�
iZlheh]bb�ih�kjZ\g_gbx�k�dhgljhevgufb�h[jZapZfb��ku\hjhldZ�djh\b�a^hjh\uo�djuk�� 

Ijb�^h[Z\e_gbb� \�jZkl\hj� ku\hjhldb� djh\b�fZeuo�dhebq_kl\� kheb� k\bgpZ�gZ�
[ex^Z_lky�j_adh_�\hajZklZgb_�fZkku�jZkk_b\Zxsbo�qZklbp�dZd�^ey�dhgljhevguo�`b�
\hlguo��lZd��b�^ey�`b\hlguo��ih^\_j]gmluo�objmj]bq_kdhc�hi_jZpbb��Wlh�kh]eZkm_lky�
k�j_amevlZlZfb��bkke_^h\Zgby��\ha^_ckl\by�ly`_euo�f_lZeeh\�gZ�[_edb�\�jZkl\hjZo� 
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M>D������� 

BKIHEVAH<:GB?�K<?LHJ:KK?B<:XSBO�G:GHQ:KLBP�
Q:KLBP�>EY�MIJ:<E?GBY�HILBQ?KDBFB�K<HCKL<:FB�DH@B 

Ihih\�:�I.* ��N_^hjh\Z�H�?�* ���EZ^_fZg�X�
**  

*
F=M�bf��F�<��Ehfhghkh\Z�nbabq_kdbc�nZdmevl_l 

**
Mgb\_jkbl_l�bf��:��=mf[hev^lZ��;_jebg���F_^bpbgkdbc�nZdmevl_l��

debgbdZ�©RZjbl_ª 

<� gZklhys__� \j_fy� ZdlmZevghc� y\ey_lky� ijh[e_fZ� bamq_gby� jZkijhkljZg_gby�
k\_lZ� \� dh`_� q_eh\_dZ� \�nbhe_lh\hf�b�mevljZnbhe_lh\hf� �MN��^bZiZahg_�^ebg� \heg�
^ey�jZajZ[hldb�gZb[he__�wnn_dlb\guo�kj_^kl\�aZsblu�hl�wlbo�]m[bl_evguo�^ey�`b\uo�
de_lhd� emq_c��K_cqZk�ijhke_`b\Z_lky� l_g^_gpby�ijhba\h^bl_e_c� d� aZf_g_�ijbf_gy_�
fuo�\�khegp_aZsblguo�dj_fZo�obfbq_kdbo�j_Z]_glh\��\�hkgh\ghf��ih]ehsZxsbo�MN-
baemq_gb_��gZ�nbabq_kdb_��Ijbf_jZfb�lZdbo�\_s_kl\�y\eyxlky�qZklbpu�hdkb^Z�lblZgZ�
TiO2 b�pbgdZ�ZnO�jZaf_jhf�ihjy^dZ� ��-����gf��dhlhju_�\f_kl_�k�gZg_k_gguf�gZ�ih�
\_joghklv�dh`b�dj_fhf�ijhgbdZxl�\�\_jogbc��jh]h\hc��kehc�dh`b��Bo�ij_bfms_kl\hf�
y\ey_lky� ij_h[eZ^Zgb_� jZkk_b\Zxsbo� k\hckl\� gZ^� ih]ehsZxsbfb� \� nbhe_lh\hf� b��
MN-^bZiZahg_� >�@��AZ�kq_l�wlh]h�ijhbkoh^bl�m\_ebq_gb_�^heb�\ur_^r_]h�ba�dh`b�ba�
emq_gby��b��khhl\_lkl\_ggh��mf_gvr_gb_�^heb�baemq_gby��ijhr_^r_]h�]em[`_� 

<�dZq_kl\_�jZkq_lghc�fh^_eb�jh]h\h]h�kehy�bkihevam_lky�^\mokehcgZy�fh^_ev��
\_jogbc�kehc�kh^_j`bl�qZklbpu��gb`gbc�–�g_l��KmffZjgZy�lhesbgZ�h[hbo�keh_\�kh�
klZ\ey_l����fdf��qlh�khhl\_lkl\m_l�wdki_jbf_glZevguf�^Zgguf�>�@��LhesbgZ�\_jog_]h�
kehy�khklZ\ey_l���fdf��hg�oZjZdl_jbam_lky�hilbq_kdbfb�k\hckl\Zfb�dZd�qZklbp��lZd�b�
jh]h\h]h�kehy�–�kmffZjguf�dhwnnbpb_glhf�ih]ehs_gby�µa�b�jZkk_ygby�µs��dhwnnbpb�
_gl�ij_ehfe_gby�n�iheZ]Z_lky�jZ\guf�lZdh\hfm�^ey�kehy�[_a�qZklbp��l�d��dhgp_gljZpby�
hdkb^Z�lblZgZ�fZeZ� �f_g__����ih�h[t_fm���LhesbgZ�kehy�k�qZklbpZfb�TiO2�b�bo�dhg�
p_gljZpby� hp_gb\Zebkv� ba� wdki_jbf_glh\�� dh]^Z� jh]h\hc� kehc� kgbfZeky� ihkehcgh� k�
ihfhsvx�kdhlqZ���Dhwnnbpb_glu�µa�b�µs���Z�lZd`_�nZdlhj�Zgbahljhibb�jZkk_yggh]h�ba�
emq_gby�g�^ey�qZklbp�jZkkqblu\Zebkv�ih�l_hjbb�Fb�^ey�jZkk_ygby�k\_lZ�gZ�kn_jbq_�
kdbo�qZklbpZo��<�dZq_kl\_�nZah\hc�nmgdpbb�bkihevah\ZeZkv�ebg_cgZy�dhf[bgZpby�^\mo�
nmgdpbc�O_gvb-=jbgrl_cgZ� k�jZagufb� agZq_gbyfb�g� �dhlhju_� khhl\_lkl\mxl�qZklb�
pZf�b��kh[kl\_ggh��kehx��b�hlghkbl_evgufb�^heyfb�dhwnnbpb_glh\�jZkk_ygby�\�dZq_�
kl\_�\_kh\uo�fgh`bl_e_c��Ijb�fh^_ebjh\Zgbb�\�jh]h\hc�kehc�bg`_dlbjm_lky���fbeeb�
hg�nhlhgh\�\�lhqdm�k�dhhj^bgZlZfb������������Nhlhgu�j_]bkljbjmxlky�^_l_dlhjZfb��o��
d\��ff��dhlhju_�jZkiheh`_gu�gZ�h[_bo�ih\_joghklyo�\k_]h�jh]h\h]h�kehy� 

<� jZ[hl_� ijhba\h^blky� jZkq_l� b� ZgZebabjm_lky� ih\_^_gb_� djb\uo� ^ey� ih]eh�
s_ggh]h�� jZkk_yggh]h�gZaZ^�� Z� lZd`_�ijhr_^r_]h� q_j_a� jh]h\hc� kehc�baemq_gby�ijb�
baf_g_gbb�dhgp_gljZpbb�jZkk_b\Zxsbo�qZklbp�hdkb^Z�lblZgZ�hl���^h����ih�h[t_fm�k�
]em[bghc�ijhgbdgh\_gby���fdf�^ey�k\_lZ�k�^ebghc�\hegu�����b������gf��>bZf_lj�qZk�
lbp�\Zjvbjm_lky�hl����^h�����gf� 
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Ihemq_ggu_� ^Zggu_� iha\heyxl� k^_eZlv� \u\h^� h� \hafh`ghklb� wnn_dlb\gh]h�
mijZ\e_gby�hilbq_kdbfb�k\hckl\Zfb�jh]h\h]h�kehy�dh`b�ijb�ijZ\bevghf�ih^[hj_�iZ�
jZf_ljh\�\\h^bfuo�\�dh`m�k\_lhjZkk_b\Zxsbo�qZklbp� 

LZ[ebpZ� ���Dhwnnbpb_glu� jZkk_ygby� b� ih]ehs_gby� \� \_jog_c� qZklb� jh]h\h]h�
kehy��k�qZklbpZfb��^ey�baemq_gby�����b�����gf� 

λ��gf 
>bZf_lj�qZklbpu��

gf 
µs, ff

-1 µa, ff
-1 

50 320 152 
100 1100 278 350 
200 487 229 
50 226 23 
100 437 23 400 
200 873 23 

 

 

Ebl_jZlmjZ� 
1. Weigmann H.-J., Lademann J., Meffert H., Schaefer H., Sterry W. “Determination 

of the horny layer profile by tape stripping in combination with optical spectroscopy in the 
visible range as a prerequisite to quantify percutaneous absorption”, Skin Pharmacology and 
Applied Skin Physiology,������������k����-45. 

2. Lmqbg�<�<��EZa_ju�b�\hehdhggZy�hilbdZ�\�[bhf_^bpbgkdbo�bkke_^h\Zgbyo��
Ba^-\h�KZjZlh\kdh]h�mg-lZ������� 
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Jbk�����AZ\bkbfhklv�ijhr_^r_]h�q_j_a�jh]h\hc�kehc�baemq_gby��ih�hlghr_gbx�d�iZ^Zxs_fm��hl�
h[t_fghc�dhgp_gljZpbb�qZklbp�hdkb^Z�lblZgZ�ijb�jZaebqguo�^bZf_ljZo�wlbo�qZklbp�^ey�^ebgu�
\hegu�iZ^Zxs_]h�baemq_gby������Z��b������[��gf 



Ih^k_dpby�ijbf_g_gby�nbabq_kdbo�f_lh^h\�\�f_^bpbg_ 

 

221 

M>D�������� 

BAF?J?GB?�J:KIJ?>?E?GBY�K><B=H<H=H�FH>MEY 
<�J?ABGHIH>H;GHF�F:L?JB:E? 

;mjeZdh\Z�L�:� 
F=M�bf��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Mijm]hklv�fy]dbo�[bheh]bq_kdbo�ldZg_c�k�iZlheh]bq_kdbfb�baf_g_gbyfb�b�mi�
jm]hklv� a^hjh\uo� ldZg_c� kms_kl\_ggh� hlebqZxlky�� k^\b]h\u_�fh^meb� mijm]hklb� ^ey�
fgh]bo�himohe_c�\�^_kyldb�jZa�\ur_��Ihwlhfm�jZajZ[hldZ�f_lh^h\�\bamZebaZpbb�jZk�
ij_^_e_gby�fh^mey�mijm]hklb�\�[bheh]bq_kdbo�ldZgyo�y\ey_lky�h^gbf�ba�ZdlmZevguo�
gZijZ\e_gbc�f_^bpbgkdhc�^bZ]ghklbdb��<�jZ[hl_�ij_^eZ]Z_lky�f_lh^�\bamZebaZpbb�mi�
jm]bo�k\hckl\�kj_^u�ijb�ihfhsb�k^\b]h\hc�\hegu�� 

�:dmklbq_kdbc� imqhd� ijh^hevguo� \heg� kha^Z\Zeky� nhdmkbjmxsbf� iv_ahwe_d�
ljbq_kdbf�baemqZl_e_f��Bkihevah\Zeky�ij_h[jZah\Zl_ev��dhlhjuc�\ha[m`^Zeky�gZ�qZk�
lhl_��F=p��<ha[m`^_gb_�ijhba\h^behkv�we_dljbq_kdbf�kb]gZehf��ih^Z\Z_fuf�k�\uoh�
^Z�fhsgh]h�mevljZa\mdh\h]h�]_g_jZlhjZ��Bkihevah\Zeky�bfimevkguc�j_`bf�\ha[m`^_�
gby�� >ebl_evghklv� bfimevkZ� khklZ\eyeZ� ���µs�� <� nhdZevghc� h[eZklb� Zdmklbq_kdh]h�
imqdZ�ihf_sZeky�h[jZa_p� 

J_]bkljZpby�k^\b]h\hc�\hegu�ijh\h^beZkv�hilbq_kdbf�f_lh^hf�ih�hldehg_gbx�
g_ijhajZqghc� qZklbqdb�� gZoh^ys_cky� \gmljb� h[jZapZ��Gh� hilbq_kdZy� j_]bkljZpby� g_�
fh`_l�[ulv�ijbf_g_gZ�gZ�j_Zevguo�g_ijhajZqguo�[bheh]bq_kdbo�ldZgyo��Ihwlhfm�[u�
eZ�ijh\_^_gZ�j_]bkljZpbb�k^\b]h\uo�\heg�\�j_abghih^h[ghc�fZl_jbZe_�k�bkihevah\Z�
gb_f�mevljZa\mdh\hc�f_lh^bdb��dh]^Z�nhjfZ�k^\b]h\h]h�bfimevkZ�j_]bkljbjh\ZeZkv�ih�
kf_s_gbx� qZklbpu�� hljZ`Zxs_c� keZ[uc� nhdmkbjh\Zgguc� mevljZa\mdh\hc� imqhd�GZ�
jbk���ij_^klZ\e_gu�nhjfu�ijhnbe_c�gZ�jZaebqguo�jZkklhygbyo�hl�hkb�imqdZ� 

 
 

Jbk����Nhjfu� k^\b]h\uo� bfimevkh\� gZ� jZaebqguo� jZk�
klhygbyo�hl�hkb�imqdZ 
 

Ijb�baf_j_gbb�h[jZapZ�k�pbebg^jbq_kdhc�\klZ\dhc�kgbfZebkv�ijhnbeb�k^\b]h�
\h]h�bfimevkZ�\�hkgh\ghf�h[jZap_�b�ijb�ijhoh`^_gbb�q_j_a�\klZ\dm��Ijb�ijhoh`^_gb_�
q_j_a�pbebg^jbq_kdmx�\klZ\dm�h`b^Z_lky�gZ[ex^_gb_�Zfieblm^gh]h�wnn_dlZ��Zfieb�
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lm^Z�k^\b]h\h]h�bfimevkZ�\�hkgh\ghf�h[jZap_�^he`gZ�[ulv�f_gvr_�Zfieblm^u�k^\b]h�
\h]h� bfimevkZ� \� pbebg^jbq_kdhc� \klZ\d_�� Ihemq_ggu_� ijhnbeb�� bah[jZ`zggu_� gZ�
Jbk����ih^l\_j`^Zxl�h`b^Z_fuc�j_amevlZl����-�\�hkgh\ghf�h[jZap_�����-\�pbebg^jbq_�
kdhc�\klZ\d_�� 

 
Jbk����NhjfZ�ijhnbe_c�ijb�ijhoh`^_gbb�q_j_a�\klZ\dm 

 
Ih�ihemq_gguf�ijhnbeyf�hij_^_ebeb�aZ\bkbfhklv�\j_f_gb�aZ^_j`db�hl�ihi_�

j_qghc� dhhj^bgZlu��Ih� ihkljh_gghfm� ]jZnbdm� [ue� hij_^_e_g� ^bZf_lj� pbebg^jbq_�
kdhc�\klZ\db�� 

 

 
 

Jbk����AZ\bkbfhklv�aZ^_j`db�hl�ihi_j_qghc�dhhj^bgZlu 

Ebl_jZlmjZ 
1. <�=��:g^j__\� ��<��G��>fbljb_\��X�:��IbsZevgbdh\��H�<��Jm^_gdh��H�:��KZ�

ih`gbdh\��:�I�� KZj\Zayg� �GZ[ex^_gb_� k^\b]h\hc� \hegu�� \ha[m`^_gghc� k� ihfhsvx�
nhdmkbjh\Zggh]h� mevljZa\mdZ� \� j_abghih^h[ghc� kj_^_���Zdmklbq_kdbc� `mjgZe�� ������
lhf���������k������– 155 
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M>D�������� 

G?EBG?CG:Y�>BG:FBD:�PBEBG>JBQ?KDH=H�HL<?JKLBY 
<�IEHKDHC�F?F;J:G? 

BexobgZ�F�:� 

F=M bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Baf_g_gb_�ijhgbpZ_fhklb�[bhf_f[jZg��\ua\Zggh_�f_oZghZdmklbq_kdbf�\ha^_c�
kl\b_f��\�jy^_�kemqZ_\�k\yau\Zxl�k�baf_g_gb_f�jZaf_jh\�kms_kl\mxsbo�\�gbo�ihj�>���
�@��ihwlhfm� hl^_evguc�bgl_j_k�ij_^klZ\ey_l� ^bgZfbdZ� wlbo� kljmdlmjguo� ^_n_dlh\� \�
\u^_e_gghf�we_f_gl_�f_f[jZgu��<�k\yab�k�wlbf�\�jZ[hl_�[ueZ�ihkljh_gZ�fZl_fZlbq_�
kdZy�fh^_ev�g_ebg_cghc�^bgZfbdb�pbebg^jbq_kdh]h�hl\_jklby�\�iehkdhc�f_f[jZg_�b�
bkke_^h\Zgh�_]h�ih\_^_gb_�ijb�jZaebqguo�lbiZo�\ha^_ckl\by��K�^jm]hc�klhjhgu��lZdZy�
fh^_evgZy�aZ^ZqZ�lZd`_�ij_^klZ\ey_l�bgl_j_k�ijb�bkke_^h\Zgbb�w\hexpbb�hl\_jklbc�\�
f_lZeebq_kdbo�ieZklbgZo��ihkdhevdm� lZdb_�dhgkljmdpbb�rbjhdh�bkihevamxlky�\�jZa�
ebqguo�\b^Zo�dj_ie_gbc��<�jZ[hlZo��dZd�ijZ\beh��aZ^ZqZ�h�pbebg^jbq_kdhf�^_n_dl_�\�
ieZklbgZo�jZkkfZljb\ZeZkv�\�klZlbq_kdhf�kemqZ_��\�lh�\j_fy��dZd�kms_kl\mxsb_�\�dhg�
kljmdpbyo� \b[jZpbb��f_gyxsb_ky� \h� \j_f_gb� \g_rgb_� gZijy`_gby� ^_eZxl� bgl_j_k�
guf�bkke_^h\Zgb_�^bgZfbdb�kd\hagh]h�hl\_jklby� 

JZkkfhljbf� we_f_gl� iehkdhc� mijm]hc�f_f[jZgu� k�
pbebg^jbq_kdbf�hl\_jklb_f��kf��jbk�����>ey�hibkZgby�g_�
ebg_cghc�^bgZfbdb�kd\haghc�ihju�fu�[m^_f�ihevah\Zlvky�
fh^_evx� iehkdh]h� gZijy`_ggh]h� khklhygby�� Mq_l� g_eb�
g_cguo� keZ]Z_fuo� \�fZljbp_� ^_nhjfZpbc� Z\lhfZlbq_kdb�
klZ\bl�\hijhk�h�\u[hj_�lbiZ�hibkZgby�– wce_jh\Z�beb�eZ�
]jZg`_\Z� –� jZkkfZljb\Z_fh]h� ^_n_dlZ��<� wlhc� aZ^Zq_�fu�
[m^_f�bkihevah\Zlv�ih^oh^�Wce_jZ�� 

<� kbem� k\h_c� kljmdlmjghc� hj]ZgbaZpbb�� [bhf_f�
[jZgu�g_�fh]ml�agZqbl_evgh�baf_gylv�iehsZ^v�ih\_jogh�
klb�>�@��Wlhl�nZdl�gZdeZ^u\Z_l�^hihegbl_evgh_�mkeh\b_�gZ 
^Zggmx�aZ^Zqm��ijb�^_nhjfZpbyo�iehsZ^v�ieZklbgu�hklZ�
_lky�g_baf_gghc��h^gZdh�kf_s_gby�we_f_glh\�f_f[jZgu�ijb�wlhf�fh]ml�[ulv� agZqb�
l_evgufb��<\_^_f� iheyjgu_� dhhj^bgZlu� k� p_gljhf� \� lhqd_�H� �jbk���� b� jZkkfhljbf�
kbff_ljbqgmx�ih�m]em� ϕ � aZ^Zqm��LhesbgZ�ieZklbgdb� h �ij_^iheZ]Z_lky�ihklhygghc��
;m^_f�kqblZlv��qlh�gZ�f_f[jZgm�^_ckl\mxl�\g_rgb_�jZ^bZevgu_�gZijy`_gby��g_�\uau�
\Zxsb_� k^\b]h\�� Lh]^Z� mjZ\g_gb_� ^\b`_gby� ^ey� iehkdh]h� gZijy`_ggh]h� khklhygby�
ijbf_l�\b^� 
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]^_ p -�\g_rg__�jZ^bZevgh_�gZijy`_gb_� �\�lj_of_jghf�kemqZ_�_fm�khhl\_lkl\m_l�^Z\�

e_gb_��� ikσ -� \gmlj_ggb_�gZijy`_gby� \�f_f[jZg_�� \hagbdZxsb_�ijb� __�^_nhjfZpbyo��

0ρ -�h[t_fgZy�iehlghklv�f_f[jZgu�� ru  -�jZ^bZevgh_�kf_s_gb_�qZklbp��AZf_lbf��qlh�\�
e_\hc�qZklb� ���� kh^_j`Zlky� kms_kl\_ggh�g_ebg_cgu_� keZ]Z_fu_��dhlhju_�\dexqZ_l�\�
k_[y�hi_jZlhj�iheghc�ijhba\h^ghc�ih�\j_f_gb��\�ijZ\hc�`_�qZklb�g_ebg_cgu_�keZ]Z_�
fu_�h[mkeh\e_gu�k\yavx� ikσ �k�g_ebg_cguf�l_gahjhf�^_nhjfZpbc��Ijhbgl_]jbjm_f�����

ih�jZ^bZevghc�dhhj^bgZl_� r \�ij_^_eZo�hl� R^h� mR�� ]^_� m -� aZ^Z\Z_fuc�iZjZf_lj��
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1>m �� <hh[s_-lh�� bgl_]jbjh\Zgb_� gZ^h� ijh\h^blv� ih� \k_c� h[eZklb� f_f[jZgu�� gh� \�
^\mf_jghf� kemqZ_� gZ� [_kdhg_qghklb� \hagbdZ_l� eh]Zjbnfbq_kdZy� hkh[_gghklv�� h[m�
keh\e_ggZy�gZebqb_f�lhq_qgh]h�bklhqgbdZ�>�@��<�k\yab�k�wlbf�\_jogbc�ij_^_e�bgl_]jb�
jh\Zgby�fu�ijbgbfZ_f�jZ\guf� mR��lh�_klv�jZ\guf�kdhev�m]h^gh�[hevrhfm�jZ^bmkm��
Wlh� iha\hey_l� bkdexqblv� gZebqb_� eh]Zjbnfbq_kdhc� hkh[_gghklb�� <u[bjZy� hij_^_�
eyxsb_�khhlghr_gby�\�\b^_�ebg_cgh]h�hlghkbl_evgh�l_gahjZ�^_nhjfZpbc�aZdhgZ�=mdZ�
b�ijh\h^y�bgl_]jbjh\Zgb_�ih� r ��ihemqbf�mjZ\g_gb_�hlghkbl_evgh� l_dms_]h�jZ^bmkZ�

hl\_jklby�� <\_^_f� [_ajZaf_jgu_� dhhj^bgZlu XRR 0= � b� ( ) ττρ
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21−= ��>ey�ijbf_jZ�[ueZ�jZkkfhlj_gZ�j_Zdpby�hl\_jklby�gZ�dhg�

dj_lguc� lbi� \g_rg_]h� \ha^_ckl\by�� bf_xs_]h� \b^� klmi_gvdb��Ihemq_ggu_� ]jZnbdb�
ij_^klZ\e_gu�gZ�jbk��� 
 

 
 

Ijb� wlbo� jZkq_lZo� bkihevah\Zebkv� iZjZf_lju gfR 100 = �� fh^mev� Xg]Z�
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f
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]=ρ � b� ]jZgbqgu_� mkeh\by�

00
RR

t
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=
� �b� 0

0
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=t
R� ��Ba�ijb\_^_gguo�]jZnbdh\�\b^gh��qlh�ijb�fZeuo�agZq_gbyo�\g_rg_�

]h�jZkly]b\Zxs_]h�gZijy`_gby�dhe_[Zgby�[m^ml�ebg_cgufb��H^gZdh�ih�f_j_�m\_ebq_�
gby�agZq_gby p gZqbgZ_l�ijhy\eylvky�g_ebg_cguc�oZjZdl_j�dhe_[Zgbc��Ijb�\ha^_ckl�
\bb�bfimevkZ�\�nhjf_�klmi_gvdb�Zfieblm^Z�\hagbdZxsbo�dhe_[Zgbc�kms_kl\_ggh�aZ�
\bkbl�hl�_]h�^ebl_evghklb��DZd�\b^gh�ba�ihemq_gguo�]jZnbdh\��q_f�f_gvr_�kf_s_gb_�
]jZgbpu�hl\_jklby�hl�jZ\gh\_kgh]h�agZq_gby� 0R � �khhl\_lkl\mxs_]h�g_gZijy`_gghfm�
khklhygbx�f_f[jZgu��\�fhf_gl�ij_djZs_gby�^_ckl\by�\g_rg_]h�gZijy`_gby� p ��l_f�
f_gvr_�Zfieblm^Z�\hagbdZxsbo�kh[kl\_gguo�dhe_[Zgbc�f_f[jZgu� 

JZkkfhlj_ggZy� \� wlhc� jZ[hl_� g_ebg_cgZy� ^bgZfbdZ� ]jZgbpu� pbebg^jbq_kdh]h�
hl\_jklby�\�ieZklbgd_�y\ey_lky�gh\uf� Zki_dlhf�\� aZ^ZqZo� l_hjbb�mijm]hklb��ij_ke_�
^mxsbf�p_eb�hljZ[hlZlv�f_lh^bdm�hibkZgby� lZdh]h�^_n_dlZ�\�jZfdZo�ij_^klZ\e_gby�
Wce_jZ�ijb�bkke_^h\Zgbb�_]h�w\hexpbb�\�\u^_e_gghf�we_f_gl_�f_f[jZgu��>ey�^Zev�
g_cr_]h�jZa\blby�wlhc�aZ^Zqb�ij_^klZ\ey_l�bgl_j_k�jZkkfhlj_gb_�g_ebg_cguo�aZ\bkb�
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fhkl_c�f_`^m� ikε �b� ikσ ��oZjZdl_jbamxsbo�j_Zevgu_�kbkl_fu��AZf_lbf��qlh�baeh`_g�
gZy�f_lh^bdZ�hibkZgby�pbebg^jbq_kdh]h�^_n_dlZ�fh`_l�[ulv�jZkkfhlj_gZ�dZd�^\mf_j�
guc�ZgZeh]�dZ\blZpbb� 

Ebl_jZlmjZ� 
1. =_ggbk�J��;bhf_f[jZgu��Fhe_dmeyjgZy�kljmdlmjZ�b�nmgdpbb��F����Fbj������ 
2. Katsuro Tachibana, Kazuo Tamura. Induction of cell-membrane by ultrasound //  

The Lancet. 1999. V. 353. P.9162. 
3. ;wlq_ehj�>`��<\_^_gb_�\�^bgZfbdm�`b^dhklb��F���GZmdZ����� 

 

 

 

A:<BKBFHKLV�WE?DLJBQ?KDHC�:DLB<GHKLB�G?CJHGH<�
I:JB?L:EVGHC�DHJU�FHA=:�HL�L?FI?J:LMJU 

IJB�:IIEBD:PBB�GHJ:>J?G:EBG:�B�=EML:F:L: 

BkZdh\Z�:�<� 

P_glj�]b^jhnbabq_kdbo�bkke_^h\Zgbc�F=M�bf��Ehfhghkh\Z�b�Bgklblml�
\ukr_c�g_j\ghc�^_yl_evghklb�b�g_cjhnbabheh]bb�J:G 

Bkke_^h\Zebkv�hkh[_gghklb�bhghljhigh]h�b�f_lZ[hljhigh]h�lbiZ�j_Z]bjh\Zgby�
g_j\ghc�de_ldb��GZb[he__�Z^_d\Zlghc�fh^_evx�^ey�\uykg_gby�wlh]h�\hijhkZ�y\ey_lky�
aZ\bkbfhklv�ih\_^_gby�g_cjhgZ�hl�l_fi_jZlmju��<�dZq_kl\_�ij_^klZ\bl_e_c�h[hbo�dZ�
l_]hjbc�[ueb�bkihevah\Zgu�f_^bZlhju�]emlZfZl�b�ghjZ^j_gZebg�� 

Bkke_^h\Zgby� [ueb� ijh\_^_gu� gZ� kj_aZo�V� kehy� iZjb_lZevghc� dhju� fhjkdbo�
k\bghd�lhesbghc�����fdf��<ebygb_�l_fi_jZlmju�gZ�we_dljbq_kdmx�Zdlb\ghklv�g_cjh�
gh\�bamqZeb�gZ� ���g_j\guo�de_ldZo��:dlb\ghklv�g_kdhevdbo�g_cjhgh\�[ueZ�aZj_]bkl�
jbjh\ZgZ�\�^bZiZahg_�l_fi_jZlmj�hl����^h������K°��D�l_em�de_ldb�hkms_kl\eyeZkv�ih�
hq_j_^gZy� ZiiebdZpby� ]emlZfZlZ�b�ghjZ^j_gZebgZ��>ey� wdkljZde_lhqghc� j_]bkljZpbb�
bfimevkghc�Zdlb\ghklb�b�bhghnhj_lbq_kdh]h�ih^\_^_gby�f_^bZlhjh\�bkihevah\Zeb��- 
beb��-dZgZevgu_�kl_deyggu_�fbdjhwe_dljh^u�k�h[sbf�^bZf_ljhf�dhgqbdZ����-����fdf��
>ebl_evghklv�bhghnhj_lbq_kdh]h�ih^\_^_gby�khklZ\eyeZ������k�b�����k�khhl\_lkl\_ggh��
Kdhjhklv�ihlhdZ�khklZ\eyeZ�����-��fe�fbg��Lhd�nhj_aZ�ghjZ^j_gZebgZ�khklZ\eye���-70 
g:��iheh`bl_evguc�ihexk�\gmljb�we_dljh^Z���lhd�nhj_aZ�]emlZfZlZ�- 15-���g:��hljb�
pZl_evguc�ihexk�\gmljb�we_dljh^Z��� 

<�oh^_�wdki_jbf_glZ�gZ[ex^Zehkv�baf_g_gb_�we_dljbq_kdhc�Zdlb\ghklb�g_cjh�
gh\�dhju�\� aZ\bkbfhklb�hl�l_fi_jZlmju�ijb�ZiiebdZpbb�ghjZ^j_gZebgZ�b�]emlZfZlZ��
;ueh�ihdZaZgh��qlh�ijb�baf_g_gbb�l_fi_jZlmju�\�^bZiZahg_�hl����^h������K°�\hajZklZ�
_l�j_Zdpby�gZ�fbdjhbhghnhj_lbq_kdh_�ih^\_^_gbb�ghjZ^j_gZebgZ�d�hl^_evguf�g_j\�
guf�de_ldZf��;ueh�h[gZjm`_gh��qlh�^bgZfbdZ�baf_g_gbc�j_Zdpbb�aZ\bkbl�hl�qZklhlu�
bkoh^ghc�kihglZgghc�Zdlb\ghklb�g_cjhgh\��Ij_^iheZ]Z_lky��qlh�lZdhc�wnn_dl�y\ey_l�
ky�ke_^kl\b_f�gZebqby�m�g_cjhgh\�jZaebqgh]h�khhlghr_gby�^_g^jh-khfZlbq_kdhc�ijh�
gbpZ_fhklb��dhlhjZy�hij_^_ey_lky�jZaebqb_f�f_f[jZggh]h�khijhlb\e_gby�^_g^jblh\��
KhfZ� bf__l� ^hklZlhqgh� klZ[bevgu_� \oh^gu_� iZjZf_lju�� qlh� wdki_jbf_glZevgh� ih^�
l\_j`^Z_lky�ijb�ih^\_^_gbb�]emlZfZlZ��<�wlhf�kemqZ_�gZ[ex^Z_lky�h^bgZdh\Zy�j_Zd�
pby�� g_� aZ\bkysZy� hl� baf_g_gby� l_fi_jZlmju� b� oZjZdl_jbklbd� bkoh^ghc� kihglZgghc�
Zdlb\ghklb��;ueh�\ukdZaZgh�ij_^iheh`_gb_��qlh�ijbqbgZ�jZaebqby�j_Zdpbc�ijb�ih^�
\_^_gbb�]emlZfZlZ�b�ghjZ^j_gZebgZ�gZ�baf_g_gb_�l_fi_jZlmju�aZdexqZ_lky�\�jZaebqbb�
bo�f_oZgbafh\�^_ckl\by�� 
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J_Zdpby�g_j\guo�de_lhd�gZ�baf_g_gb_�l_fi_jZlmju�ghkbl�bg^b\b^mZevguc�oZ�
jZdl_j��<�ke_^kl\b_�wlhc�hkh[_gghklb�[ueh�\u^_e_gh�ljb�]jmiiu�g_cjhgh\��;ueh�h[�
gZjm`_gh��qlh�ijb�ih^\_^_gbb�f_^bZlhjh\�g_j\gu_�de_ldb��bf_xsb_�jZaguc�mjh\_gv�
bkoh^ghc�kihglZgghc�Zdlb\ghklb��ih-jZaghfm�j_Z]bjmxl�gZ�ih\ur_gb_�l_fi_jZlmju��
J_Zdpby�g_j\ghc�de_ldb�gZ�ih^\_^_gb_�ghjZ^j_gZebgZ�bf__l�aZ\bkbfhklv�hl�l_fi_jZ�
lmju��dh]^Z�ijb�ih^\_^_gbb�]emlZfZlZ�j_Zdpby�\�aZ\bkbfhklb�hl�l_fi_jZlmju�g_�f_gy�
_lky��LZdbf� h[jZahf�� [ueh� ih^l\_j`^_gh� jZaebqb_�f_oZgbafh\� ^_ckl\by�f_^bZlhjh\�
bhghljhighc�b�f_lZ[hljhighc�ijbjh^u�� 

 
 

 

M>D������������� 

IE:AF?GGUC�DH:=MEYLHJ�DJH<B 
K�RBJHDBF�IHE?F�<HA>?CKL<BY 

<hehrbg�>�=���KZ_gdh�<�;� 

F=M bf��F��<��Ehfhghkh\Z�nbabq_kdbc�nZdmevl_l 

Ba\_klgu�Zj]hgh\u_�ieZaf_ggu_�dhZ]meylhju�[1]��dh]^Z�jZajy^�nZd_evgh]h�lbiZ�
>�@�]hjbl�f_`^m�b]ehc��h[^m\Z_fhc�Zj]hghf�b�ih\_joghklvx��bkimkdZxs_c�djh\v��<u�
khdZy�\hklj_[h\Zgghklv�ieZaf_gguo�dhZ]meylhjh\�\�f_^bpbgkdhc�ijZdlbd_�bgbpbbjm_l�
ijh\_^_gb_� ^Zevg_crbo� nbabdh-l_ogbq_kdbo� bkke_^h\Zgbc� b� jZajZ[hlhd�� gZijZ\e_g�
guo�gZ�kha^Zgb_�ieZaf_gguo�dhZ]meylhjh\�k�rbjhdbf�ihe_f�\ha^_ckl\by�aZ�kq_l�kha�
^Zgby�fZljbpu�ieZaf_gguo�nZd_eh\��� 

GZfb�jZajZ[hlZg��ba]hlh\e_g�b�bkiulZg�wdki_jbf_glZevguc�h[jZa_p�ieZaf_ggh�
]h�dhZ]meylhjZ� k�rbjhdbf�ihe_f�\ha^_ckl\by� aZ�kq_l�k_dpbhgbjh\Zgby�jZajy^Z�i_j_�
f_ggh]h�lhdZ��Ijhlhd�Ar�k�jZkoh^hf����e�qZk�hkms_kl\e_g�q_j_a���f_^bpbgkdb_�b]eu�k�
\gmlj_ggbf�^bZf_ljhf� ����ff��F_`we_dljh^guc� aZahj�f_`^m�b]eZfb�b�^bwe_dljbq_�
kdhc�ieZklbghc��bfblbjmxs_c�[bheh]bq_kdmx�ldZgv��ih^^_j`b\Zeky�\�ij_^_eZo���- 7 
ff��Hkms_kl\e_g�j_`bf�[Zjv_jgh]h�jZajy^Z�k�wg_j]hihlj_[e_gb_f�ihjy^dZ����<l�^ey�
\ha[m`^_gby�gbadhl_fi_jZlmjghc�kbevgh�g_jZ\gh\_kghc�ieZafu��Bkihevah\Zeky�]_g_�
jZlhj�\ukhdh\hevlguo�bfimevkh\�k�q_j_^mxs_cky�iheyjghklvx�gZijy`_gb_f�^h���d<�
b�qZklhlhc�^h����d=p��Ihjh]�aZ`b]Zgby�jZajy^Z�ih�gZijy`_gbx�khklZ\eye���d<��jZajy^�
mklhcqb\h�]hj_e�ijb�qZklhl_��-���d=p��b�jZkoh^_�Ar�k\ur_���e�qZk��K_dpbhgbjh\Zgb_�b�
\hafh`ghklv�kha^Zgby�fZljbpu�ieZaf_gguo�nZd_eh\�hkms_kl\e_gh�aZ�kq_l�ih^Zqb�]ZaZ�
q_j_a�gZ[hj�f_^bpbgkdbo�b]e�b�ih^dexq_gby�b]e�d�bklhqgbdm�gZijy`_gby�q_j_a�jZa^_�
ebl_evgu_�_fdhklb� 

Hlf_lbf��qlh�ieZafZ�[Zjv_jgh]h�jZajy^Z�y\ey_lky�wnn_dlb\ghc�kj_^hc�^ey�hkm�
s_kl\e_gby�fgh]hqbke_gguo� ieZafhobfbq_kdbo� j_Zdpbc� kbgl_aZ�� qlh� b� gZ[ex^Z_lky�
ijb�dhZ]meypbb�djh\b��Hi_jZpbhggh_�ihe_�ijb�wlhf�gZoh^blky�\�kl_jbevguo�mkeh\byo�
[eZ]h^Zjy�\ha^_ckl\bx�Zj]hgh\hc�ieZafu�b�MN�baemq_gby�� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�JNNB��]jZgl�����-02-08069-bggh� 

Ebl_jZlmjZ 
1. :[jZfh\�H�B���GZklbq�X�G���©Oheh^ghieZaf_gguc�Zj]hgh\uc�dhZ]meylhjª����

<jZq������������ 
2. JZca_j�X�I���F��Rg_c^_j�G��Yp_gdh�G�:���<ukhdhqZklhlguc�_fdhklghc�jZa�

jy^��F�������� 
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Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Eh]]bgh\�:e_dkZg^j�K_j]__\bq 

 

M>D������ 

I?J?DJ?KLGH? 
NHLHMIJM=H?�B�L?JFHJ?NJ:DLB<GH?�J:KK?YGBY�K<?L: 

<�KIEHRGUO�KJ?>:O 
∗Klju]bg�K�?� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ohjhrh�ba\_klgh��qlh�fhe_dmeyjgh_�jZkk_ygb_�k\_lZ�gZ�nemdlmZpbyo�^bwe_dljbq_�
kdhc� ijhgbpZ_fhklb�� \ua\Zggh_� nemdlmZpbyfb� iehlghklb� �^Z\e_gby�� b� nemdlmZpbyfb�
l_fi_jZlmju��wgljhibb���ijb\h^bl�d�ihy\e_gbx�\�ki_dlj_�jZkk_yggh]h�k\_lZ�^\mo�jZ\gh�
hlklhysbo�hl�qZklhlu�\ha[m`^Zxs_]h�k\_lZ�dhfihg_gl�FZg^_evrlZfZ–;jbeexwgZ��klh�
dkh\Z�b�Zglbklhdkh\Z�baemq_gby��b�baemq_gby�gZ�qZklhl_�\ha[m`^Zxs_]h�k\_lZ>�-�@��Wlb�
^\Z�\b^Z�jZkk_ygby�k\_lZ�[m^_f�gZau\Zlv�\�^Zevg_cr_f�jZkk_ygb_f�gZ�nemdlmZpbyo�iehl�
ghklb��JNI��b�jZkk_ygb_f�gZ�nemdlmZpbyo�l_fi_jZlmju��JNL��khhl\_lkl\_ggh� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�jZkkfhlj_gb_�^\mo�^hihegbl_evguo�\b^h\�jZkk_y�
gby�–�i_j_dj_klgh]h�nhlhmijm]h]h�jZkk_ygby��INJ���\hagbdZxs_]h�gZ�nemdlmZpbyo�iehl�
ghklb�� \ua\Zgguo� l_jfh^bgZfbq_kdbfb� nemdlmZpbyfb� l_fi_jZlmju�� b� i_j_dj_klgh]h�
l_jfhj_njZdlb\gh]h� jZkk_ygby� �ILJ��� \hagbdZxs_]h�gZ�nemdlmZpbyo� l_fi_jZlmju�� \u�
a\Zgguo�nemdlmZpbyfb�iehlghklb��ijhy\eyxsboky�\�jZkijhkljZg_gbb�mijm]bo�a\mdh�
\uo�\heg�� 

INJ�� Ba\_klgh�� qlh� wnn_dl� nhlhmijm]hklb� khklhbl� \� baf_g_gbb� ihdZaZl_ey�
ij_ehfe_gby�\_s_kl\Z�\�j_amevlZl_�\ebygby�\g_rgbo�klZlbq_kdbo�beb�i_j_f_gguo�f_�
oZgbq_kdbo�gZijy`_gbc��Imklv�f_oZgbq_kdb_�gZijy`_gby��ijb\h^ysb_�d�g_jZ\ghf_j�
ghfm�jZkij_^_e_gbx�iehlghklb��^Z\e_gby��\gmljb�jZkk_b\Zxs_c�kj_^u��\ua\Zgu�l_j�
fh^bgZfbq_kdbfb�nemdlmZpbyfb�l_fi_jZlmju� �ba-aZ�wnn_dlZ�l_ieh\h]h�jZkrbj_gby���
<� wlhf� kemqZ_� l_gahj� ^_nhjfZpbc� kj_^u� ^bZ]hgZe_g�� Z� _]h� dhfihg_glu� bf_xl� ke_�
^mxsbc�\b^�Xij a�.�T-T0�/ij��]^_�.�--�dhwnnbpb_gl�h[t_fgh]h�jZkrbj_gby�kj_^u��7�--�g_�
jZ\ghf_jgh_�jZkij_^_e_gb_�l_fi_jZlmju�\�kj_^_�\ke_^kl\b_�nemdlmZpbc�l_fi_jZlmju��
Z�70 --�kj_^g__� agZq_gb_�l_fi_jZlmju�kj_^u�khhl\_lkl\_ggh>���@��Wlh�\�k\hx�hq_j_^v�
ijb\_^_l� d� ihy\e_gbx� hilbq_kdhc� g_h^ghjh^ghklb� �nemdlmZpbyf� ^bwe_dljbq_kdhc�
ijhgbpZ_fhklb��\�kj_^_�b�jZkk_ygbx�k\_lZ�khhl\_lkl\_ggh��LZdh_�jZkk_ygb_�k\_lZ�[m�
^_f�gZau\Zlv�\�^Zevg_cr_f�i_j_dj_klguf�nhlhmijm]bf�jZkk_ygb_f��INJ��� 

ILJ��?keb� \� mijm]hc� kj_^_� ijhbkoh^bl� jZkijhkljZg_gb_� a\mdh\uo� dhe_[Zgbc�
�\heg�>_[Zy���lh�l_fi_jZlmjZ�l_eZ�\ke_^kl\b_�l_jfhmijm]h]h�wnn_dlZ�[m^_l�f_gylvky�
dZd�kh�\j_f_g_f��lZd�b�hl�lhqdb�d�lhqd_��lh�_klv�kha^Zxlky�^hihegbl_evgu_�nemdlmZpbb�
l_fi_jZlmju��wgljhibb���Ba-aZ�aZ\bkbfhklb�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�kj_^u�hl�
l_fi_jZlmju� �wnn_dl� l_jfhj_njZdpbb�>�@� wlh� \� k\hx� hq_j_^v� ijb\_^_l� d� ihy\e_gbx�
hilbq_kdhc�g_h^ghjh^ghklb�b�ke_^h\Zl_evgh�–�d�^hihegbl_evghfm�jZkk_ygbx�k\_lZ�\�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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kj_^_��LZdh_�jZkk_ygb_� k\_lZ�[m^_f�gZau\Zlv�\�^Zevg_cr_f�i_j_dj_klguf� l_jfhj_n�
jZdlb\guf�jZkk_ygb_f��ILJ�� 

KjZam�`_�mdZ`_f��qlh�ihemq_ggu_�gZfb�j_amevlZlu�ihdZaZeb��qlh�dhwnnbpb_glu�
wdklbgdpbb�INJ�b�ILJ�k\_lZ�ih�ihjy^dm�\_ebqbgu�kjZ\gbfu�k�dhwnnbpb_glZfb�wdklbgd�
pbb�jZkk_ygby�k\_lZ�gZ�nemdlmZpbyo�iehlghklb��^Z\e_gby��b�l_fi_jZlmju��wgljhibb��^ey�
g_dhlhjuo�dZd�`b^dbo��lZd�b�l\_j^uo�\_s_kl\��GZijbf_j��^ey�g_dhlhjuo�l\_j^uo�l_e�k�
dm[bq_kdhc� j_r_ldhc� [ueh� h[gZjm`_gh�� qlh� kj_^gyy� bgl_]jZevgZy� bgl_gkb\ghklv�INJ�
k\_lZ�bf__l�agZq_gb_�ih�ihjy^dm�\_ebqbgu�ijb[ebabl_evgh�jZ\gh_�bgl_]jZevghc�bgl_g�
kb\ghklb�k\_lZ�ijb�JNL��^ey�/L)�– IJNL�IINJ�§������� 

IhdZaZgh�lZd`_��qlh�ki_dljZevgu_�ebgbb�ILJ�b�INJ�k\_lZ�ih�nhjf_�b�jZkiheh`_�
gbx�bo�\�ki_dlj_�ijZdlbq_kdb�g_�hlebqZxlky��k�lhqghklvx�^h�g_agZqbl_evguo�qe_gh\��hl�
ki_dljZevguo�ebgbc�jZkk_ygby�k\_lZ�gZ�nemdlmZpbyo�iehlghklb�b�l_fi_jZlmju��ihwlhfm�
bo�wdki_jbf_glZevgZy�j_]bkljZpby�g_kdhevdh�hkeh`g_gZ�ba-aZ�fZehc�bgl_]jZevghc�bgl_g�
kb\ghklb�ILJ�b�INJ�k\_lZ�ih�kjZ\g_gbx�k�ijyfufb�wnn_dlZfb�jZkk_ygby� 

Ke_^m_l�lZd`_�hlf_lblv��qlh�jZkkfhlj_ggu_�i_j_dj_klgu_�f_oZgbafu�jZkk_ygby�
k\_lZ�ghkyl�nmg^Zf_glZevguc�oZjZdl_j��Bo�mq_l�gZjy^m�k�f_oZgbafZfb�jZkk_ygby�k\_lZ�
gZ�nemdlmZpbyo� iehlghklb� b� l_fi_jZlmju� ijb\h^bl� d� ^hihegbl_evguf� ihl_jyf� ijb�
jZkijhkljZg_gbb� hilbq_kdh]h�baemq_gby� \� kiehrguo� kj_^Zo�� qlh�fh`_l�[ulv� \Z`gh��
gZijbf_j�� ijb� jZkq_l_� ij_^_evghc� qm\kl\bl_evghklb� hilhwe_dljhgguo� mkljhckl\� b�
hilh\hehdhgguo�ebgbc�i_j_^Zqb�bgnhjfZpbb� 

:\lhj�kqblZ_l�k\hbf�ijbylguf�^he]hf�\ujZablv�[eZ]h^Zjghklv�<�;��;jZ]bgkdh�
fm�b�K�I��<ylqZgbgm� aZ�ihklhygguc�bgl_j_k�d�jZ[hl_��p_ggu_�kh\_lu�b� aZf_qZgby��Z�
lZd`_�R�E��>Zgbebrbgm� aZ� ihe_agh_� h[km`^_gb_� wlhc� jZ[hlu��>ZggZy� jZ[hlZ� [ueZ�
ih^^_j`ZgZ�]jZglhf�JNNB����-02-16975-a��]jZglhf�Ij_ab^_glZ�JN�^ey�ih^^_j`db�\_�
^msbo�gZmqguo�rdhe�GR-������������b�]hkm^Zjkl\_ggufb�dhgljZdlZfb�Fbgbkl_jkl\Z�
ijhfure_gghklb�b�gZmdb�JN������������������b���������������� 
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∗>Zgbebrbg�R��E� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZklhys__�\j_fy�\h�\k_f�fbj_�ijhbkoh^bl�kljhbl_evkl\h�^_l_dlhjh\�]jZ\blZ�
pbhggh]h�baemq_gby��dhlhju_�hldjhxl�i_j_^�mq_gufb�gh\u_�\hafh`ghklb�bkke_^h\Z�
                                                           
∗
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gby�ijhp_kkh\��ijhbkoh^ysbo�\�]em[hdhf�dhkfhk_��J_]bkljZpby�]jZ\blZpbhgguo�\heg�
iha\hebl�bkke_^h\Zlv��gZijbf_j��hkgh\gu_�oZjZdl_jbklbdb�j_ebdlh\h]h� ]jZ\blZpbhg�
gh]h�nhgZ��dhlhjuc�g_k_l�bgnhjfZpbx�h�<k_e_gghc��dZdhc�hgZ�[ueZ�q_j_a���-43

�k�ihke_�
;hevrh]h�\aju\Z�� 

=jZ\blZpbhggZy�\hegZ�h[gZjm`b\Z_lky�ih�baf_g_gbx�jZkklhygby�f_`^m�l_eZfb��
ihf_s_ggufb� \� ihe_� \hegu��DZd� ihdZau\Z_l� jZkq_l�� wlh� baf_g_gb_� hdZau\Z_lky� gZ�
klhevdh�g_agZqbl_evguf��qlh�^ey�_]h�j_]bkljZpbb�g_h[oh^bfh�ijbgbfZlv�\h�\gbfZgb_�
d\Zglh\u_�hkh[_gghklb�ijh[guo� l_e��GZijbf_j�� khhlghr_gb_�g_hij_^_e_gghkl_c�dh�
hj^bgZlu�b�bfimevkZ�ijh[gh]h�l_eZ��kh]eZkgh�dhlhjhfm��q_f�lhqg__�baf_jy_lky�dhhj�
^bgZlZ� l_eZ�� l_f� kbevg__�baf_jbl_evguc�ijb[hj�\hafmsZ_l� _]h�bfimevk��KemqZcguc�
bfimevk��i_j_^Zgguc�ijb[hjhf�l_em�ijb\h^bl�d�kemqZcghfm�kf_s_gbx�l_eZ��m\_ebqb�
\Zy� l_f� kZfuf� g_hij_^_e_gghklv� _]h� dhhj^bgZlu�� LZdbf� h[jZahf�� qm\kl\bl_evghklv�
^_l_dlbjh\Zgby�]jZ\blZpbhgghc�\hegu�ih�hlghkbl_evghfm�kf_s_gbx�l_e�hdZau\Z_lky�
h]jZgbq_gghc� k\_jom� ij_^_ehf�� dhlhjuc� ijbgylh� gZau\Zlv� KlZg^Zjlguf� d\Zglh\uf�
ij_^_ehf��KDI��>�@�� 

HdZau\Z_lky�� qlh� kf_s_gb_�� \uau\Z_fh_� ]jZ\blZpbhgghc� \heghc��ih� \_ebqbg_�
kjZ\gbfh�k�KDI��dhlhjuc�^ey�kh\j_f_gguo�Zgl_gg�a��-17-10-16

�kf��Ihwlhfm�\hagbdZ_l�
g_h[oh^bfhklv� \� jZajZ[hld_� lZdbo�f_lh^h\� baf_j_gbc�� qm\kl\bl_evghklv� dhlhjuo� g_�
h]jZgbq_gZ�KDI��H^gbf�ba�lZdbo�f_lh^h\�y\ey_lky�ij_^eh`_gguc�\�jZ[hl_� >�@�f_lh^�
baf_j_gby� hlghkbl_evghc� kdhjhklb� ijh[guo� l_e��Kdhjhklv� k\h[h^ghc�fZkku� dZd� gZ�
[ex^Z_fZy�h[eZ^Z_l�l_f�k\hckl\hf��qlh�__�agZq_gb_�hdZau\Z_lky�g_\hafms_gguf�ihke_�
baf_j_gby��GZ[ex^Z_fu_�� agZq_gb_� dhlhjuo� g_� \hafmsZ_lky� baf_jbl_evguf� ijb[h�
jhf��gZau\Zxlky�g_\hafmsZ_fufb��Z�bo�baf_j_gb_�–�D\Zglh\uf�g_\hafmsZxsbf�ba�
f_j_gb_f��DGB� [3, 4].  

Ko_fZ� ^_l_dlhjZ� ]jZ\blZpbhgguo� \heg� gZ� hkgh\_� baf_jbl_ey� kdhjhklb� [ueZ�
ij_^eh`_gZ�\�jy^_�klZl_c� >�������@��<�gZklhys_c�jZ[hl_�jZkkfZljb\Z_lky�fh^bnbpbjh�
\Zgguc�\ZjbZgl�baf_jbl_ey�kdhjhklb��aZ�hkgh\m�dhlhjh]h�\aylZ�ko_fZ�ba�jZ[hlu�>�@�� 

Ijh\_^_g�^_lZevguc�ZgZeba�qm\kl\bl_evghklb�baf_jbl_ey�kdhjhklb�>�@��Ihemq_�
gh�\ujZ`_gb_�^ey�ij_^_evghc�ki_dljZevghc�iehlghklb�d\Zglh\uo�rmfh\�k�mq_lhf�rm�
fh\�� \ua\Zgguo�gZebqb_f�ihl_jv� \� hilbq_kdbo� we_f_glZo�baf_jbl_ey��IhdZaZgh�� qlh�
gZebqb_�hilbq_kdbo�ihl_jv�h]jZgbqb\Z_l�qm\kl\bl_evghklv�baf_jbl_ey�gZ�gbadbo�qZk�
lhlZo��LZd`_�ihdZaZgh�� qlh� qm\kl\bl_evghklv�baf_jbl_ey� kdhjhklb�fh`_l�[ulv� \ur_�
KlZg^Zjlgh]h�d\Zglh\h]h�ij_^_eZ�\�^hklZlhqgh�rbjhdhc�ihehk_�qZklhl��ûa��3

�k-1). 
JZkkfhlj_gZ�\hafh`ghklv�ih\ur_gby�qm\kl\bl_evghklb�^_l_dlhjZ�iml_f�^h[Z\�

e_gby�\�ko_fm�a_jdZeZ�j_pbjdmeypbb�kb]gZevghc�\hegu��IhdZaZgh��qlh�\�hlebqb_�hl�^_�
l_dlhjZ�kf_s_gbc�\�baf_jbl_e_�kdhjhklb�\\_^_gb_� a_jdZeZ�j_pbjdmeypbb�kb]gZevghc�
\hegu�g_�ijb\h^bl�d�`_eZ_fhfm�ih\ur_gbx�qm\kl\bl_evghklb��b�[he__�p_e_khh[jZa�
guf�y\ey_lky�bkihevah\Zgb_�j_ahgZlhjh\�NZ[jb-I_jh�\�ie_qZo�baf_jbl_ey�� 

Ihemq_gh�� qlh� mjh\_gv� d\Zglh\uo�rmfh\� baf_jbl_ey� kdhjhklb�ihqlb� \� �� jZaZ�
gb`_�mjh\gy�KDI�\�^hklZlhqgh�rbjhdhc�ihehk_�qZklhl�b�ihqlb�\����jZa�gb`_�ijb�jZ�
[hl_�\�madhihehkghf�j_`bf_��LZdbf�h[jZahf��baf_jbl_ev�kdhjhklb�ij_^klZ\ey_lky�^hk�
lZlhqgh�i_jki_dlb\ghc�ko_fhc�^ey�j_ZebaZpbb�\�ke_^mxs_f�ihdhe_gbb�]jZ\blZpbhg�
guo�Zgl_gg��qm\kl\bl_evghklv�dhlhjuo�^he`gZ�[ulv�\ur_��q_f�m�ljZ^bpbhgguo�ko_f��
h]jZgbq_gguo�KDI� 

:\lhj�\ujZ`Z_l�[eZ]h^Zjghklv�N�Y��OZebeb�aZ�bgl_j_kgmx�l_fm�bkke_^h\Zgby�b�
aZ�\k_klhjhggxx�ihfhsv�b�ih^^_j`dm��:\lhj�lZd`_�ohl_e�[u�\ujZablv�[eZ]h^Zjghklv�
K�?��Klju]bgm�aZ�ihe_agu_�^bkdmkkbb�b�p_ggu_�aZf_qZgby��GZklhysZy�jZ[hlZ�\uihe�
g_gZ�\�jZfdZo�kh\f_klgh]h�]jZglZ�DZebnhjgbckdh]h�l_ogheh]bq_kdh]h�bgklblmlZ�b�GZ�
pbhgZevgh]h�gZmqgh]h�nhg^Z�KR:�3+<���������Z�lZd`_�\�jZfdZo�]jZglZ�Jhkkbckdh]h�
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nhg^Z�nmg^Zf_glZevguo� bkke_^h\Zgbc��� ��-02-16975-D��b� dhgljZdlh\�Fbgbkl_jkl\Z�
ijhfure_gghklb�b�gZmdb�JN��������������������b������������������ 
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J?AHG:GKGH?�<A:BFH>?CKL<B?�J:>BH<HEG�
FBEEBF?LJH<H=H�>B:I:AHG:�K�<H>GUFB�KJ?>:FB 

E_[_^_\�:�<���Fhjhah\�<�H���Ibjh]h\�X�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba\_klgu_�^Zggu_�h�\h^_��dZd�ih]ehlbl_e_�jZ^bh\heg�fbeebf_ljh\h]h�^bZiZah�
gZ�ij_l_ji_eb�agZqbl_evgu_�baf_g_gby�\�k\yab�k�h[gZjm`_gb_f�jy^Z�g_ebg_cguo�wn�
n_dlh\�>�����@��dh]^Z�\�jZa\blbb�ij_^klZ\e_gbc�h�nbabd_�\aZbfh^_ckl\by�fbeebf_ljh�
\uo�jZ^bh\heg�k�\h^gufb�kj_^Zfb�[ue�k^_eZg�gh\uc�rZ]��;ue�jZajZ[hlZg�jZ^bhnbab�
q_kdbc�f_lh^�ijyfhc�j_]bkljZpbb�ijhp_kkZ�\aZbfh^_ckl\by�jZ^bh\heg�fbeebf_ljh\h�
]h�^bZiZahgZ�k�jZaebqgufb�nbabq_kdbfb�h[t_dlZfb��\�lhf�qbke_�lZdbfb��dZd�\h^gu_�
kj_^u�b�\h^hkh^_j`Zsb_�[bheh]bq_kdb_�h[t_dlu�>�@��Wlh�m^Zehkv�^hklb]gmlv�[eZ]h^Z�
jy�ijbgpbim�rbjhdh]h�f_`^bZiZahggh]h�jZag_k_gby�qZklhl�iZ^Zxsbo�b�ijbgbfZ_fuo�
jZ^bh\heg�� H^gZdh� ijh\_^_ggu_� jZg__� bkke_^h\Zgby� j_ahgZgkgh]h� \aZbfh^_ckl\by�
fbeebf_ljh\h]h�jZ^bhbaemq_gby�k�\h^gufb�kj_^Zfb�dZkZebkv��\�hkgh\ghf��n_ghf_gh�
eh]bq_kdhc�k\yab�f_`^m�fZdjhkdhibq_kdbfb�oZjZdl_jbklbdZfb�\h^u�b�__�hldebdhf�gZ�
\ha^_ckl\b_�baemq_gby��F_oZgbaf�\aZbfh^_ckl\by�[ue�g_�yk_g�b�lj_[h\Ze�^_lZevgh]h�
\k_klhjhgg_]h�bamq_gby��P_evx�gZr_]h�bkke_^h\Zgby�y\ey_lky�bamq_gb_�f_oZgbafZ�j_�
ahgZgkgh]h�\aZbfh^_ckl\by�jZ^bh\heg�fbeebf_ljh\h]h�^bZiZahgZ�gbadhc�bgl_gkb\gh�
klb�k�\h^gufb�kj_^Zfb��GZfb�[ue�h[gZjm`_g�wnn_dl��aZdexqZxsbcky�\�baf_g_gbb�dh�
wnnbpb_glZ� hljZ`_gby� \h^hc�baemq_gby�fbeebf_ljh\h]h� ^bZiZahgZ�ijb�ih]ehs_gbb�
fhghojhfZlbq_kdbo� jZ^bh\heg� ©ih^k\_ldbª� gZ� j_ahgZgkguo� qZklhlZo�� hlebqZxsboky�
hl�qZklhlu�hljZ`_gghc�\hegu��<uy\e_gZ�g_ebg_cghklv�wnn_dlZ��bf_xs_]h�ih^ihjh]h�
\uc� oZjZdl_j��Ihjh]�fhsghklb� baemq_gby�� ijb� ij_\ur_gbb� dhlhjh]h� wnn_dl� g_� gZ�
[ex^Z_lky��bf__l�\_ebqbgm�ihjy^dZ� �fd<l�kf���JZajZ[hlZgZ�f_lh^bdZ�jZ^bhf_ljbq_�
kdhc�j_ahgZgkghc�ki_dljhkdhibb�\h^hkh^_j`Zsbo�kj_^��hkgh\ZggZy�gZ�h[gZjm`_gghf�
wnn_dl_�j_ahgZgkgh]h�\aZbfh^_ckl\by�fbeebf_ljh\h]h�baemq_gby�k�\h^gufb�kj_^Zfb��
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<� f_lh^bd_� hkms_kl\ey_lky� ijyfZy� nbabq_kdZy� j_]bkljZpby� wnn_dlZ� j_ahgZgkgh]h�
\aZbfh^_ckl\by�fbeebf_ljh\uo�jZ^bh\heg�fZehc�fhsghklb�kh�kljmdlmjhc�keZ[uo�\h�
^hjh^guo� k\ya_c�\�\h^_�b�\h^hkh^_j`Zsbo� kj_^Zo��Bkke_^h\Zgby�f_lh^hf�jZ^bhf_l�
jbb�ki_dljZevguo�oZjZdl_jbklbd�\h^u�b�\h^hkh^_j`Zsbo�kj_^�ihdZaZeb�gZebqb_�ijy�
fhc�dhjj_eypbb�ki_dljZevguo�oZjZdl_jbklbd�kh�kljmdlmjhc�\h^hjh^guo�k\ya_c�\�\h^_�
b�fZdjhkdhibq_kdbfb�iZjZf_ljZfb�bkke_^m_fh]h�h[t_dlZ� 
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1. >_\yldh\�G�>���=heZgl�F�;���;_pdbc�H�<��Fbeebf_ljh\u_�\hegu�b�bo�jhev�\�

ijhp_kkZo�`bag_^_l_evghklb��–�F���JZ^bh�b�k\yav������� 
2. ;_pdbc�H�<��Fbeebf_ljh\u_�\hegu�\�[bheh]bb�b�f_^bpbg_��–�JZ^bhl_ogbdZ�

b�we_dljhgbdZ��������l�����\ui����� 
3. =ZihqdZ�E�>���=ZihqdZ�F�=���Dhjhe_\�:�N���Dhklb_gdh�:�B���Kmohjmdh\�:�I���

Lbfhrdbg�B�<��<ha^_ckl\b_�we_dljhfZ]gblgh]h�baemq_gby�D<Q�b�K<Q�^bZiZahgh\�gZ�
`b^dmx�\h^m��<_klgbd�Fhkdh\kdh]h�Mgb\_jkbl_lZ��K_j�����NbabdZ��:kljhghfby��������
l������1���k���� 

4. Kbgbpug�G�B���I_ljhkyg�<�B���,edbg�<�:���>_\yldh\�G�>���=mey_\�X�<���;_p�
dbc� H�<�� Hkh[Zy� jhev� kbkl_fu� �fbeebf_ljh\u_� \hegu� -� \h^gZy� kj_^Z�� \� ijbjh^_��
³;bhf_^bpbgkdZy�jZ^bhwe_dljhgbdZ´�������]�������k��� – 23. 

5. ;_pdbc�H�<���>_\yldh\�G�>��We_dljhfZ]gblgu_�fbeebf_ljh\u_�\hegu�b�`b�
\u_�hj]Zgbafu��–�;bhf_^bpbgkdZy�jZ^bhwe_dljhgbdZ��N��\�`��JZ^bhl_ogbdZ�������N9. 

6. I_ljhkyg� <�B��� >_\yldh\� G�>�� @blbg_\Z� W�:�� b� ^j�� <aZbfh^_ckl\b_�
nbabq_kdbo� b� [bheh]bq_kdbo� h[v_dlh\� k� we_dljhfZ]gblguf� baemq_gb_f� D<Q-
^bZiZahgZ��–�JZ^bhl_ogbdZ�b�we_dljhgbdZ��������l�����\ui��� 

7. I_ljhkyg�<�B���@blbg_\Z�W�:���=mey_\�X�<�� b� ^j��NbabdZ� \aZbfh^_ckl\by�
fbeebf_ljh\uo� \heg� k� h[v_dlZfb� jZaebqghc� ijbjh^u�� –� ;bhf_^bpbgkdZy�
jZ^bhwe_dljhgbdZ��1��\�`��JZ^bhl_ogbdZ��������1��� 
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BKIHEVAH<:GB?�>@HA?NKHGH<KDBO�I?J?OH>H< 
K�G?KBGMKHB>:EVGHC�LHD-N:AH<HC�A:<BKBFHKLVX 

>EY�KHA>:GBY�N:AH<UO�DM;BLH< 

De_gh\�G�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�k\yab�k�jZa\blb_f�d\Zglh\hc�l_hjbb�bgnhjfZpbb�\hagbdeZ�g_h[oh^bfhklv�nb�
abq_kdhc�j_ZebaZpbb�d\Zglh\uo�[blh\��dm[blh\��>�@��H^gbf�ba�kihkh[h\�lZdhc�j_ZebaZ�
pbb�y\eyxlky�nZah\u_�^`ha_nkhgh\kdb_�dm[blu�–�kbkl_fu�k�^`ha_nkhgh\kdbfb�i_j_�
oh^Zfb��oZjZdl_jgZy�^`ha_nkhgh\kdZy�wg_j]by�dhlhjuo�gZfgh]h�ij_\hkoh^bl�bo�we_d�
ljhklZlbq_kdmx�wg_j]bx�(EJ = N0LIC�������(C = e2/2C; N0= h/2e) [2]. Ijhkl_crbf�nZah�
\uf�dm[blhf�y\ey_lky�h^ghdhglZdlguc�bgl_jn_jhf_lj��ghjfbjh\ZggZy�bg^mdlb\ghklv�
dhlhjh]h�[hevr_�_^bgbpu���L= 2�/,C��N0!����ijbq_f�q_j_a�bgl_jn_jhf_lj�g_h[oh^bfh�
ih^^_j`b\Zlv�ihklhygguc�fZ]gblguc�ihlhd�N0����HdZaZehkv��qlh���i��ih^^_j`Zgb_�ih�
klhyggh]h�ihlhdZ�k�lj_[m_fhc�lhqghklvx�qj_a\uqZcgh�ljm^gh�� �ii ��[hevrZy�ghjfbjh�
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\ZggZy�bg^mdlb\ghklv�k\_joijh\h^ys_]h�dhevpZ�lZdh]h�dm[blZ�\_^_l�d�g_dhgljhebjm_�
fuf�\aZbfh^_ckl\byf�k�hdjm`_gb_f�� 

Wlb�ijh[e_fu�fh`gh�j_rblv��_keb�\f_klh�h[uqguo�^`ha_nkhgh\kdbo�i_j_oh�
^h\�bkihevah\Zlv�g_klZg^Zjlgu_�i_j_oh^u�k�g_kbgmkhb^Zevghc�lhd-nZah\hc�aZ\bkbfh�
klvx�� 

<�^Zgghf�^hdeZ^_�jZkkfZljb\Z_lky�^\modhglZdlguc�bgl_jn_jhf_lj��^ey�i-]h�i_�
j_oh^Z�dhlhjh]h�lhd-nZah\Zy�aZ\bkbfhklv�bf__l�\b^��ISi = ICi

I sin(3i) + ICi
II sin(23i) .  

