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<<?>?GB? 

We_dljhl_ogbq_kdZy�gZmdZ�jZa\b\ZeZkv�g_kdhevdh�klhe_lbc�b�hkh[_g�

gh�bgl_gkb\gh�\���-f�klhe_lbb��dhlhjh_�[_a�ij_m\_ebq_gby�fh`gh�gZa\Zlv�

\_dhf�we_dljbq_kl\Z��<�gZklhys__�\j_fy�we_dljbq_kl\h�dZd�nhjfZ�wg_j]bb�

ijhgbdeh�\h�\k_�kn_ju�kh\j_f_gghc�`bagb��ijhfure_gghklv��ljZgkihjl��

k_evkdh_� ohayckl\h�� `bebsgh-dhffmgZevgmx� kn_jm�� bgnhjfZpbhggu_�

kbkl_fu��;ul�kh\j_f_ggh]h�q_eh\_dZ�g_\hafh`gh�ij_^klZ\blv�[_a�jZagh�

h[jZaguo� we_dljbq_kdbo� b� we_dljhgguo� mkljhckl\�� ijb[hjh\� b� kbkl_f��

JZajZ[hldZ�b�ijhba\h^kl\h�gZa\Zgghc�l_ogbdb�khijh\h`^Zebkv�jZa\blb_f�

l_hj_lbq_kdhc�[Zau�we_dljhl_ogbdb��b�gZ�wlhc�hkgh\_�kha^Z\Zebkv�kh\_j�

r_ggu_�wdhghfbqgu_�b�gZ^_`gu_�we_dljhl_ogbq_kdb_�we_f_glu�b�kbkl_fu� 

<���-f�klhe_lbb�rbjhdh_�ijbf_g_gb_�we_dljbq_kdhc�wg_j]bb�iha\h�

ebeh�\h�fgh]hf�baf_gblv�mkeh\by�nbabq_kdh]h�b�mfkl\_ggh]h�ljm^Z�fgh�

]bo� fbeebhgh\� ex^_c��Kha^Zgu� jZaghh[jZagu_� we_dljhl_ogbq_kdb_� mkl�

jhckl\Z��gZijbf_j�we_dljh^\b]Zl_eb�jZaebqguo�lbih\��dhlhju_��\�fZl_jb�

Zevghf� ijhba\h^kl\_� kihkh[kl\h\Zeb� aZf_g_� ly`_eh]h� fZehijhba\h^b�

l_evgh]h�jmqgh]h�ljm^Z�[he__�ijhba\h^bl_evguf�f_oZgbabjh\Zgguf�ljm�

^hf�� <h� \lhjhc� iheh\bg_� ��-]h� klhe_lby� klZeZ� bgl_gkb\gh� jZa\b\Zlvky�

\uqbkebl_evgZy�l_ogbdZ��bkihevamxsZy�mgbdZevgu_�k\hckl\Z�we_dljbq_�

kdhc� wg_j]bb��HgZ� iha\hebeZ� h[e_]qblv� jmlbggmx� khklZ\eyxsmx� mfkl�

\_ggh]h� ljm^Z�� k^_eZeZ� \hafh`guf� j_r_gb_� fgh`_kl\Z� ijbdeZ^guo�              

b� nmg^Zf_glZevguo� ijh[e_f�� [u\rbo� jZg__� g_jZaj_rbfufb�� H^gh\j_�

f_ggh�k�kha^Zgb_f�\k_�[he__�kh\_jr_gghc�\uqbkebl_evghc�l_ogbdb�jZa�

\b\Z_lky�khhl\_lkl\mxs__�ijh]jZffgh_�h[_ki_q_gb_��qlh�^Z_l�bg`_g_jZf�

b�mq_guf�mgbdZevgu_�\hafh`ghklb�^ey�j_r_gby�gh\uo��\k_�[he__�keh`�

guo�we_dljhl_ogbq_kdbo�ijh[e_f� 
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D�kh`Ze_gbx��ihke_^g__�^_kylbe_lb_���-]h�\_dZ�\�Jhkkbb�oZjZdl_jb�

ah\Zehkv�g_]Zlb\gufb�l_g^_gpbyfb�\�h[jZah\Zgbb�b�gZmd_��<�qZklghklb��

aZf_lgh�mf_gvrbehkv�dhebq_kl\h�gh\uo�mq_[gbdh\�b�mq_[guo�ihkh[bc�ih�

l_ogbq_kdbf�gZmdZf��\�lhf�qbke_�\�h[eZklb�l_hj_lbq_kdhc�we_dljhl_ogb�

db��Mq_[gbdb����– 80-o�]h^h\�g_�kh^_j`Zl�gh\uo�agZgbc�ih�we_dljhl_ogb�

d_��g_�hljZ`Zxl�\hajhkrb_�\hafh`ghklb�\uqbkebl_evghc�l_ogbdb�b�ijh�

]jZffgh]h�h[_ki_q_gby��Wlh�g_�kihkh[kl\m_l�h[mq_gbx�klm^_glh\�kh\j_�

f_gguf�qbke_gguf�f_lh^Zf�jZkq_lZ�we_dljbq_kdbo�b�fZ]gblguo�p_i_c�b�

hkh[_ggh� we_dljhfZ]gblguo� ihe_c�� LZdh_� hlklZ\Zgb_� \� f_lh^bq_kdhf�

h[_ki_q_gbb�\_^_l�d�lhfm��qlh�\uimkdgbdb�\mah\�g_�kfh]ml�kha^Z\Zlv�kh�

\j_f_ggmx� dhgdmj_glhkihkh[gmx� we_dljhl_ogbq_kdmx� ijh^mdpbx�� g_�

kfh]ml�h[_ki_qblv� \ukhdbc� l_ogbq_kdbc�b� wdhghfbq_kdbc�mjh\_gv� we_d�

ljhwg_j]_lbdb� 

GZa\Zggu_� \ur_� ijbqbgu� ih[m^beb� Z\lhjh\� d� gZibkZgbx� ^Zggh]h�

mq_[gh]h�ihkh[by�ih�l_hjbb�we_dljhfZ]gblgh]h�ihey��dhlhjhf�agZqbl_ev�

gh_� \gbfZgb_� m^_e_gh� ihklZgh\d_� h[sbo� djZ_\uo� aZ^Zq� b� kh\j_f_gguf�

f_lh^Zf�jZkq_lZ�klZlbq_kdbo�b�klZpbhgZjguo�we_dljhfZ]gblguo�ihe_c��<�

ihkh[bb�ijb\_^_gu�[he__� kljh]b_�hij_^_e_gby�hkgh\guo� \_dlhjh\� we_d�

ljhfZ]gblgh]h� ihey�� ^Zgu� kh\j_f_ggu_� \ZjbZglu� mjZ\g_gbc�fZl_jbZev�

ghc� k\yab�f_`^m� \_dlhjZfb� ihey��>ZgZ� kh\j_f_ggZy� ljZdlh\dZ� l_hj_fu�

Mfh\Z-Ihcglbg]Z��mqblu\ZxsZy�jhev�klhjhggbo�bklhqgbdh\��Ijb\_^_gu�

b� ^jm]b_� mlhqg_gby�� hljZ`Zxsb_� kh\j_f_gguc� mjh\_gv� l_hjbb� we_dljh�

fZ]gblgh]h�ihey��Wlb�gh\Zpbb��ih�fg_gbx�Z\lhjh\��[m^ml�kihkh[kl\h\Zlv�

memqr_gbx� we_dljhl_ogbq_kdhc� ih^]hlh\db� klm^_glh\� we_dljhl_ogbq_�

kdbo�b�we_dljhwg_j]_lbq_kdbo�ki_pbZevghkl_c� 

 
 
 

 
 

 
 
 



 7 

 
 
 
 

=eZ\Z����HKGH<GU?�IHGYLBY�L?HJBB 
       WE?DLJHF:=GBLGH=H�IHEY 

 

     ______________________________________________________________________ 
                  ______________________________________________ 

 

�������Hij_^_e_gb_�we_dljhfZ]gblgh]h�ihey                                 
b�_]h nbabq_kdbo�\_ebqbg��FZl_fZlbq_kdbc�ZiiZjZl              

l_hjbb we_dljhfZ]gblgh]h�ihey 
 

We_dljhfZ]gblguf� ihe_f� �WFI�� gZau\Z_lky� \b^� fZl_jbb�� hdZau�
\Zxsbc�gZ�aZjy`_ggu_�qZklbpu�kbeh\h_�\ha^_ckl\b_�b�hij_^_ey_fuc�\h�
\k_o�lhqdZo�^\mfy�iZjZfb�\_dlhjguo�\_ebqbg��dhlhju_�oZjZdl_jbamxl�^\_�
_]h�klhjhgu�–�we_dljbq_kdh_�b�fZ]gblgh_�ihey� 

We_dljbq_kdh_�ihe_ –�wlh�khklZ\eyxsZy�WFI��dhlhjZy�oZjZdl_jbam�
_lky�\ha^_ckl\b_f�gZ�we_dljbq_kdb�aZjy`_ggmx�qZklbpm�k�kbehc��ijhihj�
pbhgZevghc�aZjy^m�qZklbpu�b�g_�aZ\bkys_c�hl�__�kdhjhklb� 

FZ]gblgh_�ihe_ –�wlh�khklZ\eyxsZy�WFI��dhlhjZy�oZjZdl_jbam_lky�
\ha^_ckl\b_f�gZ�^\b`msmxky�qZklbpm�k�kbehc��ijhihjpbhgZevghc�aZjy^m�
qZklbpu�b�__�kdhjhklb� 

BamqZ_fu_� \� dmjk_� l_hj_lbq_kdbo� hkgh\� we_dljhl_ogbdb� hkgh\gu_�
k\hckl\Z�b�f_lh^u�jZkq_lZ�WFI�ij_^iheZ]Zxl�dZq_kl\_ggh_�b�dhebq_kl�
\_ggh_�bkke_^h\Zgb_�WFI��\klj_qZxsboky�\�we_dljhl_ogbq_kdbo��jZ^bh�
we_dljhgguo�b�[bhf_^bpbgkdbo�mkljhckl\Zo��>ey�wlh]h�gZb[he__�ijb]h^�
gu�mjZ\g_gby�we_dljh^bgZfbdb�\�bgl_]jZevghc�b�^bnn_j_gpbZevghc�nhj�
fZo� 

FZl_fZlbq_kdbc� ZiiZjZl� l_hjbb� we_dljhfZ]gblgh]h� ihey� �LWFI��       
[Zabjm_lky� gZ� l_hjbb� kdZeyjgh]h� ihey�� \_dlhjghf� b� l_gahjghf� ZgZeba_��       
Z�lZd`_�^bnn_j_gpbZevghf�b�bgl_]jZevghf�bkqbke_gbb� 

Dhgljhevgu_�\hijhku 
���Qlh�lZdh_�we_dljhfZ]gblgh_�ihe_" 
���Qlh�gZau\Zxl�we_dljbq_kdbf�b�fZ]gblguf�ihe_f" 
���GZ�qzf�[Zabjm_lky�fZl_fZlbq_kdbc�ZiiZjZl�l_hjbb�we_dljhfZ]gbl�

gh]h�ihey" 
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�������Nbabq_kdb_�\_ebqbgu��oZjZdl_jbamxsb_���������������������

we_dljhfZ]gblgh_�ihe_ 
 

<_dlhjhf�gZijy`_gghklb we_dljbq_kdh]h�ihey�\�lhqd_�Q�gZau\Z_lky�
\_dlhj� kbeu�� ^_ckl\mxs_c� gZ� we_dljbq_kdb� aZjy`_ggmx� g_ih^\b`gmx�

qZklbpm��ihf_s_ggmx�\�lhqdm�Q��_keb� wlZ�qZklbpZ�bf__l�_^bgbqguc�ih�

eh`bl_evguc�aZjy^� 
<� khhl\_lkl\bb� k� wlbf� hij_^_e_gb_f� we_dljbq_kdZy� kbeZ Fw�� ^_ckl�

\mxsZy�gZ�lhq_qguc�aZjy^�q,�jZ\gZ� 
Fw = qE, 

]^_ E –�\_dlhj�gZijy`_gghklb�we_dljhfZ]gblgh]h�ihey��<�f� 
FZ]gblgh_� ihe_� oZjZdl_jbam_lky� \_dlhjhf� fZ]gblghc� bg^mdpbb. 

