
 
 
 
 
 
 
 
 
 

 
EHFHGHKH<KDB?� QL?GBY� –� ������ K?DPBY� NBABDB�� K[hjgbd��

l_abkh\�^hdeZ^h\��F���Nbabq_kdbc�nZdmevl_l�F=M������������k� 
 
      GZqbgZy�k� �����]h^Z�nbabq_kdbc�nZdmevl_l��dZd�wlh�^_eZ_lky�gZ�k_jv_aguo�

gZmqguo� dhgn_j_gpbyo�� i_qZlZ_l� k[hjgbd� l_abkh\� � ^hdeZ^h\� dhgn_j_gpbb�

“Ehfhghkh\kdb_�ql_gby”. 
      >ey� khljm^gbdh\� Fhkdh\kdh]h� mgb\_jkbl_lZ� wlZ� dhgn_j_gpby� ^he`gZ�

y\eylvky� kZfhc� ]eZ\ghc� dhgn_j_gpb_c� dZ`^h]h� ]h^Z�� @_eZl_evgh�� qlh[u� \�

dhgn_j_gpbb�“Ehfhghkh\kdb_�ql_gby” ��ijh\h^ys_cky�gZ�nbanZd_��mqZkl\h\Zeb�\k_ 
mq_gu_� nbabq_kdh]h� nZdmevl_lZ�� Hkh[_ggh� \Z`gh�� qlh[u� gZ� g_c� \uklmiZeh� dZd�

fh`gh�[hevr_�fheh^uo� �mq_guo��J_amevlZlu�\uklmie_gbc�k�gZmqgufb�^hdeZ^Zfb�

gZ� dhgn_j_gpbb� \� i_j\mx� hq_j_^v� mqblu\Zxlky� ijb� \u^\b`_gbb� dZg^b^Zlh\� gZ�

ij_fbb�Fhkdh\kdh]h�mgb\_jkbl_lZ�bf��F�<��Ehfhghkh\Z�b�B�B��Rm\Zeh\Z��Hiul�

ijhr_^rbo� e_l�� \� dhlhju_� im[ebdh\Zebkv� k[hjgbdb� l_abkh\�� ihdZau\Z_l�� qlh�

ij_^klZ\e_ggu_� gZ� dhgn_j_gpbx� ^hdeZ^u� hkgh\Zgu� gZ� j_amevlZlZo� k_jv_aguo�

bkke_^h\Zgbc��\uiheg_gguo�\_^msbfb�mq_gufb�nbabq_kdh]h�nZdmevl_lZ��HljZ^gh�

hlf_lblv��qlh�\�qbke_�khZ\lhjh\�^hdeZ^h\�fgh]h�fheh^uo�bkke_^h\Zl_e_c� 
      Bf_y� \� jmdZo� wlhl� k[hjgbd� fh`gh� aZjZg__� ^h� dhgn_j_gpbb� ^hklZlhqgh�

ih^jh[gh� ihagZdhfblvky� k� kh^_j`Zgb_f� ^hdeZ^u\Z_fuo� jZ[hl�� \� lhf� qbke_�

\u^\b]Z_fuo� gZ� khbkdZgb_� jZaebqguo� mgb\_jkbl_lkdbo� ij_fbc�� Z� lZd`_� k�

fZl_jbZeZfb�^hdlhjkdbo�^bkk_jlZpbc�gZrbo�dhee_]��aZsblZ�dhlhjuo�gZf_q_gZ�gZ�

[eb`Zcr__�[m^ms__� 
      Jmdh\h^kl\h� nZdmevl_lZ� [m^_l� ijbagZl_evgh� aZ� ex[u_� ih`_eZgby� ih�

memqr_gbx�hj]ZgbaZpbb�ijh\_^_gby�dhgn_j_gpbb�“Ehfhghkh\kdb_�ql_gby”. 
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<�gZklhys__�\j_fy�\�KR:�^\_�eZa_jgu_�bgl_jn_jhf_ljbq_kdb_�Zgl_ggu��
kha^Zggu_�\�jZfdZo�ijh_dlZ�gZqZeb�ihbkd�\kie_kdh\�]jZ\blZpbhggh]h�ba�
emq_gby��H^gZdh�� kh]eZkgh� l_hj_lbq_kdbf� hp_gdZf�� ^ey� gZ^_`gh]h� h[gZ�
jm`_gby�kb]gZeh\��bklhqgbdZfb�dhlhjuo�y\eyxlky�Zkljhnbabq_kdb_�dZlZ�
kljhnu�\�jZ^bmk_� a����Fik��b�dhlhju_��kh]eZkgh� wlbf�hp_gdZf��^he`gu�
gZ[ex^Zlvky� ijbf_jgh� jZa� \� f_kyp�� qm\kl\bl_evghklv� wlbo� ^_l_dlhjh\�
^he`gZ�[ulv�ih\ur_gZ��dZd�fbgbfmf��gZ�ihjy^hd��Kms_kl\_gguf�nZdlh�
jhf��h]jZgbqb\Zxsbf�wlm�qm\kl\bl_evghklv��y\eyxlky�kemqZcgu_�dhe_[Z�
gby� �f_oZgbq_kdb_� rmfu�� a_jdZe� bgl_jn_jhf_ljZ�� dhlhju_� y\eyxlky�
ijh[gufb�fZkkZfb��Wlb�rmfu�fh]ml�[ulv�dZd� klZpbhgZjgufb��\uau\Z_�
fufb��\�qZklghklb��l_ieh\ufb�nemdlmZpbyfb��lZd�b�g_klZpbhgZjgufb�� 

<�^Zgghc�jZ[hl_�bkke_^m_lky�g_klZpbhgZjguc�rmf�g_l_ieh\h]h�ijh�
bkoh`^_gby��ba[ulhqguc�f_oZgbq_kdbc�rmf��\�d\Zjp_\uo�gblyo��dhlhju_�
ij_^iheZ]Z_lky�bkihevah\Zlv�\�^_l_dlhjZo�ke_^mxs_]h�ihdhe_gby��Bklhq�
gbdhf�lZdh]h�rmfZ�fh`_l�[ulv�jhkl�fbdjhlj_sbg�b�^\b`_gb_�^_n_dlh\�\�
fZl_jbZe_�ih^\_kZ�ih^�^_ckl\b_f�ijbeh`_ggh]h�gZly`_gby��<�ijh\_^_g�
guo� jZg__� wdki_jbf_glZo� [ue� h[gZjm`_g� g_klZpbhgZjguc�f_oZgbq_kdbc�
rmf�\�kbevgh�gZlygmluo�klZevguo�b�\hevnjZfh\uo�ijh\hehdZo� >�@��GZ^h�
hlf_lblv��qlh�fbdjhkljmdlmju�klZeb� �ihebdjbklZee�k�\ujZ`_gghc� a_jgb�
klhc�kljmdlmjhc��b�ieZ\e_gh]h�d\ZjpZ� �kl_deh��ijbgpbibZevgh�hlebqZxl�
ky��Ba\_klgh�� qlh�f_oZgbq_kdb_� k\hckl\Z�f_lZeeh\�j_adh�f_gyxlky� dh]^Z�
ijbdeZ^u\Z_lky�gZly`_gb_��ij_\urZxs__�ij_^_e�l_dmq_klb�fZl_jbZeZ��G_�
kh\k_f�ykgh��kms_kl\m_l�eb�ZgZeh]bqguc�ihjh]�gZly`_gby�^ey�ieZ\e_gh]h�
d\ZjpZ��Ihwlhfm��^ey�hl\_lZ�gZ�\hijhk�h�gZebqbb�b�bgl_gkb\ghklb�ba[u�
lhqguo�rmfh\�\�d\Zjp_\uo�gblyo�g_h[oh^bfu�ijyfu_�baf_j_gby�� 

P_evx�^Zgghc�jZ[hlu�[ueZ�jZajZ[hldZ�b�j_ZebaZpby�f_lh^Z�j_]bkl�
jZpbb� dhe_[Zgbc� d\Zjp_\uo� gbl_c�� h[eZ^Zxs_]h� ki_dljZevghc� qm\kl\b�

l_evghklvx� 135 10 /xS cm Hz−< × \� h[eZklb� qZklhl�0.5-�� d=p� b�bkke_^h\Z�
gb_� k� _]h�ihfhsvx� kh[kl\_gguo�dhe_[Zgbc�gZ�\ukhdh^h[jhlguo� � kljmg�
guo�fh^Zo� 

Dhgkljmdpby�baf_jbl_evghc�mklZgh\db� 
Kj_^gyy�Zfieblm^Z�klZpbhgZjguo�l_ieh\uo�dhe_[Zgbc�hkpbeeylhjZ�jZ\gZ: 
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A^_kv k —� ihklhyggZy� ;hevpfZgZ�� T —� l_fi_jZlmjZ�m∗  —� wnn_dlb\gZy�
fZkkZ�hkpbeeylhjZ��ω —�qZklhlZ�dhe_[Zgbc��Bgl_j_k�ij_^klZ\eyxl�baf_�
j_gby�\ZjbZpbc�Zfieblm^u�aZ�\j_f_gZ��fZeu_�ih�kjZ\g_gbx�kh�\j_f_g_f�
j_eZdkZpbb��<�gZr_f�wdki_jbf_gl_�\j_fy�baf_j_gby�[ueh�\u[jZgh t=0.2 

F��qlh�[u�\uihegyehkv�mkeh\b_� xS A t< �]^_� xS  —�ki_dljZevgZy�qm\kl\b�

l_evghklv�j_]bkljbjmxs_c�kbkl_fu�gZ�qZklhl_�ω. 
Djhf_� \ukhdhc� qm\kl\bl_evghklb�� jZajZ[Zlu\Z_fZy� mklZgh\dZ� ^ey�

baf_j_gby� fZeuo� kf_s_gbc� ^he`gZ� [ueZ� khhl\_lkl\h\Zlv� ke_^mxsbf�
lj_[h\Zgbyf�� <h-i_j\uo�� hgZ� g_� ^he`gZ� [ueZ� \ghkblv� ^hihegbl_evgu_�
f_oZgbq_kdb_� ihl_jb� \� h[jZa_p�� qlh� [u� khojZgblv� \ukhdmx� ^h[jhlghklv�
kljmgguo� fh^�� dhlhjZy�� >ey� wlh]h� bkihevah\ZeZkv� dhgkljmdpby� ih^\_kZ��
iheghklvx�\uiheg_ggZy�ba�ieZ\e_gh]h�d\ZjpZ��<h-\lhjuo��\�ijhp_kk_�ba�
f_j_gbc�g_h[oh^bfh�[ueh�ih^^_j`b\Zlv�ihklhyggh_�gZly`_gb_�\�h[jZap_�
k�mq_lhf�_]h�\hafh`gh]h�m^ebg_gby��;ueh�j_r_gh�bkihevah\Zlv�j_ahgZlhj�
NZ[jb-I_jh�� h^gbf� ba� a_jdZe� dhlhjh]h� y\ey_lky� fZe_gvdbc� d\Zjp_\uc�
jhf[��\\Zj_gguc�\�p_glj�bkke_^m_fhc�d\Zjp_\hc�gblb��gZ�dhlhjuc�gZiu�
e_gh�hljZ`Zxs__�ihdjulb_�>�@��JZaf_ju�_]h���x4x����ff��\u[bjZebkv�lZd��
qlh�[u�_]h�fZkkZ�[ueZ�ihjy^dZ�fZkku�bkke_^m_fhc�gblb��Bklhqgbdhf�gZ�
dZqdb�kem`be�+H-1H�eZa_j�E=G-����fhsghklvx���f<l��baemq_gb_�dhlhjh]h�
ijhoh^beh�q_j_a�kbkl_fm�hilbq_kdbo�baheylhjh\��Zfieblm^guc�fh^meylhj�
b� k\_lh^_ebl_ev� d� hilh\hehdhgghfm� \\h^m� b�� ih� h^ghfh^h\hfm� \hehdgm��
ih^Z\Zehkv� \gmljv� \Zdmmfghc� dZf_ju��QZklv�baemq_gby�ba� k\_lh^_ebl_ey�
ih^Z_lky�gZ�^_l_dlhj��kb]gZe�k�\uoh^Z�dhlhjh]h�q_j_a�mkbebl_ev�b�nbevlj�
ih^Z_lky�gZ�fh^meylhj��dhlhju_�h[jZamxl�p_iv�klZ[bebaZpbb�bgl_gkb\gh�
klb� 

Ba� \hehdgZ� baemq_gb_� q_j_a� kh]eZkmxsmx�rZjh\mx� ebgam� ih^Z\Z�
ehkv�\�bgl_jn_jhf_lj�kh�klhjhgu�kn_jbq_kdh]h�a_jdZeZ��Kh�klhjhgu�ih^�
\b`gh]h�a_jdZeZ�[ue�mklZgh\e_g�nhlh^_l_dlhj��Kb]gZe�k�wlh]h�nhlh^_l_d�
lhjZ�ih^Z\Zeky�gZ�^\Z�fZehrmfysbo�ij_^mkbebl_ey��jZkiheh`_gguo�\�g_�
ihkj_^kl\_gghc�[ebahklb�hl�g_]h��<uoh^�h^gh]h�ba�gbo�[ue�ih^dexq_g�d�
nZahqm\kl\bl_evghfm� \hevlf_ljm�� j_]bkljbjmxs_fm� kb]gZe� gZ� qZklhl_�
dhe_[Zgbc� gblb��<uoh^� ^jm]h]h� ih^Z\Zeky� gZ� mkbebl_ev� h[jZlghc� k\yab��
mijZ\eyxsbc�gZijy`_gb_f�gZ�iv_ahd_jZfbq_kdhc�ih^Zq_��k�ihfhsvx�dh�
lhjhc�fh`gh�[ueh�\�g_[hevrbo�ij_^_eZo�i_j_f_sZlv�kn_jbq_kdh_�a_jdZ�
eh��GZebqb_�p_ib�h[jZlghc� k\yab�iha\heyeh�hkms_kl\eylv�gZkljhcdm�bg�
l_jn_jhf_ljZ�lZdbf�h[jZahf��qlh�[u�jZ[hqZy�lhqdZ�hdZau\ZeZkv�gZ�kdehg_�
_]h�j_ahgZgkghc�djb\hc��Ba-aZ�ihl_jv�\�hilbq_kdbo� we_f_glZo��g_b^_Zev�
gh]h�kh]eZkh\Zgby�fh^u�\hehdgZ�k�bgl_jn_jhf_ljhf�b�ihl_jv�\�a_jdZeZo�
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fZdkbfZevgZy�fhsghklv��iZ^ZxsZy�gZ�^_l_dlhj��khklZ\eyeZ�a���hl�fhs�
ghklb�eZa_jZ�� 

GZ�qZklhlZo�hl�����=p�^h���d=p�qm\kl\bl_evghklv�kha^Zgghc�mklZgh\�
db� h]jZgbqb\ZeZkv� nZah\ufb� rmfZfb� eZa_jZ� gZdZqdb� b� khklZ\eyeZ�

min 149 10 /xS cm Hz−= × �� GZ� [he__� gbadbo� qZklhlZo� ^hfbgbjh\Zeb� rmfu�
k_ckfbq_kdh]h�ijhbkoh`^_gby� 

 
J_amevlZlu�baf_j_gbc 

<� ijhp_kk_� bkke_^h\Zgbc� [ueb� k^_eZgu� aZibkb� Zfieblm^u� kh[kl�
\_gguo�dhe_[Zgbc�^ey� ���h[jZaph\�^bZf_ljhf�hl� ���^h� ����fdf�ijb�gZ�
]jmadZo�hl�����^h������hl�jZaju\ghc�h[s_c�^ebl_evghklvx�[he__����qZkh\��
>ey� dZ`^h]h� h[jZapZ� aZibkv� khklhyeZ� ba�njZ]f_glh\� ^ebgghc� hl� ���� ^h�
�����k��ihke_�aZibkb�dZ`^h]h�njZ]f_glZ�ijhba\h^beZkv�dZeb[jh\dZ�^Zlqb�
dZ�� <k_� aZibkb� ijhba\h^bebkv� \� ghqgh_� \j_fy� ^ey� mf_gvr_gby� \ebygby�
fbdjhk_ckfbdb�� Ijb� h[jZ[hld_� aZibk_c� bkdexqZehkv� ^h� ���� \j_f_gb� - 
bgl_j\Zeu�� \� l_q_gb_� dhlhjuo�nemdlmZpbb� bgl_gkb\ghklb� eZa_jZ��rmf� \�
p_ib�h[jZlghc�k\yab�beb�gZ�\uoh^_�k_ckfhf_ljZ�m\_ebqb\Zebkv�[he__�q_f�
\� �� jZaZ� ih� kjZ\g_gbx� kh� kj_^gbf� agZq_gb_f��Ihke_� wlh]h� ^ey� dZ`^h]h�
njZ]f_glZ�\uqbkeyebkv�kj_^gyy�Zfieblm^Z�dhe_[Zgbc�b�__�kj_^g_d\Z^jZ�
lbqgh_�hldehg_gb_�aZ�_^bgbqguc�bgl_j\Ze��jZ\guc�\j_f_gb�baf_j_gby��<�
kemqZ_� l_ieh\uo� dhe_[Zgbc� jZkij_^_e_gb_� \ZjbZpbc� Zfieblm^u� ^he`gh�
ih^qbgy_lky�ghjfZevghfm�aZdhgm��<�gZr_f�kemqZ_�gZ[ex^Zehkv�ebrv�g_�
[hevrh_�hlebqb_�ihemqZ_fuo�jZkij_^_e_gbc�hl�jZkq_lguo��baf_g_gbc�Zf�
ieblm^u�� ij_\urZxsbo� �σ� aZ� _^bgbqguc� bgl_j\Ze�� \j_f_gb� \hh[s_� g_�
gZ[ex^Zehkv� 

LZdbf� h[jZahf�� fh`gh� ml\_j`^Zlv�� qlh�� \hagbdgh\_gb_� [hevrbo�
(>10σ��kdZqdh\�Zfieblm^u�dhe_[Zgbc�gbl_c�ih^\_kZ��kihkh[guo�bfblbjh�
\Zlv�kb]gZe�\�]jZ\blZpbhgguo�^_l_dlhjZo�ijb�gZly`_gbyo�gbl_c�^h�����hl�
jZaju\gh]h��ij_^klZ\ey_lky�fZeh\_jhylguf� 

 
<u\h^u 

Kha^ZgZ� hjb]bgZevgZy� wdki_jbf_glZevgZy� mklZgh\dZ� ^ey� j_]bkljZ�
pbb�l_ieh\uo�b�ba[ulhqguo�f_oZgbq_kdbo�rmfh\�\�ijhlhlbiZo�ih^\_kh\�
a_jdZe� ]jZ\blZpbhgguo� Zgl_gg�ba�ieZ\e_gh]h�d\ZjpZ��FZdkbfZevgZy�qm\�

kl\bl_evghklv� khklZ\beZ� min 149 10 /xS cm Hz−= × ��Ijh\_^_ggu_� baf_j_gby�
iha\heyxl�aZdexqblv��qlh��ijb�gZ]jmadZo�f_g__�����hl�jZaju\ghc�dhe_[Z�
gby�ijhlhlbih\�ih^\_kh\�ba�ieZ\e_gh]h�d\ZjpZ��\�hkgh\ghf��hij_^_eyxlky�
jZ\gh\_kgufb�l_ieh\ufb�nemdlmZpbyfb� 
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<�:DLB<GH-G?EBG?CGUO�DJBKL:EE:O� 
K�J?=MEYJGHC�>HF?GGHC�KLJMDLMJHC 

 
:kibjZgl�Gh\bdh\�:�:���gZmq��khlj��EZil_\�=�>���ijhn_kkhj�Qbjdbg�:�K� 

 
H^gZ�ba�\Z`guo� aZ^Zq�g_ebg_cghc�hilbdb�k\yaZgZ�k�bkke_^h\Zgb_f�

gh\uo�\hafh`ghkl_c�ih�ij_h[jZah\Zgbx�qZklhl�dh]_j_glgh]h�hilbq_kdh]h�
baemq_gby��K� wlhc� p_evx� m`_� gZ� ijhly`_gbb�fgh]bo� e_l� \_^mlky� bgl_g�
kb\gu_�bkke_^h\Zgby�gh\uo�g_ebg_cguo�kj_^��ihbkd�gh\uo�b�kh\_jr_gkl�
\h\Zgb_� ba\_klguo� f_lh^h\� g_ebg_cgh-hilbq_kdh]h� ij_h[jZah\Zgby� qZk�
lhl��<�wlhc�k\yab�qj_a\uqZcgh�bgl_j_kguf�ij_^klZ\ey_lky�bkihevah\Zgb_�
\� dZq_kl\_� ij_h[jZah\Zl_e_c� qZklhl� bgl_]jZevguo� we_f_glh\�� \uihegyx�
sbo�kjZam�g_kdhevdh�nmgdpbc��H^gbf�ba�ijbf_jh\�lZdbo�we_f_glh\�y\ey�
xlky�Zdlb\gh-g_ebg_cgu_�djbklZeeu��:GD���dhlhju_�h^gh\j_f_ggh�b]jZ�
xl�jhev�bklhqgbdZ�dh]_j_glgh]h�baemq_gby�b�ij_h[jZah\Zl_ey�qZklhlu�>�@��
Bhgu� ijbf_k_c� \�:GD� h[_ki_qb\Zxl� eZa_jgmx� ]_g_jZpbx� baemq_gby�� Z�
k\hckl\Z� djbklZeebq_kdhc�fZljbpu� -�g_ebg_cgh-hilbq_kdh_�ij_h[jZah\Z�
gb_� qZklhlu� wlh]h� baemq_gby��Ijhp_kku�� \� dhlhjuo� h^gh\j_f_ggh� bf__l�
f_klh�eZa_jgZy�]_g_jZpby�baemq_gby�b�g_ebg_cgh_�ij_h[jZah\Zgb_�_]h�qZk�
lhlu��ihemqbeb�gZa\Zgb_�ijhp_kkh\�kZfhij_h[jZah\Zgby�qZklhlu��Hkms_�
kl\e_gb_�ijhp_kkh\� kZfhij_h[jZah\Zgby�qZklhlu�ijb\e_dZl_evgh� k� lhqdb�
aj_gby�kha^Zgby�dhfiZdlguo�l\_j^hl_evguo�kbkl_f��]_g_jbjmxsbo�baem�
q_gb_� \� \b^bfhf� b� bgnjZdjZkghf� ki_dljZevguo� ^bZiZahgZo�� qlh� fh`_l�
[ulv�k�mki_ohf�bkihevah\Zgh�\�p_ehf�jy^_�ijbeh`_gbc� 

<�gZklhys_c�jZ[hl_�khh[sZ_lky�h�j_amevlZlZo�bkke_^h\Zgby�ijhp_k�
kh\� kZfhij_h[jZah\Zgby� qZklhlu� eZa_jgh]h� baemq_gby� \� Zdlb\gh-
g_ebg_cguo� djbklZeeZo� k� j_]meyjghc� ^hf_gghc� kljmdlmjhc�� LZdb_� djb�
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klZeeu�khq_lZxl�\�k_[_�^hklhbgkl\Z�:GD�b�g_ebg_cguo�djbklZeeh\�k�j_�
]meyjghc� ^hf_gghc� kljmdlmjhc� �J>K-djbklZeeh\��� iha\heyxsbo� aZ� kq_l�
l_ogbdb� d\Zabkbgojhgguo� \aZbfh^_ckl\bc� j_Zebah\u\Zlv� jZaghh[jZagu_�
g_ebg_cgh-hilbq_kdb_�ijhp_kku�>�@��GZebqb_�j_]meyjghc�^hf_gghc�kljmd�
lmju� kms_kl\_ggh�jZkrbjy_l�\hafh`ghklb�:GD�ih�ij_h[jZah\Zgbx�qZk�
lhlu�eZa_jgh]h�baemq_gby��iha\heyy�j_Zebah\u\Zlv�[hevrh_�qbkeh�d\Zab�
kbgojhgguo�ijhp_kkh\�kZfhij_h[jZah\Zgby�qZklhlu�b�aZ�kq_l�wlh]h�ihem�
qZlv�dh]_j_glguc�b�g_deZkkbq_kdbc�k\_l�\�jZaebqguo�ki_dljZevguo�^bZiZ�
ahgZo� 

Ijhp_kku� d\Zabkbgojhggh]h� kZfhij_h[jZah\Zgby� qZklhlu� bkke_^h�
\Zgu�\�jZ[hl_�k�lhqdb� aj_gby�hkh[_gghkl_c�bo�ijhl_dZgby�b�jZkrbj_gby�
^bZiZahgZ� ]_g_jbjm_fuo� qZklhl�� <� qZklghklb�� ij_^klZ\e_gu� j_amevlZlu�
wdki_jbf_glZevgh]h�bkke_^h\Zgby�kZfhm^\h_gby�b�kZfhkeh`_gby�qZklhl�\�
Zdlb\gh-g_ebg_cghf� J>K-djbklZee_� Nd:Mg:LiNbO3� ijb� ]_g_jZpbb� dZd� \�
g_ij_ju\ghf�j_`bf_��lZd�b�\�j_`bf_�fh^meypbb�^h[jhlghklb�j_ahgZlhjZ� 

<�jZ[hl_�jZa\blZ� l_hjby��hibku\ZxsZy�ijhp_kku� kZfhij_h[jZah\Z�
gby�qZklhlu�b�gZ�__�hkgh\_�bamq_gu�fhsghklgu_�oZjZdl_jbklbdb�baemq_�
gby� \� ijhp_kkZo� kZfhm^\h_gby�� iZjZf_ljbq_kdh]h� kZfhij_h[jZah\Zgby� b�
kZfhkeh`_gby�� Ihemq_gu� ZgZeblbq_kdb_� \ujZ`_gby� ^ey� bgl_gkb\ghkl_c�
\heg�� mqZkl\mxsbo� \� wlbo� ijhp_kkZo�� IhdZaZgh�� qlh� kms_kl\mxl� hilb�
fZevgu_�iZjZf_lju�gZdZqdb��djbklZeeZ�b�j_ahgZlhjZ��ijb�dhlhjuo�fh`gh�
ihemqblv� fZdkbfZevgmx� fhsghklv� baemq_gby�� b� \uy\e_gu� hkh[_gghklb�
wg_j]hh[f_gZ�f_`^m�\hegZfb�\�mdZaZgguo�ijhp_kkZo� 

<� jZ[hl_� lZd`_� bamq_gu� ijhkljZgkl\_ggu_� oZjZdl_jbklbdb� baemq_�
gby� \� ijhp_kkZo� kZfhij_h[jZah\Zgby� qZklhlu��>ey� wlh]h� ijh\_^_gh� qbk�
e_ggh_�fh^_ebjh\Zgb_�ijhp_kkh\�kZfhij_h[jZah\Zgby�k�mq_lhf�^bnjZdpb�
hgguo�wnn_dlh\��bf_xsbo�f_klh�ijb�jZkijhkljZg_gbb�baemq_gby�\�j_ah�
gZlhj_�� Bkke_^h\Zgh� \ebygb_� iZjZf_ljh\� jZkkfZljb\Z_fhc� kbkl_fu� gZ�
nhjfbjh\Zgb_� ijhkljZgkl\_gghc� kljmdlmju� k\_lh\hc� bgl_gkb\ghklb��
Ijh\_^_gh� lZd`_� khihklZ\e_gb_� wdki_jbf_glZevguo� b� l_hj_lbq_kdbo� j_�
amevlZlh\�b�mklZgh\e_gh��qlh�hgb�bf_xl�h^bgZdh\uc�oZjZdl_j� 

JZa\blZ� d\Zglh\Zy� l_hjby�ijhp_kkh\� kZfhij_h[jZah\Zgby�qZklhlu� \�
:GD�k�j_]meyjghc�^hf_gghc�kljmdlmjhc��Bkke_^h\Zgu�d\Zglh\u_�k\hckl\Z�
baemq_gbc�� ]_g_jbjm_fuo� \� ijhp_kkZo� kZfhm^\h_gby�� iZjZf_ljbq_kdh]h�
kZfhij_h[jZah\Zgby�b�kZfhkeh`_gby�qZklhl��MklZgh\e_gh��qlh�gZb[hevr__�
ih^Z\e_gb_�nemdlmZpbc�\�d\Z^jZlmjguo�dhfihg_glZo�]_g_jbjm_fh]h�baem�
q_gby� bf__l�f_klh� ijb� kZfhm^\h_gbb� qZklhlu� �a����� b� \� ih^ihjh]h\hf�
j_`bf_�]_g_jZpbb�km[]Zjfhgbdb��a����� 
 
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). 
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IJBF?G?GB?�EXFBG?KP?GLGH–KI?DLJ:EVGH=H 
:G:EBA:�<�HP?GD?�BR?FBQ?KDBO�IH<J?@>?GBC 

DHFIHG?GLH<�KU<HJHLDB�DJH<B 
 

Ijhn_kkhj�KZe_pdbc�:�F���ZkibjZgldZ�<eZkh\Z�B�F� 
 

JZg__� f_lh^Zfb� eZa_jghc� ki_dljhkdhibb� d\Zabmijm]h� jZkk_yggh]h�
k\_lZ�gZfb�[ueh�aZj_]bkljbjh\Zgh�\ebygb_�br_fbb�gZ�dhfihg_glu�ku\h�
jhldb�djh\b��jZaf_ju�ebihijhl_bgh\�gbadhc�iehlghklb��EIGI��ku\hjhl�
db�ihke_�br_fbb�m\_ebqb\Zebkv��ijb�wlhf�iehlghklv�EIGI�ihke_�br_fbb�
mf_gvrZeZkv� >�@��Wlb�baf_g_gby�EIGI�[ueb�h[tykg_gu�\�jZfdZo�l_hjbb�
hdbkebl_evgh]h� klj_kkZ�� K\h[h^ghjZ^bdZevgh_� hdbke_gb_� EIGI� ihke_�
br_fbb� ih^l\_j`^_gh� \� gZrbo� bkke_^h\Zgbyo�ijb� hij_^_e_gbb�fhe_dm�
eyjghc� kljmdlmju�EIGI�f_lh^hf� dhf[bgZpbhggh]h�jZkk_ygby� k\_lZ� >�@��
hkgh\guf� km[kljZlhf� k\h[h^ghjZ^bdZevgh]h� hdbke_gby� \� EIGI� kem`Zl�
g_gZkus_ggu_�`bjgu_�dbkehlu�nhknhebib^gh]h�kehy�EIGI�� 

<� ^Zgghc� jZ[hl_�
\u^\bgmlZy� gZfb� fh�
^_ev� k\h[h^ghjZ^b�
dZevgh]h� hdbke_gby�
EIGI� \ke_^kl\b_�
br_fbb� ih^l\_j`^_gZ�
f_lh^Zfb� exfbg_k�
p_glgh� –� ki_dljZevgh�
]h� ZgZebaZ�� K\h[h^gh�
jZ^bdZevgu_� kh_^bg_�
gby� \� khklZ\_� EIGI��
h[jZamxsb_ky� \ke_^�
kl\b_� br_fbb�� h[eZ�
^Zxl� kihkh[ghklvx� d�
nhlhexfbg_kp_gpbb��
bgl_gkb\ghklv� dhlh�
jhc� hljZ`Z_l� bo� dhg�
p_gljZpbx� 

<ha[m`^_gb_�ku-
\hjhldb� djh\b� ijh\h�
^behkv� k\_lhf� k� ^eb�
ghc� \hegu� λ\ha[ = 350 
gf�� >ZggZy� λ\ha[� ijb�
\h^bl� d� ihy\e_gbx�
k\_q_gby� g_[_edh\uo�
nhknhebib^guo� dhf�
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ihg_glh\� ebihijh�
l_bgh\�� Exfbg_kp_g�
pby� a^hjh\hc� b� br_�
fbq_kdhc� ku\hjhldb�
djh\b� kbevgh� hleb�
qZxlky� ih� bgl_gkb\�
ghklb�� ijb� wlhf� fZd�
kbfmf� exfbg_kp_g�
pbb� khojZgy_l� k\hz�
iheh`_gb_�λexf = 470 
gf� �jbk�����<�ghjf_�\�
a^hjh\hc� ku\hjhld_�
djh\b� dhgp_gljZpby�
k\h[h^guo� jZ^bdZeh\�
hq_gv� fZeZ�� ihwlhfm�
fZeZ�b�bgl_gkb\ghklv�

exfbg_kp_gpbb�
�jbk����� Ihke_� br_�
fbq_kdhc� ijhp_^mju�
bgl_gkb\ghklv� exfb�
g_kp_gpbb� ku\hjhldb�
kbevgh� \hajZklZ_l� �\�
���� jZaZ�� ih� kjZ\g_�
gbx� k� exfbg_kp_g�
pb_c� a^hjh\hc� ku\h�

jhldb� djh\b�� qlh� � h[mkeh\e_gh�gZebqb_f�g_kiZj_gguo� we_dljhgh\� \� k\h�
[h^ghjZ^bdZevguo� kh_^bg_gbyo�EIGI�br_fbq_kdhc� ku\hjhldb��b�� khhl�
\_lkl\_ggh��[hevr_c�\_jhylghklvx�\ha[m`^_gby�fhe_dme�wlbo�kh_^bg_gbc�
ijb�h[emq_gbb�k\_lhf�� 

Ebihi_j_dbkgh_� k\h[h^ghjZ^bdZevgh_� hdbke_gb_� nhknhebib^h\�
ZfnbiZlbq_kdh]h� � � kehy� � �EIGI� � ihke_� � br_fbq_kdhc� � ijhp_^mju� ih^�
l\_j`^_gh�lZd`_����ijb����bkihevah\Zgbb���nemhj_kp_glguo��ahg^h\��jh^Z�
fbgZ� �@�� gbevkdh]h� kbg_]h��� rbjhdh� ijbf_gy_fh]h� \� exfbg_kp_glguo�
bkke_^h\Zgbyo� hdbke_gby� ebib^h\� [bhf_f[jZg�� DZd� \b^gh� �jbk�����
bgl_gkb\ghklv�exfbg_kp_gpbb�jh^ZfbgZ� �λ\ha[� �����gf��ijb�^h[Z\e_gbb�
_]h� \� br_fbq_kdmx� ku\hjhldm� [hevr_� ZgZeh]bqghc� bgl_gkb\ghklb�
jh^ZfbgZ�� ^h[Z\e_ggh]h� \� a^hjh\mx� ku\hjhldm� �\� ���� jZaZ���M\_ebq_gb_�
bgl_gkb\ghklb� exfbg_kp_gpbb� jh^ZfbgZ� �@� \� br_fbq_kdhc� ku\hjhld_�
djh\b� k\yaZgh� k� gZebqb_f� g_kiZj_gguo� we_dljhgh\� \� k\h[h^ghjZ^bdZev�
guo�ebib^guo�dhfihg_glZo�EIGI�br_fbq_kdhc�ku\hjhldb�b�k�\ha[m`^_�
gb_f�wlbo�fhe_dme�ijb�h[emq_gbb�k\_lhf��b��khhl\_lkl\_ggh��k�i_j_ghkhf�
wg_j]bb� \ha[m`^_gby� k� wlbo� dhfihg_glh\�EIGI� gZ�fhe_dmeu� jh^ZfbgZ�
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�@�� Ke_^h\Zl_evgh�� jh�
^Zfbg� �@� \uklmiZ_l� \�
^Zgghc� kbkl_f_� dZd��
nemhj_kp_glguc� � ahg^��
ijbgbfZxsbc� gZ� k_[y�
wg_j]bx� k� \ha[m`-
^_gguo� k\h[h^ghjZ^b�
dZevguo� kh_^bg_gbc� \�
khklZ\_� nhknhebib^h\�
EIGI�� ihy\eyxsboky�
\ke_^kl\b_�br_fbq_kdh�
]h� hdbkebl_evgh]h� ih�
\j_`^_gby� nhknheb�
ib^gh]h�kehy�EIGI� 

Gbevkdbc�kbgbc�<�
[ue� ^h[Z\e_g� \� bkke_�
^m_fu_� h[jZapu� ku\h�
jhldb� djh\b� \� dhgp_g�
ljZpbb� ��� fdF�� Ijb�
\ha[m`^_gbb� nemhj_k�
p_gpbb� gbevkdh]h� kbg_�
]h�� ^h[Z\e_ggh]h� \� h[�
jZapu� ku\hjhldb� djh\b��
gZ� ^ebgZo� \heg� λ\ha[ = 
580 -�����gf��e_`Zsbo�\�
h[eZklb� _]h� ih]ehs_�
gby��nemhj_kp_gpby�gbevkdh]h�kbg_]h�gZ[ex^Z_lky�\�h[eZklb�����–�����gf��
<�h[hbo�kemqZyo��dZd�ijb�^h[Z\e_gbb�gbevkdh]h�kbg_]h�\�a^hjh\mx�ku\h�
jhldm�djh\b��lZd�b�ijb�^h[Z\e_gbb�_]h�\�ku\hjhldm�djh\b�ihke_�br_fbb��
ijb� m\_ebq_gbb� ^ebgu� \hegu� \ha[m`^_gby� �λ\ha[�� gbevkdh]h� kbg_]h� gZ�
[ex^Z_lky��jbk������djZkguc�k^\b]�fZdkbfmfZ�_]h�nemhj_kp_gpbb��λne

max). 
Ijb� kjZ\g_gbb� �jbk������ bgl_gkb\ghklb� exfbg_kp_gpbb� gbevkdh]h�

kbg_]h�\�h[jZapZo�a^hjh\hc�ku\hjhldb�b�\�h[jZapZo�ku\hjhldb�ihke_�br_�
fbb�\b^gh��qlh�ijb�\ha[m`^_gbb�exfbg_kp_gpbb���gbevkdh]h��kbg_]h���gZ���
^ebg_���\hegu���λ\ha[  =  600 –�����gf�bgl_gkb\ghklv�exfbg_kp_gpbb�gbev�
kdh]h�kbg_]h�ijb�^h[Z\e_gbb�_]h�\�br_fbq_kdmx�ku\hjhldm�[hevr_�ZgZ�
eh]bqghc�bgl_gkb\ghklb�gbevkdh]h�kbg_]h��^h[Z\e_ggh]h�\� a^hjh\mx�ku�
\hjhldm�djh\b��ijbf_jgh�gZ��������>Zggh_�m\_ebq_gb_�bgl_gkb\ghklb�ex�
fbg_kp_gpbb�gbevkdh]h�kbg_]h�\�ku\hjhld_�djh\b�ihke_�br_fbb�ih�kjZ\�
g_gbx�k�_]h�exfbg_kp_gpb_c�\�a^hjh\hc�ku\hjhld_�h[tykgy_lky�l_f��qlh�
gbevkdbc�kbgbc��dZd�ebihnbevguc�]b^jhnh[guc�ahg^��ijhgbdZ_l�\�Zfnb�
iZlbq_kdbc�nhknhebib^guc�kehc�EIGI�ku\hjhldb�djh\b�b�aZl_f�k\yau�
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\Z_lky�k�g_gZkus_ggufb�`bjgufb�dbkehlZfb�nhknhebib^h\�EIGI��Ih�
ke_�br_fbb�\�khklZ\_�nhknhebib^h\�EIGI�ijbkmlkl\mxl�ebib^gu_�k\h�
[h^ghjZ^bdZevgu_� kh_^bg_gby�� dhlhju_� ijb� \ha[m`^_gbb� bo� k\_lhf��i_�
j_^Zxl�k\hx�wg_j]bx�\ha[m`^_gby�gZ�k\yaZ\rb_ky�k�gbfb�fhe_dmeu�gbev�
kdh]h�kbg_]h� 

Ebl_jZlmjZ 
1. Vlasova I.M., Dolmatova E.V., Koshelev V.B., Saletsky A.M. “Investigation 

of ischemia damaging action on blood serum structure by laser spectroscopy 
methods.” // Laser Physics LetWHUV��������9����������SS�����-420. 

2. Baranov A.N., Vlasova I.M., Saletsky A.M. “Investigation of ischemia damag-
ing action on blood serum by Raman spectroscopy method.” // Laser Physics  

3. /HWWHUV��������9�����������SS�����-559. 
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WE?DLJBQ?KDB?�J:AJY>U�<�K<?JOA<MDH<UO�IHLHD:O�=:A: 
 

Ijhn_kkhj�:e_dkZg^jh\�:�N���^hp_gl�?jrh\�:�I� 
 

We_dljbq_kdb_� jZajy^u� \� k\_joa\mdh\uo� ihlhdZo� ]ZaZ� jZkkfZljb\Z�
xlky��dZd�ijZ\beh��k�^\mo�ijZdlbq_kdbo�lhq_d�aj_gby��<h-i_j\uo��^ey�i_j_�
kljhcdb�]heh\guo�m^Zjgh-\hegh\uo�kljmdlmj�i_j_^�l_ehf��l�_��©mijZ\e_gby�
h[l_dZgb_fª�� \h-\lhjuo�� dZd� i_jki_dlb\guc� kihkh[� \hkieZf_g_gby� lhi�
eb\gh-\ha^mrghc�kf_kb�ijb�k\_jo-�b�]bi_ja\mdh\uo�kdhjhklyo�^\b`_gby� 

<�^hdeZ^_�baeZ]Zxlky�j_amevlZlu� wdki_jbf_glZevguo�bkke_^h\Zgbc�
we_dljbq_kdh]h� jZajy^Z� \� k\_joa\mdh\uo� �F�  � ��� ihlhdZo� \ha^moZ�G_klZ�
pbhgZjguc�oZjZdl_j�]hj_gby�ihi_j_qgh]h�jZajy^Z�ihklhyggh]h�lhdZ�\�ih�
lhd_� lj_[m_l�g_� lhevdh�bamq_gby� _]h�ih\_^_gby�\h�\j_f_gb��gh�b� ZgZebaZ�
iZjZf_ljh\�jZajy^Z� \f_kl_� k�oZjZdl_jbklbdZfb�\g_rg_c�p_ib��Ihwlhfm�\�
gZklhys_c� jZ[hl_� hkgh\gh_� \gbfZgb_� [ueh� m^_e_gh� bkke_^h\Zgbx� bf�
imevkguo�jZajy^h\�\�k\_joa\mdh\uo�ihlhdZo��Bfimevkguc�j_`bf�^Ze�\ha�
fh`ghklv�g_�lhevdh�j_Zebah\Zlv�j_`bf�]_g_jZlhjZ�lhdZ��gh�b�ijh\_klb�ba�
f_j_gby�\�rbjhdhf�^bZiZahg_�\g_rgbo��iZjZf_ljh\�� 

Bklhqgbdhf�iblZgby� kem`be�bfimevkguc�fh^meylhj��kh[jZgguc�ih�
ko_f_�k�qZklbqguf�jZajy^hf�gZdhibl_evghc�_fdhklb���k�j_]mebjm_fuf�gZ�
ijy`_gb_f�hl���^h����d<��lhdhf�^h����A��^ebl_evghklvx�bfimevkh\�τ = 2 - 
�����fdk�b�qZklhlhc�ih\lhj_gby�bfimevkh\�f = 1 - 1��=p��>ey�^bZ]ghklbdb�
jZajy^h\�bkihevah\Zebkv� l_g_\Zy�mklZgh\dZ�� k\_jokdhjhklghc�nhlhj_]bkl�
jZlhj�� Z\lhfZlbabjh\Zggu_� ko_fu� ahg^h\uo� b� ki_dljhkdhibq_kdbo� baf_�
j_gbc� 

 Bfimevkguc� j_`bf� –� k� \hafh`ghklvx� ihemq_gby� h^gh\j_f_ggh�
[hevrbo�gZijy`_gbc�b�[hevrbo�jZajy^guo�lhdh\�iha\hebe�ijbf_gblv�f_�
lh^� k\_jokdhjhklghc�nhlhj_]bkljZpbb� b� l_f� kZfuf� ^_lZevgh� ijhke_^blv�
jZa\blb_�jZajy^Z��<�gZrbo�wdki_jbf_glZo�bkihevah\Zeky�k\_jokdhjhklghc�
nhlhj_]bkljZlhj� lbiZ� KNJ-�F�� dhlhjuc� jZ[hlZe� \� j_`bf_� ihdZ^jh\hc�
kt_fdb�k�^\mojy^ghc�\klZ\dhc��Ijb�wlhf�^ebl_evghklv�h^gh]h�dZ^jZ�baf_�
gyeZkv�hl� ��^h� ���fbdjhk_dmg^��:gZeba�wdki_jbf_glZevguo�^Zgguo�ihdZ�
au\Z_l�ke_^mxs__��JZajy^�ij_^klZ\ey_l�kh[hc�lhdh\mx�i_lex��nhjfbjm_�
fmx�^\mfy�madbfb�ijhly`_ggufb� \^hev�ihlhdZ�dZgZeZfb�b� aZfudZxs_c�
ihi_j_qghc�i_j_fuqdhc��iheh`_gb_�dhlhjhc�i_jbh^bq_kdb�baf_gy_lky�\h�
\j_f_gb��I_jbh^bqghklv� \hagbdZ_l�ba-aZ� lh]h�� qlh� ©i_j_fuqdZª� kghkblky�
kh� kdhjhklvx� gZ[_]Zxs_]h� ihlhdZ�� aZl_f� ijhbkoh^bl� ih\lhjguc� ijh[hc�
f_`^m�dZgZeZfb�gZ�g_dhlhjhf�jZkklhygbb�hl�kj_aZ�khieZ�b�ijhp_kk�ih\lh�
jy_lky��Ihwlhfm�dZ`^uc�jZajy^guc�dZgZe�khklhbl�ba�klZpbhgZjghc�qZklb��
^ebgZ� dhlhjhc�hij_^_ey_lky�iheh`_gb_f� lhqdb�ih\lhjgh]h�ijh[hy��b�i_�
jbh^bq_kdhc�qZklb��m^ebg_gb_�dhlhjhc�ijhbkoh^bl�ebg_cgh�ih�\j_f_gb�kh�
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kdhjhklvx�gZ[_]Zxs_]h�ihlhdZ�b�ij_ju\Z_lky� \�fhf_gl�ih\lhjgh]h�ijh�
[hy�� 

Ih\lhjgu_� ijh[hb�� h]jZgbqb\Zxsb_� ijhly`_gghklv� jZajy^Z�� hij_�
^_eyxlky� h^gbf� ba� ^\mo� f_oZgbafh\� g_mklhcqb\hklb�� I_j\uc� f_oZgbaf�
h[mkeh\e_g�g_mklhcqb\hklvx��k\yaZgghc�k�\g_rg_c� we_dljbq_kdhc�p_ivx��
ijb�wlhf�ih\lhjguc�ijh[hc�y\ey_lky�ke_^kl\b_f��Z�g_�ijbqbghc�d\ZabklZ�
pbhgZjgh]h� ]hj_gby�jZajy^Z��<�j_`bf_� ]_g_jZlhjZ� lhdZ��dh]^Z�oZjZdl_jb�
klbdb�\g_rg_c�p_ib�fh`gh�g_�ijbgbfZlv�\h�\gbfZgb_��kh[kl\_ggh�ih\lhj�
guc� ijh[hc� � y\ey_lky�f_oZgbafhf� g_mklhcqb\hklb� jZajy^Z��Ijb� wlhf� hg�
ijhbkoh^bl��f_`^m�Zgh^ghc�b�dZlh^ghc�qZklyfb�jZajy^gh]h�dZgZeZ� 

LZdbf� h[jZahf�� ihi_j_qgu_� d� k\_joa\mdh\hfm� ihlhdm� ]ZaZ� jZajy^u�
y\eyxlky�ijbf_jhf�jZajy^Z��g_mklhcqb\hklv�dhlhjh]h�g_evay�klZ[bebabjh�
\Zlv� \g_rg_c� p_ivx�� hljZ`Zy� ijbgpbibZevgh� g_klZpbhgZjguc� oZjZdl_j�
ijhl_dZgby�we_dljbq_kdh]h�lhdZ�ihi_j_d�]Zah\h]h�ihlhdZ��JZajy^�ij_^klZ\�
ey_l�kh[hc�ijhkljZgkl\_ggh�keh`guc��g_klZpbhgZjguc�h[t_dl��]^_ agZqb�
l_evgZy�qZklv�we_dljbq_kdhc�fhsghklb�\deZ^u\Z_lky�iZjZee_evgh�ihlhdm��
ijbq_f�ijhly`_gghklv� ahgu� wg_j]h\deZ^Z�b�ihlj_[ey_fZy�jZajy^hf� we_d�
ljbq_kdZy� fhsghklv� �^Z`_� ijb� iblZgbb� hl� bklhqgbdZ� ihklhyggh]h� lhdZ��
i_jbh^bq_kdb�baf_gyxlky�\h�\j_f_gb�  

Fh`gh�hp_gblv�fZdkbfZevgmx�ijhly`_gghklv� �jZajy^gh]h�dZgZeZ�\�
ijZdlbq_kdb�\Z`ghf�kemqZ_��dh]^Z�_]h�g_mklhcqb\hklv�hij_^_ey_lky�\g_r�
g_c�p_ivx��>ey�jZajy^h\�dZd� \�g_ih^\b`ghf� ]Za_�� lZd�b�\� k\_joa\mdh\hf�
ihlhd_�\ha^moZ�bf__l�f_klh�kl_i_ggZy�k\yav�f_`^m�lhdhf�b�ihe_f�jZajy^Z��

nInCE −= )( ��Ij_g_[j_]Zy�j_Zdlb\ghc�khklZ\eyxs_c�p_ib��fh`gh�ihemqblv�
ijhklh_�\ujZ`_gb_�^ey�fZdkbfZevghc�ijhly`_gghklb� 

( ) 1

1

max
1)( +

+

+
=

n

n

n
b

n

n

n

RnK
L

ε

 
LZdbf� h[jZahf�� ijb� ijhqbo� jZ\guo� mkeh\byo� ijhly`_gghklv� ihi_�

j_qguo� d� ihlhdm� jZajy^h\� ihklhyggh]h� lhdZ� hij_^_ey_lky� iZjZf_ljZfb�
\g_rg_c�p_ib��w^k�bklhqgbdZ�b��[ZeeZklguf�khijhlb\e_gb_f� 

>ey� ijZdlbq_kdbo� ijbeh`_gbc� g_khfg_gguc� bgl_j_k� ij_^klZ\eyxl�
g_�lhevdh�fZdjhkdhibq_kdb_��gh�b�fbdjhkdhibq_kdb_�oZjZdl_jbklbdb��GZb�
[he__� \Z`ghc�ba�gbo� y\ey_lky� l_fi_jZlmjZ� ]ZaZ��DZ`_lky�hq_\b^guf��qlh�
^ey�gZ]j_\Z�k\_joa\mdh\h]h�ihlhdZ�]ZaZ�g_h[oh^bfh�h[_ki_qblv�dZd�fh`gh�
[he__�ijhly`_ggu_�jZajy^gu_�dZgZeu�\^hev�ihlhdZ��<�wdki_jbf_glZo�\�Zw�
jh^bgZfbq_kdbo� ljm[Zo� m^Z\Zehkv� h[_ki_qblv� ijhly`_gghklv� jZajy^Z�
\^hev�ihlhdZ�≈��f��ijb�wlhf�\deZ^u\Z_fZy�we_dljbq_kdZy�fhsghklv�^hklb�
]ZeZ� ��� d<l�� h^gZdh� agZq_gby� l_fi_jZlmju� gZ� \uoh^_� khklZ\eyeb� f_g__�
1000� D�� DZd� ke_^kl\b_�� [ue� k^_eZg� hljbpZl_evguc� \u\h^� hlghkbl_evgh�
\hafh`ghklb� gZ]j_\Z� ihlhdZ� \� ]Zah\hf� jZajy^_��H^gZdh� gZrb� baf_j_gby�
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jZkij_^_e_gby�l_fi_jZlmju�]ZaZ�\^hev�ihlhdZ�ihdZaZeb��qlh�ijb�lhdZo�jZa�
jy^Z�I�!���:�l_fi_jZlmjZ�j_adh�ih\urZ_lky�hl���� K�^h�1000-2000 K�\�gZ�
qZe_�dZgZeZ��Z�aZl_f�g_�lhevdh�g_�jZkl_l��gh�gZh[hjhl��ieZ\gh�mf_gvrZ_lky�
k�m^Ze_gb_f�hl�kj_aZ�khieZ��OZjZdl_jgh��qlh�\j_fy�gZ]j_\Z�]ZaZ�\�]heh\ghc�
qZklb�dZgZeZ�g_�ij_\urZeh����fdk�� 

>\Z�nZdlhjZ�hij_^_eyxl�gZ[ex^Z_fuc�wnn_dl��<h-i_j\uo��\�h[eZklv�
i_j_^gbo�we_dljh^h\�ihklmiZ_l�iehlguc�b�oheh^guc�\ha^mo��qlh�\�keZ[h�
bhgbah\Zgghc� ieZaf_�� ijh\h^bfhklv� dhlhjhc� h[jZlgh� ijhihjpbhgZevgZ�
iehlghklb�]ZaZ��ijb\h^bl�d�fZdkbfZevghc�fhsghklb�^`hme_\Z�gZ]j_\Z��<h-
\lhjuo��g_h[oh^bfhklv�bgl_gkb\ghc�]_g_jZpbb�aZjy`_gguo�qZklbp�\�ijb�
we_dljh^guo�h[eZklyo�aZ^Z_l�[he__�\ukhdb_��q_f�\�dZgZeZo��agZq_gby�E/N�b��
ke_^h\Zl_evgh�� \hafh`ghklv� j_ZebaZpbb� f_oZgbafZ� ©[ukljh]h� gZ]j_\Zª�
\ha^moZ�� l�_�� gZ]j_\Z�� ijhbkoh^ys_]h� gZ� \j_f_gZo�� kms_kl\_ggh�f_gvrbo�
\j_f_g� dhe_[Zl_evghc� j_eZdkZpbb��<deZ^hf�VT� j_eZdkZpbb� \� gZ]j_\� ]ZaZ�
fh`gh�ij_g_[j_qv��ihkdhevdm�\j_fy�\ughkZ�qZklbp�ba�ahgu�jZajy^Z�fgh]h�
f_gvr_�oZjZdl_jgh]h�\j_f_gb� wlh]h�ijhp_kkZ�ba-aZ�\ukhdhc�kdhjhklb�ih�
lhdZ�b�hlghkbl_evgh�g_[hevrbo�agZq_gbc�]Zah\hc�l_fi_jZlmju�� 

 
 

 
>B:=GHKLBD:�IH<?JOGHKLGH=H�KLJ?KK:�<�DJ?FGBB�F?LH�

>HF�=?G?J:PBB�<LHJHC�=:JFHGBDB 
 

Fe�gZmq�khlj��>he]h\Z�L�<���fe�gZmq�khlj��FZc^udh\kdbc�:�B��� 
ZkibjZgl�;_kkhgh\�<�H� 

  
 <aZbfhk\yav�f_oZgbq_kdbo�gZijy`_gbc�\�ihemijh\h^gbd_�k�_]h�hi�
lbq_kdbfb�k\hckl\Zfb�m`_�^he]h_�\j_fy�ijb\e_dZ_l�\gbfZgb_�bkke_^h\Z�
l_e_c�� >�-�@�� <Z`ghc� nmg^Zf_glZevghc� h[eZklvx� bkke_^h\Zgbc� y\ey_lky�
dhfie_dk�aZ^Zq�nbabdb�l\_j^h]h�l_eZ��k\yaZgguc�k�kbff_ljb_c��fhjnheh�
]b_c��we_dljhgguf�ki_dljhf�ih^�\ha^_ckl\b_f�f_oZgbq_kdh]h�gZijy`_gby�
b� bo� baf_g_gby� \� ijbkmlkl\bb� ih\_joghklb�b� ]jZgbp� jZa^_eZ��<� l_q_gb_�
ihke_^gbo�e_l�jZa\b\Zxlky�bkke_^h\Zgby�k\yab�f_`^m�wlbfb�y\e_gbyfb�b�
g_ebg_cgh-hilbq_kdbf�hldebdhf�l\_j^uo�l_e��bo�ih\_joghkl_c�b�kdjuluo�
]jZgbp�jZa^_eZ��qlh�lZd`_�y\ey_lky�]eZ\ghc�l_fhc�b�^Zggh]h�bkke_^h\Zgby�� 

F_oZgbq_kdb_�gZijy`_gby�jZaebqghc�ijbjh^u�kms_kl\_ggh�\ebyxl�
gZ�kljmdlmjm�ih\_joghklb��we_dljhggu_�khklhygby��b��dZd�ke_^kl\b_��hljZ�
`Zxlky� gZ� hilbq_kdbo� oZjZdl_jbklbdZo�fZl_jbZeZ��>_nhjfZpby� \ke_^kl�
\b_� \g_rgbo� \ha^_ckl\bc� ijb\h^bl� \� i_j\mx� hq_j_^v� d� gZjmr_gbx� bg�
\_jkghc� kbff_ljbb� djbklZeeZ� b� ihy\e_gbx� ^bihevgh]h� \deZ^Z� \� q_lgu_�
g_ebg_cgh-hilbq_kdb_�ijhp_kku��aZij_s_ggu_�\�gZqZevghf�khklhygbb��lZ�
db_� dZd� ]_g_jZpby� \lhjhc� hilbq_kdhc� ]Zjfhgbdb�� Djhf_� lh]h�� lZdZy� ^_�
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nhjfZpby�ijb\h^bl�d�fh^bnbdZpbb�jZkij_^_e_gby�iehlghklb�aZjy^Z�dZd�\�
kZfhf�djbklZee_��lZd�b�\�aZjy^h\uo�eh\mrdZo�^bhdkb^Z��P_evx�gZklhys_�
]h� bkke_^h\Zgby� y\ey_lky� gZ[ex^_gb_� ihke_^g_]h� \deZ^Z� f_oZgbq_kdbo�
gZijy`_gbc�\�]_g_jZpbx�\lhjhc�hilbq_kdhc�]Zjfhgbdb��\u^_e_gb_�_]h�ba�
hklZevguo�� lZdbo� dZd� djbklZeeh]jZnbq_kdbc� d\Z^jmihevguc�� we_dljhbg�
^mpb-jh\Zgguc�� \deZ^� ^_n_dlh\� b� ^jm]b_�� <� jZ[hl_� baf_jy_lky� aZ\bkb�
fhklv� bgl_gkb\ghklb� \lhjhc� hilbq_kdhc� ]Zjfhgbdb�� hljZ`_gghc� ih� ih�
\_joghklb� _kl_kl\_ggh� hdbke_ggh]h� dj_fgby� ������� hl� \_ebqbgu� ijbdeZ�
^u\Z_fh]h�\g_rg_]h�f_oZgbq_kdh]h�gZijy`_gby�� 
 <� dZq_kl\_� bklhqgbdZ� baemq_gby� gZdZqdb� bkihevam_lky� n_flhk_�
dmg^guc� lblZg-kZinbjh\uc� eZa_j�� i_j_kljZb\Z_fuc� \� ^bZiZahg_� ^ebg�
\heg�hl�����^h�����gf��F_oZgbq_kdh_�gZijy`_gb_�gZ�ih\_joghklb�^hklb]Z�
_lky� iml_f� lhq_qgh]h� ^Z\e_gby� k� h[jZlghc� klhjhgu� ieZklbgu� dj_fgby�
lhesbghc�����ff��aZdj_ie_gghc�gZ�jZfd_�^bZf_ljhf�����kf��f_lZeebq_kdhc�
kn_jhc�^bZf_ljhf�hdheh���ff��Ijb�wlhf�ieZklbgZ�dj_fgby�ijh]b[Z_lky�gZ�
aZ^Zggh_�jZkklhygb_�k�fbdjhf_ljbq_dhc�lhqghklvx��Mkljhckl\h�^Z\e_gby�
h[_ki_qb\Z_l�g_ih^\b`ghklv�\�eZ[hjZlhghc�kbkl_f_�dhhj^bgZl�lhqdb�ahg�
^bjh\Zgby�� 
  GZ� jbkmgd_� �� ihdZaZg� gZ[hj� aZ\bkbfhkl_c� bgl_gkb\ghklb� \lhjhc�
]Zjfhgbdb� hl� \_ebqbgu� ijh]b[Z� ieZklbgu�� baf_j_gguo� ^ey� g_kdhevdbo�
wg_j]bc�nhlhgZ�gZdZqdb��<_jogbc�ij_^_e�ijh]b[Z�[ebahd�d�ihjh]m�jZajm�
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r_gby� djbklZeeZ��GZ[ex^Z_lky� kms_kl\_ggh_�� ijZdlbq_kdb� ebg_cgh_� ba�
f_g_gby�bgl_gkb\ghklb�<=�\�aZ\bkbfhklb�hl�ijh]b[Z��Ijb�wlhf�ih\_^_gb_�
djb\hc�f_gy_lky�ijb�i_j_kljhcd_�^ebgu�\hegu�gZdZqdb�\[ebab�j_ahgZgkZ�
dhf[bgbjh\Zgghc�iehlghklb�khklhygbc�dj_fgby�E1�gZ�����w<��Wlb�j_amev�
lZlu� k\b^_l_evkl\mxl� h� kbevghf� \ebygbb�f_oZgbq_kdh]h� gZijy`_gby� gZ�
ih\_joghklb� dj_fgby� gZ� d\Z^jZlbqguc� g_ebg_cgh-hilbq_kdbc� hldebd� b�
_]h�ki_dlj��AgZd�ijhba\h^ghc�aZ\bkbfhkl_c�f_gy_lky�gZ�ijhlb\hiheh`guc�
ijb� i_j_oh^_� q_j_a� j_ahgZgk� dhf[bgbjh\Zgghc� iehlghklb� khklhygbc�
dj_fgby�� Wlh� fh`_l� [ulv� \ua\Zgh� baf_g_gb_f� ]_hf_ljbb� b� kbff_ljbb�
djbklZeebq_kdhc� yq_cdb� k�ihy\e_gb_f�gh\uo� dhfihg_gl� \hklijbbfqb\h�
klb��Djhf_�lh]h��baf_gy_lky�jZkij_^_e_gb_�aZjy^h\�dZd�\�kZfhf�djbklZee_��
lZd�b�\�aZjy^h\uo�eh\mrdZo�\�^bhdkb^_��>Zevg_cr__�jZa\blb_�bkke_^h\Z�
gbc�ij_^iheZ]Z_l�ihiuldm�jZa^_e_gby�wlbo�\deZ^h\�b�jZa\blb_�f_lh^bdb�
^bZ]ghklbdb�ih\_joghklguo�f_oZgbq_kdbo�gZijy`_gby�f_lh^hf�]_g_jZpbb�
hilbq_kdhc�\lhjhc�]Zjfhgbdb� 
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1. H. Pollak, M. Cardona, Phys. Rev.  172, 816 (1968).  
2. P. Etchegoin, J. Kircher, M. Cardona, Phys. Rev. B 47, 10292 (1993).  
3. H. Ibach, Surf. Sci. Rep. 29, 193 (1997).  
4. G. Lupke, Surf. Sci. Rep. 35, 75 (1999).  
 

 

 

G:GHK?DMG>GUC�J:AJY>�<�K<?JOA<MDH<HF 
IHLHD?�<HA>MO: 

 
Ijhn_kkhj�AgZf_gkdZy�B�:���kl��gZmq��khlj��Fmjk_gdh\Z�B�<�� 

ijhn_kkhj�Kukh_\�G�G� 
 

<�jy^_�ijbdeZ^guo�aZ^Zq�eZa_jghc�nbabdb��ieZaf_gghc�Zwjh^bgZfb�
db��ieZafhobfbb�b�^j��j_Zebamxlky�ijhp_kku�\aZbfh^_ckl\by�\ukhdhkdh�
jhklguo�ieZaf_gguo�b�]Zah^bgZfbq_kdbo�ihlhdh\��<uykg_gb_�nbabq_kdbo�
f_oZgbafh\� lZdbo�\aZbfh^_ckl\bc�–�nmg^Zf_glZevgZy� aZ^ZqZ�nbabq_kdbo�
bkke_^h\Zgbc��Bamq_gb_�\aZbfh^_ckl\by�k\_joa\mdh\uo�ihlhdh\�k�]ZahjZa�
jy^ghc� ieZafhc� ijh\h^behkv� \� jZaebqguo� we_dljhjZajy^guo� kbkl_fZo��
\dexqZy� jZajy^u� ihklhyggh]h� lhdZ� >�@�� K<Q-jZajy^u� >�@� b� bfimevkgu_�
jZajy^u�>�@�� 

>ey� wdki_jbf_glZevgh]h�fh^_ebjh\Zgby� bfimevkgh]h� wg_j]h\deZ^Z�
\�mqZklhd� l_q_gby� ]ZaZ�b�\�ih]jZgbqguc� kehc�\�dZgZe_�[ueh�ij_^eh`_gh��
bkihevah\Zlv�gZghk_dmg^gu_�jZajy^u�� 
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���bfimevkguc�h[t_fguc� k�ij_^uhgbaZpb_c�mevljZnbhe_lh\uf�ba�
emq_gb_f�hl�ieZaf_gguo�ebklh\�^ebl_evghklvx�hdheh�����gk�� 

��� ieZaf_gguc� ebkl�� kdhevaysbc� ih� ih\_joghklb� ^bwe_dljbdZ� ^eb�
l_evghklvx���-100 gk�� 

J_ZebaZpby� wlbo� gZghk_dmg^guo� jZajy^h\� \� keh`ghf� g_klZpbhgZj�
ghf� l_q_gbb� \� dZgZe_�m^Zjghc� ljm[u�iha\hebeZ� wdki_jbf_glZevgh�fh^_�
ebjh\Zlv�f]gh\_gguc� ijhkljZgkl\_gguc� b� ih\_joghklguc� wg_j]h\deZ^� \�
aZ^Zgguc� mqZklhd� ]Zah^bgZfbq_kdh]h� ihlhdZ� >��� �@�� <j_fy� wg_j]h\deZ^Z�
�ijhl_dZgby�lhdZ��kms_kl\_ggh�f_gvr_�oZjZdl_jguo�\j_f_g�[ukljhijhl_�
dZxsbo�ijhp_kkh\�\�m^Zjghc�ljm[_� ∆t << tg��JZaf_j�h[eZklb�ijhkljZgkl�
\_gghc� bhgbaZpbb� \� m^Zjghc� ljm[_� – 100×24×35 ff�� JZaf_j� h[eZklb� ih�
\_joghklghc� bhgbaZpbb� – 100×30×1 ff��M^_evguc� wg_j]h\deZ^� \� h[t_f�
guc�jZajy^�–�^h� ���� >`�kf3

��\�ieZaf_gguc�ebkl�–�^h� ����� �>`�kf3. <ha�
gbdgh\_gb_�g_h^ghjh^gh]h�ihey�l_q_gby�]ZaZ�\�ihlhd_�k�m^Zjgufb�\hegZ�
fb��\�qZklghklb��ihke_�^bnjZdpbb�gZ�fh^_eb��ijb\h^bl�d�m\_ebq_gbx�agZ�
q_gby�(�!�ijb�ehdZevghf�kgb`_gbb�iehlghklb�\�jZaebqguo�mqZkldZo�]Zah�
^bgZfbq_kdh]h� l_q_gby��<� h[eZklyo� kms_kl\_ggh]h� ih\ur_gby� agZq_gbc�
(�!�h[jZamxlky�kbevghlhqgu_�rgmju��\�dhlhju_�i_j_jZkij_^_ey_lky�wg_j�
]by� ba� [ebae_`Zsbo� ahg� jZajy^Z�� Kdhjhklv� gZjZklZgby� lhdZ� GI/dt – 
^h 1011 :�F� 

Ijb�i_j_jZkij_^_e_gbb��kZfhehdZebaZpbb��lhdZ�\�h[eZklv�ihgb`_g�
ghc�iehlghklb�iehsZ^vx� lS �_]h�agZq_gb_�_klv 

( , ) ( , ) ( , )

l

e
S

I e E x y n x y x y dxdyµ= ∫∫ . 

>`hme_\�gZ]j_\�]ZaZ�ijhbkoh^bl�aZ�\j_fy�fgh]h�f_gvr__�oZjZdl_j�
gh]h�\j_f_gb� ]Zah^bgZfbq_kdh]h�jZae_lZ�fhe_dme��qlh�ijb\h^bl�d� agZqb�
l_evghfm� ih\ur_gbx� ^Z\e_gby� gZ� \_ebqbgm� ∆p� \� h[eZklb� ehdZebaZpbb�
wg_j]h\deZ^Z�b�h[jZah\Zgbx�m^Zjguo�\heg��KjZam�ihke_�gZqZeZ�h[t_fgh]h�
jZajy^Z� \� l_q_gb_� fZeh]h� \j_f_gb�� dh]^Z� ^bgZfbdhc� kljmdlmju� ihlhdZ�
fh`gh� ij_g_[j_qv�� Z� iehlghklv� ]ZaZ� \� h[eZklb� wg_j]h\deZ^Z� g_� mki_\Z_l�
baf_gblvky��\ky�ih^\_^_ggZy�wg_j]by�jZkoh^m_lky�gZ�m\_ebq_gb_�\gmlj_g�
g_c� wg_j]bb� b� jhkl� ^Z\e_gby� \� ]Za_��<� ij_^iheh`_gbb� ihklhygghc� ijh�
kljZgkl\_gghc�iehlghklb�ih^\h^Z�wg_j]bb� �ε� �aZ�\j_fy�∆t→��\�ahg_�kZfh�
ehdZebaZpbb�^Z\e_gb_�\hajZklZ_l�gZ�\_ebqbgm� 

( , ) ( 1) ( , )
d

p x y t x y
dt

εγ ρ∆ = − ∆ . 