<�j_amevlZl_�jZkq_lh\�[ueh�ihdZaZgh��qlh�lZdhc�bgl_jn_jhf_lj�k�ij_g_[j_`bfh�
fZehc�ghjfbjh\Zgghc�bg^mdlb\ghklvx�fh`_l�nmgdpbhgbjh\Zlv�dZd�dm[bl�\�hlkmlkl�
\bb�\g_rg_]h�ihklhyggh]h�fZ]gblgh]h�ihey��ijbq_f�lZdZy�kbkl_fZ�hklZ_lky�dm[blhf�b�
\�ijbkmlkl\bb�nemdlmZpbc�fZ]gblgh]h�ihlhdZ��fZeuo�ih�kjZ\g_gbx�k�\_ebqbghc�d\Zg�
lZ�fZ]gblgh]h�ihlhdZ�N0. 

<Z`ghc�wdki_jbf_glZevghc�oZjZdl_jbklbdhc�jZkkfZljb\Z_fh]h�^\modhglZdlgh�
]h�bgl_jn_jhf_ljZ��qZklh�iha\heyxs_c�\uy\blv�g_kbgmkhb^Zevghklv�lhd-nZah\uo�oZ�
jZdl_jbklbd��y\ey_lky�aZ\bkbfhklv�fZdkbfZevgh]h�ljZgkihjlgh]h�lhdZ�q_j_a�bgl_jn_�
jhf_lj�hl�\g_rg_]h�fZ]gblgh]h�ihlhdZ��Ihwlhfm�\�^hdeZ^_�ij_^klZ\e_gu���i��j_amevlZ�
lu�qbke_ggh]h� ZgZebaZ�\ebygby�g_kbgmkhb^Zevghklb� lhd-nZah\uo� aZ\bkbfhkl_c�i_j_�
oh^h\�b�bg^mdlb\ghklb�bgl_jn_jhf_ljZ�gZ�wlm�oZjZdl_jbklbdm���ii ��ijbf_j�bkihevah\Z�
gby�qbke_gguo�f_lh^h\�^ey�\hkklZgh\e_gby�hkh[_gghkl_c�^`ha_nkhgh\kdbo�i_j_oh^h\�
ih�wdki_jbf_glZevgh�ihemq_gghc�oZjZdl_jbklbd_� 
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2. Makhlin Y., Schon G., Shnirman A.,”Quantum-state engineering with Josephson-

junction devices”//Reviews of modern physics, 2001, Volume 73, No. 2, p.357-400 
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K:FHKBGOJHGBA:PBY�IHI?J?QGUO�FH> 
<�IHEMIJH<H>GBDH<HF�E:A?J? 

B�WNN?DL�KD:GBJH<:GBY�>B:=J:FFU�G:IJ:<E?GGHKLB 

:diZjh\�<�<���Iebkh\�D�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�i_j\uo�bg`_dpbhgguo�eZa_jZo�k�rbjhdbf�dhglZdlhf��bkihevamy�f_lh^�we_d�
ljhggh-hilbq_kdhc�ojhgh]jZnbb��fh`gh�[ueh�gZ[ex^Zlv�ijhp_kk�kdZgbjh\Zgby�k\_lh�
\h]h�iylgZ�ih�\uoh^ghfm�a_jdZem� >���@��Ojhgh]jZffZ�[eb`g_]h�ihey�baemq_gby�ihdZ�
au\ZeZ��qlh�kdZgbjh\Zgb_�ijhbkoh^bl�ih�aZdhgm��[ebadhfm�d�]Zjfhgbq_kdhfm��Wlh�y\�
e_gb_�_kl_kl\_ggh�[ueh�k\yaZlv�k�kZfhkbgojhgbaZpb_c�ihi_j_qguo�fh^��h[jZamxsboky�
dZd� ke_^kl\b_� g_h^ghjh^ghklb� ^bwe_dljbq_kdhc� ijhgbpZ_fhklb� kj_^u�� aZihegyxs_c�
j_ahgZlhj��Ihoh`b_� y\e_gby�fh]ml� bf_lv�f_klh� \� ]Zah\uo� eZa_jZo� kh� kn_jbq_kdbfb�
a_jdZeZfb�� ^ey� dhlhjuo� kbgnZagh_� keh`_gb_�ihebghfh\�WjfblZ-=ZmkkZ� k�imZkkhgh\�
kdbf�jZkij_^_e_gb_f�Zfieblm^�^Z_l�kbgmkhb^Zevgh_�kdZgbjh\Zgb_�>�@�� 

Mkeh\b_f�kms_kl\h\Zgby�mklhcqb\h]h�kdZgbjh\Zgby�y\ey_lky�wd\b^bklZglghklv�
b�ihklhygkl\h�Zfieblm^�ihi_j_qguo�fh^�eZa_jZ��ihwlhfm�hkgh\ghc�p_evx�gZklhys_]h�
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bkke_^h\Zgby�y\behkv�mklZgh\e_gb_�ijbqbg��\ebyxsbo�gZ�gZjmr_gb_�wd\b^bklZglgh�
klb�b�hldehg_gb_�Zfieblm^�]_g_jbjm_fuo�fh^�hl�bo�kj_^gbo�agZq_gbc� 

GZ�jbk����ij_^klZ\e_gZ�ko_fZ�jZkkfZljb\Z_fhc�kljmdlmju��Ij_^iheZ]Z_lky��qlh�
j_ahgZlhj�aZiheg_g�Zdlb\ghc�kj_^hc��^bwe_dljbq_kdZy�ijhgbpZ_fhklv�dhlhjhc�f_gy_l�
ky�ih�iZjZ[hebq_kdhfm�aZdhgm�\�gZijZ\e_gbb�y��<ha[m`^_gb_�eZa_jZ�lhdhf�J�hkms_kl\�
ey_lky�q_j_a�dhglZdlgmx�ihehkdm��[eZ]h^Zjy�q_fm�\�Zdlb\ghc�h[eZklb�^ebghc�L��rbjb�
ghc�wa�b�lhesbghc�d�]_g_jbjm_lky�dh]_j_glgh_�baemq_gb_��<hafh`gZ�b�^jm]Zy�nbabq_�
kdZy�fh^_ev��\�dhlhjhc�h^ghjh^gZy�Zdlb\gZy�kj_^Z�h]jZgbq_gZ�a_jdZeZfb�iZjZ[hebq_�
kdhc�nhjfu�aZ^Zgghc�djb\bagu��jbk���� 

 
 

Jbk� ���H[sZy� ko_fZ� ihemijh\h^gbdh\h]h�
eZa_jZ� 

Jbk� ��� Ko_fZ� j_ahgZlhjZ� k� iZjZ[hebq_kdbfb�
a_jdZeZfb 

 
DZd�ba\_klgh��\�gZijZ\e_gbb x�jZkij_^_e_gb_�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�\�

Zdlb\ghc�h[eZklb�bkiulu\Z_l�kdZqhd��aZ�kq_l�q_]h�nhjfbjm_lky�\hegh\h^� 
 

—�\gmljb�Zdlb\ghc�h[eZklb 2

2
( )

a

p

x
η

ε
η

= 


 
—�\�wfbll_jguo�kehyo 

(1) 

 

<�h[s_f�kemqZ_�mjZ\g_gb_��hibku\Zxs__�ijhp_kk�jZkijhkljZg_gby�baemq_gby�\�
j_ahgZlhj_�eZa_jZ��bf__l�\b^�>���@� 

 
2

2
02

2 2 2
0

2 ( , ) ( ) 0,

, (1 ) ,

p

a p

ik k y z y
z y

k k

µ µ
µ

ψ ψ
ε ε ψ

η η η η

∂ ∂
 ± + + Γ ∆ + ∆ = ∂ ∂

= = Γ + − Γ
   (2) 

 

]^_�ψ -�we_dljbq_kdh_�ihe_��bg^_dk�µ�khhl\_lkl\m_l�^\mf�lbiZf�\heg�–�ijyfhc�b�h[jZl�
ghc��û0�y,z) –�\deZ^�hl�\k_o�\hafms_gbc�^bwe_dljbq_kdhc�ijhgbpZ_fhklb��N0 –�\hegh�
\h_�qbkeh�\�\Zdmmf_��η  –�wnn_dlb\guc�ihdZaZl_ev�ij_ehfe_gby��=�–�dhwnnbpb_gl�hi�
lbq_kdh]h� h]jZgbq_gby�� û0p(y) -� hibku\Z_l� iZjZ[hebq_kdmx� g_h^ghjh^ghklv� ^bwe_d�
ljbq_kdhc�ijhgbpZ_fhklb�kj_^u��aZihegyxs_c�j_ahgZlhj� 

<�kbem�kZfhkh]eZkh\Zgghklb�aZ^Zqb�mjZ\g_gb_�����j_rZ_lky�kh\f_klgh�k�mjZ\g_�
gb_f�^bnnmabb� 
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baNNg −=)( ��]^_�Z�b�b –�dhwnnbpb_glu��oZjZdl_jbamxsb_�\deZ^�\�mkbe_gb_�g_jZ\gh�
\_kguo�ghkbl_e_c��Z�lZd`_�\gmlj_ggb_�ihl_jb��k\hckl\_ggu_�fZl_jbZem�Zdlb\ghc�kj_�
^u�khhl\_lkl\_ggh��ω –�hilbq_kdZy�qZklhlZ�baemq_gby� 

H[jZlgh_�\ebygb_�dhgp_gljZpbb�bg\_jlbjh\Zgguo�ghkbl_e_c�gZ�we_dljbq_kdh_�
ihe_�mqblu\Z_lky�\�dhwnnbpb_gl_�∆ε�mjZ\g_gby���� 

 

( )[ ] ( )( )0 0 0/ / / 1 p
a a aa RN k i k aN b i k

α
ε η η η∆ = − + − − − Γ

Γ
,   (4) 

 

]^_�R –�Zglb\hegh\h^guc�iZjZf_lj��αp –�dhwnnbpb_gl�ihl_jv�\�iZkkb\guo�h[eZklyo� 
J_r_gb_�mjZ\g_gby� ����gZoh^blky�f_lh^hf�jZkijhkljZgyxs_]hky�imqdZ��Ihke_�

hq_j_^gh]h�ijhoh^Z�j_ahgZlhjZ�hilbq_kdhc� \heghc�jZkij_^_e_gb_�bg\_jkbb�i_j_kqb�
lu\Z_lky�kh]eZkgh�mjZ\g_gbx����� 

FZl_fZlbq_kdZy�fh^_ev�jZkkfZljb\ZeZkv�\�ijbeh`_gbb�d�h[hbf�lbiZf�eZa_jh\�
�jbk���b�jbk�����<�j_amevlZl_�ijh\_^_ggh]h�bkke_^h\Zgby� 

���IhdZaZgh�qlh��kZfhkbgojhgbaZpbb�ihi_j_qguo�fh^�\hafh`gZ�\�h[hbo�\b^h\�
eZa_jh\��\�j_amevlZl_�q_]h�^bZ]jZffZ�gZijZ\e_gghklb�kdZgbjh\ZeZ�ijhkljZgkl\h�k�fZd�
kbfZevguf�m]ehf�hldehg_gby��-��]jZ^mkh\��<�h[s_f�kemqZ_�aZ\bkbfhklv�m]eZ�hldehg_�
gby�hl�\j_f_gb�bf_eZ�keh`guc�\b^� 

���GZc^_gZ�kh\hdmighklv�iZjZf_ljh\�eZa_jZ��ijb�dhlhjuo�ijhp_kk�kdZgbjh\Zgby�
klZ[be_g�gZ�\j_f_gZo�\���-����gk�� 

3. IhdZaZgh��qlh��aZ^Z\Zy�ijhnbev�iehlghklb�lhdZ�gZdZqdb�dZd�h^ghjh^gh_�jZk�
ij_^_e_gb_�k�g_[hevrhc�^h[Z\dhc��ij_^klZ\eyxs_c�kh[hc�fh^mev�ebg_cghc�dhf[bgZ�
pbb� ihebghfh\� WjfblZ-=ZmkkZ� jZaebqguo� ihjy^dh\�� fh`gh� mijZ\eylv� Zfieblm^Zfb�
h^ghc�beb�g_kdhevdbo�ihi_j_qguo�fh^��Wlh�ijb\h^bl�d�m\_ebq_gbx�\j_f_gb�i_jbh^b�
q_kdh]h�kdZgbjh\Zgby�gZ�g_kdhevdh�ihjy^dh\�� 

GZ[ex^Z_fuc� wnn_dl� kdZgbjh\Zgby� k�qZklhlZfb�ihjy^dZ� ��-���==p�ijb�gZeb�
qbb�^bkdj_lghklb�iheh`_gbc�^bZ]jZffu�gZijZ\e_gghklb�fh`_l�[ulv�bkihevah\Zg�^ey�
kbgojhgbaZpbb�iheghklvx�hilbq_kdbo�mkljhckl\��jZag_k_gguo�\�ijhkljZgkl\_�� 

Ebl_jZlmjZ� 
1. <ureh\�K�K���B\Zgh\�E�I���Eh]]bgh\�:�K���K_gZlhjh\�D�Y���IbkvfZ�\�@WLN��

��������������-133 
2. Dmjue_\�<�<���K_gZlhjh\�D�Y���<_klgbd�F=M���������������-121 
3. $XVWRQ�'�+���,(((�-��4XDQWXP�(OHFWURQ������������S����–421 
4. Agrawal G., J. Appl. Phys, 56(11), pp.3100–3109, 1984. 
5. Eh]]bgh\�:�K���Iebkh\�D�B���D\Zglh\Zy�We_dljhgbdZ�������������������-556 
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:G:EBA�>BNJ:DPBHGGUO�IHL?JV 
<�M=HEDH<UO�HLJ:@:L?EYO� 

LZjZ[jbg�K�I� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� gZklhys__� \j_fy� ij_^eZ]Z_lky� bkihevah\Zgb_� m]hedh\uo� hljZ`Zl_e_c� �MH��
\f_klh�kn_jbq_kdbo� a_jdZe�\�eZa_jghc� ]jZ\blZpbhgghc�Zgl_gg_�LIGO��>ZggZy�jZ[hlZ�
ihk\ys_gZ�hp_ghqghfm�\uqbke_gbx�nmg^Zf_glZevguo�^bnjZdpbhgguo�ihl_jv��\hagb�
dZxsbo�ijb�hljZ`_gbb�hilbq_kdhc�\hegu�hl�MH� 
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MH�ij_^klZ\ey_l�kh[hc�^\m]jZggmx�ijyfhm]hevgmx�ijbafm� �kf��jbk���ba]hlh\�
e_ggmx� ba� ^bwe_dljbq_kdh]h� fZl_jbZeZ��IZ^ZxsZy� iehkdZy� we_dljhfZ]gblgZy� \hegZ�
jZkijhkljZgy_lky�\gmljb�MH�lZd��qlh�hgZ�ihke_^h\Zl_evgh�hljZ`Z_lky�hl�h[_bo�]jZg_c�
ih^�m]ehf��[hevrbf�q_f�m]he�ihegh]h�\gmlj_gg_]h�hljZ`_gby��Ijb�hljZ`_gbb�\hagb�
dZ_l�^bnjZdpbhggh_�jZkk_ygb_�\hegu�gZ�j_[j_�MH��³ijbih\_joghklgu_´�\hegu��h[jZ�
amxsb_ky�\�j_amevlZl_�ihegh]h�\gmlj_gg_]h�hljZ`_gby�iZ^Zxs_c�\hegu��ijb�jZkijh�
kljZg_gbb�\^hev�ih\_joghklb�³kju\Zxlky´��baemqZykv�\�hdjm`Zxs__�ijhkljZgkl\h�� 

D�kh`Ze_gbx��ih^h[gZy�aZ^ZqZ�\�ebl_jZlmj_�g_�jZkkfZljb\ZeZkv��ihwlhfm�ij_^�
eZ]Z_lky�hp_ghqguc�jZkqzl�mdZaZgguo�ihl_jv�k�bkihevah\Zgb_f�ke_^mxs_c�f_lh^bdb� 

1. IZjZf_lju� ^bwe_dljbdZ�� ^bwe_dljbq_kdZy� ijhgbpZ_fhklv�
ε=1.45, fZ]gblgZy�ijhgbpZ_fhklv�µ=1 

2.  Kljhblky� j_r_gb_� ^ey� ihey� \hegu� gZ� \gmlj_gg_c� ih\_joghklb� ^bwe_d�
ljbdZ��bkihevamy� �nhjfmeu�^ey�dhfie_dkguo�dhwnnbpb_glh\�hljZ`_gby�iehkdhc�\he�
gu�hl�iehkdhc�[_kdhg_qghc�]jZgbpu�jZa^_eZ�^\mo�kj_^�^ey�kemqZy�ihegh]h�\gmlj_gg_]h�
hljZ`_gby�>�@� 

Bkihevamy�]jZgbqgu_�mkeh\by�^ey�gZijy`zgghkl_c�we_dljbq_kdh]h�b�fZ]gblgh�
]h�ihe_c�>�@��kljhblky�j_r_gb_�gZ�\g_rg_c�ih\_joghklb�MH� 

4. Ijbf_gyy�bgl_]jZevgmx�l_hj_fm�Dbjo]hnZ-=_evf]hevpZ� >�@��\uqbkey_l�
ky�ihe_�\�^Zevg_c�^bnjZdpbhgghc�ahg_�b�ihegZy�wg_j]by�baemq_gby� 

Bkke_^mxlky� ^\Z� gZijZ\e_gby� iheyjbaZpbb� iZ^Zxs_c� \hegu�� iZjZee_evgh_� b�
i_ji_g^bdmeyjgh_�j_[jm�MH��IhdZaZgh��qlh�\�i_j\hf�kemqZ_�we_dljbq_kdh_�b�fZ]gbl�
gh_�ihey�gZ�\gmlj_gg_c�b�\g_rg_c�ih\_joghklyo�MH� y\eyxlky�g_ij_ju\gufb�nmgd�
pbyfb�dhhj^bgZl�b�ihemq_gZ�hp_gdZ�^bnjZdpbhgguo�ihl_jv�Wbaemq/WiZ^Zxs�~ 1.88*λ/r0, 
]^_�Wbaemq –�fhsghklv�^bnjZdpbhgguo�ihl_jv��WiZ^Zxs –�fhsghklv�iZ^Zxs_c�gZ�MH�
\hegu��λ -�^ebgZ�hilbq_kdhc�\hegu�\�\Zdmmf_��r0 –�oZjZdl_jguc�jZaf_j�k\_lh\h]h�imq�
dZ��<h�\lhjhf�kemqZ_�dhfihg_glu�we_dljbq_kdh]h�ihey�gZ�\g_rg_c�ih\_joghklb�ij_�
l_ji_\Zxl�jZaju\�gZ�j_[j_�\ke_^kl\b_�lh]h��qlh�ε hlebqgZ�hl�_^bgbpu��hp_gdZ�ihl_jv�c 
lhqghklvx�^h�qbkeh\h]h�dhwnnbpb_glZ�khklZ\ey_l�Wbaemq/WiZ^Zxs ~ λ/r0.  

Ebl_jZlmjZ� 
1. E�>��EZg^Zm��?�F��Ebnrbp��We_dljh^bgZfbdZ�kiehrguo�kj_^��Fhkd\Z������� 
2. K�:�� :ofZgh\�� K�X�� Gbdblbg�� Nbabq_kdZy� HilbdZ�� Ba^-\h� Fhkdh\kdh]h�
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M>D����������� 

K<?JOJ:AJ?R?GB?�<�FGH=HEMQ?<UO�KBKL?F:O�
I:KKB<GH=H�J:>BH<B>?GBY 
FBEEBF?LJH<H=H�>B:I:AHG: 

Re_fbg�B�<���Ibjh]h\�X�:���=eZ^mg�<�<�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijhp_kk�nhjfbjh\Zgby�bah[jZ`_gbc�h[t_dlh\�k�ihfhsvx�kbkl_f�iZkkb\gh]h�
jZ^bh\b^_gby� aZdexqZ_lky� kgZqZeZ� \� baf_j_gbb� jZkij_^_e_gby� jZ^bhyjdhklghc�
l_fi_jZlmju�l_ieh\h]h�baemq_gby�dZd�nmgdpbb�gZijZ\e_gby�\�ijhkljZgkl\_�\�g_dh�
lhjhf�l_e_kghf�m]e_�k�ihfhsvx�jZ^bhf_ljbq_kdhc�kbkl_fu��Z�aZl_f�\�\hkklZgh\e_�
gbb�bkoh^gh]h�jZkij_^_e_gby�jZ^bhyjdhklb�gZ�hkgh\_�baf_j_gguo�^Zgguo�b�lhqgh�
]h�agZgby�ZiiZjZlghc�nmgdpbb�kbkl_fu�� 

Ijb� bkihevah\Zgbb� \� bamqZ\r_cky� fgh]hdZgZevghc� kbkl_f_� jZ^bh\b^_gby�
ebg_cdb� jZ^bhf_ljh\�� ihkljh_gguo� ih� dhfi_gkZpbhgghc� ko_f_� b� h[eZ^Zxs_c�
[hevrbf� agZq_gb_f� \j_f_gb� ^j_cnZ� iZjZf_ljh\� b� \ukhdbf� mjh\g_f� kh[kl\_gguo�
rmfh\�� aZ^ZqZ� lhqgh]h� baf_j_gby� ^bZ]jZff� gZijZ\e_gghklb� \� hl^_evguo� dgZeZo�
ij_^klZ\eyeZ� k_jv_agu_� ljm^ghklb�� Ihwlhfm� ^ey� \hkklZgh\e_gby� bah[jZ`_gby� bk�
ihevah\ZeZkv�l_hj_lbq_kdZy�ZiiZjZlgZy�nmgdpby��jZkkqblZggZy�gZ�hkgh\_�fZl_fZlb�
q_kdhc� we_dljh^bgZfbq_kdhc� fh^_eb� ebgah\hc� Zgl_gghc� kbkl_fu� \� ijb[eb`_gbb�
nbabq_kdhc� hilbdb� k� mq_lhf� we_dljh^bgZfbq_kdbo� oZjZdl_jbklbd� ijb_fguo� jmih�
jh\��ijbf_gy_fuo�\�dZq_kl\_�h[emqZl_e_c�� 

Bkihevam_fZy�kbkl_fZ�jZ^bh\b^_gby�ij_^klZ\eyeZ�kh[hc���-dZgZevgmx�mklZ�
gh\dm� k� ebg_cdhc� jmihjguo� h[emqZl_e_c� \�nhdZevghc� iehkdhklb� ebgau�� jZ[hlZx�
smx�gZ�^ebg_�\hegu���ff�>�@��RbjbgZ�emqZ�gZ�ihem\ukhl_�khklZ\eyeZ������]jZ^mkZ��
jZkklhygb_�f_`^m�emqZfb�����]jZ^mkZ�� 

>ey� \hkklZgh\e_gby�bah[jZ`_gby�bkihevah\Zeky�f_lh^�fZdkbfZevgh]h�ijZ\�
^hih^h[by�� AZ� hkgh\m� ihkljh_gby� bl_jZpbhggh]h� Ze]hjblfZ� [ue� \ayl� h^ghf_jguc�
bl_jZpbhgguc�Ze]hjblf�LZjZkdh� >�@��DZd�j_amevlZl�j_r_gby�aZ^Zqb�\hkklZgh\e_gby�
h[jZah\�njZ]f_glZ�]eZ\gh]h�a^Zgby�F=M��m^Zehkv�ihemqblv�jZaj_r_gb_�\ur_��q_f�\�
kemqZ_� ijbf_g_gby� ba\_klgh]h� ebg_cgh]h� f_lh^Z�<bg_jh\kdhc� nbevljZpbb��Ij_^�
klZ\e_gu� lZd`_�j_amevlZlu�h[jZ[hldb� wdki_jbf_glZevguo�^Zgguo�^ey�h^ghdZgZev�
ghc�mklZgh\db�� 

Ebl_jZlmjZ� 
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M>D����������� 

DHFIVXL?JGH?�FH>?EBJH<:GB?�WNN?DL:�KMI?JIJBAFU 
<�NHLHGGUO�DJBKL:EE:O 

∗<hedh\Z�A�:���IylZdh\�:�I� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Wnn_dlhf�kmi_jijbafu�gZau\Z_lky�y\e_gb_�ZghfZevgh�kbevghc�^bki_jkbb�k\_�
lZ�\�nhlhgghf�djbklZee_��<_ebqbgZ�wlh]h�wnn_dlZ�gZ�ihjy^hd�ij_\hkoh^bl�\_ebqbgu�
ZgZeh]bqguo�wnn_dlh\�\�h^ghjh^guo�fZl_jbZeZo��Wlh�iha\hey_l�ijbf_gylv�nhlhggu_�
djbklZeeu�\�g_dhlhjuo�mkljhckl\Zo�bgl_]jZevghc�hilbdb�b�hilbq_kdhc�h[jZ[hldb�bg�
nhjfZpbb� \� dZq_kl\_� ^_ne_dlhjh\�� nbevljh\� beb� ^bki_j]bjmxsbo� we_f_glh\� ki_d�
ljZevguo� ijb[hjh\��L_ogheh]bq_kdb_�f_lh^u� kh\j_f_gghc�fbdjhwe_dljhgbdb� iha\h�
eyxl�\ujZsb\Zlv�nhlhggu_�djbklZeeu�k�jZaebqgufb�k\hckl\Zfb��qlh�\�kh\hdmighklb�k�
bo�fZeufb� jZaf_jZfb� hldju\Z_l�rbjhdb_� i_jki_dlb\u� ^ey� ijbf_g_gby�ND� \� bgl_�
]jZevghc�hilbd_�� 

Wnn_dl�kmi_jijbafu�h[tykgy_lky�l_f��qlh�k\_l�^bnjZ]bjm_l�gZ�i_jbh^bq_kdhc�
kljmdlmj_��b�m]eh\Zy�^bki_jkby�y\ey_lky�fZdkbfZevghc��dh]^Z�^ebgZ�\hegu�k\_lZ�\�djb�
klZee_�ijb[eb`Z_lky�ih�\_ebqbg_�d�i_jbh^m�j_r_ldb��>Zggh_�y\e_gb_�[ueh�wdki_jb�
f_glZevgh� bkke_^h\Zgh� g_kdhevdbo� jZ[hlZo�� b� l_hj_lbq_kdb_� jZkq_lu� ih^l\_j`^_gu�
wdki_jbf_glZevgufb� ^Zggufb�� >�@�� >�@��<� qZklghklb� [ueh� aZf_q_gh�� qlh� _keb� \\_klb�
wnn_dlb\guc� ihdZaZl_ev� ij_ehfe_gby� dZd� hlghr_gb_� kbgmkh\� m]eh\� iZ^_gby� b� ij_�
ehfe_gby�� lh� hg� hdZ`_lky� hljbpZl_evguf� >�@�� LZd`_� bkke_^h\Zehkv� \ebygb_� ]jZgbp�
djbklZeeZ�gZ�jZkijhkljZg_gb_�k\_lZ��jZkijhkljZg_gb_�k\_lZ�\�djbklZeeZo�k�gZdehggu�
fb�]jZgbpZfb�>�@�� 

>ey�ih^[hjZ�hilbfZevguo�oZjZdl_jbklbd�ijb[hjZ�g_h[oh^bfh�ihkljhblv�aZ\b�
kbfhklb�\_ebqbgu�wnn_dlZ�kmi_jijbafu�hl�jZaebqguo�iZjZf_ljh\��lZdbo�dZd�i_jbh^�
j_r_ldb��jZ^bmk�hl\_jklbc��dhgljZkl�ihdZaZl_ey�ij_ehfe_gby�b�^j��\�rbjhdhf�^bZiZ�
ahg_�bo�baf_g_gby��P_evx�^Zgghc�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�k\hckl\�^\mf_jgh]h�
nhlhggh]h�djbklZeeZ�b�ihkljh_gb_�aZ\bkbfhkl_c�m]eZ�hldehg_gby�k\_lZ�\�djbklZee_�hl�
^ebgu�\hegu�b�hl�m]eZ�iZ^_gby� 

Kms_kl\m_l� g_kdhevdh� f_lh^h\� l_hj_lbq_kdh]h� bkke_^h\Zgby� wnn_dlZ� kmi_j�
ijbafu��k\yaZgguo��\�hkgh\ghf��k�qbke_ggufb�jZkq_lZfb��GZijbf_j��fh`gh�g_ihkj_^�
kl\_ggh�j_rZlv�mjZ\g_gby�FZdk\_eeZ�f_lh^hf�dhg_qguo�jZaghkl_c�\h�\j_f_gghc�h[�
eZklb�>�@���LZd`_�fh`gh�jZkkqblu\Zlv�gZijZ\e_gb_�jZkijhkljZg_gby�k\_lZ�\�djbklZee_�
k�ihfhsvx�^bki_jkbhgguo�ih\_joghkl_c��Ijb�ba\_klghc�aZ\bkbfhklb�qZklhlu�hl�\he�
gh\h]h�\_dlhjZ��klZgh\blky�\hafh`guf�hij_^_eblv�]jmiih\mx�kdhjhklv�dZd�]jZ^b_gl�d�
^bki_jkbhgghc�ih\_joghklb��>ey�ZgZebaZ�^bki_jkbhgguo�k\hckl\�^\mf_jguo�kljmdlmj�
m^h[gh�bkihevah\Zlv�bahqZklhlgu_�djb\u_��beb�djb\u_�ihklhygghc�qZklhlu��ghjfZev�d�
dhlhjuf�mdZau\Z_l�gZijZ\e_gb_�]jmiih\hc�kdhjhklb��>�@��>bki_jkbhggu_�ih\_joghklb�
jZkkqblu\Zxlky�f_lh^hf�jZkijhkljZg_gby�iehkdbo�\heg�>�@��Ihe_�\�djbklZee_�bs_f�\�
\b^_�jZaeh`_gby�ih�iehkdbf�\hegZf�b�^ey�dZ`^hc�]Zjfhgbdb�ihemqZ_f�aZ^Zqm�gZ�kh[�
kl\_ggu_�agZq_gby��GZc^y�kh[kl\_ggu_�agZq_gby�–�qZklhlu��fh`gh�ihkljhblv�^bki_j�
kbhggu_�ih\_joghklb�� 

<�kj_^_�0DWODE�jZajZ[hlZgZ�ijh]jZffZ��iha\heyxsZy�jZkkqblu\Zlv�^bki_jkbhg�
gu_�ih\_joghklb�b�kljhblv�aZ\bkbfhklb�m]eZ�hldehg_gby�emqZ�hl�^ebgu�\hegu�iZ^Zx�
s_]h�k\_lZ��Ijh]jZffZ�iha\hey_l�\Zjvbjh\Zlv�iZjZf_lju�djbklZeeZ�–�i_jbh^�j_r_ldb��

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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jZ^bmk�hl\_jklbc�b�ihdZaZl_eb�ij_ehfe_gby�ih^eh`db�b�hl\_jklbc��Z� lZd`_� aZ^Z\Zlv�
jZaebqgmx�iheyjbaZpbx�k\_lZ��L?�beb�LF���Kms_kl\m_l�\hafh`ghklv�baf_g_gby�^bZ�
iZahgZ�^ebg�\heg�b�m]eh\�iZ^_gby�k\_lZ��M^h[gh�ZgZebabjh\Zlv�^bki_jkbhggu_�k\hckl�
\Z�djbklZeeZ�k�ihfhsvx�djb\uo�ihklhygghc�qZklhlu��Wlb�djb\u_�ijb�fZeuo�\hegh\uo�
\_dlhjZo� �^ebgZ� \hegu� gZfgh]h� [hevr_� i_jbh^Z� kljmdlmju�� ij_^klZ\eyxl� kh[hc� hd�
jm`ghklb��k\_l�jZkijhkljZgy_lky�ijZdlbq_kdb�lZd�`_��dZd�b�\�h^ghjh^ghc�kj_^_���Ijb�
ijb[eb`_gbb�d� ]jZgbp_� ahgu�;jbeexwgZ� wlb�hdjm`ghklb�gZqbgZxl�bkdZ`Zlvky��b�ih�
kl_i_gb�wlh]h�bkdZ`_gby�fh`gh�km^blv�h�^bki_jkbhgguo�ZghfZebyo�gZ�lZdbo�^ebgZo�
\heg��F_gyy�m]he�iZ^_gby�k\_lZ��fh`gh�kljhblv�aZ\bkbfhklb�m]eh\hc�^bki_jkbb�hl�m]�
eZ�iZ^_gby��Ih�ij_^\Zjbl_evguf�^Zgguf�m]eh\Zy�^bki_jkby�kljmdlmju�bf__l�fZdkb�
fmf�ijb�^ebg_�\hegu��[ebadhc�d��Z��]^_�Z�–�i_jbh^�kljmdlmju��<uykg_gh��qlh�ijb�m\_�
ebq_gbb�dhgljZklZ�ihdZaZl_ey�ij_ehfe_gby�^bZiZahg�^ebg�\heg��\�dhlhjhf�ijhy\ey_lky�
wnn_dl��jZkrbjy_lky��Ihemq_gu�aZ\bkbfhklb�m]eZ�hldehg_gby�k\_lZ�hl�^ebgu�\hegu�b�
m]eZ�iZ^_gby� k\_lZ��dhgljZklZ�ihdZaZl_ey�ij_ehfe_gby�� Z� lZd`_� aZ\bkbfhklb�m]eh\hc�
^bki_jkbb�djbklZeeZ�hl�wlbo�iZjZf_ljh\��AZ\bkbfhklb�ihkljh_gu�^ey�kemqZ_\�^\mo�ih�
eyjbaZpbc�–�L?�b�LF�� 
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KM;=:JFHGBQ?KDB?�KLMI?GB�R:IBJH� 
G:�<:O�>@HA?NKHGH<KDBO�I?J?OH>H<�K�;HEVRHC�

,FDHKLVX 

DZjfbgkdZy�L�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�^Zgghc�jZ[hl_�[ueh�ijh\_^_gh�qbke_ggh_�b�ZgZeblbq_kdh_�bkke_^h\Zgb_�km�
s_kl\h\Zgby� km[]Zjfhgbq_kdbo� klmi_g_c�RZibjh� gZ� \hevl-Zfi_jghc� oZjZdl_jbklbd_�
�<:O�� ^`ha_nkhgh\kdbo� i_j_oh^h\� k� [hevrhc� _fdhklvx�� hibku\Z_fuo� j_abklb\ghc�
fh^_evx��<�jZfdZo�wlhc�fh^_eb�^`ha_nkhgh\kdbc�i_j_oh^��gZoh^ysbcky�ih^�\ha^_ckl�
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\b_f�\g_rg_]h�]Zjfhgbq_kdh]h�kb]gZeZ��hibku\Z_lky�g_ebg_cguf�^bnn_j_gpbZevguf�
mjZ\g_gb_f�>�@� 

 

)sin(sin tai ωϕϕϕβ +=++ ��� ,    (1) 
 

]^_�ϕ -�nZaZ�^`ha_nkhgh\kdh]h�i_j_oh^Z��ij_^klZ\eyxsZy�kh[hc�jZaghklv�nZa�\hegh�
\uo�nmgdpbc�k\_joijh\h^ysbo�we_dljh^h\��β -�ghjfbjh\ZggZy�_fdhklv�i_j_oh^Z� �iZ�
jZf_lj�FZddZf[_jZ���a�b�ω -�ghjfbjh\Zggu_�Zfieblm^Z�b�qZklhlZ�\g_rg_]h�kb]gZeZ��i – 
ihklhygguc�lhd�kf_s_gby��ghjfbjh\Zgguc�gZ�djblbq_kdbc�lhd�i_j_oh^Z��AZo\Zl�qZklh�
lu� �kbgojhgbaZpby��^`ha_nkhgh\kdhc�]_g_jZpbb�\g_rgbf�kb]gZehf�beb�_]h�]Zjfhgb�
dZfb��h[jZamxsbfbky�gZ�g_ebg_cghklb��ijb\h^bl�d�h[jZah\Zgbx�gZ�<:O�]Zjfhgbq_�
kdbo� klmi_g_c��iZjZee_evguo�hkb� lhdZ�� \�ij_^_eZo� dhlhjuo� ωnV = ��Ba\_klgh��qlh� \�
hlkmlkl\b_�_fdhklb�hlkmlkl\mxl�km[]Zjfhgbq_kdb_�klmi_gb� ω)/( knV = ��Z�jZafZo�]Zj�
fhgbq_kdbo�klmi_g_c�\�\ukhdjqZklhlghf�ij_^_e_�hibku\Z_lky�nmgdpbyfb�;_kk_ey�p_�
eh]h�ihjy^dZ�>�@�� ( )ω/2 aJi nn =∆ . 

:gZeblbq_kdh_�jZkkfhlj_gb_�[ueh�\uiheg_gh�f_lh^hf�ihke_^h\Zl_evguo�ijb�
[eb`_gbc��kh]eZkgh�dhlhjhfm�^`ha_nkhgh\kdZy�nZaZ�b�lhd�q_j_a�i_j_oh^�fh]ml�[ulv�
ij_^klZ\e_gu� \� \b^_� jZaeh`_gby� ih� kl_i_gb� fZehklb� qe_gh\�� ...210 +++= ϕϕϕϕ , 

...210 +++= iiii ��dhlhju_�gZoh^ylky�ba�ke_^mxs_c�kbkl_fu�mjZ\g_gbc� 
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Gme_\h_�ijb[eb`_gb_� khhl\_lkl\m_l� Z\lhghfghc�<:O� �\�hlkmlkl\b_�\g_rg_]h�
\ha^_ckl\by��� I_j\h_� ijb[eb`_gb_� �i1�� ^Z_l� ]Zjfhgbq_kdb_� klmi_gb� RZibjh��

)(2 xJi nn =∆ ��]^_� ( ) )1/( 2 += ωβωax ��Ijb�β� ���^Zggh_�\ujZ`_gb_�kh\iZ^Z_l�k�ohjh�
rh� ba\_klguf� ©\ukhdhqZklhlgufª� ijb[eb`_gb_f� >�@��<lhjh_� ijb[eb`_gb_� �i2�� ^Z_l�
km[]Zjfhgbq_kdb_�klmi_gb� [ ]ω2/)12( += nV , (n =0, 1, 2, 3,…): 

 

( ) ( )( )∑ +−+=∆ −++
m

mmnn mnxJxJi 12/)12(/)()( 22
)12(

2
12 ωββ  (2) 

 

<�^Zgghc�kmff_�fh`gh�h]jZgbqblvky�lhevdh�^\mfy�jZ\gufb�]eZ\guf�qe_gZfb�k�
ghf_jZfb�m��^ey�dhlhjuo� 2/12/)12( ±=−+ mn ��ihkdhevdm�hklZevgu_�qe_gu�wlhc�kmffu�

[m^ml�ijbf_jgh�gZ�ihjy^hd�f_gvr_��Lh]^Z�jZafZo�klmi_gb� ω
2

12 += n
V �[m^_l�jZ\ 

 

( ) ( )
( )

β
ωβ 14/

2
2

1

2

12 +
=∆ +

+
xJxJ

i nn
n  (3) 

 

JZkkfZljb\Zy� ihke_^mxsb_� ijb[eb`_gby�� fh`gh� ihemqblv� km[]Zjfhgbq_kdb_�
klmi_gb�k�[he__�\ukhdbf�agZq_gb_f�k.  

JZkkfhlj_ggh_�ijb[eb`_gb_�b�ihemq_ggu_�j_amevlZlu�kijZ\_^eb\u��dh]^Z�h^bg�
ba�lj_o�iZjZf_ljh\�β, ω�b�a�fgh]h�[hevr_�_^bgbpu��lh�_klv�\�ke_^mxsbo�kemqZyo���i) 
ω2β >> 1, (ii ) ω >>1, (iii ) a >> 1. 
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Qbke_gguc�jZkq_l�]Zjfhgbq_kdbo�b�km[]Zjfhgbq_kdbo�klmi_g_c��ijh\_^_gguc�k�
ihfhsvx�ijh]jZffgh]h�iZd_lZ�PSCAN� >�@�^ey�ω2β a���ijb�jZaebqguo�agZq_gbyo�Zf�
ieblm^u�a ih^l\_j`^Z_l�kijZ\_^eb\hklv�ihemq_gguo�ZgZeblbq_kdbo�j_amevlZlh\�� 

:gZeblbq_kdb_�b�qbke_ggu_�j_amevlZlu�[ueb�ijbf_g_gu�^ey�h[tykg_gby�ih\_�
^_gby�wdki_jbf_glZevgh�gZ[ex^Z_fuo�]Zjfhgbq_kdbo�b�km[]Zjfhgbq_kdbo� �k ���klm�
i_g_c�RZibjh� gZ� <:O� \ukhdhl_fi_jZlmjguo� �<LKI�� ^`ha_nkhgh\kdbo� i_j_oh^h\��
Wdki_jbf_glZevgu_�bkke_^h\Zgby�\uihegyebkv�\�bgklblml_�JZ^bhl_ogbdb�b�We_dljh�
gbdb��BJW��J:G��Lbibqgu_�agZq_gby�iZjZf_ljZ�FZddZf[_jZ�β�^ey�^Zgguo�^`ha_nkh�
gh\kdbo� i_j_oh^h\� [ueb� [ebadb� d� ���� ghjfbjh\Zggh_� agZq_gb_� qZklhlu� ω ≈ 0.6, 
ω2β ≈ ���� ihwlhfm� \uihegyehkv� mkeh\b_� ijbf_gbfhklb� ZgZeblbq_kdbo� j_amevlZlh\��
>hklZlhqgh�ohjhr__�khhl\_lkl\b_�wdki_jbf_glZevguo�j_amevlZlh\�jZkq_lguf�^Zgguf�
k\b^_l_evkl\m_l�h�ijZ\hfhqghklb�ijbf_g_gby�j_abklb\ghc�fh^_eb�b�ihemq_gguo�ZgZ�
eblbq_kdbo� hp_ghd� ^ey� hibkZgby� ih\_^_gby� \ukhdhl_fi_jZlmjguo� ^`ha_nkhgh\kdbo�
i_j_oh^h\� 

Ebl_jZlmjZ� 
1. Likharev K. K., Dynamics of Josephson junctions and circuits, ch. 8., New York: 

Gordon and Breach, 1986. 
2. Kornev V. K., Arzumanov A. V., Proc. Int. Supercond. Electron. Conf., Berlin, p. 

183-5, 1997. 
 

 

 

M>D����������� 

F?LH>U�J:KQ?L:�IJHKLJ:GKL<?GGH=H�J:KIJ?>?E?GBY�
WE?DLJHF:=GBLGH=H�IHEY�<�;EB@G?C�AHG? 

<�MKEH<BYO�G?J?=MEYJGH=H�J?EV?N: 

>m^h\�J�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkq_l�ijhkljZgkl\_ggh]h� jZkij_^_e_gby� we_dljhfZ]gblgh]h�ihey�ijb� jZkijh�
kljZg_gbb�jZ^bh\heg�gZ^�g_j_]meyjghc�ih\_joghklvx�a_feb�bkihevam_lky�\�jZaebqguo�
ijbeh`_gbyo��kj_^b�dhlhjuo: 

• l_e_-�b�jZ^bh\_sZgb_� 
• kbkl_fu� ih^\b`ghc� k\yab� k�nbdkbjh\Zgghc� [Zah\hc� klZgpb_c��fh[bev�

gufb�i_j_^Zlqbdhf�b�ijb_fgbdhf� 
• kbkl_fu� i_j_^Zqb� ^Zgguo� ih� [_kijh\h^guf� dZgZeZf� k\yab� dZd� \gmljb��

lZd�b�\g_�ihf_s_gbc� 
• jZ^bhehdZpby�b�l�^� 

>ey�kbkl_f�ih^\b`ghc�k\yab��dZd�ijZ\beh��oZjZdl_jgZy�^ebgZ�\hegu�khklZ\ey_l�
0,1–��f��Z�ebg_cgu_�jZaf_ju�bkke_^m_fh]h�mqZkldZ�f_klghklb�\�]hjh^_�—�hl�����f�^h�
10 df��fbdjh-�b�ibdhkhlh\u_�fZkrlZ[u���Ijb�wlhf�g_�h[yaZl_evgh�ihemqZlv�^_lZevgmx�
bgl_jn_j_gpbhggmx�dZjlbgm��ihkdhevdm�ijhly`_gghklv�aZfbjZgbc�gZ�^Zgguo�qZklhlZo�
g_kms_kl\_ggZ��Hij_^_e_gb_� kj_^g_]h� agZq_gby�bgl_gkb\ghklb�baemq_gby�^ey� h[eZk�
l_c��jZaf_ju�dhlhjuo�khklZ\eyxl�ihjy^dZ� ��—����f��iha\hebl�hij_^_eblv�ahgu�m\_�
j_ggh]h�ijb_fZ�kb]gZeZ�\�^Zgghc�h[eZklb�ih^\b`guf�Z[hg_glhf� 
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IjZdlbq_kdZy�j_ZebaZpby�f_lh^h\�jZkq_lZ�hij_^_ey_lky�ke_^mxsbfb�djbl_jby�
fb� 

���>hklmighklv�bkoh^ghc�bgnhjfZpbb�h[�bkke_^m_fhc�f_klghklb��oZjZdl_jbam�
_lky� \hafh`ghklvx� ba\e_q_gby� ba� kms_kl\mxsbo� dZjl� �[mfZ`guo� b� we_dljhgguo��
\oh^guo�iZjZf_ljh\��g_h[oh^bfuo�^ey�j_r_gby�aZ^Zqb�jZkijhkljZg_gby�jZ^bh\heg�\�
jZfdZo�bkihevam_fh]h�Ze]hjblfZ� �f_lh^Z���Ijb�g_\hafh`ghklb�ihemqblv�ba�dZjlh]jZ�
nbq_kdbo�bklhqgbdh\�bgnhjfZpbx�k�lj_[m_fhc�lhqghklvx��hrb[dZ�ijb�j_r_gbb�aZ^Z�
qb�fh`_l�Zggmebjh\Zlv�ij_bfms_kl\Z�^Zggh]h�f_lh^Z� 

���Ijbf_gbfhklv�oZjZdl_jbam_lky�djblbq_kdbfb�^ey�^Zggh]h�f_lh^Z�agZq_gby�
fb�iZjZf_ljh\��nb]mjbjmxsbo�\� aZ^Zq_��Ijb�g_\uiheg_gbb�dZdbo-eb[h�mkeh\bc��gZ�
deZ^u\Z_fuo�gZ�iZjZf_lju�aZ^Zqb��__�j_r_gb_�^Zgguf�f_lh^hf�g_\hafh`gh��beb�\_�
ebqbgZ�hrb[db�klZgh\blky�g_^himklbfh�[hevrhc� 

���<uqbkebl_evgZy� ljm^h_fdhklv�oZjZdl_jbam_lky� \_ebqbghc� \j_f_gguo�b� \u�
qbkebl_evguo�j_kmjkh\��lj_[m_fuo�^ey�j_r_gby�aZ^Zqb��>Zgguc�iZjZf_lj�fh`_l�[ulv�
djblbq_kdbf�� _keb� g_h[oh^bfh�� gZijbf_j�� hij_^_eblv� hilbfZevgh_� f_klhiheh`_gb_�
i_j_^ZlqbdZ��qlh�lj_[m_l�ijh\_^_gby�[hevrh]h�qbkeZ�\uqbke_gbc� 

JZkkfhljbf�\hafh`ghklv�ijZdlbq_kdhc�j_ZebaZpbb�f_lh^h\��hkgh\Zgguo�gZ�j_�
r_gbb�iZjZ[hebq_kdh]h�\hegh\h]h�mjZ\g_gby��I<M���bgl_]jZevguo�mjZ\g_gbc��Z�lZd`_�
dhg_qgh-jZaghklguc�f_lh^�\h�\j_f_gghc�h[eZklb��FDTD���hkgh\Zgguc�gZ�g_ihkj_^kl�
\_gghf�qbke_gghf�j_r_gbb�mjZ\g_gbc�we_dljh^bgZfbdb� 

F_lh^�I<M�y\ey_lky�gZb[he__�[ukljuf��ihkdhevdm�ijb�jZkq_lZo�\_ebqbgZ�ijh�
kljZgkl\_ggh]h�rZ]Z� aZ\bkbl� ebrv� hl� djb\bagu� ih\_joghklb� b�fh`_l� khklZ\eylv� ^h�

λ1000 ��Kh\j_f_ggu_�j_ZebaZpbb�Nmjv_�ihrZ]h\h]h�ih^oh^Z� d�j_r_gbx�I<M� agZqb�
l_evgh�jZkrbjyxl�h[eZklv� _]h�ijbf_g_gby��<hafh`_g�mq_l�jZaebqguo� lbih\� ]jZgbq�
guo�mkeh\bc��dhg_qgZy�ijh\h^bfhklv�a_fghc�ih\_joghklb���g_h^ghjh^ghklb�ihdZaZl_�
ey� ij_ehfe_gby�� Z� lZd`_� ihl_jb� \� Zlfhkn_j_��H^gZdh� g_h[oh^bfh� ih^h[jZlv�f_lh^��
ijbf_gbfuc�\�kemqZ_�hkljuo�m]eh\�ih\_joghklb��Z�lZd`_�^ey�\_jlbdZevguo�kl_g��l�d��
^Zgguc�f_lh^�iha\hey_l� ^hklh\_jgh� hibku\Zlv� jZkijhkljZg_gb_� jZ^bh\heg� k� m]eZfb�
kdhev`_gby�^h��� 0 ��>ey�wlbo�p_e_c�ij_^eZ]Z_lky�bkihevah\Zlv�f_lh^�ih]ehsZxsbo�wd�
jZgh\� 

F_lh^�bgl_]jZevgh]h�mjZ\g_gby�iha\hey_l�ihemqblv�[he__�lhqgh_�j_r_gb_�ijb�
jZkijhkljZg_gbb�gZ�[hevrb_�jZkklhygby��q_f�f_lh^�I<M��h^gZdh�h]jZgbq_gby�gZ�m]he�
kdhev`_gby�[he__�kljh]b_��\_ebqbgZ�m]eZ�^he`gZ�[ulv�g_�[he__�� 0 ��K�\uqbkebl_evghc�
lhqdb� aj_gby�f_lh^�y\ey_lky�[he__�ljm^h_fdbf��qlh�j_adh�h]jZgbqb\Z_l�\hafh`ghklv�
_]h�bkihevah\Zgb_�^ey�ih^\b`gh]h�i_j_^ZlqbdZ� 

F_lh^�FDTD� iha\hey_l� j_rZlv� aZ^Zqm� jZkijhkljZg_gby� jZ^bh\heg� ^ey� ex[hc�
nhjfu�ih\_joghklb�b�^ey�ijhba\hevguo� ]jZgbqguo�mkeh\bc��K� _]h�ihfhsvx�fh`gh�
ijh\h^blv�jZkq_lu�g_�lhevdh�^\mf_jgh]h�ijhnbey�kb]gZeZ��gh�b�lj_of_jghc�dZjlu�jZ�
^bhihdjulby�� ?]h� hkgh\guf� g_^hklZldhf� y\ey_lky� \uqbkebl_evgZy� ljm^h_fdhklv� b�
lj_[h\Zgb_�[hevrh]h�h[t_fZ�hi_jZlb\ghc�iZfylb� 

LZdbf�h[jZahf��gZb[he__�i_jki_dlb\gufb�^ey�jZkq_lZ�ijhkljZgkl\_ggh]h�jZk�
ij_^_e_gby�we_dljhfZ]gblgh]h�ihey�^ey�aZ^Zq�fh[bevghc�jZ^bhk\yab��g_kfhljy�gZ�g_�
dhlhju_�h]jZgbq_gby��y\eyxlky�f_lh^u�I<M�b�FDTD��Z�lZd`_�bkihevah\Zgb_�dhf[bgZ�
pbb�wlbo�f_lh^h\��GZ�hldjuluo�mqZkldZo�k�^hklZlhqgh�]eZ^dbf�j_ev_nhf�p_e_khh[jZa�
gh�ijh\h^blv�jZkq_l�k�ihfhsvx�I<M��GZ�mqZkldZo�]hjh^kdhc�aZkljhcdb��Z�lZd`_�\�jZc�
hgZo�k�kbevgh�\ujZ`_gguf�j_ev_nhf�hijZ\^Zgh�ijbf_g_gb_�f_lh^Z�FDTD. 

GZ�hkgh\_�ijh\_^_gguo�bkke_^h\Zgbc�ihemq_gu�qbke_ggu_�Ze]hjblfu�^ey�j_�
r_gby�aZ^Zqb�jZkijhkljZg_gby�jZ^bh\heg�k�ihfhsvx�wlbo�f_lh^h\��Hp_g_gZ�\hafh`�
ghklv�bkihevah\Zgby�bgnhjfZpbb�h�eZg^rZnl_�gZ�hkgh\_�^hklmiguo�lhih]jZnbq_kdbo��
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Z� lZd`_� pbnjh\uo� dZjl� �]_hbgnhjfZpbhgguo� fh^_e_c��� Ihkljh_gZ� l_klh\Zy� \_jkby�
ijh]jZffu�jZkq_lZ�ijhkljZgkl\_ggh]h�jZkij_^_e_gby�ihey�k�ihfhsvx�iZjZ[hebq_kdh�
]h�mjZ\g_gby��iha\heyxsZy�[he__�lhqgh�bamqblv�\hafh`ghklb�b�ijbf_gbfhklv�jZaebq�
guo�fh^bnbdZpbc�Ze]hjblfZ��Z�lZd`_�ijZ\hf_jghklv�g_dhlhjuo�ijb[eb`_gbc� 

HleZ^dZ�kms_kl\mxs_c�ijh]jZffu�b�khklZ\e_gb_�ijh]jZffu�^ey�jZkq_lZ�k�ih�
fhsvx�f_lh^Z�FDTD�iha\hebl�[he__�^_lZevgh�hp_gblv� lhqghklv�qbke_gguo�Ze]hjbl�
fh\�gZ�hkgh\_�wdki_jbf_glZevguo�j_amevlZlh\��ihemq_gguo�gZ�j_Zevghf�mqZkld_�f_kl�
ghklb��]hjh^kdhc�aZkljhcdb�� 
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FH>?EV 
;BDJBKL:EEBQ?KDBO�>@HA?NKHGH<KDBO�I?J?OH>H< 

∗Kheh\v_\�B�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H^gbf�ba�[Zah\uo�we_f_glh\�kh\j_f_gghc�djbhwe_dljhgbdb�y\ey_lky�^`ha_nkh�
gh\kdbc� i_j_oh^��>ey�nhjfbjh\Zgby� ^`ha_nkhgh\kdbo� i_j_oh^h\� gZ� hkgh\_� \ukhdh�
l_fi_jZlmjguo� k\_joijh\h^gbdh\� �<LKI�� bkihevamxlky� ^`ha_nkhgh\kdb_� k\hckl\Z�
]jZgbpu�^\mo�fhghdjbklZeebqy_kdbo�ie_ghd�k�jZaebqghc�gZijZ\e_gghklvx�djbklZeeh�
]jZnbq_kdbo� hk_c� �[bdjbklZeebq_kdb_� ^`ha_nkhgh\kdb_� i_j_oh^u��� <� h[s_f� kemqZ_�
lhd�I�q_j_a�^`ha_nkhgh\kdbc�i_j_oh^�i_j_ghkblky�^\mfy�dhfihg_glZfb�–�k\_joijh\h�
^ys_c�dhfihg_glhc�IS = IC$sinϕ b�ghjfZevghc�dhfihg_glhc�IN = V/RN ��A^_kv�IC –�djblb�
q_kdbc� lhd�i_j_oh^Z��ϕ - ^`ha_nkhgh\kdZy�nZaZ��ij_^klZ\eyxsZy�kh[hc�jZaghklv�nZa�
\hegh\uo�nmgdpbc�k\_joijh\h^ysbo�we_dljh^h\��<�kemqZ_�h^ghjh^guo�^`ha_nkhgh\�
kdbo�i_j_oh^h\�fZehc�iehsZ^b�S�aZ\bkbfhklv�djblbq_kdh]h�lhdZ� IC�hl�ijbeh`_ggh]h�
fZ]gblgh]h� ihey� B� bf__l� ©^bnjZdpbhggucª� oZjZdl_j�� IC(B) = 
IC(0)Â_sin(πΦ/Φ0)/(πΦ/Φ0�_���]^_�N = BÂS��>ey�[bdjbklZeebq_kdbo�^`ha_nkhgh\kdbo�i_j_�
oh^h\�wlZ�aZ\bkbfhklv� IC(B��kms_kl\_ggh�hlebqZ_lky�hl�©^bnjZdpbhggucª�ba-aZ�g_h^�
ghjh^ghklb�[bdjbklZeebq_kdhc� ]jZgbpu�\ke_^kl\b_� __�nZk_lbjh\Zgghklb� �[bdjbklZe�
ebq_kdZy�]jZgbpZ�bf__l�\b^�ehfZghc�ebgbb�ba-aZ�g_kh\iZ^_gby�djbklZeeh]jZnbq_kdbo�
hk_c�ie_ghd��>�@� 

<� ^hdeZ^_� jZkkfZljb\Z_lky� ijbf_g_gb_� iZjZee_evghc� p_ihqdb� ^`ha_nkhgh\�
kdbo�dhglZdlh\��\�h[s_f�kemqZ_��dZd��-��lZd�b�π-dhglZdlh\��\�dZq_kl\_�fh^_eb�g_h^gh�
jh^gh]h�[bdjbklZeebq_kdh]h�i_j_oh^Z��>ZggZy�fh^_ev�[ueZ�bkihevah\ZgZ�^ey�jZkq_lZ�
aZ\bkbfhklb� djblbq_kdh]h� lhdZ� [bdjbklZeebq_kdh]h� ^`ha_nkhgh\kdh]h� i_j_oh^Z� hl�
\g_rg_]h�fZ]gblgh]h�ihey�ijb�jZaebqghf�oZjZdl_j_�nZk_lbjh\Zgghklb�[bdjbklZeebq_�
kdhc�]jZgbpu� 

<�j_amevlZl_�jZkq_lh\�[ueh�ihdZaZgh��qlh�gZ[ex^Z_fZy�\�jy^_�kemqZ_\�aZ\bkb�
fhklv�fZdkbfZevgh]h�k\_jolhdZ�[bdjbklZeebq_kdbo�i_j_oh^h\�hl�fZ]gblgh]h�ihey��oZ�
jZdl_jbamxsZyky�[ebadbfb�agZq_gbyfb�p_gljZevgh]h�b�khk_^gbo�fZdkbfmfh\��k\b^_�
l_evkl\m_l�h� kms_kl\h\Zgbb�\gmljb�^Zgguo�i_j_oh^h\�nZk_lhd��y\eyxsboky�^`ha_n�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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khgh\kdbfb�π-dhglZdlZfb��l� _��oZjZdl_jbamxsbfbky�π-k^\b]hf�lhd-nZah\hc�aZ\bkbfh�
klb� 

<� ^Zgghc� jZ[hl_� [ue� lZd`_� jZa\bl� ZgZeblbq_kdbc� ih^oh^� d� hibkZgbx� [bdjb�
klZeebq_kdbo� ^`ha_nkhgh\kdbo� i_j_oh^h\�� bkihevamy� klmi_gqZlmx� ZiijhdkbfZpbx�
jZkij_^_e_gby�iehlghklb� djblbq_kdh]h� lhdZ� \^hev�[bdjbklZeebq_kdhc� ]jZgbpu��>Zg�
guc�ih^oh^�iha\hebe�ihemqblv�\ujZ`_gb_�^ey�aZ\bkbfhklb�djblbq_kdh]h�lhdZ�hl�fZ]�
gblgh]h�ihey�\�\b^_�kmffu�dhg_qgh]h�jy^Z��GZ�hkgh\Zgbb�ihemq_ggh]h�ZgZeblbq_kdh]h�
\ujZ`_gby�[ue�jZajZ[hlZg�ki_pbZevguc�Ze]hjblf�j_r_gby�h[jZlghc�aZ^Zqb�–�\hkklZ�
gh\e_gb_�jZkij_^_e_gby�iehlghklb�djblbq_kdh]h�lhdZ�ih�rbjbg_�[bdjbklZeebq_kdh]h�
i_j_oh^Z��bkoh^y�ba�wdki_jbf_glZevgh�baf_j_gghc�aZ\bkbfhklb IC(B��^ey�[bdjbklZeeb�
q_kdbo�^`ha_nkhgh\kdbo�i_j_oh^h\��JZajZ[hlZgguc� Ze]hjblf�[ue�ijbf_g_g�^ey�ZgZ�
ebaZ�wdki_jbf_glZevguo�^Zgguo�^ey�<LKI�[bdjbklZeebq_kdbo�i_j_oh^h\��ihemq_gguo�
\�bgklblml_�JZ^bhl_ogbdb�b�We_dljhgbdb��BJW��J:G��Jbk���� 

 

Ebl_jZlmjZ� 
1. Z. G. Ivanov, P.-A. Nilson, D. Winkler, J. A. Alarco, T. Cleason, E. A. Stepantsov, 

A. Ya. Tzalenchuk, Appl. Phys. Lett. 59, 3033 (1991). 
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M>D����������� 

F:=GBLGH?�IHE?��BAEMQ?GGH?�IJH<H>HF�<;EBAB�A?FEB 

∗:lmlh\�?�;��Ehfmobg�X�E� 

;mjylkdbc�GZmqguc�P_glj�Kb[bjkdh]h�Hl^_e_gby�Jhkkbckdhc�:dZ^_fbb�

GZmd� 

<� jZ[hl_� ^Zgh� gh\h_� kljh]h_� j_r_gb_� aZ^Zqb� \ha[m`^_gby� kbkl_fu� ijh\h^-
a_fey�� hkgh\Zggh_� gZ�f_lh^_� a_jdZevguo� bah[jZ`_gbc� ^ey� ijhba\hevguo� kj_^�� k� bk�
ihevah\Zgb_f�^\modhfihg_glgh]h�ij_^klZ\e_gby�\_dlhjZ�=_jpZ��Ijh\_^_ggu_�qbke_g�
gu_�jZkq_lu�jZkij_^_e_gby�we_dljhfZ]gblguo�dhfihg_gl�\�kbkl_f_�kh\iZ^Zxl�k�^Zg�
gufb�jZ[hlu�>�@� 

:gZeba�fh^h\h]h� khklZ\Z�ihey� \� ^Zgghc� kbkl_f_�ihdZau\Z_l�� qlh� \�baemq_gbb�
ijbkmlkl\m_l�fZ]gblgZy�dhfihg_glZ��iZjZee_evgZy�ijh\h^m��>ZggZy�dhfihg_glZ�\hagb�
dZ_l�\�j_amevlZl_�ijbkmlkl\by�a_feb��?_�bgl_gkb\ghklv�l_f�[hevr_��q_f�f_gvr_�ijh�
\h^bfhklv�a_feb��WlZ�dhfihg_glZ�h[eZ^Z_l�oZjZdl_jguf�ijhkljZgkl\_gguf�jZkij_^_�
e_gb_f�� 

 
JZkkfhljbf�dZq_kl\_ggh�ijbqbgm�ihy\e_gby�dhfihg_glu�Hz��GZ�jbk���ihdZaZg�

ijh\h^�A�gZ�\ukhl_�h�gZ^�a_fe_c��JZaeh`bf�ihe_� E �\�lhqd_�M�gZ�khklZ\eyxsb_�Ex�b�
Ey, 

 
 
 
 

 
 
�Jbk��� 

 
<b^gh�qlh��bf__l�f_klh�iheyjbaZpbb�kj_^u����b�\�j_amevlZl_�dhlhjhc�ihy\eyxl�

ky�]hjbahglZevgu_�we_dljbq_kdb_�^biheb��FZ]gblgu_�ihey�wlbo�^bihe_c�b�hij_^_eyxl�
ijh^hevgmx�khklZ\eyxsmx�fZ]gblgh]h�ihey�\�ijhkljZgkl\_� 

Ba�lj_m]hevgbdZ�MNP�e_]dh�m\b^_lv��qlh�Hz��[m^_l�bf_lv�fZdkbfmf�gZ�jZkklhy�

gbb� h2 �hl�iehkdhklb�x ��b�Hz ��g_ihkj_^kl\_ggh�ih^�ijh\h^hf� 
<ha[m`^_ggZy� kbkl_fhc� ijh\h^h\� \� kbem� fZ]gblhhilbq_kdbo� y\e_gbc� dhfih�

g_glZ�Hz fh`_l� hdZau\Zlv� \ebygb_� gZ� ijhimkdgmx� kihkh[ghklv� hilbq_kdbo� dZ[_e_c��
ijh\_rb\Z_fuo�\�^Zgghc�kbkl_f_��`_e_agZy�^hjh]Z��EWI�b�l�^�� 

Ebl_jZlmjZ� 
1. =jbg[_j]�=�:���;hgrlw^l�;�W��©Hkgh\u�lhqghc�l_hjbb�\hegh\h]h�ihey�ebgbb�

i_j_^Zqbª���@LN��������l�����\ui�����K���-95. 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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M>D������������� 

FH>?EBJH<:GB?�J:KK?YGBY�J:>BH<HEG 
FBEEBF?LJH<H=H�>B:I:AHG: 

G:�G?KN?JBQ?KDBO�=B>JHF?L?HJ:O�F?LH>HF�L-F:LJBP 

:nhgbg�:�:� 

YjhkeZ\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��I�=��>_fb^h\Z 

<�gZklhys__�\j_fy�\�k\yab�k�jZa\blb_f�kbkl_f�k\yab��ehdZpbb�b�^bklZgpbhggh]h�
ahg^bjh\Zgby�ijhy\ey_lky�\k_�[hevrbc�bgl_j_k�d�h[eZklb�jZ^bh\heg�fbeebf_ljh\h]h�
�FF��^bZiZahgZ��<�ihevam�FF�^bZiZahgZ�\�jZ^bhehdZpbb�]h\hjbl�\hafh`ghklv�ih\u�
kblv� jZaj_rZxsmx� kihkh[ghklv� mkljhckl\� [eb`g_]h� h[gZjm`_gby� b� khijh\h`^_gby�
p_e_c��<�h[eZklb�i_j_^Zqb�^Zgguo�m\_ebq_gb_�g_kms_c�qZklhlu�pbnjh\uo�kbkl_f�k\y�
ab�iha\hey_l�m\_ebqblv�dZd�dhebq_kl\h�dZgZeh\��lZd�b�kdhjhklv�i_j_^Zqb�bgnhjfZpbb��
Hij_^_e_ggu_� i_jki_dlb\u� k\yau\Zxl� k� bkihevah\Zgb_f� wlh]h� mqZkldZ� we_dljhfZ]�
gblgh]h�ki_dljZ�\�kbkl_fZo�ih^\b`ghc�khlh\hc�k\yab� 

H^gZdh�gZ�wnn_dlb\ghklv�kbkl_f�FF�^bZiZahgZ�kbevgh_�\ha^_ckl\b_�hdZau\Z_l�
khklhygb_�Zlfhkn_ju�b��hkh[_ggh��hkZ^db�\�\b^_�^h`^y��:�lZd�dZd�nhjfZ�iZ^Zxs_c�dZ�
ieb��hkh[_ggh�djmigh]h�jZaf_jZ��^Ze_dZ�hl�kn_jbq_kdhc��lh�wlh�ijb\h^bl�d�ihy\e_gbx�
kms_kl\_gghc� djhkkiheyjbaZpbhgghc� khklZ\eyxs_c� \� kb]gZe_� gZ� ijb_fghc� klhjhg_��
qlh� lj_[m_l� ^hihegbl_evguo� jZkq_lh\� ijb� bkihevah\Zgbb� kbkl_f� k\yab� k� ih\lhjguf�
bkihevah\Zgb_f�qZklhlu� 

<�gZklhys_c�jZ[hl_�[ueh�ijhba\_^_gh�dhfivxl_jgh_�fh^_ebjh\Zgb_�b�\uihe�
g_g�ZgZeba�jZkk_ygby�jZ^bh\heg�FF�^bZiZahgZ�gZ�g_kn_jbq_kdbo�qZklbpZo��oZjZdl_j�
guo�^ey�^h`^y�gZ�hkgh\_�f_lh^Z�L-fZljbp�>�@� 

<�dZq_kl\_�ZiijhdkbfZpbb�j_Zevghc�dZieb�\b^Z�IjmiiZo_jZ–Ibll_jZ��kn_jhb^�
k�\h]gmluf�hkgh\Zgb_f��[ueh�bkihevah\Zgh�\ujZ`_gb_�>�@� 

;ueb�jZkkqblZgu�aZ\bkbfhklb�jZkk_ygby�jZ^bh\heg�hl�qZklhlu�iZ^Zxs_c�\he�
gu��Z�lZd`_�m]eh\u_�aZ\bkbfhklb�khiheyjghc�b�djhkkiheyjghc�khklZ\eyxsbo�^bnn_�
j_gpbZevgh]h� k_q_gby� jZkk_ygby� ijb� jZaebqguo� agZq_gbyo� jZaf_jh\� dZi_ev� ^h`^y� \�
jZaebqguo�mqZkldZo�FF�^bZiZahgZ��Bkke_^h\Zgh�\ebygb_�m]eh\�gZdehgZ�hk_c�kbff_l�
jbb� dZi_ev� hlghkbl_evgh� gZijZ\e_gby� iZ^Zxs_c� \hegu� gZ� jZkk_b\Zxsb_� k\hckl\Z�
qZklbp� 

Ebl_jZlmjZ� 
1. Oguchi, T. Electromagnetic Wave Propagation and Scattering in Rain and Other 

Hydrometeors// Proc. IEEE. – 1983.- Vol. 71, - No. 10, P. 1029-1078. 
2. Li, L.W., Kooi, P.S., Leong, M.S., Yeo, T.S., and Gao, M.Z. Microwave Attenua-

tion by Realistically Distorted Raindrops, Part I – Theory// IEEE Trans. Antennas and Propa-
gation. -1995.-Vol. 43.- No. 8, P. 811-821. 
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M>D 517(023):535(023) 

L?HJBY�D:L:KLJHN�B�?,�IJBF?G?GB?�D�FH>?EB�
G?EBG?CGHC�DHEVP?<HC�HILBQ?KDHC�KBKL?FU 

Nbebgdh\�:�=� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�gZqZe_�����-o ]]��ihy\beky�mgb\_jkZevguc�f_lh^�bkke_^h\Zgby�\k_o�kdZqdhh[�
jZaguo�i_j_oh^h\��jZaju\h\��\g_aZiguo�baf_g_gbc��Hg�jZajZ[Zlu\Z_lky�\�jZfdZo�l_h�
jbb�dZlZkljhn��H[h[szgghklv�f_lh^h\�l_hjbb�dZlZkljhn�ijhy\ey_lky�\�koh^kl\_��lb�
ibqghklb��j_amevlZlh\�ba�kZfuo�jZaghh[jZaguo�h[eZkl_c�gZmdb��>ZggZy�l_hjby�iha\h�
ey_l�� \� qZklghklb�� k\_klb� fgh]hh[jZab_� ^bgZfbq_kdbo� kbkl_f� d� g_[hevrhfm� qbkem�
�klZg^Zjlguo��kemqZ_\��^ey�dhlhjuo�bkke_^h\Zgu�\k_�hkh[_gghklb��Ijbf_jhf�^bgZfb�
q_kdbo� kbkl_f� y\eyxlky� g_ebg_cgu_� dhevp_\u_�� ^_fhgkljbjmxsb_� keh`gh_� ih\_^_�
gb_�� \� lhf� qbke_� oZhlbq_kdh_�� <� hilbq_kdhf� ^bZiZahg_� wlh�� gZijbf_j�� g_ebg_cguc�
dhevp_\hc� bgl_jn_jhf_lj� �GDB��� bkke_^m_fuc� \� ieZg_� jZa\blby� ijbzfh\� h[jZ[hldb�
bgnhjfZpbb�>�@�� 

LjZ^bpbhggufb�ijb�bamq_gbb�ih\_^_gby�\�fh^_eb�GDB�y\eyxlky�f_lh^u�l_h�
jbb� [bnmjdZpbc�� iha\heyxsb_� kljhblv� k_jbb� [bnmjdZpbhgguo� ^bZ]jZff��GZjy^m� k�
gbfb�ijbgylh�kljhblv�dZjlu�^bgZfbq_kdbo�j_`bfh\�gZ�iehkdhklb�iZjZf_ljh\�kbkl_�
fu��<�oh^_�gZqZ\rboky�bkke_^h\Zgbc�kljmdlmju�dZjl�ihy\ey_lky�ij_^iheh`_gb_�h�lhf��
qlh�g_dhlhju_�lhqdb�gZ�dZjlZo�y\eyxlky�hkh[_ggufb�lhqdZfb�lbiZ�k[hjdb��ih�deZkkb�
nbdZpbb�\�l_hjbb�dZlZkljhn�� 

>ZggZy�jZ[hlZ�gZijZ\e_gZ�gZ�bkke_^h\Zgb_�fZl_fZlbq_kdhc�fh^_eb�ijhp_kkh\�\�
GDB� kj_^kl\Zfb� l_hjbb� dZlZkljhn��K� wlhc�p_evx�dhfivxl_jgZy�ijh]jZffZ�^ey�ijh�
\_jdb�gZ�dhg_qgmx�hij_^_ezgghklv�b�gZoh`^_gby�ljZgk\_jkZevguo�^_nhjfZpbc� >���k��
���@�Z^Zilbjh\ZgZ�d�fh^_eb�ijhp_kkh\�\�GDB�� 

Ebl_jZlmjZ� 
1. BafZceh\�B�<���Ihcag_j�;�G��<ZjbZglu�j_ZebaZpbb�g_ebg_cgh-hilbq_kdh]h�

mkljhckl\Z�kdjulhc�i_j_^Zqb�bgnhjfZpbb����HilbdZ�Zlfhkn_ju�b�hd_ZgZ��������L������N 
����K������-1086. 

