
F_`^mgZjh^gZy�dhgn_j_gpby�klm^_glh\��ZkibjZglh\�b�fheh^uo�mq_guo 
ih�nmg^Zf_glZevguf�gZmdZf�©Ehfhghkh\-2005» 
K_dpby�©NbabdZª 
K[hjgbd�l_abkh\ 
 
 
���Zij_ey������]��Nbabq_kdbc�nZdmevl_l 
Fhkdh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��F�<��Ehfhghkh\Z 
 
 
 
Hj]dhfbl_l�k_dpbb� 
 
DZrdZjh\�I�D��—aZf_klbl_ev�^_dZgZ�nbabq_kdh]h�nZdmevl_lZ�F=M 
   ���ij_^k_^Zl_ev�� 
:dk_gh\�<�G��—�aZf_klbl_ev�^_dZgZ��aZf��ij_^k_^Zl_ey�� 
;mlmah\�<�N��—�aZf_klbl_ev�^_dZgZ��aZf��ij_^k_^Zl_ey�� 
;mrm_\�<�:��—�ijhn_kkhj�dZn_^ju�nbabdb�l\_j^h]h�l_eZ� 
=hem[h\kdbc�>�G��—�ij_^k_^Zl_ev�ijhndhfu�klm^_glh\� 
Dh\Ze_\kdbc�<�E��—�aZ\��mq_[ghc�qZklvx� 
<heh^bg�;�:��—�gZqZevgbd���dmjkZ� 
G_^_evdh�B�<��—�gZqZevgbd���dmjkZ� 
;ZjZgh\�:�G��—�gZqZevgbd���dmjkZ� 
Dhe_kh\Z�G�K��—�mq_guc�k_dj_lZjv�hj]dhfbl_lZ� 
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Nbabq_kdbc nZdmevl_l F=M 
������ =KI-�� ]�Fhkd\Z� E_gbgkdb_ ]hju�F=M bf�F�<� Ehfhghkh\Z 
 
Hli_qZlZgh \ hl^_e_ hi_jZlb\ghc i_qZlb nbabq_kdh]h nZdmevl_lZ 
 
 
 
 
 
 
      �������Nbabq_kdbc�nZdmevl_l�F=M, 2005-05-18 



<� ^\_gZ^pZluc� jZa� \� Fhkdh\kdhf� ]hkm^Zjkl\_gghf� mgb\_jkbl_l_� ijh\h^beZkv�

F_`^mgZjh^gZy� dhgn_j_gpby� klm^_glh\�� ZkibjZglh\� b� fheh^uo� mq_guo� ih�

nmg^Zf_glZevguf�gZmdZf� ©Ehfhghkh\ª��Hkh[mx� lhj`_kl\_gghklv� _c�ijb^Zeh� lh��qlh�

hgZ�khklhyeZkv�\�i_jbh^�ijZa^gh\Zgby�����e_lg_]h�x[be_y�F=M��Gm`gh�hlf_lblv��qlh�

ba�]h^Z�\�]h^�jZkl_l�qbkeh�mqZklgbdh\�wlh]h�nhjmfZ�gZmqghc�fheh^_`b��\�wlhf�]h^m�bo�

[ueh����q_eh\_d��ijbq_f��kfh]eb�ijb_oZlv�b�\uklmiblv�����klm^_glh\�b�ZkibjZglh\�ba�

^jm]bo� ]hjh^h\� 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_djZkgh_� hnhjfe_gb_� [hevrbgkl\Z� ba� gbo��Ih�

wlbf� ihdZaZl_eyf� dhgn_j_gpby� ©Ehfhghkh\-����ª� gb� \� q_f� g_� mklmiZeZ� fgh]bf�
©\ajhkeufª�ZgZeh]bqguf�f_jhijbylbyf� 

Klm^_glu� klZjrbo� dmjkh\�� ZkibjZglu� b�fheh^u_� khljm^gbdb� bf_eb� \hafh`ghklv�

\uklmiblv�k�^hdeZ^Zfb�ih�kh[kl\_gguf�j_amevlZlZf�gZ����ih^k_dpbyo��ho\Zlu\Zxsbo�

ijZdlbq_kdb� \k_� Zki_dlu� nbabq_kdhc� gZmdb�� GZ� dZ`^hc� ih^k_dpbb�

ij_^k_^Zl_evkl\mxsbf� kh\f_klgh� k� ijbkmlkl\mxsbfb� khljm^gbdZfb� nbabq_kdh]h�

nZdmevl_lZ� [ueb� \u^_e_gu� emqrb_� khh[s_gby�� Z\lhju� dhlhjuo� gZ]jZ`^_gu�

]jZfhlZfb�F=M��Gb`_�ijb\_^_gu�bf_gZ�wlbo�fheh^uo�lZeZgleb\uo�mq_guo�� 
����Rm]Zjh\�:�K��–�klm^����dmjkZ�dZn��wdki_jbf_glZevghc�Zkljhghfbb 
����=juaeh\Z�?�<��–�ZkibjZgl�dZn��h[s_c�y^_jghc�nbabdb 
����Dbjbeeh\Z�L�G��–�gZmq��khlj��BgklblmlZ�[bhnbabdb�KH�J:G 
����K_j_]bg�<�<��–�ZkibjZgl�dZn��fZl_fZlbdb 
����Jh^q_gdh\Z�G�B��–�fZ]bkljZgl�I_ljhaZ\h^kdh]h�]hk��mgb\_jkbl_lZ 
����;ZeZ[bg�J�F��–�klm^����dmjkZ�J=M�g_nlb�b�]ZaZ�bf��B�F��=m[dbgZ 
����?\^hdbfh\�B�=��–�ZkibjZgl�FBWL 
����Kmjf_gdh�?�E��–�gZmq��khlj��KZjZlh\kdbc�]hk��l_og��mgb\_jkbl_l 
����>m[bgbg�:�<��–�klm^����dmjkZ�dZn��HN�b�<I� 
����;_ehdhg_\Z�X�I��–klm^���dmjkZ�dZn��nbabq_kdhc�we_dljhgbdb 
����FbgZ_\Z�H�<��–�fZ]bkljZgl�Fhkdh\kdh]h�i_^��]hk��mgb\_jkbl_lZ 
����Ke_ig_\Z�K�D��–�ZkibjZgl�Fhkdh\kdh]h�i_^��]hk��mgb\_jkbl_lZ 
����DZkmfh\�X�:��–�ZkibjZgl�BILF�b�HF�J:G��Q_jgh]heh\dZ������������������������������������������             
����IZr_\�B�G��–�ZkibjZgl�Ihfhjkdh]h�]hk��mgb\_jkbl_lZ�bf��F�<��Ehfhghkh\Z 
����Ibf_gh\�:�;��–�ZkibjZgl�dZn��l_hj_lbq_kdhc�nbabdb 
����:]Zih\Z�?�B��–�klm^����dmjkZ�dZn��nbabdb�ihebf_jh\�b�djbklZeeh\ 
����Kf_oh\Z�:�=��–�ZkibjZgl�dZn��nbabdb�l\_j^h]h�l_eZ 
����EZ\j_glv_\Z�?�D��–�klm^����dmjkZ�dZn��nbabdb�ihebf_jh\�b�djbklZeeh\ 
����@^Zgh\�:�=��–�klm^����dmjkZ�dZn��d\Zglh\hc�we_dljhgbdb 

 
>ey�[hevrbgkl\Z�mqZklgbdh\�dhgn_j_gpby�©Ehfhghkh\-2005» -�wlh�i_j\h_�\�`bagb�

\uklmie_gb_�\�lZdhf�ojZf_�gZmdb�dZd�Fhkdh\kdbc�mgb\_jkbl_l�\�]h^�_]h����-e_lby�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 
dhgn_j_gpbb�©Ehfhghkh\�-����ª��ijhn_kkhj�������������������������������������������I�D��DZrdZjh\ 
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M>D�������� 

DBG?F:LBD:�=:A:�<�HKL:LD?�K<?JOGH<HC�6� 
<�=:E:DLBD?�,&���� 

Ih^hj\Zgxd�G�X� 

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

=ZeZdlbdZ� ,&������ jZkiheh`_ggZy� gZ� jZkklhygbb� ���-���� id� �Njb^fZg�� �������
y\ey_lky�h^ghc�ba�kZfuo�keZ[uo�dZjebdh\uo�,UU�]ZeZdlbd�F_klghc�=jmiiu� 

KZfhc�aZf_lghc�kljmdlmjhc�gZ�madhihehkguo�+.�bah[jZ`_gbyo�wlhc�]ZeZdlbdb�
y\ey_lky� ]b]Zglkdbc� dhfie_dk� fgh`_kl\_gguo� bhgbah\Zgguo� h[hehq_d� \� k_\_jh-
\hklhqghf�k_dlhj_�,&������Ihfbfh�yjdbo�+,,�h[eZkl_c�d�fgh]hh[hehq_qghfm�dhfie_d�
km�ijbgZ^e_`bl�yjdZy�lmfZgghklv�6���ij_^klZ\eyxsZy�_^bgkl\_gguc�ba\_klguc�\�wlhc�
]ZeZdlbd_�hklZlhd�\kiurdb�k\_jogh\hc��5RVDGR�HW�DO��������� 

<�gZklhys_c�jZ[hl_�ijh\_^_gh�bkke_^h\Zgb_�hklZldZ�\kiurdb�k\_jogh\hc�6��b�
_]h� ijhly`_gguo� hdj_klghkl_c��Ijb� \uiheg_gbb� jZ[hlu� bkihevah\Zebkv� j_amevlZlu�
gZ[ex^_gbc� ]ZeZdlbdb� ,&����� \� hilbq_kdhf� ^bZiZahg_� k� bgl_jn_jhf_ljhf� NZ[jb-
I_jh��BNI��b�k�fmevlbajZqdh\uf�\hehdhgguf�ki_dljh]jZnhf��03)6��gZ��-f�l_e_kdh�
i_�K:H�J:G��Z�lZd`_�j_amevlZlu�gZ[ex^_gbc�\�jZ^bhebgbb����kf�gZ�9/$�  

Ih�gZ[ex^_gbyf�hklZldZ�k\_jogh\hc�k�gh\uf�03)6�gZ��-f�l_e_kdhi_�K:H�J:G�
[ueb�ihkljh_gu�bah[jZ`_gby�b�ihey�kdhjhkl_c�\�h[eZklb�hklZldZ�\�jZaebqguo�ebgbyo��
IhdZaZgh��qlh�bah[jZ`_gby�hklZldZ�k\_jogh\hc�\h�\k_o�ebgbyo�bf_xl�koh`mx�kljmdlm�
jm�–�hklZlhd�\ulygml�\�gZijZ\e_gbb�k�k_\_jh-\hklhdZ�gZ�x]h-aZiZ^� 

<�hlebqb_�hl�ij_^u^msbo�jZ[hl��ihk\ys_gguo�bamq_gbx�hklZldZ�6���EhabgkdZy��
Kbevq_gdh�b�^j���������5RVDGR�HW�DO����������\�j_amevlZl_�]Zmkk-ZgZebaZ�ebgbb�+.�[ueb�
h[gZjm`_gu� lhevdh� ^\_� dhfihg_glu��Ihkljh_gu� ^bZ]jZffu� �ihabpby-kdhjhklv�� ^ey�
h[_bo�dhfihg_gl�\�^\mo�gZijZ\e_gbyo�-�iZjZee_evgh�[hevrhc�b�fZehc�hkyf�kbff_ljbb�
hklZldZ��Ihkljh_ggu_�^bZ]jZffu�iha\hebeb�\i_j\u_�\uy\blv�wnn_dl�jZkrbj_gby�hk�
lZldZ�� =eZ\guc� dhfihg_gl� ebgbb�� ih� \k_c� \_jhylghklb�� ij_^klZ\ey_l� kh[hc� ijb[eb�
`Zxsmxky�klhjhgm�h[hehqdb��Kdhjhklv�jZkrbj_gby�yjdhc�klhjhgu�h[hehqdb��hij_^_�
ey_fZy�ih�oZjZdl_jghfm�bkdjb\e_gbx�3�9�^bZ]jZffu��khklZ\ey_l�hdheh����df�k�gZ�jZa�
j_aZo��ijh\_^_gguo�\�h[hbo�gZijZ\e_gbyo��<lhjhc�dhfihg_gl��[he__�keZ[uc��\_jhylgh�
ij_^klZ\ey_l� m^Zeyxsmxky� klhjhgm� h[hehqdb�� JZagbpZ� kj_^g_c� kdhjhklb� i_j\h]h� b�
\lhjh]h�dhfihg_glh\�^Z_l�\hafh`gmx�kdhjhklv�jZkrbj_gby�keZ[hc�m^Zeyxs_cky�klh�
jhgu�h[hehqdb�hdheh�����df�k� 

JZaebqb_�ihlhdh\�b�kdhjhkl_c�jZkrbj_gby�^\mo�klhjhg�h[hehqdb�fh`_l�h[tyk�
gylvky�jZaebqghc�iehlghklvx�kj_^u��\�dhlhjhc�jZkijhkljZgy_lky�m^ZjgZy�\hegZ��bgb�
pbbjh\ZggZy�\kiurdhc�k\_jogh\hc� 

<�gZklhys_c�jZ[hl_�lZd`_�[ueb�ijh\_^_gu�ihbkdb�iehlghc�\g_rg_c�h[hehqdb�
beb�iehlgh]h�kehy��k�dhlhjufb��\hafh`gh��klZedb\Z_lky�hklZlhd�k\_jogh\hc� 

 

:KLJHNBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn���^�n�-f�g��Ihklgh\�DhgklZglbg�:e_dkZg^jh\bq 
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Ih�gZ[ex^_gbyf�ijhly`_gghc�h[eZklb�\hdjm]�hklZldZ�\�ebgbb�+.�k�ihfhsvx�
BNI�gZ��-f�l_e_kdhi_�K:H�J:G��\�dhlhjuo�Z\lhj�ijbgbfZe�mqZklb_��ijbagZdh\�klhed�
gh\_gby�hklZldZ�kh�kl_gdZfb�lZdhc�h[hehqdb�beb�kehy�+,,�g_�h[gZjm`_gh� 

Ih�gZ[ex^_gbyf�]ZeZdlbdb�\�ebgbb����kf�h[gZjm`_gZ�keZ[Zy�g_cljZevgZy�h[h�
ehqdZ�� \� dhlhjhc� jZkiheh`_g� hklZlhd� k\_jogh\hc��<uy\e_gu� ke_^u� jZkrbj_gby� wlhc�
g_cljZevghc� h[hehqdb�� HklZlhd� jZkiheh`_g� gZ� \gmlj_gg_c� ]jZgbp_� wlhc� h[hehqdb��
kdhjhklv�jZkrbj_gby�\_s_kl\Z�\�kl_gd_�h[hehqdb�\�h[eZklb�hklZldZ�khklZ\ey_l�g_�f_�
g__����df�k��H[gZjm`_gb_�h[hehqdb�ih^l\_j`^Z_l�ko_fm�\kiurdb�k\_jogh\hc�\gmljb�
dZ\_jgu��hdjm`_gghc�iehlghc�h[hehqdhc��b�klhedgh\_gby�jZkrbjyxs_]hky�hklZldZ�kh�
kl_gdhc�h[hehqdb��LZdZy�fh^_ev�[ueZ�ij_^eh`_gZ�\�jZ[hl_� �EhabgkdZy��Kbevq_gdh�b�
^j���������^ey�h[tykg_gby�i_dmeyjghklb�wlh]h�hklZldZ��khq_lZxs_]h�ijbagZdb�fheh^h]h�
b�klZjh]h�h[t_dlh\�b�bf_xs_]h�\ukhdmx�yjdhklv�h^gh\j_f_ggh�\�hilbq_kdhf�b�\�j_gl�
]_gh\kdhf�^bZiZahgZo� 

 

1. EhabgkdZy�L�:��K\_jogh\u_�a\_a^u�b�A\_a^guc�\_l_j��<aZbfh^_ckl\b_�k�\_ljhf�
]ZeZdlbdb��Ba^Zl_evkl\h��GZmdZ���Fhkd\Z������� 

2. EhabgkdZy�L�:���Fhbk__\�:�<���Ih^hj\Zgxd�G�X����I:@��������l�����������k���� 
3. EhabgkdZy��Kbevq_gdh�b�^j����$-������������������ 
4. Rosado M., Valdez-Gutierrez M., Georgiev L.// AJ, 2001, 122, 194. 

 
 

M>D 524.7-33 

BGNJ:DJ:KGU?�K<?LBFHKLB�=:E:DLBD�F?KLGH=H�H;T?F: 

Dmlvdbg�:�F���DZjZq_gp_\�B�>� 

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

GZ�hkgh\_�g_^Z\gh�him[ebdh\Zggh]h�dZlZeh]Z�[ebadbo� ]ZeZdlbd� �DZjZq_gp_\�b�
^j����������Z�lZd`_�h[ahjZ�\k_]h�g_[Z�\�bgnjZdjZkguo��BD��ihehkZo��MASS�[ueb�ijh�
ZgZebabjh\Zgu�k\hckl\Z�����]ZeZdlbdb�F_klgh]h�h[t_fZ��FH�� 

<� j_amevlZl_� hlh`^_kl\e_gby� ]ZeZdlbd�FH� k�BD-bklhqgbdZfb� [ueZ� ihemq_gZ�
\u[hjdZ�����]ZeZdlbd��^ey�dhlhjuo��MASS XSC�dZlZeh]�kh^_j`bl�agZq_gby�J, H�b�K-
extended� \_ebqbg�� LZdbf� h[jZahf�� lhevdh� ���� ]ZeZdlbd�FH� hdZaZebkv� \b^bfufb� \�
2MASS� h[ahj_��>ey� hp_gdb�BD-\_ebqbg� hklZevguo� ]ZeZdlbd� bkihevah\ZeZkv� aZ\bkb�
fhklv�ihdZaZl_e_c�p\_lZ�B-K, J-K, H-K�hl�fhjnheh]bq_kdh]h�lbiZ�\�deZkkbnbdZpbb�<h�
dme_jZ��Yjj_ll�b�^j�������� 

Hkgh\u\Zykv�gZ�hij_^_e_gguo�J, H�b�K�\_ebqbgZo�b�bkihevamy�ijb\_^_ggu_�\�
dZlZeh]_�jZkklhygby��fu�ihkljhbeb�BD�nmgdpbx� k\_lbfhklb� �NK��[ebadbo� ]ZeZdlbd��
:gZeh]bqguf�h[jZahf�[ueb�hij_^_e_gu�J, H�b�K�\_ebqbgu�b�ihkljh_gZ�NK�^ey�qe_gh\�
kdhie_gby�Virgo��Dhme�b�^j�� ��������bkihevamy� �MASS�nhlhf_ljbx� ������ ]ZeZdlbd� k�
baf_j_ggufb�djZkgufb�kf_s_gbyfb�ba��dF�h[ahjZ��ihemqbeb�NK�]ZeZdlbd�\�J�b�K�ih�
ehkZo�� 

Bkihevamy�jZkij_^_e_gb_�]ZeZdlbd�FH�ih�Z[khexlguf�\_ebqbgZf�b�jZkklhygb�
yf��fh`gh�hij_^_eblv�kj_^gxx�iehlghklv�k\_lbfhklb��jk��dZd�nmgdpbx�jZ^bmkZ�kn_ju�
\hdjm]� gZr_c� =ZeZdlbdb�� <� ijZ\hf� gb`g_f� m]em� ^\mfy� ]hjbahglZevgufb� ijyfufb�
ijb\_^_gu� hp_gdb� ]eh[Zevghc� kj_^g_c� iehlghklb� k\_lbfhklb� \�D-ihehk_� ih� ^Zgguf�
DhqZg_dZ� b� ^j�� ������� b� ;_eeZ� b� ^j�� �������� LZdbf� h[jZahf�� \uqbke_ggZy� ehdZevgZy 
iehlghklv�k\_lbfhklb�\�D-ihehk_�\�ij_^_eZo���Fid�����×108 Lsun�Fid3

��ij_\urZ_l�]eh�
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[Zevgmx� iehlghklv� \� ����� -� ����� jZaZ��<�<-ihehk_� wlh� hlghr_gb_� khklZ\ey_l� ����-2.0) 
jZaZ� 

Hdheh�����]ZeZdlbd�FH�[ueb�h[gZjm`_gu�\�ebgbb�GI��qlh�iha\hebeh�hij_^_eblv�
^ey�gbo�fZkkm�\h^hjh^Z�F�GI��b�ihegmx�fZkkm�\�ij_^_eZo�klZg^Zjlgh]h�jZ^bmkZ�F25. 
<_ebqbgu�hlghr_gby� wlbo�fZkk� d� k\_lbfhklb� y\eyxlky�\Z`gufb� ]eh[Zevgufb�iZjZ�
f_ljZfb�]ZeZdlbdb��dhlhju_�aZ\bkyl�hl�hkh[_gghkl_c�w\hexpbb��l_fiZ�ij_h[jZah\Zgby�
]ZaZ�\�a\_a^u��qZklhlu�kebygbc�b�l�^��JZkij_^_e_gby�]ZeZdlbd�FH�ih�hlghr_gbx�d�kb�
g_c�k\_lbfhklb�h[km`^Zehkv�\�dZlZeh]_��Ijb�baf_g_gbb�BD-k\_lbfhklb�]ZeZdlbdb�gZ�
iylv�ihjy^dh\�kj_^g__�hlghr_gb_�fZkku�d�k\_lbfhklb�hklZ_lky�ijZdlbq_kdb�ihklhyg�
guf�b�khklZ\ey_l���������� Msun/Lsun.  

DZd�ohjhrh�ba\_klgh��hlghr_gb_�fZkku�d�k\_lbfhklb�m�kbkl_f�]ZeZdlbd�\hajZk�
lZ_l�ijb�i_j_oh^_�hl�^\hcguo�b�ljhcguo�kbkl_f�d�]jmiiZf��kdhie_gbyf�b�k\_jokdhie_�
gbyf�� OZjZdl_j� wlhc� aZ\bkbfhklb� h[km`^Zeky�� \� qZklghklb�� DZjZq_gp_\uf� ��������
Hp_gdb�F�LD� ^ey� hl^_evguo� ]ZeZdlbd�� ]jmii� b� kdhie_gbc�k\_jokdhie_gbc� ihdZaZgu�
khhl\_lkl\_ggh�djm`dZfb��lj_m]hevgbdZfb�b�d\Z^jZlZfb��=hjbahglZevgufb�ihehkZfb�
ihdZaZgu� \deZ^u� a\_a^ghc� b� [Zjbhgghc� dhfihg_gl�� Z� lZd`_� ]eh[Zevgh_� hlghr_gb_�
�F�LD)global =!c/jk��]^_�!c ��G0

2
���G���:gZeba�ij_^klZ\e_gguo�^Zgguo�iha\hey_l�k^_eZlv�

g_kdhevdh�aZdexq_gbc�h[s_]h�oZjZdl_jZ� 
Iehlghklv�a\_a^ghc�fZkku�b�]ZaZ�gZ�_^bgbpm�k\_lbfhklb�\iheg_�^hklZlhqgZ�^ey�

h[tykg_gby�kj_^g_]h�hlghr_gby�fZkku�d�k\_lbfhklb�\gmljb�klZg^Zjlgh]h�jZ^bmkZ�dZd�
m�]b]Zglkdbo��ghjfZevguo��lZd�b�m�dZjebdh\uo�]ZeZdlbd�� 

I_j_oh^�hl�\b^bfuo�h[eZkl_c�]ZeZdlbd�jZaf_jhf���–����Did�d�]jmiiZf��]^_�^h�
fbgbjm_l�h^gZ�]ZeZdlbdZ��fZkrlZ[u���–����did���khijh\h`^Z_lky�\hajZklZgb_f�fZkku�
ijbf_jgh�gZ�ihjy^hd�ijb�ihqlb�g_baf_gghc� k\_lbfhklb��Kj_^g__�hlghr_gb_�F�LD�m�
]jmii�]ZeZdlbd�ijZdlbq_kdb�kh\iZ^Z_l�kh�kj_^gbf�hlghr_gb_f�^ey�[Zjbhgghc�fZkku��
(14.8 ± 1.9) Msun/Lsun. 

KZfu_� djmighfZkrlZ[gu_� b� gZk_e_ggu_� kbkl_fu� ]ZeZdlbd� –� [h]Zlu_� kdhie_�
gby�k\_jokdhie_gby�oZjZdl_jbamxlky�hlghr_gbyfb�F�LD ~ 50Msun/Lsun��qlh�khklZ\ey_l�
\k_]h�����hl�]eh[Zevghc�\_ebqbgu��F�LD)global = (316±29) Msun/Lsun. Ihkdhevdm�\�lZdb_�
k\_jokbkl_fu�\oh^bl�lhevdh fZeZy�qZklv�\k_o�]ZeZdlbd��a���–������lh�kj_^g__ agZq_�
gb_� ih� ZgkZf[ex� kbkl_f� ]ZeZdlbd�� �F�LD>§� (20–25)Msun/Lsun�� hdZau\Z_lky� aZ\_^hfh�
f_gvr_ agZq_gby��F�LD>m= (80–90) Msun/Lsun��h`b^Z_fh]h�\�klZg^Zjlghc�dhkfheh]bq_�
kdhc�fh^_eb�k �m=0.���b���=0.����Ki_j]_ev�b�^j��������� Qlh[u�kh]eZkh\Zlv�f_`^m�kh�
[hc� kj_^g__� agZq_gb_ iehlghklb�fZl_jbb� ih� ZgkZf[ex� kbkl_f� ]ZeZdlbd �DM ~0.��� k�
]eh[Zevguf�agZq_gb_f��m=0.27, g_h[oh^bfh�ij_^iheh`blv��qlh�[hevrZy�qZklv l_fghc�
fZl_jbb� \h�<k_e_gghc�g_� Zkkhpbbjm_lky�c� ]ZeZdlbdZfb�b�bo� kbkl_fZfb� �DZjZq_gp_\��
2005). 

DZd� ihdZau\Zxl� ijb\_^_ggu_� \ur_� ^Zggu_��BD-k\_lbfhklb� [ebadbo� ]ZeZdlbd�
b]jZxl�\Z`gmx�jhev�\�bamq_gbb�^bgZfbq_kdbo�mkeh\bc�b�w\hexpbb�kbkl_f�]ZeZdlbd��D�
kh`Ze_gbx��kj_^b�����]ZeZdlbd�FH�k�jZkklhygbyfb�D < ���Fid�lhevdh�fZeZy�qZklv�]Z�
eZdlbd�������\b^gZ�\��0$66�ba-aZ�bo�gbadhc�ih\_joghklghc�yjdhklb�beb�]hem[h]h�p\_�
lZ��Ihwlhfm�ij_^klZ\ey_lky�\_kvfZ�ZdlmZevghc�aZ^ZqZ�baf_j_gby�\_ebqbg�-��+��. m�\k_o�
k_\_jguo�b�x`guo�[ebadbo� ]ZeZdlbd� k�p_evx� kha^Zgby�h[jZaph\hc�nhlhf_ljbq_kdhc�
\u[hjdb��dhlhjZy�fh]eZ�[u�kem`blv�wlZehghf�ijb�kjZ\g_gbb�k�g_x�[he__�]em[hdbo�\u�
[hjhd�gZ�jZaebqguo�djZkguo�kf_s_gbyo� 

;eZ]h^Zjghklb�� JZ[hlZ� qZklbqgh� ih^^_j`ZgZ� ]jZglZfb� JNNB� ��-02-������ b�
JNNB-DFG-02-02-04012. 

1. DZjZq_gp_\�b�^j��$VWURQ. J., v. 127, p. 2031, 2004 
2. Yjj_ll�b�^j���-DUUHWW�7�+��HW�DO���$VWURQ. J., v. 125, p. 525, 2003 
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3. Dhme�b�^j���&ROH�6��HW�DO���015$6��Y�������S����������� 
4. DhqZg_dZ�b�^j���.RFKDQHN�&�6��HW�DO���$VWURSK\V. J., v. 560, p. 566, 2001 
5. ;_ee b ^j. (Bell E.F. et al.) Astrophys. J. Suppl., v. 149, p. 289, 2003 
6. DZjZq_gp_\ B.>. :kljhnbabdZ, l. 2, k. 81, 1996 
7. Ki_j]_ev b ^j. (Spelgel D.N.) Astrophys. J. Suppl., v. 148, p. 175, 2003 
8. DZjZq_gp_\�� Dmlvdbg� ��$VWURQRP\� /HWWHUV�� ����� �ijbgylh� d� i_qZlb��� DVWUR-

ph/0412369 
 
 

M>D���������� 

:KLJHGHFBQ?KD:Y�IAK-D:F?J: 
K�G?LJ:>BPBHGGUFB�J?@BF:FB�G:DHIE?GBY 

∗
�Rm]Zjh\�:�K� 

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

<�gZklhysbc�fhf_gl�ih^Z\eyxs__�[hevrbgkl\h�Zkljhghfbq_kdbo�gZ[ex^_gbc�
hkms_kl\ey_lky� k�ihfhsvx�IAK–dZf_j��G_ij_djZsZxsbcky�ijh]j_kk�\� we_dljhgbd_��
\uqbkebl_evghc� l_ogbd_� b� eblh]jZnbq_kdbo� l_ogheh]byo�� bkihevam_fuo� ijb� ijhba�
\h^kl\_� k\_lhqm\kl\bl_evguo� dj_fg_\uo� djbklZeeh\��iha\hey_l�ihklhyggh� kh\_jr_g�
kl\h\Zlv�IAK–dZf_ju�b�jZkrbjylv�h[eZklv�bo�ijbf_g_gby� 

Ih^Z\eyxs__� [hevrbgkl\h� IAK–dZf_j�� ijhba\h^bfu_� jZaebqgufb� nbjfZfb��
ij_^gZagZq_gu�^ey�ihemq_gby�^\mof_jgh]h�bah[jZ`_gby�bkke_^m_fh]h�h[t_dlZ��<�Zk�
ljhghfbb�ih^h[gu_�dZf_ju�k�mki_ohf�ijbf_gyxlky�^ey�ihemq_gby�]em[hdbo�kgbfdh\�
a\_a^gh]h�g_[Z�^ey�ihke_^mxs_c�nhlhf_ljbq_kdhc�beb�Zkljhf_ljbq_kdhc�h[jZ[hldb��Z�
lZd`_�\�ki_dljZevguo�bkke_^h\Zgbyo�� 

L_f� g_�f_g__�� g_h[oh^bfh� hlf_lblv� \hafh`ghklv� g_klZg^Zjlgh]h� ijbf_g_gby�
IAK� \� j_`bfZo�� hlebqguo� hl� h[uqgh]h� ©nhlhZiiZjZlZª��G_h[oh^bfhklv�ijbf_g_gby�
ih^h[gh]h� jh^Z�f_lh^bd� gZdhie_gby� b� kqblu\Zgby� aZjy^Z�� dZd� ijZ\beh�� h[mkeh\e_gZ�
h]jZgbq_gbyfb�Zjobl_dlmju�IAK��g_\hafh`ghklvx�baf_j_gby�gZdhie_ggh]h�kb]gZeZ�\�
ijhba\hevghf�ibdk_e_�[_a�kqblu\Zgby�\k_o�ij_^u^msbo�b�g_ba[_`gh]h�jhklZ�rmfh\�
ijb�m\_ebq_gbb�kdhjhklb�kqblu\Zgby� 

P_evx� dmjkh\hc� jZ[hlu� y\ey_lky� jZajZ[hldZ� b� ba]hlh\e_gb_�IAK–dZf_ju� ^ey�
bkke_^h\Zgby� hkh[_gghkl_c� jZ[hlu� \� jZaebqguo� g_klZg^Zjlguo� j_`bfZo�gZdhie_gby�
kb]gZeZ�� ?s_� h^gbf� lj_[h\Zgb_f�� gZdeZ^u\Z_fuf� gZ� dZf_jm�� y\ey_lky� \hafh`ghklv�
kh\f_klghc�jZ[hlu�k�^jm]bfb�ijb[hjZfb��jZajZ[hlZggufb�\�eZ[hjZlhjbb�gh\uo�nhlh�
f_ljbq_kdbo�f_lh^h\�=:BR� 

GZb[he__�keh`guf�b�ljm^h_fdbf�\�jZajZ[hld_�dhfihg_glhf�IAK–dZf_ju�y\ey�
_lky�we_dljhgguc�dhgljhee_j��hkms_kl\eyxsbc�\k_�hi_jZpbb�hl�aZ^Zgby�\j_f_gb�wdk�
ihabpbb� ^h� i_j_^Zqb� j_amevlZlh\� baf_j_gbc� \� dhfivxl_j�� :e]hjblf� ql_gby� IAK–
djbklZeeZ� hij_^_ey_lky� fbdjhdh^hf�� ojZgysbfky� \� i_j_ijh]jZffbjm_fhc� IODVK–
iZfylb� dhgljhee_jZ�� Wlh� iha\hey_l� fh^bnbpbjh\Zlv� jZajZ[hlZggmx� dZf_jm� ^ey� bk�
ihevah\Zgby�\�[m^msbo�ijh_dlZo� 

J_amevlZlu� l_klh\� ihdZau\Zxl�� qlh� wd\b\Ze_glguc� kmffZjguc� rmf� ZgZeh]h-
pbnjh\h]h� ljZdlZ� jZajZ[hlZggh]h� dhgljhee_jZ� khklZ\ey_l� �ADU� ijb� bkihevah\Zgbb�

                                                           
∗
��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc�gZ�ih^k_dpbb� 
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16-[blgh]h�:PI��I_j_^ZqZ�^Zgguo�f_`^m�dZf_jhc�b�dhfivxl_jhf�hkms_kl\ey_lky�\�
pbnjh\hf�\b^_�ih�ihke_^h\Zl_evghfm�bgl_jn_ckm�56����\�iZd_lghf�j_`bf_��>hklhbg�
kl\Zfb�^Zggh]h�bgl_jn_ckZ��ijbf_gyxs_]hky�\�jZajZ[hldZo�eZ[hjZlhjbb�gh\uo�nhlh�
f_ljbq_kdbo� f_lh^h\� =:BR�� y\eyxlky� \ukhdZy� ihf_ohaZsbs_gghklv�� \hafh`ghklv�
jZ[hlu�gZ�[hevrbo�jZkklhygbyo��H^gZ�ebgby�k\yab�fh`_l�[ulv�bkihevah\ZgZ�dZd�^ey�
jZ[hlu�k�IAK–dZf_jhc��lZd�b�^ey�h[f_gZ�^Zggufb�k�^jm]bfb�ijb[hjZf�beb�^ZlqbdZfb� 

Ijb�bkihevah\Zgbb�IAK-djbklZeeZ�,6'���$3�rmf�kqblu\Zgby�khklZ\ey_l�����H-. 
L_fgh\hc�lhd�khklZ\ey_l��H-

�k�yq��ijb�l_fi_jZlmj_�djbklZeeZ�–32hK��J_amevlZlu�eZ[h�
jZlhjguo�bkiulZgbc�ihdZau\Zxl�khhl\_lkl\b_�wdki_jbf_glZevgh�ihemq_gguo�j_amev�
lZlh\�k�h`b^Z_fufb�� 

LZ[ebpZ����H[sb_�oZjZdl_jbklbdb�jZajZ[hlZgghc�IAK–dZf_ju 
 

I:J:F?LJ AG:Q?GB? 

NhjfZl�IAK-djbklZeeZ 
JZaf_j�yq_cdb 

AZjy^�gZkus_gby 
Rmf�kqblu\Zgby� 

JZ[hqZy�kdhjhklv�kqblu\Zgby 
L_fgh\hc�kb]gZe��-32hK� 

Dhwnnbpb_gl�ij_h[jZah\Zgby��j_]mebjm_fuc� 
Wdkihabpby�hl�f_oZgbq_kdh]h�aZl\hjZ 

Dhfivxl_jguc�bgl_jn_ck 
Bklhqgbd�iblZgby 

512x512 
���fdf 

����luk��we� 
7.5e- 

������idk�k 
3e-��k�idk 

1.8; 3.4; 5.4 e-/ADU 
���k�–���fbg� 

LPT, EPP mode 
��<����: 

 
<hafh`gu_� bkihevah\Zgby� jZajZ[hlZgghc� IAK-dZf_ju�� ^_l_dlhj� gZdehgZ� \hegh\h]h�
njhglZ��j_`bf�7',�^ey�h[ahjguo�aZ^Zq��lj_dbg]-^_l_dlhj�Zlfhkn_jguo�f_jpZgbc� 

IAK–dZf_jZ� ^ey� g_klZg^Zjlguo� j_`bfh\� gZdhie_gby� y\ey_lky� i_j\uf� ih^h[�
guf�^_l_dlhjhf��jZajZ[hlZgguf�\�=:BR��Ke_^m_l�hlf_lblv�i_j\u_�\�=:BR�mki_r�
gu_�bkiulZgby�f_lh^Z�kdZgbjh\Zgby�g_[Z��:gZeba�ihemq_gguo�^Zgguo�[m^_l�ihe_aguf�
ijb�jZajZ[hld_�f_lh^bdb�kdZgbjmxs_]h�fgh]hp\_lgh]h�nhlhf_ljbq_kdh]h�h[ahjZ�g_[Z�
k�ihfhsvx�ih^h[guo�IAK–dZf_j��LZd`_�ieZgbjm_lky�bkihevah\Zgb_�dZf_ju�\�^jm]hf�
g_klZg^Zjlghf� j_`bf_� –� \� dZq_kl\_� ^_l_dlhjZ� gZdehgZ� \hegh\h]h�njhglZ� ^ey� gh\hc�
kbkl_fu�Zdlb\ghc�hilbdb�l_e_kdhiZ�ALW�djufkdhc�klZgpbb�=:BR�� 

<ukhdZy�]b[dhklv�aZeh`_gguo�\�IAK–dZf_jm�Ze]hjblfh\�ql_gby�b�\hafh`ghklv�
i_j_ijh]jZffbjh\Zgby�dhgljhee_jZ�^ey�j_ZebaZpbb�[m^msbo�aZ^Zq�^_eZ_l�\hafh`guf�
bkihevah\Zgb_�jZajZ[hlZgghc�dZf_ju�\�gh\uo�Zkljhghfbq_kdbo�ijh_dlZo� 

 
 

M>D����������������� 

>:LQBD�<HEGH<H=H�NJHGL:�R:D:-=:JLF:G: 
<�KOH>YS?FKY�IMQD? 

IhlZgbg�K�:���Dhleyj�I�K� 

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

<�k\yab�k�[mjguf�jZa\blb_f�f_lh^h\�ih\ur_gby�wnn_dlb\ghklb�Zkljhghfbq_�
kdbo� gZ[ex^_gbc�� \hagbdZ_l� aZ^ZqZ� mkh\_jr_gkl\h\Zgby� h^ghc� ba� ]eZ\guo� qZkl_c�
Z^Zilb\ghc�hilbq_kdhc�kbkl_fu-�^ZlqbdZ�\hegh\h]h�njhglZ� 
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KZfuf�jZkijhkljZg_gguf�mkljhckl\hf�j_]bkljZpbb�\hegh\uo�Z[_jjZpbc��\�jZ�
[hlZxsbo�kbkl_fZo�Z^Zilb\ghc�hilbdb��y\ey_lky�^Zlqbd�RZdZ-=ZjlfZgZ��Hg�h[eZ^Z_l�
ohjhrbfb�k\hckl\Zfb�ih�ijhimkdZgbx�k\_lZ�b�\ukhdhc�lhqghklvx�j_]bkljZpbb�nZah�
\uo�bkdZ`_gbc�� 

H^gZdh�kms_kl\mxsb_�^Zlqbdb�lZdh]h�lbiZ�bf_xl�g_kdhevdh�kms_kl\_gguo�g_�
^hklZldh\��<h-i_j\uo��\�hilbq_kdbo�ko_fZo�wlbo�mkljhckl\�fbdjhebgah\uc�jZklj�jZk�
iheh`_g�\�iZjZee_evghf�imqd_��knhjfbjh\Zgghf�dheebfZlhjhf��Ihkdhevdm�^_l_dlhj��
gZ�dhlhjhf�j_]bkljbjm_lky�iheh`_gb_�h[t_dlZ��ih�fgh]bf�ijbqbgZf�g_�fh`_l�bf_lv�
jZaf_j�[he__��-���ff��lh�b�jZaf_j�jZkljZ�h]jZgbq_g�lZdhc�`_�\_ebqbghc��Wlh�kbevgh�
m\_ebqb\Z_l� ljm^h_fdhklv� ijb� _]h� ba]hlh\e_gbb�� b�� khhl\_lkl\_ggh�� klhbfhklv�� <h-
\lhjuo��deZkkbq_kdZy�ko_fZ�^ZlqbdZ�kh^_j`bl�^hihegbl_evgu_�hilbq_kdb_�we_f_glu��
dhlhju_�m\_ebqb\Zxl�ihl_jx�k\_lZ� 

JZajZ[hlZgguc�b�ba]hlh\e_gguc�gZfb�ijb[hj�mkljZgyl�h[_�wlb�ijh[e_fu�� 
<� gZr_f� mkljhckl\_� ebgah\uc�fZkkb\� ihf_sZ_lky� gZ� \h]gmlmx� klhjhgm� kl_d�

eyggh]h�f_gbkdZ�k�gme_\hc�hilbq_kdhc�kbehc��F_gbkd�mklZgh\e_g�\�koh^ysbfky�imqd_��
JZ^bmk�djb\bagu�ih\_joghklb�f_gbkdZ�jZ\_g�jZ^bmkm�djb\bagu�\hegh\h]h�njhglZ�beb�
jZkklhygbx�hl�ebgah\h]h�fZkkb\Z�^h�nhdZevghc�iehkdhklb�kbkl_fu��Ebgau�kljhyl�bah�
[jZ`_gby�bklhqgbdZ�gZ�\uimdehc�ih\_joghklb��gZoh^ys_cky�gZ�g_dhlhjhf�jZkklhygbb�
hl�nhdZevghc�iehkdhklb��[eb`_�d�f_gbkdm�� 

Ko_fZ�^_l_dlhjZ�[ueZ�jZkkqblZgZ�lZdbf�h[jZahf��qlh�\�imqd_�kh�koh^bfhklvx�
�����f_gbkd�bf_e�^bZf_lj����ff�b�kh^_j`Ze����d\Z^jZlguo�km[Zi_jlmj�k�jZaf_jhf��o��
ff��Ijb�wlhf�bah[jZ`_gby�mdeZ^u\Zebkv�\�djm]��^bZf_ljhf����ff��gZ�jZkklhygbb�����
ff�hl�f_gbkdZ��LZdbf�h[jZahf��[ueZ�j_r_gZ�ijh[e_fZ�keh`ghklb�ba]hlh\e_gby�ebgah�
\h]h�fZkkb\Z��Hg�[ue�k^_eZg�\�eZ[hjZlhjbb�gh\uo�nhlhf_ljbq_kdbo�f_lh^h\�=:BR�

[_a�ki_pbZevgh]h�h[hjm^h\Zgby� 
Bkke_^h\Zgby� ^ZlqbdZ� gZ� hilbq_kdhc� kdZfv_� ihdZaZeb�� qlh� ^Zggh_� mkljhckl\h�

kihkh[gh� j_]bkljbjh\Zlv� hldehg_gby� \hegh\h]h�njhglZ� hl� hihjghc� kn_jbq_kdhc� ih�
\_joghklb� k� Zfieblm^Zfb� hl� ������ ^ebgu� \hegu� \b^bfh]h� k\_lZ� ����gf�� ^h� ��� ^ebg�
\heg�gZ�fZkrlZ[Zo���km[Zi_jlmju��Wlh�iheghklvx�m^h\e_l\hjy_l�lj_[h\Zgbyf�^ZlqbdZ��
mklZgZ\eb\Z_fh]h�\�kbkl_fZo�Z^Zilb\ghc�hilbdb� 

Djhf_�lh]h��lZdh_�mkljhckl\h�g_�lj_[m_l�gZebqby�gbdZdbo�^hihegbl_evguo�hi�
lbq_kdbo�we_f_glh\��qlh�mf_gvrZ_l�ihl_jb�ihe_agh]h�k\_lZ�b�m\_ebqb\Z_l�_]h�wnn_d�
lb\ghklv� 

 
 

M>D�����������������41.3 

IJH=J:FFGUC�DHFIE?DK�>EY�IHBKD: 
I?J?F?GGUO�H;T?DLH<�G:�K?JBYO�IAK-BAH;J:@?GBC 

Khdheh\kdbc�D�<���E_[_^_\�:�:���GZkhgh\�>�K� 

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

Ba\e_q_gb_� fZdkbfZevgh� \hafh`gh]h� dhebq_kl\Z� bgnhjfZpbb� ba� IAK-
bah[jZ`_gbc�y\ey_lky�^hklZlhqgh�ZdlmZevghc�aZ^Zq_c��QZklh�gZ�kgbfdZo�a\za^guo�ih�
e_c�ijhba\h^ylky�bkke_^h\Zgby�ebrv�h^gh]h�beb�g_kdhevdbo�h[t_dlh\��ijb�wlhf�[hev�
rZy�qZklv�bgnhjfZpbb�hklZzlky�g_\hklj_[h\Zgghc�\�lhf�qbke_�ba-aZ�hlkmlkl\by�m^h[�
guo�ijh]jZffguo�kj_^kl\�_z�ba\e_q_gby�� 
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Fu�ij_^klZ\ey_f�ijh]jZffguc�dhfie_dk�ij_^gZagZq_gguc�^ey�ihbkdZ�b�nhlh�
f_ljbb�i_j_f_gguo 

h[t_dlh\��\�i_j\mx�hq_j_^v�i_j_f_gguo�a\za^��gZ�k_jbyo�IAK-bah[jZ`_gbc�h^�
ghc�b�lhc�`_�h[eZklb�g_[Z� 

D�dZ`^hfm�dZ^jm�ijbf_gy_lky�ke_^mxsZy�ijhp_^mjZ� 
GZ�i_j\hf�wlZi_�h[jZ[hldb�gZ�IAK-dZ^j_�k�ihfhsvx�iZd_lZ�6([WUDFWRU�>�@�ijh�

ba\h^blky�h[gZjm`_gb_�b�nhlhf_ljby�\k_o�h[t_dlh\��khhl\_lkl\mxsbo�djbl_jbyf�hl�
[hjZ� 

Ke_^mxsbf� rZ]hf� ijhba\h^blky� hlh`^_kl\e_gb_� ihe_c� �kjZ\g_gb_� ^Zggh]h�
dZ^jZ�k�hihjguf��b�ijb\yadZ�ih�a\_a^ghc�\_ebqbg_�d�hihjghfm�dZ^jm� 

<�j_amevlZl_�h[jZ[hldb�\k_o�dZ^jh\�k_jbb�klhblky�]jZnbd�aZ\bkbfhklb�jZa[jhkZ�
a\za^guo�\_ebqbg�h[t_dlh\��hl�dZ^jZ�d�dZ^jm��hl�bo�a\za^ghc�\_ebqbgu��Z�lZd`_�djb\Zy�
[e_kdZ�^ey�dZ`^h]h�h[t_dlZ� 

Ih�]jZnbdm�fh`gh�k^_eZlv�ij_^iheh`_gb_�h�i_j_f_gghklb�lh]h�beb�bgh]h�h[t�
_dlZ��dhlhjh_�fh`gh�ijh\_jblv��ZgZebabjmy�_]h�djb\mx�[e_kdZ� 

Ijh]jZffZ�gZibkZgZ�gZ�yaud_�Kb�ih^�hi_jZpbhgghc�kbkl_fhc�OLQX[��gh��\_jhyl�
gh��kihkh[gZ�jZ[hlZlv�\�ex[hc� XQL[-ih^h[ghc�HK��>hdmf_glZpby�b�ihke_^gyy�\_jkby�
^hklmigu�ih�Z^j_km�http://saistud.sai.msu.ru/~poisk . 

F_lh^bdZ�l_klbjh\ZeZkv�gZ�k_jbyo�IAK-bah[jZ`_gbc��ihemq_gguo�\�����-2004 
]h^Zo�gZ�l_e_kdhiZo�P_ckk-��b�:AL-��Djufkdhc�eZ[hjZlhjbb�=:BR�F=M�:glbibguf�
K�<� 
 
[1] Bertin E., "SExtractor v. 2.3 User's manual", Institut d'Astrophysique & Observatoire de 
Paris. http://terapix.iap.fr/soft/sextractor/  

 
 

M>D���������� 

KJ:<GBL?EVGUC�:G:EBA�FH>?EVGUO�IHLHDH<�IJHLHGH<�
J:>B:PBHGGUO�IHYKH<�A?FEB�K�>:GGUFB�KIMLGBD:�

DHJHG:K-N 

GbdheZ_\Z�G�B���Dmag_ph\�G�<� 

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

<�gZklhys__�\j_fy�^ey�ijh]ghabjh\Zgby�ihlhdh\�ijhlhgh\�gZ�hj[blZo�dhkfbq_�
kdbo�ZiiZjZlh\�k�\ukhlhc�[he__�����df�bkihevamxlky�wfibjbq_kdb_�fh^_eb��jZajZ[h�
lZggu_�\�NASA��:J���>�@�b�GBBYN�F=M�>�@��Ijb�jZajZ[hld_�wlbo�fh^_e_c�bkihevah�
\Zeky� ijZdlbq_kdb� h^bg� b� lhl�`_� gZ[hj� wdki_jbf_glZevguo� ^Zgguo�� ihemq_gguo� gZ�
kimlgbdZo�^h������]��H[_�wlb�fh^_eb�bkihevamxl�ki_pbZevgu_�dhhj^bgZlu� �iZjZf_lj�
^j_cnh\hc�h[hehqdb�b�gZijy`_gghklv�fZ]gblgh]h�ihey���oZjZdl_jbamxsb_�j_Zevgmx�
dhgnb]mjZpbx�fZ]gblgh]h�ihey�A_feb��k�dhlhjufb�h^ghagZqgh�k\yaZgu�agZq_gby�ih�
lhdh\�ijhlhgh\��Hlebqbl_evghc�hkh[_gghklvx�dhfivxl_jghc�\_jkbb�fh^_eb�GBBYN�
F=M��ih�hlghr_gbx�d�fh^_eb�NASA��y\ey_lky�mq_l�baf_g_gby�fZ]gblgh]h�ihey�A_feb��
ijhbkoh^ys_]h�kh�\j_f_g_f�\�j_amevlZl_�kf_s_gby�\gmlj_ggbo��\gmljb�A_feb��bklhq�
gbdh\�ihey��Wlh�h[klhyl_evkl\h�ijb\h^bl�d�jZkoh`^_gbx�jZkq_lguo�ihlhdh\�ijhlhgh\�
k�wg_j]b_c�f_g__����Fw<��hij_^_ey_fuo�mdZaZggufb�fh^_eyfb�gZ�gbadbo��^h������df���
hj[blZo��H^gZdh� kjZ\gbl_evgh]h� ZgZebaZ� j_amevlZlh\� jZkq_lguo� fh^_e_c� k� wdki_jb�
f_glZevgufb�^Zggufb�^h�kbo�ihj�g_�ijh\h^behkv��<�gZklhys_f�^hdeZ^_�lZdh_�kjZ\g_�
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gb_� \uiheg_gh�� bkihevamy� we_dljhggmx� [Zam�
^Zgguo� ijb[hjZ�FDE� aZ� ����-����� ]�]��� mklZ�
gh\e_ggh]h� gZ� jhkkbckdhf� kimlgbd_�
DHJHG:K-N�>�@��\ukhlZ�a����df���gZdehg_gb_�
- ~83°).  

>ey� ZgZebaZ�[ueb�\u[jZgu�^Zggu_�^_�
l_dlhjh\��j_]bkljbjmxsb_�ihlhdb�ijhlhgh\�\�
bgl_j\Ze_� �-5, 14-26, 26-���b� �0-���Fw<��JZk�
q_l�ihlhdh\�ijhlhgh\�ih�fh^_eyf�ijh\h^beky�
k� bkihevah\Zgb_f� j_Zevguo� ]_hp_gljbq_kdbo�
dhhj^bgZl�� dhlhju_� kimlgbd� bf_e� \h� \j_fy�
ihe_lZ�\�ZgZebabjm_fuc�i_jbh^�\j_f_gb��>ey�
ZgZebaZ� \u[bjZebkv� lhevdh� lZdb_� ijh^he`b�

l_evgu_� i_jbh^u� \j_f_gb� ihe_lZ�� \� l_q_gb_�
dhlhjuo� hlkmlkl\h\Zeb� ihlhdb� kheg_qguo�
dhkfbq_kdbo� emq_c�� Z� \hafms_gby� fZ]gblh�
kn_ju�\�kj_^g_f�khhl\_lkl\h\Zeb�kj_^g_]h^h�
\uf� bg^_dkZf��J_amevlZlu� jZkq_lZ� ^bnn_j_g�
pbZevguo� wg_j]_lbq_kdbo� ki_dljh\� iehlghklb�
ihlhdZ� ijhlhgh\� gZ� hj[bl_� kimlgbdZ�
DHJHG:K-N� ih� h[_bf� fh^_eyf� b� wdki_jb�
f_glZevgu_� ^Zggu_� ^_l_dlhjh\� �]hjbahglZev�
gu_�hlj_adb��ijb\_^_gu�gZ�jbk�����Ba�jbkmgdZ�
\b^gh�� qlh� jZkq_lgu_� b� wdki_jbf_glZevgu_�
^Zggu_�ohjhrh�kh]eZkmxlky�ijb�wg_j]byo�ijh�
lhgh\� [he__� ��� Fw<�� >Zggu_� ^_l_dlhjZ� �-5 
Fw<� emqr_� kh]eZkmxlky� k� ^Zggufb�� jZkkqb�
lZggufb�ih�fh^_eb�GBBYN� 

>ey� [he__� ^_lZevgh]h� ZgZebaZ� [ueh�
ijh\_^_gh�kjZ\g_gb_�jZkq_lguo�b�wdki_jbf_g�
lZevguo�ihlhdh\�ijhlhgh\�k�wg_j]b_c��-��Fw<�
\�aZ\bkbfhklb�hl�iZjZf_ljZ�^j_cnh\uo�h[h�
ehq_d�L��Wlb�^Zggu_�ijb\_^_gu�gZ�jbk�����Ba�

jbk����\b^gh��qlh�wdki_jbf_glZevgh_�jZkij_^_e_gb_�ihlhdh\�ijhlhgh\�bf__l�^\Z�ibdZ��
h^bg�ba�dhlhjuo��ijb�f_gvrbo�agZq_gbyo�L��fh^_eb�g_�hibku\Zxl��<lhjhc�ibd�ih�ih�
eh`_gbx kh\iZ^Z_l k�jZkq_lgufb�^Zggufb��gh�hlebqZ_lky�ih�Zfieblm^_�hl�jZkq_lguo�
^Zgguo��hkh[_ggh�^ey�fh^_eb�GBBYN�� 

LZdbf� h[jZahf�� ihemq_ggh_� jZkoh`^_gb_� jZkq_lguo� b� wdki_jbf_glZevguo� j_�
amevlZlh\�mdZau\Z_l�gZ�g_h[oh^bfhklv�[he__�^_lZevgh]h�ZgZebaZ�ihlhdh\�ijhlhgh\�gZ�
gb`g_c�]jZgbp_�jZ^bZpbhgguo�ihykh\�A_feb�k�^hihegbl_evguf�ijb\e_q_gb_f�^jm]bo�
kimlgbdh\uo�^Zgguo� 

 
1. D.Heynderickx, J.Lemaire and E.J.Daly. Historical review of the different procedures 

used to compute the L-parameter. Radiation Measurement. V. 26. No 3. pp.325-331. 
1996. 

2. G�<�Dmag_ph\��F�B�IZgZkxd��Dhkfbq_kdZy�jZ^bZpby�b�ijh]ghabjh\Zgb_�k[h_-�b 
hldZahmklhcqb\hklb� bgl_]jZevguo� fbdjhko_f� \� [hjlh\hc� ZiiZjZlmj_� dhkfb-
q_kdbo� ZiiZjZlh\�� <hijhku� Zlhfghc� gZmdb� b� l_ogbdb� �<:GL��� k_j�� jZ^bZ-
pbhggh]h�\ha^_ckl\by�gZ�jZ^bhwe_dljhggmx�ZiiZjZlmjm�����������-2. C. 3-8. 
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3. <�B�;ZjZdh\kdbc��X�I�=hj^__\��X�<��=hp_exd�b�^j��J_]bkljZpby� aZjy`_ggh]h�
dhfihg_glZ� kheg_qguo� dhkfbq_kdbo� emq_c� dhfie_dkhf� ZiiZjZlmju� KDE�� <�
ljm^Zo���f_`^mgZjh^gh]h�kh\_sZgby�©DHJHG:K-Bª��������K���-98. 
 

M>D����������� 

>BG:FBD:�<G?RG?=H�J:>B:PBHGGH=H�IHYK: 
�<H�<J?FY�KBEVGUO�F:=GBLGUO�;MJV�<�����-2004 

IH�>:GGUF�BKA�DHJHG:K-N 

FmjZ\v_\Z�?�:���Dmag_ph\�K�G���Fy]dh\Z�B�G� 

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

<�jZ[hl_�ij_^klZ\e_gu�j_amevlZlu�wdki_jbf_glZevgh]h�bkke_^h\Zgby�\ZjbZpbc�
\g_rg_]h�jZ^bZpbhggh]h�ihykZ�A_feb��JIA��\�wg_j]_lbq_kdhf�^bZiZahg_����-��Fw<�^ey�
we_dljhgh\�\h�\j_fy�kbevguo�fZ]gblguo�[mjv��ijhbahr_^rbo�k�Z\]mklZ������ih�ghy[jv�
����� ]��� \uiheg_ggh]h� ih� ^Zgguf� ijb[hjZ� FDE�� mklZgh\e_ggh]h� gZ� [hjlm� BKA�
©DHJHG:K-Nª� �hhj[blu≈���df�� i=82.5°, Th[j �����fbg�� >�@��GZfb�[ueb�ijhZgZebabjh�
\Zgu�^Zggu_��ihemq_ggu_�\h�\j_fy�ke_^mxsbo�fZ]gblguo�[mjv����ghy[jy������]��Dst=-
����gLe������ghy[jy������]���Dst=-����gLe�����-���Zij_ey������]���Dst=-����gLe�����-30 
hdly[jy������]���Dst=-����gLe������ghy[jy������]���Dst=-���gLe��b��-���ghy[jy������]��
(Dst=-����gLe���DZd�ba\_klgh��\�j_amevlZl_�\ha^_ckl\by�fZ]gblguo�[mjv�ihlhdb�we_d�
ljhgh\�\�JIA�ij_l_ji_\Zxl�aZf_lgu_�\ZjbZpbb��gZijbf_j��>�-�@���qlh�b�gZ[ex^Zehkv�\�
wdki_jbf_gl_� gZ�DHJHG:K-N��<h� \j_fy� [mjv� ����-����� ]]�� [ueh� ihemq_gh�� qlh� \h�
\j_fy�]eZ\ghc�nZau�fZ]gblghc�[mjb�ijhbkoh^bl�kbevgh_�mf_gvr_gb_�bgl_gkb\ghklb��
fh`gh� ^Z`_� kdZaZlv�� nZdlbq_kdh_� bkq_agh\_gb_� \g_rg_]h� jZ^bZpbhggh]h� ihykZ�� ih�
djZcg_c�f_j_�^ey�wg_j]bc�\ur_�����Fw<��GZ�nZa_�\hkklZgh\e_gby�\g_rgbc�jZ^bZpbhg�
guc�ihyk�\hkklZgZ\eb\Z_lky�agZqbl_evgh�[eb`_�d�A_fe_��ijb[ebabl_evgh�gZ�L=2.1-2.2, 
]^_�^h�[mjb�gZoh^beky� aZahj�f_`^m� \gmlj_ggbf�b� \g_rgbf�ihykhf��<�ihke_^mxsb_�
^gb�ihyk�\ha\jZsZ_lky�\�bkoh^gh_�iheh`_gb_� 

 

 
Jbk�� ���

<ZjbZpbb�ihlhdh\�ijhlhgh\�b�we_dljhgh\�\�i_jbh^�k����hdly[jy�ih���^_dZ[jy������ih�^Zgguf�BKA�
DHJHG:K-N 

 
<� dZq_kl\_� ijbf_jZ�� gZ]ey^gh� beexkljbjmxs_]h� ^Zgguc� wnn_dl�� \ZjbZpbb�

ihlhdh\� we_dljhgh\�\�i_jbh^u�k� ���hdly[jy�ih� ��^_dZ[jy� ����� ]�b�k� ���hdly[jy�ih� ��
ghy[jy������\�dhhj^bgZlZo��O�-�^_gv�]h^Z�Y- L-h[hehqdZ��p\_l�-�bgl_gkb\ghklv��ihdZ�
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aZgu�gZ�jbkmgdZo���b�����Djhf_�lh]h�gZ�jbkmgdZo�ijb\_^_gu�^Zggu_�h�Dst-\ZjbZpbb�aZ�
jZkkfZljb\Z_fuc�i_jbh^�� 

IZ^_gb_�bgl_gkb\ghklb� we_dljhgh\�fu� k\yau\Z_f� k�j_adbf�mf_gvr_gb_f�jZa�
f_jh\�fZ]gblhkn_ju�\h�\j_fy�]eZ\ghc�nZau�[mjb��Ke_^m_l�lZd`_�hlf_lblv��qlh�\h�\k_o�
bkke_^h\Zgguo� kemqZyo� \ZjbZpbb� JIA� ghkbeb� ^hklZlhqgh� ^ebl_evguc� �g_� f_g__� g_�
kdhevdbo�kmlhd��oZjZdl_j� 

 
��Dmag_ph\�K�G���;h]hfheh\�:�<���=hj^__\�X�I��b�^j�����Ba\�J:G��K_j�nba��������L������
K��–4. 
2.Williams, D.J., J.F.Arens, and L.J.Lanzerotti // J. Geophys. Res., 1968, V. 73, p.5673-5696. 
3.Emel'yanenko S.P.,Kuznetsov S.N.,Stolpovsky V.G.// Cosmic Res. (USA), 1978, V.15, 
p.129-132. 
4.West A.I., Buck R.M., Davidson G.T. // J. Geophys. Res., 1981, V. 86, p. 2111-2119. 

 

M>D���������� 

NHJFBJH<:GB?�IE:G?L?ABF:E?C�<LHJH=H�IHDHE?GBY 
G:�>HKHEG?QGHC�KL:>BB�W<HEXPBB 

IJHLHIE:G?LGH=H�H;E:D: 

;Z]jh\�:�:���Dmavf_gdh\�:�<� 

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

<�gZklhys__�\j_fy�ihemqb\rZy�rbjhdh_�jZkijhkljZg_gb_�dhgp_ipby�nhjfbjh�
\Zgby�ieZg_l�kheg_qghc�kbkl_fu�>�@�klZedb\Z_lky�k�k_jv_agufb�ijh[e_fZfb��H^ghc�ba�
kZfuo� [hevrbo� ljm^ghkl_c� l_hjbb� y\ey_lky� g_\hafh`ghklv� h[tykg_gby� ijhbkoh`^_�
gby�f_l_hjblgh]h�\_s_kl\Z�\�dhf_lguo�y^jZo�>�@��KqblZ_lky��qlh�dhf_lgu_�y^jZ�khklh�
yl� ba� dhg^_gkbjh\Zggh]h� i_j\bqgh]h� f_`a\_a^gh]h� \_s_kl\Z�� l�_�� bkdexqbl_evgh� ba�
kf_jarboky�]Zah\�b�iueb� >�@��:evl_jgZlb\hc�kms_kl\mxs_c�l_hjbb�y\ey_lky�dhgp_i�
pby�nhjfbjh\Zgby�ieZg_lghc�kbkl_fu�gZ�^hkheg_qghc�klZ^bb�w\hexpbb�ijhlhieZg_l�
gh]h�h[eZdZ��kms_kl\_gguf�we_f_glhf�dhlhjhc�y\ey_lky�m^Zjgh_�jZajmr_gb_�ieZg_lu�
NZwlhg��<�jZfdZo�wlhc�dhgp_ipbb�jZa\b\Z_lky�b^_y�h�\hafh`ghklb�nhjfbjh\Zgby�ieZ�
g_l_abfZe_c��dhf_lguo�y^_j��\lhjh]h�ihdhe_gby�gZ�hkgh\_�\u[jhkZ�\�\b^_�jhy�qZklbp��

 
Jbk����<ZjbZpbb�ihlhdh\�ijhlhgh\�b�we_dljhgh\�\�i_jbh^�k����hdly[jy�ih���ghy[jy������ih�^Zgguf�
BKA�DHJHG:K-N 
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\ke_^kl\b_� _]h� \aZbfh^_ckl\by� k� ijhlhieZg_lguf� h[eZdhf� >�@�� <� gZklhys_c� jZ[hl_�
ijh\_^_gh� dhfivxl_jgh_� fh^_ebjh\Zgb_� nhjfbjh\Zgby� lZdbo� y^_j� b� ihemq_gb_� j_�
amevlZlh\��dhlhju_�fh]ml�[ulv�ijh\_j_gu�iml_f�gZ[ex^_gby�dhf_l�b�h[jZam_fuo�bfb�
f_l_hjguo�ihlhdh\��IhdZaZgh��qlh�ijb�kdhjhklyo�\u[jhkZ�jh_\�f_edbo�qZklbp�ba�jZa�
jmr_gghc�ieZg_lu�ihjy^dZ����df�c�b�\ur_�h[jZamxlky�l_eZ�k�hj[blZfb��ijbgZ^e_`Z�
sbfb�ihykZf�Dhci_jZ�b�DZabfbjqZd-Ihehgkdhc��>ey�kemqZy�^\b`_gby�jhy�\�iehkdhklb�
ijhlhieZg_lgh]h� ^bkdZ�nhjfbjh\Zgb_� dhf_lgh]h� y^jZ� aZgbfZ_l� gZ� ��-��� \bldZo� �ih�
jy^dZ������e_l���Hlghr_gb_�fZkku�ihemq_ggh]h�y^jZ�d�gZqZevghc�fZkk_�jhy�–�\_ebqbgZ�
ihjy^dZ��-����Hp_gdZ�fZkku�\_s_kl\Z�f_l_hjguo�ihlhdh\��jh`^_gguo�jZkiZ^hf�dhf_l��
b�fZkku�kZfhc�dhf_lu�fh`_l�y\eylvky�f_lh^hf�ijh\_jdb�fh^_eb� 

<�^Zevg_cr_f�ij_^iheZ]Z_lky�jZkijhcljZgblv�fh^_ebjh\Zgb_�gZ�hj[blu�dhf_l��
g_�e_`Zsb_�\�iehkdhklb�ijhlhieZg_lgh]h�^bkdZ��b�gZ�bo�hkgh\_�ihemqblv�hp_gdm�\j_�
f_gb�kms_kl\h\Zgby�ijhlhieZg_lgh]h�h[eZdZ�ihke_�jZajmr_gby�NZwlhgZ��l�_��^h�gZqZeZ�
a\_a^ghc�Zdlb\ghklb�KhegpZ�b��khhl\_lkl\_ggh��\uf_lZgby�h[eZdZ�emq_\uf�^Z\e_gb_f��� 

 

��� <blya_\� :�<��� I_q_jgbdh\Z� =�<��� KZnjhgh\� <�K�� IeZg_lu� a_fghc� ]jmiiu��
Ijhbkoh`^_gb_�b�jZggyy�w\hexpby��–�F���GZmdZ��������–�����k� 
���>h^^�J��F_l_hjblu��I_j��k�Zg]e��–�F���Fbj��������–�����k� 
���RmevfZg�E�F��Y^jZ�dhf_l��–�F���GZmdZ��������–�����k� 
��� ;Z]jh\� :�<�� >\Z� ihdhe_gby� dhf_lguo� y^_j� b� gZ[ex^Zl_evgu_� jZaebqby� \�
ihke_^kl\byo�bo�jZkiZ^Z�� ��Hdheha_fgZy�:kljhghfby�–�������Ljm^u�dhgn_j_gpbb��l����
L_jkdhe���-���k_gl����������Bgklblml�Zkljhghfbb�J:G��-�KI[���<<F�������-�k����-133. 

 
 

M>D�������� 

BGL?=J:EVGU?�F:KKU�;EBADBO�=JMII�=:E:DLBD 
IH�G:;EX>?GBYF�O:;;EH<KDH=H�IHLHD:�<HDJM=�GBO 

∗*
�DZrb[Z^a_�H�=���DZjZq_gp_\�B�>� 

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

<�khhl\_lkl\bb�k�jZ[hlZfb�Sandage�>�@�b�/\QGHQ-%HOO�HW�DO��>�@��ex[u_�^hklZlhqgh�
iehlgu_� ]jmiiZ� beb� kdhie_gb_� ]ZeZdlbd� fh]ml� [ulv� hoZjZdl_jbah\Zgu� kn_jbq_kdhc�
©ih\_joghklvx�gme_\hc�kdhjhklbª��dhlhjZy�hl^_ey_l�]jmiim�dZd�[hevrmx�dhgp_gljZ�
pbx�fZkku� hl� hdjm`Zxs_]h� oZ[[eh\kdh]h�ihlhdZ��JZ^bmk� wlhc� kn_ju� k\yaZg� k�bgl_�
]jZevghc�fZkkhc�]jmiiu��b�wlh�iha\hey_l�hp_gblv�fZkku�[ebadbo�]jmii�]ZeZdlbd� 

<�jZ[hl_�bkihevamxlky�gZ[ex^Zl_evgu_�^Zggu_�h�emq_\uo�kdhjhklyo�b�jZkklhy�
gbyo�^ey�����]ZeZdlbd�\�hdj_klghklyo�F_klghc�=jmiiu�b�]jmiiu�F����Z�lZd`_�^ey�jy^Z�
]ZeZdlbd��ijbgZ^e_`Zsbo�]jmiiZf�P_glZ\j��=hgqb_�Iku��FZnn_c�b�Kdmevilhj��=eZ\�
guf�bklhqgbdhf�^Zgguo� kem`be�dZlZeh]�[ebadbo� ]ZeZdlbd� >�@��^hiheg_gguc� kZfufb�
ihke_^gbfb� baf_j_gbyfb� jZkklhygbc� ^h� [ebadbo� ]ZeZdlbd�� dhlhju_� \uihegyxlky� gZ�
dhkfbq_kdhf�l_e_kdhi_�bf��OZ[[eZ� 

Hlebqb_�hl�^jm]bo�ih^h[guo�jZ[hl�>�@��>�@�aZdexqZ_lky�\�lhf��qlh�\�^Zgghf�bk�
ke_^h\Zgbb�iheh`_gb_�p_gljZ�fZkk�\Zjvbjm_lky�f_`^m�^\mfy�gZb[he__�yjdbfb�b��ke_�
^h\Zl_evgh��fZkkb\gufb�]ZeZdlbdZfb�]jmiiu��\�lh�\j_fy�dZd�\�[he__�jZggbo�jZ[hlZo�ih�

                                                           
∗*)�>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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wlhc�l_f_�iheh`_gb_�p_gljZ�fZkk�[ueh�nbdkbjh\Zgguf��\�kemqZ_�F_klghc�=jmiiu�hgh�
hij_^_eyehkv� khhlghr_gb_f� fZkk� gZr_c� =ZeZdlbdb� b� lmfZgghklb�:g^jhf_^u�� \� hk�
lZevguo�kemqZyo�\�dZq_kl\_�p_gljZ�fZkk�jZkkfZljb\ZeZkv�kZfZy�yjdZy�]ZeZdlbdZ���Bk�
lbggh_�iheh`_gb_�p_gljZ�fZkk�fh`_l�[ulv�^hklZlhqgh�m\_j_ggh�hij_^_e_gh�q_j_a�jy^�
iZjZf_ljh\�b�kh]eZkm_lky�k�^jm]bfb�khh[jZ`_gbyfb��\�qZklghklb��k�hlghr_gb_f�k\_lb�
fhkl_c�]ZeZdlbd�\�bgnjZdjZkghf�^bZiZahg_��Hij_^_e_ggu_�lZdbf�h[jZahf�hp_gdb�fZk�
ku�[ueb�khihklZ\e_gu�kh�agZq_gbyfb��ihemq_ggufb�^jm]bfb�f_lh^Zfb� 

DZd�ba\_klgh��lZg]_gpbZevgu_�kdhjhklb�^ey�ih^Z\eyxs_]h�[hevrbgkl\Z�\g_]Z�
eZdlbq_kdbo� h[t_dlh\� g_ba\_klgu��Bkihevam_fZy� \� jZ[hl_� fh^_ev� ij_^iheZ]Z_l�� qlh�
lZg]_gpbZevgu_�^\b`_gby�]ZeZdlbd�ij_g_[j_`bfh�fZeu��Qlh[u�ijh\_jblv��lZd�eb�wlh��
\�kemqZ_�F_klghc�=jmiiu�b�]jmiiu�F���^ey�dZ`^hc�]ZeZdlbdb�[ueZ�aZ^ZgZ�kemqZcgZy�
lZg]_gpbZevgZy� dhfihg_glZ�� JZkij_^_e_gb_� bo� ih� Z[khexlghc� \_ebqbg_� ij_^iheZ]Z�
ehkv�]Zmkkh\uf��Z�hjb_glZpby�ih�ihabpbhgghfm�m]em�–�jZ\ghf_jgh�kemqZcghc��>ey�dZ�
`^hc�]jmiiu�[ueh�kfh^_ebjh\Zgh�ih�^_kylv�j_ZebaZpbc��<�j_amevlZl_��ihemqZ_fu_�ijb�
dZ`^hc� j_ZebaZpbb� agZq_gby�iheh`_gby�p_gljZ�fZkk� ]jmiiu�ijZdlbq_kdb�g_�hlebqZ�
ebkv�^jm]�hl�^jm]Z�b�hl�agZq_gbc��ihemq_gguo�\�ij_^iheh`_gbb�h�gme_\uo�lZg]_gpb�
Zevguo�kdhjhklyo��AgZq_gby�jZ^bmkZ�ih\_joghklb�gme_\hc�kdhjhklb�hlebqZebkv�^jm]�hl�
^jm]Z�g_agZqbl_evgh��Fh^_ebjh\Zgb_�k�[hevrbf�agZq_gb_f�kj_^g_c�Z[khexlghc�\_eb�
qbgu�lZg]_gpbZevghc�dhfihg_glu�hklZ\beh�wlb�iZjZf_lju�ijZdlbq_kdb�g_baf_ggufb��
gh�m\_ebqbeh�bo�^bki_jkbx� 

GZ� ij_^klZ\e_gguo� ]jZnbdZo� ihdZaZgu� oZ[[eh\kdb_� ^bZ]jZffu� ^ey� hdj_klgh�
kl_c�F_klghc�=jmiiu�b� ]jmiiu�F��� khhl\_lkl\_ggh��<�h[hbo� kemqZyo� aZ�iheh`_gb_�
p_gljZ�fZkk� ijbgbfZ_lky� lh�� dhlhjhfm� khhl\_lkl\m_l�fbgbfZevgZy� ^bki_jkby� kdhjh�
kl_c�hlghkbl_evgh�oZ[[eh\kdhc�j_]j_kkbb� 

Hij_^_e_ggu_� \� ^Zgghc� jZ[hl_� jZ^bmku� kn_ju� gme_\hc� kdhjhklb� khklZ\eyxl�
0.96 ± �����Fid�^ey�F_klghc�=jmiiu�b� ���� ± �����Fid�^ey� ]jmiiu�F����Khhl\_lkl�
\mxsb_�wlbf�agZq_gbyf�fZkku��\ujZ`_ggu_�\�kheg_qguo�fZkkZo��- (1.29 ± 0.14) ·  1012

�b�
(1.03 ± 0.17) ·  1012

�khhl\_lkl\_ggh��Djhf_�lh]h��ihemq_gh�hlghr_gb_�fZkk�����������^ey�
gZr_c�=ZeZdlbdb�b�lmfZgghklb�:g^jhf_^u�b����� : ��^ey�F���b�F����qlh�[ebadh�d�kh�
hlghr_gbx�k\_lbfhkl_c�wlbo�]ZeZdlbd�\�bgnjZdjZkghf�^bZiZahg_� 

 

[1] Sandage, A. 1986, ApJ, 307, 1 
[2] Lynden-Bell, D., Faber, S.M., Burstein, D., et al. 1988, ApJ, 326, 19 
[3] Karachentsev, I.D., .DUDFKHQWVHYD��9�(���HW�DO��$�KDWDORJ�RI�1HLJKERULQJ�*DOD[LHV������ 
[4] Karachentsev, I.D., Dolphin, A.E., et al. 2002, A&A, 383, 125 
[5] Karachentsev, I.D., Makarov, I.D., et al. 2002, A&A, 389, 812 

 
 

M>D���-3 

:KLJHGHFBQ?KDBC�E:G>R:NL�<�IJHBA<?>?GBYO 
F�:��RHEHOH<: 

DZrb[Z^a_�H�=� 

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

IjhaZ�FboZbeZ� :e_dkZg^jh\bqZ�Rhehoh\Z� hlebqZ_lky� h[beb_f� b� [h]Zlkl\hf�
Zkljhghfbq_kdbo�h[jZah\�b� aZjbkh\hd��bo�[_amij_qghc� lhqghklvx��hlkmlkl\b_f��k�gZ�
mqghc�lhqdb�aj_gby��nZdlbq_kdbo�hrb[hd� 
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<�gZklhys_c�jZ[hl_�ijhba\_^_g�gZb[he__�h[sbc�dhebq_kl\_gguc�b�dZq_kl\_g�
guc� ZgZeba� bkihevah\Zgby�F�:��Rhehoh\uf� Zkljhghfbq_kdbo� h[jZah\� b� aZjbkh\hd��
<uy\e_gZ� \ukhdZy� kl_i_gv�gZkus_gghklb� l_dklh\�ijhba\_^_gby� Z\lhjZ� Zkljhghfbq_�
kdbf�eZg^rZnlhf� 

<�jZ[hl_�jZkkfhlj_gu�ke_^mxsb_�ijhba\_^_gby�ibkZl_ey��©>hgkdb_�jZkkdZauª��
©Lbobc�>hgª�� ©Ih^gylZy�p_ebgZª�� ©Km^v[Z� q_eh\_dZª��;ueh� \uy\e_gh�� qlh� Z\lhj�bk�
ihevam_l�\�mdZaZgguo�jZ[hlZo�h[jZau�hkgh\guo�Zkljhghfbq_kdbo�h[t_dlh\��kj_^b�dh�
lhjuo��Khegp_��EmgZ� �©f_kypª���a\_a^u�b�bo�]jmiiu� �kha\_a^b_�;hevrhc�F_^\_^bpu��
kdhie_gb_�Ie_y^u�–�©Klh`Zjuª��IheyjgZy�a\_a^Z��Fe_qguc�Imlv�–�©Fe_qguc�Reyoª���
f_l_hjgu_�y\e_gby� �©iZ^mqb_� a\_a^uª���NZdlhf�bkihevah\Zgby�kqblZehkv�ex[h_�mih�
fbgZgb_�\�l_dkl_�ohly�[u�h^gh]h�ba�\ur_i_j_qbke_gguo�h[t_dlh\�� 

Ih^h[gu_� mihfbgZgby� bf_xl� jZagmx� agZqbfhklv� \� dhebq_kl\_gghf� b� dZq_kl�
\_gghf� hlghr_gbb�� qlh� ^Zeh� hkgh\Zgb_� ijbf_gblv� d� gbf� l_jfbg� ©Zkljhghfbq_kdbc�
eZg^rZnlª��mqblu\Zy�mgb\_jkZevghklv�kZfh]h�ihgylby�©eZg^rZnlª��h[_ki_qb\Zxs_]h�
p_ehklghklv�\hkijbylby�hdjm`Zxs_]h�ijhkljZgkl\Z� 

NmgdpbhgZevgZy�jhev�Zkljhghfbq_kdh]h�eZg^rZnlZ�k\h^blky�d�lj_f�hkgh\guf�
iheh`_gbyf�� 

—�h[hagZq_gb_�\j_f_gb-ijhkljZgkl\Z� 
—�jZkdjulb_�ikboheh]bq_kdh]h�khklhygby�]_jh_\�� 
—�kha^Zgb_�khhl\_lkl\mxsbo�eh]bd_�ijhba\_^_gby�dZjlbg�hdjm`Zxs_]h�fbjZ�b�

kblmZpbc�� 
H^gZdh�^Ze_dh�g_�\k_�kemqZb�bkihevah\Zgby�Zkljhghfbq_kdh]h�eZg^rZnlZ�fh`�

gh�deZkkbnbpbjh\Zlv��ihkdhevdm�hgb�g_�hlghkylky�[_ah]h\hjhqgh�gb�d�h^ghc�ba� lj_o�
hkgh\guo� ihabpbc�� beb�`_� fgh]hnmgdpbhgZevgu��MklZgh\e_gZ� iheh`bl_evgZy� k\yav�
iehlghklb�Zkljhghfbq_kdh]h�eZg^rZnlZ��\u[hjZ�hij_^_e_gguo�Zkljhghfbq_kdbo�h[jZ�
ah\�kh�kl_i_gvx�ikboheh]bq_kdh]h�gZijy`_gby�ijhba\_^_gbc��LZd��ikboheh]bafu�\�Zk�
ljhghfbq_kdhf�eZg^rZnl_�fZehc�ijhau�bkihevamxlky�Z\lhjhf�\�q_l\_jlb�kemqZ_\��qlh�
\�^\Z�jZaZ�j_`_��q_f�\�jhfZgZo��]^_�ihqlb�iheh\bgZ�aZjbkh\hd�bf__l�lm�beb�bgmx�ikb�
oheh]bq_kdmx�gZ]jmadm��Hq_\b^gh��wlh�k\b^_l_evkl\m_l�\�ihevam�jhklZ�fZkl_jkl\Z�ib�
kZl_ey�hl�i_j\uo�_]h�jZkkdZah\�d�aj_euf�jhfZgZf� 

 

<?C<E?L-:G:EBA�DHE?;:GBC�<�KHEG?QGHC�:LFHKN?J?��������������       
∗∗) Xjh\kdbc X�X� 

Q_jghfhjkdbc�nbebZe�F=M�bf��F�<��Ehfhghkh\Z 

Ijboh^�\�hdj_klghklb�A_feb�k]mkldh\�aZjy`_gguo�qZklbp��\u[jhr_gguo�Kheg�
p_f��\uau\Z_l�fZ]gblgu_�[mjb��iheyjgu_�kbygby��ij_djZs_gb_�jZ^bhk\yab�b�ijhba\h�
^bl�^jm]b_�\ha^_ckl\by�gZ�a_fgu_�ijhp_kku�>�@��Ke_^h\Zl_evgh��ijb�ijh]ghabjh\Zgbb�
khklhygby�hdjm`Zxs_c�kj_^u�g_h[oh^bfh�mqblu\Zlv�kheg_qgmx�Zdlb\ghklv��H^ghc�ba�
keh`guo�aZ^Zq�Zkljhnbabdb�y\ey_lky�ijh[e_fZ�gZ]j_\Z�^h�fbeebhgZ�]jZ^mkh\�kheg_q�
ghc�dhjhgu��jZkiheh`_gghc�f_`^m�nhlhkn_jhc�k�[he__�gbadhc�l_fi_jZlmjhc�b�hlghkb�
l_evgh�oheh^guf�f_`ieZg_lguf�ijhkljZgkl\hf�� �GZb[hevr__�jZkijhkljZg_gb_�ihem�
qbeZ� ]bihl_aZ�gZ]j_\Z� aZ�kq_l�jZkk_ygby�wg_j]bb�\heg�k`Zlby��\ha[m`^Z_fuo�dhg\_d�
lb\guf�^\b`_gb_f�\_s_kl\Z�\�\_jogbo�kehyo�nhlhkn_ju� >�@��Dhe_[Zgby�bgl_gkb\gh�

                                                           
∗∗
���>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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klb�jZ^bhbaemq_gby� k�ih^oh^ysbf�i_jbh^hf� �-��fbg�gZ[ex^Zxlky�gZ�\hegZo� kZglb�
f_ljh\h]h�^bZiZahgZ�>�@���<�dZq_kl\_�ijbqbgu�bo�\hagbdgh\_gby�jZkkfZljb\Zxlky�dZd�
\ZjbZpbb�gZijy`_gghklb�fZ]gblgh]h�ihey� >�@��lZd�b�\ZjbZpbb�l_fi_jZlmju�b�iehlgh�
klb��\ua\Zggu_�jZkijhkljZg_gb_f�Zdmklbq_kdhc�\hegu��H^gZdh�wlb�j_amevlZlu�hkgh\Z�
gu�gZ�k\hckl\Zo�dhe_[Zgbc��Z�g_�jZkijhkljZgyxsboky�\heg�� 

JZ^bhbaemq_gb_�\uoh^bl�k�l_f�[hevr_c�\ukhlu�gZ^�nhlhkn_jhc��q_f�^ebgg__�
\hegZ�gZ[ex^_gbc� >�@��?keb� dhe_[Zgby� k\yaZgu� k� jZkijhkljZg_gb_f� \heg�� lh�^he`_g�
kms_kl\h\Zlv� k^\b]� dhe_[Zgbc� ih� \j_f_gb� \� ^\mo� hlklhysbo� lhqdZo� ijhkljZgkl\Z���
Ke_^h\Zl_evgh��ZgZeba�h^gh\j_f_gguo�gZ[ex^_gbc�gZ�jZaguo�^ebgZo�\heg�fh`_l�ijh�
ykgblv�ijbqbgm�\hagbdgh\_gby�dhe_[Zgbc�� 

LZd� dZd� ba-aZ� lmj[me_glghklb� kheg_qghc� Zlfhkn_ju� dhe_[Zgby� kemqZcgu�� lh�
gZb[he__� ijb_fe_fuf� f_lh^hf� bo� bkke_^h\Zgby� y\ey_lky� \_c\e_l-ZgZeba�� jZaeZ]Zx�
sbc� bkoh^gmx� nmgdpbx� \j_f_gb� gZ� dhfihg_glu� ih� dhhj^bgZlZf� i_jbh^-\j_fy-
bgl_gkb\ghklv� >�@�� K� ihfhsvx� jZajZ[hlZggh]h� Z\lhjhf� Ze]hjblfZ� \_c\e_l-
ij_h[jZah\Zgby�bkke_^h\Zebkv�aZibkb�jZ^bhbaemq_gby�KhegpZ�gZ�\hegZo����������b�����
kf��ihemq_ggu_���hdly[jy������]��\�ihjy^d_�\uiheg_gby�ieZgZ�GBJ�khljm^gbdZfb�EZ�
[hjZlhjbb�jZ^bhZkljhghfbb�GBB�Dj:H�gZ�[hevrhf�jZ^bhl_e_kdhi_�JL-����Baf_j_gZ�
wnn_dlb\gZy�l_fi_jZlmjZ�baemqZxsbo�h[eZkl_c��hdZaZ\rZyky�jZ\ghc����⋅103

�D�gZ�\he�
g_�����kf�b����⋅103

�D�gZ�\heg_�����kf��Ih�wlbf�hp_gdZf�hij_^_e_gZ�\ukhlZ�jZkiheh`_�
gby�bklhqgbdh\�jZ^bhbaemq_gby�����⋅103

�df�b���⋅103
�df�khhl\_lkl\_ggh��<_c\e_l-ZgZeba�

iha\hebe�mklZgh\blv��qlh�dhe_[Zgby�k�i_jbh^hf������k�gZ�[he__�^ebgghc�\heg_�����kf�
aZiZa^u\Zeb�gZ����k�hlghkbl_evgh�dhe_[Zgbc�gZ�\heg_�����kf��IhdZaZgh��qlh�lZdh_�aZ�
iZa^u\Zgb_� oZjZdl_jgh� ^ey� jZkijhkljZgyxsboky� \� kheg_qghc� ojhfhkn_j_� Zdmklbq_�
kdbo�\heg��LZdbf�h[jZahf��\�jZ[hl_�ihemq_gh�wdki_jbf_glZevgh_�ih^l\_j`^_gb_�kms_�
kl\h\Zgby�jZkijhkljZgyxsboky�\heg�k`Zlby�\�ojhfhkn_j_�KhegpZ� 
 
��DhqZjh\� =�?�� K[�� Kheg_qgZy� Zdlb\ghklv� b� kheg_qgh-a_fgu_� k\yab�� J_^�DhqZjh\�
=�?�E��NLB����������k�� 
��Rdeh\kdbc�B�K��NbabdZ�kheg_qghc�dhjhgu��F���=BNFE�-1962.-����k� 
��Gbg^hk�b�^j���1LQGRV�$���$OLVVDQGUDNLV�&�(���*HOIUHLNK�*�%���%RJRG�9�0���*RQWLNDNLV�&���

«Spatially resolved microwave oscillation above a sunspot» // 2002, A&A, v.386, No2, p.658-
673. 
���@_e_agydh\�<�<��JZ^bhbaemq_gb_�KhegpZ�b�ieZg_l��F���GZmdZ�������������k�� 
���:klZnv_\Z�G�F�� ©<_c\e_l-ZgZeba��hkgh\u� l_hjbb�b�ijbf_ju�ijbf_g_gbyª� ���MNG��
�����������������K�����-1170.   
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IHEYJBA:PBHGGU?�Y<E?GBY�IJB�<HA;M@>?GBB�B�J:KI:>?�
I?J?DJU<:XSBOKY�:LHFGUO�J?AHG:GKH< 

∗
�=juaeh\Z�?�<� 

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

QZklbqgh_�i_j_dju\Zgb_�beb�ihegh_�\ujh`^_gb_�mjh\g_c�\�d\Zglh\hc�kbkl_f_�
ijb\h^bl� d� h[jZah\Zgbx� bgl_jn_j_gpbhgghc� kljmdlmju�� ijhy\eyxs_cky� \� lhf�� qlh�
nbabq_kdb_��baf_jy_fu_��oZjZdl_jbklbdb�ijhp_kkh\�\�wlhc�kbkl_f_��k_q_gby��m]eh\u_�
jZkij_^_e_gby�b�iheyjbaZpby�ijh^mdlh\�jZkiZ^Z�b�l��^���g_�y\eyxlky�ijhklhc�kmffhc�
khhl\_lkl\mxsbo� oZjZdl_jbklbd� ^ey� hl^_evguo� khklhygbc�� <ujh`^_gb_� khklhygbc�
ijb\h^bl�d�gh\uf�wnn_dlZf�–�lZd�gZau\Z_fhfm�hllZedb\Zgbx�mjh\g_c��i_j_jZkij_^_�
e_gbx�aZk_e_gghkl_c�b�l��i��L_hjby�ijhp_kkh\�\ha[m`^_gby�b�jZkiZ^Z�i_j_dju\Zxsbo�
ky�j_ahgZgkh\�ZdlmZevgZ�dZd�^ey�nbabdb�y^jZ�nbabdb��lZd�b�^ey�Zlhfghc�nbabdb��nbab�
db�l\_j^h]h�l_eZ��d\Zglh\hc�we_dljhgbdb��g_ebg_cghc�hilbdb��<i_j\u_�g_dhlhju_�Zk�
i_dlu�i_j_dju\Zgby�j_ahgZgkh\�\�we_dljhgghf�b�nhlhgghf�jZkk_ygbb�gZ�ZlhfZo�b�fh�
e_dmeZo�[ueb�jZkkfhlj_gu�\�ibhg_jkdhc�jZ[hl_�>�@� 

<�bahebjh\Zgguo�kbkl_fZo�i_j_dju\Zgb_�khklhygbc�k�h^bgZdh\ufb�d\Zglh\ufb�
qbkeZfb�\hagbdZ_l�djZcg_�j_^dh��H^gZdh�hdZau\Z_lky�\hafh`guf�kha^Zlv�\ujh`^_gb_�
�i_j_dju\Zgb_�� khklhygbc�bkihevamy�y\e_gb_�eZa_jgh�bg^mpbjh\Zgguo�j_ahgZgkh\��<�
�����X��B��=_ee_j�>����@�ihdZaZe��qlh�eZa_jgh_�ihe_�kha^Z_l�\�]eZ^dhf�dhglbgmmf_�Zlh�
fh\�kljmdlmjm��ih^h[gmx�Z\lhbhgbaZpbhgghfm�khklhygbx��:BK���WlZ�kljmdlmjZ�khhl�
\_lkl\m_l�khklhygbx�gh\hc�kbkl_fu�©Zlhf���kbevgh_�ihe_ª��lZd�gZau\Z_fhfm�©h^_lh�
fmª� khklhygbx��<hafh`gh�� ke_^h\Zl_evgh�� kha^Zlv�\ujh`^_gb_�\�dhglbgmmf_� Zlhfh\�
^\mo�EBJ��beb�:BK�b�EBJ��bg^mpbjh\Zggh]h�gZ�^bkdj_lghf�khklhygbb��beb�^\mo�:BK�
k\yaZgguo�eZa_jguf�ihe_f�ih^oh^ys_c�qZklhlu� 

AZ^ZqZ�h�^\mo�k\yaZgguo�eZa_jguf�ihe_f�:BK�bkke_^h\ZeZkv�^ey�jZaguo�kbkl_f�
>�������@��h^gZdh�\ebygb_�iheyjbaZpbb�b�gZijZ\e_gby�jZkijhkljZg_gby�baemq_gbc�gZ�k_�
q_gby�nhlhih]ehs_gby�^ey�j_Zevguo�Zlhfh\�g_�[ueh�jZkkfhlj_gh� 

A^_kv� fu� jZkkfhljbf� kbkl_fm� ^\mo� :BK� P1 � b� S1 � \� Zlhf_� ]_eby�� k\yaZgguo�
kbevguf� eZa_jguf� ihe_f� � 510−≤I �� ijhba\hevghc� iheyjbaZpbb��Hdj_klghklv� P1 � kh�
klhygby�kdZgbjm_lky�ijh[guf�ihe_f��lZd�`_�ijhba\hevguf�h[jZahf�iheyjbah\Zgguf�b�
jZkijhkljZgyxs_fky�\�g_dhlhjhf�gZijZ\e_gbb��g_�h[yaZl_evgh�iZjZee_evghf�kbevgh�
fm��Ijh[gh_�ihe_�iheZ]Z_lky�^hklZlhqgh�keZ[uf��qlh[u�g_�\ebylv�gZ�ki_dlj�h^_luo�kh�
klhygbc��b�_]h�fh`gh�[ueh�jZkkfZljb\Zlv�ih�l_hjbb�\hafms_gbc� 

<hegh\Zy�nmgdpby�kbkl_fu� ©Zlhf���kbevgh_�ihe_ª�fh`_l�[ulv�gZc^_gZ�ba�j_�
r_gby�mjZ\g_gby�Rj_^bg]_jZ� 

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

 

:LHFG:Y�B�Y>?JG:Y�NBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn���^�n�-f�g��=jbrbg�<eZ^bkeZ\�DhgklZglbgh\bq 
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>ey�pbjdmeyjgh�iheyjbah\Zggh]h�ijh[gh]h�ihey� k_q_gb_�h[eZ^Z_l� ZdkbZevghc�
kbff_ljb_c�hlghkbl_evgh�hkb� z ��H^gZdh�_keb�iheyjbaZpby�ihey�lZdh\Z��qlh�aZk_eyxlky�
ih^mjh\gb� P1 �k�jZagufb�agZq_gbyfb� M ��lh�\�k_q_gbb�ihy\ey_lky�aZ\bkbfhklv�hl�ih�
eyjgh]h�m]eZ��Kl_i_gv�iheyjghc�Zkbff_ljbb� aZ\bkbl�hl�iheyjbaZpbhgguo�oZjZdl_jb�
klbd�ihe_c�b�wg_j]bb�\ha[m`^_gby�ijh[guf�ihe_f� 
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BKKE?>H<:GB?�IJHP?KKH<�=B;?EB�HLJBP:L?EVGUO�BHGH<�
G:�:LHF:O�2�33��B�FHE?DME:O�22(A

1
ûG��<�IE:AF?�DBKEHJH>: 

;_ehklhpdbc�K�=���EhiZ_\�>�<���JZobfh\Z�L�<� 

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

<� gZklhys__� \j_fy� ieZafZ� we_dljhhljbpZl_evguo� ]Zah\�� lZdbo� dZd� CF4, C2F6, 
C3F8, SF6, Cl2, O2��b�l�i��rbjhdh�bkihevam_lky�\�jZaebqguo�l_ogheh]byo��ij_`^_�\k_]h�\�
fbdjhwe_dljhgbd_�>�@��Ohjhrh�ba\_klgh��qlh�hljbpZl_evgu_�bhgu�b]jZxl�\Z`gmx�jhev�
\� ieZaf_� we_dljhhljbpZl_evguo� ]Zah\��GZijbf_j�� j_Zdpbb� ZkkhpbZlb\gh]h� hlebiZgby�
we_dljhgh\�gZ�jZ^bdZeZo��f_lZklZ[bevguo�ZlhfZo�b�fhe_dmeZo�\_^ml�d�baf_g_gbx�aZ�
jy^h\h]h� khklZ\Z�b� l_f� kZfuf�g_ihkj_^kl\_ggh� \ebyxl�gZ�jZkij_^_e_gb_� we_dljbq_�
kdbo�ihe_c�b�gZ�nmgdpbx�jZkij_^_e_gby�we_dljhgh\�ih�wg_j]bb� �NJWW���Djhf_�lh]h��
hljbpZl_evgu_�bhgu�Zdlb\gh�mqZkl\mxl�\�ijhp_kkZo�ihebf_jbaZpbb�\�we_dljhhljbpZ�
l_evghc�ieZaf_�� h[jZah\Zgbb�iue_\uo� qZklbp� \� dZq_kl\_�gZqZevghc� ©aZljZ\dbª� �p_g�
ljh\�gmde_Zpbb��b�l�i��Ijb�bkihevah\Zgbb�bfimevkgh-i_jbh^bq_kdbo�jZajy^h\�w\hex�
pby� ieZafu� we_dljhhljbpZl_evguo� ]Zah\� \� ihke_k\_q_gbb� ijb\h^bl� d� agZqbl_evghfm�
ihlhdm�hljbpZl_evguo�bhgh\�gZ�ih^eh`dm� >����@��Ihwlhfm�bkke_^h\Zgb_�dbg_lbdb�hl�
jbpZl_evguo�bhgh\�y\ey_lky�g_�lhevdh�bgl_j_kghc�nmg^Zf_glZevghc��gh�b�qj_a\uqZcgh�
\Z`ghc�ijbdeZ^ghc�aZ^Zq_c� 

Ba\_klgh�� qlh� \h� fgh]bo� we_dljhhljbpZl_evguo� ]ZaZo� hljbpZl_evgu_� bhgu� \�
h[t_f_� ieZafu�fh]ml� ]b[gmlv� \� ijhp_kkZo� ZkkhpbZlb\gh]h� hlebiZgby� we_dljhgh\� gZ�
jZ^bdZeZo��f_lZklZ[bevguo�fhe_dmeZo�b�ZlhfZo��Ijb�agZqbl_evghc�kl_i_gb�we_dljhhl�
jbpZl_evghklb��l�_��ijb�n-/ne>1 (n-�b�ne –�dhgp_gljZpby�hljbpZl_evguo�bhgh\�b�we_dljh�
gh\�khhl\_lkl\_ggh��wlh�ijb\h^bl�d�aZf_lghfm�baf_g_gbx�iZjZf_ljh\�ieZafu��aZjy^h�
\uc�khklZ\��NJWW���Ihwlhfm�ijb�fh^_ebjh\Zgbb�ieZafu�we_dljhhljbpZl_evguo�]Zah\�
g_h[oh^bfh�ijZ\bevgh�hibku\Zlv�ijhp_kku�jZajmr_gby�hljbpZl_evguo�bhgh\� Zdlb\�
gufb� g_cljZeZfb� b� bf_lv� lhqgu_� agZq_gby� dhgklZgl� kdhjhkl_c� wlbo� ijhp_kkh\��G_�
kfhljy� gZ� lh�� qlh� ieZafZ� qbklh]h� dbkehjh^Z� y\ey_lky� h^gbf� ba� gZb[he__� bamq_gguo�
h[t_dlh\�� bf_xsb_ky� \� ebl_jZlmj_� ^Zggu_� ih� dhgklZglZf� kdhjhkl_c� ]b[_eb� hljbpZ�
l_evguo�bhgh\�gZ�f_lZklZ[bevguo�fhe_dmeZo�O2(a

1
ûg��kms_kl\_ggh�jZaebqZxlky�>����@�

�hlebqb_�khklZ\ey_l�hdheh�h^gh]h�ihjy^dZ���Wlh�k\yaZgh�k�ljm^ghklyfb�baf_j_gby�dZd�
fhe_dme�O2(a

1
ûg��� lZd� b� hljbpZl_evguo� bhgh\��L_f� g_�f_g__�� dhgp_gljZpby�f_lZklZ�
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[bevguo�fhe_dme�O2(a
1
ûg��fh`_l�^hklb]Zlv�^hklZlhqgh�[hevrbo�agZq_gbc�\�ieZaf_�db�

kehjh^Z��a��-������b�ihwlhfm�ijhp_kku�k�bo�mqZklb_f�kms_kl\_ggh�\ebyxl��Z�\h�fgh�
]hf�b�hij_^_eyxl��iZjZf_lju�ieZafu� 

<� gZklhys_c� jZ[hl_�f_lh^hf� eZa_jgh]h�nhlhhlebiZgby� bkke_^h\ZgZ� ^bgZfbdZ�
iehlghklb�hljbpZl_evguo�bhgh\�\�ieZaf_�fh^mebjh\Zggh]h�le_xs_]h�jZajy^Z�\�qbklhf�
dbkehjh^_�\�^bZiZahg_�^Z\e_gbc�����÷��Lhj��b�iehlghkl_c�lhdZ�jZajy^Z���÷���f:�kf2). 
;ueh�wdki_jbf_glZevgh�ihdZaZgh��qlh�\�rbjhdhf�^bZiZahg_�jZajy^guo�iZjZf_ljh\�^b�
gZfbdZ� dhgp_gljZpbb� hljbpZl_evguo�bhgh\�ijb�fh^meypbb� jZajy^Z�baf_gy_lky� k� oZ�
jZdl_jgufb�\j_f_gZfb�baf_g_gby�dhgp_gljZpbb�ZlhfZjgh]h�dbkehjh^Z�b�f_lZklZ[bev�
guo�fhe_dme�O2(a

1
ûg���>ey�hij_^_e_gby�kdhjhkl_c�]b[_eb�hljbpZl_evguo�bhgh\�gZ�wlbo�

Zdlb\guo�qZklbpZo�bkke_^h\ZgZ�^bgZfbdZ�dhgp_gljZpbc�Zlhfh\�O(3P��k�ihfhsvx�f_�
lh^Z�\j_fy-jZaj_r_gghc�Zdlbghf_ljbb�b�fhe_dme�O2(a

1
ûg��ih�bo�wfbkkbb�gZ�������m. 

:gZeba�ihemq_gguo�^Zgguo�ihdZaZe��qlh�ijb�iZjZf_lj_�pR !�����Lhj⋅kf��p –�^Z\e_gb_�
]ZaZ��R –�oZjZdl_jguc�jZaf_j�h[eZklb��aZgbfZ_fhc�ieZafhc��j_Zebam_lky�ijbebiZl_ev�
gh-hlebiZl_evguc�j_`bf�]hj_gby�jZajy^Z��dh]^Z�ijbebiZgb_�we_dljhgh\�d�fhe_dmeZf�
O2�ijZdlbq_kdb�iheghklvx�mjZ\gh\_rb\Z_lky�bo�hlebiZgb_f�gZ�O(3P��b�O2(a

1
ûg���IhdZ�

aZgh��qlh�\�^Zgguo�mkeh\byo�hkgh\guf�hljbpZl_evguf�bhghf�y\ey_lky�bhg�O-��:gZeba�
^bgZfbdb�]b[_eb�bhgh\�O-�^Ze�\hafh`ghklv�\i_j\u_�g_ihkj_^kl\_ggh�\�kZfhc�ieZaf_�
hij_^_eblv�dhgklZglu�kdhjhklb�ijhp_kkh\�ZkkhpbZlb\gh]h�hlebiZgby�gZ�ZlhfZo�O(3P) 

( eOPOO +→+−
2

3 )( : kd
O=(1.9±0.4)⋅10-10

� kf3
�k�� b� fhe_dmeZo� O2(a

1
ûg) 

( eproductsaOO g +→∆+− )( 1
2 : kd

∆=(1.4±0.3)⋅10-10
�kf3

�k�. 
Hkh[mx�p_gghklv�ij_^klZ\ey_l�lh��qlh�\k_�\_ebqbgu��g_h[oh^bfu_�^ey�hij_^_�

e_gby�^Zgguo�dhgklZgl�[ueb�ihemq_gu�wdki_jbf_glZevgh��Djhf_�lh]h��wlb�\_ebqbgu�
�hljbpZl_evgu_�bhgu��Zlhfu�b�kbg]e_lgu_�fhe_dmeu�dbkehjh^Z��baf_jyebkv�\�©h^ghcª�
ijhkljZgkl\_gghc� lhqd_��Wlh� kms_kl\_ggh� hlebqZ_l�gZrb�baf_j_gby� hl�ij_^u^msbo�
jZ[hl�>����@��Ihwlhfm�ohl_ehkv�[u�ihj_dhf_g^h\Zlv�hij_^_e_ggu_�\�^Zgghc�jZ[hl_�dhg�
klZglu�kdhjhklb�]b[_eb�hljbpZl_evguo�bhgh\�H–�gZ�ZlhfZo�O(3P��b�fhe_dmeZo�O2(a

1
ûg) 

^ey�bkihevah\Zgby�\�[ZaZo�^Zgguo�^ey�fh^_ebjh\Zgby�ieZafu� 
 

[1] Lieberman M.A., Lichtenberg A.J. Principles of Plasma Discharges and Material Process 
ing. New York: Wiley, 1994. 
[2] Ramamurthi B., Economou D.J. // J. Vac. Sci. Technol. A, 2002, Vol.20, No. 2, pp. 467-
478. 
[3] Panda S., Economou D.J. // J.Appl. Phys., 2000, Vol. 87, No. 12, pp. 8323-8333. 
[4] Fehsenfeld F.C., Albritton D.L., Burt J.A., Schiff H.I.// Can.J.Chem., 1969 Vol.47, 
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<HA;M@>?GB?�F?L:KL:;BEVGUO�MJH<G?C�BAHLHIH<�GBH;BY�
<�NHLHY>?JGUO�J?:DPBYO 

Dhgxoh\�B�=���FZdZj_gdh�B�<���Fbg__\Z�L�G� 

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

<� gZklhys__� \j_fy� bamq_gb_� ^he]h`b\msbo� y^_jguo� khklhygbc� ij_^klZ\ey_l�
bgl_j_k�dZd�\�ieZg_�nmg^Zf_glZevguo�bkke_^h\Zgbc�� lZd�b�^ey�j_r_gby�ijbdeZ^guo�
aZ^Zq��Hkh[uc�bgl_j_k�ij_^klZ\ey_l�ihbkd�b�bkke_^h\Zgb_�f_lZklZ[bevguo�khklhygbc��
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\�qZklghklb�\�k\yab�k�aZ^Zq_c�kha^Zgby��-eZa_jZ��H^gbf�ba�gZb[he__�i_jki_dlb\guo�f_�
lh^h\�y\ey_lky�f_lh^�aZk_e_gby�wlbo�khklhygbc�\�j_amevlZl_�nhlhy^_jguo�j_Zdpbc� 

<�GBBYN�F=M�[ue�ijh\_^_g�wdki_jbf_gl�ih�h[emq_gbx�y^_j�931E�lhjfhagu�
fb��-d\ZglZfb�hl�we_dljhgh\�k�wg_j]b_c����Fw<��P_evx�wdki_jbf_glZ�y\eyehkv�hij_�
^_e_gb_� khhlghr_gby� \uoh^h\�nhlhy^_jguo�j_Zdpbc�� Z� lZd`_�bamq_gb_� \hafh`ghklb�
aZk_e_gby�bahf_jguo�mjh\g_c�f_lh^hf�nhlhy^_jguo�j_Zdpbc� 

Wdki_jbf_gl�ijh\h^beky�\�j_`bf_�gZ\_^_gghc�Zdlb\ghklb�gZ�we_dljhgghf�imq�
d_�jZaj_agh]h�fbdjhljhgZ�570-���GBBYN�F=M� 

Bkke_^m_fZy�fbr_gv�h[emqZeZkv�lhjfhagufb�nhlhgZfb��ihke_�q_]h�baf_jyeky�
�-ki_dlj�hklZlhqghc�Zdlb\ghklb�gZ�^_l_dlhj_�wnn_dlb\ghklvx�������ba]hlh\e_gghf�ba�
k\_joqbklh]h�]_jfZgby� 

H[emq_gb_�h[jZapZ�^ebehkv� ���fbg�� ki_dlj�baf_jyeky�\� l_q_gb_� �����q� kimkly�
�����q�ihke_�hdhgqZgby�Zdlb\Zpbb� 

<�wdki_jbf_gl_�bamqZebkv�nhlhy^_jgu_�j_Zdpbb�gZ�y^j_-fbr_gb�931E��Wg_j]by�
we_dljhgh\�hl�fbdjhljhgZ�����Fw<��ij_\urZeZ�ihjh]�j_Zdpbb������Q��gZ�bkke_^m_fhf�
y^j_��<�^Zgguo�mkeh\byo�\hafh`gu�nhlhy^_jgu_�j_Zdpbb��ijb\_^_ggu_�\�lZ[e���� 

LZ[ebpZ�1.  
 

J_Zdpby Ihjh]�j_Zdpbb��Fw< Dhg_qgh_�y^jh 
����Q� 8.83 92Nb 
�����Q� 16.71 91Nb 
�����Q� 28.76 90Nb 
�����n) 38.91 89Nb 

<�wdki_jbf_glZevghf�ki_dlj_� �jbk�� ���gZ[ex^Zxlky��-ebgbb�hl�j_Zdpbc� ���� Q���
�����Q�� 

Ih� wdki_jbf_glZevguf�^Zgguf�gZc^_gh�hlghr_gb_�\uoh^h\�j_Zdpbc�<���� Q�� ��
<��, 3n) = 63 ±� ���<uoh^u�j_Zdpbc� ���� Q��� ���� �Q��hp_gb\Zebkv�ih��-ebgbyf� ����dw<�b�
����� dw<� khhl\_lkl\_ggh�� L_hj_lbq_kdb_� hp_gdb�� hkgh\Zggu_� gZ� fh^_eb� bkiZj_gbc��
^Zxl�<����Q����<�����Q�� ����� 

 
Jbk���� Wdki_jbf_glZevguc�ki_dlj 

 
<�kemqZ_��dh]^Z�h[jZamxs__ky�\�j_amevlZl_�nhlhy^_jghc�j_Zdpbb�y^jh�h[eZ^Z_l�

f_lZklZ[bevguf�mjh\g_f��^ey�jZkq_lZ�ihegh]h�\uoh^Z�j_Zdpbb�g_h[oh^bfh�kmffbjh�
\Zlv�\uoh^� aZk_e_gby�bahf_jgh]h�mjh\gy�b�\uoh^� aZk_e_gby�hkgh\gh]h�khklhygby�dh�
g_qgh]h�y^jZ��H[jZamxs__ky�\�j_amevlZl_�j_Zdpbb�����Q��y^jh�921E�\�hkgh\ghf�khklhy�
gbb�y\ey_lky�hq_gv�^he]h`b\msbf��t1/2 = 3.47⋅107�e_l���b�_]h�jZkiZ^u�g_�m^Z_lky�gZ^_`�
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gh�gZ[ex^Zlv��Ihwlhfm� wdki_jbf_glZevgu_�^Zggu_�iha\heyxl�jZkkqblZlv� lhevdh�\u�
oh^�aZk_e_gby�bahf_jgh]h�mjh\gy� 

GZ[ex^Z_lky� ohjhr__� kh]eZkb_� wdki_jbf_glZevgh]h� agZq_gby�b� l_hj_lbq_kdbo�
hp_ghd�^ey�hlghr_gby�\uoh^h\�j_Zdpbc��b�wlh�y\ey_lky�mdZaZgb_f�gZ�lh��qlh�\�kemqZ_�
j_Zdpbb�����Q��[hevrZy�qZklv�dhg_qguo�y^_j�921E�h[jZam_lky�\�f_lZklZ[bevghf�khklhy�
gbb� 

Wg_j]by�bahf_jgh]h�mjh\gy�y^jZ�921E�khklZ\ey_l�������dw<��i_jbh^�ihemjZkiZ^Z�
������^g_c��<�ki_dlj_�ijbkmlkl\mxl�ebgbb�����dw<������dw<�������dw<��khhl\_lkl\mx�
sb_�jZkiZ^Zf�wlh]h�khklhygby� 

<�gZklhys_c�jZ[hl_�ihdZaZgh��qlh�f_lh^�\ha[m`^_gby�^he]h`b\msbo�khklhygbc�
y^_j�q_j_a�nhlhy^_jgu_�j_Zdpbb�gZ�imqd_�fbdjhljhgZ�570-���GBBYN�F=M�\�j_`bf_�
gZ\_^_gghc�Zdlb\ghklb�iha\hey_l�ihemqZlv�\ukhdb_�agZq_gby�\uoh^h\�j_Zdpbc��qlh�ih�
a\hey_l� ijbagZlv� wlhl�f_lh^� i_jki_dlb\guf� \� ihke_^mxs_f� ihbkd_� b� bkke_^h\Zgbb�
f_lZklZ[bevguo�y^_jguo�khklhygbc�� 

 
1. ;h[hrbg�B�G���<ZjeZfh\�<�<���B\Zgh\�?�F���B\Zgh\�K�<���I_kdh\�G�G���Kl_iZgh\�

F�?���Q_kghdh\�<�<��J_eypbhggu_�[Zau�^Zgguo�h[�Zlhfguo�y^jZo�b�y^_jguo�j_Zd�
pbyo�\�Bgl_jg_l�^ey�bkke_^h\Zgbc�\�h[eZklb�y^_jghc�nbabdb�b�kf_`guo�h[eZklyo�
gZmdb�b�l_ogbdb��Ljm^u�<k_jhkkbckdhc�gZmqghc�dhgn_j_gpbb�©GZmqguc�k_j\bk�\�
k_lb� Bgl_jg_lª�� Gh\hjhkkbckd�� ��� –� ��� k_gly[jy� ����]�� ,6%1� �-211-04521-1. 
Ba^Zl_evkl\h� Fhkdh\kdh]h� mgb\_jkbl_lZ�� Fhkd\Z� ������ kk�� ��� – 21: URL – 
(http://cdfe.sinp.msu.ru/services/ensdfr.html). 

2. =jbrbg�<�D���?jfZdh\�:�G���BroZgh\�;�K���R\_^mgh\�<�B���EboZqh\�<�I������Fw<�
jZaj_aghc� fbdjhljhg� dZd� bklhqgbd� `_kldh]h� baemq_gby� ��<_klgbd� Fhkdh\kdh]h�
mgb\_jkbl_lZ��K_j����NbabdZ�b�:kljhghfby�����������K����-76. 

 
 

IJH=J:FF:�:<LHF:LBQ?KDHC�H;J:;HLDB 
KI?DLJH<�Y>?JGH=H�BAEMQ?GBY� 

BAHF?JGU?�KHKLHYGBY�:LHFGUO�Y>?J 

GbdheZcr\beb�B���KZfhceh\�I���Lmg�Q�Q� 

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

<�GBBYN�F=M�gZqZlu�wdki_jbf_glu�ih�bamq_gbx�bahf_jguo�khklhygbc�y^_j��
:dlb\Zpby�bahf_jguo�mjh\g_c�ijhba\h^blky�\�nhlhy^_jguo�j_Zdpbyo�gZ�lhjfhaguo��-
d\ZglZo��Bklhqgbd�we_dljhgh\��?_ ���Fw<��–�jZaj_aghc�fbdjhljhg�RTM-����LhjfhagZy�
fbr_gv�-�\hevnjZfh\Zy�ieZklbgZ�lhesbghc��ff� 

>ey�bamq_gby�nhlhy^_jguo�j_Zdpbc�[ueZ�kh[jZgZ�ki_dljhf_ljbq_kdZy�mklZgh\�
dZ�gZ�hkgh\_�kpbglbeeypbhggh]h�^_l_dlhjZ�>�@� 

Ijh]jZffgh_�h[_ki_q_gb_�Zfieblm^gh]h�ZgZebaZlhjZ�wlhc�mklZgh\db�iha\hey_l�
Z\lhfZlbq_kdb�gZ[bjZlv�b�aZibku\Zlv�ki_dlju� 

>ey�Z\lhfZlbaZpbb�h[jZ[hldb�^Zgguo�[ueZ�gZibkZgZ�ijh]jZffZ�gZ�yaud_�visual 
basic�^ey�Microsoft Excel��jbk������j_ZebamxsZy� 

���Ihbkd�ibdh\�\�ki_dlj_�ih�aZ^Zgguf�iZjZf_ljZf��gZoh^bl�dhhj^bgZlu�fZdkb�
fmfZ�ibdZ�b�_]h�]jZgbp�� 

���JZkq_l�bgl_]jZeZ�ih^�dZ`^uf�ibdhf��k�\uqblZgb_f�dhfilhgh\kdhc�ih^eh`db� 
���JZkqzl�i_jbh^h\�ihemjZkiZ^Z�ibdh\� 
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<k_�jZkqzlu�Z\lhfZlbabjh\Zgu� 
<bamZebaZpby�ijhp_kkZ�ihbkdZ�iha\hey_l�[ukljh�ih^h[jZlv�iZjZf_lju�ihbkdZ�b�

jZkqzlZ� 

 
 

Jbk�����<g_rgbc�\b^�ijh]jZffu�^ey�h[jZ[hldb�ki_dljhf_ljbq_kdbo�^Zgguo 
 

Ijh]jZffZ� iha\hey_l� Z\lhfZlbq_kdb� kqblu\Zlv� ki_dlju� ba�nZceh\�� \u^Zgguo�
ki_dljhf_ljbq_kdhc�mklZgh\dhc� 

Ij_^iheZ]Z_lky�bkihevah\Zgb_�ijh]jZffu�\�bamq_gbb�f_lZklZ[bevguo�mjh\g_c�
y^_j� 

 
>�@�OZgdbg�<���GbdheZcr\beb�B���KZfhceh\�I��Ki_dljhf_ljbq_kdZy�mklZgh\dZ�gZ�hkgh�
\_� kpbglbeeypbhggh]h� djbklZeeZ� NaI(Tl��� bamq_gb_� bahf_jguo� khklhygbc� Zlhfguo�
y^_j���L_abku�\�ljm^Zo�gZklhys_c�dhgn_j_gpbb�� 

 
 

CI?DLJHF?LJBQ?KD:Y�MKL:GH<D:�G:�HKGH<?�
KPBGLBEEYPBHGGH=H�DJBKL:EE:�NAI(TL ���BAMQ?GB?�

BAHF?JGUO�KHKLHYGBC�:LHFGUO�Y>?J 

OZgdbg�<���GbdheZcr\beb�B���KZfhceh\�I� 

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

<�GBBYN�F=M�gZqZlu�wdki_jbf_glu�ih�bamq_gbx�bahf_jguo�khklhygbc�y^_j�
>��� �@��:dlb\Zpby� bahf_jguo� mjh\g_c� ijhba\h^blky� \�nhlhy^_jguo� j_Zdpbyo� gZ� lhj�
fhaguo��-d\ZglZo��Bklhqgbd�we_dljhgh\��?_  ����Fw<��–�jZaj_aghc�fbdjhljhg�RTM-70. 
LhjfhagZy�fbr_gv�-�\hevnjZfh\Zy�ieZklbgZ�lhesbghc���ff� 

>ey�bamq_gby�nhlhy^_jguo�j_Zdpbc�[ueZ�kh[jZgZ�ki_dljhf_ljbq_kdZy�mklZgh\�
dZ�gZ�hkgh\_�kpbglbeeypbhggh]h�^_l_dlhjZ��?z�kljmdlmjgZy�ko_fZ�ihdZaZgZ�gZ�jbk���� 

KhklZ\�mklZgh\db��Kpbglbeeypbhgguc�^_l_dlhj�gZ�hkgh\_�djbklZeeZ�NaI(Tl) (1). 
?]h�iZjZf_lju��dhg\_jkbhggZy� wnn_dlb\ghklv�� �������hilbfZevgZy�^ebgZ�\hegu�� ����
gf�� \j_fy�\uk\_qb\Zgby����Â��-7

� k��Nhlhwe_dljhgguc�mfgh`bl_ev�Hamamatsu� �����IZ�
jZf_lju��\oh^gh_�hdgh� -� ��^xcfh\��qbkeh�^bgh^h\� ����gZijy`_gb_�iblZgby� �d<��Eb�
g_cguc�mkbebl_ev� �����Dhwnnbpb_gl�mkbe_gby� ��÷640. :gZeh]h\h-pbnjh\hc�ij_h[jZ�
ah\Zl_ev�3&$-�������jZ[hlZxsbc�\�j_`bf_�Zfieblm^gh]h�ZgZebaZlhjZ��ieZlZ�jZkrbj_�



EHFHGHKH<�– 2005 

 

26 

26 

gby�3&,�^ey�ID���Qbkeh�dZgZeh\�Zfieblm^gh]h�ZgZebaZlhjZ�-�������DZeb[jh\dZ�ijhba�
\h^beZkv�ih�ba\_klguf�bklhqgbdZf�60&R�b�137Cs. 

 
 

Jbk��1��KljmdlmjgZy�ko_fZ�ki_dljhf_ljbq_kdhc�mklZgh\db 
 

Kh_^bgzgguc� k�nhlhwe_dljhgguf� mfgh`bl_e_f� djbklZee�gZoh^blky� \� k\bgph�
\hc�aZsbl_��dhlhjZy�iha\hey_l�kgbablv�nhg�\g_rg_]h�baemq_gby� 

>Zgguc� ^_l_dlhj� bkihevah\Zeky� ^ey� bkke_^h\Zgby�f_lZklZ[bevgh]h� khklhygby�
111Cd���? ���Dw<��T1/2 ����fbg���J

p=11/2-). 

�

1
�

(�Dw<��  
Jbk�����Ki_dlj�Cd��baf_j_gguc�k�ihfhsvx�kpbglbeeypbhggh]h�^_l_dlhjZ 

 
GZk� bgl_j_kh\Zeb� j_Zdpbb� �γ,n�� gZ� 112Cd� �kh^_j`Zgb_� \� ijbjh^ghc� kf_kb 

24,13%), (γ,2n��gZ�113Cd��kh^_j`Zgb_�\�ijbjh^ghc�kf_kb�����������γ,3n��gZ�114Cd��kh^_j�
`Zgb_�\�ijbjh^ghc�kf_kb��������� 

>Zggh_� f_lZklZ[bevgh_� khklhygb_� jZkiZ^Z_lky� dZkdZ^hf� k� bkimkdZgb_f� γ-
d\Zglh\� k� wg_j]b_c� ���� dw<�b� ���� dw<� �lZd�`_� \hafh`_g� kemqZc��ijb� dhlhjhf�h[Z� γ-
d\ZglZ�j_]bkljbjmxlky�h^gh\j_f_ggh�–�����dw<���DZd�\b^gh�ba�jbk�����i_j\uc�ibd������
dw<��ihiZ^Z_l�gZ�i_j\uc�dZgZe�^_l_dlhjZ�b�g_�fh`_l�[ulv�aZj_]bkljbjh\Zg��Z�ibdb�k�
wg_j]byfb�����b�����dw<�\b^gu�gZ�ki_dlj_� 
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�

W�fbg��

OQ
�6
��

 

�

OQ
�6
��

W�fbg��  
 

Z���[� 
Jbk�����Z��ebgby�����dw<����–�wdki_jbf_glZevgu_�^Zggu_����–�ebgby��ihkljh_ggZy�ih�FGD��I_jbh^�

ihemjZkiZ^Z� 1057± �fbg��[��ebgby�����dw<����–�wdki_jbf_glZevgu_�^Zggu_����–�ebgby��ihkljh_g�

gZy�ih�FGD��I_jbh^�ihemjZkiZ^Z� 1563± �fbg� 
 
GZ�jbk����ijb\_^_gu�aZ\bkbfhklb�eh]ZjbnfZ�ihegh]h�qbkeZ�hlkqzlh\�ih^�ibdhf�

hl� \j_f_gb�^ey�ebgbc� ���� dw<�b� ���� dw<��I_jbh^�ihemjZkiZ^Z�fh`gh�jZkkqblZlv�ih�
lZg]_gkm�m]eZ�gZdehgZ� Ziijhdkbfbjmxs_c�ijyfhc��>ey�ebgbb� ����dw<�i_jbh^�ihem�
jZkiZ^Z�L1/2  �������fbg��>ey�ebgbb�����dw<�– L1/2� ������fbg� 

 
1. ?jfZdh\�:�G���DZiblhgh\��Dhgxoh\�B�=���FZdZj_gdh�B�<���Fbg__\Z�L�G���KlhiZgb�

D�:��� OZgdbg� <�<��� ©H� \ha[m`^_gbb� ^he]h`b\msbo� khklhygbc� gZ� we_dljhgghf�
imqd_�mkdhjbl_ey�570-���GBBYN�F=Mª��Ljm^u�9�f_`\mah\kdhc�gZmqghc�rdheu�
fheh^uo� ki_pbZebklh\� ©Dhgp_gljbjh\Zggu_� ihlhdb� wg_j]bb� \� dhkfbq_kdhc�
l_ogbd_�� we_dljhgbd_�� wdheh]bb� b� f_^bpbg_ª�� klj�� ��-����Fhkd\Z��GBBYN�F=M��
ghy[jv������]� 

2. =jbrbg�<�D���?jfZdh\�:�G���BroZgh\�;�K���R\_^mgh\�<�B���EboZqh\�<�I���©���Fw<�
jZaj_aghc� fbdjhljhg�� dZd� bklhqgbd� `_kldh]h� baemq_gbyª� ��<_klgbd�Fhkdh\kdh]h�
mgb\_jkbl_lZ��K_j����NbabdZ�b�:kljhghfby������������K����-76. 

 
 

M>D�������� 

KHHLGHR?GBY�F?@>M�;HJ?E?<KDBFB�IJ:<BE:FB�KMFF�

>EY�KBEVGUO�DHGKL:GL�K<YAB�G(ηΣΣ��B�G(ηΛΛ) 

Ydh\e_\�K�;� 

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

F_lh^�ijZ\be�kmff�DO>�iha\hey_l�\uqbkeylv�k\hckl\Z�gbadh�e_`Zsbo�Z^jhg�
guo�khklhygbc��<�[hevrbgkl\_�jZ[hl�\�nhjfZebaf_�[hj_e_\kdbo�ijZ\be�kmff�bkke_^h�
\Zebkv�fZkku�b�fZ]gblgu_�fhf_glu�[Zjbhgh\>�@��H^gZdh��\�ihke_^g__�\j_fy�Zdlb\gh�
bamqZebkv�dhgklZglu�k\yab�kbevguo�\aZbfh^_ckl\bc��IjZdlbq_kdb�\h�\k_o�jZ[hlZo�hl�
^_evgh�jZkkfZljb\Zxlky�oZjZdl_jbklbdb�Σ�b�Λ�]bi_jhgh\��qlh�k\yaZgh�k�hkh[_gghklyfb�
kljh_gby�bo� \hegh\uo�nmgdpbc��Ih� wlhc�`_�ijbqbg_�^h� kbo�ihj�g_�[ueb�ihkljh_gu�
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ijZ\beZ�kmff�^ey�J�ηΛΛ���G_^Z\gh�gZfb�[ue�ij_^eh`_gu�khhlghr_gby�f_`^m�ijZ\b�
eZfb�kmff�^ey�fZkk�Λ�b�Σ�]bi_jhgh\�>�@� 

<� wlhc� jZ[hl_�ihdZaZgh�� dZdbf� h[jZahf�ih^h[gu_� khhlghr_gby� \�nhjfZebaf_�
[hj_e_\kdbo� ijZ\be� kmff� ijb\h^yl� d� k\yab� f_`^m� f_ahg-� [Zjbhggufb� dhgklZglZfb�
g(ηΣ0Σ0��b�J�η,Λ,Λ) . 

Ihykgbf�hkgh\gmx�b^_x�gZ�ijbf_j_�68�����Fh`gh�ihdZaZlv��qlh�\�SU����dhg�
klZglu� k\yab� ^ey�Σ-ih^h[guo� [Zjbhgh\� %�TT�K�� �k� ^\mfy� d\ZjdZfb� h^gh]h� ZjhfZlZ� \�
kbff_ljbqghf�khklhygbb��k�g_cljZevgufb�f_ahgZfb�0� �^π0, η`�hij_^_eyxlky�\ujZ�
`_gb_f 

g(MBB)=gMqq2F+gMhh (F-D),     
]^_�F�b�'-�oZjZdl_jgu_�dhgklZglu�SU�����Z�agZq_gby�dhgklZgl�k\yab�f_ahgh\�k�d\ZjdZfb�
hij_^_eyxlky�ba�nhjfmeu�lhdh\� 

j (π0)=√(1/2) (u γ5 u - d γ5 d), j(η)=√(1/6) (u γ5 u + d γ5 d - 2 s γ5 s).  
GZihfgbf�j_amevlZl�68�����-g(ηΣ0Σ0) = √(2/3)D, g(ηΛΛ) = -√(2/3)D. 
AZibr_f�\ujZ`_gb_�^ey�dhgklZglu�J�ηΣ0Σ0��\�\b^_ 

g(ηΣ0Σ0) = gηuuF+gηdd F+gηss (F-D) = -gηss D =√(2/3)D.   

 
L_i_jv� aZibr_f�nhjfZevgu_� \ujZ`_gby�� dhlhju_� ihemqZxlky� ba� \ur_ijb\_�

^_ggh]h�\ujZ`_gby�aZf_gZfb��X�⇔ s)  

g(ηΣ0
usΣ0

us) = -gηuu D=-√(1/6)D     

b�      (d ⇔ s)     

g(ηΣ0
dsΣ0

ds) = -gηdd D=-√(1/6)D     
KijZ\_^eb\h�ke_^mxs__�lh`^_kl\h� 

2 g(ηΣ0
usΣ0

us)+2 g(ηΣ0
dsΣ0

ds) - g(ηΣ0Σ0) = 3g(ηΛΛ)   
Wlh�lh`^_kl\h�ke_^m_l�ba�k\yab�\hegh\uo�nmgdpbc�Σ0�b�Λ�[Zjbhgh\�b�\kihfh]Z�

l_evguo�]bi_jhgh\�Σ0
us�b�Σ0

ds��BlZd��gZ�ijbf_j_�fh^_eb�mgblZjghc�kbff_ljbb�fu�ihdZ�
aZeb��dZdbf�h[jZahf��hlijZ\eyykv�hl�\ujZ`_gby�^ey�Σ0��fh`gh�ihemqblv�\ujZ`_gb_�^ey�
Λ. 

HdZau\Z_lky�� qlh� ZgZeh]bqgu_� khhlghr_gby� bf_xl�f_klh� b� \� kemqZ_� [hj_e_\�
kdbo�ijZ\be�kmff�^ey�iheyjbaZpbhgguo�hi_jZlhjh\�Π(Σ0��b�Π(Λ��hij_^_e_gguo�lZd`_�
dZd�\�>���@��Fh`gh�ihdZaZlv��qlh�^ey�gbo�kijZ\_^eb\u�khhlghr_gby 

2 Π(Σ0
us) + 2 Π(Σ0

ds) – Π(Σ0)= 3 Π(Λ).    

 
<uqbkeyy�khhl\_lkl\mxsb_�fZljbqgu_�we_f_glu�hi_jZlhjZ�Π(Σ0���ke_^my� >���] 

b� khojZgyy� g_\ujh`^_ggufb� \k_�fZkku� d\Zjdh\� b� bo� dhg^_gkZlu�� ihemqbf� ijZ\beh�
kmff���\uibr_f�_]h�a^_kv�lhevdh�^ey�h^ghc�ba�ehj_gp_\kdbo�kljmdlmj��^ey�dhgklZglu�
k\yab�Σ0: 

√(1/2) mη
2 λΣ

2 g(ηΣ0Σ0) exp(-mΣ
2/M2) [1+AΣ M

2] =    

= mη
2 M4 E0(x) [gηss <ss>/12/π2/fη +3f3η/4/fη/√(2)-M2/fη [gηss [md<uu> + 

mu<dd>]<ss>- mη
2/72/ fη [gηss <ss>]<αs ς2/π>   

+ m0
2/6/ fη [ (gηuu md<uu>+gηdd mu <dd>)<ss>] ≡ D(u,d,s)   
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�bf__lky�\\b^m�ihegZy� aZ\bkbfhklv�D(u, d, s��hl�dhgklZgl� Jηqq��fZkk�d\Zjdh\�mq�b�bo�
dhg^_gkZlh\��qq> , q = {u,d,s} : D(u, d, s) ≡ D(g(η,uu), mu, <uu>, g(η,dd), …)) 

DZd�b� \�fh^_eb�mgblZjghc� kbff_ljbb��h[jZam_f� \kihfh]Zl_evgu_� \_ebqbgu� \�
ijZ\hc�qZklb�ijZ\be�kmff��IQ��aZf_gZfb��X�⇔�V�b��d ⇔�V���<�blh]_�ijboh^bf�d�ijZ\b�
em�kmff�^ey�Λ: 

√ (1/2) mη
2 λΛ

2 g(ηΛΛ) exp(-mΛ
2/M2) [1+AΛ M2] =    

= [2D(s,d,u) + 2D(u,s,d) - D(u,d,s)]/3.    
<uqbkeyy� ijZ\mx� qZklv� \� ^h\_jbl_evghf� bgl_j\Ze_� [hj_e_\kdh]h� iZjZf_ljZ�

M=1.0-�����ijhqb_�iZjZf_lju�\aylu�ba�>�@��b�\hkihevah\Z\rbkv�ijb[eb`_gb_f�^ey�[h�
j_e_\kdh]h�\uq_lZ�λΛ

2=CM6 (C=4.7 * 10-4���ihemqbf�agZq_gb_�dhgklZglu�k\yab�η-f_ahgZ�
k�Λ-]bi_jhghf�g(ηΛΛ) = -3.39. 

 
>�@�Bhnn_�;�E���;_ey_\�<�F��JETP����������������Bhnn_�;�E���Kfbe]Z�:�<��Nucl. Phys. 
B232, 109 (1984). 
[2] Ozpineci A., Yakovlev S.B., Zamiralov V.S. Modern Physics Letters A, Vol. 20, No 4 
(2005). 
[3] Kim H., Doi T., Oka M., Lee S.H. Nucl. Phys A662, 371 (2000). 

 
 

M>D���������� 

<HAFH@GHKLV�J?=BKLJ:PBB�J?>DBO�J:KI:>H<�B-F?AHGH<�
>?L?DLHJHF�ATLAS�MKDHJBL?EY�LHC 

Lhfk�D�K� 

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

1. <\_^_gb_��Qlh�bamqZ_l�%-nbabdZ" 
2. J_^db_�jZkiZ^u�%-f_ahgh\�b�ihbkd�jZkrbj_gbc�KF��NbabdZ�j_^dbo�e_ilhgguo��

jZ^bZpbhgguo�e_ilhgguo�b�iheme_ilhgguo�jZkiZ^h\�<-f_ahgh\��^bZ]jZffZlb�
dZ��jZkij_^_e_gby��\deZ^�hl�g_klZg^Zjlghc�nbabdb� 

3. <hafh`ghklv� j_]bkljZpbb� jZkiZ^h\� <-f_ahgh\� gZ� kh\j_f_gguo� mkdhjbl_eyo��
Mkdhjbl_ev�/+&�b�^_l_dlhj�$7/$6��kjhdb�ihkljhcdb��l_ogbq_kdb_�oZjZdl_jb�
klbdb��k\_lbfhklv��ij_bfms_kl\Z�i_j_^�\k_fb�kh\j_f_ggufb�^_l_dlhjZfb�b�mk�
dhjbl_eyfb�^ey�bamq_gby�<-nbabdb� 

4. HibkZgb_ mklZgh\db ATLAS: Inner Detector, Calorimeter, Muon Chambers. WlZiu�
fh^_ebjh\Zgby�j_^dbo�jZkiZ^h\�<-f_ahgh\��FZljbqgu_�we_f_glu�jZkiZ^h\��iZ�
d_l�3\WKLD�b�_]h�fh^bnbdZpbb�^ey�/+&��^ey�iZd_lZ�ijh]jZff�$WKHQD�� 

5. FZl_fZlbq_kdZy�fh^_ev� ^_l_dlhjZ� $7/$6��P_ihqdZ�� ³=_g_jZpby-!Kbfmeypby-
!<hkklZgh\e_gb_-!:gZeba´��Ijh[e_fu�^_l_dlbjh\Zgby� dZgZeh\�jZkiZ^Z��DZlu��
hldebdb�^_l_dlhjZ��nbabq_kdb_�h]jZgbq_gby� 

6. <uqbkebl_evgu_�j_kmjku��K_lv�*5,'�-�djZldh_�hibkZgb_�b�ijbeh`_gb_�d�nbab�
d_�\ukhdbo�wg_j]bc� 

7. AZdexq_gb_� 
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M>D����.142 

<EBYGB?�>?NHJF:PBB�Y>J:�FBR?GB�G:�:GBAHLJHIBX�

M=EH<UO�J:KIJ?>?E?GBC�HKDHEDH<�>?E?GBY�<�J?:DPBYO�
IH>�>?CKL<B?F�LY@,EUO�BHGH<� 

>_jf_gz\�:�<� 

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

JZkkfZljb\Z_lky�ijhp_kk�nhjfbjh\Zgby�m]eh\uo�jZkij_^_e_gbc�hkdhedh\�^_e_�
gby�ijb�jZkiZ^_�ly`_euo�y^_j��h[jZamxsboky�\�j_Zdpbyo�ih^�^_ckl\b_f�ly`_euo�bh�
gh\�ijb�\ukhdbo� agZq_gbyo�y^_jghc� l_fi_jZlmju�b�m]eh\h]h�fhf_glZ��IhdZaZgh��qlh�
gZebqb_�^_nhjfZpbb�b�kibgZ�\�hkgh\ghf�khklhygbb�y^_j�fbr_gb��ijb\h^bl�d�kms_kl�
\_ggh�g_jZ\gh\_kguf�gZqZevguf�jZkij_^_e_gbyf�ih�ijh_dpbb�ihegh]h�m]eh\h]h�fh�
f_glZ�gZ�hkv�imqdZ�b�hkv�kbff_ljbb�^_eys_]hky�khklZ\gh]h�y^jZ��Djhf_�lh]h��ijh^_�
fhgkljbjh\Zgh��qlh�ijb�^_e_gbb�y^_j��h[eZ^Zxsbo�[Zjv_jZfb�^_e_gby�kjZ\gbfufb�k�
�beb�^Z`_�[he__�gbadbfb��\_ebqbghc�y^_jghc�l_fi_jZlmju�\�m]eh\uo�jZkij_^_e_gbyo�
^he`gu�ijhy\eylvky�wnn_dlu�³iZfylb´�h�gZqZevguo�mkeh\byo��knhjfbjh\Zgguo�kjZam�
`_�ihke_�kebygby�klZedb\Zxsboky�y^_j��:gZeba�wdki_jbf_glZevguo�^Zgguo�ih�m]eh�
\uf� jZkij_^_e_gbyf� hkdhedh\� ^_e_gby� b� k_q_gbyf� ihegh]h� kebygby� ijh\h^beky� ^ey�
^\mo�j_Zdpbc�12K�236U (Igs=0!��>�@�b�12K�235U (Igs=7/2!��>�@�ijb�?kf�= (60÷����Fw<��Ijb�
jZkqzl_�k_q_gbc�kebygby�b�gZqZevguo�jZkij_^_e_gbc�ih�ijh_dpbyf�ihegh]h�m]eh\h]h�
fhf_glZ�gZ�hkv�imqdZ�b�hkv�^_e_gby�^ey�y^_jgh]h�\aZbfh^_ckl\by�bkihevah\Zeky�ih�
l_gpbZe�<m^kZ-KZdkhgZ��Ijh^_fhgkljbjh\Zgh��qlh�mq_l�wnn_dlh\��k\yaZgguo�k�gZebqb�
_f�^_nhjfZpbb�b�kibgZ�m�y^jZ�fbr_gb��iha\hey_l�h[tykgblv�kms_kl\_ggh�jZaebqgh_�
ih\_^_gb_� Zgbahljhibb� m]eh\uo� jZkij_^_e_gbc� hkdhedh\� ^_e_gby� ^ey� jZkkfZljb\Z_�
fuo�j_Zdpbc�ijb�wg_j]byo�[ebadbo�d�[Zjv_jm�kebygby�� 

 
[1] Murakami T.et al., Phys. Rev C, 34 (1986) 1353. 
[2] Leston J.P. et al., Phys. Rev C, 56 (1986) R2907. 