Wnn_dl�kZfhehdZebaZpbb�jZajy^Z�\�k\_joa\mdh\hf�ihlhd_�k�m^Zjgu�
fb�\hegZfb�>�@�ijb\h^bl�d�m\_ebq_gbx�ehdZevgh]h�m^_evgh]h�wg_j]h\deZ�
^Z�\���-���jZa��Ijb�wlhf�ehdZevgh�\\h^bfZy�\�ihlhd�wg_j]by�^hklb]Z_l�agZ�
q_gby�εmax = 7 w<�fhe� GZ�]jZgbp_�h[eZklb�bfimevkgh]h�wg_j]h\deZ^Z�\�ih�
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lhd_� \hagbdZxl� mkeh\by� jZkiZ^Z� jZaju\Z�b� khhl\_lkl\mxsb_� dhgnb]mjZ�
pbb�jZaju\h\����� 

Bkke_^h\Zgby�\aZbfh^_ckl\by� �gZghk_dmg^guo�jZajy^h\�k�k\_joa\m�
dh\ufb�]Zah^bgZfbq_kdbfb�ihlhdZfb�ijh\h^ylky�gZ�m^Zjghc�ljm[_�k�jZa�
jy^ghc�k_dpb_c��mklZgh\dZ�MLJH-����J_]bkljbjmxlky�hkpbeeh]jZffu�lhdZ�
jZajy^h\��hkpbeeh]jZffu�^Z\e_gby�ijb�ijhoh`^_gbb�m^Zjghc�\hegu��Bg�
l_]jZevgh_�k\_q_gb_�ihey�l_q_gby�aZ�\j_fy�bhgbaZpbb�j_]bkljbjm_lky�nh�
lhdZf_jhc��q_j_a�hdgZ�jZ[hq_c�dZf_ju�\�jZaebqguo�gZijZ\e_gbyo��>ey�\b�
amZebaZpbb�m^Zjguo�\heg�b�ZgZebaZ�^bgZfbdb�bo�^\b`_gby�bkihevam_lky�
l_g_\Zy�ko_fZ�gZ�hkgh\_�l\_j^hl_evgh]h�eZa_jZ��Ko_fZ�kbgojhgbaZpbb�ih�
a\hey_l� ahg^bjh\Zlv� jZajy^guc� h[t_f� \� bgl_j\Ze_� aZ^_j`db� � ÷ 100 fdk�
hlghkbl_evgh�bfimevkZ�lhdZ�jZajy^Z�� 
  >ey� ZgZebaZ� ^bgZfbdb� m^Zjgh-\hegh\uo� dhgnb]mjZpbc�� \hagbdZx�
sbo�ijb�gZghk_dmg^ghf�kZfhehdZebah\Zgghf�wg_j]h\deZ^_�\�]Zah^bgZfb�
q_kdbc�ihlhd�k�jZaju\Zfb�ijh\_^_gu�qbke_ggu_�jZkq_lu�g_klZpbhgZjguo�
l_q_gbc��^ey�mkeh\bc��khhl\_lkl\mxsbo�wdki_jbf_glZevguf�� 

JZ[hlZ� \uihegy_lky� ijb� nbgZgkh\hc� ih^^_j`d_� ijh]jZffu� J:G�
©<aZbfh^_ckl\b_�ieZafu�k�\ukhdhkdhjhklgufb�ihlhdZfb�]ZaZª� 
 

Ebl_jZlmjZ 
 

1. ?jrh\�:�I���Kmjdhgl�:�K���Lbfhn__\�B�;��b�^j����L<L��������L� ���������

K������ 
2. =jZq_\� E�I��� ?kZdh\� B�B���Fbrbg� =�B��� Oh^ZlZ_\� D�<����@LN�� ������
L� ����������K����� 
3. :g^j__\� K�B��� AgZf_gkdZy� B�:��� Kl_iZg_p� B�<���� Obfbq_kdZy� nbabdZ��
������L� ���������K������ 
4. AgZf_gkdZy� B�:��� B\Zgh\� B�W��� Djxdh\� B�:��� Dmeb-aZ^_� L�:����@WLN��
������L� �����<ui���������K������� 
 
 
 

BKKE?>H<:GB?�I?JBH>BQ?KDB�IHEYJBAH<:GGUO 
�DJBKL:EEH< >EY�=?G?J:PBB�BAEMQ?GBY 

BGNJ:DJ:KGH=H�B�L?J:=?JPH<H=H�>B:I:AHGH< 
 

<_^��gZmq��khlj��DblZ_\Z�=�O� 
 

<� ihke_^g__� \j_fy� \k_� [hevrmx� ZdlmZevghklv� ijbh[j_lZxl� aZ^Zqb�
]_g_jZpbb�dh]_j_glgh]h�baemq_gby�\�bgnjZdjZkghf�b�l_jZ]_jph\hf�^bZiZ�
ahgZo�� h[mkeh\e_ggu_� jZa\blb_f�gh\uo� dZgZeh\� hilbq_kdbc� k\yab�b� ahg�
^bjh\Zgby��ki_dljhkdhibb�[bheh]bq_kdbo�fhe_dme��gbadhjZaf_jguo�ihem�
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ijh\h^gbdh\uo��`b^dhdjbklZeebq_kdbo� b� ihebf_jguo� kljmdlmj�� ^bZ]gh�
klbdb�`b\uo� hj]Zgbafh\�� Zevl_jgZlb\ghc� j_gl]_gh\kdbf�f_lh^Zf�� b� l�^��
Bkihevah\Zgb_�g_ebg_cgh-hilbq_kdbo�f_lh^h\�iha\hey_l�kms_kl\_ggh�mi�
jhklblv�]_g_jZpbx�dh]_j_glgh]h�baemq_gby�\�^ebggh\hegh\uo�^bZiZahgZo��
h[_ki_qblv�\ukhdhqm\kl\bl_evguc�ijb_f�b�kha^Zlv�fZeh]Z[Zjblgu_�ko_fu�
^bZ]ghklbdb�b�ki_dljhkdhibb�� 

I_jbh^bq_kdb� iheyjbah\Zggu_� djbklZeeu� e_]bjh\Zggh]h� gbh[ZlZ�
eblby�gZoh^ylky�\�jy^m�gZb[he__�i_jki_dlb\guo�fZl_jbZeh\�^ey�iZjZf_l�
jbq_kdhc�]_g_jZpbb�^ebggh\hegh\h]h�baemq_gby�\�l_jZ]_jph\hf��^bZiZah�
g_� b� BD� ^bZiZahg_� �-�� fdf�� � <� jZ[hl_� bkke_^h\Zebkv� djbklZeeu�
Mg:Y:LiNbO3, Y:LiNbO3�k�j_]meyjghc�^hf_gghc�kljmdlmjhc��gZ\_^_gghc�\�
ijhp_kk_�jhklZ�>�@��>ey�l_klbjh\Zgby�bo�g_ebg_cgh-hilbq_kdbo�oZjZdl_jb�
klbd� bkihevah\Zebkv� dZd� ljZ^bpbhggu_�f_lh^u� �obfbq_kdh]h� ljZ\e_gby��
we_dljh-kbeh\hc� fbdjhkdhibb��� lZd� b� ki_pbZevgh� jZajZ[hlZgguc� f_lh^�
kihglZggh]h�iZjZf_ljbq_kdh]h�jZkk_ygby� �KIJ��k\_lZ�>���@��GZ�hkgh\Zgbb�
qZklhlgh-m]eh\uo� ki_dljh\�KIJ� baf_j_gZ� ^bki_jkby� ihdZaZl_ey� ij_ehf�
e_gby�djbklZeeh\�\�BD�^bZiZahg_��hij_^_e_gu�jZ[hqb_�i_jbh^u�^hf_gghc�
kljmdlmju�b�^ebgu�\heg�iZjZf_ljbq_kdhc�]_g_jZpbb�\�BD�^bZiZahg_��Ih�
dZaZgh��qlh�f_lh^�KIJ�y\ey_lky�ijhkluf�b�g_jZajmrZxsbf�f_lh^hf�ba�
f_j_gby�ijhkljZgkl\_ggh]h�jZkij_^_e_gby�g_ebg_cgh]h�dhwnnbpb_glZ�ih�
\k_fm� h[t_fm� i_jbh^bq_kdb� iheyjbah\Zggh]h� h[jZapZ�� �Ijb\h^blky� ijb�
f_j�ihkljh_gby�dZjlu�jZkij_^_e_gby�g_ebg_cgh-hilbq_kdhc�wnn_dlb\gh�
klb�h[jZapZ��� 

<hafh`ghklv� ]_g_jZpbb� dh]_j_glgh]h� l_jZ]_jph\h]h� baemq_gby� \�
djbklZeeZo�Mg:Y:LiNbO3� k� i_jbh^Zfb� ^hf_gghc� kljmdlmju� ���fdf� b� ���
fdf� bkke_^h\ZeZkv� \� j_`bf_� n_fghk_dmg^ghc� gZdZqdb� b� ihke_^mxs_]h�
ahg^bjh\Zgby� k� \j_f_gghc� aZ^_j`dhc�� ;ueZ� jZajZ[hlZgZ� l_hjby�� iha\h�
eyxsZy�bgl_jij_lbjh\Zlv�ki_dlj�ijhimkdZgby�ahg^bjmxs_]h�emqZ�dZd�j_�
amevlZl� iZjZf_ljbq_kdh]h� \aZbfh^_ckl\by� k� l_jZ]_jph\uf� baemq_gb_f��
;ueh�ihdZaZgh��qlh�l_jZ]_jph\h_�baemq_gb_�jh`^Z_lky�\�djbklZee_�[eZ]h�
^Zjy�iZjZf_ljbq_kdhfm�\aZbfh^_ckl\bx�jZaebqguo�ki_dljZevguo�dhfih�
g_gl�\hegu�gZdZqdb��QZklhlu�baemq_gby��gZ[ex^Z\rb_ky�\�wdki_jbf_gl_��
khklZ\beb�1.37 THz�b������THz�\�i_jbh^bq_kdb�iheyjbah\Zgghf�djbklZee_�
k�i_jbh^hf�����fdf��Z�lZd`_�1.8 THz�\�djbklZee_�k�i_jbh^hf�����fdf�� 
 

JZ[hlZ�ijh\h^beZkv�gZ�dZn_^j_�d\Zglh\hc�we_dljhgbdb��kh\f_klgh�k�
dZn_^jhc�nbabdb�ihebf_jh\�b�djbklZeeh\�Nbabq_kdh]h�nZdmevl_lZ�F=M��Z�
lZd`_�GZpbhgZevguf�Mgb\_jkbl_lhf�Kbg]ZimjZ��ijb�ih^^_j`d_� ]jZglh\�
JNNB���-02-16364-Z�b���-02-16278-Z��]jZglZ�ih^^_j`db�<_^msbo�gZmqguo�
rdhe� Jhkkbb� � 166.2003.02, ijh]jZffu� EERSS� b� ]jZglZ� DSTA No. 
POD���������Kbg]Zimj�� 
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©G?DE:KKBQ?KDB?ª�G?EBG?CGHKLB�KLJMDLMJGH-

G?H>GHJH>GUO�KJ?> 
 

Qe_g-dhjj_kihg^_gl�J:G��ijhn_kkhj�H�<�Jm^_gdh 
 
 <�ihke_^gb_� ��-���e_l�gZ[ex^Z_lky�j_adbc�jhkl�qbkeZ�im[ebdZpbc��
ihk\ys_gguo� Zdmklbq_kdbf�g_ebg_cghklyf�g_h^ghjh^guo� kj_^��fZl_jbZ�
eh\��ijhfure_gguo�ba^_ebc��kljhbl_evguo�dhgkljmdpbc�b�]_heh]bq_kdbo�
kljmdlmj��Z�lZd`_�f_lh^Zf�bo�g_ebg_cghc�^bZ]ghklbdb��:dlb\gh�jZa\b\Z�
_lky� f_`^mgZjh^gh_� khljm^gbq_kl\h�� kms_kl\m_l� ?\jhi_ckdZy� ijh]jZfZ�
«NATEMISª��h[t_^bgyxsZy�mq_guo�hdheh�^_kylb�kljZg�b�hjb_glbjh\Zg�
gZy�gZ�^bZ]ghklbdm�\�kZfhe_lhkljh_gbb��ZgZeh]bqgu_�ijh]jZffu�\�KR:�
k\yaZgu� k� [_ahiZkghklvx� y^_jghc� wg_j]_lbdb�� Ihfbfh� hq_\b^ghc� ijb�
deZ^ghc�gZijZ\e_gghklb�wlbo�jZ[hl��bgl_j_k�d�ijh[e_f_�klbfmebjm_lky�b�
nmg^Zf_glZevgufb� \hijhkZfb� g_ebg_cghc� nbabdb� b� fZl_jbZeh\_^_gby��
jy^�ba�dhlhjuo�^h�kbo�ihj�\uykg_g�g_�iheghklvx� 
 Bf__lky�fgh`_kl\h� wdki_jbf_glZevguo� ^Zgguo�ih�baf_j_gbyf�g_�
ebg_cguo�fh^me_c�mijm]hklb��<�jy^_�kljmdlmjgh-g_h^ghjh^guo�fZl_jbZ�
eh\�hgb�gZ� �-��ihjy^dZ�ij_\urZxl�khhl\_lkl\mxsb_� agZq_gby�^ey�h^gh�
jh^guo� kj_^��H^gZdh�g_� ykgh��gZkdhevdh�[hevrbfb�fh]ml�[ulv�g_ebg_c�
gu_�fh^meb�b��kZfh_�]eZ\gh_��gZkdhevdh�[hevrbfb�fh`gh�k^_eZlv�Zdmklb�
q_kdb_� qbkeZ� J_cghev^kZ�� oZjZdl_jbamxsb_� hlghkbl_evguc� \deZ^� g_eb�
g_cguo�wnn_dlh\�b�dhgdmjbjmxs_]h�k�gbfb�aZlmoZgby��ba-aZ�^bkkbiZpbb��
hljZ`_gby��jZkk_ygby�\heg�b�l�^����Ihfbfh�]b]Zgkdhc�g_ebg_cghklb��h[m�
keZ\eb\Zxs_c�\ukhdmx�qm\kl\bl_evghklv�g_ebg_cguo�f_lh^h\��kljmdlmj�
gh-g_h^ghjh^gu_�kj_^u�bgl_j_kgu�lZd`_�\ke_^kl\b_�g_h[uqghklb�g_dhlh�
juo�gZ[ex^Z\rboky�\�gbo�g_ebg_cguo�y\e_gbc� 
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 H^gbf�ba�gbo�y\ey_lky�gZebqb_�©^hfbgZglghcª�qZklhlu�m�kj_^��lbiZ�
fhdjh]h�i_kdZ��]ebgu��lj_sbgh\Zluo�]hjguo�ihjh^��GZ�dZdhc�[u�qZklhl_�
g_� \ha[m`^Zebkv� dhe_[Zgby� \� lZdhc� kj_^_�� gZ� __� \uoh^_� j_]bkljbjm_lky�
©^hfbgZglgucª� kb]gZe�� Z� ^jm]b_� ki_dljZevgu_� khklZ\eyxsb_�� \dexqZy�
bkoh^gmx�qZklhlm��hdZau\Zxlky�keZ[ufb� 
 ©H[uqgufbª�g_ebg_cgufb�y\e_gbyfb�fu�gZau\Z_f�ijhp_kku�]_g_�
jZpbb� \ukrbo� ]Zjfhgbd�� km[]Zjfhgbd�� dhf[bgZpbhgguo� qZklhl�� K� wlhc�
lhqdb�aj_gby��]_g_jZpby�hq_gv�\ukhdhc��gZijbf_j��khlhc��]Zjfhgbdb��fb�
gmy� \_kv� ijhf_`mlhqguc� dZkdZ^�� ^ey�fgh]bo� \u]ey^bl� g_h[uqgh��Lhqgh�
lZd�`_� ]_g_jZpby�gbadhqZklhlgh]h�ki_dljZ�k�oZjZdl_jgufb�qZklhlZfb��\h�
fgh]h�jZa�[he__�gbadbfb��q_f�qZklhlZ�gZdZqdb��lZd`_�gZ�i_j\uc�\a]eZ^�– 
y\e_gb_� wdahlbq_kdh_��L_f�g_�f_g__�� wlb�ijhp_kku�gZ[ex^Zxlky�b�fh]ml�
[ulv�^h\hevgh�ijhklh�h[tykg_gu� 

 I_j\u_� \hijhku�� \hagbdZxsb_� ijb� bamq_gbb� bgl_gkb\guo� Zdmklb�
q_kdbo�\heg��h[uqgh�lZdh\u��hldm^Z�[_jmlky�g_ebg_cgu_�qe_gu�\�fZl_fZ�
lbq_kdbo�fh^_eyo��hibku\Zxsbo�ijhp_kku� \ha[m`^_gby�b�jZkijhkljZg_�
gby�\heg"�DZdZy�kj_^Z�y\ey_lky�[he__�g_ebg_cghc��q_f�hij_^_ey_lky�\_eb�
qbgZ�g_ebg_cguo�fh^me_c�mijm]hklb" 

Ij_^eZ]Z_lky� ke_^mxsZy� deZkkbnbdZpby�� ;m^_f� ]h\hjblv� h� g_eb�
g_cghklb�]jZgbp�b�h[t_fZ�kj_^u��dZ`^Zy�ba�gbo��\�k\hx�hq_j_^v��ih^jZa�
^_ey_lky� gZ� ]_hf_ljbq_kdmx� �dbg_fZlbq_kdmx��� nbabq_kdmx� b� kljmdlmj�
gmx�g_ebg_cghklb�� 

Fgh]h�jZ[hl�im[ebdm_lky�ih�kj_^Zf�k�gZke_^kl\_ggufb��\�lhf�qbke_�
c� ]bkl_j_abkgufb� k\hckl\Zfb�� <f_klh� ©mjZ\g_gbc� khklhygbyª�� kh^_j`Z�
sbo� nbabq_kdmx� g_ebg_cghklv�� a^_kv� ijbgylh� ]h\hjblv� h[� ©hij_^_eyx�
sbo�mjZ\g_gbyoª�� �J_^dh�dlh�ihfgbl��qlh�gZqZeh�wlbf�bkke_^h\Zgbyf�ih�
eh`beb�E�;hevpfZg��������b�<�<hevl_jjZ��������� 
 L_hjbb�lbiZ�<hevl_jjZ�hlghkylky�d�ijhp_kkZf�k� aZiZa^u\Zgb_f��gh�
h[jZlbfuf�\�lhf�kfuke_��qlh�djb\u_�f]gh\_ggh]h�^_nhjfbjh\Zgby��\�aZ�
\bkbfhklb�gZijy`_gby�hl�^_nhjfZpbb��ijb�gZ]jmad_�b�jZa]jmad_�kh\iZ^Z�
xl��<� ]bkl_j_abkguo� kj_^Zo� kblmZpby�fh`_l�[ulv�bghc��G_ebg_cghklv� \�
f_lZeeZo�� gZijbf_j�� k\yaZgZ� k� gZdhie_gb_f� kms_kl\_ggh� g_h[jZlbfhc�
ieZklbq_kdhc� ^_nhjfZpbb�� � b� aZdhg� jZa]jmadb� [ebahd� d� ebg_cghfm��>ey�
fZl_jbZeZ� k� ^_kljmdpbhgghc� ik_\^h-ieZklbqghklvx� �ijbf_j�� Zjfbjh\Zg�
gu_�ieZklbdb�k�dhgp_gljZpb_c�gZijy`_gbc�gZ�ba]b[Zo�\hehdhg��lj_sbgZo��
ijb�jZa]jmad_�qZklv�lj_sbg�©aZdju\Z_lkyª��b�]jZnbd�jZa]jmadb�ijb[eb`Z�
_lky�d�gZqZem�dhhj^bgZl� H^gZdh� [hevrbgkl\h� Zdmklbq_kdbo� jZ[hl��
dZd�\�h[eZklb�f_oZgbdb�gZke_^kl\_gguo� kj_^,�bf__l�fZl_jbZeh\_^q_kdbc�
oZjZdl_j��<f_kl_�k�l_f��lj_[m_lky�j_rZlv�ijyfu_�b�h[jZlgu_�\hegh\u_�aZ�
^Zqb��\�lhf�qbke_�^ey�p_e_c�g_ebg_cghc�^bZ]ghklbdb��<hegu�\_^ml�k_[y�\�
gZke_^kl\_gguo�kj_^Zo�bgZq_��q_f�ijb�h[uqghc�Ze]_[jZbq_kdhc�aZ\bkbfh�
klb� gZijy`_gby� hl� ^_nhjfZpbb�� >ey� ©j_eZdkbjmxsboª� �\� kfuke_�FZg�
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^_evrlZfZ-E_hglh\bqZ�� aZ\bkbfhkl_c� f_`^m� iZjZf_ljZfb� g_ebg_cgu_�
\hegu�bkke_^h\Zgu�ih^jh[gh,�gh�^ey�]bkl_j_abkguo�kj_^�lZdbo�j_amevlZ�
lh\�ihqlb�g_l��� Hkh[uc� bgl_j_k� \uau\Z_l� � lZd� gZau\Z_fZy� ©kljmdlmj�
gZyª� h[t_fgZy� g_ebg_cghklv��Wlhl� lbi�nbabq_kdhc� g_ebg_cghklb� k\yaZg�
g_� k�g_ebg_cguf�oZjZdl_jhf� kbe�f_`fhe_dmeyjgh]h�\aZbfh^_ckl\by�� Z� k�
^_n_dlZfb�kj_^u�gZ�gZ^fhe_dmeyjghf� �f_ahkdhibq_kdhf��mjh\g_��<�`b^�
dhklyo�lZdhc�lbi�g_ebg_cghklb�\hagbdZ_l�ijb�ihy\e_gbb�imaujvdh\�]ZaZ��
ba\_klgh��qlh�g_ebg_cguc�iZjZf_lj� ]Zabjh\Zgghc�\h^u�fh`_l�gZ� �-��ih�
jy^dZ�ij_\ukblv�g_ebg_cghklv�dZ`^h]h�ba�khklZ\eyxsbo�kf_kb�–�dZd�]ZaZ��
lZd�b�\h^u��=b]ZgkdZy�g_ebg_cghklv�imaujvdh\uo�`b^dhkl_c�hldjueZ�\ha�
fh`ghklv�^_l_dlbjh\Zgby�g_[hevrh]h�qbkeZ� �b�^Z`_�h^bghqguo��imaujv�
dh\� ^ey� p_e_c� ^bZ]ghklbdb� d_kkhgghc� [he_agb� ijb� ^_dhfij_kkbb� beb� \�
jZaebqguo�ijhfure_gguo� l_ogheh]byo��Wlb� jZ[hlu� \� ��-o� ]h^Zo�bgl_g�
kb\gh�\_ebkv�\�BIN�J:G��K_cqZk�[hevrh_�jZa\blb_�ihemqbeb�f_^bpbg�
kdb_�^bZ]ghklbq_kdb_�l_ogheh]bb��hkgh\Zggu_�gZ�bg`_dpbb�\�djh\_ghkgu_�
khkm^u�ki_pbZevguo�dhgljZklguo�Z]_glh\�gZ�hkgh\_�klZ[bevguo�fbdjhim�
aujvdh\uo�\a\_k_c� 
 Kbevguc� jhkl� g_ebg_cghklb� \� kj_^_�� kh^_j`Zs_c� ohjhrh� k`bfZ_�
fu_� \dexq_gby��fh`gh�ihykgblv�ijhkluf�ijbf_jhf��Imklv� lhgdbc� kehc�
e_]dhc�k`bfZ_fhc�kj_^u�hdjm`_g�[he__�iehlghc�kj_^hc�k�[hevrbf�agZq_�
gb_f�kdhjhklb�a\mdZ� �ijbf_j��lhgdbc�kehc�\ha^moZ�\�\h^_�beb�\h^ghf�]_�
e_���J_r_gb_�aZ^Zqb�h�ijhoh`^_gbb�\hegu�q_j_a�wlhl�kehc�ihdZau\Z_l��qlh�
2-y� ]ZjfhgbdZ� gZ� _]h� \uoh^_� hdZau\Z_lky� \K � jZa� kbevg__�� dh]^Z� e_]dbc�
kehc�hdjm`_g�iehlghc�kj_^hc� ��q_f�dh]^Z�iehlghc�kj_^u�g_l���Mkbe_gb_�
^ey��\ha^mrgh]h�kehy�\�\h^_�� 7105.5 ⋅≈K ��?keb�kehc�khklhbl�ba�\h^u�k�im�
aujvdZfb�k�h[t_fghc�dhgp_gljZpb_c� 410− ��mkbe_gb_�ihjy^dZ������� 
 H[tykg_gb_�a^_kv�ijhklh_��Imklv�\�keh_�\h^u�jZkijhkljZgy_lky�\he�
gZ�k�Zfieblm^hc�^Z\e_gby�\�g_kdhevdh�Zlfhkn_j��Wlh�–�keZ[Zy�\hegZ��ih�
lhfm�qlh�\gmlj_gg__�^Z\e_gb_�\�\h^_�������Zlf��AZlh�dh]^Z�^Z\e_gb_�\he�
gu�^_ckl\m_l�gZ�kehc�\ha^moZ��hgh�baf_gy_l�_]h�h[t_f�\�g_kdhevdh�jZa��lh�
_klv�ijb\h^bl�d�kbevgh�g_ebg_cguf�^_nhjfZpbyf� 
 <� l\_j^uo� kljmdlmjgh-g_h^ghjh^guo� kj_^Zo� �]jZgmebjh\Zggu_��
nexb^hgZkus_ggu_�� lj_sbgh\Zlu_�� ihjbklu_� b� ^j��� K lZd`_� ^hklb]Z_l�
10²-10³. Jhkl�K  -�ijbagZd�gZebqby�^_n_dlh\�� 
 >jm]bf�\Z`guf�ijbf_jhf�kj_^�k�[hevrhc�kljmdlmjghc�g_ebg_cgh�
klvx�y\eyxlky�lj_sbgh\Zlu_�kj_^u��Ba\_klgh��qlh�ijbeh`_ggh_�d�h[jZapm�
kj_^u� gZijy`_gb_� mkbeb\Z_lky� gZ� dhgqbd_� hkljhc� lj_sbgu� \� qbkeh� jZa��
jZ\gh_�dhjgx�ba�hlghr_gby�^ebgu�lj_sbgu�d�jZ^bmkm�djb\bagu�__�dhgpZ��
Dh]^Z�dhgqbd�hklguc�� ∞→K ��Ijb�[hevrbo�gZijy`_gbyo�\[ebab�dhgqbdZ�
kj_^Z� ieZklbq_kdb� ^_nhjfbjm_lky�� b� � gZijy`_gby� ijbgbfZxl� dhg_qgu_�
agZq_gby�  
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 Ijyfh_�ih^l\_j`^_gb_�mkbe_gby�g_ebg_cguo� k\hckl\� kj_^u� k�jhk�
lhf� qbkeZ� lj_sbg� ^Zgh� <�:�Jh[kfZghf�� ;_lhggZy� [ZedZ� gZ]jm`ZeZkv� gZ�
kl_g^_� klZlbq_kdbf�gZijy`_gb_f�� jZklmsbf� \iehlv� ^h� __� jZajmr_gby��K�
jhklhf�gZijy`_gby�m\_ebqb\Zehkv�qbkeh�lj_sbg��b�kljmdlmjgZy�g_ebg_c�
ghklv�kj_^u�\hajZklZeZ��Ijb�h^gbo�b�l_o�`_�^ebg_�[Zedb�b�mjh\g_�bkoh^�
gh]h�kb]gZeZ�ijb�gZ]jm`_gbb�gZ[ex^Zehkv�mkbe_gb_�g_ebg_cguo�\aZbfh�
^_ckl\bc� 
 Hq_\b^gh��k�jZa\blb_f�kbkl_fu�lj_sbg�mf_gvrZ_lky��ijhqghklv�fZ�
l_jbZeZ��ihwlhfm�mkbe_gb_�g_ebg_cguo�wnn_dlh\�\�^_n_dlghc�kj_^_�fh`_l�
kem`blv�djbl_jb_f�ihl_jb�ijhqghklb�� 
 B^_b��e_`Zsb_�\�hkgh\_�g_ebg_cguo�f_lh^h\�^bZ]ghklbdb�b�g_jZa�
jmrZxs_]h�dhgljhey��ohjhrh�ba\_klgu��K�jhklhf�Zfieblm^��bgl_gkb\gh�
kl_c��\heg�gZjmrZ_lky�ijbgpbi�kmi_jihabpbb��i_j_k_dZykv�\h�\j_f_gb�b�\�
ijhkljZgkl\_�� kbevgu_� \hegu� gZqbgZxl� \aZbfh^_ckl\h\Zlv�� h[f_gb\Zykv�
wg_j]b_c��Ijb�wlhf�dZ`^Zy�ba�\heg�©aZihfbgZ_lª�dZd�oZjZdl_jbklbdb�k\h�
bo�©iZjlg_jh\ª��lZd�b�fZl_jbZevgu_�oZjZdl_jbklbdb�kj_^u��\�lhc�h[eZklb��
]^_�wlh�\aZbfh^_ckl\b_�ijhbahreh���WlZ�bgnhjfZpby�fh`_l�[ulv�©^hklZ\�
e_gZª� d� ijb_fgbdm� kZfbfb� bkoh^gufb� \hegZfb�� bkiulZ\rbfb� djhkk-
fh^meypbx��Z�lZd`_�baemqZlvky�g_ihkj_^kl\_ggh�ba�h[eZklb�\aZbfh^_ckl�
\by�\�\b^_�gh\uo�ki_dljZevguo�dhfihg_gl��hlkmlkl\h\Z\rbo�\�bkoh^ghf�
\hegh\hf�ki_dlj_� 
 H[sbc� ih^oh^� d� \hkklZgh\e_gbx� ]jZgbp� b� \gmlj_gg_c� kljmdlmju�
g_ebg_cguo� jZkk_b\Zl_e_c� ^he`_g� [Zabjh\Zlvky�gZ�f_lh^Zo� j_r_gby� h[�
jZlguo� aZ^Zq� -� g_ebg_cghc� Zdmklbq_kdhc� lhfh]jZnbb��H^gZdh� ^Z`_� ijh�
kl_crbc� kihkh[�^bZ]ghklbdb��hkgh\Zgguc�gZ� ]_g_jZpbb� ]Zjfhgbd�b�dhf�
[bgZpbhgguo�qZklhl�–�\_kvfZ�wnn_dlb\_g��hkh[_ggh�dh]^Z�kj_^Z�kh^_j`bl�
kbevgh� g_ebg_cgu_� \dexq_gby� lbiZ� imaujvdh\� beb� lj_sbg��NZdlbq_kdb�
ex[h_�ZgZeblbq_kdh_�j_r_gb_�ijyfhc�g_ebg_cghc�aZ^Zqb�kh^_j`bl�iZjZ�
f_lju� �g_ebg_cgu_�fh^meb�� Zfieblm^u� \heg�� ]_hf_ljbq_kdb_�oZjZdl_jb�
klbdb��� dhlhju_�fh`gh� hij_^_eblv� wdki_jbf_glZevgh�ih�baf_j_gbyf�g_�
ebg_cgh�bkdZ`_ggh]h�\hegh\h]h�ihey�beb�_]h�ki_dljZ� 
 D� qbkem� dhgdj_lguo� ^hklb`_gbc� \� wlhc� h[eZklb� ke_^m_l� hlg_klb�
kha^Zgb_� dhgljZklguo� \_s_kl\� lbiZ� ©Albunexª� ^ey� p_e_c� \bamZebaZpbb�
djh\hlhdZ�b�f_^bpbgkdhc�^bZ]ghklbdb��H�fZkrlZ[Zo�jZ[hl�]h\hjbl�lZdhc�
nZdl��gZ�kha^Zgb_�wlbo�\_s_kl\�b�ijh\_^_gb_�debgbq_kdbo�bkiulZgbc� ���
dhfiZgbc�ba�KR:��=_jfZgbb��:g]ebb��R\cpZjbb�b�^jm]bo��kljZg�m`_�ba�
jZkoh^h\Zeb� [he__� �� fbeebZj^Z� ^heeZjh\�� Ij_iZjZl� ij_^klZ\ey_l� kh[hc�
klZ[bevgmx� \a\_kv�fbdjhimaujvdh\�fbdjhgguo� jZaf_jh\�� dZ`^uc�ba� dh�
lhjuo�hdjm`_g�[bheh]bq_kdb�bg_jlghc�h[hehqdhc��Imaujvdb�bg`_dlbjm�
xlky�\�khkm^bklh_�jmkeh��ihke_�q_]h�bo�i_j_f_s_gb_�ihlhdhf�djh\b�j_]b�
kljbjm_lky�dZd�ih�h[uqghfm�jZkk_ygbx�a\mdZ��lZd�b�ih�\lhjhc�]Zjfhgbd_��
;hevrZy�ehdZevgZy�g_ebg_cghklv�b�hlkmlkl\b_�ihf_o�hl�ebg_cguo�jZkk_b�
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\Zl_e_c�gZ�\ukrbo�]ZjfhgbdZo�iha\heyxl�ke_^blv�eb[h�aZ�h^bghqguf�im�
aujvdhf�beb�g_[hevrhc�bo�]jmiihc��eb[h�aZ�i_j_f_s_gb_f�njhglZ�h[eZdZ�
imaujvdh\��eb[h�aZ�mqZkldhf�khkm^bklh]h�jmkeZ�\�p_ehf� 
 :gZeh]bqgZy� aZ^ZqZ�j_r_gZ�ijb�h[gZjm`_gbb�^_n_dlh\� �lj_sbg�� \�
h[t_f_�l\_j^hl_evguo�ba^_ebc� 
 Kj_^b�hl_q_kl\_gguo�^hklb`_gbc�g_h[oh^bfh�\u^_eblv�j_amevlZlu�
g_ebg_cghc�^bZ]ghklbdb�\�kljhbl_evghc�bg^mkljbb��GZqZeh�wlhc�^_yl_ev�
ghklb�hlghkblky�d�dhgpm���-o�]h^h\��=jmiiZ�<�:�Jh[kfZgZ��PGBBK��jZ[h�
lZeZ�\�:jf_gbb�\�k\yab�k�khhjm`_gb_f�lhgg_ey�K_\Zg-:jiZ��<�wlh�\j_fy�
ijhbahreh� dZlZkljhnbq_kdh_�KiblZdkdh_� a_fe_ljyk_gb_��ih\e_dr__�fgh�
]hqbke_ggu_�jZajmr_gby�b�`_jl\u��Mq_guo�ihijhkbeb�ijh\_klb�^bZ]gh�
klbdm�ih\j_`^_gguo�a^Zgbc�b�^Zlv�aZdexq_gb_�h�lhf��dZdb_�a^Zgby�fh`gh�
\hkklZgh\blv��Z�dZdb_�ke_^m_l�jZajmrblv�\�p_eyo�[_ahiZkghklb��<�ijhp_kk_�
mevljZa\mdh\h]h� ©ijhk\_qb\Zgbyª� dexq_\uo� we_f_glh\� �[Zehd�� g_kmsbo�
kl_g�� i_j_djulbc�� \uykgbehkv�� qlh� Zdmklbq_kdb_� ki_dlju� ij_l_ji_\Zxl�
bkdZ`_gby� l_f� [he__� kbevgu_�� q_f� kbevg__� ih\j_`^_gZ� dhgkljmdpby��
Iha^g__�wfibjbq_kdbf�djbl_jbyf�[ueh�^Zgh�h[tykg_gb_��b�\�k_cqZk�©g_�
ebg_cgu_ª�ijh]ghau�klZeb�\_kvfZ�^hklh\_jgufb� 
 Kh\f_klgh�k�gZr_c�dZn_^jhc�Zdmklbdb�PGBBK�jZa\be�f_lh^u�^bZ]�
ghklbdb�� dhlhju_� [ueb� mki_rgh� bkihevah\Zgu� � ijb� kljhbl_evkl\_� �-]h�
ljZgkihjlgh]h�dhevpZ�\�Fhkd\_��ijb�j_dhgkljmdpbb�b�j_klZ\jZpbb� Zjob�
l_dlmjgh-bklhjbq_kdbo� iZfylgbdh\�� kljhbl_evkl\_� f_ljhihebl_gh\�� h[�
ke_^h\Zgbb�wg_j]_lbq_kdbo�mklZgh\hd�k�p_evx�jZajZ[hldb�ijh_dlh\�mkbe_�
gby� dhgkljmdpbb� b� k_ckfhaZsblu�� ^ey� ^bZ]ghklbdb� ^_n_dlh\� ijhe_lguo�
kljh_gbc� b� hihj� [hevrbo� b� \g_deZkkguo� fhklh\� �[he__� ���� ^ey� hp_gdb�
nZdlbq_kdhc�]jmahih^t_fghklb�b�ijh_dlh\�j_dhgkljmdpbb� 
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HKH;?GGHKLB�J:A<BLBY�KLJMDLMJGUO�G?MKLHCQB<HKL?C 
<�KIE:<:O�I:EE:>BY� 

IHKE?�G:KUS?GBY�BO�<H>HJH>HF 
 

>hp_gl�:\^xobgZ�<�F���ijhn_kkhj�DZpg_evkhg�:�:., 
kl��gZmq��khlj��J_\d_\bq�=�I� 

 
 KhdjZs_gb_�aZiZkh\�bkdhiZ_fh]h�lhieb\Z�lj_[m_l�hl�jZa\bluo�kljZg�
ijbgbfZlv� k_jv_agu_� mkbeby� ih� ihbkdm� Zevl_jgZlb\guo� \hah[gh\ey_fuo�
wdheh]bq_kdb�qbkluo�bklhqgbdh\�wg_j]bb��d�dhlhjhc�\�i_j\mx�hq_j_^v�hl�
ghkblky� \h^hjh^gZy� wg_j]_lbdZ�� H^ghc� ba� aZ^Zq� \h^hjh^ghc� wg_j]_lbdb�
y\ey_lky�ihbkd�fZl_jbZeh\��dhlhju_�kihkh[gu�ih]ehsZlv�b�ojZgblv�^eb�
l_evgh_� \j_fy� [hevrh_� dhebq_kl\h� \h^hjh^Z��D� ih^h[ghfm� deZkkm�fZl_�
jbZeh\��ihfbfh� ]b^jb^h\��fh]ml� [ulv� hlg_k_gu�fZl_jbZeu�� h[eZ^Zxsb_�
\ukhdbf�mjh\g_f�kjh^kl\Z�d�\h^hjh^m�[_a�h[jZah\Zgby�]b^jb^h\��H^gZdh�
kms_kl\mxl�k_jv_agu_�keh`ghklb�gZ�imlb�ijZdlbq_kdh]h�ijbf_g_gby�mdZ�
aZgguo�kbkl_f��ihkdhevdm�\aZbfh^_ckl\b_�\h^hjh^Z�k�ZlhfZfb�gZdhibl_ey�
fh`_l� � ijb\h^blv� d� g_`_eZl_evguf� baf_g_gbyf� Zlhfghc� kljmdlmju� ih�
ke_^g_]h��Z�wlh�[m^_l�hljZ`Zlvky�gZ�ijhqghklguo�_]h�oZjZdl_jbklbdZo� �\�
l_ogheh]bq_kdbo�pbdeZo�\g_^j_gby��ba\e_q_gby�b�ojZg_gby�\h^hjh^Z�>�-3]. 
Djhf_�lh]h��wdki_jbf_glZevgh�[ueh�mklZgh\e_gh��qlh�]b^jh]_gbaZpby�fZ�
l_jbZeh\�ijb\h^bl�d�bg^mpbjh\Zgbx�\�gbo�ZghfZevgh�[hevrh]h�dhebq_kl�
\Z�\ZdZgkbc��dhlhju_�b]jZxl�h]jhfgmx�jhev�\�jZa\blbb�^_n_dlguo�kljmd�
lmj�\�bkihevam_fuo�fZl_jbZeZo��>�@��D�aZ^Zq_�ojZg_gby�b�ba\e_q_gby�\h^h�
jh^Z�ba�gZdhibl_ey�ijbfudZ_l�ijh[e_fZ�f_oZgbq_kdhc�mklhcqb\hklb�\k_o�
maeh\� \h^hjh^gh]h� ^\b]Zl_ey�� khijbdZkZxsboky� k� \h^hjh^hf�� <� k\yab� k�
\ur_baeh`_gguf� klZgh\blky� hq_\b^ghc� g_h[oh^bfhklv� bamq_gby� kljmd�
lmjguo�baf_g_gbc��b^msbo�\�fZl_jbZeZo�ih^�\ha^_ckl\b_f�\h^hjh^Z��Fh�
^_evguf� �fZl_jbZehf� � ^ey� ih^h[guo� bkke_^h\Zgbc� y\ey_lky� iZeeZ^bc� b�
_]h�kieZ\u��ihkdhevdm�hgb�kihkh[gu�ih]ehsZlv�[hevrh_�dhebq_kl\h�\h^h�
jh^Z� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�bamq_gb_�ijhp_kkh\�kljmdlmjghc�j_�
eZdkZpbb�\�iZeeZ^bb�b�_]h�kieZ\Zo� �ihke_�g_h^ghdjZlgh]h�]b^jbjh\Zgby��
Wlh� l_f� [he__� \Z`gh�� � qlh� � g_l� h[s_c� l_hjbb�� dhlhjZy� iha\heyeZ� [u� g_�
lhevdh� h^ghagZqgh� ij_^kdZau\Zlv� kihkh[ghklv� l_o� beb� bguo�fZl_jbZeh\�
ih]ehsZlv� [hevrb_� dhebq_kl\Z� \h^hjh^Z�� gh� b� baf_g_gb_� bo� kljmdlmju�
ijb� \aZbfh^_ckl\bb� k� \h^hjh^hf��>ey�ihkljh_gby� lZdhc� l_hjbb� �gZklhy�
l_evgh�lj_[m_lky��gZdhie_gb_�gh\uo�wdki_jbf_glZevguo�nZdlh\� 

Bkke_^h\Zgby�kbkl_f�iZeeZ^bc–f_lZee–\h^hjh^�[ueb�gZqZlu�gZmq�
guf�dhee_dlb\hf�DNLL�[he__����e_l�gZaZ^��b�aZ�wlh�\j_fy�gZfb�[ue�h[gZ�
jm`_g�jy^�gh\uo�y\e_gbc��D�gZb[he__�\Z`guf�ba�gbo�ke_^m_l�hlg_klb�h[�
gZjm`_gb_�� ����m\_ebq_gby�\j_f_gb�ojZg_gby�\h^hjh^Z�\�iZeeZ^bb�ijb�g_�
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h^ghdjZlghf �pbdebjh\Zgbb�  ijhp_kkh\� ]b^jbjh\Zgby�b�^_]b^jbjh\Zgby��
���h[jZah\Zgby� �ZghfZevgh�\ukhdhc�dhgp_gljZpbb�\ZdZgkbc� �ijb�]b^jh]_�
gbaZpbb�iZeeZ^by�b�_]h�kieZ\h\�� ���\hagbdgh\_gby�\�j_amevlZl_�]b^jbjh�
\Zgby��b_jZjobq_kdb�khih^qbg_gguo�^_n_dlguo�kljmdlmj�>�@�����kms_kl\h�
\Zgby�ihke_� ]b^jh]_gbaZpbb�fgh]hnZagh]h�jZkiZ^Z��dhlhjuc�h[_ki_qb\Z�
_lky�dhhi_jZlb\guf�i_j_f_s_gb_f�\ZdZgkbc��Zlhfh\�\h^hjh^Z�b�f_lZeeZ�
[6-�@�������^bkdj_lghc�klhoZklbq_kdhc�g_fhghlhgghc�w\hexpbb�kljmdlmju��
qlh� gZreh� k\h_� h[tykg_gb_� \� jZfdZo� ij_^klZ\e_gbc� h� fgh]h^hebgghc�
kljmdlmj_��l_jfh^bgZfbq_kdh]h�ihl_gpbZeZ�>�-10].  

 
JZ[hlZ�ih^^_j`ZgZ�]jZglZfb��JNNB�����-02-������b�Ij_ab^_glZ�
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KIBGH<UC�B�HJ;BL:EVGUC�F:=G?LBAF 
F:=GBLGUO�K<?JOJ?R?LHD 

 

>hp_gl�K�>�:glbih\��kl�g�khlj��=�?�=hjxgh\,  
ZkibjZgl�:�I�DjZr_gbggbdh\��kl�g�khlj��=�<�KfbjgbpdZy,  

ijhn_kkhj�I�G�Kl_p_gdh 
 

Bkke_^h\Zgby�nmg^Zf_glZevguo�k\hckl\�gZghjZaf_jguo�fZ]gblguo�
]_l_jhkljmdlmj�b�bo�rbjhdb_� l_ogbq_kdb_�ijbf_g_gby� \�dZq_kl\_�hkgh\�
guo� we_f_glh\� kibgh\hc� we_dljhgbdb� y\eyxlky�h^gbf�ba�gZb[he__� Zdlm�
Zevguo�b�i_jki_dlb\guo�gZijZ\e_gbc�kh\j_f_gghc�nbabdb�l\_j^h]h�l_eZ��
FZ]gblgu_� k\_joj_r_ldb� �FKJ�� ij_^klZ\eyxl� kh[hc� gZb[he__� bkke_^h�
\Zgguc� b�rbjhdh� ijbf_gy_fuc� \� l_ogbd_� deZkk� lZdbo� kbkl_f��L_ogbq_�
kdh_� ijbf_g_gb_�FKJ� \dexqZ_l� bo� bkihevah\Zgb_� \� dZq_kl\_� hkgh\guo��
we_f_glh\� \� kbkl_fZo� hi_jZlb\ghc� iZfylb� b� eh]bdb� dhfivxl_jguo� mkl�
jhckl\��Z�lZd`_�\�dZq_kl\_�k_gkhjguo�^Zlqbdh\�\�jZaghh[jZaguo�l_ogbq_�
kdbo�kbkl_fZo��Nbabq_kdhc�hkgh\hc� aZf_qZl_evguo�k\hckl\�FKJ��\�qZkl�
ghklb��]b]Zglkdh]h�fZ]gblhkhijhlb\e_gby��y\ey_lky�hkpbeebjmxsZy�aZ\b�
kbfhklv�bgl_]jZeh\�dhk\_ggh]h�h[f_ggh]h�\aZbfh^_ckl\by�f_`^m�bo�fZ]�
gblgufb�kehyfb��dhlhjmx�fh`gh�bgl_jij_lbjh\Zlv�\�jZfdZo�lhc�beb�bghc�
l_hj_lbq_kdhc�fh^_eb��gZijbf_j��\�jZfdZo�fh^_eb�JDDB�� 

<lhjZy�aZf_qZl_evgZy�hkh[_gghklv�FKJ�hij_^_ey_lky�l_f��qlh�\�wlbo�
kbkl_fZo�\Z`gmx�jhev�b]jZxl�khklhygby�k�ihgb`_gghc�jZaf_jghklvx��DZd�
ke_^kl\b_�wlh]h�\hagbdZ_l�\hafh`ghklv�nhjfbjh\Zgby�ZghfZevgh�\ukhdbo�
�]b]Zglkdbo�� ehdZevguo�fZ]gblguo�fhf_glh\� bhgh\�� h[jZamxsbo�fZ]gb�
lhmihjy^hq_ggu_�kehb�FKJ��<�wlbo�ijhp_kkZo�fh`gh�hlf_lblv�g_kdhevdh�
nZdlhjh\�� bf_xsbo� gZb[hevr__� agZq_gb_�� Wlh�� \h-i_j\uo�� \hajZklZgb_�
kibgh\uo�fZ]gblguo�fhf_glh\�\�ijbih\_joghklguo�kehyo�b�gZ�]jZgbpZo�
bgl_jn_ckh\��>ey�bhgh\�Fe�\�wlbo�khklhygbyo�kibgh\uc�\deZ^�\�Zlhfgu_�
fZ]gblgu_�fhf_glu�fh`_l�^hklb]Zlv� �-4µ;��AgZqbl_evguc� \deZ^� \� kihg�
lZggmx�gZfZ]gbq_gghklv�fh`_l�[ulv�h[mkeh\e_g�kibgh\hc�iheyjbaZpb_c�
^_ehdZebah\Zgguo� we_dljhgh\� \�g_fZ]gblguo�ijhkehcdZo��hkh[_ggh� _keb�
wlb� ijhkehcdb� oZjZdl_jbamxlky� \ukhdbfb� iehlghklyfb� we_dljhgguo� kh�
klhygbc��dZd�\�kemqZyo�Pd�b�Ta.  

H^gZdh��gZb[hevrbc�bgl_j_k�^ey�nbabdb�fZ]gblguo�y\e_gbc�ij_^�
klZ\ey_l� \hafh`ghklv� m\_ebq_gby� Zlhfguo� fZ]gblguo� fhf_glh\� bhgh\��
gZoh^ysboky� \�gbadhjZaf_jguo� khklhygbyo� \�fZ]gblguo� kehyo��<� wdki_�
jbf_glZevguo�bkke_^h\Zgbyo�ZghfZevgh]h�wnn_dlZ�OheeZ�\�lhgdbo�kehyo�
Fe�b�Co��gZiue_gguo�gZ�ie_gdb�s_ehqguo�f_lZeeh\�K, Rb, Cs�[ueb�h[gZ�
jm`_gu� ]b]Zglkdb_� Zlhfgu_� fZ]gblgu_� fhf_glu� bhgh\� Fe� b�Co�� ^hklb�
]Z\rb_���b����;�khhl\_lkl\_ggh�>�@��:gZeh]bqgu_�j_amevlZlu�[ueb�ihemq_�
gu�ijb�bkke_^h\Zgbyo�j_gl]_gh\kdh]h�fZ]gblgh]h�^bojhbafZ�\�ie_gdZo�K, 
Rb, Cs�k�ijbf_kyfb�Fe�>�@��Ijh\_^_ggu_�l_hj_lbq_kdb_�jZkq_lu�ba�i_j\uo�
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ijbgpbih\�ihdZaZeb��qlh�k�mq_lhf�\gmljbZlhfghc�hj[blZevghc�iheyjbaZ�
pbb� \deZ^u�hj[blZevguo�fhf_glh\� \� kmffZjguc�fhf_gl�bhgh\�Fe�b�Co, 
gZoh^ysboky�gZ�ih\_joghklb�beb�\�h[t_f_�s_ehqguo�f_lZeeh\�K, Rb, Cs 
fh]ml�^hklb]Zlv� ���-3,0 µ;� >�@��Khhl\_lkl\_ggh�^ey�Au�b� �Ag�bo�agZq_gby�
fh]ml�khklZ\eylv����-2,5 µ; [4]. 

AgZq_gby�Zlhfguo�fZ]gblguo�fhf_glh\�bhgh\�Fe��kms_kl\_ggh�ij_�
\urZxsb_� bo� \_ebqbgu� \� qbklhf�fZkkb\ghf�Fe�� gZ[ex^Zebkv� Z\lhjZfb�
gZklhys_]h� khh[s_gby� \�FKJ� Fe/Ti, Fe/Mo, Fe/Pd, Fe/Ta, Fe/Be [5,6,7]. 
FKJ�Fe/Be�[ueb�ihemq_gu�b�bkke_^h\Zgu� \i_j\u_��H[jZapu�FKJ�[ueb�
kbgl_abjh\Zgu�k�ihfhsvx�hjb]bgZevghc�f_lh^bdb�dZlh^gh]h�jZkiue_gby�
\�jZajy^_�k�hkpbeebjmxsbfb�we_dljhgZfb��Ki_pbnbq_kdZy�dhgnb]mjZpby�
we_dljbq_kdbo� b� fZ]gblguo� ihe_c� iha\hebeZ� hkms_kl\blv� jZajy^� ijb�
hq_gv�gbadbo�^Z\e_gbyo�jZ[hq_]h�]ZaZ�Kr (10-5-10-6

�Lhjj���ijbq_f�gZiue_�
gb_�\_ehkv�k�^\mo�ijhlb\hiheh`gh�jZkiheh`_gguo�hlghkbl_evgh�fbr_gb�
dZlh^h\��qlh�iha\hebeh�ihemqZlv�h^ghjh^gu_�ih�lhesbg_�ie_gdb�k�fZeuf�
kh^_j`Zgb_f� �^h� �������hklZlhqguo� ]Zah\��DZd�ijZ\beh��ba]hlZ\eb\Zebkv�
ih�^\_�k_jbb�FKJ��\�dZ`^hc�ba�dhlhjuo�hklZ\Zebkv�ihklhyggufb�lhesbgu�
eb[h�Fe��eb[h�keZ[hfZ]gblgh]h�f_lZeeZ��ijb�i_j_f_gghc�lhesbg_�\lhjhc�
dhfihg_glu�khhl\_lkl\_ggh��Lhesbgu�keh_\�baf_gyebkv�hl���^h����?��qbk�
eh� i_jbh^h\� ^hklb]Zeh� ���� -� ����� <� dZq_kl\_� ih^eh`_d� bkihevah\Zebkv�
lhgdb_�ieZklbgu�kex^u�beb�hilbq_kdh]h�kl_deZ�� 

Ijh\h^bebkv�j_gl]_ghkljmdlmjguc�ZgZeba�FKJ�gZ�fhghojhfZlbab�
jh\Zgghf�Cu-K

�

�baemq_gbb��baf_j_gby�ihe_\hc�b� l_fi_jZlmjghc� aZ\bkb�
fhklb� hkgh\guo�fZ]gblguo� iZjZf_ljh\� k� ihfhsvx� dhfivxl_jbabjh\Zg�
gh]h�\b[jZpbhggh]h�fZ]gblhf_ljZ�qm\kl\bl_evghklvx��Â ��-7

�=kÂ kf3
��Z�lZd�

`_�baf_j_gby�ki_dljh\�y^_jgh]h�]ZffZ-j_ahgZgkZ�gZ�y^jZo�57Fe�\�j_`bf_�
ijhimkdZgby� 

<� k_jbyo� k� i_j_f_gghc� lhesbghc� keh_\� keZ[hfZ]gblguo�f_lZeeh\�
^ey�\k_o�lbih\�FKJ�gZ[ex^ZeZkv�hkpbeebjmxsZy�aZ\bkbfhklv�hkgh\guo�
fZ]gblguo� iZjZf_ljh\� hl� lhesbgu� g_fZ]gblguo� ijhkeh_d��I_jbh^� wlbo�
hkpbeeypbc�khklZ\eye��dZd�ijZ\beh���-���?��Z�bo�ijbjh^Z�\�^Zgghf�kemqZ_�
[ueZ� h[mkeh\e_gZ�� ih-\b^bfhfm�� hkpbeeypbyfb� bgl_]jZeh\� dhk\_ggh]h�
h[f_gZ�f_`^m�fZ]gblhmihjy^hq_ggufb�kehyfb�Fe��qlh�fh]eh�[ulv�bgl_j�
ij_lbjh\Zgh�\�jZfdZo��ijb[eb`_gby�JDDB��>ey�FKJ�Fe/Pd�b�Fe/Ta�hkpbe�
eypbb�kihglZgghc�gZfZ]gbq_gghklb��gZ[ex^Zebkv�lZd`_�b�ijb�baf_g_gbyo�
lhesbg�keh_\�Fe��qlh�\�wlbo�kemqZyo�fh]eh�[ulv�h[mkeh\e_gh�bgl_jn_j_g�
pbhggufb� wnn_dlZfb� ijb� qZklbqguo� hljZ`_gbyo� we_dljhgguo� \heg� hl�
kljmdlmjguo�i_jbh^bq_kdbo�g_h^ghjh^ghkl_c�FKJ��ijb\h^ysbo�d�h[jZah�
\Zgbx�©d\Zglh\uo�yfª�� 

?s_�h^gbf�\Z`guf�j_amevlZlhf�y\behkv�lh��qlh�^ey�g_dhlhjuo�FKJ�
ba�k_jbc�Fe/Ti, Fe/Pd, Fe/Ta, Fe/Mo�b�Fe/Be�\_ebqbgZ�kihglZgghc�gZfZ]gb�
q_gghklb��ghjfbjh\Zgghc�gZ�kh^_j`Zgb_�Fe��\�g_kdhevdh�jZa�ij_\hkoh^beZ�
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khhl\_lkl\mxs__� agZq_gb_� ^ey� qbklh]h� fZkkb\gh]h� Fe�� DZd� hlf_qZehkv�
\ur_�� kms_kl\mxl� jy^� jZaebqguo� nZdlhjh\�� dhlhju_� fh]ml� h[mkeh\blv�
nbabq_kdmx�ijbjh^m�lZdbo�\ukhdbo� agZq_gbc�kihglZgghc�gZfZ]gbq_ggh�
klb�FKJ��LZd��^ey�FKJ�Fe/Pd�b�Fe/Ta�\Z`gmx�jhev�fh]ml�b]jZlv�\deZ^u�\�
kmffZjguc� fhf_gl�� h[mkeh\e_ggu_� kibgh\hc� iheyjbaZpb_c� ^_ehdZebah�
\Zgguo� we_dljhgh\� \� kehyo�Pd� b� Ta�� h[eZ^Zxsbo� \ukhdbfb� agZq_gbyfb�
we_dljhgghc�iehlghklb��<� kemqZ_�Fe/Be��Z� lZd`_�Fe/Ti�b�Fe/Mo�� agZq_gb_�
wlh]h�nZdlhjZ��ih-\b^bfhfm��g_\_ebdh��b�hkgh\gufb�\deZ^Zfb�\�nhjfbjh�
\Zgb_�kmffZjguo�fZ]gblguo�fhf_glh\�bhgh\�Fe��gZjy^m�k�m\_ebq_ggufb�
kibgh\ufb� fhf_glZfb�� y\eyxlky� ]b]Zglkdb_� hj[blZevgu_�fhf_glu��Wlh�
ij_^iheh`_gb_�ih^l\_j`^Z_lky�jy^hf�wdki_jbf_glZevguo�j_amevlZlh\��<�
qZklghklb��^ey�FKJ�Fe/Be�baf_j_gby� ki_dljh\�Y=J�gZ� y^jZo� 57Fe� \� wlhc�
kbkl_f_� iha\hebeb� hp_gblv� ijhkljZgkl\_ggh_� jZkij_^_e_gb_� fZ]gblguo�
fhf_glh\� bhgh\�Fe� b� mklZgh\blv�� qlh� \� agZqbl_evghc�f_j_� wlb�fhf_glu�
hjb_glbjh\Zgu�ih^�m]eZfb��[ebadbfb�d�ghjfZeb�iehkdhklb�FKJ��:gZeh�
]bqgu_� j_amevlZlu� [ueb� ihemq_gu� b� ijb�fZ]gblguo� baf_j_gbyo�� iha\h�
eb\rbo� hij_^_eblv� agZqbl_evgmx� i_ji_g^bdmeyjgmx� fZ]gblgmx� Zgbah�
ljhibx�FKJ� Fe/Be�� G_khfg_ggh�� qlh� wlb� wnn_dlu� bf_xl� hj[blZevgmx�
ijbjh^m�� 

DZd�hlf_qZehkv�\ur_��\�g_dhlhjuo�FKJ�kbkl_fu�Fe/Be�fZ]gblgu_�
fhf_glu�bhgh\�Fe�agZqbl_evgh�ij_\urZxl�bo�agZq_gby�\�qbklhf�fZkkb\�
ghf�Fe��H^gZdh�\�wlbo�FKJ�kj_^gb_�agZq_gby�k\_jolhgdbo�fZ]gblguo�ih�
e_c�gZ�y^jZo�57Fe (Hhf��khklZ\eyxl�\k_]h�ijbf_jgh����dW� �\�qbklhf�Fe Hhf 
 ���� dW��� Wlb� ZghfZevgh� gbadb_� agZq_gby� Hhf� fh]ml� [ulv� h[mkeh\e_gu 
lhevdh� l_f�� qlh� kibgh\u_�b� hj[blZevgu_� \deZ^u� \�Hhf�bf_xl�jZaebqgu_�
agZdb�� b� \� ^Zgghf� kemqZ_� [hevrhc�iheh`bl_evguc� hj[blZevguc� \deZ^� \�
agZqbl_evghc�kl_i_gb�dhfi_gkbjm_l�hljbpZl_evgmx�kibgh\mx�qZklv�Hhf. 

Ijb� baf_j_gbyo� l_fi_jZlmjghc� aZ\bkbfhklb� gZfZ]gbq_gghklb� gZ�
l_jfhfZ]gblguo�djb\uo�g_dhlhjuo�FKJ�Fe/Be�[ueb�h[gZjm`_gu�ZghfZ�
ebb�� l_fi_jZlmjZ� dhlhjuo� khhl\_lkl\m_l� wg_j]byf� kibg-hj[blZevgh]h�
jZks_ie_gby��KhihklZ\e_gb_�wlbo�wg_j]bc�iha\hebeh�hij_^_eblv�\_ebqb�
gm� hj[blZevguo�fZ]gblguo�fhf_glh\�bhgh\�Fe� \�FKJ�Fe/Be� \�ij_^_eZo�
0,4-0,7 µ;��LZdb_�`_� agZq_gby�hj[blZevguo�fhf_glh\�bhgh\�Fe (0,4-0,65) 
[ueb� hij_^_e_gu� ih� \_ebqbgZf�nZdlhjZ� ki_dljhkdhibq_kdh]h� jZks_ie_�
gby�ijb�baf_j_gbyo�ki_dljh\�n_jjhfZ]gblgh]h�j_ahgZgkZ�jy^Z�FKJ�Fe/Be.  

Hlf_q_ggu_�wdki_jbf_glZevgu_�j_amevlZlu�m[_^bl_evgh�k\b^_l_ev�
kl\mxl�h�lhf��qlh�\�kemqZ_�FKJ�Fe/Be�hj[blZevgu_�\deZ^u�b]jZxl�kms_�
kl\_ggmx�jhev�\�nhjfbjh\Zgbb�]b]Zglkdbo�fZ]gblguo�fhf_glh\�bhgh\�Fe. 
:gZeh]bqgh_�ml\_j`^_gb_��ih-\b^bfhfm��kijZ\_^eb\h�b�^ey�FKJ�Fe/Ti�b�
Fe/Mo��<�kemqZ_�FKJ�Fe/Pd b�Fe/Ta�kms_kl\_gguf�\deZ^hf�\�kmffZjguc�
fZ]gblguc�fhf_gl�fh`_l�y\eylvky�\ukhdZy�kl_i_gv�kibgh\hc�iheyjbaZpbb�
^_ehdZebah\Zgguo�we_dljhgh\�\�kehyo�Pd��b�Ta. 
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I?J<HIJBGPBIGH?�BKKE?>H<:GB?�HKH;?GGHKL?C 
<A:BFH>?CKL<BY�<H>HJH>:�K�I?J?OH>GUFB�F?L:EE:FB 

<�KIE:<:O�G:�HKGH<?�I:EE:>BY 
 
GZmq��khlj��;Z`Zgh\�>�B���ijhn_kkhj�BgklblmlZ�nbabdb�ijhqghklb�b�fZ�

l_jbZeh\_^_gby�KH�J:G��Dmevdh\Z�K�?���klm^_gl�Fbgb[Z_\�J�N�� 
ijhn_kkhj�DZpg_evkhg�:�:� 

 
KhdjZs_gb_�_kl_kl\_gguo�fbg_jZevguo�lhieb\guo� aZiZkh\�\ugm`�

^Z_l� i_j_^h\u_� kljZgu� ijbdeZ^u\Zlv� k_jv_agu_� mkbeby� ^ey� ihbkdZ� Zev�
l_jgZlb\guo� \hkihegy_fuo� bklhqgbdh\� wg_j]bb� g_� aZ]jyagyxsbo� hdjm�
`Zxsmx� kj_^m�� �Hkh[h_� \gbfZgb_� \� wlhf� \hijhk_� m^_ey_lky� ijh[e_fZf�
jZa\blby�\h^hjh^ghc�wg_j]_lbdb��<h^hjh^��dZd�mgb\_jkZevguc��wnn_dlb\�
guc�b�\hkihegy_fuc�bklhqgbd�wg_j]bb�-�]eZ\gZy�Zevl_jgZlb\Z�ljZ^bpbhg�
guf�\b^Zf�lhieb\Z��H^gZdh�_]h�ojZg_gb_�\�dZq_kl\_�k`Zlh]h�]ZaZ�beb�\�dZ�
q_kl\_�djbh]_gghc�`b^dhklb�g_�y\ey_lky�m^h[guf�b�wdhghfbq_kdb�wnn_d�
lb\guf��Ih�wlhc�ijbqbg_�ojZg_gb_�\h^hjh^Z�\�kljmdlmjZo�i_j_oh^guo�f_�
lZeeh\�b�kieZ\h\��beb�\�dZq_kl\_�f_lZeebq_kdbo�]b^jb^h\�jZkkfZljb\Z_lky�
dZd� h^bg� ba� i_jki_dlb\guo� iml_c� kha^Zgby� gh\uo� lhieb\guo� we_f_glh\�
^ey�\h^hjh^ghc�wg_j]_lbdb�� 

Ba\_klgh��qlh�\aZbfh^_ckl\b_�\h^hjh^Z�k�ZlhfZfb�f_lZeeZ�ijb\h^yl�
d�g_`_eZl_evguf�baf_g_gbyf�Zlhfghc�kljmdlmju�ih\_joghklb�b�djbklZe�
ebq_kdh]h�h[t_fZ��dhlhju_�kbevgh�\ebyxl�gZ�ijhqghklv�fZl_jbZeZ�\�l_q_�
gb_�l_ogheh]bq_kdbo�pbdeh\�\g_^j_gby�b�ba\e_q_gby�\h^hjh^Z� >�-�@��L_f�
g_�f_g__��j_amevlZlu�g_^Z\gbo�wdki_jbf_glZevguo�b�l_hj_lbq_kdbo�bkke_�
^h\Zgbc�ihdZaZeb��qlh�i_j_oh^gu_�f_lZeeu��ih]ehsZxsb_�\h^hjh^��\�qZ�
klghklb�iZeeZ^bc���b�bo�]b^jb^u�fh]ml�agZqbl_evgh�memqrblv�k\hb�k\hc�
kl\Z�aZ�kq_l�e_]bjh\Zgby�we_f_glZfb�jZaebqghc�kl_i_gb�kjh^kl\Z�d�\h^h�
jh^m�>���@��<�wlhc�kblmZpbb�g_h[oh^bfh�emqr_�ihgbfZlv�bg^b\b^mZevgmx�
jhev�we_f_glh\�kieZ\Z�\h�\aZbfghc�k\yab�k�_]h�we_dljhggufb�b�kljmdlmj�
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gufb�hkh[_gghklyfb��Wlh�ihkem`bl�hkgh\hc�ijb�ihemq_gbb�hilbfZevgh]h�
obfbq_kdh]h�khklZ\Z�b�klZ[bevghc�kljmdlmju�kh_^bg_gby�k�\ukhdhc�gZdh�
ibl_evghc�_fdhklvx�\h^hjh^Z��K�wlhc�p_evx�\�^Zgghc�jZ[hl_�ijh\h^bebkv��
dhfie_dkgu_� l_hj_lbq_kdb_�bkke_^h\Zgby�\aZbfh^_ckl\by�\h^hjh^Z� k�3d, 
4d�i_j_oh^gufb�f_lZeeZfb��F��\�kljmdlmjZo�ih\_joghklb�b�djbklZeebq_�
kdh]h�h[t_fZ�kieZ\h\�gZ�hkgh\_�iZeeZ^by�ihkj_^kl\hf�kh\j_f_gguo�i_j�
\hijbgpbiguo�f_lh^h\�jZkq_lZ�ahgghc�kljmdlmju�f_lZeeh]b^jb^guo�kbk�
l_f�Pd3MH.  