2. Ihklhg L���KlxZjl B��L_hjby�dZlZkljhn�b�_z�ijbeh`_gby��F���Fbj������������k� 
 

 

 

M>D������96.677.44 

:G:EBA�J:KIJHKLJ:G?GBY�J:>BH<HEG 
<�=HJH>KDBO�MKEH<BYO�F?LH>HF�=XC=?GK:-DBJO=HN: 

Dhaeh\�J�X���>ufh\�:�<� 

YjhkeZ\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��I�=��>_fb^h\Z 

Ijh[e_fZ� Z^_d\Zlgh]h�fh^_ebjh\Zgby� jZkijhkljZg_gby� jZ^bh\heg� \� j_Zevguo�
mkeh\byo�y\ey_lky�^hklZlhqgh�ZdlmZevghc�aZ^Zq_c�g_�lhevdh�\�k\yab�k�[ukljuf�jZa\b�
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lb_f�jugdZ�mkem]�fh[bevghc�khlh\hc�k\yab��gh�b�ijb�j_r_gbb�aZ^Zq�we_dljhfZ]gblghc�
kh\f_klbfhklb��qZklhlgh]h�ieZgbjh\Zgby��ijh[e_f�we_dljhfZ]gblghc�wdheh]bb�� 

<� jZ[hl_� gZ� hkgh\_� f_lh^Z� =xc]_gkZ-Dbjo]hnZ� jZkkfhlj_gh� jZkijhkljZg_gb_�
jZ^bh\heg�MD<�^bZiZahgZ�\�]hjh^kdhc�kj_^_��<� >�@�ihemq_gZ�fZl_fZlbq_kdZy�fh^_ev��
iha\heyxsZy�ijh\h^blv�ZgZeba�gZijy`_gghklb�we_dljhfZ]gblgh]h�ihey�\�aZ\bkbfhklb�
hl�iZjZf_ljh\�aZkljhcdb��qZklhlgh]h�^bZiZahgZ��Z�lZd`_�k�mq_lhf�j_ev_nZ�b�hljZ`_gby�
hl�ih^klbeZxs_c�ih\_joghklb��GZ�__�hkgh\_�\uiheg_gh�qbke_ggh_�fh^_ebjh\Zgb_�jZk�
ijhkljZg_gby�baemq_gby�^ey�jy^Z�lbih\uo�aZ^Zq��jh\gZy�ih\_joghklv��bahebjh\Zgguc�
pbebg^jbq_kdbc�ohef��ohef��Ziijhdkbfbjh\Zgguc�debghf��^\Z�pbebg^jbq_kdbo�ohefZ�
b� l�^����<� j_amevlZl_� ZgZebaZ�ihemq_gguo�^Zgguo�mklZgh\e_gh��qlh�j_ev_n�hdZau\Z_l�
kms_kl\_ggh_�\ebygb_�gZ�iZjZf_lju�kb]gZeZ��LZd��gZijbf_j��^ey�kemqZy�bahebjh\Zggh�
]h�pbebg^jbq_kdh]h�ohefZ�aZlmoZgb_�\�h[eZklb�]em[hdhc�l_gb�fh`_l�^hklb]Zlv���� dB 
�^ey� F=p 900=f ��� Bkke_^h\Zgb_� jZkijhkljZg_gby� baemq_gby� ^ey� jZaebqguo� \b^h\�
j_ev_nZ�ihdZaZeh�gZebqb_�hij_^_e_gghc� aZ\bkbfhklb�mjh\gy�kb]gZeZ�hl�Ziijhdkbfb�
jmxs_c�ij_iylkl\b_�ih\_joghklb��:gZeba�\ebygby�^jm]bo�iZjZf_ljh\�aZ^Zqb�ihdZaZe��
qlh�ijb�m\_ebq_gbb�iehlghklb�]hjh^kdhc�aZkljhcdb�b�iheh`_gby�g_kms_c�qZklhlu�ba�
emq_gby�Zfieblm^Z�gZijy`_gghklb�ihey�mf_gvrZ_lky��Hij_^_e_ggh_�\ebygb_�hdZau\Z�
_l�g_jZ\ghf_jghklv�\ukhl�a^Zgbc�� 

Ijh\_^_ggu_�bkke_^h\Zgby�ihdZaZeb��qlh�^ey�jZkq_lZ�we_dljhfZ]gblgh]h�ihey�\�
]hjh^_�g_h[oh^bfh�mqblu\Zlv�hkh[_gghklb�ih^klbeZxs_c�ih\_joghklb��Z�lZd`_�iZjZ�
f_lju� ]hjh^kdhc� aZkljhcdb��Mjh\_gv�kb]gZeZ� aZ\bkbl�hl�\b^Z��jZaf_jh\�b�^jm]bo�oZ�
jZdl_jbklbd� j_ev_nZ�� g_kms_c� qZklhlu� baemq_gby�� Z� lZd� `_� hl� ]_hf_ljbb� a^Zgbc� b�
iehlghklb�aZkljhcdb� 

Ebl_jZlmjZ� 
1. Dhaeh\� J�X��Fh^_ev� jZkijhkljZg_gby� jZ^bh\heg� \� ]hjh^kdbo� mkeh\byo�� ���

:dlmZevgu_�ijh[e_fu�nbabdb��K[hjgbd�gZmqguo�ljm^h\�fheh^uo�mq_guo��ZkibjZglh\�
b�klm^_glh\��<ui�����–�YjhkeZ\ev�- 2003. -K���-82. 
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HAHG:�B�HDBKB�OEHJ:�G:�FBEEBF?LJH<UO�<HEG:O 

B]gZlv_\�:�G.(1)
��DjhihldbgZ�?�I�(2)

��JhaZgh\�K�;�(2)
��Khehfhgh\�K�<�(2) 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Nbabq_kdbc�bgklblml�bf��I�G��E_[_^_\Z�J:G� 

H^gbf�ba�wnn_dlb\guo�f_lh^h\�bkke_^h\Zgby� ]Zah\h]h�khklZ\Z�Zlfhkn_ju�y\�
ey_lky� f_lh^�� hkgh\Zgguc� gZ� j_]bkljZpbb� kh[kl\_ggh]h� l_ieh\h]h� baemq_gby� bkke_�
^m_fhc�fZehc�]Zah\hc�khklZ\eyxs_c��F=K��\�fbeebf_ljh\hf�^bZiZahg_ >�@��J_]bkljZ�
pbx�baemq_gby�g_h[oh^bfh�ijhba\h^blv�k�fbgbfZevgufb�bkdZ`_gbyfb�nhjfu�ki_d�
ljZ��>ey�wlh]h�ZgZebaZlhj�ki_dljZ��:K���\oh^ysbc�\�khklZ\�jZ^bhki_dljhf_ljZ��^he`_g�
m^h\e_l\hjylv� lj_[h\Zgbyf� fbgbfZevgh]h� ki_dljZevgh]h� k]eZ`b\Zgby� \� dZgZeZo� b�
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fZdkbfZevgh]h�hlghr_gby�kb]gZe�rmf�\h�\k_o�dZgZeZo��Ij_^eZ]Z_fZy�f_lh^bdZ�jZkqz�
lZ�qZklhlghc�k_ldb�:K��hkgh\ZggZy�gZ�\ujZ\gb\Zgbb�hlghr_gby�kb]gZe�rmf�\�khk_^�
gbo�dZgZeZo��mqblu\Z_l�lZd`_�lj_[h\Zgby�ihegh]h�i_j_djulby�\k_c�^hklmighc�qZklhl�
ghc� ihehku��FbgbfZevgZy�rbjbgZ� dZgZeh\�:K�� gZoh^ysboky� \[ebab�fZdkbfmfZ� bg�
l_gkb\ghklb�baemq_gby�bkke_^m_fhc�F=K��\u[bjZ_lky�ih� aZ^Zgghfm�hlghr_gbx�kb]�
gZe�rmf��rbjbgu�hklZevguo�dZgZeh\�\u[bjZxlky�h[jZlgh�ijhihjpbhgZevgufb�d\Z^�
jZlm�ihe_agh]h�kb]gZeZ��yjdhklghc�l_fi_jZlmju�baemq_gby�bkke_^m_fhc�F=K��jZkkqb�
lZgghc�^ey�fh^_evgh]h�jZkij_^_e_gby�_z�dhgp_gljZpbb���>ey�jZkkqblZgguo�qZklhlguo�
k_lhd� ijh\_^_gh� fh^_ebjh\Zgb_� \hkklZgh\e_gby� \_jlbdZevguo� jZkij_^_e_gbc� �<J��
hahgZ�b� hdbkb� oehjZ��IhdZaZgh�� qlh� lZdb_�iZjZf_lju�:K� h[_ki_qb\Zxl� wnn_dlb\gh_�
\hkklZgh\e_gb_�<J�hahgZ�\�^bZiZahg_�\ukhl�hl����^h�����df�b�hdbkb�oehjZ�\�^bZiZahg_�
\ukhl� hl� ��� ^h� ��� df�� J_amevlZlu� jZkqzlh\� ijbf_gyxlky� ijb� jZajZ[hld_� gZa_fguo�
ki_dljhf_ljh\�^ey�bamq_gby�Zlfhkn_jgh]h�hahgZ�b�hdbkb�oehjZ� 

Ebl_jZlmjZ� 
1. Khehfhgh\ K�<��� JhaZgh\ K�;��� DjhihldbgZ ?�I��� Emdbg :�G�� ³Ki_dljhjZ�

^bhf_lj�^ey�^bklZgpbhggh]h�ahg^bjh\Zgby�Zlfhkn_jgh]h�hahgZ�gZ�fbeebf_ljh\uo�jZ�
^bh\hegZo´����JZ^bhl_ogbdZ�b�we_dljhgbdZ��������L�����N����K�����-1525. 
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ijhn��^�n�-f�g��@mdh\kdbc�<eZ^bfbj�Q_keZ\h\bq 

 

M>D�������� 

F?LH>�<UQBKE?GBY�WG?J=BB�D:ABFBJ: 
IJB�G:EBQBB�EH=:JBNFBQ?KDB�J:KOH>YSBOKY�QE?GH< 

∗FZeZoh\�B�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

K�l_o�ihj�dZd�\������]h^m�DZabfbj�>�@�gZr_e�ihijZ\db�d�wg_j]bb�fZdjhkdhibq_�
kdhc�kbkl_fu��\ua\Zggu_�\Zdmmfgufb�nemdlmZpbyfb�d\Zglh\Zggh]h�we_dljhfZ]gblgh�
]h�ihey��wlhl�wnn_dl�ijh^he`Z_l�ijb\e_dZlv�d�k_[_�[hevrh_�\gbfZgb_��lZd�dZd�hg�ijh�
y\ey_lky�\h�fgh]bo�h[eZklyo�nbabdb� >�@��F_`^m�l_f��\uqbke_gb_�wg_j]bb�DZabfbjZ�\�
h[s_f�kemqZ_�ij_^klZ\ey_l�kh[hc�\_kvfZ�g_ljb\bZevgmx�ijh[e_fm��dhlhjZy�_s_�^Ze_dZ�
hl� hdhgqZl_evgh]h� jZaj_r_gby�� LZd�� i_j\u_� ZgZeblbq_kdb_� j_amevlZlu� \� ^hklZlhqgh�
aZfdgmlhc�nhjf_�^ey�fZkkb\gh]h�kdZeyjgh]h�ihey�\�rZj_�[ueb�ihemq_gu�ebrv�\�>�@��Z�
^ey�n_jfbhgh\�\� >�@��Ke_^m_l�hlf_lblv��qlh�ijb�ihemq_gbb�wlbo�j_amevlZlh\�kms_kl�
\_ggh�bkihevah\ZeZkv�\hafh`ghklv�\uibkZlv�\�y\ghf�\b^_�ljZgkp_g^_glgu_�mjZ\g_gby�
gZ�ki_dlj��[eZ]h^Zjy�q_fm�[ue�hkms_kl\e_g�i_j_oh^�hl�kmff��kh^_j`Zsbo�g_y\gu_�\u�
jZ`_gby�d�bgl_]jZeZf��kh^_j`Zsbf�lhevdh�y\gu_�\ujZ`_gby�>�@��H^gZdh��\�jy^_�\Z`�
guo�kemqZ_\��gZijbf_j�\�fh^_eb�f_rdh\�\�Z^jhgghc�nbabd_��]^_�ki_dljZevgu_�mjZ\g_�
gby�g_�m^Z_lky�\uibkZlv�\�y\ghf�\b^_��b�mjh\gb�wg_j]bb�hij_^_eyxlky�ebrv�qbke_ggh��
^Zgguc�kihkh[�g_�ijbf_gbf� 

<�gZklhys_f�^hdeZ^_�baeh`_g�f_lh^��dhlhjuc�iha\hey_l�\�lZdbo�kemqZyo�qbk�
e_ggh�hij_^_eblv� wg_j]bx�DZabfbjZ��Ij_`^_�\k_]h�ijhba\h^blky�j_]meyjbaZpby�jZk�
oh^ys_cky�kmffu�^ey�wg_j]bb�DZabfbjZ�ECas = (1/2)∑∑nωωnF(ααωωn)��]^_�F – h[j_aZxsZy�
nmgdpby��αα - iZjZf_lj�j_]meyjbaZpbb��bf_xsbc�jZaf_jghklv�^ebgu��Ihke_�__�\uqbk�
e_gby�ihemqZ_lky�jy^��kh^_j`Zsbc�kbg]meyjgu_�ijb�ααÆ��hljbpZl_evgu_�kl_i_gb�αα��b��
\�h[s_f� kemqZ_��eh]Zjbnfbq_kdbc�qe_g��HklZ\rb_ky� keZ]Z_fu_�eb[h�^Zxl�dhg_qguc�
\deZ^��eb[h�h[jZsZxlky�\�gmev�ijb�kgylbb�j_]meyjbaZpbb��Hkgh\gmx�keh`ghklv�ijb�
i_j_ghjfbjh\d_�ij_^klZ\ey_l�eh]Zjbnfbq_kdb�jZkoh^ysbcky�qe_g��ijb\h^ysbc�d�g_�
h^ghagZqghklb��Wlh�\b^gh�m`_�gZ�ijbf_j_�[_afZkkh\h]h�kdZeyjgh]h�ihey��<�wlhf�kem�
qZ_�wg_j]by�hij_^_ey_lky�_^bgkl\_gguf�jZaf_jguf�iZjZf_ljhf�L –�oZjZdl_jguf�eb�
g_cguf�jZaf_jhf��<�hlkmlkl\b_�eh]Zjbnfbq_kdhc�jZkoh^bfhklb�j_]meyjbah\Zggh_�\u�
jZ`_gb_�^ey�wg_j]bb�DZabfbjZ�bf__l�\b^�jy^Z�ih�kl_i_gyf��αα��b�³fbgbfZevgh_�\uqb�
lZgb_´��khklhys__�\�hl[jZku\Zgbb�\�\ujZ`_gbb�^ey�wg_j]bb�kbg]meyjguo�ih�αα�qe_gh\�
y\ey_lky�g_�lhevdh�_kl_kl\_gghc��gh�b�ohjhrh�h[hkgh\Zgghc�ijhp_^mjhc��>_ckl\bl_ev�
gh��ex[h_�keZ]Z_fh_��ijhihjpbhgZevgh_��αα--s  (s > 0��[m^_l�aZ\bk_lv�hl�L�dZd�Ls-1

��l�_��[m�
^_l� ijhihjpbhgZevgh� g_hljbpZl_evghc� kl_i_gb� L�� L_f� kZfuf�� fh`gh� ghjfbjh\Zlv�
hdhgqZl_evguc�hl\_l�gZ�[_kdhg_qghklb�ih L��]^_�wg_j]by�DZabfbjZ�^he`gZ�h[jZsZlvky�
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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\� gmev� b� \uq_klv� ijb� wlhf� \k_� kbg]meyjgu_� keZ]Z_fu_��Ihke_� \uqblZgby� \� ij_^_e_�
ααÆ0 hklZg_lky�lhevdh�keZ]Z_fh_�cαα0/L��dhlhjh_�b�khklZ\ey_l�hdhgqZl_evguc�hl\_l��Ijb�
gZebqbb�eh]Zjbnfbq_kdhc�jZkoh^bfhklb�\uqblZgb_�klZgh\blky�g_h^ghagZqguf��qlh[u�
i_j_ghjfbjh\Zlv�keZ]Z_fh_�cαα0log(αα//L)/L �ba�g_]h�ke_^m_l�\uq_klv�cαα0log(dαα/L)/L ��]^_�d 
–�ijhba\hevgZy�dhgklZglZ��Ijb�wlhf�hdhgqZl_evguc�hl\_l�[m^_l�kh^_j`Zlv�g_hij_^_�
e_gghklv��k\yaZggmx�k�d��bf_xsmx�\b^�const/L�b�kh\f_klbfmx�k�mkeh\b_f�ghjfbjh\db��
>ey�jZaj_r_gby�wlhc�ijh[e_fu�ijhba\h^blky�ke_^mxsZy�fh^bnbdZpby�bkoh^gh]h�\u�
jZ`_gby� ECas�� Ij_`^_� \k_]h�� hij_^_ey_lky� lZdh_� agZq_gb_� µµ�� qlh[u� ihke_� aZf_gu�
ωωn  −>−>ννn=  [[ωωn

2  –  µµ2] ] 1/2
� �\�ECas�hgZ�g_� kh^_j`ZeZ�eh]Zjbnfbq_kdhc� kbg]meyjghklb��LZd��

^ey�ihey�\gmljb�kn_jbq_kdhc�ihehklb�µµ�jZ\gh�kmffZjghfm�ih�\k_f�m]eh\uf�fhf_glZf�
dhwnnbpb_glm� ijb� eh]Zjbnfbq_kdhf� qe_g_��>Ze__�� d� ihex� ´^h[Z\ey_lky´�fZkkZ�M'= 
[M2 – µµ2 ]1/2, ]^_�M -�iZjZf_lj��baf_gyxsbcky�\�^bZiZahg_�hl�µµ�^h�[_kdhg_qghklb��b�bk�
ke_^m_lky�ih\_^_gb_�\ujZ`_gby�ECas(M) = (1/2)∑∑n[1 +ννn

2/ / M2]1/2F(αα[1 +ννn
2/ / M2]1/2)��dh�

lhjh_�ijb�M = µµ�i_j_oh^bl�\�bkoh^gh_�\ujZ`_gb_�^ey�j_]meyjbah\Zgghc�wg_j]bb�DZ�
abfbjZ�� ^_e_ggh_� gZ�µµ��<� ihkljh_gghf� \ujZ`_gbb� dhwnnbpb_glu� ijb� \k_o� jZkoh^y�
sboky�qe_gZo��\dexqZy�eh]Zjbnfbq_kdbc��ijhihjpbhgZevgu�iheh`bl_evguf�kl_i_gyf�
M��Ihwlhfm��ihke_�dhg_qgh]h�qbkeZ�^bnn_j_gpbjh\Zgbc�ih�M�ihemqZ_lky�j_]meyjgZy�
\_ebqbgZ� ijb�ααÆ0��Bkihevamy� gZc^_ggu_� agZq_gby� n-hc� ijhba\h^ghc� ^ey� \k_o�M� \�
^bZiZahg_�hl�µµ�^h�[_kdhg_qghklb�b�_kl_kl\_ggh_�mkeh\b_�ghjfbjh\db�^ey�ECas(M)�ijb�
[_kdhg_qgh� [hevrhf�M� �ihe_� k� [_kdhg_qgh� [hevrhc�fZkkhc� ^he`gh� bf_lv� gme_\mx�
wg_j]bx�DZabfbjZ���fh`gh�\hkklZgh\blv�bkdhfh_�ECas(µµ)��khhl\_lkl\mxs__�bkoh^ghfm�
ki_dljm� 

Baeh`_gguc�f_lh^�[ue�hijh[h\Zg�\�h^ghf_jghf�kemqZ_�gZ�fZkkb\ghf�kdZeyj�
ghf� ihe_�� Z� lZd`_� \� lj_of_jghf� kemqZ_� ^ey� kdZeyjgh]h� b�n_jfbhggh]h� ihey� \gmljb�
kn_ju��J_r_gb_�ihke_^g_c� aZ^Zqb�ihdZaZeh��qlh�hg�fh`_l�[ulv�bkihevah\Zg�ijb�\u�
qbke_gbb�n_jfbhgghc� khklZ\eyxs_c� wg_j]bb�f_rdZ� \� jZfdZo� ]b[jb^ghc� dbjZevghc�
fh^_eb� 

Ebl_jZlmjZ� 
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2. Bordag M., Mohideen U., Mostepanenko V.// Phys. Rep. 353 (2001) 1 
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M>D���������� 
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;_eh\�B�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H^gbf�ba�f_lh^h\�gZiue_gby�iezghd�hdkb^h\�f_lZeeh\�y\ey_lky�ihkehcgh_�gZ�
iue_gb_� �ALD ��ijb�dhlhjhf�\�j_Zdlhj�ihke_^h\Zl_evgh�ijh^m\Zxl� ]Zau�–�ij_^r_kl�
\_ggbdb�gZiue_gby��Ijb�ijhoh`^_gbb�h^gh]h�pbdeZ�ALD �gZ�ih\_joghklb�hdkb^Z�f_�
lZeeZ�ihy\ey_lky�qZklv�gZiuezgghc�ie_gdb�� 



Ih^k_dpby�l_hj_lbq_kdhc�nbabdb 

 

251 

Fh^_ev� >�@� jZajZ[hlZggZy� \�jZfdZo� klZlbklbq_kdhc� l_hjbb�hibku\ZeZ�ijhp_kk�
Z^khj[pbb��^_khj[pbb��obfbq_kdhc�ljZgknhjfZpbb�b�j_eZdkZpbb�wg_j]bb�\�h[tzf�hd�
kb^Z�f_lZeeZ� hkZ`^Z_fhc�fhe_dmeu� gZ� h^ghf� ih\_joghklghf� p_glj_��HgZ� iha\hey_l�
jZkkqblZlv�fZdjhkdhibq_kdb_�dhgklZglu�kdhjhklb�j_Zdpbc��hkgh\u\Zykv�gZ�d\Zglh\h-
obfbq_kdbo�^Zgguo�� 

>ey�hibkZgby�dhg_qghc� kljmdlmju�ih\_joghklb�^bnnmaby�fhe_dme�ih�ih\_jo�
ghklb�^Z_l�hibkZgb_�m\_ebq_gby�h^ghjh^ghklb�ie_gdb��mf_gvr_gby�dhebq_kl\Z�^_n_d�
lh\��HkZ`^_gbx�iezgdb�\�ALD �j_Zdlhj_�khhl\_lkl\m_l�Readel-Eley�f_oZgbaf�>�@��\�dh�
lhjhf� dhg_qgZy� kljmdlmjZ�ie_gdb�nhjfbjm_lky� \�j_amevlZl_�j_Zdpbc� Z^khj[bjm_fuo�
fhe_dme�k�Zdlb\gufb�ih\_joghklgufb�p_gljZfb� 

<ukhdh� g_jZ\gh\_kgZy� fh[bevghklv� Z^khj[bjmxsboky� qZklbp� gZ� ih\_joghklv�
f_lZeeh\�bamqZeZkv�l_hj_lbq_kdb�^ey�Zlhfh\�>�@��Gh�\�wlhf�kemqZ_�ijbqbgZ�fh[bevgh�
klb� \� hkgh\ghf� bf_eZ� ^bgZfbq_kdmx� ijbjh^m�� <� kemqZ_� kbevghc� Z^khj[pbb� ZrCl4 
�wg_j]by�Z^khj[pbb�-����ddZe�fhev��gZ�]b^jhdkbebjh\Zgghc�ih\_joghklb�hdkb^Z�pbjdh�
gby��kblmZpby�^jm]Zy��b�fh[bevghklv�k\yaZgZ�\�hkgh\ghf�k�bahf_jbaZpb_c�fgh]hZlhf�
ghc�fhe_dmeu�>�@�� 

Ijb� jZkkfhlj_gbb� ^bnnmabb�fhe_dmeu� ih� ih\_joghklb� h^bgZdh\u_� Zdlb\gu_�
ih\_joghklgu_� p_glju� [ueb� jZkklZ\e_gu� \^hev� hkb� j gZ� jZ\ghf� jZkklhygbb� ^jm]� hl�
^jm]Z��b�fhe_dmeZ�gZe_lZeZ�gZ�ih\_joghklguc�p_glj�j ���l�_��[ue�jZkkfhlj_g�h^ghf_j�
guc�kemqZc���Bkihevamy�dbg_lbq_kdmx�ko_fm��ihdZaZggmx�gb`_�b�hkgh\u\Zykv�gZ�ZgZ�
eh]Zo�ijb\_^_gguo�\�>�@��ihemqZ_f�kbkl_fm�[_kdhg_qguo�mjZ\g_gbc��d�dhlhjhc�ijbf_�
gbf�f_lh^�<D;�>�@��C�ihfhsvx�wlh]h�f_lh^Z�gZoh^bf�lhqguc�ZgZeblbq_kdbc�hl\_l�^ey�
nmgdpbb�Pc/s(j) -jZkij_^_e_gb_�ijh^mdlZ�C/sj� �fhe_dmeZ�ZrCl3�gZ�ih\_joghklb�hdkb^Z�
pbjdhgby��ih�ih\_joghklguf�p_gljZf� 

Dbg_lbq_kdZy�ko_fZ� 

{B +A/s0}(E) 

δkad(E)

←
→

k–(E)

 AB/s0(E); 

AB/sj(E) 
k–(E)

→
 

{B +A/sj}(E), j≠0; 

(1) 

 

AB/sj(E) 
k+(E)

→
 

{D + C/sj}(E); (2) 

 

AB/sj(E)

kdiff(E)

←
→

kdiff(E)

 AB/s j+1(E); AB/sj(E)

kdiff(E)

←
→

kdiff(E)

 AB/s j–1(E); (3) 

 

AB/sj(E) 

kb(E→E')

←
→

kb(E←E')

 AB/sj(E'). (4) 

=^_�h[hagZq_gb_�B -�khhl\_lkl\m_l�fhe_dme_��ZrCl4); D –�fhe_dme_��HCl); 
• A/sj -� khhl\_lkl\mxl� j-fm� Zdlb\ghfm� ih\_joghklghfm� p_gljm� A� �hdkb^�

pbjdhgby��� 
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• AB/sj(E) – khhl\_lkl\m_l�fhe_dme_�B��gZoh^ys_cky�gZ�j�Zdlb\ghf�ih\_jo�
ghklghf�p_glj_�A/sj; {B+A/s0`�b�^'�+ C/sj}(E) - khhl\_lkl\_ggh�iZju�j_Z]_glh\�b�
ijh^mdlh\�k�iheghc�wg_j]b_c�E; k+(E), k-(E), δKad(E), Kdiff(E), Kb(E→E’) -�fbd�
jhdZghgbq_kdb_�dhgklZglu�kdhjhklb�j_Zdpbc� 
Ijhba\_^y�qbke_gguc�jZkq_l��ihemqZ_f��qlh�^bnnmaby�fhe_dmeu�ZrCl4�ijb�j_�

Zdpbb�Z^khj[pbb�^ey�kemqZy�hkZ`^_gby�iezgdb�hdkb^Z�pbjdhgby�kms_kl\m_l� 
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4. Venckatesh P.K and Dean A. M J. Chem. Phys., 1999, N �����klj������ 
5. Nikitin E.E. Theory of elementary atomic and molecular processes in gases; Clar-
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γ -hlghr_gb_�l_ieh_fdhkl_c� 

Pr pC

k

µ
= , µ -�dhwnnbpb_gl�\yadhklb�� k − dhwnnbpb_gl�l_iehijh\h^ghklb�� pC  - l_ieh�

_fdhklv�ijb�ihklhygghf�^Z\e_gbb�� 5  -�mgb\_jkZevgZy�]Zah\Zy�ihklhyggZy��>ey�j_r_�
gby�ebg_Zjbah\Zgghc�kbkl_fu�ijbf_g_gh�ij_h[jZah\Zgb_�Nmjv_�� 
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�a -��Nmjv_-h[jZau�khhl\_lkl\mxsbo�nmgdpbc� 

A^_kv� ��� �� λλλ  -� dhjgb� dm[bq_kdh]h� mjZ\g_gby��<� dZq_kl\_�gZqZevguo� ^Zgguo�

^ey� ,sω
)&

[jZebkv�kemqZcgu_�nmgdpbb��ijb�wlhf�kh[ex^Zehkv�mkeh\b_� 0divω =
)&

).  

Ijb� ∗< II � j_r_gby� kh^_j`Zl� hkpbeebjmxsb_� qe_gu�� aZlmoZxsb_� ih� wdkih�

g_gpbZevghfm�aZdhgm��AZlmoZgb_�fbgbfZevgh�ijb�fZeuo�qZklhlZo��Ijb�� ∗> II �hkpbe�
ebjmxsb_�qe_gu�hlkmlkl\mxl��LZdbf�h[jZahf��ihdZaZgh��qlh�j_r_gb_�bf__l�bgl_j\Ze�
kh[kl\_gguo�qZklhl�� ∗<< ωω� ��Ihemq_ggu_�j_r_gby�bkihevah\Zgu�^ey�fh^_ebjh\Z�
gby�klZlbklbq_kdbo�k\hckl\�lmj[me_glghklb� 

:\lhj�\ujZ`Z_l�[eZ]h^Zjghklv�Rm]Z_\m�N�<��aZ�ihklZgh\dm�aZ^Zqb�b�ihe_agh_�
h[km`^_gb_��Rl_f_gdh�E�K��b�L_j_glv_\m�?�G��aZ�dhgkljmdlb\gu_�aZf_qZgby� 
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GbdheZ_\Z�H�I� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>\moqZklbqgZy� �[bgZjgZy��nmgdpby�jZkij_^_e_gby�bf__l�\Z`gh_� agZq_gb_��lZd�
dZd�q_j_a�g__�fh`_l�[ulv�\ujZ`_gh�l_jfbq_kdh_�b�dZehjbq_kdh_�mjZ\g_gby�khklhygby�
\_s_kl\Z��Z�lZd`_�k_q_gb_�h^ghdjZlgh]h�dh]_j_glgh]h�jZkk_ygby��D\Z^jZlbqgZy�nemd�
lmZpby�qbkeZ�qZklbp��k`bfZ_fhklv�lZd`_�hij_^_eyxlky�q_j_a�^\moqZklbqgmx�nmgdpbx�
jZkij_^_e_gby� 
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>ey�h^ghjh^ghc�nZau�\_s_kl\Z��ihl_gpbZe�\aZbfh^_ckl\by�f_`^m�fhe_dmeZfb�
dhlhjh]h�y\ey_lky�dhjhldh^_ckl\mxsbf��^\moqZklbqgZy�nmgdpby�jZkij_^_e_gby�gZoh�
^blky�\�\b^_�jy^Z�ih�kl_i_gyf�iehlghklb��>ey�wlh]h�bkihevam_lky�eb[h�__�hij_^_e_gb_�
q_j_a�dZghgbq_kdh_�jZkij_^_e_gb_�=b[[kZ��eb[h�j_r_gb_�p_ihqdb�mjZ\g_gbc�;;=DB��<�
jy^_�kemqZ_\�bkihevamxl�[hevrh_�jZkij_^_e_gb_�=b[[kZ��beb�kbkl_fm�mjZ\g_gbc�Dbj�
d\m^Z-AZevp[mj]Z��Fu�[m^_f�bkoh^blv�ba�p_ihqdb�mjZ\g_gbc�;;=DB�\�nhjf_�;h]hex�
[h\Z� 

<� ^Zgghf� kemqZ_� m^h[gh� i_j_clb� hl� nmgdpbc� jZkij_^_e_gby� ;h]hex[h\Z��

1( ,..., )s sF q q �d�gh\uf�nmgdpbyf� 1( ,..., )s sp q q �kh]eZkgh�khhlghr_gbx 

1 1( ,..., ) exp( / ) ( ,..., )s s s s sF q q U p q qθ= − , 

]^_� sU  -�ihl_gpbZevgZy�wg_j]by�kbkl_fu�ba�s�qZklbp�� kTθ = , k –�ihklhyggZy�;hevpfZ�

gZ��T –�Z[khexlgZy�l_fi_jZlmjZ��P_ihqdZ�mjZ\g_gbc�ijb�wlhf�ijbgbfZ_l�\b^ 
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Dhwnnbpb_glu� j
iC �gZoh^ylky�ba�mkeh\by�hkeZ[e_gby�dhjj_eypbc�b�ghjfbjh\db� 

LZdbf�h[jZahf��ihemq_gh�h[s__�\ujZ`_gb_�^ey�ijhba\hevgh]h�ihjy^dZ�jZaeh�
`_gby�nmgdpbc� sp �\�jy^�ih�kl_i_gyf�iehlghklb��?keb�\\_klb�nmgdpbb�FZc_jZ��lh�^Zg�

gh_�jZaeh`_gb_�i_j_oh^bl�\�jy^�ih�g_ijb\h^bfuf�^bZ]jZffZf��Kh\f_klgh_�bkihevah�
\Zgb_� nmgdpbc�FZc_jZ� b� Jb� b� =m\_jZ� iha\hey_l� agZqbl_evgh� khdjZlblv� qbkeh� ^bZ�
]jZff��gh�^ey�\ukrbo�ihjy^dh\�jZaeh`_gby�hgh�hklZ_lky�[hevrbf��IjbgpbibZevgh_�
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khdjZs_gb_�qbkeZ�^bZ]jZff� \hafh`gh�gZ�hkgh\_�\\_^_gby�ij_^klZ\e_gby�h[�h[eZklb�
dhjj_ebjh\Zgghklb�s-qZklbqghc� ]jmiiu��<� wlhf� kemqZ_�m\_ebqb\Z_lky�h[eZklv�bgl_]�
jbjh\Zgby�� 

<�ij_^eZ]Z_fhf�ih^oh^_� aZ^ZqZ�\uqbke_gby�dhwnnbpb_glh\�jZaeh`_gby�\�jy^�
ih�kl_i_gyf�iehlghklb�^ey�^\moqZklbqghc�nmgdpbb�jZkij_^_e_gby�k\h^blky�d� aZ^Zq_�
gZ�hilbfbaZpbx�qbkeZ�bkihevam_fuo�^bZ]jZff��b�h[eZkl_c�^ey�bo�\uqbke_gby� 

Ba\_klgu_�dhwnnbpb_glu�jZaeh`_gby�\�jy^�ih�kl_i_gyf�iehlghklb� �mjZ\g_gby�
khklhygby� fh`gh� bkihevah\Zlv� ^ey� g_ihkj_^kl\_ggh]h� \uqbke_gby� ^\moqZklbqghc�
nmgdpbb� jZkij_^_e_gby�� hij_^_ey_fhc� dZd� j_r_gb_� bgl_]jZevguo� mjZ\g_gbc�� ihem�
qZ_fuo�gZ�hkgh\_�jZkp_ie_gby�p_ihqdb�mjZ\g_gbc��>ey�wlh]h�ij_^klZ\bf�lj_oqZklbq�
gmx�nmgdpbx�dZd��� 
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Zevguo�dhwnnbpb_glh\� 
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K�MQ:KLB?F�IH<?JOGHKLGUO�D<:ABJWE??<KDBO�<HEG 

∗?f_evygh\�<�B���FbdZ[_jb^a_�:�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�>�@�khh[sZehkv�h�gZ[ex^_gbb�wnn_dlZ�h[jZah\Zgby�ZgkZf[ey�gZghqZklbp�k�ma�
dbf� jZkij_^_e_gb_f� ih� jZaf_jZf� ijb� gbadhl_fi_jZlmjghf�� eZa_jgh-dhgljhebjm_fhf�
hkZ`^_gbb�Zlhfh\�Ga�gZ�lhj_p�kl_deyggh]h�k\_lh\h^Z��:gkZf[ev�gZghqZklbp�h[jZah\u�
\Zeky�\�h[eZklb�y^jZ�k\_lh\h^Z��]^_�ijbkmlkl\h\Zeh�eZa_jgh_�baemq_gb_��<�lhc�h[eZklb�
lhjpZ�� ]^_� eZa_jgh_� baemq_gb_� hlkmlkl\h\Zeh�� h[jZah\u\Zeky� ZgkZf[ev� gZghqZklbp� k�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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rbjhdbf�jZkij_^_e_gb_f�ih�jZaf_jZf�\iehlv�^h�fbdjhgguo��<� >�@�h[gZjm`_gh�gZeb�
qb_�d\Zab]_dkZ]hgZevgh]h�ihjy^dZ�\�jZkiheh`_gbb�gZghqZklbp�\�ZgkZf[e_�b�ij_^eh`_g�
^_n_dlgh-^_nhjfZpbhgguc� �>>��f_oZgbaf� h[jZah\Zgby� ZgkZf[ey� gZghqZklbp��Fhgh�
ojhfZlbaZpby� gmde_bjh\Z\r_]h� ZgkZf[ey� gZghqZklbp� ih� jZaf_jZf� \� ijhp_kk_� bo� ih�
ke_^mxs_]h� eZa_jgh-dhgljhebjm_fh]h� jhklZ� jZkkfhlj_gZ� \� >�@�� <� gZklhys_c� jZ[hl_�
jZa\blZ�ihke_^h\Zl_evgZy�>>�l_hjby�eZa_jgh-dhgljhebjm_fhc�dhhi_jZlb\ghc�gmde_Z�
pbb�d\Zab]_dkZ]hgZevgh]h�ZgkZf[ey�gZghqZklbp��:^khj[bjh\Zggu_�Zlhfu�Ga�h[jZamxl�
^bf_ju�–�ih\_joghklgu_�^_n_dlu��dhlhju_�ih^\b`gu�\�ijbkmlkl\bb�eZa_jgh]h�baem�
q_gby��>_n_dlu�g_h^ghjh^gh�^_nhjfbjmxl�ih\_joghklv��\�k\hx�hq_j_^v�kZfhkh]eZkh�
\ZggZy�^_nhjfZpby�i_j_jZkij_^_ey_l�^_n_dlu�\^hev�ih\_joghklb��Wlh�ijb\h^bl�d�jZa�
\blbx�>>�g_mklhcqb\hklb�k�\hagbdgh\_gb_f�gZghf_ljh\hc�i_jbh^bq_kdhc�fh^meypbb�
j_ev_nZ�ih\_joghklb�b�kh�kdhie_gbyfb�^_n_dlh\�\�fZdkbfmfZo�b�fbgbfmfZo�wlhc�fh�
^meypbb��dhlhju_�^Zxl�aZljZ\db�^ey�ihke_^mxs_]h�jhklZ�gZghqZklbp�]Zeeby� 

<� gZklhys_c� jZ[hl_� ihemq_gZ� kbkl_fZ� g_ebg_cguo� mjZ\g_gbc� ^ey� Nmjv_-
Zfieblm^�dhgp_gljZpbb�^_n_dlh\�b�ijh\_^_g�__�ebg_cguc�ZgZeba��^Zxsbc�\ujZ`_gb_�
^ey�bgdj_f_glZ�>>�g_mklhcqb\hklb��HibkZgZ�^bgZfbdZ�kZfhhj]ZgbaZpbb�]_dkZ]hgZev�
guo�ZgkZf[e_c�gZghqZklbp�\�g_ebg_cghf�fgh]hfh^h\hf�j_`bf_��ijhl_dZxsZy�\�q_lu�
j_� wlZiZ��GZ� i_j\hf� �ebg_cghf�� wlZi_�� ijb� ij_\ur_gbb� h^ghjh^ghc� dhgp_gljZpb_c�
ih^\b`guo�Z^Zlhfh\� 0dN �i_j\h]h�djblbq_kdh]h� agZq_gby� � 1dcN ��bgdj_f_gl�>>�g_mk�

lhcqb\hklb� ( )λ q � klZgh\blky�iheh`bl_evguf� \�hij_^_e_gghc�h[eZklb� agZq_gbc� q ��b�

\u^_ey_lky�[he__�madZy�ihehkZ�mkbe_gby�k�p_gljhf�\� mq q= ��]^_� mq  –�\hegh\h_�qbkeh��

khhl\_lkl\mxs__�fZdkbfZevghfm�agZq_gbx�bgdj_f_glZ��GZ�\lhjhf�wlZi_�aZ�kq_l�g_eb�
g_cgh]h�\aZbfh^_ckl\by�ljh_d�>>�j_r_lhd�\hegh\u_�\_dlhju�q��jZ\gu_�^jm]�^jm]m�ih�
fh^mex� � mq q≈ ���gh�bf_xsb_�jZaebqgu_�hjb_glZpbb�� kp_ieyxlky�\�ijZ\bevgu_� lj_�

m]hevgbdb� �ljbZ^u���dZ`^hc�ba�dhlhjuo�khhl\_lkl\m_l�d\Zab]_dkZ]hgZevgZy�>>�kljmd�
lmjZ� kh� kemqZcghc� hjb_glZpb_c� gZ� ih\_joghklb��GZ� lj_lv_f� wlZi_�� ijb� ij_\ur_gbb�
\lhjh]h�djblbq_kdh]h�agZq_gby�dhgp_gljZpbb�Z^Zlhfh\� 2dcN ��aZ�kq_l�lj_oj_r_lhqguo�

\aZbfh^_ckl\bc�f_`^m� ljbZ^Zfb� ijhbkoh^bl� bo� hjb_glZpbhggh_� mihjy^hq_gb_� �dhe�
eZik� ki_dljZ�>>� fh^� \� m]eh\hf� q -ijhkljZgkl\_��� \� j_amevlZl_� q_]h� h[jZamxlky� ljb�

dhglbgmmfZ�\hegh\uo�\_dlhjh\�q��hlebqZxsboky�ih�gZijZ\e_gbx�gZ����]jZ^mkh\��ijb�
q_f�fh^meb�wlbo�\_dlhjh\�e_`Zl�\gmljb�ihehku�mkbe_gby�k�p_gljhf�\� mq ��GZ�ihke_^�

g_f�q_l\_jlhf�wlZi_�� 0 2d dcN N> ��g_aZ\bkbfh�\�dZ`^hf�ba�wlbo�lj_o�dhglbgmmfh\�ijh�

bkoh^yl� dheeZiku� ki_dljh\� >>� fh^� \� kdZeyjghf� q -ijhkljZgkl\_�� J_amevlbjmxsbc�

ki_dlj� ij_^klZ\ey_l� kh[hc� dhevph� hij_^_e_ggh]h� jZ^bmkZ� �a mq �� k� r_klvx� wd\b^b�

klZglgufb�fZdkbfmfZfb��qlh�khhl\_lkl\m_l�b^_Zevghc�]_dkZ]hgZevghc�>>�kljmdlmj_��
:gZeh]bqgh� ijhbkoh^bl� kZfhhj]ZgbaZpby� kljmdlmj� gZ� djbklZeebq_kdhc� ih\_joghklb��
gh�hjb_glZpby�^hfbgbjmxsbo�>>�j_r_lhd�\�wlhf�kemqZ_�hij_^_ey_lky�djbklZeeh]jZ�
nbq_kdbfb�gZijZ\e_gbyfb�gZ�ih\_joghklb�� 

:gZeba�ihemq_gghc�g_ebg_cghc�kbkl_fu�mjZ\g_gbc�\uy\ey_l�f_oZgbaf�mijZ\�
e_gby�kbff_ljb_c�ihemqZxsboky�gZghkljmdlmj�\g_rgbf�f_oZgbq_kdbf�gZijy`_gb_f��
LZd��h[gZjm`_gh��qlh�aZ�kq_l�Zgbahljhigh]h�baf_g_gby�dhwnnbpb_glZ�^bnnmabb�gZ\_�
^_ggZy�gZ�ih\_joghklb�h^ghhkgZy�^_nhjfZpby�ih^Z\ey_l�beb�mkbeb\Z_l�dheebg_Zjgmx�
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_c�>>�j_r_ldm��JZa\blZy�l_hjby�h[tykgy_l��hij_^_eyxsmx�jhev�eZa_jgh]h�baemq_gby�\�
gbadhl_fi_jZlmjghf� gZghkljmdlmjbjh\Zgbb�� gZebqb_� ]_dkZ]hgZevghc� kbff_ljbb� Zg�
kZf[ey�b�djblbq_kdhc�l_fi_jZlmju�hkZ`^_gby��ijb�ij_\ur_gbb�dhlhjhc�gZghkljmdlm�
jbjh\Zgby�g_�ijhbkoh^bl��hibku\Z_l�wdki_jbf_glZevgh�gZ[ex^Z_fh_�baf_g_gb_�kbf�
f_ljbb�aZ�kq_l�Zgbahljhighc�^_nhjfZpbb��Z�lZd`_�^Z_l�\ujZ`_gb_�^ey�i_jbh^Z�b�\j_�
f_gb�h[jZah\Zgby�gZghkljmdlmju� 

Ebl_jZlmjZ 
1. MacDonald K.F., Brocklesby W.S., Emel’yanov V.I.,. Zheludev N.I et al., Appl. 

Phys. Lett. 80, 1643 (2002). 
2. ?f_evygh\�<�B���?j_fbg�D�B���IbkvfZ�\�@WLN�75, 2, 109 (2002). 
3. ?f_evygh\�<�B���?j_fbg�D�B���@_em^_\�G�B���IbkvfZ�\�@WLN�76, 123 (2002). 
4. Fedotov V.A., MacDonald K.F.,. Zheludev N.I,. Emel’yanov V.I,. Appl J. Phys., 

93, 3540(2003). 
 

 

 

M>D������ 

FH>?EV�:;KHJ;PBB�F?L:G:�G:�13&�6,&� 

∗<Z[bs_\bq�G�I� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

M]e_jh^gu_�gZghihjbklu_�fZl_jbZeu�kh^_j`Zl�^h�����ihj�gZghf_ljh\uo�jZa�
f_jh\�� \� ijbkmlkl\bb� dhlhjuo� iZjZf_lju� mjZ\g_gby� khklhygby� ]ZaZ� baf_gyxlky�� <�
^Zgghc�jZ[hl_�jZkkfZljb\Z_lky�fZl_fZlbq_kdZy�fh^_ev�iehlgh]h�khklhygby�g_b^_Zev�
gh]h� ]ZaZ� \� gZghihjZo�� h[_ki_qb\ZxsZy� kh]eZkh\Zgghklv� l_hj_lbq_kdbo� hp_ghd� k� ba�
\_klgufb�wdki_jbf_glZevgufb�^Zggufb�^ey�f_lZgZ�� 

>ey� hibkZgby�fh^_eb�� jZkkfhljbf� h[t_f�
V�k�hloh^ys_c�hl�g_]h� ³ihjhc´�^ebghc�L�b�ieh�
sZ^vx�S� �kf��Jbk����GZoh^ysb_ky�\�³ihj_´�fhe_�
dmeu� ]ZaZ� bf_xl� ^bZf_lj�D�� ijbq_f� jZaf_j� kZ�
fhc� ³ihju´� ebrv� g_fgh]bf� [hevr_� ^bZf_ljZ�
fhe_dmeu��lZd�qlh�dZ`^Zy�fhe_dmeZ�[m^_l�mdhjZ�
qb\Zlv� ³ihjm´�gZ�k\hc�^bZf_lj��GZoh^ysb_ky�\h�
\g_rg_f� h[t_f_� ]Za� [m^_f� kqblZlv� ^hklZlhqgh�
jZaj_`_gguf�� lZd� qlh� ijbf_gbfh� ijb[eb`_gb_� b^_Zevgh]h� ]ZaZ�� Jhkl� dhgp_gljZpbb�
fhe_dme�\�ihj_�h[tykgy_lky�wnn_dlhf��ZgZeh]bqguf�dZibeeyjghfm��b�\uau\Z_lky�ijb�
ly`_gby�fhe_dme� ]ZaZ�d�fhe_dmeZf� kl_gdb�ihju�� l�_��\gmljb�gZghihju�\hagbdZ_l� wn�
n_dlb\guc�hljbpZl_evguc�ihl_gpbZe��–U��GZjy^m�k�jZ^bmkhf�b�iehlghklvx�ihj��hg�y\�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 

L 

V 

–U 



EHFHGHKH<�– 2004 

 

258 

ey_lky� hkgh\guf� iZjZf_ljhf� khj[bjmxs_]h�fZl_jbZeZ��K� mq_lhf� kdZaZggh]h�� klZlb�
klbq_kdZy�kmffZ�kbkl_fu�jZ\gZ 
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>ey�gZoh`^_gby�kj_^g_]h�dhebq_kl\Z�fhe_dme�\�³ihj_´�\hkihevam_fky�l_f��qlh�

bkdhfh_�dhebq_kl\h�\�\ujZ`_gbb�^ey�Z�klhbl�\�wdkihg_gl_�k�fgh`bl_e_f��U: 
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in inin
V LS
N Nv ≡ ≡ b� 0v DS≡ —�h[t_f��ijboh^ysbcky�gZ�h^gm�fhe_dmem�\�³ihj_´�b�fbgb�

fZevgh_�agZq_gb_��L_i_jv�fh`gh�gZclb�^Z\e_gb_��hdZau\Z_fh_�]Zahf�gZ�kl_gdb�khkm^Z�
V: 

 

out
in 0 out

in 0

,           ( ).
U

U

p

N N e
p v v e v

V V v v p

θ
θθθ θ θ θ−

−= ≈ = = + << =
−

                       (1) 

 

LZdbf� h[jZahf�� ^ey� ijb� gbadbo� ^Z\e_gbyo� iehlghklv� ]ZaZ� \� ³ihj_´� \�
U

e θ � jZa�
[hevr_��q_f�\g_�__��gh�ijb�ih\ur_gbb�^Z\e_gby�gZkusZ_lky� 

Fh^_evgh_�mjZ\g_gb_�����iha\hey_l�ijhke_^blv�aZdhghf_jghklb�ih\_^_gby�ijh�
p_kkZ�Z[khj[pbb��h^gZdh��\�ijbeh`_gbyo�ke_^m_l�mqblu\Zlv�ke_^mxsb_�aZf_qZgby��<h-
i_j\uo�� j_Zevgu_� kl_gdb� ihj� g_� y\eyxlky� Z[khexlgh� l\_j^ufb�� b� bo� jZ^bmk�fh`_l�
keh`guf� h[jZahf� aZ\bk_lv� hl� ^Z\e_gby� b� l_fi_jZlmju�� <h-\lhjuo�� l�d�� ihl_gpbZe�
\gmljb�ihju�kha^Z_lky�__�kl_gdZfb��lh�b�_]h�gm`gh�kqblZlv�aZ\bkysbf�hl�l_o�`_�iZjZ�
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7 ���
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���

���
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���

���

� � � � � � �3��FIZ

5R�5R�

f_ljh\��<-lj_lvbo��j_ZevgZy�dZjlbgZ�ih\_^_gby� ]ZaZ�\�ihj_�fh`_l�hlebqZlvky�hl�jZk�
kfhlj_gghc�ijb�gZebqbb�nZah\uo�i_j_oh^h\��<�dZq_kl\_�beexkljZpbb�ijb\_^_f�ijb�
f_j�Z[khj[pbb�f_lZgZ�gZ�NPC(SiC��ijb�^\mo�jZaebqguo�l_fi_jZlmjZo��kiehrgZy�ebgby�
—�k�mq_lhf��imgdlbj�—�[_a�mq_lZ�baf_g_gby�rbjbgu�ihju��Ro0 —�iehlghklv�f_lZgZ�
ijb���oC�b�����ff�jl��kl��� 

G_fhghlhgguc� oZjZdl_j� aZ\bkbfhklb� iehlghklb� hl� ^Z\e_gby� gZ[ex^Z_lky�
wdki_jbf_glZevgh� ijb� gbadbo� l_fi_jZlmjZo�� b�� \� jZfdZo� jZkkfZljb\Z_fhc� fh^_eb��
h[tykgy_lky� m\_ebq_gb_f� jZaf_jZ� gZghihj�� Ihkljh_ggy� fh^_ev� dhebq_kl\_ggh� b�
dZq_kl\_ggh�kh]eZkm_lky�k�wdki_jbf_glZelvgufb�^Zggufb� 

Ebl_jZlmjZ 
1. FZc_j� >`��� =_ii_jl-FZc_j� F�� KlZlbklbq_kdZy� f_oZgbdZ�� F��� Ba^-\h�

bghkljZgghc ebl_jZlmju������� 
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M>D�������� 

J:KKQ,L�DHJJ?EYPBHGGUO�NMGDPBC�>EY�I?J?OH>:�
A:FDGMLHC�;HAHGGHC�KLJMGU�<�HLDJULMX 

∗S_]eh\Z�L�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkqblZgu�dhjj_eylhju�i_j_oh^Z�aZfdgmlhc�kljmgu�\�hldjulmx�^ey�jZaebqguo�
fZkkh\uo� mjh\g_c� kljmgu� ^\mfy� jZaebqgufb�f_lh^Zfb�� hkpbeeylhjguf� kqzlhf� b� � k�
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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ihfhsvx� dhgnhjfghc� l_hjbb� ihey��Ijh\_j_gZ� wd\b\Ze_glghklv� wlbo�f_lh^h\�� ihem�
q_ggu_�j_amevlZlu�bkihevah\Zgu�^ey�jZkqzlZ�dhjj_eypbhgguo�nmgdpbc�kljmgghc�^bZ�
]jZffu�³]heh\Zklbd´�� 

F_lh^� hkpbeeylhjgh]h� kqzlZ� �>�@�>�@�� aZdexqZ_lky� \� \uqbke_gbb� \Zdmmfgh]h�
kj_^g_]h� 

 

RSFO ΨΨΥ�
 

 

]^_�
�-�wlh�hi_jZlhj�i_j_oh^Z�^ey�[hahgghc�kljmgu��ihemq_gguc�\�>�@�>�@� 
�cl b��op -�khklhygby�khhl\_lkl\_ggh�aZfdgmlhc�b�hldjulhc�kljmg��h[sbc�\b^�dhlhjuo� 
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Ihemq_gguc�j_amevlZl�^ey�i_j_oh^Z�lZobhg�:�lZobhg�� 
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>ey�i_j_oh^Z�]jZ\blhg�:�lZobhg� 
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F_lh^�dhgnhjfghc�l_hjbb�ihey��>�@�>�@��aZdexqZ_lky�\�jZkqzl_�dhjj_eylhjZ� 
 

( )( )������������� NWZ9ZIS7]9]]I RSRSFOFO $$
 

 

]^_� fcl(z,z• ) b� fop(w) -� dhgnhjfgh_� ij_h[jZah\Zgb_� bkoh^guo� dhhj^bgZl��Vcl(z,T,p�� b�
Vop(w,t,k) -�\_jl_dku�aZfdgmlhc�b�hldjulhc�kljmgu�� 

>ey� i_j_oh^Z� lZobhg� :� lZobhg� ih^[bjZ_f� khhl\_lkl\_ggu_� khklhygby� dhg�
nhjfgh]h�ihey�b�ihemqZ_f�j_amevlZl� 
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>ey�i_j_oh^Z�]jZ\blhg�:�[_afZkkh\uc�\_dlhjguc�[hahg�ihgZ^h[ylky�m`_�i_j�
\u_�ijhba\h^gu_�bkoh^guo�ijbfZjguo�ihe_c�� 
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<� ihke_^gbo� j_amevlZlZo�ijbjZ\gb\Z_f�ghjfbjh\hqgmx� dhgklZglm�.� ���b�ih�
ke_^gb_�j_amevlZlu�iheghklvx�kh\iZ^Zxl�c�nhjfmeZfb��ihemq_ggufb�hkpbeeylhjguf�
f_lh^hf�� 

DZd�ihdZaZeb�^Zggu_�j_amevlZlu��\�kemqZ_�i_j_oh^Z�aZfdgmlZy-hldjulZy�kljmgu�
[he__�fhsguc�dhgnhjfguc�ZiiZjZl�^Zzl�lhl�`_�j_amevlZl��qlh�b�hkpbeeylhjguc�f_lh^��
LZd�dZd�hi_jZlhj�i_j_oh^Z�
�[ue�gZc^_g� lhevdh�^ey�[hahgguo�kljmg��\�n_jfbhgghf�
kemqZ_�fh`gh�\hkihevah\Zlvky�dhgnhjfguf�kqzlhf��Ijbf_gbfhklv�wlh]h�f_lh^Z�[ueZ�
bkihevah\ZgZ�\�\uqbke_gbb�]jZgbqguo�mkeh\bc��boundary states). 

Ebl_jZlmjZ 
1. F��=jbg��>`��R\Zjp��W��<bll_g�³L_hjby�kmi_jkljmg´��l��������� 
2. Fbqbh�DZdm�³<\_^_gb_�\�l_hjbx�kmi_jkljmg´������� 
3. J. Shapiro, C. Thorn, BRST-invariant transition between closed and open strings, 

Phys. Rev. D36, 432 (1987) 
4. J. Shapiro, C. Thorn, Closed string-open string transition and Witten’s string field 

theory, Phys. Lett. B194, 43 (1987) 
5. D. Friedan, E. Martinec, S. Shenker, Conformal invariance, supersymmetry and 

string theory, Nucl. Phys. B271, 93 (1986)  
6. :�;_eZ\bg��:��AZfheh^qbdh\��:��Iheydh\��;_kdhg_qgZy�dhgnhjfgZy�kbff_l�

jby�\�^\mf_jghc�d\Zglh\hc�l_hjbb�ihey���Nucl. Phys. B241, 333 (1984) 
 
 
 

M>D���������� 

H�<:JB:PBHGGUO�IJBGPBI:O 
<�L?LJ:>GHC�L?HJBB�=J:<BL:PBB�<�IJHKLJ:GKL<? 