 
 

M>D��������� 

KHA>:GB?�K:FHKH=E:KH<:GGH=H�G:;HJ:�K?Q?GBC�
J:KK?YGBY�WE?DLJHGH<�G:�FHE?DME?�CHF3 

<hehrbg�>�=� 

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

<�gZklhys__�\j_fy� ZdlmZevgu�ijh[e_fu� km[fbdjhgghc� we_dljhgbdb�b� ljZ\e_�
gby�gZ�km[fbdjhgghf�mjh\g_��D�kh\j_f_gguf�ieZaf_gguf�j_ZdlhjZf�ljZ\e_gby�ij_^t�
y\eyxlky� lj_[h\Zgby� \ukhdhc� kdhjhklb� ijhp_kkh\�� k_e_dlb\ghklb� b� Zgbahljhighklb��
;ueh�mklZgh\e_gh��qlh�^ey�memqr_gby�wlbo�oZjZdl_jbklbd�p_e_khh[jZagh�bkihevah\Zlv�
]Zah\u_� kf_kb�� kh^_j`Zsb_� nlhjm]e_\h^hjh^u�� gZijbf_j� CHF3�� >ey� bkke_^h\Zgby�
ieZafhobfbq_kdbo�ijhp_kkh\�ijhoh^ysbo�\�lZdbo�j_ZdlhjZo��g_h[oh^bfu�gZ[hju�k_�
q_gbc�jZkk_ygby�we_dljhgh\�gZ�dhfihg_glZo�]Zah\hc�kf_kb� 
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Ke_^m_l� hlf_lblv�� qlh� ihkljh_gb_� kh]eZkh\Zggh]h� gZ[hjZ� k_q_gbc� jZkk_ygby�
we_dljhgh\�gZ�keh`guo�fhe_dmeZo�aZljm^g_gh�hlkmlkl\b_f�g_h[oh^bfuo�wdki_jbf_g�
lZevguo�b�jZkq_lguo�^Zgguo�dZd�ih�ZdlZf�jZkk_ygby�ih�jZaebqguf�dZgZeZf��lZd�b�ih�
wdki_jbf_glZf�\�^j_cnh\uo�dZf_jZo��iha\heyxsbo�ijhl_klbjh\Zlv�gZ[hj�k_q_gbc�ih�
wdki_jbf_glZevguf�^Zgguf�ljZgkihjlguo�dhwnnbpb_glh\��^j_cnh\hc�kdhjhklb��bhgb�
aZpbhggh]h�dhwnnbpb_glZ��dhwnnbpb_glZ�ijh^hevghc�^bnnmabb��Hq_gv�\Z`gh�ijb�ih�
kljh_gbb�gZ[hjZ�k_q_gbc�^ey�fhe_dme�k�[hevrbfb�k_q_gbyfb�dhe_[Zl_evgh]h�\ha[m`�
^_gby�we_dljhgguf�m^Zjhf�dhjj_dlgh�ghjfbjh\Zlv�wlb�k_q_gby�ih�wdki_jbf_glZevguf�
^Zgguf�\�kf_kyo�bkke_^m_fuo�fhe_dme�k�Zj]hghf��Him[ebdh\Zggu_�jZg__�gZ[hju�k_�
q_gbc�^ey�CHF3 >���@�[ueb�ijhl_klbjh\Zgu�lhevdh�\�qbklhf�CHF3��Bkoh^y�ba�agZq_gbc�
ihjh]h\�jZaebqguo�ijhp_kkh\�\�&+)3�ykgh��qlh�nmgdpby�jZkij_^_e_gby�we_dljhgh\�\�
wg_j]_lbq_kdhf� ^bZiZahg_� ^h� ��� w<� hij_^_ey_lky� g_mijm]bfb� ihl_jyfb� \� ijhp_kkZo�
\ha[m`^_gby�dhe_[Zl_evguo�mjh\g_c��B�^ey�ijh\_jdb�dhe_[Zl_evguo�k_q_gbc�g_h[oh�
^bfh� ijZ\bevgh� hibkZlv� ljZgkihjlgu_� dhwnnbpb_glu� \� &+)3�� jZa[Z\e_gghf�Ar��Ba�
\_klgh� >�@� qlh� \� kf_kb�CHF3:Ar�� gZ[ex^Z_lky� g_fhghlhggZy� aZ\bkbfhklv� ^j_cnh\hc�
kdhjhklb�hl�ijb\_^_ggh]h�we_dljbq_kdh]h�ihey�(�1��Wlhl�wnn_dl�_klv�j_amevlZl�Zgbah�
ljhibb�nmgdpbb�jZkij_^_e_gby�we_dljhgh\��\ua\Zgghc�[hevrhc�\_ebqbghc�g_mijm]bo�
ihl_jv��lZd�dZd�dhe_[Zl_evgu_�k_q_gby�ihiZ^Zxl�\�h[eZklv�jZfaZmwjh\kdh]h�fbgbfmfZ�
ljZgkihjlgh]h�k_q_gby�Ar��Ihwlhfm�bkihevah\Zgb_�^\mqe_ggh]h�ijb[eb`_gby�^ey�ih�
emq_gby�nmgdpbb�jZkij_^_e_gby�b�ljZgkihjlguo�dhwnnbpb_glh\�y\ey_lky�g_dhjj_dl�
guf��Ijb�jZkq_lZo�f_lh^hf�Fhgl_-DZjeh�k�bkihevah\Zgb_f�^\mo�jZg__�him[ebdh\Zg�
guo�gZ[hjh\�k_q_gbc� >���@�\�kf_kb�CHF3:Ar�gZ[ex^Z_lky�y\gh_�jZaebqb_�ihemq_gguo�
^Zgguo�b�wdki_jbf_glZ� 

<�^Zgghc�jZ[hl_�ijb�fh^_ebjh\Zgbb�ljZgkihjlguo�dhwnnbpb_glh\�[ue�bkihev�
ah\Zg� ke_^mxsbc� gZ[hj� k_q_gbc��<� kf_kb�CHF3:Ar� bkihevah\Zgu� ba\_klgu_� k_q_gby�
^ey�Ar� >�@��NhjfZ�dhe_[Zl_evguo�k_q_gbc�^ey�jZaebqguo�dhe_[Zl_evguo�fh^�\aylZ�ba�
d\Zglh-f_oZgbq_kdbo�jZkq_lh\� >�@��:[khexlgh_� agZq_gb_�ihemq_gh�ba�ghjfbjh\db�gZ�
ljZgkihjlgu_�dhwnnbpb_glu�\�kf_kb�ijb�[hevrhf�jZa[Z\e_gbb�Ar��dh]^Z�\ebygby�mi�
jm]bo�ihl_jv�we_dljhgh\�gZ�fhe_dme_�CHF3�fZeu��K_q_gby�bhgbaZpbb�\aylu�ba�wdki_�
jbf_glh\�>�@��K_q_gby�^bkkhpbZpbb�ijb�wg_j]byo�ε�!����w<�khhl\_lkl\m_l�^Zgguf�>�@��
Ijbihjh]h\h_� j_ahgZgkgh_�ih\_^_gb_� k_q_gby�^bkkhpbZpbb�ihemq_gh� \�jZ[hl_� >�@�gZ�
hkgh\_� d\Zglh-f_oZgbq_kdbo�jZkq_lh\�b�bkihevah\Zgh�gZfb� \�iheghf� k_q_gbb�^bkkh�
pbZpbb�CHF3 we_dljhgguf�m^Zjhf��:[khexlgh_� agZq_gb_�ihegh]h� k_q_gby�^bkkhpbZ�
pbb�ihemq_gh�gZfb�ijb�ghjfbjh\d_�gZ�wdki_jbf_glZevgu_�^Zggu_�ih�bhgbaZpbhgghfm�
dhwnnbpb_glm�\�qbklhf�CHF3��:[khexlgh_�agZq_gb_�k_q_gby�^bkkhpbZlb\gh]h�ijbeb�
iZgby�we_dljhgh\�d�fhe_dme_�CHF3�ihemq_gh�ba�kjZ\g_gby�jZkq_lh\�ijb\_^_ggh]h�dh�
wnnbpb_glZ�bhgbaZpbb�k�wdki_jbf_glZevgufb�^Zggufb� 

GZ�hkgh\_�ihemq_ggh]h�ohjhr_]h�kh]eZkby�ljZgkihjlguo�dhwnnbpb_glh\�k�wdk�
i_jbf_glZevgufb�^Zggufb�dZd�\�qbklhf�CHF3��lZd�b�\�kf_kb�CHF3:Ar�blh]h\uc�gZ[hj�
k_q_gbc�fh`_l�[ulv�bkihevah\Zg�ijb�qbke_gghf�fh^_ebjh\Zgbb�we_dljhgghc�dbg_lbdb�
\�jZaebqguo�ieZaf_gguo�j_ZdlhjZo� 

 
1. Morgan L., Winstead C. and McKoy V. // J. Appl. Phys., 2001, v.90, p.2009 
2. Kushner M.J. and Da Zhang // J. Appl. Phys., 2000, v.88, p.3231 
3. Wang Y., Christophorou L.G. et al // Chem. Phys. Lett, 1999, v.304, p.303 
4. Christophorou I.G. Olthoff J.K. et al // J. Phys. Chem. Ref. Data, 1997, v.26, p.1 
5. Goto M., Nakamura K., Toyoda H. and Sugai H. // J. Appl. Phys., 1994, v.33, pp.3602-

3607 
6. Phelps A.V., JILA Information Center Report N28, 1985 
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M>D���������� 

LJ:GKIHJLBJH<D:�B�NHDMKBJH<D:�IMQDH<�A:JY@?GGUO�
Q:KLBP�K�IHFHSVX�>BWE?DLJBQ?KDBO�D:G:EH< 

<hofygbgZ�D�:���Ihobe�=�I� 

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

Imqdb� aZjy`_gguo� qZklbp� \� gZklhys__� \j_fy� gZoh^yl�rbjhdh_� ijbf_g_gb_� \�
jZaebqguo�h[eZklyo�gZmdb�b�l_ogbdb��Ijb�wlhf�ijh[e_fZ�\aZbfh^_ckl\by�imqdh\�k�^b�
we_dljbdZfb�^h�gZklhys_]h�\j_f_gb�jZkkfZljb\ZeZkv�\�hkgh\ghf�\�k\yab�k�g_h[oh^b�
fhklvx� g_cljZebaZpbb� aZjy^Z�� gZdhie_ggh]h� ^bwe_dljbdhf� ijb� h[emq_gbb� _]h� aZjy�
`_ggufb�qZklbpZfb��<ha^_ckl\b_�aZjy`_ggh]h�^bwe_dljbdZ�gZ�imqhd�bamq_gh�hlghkb�
l_evgh�keZ[h��<�jZ[hlZo�ih�we_dljhgghc�b�bhgghc�hilbd_�aZ^ZqZ�ljZgkihjlbjh\db�imq�
dh\�aZjy`_gguo�qZklbp�q_j_a�jZaebqgu_�dZgZeu�jZkkfZljb\ZeZkv�lhevdh�ijb�bkdexq_�
gbb� \aZbfh^_ckl\by� qZklbp� kh� kl_gdhc� \h�ba[_`Zgb_�ihl_jv� lhdZ��<�ihke_^gb_� ]h^u�
ijh\_^_g�jy^�wdki_jbf_glh\��\�dhlhjuo�imqdb�\aZbfh^_ckl\mxl�kh�kl_gdhc�dZgZeZ�� 

<���-o�]]��[ueZ�wdki_jbf_glZevgh�ijh^_fhgkljbjh\ZgZ�b�bkke_^h\ZgZ�ljZgkihj�
lbjh\dZ�b�nhdmkbjh\dZ�bfimevkguo�kbevghlhqguo�we_dljhgguo�imqdh\��wg_j]by�imqdZ�
^h�����dw<��lhd�–�^h����d:��\�\Zdmmfguo�dZgZeZo�k�^bwe_dljbq_kdbfb�kl_gdZfb>���@�� 

I_j_ghk�iheh`bl_evguo�bhgh\�q_j_a�^bwe_dljbq_kdbc�dZgZe�[_a�khm^Zj_gby�kh�
kl_gdZfb�\i_j\u_�gZ[ex^Zeky�ebrv�\������]��>�@��<�jZ[hl_�ihdZaZgh��qlh�ijb�ijhoh`�
^_gbb�imqdh\�fgh]haZjy^guo�bhgh\��Ne7+��lhd�imqdZ�����g:��wg_j]by—��dw<��q_j_a�^b�
we_dljbq_kdb_�gZghdZibeeyju� �^bZf_lj�dZ`^h]h�dZibeeyjZ� ����gf��^ebgZ� ���fdf��g_�
ijhbkoh^bl�i_j_aZjy^db�bhgh\�� 

<�jZ[hlZo��\uiheg_gguo�\�GBBYN�F=M�\�����–�����]]��>���@��bamqZehkv�\aZb�
fh^_ckl\b_�kdhevaysbo�imqdh\�ijhlhgh\�k�ih\_joghklvx�^bwe_dljbq_kdhc�ieZklbgu��<�
\Zdmmfghc�dZf_j_�imqhd�ijhlhgh\� �wg_j]by�hl� ���^h� ����dw<��gZijZ\eyeky�\^hev�ih�
\_joghklb� ^bwe_dljbq_kdhc� �kl_deygghc�� ieZklbgu� b� ijb`bfZeky� d� g_c� k� ihfhsvx�
we_dljbq_kdh]h�ihey�iehkdh]h�dhg^_gkZlhjZ��ieZklbgZ�jZkiheZ]ZeZkv�gZ�hljbpZl_evghc�
ieZklbg_� dhg^_gkZlhjZ���GZ� ieZklbgu� dhg^_gkZlhjZ� ih^Z\Zehkv� j_]mebjm_fh_� gZijy�
`_gb_�^h� �����<��Ijb�ihkl_i_gghf�m\_ebq_gbb�gZijy`_gby�gZ�dhg^_gkZlhj_�kgZqZeZ�
hlf_qZehkv�kf_s_gb_�ke_^Z�imqdZ�gZ�wdjZg_��aZl_f�ijhbkoh^beh�³dZkZgb_´�ieZklbgu�b�
³kdhev`_gb_´� qZklbp� \^hev� ih\_joghklb� baheylhjZ��Baf_j_gb_� wg_j]_lbq_kdbo� ki_d�
ljh\�bhgh\�ihdZaZeh��qlh�^\b`_gb_�imqdZ�\^hev�ih\_joghklb�ijhbkoh^bl�[_a�bhgbaZpb�
hgguo�ihl_jv�wg_j]bb� 

<�GBBYN�F=M�[ueh�ijh\_^_gh�bkke_^h\Zgb_�>�@�ih�ijhoh`^_gbx�ijhlhgh\�k�
wg_j]b_c� ���-0,��Fw<� q_j_a� d\Zjp_\u_� ljm[db� ^ebgghc� ����ff� b� ^bZf_ljhf� ����ff��
HdZaZehkv�� qlh� ijhlhgu� ijhoh^yl� q_j_a� ljm[dm� [_a� ihl_jv� wg_j]bb��Imqhd� ijhlhgh\�
ijhoh^bl� q_j_a� ljm[dm� b� ijb� hldehg_gbb� hkb� ljm[db� hl� hkb� imqdZ��M]eh\Zy�rbjbgZ�
djb\hc� \_jhylghklb� ijhoh`^_gby� ijhlhgh\� q_j_a� ljm[dm� hl� m]eZ� iZ^_gby� khklZ\ey_l�
ijb[ebabl_evgh��º.  

LZdbf� h[jZahf�� wdki_jbf_glu� mdZau\Zxl� gZ� kZfhhj]Zgbamxsbcky� oZjZdl_j�
\aZbfh^_ckl\by�imqdZ�bhgh\�kh�kl_gdZfb�dZibeeyjZ��_keb�hg�ba]hlh\e_g�ba�ohjhr_]h�
baheylhjZ�� 

Fu�iheZ]Z_f��qlh�aZ�wnn_dl�hl\_lkl\_ggZ�we_dljbaZpby�ih\_joghklb�dZgZeZ��<�
i_j\u_�fhf_glu�ijhoh`^_gby�aZjy`_gguo�qZklbp�q_j_a�^bwe_dljbq_kdbc�dZgZe�qZklv�
bhgh\�klZedb\Z_lky�kh�kl_gdhc�b�hgZ�aZjy`Z_lky�[eZ]h^Zjy�wfbkkbb�we_dljhgh\�b�hkZ`�
^_gbx� bhgh\� gZ� g_c�� AZl_f�� dh]^Z�nhjfbjm_lky� hij_^_e_ggh_� jZkij_^_e_gb_� aZjy^Z��
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qZklbpu�imqdZ�i_j_klZxl�klZedb\Zlvky�kh�kl_gdZfb��b�ijZdlbq_kdb�\k_�qZklbpu�ijhoh�
^yl�q_j_a�dZibeeyj�[_a�ihl_jv�wg_j]bb�b�[_a�i_j_aZjy^db�� 

HdZaZehkv��qlh�kms_kl\_gguf�y\ey_lky�dhg_qghklv�^ebgu�dZgZeZ��<�kj_^g_c�ih�
^ebg_�qZklb�dZgZeZ�ihl_gpbZe�djZ_\uo�kbe�d\Z^jZlbqgh�aZ\bkbl�hl�x��K�jhklhf�L�\_eb�
qbgZ�ihey�m[u\Z_l��?keb�^ebgZ�dZgZeZ�g_�kebrdhf�\_ebdZ��lh�djZ_\u_�wnn_dlu�b]jZxl�
j_rZxsmx� jhev� \�nhjfbjh\Zgbb� ihl_gpbZeZ� b� ij_djZkgh� h[tykgyxl� [_kdhglZdlgh_�
ijhoh`^_gb_�bhgh\�q_j_a�dZgZe��Gh�ijb�Zki_dlghf�hlghr_gbb�L/d > 104�nhdmkbjmxs__�
^_ckl\b_�dZgZeZ�m`_�g_evay�h[tykgblv�djZ_\ufb�kbeZfb� 

<hagbdZxsbc�gZ�kl_gd_� aZjy^�jZkij_^_e_g�g_�jZ\ghf_jgh��Z�nemdlmbjm_l��Ba�
\_klgh��qlh�[ukljh�hkpbeebjmxsZy�kbeZ��^_ckl\mxsZy�gZ�qZklbpm��ijb\h^bl�d�\hagbd�
gh\_gbx� h^ghgZijZ\e_gghc� kbeu�� l�� g�� ]jZ^b_glghc� kbeu� �kbeu�Fbee_jZ-=Zihgh\Z��
>�����@�� Bf_ggh� wlb� kbeu� b� h[_ki_qb\Zxl� [_kdhglZdlgh_� ijhoh`^_gby� bhgh\� q_j_a�
^ebgguc�bahebjmxsbc�dZgZe��Ijh\_^_gguc�fh^_evguc�jZkq_l�^ey�dhgdj_lgh]h�kemqZy�
σ  ����K=KW�kf2, d ����kf�� λ =d���b�x~0.932*d���ihdZaZe��qlh�ijb�^ebg_�dZgZeZ��f_gv�
r_��q_f�L1a���kf��ij_h[eZ^Zxl�djZ_\u_�kbeu��Z�ijb�[hevr_c�^ebg_�^_ckl\mxl�]jZ^b�
_glgu_�kbeu�� 

 
  
 
LZdbf�h[jZahf��hdZaZehkv��qlh�f_oZgbaf�[_kdhglZdlgh]h�ijhoh`^_gby�bhgh\�q_�

j_a�^bwe_dljbq_kdb_�dZgZeu�jZaguc�ijb�jZaebqguo�^ebgZo�dZgZeZ�b�hij_^_ey_lky�\_�
ebqbghc�Zki_dlgh]h�hlghr_gby�� 
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Jbk�����AZ\bkbfhklv�ihl_gpbZeh\��kha�
^Z\Z_fuo� djZ_\ufb� kbeZfb� �q_jgZy�
djb\Zy�k�lhqdZfb��b�]jZ^b_glgufb�kb�
eZfb� Fbee_jZ-=Zihgh\Z� �djZkgZy�
kiehrgZy� ijyfZy�� hl� Zki_dlgh]h� hl�
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M>D���������� 

KBKL?F:�DHGLJHEY�L?FGH<UO�RMFH< 
NHLHWE?DLJHGGUO�MFGH@BL?E?C�>?L?DLHJ:�;HJ?DKBGH 

Hj_oh\�>�B���FZcfbklh\�>�B���Q_imjgh\�:�K� 

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

Kj_^b�fgh`_kl\Z�ZdlmZevguo�aZ^Zq��klhysbo�i_j_^�kh\j_f_gghc�nbabdhc��\Z`�
gh_�f_klh� aZgbfZ_l� aZ^ZqZ�ih^l\_j`^_gby� l_hj_lbq_kdbo� ]bihl_a�h�f_oZgbafZo�j_Zd�
pbc��h[_ki_qb\Zxsbo�k\_lbfhklv�KhegpZ�>�@��b�\uykg_gb_�ijbjh^u�g_cljbgh�� 

>_l_dlhj�;hj_dkbgh�ij_^gZagZq_g�^ey�baf_j_gby�ihlhdZ�kheg_qguo�7Be�g_cljb�
gh� >�@��^_l_dlbjh\Zgb_�dhlhjuo�ijhbkoh^bl�iml_f�jZkk_ygby�g_cljbgh�gZ� we_dljhgZo�
`b^dh]h�kpbglbeeylhjZ�k�ihke_^mxsbf�h[jZah\Zgb_f�nhlhgh\��>ey�j_]bkljZpbb�nh�
lhgh\�k�p_evx�ihke_^mxs_c�j_dhgkljmdpbb�kh[ulby�b�\u^_e_gby�kh[ulbc�k�mqZklb_f�
g_cljbgh�bkihevam_lky�[hevrh_�dhebq_kl\h�NWM��>_l_dlhj�khklhbl�ba�©\gmlj_gg_]hª�
^_l_dlhjZ��j_]bkljbjmxs_]h�kh[ulby�\h�\gmlj_gg_f�h[t_f_�^_l_dlhjZ�ijb�hlkmlkl\bb�
kjZ[Zlu\Zgby� ljb]]_jZ� hl� ©\g_rg_]hª� ^_l_dlhjZ�� \uihegyxs_]h�nmgdpbb�fxhggh]h�
\_lh� >�@��OZjZdl_jbklbdhc� ex[h]h�NWM� y\ey_lky� gZebqb_� l_fgh\uo�rmfh\�� dhlhju_�
g_h[oh^bfh�mqblu\Zlv�ijb�bgl_jij_lZpbb�nbabq_kdbo�kh[ulbc�\�^_l_dlhj_��Ij_\ur_�
gb_�mjh\gy�l_fgh\uo�rmfh\�NWM�gZ^�ijh_dlguf�fh`_l�k^_eZlv�ghjfZevgmx�jZ[hlm�
^_l_dlhjZ�g_\hafh`ghc��<�k\yab�k�wlbf�\hagbdZ_l�g_h[oh^bfhklv�\�fhgblhjbg]_�l_f�
gh\uo�rmfh\� 

G_hlt_fe_fhc� qZklvx� ex[hc� kh\j_f_gghc� [hevrhc� y^_jgh-nbabq_kdhc� mklZ�
gh\db� �mkdhjbl_ev� aZjy`_gguo� qZklbp� beb� ^_l_dlhj�� y\ey_lky� kbkl_fZ� mijZ\e_gby��
Kbkl_fZ�mijZ\e_gby�mklZgh\dhc�h[_ki_qb\Z_l�nmgdpbhgbjh\Zgb_�mklZgh\db��dhgljhev�
__�khklhygby��ij_^eZ]Z_l�m^h[guc�b�jZa\bluc�q_eh\_dh-fZrbgguc�bgl_jn_ck��h[_ki_�
qb\Z_l�\hafh`ghklv�m^Ze_gghc�jZ[hlu�b�bgl_jZdlb\guc�^hklmi�d�gZdhie_gghc�bgnhj�
fZpbb��<�kbkl_fm�k[hjZ�^Zgguo�^_l_dlhjZ�;hj_dkbgh�\�dZq_kl\_�g_aZ\bkbfhc�ih^kbk�
l_fu� \oh^bl� kbkl_fZ� dhgljhey� l_fgh\uo�rmfh\�NWM�� WlZ� jZkij_^_e_ggZy� kbkl_fZ�
ij_^gZagZq_gZ�^ey�g_ij_ju\gh]h�fhgblhjbg]Z�khklhygby�^_l_dlhjZ��Z�lZd`_�gZdhie_�
gby��ojZg_gby�b�^hklmiZ�d�^Zgguf�h�l_fgh\uo�rmfZo�k�p_evx�bo�ihke_^mxs_]h�ZgZeb�
aZ��Kbkl_fZ�\dexqZ_l�\�k_[y�ZiiZjZlgmx�b�ijh]jZffgmx�qZklb�� 

:iiZjZlgZy�qZklv�kbkl_fu�dhgljhey�l_fgh\uo�rmfh\�ij_^klZ\ey_l�kh[hc�gZ[hj�
bgl_ee_dlmZevguo�fh^me_c�baf_jyxsbo� qZklhlu� l_fgh\h]h�rmfZ�b� h[t_^bg_gguo� \�
dhfivxl_jgmx�k_lv�bg^mkljbZevgh]h�lbiZ��:jobl_dlmjghc�hkh[_gghklvx�kbkl_fu�y\�
ey_lky�__�jZa^_e_gb_�gZ�^\_�ih^kbkl_fu��g_aZ\bkbfh�dhgljhebjmxsb_�l_fgh\u_�rmfu�
^ey�©\gmlj_gg_]hª�b�©\g_rg_]hª�^_l_dlhjZ��>ey�©\g_rg_]hª�^_l_dlhjZ�dhgljhebjm_lky�
mjh\_gv�l_fgh\uo�rmfh\�^ey�dZ`^h]h�ba�����NWM��>ey�©\gmlj_gg_]hª�^_l_dlhjZ�ijh�
bkoh^bl�dhgljhev�kmffZjgh]h�l_fgh\h]h�rmfZ�hl�]jmiiu�ba����NWM�ijb�h[s_f�dheb�
q_kl\_�NWM�[he__������� 

Ijh]jZffgh_�h[_ki_q_gb_� �IH�� kbkl_fu�dhgljhey� l_fgh\uo�rmfh\�^_l_dlhjZ�
;hj_dkbgh�khklhbl�ba���mjh\g_c��ZiiZjZlguc�mjh\_gv��mjh\_gv�k[hjZ�^Zgguo��mjh\_gv�
h[jZ[hldb�^Zgguo��mjh\_gv�hlh[jZ`_gby�^Zgguo��Bkoh^y�ba�\uihegy_fuo�aZ^Zq��\�IH�
fh`gh�\u^_eblv�lZdb_�nmgdpbhgZevgu_�ih^kbkl_fu��k[hjZ�^Zgguo��bfblZpbb�l_fgh�
\uo�rmfh\�NWM��miZdh\db�^Zgguo��hi_jZlb\gh]h�dhgljhey�^_l_dlhjZ��ZgZebaZ�gZdhi�
e_gguo� ^Zgguo�� ;eZ]h^Zjy� bkihevah\Zgbx� f_oZgbafZ� khd_lh\� ^ey� h[f_gZ� ^Zggufb��
nbabq_kdb�jZagu_�mjh\gb�kbkl_fu�fh]ml�jZkiheZ]Zlvky�dZd�gZ�h^ghf�dhfivxl_j_��lZd�
b�[ulv�jZkij_^_e_gu�\�k_lb�Ethernet��H[sZy�ko_fZ�IH�ihdZaZgZ�gZ�jbk���� 
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H^gbf� ba� hkgh\guo�
dhfihg_glh\� ijh]jZffgh]h�
h[_ki_q_gby� y\ey_lky� fh^mev�
dataserver�� ij_^gZagZq_gguc� ^ey�
h[jZ[hldb�� \j_f_ggh]h� ojZg_gby�
^Zgguo�b�bo�miZdh\db�\�[Zam�^Zgguo�
k� ijb\yadhc� dh� \j_f_gb� ^_l_dlhjZ�� Z�
lZd`_� ^ey� \u^Zqb� lj_[m_fuo� h[�
jZ[hlZgguo� ^Zgguo� ih� aZijhkZf�
deb_glh\�� <Z`gufb� lj_[h\Zgbyfb�
ijb� jZajZ[hld_� fh^mey� dataserver 
[ueZ�gZ^_`ghklv�jZ[hlu�b�k\_^_gb_�d�
fbgbfmfm� jbkdZ� ihl_jb� ^Zgguo��
Djhf_� lh]h�� [ueZ� j_Zebah\ZgZ�
\hafh`ghklv� ]b[dhc� gZkljhcdb�
ijh]jZffu�\h�\j_fy�__�jZ[hlu� 

Ih^kbkl_fZ� hi_jZlb\gh]h�
dhgljhey� ^_l_dlhjZ� \� j_Zevghf�
\j_f_gb�jZ[hlu�bkihevam_lky�ijb�gZ�
kljhcd_� ^_l_dlhjZ� ihke_� \dexq_gby��
j_fhglZ�� fh^_jgbaZpbb�� ^ey�
l_ogheh]bq_kdhc� hleZ^db� b� dhgljhey�
khklhygby� ^_l_dlhjZ� hi_jZlhjhf� \�
j_Zevghf�\j_f_gb��LZd`_�hgZ�ij_^gZ�
agZq_gZ� ^ey� ZgZebaZ� Z\Zjbcguo� beb�
g_ihgylguo� kh[ulbc� \� ^_l_dlhj_��

\ebyxsbo�gZ�qZklhlu�l_fgh\uo�rmfh\�NWM�� 
<�^Zgguc�fhf_gl�b^_l�jZ[hlZ�gZ^�ih^kbkl_fhc� ZgZebaZ�gZdhie_gguo�^Zgguo��

dhlhjZy�iha\hebl�ihemqblv�m^h[guc�^hklmi�d�[Za_�^Zgguo�l_fgh\uo�rmfh\�ihkj_^kl�
\hf�\_[-bgl_jn_ckZ��>ZggZy�ih^kbkl_fZ�iha\hebl�ijhklh�b�[ukljh�ihemqZlv�^hklmi�d�
^Zgguf��kh[jZgguf�^_l_dlhjhf�;hj_dkbgh��ba�ex[hc� lhqdb�fbjZ�� ]^_�_klv�Bgl_jg_l��
Wlh� k^_eZ_l�ijhp_kk�ihemq_gby� ^Zgguo�^ey� h[jZ[hldb�[he__� wnn_dlb\guf�� Z� lZd�`_�
mijhklbl�kh\f_klgmx�jZ[hlm�mqzguo�ih�h[jZ[hld_�gZdhie_gguo�^Zgguo� 

JZajZ[hlZggh_�ijh]jZffgh_�h[_ki_q_gb_�[ueh�aZims_gh�\�jZ[hlm�hk_gvx������
]h^Z�\�khklZ\_�kbkl_fu�k[hjZ�^Zgguo�^_l_dlhjZ�;hj_dkbgh��<�ijhp_kk_�jZ[hlu�[ue�gZ�
dhie_g�ij_^\Zjbl_evguc�fZkkb\�l_klh\uo�^Zgguo�ih�l_fgh\uf�rmfZf�NWM��GZ�ke_�
^mxsbo� wlZiZo�jZ[hlu�ij_^iheZ]Z_lky�ijh\_klb� klZlbklbq_kdbc� ZgZeba�gZdhie_gguo�
^Zgguo�^ey�mklZgh\e_gby�aZ\bkbfhkl_c�f_`^m�oZjZdl_jhf�rmfh\�NWM�b�jZaebqgufb�
\g_rgbfb�b�\gmlj_ggbfb�^bgZfbq_kdbfb�nZdlhjZfb��\ebyxsbfb�gZ�jZ[hlm�^_l_dlhjZ�
>�@��Wlh�iha\hebl�\�[m^ms_f�\u^Z\Zlv�ijh]ghau�h�\hafh`guo�nemdlmZpbyo�l_fgh\uo�
rmfh\�b��kjZ\gb\Zy�wlb�pbnju�k�j_Zevgh�baf_j_ggufb�agZq_gbyfb��k�[hevr_c�lhqgh�
klvx�hp_gb\Zlv�khklhygb_�^_l_dlhjZ� 

 
1. BroZgh\�;�C���DZiblhgh\�B�F���Lmlugv�B�:��Gmde_hkbgl_a�\h�\k_e_gghc��Fhkd\Z��

Ba^-\h�Fhkdh\kdh]h�mgb\_jkbl_lZ������� 
2. >`��;ZdZe�G_cljbggZy�ZkljhnbabdZ��Fhkd\Z��Ba^-\h�©Fbjª������. 
3. Borexino Collaboration «Science and technology of borexino: a real time detector for low 

energy solar neutrinos» // Astroparticle Physics, November 27, 2000.  

Jbk� ��� :jobl_dlmjZ�IH� kbkl_fu� dhgljhey� l_fgh\uo�
rmfh\�^_l_dlhjZ�;hj_dkbgh 
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4. KZ[_evgbdh\�:�:���Q_imjgh\�:�K��Bkke_^h\Zgb_� bgl_gkb\ghklb� h^ghwe_dljhgguo�
l_fgh\uo�rmfh\�nhlhmfgh`bl_e_c�^_l_dlhjZ�;hj_dkbgh��Ij_ijbgl�B:W-6305/15, 
Fhkd\Z������� 

 
 

M>D���������� 

BKKE?>H<:GB?�F?O:GBAFH<�NHJFBJH<:GBY 
WD<B<:E?GLGHC�>HAU�>EY�IMQDH<�NHLHGH< 

;_ehmkh\�:�<� 

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

>ey�^Zevg_cr_]h�jZa\blby�emq_\hc�l_jZibb��^bZ]ghklbdb�b�y^_jghc�f_^bpbgu�
qj_a\uqZcgh� \Z`gh� bf_lv� ZgZeblbq_kdb_� \ujZ`_gby� ^ey� ^hau�� i_j_^Zgghc� \_s_kl\m�
imqdhf�aZjy`_gguo�qZklbp�beb�nhlhgh\� 

<�^Zgghc�jZ[hl_�\i_j\u_�jZajZ[Zlu\Z_lky�ZgZeblbq_kdZy�f_lh^bdZ�hibkZgby�aZ�
\bkbfhklb�^hau��i_j_^Zgghc�\_s_kl\m��hl�]em[bgu�ijhgbdgh\_gby��WlZ�f_lh^bdZ�hkgh�
\ZgZ�gZ�lhf��qlh�wdkihabpbhggZy�^haZ�`_kldh�k\yaZgZ�q_j_a�wg_j]bx�bhgbaZpbb�k�ih�
]ehs_gghc��b��ke_^h\Zl_evgh��bkoh^gZy�aZ^ZqZ�fh`_l�[ulv�i_j_nhjfmebjh\ZgZ��Lj_[m�
_lky�gZclb�aZ\bkbfhklv�qbkeZ�we_dljhgh\�gZ�aZ^Zgghc�]em[bg_�dZd�nmgdpbx�gZqZevghc�
wg_j]bb�imqdZ�b�]em[bgu�ijhgbdgh\_gby�\�\_s_kl\h� 

<�jZ[hl_� ����gZ�hkgh\_� l_hjbb� we_dljhggh-nhlhgguo�eb\g_c�ihemq_gZ� kbkl_fZ�
bgl_]jh-^bnn_j_gpbZevguo�mjZ\g_gbc��hibku\ZxsZy�jZkij_^_e_gb_�k�]em[bghc�qbkeZ�

we_dljhgh\��wg_j]by�dhlhjuo�e_`bl�\�g_dh_f�bgl_j\Ze_�	 
,E E dE� ��HgZ�j_r_gZ�^ey�

hij_^_e_gguo�gZqZevguo�mkeh\bc��dh]^Z�gZ�\oh^_�\�kj_^m�ijbkmlkl\mxl�lhevdh�fhgh�
wg_j]_lbq_kdb_� we_dljhgu�� <� wlhc� jZ[hl_� ijb\h^blky� j_r_gb_� ^ey� kemqZy�� dh]^Z� gZ�
\oh^_�\�\_s_kl\h�kms_kl\mxl�lhevdh�fhghwg_j]_lbq_kdb_�nhlhgu��=em[bggh_�jZkij_�
^_e_gb_�^hau�\�\h^_�fh`gh�hibkZlv�\ujZ`_gb_f� 
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<�p_ehf�gZ[ex^Z_lky�ohjhr__�kh]eZkb_�jZkq_lZ�k�wdki_jbf_glZevgufb�^Zggu�
fb��fZdkbfZevgh_�hldehg_gb_�g_�ij_\urZ_l�����Z�bgl_]jZevgZy�^haZ�hlebqZ_lky�g_�[h�
e__�q_f�gZ����^ey�^bZiZahgZ�wg_j]bc���-���Fw<� 

Ijhoh`^_gb_�bhgbabjmxsbo�baemq_gbc�q_j_a� \_s_kl\h� khijh\h`^Z_lky�ihy\�
e_gb_f� \lhjbqguo� qZklbp� �we_dljhgh\��ijhlhgh\��g_cljhgh\�� y^_j� hl^Zqb��nhlhgh\�b�
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l�^����dhlhju_�h[jZamxlky�\�j_amevlZl_�g_mijm]h]h�jZkk_ygby�b�y^_jguo�j_Zdpbc�\�l_e_�
q_eh\_dZ��<lhjbqgu_�qZklbpu�\ebyxl�gZ�nhjfm�jZkij_^_e_gby�^hau�b�baf_gyxl�hlgh�
kbl_evgmx�[bheh]bq_kdmx�wnn_dlb\ghklv�bhgbabjmxsbo�baemq_gbc� 

Jhev�nhlhy^_jguo�j_Zdpbc�\�[hevrbgkl\_�^_ckl\mxsbo� kbkl_f�ieZgbjh\Zgby�
emq_\hc�l_jZibb�g_�mqblu\Z_lky�ba-aZ�bo�fZeh]h�\deZ^Z�\�h[s__�agZq_gb_�^hau��i_j_�
^Z\Z_fhc�\_s_kl\m��H^gZdh�ijb�wg_j]byo�lhjfhaguo�γ-d\Zglh\�[he__����Fw<�\ebygb_�
ijh^mdlh\�nhlhy^_jguo�j_Zdpbc�hdZau\Z_lky�aZf_lguf��ihkdhevdm�agZq_gby�H;W�\lh�
jbqguo� qZklbp� �n, p, H2, He3, He4��� dhlhju_� h[jZamxlky� ijb�nhlhy^_jguo� j_Zdpbyo��
agZqbl_evgh�[hevr_�_^bgbpu� 

<�jZ[hl_� ����ihemq_gZ�wg_j]_lbq_kdZy� aZ\bkbfhklv�dhwnnbpb_glZ�H;W�lhjfha�
guo�nhlhgh\�\�bgl_j\Ze_�?γ= 0–���Fw<��Ihemq_ggZy�aZ\bkbfhklv�gZoh^blky�\�ohjhr_f�
kh]eZkbb�k�^Zggufb�^jm]bo�jZ[hl�b�\�h[km`^Z_fhf�wg_j]_lbq_kdhf�bgl_j\Ze_�khklZ\�
ey_l�H;W ����-1.03. 

Ihkdhevdm�baf_g_gb_�wg_j]bb�imqdZ�nhlhgh\�\�ke_^kl\bb�Dhfilhg�wnn_dlZ�kdZ�
au\Z_lky�lhevdh�gZ�[hevrbo�]em[bgZo��dh]^Z�]em[bggh_�jZkij_^_e_gb_�^hau�kiZ^Z_l��lh�
^ey�fhghojhfZlbq_kdbo�imqdh\�nhlhgh\�k�wg_j]b_c�\ur_����Fw<�fh`gh�g_�mqblu\Zlv�
aZ\bkbfhklv�H;W�hl� wg_j]bb�imqdZ��Ijb� wg_j]bb�nhlhgh\� ���Fw<�bgl_]jZevgZy�^haZ�
ijb�mq_l_�aZ\bkbfhklb�H;W�nhlhgh\�hl�bo�wg_j]bb�hlebqZ_lky�a����Qlh�hq_gv�agZqb�
l_evgh�^ey�gm`^�emq_\hc�l_jZibb� 

 
1. ;_ehmkh\�:�<���=jyagh\�K�<���Q_jgy_\�:�I��:gZeblbq_kdZy� hp_gdZ� \ujZ`_gby�^ey�

]em[bggh]h� jZkij_^_e_gby� ^hau� ijb� ijhoh`^_gbb� we_dljhgh\� q_j_a� \_s_kl\h��
Ij_ijbgl�GBBYN�F=M-2003-����������k� 

2. ;_ehmkh\�:�<���Q_jgy_\�:�I���Ygmr_\kdZy�L�I��<ebygb_�nhlhy^_jguo� j_Zdpbc�gZ 
H;W�imqdh\�lhjfhaguo�nhlhgh\��GZmdh_fdb_�l_ogheh]bb��������������–10. 

 

M>D���������� 

BKKE?>H<:GB?�WNN?DLB<GHKLB�IJB�H>GH<J?F?GGHF�

H;EMQ?GBB�FBR?GB��J:KIHEH@?GGHC�<�F:=GBLGHF�IHE?��
IMQD:FB�J:AGUO�Q:KLBP 

DmjZdbg�:�:� 

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

>ey�ih\ur_gby�wnn_dlb\ghklb�\Z`gmx�jhev�b]jZ_l�bkke_^h\Zgb_�b�fh^_ebjh�
\Zgb_� \ha^_ckl\by� gZ� fbr_gv� dhf[bgZpbc� imqdh\� jZaebqguo� lbih\� bhgbabjmxs_]h�
baemq_gby��<� ^Zgghc� jZ[hl_� ijh\_^_gu� jZkq_lu� ]em[bggh]h� jZkij_^_e_gby� ^hau� ^ey�
fbr_gb�[_a�fZ]gblgh]h�ihey�b�k�fZ]gblguf�ihe_f�dhf[bgZpbc�imqdh\�we_dljhgh\��ih�
abljhgh\�b�nhlhgh\�\�^bZiZahg_�wg_j]bc����–�����Fw<��Fh^_ebjh\Zgb_�ijh\h^behkv�gZ�
[Za_�iZd_lZ�GEANT4. 

JZkq_lu� ihdZaZeb�� qlh� bkihevah\Zgb_� i_j_k_dZxsboky� imqdh\� we_dljhgh\� [_a�
fZ]gblgh]h� ihey� iha\hey_l� ih\ukblv� wnn_dlb\ghklv� h[emq_gby� fbr_gb� \� a� �� jZaZ��
Djhf_�lh]h��\�gZklhys_c�jZ[hl_�gZfb�ij_^eh`_g�b�^jm]hc�f_lh^�emq_\hc�l_jZibb�ijb�
h^gh\j_f_gghf�bkihevah\Zgbb�\aZbfgh�i_ji_g^bdmeyjguo�imqdh\�we_dljhgh\�b�ihab�
ljhgh\�\�fZ]gblghf�ihe_��Ijb�h[emq_gbb�fbr_gb��ihf_s_gghc�\�fZ]gblgh_�ihe_��imq�
dZfb�we_dljhgh\�b�ihabljhgh\�k�jZaguo�klhjhg�^haZ�\�fbr_gb�\hajZklZ_l�\�a���–���jZaZ��
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Z� ]jZ^b_gl� kiZ^Z�^hau� aZ�fbr_gvx�m\_ebqb\Z_lky�\� ���–����jZaZ��qlh� kgb`Z_l�^ham�\�
a^hjh\uo�ldZgyo� 

GZ�hkgh\_�ijh\_^_ggh]h� ZgZebaZ�ij_^eh`_g�f_lh^�emq_\hc� l_jZibb�gZ�imqdZo�
ihabljhgh\��Hg�aZdexqZ_lky�\�h^gh\j_f_gghc�k�ijh\_^_gb_f�emq_\hc�l_jZibb�j_]bkl�
jZpbb� Zggb]beypbhgguo� γ-d\Zglh\��h[jZamxsboky�\�j_amevlZl_�\aZbfh^_ckl\by�ihab�
ljhgh\�k�fbr_gvx��gZ�kh\iZ^_gb_��ih�dhlhjhc�hij_^_ey_lky�f_klh��]^_�ijhbahreZ�Zg�
gb]beypby��Ih�qbkem�Zggb]beypbhgguo�Zdlh\�dhgljhebjm_lky�\_ebqbgZ�^hau��ihemqZ_�
fhc�l_f�beb�bguf�mqZkldhf�ldZgb��\�ijhp_kk_�h[emq_gby��K�ihfhsvx�dhfivxl_jghc�
ijh]jZffu� fh`gh� baf_gylv� wlm� \_ebqbgm� ^hau�� \Zjvbjmy� bgl_gkb\ghklv� imqdZ��>ey�
^bZ]ghklbdb� fh`_l� [ulv� bkihevah\ZgZ� γ-dZf_jZ� beb� ^jm]Zy� kbkl_fZ� j_]bkljZpbb� γ-
d\Zglh\�gZ�kh\iZ^_gb_� 

<�^Zgghc�jZ[hl_��[ueb�lZd`_�kfh^_ebjh\Zgu�b�bkke_^h\Zgu�]em[bggu_�jZkij_�
^_e_gby�^hau�imqdZ�ihabljhgh\�k�wg_j]b_c����Fw<��dZd�[_a�fZ]gblgh]h�ihey��lZd�b�\�
fZ]gblguo�ihey� ��–� ����Le� >���@��Bkke_^h\Zgby�ihdZaZeb��qlh�\�kemqZ_�bkihevah\Zgby�
imqdh\�ihabljhgh\�jhkl�ihi_j_qgh]h�fZ]gblgh]h�ihey�ijb\h^bl�d�m\_ebq_gbx�agZq_�
gby�^hau�\�fZdkbfmf_�hl�����jZaZ�ijb�< ����Le�^h������jZaZ�ijb�< ����Le��Ijb�wlhf�]jZ�
^b_gl�kiZ^Z�^hau�b�wnn_dlb\ghklv�h[emq_gby�fbr_gb�imqdhf�ihabljhgh\�ijZdlbq_kdb�
lZdZy�`_��dZd�b�^ey�imqdZ�we_dljhgh\� �\�kjZ\g_gbb�kh�kemqZ_f��dh]^Z�fZ]gblgh_�ihe_�
hlkmlkl\m_l��^haZ��i_j_^Z\Z_fZy�fbr_gb��\hajZklZ_l�\�a���jZaZ��� 

Ihemq_ggu_� ^Zggu_� iha\heyxl� k^_eZlv� aZdexq_gb_� h� p_e_khh[jZaghklb� jZk�
kfhlj_gby�bkihevah\Zgby�ihabljhgh\�\�emq_\hc�l_jZibb��dZd�ih�hl^_evghklb��lZd�b�\�
kh\hdmighklb�k�^jm]bfb�lbiZfb�imqdh\��Z�lZd`_�ijbf_g_gb_�fZ]gblgh]h�ihey�^ey�fh�
^mebjh\Zgby�^hagh]h�jZkij_^_e_gby�� 

 
1. Q_jgy_\�:�I��Wnn_dlb\ghklv�i_j_^Zqb�^hau�[bheh]bq_kdbf�h[t_dlZf�imqdZfb�nh�

lhgh\�b�we_dljhgh\��:\lhj_n_jZl�^bkk_jlZpbb��Fhkd\Z������ 
2. <ZjaZjv�K�F���LmelZ_\�:�<���Q_jgy_\�:�I��MijZ\e_gb_�jZkij_^_e_gb_f�^hau�imqdZ�

we_dljhgh\�\�emq_\hc�l_jZibb��Ijb[hju�b�L_ogbdZ�Wdki_jbf_glZ�������k�����-117, 
2002. 

3. <ZjaZjv�K�F���Iehlgbdh\�:�;���LmelZ_\�:�<���Q_jgy_\�:�I��IjhkljZgkl\_ggh_�jZk�
ij_^_e_gb_� ^hau� imqdZ� we_dljhgh\� \� fZ]gblghf� ihe_�� F_^bpbgkdZy� nbabdZ� 
��������k����-49, 2002.  

 
 

M>D���������� 

BAF?J?GB?�G:�IMQD?�WE?DLJHGH<�BA�J:AJ?AGH=H�
FBDJHLJHG:�=EM;BGGH=H�J:KIJ?>?E?GBY�>HAU�<�KJ?>? 

=jyagh\�K�<� 

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

<�gZklhys__�\j_fy�imqdb�γ-d\Zglh\�b�we_dljhgh\�-�\b^u�bhgbabjmxs_]h�baem�
q_gby�� gZb[he__�rbjhdh� ijbf_gy_fu_� \� emq_\hc� l_jZibb�� Wlh� h[mkeh\e_gh� hlghkb�
l_evghc� ijhklhlhc� b� kjZ\gbl_evgh� g_\ukhdhc� klhbfhklvx� mklZgh\hd�� gZ� dhlhjuo� bo�
ihemqZxl��Hkgh\gZy�ijbqbgZ��h]jZgbqb\ZxsZy�ijbf_g_gb_�nhlhgguo�b�we_dljhgguo�
imqdh\�\�l_jZibb -�jZkij_^_e_gb_�^hau�ih�]em[bg_�\_s_kl\Z��fZdkbfmf�^hau�ehdZebah�
\Zg�[ebadh�d�ih\_joghklb�h[emqZ_fhc�kj_^u���Wnn_dlb\ghklv�ijbf_g_gby�imqdh\�bh�



Ih^k_dpby�Zlhfghc�b�y^_jghc�nbabdb 

 

39 

39 

gbabjmxs_]h�baemq_gby�\�emq_\hc�l_jZibb�hij_^_ey_lky�lZdbfb�oZjZdl_jbklbdZfb�dZd�
hlghr_gb_� ^hau� i_j_^Z\Z_fhc� fbr_gb� �ldZgb� kh^_j`Zs_c� jZdh\u_� de_ldb�� b� hdjm�
`Zxsbf�a^hjh\uf�ldZgyf��hlghr_gb_�^hau�\�fbr_gb�d�^ha_�gZ�ih\_joghklb� 

�>ey� ih\ur_gby� wnn_dlb\ghklb� h[emq_gby� imqdZfb� nhlhgh\� b� we_dljhgh\�
ij_^eZ]Z_lky� fbr_gv� jZkiheZ]Zlv� \� ihi_j_qghf� fZ]gblghf� ihe_�� <aZbfh^_ckl\b_�
we_dljhgh\� b� γ-d\Zglh\� k� lZdbf� ihe_f� ij_\jZsZ_l� ljZ_dlhjbb� we_dljhgh\� imqdZ� beb�
\lhjbqguo�we_dljhgh\�\�kdjmqb\Zxsmxky�kibjZev��\�p_glj_�dhlhjhc�\hagbdZ_l�fZdkb�
fmf�^hau��Wlh�ijb\h^bl�d�m\_ebq_gbx�^hau�\�h[eZklb�fbr_gb�b�mf_gvr_gbx�^hau�aZ�
g_c� 

K� ihfhsvx� iZd_lZ� ijh]jZff�GEANT���� [ueh� ijh\_^_gh�fh^_ebjh\Zgb_� jZk�
ij_^_e_gby�^hau�imqdh\�\�fZ]gblghf�ihe_�f_lh^hf�Fhgl_-DZjeh�� 

GZ�[Za_�jZaj_agh]h�fbdjhljhgZ�GBBYN�F=M�kh[jZgZ�wdki_jbf_glZevgZy�mklZ�
gh\dZ�� \dexqZxsZy� \� k_[y� mkdhjbl_ev� we_dljhgh\��fZ]gblgmx� kbkl_fm�� ldZg_wd\b\Z�
e_glgmx�kj_^m��^_l_dlbjmxsb_�ie_gdb��<uiheg_g�pbde�wdki_jbf_glh\�gZ�imqdZo�we_d�
ljhgh\�k�wg_j]byfb����b����Fw<��Z�lZd`_�gZ�imqd_�lhjfhaguo�nhlhgh\�k�fZdkbfZevghc�
wg_j]b_c����Fw<�gZ�fbr_gyo��jZkiheh`_gguo�\�ihi_j_qghf�fZ]gblghf�ihe_������Le��
����Le�����Le� 

MklZgh\e_gh��qlh�ijb�h[emq_gbb�fbr_gb�\�]em[bgguo�jZkij_^_e_gbyo�^hau�gZ�
[ex^Z_lky�fZdkbfmf�gZ�]em[bgZo�khhl\_lkl\_ggh�����kf�����kf�b�����kf��?]h�]em[bggh_�
iheh`_gb_�b�nhjfZ�ohjhrh�kh]eZkm_lky�k�j_amevlZlZfb�fh^_evguo�jZkq_lh\� 

 
1. ;_ehmkh\� :�<��� Iehlgbdh\� :�<��� Q_jgy_\� :�I��� R\_^mgh\� <�B�� Ih\ur_gb_�

wnn_dlb\ghklb� h[emq_gby� fbr_gb� imqdZfb� nhlhgh\� b� we_dljhgh\� \� emq_\hc�
l_jZibb��ILW������������k����–114.  

 
 

M>D������� 

HIJ?>?E?GB?�LHQGHKLB�B�G:>?@GHKLB�>:GGUO�IH�
K?Q?GBYF�J?:DPBB��γ��1��G:�HKGH<:GBB�J?AMEVL:LH<�

J:AEBQGUO�WDKI?JBF?GLH< 

<ZjeZfh\�<�<���DhfZjh\�K�X���I_kdh\�G�G� 

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

;hevrbgkl\h�k_q_gbc�iZjpbZevguo�nhlhy^_jguo�j_Zdpbc�k�h[jZah\Zgb_f�g_c�
ljhgh\��γ,n), (γ,2n��b��γ,3n) [ueh�ihemq_gh�>��–��@�\�wdki_jbf_glZo��\uiheg_gguo�k�ih�
fhsvx�d\Zabfhghwg_j]_lbq_kdbo�nhlhgh\��h[jZamxsboky�ijb�Zggb]beypbb��DF:��gZ�
e_lm� j_eylb\bklkdbo� ihabljhgh\�� \� eZ[hjZlhjbyo�Eb\_jfhjZ� �KR:�� b�KZde_� �NjZg�
pby���G_kfhljy�gZ� lh��qlh�bkihevah\Zggu_� wdki_jbf_glZevgu_�f_lh^bdb�ijZdlbq_kdb�
b^_glbqgu��f_`^m�j_amevlZlZfb��ihemq_ggufb�\�h[_bo�eZ[hjZlhjbyo��kms_kl\mxl� >���
�@�ba\_klgu_�hlqzleb\h�\ujZ`_ggu_�kbkl_fZlbq_kdb_�jZkoh`^_gby�� 

<�jZ[hl_� >�@�ijh\_^_gh�^_lZevgh_�kjZ\g_gb_�wdki_jbf_glZevguo�k_q_gbc�j_Zd�
pbc� (γ,xn), (γ,n��b� �γ,2n���ihemq_gguo�\�Eb\_jfhj_�b�KZde_�^ey����y^_j��51V, 75As, 89Y, 
90Zr, 115In, 116,117,118,120,124Sn, 127I, 133Cs, 159Tb, 165Ho, 181Ta, 197Au, 208Pb, 232Th, 238U��<�j_�
amevlZl_�h[jZ[hldb�^Zgguo�[ueh�h[gZjm`_gh��qlh� 

g_ihkj_^kl\_ggh�hij_^_e_ggu_�\�wdki_jbf_glZo�k_q_gby�iheghc�nhlhg_cljhg�
ghc�j_Zdpbb��γ�oQ���ihemq_ggu_�\�KZde_��hdZau\Zxlky�ih�Z[khexlghc�\_ebqbg_�gZ�a���– 
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�����[hevr_�k_q_gbc��ihemq_gguo�\�Eb\_jfhj_�b��ke_^h\Zl_evgh��^he`gu�[ulv�kdhj�
j_dlbjh\Zgu�–�mfgh`_gu�gZ�khhl\_lkl\mxsbc�bg^b\b^mZevguc�dhwnnbpb_gl�Rint(γ,xn) 
= Rint(γ,n) = σint

S(γ,n)/σint
L(γ,n) (<Rint

syst!� ��������]^_�S –�k_q_gby�KZde_��Z�L –�k_q_gby�Eb�
\_jfhjZ� 

\_ebqbgu�k_q_gbc�j_Zdpbc��γ�Q��ihemq_gguo�\�KZde_��\�p_ehf�lZd`_�hdZau\Zxl�
ky�[hevr_�\_ebqbg�k_q_gbc�wlbo�`_�j_Zdpbc��ihemq_gguo�\�Eb\_jfhj_��h^gZdh�^ey�k_�
q_gbc�j_Zdpbb (γ��Q��khhlghr_gby�hdZau\Zxlky�h[jZlgufb� 

ijbqbghc� jZkoh`^_gbc� y\ey_lky� g_ijZ\bevguc� jZkq_l� fgh`_kl\_gghklb� g_c�
ljhgh\�\�KZde_��\�j_amevlZl_�q_]h�\_ebqbgu�k_q_gbc�j_Zdpbc�k�\ue_lhf�h^gh]h�g_cljh�
gZ�hdZau\Zebkv�aZ\ur_ggufb��Z�k�\ue_lhf�^\mo�g_cljhgh\�–�gZijhlb\��aZgb`_ggufb�� 

>ey�\aZbfghc�dhjj_dlbjh\db�j_amevlZlh\�[ue�bkihevah\Zg�ki_pbZevguc�f_lh^�- 
qZklv�k_q_gbc�j_Zdpbb��γ�Q��KZde_������σ(γ,n)S - Rσ(γ,n)L��\ha\jZsZeZkv�³gZ�f_klh´�\�k_�
q_gby�j_Zdpbb��γ,2n). 

<� gZklhys_c� jZ[hl_� kdhjj_dlbjh\Zggu_� ^Zggu_� ih� k_q_gbyf� j_Zdpbc� (γ,xn), 
(γ,n��b��γ,2n��[ueb�bkihevah\Zgu�^ey�hp_gdb�lhqghklb�b�gZ^_`ghklb�^Zgguo�ih�k_q_gb�
yf�j_Zdpbb�(γ,3n���LZd�dZd�[hevrbgkl\h�^Zgguo�ih�k_q_gbyf�j_Zdpbb��γ,3n��[ueh�ihem�
q_gh�\�madhf� wg_j]_lbq_kdhf�^bZiZahg_�gZ� kZfhf� ³o\hkl_´�=>J��ijbq_f� k�[hevrbfb�
kbkl_fZlbq_kdbfb� ih]j_rghklyfb�� ^ey� ihemq_gby� [hevrbgkl\Z� k_q_gbc� lj_o-
g_cljhgguo� j_Zdpbc� bkihevah\Zehkv� khhlghr_gb_� σeval(γ,3n) = 1/3[σ(γ,xn) - (γ,n) - 
2σ(γ,2n�@��Hgh�ihemq_gh�gZ�hkgh\Zgbb�k\yab�\�h[eZklb�=>J�j_Zdpbc�jZaebqghc�fgh`_�
kl\_gghklb��γ,xn) = (γ,n) + 2(γ,2n) + 3(γ,3n���Ijh\_^_gguc�ZgZeba�iheghklvx�ih^l\_j^be�
ijZ\bevghklv�ijhp_^mju��bkihevah\Zgghc�\� >�@�  σeval(γ,3n��kh]eZkmxlky�k�wdki_jbf_g�
lZevgufb�^Zggufb�Eb\_jfhjZ�^ey�j_Zdpbb��γ,3n���\�kemqZ_�^Zgguo�KZde_�hlghkbl_ev�
gh_�kh]eZkb_�^hklb]Z_lky�ebrv�ijb�bkihevah\Zgbb�ij_^\Zjbl_evgh�kdhjj_dlbjh\Zgguo�
>�@�^Zgguo�KZde_�^ey�j_Zdpbc�(γ,xn), (γ�Q��b��γ,2n).  

GZ�hkgh\Zgbb�\uiheg_ggh]h�ZgZebaZ��\�^Zgghc�jZ[hl_�[ueb�ihemq_gu�hp_g_g�
gu_�\aZbfgh�kh]eZkh\Zggu_�^Zggu_�ih�k_q_gbyf�j_Zdpbc��γ��Q��^ey����y^_j�117Sn, 118Sn, 
119Sn, 124Sn, 127I, 133Cs, 159Tb, 165Ho, 181Ta, 197Au, 2083E�b�ijh\_^_gh�kjZ\g_gb_�ihemq_gguo�
j_amevlZlh\� k� _^bgkl\_ggh� ^hklmigufb� ^Zggufb� ih� j_Zdpbb� 181Ta(γ,3n)1787D�� \uihe�
g_ggufb�\�wdki_jbf_glZo�bgh]h�lbiZ�–�gZ�imqdZo�lhjfhagh]h�γ-baemq_gby�ijb�bkihev�
ah\Zgbb�f_lh^Z�gZ\_^_gghc�Zdlb\ghklb�>����@� 
JZ[hlZ�qZklbqgh�ih^^_j`b\Z_lky�]jZglZfb�Ij_ab^_glZ�Jhkkbb���SS-�������������Z�lZd`_ JNNB�� 
03-07-������b�� 04-02-16275. 
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M>D������� 

NHLHJ:KS?IE?GB?�BAHLHI:�181L: 

Exlbdh\�B�:� 

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

Ijh\_^_gh�bkke_^h\Zgb_�\ebygby�bgl_gkb\gh]h�lhjfhagh]h�ihlhdZ��-d\Zglh\�k�
fZdkbfZevghc�wg_j]b_c�30�Fw<�gZ�bahlhi�181LZ��Bkke_^h\Zgb_�[ueh�\uiheg_gh�f_lh�
^hf�dhfivxl_jgh]h�fh^_ebjh\Zgby�� 

>ey� hibkZgby� k_q_gbc� \aZbfh^_ckl\by�nhlhgh\� k� Zlhfgufb� y^jZfb� [ueZ� bk�
ihevah\ZgZ�klZlbklbq_kdZy�fh^_ev�y^_jguo�j_Zdpbc� >�@��kh]eZkgh�dhlhjhc�wg_j]_lbq_�
kdh_� jZkij_^_e_gb_� nhlhg_cljhgh\� fh`gh� hibkZlv� fZdk\_eeh\kdbf� bkiZjbl_evguf�
ki_dljhf� 

[ ]( ) expI d constε ε ε ε≈ − Θ ,     (1) 

]^_�0�–�wg_j]by�\ue_lZxs_]h�nhlhgZ��Z�,�–�fZdkbfZevgZy�l_fi_jZlmjZ�dhg_qgh]h�y^jZ�
�Fw<���LZd�dZd�\�y^j_�181LZ�bkiZj_gb_�ijhlhgh\�ih^Z\e_ggh�dmehgh\kdbf�[Zjv_jhf��lh�
gb`_�ihjh]Z�hl^_e_gby�^\mo�g_cljhgh\��?��<2��fh`gh�kqblZlv��qlh�k_q_gb_�j_Zdpbb�����
n��ijb[ebabl_evgh�jZ\gy_lky�k_q_gbx�nhlhih]ehs_gby�1abs��<ur_�ihjh]Z�<2 wlh�k_q_�
gb_�fh`gh�Ziijhdkbfbjh\Zlv�\ujZ`_gb_f 

[ ]

[ ]

2

1

1 1 1 1

0

1 1 1 1

0

exp

( , ) 1

exp

E B

abs E B

d

n

d

γ

ε ε ε
σ γ σ

ε ε ε

−

−

 
− Θ 

 ≈ − 
 − Θ  

∫

∫
,    (2) 

]^_�,1 –�fZdkbfZevgZy�l_fi_jZlmjZ�i_j\bqgh]h�dhg_qgh]h�y^jZ��<1 –�wg_j]by�hl^_e_gby�
h^gh]h�g_cljhgZ��<lhjh_�keZ]Z_fh_�\�kdh[dZo�\� ����hij_^_ey_l�\_jhylghklv�bkiZj_gby�
[he__� h^gh]h� g_cljhgZ��K_q_gb_� nhlhih]ehs_gby� fh`gh� Ziijhdkbfbjh\Zlv� ke_^mx�
sbf�\ujZ`_gb_f�>�@� 

2

2 2 2 2
1

2

( )
i

abs
i i i i

S

E Eγ γ

σ
π ε=

≈
 Γ + − Γ 

∑ ,    (3) 

]^_� , ,i i iSε Γ –�wg_j]bb��rbjbgu��b�bgl_]jZevgu_�k_q_gby�j_ahgZgkh\��hl\_qZxsbo�

ijh^hevguf� �i=1�� b� ihi_j_qguf� �i=2�� ^bihevguf� dhe_[Zgbyf� y^jZ�� dhlhju_�fh`gh�
hp_gblv�ba�khhlghr_gbc� 

1 2 1 2

60
(1 ) ( ), 2,

NZ
S S Fw< f[ 6 6

A
α+ = + × =     (4) 

\ul_dZxsbo�ba�ijZ\beZ�^bihevguo�kmff�b�hlghr_gby�qbkeZ�kl_i_g_c�k\h[h^u�^ey�dh�
e_[Zgbc�\^hev�b�i_ji_g^bdmeyjgh�d�hkb�kbff_ljbb�kn_jhb^Zevgh]h�y^jZ��iZjZf_lj�.�§�
����mqblu\Z_l�\ebygb_�h[f_gguo�kbe��� 

<�j_amevlZl_�nhlhy^_jguo�j_Zdpbc�ijhbkoh^bl�nhjfbjh\Zgb_� ljZgkfmlZpbhg�
ghc�p_ihqdb��K�mq_lhf�\_jog_c�]jZgbpu�ki_dljZ�lhjfhagh]h�baemq_gby�b�lh]h��qlh��]^_�

i
ZA ),(λ  -�ihklhyggZy�jZkiZ^Z�bahlhiZ��A, Z��ih�dZgZem�i��]^_�bg^_dk�i�hl\_qZ_l�.���Ø-�b��+- 

jZkiZ^Zf��\j_f_ggZy�w\hexpby�dhebq_kl\Z�bahlhiZ�N(A,Z,t)�hij_^_ey_lky�mjZ\g_gb_f� 
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{ }
( , ) ( ,2 ) ( , )

( , ) ( , ) ( , ) ( , ) ( , ) ( , )

( , 1) ( , 1) ( , 1) ( , 1) ( 4, 2) ( 4, 2)

( , ) ( ,2 )
( 1, ) ( 1, ) ( 2, ) (

( , , )
( , , )

( ) ( ) ( )

( )

n n p
A Z A Z A Z A Z A Z A Z

A Z A Z A Z A Z A Z A Z

n n
A Z A Z A Z

dN A Z t
Y Y Y N A Z t

dt

N t N t N t

Y N t Y N

β β α γ γ γ

β β α

γ γ

λ λ λ

λ λ λ

− +

− +

− − + + + + + +

+ + +

 = − + + + + + + 

+ + + +

+ +{ }( , )
2, ) ( 1, 1) ( 1, 1)( ) ( )p

A Z A Z A Zt Y N tγ
+ + + + ++

,  (5) 

]^_� )(),( m
j

ZA EY γ  -� \uoh^� nhlhy^_jghc� j_Zdpbb� gZ� bahlhi_� �A,Z��� hij_^_ey_fuc� ke_�

^mxsbf�khhlghr_gb_f� 

1
( , ) ( , )

min

( ) ( . ) ( , ) ( ) ,

E m
j j
A Z m m A Z

E

Y E nhlhg k : ( ( ( G(

γ

γ γ σ−= Φ × ∫   (6) 

]^_�bg^_dk�j�khhl\_lkl\m_l�dZgZeZf�j_Zdpbc�����Q), (����Q��b�����S��gZ�bahlhi_�(A,Z); 
1( . )nhlhg k−Φ ×  -�iehlghklv�ihlhdZ�nhlhgh\��h[emqZxsbo�fbr_gv�ba�bkke_^m_�

fh]h�bahlhiZ� )(),( Ej
ZAσ  -�iZjpbZevgh_�k_q_gb_�nhlhy^_jghc�j_Zdpbb� j, ),( mEEW γ  - 

ki_dlj�lhjfhagh]h��-baemq_gby�� 
>ey�\k_o�we_f_glh\�ljZgkfmlZpbhgghc�p_ihqdb�nhlhg_cljhggu_�k_q_gby�[ueb�

jZkkqblZgu�k�bkihevah\Zgb_�\ujZ`_gbc���-����Z�hlghkbl_evgZy�\_ebqbgZ�bgl_]jZevgh]h�
k_q_gby�����j�–dZgZeZ�– ( , ) ~ 0.05 totpσ γ σ  [3]. 

<�jZ[hl_�ijb\h^blky�qbke_gguc�jZkq_l�^ey�bgl_gkb\ghklb�lhjfhagh]h�ihlhdZ��-
d\Zglh\�N ��18

nhlhgÂ k
-1
��<j_fy�h[emq_gby�khklZ\ey_l����f_kyp_\��Z�ihegh_�\j_fy�gZ�

[ex^_gby�–�����\dexqZy�\j_fy�h[emq_gby��Hkgh\gh_�\ebygb_�gZ�nhjfbjh\Zgb_�ljZgk�
fmlZpbhgghc� p_ihqdb� hdZau\Z_l� dhjhldh`b\msbc� bahlhi� 180LZ�� jZkiZ^Zxsbcky� ih�
�

+
��������Ø������–�dZgZeZf��\h\e_dZy�\�ijhp_kk�bahlhiu�k�= ���b�= ���� 

 
���;eZl�>���<Zckdhin�<��L_hj_lbq_kdZy�y^_jgZy�nbabdZ��Bghklj��Ebl-jZ��Fhkd\Z������� 
���;hj�S���Fhll_evkhg�;��KljmlmjZ�Zlhfgh]h�y^jZ��Ba^-\h�Fbj��Fhkd\Z������� 
���BroZgh\�;�K���Exlbdh\�B�:���IZ\eh\�K�B�����Ljm^u���f_`\mah\kdhc�gZmqghc�rdheu�
fheh^uo�ki_pbZebklh\��Fhkd\Z������� 

 
 

M>D���������� 

J:KKFHLJ?GB?�F?O:GBAF:�MDHJ?GBY 
:<JHJ:EVGUO�Q:KLBP�><HCGUF�KEHYFB�E?G=FXJ: 

K�MQ?LHF�G?F:DK<?EEH<KDH=H�O:J:DL?J: 
J:KIJ?>?E?GBY�Q:KLBP 

?jfZdh\Z�G�H� 

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

<Z`gmx� jhev� \� ijhp_kk_� mkdhj_gby� Z\jhjZevguo� we_dljhgh\� b]jZ_l�f_oZgbaf�
mkdhj_gby�^\hcgufb�kehyfb�E_g]fxjZ��>\hcghc�kehc�fh`_l�\hagbdgmlv�\�ieZaf_��]^_�
bf_xlky�^\Z�\klj_qguo�ihlhdZ�–�bhgguc�b�we_dljhgguc��Iehlghklv�ieZafu�\�^\hcghf�
keh_�fgh]h�f_gvr_��q_f�\g_�^\hcgh]h�kehy��Bgl_gkb\ghklv�we_dljbq_kdh]h�ihey�\gmljb�
kehy�fgh]h�[hevr_�bgl_gkb\ghklb�ihey� \� hdjm`Zxs_c�ieZaf_��<hagbdgh\_gb_� kbev�
guo�ijh^hevguo�ihe_c�\�^\hcghf�keh_�h[mkeh\e_gh�gZjmr_gb_f�d\Zabg_cljZevghklb��
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G_h[oh^bfuf�mkeh\b_f�\hagbdgh\_gby�ijh^hevgh]h�kdZqdZ�ihl_gpbZeZ�ijb�]b^jh^b�
gZfbq_kdhf� jZkkfhlj_gbb� y\ey_lky� k\_joa\mdh\hc� oZjZdl_j� we_dljhggh]h� b� bhggh]h�
ihlhdh\�� I_j\u_� j_amevlZlu� jZkkfhlj_gby� dbg_lbq_kdbo� ^\hcguo� keh_\� \� fZ]gblh�
kn_jghc�ieZaf_�[ueb�ihemq_gu��kf�>�����@��[_a�mq_lZ�kms_kl\h\Zgby�aZo\Zq_gguo�qZk�
lbp�\ur_�b�gb`_�kehy��<�klZlv_� �kf�>�@��[ueZ�mql_gZ�\hafh`ghklv�kms_kl\h\Zgby�kh�
ijy`_gguo�^\hcguo�keh_\�b�h[jZah\Zgb_�g_fZdk\_eeh\kdbo�nmgdpbc�jZkij_^_e_gby�\�
h[eZklb� \_jrbgu� kbeh\hc� ebgbb�� <hafh`ghklv� kms_kl\h\Zgby� g_fZdk\_eeh\kdbo�
nmgdpbc�jZkij_^_e_gby�we_dljhgh\�gb`_�h[eZklb�mkdhj_gby��dhlhjZy�kgbfZ_l�g_h[oh�
^bfhklv�nhjfbjh\Zgby�k\_joa\mdh\h]h�l_q_gby�bhghkn_jguo�bhgh\��jZkkfZljb\ZeZkv�\�
klZlv_��kf�>�@�� 

<�^Zgghc�jZ[hl_�mqblu\Z_lky�g_fZdk\_eeh\kdbc�oZjZdl_j�nmgdpbb�jZkij_^_e_�
gby�qZklbp��kgbfZxsbc�h]jZgbq_gby��gZeZ]Z_fu_�djbl_jb_f�;hfZ-;ehdZ�gZ�^\b`_gby�
qZklbp�\g_�kehy�� 

JZkkqblu\Z_lky� mkeh\b_� klZpbhgZjghklb� kbevgh]h� ^\hcgh]h� kehy� E_g]fxjZ�

eiie mmjj = �k�mq_lhf�dZiiZ-jZkij_^_e_gby�qZklbp��Ijb�wlhf�jZkkfZljb\Zxlky� 

��G_h[oh^bfh_�mkeh\b_�kms_kl\h\Zgby�klZpbhgZjgh]h�^\hcgh]h�kehy� 

0  ijb    →Φkie nn       (1) 

k  ijb    Φ→Φei nn       (2) 

k
)/( 00

2
0 Φ=Φ

ion
e
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ion
ei nnTum       (3) 

��Mkeh\by�d\Zabg_cljZevghklb�\g_�kehy� 

( ) ( ) ( ) ( )       ,00 kk ieie nnnn Φ=ΦΦ=Φ=Φ=Φ Φ=ΦΦ=Φ    (4),(5) 

��Mkeh\b_� h[s_c� g_cljZevghklb� kehy�� l�_�� h[jZs_gby� ijh^hevgh]h� we_dljbq_�
kdh]h�ihey�\�gmev�\g_�kehy� 

( ) ( )[ ] 0 
0

=ΦΦ−Φ∫
Φ

dnn
k

ie       (6) 

JZkq_l�dhgp_gljZpbb�we_dljhgh\�fZ]gblhkn_jgh]h�ijhbkoh`^_gby�^Z_l� 
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<u\h^u 
��Mq_l�g_fZdk\_eeh\kdh]h�oZjZdl_jZ�nmgdpbc�jZkij_^_e_gby�qZklbp�iha\hey_l�

kgylv�h]jZgbq_gby�gZ�^\b`_gby�qZklbp�\g_�kehy�gZeZ]Z_fu_�djbl_jb_f�;hfZ-;ehdZ�� 
��Ihemq_ggu_�j_amevlZlu�^Zxl�\hafh`ghklv�ij_^eh`blv�kp_gZjbc�h[jZah\Zgby�

d\ZabklZpbhgZjgh]h�ijh^hevgh]h�iZ^_gby�ihl_gpbZeZ� 
���<�oh^_�ZgZebaZ�m^Zehkv�mlhqgblv�ij_^kdZaZgb_�iheh`_gby�gZ�kbeh\hc�ebgbb�

h[eZklb� mkdhj_gby� fZ]gblhkn_jguo� we_dljhgh\�� \uau\Zxsbo� ihy\e_gb_� kihdhcguo�
h^ghjh^guo�^m]�iheyjgh]h�kbygby� 

 
1. :glhgh\Z�?�?���L\_jkdhc�;�:��=_hfZ]g_lbaf�b�Zwjhghfby���������������� 
2. :glhgh\Z�?�?���L\_jkdhc�;�:��=_hfZ]g_lbaf�b�Zwjhghfby���������������� 
3. :glhgh\Z�?�?���L\_jkdhc�;�:��=_hfZ]g_lbaf�b�Zwjhghfby���������������� 
4. :glhgh\Z�?�?���L\_jkdhc�;�:��=_hfZ]g_lbaf�b�Zwjhghfby���������������� 
5. Kan J.R., Lee L.C., Akasofu S.-I. J. Geophys. Res., 1979, 84, 4305. 

 
 

M>D���������� 

<EBYGB?�F?@IE:G?LGH=H�F:=GBLGH=H�IHEY 
G:�G?CLJHGGH?�IHE?�A?FEB 

Dm`_\kdbc�;�F���FZgZ_\�:�X���Kb]Z_\Z�?�:� 

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

M`_�[he__����e_l�ijh\h^blky�bamq_gb_�khklZ\Z��bgl_gkb\ghklb�b�ijhkljZgkl\_g�
gh]h�jZkij_^_e_gby�y^_jgh]h�baemq_gby�qZklbp�\�gb`g_c�Zlfhkn_j_�a_feb��<������]��\�
j_amevlZl_� wdki_jbf_glZ� >1@� [ueh� h[gZjm`_gh�� qlh� \iehlv� ^h� �-2 df� hl� ih\_joghklb�
A_feb� bgl_gkb\ghklv� g_cljhgh\� g_� aZ\bkbl� hl� \ukhlu��Wlh� y\e_gb_� b� [ueh� gZa\Zgh�
©g_cljhgguf� ihe_f� a_febª� �GIA��� Iha^g__�� \� GBBYN� F=M� \� eZ[hjZlhjbb�
;�F� Dm`_\kdh]h� [ueZ� jZajZ[hlZgZ� b� kha^ZgZ� mklZgh\dZ�>YBA:� �>_l_dlhj�Y^_jgh]h�
Baemq_gby�A_feb�b�:lfhkn_ju��^ey�ih^jh[gh]h�bamq_gby�ijhbkoh`^_gby�g_cljhggh]h�
baemq_gby�\[ebab�ih\_joghklb�A_feb��Bamq_gb_�klZlbklbq_kdbo�^Zgguo�wlhc�mklZgh\db�
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ihdZaZeh�gZebqb_�hij_^_e_gguo�aZ\bkbfhkl_c��nemdlmZpbc�b�\kie_kdh\�\�bgl_gkb\gh�
klb�ihlhdZ�g_cljhgh\�\h�\j_f_gb��<�qZklghklb��[ueZ�h[gZjm`_gZ�Zgbahljhiby�ihlhdZ�
l_ieh\uo�g_cljhgh\�\[ebab�a_fghc�dhju�b�k_ahggZy�aZ\bkbfhklv�>2, 3@��k\yav�\kie_kdh\�
\�g_cljhgghf�ihlhd_�k�nZaZfb�Emgu�>4@�b�gZebqb_�\�g_cljhgghf�baemq_gbb�i_jbh^h\��
ZgZeh]bqguo�i_jbh^Zf�\�]_h^bgZfbd_�>Hrb[dZ��AZdeZ^dZ�g_�hij_^_e_gZ�]. 
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Jbk����Ijbf_j� \kie_kdZ� \�GIA�� khijh\h`^Zxs_]h� i_j_k_q_gb_� A_fe_c� k_dlhjguo� ]jZgbp�FFI��
Kj_^g__�qbkeh�g_cljhgh\�\�fbgmlm�aZ�������–�������������kbgbf�p\_lhf���AgZq_gb_�FFI�gZ�dZ`^uc�
^_gv�-�hlf_q_gh�a_e_guf�p\_lhf 

 
J_amevlZlu��ihemq_ggu_�\�ihke_^g__�\j_fy��mdZau\Zxl�gZ�lh��qlh�gZ�khklhygb_�

GIA�\Z`gh_�\ebygb_�hdZau\Z_l�i_j_k_q_gb_�A_fe_c�k_dlhjguo�]jZgbp�F_`ieZg_lgh]h�
FZ]gblgh]h�Ihey��FFI���>Zggh_�kh[ulb_�fh`_l�ih-jZaghfm�ijhy\eylvky�\�klZlbklb�
d_��eb[h�dZd�\kie_kd�g_cljhggh]h�ihey��eb[h�dZd�f_^e_ggh_�m\_ebq_gb_�ihlhdZ�g_cljh�
gh\��eb[h�\h\k_�g_�kdZaZlvky�gZ�\j_f_gghf�oh^_��<hijhk�h�khihklZ\e_gbb�nZdlZf�ijh�
oh`^_gby� k_dlhjh\�FFI� \kie_kdh\�GIA� klZgh\blky� l_f�[he__� j_ahgguf��ihkdhevdm�
[ueh�mklZgh\e_gh��qlh�[hevrbgkl\h�a_fe_ljyk_gbc�kj_^gbo�b�\ukhdbo�fZ]gblm^�ijb�
oh^blky�gZ�fhf_gl�i_j_k_q_gby�a_fe_x�k_dlhjh\�FFI� 

GZklhysZy�jZ[hlZ�ihk\ys_gZ�bamq_gbx� \j_f_gguo�b� Zfieblm^guo�oZjZdl_jb�
klbd�\kie_kdh\�\�GIA��khijh\h`^Zxsbo�i_j_k_q_gb_�A_fe_c�k_dlhjguo�]jZgbp�FFI��
Z�jZajZ[hld_�f_lh^bdb�bo�\uy\e_gby�ba�h[s_c�klZlbklbdb� 

 
1. Kuzhevskij B.M., Nechaev O.Yu., Panasyuk M.I., Sigaeva E.A., Volodichev N.N., Zak-

harov V.A. Neutron field of the Earth. Origin and dynamics, The Journal of the Korean 
AssoFLDWLRQ�IRU�5DGLDWLRQ�3URWHFWLRQ��9���������SS����-319, 2001. 

2. Dm`_\kdbc�;�F���G_qZ_\�H�X���IZgZkxd�F�B���Kb]Z_\Z�?�:��K_ahgguc�oh^�Zgbah�
ljhibb�l_ieh\uo�g_cljhgh\�\[ebab�ih\_joghklb�A_feb��\hafms_gguc�i_jbh^���K[��
Nbabq_kdb_�ijh[e_fu�wdheh]bb������klj����-109, 2001. 

3. Dm`_\kdbc�;�F���G_qZ_\�H�X���Kb]Z_\Z�?�:��K_ahgguc�oh^�Zgbahljhibb�l_ieh\uo�
g_cljhgh\� \[ebab� ih\_joghklb� A_feb�� <_klgbd� F=M�� K_jby� ��� NbabdZ� b�
:kljhghfby������klj���-58, 2002. 

4. <heh^bq_\�G�G���AZoZjh\�<�:���Dm`_\kdbc�;�F���G_qZ_\�H�X���Kb]Z_\Z�?�:��A_fgZy�
dhjZ�–�Zdlb\guc�bklhqgbd�g_cljhgh\��<_klgbd�F=M��K_jby� ���NbabdZ�b�:kljhgh�
fby������klj���-73, 2002. 
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M>D�������� 

BKKE?>H<:GB?�IH<?>?GBY�A:JY@?GGUO�Q:KLBP 
<�F:=GBLHKN?JGHF�O<HKL? 

<_ebqdbg�:�K� 

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

GZ�fgh]b_�ijhp_kku��ijhl_dZxsb_�gZ�A_fe_��kms_kl\_ggh_�\ebygb_�hdZau\Z_l�
__�fZ]gblgh_�ihe_�b�qZklbpu��^\b`msb_ky�\�g_f��Hgb�hdZau\Zxl�\ha^_ckl\b_�gZ�nmgd�
pbhgbjh\Zgb_�[bhkn_ju��\ebyxl�gZ�ijhp_kk�jZkijhkljZg_gby�jZ^bh\heg�b�jZ^bhwe_d�
ljhggh_�h[hjm^h\Zgb_�\�p_ehf��IhgbfZgb_�ijhp_kkh\��ijhbkoh^ysbo�ijb�wlhf�\�fZ]�
gblhkn_j_��ihfh`_l�ij_^kdZaZlv�b�hlqZklb�mkljZgblv�ihke_^kl\by�hdZau\Z_fh]h�hljb�
pZl_evgh]h�\ebygby� 

Hkgh\ghc�p_evx�gZr_c�jZ[hlu�gZ�^Zgghf�wlZi_�y\ey_lky�\k_klhjhgg__�bamq_gb_�
ih\_^_gby� qZklbp�� dhlhju_� ^\b`mlky� ba� o\hklZ� fZ]gblhkn_ju� d� iheyjguf� rZidZf�
A_feb�b�j_]bkljbjmxlky�bkke_^h\Zl_evkdbf�kimlgbdhf�Polar��Wlb�qZklbpu�g_kml�k�kh�
[hc�bgnhjfZpbx�h� kljmdlmj_�o\hklZ�fZ]gblhkn_ju��b�ih�bo�oZjZdl_jbklbdZf�fh`gh�
km^blv�h�l_o�beb�bguo�ijhp_kkZo��ijhl_dZxsbo�\�o\hkl_��>Ze__��gZ�hkgh\_�kms_kl\mx�
sbo�fh^_e_c�b� \� jZfdZo� kh\j_f_gguo� ]bihl_a�fh`gh� \ukdZau\Zlv�ij_^iheh`_gby� h�
ijbqbgZo��\ua\Z\rbo�lhl�beb�bghc�ijhp_kk� 

GZ�^Zgghf� wlZi_�fu� aZgbfZebkv�bamq_gb_f�nmgdpbb�jZkij_^_e_gby�qZklbp�ih�
iblq-m]eZf�b�wg_j]byf��j_]bkljbjm_fuo�kimlgbdhf��Wlh�jZkij_^_e_gb_�fh`_l�[ulv�dZd�
bahljhiguf��lZd�b�Zgbahljhiguf��l�_��\�hl^_evguo�kblmZpbyo�fh`_l�gZ[ex^Zlvky�\u�
^_e_ggh_�^\b`_gb_�\^hev�dZdh]h-lh�gZijZ\e_gby��Ba�we_dljh^bgZfbdb�ba\_klgh��qlh�\�
fZ]gblghf�ihe_� aZjy`_ggZy� qZklbpZ�fh`_l� ^\b]Zlvky� \� Z^bZ[Zlbq_kdhf� �b� lh]^Z� hgZ�
kh\_jrZ_l�eZjfhjh\kdh_�\jZs_gb_�\^hev�kbeh\hc�ebgbb��beb�g_Z^bZ[Zlbq_kdhf�j_`b�
fZo��b�lh]^Z�oZjZdl_j�__�^\b`_gby�]hjZa^h�[he__�keh`_g�beb�^Z`_�oZhlbq_g���H^bg�beb�
^jm]hc�j_`bf�fh`gh�\u^_eblv��ijhba\_^y�jZkq_l�iZjZf_ljZ�Z^bZ[Zlbqghklb��oZjZdl_�
jbamxsbc�^bgZfbq_kdbc�oZhk�\�bkke_^m_fhc�h[eZklb��L_hjby�^Z_l�^hklZlhqgh�rbjh�
dbc�^bZiZahg�baf_g_gby�wlh]h�iZjZf_ljZ��\�dhlhjhf�gZ[ex^Z_lky�oZhlbq_kdh_�^\b`_�
gb_�qZklbp��Ijbqbgu�bahljhiguo�jZkij_^_e_gbc�qZklbp��baf_jy_fuo�kimlgbdhf�Polar 
gZ� \ukhdbo�rbjhlZo�� \� h[eZklb�fZ]gblhkn_jguo� dZkih\�� ^h� kbo� ihj� iehoh� bamq_gu��
Hdheh�^_kylb�e_l�gZaZ^�[ue�ij_^eh`_g�f_oZgbaf�nhjfbjh\Zgby�bahljhiguo�jZkij_^_�
e_gbc�dZd�ke_^kl\b_�oZhlbaZpbb�bo�hj[bl�\�o\hkl_�fZ]gblhkn_ju�A_feb�k�ihke_^mxs_c�
ijh_dpb_c� wlbo� jZkij_^_e_gbc� \� \ukhdhrbjhlgu_� h[eZklb��GZ� ^Zgghf� wlZi_� jZ[hlu�
gZf�[ueh�g_h[oh^bfh�kjZ\gblv�j_amevlZlu�wdki_jbf_glZevguo�^Zgguo�k�j_amevlZlZfb�
fh^_ebjh\Zgby� ^Zggh]h� ijhp_kkZ��H[t_dlhf� bkke_^h\Zgby� \uklmiZe� l_klh\uc� gZ[hj�
qZklbp�k�oZjZdl_jgufb�kdhjhklyfb�b�wg_j]byfb��^ey�dhlhjuo�[ueh�ijh\_^_gh�fh^_eb�
jh\Zgb_�h[jZlgh]h�ijhp_kkZ��l�_��[ueb�ihemq_gu�oZjZdl_jbklbdb�qZklbp�^Zggh]h�gZ[h�
jZ�\�gZqZevguc�fhf_gl��dh]^Z�hgb�gZoh^bebkv�\�o\hkl_�fZ]gblhkn_ju� 

;ueh�ihdZaZgh��qlh� agZq_gb_�iZjZf_ljZ�Z^bZ[Zlbqghklb�^ey�qZklbp�k�bahljhi�
guf�jZkij_^_e_gb_f�khklZ\ey_l��-���\�lh�\j_fy�dZd�l_hj_lbq_kdb_�bkke_^h\Zgby�ihdZ�
au\Zeb�lh��qlh�hg�^he`_g�[ulv�ihjy^dZ�_^bgbpu���qlh�ohjhrh�ih^l\_j`^Z_l�\ukdZaZg�
gmx�]bihl_am� 

LZdbf� h[jZahf�� j_amevlZlu� ijh\_^_ggh]h� gZfb� bkke_^h\Zgby� iha\heyxl� ]h\h�
jblv�h�lhf��qlh�]bihl_aZ�h�^bgZfbq_kdhf�oZhk_�\�o\hkl_�fZ]gblhkn_ju�dZd�f_oZgbaf_�
nhjfbjh\Zgby�h[eZklb�bahljhiguo�jZkij_^_e_gbc�qZklbp�\�\ukhdhrbjhlghc�h[eZklb�
fZ]gblhkn_ju� y\ey_lky� [ebadhc� d� ^_ckl\bl_evghklb�� AgZgb_� wlh]h�f_oZgbafZ�fh`_l�
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ijb[ebablv�gZk�d�ihgbfZgbx�\gmlj_ggbo�ijhp_kkh\�nmgdpbhgbjh\Zgby�fZ]gblhkn_ju�
–�g_ebg_cghc�^bgZfbq_kdhc�kbkl_fu� 

 
1. EZchgk�E���Mbevyfk�>��NbabdZ�fZ]gblhkn_ju��Dhebq_kl\_gguc� ih^oh^�F���Fbj��

����������k� 
2. Gbrb^Z�:��=_hfZ]gblguc�^bZ]gha�Zlfhkn_ju�F���Fbj������������k� 
3. Sergeev V.A., Sazhina E.M., Tsyganenko N.A. Pitch-angle scattering of energetic protons 

in the magnetotail current sheet as the dominant source of their isotropic precipitation into 
the nightside ionosphere // Planet Space Sci., 1983, vol. 31, 10, p. 1147-1155. 

 
 

D:EHJBF?LJBQ?KD:Y�>B:=GHKLBD:�>EY�BAF?J?GBC�
WG?J=HKH>?J@:GBY�IMQDH<�;UKLJUO�Q:KLBP 

EbklhiZ^�:�:� 

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

H^gbf�ba�gZijZ\e_gbc�^_yl_evghklb�BYN�KH�J:G�y\ey_lky�jZajZ[hldZ�bg`_d�
lhjh\�^ey�kh\j_f_gguo�l_jfhy^_jguo�mklZgh\hd�k�fZ]gblguf�m^_j`Zgb_f��Ijb�bkiu�
lZgbyo�b�gZkljhcd_�bg`_dlhjh\�hq_gv�\Z`gh�bf_lv�bgnhjfZpbx�h�iZjZf_ljZo�imqdZ��
ijhnbe_�iehlghklb�lhdZ��wg_j]hkh^_j`Zgbb��iheh`_gbb�nhdmkZ�b�l��^� 

<� jZ[hl_�ij_^klZ\e_gZ� dZehjbf_ljbq_kdZy�^bZ]ghklbdZ�� jZajZ[hlZggZy�^ey�bk�
ke_^h\Zgby�hkgh\guo�iZjZf_ljh\�imqdh\�[ukljuo�g_cljZevguo�qZklbp��>ZggZy�^bZ]�
ghklbdZ� iha\hey_l� baf_jylv� dZd� kmffZjgh_� wg_j]hkh^_j`Zgb_� imqdZ�� lZd� b� _]h� ijh�
kljZgkl\_ggh_� jZkij_^_e_gb_�� Z� lZd`_� hlke_`b\Zlv� baf_g_gb_� iZjZf_ljh\� imqdZ� \h�
\j_f_gb� 

Mkljhckl\h�ij_^klZ\ey_l�kh[hc�ijh\hehqguc�fgh]hdZgZevguc�dZehjbf_lj��\u�
iheg_gguc�ba�\hevnjZfh\hc�ijh\hehdb�� 

>bZ]ghklbdb�gZ�hkgh\_�dZehjbf_ljh\�iha\heyxl�baf_jylv�Z[khexlgh_�agZq_gb_�
ih]ehs_gghc� wg_j]bb�� \� hlebqb_�� gZijbf_j�� hl� \lhjbqgh-wfbkkbhgguo� ^Zlqbdh\� beb�
pbebg^jh\�NZjZ^_y��djhf_�lh]h�kb]gZe�g_�aZ\bkbl�hl�khhlghr_gby�g_cljZevghc�b�aZjy�
`_gghc�njZdpbc�\�imqd_� 

H^gh�ba�hkgh\guo�k\hckl\�ijh\hehqguo�dZehjbf_ljh\�–�wlh�\hafh`ghklv�ijh�
\h^blv� baf_j_gby� ijZdlbq_kdb� kjZam� ihke_� \uklj_eZ� �g_h[oh^bfh� lhevdh� ^h`^Zlvky�
\ujZ\gb\Zgby�ijhnbey�l_fi_jZlmju�ihi_j_d�ijh\hehq_d���g_�^h`b^Zykv�ijh^hevgh]h�
\ujZ\gb\Zgby��LZdbf�h[jZahf��\u[jZ\�^bZf_lj�ijh\hehq_d�^hklZlhqgh�fZeuf��fh`gh�
k\_klb�d�fbgbfmfm�ih]j_rghklv��k\yaZggmx�k�l_ieh\uf�baemq_gb_f�� 

Ihkdhevdm� ijh\hehqguc� dZehjbf_lj� bf__l� \ukhdmx� ijhajZqghklv� �^bZf_lj�
ijh\hehq_d�fgh]h�f_gvr_�rZ]Z�f_`^m�gbfb���hg�ijZdlbq_kdb�g_�\ghkbl�\hafms_gbc�\�
bkke_^m_fuc�imqhd� 

<�jZ[hl_�ij_^klZ\e_gu�l_hj_lbq_kdb_�jZkq_lu�b�hp_gdb��bkihevah\Z\rb_ky�ijb�
jZajZ[hld_�mkljhckl\Z��ijb\_^_gu�ko_fu�wdki_jbf_glZ�b�f_lh^u�h[jZ[hldb�^Zgguo��Z�
lZd`_�jZkkfhlj_gh�g_kdhevdh�gZ]ey^guo�ijbf_jh\�baf_j_gbc� 

<�gZklhys__�\j_fy�^bZ]ghklbdZ�bkihevam_lky�\�eZ[hjZlhjbb�����BYN�^ey�l_klb�
jh\Zgby�bg`_dlhjh\�gZ�kl_g^_� 

 
GZmqguc�jmdh\h^bl_ev�–�g�k��Klmibrbg�G�<� 
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M>D���-7: 538.953 

QBKE?GGH?�BKKE?>H<:GB?�L?FI?J:LMJGUO�WNN?DLH< 
<�F:L?JB:E:O�IJB�H;EMQ?GBB�BO 

LY@?EUFB�BHG:FB�<UKHDBO�WG?J=BC 

RZjbih\�A�:� 

H[t_^bg_gguc�bgklblml�y^_jguo�bkke_^h\Zgbc��]��>m[gZ 

Bkke_^h\Zgb_� \ha^_ckl\by� \ukhdhbhgbabjmxsbo� aZjy`_gguo� qZklbp� gZ�fZl_�
jbZeu�\�k\yab�k�kha^Zgb_f�mkdhjbl_e_c�b�gZdhibl_evguo�dhe_p�ly`_euo�bhgh\�\ukh�
dbo�wg_j]bc�\�jy^_�kljZg��Z�lZd`_�k�ijh[e_fhc�hij_^_e_gby�jZ^bZpbhgghc�klhcdhklb�
dhgkljmdpbhgguo�fZl_jbZeh\��dhlhju_�ij_^iheZ]Z_lky�bkihevah\Zlv��\�lhf�qbke_�b�\�
l_jfhy^_jguo�j_ZdlhjZo��klZgh\ylky�ZdlmZevgufb>�-�@��D� lZdbf�bkke_^h\Zgbyf�hlgh�
kylky��\�qZklghklb��bamq_gb_�hkh[_gghkl_c�jZ^bZpbhggh]h�jZkiue_gby�b�baf_g_gby�f_�
oZgbq_kdbo�k\hckl\�fZl_jbZeh\�ijb�h[emq_gbb�ly`_eufb�bhgZfb�\ukhdbo�wg_j]bc� 

Bamq_gb_� ijhp_kkh\� ijb� ijhoh`^_gbb� ly`_euo� bhgh\� q_j_a� fZl_jbZeu� h[m�
keh\e_gh� hkh[_gghklyfb� jZ^bZpbhgguo� baf_g_gbc� \� fZl_jbZeZo� b� bf__l� g_� lhevdh�
[hevrh_�nmg^Zf_glZevgh_� agZq_gb_� ^ey�ihgbfZgby� hkgh\guo� aZdhghf_jghkl_c� \aZb�
fh^_ckl\by�ly`_euo�aZjy`_gguo�qZklbp�k�dhg^_gkbjh\Zggufb�kj_^Zfb��gh�lZd`_�\Z`�
gh�b�^ey�gZmqgh-ijbdeZ^guo�p_e_c��Z�bf_ggh�^ey�bkihevah\Zgby�jZ^bZpbhgguo�wnn_d�
lh\�\�jZa\blbb�gh\uo�l_ogheh]bc�b�kh\_jr_gkl\h\Zgbb�m`_�bf_xsboky� 

<�^Zgghc�jZ[hl_�gZ�hkgh\_�ebg_cghc�^\mol_fi_jZlmjghc�fh^_eb�l_jfbq_kdh]h�
ibdZ�>�@�ihemq_gu�j_amevlZlu�qbke_ggh]h�bkke_^h\Zgby�l_fi_jZlmj�we_dljhggh]h�]ZaZ�
b�djbklZeebq_kdhc�j_r_ldb�ijb�h[emq_gbb�bo�bhgZfb�\ukhdhc�wg_j]bb��jbk�����IhdZ�
aZgh��qlh�\�kemqZ_�h[emq_gby�gbd_ey�bhgZfb�mjZgZ�k�wg_j]b_c����Fw<�fh]ml�ijhbkoh�
^blv�ijhp_kku��h[mkeh\e_ggu_�nZah\ufb�i_j_oh^Zfb��l\_j^h_�l_eh-`b^dhklv��ieZ\e_�
gb_� gbd_ey�� b� l\_j^h_� l_eh-iZjhh[jZagh_� khklhygb_� �bkiZj_gb_� gbd_ey�� k� ihke_^mx�
sbf� aZl\_j^_\Zgb_f�fZl_jbZeZ�fbr_gb�ijb�hoeZ`^_gbb�b�^bkkbiZpb_c� l_ieZ��\u^_�
e_ggh]h� bhghf� mjZgZ��GZ� hkgh\_� ihemq_gguo� aZ\bkbfhkl_c� l_fi_jZlmju� j_r_ldb� hl�
jZ^bmkZ�\hdjm]�ljZ_dlhjbb�bhgZ�b�]em[bgu�fh`gh�k^_eZlv�\u\h^��qlh�bhgbaZpbhggu_�
ihl_jb� bhgZ� mjZgZ� \� gbd_e_� ^hklZlhqgu� ^ey� ieZ\e_gby� b� bkiZj_gby�fZl_jbZeZ� k� ih�
\_joghklb� 
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Jbk�����AZ\bkbfhklb�hl�\j_f_gb�l_fi_jZlmju�we_dljhggh]h�]ZaZ� �Z��b�j_r_ldb� �E��gZ�ih\_joghklb�
�] ���gbd_ey�h[emqZ_fh]h�bhgZfb�mjZgZ�^ey�jZaebqguo�jZkklhygbc�hl�hkb�lj_dZ��AZ\bkbfhklb�hl�
\j_f_gb�l_fi_jZlmj�we_dljhggh]h�]ZaZ��k��b�j_r_ldb��G��\�f_kl_�ijhoh`^_gby�bhgZ�mjZgZ�q_j_a�ih�
\_joghklv��U ���^ey�jZaguo�]em[bg�]�\�fbr_gb��Rljboh\Zggufb�ijyfufb��E��G��\u^_e_gu�l_fi_jZ�
lmju�ieZ\e_gby�7PHOW�b�bkiZj_gby�7HYDS 

 
1. ;ZjZgh\� B�:��� P_i_e_\bq� K�H��� Y\ebgkdbc�X�G�� G_mijm]h_� jZkiue_gb_� l\_j^uo�

l_e����MNG��������l������������k�����-510. 
2. Toulemonde M. Nanometric phase transformation of oxide materials under GeV energy 

heavy ion irradiation.// Nucl. Instr. and Meth. in Phys.Res. B 1999, v����������-4, p .1-11. 
3. >b^ud�:�X���Jh[md�<�G���K_fbgZ�<�E��L_fi_jZlmjZ�\�lj_d_�ly`_eh]h�bhgZ�k�\ukh�

dbfb�m^_evgufb�bhgbaZpbhggufb�ihl_jyfb�wg_j]bb�\�fh^_eb�l_jfbq_kdh]h�ibdZ�\�
fZl_jbZeZo����Ij_ijbgl�HBYB�J��-2003-����������>m[gZ��HBYB�����k� 

4. Ebnrbp�B�F���DZ]Zgh\�F�B���LZgZlZjh\�E�<��D�l_hjbb�j_eZdkZpbhgguo�baf_g_gbc�
\�f_lZeeZo����:lhfgZy�wg_j]by��������l�����k�����-402. 

 
 

M>D������ 

:KBFILHLBQ?KDB?�NHJFMEU�>EY�K?Q?GBC�G?MIJM=BO�
IJHP?KKH<�K�MQ:KLB?F�J?EYLB<BKLKDBO�LY@,EUO�

FGH=HA:JY>GUO�BHGH< 

=mkZj_\bq�?�K� 

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

Bamq_gb_�klhedgh\_gbc�j_eylb\bklkdbo�fgh]haZjy^guo�bhgh\��JFB��k�\_s_kl�
\hf� ij_^klZ\ey_l� kh[hc� h^gh� ba� bgl_gkb\gh� bkke_^m_fuo� gZijZ\e_gbc� kh\j_f_gghc�
nbabdb��<h�fgh]bo�kljZgZo�ieZgbjmxlky�b�ijh\h^ylky�wdki_jbf_glu�ih�bkke_^h\Zgbx�
ijhp_kkh\��khijh\h`^Zxsbo�lZdb_�klhedgh\_gby��H^gZ�ba�ijbqbg�ih\ur_ggh]h�bgl_�
j_kZ��ijhy\ey_fh]h�d�JFB��-�wlh�lh��qlh�JFB�y\eyxlky�bklhqgbdZfb�kbevgh]h�[ukljh�
i_j_f_ggh]h�we_dljhfZ]gblgh]h�ihey��Ihwlhfm�ZgZeba�j_amevlZlh\�klhedgh\_gby�JFB�
k�\_s_kl\hf��iha\hey_l�bamqblv�ih\_^_gb_�Zlhfh\�b�fhe_dme�\�we_dljhfZ]gblguo�ih�
eyo�[hevrhc�bgl_gkb\ghklb��<h-\lhjuo��JFB�ij_^klZ\eyxl�kh[hc�mgbdZevguc�bgkljm�
f_gl�^ey�bamq_gby�\gmlj_gg_]h�kljh_gby�fgh]hwe_dljhgguo�Zlhfh\� 

<�k\yab�k�hlf_q_gghc�\ur_�nmg^Zf_glZevghc� agZqbfhklvx�bamq_gby�klhedgh�
\_gbc�JFB� k�\_s_kl\hf�qZklh�\hagbdZ_l�g_h[oh^bfhklv�\�jZkqzl_�hij_^_ezgguo�oZ�
jZdl_jbklbd��k_q_gbc��ijhp_kkh\��khijh\h`^Zxsbo�lZdb_�klhedgh\_gby��Ihlj_[ghklv�\�
lZdbo�jZkqzlZo�\hagbdZ_l�gZ�\k_o�klZ^byo�wdki_jbf_glZevgh]h�bkke_^h\Zgby�–�ieZgb�
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jh\Zgby�� l_ogbq_kdh]h� h[_ki_q_gby�� ijh\_^_gby� baf_j_gbc�� h[jZ[hldb� b� bgl_jij_lZ�
pbb�wdki_jbf_glZevguo�^Zgguo��Ihwlhfm�`_eZl_evgh��qlh[u�wlb�oZjZdl_jbklbdb�fh`�
gh�[ueh�[u�jZkkqblZlv��bkihevamy�ijhklu_�ZgZeblbq_kdb_�\ujZ`_gby� 

<�^Zgghc�jZ[hl_�ij_^klZ\e_gh�l_hj_lbq_kdh_�bkke_^h\Zgb_��p_evx�dhlhjh]h�[u�
eh�ihemq_gb_�gZ[hjZ�ijhkluo�ZgZeblbq_kdbo�Zkbfilhlbq_kdbo�ih�aZjy^Zf�b�kdhjhklyf�
bhgh\�nhjfme�� ZgZeh]bqguo�ba\_klguf�nhjfmeZf�;zl_� \� l_hjbb� klhedgh\_gbc�[ukl�
juo� aZjy`_gguo� qZklbp� k� ZlhfZfb�� ^ey� jZkqzlh\� k_q_gbc� g_mijm]bo� ijhp_kkh\� ijb�
klhedgh\_gbyo� lhq_qguo� b� kljmdlmjguo� j_eylb\bklkdbo� ly`zeuo�fgh]haZjy^guo� bh�
gh\�k�ZlhfZfb��A^_kv�ih^�kljmdlmjgufb�bhgZfb�ihgbfZxlky�bhgu��bf_xsb_�\�k\hzf�
khklZ\_� y^jh�b�g_kdhevdh� k\yaZgguo� we_dljhgh\�� qZklbqgh� wdjZgbjmxsbo� aZjy^� y^jZ�
bhgZ� b� h[jZamxsbo� _]h� we_dljhggu_� h[hehqdb�� GbdZdb_� h]jZgbq_gby�� k\yaZggu_� k�
ijbf_g_gb_f�l_hjbb�\hafms_gbc��gZ�\_ebqbgm�aZjy^Z�bhgh\�g_�gZeZ]Zxlky��ihkdhevdm�
\�jZfdZo�^Zgghc�jZ[hlu�bkihevam_lky�jZa\blZy�gZfb�jZg__�g_i_jlmj[Zlb\gZy�jZkqzlgZy�
f_lh^bdZ��Hkgh\m�jZkqzlghc�f_lh^bdb�khklZ\ey_l�ih^oh^�>�-�@��bkihevamxsbc�j_eylb�
\bklkdh_�h[h[s_gb_�f_lh^Z�krb\db�b�rbjhdh�ba\_klgh]h�g_j_eylb\bklkdh]h�ijb[eb�
`_gby�wcdhgZeZ��iha\heyxs_]h�ihemqblv�^ey�Zfieblm^�g_mijm]bo�ijhp_kkh\�\ujZ`_�
gby��bf_xsb_�klZg^Zjlguc�g_j_eylb\bklkdbc�ij_^_e��Z�\�mevljZj_eylb\bklkdhf�kemqZ_�
i_j_oh^ysb_�\�ba\_klgh_�lhqgh_�j_r_gb_�>�@� 

<�jZ[hl_�ihemq_gu�ke_^mxsb_�hkgh\gu_�gh\u_�j_amevlZlu� 
1. Ihemq_gu�ijhklu_�ZgZeblbq_kdb_�nhjfmeu�lbiZ�Zkbfilhlbd�;zl_��hib�

ku\Zxsb_� k_q_gby�\ha[m`^_gby�\h^hjh^hih^h[guo� Zlhfh\� lhq_qguf�JFB�\� khklhy�
gby� ^bkdj_lgh]h� b� g_ij_ju\gh]h� ki_dljZ��:gZeh]bqgu_� Zkbfilhlbq_kdb_� \ujZ`_gby�
ihemq_gu�b�^ey�kemqZy�]_eb_ih^h[guo�fbr_g_c – jZkkqblZgu�k_q_gby�h^ghdjZlghc�b�
^\hcghc�bhgbaZpbb��Z�lZd`_�k_q_gby�ihegh]h�h^ghdjZlgh]h�b�^\hcgh]h�\ha[m`^_gby�\�
khklhygby�^bkdj_lgh]h�ki_dljZ� 

2. JZajZ[hlZg�f_lh^��iha\heyxsbc�ihemqblv�ijhklu_�ZgZeblbq_kdb_�\ujZ�
`_gby�^ey�hp_gdb�k_q_gby�bhgbaZpbb�Zlhfh\�\h^hjh^Z�j_eylb\bklkdbfb�kljmdlmjgufb�
fgh]haZjy^gufb�bhgZfb� 

3. JZajZ[hlZg� f_lh^� jZkqzlZ� ^bnn_j_gpbZevguo� oZjZdl_jbklbd� ijhp_kkZ�
bhgbaZpbb�Zlhfh\�\h^hjh^Z�b�]_eby�ijb�klhedgh\_gbb�k�]heufb�b�kljmdlmjgufb�JFB��
Ihemq_gu�ZgZeblbq_kdh_�\ujZ`_gb_��iha\heyxs__�jZkkqblZlv�wg_j]_lbq_kdbc�ki_dlj�
we_dljhgh\��\ue_lZxsbo�ba�ZlhfZ�\h^hjh^Z�ijb�klhedgh\_gbb�k�]heuf�JFB��Z�lZd`_�
ij_^_evgu_� �ijb� [hevrbo� wg_j]byo� we_dljhgh\�� aZdhgu� ih\_^_gby� wg_j]_lbq_kdbo�
ki_dljh\��khhl\_lkl\mxsbo�bhgbaZpbb�Zlhfh\�\h^hjh^Z�b�]_eby�ijb�klhedgh\_gbb�kh�
kljmdlmjguf�JFB� 
 
:\lhj�[eZ]h^Zjbl�JNNB��]jZgl���-02-16177-Z��b�Nhg^�INTAS-GSI��ijh_dl�03-54-4294��aZ�nbgZgkh\mx�
ih^^_j`dm�jZ[hlu� 

 
>�@�FZl\__\�<�B���JZobfh\�O�X�����@WLN������������������� 
[2] Matveev V.I., Rakhimov Kh.Yu., Matrasulov D.U. // J. Phys. B 32, 3849 (1999). 
>�@�FZl\__\ <�B���=mkZj_\bq�?�K�����@WLN����������������� 
[4] Baltz A.J. // Phys. Rev. Lett., 78, 1231 (1997). 
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M>D� 539.1 

<HA;M@>?GB?�B�BHGBA:PBY�KG:JY>:�IJB�KLHEDGH<?GBYO�
;UKLJUO�KLJMDLMJGUO�BHGH<�K�G?CLJ:EVGUFB�:LHF:FB 

Jy[q_gdh�K�<� 

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

QZklbqgh�h[h^jZggu_�bhgu�\ukhdbo�aZjy^h\�b�wg_j]bc�bkihevamxlky�\h�fgh]bo�
wdki_jbf_glZo��ijh\h^bfuo�gZ�mkdhjbl_eyo�ly`zeuo�bhgh\�>�@��LZdb_�bhgu�khklhyl�ba�
y^jZ�b�g_dhlhjh]h�dhebq_kl\Z�k\yaZgguo�we_dljhgh\��qZklbqgh�dhfi_gkbjmxsbo�aZjy^�
y^jZ�b�h[jZamxsbo�we_dljhggmx�rm[m�bhgZ��Kljh]h�]h\hjy��klhedgh\_gby�lZdbo�bhgh\�
k�ZlhfZfb�ke_^m_l�jZkkfZljb\Zlv�dZd�klhedgh\_gby�^\mo�keh`guo�kbkl_f��ijb�dhlhjhf�
ijhbkoh^bl�h^gh\j_f_ggh_�\ha[m`^_gb_�we_dljhgguo�h[hehq_d�h[_bo�klZedb\Zxsboky�
kbkl_f��<�gZklhys_c�jZ[hl_�jZa\blZ�g_i_jlmj[Zlb\gZy�l_hjby�\ha[m`^_gby�b�bhgbaZ�
pbb�[ukljuo�\h^hjh^hih^h[guo�bhgh\�ijb�klhedgh\_gbyo�k�ZlhfZfb��ijbqzf�\�hleb�
qb_�hl�jZg__�jZa\bluo�ih^oh^h\��g_�^_eZ_lky�fh^_evguo�ihkljh_gbc�^ey�\hafmsZxs_�
]h�ihl_gpbZeZ��GZ�hkgh\_�jZa\blhc� l_hjbb�jZkkqblZgh�ihegh_�g_mijm]h_� k_q_gb_�^ey�
kemqZy�klhedgh\_gby�\h^hjh^hih^h[guo�kbkl_f� 

JZkkfhljbf� klhedgh\_gb_� ^\b`ms_]hky� kh� kdhjhklvx� Y S �b�iZjZf_ljhf� m^ZjZ�
ES �h^ghwe_dljhggh]h�kgZjy^Z�k�aZjy^hf�y^jZ� = S �k�h^ghwe_dljhgguf�Zlhfhf�k�aZjy�
^hf� y^jZ� =W �� bf_xsbf� kdhjhklv� Y W � b� iZjZf_lj� m^ZjZ� EW �� H[hagZqbf� q_j_a�
5W EW Y W W � b� 5 S ES Y SW  – dhhj^bgZlu� y^_j� ZlhfZ-fbr_gb� b� kljmdlmjgh]h� bhgZ-
kgZjy^Z� khhl\_lkl\_ggh�� Z� q_j_a� U W � b� U S  – dhhj^bgZlu� we_dljhgh\� ZlhfZ-fbr_gb� b�
kljmdlmjgh]h� bhgZ-kgZjy^Z� hlghkbl_evgh� bo� y^_j�� Lh]^Z� ihl_gpbZe� \aZbfh^_ckl\by�
fbr_gb�b�kgZjy^Z��bkihevamy�>�@��aZibr_lky�\�\b^_��a^_kv�b�\_a^_�gb`_�bkihevamxlky�
Zlhfgu_�_^bgbpu�� 

9 UW � U S � W
= S= W

5 S 5 W

= S

5 S 5W UW

= W

5 S 5 W U S

��

5S 5W U S UW
.   

F_`ty^_jgh_�\aZbfh^_ckl\b_��dZd�g_�\uau\Zxs__�we_dljhgguo�i_j_oh^h\��^Z�
e__�[m^_f�himkdZlv� 
Ijb�wlhf�\j_f_ggZy�w\hexpby�gZqZevgh]h�b�dhg_qgh]h�khklhygbc�kbkl_fu�bf__l�\b^ 

�� W H[S L

W

9 UW � U S � W GW �� , NQ W H[S L
W

9 UW � U S � W GW �� . (1) 

Lh]^Z�k�mqzlhf�����Zfieblm^Z�i_j_oh^Z�ZlhfZ-fbr_gb�ba�khklhygby� � U W �\�khklhygb_�
Q UW �b�kgZjy^Z�ba�khklhygby� � U S �\�khklhygb_� N U S �ijbf_l�\b^ 

$�� N

�� Q

NQ W �� W NQ H[S L 9 UW � U S � W GW ��� ,  (2) 

Z�\_jhylghklv�i_j_oh^Z��ijhkmffbjh\ZggZy�ih�\k_f�dhg_qguf�khklhygbyf�fbr_gb��hi�
j_^_eblky�khhlghr_gb_f 

: �� N
Q

$�� N

�� Q �

.     (3) 

<� j_amevlZl_�ihemqbf� \_jhylghklv�i_j_oh^Z� kgZjy^Z� \� khklhygb_� N U S �ijb� ex[hc�
km^v[_�fbr_gb� 
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: �� N

� =W
�

G
��
V W VW . � � =W VW G

�
U S N U S H[S

� L

Y
OQ E V S V W = W OQ E V S � U S

�

            (4) 
K_q_gb_�� khhl\_lkl\mxs__� \ha[m`^_gbx kgZjy^Z� \�ex[h_�khklhygb_� aZ�bkdex�

q_gb_f�hkgh\gh]h��[m^_l�bf_lv�\b^ 

U G
��
E � : �� � E .    (5) 

Wlh� \ujZ`_gb_� mqblu\Z_l� \k_� \hafh`gu_� baf_g_gby� khklhygby� fbr_gb� ijb�
klhedgh\_gbb� 

jbk���
 

GZ� jbk�� �� ij_^klZ\e_gu� j_amevlZlu� jZkq_lh\� ihegh]h� g_mijm]h]h� k_q_gby� U  
^ey�kemqZy�klhedgh\_gby�^jm]�k�^jm]hf�^\mo�Zlhfh\�\h^hjh^Z� = S =W � . 

<�kemqZ_��dh]^Z�dhg_qgh_�khklhygb_ – _klv�khklhygb_�g_ij_ju\gh]h�ki_dljZ��kh�
hl\_lkl\mxs__�bfimevkm� N ��khhl\_lkl\mxs__�k_q_gb_�bhgbaZpbb�ihemqZ_lky�bgl_]jb�
jh\Zgb_f� : �� N

E �ih�\k_c�iehkdhklb�iZjZf_ljh\�m^ZjZ�b�bfimevkZf� N �\ue_l_\r_]h�

we_dljhgZ� L G
�
E G

��
N: �� N E . 

Ihemq_ggh_�jZg__�\ujZ`_gb_� ����fh`_l�[ulv��ih� ZgZeh]bb� k� >�@��h[h[s_gh�gZ�
kemqZc� klhedgh\_gby� \h^hjh^hih^h[gh]h� bhgZ� k� fgh]hwe_dljhgguf� Zlhfhf�� <� wlhf�
kemqZ_�^ey�hibkZgby�jZkij_^_e_gby�we_dljhgghc�iehlghklb�\�Zlhf_�fbr_gb�fh`gh�bk�
ihevah\Zlv�fh^_ev�LhfZkZ-N_jfb�beb�iehlghklv��jZkkqblZggmx�k�ihfhsvx�ZgZeblbq_�
kdbo�nmgdpbc�OZjljb-NhdZ� 

 
JZ[hlZ� \uiheg_gZ� ijb� nbgZgkh\hc� ih^^_j`d_� ijh]jZffu� ³Mgb\_jkbl_lu� Jhkkbb´� �]jZgl�
mj������������b�Nhg^Z�INTAS-GSI��ijh_dl���-54-4294) . 

 
1. DuBois R.D., Santos A.C.F., Stohlker Th. et al. "Electron loss from 1.4-MeV/u U4,6,10+ 

ions colliding with Ne, N2, and Ar targets" // Phys. Rev. A., 2004, V. 70, P. 032712. 
2. Voitkiv A.B., Najjari B. "Two-centre dielectronic interaction in mutually ionizing projec-

tile–target collisions at relativistic energies" //J. Phys. B: At. Mol. Opt. Phys., 2004, V. 37, 
P. 3339. 
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3. FZl\__\� <�B��� =mkZj_\bq� ?�K�� �K_q_gby� g_mijm]bo� ijhp_kkh\� ijb� klhedgh\_gbyo�
j_eylb\bklkdbo�kljmdlmjguo�ly`_euo�bhgh\�k�ZlhfZfb����@WLN��������L������������

C. 42. 
 

 

M>D������ 

IHBKD�JB>;?J=H<KDHC�F:L?JBB� 
;?JBEEBC��F:=GBC��D:EVPBC 

Ihih\�:�<� 

:elZckdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Ijb� klZg^Zjlghf� j_r_gbb� ki_dljZevghc� aZ^Zqb� ij_^iheZ]Z_lky�� qlh� \hegh\Zy�
nmgdpby�fgh]hwe_dljhggh]h�ZlhfZ�j_]meyjgZ�b�g_ij_ju\gZ�ih�m]eh\uf�i_j_f_gguf��
Wlh� lj_[h\Zgb_�ijb\h^bl�d�j_r_gbyf�k�p_ehqbke_ggufb� agZq_gbyfb�hj[blZevgh]h�b�
fZ]gblgh]h�d\Zglh\uo�qbk_e� l ����������b�m=0, ±±± ,...,2,1 l��Ijhba\hevgh_�ih\_^_gb_�\he�
gh\hc�nmgdpbb�ih�ZabfmlZevghc�i_j_f_gghc�kgbfZ_l�h]jZgbq_gb_�gZ�p_ehqbke_ggu_�
agZq_gby�iZjZf_ljZ�l��;m^_f�kqblZlv�_]h��\�h[s_f�kemqZ_��dhfie_dkguf�L=l+x+iy��]^_�l, 
dZd�b�ij_`^_��imklv�ijh[_]Z_l�p_ehqbke_ggu_�agZq_gby��Lh]^Z�h[eZklv�baf_g_gby�^h�
[Z\db�x+iy�fh`_l�[ulv�hij_^_e_gZ�dZd�|x_�����b�_y_������HldZa�hl�\ur_�mdZaZgguo�h]jZ�
gbq_gbc�iha\hey_l�\dexqblv�\�jZkkfhlj_gb_�b�^\b`_gb_�we_dljhgh\�k�hj[blZevguf�aZ�
lmoZgb_f�� <� wlhf� kemqZ_�� aZ^ZqZ� hlukdZgby� ki_dljZ� \ha[m`^_gguo� khklhygbc� ZlhfZ�
fh`_l�[ulv�k\_^_gZ�d�ijh[e_f_�kh[kl\_gguo�agZq_gbc�klZpbhgZjgh]h�mjZ\g_gby��AZf_�
lbf��qlh�ijb�y≠ ��hgZ�y\ey_lky�kms_kl\_ggh�g_wjfblh\hc�k�dhfie_dkgufb�agZq_gbyfb�
wg_j]bc��I_j_[bjZy�\k_�\hafh`gu_�agZq_gby�_x|<0���b�_y_�����\�ijhp_kk_�ihbkdZ�kZfhkh�
]eZkh\Zgguo�j_r_gbc�fh`gh�ijhke_^blv�ih�fbgbfmfm�iheghc�wg_j]bb�\ha[m`^zggh]h�
ZlhfZ�aZ�_]h�ki_dljZevgufb�oZjZdl_jbklbdZfb�� 

Ij_^eh`_gguc�f_lh^�bkihevah\Zg�^ey�hibkZgby�\ha[m`^_gbc�\�[_jbeebb��fZ]�
gbb��dZevpbb��<�dZq_kl\_�[Zabkgh]h�f_lh^Z�bkihevah\Zeb�f_lh^�OZjljb-NhdZ��<�j_gl�
]_gh\kdhf�^bZiZahg_�wg_j]bc��dZd�b�ke_^h\Zeh�h`b^Zlv��^he]h`b\msbo�\ha[m`^_gbc�g_�
h[gZjm`_gh��IhdZaZgh�� qlh� \� hilbq_kdhf� ^bZiZahg_� wg_j]bc� \ha[m`^_gby� kha^Zxlky�
mkeh\by�\hagbdgh\_gby�Jb^[_j]h\kdhc�fZl_jbb��<�Ca2�h[gZjm`_gu�^he]h`b\msb_�\ha�
[m`^_gby�ijb�jZkklhygbyo�f_`^m�ZlhfZfb�ihjy^dZ���[hjh\kdbo�jZ^bmkh\��kms_kl\_ggh�
[hevrbo��q_f�\�Be2 –�ijb���[hjh\kdbo�jZ^bmkZo��h^gZdh�f_gvrbo��q_f�\�Mg2 –�ijb���[h�
jh\kdbo�jZ^bmkZo��<�p_ehf�`_��ba�lj_o�jZkkfhlj_gguo�kbkl_f�Be2, Mg2, Ca2�ihke_^gyy�
y\ey_lky�gZb[he__�i_jki_dlb\ghc�\�kfuke_�ijZdlbq_kdh]h�ihbkdZ�Jb^[_j]h\kdhc�fZl_�
jbb� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�nhg^Z�g_dhff_jq_kdbo�ijh]jZff�©>bgZklbyª�b�FPNNF� 
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M>D������� 

K:FHHJ=:GBA:PBY�FHE?DME�GMDE?BGH<UO�DBKEHL�G:�E;-
IE?GD:O�@BJGUO�DBKEHL 

KlZjbpug�K�G���>m[jh\bg�?�<� 

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

AZ^ZqZ� ijyfh]h� b� [ukljh]h� ZgZebaZ� h^bghqguo�fZdjhfhe_dme� gZ� mjh\g_� i_j�
\bqghc�kljmdlmju��gZijbf_j��k_d\_gbjh\Zgby�gmde_hlb^ghc�ihke_^h\Zl_evghklb�fhe_�
dme�>GD��y\ey_lky�\Z`g_cr_c�aZ^Zq_c�[bhnbabdb�fZdjhfhe_dme��F_lh^u�ijyfh]h�k_d�
\_gbjh\Zgby�>GD�hldjhxl�gh\u_�\hafh`ghklb�^ey�dZjlbjh\Zgby�q_eh\_q_kdh]h� ]_gZ�
>�@��JZaj_r_gb_�g_dhlhjuo�f_lh^h\�gZghkdhibb��gZijbf_j��kdZgbjmxs_c�lmgg_evghc�
fbdjhkdhibb��ijb�bkke_^h\Zgbb�hl^_evguo�fhe_dme�m`_�ijb[eb`Z_lky�d�g_h[oh^bfh�
fm� ^ey� jZaebq_gby� gmde_hlb^guo� hkgh\Zgbc� >�@��Ijbqzf�fZdkbfZevgh]h� jZaj_r_gby�
h[uqgh� ^h[b\Zxlky�� dh]^Z�fhe_dmeu� h[jZamxl� mihjy^hq_ggmx� kljmdlmjm� >�@��G_� j_�
rzgghc�^h�kbo�ihj�ijh[e_fhc�hklZzlky�gZg_k_gb_�hl^_evguo�fhe_dme�gZ�ih\_joghklv�
ih^eh`db�\�aZjZg__�aZ^Zgghc�dhgnhjfZpbb��\�l�q��miZdh\dZ�fhe_dme�\�mihjy^hq_ggu_�
kljmdlmju� 

<�gZr_c�jZ[hl_�ie_gdb�kl_Zjbgh\hc�dbkehlu��knhjfbjh\Zggu_�gZ�ih\_joghklb 
\h^ghc����0�jZkl\hj�1D&O��km[nZau,�kh^_j`Zs_c�ihebZ^_gbg��\�dhgp_gljZpbb���-1000 
g]�fe���i_j_ghkbebkv�gZ� k\_`_kdhehlmx� kex^m�f_lh^hf�\_jlbdZevgh]h�ebnlZ��Bkke_�
^h\Zgb_�ihemq_gguo�kljmdlmj�ijh\h^behkv�gZ�Zlhfgh-kbeh\hf�fbdjhkdhi_�1DQRVFRSH�
IIIa (Digital InsWUXPHQWV��86$�� \�j_`bf_�ij_ju\bklh]h�dhglZdlZ��IhebZ^_gbg� �iheb:��
bf_e�fhe_dmeyjgmx�fZkkm���5-106

�^Zevlhg��qlh�khhl\_lkl\m_l�^ebg_�p_ihqdb�\����-3000 
hkgh\Zgbc� 

;ueh�h[gZjm`_gh��qlh�fhe_dmeu�ihebZ^_gbgZ�h[jZamxl�gZ�ih\_joghklb�fhgh�
kehy� kl_Zjbgh\hc� dbkehlu� ^hf_gu�� \gmljb� dhlhjuo� fhe_dmeu� gmde_bgh\uo� dbkehl�
bf_xl� \u^_e_ggh_� gZijZ\e_gb_�� h[jZamy� lZdbf� h[jZahf� mihjy^hq_ggmx� kljmdlmjm��
Ih\_joghklgZy�iehlghklv�Z^khj[bjh\Zgguo�gZ�ih\_joghklb�fhghkehy�fhe_dme�iheb:�
aZ\bkbl�hl�bo�dhgp_gljZpbb�\�km[nZa_��ijb�ih\ur_gbb�dhgp_gljZpbb�iheb:�\�jZkl\hj_�
gblb�iheb:�gZ�ih^eh`d_�jZkiheZ]Zxlky�[he__�dhfiZdlgh� 

LZd�dZd�ijb�nhjfbjh\Zgbb�dhfie_dkh\�ihebZ^_gbgZ�k�fhghkeh_f�kl_Zjbgh\hc�
dbkehlu�fhe_dmeu�dZd�`bjguo�� lZd�b�gmde_bgh\uo�dbkehl�gZoh^ylky�\�^_ijhlhgbjh�
\Zgghf�khklhygbb��S+�km[nZau�jZ\_g����-������lh�h^gh\Ze_glgu_�bhgu�1D+

�b]jZxl�\Z`�
gmx�jhev�\�ijhp_kk_�Z^khj[pbb��Bhgu�gZljby�g_cljZebamxl��beb�wdjZgbjmxl��we_dljh�
klZlbq_kdh_� hllZedb\Zgb_� f_`^m� fhe_dmeZfb� `bjghc� dbkehlu�� h[jZamxsbfb� fhgh�
kehc��b�fhe_dmeZfb�iheb:��iha\heyy�bf�ijb[ebablvky�^jm]�d�^jm]m��LZd`_�bhgu�1D+ 
ij_^hl\jZsZxl�\aZbfgh_�hllZedb\Zgb_�fhe_dme�iheb:�^jm]�hl�^jm]Z��iha\heyy�^hklbqv�
iehlghc�miZdh\db��K\yau\Zgb_�`_�gmde_bgh\uo�b�`bjguo�dbkehl�ijhbkoh^bl�kdhj__�
\k_]h�aZ�kq_l�h[jZah\Zgby�fhklbdh\�f_`^m�dZj[hdkbevgufb�]jmiiZfb�kl_Zjbgh\hc�db�

 

;BHNBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��L\_j^bkeh\�<k_\heh^�:e_dkZg^jh\bq 
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kehlu�b�hklZldZfb�nhknhjghc�dbkehlu�\�iheb:��<�dZq_kl\_�lZdbo�fhklbdh\�fh]ml�\u�
klmiZlv�bhgu�^\mo\Ze_glguo�f_lZeeh\��dhlhju_�\�g_[hevrbo��ijbf_kguo��dhebq_kl\Zo�
ijbkmlkl\mxl�\�bkoh^ghf�1D&O� 

Ij_^eh`_gguc�kihkh[�ihemq_gby�mihjy^hq_gguc�kljmdlmj�\ulygmluo�fhe_dme�
gmde_bgh\uo�dbkehl�fh`_l�[ulv�bkihevah\Zg�ijb�jZajZ[hld_�f_lh^h\�ijyfh]h�k_d\_�
gbjh\Zgby�>GD� 

 
1. Collins F.S., Green E.D., Guttmacher A.E., Guyer M.S. Nature 422, 835. 
2. Hamai C., Tanaka H., and Kawai T. J. Vac. Sci. Technol. B 17, 1313. 
3. Gerritsen J.W., Elemans J.A.A.W., Hulsken B., Travaille A.M., Kempen H. van, Rasing 

Th., and Speller S. AIP Conference Proceedings 696, 365. 
 
 

M>D������������ 

IJ?>KD:A:GB?�I?J<BQGHC�B�LJ?LBQGHC�KLJMDLMJU 
D-BAHF?JH<�FH>?EVGUO�;?EDH<�NMGDPBHG:EVGH�

WD<B<:E?GLGUO�IJBJH>GUF�F?F;J:GGUF�;?ED:F 

FZjdh\�B�<���>fbljb_\�:�<� 

Ebi_pdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 

Nmg^Zf_glZevguf�k\hckl\hf�ijbjh^ghc�de_ldb�y\ey_lky�objZevgZy�qbklhlZ�__�
hkgh\guo�fhe_dmeyjguo�dhfihg_glh\��n_jf_glh\�b�gmde_bgh\uo�dbkehl��GZ�Zlhfgh-
fhe_dmeyjghf�mjh\g_�hj]ZgbaZpbb��^Zggh_�k\hckl\h�ijhy\ey_lky�\�lhf��qlh�\�gmde_b�
gh\uo�dbkehlZo�ijbjh^ghc�de_ldb�kh^_j`Zlvky�lhevdh�D-bahf_ju�kZoZjh\��\�n_jf_g�
lZo�–�lhevdh�L-bahf_ju�Zfbghdbkehl� 

H^gbf�ba�ih^oh^h\��iha\heyxsbo�ihgylv�ijbqbgu�ij_^[bheh]bq_kdhc�beb�[bh�
eh]bq_kdhc� w\hexpbhgghc�nbdkZpbb� bahf_jh\� hij_^_e_ggh]h� lbiZ�� y\ey_lky�fh^_ev�
gh_� ihkljh_gb_� g_ijbjh^guo� [_edh\� b� gmde_bgh\uo� dbkehl�� kh^_j`Zsbo� D-
Zfbghdbkehlu� b� L-kZoZjZ�� khhl\_lkl\_ggh��GZijbf_j�� ihkljh_gb_� g_ijbjh^guo�f_f�
[jZgguo�dZgZeh\��kh^_j`Zsbo�D-Zfbghdbkehlu� 

MklZgh\e_gh��qlh�ihegZy�bahf_jbaZpby�ijbjh^guo�dZeb_\uo�bhgguo�dZgZeh\�k�
khojZg_gb_f�i_j\bqghc�kljmdlmju��ijb\h^bl�d�gZjmr_gbx�bo�dZeb_\hc�ba[bjZl_evgh�
klb��Z��ke_^h\Zl_evgh��b�d�gZjmr_gbx�[bheh]bq_kdb�\Z`guo�k\hckl\�`b\hc�de_ldb��]h�
f_hklZa��]_g_jZpby�b�jZkijhkljZg_gb_�g_j\gh]h�bfimevkZ�b�^j����Ihwlhfm�\�a_jdZevghf�
Zglbih^_�ijbjh^ghc�de_ldb�–�de_ldb��kh^_j`Zs_c�D-Zfbghdbkehlu�[_edh\�b�L-kZoZjZ�
gmde_bgh\uo� dbkehl�� fh]ml� kh^_j`Zlvky� lhevdh� f_f[jZggu_� dZgZeu� k� hlebqghc� hl�
ijbjh^ghc�Zfbghdbkehlghc�ihke_^h\Zl_evghklvx� 

GZfb�ij_^eh`_g�ih^oh^��iha\heyxsbc�fh^_ebjh\Zlv�i_j\bqgmx�b�lj_lbqgmx�
kljmdlmjm�D-bahf_jh\�g_ijbjh^guo�f_f[jZgguo�dZgZeh\�nmgdpbhgZevgh�wd\b\Ze_gl�
guo�ijbjh^guf�f_f[jZgguf� dZgZeZf�� \�hkgh\_� dhlhjh]h��iheh`_gh� ©wg_j]_lbq_kdh_�
\ujZ\gb\Zgb_ª�lj_lbqghc�kljmdlmju�ijbjh^guo�b�g_ijbjh^guo�dZgZeh\� 

MklZgh\e_gZ�i_j\bqgZy��hlebqZxsZyky�hl�ijbjh^ghc��b�lj_lbqgZy�kljmdlmjZ�D-
bahf_jh\� dZgZeh\�� khojZgyxsbo� k\hckl\h� dZeb_\hc�ba[bjZl_evghklb��Ijbq_f�g_ijb�
jh^gu_�bahf_ju�dZgZeh\�wg_j]_lbq_kdb�[he__�klZ[bevgu��q_f�ijbjh^gu_� 

Ij_^eh`_gu�]bihl_lbq_kdb_�ko_fu�fZljbqgh]h�kbgl_aZ�g_ijbjh^guo�f_f[jZg�
guo�dZgZeh\� 
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M>D������������ 

J:A>?E?GB?�>:EVGBO�B�;EB@GBO�<A:BFH>?CKL<BC�<�
J:KQ?L:O�J:KIJ?>?E?GBY�WG?J=BB�<�:DKB:EVGH-

KBFF?LJBQGUO�F?F;J:GGUO�D:G:E:O 

FZjdh\�B�<���>fbljb_\�:�<� 

Ebi_pdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 

Ij_^eh`_g�f_lh^�jZkq_lZ�jZkij_^_e_gby�wg_j]bb�bhgh\�\�f_f[jZgguo�dZgZeZo��
hkgh\Zgguc�gZ�jZa^_e_gbb�b�g_aZ\bkbfhf�jZkq_l_�wg_j]bc�^Zevgbo�b�[eb`gbo�\aZbfh�
^_ckl\bc�\�kbkl_f_�bhg-dZgZe�� 

<�^Zgghf�ih^oh^_�\k_�Zfbghdbkehlu�ZdkbZevgh-kbff_ljbqgh]h�dZgZeZ�jZa^_ey�
xlky�gZ�^\_�]jmiiu��[eb`gb_�b�^Zevgb_�Zfbghdbkehlu��;eb`gb_�–�Zfbghdbkehlu��Zlh�
fu�dhlhjuo�ijbgZ^e_`Zl�\hh[jZ`Z_fhfm�pbebg^jm��pbebg^j�h[j_aZgby���hkv�dhlhjh]h�
kh\iZ^Z_l�k�hkvx�ZdkbZevghc�kbff_ljbb�dZgZeZ�b�jZ^bmkhf��Å; ^Zevgb_�–�\k_�hklZev�
gu_�Zfbghdbkehlu��<_ebqbgZ�jZ^bmkZ�pbebg^jZ�h[j_aZgby�b�nhjfZevgZy�ko_fZ�ij_^�
eh`_ggh]h�ih^oh^u�h[hkgh\Zgu�l_hj_lbq_kdb��bkoh^y�ba�nmg^Zf_glZevguo�iheh`_gbc�
l_hjbb�f_`fhe_dmeyjguo�\aZbfh^_ckl\bc��Wg_j]bx�\aZbfh^_ckl\by�bhgh\�k�[eb`gb�
fb� ZfbghdbkehlZfb� jZkkqblu\Zeb� d\Zglh\hobfbq_kdbf�f_lh^hf�EHT� \� klZg^Zjlghc�
iZjZf_ljbaZpbb�� wg_j]bx� \aZbfh^_ckl\by� bhgh\� k� ^Zevgbfb� ZfbghdbkehlZfb� –� ih�
deZkkbq_kdhc�dmehgh\kdhc�ko_f_�^ey�lhq_qguo�aZjy^h\�gZ�ZlhfZo��Ijb�wlhf��\�dZq_kl\_�
aZjy^h\�gZ�ZlhfZo�bkihevah\Zeb�iZjZf_lju�we_dljhklZlbq_kdbo�\aZbfh^_ckl\bc�kbeh�
\h]h�ihey�AMBER��J_amevlbjmxsmx�wg_j]bx�\aZbfh^_ckl\by�bhgh\�k�dZgZehf�jZkkqb�
lu\Zeb�\�\b^_�kmffu�wg_j]bc�^Zevgbo�b�[eb`gbo�\aZbfh^_ckl\bc� 

>Zgguc� ih^oh^� Zijh[bjh\Zg� gZ� ihl_gpbZe-Zdlb\bjm_fhf� dZeb_\hf� dZgZe_�
KcsA��ihl_gpbZe-aZ\bkbfhf�dZeb_\hf�dZgZe_�KvAP��ljZgkf_f[jZgghc��-km[t_^bgbpu�
ihl_gpbe-aZ\bkbfh]h� dZeb_\h]h� dZgZeZ� Kv��� \� dhlhjuo� jZkkqblZgu� jZkij_^_e_gby�
wg_j]bb� bhgh\� Li+, Na+, K+

��Ihemq_ggu_� jZkij_^_e_gby� wg_j]bb� bhgh\� iha\hebeb� g_�
lhevdh�dZq_kl\_ggh��gh�b�dhebq_kl\_ggh�h[tykgblv�dZeb_\mx�ba[bjZl_evghklv�^Zgguo�
dZgZeh\� 

Ij_^eh`_ggZy� jZkq_lgZy� ko_fZ� fh^bnbpbjh\ZgZ� ^ey� jZkq_lZ� jZkij_^_e_gby�
wg_j]bb�bhgh\�\�g_kbff_ljbqguo�b�^jm]hc�]jmiiu�kbff_ljbb�dZgZeZo��\\_^_gb_f�kn_�
ju�h[j_aZgby��\f_klh�pbebg^jZ� 

 
 

M>D�������� 

<EBYGB?�IJ?I:J:L:�%,ON -�:DLB<:LHJ:�KBKL?FGHC�
MKLHCQB<HKLB�J:KL?GBC�IJHLB<�NBLHI:LH=?GH<�G: 

L?JFHEXFBG?KP?GPBX�;H;H<�B�IR?GBPU� 

NjZgp_\�<�<���Khegp_\�F�D���DZjZ\Z_\�<�:� 

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

<�bkke_^h\Zgbb�nhlhkbgl_aZ�\Z`gmx�jhev�b]jZ_l�bamq_gb_�\ebygby�gZ�jZkl_gby�
\_s_kl\��bkihevam_fuo�^ey�[hjv[u�k�jZaebqgh]h�jh^Z�bgn_dpbyfb�b�iZjZablZfb��H^�
gbf�ba�deZkkh\�lZdbo�\_s_kl\�y\eyxlky�[_gahlbZaheu��<�gZr_c�jZ[hl_�fu�ijhba\h^beb�
bkke_^h\Zgby� \ebygby� gZ� nmgdpbhgbjh\Zgb_� nhlhkbgl_lbq_kdh]h� ZiiZjZlZ� jZkl_gbc�
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ij_iZjZlZ�BION
��j_dhf_g^h\Zggh]h�^ey�[hjv[u�k�eh`ghfmqgbklhc�jhkhc�gZ�ir_gbp_��

Hg�kh^_j`bl�����Zdlb\gh]h�\_s_kl\Z� �[_gah-1,2,3-lbZahe-7-dZj[hlbhgh\Zy�dbkehlZ�S-
f_lbe� wnbj� >1@���<� dZq_kl\_�h[t_dlZ�bkke_^h\Zgbc�bkihevah\Zeb�ijhjhkldb�ir_gbpu�
Triticum aestivum L.��khjlZ�©Ex[Z\Zª��b�[h[u�Vicia faba L.��khjlZ�©Jmkkdb_�q_jgu_ª���<�
jZ[hl_�ijh\h^beb�bkke_^h\Zgb_�l_jfhexfbg_kp_gpbb�jZkl_gbc�>2,3@��Ijb�j_]bkljZpbb�
l_jfhexfbg_kp_gpbb�\uk_qdm�ba�ebklZ�ih^\_j]Zeb�ij_^\Zjbl_evghfm�h[emq_gbx�k\_�
lhf�����gf�ijb�l_fi_jZlmj_���0K��aZl_f�k\_lhf�hl�eZfiu�gZdZeb\Zgby��ijhims_gguf 
q_j_a� \h^guc�nbevlj�� ijb� –300K�� J_]bkljZpbx� l_jfhexfbg_kp_gpbb� ijh\h^beb� ijb�
gZ]j_\_�h[jZapZ�hl�–80 ^h���0K�kh�kdhjhklvx���0K�fbgmlm��;ueh�h[gZjm`_gh�jZaebqgh_�
\ebygb_�ij_iZjZlZ�gZ�jZkl_gby�k�jZaguf�kjhdhf�ojZg_gby�k_fyg��H^ghdjZlgh_�hiju�
kdb\Zgb_��-o�g_^_evguo�ijhjhkldh\�ir_gbpu�kh�kjhdhf�ojZg_gby�k_fyg���]h^��mjh`Zc�
�����]h^Z��g_�^Zeh�baf_g_gbc�\�l_jfhexfbg_kp_gpbb��baf_j_gby�ijhba\h^beb�kimkly�
g_^_ex� ihke_� hijukdb\Zgby���Ih\lhjgh_� hijukdb\Zgb_� ijhba\h^beb� kimkly� g_^_ex�
ihke_�i_j\h]h��Baf_j_gb_�l_jfhexfbg_kp_gpbb�lZdbo�jZkl_gbc�q_j_a�g_^_ex�ihdZaZeh�
m\_ebq_gb_�l_jfhexfbg_kp_gpbb�\�h[eZklb�ibdZ�:�b�ihy\e_gb_�ibdZ�K��Bkke_^h\Zgb_�
l_jfhexfbg_kp_gpbb�ijhjhkldh\�ir_gbpu� kh� kjhdhf�ojZg_gby� ���e_l� �mjh`Zc� �����
]h^Z��ihdZaZeh��qlh�ihy\e_gb_�l_jfhexfbg_kp_gpbb�\�h[eZklb�ibdZ�K�ijhbkoh^bl�m`_�
ihke_� i_j\hc� h[jZ[hldb�� Z� \lhjZy� h[jZ[hldZ� mkbeb\Z_l� _]h� ijb[ebabl_evgh� \� �� jZaZ��
<ujZsb\Zgb_� ir_gbpu� gZ� jZkl\hj_� ij_iZjZlZ� �dhgp_gljZpbx�f_gyeb� \� ij_^_eZo� hl�
�����^h������f]�fe��ihdZaZeh�m\_ebq_gb_�l_jfhexfbg_kp_gpbb�\�h[eZklb�ibdZ�K��baf_�
j_gby�ijh\h^beb�kimkly���g_^_eb�ihke_�ihkZ^db���<�kemqZ_�k_fyg�k����-�e_lgbf�kjhdhf�
ojZg_gby�[ueh�h[gZjm`_gh��qlh�\_ebqbgZ�ibdZ�K�jZkl_l�ih�f_j_�m\_ebq_gby�dhgp_g�
ljZpbb� ij_iZjZlZ��<� kemqZ_� k_fyg� kh� kjhdhf� ojZg_gby� �� ]h^� ijhbkoh^beh� mkbe_gb_�
l_jfhexfbg_kp_gpbb� lhevdh� \� h[eZklb� ihehku� K�� Bkke_^h\Zgb_� \ebygby� ij_iZjZlZ�
BION

�gZ�[h[u��hijukdZggu_�b�bkke_^h\Zggu_�\�l_�`_�kjhdb��qlh�b�ir_gbpZ��g_�ijb�
\_eh� d� baf_g_gbyf� \� l_jfhexfbg_kp_gpbb� ihke_� i_j\hc� h[jZ[hldb�� b� lhevdh� ihke_�
\lhjhc�h[jZ[hldb�ijhbahreh�mkbe_gb_�l_jfhexfbg_kp_gpbb�\�h[eZklb�ihehku�K��I_�
j_kZ^dZ�[h[h\�gZ�]b^jhihgbdm��q_j_a���g_^_eb�ihke_�ihkZ^db��g_�ijb\_eZ�d�baf_g_gbyf�
\�l_jfhexfbg_kp_gpbb� �baf_jyeb�q_j_a�kmldb�ihke_�i_j_kZ^db�b�q_j_a�g_^_ex���Ijb�
i_j_kZ^d_�bkihevah\Zeb�l_�`_�dhgp_gljZpbb�ij_iZjZlZ��qlh�b�^ey�ir_gbpu��Hp_gdZ�kh�
klhygby�jZkl_gbc��\ujZs_gguo�\�mkeh\byo�]b^jhihgbdb��ihdZaZeZ��qlh�ij_iZjZl�hdZau�
\Z_l� m]g_lZxs__� ^_ckl\b_� gZ� ijhjhkldb� [h[h\� b� g_� \eby_l� gZ� khklhygb_� ijhjhkldh\�
ir_gbpu��:gZeh]bqguc� j_amevlZl� ihdZaZg� b� ^ey� ir_gbpu�� hijukdZgghc�BION�� JZa�
ebqgh_�\ebygb_�ij_iZjZlZ�gZ�jZkl_gby��\hafh`gh��k\yaZgh�k�l_f��qlh�Zdlb\Zlhju�kbk�
l_fghc�ijbh[j_l_gghc�mklhcqb\hklb�jZaebqguf�h[jZahf�^_ckl\mxl�gZ�jZaebqgu_�\b�
^u�jZkl_gbc��<�wlhf�kemqZ_�jZaebqguc�wnn_dl�^_ckl\by�ij_iZjZlZ�gZ�l_jfhexfbg_k�
p_gpbx�fh`gh�h[tykgblv�l_f��qlh�BION

�hdZau\Z_l�g_ijyfh_�^_ckl\b_�gZ�nhlhkbgl_�
lbq_kdbc�ZiiZjZl��Mkbe_gb_�l_jfhexfbg_kp_gpbb�\�h[eZklb�ibdZ�K�k\yaZgh�k�\dexq_�
gb_f�j_Zdpbc�kbkl_fghc�ijbh[j_l_gghc�mklhcqb\hklb�m�jZkl_gbc�>4]. 