<� j_amevlZl_� ijh\_^_gguo� jZkq_lh\� m^Zehkv� \uy\blv� aZdhghf_jgh�
klb� \� baf_g_gbyo� Zlhfghc� b� we_dljhgghc� kljmdlmju� [bgZjguo� kieZ\h\�
Pd3F� ih^� ^_ckl\b_f� \h^hjh^Z�� Z� lZd`_� ihdZaZlv� jhev� e_]bjmxs_]h� we_�
f_glZ��F��\�ijhp_kk_�\h^hjh^ghc�khj[pbb��Z^khj[pbb�b�Z[khj[pbb���;ueh�
ihdZaZgh��qlh�jhkl�wg_j]bb�k\yab�e_]bjmxs_]h�we_f_glZ�k�fZljbp_c�iZe�
eZ^by� \_^_l� d� mf_gvr_gbx� khj[pbb� \h^hjh^Z�� KjZ\gbl_evguc� ZgZeba�
we_dljhgguo� �iehlghklv� khklhygbc��b� wg_j]_lbq_kdbo� �wg_j]bb� k\yab�� Z^�
khj[pbb��jZkl\hjbfhklb�b�ij���oZjZdl_jbklbd�\�jy^m�bkke_^h\Zgguo�h[t�
_fguo� kieZ\h\� b� ih\_joghkl_c� ihdZaZe� hij_^_eyxsmx� jhev� h^ghwe_d�
ljhgguo�nZdlhjh\�gZ�ijhp_kk�\h^hjh^ghc�khj[pbb��J_amevlZlu�bkke_^h\Z�
gbc� ihdZaZeb�� qlh� iheh`_gb_� p_gljZ� ly`_klb� aZgylhc� qZklb� ehdZevghc�
iehlghklb�khklhygbc�gZ�ih\_joghklb�beb�\�djbklZeebq_kdhf�h[t_f_�kieZ�
\Z�hlghkbl_evgh�mjh\gy�N_jfb�g_ihkj_^kl\_ggh�\eby_l�gZ�\_ebqbgm�wg_j�
]bb� \h^hjh^ghc� khj[pbb��LZd`_� mklZgh\e_gh� \ebygb_� baf_g_gby� khklZ\Z�
�kl_obhf_ljbb��kieZ\Z�Pd3F�b�hjb_glZpbb�_]h�ih\_joghklb�gZ�ijhp_kk�ih�
]ehs_gby�bf�\h^hjh^Z�� 

JZ[hlZ� \uiheg_gZ� ijb� nbgZgkh\hc� ih^^_j`d_� Jhkkbckdh]h� nhg^Z�
nmg^Zf_glZevguo� bkke_^h\Zgbc� �]jZglZfb� JNNB� �� ��-02-������ b�
JNNB-=N?G�����-02-39009). 
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BKKE?>H<:GB?�MIJM=BO�K<HCKL<�F:=GBLHWE:KLBDH< 
 

:kibjZgl�=jbrbg�>�:� 
 

Ijhp_^mjZ�ihemq_gby�fZ]gblhweZklbdZ� aZdexqZeZkv�\�jZ\ghf_jghf�
jZkij_^_e_gbb� f_edh^bki_jkgh]h� fZ]gblgh]h� gZihegbl_ey� \� \ukhdhweZ�
klbqghc�ihebf_jghc�fZljbp_��<�dZq_kl\_�fZ]gblgh]h�gZihegbl_ey�bkihev�
ah\Zeky�ihjhrhd�fZ]g_lblZ�k�jZaf_jhf�qZklbp�����–�����fdf�b�ihjhrhd�f_�
lZeebq_kdh]h�`_e_aZ�k�jZaf_jhf���–���fdf��\�dZq_kl\_�ihebf_jZ�bkihevah�
\Zeky�`b^dbc�kbebdhgh\uc�dZmqmd�fZjdb�KBWE� 

>ey�kbgl_abjh\Zgguo�h[jZaph\�f_lh^hf�h^ghhkgh]h�k`Zlby��ih�djb�
\uf� aZ\bkbfhklb�f_oZgbq_kdh]h�gZijy`_gby�hl�nmgdpbb�hlghkbl_evgh]h�
k`Zlby��[ue�hij_^_e_g�fh^mev�k^\b]Z�[_a�fZ]gblgh]h�ihey�b�\h�\g_rg_f�
fZ]gblghf�ihe_�� 
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GZijy`_gghklv�fZ]gblgh]h�ihey�+��W

 
Ihemq_ggu_� wdki_jbf_glZevgu_� ^Zggu_� ^ey� h[jZaph\� k�jZaebqguf�

lbihf� b� kh^_j`Zgb_f� gZihegbl_ey� \� fZ]gblghf� ihe_� jZaebqghc� gZijy�
`_gghklb�ihdZaZeb��qlh� 
• `_kldhklv� dhfihablZ� jZkl_l� k� m\_ebq_gb_f� ihey� �g_aZ\bkbfh� hl�
lbiZ�bkihevam_fh]h�gZihegbl_ey�� 

• [hevr_fm�agZq_gbx�dhgp_gljZpbb�qZklbp�f_lZeeZ�\�fZljbp_�khhl�
\_lkl\m_l�[hevrZy�\_ebqbgZ�fh^mey�k^\b]Z�ijb�h^ghf�b�lhf�`_�agZq_gbb�
fZ]gblgh]h�ihey� 

• fh^mev�k^\b]Z�h[jZaph\��]^_�\�dZq_kl\_�gZihegbl_ey�bkihevah\Zeky�
fZ]g_lbl��keZ[h\hkijbbfqb\�d�ijbeh`_gghfm�ihex��m\_ebqbeky�ebrv�\���
jZaZ�^ey�fZ]g_lblZ�k�dhgp_gljZpb_c��������ih�kjZ\g_gbx�k�`_e_ahf��]^_�
ijb�dhgp_gljZpbb�gZihegbl_ey�\�������ijbjhkl�khklZ\be�hdheh�^\mo�ih�
jy^dh\�� 

• gZebqb_� wnn_dlZ� gZcus_gby� �\uoh^� djb\hc� aZ\bkbfhklb� fh^mey�
k^\b]Z�hl�\_ebqbgu�fZ]gblgh]h�ihey�gZ�ihklhyggh_�agZq_gb_�� 

 
 
 

NHLHEXFBG?KP?GPBY�BHGH<�WJ;BY�<�KLJMDLMJ:O 
G:�HKGH<?�DJ?FGBY 

 
:kibjZgl�>�F��@b]mgh\��ZkibjZgl�K�:��L_l_jmdh\, 

kl��ij_ih^Z\Zl_ev�H�:��RZeu]bgZ 
 
 Bgl_j_k�d�bkke_^h\Zgbx�exfbg_kp_gpbb�bhgh\�wj[by�(U3+

��\g_^j_g�
guo�\�fZljbpm�gZ�hkgh\_�dj_fgby��k\yaZg�k�i_jki_dlb\ghklvx�bkihevah\Z�
gby�lZdbo�kljmdlmj�\�hilhwe_dljhgguo�ijb[hjZo��BaemqZl_evgu_�i_j_oh^u�
4I13/2:

4I15/2� \h� \gmlj_gg_c� �I-h[hehqd_� bhgh\� (U
3+
� khhl\_lkl\mxl� ^ebg_�
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\hegu� ����� fdf�� qlh� kh\iZ^Z_l� k� fZdkbfmfhf� ijhimkdZgby� \hehdhggh-
hilbq_kdbo�ebgbc� k\yab�� Z�dj_fgb_\Zy�hkgh\Z�^Zgguo� kljmdlmj�^Z_l�\ha�
fh`ghklv�bgl_]jbjh\Zlv�k\_lhbaemqZxsb_�we_f_glu�gZ�_^bghc�ih^eh`d_�
k�we_f_glZfb�ihemijh\h^gbdh\hc�fbdjhwe_dljhgbdb� 

 Kj_^b� jZaebqguo�
dj_fgb_\uo� kljmdlmj��
bkihevamxsboky� \� dZq_�
kl\_� fZljbpu� ^ey� (U3+, 
lZdbo� dZd� djbklZeebq_�
kdbc� �c-Si��� Zfhjnguc�
(a-Si�� b� gZghdjbklZeeb�
q_kdbc� �nc-Si�� dj_fgbc��
ihke_^gbc� h[eZ^Z_l� jy�
^hf� ij_bfms_kl\�� hl�
kmlkl\m_l� kbevgh_� l_f�
i_jZlmjgh_� ]Zr_gb_� wj�
[b_\hc� exfbg_kp_gpbb�
b� agZqbl_evgh� ih^Z\e_�
gu� dZgZeu� [_auaemqZ�
l_evguo� ihl_jv� wg_j]bb�
>�@�� <k_� wlh� ijb\h^bl� d�
lhfm�� qlh� bhgu� wj[by� \�
nc-Si-kljmdlmjZo� oZjZd�

l_jbamxlky� bgl_gkb\ghc� b� klZ[bevghc� nhlhexfbg_kp_gpb_c� �NE�� ijb�
dhfgZlghc�l_fi_jZlmj_��Djhf_�lh]h��wnn_dlb\ghklvx�\ha[m`^_gby�bhgh\�
Er3+

�fh`gh�mijZ\eylv��baf_gyy�jZaf_ju�dj_fgb_\uo�gZghdjbklZeeh\�>�@������ 
GZfb�bkke_^h\Zebkv� ki_dlju�b�dbg_lbdb�NE�e_]bjh\Zgguo� wj[b_f�

kljmdlmj� lj_o� lbih\��h[jZapu� QF-Si/SiO2:Er� �k_jby� ���ij_^klZ\eyeb� kh[hc�
fZljbpm�SiO2��kh^_j`Zsmx�gZghdjbklZeeu�dj_fgby�k�jZaf_jZfb���–���gf�
(NEr ~ 1019

� kf-3
�� >�@�� h[jZapu� QF-Si/SiO2:Er� �k_jby� ��� kh^_j`Zeb� q_j_^mx�

sb_ky�kehb�dj_fgb_\uo�gZghdjbklZeeh\�kh�kj_^gbfb�jZaf_jZfb�����– 4.5 
gf�b�^bhdkb^Z�dj_fgby� �NEr ~ 1020

�kf-3
�� >�@��h[jZapu�SiGe:Er� �k_jby����kh�

klhyeb�ba�h]jZgbq_ggh]h�dj_fgb_\ufb�[mn_jgufb�kehyfb�Zdlb\gh]h�kehy�
SiGe�lhesbghc�����gf��NEr ~ 1018

�kf-3
���<�h[jZapZo�k_jbb���gZghdjbklZeeu�

dj_fgby�\�SiO2�jZkiheZ]Zxlky�oZhlbqgh�b�bahebjh\Zggh�^jm]�hlghkbl_ev�
gh� ^jm]Z�� �<� lh� \j_fy� dZd� ^ey� kljmdlmj� k_jbb� �� oZjZdl_jgZ� mihjy^hq_g�
ghklv�b�iehlgZy�miZdh\dZ�gZghdjbklZeeh\�dj_fgby��Z�ke_^h\Zl_evgh��\ha�
fh`gh�gZebqb_�\aZbfh^_ckl\by�f_`^m�gbfb��Bgl_j_k�d�h[jZapZf�lj_lv_c�
k_jbb�\ua\Zg�bo�\hegh\h^ghc�kljmdlmjhc��ohly�NE�bhgh\�wj[by�\�gbo�gZ�
[ex^Z_lky�lhevdh�ijb�gbadbo�l_fi_jZlmjZo�� 

Ghjfbjh\Zggu_� ki_dlju� bkke_^m_fuo� kljmdlmj� ij_^klZ\e_gu� gZ�
jbk�����<b^gh��qlh�iheh`_gb_�fZdkbfmfZ�wj[b_\hc�NE�ijZdlbq_kdb�g_�aZ�

���� ���� ���� ���� ���� ���� ����
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Jbk� ���Ki_dlju�NE�h[jZaph\�nc-Si/SiO2:Er:  

(1) –�k_jby��������–�k_jby����T=300 K��b�SiGe:Er , 
�����L ���D�� 
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\bkbl�hl�ijbjh^u�fZljbpu�b�h^bgZdh\h�^ey�\k_o�h[jZaph\��Wlh�h[tykgy_l�
ky�wdjZgbjh\dhc�jZ[hq_c��I-h[hehqdb�bhgZ� �Er3+ \g_rgbfb�we_dljhggufb�
h[hehqdZfb��FZeZy�rbjbgZ�ebgbb�wj[b_\hc�NE�\�h[jZapZo�k_jbb����hdheh�
��gf��\ua\ZgZ�ih^Z\e_gb_f�\ukhdhwg_j]_lbqgh]h�djueZ�ki_dljZ�ijb�gba�
dhc�l_fi_jZlmj_�� 

JZg__� gZfb� [ueh�
ihdZaZgh�� qlh� \ha[m`^_�
gb_� bhgh\� wj[by� \� kljmd�
lmjZo� QF-Si/SiO2:Er� ijh�
bkoh^bl� \ke_^kl\b_� i_j_�
^Zqb� bf� wg_j]bb� hl�
wdkblhgh\�� \ha[m`^Z_fuo�
\�gZghdjbklZeeZo�ijb�ih�
]ehs_gbb� d\ZglZ� gZdZqdb�
>�@��Ijb�\ukhdbo�mjh\gyo�
\ha[m`^_gby� ijhbkoh^bl�
i_j_oh^� [hevr_c� qZklb�
bhgh\� (U3+

� \� \ha[m`^_g�
gh_� khklhygb_�� l�_�� \� kbk�
l_f_� bhgh\� ^hklb]Z_lky�
bg\_jkgZy� gZk_e_gghklv��
<hafh`ghklv� ^hklb`_gby�
bg\_jkghc� gZk_e_gghklb�
y\ey_lky� g_h[oh^bfuf�
mkeh\b_f� ^ey� kha^Zgby� mkbebl_e_c� k\_lZ� beb� eZa_jh\� gZ� hkgh\_� ^Zgguo�
kljmdlmj�� 

>ey�hp_gdb�hlghkbl_evghc�dhgp_gljZpbb�bhgh\�wj[by��gZoh^ysboky�
\�i_j\hf�\ha[m`^_gghf�khklhygbb�NEr

*/ NEr, �\hkihevam_fky�dbg_lbq_kdbf�
mjZ\g_gb_f�� 

( )
* *

*Er Er
Er Er

decay

dN N
g N N

dt
= − −

τ
 ,                                    (1) 

]^_�NEr
*
�b NEr –�dhgp_gljZpby�bhgh\�Er3+

�\�\ha[m`^_gghf�khklhygbb�b�ihe�
gZy�dhgp_gljZpby�bhgh\�khhl\_lkl\_ggh�� 2decay –�\j_fy� aZlmoZgby�NE��g – 
l_fi�\ha[m`^_gby��dhlhjuc��\hh[s_� ]h\hjy��y\ey_lky�nmgdpb_c�jZaf_jh\�
gZghdjbklZeeh\��l_fi_jZlmju�b�wg_j]bb�\ha[m`^Zxsbo�nhlhgh\��Ijb�mk�
eh\bb�g=const�\�klZpbhgZjguo�mkeh\byo� �   0* =dtdNEr )�b��\\h^y�\j_fy�gZ�

jZklZgby�NE� 11  −− += decayrise g ττ ���hlghkbl_evgZy�dhgp_gljZpby�jZkkqblu\Z�

_lky�ba�nhjfmeu�� 

decay

rise

Er

Er

N

N

τ
τ−= 1  

*

.                                                  (2) 

���� ��� �
���

���

���

���

���

���

���

���

���

1

�1

(
U

Bgl_gkb\ghklv�gZdZqdb��<l�kf
�
�

�6L�*H�(U

�QF�6L�6L2
�
�(U��k_jby���

�QF�6L�6L2
�
�(U��k_jby���

 
 

Jbk� 2. AZ\bkbfhklb� hlghkbl_evghc� dhgp_gljZpbb� bh�
gh\� wj[by \� i_j\hf� \ha[m`^_gghf� khklhygbb� hl� bg�
l_gkb\ghklb�gZdZqdb� 
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GZfb�baf_jyebkv�dbg_lbdb�bgl_gkb\ghklb�wj[b_\hc�NE�ijb�jZaguo�
gZdZqdZo�^ey�bamqZ_fuo�h[jZaph\��Njhglu�gZjZklZgby�b�kiZ^Z�ihemq_gguo�
dbg_lbd�NE� Ziijhdkbfbjh\Zebkv�fhghwdkihg_gpbZevgufb�nmgdpbyfb� b�
gZoh^bebkv�khhl\_lkl\mxsb_�\j_f_gZ� 2rise�b� 2decay�� �Ijh\_^_ggu_�wdki_jb�
f_glu�b�bo�ZgZeba�k�bkihevah\Zgb_f�nhjfmeu�����ihdZaZeb��qlh�bg\_jkgZy�
gZk_e_gghklv� �NEr

*/NEr >0.5�� \� h[jZapZo� QF-Si/SiO2:Er� k_jbb� �� ^hklb]Z_lky�
ijb�bgl_gkb\ghklyo�\ha[m`^_gby�\b^bfuf�k\_lhf�k�Iexk�!�����<l�cf

2
��:gZ�

eh]bqgu_�j_amevlZlu�ihemqZxlky�^ey�kljmdlmj�SiGe:Er��h^gZdh�gZ�bo�\ha�
fh`gh_� ijbf_g_gb_� gZdeZ^u\Zxlky� h]jZgbq_gby�� k\yaZggu_� k� kbevguf�
l_fi_jZlmjguf� ]Zr_gb_f� wj[b_\hc�NE�� �Hlf_lbf�� qlh� ^ey� h[jZaph\� QF-
Si/SiO2:Er�k_jbb���\ke_^kl\b_�[hevrbo�NEr�^ey�^hklb`_gby�bg\_jkghc�gZ�
k_e_gghklb�lj_[m_lky�[he__�fhsgZy�gZdZqdZ��jbk������ 

LZdbf�h[jZahf��\ukhdZy�wnn_dlb\ghklv�\ha[m`^_gby�wj[b_\hc�NE�\�
bkke_^m_fuo� kljmdlmjZo� gZjy^m� k� \hafh`ghklvx� j_ZebaZpbb� bg\_jkghc�
gZk_e_gghklb�\�kbkl_f_�bhgh\�wj[by�fh`_l�ij_^klZ\eylv�ijZdlbq_kdbc�bg�
l_j_k� ijb� jZajZ[hld_� hilbq_kdbo� mkbebl_e_c� b� k\_lhbaemqZxsbo� mkl�
jhckl\� ^ey� \Z`g_cr_]h� \� hilbq_kdbo� ebgbyo� k\yab� ^bZiZahgZ� ^ebg� \heg�
����fdf� 

Ebl_jZlmjZ 
1. Polman, J. Appl. Phys., 82, 1 (1997). 
2. M. Fujii, M. Yoshida, S. Hayashi, K. Yamamoto, J. Appl. Phys., 84, 4525 

(1998). 
3. M. Fujii, M. Yoshida, Y. Kanzava, S. Hayashi, K. Yamamoto, Appl. Phys. 

Lett., 71, 1198 (1997). 
4. M. Zacharias, J. Heitmann, R. Scholz, U. Kahler, M. Schmidt, J. Bläsing, 

Appl. Phys. Lett., 80, 661 (2002). 
5. I.D.DZrdZjh\, F.=.EbkZq_gdh, H.:.RZeu]bgZ, <.X.Lbfhr_gdh, 

;.<.DZf_g_\, M. Schmidt, J. Heitmann, M. Zacharias, @WLN 124 (12), 1255 
(2003). 
 
 

N?FLHK?DMG>GH?�E:A?JGH?�FBDJHKLJMDLMJBJH<:GB? 
IH<?JOGHKLB�DJ?FGBY 

 
:kibjZgl�AZ[hlgh\�K�<���klm^_gldZ�HklZi_gdh�B�:�,  

^hp_gl�=heh\Zgv�E�:. 
 
 Kha^Zgb_�mihjy^hq_gguo�gbadhjZaf_jguo�kljmdlmj�gZ�ih\_joghklyo�
ihemijh\h^gbdh\�k�ihfhsvx�k\_jodhjhldbo�eZa_jguo�bfimevkh\�y\ey_lky�
ZdlmZevguf� gZijZ\e_gb_f� bkke_^h\Zgbc� \� k\yab� k� \hafh`ghklvx� kha^Z�
\Zlv� h[t_dlu� ^ey� fbdjhwe_dljhgbdb� [_a� ijb\e_q_gby� eblh]jZnbq_kdbo�
l_ogheh]bc��<�ihke_^gb_� ]h^u�[ueZ�ihdZaZgZ�\hafh`ghklv�mijZ\ey_fh]h�
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ihemq_gby� lZdbo� kljmdlmj� gZ� ih\_joghklb� dj_fgby� \� fbdjhgghf� b� km[�
fbdjhgghf�^bZiZahgZo�>�-�@��H^gZdh�dZdbo-eb[h�bkke_^h\Zgbc�ih�hij_^_�
e_gbx� jZkij_^_e_gby� we_dljhfZ]gblgh]h� ihey� \� m`_� knhjfbjh\Z\rboky�
kljmdlmjZo�^h�kbo�ihj�g_�ijh\h^behkv��P_evx�gZrbo�bkke_^h\Zgbc�klZeh�
hij_^_e_gb_�\ebygby�nZdlhjh\�ehdZevgh]h�ihey�gZ�g_ebg_cgh-hilbq_kdbc�
hldebd�hl�fbdjhkljmdlmjbjh\Zgghc�j_[jbklhc�ih\_joghklb�dj_fgby� 
 <� gZrbo� wdki_jbf_glZo� fu� bkihevah\Zeb� n_flhk_dmg^gmx� eZa_j�
gmx�kbkl_fm�k�aZ^Zxsbf�ojhf-nhjkl_jblh\uf�]_g_jZlhjhf���� ������fdf��
b� j_]_g_jZlb\guf� mkbebl_e_f��Ebg_cgh-iheyjbah\Zgguc� mkbe_gguc� bf�
imevk�^ebl_evghklvx����nk�b�wg_j]b_c�hdheh�����fd>`�nhdmkbjh\Zeky�ijb�
ghjfZevghf�iZ^_gbb���kf�ebgahc�gZ�ieZklbgm�dj_fgby��������jZkiheh`_g�
gmx�gZ�jZkklhygbb� ��ff�i_j_^�nhdmkhf�lZd��qlh�^bZf_lj�wdkihgbjm_fhc�
ih\_joghklb�khklZ\eye�ijb[ebabl_evgh�����fdf��IeZklbgZ�dj_fgby�h[em�
qZeZkv�\�l_q_gb_� ��fbgml�k�qZklhlhc� ���=p��<�j_amevlZl_�gZ�ih\_joghklb�
nhjfbjh\ZeZkv�ohjhrh�mihjy^hq_ggZy�j_[jbklZy�kljmdlmjZ�k�i_jbh^hf���
fdf��gZijZ\e_gb_�ihehk�ijb�wlhf�[ueh�i_ji_g^bdmeyjgh�iheyjbaZpbb�iZ�
^Zxs_]h� baemq_gby� b� g_� aZ\bk_eh� hl� djbklZeeh]jZnbq_kdhc� hjb_glZpbb�
h[jZapZ��Lbibqgh_�bah[jZ`_gb_�ih\_joghklb�� �ihemq_ggh_�\�we_dljhgghf�
fbdjhkdhi_��ij_^klZ\e_gh�gZ�jbk���� 

Hilbq_kdh_� ahg^bjh\Z�
gb_� ih\_joghklb� hkms_kl\ey�
ehkv� l_f� `_� baemq_gb_f�� hk�
eZ[e_gguf�^h�mjh\gy��g_�ijb�
\h^ys_]h�d�jZajmr_gbx�ihem�
q_gghc� kljmdlmju�� HljZ`_g�
guc�kb]gZe�lj_lv_c�]Zjfhgbdb�
^ey� j_]bkljZpbb� hl\h^beky�
^bojhbqguf�^_ebl_e_f�gZ�nh�
lhwe_dljhgguc� mfgh`bl_ev�
�NWM���K�ihfhsvx�ieZklbgdb�
���� fu� ih\hjZqb\Zeb� ihey-
jbaZpbx� ahg^bjmxs_]h� baem�
q_gby� h^gh\j_f_ggh� k� mklZ�
gh\e_gguf� i_j_^� NWM� ie_�
ghqguf� iheyjbaZlhjhf-
ZgZebaZlhjhf�^ey�lj_lv_c� ]Zj�
fhgbdb��Ijb�wlhf�gZijZ\e_gby�
iheyjbaZpbc� \ha[m`^Zxs_]h�
ahg^bjmxs_]h� b� ijhoh^ys_]h�

gZ�NWM�baemq_gbc�kh\iZ^Zeb��GZ�jbk����ij_^klZ\e_gu�hjb_glZpbhggu_�aZ�
\bkbfhklb�g_ebg_cgh-hilbq_kdh]h�hldebdZ�hl�ihemq_gghc�fbdjhkljmdlm�

 
 
Jbk�� ��� Ih\_joghklv� dj_fgby� ihke_� n_flhk_�
dmg^gh]h�eZa_jgh]h�h[emq_gby 



EHFHGHKH<KDB?�QL?GBY�– 2004 

 

46 

ju�b�hl�djbklZeebq_kdh]h�dj_fgby�ijb�h^bgZdh\uo�mkeh\byo�nhdmkbjh\db�
ahg^bjmxs_]h�baemq_gby�gZ�h[jZa_p� 
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djbklZeebq_kdh]h�6L

 
Jbk�� ���Hjb_glZpbhggu_� aZ\bkbfhklb�bgl_gkb\ghklb�lj_lv_c�]Zjfhgbdb�hl�j_[jbklhc�
fbdjhkljmdlmju�b�hl�djbklZeebq_kdh]h�dj_fgby�ijb�h^bgZdh\uo�mkeh\byo�nhdmkbjh\�
db�ahg^bjmxs_]h�baemq_gby�gZ�h[jZa_p��Gme_\hc�m]he�^ey�fbdjhkljmdlmju�khhl\_lkl�
\m_l�gZijZ\e_gbx�iheyjbaZpbb�kljmdlmjbjmxs_]h�baemq_gby��Z�^ey�djbklZeebq_kdh]h�
dj_fgby�gZijZ\e_gbx�>���@��KiehrgZy�djb\Zy�y\ey_lky�l_hj_lbq_kdhc�ZiijhdkbfZpb_c�
^ey�djbklZeebq_kdh]h�dj_fgby�k�hjb_glZpb_c�ih\_joghklb������ 
 
 
 DZd� \b^gh�ba�jbk�� ��hjb_glZpbhggZy� aZ\bkbfhklv�^ey�djbklZeebq_�
kdh]h�dj_fgby�h[eZ^Z_l�q_lujvfy�q_ldh�\ujZ`_ggufb�fZdkbfmfZfb��qlh�
h[tykgy_lky�\�jZfdZo�deZkkbq_kdhc�g_ebg_cghc�hilbdb�k�mq_lhf�djbklZe�
eh]jZnbq_kdhc�hjb_glZpbb�ih\_joghklb�h[jZapZ�>�@��L_hj_lbq_kdZy�djb\Zy�
^ey�jZkkfZljb\Z_fh]h� kemqZy� lZd`_�ij_^klZ\e_gZ�gZ�jbk�� ��b�ohjhrh�kh�
]eZkm_lky�k�wdki_jbf_glZevgufb�^Zggufb� 

Hjb_glZpbhggZy�aZ\bkbfhklv�^ey�j_[jbklhc�fbdjhkljmdlmju��ihem�
q_gghc� ijb� n_flhk_dmg^ghf� eZa_jghf� \ha^_ckl\bb�� ih� mjh\gx� kb]gZeZ�
aZf_lgh�f_gvr_�b�h[eZ^Z_l�\k_]h�ebrv�^\mfy�kbevgh�\ujZ`_ggufb�fZd�
kbfmfZfb�� i_ji_g^bdmeyjgufb� gZijZ\e_gbx� iheyjbaZpbb� kljmdlmjb�
jmxs_]h�baemq_gby��l�_��iZjZee_evgh�j_[jZf��HkeZ[e_gb_�kb]gZeZ�lj_lv_c�
]Zjfhgbdb��ih-\b^bfhfm��k\yaZgh�k�mf_gvr_gb_f�h[t_fZ�\_s_kl\Z��ba�dh�
lhjh]h�b^_l�]_g_jZpby��KbevgZy�\ulygmlhklv� aZ\bkbfhklb�\�gZijZ\e_gbb��
iZjZee_evghf�j_[jZf��h[tykgy_lky�\ebygb_f�nZdlhjh\�ehdZevgh]h�ihey�\�
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jZkkfZljb\Z_fhc�kljmdlmj_��>_ckl\bl_evgh��kh]eZkgh�jbk����jZkij_^_e_gb_�
ihey� \gmljb� fbdjhkljmdlmju� fh`gh� k� hij_^_e_gghc� kl_i_gvx� lhqghklb�
ij_^klZ\blv�lZd��dZd�_keb�[u�fu�bf_eb�^_eh�k�iehkdbf�dhg^_gkZlhjhf��:�
bf_ggh��\�gZijZ\e_gbb�iZjZee_evghf�j_[jZf�ihe_�\gmljb�j_[jZ�Ein�kh\iZ�
^Zeh� [u� k� \g_rgbf� ihe_f�E0�� Z� \� i_ji_g^bdmeyjghf� gZijZ\e_gbb�f_gv�
rbf�ihe_f�jZ\guf�Ein = E0 –���P��]^_�P –�iheyjbaZpby��\uau\Z_fZy�\�kj_�
^_�\g_rgbf�ihe_f�E0��Ihkdhevdm�bgl_gkb\ghklv�lj_lv_c�]Zjfhgbdb� ITH ~ 
|Ein|

6
��lh�^Z`_�g_agZqbl_evgZy�fh^meypby�ijhnbey�ih\_joghklb�fZl_jbZeZ�

fh`_l�\ua\Zlv�agZqbl_evgh_�baf_g_gb_�g_ebg_cgh-hilbq_kdh]h�hldebdZ� 
LZdbf� h[jZahf�� gZfb� wdki_jbf_glZevgh� ihdZaZgh�� qlh� j_[jbklZy�

fbdjhkljmdlmjZ�� knhjfbjh\ZggZy� \� j_amevlZl_� h[emq_gby� ih\_joghklb�
djbklZeebq_kdh]h�dj_fgby�n_flhk_dmg^gufb�eZa_jgufb�bfimevkZfb��b]�
jZ_l�^hfbgbjmxsmx�jhev�\�jZkij_^_e_gbb�we_dljhfZ]gblgh]h�ihey�gZ�ih�
\_joghklb� 
 

1. J. Bonse, S. Baudach, J. Kruger, W. Kautek, and M. Lenzner, Appl. 
Phys. A, 74, 19-25 (2002).  

2. F. Costache, S. Kouteva-Arguirova, and J. Reif, Appl. Phys. A, 79, 
1429-1432 (2004). 

3. A.P. Singh, A. Kapoor, K.N. Tripathi, G.R. Kumar, Optics and Laser 
Technology, 34, 37-43, (2002). 

4. C.C. Wang, J. Bomback, W.T. Donlon, C.R. Huo, J.V. James, Phys. 
Rev. Lett., 57, 1647-1650, (1986). 
 
 
 

BKKE?>H<:GB?�HLJ:@?GBY�K<Q-<HEG� 
F:=GBLGUFB�IE,GD:FB 

 
>hp_gl�<�B��Dhaeh\��klm^_gl�>�F�Dk_ghnhglh\, 

\_^��gZmq��khlj��<�<��JZg^hrdbg��klm^_gl�B�<��JZg^hrdbg,  
klm^_gl�B�:�KZ`bg��klm^_gl�B�K�Lblh\��klm^_gl�I�K��LjmoZgh\ 

 
HljZ`_gb_�we_dljhfZ]gblguo�\heg�K<Q-^bZiZahgZ�y\ey_lky�\Z`guf�

nZdlhjhf�ijb�bkke_^h\Zgbb�k\hckl\� �oZjZdl_jbklbd��jZaebqguo�fZl_jbZ�
eh\�f_lh^Zfb��k\yaZggufb�k�\ha^_ckl\b_f�we_dljhfZ]gblguo�\heg�gZ�bk�
ke_^m_fuc� h[jZa_p�� Z� lZd`_� ijb� kha^Zgbb� nmgdpbhgZevguo� mkljhckl\�
K<Q-l_ogbdb�gZ�[Za_�jZaebqguo�hljZ`Zxsbo�fZl_jbZeh\� 

P_evx� gZklhys_c� jZ[hlu� y\eyehkv� bkke_^h\Zgb_� hljZ`_gby� we_d�
ljhfZ]gblguo�\heg� �-kf�^bZiZahgZ�hl�fhghdjbklZeebq_kdbo�ie_ghd�n_j�
jbl-]jZgZlh\� khklZ\Z� �Bi,Gd,Tm)3Fe5-xGaxO12�� ]bjhfZ]gblgh_� hlghr_gb_�
dhlhjuo�\Zjvbjh\Zehkv�\�rbjhdhf�^bZiZahg_�iml_f�baf_g_gby�mjh\gy�aZ�
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f_s_gby�`_e_aZ�bhgZfb� ]Zeeby��Ie_gdb�\ujZsb\Zeb�f_lh^hf�`b^dhnZa�
ghc�wiblZdkbb�gZ�ih^eh`dZo�]Z^hebgbc-]Zeeb_\h]h�]jZgZlZ�k�hjb_glZpb_c�
������ ba� i_j_hoeZ`^_ggh]h� jZkl\hjZ-jZkieZ\Z� gZ� hkgh\_�PbO- B2O3��>ey�
kjZ\g_gby� bkke_^h\Zebkv� lZd`_� rbjhdh� bkihevam_fu_� \� K<Q-l_ogbd_�
i_jfZeeh_\u_�ie_gdb�b�ie_gdb�blljbc-`_e_abklh]h�]jZglZ� 

Baf_j_gby�dhwnnbpb_glZ�hljZ`_gby�fZ]gblguo�fZl_jbZeh\�\uihe�
g_gu�gZ�mklZgh\d_��[ehd-ko_fZ�dhlhjhc�ij_^klZ\e_gZ�gZ�jbkmgd_� 

 
We_dljhfZ]gblgZy�\hegZ�hl�]_g_jZlhjZ����qZklhlZ� f� �����==p��q_j_a�

\_glbev��gZoh^ysbcky�\�\hegh\h^_� � I��b^_l�gZ�^\hcghc�L-fhkl� ��� ]^_�hgZ�
jZa\_l\ey_lky��QZklv�\hegu�b^_l�\�ie_qh� II ��hlj_ahd�\hegh\h^Z�\�dhlhjhf�
bf__lky�aZahj���^ey�ihf_s_gby�\�g_]h�bkke_^m_fh]h�h[jZapZ����<�aZahj���
\klZ\e_gZ�f_lZeebq_kdZy�ieZklbgdZ��h[_ki_qb\ZxsZy�ihegh_�hljZ`_gb_�hl�
k\h_c�ih\_joghklb��<�p_glj_�ieZklbgu�bf__lky�djm]eh_�hl\_jklb_�^bZf_l�
jhf���ff��dhlhjh_�aZdju\Z_lky�bkke_^m_fuf�h[jZaphf����>Ze__�aZ�jZkih�
eh`_g� hlj_ahd� \hegh\h^Z� k� ]jZnblh\uf� ih]ehsZxsbf� kl_j`g_f� ��� bk�
dexqZxsbc� hljZ`_gb_� \hegu�� dhlhjZy� ijhreZ� q_j_a� h[jZa_p� ���<�f_kl_�
hljZ`_gby�hl�h[jZapZ���K<Q-\hegZ�ebg_cgh�iheyjbah\ZgZ� 
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<� ijhlb\hiheh`ghf� ie_q_� ^\hcgh]h�L-fhklZ� �� klhbl� \hegh\h^guc�
Zll_gxZlhj� �� b� ^Ze__� –� k_dpby� �� k� ih^\b`guf� aZfudZxsbf� ihjrg_f��
<hegZ��hljZ`_ggZy�hl�h[jZapZ� ���\�^\hcghf�L-fhkl_� ��\klj_qZ_lky�k�\he�
ghc���b^ms_c�ba�ie_qZ�III �k�k_dpbyfb���b����Ijb�hlkmlkl\bb�h[jZapZ���ijh�
ba\h^blky� [ZeZgkbjh\dZ� \heg��b^msbo�ba�ie_q� II �b� III � \�ie_qh� IV �fhklZ��
Kb]gZe�� gZ[ex^Z_fuc� gZ� wdjZg_� hkpbeeh]jZnZ� �� ijb� ihf_s_gbb� \f_klh�
h[jZapZ� f_lZeebq_kdhc� ieZklbgu�� khhl\_lkl\m_l� ����� hljZ`_gbx�� Ijb�
aZf_g_�wlhc�ieZklbgu�h[jZaphf���gZ[ex^Z_fuc�kb]gZe�mf_gvrZ_lky��b�_]h�
\_ebqbgZ�iha\hey_l�hij_^_eblv�dhwnnbpb_gl�^Zggh]h�h[jZapZ� 

Bkke_^h\Zgb_� fZ]gblguo� ie_ghd� �Bi,Gd,Tm)3Fe5-xGaxO12�� k� jZaguf�
]bjhfZ]gblguf�hlghr_gb_f�ihdZaZeh��qlh�dhwnnbpb_gl�hljZ`_gby� we_d�
ljhfZ]gblghc�\hegu��-kf�^bZiZahgZ�\�aZ\bkbfhklb�hl�khklZ\Z�baf_gy_lky�
\���jZaZ� 

 
 
 
 

HIJ?>?E?GB?�LHESBGU 
WIBL:DKB:EVGUO�IE?GHD��=J:G:LH< 

K�IHFHSVX�<A<?RB<:GBY 
 

Klm^_gl�>�F�Dk_ghnhglh\���\_^��gZmq��khlj��<�<��JZg^hrdbg, 
klm^_gl�B�<��JZg^hrdbg��klm^_gl�B�:�KZ`bg��klm^_gl�B�K�Lblh\ 

 

FhghdjbklZeebq_kdb_�ie_gdb�kh�kljmdlmjhc�]jZgZlZ��\ujZsb\Z_fu_�
f_lh^hf�`b^dhnZaghc�wiblZdkbb�ba�i_j_hoeZ`^_ggh]h�jZkl\hjZ-jZkieZ\Z�
gZ�bahfhjnguo�ih^eh`dZo��gZreb�ijbf_g_gb_�\�aZihfbgZxsbo�mkljhckl\�
gZ�pbebg^jbq_kdbo���fZ]gblguo�^hf_gZo��jZaebqguo�fZ]gblhhilbq_kdbo�b�
K<Q-mkljhckl\Zo��ie_ghqguo�eZa_jZo��\�dZq_kl\_�dZlh^hexfbg_kp_glguo�
b� j_gl]_gh\kdbo� wdjZgh\� b� ^Zlqbdh\� \ukhdhwg_j]_lbq_kdbo� qZklbp� >�@��
<Z`guf�iZjZf_ljhf�wlbo�ie_ghd�y\ey_lky�lhesbgZ�h��>ey�fZ]gblguo�ie_�
ghd�kh�kljmdlmjhc�]jZgZlZ�agZq_gb_�h�h[uqgh�hij_^_eyxl�bgl_jn_j_gpb�
hgguf�f_lh^hf� >�@��D� kh`Ze_gbx�� wlhl�f_lh^� ijZdlbq_kdb� g_� ijbf_gbf�
^ey�g_fZ]gblguo�ie_ghd�ba�fZehc�jZagbpu�iZjZf_ljh\�j_r_ldb�ie_gdb�b�
ih^eh`db� 

>ey� ie_ghd� ]Z^hebgbc-]Zeeb_\h]h� ]jZgZlZ� �===��� \ujZs_gguo� gZ�
h[_bo�klhjhgZo�ih^eh`db�lh]h�`_�khklZ\Z��kmffZjgmx�lhesbgm��K�ie_ghd�
hij_^_eyeb��\a\_rb\Zy�ih^eh`dm�i_j_^�__�ih]jm`_gb_f�\�jZkl\hj-jZkieZ\�
b� \ujZs_ggmx� wiblZdkbZevgmx� kljmdlmjm� �ie_gdZ� -� ih^eh`dZ� -� ie_gdZ���
:gZeh]bqguf�h[jZahf�gZoh^beb�lhesbgm�b�\�kemqZ_��dh]^Z�\�khklZ\�ie_g�
db��\ujZs_gghc�gZ�ih^eh`d_�===��\\h^beb�e_]bjmxsb_�bhgu��LZdhc�ih^�
oh^�hijZ\^Zg��dh]^Z�dhgp_gljZpby�e_]bjmxsbo�ijbf_k_c�fZeZ��L_f�g_�f_�
g__��ij_g_[j_`_gb_�jZaebqb_f�bo�iehlghklb�ijb\h^bl�d�kbkl_fZlbq_kdhc�
hrb[d_�ijb�hij_^_e_gbb�h.  
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P_evx� gZklhys_c� jZ[hlu� [ueh� hij_^_e_gb_� lhesbgu� ie_ghd� ^ey�
kemqZy��dh]^Z�khklZ\u�ie_gdb�b�ih^eh`db�hlebqZxlky�dZj^bgZevgh�b��dZd�
ke_^kl\b_��agZqbl_evgh�jZaebqZxlky�bo�iehlghklb� 
<� dZq_kl\_� ih^eh`_d� bkihevah\Zeb� ijhajZqgu_� g_fZ]gblgu_� ]jZgZlu��
Y3Sc2Al3O12��BK:=��k� �iZjZf_ljhf�j_r_ldb�ZBK:=� ��������gf�b�fheyjghc�
fZkkhc�FBK:= = 659.6, Y3Ga5O12 �B==��k�ZB==�  ��������gf�b�FB== = 835.4, 
Gd3Ga5O12 �===��k�Z===� ��������gf�b�F=== = 1010.4, Gd3Sc2Al3O12��=K:=��k��
Z=K:=� ��������gf�b�F=K:= = 834.6, Y3Sc2Ga3O12��BK==��k��ZBK==� ��������gf�
b�FBK==� ��������b�Gd3Sc2Ga3O12��=K==��k��Z=K==� ��������gf�b�F=K== = 962.8. 
 

LZ[ebpZ 
Ih^- 
eh`dZ 

KhklZ\�]jZgZlZ F Ih^- 
eh`dZ 

KhklZ\�]jZgZlZ F 

BK:= Tm2,38Y0,62Ga5O12 998 =K:= Pr0,31Gd2,69Ga5O12 1007 
BK:= Yb1,71Y1,29Ga5O12 951 =K:= Nd0,41Gd2,59Ga5O12 1007 
BK:= Pr1,59Y1,41Al 5O12 676 =K:= Sm0,51Gd2,49Ga5O12 1009 
B== Pr0,5Y2,5Sc2Al 3O12 656 =K:= Eu0,63Gd2,37Ga5O12 1009 
B== Nd0,68Y2,32Sc2Al 3O12 667 =K:= Tb1,08Gd1,92Ga5O12 1014 
B== Sm0,84Y2,16Sc2Al 3O12 681 =K:= Nd2,49Y0,51Sc2Al 3O12 767 
B== Eu1,04Y1,96Sc2Al 3O12 695 BK== Pr1,93Y1,07Ga5O12 908 
B== Gd1,34Y1,66Sc2Al 3O12 721 BK== Nd2,6Y0,4Ga5O12 951 
B== Tb1,78Y1,22Sc2Al 3O12 754 BK== Pr0,89Gd2,11Ga5O12 998 
=== Pr1,04Y1,96Ga5O12 861 BK== Nd1,21Gd1,79Ga5O12 997 
=== Nd1,4Y1,6Ga5O12 885 BK== Sm1,49Gd1,51Ga5O12 1002 
=== Sm1,73Y1,27Ga5O12 914 BK== Eu1,85Gd1,15Ga5O12 1003 
=== Eu2,15Y0,85Ga5O12 943 BK== Pr0,59Gd2,41Sc2Al 3O12 825 
=== Gd2,75Y0,25Ga5O12 995 BK== Nd0,79Gd2,21Sc2Al 3O12 825 
=== Er2,6Gd0,4Sc2Al 3O12 861 BK== Sm1,0Gd2,0Sc2Al 3O12 828 
=== Tm1,44Gd1,56Sc2Al 3O12 852 BK== Eu1,22Gd1,78Sc2Al 3O12 828 
=== Yb1,04Gd1,96Sc2Al 3O12 851 BK== Tb2,08Gd0,92Sc2Al 3O12 838 
=== Pr1,54Y1,46Sc2Al 3O12 710 BK== Pr2,43Y0,57Sc2Al 3O12 756 
=== Nd2,08Y0,92Sc2Al 3O12 745 =K== Pr1,0Y2,0Sc2Gd3O12 810 
=== Sm2,56Y0,44Sc2Al 3O12 787 =K== Nd1,35Y1,65Sc2Gd3O12 833 
=K:= Pr1,34Y1,66Ga5O12 877 =K== Sm1,67Y1,33Sc2Gd3O12 861 
=K:= Nd1,81Y1,19Ga5O12 907 =K== Eu2,07Y0,93Sc2Gd3O12 888 
=K:= Sm2,24Y0,76Ga5O12 945 =K== Gd2,66Y0,34Sc2Gd3O12 940 
=K:= Eu2,78Y0,22Ga5O12 983 =K== Pr1,89Gd1,11Ga5O12 981 
=K:= Pr2,93Y0,07Ga5O12 960 =K== Nd2,56Gd0,44Ga5O12 979 
=K:= Tm2,78Y0,22Sc2Gd3O12 980 =K== Pr1,59Gd1,41Sc2Al 3O12 809 
=K:= Yb2,0Y1,0Sc2Gd3O12 926 =K== Nd2,14Gd0,86Sc2Al 3O12 807 
=K:= Pr1,82Y1,16Sc2Al 3O12 725 =K== Sm2,65Gd0,35Sc2Al 3O12 817 
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<� lZ[ebp_�ijb\_^_gu� khklZ\u� ]jZgZlh\�� dhlhju_�fh]ml�[ulv� \ujZ�
s_gu�gZ�mdZaZgguo�ih^eh`dZo�f_lh^hf�`b^dhnZaghc� wiblZdkbb��b�^Zgu�
agZq_gby� bo� fheyjguo� fZkk�F�� <b^gh�� qlh� fheyjgu_� fZkku� ]jZgZlh\� k�
h^bgZdh\uf�iZjZf_ljhf�j_r_ldb� agZqbl_evgh�jZaebqZxlky�f_`^m�kh[hc��
qlh�ih^l\_j`^Z_l�ZdlmZevghklv�hibku\Z_fh]h�f_lh^Z�hij_^_e_gby�lhesb�
gu 

Mqblu\Zy��qlh�iehsZ^b�ie_gdb�b�ih^eh`db�� Z� lZd`_�iZjZf_lju�bo�
djbklZeebq_kdbo�j_r_lhd�kh\iZ^Zxl���e_]dh�ijbclb�d�khhlghr_gbx� 
 

2h = H (∆m/m) (Ms/Mf), 
 
]^_�H –�lhesbgZ�ih^eh`db��∆m,-�kmffZjgZy�fZkkZ�ie_ghd��\ujZs_gguo�gZ�
h[_bo�klhjhgZo�ih^eh`db��m -�fZkkZ�ih^eh`db��Ms –�fheyjgZy�fZkkZ�ih^�
eh`db��Mf -�fheyjgZy�fZkkZ�ie_gdb� 

AZf_lbf�� qlh� obfbq_kdbc� khklZ\� ]jZgZlh\��ijb\_^_gguo� \� lZ[ebp_��
jZkkqblu\Zeb�k�ihfhsvx�ijZ\beZ�<_]Zj^Z�>�@��Wlh�fh`gh�k^_eZlv��_keb�\�
khklZ\� ie_gdb� \oh^bl� g_� [he__� ^\mo� obfbq_kdbo� we_f_glh\�� hlkmlkl\mx�
sbo�\�ih^eh`d_��<�ijhlb\ghf�kemqZ_�kh^_j`Zgb_�we_f_glh\�\�ie_gd_�ke_�
^m_l� hij_^_eylv� ^jm]bf� f_lh^hf�� gZijbf_j�� k� ihfhsvx� fbdjhZgZebaZ��
>jm]hc�ih^oh^�hkgh\Zg�gZ�agZgbb�dhwnnbpb_glh\�jZkij_^_e_gby�]jZgZlh�
h[jZamxsbo�we_f_glh\�b�khklZ\Z�rbolu��bkihevamxs_cky�^ey�\ujZsb\Z�
gby� wiblZdkbZevguo� ie_ghd� �h[uqgh� ihklmiZxl� gZh[hjhl�� jZkkqblu\Zxl�
khklZ\�rbolu��bkoh^y�ba�`_eZ_fh]h�khklZ\Z�ie_gdb���Ijb�wlhf�djbl_jb_f�
ijZ\bevghklb� jZkq_lZ� fh`_l� kem`blv� hilbq_kdh_� dZq_kl\h� \ujZs_gghc�
ie_gdb��ihkdhevdm�m`_�ijb�^hklZlhqgh�fZehf�jZkkh]eZkh\Zgbb�iZjZf_ljh\�
j_r_lhd�ie_gdZ�jZklj_kdb\Z_lky� 

Ihl_gpbZevgufb� bklhqgbdZfb� kbkl_fZlbq_kdhc� hrb[db� ijb� hij_�
^_e_gbb�lhesbgu�ie_ghd�iml_f�\a\_rb\Zgby�fh]ml�[ulv�\oh`^_gb_�j_^�
dha_f_evguo�bhgh\�\�hdlZw^jbq_kdmx�ih^j_r_ldm�kljmdlmju� ]jZgZlZ� >�@��
ijb\h^ys__�d� agZqbl_evghfm�m\_ebq_gbx�iZjZf_ljZ�djbklZeebq_kdhc�j_�
r_ldb� ie_gdb�� Z� lZd`_� nhjfbjh\Zgb_� i_j_oh^gh]h� ih\_joghklgh]h� kehy�
ie_gdZ�ih^eh`dZ� \ke_^kl\b_� ijhl_dZgby� ijhp_kkZ� l\_j^hl_evghc� ^bnnm�
abb� \h� \j_fy� jhklZ� ie_gdb��H^gZdh� \hagbdZxsZy� ijb� wlhf� ih]j_rghklv�
g_\_ebdZ�ih� kjZ\g_gbx� kh� kemqZ_f��dh]^Z�ij_g_[j_]Zxl�jZaebqb_f�iehl�
ghkl_c�ie_gdb�b�ih^eh`db� 

 
1. JZg^hrdbg�<�<���<Zkbev_\Z�G�<���Kukh_\�G�G���GZmdh_fdb_�l_ogh�

eh]bb��������������k���-50. 
���We_f_glu�b�mkljhckl\Z�gZ�pbebg^jbq_kdbo�fZ]gblguo� �^hf_gZo��

KijZ\hqgbd� ��:�F�;Ze[Zrh\�� �N�<�Ebkh\kdbc�� �<�D�JZ_\� b� ^j���Ih^� j_^��
G�G�?\lbob_\Z��;�G�GZmfh\Z��-�F���JZ^bh�b�k\yav������������k� 
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WE?DLJBQ?KDB?�K<HCKL<: 
E?=BJH<:GGUO�;HJHF�IE?GHD�a-Si:H��IH><?J=GMLUO 

<UKHDHL?FI?J:LMJGHFM�HL@B=M�<�IHLHD?�<H>HJH>: 
 

:kibjZgldZ�F�:�GZev]b_\Z��kl��gZmqg��khlj��B�:�Dmjh\Z, 
�kl��gZmqg��khlj��G�G�Hjfhgl 

 
Ba\_klgh��qlh� k\hckl\Z�ie_ghd�Zfhjngh]h� ]b^jbjh\Zggh]h�dj_fgby�

(a-Si:H�� aZ\bkyl� hl�f_lh^h\� b� l_ogheh]bq_kdbo� j_`bfh\� bo�ihemq_gby�� Z�
lZd`_�hl�ihke_^mxsbo�\g_rgbo�\ha^_ckl\bc�gZ�gbo��\�qZklghklb��hl�\ukh�
dhl_fi_jZlmjgh]h� hl`b]Z�� JZg__� bkke_^h\Zgby� \ebygby� \ukhdhl_fi_jZ�
lmjgh]h� hl`b]Z� gZ� we_dljbq_kdb_� k\hckl\Z� ie_ghd� a-Si:H� ijh\h^bebkv� \�
hkgh\ghf�gZ�g_e_]bjh\Zgguo�ie_gdZo�a-Si:H [1, �@��ijbq_f�bo�hl`b]�hkm�
s_kl\eyeky�\�\Zdmmf_�beb�\�Zlfhkn_j_�Zj]hgZ��<�wlbo�mkeh\byo�baf_g_gb_�
we_dljbq_kdbo�iZjZf_ljh\�ie_ghd�ijhbkoh^bl�\�hkgh\ghf�ba-aZ�h[jZah\Z�
gby�h[hj\Zgguo�k\ya_c�dj_fgby�\ke_^kl\b_�wnnmabb�\h^hjh^Z�ba�ie_ghd�� 

<� jZ[hl_� >�@�[ueh� mklZgh\e_gh�� qlh� \� j_amevlZl_�hl`b]Z� \� \Zdmmf_�
e_]bjh\Zgguo� [hjhf� ie_ghd� a-Si:H� ijb� l_fi_jZlmjZo� LZ≤4000K� ijhbkoh�
^beh�kf_s_gb_�mjh\gy�N_jfb�d�\Ze_glghc�ahg_�b�m\_ebq_gb_�bo�ijh\h^b�
fhklb��IhdZaZgh��qlh�wlhl�wnn_dl�[ue�h[mkeh\e_g�m\_ebq_gb_f�\�ie_gdZo�
dhgp_gljZpbb� we_dljbq_kdb� Zdlb\guo� Zlhfh\� [hjZ��Hl`b]� wlbo�ie_ghd� \�
\Zdmmf_�ijb� ���0K�LZ<5200K�ijb\h^be�d� wnnmabb�\h^hjh^Z�b� agZqbl_ev�
ghfm�m\_ebq_gbx�dhgp_gljZpbb�h[hj\Zgguo�k\ya_c�dj_fgby��Wlh�h[mkeZ\�
eb\Zeh�kf_s_gb_�mjh\gy�N_jfb�d�k_j_^bg_�aZij_s_gghc�ahgu��<�j_amev�
lZl_��ijh\h^bfhklv�ie_gdb�g_�hljZ`ZeZ�baf_g_gby�dhgp_gljZpbb�we_dljb�
q_kdb�Zdlb\guo�Zlhfh\�ijbf_kb�ijb�La>400 K.  

<� gZklhys_c� jZ[hl_� bkke_^h\Zehkv� \ebygby� \ukhdhl_fi_jZlmjgh]h�
hl`b]Z�\�ihlhd_�\h^hjh^Z�gZ�we_dljbq_kdb_�k\hckl\Z�ie_ghd�a-Si:H��e_]b�
jh\Zgguo�[hjhf��Hl`b]�\�ihlhd_�\h^hjh^Z�ijb�LZ>4000K�mf_gvrZ_l�wnnm�
abx�\h^hjh^Z�ba�ie_ghd�b�kgb`Z_l�h[jZah\Zgb_�h[hj\Zgguo�k\ya_c�dj_f�
gby�� dhfi_gkbjmxsbo� we_dljbq_kdb� Zdlb\gmx� ijbf_kv� [hjZ�� Wlh� ^Z_l�
\hafh`ghklv� ihemqblv� bgnhjfZpbx� h� ijhp_kk_� Zdlb\Zpbb� we_dljbq_kdb�
g_Zdlb\guo�Zlhfh\�[hjZ�\�e_]bjh\Zgguo�ie_gdZo�ijb�\ukhdbo�l_fi_jZlm�
jZo�hl`b]Z� 
 <� jZ[hl_� bkke_^h\Zebkv� g_e_]bjh\Zggu_� b� e_]bjh\Zggu_� [hjhf�
ie_gdb�a-Si:H��ihemq_ggu_�f_lh^hf�hkZ`^_gby�\�ieZaf_�\ukhdhqZklhlgh]h�
le_xs_]h� jZajy^Z� ijb� l_fi_jZlmj_� ih^eh`db� ���0K-3000K��E_]bjh\Zgb_�
ie_ghd�[hjhf�ijh\h^behkv�ba�]Zah\hc�nZau��IhegZy�dhgp_gljZpby�[hjZ�\�
ie_gdZo��hij_^_e_ggZy�f_lh^hf�SIMS��khklZ\eyeZ��⋅1018 kf-3

��Hl`b]�g_e_�
]bjh\Zgguo�b�e_]bjh\Zgguo�ie_ghd�hkms_kl\eyeky�\�ihlhd_�\h^hjh^Z�ijb�
l_fi_jZlmj_����0K�\�l_q_gb_��� fbg�� 



Ih^k_dpby����NbabdZ�dhg^_gkbjh\Zggh]h�khklhygby�b�ihemijh\h^gbdh\� 

 

53 

 

;ueb�ijh\_^_gu�baf_j_gby�l_fgh\hc�ijh\h^bfhklb�ie_ghd�^h�b�ih�
ke_�bo�hl`b]Z�\�bgl_j\Ze_�l_fi_jZlmj�hl���� D�^h���� D��MklZgh\e_gh��qlh�
\_ebqbgu� b� l_fi_jZlmjgu_� aZ\bkbfhklb� l_fgh\hc� ijh\h^bfhklb� σd(L) 
ie_ghd� ^h� b� ihke_� bo� hl`b]Z� kms_kl\_ggh� jZaebqZxlky�� L_fi_jZlmjgu_�
aZ\bkbfhklb�ijh\h^bfhklb�g_e_]bjh\Zgghc�b�e_]bjh\Zgghc�[hjhf�ie_ghd�
^h�bo�hl`b]Z�wdkihg_gpbZevgh�baf_gyeZkv�k�l_fi_jZlmjhc� 
σd=σ0⋅exp(-E/kT) 

Hij_^_e_ggu_�agZq_gby�wg_j]bc�Zdlb\Zpbb�?�b�ij_^wdkihg_gpbZev�
guo�fgh`bl_e_c�σ0�oZjZdl_jgu�^ey�ahgghc�ijh\h^bfhklb��L_fi_jZlmjgu_�
aZ\bkbfhklb�ijh\h^bfhklb�wlbo�ie_ghd�ihke_�hl`b]Z�bf_xl�g_wdkihg_g�
pbZevguc�oZjZdl_j��Wlh�\hafh`gh�h[mkeh\e_gh�ihy\e_gb_f�\�bkke_^h\Zg�
ghc� h[eZklb� l_fi_jZlmj�ihfbfh� ahggh]h�^jm]bo�f_oZgbafh\�ijh\h^bfh�
klb� 

H[jZ[hldZ� j_amevlZlh\� l_fi_jZlmjghc� aZ\bkbfhklb� ijh\h^bfhklb�
hlh``_gguo�ie_ghd�ih�f_lh^m�AZ[jh^kdh]h� >�@�mdZau\Z_l�gZ�lh��qlh�\�g_�
e_]bjh\Zgghc�ie_gd_�ijh\h^bfhklv�ijb�gbadbo�l_fi_jZlmjZo�hij_^_ey_l�
ky� ^\mfy� f_oZgbafZfb�� Z� \� e_]bjh\Zgghc� ie_gd_� −� lj_fy� f_oZgbafZfb�
ijh\h^bfhklb��;ueh� mklZgh\e_gh�� qlh� \� h[hbo� lbiZo� ie_ghd� ijb� gbadbo�
l_fi_jZlmjZo�gZ[ex^Z_lky�iju`dh\Zy�ijh\h^bfhklv�k�i_j_f_gghc�^ebghc�
iju`dZ�σh(L)=A⋅exp(-(T0/T)0.25

���ijb�\ukhdbo�l_fi_jZlmjZo�−�ahgghy�ijh\h�
^bfhklv�σ1=σ01⋅exp(-E1/kT���<�e_]bjh\Zgghc�ie_gd_�\�h[eZklb�ijhf_`mlhq�
guo� l_fi_jZlmj� h[gZjm`_gZ� iju`dh\Zy� ijh\h^bfhklv� ih� khklhygbyf� \�
o\hkl_�\Ze_glghc�ahgu�σ2=σ02⋅exp(-E2/kT).  

;ueb�hij_^_e_gu�iZjZf_lju�lj_o�lbih\�ijh\h^bfhkl_c�bkke_^h\Zg�
guo� ie_ghd��Ba� ihemq_gguo� agZq_gbc� iZjZf_ljh\� ahgghc� ijh\h^bfhklb�
[ueh�gZc^_gh�iheh`_gb_�mjh\gy�N_jfb�\�aZij_s_gghc�ahg_�hlh``_gguo�
ie_ghd��Ba�ki_dljh\�ijhimkdZgby�bkke_^h\Zgguo�ie_ghd�^h�b�ihke_�bo�hl�
`b]Z�[ueb�hij_^_e_gu�ki_dljZevgu_� aZ\bkbfhklb�dhwnnbpb_glh\�ih]eh�
s_gby�b�f_lh^hf�LZmpZ� >�@� agZq_gby�rbjbgu� aZij_s_gghc� ahgu�Eg��<k_�
gZc^_ggu_�we_dljbq_kdb_�b�hilbq_kdb_�iZjZf_lju�bkke_^h\Zgguo�ie_ghd�
ijb\_^_gu�\�lZ[ebp_�� 

Ba�lZ[epu�\b^gh��qlh�rbjbgZ�aZij_s_gghc�ahgu�\�g_e_]bjh\Zgghc�b�
e_]bjh\Zgghc�ie_gdZo�ihke_�hl`b]Z�mf_gvrbeZkv�ijZdlbq_kdb�h^bgZdh\h�
b� bf__l� h^gm� b� lm�`_� \_ebqbgm��Mjh\_gv�N_jfb� \� e_]bjh\Zgghc� ie_gd_�
kf_klbeky�d�\Ze_glghc�ahg_��\�lh�\j_fy�dZd�\�g_e_]bjh\Zgghc�ie_gd_�hg�g_�
baf_gbe�k\h_]h�iheh`_gby� 

LZdbf�h[jZahf��\�gZklhys_c�jZ[hl_�h[gZjm`_gh��qlh�\�e_]bjh\Zgguo�
[hjhf�ie_gdZo�a-Si:H�\�j_amevlZl_�\ukhdhl_fi_jZlmjgh]h�hl`b]Z�\�ihlhd_�
\h^hjh^Z� m\_ebqb\Z_lky� ijh\h^bfhklv� ie_ghd� \� j_amevlZl_� kf_s_gby�
mjh\gy�N_jfb�d�\Ze_glghc�ahg_�b�\hagbdZ_l�iju`dh\Zy�ijh\h^bfhklv�ih�
khklhygbyf� \� o\hkl_� \Ze_glghc� ahgu�� Wlb� baf_g_gby� we_dljbq_kdbo�
k\hckl\� e_]bjh\Zgguo� ie_ghd� h[mkeh\e_gu� m\_ebq_gb_f� dhgp_gljZpbb�
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we_dljbq_kdb�Zdlb\guo�Zlhfh\�[hjZ�\�hlh``_gguo�ie_gdZo��l� _��m\_ebq_�
gb_f�wnn_dlb\ghklb�e_]bjh\Zgby�ie_ghd�\�mkeh\byo�ih^Z\e_gby�\�gbo�h[�
jZah\Zgby�h[hj\Zgguo�k\ya_c�dj_fgby�ijb�hl`b]_�\�ihlhd_�\h^hjh^Z�� 

LZ[ebpZ 
IZjZf_lju�ijh\h^bfhklb�ie_ghd�^h�b�ihke_�hl`b]Z 

 

Ie_gdZ σ01, 
Hf-1⋅kf-1 

E1��w< EF��w< σ02, 
Hf-1⋅kf-1 

E2��w< :� 
Hf-1⋅kf-1 

L0, K Eg, 
w< 

a-Si:H 
^h�hl`b]Z 

8⋅103 0.72 ?k−0.65 — — — — 1.74 

a-Si:H 
ihke_ 
hl`b]Z� 

1.9⋅103 0.7 ?k−0.65  — — 7413 1.2⋅108 1.53 

a-Si:H(B) 
^h�hl`b]Z 

6⋅103 0.75 Ev+0.68  — — — — 1.73 

a-Si:H(B) 
ihke_ 
hl`b]Z� 

174 0.55 Ev+0.55  0.015 0.26 2818 9.2⋅107 1.54 
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JHEV�KL:LBQ?KDBO�KF?S?GBC�:LHFH<�DHFIHG?GL 
F?L:EEBQ?KDBO�L<?J>UO�J:KL<HJH<�<�NHJFBJH<:GBB�

;EB@G?=H�IHJY>D: 
 

<_^��gZmq��khlj��Kbehgh\�<�F���^hp_gl�Kdhjh[h]Zlh\Z�L�<� 
^hp_gl�Djbkvdh�H�<��klZ`_j�EoZfkmj_g]bcg�W� 

 
Ijh\_^_g�klZlbklbq_kdbc�dhjj_eypbhgguc�ZgZeba�bf_xsboky�\�eb�

l_jZlmj_�^Zgguo�ih�[eb`g_fm�ihjy^dm�\�ihebdjbklZeebq_kdbo�f_lZeebq_�
kdbo�l\_j^uo�jZkl\hjZo�k�^_nhjfZpbhgguf�b�g_^_nhjfZpbhgguf�\deZ^Z�
fb�\�wg_j]bx�mihjy^hq_gby��JZkkfZljb\Zxlky�l\_j^u_�jZkl\hju�k�HPD�b�
=PD�djbklZeebq_kdbfb�kljmdlmjZfb��<uy\e_gZ�\ukhdZy�kl_i_gv�dhjj_ey�
pbb�oZjZdl_jbklbd�[eb`g_]h�ihjy^dZ�gZ�i_j\hc�dhhj^bgZpbhgghc�kn_j_�k�
^_nhjfZpbhgguf�deZ^hf�\�wg_j]bx�mihjy^hq_gby��IhdZaZgZ�\hafh`ghklv�
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b�j_Zebklbqghklv�dhebq_kl\_ggh]h�ZgZebaZ�\deZ^Z�^_nhjfZpbhgghc�wg_j�
]bb� �\�wg_j]bx�mihjy^hq_gby�\�l\_j^uo�jZkl\hjZo�k�=PD�b�HPD�djbklZe�
ebq_kdbfb�j_r_ldZfb�gZ�hkgh\_�fh^_eb�;hjgZ-�;_][b� 

 
 
 

MQ?L�DHGNB=MJ:PBHGGUO�WNN?DLH< 
<�L?HJBB�=?E?H;J:AH<:GBY 

 
<_^��gZmq��khlj��DmqZgh\�K�B���ZkibjZgl�LZjZk_\bq�D�<. 

 
Ihebdhg^_gkZpbhgguc�f_lh^�kbgl_aZ�y\ey_lky�h^gbf�ba�hkgh\guo�\�

kh\j_f_gghc�ijhfure_gghklb�kbgl_lbq_kdbo�ihebf_jh\��Wlh�h[mkeZ\eb�
\Z_l� ZdlmZevghklv� b� ijZdlbq_kdmx� \Z`ghklv� ijh]ghabjh\Zgby� nbabdh-
obfbq_kdbo�k\hckl\�_z�ijh^mdlh\��Bkoh^gufb�dhfihg_glZfb�\�wlhf�ijh�
p_kk_� y\eyxlky� fhghf_ju�� dZ`^uc� ba� dhlhjuo� khklhbl� ba� fhghf_jgh]h�
a\_gZ� b�nmgdpbhgZevguo� ]jmii��H^gbf�ba� kZfuo�ijhkl_crbc� kj_^b�gbo�
y\ey_lky�fhghf_j� fRA ��\�dhlhjhf�d�fhghf_jghfm�a\_gm� R �ijbkh_^bg_gu�
f
� b^_glbqguo� nmgdpbhgZevguo� ]jmii� A

�� <� ijhp_kk_� ihebdhg^_gkZpbb�
nmgdpbhgZevgu_� ]jmiiu�� ijbgZ^e_`Zsb_� jZaebqguf� fhe_dmeZf�� j_Z]b�
jmxl�^jm]� k�^jm]hf� k�h[jZah\Zgb_f� klZ[bevghc�obfbq_kdhc� k\yab��<�j_�
amevlZl_�lZdbo�j_Zdpbc�nhjfbjmxlky�ihebf_jgu_�fhe_dmeu��khklhysb_�ba�
jZaebqgh]h� qbkeZ�fhghf_jguo� a\_gv_\��?keb�nmgdpbhgZevghklv� f �fhgh�
f_jZ� fRA �[hevr_�q_f�^\Z��lh]^Z�nhjfbjmxlky�jZa\_l\ezggu_�ihebf_ju�k�
jZaebqgufb� lhiheh]bq_kdbfb� kljmdlmjZfb�� <Z`g_cr_c� hkh[_gghklvx�
jZa\_l\ezgghc� ihebdhg^_gkZpbb� y\ey_lky�ihy\e_gb_� \� hij_^zezgguc�fh�
f_gl� �gZau\Z_fuc� ]_ev-lhqdhc�� fhe_dmeu� ]_ey� –� ]b]Zglkdhc� fhe_dmeu�
fZdjhkdhibq_kdbo�jZaf_jh\��<�^Zevg_cr_f�oh^_�kbgl_aZ�\_k�lZdhc�fhe_�
dmeu�m\_ebqb\Z_lky�aZ�kqzl�ijbkh_^bg_gby�d�k_[_�fhe_dme�ahey��qbkeh�dh�
lhjuo� mf_gvrZ_lky�� LZdbf� h[jZahf�� d� hkgh\guf� aZ^ZqZf� jZa\_l\ezgghc�
ihebdhg^_gkZpbb� hlghkblky� gZoh`^_gb_� aZ\bkbfhklb� weZklbq_kdbo�
k\hckl\�ihebf_jghc�k_ldb�]_ey�hl�\j_f_gb� 

<�l_hjbb�jZa\_l\ezgghc�ihebdhg^_gkZpbb�rbjhdh�bkihevam_lky�b^_�
ZevgZy�fh^_ev�� dhlhjZy�ohjhrh�hibku\Z_l�[hevrbgkl\h�ijhp_kkh\�iheb�
dhg^_gkZpbb��WlZ�fh^_ev�ij_^iheZ]Z_l�kijZ\_^eb\hklv�ijbgpbiZ�Nehjb��\�
khhl\_lkl\bb�k�dhlhjuf��j_ZdpbhggZy�kihkh[ghklv�Zdlb\gh]h�p_gljZ�g_�aZ�
\bkbl� \� khklZ\� dZdhc�fhe_dmeu� hg� \oh^bl�b� \� dZdhf�f_kl_�fhe_dmeu� hg�
jZkiheh`_g��H^gZdh�\�gZklhys__�\j_fy�bf__lky�wdki_jbf_glZevguc�fZl_�
jbZe� ih� bamq_gbx� jy^Z� fZdjhfhe_dmeyjguo� j_Zdpbc�� \� dhlhjuo� wlhl�
ijbgpbi� aZ\_^hfh�g_� \uihegy_lky��H^ghc�ba�ijbqbg� wlh]h� y\eyxlky� wn�
n_dlu�aZf_s_gby��h[yaZggu_�kl_jbq_kdhfm��bg^mdpbhgghfm�b�^jm]bf�lb�
iZf�\ebygby�ijhj_Z]bjh\Z\rbo�]jmii�gZ�j_Zdpbhggmx�kihkh[ghklv�khk_^�
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gbo� k� gbfb� g_ijhj_Z]bjh\Z\rbo� ]jmii��Ijhkl_cr_c� ba�fh^_e_c�� mqblu�
\Zxs_c�ih^h[gu_�wnn_dlu��y\ey_lky�fh^_ev�wnn_dlZ�aZf_s_gby�i_j\h]h�
ihjy^dZ��WAII���\�jZfdZo�dhlhjhc�baf_g_gb_�Zdlb\ghklb�ex[hc�nmgdpbh�
gZevghc�]jmiiu�k\yaZgh�kh�\klmie_gb_f�\�j_Zdpbx�]jmii�lhevdh�lh]h�fh�
ghf_jgh]h�a\_gZ��d�dhlhjhfm�ijbkh_^bg_gZ�jZkkfZljb\Z_fZy�]jmiiZ� 

<h� \k_o� ba\_klguo� l_hj_lbq_kdbo� jZ[hlZo� bkihevah\Zeky� ijhkl_c�
rbc� \ZjbZgl� WAII� fh^_eb�� dh]^Z� Zdlb\ghklv� ex[hc� nmgdpbhgZevghc�
]jmiiu�aZ\bkbl�lhevdh�hl�qbkeZ�khk_^gbo�k�g_c�\�a\_g_�ijhj_Z]bjh\Z\rbo�
]jmii��H^gZdh�� Zdlb\ghklv� wlhc�nmgdpbhgZevghc� ]jmiiu�fh`_l�� \hh[s_�
]h\hjy��hij_^_eylvky�g_�lhevdh�qbkehf��gh�b�dhgnb]mjZpb_c�ijhj_Z]bjh�
\Z\rbo�]jmii�\�fhghf_jghf�a\_g_� 

P_evx� gZklhys_c� jZ[hlu� y\eyeZkv� jZajZ[hldZ� ih^oh^Z�� iha\heyx�
s_]h�mq_klv�dhgnb]mjZpbx�fhghf_jZ�ijb�hibkZgbb�ijhp_kkZ�ihebdhg^_g�
kZpbb�� GZ� hkgh\_� lZdh]h� ih^oh^Z� [ueZ� jZajZ[hlZgZ� dhfivxl_jgZy� ijh�
]jZffZ��iha\heyxsZy�ijb�aZ^Zgguo�dbg_lbq_kdbo�iZjZf_ljZo�b�dhgnb]m�
jZpbhgghc�kljmdlmju�fhghf_jZ�\uqbkeylv�jZaebqgu_�klZlbklbq_kdb_�oZ�
jZdl_jbklbdb�ihebf_jghc�k_ldb��h[jZamxs_cky�\�oh^_�ijhp_kkZ�kbgl_aZ� 

 
 
 

IJBF?GBFHKLV�IJB;EB@?GBY�KEMQ:CGUO�N:A� 
>EY�HIBK:GBY�FBDJHN:AGH=H�J:KKEH?GBY 

<�G?<H>GUO�J:KL<HJ:O�:<�IHEB;EHD-KHIHEBF?JH<�� 
DJBLBQ?KDB?�IH<?JOGHKLB 

 
<_^��gZmq��khlj��?jmobfh\bq�B�Y���ZkibjZgl�LZjZk_gdh�K�:� 

 
Ijh\_^_gh�]eh[Zevgh_�bkke_^h\Zgb_�l_jfh^bgZfbq_kdhc�mklhcqb\h�

klb� lj_odhfihg_glghc� kbkl_fu�� khklhys_c� ba� ebg_cgh]h� kmnBA )( � iheb�
[ehd-khihebf_jZ�b�jZkl\hjbl_ey�S��hlghkbl_evgh�fZdjh-�b�fbdjhnZagh]h�
jZkkeh_gby�� >ey� hibkZgby� l_jfh^bgZfbq_kdh]h� \aZbfh^_ckl\by� a\_gv_\�
khihebf_jZ�^jm]� k�^jm]hf�b� k�jZkl\hjbl_e_f�bkihevah\Zgh�ijb[eb`_gb_�
=bev^_[jZg^Z��Dhjj_eypbhggu_�nmgdpbb�iehlghklv-iehlghklv�jZkkqblZgu�
\�ijb[eb`_gbb�kemqZcguo�nZa�� 

Ihkljh_gu� ^bZ]jZffu� khklhygbc�� lh� _klv� jZa[b_gby� \k_c� h[eZklb�
iZjZf_ljh\� kbkl_fu� gZ� ih^h[eZklb�� khhl\_lkl\mxsb_� jZaebqguf� lbiZf�
g_mklhcqb\hklb��Z�lZd`_�djblbq_kdb_�ih\_joghklb��\�hdj_klghklb�dhlhjuo�
ijbf_gbfZ�l_hjby�keZ[hc�k_]j_]Zpbb��Ih^h[eZklb�k�g_mklhcqb\hklvx�hl�
ghkbl_evgh� fbdjh-� b� fZdjhnZagh]h� jZkkeh_gby� jZa^_ey_l� ih\_joghklv�
EbnrbpZ��gZ�dhlhjhc� *Q �\i_j\u_�h[jZsZ_lky�\�gmev��H[gZjm`_gh��qlh�^ey�
jZkl\hjh\� j_]meyjguo� iheb[ehd-khihebf_jh\� � kmnBA )( � kms_kl\m_l� lZdZy�
h[eZklv�iZjZf_ljh\��h[eZklv�^\mofZrlZ[ghc�g_mklhcqb\hklb�beb�H>G���\�
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dhlhjhc�ijb�hoeZ`^_gbb�kbkl_fu�gb`_�l_fi_jZlmju�kibgh^Zeb� Sτ �h^gh�
jh^gh_� khklhygb_� h^gh\j_f_ggh� klZgh\blky� g_mklhcqb\uf� hlghkbl_evgh�
wdkihg_gpbZevgh]h�jhklZ�]Zjfhgbq_kdbo�nemdlmZpbc�iZjZf_ljZ�ihjy^dZ�k�
^\mfy� jZaebqgufb� \hegh\ufb� qbkeZfb� *

2
*
1 QQ < ��<� aZ\bkbfhklb� hl� qbkeZ�

[ehdh\�k�\hafh`gu�^\_�kblmZpbb��a) 01 =Q �b�b) 01 >Q ��Baf_gyy�khklZ\�kh�
ihebf_jZ�b�dZq_kl\h�jZkl\hjbl_ey��fh`gh�ihemqblv�lZdb_� *

1Q �b� *
2Q ��dhlh�

ju_� hlebqZebkv� [u� gZ� ihjy^hd� b� [he__��Ih^jh[gh� bkke_^h\Zgu� k_q_gby�
^bZ]jZffu� khklhygbc�b� djblbq_kdhc�ih\_joghklb��iZjZee_evgu_�iehkdh�
klyf� ),( fx �� ]^_� )( mnnf +=  –� dhgp_gljZpby� a\_gv_\� :� \� iheb[ehd-
khihebf_j_�b�x -�lZd�gZau\Z_fuc�iZjZf_lj�k_e_dlb\ghklb��dhlhjuc�oZjZd�
l_jbam_l� ba[bjZl_evghklv� \aZbfh^_ckl\by� jZkl\hjbl_ey� k� dhfihg_glZfb�
khihebf_jZ� �lZd��kemqZc� )1(1 −=x �khhl\_lkl\m_l�kbkl_f_��^ey�dhlhjhc�a\_�
gvy�:�<��wg_j]_lbq_kdb�wd\b\Ze_glgu�fhe_dmeZf�jZkl\hjbl_ey�� 