FZ]gblgZy�bg^mdpby�B�\�g_dhlhjhc�lhqd_�gZ[ex^_gby�Q –�wlh�\_dlhjgZy�
\_ebqbgZ��fh^mev� dhlhjhc� jZ\_g�fZ]gblghc� kbe_�� ^_ckl\mxs_c� gZ� aZjy�

`_ggmx�qZklbpm��gZoh^ysmxky�\�lhqd_�Q��bf_xsmx�_^bgbqguc� aZjy^�b�

^\b`msmxky� k� _^bgbqghc� kdhjhklvx�� ijbq_f� \_dlhju� kbeu�� kdhjhklb��

fZ]gblghc�bg^mdpbb��Z�lZd`_�aZjy^�qZklbpu�m^h\e_l\hjyxl�mkeh\bx 
Ff = qv×B, 

]^_�Ff�–�\_dlhj�fZ]gblghc�kbeu��^_ckl\mxs_c�gZ�aZjy`_ggmx�qZklbpm� 
        q –�aZjy^�qZklbpu� 
        v –�kdhjhklv�^\b`_gby�qZklbpu� 

FZ]gblgZy�kbeZ��^_ckl\mxsZy�gZ�djb\hebg_cguc�ijh\h^gbd�k�lhdhf��

I fh`_l�[ulv�hij_^_e_gZ�ih�nhjfme_ 
dFf = Idl×B, 

GZ�ijyfhebg_cguc�ijh\h^gbd��_keb�hg�gZoh^blky�\�h^ghjh^ghf�ihe_��

^_ckl\m_l�ke_^mxsZy�fZ]gblgZy�kbeZ� 

Ff = I l×B. 
]^_� l –�djb\Zy�\�ijhkljZgkl\_��aZgylZy�ijh\h^gbdhf� 

<h�\k_o�ihke_^gbo�nhjfmeZo�B –�fZ]gblgZy�bg^mdpby��dhlhjZy�baf_�
jy_lky�\�l_keZo��Le�� 

��Le�–�wlh�lZdZy�fZ]gblgZy�bg^mdpby��ijb�dhlhjhc�gZ�ijyfhebg_cguc�
ijh\h^gbd�k�lhdhf� �:�^_ckl\m_l�fZ]gblgZy�kbeZ��jZ\gZy� �G��_keb�ebgbb�

fZ]gblghc�bg^mdpbb�gZijZ\e_gu�i_ji_g^bdmeyjgh�ijh\h^gbdm�k�lhdhf�b�

_keb�^ebgZ�ijh\h^gbdZ�jZ\gZ��f� 
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Djhf_�gZijy`_gghklb�we_dljbq_kdh]h�ihey�b�fZ]gblghc�bg^mdpbb�\�
l_hjbb� we_dljhfZ]gblgh]h� ihey� jZkkfZljb\Zxlky� ke_^mxsb_� \_dlhjgu_�
\_ebqbgu� 

1) we_dljbq_kdZy�bg^mdpby�D �we_dljbq_kdh_�kf_s_gb_���De�f2; 
2) gZijy`_gghklv�fZ]gblgh]h�ihey�H��:�f� 

<_dlhju�WFI�y\eyxlky�nmgdpbyfb�ijhkljZgkl\Z�b�\j_f_gb� 
E, D, H, B = f(Q, t), 

]^_�Q –�lhqdZ�gZ[ex^_gby� t –�fhf_gl \j_f_gb� 
?keb�lhqdZ�gZ[ex^_gby�Q�gZoh^blky�\�\Zdmmf_��lh�f_`^m�khhl\_lkl�

\mxsbfb�iZjZfb�\_dlhjguo�\_ebqbg�bf_xl�f_klh�ke_^mxsb_�khhlghr_�
gby� 

D = 00E, 
B = �0H, 

]^_� 00 –� Z[khexlgZy� ^bwe_dljbq_kdZy� ijhgbpZ_fhklv� \ZdmmfZ� �hkgh\gZy�
we_dljbq_kdZy�ihklhyggZy�����00 =8,85419⋅10-12

�N�f� 
�0 –� Z[khexlgZy�fZ]gblgZy� ijhgbpZ_fhklv� \ZdmmfZ� �hkgh\gZy�fZ]gblgZy�
ihklhyggZy������0 = 4�⋅10-7�=g�f� 

Dhgljhevgu_�\hijhku 

���Qlh�lZdh_�gZijy`zgghklv�we_dljbq_kdh]h�ihey" 
���Qlh�gZau\Zxl�fZ]gblghc�bg^mdpb_c" 
���Q_fm� jZ\gZ�fZ]gblgZy� kbeZ�� ^_ckl\mxsZy� gZ� ^\b`msmxky� aZjy`_g�

gmx�qZklbpm" 
���Q_fm�jZ\gZ�fZ]gblgZy�kbeZ��^_ckl\mxsZy�gZ�ijh\h^gbd�k�lhdhf" 
���DZdbfb�\_dlhjgufb�\_ebqbgZfb�oZjZdl_jbam_lky�we_dljbq_kdh_�ihe_" 
���DZdbfb�\_dlhjgufb�\_ebqbgZfb�oZjZdl_jbam_lky�fZ]gblgh_�ihe_" 

 

§ 1.3. Bklhqgbdb�we_dljhfZ]gblgh]h�ihey 

BklhqgbdZfb� WFI� y\eyxlky� we_dljbq_kdb_� aZjy^u�� we_dljbq_kdb_�
^biheb��^\b`msb_ky� we_dljbq_kdb_� aZjy^u�� we_dljbq_kdb_� lhdb��fZ]gbl�
gu_�^biheb� 

Ihgylby� we_dljbq_kdh]h� aZjy^Z�b� we_dljbq_kdh]h� lhdZ�^Zgu� \�dmjk_�
nbabdb��We_dljbq_kdb_�lhdb�[u\Zxl�lj_o�lbih\� 

1. Lhdb�ijh\h^bfhklb� 
2. Lhdb�kf_s_gby� 
3. Lhdb�i_j_ghkZ� 
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Lhd� ijh\h^bfhklb iij� –� kdhjhklv� ijhoh`^_gby� ih^\b`guo� aZjy^h\�
we_dljhijh\h^ys_]h�l_eZ�q_j_a�g_dhlhjmx�ih\_joghklv� 

iij = 
t

q

d

d
. 

Lhd�kf_s_gby ikf�–�kdhjhklv�baf_g_gby�ihlhdZ�\_dlhjZ�we_dljbq_kdh]h�
kf_s_gby�q_j_a�g_dhlhjmx�ih\_joghklv� 

ikf = S
D

d
tS

∫ ∂∂
∂∂

. 

Lhd�i_j_ghkZ�iij�oZjZdl_jbam_lky�ke_^mxsbf�\ujZ`_gb_f� 

ii_j = 
n

q

d

d
vn = ∫

S

d! Sv ,  

]^_�v –�kdhjhklv�i_j_ghkZ�l_e�q_j_a�ih\_joghklv�S; ρ –�m^_evgZy�h[t_fgZy�

iehlghklv�lhdZ�i_j_ghkZ� 
We_dljbq_kdbf�^bihe_f gZau\Z_lky�iZjZ�lhq_qguo�aZjy^h\��q�b�– q, 

gZoh^ysboky�gZ�jZkklhygbb�l ^jm]�hl�^jm]Z��jbk����� 

l 

+ q 

– q 

 

 

Jbk��1 

Lhq_qguc� we_dljbq_kdbc�^bihev�oZjZdl_jbam_lky� \_dlhjhf� we_dljb�
q_kdh]h�^bihevgh]h�fhf_glZ Pw: 

Pw = ql. 
FZ]gblguf�^bihe_f�gZau\Z_lky�iehkdbc�dhglmj�k�we_dljbq_kdbf�lh�

dhf� I.�FZ]gblguc�^bihev�oZjZdl_jbam_lky�\_dlhjhf�fZ]gblgh]h�^bihev�
gh]h�fhf_glZ�Pf = IS, S – \_dlhj�iehsZ^b�iehkdhc�ih\_joghklb��gZlygm�
lhc�gZ�dhglmj�k�lhdhf��<_dlhj�S�gZijZ\e_g�i_ji_g^bdmeyjgh�wlhc�iehkdhc�
ih\_joghklb��ijbq_f� _keb� kfhlj_lv�ba� dhgpZ� \_dlhjZ�S�� lh�^\b`_gb_�ih�
dhglmjm�\�gZijZ\e_gbb��kh\iZ^Zxs_f�k�gZijZ\e_gb_f�lhdZ��[m^_l�ijhbk�
oh^blv� ijhlb\� qZkh\hc� klj_edb�� Wlh� hagZqZ_l�� qlh� gZijZ\e_gb_� \_dlhjZ�
^bihevgh]h�fZ]gblgh]h�fhf_glZ�k\yaZgh�k�gZijZ\e_gb_f�lhdZ�ih�ijZ\bem�
ijZ\h]h�\bglZ� 
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:lhfu� b� fhe_dmeu� \_s_kl\Z� ij_^klZ\eyxl� kh[hc� we_dljbq_kdb_�           
b�fZ]gblgu_�^biheb��ihwlhfm�dZ`^mx�lhqdm�\_s_kl\_ggh]h�lbiZ�\�WFI�

fh`gh� oZjZdl_jbah\Zlv� h[t_fghc� iehlghklvx� we_dljbq_kdh]h� b�fZ]gbl�

gh]h�^bihevgh]h�fhf_glZ� 
P –�we_dljbq_kdZy�iheyjbah\Zgghklv�\_s_kl\Z� 

P = dPw/dV, 
M –�gZfZ]gbq_gghklv�\_s_kl\Z� 

M = dPf/dV. 
We_dljbq_kdZy�iheyjbah\Zgghklv�\_s_kl\Z –�wlh�\_dlhjgZy�\_ebqb�

gZ��jZ\gZy�h[t_fghc�iehlghklb�we_dljbq_kdh]h�^bihevgh]h�fhf_glZ�\�g_�

dhlhjhc�lhqd_�\_s_kl\_ggh]h�l_eZ� 
GZfZ]gbq_gghklv�\_s_kl\Z –�wlh�\_dlhjgZy�\_ebqbgZ��jZ\gZy�h[t_f�

ghc�iehlghklb�fZ]gblgh]h�^bihevgh]h�fhf_glZ�\�g_dhlhjhc�lhqd_�\_s_�

kl\_ggh]h�l_eZ� 
We_dljbq_kdh_� kf_s_gb_ D –� wlh� \_dlhjgZy� \_ebqbgZ�� dhlhjZy� ^ey�

ex[hc�lhqdb�gZ[ex^_gby�\g_�aZ\bkbfhklb�hl�lh]h��gZoh^blky�eb�hgZ�\�\Z�

dmmf_�beb�\�\_s_kl\_��hij_^_ey_lky�ba�khhlghr_gbc� 
D = 00E+P��^ey�\_s_kl\Z�� 

D = 00E��^ey�\ZdmmfZ�� 
GZijy`_gghklv�fZ]gblgh]h� ihey H –� \_dlhjgZy� \_ebqbgZ�� dhlhjZy�

^ey�ex[hc�lhqdb�gZ[ex^_gby�\g_�aZ\bkbfhklb�hl�lh]h��gZoh^blky�eb�hgZ�\�

\Zdmmf_�beb�\�\_s_kl\_��hij_^_ey_lky�ba�khhlghr_gby 
H = B/�0 – M, 

]^_�gZijy`_gghklv�fZ]gblgh]h�ihey�baf_jy_lky�\�Zfi_jZo�gZ�f_lj� 
Djhf_�iheyjbah\Zgghklb�b�gZfZ]gbq_gghklb�kms_kl\mxl�^jm]b_�h[t�

_fgh–jZkij_^_e_ggu_�bklhqgbdb�WFI� 

 – h[t_fgZy�iehlghklv�we_dljbq_kdh]h�aZjy^Z����!� �dq/dV;    ∫ρ=
V

Vq d , 

]^_� h[t_fgZy� iehlghklv� we_dljbq_kdh]h� aZjy^Z� baf_jy_lky� \� dmehgZo� gZ�

dm[bq_kdbc�f_lj� 
 – \_dlhj� iehlghklb� we_dljbq_kdh]h� lhdZ�� ghjfZevgZy� khklZ\eyxsZy�

dhlhjh]h�jZ\gZ 
/n = dI/dS. 
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<�[he__�h[s_f�kemqZ_�lhd��ijhl_dZxsbc�q_j_a�g_aZfdgmlmx�ih\_jo�
ghklv�S, jZ\_g�ihlhdm�\_dlhjZ�iehlghklb�lhdZ�q_j_a�wlm�ih\_joghklv� 

∫=
S

I SG/ , 

]^_�\_dlhj�iehlghklb�we_dljbq_kdh]h�lhdZ�baf_jy_lky�\�Zfi_jZo�gZ�d\Z^�
jZlguc�f_lj. 