K�G?F?LJBQGHKLVX�<?CE?<KDH=H�LBI: 

Dhjhez\�<�N� 

Fhkdh\kdbc�i_^Z]h]bq_kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<� kh\j_f_gghc� dhkfheh]bb� knhjfbjh\Zehkv� ihgylb_� l_fghc�fZl_jbb�� hij_^_�
eyxs_c�^bgZfbdm�<k_e_gghc�\�gZklhysmx� wihom��<�dZq_kl\_� l_fghc�fZl_jbb�fh`_l�
[ulv�jZkkfhlj_gZ�^beZlhggZy�fZl_jby��fZl_fZlbq_kdhc�fh^_evx�dhlhjhc�y\ey_lky�^b�
eZlhg-kibgh\Zy�`b^dhklv�>�@��>Zgguc�lbi�fZl_jbb�]_g_jbjm_l�\�ijhkljZgkl\_-\j_f_gb�

]_hf_ljbx�<_cey-DZjlZgZ��oZjZdl_jbam_fmx�djb\baghc� ��djmq_gb_f� b�\_ce_\�

kdhc�g_f_ljbqghklvx� :  
<ZjbZpbhggZy� l_hjby� b^_Zevghc� ^beZlhg-kibgh\hc� `b^dhklb� \� ijhkljZgkl\_�

<_cey–DZjlZgZ��ihkljh_ggZy�\�>�@��bkihevam_l��-nhjfm�eZ]jZ]jZg`_\hc�iehlghklb�]jZ�
\blZpbhggh]h�ihey�: 
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>ey�h[h[s_gby�\ZjbZpbhgghc�l_hjbb�ih^h[gh]h�lbiZ�`b^dhklb�\�ijhkljZgkl\_�k�g_�
f_ljbqghklvx�\_ce_\kdh]h�lbiZ�b��-nhjfhc�]jZ\blZpbhggh]h�ihey� : 

 
 

gZfb�mklZgh\e_gh�\uiheg_gb_�kbevguo�lh`^_kl\_gguo�khhlghr_gbc 
 

[2]: , 
 

 
 

Ebl_jZlmjZ� 
1. Baburova O.V., Frolov B.N., «Matter with dilaton charge in Weil-Cartan space-

time and evolution of the Universe» // Classical Quantum Gravity, v. 20 (2003), pp. 1423-
1442 

2. Njheh\�;�G��ImZgdZj_–dZeb[jh\hqgZy�l_hjby�]jZ\blZpbb��M���������k� 158 
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NBABD:�IHEMIJH<H>GBDH<UO 
B�F:=GBLGUO�F:L?JB:EH< 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Ijm^gbdh\�<Ze_jbc�GbdheZ_\bq 

 

 

M>D������������ 

:GHF:EBB�F:=GBLGUO�K<HCKL<�<�KIE:<:O�3%1-XGEXTE, 
E?=BJH<:GGUO�BLL?J;B?F 

∗<hedh\Z�H�K���IeZklmg�:�:���IZdimj�N�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

Bkke_^h\Zgu�l_fi_jZlmjgu_�b�ihe_\u_�aZ\bkbfhklb�fZ]gblghc�\hkijbbfqb\h�
klb� l\_j^uo� jZkl\hjh\� 3E1-xGexTe (0.02≤x≤������� e_]bjh\Zgguo� bll_j[b_f� �KYb≤2 
fhe�����\�fZ]gblguo�iheyo�%≤����Le�b�\�bgl_j\Ze_�l_fi_jZlmj����≤T≤300 K. 

H[gZjm`_gh��qlh�m�\k_o�h[jZaph\�fZ]gblgZy�\hkijbbfqb\hklv�kdeZ^u\Z_lky�ba�
^\mo� khklZ\eyxsbo�� g_aZ\bkys_]h� hl� l_fi_jZlmju� ^bZfZ]gblgh]h� \deZ^Z� b� iZjZfZ]�
gblgh]h� \deZ^Z�� \hajZklZxs_]h� k� ihgb`_gb_f� l_fi_jZlmju� ih� aZdhgm�Dxjb-<_ckkZ��
Ijb�wlhf�oZjZdl_j�l_fi_jZlmjguo�b�ihe_\uo�aZ\bkbfhkl_c�fZ]gblghc�\hkijbbfqb\h�
klb� kms_kl\_ggh� aZ\bkbl� hl� khklZ\Z� kieZ\Z� b� kh^_j`Zgby�fZ]gblghc� ijbf_kb�Yb��<�
kieZ\Zo�k�gbadbf�kh^_j`Zgb_f�bll_j[by� �KYb≤����fhe����gZ� aZ\bkbfhklyo�χ�L��h[gZ�
jm`_gZ� ZghfZeby�� ihy\e_gb_� ^hihegbl_evgh]h� ^bZfZ]gblgh]h� \deZ^Z� ijb� g_dhlhjhc�
djblbq_kdhc�l_fi_jZlmj_��aZ\bkys_c�hl�khklZ\Z�kieZ\Z��Lc=40-���D���Ijb�mf_gvr_gbb�
kh^_j`Zgby�]_jfZgby�Lc�kf_sZ_lky�\�h[eZklv�[he__�gbadbo�l_fi_jZlmj��Z�k�jhklhf�kh�
^_j`Zgby�bll_j[by�kdZqhd�gZ�aZ\bkbfhklyo�χ�L��mf_gvrZ_lky�ih�Zfieblm^_�b�jZafu\Z�
_lky�ih� l_fi_jZlmj_��GZdhg_p��\�kieZ\Zo�k�kh^_j`Zgb_f�bll_j[by�KYb!����fhe����oZ�
jZdl_jbamxsboky�kms_kl\_gguf�iZjZfZ]gblguf�\deZ^hf��^ZggZy�hkh[_gghklv�g_�gZ�
[ex^Z_lky� 

GZ�djb\uo�gZfZ]gbqb\Zgby�\�h[jZapZo�k�gbadbf�kh^_j`Zgb_f�bll_j[by�gZ[ex�
^Z_lky�^bZfZ]gblguc�]bkl_j_abk��dhlhjuc�bkq_aZ_l�ijb�l_fi_jZlmjZo�L!���K��M\_eb�
q_gb_�kh^_j`Zgby�bl_j[by�KYb ijb\h^bl�d�mf_gvr_gbx�Zfieblm^u�i_leb�]bkl_j_abkZ�b�
mf_gvr_gbx�m]eZ�gZdehgZ�ijyfhc�^bZfZ]gblgh]h�hldebdZ� 

Ihemq_ggu_� j_amevlZlu� k\yau\Zxlky� k� i_j_oh^hf� bkke_^h\Zgguo� kieZ\h\� ba�
dm[bq_kdhc�nZau�\�jhf[hw^jbq_kdmx�nZam�ijb�ihgb`_gbb�l_fi_jZlmju��oZjZdl_jghf�
^ey� g_e_]bjh\Zgguo� kieZ\h\�Pb1-xGexTe��G_dhlhjh_� ihgb`_gb_� l_fi_jZlmju� h[gZjm�
`_gguo�ZghfZebc�ijb�e_]bjh\Zgbb�k\b^_l_evkl\m_l��ih-\b^bfhfm��h�aZ\bkbfhklb�l_f�
i_jZlmju�nZah\h]h�i_j_oh^Z�hl�dhgp_gljZpbb�ijbf_kb�b�klZ[bebaZpbb�bll_j[b_f�dm�
[bq_kdhc�nZau�kieZ\h\� 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb� 
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M>D���������� 

F:=GBLHNHLHGGU?�DJBKL:EEU�G:�HKGH<? 
G:GHDHFIHABLH< 

?jhobg�K�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc nZdmevl_l 

<�ihke_^g__�\j_fy�[hevrhc�bgl_j_k�\uau\Z_l�kjZ\gbl_evgh�gh\h_�gZijZ\e_gb_�
\� nbabd_� fZ]gblguo� y\e_gbc� –� fZ]gblhnhlhggu_� djbklZeeu� �FND��� <� h^ghf_jghf�
kemqZ_�wlh�kehbklu_�kbkl_fu��khklhysb_�dZd�ba�fZ]gblguo��lZd�b�g_fZ]gblguo�^bwe_d�
ljbq_kdbo�kehz\��<�qZklghklb��^ey�FND�gZ�hkgh\_�\bkfml-kh^_j`Zsbo�]jZgZlh\�ijh�
^_fhgkljbjh\ZgZ� \hafh`ghklv� agZqbl_evgh]h� mkbe_gby� fZ]gblhhilbq_kdh]h� wnn_dlZ�
NZjZ^_y�>�@��khklhys_]h�\�ih\hjhl_�iehkdhklb�iheyjbaZpbb�iZ^Zxs_]h�k\_lZ�ijb�ijh�
oh`^_gbb�q_j_a� lZdmx� kbkl_fm��>jm]bfb�i_jki_dlb\gufb�fZl_jbZeZfb�^ey�kha^Zgby�
FND�y\eyxlky�gZghdhfihablu� ³fZ]gblguc�f_lZee-^bwe_dljbd´��dhlhju_�ij_^klZ\ey�
xl�kh[hc�gZghjZaf_jgu_� ��-10 gf��n_jjhfZ]gblgu_�f_lZeebq_kdb_�]jZgmeu��oZhlbq_�
kdb�jZkij_^_ezggu_�\�fZljbp_�^bwe_dljbdZ��<�lZdbo�kljmdlmjZo�gZ[ex^Zxlky�]b]Zgl�
kdh_� lmgg_evgh_� khijhlb\e_gb_�� ]b]Zglkdbc� ZghfZevguc� wnn_dl�OheeZ�� agZqbl_evgh�
mkbe_ggZy�ih�kjZ\g_gbx�k�h^ghjh^gufb�fZ]g_lbdZfb�fZ]gblhhilbq_kdZy�Zdlb\ghklv��
Djhf_�wlh]h�fZ]gblgu_�gZghdhfihablu�k�kh^_j`Zgb_f�f_lZeeZ�\[ebab�ihjh]Z�i_jdh�
eypbb�hlghkbl_evgh�ijhajZqgu�b�ijhy\eyxl�wnn_dlu�mkbe_gby�ehdZevgh]h�we_dljbq_�

kdh]h�ihey�gZ�qZklhlZo�\b^bfh]h�b�bgnjZdjZkgh]h�^bZiZahgZ�ki_dljZ��qlh�b�h[mkeh\eb�
\Z_l�i_jki_dlb\u�bo�bkihevah\Zgby�\�ebg_cghc�b�g_ebg_cghc�fZ]gblhhilbd_�� 
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<�gZklhys_c�jZ[hl_�f_lh^hf�fZljbp�>`hgkZ�b�qbke_ggufb�f_lh^Zfb�bkke_^m�
_lky�iheyjguc�wnn_dl�D_jjZ�\�FND�gZ�hkgh\_�gZghdhfihablh\��Co45Fe45Zr10)x(SiO2)1-x 
(x� �������JZkq_l�\uiheg_g�^ey�Zkbff_ljbqghc�ko_fu�FND�>�@� 

 
(SiO2/Ta2O5)x6/MO/( Ta2O5/ SiO2)x12, 

 
]^_�FH�h[hagZqZ_l�ie_gdm�gZghdhfihablZ�mdZaZggh]h�khklZ\Z��Lhesbgu�^bwe_dljbq_�
kdbo�kehz\�SiO2 b�Ta2O5�����b��� gf��khhl\_lkl\_ggh��[ueb�hilbfbah\Zgu�lZdbf�h[jZ�
ahf��qlh[u� aZij_szggZy� ahgZ�FND�ijboh^beZkv�gZ�h[eZklv�^ebg�\heg�k�gZbf_gvr_c�
^bkkbiZpb_c�\�gZghdhfihabl_��LhesbgZ�FH�kehy�d�\Zjvbjh\ZeZkv�\�^bZiZahg_�hl���^h�
���gf��J_amevlZlu�jZkqzlZ�^ey�d ���gf�ij_^klZ\e_gu�gZ�jbk����Ba�wlh]h�jbkmgdZ�ke_^m�
_l��qlh� \�FND�ijb�hij_^_e_gguo�^ebgZo� \heg� aZ� kq_l�fgh]hemq_\hc�bgl_jn_j_gpbb�
ijhbkoh^bl�agZqbl_evgh_�mkbe_gb_�wnn_dlZ�D_jjZ�b�ijb�wlhf�dhwnnbpb_gl�hljZ`_gby�
hklZ_lky�agZqbl_evguf��<�qZklghklb��ijb�^ebg_�\hegu�������gf�m]he�\jZs_gby�D_jjZ�
FND� khklZ\ey_l�–0.1250� ��qlh�ihqlb�\� ljb�jZaZ�[hevr_��q_f�\�ie_gd_�gZghdhfihablZ�
lhc�`_�lhesbgu�gZ�ih^eh`d_�ba�k_j_[jZ��beb�gZ�ihjy^hd�[hevr_�q_f�^ey�lheklhc�ie_g�
db�gZghdhfihablZ�lh]h�`_�khklZ\Z� 

JZ[hlZ�ih^^_j`ZgZ�JNNB��Nhg^hf�>bgZklby�b�FPNNF� 

Ebl_jZlmjZ 
1. Inoue M., Arai K., Fujii T., Abe M.����-��$SSO��3K\V��������9�����������3������ 
2. <bgh]jZ^h\�:��I���=jZgh\kdbc�$��;���?jhobg�K��=���Bgm_ M. ���JZ^bhl_ogbdZ�b�

We_dljhgbdZ������� 
 

 
 

M>D��21.315.592 

<EBYGB?�:>KHJ;PBB�:DLB<GUO�FHE?DME 
G:�WE?DLJHGGU?�B�HILBQ?KDB?�K<HCKL<:� 

J?FGB?<UO�G:GHDJBKL:EEH< 

<hjhgph\�:��K���Jy[qbdh\�X��<���Pu]Zgdh\�D��K� 

F=M�bf��F��<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ihjbkluc� dj_fgbc� �ID�� ij_^klZ\ey_l� kh[hc� kh\hdmighklv� gZghdjbklZeeh\� k�
ihi_j_qguf�k_q_gb_f�hl�_^bgbp�^h�khl_g�gZghf_ljh\��<ke_^kl\b_�wlh]h��hg�h[eZ^Z_l�
h]jhfghc�m^_evghc�ih\_joghklvx��\_kvfZ�qm\kl\bl_evghc�d�\ha^_ckl\bx�hdjm`Zxs_c�
kj_^u�� LZdbf� h[jZahf�� hldju\Z_lky� i_jki_dlb\Z� ^ey� kha^Zgby� gZ� hkgh\_� ihjbklh]h 
dj_fgby�\ukhdhqm\kl\bl_evguo�b�k_e_dlb\guo�]Zah\uo�k_gkhjh\�gh\h]h�ihdhe_gby�>�@��
Ihwlhfm��p_evx�^Zgghc�jZ[hlu�y\eyehkv�bkke_^h\Zgb_�\ebygby�Z^khj[pbb�^hghjguo�b�
Zdp_ilhjguo�fhe_dme�gZ�ijbf_j_�ibjb^bgZ��C5H5N��b�^bhdkb^Z�ZahlZ��NO2���khhl\_lkl�
\_ggh�� gZ� nhlhexfbg_kp_gpbx� �NE�� b� kibgh\u_� p_glju� �^_n_dlu�� fbdjhihjbklh]h�
dj_fgby�  

Fbdjh-ID� ihemqZeky� iml_f� we_dljhobfbq_kdh]h� ljZ\e_gby� fhghdjbklZeebq_�
kdh]h�dj_fgby��c-Si) p-lbiZ�k�m^_evguf�khijhlb\e_gb_f�ρ ���HfÂ kf�\�we_dljhebl_�gZ�
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hkgh\_�ieZ\bdh\hc�dbkehlu�b�wlbeh\h]h�
kibjlZ��\�ijhihjpbb������ijb�iehlghklb�
lhdZ����f:�kf2

��Ijb�wlhf�lhesbgZ�keh�
_\� ID� [ueZ� ��� fdf�� Z� ihjbklhklv� kh�
klZ\eyeZ�ijbf_jgh������ 

<ha[m`^_gb_� nhlhexfbg_kp_g�
pbb� ID� hkms_kl\eyeZkv� baemq_gb_f�
Zahlgh]h� eZa_jZ� �λ ���� gf�� τ ��� gk��� Z�
__� j_]bkljZpby� ijhba\h^beZkv� k� ihfh�
svx�hoeZ`^Z_fh]h�NWM�Hamamatsu RS 
632-���� Kibgh\u_� p_glju� bkke_^h\Z�
ebkv� k� ihfhsvx�WIJ-ki_dljhf_ljZ�O-
^bZiZahgZ��:^khj[pby�fhe_dme�^bhdkb�
^Z�ZahlZ�b�ibjb^bgZ�hkms_kl\eyeZkv�ba�
]Zah\hc�nZau�k�bkihevah\Zgb_f�[_afZk�
eyghc�\Zdmmfghc�kbkl_fu�©Varian». 

Ki_dlju� NE� ID� \� \Zdmmf_�� Z�
lZd`_� ihke_� Z^khj[pbb� fhe_dme� ibjb�
^bgZ�b�^bhdkb^Z�ZahlZ�ij_^klZ\e_gu�gZ�
jbkmgd_� ��� OZjZdl_jgu_� ki_dlju� WIJ�
^ey� kemqZy�^bhdkb^Z� ZahlZ�ihdZaZgu�gZ�
jbkmgd_���� 

DZd�\b^gh�ba�jbkmgdZ� ���ijb�Z^�
khj[pbb�fhe_dme� ^bhdkb^Z� ZahlZ� b� ib�
jb^bgZ�ijhbkoh^bl�]Zr_gb_�nhlhexfb�
g_kp_gpbb� fbdjhihjbklh]h� dj_fgby� b�
k^\b]� iheh`_gby� fZdkbfmfZ� ki_dljZ�
NE� \� dhjhldh\hegh\mx� h[eZklv� k� m\_�
ebq_gb_f� ^Z\e_gby� Z^khj[Zlh\�� H^gh�
\j_f_ggh�j_]bkljbjh\Zeky� �jhkl�bgl_g�
kb\ghklb�kb]gZeZ�WIJ��jbk�����Kh]eZkgh�
ebl_jZlmjguf�^Zgguf� >�@�NE�ihjbklh�
]h� dj_fgby� h[mkeh\e_gZ� baemqZl_evghc�
j_dhf[bgZpb_c�wdkblhgh\�\�dj_fgb_\uo�
gZghdjbklZeeZo�� ;_auaemqZl_evgZy� j_�
dhf[bgZpby� j_Zebam_lky� lhevdh� ^ey�
k\h[h^guo� ghkbl_e_c� aZjy^Z� gZ� ^_n_d�
lZo��LZdbf�h[jZahf�� ki_dlj�NE�ID� kh�
^_j`bl� \deZ^u� baemq_gbc� hl� gZghdjbklZeeh\� jZaebqguo� jZaf_jh\�� ijbq_f� \_ebqbgZ�
dZ`^h]h�\deZ^Z�hij_^_ey_lky�khhlghr_gb_f�\_jhylghkl_c�[_auaemqZl_evghc�b�baemqZ�
l_evghc�j_dhf[bgZpbb�\�gZghdjbklZee_�^Zggh]h�jZaf_jZ��Ijb� wlhf� Z^khj[pby�fh`_l�
hdZau\Zlv�\ebygb_�gZ�h[Z�dZgZeZ�j_dhf[bgZpbb�ghkbl_e_c�aZjy^Z�� 

Ihemq_ggu_� ^Zggu_� iha\heyxl� \u^_eblv� ke_^mxsb_� hkgh\gu_� f_oZgbafu�
\aZbfh^_ckl\by�Zdp_ilhjguo�b�^hghjguo�fhe_dme�k�ih\_joghklvx�dj_fgb_\uo�gZghd�
jbklZeeh\� 

• h[jZah\Zgb_� aZjy`_gguo� dhfie_dkh\� �122)
−, (C5H5N)+

� gZ� ih\_joghklb�
ihjbklh]h�dj_fgby��ehdZevgu_�we_dljbq_kdb_�ihey�dhlhjuo�jZajmrZxl�wdkblh�
gu�\�gZghdjbklZeeZo� 
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Jbk�����Ki_dlju�NE�ID�\�\Zdmmf_������\�ib�
jb^bg_�ijb�P ���Lhjj�����b�^bhdkb^_�ZahlZ�
ijb�P ���Lhjj� �����GZ�\klZ\d_�ihdZaZgZ�aZ�
\bkbfhklv� bgl_gkb\ghklb� kb]gZeZ� NE� hl�
^Z\e_gby� fhe_dme� ibjb^bgZ� b� ^bhdkb^Z�
ZahlZ 
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• h[jZah\Zgb_� Pb0-p_gljh\� ijb� Z^khj[pbb� NO2 (P!���� Lhjj�� \ke_^kl\b_�
hdbke_gby�keh_\�ID� 
• aZiheg_gb_� ihj� ^bwe_dljbq_kdhc� `b^dhklvx� \� kj_^_� C5H5N� �ijb� P>1 
Lhjj��� \ke_^kl\b_� dhg^_gkZpbb� ibjb^bgZ� \� ihjZo� h[jZaph\� b� ihke_^mxs_]h�
kgb`_gby�wg_j]bb�k\yab�wdkblhgh\��\_^ms_]h�d�l_jfbq_kdhc�^bkkhpbZpbb�wdkb�
lhgh\� 
Ihemq_ggu_�^Zggu_�fh]ml�[ulv�bkihevah\Zgu�^ey�jZajZ[hldb�k\_lhbaemqZxsbo�

mkljhckl\�gZ�hkgh\_�dj_fgb_\uo�gZghdjbklZeeh\��Z�lZd`_�^ey�]Zah\h]h�ZgZebaZ� 
<ujZ`Z_f� [eZ]h^Zjghklv� gZmqghfm� jmdh\h^bl_ex� ^hp_glm� DhgklZglbgh\hc�

?�:��b�ZkibjZgld_�Hkfbgdbghc�E�:��aZ�ieh^hl\hjgu_�h[km`^_gby�j_amevlZlh\� 

Ebl_jZlmjZ� 
1. L. Boarino, C. Baratto, F. Geobaldo et. al. Materials Science and Engineering, 69–

70, 210 (2000). 
2. I�D�� DZrdZjh\�� ?�:�� DhgklZglbgh\Z�� <�X�� Lbfhr_gdh�� NLI�� ���� ������

(1996). 
 
 
 

M>D�������� 

BAMQ?GB?�K<HCKL<�N?JJHF:=GBLGUO�KWG><BQ?C�KH�
K<?JOIJH<H>YSBFB�DHGL:DL:FB 

�<_^y_\�:�<��=mkZdh\Z�>�X���Im]Zq�G�= 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>ZggZy�jZ[hlZ�ihk\ys_gZ�l_hj_lbq_kdhfm�bkke_^h\Zgbx�k\hckl\�fgh]hkehcguo�
kljmdlmj�� khklhysbo� ba� q_j_^mxsboky� n_jjhfZ]gblguo� �F�� b� k\_joijh\h^ysbo� �S) 
keh_\��<�ihke_^gb_�]h^u�wlZ�l_fZ�ijb\e_dZ_l�agZqbl_evgh_�\gbfZgb_��dZd�l_hj_lbdh\��
lZd�b�wdki_jbf_glZlhjh\� >�@��H^gZdh��ijZdlbq_kdb�\h�\k_o�jZ[hlZo��ihk\ys_gguo�l_h�
j_lbq_kdhfm�bkke_^h\Zgbx�wlbo�kljmdlmj��g_�mqblu\Z_lky�jZkk_ygb_�\�d-ahgm�d\Zabk�
\h[h^guo�sp-we_dljhgh\��hl\_lkl\_gguo�aZ�k\_joijh\h^ysb_�k\hckl\Z�k\_joijh\h^gb�
dh\��Wlhl�f_oZgbaf�jZkk_ygby�we_dljhgh\�bf__l�hij_^_eyxs__�agZq_gb_�ijb�hibkZgbb�
ih\_^_gby��d-f_lZeeh\�b�hij_^_ey_l�bo�dbg_lbq_kdb_�k\hckl\Z� 

<�jZ[hl_�l_hj_lbq_kdb�bkke_^m_lky�lhd�>`ha_nkhgZ��ijhl_dZxsbc�q_j_a�SFNFS 
kljmdlmjm��Z�lZd�`_�iehlghklv�we_dljhgguo�khklhygbc�^Zgghc�kbkl_fu��khklhys_c�ba�
^\mo�n_jjhfZ]gblguo�keh_\��jZa^_e_gguo�lhgdhc�g_fZ]gblghc�ijhkehcdhc��N��b�kgZ[�
`_gghc�k\_joijh\h^ysbfb�dhglZdlZfb��AZ�hkgh\ghc�f_oZgbaf�jZkk_ygby�\�n_jjhfZ]�
g_lbdZo�ijbgylh�s-d�jZkk_ygb_��GZfZ]gbq_gghklb� keh_\�fh]ml�[ulv�iZjZee_evgu�beb�
ZglbiZjZee_evgu��<� lZdhc�fh^_eb� mjZ\g_gby� =hjvdh\Z� \�n_jjhfZ]g_lbd_� klZgh\ylky�
ebg_cgufb��bf_xsbfb�j_r_gby�\�\b^_�aZlmoZxsbo�\heg�� 

IhdZaZgh��qlh�eh]Zjbnfbq_kdZy�jZkoh^bfhklv�lhdZ�>`ha_nkhgZ�ijb�ZglbiZjZe�
e_evghc�hjb_glZpbb�gZfZ]gbq_gghkl_c�b�gbadhc�ijhajZqghklb�N-ijhkehcdb��ij_^kdZ�
aZgghc�\�jZ[hlZo�>���@�Z�lZd�`_�hkh[_gghklv�iehlghklb�we_dljhgguo�khklhygbc�gZ�]jZ�
gbp_�S\F��\�^Zgghc�fh^_eb�hlkmlkl\mxl��LZdbf�h[jZahf��ij_^kdZaZggh_�jZg__�mkbe_gb_�
lhdZ�ijb�ZglbiZjZee_evghc�hjb_glZpbb�n_jjhfZ]g_lbdh\�[m^_l�ih^Z\e_gh�s-d�jZkk_y�
gb_f�we_dljhgh\� 
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F:L?F:LBQ?KDH?�FH>?EBJH<:GB? 
E:A?JGH=H�<HA>?CKL<BY�G:�IHEMIJH<H>GBDB 

K�MQ?LHF�H;J:AH<:GBY�WE?DLJHGGH->UJHQGHC�IE:AFU 

Bevgbpdbc�>�D� 

Bgklblml�FZl_fZlbq_kdh]h�Fh^_ebjh\Zgby�J:G 

JZkkfZljb\Z_lky�fZl_fZlbq_kdZy�fh^_ev��hibku\ZxsZy�g_jZ\gh\_kguc�gZ]j_\�b�
nZah\u_�i_j_oh^u�\�dj_fgbb�ijb�eZa_jghf�\ha^_ckl\bb��Fh^_evx�lZd`_�mqblu\Zxlky��
ih]ehs_gb_�baemq_gby�j_r_ldhc�b�k\h[h^gufb�ghkbl_eyfb��h[jZah\Zgb_�we_dljhggh-
^ujhqghc�ieZafu��l_iehijh\h^ghklv��j_eZdkZpby�wg_j]bb�f_`^m�^\mfy�ih^kbkl_fZfb�
b�i_j_ghk�baemq_gby��Qbke_ggh_�j_r_gb_�hkms_kl\ey_lky�k�ihfhsvx�f_lh^Z�^bgZfb�
q_kdhc� Z^ZilZpbb��Fh^_ebjh\Zgb_� iha\hey_l� bamqblv� hkgh\gu_� aZdhghf_jghklb� jZk�
kfZljb\Z_fuo�ijhp_kkh\�� 

Ijb� \ha^_ckl\bb� gZ� ihemijh\h^gbdb� eZa_jgh]h� baemq_gby� k� wg_j]b_c� d\ZglZ��
ij_\urZxs_c�rbjbgm� aZij_s_gghc� ahgu��l_jfh^bgZfbq_kdZy�g_jZ\gh\_kghklv�y\ey�
_lky�hkgh\guf�nZdlhjhf��hij_^_eyxsbf�ki_pbnbdm�[hevrbgkl\Z�ijhp_kkh\��F_`ahg�
gh_�ih]ehs_gb_� d\ZglZ� k\_lZ�ijb\h^bl� d� h[jZah\Zgbx�^\mo�ghkbl_e_c�–� we_dljhgZ� \�
ahg_�ijh\h^bfhklb�b�^ujdb�\�\Ze_glghc�ahg_��H[jZamxsZyky�we_dljhggh-^ujhqgZy�iZ�
jZ� aZiZkZ_l� wg_j]bb�\iehlv�^h�fhf_glZ�j_dhf[bgZpbb��Ijb�^hklZlhqgh�dhjhldbo�bf�
imevkZo�\u^_e_gb_�wg_j]bb�eZa_jgh]h�baemq_gby�ijhbkoh^bl�gZklhevdh�[ukljh��qlh�^ey�
kbkl_fu�\�p_ehf�g_evay�\\_klb�ihgylb_�l_fi_jZlmju��L_fi_jZlmjZ�fh`_l�[ulv�\\_^_gZ�
lhevdh�^ey�hl^_evguo�ih^kbkl_f��bf_xsbo�fZdk\_eeh\kdh_�jZkij_^_e_gb_�qZklbp�ih�
wg_j]byf��G_jZ\gh\_kghklv� kbkl_fu� aZdexqZ_lky�\� lhf��qlh� l_fi_jZlmjZ�ih^kbkl_fu�
aZjy`_gguo�qZklbp�kms_kl\_ggh�ij_\urZ_l�nhghggmx�l_fi_jZlmjm� 

HibkZgb_�gZ]j_\Z�b�nZah\uo�ij_\jZs_gbc� \� dj_fgbb� hkms_kl\ey_lky� k�ihfh�
svx�kh\f_s_ggh]h�\ZjbZglZ� aZ^Zqb�Kl_nZgZ��<�dZ`^hc�ba�nZa� aZibku\Z_lky�kbkl_fZ�
mjZ\g_gbc� ^ey� l_fi_jZlmju� j_r_ldb�� dhgp_gljZpbb� ghkbl_e_c�� h[t_fghc� iehlghklb�
dbg_lbq_kdhc�wg_j]bb�ghkbl_e_c�b�bgl_gkb\ghklb�eZa_jgh]h�baemq_gby��<�i_j_f_gguo�
�[�W��kbkl_fZ�\u]ey^bl�ke_^mxsbf�h[jZahf� 
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Kbkl_fZ� ^hihegyeZkv� gZqZevgufb� b� ]jZgbqgufb� mkeh\byfb��<� ^Zgghc� aZ^Zq_�

jZkkfZljb\Zebkv�ljb�]jZgbpu��aZdj_ie_ggZy��]jZgbpZ�ieZ\e_gby�b�]jZgbpZ�bkiZj_gby���
^\_�ba�dhlhjuo�y\eyxlky�ih^\b`gufb�� 

K� \uqbkebl_evghc� lhqdb� aj_gby�� hkgh\gZy� keh`ghklv�ihklZ\e_gghc� aZ^Zqb� aZ�
dexqZeZkv�\�ijbkmlkl\bb�^\mo�ih^\b`guo�]jZgbp��iheh`_gb_�dhlhjuo�aZjZg__�g_�ba�
\_klgh��ijb�lhf��qlh�jZaf_ju�nZah\uo�ih^h[eZkl_c�\h�\j_fy�jZkq_lZ�fh]ml�f_gylvky�gZ�
g_kdhevdh�ihjy^dh\��K�^jm]hc�klhjhgu�ZgZeba�nZah\uo�ij_\jZs_gbc�lj_[m_l�lhqgh]h�
hij_^_e_gby� iheh`_gby� f_`nZaghc� ]jZgbpu� b� __� kdhjhklb��GZb[he__� wnn_dlb\guf�
f_lh^hf�^ey�j_r_gby�lZdhc�aZ^Zqb�y\ey_lky�f_lh^�^bgZfbq_kdhc�Z^ZilZpbb� 

Fh^_ebjh\Zgb_�iha\hebeh�bkke_^h\Zlv�ijhp_kku�g_jZ\gh\_kgh]h�gZ]j_\Z�b�nZ�
ah\uo� ij_\jZs_gbc� dj_fgby� \�rbjhdhf� ^bZiZahg_� bgl_gkb\ghkl_c� b� ^ebl_evghkl_c�
\ha^_ckl\mxs_]h� bfimevkZ� b� ihdZaZeh�� qlh� \aZbfh^_ckl\b_� eZa_jgh]h� baemq_gby� k�
dj_fgb_f�khijh\h`^Z_lky�p_euf�jy^hf�keh`guo��\�lhf�qbke_�g_jZ\gh\_kguo�y\e_gbc��
Hkgh\gufb�hkh[_gghklyfb�y\eyxlky�hlkmlkl\b_�wg_j]_lbq_kdh]h�[ZeZgkZ�f_`^m�ih^�
kbkl_fhc�ghkbl_e_c�b�j_r_ldhc��kms_kl\_ggh_�ij_\ur_gb_�jZ\gh\_kghc�dhgp_gljZpbb�
ghkbl_e_c�� h[jZah\Zgb_� i_j_]j_lhc�f_lZklZ[bevghc� h[eZklb� aZ�njhglhf� ieZ\e_gby� b�
kbevgh�g_ebg_cgh_�ih\_^_gb_�dhwnnbpb_glZ�ih]ehs_gby� 

 
 
 

M>D�����������������213:681.586 

F?O:GBAFU�LHDHI?J?GHK:�<�=?L?JHKLJMDLMJ:O 
G:�HKGH<?�A-SI:H�B�?=H�KIE:<H< 

FZamjh\�:�<� 
Fhkdh\kdbc�bgklblml�we_dljhgghc�l_ogbdb 

Lhgdb_�ie_gdb�D-6L�+�b�_]h�kieZ\h\��k�]_jfZgb_f� ��D-6L*H�+���b�m]e_jh^hf� ��D-
6L&�+� ��� ijbf_gyxlky� ijb� ba]hlh\e_gbb� kheg_qguo� [ZlZj_c�� ^_l_dlhjh\� baemq_gby��
lhgdhie_ghqguo�ihe_\uo�ljZgabklhjh\�b�l�^���JZ[hlZ�ih^h[guo�mkljhckl\�hkgh\u\Z_l�
ky�gZ� k\hckl\Zo�b�hkh[_gghklyo� ]_l_jhkljmdlmj� Zfhjnguc�djbklZeebq_kdbc�ihemijh�
\h^gbd��<�k\yab�k�wlbf�\�ij_^klZ\e_gghc�jZ[hl_�[ueh�bkke_^h\Zgh�\ebygb_�l_ogheh]b�
q_kdbo�iZjZf_ljh\��lZdbo�dZd�l_fi_jZlmju�ih^eh`db��khklZ\�kf_kb�j_Zdpbhgguo�]Zah\�
gZ�f_oZgbafu�lhdhi_j_ghkZ�\�]_l_jhkljmdlmjZo�gZ�hkgh\_�D-6L�+�b�_]h�kieZ\h\�k�]_jfZ�
gb_f�b�m]e_jh^hf� 

<�jZ[hl_�[ueb�bamq_gu�\hevl-Zfi_jgu_�oZjZdl_jbklbdb� �<:O��]_l_jhkljmdlmj�
a-Si:H/c-Si, a-SiC:H/c-6L�b�D-SiGe:H/c-6L��ihemq_gguo�\�gbadhqZklhlghc�ieZaf_�le_xs_�
]h�jZajy^Z�gZ�qZklhl_����d=p��Baf_j_gb_�l_fi_jZlmjguo�aZ\bkbfhkl_c�ijhba\h^behkv�\�
^bZiZahg_�kf_s_gbc�hl�–���^h����<��Z�l_fi_jZlmjZ�baf_gyeZkv�\�ij_^_eZo�hl�����^h�����
D�� 
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:gZeba�<:O�]_l_jhkljmdlmj�ihdZaZe��qlh�dZd�ijb�ijyfhf��lZd�b�h[jZlghf�kf_�
s_gbb�bf_xlky�^\_�h[eZklb�k�jZaebqghc�aZ\bkbfhklvx�f_`^m�lhdhf�b�gZijy`_gb_f��
>ey�hibkZgby�<:O�\h�\k_f�^bZiZahg_�ijyfuo�b�h[jZlguo�kf_s_gbc�[ueb�ij_^eh`_gu�
wd\b\Ze_glgu_�we_dljbq_kdb_�ko_fu�]_l_jhkljmdlmj��gZ�hkgh\_�dhlhjuo�[ueh�jZajZ[h�
lZgh�ijh]jZffgh_�h[_ki_q_gby�^ey�fh^_ebjh\Zgby�wdki_jbf_glZevguo� aZ\bkbfhkl_c��
<�j_amevlZl_�[ueh�mklZgh\e_gh��qlh�\�h[eZklb�fZeuo�ijyfuo�kf_s_gbc�lhdhi_j_ghk�\�
a-Si:H/c-Si, a-SiGe:H/c-6L�b�\�D-SiC:H/c-6L��ijb�fZeuo�dhgp_gljZpbyo�m]e_jh^Z�\�ie_gd_��
hkms_kl\ey_lky� aZ� kq_l� ijhp_kkh\� fgh]hklmi_gqZlh]h� lmgg_ebjh\Zgby� k� aZo\Zlhf� b�
wfbkkb_c�ghkbl_e_c�aZjy^Z�gZ�eh\mrdZo��FLAW���\�D-SiC:H/c-6L�ijb�\ukhdbf�kh^_j`Z�
gbb�m]e_jh^Z�<:O�hij_^_ey_lky�m^_evguf�khijhlb\e_gb_f� D-Si&�+��<�h[eZklb�\ukh�
dbo�ijyfuo�kf_s_gbc�\h�\k_o�bamqZ_fuo� ]_l_jhkljmdlmjZo�lhd�h]jZgbq_g�h[t_fguf�
aZjy^hf� �LHHA���IhdZaZgh��qlh�rmglbjmxs__� khijhlb\e_gb_� dhgljhebjm_lky� lhdZfb�
ml_qdb�q_j_a� ]_l_jhi_j_oh^�ih� khklhygbyf�gZ� ]jZgbp_�jZa^_eZ��Ijb� wlhf�\� kemqZ_� D-
Si:H/c-6L�b� D-SiC:H/c-6L�khklhygby�gZ�]jZgbp_�jZa^_eZ�h[mkeh\e_gu�h[hj\Zggufb�k\y�
ayfb�6L��Z�\�kemqZ_�D-SiGe:H/c-6L�h[hj\Zggufb�k\yayfb�*H��Ijb�fZeuo�h[jZlguo�kf_�
s_gbyo�\� D-SiC:H/c-6L�ij_h[eZ^Z_l�LHHA��^ey� D-Si:H/c-6L�b� D-SiGe:H/c-6L�ij_h[eZ^Z_l�
FLAW��<�h[eZklb�\ukhdbo�h[jZlguo�kf_s_gbc�^ey�\k_o�]_l_jhkljmdlmj�lhd�h[mkeh\e_g�
]_g_jZpb_c�b�j_dhf[bgZpb_c�ghkbl_e_c�\�h[_^g_gghf�keh_�Zfhjngh]h�ihemijh\h^gb�
dZ��JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�Fbgh[jZah\Zgby�JN� �]jZgl���501-
=;-53-=j�����-=;-53-;-=j�Zki��� 

 
 
 

M>D������������ 

F?O:GBAFU�NHLHOBFBQ?KDBO�J?:DPBC 

<�DJBKL:EE:O� xxSeCdS −1  

OZfb^h\�F�F���FZddZ_\Z�:�:� 

>Z]_klZgkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

<�djbklZeeZo� xxSeCdS −1 �hqmkl\e_gguo�\�j_amevlZl_�hl`b]Z��bkke_^h\Zgh�baf_�

g_gb_�bgl_gkb\ghklb�ihehk�l_jfhklbfmebjh\Zgghc�ijh\h^bfhklb� �LKI��\�j_amevlZl_�
nhlhobfbq_kdbo�j_Zdpbc��NOJ�� 

<�ij_^\Zjbl_evgh�hoeZ`^_gguo�\�l_fghl_�hl����D�djbklZeeZo�gZ[ex^Zebkv�^\_�
ihehku�LKI�k� 160=MT �b� K290 �kh�keZ[hc�bgl_gkb\ghklvx��Wg_j]_lbq_kdb_�]em[bgu�

p_gljh\�hl\_lkl\_gguo� aZ�wlb�ihehku� 14.0=cE �b� w<53.0 �hij_^_e_gu�ba�gZdehgZ�gZ�

qZevguo�mqZkldh\�jhklZ�ihehk�LKI�� 
<�hoeZ`^_gguo�gZ�kh[kl\_gghf�k\_lm�djbklZeeZo� xxSeCdS −1 �gZ[ex^Z_lky�m\_eb�

q_gb_�bgl_gkb\ghklb�ihehk�LKI��NOJ�\�bkke_^h\Zgguo�djbklZeeZo�ijb\h^bl�d�kgb`_�
gbx�mjh\gy�kh[kl\_gghc�nhlhijh\h^bfhklb�[he__�q_f�gZ�ihjy^hd� 

<k_� gZ[ex^Z_fu_� baf_g_gby�� g_ijhlb\hj_qb\h� h[tykgyxlky� mqZklb_f� \�NOJ�
dhfie_dkh\�ba�kh[kl\_gguo� AV  , iCd �b�ijbf_kguo� KAA , �^_n_dlh\ 

 

( )[ ] ( ) ++
+

+−++ ++↔++++ iakAiKAA DAVepDAV 0
,

2

, 2  



Ih^k_dpby�nbabdb�ihemijh\h^gbdh\uo�b�fZ]gblguo�fZl_jbZeh\ 

 

273 

<�wlbo�j_Zdpbyo�kh[kl\_ggZy�ih^k\_ldZ�\�ijhp_kk_�hoeZ`^_gby�klbfmebjm_l�i_�
j_aZjy^dm� ]em[hdbo�p_gljh\�� Z� ke_^h\Zl_evgh�hloh^�hl�dhfie_dkZ��\�j_amevlZl_�dmeh�
gh\kdh]h�hllZedb\Zgby��ih^\b`gh]h�^_n_dlZ� ( )++

ii CdD ��GZ]j_\�djbklZeeZ�\�l_fghl_�^h�

K400 � ijb\h^bl� d� h[jZlbfuf�ijhp_kkZf� l�_�� d� \hkklZgh\e_gbx�bkoh^gh]h� khklhygby�
djbklZeeZ� 

 
 
 

M>D���������� 

<EBYGBY�BHGGHC�H;J:;HLDB�G:�NHLHEXFBG?KP?GPBX�

KLJMDLMJ�*$$6-ALOGA1-OAS 

Am[Zgh\�:�<� 

N_^_jZevgh_�=hkm^Zjkl\_ggh_�MgblZjgh_�Ij_^ijbylb_�³GZmqgh-
bkke_^h\Zl_evkdbc�bgklblml�©Ihexkª´�bf��F�N��Kl_evfZoZ 

<� ihke_^gb_� ]h^u� bhggh-obfbq_kdh_� ljZ\e_gb_� �BOL�� \kz�rbj_� bkihevam_lky�
ijb� ba]hlh\e_gbb� Zdlb\guo� we_f_glh\� h^bghqguo� eZa_jh\�� eZa_jguo� ebg__d� b� hilh�
we_dljhgguo� bgl_]jZevguo� ko_f�� <f_kl_� k� l_f�� bhggZy� [hf[Zj^bjh\dZ� ih\_joghklb�
fh`_l�ijb\h^blv�d�m\_ebq_gbx�dhebq_kl\Z�ih\_joghklguo�b�h[tzfguo�^_n_dlh\��kdh�
jhklb� ih\_joghklghc� j_dhf[bgZpbb�� jhklm� kh[kl\_ggh]h� ih]ehs_gby�� h[jZah\Zgbx�
we_dljhgguo�eh\mr_d�]em[hdbo�mjh\g_c�� 

<� ^Zgghc� jZ[hl_� bamq_gh� \ebygb_� bhggh]h� \ha^_ckl\by� \� ijhp_kk_� bhggh-
obfbq_kdh]h� ljZ\e_gby�\� 6L&O4��<�dZq_kl\_�djbl_jby�hp_gdb�[ueZ�\u[jZgZ�bgl_gkb\�
ghklv� nhlhexfbg_kp_gpbb� �BNE��� <u[hj� f_lh^Z� h[tykgy_lky� _]h� \ukhdhc� qm\kl\b�
l_evghklvx� b� \hafh`ghklvx� ihemq_gby� ijyfhc� bgnhjfZpbb� h� \ha^_ckl\bb�BOL� gZ�
wiblZdkbZevgu_�kehb� 

>ey�wdki_jbf_glZ�bkihevah\Zebkv���bklhqgbdZ��^bh^gZy�<Q-kbkl_fZ��h[_ki_qb�
\ZxsZy�h[jZ[hldm�ih\_joghklb�bhgZfb�k�wg_j]b_c�?b§����w<�b�bklhqgbd�bg^mdpbhggh-
k\yaZgghc�ieZafu��BKI��k�?b§����w<� 

<� dZq_kl\_� h[jZaph\� bkihevah\Zebkv�njZ]f_glu� wiblZdkbZevguo� kljmdlmj�� Zd�
lb\gZy� h[eZklv� dhlhjuo� gZoh^beZkv� f_`^m� kbff_ljbqgufb�rbjhdhahggufb� kehyfb�
$O*D$V��fh^_ebjmxsbfb� \hegh\h^gu_� kehb� eZa_jghc� kljmdlmju��LhesbgZ� \_jog_]h�
\hegh\h^Z�\�i_j\hc�k_jbb�wdki_jbf_glh\�khklZ\eyeZ�����Å, \h�\lhjhc����Å. >ey�baf_�
j_gby� qZklv� bkke_^m_fh]h� h[jZapZ� i_j_^� ljZ\e_gb_f� aZdju\ZeZkv� nhlhj_abklb\ghc�
fZkdhc� �NJF���^jm]Zy�qZklv�ih^\_j]ZeZkv�bhgghfm�\ha^_ckl\bx��<�i_j\hc�k_jbb�wdk�
i_jbf_glh\� ljZ\e_gb_� ijh\h^behkv� \� ljb� wlZiZ�� ihke_^h\Zl_evguf� ijb[eb`_gb_f� d�
Zdlb\ghc�h[eZklb��:H���GZ�dZ`^hf�wlZi_�m^Zeyeky�\hegh\h^guc�kehc�lhesbghx�����Å. 
Ihke_�dZ`^h]h�ijhp_kkZ�NJF�m^ZeyeZkv�b�baf_jyeZkv�BNE�\�kf_`guo�h[eZklyo��hij_�
^_eyehkv�hlghkbl_evgh_�baf_g_gb_�BNE��ijh\h^beky�hl`b]� ����0K���ihke_�q_]h�baf_�
j_gby�ih\lhjyebkv� 

J_amevlZlu�baf_j_gbc� \uy\beb� kms_kl\_ggh_�ij_bfms_kl\h�BKI-kbkl_f��Ih�
ke_�kljZ\eb\Zgby�kehy�lhesbghc������Å bhgZfb�k�?b§����w<�BNE�h[jZaph\�khklZ\eyeZ�
~20 %. <�lh�\j_fy�dZd��BNE�h[jZaph\��h[jZ[hlZgguo�bhgZfb�k�wg_j]b_c�?b§����w<�klZ�
[bebabjh\ZeZkv�gZ�mjh\g_�����hl�bkoh^gh]h�^Z`_�ijb�hklZlhqghc�lhesbg_�\hegh\h^�
gh]h�kehy����-200 Å (jbk���� 



EHFHGHKH<�– 2004 

 

274 

 
 

Jbkmghd����AZ\bkbfhklv�bgl_gkb\ghklb�nhlhexfbg_kp_gpbb�hl�wg_j]bb�
bhgh\ 

 
 
<ukhdhl_fi_jZlmjgZy�h[jZ[hldZ�ijb\h^beZ�d�qZklbqghfm�\hkklZgh\e_gbx�BNE�

\� kemqZ_�h[jZ[hldb�ih\_joghklb�\ukhdhwg_j]_lbqgufb�bhgZfb�b�g_�\ghkbeZ�kms_kl�
\_gguo�baf_g_gbc� \� h[smx� dZjlbgm�ijb� jZ[hl_� k�bhgZfb�gbadhc� wg_j]bb��H^gh\j_�
f_ggh��ijb�©nbabq_kdhfª�ljZ\e_gbb� �\�Zlfhkn_j_�bg_jlgh]h�]ZaZ��\ukhdhl_fi_jZlmj�
guc�hl`b]�iha\hey_l�iheghklvx�\hkklZgh\blv�bkoh^gh_�agZq_gb_�BNE� 

LZdbf�h[jZahf��ijb�BOL�b�bhgghf�ljZ\e_gbb�bhgZfb�gbadbo�wg_j]bc�����-160 
w<��kgb`_gb_�BNE�hdZau\Z_lky�g_�[he__������hl�bkoh^gh]h�mjh\gy��^Z`_�ijb�hklZlhq�
ghc�lhesbg_�\hegh\h^gh]h�kehy����-200 Å, l�_��fh`gh�ml\_j`^Zlv��qlh�ijb�^Zgguo�mk�
eh\byo�hij_^_eyxsbf�nZdlhjhf�y\ey_lky�bkoh^gh_�khklhygb_�ih\_joghklb� 

Bkke_^h\Zgguc�ijhp_kk�BOL�gbadhwg_j]_lbqgufb�bhgZfb�[ue�mki_rgh�j_Zeb�
ah\Zg�gZfb�ijb�ba]hlh\e_gbb�Zdlb\guo�we_f_glh\�h^ghfh^h\uo�eZa_jh\�k�]j_[g_\b^�
guf�\hegh\h^hf�rbjbghc��÷4 fdf� 

 
 
 

M>D������� 

FH>?EBJH<:GB?�A:JH>UR?H;J:AH<:GBY�<�IE:KLBG?������ 
K�DHF;BGBJH<:GGHC�:GBAHLJHIB?C 

<Zoblh\�J�F���=Zj__\Z�?�J���<Zoblh\Z�F�F� 

;Zrdbjkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

Ba\_klgh��qlh�gZebqb_�^_n_dlh\�\�fZ]gblguo�fZl_jbZeZo�kms_kl\_ggh�\eby_l�gZ�
bo� k\hckl\Z�� <� h[eZklb� ^_n_dlh\� aZjh`^Zxlky� fZ]gblgu_� g_h^ghjh^ghklb�� dhlhju_�
ih^kljZb\Zxlky�ih^�ijhnbev�^_n_dlZ�b�b]jZxl�\Z`gmx�jhev�\h�fgh]bo�fZ]gblguo�y\�
e_gbyo� b�� \� qZklghklb�� \� dbg_lbd_� kibg-i_j_hjb_glZpbhggh]h� nZah\h]h� i_j_oh^Z�
�KINI�� >�@��L_hj_lbq_kdh_� bkke_^h\Zgb_�fZ]gblguo� g_h^ghjh^ghkl_c�� \hafh`guo� \�
dm[bq_kdbo� djbklZeeZo� k� gZ\_^_gghc� Zgbahljhib_c�� ihdZau\Z_l�� qlh� \iheg_� Z^_d\Zl�
guf�fh^_evguf�ij_^klZ\e_gb_f� wlbo�h[jZah\Zgbc�\�h^ghf_jghf�ijb[eb`_gbb�y\ey�
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xlky��-]jZ^mkgu_�^hf_ggu_�]jZgbpu���0>=���dhlhju_�\hagbdZxl�dZd�qZklgu_�j_r_gby�
mjZ\g_gbc� EZg^Zm-Ebnrbp� \� h[eZklb� khkms_kl\h\Zgby� fZ]gblguo� nZa� >�@�� :gZeba�
k\hckl\�wlbo�g_h^ghjh^ghkl_c�ihdZau\Z_l��qlh�hgb�\hagbdZxl�\�hdj_klghklb�KINI��b�
bo�fh`gh�bgl_jij_lbjh\Zlv�dZd�aZjh^urb�gh\hc�nZau� 

<�hkgh\_�fh^_eb�aZjh^ur_h[jZah\Zgby�e_`bl�\ZjbZpbhgguc�f_lh^��\�dhlhjhf�\�
dZq_kl\_�ijh[ghc�nmgdpbb�[_j_lky�j_r_gb_��khhl\_lkl\mxs__��0>=��\�ieZklbg_��������
>�@��<�wlhf�kemqZ_�gZoh`^_gb_�mklhcqb\uo�khklhygbc��0>=�k\h^blky�d�qbke_gghc�fb�
gbfbaZpbb�iheghc�wg_j]bb�ieZklbgu�k�mq_lhf�gZebqby�^_n_dlh\�b�jZafZ]gbqb\Zxsbo�
ihe_c��h[mkeh\e_gguo�dhg_qghklvx�h[jZapZ��Ba�ihemq_gguo�j_amevlZlh\�ke_^m_l��qlh�
H0>=�fh`_l�kms_kl\h\Zlv�\�hij_^_e_gghc�h[eZklb�agZq_gbc�iZjZf_ljh\�djbklZeeZ��h]�
jZgbq_gghc�^\mfy�ij_^_evgufb�bo�agZq_gbyfb��gZ�h^ghc�ba�gbo�H0>=�dheeZikbjm_l��
gZ� ^jm]hc�–� jZkieu\Z_lky��Ihemq_ggu_� aZ\bkbfhklb� h[eZklb� mklhcqb\hklb�H0>=�ih�
a\heyxl�ihkljhblv�dbg_lbdm�KINI��dZq_kl\_ggh�kh]eZkmxsmx�k�wdki_jbf_glZevgufb�
^Zggufb�>�@� 

<� jZ[hl_� ihdZaZgh�� qlh� jZkkfZljb\Z_fZy� fh^_ev� fZ]gblguo� g_h^ghjh^ghkl_c�
lZd`_�^hklZlhqgh�ohjhrh�hibku\Z_l�b�ijhp_kku�gZfZ]gbqb\Zgby�ieZklbgu�\�ihklhyg�
guo�\g_rgbo�iheyo�b�iha\hey_l�hp_gblv�aZ\bkbfhklv�dhwjpblb\ghc�kbeu�hl�iZjZf_l�
jh\�h[jZapZ� 

Ebl_jZlmjZ� 
1. <eZkdh-<eZkh\�<�D���Bg^_g[hf�F�<���@WLN���������������� 
2. Vakhitov R.M., Kucherov V.Ye., J.Appl.Phys., 85, 310(1999) 
3. <Zoblh\�J�F���RZgbgZ�?�=���@WLN�������������� 

 

 

 

 

M>D�������� 

WDKI?JBF?GL:EVGH?�BKKE?>H<:GB? 
WE?DLJHNBABQ?KDBO�K<HCKL< 

G?MIHJY>HQ?GGUO�IHEMIJH<H>GBDH< 
F?LH>HF�:LHFGH-KBEH<HC�FBDJHKDHIBB 

Mlhqdbg�B�=���FZjdh\�K�=� 

JyaZgkdZy�]hkm^Zjkl\_ggZy�jZ^bhl_ogbq_kdZy�ZdZ^_fby� 

Ij_^eZ]Z_lky�gh\uc�ih^oh^�\�bamq_gbb�we_dljhnbabq_kdbo�k\hckl\�g_mihjy^h�
q_gguo�ihemijh\h^gbdh\��hkgh\Zgguc�gZ�bkihevah\Zgbb�rbjhdh�jZa\b\Zxs_cky�kdZ�
gbjmxs_c�ahg^h\hc�fbdjhkdhibb��K�ihfhsvx�Zlhfgh-kbeh\h]h�ahg^h\h]h�fbdjhkdhiZ�
(NT-MDT�� ]�� A_e_gh]jZ^�� [ueb� ihemq_gu� bah[jZ`_gby� lhih]jZnbb� mqZkldh\� ie_ghd�
Zfhjngh]h� ]b^jh]_gbabjh\Zggh]h� dj_fgby� �jbk���Z�[��� Wdki_jbf_glZevgu_� h[jZapu�
[ueb�ba]hlh\e_gu�\�eZ[hjZlhjbb�dZn_^ju�nbabdb�b�l_ogheh]bb�bgklblmlZ�fbdjhwe_d�
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ljhgbdb�b�bgnhjfZlbdb��J:G��]��YjhkeZ\ev��gZ�fh^bnbpbjh\Zgghc�k_jbcghc�mklZgh\�
d_�GQ�jZkiue_gby�MJF������������I]_g� ����d=p��Ijb�gZiue_gbb�ie_ghd�D-6L�+�bkihev�
ah\ZeZkv�Zj]hgh\h^hjh^gZy�kf_kv��kh^_j`ZsZy� �����+��b�qbkluc�Zj]hg��Ij_^_evguc�
\Zdmmf� \� mklZgh\d_� g_� om`_� ��-3

�IZ��Kbgl_abjh\Zggu_� ie_gdb� D-6L�+� gZiueyebkv� gZ�
kl_deyggu_�ih^eh`db��<k_�h[jZapu�[ueb�ihemq_gu�ijb� ke_^mxsbo�iZjZf_ljZo�ijh�
p_kkZ��^Z\e_gb_�����IZ��fhsghklv�����<l��j_`bf�g_ij_ju\guc��l_fi_jZlmjZ�����oK� 

 

 
 

Z��Kh^_j`Zgb_��SiH4�\�ie_gd_�����Zl����CH4����Zl����ijh^he`bl_evghklv����fbg 

 

    
 

[��Kh^_j`Zgb_�SiH4�\�ie_gd_����Zl����CH4�����Zl����ijh^he`bl_evghklv����fbg 
 

Jbk�����Bah[jZ`_gby�lhih]jZnbb�mqZkldh\�ie_ghd�Z-Si:H. 

 
Baf_j_gby�ijh\h^bebkv�\�dhglZdlghf�j_`bf_�k�bkihevah\Zgb_f��fy]dh]h��dZg�

lbe_\_jZ��Ih\_joghklv�ij_^klZ\ey_l�kh[hc�g_dhlhju_�oZhlbq_kdb�jZkiheh`_ggu_�deZ�
kl_jh\u_�kbkl_fu�jZaebqghc�\ukhlu��h[tykgy_fu_�l_ogheh]b_c�GQ�ieZafhobfbq_kdh�
]h�hkZ`^_gby�ie_gdb�Z-SiH��DZd�\b^gh�ba�jbkmgdh\��\ukhlZ�wlbo�deZkl_jh\��dhe_[e_lky�
hl���-���gf�^h����-����gf�\�aZ\bkbfhklb�hl�ijhp_glgh]h�kh^_j`Zgby�\�ie_gd_�kbeZgZ�b�
m]e_jh^Z��Ihemq_ggu_�j_amevlZlu�ihdZau\Zxl��qlh�ijb�[hevr_f�kh^_j`Zgbb�m]e_jh^Z�
\�ie_gd_�b�m\_ebq_gbb�ijh^he`bl_evghklb�ijhp_kkZ��gZ[ex^Z_lky�m\_ebq_gb_�qZklhlu�
kh^_j`Zgby�oZhlbq_kdb�jZkiheh`_gguo�deZkl_jh\uo�kbkl_f� ©dhe_pª��k�mf_gvr_gb_f�
bo�jZ^bmkZ�^h����-����gf�b�kgb`_gb_f�\ukhlu�bo�j_ev_nZ�^h����–����gf��<�k\hx�hq_�
j_^v��wlh�fh`_l�[ulv�k\yaZgh�k�m\_ebq_gb_f�rbjbgu�aZij_s_gghc�ahgu��kha^Z\Z_fh_�
ijbf_kyfb��\�^Zgghf�kemqZ_�m]e_jh^hf���ih^h[gh�khklhygbyf�kh[kl\_gguo�^_n_dlh\�\�
Z-Si:H�Ijb�ih^\h^_�ahg^Z�d�]jZgbp_�ie_gdb�[ueZ�hij_^_e_gZ�__�lhesbgZ��dhlhjZy�kh�
klZ\beZ�^ey�\k_o�h[jZaph\�ihjy^dZ�����fdf��JZ[hlZ�\uihegy_lky�ijb�ih^^_j`d_�=jZglZ�
Fbgbkl_jkl\Z�H[jZah\Zgby� 
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M>D�������� 

<EBYGB?�EHD:EBAH<:GGUO�KHKLHYGBC 
:FHJNGH=H�DJ?FGBY�G:�O:J:DL?JBKLBDB�

LHGDHIE?GHQGH=H�LJ:GABKLHJ: 

:\Zq_\�:�I���G_kl_jh\�H�?� 
JyaZgkdZy�]hkm^Zjkl\_ggZy�jZ^bhl_ogbq_kdZy�ZdZ^_fby� 

<� gZklhys__� \j_fy� ijZdlbq_kdh_� ijbf_g_gb_� bf_xl� Zdlb\gu_� fZljbpu�`b^�
dhdjbklZeebq_kdbo�^bkie__\��@D>��b�k_gkhjgu_�we_f_glu�bah[jZ`_gby��Z^j_kh\Zggu_�
lhgdhie_ghqgufb� ihe_\ufb� ljZgabklhjZfb� �LIL�� gZ� hkgh\_� Zfhjngh]h� dj_fgby� �a-
Si:H���H^gZdh��g_kfhljy�gZ�ijhfure_ggh_�bkihevah\Zgb_�a-Si:H�ljZgabklhjh\��^h�kbo�
ihj�hklZxlky�ijh[e_fu�gZ^_`ghklb��klZ[bevghklb�b�^he]h\_qghklb�jZ[hlu�ijb[hjh\�
gZ�bo�hkgh\_��<uy\e_gb_�\ebygby�j_`bfh\�b�iZjZf_ljh\�l_ogheh]bb�gZg_k_gby�lhgdbo�
ie_ghd�a-Si:H�gZ�\hevlZfi_jgu_�oZjZdl_jbklbdb��<:O��LIL�\�ZgZeblbq_kdhf�\b^_��ih�
a\hebl�kha^Zlv�fhsgmx�fh^_ev��ijb�ihfhsb�dhlhjhc�fh`gh�[m^_l�ihemqZlv�g_h[oh�
^bfu_�ijZdlbq_kdb_�j_amevlZlu� 

<�^Zgghc�jZ[hl_�ijh\_^_g�jZkq_l�LIL�gZ�a-Si:H��j_amevlZlhf�dhlhjh]h�y\behkv�
ihemq_gb_� ZgZeblbq_kdh]h� \ujZ`_gby� <:O� b� aZ\bkbfhkl_c� oZjZdl_jbklbd� LIL� hl�
we_dljhnbabdb�Zfhjngh]h�dj_fgby��IZjZf_lju�LIL�gZijyfmx�aZ\bkyl�hl�mkeh\bc�gZ�
g_k_gby� ie_ghd� Zfhjngh]h� dj_fgby��<� k\hx� hq_j_^v��
jZkij_^_e_gb_� b� agZq_gb_� iehlghklb� ehdZebah\Zgguo�
khklhygbc��IEK��a-Si:H�\�kbevghc�kl_i_gb�hij_^_eyxl�
lhdhi_j_ghk� \� lZdbo� lhgdhie_ghqguo� kljmdlmjZo�� GZ�
jbk��� ij_^klZ\e_gZ� jZkq_lgZy� aZ\bkbfhklv� lhdZ� gZku�
s_gby�ljZgabklhjZ�IgZk�hl�IEK� 

BagZqZevgZy� ihklZgh\dZ� l_ogheh]bq_kdbo� j_�
`bfh\�� kh]eZkgh� fZl_fZlbq_kdbf� aZ\bkbfhklyf�� ih�
a\hebl� ihemqblv� lj_[m_fu_� agZq_gby� IEK� b� ^jm]bo�
oZjZdl_jbklbd�a-Si:H��Z�ke_^h\Zl_evgh��b�g_h[oh^bfu_�
iZjZf_lju�LIL��JZ[hlZ� \uihegy_lky�ijb�nbgZgkh\hc�
ih^^_j`d_�Fbgbkl_jkl\Z�H[jZah\Zgby�JN� 

 

 

 

M>D�������� 

FH>?EV�N?JJBL-IV?AHWE?DLJBQ?KDH=H 
DHFIHABPBHGGH=H�F:L?JB:E: 

;mkdmgh\�>�J��I_ljh\�>�<� 

Gh\]hjh^kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l�bf_gb�YjhkeZ\Z�Fm^jh]h 

Dhfihabpbhggu_�n_jjbl-iv_ahwe_dljbq_kdb_�fZl_jbZeu�fh]ml�ijhy\eylv�k\hc�
kl\Z��hlkmlkl\mxsb_�\�bkoh^guo�dhfihg_glZo��<�wlbo�fZl_jbZeZo��\�qZklghklb��gZ[ex�
^Z_lky�fZ]gblhwe_dljbq_kdbc� �FW�� wnn_dl��h[mkeh\e_gguc�\aZbfh^_ckl\b_f�fZ]gbl�

Jbk�����AZ\bkbfhklv�lhdZ�gZ�
kus_gby�LIL�hl�IEK 
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ghc� b� we_dljbq_kdhc� ih^kbkl_f� q_j_a� mijm]b_� ^_nhjfZpbb�� GZdhie_gb_� k\h[h^guo�
jZajy^h\�gZ�ih\_joghklyo�jZa^_eZ�dhfihg_glh\�ijb\h^bl�d�^bwe_dljbq_kdhc�^bki_jkbb�
b� ihl_jyf� \� i_j_f_gguo� we_dljbq_kdbo� iheyo�� ba\_klguo� ih^� gZa\Zgb_f� fZdk\_ee-
\Z]g_jh\kdZy�j_eZdkZpby� 

Kfh^_ebjh\Zg� dhfihabpbhgguc�n_jjbl-iv_ahwe_dljbq_kdbc�fZl_jbZe� kh� k\ya�
ghklvx��-��ba]hlZ\eb\Z_fuc�ih�d_jZfbq_kdhc�l_ogheh]bb��Ihemq_gu�aZ\bkbfhklb�wn�
n_dlb\guo� iv_ahwe_dljbq_kdbo�� iv_ahfZ]gblguo� fh^me_c�� fZ]gblghc�� ^bwe_dljbq_�
kdhc��FW�ijhgbpZ_fhkl_c�b�FW�dhwnnbpb_glZ�ih�gZijy`_gbx�hl�h[t_fghc�^heb�iv_�
ahwe_dljbq_kdhc� nZau�� jZkkfhlj_gZ� fZdk\_ee-\Z]g_jh\kdZy� j_eZdkZpby� wnn_dlb\guo�
iZjZf_ljh\� dhfihablZ�� IhdZaZgh�� qlh� j_eZdkZpbhggu_� qbklhlu� \�rbjhdbo� ij_^_eZo�
fh`gh�baf_gylv�\Zjvbjh\Zgb_f�h[t_fghc�^heb�iv_ahwe_dljbq_kdhc�nZau��Z�lZd`_�im�
l_f�baf_g_gby�k\hckl\�dhfihg_glh\������ 

>ey�ihemq_gby�wnn_dlb\guo�fZl_jbZevguo�iZjZf_ljh\�dhfihablZ�bkihevam_lky�
f_lh^� mkj_^g_gby�� GZ� i_j\hc� klZ^bb�� dhfihabl� jZkkfZljb\Z_lky� dZd� kljmdlmjZ�� kh�
klhysZy�ba�iv_ahwe_dljbq_kdhc�b�fZ]gblhkljbdpbhgghc�nZa�k�j_Zevgufb�]jZgbqgufb�
mkeh\byfb��GZ� \lhjhc� klZ^bb� dhfihabl� jZkkfZljb\Z_lky� dZd� h^ghjh^guc�fZl_jbZe� k�
iv_ahwe_dljbq_kdhc�b�fZ]gblhkljbdpbhgghc�ih^kbkl_fZfb��<ujZ`_gby�^ey�wnn_dlb\�
guo� iZjZf_ljh\� ijb� ijh^hevghc� b� ihi_j_qghc� hjb_glZpbyo�fZ]gblguo� b� we_dljbq_�
kdh]h�ihe_c�ihemq_gu��bkihevamy�kh\f_klgh_�j_r_gb_�mjZ\g_gbc�weZklhklZlbdb��fZ]�
gblhklZlbdb� b� we_dljhklZlbdb��BamqZ_lky� \ebygb_�nbabq_kdbo� k\hckl\� dhfihg_gl� gZ�
]em[bgm�j_eZdkZpbb�b�j_eZdkZpbhgguc�ki_dlj�FW�\hkijbbfqb\hklb�b�FW�dhwnnbpb�
_glZ�ih�gZijy`_gbx��JZkq_lgu_�iZjZf_lju�j_eZdkZpbb�FW�\hkijbbfqb\hklb�kjZ\gb�
\Z_lky�k�wdki_jbf_glZevgufb�^Zggufb�^ey�dhfihablZ�khklZ\Z�n_jjbl�dh[ZevlZ-PLK� 

:dlmZevghklv�ijh\_^_gguo�bkke_^h\Zgbc�khklhbl�\�lhf��qlh�l_hj_lbq_kdh_�fh�
^_ebjh\Zgb_�fZ]gblhwe_dljbq_kdh]h�wnn_dlZ�iha\hey_l�\_klb�p_e_gZijZ\e_gguc�ihbkd�
i_jki_dlb\guo� fZ]gblhwe_dljbq_kdbo� fZl_jbZeh\� ^ey� j_r_gby� ijbdeZ^guo� aZ^Zq�� Z�
lZd`_�hij_^_eblv�hilbfZevguc�j_`bf�bo�bkihevah\Zgby�� 

 

 

 

29.19.03 

QBKE?GGH?�FH>?EBJH<:GB?�KIBJ:E?C�<�><MF?JGHC�XY-
FH>?EB�<�IE:G:JGHF�F:=GBLGHF�IHE? 