GZ�wlbo�k_q_gbyo�djblbq_kdb_�ebgbb�g_�i_j_k_dZxl�H>G��Z�lhevdh�
dZkZxlky�_z�ijb�kbevgh�Zkbff_ljbqghf�khklZ\_�khihebf_jZ��Wlh�iha\hey�
_l�ij_^iheh`blv��qlh�jZkl\hju�Zkbff_ljbqguo�fZdjhfhe_dme�[m^ml�jZk�
keZb\Zlvky�k�h[jZah\Zgb_�kmi_jkljmdlmj�k�^\mfy�fZkrlZ[Zfb��K�m\_ebq_�
gb_f�h[t_fghc�^heb�ihebf_jZ�hl�ebgbb�EbnrbpZ�hls_iey_lky�_sz�h^gZ�
djblbq_kdZy�ebgby��\^hev�dhlhjhc�agZq_gb_� *Q �hq_gv�fZeh��qlh�khhl\_lkl�
\m_l� fbdjhnZaghfm� jZkkeh_gbx� k� [hevrbf� i_jbh^hf��H[km`^Z_lky� \ha�
fh`ghklv�bkihevah\Zgby�lZdbo�kljmdlmj�dZd�nhlhgguo�djbklZeeh\� 
 
 

H;J:;HLD:�BAH;J:@?GBC�OBFBQ?KDBFB�J?:DPBHGGH-
>BNNMABHGGUFB�KJ?>:FB 

LBI:�;?EHMKH<:-@:;HLBGKDH=H 
 

Ijhn_kkhj�JZf[b^b�G�=���ZkibjZgl�Meyobg�K�=� 
 

Kh\j_f_gguc� fbj� g_evay� k_[_� ij_^klZ\blv� [_a� kj_^kl\� h[jZ[hldb�
bgnhjfZpbb��DZ`^h_� k\h_� ^_ckl\b_� � q_eh\_d� klj_fblky� mijhklblv� lZdbf�
h[jZahf��qlh[u�gZ�g_]h�moh^beh�fbgbfmf�mkbebc��LZd�ihy\bebkv�dhfivx�
l_ju��hkgh\Zggu_�gZ�iZjZ^b]f_�nhg�G_cfZgZ��B�k_]h^gy��dZ`_lky��g_l�gb�
dZdhc�Zevl_jgZlb\u�wlbf�qm^h�fZrbgZf��kihkh[guf�\uihegylv��ih�djZc�
g_c�f_j_��^hklZlhqgh� keh`gu_�b� ]jhfha^db_�bg`_g_jgu_� aZ^Zqb��L_f�g_�
f_g__��_`_^g_\gh�q_eh\_d�klZedb\Z_lky�k�ijh[e_fZfb��keh`ghklv�j_r_gby�
dhlhjuo�lj_[m_l�]hjZa^h�[hevr_c�\uqbkebl_evghc�kihkh[ghklb��Kj_^b�lZ�
dbo� aZ^Zq� hdZaZebkv� wdhghfbq_kdb_� b� khpbZevgu_� ijh[e_fu�� mijZ\e_gb_�
ljZgkihjlgufb�ihlhdZfb��]eh[ZevgZy�k\yav��ij_^kdZaZgb_�ih]h^u��hp_gdZ�
aZ]jyag_gby�hdjm`Zxs_c�kj_^u�b�p_euc�jy^�^jm]bo�g_�f_g__�\Z`guo�Zk�
i_dlh\�^_yl_evghklb�kh\j_f_ggh]h�h[s_kl\Z�� 
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<� dhgp_� ��-o� ]]�� ijhreh]h� \_dZ� =��FhjZ\_d� him[ebdh\Ze� ijh]gha�
jZa\blby� \uqbkebl_evghc� l_ogbdb�� gZa\Zgguc� bf�� ©Dh]^Z� ^_ckl\mxsb_�
dhfivxl_ju� kjZ\gyxlky� k�q_eh\_q_kdbf�fha]hf"ª��Bkoh^y�ba�qbkeZ�g_c�
jhgh\�]heh\gh]h�fha]Z�b�qbkeZ�kbgZikh\����11

�b���14
�khhl\_lkl\_ggh��b�[Z�

abjmykv�gZ�ZgZeba_�\hafh`ghkl_c�b]ju�\�rZofZlu� ©q_eh\_d-fZrbgZª��hg�
ijbr_e�d�\u\h^m�h�lhf��qlh�ijhba\h^bl_evghklv�pbnjh\h]h�dhfivxl_jZ�a�
108 MIPS���[m^_l�^hklZlhqgZ�^ey�bfblZpbb�nmgdpbc�]heh\gh]h�fha]Z�q_eh�
\_dZ��Ih�_]h�hp_gd_�ih^h[gu_�\uqbkebl_evgu_�kbkl_fu�^he`gu�ihy\blvky�
\�i_j\hc�iheh\bg_�gZr_]h�\_dZ��g_�jZg__������]��Gh�pbnjh\hc�dhfivxl_j��
[ebadbc�ih�k\hbf�\hafh`ghklyf�d�q_eh\_q_kdhfm�fha]m��[m^_l�ij_^klZ\�
eylv� kh[hc� keh`g_crmx� kbkl_fm�� lj_[mxsmx� ]jZg^bhaguo� aZljZl� gZ� __�
kha^Zgb_� b� wdkiemZlZpbx�� Ihwlhfm� kha^Z\Z_fu_� W<F� ijbgpbibZevgh�
ijhb]ju\Zxl�q_eh\_dm�\�wnn_dlb\ghklb��ijhklhl_�b�aZljZlZf�gZ�j_r_gb_�
bgl_ee_dlmZevguo�ijh[e_f� 

<�ijhp_kk_�ihbkdZ�Zevl_jgZlb\�ih^h[guf�fZrbgZf�[ueh�ij_^eh`_�
gh�bkihevah\Zlv�lZd�gZau\Z_fu_�j_Zdpbhggh-^bnnmabhggu_�kj_^u��^bgZ�
fbdZ�dhlhjuo�hibku\Zxlky�ke_^mxsbfb�mjZ\g_gbyfb��� 

 

1 2
1

( , ) [ ( , ), ( , ),..., ( , )] [ ( , )]
N

i i N ij j
j

U r t F U r t U r t U r t D U r t
=

= + ∆∑�  

 

]^_�Ui(r,t) –� dhgp_gljZpby� i-]h� dhfihg_glZ� kj_^u� \� lhqd_�� hij_^_ey_fhc�
ijhkljZgkl\_gguf� \_dlhjhf� r� \� fhf_gl� \j_f_gb� t, 
Fi[U1(r,t),U2(r,t),…,UN(r,t)] hibku\Zxl� dbg_lbdm� ijhl_dZxsbo� \� kbkl_f_�
ijhkljZgkl\_ggh-\j_f_gguo� ijhp_kkh\�� Z�Dij –� dhwnnbpb_glu� ^bnnmabb�
dhfihg_glh\� kbkl_fu�� ;ueh� ihdZaZgh�� qlh� ih\_^_gb_� ih^h[guo� kbkl_f�
ZgZeh]bqgh� g_cjhk_lyf�� Bkoh^gu_� ijbgpbiu� g_cjhk_l_\hc� iZjZ^b]fu�
nmg^Zf_glZevgh�hlebqZxlky�hl�hkgh\guo�ijbgpbih\�iZjZ^b]fu�nhg�G_c�
fZgZ��Ij_`^_�\k_]h��wlh�\ukhdbc��iZjZee_ebaf��fgh]hdjZlgh�ih\urZxsbc�
ijhba\h^bl_evghklv�kbkl_fu�h[jZ[hldb�bgnhjfZpbb��b�g_ebg_cgu_�f_oZ�
gbafu�� dhlhju_� ijb\h^yl� d� lhfm�� qlh� kbkl_fZ� fh`_l� \uihegylv� \_kvfZ�
keh`gu_�eh]bq_kdb_�hi_jZpbb�\�dZq_kl\_�we_f_glZjguo�� 

GZb[he__�ba\_klgufb�kj_^b�obfbq_kdbo�j_Zdpbhggh-^bnnmabhgguo�
kj_^��bkihevamxsboky� \�ihiuldZo� kha^Zgby�mkljhckl\�h[jZ[hldb�bgnhj�
fZpbb��y\eyxlky�kj_^u�lbiZ�;_ehmkh\Z–@Z[hlbgkdh]h��>Zgguc�^hdeZ^�ih�
k\ys_g�hibkZgbx�\hafh`ghkl_c�ijbf_g_gby�^Zgguo�kj_^�d�j_r_gbx�g_�
dhlhjuo�aZ^Zq�\ukhdhc�\uqbkebl_evghc�keh`ghklb� 
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IH>K?DPBY��� 
 

;BH�B�F?>BPBGKD:Y�NBABD: 
 

Khij_^k_^Zl_eb 
ijhn_kkhj�<�:��L\_j^bkeh\��ijhn_kkhj�<�Y��IZgq_gdh 



Ih^k_dpby����;bh�b�f_^bpbgkdZy�nbabdZ� 

 

61 

 

>B:=GHKLBD:�KDJULUO�IH<J?@>?GBC�;BHEH=BQ?KDBO�
F?F;J:G�K�IHFHSVX�WE?DLJHIHJ:PBB 

 
Dhaeh\Z�?�D���Q_jgy_\�:�I���:e_dk__\Z�I�X���;ebagxd�M�:��� 

Q_jgur�:�F� 
 
Bkke_^h\Zgb_� [bheh]bq_kdhc� f_f[jZgu� dZd� fbr_gb� jZ^bZpbhggh]h�

\ha^_ckl\by� y\ey_lky� ZdlmZevghc� ijh[e_fhc� kh\j_f_gghc�nbabdb� b� [bh�
nbabdb�� P_evx� ^Zgghc� jZ[hlu� [ueh� wdki_jbf_glZevgh_� bkke_^h\Zgb_�
kdjuluo�baf_g_gbc�[bhnbabq_kdbo�k\hckl\�f_f[jZg�\�j_amevlZl_�\ha^_c�
kl\by�jZaebqguo�nbabdh-obfbq_kdbo�nZdlhjh\���-baemq_gby�b�i_jnlhjZgZ��
Bkke_^h\Zgby�ijh\h^beb�k�ihfhsvx�f_lh^Z�dZeb[jh\Zgghc�we_dljhihjZ�
pbb�f_f[jZg��iha\heyxsbf� hp_gblv�baf_g_gby� k\hckl\�f_f[jZg�gZ� jZa�
ebqguo� klZ^byo� ih\j_`^_gby�� >ey� kjZ\g_gby� ijb\_^_gu� ^Zggu_� l_o�`_�
wdki_jbf_glh\�� ihemq_ggu_� k� ihfhsvx�f_lh^Z� baf_j_gby� hkfhlbq_kdhc�
j_abkl_glghklb� 

Kmki_gabx�wjbljhpblh\�q_eh\_dZ� ���fe��q_j_a�qZk�ihke_�ijb]hlh\e_�
gby�h[emqZeb��-d\ZglZfb�hl�bklhqgbdZ� 226Ra \� l_q_gb_� ���fbg��Ijb�wlhf�
ih]ehs_ggZy�^haZ�khklZ\eyeZ�����J��Ihke_�h[emq_gby�kmki_gabx�ih^\_j]Z�
eb�^_ckl\bx�bfimevkgh]h�we_dljbq_kdh]h�ihey��BWI���\uau\Zxs_]h�we_d�
ljhihjZpbx�f_f[jZg�wjbljhpblh\��^ebl_evghklv�bfimevkZ���fk��gZijy`_�
gb_� f_`^m� we_dljh^Zfb� �����<�� jZkklhygb_� f_`^m� we_dljh^Zfb� ���� kf���
Wnn_dl�hl�\ha^_ckl\by��-baemq_gby�hp_gb\Zeb�ih�kdhjhklb�]_fhebaZ�wjbl�
jhpblh\�� 

GZ� jbk�� �Z� ij_^klZ\e_gZ� aZ\bkbfhklv� kdhjhklb� mf_gvr_gby� qbkeZ�
wjbljhpblh\�hl�\j_f_gb�\�j_amevlZl_�\ha^_ckl\by�BWI�gZ�ij_^\Zjbl_evgh�
h[emq_ggmx�kmki_gabx� �V]ZffZ���Kdhjhklv�mf_gvr_gby�qbkeZ�wjbljhpblh\�
hij_^_ey_lky�dZd�V = ûn�ût��ûn –�baf_g_gb_�qbkeZ�wjbljhpblh\�aZ�ijhf_�
`mlhd�\j_f_gb�ihke_�\ha^_ckl\by�BWI�ût  ����fbg��Kdhjhklv�]_fhebaZ�\�
j_amevlZl_�we_dljhihjZpbb�\�i_j\u_�kmldb�ihke_�h[emq_gby�\hajZklZeZ��gZ�
\lhju_�b�lj_lvb�mf_gvrZeZkv��Z�gZ�q_l\_jlu_�kgh\Z�\hajZklZeZ��djb\Zy�1). 
>ey� kjZ\g_gby�ij_^klZ\e_gu� khhl\_lkl\mxsb_�j_amevlZlu�^ey� dhgljhev�
ghc�g_h[emq_gghc�kmki_gabb��Vdhgljhev��djb\Zy�2���OZjZdl_j�djb\uo�^ey�h[�
emq_gghc�b�g_h[emq_gghc�kmki_gabc�h^bgZdh\��h^gZdh�djb\Zy���kf_sZ_lky�
hlghkbl_evgh�djb\hc���\�klhjhgm�f_gvr_]h�\j_f_gb� 

GZ� jbk�� �[� ijb\_^_gZ� aZ\bkbfhklv� hlghr_gby� kdhjhkl_c� V]�

ZffZ/Vdhgljhev� hl� \j_f_gb� ihke_� ijb]hlh\e_gby� kmki_gabb��<� i_j\u_� kmldb�
V]ZffZ >Vdhgljhev��<�mkeh\byo�gZrbo�hiulh\��V]ZffZ/Vdhgljhev) = 1.6 ± 0,2 (. = 
�������GZ�\lhju_�b�lj_lb_�kmldb�gZ[ex^Zeky�h[jZlguc�wnn_dl��V]ZffZ < Vd�

hgljhev��<� l_q_gb_� �� kmlhd�hilbq_kdZy�iehlghklv�h[emqzgghc�b�g_h[emqzg�
ghc� kmki_gabb� [_a� we_dljhihjZpbb� g_� baf_gyeZkv� b� jZ\gyeZkv� bkoh^ghc�
(D0 = 1). 
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Jbk�� ��� Dbg_lbdZ� baf_g_gby� khklhygby� f_f[jZgu� � \� l_q_gb_� g_�

kdhevdbo�kmlhd�ihke_�h[emq_gby��Bklhqgbd�
226Ra�k�Zdlb\ghklvx�:� ������

fDb��^haZ�h[emq_gby�����J��l_fi_jZlmjZ� t = 20 hK��Z��–� �kdhjhklv�mf_gv�
r_gby�qbkeZ�wjbljhpblh\�^ey�h[emq_gghc����b�g_h[emq_gghc�����kmki_gabc��

aZ�_^bgbpm�ijbgylZ�kdhjhklv�^ey�dhgljhevghc�kmki_gabb�\�i_j\uc�^_gv�__�

ijb]hlh\e_gby�� [�� –� hlghr_gb_� V]ZffZ/Vdhgljhey�� Hilbq_kdZy� iehlghklv�

kmki_gabc�^h�we_dljhihjZpbb�\h�\k_o�^Zgguo�hiulZo�jZ\gZ��� 
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GZrZ�f_lh^bdZ�\uy\e_gby�kdjuluo�ih\j_`^_gbc�[ueZ�khihklZ\e_gZ�
k�deZkkbq_kdhc��dhlhjZy�^Z_l�bgnhjfZpbx�h�khklhygbb�f_f[jZgu�k�ihfh�
svx� baf_j_gby� hkfhlbq_kdhc� j_abkl_glghklb��H^gZdh�� agZqbfh]h� jZaeb�
qby�f_`^m�hkfhlbq_kdhc�j_abkl_glghklvx�h[emq_gghc�b�dhgljhevghc�kmk�
i_gabc�wlhl�f_lh^�g_�ihdZaZe�gb�\�i_j\u_��gb�\�ihke_^mxsb_�kmldb��:�f_�
lh^� we_dljhihjZpbb�iha\hebe�ijhy\blv� kdjulu_� wnn_dlu� \ha^_ckl\by� �-
baemq_gby�gZ�f_f[jZgu�m`_�\�i_j\u_�kmldb�ihke_�h[emq_gby� 

Ij_^eh`_gZ� fZl_fZlbq_kdZy� fh^_ev�� Z^_d\Zlgh� hibku\ZxsZy� j_�
amevlZlu� wdki_jbf_glh\��Dhebq_kl\h� \hagbdZxsbo� \�f_f[jZg_� ihj� b� bo�
jZ^bmk� \� j_amevlZl_� ^_ckl\by�BWI� hij_^_eyxlky� gZ\_^_gguf� ljZgkf_f�
[jZgguf� ihl_gpbZehf� b� ihjh]h\uf� ihl_gpbZehf� we_dljbq_kdh]h� ijh[hy�
3ihj��Ih^�^_ckl\b_f��-baemq_gby�baf_gyxlky�ehdZevgu_�k\hckl\Z�[bhf_f�
[jZg��Z�ke_^h\Zl_evgh�b�3ihj��F_f[jZgZ�wjbljhpblZ�bagZqZevgh�g_h^ghjh^�
gZ�ih�k\hbf�we_dljhobfbq_kdbf�k\hckl\Zf��Ihwlhfm�\�jZaebqguo�mqZkldZo�
f_f[jZgu�3ihj�g_h^bgZdh\u_��Kh[kl\_ggu_�k\hckl\Z�dZ`^h]h�ba�N�mqZkl�
dh\� f_f[jZgu� hij_^_eyxl� ^\Z� iZjZf_ljZ� we_dljhihjZpbb�� 3ihj� b� jZ^bmk�
ihju��GZ[hj�we_f_glZjguo�fZdjhkdhibq_kdbo�h[eZkl_c�f_f[jZgu�N�fh`�
gh� jZkkfZljb\Zlv� dZd� klZlbklbq_kdbc� ZgkZf[ev��<�nZah\hf� ijhkljZgkl\_�
khklhygbc�\u^_ey_lky�h[t_f�d3ihj�hdheh� lhqdb�3ihj� JZkkqblu\Z_lky�iehl�
ghklv�jZkij_^_e_gby� �nmgdpby�klZlbklbq_kdh]h�jZkij_^_e_gby��fbdjhkdh�
ibq_kdbo� khklhygbc� kbkl_f� ZgkZf[ey�ba�ihegh]h�qbkeZ� lhq_d��oZjZdl_jb�
amxsbo�khklhygby�dN�kbkl_f�N�\�^Zgguc�fhf_gl�\j_f_gb�t. 

JZa\blb_� ijhp_kkh\� i_j_dbkgh]h� hdbke_gby� ebib^h\� ihke_� h[emq_�
gby� ijb\h^bl� d� bo� kljmdlmjguf� gZjmr_gbyf�� ijhy\eyxsbfky� q_j_a� g_�
kdhevdh� kmlhd��GZjy^m� k� wlbf�mf_gvrZ_lky�ih\_joghklguc� aZjy^� wjbljh�
pblh\�� H[Z� wlb� ijhp_kkZ� gZ[ex^Zxlky� b� ^ey� g_h[emq_gghc� djh\b�� gh� k�
f_gvrbfb�kdhjhklyfb��<�j_amevlZl_�h[emq_gby�\�f_f[jZg_�\hagbdZ_l�\lh�
jhc�klZlbklbq_kdbc�ZgkZf[ev�N� (D���K�mq_lhf�wlbo�baf_g_gbc�kmffZjgZy�
iehsZ^v�h[jZah\Z\rboky�ihj�\uqbkey_lky�q_j_a�bgl_]jZe�  

 
S � +S= (N+N �0(D)*exp(at)) /( 1 π2 )*( :1 + :2), 
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−= ∫ , 

3¶� �_3de/2|-�_�0(D)|*exp(-bt���3´� �_3de��_��_�0(D)|*exp(-bt); ]^_�3ihj�kj —�kj_^�
gbc� ih� f_f[jZg_� ihjh]h\uc� ihl_gpbZe�� 3min –� fbgbfZevguc� ihl_gpbZe��
ijb�dhlhjhf�\�f_f[jZg_�h[jZam_lky�h^gZ�ihjZ��k –dhwnnbpb_gl��oZjZdl_�
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jbamxsbc�k\yav�jZ^bmkZ�ihju�k�ihjh]h\uf�ihl_gpbZehf�\�^Zgghc�h[eZklb�
f_f[jZgu��Hlghr_gb_�kdhjhkl_c�mf_gvr_gby�qbkeZ�wjbljhpblh\�hij_^_�
ey_lky�khhlghr_gb_f�khhl\_lkl\mxsbo�iehsZ^_c� 
 

V���/V�d = (S�� +S)/S. 
 

<ha^_ckl\b_� �-baemq_gby� ijb\h^beh� d� mkdhj_gbx� ijhp_kkZ� ihl_jb�
aZjy^Z��qlh�ijhy\eyehkv�m`_�gZ�\lhju_�kmldb��LZdbf�h[jZahf��aZ\bkbfhklv�
V� � / V� d (t��fh`_l� [ulv� bkihevah\ZgZ� \� dZq_kl\_� jZ[hq_c� oZjZdl_jbklbdb�
[bhk_gkhjZ� �-baemq_gby�� ;ueZ� ijh\_^_gZ� hp_gdZ� fbgbfZevgh]h� \j_f_gb�
h[emq_gby�� g_h[oh^bfh]h� ^ey�fbgbfZevgh]h� dhebq_kl\Z�p_gljh\�bhgbaZ�
pbb� b� \ha[m`^_gby� \�f_f[jZg_� de_ldb� ^ey� ^Zgguo� mkeh\bc� hiulZ��Kmf�
fZjgh_� dhebq_kl\h� lj_dh\� we_dljhgh\��i_j_k_dZxsbo�dZ`^uc� wjbljhpbl��
hij_^_ey_l�kl_i_gv�ihjZ`_gby�_]h�f_f[jZgu��Kj_^gyy�^ebgZ�lj_dZ� 
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θ
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d
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F_lh^� we_dljhihjZpbb�iha\hebe�ihdZaZlv� dbg_lbdm� [bhnbabq_kdbo�
baf_g_gbc�\�f_f[jZgZo� wjbljhpblh\�b�\�j_amevlZl_�^_ckl\by�i_jnlhjm]�
e_jh^guo�kh_^bg_gbc��;ueh�ijh\_^_gh�bkke_^h\Zgb_�\ha^_ckl\by�i_jnlh�
jZgZ�gZ�fh^bnbpbjh\Zggmx�we_dljbq_kdbf�ihe_f�f_f[jZgm�wjbljhpblh\��
J_amevlZlu�ihdZaZeb�g_h^bgZdh\h_�baf_g_gb_�wnn_dlb\gh]h�ihjh]Z�we_d�
ljhihjZpbb� \� kbkl_f_� ³kmki_gaby� wjbljhpblh\�–�i_jnlhjZg´�ijb�jZaebq�
guo� dhgp_gljZpbyo�i_jnlhjZgZ�b�ijb� jZaebqghf� khq_lZgbb�iheyjghkl_c�
we_dljbq_kdbo�bfimevkh\� 

 
 
 

HKH;?GGHKLB�FHE?DMEYJGHC�IH><B@GHKLB�B�F?@FHE?�
DMEYJGH=H�<A:BFH>?CKL<BY�;?EDH<�KU<HJHLDB�DJH<B� 

 
Ijhn_kkhj�=�I�I_ljh\Z��ijhn_kkhj�X�F�I_ljmk_\bq, 

fe��gZmq��khlj��:�<�;hcdh��fe��gZmq��khlj��>�B��L_g 
 
 

;_edb� b]jZxl� qj_a\uqZcgh� \Z`gmx� jhev� \�nmgdpbhgbjh\Zgbb� jZa�
ebqguo� [bhkbkl_f�� ihwlhfm� bkke_^h\Zgb_� ih\_^_gby� [_edh\uo�fZdjhfh�
e_dme�\�jZkl\hjZo��dhlhju_�ijb�hij_^_ezgguo�iZjZf_ljZo�fh]ml�[ulv�bk�
ihevah\Zgu� \� dZq_kl\_� fh^_e_c� ku\hjhldb� djh\b� beb� ebfnu�� y\ey_lky�
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hq_gv�\Z`guf�^ey�ihgbfZgby�ijhp_kkh\��ijhbkoh^ysbo�\�`b\uo�hj]Zgba�
fZo� 

Kbevgh_� we_dljhklZlbq_kdh_� \aZbfh^_ckl\b_� f_`^m� aZjy`_ggufb�
fZdjhfhe_dmeZfb�[_edZ�hdZau\Z_l�kms_kl\_ggh_�\ebygb_�gZ�oZjZdl_j�[jh�
mgh\kdhc� ^bgZfbdb�fhe_dme��Ihke_^g__� ijhy\ey_lky� \� agZqbl_evghf� ba�
f_g_gbb� lZdbo� fhe_dmeyjguo� iZjZf_ljh\� dZd� dhwnnbpb_glu� ljZgkeypb�
hgghc�b�\jZsZl_evghc�^bnnmabb�� 

K�lhqdb�aj_gby�wdheh]bb�b�f_^bpbgu�hkh[_ggh�bgl_j_kguf�y\ey_lky�
bamq_gb_�\ebygby�gZ�jZkl\hju�[_edh\�bhgh\�f_lZeeh\��<�[hevrbo�dhebq_�
kl\Zo�fgh]b_�f_lZeeu� y\eyxlky� lhdkbqgufb��G_dhlhju_�ba� ly`_euo�f_�
lZeeh\� y\eyxlky� kbevgh� lhdkbqgufb�^Z`_� \�hq_gv�fZeuo�dhgp_gljZpbyo�
�f_g__���fdfhev�e���Ijb�wlhf�bhgu�lZdbo�f_lZeeh\�dZd�k\bg_p�b�jlmlv�y\�
eyxlky�lbibqgufb�aZ]jyagbl_eyfb�hdjm`Zxs_c�kj_^u��ihwlhfm�bo�h[gZ�
jm`_gb_�f_lh^Zfb�fhe_dmeyjghc�hilbdb�y\ey_lky�^hklZlhqgh�ZdlmZevguf� 
<�^Zgghc�jZ[hl_�h[h[s_gu�j_amevlZlu�bkke_^h\Zgbc�jZkl\hjh\�[_edh\�– 
Zev[mfbgZ� b� �-]eh[mebgZ�� kh^_j`Zsbo� jZaebqgu_�f_lZeebq_kdb_� bhgu� k�
[hevrbfb�b�fZeufb�bhggufb�jZ^bmkZfb��lZdb_�dZd�k\bg_p�beb�gZljbc��Z�
lZd`_�[hevrb_�aZjy`_ggu_�fhe_dmeu�-�dhfie_dkhgu��o_eZl�_\jhiby���Bk�
ke_^h\Zgby�ijh\h^bebkv�f_lh^Zfb�bgl_]jZevgh]h�b�^bgZfbq_kdh]h�k\_lh�
jZkk_ygby� 

F_lh^Zfb�bgl_]jZevgh]h�k\_lhjZkk_ygby�b�nhlhggh-dhjj_eypbhgghc�
ki_dljhkdhibb�mklZgh\e_gh��qlh�^h[Z\e_gb_�\�[_edh\u_�jZkl\hju�ly`_euo�
bhgh\�ijb\h^bl�d�m\_ebq_gbx�fZkku�b�jZaf_jh\�qZklbp��Z�ke_^h\Zl_evgh�d�
Z]j_]Zpbb�fhe_dme�[_edZ�b�h[jZah\Zgbx�gZghdeZkl_jh\� 

<i_j\u_�h[gZjm`_gZ�\hafh`ghklv�\hagbdgh\_gby�^\mo�nZah\uo�i_�
j_oh^h\�\�jZkl\hj_��-]eh[mebgZ�k�^h[Z\e_gb_f�kheb�ez]dh]h�beb�ly`zeh]h�
f_lZeeZ��>Zggh_�y\e_gb_�k\yaZgh�k�hkh[_gghklvx�dhgnb]mjZpbb�fhe_dmeu�
�-]eh[mebgZ��khklhys_c�ba�lj_o�km[t_^bgbp��^\_�ba�dhlhjuo�aZjy`_gu�ih�
eh`bl_evgh��Z�lj_lvy�–�hljbpZl_evgh��Ihkdhevdm��-]eh[mebg�y\ey_lky�h^�
gbf�ba�gZb[he__�bffmgheh]bq_kdb�agZqbfuo�[_edh\�ku\hjhldb�djh\b��bk�
ke_^h\Zggh_� y\e_gb_� ij_^klZ\ey_l� g_khfg_gguc� bgl_j_k� ^ey� f_^bdh-
[bheh]bq_kdbo�ijbeh`_gbc�� 
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;?AG?CLJBGGUC�><HCGHC�;?L:-J:KI:>� 
<�L?HJBYO��H;H;S:XSBO�KL:G>:JLGMX�FH>?EV 

 
Ijhn_kkhj�:eb�:� (DESY, Hamburg���ijhn_kkhj�;hjbkh\�:��<., 

ZkibjZgl�@mjb^h\�>��<� 
 
;_ag_cljbgguc�^\hcghc�[_lZ-jZkiZ^���ν2β��aZij_s_g�\�klZg^Zjlghc�

fh^_eb��KF��aZdhghf�khojZg_gby�e_ilhggh]h�qbkeZ��KEQ���gh�jZaj_r_g�\h�
fgh]bo�h[h[s_gbyo�KF�� ]^_�KEQ�hlkmlkl\m_l�� �Qm\kl\bl_evghklv� kh\j_�
f_gguo�mklZgh\hd�d�^Zgghfm�ijhp_kkm�iha\hey_l�gZdeZ^u\Zlv�`_kldb_�h]�
jZgbq_gby�gZ�iZjZf_lju�mdZaZgguo�h[h[s_gbc�KF�� �LZdbf�h[jZahf��wdk�
i_jbf_glZevgh_�bamq_gb_��ν2β-jZkiZ^Z�—�h^bg�ba�wnn_dlb\guo�iml_c�bk�
ke_^h\Zgby�nbabdb�aZ�ij_^_eZfb�KF� 

K� ����� ]�� dheeZ[hjZpby� =_c^_ev[_j]–Fhkd\Z� khh[sZ_l� h� j_]bkljZ�
pbb��ν2β-jZkiZ^Z�>�@���Wlhl�j_amevlZl�`^_l�k\h_]h�ih^l\_j`^_gby�\�^jm]bo�
wdki_jbf_glZo���<�gZklhys__�\j_fy�ieZgbjmxlky�mklZgh\db��iha\heyxsb_�
ihemqblv�jZkij_^_e_gb_�ih�m]em�jZae_lZ�we_dljhgh\�\��ν2β-jZkiZ^_� 

H^gbfb�ba�hkgh\guo�h[km`^Z_fuo�dZg^b^Zlh\�gZ�gZjmr_gb_�aZdhgZ�
KEQ�� jZaj_rZxsbo� �ν2β-jZkiZ^�� y\eyxlky� fZchjZgh\kdb_� g_cljbgh� — 
lh`^_kl\_ggu_�k\hbf�ZglbqZklbpZf�g_cljbgh�g_gme_\hc�fZkku�� �GZebqb_�
fZkk�m�g_cljbgh�^hdZaZgh�gZ[ex^_gb_f�hkpbeeypbc�wlbo�qZklbp�>�@���L_h�
j_lbq_kdb��fZkku�\k_o�nbabq_kdbo�g_cljbgh��\oh^ysbo�\�keZ[u_�lhdb��fh�
]ml� [ulv� eb[h� ^bjZdh\kdh]h�� eb[h�fZchjZgh\kdh]h� lbiZ�� � ijbq_f�fZeu_�
\_ebqbgu�fZkk�g_cljbgh�[he__�_kl_kl\_ggh�ihemqZxlky�\�fh^_eyo�k�fZch�
jZgh\kdbfb�g_cljbgh�ihkj_^kl\hf�©dZq_evgh]hª��seesaw��f_oZgbafZ�>�@� 

<� fh^_eyo� k� fZchjZgh\kdbfb� g_cljbgh� qZklh� mqblu\Zxl� \hafh`�
ghklv�ijbkmlkl\by�ijZ\uo�lhdh\���aZ�kq_l�ijZ\uo�W-[hahgh\�\�e_\h-ijZ\h-
kbff_ljbqghc�fh^_eb�>�@��aZ�kq_l�e_ilhd\Zjdh\�>�@�b�ij� 

Kj_^b� ^jm]bo� f_oZgbafh\� �ν2β-jZkiZ^Z� \� ebl_jZlmj_�rbjhdh� jZk�
kfZljb\Zxlky�� � fbgbfZevgZy� kmi_jkbff_ljbqgZy� klZg^ZjlgZy� fh^_ev� k�
gZjmr_gb_f�R-q_lghklb� �GJQ�FKKF�� >�@�� kmi_jkbff_ljbqgu_� l_hjbb� k�
khojZg_gb_f�R-q_lghklb��KJQ�KMKB��>�@��fh^_eb�kh�kdZeyjgufb�[bebg_Z�
jZfb��\aZbfh^_ckl\mxsbfb�k�^\mfy�n_jfbhgZfb�KF�>�@��b��^j��� 

<�gZklhys_f�^hdeZ^_�bkke_^m_lky�\hafh`ghklv�\uy\e_gby�^_ckl\b�
l_evgh]h�f_oZgbafZ��ν2β-jZkiZ^Z�ih�nhjf_�jZkij_^_e_gby�ih�m]em�θ�jZa�
e_lZ�we_dljhgh\�\��+→0+-i_j_oh^_�y^jZ� 

<�klZg^Zjlghf�f_oZgbaf_�jZkiZ^Z�k�fZchjZgh\kdbf�g_cljbgh�\�ijh�
f_`mlhqghf�khklhygbb�e_ilhggZy�qZklv�fZljbqgh]h�we_f_glZ�ijhp_kkZ�lL12 

k�mq_lhf�k\hckl\�kbff_ljbb�Z^jhgghc�qZklb�ij_h[jZam_lky�\�ijb[eb`_gbb�
iehkdbo�\heg�d�\b^m�>�@ 

lL12=e1Re2
c, 
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]^_�ei —�[bkibghj� i-]h�we_dljhgZ�� �ei
c —�aZjy^h\h-khijy`_gguc�_fm�[bk�

ibghj��R —�ijZ\uc�ijh_dlhj��lh]^Z�^bnn_j_gpbZevgZy�rbjbgZ�jZkiZ^Z�\�
ijb[eb`_gbb� mevljZj_eylb\bklkdbo� we_dljhgh\�b�g_j_eylb\bklkdbo� y^_j�
ijbgbfZ_l�\b^ 

d=�dcosθ = A(1– cosθ),                                          (1) 
 
]^_�A —�iZjZf_lj�ijhp_kkZ��aZ\bkysbc�hl�wg_j]h\u^_e_gby��wnn_dlb\ghc�
fZkku�g_cljbgh��Z�lZd`_�hl�ijbgylhc�fh^_eb�y^jZ� 

Ijb� gZebqbb� ijZ\uo� e_ilhgguo� lhdh\� \�fZljbqghf� we_f_gl_� ijb�
kmlkl\mxl�^hihegbl_evgu_�keZ]Z_fu_��bf_xsb_�hlebqgu_�hl� lL12�e_ilhg�
gu_� qZklb� >�@�� � E_ilhggu_� qZklb� keZ]Z_fuo�� kms_kl\_gguo� \� �+→0+-
i_j_oh^_��^Zxl�jZkij_^_e_gby�ih�m]em�^\mo�lbih\�������eb[h 

d=�dcosθ = A′(1+cosθ),                                       (2) 
 

]^_�dhwnnbpb_gl�A′�ZgZeh]bq_g�iZjZf_ljm�A. 
LZdbf�h[jZahf��\�fh^_eyo�k�ijbf_kvx�ijZ\uo�e_ilhgguo�lhdh\�j_Z�

ebam_lky� kmi_jihabpby� jZkij_^_e_gbc� \b^Z� ���� b� ���� k� dhwnnbpb_glZfb��
aZ\bkysbfb�hl�Z^jhgguo�lhdh\�fh^_eb� 

<�GJQ�FKKF�b�KJQ�KMKB�e_ilhggZy�khklZ\eyxsZy�wnn_dlb\gh]h�
eZ]jZg`bZgZ�bf__l�\b^� lL12��qlh�aZ^Z_l�nhjfm�����m]eh\h]h�jZkij_^_e_gby���
>bZ]jZffu�`_��mqblu\Zxsb_�b�fZchjZgh\kdb_�g_cljbgh��b�kmi_jqZklbpu�
>�@��^Zxl�kmi_jihabpbx�jZkij_^_e_gbc�����b����� 

<�fh^_eyo� k� e_ilhd\ZjdZfb� \� wnn_dlb\ghf� eZ]jZg`bZg_� ijbkmlkl�
\mxl�e_ilhggu_�lhdbνRec�bνγµLec��ihkdhevdm�kf_rb\Zgb_�e_ilhd\Zjdh�
\uo�fmevlbie_lh\�]_g_jbjm_l�wnn_dlb\gh_��-n_jfbhggh_�\aZbfh^_ckl\b_��
\dexqZxs__�ijZ\u_�lhdb�>�@��qlh�kgh\Z�ijb\h^bl�d�g_dhlhjhc�kmi_jihab�
pbb�jZkij_^_e_gbc�����b����� 

LZdbf� h[jZahf�� \b^� ���� jZkij_^_e_gby� ih� m]em� jZae_lZ� we_dljhgh\�
[m^_l�mdZau\Zlv�gZ�klZg^Zjlguc�f_oZgbaf��ν2β-jZkiZ^Z�k�mqZklb_f�\bjlm�
Zevguo�fZchjZgh\kdbo�g_cljbgh�eb[h�gZ�j_ZebaZpbx�qbklh�kmi_jkbff_l�
jbqgh]h� kemqZy�� �Ijbf_kv�`_�jZkij_^_e_gby�\b^Z� ����[m^_l�mdZau\Zlv�gZ�
gZebqb_�ijZ\uo�lhdh\��\hagbdZxsbo�aZ�kq_l���Z��ijZ\uo�W-[hahgh\��[��bg�
l_jn_j_gpbb�fZchjZgh\kdh]h�b� kmi_jkbff_ljbqgh]h�f_oZgbafh\�� \�� kf_�
rb\Zgby�jZaebqguo�e_ilhd\Zjdh\uo�fmevlbie_lh\�eb[h�aZ�kq_l�g_dhlhjhc�
^jm]hc�gh\hc�nbabdb� 
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J?>DB?�J:KI:>U�F?AHGH< 
K�G?KHOJ:G?GB?F�E?ILHGGH=H�QBKE: 

 
Ijhn_kkhj�:eb�:. (DESY, Hamburg���ijhn_kkhj�;hjbkh\�:��<., 

ZkibjZgldZ�Kb^hjh\Z�F��<� 
 

     G_^Z\g__� h[gZjm`_gb_� g_kdhevdbfb� wdki_jbf_glZevgufb� ]jmiiZfb�
hkpbeeypbc� kheg_qguo�� Zlfhkn_jguo�� j_Zdlhjguo� b� mkdhjbl_evguo� g_c�
ljbgh�ih^l\_j^beh��qlh�g_cljbgh�h[eZ^Zxl�fZkkhc�k�g_ljb\bZevguf�ki_d�
ljhf�>�@��Hkpbeeypbhggu_�wdki_jbf_glu��h^gZdh��g_qm\kl\bl_evgu�d�ijb�
jh^_� fZkku� g_cljbgh� �^bjZdh\kdhc� beb� fZchjZgh\kdhc��� dhlhjZy� ^h� kbo�
ihj�hklZ_lky�g_ba\_klghc��<h�fgh]bo�l_hjbyo��h[h[sZxsbo�klZg^Zjlgmx�
fh^_ev�� g_cljbgh� k� hij_^_e_ggufb� fZkkZfb� _kl_kl\_ggh� hdZau\Zxlky�
fZchjZgh\kdbfb�qZklbpZfb��Z�g_cljbgh�hij_^_e_gguo�ZjhfZlh\�ij_^klZ\�
eyxl� kh[hc� dh]_j_glgu_� kmi_jihabpbb�fZchjZgh\kdbo�fZkkh\uo� khklhy�
gbc��Ijb� wlhf� �gZ� hkgh\_�ihimeyjgh]h� ©dZq_evgh]hª� �seesaw��f_oZgbafZ�
ij_^kdZau\Zxlky� dZd� e_]db_�� lZd� b� ly`_eu_� g_cljbgh�� FZchjZgh\kdbc�
fZkkh\uc�qe_g� \�eZ]jZg`bZg_�� \�hlebqb_�hl�^bjZdh\kdh]h�� �g_� khojZgy_l�
e_ilhggh_�qbkeh��baf_gyy�_]h�gZ�^\_�_^bgbpu��Ihwlhfm�h^gbf�ba�\Z`guo�
gZijZ\e_gbc�\�j_r_gbb�ijh[e_fu�ijbjh^u�fZkku�g_cljbgh�y\ey_lky�ih�
bkd�ijhp_kkh\�k�g_khojZg_gb_f�e_ilhggh]h�qbkeZ�������������������� 
�����D�lZdbf� �ijhp_kkZf�hlghkylky�j_^db_�jZkiZ^u�f_ahgh\�lbiZ�M+:�M'-
+l++l
��� \� dhlhjuo� jh`^Z_lky� iZjZ� e_ilhgh\� k� h^bgZdh\ufb� aZjy^Zfb��<�
gbar_f�ihjy^d_�l_hjbb�\hafms_gbc�ih�dhgklZgl_�keZ[h]h�\aZbfh^_ckl\by�
Zfieblm^Z�ijhp_kkZ�kh^_j`bl�^\Z�\deZ^Z��dhlhjuf�hl\_qZxl�lZd�gZau\Z_�
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fu_� ©^j_\_kgZyª� �t�� b� ©ysbqgZyª� �b�� n_cgfZgh\kdb_� ^bZ]jZffu�� \dex�
qZxsb_� h[f_g� \bjlmZevguf� fZchjZgh\kdbf� g_cljbgh�� I_j\uc�� t-\deZ^��
g_ihkj_^kl\_ggh�\ujZ`Z_lky�q_j_a�ba\_klgu_�dhgklZglu�jZkiZ^Z�f_ahgh\�
fM �b�fM 
���hgb�baf_j_gu�wdki_jbf_glZevgh�beb�\uqbke_gu�\�jZfdZo�j_r_�
lhqghc�DO>���gh�b-\deZ^�hij_^_ey_lky��\�h[s_f�kemqZ_��^_lZeyfb�Z^jhg�
ghc�^bgZfbdb��:gZeba�ihdZau\Z_l��qlh�b-\deZ^�kh^_j`bl�^hihegbl_evguc�
nZdlhj� ih^Z\e_gby� ��Nc (Nc = 3 —� qbkeh� p\_lh\���Ihwlhfm� h[uqgh�ijb�
hp_gd_� rbjbgu� jZkiZ^Z� �gZijbf_j�� K+:� �-�+���� mqblu\Zxl� ebrv� t-
\deZ^��Wlh��h^gZdh��g_^himklbfh�\�kemqZyo��dh]^Z�t-\deZ^�kh^_j`bl��dZ[b[�
[h\kdh_�ih^Z\e_gb_��hq_gv�fZeh_��ijhba\_^_gb_�khhl\_lkl\mxsbo�we_f_g�
lh\�fZljbpu�d\Zjdh\h]h�kf_rb\Zgby���dhlhjh]h�g_l�\�b-\deZ^_��b�ihwlhfm�
ihke_^gbc�fh`_l�^hfbgbjh\Zlv�� 
�����<�gZklhys_f�^hdeZ^_�bkke_^mxlky�D-jZkiZ^u�D+:�K-l+l'+ (l, l' = e������
^ey� dhlhjuo� bf__lky� mdZaZggh_� ih^Z\e_gb_�� b� ihwlhfm� g_h[oh^bf� dhj�
j_dlguc� mq_l�b-\deZ^Z��LZdhc�`_� \deZ^� mql_g�b� ^ey�K-jZkiZ^h\�K+:� �-
l+l'+. 
�����<�kemqZ_�ly`_euo��fZchjZgh\kdbo�g_cljbgh��bo�fZkku��mN >> mM��[ue�
ih^l\_j`^_g�m`_�ba\_klguc�j_amevlZl� >�@��qlh�g_�lhevdh� t-\deZ^�� �gh�b�b-
\deZ^�\�Zfieblm^m�jZkiZ^Z�M+:�M'-l+l 
��lZd`_�\ujZ`Z_lky�q_j_a�dhgklZg�
lu�jZkiZ^Z�f_ahgh\�b�g_�aZ\bkbl�hl�bo�kljmdlmju����� 
�����KemqZc�`_�e_]dbo�g_cljbgh��mN << ml, ml
��lj_[m_l��\u[hjZ�dhgdj_lghc�
fh^_eb�Zfieblm^u�;_l_–Kheibl_jZ��;K���hibku\Zxs_c�f_ahg�dZd�k\yaZg�
gh_�j_eylb\bklkdh_�khklhygb_�d\Zjd-Zglbd\Zjdh\hc�iZju�b�y\gh�\oh^ys_c�
\�\ujZ`_gb_�^ey�b-\deZ^Z��<�jZ[hl_�bkihevah\ZgZ�ba\_klgZy�kjZ\gbl_evgh�
ijhklZy� fh^_ev� ;K-Zfieblm^u�� ij_^klZ\eyxsZy� kh[hc� � j_eylb\bklkdh_�
h[h[s_gb_�d\Zjdh\hc�fh^_eb�k�]Zjfhgbq_kdbf�ihl_gpbZehf�>�@��Gh�^Z`_�\�
wlhc�fh^_eb�ijh\_klb�ZgZeblbq_kdbc�jZkq_l�^h�dhgpZ�g_�m^Z_lky��b�g_h[�
oh^bf� qbke_gguc� jZkq_l� �-djZlgh]h� bgl_]jZeZ� �bkihevah\ZgZ� ijh]jZffZ�
VEGAS�gZ�hkgh\_� Ze]hjblfZ�Fhgl_-DZjeh���<�j_amevlZl_�[ueh�ihemq_gh�
\ujZ`_gb_� ^ey� b-\deZ^Z� \�rbjbgm� jZkiZ^Z� \� \b^_� ijhba\_^_gby� jZkkqb�
lZggh]h�qbke_ggh]h�nZdlhjZ�b�d\Z^jZlZ�wnn_dlb\ghc�fZchjZgh\kdhc�fZk�
ku��fh^mey�kmffu�ih�\k_f�kh[kl\_gguf�agZq_gbyf�fZkkh\hc�fZljbpu�mN, 
\a\_r_gguf� k� ijhba\_^_gbyfb� UlNUl'N � we_f_glh\� fZljbpu� e_ilhggh]h�
kf_rb\Zgby���>ey�K-jZkiZ^h\�[ueh�ih^l\_j`^_gh�ij_^iheh`_gb_�h�^hfb�
gbjh\Zgbb� t-\deZ^Z�\�Zfieblm^m�ijhp_kkZ�>�@��>ey�D-jZkiZ^h\�[ueh�ihdZ�
aZgh�� qlh� ^hfbgbjm_l�b-\deZ^��ijbq_f� �ihemq_ggZy�jZg__� _]h�^hklZlhqgh�
]jm[Zy�hp_gdZ�>�@�kijZ\_^eb\Z�ih�ihjy^dm�\_ebqbgu� 
�����Bkihevamy�ijyfu_�wdki_jbf_glZevgu_�h]jZgbq_gby�k\_jom� �gZ�hlghkb�
l_evgu_�rbjbgu��Bll 
��hlghr_gby�rbjbgu�^Zgghc�fh^u�jZkiZ^Z�d�iheghc�
rbjbg_�jZkiZ^Z�ih�\k_f�\hafh`guf�dZgZeZf��K-�b�D-jZkiZ^h\�>�@��fu�ih�
emqbeb� \_jogb_� ]jZgbpu� wnn_dlb\guo� fZkk� e_]dbo� fZchjZgh\kdbo� g_c�
ljbgh��Wlb�]jZgbpu�hdZaZebkv�\�g_nbabq_kdhc�h[eZklb�� �b�wlh�agZqbl��qlh�
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kms_kl\mxsb_� wdki_jbf_glZevgu_� h]jZgbq_gby� gZ� j_^db_� jZkiZ^u� ihdZ�
_s_�kebrdhf�keZ[u_��K�^jm]hc�klhjhgu��[ueb�gZc^_gu�dhk\_ggu_�h]jZgb�
q_gby�gZ�Bll 
�iml_f�ih^klZgh\db� \�ihemq_ggu_�nhjfmeu� \_jogbo� ]jZgbp�
agZq_gbc�wnn_dlb\guo�fZchjZgh\kdbo�fZkk��gZc^_gguo�ba�wdki_jbf_glh\�
ih� [_ag_cljbgghfm� ^\hcghfm� [_lZ-jZkiZ^m�� g_cljbgguf� hkpbeeypbyf�� Z�
lZd`_� ba� dhkfheh]bq_kdbo� ^Zgguo��Wlb� dhk\_ggu_� h]jZgbq_gby� gZfgh]h�
`_klq_�ijyfuo�wdki_jbf_glZevguo� �kf��lZ[ebpm���qlh�mdZau\Z_l�gZ�[hev�
rb_�ljm^ghklb�ihbkdZ�jZkkfhlj_gguo�jZkiZ^h\� 
�����Ke_^m_l� �ih^q_jdgmlv��qlh�\hafh`gu�b�^jm]b_�f_oZgbafu�ijhp_kkh\�k�
g_khojZg_gb_f�e_ilhggh]h�qbkeZ��hlebqgu_�hl�jZkkfhlj_ggh]h�f_oZgbafZ�
gZ�hkgh\_�h[f_gZ�fZchjZgh\kdbfb�g_cljbgh��LZd�� \�fbgbfZevghc� kmi_j�
kbff_ljbqghc� klZg^Zjlghc� fh^_eb� k� g_khojZg_gb_f� R-q_lghklb� j_^db_�
jZkiZ^u�f_ahgh\�M+:�M'-l+l 
��h[mkeh\e_gu�h[f_ghf�kmi_jqZklbpZfb��<�
gZklhys__�\j_fy�fu�bkke_^m_f��wlhl�kmi_jkbff_ljbqguc�f_oZgbaf�� 
  

J_^dbc�jZkiZ^ Wdki. h]jZgbq_gb_ gZ  Bll' Dhk\. h]jZgbq_gb_ gZ  Bll' 

K+: �-e+e+ 6.4Â��-10 2.3Â��-33 

K+:��-�+�+ 3.0Â��-9 6.2Â��-34 

K+:��-e+�+ 5.0Â��-10 2.0Â��-33 

D+:�.- e+e+ 1.2Â��-4 3.2Â��-34 

D+:�.-e+�+ 1.3Â��-5 3.0Â��-34 

D+:�.-e+�+ 1.3Â��-4 2.8Â��-34 
       

Ebl_jZlmjZ 
 

1. Particle Data Group Collab.:  S. Eidelman et al., Phys. Lett. B 592, 1 (2004). 
2. A. Ali, A. V. Borisov, and N. B. Zamorin, Eur. Phys. J. C 21, 123 (2001). 
3. G. Esteve, A. Morales, and R. Núñes-Lagos, J. Phys. G 9, 357 (1983). 
 
 
 

F?O:GBAF�=?G?J:PBB�F:KK�N?JFBHGH< 
<��-F?JGHC�=?HF?LJBQ?KDHC�L?HJBB 

 
<_^��gZmq��khlj��<eZ^bfbjh\�X�K���ZkibjZgl�;hehoh\�K�<� 

 
<�jZ[hl_�jZkkfZljb\Z_lky�ijh[e_fZ�hibkZgby�n_jfbhgguo�fZkk�\��-

f_jghc���D��]_hf_ljbq_kdhc�l_hjbb�DZempu—De_cgZ��DD���\�jZfdZo�dhlh�
jhc� hkms_kl\e_gZ� ]_hf_ljbaZpby� dZeb[jh\hqguo� ihe_c� ]jmiiu� SU(3), 
hlh`^_kl\ey_fuo� k� ]exhgZfb� DO>�� IhdZaZgh�� qlh� ^ey� j_ghjfZebaZpbb�
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ieZgdh\kdbo�agZq_gbc�fZkk��dZd�\�[hahgghf��lZd�b�\�n_jfbhgghf�k_dlhjZo��
fh`_l� [ulv� ijbf_g_g� f_lh^� dhgnhjfgh]h� ij_h[jZah\Zgby� \_ce_\kdh]h�
lbiZ. 

���Hkgh\gu_�iheh`_gby��D�DD�l_hjbb� 
<�l_hjbb�bkihevam_lky��-f_jgh_�ik_\^hjbfZgh\h�fgh]hh[jZab_�kb]�

gZlmju� ( ; )+ − −− − − −− �� bf_xs__� kljmdlmjm� 8 4 4M V B= × �� ]^_� 4V — 4-f_jgZy�
]bi_jih\_joghklv�� hlh`^_kl\ey_fZy� � k� ©nbabq_kdbfª� ijhkljZgkl\hf-
\j_f_g_f�� Z� 4B � ij_^klZ\ey_l� kh[hc� dhfiZdlgh_� ih^fgh]hh[jZab_� �©\gml�
j_gg__� ijhkljZgkl\hª��� ^bnn_hfhjngh_� �-lhjm� k� qj_a\uqZcgh� fZeufb�
�ihjy^dZ� 3310− �kf��i_jbh^Zfb�dhfiZdlbnbdZpbb�>����@��F_ljbq_kdbc�l_gahj�
ij_^klZ\ey_lky�\�hdlZ^ghf�\b^_� 

 
( )

( ) , , , 0...7A
MN M A NG G G M N A= = , 

 
]^_� ( )A

MG  —�ehdZevguc�hjlhghjfbjh\Zgguc�gZ[hj�ba�\hkvfb�\_dlhjh\�\�dZ�
kZl_evghf�ijhkljZgkl\_� 8TM ��hdlZ^Z���G_Z[_e_\u�dZeb[jh\hqgu_�ihey�hi�
j_^_eyxlky�dZd�dhwnnbpb_glu�]Zjfhgbq_kdh]h�jZaeh`_gby��dhfihg_gl�hd�
lZ^u�ih�gZ[hjm�wdkihg_gpbZevguo�]Zjfhgbd��aZ^Zgguo�gZ�lhj_� 4B  [1, 2]. 
Hkgh\guf�h[t_dlhf�l_hjbb�y\ey_lky��D-�]bi_j�^_ckl\b_ 
 

( )
8

8 8 det( ) . .
2 2

M
MN M

R i c
S d x G h c

cκ
 

= − − + ΨΓ ∇ Ψ + 
 ∫ !

, 

ba�dhlhjh]h�\�oh^_�ijhp_^mju�jZaf_jghc�j_^mdpbb��ij_^iheZ]Zxs_c�y\gh_�
bgl_]jbjh\Zgb_� �mkj_^g_gb_��ih�dhhj^bgZlZf� 4 7,...,x x �ijhkljZgkl\Z 4B ��ih�
emqZ_lky��-f_jgh_�^_ckl\b_�kbkl_fu��\dexqZxs_c�\�k_[y�]jZ\blZpbhggh_�
ihe_�� dZeb[jh\hqgu_� SU(3)-ihey� b� fZkkb\gmx� n_jfbhggmx� fZl_jbx�� <�
ijhp_kk_�j_^mdpbb�\k_�keZ]Z_fu_�\�bkoh^ghf��D-^_ckl\bb�ij_^klZ\eyxlky�
\� �����������-jZks_ie_gghf�\b^_�\�khhl\_lkl\bb�k�hdlZ^guf�nhjfZeba�
fhf�>�@� 

;hahgguc� k_dlhj� l_hjbb� ij_^klZ\e_g� kdZeyjghc� �D-djb\baghc� 8R, 
ba�dhlhjhc�\�oh^_�j_^mdpbb�\u^_eyxlky�� 

4D-djb\bagZ� 4R ��ihkljh_ggZy�ih�f_ljbd_� 4V ��l�_��h[uqguc�eZ]jZg`b�
Zg�Wcgrl_cgZ-=bev[_jlZ�HLH� 

qe_gu�� ^Zxsb_� dbg_lbq_kdmx� qZklv� eZ]jZg`bZgZ� \_dlhjguo� ihe_c�
( )Tr F F µν

µν� ; 

qe_gu��^Zxsb_�ieZgdh\kdb_�fZkku�\_dlhjguo�ihe_c��^Zggu_�qe_gu�
fh`gh� wnn_dlb\gh� kdhfi_gkbjh\Zlv�iml_f�dhgnhjfgh]h�ij_h[jZah\Zgby�
bkoh^ghc�f_ljbdb�>����@�� 
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N_jfbhgguc� k_dlhj�l_hjbb��dZd� \b^gh�ba� kljmdlmju� �D-^_ckl\by��
ij_^klZ\e_g�^bjZdh\kdbf�eZ]jZg`bZghf��[_afZkkh\h]h��n_jfbhggh]h�ihey�
Ψ(x���Ihke_^g__� y\ey_lky� ��-dhfihg_glguf� kibghjhf�� lZd� dZd� h[jZamx�
sb_� khhl\_lkl\mxs_c� Ze]_[ju�Debnnhj^Z�K������^himkdZxl�j_ZebaZpbx�
16 16× -fZljbpZfb� ( )AΓ , 0...7A = , { }( ) ( ) ( ), 2A B ABηΓ Γ = ��<�oh^_�j_^mdpbb�ijhbkoh�

^bl�km`_gb_�h[s_c�]jmiiu��D-ij_h[jZah\Zgbc�^h�]jmiiu�ij_h[jZah\Zgbc�
HLH��ijb�wlhf�ihe_� ( )xΨ �jZks_iey_lky�gZ�q_luj_�^bjZdh\kdbo�[bkibghjZ� 

3
4 4

1

( ) ( )exp( )exp( )j
f f j

j

x c q x i x ik xµψ γ β+

=

= ∑ , 1...4f = , 

]^_� fc —g_dhlhju_� dhgklZglu�� k -p_eh_� qbkeh�� ( )jq —ljbie_l� ihe_c�

nmg^Zf_glZevgh]h�ij_^klZ\e_gby�SU�����dhlhjuc�hlh`^_kl\ey_lky�k�d\Zj�
dh\ufb��D-\hegh\ufb�nmgdpbyfb��Z�\_ebqbgu� ,β γ �hij_^_eyxl�i_jbh^u�
dhfiZdlbnbdZpbb� ^hihegbl_evguo� baf_j_gbc�� <� j_amevlZl_� ihemqZ_lky�
4D-eZ]jZg`bZg�n_jfbhgghc�fZl_jbb��dhlhjuc�kh^_j`bl� 

k\h[h^gmx�dbg_lbq_kdmx�qZklv� 
qe_gu�\aZbfh^_ckl\by�k�dZeb[jh\hqgufb�iheyfb�SU����b�k�]jZ\blZ�

pb_c��\dexqZy�ZghfZevgu_�fhf_glu�� 
fZkkh\u_�qe_gu��lZd�gZau\Z_fZy�kh[kl\_ggZy�fZkkh\Zy�qZklv�� 

 
���Dhgnhjfgu_�ij_h[jZah\Zgby� 

Ijb�dhgnhjfguo� �\_ce_\kdbo��ij_h[jZah\Zgbyo�f_ljbdZ� MNG �mfgh�

`Z_lky� gZ� g_dhlhjmx� g_gme_\mx� kdZeyjgmx� nmgdpbx� 2( )xξ : 
2( )MN MNG x Gξ→ ��<� [hahgghf� k_dlhj_� wlh� ijb\h^bl� d� ^h[Z\hqguf� � keZ]Z_�

fuf� \� kdZeyjghc�djb\bag_��dhlhju_��\� k\hx�hq_j_^v�� kihkh[gu�ih]Zkblv�
g_`_eZl_evgu_�fZkkh\u_� \deZ^u� dZeb[jh\hqguo� ihe_c�ijb� ki_pbZevghf�
\u[hj_�dhgnhjfgh]h�nZdlhjZ�>�@� 

Mq_l�dhgnhjfgh]h�ij_h[jZah\Zgby�\�n_jfbhgghf�k_dlhj_�ijb\h^bl�
d�ihy\e_gbx�ki_pbnbq_kdh]h�^h[Z\dZ�d�fZkk_�n_jfbhgh\��lZd�gZau\Z_fZy�
dhgnhjfgZy� fZkkh\Zy� qZklv��� hij_^_ey_fh]h� dhgnhjfguf� \_khf� Z � kib�
ghjgh]h� ihey� ( )xΨ �� IheZ]Zy� �≠Z �� fh`gh� ihdZaZlv�� qlh� gZ� mjh\g_� �'-
eZ]jZg`bZgZ�^Zgguc�^h[Z\hd�bf__l�\b^ 

 

( ) ZZFKFL*
Z

/
Z

V

Z

V

V

01

FRQI

PDVV
���������]^_����GHW�

�

��
a �

�

�

��� +=Ω+




 ∂ΨΓΨ−Ω ∗

=
∑ ξξξ! . 

 
Khhlghr_gb_�f_`^m�kh[kl\_gghc�b�dhgnhjfghc�fZkkZfb�n_jfbhgh\�

aZ\bkbl� hl� bf_xsboky� \� l_hjbb� dhgklZgl��Ijb� hij_^_e_gghf�bo� \u[hj_�
m^Z_lky�ba[_`Zlv�ihy\e_gby�ieZgdh\kdbo�fZkk��Djhf_�lh]h��\hafh`_g�\Z�
jbZgl�� dh]^Z� fZkkZ� kibghjgh]h� ihey� hdZau\Z_lky� p_ebdhf� dhgnhjfghc��
>Zgguc�f_oZgbaf� ]_g_jZpbb�fZkk�fh`gh� jZkkfZljb\Zlv� dZd� ]_hf_ljbq_�
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kdbc� ZgZeh]� f_oZgbafZ� Ob]]kZ� \� klZg^Zjlguo� dZeb[jh\hqguo� fh^_eyo��
Hlf_lbf��qlh�\�jZkkfZljb\Z_fhf�\ZjbZgl_��D KK-l_hjbb�bf__lky�\hafh`�
ghklv�iheh`blv�ihe_�dhgnhjfgh]h�nZdlhjZ�aZ\bkysbf�ebrv�hl�^hihegb�
l_evguo�dhhj^bgZl� 

Ebl_jZlmjZ 
 

1. <eZ^bfbjh\�X��K���©=_hf_ljhnbabdZª��Fhkd\Z��;bghf������� 
2. Vladimirov Yu.S., Gubanov A. N., “8-Dimensional Geometric Model of 

Gravi-Strong Interaction” // Graviation and Cosmology vol. 4, 193-198 (1998). 
3. Klimenkov V. A., Vladimirov Yu. S., “Renormalization of Planck masses 

of vector bosons in the eight-dimensional geometric theory” // Gravitation and 
Cosmology vol. 10, 77-82 (2004). 

 
 
 

DHKFHEH=BQ?KDB?�J?R?GBY�K�IHEYFB�OB==K: 
 

Ijhn_kkhj�=Zevph\�>�<���ZkibjZgl�>Z\u^h\�?�:�� 
gZmq��khlj��>y^bq_\�<�<� 

            
Kh\j_f_ggu_� dhkfheh]bq_kdb_� fh^_eb� kljhylky� k� ijb\e_q_gb_f�

kdZeyjguo�ihe_c��dhlhju_�fh]ml�bf_lv�jZaebqgh_�ijhbkoh`^_gb_�\��h[t_�
^bg_gguo� fh^_eyo�nmg^Zf_glZevguo� \aZbfh^_ckl\bc��DZd� ijZ\beh�� jZk�
kfZljb\Zxlky� h^gh�beb�g_kdhevdh� kdZeyjguo�ihe_c�g_� k\yaZgguo�f_`^m�
kh[hc�\gmlj_ggbfb�kbff_ljbyfb��A^_kv�fu�jZkkfhljbf�ijhkl_crmx�fh�
^_ev�k�ihe_f�Ob]]kZ�\�nmg^Zf_glZevghf�ij_^klZ\e_gbb� ]jmiiu�\gmlj_g�
g_c� kbff_ljbb� SU�����HdZau\Z_lky�� qlh� kms_kl\mxl� h^ghjh^gu_� b� bah�
ljhigu_�dhgnb]mjZpbb�wlh]h�ihey��lZd�qlh�fh`gh�ihkljhblv�njb^fZgh\�
kdmx�fh^_ev�k�lZdbf�ihe_f� �ih^h[gZy�\hafh`ghklv�hlkmlkl\m_l�^ey�ihey�
Ob]]kZ�\�ijbkh_^bg_gghf�ij_^klZ\e_gbb���Nbabq_kdZy�bgl_jij_lZpby�gZ�
r_c�fh^_eb�fh`_l�[ulv�jZaebqghc��gZijbf_j��fh`gh�k\yaZlv�ihe_�Ob]]kZ�
k�l_hjb_c�we_dljhkeZ[uo�\aZbfh^_ckl\bc�>�@� 
�AZibr_f�klZg^Zjlgh_�^_ckl\b_�\�l_hjbb�Wcgrl_cgZ-Yg]Z-FbeekZ-Ob]]kZ�
SU(2): 

( ) ( )∫ −








−Φ−Φ++−= [GJ'))7U
T

5
6

�
���

�
�

��

�

�

�

�

λ
κ µ

µν
µν . 

    <� nmg^Zf_glZevghf� ij_^klZ\e_gbb� kdZeyjgh_� ihe_� ij_^klZ\e_gh�
dhfie_dkguf�^m[e_lhf��dh\ZjbZglgZy�ijhba\h^gZy�jZ\gZ 

Φ+Φ∂=Φ µµµ T$' . 

Njbf^Zgh\kdZy�f_ljbdZ�\u[bjZ_lky�\�klZg^Zjlghf��\b^_ 
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( ),)()( 222222 ΩΣ++= drdradds kξξ  
 

]^_� ΩG  -�we_f_gl��-kn_ju�� { }UUU
N

VLQ��VLQK=Σ , { }�����−=N �^ey�hldjulhc��ieh�
kdhc� b� aZfdgmlhc� fh^_e_c� khhl\_lkl\_ggh�� DZeb[jh\dm� f_ljbdb� m^h[gh�
nbdkbjh\Zlv�iheh`b\� ��� WW =ξ  

L_i_jv�g_h[oh^bfh� \u[jZlv� ZgaZp�ihe_c� lZdbf�h[jZahf��qlh[u�eZ�
]jZg`bZg�g_�aZ\bk_e�hl�jZ^bZevghc�i_j_f_gghc� U ��AZ�hkgh\m�fu�\havf_f�
klZg^Zjlguc�knZe_jhgguc�ZgaZp�>�@��gh�fh^bnbpbjm_f�_]h�lZdbf�h[jZahf��
qlh[u�y\gh�jZa^_eblv�\j_f_ggmx�b�jZ^bZevgmx�i_j_f_ggu_��JZkkfhljbf�
]_g_jZlhju�]jmiiu�SU����\�kn_jbq_kdhf�[Zabk_��� 

�FRVVLQVLQFRVVLQ�
�

��� ϑτϕϑτϕϑτ ++= L
7
U ,  

U
77 ϑϑ ∂= , U

77 ϕϕ ϑ
∂=

VLQ

�
, 

]^_� L
τ �fZljbpu�IZmeb��FZljbpZ� ( )

U
7U8 ���H[S α= �ijbgZ^e_`bl� ]jmii_�

SU�����<u[hj�nmgdpbb� ��Uλ � aZ\bkbl�hl� lbiZ�f_ljbdb��Ihkljhbf� ke_^mx�
sbc�ZgaZp� 







=Φ

�

�
�� 8WI ,    

�

�

��� −∂−= 88
WZ

$ µµ . 
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Σ=αVLQ ��ihklhygguc�fgh`bl_ev�fu�himk�
dZ_f���Hlkx^Z�ihemqZ_f�mjZ\g_gb_�^ey�

N
Σ : 

FRQVW

N

N =
Σ−
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Wlhfm�mjZ\g_gbx�m^h\e_l\hjy_l�lhevdh� UVLQ� =Σ , �=N ��L_i_jv�ZgaZp�hdhg�
qZl_evgh�ihkljh_g��Nhgh\Zy�f_ljbdZ� khhl\_lkl\m_l�<k_e_gghc� aZdjulh]h�
lbiZ��b� UU =��α ��<hh[s_�]h\hjy��lj_[h\Zgb_�gZebqb_�O����kbff_ljbb�ijh�
kljZgkl\Z� [ueh� h`b^Z_fh�� lZd� dZd� ijb� wlhf� j_Zebam_lky� hlh[jZ`_gb_�

���� 668 → . 
<�j_amevlZl_�jZaf_jghc�j_^mdpbb�ihemqZ_f��^_ckl\b_� 
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/  -�bgl_]jZe�hl�djb\bagu�ih�]bi_jkn_j_��Rljbo�gZ^�kbf\hehf�hagZ�
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 +−=

��



 ρκ
S

D

D
. 

GZqZevgu_�mkeh\by�\u[_j_f�knZe_jhggh]h�lbiZ�� 
 

���� =I , ���� =Z . 
 