Dhgljhevgu_�\hijhku 

���DZdh\u�bklhqgbdb�we_dljhfZ]gblgh]h�ihey" 
���Qlh�lZdh_�lhd�ijh\h^bfhklb" 
���Qlh�lZdh_�lhd�kf_s_gby" 
���Qlh�lZdh_�lhd�i_j_ghkZ" 
���Qlh�lZdh_�we_dljbq_kdbc�^bihev�b�we_dljbq_kdbc�^bihevguc�fhf_gl" 
���Qlh�lZdh_�fZ]gblguc�^bihev�b�fZ]gblguc�^bihevguc�fhf_gl" 
���Qlh�gZau\Zxl� we_dljbq_kdhc�iheyjbah\Zgghklvx�b�gZfZ]gbq_gghklvx�

\_s_kl\Z" 
���Qlh�gZau\Z_lky�we_dljbq_kdbf�kf_s_gb_f" 
���Qlh�gZau\Z_lky�gZijy`zgghklvx�fZ]gblgh]h�ihey" 
����Qlh�lZdh_�h[tzfgZy�iehlghklv�we_dljbq_kdh]h�aZjy^Z�b�iehlghklv�lhdZ" 

 

�������IjhkljZgkl\_ggu_�^bnn_j_gpbZevgu_�hi_jZlhju�������������������
\�l_hjbb�we_dljhfZ]gblgh]h�ihey 

 

=jZ^b_glhf kdZeyjgh]h� ihey�-(Q)=-(x, y, z�� gZau\Z_lky� \_dlhjgh_�
ihe_��hij_^_ey_fh_�nhjfmehc� 

grad -(Q)=

∫

∫ Φ

=Φ∇
→

1

1

d

d)(
S

1

0/
lim

V

V

SQ

. 

]^_�V1 – h[eZklv��kh^_j`ZsZy�lhqdm�Q; S1 –�aZfdgmlZy�ih\_joghklv��h]jZgb�
qb\ZxsZy�h[eZklv�V1; Q1 –�lhqdZ��ijbgZ^e_`ZsZy�ih\_joghklb�S1��/�–�gZb�
[hevr__�jZkklhygb_��hl�lhqdb�Q ̂ h�lhq_d�gZ�ih\_joghklb�S1 (max| Q Q1|). 
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>b\_j]_gpb_c \_dlhjgh]h�ihey�F(Q) = F(x, y, z��gZau\Z_lky�kdZeyjgh_�
ihe_��hij_^_ey_fh_�ih�nhjfme_� 

div F = 

∫

∫

→
=∇

1

1

V

S
1

0
d

d)Q(

lim
V

F

SF

δ
. 

Jhlhjhf� �\boj_f�� \_dlhjgh]h� ihey� F(Q)=F(x, y, z�� gZau\Z_lky� \_d�
lhjgh_�ihe_��hij_^_ey_fh_�ih�nhjfme_� 

rot F = 

∫

∫ ×
=×∇

→δ

1

1

d

)(d 1

0
lim

V

V

Q
S

FS

F . 

Hi_jZlhj�gZ[eZ ∇ –�wlh�\_dlhjguc�^bnn_j_gpbZevguc�hi_jZlhj��dh�
lhjuc�\�^_dZjlh\uo�dhhj^bgZlZo�hij_^_ey_lky�nhjfmehc� 

zyx zyx ∂
∂+

∂
∂+

∂
∂≡∇ ��� . 

Ij_^klZ\bf�grad, div�b�rot�q_j_a�hi_jZlhj�gZ[eZ� 

JUDG�-�≡  ∇∇ -��GLY F ≡  ∇∇ F; rot F ≡  ∇∇ ×F. 
AZibr_f�wlb�hi_jZlhju�\�^_dZjlh\uo�dhhj^bgZlZo� 

∇∇ - = 
]\[

]\[ ∂
∂+

∂
∂+

∂
∂ NNN

��� ;   ∇∇ F = 
zyx
zyx

∂
∂+

∂
∂

+
∂

∂ FFF
; 

∇∇ ×F = 





∂

∂−
∂

∂
+







∂
∂−

∂
∂+





∂

∂
−

∂
∂

yxxzzy
xy

z
zx

y
yz

x
FFFFFF

��� ; 

(G∇∇ )- = 
zyx zyx ∂
Φ∂+

∂
Φ∂+

∂
Φ∂

GGG ; 

(G∇ )F = =
∂
∂+

∂
∂+

∂
∂

z

F
G

F
G

F
G zyx yx

1x(G∇ )Fx+1y(G∇ )Fy+1z(G∇ )Fz. 

Hi_jZlhj�EZieZkZ�\�^_dZjlh\uo�dhhj^bgZlZo�hij_^_ey_lky�nhjfmehc 

+
∂
∂≡∇

2x

2
2 +

∂
∂

2y

2

2z∂

∂2
. 
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>bnn_j_gpbZevgu_�hi_jZlhju�\lhjh]h�ihjy^dZ� 

div grad - = 2∇ -; grad div F = 2∇ F + rot rot F ; 

URW�JUDG�-� ����GLY�URW�F = 0 . 

 

 

Bgl_]jZevgu_�l_hj_fu 

L_hj_fZ�h�]jZ^b_gl_�  ∫ ∫ Φ=Φ
V

V
S

Sddgrad . 

L_hj_fZ�h�^b\_j]_gpbb  ∫ ∫=
V

V
S

SFF dddiv . 

L_hj_fu�h�jhlhj_  ∫ ∫=
S

FSF
l

ddrot l ; 

∫ ∫ ×=
V

V
S

FSF ddrot . 

<�l_hjbb�WFI�ijbf_gy_lky�lZd`_�_sz�h^gZ�ba�bgl_]jZevguo�l_hj_f� 

VV
VV

ddivd)()d( GFFGSGF
S

∫∫∫ +∇= . 

Dhgljhevgu_�\hijhku 

���Qlh�gZau\Z_lky�]jZ^b_glhf�kdZeyjgh]h�ihey" 

���Qlh�gZau\Z_lky�^b\_j]_gpb_c�\_dlhjgh]h�ihey" 

���Qlh�gZau\Z_lky�jhlhjhf�\_dlhjgh]h�ihey" 

���Qlh�lZdh_�hi_jZlhj�gZ[eZ�b�dZd�q_j_a�g_]h�\ujZ`Zxlky�^bnn_j_gpbZev�

gu_�hi_jZlhju�i_j\h]h�ihjy^dZ" 

���DZdb_�bgl_]jZevgu_�l_hj_fu�kijZ\_^eb\u�^ey�kdZeyjguo�b�\_dlhjguo�

ihe_c" 
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�������Hkgh\gu_�aZdhgu�l_hjbb�we_dljhfZ]gblgh]h�ihey 
 
 

MjZ\g_gby�WFI�\�bgl_]jZevghc�nhjf_ 
 

AZdhg�ihegh]h�lhdZ� 

∫ ∑=
O

L���G O+   beb 6O+ GG
6

i∫ ∫=
O

/ . 

Pbjdmeypby�\_dlhjZ�gZijy`_gghklb�fZ]gblgh]h�ihey�\^hev�dhglmjZ�l 
jZ\gZ�iheghfm�we_dljbq_kdhfm�lhdm��ijhl_dZxs_fm�q_j_a�ih\_joghklv�S, 
gZlygmlmx� gZ� dhglmj� l�� _keb� gZijZ\e_gb_� lhdZ� h[jZam_l� k� gZijZ\e_gb_f�
h[oh^Z�dhglmjZ�ijZ\h\bglh\mx�kbkl_fm� 

AZdhg�we_dljhfZ]gblghc�bg^mdpbb� 

eb = ∫∫
Φ−=−=−

6O WW G

G
G

G

G
G�� k 6%O(( , 

]^_�Ec –�gZijy`_gghklv�klhjhgg_]h�we_dljbq_kdh]h�ihey� 
W^k��we_dljhfZ]gblghc�bg^mdpbb�\�dhglmj_� l jZ\gZ�kdhjhklb�baf_g_�

gby�fZ]gblgh]h�ihlhdZ�q_j_a�ih\_joghklv�S��gZlygmlmx�gZ�dhglmj� l��ijb�
q_f� gZijZ\e_gb_� kdhjhklb� baf_g_gby� fZ]gblgh]h� ihlhdZ� h[jZam_l� k� gZ�
ijZ\e_gb_f�eb  e_\h\bglh\mx�kbkl_fm� 

L_hj_fZ�=ZmkkZ�\�bgl_]jZevghc�nhjf_� 

∑ ∫∫ ==
96

9T G!G 6' . 

Ihlhd� \_dlhjZ� we_dljbq_kdh]h� kf_s_gby� q_j_a� aZfdgmlmx� ih\_jo�
ghklv�S�jZ\_g�kmff_�k\h[h^guo�we_dljbq_kdbo�aZjy^h\�\�h[t_f_��h]jZgb�
q_gghf�ih\_joghklvx�S. 

AZdhg�g_ij_ju\ghklb�ebgbc�fZ]gblghc�bg^mdpbb� 

�G =∫
6

6% . 

FZ]gblguc�ihlhd�q_j_a�ex[mx�aZfdgmlmx�ih\_joghklv�jZ\_g�gmex� 
G_ihkj_^kl\_ggh_�ijbf_g_gb_�mjZ\g_gbc�\�bgl_]jZevghc�nhjf_�ih�

a\hey_l� ijhba\h^blv� jZkq_l� ijhkl_crbo� we_dljhfZ]gblguo� ihe_c�� >ey�
jZkq_lZ�we_dljhfZ]gblguo�ihe_c�[he__�keh`ghc�nhjfu�ijbf_gyxl�mjZ\�
g_gby�\�^bnn_j_gpbZevghc�nhjf_��Wlb�mjZ\g_gby�gZau\Zxlky�mjZ\g_gby�
fb�FZdk\_eeZ� 
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MjZ\g_gby�FZdk\_eeZ�^ey�g_ih^\b`guo�kj_^ 

Wlb� mjZ\g_gby�g_ihkj_^kl\_ggh� ke_^mxl�ba� khhl\_lkl\mxsbo� mjZ\�
g_gbc�\�bgl_]jZevghc�nhjf_�b�ba�fZl_fZlbq_kdbo�hij_^_e_gbc�ijhkljZg�
kl\_gguo�^bnn_j_gpbZevguo�hi_jZlhjh\� 

AZdhg�ihegh]h�lhdZ�\�^bnn_j_gpbZevghc�nhjf_� 

rot H = /i, 
]^_  /i = / + /ij + /kf + /i_j; 

/i –�iehlghklv�ihegh]h�we_dljbq_kdh]h�lhdZ� 
/ –�iehlghklv�klhjhgg_]h�we_dljbq_kdh]h�lhdZ� 
/ij –�iehlghklv�lhdZ�ijh\h^bfhklb� 
/kf –�iehlghklv�lhdZ�kf_s_gby� 
/i_j –�iehlghklv�lhdZ�i_j_ghkZ� 

Wlh�hagZqZ_l��qlh�we_dljbq_kdbc�lhd�y\ey_lky�\boj_\uf�bklhqgbdhf�
\_dlhjgh]h�ihey�gZijy`_gghklb�fZ]gblgh]h�ihey� 

AZdhg�we_dljhfZ]gblghc�bg^mdpbb�\�^bnn_j_gpbZevghc�nhjf_� 

W∂
∂−=− %

(( �URW� k . 

Wlh�hagZqZ_l��qlh�i_j_f_ggh_�fZ]gblgh_�ihe_�y\ey_lky�\boj_\uf�bk�
lhqgbdhf� ^ey� ijhkljZgkl\_ggh]h� jZkij_^_e_gby� \_dlhjZ� gZijy`_gghklb�
we_dljbq_kdh]h�ihey� 

MjZ\g_gb_�g_ij_ju\ghklb�ebgbc�fZ]gblghc�bg^mdpbb� 

div B = 0. 

Wlh�hagZqZ_l��qlh�ihe_�\_dlhjZ�fZ]gblghc�bg^mdpbb�g_�bf__l�bklh�
dh\��l�_��\�ijbjh^_�g_�kms_kl\m_l�fZ]gblguo�aZjy^h\��fZ]gblguo�fhghih�
e_c�� 

L_hj_fZ�=ZmkkZ�\�^bnn_j_gpbZevghc�nhjf_� 

div D = !. 