 
1. Tokunaga Y., Keon J.P.R. and Hargreaves J.A. Benzothiadiazole-activated defence gene 

expression and disease resistance in barley. Modern fungicides and antifungal compounds 
II, 1998, ed. by Lyr H., Russell P.E., Dehne H.-W. and Sisler H.D., Intercept. 

2. Imre Vass, Govindjee. Thermoluminescence from photosynthetic apparatus. Photosyn-
thetic research, 1996, v.48, pp.117-126. 

3. Amesz J., Hoff A. J. Photosynthetic thermoluminescence as a simple probe of photosys-
tem II electron transport. In “Biophysical techniques in photosynthesis”, 1996, Kluwer 
Academic Publishers, pp. 93-107. 
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4. XjbgZ�L�I���DZjZ\Z_\�<�:���Khegp_\�F�D��Hkh[_gghklb�f_lZ[hebafZ�^\mo� khjlh\�
h]mjpZ��jZaebqZxsboky�ih�mklhcqb\hklb�d�fmqgbklhc�jhk_��Nbabheh]by�jZkl_gbc��
������l�����k���-79. 

 
 

M>D�������� 

:G:EBA�KDHJHKL?C�J?:DPBC 
<�FH>?EB�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 

Dhe_[Zgby��\hagbdZxsb_�\�hl\_l�gZ�\dexq_gb_�k\_lZ�beb�j_adh_�baf_g_gb_�]Z�
ah\h]h� khklZ\Z� kj_^u�� y\eyxlky� yjdbf� ijhy\e_gb_f� j_]meypbb� \� nhlhkbgl_lbq_kdhc�
kbkl_f_� >�@��H^gbf� ba� kihkh[h\� wdki_jbf_glZevgh]h� bamq_gby�nhlhkbgl_aZ� y\ey_lky�
j_]bkljZpby� aZf_^e_gghc�exfbg_kp_gpbb� >�@��dhlhjZy�\hagbdZ_l�\�oh^_�h[jZlguo�j_�
Zdpbc�we_dljhggh]h�ljZgkihjlZ�\�j_Zdpbhgghf�p_glj_�nhlhkbkl_fu����<������]h^m�[u�
eb�h[gZjm`_gu�dhe_[Zgby�aZf_^e_gghc�exfbg_kp_gpbb�>�@�� 

Ohjhr_c�ijh\_jdhc�Z^_d\Zlghklb�fZl_fZlbq_kdbo�fh^_e_c�nhlhkbgl_aZ�y\ey_l�
ky�bo�kihkh[ghklv�hibkZlv�dhe_[Zgby��JZg__�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_dljhg�
guc�ljZgkihjl���lZd�b�l_fgh\u_�ijhp_kku� �ih]ehs_gb_�KH2�\�pbde_�DZev\bgZ���K�ih�
fhsvx� wlhc�fh^_eb�gZfb�[ue�ihemq_g�dhe_[Zl_evguc�j_`bf� aZf_^e_gghc�exfbg_k�
p_gpbb�� ihoh`bc� gZ� gZ[ex^Z_fuc� wdki_jbf_glZevgh� >�@��<� hlebqb_� hl� j_amevlZlh\��
ihemq_gguo�jZg__�ijb�ihfhsb�wlhc�fh^_eb�>�@��\�wlhc�jZ[hl_�m^Zehkv�ihemqblv�oZjZd�
l_jgu_� \j_f_gZ�� khhl\_lkl\mxsb_� gZ[ex^Z_fuf� wdki_jbf_glZevgh��Wlh� h[tykgy_lky�
l_f��qlh�\�jZggbo�jZ[hlZo�k�p_evx�mkdhj_gby�dhfivxl_jguo�\uqbke_gbc�agZq_gby�g_�
dhlhjuo� dhgklZgl�[ueb� aZ\ur_gu�gZ� �-��ihjy^dZ�ih� kjZ\g_gbx� kh� agZq_gbyfb��hp_�
g_ggufb�gZ�hkgh\_�wdki_jbf_glZevguo�^Zgguo��H^gZ�ba�hkgh\guo�ijh[e_f�ijb�kha^Z�
gbb�fZl_fZlbq_kdbo�fh^_e_c�[bheh]bq_kdbo�kbkl_f�–�\u[hj�dhgklZgl�kdhjhkl_c�j_Zd�
pbc��bkihevam_fuo�\�^bnn_j_gpbZevguo�mjZ\g_gbyo��<�^Zgghc�jZ[hl_�dhgklZglu�\u�
[bjZebkv�bkoh^y�ba�ke_^mxsbo�khh[jZ`_gbc��DhgklZglu�kdhjhkl_c�i_j\bqguo�ijhp_k�
kh\�ijbgbfZebkv�jZ\gufb�ijb[ebabl_evgh�Ki

-1· ti
-1
��]^_� ti –�oZjZdl_jgu_�\j_f_gZ�wlbo�

ijhp_kkh\��Ci –�dhgp_gljZpbb�j_Z]_glh\��DhgklZglu�kdhjhkl_c�pbdeZ�DZev\bgZ�ki_pb�
Zevgh�[ueb�ih^h[jZgu�^ey�kh\iZ^_gby�jZkq_lgh]h�i_jbh^Z�dhe_[Zgbc�b�gZ[ex^Z_fh]h�
\� wdki_jbf_gl_��<� k\yab� k� wlbf� [ueh�bgl_j_kgh� kjZ\gblv� kdhjhklb� j_Zdpbc� \�gZr_c�
fh^_eb�b�kdhjhklb�j_Zdpbc��jZkkqblZggu_�\�kha^Zgguo�jZg__�fh^_eyo�>����@��Wlh�iha\h�
ebl� km^blv��gZkdhevdh� khhl\_lkl\mxl� ^_ckl\bl_evghklb�bkihevam_fu_�gZfb� agZq_gby�
dhgklZgl� kdhjhkl_c��<�^Zgghc�jZ[hl_� kjZ\gb\Zxlky� lhevdh�kdhjhklb�g_dhlhjuo�j_Zd�
pbc�pbdeZ�DZev\bgZ�b�kdhjhklv�kbgl_aZ�:LN��DZd�ihdZaZeb�gZrb�jZkq_lu��klZpbhgZj�
gu_�kdhjhklb�j_Zdpbc�\�gZr_c�fh^_eb�hlebqZxlky�hl�kdhjhkl_c�ba�^jm]bo�bklhqgbdh\�
gZ�ihjy^hd��Hlf_lbf��qlh�m�^jm]bo�Z\lhjh\�\klj_qZxlky�ih^h[gu_�b�^Z`_�[hevrb_�jZk�
oh`^_gby� >��� �@��>ey�[he__�ih^jh[gh]h�bkke_^h\Zgby�\j_f_g�ijhp_kkh\�fu� kjZ\gbeb�
dbg_lbq_kdb_�djb\u_�b�^ey�^jm]bo�j_`bfh\�ijb�l_o�`_�dhgklZglZo�kdhjhkl_c��GZijb�
f_j��\�fhgh]jZnbb�EZckdZ�>�@�ijb\_^_gu�aZ\bkbfhklb�dhgp_gljZpbc�f_lZ[heblh\�pbd�
eZ�DZev\bgZ�hl�\j_f_gb�ihke_�\udexq_gby�gZkusZxs_]h�k\_lZ��>ey�kjZ\g_gby�[ueb�
ijh\_^_gu�jZkq_lu�dbg_lbdb�ZgZeh]bqgh]h�j_`bfZ�k�ihfhsvx�gZr_c�fh^_eb��Fh^_ev�
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m^h\e_l\hjbl_evgh�hibku\Z_l�wdki_jbf_glZevgu_�^Zggu_��Ijb�wlhf�\j_fy�^hklb`_gby�
klZpbhgZjgh]h�khklhygby�ihqlb�kh\iZ^Z_l�\�fh^_eb�b�\�wdki_jbf_gl_��hdheh���-���k_�
dmg^���Djhf_�lh]h��fu�ijh\_eb�kjZ\g_gb_�wdki_jbf_glZevgh�ihemq_gghc�bg^mdpbhgghc�
djb\hc�aZf_^e_gghc�exfbg_kp_gpbb�>�@�k�khhl\_lkl\mxs_c�aZ\bkbfhklvx��jZkkqblZg�
ghc� \� ij_^eh`_gghc�fh^_eb��HdZaZehkv�� qlh� \j_f_gZ� ^hklb`_gby� klZpbhgZjgh]h� kh�
klhygby�kh\iZ^Zxl�k�lhqghklvx�^h�ihjy^dZ� 

LZdbf�h[jZahf�� agZq_gby�kdhjhkl_c�j_Zdpbc��ih^h[jZggu_�ki_pbZevgh�^ey�ih�
emq_gby� gm`gh]h� i_jbh^Z� dhe_[Zgbc�� k� lhqghklvx� ^h� ihjy^dZ� khhl\_lkl\mxl� kdhjh�
klyf�� jZkkqblZgguf� \� ^jm]bo� fh^_eyo�� Djhf_� lh]h�� hgb� h[_ki_qb\Zxl� m^h\e_l\hjb�
l_evgh_�hibkZgb_�^jm]bo�wdki_jbf_glZevguo�dbg_lbq_kdbo�djb\uo� 

 
JZ[hlZ�qZklbqgh�[ueZ�ih^^_j`ZgZ�]jZglhf�ih�ijh]jZff_�©Mgb\_jkbl_lu�Jhkkbbª 

 
1. Walker, D.A. Photosynth. Res. 1992. 34. P. 387-395. 
2. Strehler B., Arnold W.A. J. Gen. Physiol. 1951. 34. P.809-820. 
3. >Zf^bgkmjwg�K��;bhnbabdZ��������35, N 4. C. 687-688. 
4. DZjZ\Z_\�<�:���Dmdmrdbg�:�D��;bhnbabdZ��������38, N 6. C. 958-975. 
5. DZj_ebgZ�L�:�L_abku�dhgn�©Ehfhghkh\-����ª��K_dpby�©NbabdZª��C. 91-93. 
6. Horton P., Nicholson H. Photosynth. Res., 1987. 12. P. 129-143. 
7. Laisk A., Eichelmann H, Oja V. et al. Proc.R.Soc.Lond.B,1989, 237, P. 389-415. 
8. EZckd�:�O��Dbg_lbdZ�nhlhkbgl_aZ�K3-jZkl_gbc��Fhkd\Z��GZmdZ������� 
9. >he]hiheh\Z�:�:��>bkk_jlZpby� gZ� khbkdZgb_� mq_ghc� kl_i_gb� dZg^b^ZlZ�nba�-fZl��

gZmd��F��������]� 
 
 

M>D������ 

L?JFHEXFBG?KP?GPBY�EBKLV?<�HE?:G>J:�<�HGLH=?G?A? 

Rdhevgbdh\�>�X���Khegp_\�F�D� 

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

<� ijhp_kk_� hglh]_g_aZ� jZkl_gby� ijhbkoh^bl� dhfie_dk� kljmdlmjgh-
nmgdpbhgZevguo�baf_g_gbc�\�_]h�nhlhkbgl_lbq_kdhf�ZiiZjZl_� >�@��\�j_amevlZl_�q_]h�
nhlhkbgl_lbq_kdZy�nmgdpby�jZkl_gby�g_ij_ju\gh�i_j_kljZb\Z_lky�b�dhjj_dlbjm_lky��<�
ihke_^gb_�]h^u�exfbg_kp_glgu_�ihdZaZl_eb�ebklv_\�klZeb�\k_�[he__�rbjhdh�bkihev�
ah\Zlvky�^ey�hp_gdb�nbabheh]bq_kdh]h�khklhygby�jZkl_gbc�\�jZaebqguo�mkeh\byo�>����@� 

Fu�bkke_^h\Zeb�ebklvy�he_Zg^jZ� �Nerium oleander, Apocynaceae��f_lh^hf�l_j�
fhexfbg_kp_gpbb� �LE���Wlhl�f_lh^�aZdexqZ_lky�\�ke_^mxs_f��<uk_qdm�ba�p_gljZev�
ghc�qZklb�ebklZ�ijb�dhfgZlghc�l_fi_jZlmj_�\�l_q_gb_�h^ghc�fbgmlu�hk\_sZeb�k\_lhf�
c� ^ebghc� \hegu� ���� gf� �^ey� klZg^ZjlbaZpbb� mkeh\bc� wdki_jbf_glZ�� ijb� dhfgZlghc�
l_fi_jZlmj_��Ihke_�wlh]h�h[jZa_p�[ukljh�hoeZ`^Zeb�^h�–30° C�b�aZl_f�\�l_q_gb_�lj_o�
fbgml�hk\_sZeb�gZkusZxsbf�[_euf�k\_lhf�����<l�f2

���Ihlhf�ebkl�hoeZ`^Zeb�^h�–80° 
C�b�gZ]j_\Zeb�^h�����C�kh�kdhjhklvx�hdheh����]jZ^�fbg��Bgl_gkb\ghklv�baemq_gby�j_�
]bkljbjh\Zeb�\�ijhp_kk_�gZ]j_\Z� 

Lbibqgu_�djb\u_�LE�ihdZaZgu�gZ�jbkmgd_� ���GZ�djb\hc�LE�fu�\u^_ey_f�ljb�
ihehku��\�^bZiZahg_�hl�–40° C�^h����C��ihehkZ�A���hl����C�^h�����C��ihehkZ�B��b�hl�����C 
^h�����C��ihehkZ�C���<�aZ\bkbfhklb�hl�\hajZklZ�ebklZ�dZ`^Zy�ba�wlbo�ihehk�\ghkbl�jZa�
guc� \deZ^� \� h[smx� k\_lhkmffm�LE��H[hagZqbf�SA/Sh[s (SC/Sh[s��iehsZ^v�ihehku�A 
(C���hlg_k_ggmx�d�iehsZ^b�\k_c�djb\hc�\�^bZiZahg_�hl�–40° C�^h� ����C��JZg__�gZfb�
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[ueb�mklZgh\e_gu�dhjj_eypbb�exfbg_kp_glguo�ihdZaZl_e_c�k�nhlhkbgl_lbq_kdhc�Zd�
lb\ghklvx� ebklZ� >�@��IhehkZ�A�LE� y\ey_lky�j_amevlZlhf�j_dhf[bgZpbb� we_dljhgh\� k�
i_j\bqguo�obghgh\uo�Zdp_ilhjh\�k�iheh`bl_evgufb�dhfihg_glZfb�\h^hjZks_ieyx�
s_]h�dhfie_dkZ�NK��� 
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Jbk�����OZjZdl_jgu_�djb\u_�l_jfhexfbg_kp_gpbb��a –�fheh^hc�ebkl��b –�aj_euc�ebkl��c –�klZjuc�
ebkl 

 
<�fheh^uo�ebklvyo�ij_h[eZ^Z_l�i_j\Zy�nhlhkbgl_lbq_kdZy�kbkl_fZ� �NK�����Z�\�

aj_euo�ebklvyo�^hfbgbjm_l�NK����H^gZdh�k�m\_ebq_gb_f�\hajZklZ�ebklZ�j_adh�mf_gv�
rZ_lky�qbke_gghklv�oehjhieZklh\�\�_^bgbp_�iehsZ^b��Ijb�wlhf�\�_s_�Zdlb\gh�jZklm�
s_f� ebkl_� mf_gvrZ_lky� bgl_gkb\ghklv� nhlhkbgl_aZ� >�@��GZ� hkgh\Zgbb� wlh]h� fh`gh�
h[tykgblv�mf_gvr_gb_�hlghr_gby�S:/Sh[s�m�klZj_xs_]h�ebklZ� �LZ[ebpZ�����Ba\_klgh��
qlh�\�klZj_xsbo�oehjhieZklZo�kms_kl\_ggh�f_gy_lky�ebib^guc�khklZ\�f_f[jZg�oeh�
jhieZklh\� >�@��G_dhlhju_�bkke_^h\Zl_eb� kqblZxl�� qlh�LE�ijb� \ukhdbo� l_fi_jZlmjZo�
�ihehkZ�C��bf__l�g_nhlhkbgl_lbq_kdmx�ijbjh^m�>�@��JZg__�fu�h[gZjm`beb��qlh�bgl_g�
kb\ghklv�ihehku�C�k\yaZgZ�kh�klj_kkh\ufb�\ha^_ckl\byfb�gZ�nhlhkbgl_lbq_kdb_�h[t�
_dlu� �g_^hklZlhd�fbg_jZevgh]h�iblZgby��^_ckl\b_�jZaebqguo�obfbq_kdbo�kh_^bg_gbc�
b�^j���>�@��Ijb�lZdbo�\ha^_ckl\byo�kgb`Z_lky�³ijhqghklv´�f_f[jZg�oehjhieZklh\��Ih�
ke_�aZfhjZ`b\Zgby�b�ihke_^mxs_]h�gZ]j_\Zgby�ebklZ�gZklmiZ_l�^_kljmdpby�f_f[jZg��
Ijb�\ukhdbo�l_fi_jZlmjZo�ijhbkoh^bl�\aZbfh^_ckl\b_�ijh^mdlh\�^_kljmdpbb�k�dbkeh�
jh^hf��qlh�ijb\h^bl�d�k\_q_gbx��ijb�aZf_g_�\ha^moZ�gZ�bg_jlgu_�]Zau�k\_q_gb_�hlkml�
kl\m_l��>�@��Jhkl�bgl_gkb\ghklb�LE�ihke_�����C�m�fheh^uo�ebklv_\��Jbk���a��\hafh`gh�
k\yaZg�k�l_f��qlh�f_f[jZgu�oehjhieZklh\�g_^hklZlhqgh�³ijhqgu_´��K�\hajZklhf�f_f�
[jZgu�f_g__�ih^\_j`_gu�^_kljmdlb\guf�\ebygbyf�aZfhjhadb��gh�ijb�klZj_gbb�hlgh�
r_gb_�ebib^u�[_edb�m\_ebqb\Z_lky��lh�_klv�ijhbkoh^bl�³h`bj_gb_´�f_f[jZg�b�mkbeb�
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\Zxlky�hdbkebl_evgu_�ijhp_kku�ijb�gZ]j_\Zgbb��LZ[ebpZ�����<�hiulZo�k�h^gh^hevghc�
ir_gbp_c�jZg__�gZfb�[ueb�ihemq_gu�ihoh`b_�aZdhghf_jghklb�>�@��Hlebqb_�khklhbl�\�
lhf��qlh�m�ir_gbpu�\_ebqbgZ�SC/Sh[s�k�\hajZklhf�mf_gvrZeZkv�fhghlhggh��Z�m�he_Zg^�
jZ�aZ\bkbfhklv�wlhc�\_ebqbgu�bf_eZ�fbgbfmf��<hafh`gh��wlh�k\yaZgh�k�l_f��qlh�ebkl�
h^gh^hevghc�ir_gbpu�nhjfbjm_lky�aZ�kq_l�bgl_jdZeyjghc�f_jbkl_fu� 

 
LZ[e�����L_jfhexfbg_kp_glgu_�oZjZdl_jbklbdb 

ebklv_\�jZaebqghc�iehsZ^b 
 
 
 
 
F_lh^� LE� fh`_l� [ulv� mki_rgh� ijbf_g_g� ^ey� bkke_^h\Zgby� kljmdlmjgh-

nmgdpbhgZevguo�baf_g_gbc�nhlhkbgl_lbq_kdbo�h[t_dlh\�� 
 

1. Fhdjhghkh\�:�L��Hglh]_g_lbq_kdbc�Zki_dl�nhlhkbgl_aZ��F���GZmdZ������������k� 
2. XjbgZ�L�I���Mfgh\�:�F���DZjZ\Z_\�<�:���Khegp_\�F�D��<ebygb_�fmqgbklhc�jhku�gZ�

nbabheh]bq_kdb_�ijhp_kku�\�ebklvyo�ir_gbpu����Nbabheh]by�jZkl_gbc��������L������
\ui�����K�����-275 

3. Iheydh\Z� B�;��� DZjZ\Z_\� <�:��� Khegp_\� F�D��� Q_qmebgZ� :�:�� Exfbg_kp_glgu_�
ihdZaZl_eb�\�jZaguo�mqZkldZo�ebklZ�ir_gbpu�\�hglh]_g_a_� ���;bhnbabdZ�� ������L��
����\ui�����K������-1115. 

4. Bghm�C���Kb[ZlZ�D��L_jfhexfbg_kp_gpby�nhlhkbgl_lbq_kdh]h�ZiiZjZlZ�Nhlhkbgl_a�
��Ih^��j_^��=h\bg^`b��F���Fbj��������K�����-712. 

5. Khegp_\�F�D�� H� ijbjh^_� ihehku� l_jfhexfbg_kp_gpbb� nhlhkbgl_lbq_kdbo� h[t�
_dlh\�ijb����– 80 Û&���@mjg��nba��obfbb��������L�����������K������-1962. 

6. <ZrZjhr�:���Khegp_\�F�D���Dmdmrdbg�:�D���DZjZ\Z_\�<�:��<ebygb_�dbkehjh^Z�gZ�
we_dljhgguc� ljZgkihjl� \�nhlhkbgl_lbq_kdhf� ZiiZjZl_� a_e_gh]h� ebklZ� ���<_klgbd 
Fhkd��mg-lZ��K_j��nba��Zklj��������L����������K����-77. 

 
 
M>D����.372 

KI?DLJHKDHIBQ?KDH?�HIJ?>?E?GB? 
NBABHEH=BQ?KDH=H�KHKLHYGBY�DMEVLMJU 

IMJIMJGUO�K?JGUO�;:DL?JBC�CHROMATIUM SP. 

Fbexdh\�:�K�������IZpZ_\Z�K�<�������Jhklh\p_\Z�?�E�������X`Zdh\�<�B� 

F=M�bf��F��<��Ehfhghkh\Z����–�Nbabq_kdbc�n-l����–�;bheh]bq_kdbc�n-l� 

Ki_dljZevgu_�f_lh^u�bamq_gby�nbabheh]bq_kdh]h�khklhygby�imjimjguo�k_jguo�
[Zdl_jbc�fh]ml�kem`blv�bgkljmf_glhf�[bhfhgblhjbg]Z�\h^hzfh\��iha\heyxsbf�h[gZ�
jm`b\Zlv�gZqZevgu_�klZ^bb�j_Zdpbb�khh[s_kl\Z�nhlhljhnguo�[Zdl_jbc�gZ�baf_g_gby�
nbabdh-obfbq_kdbo�mkeh\bc�\g_rg_c�kj_^u��P_evx�gZr_]h�bkke_^h\Zgby�y\ey_lky�\u�
ykg_gb_�ki_dljZevguo�hkh[_gghkl_c��ih]ehs_gby��\ha[m`^_gby�b�bkimkdZgby�nemhj_k�
p_gpbb��dmevlmju�imjimjguo�\h^hjhke_c��\ujZs_gguo�\�jZaebqguo�mkeh\byo��Ki_d�
lju�ih]ehs_gby�b�nemhj_kp_gpbb�baf_jyebkv�gZ�ki_dljhnhlhf_lj_�Specord M���b�gZ�
ki_dljhnemhjbf_ljZo�Jobin Yvon 3CS�b�3HUNLQ�(OPHU�\�klZg^Zjlguo�d\Zjp_\uo�dx\_lZo�
lhesbghc���kf��;ueb�ihemq_gu�ke_^mxsb_�j_amevlZlu� 

IehsZ^v�ebklZ��kf
2 0,3 7,8 22,1 

SA/Sh[s 0,24 0,15 0,10 
SC/Sh[s 0,35 0,13 0,25 
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���Ki_dlju�ih]ehs_gby�[Zdl_jbZevghc�dmevlmju�bf_xl�yjdh�\ujZ`_ggu_�fZd�
kbfmfu�ih]ehs_gby�ijhlhihjnbjbgZ�ijb�λ  �����gf�b�h^ghc�ba�nhjf�[Zdl_jbhoehjh�
nbeeZ��;oe�����hdheh�λ  �����gf� 

���MklZgh\e_gu�ljb�]eZ\gu_�ihehku�nemhj_kp_gpbb�dmevlmju�Chromatium sp. \�
MN�b�\b^bfhc�h[eZklyo�ki_dljZ� 

—�rbjhdZy�kbgyy�ihehkZ�exfbg_kp_gpbb�de_lhd�k�fZdkbfmf�ijb�λ = 440…450 
gf�� 

—�MN�ihehkZ�ljbilhnZgh\uo�hklZldh\�[_edh\uo�dhfie_dkh\�k�fZdkbfmfhf�ijb�
λ  �����gf�ijb�\ha[m`^_gbb�^ebghc�\hegu�dhjhq_�����gf� 

—�madb_�ihehku�k\_q_gby�ihjnbjb�
gh\uo� kh_^bg_gbc� k�fZdkbfmfhf�gZ� ����b�
����gf� 

���GZ�bgl_gkb\ghklv�ihehk�nemhj_k�
p_gpbb�hdZau\Zxl�\ebygb_�jZaebqgu_�nZd�
lhju�� mkeh\by� dmevlb\bjh\Zgby� Chroma-
tium sp.� �hk\_s_gghklv� b� khklZ\� iblZl_ev�
ghc� kj_^u��� Z� lZd`_� nbabheh]bq_kdh_� kh�
klhygb_� dmevlmju�� Ijb� wlhf� f_gy_lky� kh�
hlghr_gb_�bgl_gkb\ghkl_c�ihehk�nemhj_k�
p_gpbb� 

���Bgl_gkb\ghklv�k\_q_gby�^ey�\k_o�
lj_o�ihehk�nemhj_kp_gpbb�ijb�m\_ebq_gbb�
dhgp_gljZpbb� de_lhd� \� jZkl\hj_� kgZqZeZ�
ebg_cgh�\hajZklZ_l��Z�aZl_f�\uoh^bl�gZ�gZ�
kus_gb_�� H[gZjm`_gh�� qlh� khhlghr_gb_�
bgl_gkb\ghkl_c�MN�ihehku�b� ©kbg_cª�ex�
fbg_kp_gpbb�de_lhd� aZ\bkbl�hl�nbabheh]bq_kdh]h� khklhygby�dmevlmju��ijb�klZj_gbb�
dmevlmju�hgh�\hajZklZ_l�hl�����^h������<�lh�`_�\j_fy�khhlghr_gb_�ihehk�ihjnbjbgh\�b�
©kbg_cª�exfbg_kp_gpbb��gZh[hjhl��ijb�klZj_gbb�dmevlmju�agZqbl_evgh�iZ^Z_l�hl�����
^h� �����Wlb�khhlghr_gby�fh]ml�ijbf_gylvky�^ey�hp_gdb�nbabheh]bq_kdh]h�khklhygby�
de_lhd� 

 
 

M>D������ 

BGL?JIJ?L:PBY�J:>B:EVGHC�NMGDPBB�H-H�<H>U 
D:D�J?AMEVL:L�IJH?DPBB�Q?LUJ?OF?JGHC�KLJMDLMJU 

<�LJ?OF?JGH?�IJHKLJ:GKL<H 

Kheh\_c�:�;� 

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

DZd�^ey�k\h[h^ghc�lZd�b�^ey�k\yaZgghc�k�[bhihebf_jZfb�\h^u�oZjZdl_jghc�hkh�
[_gghklvx� y\ey_lky� lh�� qlh� bkke_^h\Zgb_� __� lj_of_jghc� kljmdlmju� klZedb\Z_lky� kh�
agZqbl_evguf�ljm^ghklyfb��b��l_f�kZfuf��bkke_^h\Zl_eb�\ugm`^_gu�ijbf_gylv�\�lhc�
beb�bghc�kl_i_gb��klZlbklbq_kdb_�f_lh^u��H^gbf�ba�lZdbf�f_lh^h\�y\ey_lky�j_gl]_gh�
kljmdlmjgh_�bkke_^h\Zgb_�kljmdlmju�\h^u��Z�lZd`_�jZkk_ygb_�g_cljhgh\��Ihke_�h[jZ�
[hldb�j_amevlZlh\�fh`gh�ihemqblv�jZ^bZevgmx�nmgdpbx� 

��� ��� ��� ��� ���

���

���

���

��� DmevlmjZ��\ujZs_ggZy

��\�exfbghklZl_
��gZ�^g_\ghf�k\_lm
��\�l_fghl_

'

>ebgZ�\hegu��gf

ihjnbjbgu

;oe���

Ki_dlju�ih]ehs_gby�dmevlmju�&KURPDWLXP�VS��

\ujZs_gghc�\�jZaebqguo�mkeh\byo
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JZ^bZevgZy�nmgdpby�2-2�\h^u�h[eZ^Z_l�jy^hf�oZjZdl_jguo�hkh[_gghkl_c��ijb�
kmsbo�bf_ggh�`b^dhc�\h^_��Bgl_]jZe�ih^�i_j\uf�fZdkbfmfhf�jZ^bZevghc�nmgdpbb�
baf_gy_l�k\h_�agZq_gb_�hl�����ijb�gbadbo�l_fi_jZlmjZo��ihjy^dZ���K��^h�����ijb�\ukh�
dbo�l_fi_jZlmjZo��ihjy^dZ����K���LZd`_�ke_^m_l�hlf_lblv��qlh�f_`^m�i_j\uf��khhl\_l�
kl\mxsbf�i_j\hc�dhhj^bgZpbhgghc�kn_j_��b�\lhjuf��khhl\_lkl\mxsbf�\lhjhc�dhhj�
^bgZpbhgghc�kn_j_��fZdkbfmfhf�gZ�jZ^bZevghc�nmgdpbb�lZd`_�ijbkmlkl\m_l�ijhf_�
`mlhqguc�fZdkbfmf�gZ� ����:��KqblZ_lky��qlh�fhe_dmeZ� \h^u� l_ljZw^jbqgZ�–� lh� _klv�
qbkeh�[eb`Zcrbo�khk_^_c��k�dhlhjufb�^ZggZy�fhe_dmeZ�h[jZam_l�k\yab�jZ\gh�q_luj_f��
Gh� ke_^m_l�hlf_lblv��qlh�n_ghf_g�[bnmjdZlghc�\h^hjh^ghc�k\yab��g_^Z\gh�hlf_q_g�
guc�wdki_jbf_glZevgh��]h\hjbl�h�lhf��qlh�m�^Zgghc�fhe_dmeu�\h^u�fh`_l�[ulv�[hev�
r_�q_luj_o�[eb`Zcrbo�khk_^_c��k\yaZgguc�k�^Zgghc�fhe_dmehc�\h^hjh^gufb�k\yayfb� 

H[s__�fg_gb_�gZ�gZklhysbc�fhf_gl�khklhbl�\�lhf��qlh�hlebqb_�agZq_gby�bgl_�
]jZeZ�ih^�i_j\uf�fZdkbfmfhf�ke_^m_l�bgl_jij_lbjh\Zlv�dZd�hlebqb_�kljmdlmju�\h^u�
hl�ijZ\bevghc�l_ljZw^jbq_kdhc�� 

<� gZklhys_c� jZ[hl_� ij_^eZ]Z_lky� ^jm]Zy� bgl_jij_lZpby� agZq_gby� bgl_]jZeZ�
[hevr_���m�i_j\h]h�fZdkbfmfZ�gZ�jZ^bZevghc�nmgdpbb�2-2�\h^u��WlZ�bgl_jij_lZpby�
hibjZ_lky�gZ� ke_^mxsb_�ij_^klZ\e_gby��Ij_^iheZ]Z_lky��qlh� lj_of_jgZy� k_ldZ�\h^h�
jh^guo�k\ya_c�\�\h^_�fh`_l�[ulv�ij_^klZ\e_gZ��dZd�ijh_dpby�ijZ\bevghc�q_luj_of_j�
ghc� kljmdlmju��:j]mf_glhf�\�ihevam�^Zgghc�bgl_jij_lZpbb��\�qZklghklb�kem`bl� lhl�
nZdl��qlh�m]he�ijb�\_jrbg_�q_luj_of_jgh]h�kbfie_dkZ�khklZ\ey_l�������–�qlh�k�\ukh�
dhc�lhqghklvx�khhl\_lkl\m_l�agZq_gbx�\Ze_glgh]h�m]eZ�+-O-+�fhe_dmeu�\h^u� 

AgZq_gb_�bgl_]jZeZ�ih^�i_j\uf�fZdkbfmfhf�gZ�jZ^bZevghc�nmgdpbb�b�_]h�aZ�
\bkbfhklv� hl� l_fi_jZlmju� fh`gh� h[tykgblv� k� ihfhsvx� ijh_pbjh\Zgby� ijZ\bevghc�
q_luj_of_jghc� kljmdlmju�\� lj_of_jgh_�ijhkljZgkl\h� k�jZaebqgufb�\_kh\ufb�nmgd�
pbyfb�–�]_hf_ljbq_kdb�khhl\_lkl\mxsbfb�jZaebqguf�l_fi_jZlmjZf��L_f�kZfuf�©l_l�
jZw^jbq_kdZyª�\h^Z�–�lh�_klv�kljmdlmjZ�ev^Z-�K�fh`_l�[ulv�jZkkfhlj_gZ�dZd�qZklguc�
kemqZc�ijh_dpbb�q_luj_of_jghc�kljmdlmju�kbfie_dkh\��lZdhc�ijh_dpbb��ijb�dhlhjhc�
h^gh�ba�gZijZ\e_gbc�e_`bl�kljh]h�ih�q_l\_jlhc�hkb��b��l_f�kZfuf��g_�ijbkmlkl\m_l�\�
lj_of_jghc�kljmdlmj_� 

Ijh\_^_gh� qbke_ggh_�fh^_ebjh\Zgb_�i_j\hc�b� \lhjhc� dhhj^bgZpbhgguo� kn_j�
^ey�q_luj_of_jgh]h�kbfie_dkZ��D�kh`Ze_gbx��ihdZ�g_�gZc^_gZ�khhl\_lkl\mxsZy�\_kh�
\Zy� nmgdpby� ©l_fi_jZlmjuª�� dhlhjZy� ghjfbjm_l� gZc^_ggmx� jZ^bZevgmx�nmgdpbx� d�
\b^m��khhl\_lkl\mxs_fm�lj_of_jghc�nmgdpbb� 

 
 

M>D������������� 

EXFBG?KP?GPBY�<H>GH-KHE?<UO�J:KL<HJH<�
=EBPBELJBILHN:G: 

>m[jh\kdbc�:�:� 

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

Exfbg_kp_gpby� k\_`_ijb]hlh\e_gguo� \h^guo� jZkl\hjh\� ]ebpbeljbilhnZgZ�
�=L��oZjZdl_jbam_lky�ihehkhc� k�fZdkbfmfhf�ijb� ����gf��H[gZjm`_gh�ihy\e_gb_�^h�
ihegbl_evghc�ihehku�k�fZdkbfmfhf�ijb�����gf�ijb�\ha[m`^_gbb�gZ�����gf�q_j_a�g_�
^_ex� ihke_� ijb]hlh\e_gby� km[fbdjhfheyjguo� jZkl\hjh\�� Wlhl� wnn_dl� hlkmlkl\h\Ze�
ijb�[he__�\ukhdbo�dhgp_gljZpbyo�=L��JZkl\hju�klhyeb�ijb�dhfgZlghc�l_fi_jZlmj_�\�
l_fghl_��Ijh[bjdb�[ueb�ijbdjulu�k�p_evx�bkdexq_gby�ihiZ^Zgby�iueb�ijb�gZebqbb�
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dhglZdlZ� k� \ha^mohf��OjZg_gb_� ijb� ��&� ij_iylkl\m_l� ihy\e_gbx� wnn_dlZ�� ^hihegb�
l_evgZy�ihehkZ�g_�ihy\ey_lky�^Z`_�ihke_���f_k��ojZg_gby� 

Bkihevah\Zgb_�^ey�ijb]hlh\e_gby�jZkl\hjh\�hkh[h�qbklhc�^_bhgbah\Zgghc�\h�
^u�0LOOL-4�b�gZebqb_�wnn_dlZ�lhevdh�\�kemqZ_�kbevgh�jZa[Z\e_gguo�jZkl\hjh\�iha\h�
eyxl�ij_^iheh`blv�kms_kl\_ggmx�jhev�kh[kl\_ggh]h�kljh_gby�\h^u�\�\hagbdgh\_gbb�
wnn_dlZ��Ih^�kh[kl\_gguf�kljh_gb_f��kljmdlmjhc��\h^u�a^_kv�ihgbfZxlky�kljh_gb_�b�
^bgZfbq_kdb_�hkh[_gghklb�ijhkljZgkl\_gghc�k_ldb�\h^hjh^guo�k\ya_c�\�`b^dhc�\h^_��
g_�\hafms_gghc�^hklZlhqgh�[hevrbf�dhebq_kl\hf�ihklhjhggbo�qZklbp��Ba\_klgh��qlh 
ba-aZ�y\e_gby�]b^jZlZpbb�aZjy`_gguo�qZklbp�k_ldZ�+-k\ya_c�\�\h^guo�jZkl\hjZo�we_d�
ljheblh\�ijbh[j_lZ_l�k\hckl\Z��hlebqgu_�hl�qbklhc�\h^u��<�k\yab�k�wlbf�[ueb�bkke_�
^h\Zgu�\h^gh-khe_\u_�jZkl\hju�=L� 

MklZgh\e_gh�m\_ebq_gb_�bgl_gkb\ghklb�ihehku�exfbg_kp_gpbb�k�fZdkbfmfhf�
ijb�����gf�ijb�i_j_oh^_�hl�k\_`_ijb]hlh\e_ggh]h��Â ��-7

�F�\h^gh]h�jZkl\hjZ�=L�d�k\_�
`_ijb]hlh\e_gguf�\h^gh-khe_\uf�jZkl\hjZf�=L��<�����F�\h^guo�jZkl\hjZo�kmevnZlZ�
Zffhgby��dZeby�beb�gZljby�ijhbkoh^bl�m\_ebq_gb_�bgl_gkb\ghklb�exfbg_kp_gpbb�=L�
ijb� ����gf�gZ� �����<�jZkl\hjZo�oehjb^Z�dZeby�beb�gZljby�bgl_gkb\ghklv�exfbg_k�
p_gpbb�\hajZklZ_l�gZ�����ijbjhkl�bgl_gkb\ghklb�\���jZaZ�f_gvr_��qlh�khhl\_lkl\m_l�
h^gh\Ze_glghklb�oehjb^-Zgbhgh\�\�hlebqb_�hl�^\mo\Ze_glghklb�kmevnZl-Zgbhgh\���Q_�
j_a����kmlhd�ojZg_gby�gZ[ex^Zeb�m\_ebq_gb_�bgl_gkb\ghklb�exfbg_kp_gpbb�ijb�����
gf�hlghkbl_evgh�bkoh^gh]h�mjh\gy��gZ[ex^Z_fh]h�\�k\_`_ijb]hlh\e_gguo�jZkl\hjZo��
Ijb�ojZg_gbb�\�\h^ghf�jZkl\hj_�ihy\ey_lky�fZdkbfmf�ijb������Z�bgl_gkb\ghklv�ex�
fbg_kp_gpbb� \hajZklZ_l� \� �����jZaZ� �gZ� �������<� \h^gh-khe_\uo�jZkl\hjZo�=L� lZd`_�
ijhbkoh^bl�m\_ebq_gb_�bgl_gkb\ghklb�ijb�����gf��gh�[_a�ihy\e_gby�fZdkbfmfZ��\�����
F�\h^ghf�jZkl\hj_�kmevnZlZ�Zffhgby�–�gZ������\�jZkl\hj_�kmevnZlZ�dZeby�–�gZ������\�
jZkl\hj_�kmevnZlZ�gZljby�–�gZ� �����\�jZkl\hj_�oehjb^Z�dZeby�–�gZ� ������\�jZkl\hj_�
oehjb^Z�gZljby�–�gZ������Bgl_gkb\ghklv�ihehku�k�fZdkbfmfhf�ijb�����gf�lZd`_�ij_�
l_ji_\Z_l�baf_g_gby�ijb�ojZg_gbb��AZ����kmlhd�ojZg_gby��Â ��-7

�F�\h^gh-khe_\uo�jZk�
l\hjh\�=L�\hagbdZ_l�ke_^mxs__�jZkoh`^_gb_�k�\h^guf�jZkl\hjhf��lZd`_�ojZgb\rbfky�
\�l_q_gb_����kmlhd��\�����F�\h^ghf�jZkl\hj_�kmevnZlZ�Zffhgby�b�oehjb^Z�gZljby�bg�
l_gkb\ghklv� exfbg_kp_gpbb� =L� gZ� ���� [hevr_�� q_f� \� \h^ghf� jZkl\hj_�� \� jZkl\hj_�
kmevnZlZ�dZeby�–�gZ����[hevr_��\�jZkl\hj_�kmevnZlZ�gZljby�–�gZ�����f_gvr_��\�jZk�
l\hj_�oehjb^Z�dZeby�–�gZ������[hevr_� 

LZdbf� h[jZahf�� mklZgh\e_gh�� qlh� bgl_gkb\ghklv� exfbg_kp_gpbb� k\_`_ijb]h�
lh\e_gguo� km[fbdjhfheyjguo� jZkl\hjh\� =L� m\_ebqb\Z_lky� ijb� ^h[Z\e_gbb� khe_c�� Z�
\_ebqbgZ�wnn_dlZ�aZ\bkbl�hl�ijbjh^u�ZgbhgZ��Ijb�ojZg_gbb�jZkl\hjh\�=L�ijhbkoh^bl�
ihy\e_gb_�gh\hc�ihehku�exfbg_kp_gpbb��bgl_gkb\ghklv�dhlhjhc�aZ\bkbl�dZd�hl�Zgbh�
gZ��lZd�b�hl�dZlbhgZ�^h[Z\ey_fhc�kheb��Wlb�wnn_dlu�gZ[ex^Zxlky�lhevdh�ijb�^hklZ�
lhqgh�fZeuo�dhgp_gljZpbyo�=L�b�^hklZlhqgh�\ukhdhc�l_fi_jZlmj_� 

 
 
 
 

M>D�������� 

BKKE?>H<:GB?�KLJMDLMJU�B�F?O:GBAF:�>?CKL<BY�
NHLHKBGL?LBQ?KDH=H�DHFIE?DK:�J:AEH@?GBY�<H>U 

**
�>_gbk_gdh�:�K� 

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

JZks_ie_gb_� \h^u� b� \u^_e_gb_� dbkehjh^Z� \� nhlhkbgl_a_� ijhbkoh^bl� \� dhf�
ie_dk_� jZaeh`_gby� \h^u� �DJ<�� \� oh^_� ke_^mxs_c� j_Zdpbb�� �H2O :�O2+4H++4e– [1]. 

                                                           
**
���>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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>ey� h[_ki_q_gby� wlhc� j_Zdpbb� g_h[oh^bfh� ihke_^h\Zl_evgh_� ih]ehs_gb_� q_luj_o�
d\Zglh\�k\_lZ��Ih]ehs_gb_�j_Zdpbhgguf�p_gljhf�d\ZglZ�k\_lZ�khijh\h`^Z_lky�jZa^_�
e_gb_f� aZjy^h\�–� \hkklZgh\e_gb_f�n_hn_lbgZ�b� hdbke_gb_f�i_j\bqgh]h�^hghjZ�J680. 
Hdbke_gguc� i_j\bqguc� ^hghj�J680

+
� h[eZ^Z_l� mgbdZevgh� \ukhdbf� ^ey� [bheh]bq_kdbo�

kh_^bg_gbc�hdbkebl_evgh-\hkklZgh\bl_evguf�ihl_gpbZehf��hdheh�����<���^hklZlhqguf�
^ey�hdbke_gby�\h^u��b�hdbkey_l�\lhjbqguc�^hghj�we_dljhgh\��dhlhjuf�y\ey_lky�hklZ�
lhd�lbjhabgZ�<z��jZkiheh`_gguc�\�ihabpbb�����\�Zfbghdbkehlghc�ihke_^h\Zl_evghklb�
bgl_]jZevgh]h�ihebi_ilb^Z�'������d>Z���Ihebi_ilb^�'��kh\f_klgh�k�ihebi_ilb^hf�'��
����d>Z��nhjfbjmxl�j_Zdpbhgguc�p_glj�NK� ,,��<�k\hx�hq_j_^v�hdbke_gguc�i_j_ghk�
qbd� we_dljhgh\� <z� hdbkey_l�fZj]Zgp_\uc� deZkl_j��Ihke_^h\Zl_evgh_�ih]ehs_gb_� q_�
luj_o� d\Zglh\� k\_lZ� khijh\h`^Z_lky� ihke_^h\Zl_evguf� m^Ze_gb_f� ba� fZj]Zgp_\h]h�
deZkl_jZ� q_luj_o� we_dljhgh\�� \� j_amevlZl_� q_]h� hdbke_gguc� fZj]Zgp_\uc� deZkl_j�
hdbkey_l�^\_�fhe_dmeu�\h^u�b�\hkklZgZ\eb\Z_lky�^h�bkoh^gh]h�j_^hdk-khklhygby��aZ�
\_jrZy�l_f�kZfuf�dZlZeblbq_kdbc�pbde��Wlhl�dZlZeblbq_kdbc�pbde�ghkbl�gZa\Zgb_�6-
pbdeZ��Hg�khklhbl�ba�iylb�6-khklhygbc�60–S4��DZ`^hfm�S-khklhygbx�khhl\_lkl\m_l�hi�
j_^_e_ggZy�kl_i_gv�hdbke_gby�dZlbhgh\��h[jZamxsbo�fZj]Zgp_\uc�deZkl_j� 

G_kfhljy� gZ� lh�� qlh� d� gZklhys_fm� \j_f_gb� ihemq_gh� m`_�fgh]h� wdki_jbf_g�
lZevguo�^Zgguo�h�DJ<��f_oZgbaf�_]h�jZ[hlu�^h�kbo�ihj�g_�yk_g��<�k\yab�kh�keh`gh�
klvx�bamqZ_fhc�kbkl_fu�\Z`gmx�jhev�\�bkke_^h\Zgbb�f_oZgbafZ�jZaeh`_gby�\h^u�aZ�
gbfZxl� l_hj_lbq_kdb_� jZkq_lu�� ^Zxsb_� ^hihegbl_evgmx� bgnhjfZpbx�� dhlhjmx� g_�
\hafh`gh�gZ�gZklhysbc�fhf_gl�ihemqblv�ba�wdki_jbf_glh\��H^gZdh�b�ijh\_^_gb_�l_h�
j_lbq_kdbo�jZkq_lh\�^h�g_^Z\g_]h�\j_f_gb�[ueh�aZljm^g_gh��ihkdhevdm�kljh_gb_�DJ<�
g_�[ueh�lhqgh�ba\_klgh��Ihy\b\rb_ky�\�
dhgp_� yg\Zjy� ����� ]h^Z� \� 3URWein Data 
Bank�gh\u_�^Zggu_�h�kljmdlmj_�\lhjhc�
nhlhkbkl_fu� k� jZaj_r_gb_f� ���� Å [2] 
iha\hebeb�ijh\_klb� l_hj_lbq_kdb_� jZk�
q_lu� wg_j]_lbq_kdbo� oZjZdl_jbklbd�
DJ<��<�gZr_c�jZ[hl_�\i_j\u_�g_�lhevdh�
ijh\_^_gu� ih^h[gu_� l_hj_lbq_kdb_�
jZkq_lu� wg_j]_lbq_kdbo� oZjZdl_jbklbd�
dhfie_dkZ�� gh� b� ih^jh[gh� ijhZgZebab�
jh\Zgh�kljh_gb_�DJ<�k�bkihevah\Zgb_f�
f_lh^h\� d\Zglh\hc� obfbb� ^ey� dhhj^b�
gZpbhgguo�kh_^bg_gbc�>�@�� 

D\Zglh\hf_oZgbq_kdbc� ZgZeba�
kljh_gby�fh^_eb�DJ<��ij_^eh`_gghc� \�
jZ[hl_� >�@��ihdZaZe�� qlh� ^ey� klZ[bevgh�
klb� �fbgbfmfZ� ihl_gpbZevghc� wg_j�
]bb�� dhfie_dkm� g_o\ZlZ_l� _s_� h^gh]h�
hljbpZl_evgh]h� aZjy^Z�b� ^\mo�g_ih^_�
e_gguo�iZj�we_dljhgh\��K�mq_lhf�wlh]h�
fh^_ev� >�@� [ueZ� ^hiheg_gZ� bhghf� oehjZ� b� fhe_dmehc� \h^u� �jbk�� ����Bkihevah\Zgb_�
ijZ\be����b����we_dljhgh\�l_hjbb�ihey�eb]Zg^h\�>�@�iha\hebeh�ihkljhblv�\_kv�dZlZeb�
lbq_kdbc�S-pbde�DJ<��l�_��ij_^eh`blv�gh\mx�]bihl_am�jZaeh`_gby�\h^u�\�nhlhkbgl_a_��
<�jZ[hl_�>�@�ih^jh[gh�jZkkfhlj_gu�\k_�wlZiu�wlh]h�pbdeZ��A^_kv�`_�ijb\h^blky�ebrv�
ko_fZ�dZlZeblbq_kdh]h�6-pbdeZ�DJ<�[_a�h[tykg_gbc� �jbk������Ij_^eh`_ggZy�ko_fZ�kh�
]eZkm_lky� kh�fgh]bfb� wdki_jbf_glZevgufb�^Zggufb��ba\_klgufb�h�dhfie_dk_�\�jZa�
ebqguo�_]h�hdbkebl_evguo�khklhygbyo��Ihfbfh�ihkljh_gby�]bihl_au�jZaeh`_gby�\h^u�

Jbk�� ���Fh^_ev�DJ<�� ihkljh_ggZy� gZ� hkgh\_� ^Zgguo�
j_gl]_gh\kdhc�ki_dljhkdhibb��IhdZaZgh�60-khklhygb_ 
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\� gZr_c� jZ[hl_� [ueb� j_r_gu� b� ^jm]b_�
aZ^Zqb�� <i_j\u_� h[tykg_gZ� jhev� lj_o�
fZj]Zgp_\�� dhlhju_�g_�ijbgbfZxl�g_ih�
kj_^kl\_ggh]h� mqZklby� \� jZaeh`_gbb� \h�
^u�� Ij_^iheZ]Z_lky�� qlh� wlb� ljb� bhgZ�
fZj]ZgpZ�� dZd�� \ijhq_f�� b� dm[bq_kdbc�
deZkl_j�� dhlhjuc� hgb� nhjfbjmxl�� b]jZ�
xl� ]eZ\gmx� jhev� ^ey� h[_ki_q_gby� ijh�
p_kkZ� jZaeh`_gby� \h^u�� ;eZ]h^Zjy� ki_�
pbnbq_kdb� ih^h[jZgghfm� hdjm`_gbx�
Mn-deZkl_j� g_� iha\hey_l� nmgdpbhgZev�
ghfm�bhgm�0Q��\hkklZgZ\eb\Zlvky�aZ�kq_l�
we_dljhgh\� deZkl_jZ�� qlh� ih^lZedb\Z_l�
Mn��d�hdbke_gbx�\h^u��Dm[bq_kdbc�deZ�
kl_j�� h[jZah\Zgguc� bhgZfb� fZj]ZgpZ��
dZevpby� b� dbkehjh^Z�� g_h[oh^bf� ^ey�
h[_ki_q_gby� gm`ghc� ^ey� nmgdpbhgbjh�
\Zgby�DJ<�]_hf_ljbb��JZkiheh`_gb_�bh�
gZ�0Q��\�hl^Ze_gbb�hl�dm[bq_kdh]h�deZ�
kl_jZ� lZd`_� g_� kemqZcgh�� Wlh� kihkh[kl�
\m_l� k[eb`_gbx� 0Q�� b� &D� gZ� wlZi_� h[�
jZah\Zgby�k\yab�f_`^m�dbkehjh^Zfb�jZa�
eZ]Zxsboky� fhe_dme� \h^u�� <� jZ[hl_�
lZd`_� h[tykg_gZ� jhev� bhgZ� dZevpby� \�
jZaeh`_gbb� \h^u�� Bhg� &D� g_� y\ey_lky�
i_j_oh^guf� f_lZeehf�� gh� \� jy^m� obfb�
q_kdbo� we_f_glh\� hg� ij_^r_kl\m_l� bf��
?]h� we_dljhggh_� kljh_gb_�� �V23p64s2

�� Lh�
_klv��S-�b��V-hj[blZeb�iheghklvx�aZihe�
g_gu��Z��G-h[hehqdZ�imklZ��<�hlebqb_�hl�

bhgZ�0Q��bhg�&D�g_�lZd�hohlgh�f_gy_l�k\h_�hdbkebl_evgh_�khklhygb_��Bf_ggh�wlh�k\hc�
kl\h�bhgZ�&D�b�kihkh[kl\m_l�nhjfbjh\Zgbx�fhe_dmeu�dbkehjh^Z�gZ�wlZi_�64.  

Ihfbfh� Zijbhjgh]h� ZgZebaZ�fh^_eb�DJ<� \�jZ[hl_�[ue�ijh\_^_g�b� l_hj_lbq_�
kdbc�jZkq_l� wg_j]_lbq_kdbo�khklhygbc�dhfie_dkZ��>ey�jZkq_lZ�fu�bkihevah\Zeb�ijh�
]jZffguc�iZd_l�+\SHU&KHP�b�ihemwfibjbq_kdbc�f_lh^�=,1'2��ihkdhevdm�wlh�_^bgkl�
\_gguc�f_lh^��ih^oh^ysbc�^ey�jZkq_lZ�kbkl_f�k�i_j_oh^gufb�f_lZeeZfb��;ueb�ijh\_�
^_gu�fgh]hqbke_ggu_�ihiuldb�hilbfbaZpbb�kbkl_fu�k�bkihevah\Zgb_f�jZaebqguo�f_�
lh^h\�hilbfbaZpbb��gh�\k_�wlb�ihiuldb�g_�m\_gqZebkv�mki_ohf��<�j_amevlZl_�hilbfb�
aZpbb�kljmdlmjZ�dhfie_dkZ�hq_gv�kbevgh�bkdZ`ZeZkv��^Z`_�ijb�aZdj_ie_gbb�l_o�qZkl_c�
dhfie_dkZ��iheh`_gb_�dhlhjuo�[ueh�\aylh�ba�kljmdlmju�>�@��Ihwlhfm�fu�ijbreb�d�\u�
\h^m��qlh�f_lh^� =,1'2�g_�ih^oh^bl�^ey�hilbfbaZpbb� ]_hf_ljbb�dhfie_dkh\� k�i_j_�
oh^gufb�f_lZeeZfb��Ohly�hilbfbabjh\Zlv�kljmdlmjm�ijh]jZffZ�gZf�g_�iha\hey_l��gh�
aZlh�fu�fh`_f�jZkkqblZlv�wg_j]bx�kbkl_fu�\�h^ghc�lhqd_��l�_��wg_j]bx�^Zgghc�ijb\_�
^_gghc�kljmdlmju��LZdhc�jZkq_l�[ue�\uiheg_g�b�hdZaZehkv��qlh�wg_j]by�dhfie_dkZ�\�
jZaebqguo�6-khklhygbyo�bf__l�iheh`bl_evgh_�agZq_gb_��lh�_klv�ij_^eh`_ggZy�kljmd�
lmjZ�g_mklhcqb\Z��<Zjvbjmy�jZkklhygby�^h�fhe_dme��dhlhju_�[ueb�^h[Z\e_gu�gZfb�\�
kbkl_fm��bhg�oehjZ�b�fhe_dmeZ�\h^u���m^Zehkv�ihemqblv�hljbpZl_evgu_�agZq_gby�wg_j�
]bc�k\yab�gZ�dZ`^hf�wlZi_�6-pbdeZ��LZdbf�h[jZahf��m^Zehkv�\jmqgmx�[_a�bkihevah\Z�

Jbk�� ��� Gh\Zy� ]bihl_aZ� h[jZah\Zgby� dbkehjh^Z�
ijb�nhlhkbgl_a_��Ihke_^h\Zl_evgh�ihdZaZgu�6i–
khklhygby��Ba�\k_]h�dhfie_dkZ�ihdZaZgu� lhevdh�
Mn��b�Ca��ihkdhevdm�^jm]b_�fZj]Zgpu�\�oh^_�j_�
Zdpbc�g_� mqZkl\mxl�b�g_�baf_gyxl� k\hbo� hdbk�
ebl_evguo�khklhygbc��Jy^hf�k�dZ`^uf�jbkmgdhf�
gZibkZgh� dhebq_kl\h� we_dljhgh\�� aZgbfZxsbo�
]jmiih\u_�FH�&D�b�0Q� 
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gby�keh`guo�ijh]jZff�hilbfbaZpbb�]_hf_ljbb�ihemqblv�klZ[bevgmx�kljmdlmjm�dhf�
ie_dkZ� 

<�aZdexq_gb_�gm`gh�hlf_lblv��qlh��gZkdhevdh�gZf�ba\_klgh��ih^h[guc�d\Zglh�
\hf_oZgbq_kdbc�ZgZeba�fh^_eb��hkgh\Zgghc�gZ�ihke_^gbo�j_gl]_ghkljmdlmjguo�bkke_�
^h\Zgbyo� klhjh_gby� DJ<�� \i_j\u_� bkihevam_lky� ^ey� ihgbfZgby� nmgdpbhgbjh\Zgby�
DJ<� 

 
Ohqm�ih[eZ]h^Zjblv�k\h_]h�gZmqgh]h�jmdh\h^bl_ey�DmdmrdbgZ�:�D��aZ�ihklZgh\dm�
aZ^Zqb��ihfhsv�\�ihgbfZgbb�l_fZlbdb�b�p_ggu_�aZf_qZgby��Z�lZd`_�Ihel_\Z�K�<��
aZ�ihe_agu_�kh\_lu�ih�jZ[hl_�k�ijh]jZffhc�HyperChem. 
JZ[hlZ�qZklbqgh�[ueZ�ih^^_j`ZgZ�]jZglhf�ih�ijh]jZff_�©Mgb\_jkbl_lu�Jhkkbbª 

 
1. Jm[bg�:�;��;bhnbabdZ��F���Dgb`guc�^hf�©Mgb\_jkbl_lª��������L����klj�����-336. 
2. Ferreira K.N., Iverson T.M., Maghlaoui K., Barber J., Iwata S.// Science. 2004. V. 303. P. 

1831-1838. 
3. >_gbk_gdh�:�K���Dmdmrdbg�:�D����;bhnbabdZ��\�i_qZlb�� 
4. Fbgdbg� <�B��� Kbfdbg� ;�Y���Fbgy_\� J��F�� L_hjby� kljh_gby� fhe_dme�� Jhklh\-gZ-

>hgm: «N_gbdk», 1997, 53-154 c., 407-453 c. 
 
 

M>D���������� 

DBG?LBQ?KD:Y�FH>?EV 
FBLHOHG>JB:EVGHC�:>?GBG�GMDE?HLB>�LJ:GKEHD:AU 

**
�F_l_edbg�?�:���>_fbg�H�<� 

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

:^_gbg�gmde_hlb^�ljZgkehdZaZ� �:GL��h^bg�ba�gZb[he__�\Z`guo�[_edh\��mqZkl�
\mxsbo�\�wg_j]_lbq_kdhf�f_lZ[hebaf_�de_ldb��;_ehd�ehdZebah\Zg�gZ�\gmlj_gg_c�f_f�
[jZg_�fblhohg^jbb�b� _]h� hkgh\ghc� aZ^Zq_c� h[_ki_q_gb_� h[f_gZ�:LN�b�:>N�f_`^m�
fblhohg^jbZevguf� fZljbdkhf� b� pblhieZafhc�� JZg__� [ueh� ihdZaZgh�� qlh� \h� fgh]bo�
kemqZyo� kdhjhklv� jZ[hlu� i_j_ghkqbdZ� ebfblbjm_l� hdbkebl_evgh_�nhknhjbebjh\Zgb_�
>�@��Z�ihkdhevdm�jhev�Zglbihjl_jZ�mgbdZevgZ��^Z`_�qZklbqgh_�ih\j_`^_gb_�[_edZ�ijb�
\h^bl�d�k_jv_aguf�gZjmr_gbyf�\�f_lZ[hebaf_�\k_c�de_ldb� 

G_kfhljy�gZ�lh��qlh�:GL�kqblZ_lky�h^gbf�ba�gZb[he__�bamq_gguo�ljZgkihjlguo�
[_edh\�fblhohg^jbb��f_oZgbaf�_]h�nmgdpbhgbjh\Zgby�b�khklZ\�nmgdpbhgZevghc�_^b�
gbpu�^h�kbo�ihj�y\eyxlky�l_fZfb�^ey�h[km`^_gby��<�k\yab�k�wlbf��hkgh\ghc�p_evx�gZ�
klhys_c�jZ[hlu�y\ey_lky�ihkljh_gb_�fZl_fZlbq_kdhc�fh^_eb�:GL�bkoh^y�ba�\u^\bgm�
luo�jZg__� ]bihl_a�b�ijh\_jdZ� khhl\_lkl\by�fh^_eb�\k_f�^hklmiguf� wdki_jbf_glZev�
guf�^Zgguf�� 

Hkgh\u\Zykv�gZ�^Zgguo�ih�lj_of_jghc�kljmdlmj_�:GL�>�@��Z�lZd`_�j_amevlZlZo�
jZ[hl�ih�k\yau\Zgbx�Zglbihjl_jZ�k�_]h�bg]b[blhjZfb�>�@��gZfb�[ueZ�ihkljh_gZ�dbg_�
lbq_kdZy�fh^_ev��dhlhjZy�mqblu\Z_l�aZ\bkbfhklv�kdhjhklb�ljZgkihjlZ�hl�dhgp_gljZpbc�
:LN�b�:>N��Z�lZd`_�hl�\_ebqbgu�pH�b�we_dljbq_kdh]h�ihl_gpbZeZ�f_f[jZgu��IZjZ�
f_lju�fh^_eb�[ueb�hp_g_gu�gZ�hkgh\Zgbb�wdki_jbf_glZevguo�^Zgguo�>�@�ih�dbg_lbd_�
                                                           
**
���>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 



EHFHGHKH<�– 2005 

 

68 

we_dljh]_ggh]h�h[f_gZ�Z^_gbeZlh\�ihkj_^kl\hf�:GL��;ueh�ihdZaZgh��qlh�_^bguf�gZ�
[hjhf�iZjZf_ljh\�fh^_eb�fh`gh�hibkZlv�ih\_^_gb_�i_j_ghkqbdZ�ijb�ex[uo�wdki_jb�
f_glZevguo� mkeh\byo�� qlh�fh`_l� k\b^_l_evkl\h\Zlv� h� ohjhr_f� khhl\_lkl\bb�fh^_eb�
j_Zevghfm�i_j_ghkqbdm��Djhf_�lh]h��ihkljh_ggZy�fh^_ev�iha\hebeZ�k^_eZlv�ij_^kdZaZ�
gby�hkh[_gghkl_c�ih\_^_gby�i_j_ghkqbdZ�g_�gZ[ex^Z_fu_�jZg__�wdki_jbf_glZevgh� 

 
1. Kholodenko B.N. “Control of mitochondrial oxidative phosphorylation” //J.Theor.Biol., 

1984, v.107, p.179-188 
2. Pebay-Peyroula E., Dahout-Gonzalez C., Kahn R., Trezeguet V., Lauquin G.J.M., Bran-

dolin G. “Structure of mitochondrial ADP/ATP carrier in complex with carboxyatracty-
loside” // Nature, 2003, v.426, p.39-44 

3. Brandolin G., Doussiere J., Gulik A., Gulik-Krzywicki T., Lauquin G.J.M., Vignais P.V. 
“Kinetic, binding and ultrastructural properties of the beef heart adenine nucleotide carrier 
protein after incorporation into phospholipid vesicles” // Biochim.Biophys.Acta, 1980, 
v.592, p.592-614. 

4. Kraemer R., Klingenberg M. “Electrophoretic control of reconstituted adenine nucleotide 
translocation. Biochemistry” // Biochemistry, 1982, v.21, p.1082-1089 

 
 

M>D�������� 

DBG?LBD:�;UKLJHC�B�A:F?>E?GGHC�NEMHJ?KP?GPBB�
NHLHKBKL?FU ,,�<UKRBO�J:KL?GBC�<�RBJHDHF�>B:I:AHG?�

<J?F,G��L?HJ?LBQ?KDH?�BKKE?>H<:GB? 

Dbj`Zgh\�>�<� 

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

<�^Zgghc�jZ[hl_�bkihevam_lky�fZl_fZlbq_kdZy�fh^_ev��jZg__�jZajZ[hlZggZy�kh�
ljm^gbdZfb�dZn_^ju�[bhnbabdb�nbabq_kdh]h�nZdmevl_lZ�F=M>���@��Fh^_ev�mqblu\Z_l�
gZebqb_�^\mo�nhlhkbkl_f��p_ihqdb�we_dljhggh]h�ljZgkihjlZ�b�pbdeZ�DZev\bgZ��>ey�mk�
dhj_gby�\uqbke_gbc�\�kbkl_fm�^bnn_j_gpbZevguo�mjZ\g_gbc��hibku\Zxsbo�ijhp_kku�
\�fh^_eb�� \\_^_gu�fZeu_� iZjZf_lju��Fh^_ev� mki_rgh� bkihevah\ZeZkv� ^ey� hibkZgby�
ijhp_kkh\��bf_xsbo�oZjZdl_jgu_�\j_f_gZ�ihjy^dZ��� fk��K�_z�ihfhsvx�hibkZgu�[u�
kljZy�b� aZf_^e_ggZy�exfbg_kp_gpby�nhlhkbkl_fu II �ijb�ihklhygghf�b�fh^mebjh\Zg�
ghf�hk\_s_gbb��dbg_lbdb�ij_\jZs_gbc�ib]f_glh\�j_Zdpbhgguo�p_gljh\��dhfihg_glh\�
we_dljhggh-ljZgkihlghc�p_ib�b�f_lZ[heblh\�pbdeZ�DZev\bgZ��H^gZdh�^ZggZy�fh^_ev�
jZg__�g_�bkihevah\ZeZkv�^ey�bkke_^h\Zgby�ijbjh^u�aZf_^e_gghc�nemhj_kp_gpbb�nhlh�
kbkl_fu II �� Ij_^iheZ]Z_lky�� qlh� nemhj_kp_gpby� fh`_l� khklhylv� ba� ^\mo� dhfihg_gl��
[ukljhc�nemhj_kp_gpbb�ib]f_glh\�Zgl_ggu�b�j_dhf[bgZpbhgghc�nemhj_kp_gpbb�nh�
lhkbkl_fu II ��LZd�`_�ij_^klZ\eyxl�bgl_j_k�dbg_lbdb�bg^mdpbb�b�aZlmoZgby�nemhj_k�
p_gpbb��g_�jZaj_r_ggu_�jZg__�\�fh^_eb�ba-aZ�bkihevah\Zgby�fZeuo�iZjZf_ljh\� 

>ey�bkke_^h\Zgby�ijhp_kkh\��ijhbkoh^ysbo�gZ�fZeuo�\j_f_gZo��[ueZ�khklZ\e_�
gZ�wd\b\Ze_glgZy�fh^_ev��g_�kh^_j`ZsZy�fZeuo�iZjZf_ljh\��Ijb�\u[jZgguo�dhgklZg�
lZo�kdhjhkl_c�j_Zdpbc�^ey�h[_ki_q_gby�mklhcqb\hklb�j_r_gby�lj_[m_lky�\u[bjZlv�rZ]�
bgl_]jbjh\Zgby�g_�[he__�� 10-13 k��qlh�kms_kl\_ggh�m\_ebqb\Z_l�\j_fy�kqzlZ��GZ�kh\j_�
f_gghf�i_jkhgZevghf�dhfivxl_j_�bgl_j\Ze�\� �� fk�fh^_evgh]h�\j_f_gb�fh`_l�[ulv�
\uqbke_g� aZ�\j_fy�ihjy^dZ� �� qZkh\��Ijb�bkihevah\Zgbb�mdZaZggh]h�rZ]Z�bgl_]jbjh�
\Zgby�aZ�wlh�\j_fy�\uihegy_lky�hdheh�� 1010

�bl_jZpbc�� 
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<� fh^_eb� nhlh�
kbgl_lbq_kdhc� kbkl_fu�
ihemq_gu� djb\u_� bg^md�
pbb� b� aZlmoZgby� nemh�

j_kp_gpbb�
nhlhkbkl_fu II �� Khhl\_l�
kl\mxsb_� ]jZnbdb� aZlm�
oZgby� nemhj_kp_gpbb�
ij_^klZ\e_gu� gZ� jbk�� ���
Ijb� \uqbke_gbyo� hk\_�
s_gb_� aZ^Z\Zehkv� ijyfh�
m]hevguf� bfimevkhf� k�
^ebl_evghklvx� hdheh�
10 fk�� aZ� dhlhjuf� ke_^h�
\ZeZ� l_fgh\Zy� nZaZ�� lZd�
`_� bf_xsZy� ^ebl_ev�
ghklv��� fk��GZ�jbkmgd_ 1 
ihdZaZgu� j_amevlZlu� \u�

qbke_gbc� k� bkihevah\Zgb_f� jZaebqguo� kdhjhkl_c� j_Zdpbb� j_dhf[bgZpbb��Qbke_ggh_�
bgl_]jbjh\Zgb_� ihdZau\Z_l�� qlh� \� fh^_eb� bgl_gkb\ghklv� nemhj_kp_gpbb�
nhlhkbkl_fu II � �i_j_f_ggZy�Z1��mf_gvrZ_lky�\���wlZiZ��I_j\uc�wlZi�mf_gvr_gby�bg�
l_gkb\ghklb� nemhj_kp_gpbb� nhlhkbkl_fu II � ijh^he`Z_lky� hdheh� ��-9 k�� <lhjhc� wlZi�
mf_gvr_gby�bgl_gkb\ghklb�nemhj_kp_gpbb�nhlhkbkl_fu II �bf__l�ijh^he`bl_evghklv�
ihjy^dZ� � 10-3 k�b�h[tykgy_l�gZ[ex^Z_fmx�\� wdki_jbf_gl_� aZf_^e_ggmx�nemhj_kp_g�
pbx� 

 
LZdbf�h[jZahf��hldjulu�i_jki_dlb\u�^ey�bkihevah\Zgby�kms_kl\mxs_c�fh^_�

eb�gZ�\j_f_gZo�hl���-11 k�^h���-3 k��qlh�ZdlmZevgh�\�k\yab�k�ihy\e_gb_f�gh\uo�wdki_jb�
f_glZevguo�^Zgguo�h�ijhp_kkZo��ijhbkoh^ysbo�\�kbkl_f_�gZ�fZeuo�\j_f_gZo� 

 
JZ[hlZ�qZklbqgh�[ueZ�ih^^_j`ZgZ�]jZglhf�ih�ijh]jZff_�©Mgb\_jkbl_lu�Jhkkbbª 

 
1. Dmdmrdbg�:�D���Lbohgh\�:�G��E_dpbb�ih�[bhnbabd_�nhlhkbgl_aZ�\ukrbo�jZkl_gbc��

–�F���Ba^Zl_evkl\h�F=M�������–�����k���be� 
2. DZjZ\Z_\� <�:��� Dmdmrdbg�:�D�� L_hj_lbq_kdZy� fh^_ev� k\_lh\uo� b� l_fgh\uo� ijh�

p_kkh\� nhlhkbgl_aZ�� ijh[e_fZ� j_]meypbb� ��� ;bhnbabdZ�� – 1993. –� l�� ���� \ui�� ��–
K� 958-975 

 
 

M>D������ 

FHKLBDH<U?�KLJMDLMJU�F?@>M�FHE?DME:FB�>GD 
<�@B>DHDJBKL:EEBQ?KDBO�>BKI?JKBYO 

Dmjghkh\�:�:� 

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

Ijb�^h[Z\e_gbb�d�\h^gh-khe_\uf�jZkl\hjZf�gmde_bgh\uo�dbkehl�ihebwlbe_g]�
ebdhey�h[jZamxlky�^bki_jkgu_�kbkl_fu��gZau\Z_fu_�`b^dhdjbklZeebq_kdbfb�^bki_j�
kbyfb��@D>��� 
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Khk_^gb_�fhe_dmeu�GD��nbdkbjh\Zggu_�\�kljmdlmj_�`b^dh]h�djbklZeeZ��fh]ml�
[ulv�bkihevah\Zgu�\�dZq_kl\_�©kljhbl_evguo�[ehdh\ª�\�obfbq_kdbo�j_Zdpbyo��j_Zeb�
am_fuo�dZd�k�mqZklb_f�iZj�hkgh\Zgbc��lZd�b�kh_^bg_gbc��dhlhju_�fh]ml�[ulv�ijbkh_�
^bg_gu� d�fhe_dmeZf�GD�<�qZklghklb�� k�fhe_dmeZfb�GD��gZoh^ysbfbky� \�`b^dhdjb�
klZeebq_kdhf�khklhygbb��k\yau\Z_lky�Zglb[bhlbd�^Zmghfbpbg�>:M��b�h[jZamxl�dhf�
ie_dku�bhgu�^\mo\Ze_glghc�f_^b�&X����Z�lZd`_�bf__l�f_klh�h[jZah\Zgb_�©fhklbdh\ª�
f_`^m� khk_^gbfb� fhe_dmeZfb� GD��Fhklbdb� ij_^klZ\eyxl� kh[hc� iehkdb_� o_eZlgu_�
dhfie_dku�ba�q_j_^mxsboky�bhgh\�f_^b�b�fhe_dme�>:M� 

<�khhl\_lkl\bb�k�ih^oh^hf��jZa\bluf�\�>�-3], [ueZ�\u[jZgZ�fh^_ev�Z^khj[pbb��
hibku\ZxsZy�h[jZah\Zgb_�fhklbdh\uo�kljmdlmj�\�jZkl\hj_�>GD��<�jZfdZo�fh^_eb�ih�
emq_gZ�kbkl_fZ�mjZ\g_gbc�Z^khj[pbb� 

r1 = Cf (1 – R – r1 – r2) exp(– ∆01);      

r2 = Cu (1 – R – r1 – r2) exp(– ∆02);    (1) 

R (1 – R) = Cun+1Cfn (1 – R – r1 – r2)2 exp(– 2∆02 – 2n∆0);  
]^_�&I��&X�–�dhgp_gljZpbb�k\h[h^guo�fhe_dme�>:M�b�bhgh\�f_^b�khhl\_lkl\_ggh��∆0��
–�wg_j]by�k\yab�>:M�k�>GD��∆0��–�wg_j]by�k\yab�&X���k�>GD��∆0�-�wg_j]by�k\yab�&X���
k�>:M�\�fhklbd_��U���U���5�–�kl_i_gv�aZiheg_gby�>GD�fhe_dmeZfb�>:M��bhgZfb�f_^b�b�
fhklbdZfb�khhl\_lkl\_ggh��Q�–�qbkeh�fhe_dme�>:M�\�fhklbd_��Q� ���� 

K�ihfhsvx�kbkl_fu� ����b�mjZ\g_gbc�fZl_jbZevgh]h�[ZeZgkZ�fh`gh�jZkkqblu�
\Zlv� aZ\bkbfhklv�dhgp_gljZpbb�fhklbdh\�hl�dhgp_gljZpbc�>:M�b�f_^b�\�jZkl\hj_��Z�
lZd`_�hij_^_eylv�wg_j]bb�k\yau\Zgby��dZd�iZjZf_lju��ba�wdki_jbf_glZevguo�^Zgguo� 

GZ�jbk����ijb\_^_gu�l_hj_lbq_kdb_�djb\u_��kiehrgu_�ebgbb��b�ihemq_ggu_�f_�
lh^hf�djm]h\h]h�^bojhbafZ�wdki_jbf_glZevgu_�^Zggu_�aZiheg_gby�>GD�fhklbdZfb�\�
aZ\bkbfhklb� hl� dhgp_gljZpbb� f_^b� \� jZkl\hj_� ijb� dhgp_gljZpbyo�>:M� ����� b� �����
fdF� 

 

 
 
 

1. G_qbimj_gdh�X�>��� Klj_evph\� K�:��� ?\^hdbfh\�X�F�� ��;bhnbabdZ� �����lhf� ����
\ui����k�����-435. 

2. G_qbimj_gdh� X�>��� AZoZjh\� F�:��� KZeygh\� <�B��� ?\^hdbfh\� X�F���� ;bhnbabdZ�
������lhf�����\ui�����k����-606. 

3. G_qbimj_gdh�X�>��� Jy[hdhgv� <�N��� K_f_gh\� K�<��� ?\^hdbfh\�X�F���� ;bhnbabdZ�
������lhf�����\ui�����k�����-643. 

 
 

Jbk�� ���Wdki_jbf_glZevgu_�b�l_h�
j_lbq_kdb_�djb\u_��hibku\Zxsb_��
\hajZklZgb_� kl_i_gb� aZiheg_gby�
>GD�fhklbdZfb�ijb�^h[Z\e_gbb�\�
jZkl\hj�� kh^_j`Zsbc� `b^dhdjb�
klZeebq_kdb_� ^bki_jkbb�� bhgh\�
f_^b�� Wdki_jbf_glu� ijh\h^beb�
ijb�^\mo�agZq_gbyo�dhgp_gljZpbb�
>:M� \� jZkl\hj_�– 15.6 (���b� �����
fdF���� 
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H�KLJMDLMJ?�;?EDH<��KNHJFBJH<:GGUO�BA�L�B�D-
:FBGHDBKEHL 

Khxgh\�=�F� 

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

D�objZevguf�h[t_dlZf�hlghkylky�h[t_dlu��dhlhju_�g_�fh]ml�[ulv�kh\f_s_gu�
kh�k\hbf�a_jdZevguf�hlh[jZ`_gb_f��<Z`gh�hlf_lblv��qlh�objZevgu_�kh_^bg_gby�bf_�
xl�jZaebqby�lhevdh�\�hilbq_kdhc�Zdlb\ghklb��Nbabdh-obfbq_kdb_�k\hckl\Z�objZevguo�
h[t_dlh\� Z[khexlgh� b^_glbqgu� �jZkl\hjbfhklv�� l_fi_jZlmjZ� ieZ\e_gby�� \gmlj_ggyy�
wg_j]by��� 

:fbghdbkehlu�\�khklZ\_�[_edh\�ij_^klZ\e_ggu�/-nhjfhc��Z�jb[haZ��\oh^ysZy�\�
khklZ\�jm[hgmde_bgh\uo�dbkehl�bf__l�lhevdh�'-nhjfm� 

Kms_kl\mxl� ^\_� hkgh\gu_� l_hjbb� \hagbdgh\_gby� objZevghc� Zkkbf_ljbb� �beb�
a_jdZevghc�Zkbff_ljbb��\�[bheh]bq_kdhf�fbj_��I_j\Zy�l_hjby� �[bh]_ggZy��ij_^iheZ�
]Z_l�\hagbdgh\_gb_�lj_o�\b^h\�hj]Zgbafh\��kbkl_fZlbabjh\Zgguo�ih�k\h_fm�objZevgh�
fm�khklZ\m��jZp_fbq_kdbc�hj]Zgbaf�b�^\Z�objZevguo�Zglbih^Z�>�@��<�`_kldhc�[hjv[_�aZ�
kms_kl\h\Zgb_�b�^Zevg_cr__�jZa\blb_�ih[_`^Zeb�hj]Zgbafu�gZb[he__�ijhklu_�b�h^�
gh\j_f_ggh�[ukljh�jZafgh`Z\rb_ky��<hagbdgh\_gb_�^Z`_�ijhkl_crbo�kZfhj_iebpb�
jmxsboky� kbkl_f�fh]eh� ijhbkoh^blv� lhevdh� \� objZevgh� qbkluo� mkeh\byo��Kh]eZkgh�
[bh]_gghc�l_hjbb��ijbqbghc�[bheh]bq_kdhc�Zkbff_ljbb�y\ey_lky�kemqZcghklv��h^bg�ba�
Zglbih^h\�ij_h[eZ^Ze�\�dhebq_kl\_gghf�hlghr_gbb� 

<lhjZy�l_hjby� �Z[bh]_ggZy��ij_^iheZ]Z_l�gZebqb_�\g_rgbo�nZdlhjh\��ih\eby\�
rbo�gZ�jZp_fbq_kdbc�khklZ\�ij_[bhlbq_kdhc�kj_^u�>�@�� 

ObjZevgZy� Zkbff_ljby�� ijbkmsZy� kh\j_f_gghc� [bhkn_j_�� klhedgmeZkv� k�fhs�
guf� ihlhdhf� a_jdZevgh� Zkbff_ljbqguo� kh_^bg_gbc�� bklhqgbdhf� dhlhjuo� y\ey_lky�
^_yl_evghklv� q_eh\_dZ��ObjZevgh_� aZ]jyag_gb_�fh`_l�ijb\_klb� d�g_h[jZlbfuf�hiZk�
guf�baf_g_gbyf�\�kj_^_�h[blZgby�hj]Zgbafh\�>���@�� 

KlZ[bevgZy� dhgnb]mjZpby� L-Zd\ZihjbgZ� gZ� û? �����ddZe�fhev� \u]h^g__� q_f�
dhgnb]mjZpby�D-Zd\ZihjbgZ��Mqblu\Zy��qlh�wg_j]by�de_ldb�kdeZ^u\Z_lky�ba�wg_j]bc�__�
dhfihg_glh\��[_edh\��\�l�q��Zd\Zihjbg��ebib^u�b�l�^����fh`gh�ml\_j`^Zlv��qlh�de_ldZ�k�
L-Zd\Zihjbghf� [m^_l� klZ[bevg__� de_ldb� k� D-Zd\Zihjbghf�� Wlh� ml\_j`^_gb_� fh`gh�
kqblZlv�h^gbf�ba�hl\_lh\�gZ�\hijhk�h�©\u[hj_�ijbjh^uª�bf_ggh�de_lhqguo�L-[_edh\�\�
ijhp_kk_�ij_^[bheh]bq_kdhc�w\hexpbb� 

G_kfhljy� gZ� ijhkljZgkl\_ggmx�b^_glbqghklv� '-bahf_jZ� Zfbghdbkehlu�b� a_j�
dZevgh]h�hljZ`_gby�L-bahf_jZ�Zfbghdbkehlu��kljmdlmjZ�[_edZ��khklhys_]h�lhevdh�ba�
D-Zfbghdbkehl��g_�b^_glbqgZ�a_jdZevghfm�©hlh[jZ`_gbxª�gZlb\ghc�kljmdlmju�q_eh�
\_q_kdh]h�Zd\ZihjbgZ� 

 
1. Q_jgZ\kdbc� >�K���� Ijh[e_fZ� ijhbkoh`^_gby� `bagb� b� fure_gby� k� lhqdb� aj_gby�

kh\j_f_gghc�nbabdb����©Mki_ob�Nbabq_kdbo�GZmdª��lhf����������������K�����-183 
2. =hev^Zgkdbc�<�B���Dmavfbg�<�<���KihglZggh_�gZjmr_gb_� a_jdZevghc� kbff_ljbb�\�

ijbjh^_�b�ijhbkoh`^_gb_�`bagb���©Mki_ob�Nbabq_kdbo�GZmdª��lhf����������������

K���-50 
3. Ydh\_gdh� E�<��� >fbljb_\� :�<��� L\_j^bkeh\� <�:.��GZjmr_gb_� bhgghc� ba[bjZ�

l_evghklb� ijb� jZp_fbaZpbb� Zfbghdbkehl� k_e_dlb\gh]h� nbevljZ� dZgZeZ� .CS$� ���\�
i_qZlb� 
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4. Kb^hjh\Z�<�<���L\_j^bkeh\�<�:���Wdheh]bq_kdb_�ijh[e_fu�objZevghc�[_ahiZkghklb�
[bhkn_ju���\�i_qZlb� 

 
 

M>D���������� 

DBG?LBQ?KD:Y�FH>?EV�IMLB�;BHKBGL?A:�E?CPBG: 
ESCHERICHIA COLI 

FZqZ\ZjbZgb�F�:� 

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

Imlv�kbgl_aZ�e_cpbgZ�ba�.-d_lhbah\Ze_jvygh\hc�dbkehlu��y\ey_lky�g_aZ\bkbfhc�
qZklvx�\�jZa\_l\e_gghc�p_ib�[bhkbgl_aZ�Zfbghdbkehl��e_cpbgZ��bahe_cpbgZ�b�\ZebgZ���
dhlhju_�y\eyxlky�\Z`g_crbfb�dhfihg_glZfb�[_edh\h]h�kbgl_aZ�� 

>ey� j_r_gby� aZ^Zqb� l_hj_lbq_kdh]h� bamq_gby� imlb� [bhkbgl_aZ� e_cpbgZ� gZfb�
[ueZ� ihkljh_gZ� dbg_lbq_kdZy� fh^_ev�� dhlhjZy� ij_^klZ\ey_l� kh[hc� kbkl_fm� ijhkluo�
^bnn_j_gpbZevguo�mjZ\g_gbc��J_r_gb_�kbkl_fu�ijb�jZaebqguo�agZq_gbyo�iZjZf_ljh\�
hibku\Z_l�aZ\bkbfhklv�dhgp_gljZpbc�f_lZ[heblh\�hl�\j_f_gb��\�jZaebqguo�mkeh\byo�
wdki_jbf_glZ��Fh^_ev� \dexqZ_l� \� k_[y� �� n_jf_glZ� ��-bahijhibefZeZl� kbgl_lZam�� �-
bahijhibefZeZl�bahf_jZam���-bahijhibefZeZl�^_]b^jh]_gZam�b�ZjhfZlbq_kdmx�Zfbgh-
Zdkb^-ljZgkZfbgZam���Z�lZd`_�ijblhdb�b�hllhdb�gZqZevguo�b�dhg_qguo�f_lZ[heblh\�ih�
kj_^kl\hf�\aZbfh^_ckl\by�k�^jm]bfb�f_lZ[hebq_kdbfb�kbkl_fZfb�b�ljZgkihjlZ� 

>ey�dZ`^h]h�n_jf_glZ�gZ�hkgh\Zgbb�ebl_jZlmjguo�^Zgguo�fu�hij_^_ebeb�dZ�
lZeblbq_kdbc�pbde��\u\_eb�mjZ\g_gb_�kdhjhklb�b�hij_^_ebeb�iZjZf_lju��\oh^ysb_�\�
\ujZ`_gb_�kdhjhklb��Ihke_�hij_^_e_gby�f_lZ[hebq_kdbo�b�j_]meylhjguo�k\ya_c�kbk�
l_fu��fu�h[t_^bgbeb�ihemq_ggu_�\ujZ`_gby�kdhjhkl_c�\�h[smx�fh^_ev��dhlhjZy�ih�
a\hey_l�hij_^_eblv�aZ\bkbfhklv�kdhjhklb�kbgl_aZ�e_cpbgZ�hl�\j_f_gb��S+��l_fi_jZlm�
ju�b�dhgp_gljZpbb�ijhf_`mlhqguo�f_lZ[heblh\��Djhf_�lh]h��gZ�hkgh\_�fh^_eb��gZfb�
[ueb� ihkljh_gu� l_hj_lbq_kdb_� aZ\bkbfhklb� klZpbhgZjguo� khklhygbb� hl� fh^_ebjm_�
fuo�mkeh\bc� 

 
 

M>D����������� 

BKKE?>H<:GB?�L?JFH>BG:FBQ?KDBO�B�DBG?LBQ?KDBO�
N:DLHJH<��<EBYXSBO�G:�WNN?DLB<GHKLV�J:;HLU�

=?E?<H=H�HEB=HGMDE?HLB>GH=H�FBDJHQBI: 

**
�Khjhdbg�G�<���Q_q_ldbg�<�J���Eb\rbp�F�:� 

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

;bheh]bq_kdb_�fbdjhqbiu�y\eyxlky�hkgh\hc�jZa\b\Zxs_cky�gh\hc�l_ogheh]bb�
]_g_lbq_kdbo�� [bhobfbq_kdbo�b� [bhf_^bpbgkdbo�bkke_^h\Zgbc��;bhqbi�ij_^klZ\ey_l�
kh[hc�kl_deyggmx�beb�ieZklbdh\mx�ieZklbgdm�k�jZaf_s_gguf�gZ�g_c�fgh`_kl\hf�fb�
gbZlxjguo�yq__d�-�³fbdjhijh[bjhd´�–�^ey�iZjZee_evgh]h�l_klbjh\Zgby�[bheh]bq_kdhc�
ijh[u�kh�fgh]bfb�fhe_dmeyjgufb�ahg^Zfb��Ijbgpbi�bkihevah\Zgby�[bhqbiZ�khklhbl�
\�\uy\e_gbb�ba[bjZl_evgh]h�k\yau\Zgby�ZgZebabjm_fuo�[bhfhe_dme�k�fhe_dmeyjgufb�

                                                           
**
���>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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ahg^Zfb�� aZnbdkbjh\Zggufb� \� hl^_evguo� ]_e_\uo� yq_cdZo�� Ahg^Zfb� fh]ml� kem`blv�
heb]hgmde_hlb^u��[_edb�beb�bgu_�eb]Zg^u��H[jZamxsb_ky�dhfie_dku�ZgZebabjm_fZy�
ijh[Z-ahg^�j_]bkljbjmxlky�k�ihfhsvx�nemhj_kp_glghc�f_ldb� 

>ey�ijZdlbq_kdh]h�ijbf_g_gby�[bhqbiZ�dZd�^bZ]ghklbq_kdh]h�ijb[hjZ�\Z`gu�
fb�iZjZf_ljZfb�y\eyxlky�\_ebqbgZ�ihe_agh]h�nemhj_kp_glgh]h�kb]gZeZ�b�hlghr_gb_�
kb]gZeh\�� hl\_qZxsbo� ©ijZ\bevghfmª� b� hrb[hqghfm� k\yau\Zgbx� �^bkdjbfbgZglgh_�
hlghr_gb_��� 

;ueh�aZf_q_gh��qlh�aZ�\j_f_gZ��h[uqgh�bkihevam_fu_�^ey�]b[jb^baZpbb��a��-24 
qZkh\���nemhj_kp_glguc�kb]gZe�g_�^hklb]Z_l�gZkus_gby��l�_��ijhp_kk�k\yau\Zgby�ij_�
djZsZxl�^h�^hklb`_gby�jZ\gh\_kgh]h�khklhygby��F_`^m�l_f�k�m\_ebq_gb_f�ijh^he`b�
l_evghklb�]b[jb^baZpbb�^bkdjbfbgZglgh_�hlghr_gb_�gZjZklZ_l��ebrv�\�ij_^_e_�ijb�
[eb`Zykv�d�mjh\gx��dhlhjuc�hij_^_ey_lky�jZ\gh\_kgufb�iZjZf_ljZfb�©ijZ\bevgh]hª�
b�hrb[hqgh]h�k\yau\Zgby�� 

L_hj_lbq_kdh_�bkke_^h\Zgb_��ijh\_^_ggh_�gZfb�jZg__�>����@��ihdZaZeh��qlh�dbg_�
lbdZ�]b[jb^baZpbb�\�]_e_�h[mkeh\e_gZ�f_oZgbafhf�©aZ^_j`Zgghc�^bnnmabbª��Fb]jZ�
pby�ZgZebabjm_fuo�fhe_dme�\gmljv�]_e_\uo�yq__d�fgh]hdjZlgh�ij_ju\Z_lky�k\yau\Z�
gb_f�k�g_ih^\b`gufb�fhe_dmeZfb�ahg^Z��AZ^_j`dZ�^bnnmabb�aZ\bkbl�hl�dhgp_gljZpbb�
bffh[bebah\Zgguo� \� ]_e_�fhe_dme� ahg^Z�b� hl�ijhqghklb� k\yau\Zgby� [bhfhe_dmeu� k�
ahg^hf� 

<�gZklhys_c�jZ[hl_�wdki_jbf_glZevgh�ihdZaZgh��qlh�kgb`_gb_�dhgp_gljZpbb��\�
��jZa��b�mf_gvr_gb_�^ebgu�bffh[bebah\Zggh]h�heb]hgmde_hlb^Z��ahg^Z���bkihevah\Z�
gb_�[he__�djmighihjbklh]h�]_ey��ih\ur_gb_�l_fi_jZlmju�b�^h[Z\e_gb_�\�jZkl\hj�^_k�
lZ[bebabjmxsbo� ^mie_dku� Z]_glh\� mkdhjy_l� dbg_lbdm� ]b[jb^baZpbb�� Dhfie_dkgh_�
ijbf_g_gb_�mihfygmluo�kj_^kl\�ijb\_eh�d�[he__�q_f��-djZlghfm�ih\ur_gbx�^bkdjb�
fbgZpbhggh]h�hlghr_gby�^Z`_�ijb�khdjZs_gbb�ijh^he`bl_evghklb�]b[jb^baZpbb�^h�
a���qZkh\� 

Ihkl]b[jb^baZpbhggZy� hlfu\dZ� iha\hebeZ� ^h[blvky� _s_� [he__� agZqbl_evgh]h�
m\_ebq_gby� ^bkdjbfbgZpbhgghc� kihkh[ghklb� fbdjhqbiZ�� Ijh\_^_g� kjZ\gbl_evguc�
ZgZeba�jZaebqguo�ih�ihjbklhklb�]_e_c�� 

LZdbf�h[jZahf��j_amevlZlhf�ijh\_^_ggh]h�gZfb�bkke_^h\Zgby�klZeh�kms_kl\_g�
gh_�ih\ur_gb_�wnn_dlb\ghklb�jZ[hlu�bkihevam_fuo�[bhqbih\��khdjZs_gb_�\j_f_gb��
lj_[m_fh]h�^ey�gZ^_`gh]h�l_klbjh\Zgby�b�m\_ebq_gb_�bo�jZaj_rZxs_c�kihkh[ghklb� 

 
1. M.A.Livshits, A.D.Mirzabekov "Theoretical analysis of the kinetics of DNA hybridization 

with gel-LPPRELOL]HG�ROLJRQXFOHRWLGHV�����%LRSK\V\FDO�-RXUQDO��������l����������F�����-
2801. 

2. Sorokin, N.V., V.R. Chechetkin, M.A. Livshits, V.A. Vasiliskov, A.Y. Turygin, and A.D. 
Mirzabekov "Kinetics of hybridization on the oligonucleotide microchips with gel pads" // 
-RXQDO�RI�%LRPROHFXODU�6WUXFWXUH�	�'\QDPLFV��������l�����k����-288. 

 

M>D������������� 

<A:BFH>?CKL<B?�IHEBWE?DLJHEBLH<�K�;BHEH=BQ?KDBFB�B�
FH>?EVGUFB�F?F;J:GGUFB�KLJMDLMJ:FB 

>_f_glv_\�:�:� 

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

<aZbfhk\yav�fhe_dmeyjghc� hj]ZgbaZpbb� b�nmgdpbc� jZaebqguo� [bheh]bq_kdbo�
kljmdlmj�y\ey_lky�ij_^f_lhf�bgl_gkb\guo�bkke_^h\Zgbc�gZ�ijhly`_gbb�jy^Z�e_l�[eZ�
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]h^Zjy�i_j\hkl_i_gghc�\Z`ghklb�^Zggh]h�\hijhkZ��dZd�^ey�nmg^Zf_glZevghc�gZmdb��lZd�
b�^ey�rbjhdh]h�djm]Z�[bheh]bq_kdbo�b�f_^bpbgkdbo�ijbeh`_gbc��K�^jm]hc�klhjhgu��
ihgbfZgb_�f_oZgbafh\�b�hkh[_gghkl_c�kmijZfhe_dmeyjghc�kljmdlmjghc�hj]ZgbaZpbb�\�
[bheh]bq_kdbo�b�dheehb^guo�fhe_dmeyjguo�kbkl_fZo�b�__�k\yab�k�ijhp_kkZfb��ijhbk�
oh^ysbfb�\�wlbo�kbkl_fZo��y\ey_lky�g_h[oh^bfhc�hkgh\hc�^ey�ihke_^mxs_]h�ihemq_�
gby�gh\uo�]b[jb^guo�b�bkdmkkl\_gguo�nmgdpbhgZevguo�kbkl_f��h[eZ^Zxsbo�\ukhdhc�
wnn_dlb\ghklvx�b�klZ[bevghklvx� 

<� gZklhys_c� jZ[hl_�f_lh^hf� kibgh\uo� ahg^h\� bkke_^h\Zehkv� \aZbfh^_ckl\b_�
^\mo�jZaebqguo�ihebdZlbhgh\�k�f_f[jZgZfb�ebihkhf��bamqZehkv�\ebygb_�ihebdZlbh�
gh\�gZ�kljmdlmjm�ebihkhfZevguo�f_f[jZg��<�dZq_kl\_�ghkbl_ey�hljbpZl_evgh]h�aZjy^Z�
gZ�ebihkhfZevguo�f_f[jZgZo�bkihevah\Zebkv�dZj^bhebibg�b�kl_Zjbgh\Zy�dbkehlZ��Ih�
ebdZlbhgu�gZ�hkgh\_�iheb-4-\bgbeibjb^bgZ� �PVP-���b�PVP-����k�����b�����wlbeib�
jb^bgh\uo� ]jmii� g_kml� ihklhygguc� iheh`bl_evguc� aZjy^� [eZ]h^Zjy� q_l\_jlbqghfm�
Zffhgbx�b�hlebqZxlky�^jm]�hl�^jm]Z�ebg_cghc�iehlghklvx�aZjy^Z��Fu�bkihevah\Zeb�
ke_^mxsb_�f_ldb���-^hdkbe-kl_ZjZl���-SASL), 16-̂ hdkbe-kl_ZjZl����-SASL���Ba�wdki_�
jbf_glh\�[ueh�mklZgh\e_gh��qlh�iZjZf_lj�ihjy^dZ�ebihkhfZevguo�f_f[jZg�baf_gy_l�
ky�\�ij_^_eZo�hl��ijbf_jgh�������^h������ihke_�bgdm[bjh\Zgby�ebihkhfZevghc�kmki_g�
abb�k�gZkusZxs_c��ih�aZjy^m��dhgp_gljZpb_c�PVP-����FZdkbfZevgh_�ihemq_ggh_�agZ�
q_gb_� iZjZf_ljZ� ihjy^dZ� ihke_� bgdm[bjh\Zgby� ebihkhf� \� gZkusZxs_f� �ih� aZjy^m��
jZkl\hj_�PVP-���khklZ\ey_l�������LZdbf�h[jZahf��[ueh�mklZgh\e_gh��qlh�ihebdZlbhg�k�
[hevr_c�ebg_cghc�iehlghklvx�aZjy^Z�\�f_gvr_c�kl_i_gb�\eby_l�gZ�ki_dlju�f_ldb��-
SASL��iZjZfZ]gblguc�njZ]f_gl�dhlhjhc�gZoh^blky�[ebadh�d�ih\_joghklb�[bkehy��<�lh�
`_�kZfh_�\j_fy��ki_dlju�f_ldb���-SASL��iZjZfZ]gblguc�njZ]f_gl�dhlhjhc�gZoh^blky�
\�]em[bg_�[bkehy��g_�ij_l_ji_\Zxl�dZdbo-eb[h�agZqbl_evguo�baf_g_gbc�\�ijhp_kk_�Z^�
khj[pbb�ihebdZlbhgh\�gZ�f_f[jZgm�� 

Djhf_�lh]h��\�gZklhys_c�jZ[hl_�[ueb�ihemq_gu�gh\u_�]b[jb^gu_�kljmdlmju�– 
dhfie_dku�lbeZdhb^�ihebwe_dljhebl��bkke_^h\Zgh�\ebygby�ihebwe_dljheblZ�gZ�kljmd�
lmjm�� we_dljhklZlbdm� ih\_joghklb� b� nmgdpbhgbjh\Zgb_� lbeZdhb^guo� f_f[jZg�� >ey�
kha^Zgby�dhfie_dkh\�\�\h^ghc�nZa_�bkihevah\Zebkv�lbeZdhb^u�[h[h\�b�ihebdZlbhg�ih�
ebZebeZfbg� ]b^jhoehjb^� �3$$+��� Kha^Zgb_� dhfie_dkh\� lbeZdhb^�ihebwe_dljhebl��
bffh[bebah\Zgguo�gZ�ih\_joghklb�l\_j^hl_evghc�ih^eh`db��ijhba\h^behkv�ihkj_^kl�
\hf�ihke_^h\Zl_evghc�ihkehcghc�Z^khj[pbb�lbeZdhb^h\�b�fhe_dme� 3$$+��Fhjnheh�
]by� ihemq_gguo� kljmdlmj�� bamqZeZkv� k� ihfhsvx� f_lh^Z� kdZgbjmxs_c� we_dljhgghc�
fbdjhkdhibb��<ebygb_� dhfie_dkhh[jZah\Zgby� gZ� k\_lhbg^mpbjh\Zgguc� we_dljhgguc�
ljZgkihjl�\�lbeZdhb^guo�f_f[jZgZo�bamqZehkv�f_lh^hf�WIJ��Bkke_^h\Zgb_�kljmdlmju�
b�we_dljhklZlbdb�lbeZdhb^guo�f_f[jZg�ijhba\h^behkv�f_lh^hf�kibgh\uo�ahg^h\��Bk�
ihevah\Zebkv�ke_^mxsb_�f_ldb���-SASL��f_lbe-16-̂ hdkbe-kl_ZjZl����-SASL-Me���b�dZ�
lbhggZy� fhe_dmeZ�CAT��� ;ueh� ihdZaZgh�� qlh� ijb� baf_g_gbb� dhgp_gljZpbb� 3$$+� \�
rbjhdbo�ij_^_eZo� k\yau\Zgb_� 3$$+�k� lbeZdhb^ghc�f_f[jZghc�g_�\uau\Z_l�kms_kl�
\_ggh]h� bg]b[bjh\Zgby� ijhp_kkh\� nhlhbg^mpbjh\Zggh]h� we_dljhggh]h� ljZgkihjlZ��
AgZq_gby�iZjZf_ljZ�ihjy^dZ� �S �����b�\j_f_gb�\jZsZl_evghc�dhjj_eypbb� �τ = 9×10-10 

sec��[ueb�hp_g_gu�ih�khhl\_lkl\mxsbf�WIJ�ki_dljZf�kibgh\uo�f_lhd��IhdZaZgh��qlh�
h[jZah\Zgb_�dhfie_dkh\�lbeZdhb^�ihebwe_dljhebl�g_�ijb\h^bl�d�agZqbl_evguf�baf_�
g_gbyf�wlbo�iZjZf_ljh\��<�lh�`_�\j_fy��ih\_joghklguc�ihl_gpbZe�lbeZdhb^ghc�f_f�
[jZgu�fhghlhggh�\hajZklZ_l�k�– 18 mV� �dhgljhev�[_a�ihebdZlbhgZ��^h�–7 mV (10-3 M 
PAAH���qlh�k\b^_l_evkl\m_l�h[�Z^khj[pbb�ihebdZlbhgZ�gZ�ih\_joghklv�f_f[jZgu�� 
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LZdbf�h[jZahf��iZjZf_lj�ihjy^dZ� lbeZdhb^guo�f_f[jZg�g_�baf_gy_lky�\�ijh�
p_kk_�Z^khj[pbb�ihebdZlbhgZ��<�lh�`_�\j_fy��iZjZf_lj�ihjy^dZ�ebihkhfZevguo�f_f�
[jZg�m\_ebqb\Z_lky�^h�agZq_gby������dhlhjh_�f_gvr_�iZjZf_ljZ�ihjy^dZ�bkoh^guo�lb�
eZdhb^guo� f_f[jZg��Fh`gh� ^himklblv�� qlh� k\yau\Zgb_� ihebdZlbhgZ� k� lbeZdhb^ghc�
f_f[jZghc�g_�ijb\h^bl�d�dZdbf-eb[h�kms_kl\_gguf�baf_g_gbyf�kljmdlmju�f_f[jZgu�
ihlhfm��qlh�ebib^guc�fZljbdk�^Zgghc�f_f[jZgu�y\ey_lky�m`_�klZ[bebabjh\Zgguf�g_�
ebib^gufb�dhfihg_glZfb��K�^jm]hc�klhjhgu��\hafh`gh��ihebdZlbhg�\aZbfh^_ckl\m_l�
\�hkgh\ghf�k�g_ebib^gufb�dhfihg_glZfb�f_f[jZgu��lZdbfb�dZd�[_edb��b�\�kbem�wlh]h�
gbdZdbo�kms_kl\_gguo�baf_g_gbc�kljmdlmju�g_�gZ[ex^Z_lky�� 

Kh\hdmighklv�ihemq_gguo�j_amevlZlh\�k\b^_l_evkl\m_l�h�lhf��qlh�kms_kl\mxl�
jZaebqby�\h�\ebygbb�ihebdZlbhgh\�k�jZaghc�ebg_cghc�iehlghklvx�aZjy^Z�gZ�kljmdlmjm�
ebib^guo� f_f[jZg�� Djhf_� lh]h�� j_amevlZlu� wdki_jbf_glh\� k� oehjhieZklZfb� k\b^_�
l_evkl\mxl�h�nbabheh]bq_kdb-fy]dhf�\ebygbb�ihebwe_dljheblh\�gZ�lbeZdhb^gu_�f_f�
[jZgu��qlh�hldju\Z_l�\hafh`ghklb�kha^Zgby�gh\uo�]b[jb^guo�nmgdpbhgZevguo�kljmd�
lmj��kh^_j`Zsbo�[bheh]bq_kdb_�dhfihg_glu�b�ihebf_ju� 

 
 

M>D����������� 

<EBYGB?�<G?RG?=H�WNN?DL:�LY@?EH=H�:LHF:�G:�
;BHEXFBG?KP?GLGU?�KBKL?FU�J:AEBQGUO�HJ=:GBAFH< 

∗
�Dbjbeeh\Z�L�G� 

Bgklblml�[bhnbabdb�Kb[bjkdh]h�hl^_e_gby�jhkkbckdhc�:dZ^_fbb�GZmd 

;bhexfbg_kp_glgZy� kbkl_fZ� k\_leydh\�bf__l� ^\_� oZjZdl_jgu_� q_jlu�� kms_kl�
\_ggh�hlebqZxsb_�__�hl�^jm]bo�kbkl_f��\ukhdbc�d\Zglh\uc�\uoh^��^h�������b�g_h[oh�
^bfh_�mqZklb_�\�j_Zdpbb�:LN��

>ey�bamq_gby�wnn_dlb\ghklb�i_j_ghkZ�wg_j]bb�\�wfbll_j_�k\_leydh\�bkihevah�
\Zg� jy^� ]Zeh]_gb^h\� dZeby� k� jZaebqghc�fZkkhc� ]Zeh]_gZ� �^ey� \Zjvbjh\Zgby� kdhjhklb�
bgl_jdhf[bgZpbhgghc�dhg\_jkbb�\�wfbll_j_�� 

Ijh^_fhgkljbjh\ZgZ� dhjj_eypby� f_`^m� dhwnnbpb_glZfb� bg]b[bjh\Zgby� [bh�
exfbg_kp_gpbb�k\_leydh\� �Di� ��b�fZkkhc�]Zeh]_gb^Z��Di�khe_c�m\_ebqb\Z_lky�k�m\_eb�
q_gb_f�Zlhfgh]h�\_kZ�Zgbhgh\��KjZ\g_gb_�\_ebqbg� iK ��mdZau\Z_l�gZ�f_gvrmx�wnn_d�

lb\ghklv�\ha^_ckl\by�]Zeh]_gb^h\�dZeby�gZ�k\_leydh\mx�kbkl_fm�ih�kjZ\g_gbx�k�jZg__�
bamq_gghc�[Zdl_jbZevghc� 

Ijbqbghc�gZ[ex^Z_fh]h�mf_gvr_gby�bgl_gkb\ghklb�[bhexfbg_kp_gpbb�\�ijb�
kmlkl\bb�]Zeh]_gb^h\�dZeby�fh`_l�[ulv�g_kdhevdh�ijhp_kkh\��H^ghc�ba�gbo�y\ey_lky�
\ebygb_�gZ�S-T -dhg\_jkbx��<lhjhc�\hafh`ghc�ijbqbghc�y\ey_lky�^_ckl\b_�]Zeh]_gb�
^h\�dZeby�g_ihkj_^kl\_ggh�gZ�kZfm�]eh[mem�[_edZ��ijb\h^ys__�d�baf_g_gbx�_]h�dZlZ�
eblbq_kdhc�Zdlb\ghklb� 

>ey�hp_gdb�\deZ^Z�i_j\h]h�f_oZgbafZ�\�h[s__�mf_gvr_gb_�bgl_gkb\ghklb�[bh�
exfbg_kp_gpbb�ijh\_^_g�jy^�fh^_evguo�wdki_jbf_glh\��\�dhlhjuo�[ueh�bkihevah\Z�
gh�nhlh\ha[m`^_gb_�fh^_evguo�nemhj_kp_glguo�kh_^bg_gbc�[ebadbo�ih�obfbq_kdhc�
ijbjh^_� d� wfbll_jZf� [bhexfbg_kp_gpbc��K� ihfhsvx� jZkl\hjZ�NFG�fh^_ebjh\Zeb�

                                                           
∗
��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc�gZ�ih^k_dpbb� 
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^_ckl\b_� ]Zeh]_gb^h\�dZeby�gZ� wfbll_j�[Zdl_jbZevghc�[bhexfbg_kp_gpbb��Z�k�ihfh�
svx�jZkl\hjZ�LH2�^_ckl\b_� ]Zeh]_gb^h\� dZeby�gZ� wfbll_j� k\_leydh\hc�[bhexfbg_k�
p_gpbb� 

Ih�jZkkqblZgguf�dhwnnbpb_glZf�bg]b[bjh\Zgby�nhlhexfbg_kp_gpbb�NFG�b�
LH2�fh`gh�kdZaZlv��qlh�aZnbdkbjh\Zg�\g_rgbc�wnn_dl�ly`_eh]h�ZlhfZ�^ey�nhlhexfb�
g_kp_gpbb�fh^_evguo�kh_^bg_gbc��\�jy^m�]Zeh]_gb^h\�k�jhklhf�Zlhfghc�fZkku�ZgbhgZ�
gZ[ex^Z_lky�mf_gvr_gb_�bgl_gkb\ghklb�nhlhexfbg_kp_gpbb�NFG��LH2. 

Ijb�kjZ\g_gbb�\ebygby�]Zeh]_gb^h\�dZeby�gZ�[bhexfbg_kp_gpbx�b�nhlhexfb�
g_kp_gpbx�fh^_evguo�jZkl\hjh\� \b^gh��qlh� iK �[bhexfbg_kp_gpbb� k\_leydh\�\�g_�

kdhevdh�jZa�[hevr_��q_f�^ey�nhlhexfbg_kp_gpbb�LH2��djhf_�lh]h��^ey�[Zdl_jbZevghc�
[bhexfbg_kp_gpbb� ZgZeh]bqgu_� \_ebqbgu� jZaebqZxlky� gZ� ihjy^db�� Ke_^h\Zl_evgh��
\ha^_ckl\b_�gZ�dZlZeblbq_kdmx�Zdlb\ghklv�n_jf_glZ�[hevr_�q_f�\ebygb_�gZ�S-T�dhg�
\_jkbx�� 

J_amevlZlu�jZ[hlu�ihdZaZeb��qlh�k\_leydh\Zy�[bhexfbg_kp_gpby�f_g__�qm\kl�
\bl_evgZ� d� ^_ckl\bx� wdah]_gguo� kh_^bg_gbc�� q_f� [Zdl_jbZevgZy� k� lhqdb� aj_gby� bo�
\ebygby�gZ�f_`fhe_dmeyjgu_�b�\gmljbfhe_dmeyjgu_�i_j_ghku�wg_j]bb� 

 
1. KZg^Zeh\Z�L�I���M]Zjh\Z�G�G���Fh^_ev�Zdlb\gh]h�p_gljZ�expbn_jZau�k\_leydh\�����

;bhobfby��������l������\ui�����K������-1150. 
2. Kudryasheva N.S., Nemtseva E.V., Kirillova T.N., Exogenous compounds in studying the 

mechanism of electron-excited state formation in bioluminescence, Biopolymers 2004 
May; 74(1-2): 100-4. 

 
 

KI?DLJ:EVGU?�B�DBG?LBQ?KDB?�O:J:DL?JBKLBDB�
;BHEXFBG?KP?GLGHC�J?:DPBB�H;?EBG: 

;_eh]mjh\Z�G�<� 

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

;bhexfbg_kp_gpby� –� k\_q_gb_� `b\uo� hj]Zgbafh\�� Wlh� y\e_gb_� ij_^klZ\ey_l�
kh[hc�qZklguc� kemqZc�o_fbexfbg_kp_gpbb��dZlZebabjm_fhc�[bheh]bq_kdbfb�dZlZeb�
aZlhjZfb�–�n_jf_glZfb�expbn_jZaZfb��<Z`ghc�]jmiihc�[bhexfbg_kp_glguo�j_Zdpbc�
y\eyxlky� dZevpbc-aZ\bkbfu_� j_Zdpbb�� Hgb� y\eyxlky� i_jki_dlb\gufb� \� dZq_kl\_�
nemhj_kp_glguo�f_lhd�\�f_^bpbgkdbo�b�[bheh]bq_kdbo�bkke_^h\Zgbyo��gZijbf_j��ijb�
bffmghn_jf_glghf�ZgZeba_� 

<�jZ[hl_�bkke_^h\Zg�ki_dlj�[bhexfbg_kp_glghc�j_Zdpbb��dZlZebabjm_fhc�n_j�
f_glhf� h[_ebghf�� \u^_e_gguf� ba� fhjkdh]h� dbr_qghihehklgh]h� Obelia longissima. 
Ki_dlj�^Zgghc�[bhexfbg_kp_glghc�j_Zdpbb�ij_^klZ\ey_l� kh[hc� keh`guc� ki_dljZev�
guc�dhglmj��y\eyxsbcky�kmi_jihabpb_c�g_kdhevdbo�bg^b\b^mZevguo�dhglmjh\��;ueh�
ijh\_^_gh� jZa^_e_gb_� keh`gh]h� ki_dljZ� [bhexfbg_kp_gpbb� gZ� khklZ\eyxsb_��Ijh�
ZgZebabjh\Zeb�ijbf_gbfhklv�lj_o�f_lh^h\�jZa^_e_gby�ki_dljZevgh]h�dhglmjZ��ZgZeba�
ijbjZs_gby�nmgdpbb�D��;��Ypbfbjkdh]h�b�L��<��FZevdh\hc��:e_gp_\Z-NhdZ�b�\lhjhc�
ijhba\h^ghc��<�j_amevlZl_�jZa^_e_gby�ihemq_gu�ljb�ki_dljZevgu_�khklZ\eyxsb_�� 

Wdki_jbf_glZevgh�[ueh�mklZgh\e_gh��qlh�ki_dlj�[bhexfbg_kp_gpbb�baf_gy_l�
k\hx�nhjfm�\�oh^_�[bhexfbg_kp_glghc�j_Zdpbb��<�k\yab�k�wlbf�[ue�ijh\_^_g�kjZ\gb�
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l_evguc�ZgZeba�baf_g_gby�bgl_gkb\ghklb�jZaebqguo�khklZ\eyxsbo�ki_dljZ�[bhexfb�
g_kp_gpbb�hl�\j_f_gb�\uk\_qb\Zgby�� 

K� mq_lhf� kms_kl\mxs_c� \_jkbb�f_oZgbafZ� ^Zgghc� [bhexfbg_kp_glghc� j_Zd�
pbb� >�@� khklZ\eyxsb_� keh`gh]h� dhglmjZ� [bhexfbg_kp_gpbb�fh`gh� ijbibkZlv� ^\mf�
wfbll_jZf�b�ijh^mdlm� j_Zdpbb��Ihke_^gbc� exfbg_kpbjm_l�[eZ]h^Zjy�nhlh\ha[m`^_�
gbx� lhc�qZklvx� ki_dljZ�[bhexfbg_kp_gpbb��dhlhjZy�i_j_dju\Z_lky� kh� ki_dljhf�ih�
]ehs_gby�ijh^mdlZ�� 

 
1. Visotski E. S. and Lee J. “Ca2+-Regulated Photoproteins: Structural Insight into the Bio-

luminescence Mechanism” // Acc. Chem. Rec., 2004, N 37, P. 405-415. 
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M>D�������� 

E:;HJ:LHJGU?�BKKE?>H<:GBY�<EBYGBY�G:DEHG:�>G: 
G:�IJB;J?@GH?�NJHGL:EVGH?�L?Q?GB? 

<H�<J:S:XS?CKY�@B>DHKLB 

>_gbkh\�?�K�1��Kljh]Zgh\�H�X�
2
��Dj_f_g_pdbc�<�<�2 

1 - F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l; 2 -�Bgklblml�
hd_Zgheh]bb�bf��I�I��Rbjrh\Z�J:G 

H^gbf�ba�\Z`g_crbo�nZdlhjh\��hij_^_eyxsbo�^bgZfbdm�b�kljmdlmjm�l_q_gbc�\�
hd_ZgZo�b�fhjyo��y\ey_lky�lhih]jZnby�^gZ�>�@��Kbevg__�\k_]h�wlhl�nZdlhj�ijhy\ey_lky�\�
h[eZklb�dhglbg_glZevgh]h�kdehgZ��]^_�]em[bgZ�hd_ZgZ��fhjy��f_gy_lky�hl�i_j\uo�khl_g 
f_ljh\�^h�g_kdhevdbo�dbehf_ljh\��IZjZf_lju�wlh]h�kdehgZ��\�i_j\mx�hq_j_^v��djmlba�
gZ�b�rbjbgZ� \ebyxl�gZ�mklhcqb\hklv�l_q_gbc��gZ�bo�f_Zg^jbjh\Zgb_�b�\boj_h[jZah�
\Zgb_�b��ke_^h\Zl_evgh��\h�fgh]hf�hij_^_eyxl�kljmdlmjm�b�bgl_gkb\ghklv�\h^hh[f_g�
guo�ijhp_kkh\�\�kbkl_f_�©r_evn-]em[hdbc�[Zkk_cgª� 

H^gbf�ba�lbibqguo�ijbf_jh\�ijb[j_`guo�njhglZevguo�l_q_gbc�y\ey_lky�Hk�
gh\gh_�q_jghfhjkdh_�l_q_gb_� �HQL���Hgh�pbdehgbq_kdb�hihyku\Z_l�\k_�Q_jgh_�fhj_�
ih�i_jbf_ljm�_]h�]em[hdh\h^ghc�qZklb��y\eyykv�kbevgh�g_klZpbhgZjguf�b�g_mklhcqb�
\uf�l_q_gb_f� [�@��:gZeba�kimlgbdh\uo�bah[jZ`_gbc�b�^jbnl_jguo�^Zgguo�iha\hebe�
mklZgh\blv��qlh�gZb[he__�bgl_gkb\gh_�\boj_h[jZah\Zgb_�b�i_j_f_s_gb_�\boj_c�\�p_g�
ljZevgmx�qZklv�fhjy�hkms_kl\ey_lky�\�l_o�jZchgZo�fhjy��]^_�dhglbg_glZevguc�kdehg�
bf__l�[hevrmx�djmlbagm�b�fZemx�rbjbgm��khhl\_lkl\_ggh��LZdb_�jZchgu�jZkiheh`_�
gu�\�_]h�k_\_jh-\hklhqghc�b�x`ghc�qZklyo�fhjy��<�k_\_jh-aZiZ^ghc�qZklb��]^_�dhglb�
g_glZevguc�kdehg�bf__l�fZemx�djmlbagm�b�[hevrmx�rbjbgm��hlju\Z�\boj_c�hl�ahgu�
kdehgZ�^gZ�b�bo�i_j_ghkZ�\�p_gljZevgmx�qZklv�fhjy�g_�gZ[ex^Z_lky� 

K�p_evx�bamq_gby�\ebygby�djmlbagu�b�rbjbgu�kdehgZ�^gZ� �ZgZeh]Z�dhglbg_g�
lZevgh]h�kdehgZ�\�fhj_��gZ�kljmdlmjm�ijb[j_`gh]h�pbdehgbq_kdh]h�njhglZevgh]h�l_�
q_gby�� \ha[m`^Z_fh]h� \_ljhf� beb� ehdZevguf� bklhqgbdhf� fZkku� b� ieZ\mq_klb� [ueZ�
kha^ZgZ�eZ[hjZlhjgZy�mklZgh\dZ�b�ijh\_^_gu�wdki_jbf_glu�\�^\mkehcghc�\jZsZxs_c�
ky�`b^dhklb��Hkgh\gu_�[_ajZaf_jgu_�iZjZf_lju�wdki_jbf_glZ�\u[bjZebkv�ba�khh[jZ�
`_gby�^bgZfbq_kdh]h�ih^h[by�k�Q_jguf�fhj_f� 

;ueh�ijh\_^_gh�g_kdhevdh�k_jbc�hiulh\��_^bgkl\_gguf�hlebqb_f�f_`^m�dhlh�
jufb��y\eyebkv�iZjZf_lju�kdehgZ�^gZ��rbjbgZ�b�m]he�gZdehgZ�d�]hjbahglZeb���P_evx�
^Zgghc�jZ[hlu�y\eyeZkv�h[jZ[hldZ�^Zgguo�wdki_jbf_glh\�k�djmluf��madbf��b�iheh]bf�
�rbjhdbf��kdehghf�b�\uy\e_gb_�dZq_kl\_gguo�jZaebqbc�\�^bgZfbd_�b�kljmdlmj_�l_q_�
gbc��ijhp_kkZo�\boj_h[jZah\Zgby��i_j_f_s_gby�b�w\hexpbb�\boj_c�� 

MklZgh\e_gh��qlh�gZdehg�^gZ�hdZau\Z_l�klZ[bebabjmxs__�\ebygb_�gZ�ijb[j_`�
gh_�l_q_gb_�ijb�Ls/Rd>1 (Ls GWJ. – rbjbgZ�kdehgZ� H –�]em[bgZ�`b^dhklb�\�[Zkk_cg_� . 
–�m]he�gZdehgZ�^gZ�d�]hjbahglZeb� Rd –�[Zjhdebgguc�jZ^bmk�^_nhjfZpbb�Jhkk[b���\g_�
aZ\bkbfhklb� hl� kihkh[Z� ]_g_jZpbb� l_q_gby�� Wlh� \ebygb_� aZdexqZ_lky� \� ih^Z\e_gbb�

 

=?HNBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
^�n�-f�g��Ghkh\�FboZbe�:e_dkZg^jh\bq 
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jZa\blby�[Zjhdebgghc�g_mklhcqb\hklb� l_q_gby�hkeZ[e_gbb�ijhp_kkh\� \boj_h[jZah\Z�
gby�� Z� lZd`_� \� mf_gvr_gbb� \h^hh[f_gZ�b�i_j_ghkZ�ijbf_kb� �aZ]jyag_gbc�� \� kbkl_f_�
©r_evn–]em[hdh\h^gZy�qZklv�[Zkk_cgZª��:gZeba�j_amevlZlh\�hiulh\�[3] ihdZaZe��qlh�� 

Z�� ijb Ls/Rd��� �djmlhc� b� madbc� kdehg��� g_mklhcqb\hklv� ijb[j_`gh]h� l_q_gby�
jZa\b\Z_lky�ijbf_jgh�lZd�`_��dZd�b�gZ^�]hjbahglZevguf�^ghf��F_Zg^ju�l_q_gby�^hk�
lb]Zxl� [hevrhc� Zfieblm^u�� ij_\jZsZxlky� \� \bojb� b� \� \boj_\u_� iZju�� jZkijhkljZ�
gyxsb_ky�ihi_j_d�[Zkk_cgZ��Wg_j]by�\boj_\h]h��imevkZpbhggh]h��^\b`_gby�ij_\urZ�
_l�wg_j]bx�kj_^g_]h�^\b`_gby�m`_�\kdhj_�ihke_�ij_djZs_gby�\g_rg_]h�\ha^_ckl\by�� 

[��ijb Ls/Rd>2 �iheh]bc�b�rbjhdbc�kdehg��g_mklhcqb\hklv�bf__l�ij_bfms_kl�
\_ggh�\hegh\hc�oZjZdl_j��<�\_jrbgZo�\heg�bgh]^Z�h[jZamxlky�\bojb��dhlhju_�g_�ih�
db^Zxl� h[eZklb� kdehgZ�� Wg_j]by� imevkZpbhggh]h� ^\b`_gby� \k_]^Z� f_gvr_� wg_j]bb�
kj_^g_]h�^\b`_gby�  

I_jbh^bq_kdh_�\_ljh\h_�\ha^_ckl\b_�ih�jZaghfm�\eby_l�gZ�\j_f_ggmx�baf_gqb�
\hklv�kj_^g_]h�\^hev[_j_]h\h]h�b�\boj_\h]h�l_q_gby��kj_^g_c�b�imevkZpbhgghc�kdhjh�
klb��\�mkeh\byo�rbjhdh]h�b�madh]h�kdehgh\��<�kemqZ_�madh]h�kdehgZ�ihke_�ij_djZs_gby�
\ha^_ckl\by�gZ[ex^Z_lky�©[mjgh_ª�jZa\blb_�g_mklhcqb\hklb�l_q_gby��\�j_amevlZl_�dh�
lhjhc�\^hev[_j_]h\h_�l_q_gb_�jZkiZ^Z_lky�gZ�\boj_\u_�kljmdlmju��<�kemqZ_�rbjhdh]h�
kdehgZ�g_mklhcqb\hklv�jZa\b\Z_lky�f_^e_ggh�b�bf__l�ij_bfms_kl\_ggh�\hegh\hc�oZ�
jZdl_j��ijb�dhlhjhf�\^hev[_j_]h\h_�l_q_gb_�\k_]^Z�^hfbgbjm_l�gZ^�\boj_\ufb�kljmd�
lmjZfb�  

J_amevlZlu� hiulh\� ihfh]Zxl� \� bgl_jij_lZpbb� ^Zgguo� gZlmjguo� gZ[ex^_gbc�
kljmdlmju�b�^bgZfbdb�Hkgh\gh]h�q_jghfhjkdh]h�l_q_gby�\�ahgZo�Q_jgh]h�fhjy�k�jZa�
ebqghc�rbjbghc�dhglbg_glZevgh]h�kdehgZ� 

 
1. Fhgbg�:�K���DZf_gdh\bq�<�F���Dhjl�<�=��Baf_gqb\hklv�Fbjh\h]h�hd_ZgZ��E���=b^�

jhf_l_hba^Zl������������k� 
2. H\qbggbdh\�B�F���Lblh\�<�;���Djb\hr_y�<�=���Ihih\�X�B��Hkgh\gu_�]b^jhnbabq_�

kdb_�ijhp_kku�b�bo�jhev�\�wdheh]bb \h^�Q_jgh]h�fhjy� ���Hd_Zgheh]by��1993. L.33. 
N���K�����-807. 

3. Kljh]Zgh\�H�X���AZp_ibg�:�=���>_gbkh\�?��K���?f_evygh\�K�<���Dj_f_g_pdbc�<�<���
Ihyjdh\� K�=�� EZ[hjZlhjgu_� bkke_^h\Zgby� \ebygby� gZdehgZ� ^gZ� gZ� ijb[j_`gh_�
l_q_gb_�\h�\jZsZxs_cky�`b^dhklb��ijbf_gbl_evgh�d�Q_jghfm�fhjx����Nbabq_kdb_�
ijh[e_fu�wdheh]bb��wdheh]bq_kdZy�nbabdZ�������K[hjgbd�gZmqguo�ljm^h\�ih^�j_^��
<�B�LjmobgZ��X�:�Ibjh]h\Z��D�<�IhdZa__\Z.�HHH��F:DK�Ij_kk�������� 

 
 

M>D�������� 

IJHP?KKU,�IJHBKOH>YSB?�G:�<?JOG?C�=J:GBP?�IBDGHDEBG: 

>jm`bgkdbc�:�I���@mjZ\ez\�I�G���FZdZgh\Z�F�Y� 

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

Ijhp_kku�h[f_gZ�\�kehyo�kh�agZqbl_evguf�]jZ^b_glhf�iehlghklb�b]jZxl�\Z`�
gmx�jhev�\�nhjfbjh\Zgbb�^bgZfbq_kdh]h�b�l_ieh\h]h�j_`bfh\�hd_ZgZ��>ey�ihkljh_gby�
ijh]ghklbq_kdbo�fh^_e_c�ih]h^u�g_h[oh^bfh�agZlv�lhesbgm�<DK�hd_ZgZ�b�_]h�baf_�
g_gb_�kh�\j_f_g_f�ih^�^_ckl\b_f�Zlfhkn_jguo�y\e_gbc��H^ghc�ba�\hafh`guo�ijbqbg�
m\_ebq_gby�lhesbgu�<DK�y\eyxlky�ijhp_kku�ijhbkoh^ysb_�_]h�gb`g_c�]jZgbp_� 
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>ey�[he__�^_lZevgh]h�bkke_^h\Zgby�f_oZgbafh\�h[f_gZ�f_`^m�kehyfb�\�^\mo�
kehcghc�`b^dhklb�gZfb�[ueb�ijh\_^_gu� wdki_jbf_glu�\�ijyfhebg_cghf�Zwjh]b^jh�
dZgZe_����o��o����kf��� 

Ihke_� gZqZeZ� \_ljh\h]h� \ha^_ckl\by�� \�`b^dhklb� gZ[ex^Zebkv� h^bghqgu_� i_�
jbh^bq_kdb_� �\hegh\u_��^\b`_gby�k� aZhkljzggufb�\_jrbgZfb�gZijZ\e_ggufb�ih�l_�
q_gbx�� h[mkeh\e_gghfm� \_ljh\uf� \ha^_ckl\b_f��GZ� ke_^mxs_c� klZ^bb� ijhbkoh^beh�
Zdlb\gh_�h[jZah\Zgb_�ijhlm[_jZgp_\�b�\boj_c��\�j_amevlZl_�q_]h�\_jogbc�kehc�hkheh�
gyeky��Q_j_a�g_dhlhjh_�\j_fy�ly`_eZy�khezgZy�`b^dhklv��\u[jhr_ggZy�\�\_jogbc�kehc��
i_j_f_rb\ZeZkv�� Z� ih\_joghklv� jZa^_eZ� k]eZ`b\ZeZkv�� <ur_i_j_qbke_ggu_� wlZiu�
�djhf_� gZqZevgh]h��� ih\lhjyebkv� \� l_q_gb_� \k_]h� wdki_jbf_glZ� g_kdhevdh� jZa�� ihke_�
q_]h�gZklmibeZ�klZ[bebaZpby�ibdghdebgZ�� 

Ih^�^_ckl\b_f�\ha^mrgh]h�ihlhdZ�\�dZgZe_�nhjfbjh\Zebkv�gZ]hgu�ij_kghc�b�
khezghc�\h^u��Ihke_�\udexq_gby�\_ljZ�lZdh_�iheh`_gb_�hdZau\Zehkv�g_mklhcqb\uf�b�
khezguc�kehc��\�\b^_�\ha\jZlgh]h�l_q_gby�mklj_feyeky�\�ijhlb\hiheh`guc�dhg_p�dZ�
gZeZ��Ijb�wlhf�ijhbkoh^beh�\ul_kg_gb_�ij_kgh]h�kehy��LZd`_�gZ�^Zgghf�wlZi_�gZ[ex�
^Zehkv�h[jZah\Zgb_�kehbklhc�kljmdlmju�\h�\k_c�lhes_�`b^dhklb�� >Ze__� ijhbkoh�
^beh�hljZ`_gb_�wlh]h�l_q_gby�hl�\_jlbdZevghc�kl_gdb�dZgZeZ��ijb�wlhf�]_g_jbjh\Zeky�
pm]� \gmlj_ggbo� \heg� khklhysbc�� dZd� ijZ\beh�� ba� �-�� \heg� k� i_jbh^hf� �� k_dmg^u��<�
ijhp_kk_�jZkijhkljZg_gby�hg�aZ]em[eyeky��Ijb�ih\lhjghf�hljZ`_gbb�\hegh\h]h�iZd_lZ�
hl�\_jlbdZevghc� kl_gdb�dZgZeZ� Zfieblm^u�\heg�\oh^ysbo�\� khklZ\�\hegh\h]h�iZd_lZ�
m\_ebqb\Zebkv�� Z� ]jZgbpZ� ibdghdebgZ� ih^gbfZeZkv�� JZkijhkljZgyykv� \� h[jZlghf� gZ�
ijZ\e_gbb�pm]�\heg�[ukljh�aZlmoZe�^h�ihegh]h�bkq_agh\_gby� 

Ihemq_ggu_� gZfb� ^Zggu_�fh]ml� [ulv� khihklZ\e_gu� k� j_amevlZlZfb� gZlmjguo�
wdki_jbf_glh\�ijh\_^zgguo�DhjhlZ_\uf�[3]�b�<m^khf�[1]��;ueh�ihdZaZgh��qlh�gZ�dZq_�
kl\_gghf� mjh\g_� bf_eh� f_klh� kh\iZ^_gb_� gZ[ex^Z\rboky� ijhp_kkh\� \_jlbdZevgh]h�
h[f_gZ�\�kljZlbnbpbjh\Zgghc�`b^dhklb� 

=_g_jZpbx� \hafms_gbc� ibdghdebgZ� \ha\jZlguf� l_q_gb_f�fh`gh� dZq_kl\_ggh�
khihklZ\blv� k�j_amevlZlZfb�gZlmjguo�bkke_^h\Zgbc�ijh\_^zgguo�B\Zgh\uf� [2]��Ijb�
wlhf�dZd�hlf_qZ_l�Z\lhj��l_q_gby�]_g_jbjmxsb_�pm]b�\gmlj_ggbo�\heg��h[mkeh\e_gu��
dZd�ijZ\beh��k]hggh-gZ]hggufb�wnn_dlZfb�b�ijbeb\gufb�l_q_gbyfb�\�fhjyo�b�hd_Z�
gZo� 

Ijb� ZgZeba_�ijhnbey�gZ[ex^Z\r_]hky� \hegh\h]h�iZd_lZ��gZfb�[ueZ� hlf_q_gZ�
ke_^mxsZy�hkh[_gghklv��i_j_^gbc�njhgl�]heh\ghc�\hegu�g_�[ue�kbff_ljbq_g�k�aZ^�
gbf��DZd�ihdZaZgh�\�jZ[hl_�K_j_[jygh]h�[4],�ih^h[gh_�y\e_gb_�Zkbff_ljbb�i_j_^gbo�b�
aZ^gbo�njhglh\�bf__l�f_klh�\�r_evnh\hc�ahg_�fhjy��:\lhj�hlf_qZ_l�lhl�nZdl�qlh��gZ�
ebqb_�]hjbahglZevghc�Zkbff_ljbb�–�ijbagZd�g_klZpbhgZjghklb�b�ijhp_kkh\�dhlhju_�\�
dhgp_� dhgph\� \_^ml� d� jZajmr_gbx� \hegu�� <� gZr_f� kemqZ_� jZajmr_gby� \gmlj_ggbo�
\heg�\�oh^_�wdki_jbf_glZ�g_�gZ[ex^Zehkv� 

Ijb\_^zggu_�j_amevlZlu�fh]ml�[ulv�ihe_agu�ijb�jZkkfhlj_gbb�ijhp_kkh\�\_j�
lbdZevgh]h�h[f_gZ�\�kljZlbnbpbjh\Zgghc�`b^dhklb��Z�lZd`_�ijhp_kkh\�ijhbkoh^ysbo�
\�r_evnh\hc�ahg_�fhj_c�b�hd_Zgh\� 

 
1. <m^k� >`�� ³Bkke_^h\Zgb_� g_dhlhjuo� nbabq_kdbo� ijhp_kkh\�� k\yaZgguo� k� \_jlb�

dZevguf� ihlhdhf� l_ieZ� q_j_a� \_jogbc� kehc� hd_ZgZ´�� –� <� dg��� ³Nhjfbjh\Zgb_��
kljmdlmjZ�b�nemdlmZpbb�\_jog_]h�l_jfhdebgZ�\�hd_Zg_´��E���=b^jhf_l_hba^Zl��������
k����-88. 