IZjZf_ljZfb�kbkl_fu�[m^ml�ijhba\h^gu_� ���
I �b� ���
Z ��Z�lZd`_�\_ebqbgu�
λ �b� T ��Iheh`bf�\�gZqZevguc�fhf_gl� ���� =D ��AgZq_gb_� ���
D �hij_^_ey_lky�
ba�mkeh\by�k\yab��LZd�dZd�aZf_gZ�agZdZ�ijhba\h^ghc�f_ljbq_kdbc�nmgdpbb�
ijb\h^bl�d�h[jZs_gbx�\j_f_gb��lh�wlhl�iZjZf_lj��nZdlbq_kdb��g_�\eby_l�
gZ� oZjZdl_j� ih\_^_gby� kbkl_fu��Ihwlhfm� m^h[gh� \u[jZlv� iZjZf_lju� lZ�
dbf�h[jZahf��qlh[u� ����
 =D ��LZd`_�mkljZgbf�\�gZqZevguc�fhf_gl�\j_f_gb�
\deZ^�dZeb[jh\hqgh]h�ihey��iheh`b\� ����
 =Z ��Lh]^Z� ���
I �\ujZ`Z_lky�ba�
mkeh\by�k\yab�q_j_a� λ �b� T ��Wlb�^\_�\_ebqbgu�b�hklZxlky�_^bgkl\_ggufb 
iZjZf_ljZfb��hij_^_eyxsbfb�j_r_gb_�kbkl_fu� 
������<�dhkfheh]bb�ijbgylh�jZkkfZljb\Zlv�ke_^mxsb_�wg_j]_lbq_kdb_�mkeh�
\by�>�@� 
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bahljhigh_� �≥+ Sρ , 
keZ[h_� �≥ρ �b� �≥+ Sρ , 
kbevgh_� �� ≥+ Sρ �b� �≥+ Sρ , 
^hfbgbjmxs__� �≥ρ �b� �≥± Sρ . 
Ba� mjZ\g_gbc� ke_^m_l�� qlh� bkke_^m_fZy� kbkl_fZ� fh`_l� m^h\e_l\h�

jylv� dZd� keZ[hfm� wg_j]_lbq_kdhfm� mkeh\bx�� lZd� b� kbevghfm�� <� i_j\hf�
kemqZ_�gZ[ex^Z_lky�jZkrbj_gb_�<k_e_gghc��\h�\lhjhf�–�k`Zlb_��JZkrbj_�

gb_�\hafh`gh�lhevdh�ijb�\uiheg_gbb�mkeh\by�
κ

λ �≥ ��<�lh�`_�\j_fy��ijb�

aZ^Zgghf�\u[hj_�hklZevguo�iZjZf_ljh\��ba�mkeh\by�k\yab�ihemqZ_f�h]jZ�

gbq_gb_�k\_jom�gZ�wlhl�iZjZf_lj��
κ

λ ��≤ ��?keb�\�gZqZevguc�fhf_gl�\j_f_�

gb�\uihegy_lky�kbevgh_�wg_j]_lbq_kdh_�mkeh\b_��lh�<k_e_ggZy�dheeZikb�
jm_l�� ?keb�`_� \uihegy_lky� keZ[h_� mkeh\b_�� l�_�� ��� ≤≤ κλ �� lh�<k_e_ggZy�
gZqbgZ_l� jZkrbjylvky�� Mkeh\by� ���

����
 �� >= WDWD � hibku\Zxl� j_r_gb_� k�
hlkdhdhf� 
 <u[_j_f� gZqZevgu_� mkeh\by�� khhl\_lkl\mxsb_� hlkdhdm��<k_e_ggZy�
gZqbgZ_l�jZkrbjylvky��fh^mev�kdZeyjgh]h�ihey� I �klj_fblky�d�\Zdmmfghfm�
agZq_gbx��>Z\e_gb_�hkeZ[_\Z_l�b�gZqbgZ_l�^hfbgbjh\Zlv�wg_j]by��kbkl_fZ�
m^h\e_l\hjy_l� m`_� kbevghfm� wg_j]_lbq_kdhfm� mkeh\bx� b� gZklmiZ_l� k`Z�
lb_��Hgh�aZdZgqb\Z_lky�dheeZikhf��gh�ijb�hij_^_e_gguo�agZq_gbyo�iZjZ�
f_ljh\�\hafh`gh�\ha\jZs_gb_�j_r_gby�\�lm�h[eZklv�\�ijhkljZgkl\_�iZjZ�
f_ljh\��dhlhjhc�khhl\_lkl\m_l�\uiheg_gb_�keZ[h]h�wg_j]_lbq_kdh]h�mkeh�
\by��Lh]^Z�ijhbkoh^bl�gh\uc�hlkdhd��?keb�j_r_gb_�\ha\jZsZ_lky�lhqgh�\�
lm�lhqdm�\�ijhkljZgkl\_�iZjZf_ljh\��dhlhjZy�khhl\_lkl\m_l�gZqZevguf�mk�
eh\byf��lh�ijhbkoh^bl�[_kdhg_qgZy�k_jby�hkpbeeypbc�<k_e_gghc�k�ihklh�
ygguf�i_jbh^hf��H^gZdh��dZd�ijZ\beh��ijhbkoh^bl�\ha\jZs_gb_�\�g_dhlh�
jmx�hdj_klghklv�wlhc�lhqdb�b�gh\uc�pbde�g_�ih\lhjy_l�ij_^u^msbc��Lh�
]^Z�\hagbdZ_l�kblmZpby�k�g_kdhevdbfb�pbdeZfb�b�dheeZikhf��eb[h�k�[_kdh�
g_qguf�dhebq_kl\hf�hkpbeeypbc�k�ijhba\hevgufb�i_jbh^Zfb��Ij_^iheh�
`bl_evgh��dZ`^Zy�lhqdZ�\�ijhkljZgkl\_�iZjZf_ljh\��j_r_gb_�dhlhjhc�hib�
ku\Z_l�[_kdhg_qgh_�dhebq_kl\h�hkpbeeypbc��\�k\hx�hq_j_^v�y\ey_lky�lhq�
dhc�k]ms_gby�fgh`_kl\Z�lZdbo�lhq_d� 
 Hlebqbl_evghc� q_jlhc� kbkl_fu� k� dZeb[jh\hqguf� ihe_f� y\ey_lky�
[hevrZy� oZhlbqghklv� ijhp_kkh\�� Fgh`_kl\h� iZjZf_ljh\� kbkl_fu� `�^ Tλ  
^\mf_jgh�� Qbke_ggu_� jZkq_lu� ihdZau\Zxl� fh`gh� ihkljhblv� hkpbeeb�
jmxsb_� j_r_gby� ijb� aZ^Zgghf� λ � g_� ijb� \k_o� agZq_gbyo� q��IZjZf_lj� q 
^he`_g�[ulv�eb[h�hq_gv�fZeuf��lh]^Z�\_ebqbgu�dZeb[jh\hqgh]h�ihey�w�b�
w’�g_�mki_\Zxl�\uclb�aZ�ij_^_eu�gZqZevghc�h[eZklb��eb[h�hq_gv�[hevrbf��
lZd�dZd�lh]^Z�w�hkpbeebjm_l�hdheh�gZqZevgh]h�agZq_gby�b�g_h[oh^bfh�\ha�
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\jZs_gb_�\�gZqZevgmx�h[eZklv�lhevdh�ijhba\h^ghc�w’��<�^jm]bo�kemqZyo�
g_h[oh^bfZ�h^gh\j_f_ggZy�ih^kljhcdZ�h[hbo�iZjZf_ljh\� 
�����������JZ[hlZ�ijh\h^beZkv�ijb�nbgZgkh\hc�ih^^_j`d_�JNNB��]jZgl���-04-
16-49). 
 
1. N. Manton, Topology in the Weinberg-Salam theory.  Phys. Rev. D28, 2019 
(1983) 
2. S.W. Hawking and G. F. R. Ellis, The Large Scale Structure of Space-Time 
(Cambridge University Press, Cambridge, 1973) 
 
 
 

J?:DPBY�BAEMQ?GBY�<�=J:<BL:PBHGGHF�IHE?�� 
EHD:EVGUC�F?LH>  

 

 
Ijhn_kkhj�=Zevph\�>�<���ZkibjZgl�Kibjbg�I�:����klZ`_j�RlZm[�K. 

 
��������AZ^ZqZ�h�kbe_�j_Zdpbb�baemq_gby�^ey�lhq_qgh]h�aZjy^Z�\�iehkdhf�ijh�
kljZgkl\_-\j_f_gb�fh`_l�[ulv�j_r_gZ�^\mfy�f_lh^Zfb��gZ�hkgh\_�ih^kq_�
lZ�ihe_\hc�qZklb�wg_j]bb-bfimevkZ��jZkij_^_e_gghc�\h�\k_f�ijhkljZgkl\_�
�]eh[Zevguc�f_lh^���b�iml_f�ih^klZgh\db�kbeu�kZfh^_ckl\by�\�mjZ\g_gby�
^\b`_gby� qZklbpu� �ehdZevguc�f_lh^���<� h[hbo� kemqZyo� ijb� \uqbke_gbb�
\hagbdZxl�jZkoh^ysb_ky�bgl_]jZeu��hl�dhlhjuc�m^Z_lky�ba[Z\blvky�k�ih�
fhsvx�i_j_ghjfbjh\db�fZkku��Ihke_�i_j_ghjfbjh\db�h[Z�f_lh^Z�ijb\h�
^yl�d�kh\iZ^Zxsbf�j_amevlZlZf� 
���������<� bkdjb\e_gghf� ijhkljZgkl\_-\j_f_gb� ijh[e_fZ� mkeh`gy_lky� ba-aZ�
lh]h��qlh�kh[kl\_ggh_�ihe_�aZjy^Z�hlebqgh�hl�gmey�g_�lhevdh�gZ�nbdkbjh�
\Zgghc�lj_of_jghc�]bi_jih\_joghklb�\�ijhrehf��gZ�k\_lh\hf�dhgmk_���gh�
b�\gmljb�k\_lh\h]h�dhgmkZ�ba-aZ�jZkk_ygby�baemq_gby�gZ�g_h^ghjh^ghklyo�
]jZ\blZpbhggh]h�ihey��JZg__�>_�<bllhf�b�;j_f_�[ueZ�ij_^eh`_gZ�ko_fZ�
\uqbke_gbc��ZgZeh]bqgZy�]eh[Zevghfm�f_lh^m�jZkq_lZ��mdZaZgghfm�\ur_��
<�hkgh\_�f_lh^Z�e_`bl�jZaeh`_gb_�kh[kl\_ggh]h�ihey�\�ijhkljZgkl\_�ih�
kl_i_gyf� ]_h^_abq_kdh]h� jZkklhygby� f_`^m� lhqdZfb� gZ� ijhkljZkl\_ggh-
ih^h[ghc�]bi_jih\_joghklb��Fu�ij_^eZ]Z_f�[he__�ijhklhc�ehdZevguc�f_�
lh^�\uqbke_gby��hkgh\Zgguc�gZ�ih^klZgh\d_�kh[kl\_ggh]h�ihey�\�mjZ\g_�
gby�^\b`_gby��Hkgh\gZy�ljm^ghklv�lZdh]h�ih^oh^Z�khklhbl�\�g_h[oh^bfh�
klb�j_]meyjbaZpbb�^_evlZ-h[jZaguo�hkh[_gghkl_c�b�i_j_ghjfbjh\db�aZjy�
^Z� k�mq_lhf�qe_gh\�� aZ\bkysbo�hl�djb\bagu�ijhkljZgkl\Z-\j_f_gb��;ueh�
ihdZaZgh�� qlh�� \uihegyy� \uqbke_gby� \� iheghklvx� dh\ZjbZglghc� nhjf_��
m^Z_lky�h[h[sblv�l_ogbdm��jZa\blmx�\�iehkdhf�ijhkljZgkl\_-\j_f_gb��gZ�
kemqZc� bkdjb\e_ggh]h� ijhkljZgkl\Z�� Ijb� wlhf� i_j_ghjfbjh\dZ� fZkku�
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ijhba\h^blky�g_ihkj_^kl\_ggh�\�mjZ\g_gbb�^\b`_gby�b�g_�lj_[m_l�ZgZebaZ�
we_dljhfZ]gblgh]h� ihey� \h� \k_f� ijhkljZgkl\_�� J_]meyjbaZpby� hkh[_ggh�
kl_c�hkms_kl\ey_lky�f_lh^hf�jZa^\b`db�lhq_d��ijbq_f�jZaeh`_gb_�ih�iZ�
jZf_ljm�jZa^\b`db�ijh\h^blky�\�h[s_dh\ZjbZglghc�nhjf_��Ij_^eZ]Z_fZy�
ko_fZ�\uqbke_gbc�agZqbl_evgh�ijhs_�]eh[Zevgh]h�f_lh^Z�b�iha\hey_l�ba�
[_`Zlv�]jhfha^dbo�\uqbke_gbc�ijb�jZkkfhlj_gbb�ihey�gZ�\k_c�ijhkljZg�
kl\_ggh-ih^h[ghc�]bi_jih\_joghklb� 
����������>ZggZy�l_ogbdZ�\uqbke_gbc�[ueZ�lZd`_�h[h[s_gZ�gZ�kemqZc�]jZ\b�
lZpbhggh]h� baemq_gby� lhq_qgh]h� l_eZ�� ^\b`ms_]hky� \� aZ^Zgghf� ]jZ\blZ�
pbhgghf�ihe_��<�wlhf�kemqZ_�]eh[Zevguc�f_lh^�jZkq_lZ�ijb\h^bl�d�ljm^�
ghklyf�ijb�hkms_kl\e_gbb�i_j_ghjfbjh\db�\�k\yab�k�g_h[oh^bfhklvx�bk�
dmkkl\_ggh]h� ^hhij_^_e_gby� kh[kl\_gghc� ihe_\hc� fZkku� qZklbpu�� Ijb�
\uqbke_gbb�ehdZevguf�kihkh[hf�i_j_ghjfbjh\d_�ih^\_j]Z_lky�g_�fZkkZ��
Z�eZ]jZg`_\�fgh`bl_ev��\\h^bfuc�\�^_ckl\b_�^ey�h[s_dh\ZjbZglgh]h�aZ�
^Zgby�mkeh\by�k\yab��FZkkZ�\hh[s_�g_�\oh^bl�\�mjZ\g_gb_�^\b`_gby�\�kb�
em�ijbgpbiZ�wd\b\Ze_glghklb��<�hlebqb_�hl�we_dljhfZ]gblgh]h�bamq_gby��
j_Zdpby� ]jZ\blZpbhggh]h� baemq_gby� qZklbpu�� ^\b`ms_cky� ih� ]_h^_abq_�
kdhc�iheghklvx�hij_^_ey_lky�g_ehdZevguf�o\hklh\uf�qe_ghf��IhdZaZgh��
qlh�jZg__�h[km`^Z\rbcky�\�ebl_jZlmj_�wnn_dl�Zglb^_fibg]Z�ijb�]jZ\blZ�
pbhgghf�bamq_gbb�gZ�kZfhf�^_e_�y\ey_lky� �j_amevlZlhf�ij_\ur_gby�lhq�
ghklb�f_lh^Z�\hafms_gbc�b�ijb�[he__�ihke_^h\Zl_evghf�jZkkfhlj_gbb�g_�
\hagbdZ_l�� 
������LZdbf�h[jZahf�gZfb�^Zgh�gh\h_�j_r_gb_�aZ^Zqb�h�j_Zdpbb�baemq_gby�\�
bkdjb\e_gghf�ijhkljZgkl\_-\j_f_gb��k\h[h^gh_�hl�ljm^ghkl_c�[he__�jZg�
gbo� ih^oh^h\�� JZ[hlZ� ijh\h^beZkv� ijb� nbgZgkh\hc� ih^^_j`d_� JNNB�
�]jZgl���-04-16-49). 
 
 
 

H;�:KBFILHLBD?�KH;KL<?GGUO�AG:Q?GBC�FH>?EVGH=H 
=:FBEVLHGB:G:�<A:BFH>?CKL<MXSBO�;HAHGH< 

 
��������������������������������������������������:kibjZgl�=hebdh\�>�K� 
 

Fh^_evgu_�]ZfbevlhgbZgu�rbjhdh�ijbf_gyxlky�ijb�bamq_gbb�jZa�
ebqguo�nbabq_kdbo�aZ^Zq��Ih�wlhc�ijbqbg_�bo�bkke_^h\Zgb_�ij_^klZ\ey_l�
hkh[uc�bgl_j_k�–�j_r_gb_f�aZ^Zqb�h^gh]h�]ZfbevlhgbZgZ�j_rZ_lky�p_euc�
jy^�khhl\_lkl\mxsbo�nbabq_kdbo�fh^_e_c�� 
JZkkfhljbf� h[h[s_gb_� ]ZfbevlhgbZgZ�� bkke_^h\Zggh]h� \� klZlv_� >�@�� =Z�
fbevlhgbZg�hij_^_ebf�ke_^mxsbf�h[jZahf� 
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]^_�G  -�gZlmjZevgh_�qbkeh��qbkeh�mjh\g_c���T �b� J  –�ijhba\hevgu_�^_ckl�
\bl_evgu_�iZjZf_lju���� -�obfbq_kdbc�ihl_gpbZe��Hi_jZlhju�jh`^_gby�b 
mgbqlh`_gby�ih^qbgyxlky� klZg^Zjlguf� dhffmlZpbhgguf� khhlghr_gbyf�
klZlbklbdb�[ha_�� 
<hkihevam_fky� f_lh^hf�� \i_j\u_� ij_^eh`_gghf� \� >�@�� J_r_gb_� klZpbh�
gZjgh]h�mjZ\g_gby�Rj_^bg]_jZ 

 
[m^_f�bkdZlv�\�\b^_� >�@� Q_j_a� 8� h[hagZq_g� hi_jZlhj� XY-
ij_h[jZah\Zgby� ;h]hex[h\Z� 

 
MjZ\g_gb_�Rj_^bg]_jZ�\�lZdhf�kemqZ_�ijbf_l�\b^ 

 
Ij_h[jZah\Zgguc� ]ZfbevlhgbZg� aZ\bkbl� hl� hi_jZ�
lhjh\ 

 
 
Ijb� ∞→G �bf_xl�f_klh�Zkbfilhlbq_kdb_�dhffmlZpbhggu_�khhlghr_gby� 

 
 
Lh]^Z�]ZfbevlhgbZg�fh`gh�ij_^klZ\blv�\�\b^_ 

 
]^_�h.c��h[hagZqZ_l�wjfblh\h�khijy`zggh_�hl�klhys_]h�i_j_^�gbf�\ujZ`_�
gby�keZ]Z_fh_��IZjZf_lju�ij_h[jZah\Zgby�;h]hex[h\Z�\u[_j_f�lZdbf�h[�
jZahf��qlh[u�dhwnnbpb_gl�ijb� G �\� HÖ �h[jZsZeky�\�gmev��Djhf_�lh]h��
[m^_f�kqblZlv�bo�^_ckl\bl_evgufb��Lh]^Z�bf__l�f_klh�kbkl_fZ�mjZ\g_gbc 
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    (1) 
b� kh[kl\_ggu_� agZq_gby�mjZ\g_gby�Rj_^bg]_jZ�fh`gh�bkdZlv�ih� l_hjbb�
\hafms_gbc� 

 
Ke_^h\Zl_evgh�� ]eZ\gZy�ZkbfilhlbdZ�kh[kl\_gguo� agZq_gbc� ]ZfbevlhgbZ�
gZ�[m^_l 

 
 

MjZ\g_gby� ���� \f_kl_� k� mkeh\b_f� dZghgbqghklb��
h[jZamxl� ihegmx� kbkl_fm� ^ey� gZoh`^_gby�
dhwnnbpb_glh\�ij_h[jZah\Zgby� wvu ,, . 

J_r_gb_�mjZ\g_gby�Rj_^bg]_jZ�[m^_f�bkdZlv�\�\b^_ 

       (2) 
]^_�nmgdpby� ),( yxΦ �g_� aZ\bkbl�hl� G ��GZ�ih^ijhkljZgkl\_��h[jZah\Zgghf�
deZkkhf� \_dlhjh\� \b^Z� ����� \uihegy_lky� jZ\_gkl\h� CCBBN ÖÖÖÖÖ ++ += ��Hi_jZ�
lhj��hl\_qZxsbc�i_j\hc�wg_j]_lbq_kdhc�ihijZ\d_��fh`gh�ijb\_klb�d�\b^m 

 
]^_� / /T, K=K+ -�ba\_klgu_� �x��fZljbpu�� a=(B,C) -� klhe[_p�� _keb� klhbl�
kijZ\Z� hl�fZljbpu�� kljhdZ� -� _keb� ke_\Z��We_f_glu�fZljbp�b� \_ebqbgZ� h  
\ujZ`Zxlky�q_j_a�iZjZf_lju�]ZfbevlhgbZgZ�b�dhwnnbpb_glu�ij_h[jZah�
\Zgby�;h]hex[h\Z� 

I_j\mx�ihijZ\dm�gZc^zf�^ey�\_dlhjh\�\b^Z� 0|| 2/
1

++

=Φ Maae �]^_� M  

-�kbff_ljbqgZy��x��fZljbpZ��Hq_\b^gh��qlh 

 
Ke_^h\Zl_evgh�� 1|Φ m^h\e_l\hjy_l�mjZ\g_gbx�Rj_^bg]_jZ�k�lhqghklvx�^h�

qe_gh\�ihjy^dZ� )/1( GO �\�kemqZ_��dh]^Z�fZljbpZ�M �m^h\e_l\hjy_l�klZpbh�
gZjghfm�mjZ\g_gbx�JbdZllb 

 
 

Kh[kl\_ggh_�agZq_gb_��hl\_qZxs__�\_dlhjm� 1|Φ ��jZ\gh 
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J_r_gb_�klZpbhgZjgh]h�mjZ\g_gby�JbdZllb�fh`gh�ij_^klZ\blv�\�\b�
^_�ijhba\_^_gby� 1−FG �fZljbp�kh�klhe[pZfb 

 
]^_� 2,1=k  -� ghf_j� klhe[pZ�� )(

0
)(

0 , kk GF  -� ijhba\hevgu_� g_gme_\u_� klhe[pu��
Dhwnnbpb_glu� kβ m^h\e_l\hjyxl�mkeh\bx 

 
LZdbf� h[jZahf�� bkke_^h\Zg� ]ZfbevlhgbZg�� y\eyxsbcky� [hahgguf� ZgZeh�
]hf� ]ZfbevlhgbZgZ� k� q_lujzon_jfbhgguf� \aZbfh^_ckl\b_f�� Ihkljh_gh�
Zkbfilhlbq_kdh_� j_r_gb_� mjZ\g_gby� Rj_^bg]_jZ�� gZc^_gu� wg_j]_lbq_�
kdb_�mjh\gb��J_amevlZlu�kh\iZ^Zxl�k�\u\h^Zfb��ihemq_ggufb�ijbf_g_gb�
_f�\ZjbZpbhggh]h�ijbgpbiZ�;h]hex[h\Z�d�^Zgghc�aZ^Zq_� 
:\lhj�ijbagZl_e_g�<�I��FZkeh\m�b�H�X��R\_^h\m� aZ�ihe_agu_�h[km`^_�
gby� 

Ebl_jZlmjZ 
 

1. ;_eh\�<�<���FZkeh\�<�I���R\_^h\�H�X���FZl��aZf_ldb����������������K���� 
2. FZkeh\�<�I��Dhfie_dkguc�f_lh^�<D;�\�g_ebg_cguo�mjZ\g_gbyo��Fhkd�
\Z��GZmdZ������� 
3��FZkeh\�<�I���R\_^h\�H�X���>:G�����������������&����-457. 
 
 
 
 
P<?LH<HC�N?JJHF:=G?LBAF�SU(3)-D:EB;JH<HQGHC�FH>?EB�

IJB�DHG?QGHC�L?FI?J:LMJ? 
 

Ijhn_kkhj�@mdh\kdbc�<�Q., ZkibjZgl�LZjZkh\�H�<� 
 

Ijb�^hklZlhqgh�\ukhdbo�iehlghklyo�d\Zjdh\hc�fZl_jbb�\�d\Zglh\hc�
ojhfh^bgZfbd_��DO>��ij_^kdZau\Z_lky�\hafh`ghklv�\hagbdgh\_gby�y\e_�
gby� p\_lh\hc� k\_joijh\h^bfhklb� �kf��� gZijbf_j�� >�@��� ZgZeh]bqgh]h� ba�
\_klghfm�y\e_gbx�k\_joijh\h^bfhklb�\�we_dljh^bgZfbd_��<�h[hbo�kemqZ�
yo�g_h[oh^bfZy�ij_^ihkuedZ�^ey�wlh]h�y\e_gby�—�wnn_dlb\gh_�ijbly`_�
gb_� f_`^m� n_jfbhgZfb�� <� we_dljh^bgZfbd_� hgh� \hagbdZ_l� \ke_^kl\b_�
\aZbfh^_ckl\by� we_dljhgh\� k�iheh`bl_evgh� aZjy`_ggufb�y^jZfb� Zlhfh\�
j_r_ldb��<�DO>�ijbly`_gb_�f_`^m�d\ZjdZfb�\hagbdZ_l�\� l_hjbb�\hafm�
s_gbc�ijb�mq_l_�h[f_gZ�h^gbf� ]exhghf��Y\e_gb_�p\_lh\hc� k\_joijh\h�
^bfhklb�ij_^kdZau\Z_l�\hagbdgh\_gb_�^bd\Zjdh\h]h�dhg^_gkZlZ�b�wg_j]_�
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lbq_kdhc�s_eb�\�ki_dlj_�d\Zjdh\��Wdki_jbf_glZevgh]h�ih^l\_j`^_gby�gZ�
ebqby�k\_joijh\h^bfhklb�p\_lZ�ihdZ�g_�ihemq_gh�>�@� 

>jm]bf� \hafh`guf� g_i_jlmj[Zlb\guf� wnn_dlhf� \� DO>� y\ey_lky�
\hagbdgh\_gb_�]exhggh]h�dhg^_gkZlZ�b�k\yaZggh_�k�gbf�y\e_gb_�p\_lh\h]h�
n_jjhfZ]g_lbafZ� >�@��<�dZq_kl\_�ijhkl_cr_c�fh^_eb�lZdh]h�y\e_gby�jZk�
kfZljb\Zehkv�\hagbdgh\_gb_�ihklhyggh]h�Z[_e_\h]h�ojhfhfZ]gblgh]h�ih�
ey��khijh\h`^Zxs__ky�ihgb`_gb_f�wnn_dlb\gh]h�ihl_gpbZeZ�>�@��H^gZdh�
ihklhyggh_� ojhfhfZ]gblgh_� ihe_� \� g_h]jZgbq_gghf� ijhkljZgkl\_� g_klZ�
[bevgh�ba-aZ�gZebqby�lZobhgguo�fh^��khhl\_lkl\mxsbo�fgbfuf�agZq_gb�
yf�wg_j]bb�\�ki_dlj_�aZjy`_gguo�dhfihg_gl�]exhggh]h�ihey�>�@��AZf_lbf��
qlh�y\e_gby�p\_lh\hc�k\_joijh\h^bfhklb�b�p\_lh\h]h�n_jjhfZ]g_lbafZ�\�
DO>� k� ]jmiihc� 68���� y\eyxlky� \aZbfgh� bkdexqZxsbfb��F_`^m� gbfb�
\hafh`_g�nZah\uc�i_j_oh^� 

<� ^Zgghf� ^hdeZ^_� khh[sZ_lky� h� ijh\_^_gghf� gZfb� bkke_^h\Zgbb�
n_jfbhggh]h�k_dlhjZ�fh^_eb��\�dhlhjhc�ijhly`_gghklv�ojhfhfZ]gblgh]h�
ihey� h]jZgbq_gZ�� [eZ]h^Zjy� q_fm� hgh� klZgh\blky� mklhcqb\uf��<� jZfdZo�
wlhc� fh^_eb� jZkkqblZg� l_jfh^bgZfbq_kdbc� ihl_gpbZe� d\Zjdh\� \� n_jjh�
fZ]gblghf�ihe_��GZ�hkgh\_�_]h�kjZ\g_gby�k�wnn_dlb\guf�ihl_gpbZehf�^ey�
k\_joijh\h^ys_c� nZau� ijh\_^_gh� bkke_^h\Zgb_� nZah\h]h� i_j_oh^Z� ijb�
jZaebqguo�agZq_gbyo�l_fi_jZlmju�b�iehlghklb�d\Zjdh\hc�fZl_jbb��G_dh�
lhju_�ba�ihemq_gguo�j_amevlZlh\�m`_�him[ebdh\Zgu�\�>�@� 

Bkke_^h\Zgby�ihdZaZeb��qlh�k\_joijh\h^ysZy�nZaZ�y\ey_lky�wg_j]_�
lbq_kdb�[he__�\u]h^ghc�ijb�^hklZlhqgh�\ukhdbo� agZq_gbyo�obfbq_kdh]h�
ihl_gpbZeZ�d\Zjdh\��Ijb�^hklZlhqgh�gbadbo�iehlghklyo�d\Zjdb�h[t_^bgy�
xlky� \� Z^jhgu��Ijb� ijhf_`mlhqguo� agZq_gbyo� obfbq_kdh]h� ihl_gpbZeZ�
\hafh`gZ�n_jjhfZ]gblgZy�nZaZ��Ijb�gme_\hc�beb�^hklZlhqgh�gbadbo�l_f�
i_jZlmjZo�\hafh`gZ�g_ljb\bZevgZy� kljmdlmjZ�nZah\h]h�i_j_oh^Z�� k\yaZg�
gZy� k� g_fhghlhgghc� aZ\bkbfhklvx� \ub]jurZ� wg_j]bb�n_jfbhgh\� \� ojh�
fhfZ]gblghf�ihe_�hl�bo�iehlghklb��Ih�f_j_�jhklZ�obfbq_kdh]h�ihl_gpbZ�
eZ� kgZqZeZ�fh`_l� hdZaZlvky� [he__� \u]h^guf�n_jjhfZ]gblgh_� khklhygb_��
ihlhf�k\_joijh\h^ys__�� aZl_f�kgh\Z�n_jjhfZ]gblgh_��b�ebrv�ijb�^hklZ�
lhqgh�[hevrbo�obfbq_kdbo�ihl_gpbZeZo�n_jfbhgh\�k\_joijh\h^ys__�kh�
klhygb_�klZgh\blky�\k_]^Z�[he__�\u]h^guf� 

Ijb� ^hklZlhqgh� \ukhdbo� l_fi_jZlmjZo� kljmdlmjZ� nZa� mijhsZ_lky��
<ub]jur�n_jfbhgghc�wg_j]bb�i_j_klZ_l� aZ\bk_lv�hl�l_fi_jZlmju�b�klZ�
gh\blky�fhghlhgghc� ih� obfbq_kdhfm� ihl_gpbZem��Ijb�fZeuo� agZq_gbyo�
obfbq_kdh]h�ihl_gpbZeZ�klZgh\blky�[he__�\u]h^ghc�n_jjhfZ]gblgZy�nZaZ��
ijb�^hklZlhqgh�[hevrbo�—�k\_joijh\h^ysZy�nZaZ��ijb�wlhf�f_`^m�gbfb�
_klv�lhevdh�h^gZ�lhqdZ�nZah\h]h�i_j_oh^Z� 
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Ebl_jZlmjZ 
 
1. Rajagopal K., Wilczek F. // hep-ph/0011333v2. 
2. Savvidy G.K. // Phys. Lett. 1977, {\bf 71B}, P. 133. 
3. Nielsen N.K., Olesen P. // Nucl. Phys. B, V160, 1998, P.330. 
4. Iwazaki A., Morimatsu O. // nucl-th/0304005. 
5. Yakovlev D.G., Kaminker A.D., Haensel P., Gnedin O.Y. // 
Astron.\&Astrophys. L, V.24, 2002, p. 389. 
6. @mdh\kdbc�<��Q���LZjZkh\�H��<�� ���<_klgbd�F=M��K_jby����NbabdZ. :k�
ljhghfby������������k.57-60. 
 
 
 
F:L?F:LBQ?KDB? A:>:QB L?HJBB <HEGH<H>H<�IJB�G:EB�

QBB�<OH>YSBO�J?;?J 
 

GZmq��khlj��Fh]be_\kdbc�B�?� 
 

<_kvfZ� ZdlmZevghc� \� gZklhys__� \j_fy� y\ey_lky� aZ^ZqZ� h� jZkq_l_�
we_dljhfZ]gblgh]h�ihey�\�\hegh\_^msbo�kbkl_fZo�ijb�gZebqbb�j_[_j�gZ�
bo�]jZgbpZo��Ohjhrh�ba\_klgh��qlh�gZebqb_�m]eh\uo�lhq_d�\�k_q_gbb�\he�
gh\h^Z� ijb\h^bl� d� ihy\e_gbx� hkh[_gghkl_c� \� j_r_gbyo� djZ_\uo� aZ^Zq�
>���@�� Wlh� kms_kl\_ggh� hkeh`gy_l� ijbf_g_gb_� qbke_gguo� f_lh^h\� ^ey�
jZkq_lZ�ih^h[guo�kbkl_f� >�@��<�qZklghklb��\�jZ[hl_�<�:�BevbgZ� >�@�ihdZ�
aZgh��qlh�ijb�gZebqbb�j_[_j�m�\hegh\h^Z�\�j_r_gbb�^ey�fZ]gblgh]h�\_dlh�
jZ�=_jpZ�ihy\ey_lky�^h[Z\hqguc�qe_g��mqblu\Zxsbc�\ebygb_�m]eh\hc�eb�
gbb�b�bf_xsbc�eh]Zjbnfbq_kdmx�hkh[_gghklv�gZ�j_[j_� 

H^gbf�ba� kihkh[h\�ih\ur_gby� wnn_dlb\ghklb� qbke_gguo�f_lh^h\�
y\ey_lky�\u^_e_gb_�hkh[_gghkl_c�j_r_gby�\�y\ghf�\b^_��lh�_klv�ihkljh_�
gb_�Zkbfilhlbdb�we_dljhfZ]gblgh]h�ihey�\�hdj_klghklb�j_[jZ�\�\hegh\h�
^_��Ijb�wlhf�kms_kl\_ggh�bkihevamxlky�j_amevlZlu�ih�Zkbfilhlbd_�j_r_�
gby� weebilbq_kdbo� djZ_\uo� aZ^Zq�� ij_^klZ\e_ggu_� \� jZ[hl_�
<�:�Dhg^jZlv_\Z�>�@��Z�lZd`_�K�:�GZaZjh\Z�b�;�:�IeZf_g_\kdh]h�>�@� 

Imklv�we_dljhfZ]gblgh_�ihe_�bf__l�]Zjfhgbq_kdmx�aZ\bkbfhklv�hl�
\j_f_gb� \b^Z� tieω �� Z� \hegh\h^� ij_^klZ\ey_l� kh[hc� pbebg^j�

)},(,),{( +∞−∞∈Ω∈= zyxQ ��]jZgbpZ�h[eZklb� ∂Ω �kh^_j`bl�m]eh\mx�lhqdm�O�k�
m]ehf�ijhba\hevghc� \_ebqbgu��Ij_^iheZ]Z_lky�� qlh� \g_�g_dhlhjhc� hdj_�
klghklb�m]eh\hc�lhqdb�]jZgbpZ�h[eZklb� Ω∂ �]eZ^dZy��Z�\gmljb�g__�kh\iZ^Z�
_l�k�k_dlhjhf��KqblZ_lky��qlh�fZ]gblgZy�ijhgbpZ_fhklv�\gmljb�\hegh\h^Z�

1≡µ ��Z�^bwe_dljbq_kdZy�ijhgbpZ_fhklv�ε �\_s_kl\_ggZy��aZ\bkbl�lhevdh�hl�
ihi_j_qguo�dhhj^bgZl�b�bf__l�h]jZgbq_ggu_�i_j\u_�ijhba\h^gu_��FZl_�
fZlbq_kdZy�ihklZgh\dZ� aZ^Zqb�^ey�kh[kl\_gguo�\_dlhjh\�dhfihg_gl�ihey�
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� b� kh[kl\_gguo� agZq_gbc� 2β  ( β  —� ihklhyggZy� jZkijhkljZg_�
gby��ijb\_^_gZ�\�jZ[hl_� >�@��]^_�ihdZaZgh��qlh�wlZ�aZ^ZqZ�ihjh`^Z_l�h]jZ�
gbq_gguc�hi_jZlhj� WLT →Ω 3
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ey_fhf� ^hihegbl_evguf� mkeh\b_f� zEikrotH ε−=⊥ �� dhlhjh_� ihgbfZ_lky� \�
kfuke_� h[h[s_gguo� nmgdpbc�� Ijb� nbdkbjh\Zgghc� ijZ\hc� qZklb� f(x,y), 
m^h\e_l\hjyxs_c�mkeh\bx� zikfrotf −=⊥ �\�ijhkljZgkl\_�V�j_r_gb_�bkoh^ghc�
aZ^Zqb�kms_kl\m_l�b�_^bgkl\_ggh�� 

Bkihevam_lky�iheyjgZy�kbkl_fZ�dhhj^bgZl�k�p_gljhf�\�m]eh\hc�lhq�
d_��KgZqZeZ�bkoh^gZy�kbkl_fZ�jZkkfZljb\Z_lky�ijb�nbdkbjh\Zgghc�ijZ\hc�
qZklb�\�kemqZ_��dh]^Z�h[eZklv�Ω �ij_^klZ\ey_l�kh[hc�[_kdhg_qguc�k_dlhj�K 
m]eZ� 0ω ��>ey� bkke_^h\Zgby� kbkl_fu�� ke_^my� jZ[hlZf� >���@�� \\h^blky�ijh�
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Ijh\h^blky� aZf_gZ�i_j_f_gguo� r
1ln=τ ��dZ`^h_�mjZ\g_gb_�ihemqb\�

r_cky�kbkl_fu�^hfgh`Z_lky�gZ� τ2−e �b�^_eZ_lky�ij_h[jZah\Zgb_�Nmjv_�ih�
τ �� Ihemqb\rZyky� kbkl_fZ� h[udgh\_gguo� ^bnn_j_gpbZevguo� mjZ\g_gbc�
^himkdZ_l� y\gh_� ihkljh_gb_� j_r_gby��H[jZlgh_� ij_h[jZah\Zgb_� k� ihfh�
svx�l_hj_fu�h�\uq_lZo�hij_^_ey_l�Zkbfilhlbq_kdh_�ij_^klZ\e_gb_�j_r_�
gby�bkoh^ghc�kbkl_fu��ijbq_f�ihexku�ihkljh_gghc�\_dlhj-nmgdpbb�^Zxl�
\ujZ`_gb_�^ey�hkh[_gghklb�>�@� 
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LZdbf�h[jZahf��gZ�hkgh\_�ihemq_ggh]h�Zkbfilhlbq_kdh]h�ij_^klZ\�
e_gby�m^Z_lky�^hdZaZlv�koh^bfhklv�f_lh^Z�kf_rZgguo�dhg_qguo�we_f_g�
lh\� b� ihemqblv� hp_gdm� kdhjhklb� koh^bfhklb� ijb[eb`_ggh]h� j_r_gby� d�
lhqghfm�\�kemqZ_�\oh^ys_]h�m]eZ�g_�gb`_��q_f�^ey�m]eZ� πω << 00 . 

 
Ebl_jZlmjZ 

1. Bevbgkdbc�:�K���DjZ\ph\�<�<���K\_rgbdh\�:�=��FZl_fZlbq_kdb_�fh^_eb�
we_dljh^bgZfbdb��F�������� 
2. ;bjfZg�F�R���Khehfyd�F�A� 2L -l_hjby� hi_jZlhjZ�FZdk\_eeZ� \� ijhba�
\hevguo�h[eZklyo����Mki_ob�fZl��gZmd���������l�����\ui����k���-76. 
3. ;h]hex[h\� :�G��� >_ebpug� :�E��� Fh]be_\kdbc� B�?�� H� fZl_fZlbq_kdhf�
h[hkgh\Zgbb� \ZjbZpbhggh-jZaghklgh]h� ih^oh^Z� d� qbke_gghfm� fh^_ebjh�
\Zgbx�\hegh\_^msbo�kbkl_f� ���<_klg��F=M��K_j�����Nba���Zkljhg�����������
���K���� 
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4. Bevbg <�:�� AZ^Zqb� we_dljh^bgZfbdb� ^ey� g_b^_Zevgh� ijh\h^ysbo� l_e��
bf_xsbo�m]eh\u_�ebgbb�����>:G�KKKJ��������l����������k����-216. 
5. Dhg^SZlv_\�<�:��DjZ_\u_�aZ^Zqb�^ey�weebilbq_kdbo�mjZ\g_gbc�\�h[eZk�
lyo�k�dhgbq_kdbfb�beb�m]eh\ufb�lhqdZfb��Ljm^u�Fhkdh\kdh]h�FZl_fZlb�
q_kdh]h�H[s_kl\Z��l�����������k����-313. 
6. GZaZjh\�K�:���IeZf_g_\kdbc�;�:��Weebilbq_kdb_�aZ^Zqb�\�h[eZklyo�k�dm�
khqgh-]eZ^dhc�]jZgbp_c��F�������� 
7. >_ebpug�:�E��H�ijh[e_f_�ijbf_g_gby�f_lh^Z�dhg_qguo�we_f_glh\�d�aZ�
^Zq_�\uqbke_gby�fh^�^bwe_dljbq_kdbo�\hegh\h^h\�����@��\uqbke��fZl_f��b�
fZl_f��nba���������39�������K����-322. 
8. ;h]hex[h\�:�G���>_ebpug�:�E���Fh]be_\kdbc�B�?���K\_rgbdh\�:�=��Hkh�
[_gghklb�ghjfZevguo�\heg�g_h^ghjh^gh]h�\hegh\h^Z�k�\oh^ysbfb�j_[jZ�
fb����JZ^bhl_ogbdZ�b�we_dljhgbdZ��������L���������K����-794. 
 
 
 
QBKE?GGU?�BKKE?>H<:GBY�DHEE?DLHJ:�E:FIU�;?=MS?C�

<HEGU�K�J?DMI?J:PB?C�WG?J=BB�WE?DLJHGH< 
 

:kibjZgldZ�IZjn_gh\Z�:�K���kl��ij_ih^Z\Zl_ev�Ibdmgh\�<�F� 
 

<uiheg_gu� qbke_ggu_� bkke_^h\Zgby� ZdkbZevgh-kbff_ljbqgh]h�
lj_oklmi_gqZlh]h�j_dmi_jZlhjZ�we_dljhgh\�eZfiu�[_]ms_c�\hegu��E;<��k�
f_^gufb�we_dljh^Zfb��b�ijh\_^_gh�kjZ\g_gb_�j_amevlZlh\�k�wdki_jbf_g�
lZevgufb�^Zggufb��KZfhkh]eZkh\ZggZy�aZ^ZqZ�\aZbfh^_ckl\by�we_dljhgh\�
k� we_dljhfZ]gblgufb� iheyfb� dhee_dlhjghc� kbkl_fu� j_rZeZkv� f_lh^hf�
bl_jZpbc�ih�ijhkljZgkl\_gghfm�aZjy^m�\�klZpbhgZjghf�ijb[eb`_gbb�� 
LZ[ebpZ����Lhdb��\�Zfi_jZo��hk_^Zxsb_�gZ�we_dljh^u�dhee_dlhjghc�kbkl_�
fu� 
 

GZa\Zgb_�we_f_glZ ;_a�mq_lZ�<WW K��mq_lhf�
<WW 

Wdki_jbf_gl 

AZf_^eyxsZy� kbkl_fZ� b�
ij_^dhee_dlhj 

0.000 
0.547 0.56 

I_j\Zy�klmi_gv 0.510 0.466 0.34 
<lhjZy�klmi_gv 0.036 0.386 0.56 
Lj_lvy�klmi_gv 1.596 0.966 0.87 
HljZ`Zl_ev�we_dljhgh\ 0.000 0.000 0.00 
<k_�we_dljh^u 2.142 2.355 2.33 
DI>�j_dmi_jZpbb 57.6% 39.6% — 
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>ey� gZoh`^_gby� we_dljbq_kdbo� ihe_c�� kha^Z\Z_fuo� we_dljhgguf�
ihlhdhf�� gZ� dZ`^hc� bl_jZpbb� g_h[oh^bfh� j_rZlv� � djZ_\mx� aZ^Zqm� ^ey�
mjZ\g_gby�ImZkkhgZ��DjZ_\Zy�aZ^ZqZ�jZa[b\Z_lky�gZ�^\_��h^ghjh^gmx�aZ^Z�
qm�k�g_gme_\ufb� ]jZgbqgufb�mkeh\byfb�b�g_h^ghjh^gmx� aZ^Zqm�k�gme_�
\ufb�]jZgbqgufb�mkeh\byfb��Ihegh_�j_r_gb_�aZ^Zqb�ij_^klZ\bfh�\�\b^_�
kmffu� j_r_gbc� wlbo� ^\mo� aZ^Zq�� Ihey�� khhl\_lkl\mxsb_� h^ghjh^ghc�
djZ_\hc� aZ^Zq_�� hij_^_eyxlky� � gZ\_^_ggufb� aZjy^Zfb� gZ� ih\_joghklb�
we_dljh^h\� \� hlkmlkl\bb� we_dljhggh]h� imqdZ��H^ghjh^gZy� aZ^ZqZ� ^ey� aZ�
^Zgguo� ]_hf_ljbb� h[eZklb� b� iZjZf_ljh\� k_lhd� j_rZ_lky� h^bg� jZa� q_j_a�
l_hjbx�ihl_gpbZeZ��b�__�j_amevlZl�khojZgylky�\�iZfylb�dhfivxl_jZ��>Ze__�
gZ�dZ`^hc�ihke_^mxs_c�bl_jZpbb�j_amevlZl�jZkq_lZ�j_r_gby�h^ghjh^ghc�
aZ^Zqb�ijb[Z\ey_lky�d�j_r_gbx�g_h^ghjh^ghc� aZ^Zqb��KdZeyjguc�ihl_g�
pbZe� 98 ��khhl\_lkl\mxsbc� �g_h^ghjh^ghc�djZ_\hc�aZ^Zq_�gZoh^blky�qbk�

e_ggh� f_lh^hf� fZljbqghc� nmgdpbb� =jbgZ�
∧
* : 
99 *8 ρ⋅=

∧
�� ]^_�
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� 69669699

JJJJ*
∧

−
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⋅⋅−= [1]. � �Ijb� wlhf� \_dlhj�h[t_fghc�iehl�
ghklb� 
9ρ � ijhkljZgkl\_ggh]h� aZjy^Z�� h[mkeh\e_ggh]h� g_kdhfi_gkbjh\Zg�
guf� aZjy^hf� hljZ[hlZggh]h� we_dljhggh]h� ihlhdZ�� kqblZ_lky� ba\_klghc�
nmgdpb_c�dhhj^bgZl�b�hij_^_ey_lky�ba�j_r_gby�mjZ\g_gbc�^\b`_gby��>ey�

h^ghagZqgh]h� \hkklZgh\e_gby� fZljbpu�
�
�99

J
∧

kljhblky� \kihfh]Zl_evgZy�
fZljbqgZy� nmgdpby� kms_kl\_ggh� f_gvr_]h� jZaf_jZ�� <lhjZy� fZljbpZ�

�
�

�

�
��
�

��
696696

JJJ
∧
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⋅⋅ � ij_^klZ\ey_lky� \� \b^_� ijhba\_^_gby� ^\mo� ijyfhm]hev�

guo�fZljbp� �

�
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�

�� −
∧∧

⋅
6696

JJ �b� � �
�
�69

J
∧

�k�qbkehf�we_f_glh\�kms_kl\_ggh�f_gv�
rbf� bkoh^ghc�� Bkihevam_fu_� \kihfh]Zl_evgu_� fZljbpu� \uqbkeyxlky�
h^bg�jZa�b�iha\heyxl�kms_kl\_ggh�khdjZlblv�h[t_f�bkihevam_fhc�hi_jZ�
lb\ghc� iZfylb� b� ijhp_kkhjgh_� \j_fy� ijb� \hkklZgh\e_gbb� fZljbqghc�
nmgdpbb�=jbgZ�gZ�dZ`^hc�bl_jZpbb�ih� aZjy^m��K�p_evx�^Zevg_cr_]h�kh�
djZs_gby�\j_f_gb�jZkq_lZ�bkihevah\Zehkv�h[t_^bg_gb_�m^Ze_gguo�hl�lhq�
db� gZ[ex^_gby� aZjy^h\� \� deZkl_ju� b� ihdZaZgh�� qlh� ih]j_rghklv� lZdhc�
ijhp_^mju�bf__l�\lhjhc�ihjy^hd�fZehklb� 

Ijb�gZebqbb�\lhjbqghc�we_dljhgghc�wfbkkbb��<WW��Z[khj[pby�i_j�
\bqgh]h�we_dljhggh]h�k]mkldZ�gZ�we_dljh^u�ij_^klZ\ey_l�kh[hc�dZkdZ^guc�
ijhp_kk�hk_^Zgby�b�\u[b\Zgby�i_j\bqguo�b�\lhjbqguo�we_dljhgh\��<�jZ�
[hl_�[ue�j_Zebah\Zg�qbke_gguc�Ze]hjblf�jZkq_lZ�dhebq_kl\_gghc�fh^_eb�
<WW��<k_�\lhjbqgu_� we_dljhgu�^_ebebkv�gZ� ljb� ]eZ\gu_� wg_j]_lbq_kdb_�
]jmiiu��bklbggh�\lhjbqgu_��mijm]b_��g_mijm]b_��;he__� lhgdZy�kljmdlmjZ�
\lhjbqguo� we_dljhgh\�� k\yaZggZy� k�h`_� -� we_dljhgZfb�b�oZjZdl_jbklbq_�
kdbfb�ihl_jyfb��g_�mqblu\ZeZkv� \�^Zgghc�fh^_eb��AZ\bkbfhklb�dhwnnb�
pb_glh\�<WW�hl� �m]eh\�b�wg_j]bc�i_j\bqgh]h�imqdZ�[jZebkv�ba�him[ebdh�
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\Zgguo�wfibjbq_kdbo�khhlghr_gbc��ihemq_gguo�h[jZ[hldhc�wdki_jbf_g�
lZevguo� ^Zgguo� \� ^bZiZahg_� wg_j]bc� i_j\bqgh]h� imqdZ� hl� _^bgbp� we_d�
ljhg\hevl� ^h� ^_kyldh\� dbehwe_dljhg\hevl�� Ijb� qbke_gghf� ZgZeba_� kmf�
fZjgh_� dhebq_kl\h� iZ^Zxsbo� b� \lhjbqguo� djmiguo� qZklbp� khklZ\eyeh�
^hklZlhqgh�[hevrhc�ZgkZf[ev��kh^_j`Zsbc�ihjy^dZ�lukyq�qZklbp��Wlh�ih�
a\heyeh�bkihevah\Zlv�f_lh^�Fhgl_-DZjeh�^ey�hij_^_e_gby�wg_j]bb�b�m]eZ�
\ue_lZ�\lhjbqguo�djmiguo�qZklbp��>ey�mf_gvr_gby�qbkeZ�mqblu\Z_fuo�\�
jZkq_lZo�qZklbp�bkihevah\Zehkv�h[t_^bg_gb_�\lhjbqguo�qZklbp�\�fZdjh�
qZklbpu�ih�m]em�b� wg_j]byf�^ey�dZ`^h]h� we_f_glZ�ih\_joghklb�� Z� lZd`_�
\u[jZku\Zebkv�ba�jZkkfhlj_gby�djmigu_�qZklbpu�k�fZeuf� aZjy^hf��Ijb�
lZdhf�Ze]hjblf_�ihegh_�hk_^Zgb_�we_dljhggh]h�k]mkldZ�gZ�we_dljh^u�ijh�
bkoh^beh�aZ�dhg_qgh_�qbkeh�ihjy^dh\�<WW��kf��jbk��� 

 

Z�  

[�  

\�  
 

Jbk����We_dljhggu_�ljZ_dlhjbb��Z��–�i_j\bqguc�imqhd��[��–�i_j\uc�ihjy^hd�<WW� 
\��–�r_klhc�ihjy^hd�<WW 

 
JZajZ[hlZggu_� Ze]hjblfu� iha\hebeb� ijh\_klb� jZkq_l� gZ� IW<F�

we_dljbq_kdbo�ihe_c�b� ljZ_dlhjguc�ZgZeba�i_j\bqgh]h�b�\lhjbqgh]h�ih�
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lhdh\�^ey�dhee_dlhjghc�kbkl_fu�k�j_dmi_jZpb_c��khq_lZy�[ukljh^_ckl\b_�
b� g_h[oh^bfu_� jZaf_ju� ^bkdj_lbaZpbb� jZkkqblu\Z_fhc� h[eZklb�
( ������×≈ � jZa[b_gbc� ^\mf_jghc� k_ldb� \� h[eZklb� jZkijhkljZg_gby� we_d�
ljhggh]h�imqdZ�b� ���≈ �we_f_glh\�h^ghf_jghc�k_ldb�]jZgbpu�wlhc�h[eZk�
lb��� KjZ\g_gb_� j_amevlZlh\� qbke_ggh]h� bkke_^h\Zgby� lj_oklmi_gqZlh]h�
dhee_dlhjZ�k�j_dmi_jZpb_c�wg_j]bb�we_dljhgh\�^ey�E;<�k�^Zggufb�wdki_�
jbf_glZevguo�baf_j_gbc�>�@�ij_^klZ\e_gh�\�LZ[ebp_����J_amevlZlu�jZkq_�
lZ�[_a�<WW�dZq_kl\_ggh�hlebqZxlky�hl�wdki_jbf_glZevguo�baf_j_gbc��ih�
kdhevdm�hlkmlkl\m_l�lhd�gZ�ij_^dhee_dlhj�jZ\guc�������:��Mq_l�<WW�ijb�
\h^bl�d�m\_ebq_gbx�lhdhhk_^Zgby�gZ�i_j\u_�klmi_gb�dhee_dlhjZ��ihy\e_�
gbx�h[jZlgh]h�lhdZ�\�h[eZklv�\aZbfh^_ckl\by�E;<��b�kgb`_gbx�DI>�j_�
dmi_jZpbb��qlh�dZq_kl\_ggh�b�dhebq_kl\_ggh� khhl\_lkl\m_l�ijh\_^_gguf�
baf_j_gbyf�>�@�� 
 

Ebl_jZlmjZ 
[1] Fhehdh\kdbc�K�B���Kmrdh\� :�>��Bgl_gkb\gu_� we_dljhggu_� b� bhggu_�
imqdb��F���Wg_j]hZlhfba^Zl��������k�����.  
[2] ;_em]bg�<�F���<Zkbev_\�:�?���<_ljh\�<�<���JhaZgh\�G�?��IZjn_gh\Z�:�K���

Ibdmgh\�<�F��JZajZ[hldZ�b�l_klbjh\Zgb_�ijh]jZffu�jZkq_lZ�dhee_dlhjguo�
kbkl_f�k�mq_lhf�dZkdZ^Z�\lhjbqguo�we_dljhgh\�gZ�hkgh\_�wdki_jbf_glZev�
guo�^Zgguo�^ey�E;<��\�i_qZlb�� 
 
 
 

FH>?EBJH<:GB?�W<HEXPBB�DHGLJ:KLGUO�KLJMDLMJ 
<�:KLJHNBABQ?KDHC�B�=?HNBABQ?KDHC�IE:AF?� 

 
>hp_gl�Ihih\�<�X� 

 
 <�jZaebqguo�h[eZklyo�gZmdb��\�lhf�qbke_�\�fZl_fZlbq_kdhc�nbabd_��
nbabd_�ieZafu��Zkljhnbabd_��]_hnbabd_��[bhnbabd_�b�l�^��qZklh�\hagbdZ_l�
g_h[oh^bfhklv� bkke_^h\Zgby� g_ebg_cghc� w\hexpbb� nbabq_kdbo� ihe_c�
jZaebqghc�ijbjh^u�>�@-[13]. 
<� dZq_kl\_� nbabq_kdh]h� ihey� fh]ml� jZkkfZljb\Zlvky�� gZijbf_j�� dhgp_g�
ljZpby�\_s_kl\Z��\_ebqbgZ�gZijy`_gghklb�fZ]gblgh]h�ihey��iehlghklv�lh�
dZ��dhgp_gljZpby�aZjy`_gguo�qZklbp� 

<�ijhp_kk_�w\hexpbb�nbabq_kdbo�ihe_c�\�g_ebg_cghf�j_`bf_�qZklh�
\hagbdZxl� k\h_h[jZagu_� dhgnb]mjZpbb�� gZau\Z_fu_� dhgljZklgufb�

kljmdlmjZfb� �DK���\�dhlhjuo�h[rbjgu_�mqZkldb�f_^e_ggh]h�baf_g_gby�
ihey� jZa^_eyxlky� fZeufb� ih� h[t_fm� h[eZklyfb� [ukljh]h� baf_g_gby� k�
[hevrbf� ]jZ^b_glhf� ihey� – \gmlj_ggbfb i_j_oh^gufb� kehyfb� �<IK��
[1]-[3].  
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J_amevlZlu�gZ[ex^_gbc� aZ�jZaebqgufb�ijbjh^gufb�h[t_dlZfb�^_�
fhgkljbjmxl�\hafh`ghklv�kms_kl\h\Zgbb�g_klZpbhgZjguo�DK��dhlhju_�
fh]ml�dZd�ihkl_i_ggh�ijb[eb`Zlvky�d� klZpbhgZjguf�DK�� lZd�b�bkq_aZlv� 
h[jZamy�ieZ\gu_�jZkij_^_e_gby�ihey�>�@-[9]. 

LZdb_� kljmdlmju�� h[gZjm`_ggu_�� gZijbf_j�� ijb� Zkljhnbabq_kdbo�
gZ[ex^_gbyo� fZ]gblguo� ihe_c� \� kibjZevguo� ]ZeZdlbdZo� >�@�� >�@� b� ijb�
kimlgbdh\uo�bkke_^h\Zgbyo�\�fZ]gblhkn_jghc�ieZaf_� >��@->��@�bgl_gkb\�
gh� bamqZxlky� \� l_q_gb_� g_kdhevdbo� ihke_^gbo� ^_kylbe_lbc��Bamq_gb_� b�
fh^_ebjh\Zgb_� w\hexpbb�g_mklhcqb\uo�DK�b]jZ_l� \Z`gmx�jhev� \�ihgb�
fZgbb�f_oZgbafh\� ]_g_jZpbb��jZa\blby�b�jZajmr_gby� Zkljhnbabq_kdbo�b�
]_hnbabq_kdbo�fZ]gblguo�ihe_c�b�ij_^klZ\ey_l�kh[hc�ZdlmZevgmx�aZ^Zqm��
?s_�[he__�h[s_c�aZ^Zq_c��\hagbdZxs_c�\�jZaebqguo�h[eZklyo�gZmdb��y\�
ey_lky� aZ^ZqZ�fh^_ebjh\Zgby�ijhp_kkZ�g_ebg_cghc�^bnnmabb�\�Zdlb\guo�
kj_^Zo��ijb\h^ys_]h�d�\hagbdgh\_gbx�w\hexpbhgbjmxsbo�<IK��GZ�k_]h�
^gyrgbc�^_gv�aZdhgu�w\hexpbb�g_mklhcqb\uo�DK�b�<IK�ijZdlbq_kdb�g_�
bamq_gu� 
 DhgljZklgu_� kljmdlmju� ij_^klZ\eyxl� bgl_j_k� ^ey� [hevrh]h� qbkeZ�
mq_guo��Hkgh\guf� bgkljmf_glhf� bo� ZgZeblbq_kdh]h� bkke_^h\Zgby� y\ey�
xlky� Zkbfilhlbq_kdb_� f_lh^u� >�@->�@�� ijb� ihfhsb� dhlhjuo� ^hklZlhqgh�
ihegh�bamq_gu�jZaebqgu_�lbiu�klZpbhgZjguo�DK�b�jZajZ[hlZgu�f_lh^u�
ZgZebaZ�bo�mklhcqb\hklb��H^gZdh��ijbf_g_gb_�ZgZeblbq_kdbo�f_lh^h\�bk�
ke_^h\Zgby� klZedb\Z_lky� k� kms_kl\_ggufb� ljm^ghklyfb� ijb� m\_ebq_gbb�
jZaf_jghklb� aZ^Zqb�� mkeh`g_gbb� \b^Z� g_ebg_cghklb�� ijb� jZaebqguo� \u�
jh`^_gbyo�g_ebg_cguo�mjZ\g_gbc��Z�lZd`_�\�kemqZ_�g_klZpbhgZjguo� �g_�
mklhcqb\uo��DK��\hagbdZxsbo�ijb�j_r_gbb�jy^Z�ZdlmZevguo�nbabq_kdbo�
aZ^Zq�>�@��>��@-[13]. 
 GZjy^m� k� ZgZeblbq_kdbfb� f_lh^Zfb� ^ey� bkke_^h\Zgby� DK� g_h^gh�
djZlgh�ijbf_gyebkv�jZaebqgu_�qbke_ggu_�f_lh^u� >�@�� >��@��<\b^m�jZagh�
fZkrlZ[ghklb� DK� b� <IK� ijbf_g_gb_� qbke_gguo� f_lh^h\� lj_[m_l� eb[h�
[hevrh]h�h[t_fZ�\uqbkebl_evguo�j_kmjkh\��eb[h�jZajZ[hldb�ki_pbZevguo�
f_lh^h\��iha\heyxsbo�\u^_eblv�b�jZaj_rblv� k�gm`ghc� lhqghklvx�<IK��
LZd��gZijbf_j��jZajZ[hlZgu�Z^Zilb\gu_�Ze]hjblfu��hkgh\Zggu_�gZ�k]ms_�
gbb�k_ldb�\�h[eZklb�i_j_oh^gh]h�kehy��Hgb�wnn_dlb\gh�ijbf_gyxlky�^ey�
bamq_gby�h^ghf_jguo�DK��H^gZdh�ijbf_g_gb_�qbke_gguo�f_lh^h\�klZedb�
\Z_lky� k� kms_kl\_ggufb� ljm^ghklyfb� \� l_o� kemqZyo�� dh]^Z� i_j_oh^gu_�
kehb� bf_xl� keh`gmx� kljmdlmjm� �gZijbf_j�� \� ^\mf_jguo� aZ^ZqZo�� beb�b�
^\b`mlky��\�kemqZyo�g_klZpbhgZjguo�DK�� 

>ey�j_r_gby�wlbo�aZ^Zq�g_h[oh^bfh�jZajZ[Zlu\Zlv�ki_pbZevgu_�f_�
lh^u�� khq_lZxsb_� ZgZeblbq_kdb_� b� qbke_ggu_� ih^oh^u� b� iha\heyxsb_�
wnn_dlb\gh�bkke_^h\Zlv�g_ebg_cgmx�w\hexpbx�DK��<k_�wlh�b�hij_^_ey_l�
ZdlmZevghklv�^Zgghc�jZ[hlu� 
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<�gZklhys_c�jZ[hl_�g_�klZ\blky�p_ev�kha^Zlv�Z[kljZdlgu_�fZl_fZlb�
q_kdb_� l_hjbb�� Z� ij_^klZ\e_gu� jZajZ[hlZggu_� b� j_Zebah\Zggu_� \� \b^_�
dhfie_dkh\� ijh]jZff� wnn_dlb\gu_� qbke_ggh-ZgZeblbq_kdb_�f_lh^u�� ih�
a\heyxsb_�j_rZlv�rbjhdbc�deZkk�aZ^Zq��k\yaZgguo�k�g_ebg_cghc�w\hex�
pb_c� DK� jZaebqghc� ijbjh^u�� Z� lZd`_� ijh^_fhgkljbjh\Zgh� ijbf_g_gb_�
wlbo�f_lh^h\�^ey�j_r_gby�ZdlmZevguo�aZ^Zq�Zkljhnbabdb��fZl_fZlbq_kdhc�
nbabdb�b�]_hnbabdb�>�@-[13]. 
H^gbf�ba�\Z`guo�\hijhkh\�l_hjbb�]ZeZdlbq_kdbo�fZ]gblguo�ihe_c�y\ey�
_lky� ijhbkoh`^_gb_� [bkbff_ljbqguo� dhgljZklguo� kljmdlmj� �;KK�� fZ]�
gblgh]h� ihey�� gZ[ex^Z_fuo� \� g_dhlhjuo� kibjZevguo� ]ZeZdlbdZo� >�@�>�@��
;bkbff_ljbqgu_�fZ]gblgu_�ihey�\�kibjZevguo�]ZeZdlbdZo�^\Z`^u�f_gy�
xl�agZd�\^hev�ZabfmlZevgh]h�gZijZ\e_gby��ihwlhfm�hgb�ih^\_j`_gu�kbev�
ghfm� \ebygbx� ^bnn_j_gpbZevgh]h� \jZs_gby��Ijb� mkeh\bb� \fhjh`_ggh�
klb�fZ]gblgh]h�ihey�\�f_`a\_a^guc�]Za��\ebygb_�^bnn_j_gpbZevgh]h�\jZ�
s_gby�ijb\h^bl�[ukljhfm�mf_gvr_gbx�jZ^bZevgh]h�jZaf_jZ�lZdhc�kljmd�
lmju�b� __�jZajmr_gbx�\ke_^kl\b_�fhe_dmeyjghc�b� lmj[me_glghc�^bnnm�
abb��H^gZdh�j_amevlZlu�gZ[ex^_gbc�ihdZau\Zxl��qlh�\�jy^_� kibjZevguo�
]ZeZdlbd� kms_kl\mxl� ZghfZevgh� ^he]h`b\msb_� ;KK� fZ]gblgh]h� ihey��
\j_fy�`bagb�dhlhjuo�kjZ\gbfh�kh�\j_f_g_f�kms_kl\h\Zgby�kZfhc�]ZeZd�
lbdb� 
 Ihkljh_ggu_�jZg__�fh^_eb� >�@�g_� kfh]eb�\�iheghc�f_j_�h[tykgblv�
f_oZgbaf�wlh]h�y\e_gby��ihkdhevdm�ihemq_ggu_�\�gbo�\j_f_gZ�kms_kl\h�
\Zgby�;KK�hdZau\Zebkv�f_gvr_�\j_f_gb�`bagb�]ZeZdlbdb��Ihwlhfm��fh^_�
ebjh\Zgb_�w\hexpbb�;KK�fZ]gblgh]h�ihey�\�kibjZevguo�]ZeZdlbdZo�y\ey�
_lky�ZdlmZevghc�aZ^Zq_c�kh\j_f_gghc�Zkljhnbabdb� 
 W\hexpby�j_r_gbc�lbiZ�DK�ijb\e_dZ_l�[hevrh_�\gbfZgb_�\�l_hjbb�
g_ebg_cguo� ^bnn_j_gpbZevguo� mjZ\g_gbc� b� \� aZ^ZqZo� fZl_fZlbq_kdhc�
nbabdb��\dexqZxsbo�fZeuc�iZjZf_lj�ijb�klZjrbo�ijhba\h^guo�>�@->�@��D�
qbkem�gZb[he__�ZdlmZevguo�aZ^Zq��^ey�dhlhjuo�kms_kl\mxl�j_r_gby�lbiZ�
DK�� hlghkblky� djZ_\Zy� aZ^ZqZ� ^ey� mjZ\g_gby� ^bnnmabb�

( )tuxFuut ,,
&+∆=λρ �k�fZehc�\_ebqbghc�dhwnnbpb_glZ�^bnnmabb� λ  �b�k�

g_ebg_cghc�ijZ\hc�qZklvx� ( )tuxF ,,
&

��aZ\bkys_c�hl�u��dhhj^bgZl�b�\j_f_�
gb��Fh^_ebjh\Zgb_� w\hexpbb� lZdbo� h^ghf_jguo� b� ^\mf_jguo� kljmdlmj�
ij_^klZ\ey_l�gZ�k_]h^gyrgbc�^_gv�ZdlmZevgmx�aZ^Zqm�fZl_fZlbq_kdhc�nb�
abdb� 

H^gbf�ba�dexq_\uo�ijhp_kkh\�fZ]gblhkn_jghc�^bgZfbdb�kqblZ_lky�
\aju\ghc�ijhp_kk�jZajmr_gby�lhgdh]h�lhdh\h]h�kehy��LLK���h[jZamxs_]h�
ky�\�h[eZklb�[eb`g_]h�d�A_fe_�djZy�lhdh\h]h�kehy�fZ]gblhkn_ju�\�j_amev�
lZl_�\aZbfh^_ckl\by�ieZafu�kheg_qgh]h�\_ljZ�k�fZ]gblguf�ihe_f�A_feb�
[10]->��@��H^gZdh�^h�kbo�ihj�g_�kms_kl\m_l�_^bghc�lhqdb�aj_gby�gZ�lh��dZ�
dh\Z� lhgdZy� kljmdlmjZ�LLK��y\ey_lky�eb�ieZafZ�\� wlbo� kehyo�bahljhighc�
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beb� Zgbahljhighc�� Z� lZd`_�dZdh\�dhgdj_lguc�f_oZgbaf�bo�jZajmr_gby�\�
nZa_�gZdhie_gby� km[[mjb��Ihwlhfm�bamq_gb_�b�fh^_ebjh\Zgb_� w\hexpbb�
dhgljZklghc�kljmdlmju�–�LLK�\�fZ]gblhkn_jghc�ieZaf_��ij_^klZ\ey_l�Zd�
lmZevgmx�aZ^Zqm�]_hnbabdb� 
<�gZklhys__� \j_fy� kms_kl\mxl� jZaghh[jZagu_�fh^_eb� jZ\gh\_kguo� [_k�
klhedgh\bl_evguo� LLK�� dZd� ZgZeblbq_kdb_�� lZd� b� qbke_ggu_��Bo� fh`gh�
mkeh\gh� jZa^_eblv� gZ� ^\Z� [hevrbo� deZkkZ�� fh^_eb� bahljhiguo� b� Zgbah�
ljhiguo�keh_\��� 
 H^gh�ba�kh\j_f_gguo�gZijZ\e_gbc�bkke_^h\Zgbc�^bgZfbdb�LLK�hk�
gh\u\Z_lky�gZ�b^__�ihbkdZ�lZdbo�nbabq_kdbo�ijhp_kkh\��dhlhju_�[u�ih^�
]hlZ\eb\Zeb� kehc� d� jZa\Zem� beb� h[e_]qZeb� [u� jZa\blb_� jZaebqguo� g_mk�
lhcqb\hkl_c�� ;ueb� bkke_^h\Zgu�f_oZgbafu� mf_gvr_gby� wg_j]bb� k`Zlby�
we_dljhgghc�dhfihg_glu�ihkj_^kl\hf�i_j_^Zqb�bfimevkZ�hl�we_dljhgh\�d�
bhgZf�� ihkljh_gZ� fh^_ev� jZa\blby� dhf[bgbjh\Zgghc� g_mklhcqb\hklb� \�
LLK��H^gZdh�_^bghc�lhqdb�aj_gby�gZ�wlm�ijh[e_fm�g_l��b�iZjZ^hdk�we_d�
ljhgghc�k`bfZ_fhklb�^h�kbo�ihj�g_�j_r_g��H^gh�ba�gZijZ\e_gbc�bkke_^h�
\Zgbc� k_]h^gy� i_j_f_klbehkv� \� h[eZklv� bamq_gby� g_mklhcqb\hkl_c� LLK�
ih^� ^_ckl\b_f� [he__� djmighfZkrlZ[guo� \hafms_gbc� �ba]b[gZy�� [Zeehg�
gZy��dhf[bgbjh\ZggZy�g_mklhcqb\hklb�b�^jm]b_��H^gZdh�b�wlb�fh^_eb�g_�
^Zxl� h^ghagZqgh]h� hl\_lZ� gZ� \hijhk� h[� hkgh\ghf� f_oZgbaf_�� h[_ki_qb�
\Zxs_f� jZajmr_gb_� fZ]gblhkn_jgh]h� lhdh\h]h� kehy�� Bahljhigu_� kehb��
^ey�hibkZgby�dhlhjuo�kms_kl\mxl�^hklZlhqgh�ijhklu_�ZgZeblbq_kdb_�fh�
^_eb�� ih-ij_`g_fm� klhyl� \� p_glj_� \gbfZgby� bkke_^h\Zl_e_c�� \� lh� \j_fy�
dZd�\hijhku�mklhcqb\hklb�b�\j_f_gghc�^bgZfbdb�Zgbahljhiguo�lhdh\uo�
keh_\�–�]hjZa^h�f_g__�bkke_^h\ZggZy�h[eZklv� 
 :dlmZevghc� ijh[e_fhc� y\ey_lky� kha^Zgb_� l_hj_lbq_kdbo� b� qbke_g�
guo� fh^_e_c�� dhlhju_� [u� iha\hebeb� ihgylv� f_oZgbafu� nhjfbjh\Zgby�
jZks_ie_gguo� lhdh\uo� keh_\� �JLK�� b� bo� \gmlj_ggxx� kljmdlmjm�� Ih�
kdhevdm�\�LLK�fh`_l�gZdZieb\Zlvky�agZqbl_evgZy�wg_j]by��a���14-1015�>`���
jZkq_lu� j_`bfh\� bo� w\hexpbb� g_h[oh^bfu� ^ey� ihgbfZgby� ]eh[Zevghc�
^bgZfbdb�fZ]gblhkn_ju� 
 GZ�hkgh\Zgbb�[hevrh]h�dhebq_kl\Z�qbke_gguo�jZkq_lh\�k�bkihevah�
\Zgb_f�dbg_lbq_kdbo��]b[jb^guo�b�F=>�fh^_e_c�c�mq_lhf�wnn_dlZ�OheeZ�
[ueh� ihdZaZgh�� qlh� we_dljhgu� fh]ml� kha^Z\Zlv� agZqbl_evgu_� ehdZevgu_�
lhdb��hkh[_ggh�\�h[eZklyo�keZ[h]h�fZ]gblgh]h�ihey��JZg__�[ueZ�ij_^eh`_�
gZ�b^_y��h� lhf��qlh� we_dljhgguc� lhd�fh`_l�[ulv�ijbqbghc�oZjZdl_jgh]h 
^\m]hj[h]h� �beb�³jZks_ie_ggh]h´��ijhnbey�lhdZ��IhdZaZgh��qlh�lZdb_�lh�
dh\u_�kehb��LK��fh]ml�kms_kl\h\Zlv�\�a_fghc�fZ]gblhkn_j_�\h�\j_fy�km[�
[mjb��H^gZdh�f_oZgbaf�jZks_ie_gby�LLK�ihdZ�g_�\uykg_g��H^gh�ba�ij_^�
iheh`_gbc� khklhbl� \� lhf��qlh�jZks_ie_gb_� lhdZ�fh`_l�[ulv� ke_^kl\b_f�
oZhlbq_kdh]h�jZkk_ygby�qZklbp�gZ�nemdlmZpbyo�fZ]gblgh]h�ihey�\^Zeb�hl�
p_gljZ� kehy��;ue� jZkkfhlj_g� kp_gZjbc� jZks_ie_gby�� \� dhlhjhf�LLK�ih�
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kl_i_ggh� �jZajmrZ_lky�� ba-aZ� jZkk_b\Zgby� g_Z^bZ[Zlbq_kdbo� d\ZabaZo\Z�
q_gguo� bhgh\� �³klZj_gb_´� LLK���Fh^_ebjh\Zgb_� \ebygby� we_dljhgh\� gZ�
ijhp_kk� jZks_ie_gby�LLK� lZd`_� y\ey_lky� ZdlmZevghc� aZ^Zq_c� kh\j_f_g�
ghc�]_hnbabdb�� 