Wlh�hagZqZ_l��qlh�bklhdZfb�\_dlhjgh]h�ihey� we_dljbq_kdh]h� kf_s_�
gby�y\eyxlky�we_dljbq_kdb_�aZjy^u� 

>ey�h[_ki_q_gby�_^bgkl\_gghklb�j_r_gby�aZ^Zqb�ZgZebaZ�WFI�g_h[�
oh^bfh�^hihegblv�mjZ\g_gby�FZdk\_eeZ�mjZ\g_gbyfb�fZl_jbZevghc�k\yab�
f_`^m�\_dlhjZfb�E�b�D��Z�lZd`_�B�b�H. 
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Khhlghr_gby�f_`^m�\_dlhjZfb�ihey�b�we_dljhnbabq_kdbfb�
k\hckl\Zfb�kj_^u 

Ba\_klgh��qlh 
    D =00E+P;   B = �0(H + M)               (1) 
<k_�^bwe_dljbdb�iheyjbamxlky�ih^�^_ckl\b_f� we_dljbq_kdh]h�ihey��

<k_�fZ]g_lbdb�gZfZ]gbqb\Zxlky�ih^�^_ckl\b_f�fZ]gblgh]h�ihey��KlZlb�
q_kdb_�^bwe_dljbq_kdb_�k\hckl\Z�\_s_kl\Z�fh]ml�[ulv�iheghklvx�hibkZ�
gu�nmgdpbhgZevghc�aZ\bkbfhklvx�\_dlhjZ�iheyjbah\Zgghklb�P�hl�\_dlhjZ�
gZijy`_gghklb�we_dljbq_kdh]h�ihey�E (P = P(E����KlZlbq_kdb_�fZ]gblgu_�
k\hckl\Z�\_s_kl\Z�fh]ml�[ulv�iheghklvx�hibkZgu�nmgdpbhgZevghc�aZ\b�
kbfhklvx�\_dlhjZ�gZfZ]gbq_gghklb�M�hl�\_dlhjZ�gZijy`_gghklb�fZ]gbl�
gh]h�ihey�H (M = M(H����<�h[s_f�kemqZ_�lZdb_�aZ\bkbfhklb�ghkyl�g_h^�
ghagZqguc� �]bkl_j_abkguc��oZjZdl_j��Wlh�hagZqZ_l��qlh�\_dlhj�iheyjbah�
\Zgghklb�beb�gZfZ]gbq_gghklb�\�lhqd_�Q�hij_^_ey_lky�g_�lhevdh�agZq_gb�
_f�\_dlhjZ�E beb�H�\�wlhc�lhqd_��gh�b�ij_^uklhjb_c��baf_g_gby�\_dlhjZ�E 
beb�H� \� wlhc� lhqd_��Wdki_jbf_glZevgh� bkke_^h\Zlv� b�fh^_ebjh\Zlv� wlb�
aZ\bkbfhklb�qj_a\uqZcgh� keh`gh��Ihwlhfm�gZ�ijZdlbd_�qZklh�ij_^iheZ�
]Zxl��qlh�\_dlhju�P�b�E��Z�lZd`_�M�b�H�dheebg_Zjgu��b�we_dljhnbabq_�
kdb_� k\hckl\Z� \_s_kl\Z� hibku\Zxl� kdZeyjgufb� ]bkl_j_abkgufb� nmgd�
pbyfb���_P| = |P| (|E|), |M| = |M| (|H_���?keb�]bkl_j_abkgufb�oZjZdl_jbklbdZ�
fb� \ur_gZa\Zgguo� nmgdpbc� fh`gh� ij_g_[j_qv�� lh� we_dljhnbabq_kdb_�
k\hckl\Z�hibku\Zxl�h^ghagZqgufb�nmgdpbyfb�P = P(E),  M = M(H). 

<h�fgh]bo�kemqZyo�wlb�nmgdpbb�ijb[eb`_ggh�fh`gh�kqblZlv�ebg_c�
gufb��l�_� 

    P = $w00E;      M = $fH,                (2) 
]^_�$w�–�^bwe_dljbq_kdZy�\hkijbbfqb\hklv�\_s_kl\Z��$f –�fZ]gblgZy�\hk�
ijbbfqb\hklv�\_s_kl\Z� 

?keb�mq_klv�hklZlhqgmx�iheyjbah\Zgghklv�k_]g_lhwe_dljbdZ�beb�hk�
lZlhqgmx�gZfZ]gbq_gghklv�n_jjhfZ]g_lbdZ��lh 

    P� �$w00E + Pr;       M� �$fH + Mr ,               (3) 

]^_�Pr  -�\_dlhj�hklZlhqghc�iheyjbah\Zgghklb�\_s_kl\Z��Mr –�\_dlhj�hklZ�
lhqghc�gZfZ]gbq_gghklb�\_s_kl\Z������������ 

Lh]^Z�k�mq_lhf�khhlghr_gby�����fh`gh�aZibkZlv�ke_^mxs__� 

     D =000E+Pr;     B = �0�H + Br ,      (4) 

]^_�Br  - \_dlhj�hklZlhqghc�fZ]gblghc�bg^mdpbb�\_s_kl\Z��Br = �0M r ; 
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0����–�khhl\_lkl\_ggh�hlghkbl_evgZy�^bwe_dljbq_kdZy�b�fZ]gblgZy�ijhgb�
pZ_fhklb�\_s_kl\Z� 

0 = $w + 1,���������� �$f + 1. 
0Z –�Z[khexlgZy�^bwe_dljbq_kdZy�ijhgbpZ_fhklv�\_s_kl\Z� 

0Z = 000. 
�Z –�Z[khexlgZy�fZ]gblgZy�ijhgbpZ_fhklv�\_s_kl\Z� 

�Z = �0�. 
Khhlghr_gby� ����� ����� ���� oZjZdl_jbamxl� ^bwe_dljbq_kdb_�b�fZ]gbl�

gu_� k\hckl\Z� \_s_kl\Z�� We_dljhijh\h^ysb_� k\hckl\Z� \_s_kl\Z� fh]ml�
[ulv�hibkZgu�aZdhghf�HfZ�\�^bnn_j_gpbZevghc�nhjf_ 

/ij� ��E, 
]^_� �� –� m^_evgZy� we_dljbq_kdZy� ijh\h^bfhklv� \_s_kl\Z�� baf_jy_lky� \�
�Kf�f��kZglbf_lj�gZ�f_lj� 

<�[he__�h[s_f�kemqZ_�aZ\bkbfhklv�f_`^m�iehlghklvx�lhdZ�ijh\h^b�
fhklb�b� \_dlhjhf�gZijy`_gghklb� we_dljbq_kdh]h�ihey�ghkbl�g_ebg_guc�
\_dlhjgh–]bkl_j_abkguc�oZjZdl_j� 

Wg_j]by�we_dljhfZ]gblgh]h�ihey 

H[t_fgZy�iehlghklv�wg_j]bb�we_dljbq_kdh]h�ihey�Ww�jZ\gZ 

Ww (Q, t) = 
τ∂

τ∂τ∫
∞−

���
����

4
4

W
'

( G2, 

]^_�Ww baf_jy_lky�\�^`hmeyo�gZ�dm[bq_kdbc�f_lj��>`�f3). 
H[t_fgZy�iehlghklv�wg_j]bb�fZ]gblgh]h�ihey�Wf��jZ\gZ 

Wf (Q, t) = 
τ∂

τ∂τ∫
∞−

��4�
��4��
%

+
W

G2, 

H[t_fgZy�iehlghklv�wg_j]bb�we_dljhfZ]gblgh]h�ihey�Wwf�jZ\gZ 
Wwf (Q, t) = Ww (Q, t) + Wf (Q, t). 

<� kemqZ_� ebg_cguo� we_dljbq_kdbo� b� fZ]gblguo� k\hckl\� \_s_kl\Z�
h[t_fgZy�iehlghklv�wg_j]bb�WFI�jZ\gZ� 

Wwf = Ww + Wf� ��000E2)/2 + (�0�H2)/2. 
Wlh� \ujZ`_gb_� kijZ\_^eb\h� ^ey� f]gh\_gguo� agZq_gbc� m^_evghc�

wg_j]bb�b�\_dlhjh\�WFI� 
M^_evgZy�fhsghklv�l_ieh\uo�ihl_jv�hl�lhdh\�ijh\h^bfhklb�Pl: 

Pl� = /ijE� �E2 = (/ij
2)/�. 

M^_evgZy�fhsghklv�klhjhggbo�bklhqgbdh\�Pbkl: 
Pbkl = (/ + /ij + /kf)Ek – /E. 
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Dhgljhevgu_�\hijhku 

���DZd�nhjfmebjm_lky�aZdhg�ihegh]h�lhdZ�\�bgl_]jZevghc�nhjf_" 
���DZd�nhjfmebjm_lky�aZdhg�we_dljhfZ]gblghc�bg^mdpbb�\�bgl_]jZevghc�

nhjf_" 
���DZd�nhjfmebjm_lky�l_hj_fZ�=ZmkkZ�b�aZdhg�g_ij_ju\ghklb�fZ]gblgh]h�

ihlhdZ�\�bgl_]jZevghc�nhjf_" 
4. DZd�nhjfmebjm_lky�aZdhg�ihegh]h�lhdZ�\�^bnn_j_gpbZevghc�nhjf_" 
5. DZd�nhjfmebjm_lky� aZdhg� we_dljhfZ]gblghc�bg^mdpbb�\�^bnn_j_gpb�

Zevghc�nhjf_" 
���DZd�nhjfmebjm_lky�l_hj_fZ�=ZmkkZ�b�aZdhg�g_ij_ju\ghklb�ebgbc�fZ]�

gblghc�bg^mdpbb�\�bgl_]jZevghc�nhjf_" 
���DZdbfb�khhlghr_gbyfb�hibku\Zxl�we_dljhnbabq_kdb_�k\hckl\Z�\_s_�

kl\Z" 
���DZd�\ujZ`Z_lky�wg_j]by�we_dljhfZ]gblgh]h�ihey�q_j_a�\_dlhjgu_�\_eb�

qbgu��_]h�hij_^_eyxsb_" 
���DZd�hij_^_eyxl�m^_evgmx�fhsghklv�l_ieh\uo�ihl_jv�b�m^_evgmx�fhs�

ghklv�klhjhggbo�bklhqgbdh\" 

 

�������=jZgbqgu_�mkeh\by�^ey�\_dlhjh\�WFI. 

AZdhg�khojZg_gby�aZjy^Z��L_hj_fZ�Mfh\Z-Ihcglbg]Z 

=jZgbqgu_�mkeh\by�^ey�\_dlhjh\�WFI 

Imklv�g_dhlhjZy�ih\_joghklv�S�jZa^_ey_l�kj_^u�����b������jbk����� 

  n 

1 

2 

 

 
Jbk��2 

JZkkfhljbf�g_dhlhjmx�lhqdm�gZ�wlhc�ih\_joghklb��<_dlhj�_^bgbqghc�
ghjfZeb�d�ih\_joghklb�S�\�wlhc�lhqd_�gZijZ\e_g�ba�kj_^u���\�kj_^m����Lh�
]^Z�ih\_^_gb_�\_dlhjh\�H, B, E, D�\�wlhc�lhqd_� \�khhl\_lkl\bb�k�mjZ\g_�
gbyfb�FZdk\_eeZ�hibku\Zxl�ke_^mxsbf�h[jZahf� 

(H1 – H2) × n = 2, 
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]^_�τ –�ih\_joghklgZy�iehlghklv�lhdZ��:�f� 
?keb�2� �����lh��H1t – H2t = 0. 

(E2 – E1) × n = (E2c – E1c) × n. 
?keb E2ct – E1ct = 0,  lh  E2t – E1t = 0. 
(B2 – B1) n = 0,  l. _.  B2n – B1n = 0. 