2. B\Zgh\� <�:��� K_j_[jyguc� :�G�� ³Dhjhldhi_jbh^gu_� \gmlj_ggb_� \hegu� \�
ijb[j_`ghc ahg_�[_kijbeb\gh]h�fhjy´��–�Ba\_klby�:G�KKK��NbabdZ�Zlfhkn_ju�b�
hd_ZgZ��������L������1���K�����-656 
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3. DhjhlZ_\� =�D��� IZgl_e__\� G�:�� ³Wdki_jbf_glZevgu_� bkke_^h\Zgby�
]b^jh^bgZfbq_kdhc�g_mklhcqb\hklb�\�hd_Zg_´��–�Hd_Zgheh]by��������l������\ui�����k��
941-953. 

4. K_j_[jyguc� :�G�� ³Ijhy\e_gb_� k\hckl\� kheblhgh\� \h� \gmlj_ggbo� \hegZo� gZ�
r_evn_´��–�Ba\��:G��NbabdZ�Zlfhkn_ju�b�hd_Zg��������L����1���K�����-252. 

 
 

M>D�������� 

<EBYGB?�NEHL:PBB�G:�<J?FY�H;J:AH<:GBY 
M?>BG?GGUO�<HEG 

Fhqmebg�I�<���Dhl_gdh�:�<� 

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

<� ihke_^gb_� ]h^u� \� ebl_jZlmj_� ihy\beky� l_jfbg� ³f_l_hpmgZfb´� >�@�� h[hagZ�
qZxsbc� m_^bg_ggu_� \hegu�� knhjfbjh\Z\rb_ky� ih^� ^_ckl\b_f� f_l_hjheh]bq_kdbo�
nZdlhjh\��\�lhf�qbke_�ih^�^_ckl\b_f�\_ljZ��IjZdlbq_kdZy�\Z`ghklv�bamq_gby�ijhp_kkZ�
\hagbdgh\_gby�b�jZa\blby�\heg�f_l_hpmgZfb�h[tykgy_l�h]jhfguc�bgl_j_k��ijhy\ey_�
fuc�mq_gufb�\h�fgh]bo�kljZgZo�d�wlhc�ijh[e_f_��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^ghklyfb� b� keh`gufb� ]b^jhf_l_hjheh]bq_kdbfb� mkeh�
\byfb��;he__�j_amevlZlb\guf�hdZaZehkv�bkke_^h\Zgb_�\_ljh\uo�m_^bg_gguo�\heg�\�eZ�
[hjZlhjguo�mkeh\byo��<i_j\u_�\_ljh\u_�kheblhgu�\�dhevp_\hf�Zwjh]b^jhdZgZe_�[ueb�
h[gZjm`_gu�gZ�dZn_^j_�nbabdb�fhjy�b�\h^�kmrb�F=M�bf_gb�F�<��Ehfhghkh\Z�>�@�� 

<� ^Zgghc� jZ[hl_� jZkkfZljb\Z_lky� f_oZgbaf� nhjfbjh\Zgby� m_^bg_gguo� \heg��
dZd�\�qbklhc�\h^_��lZd�b�\h�nehlbjmxs_c�`b^dhklb��Baf_j_gby�ijh\h^bebkv�\�eZ[hjZ�
lhjghf� dhevp_\hf� Zwjh]b^jhdZgZe_�� j_]bkljZpby� \heg� \_eZkv� ijb� ihfhsb� kljmgguo�
\hegh]jZnh\��kb]gZe�k�dhlhjuo�ih^Z\Zeky�gZ�\oh^�:PI-ieZlu�dhfivxl_jZ��<h�\j_fy�
wdki_jbf_glh\�dZgZe�aZihegyeky�\h^hc�^h�aZ^Zgghc�]em[bgu�b��ijb�\u[jZgghf�j_`b�
f_��\dexqZeZkv�\_ljh\Zy�mklZgh\dZ� 

>ey� bkke_^h\Zgby� ijhp_kkh\� aZjh`^_gby� m_^bg_gguo� \heg� \� mkeh\byo�nehlb�
jmxs_c�`b^dhklb�[ueb�ijh\_^_gu�k_jbb�wdki_jbf_glh\�\gZqZe_�ijb�qbklhc�ih\_jo�
ghklb�`b^dhklb�� Z� aZl_f� -� ijb� ^bkdj_lghf� m\_ebq_gbb�nehlZpbb��<� dZq_kl\_�nehlb�
jmxs_]h�\_s_kl\Z�bkihevah\Zebkv�dmkhqdb�ev^Z�beb�bo�aZf_gbl_eb�ba�khhl\_lkl\mx�
sbo�fZl_jbZeh\��dhlhju_�\h�\j_fy�wdki_jbf_glh\�jZ\ghf_jgh�jZaf_sZebkv�gZ�ih\_jo�
ghklb�`b^dhklb��Ihke_� \dexq_gby� \_ljZ� ijhp_kk� jZa\blby� \heg_gby� ijhbkoh^be� [_a�
nhjfbjh\Zgby� dZibeeyjguo� b� ]jZ\blZpbhggh-dZibeeyjguo� \heg�� =_g_jZpby� ]jZ\blZ�
pbhgguo� \heg� ijhbkoh^beh� kms_kl\_ggh� f_^e_gg_c�� q_f� ijb� hlkmlkl\bb� nehlZpbb��
Wlh�ijb\h^beh�d�m\_ebq_gbx�\j_f_gb�nhjfbjh\Zgby�kheblhgZ��^Z`_�fZeh_�dhebq_kl\h�
nehlZpbb� �^h� ���fZkku�knhjfbjh\Z\r_]hky�kheblhgZ��ijb\h^beh�d�m\_ebq_gbx�\j_�
f_gb�h[jZah\Zgby� kheblhgZ�–�^h� agZq_gby�� \�ihelhjZ�jZaZ�[hevr_]h��q_f�ijb�qbklhc�
ih\_joghklb�`b^dhklb��Ijb�m\_ebq_gbb�fZkku�nehlZpbb��Zfieblm^Z�kheblhgZ�mf_gv�
rZeZkv��Z�_]h�^ebgZ�m\_ebqb\ZeZkv��Ijb�wlhf�ijhp_kk�nhjfbjh\Zgby�kheblhgZ�aZf_^�
eyeky��LZd��gZijbf_j��nehlZpby�fZkkhc�����hl�fZkku�knhjfbjh\Z\r_cky�m_^bg_gghc�
\hegu�m\_ebqb\ZeZ�\j_fy�h[jZah\Zgby�kheblhgZ�[he__�q_f�gZ����fbgml��lh�_klv�\�ljb�
jZaZ��ih�kjZ\g_gbx�k�qbklhc�`b^dhklvx��Ijb�_s_�[hevrbo�agZq_gbyo�dhebq_kl\Z�neh�
lZpbb�h[jZah\Zgb_�\_ljh\h]h�kheblhgZ�g_�ijhbkoh^beh�� 
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Ih�j_amevlZlZf�ijh\_^_gguo�bkke_^h\Zgbc�\�dhevp_\hf�Zwjh]b^jhdZgZe_�fh`gh�
knhjfmebjh\Zlv�ke_^mxsb_�\u\h^u��ijb�hij_^_e_gguo�agZq_gbyo�]em[bgu�`b^dhklb��
kdhjhklb�\_ljZ�b�fZkku�nehlZpbb�\hegZ�g_�\hagbdZ_l��lh]^Z�dZd�\�qbklhc�\h^_�ijb�l_o�
`_� mkeh\byo� hgZ�nhjfbjm_lky��<uy\e_gh�� qlh�nehlZpby� \eby_l� gZ� Zfieblm^m� \hegu�
�hgZ�mf_gvrZ_lky��b�^ebgm�\hegu��hgZ�m\_ebqb\Z_lky���<uy\e_gh��qlh�gZebqb_�nehlZ�
pbb�\eby_l�gZ�ijhp_kk�h[jZah\Zgby�kheblhgZ��ijb\h^y�d�m\_ebq_gbx�\j_f_gb�_]h�nhj�
fbjh\Zgby��Z�ijb�nehlZpbb�k\ur_�����hl�fZkku�knhjfbjh\Z\r_]hky�kheblhgZ�–�d�_]h�
hlkmlkl\bx��Ihemq_ggu_�^Zggu_�fh]ml�[ulv�ihe_agu�^ey�ihgbfZgby�ijhp_kkh\��ijh�
bkoh^ysbo� \� mkeh\byo�fhj_c� k_\_jguo�rbjhl�� Zd\Zlhjby� dhlhjuo� ihdjulZ� iZdh\uf�
ev^hf� 

 
1. I_ebgh\kdbc�?�G��=b^jh^bgZfbdZ� \heg�pmgZfb�� ���BIN�J:G��Gb`gbc�Gh\]hjh^��

����]������k� 
2. R_edh\gbdh\�G�D��<_ljh\u_�m_^bg_ggu_�\hegu�\�dhevp_\hf�Zwjh]b^jhdZgZe_����F���

F=M��>_i�\�<BGBLB������������������-<���� �k� 
3. =Z[h\�K�:��Gh\u_� aZ^Zqb�fZl_fZlbq_kdhc� l_hjbb� \heg� gZ� \h^_� ���GZmdZ��Fhkd\Z��

1998. 
 
 

M>D���������������� 

>J?CNH<H?�L?Q?GB?�G:�=E:>DHC�IH<?JOGHKLB�<H>U 
<�MKDHJYXS?FKY�B�J:<GHF?JGHF�IHLHD?�<HA>MO: 

Bev]bkhgbk�B�<. 

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

>ey� ijh]ghabjh\Zgby� jZkijhkljZg_gby� ih\_joghklgh]h� aZ]jyag_gby� \�
hd_Zg_��^ey�j_r_gby�ijh[e_f�]_g_jZpbb�b�mkbe_gby�\heg�\_ljhf�g_h[oh^bfh�bk�
ke_^h\Zgb_ kdhjhklb�\_ljh\h]h�^j_cnh\h]h�l_q_gby��>h�gZklhys_]h�\j_f_gb�kh�
klZ\eyxsZy�^j_cnh\h]h�l_q_gby��k\yaZggZy�k�kbehc�lj_gby��bamq_gZ�hq_gv�keZ[h�
\�hlebqb_�hl�\hegh\hc�khklZ\eyxs_c [1]��<_ljh\u_�\hegu�gZ�ih\_joghklb�\h^u�
h[uqgh� ihy\eyxlky� \f_kl_� k� l_q_gb_f�� h[mkeh\e_gguf� kbeZfb� \yadhklb��Ijb�
wlhf�mkeh\by�h[l_dZgby�\hegu�\_ljhf�kms_kl\_ggh�jZaebqZxlky�gZ�gZ\_lj_gghf�
b�aZ\_lj_gghf�kdehgZo��ihkdhevdm�\�i_j\hf�kemqZ_�ihlhd�mkdhjy_lky�\�gZijZ\e_�
gbb�^\b`_gby��Z�\h�\lhjhf�–�aZf_^ey_lky��<ke_^kl\b_�aZf_^e_gby�l_q_gby�gZ�aZ�
\_lj_gghf� kdehg_� ijhbkoh^bl� hlju\� \boj_c�� qlh� ijb\h^bl� d� kms_kl\_gghfm�
mf_gvr_gbx�kbeu�lj_gby��b��\�j_amevlZl_��d�agZqbl_evghfm�baf_g_gbx�kdhjhklb�
^j_cnh\h]h�l_q_gby�� 

P_evx�gZklhys_c�jZ[hlu�[ueh�bamq_gb_� aZ\bkbfhklb�^j_cnh\hc� kdhjh�
klb� hl� kdhjhklb� \_ljZ� \� jZ\ghf_jguo� b� mkdhjyxsboky� klZpbhgZjguo� ihlhdZo�
\ha^moZ�gZ�]eZ^dhc�ih\_joghklb�\h^u� 

?keb� ihlhd� \ha^moZ� gZ^� \h^ghc� ih\_joghklvx� y\ey_lky� mkdhjyxsbfky�
beb� jZ\ghf_jguf� \^hev� gZijZ\e_gby� ^\b`_gby�� lh� \hegu� gZ� ih\_joghklb� g_�
\hagbdZxl [2]��>ey kha^Zgby lZdbo�ihlhdh\ \ha^moZ�\�dZgZe_�[ueZ�mklZgh\e_gZ�
gZdehggZy�djurZ��lZd�qlh�k_q_gb_�\ha^mrgh]h�dZgZeZ�mf_gvrZehkv�\�gZijZ\e_�
gbb�^\b`_gby��GZdehg�ih^[bjZeky�lZdbf�h[jZahf��qlh[u�\_ljh\hc�ihlhd�mkdh�
jyeky�beb�hklZ\Zeky�g_baf_gguf�\�gZijZ\e_gbb�^\b`_gby��LZdbf�h[jZahf�^hk�
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lb]Zehkv�hlkmlkl\b_�\heg�gZ�\h^ghc�ih\_joghklb��b�_^bgkl\_gguf�bklhqgbdhf�
^j_cnh\h]h� l_q_gby� y\eyeZkv� kbeZ� lj_gby�� Wlh� iha\hebeh� hij_^_eblv� aZ\bkb�
fhklv�^j_cnh\hc�kdhjhklb�hl�kdhjhklb�\_ljZ� 

<bamZebaZpby�ijhba\h^beZkv�k�ihfhsvx�\b^_hkt_fdb�rZjbdh\�ihebklb�
jheZ�iehlghklvx������]⋅kf-3

�b�i_ghieZklZ��Baf_j_gby�kdhjhklb�\ha^mrgh]h�ih�
lhdZ�ijhba\h^bebkv� k�ihfhsvx�ihemijh\h^gbdh\h]h� khijhlb\e_gby� ���dHf��\�
\b^_�rZjbdZ�k�^bZf_ljhf�����ff��K[hj�^Zgguo�ijhba\h^beky�gZ�ID�k�ihfhsvx�
:PI�ieZlu�� 

<�oh^_�wdki_jbf_glh\�[ueb�ihemq_gu�ke_^mxsb_�j_amevlZlu� 
Kdhjhklv� ^j_cnh\h]h� l_q_gby� jZkl_l� ^h� dhhj^bgZlu� ��-��� kf� hl�gZqZeZ�

jZa]hgZ��]^_�^hklb]Z_l�fZdkbfZevgh]h�agZq_gby��Ijb�wlhf�^ebgZ�jZa]hgZ�g_�aZ�
\bkbl�hl�iZjZf_ljh\�mklZgh\db��ihkdhevdm�lZdb_�`_�^Zggu_�[ueb�ihemq_gu�^jm�
]bfb�bkke_^h\Zl_eyfb�\�dZgZe_�rbjbghc��f��Ke_^m_l�hlf_lblv��qlh�^ebgZ�jZa�
]hgZ�^j_cnh\h]h�l_q_gby�mf_gvrZ_lky�k�m\_ebq_gb_f�kdhjhklb�\_ljZ��Z�\_ebqbgZ�
fZdkbfZevghc�^j_cnh\hc�kdhjhklb�–�m\_ebqb\Z_lky��GZ�\a\hegh\Zgghc�ih\_jo�
ghklb�\h^u�^ebgZ�jZa]hgZ�kms_kl\_ggh�[hevr_��q_f�gZ�]eZ^dhc� 

Kdhjhklv�\_ljZ�fZdkbfZevgZ�gZ�\ukhl_�����kf�hl�ih\_joghklb�\h^u��M�ih�
\_joghklb�\h^u�bf__lky�kehc�lhesbghc�������kf��\�dhlhjhf�gZ[ex^Z_lky�ebg_c�
guc�ijhnbev�kdhjhklb�\_ljZ��Ijb�wlhf�gZ�]jZgbp_�jZa^_eZ�kdhjhklv�\_ljZ�jZ\gZ�
kdhjhklb�^j_cnh\h]h� l_q_gby�� Z�gZ�\_jog_c� ]jZgbp_� wlh]h� kehy� kdhjhklv�\_ljZ�
khklZ\ey_l�����hl�fZdkbfZevghc�kdhjhklb�\_ljZ�gZ�^Zgghc�dhhj^bgZl_��Lhesb�
gZ�ebg_cgh]h�kehy�mf_gvrZ_lky�k�m\_ebq_gb_f�kdhjhklb�\_ljZ�� 

M�ih\_joghklb�\h^u�bf__lky�lhgdbc�kehc��\�dhlhjhf�ijhnbev�^j_cnh\hc�
kdhjhklb�ebg__g��GZ�gb`g_c�]jZgbp_�wlh]h�kehy�kdhjhklv�khklZ\ey_l�ijbf_jgh�
����hl�^j_cnh\hc�kdhjhklb�gZ�ih\_joghklb��LhesbgZ�wlh]h�kehy�m\_ebqb\Z_lky�
k�jhklhf�^j_cnh\hc�kdhjhklb��Baf_g_gb_�lhesbgu�kehy�kh�\j_f_g_f�\�l_q_gb_�
jZa]hgZ�^j_cnh\h]h�l_q_gby�hibku\Z_lky�ba\_klguf�j_r_gb_f�[3]. 

>j_cnh\Zy�kdhjhklv�jZkl_l�ih�f_j_�m\_ebq_gby�kdhjhklb�\_ljZ�� 
Kdhjhklv�^j_cnh\h]h�l_q_gby�aZ\bkbl�hl�\yadhklb�kj_^�ke_^mxsbf�h[jZ�

ahf� 

a

w

w

adr

u

u

δ
δ

µ
µ=       

Hlf_lbf��qlh��ihkdhevdm�dhwnnbpb_glu�\yadhklb�kbevgh�aZ\bkyl�hl�l_f�
i_jZlmju��lh�b�^j_cnh\Zy�kdhjhklv�kbevgh� aZ\bkbl�hl�l_fi_jZlmju��LZd��\�bg�
l_j\Ze_�l_fi_jZlmj��-20hK�hlghr_gb_�^j_cnh\hc�kdhjhklb�d�kdhjhklb�\_ljZ�fh�
`_l�hlebqZlvky�\���jZaZ�ijb�h^ghc�b�lhc�`_�kdhjhklb�\_ljZ�� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�Mgb\_jkbl_lZ�Jhkkbb��]jZgl�������������� 

 
1. Dhghgdh\Z�=�?��>bgZfbdZ�fhjkdbo�\heg��F���ba^��F=M������������k� 
2. <hedh\� I�X��� FZjlugh\� K�E��� F_evgbdh\Z� H�G�b� ^j�� Hp_gdZ� ^_nhjfZpbb� ih�

\_joghkl_c�\h^u�b�i_kdZ�\�\_ljh\hf�dZgZe_����Ba\��:G��NbabdZ�Zlfhkn_ju�b�hd_ZgZ��
������L����������K�����-841. 

3. EZf[�=��=b^jh^bgZfbdZ��F��H=BA-=HKL?OBA>:L��������K���� 
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M>D���������������� 

WDKI?JBF?GL:EVGH?�BKKE?>H<:GB?�IHLHD:�<H>U��

<HAGBD:XS?=H�<�KMOHF�JMKE?�IJB�IJHJU<?�IEHLBGU 

K_f_gxd�<��G� 

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

<h�\j_fy�eb\g_\uo�^h`^_c�\h^Z�qZklh�kdZieb\Z_lky�\�]hjguo�^hebgZo��[hevrb_�
fZkku�\h^u�ihklmiZxl�\�ij_^]hjgu_�jZchgu��qlh�fh`_l�ijb\_klb�d�ih\j_`^_gbyf�`b�
euo� ihkljh_d� b� gZg_k_gbx� ms_j[Z� k_evkdhohayckl\_gguf� m]h^vyf�� GZ^\b]Zxsbcky�
[mjguc�ihlhd�\h^u�oZjZdl_jbam_lky�djmluf�i_j_^gbf�njhglhf��gZau\Z_fuf� �kl_ghc�
\h^u���LZdh_�`_�y\e_gb_�\hagbdZ_l�ijb�ijhju\_�iehlbgu�ijb�jZkijhkljZg_gbb�ihlhdZ�
\h^u�\�kmohf�jmke_��>ey�[_ahiZkghklb�gZk_e_gby�g_h[oh^bfh�bf_lv�f_lh^u�ijh]ghaZ�
jZkijhkljZg_gby�lZdh]h�ihlhdZ��Bf_xs_xky�\�gZklhys__�\j_fy�f_lh^bdb��hkgh\Zggu_�
lhevdh�gZ�bfi_jbq_kdbo�khhlghr_gbyo��g_Z^_d\Zlgh�hibku\Zxl�j_Zevgu_�y\e_gby 

<�k\yab�k�wlbf�p_evx�gZklhys_c�jZ[hlu�y\ey_lky�wdki_jbf_glZevgh_�bkke_^h�
\Zgb_�wlh]h�y\e_gby�b�kha^Zgb_�nbabq_kdh]h�f_oZgbafZ�h[jZah\Zgby�djmlh]h�i_j_^g_]h�
njhglZ�kl_gu�\h^u� 

Wdki_jbf_glu�ijh\h^bebkv� \�ijyfhf� dZgZe_� k�ijhajZqgufb� kl_gdZfb�ba�hj]�
kl_deZ��>ebgZ�dZgZeZ���f_ljZ��rbjbgZ����kf��\ukhlZ�kl_ghd����kf��<�gZqZe_�dZgZeZ�mkl�
jh_gZ�_fdhklv�^ey�gZ[hjZ�\h^u��Ijb�j_adhf�ih^t_f_�aZkehgdb�\h^Z�gZqbgZ_l�^\b]Zlvky�
\^hev�ih�dZgZem��Ihlhd�\h^u�kgbfZeky�q_j_a�[hdh\mx�kl_gdm�gZ�\b^_hdZf_jm��Kdhjhklv�
`b^dhklv�fh`gh�hij_^_eylv�ih�lj_dZf�qZklbp�g_cljZevghc�ieZ\mq_klb� 

<�j_amevlZl_�wdki_jbf_glZevgh]h�bkke_^h\Zgby�\uykg_gh��qlh�\�]heh\ghc�qZklb�
ihlhdZ� h[jZam_lky� keh`gZy� \boj_\Zy� kljmdlmjZ� dhlhjZy� i_j_f_sZ_lky� k� ihklhygghc�
kdhjhklvx�gZ�\k_c�^ebg_�mklZgh\db��AZ�]heh\ghc�\boj_\hc�kljmdlmjhc�ijhbkoh^bl�lhj�
fh`_gb_�hkgh\ghc�fZkku�`b^dhklb��I_jbh^bq_kdb�ba�\_jog_]h�kehy�`b^dhklb�ih^�^_c�
kl\b_f� hljbpZl_evgh]h� ]jZ^b_glZ� ^Z\e_gby� ijhbkoh^bl� \u[jhk� kljmc� gZ^� \boj_\hc�
kljmdlmjhc��<�jZ[hl_�ijh\_^_gh�kjZ\g_gb_�iZjZf_ljh\�ihlhdZ�k�j_amevlZlZfb�jZkq_lh\�
ih�kms_kl\mxsbf�wfibjbq_kdbf�fh^_eyf��Ihemq_gu�khhlghr_gby��iha\heyxsb_�hi�
j_^_eblv�kdhjhklv�i_j_f_s_gby�]heh\ghc�qZklb�ihlhdZ�ih�gZqZevguf�mkeh\byf� 

 
 

<EBYGB?�Q:KLBP�:LFHKN?JGH=H�:WJHAHEY�G:�A:JH@>?GB?�
NBE:F?GLH<�<�E:A?JGHF�IMQD? 

∗*) DZqZg�?�I���Dmavfbgkdbc�E�K� 

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

JZkijhkljZg_gb_� fhsgh]h� n_flhk_dmg^gh]h� eZa_jgh]h� bfimevkZ \� \ha^mo_�
ij_^klZ\ey_l�bgl_j_k�\�k\yab�k�ijh[e_fhc�rbjhdhihehkgh]h�ahg^bjh\Zgby�Zlfhkn_ju 
[1]. NbeZf_glZpby�ijb�\aZbfh^_ckl\bb�bfimevkZ�k�hl^_evghc�qZklbp_c�Zwjhahey�wdki_�
jbf_glZevgh�b�qbke_ggh�bkke_^h\Zgh�\�[2,3]. 

GZfb� qbke_ggh� bkke_^h\Zgh� aZjh`^_gb_�nbeZf_glh\� ijb� dh]_j_glghf� jZkk_y�
gbb�eZa_jgh]h�baemq_gby�gZ�ZgkZf[e_�qZklbp�Zlfhkn_jgh]h�Zwjhahey. 

Ihkljh_gZ�hjb]bgZevgZy�kljZlbnbpbjh\ZggZy�fh^_ev�jZkijhkljZg_gby�bfimev�
kZ�\�Zlfhkn_jghf�Zwjhahe_�\�\b^_�ihke_^h\Zl_evghklb�“Zwjhahevguo�wdjZgh\” �\�g_eb�
g_cgh-hilbq_kdhc�kj_^_��GZ�wdjZgZo�fh^_ebjm_lky�dh]_j_glgh_�jZkk_ygb_�baemq_gby�gZ�

                                                           
∗*��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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qZklbpZo�Zwjhahey��l�_��kj_^Z�ij_^klZ\ey_lky�\�\b^_�ihke_^h\Zl_evghklb�keh_\��qZklbpu�
dhlhjuo�khkj_^hlhq_gu�\�iehkdbo�Zwjhahevguo�wdjZgZo��F_`^m�wdjZgZfb�ijhbkoh^bl�
k\h[h^gZy�^bnjZdpby�b�g_ebg_cguc�gZ[_]�nZau�eZa_jgh]h�baemq_gby� GZ�Zwjhahevghf�
wdjZg_� ]_g_jbjm_lky�ZgkZf[ev�kemqZcgh�jZkiheh`_gguo�qZklbp��jZaf_j�dhlhjuo�ih^�
qbgy_lky�iheb^bki_jkghfm�jZkij_^_e_gbx�bo�\�j_Zevghc�h[eZqghklb�\�khhl\_lkl\bb�k�
fbdjhnbabq_kdbfb� iZjZf_ljZfb� Zlfhkn_jgh]h� Zwjhahey�� J_amevlZlu� klZlbklbq_kdbo�
bkiulZgbc��ihemq_ggu_�gZ�hkgh\_� wlhc�fh^_eb�^ey�imqdh\�fZehc�fhsghklb��ohjhrh�
kh]eZkmxlky�k�aZdhghf�;m]_jZ� 

IhdZaZgh��qlh�\�bfimevkZo�\ukhdhc�fhsghklb�p_gljZfb�aZjh`^_gby�nbeZf_g�
lh\� \� Zwjhahe_�fh]ml� klZlv�bgl_jn_j_gpbhggu_�fZdkbfmfu�bgl_gkb\ghklb�ijb� dh]_�
j_glghf�jZkk_ygbb�eZa_jgh]h�baemq_gby�gZ�qZklbpZo� 

>ey� fh^_ebjh\Zgby� ijhp_kkZ� nhjfbjh\Zgby� bgl_jn_j_gpbhgguo� fZdkbfmfh\�
ihey��ba�dhlhjuo�\�^Zevg_cr_f�fh]ml�\hagbdZlv�nbeZf_glu��gZfb�[ue�ihklZ\e_g�ke_�
^mxsbc�qbke_gguc�wdki_jbf_gl��EZa_jguc�imqhd�k�^ebghc�\hegu� fdf8.0=λ ��jZ^bm�
khf� ffa 5.2= �b�fhsghklvx��ij_\urZxs_c�djblbq_kdmx�fhsghklv�kZfhnhdmkbjh\db�
\�\ha^mo_�\��0��jZa��jZkijhkljZgyeky�\�iheb^bki_jkghf�Zwjhahe_�k�dhgp_gljZpb_c�qZk�
lbp� 3100 −= kfN � b� k� bo� jZkij_^_e_gb_f� ih� jZaf_jZf�� oZjZdl_jguf� ^ey� kehbklh-
dmq_\uo�h[eZdh\��JZkq_l�ijhba\h^beky�gZ�^bklZgpbx���� f. 

 

 Z������ [ 
Jbk� 1. JZkij_^_e_gb_�bgl_gkb\ghklb�\�p_gljZevghf�keh_�fhsgh]h�eZa_jgh]h�bfimevkZ��D��b�ihi_�
j_qguc�ijhnbev�\�k_q_gbb�ih�hkb��[��E��ijb�jZkijhkljZg_gbb�gZ�^ebgm�z § 1.5 f�\�iheb^bki_jkghf�
Zwjhahe_��kehbklh-dmq_\h_�h[eZdh�lbiZ�K�� 

 
GZ�jbk� �Z�ihdZaZgh�jZkij_^_e_gb_�bgl_gkb\ghklb�\�k_q_gbb�eZa_jgh]h�imqdZ�gZ�

jZkklhygbb� fz 5.1= � \� iehkdhklb�� i_ji_g^bdmeyjghc� gZijZ\e_gbx� jZkijhkljZg_gby��
GZ�jbk� �[�ij_^klZ\e_gh�k_q_gb_�wlh]h�jZkij_^_e_gby�\�p_gljZevghf�k_q_gbb�imqdZ��< 
kemqZ_�hlkmlkl\by�\h^guo�qZklbp�ijb�jZkijhkljZg_gbb�\�\ha^mo_�fhsgh]h�eZa_jgh]h�
baemq_gby� h[jZam_lky� h^bg�nbeZf_gl��Qbke_gguc� jZkq_l� ihdZaZe�� qlh� \� ijbkmlkl\bb�
dZi_ev�ijhbkoh^bl�h[jZah\Zgb_�g_kdhevdbo�kbevguo�fZdkbfmfh\��<�mkeh\byo�kbevghc�
g_ebg_cghklb�\�bfimevk_�k�\ukhdhc�ibdh\hc�fhsghklvx�gZ�wlbo�fZdkbfmfZo�bgl_g�
kb\ghklb�h[jZamxlky�nbeZf_glu��kemqZcgh�jZkiheh`_ggu_�\�ijhkljZgkl\_� 

:\lhju�[eZ]h^Zjyl�ijhn_kkhjZ�<�I��DZg^b^h\Z�b�ZkibjZglZ�<�H��FbebpbgZ�aZ�[hevrmx�ihfhsv�\�
jZ[hl_� 

 
1. Kasparian J. et al. Science, 301, 61 (2003) 
2. Courvoisier F. et al., Appl.Phys.Lett., 83, 213 (2003) 
3. Skupin S.et.al., Phys. Rev. Lett., 93, 023901-1, (2004) 
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:G:EBA�IJHP?KKH<�<�HQ:=?�PMG:FB����K?GLY;JY����� 
IH�>:GGUF�H�<:JB:PBYO�IJB>HGGH=H�>:<E?GBY 

∗*) :e_dk__\ :�;�� Hkljhmoh\Z :�<� 

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

<�jZ[hl_�[1] [ueh�ihdZaZgh��qlh�ijb�]_g_jZpbb�pmgZfb�a_fe_ljyk_gb_f�\�h[eZk�
lb�hqZ]Z��dZd�ijZ\beh��ijhy\eyxlky�wnn_dlu�k`bfZ_fhklb�\h^u��<�jy^_�kemqZ_\�wg_j�
]by�mijm]bo�dhe_[Zgbc�\h^gh]h�kehy�fh`_l�kms_kl\_ggh�ij_\urZlv�wg_j]bx�]jZ\blZ�
pbhgguo�\heg�pmgZfb. ?keb�mqblu\Zlv�k`bfZ_fhklv�\h^gh]h�kehy��lh�\�hqZ]_�pmgZfb�
^he`gu�nhjfbjh\Zlvky�mijm]b_�dhe_[Zgby��oZjZdl_jbam_fu_�gZ[hjhf�^bkdj_lguo�qZk�
lhl� ( ) H4/k21ck +=ν ��]^_�k=0,1,2…, H – ]em[bgZ�hd_ZgZ��c – kdhjhklv�a\mdZ�\�\h^_� 

<� ^Zgghc� jZ[hl_� ZgZebabjmxlky� ^Zggu_� h� \ZjbZpbyo� ^Z\e_gby�� aZj_]bkljbjh�
\Zgguo�^hggufb�^ZlqbdZfb�-$067(&��-DSDQ�0DULQH�6FLHQFH�	�7HFKQRORJ\�&HQWHU��ijb�
dZlZkljhnbq_kdhf� a_fe_ljyk_gbb� ����������� \[ebab� h-\Z� OhddZc^h� �fZ]gblm^Z 
8.3 0Z+59���>Zlqbdb�^Z\e_gby�PG��b�PG2 (Tsunami Sensor),�mklZgh\e_ggu_�gZ�]em[b�
g_�H~2300 f��hdZaZebkv�g_^Ze_dh�hl�wibp_gljZ�a_fe_ljyk_gby��l�_��\�hqZ]_�pmgZfb� 

Ijb�ZgZeba_�aZibk_c�h�\ZjbZpbyo�^Z\e_gby�[2]�[ueh�mklZgh\e_gh��qlh�\�j_amev�
lZl_�a_fe_ljyk_gby�kj_^g__�^Z\e_gb_�gZ�^Zlqbd_�PG��mf_gvrbehkv�gZ� dIZ 4p ≈∆ ��Z�gZ�
^Zlqbd_�PG2 gZ� dIZ 5.1p ≈∆ . Wlh�khhl\_lkl\m_l�mf_gvr_gbx�mjh\gy�\h^u��ih^gylbx�

^gZ��gZ� f4.0H 1PG ≈∆ �b� f15.0H 2PG ≈∆ .  

Ih� Zfieblm^_� \ZjbZpbc� ijb^hggh]h� ^Z\e_gby� ( dIZ400~pmax �� [ueh� hp_g_gh�

agZq_gb_� \_jlbdZevghc� kdhjhklb� ^\b`_gby� ^gZ� k/f3.0~c/p~U max ρ �� KhihklZ\b\ 

^Zggu_�h�\_ebqbg_�hklZlhqgh]h�kf_s_gby�b�\_jlbdZevghc�kdhjhklb�^\b`_gby�^gZ��fu�
lZd`_�ihemqZeb�hp_gdm�ijh^he`bl_evghklb�kf_s_gby�^gZ� c1~U/H~ ∆τ . 

Ki_dljZevguc� ZgZeba� \ZjbZpbc�ijb^hggh]h�^Z\e_gby�ihdZaZe��qlh�hgb� �\ZjbZ�
pbb�� ijhbkoh^yl� gZ� qZklhlZo�� k\hckl\_gguo� mijm]bf� dhe_[Zgbyf� \h^gh]h� kehy�

H4/c0 =ν . H^gZdh� ]eZ\gu_� fZdkbfmfu� ki_dljh\� e_`Zl� g_kdhevdh� e_\__�� q_f� wlh�

ij_^kdZau\Z_l� l_hjby��Wlh� h[tykgy_lky� l_f�� qlh� \� jZchg_� h-\Z�OhddZc^h� kms_kl\m_l�
fhsguc�kehc�hkZ^dh\��hl^_eyxsbc�\h^m�hl�Zdmklbq_kdh]h�nmg^Zf_glZ��<�wlhc�k\yab�
[he__� \_jgh� jZkkfZljb\Zlv� g_� ijhklh� mijm]b_� dhe_[Zgby� \h^gh]h� kehy�gZ� Z[khexlgh�
`_kldhf�^g_��Z�k\yaZggu_�dhe_[Zgby�^\mo�keh_\��\h^gh]h�b�ih^e_`Zs_]h�hkZ^hqgh]h� 
GZ[hj�ghjfZevguo�qZklhl�lZdhc�^\mokehcghc�kbkl_fu�hij_^_ey_lky�ba�mjZ\g_gby 

c

c

c

H2
tg

c

H2
tg ss

s

s

ρ

ρ
=











 γπ







 γπ ,     

]^_� γ  – qZklhlZ�� sH  – lhesbgZ� hkZ^hqgh]h� kehy�� sc  – kdhjhklv� mijm]bo� ijh^hevguo�

\heg�\�hkZ^dZo�� sρ  – iehlghklv�hkZ^dh\. <�jZchg_�h-\Z�OhddZc^h�\_ebqbgu� sH , sc �b� sρ  

\Zjvbjmxlky� \� ke_^mxsbo� ^bZiZahgZo�� �����-2 df�� ����-2.3 df�k� b� �����-2.053 ]�kf3 
(http://mahi.ucsd.edu/Gabi/sediment.html). K� mq_lhf� hkZ^hqgh]h� kehy� iheh`_gb_�fZdkb�
fmfh\�gZ[ex^Z_fuo�ki_dljh\�ohjhrh�khhl\_lkl\m_l�l_hj_lbq_kdbf�ij_^klZ\e_gbyf�  

 

                                                           
∗*��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�JNNB���-05-�������GR-2104.2003.5. 
 

1. Ghkh\� F�:�� H� \ha[m`^_gbb� pmgZfb� \� k`bfZ_fhf� hd_Zg_� \_jlbdZevgufb� ih^�
\b`dZfb�^gZ����Ba\_klby�J:G�N:H��– 2000. -�L���������-�K����-726 

2. Ghkh\�F�:���Dhe_kh\�K�<���Hkljhmoh\Z�:�<���:e_dk__\�:�;��H[�mijm]bo�dhe_[Zgbyo�
\h^gh]h� kehy�\�hqZ]_�pmgZfb��Nbabq_kdb_�ijh[e_fu� wdheh]bb� �wdheh]bq_kdZy�nb�
abdZ��� K[hjgbd� gZmqguo� ljm^h\�� Ih^�� J_^�� <�B�LjmobgZ�� X�:�Ibjh]h\Z��
D�<�IhdZa__\Z��–�F��F:DK�Ij_kk�������-�����k����-55. 

 
 

M>D�������� 

O:J:DL?JBKLBDB�GBADHRBJHLGH=H�IH=J:GBQGH=H�KEHY�
F:=GBLH-�KN?JU A?FEB��G:;EX>?GBY�KH�KIMLGBD:�

BGL?J;HE\O<HKLH<HC�AHG> 

∗*) Jhkkhe_gdh�K�K� 

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

Ij_^klZ\e_gu�j_amevlZlu�bamq_gby�gbadhrbjhlgh]h�ih]jZgbqgh]h�kehy�fZ]gb�
lhkn_ju�A_feb��//%/���Bkihevah\Zgu�^Zggu_�gZ[ex^_gbc�ihlhdh\�qZklbp�b�\ZjbZpbc�
fZ]gblgh]h� ihey� gZ� kimlgbd_� Bgl_j[he�O\hklh\hc� ahg^� //%/� nhjfbjm_lky� \ 
j_amevlZl_�ijhgbdgh\_gby�ieZafu�i_j_oh^gh]h�kehy�beb�fZ]gblhrbkZ�\gmljv�fZ]gblh�
kn_ju��Ijb� wlhf�ijhbkoh^bl�i_j_f_rb\Zgb_�kjZ\gbl_evgh�oheh^ghc�ieZafu�kheg_q�
gh]h� \_ljZ� k� ]hjyq_c� \gmljbfZ]gblhkn_jghc� ieZafhc� Ijh\_^_g� ZgZeba� jy^Z 
kh[ulbc��\�oh^_�dhlhjuo�kimlgbd�Bgl_j[he�O\hklh\hc�ahg^�ihke_^h\Zl_evgh�i_j_k_dZe�
fZ]gblhrbk��//%/�b�ieZaf_gguc�kehc��GZ�hkgh\_�gZ[ex^_gbc�kimlgbdZ�BGL?J;HE� 
O\hklh\hc�ahg^�^_lZevgh�bkke_^h\Zgh�ih\_^_gb_�bhgh\�b�we_dljhgh\�gZ�mlj_gg_c�klh�
jhg_� gbadhrbjhlghc� fZ]gblhkn_ju� \gmljb� fZ]gblhiZmau� ^ey� kh[ulby� ��� k_gly[jy�
�����k�p_evx�bamq_gby�f_oZgbafh\�nhjfbjh\Zgby�//%/� J_amevlZlu�gZ[ex^_gbc�ih�
dZau\Zxl�� qlh� baf_g_gb_� j_`bfZ� ieZaf_ggh]h� ihlhdZ� \gmljb� fZ]gblhiZmau� fh`_l�
ijhbkoh^blv�\g_aZigh�\�mkeh\byo�kjZ\gbl_evgh�ihklhygguo�iZjZf_ljh\�FFI��Ihlhd�
j_adh�f_gyeky�hl�lbibqgh]h�//%/�kh�kf_rb\Zgb_f�ieZafu�i_j_oh^gh]h�b�ieZaf_ggh]h�
keh_\�^h�khklhygby��ijb�dhlhjhf�//%/�hlkmlkl\m_l��K`Zlb_�fZ]gblhkn_ju�ijb�m\_eb�
q_gbb�^bgZfbq_kdh]h�^Z\e_gby�kheg_qgh]h�\_ljZ�ihke_�baf_g_gby�j_`bfZ�b�j_adh_�ba�
f_g_gb_�iZjZf_ljh\�ieZafu�ih^l\_j`^Z_l�aZdexq_gb_�h�i_j_oh^_�ieZaf_ggh]h�ihlhdZ�
hdheh�fZ]gblhiZmau�hl�lbibqgh]h�^ey�//%/�^h�_]h�hlkmlkl\by� GZ[ex^Z_fh_�y\e_gb_�
keh`gh�h[tykgblv�[_a�fh^bnbdZpbb�ij_^eh`_gghc�l_hjbc�nhjfbjh\Zgby�//%/� Ijb�
\_^_gu�hp_gdb�lhesbgu�//%/��Bkke_^h\Zgu�baf_g_gby�fZ]gblgh]h�ihey b�oZjZdl_jb�
klbd�ieZafu��Ijh\_^_g�ZgZeba�nmgdpbc jZkij_^_e_gby�qZklbp��Ij_^iheh`_gh��qlh�ZgZ�
ebabjm_fuc�kemqZc�ihdZau\Z_l�ijbkmlkl\b_�i_j_f_`Z_fhklb�lmj[me_glghklb�i_j_oh^�
gh]h�kehy��dh]^Z�i_jbh^u�lmj[me_glguo�nemdlmZpbc�kf_gyxlky�ijhf_`mldZfb�eZfb�
gZjgh]h�l_q_gby�  

 
1. $QWRQRYD�?�?���������7KH�VWUXFWXUH�RI�WKH�PDJQHWRVSKHULF�ERXQGDU\�OD\HUV�DQG�WKH mag-

netospheric turbulence, Planetary and Space Science 53 (2005) 161-168.  
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M>D�������� 

FH>?EBJH<:GB?�J:KIJHKLJ:G?GBY�IJBF?K?C 
<�IH=J:GBQGHF�KEH?�:LFHKN?JU 

:gbs_gdh�<�B���LZjZkh\Z�H�:���Xrdh\�<�I� 

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

<�djmiguo�]hjh^Zo��ijhfure_gguo�jZchgZo��gZ�h[t_dlZo�^h[uqb�g_nlb�b�]ZaZ�
ijhba\h^blky�\u[jhk�]Zah\uo�b�Zwjhahevguo�ijbf_k_c�\�Zlfhkn_jm��dhlhju_�ijb\h^bl�
d�agZqbl_evghfm�baf_g_gbx�]Zah\h]h�khklZ\Z�\ha^moZ��LZdh_�baf_g_gb_�fh`_l�hdZau�
\Zlv�\j_^gh_�\ha^_ckl\b_�gZ�`b\hlguo�b�jZkl_gby��Z�lZd`_�ijb\h^blv�d ehdZevguf�b�
]eh[Zevguf� baf_g_gbyf� debfZlZ�� dhgp_gljZpby� l_ogh]_gguo� ijbf_k_c� \� Zlfhkn_j_�
\[ebab�bklhqgbdZ�aZ]jyag_gbc�fh`_l�\h�fgh]h�jZa�ij_\urZlv�nhgh\mx��ihwlhfm�ijh�
[e_fZ�fh^_ebjh\Zgby�ihke_^kl\bc�\u[jhkh\�y\ey_lky�ZdlmZevghc� 

Ij_^klZ\ey_fZy� fh^_ev� ij_^gZagZq_gZ� ^ey� jZkq_lZ� jZkijhkljZg_gby� ]Zah\uo�
\u[jhkh\�\�ehdZevghf�fZkrlZ[_�ijb�gZebqbb�fgh]bo�jZkij_^_e_gguo�\�ijhkljZgkl\_�
bklhqgbdh\�ijbf_k_c�� 

Fh^_ebjh\Zgb_�jZkijhkljZg_gby�ijbf_kb�hkgh\Zgh�gZ�qbke_gghf�j_r_gbb�ih�
emwfibjbq_kdh]h�mjZ\g_gby�lmj[me_glghc�^bnnmabb�\�ij_^iheh`_gbb�]hjbahglZevghc�
h^ghjh^ghklb�lmj[me_glghklb��Bkoh^gh_�mjZ\g_gb_�aZibku\Z_lky�\�\b^_ 
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]^_�K�[�\�]� –�jZkij_^_e_gb_�dhgp_gljZpbb�bkke_^m_fhc�ijbf_kb��u(x,y,z) –�ihe_�kdhjh�
kl_c�l_q_gby�\ha^moZ��µi, Kz –�dhwnnbpb_glu�khhl\_lkl\_ggh�]hjbahglZevghc�b�\_jlb�
dZevghc�lmj[me_glghc�^bnnmabb��S-�bklhqgbdb�b�klhdb�ijbf_kb��MjZ\g_gb_�j_rZ_lky�
ijb�ke_^mxsbo�^hims_gbyo��]hjbahglZevgZy�kdhjhklv�\_ljZ�aZ\bkbl�lhevdh�hl�\ukhlu��
dhwnnbpb_glu� µx� b� µy ihklhyggu� \h� \k_c� h[eZklb� jZkq_lZ�� >ey� j_r_gby� mjZ\g_gby�
^bnnmabb�bkihevam_lky�f_lh^�ihdhfihg_glgh]h�jZks_ie_gby� 

>ey�iZjZf_ljbaZpbb�ih]jZgbqgh]h�kehy�\�jZ[hl_�bkihevam_lky�^\Z�ih^oh^Z� 
I_j\uc�ih^oh^�aZdexqZ_lky�\�bkihevah\Zgbb�l_hjbc�ih^h[by�^ey�hibkZgby�oZ�

jZdl_jbklbd� ih]jZgbqgh]h� kehy� Zlfhkn_ju�� <_ebqbgu� b� oZjZdl_j� jZkij_^_e_gby� ih�
\ukhl_�kdhjhklb�\_ljZ�b�dhwnnbpb_glh\�lmj[me_glghc�^bnnmabb�aZ\bkyl�hl�Zlfhkn_j�
guo�mkeh\bc��Z�hkgh\guf�nZdlhjhf��\ebyxsbf�gZ�\_jlbdZevgmx�^bnnmabx��y\ey_lky�
l_fi_jZlmjgZy�kljZlbnbdZpby��>ey�jZaguo�lbih\�kljZlbnbdZpbb�\�fh^_eb�bkihevamxl�
ky�jZagu_�iZjZf_ljbaZpbb�\_jlbdZevgh]h�jZkij_^_e_gby�kdhjhklb�\_ljZ�b�dhwnnbpb_g�
lZ�lmj[me_glghc�^bnnmabb� 

<lhjhc�ih^oh^�hkgh\Zg�gZ�bkihevah\Zgbb�j_amevlZlh\�baf_j_gbc�ijhnbe_c�\_l�
jZ�b�dhwnnbpb_glh\� lmj[me_glghc�^bnnmabb��>Zggu_�ihemq_gu�ijb�ihfhsb�kh^ZjZ� 
mklZgh\e_ggh]h�gZ�djur_�a^Zgby�nbabq_kdh]h�nZdmevl_lZ�F=M� 

<�jZ[hl_�ijh\h^blky�kjZ\gbl_evguc�ZgZeba�dZjlbgu�jZkijhkljZg_gby�ijbf_k_c�
^ey�jZaebqguo�kp_gZjb_\�\u[jhkh\� �gZijbf_j��jbk���^ey�g_kdhevdbo�lhq_qguo�bklhq�
gbdh\�ihklhygghc�fhsghklb��jZkiheh`_gguo�\^hev�hkb�hm��� 

Baf_j_ggu_�ijhnbeb�kdhjhklb�\_ljZ�b�dhwnnbpb_glh\�lmj[me_glghc�^bnnmabb�
kjZ\gb\Zxlky� k� ZgZeh]bqgufb� l_hj_lbq_kdbfb� iZjZf_ljZfb�� ihemq_ggufb� ^ey� jZa�
ebqguo� lbih\� kljZlbnbdZpbb��H[km`^Zxlky�jZaebqby�f_`^m�j_amevlZlZfb�^\mo�ih^�
oh^h\�� ijh\h^blky� hp_gdZ� \hafh`ghklb� bkihevah\Zgby� wdki_jbf_glZevguo� ^Zgguo� \�
aZ^ZqZo�^bnnmabb�aZ]jyagyxsbo�\_s_kl\� 
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Jbk�����JZkijhkljZg_gb_�ijbf_k_c�hl�g_kdhevdbo�bklhqgbdh\ 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglh\�JNNB���-05-������b���-05-64916. 
 

1. ©:lfhkn_jgZy�lmj[me_glghklv�b�fh^_ebjh\Zgb_�jZkijhkljZg_gby�ijbf_k_c�ª���Ih^�
j_^��N�L�F��GvbklZ^lZ b�;��<Zg�>hiZ��E���=b^jhf_l_hba^Zl������������k� 

2. FZjqmd� =�B�� ©FZl_fZlbq_kdh_� fh^_ebjh\Zgb_� \� ijh[e_f_� hdjm`Zxs_c� kj_^uª�- 
0���GZmdZ�����������k� 

3. ;_jeyg^� F�?�� ©Kh\j_f_ggu_� ijh[e_fu� Zlfhkn_jghc� ^bnnmabb� b� aZ]jyag_gby�
Zlfhkn_juª�-�E���=b^jhf_l_hba^Zl������������k� 

 
 

M>D���������� 

<EBYGB?�F:DJH�F?L?HJHEH=BQ?KDBO�I:J:F?LJH< 
G:�DHGP?GLJ:PBX�HAHG:�<�LJHIHKN?J? 

?\eZfib_\�:�K���LZjZkh\Z�H�:� 

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

Baf_gqb\hklv�dhgp_gljZpbb�ijba_fgh]h�hahgZ�\�Zlfhkn_j_�mijZ\ey_lky�fgh`_�
kl\hf�ijhp_kkh\��bf_xsbo�\j_f_gghc�fZkrlZ[�hl�k_dmg^�^h�f_kyp_\��JZaebqgu_�fZk�
rlZ[u�Zlfhkn_jguo�ijhp_kkh\�\ujZ`Zxlky�\�ZgZeh]bqguo�\ZjbZpbyo�iZjZf_ljh\��bo�
hibku\Zxsbo�� Khklhygb_� Zlfhkn_ju� dZd� l_jfh^bgZfbq_kdhc� kbkl_fu� fh`_l� [ulv�
iheghklvx�hibkZgh�gZ[hjhf�fZdjh�f_l_hjheh]bq_kdbo�iZjZf_ljh\��baf_gqb\hklv� dh�
lhjuo� \� [hevr_c� beb�f_gvr_c� kl_i_gb� bf__l� hldebd� \�baf_g_gbyo� ]Zah\h]h� khklZ\Z�
Zlfhkn_ju�\�p_ehf�b�dhgp_gljZpbb�ijba_fgh]h�hahgZ��DIH��\�qZklghklb� 

<� gZklhys_c� jZ[hl_� ^_eZ_lky� ihiuldZ� hp_gblv� \ebygb_� fZdjhf_l_hjheh]bq_�
kdbo� iZjZf_ljh\� gZ� baf_gqb\hklv� dhgp_gljZpbb ijba_fgh]h� hahgZ� gZ�Dbkeh\h^kdhc�
\ukhdh]hjghc�gZmqghc�klZgpbb��D<GK�� Baf_j_gby�DIH�ijh\h^ylky�gZ�klZgpbb�k������
]h^Z�ih�gZklhys__�\j_fy��KlZgpby�jZkiheh`_gZ�gZ�\ukhl_������f�gZ^�mjh\g_f�fhjy�g_�
^Ze_dh� hl� ]��Dbkeh\h^kdZ��<[ebab� klZgpbb� hlkmlkl\mxl�fhsgu_�bklhqgbdb� aZ]jyag_�
gby��JZkiheh`_gb_�D<GK�\ur_�ih]jZgbqgh]h�kehy�Zlfhkn_ju�\�[hevrmx�qZklv�\j_f_�
gb�baf_j_gbc�^_eZ_l�__�j_ij_a_glZlb\ghc�^ey�hibkZgby�khklZ\Z�k\h[h^ghc�ljhihkn_ju�
\�hlkmlkl\bb�fhsguo�j_]bhgZevguo bklhqgbdh\�wfbkkbc��<�mkeh\byo�\ukhdh]hjvy�gZ�
\ZjbZpbb� ]Zah\h]h� khklZ\Z�� hij_^_ey_fu_� ]eh[Zevguf� khklhygb_f� Zlfhkn_ju��gZdeZ�
^u\Zxlky�ki_pbnbq_kdb_�nZdlhju��h[mkeh\e_ggu_�]hjguf�j_ev_nhf�b�keh`ghc�kbkl_�
fhc�f_klguo�kdehgh\uo�\_ljh\��]hjgh-^hebgghc�pbjdmeypbb���qlh�gm`gh�bf_lv�\�\b^m�
ijb�ZgZeba_�\ZjbZpbc�DIH�� 
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Hkh[_gghklvx�jy^Z�gZ[ex^_gbc�ijba_fgh]h�hahgZ�gZ�D<GK�y\ey_lky�ijbkmlkl�
\b_�kms_kl\_ggh]h�hljbpZl_evgh]h�lj_g^Z�dhgp_gljZpbb��\�kj_^g_f�–������\�]h^��>�@��
Hkh[h�\u^_eyxlky������b������k�wdklj_fZevgufb�kj_^g_]h^h\ufb�dhgp_gljZpbyfb� 

Ih�^Zgguf�gZ[ex^_gbc�k������ih������]h^�\dexqbl_evgh�[ueZ�ihkljh_gZ�fgh�
]hiZjZf_ljbq_kdZy� j_]j_kkbhggZy�fh^_ev�DIH�ih�fZdjhf_l_hjheh]bq_kdbf�iZjZf_l�
jZf��dhlhju_�jZkkfZljb\Zebkv�dZd�g_aZ\bkbfu_�i_j_f_ggu_� <�jZ[hl_�bkihevah\Zebkv��
]_hihl_gpbZe��^_nbpbl�\eZ`ghklb��kdhjhklv�\_ljZ�b�l_fi_jZlmjZ��Z�lZd`_�jZaghklb�kh�
hl\_lkl\mxsbo�\_ebqbg�^ey�jZaebqguo�\ukhlZo��<k_]h�\�jZ[hl_�bkke_^h\Zehkv����iZ�
jZf_ljh\��Hgb�ihemq_gu�ba�j_amevlZlh\�h[t_dlb\gh]h� ZgZebaZ��\uiheg_ggh]h�=b^jh�
f_l_hp_gljhf�b�bf_xl�^h\hevgh�gbadh_�]hjbahglZevgh_�jZaj_r_gb_��qlh�g_�iha\hey_l�
k^_eZlv� \u[hjdm�fZdjhiZjZf_ljh\�g_ihkj_^kl\_ggh�^ey� lhqdb�gZ[ex^_gbc��<f_kl_� k�
l_f�� ihkdhevdm� jZkkfZljb\Z_fu_� \_ebqbgu� hibku\Zxl� djmighfZkrlZ[gh_� khklhygb_�
Zlfhkn_ju�fh`gh�kqblZlv�dhjj_dlguf�\u[jZggh_�ijb[eb`_gb_� 

<�h[s_f�\b^_�j_]j_kkbhggmx�fh^_ev�fh`gh�aZibkZlv�dZd� 

∑
=

+=
n

i
iim CfaO

1
03       

]^_� ia -j_]j_kkbhggu_�dhwnnbpb_glu�� if -fZdjh�f_l_hiZjZf_lju��n=28 

J_]j_kkbhggZy�fh^_ev�kljhbeZkv�stepwise�f_lh^hf��]^_�gZ�dZ`^hf�rZ]_�ihkljh_�
gby�hij_^_ey_lky�gZb[he__�bgnhjfZlb\guc�ij_^bdlhj��Z�ihkljh_gb_�aZdZgqb\Z_lky�ijb�
^hklb`_gbb� hij_^_e_ggh]h� mjh\gy� hrb[db�� >ey� ihkljh_gby� fh^_e_c� bkihevah\Zeky�
ijh]jZffguc�iZd_l SPSS�����h[eZ^Zxsbc�khhl\_lkl\mxsbfb�\hafh`ghklyfb��Fh^_eb�
[ueb�ihkljh_gu�dZd�^ey�\k_]h�jy^Z�baf_j_gbc��lZd�b�^ey�hl^_evguo�k_ahgh\�� 

 
Jbk���KjZ\g_gb_�kj_^g_kmlhqguo�dhgp_gljZpbc�hahgZ�gZ�D<GK��:��b�j_]j_k�
kbhgghc�fh^_eb��%���<j_fy�hleh`_gh�gZ�jbkmgd_�hl�^Zlu�gZqZeZ�baf_j_gbc 
 

<�dZq_kl\_�kZfh]h�bgnhjfZlb\gh]h�iZjZf_ljZ�^ey�hibkZgby�\k_]h�jy^Z�\uklmiZ�
_l�l_fi_jZlmjZ�gZ�mjh\g_�����f[��jbk����� Dhwnnbpb_gl�dhjj_eypbb�f_`^m�baf_j_gby�
fb� b� fh^_evx� khklZ\ey_l� ����� b� fh^_ev� h[tykgy_l� ���� gZ[ex^Z_fhc� baf_gqb\hklb�
DIH��?keb�jZkkfZljb\Zlv�k_ahggu_�fh^_eb�� lh�^ey� abfu�hij_^_eyxsmx�jhev�b]jZ_l�
agZq_gb_�]_hihl_gpbZeZ�gZ�mjh\g_�����f[��^ey�\_kgu��e_lZ�–�kdhjhklv�\_ljZ�gZ�mjh\g_�
���� f[�� hk_gb� –� kdhjhklv� \_ljZ� gZ� mjh\g_� ���� f[��Khhl\_lkl\mxsb_� dhwnnbpb_glu�
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dhjj_eypbb� khklZ\eyxl� ������ ������ ������ ����� khhl\_lkl\_ggh�� GZb[he__� bgl_j_kguf�
nZdlhf�y\ey_lky�g_aZ\bkbfhklv�gZ[ex^_gbc�DIH�hl�l_fi_jZlmju�gZ�\k_o�mjh\gyo� 

Ihkljh_ggZy�fh^_ev� \� hij_^_e_gghc�f_j_� h[tykgy_l� ebrv� qZklv� k_ahgghc� ba�
f_gqb\hklb�dhgp_gljZpbb�ijba_fgh]h�hahgZ��Ihkljh_gb_�fh^_eb�ih�k_ahgZf�lZd�`_�g_�
memqrZ_l�__�ij_^bdlb\guo�k\hckl\�  

DZd�ihdZaZgh�\�>�@�]hjZa^h�[hevr_c�ij_^bdlb\ghklvx�h[eZ^Zxl�fh^_eb��ihkljh�
_ggu_�ih�ehdZevguf�f_l_hjheh]bq_kdbf�iZjZf_ljZf��KjZ\g_gb_�fZdjh�f_l_hjheh]bq_�
kdbo�ij_^bdlhjh\�b�ehdZevguo�f_l_h�iZjZf_ljh\�ieZgbjm_lky�ijh\_klb�\�^Zevg_cr_f� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglZ�JNNB���-05-64712. 

 
1. Tarasova O.A., A.Yu. Karpetchko, Accounting for local meteorological effects in the 

ozone time-series of Lovozero (Kola Peninsula), Atmos. Chem. Phys., 3, 2003, p. 941-949. 
2. LZjZkh\Z�H�:��� Dmag_ph\� =�B��� ?eZgkdbc�G�N��� K_gbd�B�:��� Kf_lgbd�B�� $���Hkh�

[_gghklb� k_ahgguo� \ZjbZpbc� b� lj_g^h\� dhgp_gljZpbb� ijba_fgh]h� hahgZ� gZ 
Dbkeh\h^kdhc� <ukhdh]hjghc� GZmqghc� KlZgpbb�� ©<_klgbd� Fhkdh\kdh]h�
Mgb\_jkbl_lZª��K_jby����NbabdZ��:kljhghfby������������k����-49. 

 
 

KLJMDLMJ:�KH;KL<?GGUO�:EVN<?GH<KDBO�DHE?;:GBC 
:DKB:EVGH-KBFF?LJBQGHC�F:=GBLHKN?JU 

K�<J:S:XS?CKY�IE:AFHC 

Dhaeh\ >�:� 

Bgklblml�kheg_qgh-a_fghc�nbabdb�KH�J:G 

Bklhjby�l_hj_lbq_kdbo�bkke_^h\Zgbc�kh[kl\_gguo�F=>-dhe_[Zgbc�a_fghc�fZ]�
gblhkn_ju�gZkqblu\Z_l�[he__�ihem\_dZ��H^ghc�ba�i_j\uo�jZ[hl�\�wlhc�h[eZklb�klZeZ�
klZlvy�>Zg`b� >�@�� \�dhlhjhc�hg�ihemqbe�mjZ\g_gby��hibku\Zxsb_� kljmdlmjm� Zevn\_�
gh\kdbo� dhe_[Zgbc�^bihevghc�fZ]gblhkn_ju� \^hev� kbeh\uo�ebgbc�fZ]gblgh]h�ihey� 
:\lhju�[hevrbgkl\Z�jZ[hl��\�dhlhjuo�bkke_^h\ZeZkv�kljmdlmjZ�kh[kl\_gguo�Zevn\_�
gh\kdbo�dhe_[Zgbc�fZ]gblhkn_ju��bkihevah\Zeb�fh^_eb�k�ihdhys_cky�ieZafhc��H^gZ�
dh�ieZafZ�j_Zevghc�fZ]gblhkn_ju�^\b`_lky��ijbq_f�wlh�^\b`_gb_�jZaebqgh�\�jZaguo�
h[eZklyo�fZ]gblhkn_ju��Wlh�h[klhyl_evkl\h��g_khfg_ggh��^he`gh�kms_kl\_ggh�\ebylv�
gZ� kljmdlmjm� b� ki_dlj� kh[kl\_gguo� dhe_[Zgbc�fZ]gblhkn_ju� GZklhysZy� jZ[hlZ� ih�
k\ys_gZ� bkke_^h\Zgbx� \ebygby� ^\b`_gby� gZ� ki_dlj� kh[kl\_gguo� ZabfmlZevgh-
f_edhfZkrlZ[guo� �m!!��� ]^_� P = 0, 1, 2... —� ZabfmlZevgh_� \hegh\h_� qbkeh�� Zevn\_�
gh\kdbo�dhe_[Zgbc�^bihevghc�fZ]gblhkn_ju��Ijb�wlhf�^\b`_gb_�ieZafu�fh^_ebjm_l�
ky�__�ZabfmlZevguf�\jZs_gb_f�� 

I_j_qbkebf�hkgh\gu_�j_amevlZlu�ijh\_^_ggh]h�l_hj_lbq_kdh]h�bkke_^h\Zgby� 
1) Ihemq_gh�^bnn_j_gpbZevgh_�mjZ\g_gb_��hibku\Zxs__�kdZeyjguc�ihl_gpbZe�

\hafms_ggh]h�we_dljbq_kdh]h�ihey�fhghojhfZlbq_kdbo�Zevn\_gh\kdbo�\heg�\�^\mf_j�
gh-g_h^ghjh^ghc�fh^_eb�fZ]gblhkn_ju� 

2) K�ihfhsvx�f_lh^Z�jZaguo�fZkrlZ[h\�ih�ijh^hevghc��\^hev�kbeh\uo�ebgbc�
fZ]gblgh]h�ihey��b�ihi_j_qghc� �ihi_j_d�fZ]gblguo�h[hehq_d��dhhj^bgZlZf�j_r_gb_�
bkoh^ghc�^\mf_jgh-g_h^ghjh^ghc�aZ^Zqb�k\_^_gh�d�ihke_^h\Zl_evghfm�j_r_gbx�^\mo�
h^ghf_jguo�aZ^Zq�ih�khhl\_lkl\mxsbf�dhhj^bgZlZf� 

3) JZkkqblZgu� hkgh\gu_� oZjZdl_jbklbdb� bkke_^m_fuo� dhe_[Zgbc�� jZkij_^_e_�
gb_� kh[kl\_gguo�qZklhl� klhyqbo ihehb^Zevguo�b� lhjhb^Zevguo� Zevn\_gh\kdbo�\heg��
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iheyjbaZpbhggh]h� jZks_ie_gby� bo� ki_dljZ� b� wd\ZlhjbZevgh]h� jZkklhygby�f_`^m� ih�
ehb^Zevghc�b�lhjhb^Zevghc�j_ahgZgkgufb�ih\_joghklyfb�ihi_j_d�fZ]gblguo�h[heh�
q_d� 

4) Ihemq_gZ�ihegZy�ijhkljZgkl\_ggZy�kljmdlmjZ�bkke_^m_fuo�dhe_[Zgbc� 
Ijb�j_r_gbb�ihklZ\e_gghc aZ^Zqb��ZgZeblbq_kdhf�b�qbke_gghf� \uy\e_gu�ke_�

^mxsb_�wnn_dlu��h[mkeh\e_ggu_�^\b`_gb_f�fZ]gblhkn_jghc�ieZafu�� 
1. GZ� dZ`^hc� fZ]gblghc� h[hehqd_� fh]ml� \ha[m`^Zlvky� Zevn\_gh\kdb_� \hegu��

jZaebqZxsb_ky�agZdhf�ZabfmlZevgh]h�\hegh\h]h�qbkeZ� �khhl\_lkl\mxsb_�ijhlb\hih�
eh`guf�gZijZ\e_gbyf�jZkijhkljZg_gby�dhe_[Zgbc�ih�ZabfmlZevghc�dhhj^bgZl_�� 

QZklhlu�lZdbo�dhe_[Zgbc��\�hlebqb_�hl�fh^_eb�k�g_ih^\b`ghc�ieZafhc��fh]ml�
hlebqZlvky�\�g_kdhevdh�jZa� 

2. <�g_dhlhjuo�qZklyo�fZ]gblhkn_ju�ijhbkoh^bl�i_j_k_q_gb_�ihehb^Zevghc�b�
lhjhb^Zevghc� j_ahgZgkguo ih\_joghkl_c�� <� wlhf� kemqZ_� h[eZklv� ]_g_jZpbb� klhyqbo�
Zevn\_gh\kdbo�\heg�b�h[eZklv�bo�^bkkbiZpbb�\�bhghkn_j_�ijZdlbq_kdb�kh\iZ^Zxl��Ijb�
wlhf�lZdb_�dhe_[Zgby�h[eZ^Zxl�lhjhb^Zevghc�iheyjbaZpb_c�\�h[eZklb�]_g_jZpbb��]^_�
bo�Zfieblm^Z�fZdkbfZevgZ�� 

3. <h�\g_rg_c�fZ]gblhkn_j_��ijbe_]Zxs_c�d�fZ]gblhiZma_�jZks_ie_gb_�ki_d�
ljZ�j_ahgZgkguo�dhe_[Zgbc�gZklhevdh�\_ebdh��qlh�Zevn\_gh\kdZy�\hegZ��k]_g_jbjh\Zg�
gZy�gZ�ihehb^Zevghc�j_ahgZgkghc�ih\_joghklb�ijb�k\h_f�i_j_f_s_gbb�ihi_j_d�fZ]�
gblguo�h[hehq_d�g_�\klj_qZ_l�lhjhb^Zevghc�j_ahgZgkghc�ih\_joghklb��K]_g_jbjh\Zg�
gZy�Zevn\_gh\kdZy�\hegZ�fh`_l�hdZaZlvky�aZi_jlhc�f_`^m�lhqdhc�hljZ`_gby�gZ�ihehb�
^Zevghc�j_ahgZgkghc�ih\_joghklb�b�fZ]gblhiZmahc��eb[h�f_`^m�^\mfy�lZdbfb�lhqdZfb�
hljZ`_gby� Ijb� wlhf� \h� \k_c� h[eZklb� kms_kl\h\Zgby� lZdbo� klhyqbo� Zevn\_gh\kdbo�
\heg�bo�iheyjbaZpby�[m^_l�ihehb^Zevghc� 

4. HdZaZehkv��qlh�g_kdhevdh�i_j\uo�]Zjfhgbd�klhyqbo�Zevn\_gh\kdbo�\heg��jZk�
ijhkljZgyxsboky ih�Zabfmlm�\�gZijZ\e_gbb�kdhjhklb�\jZs_gby�ieZafu� fh]ml�]_g_jb�
jh\Zlvky�\gmljb�fZ]gblhkn_ju�lhevdh�^h�hij_^_e_gguo�fZ]gblguo�h[hehq_d��GZ�[he__�
\ukhdhrbjhlguo�fZ]gblguo�h[hehqdZo�mkeh\by�kms_kl\h\Zgby�ihehb^Zevguo�Zevn\_�
gh\kdbo�dhe_[Zgbc�hlkmlkl\mxl��Wlh�k\yaZgh�k�hkh[_gghklvx�jZkij_^_e_gby�iZjZf_l�
jh\�fZ]gblhkn_jghc�ieZafu�b�\b^hf�^bki_jkbhggh]h�mjZ\g_gby�^ey�lZdbo�\heg� 

 
1. Dungey J. W. Pensilvania State University Science Report. ������������P. 30. 

 
 

HILBQ?KDB?�BKKE?>H<:GBY�:WJHAHE?C�<�YDMLBB 

;m^bs_\�:�:�� Lbfhn__\Z�=�:���Lblh\�K�<� 

Ydmlkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf� F�D� :ffhkh\Z 

Ij_^klZ\e_gu�j_amevlZlu�bkke_^h\Zgbc�Zlfhkn_jgh]h�Zwjhahey�\�P_gljZevghc�
Ydmlbb�ih�^Zgguf�kheg_qgh]h�nhlhf_ljZ�AERONET�b�kljZlhkn_jgh]h�eb^ZjZ�BDNB:�
KH�J:G��Bkke_^h\Zehkv�ih\_^_gb_�hilbq_kdhc�lhesbgu�Zwjhahey��jZkij_^_e_gb_�Zw�
jhahe_c�ih�jZaf_jZf�b�dhgp_gljZpbb�\h^ygh]h�iZjZ��bo�k\yav�k�jZaebqgufb�]_hnbabq_�
kdbfb�iZjZf_ljZfb��Z�lZd`_�l_fi_jZlmjhc�kljZlhkn_ju�ih�jZ^bhahg^h\uf�baf_j_gb�
yf� 

H[gZjm`_gZ�aZ\bkbfhklv� �R �����dhgp_gljZpbb�\h^ygh]h�iZjZ�b�:HL�k�qbkehf�
kheg_qguo�iyl_g��dhlhjZy��ih-\b^bfhfm��k\yaZgZ�k�h[jZah\Zgb_f�y^_j�dhgp_gljZpbb�gZ�
djmiguo� Zwjhahevguo�qZklbpZo��h[jZah\Z\rboky�\�j_amevlZl_�\ha^_ckl\by� kheg_qguo�
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\kiur_d�gZ�Zlfhkn_jm�A_feb��Ijb�wlhf�ij_^iheZ]Z_lky��qlh�hkgh\gu_�baf_g_gby�Zwjh�
ahevghc�dhgp_gljZpbb�ijhbkoh^yl�gZ�mjh\g_�kljZlhkn_ju��Eb^Zjgh_�ahg^bjh\Zgb_�ih�
dZau\Z_l��qlh� k�gZqZeZ� abfu�ih�gZklhys__�\j_fy�gZ�\ukhlZo� ���b� ���df� kms_kl\mxl�
^he]h\j_f_ggu_� Zwjhahevgu_� kehb�� K� mq_lhf� lh]h�� qlh� f_klguo� bklhqgbdh\� kljZlh�
kn_jgh]h�Zwjhahey�g_l��ij_^iheZ]Z_lky��qlh�^Zggu_�kehb�\hagbdeb�\�j_amevlZl_�ijbghkZ 
Zlfhkn_jghc�pbjdmeypb_c�Zwjhahe_c�ljhibq_kdh]h�ijhbkoh`^_gby��eb[h�\�j_amevlZl_�
bo�h[jZah\Zgby�ih^�^_ckl\b_f�]_ebh]_hnbabq_kdbo�ijhp_kkh\�� 

 

 

M>D������ 

IJHP?KKU�K:FHHJ=:GBA:PBB�IJB�LJ:GKNHJF:PBB�
IHL?GPB:EVGH=H�<BOJY 

FZebgh\kdZy�?�:� 

KlZ\jhihevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<� aZ^ZqZo�djZldhkjhqgh]h�ijh]ghaZ�ih]h^u�rbjhdh�bkihevam_lky�hibkZgb_�Zl�
fhkn_jguo�ijhp_kkh\�\�Z^bZ[Zlbq_kdhf�ijb[eb`_gbb��ijb�dhlhjhf�ij_g_[j_]Z_lky�bk�
lhqgbdZfb� l_ieZ� b� lj_gb_f�� Ijb� wlhf� \hagbdZxl� oZjZdl_jbklbdb�� ihl_gpbZevguc�
\bojv�( ( ) ρσ /vrotgradI ⋅= , (1), ]^_� pS cσ = ����Z��� S -�wgljhiby�� v  -�\_dlhj�kdhjhklb��

ρ  -�iehlghklv) b� wgljhiby,�baf_g_gb_�dhlhjuo�\h�\j_f_gb�^he`gh�ijhl_dZlv�^hklZ�
lhqgh�f_^e_ggh�b�k\b^_l_evkl\h\Zlv�h�g_Z^bZ[Zlbq_kdbo�\ha^_ckl\byo��lj_gb_��l_ieh�
h[f_g�>�@�� 

;ueh� ij_h[jZah\Zgh� mjZ\g_gb_� ljZgknhjfZpbb� ihl_gpbZevgh]h� \bojy�

( ) ( )σε gradrot
p

T
grad

p

T

dt

dI ⋅++= f& 2 �d�\b^m: ( )
dt

dS

R

$I
!�F

R

I

dt

dI
p

2

1
⋅−−=  , (2)��]^_�η  

-�dhwnnbpb_gl�dbg_fZlbq_kdhc�\yadhklb�� vp cc /=χ . Ihemq_ggh_�mjZ\g_gb_�ij_^klZ\ey�

_l�kh[hc�mjZ\g_gb_�\b^Z� ( ) ( )
dx

xdU
xF

dt

dx µµ ,
, −== �k�mijZ\eyxsbf�iZjZf_ljhf�

dt

dS=µ . 

Wgljhiby�y\ey_lky�dexq_\hc�nbabq_kdhc�\_ebqbghc�ijb�hibkZgbb�kZfhhj]ZgbaZpbb��HgZ�
kem`bl�f_jhc�p_gghklb�kh^_j`Zs_cky�\�kbkl_f_�wg_j]bb�b�f_jhc�[_kihjy^dZ�� 

Wdki_jbf_glZevgh� mklZgh\e_gZ� aZ\bkbfhklv� mijZ\eyxs_]h� iZjZf_ljZ� µ � hl�

agZq_gbc�I.�>ZggZy�aZ\bkbfhklv�bf__l�\b^�� ( )2 2exp N MA I BI Cµ α= ⋅ + + ��]^_�α , A, B, 

C, M� b� N –� ihklhyggu_�� Ijb� wlhf� aZ\bkbfhklv� ( )IU � [m^_l� bf_lv� \b^��

2*)1(2*
2

exp ICIBdII
I

A

dt

dS M
N

++⋅




⋅= +∫α . <uy\e_gu�h[eZklb�agZq_gbc�ihl_gpbZevgh]h�

\bojy ^ey�jZaebqguo�l_jjblhjbc��ijb�dhlhjuo�ijhl_dZxl�ijhp_kku�kZfhhj]ZgbaZpbb� 
JZajZ[hlZgZ�dhfivxl_jgZy�ijh]jZffZ��dhlhjZy�gZ�hkgh\_�j_Zevguo�kbghilbq_�

kdbo� dZjl� ij_^klZ\ey_l� agZq_gby� ihl_gpbZevgh]h� \bojy� \� \b^_� \j_f_ggh]h� jy^Z�� \u�
qbkey_l�agZq_gby�baf_g_gbc�wgljhibb�b��bkihevamy�ihemq_ggh_�mjZ\g_gb_��beexkljb�
jm_l� ijhp_kk� ljZgknhjfZpbb� ihl_gpbZevgh]h� \bojy.�Ij_^iheZ]Z_lky� jZajZ[hldZ� ijh�
]jZffu�ijh]ghabjh\Zgby� 

 
1. H[moh\�:�F��Lmj[me_glghklv�b�^bgZfbdZ�Zlfhkn_ju��–�E_gbg]jZ^��=b^jhf_lba^Zl��

������k�����-291. 
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M>D������� 

>BG:FBD:�Q:KLBP 
<�J:KS?IE?GGUO�LHGDBO�LHDH<UO�KEHYO� 

H\h^dh\�>�:��Ihih\�<�X��FZeh\Z�O�<� 

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

>bgZfbdZ� aZjy`_gguo�qZklbp�\� ©dhehdhh[jZaguoª� �beb� ©h^gh]hj[uoª��lhgdbo�
lhdh\uo�kehyo� �k�lhesbghc�h[eZklb�h[jZs_gby�ihey�ihjy^dZ�bhggh]h�eZjfhjh\kdh]h�
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^Z_fuo�y\e_gbc� 

;ueh�ihemq_gh��qlh�ihklZ\e_ggZy�aZ^ZqZ�bf__l�^\_�oZjZdl_jguo�h[eZklb�j_r_�
gbc��<�h^ghc�ba�h[eZkl_c�aZ^ZqZ�bf__l�_^bgkl\_ggh_�j_r_gb_��y\eyxs__ky�Zkbfilhlb�
q_kdb� mklhcqb\uf��;ueh� ihdZaZgh�� qlh� \� ^Zgghc� h[eZklb� j_r_gby� lbiZ� dhgljZklguo�
kljmdlmj�g_�\hagbdZxl��<h�\lhjhc�h[eZklb�[ueb�h[gZjm`_gu�j_r_gby�k�\gmlj_ggbfb�
i_j_oh^gufb� kehyfb��;ueb�ihemq_gu�g_h[oh^bfu_�mkeh\by� kms_kl\h\Zgby�j_r_gbc�
lbiZ�dhgljZklguo�kljmdlmj� 

>ey� qbke_ggh]h� bkke_^h\Zgby� ihklZ\e_gghc� aZ^Zqb� [ueb� j_Zebah\Zgu� wnn_d�
lb\gu_�Ze]hjblfu��Ijb�ihfhsb�\uqbkebl_evgh]h�wdki_jbf_glZ�\�^Zgghc�kbkl_f_�[ue�
h[gZjm`_g�ijbgpbibZevgh�gh\uc�wnn_dl�lZd�gZau\Z_fhc�kbgojhgbaZpbb�dhgljZklguo�
kljmdlmj�� [eZ]h^Zjy� dhlhjhfm�� j_r_gby�� gZqbgZy� k� hij_^_ezggh]h�fhf_glZ� \j_f_gb��
gZqbgZxl�^\b]Zlvky�kbgojhggh��lh�_klv�wnn_dlb\gu_�kdhjhklb�^j_cnZ�\gmlj_ggbo�i_�
j_oh^guo�kehz\�^ey�h[hbo�mjZ\g_gbc�klZgh\ylky�jZ\gufb��;ueb�ihemq_gu�g_h[oh^b�
fu_�mkeh\by�^ey�\hagbdgh\_gby�kbgojhgbaZpbb�dhgljZklguo�kljmdlmj� 

LZdbf�h[jZahf��j_amevlZlu�ijh\_^_ggh]h�gZfb�bkke_^h\Zgby�iha\heyxl�jZkrb�
jblv� ij_^klZ\e_gb_� h� g_klZpbhgZjguo� j_r_gbyo� lbiZ� dhgljZklguo� kljmdlmj� \� g_eb�
g_cghc�kj_^_��Z�lZd`_�mklZgh\blv�\ebygb_�k\yab�mjZ\g_gbc�gZ�ihy\e_gb_�dZq_kl\_ggh�
gh\uo�wnn_dlh\��qlh�fh`_l�mqblu\Zlvky�\�jZ[hlZo�ih�bkke_^h\Zgbx�nbabq_kdbo�y\e_�
gbc��hibku\Z_fuo�^Zgghc�fZl_fZlbq_kdhc�fh^_evx� 

 
1. Lbohgh\�:�G��H�aZ\bkbfhklb�j_r_gbc�^bnn_j_gpbZevguo�mjZ\g_gbc�hl�fZeh]h�iZ�

jZf_ljZ����FZl_f��k[��– 1948. –�L����������������–�K�����–288. 
2. <Zkbev_\Z�:�;���;mlmah\�<�N���G_nz^h\�G�G��DhgljZklgu_�kljmdlmju�\�kbg]meyjgh�

\hafmszgguo�aZ^ZqZo����Nmg^Zf_glZevgZy�b�ijbdeZ^gZy�fZl_fZlbdZ��– 1998. –�L�����
�����–�K�����–851. 

3. ;udh\�:�:���Ihih\�<�X���Khdheh\�>�>��FZl_fZlbq_kdh_�fh^_ebjh\Zgb_�j_ahgZgk�
guo�wnn_dlh\�jZkijhkljZg_gby�\heg�\�fgh]hkehcguo�i_jbh^bq_kdbo�kljmdlmjZo� ���
BgnhjfZpbhgguc�[xee_l_gv�JNNB��– 1995. –�L����������–�K�����–418. 

4. Vasilieva A.B., Butuzov V.F., Nefedov N.N. The contrast structures type solutions of 
nonlinear singularly perturbed equations // Proceedings of IMACS. – Amsterdam: North 
Holland / Elsiver, 1992. – P. 439–445. 

5. Barbu L., Kim J.K., Morosanu Gh. First order asymptotic expansion for a singularly per-
turbed parabolic-parabolic problem // Nonlinear Funct. Anal. Appl., to appear. 
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M>D����������� 

NMG>:F?GL:EVGH?�J?R?GB? 
>EY�H>GH=H�GH<H=H�MJ:<G?GBY�KH;HE?<KDH=H�LBI: 

Qm[_gdh�I�:� 

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

JZkkfZljb\Z_fh_�mjZ\g_gb_�\klj_qZ_lky�\�nbabd_�ihemijh\h^gbdh\��Z�bf_ggh��\�
l_hjbb�d\ZabklZpbhgZjguo�ijhp_kkh\�\�g_h^ghjh^guo�ihemijh\h^gbdZo��?]h�gZau\Zxl�
g_klZpbhgZjguf�mjZ\g_gb_f�kljZlbnbdZpbb�h[t_fgh]h�aZjy^Z��l��d��hgh�hibku\Z_l�h^�
ghbf_ggh_� y\e_gb_�� dhlhjh_� aZdexqZ_lky� \� \hagbdgh\_gbb� aZjy`_gguo� keh_\� q_j_�
^mxs_]hky�agZdZ�\�bagZqZevgh�h^ghjh^ghf�ihemijh\h^gbd_�ih^�\ha^_ckl\b_f�eZa_jgh�
]h�baemq_gby��<�jZ[hlZo� >�@�b� >�@�bamqZ_lky�h^ghf_jgZy�fh^_ev��J_rZ_lky� aZ^ZqZ�>b�
jboe_�k�g_h^ghjh^guf�mkeh\b_f�gZ�h^ghc�ba�]jZgbp��fh^_ebjmxsbf�we_dljhfZ]gbl�
gu_�dhe_[Zgby��Ihemq_ggu_�j_amevlZlu�ohjhrh�kh]eZkmxlky�k�wdki_jbf_glhf�� 

MjZ\g_gb_�bf__l�ke_^mxsbc�\b^��nmgdpby�u�bf__l�nbabq_kdbc�kfuke�we_dljb�
q_kdh]h�ihl_gpbZeZ�� 

Nmg^Zf_glZevgh_�j_r_gb_�kljhblky�ijb�ihfhsb�ij_h[jZah\Zgby�EZieZkZ�ih� t. 
Ihke_�_]h�ijh\_^_gby�ihemqZ_lky�mjZ\g_gb_�^ey�h[jZaZ�NJ��e_]dh�k\h^ys__ky�d�mjZ\�
g_gbx�Dbjo]hnZ��nmg^Zf_glZevgh_�j_r_gb_�dhlhjh]h�ohjhrh�ba\_klgh��Ihke_�h[jZl�
gh]h�ij_h[jZah\Zgby�[m^_f�bf_lv� 

Wlh�bgl_]jZevgh_�ij_^klZ\e_gb_�fh`gh�k\_klb�d�[he__�m^h[ghfm�^ey�bkke_^h�
\Zgby�\ujZ`_gbx� 

GZb[he__� ijhklh� \u\h^blky� ZkbfilhlbdZ� ijb� fZeuo� t�� ^hklZlhqgh� jZaeh`blv�
ihke_^gxx�wdkihg_glm�\�jy^�b�kf_gblv�ihjy^hd�bgl_]jbjh\Zgby�b�kmffbjh\Zgby��Wlh�
ijb\_^_l�d�nhjfme_ 

]^_�dhwnnbpb_glu�akn�\uqbkeyxlky�ZgZeblbq_kdb� �y\gu_�\ujZ`_gby�^ey�gbo�ihemqZ�
xlky�\_kvfZ�]jhfha^dbfb��� 

>ey�[hevrbo�r b t ihemqZxlky��khhl\_lkl\_ggh��hp_gdb� 
]^_� δ>0, ε>0��Ihke_^gyy� iha\hey_l� k^_eZlv�nmg^Zf_glZevguc� \u\h^��NJ� m[u\Z_l� ih�
djZcg_c�f_j_�[uklj__�ex[hc�kl_i_gb�t. 

Bgl_j_kguc�j_amevlZl�ihemqZ_lky�ijb�jZkkfhlj_gbb�k_q_gbc� r/t=C ��K≠0��A^_kv�
ijbf_gy_lky�f_lh^�i_j_\ZeZ��dhlhjuc�^Z_l� 
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]^_�a>���Dhwnnbpb_glu�a, b, d, g fh`gh�gZclb�lhqgh��k�ihfhsvx�nhjfme�DZj^Zgh�^ey�
mjZ\g_gby� �-c� kl_i_gb���beb�ijb[eb`_ggh�ih� l_hjbb�\hafms_gbc� �\� kemqZ_�[hevrbo�
beb�fZeuo�C���Ba�nhjfmeu�\b^gh��qlh�j_r_gb_�g_�ijhklh�m[u\Z_l�ijb�m^Ze_gbb�hl�gZ�
qZeZ�dhhj^bgZl��gh�_s_�b�hkpbeebjm_l�� 

 
1. Dhjimkh\�F�H���Ie_lg_j�X�>���K\_rgbdh\�:�=��³H�d\ZabklZpbhgZjguo�ijhp_kkZo�\�

ijh\h^ysbo�kj_^Zo�[_a�^bki_jkbb´ ���@<F�������]���l��������� 
2. NmjfZg� :�K�� ³H� kljZlbnbdZpbb� ht_fgh]h� aZjy^Z� ijb� i_j_oh^guo� ijhp_kkZo� \�

ihemijh\h^gbdZo´����NLL�������]���l��������� 
3. =Z[h\�K�:���K\_rgbdh\�:�=��Ebg_cgu_�aZ^Zqb�l_hjbb�g_klZpbhgZjguo�\gmlj_ggbo�

\heg��F���´GZmdZ´�������]� 
4. N_^hjxd�F�<��:kbfilhlbdZ��bgl_]jZeu�b�jy^u��F���³GZmdZ´�������]� 

 
 

M>D���������� 

F?LH>�KF?R:GGUO�DHG?QGUO�WE?F?GLH< 
<�KI?DLJ:EVGUO�A:>:Q:O 

L?HJBB�>BWE?DLJBQ?KDBO�<HEGH<H>H< 

Kl_iZgh\�B�<� 

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

JZkkfZljb\Z_lky� aZ^ZqZ� jZkq_lZ� \hegh\h^h\� k� ijhba\hevguf� dmkhqgh-
ihklhygguf�ihi_j_qguf� aZiheg_gb_f�^bwe_dljbdhf� >�@��>ey� __� j_r_gby� kms_kl\m_l�
jy^�f_lh^h\��lZdbo�dZd�f_lh^�dhg_qguo�jZaghkl_c��f_lh^�krb\Zgby�kh[kl\_gguo�nmgd�
pbc��\ZjbZpbhggu_�f_lh^u�b�fgh]b_�^jm]b_��<�gZklhys__�\j_fy�gZb[hevrmx�ihimeyj�
ghklv�ijbh[j_e�f_lh^� kf_rZgguo� dhg_qguo� we_f_glh\��iha\heyxsbc� kljhblv�^hklZ�
lhqgh�mgb\_jkZevgu_�Ze]hjblfu�b�ba[_]Zlv�ihy\e_gby�g_nbabq_kdbo�j_r_gbc��\hagb�
dZxsbo� ijb� ijbf_g_gbb� klZg^Zjlgh]h�f_lh^Z� dhg_qguo� we_f_glh\� >�@��H^gZdh�� ijb�
ijbf_g_gbb�f_lh^Z�kf_rZgguo�dhg_qguo�we_f_glh\�d�aZ^Zq_�jZkq_lZ�^bwe_dljbq_kdh�
]h�\hegh\h^Z�\�pbebg^jbq_kdhc� kbkl_f_�dhhj^bgZl��\hagbdZ_l�ijh[e_fZ� ZiijhdkbfZ�
pbb�ihey�\�gZqZe_�dhhj^bgZl��H^gbf�ba�kihkh[h\��iha\heyxsbo�j_rblv�wlm�ijh[e_fm��
fh`_l� kem`blv� \\_^_gb_� nbdlb\ghc� ^hihegbl_evghc� ]jZgbpu� \� hdj_klghklb� gZqZeZ�
pbebg^jbq_kdhc�kbkl_fu�dhhj^bgZl��khhl\_lkl\mxs_c�b^_Zevgh�ijh\h^ys_fm�kl_j`�
gx�fZeh]h�jZ^bmkZ��Ijb�klj_fe_gbb�wlh]h�jZ^bmkZ�d�gmex��ih�l_hj_f_�KZfZjkdh]h�>�@�
kh[kl\_ggu_�agZq_gby�ihemq_gghc�aZ^Zqb�[m^ml�klj_fblvky�d�kh[kl\_gguf�agZq_gbyf�
bkoh^ghc�aZ^Zqb� 

GZfb� jZajZ[hlZg�f_lh^� \uqbke_gby�fh^� ]jZ^b_glguo�^bwe_dljbq_kdbo� \hegh�
\h^h\�\�pbebg^jbq_kdhc�kbkl_f_�dhhj^bgZl��GZibkZgZ�ijh]jZffZ��iha\heyxsZy�bkke_�
^h\Zlv�fh^u�\hegh\h^h\�k�^hklZlhqgh�ijhba\hevguf�dmkhqgh-ihklhygguf�^bwe_dljb�
q_kdbf�aZiheg_gb_f��GZ�hkgh\Zgbb�ihemq_gguo�j_amevlZlh\�ihkljh_gu�^bki_jkbhggu_�
djb\u_��hibku\Zxsb_�aZ\bkbfhklv� ).(kγ �Ijb\_^_gu�ijbf_ju�\hegh\h^h\��\�dhlhjuo�
kms_kl\mxl�dhfie_dkgu_�\hegu��Ij_^eh`_gguc�f_lh^�iha\hey_l�ba[_`Zlv�ihy\e_gby�
g_nbabq_kdbo�j_r_gbc�b�h[hclb�ijh[e_fm�ZiijhdkbfZpbb�ihey�\�gme_�\�pbebg^jbq_�
kdhc� kbkl_f_� dhhj^bgZl�� J_amevlZlu� kjZ\g_gby� k� lhqgufb� j_r_gbyfb� ^ey� iheh]h� b�
^\mokehcgh]h�\hegh\h^h\�k\b^_l_evkl\mxl�h�\ukhdhc�lhqghklb�f_lh^Z� 
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1. <_k_eh\�=�B���JZ_\kdbc�K�;��Kehbklu_�f_lZeeh-^bwe_dljbq_kdb_�\hegh\h^u��–�F���

JZ^bh�b�K\yav������� 
2. ;h]hex[h\� :�G��� >_ebpug� :�E��� JZkq_l� ^bwe_dljbq_kdbo� \hegh\h^h\� f_lh^hf�

dhg_qguo� we_f_glh\�� bkdexqZxsbc� ihy\e_gb_� g_nbabq_kdbo� j_r_gbc�� ��� <_klg��
Fhkd��mg-lZ��k_j�����NbabdZ��:kljhghfby��������� 1. 

3. KZfZjkdbc�:�:���>hde��:G�KKKJ�������� ���k� 631-634. 
 
 

M>D������� 

J?R?GB?�H;J:LGHC�A:>:QB 
MEVLJ:A<MDH<HC�IHLHDHF?LJBB�<�KEMQ:? 

H=J:GBQ?GGH=H�QBKE:�WDKI?JBF?GL:EVGUO�>:GGUO 

∗*�GbdheZ_\Z�G�G� 

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

<�gZklhys__�\j_fy�[hevrhc�ijZdlbq_kdbc�bgl_j_k�ij_^klZ\eyxl�kh[hc�mevljZ�
a\mdh\u_�baf_j_gby�ihlhdh\��d�hkgh\guf�ij_bfms_kl\Zf�dhlhjuo�hlghkylky�\hafh`�
ghklv� baf_j_gby� oZjZdl_jbklbd� ihlhdh\� \� rbjhdhf� ^bZiZahg_� kdhjhkl_c� ^\b`_gby�
kj_^u�b�jZaf_jh\�dZgZeh\�ljZgkihjlbjh\db��[_kdhglZdlghklv��qlh�g_h[oh^bfh�\�mkeh�
\byo� obfbq_kdhc� Zdlb\ghklb�� lhdkbqghklb�� ih`ZjhhiZkghklb� b� l�^���� klZ[bevghklv��
\hafh`ghklv�jZ[hlu�ijb�\ukhdbo�l_fi_jZlmjZo�b�^Z\e_gbb��H^ghc�ba�h[jZlguo�aZ^Zq�
mevljZa\mdh\hc� ihlhdhf_ljbb� y\ey_lky� aZ^ZqZ� j_dhgkljmdpbb� b� hp_gdb� ih]j_rghklb�
j_dhgkljmdpbb�hk_kbff_ljbqguo�ijhnbe_c�kdhjhklb�l_q_gby�`b^dhklb�beb�]ZaZ�\�dZ�
gZeZo�k�djm]h\uf�ihi_j_qguf�k_q_gb_f�gZ�hkgh\_�bkihevah\Zgby�ki_pbZevguo�fgh]h�
iehkdhklguo� mevljZa\mdh\uo� baf_jbl_evguo� fh^me_c�� ko_fZ� b� hibkZgb_� dhlhjuo�
ij_^klZ\e_gu�\� >�@��Ba\_klgh��qlh�\�kemqZ_�[_a\boj_\h]h�^\b`_gby�`b^dhklb�\�dZgZe_�
j_dhgkljmdpby�k\h^blky�d�j_r_gbx�bgl_]jZevgh]h�mjZ\g_gby�lbiZ�:[_ey�i_j\h]h�jh^Z� 

[ )
2 2 2 2

1 ( )
( ( ))( ) ( ), 0, ,

R rz r dr
Az r u R

R rξ

ξ ξ ξ
ξ ξ

= = ∈
− −∫   (1) 

]^_� ( )u ξ  –�kj_^g__�agZq_gb_�kdhjhklb�ihlhdZ�� ( )z r  –�bklbggh_�agZq_gb_�kdhjhklb�ihlh�

dZ�� R  –� \gmlj_ggbc� jZ^bmk� dZgZeZ�� ( ) 0u R ≡ �� IheZ]Z_f� 2( ) [0, ]u L Rξ ∈ , 

2( ) [0, ]z r M L R∈ ⊂ � �hi_jZlhj�
2 2L LA →  –� ebg_cguc�� g_ij_ju\guc� b� bgt_dlb\guc��M – 

fgh`_kl\h�fhghlhgguo�g_\hajZklZxsbo�\uimdeuo�\\_jo�h]jZgbq_gguo�nmgdpbc���LZd�
dZd�M –�dhfiZdlgh_�fgh`_kl\h�ijhkljZgkl\Z� 2[0, ]L R ��lh�aZ^ZqZ�����–�dhjj_dlgh�ihklZ\�

e_gZ�ih�Lbohgh\m��l�_��fZehfm�baf_g_gbx�nmgdpbb� 2( ) [0, ]u AM L Rξ ∈ ⊂ �khhl\_lkl\m_l�

fZeh_�baf_g_gb_�\�j_r_gbb�� 
<� >����@�ij_^klZ\e_gu�g_dhlhju_�Ze]hjblfu�j_r_gby�mjZ\g_gbc�lbiZ�:[_ey�gZ�

dhfiZdlguo�fgh`_kl\Zo��D� kh`Ze_gbx��^ey�bo�ijZdlbq_kdhc�j_ZebaZpbb�g_h[oh^bfh�
[hevrh_�qbkeh�baf_jbl_evguo�^Zgguo��qlh�g_�\k_]^Z�\hafh`gh�\�mkeh\byo�mevljZa\m�
dh\uo�wdki_jbf_glh\��P_evx�^Zgghc�jZ[hlu�y\ey_lky�hilbfbaZpby�wlbo�Ze]hjblfh\�gZ�
kemqZc�fZeh]h�qbkeZ�baf_jbl_evguo�iehkdhkl_c��dZd�ijZ\beh��\�mkeh\byo�wdki_jbf_glZ�
bo�g_�[he__������Ij_^eZ]Z_lky�ke_^mxsbc�kihkh[�gZoh`^_gby�ijb[eb`_ggh]h�j_r_gby�
                                                           
∗*��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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ihklZ\e_gghc�aZ^Zqb�b�hp_gdb�ih]j_rghklb�ihemqZ_fh]h�ijb[eb`_gby��dhlhjuc�Z\lh�
fZlbq_kdb�mqblu\Z_l�ih]j_rghklv�dhg_qghf_jghc�ZiijhdkbfZpbb��e_]dh�j_Zebam_f�b�
lj_[m_l� khlu_�^heb� k_dmg^u�^ey�qbke_ggh]h�jZkq_lZ��qlh�^Ze_dh�g_�ij_^_e�\� k\yab� k�

jZa\blb_f� \uqbkebl_evghc� l_ogbdb��Imklv� { } { }1

1 1
,

mn

i jr ξ+
 –� k_ldb�� Z� { } 1

1

n

iz
+

,{ }
1

m

ju  –� k_�

lhqgu_�agZq_gby��]^_�m –�qbkeh�baf_jbl_evguo�iehkdhkl_c��Z�n –�qbkeh�lhq_d�\hkklZ�
gh\e_gby��a^_kv� 1 0nz + ≡  –�]jZgbqgh_�mkeh\b_�gZ�klZgdZo�ljZgkihjlgh]h�dZgZeZ���IheZ�

]Z_f��qlh�\f_klh�lhqguo�agZq_gbc� ju �ba\_klgu�ijb[eb`_ggu_�agZq_gby� juδ �b�ih]j_r�

ghklb� jδ �lZdb_��qlh� , 1,j j ju u j mδ δ− ≤ = ��Lh]^Z�\�dZq_kl\_�[_kdhg_qghf_jgh]h�fgh`_�

kl\Z� ijb[eb`_gguo� j_r_gbc� fh`gh� ijbgylv� { }: j
M j j jZ z M A z uδ δδ δ= ∈ − ≤ − ≤ �� ]^_�

( ( ))( )j
jA z Az r ξ= ��<\_^_f�nmgdpbb� ( ), ( )l u

n nz r z r �lZdb_��qlh�ijb�nbdkbjh\Zgghf�\_dlhj_�

k_lhqguo�agZq_gbc� ẑ �b [0, ] : ( ) ( ) ( )l u
n nr R z r z r z r∀ ∈ ≤ ≤ ��<�wlhf�kemqZ_�\�dZq_kl\_�dhg_q�

ghf_jgh]h�fgh`_kl\Z�ijb[eb`_gguo�j_r_gbc�fh`gh�\aylv 

, 1,
ˆ ˆˆ : ,

, 1,

j l
n j j

M j u
n j j

A z u j m
Z z M

A z u j m

δ

δ

δ

δ
∆

 ≤ + = = ∈ 
≥ − =  

   (2) 

]^_� M̂  –� fgh`_kl\h� h]jZgbq_gbc� gZ� \_dlhj� k_lhqguo� agZq_gbc��
1

n
j l

n ji i
i

A z zα
=

= ∑ , 

1

n
j u

n ji i
i

A z zβ
=

= ∑ ��Z� ,ji jiα β  –�ba\_klgu_�ZgZeblbq_kdb_�\ujZ`_gby��g_dhlhju_�ih^oh^u�d�

ihkljh_gbx�nmgdpbc� ( ), ( )l u
n nz r z r �hibkZgu�\�>���@���Ijb�wlhf�gZoh`^_gb_�ijb[eb`_g�

gh]h� j_r_gby� k\h^blky� d� fbgbfbaZpbb� gZ� fgh`_kl\_� ˆ
MZ∆ � d\Z^jZlbqghc� nmgdpbb�� Z�

hp_gdZ�ih]j_rghklb�d�fbgbfbaZpbb�ebg_cghc�nmgdpbb� ˆ( ) , 1,if z z i n= ± = .  

 
1. Rychagov M. and Tereshchenko S. Multipath flowrate measurements of symmetric and 

asymmetric flows. // Inverse problems. 2000. V.16. P. 495-504.  
2. GbdheZ_\Z� G�G��� LblZj_gdh� <�G��� Y]heZ� :�=�� Hp_gdZ� ih]j_rghklb� j_r_gby�

mjZ\g_gby�:[_ey�gZ�fgh`_kl\Zo�fhghlhgguo�b� \uimdeuo�nmgdpbc�� ���Kb[bjkdbc�
`mjgZe�\uqbkebl_evghc�fZl_fZlbdb��������L����������k�����-180. 

3. GbdheZ_\Z�G�G��� JuqZ]h\�F�G��� LblZj_gdh�<�G���Y]heZ�:�=��Hp_gdZ� ih]j_rghklb�
j_dhgkljmdpbb� kbff_ljbqguo� ijhnbe_c� kdhjhklb� \� fgh]hiehkdhklguo� baf_jb�
l_evguo� fh^meyo�� F� @mjgZe� \uqbkebl_evghc� fZl_fZlbdb� b� fZl_fZlbq_kdhc�
nbabdb��������L�����������k����-29. 
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J:AGHKLGU?�KO?FU�>EY�J?R?GBY�DHFIE?DKGUO�H>M 

:evrbg :�;�*, DZebldbg�G�G�**, Dhjy]bgZ�:�;�*** 

�F=M��nbabq_kdbc�nZdmevl_l���Bgklblml�fZl_fZlbq_kdh]h�

fh^_ebjh\Zgby�J:G��Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�

we_dljhgghc�l_ogbdb��l_ogbq_kdbc�mgb\_jkbl_l 
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<� gZklhys_c� jZ[hl_� bkke_^m_lky� \hafh`ghklv� ijbf_gbfhklb� h^ghklZ^bcguo�
ko_f�Jha_g[jhdZ�d�kbkl_fZf�\b^Z� 

( )1 2, ,... ,   1,..l
l N

dz
G z z z l N

dt
= =      (3) 

A^_kv� ( )1 2, ,..., N
Nz z z z C= ∈ �� Z� ( )1 2, ,...,l l Ng g z z z C∞= ∈  –� ZgZeblbq_kdb_�nmgdpbb� dhfie_dk�

guo�i_j_f_gguo 1 2, ,..., Nz z z .  
>Ze__�[m^_f�bkihevah\Zlv�ko_fm�Jha_g[jhdZ�>�@�k�dhfie_dkguf�dhwnnbpb_glhf��

aZibkZggmx�\�nhjf_��ijb]h^ghc�^ey�dhfie_dkghagZqguo�H>M� 

( ) ( ) ( ) ( ) ( )ˆ 0.5 ,   0.5 1 , 0.5 ,   0.5 1 , 0.5 .z zz z w E i G f z t E i G w f z t= + ⋅ τ υ + − + τ υ = + τ − − τ = + τ        (4) 

A^_kv� zG G z≡ ∂ ∂  –�fZljbpZ�Ydh[b�� E  –�_^bgbqgZy�fZljbpZ�� τ  –�rZ]�ih�\j_f_gb�� z –�j_�
r_gb_�gZ�l_dms_f�\j_f_gghc�keh_�� ẑ –�j_r_gb_�gZ�gh\hf�\j_f_gghf�keh_��LZdbf�h[jZ�
ahf�� ^ey�i_j_oh^Z�gZ� ke_^mxsbc� \j_f_gghc� kehc� lj_[m_lky�^\Z`^u� j_rblv� kbkl_fm�
ebg_cguo�mjZ\g_gbc��Gh�fZljbpu�kbkl_f�\�(4)�ohjhrh�h[mkeh\e_gu�b�j_r_gb_�ke_^m_l�
\uihegylv�ijyfufb�f_lh^Zfb��L_f� kZfuf�i_j_oh^�\uihegy_lky� aZ�dhg_qgh_� aZjZg__�
ba\_klgh_�qbkeh�^_ckl\bc��dZd�\�y\guo�ko_fZo��Ko_fZ�(4)�h[eZ^Z_l�mgbdZevgufb�k\hc�
kl\Zfb�>�@��lhqghklv� ( )2O τ , L2 –�mklhcqb\hklv�b��khhl\_lkl\_ggh��[_amkeh\gZy�mklhcqb�

\hklv��WlZ�ko_fZ�h[eZ^Z_l�\ukhdhc�gZ^_`ghklvx�b�ijb]h^gZ�^ey�jZkq_lZ�aZ^Zq�k�kbev�
ghc�`_kldhklvx��Bf_ggh�wlZ�ko_fZ�bkihevah\ZgZ�\�hibkZgguo�gb`_�jZkq_lZo��aZ�wlhc�
ko_fhc�\�ebl_jZlmj_�aZdj_ibehkv�gZa\Zgb_�ko_fZ�CROS. 

>ey� beexkljZpbb� \hafh`ghklb� ijbf_gbfhklb� ko_fu� &526� d� kbkl_fZf� dhf�
ie_dkguo�^bnn_j_gpbZevguo�mjZ\g_gbc�[ue�\ayl�ijbf_j�ba�nbabdb� ]hj_gby��<� �����
]h^m�Kb\Zrbgkdbc� >�@�ihdZaZe��qlh�^bgZfbdZ�njhglZ�ieZf_gb�fh`_l�[ulv�hibkZgZ� k�
ihfhsvx�g_ebg_cgh]h�mjZ\g_gby�\�qZklguo�ijhba\h^guo��kh^_j`Zs_]h�ik_\^h^bnn_�
j_gpbZevguc�hi_jZlhj 

t x xxu uu u vu+ = Λ + ,      (5) 
]^_�hi_jZlhj� Λ �hij_^_ey_lky�q_j_a�ij_h[jZah\Zgb_�Nmjv_�ih�ijhkljZgkl\_gghc�i_j_�
f_gghc 

( ) ( ) ( ) ( ), , ;      , ,ikx ikxu t x e u t k dk u t x e k u t k dk
+∞ +∞

−∞ −∞

= Λ = ⋅∫ ∫� � .    

MjZ\g_gb_�Kb\Zrbgkdh]h�h[eZ^Z_l�bgl_j_kguf�k\hckl\hf��dhlhjh_�h[uqgh�gZ�
au\Zxl�iheyjguf�jZaeh`_gb_f��pole decomposition���Z�bf_ggh�mjZ\g_gb_�(5)�^himkdZ_l�
j_r_gby�\�\b^_�>�@ 

( ) ( )
2

1

1
, 2

N

u t x
x z tα= α

= − ν
−∑     (6) 

]^_� zα �ihexkZ�gZ�dhfie_dkghc�iehkdhklb��ijbqzf�ihexkZ�ijbkmlkl\m_l�\�nhjfme_ (6) 

dhfie_kghkhijy`zggufb�iZjZfb��>\b`_gb_�ihexkh\�ijhbkoh^bl�ih�ke_^mxs_fm� aZ�
dhgm 

( )1
2 sign Imz i z

z zα α
β≠α α β

= − ν − ⋅
−∑� .    (7) 

<�kemqZ_� 2π -i_jbh^bqghklb�ih�ijhkljZgkl\_gghc�i_j_f_gghc�fh`gh�jZkkfZl�
jb\Zlv�lhevdh�ihexkZ�k�j_Zevghc�qZklvx� ( )Re 0,2zα ∈ π �b�\f_klh�mjZ\g_gbc�(6)�b�(7)�bk�

ihevah\Zlv�ke_^mxsb_�mjZ\g_gby� 
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( ) ( )2

1

, ctg
2

N x z t
u t x α

α=

−
= −ν∑ ,     (8) 

( )ctg sign Im
2

z z
z i zα β

α α
β≠α

− 
= −ν − ⋅ 

 
∑� .    (9) 

Qbke_ggu_�jZkqzlu�ijh\h^bebkv�k�bkihevah\Zgb_f�dhfie_dkghc�Zjbnf_lbdb�k�
^\hcghc�lhqghklvx��<�ijhp_kk_�jZkqzlZ�\uqbkeyebkv�lZd`_�kh[kl\_ggu_�agZq_gby�fZl�
jbpu�Ydh[b��qlh�iha\hey_l�km^blv�h[�baf_g_gbb�`zkldhklb�kbkl_fu�k�l_q_gb_f�\j_f_�
gb��Ijh\h^bebkv� l_klu�gZ� k]msZxsboky� k_ldZo��dhlhju_�ih^l\_j^beb� l_hj_lbq_kdbc�
ihjy^hd�lhqghklb�ko_fu��Z�lZd`_�j_dmjj_glgh_�mlhqg_gb_�lhqghklb�ih�f_lh^m�JbqZj^�
khgZ� 

Im z
α
(t)

Re z
α
(t)

z
8
(t)

z
7
(t)

z
6
(t)

z
5
(t)

z
4
(t)

z
3
(t)

z
2
(t)

z
1
(t)

 
Jbk����LjZ_dlhjbb�^\b`_gby�ihexkh\ 

 
<u\h^u��Fh`gh�aZibkZlv�kbkl_fm�(3)�^ey�^_ckl\bl_evguo�b�fgbfuo�qZkl_c� nz �b�

ihemqblv� kbkl_fm� \^\h_� [hevr_c� jZaf_jghklb��H^gZdh�ijb� j_r_gbb�`zkldbo� kbkl_f�
\Z`gmx�jhev�b]jZxl�jy^�iZjZf_ljh\�� kh[kl\_ggu_� agZq_gby�fZljbpu�Ydh[b� zG ��jZa�
f_jghklv�kbkl_fu��]eZ^dhklv�j_r_gby�b�l�^��<�wlhc�k\yab�p_e_khh[jZagh�jZajZ[Zlu\Zlv�
f_lh^u�qbke_ggh]h�j_r_gby�g_ihkj_^kl\_ggh�^ey�kbkl_fu�(3)�l_f�kZfuf��khojZgyy�hl�
ghkbl_evgh� g_[hevrmx� jZaf_jghklv��>ey� wlhc� p_eb� ko_fZ�CROS� y\ey_lky� h^gbf� ba�
emqrbo� dZg^b^Zlh\�� D� hkgh\guf� ^hklhbgkl\Zf� wlhc� ko_fu� hlghkylky�� \hafh`ghklv�
jZkqzlZ� ^ey� kbkl_f� k� [hevrhc�`zkldhklvx�� \hafh`ghklv�ijh\_^_gby� jZkqzlh\� k� dhg�
ljhe_f� lhqghklb�� Z� lZd`_� j_dmjj_glgh]h� mlhqg_gby� j_r_gby� ih�f_lh^m� JbqZj^khgZ��
ijhklhlZ�j_ZebaZpbb�Ze]hjblfZ��ko_fZ�g_�kh^_j`bl�bl_jZpbc�� 

 
JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�JNNB��dh^u�ijh_dlh\�����-01-00152, 05-01-00144, 
05-01-00122���ij_ab^_glkdhc�ijh]jZffu�ih^^_j`db�gZmqguo�rdhe�GR-1918.2003.1. 

 
1. Rosenbrock H.H. Some general implicit processes for the numerical solution of differen-

tial equations. // Comput. J. 1963. V. ���� 4. P. 329−330. 
2. DZebldbg�G�G���DmavfbgZ�E�<��Bgl_]jbjh\Zgb_�`_kldbo�kbkl_f�^bnn_j_gpbZevguo�

mjZ\g_gbc��Fhkd\Z��ij_ijbglu�BIF�bf� D_e^urZ��������� ���b������� 
3. Sivashinsky, G.I. Act.Astroonaut. 4 (1977) (1177). 



Ih^k_dpby�fZl_fZlbdb 

 

107 

4. Thual O., Frich U., Henon M. Application of pole decomposition to an equation govern-
ing the dynamics of wrinkled flame fronts // J. Physique 46 (1985) 1485-1494. 

 
 

M>D�����������������14 

>B:=GHKLBD:�HKH;?GGHKL?C�J?R?GBY 
IJB�J:KQ?L:O�KO?FHC�CROS 

**
�:evrbgZ�?�:�1��DZebldbg�G�G�1��Dhjydbg�I�<�2 

1
Bgklblml�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby�J:G��

2
Fhkdh\kdbc�]hkm^Zjkl\_gguc�

bgklblml�we_dljhgghc�l_ogbdb��L_ogbq_kdbc�mgb\_jkbl_l 

JZkkfhljbf�aZ^Zqm�Dhrb�^ey�h[udgh\_ggh]h�^bnn_j_gpbZevgh]h�mjZ\g_gby� 

( ) ( )1 1
0;    0;    0u t u t u u+ β′ = β ≥ = .     (1) 

Lhqgh_�j_r_gb_�bf__l�\b^ 

( )* * 0( ) ;     1u t t t t u
−β= − = .    (2) 

>ey� 0β > �lhqgh_�j_r_gb_�����l_jibl�jZaju\�\lhjh]h�jh^Z�ijb� *t �b�g_�kms_kl\m�

_l�ijb� *t t> . 
?keb�j_rZlv�mjZ\g_gb_�����qbke_ggh�ih�y\ghc�ko_f_�Jmg]_-DmllZ�lhqghklb� ( )O τ  

ERK��� lh� qbke_ggh_� j_r_gb_� [m^_l� \k_]^Z� iheh`bl_evguf� b� fhghlhggh� \hajZklZx�
sbf�� 

( ) 2
0 ˆ0 ;    ,    0,1,...;    nu u u u u n t n= = + τ = = τ    (3) 

Ijb�wlhf�gb�qlh�g_�]h\hjbl�h[�hkh[_gghklb�j_r_gby�\�lhqd_� *t ��bkoh^y�ba�\b^Z�

����fh`gh�k^_eZlv�\u\h^��qlh�j_r_gb_�kms_kl\m_l�ijb�ex[uo� nt ��GZ�ijZdlbd_�ijbf_�

g_gb_�ko_fu� ����ijb� t → ∞ �ijb\h^bl�d�i_j_iheg_gbx�kq_lZ��Z�ijbqbgZ�i_j_iheg_gby�
hklZzlky� g_ba\_klghc��:gZeh]bqgh_� dZq_kl\_ggh_�ih\_^_gb_� qbke_ggh]h� j_r_gby� ^ey�
aZ^Zq�k�kbg]meyjghklvx�oZjZdl_jgh�^ey�ko_f�ERK�b�[he__�\ukhdh]h�ihjy^dZ�lhqghklb�� 

<�^Zgghc�jZ[hl_�ijb\h^blky�hibkZgb_�Ze]hjblfZ��ihkljh_ggh]h�gZ�hkgh\_�f_lh�
^Z�k]ms_gby�k_lhd�ijb�jZkq_lZo�dhfie_dkghc�ko_fhc�Jha_g[jhdZ��CROS��>�@��dhlhjuc�
iha\hey_l� ^bZ]ghklbjh\Zlv� g_� lhevdh� iheh`_gb_�� gh� b� lbi� hkh[_gghklb� j_r_gby�� <�
kemqZ_�kl_i_gghc�hkh[_gghklb�\b^Z�����fh`gh�mklZgh\blv�ihjy^hd�ihexkZ�β ��Ihkljh_�
gZ�lZd`_�^bZ]ghklbdZ�jZaju\h\�\ukhdbo�ijhba\h^guo�lhqgh]h�j_r_gby��:\lhjZfb�ih�
dZaZgh��qlh�ijbf_g_gb_�ko_fu�CROS��bagZqZevgh�ij_^eh`_gghc�^ey�`_kldbo�aZ^Zq��g_�
ijb\h^bl�d�i_j_iheg_gbx�jZkq_lh\�b�iehohh[mkeh\e_gguo�aZ^Zq� 

H^ghiZjZf_ljbq_kdh_� k_f_ckl\h� h^ghklZ^bcguo� ko_f� Jha_g[jhdZ� ^ey� mjZ\g_�
gby� 

( ) ( ),u t F u t′ =        

hibku\Z_lky�ke_^mxsbf�nhjfmeZfb 

( ) ( ) ( )0 ˆ0 ;    Re ;   , 0.5u u u u k E F u k F u t= = + τ − ατ∂ ∂ = + τ .  (4) 

                                                           
**
���>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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A^_kv� F u∂ ∂  – fZljbpZ Ydh[b, E  – _^bgbqgZy fZljbpZ, α  – mijZ\eyxsbc�iZjZf_lj��
>ey�i_j_oh^Z�gZ�ke_^mxsbc�\j_f_gghc�kehc�lj_[m_lky�j_rblv�kbkl_fm�ebg_cguo�Ze�
]_[jZbq_kdbo� mjZ\g_gbc� k�fZljbp_c� ( )E F u− ατ∂ ∂ ��Lh� _klv� i_j_oh^� gZ� gh\uc� kehc��

dZd�b�\�y\guo�ko_fZo�ijhbkoh^bl� aZ�dhg_qgh_�� aZjZg__�ba\_klgh_�qbkeh�rZ]h\��LZdb_�
ko_fu� gZau\Zxlky� y\gh-g_y\gufb��Kms_kl\m_l� h^gZ� ko_fZ�CROS� ba� k_f_ckl\Z� ���� k�
dhfie_dkguf�iZjZf_ljhf� ( )1 2iα = + �mgbdZevgufb�k\hckl\Zfb��lhqghklv� 2( )O τ , L2-

mklhcqb\hklv��fhghlhgghklvx�gZ�ebg_cguo� aZ^ZqZo�b�bkdexqbl_evgZy�gZ^_`ghklv�gZ�
`_kldbo�aZ^ZqZo� 

Dhgljhev� lhqghklb� f_lh^hf� k]ms_gby� k_ldb� ij_^eh`_g� _s_� JbqZj^khghf� \�
1927 ]��Kmlv�f_lh^Z�aZdexqZ_lky�\�lhf��qlh�ih�j_amevlZlZf�jZkqzlh\�gZ�^\mo�k_ldZo��k�
N b� rN maeZfb��ih]j_rghklv�qbke_ggh]h�j_r_gby�\�kh\iZ^Zxsbo�maeZo�k_lhd�\uqbk�
ey_lky�ih�Zkbfilhlbq_kdb�lhqghc�ijb�N → ∞ �nhjfme_ 

( ) ( )
( ) ( )

( )
1

rN N
rN p

p

u u
t o N

r
−−∆ = +

−
    (5) 

]^_�p –�l_hj_lbq_kdbc�ihjy^hd�lhqghklb�ko_fu� 
Ih�j_amevlZlZf�jZkqzlh\�gZ�ljzo�k_ldZo� � 2, ,N rN r N ��fh`gh�\uqbkeblv�wnn_d�

lb\guc�ihjy^hd�lhqghklb�ko_fu 

( )
( ) ( )ln ln

.
ln

N rN
effp t

r

∆ − ∆=     (6)  

F_lh^bdZ�^bZ]ghklbdb�kbg]meyjghklb�gZ�hkgh\_�f_lh^Z�k]ms_gby�k_ldb�b�ijb�
jZkq_lZo�ko_fhc�CROS�[Zabjm_lky�gZ�ke_^mxsbo��^hdZaZgguo�Z\lhjZfb��ml\_j`^_gbyo� 

Ml\_j`^_gb_ 1. Kms_kl\m_l agZq_gb_ ( ) 2 1u
β

∗ = τ β +   , ijb�dhlhjhf�qbke_ggh_�

j_r_gb_�ko_fu�&526�^ey�aZ^Zqb�����g_�f_gy_lky�ijb�i_j_oh^_�gZ�ke_^mxsbc�\j_f_g�
ghc�kehc û : û u∗= . 

Ml\_j`^_gb_� �� �k\hckl\h� ijbly`_gby�. Ijb u u∗>  ijbjZs_gb_� nmgdpbb 
ˆ 0u u− <  b��gZh[hjhl��ijb� u u∗<  ijbjZs_gb_�nmgdpbb ˆ 0u u− > . L�_��ijb�ex[hf�agZq_�
gbb� u �gZ�l_dms_f�\j_f_gghf�keh_��ke_^mxsbc�rZ]�ko_fZ�&526�^_eZ_l�ih�gZijZ\e_�

gbx�d�iheh`_gbx�jZ\gh\_kby ( ) 2 1u
β

∗ = τ β +   . 

Ml\_j`^_gb_��� Ijb�hkh[_gghklb�lhqgh]h�j_r_gby�H>M�����lbiZ�ihexkZ 0β >  

qbke_ggh_ j_r_gb_ ko_fu CROS klj_fblky d�ij_^_em u∗ . Ijb�hkh[_gghklb�lbiZ�dhjgy 
1 0− ≤ β <  qbke_ggh_�j_r_gb_�ko_fu�&526�klZ[bebabjm_lky�\�ihehk_�\hdjm]�iheh`_�

gby�jZ\gh\_kby u∗ . 

>ey�H>M��lhqgh_�j_r_gb_�dhlhjh]h�bf__l�hkh[_gghklv�\b^Z ( )lnu t t∗ −�  kijZ�

\_^eb\u�ml\_j`^_gby� 
Ml\_j`^_gb_��� Kms_kl\m_l�iheh`_gb_�jZ\gh\_kby  ln ln 2u∗ = τ − , ijb�dhlhjhf�

qbke_ggh_�j_r_gb_�ko_fu�&526�g_�f_gy_lky�ijb�i_j_oh^_�gZ�ke_^mxsbc�\j_f_gghc�
kehc� 

Ml\_j`^_gb_ 5. Ijb u u∗>  ijbjZs_gb_ nmgdpbb ˆ 0u u− <  b�� gZh[hjhl�� ijb 

u u∗<  ijbjZs_gb_�nmgdpbb ˆ 0u u− > . 
Ml\_j`^_gb_ 6. <�kemqZ_�eh]Zjbnfbq_kdhc�hkh[_gghklb�iheh`_gb_�jZ\gh\_kby 

 ln ln 2u∗ = τ −  ko_fu�&526�Zkbfilhlbq_kdb�mklhcqb\h� 
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Ml\_j`^_gby��� ��iha\heyxl�mklZgh\blv�ihjy^hd� β  ijb�kl_i_gghc�hkh[_gghklb�

( ) ( )*u t t t
−β−�  beb�^bZ]ghklbjh\Zlv�eh]Zjbnfbq_kdmx�hkh[_gghklv� ( ) ( )*lnu t t t−� . 

Ml\_j`^_gb_� �� Ijb� gZebqbb� kbg]meyjghklb� lhqgh]h� j_r_gby� lbiZ�

( ) ( )*u t t t
−β−�  \� maeZo *t t≥  wnn_dlb\guc� ihjy^hd� lhqghklb� ko_fu� &526 effp → −β  

ijb 1 0N−τ →� . 
Ml\_j`^_gb_� �� Ijb� gZebqbb� kbg]meyjghklb� lhqgh]h� j_r_gby� lbiZ 

( ) ( )*lnu t t t−�  \� maeZo *t t≥  ih]j_rghklv ko_fu CROS ( ) ( ) ( )ln

1
N p

p

r
t o N

r
−∆ = − +

−
, Z 

0effp →  ijb 1 0N−τ →� . 
;ueb� ijh\_^_gu�fgh]hqbke_ggu_� l_klh\u_� jZkq_lu� k� jZaebqguf� lbiZfb� hkh�

[_gghkl_c�lhqgh]h�j_r_gby��<k_�hgb�ih^l\_j`^Zxl�gZ^_`ghklv�ij_^eh`_ggh]h�Ze]h�
jblfZ�^bZ]ghklbdb�f_klhiheh`_gby�b�lbiZ�kbg]meyjghklb�jZkq_lZfb�gZ�k]msZxsboky�
k_ldZo�� <k_� kdZaZggh_� ih^l\_j`^Z_l� ij_bfms_kl\Z� bkihevah\Zgby� ko_fu� CROS� g_�
lhevdh�^ey�`_kldbo��gh�b�^ey�iehohh[mkeh\e_guo� aZ^Zq��GZ� __�hkgh\_�p_e_khh[jZagh�
khklZ\eylv�ijh]jZffu�jZkq_lh\�k�Zkbfilhlbq_kdb�lhqghc�hp_gdhc�ih]j_rghklb�b�^b�
Z]ghklbdhc�kbg]meyjghklb��AZf_lbf��qlh�k_cqZk�gZb[he__�jZkijhkljZg_gu�ijh]jZffu�
j_r_gby�H>M�k�Z\lhfZlbq_kdbf�\u[hjhf�rZ]Z��H^gZdh��^ey�lZdbo�Ze]hjblfh\�g_�gZc�
^_gh� kihkh[Z� ihemq_gby� Zkbfilhlbq_kdb� lhqguo� hp_ghd� ih]j_rghklb��Ihwlhfm� hgb�
g_ijb]h^gu�^ey�^bZ]ghklbdb�hkh[_gghklb�j_r_gby�b�jZkq_lh\�k�]ZjZglbjh\Zgguf�dhg�
ljhe_f�lhqghklb��IhdZ�lZdmx�\hafh`ghklv�^Z_l�lhevdh�f_lh^�k]ms_gby�jZ\ghf_jguo�b�
d\ZabjZ\ghf_jguo�k_lhd� 

 
JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�JNNB� �dh^u�ijh_dlh\�����-01-

00152, 05-01-��������Nhg^Z�Kh^_ckl\by�Hl_q_kl\_gghc�GZmd_��ij_ab^_glkdhc�ijh]jZf�
fu� ih^^_j`db� gZmqguo� rdhe� GR-������������ b� fheh^uo� dZg^b^Zlh\� gZmd� FD-
1907.2004.9. 

 
1. Rosenbrock H.H. Some general implicit processes for the numerical solution of differen-

tial equaWLRQV�����&RPSXW��-��������9��������3����−330. 
 
 

FH>?EBJH<:GB?�KLJMDLMJU�M>:JGHC�<HEGU 
F?LH>HF�KLJ?EV;U 

Ohoeh\�:�:� 

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

AZ^ZqZ� qbke_ggh]h�fh^_ebjh\Zgby� kljmdlmju� m^Zjghc� \hegu� b� khihklZ\e_gb_�
ihemq_gguo�j_amevlZlh\�k�^Zggufb�wdki_jbf_glZ�ih^jh[gh�bkke_^h\ZeZkv�_s_�\����]h�
^u��Lh]^Z�[ue�ihemq_g�j_amevlZl��qlh�jZkq_l�h[jZlghc�lhesbgu�m^Zjghc�\hegu�\�:j�
]hg_�gZ�hkgh\_�mjZ\g_gbc�GZ\v_-KlhdkZ�ijbf_jgh�\�^\Z�jZaZ�hlebqZ_lky�hl�^Zgguo�wdk�
i_jbf_glh\��Wlh�^Z\Zeh�hkgh\Zgby�kqblZlv��qlh�mjZ\g_gby�GK�g_ijbf_gbfu�d�hibkZ�
gbx�lZdbo�aZ^Zq�>�@� 

F_lh^�qbke_ggh]h�j_r_gby�mjZ\g_gbc�GK�aZdexqZeky�\�ke_^mxs_f�–�^ey�klZ�
pbhgZjghc� aZ^Zqb�mjZ\g_gby�\lhjh]h�ihjy^dZ�ih�ijhkljZgkl\m�bgl_]jbjh\Zebkv�h^bg�
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jZa��\�j_amevlZl_�q_]h�aZ^ZqZ�k\h^beZkv�d�kbkl_f_�^\mo�g_ebg_cguo�mjZ\g_gbc��dhlhjZy�
aZl_f�j_rZeZkv�qbke_ggh� 

<� ^Zgghc� jZ[hl_� bkihevam_lky� ZgZeh]bqguc� f_lh^� j_r_gby� wlhc� aZ^Zqb��Ijb�
wlhf�\hagbdZxsZy�g_ebg_cgZy�kbkl_fZ�mjZ\g_gbc�\�h[_ajZaf_j_gghc�nhjf_�bf__l�\b^ 
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j_rZ_lky�f_lh^hf�Jmg]_-DmllZ�\e_\h�b�\ijZ\h�hl�nbdkbjh\Zgghc�lhqdb�gZ�njhgl_�\he�
gu��Z�gZqZevgu_�mkeh\by�\u[bjZxlky�f_lh^hf�klj_ev[u�^ey�m^h\e_l\hj_gby�Zkbflhlb�
q_kdbo�mkeh\bc�gZ�]jZgbp_ 

.
)1(

)1(Ma2
)(,

Ma)1(2
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,
1

)(,1)(

2

2

2

+
−−=+∞

−+
+=+∞

=−∞=−∞

γγ
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γρ

γ
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<�dZq_kl\_�gZqZevghc�lhqdb�\u[bjZeZkv�lhqdZ� 0=x ��\�g_c�agZq_gb_� ρ �ijbgb�

fZehkv�jZ\guf�ihemkmff_�ij_^_evguo�agZq_gbc��Z�\_ebqbgZ� p �gZoh^beZkv�bkoh^y�ba�
lj_[h\Zgby�m^h\e_l\hjblv�]jZgbqguf�mkeh\byf� 

Ijb� wlhf� [ueh�ihemq_gh�� qlh� kljmdlmjZ�iehlghklb� \� m^Zjghc� \heg_� \�:j]hg_�
hdZau\Z_lky�kms_kl\_ggh�[eb`_�d�^Zgguf�wdki_jbf_glZ��q_f�kqblZehkv�jZg__� 

J_amevlZlu�jZkq_lh\�ih�ij_^eh`_gghc�f_lh^bd_�ohjhrh� khhl\_lkl\mxl�jZkq_�
lZf�wlhc�aZ^Zqb�iml_f�g_ihkj_^kl\_ggh]h�qbke_ggh]h�j_r_gby�kbkl_fu�GZ\v_-KlhdkZ�
f_lh^hf�mklZgh\e_gby�>�@��qlh�ih^l\_j`^Z_l�kijZ\_^eb\hklv�b�lhqghklv�h[hbo�j_amev�
lZlh\� 

>Zggu_�j_amevlZlu�^_fhgkljbjmxl��qlh�lhqghklv�mjZ\g_gbc�GZ\v_-KlhdkZ�^ey�
aZ^Zqb�hibkZgby�kljmdlmju�m^Zjghc�\hegu�kms_kl\_ggh�\ur_��q_f�kqblZehkv�jZg__� 

 
1. Dh]Zg�F�G��>bgZfbdZ�jZaj_`_ggh]h�]ZaZ��F������� 
2. ?ebaZjh\Z�L�=���Rbjhdh\�B�:�� �������Qbke_ggh_�fh^_ebjh\Zgb_�m^Zjghc�\hegu�\�

Zj]hg_�� ]_ebb� b� Zahl_�� K[�� IjbdeZ^gZy� l_fZlbdZ� b� bgnhjfZlbdZ�� j_^��
>�I�DhklhfZjh\�� <�B�>fbljb_\�� F=M�� Ljm^u� nZdmevl_lZ� <uqbkebl_evghc�
fZl_fZlbdb�b�db[_jg_lbdb��Fhkd\Z��FZdk�Ij_kk������ 
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M>D������������ 

<UQBKE?GB?�>H;JHLGHKLB 
KN?JBQ?KDB-KEHBKLH=H�>BWE?DLJBQ?KDH=H�J?AHG:LHJ: 

∗
�=msbg�J�:���?jhobg�:�B� 

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

<Z`ghc� oZjZdl_jbklbdhc� j_ahgZlhjh\�� hij_^_eyxs_c� l_ogbdh-wdhghfbq_kdb_�
ihdZaZl_eb� mkljhckl\� b� kbkl_f�� \� dhlhjuo� hgb� bkihevamxlky�� y\ey_lky� ^h[jhlghklv��
Kn_jbq_kdbc�j_ahgZlhj�h[eZ^Z_l�[he__�\ukhdhc�^h[jhlghklvx�ih�kjZ\g_gbx�k�^jm]b�
fb�ZgZeh]bqgufb�j_ahgZlhjZfb�kjZ\gbl_evgh�ijhkluo�dhgkljmdpbc�>�@��GZb[he__�\u�
khdhc� ^h[jhlghklvx� h[eZ^Zxl� kn_jbq_kdb_� fbdjh-� b� fbgb-j_ahgZlhju� hilbq_kdh]h�
^bZiZahgZ�qZklhl�gZ�\ukhdhZabfmlZevguo�fh^Zo�lbiZ�©r_iqms_c�]Ze_j_bª� 

<� kemqZ_� ijhkl_cr_]h� kn_jbq_kdh]h� j_ahgZlhjZ� �h^ghkehcgh]h� kn_jbq_kdh]h�
j_ahgZlhjZ�k�bfi_^Zgkghc�ih\_joghklvx��kms_kl\m_l�ijb[eb`_ggZy�nhjfmeZ�^ey�\u�
qbke_gby�^h[jhlghklb�>�@��Ihemq_gb_�j_r_gby�^ey�j_ahgZlhjh\�[he__�keh`guo�dhgkl�
jmdpbc�lj_[m_l�bkihevah\Zgby�qbke_gguo�f_lh^h\��<�jZ[hl_�>�@�bkke_^h\Zeky�kn_jbq_�
kdbc� j_ahgZlhj� k� bfi_^Zgkghc� [hdh\hc� ih\_joghklvx� ^bnn_j_gpbZevgh-
iZjZf_ljbq_kdbf�f_lh^hf��<�>�@�qbke_ggh�bkke_^h\Zebkv�\ukhdh^h[jhlgu_�dhe_[Zgby�
lbiZ�r_iqms_c�]Ze_j_b�\�wdjZgbjh\Zgghf�kn_jbq_kdhf�^bwe_dljbq_kdhf�j_ahgZlhj_��
Kh[kl\_ggu_� dhe_[Zgby� kn_jbq_kdb-kehbklh]h� j_ahgZlhjZ� k� bfi_^Zgkghc� ih\_jogh�
klvx�jZkkfZljb\Zebkv�\�>�@� 

GZklhysZy� jZ[hlZ� ihk\ys_gZ� \uqbke_gbx� ^h[jhlghklb� kn_jbq_kdb-kehbklh]h�
^bwe_dljbq_kdh]h� j_ahgZlhjZ� k� bfi_^Zgkghc� ih\_joghklvx�� Dhfie_dkgu_� \hegh\u_�
qbkeZ�gZoh^bebkv�ijb�qbke_gghf�j_r_gbb�oZjZdl_jbklbq_kdh]h�mjZ\g_gby��aZibkZggh�
]h�\�\b^_�jZ\_gkl\Z�gmex�hij_^_ebl_ey��kh^_j`Zs_]h�kn_jbq_kdb_�nmgdpbb�;_kk_ey���
b���jh^Z�b�bo�ijhba\h^gu_��>ey�wlh]h�ijbf_gyeky�[bgZjguc�bl_jZpbhgguc�dhjj_dlhj-
ijhp_kk�>�@��hkgh\Zgguc�gZ�ijh^he`_gbb�j_r_gby�f_lh^hf�^bnn_j_gpbjh\Zgby�ih�iZ�
jZf_ljm�k�mlhqg_gb_f�j_r_gby�f_lh^hf�GvxlhgZ� 

;ueh�bkke_^h\Zgh� \ebygb_�gZ�^h[jhlghklv�j_ahgZlhjZ� ]_hf_ljbq_kdbo�b� we_d�
ljh^bgZfbq_kdbo�iZjZf_ljh\�� jZkiheh`_gby�bfi_^Zgkgh]h� wdjZgZ��jZ^bmkZ�rZjh\h]h�
^bwe_dljbq_kdh]h�aZiheg_gby��\u[hjZ�lbiZ�dhe_[Zgbc�b�^jm]bo�nZdlhjh\��H[gZjm`_gh��
qlh�ijb�m^Ze_gbb�wdjZgZ�^h[jhlghklv�j_adh�\hajZklZ_l��Z�ihlhf�klZ[bebabjm_lky��Ijb�
hij_^_e_gguo� we_dljh^bgZfbq_kdbo� iZjZf_ljZo� aZiheg_gby� kms_kl\m_l� hilbfZevgh_�
jZkiheh`_gb_�bfi_^Zgkgh]h�wdjZgZ��ijb�dhlhjhf�^h[jhlghklv�fZdkbfZevgZ��Ijb�\ha�
jZklZgbb� ZabfmlZevgh]h� b� jZ^bZevgh]h� bg^_dkh\� gZ[ex^Z_lky� \hajZklZgb_� ^h[jhlgh�
klb� 

 
1. Bevbgkdbc�:�K���Ke_iyg�=�Y��Dhe_[Zgby�b�\hegu�\�we_dljh^bgZfbq_kdbo�kbkl_fZo�k�

ihl_jyfb��–�F���Ba^-\h�Fhkd��mg-lZ������� 
2. Fh^_gh\�<�I�����We_dljh^bgZfbdZ�b�l_ogbdZ�K<Q�b�D<Q��������L�����1����- C. 73.  
3. K�G��OZjvdh\kdbc��X�N��Nbebiih\��A�?��?j_f_gdh�b�^j�� ���IbkvfZ�\�@LN��������l��

����\ui����� 
4. Fh^_gh\�<�I�����JZ^bhl_ogbdZ�b�we_dljhgbdZ��������L������1�����–�K������� 

                                                           
∗*��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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5. Fh^_gh\�<�I���Qmedh\�N�F�����We_dljh^bgZfbdZ�b�l_ogbdZ�K<Q�b�D<Q��������L�����1�
3-4 (28). - C. 89. 