<�^Zgghc�jZ[hl_�ijh^_fhgkljbjh\ZgZ�wnn_dlb\ghklv�jZajZ[hlZgguo�
f_lh^h\�ijb�j_r_gbb�ke_^mxsbo�aZ^Zq� 
Bkke_^h\Zgb_� g_ebg_cguc� ijhp_kk� w\hexpbb� kZfhih^^_j`b\Zxs_]hky�
[bkbff_ljbqgh]h�fZ]gblgh]h�ihey�\�lmj[me_glghc�kj_^_�–�kibjZevghc�]Z�
eZdlbd_� \� jZfdZo� ^\mf_jghc� qbke_ggh-ZgZeblbq_kdhc� fh^_eb� ]ZeZdlbq_�
kdh]h�^bgZfh�\�ijb[eb`_gbb�lhgdh]h�^bkdZ�� 

Bkke_^h\Zgb_�ijb�ihfhsb�qbke_gguo� wdki_jbf_glh\�b� Zkbfilhlb�
q_kdbo�hp_ghd�ijhp_kk�w\hexpbb�^\mf_jguo�b�h^ghf_jguo�DK�–�j_r_gbc�
djZ_\hc� aZ^Zqb� ^ey� mjZ\g_gby� ^bnnmabb� ( )tuxFuut ,,

&+∆=λρ � k� fZehc�

\_ebqbghc� dhwnnbpb_glZ� ^bnnmabb� λ � b� k� g_ebg_cghc� ijZ\hc� qZklvx�
( )tuxF ,,
&

. 
Bamq_gb_�\ebygby�aZo\Zq_gghc�ieZafu�\�ijhp_kk_�w\hexpbb�LLK�\�

fZ]gblhkn_j_�A_feb� \�jZfdZo�h^ghf_jghc� kZfhkh]eZkh\Zgghc�qbke_gghc�
fh^_eb�LLK� 

Bamq_gb_� w\hexpbb� kZfhkh]eZkh\Zggh]h� Zgbahljhigh]h�LLK� k� jZk�
s_ie_gghc��beb��[bnmjpbjh\Zgghc���kljmdlmjhc�ijb�ihfhsb�qbke_ggh]h�
fh^_ebjh\Zgby� 

Bkke_^h\Zgb_�\ebygby�we_dljhgh\�\�kZfhkh]eZkh\Zgghc�h^ghf_jghc�
qbke_ggh-ZgZeblbq_kdhc�fh^_eb�LLK�b�hij_^_e_gb_�bo�jheb�\�kemqZ_�bah�
ljhigh]h� ^Z\e_gby� we_dljhgghc� dhfihg_glu� ijb� jZaebqguo� iZjZf_ljZo�
kehy� 

Gh\bagZ� ij_^klZ\e_gguo� \� jZ[hl_� f_lh^h\� aZdexqZ_lky� \� ke_^mx�
s_f� 
Kha^Zg�b�qbke_ggh�j_Zebah\Zg�gh\uc�Ze]hjblf�^\mf_jgh]h�fh^_ebjh\Zgby�
w\hexpbb�DK�\�g_ebg_cghc�Zdlb\ghc�kj_^_�k�i_j_ghkhf��^bnnmab_c�b�]_�
g_jZpb_c�k�h]jZgbq_gb_f� 
  Ijb�ihfhsb�Zkbfilhlbq_kdbo�hp_ghd�b�^\mf_jgh]h�qbke_ggh]h�fh�
^_ebjh\Zgby�\i_j\u_�gZc^_gu�j_r_gby�mjZ\g_gby�^bgZfh�kj_^gbo�ihe_c��
ijb�dhlhjuo�h[eZklv�bg\_jkbb�fZ]gblgh]h�ihey�\^hev�ZabfmlZevgh]h�gZ�
ijZ\e_gby� ^j_cnm_l� kbgojhggh� k� i_j_f_s_gb_f� ]ZeZdlbq_kdbo� jmdZ\h\��
LZdZy� [bkbff_ljbqgZy� dhgnb]mjZpby� fZ]gblgh]h� ihey� \jZsZ_lky� dZd�
l\_j^h_� l_eh� k�m]eh\hc� kdhjhklvx�� kh\iZ^Zxs_c� kh� kdhjhklvx� \jZs_gby�
kibjZevguo�jmdZ\h\��Ijb�hij_^_e_gguo�mkeh\byo�wlh�ijb\h^bl�d�aZf_^e_�
gbx�jZajmr_gby�;KK��\ua\Zggh]h� �^bnn_j_gpbZevguf�\jZs_gb_f�b�lmj�
[me_glghc�^bnnmab_c��<i_j\u_�ihdZaZgh��qlh�\j_fy�`bagb� lZdh]h� aZo\Z�
q_ggh]h� [bkbff_ljbqgh]h� fZ]gblgh]h� ihey� fh`_l� jZ\gylvky� ��-��� =b]Z�
e_l� \� h[eZklb� jZaf_jhf� g_kdhevdh� dbehiZjk_d� \� hdj_klghklb� dhjhlZpbb��
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qlh�kh\iZ^Z_l�k�j_amevlZlZfb�gZ[ex^_gbc��ihdZau\Zxsbfb�gZebqb_�Zgh�
fZevgh� ^he]h`b\ms_]h� [bkbff_ljbqgh]h� ihey� \� jy^_� ]ZeZdlbd� �F����
F���� 

Ihemq_gu�ZgZeblbq_kdb_�hp_gdb�kdhjhklb�^j_cnZ�bah]gmlhc�]jZgb�
pu�b�\j_f_gb�`bagb�^\mf_jghc�DK�ijhba\hevghc�nhjfu��Z�lZd`_�kdhjh�
klb� ^j_cnZ� <IK� aZ^Zgghc� nhjfu�� ihemq_gu� ijb[eb`_ggu_� nhjfmeu��
hibku\Zxsb_�w\hexpbx�DK�djm]h\hc��weebilbq_kdhc�b�g_dhlhjuo�^jm]bo�
fh^_evguo�nhjf� 

<�qbke_gguo�wdki_jbf_glZo��ijh\_^_gguo�ijb�ihfhsb�jZajZ[hlZg�
guo� Ze]hjblfh\� bamq_g� ijhp_kk� w\hexpbb� ^\mf_jguo� DK�� y\eyxsboky�
j_r_gb_f�^\mf_jgh]h�g_klZpbhgZjgh]h�g_ebg_cgh]h�mjZ\g_gby�^bnnmabb�
b�ih^l\_j`^_gu�ihemq_ggu_�jZg__�ZgZeblbq_kdb_�hp_gdb� 

Ihemq_gu� ZgZeblbq_kdb_� hp_gdb� kdhjhklb� ^j_cnZ�<IK� b� \j_f_gb�
`bagb�h^ghf_jghc�g_klZpbhgZjghc�DK�k� aZ^Zgghc�gZqZevghc�dhgnb]mjZ�
pb_c� 

<� jZfdZo� h^ghf_jghc� qbke_gghc� fh^_eb� bamq_g� ^j_cn� <IK�� h[m�
keh\e_gguc�jZaebqb_f�jZaf_jh\�iheh`bl_evguo�b�hljbpZl_evguo�h[eZk�
l_c�j_r_gby�h^ghf_jgh]h�g_ebg_cgh]h�mjZ\g_gby�^bnnmabb�k�]_g_jZpb_c�
b�gZkus_gb_f�b�ihdZaZgZ�kijZ\_^eb\hklv�ZgZeblbq_kdbo�hp_ghd� 

<� jZfdZo� h^ghf_jghc� qbke_gghc� fh^_eb� bkke_^h\Zg� ^j_cn� <IK��
h[mkeh\e_gguc�gZebqb_f�]jZ^b_glZ�beb�kdZqdZ�ihjh]h\h]h�mjh\gy��IhdZ�
aZgh��qlh�ijb�hij_^_e_gguo�mkeh\byo�<IK�fh`_l�[ulv�aZo\Zq_g�^\b`_gb�
_f�h[eZklb�k�[he__�[eZ]hijbylgufb�mkeh\byfb�]_g_jZpbb�� 

Ihemq_gZ�ZgZeblbq_kdZy�hp_gdZ�^ey�fZdkbfZevghc�kdhjhklb�i_j_gh�
kZ�� ^ey� dhlhjhc� _s_� \hafh`_g� aZo\Zl� DK�� ih^l\_j`^_ggZy� qbke_ggufb�
wdki_jbf_glZfb�� Bkke_^h\Zgu� ijhp_kk� aZo\ZlZ� b� ijhp_kk� ijhoh`^_gby�
<IK�q_j_a�g_h^ghjh^gmx�h[eZklv�ijb�gZjmr_gbb�mkeh\bc�aZo\ZlZ� 

Kha^Zg�wnn_dlb\guc�qbke_gguc�Ze]hjblf�bkke_^h\Zgby�LLK�\�jZf�
dZo� h^ghf_jghc� kZfhkh]eZkh\Zgghc�fh^_eb��<� qbke_gguo� wdki_jbf_glZo�
bkke_^h\Zgu� kZfhkh]eZkh\Zggu_� j_r_gby� k� mq_lhf� aZo\Zq_gghc� \� keh_�
ieZafu�� <i_j\u_� \� qbke_gghf� wdki_jbf_gl_� ihdZaZgh�� qlh� \hafh`ghc�
ijbqbghc�jZajmr_gby�LLK�ijb�^hklZlhqgh�[hevrhc�iehlghklb�d\ZabaZo�
\Zq_gghc�ieZafu�fh`_l� [ulv�i_j_jZkij_^_e_gb_� h[s_]h� lhdZ��ijb� dhlh�
jhf�ehdZevguc�lhd�aZo\Zq_gguo�qZklbp�iheghklvx�beb�qZklbqgh�dhfi_g�
kbjm_l�hkgh\ghc�lhd�\�p_glj_�b�gZ�djZyo�kehy��\�lh�\j_fy�dZd�iheguc�lhd��
kha^Z\Z_fuc�bhgZfb�gZ�aZo\Zq_gguo�ljZ_dlhjbyo�jZ\_g�gmex� 

Ihkljh_gZ�b�qbke_ggh�j_Zebah\ZgZ�fh^_ev�h^ghf_jgh]h� kZfhkh]eZ�
kh\Zggh]h� Zgbahljhigh]h� LLK�� hibku\ZxsZy� kehc� k� jZks_ie_gghc� �beb�
�[bnmjpbjh\Zgghc���kljmdlmjhc��hkgh\ZggZy�gZ�qbke_gghf�j_r_gbb�g_eb�
g_cgh]h� mjZ\g_gby� ^bnnmabb� ^ey�nmgdpbb� jZkij_^_e_gby��<� qbke_gguo�
wdki_jbf_glZo�\i_j\u_�bkke_^h\ZgZ�f_^e_ggZy�w\hexpby�kbkl_fu�\�ijh�
p_kk_�^bnnmabb�nmgdpbb�jZkij_^_e_gby��J_amevlZlu�qbke_gguo�jZkq_lh\�
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ih^l\_j`^Zxlky� wdki_jbf_glZevgufb� gZ[ex^_gbyfb� jZks_ie_gguo� lh�
dh\uo�keh_\�gZ�BKA�&OXVWHU�b�*HRWDLO�\�o\hkl_�fZ]gblhkn_ju�A_feb��Ihem�
q_ggu_�j_amevlZlu�mdZau\Zxl��qlh�\hafh`guc�f_oZgbaf�jZajmr_gby�LLK�
g_�h[yaZl_evgh�k\yaZg�k�jZa\blb_f�ieZaf_gguo�g_mklhcqb\hkl_c��Z�fh`_l�
ghkblv�w\hexpbhgguc�oZjZdl_j�� 

Ihkljh_gZ� b� qbke_ggh� j_Zebah\ZgZ� gh\Zy� kZfhkh]eZkh\ZggZy� h^gh�
f_jgZy� fh^_ev� LLK� k� mq_lhf� \ebygby� we_dljhgh\� b� we_dljhklZlbq_kdbo�
ihe_c��ih^^_j`b\Zxsbo�d\Zabg_cljZevghklv�ieZafu��\�ij_^iheh`_gbb�h�
lhf�� qlh� we_dljhgu� \^hev� kbeh\uo� ebgbc� ^\b`mlky� ^hklZlhqgh� [ukljh��
qlh[u� ih^^_j`b\Zlv� d\ZabjZ\gh\_kgh_� jZkij_^_e_gb_�;hevpfZgZ��<� qbk�
e_gguo�wdki_jbf_glZo�\i_j\u_�ihdZaZgh��qlh�we_dljhklZlbq_kdb_�wnn_dlu�
fh]ml� ijb\h^blv� d� jZks_ie_gbx� lhdh\uo� keh_\�� Bamq_gZ� aZ\bkbfhklv�
we_dljhklZlbq_kdbo� wnn_dlh\� hl� we_dljhgghc� l_fi_jZlmju� b� djb\bagu�
fZ]gblguo�kbeh\uo�ebgbc� 

<�ijhp_kk_�bkke_^h\Zgbc�[ueb�ihemq_gu�ke_^mxsb_�j_amevlZlu� 
  Ihemq_gu�qbke_ggu_�j_r_gby�^\mf_jgh]h�mjZ\g_gby�^bgZfh� kj_^�
gbo�ihe_c��khhl\_lkl\mxsb_�^he]h`b\msbf�[bkbff_ljbqguf�kljmdlmjZf�
fZ]gblgh]h�ihey�\�kibjZevguo�]ZeZdlbdZo� 

GZc^_gu� h[sb_� aZdhghf_jghklb� w\hexpbb� ^\mf_jguo� DK�� y\eyx�
sboky�j_r_gb_f�g_klZpbhgZjgh]h�g_ebg_cgh]h�mjZ\g_gby�^bnnmabb�k�]_�
g_jZpb_c�b�gZkus_gb_f� 

Ihemq_gu� ZgZeblbq_kdb_� hp_gdb� kdhjhklb� ^j_cnZ�<IK� b� \j_f_gb�
`bagb�h^ghf_jghc�g_klZpbhgZjghc�DK�k� aZ^Zgghc�gZqZevghc�dhgnb]mjZ�
pb_c��Wlb� hp_gdb� ih^l\_j`^_gu� qbke_ggufb� wdki_jbf_glZfb��<� jZfdZo�
h^ghf_jghc�qbke_gghc�fh^_eb�bamq_g�^j_cn�<IK��h[mkeh\e_gguc�jZaeb�
qb_f�jZaf_jh\�iheh`bl_evguo�b�hljbpZl_evguo�h[eZkl_c�j_r_gby�h^gh�
f_jgh]h�g_ebg_cgh]h�mjZ\g_gby�^bnnmabb�k�]_g_jZpb_c�b�gZkus_gb_f� 

Ihemq_gu�hp_gdb�iZjZf_ljh\��ijb�dhlhjuo�ijhbkoh^bl�lhjfh`_gb_�
b� aZo\Zl� gZ� g_h^ghjh^ghklyo� ihjh]h\hc�nmgdpbb�<IK� h^ghf_jghc�DK– 
j_r_gby�g_klZpbhgZjgh]h�g_ebg_cgh]h�mjZ\g_gby�^bnnmabb�k�i_j_ghkhf��
]_g_jZpb_c�b�h]jZgbq_gb_f��Wlb�hp_gdb�lZd`_�ih^l\_j`^_gu�qbke_gguf�
wdki_jbf_glhf� 

<i_j\u_�\�qbke_gghf�wdki_jbf_gl_�ihdZaZgh��qlh�jZajmr_gb_�h^gh�
f_jgh]h�kZfhkh]eZkh\Zggh]h�LLK�fh`_l�ijhbkoh^blv�\�j_amevlZl_�gZdhi�
e_gby�\�keh_�d\ZabaZo\Zq_gghc�ieZafu�b�fh`_l�ghkblv�w\hexpbhgguo�oZ�
jZdl_j�aZ�kq_l�ijhp_kkZ�^bnnmabb�nmgdpbb�jZkij_^_e_gby� 

Ijb�ihfhsb�qbke_ggh]h�fh^_ebjh\Zgby�ihdZaZgZ�jhev�we_dljhgh\�b�
we_dljhklZlbq_kdbo� ihe_c� \� w\hexpbb� bahljhigh]h� kZfhkh]eZkh\Zggh]h�
LLK� 
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F:L?F:LBQ?KDB?�<HIJHKU�>BG:FH-WDKI?JBF?GL: 
<�I?JFB 

 
Ijhn_kkhj�Khdheh\�>�>���ijhn_kkhj�Njbd�I�=� 

 
JZkkfZljb\Zxlky� kh\j_f_ggh_� khklhygb_�b�i_jki_dlb\u�eZ[hjZlhj�

gh]h� ^bgZfh-wdki_jbf_glZ�� Hkh[h_� \gbfZgb_� m^_e_gh� ^bgZfh-
wdki_jbf_glm��ih^]hlZ\eb\Z_fhfm�gZ�[Za_�BgklblmlZ�f_oZgbdb�kiehrguo�
kj_^�MjH�J:G�\�I_jfb�� 

>h�g_^Z\g_]h�\j_f_gb�\hijhk�h[�wdki_jbf_glZevghc�ijh\_jd_�kZfhc�
\hafh`ghklb�]_g_jZpbb�fZ]gblgh]h�ihey�l_q_gbyfb�ijh\h^ys_c�`b^dhklb�
jZkkfZljb\Zeky�dZd�ljm^guc�\uah\�^ey�wdki_jbf_glZevghc�nbabdb��Ljm^�
ghklv� ^bgZfh-wdki_jbf_glh\� khklhbl� \� ke_^mxs_f��L_q_gb_�ijh\h^ys_c�
`b^dhklb�fh`_l�ijb\h^blv�d�kZfh\ha[m`^_gbx�fZ]gblgh]h�ihey��_keb�bg�
^mdpbhgguc�wnn_dl�ij_h[eZ^Z_l�gZ^�h[uqghc�hfbq_kdhc�^bkkbiZpb_c�lh�
dZ�b��khhl\_lkl\_ggh��fZ]gblgh]h�ihey��Khhlghr_gb_�wlbo�^\mo�ijhp_kkh\�
oZjZdl_jbam_lky� g_dhlhjuf� [_ajZaf_jguf� qbkehf�� dhlhjh_� gZau\Z_lky�
fZ]gblguf�qbkehf�J_cghev^kZ��KZfh_�gbadh_�5P ����^hklZlhqgh_�^ey�kZ�
fh\ha[m`^_gby�fZ]gblgh]h�ihey�\�dhgdj_lghf�l_q_gbb��^hklb]Z_lky�\�l�g��
^bgZfh�IhghfZj_gdh��\hagbdZxs_f�\�aZdjmq_gghc��\bglh\hc��kljm_�\�[_k�
dhg_qghc�ijh\h^ys_c�kj_^_��;hevrb_�agZq_gby�5P�\�g_[_kguo�l_eZo�^hk�
lb]Zxlky�ij_`^_�\k_]h�aZ�kq_l�[hevrbo�jZaf_jh\��Z�lZd`_�aZ�kq_l�[hevrbo�
kdhjhkl_c��GZ[hj�`b^dbo�ijh\h^ysbo�kj_^��gZoh^ysboky�\�jZkihjy`_gbb�
wdki_jbf_glZlhjZ�� hq_gv� h]jZgbq_g�� ?keb� g_� ]h\hjblv� h� eZ[hjZlhjghc�
ieZaf_��Z�wdki_jbf_glu�k�g_c�hq_gv�ki_pbnbqgu�b�\u^_eblv�\�gbo�wnn_dl�
^bgZfh�\�qbklhf�\b^_�hq_gv�g_ijhklh���lh�j_qv�b^_l�h[�we_dljheblZo�b�f_�
lZeeZo��ieZ\ysboky�ijb�g_\ukhdbo�l_fi_jZlmjZo��j_Zevgh��wlh�jlmlv��]Ze�
ebc�b�gZljbc��� �<� kh\j_f_gguo�eZ[hjZlhjbyo�\� wdki_jbf_glZo� k�`b^dbf�
]Zeeb_f� m^Z_lky� m\_j_ggh� ^hklb]Zlv� agZq_gbc� 5P� !� ��� ^hklZlhqguo� ^ey�
bamq_gby� hl^_evguo� q_jl� f_oZgbafZ� ^bgZfh��Bf_xsb_ky� b� ih^]hlZ\eb�
\Z_fu_�wdki_jbf_glu�k�`b^dbf�gZljb_f�hjb_glbjmxlky�gZ��5P��ihjy^dZ�
^_kyldh\�b�hjb_glbjh\Zgu�gZ�^hklb`_gb_�ihjh]Z�kZfh\ha[m`^_gby�� 

B^_y�ijh_dlZ�^bgZfh-wdki_jbf_glZ�\�I_jfb��dhlhjZy�hlebqZ_l�_]h�hl�
^jm]bo� ^bgZfh-ijh_dlh\�� khklhbl� \� ke_^mxs_f��G_h[oh^bfZy� ^ey� ^hklb�
`_gby� agZqbl_evgh]h� bg^mdpbhggh]h� wnn_dlZ� kdhjhklv� l_q_gby�`b^dh]h�
f_lZeeZ� \� [hevrbgkl\_� ^bgZfh-wdki_jbf_glh\� ^hklb]Z_lky� k� ihfhsvx�
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jZaghh[jZaguo� gZkhkh\�� f_rZehd� b� ^jm]bo� ihklhyggh� ^_ckl\mxsbo� mkl�
jhckl\�� ihlj_[eyxsbo� agZqbl_evgmx� fhsghklv�� <� I_jfkdhf� ^bgZfh-
wdki_jbf_gl_�ij_^eZ]Z_lky�kha^Zlv�\ukhdhkdhjhklgh_�l_q_gb_�ebrv�gZ�dh�
jhldh_� \j_fy�� dhlhjh_� ij_\hkoh^bl� h`b^Z_fh_� oZjZdl_jgh_� \j_fy� jhklZ�
fZ]gblgh]h�ihey� lhevdh� \�g_kdhevdh�jZa��>ey� lZdh]h�bfimevkgh]h� wdki_�
jbf_glZ� wg_j]bx� fh`gh� aZiZkZlv� \� l_q_gb_� ^he]h]h� \j_f_gb�� ihevamykv�
kjZ\gbl_evgh�fZehfhsguf� ^\b]Zl_e_f��Dhgdj_lgh�� ij_^eZ]Z_lky� jZkdjm�
lblv�lhjhb^Zevgmx�_fdhklv�k�`b^dbf�f_lZeehf�^h�\ukhdbo�kdhjhkl_c��m]�
eh\Zy�kdhjhklv�^he`gZ�^hklb]Zlv����h[hjhlh\�\�k_dmg^m��b�aZlhjfhablv�\�
l_q_gb_�^_kylhc�^heb�k_dmg^u��Hp_gdb�ihdZau\Zxl��qlh�ijb�wlhf�fh`gh�
gZ^_ylvky� gZ� \ha[m`^_gb_� l_q_gby� k� fZ]gblgufb� qbkeZfb� J_cghev^kZ��
^hklb]Zxsbfb�g_kdhevdbo�^_kyldh\��b�kms_kl\mxs_]h�^hklZlhqgh�^he]h_�
\j_fy�^ey�j_ZebaZpbb� y\e_gby�^bgZfh��<�gZklhys__� \j_fy� \�I_jfb�ihe�
guf�oh^hf�b^_l�fhglZ`�mklZgh\db�^ey�ijh\_^_gby�wdki_jbf_glh\�k�`b^�
dbf�gZljb_f� 

Ih^]hlh\dZ�b�ijh\_^_gb_�g_klZpbhgZjgh]h�g_klZpbhgZjgh]h�^bgZfh-
wdki_jbf_glZ� lj_[mxl� j_r_gby� jZaghh[jZaguo�b� keh`guo� aZ^Zq�fZl_fZ�
lbq_kdhc�nbabdb��dhlhju_�jZkkfZljb\Zxlky�\�^hdeZ^_� 
 
 
 

WE?DLJHF:=GBLG:Y�<HEG:�K�DJM=H<HC�IHEYJBA:PB?C� 
<�KBKL?F:O�FGH=BO�Q:KLBP� 

K�KH;KL<?GGUF�F:=GBLGUF�FHF?GLHF 
 

Ijhn_kkhj�Dmavf_gdh\ E�K���ZkibjZgl�OZjZ[Z^a_ >�W� 
 

<� jZ[hl_� >�@� [ueb� ihemq_gu� mjZ\g_gby� d\Zglh\hc� ]b^jh^bgZfbdb�
^ey� kbkl_f�fgh]bo� qZklbp�� \aZbfh^_ckl\b_�f_`^m� dhlhjufb�fh`gh� kqb�
lZlv� dmehgh\kdbf��<�jZ[hlZo� >�����@� wlb�mjZ\g_gby�[ueb�jZkijhkljZg_gu�
gZ� kemqZc� kbkl_f� fgh]bo� qZklbp�� h[eZ^Zxsbo� kh[kl\_gguf� fZ]gblguf�
fhf_glhf��J_r_gby�wlbo�mjZ\g_gbc�\�ebg_cghf�ijb[eb`_gbb�[ueb�ihem�
q_gu� \� jZ[hlZo� >���@��Fu� klZ\bf� k\h_c� p_evx� ihemqblv� lhqgh_� j_r_gb_�
mjZ\g_gbc� d\Zglh\hc� ]b^jh^bgZfbdb� ^ey� g_ebg_cguo� \heg�� jZkijhkljZ�
gyxsboky�\^hev�fZ]gblgh]h�ihey��>ey�kbkl_f�qZklbp�[_a�kibgZ�ih^h[gu_�
\hegu�k�djm]h\hc�iheyjbaZpb_c�jZkkfhlj_gu�\�jZ[hl_�>�@�� 

Dhgp_gljZpby� n ��^Z\e_gb_� p ��ihe_�kdhjhkl_c� v ��iehlghklv�m^_evgh�
]h�fZ]gblgh]h�fhf_glZ� � ��we_dljbq_kdh_�ihe_� E ��fZ]gblgh_�ihe_� B ��fZ]�
gblguc�fhf_gl�_^bgbpu�h[t_fZ� M ��\_dlhj�we_dljbq_kdh]h�lhdZ�k�mq_lhf�
lhdZ�kh[kl\_gguo�fZ]gblguo�fhf_glh\� J �ih^qbgyxlky�ke_^mxs_c�kblk_�
f_�mjZ\g_gbc� 
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JZkkfhljbf� jZkijhkljZg_gb_� \� wlhc� kbkl_f_� qZklbp� we_dljhfZ]gblghc�
\hegu�k�djm]h\hc�iheyjbaZpb_c�qZklhlhc�ω ��;m^_f�kqblZlv��qlh�\k_�\_eb�
qbgu�ihklhyggu�\^hev�hkb�Z[kpbkk�b�hj^bgZl��Z�baf_gyxlky�lhevdh�\^hev�
hkb�ZiiebdZl��<�wlhf�kemqZ_�gZ�ihi_j_qgmx�khklZ\eyxsmx�\_dlhjgh]h�ih�
l_gpbZeZ� ⊥A �\�kemqZ_�oheh^ghc�]b^jh^bgZfbdb�\u\h^blky�mjZ\g_gb_� 
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J_rZy�ihemqb\r__ky�mjZ\g_gb_�e_]dh�ihemqblv�^bki_jkbhggh_�khhlghr_�
gb_�^ey�lZdbo�\heg� 
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abdZ��:kljhghfby��N���k����������� 
[6] Dmavf_gdh\ E� K���OZjZ[Z^a_ >� W��<hegu�\�kbkl_fZo�qZklbp�k�kh[kl\_g�
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>BG:FBD:�<�FH>?EYO�L?HJBB�IHEY 
K�;?KDHG?QGUF�QBKEHF�IJHBA<H>GUO 

 
:kibjZgl�<heh\bq�Y��B� 

 
G_^Z\gh�\�fZl_fZlbq_kdhc�nbabd_�gZqZeb�Zdlb\gh�bkke_^h\Zlvky�g_�

ebg_cgu_� ihe_\u_� mjZ\g_gby� k� [_kdhg_qguf� qbkehf� ijhba\h^guo� >�-7]. 
Wlh�mjZ\g_gby�gh\h]h�deZkkZ��hgb�\hagbdZxl�\�kljmgghc�l_hjbb�ihey��bk�
ke_^h\Zgb_�wlh]h�gh\h]h�deZkkZ�mjZ\g_gbc�ij_^klZ\ey_l�agZqbl_evguc�bg�
l_j_k�^ey�fZl_fZlbq_kdhc�nbabdb�b�__�ijbeh`_gbc��\�qZklghklb�\�dhkfh�
eh]bb� 

<�kljmgghc�l_hjbb�ihey�aZ^ZqZ�ihkljh_gby�^bgZfbdb�bf__l�^\_�km�
s_kl\_ggu_� ki_pbnbdb� ih� kjZ\g_gbx� k� ZgZeh]bqghc� aZ^Zq_c� ehdZevghc�
l_hjbb�ihey��Ij_`^_�\k_]h��ihe_\Zy�l_hjby�kljmg�khhl\_lkl\m_l�[_kdhg_q�
ghfm�gZ[hjm�ehdZevguo�ihe_c��<h-\lhjuo��\aZbfh^_ckl\b_��ihemqZxs__ky�
^ey� wlbo�ihe_c��g_ehdZevgh��\� lhf� kfuke_��qlh� khhl\_lkl\mxsb_�mjZ\g_�
gby�^\b`_gby�kh^_j`Zl�[_kdhg_qgh_�qbkeh�ijhba\h^guo� 

Bgl_j_k�d� aZ^Zq_�h�ihkljh_gbb�deZkkbq_kdh]h�j_r_gby��bgl_jiheb�
jmxs_]h�f_`^m� jZaebqgufb� \ZdmmfZfb�� k\yaZg� k� \hafh`gufb� ijbf_g_�
gbyfb�\�dhkfheh]bb��Z�bf_ggh��:��K_ghf��kf��h[ahj�>�@��[ueh�ij_^eh`_gh�
hlh`^_kl\eylv�bgneZlhggh_�ihe_�k�lZobhgghc�fZl_jb_c�\�[hahgghc�kljmg�
ghc�l_hjbb�ihey� 

<�p-Z^bq_kdhc�fh^_eb�kljmgu�^ey�kdZeyjgh]h�ihey�lZobhgh\�\hagbd�
eh� gh\h_� mjZ\g_gb_� ^\b`_gby� —� g_ebg_cgh_� ik_\^h^bnn_j_gpbZevgh_�
mjZ\g_gb_�\b^Z�>���@  

      
1
2 pp ϕ ϕ− =�

,     (1) 
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]^_�� --�hi_jZlhj�>ZeZf[_jZ��hij_^_ey_fuc�klZg^Zjlguf�h[jZahf  
2 2

2 2

1

1 n

d

nt x

−∂ ∂
=∂ ∂

= − + ∑� .    (2) 

Hi_jZlhj�\�ijZ\hc�qZklb�����fh`gh�ihgbfZlv�\�\b^_�nhjfZevgh�jy^Z 
  

1 1
2 2(ln ) 1

2 !0
( ln )

np n
nn

p e p
∞− −

=
= = −∑� � �

.   (3) 

A^_kv�p —�p_eh_�qbkeh��p=2,3,...�<�gZklhys_c�jZ[hl_�fu�[m^_f�kqblZlv�p 
ex[uf�p_euf�qbkehf�[hevrbf�_^bgbpu� 

DZd�\b^gh�ba� ����mjZ\g_gb_� ����kh^_j`bl�ijhba\h^gu_�\k_o�q_lguo�
ihjy^dh\�� AZf_lbf�� qlh� \� hlebqb_� hl� g_dhffmlZlb\ghc� l_hjbb� ihey�� ]^_�
bf__lky� [_kdhg_qgh_� qbkeh� ijhkljZgkl\_gguo� ijhba\h^guo�� \� kljmgghc�
l_hjbb� ihey� ijbkmlkl\mxl� ijhkljZgkl\_ggu_�� \j_f_ggu_� b� kf_rZggu_�
ijhba\h^gu_��Ijh[e_fZ�ihklZgh\db�aZ^Zqb�Dhrb�^ey�lZdbo�mjZ\g_gbc�g_�
^Z\gh�bkke_^h\ZeZkv�Fxee_jhf�b�P\b[Zohf�>�@��;ueh�ihdZaZgh��qlh�gZeb�
qb_� [_kdhg_qgh]h� qbkeZ� ijhba\h^guo� ijb\h^bl� d� h]jZgbq_gbyf� gZ� \ha�
fh`gh_�fgh`_kl\h�gZqZevguo�mkeh\bc� 

AZf_lbf� h^gZdh�� qlh� ^ey� ijhkljZgkl\_ggh-h^ghjh^guo� dhgnb]mjZ�
pbc�� l�_�� ^ey� kemqZy�� dh]^Z� ihe_\u_�nmgdpbb� aZ\bkyl� lhevdh� hl� \j_f_gb��
bkoh^gh_�mjZ\g_gb_�^\b`_gby�fh`gh�i_j_ibkZlv�\�\b^_�k\_jldb�k�]Zmkkh�
\uf� y^jhf�� lh]^Z��ihke_� khhl\_lkl\mxs_c�i_j_jZkly`db��bkoh^gh_� mjZ\�
g_gb_�ijbgbfZ_l�\b^  

   
2( )1 ( ) ( )t pe dτ

π
ϕ τ τ ϕ τ

+∞
− −

−∞

=∫ .   (4) 

Ihbkdm�b�bkke_^h\Zgbx�j_r_gbc�mjZ\g_gbc�lZdh]h�lbiZ�ihk\ys_gh�
fgh]h�jZ[hl��<�qZklghklb��\�>�@�^ey�p=3�[ueh�qbke_ggh�ihkljh_gh�aZ\bky�
s__�hl�\j_f_gb�j_r_gb_�lbiZ�dbgdZ��bgl_jihebjmxs__�f_`^m�^\mfy�g_�
ljb\bZevgufb�\ZdmmfZfb�l_hjbb� �ϕ ��b�ϕ=-1 ���<�^Zevg_cr_f�wlb�\u�
qbke_gby�[ueb�ijh\_j_gu�k�[he__�\ukhdhc�lhqghklvx�\�>�@��<�jZ[hl_�>�@�k�
bkihevah\Zgb_f�qbke_gguo�hp_ghd�[ueZ�ijh^_fhgkljbjh\ZgZ�koh^bfhklv�
khhl\_lkl\mxs_]h�bl_jZpbhggh]h�ijhp_kkZ��GZdhg_p��\�>�@�[ueh�ijh\_^_gh�
ihegh_�l_hj_lbq_kdh_�^hdZaZl_evkl\h�kms_kl\h\Zgby�j_r_gby�^ey�ex[h]h�
g_q_lgh]h�p!���qlh�hdhgqZl_evgh�ih^l\_j^beh� ]bihl_am�h� kms_kl\h\Zgbb�
j_r_gby��\u^\bgmlmx�i_j\hgZqZevgh�\�>�@� 

<�jZ[hl_� >�@�ij_^ijbgylh�kbkl_fZlbq_kdh_�fZl_fZlbq_kdh_�bkke_^h�
\Zgb_� k\hckl\� mjZ\g_gbc� \b^Z� �����>hdZaZgZ� l_hj_fZ� _^bgkl\_gghklb� j_�
r_gby� \� g_dhlhjhc� Ze]_[j_� h[h[szgguo�nmgdpbc�� bkke_^mxlky� djZ_\u_�
aZ^Zqb� ^ey� h]jZgbq_gguo� j_r_gbc� b� ^hdZaZgZ� l_hj_fZ� h� kms_kl\h\Zgbb�
ijhkljZgkl\_ggh-h^ghjh^guo�j_r_gbc�ijb�g_q_lguo�p��Z�^ey�q_lguo�p�^h�
dZaZgh� hlkmlkl\b_� g_ij_ju\guo� g_hljbpZl_evguo� j_r_gbc� bgl_jiheb�
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jmxsbo�f_`^m�^\mfy�\ZdmmfZfb�b�mdZau\Z_lky�gZ�\hafh`ghklv�gZebqby�
jZaju\guo�j_r_gbc� 

AZf_lbf��qlh�p-Z^bq_kdZy�kljmgZ�fh`_l�jZkkfZljb\Z_lky�dZd�fh^_ev�
gZy� aZ^ZqZ��h^gZdh�bgl_j_k�d� wlhc� l_hjbb� k\yaZg��\�qZklghklb�� k� l_f��qlh�
h[uqgZy� n_jfbhggZy� �g_kmi_jkbff_ljbqgZy�� l_hjby� kljmg� ijb\h^bl� d�
koh`bf� mjZ\g_gbyf��Fh^_ev� hldjulhc�n_jfbhgghc� kljmgu� \� ijb[eb`_�
gbb�lZd�gZau\Z_fhc�j_^mdpbb�ih�mjh\gyf�ijb\h^bl�d�^_ckl\bx�\b^Z 

2 41 1
2 2 4[ ] ( )S dxκϕ ϕ ϕ ϕ= + − Φ∫ � ,   (5) 

a^_kv ϕ -�ihe_��khhl\_lkl\mxsb_�gbar_fm�\ha[m`^_gbx��Qe_g�\aZbfh^_c�

kl\by�hij_^_ey_lky�ihkj_^kl\hf�nmgdpbb�
1
8e ϕΦ = �

��A^_kv� κ  -�g_dhlh�
juc�iheh`bl_evguc�iZjZf_lj��\�kemqZ_�hldjulhc�n_jfbhgghc�kljmgu  

14
3 3

(4 ln ) 0.96κ −= − ≈     (6) 

MjZ\g_gb_�^\b`_gby��khhl\_lkl\mxs__�^_ckl\bx�����bf__l�\b^� 

    
21

42 3( 1)eκ ∂− ∂ + Φ = Φ     (7) 
Ijb� 0κ = �mjZ\g_gb_�����i_j_oh^bl�\�mjZ\g_gb_�����^ey�kemqZy�p=3��\�

wlhf�kemqZ_��dZd�m`_� ]h\hjbehkv��bf__lky�j_r_gb_�dbgdh\h]h�lbiZ��<� >�@�
gZ�hkgh\_�qbke_gguo�bkke_^h\Zgbc�[ueh�ihdZaZgh��qlh�b�ijb�g_gme_\uo�
κ ,� ijb� 0 1.37crκ κ≤ ≤ ≈ � mjZ\g_gb_� ���� bf__l� j_r_gb_� lbiZ� dbgdZ��H^gZdh�

ijb�κ �ij_\urZxsbo�djblbq_kdh_�agZq_gb_�� crκ dbgdh\h_�j_r_gb_�i_j_oh�
^bl�\�hkpbeeypbb�k�dhg_qguf�i_jbh^hf��KemqZc�n_jfbhgghc�kljmgu�khhl�
\_lkl\m_l� dbgdh\hfm� j_`bfm�� qlh� \e_q_l� aZ� kh[hc� \Z`gu_� nbabq_kdb_�
ke_^kl\by� >�@��\�qZklghklb��[ueh�ihdZaZgh� �kf�� >�@���qlh�^Z\e_gb_�kbkl_fu�
hljbpZl_evgh��wlh�khhl\_lkl\m_l�jZkrbj_gbx�\k_e_gghc�� 

Hlf_lbf��gZdhg_p��qlh�hkh[uc�bgl_j_k�^ey�ijbeh`_gbc��\�qZklghklb��
^ey�fh^_e_c�dhkfheh]bq_kdhc�l_fghc�fZl_jbb��ij_^klZ\ey_l�bamq_gb_�fh�
^_eb�\aZbfh^_ckl\mxsbo�hldjulhc�b�aZfdgmlhc�kljmg� >�@��<�wlhf�kemqZ_�
bf__lky�kbkl_fZ�g_ebg_cguo�ik_\^h-^bnn_j_gpbZevguo�mjZ\g_gbc��\�gZ�
klhys__�\j_fy�\hijhk�h�kms_kl\h\Zgbb�j_r_gby��bgl_jihebjmxs_]h�f_`�
^m� \ZdmmfZfb� l_hjbb� hklZ_lky� hldjuluf�� bf_xlky�� h^gZdh�� iheh`bl_ev�
gu_�mdZaZgby��hkgh\Zggu_�gZ�qbke_gguo�\uqbke_gbyo�>�@� 
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<:JB:PBB�G:IJY@?GBC�<�HQ:=H<UO�AHG:O 
I?J?>�KBEVGUFB�A?FE?LJYK?GBYFB� 

 
>hp_gl���<hjhgbgZ�?�<� 

 
L_dlhgbq_kdh_� kljh_gb_� � k_ckfbq_kdb� Zdlb\guo� j_]bhgh\� y\ey_lky�

g_h^ghjh^guf��JZajmr_gb_�\�hqZ]h\uo�ahgZo�a_fe_ljyk_gbc�Zkkhpbbjm_l�
ky�k�jZaju\Zfb��kiehrghklb�mijm]hc�kj_^u��]jZgbpZfb�iebl�beb�jZaehfZ�
fb��Kj_^Z��dZd�ke_^kl\b_��ij_^klZ\ey_l�kh[hc�^bkdj_lgmx�kljmdlmjm�\aZb�
fh^_ckl\mxsbo� [ehdh\��P_gljZevgZy� qZklv� [ehdh\� kh^_j`bl� ^hklZlhqgh�
`_kldb_�kljmdlmju��ih�]jZgbpZf�[ehdh\�gZ[ex^Z_lky�hkeZ[e_gb_�iehlgh�
klguo�iZjZf_ljh\�kj_^u��LZdZy�kj_^Z�h[eZ^Z_l�\ukhdbfb�Z^ZilZpbhggufb�
k\hckl\Zfb�ih�hlghr_gbx�d�\g_rgbf�gZ]jmadZf�aZ�kq_l�\hafh`guo�[hev�
rbo�^_nhjfZpbc�k^\b]Z�gZ�]jZgbpZo�[ehdh\��Djhf_�lh]h�� �ih^�^_ckl\b_f�
j_]bhgZevguo�gZijy`_gbc��\[ebab�jZaehfh\�\hagbdZxl�h[eZklb�bgl_gkb\�
guo�ehdZevguo�ieZklbq_kdbo�^_nhjfZpbc��dhlhju_�ij_^\Zjyxl�\hafh`gh_�
ihke_^mxs__�jZajmr_gb_�� 

K\b^_l_evkl\hf� ieZklbq_kdh]h� ^_nhjfbjh\Zgby� kj_^u� \� h[eZklyo�
\ukhdhc�dhgp_gljZpbb�gZijy`_gbc�gZ�dhgpZo�jZaehfh\� � �y\eyxlky�g_mi�
jm]b_� hklZlhqgu_� kf_s_gby� \� hqZ]h\uo� ahgZo� a_fe_ljyk_gbc��<_ebqbgu�
hklZlhqguo� ih^\b`_d� \� hqZ]Zo� a_fe_ljyk_gbc� fh]ml� [ulv� ihemq_gu� ih�
^Zgguf�h�\_ebqbg_�klZlbq_kdh]h�k_ckfbq_kdh]h�fhf_glZ��JZaf_ju�hqZ]h�
\uo�ahg�hij_^_eyxlky�wfibjbq_kdb�beb�k�mq_lhf�mijm]bo�fh^me_c�\�hqZ]_�
a_fe_ljyk_gby��_keb�ba\_klgZ�kdhjhklgZy�kljmdlmjZ�kj_^u� 

<_ebqbgu�hklZlhqguo�kf_s_gbc��dZd�b�khhl\_lkl\mxsb_�bf�agZq_�
gby� hklZlhqguo� gZijy`_gbc�� hkh[_ggh� \Z`gh� mqblu\Zlv� ijb� ih\lhjghf�
gZ]jm`_gbb�kj_^u��dh]^Z�^ey�ihke_^mxs_]h�jZajmr_gby�^hklZlhqgh�[m^_l�
g_agZqbl_evgh]h�ijbjZs_gby�\g_rgbo�gZijy`_gbc��Khklhygb_�kj_^u�ijb�
i_j_oh^_�hl�mijm]h]h�d�ieZklbq_kdhfm�^_nhjfbjh\Zgbx�fh`_l�[ulv�hp_�
g_gh�ih�\_ebqbg_�hlghr_gby�]eZ\guo�gZijy`_gbc�jZkly`_gby�d�]eZ\guf�
gZijy`_gbyf� � k`Zlby��Ijb� mijm]hf� ^_nhjfbjh\Zgbb� \_ebqbgZ� wlh]h� hl�
ghr_gby�kh\iZ^Z_l�k�dhwnnbpb_glhf�ImZkkhgZ��ijb�ieZklbq_kdhf�^_nhj�
fbjh\Zgbb�-�hgZ�klj_fblky�d�_^bgbp_� 

I_j_oh^� kj_^u� hl� mijm]h]h� ^_nhjfbjh\Zgby� d� ieZklbq_kdhfm� ^_�
nhjfbjh\Zgbx�hij_^_ey_l�ij_^_e�l_dmq_klb�kj_^u�� 

( )min12
0

2sin
2

min σσ
θ

τσ −=




=T  

]^_�� Tσ -� ij_^_e� l_dmq_klb� kj_^u�� −12,σσ \_ebqbgu� ]eZ\guo� agZq_gbc�gZ�
ijy`_gbc� k`Zlby� b� jZkly`_gby�� −0τ gZijy`_gb_� gZqZeZ� kdhev`_gby�� θ  - 
m]he� gZijZ\e_gby� kdhev`_gby� hlghkbl_evgh� \u[jZgghc� kbkl_fu� dhhj^b�
gZl��>Zggu_��g_h[oh^bfu_�^ey�hij_^_e_gby�iZjZf_ljh\�l_dmq_klb�kj_^u�\�
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k_ckfbq_kdb� Zdlb\guo� h[eZklyo� fh]ml� [ulv� ihemq_gu� ba� ZgZebaZ� f_oZ�
gbafh\�hqZ]Z�a_fe_ljyk_gbc� 
<� �gZklhys_c�jZ[hl_�bkke_^h\Zebkv�\ZjbZpbb�ij_^_eZ� l_dmq_klb� kj_^u�\�
hqZ]h\uo� ahgZo�gZb[he__� kbevguo� a_fe_ljyk_gbc�ihke_^gbo�e_l��ijhbah�
r_^rbo�\�jZaguo�l_dlhgbq_kdbo�kljmdlmjZo��Hkgh\gh_�\gbfZgb_�m^_e_gh�
ZgZebam�\j_f_gguo�\ZjbZpbc�ij_^_eZ�l_dmq_klb�\�aZ\bkbfhklb�hl�j_`bfZ�
gZ]jm`_gby�kj_^u��:gZebabjh\Zeky�i_jbh^�gZ[ex^_gbc�\�l_q_gb_�ihke_^�
gbo�����e_l� 
�IhdZaZgh��qlh�kbevgu_� a_fe_ljyk_gby�\k_]^Z�ijhbkoh^yl�\�fhf_glu�\j_�
f_gb��dh]^Z�kj_^Z�j_]bhgZ�oZjZdl_jbam_lky� �gbadbfb� agZq_gbyfb�ij_^_eZ�
l_dmq_klb��Ijb� wlhf� � \ZjbZpbb� Z[khexlguo� agZq_gbc� gZijy`_gbc� i_j_^�
jZajmrbl_evguf� a_fe_ljyk_gb_f�\�kj_^_�–�\hajZklZxl��qlh�kh]eZkm_lky�k�
m\_ebq_gb_f� kmffZjgh]h� k_ckfbq_kdh]h� fhf_glZ�� JZajmr_gb_� ijb� kbev�
ghf� a_fe_ljyk_gbb��dZd�ijZ\beh��ijhbkoh^bl�\�mkeh\byo�k`Zlby��H^gZdh��
wlhfm�ij_^r_kl\m_l�h[jZah\Zgb_�\�j_]bhg_�ehdZebah\Zgghc�ahgu�jZkly`_�
gby�kj_^u�aZ�g_kdhevdh�e_l�^h�djmigh]h�kh[ulby��AhgZ�jZkly`_gby�fh`_l�
[ulv�hij_^_e_gZ�ih�fbgbfZevguf� agZq_gbyf�ij_^_eZ� l_dmq_klb��Nhjfb�
jh\Zgby�ahgu�jZkly`_gby�fh`gh�jZkkfZljb\Zlv�dZd�ijh]ghklbq_kdbc�ijb�
agZd��]hlh\ys_]hky�jZajmr_gby� 
DZ`^uc�ba�jZkkfZljb\Z_fuo�j_]bhgh\�h[eZ^Z_l� k\hbf�i_jbh^hf�q_j_^h�
\Zgby�j_`bfh\�k`Zlby�b�jZkly`_gby��qlh��ih-\b^bfhfm��k\yaZgh�k�hkh[_g�
ghklyfb� l_dlhgbq_kdh]h� kljh_gby��Baf_g_gb_� j_`bfZ� gZ]jm`_gby� kj_^u�
k\yaZgh�k�m]em[e_ggufb�hqZ]Zfb�a_fe_ljyk_gbc��LZdbf�h[jZahf��y\e_gby��
gZ[ex^Zxsb_ky�gZ�ih\_joghklb�A_feb��hij_^_eyxlky�ijhp_kkZfb�\�__�[h�
e__�]em[hdbo�g_^jZo��ih�djZcg_c�f_j_��ijb�kbevguo�a_fe_ljyk_gbyo� 
 
 
 

BKIHEVAH<:GB?�<?DLHJGUO�IJB?FGBDH< 
>EY��J?=BKLJ:PBB�<UKHDHQ:KLHLGUO�IJ?><?KLGBDH< 

A?FE?LJYK?GBC�B�PMG:FB 
 

GZmq��khlj�  =hj^b_gdh�L�<���aZ\��eZ[hjZlhjb_c�BDBJ Dmiph\�:�<., 
^bj_dlhj�BDBJ�R_\ph\�;��F� 

 
H^gbf� ba� \Z`g_crbo� ^hklb`_gbc� kh\j_f_gghc� k_ckfheh]bb� y\b�

ehkv�ihgbfZgb_�lh]h��qlh� a_fe_ljyk_gby��ba\_j`_gby�\medZgh\��pmgZfb�b�
^jm]b_� [ebadb_� d� gbf� ih� kmsghklb� kh[ulby� g_� y\eyxlky� \g_aZigufb��<�
gZklhys__� \j_fy� g_� \uau\Z_l� khfg_gbc� lhl�nZdl�� qlh� ij_^\_klgbdb�� ih-
djZcg_c� f_j_�� a_fe_ljyk_gbc� b� pmgZfb� \k_-lZdb� kms_kl\mxl�� b� ]eZ\ghc�
ijbqbghc� bo� kms_kl\h\Zgby� y\ey_lky� g_h[oh^bfhklv� dhg_qgh]h� \j_f_gb�
gZdhie_gby�wg_j]bb�^ey�jZaju\h\�ihjh^�\�hqZ]_�a_fe_ljyk_gby� 
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<�^Zgghc�jZ[hl_�\�dZq_kl\_�\hafh`gh]h�ij_^\_klgbdZ�a_fe_ljyk_gbc�
jZkkfZljb\Z_lky� Zdmklbq_kdZy� wfbkkby� �y\e_gb_� \hagbdgh\_gby� hldebdZ�
h[jZapZ� gZ� ^bgZfbq_kdmx� ehdZevgmx� i_j_kljhcdm� kljmdlmju�� khijh\h`�
^Zxsmxky�bkimkdZgb_f�mijm]bo�\heg���dhlhjZy�fh`_l�\hagbdZlv� aZ^he]h�
^h�kZfh]h�a_fe_ljyk_gby��<f_kl_�k�l_f��__�gZ[ex^_gb_��d�kh`Ze_gbx��y\�
ey_lky�g_h[oh^bfuf��gh�g_�^hklZlhqguf�mkeh\b_f�\hagbdgh\_gby� a_fe_�
ljyk_gby� 

Kh]eZkgh�kms_kl\mxsbf�ij_^klZ\e_gbyf�h�f_oZgbafZo�ih^]hlh\db�
k_ckfbq_kdbo�kh[ulbc��f_^e_ggh_�b�ijh^he`bl_evgh_�k`Zlb_�]hjguo�ih�
jh^�i_j_^� a_fe_ljyk_gbyfb�f_gy_lky�gZ�[ukljuc�jhkl�mijm]bo�gZijy`_�
gbc��ijb\h^ysbo�d�eZ\bgghfm�lj_sbghh[jZah\Zgbx�>�@��dhlhjh_�khijh\h�
`^Z_lky�bgl_gkb\ghc� ]_hZdmklbq_kdhc� wfbkkb_c� \�hq_gv�rbjhdhf�^bZiZ�
ahg_�qZklhl�>�-�@��JZkijhkljZg_gbx�\ukhdhqZklhlguo�dhe_[Zgbc�ij_iylkl�
\m_l�kbevgh_�hkeZ[e_gb_��\hajZklZxs__�k�jhklhf�qZklhlu� >�@��Wlh�nZdlb�
q_kdb�hagZqZ_l��qlh�gZ[ex^_gb_�kb]gZeh\�lj_sbghh[jZah\Zgby�^Z`_�\�[Z�
aZevlZo�\hafh`gh�gZ�m^Ze_gbb�ebrv�g_kdhevdbo�dbehf_ljh\��Ihwlhfm�ljZ�
^bpbhggh� kqblZehkv�� qlh� wlb� khklZ\eyxsb_� g_� bgnhjfZlb\gu� b� \� klZg�
^Zjlguo�k_ckfh^ZlqbdZo�h[uqgh�g_�ij_^mkfhlj_gZ�\hafh`ghklv�bo�j_]b�
kljZpbb� 

H^gZdh��_klv�hkgh\Zgby�iheZ]Zlv��qlh�kblmZpby�gZ�kZfhf�^_e_�keh`�
g__��Bkke_^h\Zgby�gZ�hkgh\_�j_]meyjguo�rbjhdhihehkguo�gZ[ex^_gbc�\�
qZklhlghf�^bZiZahg_� ���«������=p�k�bkihevah\Zgb_f�]b^jhZdmklbq_kdbo�
f_lh^h\� gZ� DZfqZld_� \� jZchg_�:\Zqbgkdhc� ]m[u� b� ZgZeba� __� ZghfZebc��
ijbmjhq_gguo� d� kbevguf� k_ckfbq_kdbf� kh[ulbyf�� ijh\h^b\rb_ky� ih�
ke_^gb_� ihelhjZ� ]h^Z� ^\mfy� ba� khZ\lhjh\�� ihdZau\Zxl�� qlh� bf__lky� ^h�
\hevgh�\ujZ`_ggZy�dhjj_eypby�f_`^m�ihy\e_gb_f�ZghfZebc�]_hZdmklbq_�
kdhc�wfbkkbb��gZijZ\e_gghklvx�jZkijhkljZg_gby�bo�Zdmklbq_kdhc�wg_j]bb�
b�wibp_gljhf�[m^ms_]h�a_fe_ljyk_gby��Ijb�wlhf�\ukhdhqZklhlguc��^h����
d=p�� ^bZiZahg� y\ey_lky� gZb[he__� bgnhjfZlb\guf� ijb� gZ[ex^_gbb� ijh�
p_kkh\�lj_sbghh[jZah\Zgby�� 

:ghfZebb� �ih\ur_gb_�gZ�^\Z-ljb�ihjy^dZ�qZklhlu�ke_^h\Zgby�rm�
fh\uo�bfimevkh\��\hagbdZxl��dZd�ijZ\beh��\�dbeh]_jph\hc�h[eZklb��jbk����
jbk���Z���gh�bgh]^Z�ihy\eyxlky�h^gh\j_f_ggh�b�gZ�[he__�gbadbo�qZklhlZo�
�jbk���[��� Bo� ihy\e_gb_� ijhbkoh^bl�� dZd� ijZ\beh�� ijbf_jgh� \� kmlhqghf�
\j_f_gghf�bgl_j\Ze_�i_j_^�kbevgufb�k_ckfbq_kdbfb�kh[ulbyfb�k� wg_j�
]_lbq_kdbf�deZkkhf ��≥

6
. .  

K�p_evx�\uy\e_gby�gZijZ\e_gguo�k\hckl\�hl^_evgh�\ayluo�bfimev�
kh\�e_lhf� ����� ]��gZ�ha��Fbdb`Z� �]em[bghc�hdheh� ��f��\�jZchg_�:\Zqbg�
kdhc�]m[u�gZ�]em[bg_�hdheh�ihemf_ljZ�hl�^gZ�[ueZ�mklZgh\e_gZ�ijb_fgZy�
kbkl_fZ�� \dexqZxsZy� ihfbfh� ]b^jhnhgZ� \ukhdhqZklhlguc� \_dlhjguc�
ijb_fgbd� �<I�� >�@�� j_]bkljbjmxsbc� ljb� \aZbfgh� hjlh]hgZevguo� dhfih�
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g_glZ� ]jZ^b_glZ� a\mdh\h]h� ^Z\e_gbb� �dhe_[Zl_evghc� kdhjhklb�� ^h� qZklhl�
���d=p�� 

I_e_g]b�ijboh^Z�Zdmklbq_kdhc�wg_j]bb��hij_^_e_ggu_�k�mq_lhf�we�
ebilbqghklb� ^\b`_gby� qZklbp� >�@� \� ij_^_eZo� ijbf_jgh� ��-lb� fbgmlghc�
aZibkb�]jmiibjh\Zebkv�\�^bZiZahg_�m]eh\� ���«���

0
�ih�hlghr_gbx�d�gZ�

ijZ\e_gbx�gZ�k_\_j��h^bg�ba�ijbf_jh\�–�gZ�jbk����� 
 

0,1…10 Ãö

10…50 Ãö

50…200 Ãö

200…700 Ãö

700…1500 Ãö

8000…11500 Ãö

3000…6000 Ãö

12:00     00:00      12:00     00:00  ÷àñ:ì èí

Î
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åë
üí

àÿ
èí

òå
íñ

èâ
íî
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ü 

ïð
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âå
ñò

íè
êî

â

 

������

�

�����

����� ����� �����\j_fy� k0  

������

�

�����

� ���� ��� ����

Z

[

0                           0,005       ñåêóí ä     0,010  

0             0,05         0,10           0,15  ñåêóí ä  
 
Jbk 1. <ukhdhqZklhlgu_�ZghfZebb�� � aZj_]b�
kljbjh\Zggu_�gZ�ha��Fbdb`Z�i_j_^�kh[ulb�
_f�hl�������qZk����^_dZ[jy������]���'� �����
df, KS = �������Fhf_gl�a_fe_ljyk_gby�ihdZ�
aZg�klj_edhc� 

 
Jbk���� Ijbf_j� njZ]f_glh\� j_]bkljZpbb�
kb]gZeZ� \ukhdhqZklhlgh]h� �Z�� b� gbadh�
qZklhlgh]h� �[�� ij_^\_klgbdh\� i_j_^� kh�
[ulb_f� hl� ����� qZk� �� Z\]mklZ� ���� ]��
(D = 150 df, KS = 13,0) 

 
Ijbf_jgh�q_j_a�kmldb�ihke_�ijh\_^_gguo�aZibk_c�ihke_^h\Zeh�a_f�

e_ljyk_gb_�ba�jZchgZ�k�mdZaZggufb�\ur_�i_e_g]Zfb��jbk� 4,Z). 
GZ�jbk���[�ijb\_^_gZ�dZjlZ�a_fe_ljyk_gbc��ijhbahr_^rbo����ghy[jy������
]��<�i_jbh^�k�������^h�������qZkh\��WlZ�k_jby�oZjZdl_jbam_lky�agZqbl_ev�
guf� jZa[jhkhf� m]eh\� gZijZ\e_gby� gZ� wibp_glju� a_fe_ljyk_gbc�� OZjZd�
l_jgh��qlh�\�wlhf�kemqZ_�k_jbb�\ukhdhqZklhlguo�ij_^\_klgbdh\��aZibkZg�
guo�ijbf_jgh�aZ�kmldb��k������qZk����ghy[jy�^h�������qZk����ghy[jy���\�hl�
ebqb_�hl�ij_^u^ms_]h�hibkZggh]h� kemqZy�bf_eb�jZa[jhk�ih�i_e_g]m��hl�
jZ`Zxsbc�]_hf_ljbx�[m^msbo�a_fe_ljyk_gbc� 

LZdbf� h[jZahf�� gZ� hkgh\Zgbb� baeh`_ggh]h�� fh`gh� k^_eZlv� \u\h^��
qlh�^he`gu�kms_kl\mxl�ZghfZevgu_�]_hZdmklbq_kdb_�rmfu��h[mkeh\e_g�
gu_�gZijy`_gbyfb��\hagbdZxsbfb�ijb�ih^]hlh\d_�kbevguo�k_ckfbq_kdbo�
kh[ulbc��b�\uklmiZxsb_�\�dZq_kl\_�bo�ij_^\_klgbdh\��Ijb�wlhf�\ukhdh�
qZklhlguc�dbeh]_jph\uc�^bZiZahg�y\ey_lky�gZb[he__�bgnhjfZlb\guf�ijb�
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gZ[ex^_gbb�ijhp_kkh\� lj_sbghh[jZah\Zgby��I_e_g]� aZj_]bkljbjh\Zgguo�
\�\h^ghc�kj_^_�kb]gZeh\��hij_^_ey_fuc�ih�gZijZ\e_gbx� ]eZ\ghc�hkb�we�
ebikZ�ljZ_dlhjbb�^\b`_gby�qZklbp�kj_^u�\�\heg_� �iheyjbaZpbb�\hegu��k�
mq_lhf� nZau� kb]gZeZ�� j_]bkljbjm_fh]h� dZgZehf� a\mdh\h]h� ^Z\e_gby�� ih�
a\hey_l� hkms_kl\eylv� ehdZpbx� h[eZkl_c� ih^]hlh\db� k_ckfbq_kdbo� kh[u�
lbc� 

 

 
 
Jbk���� Ijbf_ju�hij_^_e_gby�gZijZ\e_gby�ijboh^Z�Zdmklbq_kdhc�wg_j]bb�gbadhqZklhl�
gh]h��ke_\Z��b�\ukhdhqZklhlgh]h��kijZ\Z��ij_^\_klgbdh\��gZ�\j_adZo�–�ljZ_dlhjbb�^\b�
`_gby�qZklbp�kj_^u��khhl\_lkl\mxsb_�h[hagZq_gguf�mqZkldZf��ijb\_^_gu�gZqZevgu_�
mqZkldb� aZ\bkbfhkl_c� hl� \j_f_gb� hl^_evguo� dhfihg_glh\� ihey�� aZj_]bkljbjh\Zgguo�
<I�� 
<j_fy rb�

jhlZ 
^he]h�
lZ 

DS 

  9:48:29 52.22   159.92 12.9 
11:03:31 52.24   159.84 13.0  
11:09:05 52.30   159.68   8.3 
11:38:20 52.29   159.73   5.5 
Jbk����Hkgh\gu_�oZjZdl_jbklb�
db� a_fe_ljyk_gby� gZ� ����������
]��KijZ\Z Z�� dZjlZ� a_fe_ljyk_�
gby�gZ����qZk����fbg�ih�=jbg�
\bqm�����������]���[��ko_fZ�a_f�
e_ljyk_gbc������������]� 

Z 
56

54

52

50
156           158           160           162

Àçèì óò119

 

[ 

 

     
Ebl_jZlmjZ 

1. JZck�>`��F_oZgbdZ�hqZ]Z�a_fe_ljyk_gbc��–�F���Fbj�������–�����k�� 
2. Djueh\�<��<��H[�baemq_gbb� a\mdZ�jZa\b\Zxsbfbky�lj_sbgZfb�� ���:dm�
klbq_kdbc�`mjgZe��Lhf�XXIX ��<uimkd����������K�����-798.  
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3. Kh[he_\�=�:���IhghfZj_\�:�<��NbabdZ� a_fe_ljyk_gbc�b�ij_^\_klgbdb�– 
F���GZmdZ�������–�����k� 
4. Dmiph\� :�<��� ;h]^Zgh\Z� L�:��� EZjbhgh\� B�:���R_\ph\� ;�F���Rmfbeh\�

X�K��Baf_g_gby�oZjZdl_jZ�Zdmklbq_kdhc�wfbkkbb�A_feb��khhl\_lkl\mxsb_�
jZgg_c�klZ^bb�jZa\blby�k_ckfbq_kdbo�kh[ulbc���,,,�<k_jhkkbckdbc�kbfih�
abmf�©K_ckfhZdmklbdZ�i_j_oh^guo�ahgª��<eZ^b\hklhd��������K�����-109. 
5. =hj^b_gdh�<�:���AZoZjh\�E�G���Bevbq_\�<�B��<_dlhjgh-nZah\u_�f_lh^u�\�
Zdmklbd_��–�F���GZmdZ�������–�����k� 
6.�=hj^b_gdh�<�:���=hgqZj_gdh�;�B��<_dlhjgh-nZah\u_�f_lh^u�\�gbadhqZk�
lhlghc� Zwjh-� b� k_ckfhZdmklbd_�� Nbabq_kdZy� b� g_ebg_cgZy� ZdmklbdZ��
K[�ljm^h\� k_f�� gZmqg�� rdheu� ijhn�� DjZkbevgbdh\Z�� F��� NbanZd� F=M��
������k����-229. 
 
 
 

<HAFH@GHKLB�J?NJ:DLHF?LJBB�:LFHKN?JU� 
IJB�G:EBQBB�:IJBHJGHC� 

F?L?HJHEH=BQ?KDHC�BGNHJF:PBB 
 

>hp_gl�AZoZjh\�<�B���ijhn_kkhj�Dmgbpug�<�?���ZkibjZgl�IZ^hobg�:�F� 
 

Ih\ur_gb_� lj_[h\Zgbc� d� lhqghklb� ijh]ghabjh\Zgby� ijhp_kkh\��
ijhl_dZxsbo� \� Zlfhkn_j_�� g_jZaju\gh� k\yaZgh� k� f_lh^Zfb� ihemq_gby�
hi_jZlb\ghc�bgnhjfZpbb�^ey�ihklZgh\db�gZqZevguo�b�]jZgbqguo�mkeh\bc�
\� khhl\_lkl\mxsbo� fh^_eyo�� H[t_fu� lj_[m_fhc� \oh^ghc� bgnhjfZpbb�
\_kvfZ� \_ebdb� b� g_� h[_ki_qb\Zxlky� kms_kl\mxs_c� gZ[ex^Zl_evghc� k_�
lvx�� H^gbf� ba� ^bklZgpbhgguo� f_lh^h\� y\ey_lky� j_njZdlhf_ljby� Zlfh�
kn_ju� \� jZ^bhaZlf_gguo� wdki_jbf_glZo��<� deZkkbq_kdhc� ko_f_� wdki_jb�
f_glZ� gZ� gbadhhj[blZevghf� BKA� hkms_kl\ey_lky� ijb_f� gZ\b]Zpbhgguo�
kb]gZeh\��jZkijhkljZgyxsboky�d\ZabdZkZl_evgh�d�ih\_joghklb�A_feb��Ijb�
j_r_gbb�h[jZlghc� aZ^Zqb�ihemqZ_lky�\ukhlguc�ijhnbev�ihdZaZl_ey�ij_�
ehfe_gby��k\yaZgguc�k�f_l_hjheh]bq_kdbfb�iZjZf_ljZfb�Zlfhkn_ju��>ey�
ki_pbZevgh]h�fhgblhjbg]Z�:jdlbq_kdh]h�j_]bhgZ��]^_�kms_kl\mxl�hkh[u_�
ljm^ghklb�ijb�ihemq_gbb�f_l_hjheh]bq_kdhc�bgnhjfZpbb���[ueb�jZajZ[h�
lZgu�b�aZims_gu�^\Z�fZeuo�BKA�– ODIN�b�CHAMP��gZ�dhlhjuo�mklZgh\�
e_gu�ijb_fgbdb�GPS-�kb]gZeh\��IhemqZ_fu_�wlbf�f_lh^hf�^Zggu_�\_kvfZ�
hi_jZlb\gu��Z�^ey�mdZaZggh]h�j_]bhgZ�\hh[s_�g_�bf_xl�Zevl_jgZlb\��� 

<�ij_^klZ\e_gghc�jZ[hl_�ij_^eZ]Z_lky�ih^oh^�^ey�mlhqg_gby�j_dhg�
kljmdpbc��ihemq_gguo�\�jZ^bhaZlf_gguo�wdki_jbf_glZo�k�bkihevah\Zgb_f�
BKA�CHAMP. Ba\_klgh��qlh�hkgh\guf�bklhqgbdhf�g_j_]meyjguo� �klZlb�
klbq_kdbo��hrb[hd�\�Zlfhkn_j_�ijb�ijbf_g_gbb�RO�f_lh^Z�y\ey_lky�gZ�
ebqb_� f_l_hjheh]bq_kdbo� kljmdlmj�� bf_xsbo� jZaebqgu_� ijhkljZgkl\_g�
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gu_�]jZ^b_glu��Ihwlhfm�ij_^eh`_gguc�ih^oh^�aZdexqZ_lky�\� �ij_^\Zjb�
l_evghc� hp_gd_� \hafh`guo� hrb[hd� j_dhgkljmdpbc� kb]gZeh\� \� oh^_� qbk�
e_ggh]h�wdki_jbf_glZ�h�jZkijhkljZg_gbb�ahg^bjmxs_]h�emqZ�\�Zlfhkn_j_��
hibku\Z_fhc� j_]bhgZevghc� fh^_evx� ^ey� f_klhiheh`_gby� bkke_^m_fh]h�
ijhnbey�� khhl\_lkl\mxs_]h� gZ[ex^Z_fhfm� \� jZ^bhaZlf_gghf� wdki_jb�
f_gl_��Hlf_lbf�� qlh� hrb[db� \hkklZgh\e_gby� \� qbke_gghf� wdki_jbf_gl_�
kqblZxlky�©ih^h[gufb�ih�ih\_^_gbxª�j_Zevguf�hrb[dZf�� 

Ijh\_^_ggu_�bkke_^h\Zgby�ihdZau\Zxl��qlh�^Z`_�\�kemqZ_�gZebqby�
kbkl_fZlbq_kdhc� ih]j_rghklb� \� fh^_eb� \hafh`gZ� dhjj_dpby� j_Zevguo�
ijhnbe_c��_keb�fh^_ev�kh^_j`bl�Z^_d\Zlgmx�j_Zevghc�bgnhjfZpbx�h�]jZ�
^b_glZo�f_l_hkljmdlmj�� �BlZd��bkihevah\Zgb_�fh^_evguo�^Zgguo� dZd� Zi�
jbhjghc� bgnhjfZpbb� ^Z_l� \hafh`ghklv� kljhblv� dhjj_dlbjmxsb_�ijhp_�
^mju��©ih^ijZ\eyxsb_ª�ijhnbev��mf_gvrZxsb_�kj_^g__�agZq_gb_�b�^bk�
i_jkbx�hrb[hd��\�g_dhlhjhf�\u[jZgghf�\ukhlghf�bgl_j\Ze_�� �Lhqghklv�
dhjj_dlbjmxs_c�ijhp_^mju��hkgh\Zgghc�gZ�lZdbo�ijbgpbiZo��aZ\bkbl�g_�
lhevdh�hl�dZq_kl\Z�f_l_hjheh]bq_kdhc�fh^_eb��gh�b�g_dhlhjuo�^hihegb�
l_evguo�mkeh\bc� 

Ij_^eh`_ggZy� l_ogbdZ�[ueZ�ijh\_j_gZ�gZ�^Zgguo�^ey�:jdlbdb�j_�
]bhgZevghc� Zlfhkn_jghc� fh^_eb� +,5+$0�� �AWI, Potsdam�� \� i_jbh^�
2001-�����]�]��<�dZq_kl\_�wlZehgguo�\ukhlguo�ijhnbe_c�f_l_hiZjZf_ljh\�
b�bg^_dkZ�j_njZdpbb�\u[bjZebkv�ijhnbeb��baf_j_ggu_�jZ^bhahg^Zfb���RS 
–�ijhnbeb���aZims_ggufb�gZ�jZaebqguo�f_l_hihklZo�WMO��l_dmsb_�^Zg�
gu_�UKMO���Wlb�^Zggu_�\u[bjZebkv�lZdbf�h[jZahf��qlh[u�ijhnbeb�f_�
l_hiZjZf_ljh\�� ihemq_ggu_� \� wdki_jbf_gl_� k�BKA�CHAMP� �Zjob\�GFZ, 
3RWVGDP��ihiZ^Zeb� \�g_ihkj_^kl\_ggmx�[ebahklv� d�f_l_hihklm� �f_g__� ���
df��� �KdZaZggh_�beexkljbjm_l�jbk�����ihemq_gguc�k�ihfhsvx�kha^Zggh]h�
gZfb� ki_pbZebabjh\Zggh]h� ijh]jZffgh]h� h[_ki_q_gby�� GZ� dZjl_� jbk�� ��
bah[jZ`_gu�iheh`_gby�f_l_hihklh\�ih�^Zgguf�UKMO��d\Z^jZlbdb����h[�
eZklv�jZ^bhaZlf_gby�\�Zlfhkn_j_��djm]��\�dhlhjhf�lhqdhc�hlf_q_gh�iheh�
`_gb_�ijhnbey�gZ�mjh\g_�A_feb���<�ih^ibkb�gb`_�dZjlu�–�^Zggu_�h� aZ�
lf_gbb�–�ghf_j��dhhj^bgZlu��^Zggu_�bklhqgbdZ�\�Zjob\_�GFZ��\j_fy�gZqZ�
eZ�b�dhgpZ�kh[ulby��GZ�iZg_eb�kijZ\Z�hl�dZjlu�–�j_amevlZlu�\hkklZgh\e_�
gby� \ukhlguo� ijhnbe_c� l_fi_jZlmju�� ^Z\e_gby� b� \eZ`ghklb�� \uiheg_g�
gu_�\�GFZ�b�bkihevah\Zggu_�gZfb�ijb�ihkljh_gbb�ijhp_^mju�dhjj_dpbb� 

Ijbf_j� jZ[hlu� ij_^eZ]Z_fhc� dhjj_dpbb� ijb\_^_g� gZ� jbk����E_\Zy�
iZg_ev� ihdZau\Z_l� \ukhlguc� oh^� bg^_dkZ� j_njZdpbb�� hij_^_e_ggh]h� ih�
fh^_eb��ba�^Zgguo�jZ^bhahg^Z�b�aZlf_gby� �\�gZr_f�ijbf_j_�ijhnbev�jZ�
^bhaZlf_gby� gZqbgZ_lky� k� \ukhlu� �� df���<b^gh�� qlh� bkihevam_fZy� gZfb�
^ey� ijh\_^_gby� dhjj_dpbb� fh^_ev� ^hklZlhqgh� ohjhrh� �ih� bg^_dkm� j_n�
jZdpbb�fZdkbfZevgu_� hlebqby� ^Zgguo� khklZ\eyxl�f_g__� ���� hibku\Z_l�
j_Zevgmx�kblmZpbx��IjZ\Zy�iZg_ev�ihdZau\Z_l��qlh�hrb[db�b�bo�^bki_j�
kby�ihke_�ijbf_g_gby�dhjj_dlbjmxs_c�ijhp_^mju� �klZgh\ylky�f_gvr_�\�
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\u[jZgghf� ^bZiZahg_� \ukhl�� LZd�� djZkgZy� djb\Zy� �k� jZafZohf� hrb[hd�
(+5…-���� ihdZau\Z_l� hlebqb_� \hkklZgh\e_ggh]h� ijhnbey� hl� ^Zgguo� jZ�
^bhahg^Z��Z�a_e_gZy� �k�jZafZohf�hrb[hd� ������ ��� � �-�����khhl\_lkl\m_l�j_�
amevlZlm�bkihevah\Zgby�dhjj_dlbjmxs_c�ijhp_^mju� 

Ihemq_ggu_� ij_^\Zjbl_evgu_� ^Zggu_� ihdZau\Zxl�� qlh� ij_^eh`_g�
gZy� ijhp_^mjZ� dhjj_dpbb� wnn_dlb\gZ� [he__� q_f� \� ���� kemqZ_\�� l�_��
mf_gvrZ_lky�kj_^g__� agZq_gb_�b�kj_^g_d\Z^jZlbqgh_�hldehg_gb_�hrb[db��
\�ijhnbe_�^ey�mdZaZggh]h�^bZiZahgZ�\ukhl�-�l�_��\�p_ehf�ihke_�dhjj_dpbb�
ijhnbev�CHAMP�[eb`_�e_`bl�d�ijhnbex�k�jZ^bhahg^Z��Baeh`_gguc�f_�
lh^�iha\hey_l�ijh\_klb�b�klZlbklbq_kdb_�hp_gdb�\hafh`guo�hrb[hd�\hk�
klZgh\e_gby� ^Zgguo� \�f_l_hjheh]bq_kdhc�fh^_eb� \� aZ\bkbfhklb� hl� ijh�
kljZgkl\_gghc�h[eZklb��]^_�jZkiheh`_g�\hkklZgZ\eb\Z_fuc�ijhnbev�b�bk�
ihevah\Zlv� bo� ^ey� dhjj_dpbb� ^Zgguo� jZ^bhaZlf_gguo� wdki_jbf_glh\� gZ�
ijbf_j_�BKA�CHAMP.  
 