(D2 – D1) n = 1,  l._.  D2n – D1n = 1. 
A^_kv� h[hagZq_gh�� H1 –� \_dlhj� gZijy`zgghklb� fZ]gblgh]h� ihey� gZ�

ih\_joghklb�jZa^_eZ�kj_^�\�kj_^_�����H2 –�lh�`_�\�kj_^_�����H1t –�lZg]_g�
pbZevgZy��dZkZl_evgZy��khklZ\eyxsZy�\_dlhjZ�gZijy`zgghklb�fZ]gblgh]h�
ihey�gZ�ih\_joghklb�jZa^_eZ�kj_^�\�kj_^_�����H2t –�lh�`_�\�kj_^_���� E1 – 
\_dlhj�iheghc�gZijy`zgghklb�we_dljbq_kdh]h�ihey�gZ�ih\_joghklb�jZa^_�
eZ�kj_^�\�kj_^_�����E2 –�lh�`_�\�kj_^_�����E1c –�klhjhggyy�khklZ\eyxsZy�
\_dlhjZ�gZijy`zgghklb�we_dljbq_kdh]h�ihey�gZ�ih\_joghklb�jZa^_eZ�kj_^�
\�kj_^_�����E�k –�lh�`_�\�kj_^_�����E1t –�lZg]_gpbZevgZy�khklZ\eyxsZy�
\_dlhjZ�gZijy`zgghklb�we_dljbq_kdh]h�ihey�gZ�ih\_joghklb�jZa^_eZ�kj_^�
\�kj_^_�����E2t –�lh�`_�\�kj_^_�����E�kt –�lZg]_gpbZevgZy�klhjhggyy�kh�
klZ\eyxsZy�\_dlhjZ�gZijy`zgghklb�we_dljbq_kdh]h�ihey�gZ�ih\_joghklb�
jZa^_eZ�kj_^�\�kj_^_�����E2t –�lh�`_�\�kj_^_�����B1 –�\_dlhj�fZ]gblghc�
bg^mdpbb�gZ�ih\_joghklb�jZa^_eZ�kj_^�\�kj_^_�����B2 –�lh�`_�\�kj_^_�����

B1n –�ghjfZevgZy�khklZ\eyxsZy�\_dlhjZ�fZ]gblghc�bg^mdpbb�gZ�ih\_jo�
ghklb�jZa^_eZ�kj_^�\�kj_^_�����B2n –�lh�`_�\�kj_^_�����D1 –�\_dlhj�we_d�
ljbq_kdh]h�kf_s_gby�gZ�ih\_joghklb�jZa^_eZ�kj_^�\�kj_^_�����D2 –�lh�`_�
\�kj_^_�����D1n –�ghjfZevgZy�khklZ\eyxsZy�\_dlhjZ�we_dljbq_kdh]h�kf_�
s_gby�gZ�ih\_joghklb�jZa^_eZ�kj_^�\�kj_^_�����D2n –�lh�`_�\�kj_^_����� 1 
–� ih\_joghklgZy� iehlghklv� we_dljbq_kdh]h� aZjy^Z� gZ� ]jZgbp_� jZa^_eZ�
kj_^��De�f2. 

AZdhg�khojZg_gby�aZjy^Z 

?keb�hlkmlkl\mxl�klhjhggb_�bklhqgbdb�lhdZ��lh 

rot H = /ij + 
W∂

∂'
, 

div (/ij + 
W∂

∂'
) = 0, 

Z�\�h[s_f�kemqZ_�div /i = ���l��_��\_dlhj�iehlghklb�ihegh]h�lhdZ�g_�bf__l�
bklhdh\��l��_��ebgbb�ihegh]h�lhdZ�\k_]^Z�aZfdgmlu� 

div /ij = – div 
t∂

∂D
 = – 

t∂
∂

div D = – 
t∂
ρ∂

. 
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Wlh�b�_klv�aZdhg�khojZg_gby�aZjy^Z�\�^bnn_j_gpbZevghc�nhjf_� 

L_i_jv�ijbf_gbf�wlhl�aZdhg�d�h[t_fm�V: 

∫
V

div /ij dV = ∫
V

– 
t∂
ρ∂

 dV, 

∫
V

div /ij dV = ∫
S

 /ij dS = iij, 

∫
V

t∂
ρ∂

 dV = 
W

T

G

G
. 

Ih^klZ\eyy�\ujZ`_gby��-_�b��-_�\��-_��ihemqbf������iij = – 
W

T

G

G
. 

Wlh� jZ\_gkl\h� \ujZ`Z_l� aZdhg� khojZg_gby� aZjy^Z� \� bgl_]jZevghc�

nhjf_� 

=jZgbqgu_�mkeh\by�^ey�iehlghklb�lhdZ 

(/i� – /i�)n� �����������l��_��������/i�n –�/i�n = 0. 

GhjfZevgZy� khklZ\eyxsZy�iheghc�iehlghklb� lhdZ�\k_]^Z�g_ij_ju\�

gZ��?keb�hlkmlkl\mxl�klhjhggb_�bklhqgbdb�lhdZ��lh 

(/ij� – /ij�)n = – 
t∂
σ∂

. 

KdZqhd�ghjfZevghc� khklZ\eyxs_c�iehlghklb� lhdZ�ijh\h^bfhklb�gZ�

ih\_joghklb�jZa^_eZ�kj_^�jZ\_g�kdhjhklb�baf_g_gby�ih\_joghklghc�iehl�

ghklb�we_dljbq_kdh]h�aZjy^Z� 

L_hj_fZ�Mfh\Z-Ihcglbg]Z 

H[t_fgZy� iehlghklv�fhsghklb�� ihlj_[ey_fhc�fZl_jbZevghc� lhqdhc�     

\�WFI�p��jZ\gZ� 

p = /i(E – Ec) + H
t∂

∂B
 = (E – Ec)rot H – H rot(E – Ec) = – div((E –Ec) × H).(5) 
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We_dljhfZ]gblgZy�fhsghklv��ihlj_[ey_fZy�\gmljb�h[t_fZ�V,�jZ\gZ� 

– ∫
V

div((E – Ec)×H)dV = –∫
S

((E – Ec) × H)dS. 

WlZ�fhsghklv�ihklmiZ_l�\�h[t_f�V�q_j_a�aZfdgmlmx�ih\_joghklv�S�ba�

hdjm`Zxs_]h�ijhkljZgkl\Z��agZqbl�we_dljhfZ]gblgZy�fhsghklv Pbae� ��ba�

emqZ_fZy�h[t_fhf�V \�hdjm`Zxs__�ijhkljZgkl\h��jZ\gZ� 

     Pbae = ∫
S

((E – Ec)×H)dS.      (6) 

<�khhl\_lkl\bb�k�lh`^_kl\hf���� 

Pbae =  ∫
S

((E –Ec)×H) dS = ∫
V

((Ek –E) /i – H 
t∂

∂B
) dV = ∫

V

(/iEk – /()dV – 

– ∫
V

/ij EdV – ∫
V

(E
t∂

∂D
 + H

t∂
∂B

) dV = Pbkl – Pl – 
W

:

G

G wf .             (7) 

Wlh�b�_klv�mjZ\g_gb_�[ZeZgkZ�fhsghkl_c�^ey�h[t_fZ�V��<�h[s_f�kem�

qZ_�\�khhl\_lkl\bb�k�jZ\_gkl\hf� ����we_dljhfZ]gblgZy�fhsghklv��]_g_jb�

jm_fZy�bklhqgbdZfb�\gmljb�h[t_fZ�V��b^_l�gZ�l_ieh\u_�ihl_jb��gZ�gZdhi�

e_gb_� wg_j]bb� WFI� b� gZ� baemq_gb_� \� hdjm`Zxs__� ijhkljZgkl\h� q_j_a�

aZfdgmlmx�ih\_joghklv��h]jZgbqb\Zxsmx�wlhl�h[t_f� 

Pbkl =  Pl + 
W

:

G

G wf  + Pbae�. 

Ih^ugl_]jZevgh_� \ujZ`_gb_� \� bgl_]jZe_� ���� gZau\Z_lky� \_dlhjhf�

Ihcglbg]Z�I,�<l/f2: 

I = (E – Ec)×H. 

Wlhl� \_dlhj� jZ\_g� iehlghklb� ihlhdZ� we_dljhfZ]gblghc�fhsghklb� \�

g_dhlhjhc�lhqd_�gZ[ex^_gby��JZ\_gkl\h� ����–�_klv�fZl_fZlbq_kdh_�\ujZ�

`_gb_�l_hj_fu�Mfh\Z-Ihcglbg]Z� 

We_dljhfZ]gblgZy�fhsghklv��baemqZ_fZy�h[eZklvx�V�\�hdjm`Zxs__�

ijhkljZgkl\h��jZ\gZ�ihlhdm�\_dlhjZ�Ihcglbg]Z�q_j_a� aZfdgmlmx�ih\_jo�

ghklv�S��h]jZgbqb\Zxsmx�h[eZklv�V. 
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Dhgljhevgu_�\hijhku 

��� DZdbfb� \ujZ`_gbyfb� hibku\Zxl� ]jZgbqgu_� mkeh\by� ^ey� \_dlhjh\�

we_dljhfZ]gblgh]h�ihey�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 

2. DZd�nhjfmebjm_lky�aZdhg�khojZg_gby�aZjy^Z�\�^bnn_j_gpbZevghc�nhjf_" 

���DZd�nhjfmebjm_lky�aZdhg�khojZg_gby�aZjy^Z�\�bgl_]jZevghc�nhjf_" 

���DZdbfb�\ujZ`_gbyfb�hibku\Zxl�]jZgbqgu_�mkeh\by�^ey�iehlghklb�lh�

dZ�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 

���Q_fm�jZ\gZ�h[t_fgZy�iehlghklv�fhsghklb��ihlj_[ey_fhc�fZl_jbZevghc�

lhqdhc�\�we_dljhfZ]gblghf�ihe_" 

��� DZd� aZibku\Zxl� mjZ\g_gb_� [ZeZgkZ� we_dljhfZ]gblghc� fhsghklb� ^ey�

g_dhlhjh]h�h[tzfZ" 

���Qlh�lZdh_�\_dlhj�Ihcglbg]Z" 

���DZd�nhjfmebjm_lky�l_hj_fZ�Mfh\Z–Ihcglbg]Z" 

 
______________________________________ 
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=eZ\Z����WE?DLJHKL:LBQ?KDH?�IHE? 

 
______________________________________________________________________ 

______________________________________________ 
 

 

�������Hkgh\gu_�mjZ\g_gby�we_dljhklZlbdb 
 

We_dljhklZlbq_kdbf�gZau\Zxl�ihklhyggh_�ihe_�g_ih^\b`guo�we_d�
ljbq_kdbo�aZjy^h\��BklhqgbdZfb�we_dljhklZlbq_kdh]h�ihey�y\eyxlky�k\h�
[h^gu_�we_dljbq_kdb_�aZjy^u�b�we_dljbq_kdb_�^biheb��<�we_dljhklZlbq_�
kdhf�ihe_�hlkmlkl\m_l� klhjhggyy� khklZ\eyxsZy�gZijy`_gghklb� we_dljb�
q_kdh]h�ihey�Ec. 

<�khhl\_lkl\bb�kh�kdZaZgguf�mjZ\g_gby�we_dljhklZlbdb�\�bgl_]jZev�
ghc�nhjf_�bf_xl�\b^ 

∫
l

Edl = 0, 

∫
S

DdS = ∑ q =  ∫
V

!GV. 

MjZ\g_gby�we_dljhklZlbdb�\�^bnn_j_gpbZevghc�nhjf_ 

      rot E = 0;        div D = !.      (1) 

<�kemqZ_�ebg_cguo�bahljhiguo�^bwe_dljbq_kdbo�k\hckl\�kj_^u�mjZ\�
g_gb_�fZl_jbZevghc�k\yab�f_`^m�\_dlhjZfb��E��b��D��bf__l�\b^� 

 D = 0aE + Pr.      (2) 

=jZgbqgu_�mkeh\by�^ey�\_dlhjh\�we_dljhklZlbq_kdh]h�ihey 

GZ� ih\_joghklb� jZa^_eZ� kj_^�� ]^_� 0a� beb� Pr� baf_gyxlky� kdZqdZfb��
kijZ\_^eb\u�ke_^mxsb_�khhlghr_gby� 

E1t = E2t; D2n – D1n = 1. 
GZ�ih\_joghklb�ijh\h^ys_]h�l_eZ 

Et = 0; Dn = 1. 
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LZg]_gpbZevgZy�khklZ\eyxsZy�\_dlhjZ�gZijy`_gghklb�we_dljbq_kdh�
]h�ihey�g_ij_ju\gZ�gZ�ex[hc�ih\_joghklb�jZa^_eZ�kj_^� 

KdZqhd�ghjfZevghc�khklZ\eyxs_c�\_dlhjZ�we_dljbq_kdh]h�kf_s_gby�
jZ\_g�ih\_joghklghc�iehlghklb�we_dljbq_kdbo�aZjy^h\� 

KdZeyjguc�we_dljbq_kdbc�ihl_gpbZe� 
DjZ_\Zy�aZ^ZqZ�ZgZebaZ�we_dljhklZlbq_kdh]h�ihey 

Ihe_� \_dlhjZ�E� y\ey_lky�[_a\boj_\uf��ihwlhfm� _]h�fh`gh�ij_^klZ�
\blv�\�\b^_�]jZ^b_glZ�g_dhlhjh]h�kdZeyjgh]h�ihey 
      E = – grad 3,       (3) 
]^_�3 –�kdZeyjguc�we_dljbq_kdbc�ihl_gpbZe� 

Ih^klZ\b\�khhlghr_gb_�����\�mjZ\g_gb_������Z�aZl_f�����\������ihemqbf 
div (0agrad 3 – Pr) = – ! 

beb 
     GLY��0a�JUDG�3�� �–�!���GLYPr .      (4) 