6. Fh^_gh\�<�I�����<_klgbd�F=M��K_j������<uqbkebl��fZl_f��b�db[_jg���������1����–�K��
63. 

 
 

M>D�����������������7.9 

N:AH<H?�B�DHFIHG?GLGH?�J:KKEH?GB? 
<�;BG:JGUO�KBKL?F:O 

=jZq_\�G�?���PmdZgh\�:�:���Pu[Zgdh\�B�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�n-l 

P_evx�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�nbabq_kdbo�b�[bheh]bq_kdbo�kbkl_f��\�dh�
lhjuo�gZ[ex^Z_lky�y\e_gb_��gZau\Z_fh_�nZah\uf�jZkkeh_gb_f��Kmlv�wlh]h�y\e_gby�kh�
klhbl�\�lhf��qlh�ijb�g_dhlhjuo�mkeh\byo�\�fgh]hdhfihg_glguo�kbkl_fZo�gZ[ex^Z_lky�
h[jZah\Zgb_�dhgljZklguo�kljmdlmj��l�_��h[eZkl_c�k�kbevgh�jZaebqZxsbfbky�agZq_gby�
fb�iZjZf_ljh\�kbkl_fu� 

Ijbf_jZfb� lZdbo� kbkl_f�b�ijhp_kkh\�fh]ml� kem`blv�nhjfbjh\Zgb_�^hf_gghc�
kljmdlmju�ebib^gh]h�fhghkehy�\�[bheh]bq_kdbo�f_f[jZgZo��djbklZeebaZpby�w\l_dlb�
q_kdbo�kieZ\h\�b�ijhq__� 

FZl_fZlbq_kdZy�ihklZgh\dZ�aZ^Zqb�\u]ey^bl�ke_^mxsbf�h[jZahf� 

( ) [ ]( )





∆−−−∇−∇=

∆+−=

ccWbcccc

WW

t

t

232

232

)2(1 εβϕε
ϕεϕϕϕε

    

>Zggu_�mjZ\g_gby�ihemq_gu�\�j_amevlZl_�fbgbfbaZpbb�nmgdpbhgZeZ�k\h[h^ghc�
wg_j]bb�[bgZjghc�kf_kb��ba\_klgh]h�ba�ebl_jZlmju�>�@� 

<� jZkkfZljb\Z_fhc� kbkl_f_� ε  -� fZeuc� iZjZf_lj�� ϕ � �iZjZf_lj� ihjy^dZ�� b� c  

�dhgp_gljZpby��–�bkdhfu_�nmgdpbb��ijbq_f� [ ]1,0∈ϕ �b� [ ]1,0∈c ��FZdkbfZevgh_�b�fbgb�
fZevgh_�agZq_gb_�nmgdpbc�ϕ �b� c �hl\_qZxl�qbkluf�nZaZf�\_s_kl\Z�l�_���_keb�\�g_dhlh�
jhc�lhqd_�ijhkljZgkl\Z� 0=ϕ ,�lh]^Z�\�wlhc�lhqd_�\_s_kl\h�gZoh^blky�\�`b^dhc�nZa_��
_keb�`_� 1=ϕ ��lh�\�l\_j^hc��_keb� 0=c ��lh�\�^Zgghc�h[eZklb�gZoh^blky�lhevdh�i_j\h_�
\_s_kl\h��Z�_keb� 1=c ��lh�lhevdh�\lhjh_� 

J_r_gb_�ihklZ\e_gghc�aZ^Zqb�\�h[eZklyo�ijhklhc�nhjfu�kljhbehkv�k�ihfhsvx�
Zkbfilhlbq_kdbo�b�qbke_gguo�f_lh^h\��:gZeblbq_kdb_�bkke_^h\Zgby�ijh\h^bebkv�^ey�
h[eZklb��bf_xs_c�nhjfm�iehkdh]h�^bkdZ��Qbke_ggu_�`_�jZkq_lu�ijh\_^_gu�lZd`_�b�
^ey�[he__�keh`guo�h[eZkl_c��ih\_joghklv�rZjZ��ih\_joghklv�lhjZ�b�^jm]b_� 

<�j_amevlZl_�ihemq_gu�Zkbfilhlbq_kdb_�hp_gdb�^ey�jy^Z�iZjZf_ljh\�i_j_oh^�
gh]h�kehy�b�kdhjhklb�_]h�^\b`_gby� 

 
1. Boettinger W.J., Warren J.A., Beckermann C., and Karma A. Phase-field simulation of so-

lidification. 
2. Nefedov N.N., Sakamoto K. Multi-dimensional stationary internal layers for spatially in-

homogeneous reaction-diffusion equations with balanced nonlinearity. 
3. Cahn J.W., Elliott C.M., Novick-Cohen A. The Cahn-Hilliard equation with a concentra-

tion dependent mobility: motion by minus the Laplacian of the mean curvature. 
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M>D���������� 

J?R?GB?�MJ:<G?GBY�=?EVF=HEVP:�<�FGH=HK<YAGUO�
<HEGH<H>GUO�H;E:KLYO 

I_ljh\Z�X�X� 

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

<�kh\j_f_gghc�jZ^bhl_ogbd_�b�fbdjhwe_dljhgbd_�rbjhdh_�ijbf_g_gb_�gZoh^yl�
jZaebqgu_�\hegh\_^msb_�kbkl_fu�>�@��fgh]hdZgZevgu_�ebgbb�i_j_^Zqb��kbkl_fu�^_e_�
gby�b�mfgh`_gby�we_dljhfZ]gblghc�wg_j]bb��fgh]hdZgZevgu_�b�fgh]ha\_ggu_�nbevl�
ju�� \hegh\h^gu_� j_ahgZlhju� b� l�^��FZl_fZlbq_kdh_�fh^_ebjh\Zgb_�nbabq_kdbo� ijh�
p_kkh\��ijhbkoh^ysbo�\�wlbo�kbkl_fZo�ijb\h^bl�d�g_h[oh^bfhklb�ihklZgh\db��l_hj_�
lbq_kdh]h� bkke_^h\Zgby� b� qbke_ggh]h� j_r_gby� khhl\_lkl\mxsbo� djZ_\uo� aZ^Zq� ^ey�
mjZ\g_gby�=_evf]hevpZ��Nbabq_kdb_�b�]_hf_ljbq_kdb_�hkh[_gghklb�hij_^_eyxl�fZl_�
fZlbq_kdmx� ki_pbnbdm� jZkkfZljb\Z_fuo� djZ_\uo� aZ^Zq�� [_kdhg_qghklv�b�fgh]hk\ya�
ghklv�\hegh\h^guo�h[eZkl_c��mq_l�mkeh\bc�F_cdkg_jZ�\�djblbq_kdbo�lhqdZo�h[eZkl_c��
mq_l�ijb�qbke_gghf�j_r_gbb�djZ_\uo�aZ^Zq�fgh]hfh^h\hklb�b�j_ahgZgkgh]h�oZjZdl_jZ�
we_dljhfZ]gblguo�ijhp_kkh\��<hagbdZ_l�ihlj_[ghklv�\�jZajZ[hld_� khhl\_lkl\mxs_]h�
fZl_fZlbq_kdh]h� ZiiZjZlZ��mqblu\Zxs_]h� wlb�hkh[_gghklb��<k_� wlh�hij_^_ey_l�Zdlm�
Zevghklv�^Zgghc�jZ[hlu��ihk\ys_gghc�fZl_fZlbq_kdhfm�bkke_^h\Zgbx�b�ijbf_g_gbx�
fh^bnbpbjh\Zgguo�f_lh^h\� ijh_dpbhggh]h� krb\Zgby� >�@��S-fZljbp� >�@� b� g_ihegh]h�
f_lh^Z�=Ze_jdbgZ�>����@�^ey�qbke_ggh]h�j_r_gby�mjZ\g_gby�=_evf]hevpZ��iehkdbc�kem�
qZc�� \� fgh]hk\yaguo� \hegh\h^guo� h[eZklyo� k� dmkhqgh-ihklhyggufb� b� dmkhqgh-
]eZ^dbfb�]jZgbpZfb��bf_xsbfb�djblbq_kdb_�lhqdb� 

>ey�j_r_gby�jZkkfZljb\Z_fhc�djZ_\hc�aZ^Zqb�\�fgh]hk\yaghc�\hegh\h^ghc�h[�
eZklb�k�dmkhqgh-ihklhygghc�]jZgbp_c�[ue�ijbf_g_g�f_lh^�qZklbqguo�h[eZkl_c�k�ij_^�
klZ\e_gb_f� we_dljhfZ]gblguo�ihe_c�\�dZ`^hc�qZklbqghc�h[eZklb�\�\b^_�jZaeh`_gby�
ih� kbkl_f_� ghjfZevguo� \heg� khhl\_lkl\mxs_]h� \hegh\h^Z��Dhwnnbpb_glu� wlbo� jZa�
eh`_gbc� gZoh^bebkv� ba� [_kdhg_qghc� kbkl_fu� ebg_cguo� Ze]_[jZbq_kdbo� mjZ\g_gbc��
ihemqZ_fhc� ijb� ijbf_g_gbb� ijh_dpbhgguo� mkeh\bc� krb\Zgby� \� bgl_]jZevghf� \b^_�
>���@��>Zggu_� mkeh\by�h[_ki_qb\Zxl� \uiheg_gb_�mkeh\bc� \� djblbq_kdbo� lhqdZo�b�gZ�
j_[jZo�� ]jZgbqguo� mkeh\bc� gZ� fgh]hk\yaguo� kludZo�� Z� lZd`_� mkeh\bc� khijy`_gby��
h[_ki_qb\Zxsbo� g_ij_ju\ghklv� ihlhdZ� wg_j]bb� q_j_a� iehkdhklv� kludZ� \hegh\h^h\��
Ihemq_ggZy� kbkl_fZ�^Ze__�mk_dZeZkv�b�j_rZeZkv�qbke_ggh��>ey�ij_^eh`_ggh]h� Ze]h�
jblfZ�ijh\_^_gh�ihegh_�l_hj_lbq_kdh_�h[hkgh\Zgb_��>hdZaZgu�l_hj_fu�kms_kl\h\Zgby�
b�_^bgkl\_gghklb��Z�lZd`_�koh^bfhklv�ijb[eb`_ggh]h�j_r_gby��mk_q_gghc�kbkl_fu��d�
lhqghfm� 

Ijb�j_r_gbb�djZ_\hc� aZ^Zqb�\�fgh]hk\yaghc�\hegh\h^ghc�h[eZklb� k�dmkhqgh-
]eZ^dhc� ]jZgbp_c� Ze]hjblf� ihkljh_gby� ijb[eb`_ggh]h� j_r_gby� [ue� hkgh\Zg� gZ� bk�
ihevah\Zgbb�g_ihegh]h�f_lh^Z�=Ze_jdbgZ�>����@�k�ijbf_g_gb_f�bgl_]jZevguo�mkeh\bc�
ijh_dpbhggh]h�krb\Zgby��Kmlv�ijb[eb`_ggh]h�f_lh^Z�j_r_gby�aZdexqZ_lky�\�nhjfm�
ebjh\d_�kbkl_fu�mkeh\bc�hjlh]hgZevghklb�h[_ki_qb\Zxs_c�\uiheg_gb_�\�wg_j]_lbq_�
kdhf�kfuke_�mkeh\bc�krb\Zgby�\�iehkdhklb�khqe_g_gby�\hegh\h^h\��b�]jZgbqguo�mk�
eh\bc�gZ�kl_gdZo��Ij_^klZ\e_gb_�^ey�ijb[eb`_ggh]h�j_r_gby�\�h[eZklb�g_j_]meyjgh�
klb�\u[bjZehkv�ih�kbkl_f_�nmgdpbc��g_�aZ\bkysbo�hl�nhjfu�\hegh\h^Z��>ey�wlh]h�[u�
eh�ijh\_^_gh�hlh[jZ`_gb_�\gmlj_gg_c�h[eZklb�\hegh\h^Z�k�g_j_]meyjghklvx�gZ�j_]m�
eyjgmx� ihehkm��<� blh]_� djZ_\Zy� aZ^ZqZ� ^ey� mjZ\g_gby� \� qZklguo� ijhba\h^guo� [ueZ�
k\_^_gZ� d� djZ_\hc� aZ^Zq_� ^ey� kbkl_fu� h[udgh\_gguo� ^bnn_j_gpbZevguo� mjZ\g_gbc��
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dhlhjZy�j_rZeZkv�qbke_ggh��>ey�jZkkfZljb\Z_fh]h�Ze]hjblfZ�lZd`_�^hdZaZgu�l_hj_fu�
kms_kl\h\Zgby��_^bgkl\_gghklb�b�koh^bfhklv�ijb[eb`_ggh]h�j_r_gby�d�lhqghfm� 

>ey�j_r_gby�djZ_\hc�aZ^Zqb�\�fgh]hk\yaghc�h[eZklb�k�ih\lhjyxs_cky�g_j_]m�
eyjghklvx� ijbf_gyeZkv� dhf[bgZpby� ijh_dpbhggh]h� f_lh^Z� krb\Zgby� >�@� b� f_lh^Z�
fgh]hfh^h\uo�fZljbp�jZkk_ygby� �S-fZljbp�� >�@��F_lh^hf�^_dhfihabpbb�kbkl_fZ�jZa�
[b\ZeZkv�gZ�k_jbx�b^_glbqguo�we_f_glZjguo�[ehdh\��S-fZljbpZ�we_f_glZjgh]h�[ehdZ�
jZkkqblu\ZeZkv�ijh_dpbhgguf�f_lh^hf� krb\Zgby�b� ^Ze__� k�bkihevah\Zgb_f�nhjfme�
i_j_fgh`_gby�S-fZljbp�jZkkqblu\ZeZkv�\ky�kljmdlmjZ� 

>ey� jZkkfhlj_gguo� Ze]hjblfh\� [ueZ� ijh\_^_gZ� qbke_ggZy� j_ZebaZpby��Ihem�
q_ggu_� j_amevlZlu� kjZ\gb\Zebkv� k�nbabq_kdbf� wdki_jbf_glhf� >��� �@� b� j_amevlZlZfb�
^jm]bo�\uqbkebl_evguo�f_lh^h\�>����@� 

<� j_amevlZl_� ih^]hlh\e_g� wnn_dlb\guc� fZl_fZlbq_kdbc� ZiiZjZl�� bf_xsbc�
\hafh`ghklb�h[h[s_gby�gZ�lj_of_jgu_�b�\gmlj_gg_-\g_rgb_�aZ^Zqb�� 

 
1. KZahgh\�>�F���=jb^bg�:�G���Fbrmklbg�;�:��Mkljhckl\Z�K<Q��–F���<ukrZy�rdheZ��

����������k� 
2. Bevbgkdbc�:�K��Ijyfhc�f_lh^�jZkq_lZ�i_jbh^bq_kdbo�kljmdlmj� ���@��\uqbke��fZ�

l_f��b�fZl_f��nba��������L�����������K�����-126. 
3. =eZ^mg�<�<���Dhe_kgbdh\�<�K���Fh^_gh\�<�I���Ibjh]h\�X�:���K\_rgbdh\�:�=��FZl_�

fZlbq_kdh_� fh^_ebjh\Zgb_� y\e_gbc� ^bnjZdpbb� \� \hegh\h^guo� f_lZeeh-
^bwe_dljbq_kdbo�j_ahgZgkguo�kljmdlmjZo��Ij_ij��nbabq��n-lZ�F=M�������� ������k� 

4. K\_rgbdh\�:�=��D�h[hkgh\Zgbx�f_lh^Z�jZkq_lZ�g_j_]meyjguo�\hegh\h^h\����@��\u�
qbke��fZl_f��b�fZl_f��nba��������L����������K�����-179. 

5. K\_rgbdh\�:�=���Bevbgkdbc�:�K���Dhlbd�B�I��JZkijhkljZg_gb_�dhe_[Zgbc�\�g_j_]m�
eyjguo� \hegh\h^Zo� k� [hdh\hc� ih\_joghklvx� keh`ghc� nhjfu� ��� K[��
<uqbkebl_evgu_�f_lh^u�b�ijh]jZffbjh\Zgb_��F���Ba^-\h�F=M��������K� 329-363. 

6. Djxdh\Z�X�X���Fh^_gh\�<�I��Ijh_dpbhgguc�f_lh^�krb\Zgby�\� l_hjbb�iehkdh]h�
g_j_]meyjgh]h� \hegh\h^Z� ���@�� \uqbke��fZl_f��b�fZl_f��nba�� ������L�� ������ ���K��
1422-1428. 

7. Shigesawa H., Tsuji M., Takiyama K. Two-path Cut-off Waveguide Dielectric Resonator 
Filters // MTT-S Int. Microwave Symp. Dig. 1985. P. 357– 360. 

8. Dbjbe_gdh� :�:��� K_gd_\bq� K�E�� KjZ\g_gb_� wnn_dlb\ghklb� q_luj_o� f_lh^h\� j_�
r_gby�\hegh\h^guo�aZ^Zq��JZ^bhl_ogbdZ�b�we_dljhgbdZ��������L������� ���K������-
1097. 
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<HEGH<H>?�K�EHD:EVGHC�>BWE?DLJBQ?KDHC�<KL:<DHC 

Lbohgh\�:�<� 

Fhkdh\kdbc�wg_j]_lbq_kdbc�bgklblml 

JZkkfZljb\Z_lky�aZ^ZqZ�h�\hegh\h^_�k�ehdZevghc�^bwe_dljbq_kdhc�g_h^ghjh^gh�
klvx� \� ^\mf_jghf� kemqZ_�� <hegh\h^� ij_^klZ\ey_l� kh[hc� h[eZklv�

[ ]).1,0),,(( ∈+∞−∞∈=Ω yx �Ihe_�\�\hegh\h^_�m^h\e_l\hjy_l�mjZ\g_gbx 

uyxqku ),(2−=∆      (1) 
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>ey�j_r_gby�aZ^Zqb�����bkihevah\Zeky�f_lh^�dhg_qguo�we_f_glh\�>�@��L_klbjh�
\Zgb_�jZajZ[hlZgghc�ijh]jZffu�ijh\h^behkv�gZ�ijbf_j_�kbff_ljbqghc�hlghkbl_evgh�
hkb�\klZ\db��>Ze__�ijh]jZffZ�bkihevah\ZeZkv�^ey�jZkq_lZ�eh\mr_qguo�fh^�\hegh\h^Z�
k�g_kbff_ljbqghc�hlghkbl_evgh�hkb�^bwe_dljbq_kdhc�\klZ\dhc� 

Hkgh\gu_�\hijhku�bkke_^h\Zgby�aZdexqZebkv�\�ke_^mxs_f�� 
—�khojZgy_lky�eb�mkeh\b_�

2 ( )
( ,1) 0

iL S
u = �^ey�\hegh\h^Z�k�g_kbff_ljbqghc�hlgh�

kbl_evgh�hkb�^bwe_dljbq_kdhc�\klZ\dhc" 
—�DZdh\h�ih\_^_gb_�maeh\hc�ebgbb" 
Ijb\_^_f�ijbf_j�^ey�k_ldb���[��� 
JZkkfZljb\Zeky� \hegh\h^� k� ijyfhm]hevghc� \klZ\dhc�� g_kbff_ljbqghc� hlghkb�

l_evgh�hkb��Ebgbb�mjh\gy�j_r_gby�aZ^Zqb����-����bf_xl�\b^� 
 

 
 

Jbk���Ebgby�mjh\gy�gZ�;Q� ��� 
 

 
 

Jbk���Ebgbb�mjh\gy�gZ�gZ�;Q� ���b�;Q� ��� 
 
LZdbf�h[jZahf��ijh\_^_gguc�qbke_gguc�wdki_jbf_gl�iha\hey_l�k^_eZlv�\u\h^��

qlh�ijhba\hevgh_�g_kbff_ljbqgh_� \hafms_gb_�nmgdpbb� T�[�\��� hibku\Zxs_c� l_eh� \�
h[s_f�kemqZ_�ijb\h^bl�d�bkq_agh\_gbx�eh\mr_qghc�fh^u��l�_��kh[kl\_ggh]h�agZq_gby�
aZ^Zqb� ���-�����khhl\_lkl\mxs_]h�lZd�gZau\Z_fuf�kh[kl\_gguf�agZq_gbyf��ih]jm`zg�
guf�\�g_ij_ju\guc�ki_dlj� 

 
1. Bevbgkdbc� :�K��� DjZ\ph\� <�<��� K\_rgbdh\� :�=�� FZl_fZlbq_kdb_� fh^_eb�� F���

©<ukrZy�RdheZª������� 
2. Ghjjb�>���Njba�@��<\_^_gb_�\�f_lh^�dhg_qguo�we_f_glh\��F���Fbj������� 
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IHBKD�:E=HJBLFH<�DHFIVXL?JGH=H�KJ:<G?GBY 
=BKLH=J:FF�>EY�FH>?EBJH<:GBY�J:;HLU�WDKI?JLH< 

Jh`_gdh�?�I� 

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

Kms_kl\mxl�]em[hdb_�jZaebqby�f_`^m�ijbgpbiZfb�jZkihagZ\Zgby�h[jZah\�dhf�
ivxl_jhf�b�fha]hf��<�hlebqb_�hl�dhfivxl_jZ�jZ[hlZ�fha]Z�hkgh\ZgZ�gZ�bkihevah\Zgbb�
g_q_ldhc�eh]bdb��\ke_^kl\b_�q_]h�wdki_jl��kjZ\gb\Zy�h[jZau��©bglmblb\ghª�bkihevam_l�
jZaebqgu_�djbl_jbb�ijb�j_r_gbb��dZd�fh`_l�ihdZaZlvky��h^bgZdh\uo�aZ^Zq�>�@�� 

Wlh� jZaebqb_� y\ey_lky� ijbgpbibZevghc� ijbqbghc� ljm^ghklb� Ze]hjblfbaZpbb�
aZ^Zqb�jZkihagZ\Zgby�h[jZah\�dhfivxl_jhf�ijb�j_r_gbb�fgh]bo�gZmqguo�b�ijbdeZ^�
guo�aZ^Zq�� 

LZdZy�ljm^ghklv�ijhy\ey_lky�ijb�kjZ\g_gbb�nhjfu�]bklh]jZff��ihkljh_gguo�ih�
j_amevlZlZf�baf_j_gby� jZ^bhZdlb\ghklb��ijh\h^bfhc�gZ� dZn_^j_�[bhnbabdb�nbabq_�
kdh]h�nZdmevl_lZ�F=M�ih^�jmdh\h^kl\hf�K��W��Rghey�\�l_q_gb_�fgh]bo�^_kylbe_lbc� 

Ijb�wdki_jlghf��l��_��\bamZevghf��kjZ\g_gbb�nhjf�]bklh]jZff�[ue�mklZgh\e_g�
jy^�\Z`guo�aZdhghf_jghkl_c��<�qZklghklb��[ueh�h[gZjm`_gh�aZdhghf_jgh_�m\_ebq_gb_�
\_jhylghklb� koh^kl\Z� ]bklh]jZff� k� hdhehkmlhqgufb� i_jbh^Zfb� >�@�� H^gZdh�� fgh]h�
djZlgu_�ihiuldb�aZf_gu�wdki_jlgh]h�kjZ\g_gby�dhfivxl_jguf�g_�^Zeb�j_amevlZlh\�� 

>ey�j_r_gby�wlhc�aZ^Zqb�\�ij_^eZ]Z_fhc�jZ[hl_�[ue�kha^Zg dhfie_dk�ijh]jZff�
dhfivxl_jgh]h� jZkihagZ\Zgby� ]bklh]jZff��fh^_ebjmxs_]h� jZ[hlm� wdki_jlZ��Fh^_ev�
hkgh\ZgZ�gZ�h[h[s_gbb�ijhp_^mj��kh\_jrZ_fuo�wdki_jlhf�ijb�khihklZ\e_gbb�hkh[_g�
ghklb�nhjf�]bklh]jZff��Fh^_ev�hkgh\ZgZ�gZ�y\e_gbb�]bkl_j_abkZ�\hkijbylby�>�@� 

<�oh^_�ijbf_g_gby�^Zggh]h�dhfie_dkZ�ijh]jZff�d�aZ^Zq_�jZkihagZ\Zgby�]bklh�
]jZff�[ueb�ihemq_gu�j_amevlZlu��ohjhrh�kh\iZ^Zxsb_�k�j_amevlZlZfb��ihemq_ggufb�
wdki_jlZfb��<�qZklghklb��ijb�dhfivxl_jghf�kjZ\g_gbb�nhjfu�]bklh]jZff��ihkljh_g�
guo� ih� j_amevlZlZf� baf_j_gby� ZevnZ-Zdlb\ghklb� h[jZapZ� 239Pu�� h[gZjm`_gu� ihemkm�
lhqgu_�b�kmlhqgu_�i_jbh^u�ih\lhjgh]h�ihy\e_gby�]bklh]jZff�^Zgghc�nhjfu��Wlhl�j_�
amevlZl�khhl\_lkl\m_l�j_amevlZlZf�wdki_jlgh]h�kjZ\g_gby� 

JZ[hlZ�gZ^�wlbf�dhfie_dkhf�ijh^he`Z_lky� 
 

��� Jmldh\kdZy� >��� Ibebgvkdbc� F��� Jmldh\kdbc� E�� G_cjhggu_� k_lb�� ]_g_lbq_kdb_�
Ze]hjblfu�b�g_q_ldb_�kbkl_fu��Fhkd\Z��=hjyqZy�ebgby-L_e_dhf������� 
��� Rghev� K�� W�� ©AZdhghf_jgu_� baf_g_gby� lhgdhc� kljmdlmju� klZlbklbq_kdbo�
jZkij_^_e_gbc� \� kemqZcguo� ijhp_kkZo�� dZd� ke_^kl\b_� Zjbnf_lbq_kdbo� b�

 

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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dhkfhnbabq_kdbo� ijbqbgª��� Ljm^u� k_fbgZjZ� ©<j_fy�� oZhk� b� fZl_fZlbq_kdb_�
ijh[e_fuª�\uimkd����F��Dgb`guc�>hf�©Mgb\_jkbl_lª��2004��klj����-154  
���OZd_g�=��Ijbgpbiu�jZ[hlu�]heh\gh]h�fha]Z��Fhkd\Z��HHH�©I?J�KWª������� 

 
 

M>D����������� 

HIUL�IHKL:GH<DB�MQ?;GHC�A:>:QB�<�©DHKFBQ?KDHF�

IJ:DLBDMF?ª�GBBYN�F=M��BAF?J?GB?�MEVLJ:NBHE?LH<H=H�
BAEMQ?GBY�GHQGHC�:LFHKN?JU�A?FEB 

=Zjbih\�=�D���Debfh\�I�:���Oj_gh\�;�:�� 

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

GZ�fbdjh-kimlgbd_�F=M�©LZlvygZª��aZims_gghf����yg\Zjy������]��gZ�iheyjgmx�
hj[blm�k�\ukhlhc������df��jZ[hlZ_l�k_jby�ijb[hjh\��iha\heyxsbo�ihemqZlv�^Zggu_�h�
qZklbpZo�b�baemq_gbyo�\[ebab�A_feb��<�GBBYN�F=M�jZajZ[Zlu\Zxlky�aZ^Zqb�mq_[gh�
]h�ijZdlbdmfZ��^ey�hagZdhfe_gby�klm^_glh\�k�ijh[e_fZfb�©[eb`g_]h�dhkfhkZª��g_ih�
kj_^kl\_ggh�k\yaZggu_�k�mkeh\byfb�kms_kl\h\Zgby�A_feb�\�kbkl_f_�A_fey-Khegp_��<�
qZklghklb�� k� ihfhsvx� ^_l_dlhjZ� mevljZ-� nbhe_lh\h]h� baemq_gby� �>MN�� ijh\h^ylky�
baf_j_gby�MN�hl�Zlfhkn_ju�A_feb��Ihe_�aj_gby�ijb[hjZ�gZijZ\e_ggh]h�ih�\_jlbdZeb�
d�A_fe_�jZ\gh� �����jZ^���qlh�khhl\_lkl\m_l�^bZf_ljm�djm]Z�gZ�ih\_joghklb�A_feb�����
df��Qm\kl\bl_evgZy�iehsZ^v� k_gkhjZ� �nhlhwe_dljhggh]h�mfgh`bl_ey��NWM�-� ���� kf2, 
l_e_kguc�m]he�h[ahjZ������kj��Dhwnnbpb_gl�mkbe_gby�NWM�baf_gy_lky�\�aZ\bkbfhklb�
hl�mjh\gy�k\_lZ�Zlfhkn_ju�b�^hklb]Z_l�fZdkbfmfZ�gZ�ghqghc�klhjhg_�A_feb��Nhghf�
MN�baemq_gby�gZ�ghqghc�klhjhg_�A_feb�y\ey_lky�jZkk_ygguc�\�Zlfhkn_j_�k\_l�a\_a^�b�
Emgu�b�kh[kl\_ggh_�k\_q_gb_�ghqgh]h�g_[Z��<�[_aemggu_�ghqb�nhg�k\_q_gby�Zlfhkn_�
ju�h`b^Z_lky�gZ�mjh\g_��-5 107

�nhlhgh\�kf2 kj�k_d�b�dhe_[e_lky�\�mdZaZgguo�ij_^_eZo�
\�aZ\bkbfhklb�hl�h[eZqgh]h�ihdjh\Z��NZaZ�Emgu�b�__�\ukhlZ�gZ^�]hjbahglhf�\�gZ[ex�
^Z_fhf�jZchg_�kbevgh�\eby_l�gZ�mjh\_gv�nhgZ��\�iheghemgb_�b�\�a_gbl_�\ukhlu�Emgu�
nhg�\hajZklZ_l�ijbf_jgh�\�����jZa�ih�kjZ\g_gbx�k�ijb\_^_gguf�\ur_�agZq_gb_f� 

Ijb[hj�j_]bkljbjm_l�MN�baemq_gb_�dZ`^u_���k��q_j_a�dZ`^u_����df�imlb�kiml�
gbdZ��ijb�\j_f_gb�baf_j_gby����fbeebk_dmg^��Qbkeh�nhlhwe_dljhgh\�gZ�dZlh^_�NWM�
aZ�\j_fy�h^gh]h�baf_j_gby�\_ebdh��§���4

�nhlhwe_dljhgh\�ijb�fbgbfZevguo�agZq_gbyo�
nhgZ��b�klZlbklbq_kdb_�nemdlmZpbb�\�dZ`^hf�baf_j_gbb�fZeu��Bgl_]jbjh\Zgb_�kb]gZ�
eZ� \h� \j_f_gb� b� ih� ihex� aj_gby�>MN�� dhlhjh_� gZ� ihjy^hd� [hevr_�rZ]Z� baf_j_gby��
ijb\h^bl� d� k]eZ`b\Zgbx� wnn_dlh\� \hafh`gh]h� [ukljh]h� baf_g_gby� nhgZ�� ;uklju_�
baf_g_gby�MN�kb]gZeZ�baf_jyxlky�\�ki_pbZevghf�j_`bf_��dh]^Z�baf_j_gby�ijhbkoh�
^yl�k�rZ]hf�\h�\j_f_gb���-4

�k_d��dhlhjuc�\uoh^bl�aZ�jZfdb�gZklhys_c�aZ^Zqb� 
AZ^Zq_c�klm^_glZ�y\ey_lky��ihemq_gb_�k\_^_gbc�h�ihlhd_�MN�baemq_gby�ih�pbn�

jh\uf�^Zgguf�ijb[hjZ�>MN�\�iheh`_gbb�kimlgbdZ�k�ba\_klghc�rbjhlhc��^he]hlhc�b�
\j_f_g_f� baf_j_gby�� bamq_gb_� dhjj_eypbb� ihlhdZ�MN� baemq_gby� k� \ukhlhc� b�nZahc�
Emgu��>hihegbl_evghc�aZ^Zq_c�y\ey_lky�ihemq_gb_�k\_^_gbc�h[�h[eZqghf�ihdjh\_�Zl�
fhkn_ju�\�aZ^Zgghf�jZchg_�baf_j_gbc��ih�^Zgguf�f_l_h-�kimlgbdh\��b�bamq_gb_�dhj�
j_eypbb�ihlhdZ�MN�k�khklhygb_f�h[eZqgh]h�ihdjh\Z. 

?s_�h^ghc� aZ^Zq_c�y\ey_lky�ihemq_gb_�^Zgguo�hl�\lhjh]h�� aZdjulh]h�hl�k\_lZ�
NWM�� j_]bkljbjmxs_]h� nhg�� k\yaZgguc� k� ijhoh`^_gb_f� aZjy`_gguo� qZklbp� q_j_a�
kl_deh�NWM�b�\uau\Zxsbo�_]h�nemhj_kp_gpbx�b�q_j_gdh\kdh_�baemq_gb_��<�mkeh\byo�



Ih^k_dpby�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby� 

 

119 

dhkfbq_kdh]h� wdki_jbf_glZ� ihlhd� aZjy`_gguo� qZklbp� baf_gy_lky� \^hev� ljZ_dlhjbb�
kimlgbdZ��gZijbf_j��kbevgh�ih\urZ_lky�\�jZchg_�©;jZabevkdhc�fZ]gblghc�ZghfZebbª�
b�nhg�wlh]h�lbiZ�fh`_l�klZlv�kms_kl\_gguf�^hiheg_gb_f�d�nhgm�k\_lZ�Zlfhkn_ju��J_�
Zevguc�k\_lh\hc�nhg�_klv�jZaghklv�ihdZaZgbc�wlbo�^\mo�NWM�� 

<�^hdeZ^_�ijb\_^_gu�j_amevlZlu�ijh\_^_gby�i_j\uo�baf_j_gbc�ih�ijh]jZff_�
klm^_gq_kdh]h�ijZdlbdmfZ���Jbk���� 

 
Jbk�����J_amevlZl�baf_j_gby�bgl_gkb\ghklb�MN�baemq_gby�gZ�ghqghc�klhjhg_�h^gh]h�\bldZ�kimlgb�
dZ�LZlvygZ�����yg\Zjy������]������-uc�\blhd��iheghemgb_���<u^_e_g�mqZklhd�f_klgh]h�ghqgh]h�\j_�
f_gb��<g_�wlh]h�mqZkldZ�ijb[hj�baf_jy_l�©^g_\ghcª�ihlhd�MN�ijb�fZehf�dhwnnbpb_gl_�mkbe_gby�
NWM��fZehf�gZijy`_gbb�gZ�^_ebl_e_�NWM���Pbnju�gZ�hkb�hj^bgZl-�bgl_gkb\ghklv�MN�baemq_gby�
�\�qbke_�nhlhgh\�gZ�kf2

�kj1
�k1

���<�ijb\_^_gghf�ijbf_j_�baf_j_gby�jZkk_ygguc�k\_l�Emgu�y\ey_lky�
hkgh\guf�nZdlhjhf��hij_^_eyxs_f�mjh\_gv�baemq_gby 

 
 

M>D������ 

L?HJBY�KEMQ:CGUO�;EM@>:GBC�<�A:>:Q:O�
FH>?EBJH<:GBY�IJHP?KKH<�K:FHK;HJDB�F:DJHFHE?DME 

I_ljh\Z�H�K� 

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

Hq_gv� \Z`gmx� jhev� \� ijhp_kk_� h[jZah\Zgby� [bheh]bq_kdbo� kljmdlmj� b]jZxl�
kemqZcgu_�[em`^Zgby�fZdjhfhe_dme�\�de_ld_��Wlb�[em`^Zgby�ih^h[gu�^Z\gh�ba\_kl�
guf�[jhmgh\kdbf�^\b`_gbyf�qZklbp�\�`b^dhklb��Wlb�^\b`_gby�ijhbkoh^yl�ih^�^_ckl�
\b_f�kemqZcguo�kbe�l_ieh\hc�ijbjh^u��<�jZfdZo�kh\j_f_gguo�\haaj_gbc�\k_�ijhp_kku�
\gmljbde_lhqgh]h� ljZgkihjlZ� y\eyxlky� ih� k\h_c� ijbjh^_� kemqZcgufb� ^\b`_gbyfb�
[jhmgh\kdh]h� oZjZdl_jZ�� <uau\Z_l� m^b\e_gb_� \ukhdZy� wnn_dlb\ghklv� kemqZcgh]h�
ljZgkihjlZ��ijb\h^ysZy�d�[ukljhc��bgh]^Z�aZ�^heb�k_dmg^u��k[hjd_�keh`guo�[bheh]b�
q_kdbo�nhjf��Ij_^klZ\ey_lky�bgl_j_kguf�ihiulZlvky�hp_gblv�^ebl_evghklv�wlbo�ijh�
p_kkh\�gZ�hkgh\_�fh^_eb�[jhmgh\kdh]h�^\b`_gby� 
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<� dZq_kl\_�fZl_fZlbq_kdhc� hkgh\u� dhfivxl_jgh]h�fh^_ebjh\Zgby� kemqZcguo�
[em`^Zgbc�[ueZ�\u[jZgZ�l_hjby�kemqZcgh]h�[em`^Zgby�lhqdb�ih�fgh]hf_jghc�hjlh]h�
gZevghc� k_ld_��Ijb� wlhf� ZgZeblbq_kdbfb�f_lh^Zfb�jZg__�ihemq_gu�g_dhlhju_�bgl_�
j_kgu_�j_amevlZlu�h�[em`^Zgbyo�\�g_h]jZgbq_gguo�h[t_fZo��h^gZdh�bkihevah\Zgb_�bo�
^ey�hibkZgby�^\b`_gby�j_Zevguo�qZklbp�\�dhg_qghf�h[t_f_�de_ldb�g_\hafh`gh� 

AZ^Zq_c�^Zgghc�jZ[hlu�y\ey_lky�jZkkfhlj_gb_�g_dhlhjuo�ijhp_kkh\�kZfhk[hjdb�
fZdjhfhe_dmeyjguo�dhfie_dkh\��Z�bf_ggh�ijhp_kkZ�j_iebdZpbb�>GD�ijb�nZ]h\hc�bg�
n_dpbb��kbgl_aZ�fhe_dme�[_edZ�b�g_dhlhjuo�^jm]bo�� 

Ihemq_ggu_�hp_gdb�fh]ml�]h\hjblv�h�lhf��qlh�ijbgylu_�k_]h^gy�\�fhe_dmeyj�
ghc�[bheh]bb�fh^_eb�nhjfbjh\Zgby�[bheh]bq_kdbo�kljmdlmj��dZq_kl\_ggh�\iheg_�^hk�
lh\_jgu_��ijb\h^yl�d�kebrdhf�[hevrbf�^ebl_evghklyf�ijhp_kkh\�k[hjdb��gZ�g_kdhev�
dh�ihjy^dh\�[hevrbf��q_f�wlh�ke_^m_l�ba�wdki_jbf_glh\� 

 
1. Kibjbg�:�K��;bhkbgl_a�[_edh\��fbj�JGD�b�ijhbkoh`^_gb_�`bagb��<_klgbd�J:G��

�����L�������� 
2. N_ee_j�<��³<\_^_gb_�\�l_hjbx�\_jhylghklb�b�__�ijbeh`_gby´�\��-o�lhfZo��F��Fbj�

1984. 
 
 

HP?GB<:GB?�I:J:F?LJH<�FH>?EB�WE?DLJHGGH=H�
LJ:GKIHJL:�<�NHLHKBGL?LBQ?KDHC�F?F;J:G? 

=jhfh\�I�:� 

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

Ijhp_kk�nhlhkbgl_aZ�y\ey_lky�p_gljZevguf�\�`bag_^_yl_evghklb�jZkl_gbc� >�@��
Wlhl�ijhp_kk�ijhbkoh^bl�\�lbeZdhb^Zo�oehjhieZklh\��F_f[jZgZ�lbeZdhb^Z�ij_^klZ\�
ey_l�kh[hc�keh`gmx�kljmdlmjm��kh^_j`Zsmx�[hevrh_�dhebq_kl\h�[_edh\uo�dhfie_d�
kh\�f_`^m�dhlhjufb�ijhbkoh^bl�we_dljhggh-ijhlhgguc�ljZgkihjl�� 

<�jZ[hl_�jZkkfZljb\Z_lky�h^bg�ba�mqZkldh\�lZdh]h�ljZgkihjlZ��Z�bf_ggh�–�i_j_�
ghk�we_dljhgZ�ieZklhpbZgbghf�hl�pblhojhfgh]h�dhfie_dkZ�d�nhlhkbkl_f_� I� >�@��Ijh�
kljZgkl\_ggh�`_�fu�h]jZgbqb\Z_fky�jZkkfhlj_gb_f�exf_gZ� 

Fh^_ebjmxlky�ijhp_kku�^bnnmabb�b�\aZbfh^_ckl\by��dhlhjh_�\dexqZ_l�\�k_[y�
we_dljhklZlbq_kdh_�\aZbfh^_ckl\b_��klhedgh\_gby�b�kludh\dm�fhe_dme�k�ihke_^mxs_c�
i_j_^Zq_c�we_dljhgZ��^hdbg]).  

>ey�fh^_ebjh\Zgby�^\b`_gby�fhe_dme�ieZklhpbZgbgZ�bkihevam_lky�fZl_fZlb�
q_kdbc�ZiiZjZl�hibkZgby�[jhmgh\kdh]h�^\b`_gby��k�mqzlhf�]_hf_ljbq_kdbo�h]jZgbq_�
gbc��gZeZ]Z_fuo�knhjfbjh\Zgghc�fh^_evghc�kp_ghc� 

>ey�h[_ki_q_gby�dhjj_dlghc�jZ[hlu�fh^_eb�gm`gh�ijZ\bevgh�\u[jZlv�iZjZf_l�
ju��hibku\Zxsb_�^hdbg]��Z�bf_ggh��jZ^bmk�b�\_jhylghklv�^hdbg]Z��Ijhp_kk��dhlhjuc�
fu� hibku\Z_f�� oZjZdl_jbam_lky� wdki_jbf_glZevgh�ihemq_ggufb� dbg_lbq_kdbfb� djb�
\ufb�\hkklZgh\e_gby�beb�hdbke_gby�mqZklgbdh\�^Zggh]h�ijhp_kkZ��AZ^ZqZ�hp_gb\Zgby�
klZ\blky�ke_^mxsbf�h[jZahf��Ih�fh^_eb� ��� [\ λ ��]^_� λ -�g_ba\_klgu_�iZjZf_lju�� [ - 
ba\_klgu_� iZjZf_lju�� \ -� \uoh^gu_� ^Zggu_�� b� gZ[hjm� wdki_jbf_glZevguo� ^Zgguo�

LL
\[ � � hij_^_eblv� λ � >�@��Ih� j_amevlZlZf� kq_lZ�fh^_eb�b� wdki_jbf_glZevguf�^Zgguf�

hij_^_ey_lky� h[eZklv� ^himklbfuo� agZq_gbc� λ � dZd� h[t_^bg_gb_� j_r_gbc� mjZ\g_gbc�

LLL
[\\ δλ ≤− ��� .  
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J_r_gb_�ihklZ\e_gghc�aZ^Zqb�ijb\h^bl�d�j_amevlZlZf��gZoh^ysbfky�\�ohjhr_f�
khhl\_lkl\bb�k�wdki_jbf_glZevgufb�^Zggufb� 

 
1. Malkin, R. and K. Niyogi, Photosynthesis, in Biochemistry & Molecular Biology of 

Plants, R. Jones, Editor. 2000, American Society of Plant Physiologists. 
2. Jm[bg��:�;��;bhnbabdZ��������Fhkd\Z��Dgb`guc�^hf��Mgb\_jkbl_l�� 
3. Iulv_\� X�I�� F_lh^u� fZl_fZlbq_kdh]h� fh^_ebjh\Zgby� baf_jbl_evgh-

\uqbkebl_evguo�kbkl_f��F���GZmdZ������� 
 
 

M>D������ 

:G:EBA�><B@?GBY�Q:KLBP 
IH�BAH;J:@?GBYF�BO�LJ:?DLHJBC 

KbfZdh\�>�:���>hdmdbgZ�B�<. 

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

QZklh�ijb�jZ[hl_�k�wdki_jbf_glZevgufb�^Zggufb��ij_^klZ\e_ggufb�\�]jZnbq_�
kdhf�\b^_��\hagbdZ_l�ijh[e_fZ�ZgZebaZ�g_dhlhjuo�iZjZf_ljh\��<uiheg_gb_�ih^h[gh]h�
ZgZebaZ�\jmqgmx�fh`_l�ij_^klZ\ey_l�\_kvfZ�ljm^h_fdbc�ijhp_kk��^Zxsbc�d�lhfm�`_�
j_amevlZlu�g_^hklZlhqghc�kl_i_gb�lhqghklb��Ih^h[gZy�kblmZpby�\hagbdZ_l��gZijbf_j�\�
aZ^Zq_�hp_gb\Zgby� kdhjhklb�^\b`_gby�qZklbpu�\�iehkdhklb�ih� __� ]jZnbq_kdhfm�bah�
[jZ`_gbx�� 

Imklv�qZklbpZ�^\b`_lky�^hklZlhqgh�f_^e_ggh��qlh[u�q_j_a�hij_^_e_gguc�jZ\�
guc�ijhf_`mlhd� \j_f_gb�fh`gh�[ueh�nbdkbjh\Zlv� __�iheh`_gb_� lhqdhc��Lhqdb�ih�
ke_^h\Zl_evgh�kh_^bgyxlky�hlj_adZfb��LbibqgZy�wdki_jbf_glZevgZy�ljZ_dlhjby�ij_^�
klZ\e_gZ�gZ�jbk�����Hq_\b^gh��qlh�ijb�[hevrhf�qbke_�bah[jZ`_gbc�ih^h[guo�ljZ_dlh�
jbc�hq_gv�keh`gh�\jmqgmx�hp_gblv�iZjZf_lju�^\b`_gby�qZklbpu��lZdb_�dZd�kdhjhklv�
ihklmiZl_evgh]h�^\b`_gby��kdhjhklv�^j_cnZ��jZ^bmku�hdjm`ghkl_c�b�l�^� 

 
 
<� dZq_kl\_� \ZjbZglZ�j_r_gby�ih^h[ghc� aZ^Zqb�ij_^eZ]Z_lky� Ze]hjblf� ZgZebaZ�

kdhjhkl_c�^\b`_gby�qZklbp��hkgh\Zgguc�gZ�\uykg_gbb�lhqguo�dhhj^bgZl�oZjZdl_jguo�
lhq_d�ljZ_dlhjbb�b�khihklZ\e_gbb�bo�k�wdki_jbf_glZevghc�djb\hc��Lbibqgh_�jZkij_�
^_e_gb_�kdhjhkl_c��ihemqZ_fh_�\�wlhf�kemqZ_��ij_^klZ\e_gh�gZ�jbk���� 

Jbk�� ��� IjhkljZgkl\_gguc�
fZkrlZ[� ���� fdf�� \j_f_g�
ghc� bgl_j\Ze� f_`^m� baf_�
j_gbyfb� iheh`_gbc� lhq_d�
���fk_d�>�@ 
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Ij_^eZ]Z_fuc�Ze]hjblf�iha\hey_l�ihemqblv�[he__�lhqgu_�j_amevlZlu��q_f�ijb�
[eb`_ggu_�hp_gdb��ihemqZ_fu_�\�j_amevlZl_�h[uqguo�mijhs_gbc��Djhf_�lh]h��^Zgguc�
Ze]hjblf�j_Zebah\Zg�\�ijh]jZff_��bkihevah\Zgb_�dhlhjhc�^ey�mdZaZggh]h�lbiZ�ljZ_d�
lhjbc�iha\hey_l�Z\lhfZlbabjh\Zlv�ijhp_kk�ba�ZgZebaZ� 

 
Jbk. 2. JZkij_^_e_gb_ kdhjhkl_c 

 
1. Kaupp U.B., Solzin J., Hildebrand E., Brown J.E., Helbig A., Hagen V., Beyermann M., 

Pampaloni F., Weyand I. The signal flow and motor response controlling chemotaxis of 
sea urchin sperm. Nature cell biology. Vol. 5, February 2003, p. 109-117. 

 
 

M>D 53 (075.3)  

HILBFBA:PBY�IJHP?KK:�J?R?GBY�A:>:Q 
G:�HKGH<?�F:L?F:LBQ?KDH=H�FH>?EBJH<:GBY 

:jl_fv_\Z�B�;� 

DZj_evkdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l�� 

Kh]eZkgh� kh\j_f_gguf� ij_^klZ\e_gbyf� ikboheh]bb� fure_gb_� –� wlh� ijhp_kk�
j_r_gby�jZaebqguo�aZ^Zq� >�@��\�lhf�qbke_�b�nbabq_kdbo��Hkh[h_�iheh`_gb_�nbabdb�\�
h[mq_gbb�gZmqghfm�kihkh[m�fure_gby�h[mkeh\e_gh�l_f��qlh�rdhevgZy�nbabdZ�gZ]ey^�
gZ��bkihevam_l�ijhkl_crbc�fZl_fZlbq_kdbc�ZiiZjZl�� 

?keb�bkoh^blv�ba�hij_^_e_gby�gZmdb�dZd�kihkh[Z�hibkZgby�^_ckl\bl_evghklb��lh�
aZ^ZqZ� wlh� ij_^gZf_j_ggh� g_� ihegh_� hibkZgb_� g_dhlhjh]h� ijhp_kkZ�� dhlhjh_� ^Z_lky�
mq_gbdm�\�^b^Zdlbq_kdbo�p_eyo�^ey�\k_klhjhgg_]h�beb�ohly�[u�[he__�ihegh]h�hibkZgby�
ijhp_kkZ�� aZ^Zggh]h� \� mkeh\bb� aZ^Zqb�� GZijbf_j�� fZrbgZ� :l\m^Z�� Bkq_jiu\Zxs__�
hibkZgb_�ijhp_kkZ�wlh�_]h�fZl_fZlbq_kdZy�fh^_ev��Ke_^h\Zl_evgh��j_r_gb_�\uqbkeb�
l_evguo�aZ^Zq�wlh�fZl_fZlbq_kdh_�fh^_ebjh\Zgb_�j_Zevguo�ijhp_kkh\��AZibkv�kbkl_fu�
mjZ\g_gbc� �fZl_fZlbq_kdhc� fh^_eb�� fh`gh� nhjfZebah\Zlv�� bkihevamy� Ze]hjblf� ^ey�
aZibkb�fZl_fZlbq_kdbo�fh^_e_c��KqblZ_lky��qlh�lZdbo�mgb\_jkZevguo�Ze]hjblfh\�g_l�b�
[ulv�g_�fh`_l��Gh�^ey�j_r_gby�rdhevguo�b�\mah\kdbo�aZ^Zq�hg�_klv�>�@� 

Ijbf_g_gb_�Ze]hjblfbq_kdh]h�f_lh^Z��iha\hebeh�[u�ijbf_gblv�iZd_lu�dhfiv�
xl_jguo� ijh]jZff� �dhfivxl_jghc� Ze]_[ju�� ^ey� ihemq_gby� hl\_lh\� \� h[s_f� \b^_��
Ij_^eh`_gguc�f_lh^�iha\hey_l�j_rZlv�\k_�ijh[e_fu�k�l_klZfb�gZ�imlb�^bklZgpbhg�
gh]h��bgl_jZdlb\gh]h�h[mq_gby�\�rdhe_�b�\ma_��>hklmighklv�_]h�ijh\_j_gZ�\�rdhe_�b�
\ma_��Ij_^eh`_ggZy�f_lh^bdZ� j_r_gby�nbabq_kdbo� aZ^Zq�iha\hey_l� kha^Zlv� l_klu� kh�
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k\h[h^guf�\\h^hf�hl\_lh\�b�iheghklvx�Z\lhfZlbq_kdmx�kbkl_fm�dhgljhey�agZgbc�mqZ�
sboky�� LZdZy� kbkl_fZ� fh`_l� jZ[hlZlv� [_a� wdki_jlh\� ^ey� ijh\_jdb� aZ^Zq� b� aZf_gblv�
?=W� 

 
1. =mjh\Z�E�E��Ikboheh]by�fure_gby��F., I_j-Kw, 2005. k. 136. 
2. Sieppi T.A. “About algorithmation for solving school phisical problems.” // Teaching 

mathematics and physics in secondary and higher education. Proceedings of the Third In-
ter-Karelian Conference. Petrozavodsk, Russia. Publisher of the the proceedings: Univer-
VLW\�RI�-RHQVXX��������k������– 113. 

 
 

M>D 539.216:539.213:539.264:621.385.833 

DHFIVXL?JGUC�:G:EBA�FHJNHEH=BB 
IH<?JOGHKLB�IHJBKLUO�HDKB>H<�:EXFBGBY 

>_gbkh\ :.B., =Znbylmeebg�F�F�� 

DZj_evkdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 

Ihjbklu_�Zgh^gu_�hdkb^u�Zexfbgby��:H:��y\eyxlky�bgl_gkb\gh�bamqZ_fuf�fZ�
l_jbZehf�k�rbjhdbf�ki_dljhf�nmgdpbhgZevghklb��<�ihke_^gb_�]h^u�bkke_^h\Zgbyf�ih�
jbkluo�:H:�ijb^Zg�gh\uc�bfimevk�\�k\yab�k�jZa\blb_f�bo�ijbf_g_gby�\�dZq_kl\_�rZ[eh�
gh\�^ey�kha^Zgby�jZaebqguo�gZghjZaf_jguo�kljmdlmj��Wlh�h[tykgy_l�gZmqguc�b�ijZdlbq_�
kdbc�bgl_j_k�d�bamq_gbx�hkh[_gghkl_c�ihjbklh]h�kljh_gby�:H:��<�wlhc�k\yab�\_kvfZ�Zd�
lmZevguf� ij_^klZ\ey_lky� ijbf_g_gb_� f_lh^h\� dhfivxl_jgh]h� ZgZebaZ� we_dljhggh-
fbdjhkdhibq_kdbo�bah[jZ`_gbc� �WFB��hdkb^h\�k�p_evx�ihemq_gby�dhebq_kl\_gghc�bg�
nhjfZpbb�h[�h[t_dlZo�bah[jZ`_gby��yq_cdZo�ihjZo���hp_gdb�kl_i_gb�mihjy^hq_gby�ihjbk�
lh]h�fZkkb\Z. 

<�gZklhys_c�jZ[hl_�bamq_gb_�fhjnheh]bb�ih\_joghklb�[Zjv_jgh]h�b�ihjbklh]h�
keh_\�:H:�ijh\h^behkv�f_lh^hf�ijhk\_qb\Zxs_c�we_dljhgghc�fbdjhkdhibb� �IWF���

;ueZ�jZajZ[hlZgZ�f_lh^bdZ�dhfivxl_jghc�h[jZ[hldb�WFB��hkgh\ZggZy�gZ�fZl_fZlb�
q_kdhc�fhjnheh]bb�b�klZlbklbq_kdhf�ZgZeba_��H[jZ[hldZ�IWF-bah[jZ`_gbc�\dexqZeZ 
ljb� wlZiZ�� ���� ij_^\Zjbl_evgZy� h[jZ[hldZ� bkoh^gh]h� bah[jZ`_gby�� ���� ihemq_gb_� [b�
gZjgh]h�bah[jZ`_gby������dhebq_kl\_gguc�ZgZeba�[bgZjgh]h�bah[jZ`_gby��>ey�hkms_�
kl\e_gby�lj_lv_]h�wlZiZ�[ueZ�ki_pbZevgh�kha^ZgZ�\�kj_^_�Delphi�����dhfivxl_jgZy�ijh�
]jZffZ� SpotCalculator (SC��� iha\heyxsZy� gZoh^blv� jZaf_jgu_� iZjZf_lju� �iehsZ^v��
wnn_dlb\guc�jZaf_j��i_jbf_lj�� dhfiZdlghklv��m^ebg_gghklv��hjb_glZpby�b�^j���fhj�
nheh]bq_kdbo�h[t_dlh\�bah[jZ`_gby�b�gZ�bo�hkgh\_�hkms_kl\eylv�jZkq_l�b�ihkljh_gb_�
jZkij_^_e_gbc� h[t_dlh\� ih� jZaf_jZf� �JJ�� b�fhjnheh]bq_kdhc�nmgdpbb� jZ^bZevgh]h�
jZkij_^_e_gby��FNJJ�� 

H[t_dlZfb� bkke_^h\Zgbc� y\eyebkv� hl^_e_ggu_� hl� ih^eh`db� ie_gdb� ihjbklh]h�
:H: lhesbghc� ��q���� fdf�� knhjfbjh\Zggu_� gZ� Al � b� kieZ\Zo�:F]-���:F]-�� \� ���

C2H2O4�b�����+2SO4��We_dljhggh-fbdjhkdhibq_kdb_�^Zggu_�ihdZaZeb��qlh�\k_�bkke_�
^h\Zggu_�:H:�kh�klhjhgu��ijbe_`Zs_c�jZg__�d�f_lZeem��bf_xl�ljZ^bpbhggmx�yq_b�
klmx�kljmdlmjm��oZjZdl_jgmx�^ey�ihjbkluo�ie_ghd�$O2O3� �jbk�Z�[���Z�gZ�\g_rg_c�ih�
\_joghklb�ie_ghd�gZ[ex^Zxlky�\uoh^u�ihj� 

 



EHFHGHKH<�– 2005 

 

124 

� �

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

���

���

���

���

���

1

U� gf
�

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

���

���

���

���

���

1
�
�

U� gf

�

60 90 120 150 180 210 240 270 300
0

2

4

6

8

10

12

14

16

1
�
�

'
wn
� gf

�

60 90 120 150 180 210 240 270 300
0

1

2

3

4

5

6

7

1
�
�

'
wn
� gf

�[�

�\� �]�

�^� �_�

�Z�

Jbk�� IWF�bah[jZ`_gby� [Zjv_jgh]h� kehy� :H:�� knhjfbjh\Zgguo� gZ�
Zexfbgbb� �Z�� b� kieZ\Zo� :F]��� �[�� \� �� �� K

�

G
�

H
�

�� khhl\_lkl\mxsb_� bf�
jZkij_^_e_gby�ih�jZaf_jZf�yq__d��\��^��b�FNJJ��]��_���

 
 
Ihkljh_gb_�jZkij_^_e_gbc�yq__d�ih�jZaf_jZf� �jbk�\�^��ihdZaZeh��qlh�_keb�agZ�

q_gby�wnn_dlb\gh]h�jZaf_jZ�yq__d�^ey�:H:��knhjfbjh\Zgguo�gZ�Zexfbgbb��mdeZ^u�
\Zxlky�\�bgl_j\Ze�Dwn = (130 ÷������gf��lh�^ey�kieZ\h\�wlb�bgl_j\Zeu�agZqbl_evgh�rb�
j_�b�khhl\_lkl\mxl�Dwn = (70 ÷������gf��:F]-���b�Dwn = (70 ÷������gf��:F]-����H[gZ�
jm`_gh��qlh�\�:H:��knhjfbjh\Zgguo�\����&2H2O4��qbkeh�\uoh^h\�ihj Ni��gZ[ex^Z_�
fuo�gZ�ih\_joghklb�ihjbklh]h�kehy�a�\�ljb�jZaZ�ij_\urZ_l�dhebq_kl\h�hdkb^guo�yq__d�
Ny�[Zjv_jgh]h�kehy��<hafh`gufb�ijbqbgZfb�mklZgh\e_ggh]h�khhlghr_gby�Ny�b�Ni�fh�
`_l�[ulv�ijbkmlkl\b_� \�ih\_joghklghf� keh_�ihj��ij_djZlb\rbo� k\hc�jhkl�beb� kjZam�
ihke_�bo�aZjh`^_gby��beb�\�ijhp_kk_�kZfhhj]ZgbaZpbb�ihjbklh]h�fZkkb\Z��KjZ\g_gb_�
FNJJ�yq__d� �jbk�]�_��ihdZau\Z_l��qlh�^ey�bkke_^h\Zgguo�hdkb^h\��knhjfbjh\Zgguo�\�
3% C2H2O4�gZ�Zexfbgbb�^Zevghklv�dhjj_eypbb�\�jZkiheh`_gbb�yq__d�khklZ\ey_l�a��-7 
dhhj^bgZpbhgguo�kn_j��∼�����gf���lh]^Z�dZd�^ey�hdkb^h\�gZ�fZ]gbckh^_j`Zsbo�kieZ�
\Zo�]_dkZ]hgZevguc�ihjy^hd�h]jZgbqb\Z_lky�ebrv��-hc�dhhj^bgZpbhgghc�kn_jhc��∼200 
gf���>ey�dhebq_kl\_ggh]h�ZgZebaZ�FNJJ�[ue�ijbf_g_g�f_lh^�iZjguo�nmgdpbc�Nbg�
[ZdZ-Mhjj_gZ��GZ�hkgh\_�ihemq_gguo�j_amevlZlh\�h[km`^Z_lky�dhgp_ipby�nhjfbjh\Z�
gby�ihjbklhc�kljmdlmju�Zgh^guo�hdkb^h\�Zexfbgby� 

 
 

M>D������������� 

F:L?F:LBQ?KDH?�FH>?EBJH<:GB?�L>K-KI?DLJ: 
>?=B>JBJH<:GBY�F?L:EEH< 

∗
�Jh^q_gdh\Z�G�B� 

I_ljhaZ\h^kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l� 
fZl_fZlbq_kdbc�nZdmevl_l 

<�k\yab�k�\hajZklZxsbfb�wdheh]bq_kdbfb�lj_[h\Zgbyfb�hkh[h_�\gbfZgb_�m^_�
ey_lky�i_jki_dlb\Zf�bkihevah\Zgby�\h^hjh^Z�\�dZq_kl\_�wg_j]hghkbl_ey��<_^_lky�bg�

                                                           
∗
��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc�gZ�ih^k_dpbb� 
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l_gkb\guc�ihbkd�fZl_jbZeh\�^ey�wnn_dlb\gh]h�j_r_gby�aZ^Zq�ojZg_gby�b�ljZgkihjlb�
jh\db��Wdki_jbf_glZevgu_�bkke_^h\Zgby�lj_[mxl�jZajZ[hldb�fZl_fZlbq_kdbo�fh^_e_c�
\aZbfh^_ckl\by�\h^hjh^Z�k�l\_j^uf�l_ehf�b�f_lh^h\�bo�iZjZf_ljbq_kdhc�b^_glbnbdZ�
pbb��<�jZ[hl_�jZkkfZljb\Zxlky�aZ^Zqb�k�ih^\b`ghc�]jZgbp_c��fh^_ebjmxsb_�dbg_lb�
dm�\u^_e_gby�\h^hjh^Z�ba�]b^jb^Z�f_lZeeZ�k�mq_lhf�^bgZfbdb�f_`nZah\h]h�i_j_oh^Z�b�
^_khj[pbhgguo�ijhp_kkh\�gZ�ih\_joghklb��Ijb�jZaebqguo�^hims_gbyo�ij_^klZ\e_gu�
fh^_eb� ijbf_gbl_evgh� d� wdki_jbf_glZevghfm� f_lh^m� l_jfh^_khj[pbhgghc� ki_dljh�
f_ljbb� �L>K���H[jZa_p�ihjhrdhh[jZagh]h�]b^jb^Z�f_lZeeZ�ihf_sZxl�\�dZf_jm�k�ih�
ke_^mxsbf� ihklhygguf� \Zdmmfbjh\Zgb_f� b� hlghkbl_evgh� f_^e_gguf� gZ]j_\hf��
<gmlj_gg_�]b^jb^gh_�y^jh�qZklbp�k`bfZ_lky��Z�kgZjm`b�gZjZklZ_l�dhjdZ�f_lZeeZ�k�jZk�
l\hj_gguf�\h^hjh^hf��GZ�ih\_joghklb�Zlhfu�\h^hjh^Z�j_dhf[bgbjmxl�\�fhe_dmeu�b�
^_khj[bjmxlky�� K ihfhsvx� fZkk-ki_dljhf_ljZ� hij_^_ey_lky� ^_khj[pbhgguc� ihlhd�
\h^hjh^Z� b� hp_gb\Zxlky� dbg_lbq_kdb_� iZjZf_lju�fh^_eb��>bZiZahg� \ukhdhl_fi_jZ�
lmjguo�ibdh\�L>K-ki_dljZ�iha\hey_l�h]jZgbqblvky�deZkkhf�h[udgh\_gguo�^bnn_j_g�
pbZevguo�mjZ\g_gbc��kqblZy�^bnnmabx�[ukljhc��>ey�\ZjbZglh\�k�h[t_fghc�b�ih\_jo�
ghklghc�^_khj[pb_c�ijb\_^_gu�j_amevlZlu�\uqbkebl_evguo� wdki_jbf_glh\��<�jZa\b�
lb_�jZ[hlu� >�@�\�^hdeZ^_�ij_^klZ\e_gu�fZl_fZlbq_kdb_�fh^_eb�k�mq_lhf�\ebygby�^_�
n_dlh\�kljmdlmju�f_lZeeZ�b�k`Zlby�qZklbp�ihjhrdZ�]b^jb^Z�\�ijhp_kk_�^_]b^jbjh\Z�
gby��Ihke_^g__�k\yaZgh�k�i_j_kljhcdhc�j_r_ldb�gZ�^\b`ms_cky�]jZgbp_�jZa^_eZ�nZa� 

 
1. AZbdZ�X�<���Jh^q_gdh\Z�G�B���Fh^_ebjh\Zgb_�\ukhdhl_fi_jZlmjgh]h�L>K-ki_dljZ�

^_]b^jbjh\Zgby�� ���H[haj_gb_� ijbdeZ^ghc� b� ijhfure_gghc�fZl_fZlbdb�� ������ l��
����\ui�����F�����-809. 

 
 

BKKE?>H<:GB?�<HA>?CKL<BY�WE?DLJHF:=GBLGH=H�
BAEMQ?GBY�G:�=HEH<M�Q?EH<?D: 

GbdheZ_\Z�?�X��RhrbZr\beb�E��R�� 

L[bebkkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��B\��>`Z\Zobr\beb��=jmaby 

<ha^_ckl\b_�We_dljhfZ]gblgh]h��WF��baemq_gby�gZ�hj]Zgbaf�q_eh\_dZ�hij_^_�
ey_lky�ih]ehs_gghc�\�g_f�WF�wg_j]b_c��dhlhjZy�\�hj]Zgbaf_�ij_\jZsZ_lky�\�l_ieh\mx�
wg_j]bx��Ba\_klgh�lZd`_��qlh�djhf_�l_ieh\h]h�\ha^_ckl\by�WF�ihe_�\uau\Z_l��iheyjb�
aZpbx�fhe_dme� ldZg_c� l_eZ� q_eh\_dZ�� i_j_f_s_gb_� bhgh\�� j_ahgZgk�fZdjhfhe_dme� b�
[bheh]bq_kdbo� kljmdlmj�� kihkh[kl\mxsb_� ihy\e_gbx� g_`_eZl_evguo� wnn_dlh\��Ijb�
bgl_gkb\ghf�bklhqgbd_��d�ijbf_jm��fh[bevghf�l_e_nhg_��jZpbb��f_lZ[hebq_kdb_�ijh�
p_kku�hj]ZgbafZ��ihlhd�djh\b� µg_�mki_\Zxl¶�kdhfi_gkbjh\Zlv�^hihegbl_evgh_�gZ]j_�
\Zgb_�b�khojZgblv�l_fi_jZlmjm�ijb_fe_fmx�^ey�hj]ZgbafZ��<�gZklhys__�j_fy�bamq_�
gb_�wlbo�y\e_gbc�y\ey_lky�ZdlmZevghc�ijh[e_fhc�� 

<� ^Zgghc� jZ[hl_�bamq_gh� \ebygby� \g_rg_]h�WF�ihey�gZ� ]heh\m� q_eh\_dZ�ijb�
jZaebqguo�agZq_gbc�iehlghklb�wg_j]bb�iZ^Zxs_]h�ihey�k�mq_lhf�l_jfbq_kdco�b�f_lZ�
[hebq_kdbo� y\e_gbc��mdZaZgZ� \Z`ghklv�ijh^he`bl_evghklb� \ha^_ckl\by�WF�ihey��GZ�
fh^_eb�� [ebadhc� d� j_Zevghc� ]heh\_�� fu� bamqbeb� aZ\bkbfhklv� iheghc� ih]ehs_gghc�
wg_j]bb�b�SAR-Z� �SAR – Specific Absorption Rate� >�@��hl�^bZiZahgZ�qZklhl��jZaebqghc�
nhjfu� ]heh\u�b�jZaf_jh\��g_h^ghjh^ghkl_c��Fu�bkihevah\Zeb��dhg_qgh-�jZaghklguc�
f_lh^�\h�\j_f_gghc�h[eZklb�>�@��Bkke_^h\Zgby�ihdZaZeb��qlh�\ha^_ckl\b_�baemq_gby�gZ�
fha]�q_eh\_dZ�g_agZqbl_evgh��ihkdhevdm�fha]�wdjZgbjh\Zg�q_j_ighc�dhjh[dhc�b�bf__l�
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jZa\blmx�djh\_ghkgmx�kbkl_fm��H^gZdh��g_kfhljy�gZ�wlh��ijb�\hajZklZgbb�\j_f_gb�b�
iehlghklb�wg_j]bb�h[emq_gby�k\ur_����f<�kf2

��\�[_ehf�b�k_jhf�\_s_kl\Zo�fh`_l�gZ�
[ex^Z_lky�jhkl�fZdkbfZevghc�l_fi_jZlmju��Wlh�\hafh`gh�ijb�\ukhdhc�ghjf_�f_lZ[h�
ebq_kdbo� ijhp_kkh\� b� ijb� h]jZgbq_gbb�f_oZgbafZ� l_jfhj_]meypbb��OjmklZebd� ]eZaZ�
`_�� dhlhjuc� g_� hfu\Z_lky� djh\vx�� ijb� agZqbl_evghf�WF� \ha^_ckl\bb�fh`_l� jZajm�
rZlvky��Wlb� baf_g_gby�� dZd� ijZ\beh�� g_h[jZlbfu��Wlb� b� ^jm]b_� y\e_gby� [m^ml� jZk�
kfhlj_gu�\�^hdeZ^_� 

<� eZ[hjZlhjbb� ijbdeZ^ghc� we_dljh^bgZfbdb� �http://lae.ictsu.tsu.edu.ge/�� kha^Zg�
ijh]jZffguc� iZd_l�� k�ihfhsvx� dhlhjh]h�ijh\h^bebkv� jZkqzlu�b� \bamZebabjh\Zebkv�
j_amevlZlu�bkke_^h\Zgbc� 

 
 

1. Allen Taflove, Susan C.Hagness. «Computational Electrodynamics the FDTD method», 
2000. 

2. P.Bernardi, S.Pisa. «Specific Absorption Rate and Temperature Increases in the head of 
Cellular-Phone User», IEEE Trans. Microwave Theory Tech., Vol. 48, pp 1118-1126. 
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Jbk�����Ko_fZ�jZajy^ghc�dZf_ju

Jbk����Ijhnbev�aZk\_ldb�nhlhbah[jZ`_gby�
jZajy^Z�

 

 

 

 

 

M>D���������� 

G:GHK?DMG>G:Y�BHGBA:PBY�H;E:KLB 
I?J?>�M>:JGHC�<HEGHC  

*∗)Dhjhl__\�>�:� 

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

GZghk_dmg^guc�h[tzfguc�jZajy^�hdZau\Z_l�kms_kl\_ggh_�\ebygb_�gZ�iZjZf_l�
ju�]Zah^bgZfbq_kdh]h�l_q_gby�>�@��Bgbpbbjh\Zgb_�bfimevkgh]h�jZajy^Z�\_^zl�d�h[jZ�
ah\Zgbx�^hihegbl_evguo�jZaju\guo�kljmdlmj�\�ihlhd_��Bamq_gb_�kljmdlmju�h[eZklb�
gZghk_dmg^ghc�bhgbaZpbb�iha\hey_l�^_eZlv�hp_gdb�\ebygby�jZajy^Z�gZ�ihlhd�  

<� ^Zgghc� jZ[hl_� bkke_^h\ZeZkv�
bhgbaZpby�h[eZklb�iehkdhc�m^Zjghc�\hegu�
�M<�� \� m^Zjghc� ljm[_� gZ� hkgh\_�
bfimevkgh]h� h[t_fgh]h� jZajy^Z� k�
ij_^uhgbaZpb_c� MN� baemq_gb_f� hl�
ieZaf_gguo� ebklh\�� Wdki_jbf_glZevgh�
jZajy^�[ue�j_Zebah\Zg�\�jZajy^ghc�dZf_j_�
�jbk�����khkludh\Zgghc�k�m^Zjghc�ljm[hc�k�
dZgZehf� ijyfhm]hevgh]h� k_q_gby� ��o���
ff��>ebgZ�ieZaf_gguo�ebklh\��we_dljh^h\��
khklZ\eyeZ� ����ff��>bZiZahg�bkke_^m_fuo�
qbk_e�FZoZ� M=2-5�� Ihke_� ij_^uhgbaZpbb�
MN� baemq_gb_f� ih\_joghklgh]h� jZajy^Z�
ih^`b]Z_lky� h[tzfguc� jZajy^�� \j_fy�
k\_q_gby� dhlhjh]h� khklZ\ey_l� ���-���� gk��
J_]bkljZpby� k\_q_gby� jZajy^Z�
ijhba\h^blky� \� ihfhsvx� nhlhdZf_j�� <�
hlkmlkl\bb M<� \� jZajy^ghf� ijhf_`mld_�
gZ[ex^Z_lky� ^hklZlhqgh� h^ghjh^gh_�
k\_q_gb_�� Ijb� gZebqbb� M<� \� jZajy^ghf�
ijhf_`mld_� gZ[ex^Z_lky� kZfhehdZebaZpby 
h[tzfgh]h�jZajy^Z�\�h[eZklb�ihgb`_ggh]h�
^Z\e_gby�i_j_^�njhglhf�M<�>�@�  

GZ�nhlh]jZnbyo�bgl_]jZevgh]h� k\_�
q_gby� jZajy^Z� ijb� o=20-70� ff (x-
dhhj^bgZlZ� njhglZ� M<� \� fhf_gl� jZajy^Z�
hlghkbl_evgh� gZqZeZ� jZajy^ghc� ahgu�� hl�
qzleb\h� ijhkfZljb\Zxlky� �� oZjZdl_jgu_�

                                                           
*∗��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�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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Jbk�����AZ\bkbfhklv�fZdkbfmfZ
bgl_gkb\ghklb�k\_q_gby�hl�dhhj^bgZlu

njhglZ�M<

�

Jbk�����AZ\bkbfhklv�bgl_gkb\ghklb�
k\_q_gby�\�h[eZklb�jZ\ghf_jghc�

aZk\_ldb�hl�dhhj^bgZlu�njhglZ�M<�

�

Jbk�����AZ\bkbfhklv�mkj_^g_gghc�ih�
k\_lys_fmky�mqZkldm�bgl_gkb\ghklb�hl�

dhhj^bgZlu�njhglZ�M<�

h[eZklb� �jbk�� ����h[eZklv� ©ijb`Zlh]hª�d�njhglm�
k\_q_gby� ��� h[eZklv� jZ\ghf_jghc� aZk\_ldb� �� b�
h[eZklv� iZ^_gby� bgl_gkb\ghklb� �� gZ� dhgp_�
jZajy^ghc� ahgu� ��� Ih^h[gZy� g_h^ghjh^ghklv�
k\_q_gby� �kdZqhd� bgl_gkb\ghklb�gZ�njhgl_�M<��
fh`_l� h[mkeZ\eb\Zlvky� l_f�� qlh� we_dljbq_kdZy�
ijh\h^bfhklv� kj_^u� σ�� y\eyxsZyky� nmgdpb_c�
E/N (E-�gZijy`zgghklv� we_dljbq_kdh]h�ihey��N- 
dhgp_gljZpby��gZ�njhgl_�M<� �]^_�∆N/N ihjy^dZ�
103-104�� bkiulu\Z_l� j_adbc� kdZqhd�� Wlh�
ijb\h^bl�d�i_j_jZkij_^_e_gbx�kgZqZeZ�lhdZ�ih�
\_joghklgh]h� jZajy^Z�� Z� aZl_f� b� h[tzfgh]h� >�@��
Djhf_� lh]h�� i_j_jZkij_^_e_gb_� ih\_joghklgh]h�
lhdZ� y\ey_lky� ijbqbghc� kly]b\Zgby� hkgh\ghc�
fZkku�ij_^uhgbah\Zggh]h�]ZaZ�\�h[eZklv�gbadh]h�
^Z\e_gby�� qlh� lZd`_� kihkh[kl\m_l� jZa\blbx�
h[tzfgh]h� jZajy^Z� i_j_^� njhglhf� M<��
Nhlh]jZnbb� k\_q_gby� ih\_joghklgh]h� jZajy^Z�
ijb� gZebqbb� M<� \� jZajy^ghf� ijhf_`mld_�
ih^l\_j`^Zxl� wlh� ij_^iheh`_gb_� Ijb� ZgZeba_�
ijhnbe_c� aZk\_ldb� nhlh]jZnbc� ihemq_gu�
ke_^mxsb_�aZdhghf_jghklb� 
• Wdki_jbf_glZevgu_� aZ\bkbfhklb�
fZdkbfZevgh]h� agZq_gby� bgl_gkb\ghklb� k\_�
q_gby� ]ZaZ� \� h[eZklb� jZajy^Z� i_j_^� M<� hl�
jZkklhygby� x (o=20-60� ff��� ijhc^_ggh]h�
njhglhf� m^Zjghc� \hegu� ih� jZajy^ghc� ahg_�
[ebadb� d� ebg_cguf�� AgZq_gb_� d\Z^jZlZ�
dhwnnbpb_glZ� dhjj_eypbb� ebg_cghc�
ZiijhdkbfZpbb� ^ey q_lujzo� jZaebqguo� k_jbc�
dZ^jh\� khklZ\eyeh� �����-0,994. (jbk��
3)AZ\bkbfhklv� bgl_gkb\ghklb� k\_q_gby� \�
h[eZklb�jZ\ghf_jghc� aZk\_ldb�hl�hl�\ur_mdZ�
aZggh]h� jZkklhygby� x� \� wlhf� ^bZiZahg_� lZd`_�
ebg_cgZ� k� dhwnnbpb_glhf� dhjj_eypbb� ������
(jbk���). 

• JZa[jhk� agZq_gbc� mkj_^g_gghc� ih� \k_fm�
k\_lys_fmky� mqZkldm� bgl_gkb\ghklb� \� aZ\b�
kbfhklb� hl� x (x=20-120� ff�� khklZ\ey_l� g_�
[he__� ���� �jbk� �) (*).D\ZabklZpbhgZjgZy�

l_hjby�^\hcgh]h�we_dljbq_kdh]h�kehy�hdZaZeZkv�
g_ijbf_gbfhc�^ey�h[tykg_gby�gZebqby�h[eZklb�
©ijb`Zlh]hª�d�njhglm�k\_q_gby��>ey�^bZiZahgZ�
E/N�� j_Zebam_fh]h� gZ� \ur_hibkZgghc�

mklZgh\d_ [ueZ�ijh\_^_gZ�ijh\_jdZ�\uihegbfhklb�mkeh\by�;hfZ��^Z\rZy�hljbpZl_ev�
guc�j_amevlZl��>ey�j_r_gby�wlhc�ijh[e_fu�lj_[mxlky�^hihegbl_evgu_�wdki_jbf_glu�
b�l_hj_lbq_kdb_�baukdZgby�:gZebabjmy�k_jbb�dZ^jh\�b�hkpbeeh]jZff�lhdZ�jZajy^Z��kh�
hl\_lkl\mxsbo�bf��fh`gh�k^_eZlv�\u\h^�h�lhf��qlh�hkgh\gh_�\ebygb_�gZ�\j_f_ggmx�
aZ\bkbfhklv�kbeu�lhdZ� I(t) hdZau\Z_l�^Z\e_gb_�hldZqdb� �i_j_^�njhglhf�M<�� GZebqb_�
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beb� hlkmlkl\b_� \� jZajy^ghf� ijhf_`mld_� m^Zjghc� \hegu� ijb� g_baf_gguo� agZq_gbyo�
^Z\e_gby�hldZqdb�g_�kdZau\Z_lky�gZ�kljmdlmj_�hkpbeeh]jZff�lhdZ�dZd�\�dZq_kl\_gghf��
lZd�b�\�dhebq_kl\_gghf�hlghr_gbb��>Z`_�ijb�ijh[h_�q_j_a�madmx�h[eZklv�i_j_^�njhg�
lhf�m^Zjghc�\hegu��\ur_^r_c�ba�jZajy^gh]h�ijhf_`mldZ�x>100�ff�hkpbeeh]jZffZ�lh�
dZ� ijZdlbq_kdb� kh\iZ^Z_l� k� hkpbeeh]jZffhc� dZ^jZ�� khhl\_lkl\mxs_]h� hlkmlkl\bx�
m^Zjghc�\hegu�\�jZajy^ghf�ijhf_`mld_��Hlkx^Z��mqblu\Zy�����fh`gh�k^_eZlv�ij_^ih�
eh`_gb_� h� lhf�� qlh� aZ\bkbfhklv� m^_evgh]h� h[t_fgh]h� wg_j]h\deZ^Z� jZajy^Z� \� ihlhd�
[ebadZ�d�ebg_cghc�ijb�x=0-95�ff�b�ieZ\gh�i_j_oh^bl�\�dhgklZglm�^ey�x=100-120�ff. 

LZdbf�h[jZahf��gZ�hkgh\_�ZgZebaZ�jZkij_^_e_gby�k\_q_gby�bfimevkgh]h�jZajy^Z�
k^_eZgu� ij_^iheh`_gby�� hl� dhlhjuo� fh`gh� hllZedb\Zlvky�� jZkkfZljb\Zy� nhjfm� bf�
imevkgh]h� wg_j]h\deZ^Z� \� ]Zah^bgZfbq_kdbc� ihlhd�� >Zevg_crbc� ZgZeba iZjZf_ljh\�
jZajy^Z�iha\hebl�ihemqblv�l_hj_lbq_kdb�h[hkgh\Zggmx�fh^_ev�wg_j]h\deZ^Z��dhlhjZy��
\�qZklghklb��fh`_l�[ulv�bkihevah\ZgZ�^ey�qbke_ggh]h�jZkkqzlZ�\ebygby�gZghk_dmg^gh�
]h�jZajy^Z�gZ�ihlhd� 

 
1. AgZf_gkdZy�B�:���B\Zgh\�B�W���Djxdh\�B�:��Dmeb-AZ^_�L�:��Bfimevkguc�h[t_fguc�

jZajy^� k�ij_^uhgbaZpb_c� \� ^\mf_jghf� ]Zah^bgZfbq_kdhf�ihlhd_��@WLN� ������ 1�
�����L� 12. 10 

2. Gulu-zade T.A., Mursenkova I.V., Znamenskaya I.A. “Pulse Ionization of Shock Wave 
Surface”. 22th Int Symp on Shock Waves. Proc. 1999, London V.2. 

3. :enzjh\�<�B��Bkke_^h\Zgb_�kljmdlmju�we_dljbq_kdh]h�jZajy^Z�[hevrhc�fhsghklb�
\�\ukhdhkdhjhklghf�ihlhd_�]ZaZ��Ba\_klby�J:G��k_j��F@=��������� ���K�����-175. 

 
 

M>D��������������� 

BKKE?>H<:GB?�:KKHPB:PBB�F?LBE?GH<H=H�=HEM;H=H 
<�F:LJBP?�IHJBKLH=H�KL?DE:�K�J:AGUFB�J:AF?J:FB�IHJ 

Qm]Zjh\�>�I���=hj^__\Z�X�:� 

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

<�jZ[hl_�ij_^klZ\e_gu�j_amevlZlu�bkke_^h\Zgby�ijhp_kkh\�ZkkhpbZpbb�djZkb�
l_ey�f_lbe_gh\uc�]hem[hc� �F=���Z^khj[bjh\Zggh]h�\�fZljbp_�kbebdZlgh]h�ihjbklh]h�
kl_deZ��IK��k�jZagufb�jZaf_jZfb�ihj��\�kjZ\g_gbb�k�ZkkhpbZpb_c�\�bkoh^guo�wlZghev�
guo� jZkl\hjZo�� ba� dhlhjuo� ijhbkoh^beZ� Z^khj[pby� \�IK��Ba\_klgh�� qlh�gZebqb_� eh�
dZevguo�h[eZkl_c�k�ih\ur_gghc�dhgp_gljZpb_c�Zdlb\guo�fhe_dme�djZkbl_ey�\_^_l�d�
jhklm�wnn_dlb\ghklb�ZkkhpbZpbb��Ijb�m\_ebq_gbb�dhgp_gljZpbb�djZkbl_ey�\�ki_dljZo�
ih]ehs_gby� ihy\ey_lky� \lhjhc� fZdkbfmf�� khhl\_lkl\mxsbc� ih]ehs_gbx� ^bf_jguo�
fhe_dme�>�@�� 

>ey�bkoh^guo�wlZghevguo�jZkl\hjh\�b�q_luj_o�lbih\�IK�k�jZagufb�jZaf_jZfb�
ihj�wdki_jbf_glZevgh�[ueb�ihemq_gu�aZ\bkbfhklb�ih]ehs_gby�F=�hl�dhgp_gljZpbb��
Kj_^gbc�jZ^bmk�ihj�\�bkke_^m_fuo�h[jZapZo�IK�khklZ\be�����gf������gf������gf�b�����
gf� >�@��Dhgp_gljZpby�F=�\�bkoh^guo�wlZghevguo�jZkl\hjZo��ba�dhlhjuo�ijhbkoh^beZ�
Z^khj[pby��\hajZklZeZ�hl��o��-5 fhev�e�^h��o��-4 fhev�e��Ki_dlju�ih]ehs_gby�F=�\�IK�
j_]bkljbjh\Zebkv�gZ�ijb[hj_� ³Perkin Elmer Lambda� ��´�ihke_�bkiZj_gby� wlZgheZ��Ba�
wdki_jbf_glZevguo�^Zgguo�[ueZ�hij_^_e_gZ�^hey�fhghf_jh\�b�Zkkhpbbjh\Zgguo�fh�
e_dme�F=��^bf_jh\��\�jZkl\hjZo�b�Z^khj[bjh\Zgguo�\�IK�� 
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Ihemq_ggu_� ^Zggu_� iha\heyxl� ml\_j`^Zlv�� qlh� Z^khj[pby� \� IK� ijb\h^bl� d 

jhklm� kl_i_gb� ZkkhpbZpbb� ��-O��fhe_dme�djZkbl_ey�� lh]^Z�dZd�\� wlZghevghf�jZkl\hj_�
ijb�^Zgguo�dhgp_gljZpbyo�djZkbl_ey�agZq_gb_�kl_i_gb�ZkkhpbZpbb�__�]jZ^b_gl�ijZd�
lbq_kdb�g_�f_gy_lky��Kl_i_gv�ZkkhpbZpbb�g_�aZ\bkbl�hl�jZ^bmkZ�ihj�b�\hajZklZ_l�k�jhk�
lhf�dhgp_gljZpbb�djZkbl_ey�\�IK� 

LZd�dZd�ijhp_kku� ZkkhpbZpbb�bkke_^h\Zebkv�\�h[eZklb�dhgp_gljZpbc�djZkbl_�
e_c�� ]^_�h[jZamxlky�ijhklu_� ZkkhpbZlu� �^bf_ju���oZjZdl_jbklbdhc�kljmdlmju�lZdh]h�
ZkkhpbZlZ�fh`_l� kem`blv� m]he� 3�f_`^m� iehkdhklyfb� h[jZamxsbfb� _]h�fhe_dmeZfb�
djZkbl_ey��dhlhjuc�fh`gh�jZkkqblZlv�ih�nhjfme_�>�@� 

 
]^_��d�b��^ -�fhf_glu�we_dljhggh]h�i_j_oh^Z�^ey�dhjhldh\hegh\hc�b�^ebggh\hegh\hc�
ihehk�ih]ehs_gby�^bf_jZ��\uqbkey_fu_�k�ihfhsvx�khhlghr_gby 

 
]^_�.�����-�ki_dlj�ih]ehs_gby�khhl\_lkl\mxs_c�dhfihg_glu� 

����

����

����

����

����

����

����

� � � � � � �

5ihj�gf

3
��
]j
Z
^
�

  
 

1. E_\rbg�E�<���KZe_pdbc�:�F��Exfbg_kp_gpby�b�__�baf_j_gby��Fhkd\Z��������k� 118-
120 

2. FZamjbg�H�<���Jhkdh\Z�=�I���:\_jvygh\�<�B���:gljhih\Z�L�<��>\monZagu_� kl_deZ��
kljmdlmjZ��k\hckl\Z��ijbf_g_gb_��E_gbg]jZ^������ 

3. D_pe_� =�:��� E_\rbg� E�<��� F_evgbdh\� =�<��� KZe_pdbc� :�F�� �Ki_dljZevgh-
exfbg_kp_glgh_� bkke_^h\Zgb_� khev\ZlZpbb� fhe_dme� whabgZ� \� \h^gh-kibjlh\uo�
kf_kyo����@IK��������L�����1���k����-751 

 

Jbk���� AZ\bkbfhklv� m]eZ�f_`^m�
fhghf_jgufb� fhe_dmeZfb� \�
^bf_jZo�F=�� Z^khj[bjh\Zgghf�
\�IK��hl�jZ^bmkZ�ihj 

Jbk�� ��� AZ\bkbfhklv� kl_i_gb� Zkkh�
pbZpbb� ���� b� m]eZ� f_`^m� fhghf_j�
gufb� fhe_dmeZfb� ���� \� ^bf_jZo� hl
dhgp_gljZpbb�F=�\�IK 
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M>D���������� 

HP?GD:�BGL?GKB<GHKLB�KE:;UO�<HAFMS?GBC 
HL�IE:AF?GGUO�EBKLH<�<�K<?JOA<MDH<HF�IHLHD? 

EZlnmeebg�>�N� 

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

Ijb�bgbpbbjh\Zgbb� we_dljbq_kdbo�jZajy^h\� \� ]Zah\hc� kj_^_�jZa\b\Zxlky� \ha�
fms_gby��\ua\Zggu_�[ukljuf�\\_^_gb_f�wg_j]bb�\�h[t_f��Bkihevah\Zgb_�hilbq_kdbo�
f_lh^h\� \bamZebaZpbb� \� dhfie_dk_� k� kh\j_f_ggufb�dhfivxl_jgufb�f_lh^Zfb�h[jZ�
[hldb�bah[jZ`_gbc�^Z_l�\hafh`ghklv�[he__�ihegh]h�bkke_^h\Zgby�^bgZfbdb�g_h^gh�
jh^ghkl_c�\�ahg_�]Zah\h]h�jZajy^Z��H^gbf�ba hkgh\guo�f_lh^h\�j_]bkljZpbb�y\ey_lky 
l_g_\hc� f_lh^�� qm\kl\bl_evghklv� dhlhjh]h� iha\hey_l� \bamZebabjh\Zlv� \hafms_gby� k�
^hklZlhqguf� baf_g_gb_f� iehlghklb� >�@�� G_h^ghjh^ghklb� ijb� h^bgZdh\uo� ijb_fZo�
ahg^bjh\Zgby�]Zah\hc�kj_^u��gh�ijb�jZaebqguo�mkeh\byo�__�khklhygby��\�h^gbo�kemqZyo�
hlq_leb\h�\b^gu�gZ�ihemq_gguo�bah[jZ`_gbyo��Z�\�^jm]bo�hlkmlkl\mxl��LZdZy�kblmZ�
pby�gZ[ex^Z_lky�ijb�\bamZebaZpbb�m^Zjguo�\heg�hl�bfimevkgh]h�kdhevays_]h�jZajy^Z�
lbiZ�ieZaf_ggh]h�ebklZ�\�g_ih^\b`ghf�\ha^mo_�b�\�k\_joa\mdh\hf�ihlhd_��P_ev�jZ[h�
lu�–�hp_gblv�bgl_gkb\ghklv�\hafms_gbc�hl�ieZaf_gguo�ebklh\�\�k\_joa\mdh\hf�ihlh�
d_�b�gZclb�djbl_jbc�\b^bfhklb�wlbo�\hafms_gbc�� 

Wdki_jbf_glu� ijh\h^bebkv� gZ� m^Zj�
ghc�ljm[_�k�jZajy^ghc�k_dpb_c�>�@��IeZaf_g�
gu_� ebklu�� ij_^klZ\eyxsb_� kh[hc� kbkl_fm�
kdhevaysbo�ih�ih\_joghklb�^bwe_dljbdZ�dZ�
gZeh\� >�@�� jZaf_jhf� ��×100 ff2� bgbpbbjh�
\Zebkv� gZ� ^\mo� ijhlb\hiheh`guo� kl_gdZo�
jZ[hq_c�k_dpbb�gZ�jZkklhygbb 24 ff�^jm]�hl�
^jm]Z��GZ�we_dljh^u�ih^Z\Zehkv�bfimevkgh_�
gZijy`_gb_� ��� d<�� >\_� ^jm]b_� ijhlb\hih�
eh`gu_�kl_gdb�jZ[hq_c�k_dpbb�m^Zjghc�ljm�
[u�ij_^klZ\eyeb�kh[hc iehkdhiZjZee_evgu_�
d\Zjp_\u_�klzdeZ��dZgZe�jZ[hq_c�k_dpbb�k_�
q_gb_f� ��×48 f2� y\eyeky� ijh^he`_gb_f� dZ�
gZeZ�dZf_ju�gbadh]h�^Z\e_gby�m^Zjghc�ljm�
[u��JZ[hqbf�]Zahf�kem`be�\ha^mo�ijb�^Z\e_gbb�^h�����lhjj� 

>ey� \bamZebaZpbb� \hafms_gbc� \� ahg_� jZajy^Z� ijbf_gyeZkv� ijhklZy� l_g_\Zy� b�
rebj_g-�f_lh^bdZ��<�dZq_kl\_�^bZ]ghklbjmxs_]h�baemq_gby�bkihevah\Zeky�fgh]hfh�
^h\uc� jm[bgh\uc� eZa_j� H=F-��� k� iZjZf_ljZfb�� ? = 0.64 >`�� τ1/2 = 20 gk��
λ = 0.6943 fdf��Ko_fZ� kbgojhgbaZpbb� iha\heyeZ� ahg^bjh\Zlv� jZajy^guc� h[t_f� \� bg�
l_j\Ze_�aZ^_j`db�� ÷ 100 fdk�hlghkbl_evgh�bfimevkZ�lhdZ�kdhevays_]h�jZajy^Z� 

:gZeba�^bgZfbdb�ijbwe_dljh^guo�m^Zjguo�\heg��hl�ieZaf_gguo�ebklh\��ijhba�
\_^_gguc�ih�l_g_\uf�b�rebj_g-bah[jZ`_gbyf�ihdZaZe� >2@��qlh�bgl_gkb\ghklv�\hafm�
s_gbc�khklZ\ey_l�F\ §������GZ�l_g_\hf�bah[jZ`_gbb��jbk�����\b^_g gZ[hj�ihempbebg^�
jbq_kdbo�m^Zjguo�\heg�hl�ieZaf_gguo�ebklh\�k�h[jZah\Zgb_f�d\Zabiehkdh]h�njhglZ��
Bah[jZ`_gb_�ihemq_gh�q_j_a����fdk�ihke_�bgbpbbjh\Zgby�jZajy^Z�\�g_ih^\b`ghf�\ha�
^mo_��>Zgghfm� qbkem�FZoZ� khhl\_lkl\m_l� i_j_iZ^� l_fi_jZlmju� gZ�njhgl_ KT 75=∆  
�ih� khhlghr_gbyf� JwgdbgZ-=x]hgbh��� :[khexlgh_� baf_g_gb_� iehlghklb� gZ� njhgl_�

Jbk�� ���M^Zjgu_� \hegu� hl� ieZaf_gguo� ebk�
lh\��Iehlghklv�ρ0 = 0.17 d]�f3, T0� �����D 
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m^Zjghc�\hegu�khklZ\ey_l� 312.00 f
d]=∆ρ . DZd�\b^gh�ijb�lZdhf�baf_g_gbb�iehlghklb�

iheh`_gb_�njhglh\� m^Zjguo� \heg� hl� ieZaf_gguo� ebklh\� hlq_leb\h� \bamZebabjm_lky�
l_g_\uf�f_lh^hf��kf��jbk���� 

<�lh�`_�\j_fy�\�k\_joa\mdh\hf�ihlhd_�k�lZdbf�`_�agZq_gb_f�^Z\e_gby��dZd�\�g_�
ih^\b`ghf�]Za_��\hafms_gby�hl�kdhevaysbo�jZajy^h\�g_�\bamZebabjmxlky�l_g_\uf�f_�
lh^hf�>�@��LZd��gZijbf_j��kimlguc�ihlhd�aZ�iehkdhc�M<�k�qbkehf�FZoZ�F0� �����bf__l�
iZjZf_lju� KT 952≈ , F = 1.47, 311.0

f
d]=ρ ��Ijb�wlbo�mkeh\byo�]heh\gZy�m^ZjgZy�\he�

gZ i_j_^�h[l_dZ_fhc�fh^_evx�\bamZebabjm_lky��Z�\hafms_gby��b^msb_�hl�ieZaf_gguo�
ebklh\�� hlkmlkl\mxl�� Hp_gdZ� baf_g_gby� iehlghklb� gZ� njhgl_� ]heh\ghc� \hegu� ^Z_l�

308.0
f

d]
=M< =∆ρ ��qlh�gZ�����f_gvr_�agZq_gby� 0ρ∆ ��Hp_gbf�baf_g_gb_�iehlghklb�gZ�

njhgl_�\hafms_gbc�hl�ieZaf_gguo�ebklh\�^ey�wlbo�mkeh\bc�\�k\_joa\mdh\hf�kimlghf�
ihlhd_�k�qbkehf�FZohf�F = 1.47��Ij_^iheh`bf��qlh�wg_j]h\deZ^�\�kdhevaysbc�jZajy^�
^Z_l�lZdh_�`_�baf_g_gb_�l_fi_jZlmju�gZ�njhgl_��dZd�b�\�hlkmlkl\bb�ihlhdZ�� KT 75=∆ . 
Ihkdhevdm�l_fi_jZlmjZ�ihlhdZ KT 952≈  \ur_��q_f�\�g_ih^\b`ghf�\ha^mo_��lh�bgl_g�
kb\ghklv�\hafms_gby�\�ihlhd_�[m^_l�f_gvr_��F §��������Wlhfm�agZq_gbx�qbkeZ�FZoZ 

khhl\_lkl\m_l� f_gvrbc� i_j_iZ^� iehlgh�
klb�� b� baf_g_gb_� iehlghklb� gZ� njhgl_�
\hafms_gby�khklZ\ey_l� 302.0

f
d]=∆ρ ��qlh�

kms_kl\_ggh�f_gvr_� 0ρ∆ �b� =M<ρ∆ ��Hlkx�

^Z�fh`gh�ij_^iheh`blv��qlh�ijbf_gy_fZy�
l_g_\Zy�f_lh^bdZ�g_�iha\hebl�aZj_]bkljb�
jh\Zlv�\hafms_gby�hl�ieZaf_gguo�ebklh\�
ijb� [hevrbo� qbkeZo� FZoZ� gZ[_]Zxs_]h�
ihlhdZ� 

Hij_^_ebf�djbl_jbc�\bamZebaZpbb�
\hafms_gby� \� ihlhd_�� Ijh\_^_f� jZkq_l�
aZ\bkbfhklb� baf_g_gby� iehlghklb� gZ�
njhgl_�\hafms_gby�ijb�F\ = 1.12÷1.40 hl�
qbkeZ�FZoZ�gZ[_]Zxs_]h�ihlhdZ�ih�khhl�
ghr_gbyf� JwgdbgZ-=x]hgbh� ijb� jZaebq�
guo�agZq_gbyo�iehlghklb�ihlhdZ��J_amev�
lZlu� jZkq_lZ� ij_^klZ\e_gu� gZ� jbk� 2 
�kiehrgu_�ebgbb�� 

Qlh[u� \bamZebabjh\Zlv� keZ[u_�
\hafms_gby�� g_h[oh^bfh�� qlh[u� i_j_iZ^�
iehlghklb� \�ihlhd_�[ue�ih�djZcg_c�f_j_�
g_�f_g__������d]�f3 [4]��DZd�\b^gh�ba�]jZ�
nbdZ��^ey�ihlhdZ�k�iehlghklvx�\�ρ = 0.11 

d]�f3�\bamZebabjh\Zlv�keZ[u_�\hafms_gby�ijb�bkihevam_fhc�gZkljhcd_�l_g_\hc�ko_fu�
\hafh`gh� ijb� ^ha\mdh\uo� kdhjhklyo� ihlhdZ�� >ey� j_]bkljZpbb� wlbo� \hafms_gbc� \�
k\_joa\mdh\hf�ihlhd_�g_h[oh^bfh�m\_ebqb\Zlv�iehlghklv�gZ[_]Zxs_]h�ihlhdZ� 

LZdbf�h[jZahf��bgl_gkb\ghklv�\hafms_gbc�hl�ieZaf_gguo�ebklh\�\�k\_joa\mdh�
\hf�ihlhd_�aZ\bkbl�hl�iZjZf_ljh\�ihlhdZ��b�\hafh`gh�\bamZebabjh\Zlv�\hafms_gby�k�
qbkeZfb�FZoZ���2÷1.4�ijbf_gy_fuf�l_g_\uf�f_lh^hf�ijb� 311,00 f

d]≥ρ ��<�^ha\mdh\hf�

kimlghf� ihlhd_� \hafh`gZ� \bamZebaZpby� wlbo� \hafms_gbc� b� ijb�f_gvrbo� agZq_gbyo�
iehlghklb� 

 

Jbk�� ��� AZ\bkbfhklb� baf_g_gby� iehlghklb� gZ�
njhgl_�\hafms_gby�hl�qbkeZ�FZoZ�gZ[_]Zxs_�
]h� ihlhdZ� ijb� jZaebqghc� iehlghklb� ihlhdZ. 
ImgdlbjgZy� ebgby� h[hagZqZ_l� fbgbfZevguc�
i_j_iZ^� iehlghklb�� ijb� dhlhjhf� \bamZebabjh�
\Zebkv�\hafms_gby�[4]. 
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1. <Zkbev_\�E�:��L_g_\u_�f_lh^u��©GZmdZª�������]� 
2. AgZf_gkdZy�B�:���EZlnmeebg�>�N���Fmjk_gdh\Z�B�<� Bkke_^h\Zgb_�ih\_joghklguo�

jZajy^h\� �ieZaf_gguo� ebklh\�� \� m^Zjghc� ljm[_���� FZl_jbZeu� <k_jhkkbckdhc�
gZmqghc� dhgn_j_gpbb� ih� nbabd_� gbadhl_fi_jZlmjghc� ieZafu� �NGLI-2004). 
I_ljhaZ\h^kd��������K� 172 - 174. 

3. DZjeh\�G�<���Dmavfbg�=�I���Ijhohjh\�:�F��=ZahjZajy^gu_�eZa_ju�k�ieZaf_ggufb�
we_dljh^Zfb��Ba\_klby�:G�KKKJ��k_j��Nbabq_kdZy��������L� ����� ���K������-1436 

4. Kl_iZg_p� B�<�� Wdki_jbf_glZevgh_� bkke_^h\Zgb_� g_klZpbhgZjguo� ijhp_kkh\� ijb�
k\_joa\mdh\hf�h[l_dZgbb�l_e��>bkk��gZ�khbkd��mq��kl��dZg^��nba�-fZl��gZmd��F���������
159 k� 

 
 

M>D 547.530.1 
 

:G:EBA�>BWE?DLJBQ?KDBO�KI?DLJH<�F:DJHFHE?DME 
G:�HKGH<?�FH>?EB�FGH=HQ:KLBQGUO�<A:BFH>?CKL<BC 

∗);ZeZ[bg�J�F� 

Jhkkbckdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�g_nlb�b�]ZaZ�bf��B�F��=m[dbgZ 

<�ihke_^g__�\j_fy��\�k\yab�k�i_j_oh^hf�hl_q_kl\_gghc�g_nl_i_j_jZ[Zlu\Zxs_c�
ijhfure_gghklb� gZ� ly`zeh_� �kljmdlmjbjh\Zggh_�� kujvz�� gZ� i_j\uc� ieZg� \uoh^yl�
ij_^klZ\e_gby� h� g_nlb� b� g_nlyguo� kbkl_fZo� dZd� h� dheehb^gh-^bki_jkguo� h[t_dlZo� 
L_jfbg�g_nlygu_�^bki_jkgu_�kbkl_fu��G>K� ijbh[j_lZ_l�\kz�[hevrmx�ihimeyjghklv�
kj_^b� bkke_^h\Zl_e_c� b� l_ogheh]h\�� Ih^h[gh_� ij_^klZ\e_gb_� iha\hey_l� j_rblv� jy^�
\Z`guo�gZmqguo�b�l_ogheh]bq_kdbo�ijh[e_f��k\yaZgguo�k�kujhc�g_nlvx��ijh^mdlZfb�
g_nl_i_j_jZ[hldb�b�g_nl_obfbb� 

Kfhebklh-ZknZevl_gh\u_�\_s_kl\Z� �K:<� –�hkgh\gu_�Zkkhpbbjmxsb_ky�fhe_�
dmeu�g_nlb –�hij_^_eyxl�kljmdlmjm�G>K��<�j_amevlZl_�\g_rgbo�\ha^_ckl\bc�kljmdlm�
jZ�b� k\hckl\Z� wlbo�^bki_jkguo�kbkl_f�kihkh[gu� agZqbl_evgh�baf_gylvky��\ke_^kl\b_�
q_]h�f_gyxlky�b�nbabdh-obfbq_kdb_�k\hckl\Z�g_nlb. <Z`ghc�gZmqghc�aZ^Zq_c�y\ey_lky�
ij_^kdZaZgb_� j_amevlZlh\� ih^h[gh]h� \ha^_ckl\by� b�bkihevah\Zgb_�bo� \� l_ogheh]bq_�
kdbo�p_eyo� 

<hagbdgh\_gb_�gZ^fhe_dmeyjguo�kljmdlmj�K:<�\�g_nlyguo�kbkl_fZo�h[mkeh\�
e_gh�f_`fhe_dmeyjgufb�\aZbfh^_ckl\byfb�jZaebqghc�ijbjh^u��H^gbf�ba�nbabq_kdbo�
iZjZf_ljh\�� hij_^_eyxsbo� kihkh[ghklv� K:<� d� Z]j_]bjh\Zgbx�� y\ey_lky� ^bihevguc�
fhf_gl��?]h�gZebqb_�^Z_l�\hafh`ghklv�bkihevah\Zlv�f_lh^�^bwe_dljbq_kdhc�ki_dljh�
kdhibb��qlh�[ueh�ijh^_fhgkljbjh\Zgh�\�wlhc�jZ[hl_. 

>bwe_dljbq_kdb_� ki_dlju� ZknZevl_gh\�baf_jyebkv� \�jZaebqguo�jZkl\hjbl_eyo 
�[_gahe�b�lhemhe���ijb�jZaebqguo�dhgp_gljZpbyo������b����fZkk���b�l_fi_jZlmjZo (294 
b����.���Bgl_j\Ze�^Z\e_gbc�khklZ\eye�hl���^h��� 000�Zlf. 

>ey�bgl_jij_lZpbb�ihemq_gguo�qZklhlguo�aZ\bkbfhkl_c�^bwe_dljbq_kdhc�ijh�
gbpZ_fhklb�[ueb�bkihevah\Zgu�jZaebqgu_�fh^_eb�^bwe_dljbq_kdhc�j_eZdkZpbb� 

-�fh^_ev�>_[Zy 
-�fh^_ev�Dhme-DhmeZ 

                                                           
*∗��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc�gZ�ih^k_dpbb� 
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-�fh^_ev�>_\b^khgZ-DhmeZ 
-�fh^_ev�=Z\jbevydZ-G_]Zfb 
- kl_i_gghc�aZdhg�>`hgr_jZ 
L_hj_lbq_kdZy�bgl_jij_lZpby�iZjZf_ljh\�ihemq_gghc�fh^_eb�\hafh`gZ�gZ�hk�

gh\_�ij_^klZ\e_gbc�>bkkZ^h-ObeeZ�h�\gmljbdeZkl_jghf�b�f_`deZkl_jghf�\aZbfh^_c�
kl\bb��l_hjby�fgh]hqZklbqguo�\aZbfh^_ckl\bc���Z�lZd`_�l_hjbb�njZdlZeh\��Ih�\j_f_�
gb� j_eZdkZpbb� �iZjZf_lj�fh^_eb�� \hafh`gh� hij_^_e_gb_� oZjZdl_jgh]h� jZaf_jZ� Zkkh�
pbZlZ�� 

Ih�blh]Zf�jZ[hlu�k^_eZgu�\u\h^u�h�kljmdlmj_�b�\hafh`ghklb�j_]mebjh\Zgby�
k\hckl\�ZknZevl_gkh^_j`Zsbo�kbkl_f� 

 
 

M>D������������� 

WE?F?GL:JG:Y�L?HJBY�WNN?DL:�J:GD: 

G_dhnZj�D�O���FZcdh\�<�I� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bg`_g_jghc�wdheh]bb� 

Wnn_dl�JZgdZ, aZdexqZ_lky�\�jZa^_e_gbb�aZdjmq_ggh]h�ihlhdZ�]ZaZ�gZ�^\Z, h^bg�
ba�ihlhdh\�bf__l�l_fi_jZlmjm�gb`_��q_f�m�\oh^ys_]h�ihlhdZ��^jm]hc�–�\ur_��>ey�lh]h�
qlh[u�jZkkfhlj_lv� wnn_dl�JZgdZ�ij_^eZ]Z_lky�bkihevah\Zlv�g_ehdZevgmx� \_jkbx�
l_jfh^bgZfbdb� �d\Zglh\hl_jfh^bgZfbq_kdbc� ih^oh^��� jZajZ[hlZgguc�FZcdh\uf�
<�I�[1]. G_ehdZevgZy� \_jkby� l_jfh^bgZfbdb� �G<L�� ihkljh_gZ� gZ� ml\_j`^_gbb� h�
kms_kl\h\Zgbb�\�ijbjh^_�d\ZglZ� wgljhibb��jZ\gh]h�ihklhygghc�;hevpfZgZ��Lh]^Z�
ih� ZgZeh]bb� k� ^bkdj_lghc� wg_j]b_c�f_oZgbq_kdh]h�ijhbkoh`^_gby�fh`gh�\\_klb�
fZdjhkdhibq_kdbc�^bkdj_l�wg_j]bb�l_jfh^bgZfbq_kdhc�ijbjh^u�kT (k-fZdjh�d\Zgl�
wgljhibb��ihklhyggZy�;hevpfZgZ��L�- Z[khexlgZy�l_fi_jZlmjZ�� 

>Ze__�gZ�wlhc�hkgh\_�ijhba\h^blky�i_j_oh^�hl�^bnn_j_gpbZevgh�fZeuo�\_ebqbg�
d�\_ebqbgZf�nbabq_kdb�ij_^_evgh�fZeuf�b�knhjfmebjh\Zg�fbgbfZevguc�fZdjhkdh�
ibq_kdbc� h[t_f� í�fZdjhyq_cdZ�� d� dhlhjhfm� _s_�ijbf_gbf� l_jfh^bgZfbq_kdbc�f_�
lh^� FZdjhyq_cdm� fh`gh� jZkkfZljb\Zlv� dZd� dhjhldh`b\msbc� �f_jpZxsbc�� nb-
abq_kdbc� deZkl_j� — k\h_h[jZaguc� gZ^fhe_dmeyjguc� mjh\_gv� \� b_jZjobb� fZdjh-
kdhibq_kdhc�kbkl_fu� <�G<L�^hdZau\Z_lky��qlh�ijhp_^mjZ�fZdjhd\Zglh\Zgby�i_j_\h�
^bl�hibkZgb_�ba�h[eZklb�deZkkbq_kdh]h�klZlbq_kdh]h�jZ\gh\_kby�\�h[eZklv�^bgZfbq_�
kdh]h�jZ\gh\_kby��dh]^Z�fZdjhyq_cdZ�\aZbfh^_ckl\m_l�k�hdjm`_gb_f�aZ�kq_l�nemdlmZ�
pbc�� <� k\_l_� kdZaZggh]h� [ueh� ihemq_gh� ke_^mxs__� \ujZ`_gb_� ^ey� wnn_dlZ� JZg�

dZ 2/3( / )1 22 1
T T R R nα= , ]^_� . -� hlghkbl_evguc�fZkkh\uc�ihlhd� hoeZ`^Z_fh]h�ihlhdZ� d�

\oh^ghfm�ihlhdm�� Q-khhlghr_gb_�^Z\e_gby��bg^_dku� �� ��hlghkylky�d�\oh^ghfm�b�\u�
oh^ghfm� 

LZdbf�h[jZahf��\�ij_^eZ]Z_f�ih^oh^_��ihdZaZgh�fZdjhd\Zglh\Zy�ijbjh^Z�kms�
ghklb�wnn_dl�JZgdZ� 

 
1. FZcdh\� <�I�� jZkrbj_ggZy� \_jkby� deZkkbq_kdhc� l_jfh^bgZfbdb�� nbabdZ� ^bk�

dj_lgh]h�ijhkljZgkl\Z-\j_f_gb-F�:�F=MBW� 1997. 160 k� 
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M>D�532.7 

H;�H;J:AH<:GBB�J?=MEYJGUO�KLJMDLMJ 
G:�IH<?JOGHKLB�<H>U 

Hohlkdbc�:�<��J_agbdh\�:�<� 

KlZ\jhihevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�ihke_^gb_� ^_kylbe_lby� \gbfZgb_�mq_guo� \k_�[hevr_�ijb\e_dZxl�ijhp_kku��
ijhbkoh^ysb_�\�keh`guo�fgh]hdhfihg_glguo�kbkl_fZo��Ih\_^_gb_�lZdbo�kbkl_f�hib�
ku\Z_lky�h[uqgh�\�nZah\hf�ijhkljZgkl\_�\�hi_jZlhjghc�nhjf_ 

( ) ( )ot
txTtx = ,     (1) 

]^_� ( )tx  -�khklhygb_�kbkl_fu�\�fhf_gl�\j_f_gb� t , 
t

T  -�hi_jZlhj�w\hexpbb��Kbkl_fu��

^ey�dhlhjuo�hlh[jZ`_gb_�����hij_^_e_gh�^ey�ex[uo� ott > �gZau\Zxl�ihlhdZfb��\�ijh�

lb\ghf�kemqZ_�– dZkdZ^Zfb�k�^bkdj_lguf�\j_f_g_f�>�@� 
Ihlhdb�b�dZkdZ^u�\hagbdZxl�\�g_mklhcqb\uo�^bgZfbq_kdbo�kbkl_fZo��hkh[_ggh�

fgh]hdhfihg_glguo��b�ijb\h^yl�d�]b[_eb�h^gbo�nhjfZpbc�b�jh`^_gbx�gh\uo��mklhc�
qb\uo��<�l_o�kemqZyo��dh]^Z�gh\uc�j_`bf�j_adh�hlebqZ_lky�hl�ij_^u^ms_]h��]h\hjyl�h�
[bnmjdZpbyo��Ijbf_jhf� lZdh]h� i_j_oh^Z� fh`_l� kem`blv� ijhp_kk� h[jZah\Zgby� j_]m�
eyjguo�kljmdlmj�ijb�ihf_s_gbb�dZieb�lmrb�gZ�ih\_joghklv�\h^u�>�@� 

JZkkfhljbf�ijhp_kk�nhjfbjh\Zgby�^j_\h\b^ghc�kljmdlmju�dZieb�lmrb�gZ�ih�
\_joghklb�\h^u��<�_fdhklv�k�mklhy\r_cky�oheh^ghc�\h^hc�dZiZ_f�dZiex�lmrb��<�j_�
amevlZl_�gZ�ih\_joghklb�\h^u�h[jZam_lky�lhgdZy�ie_gdZ�lmrb��Ijbq_f�__�h[jZah\Zgb_�
y\ey_lky� g_h[oh^bfuf� ^ey� ^Zevg_cr_]h� kljmdlmjhh[jZah\Zgby��<Z`gh�� dZd� ihdZaZeb�
gZrb�wdki_jbf_glu��qlh�ie_gdZ�[m^_l�h[jZah\u\Zlvky�lhevdh�ijb�hij_^_e_gguo��e_]dh�
hp_gb\Z_fuo��khhlghr_gbyo�l_fi_jZlmj�^\mo�`b^dhkl_c�b�hij_^_e_gghf�mjh\g_�hqb�
kldb�\h^u�hl�ijbf_k_c��ijb�mkeh\bb�g_baf_gghklb�bo�iehlghkl_c��\yadhkl_c�b�ih^h[�
guo�oZjZdl_jbklbd��Ijb�\ukhdhc�l_fi_jZlmj_�\h^u�\kydh_�h[jZah\Zgb_�gZ�__�ih\_jo�
ghklb�jZajmrZ_lky�ih-\b^bfhfm�bgl_gkb\guf�[jhmgh\kdbf�^\b`_gb_f�fhe_dme�>�@� 

DZd�ihdZaZeb�gZ[ex^_gby��^ey�knhjfbjh\Z\r_cky�ie_gdb�oZjZdl_jgh�mf_gvr_�
gb_� iehlghklb� hl� p_gljZevghc� qZklb� d� ]jZgbp_�� >Ze__� gZ� ih\_joghklb� ihy\eyxlky�
yq_cdb� [_a� lmrb�� b� hgb� ijbf_jgh� k� h^bgZdh\hc� iehlghklvx� aZihegyxl� \kx� h[eZklv�
ie_gdb��<�wlh�`_�\j_fy�ba[ulhd�lmrb�kl_dZ_l�ba�p_gljZ�iylgZ�\�lhesm�\h^u��Yq_cdb�
ijh^he`Zxl�mdjmigylvky�b�\uly]b\Zxlky�ih�gZijZ\e_gbx�d�p_gljm��ijbq_f�bo�iehl�
ghklv�m\_ebqb\Z_lky�hl�p_gljZ�d�]jZgbp_��Ih-\b^bfhfm��fh`gh�]h\hjblv�h�kljmdlmjgh�
klb�iylgZ�lmrb��<�g_f�ih�ZgZeh]bb�fh`gh�\u^_eblv�djmigu_�©\_l\bª�b�b^msb_�hl�gbo�
oZjZdl_jgu_�[he__�f_edb_� ©hljhkldbª��H[jZah\ZggZy�kljmdlmjZ�y\gh bf__l�njZdlZev�
gmx� hj]ZgbaZpbx��:� kZf�ijhp_kk�bgl_j_k_g� hlkmlkl\b_f�g_ihkj_^kl\_ggh]h�ijblhdZ�
wg_j]bb�ba\g_��dZd�gZijbf_j��\�kemqZ_�yq__d�;_gZjZ��<hafh`gh�lZd`_��qlh�hij_^_eyx�
smx�jhev�\�nhjfbjh\Zgbb�©\_lhdª b]jZ_l�hlghkbl_evgh�gbadZy�l_fi_jZlmjZ�\h^u��qlh�
aZf_^ey_l�ijhp_kk�jZajmr_gby�kljmdlmju�� 

LZd`_�hlf_lbf��qlh�ijb�nhjfbjh\Zgbb�\lhjh]h�iylgZ�lmrb�jy^hf�k�bkoh^guf�
ijhbkoh^bl�qZklbqgh_�baf_g_gb_�kljmdlmju�i_j\h]h��Z�\lhjh_�dZd�[u�^hkljZb\Z_lky�d�
g_fm��l_f�g_�f_g__��g_�gZoh^ykv�\�g_ihkj_^kl\_gghf�k�gbf�khijbdhkgh\_gbb� 

Ih\_^_gb_�iylgZ� lmrb�gZ�ih\_joghklb� \h^u�hdZau\Z_lky� kms_kl\_ggh� aZ\bky�
sbf�hl�lhesbgu�kehy�\h^u� 
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��Ijb�lhesbg_�[hevr_���kf�\�kljmdlmj_�iylgZ�ihkl_i_ggh�ihy\eyxlky�k]mkldb�
lmrb��dhlhju_�h[jZamxl�jZ^bZevgh�gZijZ\e_ggu_�dZgZeu�ba�p_gljZ iylgZ�d�i_jbn_jbb��
l�_��h[jZam_lky�iheghp_ggh_�©^_j_\hª� 

���Ijb�f_gvr_c�lhesbg_�–�dZgZeu�h[jZamxlky�\�]jZgbqghf�keh_��gh�\�p_gljZev�
ghc�qZklb�ihy\eyxlky�a\_a^hh[jZagu_�ijh`bedb��qZklbqgh�kh_^bg_ggu_�f_`^m�kh[hc� 

Fh`gh� ij_^iheh`blv�� qlh� h[jZah\Zgb_� iheghp_gghc� ^j_\h\b^ghc� kljmdlmju�
ijhbkoh^bl�ba-aZ� lh]h��qlh� lmrv�m\e_dZ_lky� aZ�iZ^Zxs_c�fZkkb\ghc p_gljZevghc�qZ�
klvx�iylgZ�\�lhesm�\h^u��<hafh`gh�lZd`_�lh��qlh�\�\h^_�h[jZamxlky�keh`gu_�l_q_gby�
hl�ih\_joghklb� 

GZ�^Zgghf�wlZi_�bkke_^h\Zgby�fh`gh�ij_^iheh`blv��qlh�hibku\Z_fuc�ijhp_kk�
y\ey_lky�ijbf_jhf�g_dh_c�kZfhhj]ZgbaZpbb�qZklbp�kmki_gabb� �lmrb��gZ�ih\_joghklb�
`b^dhklb��;he__�^_lZevgh�ijhbkoh^ysb_�ijhp_kku�fh`gh�[m^_l�bamqblv�ijb�baf_g_�
gbb�mkeh\bc��khklhygby�\aZbfh^_ckl\mxsbo�kbkl_f��[he__�^_lZevghf� �fbdjhkdhibq_�
kdhf��gZ[ex^_gbb�ijhbkoh^ys_]h�k�bkihevah\Zgb_f�nhlh�b�\b^_hkt_fdb��Ihemq_ggu_�
ijb�wlhf�dhebq_kl\_ggu_�j_amevlZlu�iha\heyl�lZd`_�ijbklmiblv�d�jZajZ[hld_�l_hjbb�
ijhbkoh^ysbo�ijhp_kkh\� 

 
1. :gbs_gdh� <�K�� AgZdhfkl\h� k� g_ebg_cghc� ^bgZfbdhc�� –� F��� Bgklblml� dhfivx�

l_jguo�bkke_^h\Zgbc��– 2002 
2. Njheh\� X�=�� Dmjk� dheehb^ghc� obfbb�� Ih\_joghklgu_� y\e_gby� b� ^bki_jkgu_�

kbkl_fu��–�F���Obfby������ 
3. Ob^Z�L��;jhmgh\kdh_�^\b`_gb_��F���GZmdZ������ 

 
 

D<:ABOBFBQ?KDBC�DE:KL?JGUC�IH>OH> 
D�HIBK:GBX�DBG?LBDB�GMDE?:PBB 

:jlxobg�:�K� 

Fhkdh\kdbc�nbabdh-l_ogbq_kdbc�bgklblml��]��@mdh\kdbc 

HibkZgb_�gmde_Zpbb��ij_^dhg^_gkZpbb��y\ey_lky�h^gbf�ba�\Z`g_crbo�jZa^_eh\�
l_hjbb� dhg^_gkZpbb�� GZ� ^Zgguc� fhf_gl� kms_kl\m_l� [hevrh_� fgh]hh[jZab_� l_hjbc��
hibku\Zxsbo� wlm� klZ^bx�nZah\h]h� i_j_oh^Z��H^gZ� ba�gZb[he__�rbjhdh� jZkijhkljZ�
g_gguo�l_hjbc�gmde_Zpbb�–�deZkkbq_kdZy�l_hjby�–�[ueZ�ij_^eh`_gZ�\�gZqZe_�ijhreh]h�
\_dZ�Nhevf_jhf b�<_[_jhf��aZl_f�hgZ�^hihegyeZkv�b�mlhqgyeZkv�;_dd_jhf��>_jbg]hf��
Nj_gd_e_f�� A_ev^h\bq_f�b� ^j��Fh^bnbpbjh\ZggZy� deZkkbq_kdZy� l_hjby�^Z\ZeZ�ohjh�
r__�kh]eZkb_�k�wdki_jbf_glZfb�^ey�ijhp_kkh\��\�dhlhjuo�jZaf_ju�dhg^_gkbjmxsboky�
qZklbp�fh`gh� [ueh� k� ^hklZlhqghc� kl_i_gvx� lhqghklb� kqblZlv�fZdjhkdhibq_kdbfb�b�
khhl\_lkl\_ggh�ihevah\Zlvky�fZdjhkdhibq_kdbfb�iZjZf_ljZfb�ijb�hibkZgbb�y^_j�–�aZ�
jh^ur_c� dhg^_gkZpbb��H^gZdh� jZkoh`^_gby� k� wdki_jbf_glhf� klZgh\bebkv� [he__� aZ�
f_lgufb�ijb�mf_gvr_gbb�jZaf_jh\�dhg^_gkbjmxsboky�qZklbp��Lj_[h\Zeky�i_j_oh^�d�
fbdjhkdhibq_kdbf�iZjZf_ljZf�� hibku\Zxsbf� y^jZ�gmde_Zpbb��H^gbf�ba� j_r_gbc� \�
deZkkbq_kdhc�l_hjbb��gZijZ\e_gguo�gZ�mq_l�fbdjhkdhibqghklb�qZklbp��[ueh�\\_^_gb_�
ihijZ\hd�^ey�dhwnnbpb_glZ�ih\_joghklgh]h�gZly`_gby�\�aZ\bkbfhklb�hl�jZaf_jZ�dhg�
^_gkbjmxs_cky�qZklbpu��gZb[he__�ba\_klgZ�nhjfmeZ�Lhef_gZ�� 

<� ij_^eZ]Z_fhc� \� jZ[hl_� deZkl_jghc� fh^_eb� h[jZah\Zgb_� dhg^_gkbjmxsboky�
qZklbp��deZkl_jh\��ij_^klZ\ey_l�kh[hc�p_ihqdm j_Zdpbc�\b^Z�>�@� 
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MAMAA n

K

K
n

n
f

n
d

+⇔++ + 11

)(

)(
     

a^_kv nA –�deZkl_j�jZaf_jZ�Q�fhghf_jh\��Fhghf_jhf�fh`_l�[ulv�Zlhf�beb�fhe_dmeZ�
\_s_kl\Z�� 0� –� ex[Zy�fhe_dmeZ� beb� deZkl_j� ]Zah\hc�nZau�� .I�Q��� .G�Q��–� dhgklZglu�
ijyfhc�b�h[jZlghc�j_Zdpbc��1Q�–�dhgp_gljZpby�deZkl_jh\� 

LZdbf�h[jZahf��agZgb_�dhgklZgl�ijyfhc�b�h[jZlghc�j_Zdpbc�^Z_l�\hafh`ghklv�
ihemqblv�w\hexpbx�nmgdpbb�jZkij_^_e_gby�deZkl_jh\�ih�jZaf_jZf��Z�lZd`_�ihemqblv�
lZdhc� \Z`guc� iZjZf_lj�� dZd� kdhjhklv� gmde_Zpbb��Ih^h[gu_� p_ihqdb� j_Zdpbc� kljhb�
ebkv�b�\�deZkkbq_kdhc�l_hjbb��gh�ijbgpbibZevgh_�hlebqb_�deZkl_jgh]h�ih^oh^Z�aZdex�
qZ_lky�\�ihemq_gbb�dhgklZgl�ijyfhc�b�h[jZlghc�j_Zdpbc�k�mq_lhf�\k_o�fbdjhkdhibq_�
kdbo� oZjZdl_jbklbd� deZkl_jh\��LZd�� gZijbf_j�� \f_klh� ih\_joghklgh]h� gZly`_gby� bk�
ihevam_lky�jZkkqblu\Z_fZy�f_lh^Zfb�d\Zglh\hc�obfbb�wg_j]by�^bkkhpbZpbb�dZ`^h]h�
deZkl_jZ��Djhf_�lh]h��mqblu\Z_lky�gZebqb_�m�deZkl_jh\�[hevrh]h�dhebq_kl\Z�f_`fh�
e_dmeyjguo�dhe_[Zl_evguo�fh^� 

D\ZabjZ\gh\_kgZy�nmgdpby�jZkij_^_e_gby�deZkl_jh\�ih�jZaf_jm�^ey�ijb\_^_g�
ghc�j_Zdpbb [m^_l�bf_lv�\b^�>�@� 

∏
=

=
n

j
j

n
n TKNN

2
1

)0( )(
      

DhgklZglZ�jZ\gh\_kby�^ey�j_Zdpbb�deZkl_jbaZpbb�\uqbkey_lky�ijb�ihfhsb�f_�
lh^h\�klZlbklbq_kdhc�l_jfh^bgZfbdb�k�bkihevah\Zgb_f�ihemq_gguo�f_lh^Zfb�d\Zglh�
\hc�obfbb�kljmdlmjguo�b�wg_j]_lbq_kdbo�oZjZdl_jbklbd�deZkl_jh\�>�@�� 

IjbjZ\gb\Zy�d\ZabjZ\gh\_kgu_�nmgdpbb�jZkij_^_e_gby, ihemq_ggu_�ijb d\Zg�
lh\h-klZlbklbq_kdhf�deZkl_jghf�ih^oh^_�b�deZkkbq_kdhf�`b^dh-dZi_evghf�ijb[eb`_�
gbb�� gZc^zf� aZ\bkbfhklv� wnn_dlb\gh]h� dhwnnbpb_glZ� ih\_joghklgh]h� gZly`_gby� hl�
jZaf_jZ�deZkl_jZ�>�@ 
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a^_kv� û? (�-E2 –� jZaghklv� wg_j�
]bc� ^bkkhpbZpbb� deZkl_jZ� [_kdh�
g_qgh]h�jZaf_jZ�b�^bf_jZ����L�Q�– i-
y� dhe_[Zl_evgZy� fh^Z� deZkl_jZ�
jZaf_jhf� Q� fhghf_jh\��
Rn=¥,D,E,F�Q�Bd\Z^jZlguc� dhj_gv�
ba�ijhba\_^_gby�]eZ\guo�fhf_glh\�
bg_jpbb� deZkl_jZ� jZaf_jZ� Q�� �Q– 
dhwnnbpb_gl� kbff_ljbb� deZkl_jZ��
��7�–� kj_^g_klZlbklbq_kdZy� dhe_�
[Zl_evgZy�l_fi_jZlmjZ�� nr –�jZaf_j�

deZkl_jZ� >�@�� G_h[oh^bfh� hlf_�
lblv��qlh�^ey�deZkl_jh\�m`_�g_�\u�
ihegy_lky� aZ\bkbfhklv� 3~nr n , 

Jbk� ��� Wnn_dlb\guc� dhwnnbpb_gl� ih\_joghklgh]h�
gZly`_gby�deZkl_jh\�iZjh\�\h^u 
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bkihevah\Z\rZyky�\�deZkkbq_kdhc�`b^dh-dZi_evghc�fh^_eb��>ey�fZeuo�deZkl_jh\�iZ�
jh\�\h^u�wlZ�aZ\bkbfhklv�fh`_l�[ulv�Ziijhdkbfbjh\ZgZ�ke_^mxsbf�h[jZahf� 0.4

nr n� . 

Ijb� wlhf� ih\_joghklgh_� gZly`_gb_� djmiguo� deZkl_jh\� Zkbfilhlbq_kdb� klj_fblky� d�
ih\_joghklghfm�gZly`_gbx�\h^u� 

<� jZfdZo� deZkl_jgh]h� ih^�
oh^Z� lZd`_� \hafh`gh� ihemq_gb_�
mjZ\g_gby� khklhygby� b� \bjbZev�
guo�dhwnnbpb_glh\��Ij_^iheZ]Zy��
qlh� ^Z\e_gb_� \� kbkl_f_� hij_^_ey�
_lky� kmffhc� iZjpbZevguo� ^Z\e_�
gbc� dZ`^h]h� \b^Z� deZkl_jh\�

n n
n n

p p kT N= =∑ ∑ b� qlh� dhebq_�

kl\h� \_s_kl\Z� \� kbkl_f_� hklZ_lky�
ihklhygguf n

n

nN const=∑ �� fh`�

gh� ihemqblv� \bjbZevgh_� jZaeh`_�
gb_� mjZ\g_gb_� khklhygby� k� dhwnnbpb_glZfb� 2( ) AB K T N= − , 

2
2 3 22 ( ) ( ( ) 2 ( ))AC K T N K T K T= − − + �b�l�^��LZdbf�h[jZahf��\bjbZevgu_�dhwnnbpb_glu�hi�

j_^_eyxlky�agZgb_f�dhgklZgl�jZ\gh\_kby�^ey�j_Zdpbc�deZkl_jhh[jZah\Zgby�� 
GZ� jbk. 2 ijb\_^_gh� kjZ\g_gb_� \lhjh]h� \bjbZevgh]h� dhwnnbpb_glZ� ^ey� iZjh\�

\h^u��ihemq_ggh]h�\�jZfdZo�deZkl_jgh]h�ih^oh^Z��k�wdki_jbf_glZfb�>����@�  
 

1. ?]hjh\�;�<���FZjdZq_\�X�?���Ie_oZgh\�?�:��³DeZkl_jgZy�nZaZ�ij_^dhg^_gkZpbb�Ze�
dZgh\´�Ljm^u���-c�rdheu-k_fbgZjZ�ih^�jmdh\h^kl\hf�ZdZ^��:�B�E_hglv_\Z��KZgdl-
I_l_j[mj]������]��lhf�,��klj�����-396.  

2. :jlxobg� :�K��� ?]hjh\� ;�<��� AZ[Z[mjbg� ?�:�� b� ^j�� ³Dbg_lbdZ� nhjfbjh\Zgby�
mevljZe_]dhc�njZdpbb� g_cljZevguo� b� aZjy`_gguo� deZkl_jh\� \� ]Zah^bgZfbq_kdbo�
ihlhdZo�e_lZl_evgh]h�ZiiZjZlZ´��Obfbq_kdZy�NbabdZ��������lhf���������klj����-46. 

3. :jlxobg�:�K���?]hjh\�;�<��³Wnn_dlb\guc�dhwnnbpb_gl�ih\_joghklgh]h�gZly`_gby�
fZeuo� deZkl_jh\� iZjh\� \h^u´��Ljm^u� ;/9,�gZmqghc� dhgn_j_gpbb� ³Kh\j_f_ggu_�
ijh[e_fu�nmg^Zf_glZevguo�b�ijbdeZ^guo�gZmd´��FNLB�������]���q���klj���-53. 

4. CRC Handbook of Chemistry and Physics, edited by D.R. Lide (CRC, Roca Baton, New 
York, London, Tokyo, 1995), pp 6-30, 6-31. 

5. Kell G.S., McLaurin G.F., Whalley E. Proc.R.Soc.London Ser.A, 1989, vol.425, p.49. 
 
 

M>D�����������������45 

>?NHJF:PBY�FH>?EVGH=H�=:AH<H=H�IMAUJVD: 

Eh]\bgh\�:�F���DZgg�D�;� 

;_e]hjh^kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l, 
nbabdh-fZl_fZlbq_kdbc�nZdmevl_l 

<�ihke_^g__�\j_fy�ihy\ey_lky�p_euc�jy^�aZ^Zq��]^_�lj_[m_lky�agZgb_�j_heh]bq_�
kdbo� �\yadhklguo� k\hckl\� ]Zah`b^dhklguo� i_g� jZaebqghc� kljmdlmju�� G_h[oh^bfh�

  Jbk�����<lhjhc�\bjbZevguc�dhwnnbpb_gl�^ey�\h^u 
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bamqblv ^_nhjfZpbx�]Zah\uo�imaujvdh\�ih^�^_ckl\b_f�jZaebqguo��klZlbq_kdbo�b�^b�
gZfbq_kdbo��gZ]jmahd��Ijb�ebl_jZlmjghf�ihbkd_�lZdb_�jZ[hlu�g_�h[gZjm`_gu� 

;ueZ�ij_^eh`_gZ�b�bamq_gZ�fh^_ev�^_nhjfZpbb�]Zah\h]h�imaujvdZ�ehdZevgufb�
�klZlbq_kdbfb��jZkly]b\Zxsbfb�mkbebyfb�� 

<�dZq_kl\_�fh^_eb�jZkkfhlj_g�]Zah\uc�imauj_d�gZ�^\mo�g_kmsbo��`_kldbo��kh�
hkguo�dhe_qdZo�jZ^bmkZ� R��Ijb�klZlbq_kdhc�^_nhjfZpbb�fh^_evguc�imauj_d�ihemqZ�
_l�nhjfm� ³kn_jhdZl_ghb^Z´��p_gljZevgZy�qZklv�dhlhjh]h�h[jZah\ZgZ�dZl_ghb^ghc�ih�
\_joghklvx�� Z� lhjpu� –� kn_jbq_kdbfb� k_]f_glZfb�� hibjZxsbfbky� gZ� dhe_qdb��LZdZy�
nhjfZ�h[_ki_qb\Z_l�ihklhygkl\h�djb\bagu�ih�\k_c�ih\_joghklb�nb]mju��dhlhjhc�lj_�
[m_l�mkeh\b_�EZieZkZ�  

J_Zevgu_�]Zah\u_�imaujvdb�g_�bf_xl�nhjfm�kn_jhdZl_ghb^Z��Hgb�bf_xl�ieZ\�
gmx� nhjfm�� [he__� gZihfbgZxsmx� \ulygmluc� ^\mohkguc� weebikhb^�� IhdZaZgh�� qlh�
^_nhjfZpby�fh^_evgh]h�imaujvdZ�ih^�^_ckl\b_f ehdZevguo�gZ]jmahd�[ebadZ�d�^_nhj�
fZpbb�j_Zevguo� ]Zah\uo�imaujvdh\�\�nhjf_�^\mohkgh]h� weebikhb^Z��Wg_j]_lbq_kdb_�
aZljZlu�gZ�^_nhjfbjh\Zgb_ imaujvdh\�b^ml�gZ�m\_ebq_gb_�bo�ih\_joghklb��Ihwlhfm�
ijh\_^_gu�jZkq_lu�^ey�kjZ\g_gby�ih\_joghklb�kn_jhdZl_ghb^Z�k�ih\_joghklvx�khhl�
\_lkl\_ggh]h�_fm�^\mohkgh]h�weebikhb^Z� IhdZaZgh��qlh�\�bgl_j_kmxs_f�gZk�^bZiZah�
g_�^_nhjfZpbb�iehsZ^v�ih\_joghklb�^\mohkgh]h� weebikhb^Z�hlebqZ_lky�hl�iehsZ^b�
ih\_joghklb�khhl\_lkl\mxs_]h�kn_jhdZl_ghb^Z�g_�[he__�q_f�gZ�������Wlh�iha\hey_l�\�
^Zevg_cr_f�fh^_ebjh\Zlv�i_ggu_�imaujvdb�\ulygmluf�^\mohkguf�weebikhb^hf�� 
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M>D������� 

OILBQ?KDB?�B�EXFBG?KP?GLGU?�K<HCKL<: 
<HEVNJ:F:L:�KLJHGPBY 

DblZ_\Z�B�<���FboZcebg�<�<���KiZkkdbc�>�:.��Dheh[Zgh\�<�G� 

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

<�^Zgghc�jZ[hl_�bamqZebkv�hilbq_kdb_�b�exfbg_kp_glgu_�k\hckl\Z�\hevnjZfZ�
lZ�kljhgpby��dhlhjuc�y\ey_lky�i_jki_dlb\guf�eZa_jguf�djbklZeehf�>�@��GZ�gZklhys__�
\j_fy�hlkmlkl\m_l�bgnhjfZpby�h[�we_dljhgghc�iehlghklb�wg_j]_lbq_kdbo�ahg�^Zggh]h�
djbklZeeZ��Ch[kl\_ggZy�exfbg_kp_gpby�SrWO4�lZd`_�fZeh�bkke_^h\ZgZ�� 

Baf_j_gby�ijh\h^bebkv�gZ�mklZgh\d_�SUPERLUMI� �ki_dlju�hljZ`_gby�b�\ha�
[m`^_gby�\�h[eZklb�wg_j]bc�nhlhgh\����-���w<��nhlhexfbg_kp_gpby��\�dZgZe_�kbgojh�
ljhggh]h�baemq_gby��KB��gZdhibl_ey�DORIS III (DESY��=_jfZgby��b�mklZgh\d_�^ey�ba�
f_j_gby� j_gl]_ghexfbg_kp_gpbb� gZdhibl_ey� ©Kb[bjv-�ª�DmjqZlh\kdh]h� p_gljZ�KB��
SrWO4�\ujZs_g�f_lh^hf�QhojZevkdh]h�\�Bgklblml_�h[s_c�nbabd_�J:G��]��Fhkd\Z� 

Ijh\_^_g� ZgZeba� kljmdlmju� ki_dljh\� hljZ`_gby�� k^_eZgu� ij_^iheh`_gby� h�
ijbjh^_�we_dljhgguo�khklhygbc��nhjfbjmxsbo�ahgm�ijh\h^bfhklb�b�\Ze_glgmx�ahgm�� 

IhdZaZgh��qlh�^ey�Zgbahljhigh]h�\hevnjZfZlZ�kljhgpby�ki_dlj�hljZ`_gby�\�h[�
eZklb�nmg^Zf_glZevgh]h�ih]ehs_gby�aZ\bkbl�hl�hlghkbl_evghc�hjb_glZpbb�h[jZapZ�b�
\_dlhjZ�?�iZ^Zxs_]h�KB��Ba�ki_dljZ�hljZ`_gby�ih�khhlghr_gbyf�DjZf_jkZ-Djhgb]Z�
jZkkqblZgZ�wg_j]_lbq_kdZy�aZ\bkbfhklv�dhwnnbpb_glZ�ih]ehs_gby�b�^j��Hp_g_gZ�rb�
jbgZ�aZij_s_gghc�ahgu��LZd`_�\gbfZgb_�[ueh�m^_e_gh�i_j_oh^Zf�k�\_jogbo�hklh\guo�
mjh\g_c��knhjfbjh\Zgguo�dZlbhggufb�khklhygbyfb�\�ahgm�ijh\h^bfhklb� 

IhdZaZgh��qlh�kljmdlmjZ�hklh\guo�wdkblhgh\�kbevgh�©aZfulZª��qlh��ih�\b^bfh�
fm��k\yaZgh�k�jZkiheh`_gb_f�dZlbhgguo�mjh\g_c�\�]em[bg_�ahgu�ijh\h^bfhklb� 

Exfbg_kp_gpby�\hevnjZfZlZ�kljhgpby�ij_^klZ\ey_l�rbjhdmx�ihehkm�k�fZdkb�
fmfhf�ijb� ����gf��Ij_^iheZ]Z_lky��qlh�ihehkZ�\ua\ZgZ�baemqZl_evgufb�i_j_oh^Zfb�
gZ�WO4

2-
�]jmii_��LZd`_�\�ki_dljZo�exfbg_kp_gpbb�gZ[ex^Z_lky�^ebgh\hegh\Zy�iheh�

kZ��\ua\ZggZy��ih�\b^bfhfm��k\_q_gb_f�^_n_dlh\��Ki_dlj�\ha[m`^_gby�exfbg_kp_gpbb�
[ue�i_j_kqblZg�\�wg_j]_lbq_kdmx�aZ\bkbfhklv�h[t_fgh]h�d\Zglh\h]h�\uoh^Z�ih�f_lh�
^bd_��hibkZgghc�\�>�@��Ih�h[t_fghfm�d\Zglh\hfm�\uoh^m�k^_eZg�\u\h^�h�oZjZdl_j_�i_�
j_^Zq_�wg_j]bb�gZ�p_glju�k\_q_gby��Z�lZd`_�hp_g_gZ�rbjbgZ�\Ze_glghc�ahgu� 

 
1. Ivleva L.I., Basiev T.T., et al, Optical Materials, 23 (2003), 1-���bxev������-442 
2. FboZcebg�<�<���<Zkbev_\�:�G��<\_^_gb_�\�ki_dljhkdhibx�l\_j^h]h�l_eZ��Fhkd\Z��

1987.  
 