 
Jbk��� 
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Jbk������Ijbf_j�ijbf_g_gby�dhjj_dlbjmxs_c�ijhp_^mju 
 

< ih^ibkb d jbkmgdZf: RS – UKMO Radio sondes data; ROCH – Radio Oc-
cultation CHAMP GFZ data.  <k_�^Zggu_��kjZ\gb\Zxlky�k��^Zggufb�jZ^bh� 
  
 
 

=EM;BGGH?�J:>BHAHG>BJH<:GB?��F:JKB:GKDBO�IHEYJGUO�
SBLH<��FH>?EB�G?DH=?J?GLGH=H�J:>B:PBHGGH=H�I?J?GHK: 

 

:kkbkl_gl�Bexrbg�Y�:� 
 

<\_^_gb_ 
Bkke_^h\Zgb_�\gmlj_gg_c�kljmdlmju�FZjkbZgkdbo�iheyjguo�sblh\�

y\ey_lky�ZdlmZevghc�aZ^Zq_c�kh\j_f_gghc�ieZg_lheh]bb��FZjkbZgkdb_�ih�
eyjgu_�sblu�kh^_j`Zl�\�k\h_c�kljmdlmj_�\Z`gmx�bgnhjfZpbx�h�debfZ�
lbq_kdbo�mkeh\byo�gZ�FZjk_�\�ijhrehf��Djhf_�lh]h��hij_^_e_gb_�gZebqby�
`b^dhc�\h^u�\�hkgh\Zgbb�iheyjguo�sblh\�iha\hebl�hl\_lblv�gZ�jy^�\h�
ijhkh\��k\yaZgguo�k�h[s_c�l_hjb_c�kljh_gby�b�w\hexpbb�FZjkZ�� 
IjZdlbq_kdb�_^bgkl\_gguf�kj_^kl\hf�bkke_^h\Zgby�]em[bgghc�kljmdlmju�
g_^j�FZjkZ�\�p_ehf�b��\�qZklghklb��_]h�iheyjguo�sblh\��gZ�k_]h^gyrgbc�
^_gv� y\ey_lky� jZ^Zj� ih^ih\_joghklgh]h� ahg^bjh\Zgby�� <� ^Zgghc� jZ[hl_�
h[km`^Zxlky� \hafh`ghklb� hij_^_e_gby� nbabdh-obfbq_kdh]h� khklZ\Z� b�
]_hf_ljbq_kdhc�kljmdlmju�iheyjguo�sblh\�ih�^Zgguf�]em[bggh]h�jZ^bh�
ahg^bjh\Zgby�>�@��Z�lZd`_�hij_^_e_gby�`b^dhc�\h^u�\�hkgh\Zgbb�iheyjgh�
]h�sblZ�� 

Nbabdh-obfbq_kdbc�khklZ\�FZjkbZgkdbo�iheyjguo�sblh\ 
IhexkZ� FZjkZ� y\eyxlky� oheh^gufb� eh\mrdZfb� ^ey� e_lmqbo� \_s_kl\��
ijbkmlkl\mxsbo�\�fZjkbZgkdhc�Zlfhkn_j_��Kdhjhklv�hkZ`^_gby�b�nbabdh-
obfbq_kdb_�k\hckl\Z�fZjkbZgkdbo�iheyjguo�hkZ^dh\�aZ\bkyl�hl�debfZlb�
q_kdbo�mkeh\bc�gZ�\k_c�ieZg_l_��KqblZ_lky��qlh�kehbklZy�kljmdlmjZ�iheyj�
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guo�hleh`_gbc�kh^_j`bl�\�k_[_�p_ggu_�k\_^_gby�h�debfZl_�ijhreuo�fZj�
kbZgkdbo� wiho��Bkke_^h\Zgb_� iheyjghc� kljZlb]jZnbb�FZjkZ� k� ihfhsvx�
jZ^ZjZ� ih^ih\_joghklgh]h� ahg^bjh\Zgby� ^he`gh� ^hklZ\blv� \Z`gmx� bg�
nhjfZpbx�h[�bklhjbb�b�w\hexpbb�ieZg_lu��hkh[_ggh�h�_z�\h^ghf�pbde_�� 

Fgh]hqbke_ggu_� gZ[ex^Zl_evgu_� ^Zggu_� k\b^_l_evkl\mxl� h� lhf��
qlh�\h^Z�\� l\zj^hc�nZa_�y\ey_lky�hkgh\guf�e_lmqbf�dhfihg_glhf�h[hbo�
iheyjguo�sblh\�FZjkZ��GZb[he__� ba\_klgufb� ba� gbo� y\eyxlky� ke_^mx�
sb_�>�@��\ukhdh_�^Z\e_gb_�\h^ygh]h�iZjZ�\�Zlfhkn_j_�gZ^�ihexkZfb�\�e_l�
gbc�i_jbh^��l_fi_jZlmjZ�ih\_joghklb��kbevgh�ij_\urZxsZy�lhqdm�aZf_j�
aZgby�m]e_dbkehlu��l_jfhbg_jpby�\�ij_^_eZo����� -������>`�f� -2�k� -1/2 K-1. 
GZ[ex^_gby� hilbq_kdh]h� Zev[_^h� \� \b^bfhf� ^bZiZahg_�b�gbadb_� hp_gdb�
kj_^g_c� iehlghklb� k_\_jgh]h� iheyjgh]h�sblZ� ij_^iheZ]Zxl� \ukhdh_� kh�
^_j`Zgb_�ev^Z�\�hleh`_gbyo��GbadZy�hljZ`Zl_evgZy�kihkh[ghklv�\�^bZiZ�
ahg_� ���� kf�mdZau\Z_l�gZ� lh��qlh� \_jogbc� kehc�iheyjgh]h�e_^ygh]h�sblZ�
ij_^klZ\ey_l�kh[hc�\_kvfZ�h^ghjh^gmx�kj_^m��lbiZ�qbklh]h�ev^Z�� 
 

KemqZcgu_�kehbklu_�kj_^u��fh^_ebjh\Zgb_�hljZ`zggh]h�kb]gZeZ 
 

:fieblm^guc�dhwnnbpb_gl�hljZ`_gby�hl�iehkdhkehbklhc�kj_^u�ijb�
ghjfZevghf�iZ^_gbb�\heg�\ujZ`Z_lky�deZkkbq_kdhc�nhjfmehc� 

( ) ( )
( ) 1

1
+
−=

ω
ωω

Z

Z
R , 

]^_ ( ) HEZ
&&

=ω  -� bfi_^Zgk� ih\_joghklb� gZ� ^Zgghc� qZklhl_�� Ihkdhevdm�

kehbklu_�iheyjgu_� hleh`_gby� khklhyl�ba� [hevrh]h� qbkeZ� kehz\��ijbqzf�
we_dljbq_kdb_�k\hckl\Z�kj_^u�ihklhyggu�\�ij_^_eZo�dZ`^h]h�kehy��\�kem�
qZ_�ghjfZevgh]h�iZ^_gby�\hegu�bfi_^Zgk�kj_^u�fh`gh�\uqbkeblv�ih�j_�
dmjj_glghc�nhjfme_� 

( )
( ) ( )

( ) ( ) n
nn

n
n

nnn
n

n Z
dktgiZZ

dktgiZZ
Z

1

1

−

−

−
−=  

]^_�Z(n) -�bfi_^Zgk�kj_^u�gZ�]jZgbp_�n-]h�kehy��Z(n��� -�bfi_^Zgk�kj_^u�gZ�
]jZgbp_��n���-]h�kehy��Zn = nε  -�bfi_^Zgk�kh[kl\_ggh�n-]h�kehy�� ck nn ωε=  

-�\hegh\h_�qbkeh�\�n-f�kehx���n�b�dn -�dhfie_dkgZy�^bwe_dljbq_kdZy�ijh�
gbpZ_fhklv�b�lhesbgZ�n-]h�kehy��khhl\_lkl\_ggh�� 

GZfb� [ueZ� ijbgylZ� ke_^mxsZy� fh^_ev� k_\_jghc� iheyjghc� rZidb�
[�@�� iZqdZ� ba� ���� iZj� q_j_^mxsboky� kehz\� ^\mo� lbih\�� ijbqzf� lhesbgZ�
iuevguo�kehz\� 2l  ��f��lhesbgZ�e_^yguo�kehz\�jZ\ghf_jgh�jZkij_^_e_gZ�\�
^bZiZahg_� 1l =14-���f��LZdbf� h[jZahf�� ihegZy� lhesbgZ� iZqdb� khklZ\eyeZ�
hdheh� ����� f�� >bwe_dljbq_kdZy� ijhgbpZ_fhklv� ( )δε tgi1.0115.31 += , 

( )δε tgi+= 192 �� lZg]_gk� ihl_jv� δtg \Zjvbjh\Zeky� \� ij_^_eZo� �«������ >b�
we_dljbq_kdZy�ijhgbpZ_fhklv�ih^klbeZxs_c�ih\_joghklb�ijbgylZ�jZ\ghc�
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80
2

≈OHε .�Ih� j_amevlZlZf�fh^_ebjh\Zgby� ihdZaZgh�� qlh� gZ� �-f� ^bZiZahg_�

(1.3-����F=p��jZ^ZjZ�MARSIS�>�@�fh`gh�gZ[ex^Zlv�hljZ`zggh_�hl�ih^hr�
\u�sblZ�woh��Ih�Zfieblm^_�woZ�fh`gh�km^blv�h�gZebqbb�beb�hlkmlkl\bb�
`b^dhc�\h^u��GZ��-f�^bZiZahg_� ����-����F=p��lZdh]h�woZ�g_�gZ[ex^Z_lky��
ihlhfm�qlh�wlhl�^bZiZahg�ihiZ^Z_l�\�ihehkm�g_ijhajZqghklb�� 

 
<u\h^u 

 
Ijh\_^zg�ZgZeba�jZkijhkljZg_gby�k\_jorbjhdhihehkguo�EQF�kb]�

gZeh\� \� lhes_� fZjkbZgkdbo� iheyjguo�sblh\��IhdZaZgZ� ijbgpbibZevgZy�
\hafh`ghklv� h[gZjm`_gby�`b^dhc� \h^u� \� hkgh\Zgbb� iheyjguo�sblh\� k�
ihfhsvx�hj[blZevgh]h�jZ^ZjZ�MARSIS�dhkfbq_kdhc�fbkkbb�Mars Express. 
 

GZklhysZy�jZ[hlZ�qZklbqgh�ih^^_j`ZgZ�]jZglhf�JNNB���-05-06301. 
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:G:EBA�IJHKLJ:GKL<?GGH-<J?F?GGUO�IHE?C�HKH��MN�WJB�
L?FGHC�H;EMQ?GGHKLB�B�:LFHKN?JGH=H�:EV;?>H�IH�>:G�
GUF�KIMLGBDH<UO�G:;EX>?GBC�TOMS���K�IHFHSVX�SVD�B�

EOF�F?LH>H< 
 

Nbabd�G�:��DjZfZjh\Z��^hp_gl��=�B��Dmag_ph\ 
 

>ey� \u^_e_gby� hkh[_gghkl_c� baf_gqb\hklb� ijhkljZgkl\_ggh-
\j_f_gguo�ihe_c�MN�wjbl_fghc�h[emq_gghklb��h[s_]h�kh^_j`Zgby�hahgZ�
�HKH��b�Zlfhkn_jgh]h�Zev[_^h��Z�lZd`_�^ey�ZgZebaZ�\aZbfguo�k\ya_c�f_`�
^m�wlbfb�iheyfb�[ueb�bkihevah\Zgu�f_lh^�wfibjbq_kdbo�hjlh]hgZevguo�
nmgdpbc� �EOF��b�f_lh^� kbg]meyjgh]h� jZaeh`_gby� (SVD���<� dZq_kl\_�bk�
oh^guo� ^Zgguo� bkihevah\Zebkv� kimlgbdh\u_� ^Zggu_�TOMS� �� aZ� i_jbh^�
yg\Zjv-^_dZ[jv�����]���ij_^klZ\e_ggu_�\�\b^_�khhl\_lkl\mxsbo�^he]hlgh-
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rbjhlguo� _`_^g_\guo� ihe_c� k� ijhkljZgkl\_gguf� jZaj_r_gb_f� ����0� ih�
^he]hl_�b����0�ih�rbjhl_� 

F_lh^� wfibjbq_kdbo� hjlh]hgZevguo�nmgdpbc� hkgh\Zg� gZ� jZaeh`_�
gbb�bkoh^guo�ihe_c�^Zgguo�ih�hjlh]hgZevguf�[Zabkguf�nmgdpbyf��dhlh�
ju_�g_�aZ^Zxlky�aZjZg__��Z�hij_^_eyxlky�ba�kZfbo�bkoh^guo�^Zgguo��;Z�
abkguc�k-uc�\_dlhj�\u[bjZ_lky�lZdbf�h[jZahf��qlh[u�hg�k�h^ghc�klhjhgu�
[ue�hjlh]hgZe_g�ij_^u^msbf�k-��\_dlhjZf��Z�k�^jm]hc�klhjhgu�hljZ`Ze�
fZdkbfZevgmx� baf_gqb\hklv� bkoh^ghc� \_ebqbgu� �fbgbfbabjh\Ze� hklZ�
lhqgmx� \ZjbZpbx���LZdbf� h[jZahf��i_j\u_�fh^u�EOF� ZgZebaZ�hljZ`Zxl�
fZdkbfZevgmx�baf_gqb\hklv�bkoh^guo�ihe_c��IjhkljZgkl\_ggZy�kljmdlm�
jZ�EOF�\_dlhjh\�iha\hey_l�\u^_eylv�]_h]jZnbq_kdb_�h[eZklb��]^_�gZ[ex�
^Z_lky�fZdkbfZevgZy�baf_gqb\hklv�bkke_^m_fhc�\_ebqbgu�� 

F_lh^� kbg]meyjgh]h� jZaeh`_gby� iha\hey_l� \uy\eylv� k\yab� f_`^m�
^\mfy�iheyfb��LZd�`_�dZd�b�EOF�f_lh^��SVD�f_lh^�hkgh\Zg�gZ�jZaeh`_gbb�
ihe_c� ih� hjlh]hgZevguf� [Zabkguf� \_dlhjZf�� \u[bjZ_fuf� ba� kZfbo� bk�
oh^guo�^Zgguo��lhevdh�l_i_jv�ijb�ih^[hj_�[Zabkguo�\_dlhjh\�ihy\ey_lky�
^hihegbl_evgh_� mkeh\b_�� dh\ZjbZpby� f_`^m� khhl\_lkl\mxsbfb� dhwnnb�
pb_glZfb�jZaeh`_gby�^\mo�ihe_c�^he`gZ�[ulv�fZdkbfZevghc��IjhkljZg�
kl\_ggZy�kljmdlmjZ�kbg]meyjguo�\_dlhjh\�ijhihjpbhgZevgZ�]_l_jh]_gghc�
dhjj_eypbhgghc�dZjl_��qlh�iha\hey_l�\u^_eylv�h[eZklb��]^_�gZ[ex^Zxlky�
fZdkbfZevgu_�k\yab�f_`^m�^\mfy�iheyfb� 

I_j\Zy� EOF� fh^Z� ^ey�HKH� hlh[jZ`Z_l� ������ baf_gqb\hklb��<j_�
f_gghc�dhwnnbpb_gl�i_j\hc�fh^u�hlh[jZ`Z_l�]h^h\hc�oh^�HKH�k�fbgb�
fmfhf� \� Z\]mkl_-ghy[j_� b� fZdkbfmfhf� \�n_\jZe_-Zij_e_��<� ijhkljZgkl�
\_gghc� kljmdlmj_�EOF� \_dlhjZ� hlq_leb\h� \b^gh� jZa^_e_gb_� ljhibq_kdhc�
(0-300� k�r���b�mf_j_gghc�h[eZkl_c��FZdkbfZevgZy�baf_gqb\hklv�HKH�gZ�
[ex^Z_lky�\�h[eZklb�mf_j_gguo�rbjhl� ��-600� k�r��<� wlhc�h[eZklb�\^hev�
djm]Z�rbjhl���0�k�r��\u^_eyxlky�ljb�ahgu�ZghfZebc��\�dhlhjuo�gZ[ex^Z�
xlky� hldehg_gby� hl�rbjhlgh]h� jZkij_^_e_gby�HKH� �^he]hlgu_� kljmdlm�
ju���Djhf_�� lh]h��\�ljhibq_kdhc� ahg_�\u^_ey_lky�h[eZklv�g_agZqbl_evgZy�
ih� fh^mex� ZghfZebc� ijhlb\hiheh`gh]h� agZdZ�� <lhjZy� EOF� fh^Z� HKH�
������� baf_gqb\hklb�� lZd`_� hibku\Z_l� ]h^h\hc� oh^��H^gZdh� \j_f_gghc�
dhwnnbpb_gl�\lhjhc�fh^u�\hajZklZ_l�^h�fZdkbfmfZ�\�Zij_e_-k_gly[j_��b�
^hklb]Z_l�fbgbfmfZ�\�ghy[j_-yg\Zj_��<�ijhkljZgkl\_gghf�jZkij_^_e_gbb�
\lhjh]h� EOF� \_dlhjZ� \u^_eyxlky� gZdehggu_� kljmdlmju� iheh`bl_evgZy�
gZ^�:leZglbq_kdbf�hd_Zghf�b�hljbpZl_evgZy�gZ^�k_\_jh-\hklhqghc�qZklvx�
?\jZabb��<u^_ey_lky� lZd`_�iheh`bl_evgZy� ZghfZeby�gZ^�Lbobf�hd_Zghf�
f_`^m���-350�k�r�� 

I_j\u_�ljb�EOF�fh^u�ZghfZebc�MN�wjbl_fghc�h[emq_gghklb�h[t�
ykgyxl�hdheh�����\gmljb]h^h\hc�baf_gqb\hklb��I_j\uc�EOF�\_dlhj�MN�
wjbl_fghc�h[emq_gghklb��������baf_gqb\hklb��h[eZ^Z_l�rbjhlghc�kljmd�
lmjhc��FZdkbfZevgZy�baf_gqb\hklv�gZ[ex^Z_lky�\�rbjhlghf�ihyk_���-50 0 
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k�r���k�fZdkbfZevgufb�agZq_gbyfb�\�h[eZklb�=bfZeZ_\��gZ^�Kj_^g_c�:ab�
_c��DZ\dZahf��gZ�x]_�?\jhiu�b�gZ�aZiZ^ghf�ih[_j_`v_�KR:��\u^_eyy�l_f�
kZfuf�h[eZklb�hjh]jZnbq_kdbo�ZghfZebc��Djhf_�lh]h��dZd�b�^ey�HKH��gZ�
[ex^Z_lky�q_ldh_�jZa^_e_gb_�ljhibq_kdbo�b�mf_j_gguo�ihykh\��LZd�\�ljh�
ibq_kdhc�h[eZklb�k�m\_ebq_gb_f�rbjhlu�ijhbkoh^bl�jhkl� agZq_gbc�Zgh�
fZebb��Z�\�mf_j_gghf�rbjhlghf�ihyk_�gZh[hjhl�gZ[ex^Z_lky�mf_gvr_gb_�
agZq_gbc� ZghfZebc� ijb� ^\b`_gbb� d� iheyjguf�rbjhlZf��<� ljhibq_kdhc�
h[eZklb�\�rbjhlghf�ihyk_��-100

�k�r��\u^_ey_lky�h[eZklv�ZghfZebc�k�ijh�
lb\hiheh`guf�agZdhf��ehdZebah\ZggZy�\�h[eZklb�\gmljbljhibq_kdhc�ahgu�
dhg\_j]_gpbb�� Dhwnnbpb_gl� i_j\hc� fh^u� beexkljbjm_l� ]h^h\hc� oh^� k�
fZdkbfmfhf�\�e_lgb_�f_kypu�b�fbgbfmfhf�abfhc��<lhjhc�EOF�\_dlhj�^Z�
_l� kms_kl\_ggh�f_gvrbc�\deZ^�\�baf_gqb\hklv� -� ������<�ijhkljZgkl\_g�
ghc� kljmdlmj_�q_ldh�jZa^_eyxlky�h[eZklb� ljhibq_kdbo�b�mf_j_gguo�rb�
jhl��Ijb[ebabl_evgh�gZ� ��0

� k�r��ijhbkoh^bl� kf_gZ� agZdZ�� lZdbf�h[jZahf�
baf_g_gby�\�mf_j_gghc�b�ljhibq_kdhc�h[eZklyo�ijhbkoh^yl�\�ijhlb\hnZ�
a_��<�ljhibq_kdhc�h[eZklb�\u^_eyxlky�d\Zab\hegh\u_�kljmdlmju��<�mf_�
j_gghc�h[eZklb�fZdkbfZevgu_�agZq_gby�ZghfZebc�gZ[ex^Zxlky�gZ^�fZl_�
jbdZfb�� ijb� wlhf� fh`gh� \u^_eblv� ^\_� ^bihevgu_� kljmdlmju�� ?\jZaby� - 
Lbobc� hd_Zg� b�K_\_jgZy�:f_jbdZ� -�:leZglbdZ��<j_f_gghc� dhwnnbpb_gl�
\lhjhc�fh^u�bf__l�^\Z�fZdkbfmfZ��i_j\uc��[hevrbc�ih�Zfieblm^_��\�fZj�
l_-Zij_e_��b�\lhjhc�-�\�k_gly[j_-hdly[j_��LZdbf�h[jZahf��\lhjZy�fh^Z�hib�
ku\Z_l�ihem]h^h\hc�oh^�MN�wjbl_fghc�h[emq_gghklb�� 

:lfhkn_jgh_�Zev[_^h��oZjZdl_jbamxs__�h[eZqghklv��y\ey_lky�hq_gv�
baf_gqb\hc�oZjZdl_jbklbdhc��Ihwlhfm�i_j\Zy�EOF�fh^Z�^ey�Zev[_^h�\u�
^_ey_l�\k_]h� ������baf_gqb\hklb��<j_f_gghc�dhwnnbpb_gl�i_j\hc�fh^u�
oZjZdl_jbam_l�]h^h\hc�oh^�k�fZdkbfmfhf�\�e_lgb_�f_kypu�b�fbgbfmfhf�\�
abfgb_��<�ijhkljZgkl\_gghc�kljmdlmj_�EOF�\_dlhjZ�\�h[eZklb 30-600

�k�r��
\u^_eyxlky�^\Z�^bihey��[he__�fhsguc�?\jZaby�-�Lbobc�hd_Zg�b�K_\_jgZy�
:f_jbdZ�-�:leZglbdZ��Koh`Zy�kljmdlmjZ��dZd�m`_�hibku\Zehkv�\ur_��ijh�
ke_`b\Z_lky� ^ey� \lhjh]h�EOF� \_dlhjZ�MN� h[emq_gghklb��<� ljhibq_kdhc�
h[eZklb�\u^_eyxlky�ljb�h[eZklb�iheh`bl_evguo�ZghfZebc��gZ^�AZiZ^guf�
ih[_j_`v_f�P_gljZevghc�:f_jbdb��gZ^�P_gljZevghc�:njbdhc�b�gZ^�X]h-
<hklhqghc�:ab_c��<lhjZy�EOF�fh^Z� \u^_ey_l� \k_]h� ����� baf_gqb\hklb��
\j_f_gghc�dhwnnbpb_gl�bf__l�^\Z�fZdkbfmfZ��qlh�]h\hjbl�h�lhf��qlh�\lh�
jZy�fh^Z�k\yaZgZ�k�ihem]h^h\uf�oh^hf�baf_gqb\hklb�Zlfhkn_jgh]h�Zev[_�
^h� 
Ijh\_^_gguc�SVD� ZgZeba�f_`^m�iheyfb�MN� wjbl_fghc� h[emq_gghklb�b�
HKH� ihdZaZe�� qlh� i_j\Zy�SVD� fh^Z� \u^_ey_l� ����� �� baf_gqb\hklb� ^ey�
HKH�b�������baf_gqb\hklb�MN�h[emq_gghklb��Z�\lhjZy�SVD�fh^Z�\u^_ey�
_l� ����� �� baf_gqb\hklb� HKH� b� ����� baf_gqb\hklb� MN� h[emq_gghklb��
IjhkljZgkl\_ggh_� jZkij_^_e_gb_� i_j\uo� b� \lhjuo�EOF�b�SVD� \_dlhjh\�
MN�h[emq_gghklb�bf_xl�koh`mx�kljmdlmjm��>ey�HKH�kljmdlmjZ�i_j\h]h�
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SVD�\_dlhjZ�koh`Z�kh�kljmdlmjhc�\lhjh]h�EOF�\_dlhjZ�HKH��Z�kljmdlmjZ�
\lhjh]h�SVD�\_dlhjZ�gZihfbgZ_l�i_j\uc�EOF�\_dlhj� 

SVD� ZgZeba� f_`^m� iheyfb� MN� wjbl_fghc� h[emq_gghklb� b� Zlfh�
kn_jgh]h�Zev[_^h�ihdZaZe��qlh�i_j\Zy�SVD�fh^Z�\u^_ey_l��������baf_gqb�
\hklb�Zlfhkn_jgh]h�Zev[_^h�b� �������baf_gqb\hklb�MN�h[emq_gghklb��Z�
\lhjZy�SVD�fh^Z�\u^_ey_l�ebrv������baf_gqb\hklb�Zlfhkn_jgh]h�Zev[_�
^h�b� ������baf_gqb\hklb�MN�h[emq_gghklb��IjhkljZgkl\_ggZy�kljmdlmjZ�
i_j\uo�b�\lhjuo�EOF�b�SVD�\_dlhjh\�MN�h[emq_gghklb�b�Zlfhkn_jgh]h�
Zev[_^h�ijZdlbq_kdb�kh\iZ^Zxl�� 

Ij_^\Zjbl_evguc�ZgZeba�\uy\be�bgl_j_kgu_�ehdZevgu_�ijhkljZgkl�
\_ggu_�b�\j_f_ggu_�d\Zabi_jbh^bq_kdb_�kljmdlmju�\�EOF�b�SVD�fh^Zo�
HKH��MN�wjbl_fghc�h[emq_gghklb�b�Zlfhkn_jgh]h�Zev[_^h��dhlhju_�fh�
]ml�jZkkfZljb\Zlvky�\�jZfdZo�m`_�ba\_klguo�hkh[_gghkl_c�jZkij_^_e_gby�
wlbo�\_ebqbg� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglZ�JNNB���-05-64712. 
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KL:LBKLBQ?KD:Y�LHFH=J:NBY�F?EDHF:KRL:;GUO 
G?H>GHJH>GHKL?C�:LFHKN?JU�B�BHGHKN?JU 

 
Ijhn_kkhj�<�?�Dmgbpug,  

ijhn_kkhj�Iheyjgh]h�]_hnbabq_kdh]h�bgklblmlZ�?�>�L_j_s_gdh, 
kl��gZmq��khlj��?�K�:g^j__\Z��kl��gZmq��khlj��F�H�Dhaeh\Z 

 
Ba\_klgh��qlh�\�Zlfhkn_j_�b�bhghkn_j_�gZjy^m�k�djmighfZkrlZ[gu�

fb�g_h^ghjh^ghklyfb�� jZaf_j� dhlhjuo�gZfgh]h�ij_\urZ_l� \_ebqbgm� jZ�
^bmkZ�Nj_g_ey�� kms_kl\mxl� b�f_edhfZkrlZ[gu_� g_h^ghjh^ghklb�� khihk�
lZ\bfu_� k� jZ^bmkhf�Nj_g_ey��LZdbfb� g_h^ghjh^ghklyfb�fh]ml� [ulv� aZ�
iheg_gu� h[eZklb� Zlfhkn_ju� b� bhghkn_ju� jZaguo�fZkrlZ[h\� b�nhjf��<�
kbem� \ukhdhc� ijhkljZgkl\_ggh-\j_f_gghc� baf_gqb\hklb� lmj[me_glguo�
kj_^�bo�bkke_^h\Zgb_�y\ey_lky�g_ijhklhc� aZ^Zq_c��>bklZgpbhggh_� ahg^b�
jh\Zgb_� ij_^klZ\ey_lky� h^gbf� ba� gZb[he__� wnn_dlb\guo�f_lh^h\� bkke_�
^h\Zgby�lmj[me_glghc�Zlfhkn_ju��Ijb�ahg^bjh\Zgbb�^\b`msbfky�bklhq�
gbdhf�b�ijb_f_�ahg^bjmxs_]h�kb]gZeZ�\�jy^_�gZa_fguo�ijb_fguo�imgd�
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lh\�fh`_l� klZ\blvky� aZ^ZqZ� lhfh]jZnbq_kdh]h�\hkklZgh\e_gby� kljmdlmju�
Zlfhkn_ju��Ijb� wlhf�fh`gh�ijh\h^blv�j_dhgkljmdpbx�eb[h�djmighfZk�
rlZ[guo� �ih� kjZ\g_gbx� k� jZ^bmkhf�Nj_g_ey�� g_h^ghjh^ghkl_c�f_lh^hf�
emq_\hc� lhfh]jZnbb�� eb[h� \hkklZgZ\eb\Zlv� klZlbklbq_kdmx� kljmdlmjm�
jZkij_^_e_gby�f_edhfZkrlZ[guo� g_h^ghjh^ghkl_c�� AZ^Zqb� lhfh]jZnbq_�
kdh]h�\hkklZgh\e_gby�fh]ml�klZ\blvky�b�j_rZlvky�^ey�jZaebqguo�h[eZkl_c�
Zlfhkn_ju��>ey�bkke_^h\Zgby�kljmdlmju�bhghkn_ju�mki_rgh�ijbf_gy_lky�
kimlgbdh\Zy�jZ^bhlhfh]jZnby��iha\heyxsZy�\hkklZgh\blv�^\mf_jgu_�k_�
q_gby� we_dljhgghc� iehlghklb� �\� kemqZ_� emq_\hc� JL� djmighfZkrlZ[guo�
g_h^ghjh^ghkl_c�� beb� jZkij_^_e_gb_� bgl_gkb\ghklb� nemdlmZpbc� we_d�
ljhgghc� iehlghklb� �\� kemqZ_� klZlbklbq_kdhc� lhfh]jZnbb�f_edhfZkrlZ[�
guo�g_h^ghjh^ghkl_c��\�bhghkn_j_�ih�^Zgguf�kimlgbdh\h]h�jZ^bhijhk\_�
qb\Zgby�\hegZfb�MD<�^bZiZahgZ��>ey�bkke_^h\Zgby�kljmdlmju�kljZlhkn_�
ju� b� ljhihkn_ju� fh]ml� ijbf_gylvky� jZaebqgu_� ko_fu� ijhk\_qb\Zgby� k�
bkihevah\Zgb_f�hilbq_kdh]h�baemq_gby�b�jZ^bh\heg�kZglbf_ljh\h]h�^bZ�
iZahgZ��\hkklZgZ\eb\Z_fhc�\_ebqbghc�fh`_l�y\eylvky�ihdZaZl_ev�ij_ehf�
e_gby�beb�_]h�nemdlmZpbb�� 

>ey� jZaguo� h[eZkl_c� Zlfhkn_ju� kljmdlmjZ� [Zah\h]h�bgl_]jZevgh]h�
mjZ\g_gby�dZd�emq_\hc��lZd�b�klZlbklbq_kdhc�lhfh]jZnbb�h^bgZdh\Z��h^gZ�
dh�\hkklZgh\e_gb_�klZlbklbq_kdhc�kljmdlmju�kj_^u�bf__l�g_dhlhjmx�ki_�
pbnbdm�� k\yaZggmx� kh� kljmdlmjhc� ki_dljZ� jZkk_b\Zxsbo� g_h^ghjh^gh�
kl_c��<� h[s_f� kemqZ_� ki_dlj� g_h^ghjh^ghkl_c� lmj[me_glghc� Zlfhkn_ju�
fh`_l�[ulv�dZd�bahljhiguf��lZd�b�Zgbahljhiguf��Bahljhiguc�ki_dlj��ih-
\b^bfhfm��oZjZdl_j_g�^ey�^ey�[hevrbo�qbk_e�J_cghev^kZ�gZ�fZeuo�fZk�
rlZ[Zo��\[ebab�]jZgbpu�^bkkbiZpbb���WlZ�kblmZpby�hl\_qZ_l�ijyfhfm�dZk�
dZ^m� i_j_^Zqb� wg_j]bb� �hl� [hevrbo�fZkrlZ[h\� d�fZeuf�� b� hibku\Z_lky�
deZkkbq_kdhc� l_hjb_c�Dhefh]hjh\Z�� ij_^iheZ]Zxs_c� ehdZevgmx� bahljh�
ibx� g_h^ghjh^ghkl_c��H^gZdh� \h�fgh]bo� bkke_^h\Zgbyo� [ueh� ihdZaZgh��
qlh� gZjy^m� k� ijyfuf� dZkdZ^hf� i_j_^Zqb� wg_j]bb� \� lmj[me_glghc� kj_^_�
fh`_l� kms_kl\h\Zlv� b� h[jZlguc� dZkdZ^� k� i_j_^Zq_c� wg_j]bb� hl� fZeuo�
fZkrlZ[h\� d� [hevrbf��Ijb� wlhf� fh]ml� h[jZah\u\Zlvky� lZd� gZau\Z_fu_�
dh]_j_glgu_�kljmdlmju��\�dhlhjuo�khkj_^hlhqb\Z_lky�[hevrZy�qZklv�ki_d�
ljZevghc� wg_j]bb��LZdb_� kljmdlmju� h[gZjm`b\Zxl� kms_kl\_ggmx� Zgbah�
ljhibx�� GZebqb_� Zgbahljhibb� fZkdbjm_l� kljmdlmjm� ijhkljZgkl\_ggh]h�
jZkij_^_e_gby�g_h^ghjh^ghkl_c�b�\ghkbl�k\hx�ki_pbnbdm�\�ijhp_kk�lhfh�
]jZnbq_kdhc�j_dhgkljmdpbb��h^gZdh�g_�y\ey_lky�kms_kl\_gguf�ij_iylkl�
\b_f�b�\�jy^_�kemqZ_\�fh`_l�[ulv�mql_gh��Ijh\_^_gh�fh^_ebjh\Zgb_�j_�
r_gby� ijyfhc� b� h[jZlghc� lhfh]jZnbq_kdhc� aZ^Zqb� ^ey� jy^Z� lbibqguo�
kljmdlmj� lmj[me_glghc� Zlfhkn_ju��ihem[_kdhg_qguo�b�h]jZgbq_gguo�ih�
]hjbahglZeb� iehkdbo� ]hjbahglZevguo� keh_\�� bo� dhf[bgZpbc�� \hegh\uo�
kljmdlmj�b�l�i��<�dZq_kl\_�ijbf_jZ�gZ�jbk���ijb\_^_gu�j_amevlZlu�ihke_�
^h\Zl_evguo�wlZih\�\hkklZgh\e_gby�kljmdlmju�g_h^ghjh^ghkl_c�ihdZaZl_�
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ey�ij_ehfe_gby�Zlfhkn_ju�\�\b^_�kh\hdmighklb�jZkiheh`_gguo�^jm]�gZ^�
^jm]hf�lhgdbo�keh_\�� 

 
Jbk��. Fh^_ev��Z���Ijhf_`mlhqgu_��[����\� 

b�hdhgqZl_evguc�\ZjbZglu�j_dhgkljmdpbb��]��g_h^ghjh^ghkl_c�Zlfhkn_ju 
 

 
Ijb� wlhf�gZbemqr__�jZaj_r_gb_� lhgdhc� kljmdlmju� �^_lZe_c� k�jZa�

f_jZfb�ihjy^dZ� h^gh]h�ibdk_eZ�� ^Z_l�ijbf_g_gb_� lhfh]jZnbq_kdh]h�f_�
lh^Z��hkgh\Zggh]h�gZ�jZaghklb�ebg_cguo�bgl_]jZeh\��<_jlbdZevgh_�jZaj_�
r_gb_�fh`gh�memqrblv�� _keb�bkihevah\Zlv�^Zggu_�ih�d\Zab]hjbahglZev�
guf�emqZf��LZdbf�h[jZahf��j_amevlZlu�qbke_ggh]h�fh^_ebjh\Zgby�ihdZ�
aZeb��qlh�^\mf_jgu_�k_q_gby�lbibqguo�kljmdlmj�Zlfhkn_ju��kehb��\hegh�
\u_� kljmdlmju�� bahebjh\Zggu_� g_h^ghjh^ghklb�� g_h^ghjh^ghklb� jZaguo�
nhjf�k�lmj[mebah\Zgghc�\gmlj_gg_c�kljmdlmjhc��fh]ml�[ulv�mki_rgh�j_�
dhgkljmbjh\Zgu� lhfh]jZnbq_kdbfb� f_lh^Zfb� �\dexqZy� ZgZeba� djZ_\uo�
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wnn_dlh\�b�f_lh^u�j_eZdkZpbb��ih�^Zgguf�gZa_fguo�baf_j_gbc�kb]gZeh\��
baemqZ_fuo�kh�kimlgbdh\�beb�kZfhe_lh\� ?keb�wlb�baf_j_gby�ijh\h^ylky�
h^gh\j_f_ggh�gZ�g_kdhevdbo�p_ihqdZo��iZjZee_evguo�gZa_fghc�ijh_dpbb�
hj[blu�e_lZl_evgh]h�ZiiZjZlZ��lh�fh`_l�[ulv�\hkklZgh\e_gZ�b�lj_of_jgZy�
kljmdlmjZ�h[t_dlZ�� 

GZ�jbk���^Zg�ijbf_j�wdki_jbf_glZevghc�lhfh]jZnbq_kdhc�j_dhgkl�
jmdpbb� hlghkbl_evgh]h� baf_g_gby� ^bki_jkbb� nemdlmZpbc� we_dljhgghc�
iehlghklb�\�bhghkn_j_�ih�^Zgguf�kimlgbdh\uo�kb]gZeh\�\�lj_o�imgdlZo�
gZ� Dhevkdhf� ihemhkljh\_� �� n_\jZey� ����]�� \� �����-18:30UT�� <� ^hdeZ^_�
ijb\h^blky�ZgZeba�hrb[hd�b�jZaj_rZxs_c�kihkh[ghklb�f_lh^Z� 

 
JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_�JNNB� �]jZglu�� ��-05-64671, 05-

05-65145). 
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NBABD:�H;J:LGH=H�G:F:=GBQB<:GBY�=HJGUO�IHJH> 
 

:kibjZgl�DmjhqdbgZ�?�K���ijhn_kkhj�Ljmobg�<�B. 
 

D� gZklhys_fm� \j_f_gb� gZ� hkgh\Zgbb� j_amevlZlh\� iZe_hfZ]gblguo�
bkke_^h\Zgbc�k^_eZg�\u\h^�h�lhf��qlh�gZijZ\e_gb_�]_hfZ]gblgh]h�ihey�H] 
g_h^ghdjZlgh�f_gyehkv�gZ�ijhlb\hiheh`gh_�\�l_q_gb_�]_heh]bq_kdhc�bk�
lhjbb�A_feb� 

H^gZdh� bg\_jkbb� ]_hfZ]gblgh]h� ihey� y\eyxlky� g_� _^bgkl\_gghc�
ijbqbghc�\hagbdgh\_gby�h[jZlghc�gZfZ]gbq_gghklb�In��MklZgh\e_gh��qlh�d�
ijhlb\hiheh`ghfm�agZdm�In�hlghkbl_evgh�gZijZ\e_gby�H]��fh`_l�ijb\_klb�
lZd`_�kZfhh[jZs_gb_�gZfZ]gbq_gghklb�In��Hgh�khklhbl�\�lhf��qlh�ijb�hi�
j_^_e_gguo�nbabdh-obfbq_kdbo�ijhp_kkZo�\�ijbjh^guo�n_jjbfZ]g_lbdZo��
hij_^_eyxsbo� fZ]gblgu_� k\hckl\Z� ]hjguo� ihjh^�� \� ]_hfZ]gblghf� ihe_�
ihjh^Z� ijbh[j_lZ_l� In� �� gZijZ\e_ggmx� ZglbiZjZee_evgh� ]_hfZ]gblghfm�
ihex��>ey�h[tykg_gby� kZfhh[jZs_gby� In� \�fZ]gblhmihjy^hq_gguo�fbg_�
jZeZo�ijb\e_dZebkv�jZaebqgu_�f_oZgbafu�>Neel, 1951].  
<uy\e_gb_�kemqZ_\�kZfhh[jZs_gby�_kl_kl\_gghc�hklZlhqghc�gZfZ]gbq_g�
ghklb� \Z`gh� ^ey� ihemq_gby� ^hklh\_jghc� dZjlbgu� baf_g_gby�fZ]gblgh]h�
ihey� A_feb� aZ� ]_heh]bq_kdh_� \j_fy� b� ^ey� ^hdZaZl_evkl\Z� j_Zevghklb� bg�
\_jkbc� ]_hfZ]gblgh]h� ihey�� G_h[oh^bfh� hp_gblv� jhev� jZaebqguo� f_oZ�
gbafh\��bg\_jkbb�b�kZfhh[jZs_gb_��\�h[jZah\Zgbb�h[jZlghc�gZfZ]gbq_g�
ghklb�]hjguo�ihjh^� 

<�gZklhys_c�jZ[hl_�ijh\h^behkv�bkke_^h\Zgb_�ijhp_kkh\� l_jfhgZ�
fZ]gbqb\Zgby� �h[jZaph\�ih^\h^guo�[ZaZevlh\��^jZ]bjh\Zgguo�ba�jZaehfZ�
JhfZgr��P_gljZevgZy�:leZglbdZ���ba�lhqdb�ljhckl\_ggh]h�khqe_g_gby�;m�
\_�\�jZchg_�oj_[lZ�Ribkk��X`gZy�:leZglbdZ��b�kh�^gZ�DjZkgh]h�fhjy��ah�
gZ�fheh^h]h�jbnlh\h]h�h[jZah\Zgby�� 
  H[jZapu�� dhlhju_� ijhy\eyeb� k\hckl\Z� kZfhh[jZs_gby�� bamqZebkv�
[he__�^_lZevgh��hij_^_eyebkv�bo�hkh[_gghklb��dhlhju_�hlebqZeb�bo�hl�h[�
jZaph\��g_�ijhy\eyxsbo�k\hckl\�kZfhh[jZs_gby��Hkgh\ghc�p_evx�bkke_�
^h\Zgby�[ueh�mklZgh\e_gb_�hkh[_gghkl_c�nbabq_kdh]h�f_oZgbafZ�kZfhh[�
jZs_gby�TRM�gZ�h[jZapZo��gZfZ]gbq_gghklv�IT�dhlhjuo�\�ijhp_kk_�bo�ho�
eZ`^_gby�\�ihe_�H�hjb_glbjh\ZeZkv�ZglbiZjZee_evgh�ihex� 

<�jy^_�jZ[hl� >Ryall , Hall� �� ������Ljmobg�b�^j��� ������Ljmobg�b�^j���
����@�[ueh�aZf_q_gh��qlh�h[jZapu��gZ�dhlhjuo�ijhy\eyehkv�y\e_gb_�kZfh�
h[jZs_gby��bf_eb�T<�beb�LK�\�jZchg_� ���

0±500K��Wlh�iha\hebeh�ij_^ih�
eh`blv�� qlh� f_oZgbaf� kZfhh[jZs_gby� j_Zebam_lky� gZ� lblZghfZ]g_lblZo�
hij_^_e_ggh]h� khklZ\Z�� dhlhjuc� ^hklb]Z_lky� gZ� khhl\_lkl\mxs_c� klZ^bb�
hdbke_gby� 

Kj_^b� \k_o� bkke_^h\Zgguo� gZfb� h[jZaph\� wnn_dl� kZfhh[jZs_gby�
gZfZ]gbq_gghklb�gZ[ex^Zeky�lhevdh�gZ�^\mo�ba�gbo�� 
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  <�wdki_jbf_gl_�q_ldh�\b^_g�ZghfZevguc�oh^�djb\uo�l_jfhgZfZ]gb�
qb\Zgby�\�ijhp_kk_�hoeZ`^_gby�b�gZ]j_\Z��>ey�h[tykg_gby�wlh]h�y\e_gby�
fh`gh� ij_^eh`blv� ^\_� \_jkbb�� eb[h� wnn_dl� kZfhh[jZs_gby� k\yaZg� kh�
\gh\v� h[jZah\Zgghc� \� j_amevlZl_� ih\lhjgh]h� gZ]j_\Z� \ukhdhl_fi_jZlmj�
ghc�nZahc��eb[h�wlh�k\hckl\h�hij_^_e_ggh]h�khklZ\Z�lblZghfZ]g_lblZ��h[�
jZah\Zggh]h�gZ�^Zgghc�klZ^bb�hdbke_gby� 

Fh^_ebjh\Zgb_� l_jfhgZfZ]gbq_gghklb� � km^y� ih� hlghkbl_evghfm�
kiZ^m� gZ� djb\uo� hoeZ`^_gby�� ihdZaZeh� g_[hevrh_� mf_gvr_gb_� wnn_dlZ�
kZfhh[jZs_gby�ihke_�ijh]j_\Z��Ke_^h\Zl_evgh��ij_^iheh`_gb_�h�lhf��qlh�
wnn_dl�kZfhh[jZs_gby�k\yaZg�k�g_dhlhjhc�^hihegbl_evghc�\ukhdhl_fi_�
jZlmjghc�nZahc��f_g__�\_jhylgh� 

LZd`_�[ueb�ijh\_^_gu�wdki_jbf_glu�ih�gZ]j_\m�h[jZaph\�\�keZ[hf�
ihe_�k�p_evx�\uykg_gby�nZah\h]h�khklZ\Z��Wlb�j_amevlZlu�^Zxl�hkgh\Zgb_�
ij_^iheh`blv�� qlh� ihke_� ^ebl_evgh]h� ijh]j_\Z� nZah\uc� b� kljmdlmjguc�
khklZ\u�lblZghfZ]g_lblZ�baf_gbebkv��Ijb�wlhf��ih�\k_c�\_jhylghklb��nZ�
ah\u_� baf_g_gby� b^ml� \� gZijZ\e_gbb�nhjfbjh\Zgby� khklZ\h\�n_jjbfZ]�
gblghc�njZdpbb�k�LD. 

Bkoh^y�ba�wlbo�^Zgguo��fh`gh�ij_^iheh`blv��qlh�gZb[he__�\_jhyl�
guf�f_oZgbafhf�kZfhh[jZs_gby�gZfZ]gbq_gghklb�\�^Zgghf�kemqZ_�y\ey�
_lky�f_oZgbaf�jZaebqgh]h�oh^Z�kihglZgghc�gZfZ]gbq_gghklb�ih^j_r_lhd�
n_jjbfZ]g_lbdZ� 

LZdbf�h[jZahf��m^Zehkv�mklZgh\blv�gZebqb_�kZfhh[jZs_gby�m�^\mo�
h[jZaph\�ih^\h^guo�[ZaZevlh\��<�wlbo�h[jZapZo�\�j_amevlZl_�w\hexpbb�kh�
klZ\h\� lblZghfZ]g_lblh\� b� gZebqby� ^hihegbl_evguo� gZijy`_gbc� in situ 
\hagbdeb� g_h[oh^bfu_� nbabq_kdb_� mkeh\by� ^ey� ijhoh`^_gby� ijhp_kkZ�
kZfhh[jZs_gby�gZfZ]gbq_gghklb��<iheg_�\hafh`gh��qlh�b�^jm]b_�[ZaZev�
lu��gZoh^ysb_ky�\�h[eZklyo�jZaehfZ�JhfZgr�b�khqe_g_gby�;m\_�h[eZ^Zxl�
ZgZeh]bqgufb�k\hckl\Zfb� 
 
1. Ljmobg�<�B���@bey_\Z�<�:���Lhfbebg�?�N���Dhgbeh\�:�G��Hkh[_gghklb�b�
\hafh`guc�f_oZgbaf� kZfhh[jZs_gby�TRM� kbgl_abjh\Zgguo� ]_fhbevf_�
gblh\����NbabdZ�A_feb�������������K����-59. 
2. Ljmobg� <�B��� ;Z]bg� <�B��� ;meuq_\� :�:��� b� ^j�� FZ]g_lbaf� kj_^bggh-
hd_Zgbq_kdh]h�oj_[lZ�Ribkk� �X`gZy�:leZglbdZ�� ���NbabdZ�A_feb��2000. 
�����K. 68-82. 
3. Neel L. L’inversion de L’aimantation permanente des roches // Ann. Geophys. 
������9���������3����-103. 
4. Ryall P.J.C., Hall J. Laboratory alteration of titanomagnetites in submarine 
pillow lavas // Canad. J. Earth. Sci. 1979. V�����������Pt. 1. P. 496-505. 
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>EBGGH<HEGH<UC�F?O:GBAF�=?G?J:PBB�KHEBLHGH< 
 

=e��gZmqg��khlj��R_edh\gbdh\�G�D���\_^��bg`_g_j�Fhqmebg�I�<� 
 

Bamq_gb_� m_^bg_gguo� \heg� gZ� ih\_joghklb� \h^u� ij_^klZ\ey_l�
[hevrmx� gZmqgmx� b� ijZdlbq_kdmx� p_gghklv�� <� qZklghklb�� agZgb_� iZjZ�
f_ljh\�m_^bg_gguo�\heg�b�\hafh`ghklb�ijh]ghabjh\Zgby�bo�\hagbdgh\_�
gby�g_h[oh^bfh�ijb�ijh_dlbjh\Zgbb�b�wdkiemZlZpbb�ieZlnhjf�^ey�^h[u�
qb�g_nlb�b�]ZaZ��Wlh�hkh[_ggh�\Z`gh�^ey�Zd\Zlhjbb�k_\_jguo�fhj_c��]^_�\�
hkgh\ghf�b� \_^_lky�bo� kljhbl_evkl\h��GZb[hevrbc�bgl_j_k�ij_^klZ\ey_l�
aZjh`^_gb_� m_^bg_gguo� \heg� \� j_amevlZl_� ^_ckl\by� f_l_hjheh]bq_kdbo�
nZdlhjh\��M_^bg_ggu_�\hegu��\hagbdZxsb_�gZ�ih\_joghklb�`b^dhklb�ih^�
^_ckl\b_f�\_ljZ��y\eyxlky�h^gbf�ba�wlZih\�\hagbdgh\_gby�\_ljh\uo�\heg��
Ijb�hlghr_gbb�g_ebg_cghklb�d�^bki_jkbb�[ebadhf�d�_^bgbp_�fh]ml�nhj�
fbjh\Zlvky�\_ljh\u_�m_^bg_ggu_�\hegu� >�@��f_l_hpmgZfb���Bkke_^h\Zgb_�
wlbo�ijhp_kkh\�\�eZ[hjZlhjguo�mkeh\byo�y\ey_lky�\Z`guf�^ey�ihgbfZgby�
f_oZgbafZ�jZa\blby�f_l_hpmgZfb��ihkdhevdm�\�ijbjh^guo�mkeh\byo�bo�gZ�
[ex^_gb_� � khijy`_gh� k� [hevrbfb� l_ogbq_kdbfb� ljm^ghklyfb�� <i_j\u_�
\_ljh\u_�kheblhgu�\�dhevp_\hf�Zwjh]b^jhdZgZe_�[ueb�h[gZjm`_gu�gZ�dZ�
n_^j_�nbabdb�fhjy�b�\h^�kmrb�F=M�bf_gb�F�<��Ehfhghkh\Z�>�@�� 

K� p_evx� \uykg_gby� f_oZgbafZ� ]_g_jZpbb� m_^bg_gguo� \heg� gZfb�
[ueZ� ijh\_^_gZ� k_jby� wdki_jbf_glh\� \� dhevp_\hf� Zwjh]b^jhdZgZe_�� \h�
\j_fy� dhlhjhc� dZgZe� aZihegyeky� \h^hc� ^h� aZ^Zgghc� ]em[bgu� b�� ijb� \u�
[jZgghf�j_`bf_��\dexqZeZkv�\_ljh\Zy�mklZgh\dZ��J_]bkljZpby�\heg�\_eZkv�
���kljmggufb�\hegh]jZnZfb��jZkiheh`_ggufb�ih�i_jbf_ljm�dZgZeZ��<he�
gh]jZnu�\dexqZebkv�\�p_iv� ]_g_jZlhjh\�i_j_f_ggh]h� lhdZ�b�ijhfh^meb�
jh\Zggu_� kb]gZeu� �ih^Z\Zebkv�gZ�ieZlm�:PI� dhfivxl_jZ��G_ij_ju\gZy�
j_]bkljZpby� \heg� iha\hebeZ� ^_lZevgh� ijhke_^blv� f_oZgbaf� aZjh`^_gby�
\_ljh\uo�m_^bg_gguo�\heg�gZ�ih\_joghklb�`b^dhklb��Ih^�^_ckl\b_f�\_l�
jZ�\hagbdZeZ�jy[v��aZl_f�–�]jZ\blZpbhggu_�\hegu��\ukhlZ�K�b�^ebgZ� λ �dh�
lhjuo� kh� \j_f_g_f� \hajZklZeb�� Z� khhlghr_gb_� � G� �λ � mf_gvrZehkv�� l�_��
nhjfbjh\Zehkv� mkeh\b_� f_edh\h^vy�� Kh� \j_f_g_f� h[jZah\u\Zehkv� g_�
kdhevdh� kheblhgh\�� ihklhyggh� \aZbfh^_ckl\mxsbo� ^jm]� k� ^jm]hf�� \� j_�
amevlZl_�q_]h�hklZ\Zeky�h^bg�ba�gbo��<j_fy�aZjh`^_gby�kheblhgZ�ih�klZg�
^Zjlghfm�f_oZgbafm�khklZ\eyeh�\�kj_^g_f���fbgml� 

<� oh^_� wdki_jbf_glh\�� ijb� gZebqbb� gZ� ih\_joghklb�`b^dhklb� ih�
\_joghklgh-Zdlb\guo� \_s_kl\� �I:<��� gZfb� [ue� h[gZjm`_g� lZd� gZau\Z_�
fuc�©^ebggh\hegh\ucª�f_oZgbaf�nhjfbjh\Zgby�kheblhgh\��Ih^�gbf�ih�
gbfZ_lky�ijhp_kk��dh]^Z�gZ�gZqZevghf�wlZi_�gZ[ex^Zebkv�lhevdh�^ebggh�
\hegh\u_� dhe_[Zgby� ijb� hlkmlkl\bb� ]jZ\blZpbhggh-dZibeeyjguo� \heg��
Kh]eZkgh� >�@�� ]Zr_gb_�dZibeeyjguo�\heg�ih\_joghklgh-Zdlb\gufb�\_s_�
kl\Zfb�ijhbkoh^bl�aZ�kq_l�mf_gvr_gby�ih\_joghklgh]h�gZly`_gby�`b^dh�
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klb��<�wlhf�kemqZ_�dhwnnbpb_gl�aZlmoZgby�\heg�klZgh\blky�[hevr_��q_f�gZ�
qbklhc�\h^_�>�@��Ohly�gZebqb_�ie_gdb�I:<�gZ�\h^ghc�ih\_joghklb�hdZau�
\Z_l� g_ihkj_^kl\_ggh_� ]Zkys__� ^_ckl\b_� ebrv� gZ� ]jZ\blZpbhggh-
dZibeeyjgu_�\hegu��l_f�g_�f_g__��\�j_amevlZl_�g_ebg_cguo�\aZbfh^_ckl�
\bc�f_`^m�dhfihg_glZfb�\hegh\h]h�ihey��ijhbkoh^bl�h[f_g�wg_j]b_c�f_�
`^m�dhjhldbfb�b�^ebggufb�\hegZfb��qlh�ijb\h^bl�d�mf_gvr_gbx�ihlhdZ�
wg_j]bb� d� ^ebgguf� ]jZ\blZpbhgguf� \hegZf��LZdbf� h[jZahf�� \� ijhp_kk_�
gZrbo� wdki_jbf_glh\�� \_l_j�� ^_ckl\my� gZ� ijZdlbq_kdb� ]eZ^dmx� \h^gmx�
ih\_joghklv�� i_j_^Z\Ze� wg_j]bx� \hegZf� \� hkgh\ghf� ihkj_^kl\hf� ghj�
fZevghc�khklZ\eyxs_c��Z�g_�lZg]_gpbZevghc��dZd�ijb�hlkmlkl\bb�I:<��<�
wlhf�kemqZ_�ijhbkoh^beh�jZa\blb_�]jZ\blZpbhgguo�\heg�^h�l_o�ihj��ihdZ�
bo�Zfieblm^Z�g_�^hklb]ZeZ�g_dhlhjhc�\_ebqbgu��ihke_�dhlhjhc�ijhbkoh�
^beh�nhjfbjh\Zgb_�g_kdhevdbo�m_^bg_gguo�\heg�k�ihke_^mxsbf�\aZbfh�
^_ckl\b_f�b�h[jZah\Zgb_f�_^bgkl\_ggh]h�kheblhgZ��G_h[oh^bfh�hlf_lblv��
qlh�^ebl_evghklv�nZau�aZjh`^_gby�m_^bg_gghc�\hegu�ijb�©^ebggh\hegh�
\hfª� f_oZgbaf_� nhjfbjh\Zgby� aZgbfZeZ� ijbf_jgh� \� ^_kylv� jZa� [hevr_�
\j_f_gb��q_f�ijb�qbklhc�ih\_joghklb�`b^dhklb��Z�ijb�agZqbl_evghf�m\_�
ebq_gbb� dhgp_gljZpbb� I:<�� \hagbdZeZ� kblmZpby�� dh]^Z� ^ey� jZa\blby�
©^ebggh\hegh\h]hª� f_oZgbafZ� nhjfbjh\Zgby� \heg� wg_j]bb� \_ljZ� [ueh�
g_^hklZlhqgh��<�lZdbo�kemqZyo�h[jZah\Zgb_�m_^bg_gguo�\heg�g_�ijhbkoh�
^beh�\hh[s_� 

Ij_^klZ\ey_lky�bgl_j_kguf� kjZ\gblv�^bgZfbdm�jZa\blby�\_ljh\h]h�
\heg_gby� ijb� jZaguo� f_oZgbafZo� aZjh`^_gby� � kheblhgZ���������

 
  GZ�jbk���ihdZaZg�]jZnbd�aZ\bkbfhklb�^ebgu�\heg�\�dZgZe_�\�oh^_�aZ�
jh`^_gby�\_ljh\h]h�kheblhgZ�hl�h[s_]h�\j_f_gb�ijhp_kkZ��aZ������[_j_l�
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ky� \j_fy� h[jZah\Zgby� _^bgkl\_ggh]h� kheblhgZ��� DZd� \b^gh� ba� ]jZnbdZ��
agZqbl_evgZy�jZagbpZ�\�^bgZfbd_�jZa\blby�\heg�ijhy\ey_lky�gZ�gZqZevghc�
klZ^bb��^h�����\j_f_gb�ijhp_kkZ����g_ij_ju\gh_�m\_ebq_gb_�^ebgu�\heg�\�
qbklhc�\h^_�kbevgh�hlebqZ_lky�hl� �©^ebggh\hegh\hc�jZkdZqdbª�ih\_jogh�
klb�`b^dhklb�\�ijbkmlkl\b_�I:<��>Ze__�ijhbkoh^beh�klZg^Zjlgh_�m\_eb�
q_gb_�^ebgu�\heg��\iehlv�^h�nhjfbjh\Zgby�kheblhgZ� 

<Z`ghklv�ijh\_^_gguo�gZfb�bkke_^h\Zgbc�\ebygby�I:<�gZ�ijhp_kk�
nhjfbjh\Zgby�m_^bg_gguo�\heg�h[mkeh\e_gZ�l_f��qlh�\�hd_Zg_�ih\k_f_kl�
gh�\klj_qZxlky�nbabdh-obfbq_kdb_�g_h^ghjh^ghklb�ih\_joghklb��\ua\Zg�
gu_�jZagh]h�jh^Z�aZ]jyag_gbyfb�>�@��Hgb�\hagbdZxl�dZd�\�j_amevlZl_�^_y�
l_evghklb� q_eh\_dZ�� � lZd� b� \ke_^kl\b_� _kl_kl\_gguo� ijhp_kkh\��Hd_Zgh�
]jZnbq_kdb_�gZ[ex^_gby�ihdZau\Zxl��qlh� �\�gZklhys__�\j_fy�ihqlb���% 
iehsZ^b�Fbjh\h]h�hd_ZgZ�ihdjulh��hj]Zgbq_kdbfb�ie_gdZfb��qlh��_kl_kl�
\_ggh��\eby_l�gZ�ijhp_kk�]_g_jZpbb�\heg��Z��ke_^h\Zl_evgh��b�gZ�jZa\blb_�
\_ljh\uo� m_^bg_gguo� \heg�� LZdbf� h[jZahf�� gZebqb_� ih\_joghklgh-
Zdlb\guo� \_s_kl\� ijb\h^bl� d�nhjfbjh\Zgbx� lZd� gZau\Z_fh]h� ©^ebggh�
\hegh\h]hª�f_oZgbafZ� ]_g_jZpbb�m_^bg_gguo� \heg��hdZau\Zy� \ebygb_�gZ�
ijhp_kku�jZa\blby�\_ljh\uo�\heg�gZ�jZggbo�klZ^byo�aZjh`^_gby�kheblhgZ�
b�m\_ebqb\Zy�\j_fy��g_h[oh^bfh_�gZ�_]h�nhjfbjh\Zgb_� 
 

Ebl_jZlmjZ 
 

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. EZaZj_\� :�:�� IhdZa__\� D�<��R_edh\gbdh\� G�D��Nbabdh-obfbq_kdZy�
g_h^ghjh^ghklv� ih\_joghklb� hd_ZgZ� b� ih\_joghklgu_� \hegu��QZklv� ��
��Ba^Zl_evkl\h�Fhkdh\kdh]h�Mgb\_jkbl_lZ��Fhkd\Z����������k� 

4. E_\bq� <�=��Nbabdh-obfbq_kdZy� ]b^jh^bgZfbdZ� ��� =hkba^Zl� nba-fZl�
ebl_jZlmju��Fhkd\Z�����������k� 

 
 
 
HKH;?GGHKLB�L?IEHI?J?GHK:�<�G?DHGKHEB>BJH<:GGUO 

A?JGBKLH-IHJBKLUO�KJ?>:O 
 

Ijhn_kkhj�I_ljmgbg�=�B���kl��gZmq��khlj��Ihih\�<�= 
 

L_iehnbabq_kdb_� k\hckl\Z� ]hjguo� ihjh^�� lZdb_� dZd� l_iehijh\h^�
ghklv�� l_fi_jZlmjhijh\h^ghklv�b� l_ieh_fdhklv��oZjZdl_jbamxsb_�bgl_g�
kb\ghklv�l_iehi_j_^Zqb�\�ihjh^Zo�b�kihkh[ghklv�mk\Zb\Zlv�bfb�l_ieh��gZ�
jy^m�k�bklhqgbdZfb�b�]em[bgguf�l_ieh\uf�ihlhdhf��nhjfbjmxl�l_jfbq_�
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kdbc� j_`bf�� dhlhjuc� \h�fgh]hf�hij_^_ey_l�bgl_gkb\ghklv�b�gZijZ\e_g�
ghklv�[hevrbgkl\Z� ]_heh]h-]_hnbabq_kdbo�ijhp_kkh\�\�eblhkn_j_�A_feb��
AgZgb_�l_ieh\uo�k\hckl\�]hjguo�ihjh^�djZcg_�g_h[oh^bfh�lZd`_�ijb�ba�
f_j_gbyo�l_ieh\h]h�ihlhdZ�ba�g_^j��lhgdZy�kljmdlmjZ�jZkij_^_e_gby�dhlh�
jh]h�gZ�ih\_joghklb�� y\ey_lky� _^\Z� eb�g_� _^bgkl\_gguf�bklhqgbdhf�bg�
nhjfZpbb� h� l_jfbq_kdhc� Zdlb\ghklb� gb`_e_`Zsbo� b� g_^hklmiguo� ^ey�
ijyfh]h�bamq_gby�keh_\�A_feb� 

L_hjby�l_iehi_j_ghkZ�jZa\blZ�ebrv�^ey�b^_Zevguo�fhghdjbklZeeh\��
l_iehijh\h^ghklv� dhlhjuo� hij_^_ey_lky�P-T� mkeh\byfb�� obfbq_kdbf� kh�
klZ\hf�b�bo�djbklZeebq_kdhc�kljmdlmjhc��Ijhp_kku�l_iehi_j_^Zqb�\�]hj�
guo�ihjh^Zo��keZ]Zxsbo�]hjbahglu�a_fghc�dhju�b�\_jog_c�fZglbb��djhf_�
lh]h��hij_^_eyxlky�dZd�keh`ghklvx�bo�fbg_jZevgh]h�khklZ\Z��lZd�b�\eby�
gb_f�fgh]hqbke_gguo�nZdlhjh\��k\yaZgguo��k�gZebqb_f�\�gbo�f_`a_jgh�
\uo�]jZgbp��`b^dhc�b�]Zah\hc�nZa�b�^j���<k_�wlh�kms_kl\_ggh�h]jZgbqb\Z_l�
\hafh`ghklv�ijbf_g_gby�nbabdb�l\_j^h]h�l_eZ�^ey�hibkZgby�ijhp_kkZ�l_�
iehi_j_ghkZ�� hkh[_ggh� \�g_dhgkheb^bjh\Zgguo�b� keZ[h� dhgkheb^bjh\Zg�
guo� kj_^Zo��b� aZljm^gy_l�ijh]ghabjh\Zgb_� l_ieh\uo� k\hckl\� ]em[bggh]h�
eblhkn_jgh]h� \_s_kl\Z��>ey� mdZaZgguo� kj_^� gZ� i_j\uc� ieZg� \uklmiZxl�
wdki_jbf_glZevgu_� bkke_^h\Zgby�� j_amevlZlu� dhlhjuo� b� klZgh\ylky� hk�
gh\guf�djbl_jb_f�ijZ\bevghklb�l_hj_lbq_kdbo�ihkljh_gbc� 