Kbgbpug�<�?���;hklj_f�B�=���H\qbggbdh\�:�K 

MjZevkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

<�jZ[hl_�bkke_^m_lky�\ebygb_�\gmljbiehkdhklgh]h��ieZgZjgh]h��fZ]gblgh]h�ih�
ey�gZ� lhiheh]bq_kdb_�^_n_dlu� lbiZ� ³kibjZev-ZglbkibjZev´� \�jZfdZo�^\mf_jghc� ;<-
fh^_eb��>Zggu_�kljmdlmju�gZ[ex^Zxlky�wdki_jbf_glZevgh�>�@�K�fZl_fZlbq_kdhc�lhq�
db�aj_gby��w\hexpby�wlbo�j_r_gbc�fh`_l�[ulv�hibkZgZ�mjZ\g_gb_f�Kbgmk-=hj^hgZ�>�@��
Bkihevamy�g_ebg_cguc�f_lh^�=ZmkkZ-A_c^_ey�^ey�qbke_ggh]h�j_r_gby�^Zggh]h�mjZ\�
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g_gby��gZf�m^Zehkv�ihemqblv�aZ\bkbfhklv�wg_j]bb�iZju�hl�jZkklhygby�f_`^m�kibjZevx�
b�ZglbkibjZevx�ijb�jZaebqguo�\_ebqbgZo�b�gZijZ\e_gbyo�ihey��AZ\bkbfhklv�hdZaZeZkv�
ebg_cghc�\�kemqZ_��dh]^Z�ihe_�gZijZ\e_gh�iZjZee_evgh��hkb�iZju��³ijh^hevgh_´�ihe_��
b�g_ebg_cghc��eh]Zjbnfbq_kdhc�gZ�fZeuo�jZkklhygbyo��\�ihe_��i_ji_g^bdmeyjghf�hkb�
iZju��³ihi_j_qgh_´�ihe_���DZd�\�ijh^hevghf��lZd�b�\�ihi_j_qghf�ihe_�\�j_amevlZl_�^_�
nhjfZpbb�iZju�ihemqZ_lky�^hf_ggZy�kl_gdZ��lhesbgZ�dhlhjhc�iZ^Z_l�k�jhklhf�\_eb�
qbgu�ihey� 

Ebl_jZlmjZ� 
1. DZg^Zmjh\Z�=�K�����>:G��������L�������K����� 
2. Gouvea M.E., Wysin G.M., and A.S.T. Pives // Phys. Rev. B, 1997, V. 55, P. 

14144 

 

 

 

M>D������������� 

HILBQ?KDB?�K<HCKL<: 
G:GH=?L?JHKLJMDLMJ�K D—-P?GLJ:FB 

AZcp_\�J�<� 

I_ga_gkdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l��nbabdh-
fZl_fZlbq_kdbc�nZdmevl_l 

JZ[hlZ� ihk\ys_gZ� jZa\blbx� l_hjbb�ijbf_kguo�p_gljh\� \�ihemijh\h^gbdh\uo�
d\Zglh\uo�yfZo�b�d\Zglh\uo�lhqdZo�\�jZfdZo�fh^_eb�³fy]dbo�kl_ghd´��iZjZ[hebq_kdbc�
ihl_gpbZevguc�ijhnbev���Z�lZd`_�bkke_^h\Zgbx�hilbq_kdbo�k\hckl\�ihemijh\h^gbdh�
\uo� gZgh]_l_jhkljmdlmj�� kh^_j`Zsbo� ijbf_kgu_� p_glju��<ukhdZy� qm\kl\bl_evghklv�
wnn_dlZ� ihabpbhggh]h� [_kihjy^dZ� b� khhl\_lkl\mxsbo� kbe� hkpbeeylhjh\� ^bihevguo�
hilbq_kdbo�i_j_oh^h\�d�iZjZf_ljZf�d\Zglh\uo�kljmdlmj�hij_^_ey_l�ZdlmZevghklv�ijh�
\_^_gguo�bkke_^h\Zgbc� 

JZa\blZy�l_hjby�ijbf_kgh]h�ih]ehs_gby�k\_lZ�fZkkb\hf�d\Zglh\uo�lhq_d��kbg�
l_abjh\Zgguo�\�ijhajZqghc�[hjhkbebdZlghc�fZljbp_�fh`_l�bkihevah\Zlvky�ijb�jZajZ�
[hld_�ijb[hjh\�d\Zglh\hc�we_dljhgbdb��[bklZ[bevguo�hilbq_kdbo�we_f_glh\��hilbq_�
kdbo�dexq_c��ljZgabklhjh\�b�fh^meylhjh\� 

�>ey� ihl_gpbZeZ� ^_n_dlZ� bkihevam_lky� fh^_ev� ihl_gpbZeZ� gme_\h]h� jZ^bmkZ��
WlZ�fh^_ev��dZd�ba\_klgh��^hklZlhqgh�ohjhrh�hibku\Z_l�D—

�khklhygby�b�ehdZevgu_�kh�
klhygby�� gZ\h^bfu_� bahwe_dljhggufb� ijbf_kyfb�� Ijbf_kgh_� ih]ehs_gb_� k\_lZ� \�
d\Zglh\uo�lhqdZo�jZkkfhlj_gh�^ey�kemqZy��dh]^Z�ijbf_kguc�Zlhf�jZkiheh`_g�\�p_glj_�
d\Zglh\hc�lhqdb��<�kbem�kn_jbq_kdhc�kbff_ljbb�jZkkfZljb\Z_fhc�aZ^Zqb�^ey�hilbq_�
kdbo�i_j_oh^h\�\�^bihevghf�ijb[eb`_gbb�^_ckl\m_l�h[uqgh_�ijZ\beh�hl[hjZ��i_j_oh�
^u�ba�hkgh\gh]h�s –�khklhygby�ijbf_kgh]h�p_gljZ�b^ml�\�\ha[m`^_ggu_�p –�khklhygby�
d\Zglh\hc� lhqdb��<�ijb[eb`_gbb� wnn_dlb\ghc�fZkku�ihemq_gh� ZgZeblbq_kdh_� \ujZ�
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`_gb_�^ey�dhwnnbpb_glZ�ijbf_kgh]h�ih]ehs_gby�k\_lZ�k�mq_lhf�^bki_jkbb�jZaf_jh\�
gZghdjbklZeeblh\��Ijb�wlhf�ij_^iheZ]Zehkv��qlh�^bki_jkby�\hagbdZ_l�\�ijhp_kk_�nZ�
ah\h]h� jZkiZ^Z� i_j_kus_ggh]h� l\_j^h]h� jZkl\hjZ� b� m^h\e_l\hjbl_evgh� hibku\Z_lky�
nhjfmehc�EbnrbpZ-Ke_ah\Z��Mq_l�^bki_jkbb�ijb\h^bl�d�jZafulbx�^bkdj_lguo�ebgbc�
\�dhwnnbpb_gl_�ijbf_kgh]h�ih]ehs_gby�k\_lZ��K�mf_gvr_gb_f�kj_^g_]h�jZ^bmkZ�gZ�
ghdjbklZeeblh\� djZc� ihehku� ijbf_kgh]h� ih]ehs_gby� k^\b]Z_lky� \� dhjhldh\hegh\mx�
h[eZklv�ki_dljZ��qlh�hljZ`Z_l�kf_s_gb_�gb`g_]h�mjh\gy�jZaf_jgh]h�d\Zglh\Zgby��?k�
eb�jZ^bmk�ehdZebah\Zggh]h�khklhygby�m\_ebqb\Z_lky��lh�kbeZ�hkpbeeylhjZ�^bihevgh]h�
hilbq_kdh]h�i_j_oh^Z�aZf_lgh�\hajZklZ_l��Z�djZc�ihehku�ijbf_kgh]h�ih]ehs_gby�k^\b�
]Z_lky�\�^ebggh\hegh\mx�h[eZklv�ki_dljZ�� 

 
 

 



Ih^k_dpby�nbabdb�l\_j^h]h�l_eZ�� 

 

281 

 
 
NBABD:�L<?J>H=H�L?E: 1 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Bexrbg�:e_dkZg^j�K_j]__\bq 

 

M>D�������� 

<EBYGB?�IJBF?K?C�KEH@GH=H�KHKL:<: 
G:�>BWE?DLJBQ?KDB?�K<HCKL<:�DJBKL:EE:�KH2PO4 (KDP) 

∗=jZ[h\kdbc�K�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>bwe_dljbq_kdZy� ijhgbpZ_fhklv� k_]g_lhwe_dljbq_kdbo� djbklZeeh\� \� iheyjghc�
nZa_�ijb[eb`_ggh�ke_^m_l�aZdhgm�Dxjb–<_ckkZ��qlh�ih^l\_j`^Z_lky�fgh]hqbke_ggu�
fb�wdki_jbf_glZfb�b�kh]eZkm_lky�k�l_jfh^bgZfbq_kdhc�l_hjb_c�k_]g_lhwe_dljbq_kl\Z��

GZ�ijZdlbd_�^ey�jy^Z�djbklZeeh\�\�iheyjghc�nZa_�agZqbl_evguc�\deZ^�\�εk�^Z_l�baf_�
g_gb_�iheyjbaZpbb��k\yaZggh_�kh�kf_s_gb_f�\� we_dljbq_kdhf�ihe_�^hf_gguo� ]jZgbp�
>�@�� Hkh[_ggh� yjdh� wlhl� wnn_dl� ijhy\ey_lky� \� djbklZeeZo� ^b]b^jhnhknZlZ� dZeby��
KH2PO4 (KDP��l_fi_jZlmjZ�k_]g_lhwe_dljbq_kdh]h�nZah\h]h�i_j_oh^Z�LK�= 122 K) [2]. 
JZg__�gZfb�[ueh�ihdZaZgh��qlh�\_ebqbgZ�^hf_ggh]h�\deZ^Z�\�ε�k\yaZgZ�k�p_euf�jy^hf�
nZdlhjh\�� hij_^_eyxsbo� k\hckl\Z� j_Zevgh]h� djbklZeeZ�� kdhjhklvx� jhklZ� djbklZeeZ��
_]h�k_dlhjbZevguf�kljh_gb_f�b�dhgp_gljZpb_c�nhgh\uo�iheb\Ze_glguo�ijbf_k_c�>�-
5].  

<� ij_^klZ\e_gghf� ^hdeZ^_� ijb\h^ylky� j_amevlZlu� bkke_^h\Zgby� djbklZeeh\�
KDP��^hibjh\Zgguo�g_hj]Zgbq_kdbfb�fhe_dmeZfb�.4[Ru2Cl10O] (i_glh-oehjhjml_gZl�
dZeby��b� keh`guf� hj]Zgbq_kdbf� djZkbl_e_f�Amaranth. Hkh[_gghklvx� wlbo�ijbf_k_c�
y\ey_lky�bo�\oh`^_gb_�\�kljh]h�hij_^_e_ggu_�k_dlhjZ�djbklZeeZ��ijbafZlbq_kdbc�beb�
ibjZfb^Zevguc��>�@��<�rbjhdhf�l_fi_jZlmjghf�bgl_j\Ze_�ihemq_gu�^Zggu_�h�\ebygbb�
^Zgguo�ijbf_k_c�gZ�^bwe_dljbq_kdb_�k\hckl\Z�djbklZeeh\�.'3��K�mq_lhf�k_dlhjbZev�
gh]h� kljh_gby� djbklZeeZ�jZkkfhlj_gh�bo�\ebygb_�gZ�^hf_gguc�\deZ^�\�^bwe_dljbq_�
kdmx�ijhgbpZ_fhklv�� 

Ijb\_^_ggu_�wdki_jbf_glZevgu_�j_amevlZlu�ihdZau\Zxl��qlh�fhe_dmeu�ijbf_�
k_c��dZd�hj]Zgbq_kdhc��lZd�b�g_hj]Zgbq_kdhc��hdZau\Zxl�aZf_lgh_�\ha^_ckl\b_�gZ�ih^�
\b`ghklv�^hf_gguo�kl_ghd��kms_kl\_ggh�baf_gyy�^hf_gguc�\deZ^�\�^bwe_dljbq_kdmx�
ijhgbpZ_fhklv�\�iheyjghc�nZa_�djbklZeeZ�KDP��IhdZaZgh��qlh�ijb�^h[Z\e_gbb�ijbf_�
kb�hj]Zgbq_kdh]h�djZkbl_ey��\�iheyjghc�nZa_�kms_kl\_ggh�hkeZ[ey_lky�[ehdbjmxs__�
^_ckl\b_�nhgh\uo�ijbf_k_c�gZ�^hf_ggu_�kl_gdb�\�ijbafZlbq_kdhf�k_dlhj_�djbklZeeZ��
qlh�ijb\h^bl�d�aZf_lghfm�baf_g_gbx�_]h�^bwe_dljbq_kdbo�k\hckl\��\�qZklghklb��d�agZ�
qbl_evghfm�m\_ebq_gbx�^hf_ggh]h�\deZ^Z�\�^bwe_dljbq_kdmx�ijhgbpZ_fhklv�>�@� 

Baf_j_gby� \[ebab� l_fi_jZlmju� nZah\h]h� i_j_oh^Z� h[gZjm`beb�� qlh� \� kemqZ_�
g_hj]Zgbq_kdh]h�djZkbl_ey�l_fi_jZlmjZ�Dxjb�\�k_dlhj_�kh^_j`Zs_f�ijbf_kv�k^\b]Z�
_lky�\�klhjhgm�gbadbo�l_fi_jZlmj��ih�kjZ\g_gbx�k�qbkluf�djbklZeehf���qlh�kh]eZkm_l�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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ky�k�ZgZeh]bqguf�j_amevlZlhf��ihemq_gguf�^ey�djbklZeeZ�KDP�k�ijbf_kvx�]_fZl_bgZ, 
lZd`_�\oh^ys_c�\�ijbafZlbq_kdbc�k_dlhj�djbklZeeZ�>�-9].  

Bkoh^y�ba�ihemq_gguo�^Zgguo��ijh\h^blky�kjZ\g_gb_�oZjZdl_jZ�\ebygby�ijbf_�
kb�keh`guo�hj]Zgbq_kdbo�b�g_hj]Zgbq_kdbo�fhe_dme�gZ�k\hckl\Z�djbklZeeh\�.'3�� 

Ebl_jZlmjZ� 
1. Kb^hjdbg�:�K��>hf_ggZy�kljmdlmjZ�\�k_]g_lhwe_dljbdZo�b�jh^kl\_gguo�fZ�

l_jbZeZo��NbafZlebl��0�������� 
2. Nakamura E., // Ferroelectrics, 1992, 135, 237 
3. =jZ[h\kdbc�K�<���RgZc^rl_cg�B�<���Kljmdh\�;�:�����DjbklZeeh]jZnby��������

48, 357. 
4. Rashkovich L.N. KDP-family Single Crystals. Hilger, London-NewYork. ,1991. 
5. Zaitseva N., Carman L. // Progress in Crystal Growth, 2001, 43, 1. 
6. Kahr B., Gurney. // Chem.Rev.,2001, 101, 893. 
7. =jZ[h\kdbc�K�<���RgZc^rl_cg�B�<���Kljmdh\�;�:�����NLL��������45, 518. 
8. Blathner H., Matthias B., Merz W., // Helv.Phys.Acta, 1946, 19, 415. 
9. =jZ[h\kdbc�K�<���RgZc^rl_cg�B�<���Kljmdh\�;�:�� ���<_klgbd�Fhkdh\kdh]h�

Mgb\_jkbl_lZ��K_j��Nba���������Ijbgylh�d�i_qZlb 
 

 
 

M>D���� 

NHDMKBJH<D:�J?GL=?GH<KDH=H�BAEMQ?GBY�K�IHFHSVX�

DJBKL:EEH<�K�I?J?F?GGUF�I?JBH>HF�J?R?LDB 

:g^j__\�:�<���Dhgh\dh�:�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

���GZfb�ij_^eZ]Z_lky�bkihevah\Zlv�djbklZee-fhghojhfZlhj�\�dZq_kl\_�m\_ebqb�
\Zxs_]h�we_f_glZ�j_gl]_gh\kdh]h�fbdjhkdhiZ�\�`_kldhf�j_gl]_gh\kdhf�^bZiZahg_�� 

���DZd� ihdZaZgh� \� gZrbo� jZ[hlZo� >���@�� ijbf_g_gb_� djbklZeeZ-fhghojhfZlhjZ�
iha\hey_l� h[_ki_qblv� km[fbdjhggh_� jZaj_r_gb_� ih� h[t_dlm�� _keb� kdhfi_gkbjh\Zlv�
^bnjZdpbhggh_�jZkieu\Zgb_�imqdZ�gZ�imlb�hl�h[t_dlZ�^h�djbklZeeZ��<�>�@�[ueh�ihdZ�
aZgh�� ^h[blvky� wlh]h� fh`gh�� bkihevamy� djbklZeeZ� k� i_j_f_gguf� i_jbh^hf� j_r_ldb��
Ijb�wlhf�hdZau\Z_lky�\hafh`guf�kh\f_klblv�\�h^ghf�djbklZee_�m\_ebqb\Zxsbc�hi�
lbq_kdbc�we_f_gl�k�we_f_glhf��hkms_kl\eyxsbf�dhfi_gkZpbx�^bnjZdpbhggh]h�gZ[_�
]Z��qlh�iha\hey_l�kms_kl\_ggh�mijhklblv�wdki_jbf_glZevgh_�h[hjm^h\Zgb_��<�^hdeZ^_�
ihdZaZgZ� \hafh`ghklv� kha^Zgby�nhdmkbjmxsbo� hilbq_kdbo� kbkl_f�gZ� hkgh\_� ^_nhj�
fbjh\Zgguo�djbklZeeh\�\�djZcg_�Zkbff_ljbqghc�ko_f_�^bnjZdpbb�� 

���J_rZxsmx�jhev��k�lhqdb�aj_gby�ijZdlbq_kdh]h�\g_^j_gby�djbklZeeh\�k�i_j_�
f_gguf� i_jbh^hf� j_r_ldb� \� dZq_kl\_�nhdmkbjmxsbo� hilbq_kdbo� we_f_glh\��fh`_l�
ku]jZlv� gZebqb_� ijhkluo� ZgZeblbq_kdbo� \ujZ`_gbc�� iha\heyxsbo� e_]dh� jZkkqblZlv�
]_hf_ljbx�wdki_jbf_glZ�\�Zkbff_ljbqghc�ko_f_�^bnjZdpbb� 

���Ijh\_^_gguc�ZgZeba�iha\hebe�ihemqblv�ijhklu_�ZgZeblbq_kdb_�\ujZ`_gby��
iha\heyxsb_� jZkkqblu\Zlv� hkgh\gu_� ]_hf_ljbq_kdb_� iZjZf_lju� mklZgh\hd� �jZkklhy�
gb_�hl�h[jZapZ�^h�djbklZeeZ�b�^ebgm�nhdmkbjh\db��^ey�ijh\_^_gby�wdki_jbf_glh\�ih�
nhdmkbjh\d_� j_gl]_gh\kdh]h� baemq_gby� ^_nhjfbjh\Zggufb� djbklZeeZfb��J_amevlZlu�
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ijh\_^_ggh]h�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby�ihdZaZeb�ohjhr__�khhl\_lkl\b_�ij_^eZ�
]Z_fuo�ijb[eb`_gguo�nhjfme�k�j_amevlZlZfb�lhqguo�qbke_gguo�jZkq_lh\� 

Ebl_jZlmjZ 
1. :g^j__\�:�<���IhghfZj_\�X�<���Dhgh\dh�:�:���b�^j����Ljm^u�Lj_lv_c�GZpbh�

gZevghc� dhgn_j_gpbb� ih� ijbf_g_gbx� J_gl]_gh\kdh]h�� Kbgojhljhggh]h� baemq_gbc��
G_cljhgh\�b�We_dljhgh\�^ey�bkke_^h\Zgby�fZl_jbZeh\���k������������� 

2. :g^j__\�:�<���Dhgh\dh�:�:�� ��<_klgbd�F=M��K_jby� ��nbabdZ�� Zkljhghfby��
����������F���-52.. 

3. :g^j__\�:�<� ���IbkvfZ�\�@WLN��lhf�����\ui����klj���-11 (2001). 
 
 
 

F:L?F:LBQ?KDH?�FH>?EBJH<:GB?�<EBYGBY�
L?IEHNBABQ?KDBO�I:J:F?LJH<  
B�<J?F?GGHC�NHJFU�BFIMEVK: 

G:�IJHP?KKU�E:A?JGH=H�IE:<E?GBY�B�BKI:J?GBY�F?L:EEH< 

Eh[hd�F�=�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkfZljb\Z_lky� g_klZpbhgZjgZy� kh\f_s_ggZy� aZ^ZqZ� Kl_nZgZ�� hibku\ZxsZy�
ijhp_kku�ieZ\e_gby�b�bkiZj_gby�f_lZeeh\��Qbke_ggh_�j_r_gb_�hkms_kl\ey_lky�k�ih�
fhsvx� f_lh^Z� ^bgZfbq_kdhc� Z^ZilZpbb��Fh^_ebjh\Zgb_� iha\hey_l� gZ[ex^Zlv� y\gh�
wnn_dl�\aZbfh^_ckl\by�njhglh\�ieZ\e_gby�b�bkiZj_gby�b�mklZgh\blv�hkgh\gu_� aZdh�
ghf_jghklb�jZkkfZljb\Z_fuo�ijhp_kkh\�\�f_lZee_�b�mklZgh\blv�hilbfZevgu_�iZjZf_l�
ju�\ha^_ckl\by�gZ�Ti�b�Cu. 

FZl_fZlbq_kdh_�hibkZgb_�ijhp_kkh\�eZa_jgh]h�gZ]j_\Z��ieZ\e_gby�b�bkiZj_gby�
k\_joijh\h^ys_c�f_^b�b�lblZgZ�[ueh�\uiheg_gh�\�jZfdZo�kh\f_s_ggh]h�\ZjbZglZ�aZ�
^Zqb�Kl_nZgZ>�@��h[t_^bgyxs_]h�deZkkbq_kdmx�b�h^ghnZagmx�ihklZgh\db��FZl_fZlb�
q_kdZy�fh^_ev�kh\f_s_ggh]h�\ZjbZglZ�ij_^klZ\ey_l�kh[hc�djZ_\mx�aZ^Zqm�^ey�mjZ\g_�
gby�l_iehijh\h^ghklb�k�^\mfy�ih^\b`gufb�nZah\ufb�]jZgbpZfb��<u^_e_gb_�wg_j]bb�
ij_^iheZ]Zehkv�ih\_joghklguf� 
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=^_�L-�l_fi_jZlmjZ��Kj�����-�dhwnnbpb_glu�l_iehzfdhklb�b�l_iehijh\h^ghklb�khhl\_l�
kl\_ggh��/m , Lv -�l_iehlZ�ieZ\e_gby�b�bkiZj_gby��9sl , Vlv -�kdhjhklb�njhglh\�ieZ\e_gby�
b�bkiZj_gby���*�-�bgl_gkb\ghklv�baemq_gby��X�]Zah^bgZfbq_kdZy�kdhjhklv��1�-�ihklhyg�
gZy� Kl_nZgZ-;hevpfZgZ��Bg^_dku� V�O�Y� hagZqZ_l� ijbgZ^e_`ghklv� d� l\_j^hc��`b^dhc��
iZjhh[jZaghc� kj_^Zf�� <� dZq_kl\_� l_fi_jZlmjguo� aZ\bkbfhkl_c� l_iehnbabq_kdbo� oZ�
jZdl_jbklbd�&X�b�7L�bkihevah\Zggu�^Zggu_�ijb\_^_ggu_�\�>�@��>�@� 

Qbke_ggh_� j_r_gb_� mjZ\g_gbc� l_iehijh\h^ghklb� hkms_kl\eyehkv� k� ihfhsvx�
f_lh^Z�^bgZfbq_kdhc�Z^ZilZpbb>�@��iha\heyxs_]h�hij_^_eylv�y\guf�h[jZahf�iheh`_�
gb_�f_`nZaguo�]jZgbp��Fh^_ebjh\Zgb_�iha\hebeh�bkke_^h\Zlv�ijhp_kku�eZa_jghc�h[�
jZ[hldb�lblZgZ�b�f_^b�\�rbjhdhf�^bZihahg_�^ebl_evghklb�b�bgl_gkb\ghklb��e_`Zsbfb�
\gmljb�l_ogheh]bq_kdh]h�^bZiZahgZ��;ueb�bkihevah\Zggu���nhjfu�eZa_jgh]h�bfimevkZ�
G=G0exp(-(t/tau)2��b�* *0exp(-(t/tau)40).  

Ihemq_ggu� j_amevlZlu� ihdZaZ\rb_� \ukhdmx� wnn_dlb\ghklv� h[jZ[hldb� dhjhl�
dbfb� g_klZpbhgZjgufb� bfimevkZfb� lblZgZ� b� ijhlb\hiheh`gh_� ih\_^_gb_�f_^b�� wn�
n_dlb\ghklv� h[jZ[hldb� dhlhjhc� jZkl_l� k� ^ebl_evghklvx� bfimevkZ�� \uy\blv� jhev� b�
\ebygb_�f_lZklZ[bevguo�khklhygbc�l\_j^hc�b�`b^dhc�nZa�b�jZaebqguo�nhjf�eZa_jgh]h�
bfimevkZ� gZ� ijhp_kku� nZah\uo� i_j_oh^h\�� GZ[ex^Zehkv� \aZbfh^_ckl\b_� nZah\uo�
njhglh\��dhlhjh_�ijhy\ey_lky�ijb�^hklZlhqgh�kbevghf�g_klZpbhgZjghf�j_`bf_�eZa_j�
gh]h� \ha^_ckl\by��Ihemq_ggu_� j_amevlZlu� iha\heyxl� \uy\blv� hilbfZevgu_� j_`bfu�
\ha^_ckl\by�gZ�f_^v�b�lblZg�ijb�l_ogheh]bq_kdbo�hi_jZpbyo� 

Ebl_jZlmjZ� 
1. Mazhukin V.I. Samarskii V.V. «Mathematical modeling in technology of laser 

treatments of materials». Surv.Math. Ind.4: 85-149(1994) 
2. KijZ\hqgbd� ©Nbabq_kdb_� \_ebqbguª� ih^�j_^�� B�K�=jb]hjv_\Z�� ?�A��

F_ceboh\Z��F��Wg_j]hZlhfba^Zl�����]� 
3. «The Physical Properties of Liquid Metals» Takamichi Iida, Clarendon press Ox-

ford, 1988 
4. I�<�� ;j_keZ\kdbc�� <�B�� FZ`mdbg� ©FZl_fZlbq_kdh_� fh^_ebjh\Zgb_�

ijhp_kkh\�bfimevkgh]h�ieZ\e_gby�b�bkiZj_gby�f_lZeeZ�k�y\guf�\u^_e_gb_f�nZah\uo�
]jZgbpª��BN@�bxev��lhf�����������]� 
 
 
 

M>D������� 

L?JFHW>K�KIE:<:�<L���<�MKEH<BYO�<UKHDBO�>?NHJF:PBC 

KZ\bgZ�H�<� 

MjZevkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l�bf��:�F��=hjvdh]h 

Ba\_klgh��qlh�ijb�h[jZ[hld_�\ukhdbfb�^Z\e_gbyfb�\h�fgh]bo�f_lZeeZo�b�\�f_�
lZeebq_kdbo� kieZ\Zo�ijhbkoh^yl�nZah\u_�ij_\jZs_gby��>bgZfbdZ� wlbo�ij_\jZs_gbc�
g_�\k_]^Z�ba\_klgZ��lZd�dZd�h[uqgh�bkke_^h\Zgby�kljmdlmju�ijh\h^yl�^h�b�ihke_�h[jZ�
[hldb�^Z\e_gb_f� 

P_evx�gZklhys_c�jZ[hlu�y\ey_lky�\uy\blv�hkh[_gghklb�nZah\uo�ij_\jZs_gbc�
\�kieZ\_�<L���k�ihfhsvx�l_jfhw^k�g_ihkj_^kl\_ggh�ijb�h[jZ[hld_�k\_jo\ukhdbf�^Z\�
e_gb_f�b�khihklZ\blv�ihemq_ggu_�j_amevlZlu�k�ba\_klgufb� 
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Baf_j_gby�ijh\h^bebkv�\�ZefZaghc�dZf_j_�\ukhdh]h�^Z\e_gby�k�gZdh\Zevgyfb�
lbiZ�©aZdjm]e_gguc�dhgmk-iehkdhklvª�ijb�^Z\e_gbyo���-���=IZ� 

Ijh\_^_ggu_�bkke_^h\Zgby�ihdZaZeb��qlh�\�ij_^_eZo�ba\_klghc�nZau�\ukhdh]h�
^Z\e_gby� l_jfhw^k�kieZ\Z�ijb�pbdebjh\Zgbb�^Z\e_gby�f_gy_lky�h[jZlbfh��Ijb�i_j_�
oh^_�q_j_a�nZah\mx�]jZgbpm�l_jfhw^k�f_gy_lky�[_a�kdZqdh\��h^gZdh�ijb�kgb`_gbb�^Z\�
e_gby� g_� \ha\jZsZ_lky� d� bkoh^ghfm� agZq_gbx��Lh� _klv� ih�baf_j_gbyf� l_jfhw^k�ijb�
k\_jo\ukhdbo�^Z\e_gbyo�\hafh`gh�bamq_gb_�fh^bnbdZpbb�kieZ\h\�g_ihkj_^kl\_ggh�\h�
\j_fy�ieZklbq_kdh]h�^_nhjfbjh\Zgby��Wlh�kha^Z_l�\hafh`ghklv�bkke_^h\Zgby�\ebygby�
\ukhdbo�ieZklbq_kdbo�^_nhjfZpbc�g_�lhevdh�gZ�\hagbdgh\_gb_�gh\uo�kljmdlmjguo�kh�
klhygbc��gh�b�gZ�^bgZfbdm�ij_\jZs_gbc� 

 
 
 

M>D�������� 

WE?DLJHIJH<H>GHKLV�>B:JK?GB>:�PBGD: 
IJB�KL:LBQ?KDHF�>:<E?GBB�>H����=I: 

∗LZlmj�K�<���Eyo�L�K� 

MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��:�F��=hjvdh]h 

>bZjk_gb^� pbgdZ�ZnAs2� ba\_kl_g� dZd�fZl_jbZe�� Zgbahljhiby� k\hckl\� dhlhjh]h�
h[mkeh\e_gZ�gZebqb_f�dZd�k\ya_c�Zn-As��lZd�b�As-As� >�@��<�ij_^r_kl\mxsbo�jZ[hlZo�
ijb�d\Zab]b^jhklZlbq_kdbo�^Z\e_gbyo�^h���=IZ� >�@�g_�[ueh�h[gZjm`_gh�gbdZdbo�hkh�
[_gghkl_c�\�we_dljbq_kdbo�oZjZdl_jbklbdZo��<�lh�`_�\j_fy�ba\_klgh��qlh�\�[ebadhf�kh�
_^bg_gbb�CdAs2�kms_kl\mxl�bgbpbbjh\Zggu_�^Z\e_gb_f�nZah\u_�ij_\jZs_gby��P_ev�
gZr_c�jZ[hlu�-�baf_j_gb_�we_dljhijh\h^ghklb�ZnAs2�ijb�[he__�\ukhdbo�^Z\e_gbyo�gZ�
l_o�`_�h[jZapZo��qlh�b�\�>�@� 

>Z\e_gby� ��-���=IZ� kha^Z\Zeb� k�ihfhsvx� dZf_ju� \ukhdh]h�^Z\e_gby� k�gZdh�
\Zevgyfb�lbiZ�©aZdjm]e_gguc�dhgmk-iehkdhklvª�>�@��Baf_j_gby�ijh\h^beb�ijb�l_fi_�
jZlmj_�`b^dh]h�ZahlZ�b�ijb�dhfgZlghc�l_fi_jZlmj_� 

H[gZjm`_gh��qlh�ijb�i_j\bqghf�gZ]jm`_gbb�ijb�^Z\e_gbb�hdheh����=IZ�khijh�
lb\e_gb_� h[jZapZ� j_adh� mf_gvrZ_lky� gZ� �-�� ihjy^dZ�� Z� \[ebab� ��� =IZ� [Zjbq_kdZy�
aZ\bkbfhklv� khijhlb\e_gby� bf__l� fZdkbfmf��Ijb� kgb`_gbb� gZ]jmadb� ijb� ^Z\e_gbb�
a���=IZ�khijhlb\e_gb_�j_adh�\hajZklZ_l�gZ��-��ihjy^dZ��Wlbf�`_�^Z\e_gbyf�khhl\_lkl�
\mxl�hkh[_gghklb�\�[Zjbq_kdbo� aZ\bkbfhklyo� l_jfhw^k��H[gZjm`_gh��qlh�baf_g_gby��
ijhbkoh^ysb_�\�ZnAs2�ijb�\ha^_ckl\bb�k\_jo\ukhdbo�^Z\e_gbc�g_h[jZlbfu�� 

JZ[hlZ�\uiheg_gZ�ijb�qZklbqghc�ih^^_j`d_�]jZglZ�BRHE��EK-005-X��\�jZf�
dZo�MjZevkdh]h�gZmqgh-h[jZah\Zl_evgh]h�p_gljZ�³I_jki_dlb\gu_�fZl_jbZeu´� 

Ebl_jZlmjZ� 
1. FheeZ_\�:�X���KZcimeZ_\Z�E�:�� b� ^j��� ©M^_evgh_� we_dljhkhijhlb\e_gb_� b�

wnn_dl� OheeZ� ^bZjk_gb^Z� pbgdZ� ijb� ]b^jhklZlbq_kdhf� ^Z\e_gbb� ^h� �� =IZª� ���
G_hj]Zgbq_kdb_�fZl_jbZeu��������lhf���������k����-264 

2. <_j_sZ]bg�E�N���Ydh\e_\�?�G���Kl_iZgh\�L�G���;b[Z_\�D�O���<bgh]jZ^h\�;�<��
>Z\e_gb_� ���� f_]Z[ZjZ� \� gZdh\Zevgyo�� ba]hlh\e_gguo� ba� ZefZaZ� lbiZ� dZj[hgZ^h� ���
IbkvfZ�\�@WLN��l����1�����������k����-242 

 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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M>D��������������� 

:>KHJ;PBY�B�IH<?JOGHKLG:Y�DHGP?GLJ:PBB�:EXFBGBY 
<�KBKL?F?�AL-SN-IN 

∗QhqZ_\Z�:�F� 

DZ[Zj^bgh-;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

GZfb�[ueb�bamq_gu� l_fi_jZlmjgu_�b�dhgp_gljZpbhggu_� aZ\bkbfhklb�ih\_jo�

ghklgh]h�gZly`_gby��IG�����kieZ\h\�ljhcghc�kbkl_fu�Al-In-Sn��khklZ\e_gguo�ih�lj_f�
k_q_gbyf�dhgp_gljZpbhggh]h�lj_m]hevgbdZ��bkoh^ysbf�hl�\_jrbgu�Al ��Ljhcgu_�kieZ�
\u�]hlh\bebkv�^h[Z\e_gb_f�d�Zexfbgbx�[bgZjguo�jZkl\hjh\�Sn-In�ihklhygguo�khklZ�
\h\�Sn:In �������k_q_gb_����������k_q_gb_��b��������k_q_gb_���<k_�ihemq_ggu_�gZfb�iheb�
l_jfu�IG�bf_xl�iheh`bl_evgu_�l_fi_jZlmjgu_�dhwnnbpb_glu�\�bamq_gghf�l_fi_jZ�

lmjghf�bgl_j\Ze_��hl�����^h������D���Bahl_jfu�IG�ij_^klZ\eyxl�kh[hc�]eZ^db_�djb�

\u_�[_a�wdklj_fmfh\�  
>ey�\uqbke_gby�Z^khj[pbb�Zexfbgby�\�kbkl_fu�Al-In-Sn�gZfb�bkihevah\Zehkv�

khhlghr_gb_�
( )

irKmO

1

RT
mO1mO(N)

m
= 





∂

∂−
−= �� ]^_�

rO
iO

irK =  –� hlghr_gb_� Zlhfguo�^h�

e_c�dhfihg_glh\��L�–�l_fi_jZlmjZ�baf_j_gby�IG��Om –�dhgp_gljZpby�lj_lv_]h�^h[Z\�

ey_fh]h� dhfihg_glZ��QZklgZy� ijhba\h^gZy�
mO

1

∂

∂
� hij_^_eyeZkv� ]jZnbq_kdbf� ^bnn_�

j_gpbjh\Zgb_f�khhl\_lkl\mxs_c�bahl_jfu�IG�b�oZjZdl_jbam_l�\ebygb_�^h[Z\hd�l-]h�
dhfihg_glZ�gZ�IG�jZkl\hjZ� 

JZkq_lu�kh^_j`Zgby�Al �\�ih\_joghklghf�keh_�ljhcguo�kieZ\h\�Al-In-Sn�ijh\h�

^bebkv�ih�mjZ\g_gbx� &
(N)

i+
(V)
i

X
)(

iX ⋅+=ω
��]^_� (V)

i
X �b� )(

iX
ω  –�kh^_j`Zgb_�i–]h�dhf�

ihg_glZ�\�h[t_f_�b�ih\_joghklghf�keh_�kieZ\Z�khhl\_lkl\_ggh��ω –�fheyjgZy�ih\_jo�
ghklv�kieZ\Z� 

:^khj[pby� Zexfbgby� \� ljhcghc� kbkl_f_�Al-In-Sn� hljbpZl_evgZy�� JZkq_lu� Z^�
khj[pbb�ihdZau\Zxl��qlh�ijb�l_fi_jZlmj_�����D�fZdkbfZevgZy�Z^khj[pby�Al �khklZ\ey�

_l�^ey��-]h�jZaj_aZ���⋅10-6
�fhev�f2

�ijb�_]h�h[t_fghc�dhgp_gljZpbb�
(V)
AlX � ������Zl���

Zexfbgby��^ey��-]h�jZaj_aZ�– 14,6⋅10-6
�fhev�f2

�ijb�dhgp_gljZpbb������Zl���Zexfbgby�b�

^ey� �-]h� jZaj_aZ� ����⋅10-6
� fhev�f2

� ijb�
(V)
AlX  � ����� Zl��� Al �� JZkq_lu� ih\_joghklghc�

dhgp_gljZpbb� \� ljhcghc� kbkl_f_� Al-In-Sn� ihdZaZeb�� qlh� Zlgb[Zlghklv� oh^Z� f_`^m�
( )&
AlX b�

(V)
AlX �^ey�i_j\h]h�emq_\h]h�jZaj_aZ�bkq_aZ_l�ijb�qbke_�fhghkeh_\�n� ����Z�^ey�

\lhjh]h�–�ijb�n� ����Z�^ey�lj_lv_]h�jZaj_aZ�ijb�n = 3.  
 
 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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M>D�������� 

F?@N:AG:Y�WG?J=BY�IE?GHD�KIE:<H< 
S?EHQGUO�F?L:EEH<�G:�=J:GBP?�K�>BWE?DLJBQ?KDHC�

KJ?>HC 

EhrbpdZy�D�I���KhaZ_\�<�:���Q_jgurh\Z�J�:� 

DZ[Zj^bgh–;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�gZklhys_c�jZ[hl_��\�ijb[eb`_gbb�h^ghjh^gh]h�nhgZ�F�mq_lhf�ih\_joghklghc�
k_]j_]Zpbb�ijh\h^ylky� hp_gdb�f_`nZaghc� wg_j]bb� lhgdhc�ie_gdb� kieZ\h\�s_ehqguo�
f_lZeeh\��]jZgbqZs_c�k�^bwe_dljbq_kdbf�ihdjulb_f��dhlhjZy�jZkkfZljb\Z_lky�\�ijb�
[eb`_gbb�fh^_eb�kiehrghc�kj_^u�k�^bwe_dljbq_kdhc�ijhgbpZ_fhklvx�ε(θ) (θ–kl_i_gv�
ihdjulby��� 

M^_evgZy�f_`nZagZy�wg_j]by� �k�h^ghc�klhjhgu�ie_gdb��hp_gb\ZeZkv�\�ijb[eb�
`_gbb�h^ghjh^gh]h�nhgZ�ih�nhjfme_��jZkq_lu�ijh\h^bebkv�\�Zlhfghc�kbkl_f_�_^bgbp� 

 

0 0

1
{ [ _( )] [ ( )]} ( )[ _( ) ( )]

2j w n z w n z dz z n z n z dz
∞ ∞

+ +σ = − + ϕ −∫ ∫ ,  (1) 

 

]^_�w[n(z)] –�iehlghklv�wg_j]bb�g_h^ghjh^gh]h�we_dljhggh]h�]ZaZ��\dexqZxs_c�\�k_[y�
iehlghklv� dbg_lbq_kdhc� wg_j]bb�g_\aZbfh^_ckl\mxs_]h� we_dljhggh]h� ]ZaZ� k�ihijZ\�
dZfb�gZ�g_h^ghjh^ghklv�ihey��b�iehlghklv�wg_j]bb�h[f_ggh–dhjj_eypbhggh]h�\aZbfh�
^_ckl\by� k� ihijZ\dZfb� gZ� g_ehdZevghklv�� n-(z),n+(z)–nmgdpbb� oZjZdl_jbamxsb_�� jZk�
ij_^_e_gb_�we_dljhgghc�iehlghklb�b�iehlghklb�iheh`bl_evgh]h�aZjy^Z�gZ�f_`nZaghc�
]jZgbp_�ie_gdZ�kieZ\Z–^bwe_dljbd�>�@��JZkij_^_e_gb_�we_dljhklZlbq_kdh]h�ihl_gpbZeZ�
ϕ(z��gZ�f_`nZaghc� ]jZgbp_�gZoh^behkv�ba�mjZ\g_gby�ImZkkhgZ� k�mq_lhf� ]jZgbqZsbo�
mkeh\bc�b�mkeh\bc�g_ij_ju\ghklb�ϕ(z��b�ϕ’(z) 

JZkq_lu� ijh\h^bebkv� gZ� ijbf_j_� ie_gdb�
kieZ\Z� wd\bZlhfgh]h� khklZ\Z� 1D0.5K0.5 ]jZgbqZs_c� k�
^bwe_dljbq_kdbf� d\Zjp_\uf� ihdjulb_f�� Kl_i_gv�
ihdjulby�[jZeZkv�θ ���JZkkfZljb\Zebkv�kemqZb�dZd�\�
hlkmlkl\b_��lZd�b�ijb�gZebqbb�f_`nZagh]h�aZjy^Z��J_�
amevlZlu� \uqbke_gbc� ij_^klZ\e_gu� gZ� jbk��� \� \b^_�
aZ\bkbfhklb� f_`nZaghc� wg_j]bb� σj� hl� lhesbgu�
ie_gdb� L�� AZ\bkbfhklb� σj(L�� ohjhrh� Ziijhdkbfb-
jmxlky� nhjfmehc� σj(L)/σ∝=1+2δ/L�� ]^_� δ–ZgZeh]�
dhgklZglu�Lhef_gZ��Ba�jbk���\b^gh��qlh�\�hlkmlkl\bb�
f_`nZaguo�aZjy^h\�q1=0, q2 ��^bwe_dljbq_kdZy�kj_^Z�
kgb`Z_l�f_`nZagmx�wg_j]bx� 

GZebqb_� aZjy^h\� gZ� f_`nZaguo� ]jZgbpZo�
ijb\h^bl� d� m\_ebq_gbx�σj��Hjb_glZpby� ^bihe_c�ih�
eh`bl_evguf� aZjy^hf� d� ie_gd_� kieZ\Z�
ij_^ihqlbl_evg__�� l�d�� wg_j]_lbq_kdb�[he__� \u]h^gZ��
GZ� jbk��� agZdhf� �[�� hlf_q_gZ� IW� ]jZgbp� kieZ\–
\Zdmmf��ihemq_ggZy�ijhn��;�;��:eqZ]bjh\uf�f_lh^hf�
e_`Zs_c�dZieb�ijb�L ����D�\�\Zdmmf_����7�IZ 

 
 

Jbk�� ��� AZ\bkbfhklv� f_`nZaghc�
wg_j]bb�hl�lhesbgu�ie_gdb�kieZ\Z�
Na0.5K0.5 ]jZgbqZs_c� k� d\Zjp_f��
djb\Zy� �� – ε=3,75; q1=–0.0005 Z�_���
q2 ������Z�_���djb\Zy���– ε=1, q1=0, 
q2 ��� djb\Zy� ��– ε=3,75; q1=0.0005 
Z�_��� q2=–������� Z�_��� djb\Zy� �� – 
ε=3,75, q1=0, q2=0 (q1, q2 iehlghklb�
f_`nZagh]h� aZjy^Z� gZ� ]jZgbpZo�
ie_gdZ–ihdjulb_� b� ihdjulb_–
\Zdmmf��khhl\_lkl\_ggh� 
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Ebl_jZlmjZ� 
1. DZr_`_\� :�A��� FZf[_lh\� :�O��� KhaZ_\� <�:��� Y]Zgh\� >�<�� ��� Ih\_joghklv��

�����������k���–59 
 
 
 

M>D������������ 

IH<UR?GB?�KL:;BEVGHKLB�J?GL=?GH=J:NBQ?KDBO�
BAF?J?GBC�IJB�HIJ?>?E?GBB�:LHFGH-J:KK?B<:XSBO�

N:DLHJH< 

Dmevq_gdh\�?�:���FZehn__\�K�?���Kb^hjh\�:�:� 

;jygkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

J_gl]_gh]jZnbq_kdh_� hij_^_e_gb_� Zlhfgh-jZkk_b\Zxsbo�nZdlhjh\� ih� dhfilh�
gh\kdbf� ijhnbeyf�� bgl_]jZevguf� bgl_gkb\ghklyf� [j_]]h\kdh]h� jZkk_ygby� iha\hey_l�
gZoh^blv� mlhqg_ggu_� \hegh\u_� nmgdpbb�� hibku\Zxsb_� jZkij_^_e_gb_� we_dljhgghc�
iehlghklb�\�djbklZee_��H^gZdh�ih^h[gu_�baf_j_gby�lj_[mxl�\ukhdhc� �ihjy^dZ�������
\j_f_gghc�klZ[bevghklb�jZ[hlu�j_gl]_gh\kdhc�ZiiZjZlmju�>�@� 

Hl_q_kl\_ggu_�j_gl]_gh\kdb_�ZiiZjZlu��dhlhju_�_s_�bkihevamxlky�\�eZ[hjZlh�
jbyo��g_�h[_ki_qb\Zxl�mdZaZgghc�klZ[bevghklb��Kh]eZkgh�l_ogbq_kdbf�oZjZdl_jbklb�
dZf��baf_g_gb_�l_fi_jZlmju�hdjm`Zxs_c�kj_^u�gZ���°K�\uau\Z_l�hldehg_gb_�j_]bkl�
jbjm_fhc�bgl_gkb\ghklb�gZ� �����b�gZ� ���ijb�baf_g_gbb�iblZxs_]h�gZijy`_gby�gZ�
10%. 

P_evx�jZ[hlu�y\eyehkv�kms_kl\_ggh_�ih\ur_gb_�\j_f_gghc�klZ[bevghklb�jZ�
[hlu�j_gl]_gh\kdh]h�ZiiZjZlZ�b�lhqghklb�baf_j_gbc��>ey�bkdexq_gby�\ebygby�g_klZ�
[bevghklb�gZijy`_gby�ijhfure_gghc�k_lb�[ue�ba]hlh\e_g�lj_onZaguc�bklhqgbd�kbk�
l_fu�fhlhj-]_g_jZlhj�k�we_dljhgghc�klZ[bebaZpb_c�\uoh^gh]h�gZijy`_gby�� �>bnjZd�
lhf_lj�>JHG-��[ue�khijy`_g�k�W<F� 

�>Zevg_crb_� bkke_^h\Zgby� \j_f_gghc� g_klZ[bevghklb� jZ[hlu� ZiiZjZlmju� \u�
y\beb� l_fi_jZlmjgmx� aZ\bkbfhklv� j_]bkljbjm_fhc� ^_l_dlhjhf� �>��bgl_gkb\ghklb� hl�
l_fi_jZlmju�>�� dhlhjZy� khklZ\beZ� ����� gZ� ��°C��>ey� bkdexq_gby� wlh]h�nZdlhjZ� gZ�
dhjimk�^_l_dlhjZ�[ue�mklZgh\e_g�gZ]j_\Zl_ev��ih^dexq_gguc�d�<JL-���h[_ki_qb\Zx�
sbc�klZ[bevghklv�l_fi_jZlmju�k�lhqghklvx����°�^ey�t^=35°K�� 

Ijb�bkke_^h\Zgbb� dhfilhgh\kdbo�ijhnbe_c�ijhy\beZkv� kms_kl\_ggZy� aZ\bkb�
fhklv�bgl_gkb\ghklb�baemq_gby��^bnjZ]bjh\Zggh]h�djbklZeehf-ZgZebaZlhjhf��D:���hl�
l_fi_jZlmju�D:��>ey�D:�LiF�hgZ�khklZ\beZ������gZ���°K��Wlhl�nZdlhj�[ue�mkljZg_g�
lZd`_�l_jfhklZ[bebaZpb_c�k�ihfhsvx�<JL-2. 

Ij_^ijbgylu_�f_ju�iha\hebeb� kms_kl\_ggh�ih\ukblv� klZ[bevghklv� ZiiZjZlm�
ju�ijb�^ebl_evghc�jZ[hl_�b�kgbablv�jZa[jhk�ihdZaZgbc�^h������ 

Ebl_jZlmjZ� 
1. Cooper By. M. Compton Scattering and Electron Momentum Distributions // Adv. 

3K\V���������lhf�����K������ 
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M>D������� 

BKKE?>H<:GB?�K<HCKL<�IJHLHGHH;F?GGUO�<HEGH<H>H< 
<�DJBKL:EE:O�GBH;:L:�B�L:GL:E:�EBLBY 

:edZ_\�:�G� 
Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb 

K_]g_lhwe_dljbq_kdb_�djbklZeeu�gbh[ZlZ�b�lZglZeZlZ�eblby� �/L1EH3�b�/L7DH3) 
ij_^klZ\eyxl�h]jhfguc�bgl_j_k�^ey�kh\j_f_gghc�bgl_]jZevghc�hilbdb�[eZ]h^Zjy�\u�
khdbf�agZq_gbyf�Zdmklh-��we_dljh-�b�g_ebg_cgh-hilbq_kdbo�dhwnnbpb_glh\��Hkgh\guf�
f_lh^hf�ihemq_gby�hilbq_kdbo�\hegh\h^h\�\�wlbo�djbklZeeZo�y\ey_lky�ijhlhgguc�h[�
f_g�� 

JZg__�\�jZ[hlZo�gZ�hkgh\_�jZajZ[hlZgguo�f_lh^h\�nhjfbjh\Zgby�^Zgh�ihegh_�
kljmdlmjgh-nZah\h_�hibkZgb_�kbkl_f�+NbO3-LiNbO3�b�+7D23-LiTaO3.�B^_glbnbpbjh�
\Zgu�jZaebqgu_��α, κ1, κ2, β1, β2, β3�b�β4) HxLi 1-xNbO3�b��α, κ, β1, β2, β3�b�β4) HxLi 1-xTaO3 
djbklZeebq_kdb_�nZau��j_Zebam_fu_�\�ijhlhghh[f_gguo�k\_lh\h^Zo�/L1EH3�b�/L7D23 
[1].�GZb[hevr__� jZkijhkljZg_gb_� ihemqbeb� α−nZagu_� \hegh\h^u�� lZd� dZd� h[eZ^Zxl�
gZbf_gvrbfb�hilbq_kdbfb�ihl_jyfb�b�gZbemqrbfb�we_dljhhilbq_kdbfb�k\hckl\Zfb��
<ukhdhl_fi_jZlmjguc� ijhlhgguc� h[f_g� �<LIH�� y\ey_lky� Zevl_jgZlb\guf� f_lh^hf�
rbjhdh� bkihevam_fhc� l_ogbd_� hlh``_ggh]h� ijhlhggh]h� h[f_gZ� �HIH�� b� bf__l� jy^�
l_ogheh]bq_kdbo� ij_bfms_kl\��H^gZdh� hklZ_lky� g_ykguf�� kms_kl\mxl� eb� hlebqby� \�
k\hckl\Zo�\hegh\h^h\�ihemq_gguo�jZaebqgufb�f_lh^Zfb�� 

Bkke_^h\Zgu�hilbq_kdb_��we_dljhhilbq_kdb_��b�g_ebg_cgh-hilbq_kdb_�k\hckl\Z�
HxLi1-xNbO3�b�+xLi 1-xTaO3�\hegh\h^h\��Hij_^_e_gu�g_ebg_cgh-hilbq_kdb_�dhwnnbpb�
_glu�^ey�\k_o�j_Zebam_fuo�\�ijhlhghh[f_gguo�\hegh\h^Zo�djbklZeebq_kdbo�nZa�+xLi 1-

xNbO3�b�+xLi 1-xTaO3��MklZgh\e_gh��qlh�\h�\j_fy�nZah\uo�ij_\jZs_gbc�\hagbdZ_l�gZ�
jmr_gguc�kehc��dhlhjuc�\_^_l�d�jZkk_ygbx�k\_lZ�b�^hihegbl_evguf�hilbq_kdbf�ihl_�
jyf�� Z� lZd`_� d� ^_]jZ^Zpbb� g_ebg_cgh-hilbq_kdbo� k\hckl\� \� ijhlhghh[f_gghf� keh_��
α−nZagu_� \hegh\h^u� ihemq_ggu_� <LIH� f_lh^hf� iheghklvx� khojZgyxl� g_ebg_cgh-
hilbq_kdb_�k\hckl\Z�bkoh^gh]h�djbklZeeZ��Ih�baf_j_gguf�^Zgguf�ihem\hegh\h]h�gZ�
ijy`_gby�fh`gh�kdZaZlv��qlh�we_dljhhilbq_kdb_�dhwnnbpb_glu�α−nZaguo�\hegh\h^h\��
ihemq_gguo�hl`b]hf�\ukhdhdhgp_gljZpbhgguo�βi-nZa�b�<LIH�f_lh^hf��g_agZqbl_ev�
gh�hlebqZxlky�hl�we_dljhhilbq_kdbo�dhwnnbpb_glh\�qbklh]h�djbklZeeZ�� 

Ebl_jZlmjZ 
1. Korkishko Yu.N., Fedorov V.A. Ion Exchange in Single Crystals for Integrated 

Optics and Optoelectronics // Cambridge International Sci. Publ. - 1999. - P. 97 - 269. 
 

 
 

M>D 392 

>?NHJF:PBB�DJB<HEBG?CGUO�LJM;�BA�=BI?JMIJM=BO�
F:L?JB:EH<�< G?H>GHJH>GHF�IHE?�L?FI?J:LMJ 

Dhamebg�:�:���Kdjbigyd�<�:���KZ\_ev_\�G�E� 
Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Ijb� wdkiemZlZpbb�ihebf_jguo� ljm[hijh\h^h\� ]hjyq_]h�\h^hkgZ[`_gby�\hagb�
dZ_l�g_h[oh^bfhklv�dhfi_gkZpbb�l_jfbq_kdbo�jZkrbj_gbc�ljm[��K�wlhc�p_evx�bkihev�
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amxlky� we_f_glu� dhgkljmdpbc��ij_^klZ\eyxsb_� kh[hc� djb\hebg_cgu_� ljm[u��<�^Zg�
ghc� jZ[hl_� ij_^eh`_gZ� f_lh^bdZ� jZkq_lZ� ^_nhjfZpbc� dhfi_gkZlhjh\� l_jfbq_kdbo�
jZkrbj_gbc� ihebf_jguo� ljm[hijh\h^h\�� k� bkihevah\Zgb_f� j_amevlZlh\� dhg_qgh-
we_f_glgh]h�fh^_ebjh\Zgby��Ijb�fh^_ebjh\Zgbb�ihebf_jguo�ljm[�mqblu\Z_lky�]bi_�
jmijm]h_�ih\_^_gb_� l_jfhieZklbq_kdbo�fZl_jbZeh\�b�baf_g_gb_�bo�ijhqghklguo� oZ�
jZdl_jbklbd� \�^bZiZahg_� wdkiemZlZpbhgguo� l_fi_jZlmj� ljm[hijh\h^h\� -�hl� ���ºK�^h�
+75ºK�>�@��<�mdZaZgghf�^bZiZahg_�l_fi_jZlmj�bkke_^h\ZgZ�aZ\bkbfhklv�baf_g_gby�^eb�
gu�^\mo�lbih\�dhfi_gkZlhjh\�hl�k`bfZxsbo�mkbebc��Ihemq_ggu_�j_amevlZlu�k\b^_�
l_evkl\mxl�h�lhf��qlh�jZkkfhlj_ggu_�dhgkljmdpbb�h[eZ^Zxl�kihkh[ghklvx�mijm]h�^_�
nhjfbjh\Zlvky� ijb� baf_g_gbb� ^ebgu� dhfi_gkZlhjZ� ^h� ����Bkke_^h\Zgby� ihdZaZeb��
qlh� jZkq_lgu_� agZq_gby� gZijy`_gbc� \� kl_gdZo� ljm[� dhfi_gkZlhjh\�� ihemq_ggu_� ijb�
fh^_ebjh\Zgbb�k�mq_lhf�]bi_jmijm]h]h�ih\_^_gby�l_jfhieZklh\��gb`_��q_f�\�ebg_cgh-
mijm]hf� ijb[eb`_gbb��Ijb� baf_g_gbb� ^ebgu� dhfi_gkZlhjh\� gZ� ���� fZdkbfZevgu_�
agZq_gby�bgl_gkb\ghklb�gZijy`_gbc�\�©dhfi_gkbjmxs_c�i_le_ª�\���jZaZ�gb`_��q_f�\�
©dhfi_gkbjmxs_c� kdh[_ª�� Mqblu\Zy� wnn_dl� kgb`_gby� ^he]h\_qghklb� l_jfhieZklh\�
ijb� m\_ebq_gbb� gZijy`_gby��fh`gh� ijh]ghabjh\Zlv� [hevrbc� j_kmjk� ©dhfi_gkbjmx�
s_c�i_lebª�ih�kjZ\g_gbx�k�^jm]bfb�dhfi_gkZlhjZfb� 

Ebl_jZlmjZ 
1. Kdjbigyd�<�:���Mklx]h\�<�:���KZ\_ev_\�G�E���Dhamebg�:�:�� ©GZijy`_ggh-

^_nhjfbjh\Zggh_� khklhygb_�\�ijyfhebg_cguo�ihebf_jguo� ljm[Zo��gZoh^ysboky�ih^�
^Z\e_gb_f�ijb�ih\ur_gguo� l_fi_jZlmjZoª���>hdeZ^u� dhgn_j_gpbb��nbabdZ�b�obfby�
\ukhdhwg_j]_lbq_kdbo�kbkl_f��-�Lhfkd��L=M��������K����-86. 
 
 
 

M>D������� 

IJHLHGHH;F?GGU?�<HEGH<H>GU?�KLJMDLMJU 
<�KL?OBHF?LJBQ?KDBO�DJBKL:EE:O�GBH;:L:�EBLBY 

Njheh\Z�F�<� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb 

Gbh[Zl�eblby��LiNbO3��y\ey_lky�fZl_jbZehf�rbjhdh�ijbf_gy_fuf�\�kh\j_f_g�
ghc� bgl_]jZevghc� hilbd_� [eZ]h^Zjy� k\hbf� \ukhdbf� we_dljh-�� Zdmklh-� b� g_ebg_cgh-
hilbq_kdbf� k\hckl\Zf�� >ey� ba]hlh\e_gby� bgl_]jZevgh-hilbq_kdbo� dhfihg_glh\�� dZd�
ijZ\beh�� bkihevamxl� djbklZeeu� gbh[ZlZ� eblby� dhg]jmwglgh]h� khklZ\Z��H^gbf� ba� hk�
gh\guo� f_lh^h\� nhjfbjh\Zgby� hilbq_kdbo� \hegh\h^h\� \� wlbo� djbklZeeZo� y\ey_lky�
ijhlhgguc� h[f_g� �IH��� JZg__� [ueb� ihkljh_gu� kljmdlmjgh-nZah\u_� ^bZ]jZffu� ^ey�
jZkijhkljZg_gguo� kj_ah\�gbh[ZlZ�eblby��b^_glbnbpbjh\Zgu�jZaebqgu_� djbklZeebq_�
kdb_�nZau�HxLi1-xNbO3��j_Zebam_fu_�\�ijhlhghh[f_gguo�k\_lh\h^Zo�\�gbo��b�bamq_gu�
bo�kljmdlmjgu_�b�hilbq_kdb_�k\hckl\Z�>�@� 

DjbklZeeu�dhg]jmwglgh]h�khklZ\Z�hlebqZxlky�[he__�jZamihjy^hq_gghc�kljmdlm�
jhc��q_f� djbklZeeu� kl_obhf_ljbq_kdh]h� khklZ\Z�b�h[eZ^Zxl�ih\ur_gghc�dhgp_gljZ�
pb_c�^_n_dlh\�jZaebqgh]h�jh^Z��Z�\ke_^kl\b_�wlh]h�–�\ukhdhc�nhlhj_njZdlb\ghc�qm\�
kl\bl_evghklvx��qlh�h]jZgbqb\Z_l�bo�ijbf_g_gb_�\�hilbq_kdbo�mkljhckl\Zo��jZ[hlZx�
sbo� k� bkihevah\Zgb_f� dhjhldbo� ^ebg� \heg��DjbklZeeu� kl_obhf_ljbq_kdh]h� gbh[ZlZ�
eblby��KGE��[he__�mihjy^hq_gu�b�[he__�klhcdb�d�hilbq_kdhfm�ih\j_`^_gbx��Ihwlhfm�
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nhjfbjh\Zgb_�b�bkke_^h\Zgb_�hilbq_kdbo�\hegh\h^h\�\�KGE�ij_^klZ\ey_l�bgl_j_k�^ey�
kh\j_f_gghc�bgl_]jZevghc�hilbdb� 

>ey�nhjfbjh\Zgby� ijhlhghh[f_gguo� k\_lh\h^h\� bkihevah\Zeky� ijyfhc�IH� k�
ihke_^mxsbf�hl`b]hf�gZ�\ha^mo_��<�dZq_kl\_�bklhqgbdh\�IH�bkihevah\Zebkv�jZkieZ�
\u�[_gahcghc�b�kl_Zjbgh\hc�dbkehl��Z�lZd`_�^b]b^jhnhknZlZ�Zffhgby��NH4H2PO4���<�
wdki_jbf_glZo�bkihevah\Zebkv�ieZklbgu�kl_obhf_ljbq_kdbo�djbklZeeh\�LiNbO3�hilb�
q_kdh]h�dZq_kl\Z�[Zah\h]h�Z-kj_aZ� 

<�jZ[hl_�ihemq_gu� aZ\bkbfhklb�ijbjZs_gby�ihdZaZl_ey�ij_ehfe_gby�g_h[ud�
gh\_ggh]h� emqZ� hl� ihi_j_qghc� ^_nhjfZpbb� gZ� ih\_joghklb� \hegh\h^Z� b� hij_^_e_gu�
mkeh\by�nhjfbjh\Zgby�\hegh\h^h\��kh^_j`Zsbo�jZaebqgu_�nZau�HxLi1-xNbO3. 

Ebl_jZlmjZ 
1. Korkishko Yu.N., Fedorov V.A., Ion exchange in single crystals for integrated op-

tics and optoelectronics. Cambridge International Science Publishing, Cambridge, UK, 1999, 
p.97-269. 
 