 

 

HILBD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��DZg^b^h\�<Ze_jbc�I_ljh\bq 
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M>D������� 
 

HLJ:@?GB?�DJBKL:EEH< BLLJBC-:EXFBGB?<H=H�=J:G:L: 

I_ljh\gbg�G�G���FboZcebg�<�<���Dheh[Zgh\�<�G���KiZkkdbc�>�:. 

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

Bgl_j_k�d�djbklZeeZf�blljbc-Zexfbgb_\h]h�]jZgZlZ��YAG��k\yaZg�k�\hafh`gh�
klvx�bo�ijZdlbq_kdh]h�ijbf_g_gby�\�dZq_kl\_�kpbglbeeylhjh\�^ey�^_l_dlhjh\�.-�b��-
baemq_gby� ��Z�lZd`_�dZlh^hexfbg_kp_glguo�b�j_gl]_gh\kdbo�wdjZgh\�k�\ukhdbf�ijh�
kljZgkl\_gguf� jZaj_r_gb_f� >�@�� <� ihke_^g__� \j_fy� Zdlb\gh� bkke_^mxlky� exfbg_k�
p_glgu_�k\hckl\Z�^Zgguo�kh_^bg_gbc��b�\�wlhf�gZijZ\e_gbb�fu�Zdlb\gh�ijh\h^bf�bk�
ke_^h\Zgby��h^gZdh�^h�kbo�ihj�g_l�ykgh]h�ij_^klZ\e_gby�h�kljmdlmj_�wg_j]_lbq_kdbo�
ahg�b�ijbjh^_�we_dljhgguo�i_j_oh^h\�^Zggh]h�kh_^bg_gby��>_ckl\bl_evgh��memqr_gb_�
oZjZdl_jbklbd�kpbglbeeylhjh\�lj_[m_l�^_lZevgh]h� agZgby�bo�we_dljhgghc�kljmdlmju��
Hkgh\ghc� aZ^Zq_c� ^Zgghc� jZ[hlu� [ue� ZgZeba� ki_dljh\� hljZ`_gby�fhghdjbklZeebq_�
kdbo�ie_ghd�YAG�k�lhqdb�aj_gby�ahgghc�kljmdlmju�  

GZfb� [ueb� bkke_^h\Zgu� ki_dlju� hljZ`_gby� fhghdjbklZeebq_kdbo� ie_ghd�
�FDI��YAG��lZd�dZd�kh^_j`Zgb_�kljmdlmjguo�^_n_dlh\�\�gbo�ih�kjZ\g_gbx�k�h[t_f�
gufb�djbklZeeZfb�agZqbl_evgh�f_gvr_� >�@��LZdbf�h[jZaZf�^Zggu_�ki_dlju�y\eyxlky�
gZb[he__�lhqgufb�bklhqgbdZfb�bgnhjfZpbb�h[�we_dljhgghc�kljmdlmj_�YAG. 

GZ� hkgh\_� ki_dljh\� hljZ`_gby� b� ZgZebaZ� jZkq_lh\� ahgghc� iehlghklb� >�@� ih�
kljh_gZ�ko_fZ�wg_j]_lbq_kdbo�ahg�YAG�GZ�hkgh\_�ZgZebaZ�ihemq_gghc�ko_fu�wg_j]_�
lbq_kdbo�ahg�b�wdki_jbf_glZevguo�^Zgguo�h[tykg_gZ�ijbjh^Z�ibdh\�\�ki_dljZo�hljZ�
`_gby� YAG�� Ijhba\_^_g� i_j_kq_l� ki_dljh\� hljZ`_gby� ih� khhlghr_gbyf� DjZf_jkZ-
Djhgb]Z��<�j_amevlZl_�i_j_kq_lZ�ih�khhlghr_gbyf�DjZf_jkZ-Djhgb]Z�[ueb�ihemq_gu�
aZ\bkbfhklb�wg_j]bb�nhlhgh\�^ey�\_ebqbgu�wg_j]_lbq_kdbo�ihl_jv��^_ckl\bl_evghc�b�
dhfie_dkghc�qZkl_c�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�ε1�b�ε2 b�dhwnnbpb_glZ�ih]ehs_�
gby�ℵ. 
1. <he`_gkdZy�E�=���Ahj_gdh�X�<���IZpZ]Zg�G�B���IZrdh\kdbc�F�<�����HilbdZ�b�ki_d�

ljhkdhiby��������L������K� 135-140 
2. Ahj_gdh�X�<���GZaZj�B�<���EbfZj_gdh�E�G���IZrdh\kdbc�F�<�����HilbdZ�b�ki_dljh�

kdhiby��1996, L�����������K�����-928 
3. Tetsushiko Tomiki, Fujito Fukudome, Minoru Kaminao, Masami Fujisawa, Yoshikazu 

7DQDKDUD�DQG�7RPR\RVKL�)XWHPPD����-��RI�WKH�3K\VLFDO�6RFLHW\�RI�-DSDQ��������Y��������

5, pp. 1801-1810 
 

 

M>D��������������� 

L?FI?J:LMJG:Y�QM<KL<BL?EVGHKLV�BGL?GKB<GHKLB�
EXFBG?KP?GPBB�EU(FOD)3�<�IHJBKLUO�IHEBF?J:O 

LZjZ_\Z�:�X� 

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

Ijh\_^_gu� bkke_^h\Zgby� g_kdhevdbo� ihebf_jguo� fZl_jbZeh\�� ihebf_lbef_�
lZdjbeZlZ��IFF:���iheb^bf_lbekbehdkZgZ��kbebdhg��b�ihebijhibe_gZ��e_]bjh\Zgguo�
Eu(FOD)3 (FOD=6,6,7,7,8,8,8-]_ilhnlhj-2,2-̂ bf_lbe-3,5-hdlZ^bhgZl���Ijhp_kk� e_]bjh�
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\Zgby�[ue�hkms_kl\e_g�k�ihfhsvx�bo�ijhibl�
db� \� k\_jodjblbq_kdhf� CO2� �kd-bfij_]gZpby��
>�@�� >ey� kjZ\gbl_evgh]h� ZgZebaZ� [ueb� lZd`_�
ijh\_^_gu� bkke_^h\Zgby� bkoh^guo� ihebdjb�
klZeeh\�Eu(FOD)3. 

GZ�jbk. 1�ij_^klZ\e_gu�djb\u_�aZ\bkb�
fhklb�bgl_gkb\ghklb�NE���bae= 611,6 gf��hl�
l_fi_jZlmju�Eu(FOD)3�\�jZaebqguo�fZljbpZo��
FZdkbfZevgh_�iZ^_gb_�I�L��[ueh�ihemq_gh�\�
ihebijhibe_g_�b�qbklhf�Eu(FOD)3��Bgl_j_kgh�
hlf_lblv��qlh�I(T��\h�\lhjhf�kemqZ_�hibku\Z�
_lky�wdkihg_gpbZevguf�aZdhghf��Z�\�ihebijh�
ibe_g_�^h����ºK�gZ[ex^Z_lky�ebg_cguc�kiZ^��
ijbq_f�.1 = I(20 ºK��I(70 ºK�� ������.2 = I(20 ºK���
I(90 ºK�� �����Ihke_^g__�agZq_gb_�kh\iZ^Z_l�k�
j_amevlZlZfb��ihemq_ggufb�^ey�qbklh]h�
Eu(FOD)3�b��ih-\b^bfhfm��y\ey_lky�ij_^_ev�
guf�agZq_gb_f�^ey�^Zggh]h�FHK��HklZevgu_�
^\Z�ihebf_jZ�lZd`_�ihdZaZeb�ebg_cgmx�aZ\b�
kbfhklv�I(T���gh�hdZaZebkv�f_g__�l_jfhqm\kl�
\bl_evgufb��?keb�kjZ\gblv�ihemq_ggu_�^Zg�
gu_�I(T��k�nhjfhc�ihehk�NE�bhgh\�Eu3+

>�@��fh`gh�k^_eZlv�ke_^mxsbc�\u\h^��q_f�
emqr_�\�dhgdj_lghf�h[jZap_�jZaj_r_gu�rlZjdh\kdb_�dhfihg_glu�NE�i_j_oh^Z�5D0 – 
7F2�bhgh\�Eu3+

��l_f�[hevr_�\_ebqbgZ�K1�b�K2��ke_^h\Zl_evgh�kdhjhklv�iZ^_gby�bgl_g�
kb\ghklb�NE�k\yaZgZ�k�\ebygb_f�fZljbpu�gZ�fhe_dmem��Bgl_j_kgh�hlf_lblv��qlh�bf_g�
gh�ihebf_jgZy�fZljbpZ�ij_h[jZam_l�wdkihg_gpbZevgmx�aZ\bkbfhklv�I(T��\�ebg_cgmx� 

GZ� hkgh\_� l_fi_jZlmjghc� aZ\bkbfhklb�NE� \hafh`gh� kha^Zgb_�g_bg\Zab\gh]h��
wdkij_kkgh]h�� \ukhdhqm\kl\bl_evgh]h� l_fi_jZlmjgh]h� ^ZlqbdZ� ijb� eZa_jghf� gZ]j_\_�
[bheh]bq_kdbo� ldZg_c��<�^Zgghf� kemqZ_�ihebijhibe_g�ij_^klZ\ey_lky�gZb[he__�i_j�
ki_dlb\guf�ba�bkke_^m_fuo�gZfb�ihebf_jh\� 

 
1. ;Z]jZlZr\beb�<�G���AZ\Zjhlguc�X�K���Ihih\�<�D��b�^j��©Fh^bnbdZpby�hilbq_kdbo�

k\hckl\�gZghihjbkluo�kl_dhe�f_lh^hf�k\_jdjblbq_kdhc�bfij_]gZpbbª� ���I_jki_d�
lb\gu_�fZl_jbZeu��������� ���K� 35. 

2. =_jZkbfh\Z�<�B���AZ\hjhlguc�X�K���Ju[Zelh\kdbc�:�H���LZjZ_\Z�:�X��b�^j��©Hilb�
q_kdZy�ki_dljhkdhiby�dhfie_dkZ�Eu(FOD)3��bfij_]gbjh\Zggh]h�\�k\h[h^guc�h[t_f�
gZghihjbklh]h�kl_deZ�b�ihebf_lbef_lZdjbeZlZ�k�ihfhsvx�k\_jodjblbq_kdhc�^\m�
hdbkb�m]e_jh^Zª����HilbdZ�b�ki_dlj���������L� ����� 4, K� 635. 

 

M>D 535.36 

IJHKL:Y�F?LH>BD:�BAF?J?GBY�DHWNNBPB?GL:�J:KK?YGBY 
B�IH=EHS?GBY�K<?L:�<�IE?GD:O�KHIJY@?GUO�IHEBF?JH< 

Habfh\Z�:�?���?ebaZjh\�K�=� 

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

H^bg�ba�i_jki_dlb\guo�iml_c�kha^Zgby�nhlhqm\kl\bl_evguo�hj]Zgbq_kdbo�fZ�
l_jbZeh\�gZ�[Za_ khijy`_gguo�ihebf_jh\�-�bkihevah\Zgb_�dhgp_ipbb��]_l_jhi_j_oh^Z�

�� �� �� �� ���
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Ihebijhibe_g��������

IhebdjbklZeeu

 

 

B
g
l
_
g
k
b
\
g
h
k
l
v
�
�
h
�
_
�

L_fi_jZlmjZ��
�
K

Jbk��� 



Ih^k_dpby�hilbdb 

 

143 

\� h[t_f_���nhjfbjm_fh]h� \ ie_gd_� ^hghjgh-Zdp_ilhjghc� kf_kb��Ba\_klgZy� ijh[e_fZ�
lZdbo�kf_k_c� -�jZa^_e_gb_�nZa�^hghjZ�b Zdp_ilhjZ��ijb\h^ysZy�d�hilbq_kdhc�g_h^gh�
jh^ghklb�b��dZd�ke_^kl\b_��k\_lhjZkk_ygbx��Ba\_klgh��qlh�\aZbfh^_ckl\b_�^hghjZ�b�Zd�
p_ilhjZ�\�hkgh\ghf�we_dljhgghf�khklhygbb�fh`_l�ij_iylkl\h\Zlv�jZa^_e_gbx�nZa� 

<�^Zgghc�jZ[hl_�ij_^klZ\e_g�hjb]bgZevguc�b�ijhklhc�kihkh[�kh\f_klgh]h�ba�
f_j_gby� dhwnnbpb_glZ�jZkk_ygby b�ih]ehs_gby� k\_lZ�\�ihebf_jguo�ie_gdZo. F_lh^ 
hkgh\Zg�gZ�baf_j_gbb�fhsghklb�k\_lZ�^h�h[jZapZ��ihke_�h[jZapZ�gZ�nhlhijb_fgbd_�k�
[hevrhc�Zi_jlmjhc�\�ijbkmlkl\bb�b�\�hlkmlkl\bb�fZehc�³aZ]emrdb´��aZdju\Zxs_c�nh�
lhijb_fgbd�hl�ijyfhc�aZk\_ldb�ijhr_^rbf�q_j_a�h[jZa_p�baemq_gb_f�eZa_jZ��Ih�wlbf�
lj_f�^Zgguf�ijhba\h^blky�jZkq_l�dhwnnbpb_glZ�jZkk_ygby�b�ih]ehs_gby. 

F_lh^bdZ� Zijh[bjh\ZgZ�gZ�ie_gdZo� kf_kb�jZkl\hjbfhc�nhjfu�ihebiZjZn_gb�
e_g\bgbe_gZ� k� Zdp_ilhjZfb� ^bgbljhZgljZobghghf� b� iheb^bgbljhZgljZobghghf�� ijb�
jZaebqguo�dhgp_gljZpbyo�Zdp_ilhjZ��IhdZaZgh��qlh�\�i_j\hf�kemqZ_�hilbq_kdZy�iehl�
ghklv�kf_kb�gb`_�djZy�ih]ehs_gby�qbklh]h�ihebf_jZ�k\yaZgZ�k�ih]ehs_gb_f�gZ�keZ[hf�
dhfie_dk_�k�i_j_ghkhf�aZjy^Z��\h�\lhjhf�h[mkeh\e_gZ�jZkk_ygb_f�k\_lZ�gZ�hilbq_kdbo�
g_h^ghjh^ghklyo��\hagbdrbo�ijb�h[jZah\Zgbb�ie_gdb� 

 
 

M>D�535.36 

BKKE?>H<:GB?�DHFIE?DKH<�K�I?J?GHKHF�A:JY>: 
<�DHFIHABPBYO�G:�HKGH<?�IHEBI:J:N?GBE?G<BGBE?G:�
F?LH>HF�KI?DLJHKDHIBB�DHF;BG:PBHGGH=H�J:KK?YGBY�

K<?L: 

;jm_\bq�<�<���?ebaZjh\�K�=� 

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

>ey�ki_dljhkdhibb�dhf[bgZpbhggh]h�jZkk_ygby�k\_lZ�dhfie_dkh\�k�i_j_ghkhf�
aZjy^Z�gZ�hkgh\_�ihebiZjZn_gbe_g\bgbe_gZ�gm`_g�eZa_jguc�bklhqgbd�\ha[m`^_gby�k�
^ebghc� \hegu� ���–���� gf�� dhlhjuc� iha\hey_l� jZ[hlZlv� \� h[eZklb� ih]ehs_gby� dhf�
ie_dkZ�k�i_j_ghkhf�aZjy^Z��gh�gb`_�djZy�ih]ehs_gby�ihebf_jZ� 

<�dhgl_dkl_�^Zgghc�aZ^Zqb�[ueZ�jZajZ[hlZgZ�dhfiZdlgZy�dhgkljmdpby�^bh^gh]h�
eZa_jZ� k� \g_rgbf� j_ahgZlhjhf� ih� ko_f_� Ebljh\Z� gZ� hkgh\_� fgh]hfh^h\h]h 
GaInP/AlGaInP�^bh^gh]h�eZa_jZ��Fhsghklv�eZa_jZ����f<l��ihegZy�rbjbgZ�ih�ihem\u�
khl_���kf-1

��p_gljZevgZy�^ebgZ�\hegu����gf� 
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;ueb�ihemq_gu�ki_dlju�dhf[bgZpbhggh]h�jZkk_ygby�k\_lZ�\�ie_gdZo�jZkl\hjb�

fhc�nhjfu�ihebiZjZn_gbe_g\bgbe_gZ�k�Zdp_ilhjZfb��ljbgbljhnemhj_ghghf��LGN��b�
^bgbljhZgljZobghghf� �>G:O��� ijb� jZaebqguo� dhgp_gljZpbyo� Zdp_ilhjZ�� GZb[he__�
oZjZdl_jgh_� kf_s_gb_� \� ki_dlj_� dhf[bgZpbhggh]h�jZkk_ygby� k\_lZ� \� aZ\bkbfhklb�hl�
hlghkbl_evghc�dhgp_gljZpbb�Zdp_ilhjZ�gZ[ex^Zehkv�gZ�gZb[he__�bgl_gkb\ghc�ebgbb�
ihebf_jZ�gZ�hlkljhcd_�����kf-1 -�kbff_ljbqgh_�dhe_[Zgb_�jZkly`_gby/k`Zlby�n_gbev�
ghc�]jmiiu��kf��jbk� 1���Wlh�kf_s_gb_�bgl_jij_lbjh\Zgh�dZd�j_amevlZl�qZklbqgh]h�i_�
j_ghkZ�aZjy^Z�k�ihebf_jZ�gZ�fhe_dmem�Zdp_ilhjZ� 

 
 

M>D��������������-22 

EXFBG?KP?GPBY�FHEB;>:LH<�K?JBB�LIY 1-XEUX(MOO4)2 

AZmrbpug�:�<��FboZcebg�<�<��JhfZg_gdh�:�X� 

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

>\hcgu_�fheb[^Zlu��Zdlb\bjh\Zggu_�bhgZfb�j_^dha_f_evguo�we_f_glh\��JAW���
ij_^klZ\eyxl�bgl_j_k�\�k\yab�k�bo�ijbf_g_gb_f�\�dZq_kl\_�wnn_dlb\guo�exfbghnh�
jh\��Ih^h[gu_�fheb[^Zlgu_�exfbghnhju�ba\_klgu�dZd�fZl_jbZeu�^ey�exfbg_kp_gl�
guo�eZfi��Zdlb\guo�kj_^�eZa_jh\�b�exfbg_kp_glguo�wdjZgh\�>�@��<hafh`ghklv�\Zjvb�
jh\Zgby� dZlbhggh]h� khklZ\Z� djbklZeebq_kdhc� j_r_ldb� ^\hcguo� fheb[^Zlh\�
MR(MoO4)2 (M –h^gh\Ze_glguc�we_f_gl��R –�JAW��iha\hey_l�ihemqZlv�exfbghnhju�kh�
k\_q_gb_f� \�rbjhdhc� h[eZklb� ^ebg� \heg��Djhf_� lh]h�� \g_^j_gb_� \� djbklZeebq_kdmx�
j_r_ldm�j_^dha_f_evguo�we_f_glh\�lZd`_�fh`_l�[ulv�bkihevah\Zgh�^ey�bkke_^h\Zgby�
kljh_gby� fZljbpu� djbklZeeZ� >�@�� >ey� fgh]bo� ijbf_g_gbc� �gZijbf_j�� \� we_dljhggh-
emq_\uo�ljm[dZo�b�\�]ZahjZajy^guo�bg^bdZlhjguo�ijb[hjZo��g_h[oh^bfu�khklZ\u��h[�
eZ^Zxsb_�gbadbf�dhgp_gljZpbhgguf�lmr_gb_f�b�fZdkbfZevghc�dhgp_gljZpb_c�p_g�
ljh\�exfbg_kp_gpbb�ijb�fbgbfZevguo�ihl_jyo�wg_j]bb�\�ih\_joghklghf�keh_� 

<�gZklhys_c�jZ[hl_�bkke_^h\Zgu�exfbg_kp_glgu_�k\hckl\Z�l\_j^uo�jZkl\hjh\ 
fheb[^Zlh\� LiY 1-xEux(MoO4)2� kh� kljmdlmjhc� g_bkdZ`_ggh]h� r__eblZ [3] \� rbjhdhf�
^bZiZahg_� baf_g_gby� dhgp_gljZpbb� Zdlb\ZlhjZ� (0.0005 �� x �� ���� L\_j^u_� jZkl\hju�
LiY 1-xEux(MoO4)2 ihemqZeb�f_lh^hf�ieZ\e_gby�ih� h[uqghc� d_jZfbq_kdhc� l_ogheh]bb�
ba� khhl\_lkl\mxsbo� ^\hcguo� fheb[^Zlh\.�Ih� ^Zgguf� JN:�� \� kbkl_f_� LiY(MoO4)2–
LiEu(MoO4)2 h[jZam_lky� g_ij_ju\guc� jy^� l\_j^uo� jZkl\hjh\� kh� kljmdlmjhc�r__eblZ�
�l_ljZ]hgZevgZy� kbg]hgby�� ij�� ]j�� I41/a).� Ih^h[gu_� fheb[^Zlu� h[eZ^Zxl� ohjhrbfb�
exfbg_kp_glgufb� oZjZdl_jbklbdZfb� >�@�� K\_q_gb_� ijhbkoh^beh� [eZ]h^Zjy� hilbq_�
kdbf� i_j_oh^Zf� \� �f-dhgnb]mjZpbb� bhgZ� ?u3+

� k� \ha[m`^_ggh]h� f_lZklZ[bevgh]h� kh�
klhygby�5D0�gZ�dhfihg_glu�fmevlbie_lh\�

7FJ (J� �����������������GZb[he__�yjdh_�k\_q_gb_�
hlf_q_gh�\�ihehk_�we_dljh^bihevgh]h i_j_oh^Z 5D0 :�

7F2. Ihemq_gZ�aZ\bkbfhklv bg�
l_gkb\ghklb�exfbg_kp_gpbb�fheb[^Zlh\�hl�dhgp_gljZpbb ?u3+. IhdZaZgh��qlh�ijb�aZ�
f_s_gbb�Y3+

�gZ�Eu3+
�\�bkke_^h\Zgguo�fheb[^ZlZo kbff_ljby�p_gljh\�k\_q_gby�hklZ_l�

ky�g_baf_gghc�� 
M� \k_o� bkke_^h\Zgguo� l\_j^uo� jZkl\hjh\� LiY 1-xEux(MoO4)2 ijbkmlkl\m_l� h^gZ�

madZy�ebgby�\�h[eZklb�i_j_oh^Z�5D0 :�
7F0, qlh�mdZau\Z_l�gZ�kms_kl\h\Zgb_�_^bgkl\_g�

ghc� ihabpbb� bhgh\� ?u3+ \� djbklZeebq_kdhc� j_r_ld_��Ijb� m\_ebq_gbb� dhgp_gljZpbb�
Eu3+

� gZ[ex^Z_lky� mrbj_gb_� ki_dljh\� k\_q_gby�� Z� lZd`_� g_agZqbl_evguc� k^\b]� ki_d�
ljZevguo�ebgbc��ij_bfms_kl\_ggh��\�dhjhldh\hegh\mx�h[eZklv� 
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<j_f_gZ�`bagb�\ha[m`^_ggh]h�khklhygby�5D0��baf_j_ggu_�ijb�dhfgZlghc�l_f�
i_jZlmj_��khklZ\eyxl������fdk�–�^ey�khklZ\h\�k�o� ���������������������������b����������
fdk�–�^ey�o� �����b�����fdk –�^ey o� ����DZd�\b^gh��ijb�iheghf�aZf_s_gbb�bhgh\�Y3+ gZ�
?u3+ \j_fy�`bagb�mjh\gy�5D0 baf_gy_lky�g_�kms_kl\_ggh��l��_��dhgp_gljZpbhggh_�lmr_�
gb_�exfbg_kp_gpbb ?u3+ \�^Zgguo�djbklZeeZo�g_\_ebdh��b��^Z`_�ijb������-�hf�aZf_�
s_gbb��d\Zglh\uc�\uoh^�khklZ\ey_l�������LZdbf�h[jZahf��ijb�kha^Zgbb�gZ�hkgh\_�^Zg�
guo�fZl_jbZeh\�djZkguo�exfbghnhjh\�b�Zdlb\guo�kj_^�eZa_jh\��dhgp_gljZpbx�_\jh�
iby�fh`gh�baf_gylv�\�rbjhdbo�ij_^_eZo�ijb�khojZg_gbb�\ukhdhc�wnn_dlb\ghklb�ex�
fbg_kp_gpbb� 

Bgl_j_kgh�hlf_lblv�jZaebqgmx�dhgp_gljZpbhggmx�aZ\bkbfhklv�bgl_gkb\ghklb�
exfbg_kp_gpbb�ijb�\ha[m`^_gbb�h[jZaph\�jZagufb�^ebgZfb�\heg��LZd��ijb�\ha[m`�
^_gbb�Zahlguf�eZa_jhf���������gf��\�djZc�kh[kl\_ggh]h�ih]ehs_gby��gZ[ex^Z_lky�fZd�
kbfmf�ijb�o� ������Z�ijb�\ha[m`^_gbb�\lhjhc�]Zjfhgbdhc�g_h^bfh\h]h�eZa_jZ������gf��
\�ihehku�ih]ehs_gby�bhgh\�_\jhiby��bgl_gkb\ghklv�exfbg_kp_gpbb�jZkl_l�\iehlv�^h�
o = 1. 

Ihemq_ggu_� j_amevlZlu� k\b^_l_evkl\mxl� h� i_jki_dlb\ghklb� bkke_^h\Zgguo�
djbklZeeh\�^ey�ijZdlbq_kdh]h�ijbf_g_gby�� 

 
:\lhju�\ujZ`Zxl�[eZ]h^Zjghklv�<�:��Kfbjgh\m�aZ�ihfhsv�\�ijh\_^_gbb�jZ[hl�b�h[km`^_gbb�j_�
amevlZlh\� 

 
1. DZfbgkdbc�:�:��EZa_jgu_�djbklZeeu��F���GZmdZ������������k� 
2. =Zc^md�F�B��� Ahebg� <�N��� =Zc]_jh\Z� E�K�� Ki_dlju� exfbg_kp_gpbb� _\jhiby��F���

GZmdZ������������k� 
3. Ljmgh\�<�D���?nj_fh\�<�:���<_ebdh^guc�X�:��DjbklZeehobfby�b�k\hckl\Z�^\hcguo�

fheb[^Zlh\�b�\hevnjZfZlh\��E���GZmdZ������������k� 
4. Khdheh\�<�<��Mkdh\�?�F��Yjdbc�djZkguc�exfbghnhj�k�\ukhdhc�p\_lhi_j_^Zq_c�gZ�

hkgh\_� kh_^bg_gby�NaY1-xEux(MoO4)2� ���Obfby� \�bgl_j_kZo� mklhcqb\h]h� jZa\blby��
������L��������-���K. 281–284. 

 
 

M>D���������� 

HILBQ?KD:Y�KI?DLJHKDHIBY�DHFIHABLH< 
KBGL?LBQ?KDBC�HI:E–@?E?AH–BLLJB?<UC�=J:G:L 

FhrgbgZ B�:� 

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

Nhlhggu_�djbklZeeu�—�wlh�kljmdlmju��\�dhlhjuo�ihdZaZl_ev�ij_ehfe_gby�ba�
f_gy_lky� \� ijhkljZgkl\_� i_jbh^bq_kdbf� h[jZahf�� <� ihke_^g__� \j_fy� hgb� y\eyxlky�
h[t_dlhf� Zdlb\guo� bkke_^h\Zgbc�� Bgl_j_k� d� lZdbf� kljmdlmjZf� h[mkeh\e_g� bo� mgb�
dZevgufb�hilbq_kdbfb�k\hckl\Zfb��k\yaZggufb�k�kms_kl\h\Zgb_f�lZd�gZau\Z_fhc�nh�
lhgghc�aZij_s_gghc�ahgu��NAA��\�hilbq_kdhf�b�[eb`g_f�bgnjZdjZkghf�^bZiZahg_ [2]. 
GZebqb_�NAA�hldju\Z_l�rbjhdb_�\hafh`ghklb�^ey�ijbf_g_gby�nhlhgguo�djbklZeeh\�\�
mkljhckl\Zo�hilhwe_dljhgbdb��[eZ]h^Zjy�hkh[uf�^bki_jkbhgguf� k\hckl\Zf��ND�hdZ�
au\Zxlky�\_kvfZ�ihe_agu�\�nbabd_�k\_jodhjhldbo�k\_lh\uo�bfimevkh\��GZijbf_j��kh�
\f_klgh_�^_ckl\b_�^bki_jkbb�nhlhggh]h� djbklZeeZ�b�nZah\hc� kZfhfh^meypbb�^_eZ_l�
\hafh`guf�k`Zlb_�b�mijZ\e_gb_�nZahc�n_flhk_dmg^guo�eZa_jguo�bfimevkh\��Djhf_�
lh]h��ND�fh]ml�bkihevah\Zlvky�\�hilbq_kdbo�i_j_dexqZl_eyo�b�hilbq_kdbo�ljZgabklh�
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jZo�� Kh[ex^_gb_� mkeh\bc� nZah\h]h� kbgojhgbafZ� iha\hey_l� gZ[ex^Zlv� gZ� djZx�NAA�
mkbe_gb_�g_ebg_cgh-hilbq_kdbo�wnn_dlh\�\�wlbo�kljmdlmjZo�� 

Bkdmkkl\_ggu_�hiZeu�y\eyxlky�lj_of_jgufb�nhlhggufb�djbklZeeZfb��lh�_klv�
i_jbh^bq_kdh_�baf_g_gb_�ihdZaZl_ey�ij_ehfe_gby�\�gbo�kms_kl\m_l�ih�lj_f�gZijZ\e_�
gbyf��Hgb�ij_^klZ\eyxl�kh[hc�iehlghmiZdh\Zggu_�kn_ju�Zfhjngh]h�^bhdkb^Z�dj_f�
gby��LZdb_�kljmdlmju�ihemqZxlky�iml_f�hkZ`^_gby�Zfhjnguo�rZjbdh\�6L22�ba�kmki_g�
abb�\�l_q_gb_�^ebl_evgh]h�kjhdZ [2]��IjhkljZgkl\h�f_`^m�kn_jZfb�fh`_l�[ulv�aZihe�
g_gh�jZaebqgufb�\_s_kl\Zfb�� 

<� bamqZ_fuo� hiZeZo� ih� ^Zgguf� j_gl]_ghkljmdlmjgh]h� ZgZebaZ� jZaf_j� qZklbp�
SiO2�khklZ\ey_l�hdheh����gf��<�ijhkljZgkl\_�f_`^m�kn_jZfb�gZoh^ylky�qZklbpu�fZ]�
gblgh]h�fZl_jbZeZ�–�gZghdjbklZeebq_kdh]h�`_e_ah-blljb_\h]h�]jZgZlZ��@B=���HklZev�
ghc� h[t_f� aZiheg_g� ]ebp_jbghf�� qlh� m\_ebqb\Z_l� kj_^gxx� ^bwe_dljbq_kdmx�ijhgb�
pZ_fhklv� dhfihablZ�b� k^\b]Z_l�iheh`_gb_�NAA� \�^ebggh\hegh\mx� klhjhgm��GZebqb_�

djbklZeebq_kdh]h� @B=� \� ihjZo�
hiZeZ� ih^l\_j`^_gh� f_lh^hf�
j_gl]_gh\kdhc� ^bnjZdpbb�� Bkke_�
^h\Zgu�^\Z�lbiZ�fZ]gblguo�h[jZa�
ph\��qbkluc�hiZe�b�hiZe��qZklbpu�
dhlhjh]h� ihdjulu� lhgdbf� �∼5-7 
gf��keh_f�ieZlbgu� 

<�jZ[hl_�bkke_^h\Zgu�ki_d�
lju� hljZ`_gby� h[jZaph\� ijb� jZa�
ebqguo� m]eZo� iZ^_gby� ahg^bjmx�
s_]h� baemq_gby�� <� dhfihablZo�
hiZe-@B=� h[gZjm`_gh�� qlh� baf_�
g_gb_� m]eZ� iZ^_gby� hl� ��°� ^h� ��° 
ijb\h^bl� d� k^\b]m� p_gljZ� NAA� k�
���gf� ^h� ���gf��<� h[jZapZo� dhf�
ihablZ� hiZe-ieZlbgZ-@B=�� ih�

kjZ\g_gbx�k�h[jZapZfb�hiZe-@B=��gZ[ex^Z_lky�k^\b]�NAA�ijbf_jgh�gZ����gf�^ey�dZ�
`^h]h�m]eZ�iZ^_gby��lZd�dZd�gZebqb_�ieZlbgu�m\_ebqb\Z_l�kj_^gxx�^bwe_dljbq_kdmx�
ijhgbpZ_fhklv�dhfihablZ� [1].�Djhf_�lh]h��gZ[ex^Z_lky�lZd`_�mrbj_gb_�b�mom^r_gb_�
dZq_kl\Z� ahgu�� qlh� h[mkeh\e_gh� ih]ehs_gb_f� k\_lZ� \� ieZlbg_�� Ki_dlju� hljZ`_gby�
dhfihablh\�hiZe-@B=�ij_^klZ\e_gu�gZ�jbk. 1. 

Ba� ZgZebaZ� iheh`_gby� p_gljZ�NAA� \� ihemq_gguo� ki_dljZo�fh`gh� aZdexqblv��
qlh�\�h[hbo�h[jZapZo�hljZ`_gb_�k\_lZ�ih^qbgy_lky�aZdhgZf�^bnjZdpbb�;jw]]Z [3]��Ih�
dZaZgh��qlh�aZ\bkbfhklv�iheh`_gby�p_gljZ�NAA�hl�m]eZ�iZ^_gby�k\_lZ�gZ�h[jZa_p��jZk�
kqblZggZy�ba�ki_dljh\�hljZ`_gby��khhl\_lkl\m_l�^bZf_ljm�kn_j�6L22�^Zggh]h�dhfihab�
lZ��Ba�ihemq_gguo�^Zgguo�hij_^_e_g�wnn_dlb\guc�ihdZaZl_ev�ij_ehfe_gby�h[jZaph\�b�
kl_i_gv�aZiheg_gby�dhfihablh\�`_e_ah-blljb_\uf�]jZgZlhf��dhlhjZy�khklZ\beZ�hdheh�
�����Ijb�fZeuo� m]eZo� iZ^_gby� k\_lZ� gZ� h[jZa_p� hkgh\ghc� \deZ^� ^Z_l� hljZ`_gb_� hl�
iehkdhklb�jhklZ�hiZeZ�^���`��ijb�[hevrbo�m]eZo�iZ^_gby�klZgh\blky�aZf_l_g�\deZ^�hl�
^jm]bo�iehkdhkl_c� 

 
1. Golubev V.G., Hutchison J.L., Kosobukin V.A., Kurdyukov D.A., Medvedev A.V., 

Pevtsov A.B., Sloan J., Sorokin L.M. “Three-dimensional ordered silicon-based nanos-
tructures in opal matrix: preparation and photonic properties”, J. of Non-Crystalline Solids 
299–302, 1062–1069 (2002). 
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2. ;Zjur_\�:�<���³Hilbq_kdb_�bkke_^h\Zgby�nhlhgguo�djbklZeeh\�gZ�hkgh\_�kbgl_lb�
q_kdbo� hiZeh\´�� ^bkk_jlZpby� gZ� khbkdZgb_� mq_ghc� kl_i_gb� dZg^b^ZlZ� nbabdh-
fZl_fZlbq_kdbo�gZmd��KZgdl-I_l_j[mj]kdbc� ]hkm^Zjkl\_gguc�mgb\_jkbl_l��KZgdl-
I_l_j[mj]������ 

3. Johnson N.P., McComb D.W., Richel A., Treble B.M., De La Rue R.M. “Synthesis and 
optical properties of opal and inverse opal photonic crystals”, Synthetic Metals 116, 469-
473 (2001). 

 
 

M>D 537.874.23 

HKH;?GGHKLB�>BKI?JKBB�NHLHGGUO�DJBKL:EEH<� 
WNN?DL�KMI?JIJBAFU�B�:GHF:EVGH=H�IJ?EHFE?GBY 

*∗)<hedh\Z�A�:� 

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

<\_^_gb_� 
Ijb�jZkijhkljZg_gbb�k\_lZ�\�nhlhgguo�djbklZeeZo�ijhbkoh^bl�_]h�^bnjZdpby�

gZ� i_jbh^bq_kdhc� kljmdlmj_��K� wlbf� k\yaZgu� hkh[_gghklb� ^bki_jkbb� b� ij_ehfe_gby�
k\_lZ�\�nhlhgghf�djbklZee_��<�g_dhlhjhc�h[eZklb�^ebg�\heg�bf__l�f_klh�ZghfZevgh�
kbevgZy�^bki_jkby�k\_lZ��gZ�^\Z�ihjy^dZ�[hevr_��q_f�\�h^ghjh^guo�fZl_jbZeZo� -�wn�
n_dl�kmi_jijbafu��Wlhl�wnn_dl�fh`_l�[ulv�bkihevah\Zg�ijb�kha^Zgbb�^bki_j]bjmx�
sbo�we_f_glh\�ki_dljZevguo�ijb[hjh\��hlebqZxsboky�fZeufb�jZaf_jZfb�b�\hafh`�
ghklvx�i_j_kljhcdb�^bZiZahgh\�b�m]eh\ [1].  

IhdZaZl_ev� ij_ehfe_gby� i_jbh^bq_kdhc� kljmdlmju�� nhjfZevgh� hij_^_ey_fuc�
dZd�hlghr_gb_�kbgmkZ�m]eZ�iZ^_gby�d�kbgmkm�m]eZ�ij_ehfe_gby�k\_lZ��fh`_l�ijbgbfZlv�
jZaebqgu_�agZq_gby��\�lhf�qbke_�hljbpZl_evgu_�b�f_gvrb_�_^bgbpu��K�wlbf�k\yaZgu�
g_dhlhju_�wnn_dlu��gZau\Z_fu_�wnn_dlZfb�ZghfZevgh]h�ij_ehfe_gby�[2]  

P_evx�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�wnn_dlZ�ZghfZevghc�^bki_jkbb�b�hkh[uo�
kemqZ_\�ij_ehfe_gby�k\_lZ�\�nhlhgguo�djbklZeeZo�� 

F_lh^bdZ 
Wnn_dlu� ZghfZevghc� ^bki_j�

kbb� b� ij_ehfe_gby� ZgZebabjh\Zebkv�
iml_f� ihkljh_gby� ^bki_jkbhgguo� ih�
\_joghkl_c� –� aZ\bkbfhkl_c� \hegh\h]h�
\_dlhjZ� baemq_gby�� jZkijhkljZgyxs_�
]hky�\�nhlhgghf�djbklZee_�hl�qZklhlu 
�jbk���. >bki_jkbhggu_�ih\_joghklb�\�
nhlhgghf� djbklZee_�[ueb�jZkkqblZgu�
f_lh^hf�iehkdbo�\heg�[3],[4] ��>ey�ijh�
\_^_gby� jZkq_lh\� [ueZ� jZajZ[hlZgZ�
ijh]jZffZ� \� kj_^_� Matlab. Ijb� wlhf�
\_ebqbgZ� ihdZaZl_ey� ij_ehfe_gby� ih�
eZ]ZeZkv� jZ\ghc� ����� �ihdZaZl_ev� ij_�
ehfe_gby� djbklZeeZ� dj_fgby�� LZd`_�

                                                           
*∗
��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 

Jbk�����>bki_jkbhggu_�ih\_joghklb�\ZdmmfZ�b�nh�
lhggh]h�djbklZeeZ 
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mqblu\ZeZkv�fZl_jbZevgZy�^bki_jkby�dj_fgby��[ueb�bkihevah\Zgu�wdki_jbf_glZevgu_�
^Zggu_�ih�aZ\bkbfhklb�ihdZaZl_ey�ij_ehfe_gby�k\_lZ�hl�^ebgu�\hegu� 

Hij_^_e_gb_� m]eZ� ij_ehfe_gby ih� aZ^Zg�
ghc�qZklhl_�b�m]em�iZ^_gby�α  �jbk� ���ijhba\h^b�
ehkv� ih� ke_^mxs_c� ko_f_��Ijb�iZ^_gbb� k\_lZ�ba�
\ZdmmfZ�gZ�nhlhgguc�djbklZee�khojZgy_lky�qZklh�
lZ�k\_lZ�ω  b�khklZ\eyxsZy�\hegh\h]h�\_dlhjZ� xk , 

iZjZee_evgZy� ih\_joghklb� djbklZeeZ�� qlh� iha\h�
ey_l� gZclb� khhl\_lkl\mxsb_� lhqdb� gZ� ^bki_jkb�
hgghc�ih\_joghklb b�hij_^_eblv�]jmiih\mx�b�nZ�
ah\mx� kdhjhklv� k\_lZ� \� nhlhgghf� djbklZee_�� Z��
ke_^h\Zl_evgh��b�m]he�hldehg_gby� 

J_amevlZlu 
K�bkihevah\Zgb_f�\uqbke_gguo�^bki_jkbhgguo�ih\_joghkl_c��[ueb�ihkljh_gu�

aZ\bkbfhklb�m]eZ�hldehg_gby�k\_lZ�hl�^ebgu�\hegu��Ih�wlbf�aZ\bkbfhklyf�[ueb�\u�
qbke_gu�hilbfZevgu_�iZjZf_lju�nhlhggh]h�djbklZeeZ�^ey�ihemq_gby�wnn_dlZ�kmi_j�
ijbafu�gZ�aZ^Zgghc�^ebg_�\hegu��<�lZ[ebp_ 1�ijb\_^_gu�hilbfZevgu_�iZjZf_lju�^ey�
g_kdhevdbo�^ebg�\heg� 

>bki_jkby� ������°�gf��Wlh�agZq_gb_�^bki_jkbb�y\ey_lky�fZdkbfZevguf�^ey�nh�
lhggh]h�djbklZeeZ�gZ�hkgh\_�dj_fgby� 

LZ[ebpZ��   
>ebgZ�\hegu��fdf I_jbh^�kljmdlmju��fdf JZ^bmk�hl\_jklbc��fdf 

3.39 0.815 0.326 
1.1 0.264 0.106 
0.8 0.192 0.077 
0.63 0.151 0.061 

 
LZd`_� [ueb� jZkkfhlj_gu� kemqZb� ZghfZevgh]h� ij_ehfe_gby� k\_lZ� \�nhlhgguo�

djbklZeeZo�  
Ih^h[jZgu�lZdb_�iZjZf_lju�kljmdlmju��qlh�gZ�aZ^Zgghc�^ebg_�\hegu�m]he�ij_�

ehfe_gby�[m^_l�jZ\_g�m]em�iZ^_gby��l�_��ihdZaZl_ev�ij_ehfe_gby�nhlhggh]h�djbklZeeZ�
jZ\_g� ���Wlh� lZd�gZau\Z_fuc� wnn_dl�g_\b^bfdb��<hafh`gh��bf_ggh� wlhl� wnn_dl�bk�
ihevam_l�q_j\v genus afrodita ̂ey�fZkdbjh\db�hl�\jZ]h\��Klhbl�hlf_lblv��h^gZdh��qlh�
^Zgguc�wnn_dl�gZ[ex^Z_lky�\�madhf�^bZiZahg_�^ebg�\heg�b�m]eh\�iZ^_gby� 

Ijb�ijb[eb`_gbb�^ebgu�\hegu�iZ^Zxs_]h�k\_lZ�d�aZij_s_gghc�ahg_�\hafh`_g�
wnn_dl�ihegh]h�\gmlj_gg_]h�hljZ`_gby�ijb�iZ^_gbb�k\_lZ�ba�\ZdmmfZ�gZ�]jZgbpm�nh�
lhggh]h� djbklZeeZ�� Wlh� khhl\_lkl\m_l� lhfm�� qlh� ihdZaZl_ev� ij_ehfe_gby� nhlhggh]h�
djbklZeeZ�f_gvr_�_^bgbpu�� 

LZdbf�h[jZahf��baf_gyy�^ebgm�\hegu�iZ^Zxs_]h�baemq_gby� �beb�\Zjvbjmy�iZ�
jZf_lju� nhlhggh]h� djbklZeeZ��� fh`gh� baf_gylv� ihdZaZl_ev� ij_ehfe_gby� kljmdlmju�
�\dexqZy�agZq_gby�jZ\gu_�_^bgbp_�b�f_gvr_���Z�lZd`_�gZclb�h[eZklb�k�gZb[he__�kbev�
ghc�^bki_jkb_c�k\_lZ� 
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M>D����-14 

HILBFBA:PBY�WE?DLJHHILBQ?KDH=H�>?L?DLBJH<:GBY�
L?J:=?JPH<UO�BFIMEVKH< 

FZdZjh\Z�K�:�� 

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

>bZiZahg� ^ebg� \heg� l_jZ]_jph\h]h�baemq_gby� e_`bl�f_`^m�fbdjh\hegh\uf�b�
^Zevgbf�bgnjZdjZkguf�^bZiZahghf��QZklhl_�we_dljhfZ]gblgh]h�baemq_gby� ��L=p� ����
kf-1

��khhl\_lkl\m_l�^ebgZ�\hegu�����ff�b�wg_j]by�nhlhgZ�����fw<��Kms_kl\m_l�g_kdhev�
dh� kihkh[h\� ]_g_jZpbb� b� ^_l_dlbjh\Zgby� l_jZ]_jph\h]h� baemq_gby�� <� l_jZ]_jph\hf�
ki_dljhf_lj_�� kha^Zgghf� \� gZr_c� eZ[hjZlhjbb�� ]_g_jZpby� l_jZ]_jph\uo� bfimevkh\�
�L=B��hkms_kl\ey_lky�wnn_dlhf�\uijyfe_gby�qZklhl�bfimevkgh]h�hilbq_kdh]h�baem�
q_gby�\�g_ebg_cgh-hilbq_kdhf�djbklZee_�ZnTe���<�^Zgghc�jZ[hl_�^_l_dlbjh\Zgb_�l_jZ�
]_jph\h]h�baemq_gby�ijhba\h^behkv�lZd�`_�\�djbklZee_�ZnTe�k�ihfhsvx�we_dljhhilb�
q_kdh]h��WH��wnn_dlZ� 

Hilbq_kdZy�bg^bdZljbkZ��weebikhb^�ihdZaZl_ey�ij_ehfe_gby��hij_^_ey_lky�ih�
eyjbaZpbhggufb�dhgklZglZfb�\_s_kl\Z��dhlhju_�\�g_ebg_cgh-hilbq_kdbo�djbklZeeZo�
ih^�^_ckl\b_f�\g_rg_]h�ihklhyggh]h�we_dljhfZ]gblgh]h�ihey�baf_gyxlky�ijhihjpbh�
gZevgh�\_ebqbg_�wlh]h�ihey��Wlh�y\e_gb_�gZau\Z_lky�we_dljhhilbq_kdbf�wnn_dlhf�beb�
wnn_dlhf� Ihdd_evkZ�� Khhl\_lkl\_ggh�� ijbgpbi� we_dljhhilbq_kdh]h� ^_l_dlbjh\Zgby�
�WH>��l_jZ]_jph\h]h�baemq_gby�khklhbl�\�ke_^mxs_f��Q_j_a�djbklZee�ZnTe�h^gh\j_�
f_ggh�k�hilbq_kdbf�ijhoh^bl�L=B��Ihke_^gbc�fZeh�baf_gy_lky�\h�\j_f_gb�ih�kjZ\g_�
gbx�k�i_j\uf��lZd�dZd�qZklhlZ�L=p�baemq_gby�gZ�g_kdhevdh�ihjy^dh\�gb`_�qZklhlu�hi�
lbq_kdh]h�baemq_gby��\�ke_^kl\b_�q_]h�_]h�fh`gh�jZkkfZljb\Zlv�\�dZq_kl\_�ihklhyggh�
]h�\g_rg_]h�ihey��<�djbklZee_�ZnTe�lZdbf�h[jZahf�bg^mpbjm_lky�^\memq_ij_ehfe_gb_�
b�gZ[ex^Z_lky�we_dljhhilbq_kdbc�wnn_dl��GZ�jbk.���ij_^klZ\e_gZ�wdki_jbf_glZevgZy�
ko_fZ� ^ey�WH>��Ba-aZ� gZ\_^_ggh]h� ^\memq_ij_ehfe_gby� emq�gZ� \uoh^_�ba� djbklZeeZ�
bf__l� iheyjbaZpbx�� hlebqgmx� hl� iheyjbaZpbb� iZ^Zxs_]h� baemq_gby��<ur_^rbc� ba�
we_dljhhilbq_kdh]h�djbklZeeZ�emq�ijhoh^bl�q_j_a�ieZklbgdm� ��λ ��ijbh[j_lZy�weebi�
lbq_kdmx�iheyjbaZpbx��aZl_f�q_j_a�ijbafm�<hehklhgZ��I<���jZa^_eyxsmx�emq�gZ�^\Z�
emqZ� k� hjlh]hgZevgufb� ebg_cgufb� iheyjbaZpbyfb��<ihke_^kl\bb emqb� ihiZ^Zxl� gZ�
\oh^�^_l_dlhjZ��^Zxs_]h�agZq_gby�gZ�\oh^_�a b�jZaghklv a-b�agZq_gbc�gZ�\oh^_ a b�gZ�
\oh^_�b�^_l_dlhjZ��LZdbf�h[jZahf��agZy�gZqZevgmx�iheyjbaZpbx�hilbq_kdh]h�baemq_�
gby��lh�_klv�agZq_gby�a�b�a-b�\�hlkmlkl\b_�l_jZ]_jph\h]h�emqZ��fh`gh�ihkqblZlv�_z�ba�
f_g_gb_��\ua\Zggh_�gZ\_^_gguf�^\memq_ij_ehfe_gb_f��Z� agZy�we_dljhhilbq_kdb_�dh�
wnnbpb_glu��ihkqblZlv�\_ebqbgm�ihey�L=B��?keb�]jmiih\u_�kdhjhklb�hilbq_kdh]h�b�
l_jZ]_jph\h]h�bfimevkh\�\�djbklZee_�ZnTe�^hklZlhqgh�[ebadb�ih� agZq_gbx�b�fh`gh�
ij_g_[j_qv�bo�jZaebqb_f��lh�fh`gh�baf_jblv�aZ\bkbfhklv�f]gh\_ggh]h�agZq_gby�ihey�
L=B�hl�\j_f_gb��baf_gyy�\j_fy�aZ^_j`db�f_`^m�gbf�b�ijh[guf�hilbq_kdbf�bfimev�
khf�� lZd� dZd� ^ebl_evghklv� hilbq_kdh]h� bfimevkZ� fgh]h� f_gvr_� ^ebl_evghklb� L=B��
Wlhl�f_lh^�^_l_dlbjh\Zgby�gZau\Z_lky�dh]_j_glguf��lZd�dZd�iha\hey_l�baf_jblv�\_eb�
qbgm�ihey�L=B�\�dZ`^uc�fhf_gl�\j_f_gb�b�ke_^h\Zl_evgh�ihemqblv�bgnhjfZpbx�b�h[�
bgl_gkb\ghklb�l_jZ]_jph\h]h�baemq_gby��b�h�_]h�nZa_��GZ�hkgh\_�^Zgghc�ko_fu�[ueZ�
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kha^ZgZ�wdki_jbf_glZevgZy�mklZgh\dZ�l_jZ]_jph\h]h�ki_dljhf_ljZ��]^_�djbklZee�ZnTe 
bkihevah\Zeky�\�dZq_kl\_�^_l_dlhjZ�L=B� 

<�gZrbo�wdki_jbf_glZo�fu�\Zjvbjh\Zeb�ke_^mxsb_�iZjZf_lju�hilbq_kdh]h�ba�
emq_gby��^ebgm�\hegu� �hl� ����gf�^h� ����gf��b�^ebl_evghklv�bfimevkZ��Ijb�wlhf gZ�
[ex^Zebkv� baf_g_gby� dZd� \h� \j_f_gghf� ij_^klZ\e_gbb� kb]gZeZ� �hlghr_gb_� kb]gZe–
rmf���lZd�b�baf_g_gby�nhjfu�ki_dljZ�L=B��LZd�`_�wdki_jbf_glZevgh�bkke_^h\Zehkv�
\ebygb_�^ebgu�djbklZeeZ�ZnTe�gZ�wnn_dlb\ghklv�WH>��Blh]hf�wlbo�baf_j_gbc�[ueh�
gZoh`^_gb_�lZdhc�^ebgu�djbklZeeZ��ijb�dhlhjhc�gZ[ex^Zehkv�gZb[hevr__�hlghr_gb_�
kb]gZe–rmf��<�^hiheg_gbb�d� wlhfm�[ueb�baf_j_gu�ki_dlju�dhwnnbpb_glZ�ih]ehs_�
gby�b�ihdZaZl_ey�ij_ehfe_gby�djbklZeeZ�ZnTe�\�l_jZ]_jph\hf�^bZiZahg_�qZklhl��LZdbf�
h[jZahf��p_evx�^Zgghc�jZ[hlu�y\eyehkv�gZoh`^_gb_�hilbfZevgh]h�gZ[hjZ�iZjZf_ljh\��
ijb�dhlhjuo�ki_dlj�L=B�fZdkbfZe_g�\�lj_[m_fhf�^bZiZahg_�qZklhl�b�fZdkbfZevgh�hl�
ghr_gb_�kb]gZe-rmf�gZr_]h�ki_dljhf_ljZ��LZdbfb�iZjZf_ljZfb�y\eyxlky�^ebgZ�\he�
gu�� ^ebl_evghklv� hilbq_kdh]h� bfimevkZ�� ^ebgZ� djbklZeeZ� ^_l_dlhjZ��HilbfZevghklv�
ij_^klZ\ey_fuo� iZjZf_ljh\� ih\urZ_l� wnn_dlb\ghklv� j_r_gby� aZ^Zq� ki_dljhkdhibb�
\_s_kl\� 
1. :��Yjb\��I��Xo��Hilbq_kdb_�\hegu�\�djbklZeeZo��1987 ]. 
2. G. Gallot and D. Grischkowsky, “Electro-optical detection of terahertz radiation”// © 

1999 Optical Society of America 
3. H. Bakker, G.Cho et. al. “Distortion of terahertz pulses in electro-optic sampling” // J. 

Opt. Soc. Am. B vol. 15 (1996) 1796 
 

MD>�����������������6 

MQ,L�F,JL<H=H�<J?F?GB�NHLH>?L?DLHJ: 
IJB�BKKE?>H<:GBB�DHJJ?EYPBHGGUO�NMGDPBC�

BGL?GKB<GHKLB�<�BFIMEVKGHF�J?@BF? 

*∗):]Znhgh\�B�G���BkoZdh\�L�R���Q_oh\Z�F�<� 

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

Ijb�bkke_^h\Zgbb�dhjj_eypbhgguo�nmgdpbc bgl_gkb\ghklb��DNB��\ukrbo�ih�
jy^dh\��ghjfbjh\Zgguo�dhjj_eypbhgguo�nmgdpbc�=eZm[_jZ [1-3]��p_e_khh[jZagh�ijb�
                                                           
*∗
��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 

<O��E�

�

^_l_dlhj�

L=p�

<O��D�

<WHD�
λλ / 4 

HIL��

BFI��

Jbk�����Wdki_jbf_glZevgZy�ko_fZ�^ey�WH>��]^_�WHD�±�we_dljhhilbq_kdbc�djbklZee��I<�±�ijbafZ�
<hehklhgZ�  
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f_g_gb_� bfimevkgh]h� eZa_jZ ijb� hij_^_ezgghf� ih^[hj_� iZjZf_ljh\� ^ebl_evghklb� b�
qZklhlu� ih\lhj_gby� bfimevkZ�� Z� lZd`_� hdgZ� ko_fu� kh\iZ^_gbc� >�]��IjbgpbibZevgZy�
ko_fZ� wdki_jbf_glZevghc� mklZgh\db� ih� gZ[ex^_gbx� n-nhlhgguo� dhjj_eypbc� ij_^�
klZ\ey_l�kh[hc�h[h[s_gb_�bgl_jn_jhf_ljZ�;jZmgZ-L\bkkZ�>�]��<�jZ[hl_�jZkkfZljb\Z_l�
ky�baf_j_gb_�DNB�\lhjh]h��lj_lv_]h�b�q_l\zjlh]h�ihjy^dh\�^ey�baemq_gby�k�^ebl_ev�
ghklvx�bfimevkZ�ihjy^dZ�g_kdhevdbo�^_kyldh\�gZghk_dmg^�b�qZklhlhc�ih\lhj_gby�\����
=p�b�ko_fu�kh\iZ^_gbc�k�^ebl_evghklvx�hdgZ��f_gvr_c�^ebl_evghklb�bfimevkZ��;ueZ�
ijh^_fhgkljbjh\ZgZ�\hafh`ghklv�lZdbo�baf_j_gbc�^ey�dh]_j_glgh]h�b�ik_\^hl_ieh\h�
]h� bklhqgbdh\�� <� dZq_kl\_� ik_\^hl_ieh\h]h� bklhqgbdZ� bkihevah\Zeky� \jZsZxsbcky�
fZlh\uc� ^bkd� >�]��J_`bf� j_]bkljZpbb� h^ghc�ihi_j_qghc�fh^u� ^hklb]Zeky�[eZ]h^Zjy�
\u^_e_gbx�mqZkldZ�h^gh]h�ba�ki_deh\��h[jZah\Zgguo�ijhoh^ysbf�q_j_a�^bkd�baemq_�
gb_f��Kljh[bjh\Zgb_�nhlh^_l_dlhjh\� iha\heyeh� agZqbl_evguf� h[jZahf� kgbablv� mjh�
\_gv�l_fgh\uo�hlkqzlh\��rmfZ�� 

Hkgh\guf�j_amevlZlhf�jZ[hlu�y\ey_lky�mqzl�fzjl\h]h�\j_f_gb�nhlh^_l_dlhjZ�
�h[mkeh\e_ggh]h� ijhp_kkZfb� j_eZdkZpbb��� dhlhjh_� ijb\h^bl� d� km`_gbx� baf_jy_fhc�
DNB�^h������\�kemqZ_�DNB�\lhjh]h�ihjy^dZ���<�oh^_�jZ[hlu�[ueb�ijh\_^_gu�wdki_�
jbf_glu� ih� baf_j_gbx�DNB� ^ey� dh]_j_glgh]h� b� ik_\^hl_ieh\h]h� baemq_gby��LZd`_�
[ueZ�ihdZaZgZ�\hafh`ghklv�baf_j_gby�DNB�[he__�\ukhdbo�ihjy^dh\��Ijbqzf��[eZ]h�
^Zjy�jZ[hl_�\�bfimevkghf�j_`bf_�qbkeh�kh\iZ^_gbc�nhlhhlkqzlh\�mf_gvrZ_lky�\�g_�
agZqbl_evghc�kl_i_gb� �ih�kjZ\g_gbx�k�jZ[hlhc�\�g_ij_ju\ghf�j_`bf_��k�jhklhf�ih�
jy^dZ�bkke_^m_fhc�dhjj_eypbhgghc�nmgdpbb��qlh�^hklb]Z_lky�aZ�kqzl�ih^[hjZ�rbjbgu�
hdgZ�kh\iZ^_gbc��[ebadhc�d�^ebl_evghklb�bfimevkZ��>ey�ijh\_jdb�ijZ\bevghklb�ij_^�
iheh`_gbc�hlghkbl_evgh�mqzlZ�fzjl\h]h�\j_f_gb�[ueh�\uiheg_gh�dhfivxl_jgh_�fh�
^_ebjh\Zgb_��j_amevlZlu�dhlhjh]h�ohjhrh�kh]eZkmxlky�k�wdki_jbf_glZevgufb�^Zggu�
fb�b�ih^l\_j`^Zxl�gZebqb_�km`_gby�baf_jy_fhc�DNB� 
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3. EZg^k[_j]�=�K��HilbdZ��Fhkd\Z��������k����-103. 
4. Iskhakov T.Sh., Ivanova O.A. and Chekhova M.V. "Multi-photon states and their meas-
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6. Haner A.B. and Isenor N.R. "Intensity Correlations from Pseudothermal Light Sources" // 
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M>D�����������������.1 

IJHKLJ:GKL<?GGH-<J?F?GGU?�<BGLH<U?�N:AH<U?�
>BKEHD:PBB�<�HILBD? 

Yg]bjh\Z�<�<� 

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

GZ� jZkijhkljZg_gb_� hilbq_kdh]h� baemq_gby� k� ijhkljZgkl\_ggh-\j_f_gghc�fh�
^meypb_c�Zfieblm^u�b�nZau�hdZau\Zxl�\ebygb_��dZd�^bnjZdpby��lZd�b�qZklhlgZy�^bk�
i_jkby�� GZfb� \i_j\u_� bkke_^mxlky� \hegh\u_� k\hckl\Z� ijhkljZgkl\_ggh-\j_f_ggh]h�
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\hjl_dkZ�� beb� \bglh\hc� nZah\hc� ^bkehdZpbb�� dhlhjZy� y\ey_lky� ZgZeh]hf� qbklh� ijh�
kljZgkl\_ggh]h�\hjl_dkZ [1]. Fu�lZd`_�baeZ]Z_f�ijhklu_�f_lh^u�j_]bkljZpbb�b�]_g_�
jZpbb�lZdbo�khklhygbc� 

:fieblm^Z�ijhkljZgkl\_ggh-\j_f_ggh]h�\hjl_dkZ�ij_^klZ\bfZ�\�\b^_ 
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ijb� wlhf�nZaZ�\hjl_dkZ� aZdjmqb\Z_lky�ih� kibjZeb�ijb�h[oh^_� kbg]meyjghklb� k�h^gh�
\j_f_gguf�baf_g_gb_f�dhhj^bgZlu�b�\j_f_gb��gZijbf_j��ih�]Zjfhgbq_kdhfm�aZdhgm��
IjhkljZgkl\_ggh-\j_f_ggZy�^bkehdZpby�khojZgy_lky�ijb�^bnjZdpbhgghf�b�^bki_jkb�
hgghf�jZkieu\Zgbb�bfimevkgh]h�imqdZ� 

>ey�j_]bkljZpbb�kf_rZgguo�khklhygbc�fu�ij_^eZ]Z_f�bkihevah\Zlv�f_lh^�^b�
gZfbq_kdhc�bgl_jn_jh]jZffu��dh]^Z�\�hdj_klghklyo�nhjfbjh\Zgby�^bkehdZpbc�h[jZ�
amxlky�oZjZdl_jgu_� ©\bedbª�–�j_amevlZl�kebygby�^\mo�khk_^gbo�bgl_jn_j_gpbhgguo�
ihehk��Bo�fh`gh�h[gZjm`blv�ijb�bgl_jn_j_gpbb�kb]gZevghc�\hegu��kh^_j`Zs_c�^bk�
ehdZpbx��k�iehkdhc�hihjghc�\heghc��Ijb�wlhf�hihjgmx�\hegm�gZ^h�gZijZ\blv�ih^�fZ�
euf�m]ehf� γ �beb�__�qZklhlm�k^\bgmlv�gZ�\_ebqbgm�Ω �ih�hlghr_gbx�d�kb]gZevghc�\he�
g_��lh]^Z�bgl_jn_j_gpbhggu_�ibdb�nhjfbjmxlky�\^hev�gZijZ\e_gby�hkb�HO��Bo�dheb�
q_kl\h�b�iheh`_gb_�f_gy_lky�kh�\j_f_g_f��b�\�lhqd_�^bkehdZpbb�^\_�khk_^gb_�ihehku�
keb\Zxlky��LZdbf�h[jZahf��j_]bkljbjmy�ijhkljZgkl\_ggh_�jZkij_^_e_gb_�bgl_jn_j_g�
pbhggh]h�ihey�\�jZaebqgu_�fhf_glu�\j_f_gb��fh`gh�hij_^_eblv�ijhkljZgkl\_ggmx�b�
\j_f_ggmx�dhhj^bgZlm�\bglh\hc�^bkehdZpbb��Bkihevamy�gZ[hj�^hklZlhqgh]h�dhebq_�
kl\Z�f]gh\_gguo�kgbfdh\��fh`gh�ihkljhblv�^bgZfbq_kdmx�bgl_jn_jh]jZffm.  

=_g_jZpbx�p_ihqdb�ijhkljZgkl\_ggh-\j_f_gguo�khklhygbc�[2]�fh`gh�hkms_kl�
\blv��gZijbf_j��ijb�kmi_jihabpbb ^\mo�bfimevkguo�]Zmkkh\uo�imqdh\��p_glju�dhlh�
juo�jZag_k_gu�gZ�jZkklhygb_� 02x ��Z�qZklhlu�–�gZ�\_ebqbgm� Ω2 : 
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<hagbdZxsb_�ijb�wlhf�^bkehdZpbb�h[jZamxlky�\�

fhf_glu�\j_f_gb� )2/()21(v Ω+π=τ Tn  ( ...2,1,0 ±±=n ) 

\� lhqd_� k� dhhj^bgZlhc )4/()(ln 0
2

12v xaEEx = �� GZ�

jbkmgd_� ij_^klZ\e_gZ� ^bgZfbq_kdZy� bgl_jn_jh]ZffZ�
h[jZamxs_cky�k_jbb�^bkehdZpbc��AZf_lbf��qlh�ijb�wlhf�
^bkehdZpbb�fh`gh�i_j_f_sZlv��baf_gyy�Zfieblm^u�kf_�
rb\Z_fuo� \heg�� \j_fy� aZiZa^u\Zgby� bfimevkh\� b�
gZdehg� imqdh\. <� hdj_klghklb� dZ`^hc� ^bkehdZpbb�
Zfieblm^Z� bf__l� kbg]meyjghklv 

)(4)(2~),,( v
2

0vv xxaxiyxA −−τ−τΩτ − . 

>jm]hc� kihkh[� ]_g_jZpbb� ijhkljZgkl\_ggh-
\j_f_gguo�^bkehdZpbc�aZdexqZ_lky�\�gZeh`_gbb�^jm]�gZ�^jm]Z�^\mo�kdj_s_gguo�h^�
ghqZklhlguo�]Zmkkh\uo�bfimevkh\��aZiZa^u\Zxsbo�^jm]�hlghkbl_evgh�^jm]Z�ih�\j_f_�
gb� 

>Ze__��fu�jZkkfZljb\Z_f�nhjfbjh\Zgb_�b�jZkijhkljZg_gb_�\�^_nhdmkbjmxs_c�
d_jjh\kdhc�kj_^_�ijhkljZgkl\_ggh-\j_f_ggh]h�kheblhgZ��g_kms_]h�^bkehdZpbx��nhjfZ�
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dhlhjh]h� aZ^Z_lky�\ujZ`_gb_f� )exp()tanh()exp( 06

6

0 ϕ−= irr
R

r
IA  [3]�� ]^_� aZ� r ijbgyl�

jZ^bmk-\_dlhj�\�dhhj^bgZlZo�©ijhkljZgkl\h-\j_fyª��lh�_klv� 22 τ+= xr ��Z�aZ�iheyj�

guc�m]he�- 
x

arctg
τ=ϕ ��Ijb�qbke_gghf�fh^_ebjh\Zgbb�ihdZaZgh��qlh�lZdhc�kheblhg�k�

\hjl_dkhf�y\ey_lky�mklhcqb\uf� 
 

1. Kivshar Y.S., Ostrovskaya E.A. // Optics&Photonics News. 2002. V. 2. P. 28. 
2. Yg]bjh\Z�<�<���DZebgh\bq�:�:���Kmohjmdh\�:�I�����Ba\��J:G��K_j��nba��������L� 68. 

K� 1799 
3. *�$��6ZDUW]ODQGHU��&�7��/DZ����3K\V��5HY��/HWW��������9������������3������� 

 
 

M>D���������� 

>BNJ:DPBY�K<?L:�<�NHLHGGUO�DJBKL:EE:O�
BKDMKKL<?GGUO�HI:E:O 

K_jz]bg K�:� 

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

;hevrhc� bgl_j_k� d� fbdjhkljmdlmjZf� k� nhlhgghc� aZij_s_gghc� ahghc� �NAA�� - 
nhlhgguf�djbklZeeZf� �ND��-�h[mkeh\e_g�\hafh`ghklvx�gZ[ex^_gby�\�gbo�gh\uo�hi�
lbq_kdbo�y\e_gbc��ND�i_jki_dlb\gu�^ey�ijbf_g_gby�\�l_e_dhffmgbdZpbhgguo�b�bg�
nhjfZpbhgguo� l_ogheh]byo�dZd�gh\u_�fZl_jbZeu�� wnn_dlb\gh�mijZ\eyxsb_�jZkijh�
kljZg_gb_f�k\_lZ��H^ghc�ba�\Z`guo�aZ^Zq�nbabdb�ND�y\ey_lky�kha^Zgb_�fbdjhkljmd�
lmj�k�iheghc�nhlhgghc�aZij_s_gghc�ahghc��Hkgh\hc�^ey�kha^Zgby�lZdbo�fbdjhkljmd�
lmj� ^ey� \b^bfhc� h[eZklb� ki_dljZ�fh`_l� kem`blv�bkdmkkl\_gguc� hiZe��ij_^klZ\eyx�
sbc�kh[hc�iehlghmiZdh\Zggmx�dm[bq_kdmx�j_rzldm��\�maeZo�dhlhjhc�gZoh^ylky�kn_�
jbq_kdb_�qZklbpu�Zfhjngh]h�^bhdkb^Z�dj_fgby��Z-SiO2���>bZf_lj�qZklbp�Z-SiO2 \Zjvb�
jm_lky� hl� ���� ^h� ����� gf��� wnn_dlb\guc� ihdZaZl_ev� ij_ehfe_gby� hiZeh\� na ihjy^dZ�
1.37.  

<�i_j\hc�qZklb�jZ[hlu�[ueb�ihemq_gu�ki_dlju�hljZ`_gby�b�ijhimkdZgby�k\_lZ�
ijb� _]h� jZkijhkljZg_gbb� \� iehkdhklb�� i_ji_g^bdmeyjghc� jhklh\hc� iehkdhklb� �������
Ihemq_gu�aZ\bkbfhklb�dhwnnbpb_glZ�ijhimkdZgby�b�hljZ`_gby�hiZeZ�hl�^ebgu�\hegu�
iZ^Zxs_]h�k\_lZ�ijb�ghjfZevghf�iZ^_gbb�b�ijb�aZiheg_gbb�h[jZapZ�jZaebqgufb�bf�
f_jkbjmxsbfb�`b^dhklyfb.�<�dZq_kl\_�lZdbo�`b^dhkl_c�bkihevah\Zebkv�\h^Z��wlbeh�
\uc�kibjl��bahijhibeh\uc�kibjl�b�]ebp_jbg��>ey�k_jbb�h[jZaph\�[ueb�ihemq_gu�aZ\b�
kbfhklb�iheh`_gby�NAA� \� ki_dlj_�hl�jZaf_jZ kn_jbq_kdbo�qZklbp�Z-SiO2. Ihemq_gu�
aZ\bkbfhklb�ki_dljZevgh]h�iheh`_gby�NAA�hl�m]eZ�iZ^_gby�k\_lZ�gZ�kbkl_fm�jhklh\uo�
iehkdhkl_c�������ijb�a_jdZevghf�m]e_�hljZ`_gby��Z�lZd`_�hl�m]eZ�hljZ`_gby�ijb�nbd�
kbjh\Zgghf� m]e_� iZ^_gby��IhdZaZgh�� qlh�fZdkbfmf� dhwnnbpb_glZ� hljZ`_gby� ijboh�
^blky�gZ� a_jdZevguc�m]he��Z�^ebgZ�\hegu�hljZ`zggh]h�k\_lZ�\�fZdkbfmf_�hljZ`_gby�
m^h\e_l\hjy_l�mkeh\bx�;jw]]Z-<mevnZ� 

<lhjZy� qZklv� jZ[hlu� aZdexqZeZkv� \� gZ[ex^_gbb� b� j_]bkljZpby� hljZ`_ggh]h�
k\_lZ�ijb�_]h�jZkijhkljZg_gbb�\^hev�kbkl_fu�jhklh\uo�iehkdhkl_c��������Z�lZd�`_�gZ�
[ex^_gbb� b� j_]bkljZpby� w\hexpbb� hljZ`zgguo� j_ne_dkh\� ijb� ih\hjhl_� h[jZapZ� \�
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iehkdhklb�iZjZee_evghc�iehkdhklb� �������Ijb�iZ^_gbb�k\_lZ�\^hev�p_ihq_d�rZjh\�Z-
SiO2�^\mf_jghc�]_dkZ]hgZevghc�j_r_ldb��dZjlbgZ�^bnjZdpbb��\hagbdZxsZy�\�h[jZlghc�
ihemkn_j_��ij_^klZ\ey_l�kh[hc�^\Z�kbff_ljbqguo�hlghkbl_evgh�iehkdhklb�������iylgZ��
e_`Zsbo�\�h^ghc�iehkdhklb�k�iZ^Zxsbf�emqhf��b�jZkklhygb_�f_`^m�dhlhjufb�aZ\bkbl�
hl�^ebgu�iZ^Zxs_]h�k\_lZ��:�ijb�iZ^_gbb�k\_lZ�\^hev�[bkk_dljbku�f_`^m�^\mfy�p_�
ihqdZfb�rZjh\�Z-SiO2��dZjlbgZ�^bnjZdpbb��\hagbdZxsZy�\�h[jZlghc�ihemkn_j_��[m^_l�
ij_^klZ\eylv�kh[hc�q_luj_�iylgZ�� 

 
 

M>D������� 

NHJFBJH<:GB?�B�BKKE?>H<:GB?�IJHLHGHH;F?GGUO�KEH?<�
<�DJBKL:EE:O�MGO:LINBO3 

Njheh\Z�F�<� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb 

Ijhlhgguc� h[f_g� gZoh^bl� \k_� [hevr__� ijbf_g_gb_� ^ey� ba]hlh\e_gby� bgl_�
]jZevgh-hilbq_kdbo�mkljhckl\�gZ�hkgh\_�dZgZevguo�\hegh\h^h\�\�djbklZeeZo�gbh[ZlZ�
eblby��/L1EH3���H^gZdh��ijbf_g_gb_�wlbo�mkljhckl\�^ey�fh^meypbb�b�ij_h[jZah\Zgby�
eZa_jgh]h� baemq_gby� [hevrhc� bgl_gkb\ghklb� h]jZgbq_gh� wnn_dlhf� hilbq_kdh]h� ih�
\j_`^_gby��>ey�j_r_gby�wlhc�ijh[e_fu�ij_^klZ\ey_lky�i_jki_dlb\guf�bkihevah\Zgb_�
djbklZeeh\�gbh[ZlZ�eblby��e_]bjh\Zgguo�hdkb^hf�fZ]gby��MgO�/L1EH3���\f_klh�ghfb�
gZevgh�qbkluo�djbklZeeh\��lZd�dZd�e_]bjh\Zgb_�hdkb^hf�fZ]gby�ijb\h^bl�d�agZqbl_ev�
ghfm�ih\ur_gbx�ihjh]Z�hilbq_kdh]h�ih\j_`^_gby� 

JZg__�[ueh�mklZgh\e_gh�gZebqb_�k_fb�jZaebqguo�djbklZeebq_kdbo�nZa��.���1���2, 
�1�� �2�� �3�� b� �4-HxLi 1-xNbO3�� \� ijhlhghh[f_gguo� \hegh\h^Zo� \� ghfbgZevgh� qbklhf�
LiNbO3�� ihemqZ_fuo� \� aZ\bkbfhklb� hl� mkeh\bc� ijhlhggh]h� h[f_gZ� b� ihke_^mxs_]h�
hl`b]Z��P_evx�jZ[hlu�y\behkv�bkke_^h\Zgb_�k\hckl\�b�ihkljh_gb_�nZah\hc�^bZ]jZffu�
ijhlhghh[f_gguo� \hegh\h^h\� \� djbklZeeZo� gbh[ZlZ� eblby�� e_]bjh\Zgguo� hdkb^hf�
fZ]gby� 

Ijhlhghh[f_ggu_�\hegh\h^u�[ueb�ba]hlh\e_gu�f_lh^hf�hlh``_ggh]h�ijhlhg�
gh]h�h[f_gZ��HIH���Ijhlhgguc�h[f_g�ijh\h^beky�\�jZkieZ\_�qbklhc�[_gahcghc�dbkeh�
lu�ijb�l_fi_jZlmj_����hK��Z�hl`b]�ijb�l_fi_jZlmj_����hK��<�aZ\bkbfhklb�hl�\j_f_gb�
hl`b]Z�[ueb�ihemq_gu�jZaebqgu_�nZau�+xLi 1-xNbO3��H[gZjm`_gh��qlh�ijhlhgguc�h[�
f_g�\�e_]bjh\Zgghf�fZ]gb_f�gbh[Zl_�eblby�ijhoh^bl�aZf_lgh�f_^e_gg__��q_f�\�qbklhf�
LiNbO3��>_nhjfZpbb� gZ� ih\_joghklb� ihke_� ijhlhggh]h� h[f_gZ� \� e_]bjh\Zgghf� djb�
klZee_�khklZ\eyeb�����-3

��\�lh�\j_fy��dZd�^ey�ghfbgZevgh�qbklh]h�/L1E23 ̂ _nhjfZpbb�
khklZ\eyxl� ���-3

�� Ijb� hl`b]_� agZq_gby� ^_nhjfZpbc� mf_gvrZxlky�� \� lh� \j_fy� dZd�
ijbjZs_gb_�ihdZaZl_ey�ij_ehfe_gby�ijZdlbq_kdb�g_�baf_gy_lky��Ijb�[he__�^ebl_ev�
ghf� hl`b]_� ^_nhjfZpbb� klZgh\ylky� jZ\gufb� gmex�� Z� aZl_f� b� hljbpZl_evgufb�� \� lh�
\j_fy� dZd� ijbjZs_gb_� ihdZaZl_ey� ij_ehfe_gby� j_adh� mf_gvrZ_lky��Baf_j_gb_� ki_d�
ljh\�BD-hljZ`_gby ihdZaZeh�gZebqb_�kbevgh�jZamihjy^hq_gghc��beb�Zfhjnbah\Zgghc��
kljmdlmju�gZ�ih\_joghklb�\hegh\h^Z��qlh�]h\hjbl�h�g_\hafh`ghklb�bkihevah\Zgby�f_�
lh^Z�HIH�^ey�nhjfbjh\Zgby�dZq_kl\_gguo�\hegh\h^h\��WlZ�ijh[e_fZ�[ueZ�j_r_gZ�bk�
ihevah\Zgb_f�f_lh^Z�\ukhdhl_fi_jZlmjgh]h�ijhlhggh]h�h[f_gZ�\f_klh�f_lh^Z�HIH��
Ihemq_ggu_�lZdbf�f_lh^hf�\hegh\h^u�g_�bf_xl�jZamihjy^hq_gghc�kljmdlmju�gZ�ih�
\_joghklb��Z�wlh�agZqbl��qlh�lZdb_�\hegh\h^u�fh]ml�[ulv�bkihevah\Zgu�^ey�kha^Zgby�
bgl_]jZevgh-hilbq_kdbo�mkljhckl\� 
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M>D������� 

J:AJ:;HLD:�B�BKKE?>H<:GB?�WE?DLJHHILBQ?KDBO�
FH>MEYLHJH<�G:�HKGH<?�BGL?JN?JHF?LJ: 

F:O:–P:G>?J:��BA=HLH<E?GGUO�IJHLHGGUF�H;F?GHF 
<�DJBKL:EE:O�GBH;:L:�EBLBY 

∗)?\^hdbfh\�B�=� 

Fhkdh\kdbc�]hkm^Zjkl\_gguc�bgklblml�we_dljhgghc�l_ogbdb 

We_dljhhilbq_kdb_�fh^meylhju�gZ�hkgh\_�bgl_jn_jhf_ljZ�FZoZ–PZg^_jZ�ij_^�
klZ\eyxl� kh[hc� deZkk� ^\modZgZevguo� \hegh\h^guo� we_dljhhilbq_kdbo� fh^meylhjh\��
ijbgpbi� ^_ckl\by� dhlhjuo� hkgh\Zg� gZ� bgl_jn_j_gpbb� f_`^m� nZah\h-dh]_j_glgufb�
k\_lh\ufb�\hegZfb��ijhoh^ysbfb�jZagu_�imlb� 

H^gbf� ba� hkgh\guo� f_lh^h\� ihemq_gby� hilbq_kdbo� \hegh\h^h\� \� djbklZeeZo�
gbh[ZlZ�eblby�y\ey_lky�ijhlhgguc�h[f_g��Ijhp_kk�ijh\h^blky�\�jZkieZ\_�qbklhc�[_g�
ahcghc�dbkehlu�ijb�l_fi_jZlmj_�����K��\j_fy�ijhp_kkZ���–����fbgml��k�^Zevg_crbf�
ihke_h[f_gguf�hl`b]hf�ijb�l_fi_jZlmj_�����K��\�l_q_gb_��–��qZkh\� 

P_evx�jZ[hlu�y\behkv�jZajZ[hldZ�b�bkke_^h\Zgb_�oZjZdl_jbklbd� we_dljhhilb�
q_kdbo�fh^meylhjh\�gZ�hkgh\_�bgl_jn_jhf_ljZ�FZoZ-PZg^_jZ�k�jZ[hq_c�^ebghc�\hegu�
�����fdf��knhjfbjh\Zgguo�\�djbklZeeZo�gbh[ZlZ�eblby�f_lh^hf�ijhlhggh]h�h[f_gZ \�
jZaebqguo�l_ogheh]bq_kdbo�mkeh\byo� 

Hij_^_e_gb_� ihl_jv� ijhba\h^behkv� f_lh^hf� kludh\db� ©\hehdgh-\hegh\h^-
\hehdghª��<oh^�fh^meylhjh\�xklbjm_lky�k�bahljhiguf�\hehdghf��meh`_gguf�\�ki_pb�
Zevgu_�dZgZ\db��kha^Zggufb�\�ieZklbg_�gbh[ZlZ�eblby��lhjpu�dhlhjh]h�hlihebjh\Zgu��
\uoh^�–�k�\hehdghf��khojZgyxsbf�iheyjbaZpbx��lbiZ�©3DQGDª��<�dZq_kl\_�bklhqgbdZ�
baemq_gby�bkihevah\Zeky�kmi_jexfbgbkp_glguc�^bh^�k�\hehdhgguf�\uoh^hf��fhsgh�
klvx�hl�����^h���f<l��baemqZxsbc�gZ�^ebg_�\hegu������fdf��Kludh\dZ�ijhba\h^beZkv�
iml_f�kde_b\Zgby�k�ihfhsvx�de_y�MN-hl\_j`^_gby�� 

<�j_amevlZl_�ijh^_eZgghc�jZ[hlu�ihemq_gu�we_dljhhilbq_kdb_�fh^meylhju�gZ�
hkgh\_�bgl_jn_jhf_ljZ�FZoZ�–�PZg^_jZ�kh�ke_^mxsbfb�oZjZdl_jbklbdZfb��\ghkbfu_�
hilbq_kdb_�ihl_jb�\�hldjulhf�khklhygbb�a���^;��]em[bgZ�fh^meypbb����^;��H[gZjm`_g�
^j_cn�ih^kljh_qgh]h�gZijy`_gby��ih^Z\Z_fh]h�gZ�^hihegbl_evgu_�we_dljh^u��Bkke_�
^h\Zgu� hkh[_gghklb� wlh]h�iZjZablgh]h� y\e_gby�b� hij_^_e_gu� l_ogheh]bq_kdb_� mkeh�
\by��fbgbfbabjmxsb_�_]h� 

 
 

HKGH<GU?�F?LH>U�BKKE?>H<:GBY 
;JW==H<KDBO�<HEHDHGGUO�K<?LH<H>H< 

;h]^Zgh\bq�>�<� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml 

K_]h^gy�� dh]^Z� \hehdhggZy� hilbdZ� klZeZ� g_hlt_fe_fhc� qZklvx� gZmqgh-
l_ogbq_kdh]h�ijh]j_kkZ��b�\hehdhggu_�k\_lh\h^u�gZoh^yl�rbjhdh_�ijbf_g_gb_�\�jZa�

                                                           
∗
��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc�gZ�ih^k_dpbb� 
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ebqguo�h[eZklyo�gZmdb�b�l_ogheh]bb��\k_�[hevrbf�klZgh\blky�bgl_j_k�d�Zevl_jgZlb\�
guf�lbiZf�\hegh\h^h\��\�qZklghklb� d�;jw]]h\kdbf�\hehdhgguf�k\_lh\h^Zf�� 

H[hehqdZ� ^Zgguo� k\_lh\h^h\� ij_^klZ\ey_l� kh[hc� fgh]hkehcgh_� ^bwe_dljbq_�
kdh_�a_jdZeh��jZ[hlZxs__�ih�ijbgpbim�[jw]]h\kdbo�j_ahgZgkh\� >�, 2@��ihwlhfm�klZgh�
\blky�\hafh`guf�jZkijhkljZg_gb_�k\_lZ�\�ihehc�k_j^p_\bg_��Wlh��\�k\hx�hq_j_^v��hl�
dju\Z_l� \hafh`ghklv� ^ey� jy^Z� gh\uo� ijbf_g_gbc� lZdh]h� jh^Z� \hehdhg� \� jZaebqguo�
h[eZklyo� gZmdb� b� l_ogbdb��Ihl_gpbZevgufb� ij_bfms_kl\Zfb� [jw]]h\kdbo� \hehdhg� k�
ihehc�k_j^p_\bghc�y\eyxlky�gbadb_�ihl_jb�gZ�ih]ehs_gb_�b�\ukhdbc�ihjh]�\hagbdgh�
\_gby�g_ebg_cguo�wnn_dlh\� 

<hajhkrbc�mjh\_gv� l_ogheh]bb,� k^_eZ\rbc� \hafh`guf�ijZdlbq_kdh_�ba]hlh\�
e_gb_�;jw]]h\kdbo�k\_lh\h^h\,�h[mkeh\be�b�j_adh_�m\_ebq_gb_�qbkeZ�jZ[hl,�ihk\ys_g�
guo�bo�l_hj_lbq_kdhfm�bkke_^h\Zgbx.  

P_evx�^Zgghc�jZ[hlu�y\ey_lky�h[ahj�l_hj_lbq_kdbo�jZ[hl,�hibkZgb_ b�djblbq_�
kdbc�ZgZeba�bkihevam_fuo�\�gbo�f_lh^h\. 

<�gZklhys__�\j_fy�\�ebl_jZlmj_�bf__lky�^\Z�hkgh\guo�l_hj_lbq_kdbo�ih^oh^Z�d�
ZgZebam�;jw]]h\kdbo�k\_lh\h^h\�[1, 3, 4].  

I_j\uc�f_lh^�[ue�ij_^eh`_g�\�[1]��Kmlv�_]h�aZdexqZeZkv�\�bkihevah\Zgbb�ijb�
ZgZeba_�k\_lh\h^Z�fZljbp�ij_h[jZah\Zgby�dhfihg_gl�ihey��<udeZ^db�k\h^bebkv�d�hi_�
jZpbyf�k�fZljbpZfb��o���P_evx�ZgZebaZ�[ueZ�aZibkv�^bki_jkbhggh]h�mjZ\g_gby��k\y�
au\Zxs_]h�ihklhyggmx�jZkijhkljZg_gby�k�jZ[hq_c�^ebghc�\hegu�ijb�ba\_klghc�]_h�
f_ljbb�kljmdlmju�k\_lh\h^Z� 

<lhjhc�f_lh^�[ue�ij_^eh`_g�\�[3]��Ijb�ZgZeba_�bkihevah\Zebkv�ebrv�ijh^hev�
gu_� dhfihg_glu� we_dljhfZ]gblgh]h� ihey�� qlh� k\h^behkv� d� hi_jZpbyf� k� fZljbpZfb�
jZaf_jghklb� �o��� gh� g_m^h[kl\h� aZdexqZehkv� \� g_h[oh^bfhklb� jZkkqblu\Zlv� Zabfm�
lZevgu_�dhfihg_glu�we_dljhfZ]gblgh]h�ihey�\�dZ`^hf�keh_�h[hehqdb�hl^_evgh��Ijb�
ZgZeba_�;jw]]h\kdh]h� k\_lh\h^Z�bkihevah\Zeky�nhjfZebaf�fZljbp�ijhoh`^_gby�b�hl�
jZ`_gby� k\_lZ� hl� fgh]hkehcghc� h[hehqdb��P_evx� f_lh^Z� y\ey_lky� aZibkv� j_amevlb�
jmxs_c�fZljbpu� hljZ`_gby�� dhlhjZy� ijb� ba\_klghc� ]_hf_ljbb� kljmdlmju� k\_lh\h^Z�
^Z_l�k\yav�ihklhygghc�jZkijhkljZg_gby�k�jZ[hq_c�^ebghc�\hegu� 

H^gZdh��g_�mqblu\Zy�ki_pbnbdb�pbebg^jbq_kdhc�kbff_ljbb�aZ^Zqb��Z\lhju�\h�
\k_o�jZ[hlZo�bkke_^h\Zeb�kljmdlmju�k�wd\b^bklZglguf�jZkij_^_e_gb_f�lhesbg�keh_\��
ihevamykv�ZgZeh]b_c�k�iehkdhiZjZee_evghc�]_hf_ljb_c��F_`^m�l_f��mq_l�wlhc�ki_pb�
nbdb�^_eZ_l�j_r_gb_�aZ^Zqb�]hjZa^h�[he__�keh`guf��q_f�\�iehkdhiZjZee_evghf�kem�
qZ_�� 

LZd�`_�gb�\�h^ghc�ba�jZg__�him[ebdh\Zgguo�jZ[hl�g_�^_eZ_lky�ihiuldb�j_rblv�
aZ^Zqm�h[�hilbfbaZpbb�k\_lh\_^ms_c�kljmdlmju�gZ�fZdkbfZevgh_�hljZ`_gb_�k\_lZ�hl�
h[hehqdb��J_r_gb_�� wlhc� aZ^Zqb�iha\hebeh� [u��g_� m\_ebqb\Zy� dhebq_kl\h� keh_\� h[h�
ehqdb��mf_gvrblv�ihl_jb�fh^�gZ�\ul_dZgb_��<�gZklhys__�\j_fy�wlZ�aZ^ZqZ�gZfb�j_rZ�
_lky� 

 
1. Yeh P., Yariv A., Marom E. Theory of Bragg fiber // J. Opt. Soc. Am., 1978, Vol. 68, N 9, 

S. 1196-1201. 
2. EZaZjqbd�:�G��;jw]]h\kdb_�\hehdhggu_�k\_lh\h^u� ���JZ^bhl_ogbdZ�b�we_dljhgbdZ��

1988, N�����K����- 43. 
3. Chew W.C. Waves and Fields in Inhomogeneous Media. Van Nostrand, New York, 1990, 

Chap. 3. 
4. Sterke C.M., Bassett I.M., Street A.G. Differential losses in Bragg fibers // J. Appl. Phys., 

1994, Vol. 76, N 2, S. 680-688.  
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M>D�������� 

HP?GD:�WE?DLJHIJH<H>GHKLB�KL?DHE��IJB=H>GUO 
>EY�NHLHBG>MPBJH<:GGHC�=?G?J:PBB�<LHJHC�=:JFHGBDB 

Ibomey�>�=� 

X`gh-MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Hldjulh_�\������]. [1]�y\e_gb_�nhlhbg^mpbjh\Zgghc�]_g_jZpbb�\lhjhc�]Zjfhgb�
db�\�bahljhiguo�kj_^Zo�ihjh^beh�jy^�jZ[hl�gZijZ\e_gguo�gZ�bkke_^h\Zgb_�hilbq_kdbo�
fZl_jbZeh\�� h[eZ^Zxsbo� g_h[oh^bfufb� ^ey� gZ[ex^_gby� wlh]h� wnn_dlZ� k\hckl\Zfb��
Bkke_^h\Zgby� ihdZaZeb�� qlh� wlh� y\e_gb_� fh`_l� [ulv� k\yaZgh� k� i_j_jZkij_^_e_gb_f�
h[t_fgh]h�aZjy^Z�\�kj_^_�\�ijhp_kk_�ijb]hlh\e_gby�h[jZapZ� �\ha^_ckl\b_�baemq_gb_f�
hkgh\ghc�qZklhlu�b�\lhjhc�]Zjfhgbdb���D�wlhfm�deZkkm�fZl_jbZeh\�hlghkylky�g_dhlh�
ju_�hilbq_kdb_�kl_deZ��k\bgph\h-nhknZlgu_��k\bgph\h-kbebdZlgu_��kbebdZlgu_��oZev�
dh]_gb^gu_�b�^j����<�\b^m�gZebqby�m�wlbo�fZl_jbZeh\�we_dljhijh\h^ghklb��gZ\_^_ggZy�
\�oh^_�ijb]hlh\e_gby�h[jZapZ�d\Z^jZlbqgZy�g_ebg_cghklv�bf__l�dhg_qgh_�\j_fy�`ba�
gb�� 

<�^Zgghc�jZ[hl_�ij_^eZ]Z_lky�f_lh^�hp_gdb�mkj_^g_gghc�\_ebqbgu�we_dljhijh�
\h^ghklb� kl_dhe�� h[eZ^Zxsbo� wnn_dlhf�nhlhbg^mpbjh\Zgghc� ]_g_jZpbb� \lhjhc� ]Zj�
fhgbdb��\�^bZiZahg_�keZ[uo�ihe_c��^h����d</kf���F_lh^�aZdexqZ_lky�\�ijb]hlh\e_gbb�
h[jZapZ�^ey�]_g_jZpbb�\lhjhc�]Zjfhgbdb��\ha^_ckl\b_�baemq_gb_f�hkgh\ghc�qZklhlu�b�
\lhjhc�]Zjfhgbdb���baf_j_gbb�djb\hc�jZkiZ^Z�gZ\_^_gghc�d\Z^jZlbqghc�g_ebg_cghklb�
b�\uqbke_gbb�ih�wlhc�djb\hc�oZjZdl_jgh]h�\j_f_gb�`bagb�ghkbl_e_c�aZjy^Z�fZl_jbZ�
eZ�� Ij_^eh`_gguc� f_lh^� [ue� bkihevah\Zg� ^ey� bkke_^h\Zgby� k\hckl\� k\bgph\h-
nhknZlguo�kl_dhe�jZaebqguo�khklZ\h\��Ke_^m_l�hlf_lblv��qlh�ijb�ijh\_^_gbb�baf_j_�
gbc�ijb�jZaebqguo�l_fi_jZlmjZo�fh`gh�hij_^_eblv�l_ieh\hc�dhwnnbpb_gl�Zdlb\Zpbb�
ghkbl_e_c�aZjy^Z�fZl_jbZeZ��:\lhju�gZ^_xlky��qlh�ij_^eZ]Z_fuc�f_lh^�gZc^_l�ijbf_�
g_gb_�b�\�h[eZklyo�gZmdb��^Ze_dbo�hl�hilbdb� 
1. Sasaki Y. and Ohmori Y. Phase-matched sum-frequency light generation in optical fibers 

// Appl. Phys. Lett., 1981, v. 39, n. 6, p. 466-468. 
 
 

M>D�������� 

GH<UC�F?LH>�HIJ?>?E?GBY�WEEBILBQGHKLB�KHKLHYGBY�
IHEYJBA:PBB�DH=?J?GLGH=H�K<?L: 

*∗):kk_ev[hjg�K�:��Gh\bdh\�B�<� 

X`gh-MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Bkihevah\Zgb_� bklhqgbdh\� dh]_j_glgh]h� baemq_gby� \� wdki_jbf_glZevguo� bk�
ke_^h\Zgbyo�ijb\h^bl�d�g_h[oh^bfhklb�hij_^_e_gby�khklhygby�iheyjbaZpbb�k\_lZ��>ey�
j_r_gby�[hevrbgkl\Z�wdki_jbf_glZevguo�aZ^Zq�^hklZlhqgh�agZlv�ebrv�weebilbqghklv�
khklhygby�iheyjbaZpbb��bgnhjfZpby�h[�hjb_glZpbb�weebikZ�iheyjbaZpbb�qZklh�[u\Z_l�
baebrg_c��<�g_dhlhjuo�kblmZpbyo�\hagbdZ_l�g_h[oh^bfhklv�hij_^_e_gby�weebilbqgh�

                                                           
*∗
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klb� khklhygby�iheyjbaZpbb� keZ[h� weebilbq_kdb�iheyjbah\Zggh]h�baemq_gby��<� lZdbo�
kemqZyo�g_h[oh^bfh�hij_^_eylv�^Zggmx�\_ebqbgm�k�\ukhdhc�lhqghklvx��<�^Zgghc�jZ�
[hl_�ij_^eZ]Z_lky�ijbgpbibZevgh�gh\Zy�f_lh^bdZ�hij_^_e_gby�weebilbqghklb�khklhy�
gby� iheyjbaZpbb� dh]_j_glgh]h� baemq_gby��F_lh^bdZ� hkgh\ZgZ� gZ� ijhkljZgkl\_gghf�
jZa^_e_gbb� eZa_jgh]h� baemq_gby� ih� djbl_jbx� kibgh\h]h� d\Zglh\h]h� qbkeZ�� b� ihke_�
^mxs_f�ZgZeba_�bgl_gkb\ghkl_c�jZa^_e_gguo�\heg�� 

<�jZ[hl_�wdki_jbf_glZevgh�ijh^_fhgkljbjh\Zgh�hkgh\gh_�^hklhbgkl\h�^Zgghc�
f_lh^bdb��Hgh�aZdexqZ_lky�\�lhf��qlh�lhqghklv�hij_^_e_gby�weebilbqghklb�iheyjbaZ�
pbb� ^Zgguf�f_lh^hf� ih\urZ_lky� k� ihgb`_gb_f� kZfhc� weebilbqghklb� iheyjbaZpbb��
Wlh�h[tykgy_lky�l_f��qlh�\�^Zgghf�kemqZ_�ijboh^blky�j_]bkljbjh\Zlv�b�aZl_f�ZgZebab�
jh\Zlv�[ebadb_�ih�bgl_gkb\ghklb�dhfihg_glgu_�baemq_gby�k�hjlh]hgZevgufb�pbjdm�
eyjgufb�iheyjbaZpbyfb��qlh�j_adh�ihgb`Z_l�\ebygb_�rmfZ�baf_jbl_evgh]h�ijb[hjZ�
�nhlhijb_fgbdZ��gZ�j_]bkljbjm_fu_�agZq_gby� 

GZ�hkgh\_�^Zgghc�f_lh^bdb�ij_^eh`_g�g_keh`guc�hilbq_kdbc�ijb[hj�^ey�ba�
f_j_gby� weebilbqghklb iheyjbaZpbb� eZa_jgh]h� baemq_gby�� =eZ\gufb� ^hklhbgkl\Zfb�
ijb[hjZ� y\ey_lky� dhfiZdlghklv� b� \ukhdZy� lhqghklv� baf_j_gbc� weebilbqghklb� keZ[h�
weebilbq_kdb�iheyjbah\Zggh]h�baemq_gby� 

 

 

M>D�������� 

IHEYJBA:PBHGGU?�K<HCKL<:�N:AH<UO�IE:KLBGHD 
<�MKEH<BYO�FGH=HEMQ?<HC�BGL?JN?J?GPBB�K<?L: 

;b[bdh\Z�W�:. 

X`gh-MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

EZa_ju� –� bklhqgbdb� dh]_j_glgh]h� hilbq_kdh]h� baemq_gby� –� ihkem`beb� [Zahc�
^ey�ijh\_^_gby�fgh]hh[jZaguo�wdki_jbf_glZevguo�bkke_^h\Zgbc�\�h[eZklb�hilbdb�b�
^ey�kha^Zgby�kh\j_f_gguo�hilbq_kdbo�ijb[hjh\��Khklhygb_�iheyjbaZpbb�k\_lZ�h[uqgh�
dhgljhebjmxl�b�ij_h[jZamxl�k�bkihevah\Zgb_f�nZah\uo�ieZklbghd�–�hilbq_kdbo�we_�
f_glh\��dhlhju_�\ghkyl�nZah\uc�k^\b]�f_`^m�hjlh]hgZevgufb�ebg_cgh�iheyjbah\Zg�
gufb� dhfihg_glZfb� we_dljbq_kdh]h� \_dlhjZ� ijhoh^ys_]h� q_j_a� gbo� k\_lZ��NZah\u_�
ieZklbgdb�ba]hlZ\eb\Zxl�ba�^\memq_ij_ehfeyxsbo�fZl_jbZeh\��gZijbf_j�kex^u��Ijb�
ijhoh`^_gbb� dh]_j_glgh]h� eZa_jgh]h� baemq_gby� q_j_a� lhgdb_� kex^ygu_� ieZklbgdb�
\hagbdZ_l�fgh]hemq_\Zy�bgl_jn_j_gpby�hljZ`_gbc�hl�ih\_joghkl_c�lZdhc�ieZklbgdb��
Wlh�\eby_l�gZ�__�iheyjbaZpbhggu_�iZjZf_lju�–�nZah\mx�aZ^_j`dm�= b�hlghkbl_evguc�
Zfieblm^guc�dhwnnbpb_gl�ijhimkdZgby F. 

<� gZklhys_c� jZ[hl_� ij_^eh`_g� gh\uc� lhqguc�f_lh^� hij_^_e_gby� iZjZf_ljh\�
nZah\uo�ieZklbghd��g_�lj_[mxsbc�^hjh]hklhys_c�ZiiZjZlmju��F_lh^�ih�kms_kl\m�y\�
ey_lky�gmev-weebikhf_ljbq_kdbf. >ey�ih\ur_gby�lhqghklb�ij_^eh`_gh�bkihevah\Zlv�
\� dZq_kl\_� dhfi_gkZlhjZ� \f_klh� ljZ^bpbhgghc� q_l\_jlv\hegh\hc�ieZklbgdb nZah\mx�
ieZklbgdm�k�aZ^_j`dhc�=dhfi������.�<Z`gh��qlh�aZjZg__�g_l�g_h[oh^bfhklb�agZlv�nZah�
\mx�aZ^_j`dm =dhfi.�J_amevlZlu�baf_j_gby�h[jZ[Zlu\Zxlky�f_lh^hf�gZbf_gvrbo�d\Z^�
jZlh\�� ih^]hghqgufb� iZjZf_ljZfb� \uklmiZxl� bkdhfu_� iheyjbaZpbhggu_� oZjZdl_jb�
klbdb�=�b�F�nZah\hc�ieZklbgdb��Z�lZd`_�nZah\uc�k^\b]�dhfi_gkZlhjZ =dhfi.  

F_lh^�Zijh[bjh\Zg�gZ�^\memq_ij_ehfeyxsbo�kex^yguo�ieZklbgdZo. Lhqghklv�
baf_j_gby�nZah\h]h�k^\b]Z�khklZ\beZ�a�0,05°��Z�hlghkbl_evgh]h�Zfieblm^gh]h�dhwnnb�
pb_glZ�ijhimkdZgby�a�0,001. 
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M>D 537.8 (075.8) 

HKH;?GGHKLB�J?R?GBY�BGL?=JH->BNN?J?GPB:EVGUO�
MJ:<G?GBC�F:DK<?EE:�>EY�G?H>GHJH>GUO�B�

>BKKBI:LB<GUO�KJ?> 

Eukh\�J�<. 

JyaZgkdbc�bgklblml�hldjulh]h�h[jZah\Zgby 

Ijhp_kku� i_j_jZkij_^_e_gby� wg_j]bb� \� j_amevlZl_� ^bnjZdpbb� we_dljhfZ]gbl�
gh]h�baemq_gby�\�^bwe_dljbq_kdbo�kj_^Zo�ij_^klZ\eyxl�kh[hc�h^gm�ba�\Z`g_crbo�aZ�
^Zq� bgl_]jZevghc� hilbdb��Ih� kjZ\g_gbx� k� ijhp_kkZfb� jZkijhkljZg_gby we_dljhfZ]�
gblgh]h�baemq_gby�\^hev�fgh]hkehcguo�kljmdlmj�k�iZjZee_evgufb��beb�dhZdkbZevgu�
fb��]jZgbpZfb�jZa^_eZ��dhlhju_�ohjhrh�bamq_gu�b�kbkl_fZlbabjh\Zgu�d�gZklhys_fm�
\j_f_gb� >���@��^bnjZdpbhggu_�aZ^Zqb�bamq_gu�]hjZa^h�keZ[__��Hkgh\gZy�ijh[e_fZ�aZ�
dexqZ_lky� \�[hevrbo�fZl_fZlbq_kdbo� keh`ghklyo�� k\yaZgguo� k�j_r_gb_f�mjZ\g_gbc�
FZdk\_eeZ�\�kj_^Zo��]^_�]jZgbpu�jZa^_eZ�f_`^m�kj_^Zfb�kmlv�g_�iZjZee_evgu_�iehkdh�
klb��Mkeh\by�g_ij_ju\ghklb 

( ) ( )[ ] ∫∫ β⋅⋅+⋅=β⋅⋅++⋅+ β
β

τ
∞

β−
ββ

β+
ββ

−+
m

dd
0

y2y2

0

y1y1 HTHTHRIHRI    (1) 

]^_� ±
βI , ±

βR , Tβ —�Zfieblm^u�iZ^Zxs_c�b�hljZ`_gghc�\heg��T –�Zfieblm^Z�ih\_joghkl�

ghc�\hegu��β —�ihi_j_qgh_�\hegh\h_�qbkeh� 
<�jZ[hl_�jZa\bl�fh^h\uc�f_lh^�bkke_^h\Zgby�aZ^Zq�^bnjZdpbb�we_dljhfZ]gbl�

gh]h�baemq_gby�gZ�^bwe_dljbq_kdhf�[Zjv_j_��]^_�]jZgbpu�jZa^_eZ�f_`^m�kj_^Zfb�hib�
ku\Zxlky�iZjZee_evgufb�beb�i_ji_g^bdmeyjgufb�iehkdhklyfb��Hkgh\guf�^hklhbgkl�
\hf�wlh]h�f_lh^Z�y\ey_lky�k\_^_gb_�bgl_]jZevguo�^bnjZdpbhgguo�mjZ\g_gbc�d�kbkl_�
f_�Ze]_[jZbq_kdbo��dhlhju_�^Zxl�bgnhjfZpbx��dZd�h�ih\_joghklguo��lZd�b�h[t_fguo�
iheyo��\ha[m`^Z_fuo�\�kljmdlmj_��J_r_gb_f�mjZ\g_gby�����^ey�ih\_joghklghc�\hegu��
kh\f_klgh�k�mjZ\g_gbyfb�FZdk\_eeZ 

EH rot⋅=⋅ω⋅ ci  ( ) rotii cω ε ω⋅ ⋅ ⋅ = − ⋅E H     (2) 

[m^_l 

( ) { } ( ) { }[ ]
{ } { }[ ]∫

∫
∞

−
τβ

+
τβ

∞
τβ

−
τβ

+β

β⋅′′⋅+′′⋅⋅+

β⋅⋅′−+⋅′−⋅⋅
=

−+

−+

0

y2z1y2z1
)1(

0

y2z1y2z1
)1(

RH,ERH,E

H,ER1H,ER1I

T

dkk

dk

xs

x

    

]^_�kx —�ijh^hevgh_�\hegh\h_�qbkeh��^ey�dhlhjh]h ( ) 1
2
0

2)1(2 ε⋅=+β kkx . 

 
1. FZjdma_�>�Hilbq_kdb_�\hegh\h^u��I_j��k�Zg]e����Ih^�j_^��R_\q_gdh�<�<��F���Fbj��

(1974). 
2. G_n_^h\�?�B��>bnjZdpby�we_dljhfZ]gblguo�\heg�gZ�^bwe_dljbq_kdbo�kljmdlmjZo��

F���GZmdZ���������  
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M>D���������� 

IH<UR?GB?�IHF?OHMKLHCQB<HKLB�<HEHDHGGH-
HILBQ?KDBO�>:LQBDH<�>EY�BAF?J?GBY�I?J?F?S?GBC� 

Bhg_�K�>� 

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

Kh\j_f_ggu_�fgh]hdZgZevgu_�\hehdhggh-hilbq_kdb_�^Zlqbdb�ba-aZ�k\hbo�dhg�
kljmdlb\guo�hkh[_gghkl_c�g_�mqblu\Zxl�ih]j_rghklb�baf_j_gby�aZ�kq_l�bkihevah\Z�
gby�g_dhlhjh]h�dhebq_kl\Z�jZaghm^Ze_gguo�dZgZeh\�  

:\lhj�ij_^eZ]Z_l�\\_^_gb_�\�ko_fm�jZ[hlu�^Zggh]h�\hehdhggh-hilbq_kdh]h�^Zl�
qbdZ ©fhklh\hcª�ko_fu��aZ�kq_l�^_ckl\by�dhlhjhc�\hagbdZxsb_�ih]j_rghklb�dhfi_g�
kbjmxlky��©Fhklh\Zyª�ko_fZ�ij_^klZ\ey_l�kh[hc�^\Z�nhlhijb_fgbdZ��iZjZee_evgh�aZ�
iblZggu_� k� khhl\_lkl\mxsbfb� bf� oZjZdl_jbklbdZf� ^\mfy� j_abklhjZfb�� \oh^gh_� gZ�
ijy`_gb_�ijhoh^bl�q_j_a�^hihegbl_evguc�j_abklhj��ijbq_f�ihemq_ggu_�kb]gZeu�h[�
jZ[Zlu\Zxlky�\uqbkebl_evguf�mkljhckl\hf��Dhfi_gkbjh\Zgb_�ih]j_rghkl_c�^hdZau�
\Zxlky� g_keh`gufb� fZl_fZlbq_kdbfb� ij_h[jZah\Zgbyfb�� ihkljh_ggufb� ih� ©fhklh�
\hcª�ko_f_�jZ[hlu��]^_�,��kbeZ�lhdZ�nhlhijb_fgbdZ���b�j_abklhjZ����I2 -�kbeZ�lhdZ�nh�
lhijb_fgbdZ���b�j_abklhjZ����8Q�-�gZijy`_gb_�bklhqgbdZ�iblZgby��8��-�gZijy`_gb_�gZ�
©fhklª�k�j_abklhjZ����8��-�gZijy`_gb_�gZ�nhlhijb_fgbd_����8��-�gZijy`_gb_�gZ�nhlh�
ijb_fgbd_����5���5�-�khijhlb\e_gb_�nhlhijb_fgbdh\���b���khhl\_lkl\_ggh�5���5���5��- 
khijhlb\e_gb_�j_abklhjh\������b���khhl\_lkl\_ggh��,��-�[Zah\Zy�kbeZ�lhdZ�bklhqgbdZ�ib�

lZgby�� 0I∆  -�baf_g_gb_�kbeu�lhdZ�bklhqgbdZ�iblZgby�ijb�jZa\h^_�ih�fhklm��F�-�dhjj_d�
lbjmxsbc� dhwnnbpb_gl� [Zah\hc� kbeu� lhdZ�bklhqgbdZ�iblZgby�� N� -� dhjj_dlbjmxsbc�
dhwnnbpb_gl�kbeu�lhdZ�gZ�h[hbo�klhjhgZo�©fhklZª  

( ) ( )( ) ( ) ( )
50

340340

50

340340

12

43

22 RI

RRIRRI

ckRI

RRckIRRckI

UU

UU +∆+−
=

−
+∆+−−

=
−
−

   
<\_^y�ihijZ\hqgu_�dhwnnbpb_glu�k�b�N�fu�dhjj_dlbjm_f�ih]j_rghklv�hl�jZa�

ebqby� oZjZdl_jbklbd� bkihevam_fuo� nhlhijb_fgbdh\�� K� ihfhsvx� fZl_fZlbq_kdbo�
ij_h[jZah\Zgbc�ihemqZ_f�khdjZs_gb_�ihijZ\hqguo�dhwnnbpb_glh\�  

LZdbf�h[jZahf��ijh\_^_ggu_�gZfb�bkke_^h\Zgby��jZkq_lu�b�dhgkljmdlb\gu_�ba�
f_g_gby� iha\heyxl� ih\ukblv� lhqghklv� baf_j_gby� i_j_f_s_gbc� ^Zggh]h� \hehdhggh-
hilbq_kdh]h�^ZlqbdZ� 

 
 

M>D������� 

BKIHEVAH<:GB?�N?GHF?GHEH=BQ?KDBO�FH>?E?C 
IJBF?KGUO�P?GLJH<�<�IHEMIJH<H>GBD:O 

IJB�HIBK:GBB�NHLHEXFBG?KP?GPBB 

;Zggbdh\�G�= 

Q_j_ih\_pdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l� 

<� jZ[hl_� bkke_^h\ZeZkv�nhlhexfbg_kp_gpby� \� *D$V�7H�� q_j_a� ijbf_kb� ihgb�
`Zxsb_ dm[bq_kdmx�kbff_ljbx�djbklZeeZ�^h�ljb]hgZevgh]h�bkdZ`_gby��<�jZ[hl_�bk�
ihevah\ZeZkv�l_hjby�\hafms_gby�ijb�gZebqbb�\ujh`^_gby�>�@�b�f_lh^bdZ�wd\b\Ze_gl�
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gh]h�]ZfbevlhgbZgZ��mqblu\Zxs_]h�lj_[h\Zgby�kbff_ljbb�kbkl_fu�b�hiulgu_�^Zggu_�
dhgdj_lguo�bkke_^h\Zgbc��DZd�hi_jZlhj�\hafms_gby�jZkkfZljb\ZeZkv�kmffZ�hi_jZlhjZ�
bkdZ`_gby b�hi_jZlhjZ�kemqZcgh]h�ihey��h[mkeh\e_ggh]h�g_kh\_jr_gkl\hf�djbklZeeZ��
<h�\k_o�qbke_gguo�wdki_jbf_glZo�mqblu\Zehkv�\aZbfh^_ckl\b_�^ujdb�k�?�–�fh^hc�dh�
e_[Zgbc��;ueb�ijh^_eZgu�qbke_ggu_�\uqbke_gby�bgl_]jZevgh]h�dhwnnbpb_glZ�ihey�
jbaZpbb� b� bgl_]jZevghc� kl_i_gb� iheyjbaZpbb� ^ey� i_j_oh^h\� ^ujdb� ba� khklhygby� k�
kbff_ljb_c�=��\�=���ijb�h[emq_gbb�g_iheyjbah\Zgguf�k\_lhf��^ey�jZaebqguo�ljb]h�
gZevguo�bkdZ`_gbyo�b�\_ebqbgZo�kemqZcgh]h�bkdZ`_gby��KjZ\g_gb_�^Zgguo�qbke_ggh�
]h�\uqbke_gby�k�wdki_jbf_glZevgufb�^Zggufb�ijhreh�mki_rgh� 

<�kemqZ_�iheyjbah\Zgghc�exfbg_kp_gpbb�lj_[h\Zehkv�ijZ\bevgh�mq_klv�gZeb�
qb_�kibg-hj[blZevgh]h�\aZbfh^_ckl\by��LZdbf�h[jZahf��\uqbkeyeZkv�\_jhylghklv�i_�
j_oh^h\�ba�khklhygby�=��=�-p_gljZ�\�khklhygb_�=�-�p_gljZ��>ey�ijh\_jdb�ijZ\bevgh�
klb�fh^_evgh]h�ij_^klZ\e_gby�ijhba\h^behkv�kjZ\g_gb_�j_amevlZlh\��qbke_ggh]h�jZk�
q_lZ�aZ\bkbfhkl_c�dhwnnbpb_glZ�b�kl_i_gb�iheyjbaZpbb��ijb�jZaebqguo�ljb]hgZevguo�
bkdZ`_gbyo��hl�m]eZ�iheyjbaZpbb��k�wdki_jbf_glZevgufb�^Zggufb�ih�exfbg_kp_gpbb��
K�wdki_jbf_glZevguf�hij_^_e_gb_f�fh`gh�hagZdhfblky�ba�>�@��KjZ\g_gb_�^Zeh�m^h\�
e_l\hjbl_evgu_�j_amevlZlu�� 

 
1. EZg^Zm� E�>��� Ebnrbp� ?�F�� D\Zglh\Zy� f_oZgbdZ� g_j_eylb\bklkdZy� l_hjby�� F���

GZmdZ��������–k����� 
2. :\_jdb_\�G�K���=m^dbg�:�:���Hkbih\�?�;���J_sbdh\�F�:���K_^h\�<�?���Khkgh\kdbc�

<�J��Hilbq_kdZy�Zgbahljhiby�p_gljZ��\uau\Zxs_]h�ihehkm�nhlhexfbg_kp_gpbb�k�
fZdkbfmfhf�\[ebab��� 18 w<. \ GaAs:Te. NLI� -������l� ����� 1-�k� 50-57. 

 
 

M>D 543.53+539.107 

J:>B:PBHGGH-HILBQ?KDH? BKKE?>H<:GB? 
DJBKL:EEH<�Y3AL5O12, :DLB<BJH<:GGUO BHG:FB ND3+ 

FZ`b^h\ >.N. 

KZfZjdZg^kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��:� GZ\hb. Ma[_dbklZg 

P_evx jZ[hlu y\ey_lky bkke_^h\Zgb_ ki_dljh\ b wg_j]_lbq_kdbo i_j_oh^h\ \ 
bhgZo Nd3+

��kem`Zsbo Zdlb\gufb p_gljZfb \ blljbc-Zexfbgb_\hf ]jZgZl_ Y3Al5O12. 
;ue bamq_g [hevrhc�ebl_jZlmjguc fZl_jbZe b ijh\_^_gh kjZ\g_gb_ k ^Zggufb��ihem�
q_ggufb gZfb b \uy\e_gu ebgbb k\_q_gby ijb hilbq_kdhf b ]ZffZ \ha[m`^_gbb. 

< ebl_jZlmj_ bf_xlky fgh]h ^Zgguo h \_s_kl\Zo� dhlhju_ ijb \\_^_gbb ijhy\�
eyxl eZa_jgu_ k\hckl\Z ijb gbadbo l_fi_jZlmjZo —� wlh CaMoO4, CaWO4, SrMoO4, 
CaF2, BaF2 b ^j��<h \k_o wlbo \_s_kl\Zo ^ebgZ \hegu ]_g_jZpbb khklZ\ey_l hl 1,04 ̂ h 
1,07 fdf� aZ bkdexq_gb_f CaF2 - Nd3+ b BaF2 - Nd3+ \ gbo \ugm`^_ggh_ baemq_gb_ fh`�
gh ihemqblv ^Z`_ ijb dhfgZlghc l_fi_jZlmj_�  

<ha[m`^_gb_ [_euf k\_lhf�\uau\Z_l kbevgmx bgnjZdjZkgmx exfbg_kp_gpbx��
Fh]ml gZ[ex^Zlvky ke_^mxsb_ i_j_oh^u�  

4F3/2-------------------
4I9/2 -i_j_oh^ \ h[eZklb 0,9 fdf 

4F3/2-------------------
4I11/2 -�i_j_oh^ \ h[eZklb����� fdf 

4F3/2-------------------
4I13/2 -�i_j_oh^ \ h[eZklb����� fdf 
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< B:=- Nd3+
�]_g_jZpby b^_l gZ ^ebg_ \hegu 1,06 fdf��qlh gZoh^blky \ h[eZklb 

ijhajZqghklb a_fghc Zlfhkn_ju�� KjZ\g_gb_ ki_dljh\ jZ^bh b nhlhexfbg_kp_gpbb�
djbklZeeh\ ihdZaZeh b^_glbqghklv \ iheh`_gbb ki_dljZevguo ebgbc h^gZdh� gZ[ex^Z�
_lky i_j_jZkij_^_e_gb_ \ bgl_gkb\ghklb ebgbc�� Z lZd`_ dhgp_gljZpbhggZy aZ\bkb�
fhklv k\_q_gby B:=- Nd3+. G_kfhljy�gZ [ebadb_ jZaf_ju�Y3+ b Nd3+ ��jZkl\hjbfhklv 
ihke_^gbo \ j_r_ld_ B:= h]jZgbq_gZ� ijb bo dhgp_gljZpbb >= 1,5% j_r_ldZ B:= ^_�
nhjfbjm_lky b hilbq_kdh_ dZq_kl\h djbklZeeZ kgb`Z_lky� djhf_ lh]h� \ g_f \hagbdZ_l 
dhgp_gljZpbhggh_ lmr_gb_ exfbg_kp_gpbb� 

K\_q_gby \ \b^bfhc h[eZklb ijb hilbq_kdhf b ]ZffZ \ha[m`^_gbb fh`gh hlg_�
klb aZ kq_l hilbq_kdbo i_j_oh^h\ ba \ukhdh e_`Zs_]h mjh\gy S gZ mjh\gb 4F5/2, 

2H11./2, 
2G9/2��Jbk. 1). GZ hkgh\_ ihemq_gguo ^Zgguo ih ki_dljZf nhlh b jZ^bhexfbg_kp_gpbb�
B:=- Nd3+

�^_eZ_lky ij_^iheh`_gb_ h[ bkihevah\Zgbb bgl_gkb\ghklb ebgbb k\_q_gby�
402 gf��Jbk. 2) ̂ ey kha^Zgby HD= \ \b^bfhc h[eZklb ki_dljZ� 

LZd dZd a_fgZy Zlfhkn_jZ y\ey_lky ijhajZqghc� ^ey lZdbo ^ebg \heg��ihwlhfm 
bkke_^h\Zgb_ \ha^_ckl\by � b hilbq_kdbo baemq_gbc gZ wlb HD= ijh\h^ylky k p_evx 
ijbf_g_gby bo ^ey Zkljhghfbq_kdbo bkke_^h\Zgbc� ^ey ^Zevg_c� k\_jo^Zevg_c b dhk�
fbq_kdhc�k\yab b \ ^jm]bo h[eZklyo�  

 

        
 
Jbk����BaemqZl_evgu_�i_j_oh^u�nhlh- ����������Jbk�����Ki_dlj�nhlhexfbg_kp_gpbb� 
            b�jZ^bhexfbg_kp_gpbb�Y3Al5O12-                                       Nd3+ Y3Al5O12- Nd3+ 
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M>D���������������� 

KBGOJHGBA:PBY�BFIMEVKH<�BAEMQ?GBY 
BG@?DPBHGGH=H�E:A?J:<�J?@BF?�:<LHFH>MEYPBB 

EZjvdbg�:�K� 

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

Ihemijh\h^gbdh\u_� bg`_dpbhggu_� eZa_ju� k� gZkusZxsbfky� ih]ehlbl_e_f�
kihkh[gu�jZ[hlZlv�\�j_`bf_� Z\lhfh^meypbb�� ]^_� ]_g_jbjmxl� k\_l�\�\b^_�i_jbh^bq_�
kdhc�ihke_^h\Zl_evghklb�dhjhldbo�bfimevkh\��Bo�ijbf_g_gb_�i_jki_dlb\gh�\�hilbq_�
kdbo�kbkl_fZo�i_j_^Zqb�b�ojZg_gby�bgnhjfZpbb��\�qZklghklb�\�mkljhckl\Zo�kqblu\Z�
gby�'9'��]^_�hgb�h[_ki_qb\Zxl�[hevr__�hlghr_gb_�kb]gZe�rmf��q_f�BE��jZ[hlZxsb_�
\�j_`bf_�g_ij_ju\ghc�]_g_jZpbb�>�@� 

GZklhysZy�jZ[hlZ�ihk\ys_gZ�bkke_^h\Zgbx�kbgojhgbaZpbb�bfimevkh\�baemq_�
gby� bg`_dpbhggh]h� eZa_jZ� \� j_`bf_� Z\lhfh^meypbb��Wnn_dl� kbgojhgbaZpbb� gZ[ex�
^Zeky�ijb�fhsghklb�kb]gZeZ� 4 310 10 <l− −− ��qlh�gZ� �-��ihjy^dZ�f_gvr_��q_f�\�jZggbo�
wdki_jbf_glZo�>�@� 

Wdki_jbf_gl�ijh\h^beky�gZ�bg`_dpbhgguo�eZa_jZo�k�gZkusZxsbfky�ih]ehlb�
l_e_f��bf_\rbo�jZ[hqmx�^ebgm�\hegu�����gf��Hilbq_kdh_�baemq_gb_�hl�eZa_jZ�j_]bkl�
jbjh\Zehkv�k�ihfhsvx�eZ\bggh]h�nhlh^bh^Z��>ey�hij_^_e_gby�qZklhlu�Z\lhfh^meypbb�
kb]gZe� k�nhlh^bh^Z� ih^Z\Zeky� gZ� ki_dlj-ZgZebaZlhj�K�-����Ijb� ih^Zq_� ihklhyggh]h�
lhdZ�gZdZqdb�\ur_�ihjh]Z��, �� f:�ijb�dhfgZlghc�l_fi_jZlmj_��wlb�eZa_ju�]_g_jbjh�
\Zeb�i_jbh^bq_kdb�ih\lhjyxsb_ky�bfimevku�k\_lZ�^ebl_evghklvx�f_g__���� ik��QZk�
lhlZ�ih\lhj_gby�m\_ebqb\ZeZkv�k�jhklhf�lhdZ�gZdZqdb�b�\Zjvbjh\ZeZkv�\�bgl_j\Ze_�hl�
0,8-2,6 ==p��Ijb�jhkl_�jZ[hq_c�l_fi_jZlmju�eZa_jZ�qZklhlZ�Z\lhfh^meypbb�ihgb`ZeZkv�
gZ� ���F=p�D�� Ki_dljZevgZy� ebgby�� khhl\_lkl\mxsZy� qZklhl_� Z\lhfh^meypbb�� bf_eZ�
kms_kl\_ggmx�rbjbgm��ihjy^dZ����F=p���qlh�k\b^_l_evkl\h\Zeh�h�agZqbl_evguo�nemd�
lmZpbyo�i_jbh^Z�ih\lhj_gby�hilbq_kdbo�bfimevkh\� 

>ey�hkms_kl\e_gby�kbgojhgbaZpbb�gZ�eZa_jghc�^bh^�^hihegbl_evgh�ih^Z\Zebkv�
]Zjfhgbq_kdb_�dhe_[Zgby�k�]_g_jZlhjZ�K<Q��K�ihfhsvx�ki_dlj-ZgZebaZlhjZ�ijhba\h�
^behkv� gZ[ex^_gb_� aZ� dhe_[Zgbyfb� gZ� hkgh\ghc� ]Zjfhgbd_� hldebdZ� nhlhijb_fgbdZ�
�jZ\ghc�qZklhl_�Z\lhfh^meypbb�eZa_jZ��b�gZ�qZklhl_�]Zjfhgbq_kdh]h�kb]gZeZ��?keb�jZa�
ghklv�wlbo�qZklhl�[ueZ�^hklZlhqgh�\_ebdZ��kbgojhgbaZpby�hlkmlkl\h\ZeZ��gh�ih�f_j_�bo�
k[eb`_gby� gZ[ex^Zeky� k^\b]� qZklhlu� Z\lhfh^meypbb� \� klhjhgm� kbgojhgbabjmxsbo�
dhe_[Zgbc��<_ebqbgZ�k^\b]Z�aZ\bk_eZ�hl�khhlghr_gbc�f_`^m�\_ebqbgZfb�ihklhygghc�b�
i_j_f_gghc�khklZ\eyxs_c�lhdZ�gZdZqdb�eZa_jZ�b�\Zjvbjh\ZeZkv�hl�g_kdhevdbo�_^bgbp�
^h� g_kdhevdbo� ^_kyldh\� f_]Z]_jp� =jZgbpZ� h[eZklb� kbgojhgbaZpbb� hij_^_eyeZkv� ih�
fhf_glm�j_adh]h�km`_gby�rbjbgu�ki_dljZevghc�ebgbb�Z\lhfh^meypbb� 

 

IJBF?G?GB?�E:A?JH<�<�NBABD?� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Rm\Zeh\�<eZ^bfbj�<eZ^bfbjh\bq 
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<�ijh\_^_gguo� wdki_jbf_glZo�bkke_^h\ZgZ� h[eZklv� kbgojhgbaZpbb�bfimevkh\�
baemq_gby�bg`_dpbhggh]h�eZa_jZ�\�aZ\bkbfhklb�hl�l_fi_jZlmju�eZa_jZ�b�\_ebqbg�ih�
klhygghc�b�i_j_f_gghc�khklZ\eyxs_c�lhdh\�gZdZqdb�eZa_jZ��Lbibqguc�j_amevlZl�ba�
f_j_gbc�ij_^klZ\e_g�gZ�jbk����� 
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Jbk�����H[eZklv�kbgojhgbaZpbb�bfimevkh\�baemq_gby�eZa_jZ�k�gZkusZxsbfky�ih]eh�
lbl_e_f� \� j_`bf_� Z\lhfh^meypbb� \� aZ\bkbfhklb� hl� \_ebqbgu� kbgojhgbabjmxs_]h�
kb]gZeZ� 
 
Ijb� m\_ebq_gbb� ihklhygghc� khklZ\eyxs_c� lhdZ� gZdZqdb� eZa_jZ� h[eZklv� kbg�

ojhgbaZpbb� baf_gyeZkv� g_fhghlhggh�� \gZqZe_� km`ZeZkv�� Z� aZl_f� kgh\Z� jZkrbjyeZkv��
RbjhdZy�h[eZklv�kbgojhgbaZpby�ijb�fZeuo�agZq_gbyo�ihklhygghc�khklZ\eyxs_c�lhdZ�
gZdZqdb�k\b^_l_evkl\h\ZeZ�h[�wnn_dlb\ghc�fh^meypbb�lhdZ�gZdZqdb�kb]gZehf�kbgojh�
gbaZpbb�� JZkrbj_gb_�`_� h[eZklb� kbgojhgbaZpbb� ijb� \ukhdhf� mjh\g_� gZdZqdb� [ueh�
k\yaZgh�k�i_j_oh^hf�hl�ibqdh\hc�]_g_jZpbb�d�j_`bfm�fh^meypbb�bgl_gkb\ghklb�baem�
q_gby�b�^Ze__�\�j_`bf�g_ij_ju\ghc�]_g_jZpbb� 

KbgojhgbaZpby�gZ[ex^ZeZkv�lZd`_�b�ijb�qZklhl_�i_j_f_gghc�khklZ\eyxs_c�lh�
dZ�gZdZqdb��\^\h_�[hevr_c�q_f�qZklhlZ�Z\lhfh^meypbb��H[eZklv�kbgojhgbaZpbb�[ueZ�
ijb�wlhf�]hjZa^h�m`_��q_f�ijb�kbgojhgbaZpbb�gZ�i_j\hc�]Zjfhgbd_��b�f_gyeZkv�hl����
^h��� F=p�ijb�baf_g_gbb�Zfieblm^u�i_j_f_gghc�khklZ\eyxs_c�lhdZ�gZdZqdb�hl���^h�
6,3 f:�ijb�\_ebqbg_�ihklhyggh]h�lhdZ�\��� f:�b�qZklhl_�Z\lhfh^meypbb���� F=p� 

<u\h^u�� Hkms_kl\e_gZ� kbgojhgbaZpby� bfimevkh\� baemq_gby� bg`_dpbhggh]h�
eZa_jZ� \�j_`bf_� Z\lhfh^meypbb��Hij_^_e_gu�h[eZklb� kbgojhgbaZpbb�ijb�baf_g_gbb�
ihklhyggh]h� lhdZ�gZdZqdb� eZa_jZ� hl� ���^h� �� f:�^ey� jZaebqguo� jZ[hqbo� l_fi_jZlmj�
^bh^Z��QZklhlZ� ih\lhj_gby� k\_lh\uo� bfimevkh\� \� j_`bf_� Z\lhfh^meypbb� \Zjvbjh\Z�
eZkv�\�ij_^_eZo�����- 2,6 ==p��ijb�wlhf�h[eZklv�kbgojhgbaZpbb�khklZ\eyeZ�hl�g_kdhev�
dbo�^_kyldh\�^h�g_kdhevdbo�khl_g�f_]Z]_jp��KbgojhgbaZpby�bfimevkh\�baemq_gby�bg�
`_dpbhggh]h�eZa_jZ�\�j_`bf_�Z\lhfh^meypbb�^Z_l�\hafh`ghklv�hkms_kl\eylv�mijZ\�
e_gb_�qZklhlhc�ke_^h\Zgby�hilbq_kdbo�bfimevkh\�\�^h\hevgh�rbjhdbo�ij_^_eZo� 

 
1. Kidoguchi, Adachi H., Kamiyama S., Fukuhisa T., Mannoh M., Takamori A. IEEE J. of 

Quant. Electr. 1997. V. 33. No. 5. P. 831-837. 
2. K_gZlhjh\�D�Y��b�^j����D\Zgl��we_dljhg�������������k������-162. 
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M>D���������������� 

H>BGHQGUC�:LLHK?DMG>GUC�J?GL=?GH<KDBC�BFIMEVK 
IJB�<A:BFH>?CKL<BB�MEVLJ:DHJHLDBO�J?EYLB<BKLKDBO�

E:A?JGUO�BFIMEVKH<�K�L<?J>HL?EVGHC�FBR?GVX 

Judh\Zgh\�K�=���FboZceh\Z�X�F���IeZlhg_gdh�<�L� 

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

Km]m[h�g_ebg_cguc�ijhp_kk�\aZbfh^_ckl\by�mevljZdhjhldbo��g_kdhevdh�i_jbh�
^h\�ihey��j_eylb\bklkdbo��I0Â �2>1.37· 1018

�<l�kf2
Â fdf2

��eZa_jguo�bfimevkh\�k�aZdjblb�
q_kdhc�ieZafhc�hldju\Z_l�gh\u_�imlb�^ey�]_g_jZpbb�km[n_flhk_dmg^guo�we_dljhfZ]�
gblguo�bfimevkh\��LZd��\�g_dhlhjuo�jZ[hlZo��hkgh\Zgguo�gZ�fh^_ebjh\Zgbb�f_lh^hf�
©qZklbp-\-yq_cd_ª� �PIC��� ijh^_fhgkljbjh\ZgZ� \hafh`ghklv� ]_g_jZpbb� pm]h\� Zllhk_�
dmg^guo����-18 k��>�@�b�a_ilhk_dmg^guo����-21

�k��>�@�bfimevkh\��Z�lZd`_�h^bghqgh]h�Zllh�
k_dmg^gh]h�we_dljbq_kdh]h�\b^_h-bfimevkZ�>�@� 

<�^Zgghc�jZ[hl_��bamqZy�]_g_jZpbb�\ukhdbo�]Zjfhgbd��=<=��\�ijhp_kk_�\aZbfh�
^_ckl\by�eZa_jgh]h�baemq_gby�k�l\_j^hl_evghc�fbr_gvx�k�ihfhsvx�qbke_ggh]h�fh^_�
ebjh\Zgby�f_lh^hf�©PICª��fu�ihdZau\Z_f��qlh�ijb�hij_^_e_gguo�mkeh\byo�fh`gh�ih�
emqblv�h^bghqguc�km[n_flhk_dmg^guc��a����Zk��j_gl]_gh\kdbc�bfimevk��NZdlbq_kdb��
ijb�hljZ`_gbb�eZa_jgh]h�bfimevkZ�hl�l\_j^hl_evghc�fbr_gb�]_g_jbjmxlky�pm]b�Zllh�
k_dmg^guo�bfimevkh\��>Ze__��ijbf_gyy�ih^oh^ysmx�ki_dljZevgmx�nbevljZpbx��fh`�
gh�\u^_eblv�h^bghqguc�Zllhk_dmg^guc�bfimevk��<�hlebqb_�hl�\b^_h-bfimevkZ��ijh^_�
fhgkljbjh\Zggh]h�\� >�@��fu�ihemqZ_f�we_dljhfZ]gblguc�bfimevk�k�©gZ[b\dhcª�\gml�
jb��G_h[oh^bfh� hlf_lblv�� qlh� ^ey� lh]h�� qlh[u� bahebjh\Zlv� Zllhk_dmg^guc� bfimevk��
gm`gh�\u[bjZlv�kZfu_�\ukhdb_�]Zjfhgbdb�\�hljZ`_gghf�ki_dlj_�–�\�wlhf�kemqZ_�bah�
ebjh\Zgguc�bfimevk�gZoh^blky�jy^hf�k�fZdkbfmfhf�iZ^Zxs_]h�bfimevkZ��<b^�ki_d�
ljZ�ihdZaZg�gZ�jbk�����ki_dljZevgZy�nbevljZpby�ihdZaZgZ�fZjd_jZfb� 

GZ� jbk�� ��ijb\_^_g�ijbf_j�bahebjh\Zggh]h�bfimevkZ� �g_kmsZy� qZklhlZ�– 1017 
=p��^ebl_evghklv�����Zllhk_dmg^���hl\_qZxs_]h�iZ^Zxs_fm�bfimevkm�k�^ebghc�\hegu�
����gf��bgl_gkb\ghklvx��Â ��18

�<l�kf2
�b�^ebl_evghklvx���n_flhk_dmg^��Wnn_dlb\ghklv�

]_g_jZpbb�ih�bgl_gkb\ghklb�khklZ\ey_l�ijb[ebabl_evgh������ 
G_h[oh^bfh�hlf_lblv��qlh�hljZ`_gguc�k\_l�jZkkfZljb\Z_lky�dZd�\[ebab��lZd�b�

gZ�[hevrbo�jZkklhygbyo�hl�fbr_gb� 
 

 
 

Jbk�����Ki_dlj�hljZ`_ggh]h�bfimevkZ������������������Jbk�����IZ^Zxsbc�b�Zllhk_dmg^guc�bfimevku 
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M>D������� 

IH>IH<?JOGHKLG:Y�=?G?J:PBY�@?KLDH=H�J?GL=?GH<KDH=H�
BAEMQ?GBY�IJB�BFIMEVKGH-I?JBH>BQ?KDHF�<HA>?CKL<BB�

G:�FBR?GV�BaF2�BAEMQ?GB?F�N?FLHK?DM>GH=H 
OJHF-NHJKL?JBLH<H=H�E:A?J: 

FZdZjh\�B�:���JZdh\�?�<� 

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

H[gZjm`_g�wnn_dl�]_g_jZpbb�`_kldh]h�j_gl]_gh\kdh]h�baemq_gby��?!���dw<��ba�
]hjyq_c�ieZafu��aZ`b]Z_fhc�ijb�bfimevkgh-i_jbh^bq_kdhf�\ha^_ckl\bb�eZa_jguo�bf�
imevkh\�n_flhk_dmg^ghc�^ebl_evghklb�gZ�fbr_gv�%D)2�\�j_`bf_�©mf_j_gguoª�bgl_g�
kb\ghkl_c� �,a��15 <l�kf2

���=_g_jZpby� j_gl]_gh\kdh]h� baemq_gby� ijhbkoh^bl� \� dZgZe_��
i_j\hgZqZevgh�nhjfbjm_fhf���-���eZa_jgufb�bfimevkZfb�� 

<� wdki_jbf_gl_� bkihevah\Zehkv� baemq_gb_� kha^Zgghc� \�FEP�F=M� n_flhk_�
dmg^ghc�eZa_jghc�kbkl_fu�gZ�ojhf-nhjkl_jbl_��� �����gf��(a� f>`��2a����nk��qZklh�
lZ�ih\lhj_gbc��-���=p���hkgh\Zgghc�gZ�j_]_g_jZlb\ghf�b�fgh]hijhoh^h\hf�mkbe_gbb�k�
bkihevah\Zgb_f� l_ogbdb� mkbe_gby� qbjibjh\Zgguo�bfimevkh\� >�@��EZa_jguc�bfimevk�
�?a��4 f>`��nhdmkbjh\Zeky�d\Zjp_\hc�ebgahc�k�nhdmkguf�jZkklhygb_f�) ���kf�\�iyl�
gh�k�^bZf_ljhf�'a���fdf��ih�mjh\gx���H���qlh�h[_ki_qb\Zeh�bgl_gkb\ghklv�gZ�ih\_jo�
ghklb�%D)2-fbr_gb�,a�Â ��15 <l�kf2

�b�iehlghklv�wg_j]bb�?a����>`�kf2
��M]he�iZ^_gby�

eZa_jgh]h�imqdZ�gZ�fbr_gv�khklZ\eye���0
��>ey�baf_j_gby�\uoh^Z�j_gl]_gh\kdh]h�baem�

q_gby�bkihevah\Zebkv�^\Z�kpbglbeeypbhgguo�^_l_dlhjZ�gZ�[Za_�NWM-�����i_j_^�dhlh�
jufb�klZ\bebkv�jZaebqgu_�]jmiiu�ihehkh\uo�nbevljh\� 
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Jbk�� ���<uoh^�`_kldh]h�j_gl]_gh\�
kdh]h�baemq_gby�<� \� ki_dljZevguc�
^bZiZahg� (y!��� dw<� \� aZ\bkbfhklb�
hl�ghf_jZ�\uklj_eZ�1 
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Baf_j_gguc� \uoh^� j_gl]_gh\kdh]h� baemq_gby� \� ki_dljZevguc� ^bZiZahg� (y!��� dw<� \�
aZ\bkbfhklb�hl�ghf_jZ�eZa_jgh]h�\uklj_eZ�ij_^klZ\e_g�gZ�jbk�� ���Ba�jbkmgdZ�\b^gh��
qlh� ]_g_jZpby� j_gl]_gh\kdh]h� baemq_gby� ijhbkoh^bl� ihke_� \ha^_ckl\by� gZ� fbr_gv�
ijbf_jgh����\uklj_eh\��^eblky�hdheh����\uklj_eh\�b�\hah[gh\ey_lky�ijbf_jgh�q_j_a�
30. 