LZdbf�h[jZahf��h^gbf�ba�gZijZ\e_gbc�bkke_^h\Zgbc�\�^Zgghc�h[eZk�
lb�y\ey_lky�bamq_gb_�\ebygby�fbg_jZevgh]h�b�]jZgmehf_ljbq_kdh]h�khklZ�
\Z��ihjbklhklb��\eZ`ghklb�b�l_fi_jZlmju�gZ�bgl_gkb\ghklv�l_iehi_j_^Zqb�
\�g_dhgkheb^bjh\Zgguo�^bki_jkguo�kj_^Zo��d�dhlhjuf�hlghkylky�kuimqb_�
ijbjh^gu_�hkZ^hqgu_�ihjh^u��AgZgb_�iZjZf_ljh\�l_iehi_j_ghkZ�\�lZdbo�
kj_^Zo�� aZgbfZxsbo� agZqbl_evgu_� l_jjblhjbb� a_fghc�ih\_joghklb� �i_k�
db��ihq\u��fhjkdb_�hkZ^db�b�^j����g_h[oh^bfh�g_� lhevdh�ijb�ihkljh_gbb�
^hklh\_jguo�l_ieh\uo�fh^_e_c�a_fghc�dhju��gh�ij_^klZ\eyxl�g_khfg_g�
guc�bgl_j_k�b�ijb�j_r_gbb�fgh]bo�l_ogbq_kdbo�aZ^Zq� 

G_dhlhju_� Zki_dlu� bkke_^h\Zgbc� ijhp_kkh\� l_iehi_j_ghkZ� \� ^bk�
i_jkguo�g_dhgkheb^bjh\Zgguo�kj_^Zo�hljZ`_gu�\�jZ[hlZo�lZdbo�hl_q_kl�
\_gguo�b�aZjm[_`guo�mq_guo��dZd�:�N��Qm^gh\kdbc��E�E��<Zkbev_\��X�?��
NjZcfZg��K�:��LZgZ_\Z��:�>��Rguj_\��=�G��>mevg_\��X�I��AZjbqgyd��<�<��
Gh\bdh\�� =�B�� I_ljmgbg�� <�=�� Ihih\�� :�<�� Khkdh\�� W. Woodside, J.H. 
Messmer�b�^j��:gZeba�jZ[hl�mdZaZgguo�Z\lhjh\�ihdZaZe��qlh�d�gZklhys_fm�
\j_f_gb� \uy\e_gu� ebrv� g_dhlhju_� l_g^_gpbb� ih\_^_gby� l_iehi_j_ghk�
guo� k\hckl\�^bki_jkguo�b� a_jgbklh-ihjbkluo� kj_^� \� aZ\bkbfhklb�hl� kh�
^_j`Zgby�`b^dhc�b�]Zah\hc�nZau��jZaf_jZ�a_j_g�b�l_fi_jZlmju�^ey�h]jZ�
gbq_ggh]h�djm]Z�fZl_jbZeh\��IjZdlbq_kdb��aZ�j_^dbf�bkdexq_gb_f��hlkml�
kl\m_l� h[h[s_gb_� wfibjbq_kdbo� ^Zgguo�� dhlhjh_� fh]eh� [u� b]jZlv� jhev�
aZdhghf_jghkl_c�� b� kh\_jr_ggh� g_� bamq_gZ�nbabq_kdZy� ijbjh^Z� \ebygby�
lZdbo�nZdlhjh\� dZd� l_fi_jZlmjZ��f_`nZagu_� b�f_`a_jgh\u_� ]jZgbpu�gZ�
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ijhp_kku� l_iehi_j_^Zqb� \� bkke_^m_fuo� kj_^Zo�� Gm`gh� hlf_lblv�� qlh�
hq_gv�keZ[h�bamq_gh�l_fi_jZlmjgh_�ih\_^_gb_�wnn_dlb\ghc�l_fi_jZlmjh�
ijh\h^ghklb� �Zwnn��]_l_jh]_gguo�kj_^��dhlhjZy�g_ihkj_^kl\_ggh�g_k_l�bg�
nhjfZpbx�h�dbg_lbd_�ijhp_kkZ�l_iehi_j_^Zqb��b�agZgb_�dhlhjhc�g_h[oh�
^bfh�ijb�j_r_gbb�\hijhkh\�l_iehnbabdb�fgh]hnZaguo�kbkl_f��>_ckl\b�
l_evgh�� ijZdlbq_kdb� \k_� Z\lhju� hlf_qZxl� \hajZklZgb_� wnn_dlb\ghc� l_i�
ehijh\h^ghklb��λwnn��k\h[h^guo�aZkuihd�\�`b^dhklyo�b�]ZaZo�k�m\_ebq_gb�
_f�l_fi_jZlmju��h^gZdh�f_oZgbaf�lZdh]h�\hajZklZgby�g_�kh\k_f�ihgyl_g��
ihkdhevdm�jhkl�λwnn�gZoh^blky�\�dZ`ms_fky�ijhlb\hj_qbb�k�fhghlhgguf�
iZ^_gb_f� l_iehijh\h^ghklb� k� l_fi_jZlmjhc� \�fbg_jZevghf� \_s_kl\_� a_�
j_g�bkke_^h\Zgguo�Z\lhjZfb�fZl_jbZeh\��djbklZeebq_kdbc�d\Zjp��d\Zjp_�
\uc�i_khd��hdbkeu�f_lZeeh\�b�^j����LZdZy�kblmZpby��dZd�ijZ\beh��h[tykgy�
_lky� bfb� [he__� kbevguf� \ebygb_f� gZkusZxsbo�nexb^h\�� l_iehijh\h^�
ghklv�dhlhjuo�jZkl_l� k�m\_ebq_gb_f� l_fi_jZlmju��gZ�λwnn� k\h[h^guo� aZ�
kuihd��H^gZdh��_keb�^ey�lZdbo�nexb^h\��dZd�\h^Z�b�g_nlv��l_iehijh\h^�
ghklv�dhlhjuo� kjZ\gbfZ�ih�\_ebqbg_� k�λwnn� k\h[h^guo� aZkuihd�ihjhrdZ�
fbg_jZeh\�\�`b^dhklyo��wlh�h[tykg_gb_�fh`_l�[ulv�\iheg_�ijb_fe_fh�\�
jZfdZo�Z^^blb\ghklb��lh�^ey�aZkuihd�\�\ha^mo_��l_iehijh\h^ghklv�dhlhjh�
]h� gZ� ihjy^db�gb`_� wnn_dlb\ghc� l_iehijh\h^ghklb� k\h[h^guo� aZkuihd��
h[tykg_gb_�jhklZ�λwnn�aZ�kq_l�Z^^blb\ghc�^h[Z\db��k\yaZgghc�k�m\_ebq_gb�
_f�l_iehijh\h^ghklb�\ha^moZ��ke_^m_l�ijbagZlv�fZeh�h[hkgh\Zgguf��Djh�
f_�lh]h��ba\_klgh��qlh�\�bgl_j\Ze_�bkke_^m_fuo�l_fi_jZlmj� �����–����D���
j_adh�jZkl_l�h[t_fgZy�l_ieh_fdhklv�l\_j^hc�nZau��\�hlebqb_�hl�`b^dhc�b�
]Zah\hc��lZd�qlh�^ey�dhjj_dlghc�hp_gdb�\ebygby�nexb^Z�gZ�dbg_lbq_kdb_�
ijhp_kku� \� kbkl_f_� g_h[oh^bfh� bkdexqblv� ©g_dbg_lbq_kdb_� wnn_dluª��
k\yaZggu_�k�l_fi_jZlmjguf�baf_g_gb_f�h[t_fghc�l_ieh_fdhklb��dhlhjZy�
y\ey_lky� \_ebqbghc� Z^^blb\ghc� ^ey� ]_l_jh]_gghc� kbkl_fu� b� kjZ\gb\Zlv�
Zwnn�k�l_fi_jZlmjhijh\h^ghklyfb�a_j_g�l\_j^hc�nZau�b�\_s_kl\Z�nexb^Z��
Wlh� hij_^_e_ggh� ihfh`_l� \� ihgbfZgbb� nbabq_kdhc� ijbjh^u� gZ[ex^Z_�
fuo�wnn_dlh\��LZdbf�h[jZahf��lj_[m_lky�^Zevg_cr__�gZdhie_gb_�b�ZgZeba�
wdki_jbf_glZevgh]h�fZl_jbZeZ� k� ihabpbc�fbdjhkdhibq_kdhc� l_hjbb� l_i�
ehijh\h^ghklb�l\_j^uo��`b^dbo�b�]Zah\uo�kj_^� 

<�gZklhys_f�khh[s_gbb�djZldh�ij_^klZ\e_gu�j_amevlZlu�bamq_gby�
\ebygby� l_fi_jZlmju� b� ]jZgmehf_ljbq_kdh]h� khklZ\Z� gZ� wnn_dlb\gmx�
l_fi_jZlmjhijh\h^ghklv� ihjhrdh\� fbg_jZeh\� \� k\h[h^guo� aZkuidZo��
ij_^klZ\eyxsbo�kh[hc�^\monZagu_�g_dhgkheb^bjh\Zggu_�kj_^u��>ey�bk�
ke_^h\Zgby� [ueb� ba]hlh\e_gu� ihjhrdb� ieZ\e_gh]h� b� djbklZeebq_kdh]h�
d\ZjpZ�� ihe_\h]h�riZlZ� �heb]hdeZa�� b� ZjZ]hgblZ� �CaCO3�� k� a_jgZfb� lj_o�
jZaf_jh\��d1=0-0.15; d2=0.15-0.30; d3=0.30-�����ff���Z�lZd`_�lhgdh^bki_jk�
gh]h�hdkb^Z�Zexfbgby��d<�����ff���LZdhc�ih^[hj�fZl_jbZeh\�^ey�bamq_gby�
h[mkeh\e_g��\h�i_j\uo�l_f��qlh�l_iehnbabq_kdb_�b�f_oZgbq_kdb_�iZjZf_l�
ju�^Zggh]h�gZ[hjZ�fbg_jZeh\��ij_^klZ\eyxsbo�l\_j^mx�nZam��jZ\gh�dZd�b�
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\ha^moZ�\�hl^_evghklb�ohjhrh�bamq_gu�b�i_j_dju\Zxl�ijZdlbq_kdb�\_kv�
^bZiZahg�baf_g_gby�k\hckl\�gZb[he__�jZkijhkljZg_gguo�ihjh^hh[jZamx�
sbo�fbg_jZeh\�� Z� \h� \lhjuo�–�rbjhdhc�jZkijhkljZg_gghklvx� \�ijbjh^_�
dZd�d\ZjpZ��ihe_\uo�riZlh\�b�dZj[hgZlh\��lZd�b�bo�^bki_jkguo�Z]j_]Zlh\�
�i_kdb�b�^jm]b_�hkZ^hqgu_�ihjh^u�� 

Jbk�����Ih\_^_gb_�l_fi_jZlmjhijh\h^ghklb�bkke_^h\Zgguo�k\h[h^guo�aZkuihd 
(a — Zwnn��L��^ey�d1; b — Zwnn(d)) 

 
Baf_j_gby�ijh\h^bebkv�\�j_]meyjghf�l_ieh\hf�j_`bf_�II-]h�jh^Z�gZ�

mklZgh\d_�� ki_pbZevgh� kdhgkljmbjh\Zgghc� ^ey� baf_j_gby� l_fi_jZlmjh�
ijh\h^ghklb� ]_l_jh]_gguo� kj_^�� \� lhf� qbke_� b� g_dhgkheb^bjh\Zgguo�� \�
l_fi_jZlmjghf� bgl_j\Ze_� ���-���D� �l_fi_jZlmju� aZe_]Zgby� hkZ^hqguo�
ihjh^��� Hlghkbl_evgZy� hrb[dZ� baf_j_gby� l_fi_jZlmjhijh\h^ghklb�
∆a/a≈��� >I_ljmgbg� =�B���Ihih\� <�=������@��M^_evgZy� l_ieh_fdhklv� �Kp) 
h[jZaph\�fh`_l�[ulv�jZkkqblZgZ�ih�ba\_klguf�m^_evguf� l_ieh_fdhklyf�
l\_j^hc� b� ]Zah\hc�nZa�� ihkdhevdm� hgZ� y\ey_lky� Z^^blb\ghc� l_ieh\hc� oZ�
jZdl_jbklbdhc� l_jfh^bgZfbq_kdhc� kbkl_fu�� Z� wnn_dlb\gZy� l_iehijh\h^�
ghklv� �λwnn�� khhl\_lkl\_ggh� ih� nhjfme_� >_[Zy�� λwnn=� Zwnn⋅ρwnn⋅Kp�� ?keb�
mq_klv��qlh�m^_evgZy�l_ieh_fdhklv�a_j_g�jZaebqguo�fbg_jZeh\�\�aZkuidZo�
ijb[ebabl_evgh� h^bgZdh\Z� >I_ljmgbg� =�B��� ����@�� Z� wnn_dlb\gZy� iehl�
ghklv�ihjhrdh\⋅ρwnn�ih^[bjZeZkv�[he__�beb�f_g__�h^bgZdh\hc��lh�fh`gh�
kqblZlv��qlh�kjZ\gb\Zy�l_fi_jZlmjhijh\h^ghklb�fu�nZdlbq_kdb�kjZ\gb\Z�
_f�b�l_iehijh\h^ghklb� 

J_amevlZlu�baf_j_gbc� Zwnn� \k_o�i_j_qbke_gguo�fZl_jbZeh\� \� aZ\b�
kbfhklb� hl� l_fi_jZlmju�b� jZaf_jh\� a_j_g�ij_^klZ\e_gu�gZ� jbk�� �� �D�� E���
G_h[oh^bfh�hlf_lblv�g_kdhevdh�aZdhghf_jghkl_c�\�ih\_^_gbb�wlh]h�\Z`�
gh]h�iZjZf_ljZ� 
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GZ[ex^Z_lky�jhkl�Zwnn�beb��ih�djZcg_c�f_j_��g_�m[u\Zgb_�__�k�l_f�
i_jZlmjhc� ^ey� [hevrbgkl\Z� bkke_^h\Zgguo� fZl_jbZeh\�� \� lh� \j_fy� dZd�
wdki_jbf_glZevgu_�b� l_hj_lbq_kdb_�bkke_^h\Zgby� djbklZeebq_kdbo� l\_j�
^uo�l_e�\�wlhf�^bZiZahg_�l_fi_jZlmj�^Zxl�iZ^_gb_�l_fi_jZlmjhijh\h^gh�
klb�[ebadh_�d� ��7��?^bgkl\_gguc�fZl_jbZe�–�ihjhrhd�hdkb^Z� Zexfbgby��
h[gZjm`be�kgb`_gb_�Zwnn�\�bkke_^h\Zgghf�bgl_j\Ze_�l_fi_jZlmj��Ba\_kl�
gh�� qlh� l_fi_jZlmjhijh\h^ghklv� djbklZeebq_kdh]h� dhjmg^Z� �jZ\gh�� dZd�b�
l_iehijh\h^ghklv�� gZb[he__� \ukhdZ� �gZ� ihjy^hd�� kj_^b� bkke_^h\Zgguo�
fZl_jbZeh\��a = 90· 10-7 f2

�k���� ������<l�fÂ K��b�djmlh�iZ^Z_l�k�m\_ebq_gb_f�
l_fi_jZlmju��>ey� djbklZeebq_kdh]h� d\ZjpZ�� l_fi_jZlmjhijh\h^ghklv� dh�
lhjh]h�\�^\Z�jZaZ�gb`_��q_f�m�$O2O3, Zwnn�k\h[h^ghc�aZkuidb�\�\ha^mrghc�
kj_^_�ijZdlbq_kdb�m`_�g_� aZ\bkbl�hl�l_fi_jZlmju��>ey�hklZevguo�h[jZa�
ph\�� hlebqZxsboky� f_gvrbfb� agZq_gbyfb� a� b� �� \� djbklZeebq_kdhf� kh�
klhygbb��lZd`_�gZ[ex^Z_lky�g_�m[u\Zgb_�Zwnn��H[gZjm`_ggZy�l_g^_gpby�\�
oZjZdl_j_� l_fi_jZlmjghc� aZ\bkbfhklb� Zwnn� � k\b^_l_evkl\m_l� h� ij_h[eZ�
^Zxs_f�\ebygbb�gZ�__�\_ebqbgm�f_`nZaguo�]jZgbp��<h�i_j\uo�Zwnn�agZ�
qbl_evgh� gb`_� l_fi_jZlmjhijh\h^ghklb� h[_bo� nZa� �a\ha^ ~ 2· 10-5� f2

�k��
al\�nZau ~ 9· 10-6÷8· 10-7

�f2
�k��b�gbdZdhc�Z^^blb\ghklb�^ey�]_l_jh]_gghc�kbk�

l_fu�a^_kv�g_�gZ[ex^Z_lky��Ke_^h\Zl_evgh��jhkl�l_fi_jZlmjhijh\h^ghklb�
\ha^moZ�k�l_fi_jZlmjhc�\jy^�eb�fh`_l�e_`Zlv�\�hkgh\_�gZ[ex^Z_fuo�l_g�
^_gpbc� l_fi_jZlmjgh]h� ih\_^_gby� Zwnn��Hlkmlkl\b_� Z^^blb\ghklb� k\b^_�
l_evkl\m_l� h� g_ebg_cguo� ijhp_kkZo� gZ�f_`nZaguo� ]jZgbpZo�� k\yaZgguo��
ih-\b^bfhfm��k�dZj^bgZevguf�baf_g_gb_f�gZ�gbo�nbabq_kdh]h�f_oZgbafZ�
l_iehi_j_ghkZ��Wdki_jbf_glu�ihdZau\Zxl��qlh�\�ijhp_kk_�baf_j_gby�l_i�
eh\uo�k\hckl\�\�kmobo�aZkuidZo�]jZ^b_glu�l_fi_jZlmju�gZ�ihjy^db�[hev�
r_��q_f�\�djbklZeebq_kdhf�\_s_kl\_��b��hkh[_ggh�\_ebdb�hgb�^he`gu�[ulv�
gZ�f_`nZaguo�]jZgbpZo�aZ�kq_l�[hevrhc�jZaghklb�l_iehijh\h^ghkl_c�nZa��
<�lZdbo�mkeh\byo�fh`_l�kms_kl\_ggh�\hajZklb�jhev�emqbklh]h�gvxlhgh\�
kdh]h� l_iehi_j_ghkZ� k� ih\_joghklb� a_j_g� l\_j^hc� nZau� \� hdjm`Zxsmx�
kj_^m��\ha^mo���bgl_gkb\ghklv�dhlhjh]h�ijhihjpbhgZevgZ�jZaghklb�l_fi_�
jZlmj�f_`^m�l\_j^hc�b�]Zah\hc�nZaZfb�b�m\_ebqb\Z_lky�k�jhklhf�l_fi_jZ�
lmju�ih�aZdhgm�L3

��Ijb�gbadbo�l_fi_jZlmjZo�jZ^bZpbhgguc�l_iehi_j_ghk�
gZ�]jZgbp_�l\_j^hc�b�]Zah\hc�nZa�ih�Z[khexlghc�\_ebqbg_�hq_gv�fZe��qlh�
b�hkeZ[ey_l�Zwnn�b�λwnn�lZdbo�fZl_jbZeh\��>ey�k\h[h^ghc�aZkuidb�ihjhrdZ�
hdbkb�Zexfbgby�iZjZf_lj�;bh��%L� �.· l����]^_�l –�jZaf_j�a_jgZ��Z�� –�l_ieh�
ijh\h^ghklv�$O2O3��oZjZdl_jbamxsbc�baemq_gb_�k�ih\_joghklb�a_j_g��[m�
^_l�fbgbfZevguf��[hevrh_���b�fZeh_�l). 

Ba�jbk����E��\b^gh��qlh�kms_kl\m_l�q_ldZy�aZ\bkbfhklv�λwnn�hl�jZaf_�
jZ� a_jgZ� ^ey� dZ`^h]h�bkke_^h\Zggh]h�fZl_jbZeZ��K�m\_ebq_gb_f�jZaf_jZ�
a_jgZ�Zwnn�f_^e_ggh��gh�jZkl_l��Wlh�lZd`_�k\b^_l_evkl\m_l�\�ihevam�\ukdZ�
aZggh]h�ij_^iheh`_gby�h�ij_h[eZ^Zxs_f�\ebygbb�nZah\uo�b�f_`a_jgh�
\uo� ]jZgbp� gZ� \_ebqbgm� Zwnn� k\h[h^guo� aZkuihd� \� \ha^mo_�� ihkdhevdm�



Ih^k_dpby����=_hnbabdZ� 

 

135 

 

iehsZ^v� nZah\uo� b� f_`a_jgh\uo� ]jZgbp� gZ� _^bgbpm� h[t_fZ�� _keb� jZk�
kfZljb\Zlv� nhjfm� a_jgZ� [ebadmx� d� kn_jbq_kdhc�� mf_gvrZ_lky� k� jhklhf�
^bZf_ljZ�qZklbp� 

>bZiZahg�baf_g_gby�agZq_gbc�Zwnn�^ey�\k_o�bkke_^h\Zgguo�h[jZaph\�
k\h[h^guo� aZkuihd� ijb� baf_j_gbyo� \� \ha^mrghc� kj_^_� ijb� dhfgZlghc�
l_fi_jZlmj_�gZoh^blky�\�bgl_j\Ze_������÷ 2.3)· 10-7�f2�k��\�lh�\j_fy�dZd�agZ�
q_gby�l_fi_jZlmjhijh\h^ghklb�\_s_kl\Z�l\_j^hc�nZau�gZoh^ylky�\�kms_�
kl\_ggh�[he__�rbjhdhf�bgl_j\Ze_�b�agZqbl_evgh�\ur_��GZijbf_j��m�ieZ\�
e_gh]h�d\ZjpZ�a = 8.24· 10-7�f2�k�>Ihih\�<�=��I_ljmgbg�=�B���G_kl_jh\�:�=���
����@��m�djbklZeebq_kdh]h�d\ZjpZ�kj_^g__�agZq_gb_�a = 46· 10-7�f2�k�>XjqZd�
J�I�������@��GZ�gZr�\a]ey^�wlhl�nZdl�keZ[hc�aZ\bkbfhklb�Zwnn�hl�fbg_jZev�
gh]h�khklZ\Z�l\_j^hc�nZau�lZd`_�k\b^_l_evkl\m_l�h�ij_h[eZ^Zxs_f�\eby�
gbb�f_`nZagh]h� l_iehkhijhlb\e_gby�gZ� \_ebqbgm� l_fi_jZlmjhijh\h^gh�
klb��Z��ke_^h\Zl_evgh��b�l_iehijh\h^ghklb�kuimqbo�^bki_jkguo�kj_^�� 

<�aZdexq_gb_�ke_^m_l�ijbagZlv��qlh�\hijhk�h�\ebygbb�l_iehi_j_ghkZ�
baemq_gb_f�gZ�wnn_dlb\gu_�l_ieh\u_�iZjZf_lju�\�ihjh\hf�ijhkljZgkl\_�
k\h[h^guo� aZkuihd� beb� kmobo� g_dhgkheb^bjh\Zgguo� hkZ^hqguo� ihjh^� d�
gZklhys_fm�\j_f_gb�bamq_g�g_^hklZlhqgh�b�lj_[m_l�^Zevg_cr_]h�dZd�wdk�
i_jbf_glZevgh]h��lZd�b�l_hj_lbq_kdh]h�bkke_^h\Zgby� 

JZ[hlZ�\uiheg_gZ�\�jZfdZo�ijh_dlZ�JNNB�����-05-65269. 
 

Ebl_jZlmjZ 
 

1. <Zkbev_\�� E�E�� NjZcfZg� X�?�� L_iehnbabq_kdb_� k\hckl\Z� iehobo�
ijh\h^gbdh\�l_ieZ��Fbgkd��³GZmdZ�b�l_ogbdZ´������������k�� 

2. <Zkbev_\��E�E���LZgZ_\Z�K�:��Rguj_\�:�>��Dhfie_dkgh_�bkke_^h\Z�
gb_� l_iehnbabq_kdbo� oZjZdl_jbklbd� \_s_kl\� \� bgl_j\Ze_� l_fi_jZlmj�
10–400 hK�� \� dg�� Bkke_^h\Zgby� l_iehnbabq_kdbo� k\hckl\� fZl_jbZeh\��
Ih^�j_^Zdpb_c�:�=��RZrdh\Z��Fbgkd�������k�����- 97.  

3. >mevg_\�=�G��� AZjbqgyd�X�I��L_iehijh\h^ghklv� kf_k_c� b� dhfihab�
pbhgguo�fZl_jbZeh\���E���³Wg_j]by´������������k� 

4. >mevg_\�=�G���Gh\bdh\�<�<��Ijhp_kku�i_j_ghkZ�\�g_h^ghjh^guo�kj_�
^Zo��E���³Wg_j]hZlhfba^Zl´������������k� 

5. I_ljmgbg� =�B� C\yav� l_ieh_fdhklb� ihjh^hh[jZamxsbo� fbg_jZeh\�
kh�kj_^gbf�Zlhfguf�\_khf����<_klgbd�Fhkdh\kdh]h�Mgb\_jkbl_lZ��K_j��
���NbabdZ��:kljhghfby��������L����������k���-68. 

6. Ihih\�<�=����I_ljmgbg�=�B��G_kl_jh\�:�=��MklZgh\dZ�^ey�baf_j_gbc�
l_fi_jZlmjhijh\h^ghklb�b�l_ieh_fdhklb� ]hjguo�ihjh^�b�fbg_jZeh\�\�
bgl_j\Ze_�l_fi_jZlmj����-�����D���>_ihgbjh\ZgZ�\�<BGBLB��� 4744-
���>_i�������������������k� 
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7. I_ljmgbg�=�B���Ihih\�<�=��F_lh^�b�ZiiZjZlmjZ�\ukhdhlhqguo�baf_�
j_gbc�l_iehnbabq_kdbo�oZjZdl_jbklbd�hd_Zgbq_kdbo�hkZ^dh\� ���NbabdZ�
A_feb�������������K���-85. 

8. Qm^gh\kdbc��:�N��L_iehh[f_g�\�^bki_jkguo�kj_^Zo��F�������������k��� 
9. XjqZd� J�I�� L_ieh\u_� k\hckl\Z� fbg_jZeh\�� ��� NbabdZ� A_feb������

������k���-34. 
10. Woodside. W., Messmer J.H.  Thermal Conductivity of Porous Media. 

Unconsolidated Sands. // -�� RI�$SSO�� 3K\V��� YRO�� ������ ��� ������ S�� �����– 
1706.  

 
 
 

A:DHGHF?JGHKLB�J?E:DK:PBB�K?CKFBQ?KDH=H�J?@BF: 
IH�G:LMJGUF�B�E:;HJ:LHJGUF�>:GGUF 

 
>hp_gl�<� ;� Kfbjgh\,  

aZf��^bj_dlhjZ�BgklblmlZ�nbabdb�A_feb�bf��H�X�Rfb^lZ�J:G�
:�<� IhghfZj_\ 

 
:nl_jrhdh\u_�ihke_^h\Zl_evghklb� a_fe_ljyk_gbc�h[eZ^Zxl�oZjZd�

l_jgufb�klZlbklbq_kdbfb�aZdhghf_jghklyfb��KiZ^�bgl_gkb\ghklb�ihlhdZ�
Znl_jrhdh\� \h� \j_f_gb�ih^qbgy_lky� kl_i_gghfm� aZdhgm�Hfhjb��ih�f_j_�
aZlmoZgby� Znl_jrhdh\hc� Zdlb\ghklb� gZdehg� ]jZnbdZ� ih\lhjy_fhklb� b  
m\_ebqb\Z_lky�� Z� njZdlZevgZy� jZaf_jghklv� fgh`_kl\Z� ]bihp_gljh\� d  
mf_gvrZ_lky�� Ijbjh^Z� Znl_jrhdh\uo� ihke_^h\Zl_evghkl_c� ljZ^bpbhggh�
k\yau\Z_lky�k�j_eZdkZpb_c�k_ckfbq_kdh]h�j_`bfZ�� �\ha[m`^_ggh]h�� ]eZ\�
guf� kh[ulb_f��:gZeba�j_amevlZlh\�eZ[hjZlhjgh]h�fh^_ebjh\Zgby�j_eZd�
kZpbhgguo�ijhp_kkh\�ijb�jZajmr_gbb�h[jZaph\�]hjguo�ihjh^�ihdZaZe��qlh�
l_�`_�klZlbklbq_kdb_�aZdhghf_jghklb�j_eZdkZpbb�gZ[ex^Zxlky�b�ijb�^jm�
]bo�kihkh[Zo�\hafms_gby�j_`bfZ�jZajmr_gby��dh]^Z�hqZ]�]eZ\gh]h�kh[u�
lby�hlkmlkl\m_l��Ijb� klmi_gqZlhf�gZ]jm`_gbb�h[jZapZ� �dh]^Z�_]h�^_nhj�
fZpby� j_adh� m\_ebqb\Z_lky�� Z� aZl_f� ih^^_j`b\Z_lky� ihklhygghc�� ihke_�
dZ`^hc�klmi_gvdb�lZd`_�\hagbdZxl�ihke_^h\Zl_evghklb�Zdmklbq_kdbo�kh�
[ulbc��ZgZeh]bqgu_�Znl_jrhdh\uf�ihke_^h\Zl_evghklyf��EhdZpby�\j_f_�
gb�b�iheh`_gby�bklhqgbdh\�Zdmklbq_kdbo�kh[ulbc�\�hiulZo�iha\hebeZ�bk�
ke_^h\Zlv� oZjZdl_j� ihke_^h\Zl_evghkl_c� Zdmklbq_kdbo� kh[ulbc�� HdZaZ�
ehkv��qlh�hgb�h[eZ^Zxl�l_fb�`_�k\hckl\Zfb��qlh�b�Znl_jrhdh\u_�ihke_^h�
\Zl_evghklb�a_fe_ljyk_gbc��kiZ^�Zdlb\ghklb�ih�aZdhgm�Hfhjb��m\_ebq_gb_�
b �b�mf_gvr_gb_� d ��Ihemq_ggu_�j_amevlZlu�k\b^_l_evkl\mxl��qlh�gZebqb_�
]eZ\gh]h� kh[ulby� g_� y\ey_lky� g_h[oh^bfuf� mkeh\b_f�nhjfbjh\Zgby� j_�
eZdkZpbhgguo�ijhp_kkh\��ih^h[guo�Znl_jrhdh\uf�ihke_^h\Zl_evghklyf��
LZdb_�ijhp_kku��\_jhylgh��\hagbdZxl�ijb�\g_aZighf�baf_g_gbb�\�g_dhlh�
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jhc�h[eZklb�kj_^u�ihey�gZijy`_gbc��j_eZdkZpby�dhlhjh]h�oZjZdl_jbam_lky�
mdZaZggufb�\ur_�hkh[_gghklyfb�i_j_oh^gh]h�j_`bfZ�k_ckfbqghklb��OZ�
jZdl_jgu_� ^ey� k_ckfbqghklb� ]eZ\gu_� kh[ulby� y\eyxlky� ebrv� h^gbf� ba�
\hafh`guo�bklhqgbdh\�ehdZevgh]h�\hafms_gby�ihey�gZijy`_gbc��Z�kd_c�
ebg]h\u_� k\hckl\Z� Znl_jrhdh\uo� ihke_^h\Zl_evghkl_c� mgb\_jkZevgu� b�
hljZ`Zxl�k\hckl\Z�kj_^u� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�]jZglZ�FGLP�N 1745. 
 
 
 
 

H;�HP?GD?�<EBYGBY�G?DHLJUO�F?O:GBAFH< 
G:�NHJFBJH<:GB?�DHGP?GLJ:PBB�IJBA?FGH=H�HAHG: 

 
Kl��gZmq��khlj��LZjZkh\Z�H�:� 

 
:lfhkn_jZ�ij_^klZ\ey_l�kh[hc�keh`gmx�nbabdh-obfbq_kdmx�kbkl_�

fm�� gZoh^ysmxky� \h� \aZbfh^_ckl\bb� k� a_fghc� ih\_joghklvx�� hd_Zghf� b�
[bhkn_jhc��?_�khklZ\�g_ij_ju\gh�f_gy_lky��<�ihke_^g__�klhe_lb_�wlb�ba�
f_g_gby� j_adh� mkdhjbebkv� \� j_amevlZl_� q_eh\_q_kdhc� ^_yl_evghklb�� qlh�
\ua\Zeh� g_h[oh^bfhklv� dhebq_kl\_ggh]h� mq_lZ� Zgljhih]_ggh]h� \deZ^Z� \�
gZ[ex^Z_fu_�baf_g_gby�dZq_kl\Z�ijba_fgh]h�\ha^moZ�� Bgl_j_k�\�fbj_�
d�gZ[ex^_gbyf�ijba_fgh]h�hahgZ�k\yaZg�kh�ke_^mxsbfb�hkgh\gufb�nZd�
lhjZfb�����hahg�y\ey_lky�lhdkbqguf�aZ]jyagbl_e_f�Zlfhkn_ju��dhgp_gljZ�
pby�dhlhjh]h�g_j_^dh�ij_\urZ_l�ij_^_evgh�^himklbfmx��\ke_^kl\b_�q_]h�
<k_fbjgZy�hj]ZgbaZpby�a^jZ\hhojZg_gby��<HA��\dexqbeZ�_]h�\�kibkhd�iy�
lb�hkgh\guo�aZ]jyagbl_e_c��kh^_j`Zgb_�dhlhjuo�g_h[oh^bfh�dhgljhebjh�
\Zlv�ijb�hij_^_e_gbb�dZq_kl\Z� \ha^moZ�� ���hahg�b]jZ_l�dexq_\mx�jhev�\�
obfbq_kdbo�b�nhlhobfbq_kdbo�ijhp_kkZo� \� ljhihkn_j_�� h[mkeh\eb\Zy� __�
hdbkebl_evgmx�kihkh[ghklv�� ���h[_kihdh_gghklv�\uau\Zxl�gZ[ex^Z_fuc�
\� h[rbjguo� dhglbg_glZevguo� jZchgZo�K_\_jgh]h� ihemrZjby� dZd� h[sbc�
jhkl�ljhihkn_jgh]h�b�ijba_fgh]h�hahgZ��lZd�b�wibah^u�k�_]h�ih\ur_ggu�
fb�agZq_gbyfb�� 

IjhkljZgkl\_ggu_� ]jZ^b_glu� \�jZkij_^_e_gbb�bklhqgbdh\�ij_^r_�
kl\_ggbdh\� ijba_fgh]h� hahgZ�� Z� lZd`_� rbjhdbc� ki_dlj� \j_f_gb� `bagb�
wlh]h�kh_^bg_gby�\�jZaebqguo�mkeh\byo� �hl�fbgmlu�^h� ���kmlhd��hij_^_�
eyxl� b� jZaghh[jZab_� Zlfhkn_jguo� ijhp_kkh\�� nhjfbjmxsbo� gZ[ex^Z_�
fmx�baf_gqb\hklv�ijba_fgh]h�hahgZ��Ke_^m_l�hlf_lblv��qlh�_keb�hldebd�\�
dhgp_gljZpbb� ijba_fgh]h� hahgZ� gZ� baf_g_gb_�� gZijbf_j�� fhsghklb� bk�
lhqgbdh\� wfbkkbc� \� bo� [ebahklb� [m^_l� gZ[ex^Zlvky� m`_� \� l_q_gb_� g_�
kdhevdbo�qZkh\�� lh� �f_oZgbaf�^Zevg_]h� ljZgkihjlZ�h[_ki_qb\Z_l�hldebdb�
gZ�agZqbl_evguo�jZkklhygbyo�\�ij_^_eZo�kbghilbq_kdh]h�fZkrlZ[Z� 
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Kbkl_fZlbabjmy��fh`gh�jZa^_eblv�f_oZgbafu�baf_gqb\hklb�dhgp_g�
ljZpbb� ijba_fgh]h� hahgZ� gZ� �� [hevrb_� ]jmiiu�� <h-i_j\uo�� ehdZevgu_�
nZdlhju��hij_^_ey_fu_�lZdbfb�mkeh\byfb�dZd�jhahc�\_ljh\��ehdZevgufb�
f_l_hjheh]bq_kdbfb� mkeh\byfb�� k\hckl\Zfb� ih^klbeZxs_c� ih\_joghklb��
jZkij_^_e_gb_f� bklhqgbdh\� wfbkkbc�� ehdZevgufb� hkh[_gghklyfb� nhlh�
obfbq_kdhc�]_g_jZpbb��<h-\lhjuo��j_]bhgZevgu_�nZdlhju�lZdb_��dZd�hkh�
[_gghklb� Zlfhkn_jguo� ^bgZfbq_kdbo� ijhp_kkh\� \� \u[jZgghf� j_]bhg_��
jZkij_^_e_gb_� ij_\Zebjmxsbo� gZijZ\e_gbc� i_j_ghkZ�� ^he]h\j_f_ggu_�
baf_g_gby�\ukhlu�b�iheh`_gby�ljhihiZmau�b�^j�� 

H]jhfgu_�fZkkb\u�^Zgguo�baf_j_gbc�ijba_fgh]h�hahgZ�� _]h�ij_^�
r_kl\_ggbdh\�b�jy^Z�khijy`_gguo�iZjZf_ljh\�gZ�k_lb�?\jhi_ckdbo�klZg�
pbc��Z�lZd`_�gZ[ex^_gby�gZ�jy^_�Jhkkbckdbo�klZgpbc� �Dbkeh\h^kdZy�<u�
khdh]hjgZy�klZgpby�� ]��Dbkeh\h^kd��Eh\ha_jh��A\_gb]hjh^��Wdheh]bq_kdZy�
H[k_j\Zlhjby� F=M�� iha\heyxl� k^_eZlv� g_dhlhju_� hp_gdb� \ebygby� hl�
^_evguo�nZdlhjh\�gZ�baf_gqb\hklv�ijba_fgh]h�hahgZ�\�jZaebqguo�j_]bh�
gZo� 

Hkh[h_� iheh`_gb_� Dbkeh\h^kdhc� <ukhdh]hjghc� GZmqghc� klZgpbb�
�D<GK��\�jZchg_��m^Ze_gghf�hl�fhsguo�Zgljhih]_gguo�wfbkkbc��ijh^he�
`bl_evguc�jy^�baf_j_gbc��k�����]���b�jZkiheh`_gb_�klZgpbb�ijZdlbq_kdb�
\�k\h[h^ghc�ljhihkn_j_�^_eZxl�__�gZb[he__�bgl_j_kghc�^ey�hp_gdb�\eby�
gby�j_]bhgZevguo�nZdlhjh\�>�@��Ijh\_^_ggu_�bkke_^h\Zgby�ihdZaZeb��qlh�
\� hlebqb_� hl� ?\jhi_ckdbo� \ukhdh]hjguo� klZgpbc� lj_g^� dhgp_gljZpbb�
ijba_fgh]h�hahgZ�gZ�D<GK�g_�iheh`bl_e_g��Z�hljbpZl_e_g� >�@��H^gbf�ba�
h[tykg_gbc� lZdh]h� jZkoh`^_gby� y\ey_lky�iheh`_gb_� kjZ\gb\Z_fuo� klZg�
pbc�\�jZaguo�qZklyo�ieZg_lZjghc�\hegu��Ih^l\_j`^_gb_f�wlh]h�f_oZgba�
fZ� y\ey_lky� hlf_qZ_fuc� k^\b]� \� nZaZo� ��-kmlhqghc� ]Zjfhgbdb� \� jy^Zo�
ki_dljZevgh]h� jZaeh`_gby� gZ[ex^Z_fhc� baf_gqb\hklb� >�@�� � ;he__� lh]h��
[ueh�ihdZaZgh��qlh�lj_g^�dhgp_gljZpbb�ijba_fgh]h�hahgZ�gZ�wlhc�klZgpbb�
fh`_l� [ulv� k\yaZg� k� ]eh[Zevgufb� baf_g_gbyfb� pbjdmeypbb� Zlfhkn_ju�
>�@��G_kfhljy�gZ�m^Ze_ggh_�iheh`_gb_�klZgpbb�ehdZevgu_�nZdlhju�lZd`_�
hdZau\Zxl� kms_kl\_ggh_� \ebygb_� gZ� \ZjbZpbb� ijba_fgh]h� hahgZ�� gZijb�
f_j��q_j_a�ehdZevgu_�kbghilbq_kdb_�mkeh\by�>�@��Ijhy\e_gb_f�wlh]h�nZdlZ�
y\eyxlky�jZaebqby�\�kmlhqguo�\ZjbZpbyo�H3�\�ijbkmlkl\bb�beb�hlkmlkl\bb�
\ughkZ�aZ]jyag_gbc�ba�]��Dbkeh\h^kd� 

;hevrZy�jhev�j_]bhgZevguo�ijhp_kkh\�hlf_qZ_lky�b�gZ�AZiheyjghc�
klZgpbb�Eh\ha_jh��Hlf_q_gh��qlh�\�[hevrbgkl\_�kemqZ_\�ih\ur_gby�dhg�
p_gljZpbb�ijba_fgh]h�hahgZ�gZ� wlhc�klZgpbb�k\yaZgu�k�^Zevgbf�i_j_gh�
khf� hahgZ� \� l_iehf� k_dlhj_� pbdehgh\� �f_oZgbaf�warm conveyer belt�� ba�
jZchgh\�_]h� ]_g_jZpbb�\�?\jhi_� >�@��<f_kl_�k�l_f��j_]j_kkbhggZy�fh^_ev�
dhgp_gljZpbb� ijba_fgh]h� hahgZ� k� ijbf_g_gb_f� ehdZevguo�f_l_hjheh]b�
q_kdbo�iZjZf_ljh\�iha\hey_l�h[tykgblv�^h�����baf_gqb\hklb��_keb�\�g__�
\dexqZlv�k_ahgguc�oh^�>�@� 
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<� aZ]jyag_gguo� mkeh\byo� agZqbl_evgmx� jhev� gZqbgZxl� b]jZlv� eh�
dZevgu_�nZdlhju��fZkdbjmy�\ebygb_�[he__�djmighfZkrlZ[guo�ijhp_kkh\�
beb� ^_ckl\my� gZ� bo� nhg_��Bkke_^h\Zgby� \ebygby� mjh\gy� aZ]jyag_gby� gZ�
j_`bf�ijba_fgh]h�hahgZ�ih\h^bebkv�dZd�gZ�klZgpbb�A\_gb]hjh^��^ey�jZa�
ebqguo�gZijZ\e_gbc�\_ljZ���lZd�b�gZ�jy^Zo�^Zgguo�gZ[ex^_gbc�\�wdki_jb�
f_glZo�LJHCD:��IhdZaZgh��qlh�\�[hevrbgkl\_�Jhkkbckdbo� ]hjh^h\��hkh�
[_ggh� \� oheh^guc� i_jbh^�� gZ[ex^Z_lky� jZajmr_gb_� ijba_fgh]h� hahgZ��
:gZeh]bqgZy� dZjlbgZ� gZ[ex^Z_lky� b� \� wibah^Zo� \ughkZ� aZ]jyag_gbc� ba�
Fhkd\u� gZ� klZgpbx� A\_gb]hjh^��Fh^_evgu_� hp_gdb�� ijh\_^_ggu_� k� bk�
ihevah\Zgb_f� f_ah-fZkrlZ[ghc� fh^_eb� LOTOS� >�@�� lZd`_� ih^l\_j^beb�
kms_kl\_ggh_�mf_gvr_gb_�dhgp_gljZpbb�ijba_fgh]h� �hahgZ� �\�oheh^guc�
i_jbh^��gZ�����\[ebab�Zgljhih]_gguo�bklhqgbdh\�wfbkkbc�ijb�m^\h_gbb�
bo�fhsghklb��b�[he__�keZ[mx�e_lgxx�]_g_jZpbx��^h�����ijb�lhf�`_�kp_�
gZjbb���<�j_Zevghklb�kemqZb�]_g_jZpbb�ijba_fgh]h�jZchgZ�\�aZ]jyag_gghf�
\ha^mo_�gZ[ex^Zebkv� \� wibah^Zo� e_kguo�ih`Zjh\� \�Fhkdh\kdhf� j_]bhg_�
e_lhf�����]�>�@� 

DZd� \b^gh��ijh[e_fZ�bkke_^h\Zgbc�ijba_fgh]h�hahgZ�hq_gv�fgh]h�
]jZggZ�b�lj_[m_l�ijbklZevgh]h�\gbfZgby�� � � � � �JZ[hlZ�\uiheg_gZ�ijb�ih^�
^_j`d_�]jZglZ�JNNB���-05-64712. 

 
Ebl_jZlmjZ 

 
1. B�:��K_gbd�� �G�N��?eZgkdbc�� �B�;��;_ebdh\��E�<��EbkbpugZ��<�<��=Z�

eZdlbhgh\��A�<��Dhjlmgh\Z��:�Y�:jZ[h\�� ������Hkgh\gu_� aZdhghf_jgh�
klb�\j_f_gghc�baf_gqb\hklb�ijba_fgh]h�hahgZ�gZ�^\mo�jZag_k_gguo�ih�
\ukhl_�klZgpbyo������b������f��\�jZchg_�]��Dbkeh\h^kdZ��Ba\_klby�J:G��
NbabdZ�Zlf��b�hd_ZgZ��l�����������������k����-71. 

2. LZjZkh\Z� H�:�, F_lh^u� hp_gdb� lj_g^h\� dhgp_gljZpbb� ijba_fgh]h�
hahgZ� gZ� D<GK, HilbdZ� Zlfhkn_ju� b� hd_ZgZ�� l����� ���-06, 2003, 
k����-499 

3. Tarasova, O.A., Elansky, N.F., Kuznetsov, G.I., Kuznetsova, I.N., Senik, 
I.A., Impact of Air Transport on Seasonal Variations and Trends of Surface 
Ozone at Kislovodsk High Mountain Station, J. Atmos. Chem., 45 (3), 245-
259, July 2003. 

4. LZjZkh\Z�H�:���Dmag_ph\�=�B���AZoZjh\�B�K� Ijbf_g_gb_� ki_dljZev�
gh]h� ZgZebaZ� ^ey� bkke_^h\Zgby� \ZjbZpbc� ijba_fgh]h� hahgZ� gZ^�?\jh�
ihc���HilbdZ�Zlfhkn_ju�b�hd_ZgZ��l��������-���������klj�����-534. 

5. LZjZkh\Z�H�:�� Dmag_ph\�=�B���?eZgkdbc�G�N���K_gbd�B�:���Kf_lgbd�
B�A., Hkh[_gghklb�k_ahgguo�\ZjbZpbc�b�lj_g^h\�dhgp_gljZpbb�ijba_f�
gh]h�hahgZ�gZ� �Dbkeh\h^kdhc�<ukhdh]hjghc�GZmqghc�KlZgpbb, ©<_kl�
gbd�Fhkdh\kdh]h�Mgb\_jkbl_lZª��K_jby� ���NbabdZ��:kljhghfby������

������k� 45-49. 
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6. Kuznetsova I. N., Ivanova A. R., Chakina N. P., Tarasova O. A., Horizon-
tal and vertical transport as a cause of ozone extreme in the Kola Peninsula. 
Proc. XX Quadrennial Ozone Symposium, Ed. Christos S. Zerefos, Vol. 2, 
2004, p. 895-896 

7. Tarasova O.A. and Karpetchko A.Yu., Accounting for local meteorologi-
cal effects in the ozone time-series of Lovozero (Kola Peninsula), Atmos. 
Chem. Phys., 3, 2003, p941-949. 

8. O.A. Tarasova, N.F. Elansky, A.R. Ivanova, G.I. Kuznetsov, I.N. 
Kuznetsova, M.G. Roemer, I.A. Senik, N.P. Chakina, Preliminary results of 
LOTOS model application for Russia , Proc. SPIE, Tenth Joint International 
Symposium on Atmospheric and Ocean Optics/Atmospheric Physics. Part I: 
Radiation Propagation in the Atmosphere and Ocean; Gennadii G. Matvi-
enko, Georgii M. Krekov; Eds., Vol. 5396, 2004, p. 99-110. 

 
 
 

FH>?EBJH<:GB? K:FHH;J:S?GBY�G:F:=GBQ?GGHKLB 
=HJGUO�IHJH> 

 
Ijhn_kkhj�Ljmobg�<�B���^hp_gl�FZl\__\Z�L�<���ZkibjZgldZ�;_aZ_\Z�G�K. 

 
Kh]eZkgh�iZe_hfZ]gblguf�^Zgguf�ijbf_jgh�iheh\bgZ�\k_o�]hjguo�

ihjh^�bf__l� _kl_kl\_ggmx�hklZlhqgmx�gZfZ]gbq_gghklv� �?HG��� �dhlhjZy�
g_kzl� bgnhjfZpbx� h� ^j_\g_f� ]_hfZ]gblghf� ihe_� �=FI��� gZijZ\e_ggmx�
ZglbiZjZee_evgh�gZijZ\e_gbx�kh\j_f_ggh]h�=FI� 

Kms_kl\h\Zgb_�\�ijbjh^_�h[jZlghc�gZfZ]gbq_gghklb�^Zeh�\hafh`�
ghklv�ij_^iheh`blv��qlh�\�ijhreu_�]_heh]bq_kdb_�wihob�=FI�bf_eh�ih�
eyjghklv��ijhlb\hiheh`gmx�kh\j_f_gghc��l�_��ijhbkoh^beb�i_j_ihexkh\�
db��bg\_jkbb��=FI��H^gZdh�kms_kl\mxl�nbabq_kdb_�f_oZgbafu�gZfZ]gb�
qb\Zgby�n_jjbfZ]gblguo�fbg_jZeh\��lZd`_�ijb\h^ysb_�d�ZglbiZjZee_ev�
ghfm�gZfZ]gbqb\Zgbx��LZdhc�ijhp_kk�ZglbiZjZee_evgh]h�gZfZ]gbqb\Zgby�
gZau\Z_lky� kZfhh[jZs_gb_f�gZfZ]gbq_gghklb�b�ijhbkoh^bl�\�j_amevlZl_ 
\gmlj_ggbo�\aZbfh^_ckl\bc��ijhbkoh^ysbo�\��n_jjbfZ]gblguo�fbg_jZeZo�
]hjguo�ihjh^� 

<hijhk�h�ijbjh^_�h[jZlghc�?HG�y\ey_lky�nmg^Zf_glZevguf�\�]_h�
nbabd_��;ueb�bg\_jkbb�=FI�beb�g_l"�Hl�j_r_gby�wlhc�ijh[e_fu�aZ\bkbl�
ihkljh_gb_�l_hjbb�]_g_jZpbb�=FI��Z�lZd`_�]_h^bgZfbq_kdb_�b�wdheh]bq_�
kdb_�Zki_dlu�w\hexpbb�A_feb��Ihke_^g__�k\yaZgh�k�l_f��qlh�\h�\j_fy�bg�
\_jkbc�=FI�_]h�gZijy`zgghklv�[ebadZ�d�gmex�b�qZklbpu�\ukhdbo�wg_j]bc�
dhkfbq_kdh]h�b�kheg_qgh]h�baemq_gbc�fh]ml�^hklb]gmlv�ih\_joghklb�A_f�
eb�b�mgbqlh`blv�\kz�`b\h_� 
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Bkke_^h\Zlv� g_ihkj_^kl\_ggh� ijhp_kk� bg\_jkbc� g_� ij_^klZ\ey_lky�
\hafh`guf��Ihwlhfm� [hevrh_� agZq_gb_� ijbh[j_lZxl� bkke_^h\Zgby� ijh�
p_kkh\�kZfhh[jZs_gby�b�bo�nbabq_kdbo�f_oZgbafh\��LZdh]h�jh^Z�bkke_^h�
\Zgby�fh]ml�^Zlv�\hafh`ghklv�hp_gblv�\_jhylghklv�h[jZah\Zgby�h[jZlghc�
?HK�\�j_amevlZl_�kZfhh[jZs_gby��Z�l_f�kZfuf�fh`_l�[ulv�hp_g_gZ�\_jh�
ylghklv�bg\_jkbc�=FI� 

F_oZgbafu� kZfhh[jZs_gby� gZfZ]gbq_gghklb� \i_j\u_� [ueb� l_hj_�
lbq_kdb�jZkkfhlj_gu�E�G__e_f�_s_� �����]h^m� >1HHO������@��H^gbf�ba�hk�
gh\guo��kh]eZkgh�G__ex�� �y\ey_lky�nbabq_kdbc�f_oZgbaf�kZfhh[jZs_gby�
gZfZ]gbq_gghklb� ]hjguo� ihjh^�� k\yaZgguc� kh� kf_ghc� agZdZ� kihglZgghc�
gZfZ]gbq_gghklb�n_jjbfZ]gblguo�fbg_jZeh\��\djZie_gguo�\�]hjgmx�ih�
jh^m��\�j_amevlZl_�baf_g_gby� l_fi_jZlmju�beb�obfbq_kdbo�ij_\jZs_gbc�
�f_oZgbaf�N-lbiZ�l_fi_jZlmjghc�aZ\bkbfhklb�kihglZgghc�gZfZ]gbq_ggh�
klb�� 

<�jZ[hl_�>Ljmobg�b�^j�������@�ihemq_gu�wdki_jbf_glZevgu_�^Zggu_�
h�kZfhh[jZs_gbb�l_jfhhklZlhqghc�gZfZ]gbq_gghklb��750��]hjguo�ihjh^�
b�k^_eZg�\u\h^�h�lhf��qlh�f_oZgbaf�bkke_^h\Zggh]h�kZfhh[jZs_gby�khhl�
\_lkl\m_l� l_hj_lbq_kdhfm� f_oZgbafm� 1-lbiZ� G__ey�� >ey� ih^l\_j`^_gby�
wlh]h�\u\h^Z�g_h[oh^bfh�[ueh�ihkljhblv�nbabq_kdmx�fh^_ev�ijhp_kkZ�1-
lbiZ�b�ijh\_klb�_z�^_lZevgh_�bkke_^h\Zgb_��qlh�b�[ueh�k^_eZgh�>Ljmobg�b�
^j�������@� 

N_jjbfZ]gblgu_�fbg_jZeu�� \oh^ysb_� \� khklZ\� ]hjghc�ihjh^u�� y\�
eyxlky�ghkbl_eyfb�__�n_jjbfZ]gblguo�k\hckl\��Ihwlhfm�^ey�fh^_ebjh\Z�
gby� kZfhh[jZs_gby�gZfZ]gbq_gghklb� ]hjguo�ihjh^� jZkkfhlj_gh�ih\_^_�
gb_�gZfZ]gbq_gghklb�ZgkZf[ey�h^ghhkguo�h^gh^hf_gguo�g_\aZbfh^_ckl�
\mxsbo�f_`^m�kh[hc�n_jjbfZ]gblguo�azj_g�\�aZ\bkbfhklb�hl�baf_g_gby�
l_fi_jZlmju�ijb�jZaguo�\_ebqbgZo�gZijy`zgghklb�ihklhyggh]h�gZfZ]gb�
qb\Zxs_]h� ihey�� A_jgZ� \aylu� h^gh^hf_ggufb�� lZd� dZd� ]hjgu_�ihjh^u� k�
h^gh^hf_ggufb� n_jjbfZ]gblgufb� \djZie_gbyfb� qZklh� \klj_qZxlky� \�
ijbjh^_�b�y\eyxlky�hkgh\gufb�ghkbl_eyfb�iZe_hfZ]gblghc�bgnhjfZpbb��
DZ`^h_�a_jgh�ZgkZf[ey�ij_^klZ\ey_l�kh[hc�n_jjbfZ]g_lbd�lbiZ�N�\�deZk�
kbnbdZpbb�E�G__ey��khklhysbc�ba�^\mo�g_jZ\ghp_gguo�fZ]gblguo�ih^j_�
r_lhd�:�b�<. 

GZ� hkgh\Zgbb� ihkljh_gghc� fh^_eb� ihemq_gu� l_fi_jZlmjgu_� aZ\b�
kbfhklb�gZfZ]gbq_gghklb� �LAG�� ]hjguo�ihjh^�ijb�jZaebqguo�\_ebqbgZo�
gZijy`zgghkl_c�fZ]gblgh]h�ihey�G��<�aZ\bkbfhklb�hl�\_ebqbgu�G�ihem�
q_ggu_�LAG�fh`gh�ijbgpbibZevgh�jZa^_eblv�gZ�ljb�lbiZ� >Ljmobg�b�^j���
2005]. 

J_amevlZlu� fh^_ebjh\Zgby� dZq_kl\_ggh� khhl\_lkl\mxl� j_amevlZlZf�
wdki_jbf_glZ��\�h[hbo�kemqZyo�ijb�hoeZ`^_gbb�hl�lhqdb�Dxjb�gZ[ex^Z_l�
ky�wnn__dl�kZfhh[jZs_gby�gZfZ]gbq_gghklb��qlh�iha\hey_l�k^_eZlv�\u\h^�
h�lhf��qlh�\�ijbjh^_�kZfhh[jZs_gb_�gZfZ]gbq_gghklb�ijhbkoh^bl�ih�nb�
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abq_kdhfm�f_oZgbafm�� aZeh`_gghfm� \�hkgh\m� \ur_hibkZgghc�fh^_eb�� lh�
_klv�ih�G__e_\kdhfm�f_oZgbafm�1-lbiZ��� 

 
Ebl_jZlmjZ 

 
1. ;_aZ_\Z�G�K���FZl\__\Z�L�<���Ljmobg�<�B��Fh^_ev�kZfhh[jZs_gby�

gZfZ]gbq_gghklb� ]hjguo� ihjh^� ��� <_klgbd� F=M�� K_jby� �� Nbab�
dZ�:kljhghfby����������� 

2��Ljmobg�<�B�  b�^j�� �Hkh[_gghklb�b�\hafh`guc�f_oZgbaf�kZfhh[�
jZs_gby� 750� kbgl_abjh\Zgguo� ]_fhbevf_gblh\� ��NbabdZ� A_feb�� ������
����K���-59. 

3. Néel L. L’inversion de l’aimantation permanentre des roches //Ann. 
Geophys. 1951. V.7������3���-103. 
 
 
 

=?G?J:PBY�<HEG�<�IBDGHDEBG?� 
K=HGGH-G:=HGGUFB�L?Q?GBYFB 

 
=e��gZmq��khlj��R_edh\gbdh\�G�D���nbabd��-c�dZl��@mjZ\ez\�I�G� 

 
Ijh\_^_gh�bkke_^h\Zgb_�\hegh\uo�^\b`_gbc�\�ibdghdebg_�ih^�^_c�

kl\b_f�k]hggh-gZ]hgguo�l_q_gbc��Baf_j_gby�ijh\h^bebkv�\�ijyfhebg_c�
ghf� dZgZe_�� aZiheg_ggh]h� ^\mokehcghc� `b^dhklvx�� IhdZaZgh�� qlh� ijb�
\klj_qguo�^\b`_gbyo�kehz\�`b^dhklb�\hagbdZ_l�g_mklhcqb\hklv��dhlhjZy�
ijb\h^bl� d�nhjfbjh\Zgbx�� lZd� gZau\Z_fuo�� ijhlm[_jZgp_\�� lh� _klv� \u�
[jhkh\� khezghc� \h^u� \� ij_kguc� kehc�� GZ� ]jZgbp_� jZa^_eZ� h[gZjm`_g�
^ebggh\hegh\uc� dhe_[exsbcky� kehc� `b^dhklb�� dhlhjuc� kh� \j_f_g_f�
ih^gbfZeky�^h�<DK� 

Bkke_^h\Zgby� ^bgZfbq_kdhc� b� l_jfbq_kdhc� kljmdlmju� \h^� hd_ZgZ��
ijh\_^zggu_� \� ihke_^gb_� ^_kylbe_lby� ihdZaZeb�� qlh� \_jogbc� d\Zabh^gh�
jh^guc�kehc��<DK���\�qZklghklb��_]h�lhesbgZ�b]jZ_l�hij_^_eyxsmx�jhev�
\�ijhp_kkZo�\aZbfh^_ckl\by�Zlfhkn_ju�b�hd_ZgZ��\�lhf�qbke_�\�nhjfbjh�
\Zgbb�ih]h^u�� 

H^ghc� ba� \hafh`guo� ijbqbg� baf_g_gby� lhesbgu� <DK� y\eyxlky�
ijhp_kku��ijhbkoh^ysb_�gZ�_]h�gb`g_c�]jZgbp_��h[mkeh\e_ggu_�g_mklhc�
qb\hklvx�]jZgbpu�jZa^_eZ�kehz\��Kdhj_j�qbke_ggh�ihdZaZe�>�@��qlh�mklhc�
qb\hklv�]jZgbpu�jZa^_eZ�hij_^_ey_lky�ke_^mxsbf�g_jZ\_gkl\hf� 

2)(2 Ugkk c ∆∆=>
ρ
ρ

��]^_� 12 ρρρ −=∇ , .21 UUU −=∇  

 DeZkkbq_kdb_�bkke_^h\Zgby�FZceaZ��OhmZj^Z�b�Mhjj_gZ� >�@�ihdZaZ�
eb�� qlh� g_mklhcqb\hklv� g_� jZa\b\Z_lky�� ihdZ� qbkeh� JbqZj^khgZ� \� dZdhc-
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eb[h�lhqd_�ihey�l_q_gby�g_�klZg_l�f_g__�¼. ?keb�hgh�ijbf_jgh�jZ\gh�wlhc�

\_ebqbg_�� lh� bf__l� f_klh� ijb[eb`_ggh_� khhlghr_gb_� h
kcr

ππ
4

2 ≈ �� dhlhjh_�

iha\hey_l�]jm[h�hp_gblv�^ebgm�\hegu��k�gZb[hevr_c�\_jhylghklvx�ihy\�
eyxs_cky� \� \boj_\hf� keh_� lhesbghc� h�� Djbl_jbb� ihl_jb� mklhcqb\hklb�
^he`gu� aZ\bk_lv�g_�lhevdh�hl�\_ebqbgu�qbkeZ�JbqZj^khgZ��gh�b�hl�lh]h��
dZd�hgh�f_gy_lky�\�ij_^_eZo�kehy��Ihwlhfm�agZq_gby�Ri < ¼ g_�y\ey_lky�Z[�
khexlguf�djbl_jb_f�mklhcqb\hklb� 

By >�@�ijh\_eZ�wdki_jbf_gl��\�dhlhjhf�lmj[me_glghklv�]_g_jbjh\Z�
eZkv�ihkj_^kl\hf�\ha^mrgh]h�ihlhdZ��qlh� agZqbl_evgh�k[eb`Zeh�mkeh\by�
wdki_jbf_glZ� k�j_Zevgufb�ijbjh^gufb�mkeh\byfb��;ueZ�ihemq_gZ� aZ\b�
kbfhklv� kdhjhklb� \h\e_q_gby� hl� qbkeZ� JbqZj^khgZ�� dhlhjZy� kh\iZ^ZeZ� k�
nhjfmehc�\�jZ[hl_�DZlh�b�NbeebikZ� >�@��gh�wfibjbq_kdb_�dhwnnbpb_glu�
jZaebqZebkv�gZ�ihjy^hd� 

Wdki_jbf_glZevgh_� bkke_^h\Zgb_� ijhp_kkh\� gZ� ]jZgbp_� jZa^_eZ�
^\mokehcghc� `b^dhklb� [ueh� ijh\_^_gh� \� jZ[hl_� >�@.� Ih^� \ha^_ckl\b_f�
\_ljZ�\�ijyfhebg_cghf�dZgZe_�kha^Z\Zehkv�^j_cnh\h_�l_q_gb_�b�]_g_jbjh�
\Zebkv�ih\_joghklgu_�\hegu��GZ]hggh_�l_q_gb_�\uau\Zeh�\�gb`g_c�qZklb�
i_j_f_rZggh]h�kehy�dhfi_gkZpbhggh_�ijhlb\hl_q_gb_��<�j_amevlZl_�[ueb�
ihemq_gu�ijhnbeb�kj_^g_c�kdhjhklb�ihlhdZ�\�keh`ghc�kbkl_f_�^j_cnh\h�
]h�l_q_gby�b�dhfi_gkZpbhggh]h�ijhlb\hl_q_gby��hij_^_e_gZ�kdhjhklv�\h�
\e_q_gby�u_�b�ihlhdh\h_�qbkeh�JbqZj^khgZ��oZjZdl_jbamxs__�mklhcqb\hklv�
i_j_f_rZggh]h� kehy�� Z� lZd`_� ihemq_gZ� wfibjbq_kdZy� aZ\bkbfhklv� ?�  �
ue/u* = kRio

n.  
R_edh\gbdh\uf�b�Gh\hqbgkdbf� >�@�[ueb�ijh\_^_gu�bkke_^h\Zgby�

kljmdlmju�\_jog_]h�i_j_f_rZggh]h�kehy�`b^dhklb�b�^_nhjfZpbb�ibdghd�
ebgZ�\^hev�hkb�dZgZeZ�gZ^�gZdehgguf�^ghf��α = ��������Bkke_^h\Zgby�ih�
dZaZeb��qlh�ihke_�\dexq_gby�\_ljZ�\�j_amevlZl_�gZ]hgZ�iheh`_gb_�ih\_jo�
ghklb�jZa^_eZ�^\mkehcghc�`b^dhklb�ij_l_ji_\Zeh�baf_g_gby��b�__�gZdehg�
khklZ\eye� ijbf_jgh� ������<� ijhp_kk_� jZa\blby� ]jZ^b_glgh]h� l_q_gby� _]h�
fZdkbfZevgZy� kdhjhklv� m\_ebqb\ZeZkv�� Z� iehsZ^v� ihi_j_qgh]h� k_q_gby�
mf_gvrZeZkv�� ;ueh� jZkkqblZgh� baf_g_gb_� ehdZevgh]h� qbkeZ� JbqZj^khgZ�
\^hev�ih\_joghklb�jZa^_eZ��jZkq_l�ihdZaZe��qlh�ijb�m\_ebq_gbb�kdhjhklb�
ihlhdZ�mklhcqb\hklv�ih]jZgbqghc�h[eZklb�mf_gvrZeZkv��HdZaZehkv�lZd`_��
qlh�\�h[eZklb�nhjfbjh\Zgby�]jZ^b_glgh]h�l_q_gby�ijhbkoh^beh�m\_ebq_�
gb_�lmj[me_glgh]h�gZijy`_gby�\^hev�]jZgbpu�jZa^_eZ��Kj_^gyy�kdhjhklv�
\h\e_q_gby�\�dZgZe_�hdZaZeZkv�jZ\gZ������-4

�kf�k� 
 GZrb�bkke_^h\Zgb_�y\eyxlky�ijh^he`_gb_f�jZ[hl�>�@�b�>�@��k�p_evx�
bamq_gby�ijhp_kkh\�ijhbkoh^ysbo�\�ibdghdebg_�ijb�k]hggh-gZ]hgguo�l_�
q_gbyo��Wdki_jbf_gl�ijh\h^beky� \�ijyfhebg_cghf� Zwjh]b^jhdZgZe_� jZa�
f_jZfb� �������� kf�� >ey� kha^Zgby� \ha^mrgh]h� ihlhdZ� bkihevah\Zeky�
\_glbeylhj��dhlhjuc�gZ]g_lZe�\ha^mo�\�ijhkljZgkl\h�f_`^m�ih\_joghklvx�
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\h^u�b�djurdhc�dZgZeZ�q_j_a�ki_pbZevguc�dhjh[��Kdhjhklv�\_ljZ�\�kh_^b�
gbl_evguo�jmdZ\Zo�fh`gh�[ueh�baf_gylv�hl���^h����f�k�� 
 ;ueh�ihdZaZgh��qlh�ijb�\dexq_gbb�\_ljZ�hkms_kl\eyeky�gZ]hg�ij_�
kghc� \h^u� b�� khhl\_lkl\_ggh�� k]hg� khezghc� \h^u� \� klhjhgm� \_glbeylhjZ��
Ijb� wlhf� gZ� ]jZgbp_� jZa^_eZ� gZ[ex^Zebkv� \gZqZe_� h^bghqgu_� \u[jhku�
khezghc� \h^u� –� ijhlm[_jZgpu�� Z� kh� \j_f_g_f� hgb� ihdju\Zeb� [hevrmx�
qZklv� ]jZgbpu� jZa^_eZ��GZebqb_� wlbo� ijhlm[_jZgp_\� ijb\h^beh� d� \_jlb�
dZevghfm�h[f_gm�f_`^m�khezguf�b�ij_kguf�kehyfb�\�`b^dhklb�� 
 Ijh\_^_gh�kjZ\g_gb_�gZrbo�^Zgguo�k�j_amevlZlZfb�qbke_gguo�jZk�
qzlh\�Kdhj_jZ� >�@��;ueh�ihdZaZgh��qlh�bf__l�f_klh�dZq_kl\_ggh_�ih^h[b_�
wlbo�j_amevlZlh\��Djhf_�lh]h��[ueh�ihdZaZgh��qlh�\�ijyfhebg_cghf�dZgZe_�
fh]ml� kms_kl\h\Zlv� fZehlmj[mebabjh\Zggu_� h^ghjh^gu_� ih� iehlghklb�
kehb��dhlhju_�khojZgyxl�k\hb�k\hckl\Z�\�l_q_gb_�hij_^_ezggh]h�\j_f_gb�
b�dhe_[exlky��dZd�_^bgh_�p_eh_��LZd�ijb�\dexqzgghf�\_lj_��kha^Z\Zeky�gZ�
]hg�ij_kghc�\h^u��Wlh�ijb\h^beh�d�\hagbdgh\_gbx�]jZ^b_glgh]h�ijhlb\h�
l_q_gby�gZ�\_jog_c�]jZgbp_�kdZqdZ�iehlghklb��Ijb�\udexq_gbb�\_ljZ�wlh�
iheh`_gb_�klZgh\behkv�g_mklhcqb\uf�b�ij_kguc�kehc�gZqbgZe�^\b`_gb_�
\�gZqZeh�dZgZeZ��Z�khezguc�kehc�i_j_f_sZeky�\�dhg_p�dZgZeZ��<�j_amevlZl_�
\�khezghf�keh_�\hagbdZeb�dhe_[Zgby�b�kh�\j_f_g_f�fu�gZ[ex^Zeb�ih^tzf�
dhe_[exs_]hky�kehy�hl�^gZ�^h�k_j_^bgu�dZgZeZ��Ijb�wlhf�i_jbh^�dhe_[Z�
gbc�kehy�khklZ\eye���k��kj_^gyy�kdhjhklv�\heg�g_�ij_\usZeZ 5 kf�k��Z�Zf�
ieblm^Z�baf_gyeZkv� hl� ���� ^h� �� kf�� lhesbgZ� hkhehgzgghc�ijhkehcdb� ����
kf��Ih^h[gu_�\hegh\u_�^\b`_gby�gZ[ex^Zebkv�\�jZ[hl_�>�@�gZ^�[Zjv_jhf�
\�kljZlbnbpbjh\Zgghf�l_q_gbb� 

LZdbf�h[jZahf�ijh\_^_gggu_�gZfb�wdki_jbf_glu�ihdZaZeb��qlh�ijb�
k]hggh-gZ]hgguo� l_q_gbyo� gZ� ]jZgbp_� jZa^_eZ� gZ[ex^Zebkv� \hegh\u_�
^\b`_gby�b�\�lhf�qbke_�ijhlm[_jZgpu��dhlhju_�ijb\h^beb�d�\_jlbdZevgh�
fm�h[f_gm�f_`^m�kehyfb��Djhf_�wlh]h��ihdZaZgh��qlh�ijb�\klj_qguo�^\b�
`_gbyo�kehz\��ij_kgh]h�b�khezgh]h��gZ[ex^ZeZkv�g_mklhcqb\hklv��dhlhjZy�
ijb\h^beZ�d�\hagbdgh\_gbx�dhe_[exs_]hky�kehy� 

Ihemq_ggu_�^Zggu_�fh]ml�[ulv�ihe_agu�ijb�qbke_gghf�fh^_ebjh�
\Zgbb�ijhp_kkh\��ijhkoh^ysbo�gZ�\_jog_c�]jZgbp_�ibdghdebgZ�\�r_evnh�
\hc�ahg_�fhjy�ijb�k]hggh-gZ]hgguo�l_q_gbyo� 
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