 
 

M>D���������������� 

L?FI?J:LMJG:Y�A:<BKBFHKLV�IH<?JOGHKLGH=H 
G:LY@?GBY�K<BGP:�K�F:EUFB�>H;:<D:FB�GBD?EY 

=m[`hdh\ F.F.1), B[jZ]bfh\ O.B.2), DZgqmdh_\ <.A.1), Ihg_`_\ F.O.1), 
KhaZ_\Z :.;.1), KhaZ_\ <.:.1), OZkZgh\ :.B.2) 

1) 
DZ[Zj^bgh-;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��]��GZevqbd� 

2) 
Dhfie_dkguc�gZmqgh-bkke_^h\Zl_evkdbc�bgklblml�J:G��]��=jhaguc 

Ih\_joghklgu_� k\hckl\Z�`b^dbo� kieZ\h\� kbkl_fu� k\bg_p-gbd_ev� ijZdlbq_kdb�
g_�bamq_gu��<�l\_j^hf�khklhygbb�gbd_ev�fZehjZkl\hjbf�\�k\bgp_��ij_^_e�jZkl\hjbfh�
klb������Zl���Ni�ijb����ºK���Ihwlhfm��ih^h[gu_�kbkl_fu�ij_^klZ\eyxl�bgl_j_k�k�lhqdb�
aj_gby�dhgkljmbjh\Zgby�dhfihabpbhgguo�ijbih_\��<�k\yab�k�wlbf�g_h[oh^bfu�^Zggu_�
h�ihebl_jfZo�ih\_joghklgh]h�gZly`_gby��IG��b�m]eh\�kfZqb\Zgby�� 

<� gZklhys_c� jZ[hl_� f_lh^hf� e_`Zs_c� dZieb�� k� bkihevah\Zgb_f� ]jZnblh\uo�
ih^eh`_d� \� ]_eb_\hc� Zlfhkn_j_� bamqZxlky� ihebl_jfu� IG� `b^dbo� kieZ\h\� Ni 0.01 
Zl��-Pb, Ni� ����� Zl��-Pb Ni� ���� Zl��-Pb��KieZ\e_gb_� k\bgpZ� k� gbd_e_f� ijh\h^beb� \�
d\Zjp_\uo�ZfimeZo�k�bkihevah\Zgb_f�eb]Zlmju��dhlhjmx�ihemqZeb�ba�qbkluo�gZ\_khd�
k\bgpZ�fZjdb�K������b�ihjhrdh\h]h�gbd_ey�l_ogbq_kdhc�qbklhlu��<�ijhp_kk_�ieZ\db�
jZkieZ\�bgl_gkb\gh�i_j_f_rb\Zeky�� aZl_f� aZdjbklZeebah\u\Zeky��ihemqb\rbcky�keb�
lhd�ba\e_dZeky�ba�Zfimeu��b�ba�g_]h�[jZebkv�gZ\_kdb�^ey�bkke_^h\Zgby�IG��I_j_^�ba�
f_j_gb_f�\�dZf_jm�gZimkdZeky�]_ebc��aZl_f�ijhba\h^beZkv�hldZqdZ�^h���-2

�IZ�b�\gh\v�
gZimkdZeky�]_ebc��<�qZr_qdm�ba�]jZnblZ�dZiey�kieZ\Z�ih^Z\ZeZkv�q_j_a�d\Zjp_\mx�\h�
jhgdm�k�\ulygmluf�dZibeeyjhf��J_amevlZlu�baf_j_gbc�ij_^klZ\e_gu�gZ�jbk��� 

Ba�jbkmgdZ�\b^gh��qlh�aZ\bkbfhklb�1�L��g_ebg_cgu_��dmihehh[jZagu_�k�fZdkb�
fmfhf�ijb�L ���-700ºK��K�m\_ebq_gb_f�l_fi_jZlmju�dhgp_gljZpby�bgZdlb\ghc�ijb�
f_kb��Ni��m\_ebqb\ZeZkv��qlh�ijb\h^bl�d�jhklm�1��gh�k�^jm]hc�klhjhgu�jhkl�l_fi_jZlm�
ju�^he`_g�ijb\h^blv�d�kgb`_gbx�1��Wlb��\�hkgh\ghf��^\Z�dhgdmjbjmxsbo�ijhp_kkZ�
\ebyxl�gZ�l_fi_jZlmjgmx�aZ\bkbfhklv�IG� 
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Jbk����Ihebl_jfu�IG�`b^dbo�kieZ\h\�kbkl_fu�Ni-Pb: 1-0,01, 2-0,05, 
3-����Zl���Ni. 

 
 
 

M>D������33.73 

FH>?EBJH<:GB?�BGL?GKB<GHKLB�WE?DLJHGH< 
K�O:J:DL?JBKLBQ?KDBFB�IHL?JYFB�WG?J=BB 
IJB�KBFF?LJBQGHC�HJB?GL:PBB�DJBKL:EE: 

Audh\�:�<� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb�

�l_ogbq_kdbc�mgb\_jkbl_l� 

H^gbf�ba�hkgh\guo�ZgZeblbq_kdbo�f_lh^h\�kh\j_f_gghc�ijhk\_qb\Zxs_c�we_d�
ljhgghc� fbdjhkdhibb� y\ey_lky� ki_dljhkdhiby� wg_j]_lbq_kdbo� ihl_jv� [ukljuo� we_d�
ljhgh\�� Hg� hkgh\Zg� gZ� ZgZeba_� bgl_gkb\ghklb� we_dljhgh\� g_mijm]h� jZkk_ygguo� gZ�
\gmlj_ggbo�h[hehqdZo�Zlhfh\�h[jZapZ�b�i_j_^Z\rbo�_fm�qZklv�k\h_c�wg_j]bb��Wg_j]by��
dhlhjZy�l_jy_lky�[ukljuf�we_dljhghf�ijb�wlhf��y\ey_lky�oZjZdl_jghc�\_ebqbghc�^ey�
dZ`^h]h�khjlZ�Zlhfh\�>�@��Bkke_^h\Zgb_�aZdhghf_jghklb�jZkk_ygby�we_dljhgh\�k�oZjZd�
l_jbklbq_kdbfb� ihl_jyfb� \� g_h^ghjh^guo� ih� khklZ\m� ihemijh\h^gbdh\uo� h[jZapZo�
hldju\Z_l�imlb�^ey�bo�ehdZevgh]h�fbdjhZgZebaZ� 

<�hkgh\_�ljZ^bpbhggh]h�dhebq_kl\_ggh]h�fbdjhZgZebaZ�e_`bl�ij_^iheh`_gb_�h�
lhf��qlh�h[jZa_p�y\ey_lky�h^ghjh^ghc� kj_^hc��g_�bf_xs_c�j_]meyjghc�kljmdlmju��<�
wlhf�kemqZ_�ij_^iheZ]Z_lky��qlh�bgl_gkb\ghklb�we_dljhgh\�k�oZjZdl_jbklbq_kdbfb�ih�
l_jyfb� wg_j]bb�ijyfh�ijhihjpbhgZevghc�bgl_gkb\ghklb�mijm]h�jZkk_ygguo�we_dljh�
gh\�� <� djbklZeebq_kdbo� h[jZapZo� \Z`gmx� jhev� b]jZ_l� ^bgZfbq_kdZy� ^bnjZdpby� iZ�
^Zxsbo�[ukljuo�we_dljhgh\�gZ�i_jbh^bq_kdhf�ihl_gpbZe_�j_r_ldb��ijb\h^ysZy�d�i_�
j_jZkij_^_e_gbx�iehlghklb�we_dljhggh]h�ihlhdZ� 

>ey�bkke_^h\Zgby�\ebygby�fgh]hemq_\uo�^bgZfbq_kdbo�^bnjZdpbhgguo�wnn_d�
lh\�gZ�jZkk_ygb_�we_dljhgh\�k�oZjZdl_jbklbq_kdbfb�ihl_jyfb�wg_j]bb�[ueh�\uiheg_gh�
fh^_ebjh\Zgb_� lhesbgghc� aZ\bkbfhklb�bgl_gkb\ghklb�ijhr_^r_]h�b�^bnjZ]bjh\Zg�
gh]h�imqdh\�ijb�kbff_ljbqghc�hjb_glZpbb�djbklZeeZ��MklZgh\e_gh��qlh�^ey�g_mijm]h�
jZkk_ygguo� we_dljhgh\� khojZgyxlky� lhesbggu_� hkpbeeypbb� bgl_gkb\ghklb�� k\hckl�
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\_ggu_�mijm]hfm�jZkk_ygbx��:fieblm^Z�wlbo�hkpbeeypbc�mf_gvrZ_lky�k�jhklhf�\_eb�
qbgu�ihl_jb�wg_j]bb�b�m]eZ�k[hjZ��dhlhjuc�hij_^_ey_lky�^bZf_ljhf�h[t_dlb\ghc�^bZ�
njZ]fu��\u^_eyxs_c�ijhr_^rbc�beb�h^bg�ba�^bnjZ]bjh\Zgguo�imqdh\�ba�ihlhdZ�jZk�
k_ygguo�h[jZaphf�qZklbp� 

JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�]jZglh\�?��-3.4-���b�:��-2.9-298 
Fbgh[jZah\Zgby�Jhkkbb� 

Ebl_jZlmjZ� 
1. Egerton R.F., Electron energy-loss spectroscopy in the electron microscope. New 

York: Plenum Press, 1986, p. 416. 
 
 
 
 

M>D������ 

WE?DLJBQ?KDB?�K<HCKL<:�G:GHDJBKL:EEBQ?KDH=H�
>BHDKB>:�PBJDHGBY�IJB�<UKHDBO�>:<E?GBYO 

Lj_nbeh\Z�:�G���Dhjbhgh\�B�<���;Z[mrdbg�:�G� 

MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�nZdmevl_l 

Bamq_gb_�\ebygby�\ukhdbo�^Z\e_gbc�gZ�k\hckl\Z�l\zj^uo�l_e�y\ey_lky�h^ghc�ba�
\Z`guo�b�bgl_j_kguo�ijh[e_f�nbabdb�l\zj^h]h�l_eZ��Ba\_klgh��qlh�ijb�k\_jo\ukhdbo�
^Z\e_gbyo�\_s_kl\Z�ij_l_ji_\Zxl�kljmdlmjgu_�ij_\jZs_gby��jZ^bdZevgh�baf_gyxlky�
bo�we_dljhggu_�kljmdlmju��H^ghc�ba�aZ^Zq�nbabdb�\ukhdbo�^Z\e_gbc�y\ey_lky�bkke_�
^h\Zgb_� ijbgpbibZevgh� gh\uo� fZl_jbZeh\�� d� dhlhjuf� hlghkblky� ^bhdkb^� pbjdhgby�
(ZrO2). 

JZaf_jgu_� wnn_dlu� \� mevljZ^bki_jkguo� kbkl_fZo� ijb\e_dZxl� hkh[h_� \gbfZ�
gb_��lZd�dZd�hgb�ijb\h^yl�d�gh\uf��g_h[uqguf�^ey�h^ghjh^guo�fZdjhkdhibq_kdbo�l_e�
k\hckl\Zf��\Z`guf�k�lhqdb�aj_gby�ijZdlbq_kdh]h�ijbf_g_gby� 

Baf_j_gby�khijhlb\e_gby�ZrO2�gZ�ihklhygghf�lhd_�ijh\h^bebkv�\�dZf_j_�\ukh�
dh]h�^Z\e_gby� k�gZdh\Zevgyfb� lbiZ� ³aZdjm]e_gguc� dhgmk-iehkdhklv´��Khijhlb\e_gb_�
gZdh\Ze_g� ijb� ihklhygghf� lhd_� khklZ\ey_l� g_� [he__� ���Hf� b� bf__l� g_agZqbl_evgmx�
l_fi_jZlmjgmx�aZ\bkbfhklv� 

Ijh\_^_gu�bkke_^h\Zgby�\ebygby�jZaf_jh\�djbklZeeblh\�gZ�k\hckl\Z�^bhdkb^Z�
pbjdhgby�ijb� \ukhdbo� ^Z\e_gbyo��;ueb�baf_j_gu� we_dljhkhijhlb\e_gby�fZkkb\gh]h�
h[jZapZ�b�h[jZaph\�k�jZaf_jhf�djbklZeeblh\�\����b����gf�ijb�^Z\e_gbyo����–����=IZ�\�
^bZiZahg_�l_fi_jZlmj����–�����D� 

Ijb�^Z\e_gbyo�^h� ���=IZ� khijhlb\e_gby�\k_o�h[jZaph\�\hajZklZxl�gZ�3-��ih�
jy^dZ��L_fi_jZlmjgZy�aZ\bkbfhklv�khijhlb\e_gby�bf__l�Zdlb\Zpbhgguc�oZjZdl_j�ijb�
\k_o�\_ebqbgZo�^Z\e_gby��Ijb�^Z\e_gbyo���-���=IZ�bf__l�f_klh�fZdkbfmf�wg_j]bb�Zd�
lb\Zpbb�b�ehdZevguc�fZdkbfmf�khijhlb\e_gby��qlh�iha\hey_l�ij_^iheh`blv�kms_kl�
\h\Zgb_�kljmdlmjgh]h�nZah\h]h�i_j_oh^Z�\�ZrO2 ijb�^Z\e_gbb�hdheh����=IZ� 

Ihemq_ggu_�agZq_gby�wg_j]bb�Zdlb\Zpbb�Ea�b�iZjZf_lj R0�aZ\bkyl�hl�jZaf_jh\�
djbklZeeblZ��K� mf_gvr_gb_f� jZaf_jh\� djbklZeeZ� \hajZklZ_l� wg_j]by� Zdlb\Zpbb��Wlh�
iha\hey_l� ij_^iheh`blv�� qlh� ih\_joghklgu_� wnn_dlu� agZqbl_evgh� \ebyxl� gZ� f_oZ�
gbafu�ijh\h^bfhklb�ijb�\ukhdbo�^Z\e_gbyo� 
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M>D 681.7.068 

VISUALIZATION OF MECHANICAL STRESS DISTRIBUTION IN SOLID 
BY MECHANOLUMINESCENCE 

Makarova N.U. 

Vladimir State University 

Measurement of stress distribution is of great importance for solids in order to im-
prove their reliability and extend their application. It is difficult to measure stress distribution 
of a dynamic moving part such as a cutting tool or gas turbine using usual electrical methods. 
It is possible to use the mechanoluminescence (ML) phenomenon to directly display stress 
distribution. Unlike electrical signals, light can be monitored without electrodes and electrical 
connections to the necessary object and without any physical contact. The ML skin can be 
widely used in many applications such as novel mechano-optical devices, pre-detection of a 
sudden fracture of construction which can be a moving object or a static object such as a tun-
nel or a bridge [1].  

Mechanoluminescence (ML) is the emission of light induced by applying any me-
chanical stress to a solid. It can be excited either by grinding, rubbing, cleaving, compressing 
or by crushing of solids. Many crystals exhibit ML, however the most strong intensity of the 
induced light possess AIIBVI semiconductor compounds (especially ZnS:Mn) [2].  

It is known, the plastic deformation in AIIBVI involves the production and the motion 
of dislocations. The dislocations in such semiconductors possess the strong electric charge. 
The moving charged dislocations excite the light-centers in the crystal (structural defects). 
This interaction leads to the light emission [3].  

According to the theoretical investigations the mathematic model of the ML transfor-
mation was proposed. The model was realized in the mathematic program MATLAB and al-
lows to calculate intensity of the induced light corresponding to the definite mechanical de-
formation. The intensity of the induced light depends on the amplitude and the time of the ap-
plying mechanical stress. In order to prove the adequacy of the proposed model we carried out 
the experiments. We obtained results which confirmed the ML model. This model can be used 
to create the ML sensor.  

References 
1. C.N. Xu, T. Watanabe, M. Akiyama. “Direct view of stress distribution in solid by 

mechanolXPLQHVFHQFH´����$SSOLHG�3KLVLFV�/HWWHUV��������9RO������������S�����-2416. 
2. B.P. Chandra, M.S. Khan, M.N. Ansari. “Cleavage mechanoluminescence in crys-

tals”// Crystal Research Technology������������������S����-302. 
3. Y.A. Ossipyan, S.Z. Shmurak. “Deformation luminescence and motion of charged 

dislocations in crystals”//Defects Insul. Cryst. Proc. Int. Conf., Riga, 1981, p 135-160. 
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NBABD:�L<?J>H=H�L?E: 2 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Gh\Zdh\Z�:eeZ�:g^j__\gZ 

 

M>D����������� 

KLJMDLMJGH->BG:FBQ?KDB?�O:J:DL?JBKLBDB 
:FHJNGUO�KIE:<H<�NI-B 

Debf_gdh�G��:���H\qbggbdh\�K�=��KblmoZ�G�<� 

H[gbgbkdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l�Zlhfghc�

wg_j]_lbdb 

Ba�wdki_jbf_glZevguo�^Zgguo�ih�jZkk_ygbx�f_^e_gguo�g_cljhgh\�gZ�bahlhib�
q_kdb�aZf_szgguo�h[jZapZo�Zfhjnghc�kbkl_fu�Ni-B�>�@�k�ihfhsvx�ki_pbZevgh�jZajZ�
[hlZgghc� \_jkbb� dhfie_dkZ�ijh]jZff�PRANA�ihemq_gu�iZjpbZevgu_�iehlghklb�nh�
ghgguo� khklhygbc� Zlhfh\�Ni )(ωNiq � b�B )(ωBq �� Z� lZd�`_� kljmdlmjgh-^bgZfbq_kdb_�

nZdlhju 
SNi-Ni ( ω,q ), SNi-B ( ω,q ), SB-B ( ω,q ). >ey�wlh]h�bkihevah\Zebkv�g_cljhggu_�ki_d�

lju��baf_j_ggu_�^ey�ljzo�h[jZaph\�xNi65
11B35�k�jZaebqguf�bahlhiguf�khklZ\hf�ih�gb�

d_ex��x���Ihemq_ggu_�iZjpbZevgu_�iehlghklb�nhghgguo�khklhygbc� )(ωNiq �b� )(ωBq kh�

ihklZ\e_gu�k�^Zggufb�wdki_jbf_glZevguo�jZ[hl�>���@��Z�lZd�`_�k�j_amevlZlZfb�l_hj_�
lbq_kdh]h�jZkq_lZ�>�@�� 

JZajZ[hlZgZ� ijh]jZffZ� FHE>BG� �gZ� yaud_� K���� ^ey� jZkq_lZ� kljmdlmjgh-
^bgZfbq_kdbo� oZjZdl_jbklbd� [bgZjguo� kbkl_f� f_lh^hf� fhe_dmeyjghc� ^bgZfbdb� gZ�
hkgh\_�f_`Zlhfgh]h�ihl_gpbZeZ��K�__�ihfhsvx�jZkkqblZgu�iZjpbZevgu_�kljmdlmjgu_�
nZdlhju�� iZjgu_� nmgdpbb� jZkij_^_e_gby�� Z\lhdhjj_eypbhggu_� nmgdpbb� kdhjhklb��
kj_^gb_� d\Z^jZlu� kf_s_gby� b� ljZ_dlhjbb� ^\b`_gby� Zlhfh\� jZagh]h� khjlZ� b� ^jm]b_�
kljmdlmjgh-^bgZfbq_kdb_�oZjZdl_jbklbdb�Zfhjnguo�kieZ\h\�Ni-B�jZaebqgh]h�khklZ\Z��
Ihemq_ggu_�jZkq_lgu_�^Zggu_�khihklZ\e_gu�k�bf_xsbfbky�wdki_jbf_glZevgufb� 

MdZaZggu_� j_amevlZlu� bkihevah\Zgu� ^ey� \uqbke_gby� l_jfh^bgZfbq_kdbo� oZ�
jZdl_jbklbd�kbkl_fu�Ni2B��dhlhju_�ihdZaZeb�hlebqby�^ey�djbklZeebq_kdh]h�b�Zfhjn�
gh]h�h[jZaph\��\�hkgh\ghf��\�h[eZklb�gbadbo�l_fi_jZlmj� 

Ebl_jZlmjZ� 
1. Ishmaev S. N., Lisichkin J. V., Pashkov A. V. etal, Neutron Study of Atomic Cor-

relations in Amorphous Isotopic Ni-B Alloys // Materials Science Forum. 2000. v.321-324. P. 
502-506. 

2. Lustig N., Lannin J. S., Hasegarva R. Vibrations density states in Amorphous 

xxBNi −1 Alloys and BNiC 2− ���3K\V��5HY��%��������Y�����������S������-6729. 

3. A_feydh\� F�� L��� Kujuo� =�� N��� Q_jghiezdh\� G�� :��� F\Z[� W�� Baf_j_gb_�
iZjpbZevguo� iehlghkl_c� dhe_[Zl_evguo� khklhygbc� Zlhfh\� 1L� b� %� ijb� ZfhjnbaZpbb�

BNi2 ���@WLN��������l������������k����-369. 

4. ;_eZs_gdh� >�� D�� Ihkljh_gb_� fh^_e_c� Zfhjngh]h� kieZ\Z� BNi2 ��� NbabdZ�
f_lZeeh\�b�f_lZeeh\_^_gb_��������l����������k���-10. 
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M>D������������� 

BKKE?>H<:GB?�KLJMDLMJU�H;EMQ?GGH=H�NHJKL?JBL:�
F?LH>HF�JK: 

DZeZrgbdh\�:�K���=hib_gdh�B�<���=jhohevkdbc�:�<� 
:fmjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

JZajZ[hldZ��kha^Zgb_�b�bkke_^h\Zgb_�l\_j^hl_evguo�eZa_jh\�gh\h]h�ihdhe_gby�- 
h^gh�ba�gZb[he__�[ukljh�jZa\b\Zxsboky�gZijZ\e_gbc�eZa_jghc�nbabdb��<_ebd�b�jZa�
ghh[jZa_g� h[t_f� nmg^Zf_glZevguo� bkke_^h\Zgbc� \� wlhf� gZijZ\e_gbb�� <� ihke_^g__�
\j_fy�j_adh�ih\ukbeky�bgl_j_k�d�gh\uf�eZa_jguf�fZl_jbZeZf��dhlhju_�fh`gh�bkihev�
ah\Zlv�\�dZq_kl\_�Zdlb\guo�kj_^�i_j_kljZb\Z_fuo�eZa_jh\�b�eZa_jh\�k�mevljZdhjhldbfb�
bfimevkZfb�\b^bfh]h�b�[eb`g_]h�BD�^bZiZahgh\��D�qbkem�gZb[he__�ba\_klguo�b�bam�
q_gguo�gZ�k_]h^gyrgbc�^_gv�eZa_jguo�fZl_jbZeh\�^Zggh]h�deZkkZ�fh`gh�hlg_klb�djb�
klZeeu�nhjkl_jblZ�k�ojhfhf��Mg2SiO4:Cr. Bkke_^h\Zgbx�h[jZah\Zgby�lhq_qguo�^_n_d�
lh\�\�hdkb^guo�djbklZeeZo�ih^�\ha^_ckl\b_f�\ukhdhwg_j]_lbq_kdbo�qZklbp�ihk\ys_gh�
agZqbl_evgh_�dhebq_kl\h�jZ[hl��H^gZdh��ih�gZrbf�^Zgguf��g_l�jZ[hl�ihk\ys_gguo�bk�
ke_^h\Zgbx�kljmdlmju�djbklZeeh\�nhjkl_jblZ�ih^\_j]gmluo�h[emq_gbx�we_dljhgZfb�
\ukhdbo�wg_j]bc� 

Ihwlhfm�p_evx�^Zgghc�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�kljmdlmjguo�baf_g_gbc�
eZa_jguo� djbklZeeh\�nhjkl_jblZ� k� ojhfhf� ih^� \ha^_ckl\b_f� \ukhdhwg_j]_lbq_kdh]h�
we_dljhggh]h�h[emq_gby��\uy\e_gb_�f_oZgbafh\�lZdbo�baf_g_gbc�\�k\yab�k�ijhp_kkZfb�
^_n_dlhh[jZah\Zgby� 

H[t_dlhf� bkke_^h\Zgby� y\eyxlky� djbklZeeu�nhjkl_jblZ�� g_e_]bjh\Zggu_�� e_�
]bjh\Zggu_�ojhfhf Cr:Mg2SiO4�������\_k����b�ihke_�h[emq_gby�we_dljhgZfb�k�nex_g�
khf� ���13

� we_dljhg�kf2
� gZ� mkdhjbl_e_� ©Fbdjhljhg� KLª� bfimevkgh]h� \ha^_ckl\by�

�BF?L� J:G���Bkke_^h\Zgb_� ijh\h^behkv� f_lh^hf� j_gl]_ghkljmdlmjgh]h� ZgZebaZ�� <�
aZ^Zqm�\oh^be�gZ[hj�klZlbklbq_kdbo�^Zgguo�^ey�dZ`^h]h�h[jZapZ�k�p_evx�\uykgblv�ih�
]j_rghklv��ihemq_ggmx�ijb�ih^]hlh\d_�^ey�bkke_^h\Zgby� 

<�j_amevlZl_�bkke_^h\Zgbc�mklZgh\e_gh��qlh 
��� \_ebqbgZ� ih]j_rghklb� j_amevlZlh\�� \ghkbfZy� jZklbjZgb_f� h[jZapZ� 0� �����

qlh� y\ey_lky�g_agZqbl_evguf�ih�hlghr_gbx�d�baf_g_gbyf�ihemqZ_fuf�\�j_amevlZl_�
h[emq_gby� 

��� ijb� h[emq_gbb� \ukhdhwg_j]_lbq_kdbfb� we_dljhgZfb� ijhbkoh^bl� k^\b]� ^b�
njZdpbhgguo�fZdkbfmfh\�\�klhjhgm�fZeuo�m]eh\��qlh�]h\hjbl�h[�baf_g_gbyo�iZjZf_l�
jh\�j_r_ldb��<hafh`gh��wlh�ijhbkoh^bl�\ke_^kl\b_�\hagbdgh\_gby�^_n_dlh\�ihke_�h[�
emq_gby�� 

 
 
 

M>D������� 

GH<UC�LBI�M=E?JH>GUO�:>KHJ;?GLH< 

FboZceh\�:�B���;Z[Z_\�<�=� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>hdeZ^�ihk\ys_g�kha^Zgbx�gh\uo�fZl_jbZeh\�gZ�hkgh\_�m]e_jh^Z��<�ihke_^gb_�
]h^u�wlhc�l_f_�ihk\ys_gh�h]jhfgh_�dhebq_kl\h�gZmqguo�im[ebdZpbc��M]e_jh^�aZgbfZ�
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_l�h^gh�ba�i_j\uo�f_kl�\�gZmqghc�ebl_jZlmj_�ih�gh\bag_�b�ijZdlbq_kdhc�agZqbfhklb�
ihemq_gguo�j_amevlZlh\� 

>_ckl\bl_evgh�� \� l_q_gb_�ihke_^gbo�iylgZ^pZlb� e_l�ihemq_gu� lZdb_� mgbdZev�
gu_�fZl_jbZeu�gZ�hkgh\_�m]e_jh^Z�dZd��ZefZagu_�ie_gdb��nme_j_gu��gZghljm[db�b�^jm�
]b_�gZghfZl_jbZeu�^bwe_dljbd��h[eZ^Zxsbc�j_dhj^ghc�l\_j^hklvx��]jZnbl�–�ihemf_�
lZee��y\ey_lky�hq_gv�e_]dbf�fZl_jbZehf��h[eZ^Zxsb_�gh\ufb�\Z`gufb�^ey�ijZdlbq_�
kdbo� p_e_c� k\hckl\Zfb��>bZiZahg� baf_g_gby�nbabq_kdbo� k\hckl\� m]e_jh^Z� j_dhj^_g��
ZefZa�–�ij_djZkguc��gZghljm[db�–�ihemijh\h^gbdb��Bkke_^h\Zgb_�\k_o�wlbo�nZa�ihdZ�
aZeh��qlh�m]e_jh^gu_�l_ogheh]bb�bf_xl�[hevrh_�[m^ms__� 

H^gZdh�\k_�i_j_qbke_ggu_�nZau�m]e_jh^Z�g_�bkq_jiu\Zxl�\k_o�\hafh`ghkl_c��
>_ckl\bl_evgh��ZefZa�–�wlh�nZaZ�m]e_jh^Z�gZ�hkgh\_�l_ljZw^jbq_kdbo�k\ya_c��qlh�h[_k�
i_qb\Z_l�\ukhdmx�`_kldhklv��=jZnbl�ihkljh_g�gZ�hkgh\_� ]_dkZ]hgZevguo�k\ya_c��qlh�
h[_ki_qb\Z_l�_fm�\ukhdmx�we_dljhijh\h^ghklv��Gh�kms_kl\m_l�lZd`_�b�ebg_cgZy�nhj�
fZ�m]e_jh^Z��\�dhlhjhc�Zlhfu�kh_^bgyxlky�\�p_ihqdm��<�bkke_^h\Zgbb�wlhc�nZau�\�ih�
ke_^g__�\j_fy�gZ[ex^Z_lky�agZqbl_evguc�ijh]j_kk� 

>Zgguc�^hdeZ^�ihk\ys_g�kha^Zgbx�m]e_jh^gh]h�gbl_\b^gh]h�fZl_jbZeZ�gZ�hk�
gh\_� wlhc�gh\hc�nZau�b�bkke_^h\Zgbx�g_dhlhjuo�_]h�nbabq_kdbo�k\hckl\��IhdZaZgh��
qlh�gbl_\b^guc�m]e_jh^guc�fZl_jbZe�iha\hey_l�kha^Zlv�ijbgpbibZevgh�gh\h_�ihdhe_�
gb_�Z^khj[_glh\��ihkdhevdm�Zlhfu�`b^dhkl_c�b�]Zah\�e_]dh�mf_sZxlky�f_`^m�p_ihq�
dZfb�m]e_jh^Z��� 

IhdZaZgh��qlh�ij_bfms_kl\h�wlh]h�fZl_jbZeZ�khklhbl�\�ijhklhl_�l_ogheh]bb�b�
j_adhfm�khdjZs_gbx�wg_j]_lbq_kdbo�aZljZl�gZ�ijhba\h^kl\h�^Zggh]h�Z^khj[_glZ� 

<� dZq_kl\_� bkoh^gh]h� fZl_jbZeZ� bkihevah\Zeky� ihebf_j� iheb\bgbeb^_goehjb  ̂
�I<>O���KljmdlmjgZy�nhjfmeZ�ihebf_jZ�� ( )−−− Q+&O&&

��
��<�ijhp_kk_�obfbq_kdhc�j_�

Zdpbb�^_]b^jh]Zeh]_gbjh\Zgby  
 

–( CCl2 – CH2)n – + 2nKOH ––-!� ���& �K��n= 2nH2O + 2nKCl 
 

hl�fhe_dmeu�ihebf_jZ�hls_ieyxlky�Zlhfu�oehjZ�b�\h^hjh^Z��b�p_ihqdZ�klZgh\blky�m]�
e_jh^ghc��Ijh^mdl�j_Zdpbb�kh^_j`bl�[hevrh_�dhebq_kl\h�Z^khj[bjh\Zgghc�hj]Zgbdb��
>ey�__�m^Ze_gby�m]e_jh^guc�fZl_jbZe�ih^\_j]Zeky�ki_pbZevghc�h[jZ[hld_�� 

<�^hdeZ^_�ijb\_^_gu�^Zggu_�bgnjZdjZkghc�b�jZfZgh\kdhc�ki_dljhkdhibb��fZk�
ki_dljhf_ljbb�� wdki_jbf_glZevguo� bkke_^h\Zgbc� Z^khj[pbhgguo� k\hckl\�� Hp_g_gZ�
ijZdlbq_kdZy� agZqbfhklv� gh\h]h� m]e_jh^gh]h� fZl_jbZeZ�� ihdZaZgu� \hafh`ghklb� _]h�
bkihevah\Zgby� \� dZq_kl\_� gZdhibl_ey� \h^hjh^Z� ^ey� gh\h]h� ihdhe_gby� ^\b]Zl_e_c�� Z�
lZd`_�\�dZq_kl\_�fZl_jbeZ�^ey�oheh^gh]h�wfbll_jZ�we_dljhgh\� 

 

 

 

M>D������� 

DHFIVXL?JGH?�FH>?EBJH<:GB?�:LHFGHC�KLJMDLMJU�

=J:GBP�A?J?G�<�G:GHDJBKL:EEBQ?KDBO�F?L:EE:O 

FZdZ_\�J�B� 

;Zrdbjkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

;hevrbgkl\h�j_Zevguo�l\_j^uo�l_e�bkihevamxlky�\�\b^_�ihebdjbklZeeh\�b�g_�
hlt_fe_fhc�qZklvx�bo�kljmdlmju�y\eyxlky�]jZgbpu�a_j_g� �=A���=A�\ebyxl�gZ�fgh]b_�
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ijZdlbq_kdb�\Z`gu_�k\hckl\Z�fZl_jbZeh\��obfbq_kdb_��we_dljbq_kdb_��fZ]gblgu_��f_�
oZgbq_kdb_��� K\hckl\Z� ihebdjbklZeeh\� h[mkeh\e_gu� g_� lhevdh� bkoh^ghc� klZlbqghc�
kljmdlmjhc� =A�� gh� b� baf_g_gbyfb� wlhc� kljmdlmju� \ke_^kl\b_� \g_rgbo� \ha^_ckl\bc��
Wlb�baf_g_gby�hij_^_eyxlky�oZjZdl_jhf� \aZbfh^_ckl\by�� aZ\bkyl�hl� \aZbfh^_ckl\by�
]jZgbp�a_j_g�k�^jm]bfb�^_n_dlZfb�j_r_ldb��Kha^Zgb_�Z^_d\Zlguo�fh^_e_c�=A�\�f_lZe�
eZo�b�^jm]bo�djbklZeebq_kdbo�fZl_jbZeZo�y\ey_lky�ZdlmZevghc� aZ^Zq_c��Qlh[u�ihgb�
fZlv� Zlhfgu_� f_oZgbafu�� hij_^_eyxsb_�nbabq_kdb_� k\hckl\Z� ihebdjbklZeebq_kdbo�
fZl_jbZeh\�� b� gZmqblvky� mijZ\eylv� wlbfb� k\hckl\Zfb�� g_h[oh^bfh� agZlv� Zlhfgmx�
kljmdlmjm�]jZgbp�a_j_g�b�we_f_glZjguo�Zdlh\�__�i_j_kljhcdb��<uykg_gb_�^_lZe_c�jZk�
iheh`_gby�Zlhfh\�\�]jZgbp_�lj_[m_l�wdki_jbf_glZ�gZ�Zlhfghf�mjh\g_�jZaj_r_gby��g_�
bkdZ`_ggh]h�ih\_joghklgufb�wnn_dlZfb�b�ih]j_rghklyfb�baf_j_gbc��eb[h�\uiheg_�
gby�qbke_gguo�jZkq_lh\�gZ�W<F��Ij_bfms_kl\Z�qbke_ggh]h�fh^_ebjh\Zgby�gZ�W<F�

ih�kjZ\g_gbx�k�h[uqguf�wdki_jbf_glhf�khklhyl�\�lhf��qlh�fh`gh�ihkljhblv�ex[mx�
kljmdlmjm�=A�b�jZkkqblZlv�ex[mx�oZjZdl_jbklbdm� GZb[he__�m^h[gufb�^ey�fh^_ebjh�
\Zgby�=A�y\eyxlky�gZghdjbklZeebq_kdb_�fZl_jbZeu��ihkdhevdm�\�gbo�m^_evguc�h[t_f�
=A�\ur_��AZ�bkoh^gmx�kljmdlmjm�[ueZ�\aylZ�d\Zab^\mf_jgZy�fh^_ev�gZghdjbklZeebq_�
kdh]h�]jZg_p_gljbjh\Zggh]h�gbd_ey�k�i_jbh^bq_kdbfb�]jZgbqgufb�mkeh\byfb��kh^_j�
`ZsZy���ki_pbZevgu_�]jZgbpu�b���ljhcguo�kludZ��Fh`gh�ijhke_^blv�baf_g_gb_�g_dh�
lhjuo�iZjZf_ljh\�\�aZ\bkbfhklb�hl�m^_evgh]h�h[t_fZ�=A�b�hl�\aZbfh^_ckl\by�]jZgbp�
a_j_g�k�^jm]bfb�^_n_dlZfb�j_r_ldb��JZkq_l�dhg_qgh]h�khklhygby�ijh\h^beky�\�fhe_�
dmeyjghc� klZlbd_�� bkihevamy�f_lh^� ih]jm`_ggh]h� ZlhfZ�� JZkkqblu\Zebkv� kljmdlmju��
kh^_j`Zsb_�^h�������Zlhfh\��;ueb�ihemq_gu�dhg_qgu_�khklhygby�kljmdlmju��wg_j]_�
lbq_kdb_�jZkij_^_e_gby� 

 
 
 

M>D��20.186 

BKKE?>H<:GB?�G:GHDJBKL:EEH<�N:CL��G:G?K?GGUO 
BA�<UKHDH>BKI?JKGH=H�:WJHAHEY 

Ehfhghkh\�:�F.1��F_rdh\�?�;�2��Yfbgkdbc�B�<�1,3 
1
Bgklblml�we_f_glhj]Zgbq_kdbo�kh_^bg_gbc�bf�:�G��G_kf_ygh\Z�J:G��

2
Nbabq_kdbc��

3
Obfbq_kdbc�nZdmevl_l�F=M�bf��F�<��Ehfhghkh\Z� 

 F_lh^� Zlhfgh-kbeh\hc� fbdjhkdhibb� rbjhdh� bkihevam_lky� ^ey� bkke_^h\Zgby�
h[t_dlh\�fbdjh-�b�gZghjZaf_jZ��\�lhf�qbke_�gZghkljmdlmj��Bamq_gb_�gZghdjbklZeeh\�b�
mihjy^hq_gguo� gZghkljmdlmj�� Z� lZd`_�f_lh^bdb� bo� ihemq_gby� \uau\Zxl� bgl_j_k� g_�
klhevdh�kh�klhjhgu�nmg^Zf_glZevghc��gh�b�ijbdeZ^ghc�gZmdb� >�@��GZfb�[ue�jZajZ[h�
lZg�f_lh^�ihemq_gby�gZghdjbklZeeh\�ba� Zwjhahey��H[gZjm`_gh�h[jZah\Zgb_�mihjy^h�
q_gguo�gZghkljmdlmj�NaCl�gZ�ih\_joghklb�kex^u�� 

GZghdjbklZeeu�h[jZah\u\Zebkv�ijb�gZg_k_gbb���F�jZkl\hjZ�NaCl�\�^bkpbeeb�
jh\Zgghc�\h^_�\�\b^_�\ukhdh^bki_jkgh]h�Zwjhahey�gZ�ih\_joghklv�k\_`_]h�kdheZ�kex�
^u��GZg_k_gb_�ijhba\h^behkv�\�ihlhd_�\ha^moZ�\�l_q_gbb��-��k_d��Bkke_^h\Zgb_�ihem�
q_gguo� kljmdlmj� ijh\h^behkv� gZ� Zlhfgh-kbeh\hf� fbdjhkdhi_� �N_flhkdZg� HgeZcg��
�P_glj�i_jki_dlb\guo�l_ogheh]bc��\�dhglZdlghf�j_`bf_�ijb�l_fi_jZlmj_�����K�b�hl�
ghkbl_evghc�\eZ`ghklb�hdheh������� 
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;ueh� h[gZjm`_gh� �Jbk����� qlh� q_j_a� ���
fbgml�ihke_�gZg_k_gby�\�g_dhlhjuo�h[eZklyo�gZ�
ih\_joghklb� h[jZapZ� gZ[ex^Zebkv� iZjZee_ev�
gu_� jy^u� gZghdjbklZeeh\� NaCl� rbjbghc�
300+���gf��\ukhlhc� ��+���gf�b�^ebghc�hl� ����
gf�^h� !���f��JZkklhygb_�f_`^m�jy^Zfb�gZghd�
jbklZeeh\� ijb� wlhf� [ueh� ����+� ���� gf�� Dhg�
ljhevgu_� baf_j_gby� ihdZaZeb�� qlh� ^Zggu_�
kljmdlmju� khojZgyebkv� gZ� h[jZapZo� b� q_j_a� ��
kmlhd��b�q_j_a�f_kyp��h^gZdh�ijb�wlhf�ijhbkoh�
^bl� bo� mdjmig_gb_� aZ� kq_l� ih\_joghklghc�
^bnnmabb�� 

Ebl_jZlmjZ� 
1. Bennewitz R., Barwich V., Bammerlin 

M., Loppacher C., Guggisberg M., Baratoff A., Meyer E., Guntherodt H.-J. Ultrathin films of 
NaCl on Cu(111): a LEED and dynamic 

2. force microscopy study//Surface Science, 1999, 438, 289–296 
 
 
 

M>D�������� 

G:GH-F:KRL:;GU?�IJ?<J:S?GBY��A–C:H��IE?GHD 
K�IHFHSVX�KD:GBJMXS?=H�AHG>H<H=H�FBDJHKDHI: 

:g^j__\Z�G�I���AZ\_^__\�?�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^gb_�]h^u�ijhp_kku�gZgh-fZkrlZ[ghc�fh^bnbdZpbb�l\_j^uo�l_e�iml_f�
\ha^_ckl\by�gZ�bo�ih\_joghklv�we_dljbq_kdbf�ihe_f�\�kdZgbjmxs_f�ahg^h\hf�fbdjh�
kdhi_��KAF��ijb\e_dZxl�ijbklZevgh_�\gbfZgb_�bkke_^h\Zl_e_c��LZd��\�wdki_jbf_glZo�
k�dj_fgb_f�b�jy^hf�f_lZeeh\��Ti, TiN, Al, Cr��[ue�ijh^_fhgkljbjh\Zg�©jbkmghdª��kh�
klhysbc�ba�gZgh\uklmih\��Ih^h[gZy�fh^bnbdZpby�jZkkfZljb\ZeZkv�dZd�j_amevlZl�eh�
dZevgh]h�hdbke_gby��beb� Zgh^baZpbb�ih\_joghklb�h[jZapZ�ih^� ahg^hf�\�ijbkmlkl\bb�
Z^khj[bjh\Zgguo�\h^yguo�iZjh\��;he__�keh`gh_�ih\_^_gb_�gZ[ex^Zehkv�\�kemqZ_�m]�
e_jh^guo�fZl_jbZeh\��G_dhlhju_�ba�gbo��gZijbf_j�]jZnblhih^h[gu_� >�@�b�ZefZahih�
^h[gu_�ie_gdb�>��@��ihdZaZeb�eb[h�gZgh\uklmiu�eb[h�gZgh\iZ^bgu�\�h[eZklb�\ha^_c�
kl\by��\�aZ\bkbfhklb��]eZ\guf�h[jZahf��hl�\_ebqbgu�ijbeh`_ggh]h�d�h[jZapZf�iheh�
`bl_evgh]h�gZijy`_gby��>ey�^jm]bo�\b^h\�m]e_jh^Z��[ueb�aZj_]bkljbjh\Zgu�kljmdlm�
ju� lhevdh� h^gh]h� lbiZ�� gZijbf_j�� lhevdh� gZgh\iZ^bgu� \� \ukhdhhjb_glbjh\Zgguo�
ie_gdZo�ibjh]jZnblZ� >��@�beb�lhevdh�gZgh\uklmiu�gZ�ih\_joghklb�ZefZaZ�k�\g_^j_g�
guf�\h^hjh^hf�>��@��Ijbjh^Z�klhev�fgh]hh[jZaghc�j_Zdpbb�m]e_jh^guo�fZl_jbZeh\�gZ�
we_dljbq_kdb_�\ha^_ckl\by�ij_^klZ\ey_l�[hevrhc�bgl_j_k�� 

GZklhysZy�jZ[hlZ�gZijZ\e_gZ�gZ�bkke_^h\Zgb_�ijhp_kkh\�fh^bnbdZpbb�gbadh�
ijh\h^ysbo� ]b^jhgbabjh\Zgguo� ZefZahih^h[guo� �a-C:H�� ie_ghd� �ih\_joghklgh_� kh�
ijhlb\e_gb_�R~ 106 Ohm/���ih^�^_ckl\b_f�we_dljbq_kdh]h�ihey�ahg^Z�KAF�� 

Jbk�����GZghdjbklZeeu�NaCl�gZ�kex^_� 



EHFHGHKH<�– 2004 

 

300 

 

GZgh\uklmi�gZ�ih\_jo�
ghklb��a-C:H��ie_gdb GZ^ibkv�µGPI¶�gZjbkh\ZggZy�gZ�ih\_joghklb�a-C:H��ie_gdb 

>ey� hkms_kl\e_gby� \ha^_ckl\bc� gZ� ie_gdb�� f_`^m� h[jZaphf� b� dZglbe_\_jhf�
ijbdeZ^u\Zehkv� bfimevkgh_� gZijy`_gb_� �eb[h� iheh`bl_evgh_�� eb[h� hljbpZl_evgh_�
beb�[biheyjgh_��\�g_kdhevdbo�lhqdZo�\^hev�aZ^Zgghc�ebgbb��\�oh^_�kdZgbjh\Zgby�dZg�
lbe_\_jZ�\�dhglZdlghf�j_`bf_��;ueh�mklZgh\e_gh��qlh�dZd�]_hf_ljbq_kdb_��lZd�b�we_d�
ljbq_kdb_�iZjZf_lju�knhjfbjh\Zguo�gZghh[t_dlh\�kms_kl\_ggh]h�aZ\bkyl�hl�nhjfu�
bfimevkZ��ijb�[biheyjghf�\ha^_ckl\bb�ihy\ey_lky�gZgh\iZ^bgZ�k�\ukhdhijh\h^ysbf�
^ghf��\�ijhlb\ghf�kemqZ_�\ha^_ckl\by�\�[hevrbgkl\_�kemqZ_\�ijb\h^yl�d�ihy\e_gbx�
gbadhijh\h^ysbo�gZgh\uklmih\� 

<hafh`guc� f_oZgbaf� h[gZjm`_gguo� gZghkljmdlmjguo� ij_\jZs_gbc� a-C:H 
ie_ghd�h[km`^Z_lky� 

Ebl_jZlmjZ� 
1. T. Mühl, H. Brückl, G. Weise, G. Reiss, J. Appl. Phys. 82 (1997) 5255. 
2. S. Myhra, Appl. Phys. A (2003), rapid communication, DOI: 10.1007/s00339-003-

2370-7 
3. T.R. Albrecht, M.M. Dovek, M.D. Kirk, C.A. Lang, C.F. Quate, D.P.E. Smith, 

Appl. Phys. Lett. 55 (1989) 1727. 
4. M. Tachiki, T. Fukuda, K. Sugata, H. Seo, H. Umezawa, H. Kawarada, Jpn. J. 

Appl. Phys. 39, (2000) 4631. 
 
 

 

M>D�����������������7 

KBGL?A�B�:LHFGH-DJBKL:EEBQ?KD:Y�KLJMDLMJ:�N:A�
<UKHDH=H�>:<E?GBY�<�KIE:<:O�D<:AB;BG:JGHC�KBKL?FU�

YB1-XYXFE2 

Pujmebg�G�E���=ZeZl�<�:� 
F=M�bf�F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� jZ[hl_� ijh\_^_gu� kbgl_a� nZa� \ukhdh]h� ^Z\e_gby� \� kieZ\Zo� d\Zab[bgZjghc�
kbkl_fu� Yb1-xYxFe2 b� j_gl]_ghkljmdlmjgh_� hij_^_e_gb_� nZah\h]h� khklZ\Z� b� Zlhfgh-
djbklZeebq_kdhc�kljmdlmju�b�djbklZeehkljmdlmjguo�iZjZf_ljh\� 
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Kbgl_a�nZa�\ukhdh]h�^Z\e_gby�ijh\h^beky�\�Bgklblml_�nbabdb�\ukhdbo�^Z\e_�
gbc�J:G�f_lh^hf�aZdZedb�ba�jZkieZ\Z�ihjhrdh\�kh_^bg_gbc�qbklhlhc�g_�f_g__��������
ij_^\Zjbl_evgh� \uieZ\e_gguo� ijb� Zlfhkn_jghf� ^Z\e_gbb�� Kbgl_a� hkms_kl\eyeky� \�
dZf_j_�lbiZ�³Lhjhb^´�ijb�l_fi_jZlmjZo�^h������D�b�^Z\e_gbb���=IZ�ih�f_lh^bd_��ih^�
jh[gh�hibkZgghc�\�>�@��;ueb�kbgl_abjh\Zgu�kieZ\u�kbkl_fu�Yb1-xYxFe2 ke_^mxsbo�kh�
klZ\h\��ih�o���������������������������������������7; 0,8; 0,9; 1. 

J_gl]_gh^bnjZdlhf_ljbq_kdh_�bkke_^h\Zgb_�hkms_kl\eyehkv�gZ�^bnjZdlhf_lj_�
>JHG-��k�bkihevah\Zgb_f�nbevljh\Zggh]h�baemq_gby�hl�`_e_agh]h�Zgh^Z�k�Z\lhfZlb�
q_kdhc�j_]bkljZpb_c�^bnjZdpbhgghc�dZjlbgu�gZ�^bZ]jZfgmx�e_glm�we_dljhggh]h�ih�
l_gpbhf_ljZ��H[jZ[hldZ�j_amevlZlh\�j_gl]_gh\kdbo�wdki_jbf_glh\�ijh\h^beZkv�ih�f_�
lh^bd_��hibkZgghc�\�>�@� 

<� j_amevlZl_� ZgZebaZ� j_gl]_gh^bnjZdpbhgguo� ^Zgguo� [ueh� mklZgh\e_gh�� qlh�
kieZ\u�\k_o�khklZ\h\�h^ghnZagu�b�bo�kljmdlmjZ�bahlbigZ�dm[bq_kdhc�nZa_�EZ\_kZ�lbiZ�
MgCu2 (C�����ijhkljZgkl\_ggZy�]jmiiZ�Fd3m�b�\�_z�we_f_glZjghc�yq_cd_�kh^_j`blky���
nhjfmevguo� _^bgbp��Hij_^_e_gb_� djbklZeeh-kljmdlmjguo� iZjZf_ljh\� ihdZaZeh�� qlh�
\_ebqbgZ�iZjZf_ljZ�we_f_glZjghc�yq_cdb�a�^ey�bgl_jf_lZeeb^Z�YbFe2 khklZ\beZ�������
c��Z�^ey�YFe2 – 7,356 c��qlh�ohjhrh�kh]eZkm_lky�k�ebl_jZlmjgufb�^Zggufb�>�@��Bamq_�
gb_�dhgp_gljZpbhgghc�aZ\bkbfhklb�iZjZf_ljZ a�ihdZaZeh��qlh�ih�f_j_�bahlbigh]h�aZ�
f_s_gby�Zlhfh\�bll_j[by�ZlhfZfb�blljby�\�kbkl_f_�Yb1-xYxFe2 ijhbkoh^bl�fhghlhg�
gh_��gh�g_ebg_cgh_�_]h�\hajZklZgb_� 

LZdbf�h[jZahf�\�j_amevlZl_�ijh\_^_gguo�bkke_^h\Zgbc�[ueb�\i_j\u_�kbgl_ab�
jh\Zgu�nZau�\ukhdh]h�^Z\e_gby�kieZ\h\�d\Zab[bgZjghc�kbkl_fuYb1-xYxFe2��ihemq_gu�
j_gl]_gh\kdb�h^ghnZagu_�h[jZapu�b�hij_^_e_gu�bo�djbklZeehkljmdlmjgu_�iZjZf_lju� 

>Zggu_�h�djbklZeehkljmdlmjguo�iZjZf_ljZo�nZa�\ukhdh]h�^Z\e_gby�\�kbkl_f_�
Yb1-xYxFe2 ijb\_^_gu�\�lZ[ebp_�b�gZ�]jZnbd_� 

 

KhklZ\��o Z��Å Vwy, Å
� Vn�_�, Å

� 

0 7,245 380,35 47,54 

0,1 7,250 381,08 47,64 

0,2 7,264 383,29 47,91 

0,3 7,269 384,08 48,01 

0,4 7,274 384,88 48,11 

0,5 7,286 386,78 48,35 

0,6 7,305 389,82 48,73 

0,7 7,311 390,78 48,85 

0,8 7,315 391,34 48,92 

0,9 7,333 394,32 49,29 

1 7,356 398,04 49,76 

 
Z�–�iZjZf_lj�we_f_glZjghc�yq_cdb� 
Vwy�-�h[t_f�we_f_glZjghc�yq_cdb� 
Vn�_ –�h[t_f��ijboh^ysbcky�gZ�nhjfmevgmx�_^bgbpm� 
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Ebl_jZlmjZ 
1. /�*��.KYRVWDQWVHY�� /�)��9HUHVKFKDJLQ��$�J��1RYLNRY��'HYLFH� RI� WRURLG� W\SH� IRU�

high pressure generation.// High temp – high press. 1977. V.9, p 637-639. 
2. =�K��@^Zgh\��:�K��Bexrbg��K�<��GbdblbgZ�>bnjZdpbhgguc�b�j_ahgZgkguc�

ZgZeba��F��³GZmdZ´�����������k� 
3. :�K��Bexrbg�<\_^_gb_�\�kljmdlmjgmx�nbabdm�j_^dha_f_evguo�bgl_jf_lZe�

ebq_kdbo�kh_^bg_gbc��F��Ba^-\h�F=M������������k�� 
 
 
 

M>D�����������������5.33/.34 

D<:GLH<H-F?O:GBQ?KDBC�:G:EBA 
DHE?;:L?EVGUO�KHKLHYGBC�����-:GLJ:OBGHG: 

∗;_j_abg�D��<���Djb\hob`bgZ�L��<���G_qZ_\�<��<� 

KZjZlh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��G�=��Q_jgur_\kdh]h 

F_lh^hf�]b[jb^gh]h�nmgdpbhgZeZ�iehlghklb�')7�%�/<3�k�[Zabkguf�gZ[hjhf�
6-��*�G�� k� bkihevah\Zgb_f� ijh]jZffu� >�@� \uiheg_g� jZkq_l� kljmdlmju�� qZklhl� ghj�
fZevguo� dhe_[Zgbc�� Z[khexlguo� bgl_gkb\ghkl_c� ihehk� \� BD� b� DJ� ki_dljZo�
9,10-ZgljZobghgZ�b� _]h�bahlhihf_jh\� kbff_ljbb�D2h��<uiheg_gh� hlg_k_gb_�b�bgl_j�
ij_lZpby�dhe_[Zl_evguo�ki_dljh\�jZkkfZljb\Z_fuo�kh_^bg_gbc��0_lh^hf�ImeZb�>�@�k�
bkihevah\Zgb_f� Ze]hjblfZ� >�@� gZc^_gh� wnn_dlb\gh_� ]Zjfhgbq_kdh_� kbeh\h_� ihe_�
9,10-ZgljZobghgZ�\� aZ\bkbfuo�b�g_aZ\bkbfuo�_kl_kl\_gguo�dhhj^bgZlZo�b�dhhj^bgZ�
lZo� kbff_ljbb��Mlhqg_gb_� d\Zglh\h-f_oZgbq_kdh]h� kbeh\h]h�ihey�ijh\h^behkv� k�bk�
ihevah\Zgb_f�qZklhl��ihemq_gguo�f_lh^hf�ebg_cgh]h�fZkrlZ[bjh\Zgby�>���@�ih�mjZ\�
g_gbx 

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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l_hjl_hj ba ννν += 2
,               (1) 

 

]^_� l_hjν -�\uqbke_ggZy�qZklhlZ�\�kf-1, a = -8.35(3)×10-6�kf��b� ������������>ey�fZkrlZ�
[bjh\Zgby�qZklhl�\Ze_glguo�dhe_[Zgbc�C=O�[ueb�bkihevah\Zgu�^jm]b_�dhwnnbpb_g�
lu� a = -0.5915(1)×10-4�kf��b = �����������ihemq_ggu_�f_lh^hf�gZbf_gvrbo�d\Z^jZlh\�k�
bkihevah\Zgb_f�wdki_jbf_glZevguo�^Zgguo�h�qZklhlZo�lhevdh�C=O�dhe_[Zgbc�fhe_dme�
ba�[Zau�^Zgguo�\�>�@��LZdZy�aZf_gZ�dhwnnbpb_glh\�\ua\ZgZ�l_f��qlh�qZklhlu�C=O�dhe_�
[Zgbc�hdZau\Zxlky�aZ\ur_ggufb�ihke_�fZkrlZ[bjh\Zgby�ih�nhjfme_������Ij_^eh`_gZ�
gh\Zy�f_lh^bdZ�ihemq_gby�wnn_dlb\guo�kbeh\uo�ihe_c�[_a�g_ihkj_^kl\_ggh]h�bkihev�
ah\Zgby� wdki_jbf_glZevguo� ^Zgguo� h� qZklhlZo� nmg^Zf_glZevguo� dhe_[Zgbc�� K� bk�
ihevah\Zgb_f�ihemq_gguo�^Zgguo�h[�Z[khexlguo�bgl_gkb\ghklyo�ihehk�\�ki_dljZo�DJ�
9,10-ZgljZobghgZ�b�k�mq_lhf�baf_g_gby�nhjf�dhe_[Zgbc�aZ�kq_l�fZkrlZ[bjh\Zgby�kb�
eh\h]h�ihey�ijh\_^_gh�fh^_ebjh\Zgb_�DJ�ki_dljZ��H[gZjm`_gh�g_lbibqgh_�jZkij_^_�
e_gb_�bgl_gkb\ghklb�^ey�^\mo�iZj�dhe_[Zgbc�lbiZ�Ag�b�B3g��dhlhjh_�h[tykg_gh�bgl_j�
n_j_gpbhggufb� wnn_dlZfb�f_`^m�dhfihg_glZfb�l_gahjZ�ijhba\h^guo�iheyjbam_fh�
klb�fhe_dmeu�ih�ghjfZevguf�dhhj^bgZlZf��Ij_^eh`_gZ�gh\Zy�bgl_jij_lZpby�^ey�q_�
luj_o�wdki_jbf_glZevgh�gZ[ex^Z_fuo�ihehk�\�ki_dlj_�DJ�����-ZgljZobghgZ� 

Ebl_jZlmjZ� 
1. Frisch M.J., Trucks G.W., Schlegel H.B. et al. Gaussian 03, Revision B.03; Gaus-

sian, Inc., Pittsburgh PA, 2003. 
2. 3XOD\�3���)RJDUDVL�*���3RQJRU�*���%RJJV�-�(���9DUJKD�:���©�ª���-��$P��&KHP��6RF��

������9�������������S������-7047. 
3. ;_j_abg� D�� <��� ©FZljbqguc� f_lh^� gZoh`^_gby� fZkrlZ[bjmxsbo�

fgh`bl_e_c� ^ey� d\Zglh\h-f_oZgbq_kdbo� kbeh\uo� ihe_c� ª���HilbdZ� b� ki_dljhkdhiby��
������L�����������k�����-397. 

4. Yoshida H., Takeda K., Okamura J., Ehara A., Matsuura H., «A New Approach to 
Vibrational Analysis of Large Molecules by Density Functional Theory: Wavenumber-Linear 
6FDOLQJ�0HWKRGª���-��3K\V��&KHP��$�������9�������������S������-3586. 

5. ;_j_abg� D�<��� G_qZ_\� <�<��� Djb\hob`bgZ� L�<��� ©Ijbf_g_gb_� f_lh^Z�
ebg_cgh]h�fZkrlZ[bjh\Zgby�qZklhl�\�jZkq_lZo�ghjfZevguo�dhe_[Zgbc�fgh]hZlhfguo�
fhe_dmeª���HilbdZ�b�ki_dljhkdhiby��������7�����������k�����-401. 

 

 

 

M>D������������� 

:=J?=:PBY�PB:GBGH<H=H�DJ:KBL?EY 
<�IJBKMLKL<BB�IHEBWE?DLJHEBLH< 

FZfqbp�?�=� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgh�\ebygb_�ihebwe_dljheblh\�gZ�fhe_dmeyjgh_�khklhygb_�ijhlb\hih�
eh`gh�aZjy`_ggh]h�pbZgbgh\h]h�djZkbl_ey��Bamq_gh�\aZbfh^_ckl\b_�iheh`bl_evgh�aZ�
jy`_ggh]h�pbZgbgh\h]h�djZkbl_ey����¶�–�^bwlbe�- 2,2’ -lbZdZj[hpbZgbg�ch^b^Z��>WD��k�
hljbpZl_evgh�aZjy`_ggufb�]_eyfb�gZ�hkgh\_�ihebZdjbeh\hc��I:D��b�ihebf_lZdjbeh�
\hc��IF:D��dbkehl��IhdZaZgh��qlh�]_eb�wnn_dlb\gh�Z[khj[bjmxl�ijhlb\hiheh`gh�aZ�
jy`_gguc� pbZgbgh\uc� djZkbl_ev��Ijb� bffh[bebaZpbb� dZlbhggh]h� djZkbl_ey�>WD� \�
Zgbhggu_� ]_eb�I:D� b�IF:D� djZkbl_ev� h[jZam_l� \� hkgh\ghf�G-Z]j_]Zlu��<� \h^ghf�
jZkl\hj_�l_o�`_�ihebwe_dljheblh\�djZkbl_ev�gZoh^blky�ij_bfms_kl\_ggh�\�nhjf_�^b�
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f_jh\�b�h^bghqguo�fhe_dme��LZdbf�h[jZahf��lj_of_jgZy�kljmdlmjZ�k_ldb�kihkh[kl\m_l�
h[jZah\Zgbx�Z]j_]Zlh\�fhe_dme�djZkbl_e_c� 

IjhZgZebabjh\Zgh� \ebygb_� ihebZgbhgh\� �I:D� b� IF:D�� gZ� h[jZah\Zgb_� G-
Z]j_]Zlh\�>WD��IhdZaZgh��qlh�\�\h^guo�jZkl\hjZo�\�ijbkmlkl\bb�ihebZdjbeh\hc�dbkeh�
lu�djZkbl_ev�khkms_kl\m_l�\�nhjf_�^bf_jh\�b�h^bghqguo�fhe_dme��lh]^Z�dZd�\�\h^guo�
jZkl\hjZo�ihebf_lZdjbeh\hc�dbkehlu�djZkbl_ev�djhf_�^bf_jh\�b�fhghf_jh\�h[jZam_l�
G-Z]j_]Zlu��<� ]_eyo�gZ�hkgh\_�ihebZdjbeh\hc�dbkehlu�bffh[bebah\Zgguc�djZkbl_ev�
khkms_kl\m_l�\�nhjf_�G-Z]j_]Zlh\��^bf_jh\�b�h^bghqguo�fhe_dme��lh]^Z�dZd�\�]_eyo�gZ�
hkgh\_�ihebf_lZdjbeh\hc�dbkehlu�djZkbl_ev�h[jZam_l�lhevdh�G-Z]j_]Zlu�b�fhghf_ju� 

Bkke_^h\ZgZ�aZ\bkbfhklv�h[jZah\Zgby�G-Z]j_]Zlh\�hl�^heb�aZjy`_gguo�a\_gv_\�
\� ihebf_jghc� k_ld_�� IhdZaZgh�� qlh� m\_ebq_gb_� iehlghklb� aZjy^Z� ihebf_jghc� p_ib�
klbfmebjm_l� h[jZah\Zgb_� Z]j_]Zlh\�fhe_dme� djZkbl_e_c��Ijh\_^_gZ� hp_gdZ� Z]j_]Zpb�
hggh]h�qbkeZ�^ey�G-Z]j_]Zlh\��IhdZaZgh��qlh�ijb�m\_ebq_gbb�dhgp_gljZpbb�djZkbl_ey�\�
\h^ghf�jZkl\hj_�ijhlb\hiheh`gh�aZjy`_ggh]h�ihebwe_dljheblZ�gZ[ex^Z_lky�jhkl�Z]�
j_]Zpbhggh]h�qbkeZ��Ijb�bffh[bebaZpbb�djZkbl_ey�\�ihebwe_dljheblghf�]_e_�Z]j_]Z�
pbhggh_�qbkeh�g_�baf_gy_lky��Ijb�mf_gvr_gbb�iehlghklb� aZjy^Z�ihebf_jguo�p_i_c�
k_ldb�]_ey�gZ[ex^Z_lky�mf_gvr_gb_�Z]j_]Zpbhggh]h�qbkeZ�JZ[hlZ�\uiheg_gZ�ijb�ih^�
^_j`d_�]jZglZ�JNNB������-03-32878). 

 

 

 

M>D��������������� 

D:EHJBF?LJBQ?KDH?�BKKE?>H<:GB?�<A:BFH>?CKL<BY�
N?GBE:E:GBG:�K�κ-�D:JJ:=BG:GHF 

=jb]hjv_\�L�?� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^g__�\j_fy�rbjhdh_�jZkijhkljZg_gb_�\�]_gghc�bg`_g_jbb�ihemqbeh�bk�
ihevah\Zgb_� we_dljhklZlbq_kdbo� dhfie_dkh\�>GD� k� iheh`bl_evgh� aZjy`_ggufb� eb�
]Zg^Zfb�–�dZlbhggufb�ihebwe_dljheblZfb�b�ebihkhfZfb�–�^ey�g_\bjmkgh]h�ljZgkihj�
lZ�]_gh\��<�hij_^_e_gguo�mkeh\byo�lZdb_�dhfie_dku�aZjy`_gu�iheh`bl_evgh��qlh�h[�
e_]qZ_l�bo�ijhgbdgh\_gb_�\�de_ldm�\�j_amevlZl_�[ukljh]h�ij_h^he_gby�hljbpZl_evgh]h�
we_dljhklZlbq_kdh]h�ihl_gpbZeZ�de_lhqghc�h[hehqdb��<ukhdZy�wnn_dlb\ghklv�i_j_^Z�
qb� ]_gghc� bgnhjfZpbb� we_dljhklZlbq_kdbfb� dhfie_dkZfb�>GD� hij_^_ey_l� ZdlmZev�
ghklv� ^_lZevgh]h� bkke_^h\Zgby� f_oZgbafh\� h[jZah\Zgby�� kljmdlmju� b� nbabdh-
obfbq_kdbo�k\hckl\�wlbo�dhfie_dkh\��H^gZdh��bkke_^h\Zgby�\�^Zgghc�h[eZklb�hkeh`�
gy_l� ljm^h_fdhklv�ihemq_gby� agZqbl_evguo� dhebq_kl\� \ukhdhhqbs_gguo�ij_iZjZlh\�
>GD��g_h[oh^bfuo�^ey�nbabq_kdbo�wdki_jbf_glh\��H^gbf�ba�iml_c�ij_h^he_gby�wlhc�
ijh[e_fu�fh`gh�jZkkfZljb\Zlv�fh^_ebjh\Zgb_�ih\_^_gby�>GD�\�ijbkmlkl\bb�eb]Zg�
^h\�g_dhlhjufb�Zgbhggufb�ihebkZoZjb^Zfb��\�qZklghklb�� ι-�b�κ-dZjjZ]bgZgZfb��Wlb�
ebg_cgu_�kbevgh�aZjy`_ggu_�ihebf_ju�k�j_]meyjghc�i_j\bqghc�kljmdlmjhc�kihkh[gu�
h[jZah\u\Zlv�^\hcgu_�kibjZeb�\�hij_^_e_gguo�mkeh\byo��Hgb�\hkijhba\h^yl�ljb�hk�
gh\gu_�nbabq_kdb_�oZjZdl_jbklbdb�>GD�–�hljbpZl_evguc� aZjy^��\ukhdmx�iehlghklv�
aZjy^Z�b�^\mkibjZevgmx�dhgnhjfZpbx� 

GZklhysZy� jZ[hlZ� ihk\ys_gZ� bkke_^h\Zgbx� ]_e_h[jZah\Zgby� d-dZjjZ]bgZgZ�
�ijbjh^gh]h�ihebkZoZjb^Z�–�ihebZgbhgZ��k�Zfbghdbkehlhc�–�n_gbeZeZgbghf��JZkkfhl�
j_gh�lZd`_�ih\_^_gb_�]_e_c�ijb�bo�bgdm[Zpbb�\�khe_\uo�jZkl\hjZo�k�jZaebqguf�pH. 