Baf_j_gguc�\uoh^�`_kldh]h�j_gl]_gh\kdh]h�baemq_gby�\�ki_dljZevguc�^bZiZ�
ahg� (y!��� dw<�ijb�^Zgguo� mkeh\byo� \aZbfh^_ckl\by� hdZaZeky� kjZ\gbfuf� k� \uoh^hf�
`_kldh]h�j_gl]_gh\kdh]h�baemq_gby�\�^Zgguc�^bZiZahg�ijb�\aZbfh^_ckl\bb�h^bghqgh�
]h�eZa_jgh]h�bfimevkZ�\�mkeh\byo�[he__�`_kldhc�nhdmkbjh\db�baemq_gby�gZ�]eZ^dmx�
ih\_joghklv�fbr_gb��,a��16 <l�kf2

��kf��jbk������qlh�mdZau\Z_l�gZ�nhjfbjh\Zgb_�©]hjy�
q_cª�n_flhk_dmg^ghc�ieZafu�\gmljb�dZgZeZ��nhjfbjm_fhf�i_j\ufb���-���eZa_jgufb�
bfimevkZfb��Ijb�wlhf�bgl_]jZevguc�\uoh^�j_gl]_gh\kdh]h�baemq_gby�\�[he__�rbjh�
dbc� ki_dljZevguc� ^bZiZahg� (y!���� dw<� \� mkeh\byo� gZr_]h� wdki_jbf_glZ� hdZaZeky� \�
kj_^g_f�ijbf_jgh�\���jZaZ�f_gvr_��q_f�ZgZeh]bqguc�\uoh^�j_gl]_gh\kdh]h�baemq_gby�
ijb�bgl_gkb\ghklb�,a��16 <l�kf2
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Ijb�iehlghklb�wg_j]bb�?a��2

�>`�kf2
�aZ�h^bg�\uklj_e�\ughkblky�kehc�\_s_kl\Z�

fbr_gb�lhesbghc�ihjy^dZ���fdf� >�@��Wlh�hagZqZ_l��qlh�]_g_jZpby�j_gl]_gh\kdh]h�ba�
emq_gby�ijhbkoh^bl�\�dZgZe_��dhlhjuc�moh^bl�\]em[v�fbr_gb�ih^�m]ehf� ��0

�gZ�jZk�
klhygb_�[he__����fdf��Kehc�%D)2�lZdhc�lhesbgu�ijhimkdZ_l�]ZffZ-d\Zglu�k�wg_j]b_c�
[he__���dw<�b��gZijhlb\��ih]ehsZ_l�k�f_gvr_c�wg_j]b_c��LZdbf�h[jZahf��\uoh^�j_gl]_�
gh\kdh]h� baemq_gby� \� ki_dljZevguc� ^bZiZahg�� gZijbf_j��?!���� dw<� ijb� ]_g_jZpbb� \�
dZgZe_�^he`_g�[ulv�f_gvr_�\uoh^Z�j_gl]_gh\kdh]h�baemq_gby�\�^Zgguc�^bZiZahg�ijb�
]_g_jZpbb�g_ihkj_^kl\_ggh� k�ih\_joghklb�fbr_gb� �ijb�\ha^_ckl\bb�h^bghqgh]h�bf�
imevkZ��b�g_�baf_gylvky�ijb�wg_j]bb�j_]bkljbjm_fuo�]ZffZ-d\Zglh\�[he__���dw<� 

BlZd��bfimevkgh-i_jbh^bq_kdh_�\ha^_ckl\b_�n_flhk_dmg^gh]h�eZa_jgh]h�baem�
q_gby�ijb�bgl_gkb\ghklb� a��15

�<l�kf2
�gZ�ih\_joghklv�%D)2�iha\hey_l�nhjfbjh\Zlv�\�

dZgZe_��moh^ys_f�\]em[v�fbr_gb�gZ�g_kdhevdh�^_kyldh\�fbdjhg��©]hjyqmxª�iehlgmx�
n_flhk_dmg^gmx� ieZafm�� y\eyxsmxky� bklhqgbdhf�`_kldh]h� j_gl]_gh\kdh]h� baemq_�
gby� 

 

Jbk�� ��� Kj_^gbc� \uoh^�
`_kldh]h� j_gl]_gh\kdh�
]h� baemq_gby� <� \� ki_d�
ljZevgu_� ^bZiZahgu�
Ey!��� dw<� b� (y!���� dw<�
ijb� jZaebqguo� agZq_gb�
yo�bgl_gkb\ghklb 
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M>D����������������� 

:DLB<G:Y�KBGOJHGBA:PBY�FH>�IHEMIJH<H>GBDH<H=H�
DHEVP?<H=H�E:A?J:�G:�HKGH<?�HILBQ?KDH=H�MKBEBL?EY 

:diZjh\�<�<� 

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

Ihemijh\h^gbdh\uc�dhevp_\hc�eZa_j��IDE��>�@��ij_^klZ\ey_l�kh[hc�kbkl_fm��\�
dhlhjhc�\oh^�b�\uoh^�hilbq_kdh]h�mkbebl_ey�kh_^bg_gu�f_`^m�kh[hc�hlj_adhf�hilb�
q_kdh]h� \hehdgZ�� Ki_dljZevguc� khklZ\� ]_g_jbjm_fh]h� baemq_gby� \� g_f� hij_^_eyxl�
djb\Zy�mkbe_gby��mjh\_gv�ihl_jv��^ebgZ�b�]_hf_ljby��hij_^_eyxsZy�\_ebqbgm�f_`fh�
^h\h]h�bgl_j\ZeZ� 

<�dhevp_\hf�eZa_j_�dZd�b�\�eZa_j_�k�j_ahgZlhjhf�NZ[jb-I_jh��khkms_kl\h\mxl�
^\_� \klj_qgu_� \hegu��GZ� wlhf� hkgh\u\Z_lky�ijbgpbi�^_ckl\by�eZa_jguo� ]bjhkdhih\�
>����@��aZdexqZxsbcky�\�lhf��qlh�ijb�\jZs_gbb�eZa_jZ�\�iehkdhklb�j_ahgZlhjZ��[eZ]h�
^Zjy�wnn_dlm�KZgvydZ��\�k\yab�k�oZjZdl_jghc�]_hf_ljb_c�j_ahgZlhjZ�dhevp_\h]h�eZa_jZ�
\hagbdZ_l�jZagbpZ�f_`^m�qZklhlZfb��nZaZfb��\klj_qguo�\heg��ijhihjpbhgZevgZy�m]eh�
\hc�kdhjhklb�\jZs_gby� 

Rbjhdbc��ih�kjZ\g_gbx�k�]Zah\uf�eZa_jhf�ki_dlj�mkbe_gby�IDE�b�g_[hevrhc�
f_`fh^h\uc�bgl_j\Ze�iha\heyxl�bkihevah\Zlv�j_`bf�kbgojhgbaZpbb�ijh^hevguo�fh^�
^ey� ]_g_jZpbb� dhjhldbo�hilbq_kdbo�bfimevkh\� >�@��Ijb� wlhf�i_jbh^� ke_^h\Zgby�bf�
imevkh\�h[jZlgh�ijhihjpbhgZe_g�qZklhl_�f_`fh^h\h]h�bgl_j\ZeZ��Z�^ebl_evghklv�h[�
jZlgh�ijhihjpbhgZevgZ�rbjbg_�djb\hc�mkbe_gby�� 

Ijgh\_^_ggu_�bkke_^h\Zgby�iheghklvx�\uiheg_gu�k�bkihevah\Zgb_f�hl_q_kl�
\_gghc� we_f_glghc� [Zau�� Wlh� ihemijh\h^�
gbdh\uc� hilbq_kdbc� mkbebl_ev� �IHM��� hi�
lbq_kdbc� jZa\_l\bl_ev�� g_h[oh^bfuc� ^ey�
\u\h^Z�qZklb�baemq_gby�ba�dhevp_\h]h�j_ah�
gZlhjZ��Z�lZd`_�[ukljuc�PIN�nhlh^bh^��bk�
ihevam_fuc� ^ey� j_]bkljZpbb� wlh]h� baemq_�
gby��Km`_gb_�ki_dljZ�baemq_gby�hilbq_kdh�
]h� mkbebl_ey� ijb� aZfudZgbb� dhevpZ� ba� hi�
lbq_kdh]h� \hehdgZ� k\b^_l_evkl\m_l� h� i_j_�
oh^_�_]h�\�j_`bf�]_g_jZpbb��Hkgh\gufb�aZ�
^ZqZfb� bkke_^h\Zgby� y\eyebkv�� bkke_^h\Z�
gb_�k\hckl\�baemq_gby�dhevp_\h]h�eZa_jZ� �b�
j_ZebaZpby�j_`bfZ�kbgojhgbaZpbb�fh^� 

>ey� bo� j_r_gby� [ueZ� jZajZ[hlZgZ� b�
kha^ZgZ� wdki_jbf_glZevgZy� mklZgh\dZ� �kf��
jbk�� ���� \dexqZxsZy� \� k_[y�� j_]mebjm_fuc�

 
 

Jbk�����Wdki_jbf_glZevgZy�mklZgh\dZ 



Ih^k_dpby�ijbf_g_gby�eZa_jh\�\�nbabd_ 

 

169 

]_g_jZlhj�ihklhyggh]h�lhdZ��bkihevam_fuc�^ey�iblZgby�hilbq_kdh]h�mkbebl_ey��ko_fm�
l_jfhklZlbjh\Zgby� Zdlb\gh]h� we_f_glZ� mkbebl_ey�� h[_ki_qb\ZxsZy� klZ[bebaZpbx�
^ebgu�\hegu�baemq_gby��ihjh]h\h]h�lhdZ��ko_fm�j_]bkljZpbb��khklhysmx�ba�PIN�nhlh�
^bh^Z�b�ij_^mkbebl_ey��mkljhckl\�j_]bkljZpbb�we_dljbq_kdh]h�kb]gZeZ�–�hkpbeeh]jZnZ�
K�-���b�ZgZebaZlhjZ�ki_dljZ�K�-����>ey�fh^meypbb�lhdZ�gZdZqdb�hilbq_kdh]h�mkbebl_�
ey�[ueZ�ij_^mkfhlj_gZ�\hafh`ghklv�\dexq_gby�\g_rg_]h�]_g_jZlhjZ�]Zjfhgbq_kdh]h�
kb]gZeZ�=�-116. 

K�bkihevah\Zgb_f�mklZgh\db�baf_j_gu�\Zll-Zfi_jgu_�oZjZdl_jbklbdb�hilbq_�
kdh]h�mkbebl_ey�k�aZfdgmluf�b�jZahfdgmluf�\hehdhgguf�j_ahgZlhjhf��Ba�bo�kjZ\g_�
gby�\b^gh�kgb`_gb_�ihjh]h\h]h�lhdZ�b�agZqbl_evgh_�\hajZklZgb_�fhsghklb�baemq_gby�
ijb�aZfudZgbb�dhevpZ�h[jZlghc�k\yab��qlh�ih^l\_j`^Z_l�gZebqb_]_g_jZpbb� 

<�ki_dlj_�baemq_gby�IDE��j_]bkljbjm_fh]h�k�bkihevah\Zgb_f�ZgZebaZlhjZ�ki_d�
ljZ� K�-���� ijbkmlkl\mxl� wd\b^bklZglgu_� ebgbb� gZ� qZklhlZo�� djZlguo� qZklhl_�
f_`fh^h\uo�[b_gbc��Ijb�wlhf�kZfhkbgojhgbaZpby�fh^�g_�gZ[ex^ZeZkv�� 

Ba� l_hjbb� kbgojhgbaZpbb� fh^� >�@� ba\_klgh�� qlh� \g_rgyy� kbgojhgbaZpby� fh^�
\hafh`gZ�ijb�\g_rg_f�i_jbh^bq_kdhf�\ha^_ckl\bb��hkms_kl\ey_fhf�gZ�qZklhl_��[eba�
dhc�d�qZklhl_�f_`fh^h\uo�[b_gbc��<�dZq_kl\_�lZdh]h�\ha^_ckl\by�fh`gh�bkihevah\Zlv�
i_j_kljZb\Zbfuc�]_g_jZlhj�lhdZ�gZdZqdb�IHM��\�j_amevlZl_�q_]h�klZgh\blky�\hafh`�
guf�ihemq_gb_�:QO�dhevp_\h]h�eZa_jZ��ihdZau\Zxs_c�gZebqb_�j_ahgZgkh\�gZ�qZklh�
lZo�f_`fh^h\uo�[b_gbc�� 

MklZgh\e_gh��qlh�kbkl_fZ�hq_gv�qm\kl\bl_evgZ�
d� f_oZgbq_kdbf� \ha^_ckl\byf� gZ� \hehdgh�� ijb\h^y�
sbf�dZd�d�baf_g_gbx�ihl_jv��lZd�b�d�baf_g_gbx�ih�
eyjbaZpbb�baemq_gby��jZkijhkljZgyxs_]hky�\�\hehd�
g_��LZd�dZd�ijb�kha^Zgbb�IDE�bkihevah\Zgh�\hehdgh�
[_a� khojZg_gby�iheyjbaZpbb�� lh�ijb�^_nhjfZpbb�\h�
ehdgZ�iehkdhklv�iheyjbaZpbb�baemq_gby�baf_gyeZkv�b�
fh]eZ� g_� kh\iZ^Zlv� k� \u^_e_gguf� gZijZ\e_gb_f� ih�
eyjbaZpbb�\�hilbq_kdhf�mkbebl_e_��<k_�wlh�ijb\h^b�
eh� d� ^hihegbl_evguf� ihl_jyf�fhsghklb� baemq_gby��
>ey� dhfi_gkZpbb� wlh]h� wnn_dlZ� \� \hehdhgguc� j_ah�
gZlhj� [ue� \dexq_g� dhgljhee_j� iheyjbaZpbb��Wdki_�
jbf_glZevgh�[ueh�mklZgh\e_gh��qlh�[hevrZy�rbjbgZ�
ebgbc� [b_gbc� h[_ki_qb\Z_lky� g_dhgljheebjm_fuf�
\aZbfh^_ckl\b_f�\klj_qguo�\heg��\hagbdZxsbf�\�j_�
amevlZl_�h[jZlgh]h�jZkk_ygby�gZ�g_h^ghjh^ghklyo�j_�
ahgZlhjZ�b�bo�\aZbfh^_ckl\b_f�q_j_a�Zdlb\gmx�kj_^m��
>ey�mf_gvr_gby�\ebygby� wlbo�\aZbfh^_ckl\bc�eZa_j�
[ue�\�j_`bf�i_j_\_^_g�h^ghgZijZ\e_gghc�]_g_jZpbb�
iml_f� ih^Z\e_gby� h^ghc� ba� \klj_qguo� \heg� hilbq_�
kdbf�baheylhjhf� 

Ihke_�lhqghc�ih^kljhcdb�iheyjbaZpbb��ebgbb�
gZ�qZklhlZo�f_`fh^h\uo�[b_gbc�agZqbl_evgh�kmabebkv� �k��F]p�^h���d=p���b�\ujhkeb�
ih�Zfieblm^_�[he__�q_f�\����jZa��jbk���Z���Fh^mebjmy�lhd�gZdZqdb�]_g_jZlhjhf�]Zjfh�
gbq_kdh]h� kb]gZeZ� \� j_`bf_� h^ghgZijZ\e_ggh]h� jZkijhkljZg_gby� baemq_gby� m^Zehkv�
ihemqblv�j_`bf�Zdlb\ghc�kbgojhgbaZpbb�fh^��khijh\h`^Z\rbcky�]_g_jZpb_c�hilbq_�
kdbo�bfimevkh\��jbk���[��k�i_jbh^hf�ih\lhj_gby����gk��khhl\_lkl\mxsbf�f_`fh^h\h�
fm�bgl_j\Zem�^ey�^ebgu�j_ahgZlhjZ�����f��b�^ebl_evghklvx���gk��h]jZgbq_gghc�iheh�
khc�ijhimkdZgby�hkpbeeh]jZnZ�K�-75. 

 
 

Jbk�����Z��ki_dlj�f_`fh^h\uo�
[b_gbc� ijb� kbgojhgbah\Zg�
guo� fh^Zo�� [�� aZj_]bkljbjh�
\Zggu_�hilbq_kdb_�bfimevku 
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LZdbf�h[jZahf��\�j_amevlZl_�ijh^_eZgghc�jZ[hlu�� 
• kha^ZgZ�mklZgh\dZ�^ey�ijh\_^_gby�bkke_^h\Zgbc�k\hckl\�ihemijh\h^gbdh\h]h�
dhevp_\h]h�eZa_jZ� 

• ihdZaZgh��qlh�hilbq_kdbc�mkbebl_ev��aZfdgmluc�dhevphf�hilbq_kdh]h�\hehdgZ�
y\ey_lky�bklhqgbdhf�dh]_j_glgh]h�baemq_gby�b�bkke_^h\Zgghfm�h[jZapm�k\hc�
kl\_g_g� fgh]hfh^h\uc� j_`bf� ]_g_jZpbb�� \� h[s_f� kemqZ_� g_� khijh\h`^Zx�
sbcky�kZfhkbgojhgbaZpb_c�fh^� 

• baf_j_gZ� \_ebqbgZ� f_`fh^h\h]h� bgl_j\ZeZ� ^ey� jZaebqguo� ^ebg� j_ahgZlhjZ��
dhlhjZy�kh\iZ^Z_l�k�jZkq_lghc� 

• ihemq_gZ�:QO�dhevp_\h]h�eZa_jZ�b�ihdZaZgh��qlh�Zdlb\gZy�kbgojhgbaZpby�fh^�
gZ[ex^Z_lky� ebrv� ijb� bkihevah\Zgbb� hilbq_kdh]h� baheylhjZ� b� lhqghc� ih^�
kljhcd_�iheyjbaZpbb�\�\hehdhgghf�j_ahgZlhj_�dhevp_\h]h�eZa_jZ� 

• \� j_`bf_� Zdlb\ghc� kbgojhgbaZpbb�fh^� dhevp_\hc� eZa_j�fh`_l�� \� qZklghklb��
]_g_jbjh\Zlv�hilbq_kdb_�bfimevku�k�i_jbh^hf�ih\lhj_gby����gk��ijhihjpbh�
gZevguf�^ebg_�j_ahgZlhjZ��b�^ebl_evghklvx� ��gk��hij_^_ey_fhc�ihehkhc�hi�
lbq_kdh]h� mkbe_gby��gh� \�^Zgghf� kemqZ_� h]jZgbq_gghc�ihehkhc�ijhimkdZgby�
j_]bkljbjmxsbo�ijb[hjh\� 
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M>D������� 

=?G?J:PBY�EBG?CQ:LH=H�J?GL=?GH<KDH=H�BAEMQ?GBY�
BHGH<�N?FLHK?DMG>GHC�E:A?JGHC�IE:AFU 

;hevrZdh\�<�<���Qmldh�H�<� 

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

J_gl]_gh\kdh_�baemq_gb_�n_flhk_dmg^ghc�eZa_jghc�ieZafu��NEI��h[eZ^Z_l�jy�
^hf�oZjZdl_jguo�k\hckl\��dhlhju_�\u]h^gh�hlebqZxl�_]h�hl�j_gl]_gh\kdh]h�baemq_gby�
^jm]bo�bklhqgbdh\��Hgh�bf__l�fZeuc�jZaf_j�bklhqgbdZ� �ihjy^dZ�nhdZevgh]h�jZaf_jZ�
iylgZ�∼����fdf���h[eZ^Z_l�\ukhdhc�bgl_gkb\ghklvx�baemq_gby�b�fZehc�^ebl_evghklvx�
�g_kdhevdh�ibdhk_dmg^�� 

Ki_dlj�j_gl]_gh\kdh]h�baemq_gby�NEI�fh`gh�mkeh\gh�jZa^_eblv�gZ�^\_�qZklb��
g_ij_ju\gZy�khklZ\eyxsZy�ki_dljZ��lhjfhagh_�b�j_dhf[bgZpbhggh_�baemq_gby��b�eb�
g_cqZlZy�khklZ\eyxsZy��Ih�ki_dljZevghc�iehlghklb�baemq_gby�ebg_cqZlZy�dhfihg_glZ�
ij_\hkoh^bl�g_ij_ju\gmx�dhfihg_glm�gZ�g_kdhevdh�ihjy^dh\��H^gZdh�\�p_ehf��i_j_�
oh^u� ba� \ukhdh\ha[m`^_gguo� khklhygbc� h[eZ^Zxl� fZeuf� \uoh^hf� nemhj_kp_gpbb��



Ih^k_dpby�ijbf_g_gby�eZa_jh\�\�nbabd_ 

 

171 

Ihwlhfm�ijZdlbq_kdbc�bgl_j_k��j_gl]_gh\kdZy�^bnjZdlhf_ljby��ki_dljhkdhiby��b�ij��k�
ibdhk_dmg^guf� \j_f_gguf� jZaj_r_gb_f�� \ha[m`^_gb_�gbadhe_`Zsbo� y^_jguo�mjh\�
g_c�\�NEI��ij_^klZ\eyxl�ebrv�bhggu_�i_j_oh^u�k�gZb[hevrbf�\uoh^hf�nemhj_kp_g�
pbb��Z�bf_ggh� 2,1αK . 

K� jhklhf� djZlghklb�bhgbaZpbb� \_s_kl\Z� wg_j]by� d\Zglh\� ebg_cqZlh]h� j_gl]_�
gh\kdh]h�baemq_gby�m\_ebqb\Z_lky��Ke_^h\Zl_evgh��iml_f�ih^[hjZ�iZjZf_ljh\�eZa_jgh�
]h�baemq_gby�fh`gh�^h[blvky�fZdkbfZevgh]h�qbkeZ�Dα -�nhlhgh\�hl�bhgh\�k�aZ^Zgghc�
djZlghklvx�bhgbaZpbb�>�@� 

=_g_jZpby� j_gl]_gh\kdbo� ebgbc� \� ieZaf_� ijhbkoh^bl� \� hkgh\ghf� [eZ]h^Zjy�
m^Zjghc�bhgbaZpbb�\gmlj_ggbo�h[hehq_d�bhgh\�b�Zlhfh\�[ukljufb�we_dljhgZfb�ieZa�
fu��Ihwlhfm��^ey�hilbfbaZpbb�\uoh^Z�ebg_cqZlh]h�baemq_gby�bhgZ�k�djZlghklvx�bh�
gbaZpbb�Z�g_h[oh^bfh�h^gh\j_f_ggh_�kms_kl\h\Zgb_�\�ieZaf_�fZdkbfZevgh]h�dhebq_�
kl\Z�bhgh\�djZlghklb�bhgbaZpbb�Z -���b�[ukljuo�we_dljhgh\��h[_ki_qb\Zxsbo�bo�bh�
gbaZpbx�k�\gmlj_ggbo�h[hehq_d�>�@� 

<�ij_^klZ\e_gghc�jZ[hl_�ijh\h^beky�ZgZeba�\hafh`ghklb�hilbfbaZpbb�\uoh^Z�
Dα -�baemq_gby�bhgZ�Al+9

�Zexfbgb_\hc�NEI��<�qbke_gghf�wdki_jbf_gl_�[ue�bkke_^h�
\Zg�^bZiZahg�bgl_gkb\ghkl_c�hl� �⋅1014

�<l�kf2
�^h� �⋅1016

�<l�kf2
�ijb�^ebl_evghklyo�eZ�

a_jgh]h�bfimevkZ�hl����nk�^h���ik�gZ�^ebg_�\hegu�eZa_jgh]h�baemq_gby�����gf�[2]. 
>ey� hp_gdb� dhebq_kl\Z� bhgh\� Zexfbgby�Al+8

� \� ieZaf_� ijhba\h^beky� jZkq_l�b�
ihke_^mxsbc�ZgZeba�ijhkljZgkl\_ggh]h�jZkij_^_e_gby�kj_^g_]h�aZjy^Z�bhgh\�ieZafu�
\�jZagu_�fhf_glu�\j_f_gb�ihke_�eZa_jgh]h�\uklj_eZ��Ijb�^Zevg_cr_c�h[jZ[hld_�^Zg�
guo�hij_^_eyebkv�fhf_glu�\j_f_gb��khhl\_lkl\mxsb_�fZdkbfZevghfm�qbkem�h[jZah�
\Z\rboky� bhgh\��rbjbgu� ^Zgguo� fZdkbfmfh\�� Z� lZd`_�fZdkbfZevgh_� qbkeh� h[jZah�
\Z\rboky�bhgh\�k�aZ^Zgghc�djZlghklvx�bhgbaZpbb� 

LZd`_� ijh\h^beky� ZgZeba� ZlhfZ� 22Ti�� Ijb� ihfhsb� ijh]jZffgh]h� iZd_lZ� >�@�
bkke_^h\ZeZkv�aZ\bkbfhklv�wg_j]bb�Dα -�nhlhgh\�bhgZ�lblZgZ�hl�djZlghklb�bhgbaZpbb��
LZd� kms_kl\_ggh_� m\_ebq_gb_� wg_j]bb�Dα -�ebgbb�gZ[ex^Z_lky�gZqbgZy� k�bhgZ�Ti+14 
( w<E 60~∆ ��� L_fi_jZlmjZ� l_ieh\uo� we_dljhgh\� \� NEI�� khhl\_lkl\mxsZy� ^Zgghc�
djZlghklb�bhgbaZpbb��khklZ\ey_l�a�����w<��qlh�khhl\_lkl\m_l�eZa_jghfm�bfimevkm�bg�
l_gkb\ghklvx� 15108⋅ �<l�kf2

�b�^ebl_evghklvx�����nk� 
<�ij_^klZ\e_gghc�jZ[hl_�ihemq_gu�ke_^mxsb_�j_amevlZlu� 
<� qbke_gghf� wdki_jbf_gl_� hij_^_e_gu� h[eZklb� hilbfZevguo� iZjZf_ljh\� eZ�

a_jgh]h�bfimevkZ��h[_ki_qb\Zxsb_�fZdkbfZevgmx�wnn_dlb\ghklv�k\_q_gby�bhgZ�Zex�
fbgby�Al+9

��Ijb� wlhf� gZb[he__� i_jki_dlb\ghc� gZ� gZr� \a]ey^� y\ey_lky�f_lh^bdZ� bk�
ihevah\Zgby�^\mo�eZa_jguo�bfimevkh\�–�]j_xs_]h��^ey�kha^Zgby�ieZafu�hij_^_e_gghc�
djZlghklb�bhgbaZpbb��b�\lhjh]h�bfimevkZ�k\_jodhjhldhc�^ebl_evghklb�^ey�]_g_jZpbb�
]hjyqbo� we_dljhgh\�� kha^Zxsbo� \ZdZgkbb� gZ� we_dljhgguo� h[hehqdZo� bhgh\�� dhlhju_�
aZl_f�aZihegyxlky�k�bkimkdZgb_f�j_gl]_gh\kdbo�d\Zglh\� 

JZkkqblZgh� baf_g_gb_� wg_j]bb� j_gl]_gh\kdbo�Dα -�nhlhgh\� \� aZ\bkbfhklb� hl�
djZlghklb�bhgbaZpbb�bhgh\�lblZgZ�22Ti��<uiheg_gZ�hp_gdZ�iZjZf_ljh\�eZa_jgh]h�baem�
q_gby� ihdZau\ZxsZy�� qlh� gZqbgZy� k� bgl_gkb\ghklb� �⋅1015

�<l�kf2
� �ijb� ^ebl_evghklb�

bfimevkZ�����nk��\hafh`gh�ihemqblv�aZf_lgh_�kf_s_gb_�wg_j]bb�j_gl]_gh\kdbo�Dα - 
nhlhgh\��a����w<���bkimkdZ_fuo�bhgZfb�lblZgh\hc�n_flhk_dmg^ghc�eZa_jghc�ieZafu� 

 
1. ;hevrZdh\�<�<���=hj^b_gdh�<�F���KZ\_ev_\�:�;���Qmldh�H�<��<ha[m`^_gb_�gbadhe_�

`Zsbo� y^_jguo� khklhygbc�ebg_cqZluf�baemq_gb_f�bhgh\�n_flhk_dmg^ghc�eZa_j�
ghc�ieZafu����IbkvfZ�\�@WLN��79��k�����– 85, 2004. 
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2. Gordienko V.M., Joukov M.A., Savel’ev A.B. Ultrafast incoherent x-ray source utilizing 
ultrathin freely suspended films in: Application of High Field and Short Wavelength 
Sources, Eds.: L.Di Mauro, M. Murnane, A. H'Huiller, Plenum Press, New-York, 155–
163, 1998. 

3. ;Zg^�B�F���Nhfbq_\�<�B��Dhfie_dk�ijh]jZff�RAINE V��HibkZgb_�ijh]jZffu�kZ�
fhkh]eZkh\Zgby�Zlhfgh]h�ihey�j_eylb\bklkdbf�f_lh^hf�>bjZdZ-NhdZ����E_gbg]jZ^��
Ij_ijbgl�EBYN������������ 

 
 

M>D������ 

I:J:F?LJBQ?KDH?�K:FHIJ?H;J:AH<:GB? 
Q:KLHLU�E:A?JGH=H�BAEMQ?GBY 

<�J?@BF?�FH>MEYPBB�>H;JHLGHKLB�J?AHG:LHJ: 

Rmlh\�B�<���Gh\bdh\�:�:� 

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

Rbjhdbc� ^bZiZahg� \hafh`guo� ijbf_g_gbc� dhfiZdlguo� b� gZ^_`guo� eZa_jh\��
]_g_jbjmxsbo� \� \b^bfhc� h[eZklb� ki_dljZ�� klbfmebjh\Ze� bkke_^h\Zgby� Zdlb\gh-
g_ebg_cguo�djbklZeeh\��\�dhlhjuo�bhgu�j_^dha_f_evguo�we_f_glh\��1G��(U��<E��h[_k�
i_qb\Zxl� Zdlb\gu_� k\hckl\Z�� Z�fZljbpZ�b]jZ_l�jhev�g_ebg_cghc� kj_^u� >�@��:dlb\gh-
g_ebg_cgu_�djbklZeeu�iha\heyxl�j_Zebah\Zlv�lZd�gZau\Z_fu_�ijhp_kku�kZfhij_h[jZ�
ah\Zgby�qZklhlu��dh]^Z�\�djbklZee_�h^gh\j_f_ggh�bf__l�f_klh�eZa_jgZy�]_g_jZpby�ba�
emq_gby�b�g_ebg_cgh-hilbq_kdh_�ij_h[jZah\Zgb_�qZklhlu�wlh]h�baemq_gby��<�ihke_^�
gb_�]h^u�[hevrh_�\gbfZgb_�m^_ey_lky�bkke_^h\Zgbx�Zdlb\gh-g_ebg_cguo�djbklZeeh\�
k�j_]meyjghc�^hf_gghc�kljmdlmjhc��dhlhju_�aZ�kq_l�l_ogbdb�d\Zabkbgojhgguo�\aZbfh�
^_ckl\bc�iha\heyxl�kms_kl\_ggh�jZkrbjblv�qbkeh�\hafh`guo�ijhp_kkh\�kZfhij_h[�
jZah\Zgby�qZklhlu�>�@� 

<�jZ[hl_�\uiheg_gu�bkke_^h\Zgby�ijhp_kkh\�d\Zabkbgojhggh]h�kZfhij_h[jZah�
\Zgby�qZklhlu�eZa_jgh]h�baemq_gby��ijhbkoh^ysbo�\�j_`bf_�fh^meypbb�^h[jhlghklb�
j_ahgZlhjZ��Ihemq_gZ� kbkl_fZ�mjZ\g_gbc��hibku\ZxsZy�\j_f_ggmx�^bgZfbdm�bgl_g�
kb\ghkl_c�b�bg\_jkghc�gZk_e_gghklb�\�ijhp_kkZo�kZfhij_h[jZah\Zgby�qZklhlu��b�qbk�
e_ggufb�f_lh^Zfb�ijh\_^_gh�__�j_r_gb_�\�kemqZyo�kZfhm^\h_gby��kZfh^_e_gby�b�kZ�
fhkeh`_gby�qZklhl��Kbkl_fZ�mjZ\g_gbc�iha\hey_l�mq_klv�\ebygb_�gZ�^bgZfbdm�mdZaZg�
guo�ijhp_kkh\�iZjZf_ljh\�djbklZeeZ��gZdZqdb��j_ahgZlhjZ�b�fh^meylhjZ�^h[jhlghklb��
<uy\e_gu�hkh[_gghklb�ijhl_dZgby�ijhp_kkh\�kZfhij_h[jZah\Zgby�\�jZaebqguo�mkeh�
\byo��Bkke_^h\Zgu�fhsghklgu_�oZjZdl_jbklbdb�]_g_jbjm_fh]h�baemq_gby�b�iZjZf_lju�
ihemqZ_fuo� bfimevkh\��<k_� jZkq_lu� \uiheg_gu� ^ey� Zdlb\gh-g_ebg_cgh]h� djbklZeeZ�
Nd:Mg:LiNbO3�k�j_]meyjghc�^hf_gghc�kljmdlmjhc� 

<�jZ[hl_�lZd`_�ijh\_^_gh�kjZ\g_gb_�j_amevlZlh\��ihemq_gguo�qbke_gguf�fh^_�
ebjh\Zgb_f��k�j_amevlZlZfb�wdki_jbf_glh\�ih�d\Zabkbgojhgghfm�kZfhm^\h_gbx�qZklh�
lu�\�Zdlb\gh-g_ebg_cghf�djbklZee_�1G�0J�/L1E23�k�j_]meyjghc�^hf_gghc�kljmdlmjhc�
b�h[gZjm`_gh�bo�kh]eZkb_� 

 
1. Laptev G.D., Novikov A.A., Chirkin A.S., J. Russian Laser Research, 23, 183 (2002). 
2. EZil_\�=�>���Gh\bdh\�:�:���Qbjdbg�:�K���IbkvfZ�\�@WLN, 78, 45 (2003). 

 



Ih^k_dpby�ijbf_g_gby�eZa_jh\�\�nbabd_ 

 

173 

M>D�������� 

HILBQ?KDB?�O:J:DL?JBKLBDB�IHEMIJH<H>GBDH<UO�
E:A?JH<�KH�K<YA:GGUFB�<?JLBD:EVGUFB�J?AHG:LHJ:FB 

Kdhjh\�>�<� 

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

<� gZklhys__� \j_fy� ihemijh\h^gbdh\u_� eZa_ju� k� \_jlbdZevguf� j_ahgZlhjhf�
�E<J��y\eyxlky�h^gbf�ba�kZfuo�jZkijhkljZg_gguo�lbih\�bklhqgbdh\�hilbq_kdh]h�ba�
emq_gby� >�@��Ko_fZ�lZdh]h�eZa_jZ�bf__l�jy^�ij_bfms_kl\�i_j_^�ljZ^bpbhgghc�ko_fhc�
ihemijh\h^gbdh\h]h�eZa_jZ��qlh�ijhy\ey_lky�\�[he__�gbadbo�ihjh]h\uo�lhdZo��h^ghfh�
^h\hf� j_`bf_� ]_g_jZpbb� ih� ijh^hevguf�fh^Zf� b� kbff_ljbqghc� ^bZ]jZff_� gZijZ\�
e_gghklb�baemq_gby��E<J�bf_xl�lZd`_�b�g_^hklZldb��g_[hevrmx�fhsghklv�baemq_gby�
b�g_�\k_]^Z�h^ghfh^h\uc� �ih�ihi_j_qguf�fh^Zf��j_`bf�]_g_jZpbb��H^bg�ba�\hafh`�
guo�\ZjbZglh\�memqr_gby�oZjZdl_jbklbd�eZa_jh\�lZdh]h�lbiZ�–�kha^Zgb_�eZa_jZ�k�^\mfy�
\_jlbdZevgufb� j_ahgZlhjZfb�� k\yaZggufb� q_j_a� h[s__� a_jdZeh�� Wdki_jbf_glZevgu_�
bkke_^h\Zgby� >�@�� >�@�� >�@�ihdZaZeb��qlh�m�lZdbo�ijb[hjh\�bf__lky�jy^�bgl_j_kguo�^ey�
ijZdlbq_kdh]h� ijbf_g_gby� k\hckl\�� \hafh`ghklv� ^hklb`_gby� h^ghfh^h\h]h� j_`bfZ�
[hevrhc�fhsghklb�beb�]_g_jZpby�kjZam�gZ�^\mo�jZa^_evgh�mijZ\ey_fuo�^ebgZo�\heg��
<� ^Zgghc� jZ[hl_� ijh\h^blky� qbke_ggh_� bkke_^h\Zgb_� hilbq_kdbo� k\hckl\� eZa_jZ� ih�
^h[gh]h�lbiZ� 

 
 

Jbk�����AZ\bkbfhklb�^ebg�\heg�fh^�eZa_jZ�hl�qbkeZ�iZj�keh_\�\�kj_^g_f�a_jdZe_ 
 

>ey� jZkq_lZ� we_dljhfZ]gblgh]h� ihey� \gmljb�E<J� bkihevam_lky� fh^_ev�� hkgh�
\ZggZy�gZ�f_lh^_�wnn_dlb\ghc�qZklhlu�>�@��Wlhl�f_lh^bdZ�iha\hey_l�ihemqblv�ijhnb�
eb�ijh^hevguo�b�ihi_j_qguo�fh^�mkljhckl\Z��khhl\_lkl\mxsb_�bf�^ebgu�\heg�b�dh�
wnnbpb_glu�mkbe_gby��Ijh\_^_gh�bkke_^h\Zgb_�oZjZdl_jbklbd�E<J�k�jZaebqgufb�dh�
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wnnbpb_glZfb� k\yab�f_`^m�j_ahgZlhjZfb��IZjZf_ljhf��hij_^_eyxsbf� wlhl�dhwnnb�
pb_gl��y\ey_lky�qbkeh�iZj�keh_\�\�kj_^g_f�[jw]]h\kdhf�a_jdZe_��Ijb�baf_g_gbb�k\yab�
gZ[ex^Z_lky� k^\b]� ^ebg� \heg� ^\mo� hkgh\guo� ijh^hevguo� fh^�� qlh� beexkljbjm_l�
jbk� ���K�jhklhf�qbkeZ�iZj�keh_\�kj_^g_]h�a_jdZeZ�k\yav�f_`^m�j_ahgZlhjZfb�mf_gvrZ�
_lky�� \� j_amevlZl_� q_]h�ijhbkoh^bl�ehdZebaZpby�ijh^hevguo�fh^� \� khhl\_lkl\mxsbo�
h[eZklyo�mkljhckl\Z��Ijhbkoh^bl� k[eb`_gb_�^ebg� \heg� ]_g_jZpbb�fh^� l�_��h[_�fh^u�
klj_fylky�d�^ebg_�\hegu��gZ�dhlhjmx�gZkljh_gu�j_ahgZlhju��\�ijb\_^_gghf�gZ�jbkmg�
d_�kemqZ_�j_ahgZlhju�h^bgZdh\u�b�gZkljh_gu�gZ�^ebgm�\hegu�����gf����LZdbf�h[jZahf��
ihdZaZgZ�\hafh`ghklv�h^gh\j_f_ggh]h�]_g_jbjh\Zgby�^\mo�eZa_jguo�fh^�gZ�aZ^Zgguo�
qZklhlZo� 

Ihfbfh�fh^h\hc�kljmdlmju�eZa_jZ��ijh\_^_gu�bkke_^h\Zgby�dhwnnbpb_glZ�hi�
lbq_kdh]h�h]jZgbq_gby�\�aZ\bkbfhklb�hl�k\yab�f_`^m�j_ahgZlhjZfb��<�^Zgghf�eZa_j_�
lZdb_�bkke_^h\Zgby�bgl_j_kgu�\\b^m�lh]h��qlh�dhwnnbpb_gl�hilbq_kdh]h�h]jZgbq_gby��
aZ^Zxsbc�ihjh]b�]_g_jZpbb�fh^��hij_^_ey_lky�ba�i_j_djulby�ihey�kjZam�k�^\mfy�Zd�
lb\gufb�kehyfb��>ey�jZaguo�kj_^gbo�[jw]]h\kdbo�a_jdZe�g_h[oh^bf�jZkq_l�iheh`_gby�
Zdlb\guo� keh_\� ^ey�ihemq_gby�gZbemqr_]h� kh\iZ^_gby� k�fZdkbfmfhf� khhl\_lkl\mx�
s_c�ijh^hevghc�fh^u��qlh�y\ey_lky�h^gbf�ba�hkgh\guo�lj_[h\Zgbc�^baZcgZ�E<J��<�j_�
amevlZl_� jZkq_lh\� gZc^_g� hilbfZevguc� ^ey� dhwnnbpb_glZ� hilbq_kdh]h� h]jZgbq_gby�
mjh\_gv�k\yab�f_`^m�j_ahgZlhjZfb� 

LZdbf�h[jZahf��\�^Zgghc�jZ[hl_��k�p_evx�\u[hjZ�hilbfZevghc�]_hf_ljbb�mkl�
jhckl\Z��ijh\_^_gu�l_hj_lbq_kdb_�bkke_^h\Zgby�g_dhlhjuo�ki_pbnbq_kdbo�k\hckl\�eZ�
a_jh\�kh�k\yaZggufb�\_jlbdZevgufb�j_ahgZlhjZfb� 

 
1. Kenichi Iga. Surface-emitting lasers – its birth and generation of new optoelectronic field. 

IEEE J. Select. Topics Quantum Electron., vol. 6, pp. 1201-1214, 2000. 
2. Fischer A.J., Choquette K.D., Chow W.W., Allerman A.A., Serkland D.K., and Geib 

K.M. High single-mode power observed from a coupled-resonator vertical-cavity laser di-
ode. Appl. Phys. Lett., vol. 79, pp. 4079-4081, 2001. 

3. Grasso Daniel M., Choquette Kent D. Threshold and Modal Characteristics of Composite-
Resonator Vertical-Cavity Lasers. IEEE J. Quantum Electron., vol. 39, pp. 1526-1530, 
2003. 

4. Carlin J.F., Stanley R.P., Pellandini P., Oesterle U., and Ilegems M. The dual wavelength 
bi-vertical cavity surface-emitting laser. Appl. Phys. Lett., vol. 12, pp.1316-1318, 2000. 

5. Wenzel H. and Wunsche H.J. The effective frequency method in the analysis of vertical-
cavity surface-emitting lasers. IEEE J. Quantum Electron., vol. 33, pp. 1156-1162, 1997. 

 
 

M>D���������� 

MIJ:<E?GB?�F?EDHF:KRL:;GHC�K:FHNHDMKBJH<DHC 
<�FHSGHF�E:A?JGHF�IMQD? 

>hjfb^hgh\�:��?� 

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

Ijb�jZkijhkljZg_gbb�fhsguo�n_flhk_dmg^guo�eZa_jguo�bfimevkh\�\� ]Zahh[�
jZaguo� b� dhg^_gkbjh\Zgguo� kj_^Zo� \hagbdZ_l�nbeZf_glZpby� –� y\e_gb_�� khklhys__� \�
ijhkljZgkl\_gghc�ehdZebaZpbb�eZa_jgh]h�baemq_gby�>����@��NbeZf_glZpby�khijh\h`^Z�
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_lky�h[jZah\Zgb_f�ieZaf_gguo�dZgZeh\�b�k\_jomrbj_gb_f�qZklhlgh]h�ki_dljZ��K_cqZk�
bkke_^m_lky�\hafh`ghklv�bkihevah\Zgby�wlbo�k\hckl\�eZa_jgh]h�baemq_gby�^ey�jZajZ�
[hldb�gh\uo�f_lh^h\�n_flhk_dmg^ghc�eZa_jghc� l_ogheh]bb� \�fbdjhnhlhgbd_��eZa_j�
ghf� ahg^bjh\Zgbb� hdjm`Zxs_c� kj_^u�� \� ^bklZgpbhgghf� mijZ\e_gbb� we_dljbq_kdbf�
jZajy^hf�>�@� 

G_j_]meyjgu_�f_edhfZkrlZ[gu_�\hafms_gby�\�i_j\hgZqZevghf�jZkij_^_e_gbb�
iehlghklb� wg_j]bb� bfimevkZ� b� nemdlmZpbb� hilbq_kdbo� iZjZf_ljh\� kj_^u� \uau\Zxl�
oZhlbq_kdh_� aZjh`^_gb_�nbeZf_glh\��<�j_amevlZl_�h[jZam_lky�imqhd�nbeZf_glh\��dh�
lhju_�kemqZcguf�h[jZahf�jZkiheh`_gu�\�iehkdhklb�ihi_j_qgh]h�k_q_gby�bfimevkZ�b�
gZqbgZxlky�gZ�jZaguo�jZkklhygbyo�hl�\uoh^ghc�Zi_jlmju�eZa_jghc�kbkl_fu��KlhoZk�
lbq_kdbc�oZjZdl_j�fgh]hnbeZf_glZpbb�ijb\h^bl�d�g_klZ[bevghklb�kb]gZeZ�h[jZlgh]h�
jZkk_ygby��gZijbf_j�\�n_flhk_dmg^guo�eb^ZjZo� 

B^_y� ij_^eZ]Z_fh]h� f_lh^Z� j_]meyjbaZpbb� oZhlbq_kdb� jZkiheh`_gguo� nbeZ�
f_glh\�khklhbl�\�lhf��qlh[u�aZ^Zlv�\�iehkdhklb�ihi_j_qgh]h�k_q_gby�bfimevkZ�kbkl_fm�
aZ^Zgguo�\hafms_gbc�bgl_gkb\ghklb��gZ�dhlhjuo� aZjh`^Zxlky�nbeZf_glu��g_kfhljy�
gZ�kemqZcgu_�nemdlmZpbb�bgl_gkb\ghklb�>�@� 

>ey�h[hkgh\Zgby�f_lh^Z�qbke_ggh�bkke_^h\ZgZ�klZpbhgZjgZy�f_edhfZkrlZ[gZy�
kZfhnhdmkbjh\dZ�]Zmkkh\Z�imqdZ�kh�kemqZcgufb�b�j_]meyjgufb�\hafms_gbyfb�bgl_g�
kb\ghklb�� KlhoZklbq_kdZy� nbeZf_glZpby� jZkkfhlj_gZ� ^ey� imqdZ� k� ihi_j_qguf�

jZkij_^_e_gb_f� bgl_gkb\ghklb� ( ) ( )( )2

2

22

0 ,�1exp, yx
a

yx
IyxI +







 +−= �� ]^_� ( )yx,�  – 

kemqZcgu_�Z^^blb\gu_�baf_g_gby�Zfieblm^u��jZkij_^_e_ggu_�ih�ghjfZevghfm�aZdhgm�
k� gme_\uf� kj_^gbf� b� ^bki_jkb_c� 2

�1 �� J_]meyjgu_� \hafms_gby� k\_lh\h]h� ihey�

aZ^Z\Zebkv� \\_^_gb_f� \� ihi_j_qgh_� k_q_gb_� bfimevkZ� d\Z^jZlghc� j_r_ldb� �fZkdb�� k�
i_jbh^hf�d �b�g_ijhajZqgufb�rljboZfb� dh << . 
 

 
Jbk�����JZkij_^_e_gb_�bgl_gkb\ghklb�\�ihi_j_qghf�k_q_gbb�imqdZ��<_jogyy�
kljhdZ�–�i_j\hgZqZevgh_�jZkij_^_e_gb_�bgl_gkb\ghklb��gb`gyy�–�ihke_�aZ�
jh`^_gby�nbeZf_glh\��E_\Zy�dhehgdZ�–�b^_Zevguc�]Zmkkh\�imqhd�k�fZkdhc�
( )2

�1 �= ��kj_^gyy�–�aZrmfe_gguc�imqhd�[_a�fZkdb��ijZ\Zy�–�aZrmfe_gguc�
imqhd�k�fZkdhc 

 
GZ� jbk�� �� ijb\_^_gZ� \u[hjhqgZy� j_ZebaZpby� jZkij_^_e_gby� bgl_gkb\ghklb� \�

iehkdhklb� ihi_j_qgh]h� k_q_gby� imqdZ�� ihdZau\ZxsZy� wnn_dlb\ghklv� mihjy^hq_gby�
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fZkdhc�ijhkljZgkl\_ggh]h�jZkiheh`_gby�nbeZf_glh\��Fhsghklv�imqdZ� FU33 ���= ��]^_�

FU3  –� djblbq_kdZy� fhsghklv� kZfhnhdmkbjh\db�� jZ^bmk� imqdZ� �=D ff�� ^ebgZ� \hegu�

800� = gf��^bki_jkby�rmfZ� 01.012
� = ��IZjZf_lju�Zfieblm^ghc�fZkdb�\u[jZgu�lZdbf�

h[jZahf��qlh[u�gZ�h^gm�yq_cdm�jZaf_jhf� dd × �ijboh^beZkv�fhsghklv�\���jZaZ�ij_\u�
rZxsZy� FU3 ��Ba� jbk��� \b^gh�� qlh� jZkiheh`_gb_�nbeZf_glh\� \� aZrmfe_gghf�imqd_� k�

fZkdhc�[ebadh�d�bo�jZkiheh`_gbx�\�kemqZ_�b^_Zevgh]h�imqdZ� 
KlZlbklbq_kdb_�bkiulZgby��\uiheg_ggu_�ih�\u[hjd_�ba����g_aZ\bkbfuo�j_Zeb�

aZpbc� kemqZcgh]h� ihey� ( )yx,� �� ihdZaZeb�� qlh� ^Z`_� ijb� agZq_gbyo� ^bki_jkbc�� agZqb�
l_evgh�ij_\urZxsbo�^bki_jkbx�rmfZ�\�j_Zevguo�eZa_jguo�bfimevkZo��bkihevah\Z�
gb_�Zfieblm^ghc�fZkdb�h[_ki_qb\Z_l�mihjy^hq_gb_�jZkklhygby�aZjh`^_gby�nbeZf_g�
lh\��jbk����� 
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Jbk�����AZ\bkbfhklv�kj_^g_]h�qbkeZ�nbeZf_glh\� fN< > hl�jZkklhygby� z  
 
 

OZjZdl_j� aZ\bkbfhklb� hl� jZkklhygby� z � kj_^g_]h� qbkeZ�nbeZf_glh\� >< fN � \�

aZrmfe_gghf�imqd_�k�fZkdhc�ih^h[_g�ihemq_gghfm�^ey�b^_Zevgh]h�]Zmkkh\Z�imqdZ� 
 

1. %UDXQ�$���.RUQ�*���/LX�;���'X�'���6TXLHU�-���0RXURX�*��2SW��/HWW��������9RO�����������3��

73. 
2. Nibberling E. T. J., Curley P. F., Grillon G., Prade B. S., Franco M. A., Salin F., Mysy-

URZLF]�$��2SW��/HWW��������9RO�����������3����-64. 
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621.373.826.038.825.2 

<GMLJBJ?AHG:LHJGH?�NHJFBJH<:GB?�A:>:GGH=H�
J:KIJ?>?E?GBY�BGL?GKB<GHKLB�BAEMQ?GBY�E:A?J:� 

*∗
�Dhklue_\�:�X� 

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

Ijb�j_r_gbb�fgh]bo� aZ^Zq�eZa_jghc�nbabdb�\hagbdZ_l�g_h[oh^bfhklv�nhjfb�
jh\Zgby�aZ^Zggh]h�jZkij_^_e_gby�bgl_gkb\ghklb�eZa_jgh]h�baemq_gby��LZd��gZijbf_j��
ijb� bkihevah\Zgbb�KH2� eZa_jh\� \�ijhp_kk_� j_adb�f_lZeeZ�g_h[oh^bfh� ^h[blvky� \ha�
fh`gh�[he__�hkljhc�nhdmkbjh\db�k\_lh\h]h�imqdZ�gZ�ih\_joghklb�f_lZeeZ��<�ijhp_kk_�
l_jfbq_kdhc� h[jZ[hldb� hkgh\gh_� lj_[h\Zgb_�� ij_^ty\ey_fh_� d� baemq_gbx�� khklhbl� \�
jZ\ghf_jghf� jZkij_^_e_gbb� bgl_gkb\ghklb� ih� k_q_gbx� imqdZ��Ijb� ljZgkihjlbjh\d_�
fhsgh]h� k\_lh\h]h� baemq_gby� gZ� ijhly`_gguo� Zlfhkn_jguo� ljZkkZo� wg_j]_lbq_kdb�
[he__�\u]h^gufb�y\eyxlky�dhevp_\u_�imqdb��>ey�nhjfbjh\Zgby�aZ^Zggh]h�jZkij_^_�
e_gby�bgl_gkb\ghklb�ijbf_gyxlky�dZd�\g_j_ahgZlhjgu_�f_lh^u� �ijbf_g_gb_�fy]dbo�
^bZnjZ]f��^bnjZdpbhgguo�nZah\uo�j_r_lhd��hilbq_kdhc�b�pbnjh\hc�]heh]jZnbb���lZd�
b� \gmljbj_ahgZlhjgu_�f_lh^u� �bkihevah\Zgb_� hilbdh-f_oZgbq_kdbo� kbkl_f�� a_jdZe� k�
ijhnbebjh\Zgguf�dhwnnbpb_glhf�ijhimkdZgby��g_kn_jbq_kdbo�a_jdZe�� 

Nhjfbjh\Zgbx� aZ^Zggh]h�jZkij_^_e_gby�bgl_gkb\ghklb�gZ�\uoh^_�ba�j_ahgZ�
lhjZ�eZa_jZ�k�ihfhsvx�Zkn_jbq_kdbo�b�]b[dbo�a_jdZe�ihk\ys_g�jy^�klZl_c�>�-�@��H^gZ�
dh�\�ebl_jZlmj_�ih�^Zgghc� l_fZlbd_�hlkmlkl\mxl� klZlvb�ih�nhjfbjh\Zgbx� aZ^Zgguo�
jZkij_^_e_gbc� \� ^Zevg_c� ahg_� k� ihfhsvx� \gmljbj_ahgZlhjguo� we_f_glh\�� J_r_gbx�
lZdhc�aZ^Zqb�b�ihk\ys_gZ�^ZggZy�jZ[hlZ��<�jZ[hl_�jZkkfZljb\Z_lky�mklhcqb\uc�j_ah�
gZlhj�eZa_jZ��kh^_j`Zsbc�]b[dh_�[bfhjngh_�a_jdZeh�\�dZq_kl\_�]emoh]h�a_jdZeZ�^bh^�
gh-gZdZqb\Z_fh]h�^\mod\Zgljhggh]h�YAG:Nd3+ eZa_jZ��Ijhnbev�ih\_joghklb�[bfhjn�
gh]h�a_jdZeZ�hij_^_ey_lky�ba�aZjZg__�baf_j_gguo�nmgdpbc�hldebdZ��nmgdpby�hldebdZ�– 
^_nhjfZpby�ih\_joghklb� a_jdZeZ�ijb�ijbeh`_gbb�gZijy`_gby�d�h^ghfm�ba�_]h�we_d�
ljh^h\��b�aZ^Z_lky�gZ[hjhf�gZijy`_gbc��ijbeh`_gguo�d�we_dljh^Zf�a_jdZeZ��MklZgh�
\b\r__ky�klZpbhgZjgh_�kZfhkh]eZkh\Zggh_�jZkij_^_e_gb_�ihey�fh^u�\uqbkey_lky�f_�
lh^hf�ihke_^h\Zl_evguo�bl_jZpbc�NhdkZ-Eb�>�@��>Ze__�kqblZ_lky�jZkijhkljZg_gb_�ih�
ey�^h�nhdZevghc�iehkdhklb�ebgau�beb�^h�ex[hc�^jm]hc�iehkdhklb��\�dhlhjhc�ijh\h�
^blky� nhjfbjh\Zgb_�� <� jZ[hl_� jZkkfZljb\Z_lky� aZfdgmlZy� bl_jZpbhggZy� ijhp_^mjZ�
mijZ\e_gby�jZkij_^_e_gb_f�bgl_gkb\ghklb�baemq_gby�gZ�\u[jZgghf�jZkklhygbb�hl�eZ�
a_jZ��gZijbf_j��\�[eb`g_c�beb�^Zevg_c�ahg_��� 

Hkgh\gZy� hilbfbabjm_fZy� \_ebqbgZ� –� kj_^g_d\Z^jZlbqgh_� hldehg_gb_� ihem�
q_ggh]h� jZkij_^_e_gby� bgl_gkb\ghklb� \� iehkdhklb� nhjfbjh\Zgby� hl� aZ^Zggh]h��WlZ 
\_ebqbgZ� y\ey_lky� nmgdpb_c� gZijy`_gbc� ih^Zgguo� gZ� a_jdZeh�� Ihkdhevdm� ^ZggZy�
nmgdpby�y\ey_lky�fgh]hwdklj_fZevghc��lh�^ey�ihemq_gby�gZbf_gvr_]h�kj_^g_d\Z^jZ�
lbqgh]h�hldehg_gby��l�_��gZoh`^_gby�]eh[Zevgh]h�wdklj_fmfZ�wlhc�nmgdpbb��ijbf_gy�
_lky� ]_g_lbq_kdbc� Ze]hjblf� mijZ\e_gby�gZijy`_gbyfb��ijbeh`_ggufb� d� we_dljh^Zf�
a_jdZeZ�>�@� 

DZd�ba\_klgh��]_g_lbq_kdbc�Ze]hjblf�ij_^klZ\ey_l�kh[hc�khq_lZgb_�Ze]hjblfh\�
kemqZcgh]h�i_j_[hjZ�b�ehdZevgh]h�ihbkdZ��Hg�hkh[_ggh�wnn_dlb\_g�^ey�hilbfbaZpbb�
fgh]hwdklj_fZevguo�nmgdpbc� [hevrh]h� dhebq_kl\Z� i_j_f_gguo�� dZ`^Zy� ba� dhlhjuo�
fh`_l�ijbgbfZlv�h]jZgbq_gguc�gZ[hj� agZq_gbc��=_g_lbq_kdbc�Ze]hjblf�bf__l�[hev�
                                                           
*∗
��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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rh_�dhebq_kl\h�fh^bnbdZpbc��Ij_bfms_kl\h�]_g_lbq_kdh]h�Ze]hjblfZ�aZdexqZ_lky�\�
lhf��qlh�hg�iha\hey_l�gZclb�]eh[Zevguc�wdklj_fmf�nmgdpbb��;ueh�\u[jZgh�bkihevah�
\Zgb_� dhf[bgbjh\Zgghc� ko_fu�� gZoh`^_gb_� hdj_klghklb� ]eh[Zevgh]h�fbgbfmfZ� ijb�
ihfhsb�]_g_lbq_kdh]h�Ze]hjblfZ��k�^Zevg_crbf�bkihevah\Zgb_f�Ze]hjblfZ�ehdZevgh�
]h�ihbkdZ��ihdhhj^bgZlgh]h�kimkdZ���Koh^bfhklv�Ze]hjblfZ�^ey�kemqZy�nhjfbjh\Zgby�
kmi_j]Zmkh\h]h�jZkij_^_e_gby�bgl_gkb\ghklb�\�[eb`g_c�ahg_�ihdZaZgZ�gZ�jbk���� 

 
<�dZq_kl\_�hilbfbabjm_fhc�\_ebqbgu�fh`gh�lZd`_�\u[jZlv�fhsghklv�baemq_�

gby�beb�ibdh\mx�bgl_gkb\ghklv��IhdZaZgh��qlh�\hafh`gh�knhjfbjh\Zlv�gbarmx�ihi_�
j_qgmx�fh^m�k�\uoh^ghc�fhsghklvx�gZ�����[hevr_��q_f�ljZ^bpbhggZy�]Zmkkh\Z�fh^Z�
�k�mq_lhf�gZkus_gby�Zdlb\ghc�kj_^u���kf��jbk�������Ijb�nhjfbjh\Zgbb�dhevp_\uo�imq�
dh\�\�dZq_kl\_�hilbfbabjm_fh]h�djbl_jby�bkihevah\Zehkv�hlghr_gb_�ibdh\hc�bgl_g�
kb\ghklb�d�bgl_gkb\ghklb�\�p_glj_�imqdZ��<�j_amevlZl_�knhjfbjh\Zgh�jZkij_^_e_gb_�
bgl_gkb\ghklb�\�^Zevg_c�ahg_��ihdZaZggh_�gZ�jbk���� 

 

  
 

 
Ij_^eh`_gguc� \� jZ[hl_�f_lh^� \gmljbj_ahgZlhjgh]h� mijZ\e_gby� a_jdZehf� ih�

a\hey_l�wnn_dlb\gh�nhjfbjh\Zlv�aZ^Zggu_�jZkij_^_e_gby�bgl_gkb\ghklb�\�ex[hc�\u�

Jbk�� ���JZ[hlZ� ]_g_lbq_�
kdh]h�Ze]hjblfZ 

Jbk�����JZkij_^_e_gb_�bgl_gkb\gh�
klb�\�[eb`g_c�ahg_�ijb�hilbfbaZ�
pbb�fhsghklb 

Jbk�� ��� Dhevp_\hc� imqhd�� knhj�
fbjh\Zgguc�\�^Zevg_c�ahg_ 
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[jZgghc� iehkdhklb��<� hlebqb_� hl� kihkh[h\� \g_j_ahgZlhjgh]h�nhjfbjh\Zgby� ij_^eZ�
]Z_fuc�f_lh^�iha\hey_l�lZd`_�m\_ebqblv�fhsghklv�]_g_jbjm_fhc�fh^u�beb�__�ibdh�
\mx�bgl_gkb\ghklv� 

Bgl_gkb\ghklv�\�p_glj_�\����jZa�f_gvr_�ibdh\hc� 
 

1. Neste R. Van, Pare C., Lachance R., Belanger P. Graded-Phase Mirror Resonator with a 
Super-Gaussian Output in a CW-CO2 Laser. IEEE Journal Of Quantum Electronics 
Vol.30, No.11, November 1994 

2. Cherezova T., Chesnokov S., Kaptsov L. Kudryashov A. Super-Gaussian laser intensity 
output formation by means of adaptive optics. Optics Communications 155 (1998) 99 – 
106. 

3. Fox A., Li T. Effect of Gain Saturation on the Oscillating Modes of Optical Masers. IEEE 
Journal of quantum electronics, Vol. QE-2, No. 12, December 1966 

4. Sheldakova J., Rukosuev A.L., Kudryashov A.V. Genetic and hill-climbing algorithms for 
laser beam correction. Proc. SPIE 5333, pp. 106-111, 2004.  

 
 

M>D����������������� 

HILBFBA:PBY�I:J:F?LJH<�=B;DBO�;BFHJNGUO�A?JD:E 
D:D�J?R?GB?�H;J:LGHC�A:>:QB 

NHJFBJH<:GBY�E:A?JGH=H�BAEMQ?GBY 

Kh[he_\�:�K. 

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

;bfhjngh_�a_jdZeh�y\ey_lky�dexq_\uf�we_f_glhf�fgh]bo�kh\j_f_gguo�kbkl_f�
mijZ\e_gby�b�dhjj_dpbb�eZa_jgh]h�baemq_gby��;he__�lh]h��iZjZf_lju�wlhc�kbkl_fu�\h�
fgh]hf� hij_^_eyxlky� \hafh`ghklyfb� b� hkh[_gghklyfb� bkihevam_fh]h� mijZ\ey_fh]h�
dhjj_dlhjZ�� H^gbf� ba� hkgh\guo� lj_[h\Zgbc� d� lZdbf� dhjj_dlhjZf� y\ey_lky� \hafh`�
ghklv� \ghkblv� lj_[m_fu_� bkdZ`_gby� \�nZam� iZ^Zxs_]h� baemq_gby��WlZ� \hafh`ghklv�
hij_^_ey_lky�\b^hf�nmgdpbc�hldebdZ��Nmgdpby�hldebdZ�we_dljh^Z�–�^_nhjfZpb_c�ih�
\_joghklb� a_jdZeZ� \ua\ZggZy�ijbeh`_gb_f� d�g_fm� _^bgbqgh]h� mijZ\eyxs_]h�gZijy�
`_gby��� mijZ\eyxsbo� we_dljh^h\� a_jdZeZ�� b�� khhl\_lkl\_ggh� iheh`_gb_f� b� nhjfhc�
we_dljh^h\��Dhjj_dlhj�k�ijhba\hevguf�jZkiheh`_gb_f�we_dljh^h\�fh`_l�g_�y\eylvky�
hilbfZevguf�^ey�dhjj_dpbb�aZ^Zgguo�bkdZ`_gbc�\hegh\h]h�njhglZ�� 

<�^Zgghc�jZ[hl_�ij_^eZ]Z_lky�Ze]hjblf�hij_^_e_gby�hilbfZevgh]h�jZkiheh`_�
gby�we_dljh^h\�]b[dh]h�[bfhjngh]h� a_jdZeZ�^ey�\hkijhba\_^_gby�aZ^Zggh]h�ijhnbey�
ih\_joghklb�a_jdZeZ�:�U����b�khhl\_lkl\mxs_]h�_fm�ijhnbey�nZau�k\_lh\h]h�ihey��:e�
]hjblf�khklhbl�ba�ke_^mxsbo�lj_o�wlZih\� 

1) Ijb[ebabl_evgh_� hij_^_e_gb_�gZqZevgh]h�iheh`_gby�b�qbkeZ� we_dljh�

^h\��Wlhl�wlZi�hkgh\Zg�gZ�ij_^iheh`_gbb�h�k\yab�f_`^m�klZlbq_kdbf�we_dljbq_kdbf�
ihe_f�� ^_ckl\mxsbf� \� iv_ahd_jZfbd_�� (�U���� b� ^_nhjfZpb_c� ih\_joghklb� a_jdZeZ�
:�U���: ���a��� θθ U:U( ∆ �� Wlh� ihe_� Ziijhdkbfbjm_lky� klmi_gqZlhc� nmgdpb_c�� dhlhjZy�
hij_^_ey_l�gZqZevgh_�iheh`_gb_�b�qbkeh�we_dljh^h\�� 

2) <uqbke_gb_�nmgdpbc�hldebdZ�we_dljh^h\��iheh`_gb_�b�qbkeh�dhlhjuo�hi�
j_^_e_gh�gZ�ij_^u^ms_f�wlZi_��>Ze__�aZ^ZggZy�^_nhjfZpby�ih\_joghklb�jZkdeZ^u\Z�
_lky�ih�gZc^_gghc�kbkl_f_�nmgdpbc�hldebdZ�b�\uqbkey_lky�hrb[dZ�jZaeh`_gby��<�lhf�
kemqZ_��_keb�hrb[dZ�ZiijhdkbfZpbb�f_gvr_�gZi_j_^�aZ^Zgghc�\_ebqbgu�Ze]hjblf�mk�
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i_rgh�aZ\_jrZ_lky��<�ijhlb\ghf�kemqZ_�g_h[oh^bfh�hij_^_eblv�hilbfZevgh_�iheh`_�
gb_�we_dljh^h\��qlh�b�ijhbkoh^bl�gZ�lj_lv_f�wlZi_� 

3) <uiheg_gb_� bl_jZpbhgghc� ijhp_^mju� hilbfbaZpbb� jZaf_jZ�b�iheh`_�

gby�gZc^_gguo�we_dljh^h\��?_�hkgh\hc�y\ey_lky��\�aZ\bkbfhklb�hl�lbiZ�ihklZ\e_gghc�
aZ^Zqb�� eb[h� Ze]hjblf� ihdhhj^bgZlgh]h� kimkdZ�� eb[h� ]jZ^b_glguc�f_lh^�ihbkdZ� eh�
dZevgh]h�wdklj_fmfZ�iheh`_gby�we_dljh^h\��Ihke_�gZoh`^_gby�fbgbfmfZ�hrb[db�Zi�
ijhdkbfZpbb�Ze]hjblf�aZ\_jrZ_lky�� 

<lhjhc�wlZi�ij_^eZ]Z_fh]h�Ze]hjblfZ�b�dZ`^uc�bl_jZpbhgguc�rZ]�gZ�lj_lv_f�
wlZi_�khklhyl�\�j_r_gbb�ijyfhc�aZ^Zqb�jZkq_lZ�nmgdpbc�hldebdZ�gZc^_gguo�we_dljh�
^h\��>ey�j_r_gby�wlhc�aZ^Zqb�ijbf_gbfh�ZgZeblbq_kdh_�j_r_gb_�mjZ\g_gby�^_nhjfZ�
pbb�a_jdZeZ�>�@��H^gZdh�wlhl�f_lh^�h[eZ^Z_l�g_dhlhjufb�g_^hklZldZfb��kbevgh�h]jZgb�
qb\Zxsbfb� _]h� ijbf_g_gb_��GZijbf_j�� ijb� \u\h^_� mjZ\g_gby� iheZ]Z_lky� jZ\_gkl\h�
dhwnnbpb_glh\�ImZkkhgZ�ih^eh`db�b�iv_ahd_jZfbdb��jZ\_gkl\h�bo�^bZf_ljh\��Ihwlh�
fm�[he__�wnn_dlb\guf��i_jki_dlb\guf�b�lhqguf�y\ey_lky�qbke_gguc�jZkq_l��H^bg�ba�
gZb[he__� wnn_dlb\guo� f_lh^h\� ZgZebaZ� iehkdh-gZijy`_ggh]h� khklhygby� jZaebqguo�
dhgkljmdpbc�–�wlh�f_lh^�dhg_qguo�we_f_glh\��?]h�ijbf_g_gb_�^ey�jZkq_lZ�]b[dbo�[b�
fhjnguo�a_jdZe�[ueh�hl^_evgh�bkke_^h\Zgh�\�gZr_c�]jmii_� >�@�b�[ueh�ihdZaZgh��qlh�
gZb[he__�wnn_dlb\guf�y\ey_lky�_]h�\ZjbZpbhggZy�nhjfmebjh\dZ��DjZldh�hgZ�aZdexqZ�
_lky�\�ke_^mxs_f��a_jdZeh�jZkkfZljb\Z_lky�dZd�h[t_^bg_gb_�dhg_qguo�we_f_glh\�ijh�
klhc�nhjfu� �fu�\u[jZeb�lj_m]hevgu_� >�@���Hgb�kqblZxlky�qZklyfb�lhgdhc�ieZklbgu��
bo�^_nhjfZpby�fh`_l�[ulv�\uqbke_gZ�\�aZ\bkbfhklb�hl�ijbeh`_gguo�\�\_jrbgZo�kbe�
b�fhf_glh\��\k_]h���iZjZf_ljh\��b�jZaeh`_gZ�ih���ihebghfZf�lj_lv_]h�ihjy^dZ��dhlh�
ju_�hij_^_eyxl�i_j_f_s_gb_�b�gZdehgu�\�maeZo�we_f_glZ��lh`_���iZjZf_ljh\���K\yav�
f_`^m�^_\ylvx�maeh\ufb�kbeZfb�b�iZjZf_ljZfb�ihemqZ_lky�ba�\ujZ`_gby�^ey�ihl_g�

pbZevghc� wg_j]bb� ^_nhjfZpbb� ∫ ⋅=
9

G93 σε
�

�
�� ]^_� ε �b�1�–� wlh� l_gahju� ^_nhjfZpbc�b�

gZijy`_gbc�khhl\_lkl\_ggh��Hgb�k\yaZgu�aZdhghf�=mdZ�b�fh]ml�[ulv�\ujZ`_gu�q_j_a�
maeh\u_� i_j_f_s_gby� we_f_glZ�� Bgl_]jbjh\Zgb_� \� \ujZ`_gbb� ^ey� ihl_gpbZevghc�
wg_j]bb�\uihegy_lky�ih�h[t_fm�we_f_glZ��9���qlh�^Z_l�\hafh`ghklv�mq_klv�jZagbpm�iZ�
jZf_ljh\� ih^eh`db� a_jdZeZ� b� iv_ahd_jZfbdb��Mkeh\b_� jZ\gh\_kby� a_jdZeZ�� dZd� kh\h�
dmighklb�dhg_qguo�we_f_glh\��^Z_l�\hafh`ghklv�ihemqblv�kbkl_fm�ebg_cguo�mjZ\g_�
gbc�k�jZaj_`_gghc�fZljbp_c�hlghkbl_evgh�maeh\uo�iZjZf_ljh\�\k_o�we_f_glh\��?_�j_�
r_gb_�k�]jZgbqgufb�mkeh\byfb��hij_^_ey_fufb�aZdj_ie_gb_f�a_jdZeZ� �\�gZr_f�kem�
qZ_�k\h[h^gh_���^Z_l�^_nhjfZpbx�a_jdZeZ�� 

F_lh^� dhg_qguo� we_f_glh\� \� \ZjbZ�
pbhgghc� nhjfmebjh\d_� [ue� j_Zebah\Zg� \�
kj_^_� 0$7/$%� b� ijbf_g_g� ^ey� jZkq_lZ�
nmgdpbc�hldebdZ�]b[dbo�[bfhjnguo�a_jdZe��
JZkkqblZggZy� ^_nhjfZpby� a_jdZeZ� ohjhrh�
kh\iZ^Z_l� k� wdki_jbf_glZevghc�� Wlh� beex�
kljbjm_lky�jbk�� ���gZ�dhlhjhf�jZkkqblZggZy�
^_nhjfZpby� ihdZaZgZ� ke_\Z� �D��� Z� wdki_jb�
f_glZevgZy�kijZ\Z� �E���Hlghkbl_evgh_�kj_^�
g_d\Z^jZlbqgh_� hldehg_gb_� wlbo� ih\_jogh�
kl_c������ 

Wnn_dlb\ghklv�ij_^eZ]Z_fh]h� Ze]hjblfZ�ih^l\_j`^Z_lky� ke_^mxsbfb�ijbf_�
jZfb��KgZqZeZ�jZkkfZljb\Zehkv�nhjfbjh\Zgb_�imqdZ�k�hk_\hc�kbff_ljb_c� �lj_[m_fZy�
ih\_joghklv�hibku\Z_lky�nhjfmehc�sin2(7r)) b�[he__�h[sbc� kemqZc�[_a�ijb[eb`_gby�
hk_\hc�kbff_ljbb��lj_[m_fZy�ih\_joghklv�ij_^klZ\eyeZ�kh[hc�kmffm�ihebghfh\�P_j�

 

   
 Z   [ 

Jbk�� ��� nmgdpbb� hldebdZ� ]b[dh]h� [b�
fhjngh]h�a_jdZeZ� 
a��jZkkqblZggZy�[��baf_j_ggZy 
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gbd_���<�j_amevlZl_�ijbf_g_gby�jZkkfhlj_ggh]h�Ze]hjblfZ�[ueZ�hij_^_e_gZ�dhgnb]m�
jZpby� we_dljh^h\� a_jdZeZ�� dhlhjh_� \hkijhba�
\h^bl� wlb� ijhnbeb� ih\_joghklb� k� hrb[dZfb�
��������b�������khhl\_lkl\_ggh� 

>Ze__� ij_^eZ]Z_fuc� Ze]hjblf� [ue�
ijbf_g_g�^ey�ljZgknhjfZpbb�h[uqgh]h�]Zmk�
kh\h]h�imqdZ�\�\boj_\hc�k�ihfhsvx�[bfhjn�
gh]h� a_jdZeZ� k� jZkiheh`_gb_f� we_dljh^h\��
jZkkqblZgguf� ih� ij_^eZ]Z_fhfm� Ze]hjblfm��
>h�gZklhys_]h�\j_f_gb� kqblZehkv��qlh�hilb�
fZevguf� dhjj_dlhjhf� ^ey� nhjfbjh\Zgby�
imqdZ� k� \bglh\hc� ^bkehdZpb_c� \hegh\h]h�
njhglZ� y\ey_lky� k_]f_glbjh\Zggh_� a_jdZeh�
>�@��H^gZdh�� dZd� ihdZaZe� jZkq_l�� ]b[db_� a_jdZeZ� lZd`_�fh]ml� [ulv� bkihevah\Zgu� ^ey�
nhjfbjh\Zgby� \boj_\uo� imqdh\��Nhjfbjh\Zgb_� \bojy� jZkkfZljb\Z_lky� \� nhdZevghc�
iehkdhklb�ihke_�hljZ`_gby� ]Zmkkh\h]h�imqdZ�hl�dhjj_dlhjZ��GZ�jbk�� ��ihdZaZgu�jZk�
ij_^_e_gby� ijhba\_^_gby� nZau� imqdZ� gZ� _]h� bgl_gkb\ghklv� ^ey� knhjfbjh\Zggh]h�
�kijZ\Z��E��b�b^_Zevgh]h�\bojy��ke_\Z��D���Hlghkbl_evgh_�kj_^g_d\Z^jZlbqgh_�hldehg_�
gb_�wlbo�jZkij_^_e_gbc�khklZ\ey_l��������qlh�ih^l\_j`^Z_l�\ukhdh_�dZq_kl\h�nhjfb�
jh\Zgby�imqdZ�k�\bglh\hc�^bkehdZpb_c�\hegh\h]h�njhglZ�]b[dbf�[bfhjnguf�dhjj_d�
lhjhf�� 

<� jZ[hl_� ijh^_fhgkljbjh\Zg� jZajZ[hlZgguc� Ze]hjblf� hij_^_e_gby� hilbfZev�
gh]h�jZkiheh`_gby�we_dljh^h\�^ey�nhjfbjh\Zgby� aZ^Zggh]h�ijhnbey�nZau�k\_lh\h]h�
ihey�� JZkkfhlj_gu� ijZdlbq_kdb_� ijbf_ju�� ih^l\_j`^Zxsb_� wnn_dlb\ghklv� ij_^eZ�
]Z_fh]h�Ze]hjblfZ��Hl^_evgh�jZkkfhlj_gZ�aZ^ZqZ�hij_^_e_gby�hilbfZevgh]h�jZkiheh�
`_gby� we_dljh^h\� ]b[dh]h� a_jdZeZ� ^ey�nhjfbjh\Zgby� imqdZ� k� \bglh\hc� ^bkehdZpb_c�
\hegh\h]h�njhglZ� 

 
1. Dm^jyrh\� :�<��� ]b[db_� a_jdZeZ� gZ� hkgh\_� [bfhjngh]h� iv_ahwe_f_glZ� ^ey� aZ^Zq�

Z^Zilb\ghc�hilbdb��dZg^��^bkk���Fhkd\Z��F=M������������klj��� 
2. Kh[he_\�:�K���Q_j_ah\Z�L�X���Dm^jyrh\�:�<���:gZeblbq_kdZy�b�qbke_ggZy�fh^_eb�

]b[dh]h�[bfhjngh]h�a_jdZeZ��HilbdZ�Zlfhkn_ju�b�hd_ZgZ��L���������������� 
3. <hjhgph\�F�:���RfZev]Zma_g�<�B���Ijbgpbiu�Z^Zilb\ghc�hilbdb��F��GZmdZ��������

����klj� 
 
 

M>D���������������� 

NHJFBJH<:GB?�D:G:E:�N?FLHK?DMG>GH=H�E:A?JGH=H�
BFIMEVK:�IJB�NHDMKBJH<D?�BAEMQ?GBY�DHGBQ?KDHC�

EBGAHC��:DKBDHGHF��<�H;T?F?�DHG>?GKBJH<:GGHC�KJ?>U 

=jb]hjv_\kdbc�:�<� 

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

<�gZklhys__�\j_fy�[hevrhc�bgl_j_k�ij_^klZ\eyxl�bkke_^h\Zgby�ih�nbeZf_glZ�
pbb�n_flhk_dmg^guo�eZa_jguo�bfimevkh\�\�h[t_f_�dhg^_gkbjh\Zgghc�kj_^u� >���������
�@��Bgl_j_k�d�lZdbf�bkke_^h\Zgbyf�k\yaZg�k�ijbf_g_gb_f�y\e_gby�nbeZf_glZpbb�^ey�

D��

 

E��

 
 

Jbk�� ��� JZkij_^_e_gb_� NZ�
aZ×bgl_gkb\ghklv� \� nhdZevghc� iehk�
dhklb 
D��b^_Zevguc�\bojv 
E��knhjfbjh\Zgguc�gZrbf�a_jdZehf 
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kha^Zgby�\hegh\h^h\�\gmljb�ijhajZqguo�l\_j^uo�l_e��gZijbf_j��ieZ\e_gh]h�kl_deZ�>���
3, 5].  

Ijb�kha^Zgbb�hilbq_kdbo�\hegh\h^h\�\�h[t_f_�ijhajZqguo�^bwe_dljbdh\�k�ih�
fhsvx�n_flhk_dmg^guo�eZa_jguo�bfimevkh\�\Z`gufb�aZ^ZqZfb�y\eyxlky�^hklb`_gb_�
fbgbfZevgh]h� ihi_j_qgh]h� jZaf_jZ� nbeZf_glZ� b� _]h� fZdkbfZevghc� ijhly`_gghklb��
LjZ^bpbhggh��^ey�m\_ebq_gby�^ebgu�nbeZf_glZ�bkihevam_lky�\j_f_ggZy�nZah\Zy�fh�
^meypby� bfimevkh\� �qbji��� nhdmkbjh\dZ� ^ebgghnhdmkghc� ebgahc�� <� ^Zgghc� jZ[hl_�
ij_^eZ]Z_lky�bkihevah\Zlv�^ey�nhdmkbjh\db�baemq_gby�dhgbq_kdmx�ebgam��Zdkbdhg���<�
ijb[eb`_gbb�]_hf_ljbq_kdhc�hilbdb�Zdkbdhg�nhdmkbjm_l�baemq_gb_�\�ebgbx��Z�lhgdZy�
ebgaZ�\�lhqdm��<ke_^kl\b_�wlh]h��ijb�nhdmkbjh\d_�baemq_gby�Zdkbdhghf�\hafh`gh�ih�
emq_gb_�[he__�ijhly`_ggh]h�©k\_lh\h]h�dZgZeZª��JZkijhkljZg_gb_�bfimevkZ�hibku\Z�
_lky�mjZ\g_gb_f�^ey�f_^e_ggh�f_gyxs_cky�h]b[Zxs_c�we_dljbq_kdh]h�ihey������mjZ\�
g_gb_f�^ey�dhgp_gljZpbb�we_dljhgh\������ieZaf_gghc�b�d_jjh\kdhc�g_ebg_cghklb����� 
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<�mjZ\g_gbb�����i_j\uc�qe_g�\�ijZ\hc�qZklb�hibku\Z_l�^bnjZdpbx��\lhjhc�^bk�
i_jkbx� �-h]h� ihjy^dZ�� lj_lbc� baf_g_gb_� ihdZaZl_ey� ij_ehfe_gby� aZ� kq_l� h[jZah\Z\�
r_cky�ieZafu�b�g_ebg_cgh]h�wnn_dlZ�D_jjZ��b�ihke_^gbc�ih]ehs_gb_�aZ�kq_l�fgh]h�
nhlhgghc�bhgbaZpbb��<�mjZ\g_gbb�����i_j\uc�qe_g�\�ijZ\hc�qZklb�hibku\Z_l�fgh]hnh�
lhggmx�bhgbaZpbx��Z�\lhjhc�m^Zjgmx��Kbkl_fZ����-����j_rZ_lky�qbke_ggh�\�ijb[eb`_�
gbb� ZdkbZevghc�kbff_ljbb�\�iehkdhklb��i_ji_g^bdmeyjghc�gZijZ\e_gbx�jZkijhkljZ�
g_gby��<�jZ[hl_�bkke_^m_lky�jZkij_^_e_gb_�iehlghklb�wg_j]bb�\�ijh^hevghf�b�ihi_�
j_qghf�gZijZ\e_gbyo��Z�lZd`_�jZkij_^_e_gb_�k\h[h^guo�we_dljhgh\��dZq_kl\_ggh�ihdZ�
au\Zxsb_�nhjfm�dZgZeh\��h[jZamxsboky�\�^bwe_dljbdZo� 

IhdZaZgh��qlh�k�ihfhsvx�ZdkbdhgZ�\hafh`gh�nhjfbjh\Zgb_�[he__�^ebgguo�b�
h^ghjh^guo�ieZaf_gguo�dZgZeh\�ih�kjZ\g_gbx�k�dhjhldhnhdmkghc�ebgahc��kha^Zxs_c�
nhdZevgh_�iylgh� lh]h�`_�^bZf_ljZ��Djhf_� lh]h��ieZaf_gguc�dZgZe��knhjfbjh\Zgguc�
Zdkbdhghf�� bf__l� ij_bfms_kl\Z� b� ih� kjZ\g_gbx� k� dZgZehf� ^ebgghnhdmkghc� ebgau��
Ihi_j_qguc� jZaf_j� ieZafu�� knhjfbjh\Zgghc� Zdkbdhghf�� f_gvr_� Z� h^ghjh^ghklv�
ieZafu�\ur_�\^hev�gZijZ\e_gby�jZkijhkljZg_gby�baemq_gby�� 
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GZ�jbk����ijb\_^_gu�jZkij_^_e_gby�ieZafu�\�dZgZe_��knhjfbjh\Zgghf�Zdkbdh�
ghf��ke_\Z��b�h[uqghc�ebgahc��kijZ\Z���Ld �����f�–�^bnjZdpbhggZy�^ebgZ��a� ������kf��
–�gZqZevguc�jZ^bmk�bfimevkZ� 

 
1. Mao S.S., Quere F., Guizard S., Mao X., Russo R.E., Petite G., Martin P. Appl. Phys. A 

79, 1695-1709(2004) 
2. Sudrie L., Couairon A., Franco M., Lamouroux B., Prade B., Tzortzakis S., Mysyrowicz 

A. Phys. Rev. Let., Vol. 89, Num. 18(2002) 
3. Davis K.M., Miura K., Sigumoto N., Hiaro K. Optics Letters, Vol. 21, Num. 21(1996) 
4. Liu W., Kosareva O., Golubtsov I.S., Iwasaki A., Becker A., Kandidov V.P., Chin S.L. 

Appl. Phys. B 76,215-229,(2003)  
5. Yamada K., Watanabe W., Toma T., Itoh K., Nishii J. Optics Letters, Vol. 26, No. 

1(2001) 
6. Mcleod J.H. J. Opt. Soc. Am 44,592-597(1954) 

 
 

M>D�<������� 

BKKE?>H<:GB?�D:Q?KL<:�IMQD:�<UOH>GH=H�BAEMQ?GBY�
L<?J>HL?EVGH=H�E:A?J:�K�>BH>GHC�G:D:QDHC�IJB�

J:AEBQGUO�KIHKH;:O�HOE:@>?GBY�:DLB<GH=H�WE?F?GL: 

Hnbp_jh\�?�G� 

Bgklblml�h[s_c�nbabdb�bf��:�F��Ijhohjh\Z��J:G� 

GZ]j_\�Zdlb\guo�we_f_glh\�l\_j^hl_evguo�eZa_jh\�\ke_^kl\b_�ij_h[jZah\Zgby�
qZklb�ih]ehs_gghc�wg_j]bb�gZdZqdb�\�l_ieh�ijb\h^bl�d�\hagbdgh\_gbx�l_jfbq_kdhc�
ebgau�\�djbklZee_� [Stuart D.Jackson, Walter Koechner]. L_jfbq_kdb_�^_nhjfZpbb�ih�
\_joghklb�we_f_glZ�b�baf_g_gb_�ihdZaZl_ey�ij_ehfe_gby�\�h[eZklb�gZdZqdb�ijb\h^yl�
d�bkdZ`_gbx�\hegh\h]h�njhglZ�baemq_gby��m\_ebq_gbx�jZkoh^bfhklb�b��khhl\_lkl�
\_ggh��d�mom^r_gbx�dZq_kl\Z�\uoh^gh]h�baemq_gby�>A. Sennaroglu; Y.F. Chen].  

<�jZ[hl_�bkke_^h\ZgZ�aZ\bkbfhklv�dZq_kl\Z�\uoh^gh]h�baemq_gby�l\_j^hl_evgh�
]h�eZa_jZ� k�^bh^ghc�gZdZqdhc�hl� kihkh[h\�hoeZ`^_gby� Zdlb\gh]h� we_f_glZ��Bkke_^h�
\Zeky� l\_j^hl_evguc� eZa_j� gZ� djbklZee_� Nd:YVO4� k� ^bh^ghc� gZdZqdhc� k� \uoh^ghc�
fhsghklvx�^h�����f<l��<�dZq_kl\_�bklhqgbdZ�gZdZqdb�Zdlb\ghc�kj_^u�[ue�bkihevah�
\Zg� eZa_jguc� ^bh^� �:LK� ������ k� i_j_ly`dhc� dheebfbjmxs_c� kbkl_fu� 200≅ � fdf��
Wdki_jbf_glZevgh� baf_jyeky� ^bZf_lj� \uoh^gh]h� imqdZ� eZa_jZ� \� h[eZklb� i_j_ly`db��
knhjfbjh\Zgghc�ebgahc��b�jZkkqblu\Zebkv�_]h�jZkoh^bfhklv�b�iZjZf_lj� 2M ��Baf_j_�
gby�ijh\h^bebkv�c�ihfhsvx�pbnjh\hc�\b^_hdZf_ju�WinCamD�k�bkihevah\Zgb_f�iZd_�
lZ�h[jZ[hldb�bah[jZ`_gby� �DataRay��b�ihemq_gby�kj_^g_]h�^bZf_ljZ�imqdZ�baemq_gby�
ih�klZg^Zjlm� ISO� �������;ueb�bkke_^h\Zgu� ��lbiZ�aZdj_ie_gby�Zdlb\gh]h�we_f_glZ�k�
jZaf_jZfb��o�o��ff��[_a�l_iehhl\h^Z�–�dj_ie_gb_�I�b�k�l_iehhl\h^hf�ih�\k_c�ih\_jo�
ghklb�djbklZeeZ�–�dj_ie_gb_�,,��Ijh\_^_ggu_�bkke_^h\Zgby�ihdZaZeb��qlh�ijb�kihkh[_�
dj_ie_gby�,,�gZ[ex^Z_lky�mf_gvr_gb_�iZjZf_ljZ� 2M �\���jZaZ�ih�kjZ\g_gbx�kh�kihkh�
[hf�dj_ie_gby� ,��Djhf_� lh]h�� aZ\bkbfhklv� ]_hf_ljbq_kdbo�iZjZf_ljh\�\uoh^gh]h�ba�
emq_gby� hl� fhsghklb� gZdZqdb� bf_eZ� f_g__� \ujZ`_gguc� oZjZdl_j�� qlh� h[tykgy_lky�
mf_gvr_gb_f�\_ebqbgu�l_jfbq_kdhc�ebgau� 
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M>D�����������������825.2 

A:K?E?GB?�B�J?E:DK:PBY�WG?J=?LBQ?KDBO�MJH<G?C�BHGH<�
Tm3+

�<�E:A?JGUO�DJBKL:EE:O�KH�KLJMDLMJHC�=J:G:L:�IJB�
K?E?DLB<GHC�KL:PBHG:JGHC�G:D:QD?�G:�MJH<?GV�3H4. 

;hevsbdh\�N�:�1��Ihih\�:�<�2��Jy[hqdbgZ�I�:�1��MrZdh\�K�G�2 
1
Fhj^h\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��G�I��H]Zj_\Z 

2
Bgklblml�h[s_c�nbabdb�J:G 

<ukhdZy�f_oZgbq_kdZy�ijhqghklv�b�l_iehijh\h^ghklv��bahljhiby�k\hckl\�b�hi�
lbq_kdZy�h^ghjh^ghklv�djbklZeeh\�kh�kljmdlmjhc�]jZgZlZ�iha\heyxl�bkihevah\Zlv�bo�\�
dZq_kl\_�Zdlb\guo�kj_^�l\_j^hl_evguo�eZa_jh\� 

<�gZklhys_c�jZ[hl_�bkke_^h\Zgu�ijhp_kku�aZk_e_gby�b�j_eZdkZpbb�wg_j]_lbq_�
kdbo�mjh\g_c�bhgh\�Tm3+

�\�djbklZeeZo�eZa_jguo�]jZgZlh\�B:=�Tm3+
�b�DG==�Tm3+

�ijb�
gZebqbb�ijhp_kkZ�djhkk-j_eZdkZpbb�bhgh\�Tm3+ (3H4 :�

3F4, 
3H6 :�

3F4���dhlhjuc�\�agZ�
qbl_evghc�kl_i_gb�\eby_l�gZ�aZk_e_gb_�\_jog_]h�eZa_jgh]h�mjh\gy�3F4�ijb�ihemq_gbb�
^\mofbdjhgghc�]_g_jZpbb�gZ�i_j_oh^_�3F4 :�

3H6. 
Ijb�j_r_gbb�kbkl_fu�dbg_lbq_kdbo�mjZ\g_gbc� ����f_lh^hf�Jmg]_-DmllZ�ihem�

q_gu�\j_f_ggu_�aZ\bkbfhklb�gZk_e_gghkl_c�wg_j]_lbq_kdbo�mjh\g_c�3H6, 
3F4, 

3H4 (n1(t), 
n2(t), n3(t��khhl\_lkl\_ggh��bhgh\�Tm3+

�\�djbklZeeZo�B:=�Tm3+
�b�DG==�Tm3+ 
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β

β

   (1) 

 
A^_kv�K –�kdhjhklv�ih]ehs_gby�wg_j]bb�gZdZqdb�bhgZfb�Tm3+, n0 –�dhgp_gljZpby�bhgh\�
Tm3+, β –�dhgklZglZ��oZjZdl_jbamxsZy�\_jhylghklv�ijhp_kkZ�djhkk-j_eZdkZpbb�bhgh\�
Tm3+ (3H4 :�

3F4, 
3H6 :�

3F4), W31, W32, W21 –�\_jhylghklb�kihglZgguo�i_j_oh^h\�
3H4 :�

3H6, 
3H4 :�

3F4, 
3F4 :�

3H6�khhl\_lkl\_ggh� 
K�ihfhsvx� ����jZkkqblZgu� aZ\bkbfhklb�klZpbhgZjguo�gZk_e_gghkl_c�mjh\g_c�

bhgh\�Tm3+
�hl�kdhjhklb�gZdZqdb�gZ�mjh\_gv�3H4. 

Ba�ZgZebaZ�ihemq_gguo�j_amevlZlh\�k^_eZg�\u\h^�h�lhf��qlh�]_g_jZpby�gZ�i_j_�
oh^_�3F4 :�

3H6�bhgh\�Tm3+
�\�bkke_^h\Zgguo�djbklZeeZo�B:=�Tm3+

�b�DG==�Tm3+
�fh`_l�

[ulv�j_Zebah\ZgZ�ijb�agZq_gbyo�kdhjhklb�klZpbhgZjghc�gZdZqdb�K > 102
�k-1. 

>ey� jZaebqguo� agZq_gbc� iZjZf_ljZ� hlghkbl_evghc� bg\_jkghc� gZk_e_gghklb� k�
bkihevah\Zgb_f�ki_dljh\�ih]ehs_gby�b�exfbg_kp_gpbb�i_j_oh^h\�3H6 :�

3F4�b�
3F4 :�

3H6�khhl\_lkl\_ggh��ihkljh_gguo�\�_^bgbpZo�k_q_gbc��jZkkqblZgu�k_q_gby�mkbe_gby�1g 
ij_^iheZ]Z_fh]h�eZa_jgh]h�i_j_oh^Z�3F4 :�

3H6�\�djbklZeeZo�DG==�Tm3+. 
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M>D�����������������826: 616-08 

E:A?JGUC�KD:GBJMXSBC�IJH;HHL;HJ 
>EY�KI?DLJ:EVGH=H�:G:EBA:�KHKL:<:�IHDJULBC 

∗
�Kmjf_gdh�?�E� 

KZjZlh\kdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l 

Kj_^b�f_lh^h\�ZgZebaZ�khklZ\Z�fZl_jbZeh\�h^gh�ba�]eZ\guo�f_kl�aZgbfZ_l�eZ�
a_jguc�wfbkkbhgguc�fbdjhki_dljZevguc�ZgZeba��EZa_jguc�ijh[hhl[hj�y\ey_lky�[_k�
dhglZdlguf�f_lh^hf�\ha[m`^_gby�ki_dljh\�^ey�ki_dljZevgh]h�ZgZebaZ�^_lZe_c�ijb[h�
jh\�beb�[bhf_^bpbgkdbo�h[t_dlh\�ijZdlbq_kdb�[_a�bo�jZajmr_gby�b�ki_pbZevghc�ih^�
]hlh\db� 

Ijb�bkke_^h\Zgbb� lhgdbo�ie_ghd�beb�gZiue_gbc� �lhesbghc�ihjy^dZ�g_kdhev�
dbo�fdf��f_lh^hf�eZa_jgh]h�fbdjhki_dljZevgh]h�ZgZebaZ�ijZdlbq_kdb�\_kv�h[t_f�ijh�
[u�aZgbfZ_l�fZl_jbZe�hkgh\u��b�ebgbb�fZl_jbZeZ�ihdjulby�kbevgh�aZ]emrZxlky��Hi�
lbfZevguf� j_r_gb_f� wlhc� ijh[e_fu� y\ey_lky� j_]bkljZpby� ki_dljh\�f_lh^hf� kdZgb�
jmxs_]h� ijh[hhl[hjZ��<� l_q_gb_� \j_f_gb� wdkihabpbb� ijb[hjguc� klhebd� k� ZgZebab�
jm_fuf�h[t_dlhf�^\b`_lky�ih�ijyfhc�kh�kdhjhklvx�V�ddj· f��]^_�ddj –�^bZf_lj�eZa_jgh�
]h�djZl_jZ��Z� f –�qZklhlZ�ke_^h\Zgby�bfimevkh\�eZa_jgh]h�baemq_gby��LZdbf�h[jZahf��
dZ`^uc�gh\uc�bfimevk�ijboh^blky�gZ�gh\uc�mqZklhd�ih\_joghklb��G_ihkj_^kl\_ggh_�
hij_^_e_gb_�we_f_glgh]h�khklZ\Z�ihdjulbc�ijhba\h^blky�f_lh^hf�\uqblZgby�ki_dljh\�
>�@��Ki_dlj�hkgh\u�b�ki_dlju�ih\_joghklguo�gZiue_gbc�h^gh\j_f_ggh�\u\h^ylky�gZ�
wdjZg� ^jm]� ih^� ^jm]hf�� b� \� ki_dljZo� gZiue_gbc� \uy\eyxlky� ebgbb�� g_� \oh^ysb_� \�
ki_dlj�hkgh\u� 

<�jZ[hl_�bkihevah\Zeky�eZa_jguc�ki_dljhZgZeblbq_kdbc�dhfie_dk�k�bklhqgbdhf�
gZ�Nd:YAG��^ebgZ�\hegu������fdf��jZ[hlZxsbc�\�j_`bf_�]b]Zglkdh]h�bfimevkZ��Kbk�
l_fZ�j_]bkljZpbb�–�^bnjZdpbhgguc�ki_dljh]jZn�>NK-���K�b�IAK-ijbklZ\dZ��IhdZaZ�
gu�ijbf_ju�ijbf_g_gby�f_lh^Z�eZa_jgh]h�kdZgbjmxs_]h�ijh[hhl[hjZ�\�bkke_^h\Zgbb�
khklZ\Z�ki_pbZevguo�ihdjulbc�gZ�ijb[hjZo�b�\�bkke_^h\Zgbb�jZ\ghf_jghklb�gZiue_�
gby�[bhZdlb\gh]h�ihdjulby�gZ�ih\_joghklv�b�hl\_jklby�^_glZevguo�bfieZglZlh\� 

JZkkfhlj_gu�wfbll_ju�kh�ki_pbZevgufb�fgh]hkehcgufb�ihdjulbyfb� >�@�k�p_�
evx� hij_^_e_gby� jZagbpu�f_`^m�^_ckl\mxsbfb�ijb[hjZfb�b� \ur_^rbfb�ba� kljhy��
Ihfbfh�hij_^_e_gby�we_f_glgh]h�khklZ\Z�ihdjulbc��jZajZ[hlZgZ�f_lh^bdZ�kjZ\g_gby�
lhesbgu�keh_\��>ey�wlh]h�ijhba\h^blky�^\mdjZlguc�ijh[hhl[hj�k�h^ghc�^hjh`db�eZ�
a_jgh]h�kdZgbjh\Zgby�b�kjZ\gb\Zxlky�bgl_gkb\ghklb�ki_dljZevguo�ebgbc�we_f_glh\��
\oh^ysbo�\�khklZ\�jZaguo�keh_\��AgZq_gb_�hlghr_gby�bgl_gkb\ghkl_c�ebgbc�we_f_g�
lh\��kh^_j`Zsboky�\�dhgdj_lghf�keh_� �Idhgdj���d�bgl_gkb\ghklyf�ebgbc�we_f_glh\��kh�
^_j`Zsboky�\h�\k_o�kehyo��Ih[s���gZc^_ggh_�^ey�dZ`^h]h�ijh[hhl[hjZ��hij_^_ey_l�jZk�
ij_^_e_gb_�we_f_glZ�ih�]em[bg_��Dhwnnbpb_gl�jZaebqby�gZc^_gguo�hlghr_gbc�kdhgdj 
^ey�dZ`^h]h�we_f_glZ�hij_^_ey_l�hlghkbl_evgmx�lhesbgm�kehy��kh^_j`Zs_]h�wlhl�we_�
f_gl�� 

Ijb�bkke_^h\Zgbb�lblZgh\uo�^_glZevguo�bfieZglZlh\�k�[bhZdlb\guf�ihdjulb�
_f�>�@�[ueb�jZkkfhlj_gu�hllhj`_ggu_�bfieZglZlu�b�qbklu_��g_bkihevah\Zggu_��aZ]h�
lh\db��KdZgbjmxsbc�ijh[hhl[hj�iha\hey_l�ijhke_^blv�baf_g_gb_� khklZ\Z�[bhZdlb\�
gh]h�ihdjulby�gZ� jZaebqguo� mqZkldZo�ih\_joghklb�bfieZglZlZ�b�ijhdhgljhebjh\Zlv�
jZ\ghf_jghklv�gZg_k_gby�ihdjulby�ih�baf_g_gbx�we_f_glgh]h�khklZ\Z�ijh[u��GZijb�
                                                           
∗
��>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb�dZd�emqrbc��gZ�ih^k_dpbb� 
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f_j��kgb`_gb_�dhgp_gljZpbb�we_f_glh\�[bhZdlb\gh]h�kehy��KZ��J�b�0J��b�ih\ur_gb_�
dhgp_gljZpbb�ijbf_k_c�lblZgh\hc�aZ]hlh\db��)H��$O�b�&��k\b^_l_evkl\m_l�h[�mlhgq_gbb�
[bhZdlb\gh]h�kehy�gZ�djZ_�bgl_]jZpbhggh]h�hl\_jklby� 

 

1. Surmenko E.L., Tuchin V.V., Sokolova T.N. Laser microspectral analysis of thin evapora-
tions of unknown composition / // Proc. SPIE. Bellingham, SPIE, 2000, Vol. 4241, P. 300-
302. 

2. Kmjf_gdh� ?�E��� Khdheh\Z� L�G��� Dhgxrbg� :�<�� EZa_jguc� fbdjhki_dljZevguc�
ZgZeba� khklZ\Z� fgh]hkehcguo� ihdjulbc� dZlh^h\� W<I� �� ���:dlmZevgu_� ijh[e_fu�
we_dljhggh]h� ijb[hjhkljh_gby� :IWI-������ L_a�� ^hde�� f_`^mg�� l_oghe�� dhgn�� – 
KZjZlh\��Ba^-\h�K=LM��������K����-359. 

3. Eykgbdh\� <�G��� K_jygh\� X�<�� b� ^j�� Nhjfbjh\Zgb_� jZ\ghf_jghc� ihjbklhc�
kljmdlmju�lblZgh\uo�b�]b^jhdkbZiZlblh\uo�ihdjulbc�gZ�^_glZevguo�bfieZglZlZo�
ijb� mevljZa\mdh\hf� ieZaf_gghf� gZiue_gbb� �� ��� Debgbq_kdZy� bfieZglheh]by� b�
klhfZlheh]by����������-4(13-�����K����-119. 

 
 

M>D������������ 

F?LH>BD:�HIJ?>?E?GBY�:JOBL?DLMJU�FHSGUO�E:A?JH<�
GH<H=H�LBI:�K�K:FHH;J:S?GB?F�<HEGH<H=H�NJHGL: 

<�E:A?JGHC�KJ?>?�IJB�KBEVGHC�L?JFHEBGA? 

Kf_lZgbg�K�G��Khehobg�K�:� 

Dh\jh\kdZy�]hkm^Zjkl\_ggZy�l_ogheh]bq_kdZy�ZdZ^_fby 

GZ�hkgh\_�ijh\_^_gguo�wdki_jbf_glZevguo�b�l_hj_lbq_kdbo�bkke_^h\Zgbc�iZ�
jZf_ljh\�fhsguo�h^ghfh^h\uo�l\_j^hl_evguo�eZa_jh\�>�–�@��]_g_jbjmxsbo�gZ�gh\hf�
ijbgpbi_�kha^Zgby�j_ahgZlhjZ�ijb�kZfhgZdZqb\Zxs_fky�q_luj_o\hegh\hf�\aZbfh^_c�
kl\bb�g_ihkj_^kl\_ggh�\�eZa_jghc�kj_^_�\�j_`bf_�\ukhdhc�l_jfhhilbq_kdhc�gZ]jmadb��
jZajZ[hlZgZ�f_lh^bdZ�hij_^_e_gby�hilbfZevghc�dhgnb]mjZpbb�i_le_\uo�j_ahgZlhjh\�
^Zgguo�eZa_jh\�k�mq_lhf�gZ\_^_gby�\�eZa_jguo�kj_^Zo�l_jfhhilbq_kdhc�ebgau�aZ^Zg�
ghc�hilbq_kdhc�kbeu� 

<�f_lh^bd_�jZkkfZljb\Z_lky�\hijhk�ih\ur_gby�wnn_dlb\ghklb�ijhp_kkZ�\gml�
jbj_ahgZlhjgh]h� q_luj_o\hegh\h]h� \aZbfh^_ckl\by� iml_f� kgb`_gby� jZaebqby�
bgl_gkb\ghkl_c�\heg��aZibku\Zxsbo�^bgZfbq_kdmx�]heh]jZffm�mkbe_gby�\�eZa_jghc 
kj_^_�� b� khhl\_lkl\_ggh�� m\_ebq_gby� dhgljZklZ� ]heh]jZnbq_kdbo� j_r_lhd� mkbe_gby��
[jw]]h\kdZy� ^bnjZdpby� gZ� dhlhjuo� h[mkeZ\eb\Z_l� h[jZlgmx� k\yav� ^ey� kha^Zgby�
i_le_\h]h� ^bgZfbq_kdh]h� j_ahgZlhjZ� k� kZfhgZdZqb\Zxsbfky� h[jZs_gb_f� \hegh\h]h�
njhglZ� eZa_jgh]h� baemq_gby�� Wlh� ijhba\h^blky� ihkj_^kl\hf� \u[hjZ�� \h-i_j\uo��
dhgnb]mjZpbb� i_le_\h]h� eZa_jgh]h� j_ahgZlhjZ�� \h-\lhjuo�� jZkklhygbc� f_`^m�
\gmljbj_ahgZlhjgufb� we_f_glZfb� \� ^Zgghc� dhgnb]mjZpbb� eZa_jZ� k� mq_lhf�
l_jfhhilbdb�eZa_jguo�kj_^�\�jZ[hq_f�j_`bf_�bo�fhsghc�gZdZqdb� 

Ijh[e_fZ�mf_gvr_gby� wnn_dlb\ghklb�jZa\blby�eZa_jghc� ]_g_jZpbb�gZ�j_r_l�
dZo�mkbe_gby�khklhbl�\�lhf��qlh�h^bg�ba�^\mo�imqdh\��aZibku\Zxsbo�j_r_ldm��ijb�jZk�
ijhkljZg_gbb�ih�i_le_\hfm�j_ahgZlhjm�ij_h[jZam_lky�\h�\lhjhc�aZibku\Zxsbc�imqhd��
ij_l_ji_\Zy�mkbe_gb_�\h�\gmljbj_ahgZlhjguo�eZa_jguo�kj_^Zo��ihwlhfm�\�kZfhgZdZqb�
\Zxs_cky� ]_hf_ljbb�q_luj_o\hegh\h_�\aZbfh^_ckl\b_�ijhbkoh^bl�\�ijbgpbi_� k�jZa�
ebqZxsbfbky�ih�bgl_gkb\ghklb�\hegZfb��H^gZdh�ijb�mq_l_�ijhkljZgkl\_gghc�kljmd�
lmju� \gmljbj_ahgZlhjgh]h�ihey�baemq_gby�\�hij_^_e_gghc�dhgnb]mjZpbb�j_ahgZlhjZ�
\lhjhc��mkbe_gguc��aZibku\Zxsbc�imqhd�fh`_l�bf_lv�[hevrbc�ihi_j_qguc�jZaf_j�\�
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h[eZklb�kZfhi_j_k_q_gby�ih�kjZ\g_gbx�k�i_j\uf��qlh�ijb\h^bl�d�mf_gvr_gbx�hlghkb�
l_evgh]h�jZaebqby�bgl_gkb\ghkl_c�\�^Zgghc�iZj_�aZibku\Zxsbo�imqdh\�k�jhklhf�dhg�
ljZklZ�bo�bgl_jn_j_gpbb��Hkh[_ggh�yjdh�^Zgguc�wnn_dl�ijhy\ey_lky��dh]^Z�eZa_jgu_�
kj_^u�ih^�^_ckl\b_f�fhsghc�gZdZqdb�nhdmkbjmxl�ijhoh^ys__�q_j_a�gbo�eZa_jgh_�ba�
emq_gb_��b�l_e_kdhibq_kdh_�mijZ\e_gb_�\aZbfguf�jZkiheh`_gb_f�we_f_glh\�j_ahgZlh�
jZ� klZgh\blky� hij_^_eyxsbf� \� \hijhk_�ih\ur_gby� wnn_dlb\ghklb� eZa_jghc� ]_g_jZ�
pbb��GZrZ�f_lh^bdZ�jZkq_lZ�iZjZf_ljh\�dhgnb]mjZpbb�i_le_\h]h�j_ahgZlhjZ�hkgh\ZgZ�
gZ�fh^_eb� ijhoh`^_gby� ]Zmkkh\uf� imqdhf� kbkl_fu� ebga� k� hij_^_e_ggufb� jZkklhy�
gbyfb�f_`^m�gbfb�� khhl\_lkl\mxsbfb�jZkklhygbyf�f_`^m�eZa_jgufb� we_f_glZfb�\�
j_Zevghc�ko_f_�i_le_\h]h�j_ahgZlhjZ� 

Ijh\_^_ggu_� wdki_jbf_glZevgu_� bkke_^h\Zgby� gZ� jZaebqguo� g_h^bfh\uo� eZ�
a_jguo�kj_^Zo�ih^l\_j^beb�j_amevlZlu�qbke_ggh]h�jZkq_lZ�hilbfZevghc�dhgnb]mjZpbb�
eZa_jZ�^ey�j_Zevgh�gZ[ex^Z_fuo� l_jfhebga� k�nhdmkgufb�jZkklhygbyfb�hl� ����ff�b�
[he__��MklZgh\e_gh�� qlh� bf_ggh� \� hilbfZevghc� dhgnb]mjZpbb� i_le_\h]h� j_ahgZlhjZ�
klZ[bevgh�gZ[ex^Z_lky�h[gZjm`_gguc�gZfb�jZg__� >�@�wnn_dl�kZfhfh^meypbb�^h[jhl�
ghklb�j_ahgZlhjZ�\�\b^_�]_g_jZpbb�pm]h\�]b]Zglkdbo�eZa_jguo�bfimevkh\��h[mkeh\e_g�
guc�i_jbh^bq_kdbf�ijhp_kkhf� aZibkb�b� klbjZgby� ]heh]jZff�mkbe_gby�gZjZklZxsbf�
\gmljbj_ahgZlhjguf�ihlhdhf�>�@� 

 

1. ;Zkb_\� L�L���N_^bg� :�<��� =Z\jbeh\� :�<��� Kf_lZgbg� K�G�� H^ghfh^h\uc� B:=�1G-
eZa_j�k�kZfhh[jZs_gb_f�\hegh\h]h�njhglZ�b�_]h�ijbf_g_gb_����Ba\_klby�:G��K_jby�
nbabq_kdZy��������l�����1����K������-1913. 

2. Fedin A.V., Gavrilov A.V., Kyalbieva S.A., Smetanin S.N. Self-Q-switching at self-
phase-conjugation in active media // Proceedings of SPIE, 2001, v. 4644, P. 312-318. 

3. Basiev T.T., Fedin A.V., Osiko V.V., Smetanin S.N. On the influence of reflective gain 
holograms on the dynamics of lasing in a loop laser cavity // Laser Physics, 2003, v. 13, P. 
903-908. 

 

M>D������������ 

NBABDH-F:L?F:LBQ?KDH?�B�QBKE?GGH?�FH>?EBJH<:GB?�
IJHP?KKH<�E:A?JGHC�J?ADB�LHEKLUO�F:L?JB:EH< 

AZcp_\�:�<� 

Bgklblml�l_hj_lbq_kdhc�b�ijbdeZ^ghc�f_oZgbdb�KH�J:G 

EZa_jgZy� h[jZ[hldZ� f_lZeeh\� �k\_je_gb_�� k\ZjdZ�� j_adZ� b� ^j��� bf__l� jy^� ij_�
bfms_kl\�ih�kjZ\g_gbx�k�^jm]bfb�kihkh[Zfb��=eZ\gu_�ij_bfms_kl\Z��wlh�ehdZev�
ghklv� ^_ckl\by�� \ukhdZy� lhqghklv�� wdhghfbqghklv�� \hafh`ghklv� h[_ki_q_gby�g_h[oh�
^bfh]h�dZq_kl\Z�b�Z\lhfZlbaZpbb�ijhp_kkZ��Kh\j_f_ggh_�khklhygb_�gZmqguo�bkke_^h�
\Zgbc�\�Jhkkbb�b�aZ�jm[_`hf�oZjZdl_jbam_lky�l_f��qlh�\k_�l_ogbq_kdb_�^hklb`_gby�\�
h[eZklb�eZa_jghc�h[jZ[hldb�f_lZeeh\�ihemq_gu��dZd�ijZ\beh��hiulguf�iml_f�b�^h�kbo�
ihj�g_�bf_xl�dhjj_dlgh]h�l_hj_lbq_kdh]h�h[hkgh\Zgby��Wlh�h[klhyl_evkl\h�g_�iha\h�
ey_l�p_e_gZijZ\e_ggh�jZa\b\Zlv�l_ogheh]bb�eZa_jghc�h[jZ[hldb��h[h[sZy�bo�gZ�[he__�
lheklu_�fZl_jbZeu�b�p\_lgu_�f_lZeeu� 

Kms_kl\m_l�[hevrh_�dhebq_kl\h�nbabq_kdbo�iZjZf_ljh\��dhlhju_�gm`gh�\u[b�
jZlv�lZd��qlh[u�h[_ki_qblv�hilbfZevghklv�ijhp_kkZ�b�ihemqblv�\ukhdh_�dZq_kl\h�eZ�
a_jghc�j_adb��<�gZklhys__�\j_fy�hlkmlkl\mxl�dZdb_-eb[h�f_lh^bdb�baf_j_gbc�beb�\b�
amZebaZpbb� ijhp_kkh\�� ijhl_dZxsbo� g_ihkj_^kl\_ggh� ijb� eZa_jghc� j_ad_�� \� k\yab� k�
wlbf�ih\urZ_lky�jhev�nbabdh-fZl_fZlbq_kdh]h�fh^_ebjh\Zgby� 
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Ijh\_^_g� ZgZeba� \ebygby�iheyjbaZpbb�baemq_gby� �ebg_cghc�� weebilbq_kdhc�b�
djm]h\hc��gZ�dhwnnbpb_gl�ih]ehs_gby��^ey�jZkq_lZ�dhlhjh]h�ij_^eh`_gZ�h[h[s_ggZy�
nhjfmeZ��mqblu\ZxsZy�ijhkljZgkl\_ggmx�hjb_glZpbx�iehkdhklb�iZ^_gby�baemq_gby��
qlh�y\ey_lky�\Z`guf�ijb�j_ad_�lhekluo�fZl_jbZeh\��<i_j\u_�ihdZaZgh��qlh�ijb�]_g_�
jZpbb�imqdZ�k�fh^hc� ��7(0 �gZb[he__�\u]h^gh�bkihevah\Zlv�weebilbq_kdmx�iheyjbaZ�
pbx�baemq_gby�k�\iheg_�hij_^_e_gguf�khhlghr_gb_f�ihemhk_c��hjb_glbjh\Zggmx�ih�
gZijZ\e_gbx�^\b`_gby�emqZ�>�-3].  

Ij_^eh`_gZ�ljZ_dlhjgZy�fh^_ev�i_j_hljZ`_gby�baemq_gby�\gmljb�j_aZ��Fh^_ev�
iha\hey_l�jZkkqblZlv�i_j_ghk�wg_j]bb�\�]em[v�dZ\_jgu�ijb�fh^_ebjh\Zgbb�ijhp_kkh\�
eZa_jghc�j_adb��k\Zjdb�b�k\_je_gbb�f_lZeeZ��IhdZaZgh��qlh�wnn_dlb\ghklv�fgh]hdjZl�
gh]h�hljZ`_gby�gZb[he__�kms_kl\_ggZ�ijb�j_ad_�lhekluo�fZl_jbZeh\�k�[hevrbf�hlgh�
r_gb_f�lhesbgu�ieZklbgu�d�^bZf_ljm�]Zmkkh\Z�imqdZ�>�@� 

>ey�lhekluo�f_lZeeh\�dZq_kl\h�j_adb�kbevgh�kgb`Z_lky��Wlh�h[tykgy_lky�hkeZ[�
e_gb_f� kbeh\h]h� ^_ckl\by� ]ZaZ� gZ� jZkieZ\� b� iehobf� jZkiueb\Zgb_f�`b^dhc� ie_gdb�
jZkieZ\Z��<� wlhc� k\yab� klZgh\blvky� qj_a\uqZcgh� ZdlmZevghc� ijh[e_fZ� bkke_^h\Zgby�
]Zah^bgZfbq_kdbo�kljmcguo�l_q_gbc�\gmljb�eZa_jgh]h�jZaj_aZ��JZajZ[hlZg�Ze]hjblf�b�
ijh]jZffZ�jZkq_lZ�iheguo�mjZ\g_gbc�GZ\v_-KlhdkZ�\�dZgZe_�]_hf_ljbq_kdb�ih^h[ghf�
eZa_jghfm� j_am�� GZ� hkgh\_� ijh\_^_gguo� fgh]h\ZjbZglguo� qbke_gguo� bkke_^h\Zgbc�
kljmcguo�l_q_gbc�\yadh]h�]ZaZ�knhjfmebjh\Zgu�l_ogbq_kdb_�j_dhf_g^Zpbb�ih�mijZ\�
e_gbx�]Zah\uf�ihlhdhf�\�dZgZe_�j_aZ�k�p_evx�h[_ki_q_gby�fZdkbfZevgh]h�jZkiue_gby�
b�\ughkZ�jZkieZ\Z�ba�jZaj_aZ� 

 

1. Dh\Ze_\�H�;���Hjbrbq�:�F���Nhfbg�<�F��� AZcp_\�:�<��D� l_hjbb� jZajmr_gby� ih�
\_joghklb�f_lZeeh\�ih^�^_ckl\b_f�eZa_jgh]h�baemq_gby���>hdeZ^u�:dZ^_fbb�gZmd��
������L�����������K����-50.  

2. Dh\Ze_\� H�;��� AZcp_\� :�<�� Fh^_ebjh\Zgb_� nhjfu� k\h[h^ghc� ih\_joghklb� ijb�
eZa_jghc� j_ad_� f_lZeeh\�� ��� <ebygb_� iheyjbaZpbb� ]Zmkkh\Z� imqdZ� gZ� nhjfm�
h[jZamxs_cky�ih\_joghklb�����IjbdeZ^gZy�f_oZgbdZ�b�l_ogbq_kdZy�nbabdZ��������L��
��������K�����-177. 

3. AZcp_\�:�<���Dh\Ze_\�H�;���Hjbrbq�:�F���Nhfbg�<�F��Qbke_gguc�ZgZeba�\ebygby�
lbiZ� iheyjbaZpbb� baemq_gby� gZ� nhjfm� ih\_joghklb� ijb� eZa_jghc� j_ad_� lhekluo�
fZl_jbZeh\����D\Zglh\Zy�we_dljhgbdZ��������L��������� 

4. Dh\Ze_\� H�;��� AZcp_\� :�<�� Fh^_ebjh\Zgb_� nhjfu� k\h[h^ghc� ih\_joghklb� ijb�
eZa_jghc� j_ad_� f_lZeeh\���� Fh^_ev� fgh]hdjZlgh]h� hljZ`_gby� b� ih]ehs_gby�
baemq_gby�����IjbdeZ^gZy�f_oZgbdZ�b�l_ogbq_kdZy�nbabdZ��������L����������K����-20. 

 
 

M>D���������������� 

FH>?EBJH<:GB?�Y<E?GBY�<HAGBDGH<?GBY 
I?JBH>BQ?KDBO�IHEHKQ:LUO�KLJMDLMJ 

IJB�DBKEHJH>GHC�=:AHE:A?JGHC�J?AD?�KL:EB 

?jfheZ_\�=�<�� 

Gh\hkb[bjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Dbkehjh^gZy�]ZaheZa_jgZy�j_adZ��=EJ��ijbf_gy_lky�ijb�jZkdjh_�ebklh\�fZehm]�
e_jh^bkluo�klZe_c�lhesbghc�\iehlv�^h���-��ff��Bkihevah\Zgb_�dbkehjh^Z��\�dZq_kl\_�
jZ[hq_]h�]ZaZ��iha\hey_l�m\_ebqblv�kdhjhklv�j_adb�ihqlb�\���jZaZ��ih�kjZ\g_gbx�k�g_�
j_Z]bjmxsbfb�k�f_lZeehf� ]ZaZfb��OZjZdl_jghc�hkh[_gghklvx�=EJ�y\ey_lky�gZebqb_�
i_jbh^bq_kdbo�kljmdlmj� �beb�rljboh\��gZ�ih\_joghklb�j_aZ��qlh�hij_^_ey_l�dZq_kl\h�



Ih^k_dpby�ijbf_g_gby�eZa_jh\�\�nbabd_ 

 

189 

ih\_joghklb�� H[s_ijbgylhc� fh^_eb� h[jZ�
ah\Zgby�rljboh\�gZ�^Zgguc�fhf_gl�g_�km�
s_kl\m_l�� <� jZ[hl_� ij_^eZ]Z_lky� nbabdh-
fZl_fZlbq_kdZy� fh^_ev� \hagbdgh\_gby�
rljboh\� \� ijhp_kk_� dbkehjh^ghc� ]ZaheZ�
a_jghc�j_adb��k�mq_lhf�\ebygby�obfbq_kdbo�
j_Zdpbc� 

Wdki_jbf_glZevgu_� j_amevlZlu� bk�
ke_^h\Zgby�� ijhp_kkh\� h[jZah\Zgby� rljb�
oZ�� ijb� jZaebqguo� iZjZf_ljZo� =EJ� kh^_j�
`Zlky� \� jZ[hl_� >�@��Ih� aZ\bkbfhklyf�rZ]Z�
rljboZ� hl� kdhjhklb� j_adb� h[gZjm`_gh�
kdZqdhh[jZagh_�mf_gvr_gb_�jZaf_jZ�rljb�
oZ�hl 200-����fdf�^h����-����fdf�\�fhf_gl�
ij_\ur_gby�kdhjhklb�j_adb�g_dhlhjh]h�ih�
jh]h\h]h� agZq_gby�� GZb[he__� jZkijhkljZ�
g_gghc� y\ey_lky� dZq_kl\_ggZy� fh^_ev� >�@��
jbk�����Fh^_ev�ijbf_gbfZ�lhevdh�ijb�kdh�
jhklyo�j_adb�f_gvr_�ihjh]h\uo��Ij_^iheZ�
]Z_lky�� qlh� hkgh\guf� f_oZgbafhf� h[jZah�
\Zgby� rljboZ� y\ey_lky� pbdebq_kdZy� j_Zd�
pby� hdbke_gby� `_e_aZ� \� dbkehjh^_�� Ijb�
wlhf� ihjh]h\Zy� kdhjhklv� j_adb� hlh`^_kl\�
ey_lky� k� ebg_cghc� kdhjhklvx� hdbke_gby�
`_e_aZ�� Dhebq_kl\_ggh]h� hibkZgby� y\e_gby� h[jZah\Zgby� rljboh\� ijb� dbkehjh^ghc�
=EJ�f_lZeeh\� \�gZklhys__� \j_fy� \� ebl_jZlmj_�hlkmlkl\m_l��qlh� k\yaZggh� kh� keh`gh�
klvx�hibkZgby�j_Zdpbb�hdbke_gby�`_e_aZ�\�\ukhdhkdhjhklghc�kljm_�qbklh]h�dbkehjh�

^Z��FZl_fZlbq_kdZy�ihklZgh\dZ�aZ^Zqb�hkgh\ZgZ�gZ�bkihevah\Zgbb�f_lh^Z�nbdlb\guo�
h[eZkl_c�^ey�j_r_gby�g_klZpbhgZjgh]h�mjZ\g_gby�l_iehijh\h^ghklb�\�iehkdhklb�ieZ�
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Jbk����NhjfZ�dZgZeZ�eZa_jgh]h�j_aZ��a���Bahebgbb�l_fi_jZlmju��[�� 
IZjZf_lju�jZkq_lZ��kdhjhklv�j_adb����ff�k_d��ebg_cgZy�fhsghklv�baemq_gby������<l��dhwnnb�
pb_gl�ih]ehs_gby�baemq_gby������lhesbgZ�fZl_jbZeZ�����ff��^bZf_lj�eZa_jZ�����fdf 

 

 
 
Jbk����<b^�gZ�eZa_jguc�j_a�k\_jom�\�jZaebqgu_�
fhf_glu�\j_f_gb�� 
Z��GZqZevguc�fhf_gl��emq�eZa_jZ�dZkZ_lky�i_�
j_^g_c�djhfdb�b�^\b`_lky�kh�kdhjhklvx�j_adb�
Y .  
[�� F_lZee� gZ]j_\Z_lky�� b� gZqbgZ_lky� bgl_g�
kb\gh_� hdbke_gb_� `_e_aZ�� i_j_^gyy� djhfdZ�
^\b`_lky� \i_j_^� kh� kdhjhklvx� X Y> ��Ijhbk�
oh^bl�hlju\�i_j_^g_c�djhfdb�j_aZ�hl�emqZ�eZ�
a_jZ� 
\��AZ�kq_l�l_iehijh\h^ghklb�f_lZeeZ�l_fi_jZ�
lmjZ� i_j_^g_c� djhfdb� j_aZ� iZ^Z_l�� j_Zdpby�
ij_djZsZ_lky��b�^\b`_gb_� djhfdb� hklZgZ\eb�
\Z_lky�� 
]��� ^��� _��Emq� eZa_jZ� ^h]hgy_l� djhfdm� b� pbde�
ih\lhjy_lky 
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klbgu�k�dZgZehf�j_aZ�[_a�y\gh]h�\u^_e_gby�]jZgbpu�nZah\h]h�i_j_oh^Z��>\b`_gb_�]jZ�
gbpu�dZgZeZ�ijhbkoh^bl�aZ�kq_l�ieZ\e_gby�f_lZeeZ�b�]_l_jh]_gghc�obfbq_kdhc�j_Zd�
pbb� hdbke_gby�`_e_aZ��Ebfblbjmxs_c�nZahc� obfbq_kdhc� j_Zdpbb� y\ey_lky� i_j_ghk�
dbkehjh^Z�d�ih\_joghklb�f_lZeeZ�ba�ih]jZgbqgh]h�kehy�� 

>\b`_gb_�`b^dhc�ie_gdb�g_�jZkkfZljb\Zehkv��__�lhesbgZ�\�jZkq_lZo�aZ^Z\ZeZkv�
b�g_�ij_\urZeZ����fdf��J_amevlZl�jZkq_lZ�nhjfu�dZgZeZ�eZa_jgh]h�j_aZ�^ey�kdhjhklb�
f_gvr_c�kdhjhklb�hdbke_gby�ij_^klZ\e_g�gZ�jbk���� 

Ijh\_^_ggh_� fh^_ebjh\Zgb_� ih^l\_j^beh� nbabq_kdbc� f_oZgbaf� h[jZah\Zgby�
rljboh\�ijb�g_[hevrbo�kdhjhklyo�j_adb��\ukdZaZgguc�\�>�@��b�dZq_kl\_ggh�kh]eZkm_lky�
k�wdki_jbf_glZevgufb�^Zggufb�>�@ 
1. Ermolaev G.V., Malov A.N., Malov N.A., Some peculiarities of oxygen-laser cutting of 

mild steel. Proceedings of XII International Conference on Methods of Aerophysical Re-
search, Novosibirsk, 2004, part 3, page 113-118. 

2. William M. Steen, Laser material processing. London: Springer-Verlag, 1991. 
 
 

M>D������������ 

F?LH>BD:�<BAM:EBA:PBB�IE:<E?GBY��J:AJMR?GBY�B�
M>:E?GBY�J:KIE:<:�IJB�=:AHE:A?JGHC�J?AD?�F:L?JB:EH< 

X^bg�I�<� 

Gh\hkb[bjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�nZdmevl_l� 

=ZaheZa_jgZy�j_adZ�ebklh\uo�f_lZeeh\��=EJ��y\ey_lky�h^gbf�ba�hkgh\guo�ijb�
f_g_gbc�eZa_jZ�\�fZrbghkljh_gbb��Kmlv�l_ogheh]bb�aZdexqZ_lky�\�ke_^mxs_f��Imqhd�
baemq_gby�KH2 eZa_jZ�g_ij_ju\ghc�]_g_jZpbb�nhdmkbjm_lky�gZ�ebkl�f_lZeeZ��JZkieZ\�
ey_fuc� f_lZee� m^Zey_lky� bgl_gkb\guf� ihlhdhf� ]ZaZ� kd\hav� ihemqZxsbcky� jZaj_a��
Wdki_jbf_glZevgh_�bkke_^h\Zgb_�=EJ�aZljm^g_gh�ba-aZ�\ukhdbo�l_fi_jZlmj�b�ehdZev�
ghklb�^_ckl\by�baemq_gby��qlh�bkdexqZ_l�\hafh`ghklv�bkihevah\Zgby�dZdbo-eb[h�f_�
lh^h\�\bamZebaZpbb��GZ�gZklhysbc�fhf_gl�hlkmlkl\mxl�^hklh\_jgu_�ij_^klZ\e_gby�h�
ijhp_kkZo��ijhbkoh^ysbo�\gmljb�j_aZ��<�k\yab�k�wlbf�g_h[oh^bfhklv�wdki_jbf_glZev�
gh]h�bkke_^h\Zgby�gZ�fh^_evguo�mklZgh\dZo�g_�\uau\Z_l�khfg_gby� 

 >ey�\bamZebaZpbb�ijhp_kkh\�ieZ\e_gby��jZajmr_gby�b�m^Ze_gby�jZkieZ\Z�
]Zah\hc�kljm_c�ij_^eh`_gh�^\Z�f_lh^Z� 

F_lh^����Ebkl�f_lZeeZ�\g_�ahgu�jZaj_aZ�aZf_g_g�kl_dehf��<gmljb�ahgu�jZaj_aZ�
f_lZee�aZf_g_g�keh_f�iZjZnbgZ��dhlhjuc�ihf_sZ_lky�\�iehkdbc�dZgZe�\gmljb�kl_deZ��
Ijhp_kk� =EJ�f_lZeeZ� aZf_gy_lky� ³j_adhc´� iZjZnbgZ� jZah]j_luf� \ha^mohf�� bkl_dZx�
sbf�ba�^\b`ms_]hky�\^hev�dZgZeZ�khieZ��J_]bkljZpby�\_eZkv�pbnjh\hc�\b^_hdZf_jhc�
k�qZklhlhc����=p��Kt_fdZ�ijh\h^beZkv��dZd�\�hljZ`_gghf�k\_l_�hl�bfimevkghc�eZfiu�
BR-���jZ[hlZxs_c�hl�[ehdZ�iblZgby�k�qZklhlhc�kt_fdb��lZd�b�\�ijhoh^ys_f�k\_l_�ih�
emijh\h^gbdh\h]h�eZa_jZ��Fhf_glu�\kiur_d�hij_^_eyebkv�dZ^jh\ufb�kbgojhbfimev�
kZfb��\u^_e_ggufb�ba�\b^_hkb]gZeZ�[ehdhf�kbgojhgbaZpbb� 

Bamq_gZ�aZ\bkbfhklv�l_q_gby�ie_gdb�jZkieZ\Z�iZjZnbgZ�hl�^Z\e_gby�b�l_fi_jZ�
lmju�bkl_dZxs_]h�]ZaZ��kdhjhklb�^\b`_gby�khieZ��b�^jm]bo�iZjZf_ljh\��Jbk����beexkl�
jbjm_l�aZ\bkbfhklv�l_q_gby�b�jZajmr_gby�ie_gdb�jZkieZ\Z�hl�^Z\e_gby�>�@�� 

H[gZjm`_gh�y\e_gb_�h[jZah\Zgby�\boj_\hc�]Zah`b^dhklghc�kljmdlmju�\�nhjf_�
]Zgl_eb��jbk������dhlhjZy�\hagbdZ_l�gZ�g_dhlhjhf�jZkklhygbb�hl�\oh^Z�kljmb�\�s_e_\hc�
dZgZe��Ijb�mf_gvr_gbb�l_fi_jZlmju�]ZaZ��gZ�kl_gdZo�dZgZeZ�gZ[ex^Z_lky�gZf_jaZgb_�
iZjZnbgZ�b�nhjfbjm_lky�[hjha^qZlZy�ih\_joghklv��dZd�ijb�eZa_jghc�j_ad_�f_lZeeZ� 
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F_lh^� ���<� dZq_kl\_�fZl_jbZeZ�\u[jZg� kieZ\�Jha_� �l_fi_jZlmjZ�ieZ\e_gby� ���
0K���Bklhqgbd�l_ieZ� -�baemq_gb_�eZa_jZ�ihgb`_gghc�fhsghklb��<�hlebqb_�hl�i_j\h]h�
f_lh^Z� lhevdh� h^gZ� ba� kl_ghd� dZgZeZ� \uiheg_gZ� ba� ijhajZqgh]h� fZl_jbZeZ� �d\Zjp���
<lhjZy�nhjfbjm_lky�\�lhes_�kieZ\Z�Jha_�ihke_�ijhoh`^_gby�emqZ� 

<� wdki_jbf_glZo� \Zjvbjh\Zehkv� iheh`_gb_� emqZ� hlghkbl_evgh� ]jZgbpu� kl_d�
eh�f_lZee��aZ]em[e_gb_���fhsghklv�baemq_gby��^Z\e_gb_�]ZaZ�� 

GZ�jbk����ijb\_^_gu�dZ^ju�dbghkt_fdb�eZa_jghc�j_adb�kieZ\Z�Jha_� 
<� j_amevlZl_� ijh\_^_gguo� bkke_^h\Zgbc� ih^l\_j`^_gZ� ]bihl_aZ� h� lhf�� qlh�

ie_gdZ�jZkieZ\Z�jZajmrZ_lky�]Zah\uf�ihlhdhf�\gmljb�madh]h�dZgZeZ��IhdZaZgh��qlh�[h�
jha^qZlZy�kljmdlmjZ�nhjfbjm_lky�[_a�mqZklby�eZa_jgh]h�baemq_gby��qlh�^hdZau\Z_l�__�
]b^jh^bgZfbq_kdmx�ijbjh^m��AZf_q_gh��qlh�njhgl�j_aZ�keZ[h�hldehgy_lky�hl�\_jlbdZ�
eb��\�lh�\j_fy�dZd�[hjha^db�fh]ml�[ulv�agZqbl_evgh�hldehg_gu� 

:gZeba�djbl_jb_\�ih^h[by�ihdZaZe��qlh�fgh]b_�ba�aZj_]bkljbjh\Zgguo�y\e_gbc�
bf_xl�f_klh�ijb�j_ad_�f_lZeeZ� 
1. Dh\Ze_\�H�;���Hjbrbq�:�F���Nhfbg�<�F���X^bg�I�<���FZeh\�:�G���?jfheZ_\�=�<��

Fh^_ebjh\Zgb_�njhglZ�ieZ\e_gby�b�jZajmr_gby�ie_gdb�jZkieZ\Z�ijb�]ZaheZa_jghc�
j_ad_�f_lZeeh\���IjbdeZ^gZy�F_oZgbdZ�b�l_ogbq_kdZy�nbabdZ�� ������L�� ��������K��
162-172.  