MjZ\g_gb_� ���� y\ey_lky� mjZ\g_gb_f� we_dljhklZlbdb� hlghkbl_evgh�
kdZeyjgh]h� we_dljbq_kdh]h� ihl_gpbZeZ��Wlh� mjZ\g_gb_� –� hkgh\Z� ^ey� ih�
klZgh\db�djZ_\hc�aZ^Zqb�ZgZebaZ�we_dljhklZlbq_kdh]h�ihey� 

>ey�h[_ki_q_gby�_^bgkl\_gghklb�j_r_gby�mjZ\g_gby�����g_h[oh^bfh�
^hihegblv�_]h� ]jZgbqgufb�mkeh\byfb�^ey�bkdhfh]h�ihl_gpbZeZ�beb�^ey�
ghjfZevghc� khklZ\eyxs_c� \_dlhjZ� we_dljbq_kdh]h� kf_s_gby�gZ�ih\_jo�
ghklb�� h]jZgbqb\Zxs_c� jZkq_lgmx� h[eZklv�� l�_�� 3�  � ih\_joghklgh_� jZk�
ij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=1, 
Dn� �ih\_joghklgh_�jZkij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=2, 
=� �=1���=2 –�aZfdgmlZy�]jZgbqgZy�ih\_joghklv� 

I_j\h_� ]jZgbqgh_� mkeh\b_�gZau\Z_lky� ]jZgbqguf� mkeh\b_f�i_j\h]h�
jh^Z� �bgh]^Z� _]h� gZau\Zxl� ]jZgbqguf� mkeh\b_f� >bjboe_��� <lhjh_� ]jZ�
gbqgh_�mkeh\b_�gZau\Z_lky�]jZgbqguf�mkeh\b_f�\lhjh]h�jh^Z��bgh]^Z�_]h�
gZau\Zxl�]jZgbqguf�mkeh\b_f�G_cfZgZ�� 

?keb�aZ^Z\Zlv�lhevdh�]jZgbqgu_�mkeh\by�G_cfZgZ��lh�_^bgkl\_gghklv�
j_r_gby�[m^_l� h[_ki_q_gZ� lhevdh� k� lhqghklvx�^h�ihklhygghc� �h^ghjh^�
ghc��khklZ\eyxs_c�kdZeyjgh]h�ihey�3. 

<� kemqZ_� h^ghjh^gh]h� jZkij_^_e_gby� ^bwe_dljbq_kdhc� ijhgbpZ_fh�
klb� kj_^u� b� \_dlhjZ� hklZlhqghc� iheyjbah\Zgghklb� kj_^u� mjZ\g_gb_�            
����fh`_l�[ulv�aZibkZgh�\�\b^_ 

 div grad 3 = – !/0a������beb������
2∇ 3 = – !/0a.    (5) 
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?keb�\�jZkq_lghc�h[eZklb�k\h[h^gu_�aZjy^u�hlkmlkl\mxl��lh 

     div grad 3� ���������beb������� 2∇ 3 = 0.     (6) 
<ujZ`_gb_� ���� gZau\Z_lky� mjZ\g_gb_f� ImZkkhgZ�� ���� –� mjZ\g_gb_f�

EZieZkZ��>ey�mjZ\g_gbc�����b�����]jZgbqgh_�mkeh\b_�G_cfZgZ�fh`_l�aZ^Z�
\Zlvky� \� \b^_� jZkij_^_e_gby� ghjfZevghc� ijhba\h^ghc� kdZeyjgh]h� we_d�
ljbq_kdh]h�ihl_gpbZeZ�gZ�qZklb�]jZgbqghc�ih\_joghklb�=2. 

Wg_j]by�kbkl_fu�aZjy`_gguo�ijh\h^gbdh\ 
Wg_j]by�we_dljhklZlbq_kdh]h�ihey�Wwe�kbkl_fu�aZjy`_gguo�ijh\h^�

gbdh\�jZ\gZ 
Wwe = 0,5 ∫

∞V

EDdV = – 0,5 ∫
∞V

D grad 3GV = – 0,5 ∫
∞V

div (3D)dV + 

  + 0,5 ∫
∞V

3GLYD dV = – 0,5 ∫
∞S

3DdS +  0,5∫
V

3! dV, 

∫
∞S

3DdS =����lZd�dZd�k�jhklhf�jZ^bmkZ�aZfdgmlhc�ih\_joghklb�ijhba\_^_�

gb_� � m[u\Z_l� [uklj__�� q_f� jZkl_l� iehsZ^v� ih\_joghklb� �\� gZbom^r_f�
kemqZ_�ijhba\_^_gb_�3D� y\ey_lky� [_kdhg_qgh�fZehc� \_ebqbghc� lj_lv_]h�
ihjy^dZ�� Z� iehsZ^v� ih\_joghklb� bgl_]jbjh\Zgby� –� [_kdhg_qgh� [hevrhc�
\_ebqbghc�\lhjh]h�ihjy^dZ�� 

   Wwe = 0,5∫
V

3! dV = 0,5∑
=

n

i 1  
3i ∫

iV

!GV =  0,5 ∑
=

n

 i 1 
3i qi ,    (7) 

]^_�3i –�ihl_gpbZe�i-]h�ijh\h^gbdZ��qi –�aZjy^�i-]h�ijh\h^gbdZ� 
NhjfmeZ�����kijZ\_^eb\Z��_keb�3(∞ �� ����<�ijhlb\ghf�kemqZ_�nhjfm�

eZ�����kijZ\_^eb\Z��_keb� ∑
=

n

i 1  
qi� ����kmffZ�aZjy^h\�\k_o�l_e�kbkl_fu�jZ\gZ�

gmex�� 

Ihgylb_�h�f_lh^_�bah[jZ`_gbc 
Ijb�ZgZeba_�we_dljhklZlbq_kdbo�ihe_c�h[uqgh�lj_[m_lky�hij_^_eblv�

jZkij_^_e_gb_�\_dlhjh\�E, D��Z�lZd`_�jZkij_^_e_gb_�kdZeyjgh]h�we_dljb�
q_kdh]h�ihl_gpbZeZ��_keb�ba\_klgu�nhjfZ�b�jZkiheh`_gb_�ijh\h^gbdh\�b�
^bwe_dljbdh\�b�g_h^ghjh^gu_�]jZgbqgu_�mkeh\by�� 

Z��ihl_gpbZeu�ijh\h^gbdh\� 
[�� kmffZjguc� aZjy^� dZ`^h]h�ijh\h^gbdZ��ihl_gpbZe� dhlhjh]h�g_ba�

\_kl_g� 
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J_r_gb_��m^h\e_l\hjyxs__�mjZ\g_gbx�����b�\ur_gZa\Zgguf�]jZgbq�
guf�mkeh\byf��y\ey_lky�_^bgkl\_gguf�� 

Ba�wlhc�l_hj_fu��dhlhjmx�gZau\Zxl�l_hj_fhc�_^bgkl\_gghklb��\ul_�
dZxl�^\Z�\Z`guo�ke_^kl\by� 

Ke_^kl\b_� ���We_dljbq_kdh_�ihe_� �b�khhl\_lkl\mxs__�_fm�j_r_gb_��      
\�g_dhlhjhf�h[t_f_��h]jZgbq_gghf�jZ\ghihl_gpbZevgufb�ih\_joghklyfb��
g_�baf_gblky��_keb�wlb�ih\_joghklb�klZgml�ijh\h^ysbfb��l�_��ij_\jZlylky�
\� ]jZgbpu�ijh\h^gbdh\��dhlhjuf� khh[s_gu� khhl\_lkl\mxsb_�ihl_gpbZ�
eu� 

Ke_^kl\b_����We_dljhklZlbq_kdh_�ihe_�ih�h^gm�klhjhgm�hl�ih\_jogh�
klb�S��g_�h[yaZl_evgh�jZ\ghihl_gpbZevghc��g_�baf_gy_lky��_keb�ih�^jm]mx�
klhjhgm�wlhc�ih\_joghklb�baf_gblv�iZjZf_lju�kj_^u�b�jZkij_^_e_gb_�aZ�
jy^h\�lZd��qlh[u�khojZgbebkv�]jZgbqgu_�mkeh\by�gZ�ih\_joghklb�S. 

<gh\v� jZkij_^_e_ggu_� aZjy^u� gZau\Zxlky� bah[jZ`_gbyfb� ij_h[jZ�
ah\Zgguo�aZjy^h\��Z�hkgh\Zgguc�gZ�lZdhf�ij_h[jZah\Zgbb�f_lh^�jZkq_lZ�– 
f_lh^hf�bah[jZ`_gbc� 

H[Z�ke_^kl\by�ba�l_hj_fu�h�_^bgkl\_gghklb�iha\heyxl�agZqbl_evgh�
jZkrbjblv� h[eZklv� ijbf_g_gby� bgl_]jZevguo� nhjf� mjZ\g_gbc� we_dljh�
klZlbdb�^ey�jZkq_lZ�ihe_c� 

Nmg^Zf_glZevgh_�j_r_gb_�mjZ\g_gbc�ImZkkhgZ�b�EZieZkZ 
Nmg^Zf_glZevguf�j_r_gb_f�wlbo�mjZ\g_gbc�y\ey_lky�qZklgh_�j_r_�

gb_�� khhl\_lkl\mxs__� jZkij_^_e_gbx� kdZeyjgh]h� we_dljbq_kdh]h� ihl_g�
pbZeZ�\�[_kdhg_qghc�ebg_cghc�h^ghjh^ghc�kj_^_�\hdjm]�lhq_qgh]h�we_d�
ljbq_kdh]h�aZjy^Z�ijb�hldjuluo�]jZgbqguo�mkeh\byo�3(∞ ) = 0: 

3 = q/(4�000R), 
]^_�R –�jZkklhygb_�f_`^m�lhq_qguf�aZjy^hf�b�lhqdhc�gZ[ex^_gby��?keb�\�
jZkq_lghc� h[eZklb� ba\_klgh� jZkij_^_e_gb_� h[t_fguo� b� ih\_joghklguo�
aZjy^h\��Z�lZd`_�\_dlhjZ�^bwe_dljbq_kdhc�iheyjbah\Zgghklb�\_s_kl\Z��lh�
jZkij_^_e_gb_� kdZeyjgh]h� we_dljbq_kdh]h� ihl_gpbZeZ�fh`_l� [ulv� hij_�
^_e_gh�ih�nhjfme_ 
   3 = ∫

pV

(! – divP)/(4�00R)dV + ∫
pS

(1 – DivP)/(4�00R)dS.   (8) 

DZd�ijZ\beh��ijb�ZgZeba_�keh`guo�we_dljhklZlbq_kdbo�ihe_c�jZkij_�
^_e_gb_� aZjy^h\�b�iheyjbah\Zgghklb� \_s_kl\Z�g_ba\_klgh�� ihwlhfm�ijy�
fh_�ijbf_g_gb_�nhjfmeu�����g_\hafh`gh��<�wlhf�kemqZ_�nhjfmeZ�����bk�
ihevam_lky�\�dZq_kl\_�hkgh\u�^ey�ihkljh_gby�bgl_]jZevguo�f_lh^h\�ZgZ�
ebaZ�we_dljhklZlbq_kdbo�ihe_c� 
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Dhgljhevgu_�\hijhku 

���Qlh�lZdh_�we_dljhklZlbq_kdh_�ihe_" 
���DZdhc�\b^�bf_xl�mjZ\g_gby� we_dljhklZlbdb�\�bgl_]jZevghc�b�^bnn_�

j_gpbZevghc�nhjf_" 
��� DZdbfb� \ujZ`_gbyfb� hibku\Zxl� ]jZgbqgu_� mkeh\by� ^ey� \_dlhjh\�

we_dljhklZlbq_kdh]h�ihey�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 
��� DZdhc� \b^� bf__l� mjZ\g_gb_� we_dljhklZlbdb� hlghkbl_evgh� kdZeyjgh]h�

we_dljbq_kdh]h�ihl_gpbZeZ" 
���DZd�nhjfmebjm_lky�djZ_\Zy�aZ^ZqZ�ZgZebaZ�we_dljhklZlbq_kdh]h�ihey" 
���Q_fm�jZ\gZ�wg_j]by�kbkl_fu�aZjy`_gguo�ijh\h^gbdh\" 
���DZd�nhjfmebjmxlky� ke_^kl\by�ba� l_hj_fu�h� _^bgkl\_gghklb�j_r_gby�

djZ_\hc�aZ^Zqb�we_dljhklZlbdb�hlghkbl_evgh�kdZeyjgh]h�we_dljbq_kdh�
]h�ihl_gpbZeZ" 

���Qlh�y\ey_lky�nmg^Zf_glZevguf�j_r_gb_f�mjZ\g_gbc�ImZkkhgZ�b�EZi�
eZkZ�^ey�we_dljhklZlbq_kdh]h�ihey" 

��� GZ� dZdhf� khhlghr_gbb� hkgh\u\Zxlky� bgl_]jZevgu_� f_lh^u� ZgZebaZ�
we_dljhklZlbq_kdbo�ihe_c" 

�������We_dljhklZlbq_kdb_�ihey�ijhkluo 
]_hf_ljbq_kdbo�nhjf 

Ihe_�we_dljbq_kdh]h�^bihey 

 Imklv�bf__lky�we_dljbq_kdbc�^bihev��jbk����� 

� 

R 
Q 

R1 

R2 

z 

– q 

+ q 

h 

 

 

Jbk��� 

Lh]^Z�jZkij_^_e_gb_� kdZeyjgh]h� we_dljbq_kdh]h�ihl_gpbZeZ� \hdjm]�g_]h�
hibku\Zxl�nhjfmehc� 

3(Q) = 3+ + 3- = q/(4�000R1) – q/(4�000R2) = q/(4�000)(R2 – R1)/(R1 R2). 