<�ijbkmlkl\bb�n_gbeZeZgbgZ�b�KCl������fhev�e��ijb�\k_o�bkke_^m_fuo�agZq_gb�
yo�jG��dbkehlghklv�kj_^u�\Zjvbjh\ZeZkv�\�ij_^_eZo���pH�����b�dhgp_gljZpbyo�iheb�
kZoZjb^Z������b������gZ[ex^Z_lky�]_e_h[jZah\Zgb_�d-dZjjZ]bgZgZ��IhdZaZgh��qlh�ihke_�
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^mxsZy�bgdm[Zpby�knhjfbjh\Zgguo�]_e_c�\�jZkl\hj_�KCl� �����fhev�e��g_�ijb\h^bl�d�
jZajmr_gbx�nbabq_kdh]h� ]_ey��H^gZdh��gZ[ex^Z_lky�qZklbqgh_�\u^_e_gb_�n_gbeZeZ�
gbgZ�ba�]_ey�\�jZkl\hj��g_�aZ\bkys__�hl�jG�kj_^u��MklZgh\e_gh��qlh�ijb�bgdm[Zpbb�]_�
e_c�dZjjZ]bgZgZ�\�khe_\uo�jZkl\hjZo�n_gbeZeZgbgZ�k�jZaebqguf�jG�gZ[ex^Z_lky�qZk�
lbqgh_�ih]ehs_gb_�n_gbeZeZgbgZ�ba�jZkl\hjZ�]_e_f��<�dbkehc�kj_^_�ih]ehs_gb_�n_�
gbeZeZgbgZ�[hevr_��q_f�\�g_cljZevghc�b�s_ehqghc�kj_^Zo� 

Bkke_^h\Zgb_�\aZbfh^_ckl\by�κ-dZjjZ]bgZgZ�k�n_gbeZeZgbghf�ijb�jG������\u�
iheg_gh�lZd`_�f_lh^hf�\ukhdhqm\kl\bl_evghc�^bnn_j_gpbZevghc�kdZgbjmxs_c�dZeh�
jbf_ljbb�� DZehjbf_ljbq_kdb_� baf_j_gby� ijh\_^_gu� gZ� ^bnn_j_gpbZevghf� Z^bZ[Zl�
ghf�kdZgbjmxs_f�fbdjhdZehjbf_lj_�³>:KF-�:´��GIH�³;bhnbaijb[hj´��\�bgl_j\Ze_�
l_fi_jZlmj���-����K�ijb�kdhjhklb�gZ]j_\Zgby���D�fbg�b�ba[ulhqghf�^Z\e_gbb���Zlf��
Dhgp_gljZpbx�ihebkZoZjb^Z� �fZljbpu��\Zjvbjh\Zeb�\�bgl_j\Ze_����-����f]�fe��Z�dhg�
p_gljZpbx�Zfbghdbkehlu��eb]Zg^Z��–�\�bgl_j\Ze_�����f]�fe�-���f]�fe��<�dZq_kl\_�nhgh�
\h]h� we_dljheblZ� bkihevah\Zeb� ��� fF� b� ���� fF KCl�� Dhfie_dku� n_gbeZeZgbg-
dZjjZ]bgZg� ihemqZeb� f_lh^hf� lbljh\Zgby�� KgZqZeZ� kf_rb\Zeb� jZkl\hju� fZljbpu� b�
eb]Zg^Z�ijb�jG� a� ����� ]^_�hgb� aZjy`_gu�h^ghbf_ggh��Z� aZl_f�f_^e_ggh�^h\h^beb�jG�
kf_kb�^h�aZ^Zggh]h�agZq_gby�\�bgl_j\Ze_��-����<�wlhf�bgl_j\Ze_�jG�fZljbpZ�aZjy`_gZ�
hljbpZl_evgh�� Z� eb]Zg^� –� iheh`bl_evgh��MklZgh\e_gh�� qlh� dZehjbf_ljbq_kdb_� iZjZ�
f_lju� �l_fi_jZlmjZ�b�wglZeviby��i_j_oh^Z�kibjZev-dem[hd�κ-dZjjZ]bgZgZ�\�ijbkmlkl�
\bb�n_gbeZeZgbgZ��hij_^_e_ggu_�ba�l_jfh]jZffu�i_j\h]h�kdZgbjh\Zgby��g_�hlebqZxl�
ky� kms_kl\_ggh� hl� iZjZf_ljh\� ^ey� k\h[h^gh]h� ihebkZoZjb^Z� \h� \k_f� bkke_^h\Zgghf�
bgl_j\Ze_�jG� 

F_lh^hf� Zlhfgh-kbeh\hc� fbdjhkdhibb� bkke_^h\Zgu� ehdZevgu_� k_ldb� d-
dZjjZ]bgZgZ��Z[khj[bjh\Zggu_�gZ�ih\_joghklb��IjhZgZebabjh\Zgh�\ebygb_�n_gbeZeZ�
gbgZ��Baf_j_gby�ijh\h^bebkv�gZ�\ha^mo_�\�j_`bf_�ij_ju\bklh]h�dhglZdlZ� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglZ�INTAS�����-243 
 

 

 

M>D�������� 

BAMQ?GB?�NHLHBG>MPBJH<:GGH=H�I?J?GHK:�A:JY>: 
<�DHFIE?DK:O�G:�HKGH<?�KHIJY@?GGUO�IHEBF?JH< 

∗;Zdmebg�:�:� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

LZdb_� dZq_kl\Z� khijy`_gguo�ihebf_jh\� dZd�ijh\h^bfhklv��f_oZgbq_kdZy� ]b[�
dhklv�b�hilbq_kdb_�k\hckl\Z�^_eZxl�bo�ijb\e_dZl_evgufb�\�kZfuo�jZaebqguo�h[eZk�
lyo��Hkh[uc�bgl_j_k�^ey�h[eZklb�nhlh\hevlZbdb�ij_^klZ\eyxl�kf_kb�ihebf_jh\�k�hj�
]Zgbq_kdbfb� Zdp_ilhjZfb�� \� dhlhjuo�gZ[ex^Zxlky�ijhp_kku� ]_g_jZpbb�b�nhlhbg^m�
pbjh\Zggh]h� i_j_ghkZ� aZjy^Z�� ijb\h^ysb_� d� ijhkljZgkl\_gghfm� jZa^_e_gbx� aZjy^h\�
f_`^m� fhe_dmeZfb� ihebf_jZ�� jZ[hlZxs_]h� dZd� ^hghj�� b� fhe_dmehc� Zdp_ilhjZ�� <�
[hevrbgkl\_� bkke_^m_fuo� kf_k_c� \aZbfh^_ckl\b_� ^hghjZ� k� Zdp_ilhjhf� ijhbkoh^bl�
lhevdh�\�\ha[m`^_gghf�khklhygbb��Hkh[uc�bgl_j_k�ij_^klZ\eyxl�kf_kb��\�dhlhjuo�^h�
ghj�k�Zdp_ilhjhf�h[jZamxl�dhfie_dk��l�_��\aZbfh^_ckl\mxl�\�hkgh\ghf�khklhygbb� 

Fu�jZ[hlZeb�k�h^gbf�ba�gZb[he__�i_jki_dlb\guo�\�h[eZklb�nhlh\hevlZbdb�ih�
ebf_jh\�–�ihebiZjZn_gbe_g\bgbe_ghf� �IN<���<�oh^_�jZ[hlu�[ueh�mklZgh\e_gh��qlh�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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ijb�^h[Z\e_gbb�\�ie_gdb�IN<�Zdp_ilhjh\�^bgbljhZgljhobghgZ�b�ljbgbljhnemhj_ghgZ�
ijhbkoh^bl��\h-i_j\uo��wnn_dlb\gh_�]Zr_gb_�nhlhexfbg_kp_gpbb�ijbf_jgh�gZ���ih�
jy^dZ��\h-\lhjuo��ihy\e_gb_�djZkgh]h�o\hklZ�ih]ehs_gby�\�h[eZklb��]^_�khklZ\eyxsb_�
kf_kb�ih�hl^_evghklb�ijhajZqgu��\-lj_lvbo��baf_g_gb_�kljmdlmju�ibdh\�nhlhbg^mpb�
jh\Zggh]h� ih]ehs_gby�� ijb� dhlhjhf� ^hfbgbjmxsbfb� klZgh\bebkv� ibdb�� khhl\_lkl�
\mxsb_�aZjy`_gguf�khklhygbyf��Ih�wlbf�j_amevlZlZf�fh`gh�k^_eZlv�\u\h^��qlh�\�bk�
ke_^m_fuo� h[jZapZo� fhe_dmeu�IN<� b� Zdp_ilhjh\� \aZbfh^_ckl\mxl� \� hkgh\ghf� kh�
klhygbb�� Ijb� nhlh\ha[m`^_gbb�� dZd� kZfh]h� ihebf_jZ� lZd� b� ihy\eyxsboky� aZ� kq_l�
\aZbfh^_ckl\by�k�Zdp_ilhjhf�mjh\g_c��ijhbkoh^bl�i_j_ghk�aZjy^Z�gZ�fhe_dmem�Zdp_i�
lhjZ��l�_��ijhbkoh^bl�nhjfbjh\Zgb_�dhfie_dkZ�k�i_j_ghkhf�aZjy^Z��H^gZdh��ih�j_amev�
lZlZf� kjZ\g_gby� k� ohjhrh�bamq_gghc� kf_kvx�IN<�b�nmee_j_gZ�K���� wnn_dlb\ghklv�
wlh]h�ijhp_kkZ�g_\ukhdZ��Hkh[h]h�\gbfZgby� aZkem`b\Z_l� lhl�nZdl��qlh�f_oZgbaf�j_�
eZdkZpbb� \ha[m`^_gby� \� aZjy^u� khojZgy_lky� ijb� \ha[m`^_gbb� \� o\hkl� ih]ehs_gby��
\hagbdZxsbc�\�j_amevlZl_�nhjfbjh\Zgby�dhfie_dkZ��Wlh�]h\hjbl�h�\hafh`ghklb�jZk�
rbj_gby�h[eZklb�qm\kl\bl_evghklb�nhlhwe_f_glh\�gZ�khijy`_gguo�ihebf_jZo� 

 
 
 

M>D�����������������8.742+548.0:535 

BKIHEVAH<:GB?�F?LH>:�L?HJBB�<HAFMS?GBC 
>EY�J?R?GBY�F:DJHKDHIBQ?KDBO�MJ:<G?GBC 
>BG:FBDB�A:P?IE?GGUO�IHEBF?JGUO�KBKL?F 

>he]mr_\�F�<��Djmlv_\Z�F�:���NZldmeebg�G�N� 

DZaZgkdbc�]hkm^Zjkl\_gguc�Mgb\_jkbl_l 

Fbdjhkdhibq_kdb_�fh^_eb�^bgZfbdb�aZp_ie_gguo�ihebf_jguo�jZkieZ\h\�ijb�
\h^yl�d�bgl_]jh-^bnn_j_gpbZevguf�mjZ\g_gbyf�^ey�Z\lhdhjj_eypbhgguo�nmgdpbc�>�-
3]: 

 

( )
0

( )
( ) ( )

t
p

p p p p

C
C t t d C t

t

∂ τ∂ τ τ γ
∂ ∂τ

+ Γ − = −∫                                (1) 

 

KljmdlmjZ�mjZ\g_gbc�����hdZau\Z_lky�^hklZlhqgh�keh`ghc��\ke_^kl\b_�keh`gh]h�
\b^Z�y^jZ� ( )p tΓ  -�nmgdpbb�iZfylb��Fu�ij_^eZ]Z_f��hkgh\u\Zykv�gZ�ih^oh^ys_f�ijb�

[eb`_gbb�nmgdpbb� iZfylb�� ihkljhblv� l_hjbx� \hafms_gbc�� dhlhjZy� iha\hey_l� ihem�
qblv�ZgZeblbq_kdb_�ijb[eb`_gby�mjZ\g_gby������ 

<� dZq_kl\_� gme_\h]h� ijb[eb`_gby�nmgdpbb� iZfylb� bkihevam_lky� wdkihg_gpb�

ZevgZy�nmgdpby� (0) ( ) pw t

p pt eγ −Γ = ��gZqZevgh_�agZq_gb_�b�gme_\hc�fhf_gl�dhlhjhc�kh\iZ�

^Z_l�k�gme_\uf�agZq_gb_f�b�gme_\uf�fhf_glhf�nmgdpbb�iZfylb�bkoh^gh]h�mjZ\g_gby�
�����?]h�j_r_gb_�� 

 

1 2(0)( ) z t z t
pC t e eα β− −= +                                                (2) 
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>Ze__� fu� kljhbf� l_hjbx� \hafms_gbc�� \\h^y� ihijZ\dm� d� wdkihg_gpbZevghc�
nmgdpbb�iZfylb� (0)( ) ( ) ( )p p pt t tδΓ = Γ − Γ ��b�\uqbkey_f�i_j\h_�ijb[eb`_gb_�^Zgghc� l_h�

jbb�\hafms_gbc� 
 

1 2(1)
1 1 2 2( ) ( ) ( )z t z t

pC t At B e A t B e− −= + + +                                      (3) 
 

>ey�^\Z`^u�j_ghjfbjh\Zgghc�fh^_eb�JZmaZ�jZkq_lu�i_j\hc�ihijZ\db�ihdZaZeb��
qlh�m`_�gme_\hc�ihjy^hd�ohjhrh�hibku\Z_l�Z\lhdhjj_eypbhggu_�nmgdpbb��LZdbf�h[�
jZahf�� ZiijhdkbfZpby�nmgdpbb� iZfylb� \� mjZ\g_gbb� ���� wdkihg_gpbZevghc�nmgdpb_c�
hdZau\Z_lky�^hklZlhqgh�m^Zqghc�� 

JZ[hlZ� ih^^_j`ZgZ� JNNB-02-03-32921, Volkswagen-Stiftung (1/74602), CRDF 
BRHE. 
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2. K.S. Schweizer // J. Chem. Phys. 91, 5822, 1989. 
3. N.Fatkullin, R.Kimmich, M.Kroutieva // JETP, V. 91, p.15 
 

 

 

M>D���������������� 

KIHGL:GGH?�B�BG>MPBJH<:GGH?�F:=GBLGUF�IHE?F�

MIHJY>HQ?GBY�<�KBG=E?LGUO�KBKL?F:O��HHBA2CU3O7-X (0≤O�≤ 1) 

∗>_fb^h\�:�:���DhefZdh\Z�G�I� 

;jygkdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l 

Hkgh\guf� khklhygb_f� fmevlbie_lZ�� jZks_ie_ggh]h� djbklZeebq_kdbf� ihe_f�
�DI���\�j_^dha_f_evguo��JA��kh_^bg_gbyo�k�g_djZf_jkh\kdbfb�bhgZfb��Tb3+, Ho3+

�b�^j���
fh`_l� [ulv� kbg]e_lguc� mjh\_gv��<hafh`ghklv� kihglZggh]h�fZ]gblgh]h� mihjy^hq_gby�
ijb� ihgb`_gbb� l_fi_jZlmju� \� lZdbo� kbkl_fZo� aZ\bkbl� hl� \_ebqbgu� h[f_ggh]h� b� ^b�
ihevgh]h� \aZbfh^_ckl\bc� b� wg_j]_lbq_kdhc� s_eb�� hl^_eyxs_c� hkgh\ghc� kbg]e_l� hl�
[eb`Zcrbo�\ha[m`^_gguo�khklhygbc��<�g_dhlhjuo�kh_^bg_gbyo�k�ba\_klgufb�iZjZf_l�
jZfb� h[f_ggh]h� \aZbfh^_ckl\by� b� \_ebqbghc� s_eb� h[tykgblv� kihglZggh_� fZ]gblgh_�
mihjy^hq_gb_�\hafh`gh�lhevdh�ijb�mq_l_�k\_jolhgdh]h�\aZbfh^_ckl\by��DZd�[ueh�ihdZ�
aZgh� \� gZrbo� jZ[hlZo� >�@�� \� kh_^bg_gbyo� HoBa2Cu3O7-x�� dhlhju_� ijb� o����� y\eyxlky�
<LKI��fZ]gblgh_�ihe_�H__>���@�ijb\h^bl�d�i_j_k_q_gbx�gb`gbo�wg_j]_lbq_kdbo�mjh\g_c�
JA�bhgZ��djhkkh\_j���dhlhjh_�ijb�gbadbo�l_fi_jZlmjZo�khijh\h`^Z_lky�kdZqdhf�gZ�djb�
\hc�gZfZ]gbqb\Zgby�F�G���KjZ\gbl_evgh� keZ[u_�iZjgu_�\aZbfh^_ckl\by�fh]ml�ijb\h�
^blv�d�fZ]gblghfm�mihjy^hq_gbx�\[ebab�djhkkh\_jZ��]^_�hkgh\gh_�khklhygb_�hdZau\Z_l�
ky�\ujh`^_gguf�\ke_^kl\b_�i_j_k_q_gby�mjh\g_c��>ZggZy�jZ[hlZ�ihk\ys_gZ�bamq_gbx�
\ebygby� k\_jolhgdh]h� \aZbfh^_ckl\by� gZ� nZah\mx� ^bZ]jZffm� Zglbn_jjhfZ]gblgh]h�
mihjy^hq_gby��dZd�bg^mpbjh\Zggh]h�\g_rgbf�fZ]gblguf�ihe_f��lZd�b�kihglZggh]h��gZ�
ijbf_j_�k_f_ckl\Z�HoBa2Cu3O7-O�k�jZaghc�\_ebqbghc�^_nbpblZ�ih�dbkehjh^m�o�k�p_evx�
\u[hjZ�mkeh\bc�^ey�ihke_^mxs_]h�wdki_jbf_glZevgh]h�bkke_^h\Zgby� 

>ey� jZkq_lZ� wnn_dlZ� A__fZgZ�� fZ]gblguo� oZjZdl_jbklbd� b�nZah\uo� ^bZ]jZff�
kh_^bg_gbc�HoBa2Cu3O7-x�bkihevah\Zeky�]ZfbevlhgbZg�G��\dexqZxsbc�]ZfbevlhgbZg�
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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DI��aZibkZgguc�q_j_a�wd\b\Ze_glgu_�hi_jZlhju�Hm
n ��a__fZgh\kdbc�qe_g��]Zfbevlhgb�

Zg�h[f_ggh]h�b�^bihevgh]h�\aZbfh^_ckl\bc�\�ijb[eb`_gbb�fhe_dmeyjgh]h�ihey�b�]Z�
fbevlhgbZg�k\_jolhgdh]h�\aZbfh^_ckl\by� 

 

=H ∑
m,n

m
n

m
n OB

 
HJBJ�g− + )JMJ(M�[ iyjyixjx

j ,i
+⊥∑ + .A]JM� Jizjzz  JI+         (1) 

 

A^_kv�n=2, 4, 6; m=0, 2, 4, 6 -�^ey�hjlhjhf[bq_kdhc��o������b�m= 0, 2, 4 -�^ey�l_l�
jZ]hgZevghc� �o!�����kbff_ljbb�� Jg -�nZdlhj�EZg^_��J -�hi_jZlhj�m]eh\h]h�fhf_glZ�JA�

bhgZ�� 〉〈= jBJj �g JM ; I – hi_jZlhj� y^_jgh]h� kibgZ��IZjZf_lju� m
nB ^ey� jZaguo� o� ba�

\_klgu�ba�wdki_jbf_glh\�ih�g_mijm]hfm�jZkk_ygbx�g_cljhgh\�>�@��h[f_ggu_�dhgklZg�
lu�λ�fh]ml�[ulv�gZc^_gu�q_j_a�agZq_gby�TN��dhlhju_�\Zjvbjmxlky�hl���D��o ���^h�0.19 
D��o ���� J: ≈������kf-1

�>�@��FZ]gblgu_�oZjZdl_jbklbdb�\uqbkeyebkv�gZ�hkgh\_�ki_dljZ�
b�\hegh\uo�nmgdpbc�bhgZ�Ho3+

��dhlhju_�jZkkqblu\Zebkv�iml_f�qbke_gghc�^bZ]hgZeb�
aZpbb�]ZfbevlhgbZgZ�G�^ey�dZ`^h]h�agZq_gby�G�b�L�k�j_r_gb_f�khhl\_lkl\mxsbo�kZ�
fhkh]eZkh\Zgguo�aZ^Zq� 

GZrb�jZkq_lu�\�h[s_f�nhjfZebaf_�gZ�[Zabk_�hkgh\gh]h�fmevlbie_lZ�^ey�G ��
ih^l\_j^beb�\u\h^�jZ[hl�>�@��\�dhlhjuo�jZkq_lu�[ueb�ijh\_^_gu�\�ijb[eb`_gghc�fh�
^_eb�gZ�^\mo�gb`gbo�mjh\gyo��h�g_\hafh`ghklb�h[tykg_gby�kihglZggh]h�mihjy^hq_gby�
\�HoBa2Cu3O7-x�[_a�mq_lZ�k\_jolhgdh]h�\aZbfh^_ckl\by��Ijb�wlhf�lZd`_�[ueb�\uy\e_�
gu�g_dhlhju_�g_dhjj_dlghklb�ih^oh^Z��bkihevah\Zggh]h�\�>�@�� 

 

Jbk���       Jbk��� 
 
<�ihe_�H__>���@�\[ebab�Hc��dhlhjh_�\Zjvbjm_lky�hl���Le�^ey�o ��^h������Le�^ey�

o ��� ijhbkoh^bl� i_j_k_q_gb_� hkgh\gh]h� kbg]e_lZ� i_j\uf� \ha[m`^_gguf� wg_j]_lbq_�
kdbf�mjh\g_f��Mq_l�h[f_ggh]h�\aZbfh^_ckl\by�ijb\h^bl�ijb�^hklZlhqgh�gbadbo�l_f�
i_jZlmjZo� d� ihy\e_gbx�fZ]gblgh]h� mihjy^hq_gby� \� h[eZklb� djhkkh\_jZ�� dhlhjh_� kh�
ijh\h`^Z_lky� hldehg_gb_f� fZ]gblguo� fhf_glh\� hl� gZijZ\e_gby� ihey� b� ihy\e_gb_f�
ZglbiZjZee_evguo�gZ�khk_^gbo�maeZo�khklZ\eyxsbo�fZ]gblguo�fhf_glh\�\�iehkdhklb�
�������F⊥�G��bah[jZ`_gZ�gZ�jbk����^ey�jZaguo�L�\�kemqZ_�o ���Wlb�aZ\bkbfhklb�ihemq_�
gu�[_a�mq_lZ��g_ij_ju\gu_�ebgbb��b�k�mq_lhf��rljboh\u_�b�lhq_qgZy�ebgbb��k\_jolhg�
dh]h� \aZbfh^_ckl\by�� <b^gh�� qlh� mq_l� k\_jolhgdh]h� \aZbfh^_ckl\by� fZeh� \eby_l� gZ�
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F⊥�G��ijb�l_fi_jZlmj_�����D��gh�ijb�[he__�gbadbo�l_fi_jZlmjZo�kms_kl\_ggh�baf_gy_l�
F⊥ b�agZqbl_evgh�jZkrbjy_l�h[eZklv�mihjy^hq_gby��Hlf_lbf��qlh�[_a�mq_lZ�k\_jolhgdh�
]h�\aZbfh^_ckl\by�djb\u_�F⊥�G��kh\iZ^Zxl�^ey�L�����D��Ijb�ih\ur_gbb�l_fi_jZlmju�
ijhbkoh^bl� km`_gb_� h[eZklb� mihjy^hq_gby� b� __� bkq_agh\_gb_� ijb�L!����K��GZ� jbk�� ��
ijb\_^_g� wnn_dl� A__fZgZ� �ihdZaZgu� ^\Z� gb`gbo� mjh\gy��� jZkkqblZgguc� [_a� mq_lZ� h[�
f_ggh]h�b�k\_jolhgdh]h�\aZbfh^_ckl\bc��rljboh\u_�ebgbb��b�k�mq_lhf�bo��g_ij_ju\gu_�
ebgbb���H[f_ggh_�\aZbfh^_ckl\b_�kgbfZ_l�\ujh`^_gb_�\�djhkkh\_j_��k\_jolhgdh_�\aZb�
fh^_ckl\b_� ijb\h^bl� d� jZks_ie_gbx� dZ`^h]h� ba� mjh\g_c� gZ� �� dhfihg_gl� �^ey� 165Gh�
I=7/2���aZ�kq_l�kihglZggh]h�mihjy^hq_gby�mjh\gb�jZks_ie_gu�m`_�ijb�G �� 

H[sbc�\u\h^�ba�ijh^_eZgguo�gZfb�jZkq_lh\�fZ]gblguo�oZjZdl_jbklbd�kh_^b�
g_gbc�HoBa2Cu3O7-x khklhbl� \� lhf�� qlh� k\_jolhgdh_� \aZbfh^_ckl\b_� keZ[h� \eby_l� gZ�
fZ]gblgh_�mihjy^hq_gb_�\�h[eZklb�djhkkh\_jZ�ijb�L!����K�b�hdZau\Z_l�\_kvfZ�kms_kl�
\_ggh_�\ebygb_�ijb�l_fi_jZlmjZo�[ebadbo�d�LN.  

Ebl_ZlmjZ� 
1. :�:�� >_fb^h\�� A�:�� DZa_c�� G�I�� DhefZdh\Z�� <_klgbd�F=M���� ������� ����

JMMM 258-259 (2003) 590. 
2. U. Staub, J. Mesot, M. Guillaume et al., Phys. Rev. B 50 (1994) 4068. 
3. :�� :[jZ]Zf�� ;�� ;ebgb�� We_dljhgguc� iZjZfZ]gblguc� j_ahgZgk� i_j_oh^guo�

bhgh\��Ba^��Fbj��Fhkd\Z��������k������ 
4. B. Roessli, P. Fischer, U. Staub et al. Europhys. Lett. 23 (1993) 511; J. Appl. Phys. 

75 (1994) 6337. 

 

 

 

M>D���������������� 

DHGDMJBJMXSB?�JHKLH<U?�P?GLJU 
G:�IH<?JOGHKLB�IBJ:FB>U�������B�IJBAFU�������DJBKL:E:�

KDP��IJB�JHKL?�BA�J:KL<HJ: 

;j_^bobg�<�B���=ZemrdbgZ�=�E���Dmag_ph\�K�I���DmeZ]bg�:�:�b�FZevrZdh\Z�H�:� 

Bgklblml�IjbdeZ^ghc�Nbabdb��Jhkkbckdhc�:dZ^_fbb�GZmd� 

Ijhp_kkZf� jhklZ� djbklZeeh\�KDP ba� jZkl\hjh\�� \� ihke_^g__� \j_fy�� m^_ey_lky�
[hevrh_�\gbfZgb_��Wlh�k\yaZgh��ij_`^_�\k_]h��k�g_h[oh^bfhklvx�ihemq_gby�djmigh]Z�
[Zjblguo�� \ukhdhdZq_kl\_gguo� fhghdjbklZeeh\� ^ey� p_e_c� mijZ\ey_fh]h� eZa_jgh]h�
l_jfhy^_jgh]h�kbgl_aZ��ICF���H^gbf�ba�gZb[he__�\Z`guo�\hijhkh\�\�wlhc�ijh[e_f_�y\�
ey_lky�fhjnheh]bq_kdZy�mklhcqb\hklv�jZklms_c�ih\_joghklb��\hafh`ghklv�mijZ\e_gby�
__�kljmdlmjhc�� 

<Z`ghc�khklZ\eyxs_c�^Zgguo�bkke_^h\Zgbc�y\ey_lky�bkke_^h\Zgb_�mklhcqb\h�
klb� in situ� jZklms_c� ih\_joghklb� [hevrhc� iehsZ^b� \� mkeh\byo� [ebadbo� d� j_Zevghc�
l_ogheh]bb��l�d��ihgbfZgb_�wlbo�ijhp_kkh\��mf_gb_�bfb�mijZ\eylv�k_cqZk�klZgh\blky�
hq_gv�\Z`guf�^ey�jZa\blby�wnn_dlb\guo�l_ogheh]bc�\ujZsb\Zgby�\ukhdhdZq_kl\_g�
guo�djmigh]Z[Zjblguo�djbklZeeh\� 

P_evx�gZr_c�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�jZklms_c�ih\_joghklb�djbklZeeh\�
KDP in situ��Ij_^klZ\e_gu�g_dhlhju_�j_amevlZlu�bkke_^h\Zgby�in situ�fhjnheh]bb�jZk�
lms_c�ih\_joghklb�]jZg_c�������b�������djbklZeeZ�KDP�\�mkeh\byo�h^gh]jZggh]h�jhklZ�
b� dhgljhebjm_fuo� ]b^jh^bgZfbq_kdbo� mkeh\bc�� JZ[hlZ� bgl_j_kgZ� \� i_j\mx� hq_j_^v�
ki_pbZebklZf��aZgbfZxsbfky�\ujZsb\Zgb_f�djmigh]Z[Zjblguo�djbklZeeh\�\ukhdh]h�
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dZq_kl\Z��Ihkdhevdm�ihgbfZgb_�ijhp_kkh\�ijhbkoh^ysbo�gZ�ih\_joghklb� \�ijhp_kk_�
\ujZsb\Zgby��y\ey_lky�hkgh\hiheZ]Zxsbf�nZdlhjhf�^ey�ihemq_gby�\ukhdhdZq_kl\_g�
guo�\h^hjZkl\hjbfuo�djbklZeeh\�� 

 

 

 

M>D����������� 

>BNJ:DPBHGG:Y�WNN?DLB<GHKLV�N:AH<UO�=HEH=J:FF�
A:IBK:GGUO�<�KBKL?F?�LJ?OMJH<G?<UO�P?GLJH< 

Jmkbgh\�:�I�� 

Hj_g[mj]kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

Bkke_^h\ZgZ� ^bgZfbdZ� aZibkb� g_klZpbhgZjguo� nZah\uo� ]heh]jZff� \� kbkl_f_�
gZkusZ_fuo�lj_omjh\g_\uo�p_gljh\��JZkkfhlj_g�kemqZc��dh]^Z�gZ�h[jZa_p�iZ^Z_l�k\_�
lh\h_�ihe_�k�kbgmkhb^Zevgh�ijhfh^mebjh\Zgghc�bgl_gkb\ghklvx��J_r_gZ�kbkl_fZ�[Z�
eZgkguo�dbg_lbq_kdbo�mjZ\g_gbc�^ey�gZk_e_gghkl_c�n0 , nS, nT�b�ihemq_gh�lhqgh_�j_�
r_gb_� ^ey� kemqZy� ihklhygghc� bgl_gkb\ghklb� gZdZqdb� b� ijb[eb`_ggh_� j_r_gb_� ^ey�
kemqZy�f_^e_ggh�baf_gyxs_cky�bgl_gkb\ghklb�>kf��ih^jh[g__��@��>ey�ZgZebaZ�dbg_lb�
db�gZk_e_gghkl_c�bkihevah\Zehkv�\lhjh_�j_r_gb_��hkgh\Zggh_�gZ�ijb[eb`_gbb�d\Zab�
klZpbhgZjghc�gZk_e_gghklb�\�ih^kbkl_f_�S –�mjh\g_c� 

GZ� hkgh\_� mjZ\g_gby� l_iehijh\h^ghklb� gZc^_g� lhqguc� \b^� bgbpbbjh\Zggh]h�
l_ieh\h]h�ihey��Ij_^iheZ]Zy�^Zggmx�j_r_ldm�lhgdhc��ih]ehs_gb_�gZ�\u[jZgghc�^ebg_�
\hegu�ijh[gh]h�emqZ�fZeuf�b�mqblu\Zy�\ebygb_�l_ieh\h]h�ihey�\�^hihegbl_evghf�gZ�
[_]_�nZau�N�x,t)��j_r_gZ�aZ^ZqZ�^bnjZdpbb�ijh[ghc�k\_lh\hc�\hegu�gZ�aZibkZgghc�nZ�
ah\hc�j_r_ld_�b�gZc^_gh�\ujZ`_gb_�^ey�jZkq_lZ�^bnjZdpbhgghc�wnn_dlb\ghklb�lhg�
dhc�nZah\hc�]heh]jZffu� 
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]^_�m –�ihjy^hd�^bnjZdpbhggh]h�fZdkbfmfZ��Λ -�i_jbh^�aZibkZgghc�l_ieh\hc�kljmdlmju� 
Ijh\_^_g�qbke_gguc�jZkq_l�kb]gZeh\�>W=�^ey�]heh]jZff�aZibkZgguo�gZ�kbg]�

e_lghf�b�ljbie_lghf�mjh\gyo��<�dZq_kl\_�fh^_evghc�kj_^u�bkihevah\Zebkv�ihebf_j�
gu_�ie_gdb�dkZgl_gh\uo�djZkbl_e_c��whabg��wjbljhabg�� 

:gZeba�ihemq_gguo�djb\uo�ihdZau\Z_l��qlh�ijb�m\_ebq_gbb�bgl_gkb\ghklb�gZdZq�
db��fZdkbfZevgZy�>W=�gZ�l_ieh\hc�j_r_ld_�mf_gvrZ_lky��\ke_^kl\b_�[he__�kbevguo�bk�
dZ`_gbc�ijhnbey�j_r_ldb�b�[he__�[ukljh]h�__�aZlbjZgby��AZ\bkbfhklv�fZdkbfZevghc�Zf�
ieblm^u�>W=�hl�bgl_gkb\ghklb�baemq_gby�gZdZqdb�^ey�^bnjZdpbhgguo�fZdkbfmfh\��-]h�
b��-]h�ihjy^dZ�ebg_cgZ��Z�^ey�^bnjZdpbhggh]h�fZdkbfmfZ��-]h�ihjy^dZ�ebg_cgZy�aZ\bkb�
fhklv�gZ�fZeuo�bgl_gkb\ghklyo�bkdZ`Z_lky�\ke_^kl\b_�gZkus_gby� 

Ebl_jZlmjZ� 
1. Dmq_j_gdh�F�=���Jmkbgh\�:�I��Hilbq_kdZy�aZibkv�g_klZpbhgZjguo�ijhkljZg�

kl\_gguo� kljmdlmj� \� kbkl_f_� gZkusZ_fuo� lj_omjh\g_\uo� p_gljh\��D\Zgl��
we_dlj�����������k� 
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WE?DLJHGG:Y�KLJMDLMJ:�L<?J>UO�L?E� 
B�G:GHH;T?DLH< 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Dmev[Zqbgkdbc�<eZ^bfbj�:gZlhev_\bq 

 

 

M>D������������ 

LJ:GKIHJLGU?�B�F:=GBLGU?�K<HCKL<:�KIE:<H<�
PBTE(MN, &5��B�3%7(�MN, MO) 

:jlZfdbg :� B���Dh`Zgh\ :� ?� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

E_]bjh\Zgb_�kieZ\h\�gZ�hkgh\_�l_eemjb^Z�k\bgpZ�g_dhlhjufb�we_f_glZfb�ijb�
\h^bl�d�ihy\e_gbx�jy^Z�wnn_dlh\��g_oZjZdl_jguo�^ey�bkoh^gh]h�fZl_jbZeZ�� 

Ba\_klgh�� qlh� klZ[bebaZpby�mjh\gy�N_jfb�ijb�e_]bjh\Zgbb�PbTe�g_dhlhjufb�
i_j_oh^gufb�b�j_^dha_f_evgufb�we_f_glZfb��<E��&U��hkms_kl\ey_lky�\gmljb�h^ghc�ba�
jZaj_r_gguo�ahg��b�k\yaZgZ�k�baf_g_gb_f�\Ze_glghklb�ijbf_kguo�Zlhfh\�gZ����<E2+ → 
Yb3+b�&U2+ → Cr3+

��\�hlebqb_�hl�e_]bjh\Zgby�we_f_glZfb�III �]jmiiu��dh]^Z�\Ze_glghklv�
f_gy_lky� gZ� ���Ijbf_kgu_� khklhygby��nhjfbjm_fu_� ^jm]bf� i_j_oh^guf�f_lZeehf�– 
fheb[^_ghf�–� \� l\_j^uo� jZkl\hjZo� gZ� hkgh\_� l_eemjb^Z� k\bgpZ� jZg__� g_� bkke_^h\Z�
ebkv� 

<� gZklhys_c� jZ[hl_� ijh\_^_gu� bkke_^h\Zgby� ljZgkihjlguo� b� fZ]gblguo�
k\hckl\� kieZ\h\� 3E7H�0Q� &U�� b�PbTe(Mn, Mo��� ijb� jZaebqghf� kh^_j`Zgbb� ijbf_kb��
Ba\_klgh�� qlh� e_]bjh\Zgb_� 3E7H� fZj]Zgp_f� g_� ijb\h^bl� d� h[jZah\Zgbx� ijbf_kguo�
mjh\g_c�\[ebab�jZaj_r_gguo�ahg��Z�ebrv�m\_ebqb\Z_l�rbjbgm�aZij_s_gghc�ahgu�ih�
emijh\h^gbdZ��Dhebq_kl\h�ojhfZ��\\_^_ggh]h�\�djbklZee��[ueh�^hklZlhqguf�^ey�klZ�
[bebaZpbb�mjh\gy�N_jfb�\h�\k_o�bkke_^h\Zgguo�h[jZapZo��ihwlhfm�\�k_jbb�h[jZaph\�k�
jZaghc� dhgp_gljZpb_c�fZj]ZgpZ� mjh\_gv�N_jfb�fh]�[ulv� klZ[bebabjh\Zg� dZd� \� ahg_�
ijh\h^bfhklb�� lZd� b� \gmljb� aZij_s_gghc� ahgu�� H[gZjm`_gh� ZghfZevgh_� ih\_^_gb_�
klZ[bebabjh\Zggh]h�mjh\gy�N_jfb�ijb�baf_g_gbb�dhgp_gljZpbb�fZj]ZgpZ�\�kieZ\_� 

IhdZaZgh��qlh�\�PbTe(Mn, Mo��mjh\_gv�N_jfb�fh`_l�[ulv�klZ[bebabjh\Zg�dZd�\�
\Ze_glghc�ahg_��lZd�b�\gmljb�aZij_s_gghc�ahgu��<�ihke_^g_f�kemqZ_�gZ[ex^Z_lky�agZ�
qbl_evgZy�aZ^_j`ZggZy�nhlhijh\h^bfhklv��dZd�b�\�kemqZ_�PbTe(Mn, Cr).  

Bkke_^h\Zgby� fZ]gblghc� \hkijbbfqb\hklb� ihdZaZeb�� qlh� fZ]gblgu_� k\hckl\Z�
dZd� PbTe(Mn, Cr��� lZd� b� PbTe(Mn, Mo�� hij_^_eyxlky� keZ[uf� Zglbn_jjhfZ]gblguf�
\aZbfh^_ckl\b_f� f_`^m� bhgZfb� fZj]ZgpZ�� Djhf_� lh]h�� h[gZjm`_gh�� qlh� \�
PbTe(Mn, Mo��gZ�l_fi_jZlmjghc�aZ\bkbfhklb�h[jZlghc�\hkijbbfqb\hklb�ijb�l_fi_jZ�
lmjZo�a�����D�gZ[ex^Z_lky�baehf�–�hldehg_gb_�hl�aZdhgZ�Dxjb-<_ckkZ��<�PbTe(Mn, Cr) 
lZdh]h�ih\_^_gby�fZ]gblghc�\hkijbbfqb\hklb�g_�gZ[ex^Z_lky��H[km`^Zxlky�\hafh`�
gu_�ijbqbgu�ihy\e_gby�wnn_dlZ� 
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M>D������������ 

WE?DLJHGGU?�I?J?OH>U�LBI:�F?L:EE->BE?DLJBD 
<�E?=BJH<:GGUO�=:EEB?F�KIE:<:O�G:�HKGH<? PBTE 

>fbljb_\�G�G���=hem[_\�:�<� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

K�p_evx�mlhqg_gby�e_]bjmxs_]h�^_ckl\by�]Zeeby�\�kieZ\Zo�gZ�hkgh\_�l_eemjb^Z�
k\bgpZ�[ueb�bkke_^h\Zggu�]Zev\ZghfZ]gblgu_�k\hckl\Z�kieZ\h\�3E1-xGexTe(0≤x≤0.08) 
e_]bjh\Zgguo� ]Zeeb_f� �CGa=0.3–3 mol�� ��� \� bgl_j\Ze_� l_fi_jZlmj� ���≤T≤���� .� b� \�
fZ]gblguo�iheyo�%≤����Le� 

H[gZjm`_gh�� qlh� aZ\bkbfhklb� m^_evgh]h� khijhlb\e_gby� ρ�L�� b� dhwnnbpb_glZ�
OheeZ�RH(T��\�PbTe�k�gbadbf�kh^_j`Zgbb�]Zeeby��CGa≤0.3 mol�����bf__l�f_lZeebq_kdbc�
oZjjZdl_j��Z�agZd�RH�iheh`bl_e_g�\h�\k_f�bkke_^h\Zgghf�bgl_j\Ze_�l_fi_jZlmj��Ijb�
m\_ebq_gbb�dhgp_gljZpbb�Ga (CGa=0.5–0.7 mol�����oZjZdl_j�aZ\bkbfhkl_c�ρ�L��b�RH(T) 
f_gy_lky�gZ�ihemijh\h^gbdh\uc��ijhbkoh^bl�bg\_jkby�lbiZ�ijh\h^bfhklb�b�j_Zebam�
_lky�^bwe_dljbq_kdh_�khkhlhygb_�k�hq_gv�gbadbfb�[ebadbfb�d�kh[kl\_gghc�dhgp_gljZ�
pbyfb� ghkbl_e_c� aZjy^Z� ���12-1013

� kf-3
��� <� kieZ\Zo� n-Pb1-xGex7H� kh^_j`Zsbo� ���–2.0 

mol����]Zeeby�l_fi_jZlmjgu_�aZ\bkbfhklb�]Zev\ZghfZ]gblguo�dhwnnbpb_glh\�ρ�b�RH 
bf_xl� ihemijh\h^gbdh\uc� oZjZdl_j�� <� h[eZklb� fZdkbfZevguo� agZq_gbc� \\_^_gghc�
ijbf_kb��CGa>2.0 mol�����ijhbkoh^bl�i_j_oh^�d�f_lZeebq_kdhfm�lbim�ijh\h^bfhklb��Z�
dhgp_gljZpby�k\h[h^guo�we_dljhgh\�jZkl_l� 

J_amevlZlu�jZ[hlu�h[tykgyxlky�\�jZfdZo�fh^_eb�wg_j]_lbq_kdh]h�ki_dljZ�ghkb�
l_e_c�aZjy^Z�\�PbTe�b�kieZ\Zo�gZ�_]h�hkgh\_��ij_^iheZ]Zxs_c�nhjfbjh\Zgb_�^\mo�^_�
n_dlguo�mjh\g_c�b�i_j_jZkij_^_e_gb_�ghkbl_e_c�aZjy^Z�f_`^m�ijbf_kgufb�b�jZaj_�
r_ggufb�ahgZfb�ijb�e_]bjh\Zgbb�]Zeeb_f��Ijb�m\_ebq_gbb�kh^_j`Zgby�]Zeeby�\�bk�
ke_^h\Zgguo� h[jZapZo� fu� gZ[ex^Zeb� ^\Z� ihke_^h\Zl_evguo� we_dljhgguo� i_j_oh^Z��
I_j\uc�i_j_oh^�\�PbTe�ba�f_lZeebq_kdhc�nZau�p-lbiZ�\�^bwe_dljbq_kdh_�khklhygb_�n-
lbiZ� k� mjh\g_f�N_jfb� klZ[bebabjh\Zgguf�ijbf_kguf� mjh\g_f� ]Zeeby�EGa1� \� aZij_�
s_gghc�ahg_��<�kieZ\Zo�kh^_j`Zsbo�]_jfZgbc�rbjbgZ�aZij_s_gghc�ahgu�\hajZklZ_l��\�
^bwe_dljbq_kdhc�nZa_� mjh\_gv�N_jfb� ibgbg]m_lky� \� aZij_s_gghc� ahg_� \lhjuf� ijb�
f_kguf�mjh\g_f�EGa��dhlhjuc�aZihegy_lky�we_dljhgZfb�k�jhklhf�kh^_j`Zgby�]Zeeby�b�
j_Zebam_lky�ihke_^mxsbc�i_j_oh^�ba�^bwe_dljbq_kdhc�\�f_lZeebq_kdmx�nZam�n-lbiZ��
LZdbf�h[jZahf��mklZgh\e_gh��qlh�ijb�\ZjbZpbb�kh^_j`Zgby�]Zeeby�\�PbTe�b�kieZ\Zo�gZ�
_]h� hkgh\_�fh`gh� j_Zebah\Zlv� ex[mx�`_eZ_fmx� kl_i_gv� aZiheg_gby� wg_j]_lbq_kdbo�
ahg� b� ex[hc� lbi� ijh\h^bfhklb��Ihkljh_gu� ^bZ]jZffu�i_j_kljhcdb� wg_j]_lbq_kdh]h�
ki_dljZ�bkke_^h\Zgguo�kieZ\h\�ijb�\ZjbZpbb�kh^_j`Zgby�ijbf_kb� 
 
 
 

M>D�������� 

EXFBG?KP?GPBY�BHGH<�ER3+
�<�KLJMDLMJ:O�SIO/SIO2  

K�DJ?FGB?<UFB�G:GHDJBKL:EE:FB 

∗L_l_jmdh\�K�:���@b]mgh\�>�F���EbkZq_gdh�F�=� 
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

Bgl_j_k�d�exfbg_kp_gpbb�bhgh\�wj[by�(U3+ \�jZaebqguo�dj_fgb_\uo�kljmdlmjZo�
\�ihke_^gb_�]h^u�\ua\Zg�ihlj_[ghklvx�kha^Zgby�mkljhckl\��wnn_dlb\gh�baemqZxsbo�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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gZ� ^ebg_� \hegu� ���� fdf�� dhlhjZy� khhl\_lkl\m_l� fbgbfmfm� ih]ehs_gby� \hehdhggh-
hilbq_kdbo� ebgbc� k\yab� >�@��H^ghc� ba� i_jki_dlb\guo� ^ey� ijZdlbq_kdbo� ijbf_g_gbc�
kljmdlmj�y\ey_lky�kbkl_fZ�q_j_^mxsboky�keh_\�d\Zabmihjy^hq_gguo�dj_fgb_\uo�gZ�
ghdjbklZeeh\� kh� kehyfb� ^bhdkb^Z� dj_fgby�� e_]bjh\ZggZy� bhgZfb� wj[by� �^Ze__� nc-
Si/SiO2:Er3+

�� >���@��Bkke_^h\Zgby�ihdZaZeb��qlh� \�^Zgguo� kljmdlmjZo�ebgby�exfbg_k�
p_gpbb� bhgh\� wj[by� aZf_lgh� mrbj_gZ� �rbjbgZ� gZ� iheh\bg_� \ukhlu� λ∆  ~40 gf�� ih�
kjZ\g_gbx�k�ZgZeh]bqghc�ihehkhc�\�h[jZapZo��]^_�wj[bc�gZoh^blky�\�fZljbp_�h^ghjh^�
gh]h�^bhdkb^Z�dj_fgby� � λ∆ ~10 gf�� >�@��Ki_dljZevgZy�rbjbgZ�ebgbb�hdZau\Z_lky�l_f�
[hevr_��q_f�[hevr_�jZaf_j�dj_fgb_\uo�gZghdjbklZeeh\��kh^_j`Zsboky�\�kbkl_f_��Wlh�
k\hckl\h�fh`gh� [ueh� [u� bkihevah\Zlv� ijb� ihkljh_gbb� jZaebqguo� hilhwe_dljhgguo�
mkljhckl\��\�dhlhjuo�g_h[oh^bfh�\Zjvbjh\Zlv�ihehkm�ijhimkdZgby��rbjbgm�ki_dljZ�b�
l�^�� <� ^Zgghc� jZ[hl_� ij_^eh`_gZ� fh^_ev�� h[tykgyxsZy� \ur_mihfygmlh_� ih\_^_gb_�
rbjbgu�ebgbb�exfbg_kp_gpbb�wj[by�\�kljmdlmjZo�nc-Si/SiO2:Er3+. 

GZebqb_� \� kljmdlmjZo� nc-Si/SiO2:Er3+
� h[eZkl_c� k� jZaebqgufb� agZq_gbyfb� ^b�

we_dljbq_kdbo�ijhgbpZ_fhkl_c�g_ba[_`gh�ijb\h^bl�d�g_h^ghjh^ghc�iheyjbaZpbb�kj_�
^u�\�we_dljbq_kdbo�iheyo��Bhgu�Er3+ \�lZdhc�kbkl_f_�gZ\h^yl�gZ�]jZgbpZo�jZa^_eZ�h[�
eZkl_c�k�jZaebqgufb� agZq_gbyfb�^bwe_dljbq_kdbo�ijhgbpZ_fhkl_c� aZjy^u�bah[jZ`_�
gby��we_dljbq_kdh_�ihe_�dhlhjuo�\�k\hx�hq_j_^v�\ha^_ckl\m_l�gZ�kZfb�bhgu��\uau\Zy�
^hihegbl_evgh_�jZks_ie_gb_�mjh\g_c�wg_j]bb��DZd�ke_^kl\b_�wlh]h�ijhbkoh^bl�^h[Z�
\hqgh_�mrbj_gb_�ebgbb�exfbg_kp_gpbb�ih�kjZ\g_gbx�k�kbkl_fZfb��\�dhlhjuo�Er3+ gZ�
oh^blky�\�^bwe_dljbq_kdb�h^ghjh^ghc�fZljbp_� 

<�jZ[hl_�ihemq_gu�ke_^mxsb_�hkgh\gu_�j_amevlZlu������baf_j_gu�ki_dlju�ex�
fbg_kp_gpbb� bhgh\� Er3+

� \� kljmdlmjZo� k� jZaebqgufb� jZaf_jZfb� gZghdjbklZeeh\��
2) \uiheg_gu�jZkq_lu�wg_j]bc�rlZjdh\kdh]h�jZks_ie_gby�mjh\g_c�bhgh\�Er3+ \�wlbo�
 kljmdlmjZo�� ��� mklZgh\e_gh�� qlh� \_ebqbgZ� jZks_ie_gby� \hajZklZ_l� ijb� m\_ebq_gbb�
dhgljZklZ� ^bwe_dljbq_kdhc� ijhgbpZ_fhklb� \� kehyo� ^bhdkb^Z� dj_fgby� b� dj_fgb_\uo�
gZghdjbklZeeh\��Z�lZd`_�ijb�ijb[eb`_gbb�bhgZ�d�]jZgbp_�jZa^_eZ�keh_\��Ihemq_ggu_�
j_amevlZlu�ohjhrh�h[tykgyxl�gZ[ex^Zxs__ky�\� wdki_jbf_gl_�^hihegbl_evgh_�mrb�
j_gb_�ihehku�wj[b_\hc�exfbg_kp_gpbb�k�jhklhf�lhesbgu�gZghdjbklZeebq_kdbo�keh�
_\�� 

:\lhju� \ujZ`Zxl� h]jhfgmx� ijbagZl_evghklv� k\hbf� gZmqguf� jmdh\h^bl_eyf�
DZrdZjh\m�I�D��b�Lbfhr_gdh�<�X��aZ�ihfhsv�\�ijhp_kk_�\uiheg_gby�jZ[hlu� 
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M>D������� 

<UJ:SB<:GB?�FHGHDJBKL:EE: 
B�NBABDH-OBFBQ?KDBC�:G:EBA�N:AU�LICU2O2 

KmkZgbgZ�L�:� 

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

<�gZklhys__�\j_fy�nZaZ�/L&X2O2 ijb\e_dZ_l�\gbfZgb_�bkke_^h\Zl_e_c�dZd�dmi�
jZl�� bf_xsbc� \� djbklZeebq_kdhc� kljmdlmj_� oZjZdl_jgu_� ^ey� \ukhdhl_fi_jZlmjghc�
k\_joijh\h^bfhklb� &X-2�njZ]f_glu�� dZd�fh^_evguc� h[t_dl� ^ey� bamq_gby� hkh[_ggh�
kl_c� gbadhjZaf_jguo�fZ]g_lbdh\�� Z� lZd`_� wnn_dlhf� ihjh]h\h]h� i_j_dexq_gby� we_d�
ljbq_kdbf� ihe_f� ba� \ukhdhhfgh]h� \� gbadhhfgh_� khklhygb_� >�@�� DjbklZeeu� /L&X2O2  
bf_xl�hjlhjhf[bq_kdmx�kbff_ljbx�Pnma, a = 5.730, b = 2.860, c = 12.417 Ö, Z = 4 [2]. 
K\hbfb�bgl_j_kgufb�k\hckl\Zfb�djbklZee�h[yaZg�gZebqbx�\�kljmdlmj_�dZd�h^gh-��lZd�
b�^\mo\Ze_glguo�dZlbhgh\�f_^b��Kljmdlmjm�kh_^bg_gby�fh`gh�ij_^klZ\blv�dZd�ihke_�
^h\Zl_evgh_�q_j_^h\Zgb_�ljzo�kehz\��- Cu+ - , -H�&X2+ H�/L-���b�-�/L�H�&X2+ H-��kf����jbk��
���� <^hev� hkb� Z� ijhklbjZxlky� p_ihqdb� ba� q_j_^mxsboky� &X-O–� b� /L-O–ibjZfb^�� Z�
\^hev�hkb�b –�ebg_cgu_�p_ihqdb��khklhysb_�lhevdh�ba�&X-O–beb�/L-O–ibjZfb^��FZ]�
gblgZy�kljmdlmjZ�wlhc�nZau�nhjfbjm_lky�^\mfy�h[f_ggh-k\yaZggufb�f_`^m�kh[hc�eb�
g_cgufb�p_ihqdZfb�ba�dZlbhgh\�&X2+

��\ulygmlufb�\^hev�hkb�b�b�ijbgZ^e_`Zsbf�^\mf�
khk_^gbf� /L&X22-kehyf�� Wlb� dZlbhgu� h[jZamxl� e_klgbp_ih^h[gmx� kbkl_fm� ba� ^\mo�
p_ihq_d�kh�kibghf�6 = �����GZ�fZ]gblghc�\hkijbbfqb\hklb�F�ihgb`_gb_f�l_fi_jZlmju�
gZ[ex^Z_lky�rbjhdbc�fZdkbfmf��oZjZdl_jguc�^ey�gbadhjZaf_jguo�fZ]g_lbdh\��H^gZ�
dh��ijb�^Zevg_cr_f�ihgb`_gbb�l_fi_jZlmju�^h�LN = ���D�\�wlhf�kh_^bg_gbb�ijhbkoh�
^bl�i_j_oh^�\�Zglbn_jjhfZ]gblgh_�khklhygb_� >�@��MklZgh\e_gb_�ljzof_jgh]h�fZ]gbl�
gh]h�ihjy^dZ�fh`_l� [ulv� \ua\Zgh� ^_n_dlZfb�� k\yaZggufb� k� \aZbfgufb� qZklbqgufb�
aZf_s_gbyfb�dZlbhgh\�&X2+

�b�/L�\�bo�kljmdlmjguo�ihabpbyo��Z�lZd`_�]_hf_ljbq_kdhc�
njmkljZpb_c� h[f_ggh]h� \aZbfh^_ckl\by��GZ� gZebqb_� \� j_rzld_� ih\ur_ggh]h� [_kih�
jy^dZ�lZd`_�mdZau\Zxl�we_dljbq_kdb_�k\hckl\Z�djbklZeeZ��iju`dh\uc�f_oZgbaf�ijh�
\h^bfhklb� ih� ehdZebah\Zgguf� khklhygbyf�� >�@��MkljZg_gb_� ehdZebaZpbb�fh`_l� kih�
kh[kl\h\Zlv�i_j_oh^m�\�k\_joijh\h^ys__�khklhygb_�ijb�gbadbo�l_fi_jZlmjZo��Z�lZd`_�
kbevgh�baf_gblv�we_dljbq_kdb_�k\hckl\Z� 

<� k\yab� k� wlbf� ZdlmZevgufb� aZ^ZqZfb�gZ�^Zgguc�fhf_gl� y\eyxlky�mlhqg_gb_�
jZkij_^_e_gby�dZlbhgh\�ih�ihabpbyf�djbklZeebq_kdhc�kljmdlmju��\uykg_gb_�f_oZgba�
fh\�i_j_ghkZ�aZjy^Z��b�p_e_gZijZ\e_ggh_�baf_g_gb_�k\hckl\�nZau�imlzf�\ZjbZpbc�mk�
eh\bc�_z�kbgl_aZ��I_j\uf�rZ]hf�gZ�imlb�j_r_gby�wlhc�ijh[e_fu�y\ey_lky�ihkljh_gb_�
nZah\hc� ^bZ]jZffu� kbkl_fu� Li2O – CuO� b� gZoh`^_gb_� h[eZklb� ]hfh]_gghklb� nZau�
LiCu2O2��_keb�hgZ�kms_kl\m_l� 

<� ^Zgghc� jZ[hl_� \ujZsb\Zgb_�fhghdjbklZeeh\� hkms_kl\eyehkv�f_lh^hf� djb�
klZeebaZpbb�ba�jZkl\hjZ�\�jZkieZ\_�gZ�\ha^mo_�� GZebqb_�^jm]bo�nZa�ijh\_jyehkv�k�ih�
fhsvx� j_gl]_ghnZah\h]h� ZgZebaZ� b� ih� aZ\bkbfhklb� l_iehzfdhklb� hl� l_fi_jZlmju��
L_jfh]jZ\bf_ljbq_kdbc�ZgZeba�kh\iZ^Z_l�k�^Zggufb�>�@�b�ihdZau\Z_l��qlh�nZaZ�mklhc�
qb\Z�\�h]jZgbq_gghf�^bZiZahg_�l_fi_jZlmj���� - 10500K��LZd`_�[ue�ijhba\_^zg�kbgl_a�
d_jZfbq_kdbo� h[jZaph\� ke_^mxs_]h� khklZ\Z�� ��-x)Li 2O×�o�&X2� k� [ = 0.5, 0.6, 0.7, 0.8, 
0.857, 0.9 mol%���Ih�ij_^\Zjbl_evguf�^Zgguf�ihemq_gZ�nZah\Zy�^bZ]jZffZ� 
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1. ;mr� :�:��� DZf_gp_\� D�?�� ³We_dljbq_kdZy� g_mklhcqb\hklv� djbklZeeh\�

LiCu2O2´����NbabdZ�l\_j^h]h�l_eZ��������l���������k����-440. 
2.  Berger R., Meetsma A. and S. van Smaalen “The structure of  LiCu2O2 with 

mixed-valence copper from twin-crystal data”// J. Less-Common Met., 175, 1991, p.119-129. 
3. <hjhlugh\Z�:�F��� �IhgdjZp�:�B���I_ljZdh\kdbc� =�:���KZ[ebgZ�D�:�� b� ^j������

³FZ]gblgu_� b� j_ahgZgkgu_� k\hckl\Z�fhghdjbklZeeh\� /iCu2O2´���@WLN�� ������ l������
�����k������-1876. 

4. ;mr�:�:���DZf_gp_\� D�?��� Lbs_gdh�W�:�� ³<ujZsb\Zgb_�� l_jfbq_kdZy� klZ�
[bevghklv�b�we_dljbq_kdb_�k\hckl\Z�fhghdjbklZeeh\�LiCu2O2´���G_hj]Zgbq_kdb_�fZl_�
jbZeu��������L����������k��-7. 