 
 
 

 

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

Jbk�����DZ^ju�dbghkt_fdb�ieZ\e_gby�iZjZnbgZ�ijb�
jZaebqguo�^Z\e_gbyo��>Z\e_gb_�\hajZklZ_l�k�e_\Z�gZ�
ijZ\h��=hjbahglZevgZy�ebgby�khhl\_lkl\m_l�\_jog_c�
]jZgbp_�h[jZapZ��\_jlbdZevgZy�-�hkb�khieZ��dhlhjh_�
^\b`_lky�k�e_\Z�gZ�ijZ\h���Hk\_s_gb_�-�BR���k\_leZy�
h[eZklv�-�l\_j^uc�iZjZnbg��l_fgZy�h[eZklv�–�]Za 

Jbk�����=Zah`b^dhklgZy�kljmdlmjZ� 
Z�–�ijb�dhfgZlghf�hk\_s_gbb� 
[� -� \� ijhoh^ys_f� fhghojhfZlbq_kdhf�
k\_l_�k�wdkihabpb_c�����-6k_d 

 

 

 
 

Jbk�����DZ^ju�dbghkt_fdb�eZa_jghc�j_adb�kieZ\Z�Jha_��Fhsghklv�baemq_gby�����<l��^Z\e_gb_���FiZ��
kdhjhklv�j_adb��f�fbg��aZ]em[e_gb_�����ff��Hk\_s_gb_� -�BR���YjdZy�h[eZklv�khhl\_lkl\m_l�kh[kl�
\_gghfm�k\_q_gbx�jZah]j_lh]h�fZl_jbZeZ 
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M>D�����������������41.64 

KI?DLJU�B�IHEYJBAH<:GG:Y�NEMHJ?KP?GPBY 
<H>GUO�J:KL<HJH<�KU<HJHLHQGH=H�:EV;MFBG:, 
KH>?J@:SBO�BHGU�K<BGP:��B�O?E:L:�?<JHIBY 

Khdhe�G�<� 

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

Ku\hjhlhqguc� Zev[mfbg� y\ey_lky� \Z`g_crbf� [_edhf� ieZafu� djh\b��Wlbe_g�
^bZfbgl_ljZZp_lZl�� \oh^ysbc� \� khklZ\� o_eZlZ� _\jhiby�rbjhdh� ijbf_gy_lky� \� kh\j_�
f_gghc� ijhfure_gghklb� b�f_^bpbg_��<� k\yab� k� wlbf� bgl_j_kguf� b� ZdlmZevguf� gZ�
ijZ\e_gb_f�y\ey_lky�bkke_^h\Zgb_�\aZbfh^_ckl\by�bhgh\�o_eZlZ�_\jhiby�k�fhe_dmeZfb�
Zev[mfbgZ� 

<�jZ[hl_�bkke_^h\Zebkv�nemhj_kp_glgu_�ki_dlju�b�iZjZf_lju�iheyjbah\Zgghc�
nemhj_kp_gpbb� jZkl\hjh\� [uqv_]h� ku\hjhlhqgh]h� Zev[mfbgZ� �;K:�� ijb� ^h[Z\e_gbb�
jZaebqguo�nemhj_kp_glguo�ahg^h\��TNS, DSY���jZkl\hjh\�[_edZ�k�ahg^hf�b�khevx�lhd�
kbqgh]h�ly`_eh]h�f_lZeeZ��Zp_lZl�k\bgpZ���Z�lZd`_�jZkl\hjh\�[_edZ�k�o_eZlhf�_\jhiby��
fhe_dmeu�dhlhjh]h�nemhj_kpbjmxl�\�\b^bfhc�qZklb�ki_dljZ��Ahg^��ijbdj_ieyykv�d�ih�
\_joghklb�[_edZ�� kf_sZ_l� ki_dlj�exfbg_kp_gpbb�\�\b^bfmx�h[eZklv��IhegZy�bgl_g�
kb\ghklv� k\_q_gby� bkke_^m_fuo� jZkl\hjh\� hij_^_ey_lky� dhebq_kl\hf� k\yaZggh]h� b�
k\h[h^gh]h�nemhj_kpbjmxs_]h�ahg^Z��Z�lZd`_�dhgp_gljZpb_c�ly`_euo�bhgh\��kihkh[�
guo�aZdju\Zlv�\ZdZglgu_�f_klZ�^ey�ahg^Z��Ihemq_ggu_�wdki_jbf_glZevgu_�^Zggu_�ih�
a\hebeb�ijhba\_klb�hp_gdm�^bgZfbq_kdbo�oZjZdl_jbklbd�fhe_dme�bkke_^m_fuo�jZkl\h�
jh\��HdZaZehkv��qlh�ijb�\aZbfh^_ckl\bb�fhe_dme�djZkbl_ey� k�fhe_dmeZfb� Zev[mfbgZ�
agZqbl_evgh�\hajZklZ_l�bgl_gkb\ghklv�k\_q_gby�ahg^Z��ijbkh_^bg_ggh]h�d�ih\_joghklb�
[_edZ�� :gZeba� nemhj_kp_glguo� ki_dljh\� ihdZaZe� lZd`_� \hajZklZgb_� bgl_gkb\ghklb�
k\_q_gby�\�jZkl\hjZo�Zev[mfbgZ�k�jZaebqgufb�ahg^Zfb�ijb�^h[Z\e_gbb�bhgh\�ly`_eh�
]h�f_lZeeZ�k\bgpZ��Bkke_^h\Zgby�iheyjbah\Zgghc�nemhj_kp_gpbb�jZkl\hjh\�Zev[mfb�
gZ��kh^_j`Zsbo�Zp_lZl�k\bgpZ�b�o_eZl�_\jhiby�iha\hebeb�h[gZjm`blv�m\_ebq_gb_�kl_�
i_gb�iheyjbaZpbb��b�khhl\_lkl\_ggh�\j_f_gb�\jZsZl_evghc�dhjj_eypbb�fhe_dme�[_edZ�
ijb�m\_ebq_gbb�dhgp_gljZpbb�ly`_euo�bhgh\��FZdkbfZevgu_�agZq_gby�i_j_qbke_gguo�
iZjZf_ljh\�gZ[ex^Zxlky�\�h[eZklb�jG����GZ[ex^Z_fu_�y\e_gby�k\yaZgu�k�jhklhf�wn�
n_dlb\ghc�fZkku� qZklbp� \� [_edh\uo� jZkl\hjZo��MdZaZgguc� jhkl� wnn_dlb\ghc�fZkku�
\ua\Zg��ih�\k_c�\_jhylghklb��deZkl_jbaZpb_c�fhe_dme�Zev[mfbgZ��gZ�ih\_joghklb�dhlh�
juo�Z^khj[bjh\Zgu�bhgu�k\bgpZ� 

 
 

 

IJBF?G?GB?�NBABQ?KDBO�F?LH>H< 
<�F?>BPBG? 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Ibjh]h\�Xjbc�:g^j__\bq 
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M>D����������������� 

NHKNHJ?KP?GLGU?�AHG>U�<�BKKE?>H<:GBB�>?G:LMJ:PBB�
KU<HJHLHQGUO�:EV;MFBGH<�IE:AFU�DJH<B�Q?EH<?D: 

F_evgbdh\�:�=� 

KZjZlh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l� 
nZdmevl_l�nbabdb�g_ebg_cguo�ijhp_kkh\ 

P_evx�^Zgghc�jZ[hlu�y\eyeZkv�jZajZ[hldZ�exfbg_kp_glghc�f_lh^bdb�dhgljhey�
\ha^_ckl\by�ih\_joghklgh-Zdlb\guo�\_s_kl\� �^h^_pbekmevnZlZ�gZljby��gZ�Zev[mfbgu�
ieZafu� djh\b� q_eh\_dZ�� G_h[oh^bfhklv� \\_^_gby� \� ieZafm� djh\b� exfbg_kp_glguo�
ahg^h\�h[mkeh\e_gZ�l_f��qlh�[_edb�kh^_j`Zl�h]jZgbq_ggh_�qbkeh�ojhfhnhjguo�]jmii��
kihkh[guo�exfbg_kpbjh\Zlv�k�^hklZlhqghc�bgl_gkb\ghklvx��<\_^_gb_�exfbg_kp_gl�
guo� ahg^h\� iha\hey_l� bkihevah\Zlv� \ukhdhqm\kl\bl_evguc� exfbg_kp_glguc� f_lh^�
dhgljhey�aZ�baf_g_gbyfb�kljmdlmju�[_edZ� 

MklZgh\e_gh�� qlh�fZdkbfmf� ki_dljZ�ih]ehs_gby� whabgZ�ij_l_ji_\Z_l� ^ebggh�
\hegh\h_�kf_s_gb_�ijb�i_j_oh^_�hl�\h^u�d�ieZaf_�djh\b��Wlh�k\b^_l_evkl\m_l�h[�ba�
f_g_gbb�k\hckl\�fbdjhhdjm`_gby�fhe_dme�whabgZ�\ke_^kl\b_�i_j_oh^Z�whabgZ�ba�[he__�
iheyjghc�—�\h^ghc�kj_^u�\�f_g__�iheyjgmx�—�]eh[mem�[_edZ��FZdkbfmfu�ki_dljh\�
nemhj_kp_gpbb�b�ih]ehs_gby�whabgZ�\�ieZaf_�b�\�[mn_j_�jG�����ku\hjhlhqgh]h�Zev[m�
fbgZ�q_eh\_dZ�kh\iZeb��Ke_^h\Zl_evgh��fhe_dmeu�whabgZ�\�ieZaf_�djh\b�lZd`_�dZd�b�\�
[mn_j_� ku\hjhlhqgh]h� Zev[mfbgZ� q_eh\_dZ� k\yaZgu� k� [_edZfb�� Wlh� ih^l\_j`^Z_lky�
lZd`_�m\_ebq_gb_f�\j_f_gb�`bagb�ljbie_lguo�khklhygbc�whabgZ�\�ieZaf_�djh\b��τ=2,4 
fk��ih�kjZ\g_gbx�k�\h^gufb�jZkl\hjZfb��τ �����fk��� 

Ijb� ^h[Z\e_gbb� \� ieZafm� djh\b� ^h^_pbekmevnZlZ� gZljby� �>>K�� gZ[ex^Zehkv�
mf_gvr_gb_�bgl_gkb\ghklb�nhknhj_kp_gpbb�whabgZ�b�\j_f_gb�`bagb�_]h�ljbie_lguo�
khklhygbc�� Ijh\_^_gguc� kjZ\gbl_evguc� ZgZeba� baf_g_gbc� hilbq_kdhc� iehlghklb� \�
ki_dljZo�ih]ehs_gby�b�bgl_gkb\ghklb�nemhj_kp_gpbb�whabgZ��Z�lZd`_�bgl_gkb\ghklb�
nhknhj_kp_gpbb�b�\j_f_gb�`bagb�ljbie_lguo�khklhygbc�whabgZ�\�ieZaf_�djh\b�b�[m�
n_j_�ku\hjhlhqgh]h�Zev[mfbgZ�q_eh\_dZ�ih^�^_ckl\b_f�>>K��iha\hebe�mklZgh\blv�gZ�
ebqb_�baf_g_gbc�dhgnhjfZpbhggh]h�khklhygby�Zev[mfbgZ�ieZafu�djh\b�q_eh\_dZ�� 

 
JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�Zf_jbdZgkdh]h�nhg^Z�]jZ`^Zgkdbo�bkke_^h\Zgbc�b�
jZa\blby��]jZgl�N REC-006) 

 
 

M>D��������������� 

IJBF?G?GB?�F?LH>H<�E:A?JGHC�KI?DLJHKDHIBB�IJB�
BKKE?>H<:GBB�>?G:LMJ:PBB�KU<HJHLHQGH=H�:EV;MFBG:�

Q?EH<?D:�<�IJBKMLKL<BB�>KG� 

;mjZ\ph\�>�?���<eZkh\Z�B�F� 

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

<�f_^bpbgkdbo� ZgZeblbq_kdbo� bkke_^h\Zgbyo� we_dljhnhj_a� \� ihebZdjbeZfb^�
ghf�]_e_�k�^h^_pbekmevnZlhf�gZljby� �>KG��y\ey_lky�qZklh�bkihevam_fhc�ijhp_^mjhc�
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^ey�hp_gdb�fhe_dmeyjgh]h�\_kZ�[_edh\��<�^Zgghc�jZ[hl_�ij_^klZ\e_gu�j_amevlZlu�bk�
ke_^h\Zgbc�f_lh^Zfb�eZa_jghc�ki_dljhkdhibb�^_gZlmjZpbb�ku\hjhlhqgh]h�Zev[mfbgZ�
q_eh\_dZ�ih^�\ha^_ckl\b_f�>KG�ijb�jZaebqguo�agZq_gbyo�pH�[mn_jguo�jZkl\hjh\�� 

K� ihfhsvx� f_lh^Z� eZa_jghc�
dhjj_eypbhgghc�ki_dljhkdhibb�ihemq_�
gZ�aZ\bkbfhklv�]b^jh^bgZfbq_kdh]h�jZ�
^bmkZ�fhe_dme�ku\hjhlhqgh]h�Zev[mfb�
gZ� hl� dhgp_gljZpbb� ^_l_j]_glZ� b� \_eb�
qbgu� pH� [mn_jgh]h� jZkl\hjZ� �jbk�� ����
<b^gh��qlh�ijb�\k_o� agZq_gbyo�pH�jZk�
l\hjh\� ijhbkoh^bl� m\_ebq_gb_� jZaf_jZ�
[_edZ� �l�_�� _]h�^_gZlmjZpby��ijb� m\_eb�
q_gbb�dhgp_gljZpbb�>KG�^h�agZq_gby���
fF�� ihke_� dhlhjh]h�� g_kfhljy� gZ� ^Zev�
g_cr__� ^h[Z\e_gb_� Zgbhggh]h� kmjnZd�
lZglZ�� jZaf_j� ^_gZlmjbjh\Zggh]h� [_edZ�
hklZzlky�g_baf_gghc�\_ebqbghc��Ke_^h�
\Zl_evgh�� ijb� ^hklb`_gbb� ^Zgghc� dhg�
p_gljZpbb�>KG�ijhbkoh^bl�gZkus_gb_�
©ihkZ^hqguoª� ^ey� fbp_ee� ^_l_j]_glZ�

f_kl�gZ�[_ed_��;hevr__�m\_ebq_gb_� ]b^jh^bgZfbq_kdh]h�jZ^bmkZ�fhe_dme� Zev[mfbgZ�
ijhbkoh^bl� ijb�f_gvrbo� agZq_gbyo�pH� [mn_jgh]h� jZkl\hjZ��>KG�� dZd� hljbpZl_evgh�
aZjy`_gguc�^_l_j]_gl��emqr_�k\yau\Z_lky�k�[_edhf�ijb�agZq_gbyo�pH�jZkl\hjZ��f_gv�
rbo�\_ebqbgu�bahwe_dljbq_kdhc�lhqdb�Zev[mfbgZ��pI�������lh�_klv�\�lhc�h[eZklb�pH��\�
dhlhjhc�[_ehd�aZjy`_g�iheh`bl_evgh��H^gZdh��dh]^Z�ih\_joghklguc�aZjy^�Zev[mfbgZ�
b�aZjy^�iheyjguo�]heh\hd�>KG�h^gh]h�agZdZ��gZ[ex^Z_lky�g_dhlhjh_�k\yau\Zgb_�fb�
p_ee�^_l_j]_glZ�b�[_edZ��gh�hgh�agZqbl_evgh�keZ[__��q_f�ijb�pH 3,5÷�����KeZ[h_�k\yau�
\Zgb_�fbp_ee�>KG�k�Zev[mfbghf�ijb�h^bgZdh\uo�hljbpZl_evguo�agZdZo�aZjy^Z�gZ�gbo�
h[tykgy_lky� l_f�� qlh�ohly�[_ehd� aZjy`_g� \�p_ehf�hljbpZl_evgh��gh� dZdb_-lh�mqZkldb�
[_edZ�\kz�jZ\gh�bf_xl�iheh`bl_evguc�aZjy^��bf_ggh�k�gbfb�b�ijhbkoh^bl�k\yau\Zgb_�
>KG��Ke_^h\Zl_evgh��[hevrZy�^_gZlmjZpby�[_edZ�\�ijbkmlkl\bb�>KG�bf__l�f_klh�ijb�
agZq_gbyo�pH�[mn_jgh]h�jZkl\hjZ��f_gvrbo�pI�Zev[mfbgZ�� 

K�ihfhsvx�f_lh^Z� ki_dljhkdhibb�dhf[bgZpbhggh]h�jZkk_ygby� k\_lZ�bkke_^h�
\Zg�Zfbghdbkehlguc�f_oZgbaf�^_gZlmjZpbb�ku\hjhlhqgh]h�Zev[mfbgZ�q_eh\_dZ�\�ijb�
kmlkl\bb�>KG�\� aZ\bkbfhklb�hl�pH (3,0÷�����[mn_jguo�jZkl\hjh\��IhdZaZgh��qlh�ijb 
agZq_gbyo�pH 3,0÷����[mn_jguo�jZkl\hjh\�ijb�^_gZlmjZpbb�Zev[mfbgZ�\�ijbkmlkl\bb�
>KG�j\mlky�ke_^mxsb_�obfbq_kdb_�k\yab�f_`^m�Zfbghdbkehlgufb�hklZldZfb�����g_c�
ljZevguo�Zfbghdbkehl� �ZeZgbgZ��\ZebgZ��e_cpbgZ��bahe_cpbgZ��lj_hgbgZ��k�Zfb^gufb�
]jmiiZfb� ZkiZjZ]bgZ� b� ]emlZfbgZ� –CH2-NH-CO-CH2-� ������ kf

-1
��� ��� bahe_cpbgZ� k�

Zfb^gufb�]jmiiZfb�ZkiZjZ]bgZ�b�]emlZfbgZ�–CH2-CH2-NH2
+-CO-�������kf-1

������ZjhfZ�
lbq_kdbo�Zfbghdbkehl��n_gbeZeZgbgZ��lbjhabgZ��ljbilhnZgZ��k�COO- -�]jmiihc�ZkiZjZ�
]bgh\hc�b�]emlZfbgh\hc�dbkehl�–HC=C-O-CO-CH2-�������kf

-1
������k_jbgZ�b�pbkl_bgZ�–

CH2-O-S-CH2-������kf
-1
������lj_hgbgZ�b�pbkl_bgZ�–HCCH3-O-S-CH2-������kf

-1
������bkq_�

aZxl�^bkmevnb^gu_�k\yab�f_`^m�hklZldZfb�pbkl_bgZ�–CH2-S-S-CH2-������kf
-1
���:�lZd�

`_�ijb�\k_o�agZq_gbyo�pH�bkq_aZ_l�ihehkZ�:fb^�I α-kibjZeb�������kf-1
��b�bkq_aZ_l�ih�

ehkZ�:fb^�III α-kibjZeb�������kf-1). 
Ijb� agZq_gbyo� pH 3,0÷���� [mn_jguo� jZkl\hjh\� ijb� ^_gZlmjZpbb� Zev[mfbgZ� \�

ijbkmlkl\bb�>KG�lZd`_�j\mlky�ke_^mxsb_�obfbq_kdb_�k\yab�f_`^m�Zfbghdbkehlgufb�
hklZldZfb�� ��� g_cljZevguo� ZebnZlbq_kdbo� Zfbghdbkehl� �ZeZgbgZ�� \ZebgZ�� e_cpbgZ��
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bahe_cpbgZ��lj_hgbgZ��k�k_jbghf�–CH2-O-CH2-CH-�������kf-1
������]emlZfbgh\hc�dbkeh�

lu�b�pbkl_bgZ�–CH2-CH2-OC-O-S-CH2-� ������kf
-1
������pbkl_bgZ�b�g_cljZevguo�ZebnZ�

lbq_kdbo�Zfbghdbkehl� �ZeZgbgZ��\ZebgZ��e_cpbgZ��bahe_cpbgZ��lj_hgbgZ��–CH2-S-CH2- 
�����kf-1). 

IhdZaZgh��qlh�ijb�agZq_gbyo�pH 3,0÷����[mn_jguo�jZkl\hjh\�ijb�^_gZlmjZpbb�
Zev[mfbgZ�\�ijbkmlkl\bb�>KG�lZd`_�jZaju\Zxlky� �ihfbfh�mihfygmluo�\ur_��obfb�
q_kdb_�k\yab�f_`^m�Zfbghdbkehlgufb�hklZldZfb�����k_jbgZ�b�Zfb^guo�]jmii�ZkiZjZ�
]bgZ�b�]emlZfbgZ�–CH2-O-NH-CO-CH2-�������kf

-1
������\ZebgZ��e_cpbgZ�k�ZkiZjZ]bghf�b�

]emlZfbghf� �–CH3CH-CH2-NH2
+-CO-�� ������kf-1

���Ijb�pH�����[mn_jgh]h�jZkl\hjZ�ijb�
^_gZlmjZpbb� Zev[mfbgZ� \� ijbkmlkl\bb�>KG� lZd`_� jZaju\Zxlky� ke_^mxsb_� obfbq_�
kdb_�k\yab�f_`^m�Zfbghdbkehlgufb�hklZldZfb��k_jbgZ�b�bahe_cpbgZ�–CH2-O-CH2-CH2- 
������kf-1). 

>h[Z\e_gb_�>KG�ijb�pH�����[mn_jgh]h�jZkl\hjZ�ijb\h^bl�d�jZaju\m����lbih\�
obfbq_kdbo�k\ya_c�f_`^m�Zfbghdbkehlgufb�hklZldZfb��ijb�pH�����jZaju\Z_lky����lb�
ih\�k\ya_c��ijb pH 4,0 –���lbih\�k\ya_c��ijb�pH 4,5 –��lbih\�k\ya_c��Ijb�m\_ebq_gbb�
agZq_gby�pH�[mn_jguo�jZkl\hjh\�dhebq_kl\h�jZahj\Z\rboky�obfbq_kdbo�k\ya_c�f_`^m�
Zfbghdbkehlgufb�hklZldZfb�mf_gvrZ_lky��Z�agZqbl��mf_gvrZ_lky�b�kl_i_gv�^_gZlmjZ�
pbb�fhe_dme� Zev[mfbgZ� \�ijbkmlkl\bb�>KG��>_gZlmjZpby� [_edZ� \�ijbkmlkl\bb�>KG�
ijhbkoh^bl�l_f�bgl_gkb\g__��q_f�f_gvr_�bahwe_dljbq_kdhc�lhqdb�[_edZ�agZq_gb_�pH 
[mn_jgh]h�jZkl\hjZ� 

 
 

M>D��������������� 

BKKE?>H<:GB?�&6&/�– BG>MPBJH<:GGHC�:=J?=:PBB�
KU<HJHLHQGH=H�:EV;MFBG:�F?LH>HF�KI?DLJHKDHIBB�

DHF;BG:PBHGGH=H�J:KK?YGBY� 

<eZkh\Z�B�F���Fbdjbg�<�?� 

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

:]j_]Zpby�ku\hjhlhqgh]h�Zev[mfbgZ�q_eh\_dZ�\�ijbkmlkl\bb�kheb�ly`_eh]h�f_�
lZeeZ� �CsCl�� jZg__� [ueZ� bkke_^h\ZgZ� gZfb� f_lh^hf� ^bgZfbq_kdh]h� k\_lhjZkk_ygby�
[1,2]. <�^Zgghc�jZ[hl_�ij_^klZ\e_gu�j_amevlZlu�bkke_^h\Zgbc�Zfbghdbkehlgh]h�f_oZ�
gbafZ�Z]j_]Zpbb�ku\hjhlhqgh]h�Zev[mfbgZ�\�ijbkmlkl\bb�oehjb^Z�p_aby�CsCl�ijb�jZa�
ebqguo�agZq_gbyo�pH�[mn_jguo�jZkl\hjh\�����÷�����f_lh^hf�ki_dljhkdhibb�dhf[bgZ�
pbhggh]h�jZkk_ygby�k\_lZ�� 

Ijb�^h[Z\e_gbb�CsCl (100-����fF��\�[mn_jguc�jZkl\hj�Zev[mfbgZ��pH������ih�
y\eyxlky�ibdb�jZfZgh\kdh]h�kf_s_gby�����khhl\_lkl\mxsb_�^bkmevnb^guf�-S-S-�k\y�
ayf�f_`^m�hklZldZfb�pbkl_bgZ������kf-1

������hij_^_ey_fu_�-O-S-�k\yayfb�f_`^m�hklZl�
dZfb�k_jbgZ�b�pbkl_bgZ������kf-1

������hlghkysb_ky�d�k\yayf�-O-S-�f_`^m�]emlZfbgh\hc�
dbkehlhc�b�pbkl_bghf�������kf-1

������hlghkysb_ky�d�oehjbjh\Zgbx��Cl-CH2-��g_cljZev�
guo�Zfbghdbkehl�k�ZebnZlbq_kdbfb�[hdh\ufb�p_iyfb��lZdbo�dZd�ZeZgbg��\Zebg��e_c�
pbg��bahe_cpbg��lj_hgbg�������kf-1

������hij_^_ey_fu_�k\yavx��-CH2-CH2-O-CNH2-CH2-) 
bahe_cpbgZ�k�ZkiZjZ]bghf�b�]emlZfbghf�������kf-1

������hlghkysb_ky�d�-S-N-�k\yab�f_`�
^m� pbkl_bghf� b� Zfb^ghc� ]jmiihc� ZkiZjZ]bgZ�� ]emlZfbgZ� ������ kf-1

��� ��� k\yaZggu_� k�
oehjbjh\Zgb_f�Cl-NH3

+-CH2-�iheh`bl_evgh�ebabgZ�������cf
-1
������\ua\Zggu_�k\yau\Z�

gb_f� hljbpZl_evgh� aZjy`_gguo� ZkiZjZ]bgh\hc� b� ]emlZfbgh\hc� dbkehl� k� ZjhfZlbq_�
kdbfb� dhevpZfb� n_gbeZeZgbgZ�� lbjhabgZ�� ljbilhnZgZ� �����kf-1

��� ��� \ua\Zggu_� \ha�
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fh`ghklvx� ^hihegbl_evghc� k\yab� \� Zfb^guo� ]jmiiZo� ZkiZjZ]bgZ� b� ]emlZfbgZ�� qlh�
h[_ki_qb\Z_l� k\yau\Zgb_� ^Zgguo� Zfb^guo� ]jmii� k� \Zebghf�� e_cpbghf� \� \b^_� -OC-
NH2

+-CH2-CHCH3-� ������ kf
-1
�� ����� kf-1

��� ���� \hagbdZxl� ibdb�� \ua\Zggu_� \hafh`gh�
klvx�^hihegbl_evghc�k\yab�\�Zfb^guo�]jmiiZo�ZkiZjZ]bgZ�b�]emlZfbgZ��qlh�h[_ki_qb�
\Z_l� k\yau\Zgb_� ^Zgguo� Zfb^guo� ]jmii� k� bahe_cpbghf� \� \b^_� -OC-NH2

+-CH2-CH2- 
������kf-1

�������h[tykgy_fu_�k\yavx�bahe_cpbgZ�k�k_jbghf�q_j_a�dbkehjh^�-CH2-CH2-O-
CH2-�������kf

-1
�������h[mkeh\e_ggu_�k\yau\Zgb_f�Cs+

�k�]emlZfbghf��ZkiZjZ]bghf��Cs-
NH-CO-�� �����kf-1)�� ����\ua\Zggu_�k\yau\Zgb_f�Cs+ c�ZkiZjZ]bgh\hc�b�]emlZfbgh\hc�
dbkehlZfb��Cs-O-OC-������kf-1). 

Ijb� ^h[Z\e_gbb� CsCl (100-���� fF�� \� [mn_jguc� jZkl\hj� Zev[mfbgZ� �pH 5,0) 
ijhiZ^Zxl�ibdb�jZfZgh\kdh]h�kf_s_gby�����khhl\_lkl\mxsb_�hlju\m�\h^hjh^Z�\�-S-H 
]jmii_�pbkl_bgZ������kf-1

������kf-1
������khhl\_lkl\mxsb_�hlju\m�\h^hjh^Z��-CH2-O-H��\�

[hdh\hc�p_ib�k_jbgZ� ������kf-1
��� ���khhl\_lkl\mxsb_�k\h[h^ghc�NH3

+
� ]jmii_�ebabgZ�

������kf-1
������khhl\_lkl\mxsb_�hlju\m�\h^hjh^Z�\�Zfb^ghc�]jmii_�]emlZfbgZ�b�ZkiZ�

jZ]bgZ�������kf-1)�����k\yaZggu_�k�hlju\hf�\h^hjh^Z�\�ZjhfZlbq_kdbo�dhevpZo�n_gbeZ�
eZgbgZ��lbjhabgZ��ljbilhnZgZ�������kf-1

������h[tykgy_fu_�jZaju\hf�K H�k\yab�\�ZkiZ�
jZ]bg_�b�]emlZfbg_�������kf-1

������k\yaZggu_�k�hlju\hf�l_jfbgZevgh]h�\h^hjh^Z�\�[h�
dh\uo�p_iyo�ZeZgbgZ��\ZebgZ��e_cpbgZ��lj_hgbgZ� �-CH2-H�� ������kf

-1
��� ���k\yaZggu_�k�

hlju\hf�l_jfbgZevgh]h�\h^hjh^Z�\�[hdh\hc�p_ib�bahe_cpbgZ�������kf-1). 
Ijb�pH�[mn_jguo�jZkl\hjh\��f_gvrbo�pI��\�Z]j_]Zpbb�g_�aZ^_ckl\h\Zgu�k\yab�k�

mqZklb_f�hljbpZl_evgh�aZjy`_gguo�ZkiZjZ]bgh\hc�b�]emlZfbgh\hc�dbkehl��Z�lZd`_�g_�
mqZkl\mxl�ZjhfZlbq_kdb_�Zfbghdbkehlu��Ijb�pH��[hevrbo�pI��\�Z]j_]Zpbb�g_�aZ^_ckl�
\h\Zgu� obfbq_kdb_� k\yab� k�mqZklb_f�iheh`bl_evgh� aZjy`_ggh]h�ebabgZ��Ijb�pH 5,0 
�[ebadhf�pI��aZj_]bkljbjh\Zgh����lbih\�ihy\b\rboky�ijb�^h[Z\e_gbb�CsCl�obfbq_kdbo�
k\ya_c�f_`^m�Zfbghdbkehlgufb�hklZldZfb��>h[Z\e_gb_�CsCl�ijb�agZq_gbyo�pH��f_gv�
rbo�bahwe_dljbq_kdh]h�agZq_gby��ijb\h^bl�d�\hagbdgh\_gbx�f_gvr_]h�dhebq_kl\Z�ob�
fbq_kdbo�k\ya_c�ih�kjZ\g_gbx�k�pH������ijb�pH 4,0 –���lbih\�k\ya_c��ijb�pH 3,0 –���lb�
ih\�k\ya_c��>h[Z\e_gb_�CsCl�ijb�agZq_gbyo�pH��[hevrbo�pI��lZd`_�ijb\h^bl�d�\hagbd�
gh\_gbx�f_gvr_]h�dhebq_kl\Z�obfbq_kdbo�k\ya_c�ih�kjZ\g_gbx�k�pH������ijb�pH 6,0 – 
��lbih\��ijb�pH�����b�pH 7,4 –���lbih\��ijb�pH 8,0 –���lbih\��Ijb�S+�����ijhbkoh^bl�
jZaju\���lbih\�obfbq_kdbo�k\ya_c�f_`^m�Zfbghdbkehlgufb�jZ^bdZeZfb��Ijb�agZq_gb�
yo�pH�jZkl\hjZ��f_gvrbo�pI�Zev[mfbgZ��j\zlky���lbih\�k\ya_c��Ijb�agZq_gbyo�pH�jZk�
l\hjZ��[hevrbo�bahwe_dljbq_kdh]h�agZq_gby��ijhbkoh^bl�jZaju\���lbih\�k\ya_c�ijb�pH 
�������lbih\�ijb�pH� ����b pH� �������lbih\�k\ya_c�ijb�pH������GZb[hevr__�dhebq_kl\h�
obfbq_kdbo�k\ya_c�jZaguo�lbih\�bf__l�f_klh�\[ebab�bahwe_dljbq_kdhc�lhqdb�Zev[mfb�
gZ��l�_��ijb�pH�����[mn_jgh]h�jZkl\hjZ�[_edZ�� 

LZdbf� h[jZahf��f_lh^hf� ki_dljhkdhibb� dhf[bgZpbhggh]h�jZkk_ygby� k\_lZ�bk�
ke_^h\Zg�Zfbghdbkehlguc�f_oZgbaf�Z]j_]Zpbb�Zev[mfbgZ�\�ijbkmlkl\bb�kheb�ly`zeh�
]h�f_lZeeZ��CsCl���IhdZaZgh��qlh�gZb[hevrZy�Z]j_]Zpby�Zev[mfbgZ�bf__l�f_klh�\[ebab�
_]h�bahwe_dljbq_kdhc� lhqdb� �ijb�pH� ������ Z�ijb�m^Ze_gbb�hl�bahwe_dljbq_kdhc� lhqdb�
�dZd�\�klhjhgm�\hajZklZgby�agZq_gby�pH��lZd�b�\�klhjhgm�m[u\Zgby�pH��kl_i_gv�Z]j_]Z�
pbb�fhe_dme�Zev[mfbgZ�mf_gvrZ_lky�� 

 
1. ;ZjZgh\� :�G��� <eZkh\Z� B�F��� KZe_pdbc� :�F�� Bkke_^h\Zgb_� ijhp_kkh\� Z]j_]Zpbb�

ku\hjhlhqgh]h�Zev[mfbgZ�����@IK��������l�����������k�����-207. 
2. <eZkh\Z�B�F���IhlZih\�:�<��Ijbf_g_gb_�f_lh^h\�dhjj_eypbhgghc� ki_dljhkdhibb�

^ey�hij_^_e_gby�jZaf_jh\�b�nhjfu�fhe_dme�ku\hjhlhqgh]h�Zev[mfbgZ�� ���<�k[hj�
gbd_� ljm^h\� ,,,� F_`^mgZjh^ghc� dhgn_j_gpbb� fheh^uo� mq_guo� b� ki_pbZebklh\�
³HilbdZ-����´��KZgdl-I_l_j[mj]��Ki[=M�BLFH��������k�����-293. 
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M>D������� 

M=EH<H?�J:KIJ?>?E?GB?�K<?L:��J:KK?YGGH=H 
KEHYFB�DJH<B�J:AEBQGHC�LHESBGU 

N_^hk__\Z�F�K���Dbjbeebg�F�X� 

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

>ey�jZajZ[hldb�gh\uo�f_lh^h\�eZa_jghc�[bhf_^bpbgkdhc�^bZ]ghklbdb�g_h[oh�
^bfh�ih^jh[gh_�bamq_gb_�hkh[_gghkl_c�ijhp_kkZ�jZkijhkljZg_gby�k\_lZ�\�[bheh]bq_�
kdbo�ldZgyo��\dexqZy�djh\v��Wdki_jbf_glZevgu_�bkke_^h\Zgby�ijhoh`^_gby�eZa_jgh]h�
imqdZ�q_j_a�kehc�djh\b�hkeh`g_gu�ljm^ghklyfb�ih^^_j`Zgby�ihklhygkl\Z�kljmdlmjgh-
^bgZfbq_kdbo�iZjZf_ljh\�p_evghc�djh\b�[1]��<�k\yab�k�wlbf�\k_�[hevrmx�jhev�ijbh[�
j_lZ_l� dhfivxl_jgh_� fh^_ebjh\Zgb_� wlh]h� ijhp_kkZ�� \� qZklghklb�� k� bkihevah\Zgb_f�
f_lh^Z�klZlbklbq_kdh]h�Fhgl_-DZjeh�>�@��Wlhl�f_lh^�hkgh\Zg�gZ�fgh]hdjZlghf�ih\lh�
j_gbb�jZkq_lZ� ljZ_dlhjbb�nhlhgZ�\�jZkk_\Zxs_c�b�ih]ehsZxs_c� kj_^_�b�ihke_^mx�
s_f�h[h[s_gbb�b�klZlbklbq_kdhf�mkj_^g_gbb�ihemq_gguo�^Zgguo� 

P_evx�gZklhys_c�jZ[hlu�y\ey_lky�kjZ\gbl_evguc�ZgZeba�bg^bdZljbk�jZkk_ygby�
k\_lZ�[eb`g_]h�BD�^bZiZahgZ�^ey�keh_\�djh\b�jZaebqghc�lhesbgu�� 

H[jZa_p� djh\b�fh^_ebjm_lky�iehkdbf� keh_f� kmki_gabb�g_Z]j_]bjmxsbo� wjbl�
jhpblh\�� oZjZdl_jbam_fuf� ke_^mxsbfb� hilbq_kdbfb� iZjZf_ljZfb�� dhwnnbpb_glhf�
jZkk_ygby� µs�� dhwnnbpb_glhf� ih]ehs_gby� µZ�� ihdZaZl_e_f� ij_ehfe_gby� n,�nZdlhjhf�
Zgbahljhibb g��nZah\hc�nmgdpb_c�jZkk_ygby�_^bgbqgh]h�wjbljhpblZ�P(s,s'),�h[t_fghc�
dhgp_gljZpb_c�de_lhd��]_fZlhdjblhf��Hct�b�lhesbghc�kehy�d.�AgZq_gby�iZjZf_ljh\�µs , 

µZ�� g, n� jZkkqblZgu� gZ� hkgh\_� wdki_jbf_glZevguo� ^Zgguo� >��� ��� �@�� P(s,s'), �� Hct – 
aZ^Zxlky��<Zjvbjm_fuf�iZjZf_ljhf�y\ey_lky�lhesbgZ�kehy��kf��lZ[ebpm���� 

 
LZ[e��� 

>ebgZ�\hegu���
�gf� 

µs �ff
-1) µZ �ff

-1) g n Hct (%) d �fdf� 

820 57.3 0.82 0.97
7 

1.35 35 50 - 1000 

 
Ijb�dZ`^hf� Zdl_�jZkk_ygby�nhlhgZ�\_jhylghklv�_]h�hldehg_gby�gZ�hij_^_e_g�

guc�m]he�hij_^_ey_lky�nZah\hc�nmgdpb_c�jZkk_ygby�qZklbpu P(s,s')��<�gZr_c�jZ[hl_�
qZklbpu� �wjbljhpblu�� kqblZxlky� kn_jbq_kdb-kbff_ljbqgufb�� l�d�� ijb� ijhoh`^_gbb�
nhlhgZ�kd\hav�kmki_gabx�qZklbp�hg�klZedb\Z_lky�k�qZklbpZfb�ih^�jZagufb�m]eZfb�d�bo�
hkb� kbff_ljbb��Ihwlhfm�fu�fh`_f� ijbf_gylv� mkj_^g_ggmx�nZah\mx�nmgdpbx� jZk�
k_ygby�� <� dZq_kl\_� ZiijhdkbfZpbb� nZah\hc� nmgdpbb� [ueZ� \u[jZgZ� wfibjbq_kdZy�
nmgdpby�O_gvb-=jbgrl_cgZ�>�-2]. JZkq_lu�ijhba\h^bebkv�\�ij_^iheh`_gbb��qlh�ihi_�
j_qgu_�jZaf_ju�kehy�djh\b�agZqbl_evgh�ij_\hkoh^yl�_]h�lhesbgm��>ey�ihemq_gby�klZ�
lbklbq_kdb�agZqbfuo�j_amevlZlh\�ijb�dZ`^hc�lhesbg_�kehy�ijh\h^beky�jZkq_l�ljZ_d�
lhjbc����feg�nhlhgh\��Ijbf_ju�jZkkqblZgguo�bg^bdZljbk�jZkk_ygby�ij_^klZ\e_gu�gZ�
jbk����� 

<�ihemq_gguo�bg^bdZljbkZo��fh`gh�\b^_lv�yjdh�\ujZ`_gguc�fbgbfmf�djb\uo�
\�jZchg_���°, h[tykgy_fuc�[hevrhc�ijhly`_gghklvx�kehy�\�ihi_j_qghf�gZijZ\e_gbb�b�
fZehc�\_jhylghklvx�\uoh^Z�nhlhgZ�\�gZijZ\e_gbb��iZjZee_evghf�]jZgbp_�kehy��<�i_�
j_^g_c�ihemiehkdhklb�\�k\yab�k�[hevr_c�oZhlbaZpb_c�ljZ_dlhjbb�\�[he__�lhekluo�keh�
yo�dhebq_kl\h�jZkk_ygguo�nhlhgh\�gZ�fZeu_�m]eu�mf_gvrZ_lky��lh]^Z�dZd�gZ�[hevrb_�
m]eu�–�m\_ebqb\Z_lky��Ihwlhfm�k�m\_ebq_gb_f�lhesbgu�kehy�m\_ebqb\Z_lky�dhebq_kl�
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\h�nhlhgh\��jZkk_ygguo�gZ�[hevrb_�m]eu��<� aZ^g_c�ihemiehkdhklb��\�hlebqb_�hl�i_�
j_^g_c��k�jhklhf�d�gZ[ex^Z_lky�m\_ebq_gb_�bgl_gkb\ghklb�k\_lZ��jZkk_yggh]h�ih^�jZa�
gufb�m]eZfb��\iehlv�^h�ij_^_evgh]h�agZq_gby�d*

��kms_kl\h\Zgb_�dhlhjh]h�h[mkeh\e_gh�
fgh]hdjZlguf�jZkk_ygb_f��>ey�keh_\�lhesbghc�d > d*

�bgl_gkb\ghklv�k\_lZ��jZkk_yggh�
]h�\�aZ^gxx�ihemiehkdhklv��g_�aZ\bkbl�hl�lhesbgu�kehy��Dhgdj_lgh_�agZq_gb_�d* aZ\b�
kbl�hl�iZjZf_ljh\�fh^_eb��>ey�iZjZf_ljh\��ij_^klZ\e_gguo�\�lZ[ebp_��d* §���ff� 
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Jbk�����Bg^bdZljbku�jZkk_ygby�^ey�keh_\�djh\b�jZaebqghc�lhesbgu 

 
Ihemq_ggu_� \� gZklhys_c� jZ[hl_� j_amevlZlu� fh^_ebjh\Zgby� \Z`gu� ^ey� ijZ�

\bevghc�bgl_jij_lZpbb�^Zgguo��ihemqZ_fuo�\�wdki_jbf_glZo�ih�k\_lhjZkk_ygbx��ijh�
\h^ysboky�k�ijh[Zfb�p_evghc�djh\b�b�k�h[jZapZfb�djh\_gZiheg_gguo�ldZg_c� 

 

1. EhiZlbg�<�G���Ijb_a`_\�:�<��b�^j��F_lh^u�k\_lhjZkk_ygby�\�ZgZeba_�^bki_jkguo�
[bheh]bq_kdbo�kj_^��F���NbafZlebl������������k�� 

2. Dbjbeebg�F�X���Ijb_a`_\�:�<��D\Zglh\Zy�we_dljhgbdZ� 32, 883-887 (2002) 
3. Roggan A., Friebel M., Dorschel K., Hahn A., and Muller G. J. Biomed. Optics, 4, 36-46 

(1999) 
4. Yaroslavsky A.N., Yaroslavsky I.V., Goldbach T., Schwarzmaier H.-J. J. Biomed. Optics, 

4, 47-53 (1999) 
 
 

M>D������� 

F?@FHE?DMEYJGH?�<A:BFH>?CKL<B?�B�>BG:FBD:�
FHE?DME�DHEE:=?G:�<�<H>GUO�J:KL<HJ:O 

*∗
�;hcdh�:�<���I_jnbev_\Z�B�:� 

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

<�gZklhys__�\j_fy�h^ghc�ba�gZb[he__�ZdlmZevguo�ijh[e_f�f_^bpbgkdhc�[bhnb�
abdb�y\ey_lky�bamq_gb_�[_edh\��b�bo�\h^guo�jZkl\hjh\��dhlhju_�b]jZxl�qj_a\uqZcgh�
\Z`gmx�jhev�\�`b\uo�hj]ZgbafZo� 

                                                           
*∗) >hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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H^gbf�ba�kZfuo�jZkijhkljZg_gguo�[_edh\��\oh^ysbo�\�khklZ\�hj]ZgbafZ�q_eh�
\_dZ��y\ey_lky�dheeZ]_g��Hg�\oh^bl�\�khklZ\�lZdbo�ldZg_c��dZd�dh`Z��dhklb��kmoh`beby�
�dheeZ]_g� I-]h� lbiZ��� \� khklZ\� ojys_\hc� ldZgb� �dheeZ]_g� II-]h� lbiZ��� h[jZam_l� kl_gdb�
djh\_ghkguo�khkm^h\��dheeZ]_g�III- ]h�lbiZ���Z�lZd`_�h[jZam_l�kh_^bgbl_evgu_�f_f[jZ�
gu��dheeZ]_g�IV-]h�lbiZ�� 

Hilbq_kdb_�k\hckl\Z�b�fhe_dmeyjgZy�ih^\b`ghklv�dheeZ]_gZ�fh]ml�[ulv�bkke_�
^h\Zgu�f_lh^Zfb�klZlbq_kdh]h�b�^bgZfbq_kdh]h�jZkk_ygby�k\_lZ� 

<�^Zgghc�jZ[hl_�[ueh�ijh\_^_gh�^\Z�\b^Z�wdki_jbf_glh\��;ueZ�hij_^_e_gZ�bah�
we_dljbq_kdZy�lhqdZ�dheeZ]_gZ��Z�lZd`_�baf_j_gu�_]h�fZkkZ�b�dhwnnbpb_gl�f_`fhe_�
dmeyjgh]h�\aZbfh^_ckl\by�ijb�baf_g_gbb�pH�jZkl\hjZ��Baf_g_gb_�jG�kj_^u�hkms_kl�
\eyehkv�ijb�ihfhsb�^h[Z\e_gby�\�\h^m�dbkehlu�beb�hkgh\Zgby� 

>bgZfbq_kdb_�iZjZf_lju�fZdjhfhe_dme�fh]ml�[ulv�bamq_gu�k�ihfhsvx�f_lh^Z�
nhlhggh-dhjj_eypbhgghc�ki_dljhkdhibb� 

Ih� j_amevlZlZf� wdki_jbf_glh\�� ijh\_^_gguo� k� ihfhsvx� nhlhggh-
dhjj_eypbhggh]h� ki_dljhf_ljZ� ^ey� dheeZ]_gZ�� [ueh� h[gZjm`_gh�� qlh� dhwnnbpb_gl�
ljZgkeypbhgghc�^bnnmabb�bf__l�fZdkbfmf�\[ebab�bahwe_dljbq_kdhc�lhqdb (jG�- 5.6). 

 
 

M>D������� 

:G:EBA�NHJFBJH<:GBY�B�BGNHJF:LB<GHKLB�KB=G:E:�
HILBQ?KDH=H�DH=?J?GLGH=H�LHFH=J:N:�HL�FH>?EVGUO�

;BHLD:G?C�K�IHFHSVX�F?LH>:�FHGL?-D:JEH 

Dbjbeebg�F�X� 

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

Hilbq_kdZy�dh]_j_glgZy�lhfh]jZnby� �HDL��–�h^bg�ba�kh\j_f_gguo�hilbq_kdbo�
f_lh^h\�\bamZebaZpbb��ijbf_gy_fuo�\�[bhf_^bpbg_�–�hkgh\ZgZ�gZ�ijbgpbi_�gbadhdh�
]_j_glghc�bgl_jn_jhf_ljbb�>�@� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�hp_gdZ�\deZ^Z�\�kb]gZe�HDL�nhlhgh\�jZaebqguo�
njZdpbc�� jZaebqZxsboky� ihjy^dZfb� jZkk_ygby� b� ijh[_]Zfb� nhlhgh\�� <� jZ[hl_� jZk�
kfhlj_gu� ^\_� deZkkbnbdZpbb� jZkk_ygguo� gZaZ^�nhlhgh\��I_j\Zy� ba� gbo� hlghkblky� d�
ehdZebaZpbb�jZkk_b\Zxsbo�gZaZ^�hilbq_kdbo�g_h^ghjh^ghkl_c�kj_^u�>�@��Nhlhg�gZau�
\Z_lky�fgh]hdjZlgh�jZkk_ygguf��_keb�jZaghklv�f_`^m�hilbq_kdhc�^ebghc�_]h�ijh[_]Z�\�
kj_^_�b�m^\h_gghc�fZdkbfZevghc�]em[bghc�_]h�ijhgbdgh\_gby�ij_\urZ_l�^ebgm�dh]_�
j_glghklb�bkihevam_fh]h�bklhqgbdZ�k\_lZ��<�wlhf�kemqZ_�nhlhg�g_k_l�bkdZ`_ggmx�bg�
nhjfZpbx�h�]em[bg_�ehdZebaZpbb�jZkk_y\r_c�_]h�hilbq_kdhc�g_h^ghjh^ghklb��<�khhl�
\_lkl\bb� kh� \lhjhc� deZkkbnbdZpb_c�� hibjZxs_cky� gZ� ^bnnmabhggmx� l_hjbx��nhlhg�
gZau\Z_lky�^bnnmaguf��_keb�qbkeh�bkiulZgguo�bf�Zdlh\�jZkk_ygby�ij_\urZ_l�djblb�
q_kdh_�hlghr_gb_�ljZgkihjlghc�^ebgu�\�kj_^_�d�kj_^g_c�^ebg_�k\h[h^gh]h�ijh[_]Z�>�@��
>bnnmagu_�nhlhgu� ©aZ[u\Zxlª� k\h_� bagZqZevgh_� gZijZ\e_gb_� ^\b`_gby� b� g_� g_kml�
ihe_aghc�bgnhjfZpbb�h�jZkij_^_e_gbb�hilbq_kdbo�g_h^ghjh^ghkl_c�kj_^u� 

Wdki_jbf_glZevgh�hij_^_eblv�djZlghklv�jZkk_ygby�nhlhgZ�g_\hafh`gh��Ihwlh�
fm�g_h[oh^bfh�bkihevah\Zlv�qbke_ggu_�f_lh^u�ZgZebaZ��Fhgl_-DZjeh�fh^_ebjh\Zgb_�
y\ey_lky�m^h[guf�bgkljmf_glhf�^ey�j_r_gby�wlhc�aZ^Zqb��Fu�ijh\_eb�fh^_ebjh\Zgb_�
kb]gZeh\�HDL�f_lh^hf�Fhgl_-DZjeh��hkgh\u\Zykv�gZ�jZkij_^_e_gbb�nhlhgh\�ih�^eb�
gZf�ijh[_]Z�\�bkke_^m_fhc�kj_^_� 
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<� dZq_kl\_�fh^_evguo� h[t_dlh\� bkke_^h\Zgby�fu� \u[jZeb� bgljZebib^� k� dhg�
p_gljZpb_c����b�kmki_gabx�g_Z]j_]bjmxsbo�wjbljhpblh\�k�h[t_fghc�dhgp_gljZpb_c��
jZ\ghc�����dZd�dhfihg_glu�hilbq_kdh]h�nZglhfZ�dh`b��H[jZapu�ij_^klZ\eyeb�kh[hc�
iehkdb_�kehb�lhesbghc���ff��khklhysb_�eb[h�p_ebdhf�ba�bgljZebib^Z��eb[h�p_ebdhf�
ba�kmki_gabb�wjbljhpblh\��eb[h�ba�h^gh]h�beb�^\mo�keh_\�kmki_gabb�wjbljhpblh\��ih�
]jm`_gguo� \� bgljZebib^�� <� ihke_^g_f� kemqZ_� lhesbgu� b� ]em[bgu� aZe_]Zgby� keh_\�
khhl\_lkl\h\Zeb�lhesbgZf�b�]em[bgZf�aZe_]Zgby�dZibeeyjh\�\�dh`_�q_eh\_dZ� 

Ihemq_ggu_�fh^_evgu_�kb]gZeu�HDL�hl�keh_\�bgljZebib^Z�b�kmki_gabb�wjbl�
jhpblh\�ij_^klZ\e_gu�gZ�jbk�����Ba�wlbo�jbkmgdh\�fh`gh�\b^_lv��qlh�^ey�bgljZebib^Z�
fgh]hdjZlgZy�b�^bnnmagZy�dhfihg_glu�^Zxl�ij_h[eZ^Zxsbc�\deZ^�\�kb]gZe�HDL�gZ�
]em[bgZo��[hevrbo�����b�����ff�khhl\_lkl\_ggh��>ey�kmki_gabb�wjbljhpblh\�wlb�\_eb�
qbgu�khklZ\eyxl�����b�����ff�khhl\_lkl\_ggh��Fu�lZd`_�ihdZaZeb��qlh�\�kemqZ_�ih]jm�
`_gby�\�bgljZebib^�keh_\�kmki_gabb�wjbljhpblh\�kb]gZeu�hl� ]jZgbp�keh_\�� ]em[bgu�
dhlhjuo�g_�ij_\hkoh^yl�����ff��q_ldh�jZaebqbfu��GZ�[hevrbo�]em[bgZo�wlb�kb]gZeu�g_�
\b^gu�ba-aZ�ij_h[eZ^Zgby�fgh]hdjZlgh]h�b�^bnnmagh]h�jZkk_ygby��Klhbl�hlf_lblv��qlh�
gZ�jbk���\�kemqZ_�bgljZebib^Z�jZaebqbfZ�]jZgbpZ�kehy��ibd�gZ�hilbq_kdhc�]em[bg_������
ff���qlh�h[tykgy_lky�[hevr_c�jZagbp_c�ihdZaZl_e_c�ij_ehfe_gby�gZ�jZa^_e_�kj_^�bg�
ljZebib^-\ha^mo�ih�kjZ\g_gbx�k�wlhc�jZagbp_c�gZ�jZa^_e_�bgljZebib^-kmki_gaby�wjbl�
jhpblh\� 
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Jbk����Fh^_evgu_�kb]gZeu�HDL�hl�kehy�bgljZebib^Z��Z��b�kmki_gabb�wjbljhpblh\��[��b�\deZ^u�jZa�
ebqguo�dhfihg_gl 

 
GZrb�bkke_^h\Zgby�iha\heyxl�aZdexqblv��qlh�ijb�j_r_gbb�aZ^Zq�^_l_dlbjh\Z�

gby� \gmlj_ggbo� h[t_dlh\� \� kj_^_� hilbfZevgh� bkihevah\Zlv� deZkkbnbdZpbx� ^bnnma�
guo-g_^bnnmaguo�nhlhgh\��\�lh�\j_fy�dZd�[he__�kljh]mx�deZkkbnbdZpbx�fgh]h-�b�fZ�
ehdjZlgh�jZkk_ygguo�nhlhgh\�hilbfZevgh�bkihevah\Zlv�ijb�j_r_gbb�aZ^Zq�ehdZebaZ�
pbb�wlbo�h[t_dlh\� 

 
1. Handbook of Optical Coherence Tomography, Bouma B.E., Tearney G.J., eds. (New 
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2. Wang R.K. Signal degradation by multiple scattering in optical coherence tomography of 

dense tissue: a Monte Carlo study towards optical clearing of biotissues, Phys. Med. Biol. 
47, 2281-2299 (2002). 

3. Dbjbeebg� F�X��� Ijb_a`_\� :�<��� Fhgl_-DZjeh� fh^_ebjh\Zgb_� jZkijhkljZg_gby�
eZa_jgh]h� imqdZ� \� iehkdhf� keh_� kmki_gabb� wjbljhpblh\��KjZ\g_gb_� \deZ^h\� jZa�
ebqguo� djZlghkl_c� jZkk_ygby� \� m]eh\h_� jZkij_^_e_gb_� k\_lZ�� D\Zglh\Zy�
we_dljhgbdZ 10, 883-887 (2002). 
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M>D����� 

:GLBHDKB>:GLGU?�IJHP?KKU�B�:DLB<GU?�NHJFU�:AHL: 
<�LD:GB�K?J>?QGHC�FURPU 

*∗)=m^dh\ E.E., =m[dbg :.:., RmfZ_\ D.;. 

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

F_lZ[hebaf�Zdlb\guo�nhjf�dbkehjh^Z�b�ZahlZ�y\ey_lky�\Z`ghc�khklZ\eyxs_c�
fgh]bo� ghjfZevguo� b�iZlheh]bq_kdbo�ijhp_kkh\� \� hj]Zgbaf_� q_eh\_dZ��<�gZklhys__�
\j_fy�y\ey_lky�^hdZaZgguf�mqZklb_�wlbo�Zdlb\guo�kh_^bg_gbc�\�jZa\blbb�k\yaZgguo�k�
hdbkebl_evguf�klj_kkhf�iZlheh]bc��\�lhf�qbke_�Zl_jhkde_jhaZ��br_fbq_kdhc�[he_agb�
k_j^pZ��g_cjh^_]_g_jZlb\guo�aZ[he_\Zgbc��dZlZjZdlu��jZdZ�b�^bZ[_lZ��K�^jm]hc�klhjh�
gu�� Zdlb\gu_�nhjfu� dbkehjh^Z� b� ZahlZ�� \ebyy� gZ� j_^hdk-klZlmk� de_ldb�� j_]mebjmxl�
[hevrh_�qbkeh�nbabheh]bq_kdbo�ijhp_kkh\��Z�lZd`_�y\eyxlky�wnn_dlhjZfb�bffmgghc�
kbkl_fu��Hl�ijhp_kkh\�k\h[h^gh�jZ^bdZevgh]h�hdbke_gby�fh`_l� aZ\bk_lv�\u`b\Zgb_�
beb�]b[_ev�de_lhd�ih�imlb�ZihilhaZ�beb�g_djhaZ�\�oh^_�br_fbb�j_i_jnmabb��:dlb\gu_�
nhjfu�ZahlZ�dZd�kb]gZevgu_�fhe_dmeu�lZd`_�mqZkl\mxl�\�j_]meypbb�ijh]jZffbjm_fhc�
]b[_eb� de_lhd��Ijhhdkb^Zglgu_� Zdlb\gu_�nhjfu� ZahlZ� �i_jhdkbgbljbl�� gbljhdkbev�
guc�Zgbhg��fh]ml�kihkh[kl\h\Zlv�g_djham�ldZgb��<�lh`_�\j_fy�ba\_klgh��qlh�kZf�hdkb^�
ZahlZ� b� gbljhabevguc� dZlbhg� h[eZ^Zxl� Zglbhdkb^Zglgufb� k\hckl\Zfb�� LZd�� 6-
gbljhah]emlZlbhg� �*612�� \� hlebqbb� hl�gbljhdkbevgh]h� ZgbhgZ� h[eZ^Z_l� dZj^bhijh�
l_dlhjguf�^_ckl\b_f�ijb�hdbkebl_evghf�klj_kk_�\�k_j^_qghc�furp_��>bgbljhabevgu_�
dhfie_dku�`_e_aZ�k�]emlZlbhghf��>GD@��dZd�b�*612�kh^_j`Zl�gbljhabevguc�dZlbhg�
�12���b�h[eZ^Zxl�Zglbhdkb^Zglgufb�k\hckl\Zfb��Wlb�ijhba\h^gu_�12��ih-\b^bfhfm��
y\eyxlky�h^gbfb�ba�hkgh\guo�nhjf�^_ihgbjh\Zgby�b�ljZgkihjlZ�hdkb^Z�ZahlZ�\�hj]Z�
gbaf_��<�gZklhys__�\j_fy�Zdlb\gh�bamqZ_lky�jhev�>GD@�dZd�kb]gZevguo�fhe_dme��<�
k\yab�k�wlbf�fu�bamqZeb�Zglbhdkb^Zglgh_�^_ckl\b_�>GD@�b�*612�\�mkeh\byo�fh^_�
ebjmxsbo�hdbkebl_evguc�klj_kk�\�fbhdZj^_�� 

H[gZjm`_gh�� qlh� \� mkeh\byo� n_jf_glZlb\ghc� �\� kbkl_f_� dkZglbg-
dkZglbghdkb^ZaZ�� b� g_n_jf_glZlb\ghc� �\� ijbkmlkl\bb� kmi_jhdkb^Z� dZeby�� ]_g_jZpbb�

2O• − �gZ[ex^ZeZkv�[ukljZy�^_kljmdpby�>GD@��Bg]b[bjh\Zgb_�h[jZah\Zgby�\�wlbo�mk�
eh\byo� Z^^mdlZ� kmi_jhdkb^Z� kh� kibgh\hc� eh\mrdhc� '(3032� mdZau\Z_l� gZ� lh�� qlh�
>GD@� wnn_dlb\gh� i_j_o\Zlu\Z_l� kmi_jhdkb^guc� jZ^bdZe�� Ke_^m_l� hlf_lblv�� qlh�
*612� lZd`_� bg]b[bjh\Ze� h[jZah\Zgb_� kibg� Z^^mdlZ� 2O• − �b� '(3032��;ukljZy� ^_kl�
jmdpby�>GD@�gZ[ex^ZeZkv�b�\� kbkl_f_� kh^_j`Zs_c�f_lfbh]eh[bg�b� ]b^jhi_jhdkb^�
lj_l-[mlbeZ��<� wlhc�fh^_eb� h[jZamxlky� dZd� Zedhdkbevgu_� b� i_jhdkbevgu_� jZ^bdZeu�
lj_l-[mlbeZ�lZd�b�y\eyxsbcky�fhsguf�hdbkebl_e_f�n_jjbefbh]eh[bg��IhdZaZgh��qlh��
>GD@� k� \ukhdhc� wnn_dlb\ghklvx� \hkklZgZ\eb\Z_l� n_jjbefbh]eh[bg��Wnn_dlb\gh_�
\hkklZgh\e_gb_�n_jjbe]_fZ�ih^�^_ckl\b_f�>GD@�b�hdkb^Z�ZahlZ�fh`_l�b]jZlv�qj_a�
\uqZcgh�\Z`gmx�jhev�\�aZsbl_�hl�hdbkebl_evgh]h�klj_kkZ��hkh[_ggh�\�ldZgyo�k�lZdbf�
\ukhdbf� kh^_j`Zgb_f� ]_fhijhl_b^h\�� dZd� \� k_j^_qghc� furp_��>_ckl\bl_evgh� gZfb�
ihdZaZgh�� qlh� ijb� bg^mpbjh\Zgghf� ]b^jhi_jhdkb^hf� lj_l-[mlbeZ� k\h[h^ghjZ^bdZev�
ghf�hdbke_gbb�]hfh]_gZlZ�ldZgb�k_j^_qghc�furpu�djuk�*612�bg]b[bjm_l�h[jZah\Z�
gb_�fZehgh\h]h�^bZev^_]b^Z�y\eyxs_]hky�\lhjbqguf�ijh^mdlhf�i_j_dbkgh]h�hdbke_�

                                                           
*∗
��>hdeZ^�hlf_q_g�`xjb�dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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gby�ebib^h\��Ijb�wlhf�*612�ijZdlbq_kdb�iheghklvx�ij_^hl\jZsZ_l�hdbkebl_evgmx�
^_kljmdpbx�lZdh]h�\Z`gh]h�Zglbhdkb^ZglZ�dZd�dhwgabf�4��m[bobghg���LZdbf�h[jZahf��
gZfb�ih^l\_j`^_gh�lh��qlh�kh^_j`Zsb_�12��Zdlb\gu_�nhjfu�ZahlZ�fh]ml�[ulv�ijh�
l_dlhjZfb�\�mkeh\byo� ]_g_jZpbb�bgl_jf_^bZlh\� k\h[h^gh-jZ^bdZevguo�j_Zdpbc��ijh�
bkoh^ysbo�\�oh^_�br_fbb�j_i_jnmabb�fbhdZj^Z�� 

 
 

<HAFH@GHKLB�L?KLBJH<:GBY�IHQ?QGHC�G?>HKL:LHQGHKLB�
K�IHFHSVX�:G:EBA:�IJH>MDLH<�>UO:GBY�Q?EH<?D:�

F?LH>HF�F:KK-KI?DLJHF?LJBB 

Bevq_gdh�<�<���D\ZkgbpZ�F�<���DjZ\q_gdh�H�B� 

Db_\kdbc�gZpbhgZevguc�mgb\_jkbl_l�bf��L��R_\q_gdh��MdjZbgZ 

GhjfZevguc�q_eh\_q_kdbc�\u^ho�kh^_j`bl�hdheh� ����e_lmqbo�hj]Zgbq_kdbo�b�
g_hj]Zgbq_kdbo� dhfihg_glh\�� dhlhju_� ijhgbdZxl� \� \u^uoZ_fuc� \ha^mo� iml_f�
iZkkb\ghc� ^bnnmabb� q_j_a� Zev\_heyjgmx� f_f[jZgm�� ;he_agb� b� lhdkbgu� \uau\Zxl�
baf_g_gby�dhgp_gljZpbb�b�ihlhdZ�wg^h]_gguo�f_lZ[heblh\��;bhobfbq_kdb_�baf_g_gby�
y\eyxlky� ki_pbnbqgufb� ^ey� hij_^_e_gghc� lhdkbdZpbb� beb� aZ[he_\Zgby�� LZdbf�
h[jZahf��khklZ\�djh\b�b�\u^uoZ_fh]h�\ha^moZ�fh`gh�kqblZlv�dhjj_ebjh\Zggufb� >�@��
>ey�hij_^_e_gby�baf_g_gbc�\�khklZ\_�\u^uoZ_fh]h�\ha^moZ��dhlhju_�ijhbkoh^yl�ijb�
aZ[he_\Zgbb� ihq_qghc� g_^hklZlhqghklvx�� gZfb� [ueb� ijh\_^_gu� fZkk-
ki_dljhf_ljbq_kdb_�bkke_^h\Zgby�ijh^mdlh\�^uoZgby�k�ihke_^mxsbf�klZlbklbq_kdbf�
ZgZebahf�� 

Jbk�����Lbibqguc�fZkk-ki_dlj�ijh^mdlh\�\u^hoZ�mkeh\gh�a^hjh\h]h�q_eh\_dZ� �Z���lbibqguc�fZkk-
ki_dlj�ijh^mdlh\�\u^hoZ�q_eh\_dZ��[hevgh]h�ihq_qghc�g_^hklZlhqghklvx�^h�ijhp_^mju�^bZebaZ��[� 

 
Ijh^mdlu� ^uoZgby� iZpb_glh\�� kh[jZggu_� ^h� b� ihke_� ijhp_^mju� ^bZebaZ�� b�

ijh^mdlu�^uoZgby�dhgljhevghc�]jmiiu��mkeh\gh�a^hjh\uo�ex^_c��ZgZebabjh\Zebkv�gZ�
fZ]gblghf� fZkk-ki_dljhf_lj_�FB����� \� ^bZiZahg_� fZkk� ��-��� Z�_�f�� DZd� \b^gh� gZ�
ki_dljZo��hkgh\guf�dZq_kl\_gguf�hlebqb_f�y\eyxlky�gh\u_�dhfihg_glu�\�^bZiZahg_�
fZkk�hl���-���Z�_�f��Kh]eZkgh�ebl_jZlmjguf�^Zgguf�>�@�ijb�^Zgghc�iZlheh]bb�\�\u^ho_�
fh]ml�gZ[ex^Zlvky�^bf_lbeZfbg�b�ljbf_lbeZfbg� 

;hevrhc� gZ[hj� ki_dljZevguo� ^Zgguo� beexkljbjm_l� fgh]h� wnn_dlh\�� \� lhf�
qbke_�b�ghjfZevgu_�nbabheh]bq_kdb_�hlebqby��Ihwlhfm�b^_glbnbpbjh\Zlv�agZqbfu_�
baf_g_gby� g_� ijhklh�� >ey� deZkkbnbdZpbb� fZkk-ki_dljh\� [_a� b^_glbnbdZpbb�
khklZ\eyxsbo�\u^ho�\_s_kl\�fh`gh�ijb[_]gmlv�d�klZlbklbq_kdhc�h[jZ[hld_�^Zgguo�
>�@��FZkk-ki_dlj�fh`gh�ij_^klZ\blv� dZd� lhqdm� \� ki_dljZevghf�ijhkljZgkl\_�� lh� _klv�
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(v1, …, vr��� ]^_� Yi� hlghkbl_evgu_� bgl_gkb\ghklb� �-lh]h� ibdZ�� dhlhju_� y\eyxlky�
nmgdpbyfb� dhgp_gljZpbc� \k_o� ijbkmlkl\mxsbo� \� h[jZap_� ^uoZgby�fhe_dme�� Lhqdb��
hl\_qZxsb_� ki_dljZf� a^hjh\hc� ]jmiiu�� h[jZamxl� \� wlhf� ijhkljZgkl\_� deZkl_j��

hlebqguc� hl� deZkl_jZ� lhq_d�� khhl\_lkl\mxsbo� \u^hoZf� [hevguo�� <hafh`gh� lZd`_�
i_j_dju\Zgb_� deZkl_jh\� \� gZijZ\e_gbb� hk_c�� dhlhju_� hl\_qZxl� g_dhlhjuf�
g_baf_gguf�khklZ\eyxsbf�\u^hoZ��gZ�dhlhju_�^ZggZy�iZlheh]by�g_�\eby_l��Ijh[e_fZ�
khklhbl�\�lhf��qlh�^Zggh_�ki_dljZevgh_�ijhkljZgkl\h�bf__l�fgh]h�baf_j_gbc��Z�ihlhfm�
ijyfhc�]jZnbq_kdbc�ZgZeba�g_\hafh`_g��>ey�h[_ki_q_gby�ZgZebaZ�fh`gh�bkihevah\Zlv�
klZlbklbq_kdb_� f_lh^u� h[jZ[hldb� fgh]hf_jguo� ^Zgguo�� lZdb_� dZd� ZgZeba� ]eZ\guo�
dhfihg_gl��ijb�dhlhjhf�^Zggu_�ijh_dlbjmxlky�gZ�hkb��khhl\_lkl\mxsb_�gZb[hevr_c�
^bki_jkbb�� :gZeba� ]eZ\guo� dhfihg_gl� y\ey_lky� ij_h[jZah\Zgb_f� ki_dljZevgh]h�
ijhkljZgkl\Z� \� ijhkljZgkl\h� f_gvr_c� jZaf_jghklb� k� fZehc� beb� [_a� ihl_jb�
bgnhjfZlb\ghklb�� h[_ki_qb\Z_l� ]jZnbq_kdh_� ij_^klZ\e_gb_� fgh]hf_jguo� ^Zgguo� b�
gZqZevgmx�deZkkbnbdZpbx�h[t_dlh\��=eZ\gu_�dhfihg_glu�–�hjlh]hgZevgu_�ebg_cgu_�
dhf[bgZpbb� gZqZevguo� i_j_f_gguo�� P_evx� ZgZebaZ� [ueh� \u^_eblv� hkb�
ijh_dlbjh\Zgby��h[jZah\Zggu_�gZb[he__�^bkdjbfbgbjmxsbfb�dhfihg_glZfb��lh�_klv�
l_fb��dhlhju_�b�\ghkyl�hkgh\ghc�\deZ^�\�jZaebqb_�fZkk-ki_dljh\�ijh^mdlh\�^uoZgby�
[hevguo�b�a^hjh\uo� 

J_amevlZlu� ijh\_^_gghc� fZl_fZlbq_kdhc� h[jZ[hldb� ihemq_gguo�
wdki_jbf_glZevgh�fZk-ki_dljh\�ijb\_^_gu�gZ�Jbk�����Z��[���>bZ]jZffu�beexkljbjmxl�
jZa[b_gb_� gZ[hjZ�fZkk-ki_dljh\� gZ� deZkl_ju�� khhl\_lkl\mxsb_� [hevguf� ^h� b� ihke_�
^bZebaZ��b� deZkl_j� dhgljhevghc� ]jmiiu�iZpb_glh\��DZd� \b^gh�ba�Jbk�� �� �Z��[�� lhqdb��
khhl\_lkl\mxsb_� \u^hoZf� [hevguo� ihke_� ijhp_^mju� ^bZebaZ� gZoh^ylky� [eb`_� d�
dhgljhevghc�]jmii_��qlh�fh`_l�k\b^_l_evkl\h\Zlv�h�wn_dlb\ghklb�ijhp_^mju�^bZebaZ�� 

LZdbf� h[jZahf�� ij_^eh`_gguc� f_lh^� ZgZebaZ� ijh^mdlh\� ^uoZgby� k�
ihke_^mxs_c� klZlbklbq_kdhc� h[jZ[hldhc� ihemq_gguo� j_amevlZlh\� fh`_l� [ulv�
bkihevah\Zg�ijb�bkke_^h\Zgbb�ijhp_kkh\�f_lZ[hebafZ��hp_gdb�wnn_dlb\ghklb�gh\uo�
e_dZjkl\_gguo�ij_iZjZlh\��ijh\_^_gbb�fhgblhjbg]Z�khklhygby�iZpb_glZ�b�hldju\Z_l�
i_jki_dlb\u�_]h�bkihevah\Zgby�\�l_e_f_^bpbg_�� 

 
1. Philips M. Method for the collection and Assay of Volatile Organic Compounds in 

breath// Analytical Biochemistry 1997, 247, p. 272-278. 

     
 

Jbk�� ���IjhkljZgkl\h� ]eZ\guo� dhfihg_gl� �ljb� ]eZ\guo� dhfihg_glu� �]�d���� ]�d���� ]�d���� –� Z�� ^\_�
]eZ\guo�dhfihg_glu�–�[��beexkljbjm_l�jZa^_e_gb_�^Zgguo��hl\_qZxsbo�fZkk-ki_dljZf�ijh^mdlh\�
^uoZgby�,-[hevguo�^h�ijhp_^mju�^bZebaZ��,,-ihke_�ijhp_^mju��,,,�–dhgljhevghc�]jmiiu 
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2. Kvasnitsa M.V., Ilchenko V.V., Kravchenko A.I. Mass spectrometry of exhalation air as a new 
approach to testing of illness. Proceedings of the Fourth International Young Scientists 
Conference on Applied Physics. Ukraine, Kyiv, 2004, p. 173-175. 

 
 

BAF?G?GB?�KM>HJH@GHC�=HLH<GHKLB�FHA=:�DJUK 
IJB�<HA>?CKL<BB�WE?DLJHF:=GBLGUO�IHE?C�

�WDKI?JBF?GL:EVG:Y�FH>?EV�KM>HJH=� 
<UAU<:?FUO�O?FHDHG<MEVK:GLHF� 

Eh[Zgh\Z�:�:���Ihih\Z�:�<���=bg_\kdbc�>�:���:[[Zkh\Z�D�J� 

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

Hiul� fgh]he_lgbo� gZ[ex^_gbc� ihdZaZe�� qlh� we_dljhfZ]gblgu_� ihey� �WFI��
ij_^klZ\eyxl�ihl_gpbZevgmx�m]jham�^ey�a^hjh\vy�q_eh\_dZ�b�y\eyxlky�g_�f_g__�kms_�
kl\_ggufb��q_f�lZdb_�debfZlbq_kdb_�nZdlhju��dZd�l_fi_jZlmjZ��^Z\e_gb_�b�\eZ`ghklv�
>����@��JZajZ[hlZgu�kZgblZjgu_�ghjfu�WFI�^ey�[ulh\uo�ijb[hjh\��gZdhie_gu�wdki_�
jbf_glZevgu_� ^Zggu_�� ih^l\_j`^Zxsb_� ihl_gpbZevgmx� hiZkghklv� gbadhqZklhlguo�
ihe_c�\�[eb`g_c�ahg_��hdheh����F=p��^ebgZ�\hegu�a���f���<f_kl_�k�l_f�\�debgbq_kdhc�
f_^bpbg_�^_ckl\b_�WFI�hp_gb\Z_lky�g_h^ghagZqgh��ihy\eyxlky�im[ebdZpbb�b�e_q_[�
gu_�j_dhf_g^Zpbb�ih�bkihevah\Zgbx�WFI�ijb�wibe_ikbb�>�@�� 

P_evx�gZklhys_c�jZ[hlu�[ueh� wdki_jbf_glZevgh_�bamq_gb_� \ebygby�WFI�gZ�
oZjZdl_j�wibe_ilbq_kdbo�km^hjh]��\uau\Z_fuo�o_fhdhg\mevkZglhf�–�i_glbe_gl_ljZah�
ehf��ILA-l_kl��m�djuk��Hiul�ijh\h^beb�ih�ke_^mxs_c�ko_f_��>h�\ha^_ckl\by�WFI�m�
\k_o� `b\hlguo� hij_^_eyeb� km^hjh`guc� ihjh]� \\_^_gb_f� i_glbe_gl_ljZaheZ� �ILA���
ILA�hdZau\Z_l�^_ckl\b_�dZd�ZglZ]hgbkl�=:FD:�j_p_ilhjh\��qlh�\uau\Z_l�j_adh_�kgb�
`_gby�lhjfh`_gby�\�g_cjhgZo�fha]Z��\�hkgh\ghf�\�g_cjhgZo�]biihdZfiZ��ih\ur_gb_�
we_dljbq_kdhc� Zdlb\ghklb� dhlhjh]h� bgbpbbjm_l� km^hjh`guc� ijbiZ^hd��Ih\urZ_lky�
\ha[m^bfhklv�g_cjhgh\��km^hjh`guc�ihjh]�fha]h\uo�kljmlmj�kgb`Z_lky�>�@��iZlheh]b�
q_kdZy�Zdlb\ghklv�jZkijhkljZgy_lky�gZ�dhjm�b�ih^dhjdh\u_�kljmdlmju��ijhbkoh^bl�]_�
g_jZebaZpby� wibe_ilbq_kdhc� Zdlb\ghklb�� hp_gb\Z_fZy� ih� \h\e_q_gbx� hij_^_e_gguo�
]jmii�furp�\�km^hjh`guc�ijbiZ^hd�� 

ILA�\\h^beb�ih�fh^bnbpbjh\Zgghfm�f_lh^m�>�@��ljb�bgt_dpbb�ILA�ih����f]�d]�
fZkku�l_eZ���<�mdZaZgghf�l_kl_�nbdkbjm_lky�^haZ�dhg\mevkZglZ��ijb�dhlhjhc�gZklmiZxl�
km^hjh]b��baf_jy_lky��\�k_dmg^Zo��eZl_glguc�i_jbh^�gZklmie_gby�dehgbdh-lhgbq_kdh]h�
fhlhjgh]h�ijbiZ^dZ��qlh�khhl\_lkl\m_l��-��klZ^byf�ih�rdZe_�I�FZj_rZ�–�=�Dm[h\hc��
Ih�ly`_klb�km^hjh]�ih^hiulgu_�`b\hlgu_�[ueb�jZa[blu�gZ�ljb�h^ghjh^gu_�]jmiiu��
I_j\Zy�]jmiiZ�djuk�\�l_q_gb_���^g_c�ih���qZkh\�\�kmldb�ih^\_j]ZeZkv�h[emq_gbx�gba�
dhqZklhlguf�we_dljhfZ]gblguf�ihe_f��]_g_jbjm_fuf�we_dljhgghemq_\hc�ljm[dhc�fh�
gblhjZ�>�@��<lhjZy�]jmiiZ�ih^\_j]ZeZkv�ZgZeh]bqghfm�\ha^_ckl\bx��gh�h^gh\j_f_ggh�k�
wlbf�gZ�`b\hlguo�wlhc�]jmiiu�hdZau\Zeh�\ebygb_�mkljhckl\h��g_cljZebamxs__�\eby�
gb_�WFI��\�^Zevg_cr_f�bf_gm_fh_�aZsblguf��Lj_lvy�]jmiiZ�[ueZ�dhgljhevghc� �gb�
dZdbo�^hihegbl_evguo�WFI�\ha^_ckl\bc��djhf_�hdjm`Zxs_c�kj_^u�eZ[hjZlhjbb��hgb�
g_�bkiulu\Zeb���GZ�q_l\_jlu_�kmldb�hiulZ�djuku�\k_o�lj_o�]jmii�ihemqZeb�^bZa_iZf�
�\gmljb[jxrbggh�\�^ha_�����f]�d]��\�e_dZjkl\_gghc�nhjf_�©j_eZgbmfª��Wlhl�ij_iZjZl�
-�ijhba\h^gh_�[_gah^bZa_ibgZ�-�h[eZ^Z_l�ijhlb\hkm^hjh`ghc�Zdlb\ghklvx�� 

KhihklZ\e_gb_�oZjZdl_jZ�wibe_ilbq_kdbo�km^hjh]��ly`_klb�fhlhjgh]h�ijbiZ^dZ�
m� djuk� \k_o� lj_o� ]jmii� iha\hey_l� k^_eZlv� ij_^\Zjbl_evgu_� \u\h^u�� qlh� ^ebl_evgh_�
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h[emq_gb_� �\� ^Zgghf� kemqZ_� ��� qZkh\h_� k� i_j_ju\Zfb�� dhfie_dkgufb� nbabq_kdbfb�
nZdlhjZfb�jZ[hlZxs_]h�^bkie_y�dhfivxl_jZ�>³Falcoń @�g_]Zlb\gh�kdZau\Z_lky�gZ�\ha�
[m^bfhklv� ]heh\gh]h� fha]Z� djuk�� We_dljhfZ]gblgh_� ihe_� [ueh� baf_j_gh� ijb[hjhf�
<?-F?LJ-:L-����\[ebab�bkihevam_fuo�fhgblhjh\��Baemq_gb_�ijbf_jgh�kh\iZ^Zeh�k�
]hkm^Zjkl\_gguf� klZg^Zjlhf� ����� ]��� k\yaZgguf� k� baemq_gb_f� [ulh\uo� b� hnbkguo�
ijb[hjh\�� <\_^_gb_� j_eZgbmfZ� hdZaZehkv� ^hklh\_jguf� iheh`bl_evguf� nZdlhjhf�
lhevdh�\�]jmii_�dhgljhevguo�`b\hlguo��Hg�m\_ebqb\Ze�eZl_glghklv�gZklmie_gby�ijb�
iZ^dZ�b�kgb`Ze�_]h�ly`_klv��<�ijbf_gy_fhc�^ha_�j_eZgbmf�g_�kfh]�dmibjh\Zlv�g_]Z�
lb\gu_�\ebygby�WFI�gZ�km^hjh`guc�ihjh]��Wlh�mdZau\Z_l�gZ�g_h[oh^bfhklv�^hihe�
gbl_evgh]h�bkke_^h\Zgby�jheb�g_�lhevdh�=:FD:�j_p_ilhjh\��gh�b�[_gah^bZa_ibgh\uo�
j_p_ilhjh\�\�j_Zdpbyo�fha]Z�gZ�WFI��^Zevg_cr_]h�\k_klhjhgg_]h�bamq_gby�\ha^_ckl�
\by�WFI�gZ�fha]�\�jZaebqguo�mkeh\byo��<�qZklghklb��\_kvfZ�i_jki_dlb\guf�ij_^klZ\�
ey_lky�g_�lhevdh�baf_g_gb_�\j_f_gb�wdkihabpbb�beb�nbabq_kdbo�iZjZf_ljh\�WFI��gh�
b�bamq_gb_�\ha^_ckl\by�WFI�\�mkeh\byo�Zdlb\gh]h�ih\_^_gby�`b\hlguo��k�ihfhsvx�
jZaebqguo�eZ[bjbglh\�b�kbevghc�fhlb\Zpbb�d�bo�ijhoh`^_gbx��gZijbf_j��\�ijhp_kk_�
h[mq_gby�� \� fhf_glu� Zdlb\ghc� fha]h\hc� ^_yl_evghklb��Fu� ij_^iheZ]Z_f�� qlh� lZdZy�
ihklZgh\dZ�wdki_jbf_glZ�ijb[ebabl�_]h�d�j_Zevguf�mkeh\byf�wdkiemZlZpbb�aZsblgh]h�
mkljhckl\Z� 

 
1. ;bg]b�<�G. FZ]gblh[bheh]by��wdki_jbf_glu�b�fh^_eb��F�������� 
2. ;bg]b�<�G���KZ\bg�:�<��Nbabq_kdb_�ijh[e_fu�^_ckl\by�keZ[uo�fZ]gblguo�ihe_c�gZ�

[bheh]bq_kdb_�kbkl_fu����MNG���������L�������������K������ 
3. $NDPDWV�L���)XHWD�<X���(QG�<X��HW�DO��'HFUHDVHG�VXVFHSWLELOLW\� WR�37=-induced seizures 

after low-frequency transcranial magnetic stimulation in rats // Neurosci. Lett., 2001. V. 
310. P. 153-156. 

4. Q_imjgh\� K�:��� Q_imjgh\Z� G�?��� :[[Zkh\Z� D�J��� =hgqZjh\� H�;� G_cjhi_ilb^�
lbjheb[_jbg� –� wg^h]_ggZy� ijhlb\hkm^hjh`gZy� aZsblZ� fha]Z� ��� Mki_ob�
nbabheh]bq_kdbo�gZmd��������L�����������K����-39.  

5. =jb]hjv_\�X�=���@bevph\�F�<���=jb]hjv_\�H�:��b�^j���I_jkhgZevguc�dhfivxl_j� - 
nbabq_kdb_�nZdlhju��\ha^_ckl\b_�gZ�ihevah\Zl_ey����Dj_fe_\kdZy�f_^bpbgZ��Debgb�
q_kdbc�\_klgbd��- 2001 -�����-�K�����- 39. 

 
 

M>D������ 

>?NHJFBJM?FHKLV�WJBLJHPBLH<�M�DJUK 
K�WDKI?JBF?GL:EVGH�<UA<:GGHC�BR?FB?C� 

<EBYGB?�K?F:DK:�IN VITRO 

Em]h\ph\�:�?�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�\ebygb_�k\h[h^ghjZ^bdZevguo�
ijhp_kkh\�y\ey_lky�k_fZdk�>�@��<�jZ[hl_�>�@�[ueh�ihdZaZgh�iheh`bl_evgh_�\ebygb_�k_�
fZdkZ� in vivo�gZ�^_nhjfbjm_fhklv�wjbljhpblh\��>ey�[he__�^_lZevgh]h�ih^l\_j`^_gby�
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ijyfh]h�\ebygby�k_fZdkZ�gZ�^_nhjfbjm_fhklv�wjbljhpblh\�\�gZklhys_c�jZ[hl_�ijh\_�
^_gu�bkke_^h\Zgby�in vitro.  

F_lh^�baf_j_gby�hkgh\Zg�gZ�j_]bkljZpbb�^bnjZdpbhgguo�bah[jZ`_gbc��ihem�
qZ_fuo�ijb�hk\_s_gbb� kbevgh�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�jZk�
q_lhf�iZjZf_ljZ�^_nhjfbjm_fhklb��I>��de_lhd�dZd�nmgdpbb�k^\b]h\hc�kdhjhklb�>�@��<�
oh^_�ijh\_^_gby�wdki_jbf_glZ�kdhjhklv�k^\b]Z�klmi_gqZlh�baf_gy_lky�\�^bZiZahg_�hl�
����� ^h� ����� k-1

��KlZlbklbq_kdbc� jZa[jhk� j_amevlZlh\� baf_j_gby�I>� gZ� ghjfZevguo�
wjbljhpblZo�khklZ\ey_l�����qlh�kjZ\gbfh�k�nbabheh]bq_kdbf�jZa[jhkhf�ih�^_nhjfZ�
pbhgguf�k\hckl\Zf�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\ in vitro� bkihevah\Zebkv� ijh[u� djh\b��
\aylu_�m�`b\hlguo�q_j_a����fbgml�ihke_�objmj]bq_kdh]h�\f_rZl_evkl\Z��KjZam�ihke_�
aZ[hjZ�djh\b�ijh\h^bebkv�baf_j_gby�I>�wjbljhpblh\��Baf_j_ggu_�agZq_gby�ijbgbfZ�
ebkv�aZ�ghjfm��k�dhlhjhc�\�^Zevg_cr_f�kjZ\gb\Zebkv�agZq_gby�I>�wjbljhpblh\��bgdm�
[bjh\Zgguo� k� k_fZdkhf� in vitro��Djh\v� ih^\_j]Zeb� qZkh\hc� bgdm[Zpbb� k� k_fZdkhf� \�
dhgp_gljZpbyo��Â ��-5, 2· 10-6, 2· 10-7, 2· 10-8�b��Â ��-9

�fhev�fde��<k_]h�[ueh�bkke_^h\Zgh����
djuk��ba�dhlhjuo���khklZ\eyeb�hiulgmx�]jmiim��djuku�k�wdki_jbf_glZevgh�\ua\Zgghc�
br_fb_c���Z���djuk�khklZ\eyeb�dhgljhevgmx�]jmiim��eh`ghhi_jbjh\Zggu_�djuku�� 

 

 
 
Jbk�����M\_ebq_gb_�iZjZf_ljZ�^_nhjfbjm_fhklb�wjbljhpblh\�ihke_�bgdm[Zpbb�bo�k�k_fZdkhf�\�jZa�
ebqguo�dhgp_gljZpbyo�^ey�hiulghc�]jmiiu�djuk��\���hl�ghjfu� 
 

 
Ih�j_amevlZlZf�wdki_jbf_glZ�ij_^kl\Ze_gguo�gZ�jbk����b�jbk����\b^gh��qlh�bg�

dm[Zpby�k_fZdkhf�djh\b�in vitro kms_kl\_ggh�m\_ebqb\Z_l I>�wjbljhpblh\�dZd�^ey�wdk�
i_jbf_glZevghc��lZd�b�^ey�dhgljhevghc�]jmiiu�djuk��M\_ebq_gb_�I>�^ey�dhgljhevghc�
]jmiiu��gZ���-�����f_gvr_��q_f�^ey�hiulghc��gZ���-������>hklh\_jguo�hlebqbc�\�ba�
f_g_gbb�I>�f_`^m�ijh[Zfb�ijb�bgdm[Zpbb�wjbljhpblh\�k�k_fZdkhf�\�jZaebqguo�dhg�
p_gljZpbyo�g_l�  

Ih� j_amevlZlZf� wdki_jbf_glZ�ihemq_gh�� qlh�bgdm[Zpby� wjbljhpblh\� k_fZdkhf�
iheh`bl_evgh�kdZau\Z_lky�gZ�I>�wjbljhpblh\�br_fbq_kdbo�djuk��GZ�hkgh\Zgbb�wlbo�
j_amevlZlh\�fh`gh� ij_^iheh`blv�� qlh� ijbf_g_gb_� ij_iZjZlZ� k_fZdk�fh`_l� iheh`b�
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l_evgh�kdZaZlvky�gZ�khklhygbb�ex^_c�k�br_fb_c�fha]Z��mf_gvrZy�\_jhylghklv�\hagbd�
gh\_gby�ljhf[h\��aZdmihjhd�khkm^h\�b�djh\hbaebygbc�aZ�kq_l�m\_ebq_gby�^_nhjfbjm_�
fhklb�wjbljhpblh\� 

 

 
 
Jbk�����M\_ebq_gb_�iZjZf_ljZ�^_nhjfbjm_fhklb�wjbljhpblh\�ihke_�bgdm[Zpbb�bo�k�k_fZdkhf�\�jZa�
ebqguo�dhgp_gljZpbyo�^ey�dhgljhevghc�]jmiiu�djuk��\���hl�ghjfu� 

 
1. NZ^xdh\Z�H�?���:e_dk__\�:�:���;ZrdZlh\Z�<�=��b�^j���Wdki_jbf_glZevgZy�b�debgb�

q_kdZy�nZjfZdheh]by��- 2001. -�L���������-�K����-34. 
2. Lugovtsov A.E., Priezzhev A.V., Tyurina A.Yu, Koshelev V.B., Fadyukova O.E. Laser 

diffractonetry of rheological behavior of erythrocytes of rats with experimentally induced 
ischemia: effect of semax. //Proc. of OSAV’2004, The International Topical Meeting on 
Optical Sensing and Artificial Vision – Saint Petersburg: ITMO State University, 2004, 
pp. 241 – 248. 

3. Lugovtsov A.E., Priezzhev A.V., Tyurina A.Yu., Koshelev V.B., Fadyukova O.E. 
Rheological behavior of erythrocytes of hemorrhagic rats: examination by the method of 
laser diffractometry. //Optical Technologies in Biophysics and Medicine V, Tuchin V.- 
Ed, SPIE Proc., 2003, v. 5474, pp. 200-203. 
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<ukhpdbc�K�:���Q_j_fbg�J�<���Ehkdmlh\�:�X� 

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

JZkkfZljb\ZeZkv� j_Zdpbhggh-^bnnmabhggZy� kbkl_fZ� NbpOvx-GZ]mfh� �Fitz-
Hugh-Nagumo��\�fh^bnbdZpbb�IZgnbeh\Z 
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dhlhjZy�hibku\Z_l�jZkijhkljZg_gb_�\ha[m`^_gbc�\�j_Zdpbhggh-^bnnmabhgghc�kj_^_��\�
qZklghklb�� \� k_j^_qghc� ldZgb���A^_kv� t)��[�\�t),u(x,yu ,, == -�dhgp_gljZpbb� Zdlb\Z�

lhjZ�b�bg]b[blhjZ� khhl\_lkl\_ggh��MijZ\eyxsb_�iZjZf_lju� - 3e b� 1e ��hij_^_e_gguf�

h[jZahf�\oh^yl�\� ),( vue �b�hij_^_eyxl�\ha[m^bfhklv�kj_^u� 
Bkke_^h\Zebkv� j_r_gby� lbiZ� kibjZevguo� \heg�

�kf�� jbk�� ����Dh]^Z� \� \ha[m^bfhc� kj_^_�� hibku\Z_fhc�
mjZ\g_gbyfb������khkms_kl\m_l�fgh`_kl\h�kibjZevguo�
\heg�� lZdh_� khklhygb_� oZjZdl_jbam_lky� oZhlbqghklvx�
^bgZfbdb��GZk�bgl_j_kh\Ze�\hijhk�wnn_dlb\ghklb�ih�
^Z\e_gby� oZhkZ�fZeuf� lhq_qguf� \ha^_ckl\b_f� �i_ck�
f_cd_jhf��� Ijb� wlhf� baf_gyehkv� agZq_gby� kh[kl\_g�
ghc�qZklhlu� wlh]h�i_ckf_cd_jZ�b�hij_^_eyehkv�\j_fy�
\uoh^Z� kbkl_fu� ba� khklhygby� jZa\blh]h� ijhkljZgkl�
\_ggh-\j_f_ggh]h�oZhkZ�� 

<�dZq_kl\_�djbl_jby�\u\_^_gby�kbkl_fu�ba�kh�
klhygby� kh� keh`ghc� ijhkljZgkl\_ggh-\j_f_gghc� ^b�
gZfbdhc�fu�bkihevah\Zeb�aZ\bkbfhklv�qbkeZ�kibjZev�
guo� \heg� �Z� lhqg__� qbkeZ�nZah\uo� kbg]meyjghkl_c�� \�

kbkl_f_�hl�\j_f_gb��NZaZ�hij_^_ey_lky�ke_^mxsbf�h[jZahf� 
*

*
arctan

v v

u u
φ

 −=  − 
   

    
<� y^j_� kibjZevghc�\hegu�nZaZ�g_�hi�

j_^_e_gZ��nZah\Zy�kbg]meyjghklv���kf��jbk������
wlm� hkh[_gghklv� fu� bkihevah\Zeb� ijb� qbk�
e_gghf�jZkq_l_�� 

Ki_j\Z�fu�baf_jyeb�aZ\bkbfhklv�qZk�
lhlu�dhevp_\uo�\heg� dω �\�kj_^_��bkoh^ysbo�
hl� \ugm`^Zxs_]h� p_gljZ� �i_ckf_cd_jZ�� dZd�
nmgdpbx�kh[kl\_gghc�_]h�qZklhlu� \ω ��b�\u�

[bjZeb� qZklhlm�� khhl\_lkl\mxsmx� kZfhfm�
\ukhdhfm�fZdkbfmfm� wlhc� aZ\bkbfhklb��<u�
[jZggmx�qZklhlm�\�^Zevg_cr_f�bkihevah\Zeb�
^ey� ih^Z\e_gby� oZhkZ�� AZ\bkbfhklv� qbkeZ�

kibjZevguo�\heg�\�kj_^_�hl�\j_f_gb� )(tN �bkihevah\ZeZkv�\�dZq_kl\_�oZjZdl_jbklbdb�
wnn_dlb\ghklb�ih^Z\e_gby��GZijbf_j��gZ�jbk�� ��ij_^klZ\e_gZ� lZdZy� aZ\bkbfhklv�^ey�
agZq_gbc� 1 1 30e = �b� 3 1.0e =  

<b^gh��qlh�\_^msbc�p_glj�iheghklvx�\ul_kgbe�kibjZevgu_�\hegu� 
Ihemq_ggu_� j_amevlZlu� djZcg_� \Z`gu� \� dZj^bheh]bb�� lZd� dZd� jZkkfhlj_ggZy�

kbkl_fZ�����ij_^klZ\ey_l�kh[hc�mijhs_ggmx�fh^_ev�k_j^_qghc�ldZgb��Bkihevah\Zgguc�
f_lh^� \u[hjZ� qZklhl� wnn_dlb\gh]h� ih^Z\e_gby� oZhkZ� \� lZdhc� kj_^_�fh`_l� [ulv� bk�
ihevah\Zg�\�^ey�ih^Z\e_gby�Zjblfbc�b�nb[jbeeypbc�\�q_eh\_q_kdhf�k_j^p_� 

 
1. Loskutov A. Comput. Math. and Modeling, 2001, 12, 314. 

 
 
Jbk�����<g_rgbc�\b^�kibjZev�
ghc� \hegu�� Lhqdhc� \� p_glj_�
h[hagZq_gh� y^jh� \hegu� �hgZ�
`_� lhqdZ� nZah\hc� kbg]meyj�
ghklb� 

Jbk�� ��� AZ\bkbfhklv� qbkeZ� kibjZevguo�
\heg�hl�\j_f_gb 
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2. Loskutov A., Rybalko S. and Zhuchkova E. Model of cardiac tissue as a conductive sys-
tem with interacting pacemakers and refractory time. - Int. J. Bif. and Chaos, 2004, v. 14, 
No 7, p. 2457-2466. 

3. Mikhailov A. Foundation of Synergetics I. Springer, 1995. 
4. Zipes D.P., Jalife J. Cardiac Electrophysiology - from Cell to Bed-Side. W.B. Saunders, 

Philadelphia, 1995. 
5. Dh\Ze_\Z�G.:., Ehkdmlh\�:.X. >:G, 2004, f 396, No 1. 

 
 

M>D���������� 

BAF?G?GB?�IJHGBP:?FHKLB�DE?LHD 
IJB�<HA>?CKL<BB�J:>B:PBB�<�F:EUO�>HA:O 

NZckdZgh\Z�X�=� 

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

GZb[he__� keh`ghc� b�� gZ\_jgh_�� kZfhc� bgl_j_kghc� ijh[e_fhc� \� jZ^bZpbhgghc�
[bheh]bb�gZ�k_]h^gyrgbc�^_gv�hklZ_lky�j_r_gb_�\hijhkZ�h�f_oZgbafZo�^_ckl\by�fZ�
euo�b�k\_jofZeuo�^ha�bhgbabjmxsbo�baemq_gbc��WlZ�ijh[e_fZ��\�i_j\mx�hq_j_^v��k\y�
aZgZ�k�jZ^bh[bheh]bq_kdbf�iZjZ^hdkhf��aZdexqZxsbfky�\�g_khhl\_lkl\bb�f_`^m�gb�
qlh`guf� dhebq_kl\hf� ih]ehs_gghc� wg_j]bb�baemq_gby�b� wdklj_fZevgh� \ujZ`_gguf�
[bhwnn_dlhf�>�@�� 

Wnn_dl�\ha^_ckl\by�baemq_gbc�\�fZeuo�^haZo�g_evay�hp_gb\Zlv�iml_f�ijhklhc�
wdkljZiheypbb� wdki_jbf_glZevguo� ^Zgguo�� ihemq_gguo� ijb� bkihevah\Zgbb� [hevrbo�
ih\j_`^Zxsbo�^ha�h[emq_gby��Kbgmkhb^ZevgZy�aZ\bkbfhklv�wnn_dlh\�ijb�baf_g_gbyo�
^hau�h[emq_gby��]bi_jjZ^bhqm\kl\bl_evghklv�ijb�h[emq_gbb�\�k\_jofZeuo�^haZo�b�bg�
^mpbjh\ZggZy�jZ^bhj_abkl_glghklv� �Z^Zilb\guc�hl\_l��ijb�\hajZklZgbb�^hau��ijhy\�
e_gb_�klbfmeypbb�[bheh]bq_kdb�\Z`guo�ijhp_kkh\�jhklZ��jZa\blby��de_lhqgh]h�^_e_�
gby�b�^jm]bo�nbabheh]bq_kdbo�nmgdpbc�\�i_jbh^�]hjf_abkZ��h[jZlguc�wnn_dl�fhsgh�
klb� ^ha�–� wlb��gZb[he__�bamq_ggu_�ijhy\e_gby� [bheh]bq_kdh]h� ^_ckl\by�bhgbabjmx�
sbo�baemq_gbc�\�fZeuo�^haZo�k\b^_l_evkl\mxl�h[�bo�ijbgpbibZevghf�hlebqbb�hl�wn�
n_dlh\��gZ[ex^Z_fuo�ihke_�h[emq_gby�\�[he__�\ukhdbo�^haZo��<�jZa\b\Z_fhc�dhgp_i�
pbb�©f_f[jZggh]h�f_oZgbafZ�[bheh]bq_kdh]h�^_ckl\by�fZeuo�^haª�kqblZ_lky��qlh�i_j�
\bqghc� fbr_gvx� ^_ckl\by� jZ^bZpbb� \� fZeuo� ^haZo� y\ey_lky� g_� >GD�� Z� de_lhqgu_�
f_f[jZgu��b�\�wlhf�khklhbl�ijbgpbibZevgh_�hlebqb_�wnn_dlh\��\uau\Z_fuo�h[emq_�
gb_f�\�fZeuo�^haZo�ih�kjZ\g_gbx�k�[hevrbfb�>�@� 

>ZggZy�jZ[hlZ�ihk\ys_gZ�wdki_jbf_glZevghfm bamq_gbx�ijhgbpZ_fhklb�de_lhd�
ijb�\ha^_ckl\bb�jZ^bZpbb�\�fZeuo�^haZo��De_ldb�himoheb��dhlhjZy�jZa\b\ZeZkv�\�fu�
rZo��h[emqZebkv�\�l_q_gb_�����qZkZ�b���qZkZ.�<�j_amevlZl_�hgb�ihemqbeb�^ham�khhl\_lkl�
\_ggh�����J�b���J��Bklhqgbdhf�h[emq_gby�kem`be�jZ^bc��Zdlb\ghklv�bklhqgbdZ�khklZ\�
eyeZ������fDb��Ih�khklhygbx�de_lhqghc�f_f[jZgu�ihke_�h[emq_gby�fh`gh�mklZgh\blv�
kf_jlv� de_ldb�� Ih\j_`^_gb_� f_f[jZgu� hij_^_eyehkv� iml_f� hdjZrb\Zgby�� lZd� dZd�
f_jl\Zy�de_ldZ��\�hlebqb_�hl�`b\uo��ijhimkdZ_l�\gmljv�k_[y�djZkbl_ev��<uy\e_g�ijh�
p_gl�kf_jlghklb�de_lhd��JZkkfhlj_gZ�lZd`_�b�^bgZfbdZ�bo�]b[_eb�� 

Ba\_klgh��qlh�h[emq_gb_�de_lhd�\�fZeuo�^haZo�bhgbabjmxs_c�jZ^bZpb_c�\uau�
\Z_l�nbabheh]bq_kdbc�ijhp_kk��gZa\Zgguc�jZ^bZpbhgguf�Z^Zilb\guf�hl\_lhf�-�J:H��
<�^Zgghc�jZ[hl_�ZgZebabjm_lky�ij_^iheh`_gb_�h�lhf��qlh�hlkmlkl\m_l�Z^Zilb\guc�hl�
\_l�de_ldb�gZ�fZeu_�^hau�b�ZevnZ-baemq_gb_��lh�_klv�\�wlhf�kemqZ_�de_ldZ�g_�jZkihagZ�



EHFHGHKH<�– 2005 

 

210 

_l�m]jham�b�g_�\dexqZ_l�f_oZgbaf�aZsblu��GZr�wdki_jbf_gl�ih^l\_j`^Z_l�h[hkgh\Zg�
ghklv�^Zggh]h�ij_^iheh`_gby 

 
1. Dhlhjh\�:�G���Gbdhevkdbc�:�<�����JZ^bZpbhggZy�[bheh]by��JZ^bhwdheh]by��������L��

���������K�����-662.  
2. Dm^jyrh\�X�;�����JZ^bZpbhggZy�[bhnbabdZ��bhgbabjmxsb_�baemq_gby���2004. 
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KHA>:GB?�FH>?EB�Q?EH<?Q?KDH=H�=E:A: 
F?LH>:FB�:>:ILB<GHC�HILBDB 

E_lnmeebg�J�J� 

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

Q_eh\_q_kdbc�]eZa�y\ey_lky�hq_gv�
keh`ghc�hilbq_kdhc�kbkl_fhc�k�[h]Zluf�
gZ[hjhf�jZaebqguo�Z[_jjZpbc�>�@��\dex�
qZy� Z[_jjZpbb� \ukrbo� ihjy^dh\�� dhlh�
ju_�baf_gyxlky�hl�iZpb_glZ�d�iZpb_glm��
Z�lZd`_�aZ\bkyl�hl�\j_f_gb��<�lh�`_�\j_�
fy�fh^_eb�bkdmkkl\_ggh]h�]eZaZ��kha^Zg�
gu_� dZd� ^ey� memqr_gby� k\hckl\� q_eh\_�
q_kdh]h� ]eZaZ�� lZd�b�^ey� dZeb[jh\db�hn�
lZevfheh]bq_kdbo�ijb[hjh\��hljZ`Zxl�\�
klZlbklbq_kdb� mkj_^gzggu_� oZjZdl_jb�
klbdb� ]eZaZ�� <� ^Zgghc� jZ[hl_� ij_^klZ\�
e_gZ� fh^_ev� q_eh\_q_kdh]h� ]eZaZ�� hkgh�
\ZggZy�gZ�]b[dhf�[bfhjnghf�a_jdZe_�>�@�
b�kihkh[gZy�\hkijhba\h^blv�gZ[hj�Z[_j�
jZpbc��oZjZdl_jguc�dZd�^ey�mkj_^gzggh]h��lZd�b�^ey�dhgdj_lgh]h�q_eh\_q_kdh]h�]eZaZ��Z�
lZd`_� bo� \j_f_ggmx� ^bgZfbdm�� =b[dh_� [bfhjngh_� a_jdZeh� bf__l�� ��� mijZ\eyxsbo�
we_dljh^h\��klj_edZ�ijh]b[Z�ih\_joghklb����fdf��^bZf_lj����ff�b�qZklhlZ�i_j\h]h�j_�
ahgZgkZ�hdheh���d=p. 

>ey� baf_j_gby� Z[_jjZpbc� ]eZaZ�fu� bkihevah\Zeb� ijb[hj�� kha^Zgguc� \� gZr_c�
eZ[hjZlhjbb��<�hkgh\_�baf_j_gbc�e_`bl�^Zlqbd�f_lh^�RZdZ-=ZjlfZgZ��QZklhlZ�baf_�
j_gbc� khklZ\eyeZ� ���=p��;ueb� ijh\_^_gu� baf_j_gby� ^ey� �� iZpb_glh\��fZdkbfZevgZy�
Zfieblm^Z�Z[_jjZpbc�\hegh\h]h�njhglZ�^hklb]ZeZ����fdf��GZ�jbk����ij_^klZ\e_g�ijb�
f_j�aZ\bkbfhklb�Z[_jjZpbc�h^gh]h�ba�iZpb_glh\�hl�\j_f_gb�����k���>ey�ZiijhdkbfZpbb�
Z[_jjZpbc�]eZaZ�[bfhjnguf�]b[dbf�a_jdZehf�g_h[oh^bfh�\�i_j\mx�hq_j_^v�\hkijhba�
\_klb�bo�ijhkljZgkl\_ggh_�jZkij_^_e_gb_��K�wlhc�p_evx�fu�\hkihevah\Zebkv�f_lh^hf�
gZbf_gvrbo� d\Z^jZlh\� b� fbgbfbabjh\Zeb� nmgdpbhgZe�

∑ ∑
=

⋅−=
yx

N

i
ii yxHyxFJ

, 1

2 ,)),(),(( α � ]^_ ),( yxF  -� Ziijhdkbfbjm_fuc� \hegh\hc� njhgl��

),( yxH i  -�nmgdpby� hldebdZ� i -]h� we_dljh^Z� �nmgdpb_c� hldebdZ� we_dljh^Z�gZau\Z_lky�

nhjfZ�ih\_joghklb�]b[dh]h�a_jdZeZ�ijb�ih^Zgghc�_^bgbp_�gZijy`_gby��� iα  -�gZijy`_�

gb_��ih^Zggh_�gZ� i -c�we_dljh^�a_jdZeZ��Ko_fZ�jZkiheh`_gby�we_dljh^h\�b�nmgdpbb�hl�

 
 
Jbk��1��>bgZfbdZ�Z[_jjZpbc��baf_j_gguo�\�
l_q_gb_����k��^ey�gZdehgZ��^_nhdmkZ�b�kn_�
jbq_kdhc�Z[_jjZpbc� 
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debdZ�bkihevam_fh]h�gZfb�]b[dh]h�a_jdZeZ�we_dljh^h\�ihdZaZgu�gZ�jbk�����>ey�bkke_�
^h\Zgby�\j_f_gguo�oZjZdl_jbklbd�q_eh\_q_kdh]h�]eZaZ�[ue�jZkkqblZg�ki_dlj�baf_j_g�
guo�Z[_jjZpbc��DZd�\b^gh�ba�jbk�����hkgh\gZy�qZklv�ki_dljZ�aZdexq_gZ�\�bgl_j\Ze�hl���
^h����=p��ihwlhfm�a_jdZeh��bf_xs__�qZklhlm�i_j\h]h�j_ahgZgkZ���d=p��k�[hevrhc�lhq�
ghklvx�\hkijhba\h^bl�^Zgguc�ki_dlj� 

Hilbq_kdZy�ko_fZ�b�nhlh]jZnby�©`b\h]h�]eZaZª��l�_��]eZaZ��kh^_j`Zs_]h�]b[dh_�
a_jdZeh��ij_^klZ\e_gu�gZ�jbk����b�jbk����khhl\_lkl\_ggh��Ko_fZ�khklhbl�ba�^\mo�ebga�
(^m[e_lh\�� fff 131 = , fff 1802 = ���ijhkljZgkl\_ggh]h�nbevljZ��h[t_dlb\Z���x�b�^bZ�
njZ]fu�^bZf_ljhf������b�]b[dh]h�a_jdZeZ��dhlhjh_�y\ey_lky�hkgh\guf�we_f_glhf�jZa�
jZ[hlZgghc�fh^_eb��Baemq_gb_�He-Ne�eZa_jZ��ijhc^y�q_j_a�ijhkljZgkl\_gguc�nbevlj�b�
kbkl_fm�ebga��jZkrbjy_lky�^h�^bZf_ljZ�]b[dh]h�a_jdZeZ��ihke_�q_]h�iZ^Z_l�gZ�^Zlqbd�
RZdZ-=ZjlfZgZ��]^_�b�ijh\h^blky�ZgZeba�Z[_jjZpbc��\ghkbfuo�]b[dbf�a_jdZehf� 

GZ�jbk���Z�ihdZaZg�\hegh\hc�njhgl�baf_j_ggh]h�gZfb�q_eh\_q_kdh]h�]eZaZ��=b[�
dh_�a_jdZeh�\hkijhba\_eh�^Zgguc�\hegh\hc�njhgl�k�hrb[dhc�����kf��jbk���[���H^gZdh�
mqzl�]bkl_j_abkZ�]b[dh]h�a_jdZeZ�fh`_l�m\_ebqblv�hrb[dm�^h����� 

 
Z�������������������������[� 

 
 

Jbk�����Z��<g_rgbc�\b^�bkihevam_fh]h�a_j�
dZeZ��[��ko_fZ�jZkiheh`_gby�_]h�mijZ\eyx�
sbo�we_dljh^h\��\��nmgdpbb�hldebdZ��^ey�

\lhjh]h�b�q_l\zjlh]h�we_dljh^h\� 
 

 
Jbk�����Ki_dlj�Z[_jjZpbc�q_eh\_q_kdh]h�]eZaZ�^ey�Zf�

ieblm^��ij_^klZ\e_gguo�gZ�jbk��� 

 
 

Jbk�����Hilbq_kdZy�ko_fZ�©`b\h]h�]eZaZª 
 

Jbk�����Nhlh]jZnby�wdki_jbf_glZevghc�mklZgh\db��j_Z�
ebamxs_c�©`b\hc�]eZaª 

 



EHFHGHKH<�– 2005 

 

212 

<�^Zgghc�jZ[hl_�ij_^eZ]Z_lky�fh^_ev�q_eh\_q_kdh]h�]eZaZ��hkgh\guf�we_f_glhf�
dhlhjh]h�y\ey_lky� ]b[dh_�[bfhjngh_� a_jdZeh��;ueh�ijh^_fhgkljbjh\Zgh��qlh�fh^_ev�
kihkh[gZ�hibku\Zlv�ijhkljZgkl\_ggu_�b�\j_f_ggu_�k\hckl\Z�]eZaZ��q_f�\u]h^gh�hleb�
qZ_lky�hl�klZlbq_kdbo�fh^_e_c��<�^Zgguc�fhf_gl�\_^zlky�jZ[hlZ�gZ^�kha^Zgb_f�dhf�
iZdlghc�wdki_jbf_glZevghc�fh^_eb� 

Manuel P. Cagigal and Vidal F. Canales, José F. Castejón-Mochón, Pedro M. Prieto, Norberto 
López-Gil, and Pablo Artal, “Statistical description of wave-front aberration in the human 
eye”, January 1, 2002 / Vol. 27, No. 1 / OPTICS LETTERS 
1. Kudryashov A., Shmalgausen V. Semipassive bimorph flexible mirror for atmospheric 

adaptive optics applications, Opt. Eng. 35 (11), pp. 3064-3073, 1996.  
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:GBAHIE:G:LBAF�Q?EH<?Q?KDH=H�=E:A: 

∗
�>m[bgbg�:�<�� 

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

:^Zilb\gZy�hilbdZ�\�gZa_fguo� l_e_kdhiZo�mki_rgh�bkihevam_lky�^ey�dhfi_g�
kZpbb�Z[_jjZpbc��\ghkbfuo�Zlfhkn_jghc�lmj[me_glghklvx��Baf_jyy�Z[_jjZpbb�\hegh�
\h]h�njhglZ�� jZkijhkljZgyxs_]hky� hl� hihjgh]h� lhq_qgh]h�bklhqgbdZ��b� dhjj_dlbjmy�
bo�f_lh^Zfb�Z^Zilb\ghc�hilbdb��fh`gh�kms_kl\_ggh�memqrblv�jZaj_r_gb_�gZ[ex^Z_�
fh]h�h[t_dlZ��H^gZdh�ijb�[hevrbo�m]eh\uo�jZkklhygbyo�f_`^m�h[t_dlhf�b�hihjguf�
bklhqgbdhf�^Zgguc�f_lh^�g_wnn_dlb\_g��lZd�dZd�\hegh\hc�njhgl��bkoh^ysbc�hl�h[t�
_dlZ��kms_kl\_ggh�hlebqZ_lky�hl�hihjgh]h��Ihwlhfm�memqr_gb_�dZq_kl\Z�bah[jZ`_gby�
fh`gh�ihemqblv�ebrv�\�h]jZgbq_gghc�h[eZklb�hdheh�hihjgh]h�bklhqgbdZ��>Zgguc�wn�
n_dl�ghkbl�gZa\Zgb_�ZgbahieZgZlbafZ�>�@��Hg�ijbkmlkl\m_l�\h�\k_o�ijhly`_gguo�hilb�
q_kdbo�kbkl_fZo�k�Z[_jjZpbyfb��Wlhl�^hdeZ^�ihk\ys_g�bkke_^h\Zgbx�ZgbahieZgZlbafZ�
q_eh\_q_kdh]h�]eZaZ��Bah[jZ`Z_fuf�h[t_dlhf�y\ey_lky�k_lqZldZ��Z�hihjguc�bklhqgbd�

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

             
 

Jbk�����Z�—�\hegh\hc�njhgl�j_Zevgh]h�q_eh\_q_kdh]h�]eZaZ��[�—�\hkijhba\_^_gb_�\hegh�
\h]h�njhglZ��bah[jZ`zggh]h�gZ�jbk���Z��k�ihfhsvx�]b[dh]h�[bfhjngh]h�a_jdZeZ 
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�fZyd��ihemqZxl�nhdmkbjh\dhc�eZa_jgh]h�imqdZ�gZ�k_lqZld_��HklZlhqgZy�kj_^g_d\Z^jZ�
lbqgZy�hrb[dZ�dhjj_dpbb�hij_^_ey_lky�dZd� 

rdr
S S

&& 222 ),(
1

)( αεασ ∫= ,     

]^_ ),0(),(),( rrr &&& ϕαϕαε −= , α -�m]eh\h_�jZkklhygb_�f_`^m�fZydhf��b�bah[jZ`Z_fhc�lhq�
dhc�k_lqZldb� �fu�ijbgbfZ_f�m]eh\mx�dhhj^bgZlZ�fZydZ�aZ��º), r

&

-�dhhj^bgZlguc�\_d�
lhj� \� iehkdhklb� \oh^gh]h� ajZqdZ�� ��� U

&

αϕ -� \hegh\hc�njhgl� hl� gZ[ex^Z_fhc� lhqdb� gZ�
k_lqZld_�� ���� U

&ϕ -�\hegh\hc�njhgl�hl�fZydZ��6�-�iehsZ^v�ajZqdZ� 
AhgZ� bahieZgZlbafZ� q_eh\_q_kdh]h� ]eZaZ� hij_^_ey_lky� dZd� h[eZklv�� \� dhlhjhc�

hklZlhqgZy�kj_^g_d\Z^jZlbqgZy�hrb[dZ�dhjj_dpbb�b^_Zevguf�dhjj_dlhjhf�\hegh\h]h�
njhglZ� �dhlhjuc�fh`_l�b^_Zevgh�dhfi_gkbjh\Zlv�Z[_jjZpbb�\hegh\h]h�njhglZ�hihj�
gh]h�bklhqgbdZ��-�f_gvr_�q_f���UDG2

��qlh�khhl\_lkl\m_l�qbkem�Rlj_ey�[hevr_fm��q_f�
������Bkihevamy� wlb� djbl_jbb��[ueb�ijh\_^_gu�jZkq_lu�jZaf_jZ� ahgu�bahieZgZlbafZ�
q_eh\_q_kdh]h�]eZaZ�^ey�jZaguo�iheh`_gbc�hihjgh]h�bklhqgbdZ�gZ�k_lqZld_��;ueh�\u�
ykg_gh�� qlh� kms_kl\mxl�iheh`_gby�fZydZ�� khhl\_lkl\mxsb_�fZdkbfZevghfm�jZaf_jm�
ahgu�bahieZgZlbafZ��GZ�jbk����Z��b�[��ij_^klZ\e_gu�bah[jZ`_gby�]eZagh]h�^gZ�b�l_klh�
\h]h�h[t_dlZ��bkdZ`_ggu_�Z[_jjZpbyfb�]eZaZ��Jbk�� �D��b� �E��beexkljbjmxl�j_amevlZl�
dhjj_dpbb�bah[jZ`_gby�b^_Zevguf�dhjj_dlhjhf�ijb�hilbfZevghf�^ey�^Zggh]h� ]eZaZ�
iheh`_gbb�bklhqgbdZ�.� �º, dh]^Z�jZaf_j�ahgu�bahieZgZlbafZ�jZ\_g����º. AZ\bkbfhklv�
jZaf_jZ�ahgu�bahieZgZlbafZ�hl�iheh`_gby�fZydZ�[ueZ�bkke_^h\ZgZ�^ey�q_luj_o�bkke_�
^m_fuo�q_eh\_d��jZaf_j� ahgu�bahieZgZlbafZ�^ey�i_j\h]h�baf_gy_lky�hl� ���º ^h� ���º k�
fZdkbfmfhf�ijb�iheh`_gbb�fZydZ�\��º, ^ey�\lhjh]h� -�hl����º ^h����º k�fZdkbfmfhf�\�
20º, ̂ ey��-]h�-�hl����º ^h����º k�fZdkbfmfhf�\���º b�^ey��-]h�-�hl����º ^h����º k�fZdkbfm�
fhf�ijb�iheh`_gbb�fZydZ�\��º. 

 

  
 

Jbk����–�bah[jZ`_gby�k_lqZldb�b�l_klh\h]h�h[t_dlZ��bkdZ`_ggu_�Z[_jjZpbyfb�q_eh\_q_kdh]h�]eZaZ 
 
 
<�gZklhys__�\j_fy�jZajZ[Zlu\Z_lky�fgh]hkehcgZy�fh^_ev�q_eh\_q_kdh]h�]eZaZ��

Ihkdhevdm�[hevrZy�qZklv�Z[_jjZpbc�]eZaZ�\ghkblky�ih\_joghklyfb�jh]h\bpu�b�ojmklZ�
ebdZ�� gZrZ�fh^_ev� khklhbl� ba� ^\mo� lhgdbo�nZah\uo� wdjZgh\�� dhlhju_� khhl\_lkl\mxl�
jh]h\bp_�b�ojmklZebdm��Fu�bkke_^h\Zeb�\hafh`ghklv�fbgbfbaZpbb�hklZlhqghc�kj_^�
g_d\Z^jZlbqghc�hrb[db�dhjj_dpbb��\ua\Zgghc�gZebqb_f� ZgbahieZgZlbafZ�\� kbkl_f_��
ihkj_^kl\hf� lhevdh�h^gh]h� dhjj_dlhjZ��GZ�jbk�� ��bah[jZ`_gZ� ko_fZ�fh^_eb��K\_l�hl�
h[t_dlZ�2��k_lqZldZ��ijhoh^bl�q_j_a�^\Z�nZah\uo�wdjZgZ�6���ojmklZebd��b�6���jh]h\b�
pZ�� 

 

Z� [� 
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<�gZklhys__�\j_fy�jZajZ[Zlu\Z_lky�fgh]hkehcgZy�fh^_ev�q_eh\_q_kdh]h�]eZaZ��
Ihkdhevdm�[hevrZy�qZklv�Z[_jjZpbc�]eZaZ�\ghkblky�ih\_joghklyfb�jh]h\bpu�b�ojmklZ�
ebdZ�� gZrZ�fh^_ev� khklhbl� ba� ^\mo� lhgdbo�nZah\uo� wdjZgh\�� dhlhju_� khhl\_lkl\mxl�
jh]h\bp_�b�ojmklZebdm��Fu�bkke_^h\Zeb�\hafh`ghklv�fbgbfbaZpbb�hklZlhqghc�kj_^�
g_d\Z^jZlbqghc�hrb[db�dhjj_dpbb��\ua\Zgghc�gZebqb_f� ZgbahieZgZlbafZ�\� kbkl_f_��
ihkj_^kl\hf� lhevdh�h^gh]h� dhjj_dlhjZ��GZ�jbk�� ��bah[jZ`_gZ� ko_fZ�fh^_eb��K\_l�hl�
h[t_dlZ�2��k_lqZldZ��ijhoh^bl�q_j_a�^\Z�nZah\uo�wdjZgZ�6���ojmklZebd��b�6���jh]h\b�
pZ�� 

EbgaZ�/��nhjfbjm_l�bah[jZ`_gby��6�C��6�C��keh_\�b�bah[jZ`_gb_��2���h[t_dlZ��
bkdZ`_ggh_� Z[_jjZpbyfb� keh_\��Dhjj_dlhj� &� h[_ki_qb\Z_l� dhfi_gkZpbx� Z[_jjZpbc��
ebgaZ�/��nhjfbjm_l�kdhjj_dlbjh\Zggh_�bah[jZ`_gb_�h[t_dlZ� 

JZaf_j�ahgu�bahieZgZlbafZ�^ey�^Zgghc�fh^_eb�aZ\bkbl�hl�iheh`_gby�iehkdhklb�
dhjj_dlhjZ��<�kemqZ_�h^gh]h�nZah\h]h�wdjZgZ�jZaf_j�ahgu�bahieZgZlbafZ�fZdkbfZe_g��
_keb�dhjj_dlhj�gZoh^blky�\�iehkdhklb�bah[jZ`_gby�^Zggh]h�wdjZgZ��?keb�kehy�^\Z��lh�
hilbfZevgh_�iheh`_gb_�dhjj_dlhjZ�gZoh^blky�k�ihfhsvx�Ze]hjblfZ�ihdhhj^bgZlgh]h�
kimkdZ��hi+1 = hi���ûK��]^_ hi -�l_dmsZy�dhhj^bgZlZ�dhjj_dlhjZ��ûK�-�ijbjZs_gb_��rZ]�� h0 
khhl\_lkl\m_l�dhhj^bgZl_�bah[jZ`_gby�wdjZgZ�6�C� 

 

Jbk�� �� –� J_amevlZl� dhjj_dpbb� bkdZ`_gguo� bah[jZ`_gbc� k_lqZldb� b� l_klh\h]h� h[t_dlZ�
Z^Zilb\ghc�kbkl_fhc��. �º � ���º, .�–m]eh\Zy�dhhj^bgZlZ�hihjgh]h�bklhqgbdZ��fZydZ���� – 
jZaf_j�ahgu�bahieZgZlbafZ 

Z� [� 

 
Jbk�����2�–�iehkdhklv�h[t_dlZ��k_lqZldb���6���6��– nZah\u_�wdjZgu��khhl\_lkl\mxsb_�ojm�
klZebdm�b�jh]h\bp_��/���/��–ebgau��2�¶-�iehkdhklv�bah[jZ`_gby�k_lqZldb� �ihemq_ggh]h�k�
ihfhsvx�ebgau�����6�C��6�C�–�bah[jZ`_gby�keh_\��ihemq_ggu_�k�ihfhsvx�ebgau�����2��– 
iehkdhklv�bah[jZ`_gby�k_lqZldb� �ihemq_ggh]h�k�ihfhsvx�ebgau� ����&-�ijb[ebabl_evgh_�
iheh`_gb_�dhjj_dlhjZ 
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1. Whiteley M.R., Welsh B.M., Roggemann M.C., Optimal wave-front compensation for 
anisoplanatism in adaptive optics, JOSA A Vol. 15, No 8, 2097-2106, 1998.  
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G:G?K?GB?�;BHKH<F?KLBFUO�IHDJULBC�G:�F:L?JB:EU�

F?>BPBGKDBO�BFIE:GL:LH<�F:=G?LJHGGUF�J:KIUE?GB?F 

Kmjf_g_\�J�:���FboZc^Zjh\�<�:� 

Lhfkdbc�ihebl_ogbq_kdbc�mgb\_jkbl_l 

Fh^bnbdZpby� ih\_joghklb� fZl_jbZeh\� f_^bpbgkdbo� bfieZglZlh\�� gZg_k_gb_�
[bhZdlb\guo� beb� [bhbg_jlguo� ihdjulbc� ih\urZ_l� bo� [bhkh\f_klbfhklv��GZb[hev�
rbc� ijZdlbq_kdbc� bgl_j_k� ij_^klZ\eyxl� dZevpbcnhknZlgu_�fZl_jbZeu�� dhlhju_� hl�
ghkylky� d� ]jmii_� _kl_kl\_gguo� f_lZ[heblh\� dhklb� b� ihlhfm� \ukhdh[bhkh\f_klbfu��
H^gbf�ba�bgl_]jZevguo�iml_c�j_r_gby�ihklZ\e_gguo�aZ^Zq�y\ey_lky�ijbf_g_gb_�f_�
lh^h\�bhggh-ieZaf_gghc�h[jZ[hldb�ih\_joghklb��\�qZklghklb��fZ]g_ljhggh]h�jZkiue_�
gby��dhlhju_�iha\heyxl�ijh\h^blv�gbadhl_fi_jZlmjguc�kbgl_a�[bhkh\f_klbfuo�dZev�
pbc�nhknZlguo�ihdjulbc�gZ�fZl_jbZeu��^ey�dhlhjuo�g_�ih^oh^yl�f_lh^u��bkihevam_�
fu_�\�gZklhys__�\j_fy�^ey�nhjfbjh\Zgby�[bhkh\f_klbfuo�ie_ghd�gZ�f_lZeeZo�b�d_�
jZfbd_�>�@� 

P_evx�gZklhys_c�jZ[hlu�y\ey_lky�jZajZ[hldZ�nbabq_kdbo�hkgh\�f_lh^Z�gZg_k_�
gby�[bhkh\f_klbfuo�dZevpbcnhknZlguo�ihdjulbc�gZ�f_^bpbgkdb_�bfieZglZlu�k�bk�
ihevah\Zgb_f�ijhp_kkZ�fZ]g_ljhggh]h�jZkiue_gby� 

>ey�ihemq_gby�dZevpbcnhknZlguo�ihdjulbc�bkihevah\Zebkv�fZ]g_ljhggZy�jZk�
iuebl_evgZy�kbkl_fZ��FJK��gZ�ihklhygghf�lhd_�b�<Q - fZ]g_ljhggh_�jZkiue_gb_��>ey�
�FJK��gZ�ihklhygghf�lhd_�[ue�jZajZ�
[hlZg� fmevlbdhfihg_glguc� dZlh^��
kh^_j`Zsbc� dZevpbcnhknZlgmx� d_�
jZfbdm�-�kbgl_lbq_kdbc�]b^jhdkbZiZ�
lbl�� <ukhdhqZklhlgh_� fZ]g_ljhggh_�
jZkiue_gb_� ijh\h^behkv� gZ� qZklhl_�
�����F=p�� <� dZq_kl\_� ih^eh`_d� ijb�
gZiue_gbb� bkihevah\ZeZkv� f_^bpbg�
kdZy� klZev� ��O��G��L��Dhebq_kl\_g�
guc�ZgZeba�jZkij_^_e_gby� we_f_glh\�
\�bkke_^m_fuo�h[jZapZo�hij_^_eyeky�
f_lh^hf�j_a_jnhj^h\kdh]h�h[jZlgh]h�
jZkk_ygby� bhgh\� 4G_� k� wg_j]b_c�
���Fw<��GZ�jbk����ij_^klZ\e_gu�ijh�
nbeb� dhgp_gljZpbb� we_f_glh\� ih�
djulby�� JZkij_^_e_gb_� we_f_glh\� \� gZg_k_gguo� ihdjulbyo� ^hklZlhqgh� h^ghjh^gh� b�
ijZdlbq_kdb�khhl\_lkl\m_l�khklZ\m�bkoh^gh]h�dZlh^Z��Khhlghr_gb_�Ca/P ������qlh�g_�
kdhevdh�f_gvr_��q_f�\�dhklghc�ldZgb��LhesbgZ�ihdjulby������–���fdf�b�aZ\bkbl�hl�j_�
`bfh\�b�\j_f_gb�gZiue_gby��GZ�]jZgbp_�ihdjulb_�–�ih^eh`dZ�gZ[ex^Z_lky�^bnnmaby�
we_f_glh\�ihdjulby�\�ih\_joghklv�ih^eh`db��LhesbgZ�^bnnmabhggh]h�kehy�ihjy^dZ�
��gf�� 
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;bheh]bq_kdh_�l_klbjh\Zgb_�in vitro�h[jZaph\�b�bo�wdkljZdlh\�[ueh�\uiheg_gh�\�
khhl\_lkl\bb�k�lj_[h\Zgbyfb�ISO 10993-���k�ljbiZgh\uf�kbgbf��L_klbjh\Zgb_�ihdZaZ�
eh� m^h\e_l\hjbl_evgu_� lhdkbdheh]bq_kdb_� k\hckl\Z� ihemq_gguo� dhfihablguo� bf�
ieZglZlh\��DZevpbcnhknZlgh_�ihdjulb_�g_�\uau\Zeh�k^\b]Z�dbkehlgh-s_ehqgh]h�jZ\�
gh\_kby�jZkl\hjh\��@bag_kihkh[ghklv�dhklghfha]h\uo�de_lhd� in vitro�ijb�bkihevah\Z�
gbb�wdkljZdlh\�klZevguo�^bkdh\�k�dZevpbcnhknZlguf�ihdjulb_f�khklZ\eyeZ����� 

LZdbf� h[jZahf�� ih� lhdkbdheh]bq_kdbf� b� kZgblZjgh-obfbq_kdbf� ihdZaZl_eyf�
ihemq_ggu_�gZfb�dhfihablgu_�ba^_eby�i_jki_dlb\gu�^ey�bo�jZajZ[hldb�b�\g_^j_gby�\�
dZq_kl\_�bfieZglZlh\�^ey�hjlhi_^bb�b�ljZ\fZlheh]bb�� 

 
1. Pichugin V.F., Bulycheva A.A., Tverdokhlebov S.I., Surmenev R.A., Khlusov I.A., So-

horeva V.V., Volova T.G., Shishatskaya E.I. Deposition of calcium-phosphate layers on 
the materials of medical implants by magnetron sputtering //Abstracts of 7th Essen Sym-
posium of Fundamentals and Clinical Applications - Essen, 6-8 october, 2004. - Essen: 
2004. -�k������ 
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FH>?EBJH<:GBX�D:EVPBC-<UK<H;H@>:XSBO�D:G:EH< 

<�DE?LD:O�K?J>?QGHC�FURPU 

Fhkd\bg�:�K�1,2
��Nbebiv_\�F�I�1,2

��Kheh\v_\Z�H�W�1,2
��FZjoZkbg�<�K�2 

1
MjZevkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��:�F��=hjvdh]h��?dZl_jbg[mj]� 

2
Bgklblml�bffmgheh]bb�b�nbabheh]bb�MjH�J:G��?dZl_jbg[mj]� 

H^gbf� ba� \Z`g_crbo� a\_gv_\� j_]meypbb� ijhp_kkZ� khijy`_gby� \ha[m`^_gby� k�
khdjZs_gb_f�\�de_ldZo�k_j^_qghc�furpu�y\ey_lky�\uk\h[h`^_gb_�dZevpby� �Ca2+

��ba�
\gmljbde_lhqguo�gZdhibl_e_c��Wlhl�ijhp_kk�ijhbkoh^bl�\�j_amevlZl_�^bgZfbq_kdh]h�
hldebdZ�Ca2+-\uk\h[h`^Zxsbo� dZgZeh\� �RyR-dZgZeh\�� gZ� klbfmeypbx��LjZ^bpbhggh�
^ey� hibkZgby� ih\_^_gby� bahebjh\Zgguo� RyR-dZgZeh\� bkihevamxlky� lZd� gZau\Z_fu_�
]_clbg]-ko_fu��\�dhlhjuo�gZ�hkgh\_�wdki_jbf_glZevguo�^Zgguo�ij_^iheZ]Z_lky�g_dh�
lhjuc�gZ[hj� khklhygbc� dZgZeZ� �hldjuluo�� aZdjuluo��«��b�bgl_gkb\ghklb�i_j_oh^h\�
f_`^m�wlbfb�khklhygbyfb��Wlb�fh^_eb�RyR-dZgZeh\�ghkyl�n_ghf_gheh]bq_kdbc�oZjZd�
l_j�b��dZd�ijZ\beh��g_�hibjZxlky�gZ�nbabq_kdb_�ij_^klZ\e_gby�h�kljmdlmj_�b�nmgdpbb�
dZgZeh\� 

GZfb� ij_^eh`_g� gh\uc� ^ey� ^Zgghc� h[eZklb� [bhnbabdb� we_dljhggh-
dhgnhjfZpbhgguc�ih^oh^�>�@��iha\heyxsbc�hibkZlv�^bgZfbq_kdh_�ih\_^_gb_�dZgZeh\��
hibjZykv�g_�lhevdh�gZ�wdki_jbf_glZevgu_�^Zggu_��gh�b�gZ�nbabq_kdb_�ij_^klZ\e_gby�h�
nmgdpbhgbjh\Zgbb�dZgZeh\��<�jZfdZo�^Zggh]h�ih^oh^Z�dZ`^uc�RyR-dZgZe�fh^_ebjm�
_lky�ijb�ihfhsb�^\mo�kl_i_g_c�k\h[h^u�–�[ukljh�baf_gyxs_cky�we_dljhgghc�b�f_^�
e_ggh�baf_gyxs_cky�dhgnhjfZpbhgghc��Ijbf_g_gb_�hi_jZlhjh\�=ZfbevlhgZ�iha\hey�
_l�hibkZlv�dhglbgmmf�\hafh`guo�khklhygbc�RyR-dZgZeZ�b�mq_klv�fgh`_kl\h�jZaebq�
guo�nZdlhjh\��\ebyxsbo�gZ�_]h�ih\_^_gb_��gZijbf_j��\ebygb_�dhgp_gljZpbb�dZevpby�
\� jZaebqguo� dhfiZjlf_glZo� de_ldb��� Mq_l� \� =ZfbevlhgbZg_� \aZbfh^_ckl\bc� f_`^m�
dhgnhjfZpbhggufb� dhhj^bgZlZfb� dZgZeh\�iha\hey_l� hibku\Zlv� kh]eZkh\Zggh_�ih\_�
^_gb_�dZgZeh\�b�jZaebqgu_�fh^u�ih\_^_gby�deZkl_jh\��\hkijhba\h^blv�keh`gmx�^bgZ�
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fbdm� dZgZeh\� \�ijhp_kk_� \uk\h[h`^_gby�Ca2+
� k�mq_lhf�jZaebqguo�mkeh\bc� klbfmey�

pbb� 
 
JZ[hlZ�ih^^_j`ZgZ�]jZglhf�Fbgbkl_jkl\Z�h[jZah\Zgby�b�gZmdb�JN�\�jZfdZo�jZa^_eZ�����ijh]jZffu�
©JZa\blb_�gZmqgh]h�ihl_gpbZeZ�\ukr_c�rdheuª��]jZglhf�MjH�J:G�^ey�fheh^uo�mq_guo��]jZglhf�
JNNB����-04-48260. 

 
1. Fhkd\bg� :�K��� Nbebiv_\� F�I��� Kheh\v_\Z� H�W�� FZjoZkbg� <�K�� We_dljhggh-

dhgnhjfZpbhggZy�fh^_ev�g_ebg_cghc�^bgZfbdb�j_r_ldb�jbZgh^bgh\uo�dZgZeh\�\�
k_j^_qghc�de_ld_����>hdeZ^u�ZdZ^_fbb�gZmd��L������������K�����-275  

 
 

M>D���������������� 

HILBQ?KD:Y�KI?DLJHKDHIBY�NMEE?J?GH<�C60 
B�?=H�IJHBA<H>GUO�K�DBKEHJH>GUFB 

B�=B>JHDKBEVGUFB�=JMII:FB�>EY�NHLHK?GKBLBA?J: 

Kihjur�B�F���Eukdh�B�B���@_j_[_pdbc�>�I� 

Db_\kdbc�gZpbhgZevguc�mgb\_jkbl_l�bf�L��R_\q_gdZ� 

Ijbf_g_gb_�\h^guo�jZkl\hjh\�b�[bhjZkl\hjh\�k�nmee_j_ghf�&60 b�bo�ijhba\h^�
gufb�\�fhe_dmeyjghc�f_^bpbg_�[Zabjm_lky�gZ�bo�ih\_^_gbb�dZd�Zdlb\gh]h�nhlhk_gkb�
lba_jZ��Wlh�ijbf_g_gb_�h[tykgy_lky�^bZ]jZffhc�wg_j]_lbq_kdbo�mjh\g_c�^ey�nhlhk_g�
kb[bebaZlhjZ� k� ]_g_jZpb_c� kbg]e_lgh]h� dbkehjh^Z� �1H2��� Jbk�����Nmee_j_g� &60� b� _]h�
ijhba\h^gu_�fh]ml�bkihevah\Zlvky�\�dZq_kl\_�nhlhk_gkblba_jZ�\�k\yab�k�bgl_gkb\guf�
ih]ehs_gb_f�k\_lZ�\�\b^bfhf�b�mevljZnbhe_lh\hf�^bZiZahgZo�b�gbadbf�wg_j]_lbq_�
kdbf�ijhf_`mldhf�f_`^m�\ha[m`^_gguf�kbg]e_lguf�b�ljbie_lguf�khklhygbyfb������
DdZe�fhe��� qlh� kihkh[kl\m_l� wnn_dlb\ghfm� f_`kbkl_fghfm� i_j_oh^m�� Wnn_dlb\gh_�
h[jZah\Zgb_� ljbie_lguo� khklhygbc�� !����� h[_ki_qb\Z_l� wnn_dlb\gmx� ]_g_jZpbx�
kbg]e_lgh]h�dbkehjh^Z�LZd`_�&60�y\ey_lky�ohjhrbf�Zdp_ilhjhf�^ey�nhlhwe_dljhgh\�- 
h[eZ^Z_l�kihkh[ghklvx�ijbgbfZlv�^h�r_klb�we_dljhgh\�>����@� 

 

 
 

Jbk���>bZ]jZffZ�wg_j]_lbq_kdbo�mjh\g_c�^ey�nhlhbg^mpbjh\Zgghc�]_g_jZpbb�kbg]e_lgh]h�dbkeh�
jh^Z� �1O2���]^_�

1S, 1S*, 3S* -�kbg]e_lgu_�gb`g__�kbg]e_lgu_�\ha[m`^_ggu_�b�ljbie_lgu_�\ha[m`�
^_ggu_� khklhygby�� khhl\_lkl\_ggh�� ^ey� k_gkblba_jZ�S (C60). 

3O2 and 1O2 -� ljbie_lgu_� gb`gb_� b�
kbg]e_lgu_�khklhygby��khhl\_lkl\_ggh��^ey�dbkehjh^Z��Ke_^mxsb_�i_j_oh^u�khhl\_lkl\mxl��1S :�
1S*- ih]ehs_gb_��1S*:�3S* -f_`kbkl_fguc�i_j_oh^��,6&���3S*+3O2:�1S+1O2 -�wg_j]_lbq_kdbc�i_�
j_oh^��Wg_j]_lbq_kdbc�i_j_oh^�\hafh`_g�_keb�∆ET>94.5 kJ/mol[1] 

 
Wdki_jbf_glZevgu_�bkke_^h\Zgby�ih\_^_gby�nmee_j_gZ�K60�ihdZau\Zxl��qlh�hg�

hq_gv�e_]dh�hdbkey_lky�ijb�hk\_s_gbb�b�oZjZdl_jbam_lky�dhjhldbf�\j_f_g_f�i_j_oh^Z�
aZjy^Z�hl�^hghjZ�d�Zdp_ilhjm��Ijbf_g_gb_�wlhc�kbkl_fu�\�fhe_dmeyjghc�f_^bpbg_�aZ�
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ljm^g_ggh��lZd�dZd�kbg]e_lguc�dbkehjh^�kms_kl\m_l�hq_gv�dhjhldh_�\j_fy��Ihebf_j�
gu_�ijhba\h^gu_�nm�ee_j_gh\�\�jZkl\hjZo�lZd`_�\Z`gu�dZd�nhlhk_gkblba_ju��h^gZdh�
^ey�bo�bkihevah\Zgby� \�[bhjZkl\hjZo�g_h[oh^bfu� ki_pbZevgu_�bkke_^h\Zgby�b�ih^�
l\_j`^_gby�>����@� 

 
Jbk�����Wg_j]_lbq_kdZy�^bZ]jZffZ�b�we_dljhggu_�i_j_oh^u�\�fhe_dme_�&60 (Ih symmetry)�>�@�b�bo�
khhl\_lkl\b_�k�\hafh`ghc�we_dljhgghc�kljmdlmjhc�&60�fhe_dmeu��kh^_j`Zs_c�–2�b� -2+�]jmiiu��
ij_^eh`_gZ�gZ� hkgh\Zgbb� wdki_jbf_glZevgh� h[gZjm`_gguo� we_dljhgguo�i_j_oh^h\�ijb�ihfhsb�
Mn�-�\b^bfhc�ki_dljhkdhibb��KhklZ\�K60�ijhba\h^guo�ihemq_g�ijb�ihfhsb�BD�b�JZfZg�ki_dljh�
kdhibc��&60�kd_e_lhg�\�j_amevlZl_�g_�jZajmr_g 

 
 
<�^Zgghc�jZ[hl_�[ueb�kbgl_abjh\Zgu�nmee_j_gu��jZkl\hjbfu_�\�\h^_�b�K60�db�

kehjh^gu_� ijhba\h^gu_�� bkihevamy� h[emq_gb_� \b^bfuf� k\_lhf� \h^gh]h� jZkl\hjZ� k�
nmee_j_ghf�K60�b�hahgbjh\Zgbb�nmee_j_gZ�K60 \�lhemhe_��Fu�ijh\_jbeb�\hafh`ghklv�
ijb]hlh\e_gby�klZ[bevguo�nmee_j_gh\uo�K60�dbkehjh^guo�ijhba\h^guo�\�\h^guo�jZk�
l\hjZo��bkihevamy�j_amevlZlu�bkke_^h\Zgby�$QGULHYVN\�^ey�K60�dheehb^h\�\�\h^_��Ba]h�
lh\beb�nmee_j_gZ�K60�k_jbb�dbkehjh^guo�ijhba\h^guo�kh]eZkgh�nhlhobfbq_kdhc�fh�
^_eb�Weisman. [4]��Ij_^klZ\beb�hilbq_kdb_�ki_dlju�ih]ehs_gby�\�^bZiZahg_����-900 
kf-1 

�Mn-\b^bfZy�h[eZklb��b����-�����kf-1
�BD-�^bZiZahg 

���^hdZau\Zxsb_�nhjfbjh\Z�
gb_�]b^jhdkbe-��wihdkb^-�b�d_lh-ijhba\h^guo�^ey�&60�b�h[km^beb�\hafh`ghklv�baf_g_�
gby� we_dljhgghc� kljmdlmju�&60�fhe_dmeu��h[mkeh\e_ggu_�ijbkh_^bg_gb_f� -2�b� -OH 
nmgdpbhgZevguo� ]jmii�� Ij_^iheZ]Z_lky�� qlh� kd_e_lhg� C60� fhe_dmeu� g_� jZajmr_g��
We_dljhggu_�i_j_oh^u�\�ki_dljZo�b^_glbnbpbjh\Zgu�dZd�&60O, C60(OH)n/C60O(OH)k�b�
(O=C60=[O]m)(-OH)s b�ij_^klZ\e_ggu�gZ�Jbk�����Wlb�i_j_oh^u�fh]ml�b]jZlv�jhev�\�ijh�
p_kk_�nhjfbjh\Zgby�kbg]e_lgh]h�dbkehjh^Z� >�@�b�hq_gv�\Z`gu�^ey�ihbkdZ�gh\h]h�nh�
lhk_gkblba_jZ�� 

 
1. Kaesarmann F., Kempf Ch. Buckminsterfullerene and Photodynamic Inactivation of Vi-

ruses. Reviews in Medical Virology 1998, 8, 143-151 
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