 29 

?keb� bklhqgbdhf� we_dljhklZlbq_kdh]h� ihey� y\ey_lky� lhq_qguc� ^b�
ihev�k�we_dljbq_kdbf�^bihevguf�fhf_glhf��kf��jbk�����Pw = qh����lh 

h<<R1, h<<R2, 
R2→R1→  R,   R2 – R1 = h, 

R2 – R1 = hR/R. 

<�j_amevlZl_�ihemqbf 

   3(Q) = 1/(4�000)(qhR)/(R3) = Pw�R/(4�000R3).    (9) 
AgZy� jZkij_^_e_gb_� kdZeyjgh]h� we_dljbq_kdh]h� ihl_gpbZeZ�� fh`gh�

hij_^_eblv�jZkij_^_e_gb_�\_dlhjZ�gZijy`_gghklb�we_dljbq_kdh]h�ihey 
E(Q) = – grad 3(Q). 

<�\ujZ`_gbb� ����hl�iheh`_gby�lhqdb�Q� aZ\bkyl�R�b�R��ihwlhfm�^ey�
hij_^_e_gby� ]jZ^b_glZ�\ujZ`_gby� ����fh`gh�ijbf_gblv�ijZ\beZ�^bnn_�
j_gpbjh\Zgby�ba�\_dlhjgh]h�ZgZebaZ 

JUDG��3132�� �31�JUDG�32���32�JUDG�31 , 
JUDG��3n) = n3n – 1JUDG3, 

grad (FG) = (F ∇ )G +(G∇ )F +F × rot G + G × rot F, 
(R∇ ) Pw = 0; rot Pw  = 0; rot R = 0; 

grad (PwR) = (Pw ∇ )R = Pw. 

HdhgqZl_evgh�ihemqbf 

E(Q) = 1/(4�000)(3(PwR)R /R5 + Pw/R
3) 

beb�\�kn_jbq_kdhc�kbkl_f_�dhhj^bgZl 
ER(Q) = 2Pwcos(θ )/(4�000R3), 
E�(Q) = Pwsin(θ )/(4�000R3). 

Fh`gh�^hdZaZlv��qlh�mjZ\g_gb_�ebgbc�gZijy`_gghklb�we_dljbq_kdh�
]h�ihey��kbeh\uo�ebgbc��bf__l 

     R =A sin(θ ) ,     (10) 
]^_�: –�iZjZf_lj��k_f_ckl\Z�ebgbc�� 

MjZ\g_gb_�wd\bihl_gpbZevguo�ebgbc 
      R2 =B cos(θ ),     (11) 

]^_�< –�iZjZf_lj�k_f_ckl\Z�ebgbc�ihl_gpbZeZ� 
Qlh[u� ijh\_klb� q_j_a� g_dhlhjmx� lhqdm� ebgbx� gZijy`_gghklb� beb�

jZ\ghihl_gpbZevgmx� djb\mx�� ke_^m_l� ih^klZ\blv� \� \ujZ`_gby� ����� beb�
����� dhhj^bgZlu� wlhc� lhqdb� b� \uqbkeblv� agZq_gb_� iZjZf_ljZ� :� beb� <,        
khhl\_lkl\mxs__� bkdhfhc� djb\hc�� AZl_f�� aZ^Z\Zykv� jZaebqgufb� agZq_�
gbyfb����gZoh^yl�agZq_gb_�R�bkdhfuo�lhq_d�ebgbb� 
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?keb� ihkljhblv� g_kdhevdh� ijhba\hevguo� jZ\ghihl_gpbZevguo� ih�
\_joghkl_c� b� jZkk_qv� bo� jZaebqgufb� f_jb^bZggufb� iehkdhklyfb�� lh� \�
dZ`^hc� lZdhc�iehkdhklb�ihemqblky�h^gZ�b� lZ�`_�dZjlbgZ�ebgbc�jZ\gh]h�
ihl_gpbZeZ�� LZdh_� ihe_� gZau\Zxl� iehkdhf_jb^bZgguf�� <� kh\j_f_gghc�
ebl_jZlmj_�lZdb_�ihey�gZau\Zxl�©hk_kbff_ljbqgufbª� 

Ihe_�[_kdhg_qgh�^ebgghc�aZjy`_gghc�hkb 

Imklv� bf__lky� [_kdhg_qgh� ^ebggZy� aZjy`_ggZy� hkv�� bf_xsZy� aZjy^�
gZ�_^bgbpm�^ebgu�2��jbk����� 

S 
dS 

r 

l 
2 

z 

 

 

Jbk��� 

Ho\Zlbf� wlm�hkv�pbebg^jbq_kdhc�ih\_joghklvx��hkv�dhlhjhc�kh\iZ�
^Z_l�k�aZjy`_gghc�hkvx��GZ�wlhc�ih\_joghklb�\_dlhj�we_dljbq_kdh]h�kf_�
s_gby� bf__l� lhevdh� ghjfZevgmx� khklZ\eyxsmx�Dn�� ijbq_f�Dn = const.          
<�khhl\_lkl\bb�k�l_hj_fhc�=ZmkkZ�\�bgl_]jZevghc�nhjf_� 

∫
6

DdS = ∫
S

DndS = DnS = Dn2�rl  = 2l, 

 hldm^Z D = Dn = Dr= 2/(2�r), 
E = Er=�2����000r), 

E = –�JUDG�3, 

E = – 
r∂
ϕ∂

, 

3� �– ∫ Edr, 

3� �– ∫ 2Gr����000r) = –�2����000��OQ�r) + A. 

<h�fgh]bo�ijZdlbq_kdbo�kemqZyo�we_dljbq_kdh_�ihe_�fh`gh�ij_^klZ�
\blv�\�\b^_�ebg_cghc�dhf[bgZpbb�ihe_c�g_kdhevdbo�aZjy`_gguo�hk_c�beb�
g_kdhevdbo� iZj� jZaghbf_ggh� aZjy`_gguo� hk_c�� Ihwlhfm� p_e_khh[jZagh�
jZkkfhlj_lv�ihe_�h^ghc�lZdhc�iZju� 



 31 

Dhgljhevgu_�\hijhku 

���DZdbfb�khhlghr_gbyfb�hibku\Zxl�ihe_�we_dljbq_kdh]h�^bihey" 

���DZdb_�ihey�gZau\Zxl�iehkdhf_jb^bZggufb��hk_kbff_ljbqgufb�" 

���DZdbfb�khhlghr_gbyfb�hibku\Zxl�ihe_�[_kdhg_qgh�^ebgghc�aZjy`_g�

ghc�hkb" 

�������We_dljhklZlbq_kdb_�ihey�ijhkluo 

^\moijh\h^guo�ebgbc 

Ihe_�^\mo�jZaghbf_ggh�aZjy`_gguo�hk_c 

Imklv�\�h^ghjh^ghf�^bwe_dljbd_�gZoh^ylky�^\_�iZjZee_evgu_�[_kdh�

g_qgh� ^ebggu_� hkb�� jZ\ghf_jgh� b� jZaghbf_ggh� aZjy`_ggu_� k� ebg_cghc�

iehlghklvx�aZjy^Z��2�b�– 2��jbk������Bah[jZabf�gZ�jbkmgd_�ke_^u�wlbo�hk_c�

\�iehkdhklb�ihi_j_qgh]h�k_q_gby� 

Q 

x 

+ 2 – 2 
a a 

y 

r1 

r2 

 

 

Jbk��� 

Bkihevamy�ijbgpbi�gZeh`_gby��aZibr_f�nhjfmem�jZkq_lZ�jZkij_^_e_gby�

kdZeyjgh]h�we_dljbq_kdh]h�ihl_gpbZeZ� 

3(Q) = 3+ + 3- = – 2/(2�000)ln(r1) + 2/(2�000)ln(r2) + A = 2/(2�000)ln(r2/r1) + A 

?keb�ijbgylv�3(x=���� ����l�_��gZ�hkb�kbff_ljbb��kdZeyjguc�we_dljb�

q_kdbc�ihl_gpbZe�jZ\_g�gmex��lh�:� ���L_i_jv�hij_^_ebf�mjZ\g_gb_�wd\b�

ihl_gpbZevguo�ih\_joghkl_c��GZ�wlbo�ih\_joghklyo�r2/r1=k = const��A^_kv�

k –�iZjZf_lj�k_f_ckl\Z�wd\bihl_gpbZevguo�ebgbc�\�iehkdhklb�jbkmgdZ� 
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<ujZabf�r2�b�r1�\�^_dZjlh\uo�dhhj^bgZlZo�b�\u\_^_f�mjZ\g_gb_�wd\b�

ihl_gpbZeb�\�dZghgbq_kdhc�nhjf_�hlghkbl_evgh�dhhj^bgZl�o�b�m 

r2 =  ((x + a) 2 + y 2)0,5; r1 = ((x – a) 2 + y 2)0,5; 

(x +  a)2 + y2 = k 2 (x – a)2 + k 2y 2; 

(x +  a)2 – k 2 (x – a)2 + y2(1 – k 2)= 0; 

x2(1 – k 2) + 2ax(1 +  k 2) + a2(1 – k 2) + y2(1 – k 2) = 0; 

x2 + 2ax(1 + k 2)/(1 – k 2) + y2 + a2 = 0; 

(x +  a(1 + k 2)/(1 – k 2))2 + y2 = (a(1 + k 2)/(1 – k 2))2 – a2 = (2ak/(1 – k 2))2. 

A^_kv�ihemq_gh�mjZ\g_gb_�hdjm`ghklb�\�dZghgbq_kdhc�nhjf_� 

 (x – s)2 + y2 = R 2,   (12) 

]^_�s = a(k 2+1)/(k 2– 1) –�dhhj^bgZlZ�p_gljZ�hdjm`ghklb� 

R = a|2k/(1 – k 2)| –�jZ^bmk�hdjm`ghklb� 

Fu�ihemqbeb�\ujZ`_gby�^ey�dhhj^bgZlu�p_gljZ�b�^ey�jZ^bmkZ�wd\b�

ihl_gpbZevghc�ebgbb�ih�aZ^Z\Z_fhfm�iZjZf_ljm�k��]^_�k = exp(2�0003/2). 

<� khhl\_lkl\bb� k� mjZ\g_gb_f� ����� ebgbb� jZ\gh]h� ihl_gpbZeZ� ij_^�

klZ\eyxl�kh[hc�hdjm`ghklb��Z�ih\_joghklb�jZ\gh]h�ihl_gpbZeZ�–�djm]h�

\u_�pbebg^ju��]_hf_ljbq_kdb_�hkb�dhlhjuo�kf_s_gu�hlghkbl_evgh�we_d�

ljbq_kdbo� hk_c��H^gZ� ba� wlbo� ih\_joghkl_c� \ujh`^Z_lky� \� iehkdhklv� k�

gme_\uf�agZq_gb_f�ihl_gpbZeZ��ijb�k = 1; s ±∞→ ; r ∞→ ). 