 

 

 

WDKI?JBF?GL:EVGH?�BKKE?>H<:GB? 
H>GHWE?DLJHGGH=H�LJ:GKIHJL:�<�LHGDBO�IE,GD:O 

G:�HKGH<?�OJHF: 
∗Djmi_gbg�<�:���AZemgbg�<�H���Ahjbg�:�;� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<\_^_gb_ 
Mkljhckl\Z�� bkihevamxsb_� y\e_gb_� dmehgh\kdhc� [ehdZ^u�� h[eZ^Zxl� mgbdZev�

gufb�k\hckl\Zfb�b�ihwlhfm�m`_�g_h^ghdjZlgh�bkihevah\Zebkv�\�dZq_kl\_�^Zlqbdh\�\�
keh`guo�nbabq_kdbo�wdki_jbf_glZo��<�^Zgghc�jZ[hl_�fu�hibku\Z_f�k\hckl\Z�iezghd��
ij_^klZ\exsbo�ba�k_[y�fZkkb\u�hkljh\h\�gZghf_ljh\uo�jZaf_jh\��jZa^_ezgguo�kehy�
fb�^bwe_dljbdZ��LZdb_�i^zgdb�^_fhgkljbjmxl�y\e_gb_�dmehgh\kdhc�[ehdZ^u�Z�lZd`_�
gh\h_��jZg__�g_�gZ[ex^Z\r__ky�y\e_gb_�i_j_dexq_gby�ba�[ehdZ^gh]h�\�ijh\h^ys__�kh�
klhygb_� 

Ba]hlh\e_gb_�h[jZaph\ 
>ey�ba]hlh\e_gby�h[jZaph\�bkihevah\ZeZkv�^\mol_g_\Zy�l_ogheh]by�nhjfbjh\Z�

gby�gZghkljmdlmj��Bkke_^m_fu_� ojhfh\u_�iezgdb�b� Zexfbgb_\u_�ih^\h^ysb_� we_d�
ljh^u�nhjfbjh\Zebkv�ihkj_^kl\hf�ihke_^h\Zl_evgh]h�l_g_\h]h�gZiue_gby�ih^�^\mfy�

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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jZagufb�m]eZfb�d�ih\_joghklb�q_j_a�ih^\_r_ggmx�fZkdm�[_a�jZaju\Z�\Zdmmfgh]h�pbd�
eZ��GZ�i_j\hf�wlZi_�ijhba\h^behkv�nhjfbjh\Zgb_�bkke_^m_fhc�ojhfh\hc�iezgdb��>ey�
wlh]h�ijbf_gyehkv� we_dljhggh-emq_\h_�bkiZj_gb_� ]jZgme� qbklh]h� ojhfZ� \� Zlfhkn_j_�
dbkehjh^Z��^Z\e_gb_f�ihjy^dZ���-6

�f;Zj���LhesbgZ�ihemq_gghc�iezgdb�khklZ\eyeZ��-8 
gf�GZ�\lhjhf�wlZi_�ijhba\h^behkv�nhjfbjh\Zgb_�ih^\h^ysbo�Zexfbgb_\uo�we_dljh�
^h\� �kf��Jbk�� ����Bkke_^m_fu_�iezgdb�bf_eb�h^bgZdh\mx�rbjbgm� ����gf��\�lh�\j_fy�
dZd�bo�^ebgZ�khklZ\eyeZ����������b������gf 

 

  

Jbk����6(0�nhlh]jZnby�ojhfh\hc�iezgdb�
b�Zexfbgb_\uo�ih^\h^ysbo�we_dljh^h\ 

Jbk���� 7(0� nhlh]jZnby�� ^_fhgkljb�
jmxsZy� ]jZggmebjh\Zggmx� kljmdlmjm�
bkke_^m_fuo�iezghd 

 

OZjZdl_jbaZpby�h[jZaph\ 
Khijhlb\e_gb_� bkke_^m_fuo� iezghd�� baf_j_ggh_� ijb� dhfgZlghc� l_fi_jZlmj_��

kms_kl\_gguf�h[jZahf�aZ\bk_eh�hl�^Z\e_gby�dbkehjh^Z��ih^^_j`b\Z_fh]h�\�ijhp_kk_�
gZiue_gby��Iezgdb��bamqZ\rb_ky�\�wdki_jbf_gl_�b�bf_\rb_�khijhlb\e_gb_�gZ�d\Z^jZl�

kR10≈ρ ��]^_� Ω≈≡ kehRk 8.252  -�d\Zglh\h_�khijhlb\e_gb_��gZiueyebkv�ijb�^Z\e_gbb�

dbkehjh^Z�10-6 f;Zj��F_`]jZgmevgh_�khijhlb\e_gb_��ih�ihjy^dm�\_ebqbgu�jZ\gh_�RK) 
kms_kl\_ggh�ij_\hkoh^beh�d\Zglh\h_��h[mkeZ\eb\Zy�h^ghwe_dljhgguc�oZjZdl_j�ljZgk�
ihjlZ�\�bkke_^m_fuo�iezgdZo��7(0�nhlh]jZnby�ba]hlh\e_gguo�iezghd�ij_^klZ\e_gZ�gZ�
jbkmgd_� ���Hgb� bf_xl� ]jZgmeebjh\Zggmx� kljmdlmjm��Ijh\h^ysb_� ojhfh\u_� hkljh\Z�
�k\_leu_�h[eZklb�gZ�jbkmgd_���bf_xsb_� �jZaf_j�ihjy^dZ���-���gf�b�jZa^_ezggu_�lmg�
g_evgufb�[Zjv_jZfb��&U2x���h[jZamxl�\gmljb�bkke_^m_fhc�iezgdb�^\mf_jguc�fZkkb\��
bf_xsbc�rbjbgm��-���hkljh\h\�� 

H[km`^_gb_�j_amevlZlh\ 
<hevlZfi_jgu_�oZjZdl_jbklbdb�h[jZaph\�[ueb�baf_j_gu�ijb�l_f_i_jZlmjZo�hl�

��fD�^h��D�\�j_njb`bjZlhj_�jZkl\hj_gby��GZ�wlbo�oZjZdl_jbklbdbdZo�ijbkmlkl\h\Ze�
mqZklhd�Dmehgh\kdhc�[ehdZ^u��q_j_a�ljmdlmjm�g_�ijhl_dZ_l�lhd�� �i_j_oh^ysbc�\�ijh�
\h^ysbc� mqZklhd�� dh]^Z� gZijy`_gb_� kf_s_gby� ij_\urZ_l� ihjh]h\h_� agZq_gb_�� G_�
h[uqghklv�ih\_^_gby�gZrbo�h[jZaph\�aZdexqZeZkv�\�ijbkmlkl\bb�]bkl_j_abkZ�gZ�<:O��
Ijb�m\_ebq_gbb�gZijy`_gby�kf_s_gby�hl�0�^h� f<Vt 53÷=+ h[jZa_p�hklZ\Zeky�\�[eh�

dZ^ghf�khklhygbb��Dh]^Z�gZijy`_gb_�kf_s_gby�^hklb]Zeh� +
tV ��ijhbkoh^beh�kdZqdhh[�

jZagh_�i_j_dexq_gb_�h[jZapZ�ba�[ehdZ^gh]h�\�ijh\h^ys__�khklhygb_��<_ebqbgZ�kdZqdZ�
lhdZ�ijb�i_j_dexq_gbb�khklZ\eyeZ�hl�g_kdhevdbo�^_kyldh\�ibdhZfi_j�^h�^he_c�gZgh�
Zfi_jZ��>Zevg_cr__�mf_gvr_gby�gZijy`_gby�kf_s_gby�g_�ijb\h^beh�d�i_j_dexq_gbx�
h[jZapZ�h[jZlgh�\�[ehdZ^gh_� khklhygb_��ihdZ�gZijy`_gb_� kf_s_gby�g_�mf_gvrbehkv�
^h�agZq_gby� +− < tt VV . 
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<_ebqbgZ� kdZqdZ� ijb� i_j_dexq_-
gbyo�[ueZ�fZdkbfZevgZ�^ey�iezghd�^ebghc�
����gf� b� baf_gyeZkv� hl� ���� ^h� ���� g:��
Bgh]^Z�gZ�\hevlZfi_jguo�oZjZdl_jbklbdZo�
ijbkmlkl\h\Zeb�g_lbibqgu_�fgh]hdjZlgu_�
i_j_dexq_gby�� ijb� m\_ebq_gbb� �beb�
mf_gvr_gbb��gZijiy`_gby� kf_s_gby�ijh-
bkoh^beh�g_kdhevdh�kdZqdh\��i_j_^�l_f�dZd�
^hklb]Zehkv�klZ[bevgh_�khklhygb_��Iezgdb�
^ebghc� ���� gf� ^_fhgkljbjh\Zeb� koh^gh_�
ih\_^_gb_��H^gZdh�\_ebqbgZ�kdZqdZ�lhdZ�m�
lZdbo� iezghd� [ueZ�f_gvr_�� q_f� m� iezghd 
^ebghc� ����gf�?sz�h^gh�jZaebqb_� aZdexqZehkv� \� lhf��qlh� \� ����gf�iezgdZo�fgh]h�
djZlgu_�i_j_dexq_gby�\klj_qZebkv�qZs_��GZb[he__�dhjhldb_�iezgdb��bf_\rb_�^ebgm�
���gf��^_fhgkljbjh\Zeb�h^ghdjZlgu_�b�fgh]hdjZlgu_�i_j_dexq_gby�h^bgZdh\h�qZklh��
lZd`_�hlebqZykv�hl�iezghd�ebghc������gf�f_gvrbfb�kdZqdZfb�lhdZ�ijb�i_j_dexq_gbb��
Ijbkmlkl\b_�]bkl_j_abkZ�[ueh�h[s_c�q_jlhc�\k_o�bkke_^h\Zgguo�iezghd�–�i_j_dexq_�
gby�³\\_jo³�ijhbkoh^beb�ijb�gZijy`_gbyo�f_gvrbo��q_f�i_j_dexq_gby�³\gba³� 

L_fi_jZlmjgZy� aZ\bkbfhklv� oZjZdl_jZ� gZ[ex^Z_fh]h� y\e_gby� [ueZ� h[s_c� ^ey�
\k_o� h[jZaph\��Ijb� l_fi_jZlmj_� ���fD� \_ebqbgZ� kdZqdZ� lhdZ� kms_kl\_ggh� mf_gvrZ�
eZkv��ijhbkoh^beb�fgh]hdjZlgu_�i_j_dexq_gby�f_`^m�[ehdZ^guf�b�ijh\h^ysbf�kh�
klhygb_f��KeZ[u_�i_j_dexq_gby�fh`gh�[ueh�gZ[ex^Zlv�_sz�ijb�l_fi_jZlmj_����fD��
ijb�����fD�wnn_dl�[ue�m`_�[he__�g_aZf_l_g� 

Fu� fh`_f� h[tykgblv� gZ[ex^Z_fh_� ih\_^_gb_� h[jZaph\� \ebygb_f� aZjy^h\uo�
eh\mr_d��dhlhju_�fh]ml�h[jZah\Z\ulvky�\gmljb�bkke_^m_fuo�iezghd�ba-aZ�g_h^ghjh^�
ghklb�jZaf_jZ�ojhfh\uo�hkljh\h\�b�khijhlb\e_gby�jZa^_eyxsbo�bo�lmgg_evguo�[Zjv�
_jh\��GZoh^ysb_ky�\�eh\mrd_�we_dljhgu��bf_xsb_�\�^\mf_jghf�fZkkb\_�dhg_qguc�jZ�
^bmk� wdjZgbjh\Zgby� �l�_�� \_^msb_� k_[y� dZd� kheblhgu�� fh]ml� [ehdbjh\Zlv� h^ghwe_d�
ljhgguc�ljZgkihjl�q_j_a�kljmdlmjm��LZdZy�[ehdbjh\dZ�fh`_l�[ulv�hkms_kl\e_gZ��_keb�
jZ^bmk�wdjZgbjh\Zgby��jZ^bmk�kheblhgZ��kjZ\gbf��beb�[hevr_��rbjbgu�fZkkb\Z��Ijb�
^hklb`_gbb�ihjh]h\h]h�gZijy`_gby� we_dljhg�ihdb^Z_l�eh\mrdm��[ehdbjh\dZ�ij_djZ�
sZ_lky��b�q_j_a�kljmdlmjm�gZqbgZ_l�l_qv�lhd� 

H^gZdh� lZdh_� hibkZgb_� g_� h[tkgy_l� f_oZgbafh\� \hagbdgh\_gby� ]bkl_j_abkZ�
\hevl-Zfi_jguo�oZjZdl_jbklbd�bamqZ_fuo�h[jZaph\��Ke_^m_l�hlf_lblv��qlh�ijhl_dZgb_�
q_j_a�]jZgmeu�k\_jofZeh]h�jZaf_jZ� �h[tzfhf� ��-6

�fdf2
��hlghkbl_evgh�[hevrh]h�lhdZ�

�ihjy^dZ� ���� g:�� ijb\h^bl� d� kms_kl\_gghfm� l_ieh\u^_e_gbx� ���-6<l��b�ih\ur_gbx�
l_fi_jZlmju�bkke_^m_fhc�iezgdb�^h�g_kdhevdbo�khl_g�fbebd_ev\bg��Ijb�m\_ebq_gbb�
gZijy`_gby�kf_s_gby�hl�gmey�^h�ihjh]Z�i_j_dexq_gby�bkke_^m_fZy�iezgdZ�bf__l�l_f�
i_jZlmjm� j_njb`bjZlhjZ��Ijb�i_j_dexq_gbb� kbkl_fu� \�ijh\h^ys__� khklhygb_� q_j_a�
g_z�gZqbgZ_l�l_qv�lhd��we_dljhgguc�]Za�iezgdb�gZ]j_\Z_lky��Ijb�h[jZlghf�kdZgbjh\Z�
gbb�we_dljhgguc�]Za�ih^oh^bl�d�lhqd_��]^_�ijhbahreh�i_j_dexq_gb_�kms_kl\_ggh�i_�
j_]j_luf��we_dljhgu�ba-aZ�l_jfbq_kdbo�nemdlmZpbc�g_�fh]ml�aZ^_j`Zlvky�\�eh\mrd_��
KljmdlmjZ�hklZzlky�\�ijh\h^ys_f�khklhygbb�^h�l_o�ihj��ihdZ�l_fi_jZlmjZ�we_dljhggh�
]h�]ZaZ�g_�mf_gvrblky�b�eh\mrdZ�g_�[m^_l�aZgylZ��KljmdlmjZ�^_fhgkljbjm_l�]bkl_j_�
abkgh_�ih\_^_gb_� 

>ey� ^Zevg_cr_]h� bamq_gby�f_oZgbafh\�� \_^msbo� d� ihy\e_gbx� ]bkl_j_abkZ� gZ�
\hevl-Zfi_jguo� oZjZdl_jbklbdZo� g_h[oh^bfh� ijh\_^_gb_� ^hihegbl_evguo� wdki_jb�
f_glZevguo�wdki_jbf_glZevguo�bkke_^h\Zgbc�b�qbke_ggh]h�fh^_ebjh\Zgby��LZdb_�bk�
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ke_^h\Zgby�fh]ml�ijb\_klb�d�bkihevah\Zgbx�bkke_^h\Zgguo�kljmdlmj�\�dZq_kl\_�i_j_�
dexqZl_e_c�\�keh`guo�h^ghwe_dljhgguo�mkljhckl\Zo� 

 
 
 

M>D������������ 

HLJBP:L?EVGH?�F:=G?LHKHIJHLB<E?GB?�<�KLJMDLMJ:O�
$/*$$6�*$$6�$/*$$6�K�D<:GLH<UFB�YF:FB 

∗<Zkbev_\kdbc�B�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

HljbpZl_evgh_�fZ]g_lhkhijhlb\e_gb_��HFK��y\ey_lky�ZghfZevguf�wnn_dlhf�b�
h[uqgh�h[gZjm`b\Z_lky�\�keZ[hf��^h����-��Le��fZ]gblghf�ihe_�ijb�gbadbo�l_fi_jZlm�
jZo��M^h\e_l\hjbl_evgh_�h[tykg_gb_�wnn_dlm�HFK�\�kljmdlmjZo�k�f_lZeebq_kdbf�lb�
ihf�ijh\h^bfhklb�^ZeZ�l_hjby�keZ[hc�ehdZebaZpbb�>�@��hibku\ZxsZy�l_fi_jZlmjgu_�b�
ihe_\u_�aZ\bkbfhklb�khijhlb\e_gby�\�kljmdlmjZo�k�^\mf_jgufb�ghkbl_eyfb�lhdZ��G_�
^Z\gh�[ueZ�ij_^eh`_gZ�Zevl_jgZlb\gZy�l_hjby��jZkkfZljb\ZxsZy�HFK�dZd�dbg_lbq_�
kdbc�wnn_dl�\�jZfdZo�j_r_gby�dbg_lbq_kdh]h�mjZ\g_gby�^ey�fZljbpu�iehlghklb�>�@� 

<�^Zgghc�jZ[hl_�bkke_^h\Zgh�fZ]g_lhkhijhlb\e_gb_�b�wnn_dl�OheeZ�ijb�l_fi_�
jZlmj_�����D�\�h[jZapZo�k�d\Zglh\ufb�yfZfb�$O*D$V�*D$V�$O*D$V�jZaebqghc�rbjbgu��
k�����gf�[Zjv_jhf�$O$V�\�k_j_^bg_�DY�b�[_a�g_]h��k�jZaebqguf�mjh\g_f�e_]bjh\Zgby����
k_jbb���>ey�\k_o�h[jZaph\�ZgZebabjmxlky�l_fi_jZlmjgu_�aZ\bkbfhklb�khijhlb\e_gby�\�
bgl_j\Ze_�����–�����D��>ey�hij_^_e_gby�ahgghc�kljmdlmju�bkke_^h\Zebkv�wnn_dl�Rm[�
gbdh\Z�–�^_�=ZZaZ�b�wnn_dl�OheeZ�\�kbevghf�fZ]gblghf�ihe_�^h����Le� 

Kljmdlmju�\ujZsb\Zebkv�gZ�mklZgh\d_�fhe_dmeyjgh-emq_\hc�wiblZdkbb��FEW��
PG:-����L_fi_jZlmjZ� jhklZ� kehz\� *D$V� khklZ\eyeZ� ���0K�� Z� kehz\� $O1-xGaxAs 6400K��
H[jZapu� �-��bf_eb�^\moklhjhgg__�e_]bjh\Zgb_� kehz\�$O1-xGax$V�dj_fgb_f� k�dhgp_g�
ljZpb_c����18

�kf-3
��<�h[jZapZo������b���h^bghqgZy�DY�bf_eZ�rbjbgm��������b����gf�kh�

hl\_lkl\_ggh��<�h[jZapZo������b���\�p_glj_�d\Zglh\hc�yfu�*D$V��lZd`_�rbjbghc��������
b����gf��^hihegbl_evgh�\ujZsb\Zeky�[Zjv_j�ba�$O$V�rbjbghc�����gf��H[jZapu���������
���b����kh^_j`Zeb�h^bghqgmx�DY�rbjbghc������������b����gf��khhl\_lkl\_ggh��gh�[ueb�
keZ[__�e_]bjh\Zgu� �dhgp_gljZpby�dj_fgby� �����18

� kf-3
���>ey� ]Zev\ZghfZ]gblguo�ba�

f_j_gbc�h[jZapu�[ueb�ba]hlh\e_gu�\�nhjf_�oheeh\kdbo�fhklbdh\� 
<�i_j\hc�k_jbb�h[jZaph\���–���ijb�ihgb`_gbb�l_fi_jZlmju�gZ[ex^Zehkv�ihqlb�

ebg_cgh_�mf_gvr_gb_�khijhlb\e_gby��f_lZeebq_kdbc�lbi�ijh\h^bfhklb���Jbk������Ijb�
l_fi_jZlmjZo�gb`_����D�khijhlb\e_gb_�keZ[h�\hajZklZeh��<�kbevgh�e_]bjh\Zgguo�h[�
jZapZo����–�����gZijhlb\��ijb�mf_gvr_gbb�l_fi_jZlmju�khijhlb\e_gb_�m\_ebqb\Zehkv�
�kf��Jbk������Ijb�����D�oheeh\kdb_�ih^\b`ghklb�we_dljhgh\�\�i_j\hc�]jmii_�h[jZaph\�
(2-7)� khklZ\eyeb� ���-����f2

�<k�� lh]^Z�dZd�\h�\lhjhc� ]jmii_�h[jZaph\� ���-����hgZ�[ueZ�
gZfgh]h� gb`_�� �����-�����f2

�<k��LZdZy� g_\ukhdZy� ih^\b`ghklv� b� \b^� l_fi_jZlmjghc�
aZ\bkbfhklb�khijhlb\e_gby�mdZau\Zxl�gZ�kbevgmx�g_h^ghjh^ghklv�ihl_gpbZeZ�\�d\Zg�
lh\hc� yf_� h[jZaph\� \lhjhc� k_jbb�� qlh�fh`_l�[ulv� k\yaZgh� k� hkh[_gghklyfb� mkeh\bc�
jhklZ�� FZ]g_lhkhijhlb\e_gb_� i_j\hc� k_jbb� h[jZaph\� [ueh� hljbpZl_evguf�� hlghkb�
l_evgh�g_[hevrbf� �a����� aZl_f�ijb�B>0.08-�����L�klZgh\behkv�iheh`bl_evguf� �Jbk��
                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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����<h�\lhjhc�k_jbb�h[jZaph\�gZ[ex^Zehkv�kbevgh_�HFK�\iehlv�^h�Ba����L��Hlghkb�
l_evgZy�\_ebqbgZ�HFK�\�h[j����-���[ueZ�[hevrhc��a������gh�ih�Z[khexlghc�\_ebqbg_�
ihijZ\dZ�d�ijh\h^bfhklb�hklZ\ZeZkv�ihjy^dZ�\_ebqbgu�d\ZglZ�ijh\h^bfhklb��dZd�b�\�
h[j���-���<h�\k_o�h[jZapZo�i_j\hc�k_jbb�gZ[ex^Zeky�wnn_dl�Rm[gbdh\Z-�^_�=ZaZ��^ey�
h[jZapZ� �� hkpbeeypbb�ijb\_^_gu�gZ�Jbk�� ���� dh]^Z� dZd�ba-aZ�gbadhc�ih^\b`ghklb� \h�
\lhjhc�k_jbb�hg�gZ[ex^Zeky�lhevdh�\�h[j������Jbk������Ih�qZklhlZf�Nmjv_-ki_dljh\�hk�
pbeeypbc�ρXX�\uqbke_gZ�dhgp_gljZpby�we_dljhgh\�\�ih^ahgZo�jZaf_jgh]h�d\Zglh\Zgby�
�kf��\klZ\db�gZ�Jbk�������� 

KjZ\g_gb_�wdki_jbf_glZevguo�^Zgguo�ih�HFK�ijh\h^behkv�k�jZkqzlZfb�\�^\mo�
jZaebqguo�ijb[eb`_gbyo�–�l_hjbb�keZ[hc�ehdZebaZpbb�>�@�b�d\Zglh\h]h�dbg_lbq_kdh]h�
ih^oh^Z�>�@��<�d\Zglh\hf�dbg_lbq_kdhf�ijb[eb`_gbb�oZjZdl_j�fZ]g_lhkhijhlb\e_gby�
aZ\bkbl�hl�ih^\b`ghklb�b�dhgp_gljZpbb�we_dljhgh\�\k_o�ih^ahg�kljmdlmju��Ijb�gba�
dhc�ih^\b`ghklb� we_dljhgh\�ke_^m_l�kbevgh_�HFK��I_j_oh^�hl�HFK�d�iheh`bl_ev�
ghfm�ebg_cghfm�jhklm�^Zzl�mqzl�keZ[h�aZiheg_gghc�ih^ahgu�k�\ukhdhc�ih^\b`ghklvx�
we_dljhgh\� 

LZdbf� h[jZahf�� \� jZ[hl_� bkke_^h\Zgu� ljZgkihjlgu_� k\hckl\Z� we_dljhgh\� \�
d\Zglh\uo�yfZo�$O*D$V�*D$V�$O*D$V��GZc^_gh�ohjhr__�kh]eZkb_�wdki_jbf_glZevguo�
aZ\bkbfhkl_c�HFK�b� l_hjbb��Hkh[_gghklb�gZ[ex^Z_fh]h�fZ]g_lhkhijhlb\e_gby�k\y�
aZgu�k�ih^\b`ghklyfb�b�dhgp_gljZpbyfb�^\mf_jguo�we_dljhgh\�� 
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Jbk�� ���FZ]g_lhkhijhlb\e_gb_� ρXX� b�
oheeh\kdh_�khijhlb\e_gb_�ρXY�h[j�����
GZ�\klZ\d_�–�Nmjv_-ki_dlj�ρXX 

Jbk�� ���FZ]g_lhkhijhlb\e_gb_� ρXX� b�
oheeh\kdh_� khijhlb\e_gb_� ρXY� h[j��
����GZ�\klZ\d_�–�Nmjv_-ki_dlj�ρXX  
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M>D�������� 

IJHP?KK�LMGG?EBJH<:GBY�B�LJ:GKIHJL�GHKBL?E?C�A:JY>:�
<�KLJMDLMJ:O�G:GHDJBKL:EEH<�DJ?FGBY 

FmoZf_^h\�:�<���EbkZq_gdh�F�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ih\ur_gguc�bgl_j_k�d�gZghdjbklZeeZf�Si (nc-Si��>�@��Z�lZd`_�kljmdlmjZf�nc-Si 
>�@��k\yaZg�k�bo�\hafh`guf�ijbf_g_gb_f�\�we_dljhgbd_��<�k\yab�k�wlbf�[hevrh_�agZq_�
gb_� bf__l� ihkljh_gb_� l_hjbb�� h[tykgyxs_c� wdki_jbf_glZevgu_� j_amevlZlu� ih� we_d�
ljbq_kdhfm�ljZgkihjlm�\�kljmdlmjZo�nc-Si�>�@��Z�lZd`_�ij_^kdZau\Zxs_c�bo�gh\u_�nb�
abq_kdb_�k\hckl\Z��<�^Zgghc�jZ[hl_�l_hj_lbq_kdb�jZkkfhlj_gu�ijhp_kku�lmgg_ebjh\Z�
gby� ghkbl_e_c� aZjy^Z� \� kehyo� nc-Si�� q_j_^mxsboky� kh� kehyfb� hdkb^Z� dj_fgby� �nc-
Si/SiO2��� Z� lZd`_�ijhZgZebabjh\Zgu�\hafh`ghklb�ijbf_g_gby�ihemq_gguo�jZkq_lguo�
^Zgguo�^ey�h[tykg_gby�we_dljbq_kdh]h�ljZgkihjlZ�\�lZdbo�kljmdlmjZo� 

• <�dZq_kl\_�fh^_evguo�h[t_dlh\�[ueb�jZkkfhlj_gu� 
• ^\_� h^ghf_jgu_� d\Zglh\u_� yfu� �nc-Si�� h^bgZdh\hc� dhg_qghc� ]em[bgu��

hij_^_ey_fhc�jZaghklvx�jZ[hl�\uoh^Z�nc-Si�b�SiO2; 
• h^bghqgZy� lj_of_jgZy� kn_jbq_kdb� kbff_ljbqgZy� d\Zglh\Zy� yfZ� dhg_q�

ghc�]em[bgu��nc-Si��hdjm`_gguc�SiO2). 
Bkihevah\Zeky�klZg^Zjlguc�f_lh^�j_r_gby�klZpbhgZjgh]h�mjZ\g_gby�Rj_^bg�

]_jZ�^ey�qZklbpu��gZoh^ys_cky�\�ihe_�k�hij_^_e_gguf�ihl_gpbZehf��Mkeh\by�g_ij_�
ju\ghklb�\hegh\uo�nmgdpbc�b�bo�ijhba\h^guo�gZ�]jZgbpZo�mqZkldh\�d\Zglh\uo�kbk�
l_f�aZ^Zxl�kbkl_fm�Ze]_[jZbq_kdbo�mjZ\g_gbc�hlghkbl_evgh�dhwnnbpb_glh\�ijb�\he�
gh\uo�nmgdpbyo��Mkeh\b_�ghjfbjh\db��Z�bf_ggh��jZ\_gkl\h�kmffu�bgl_]jZeh\�ih�\k_f�
h[eZklyf�ijhkljZgkl\Z�hl�d\Z^jZlh\�khhl\_lkl\mxsbo�\hegh\uo�nmgdpbc�_^bgbp_��^h�
[Z\ey_l�_s_�h^gh�mjZ\g_gb_�d�kbkl_f_��LZdbf�h[jZahf��[ueb�jZkkqblZgu�dhwnnbpb_g�
lu�ijb�\hegh\uo�nmgdpbyo��Z�lZd`_�ihemq_gu�mjZ\g_gb_�d\Zglh\Zgby�^ey�hij_^_e_gby��
kh[kl\_gguo�agZq_gbc�mjZ\g_gby�Rj_^bg]_jZ��Wlb�kh[kl\_ggu_�agZq_gby��hij_^_eyxl�
jZaj_r_ggu_�agZq_gby�wg_j]bb�^Zgghc�d\Zglh\hc�kbkl_fu��<�blh]_�\hegh\u_�nmgdpbb��
[ueb�ihemq_gu�\�y\ghf�\b^_�>�@� 

>ey�j_r_gby�ihemq_gguo�mjZ\g_gbc�qbke_ggufb�f_lh^Zfb�bkihevah\Zeky�iZ�
d_l�K����>Zgguc�ih^oh^�iha\hebe�ihemqblv�g_�lhevdh�gZ[hj�dhjg_c�ljZgkp_g^_glguo�
mjZ\g_gbc��gh�lZd`_�ihkljhblv�aZ\bkbfhklb�g_dhlhjuo�\_ebqbg�ijb�\Zjvbjh\Zgbb�h^�
gh]h�ba�iZjZf_ljh\�d\Zglh\hc�kbkl_fu��Wlbfb�iZjZf_ljZfb�kbkl_fu�y\eyebkv�]em[bgZ��
b�ebg_cgu_�jZaf_ju� yf��jZkklhygb_�f_`^m�gbfb�� Z� lZd`_�fZkku� we_dljhgZ�\gmljb�b�
kgZjm`b�yfu��Bgl_]jZe�hl�d\Z^jZlZ�\hegh\hc�nmgdpbb��hij_^_ey_l�\_jhylghklv�gZoh`�
^_gby�we_dljhgZ�\�ZgZebabjm_fuo�h[eZklyo��nc-Si�beb�SiO2). 

Ihemq_gu�ke_^mxsb_�hkgh\gu_�j_amevlZlu�����gZc^_gu�aZ\bkbfhklb�\_jhylgh�
klb�gZoh`^_gby�we_dljhgZ�\gmljb�beb�\g_�yfu�hl�ebg_cguo�jZaf_jh\�yf��^_ehdZebaZ�
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pby�\hegh\hc�nmgdpbb��� ���ihemq_gu� aZ\bkbfhklb�jZaghklb� wg_j]bc�i_j\uo�^\mo� kh�
klhygbc�hl�jZaghklb�rbjbg�yf� 

;ueh�mklZgh\e_gh��qlh�jZkklhygb_�f_`^m�yfZfb�y\ey_lky�\Z`guf�nZdlhjhf��hi�
j_^_eyxsbf� iheh`_gb_� mjh\g_c� wg_j]bb� we_dljhgh\�� C� mf_gvr_gb_f� ^Zggh]h� jZk�
klhygby�ijhbkoh^bl�ihgb`_gb_�mjh\g_c�wg_j]bb��<�ij_^_e_�ijb�gme_\hf�agZq_gbb�jZk�
klhygby�f_`^m�yfZfb� �qlh�khhl\_lkl\m_l�h^ghc�yf_�k�rbjbghc��jZ\ghc�kmff_�rbjbg�
^\mo�yf��mjh\gb�wg_j]bb�ijbgbfZxl�fbgbfZevgh_�agZq_gb_��Ijb�m\_ebq_gbb�jZkklhy�
gby�f_`^m�yfZfb�mjh\gb�wg_j]bb�ih^gbfZxlky�b�klj_fylky�d�agZq_gbyf�wg_j]bb�khhl�
\_lkl\mxs_]h� khklhygby� h^bghqghc� yfu�� l�_�� dZd� ^ey� bahebjh\Zgghc� yfu��<hegh\Zy�
nmgdpby� we_dljhgZ�\�h[km`^Z_fhc� kbkl_f_�ij_^klZ\ey_l�kh[hc�kmi_jihabpbx�\heg�k�
jZagufb�Zfieblm^Zfb�b��ke_^h\Zl_evgh��jZagufb�\_jhylghklyfb�gZoh`^_gby�qZklbpu�
\�^Zgguo�yfZo� 

<� kemqZ_� _keb� yfu� wd\b\Ze_glgu� �jZ\gu� ih� ]em[bg_� b�rbjbg_��� gZ[ex^Z_lky�
jZks_ie_gb_�mjh\gy��khhl\_lkl\mxs_]h�h^bghqghc�yf_��gZ�^\Z�ih^mjh\gy��Ijbq_f�\_�
ebqbgZ�jZks_ie_gby��aZ\bkbl��wdkihg_gpbZevgh�hl�jZkklhygby�f_`^m�yfZfb� 

Ihemq_ggu_� j_amevlZlu� h[tykgyxl� gZ[ex^Z\rbcky� wnn_dl� j_ahgZgkgh]h� lmg�
g_ebjh\Zgby�\�kljmdlmjZo�nc-Si/SiO2� >�@��Z�lZd`_�fh]ml�[ulv�ihe_agu�ijb�jZajZ[hld_�
we_dljhgguo�b�k\_lhbaemqZxsbo�mkljhckl\�gZ�hkgh\_�nc-Si/SiO2��<�qZklghklb��gZc^_gu�
iZjZf_lju�kljmdlmj��h[_ki_qb\Zxsb_�\ukhdmx�\_jhylghklv�lmgg_ebjh\Zgby��Z�ke_^h�
\Zl_evgh�b�ljZgkihjl�ghkbl_e_c�aZjy^Z�\�lZdbo�kljmdlmjZo� 

:\lhju� \ujZ`Zxl� h]jhfgmx� ijbagZl_evghklv� k\hbf� gZmqguf� jmdh\h^bl_eyf�
DZrdZjh\m�I�D��b�Lbfhr_gdh�<�X�� aZ�ihklZ\e_ggmx�bgl_j_kgmx� aZ^Zqm�b�ihfhsv�\�
ijhp_kk_�\uiheg_gby�jZ[hlu� 

Ebl_jZlmjZ� 
1. Fishman G., Mihalcescu I., Romestain R., Phys. Rev. B 48, pp.1464 (1993). 
2. DZrdZjh\�I�D���EbkZq_gdh�F�=���RZeu]bgZ�H�:���Lbfhr_gdh�<�X���DZf_g_\�

;�<���6FKPLGW�0���+HLWPDQQ�-���=DFKDULDV�0����@WLN��������L������<�����K������ 
3. Tsybeskov L., Grom G.F., Krishnan R., Montes L., Fauchet P.M.,. Kovalev D, Di-

ener J., Timoshenko V. ,. Koch F, McCaffrey J P., Baribeau J.-M., Sproule G.I.,. Lockwood 
D.J, Niquet Y.M., Delerue C., Allan G.; Europhys. Lett., 55 (4), pp. 552 (2001). 

4. ?exlbg�I.B.,. Djb\q_gdh\�<.>��D\Zglh\Zy�f_oZgbdZ� F��GZmdZ�������� 
 
 
 

M>D�����������������1; 537.311.322 

WNN?DL�NHLHGGH=H�M<E?Q?GBY�<�D<:GLH<HC�GBLB 
IJB�NHLHBHGBA:PBB�D2

(-) –�P?GLJH< 
<�IJH>HEVGHF�F:=GBLGHF�IHE? 

FZjdh�:�:� 

I_ga_gkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Ijh\_^_gh� l_hj_lbq_kdh_� bkke_^h\Zgb_� wnn_dlZ� nhlhggh]h� m\e_q_gby� �WNM��
we_dljhgh\�ijb�nhlhbhgbaZpbb�D2

(-) –�p_gljh\�\�d\Zglh\hc�gblb� �DG�� �^\mop_gljh\Zy�
aZ^ZqZ�\�jZfdZo�fh^_eb�ihl_gpbZeZ�gme_\h]h�jZ^bmkZ�>�@��ijb�gZebqbb�ijh^hevgh]h�ih�
hlghr_gbx�d�hkb�DG�fZ]gblgh]h�ihey��WNM�h[mkeh\e_g�bfimevkhf�nhlhgh\��i_j_^Z�
\Z_fuf�\�ijhp_kk_�ih]ehs_gby�we_dljhgghc�ih^kbkl_f_��Mq_l�bfimevkZ�k\_lZ�ijb\h�
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^bl�d�Zkbff_ljbbb�\�jZkij_^_e_gbb�ghkbl_e_c�aZjy^Z�\�ijhkljZgkl\_�d\ZabbfimevkZ��l��
_��d�h[jZah\Zgbx�lhdZ�m\e_q_gby��LM���J_r_gb_�aZ^Zqb�h�ijbf_kghf�WNM�\�DG�hkgh\Z�
gh�gZ�dbg_lbq_kdhf�mjZ\g_gbb�;hevpfZgZ��aZibkZgghf�\�ijb[eb`_gbb�\j_f_gb�j_eZd�
kZpbb��=_g_jZpbhgguc�qe_g�wlh]h�mjZ\g_gby�hij_^_ey_lky�d\Zglh\ufb�nhlhi_j_oh^Z�
fb�ghkbl_e_c�k�g-l_jfZ�\�]b[jb^ghd\Zglh\Zggmx�ahgm��dhlhju_�jZkkqblu\Zxlky�\�eb�
g_cghf�ih�ijh^hevghfm�bfimevkm�nhlhgZ�ijb[eb`_gbb��<�j_`bf_�dhjhldh]h�aZfudZ�
gby�\�ijb[eb`_gbb� kbevgh]h�fZ]gblgh]h�d\Zglh\Zgby�ihemq_gh� ZgZeblbq_kdh_�\ujZ�
`_gb_�^ey�iehlghklb�LM�ijb�jZkk_ygbb� we_dljhgh\�gZ� kbkl_f_�dhjhldh^_ckl\mxsbo�
ijbf_k_c��>ey�ki_dljZevghc� aZ\bkbfhklb�iehlghklb�LM�oZjZdl_j_g�^m[e_l�A__fZgZ�k�
yjdh�\ujZ`_gguf�ibdhf��k\yaZgguf�k�hilbq_kdbf�i_j_oh^hf�we_dljhgh\�k�g-l_jfZ�\�
]b[jb^ghd\Zglh\Zggu_�khklhygby�DG�k�fZ]gblguf�d\Zglh\uf�qbkehf�m=+���JZkklhy�
gb_� f_`^m� ibdZfb�� khklZ\eyxsbfb� ^m[e_l�� hij_^_ey_lky� pbdehljhgghc� qZklhlhc�� Z�
jZkklhygb_�f_`^m�^m[e_lZfb�–�]b[jb^ghc�qZklhlhc��Hp_gdZ�\_ebqbgu�iehlghklb�LM�\�
ibdZo�khklZ\eyxsbo�^m[e_l�\�kljmdlmj_��ij_^klZ\eyxs_c�kh[hc�j_]meyjgmx�p_ihqdm�
ba�DG�gZ�hkgh\_�InSbk�i_jbh^hf�����fdf��ijb�\_ebqbg_�fZ]gblghc�bg^mdpbb����Le�kh�
klZ\beZ�������fd:�kf2

�b������fd:�kf2
�khhl\_lkl\_ggh���qlh�\iheg_�^hklmigh�^ey�wdki_�

jbf_glZ� 

Ebl_jZlmjZ� 
1. Dj_\qbd� <�>���FZjdh� :�:��� K_f_gh\�F�;��� =jmgbg�:�;�� ���Ba\_klby� \mah\��

Ih\he`kdbc�j_]bhg��- 2003. -�����-�K���� 
 

 
 

M>D�����������������1; 537.311.322 

J:KK?YGB?�WE?DLJHGH<�G:�DJ:?<UO�>BKEHD:PBYO 
<�IHEMIJH<H>GBDH<UO�D<:GLH<UO�GBLYO 

K�I:J:;HEBQ?KDBF�IHL?GPB:EHF�DHGN:CGF?GL: 

Dbg^Z_\�:�:� 

I_ga_gkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�ihke_^gb_�]h^u�ijh]j_kk�\�gZghl_ogheh]bb�klbfmebjh\Ze�bgl_gkb\gu_�l_hj_�
lbq_kdb_� b� wdki_jbf_glZevgu_� bkke_^h\Zgby� kljmdlmj� k� d\Zglh\ufb� gblyfb� �DG���
GZb[he__� [ukljhjZa\b\Zxsbfky� gZijZ\e_gb_f� y\ey_lky� bamq_gb_� ljZgkihjlguo� >�@��
hilbq_kdbo� b� fZ]gblhhilbq_kdbo� k\hckl\� >�@� lZdbo� kljmdlmj�� qlh� hij_^_ey_lky� i_j�
ki_dlb\hc� jZaebqguo�ijb[hjguo�ijbeh`_gbc� >�@��L_f�g_�f_g__�� dZd�ihdZau\Zxl�bk�
ke_^h\Zgby�>�@��l_ogheh]by�ba]hlh\e_gby�DG�lj_[m_l�^Zevg_cr_]h�kh\_jr_gkl\h\Zgby��
Wlh�k\yaZgh��ij_`^_�\k_]h��k�gZebqb_f�\�kljmdlmjZo�^_n_dlh\�miZdh\db�b�^bkehdZpbc��
dhlhju_�ijb�hij_^_e_gguo�mkeh\byo� �gbadb_�l_fi_jZlmju��fh]ml�dZj^bgZevgh�\ebylv�
gZ�ljZgkihjlgu_�b�hilbq_kdb_�k\hckl\Z�ba]hlZ\eb\Z_fuo�gZ�bo�hkgh\_�ijb[hjh\� 

<�gZklhys_c�jZ[hl_�l_hj_lbq_kdb�jZkkfhlj_gZ�aZ^ZqZ�jZkk_ygby�we_dljhgh\�gZ�
^bkehdZpbyo�\�ihemijh\h^gbdh\hc�DG�k�iZjZ[hebq_kdbf�ihl_gpbZehf�dhgnZcgf_glZ��
Ihemq_gZ�aZ\bkbfhklv�\j_f_gb�j_eZdkZpbb�2�hl�ijh_dpbb�k�gZ�hkv�DG�d\Zab\hegh\h]h�
\_dlhjZ�gZe_lZxs_]h� we_dljhgZ��IhdZaZgh��qlh� aZ\bkbfhklv� 2�k�� y\ey_lky�g_fhghlhg�
ghc��Ijbq_f�©klmi_gvdZª�\�aZ\bkbfhklb�2�k��\hagbdZ_l�\kydbc�jZa��dh]^Z�wg_j]by�gZe_�
lZxs_]h�we_dljhgZ�klZgh\blky�jZ\ghc�wg_j]bb�^gZ�khhl\_lkl\mxs_c�jZaf_jghd\Zglh�
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\Zgghc�ih^ahgu��I_jbh^�ihy\e_gby�klmi_g_d�jZ\_g��&h��l��_��hij_^_ey_lky�oZjZdl_jghc�
qZklhlhc�hkpbeeylhjZ�&h. 

LZdbf�h[jZahf��baf_jyy�gZ�wdki_jbf_gl_�kj_^gbc�i_jbh^�ihy\e_gby�klmi_g_d��
fh`gh�hp_gblv�\_ebqbgm�wnn_dlb\ghc�fZkku�we_dljhgZ�m*

��K�^jm]hc�klhjhgu��aZ\bkb�
fhklv�2�k��\Z`gZ�ijb�bamq_gbb�we_dljhggh]h�ljZgkihjlZ�\�gZghkljmdlmjZo��]^_�hij_^_�
eyxsbf�y\ey_lky�f_oZgbaf�jZkk_ygby�ghkbl_e_c�aZjy^Z�gZ�djZ_\uo�^bkehdZpbyo� 

Ebl_jZlmjZ� 
1. =_ce_j�<�:���FZj]mebk�<�:���NbebgZ�E��B��� ©Ijh\h^bfhklv�d\Zglh\hc�ijh�

\hehdb�\�ijh^hevghf�fZ]gblghf�ihe_ª����@WLN������������K������� 
2. Dj_\qbd�<�>���=jmgbg�:�;���AZcp_\�J�<���©:gbahljhiby�fZ]gblhhilbq_kdh]h�

ih]ehs_gby�dhfie_dkh\� ©d\Zglh\Zy�lhqdZ� -�ijbf_kguc�p_gljª� ���NLI�� �����������K��
1225. 

3. :en_jh\�@�B��� ©>\hcgu_� ]_l_jhkljmdlmju��dhgp_ipby�b�ijbf_g_gb_�\�nb�
abd_��we_dljhgbd_�b�l_ogheh]bbª����MNG������������K���� 

4. ;_jl�G�:�� b� ^j�� ©Kha^Zgb_� b� bkke_^h\Zgb_� hilbq_kdbo� k\hckl\� d\Zglh\uo�
ijh\hehd�,n*D$V�*D$Vª����NLI������������K������� 

 
 

 

M>D������������� 

<EBYGB?�WE?DLJBQ?KDH=H�IHEY�G:�J:;HLM�<UOH>:�
WE?DLJHG:�G:GHQ:KLBP�KIE:<H<�S?EHQGUO�F?L:EEH< 

DZgqmdh_\ <.A., DZr_`_\ :.A., FZgmdygp :.J. 1),. KhaZ_\<�:� 1) 
DZ[Zj^bgh-;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��]��GZevqbd 

1)
K_\_jh-DZ\dZakdbc�=hkm^Zjkl\_gguc�L_ogheh]bq_kdbc�Mgb\_jkbl_l� 

]��<eZ^bdZ\dZa 

Bamq_gb_� nhlhwe_dljbq_kdbo� k\hckl\� f_lZeebq_kdbo� gZghkljmdlmj� bf__l� dZd�
gZmqgh_��lZd�b�ijZdlbq_kdh_� agZq_gb_��lZd�dZd�gZghkbkl_fu�gZ�hkgh\_�kieZ\h\�k�mqZ�
klb_f�s_ehqguo�f_lZeeh\�fh]ml�bkihevah\Zlvky�ijb�dhgkljmbjh\Zgbb�l_jfh�b�nhlhdZ�
lh^h\�� 

<�gZklhys_c�jZ[hl_�ij_^ijbgbfZ_lky�ihiuldZ�hp_gblv�\�jZfdZo�f_lh^Z�nmgd�
pbhgZeZ�we_dljhgghc�iehlghklb�\ebygb_�we_dljbq_kdh]h�ihey�gZ�jZ[hlm�\uoh^Z�we_d�
ljhgZ��J<W��gZghqZklbp�kieZ\h\�s_ehqguo�f_lZeeh\� 

JZkkfhljbf�gZghqZklbpm�kieZ\Z�:o<1-o��\g_rgbc�jZ^bmk�dhlhjhc�R0=rS(NA+NB)1/3, 
]^_�NA, NB –�qbkeh�qZklbp�dhfihg_glh\�:�b�<�khhl\_lkl\_ggh��rS –�jZ^bmk�yq_cdb�<b]g_�
jZ-A_clpZ�kieZ\Z��<ke_^kl\b_�ih\_joghklghc�k_]j_]Zpbb�h^gh]h�ba�dhfihg_glh\�\�qZk�
lbp_�h[jZam_lky� k_]j_]Zpbhgguc� kehc� k�iehlghklvx�iheh`bl_evgh]h� aZjy^Z�ns�b� lhe�
sbghc�D=R0–R��]^_�R –�jZ^bmk�\gmlj_gg_c�h[eZklb�qZklbpu�k�iehlghklvx�iheh`bl_ev�
gh]h�aZjy^Z�n0. 

Bkihevamy�ijZ\beh� kmff��fh`gh�ihdZaZlv��qlh�^ey�J<W�gZghqZklbpu�\�ihe_� k�

gZijy`_gghklvx�? �kijZ\_^eb\Z�nhjfmeZ� 
 

�

�

��

�

� ����@���>�� ÑQ�(QÆ55
Q

Q
5·

V −−ϕ−ϕ−ϕ−= ,   (1) 

]^_�3�R���3�R0) –�we_dljbq_kdbc�ihl_gpbZe�\�lhqdZo�r=R�b�R0 –�gZoh^blky�ba�mjZ\g_gby�
ImZkkhgZ� k� mq_lhf� ]jZgbqguo� mkeh\bc� b� mkeh\bc� g_ij_ju\ghklb�3�r��b�3/(r), 0(n0) – 
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kmffZ� iehlghkl_c� dbg_lbq_kdhc�� h[f_gghc� b� dhjj_eypbhgghc� wg_j]bc� we_dljhggh]h�
]ZaZ� 

Hp_gdb�J<W�ih�ijh\_^_gghc�\ur_�ko_f_�ihdZau\Zxl��qlh�aZ\bkbfhklv�J<W�hl�
?�[ebadZ�d�iZjZ[hebq_kdhc��Ijb�baf_g_gbb�ihey�hl���^h�±2.6×107 <�kf�J<W�f_gy_lky�
gZ��-10%. 

 
 
 

M>D�����������������1; 537.311.322 

HKH;?GGHKLB�WG?J=?LBQ?KDH=H�KI?DLJ: 
DHFIE?DK:�©D<:GLH<:Y�LHQD:�– D(-)-�P?GLJª 

<�D<:GLMXS?F�F:=GBLGHF�IHE? 

Yrbg�K�<� 
I_ga_gkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�^Zgghc�jZ[hl_�ihdZaZgh��qlh�\�d\Zglmxs_f�fZ]gblghf�ihe_�fh`gh�h`b^Zlv�
mkbe_gb_�©ihimeypbbª�D(-)-�khklhygbc�\�d\Zglh\hc�lhqd_��DL��aZ�kq_l�]b[jb^gh]h�d\Zg�
lh\Zgby��JZkkfZljb\Z_lky�ihemijh\h^gbdh\Zy�kn_jbq_kdZy�DL�\�d\Zglmxs_f�fZ]gbl�
ghf� ihe_�� >ey� hibkZgby� h^ghwe_dljhgguo� khklhygbc� \� DL� bkihevam_lky� ihl_gpbZe�
dhgnZcgf_glZ�\�\b^_�hkpbeeylhjghc� kn_jbq_kdhc�yfu��<�jZfdZo�fh^_eb�ihl_gpbZeZ�
gme_\h]h�jZ^bmkZ�\�ijb[eb`_gbb�wnn_dlb\ghc�fZkku�aZ^ZqZ�gZ�k\yaZggu_�khklhygby�\�
dhfie_dk_� ©d\Zglh\Zy�lhqdZ�– D(-)-�p_gljª�j_r_gZ�ZgZeblbq_kdb�lhqgh��DZj^bgZevgZy�
fh^bnbdZpby� we_dljhgguo� khklhygbc� \�DL�� h[mkeh\e_ggZy� jZaf_jguf� d\Zglh\Zgb_f�
ih�lj_f�ijhkljZgkl\_gguf�gZijZ\e_gbyf��ijb\h^bl�d�Zgbahljhibb�wg_j]bb�k\yab�D(-)- 
p_gljZ��\�iehkdhklb�xy��i_ji_g^bdmeyjghc�fZ]gblghfm�ihex��bf__l�f_klh� ]b[jb^gh_�
d\Zglh\Zgb_��Z�\�gZijZ\e_gbb�ihey�jZaf_jgh_�d\Zgh\Zgb_� 

IhdZaZgh��qlh�fZ]gblgh_�ihe_�hdZau\Z_l�klZ[bebabjmxs__�^_ckl\b_�gZ�D(-)-�kh�
klhygby� \�DL� �jZkq_lu� ijh\_^_gu� ijbf_gbl_evgh� d�D(-)-� khklhygbyf� \�DL� gZ� hkgh\_�
InSb���<� kemqZ_�ijbf_kguo�mjh\g_c�jZkiheh`_gguo�gb`_�^gZ�DL�� wg_j]by�k\yab�D(-)- 
p_gljZ�g_agZqbl_evgh�mf_gvrZ_lky�k�jhklhf�fZ]gblgh]h�ihey��Wlh�h[mkeh\e_gh�hlkml�
kl\b_f�aZ\bkbfhklb�wg_j]bb�hkgh\gh]h�khklhygby�hkpbeeylhjZ�\�gZijZ\e_gbb�hkb�z�hl�
fZ]gblgh]h�ihey��l��_��hlkmlkl\b_f�fZ]gblgh]h�d\Zglh\Zgby� 

Wnn_dl�fh^meypbb�wg_j]bb�k\yab�ijbf_kguo�khklhygbc�\�d\Zglmxs_f�fZ]gbl�
ghf�ihe_�ijb\e_dZ_l�\hafh`ghklvx�kha^Zgby�gZ�_]h�hkgh\_�d\Zglh\uo�ihemijh\h^gb�
dh\uo�ijb[hjh\�gh\h]h�ihdhe_gby��\�qZklghklb�nhlhijb_fgbdh\�k�mijZ\ey_fhc�qm\kl�
\bl_evghklvx�\�h[eZklb�ijbf_kgh]h�ih]ehs_gby�k\_lZ����� 

 
 
 

M>D�����������������213:681.586 

<EBYGB?�DHKFBQ?KDHC�KJ?>U�G:�F?O:GBAFU�
LHDHI?J?GHK:�<�KHEG?QGUO�;:L:J?YO�G:�HKGH<?�

FHGHDJBKL:EEBQ?KDH=H�DJ?FGBY 

Kbah\�:�<� 
Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb 

Bkihevah\Zgb_�kheg_qguo�[ZlZj_c��K;��gZ�hdheha_fghc�hj[bl_�ijb\h^bl�d�agZqbl_ev�
ghfm�baf_g_gbx�\b^Z�\hevl-Zfi_jguo�oZjZdl_jbklbd��<:O���<�gZr_c�jZ[hl_�bkke_^h�
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\Zebkv�ijbqbgu�^_]jZ^Zpbb�<:O�b�f_oZgbafu�i_j_ghkZ�ghkbl_e_c�aZjy^Z�\�kheg_qguo�
[ZlZj_yo�gZ�hkgh\_�c-Si�k�p_evx�\uy\e_gby�nZdlhjh\��\ebyxsbo�gZ�we_dljh-nbabq_kdb_�
iZjZf_lju�K;� 

;ueh�ijh\_^_gh�baf_j_gb_�<:O�ih^�hk\_s_gb_f�b�\�mkeh\byo�hlkmlkl\by�hk\_�
s_gby�\�bgl_j\Ze_�l_fi_jZlmj�hl�-1000K�^h�����0K�K;��ijhjZ[hlZ\rbo�[he__����e_l�gZ�
klZgpbb�FBJ��Z�lZd`_�kheg_qguo�[ZlZj_c�ojZgb\rboky�gZ�A_fe_�gZ�ijhly`_gbb�lh]h�
`_�\j_f_gb� 

:gZeba�ebl_jZlmjguo�^Zgguo�iha\hebe�jZajZ[hlZlv�mkh\_jr_gkl\h\Zggmx�fh�
^_ev�^ey� hibkZgby�<:O�K;��<� j_amevlZl_�fh^_ebjh\Zgby�<:O�K;�[ueb�hij_^_e_gu�
ij_h[eZ^Zxsb_�f_oZgbafu�lhdhi_j_ghkZ��:gZeba�j_amevlZlh\�fh^_ebjh\Zgby�ihdZaZe��
qlh�ij_h[eZ^Zxsbf�f_oZgbafhf�ljZgkihjlZ�ghkbl_e_c�aZjy^Z�y\ey_lky�j_dhf[bgZpb�
hgguc��Hkgh\ghc�\deZ^�\�j_dhf[bgZpbhggh-]_g_jZpbhgguc�lhd�\�kemqZ_�K;��wdkiemZ�
lbjh\Z\rboky�\�dhkfbq_kdhc�kj_^_��\ghkyl�eh\mrdb��wg_j]_lbq_kdh_�iheh`_gb_�dhlh�
juo�gZoh^blky�\[ebab�k_j_^bgu�rbjbgu�aZij_s_gghc�ahgu��Ihke_^h\Zl_evgh_�khijh�
lb\e_gb_� ebg_cgh� \hajZklZ_l� k� l_fi_jZlmjhc��Wlh� mdZau\Z_l� gZ� lh�� qlh� ij_h[eZ^Z_l�
\deZ^�\�ihke_^h\Zl_evgh_�khijhlb\e_gb_�ebp_\hc�dhglZdlghc�k_ldb�b�n-kehy��knhjfb�
jh\Zggh]h�f_lh^hf�^bnnmabb��Rmglbjmxs__� khijhlb\e_gb_� �Rr��bkke_^h\Zgguo�K;�
hij_^_ey_lky� kh\f_klguf� ^_ckl\b_f�fgh]hklmi_gqZlh]h� lmgg_ebjh\Zgby� b� aZo\Zlhf-
wfbkkb_c�ghkbl_e_c�aZjy^Z�\�h[eZklb�h[t_fgh]h�aZjy^Z��Ijb�ih\ur_gbb�l_fi_jZlmju�
ij_h[eZ^Zxsbf�\�kljmdlmj_�kheg_qghc�[ZlZj_b�y\ey_lky�lhd��h]jZgbq_gguc�h[t_fguf�
aZjy^hf��<ebygb_�dhkfbq_kdhc�kj_^u��dhlhjh_�ijb\_eh�d�^_]jZ^Zpbb�<:O��\ujZabehkv�
\� lhf�� qlh� hkgh\ghc� \deZ^� \� j_dhf[bgZpbhggh-]_g_jZpbhgguc� lhd� \ghkyl� eh\mrdb��
wg_j]_lbq_kdh_�iheh`_gb_�dhlhjuo�\[ebab�(g����Ke_^h\Zl_evgh��\ebygb_�dhkfbq_kdh]h�
ijhkljZgkl\Z�gZ�kheg_qgu_�[ZlZj_b�k\yaZgh�k�m\_ebq_gb_f�iehlghklb�^_n_dlh\�\[ebab�
k_j_^bgu�aZij_s_gghc�ahgu�ihemijh\h^gbdZ� 

LZdbf�h[jZahf��fh^_ebjh\Zgb_�<:O�kheg_qguo�[ZlZj_c�iha\hebeh�hij_^_eblv�
ij_h[eZ^Zxsb_�f_oZgbafu�i_j_ghkZ�ghkbl_e_c�aZjy^Z�\�K;�gZ�hkgh\_�c-Si c p-n�i_j_�
oh^hf�b�\uy\blv�f_oZgbafu�^_]jZ^Zpbb�kheg_qguo�[ZlZj_c�ih^�\ebygb_f�dhkfbq_kdhc�
kj_^u�� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglh\�Fbgh[jZah\Zgby�������-=;-53-LW��
501-=;-53-=j� 

 
 
 

M>D������������ 

DHFIE?DKGH?�BKKE?>H<:GB?�K<HCKL< 
G:GHIHJBKLH=H�DJ?FGBY 

=hjqbgkdbc�:�>���E_g^_e�<�<���F_evgbq_gdh�G�G��� 

∗K\_`_gph\Z�?�<���Ohf_gdh�:�X� 

Db_\kdbc�GZpbhgZevguc�Mgb\_jkbl_l�bf_gb�L�R_\q_gdh��MdjZbgZ 

<�ihke_^gb_�]h^u�jZa\blb_�gZghl_ogheh]bc�klbfmebjh\Zeh�bgl_j_k�d�bamq_gbx�
gZghkljmdlmjguo� fZl_jbZeh\�� [eZ]h^Zjy� bo� mgbdZevguf�nbabdh-obfbq_kdbf� k\hckl�
\Zf��Yjdbf�ijbf_jhf�lZdbo�fZl_jbZeh\�y\ey_lky�gZgh-ihjbkluc�dj_fgbc��gZghjZaf_j�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�Dhgn_j_gpbb��dZd�emqrbc�^hdeZ^�gZ�ih^k_dpbb�� 
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ghklv� dhlhjh]h� hij_^_ey_l� oZjZdl_j� ih\_^_gby� hilbq_kdbo� b� we_dljhnbabq_kdbo�
k\hckl\�� Ihwlhfm� lZdb_� fZl_jbZeu� lj_[mxl� ^_lZevgh]h� dhfie_dkgh]h� bamq_gby� bo�
k\hckl\� 

<�^Zgghc�jZ[hl_�f_lh^Zfb� kdZgbjmxs_c� ahg^h\hc�fbdjhkdhibb�bamq_gZ�fhj�
nheh]by� ih\_joghklb� gZghihjbklh]h� dj_fgby� knhjfbjh\Zggh]h� obfb-q_kdbf� ljZ\e_�
gb_f��MklZgh\e_gh��qlh�fhjnheh]by�ih\_joghklb�oZjZdl_jbam_lky�gZebqb_f�h^ghjh^�
ghc�gZghkljmdlmju�gZ�ih\_joghklb�bkoh^gh]h�fbdjhj_ev_nZ�ih^eh`db��Ijh\_^_gh�bk�
ke_^h\Zgb_� jZkij_^_e_gby� ijbf_k_c� gZghihjbklh]h� dj_fgby� ih� ]em[bg_� k� ihfhsvx�
H`_-we_dljhgghc� ki_dljhkdhibb�b� \lhjbqghc�bhgghc�fZkk-ki_dljhf_ljbb��IhdZaZgh��
qlh� ]em[bgZ� aZe_]Zgby� ijbf_k_c� khhl\_lkl\m_l� ��-��� gf�� qlh� ohjhrh� dhjj_ebjm_l� k�
hp_gdhc�\ukhlu�gZgh-kljmdlmj��ihemq_gghc�k�ihfhsvx�Zlhfgh�kbeh\hc�b�kdZgbjmx�
s_c�lmg_evghc�fbdjhkdhibb��Ihemq_ggu_�h[jZapu�gZghihjbklh]h�dj_fgby�oZjZdl_jb�
amxlky�yjdhc�nhlhexfbg_kp_gpb_c��oZjZdl_jghc�Zgh^guf�kehyf��b�hlkmlkl\b_f�__�^_�
]jZ^Zpbb�gZ�ijhly`_gbb�^ebl_evgh]h�i_jbh^Z��Ijb�wlhf�kljZ\eb\Zgb_��kehy�lhesbghc�
ihjy^dZ����gf��dhlhjuc�oZjZdl_jbam_lky�gZebqb_f�dhfie_dkZ�SiOx��ijb\h^bl�d�ihegh�
fm�bkq_agh\_gbx�nhlhexfbg_kp_glguo�k\hckl\�  

Ijh\_^_gu�baf_j_gby�\hevl-Zfi_jguo�oZjZdl_jbklbd� �<:O��kljmdlmj�dj_fgbc�
–�gZghihjbkluc�dj_fgbc��f_lZe�–�dj_fgbc�–�gZghihjbkluc�dj_fgbc��Z�lZd`_�kljmdlmj�
f_lZe�–�dj_fgbc�–�gZghihjhjbkluc�dj_fgbc�–�f_lZe��<:O�mdZaZgguo�kljmdlmj�baf_�
jyebkv� \� bgl_j\Ze_� l_fi_jZlmj� ��-60ºK� b� kf_s_gbc� ��<�� GZ[ex^Z_lky� ^hklZlhqgh�
kbevgZy�aZ\bkbfhklv�<:O�hl�fhjnheh]bb�ih\_joghklb�b�h^ghjh^ghklb�gZghihjbklh]h�
kehy��dhlhju_�baf_gyxlky�hl�ihqlb�hfbq_kdbo�^h�\uijyfeyxsbo��Hlf_q_gh��qlh�l_f�
i_jZlmjgZy�aZ\bkbfhklv�<:O�lbibqgZ�^ey�ijhp_kkh\�i_j_ghkZ�aZjy^h\�q_j_a�[Zjv_j� 

 
 
 

M>D�����������������1; 537.311.322 

><MONHLHGGH?�IH=EHS?GB?�K<?L: 
<�G:GH=?L?JHKBKL?F:O K�MQ:KLB?F�'

(-)-P?GLJH< 

FZchjh\�<�=���Dj_\qbd�<�>� 

I_ga_gkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Bgl_j_k� d� ^\monhlhgghfm� ih]ehs_gbx� k\_lZ� \� gZghkljmdlmjZo� h[mkeh\e_g�
ij_`^_�\k_]h�\hafh`ghklvx�gZ[ex^_gby�wnn_dlZ�>N�\ha[m`^Z_fhc�exfbg_kp_gpbb��
dhlhjZy�\�ihke_^g__�\j_fy�rbjhdh�bkihevam_lky�dZd�f_lh^�bkke_^h\Zgby�gZghdjbklZe�
eh\� >�@��>N�\ha[m`^Z_fZy�exfbg_kp_gpby�h[uqgh�gZ[ex^Z_lky�ijb�^hklZlhqgh�\ukh�
dhc�bgl_gkb\ghklb�gZdZqdb��iehlghklv�fhsghklb�khklZ\ey_l�[he__���8

�<l�kf2
���Ijbq_f�

gZ�i_j\hf�wlZi_�ijhbkoh^bl�>N�ih]ehs_gb_�k\_lZ��Z�gZ�\lhjhf�–�bkimkdZgb_��khijh\h�
`^Zxs__ky�baemqZl_evguf�i_j_oh^hf�kh�^gZ�jZaf_jgh-d\Zglh\Zgghc�ih^ahgu�gZ�we_d�
ljhggu_� mjh\gb� hkgh\gh]h� khklhygby��K� ^jm]hc� klhjhgu��>N� ih]ehs_gb_� iha\hey_l�
bamqZlv��\�qZklghklb��h[t_fgu_�j_dhf[bgZpbhggu_�ijhp_kku��fZeh�bkdZ`_ggu_�\eby�
gb_f�j_Zevghc�ih\_joghklb� >�@�� �>ZggZy�jZ[hlZ�ihk\ys_gZ�l_hj_lbq_kdhfm�bamq_gbx�
>N�ih]ehs_gby� k\_lZ�dhfie_dkZfb� ©d\Zglh\Zy� lhqdZ� �DL��– D(-) -�p_gljª��kbgl_abjh�
\Zgguo�\�ijhajZqghc�[hjhkbebdZlghc�fZljbp_��L_hj_lbq_kdbc�ih^oh^�hkgh\Zg�gZ�bk�
ke_^h\Zgbb�wg_j]_lbq_kdh]h�ki_dljZ�dhfie_dkZ�©DL�–D(-) -�p_gljª�\�DL�k�iZjZ[hebq_�
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kdbf�ihl_gpbZehf�dhgnZcgf_glZ� >�@��Ihl_gpbZe�ijbf_kb�bfblbjh\Zeky�ihl_gpbZehf�
gme_\h]h� jZ^bmkZ��LZdhc� ih^oh^�� dZd� ba\_klgh� >�@�� ijbf_gbf� ^ey� hibkZgby�D(-) -� kh�
klhygbc��khhl\_lkl\mxsbo�ijbkh_^bg_gbx�^hihegbl_evgh]h�we_dljhgZ�d�f_edhfm�^h�
ghjm��Ih]ehs_gb_�k\_lZ�ijb�>N�bhgbaZpbb�D(-) -�p_gljh\�\�DL�jZkkfhlj_gh�^ey�kemqZy��
dh]^Z�ijbf_kguc�Zlhf�jZkiheh`_g�\�p_glj_�DL��<�kbem�kn_jbq_kdhc�kbff_ljbb�jZk�
kfZljb\Z_fhc�aZ^Zqb�^ey�hilbq_kdbo�i_j_oh^h\�\�^bihevghf�ijb[eb`_gbb�^_ckl\m_l�
h[uqgh_�ijZ\beh�hl[hjZ��i_j_oh^u�ba�hkgh\gh]h�s –�khklhygby�D(-) -�p_gljZ�b^ml�\�\ha�
[m`^_ggu_�p –�khklhygby�DL��<�ijb[eb`_gbb�wnn_dlb\ghc�fZkku��\h�\lhjhf�ihjy^d_�
l_hjbb�\hafms_gbc�ihemq_gh�ZgZeblbq_kdh_�\ujZ`_gb_�^ey�>N�dhwnnbpb_glZ�ih]eh�
s_gby�k\_lZ�k�mq_lhf�^bki_jkbb�jZaf_jh\�DL��Ijb�wlhf�ij_^iheZ]Zehkv��qlh�^bki_jkby�
\hagbdZ_l�\�ijhp_kk_�nZah\h]h�jZkiZ^Z�ij_kus_ggh]h�l\_j^h]h�jZkl\hjZ�b�m^h\e_l\h�
jbl_evgh� hibku\Z_lky� nhjfmehc�EbnrbpZ–Ke_ah\Z� >�@��Mq_l� ^bki_jkbb� ijb\h^bl� d�
jZafulbx�^bkdj_lguo�ebgbc�\�ki_dlj_�>N�ih]ehs_gby��Ki_dljZevgZy�aZ\bkbfhklv�dh�
wnnbpb_glZ� >N� ih]ehs_gby� y\ey_lky� g_fhghlhgghc�� qlh� h[mkeh\e_gh� jZaf_jguf�
d\Zglh\Zgb_f��Ijb� wlhf� i_jbh^� hkpbeeypbc�T� hij_^_ey_lky� Zfieblm^hc� ihl_gpbZeZ�
dhgnZcgf_glZ�DL�b�kj_^gbf�agZq_gb_f�__�jZ^bmkZ��K�mf_gvr_gb_f�wg_j]bb�k\yaZggh]h�
khklhygby� �jZ^bmk� ehdZebah\Zggh]h� khklhygby� m\_ebqb\Z_lky�� kbeZ� hkpbeeylhjZ� ^b�
ihevgh]h�>N�hilbq_kdh]h�i_j_oh^Z�aZf_lgh�\hajZklZ_l��Z�djZc�ihehku�>N�ih]ehs_gby�
k^\b]Z_lky� \� ^ebggh\hegh\mx� h[eZklv� ki_dljZ��K� lhqdb� aj_gby� wdki_jbf_glZ��ijb\_�
^_ggZy� aZ\bkbfhklv�fh`_l�[ulv� �bkihevah\ZgZ�^ey�hij_^_e_gby�kj_^g_]h�jZ^bmkZ�gZ�
ghdjbklZeeh\� �DL���_keb�ba\_klgu�iZjZf_lju��wg_j]by�k\yaZggh]h�khklhygby�b�Zfieb�
lm^Z�ihl_gpbZeZ�dhgnZcgf_glZ�DL� 

Ebl_jZlmjZ� 
1. Fbdh\�K�G���B]h�:�<���=hj_ebd�<�K�� ©Ki_dlju�^\monhlhggh-\ha[m`^Z_fhc�

exfbg_kp_gpbb�\�gZghdjbklZeeZo�ZefZaZª����NLL��������l������<ui�����K������-1112. 
2. Dj_\qbd� <�>��� AZcp_\� J�<�� ©Ijbf_kgh_� ih]ehs_gb_� k\_lZ� \� kljmdlmjZo� k�

d\Zglh\ufb�lhqdZfbª����NLL��������l����������K�����-507. 
3. Ebnrbp� B�F��� Ke_ah\� <�<�� ©H� dbg_lbd_� ^bnnmabhggh]h� jZkiZ^Z� i_j_ku�

s_gguo�l\_j^uo�jZkl\hjh\ª����@WLN��������l������<ui��������K�����-492.  
 
 
 

M>D���������� 

IE:<E?GB?�G:GHGBL?C�IN, CD�B�ZN, 
HK:@>?GGUO�<�F:LJBPM 

IHJBKLH=H�:GH>GH=H�HDKB>:�:EXFBGBY 

∗;_eh\�:�G� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb�

�l_ogbq_kdbc�mgb\_jkbl_l� 

<�gZklhys__� \j_fy� \�fbj_� d�gZghkljmdlmjbjh\Zgguf�fZl_jbZeZf�ijhy\ey_lky�
\k_\hajZklZxsbc�bgl_j_k��Wlb�fZl_jbZeu�ijhy\eyxl�ijbgpbibZevgh�gh\u_�k\hckl\Z��

                                                           
∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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hij_^_ey_fu_� ihgb`_gghc� jZaf_jghklvx� b� d\Zglh\ufb� jZaf_jgufb� wnn_dlZfb��LZ�
dbf�h[jZahf��ijb�kha^Zgbb�ijb[hjh\��kh^_j`Zsbo�gZghjZaf_jgu_�dhfihg_glu��g_h[�
oh^bfh�mqblu\Zlv�bo�l_jfh^bgZfbq_kdb_�oZjZdl_jbklbdb��b�h[_ki_qblv�obfbq_kdmx�b�
l_jfbq_kdmx�klZ[bevghklv�gZghdjbklZeeh\� 

Kj_^b� l_jfh^bgZfbq_kdbo� k\hckl\�� dhlhju_� ih^^Zxlky� lhqghfm� baf_j_gbx��
fh`gh�\u^_eblv� l_fi_jZlmju�nZah\uo�ij_\jZs_gbc��\�qZklghklb�� l_fi_jZlmjm�ieZ\�
e_gby�� dhlhjZy� mf_gvrZ_lky� ijb� mf_gvr_gbb� jZaf_jh\� gZghqZklbp�� <� h[h[s_gghc�
nhjf_�[hevrbgkl\h�fh^_e_c�hibku\Zxsbo�wlh�y\e_gb_�ij_^klZ\eyxlky�dZd� 

 
)1()( rTrT mm α−= , 

 
]^_�Tm(r) –� aZ\bkysZy� hl� jZaf_jZ� qZklbpu� l_fi_jZlmjZ� ieZ\e_gby��Tm –� l_fi_jZlmjZ�
ieZ\e_gby�h[t_fgh]h�djbklZeeZ��r –�oZjZdl_jguc�jZaf_j�gZghdjbklZeeZ��α -�iZjZf_lj��
aZ\bkysbc�hl�iehlghklb��l_iehlu�ieZ\e_gby�b�ih\_joghklghc�wg_j]bb�fZl_jbZeZ� 

<�^Zgghc�jZ[hl_�bkke_^h\Zgu�l_fi_jZlmju�ieZ\e_gby�gZghgbl_c�bg^by��dZ^fby�
b�pbgdZ��GZghgblb�nhjfbjh\Zeb�we_dljhobfbq_kdbf�hkZ`^_gb_f�ba�jZkl\hjh\�kmevnZ�
lh\�wlbo�f_lZeeh\��\�dZq_kl\_�gZghfZljbp�bkihevah\Zeb�f_f[jZgu�ihjbklh]h�Zgh^gh]h�
hdkb^Z� Zexfbgby� k� gZg_k_gguf�� k� h^ghc� klhjhgu� we_dljh^hf�� ;ueb� knhjfbjh\Zgu�
kljmdlmju��jZaf_ju�dhlhjuo�\Zjvbjh\Zebkv�^bZf_ljhf�ihj�gZghfZljbpu��>ey�hij_^_�
e_gby� l_fi_jZlmju� ieZ\e_gby�f_lZeeh\� bkihevah\Zeb�f_lh^� ^bnn_j_gpbZevguc� kdZ�
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