Ebgbb� gZijy`_gghklb� ij_^klZ\eyxl� kh[hc� ^m]b� hdjm`ghklb�� gZqb�

gZxsb_ky�gZ�hkb�k�iheh`bl_evguf�aZjy^hf�b�dhgqZxsb_ky�gZ�hkb�k�hl�

jbpZl_evguf�aZjy^hf� 

?keb� k_f_ckl\h� jZ\ghihl_gpbZevguo� ih\_joghkl_c� jZkk_qv� iZjZe�

e_evgufb�iehkdhklyfb��i_ji_g^bdmeyjgufb�aZjy`_gguf�hkyf��lh�\�dZ`�

^hc�iehkdhklb�ihemqblky�h^gZ�b�lZ�`_�dZjlbgZ�ebgbc��Ihey��h[eZ^Zxsb_�

lZdbf�k\hckl\hf��gZau\Zxlky�iehkdhiZjZee_evgufb� �bgZq_�bo�gZau\Zxl�

^\mf_jgufb�iheyfb�� 

MklZgh\b\�dZjlbgm�ihey�b�bkihevah\Z\�ke_^kl\b_�l_hj_fu�h�_^bgkl�

\_gghklb��fh`gh�kqblZlv�j_r_ggufb�klhevdh�gh\uo�aZ^Zq��kdhevdh�bf__l�

ky�jZaebqguo�ih�\aZbfghfm�jZkiheh`_gbx�iZj�jZ\ghihl_gpbZevguo�ih�

\_joghkl_c��dhlhju_�fh`gh�jZkkfZljb\Zlv�dZd�ih\_joghklb�ijh\h^gbdh\� 

JZkkfhljbf�\Z`g_crb_�qZklgu_�kemqZb�lZdbo�aZ^Zq� 
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Ihe_�b�_fdhklv�iZjZee_evguo�pbebg^jh\ 
k�g_kh\iZ^Zxsbfb�hkyfb 

KemqZc����©DhZdkbZevgucª�dZ[_ev�kh�kf_s_gghc�`behc� 
>Zgh��R1 –� jZ^bmk�`beu��R2 –� jZ^bmk� h[hehqdb��d –� kf_s_gb_� hk_c�

`beu� b� h[hehqdb��U =31 – 32 –� gZijy`_gb_�f_`^m�`behc� b� h[hehqdhc�
�jbk����� 

–�2 

a 

a 
32 

R1 R2 

d s1 

s2 

 
 
 

 

��2 

 

Jbk��� 

Hij_^_eblv��_fdhklv�dZ[_ey�gZ�_^bgbpm�^ebgu�b�ihl_gpbZeu�ijh\h^gbdh\�
hlghkbl_evgh�kj_^g_c�iehkdhklb�f_`^m�we_dljbq_kdbfb�hkyfb���2�b�– 2. 

k1/k2� �H[S���000U�2�; 
U =  2/(2�000)ln(k1/k2). 

Ba�ihykg_gbc�d�mjZ\g_gbx�(12) ke_^m_l, qlh 
s – a =  2a/(k 2 – 1); 
s +  a = 2ak2/( k2 – 1); 
(s – a)(s + a) = R2. 

 
Ihwlhfm�kijZ\_^eb\h�khhlghr_gb_ 
 (s + a)/R = R/(s – a) = k, _keb k > 1.  (13) 
AgZqbl C0� �2�U = ��000�OQ��s2 – a)(s1 + a)/(R1 R2)); 

31� �2����000�OQ�k1) =  2����000�OQ��s1 + a)/R1); 
32 =�2����000�OQ�k2) =  2����000�OQ�R2/(s2 – a)); 

s2, s1, a�\uqbkeyxlky�ba�j_r_gby�kbkl_fu�mjZ\g_gbc 
(s1 – a)(s1 + a) =R1

2, 
(s2 – a)(s2 + a) =R2

2, 
s2 – s1 = d; 

l._.                     s1 =  (R2
2 – R2

2 – d2)/(2d); s2=(R2
2 – R1

2 + d2)/(2d); 
a= (s1 2 – R1 2)0,5 =  (s2 2 – R2 2)0,5. 
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:e]hjblf \uqbke_gbc: kgZqZeZ jZkkqblu\Zxl s2, s1, a, aZl_f C0, ihlhf 
31, 32. 

?keb gm`gh�hij_^_eblv�iZjZf_lju�wd\bihl_gpbZeb�3i��lh�\uqbkeyxl 
\_ebqbgu�ki, si, Ri�ih�nhjfmeZf��^hihegyxsbf�mjZ\g_gb_������ 

KemqZc����>\moijh\h^gZy�ebgby�k�ijh\h^Zfb�jZagh]h�jZ^bmkZ� 
>Zgh��R1 –� jZ^bmk� iheh`bl_evgh� aZjy`_ggh]h� ijh\h^Z��R2 –� jZ^bmk�

hljbpZl_evgh�aZjy`_ggh]h�ijh\h^Z��U = 31 – 32 –�gZijy`_gb_�f_`^m�ijh�
\h^Zfb��d –�kf_s_gb_�hk_c�pbebg^jbq_kdbo�ijh\h^h\��jbk����� 

d 

s1 s2 

a a 

R1 
R2 

31 
31 

–�2 �2 

 

Jbk��� 

Hij_^_eblv��_fdhklv�ebgbb�gZ�_^bgbpm�^ebgu�b�ihl_gpbZeu�ijh\h^�
gbdh\�hlghkbl_evgh�kj_^g_c�iehkdhklb�f_`^m�we_dljbq_kdbfb�hkyfb���2    
b�– 2��LZd�`_��dZd�b�\�ij_^u^ms_f�kemqZ_ 

k1/k2� �H[S���000U�2�, 
U =  2/(2�000)ln(k1/k2). 

>ey� s1, Z, R1, k1� kijZ\_^eb\h� khhlghr_gb_� ������ ihkdhevdm� k> 1.             
?keb�k����lh�\f_klh�\ujZ`_gby�����bf__f 

(s + a)/R = R/(s – a) = – k. 
<�wlh�khhlghr_gb_�ih^klZ\bf�s = – s2, R =  R2, k =  k2, 

(s2 – a)/ R2 = R2/(s2 + a) = k2. 
AgZqbl 

C0� �2�U = ���000�OQ��s2 + a)(s1 + a)/(R1 R2)); 
31� �2����000�OQ�k1�� �2����000�OQ��s1 + a)/R1); 
32� �2����000�OQ�k2) = �2����000�OQ�R2/(s2 + a)); 

s2, s1, a�\uqbkeyxl�ba�j_r_gby�kbkl_fu�mjZ\g_gbc 
(s1 – a)(s1 +  a) =R1 2, 
(s2 – a)(s2 +  a) =R2 2, 
 s2 +  s1 =  d; 

l. _.              s1 =  (R1
2 – R2

2 +  d2)/(2d); s2=(R2
2 – R1

2 +  d2)/(2d) = d – s1; 
a= (s1

2 – R1
2)0,5 =  (s2

2 – R2
2)0,5. 
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:e]hjblf�\uqbke_gbc�lhl�`_��qlh�b�\�ij_^u^ms_f�kemqZ_� 
<� jZkkfhlj_gguo� ^\mo� kemqZyo� j_amevlbjmxsmx� gZijy`_gghklv�

we_dljbq_kdh]h�ihey�E�fh`gh�hij_^_eblv�ih�nhjfme_ 
E(Q) = – grad 3(Q) = 2/(2�000)(r1/r1

2 – r2/r2
2). 

AgZq_gby� _fdhklb� gZ� _^bgbpm� ^ebgu� C0�� ihemq_ggu_� ijb� j_r_gbb�
wlbo�aZ^Zq��fh]ml�[ulv�bkihevah\Zgu�ijb�ZgZeba_�jZ[hlu�ebgbb�ijb�i_j_�
f_gguo�lhdZo�b�gZijy`_gbyo� 

Ba\_klgh��qlh�ijb�gZebqbb�i_j_f_ggh]h�fZ]gblgh]h�ihey�we_dljbq_�
kdh_� gZijy`_gb_� f_`^m� ^\mfy� lhqdZfb� aZ\bkbl� hl� nhjfu� imlb�� kh_^b�
gyxs_]h� wlb� lhqdb��H^gZdh� \� ^ebgguo� ebgbyo� i_j_f_ggh]h� lhdZ� ebgbb�
fZ]gblghc�bg^mdpbb�ijZdlbq_kdb�e_`Zl� \�iehkdhklyo�ihi_j_qgh]h� k_q_�
gby�� dhglmj�� e_`Zsbc� \� wlhc� iehkdhklb�� g_� ijhgbau\Z_lky� i_j_f_gguf�
fZ]gblguf�ihlhdhf��ihwlhfm�pbjdmeypby�\_dlhjZ�E�\^hev�lZdh]h�dhglmjZ�
jZ\gZ�gmex��l�_��we_dljbq_kdh_�ihe_�bf__l�ihl_gpbZevguc�oZjZdl_j��Wlh�      
b� ^Z_l� \hafh`ghklv� ]h\hjblv� h[� h^ghagZqghf�f]gh\_gghf� agZq_gbb� gZ�
ijy`_gby�f_`^m�lhqdZfb�^\mo�ijh\h^gbdh\��e_`Zsbfb�\�h^ghc�b�lhc�`_�
iehkdhklb� ihi_j_qgh]h� k_q_gby�� b� ihklhygkl\_� hlghr_gby� f]gh\_gguo�
agZq_gbc�C0 = 2/U��kijZ\_^eb\hf�^ey�ex[h]h�ihi_j_qgh]h�k_q_gby� 

Ihe_�b�_fdhklv�kbkl_fu�pbebg^j�–�iehkdhklv 

Imklv�aZ^Zgu�jZ^bmk�R�pbebg^jZ��\ukhlZ�h�gZ^�iehkdhklvx��gZijbf_j�
gZ^�ih\_joghklvx�a_feb��b�ijbeh`_ggh_�gZijy`_gb_�U��jbk������

R 

a 

a 
h = s 

–�2 

+ 2 

31 

 

 
Jbk��� 

Iheh`_gb_�we_dljbq_kdbo�hk_c�fh`gh�hij_^_eblv�ba�mjZ\g_gbc 
{( s – a)(s +  a) = R2, s =  h}; 

a= (s2 – R2)0,5; 
31� �2����000�OQ��s +  a)/R). 

Ihl_gpbZe�iehkdhklb�32� ����ihwlhfm�U = 31. 
Ebg_cgZy�iehlghklv�aZjy^Z� 

2 = 2U�000OQ((s +  a)/R). 
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?fdhklv�gZ�_^bgbpm�^ebgu 
C0 = 2/U =  2�000/ln((s +  a)/R). 

?keb�h >> R��l�_��lhgdbc�ijh\h^�ih^\_r_g�\ukhdh�gZ^�ih\_joghklvx�
a_feb��lh��s+ a) ≈  2h: 

C0 = 2/U =  2�000/ln(2h/R). 
 

Ihe_�b�_fdhklv�^\moijh\h^ghc�ebgbb 
 

>Zgh��R –�jZ^bmk�pbebg^jh\� �ijh\h^���d –�jZkklhygb_�f_`^m�]_hf_l�
jbq_kdbfb�hkyfb�pbebg^jh\��U =31 – 32 –�gZijy`_gb_�f_`^m�ijh\h^Zfb�����������
�jbk����� 

R 
R 

s s 
a a 

–�2 
��2 

31 32 

3� �� 
 

 

Jbk��� 

Hij_^_eblv�� ihl_gpbZeu� ijh\h^h\�� ebg_cgmx� iehlghklv� aZjy^Z�          
_fdhklv�gZ�_^bgbpm�^ebgu� 

a= (s 2 – R 2)0,5, d =  2s; 
C0� �2�U = ���000�OQ��s +  a)2/R2�� ��000�OQ��s +  a)/R���2� �C0U; 

31� �2����000�OQ��s +  a)/R); 
32� �2����000�OQ�R/(s +  a)) = –�31. 

AgZqbl�31 = U/2. 
?keb� d>>R�� lh� a ≈  s� �kf_s_gb_f� we_dljbq_kdbo� hk_c� hlghkbl_evgh�

]_hf_ljbq_kdbo�fh`gh�ij_g_[j_qv���b� _fdhklv�ebgbb�gZ� _^bgbpm�^ebgu�
fh`gh�hij_^_eblv�ih�nhjfme_ 

C0 = �000/ln(d/R). 
 

Ihe_�b�_fdhklv�^\moijh\h^ghc�ebgbb�k�mq_lhf�\ebygby�a_feb 
 

>Zgh�� gZ^� iehkdhc� ih\_joghklvx� a_feb� ih^\_r_gu� ]hjbahglZevgh�
^\Z�pbebg^jbq_kdbo�ijh\h^Z�k�iZjZee_evgufb�hkyfb��jbk����� 
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h1 –�\ukhlZ�ih^\_kZ� �-]h�ijh\h^Z��h2 –�\ukhlZ�ih^\_kZ� �-]h�ijh\h^Z�����
R –�jZ^bmku�ijh\h^h\��d –�jZkklhygb_�f_`^m�ghjfZevgufb�ijh_dpbyfb�
hk_c�ijh\h^h\�gZ�ih\_joghklb�a_feb� 

K��
K��

G�2���3��

2���3��

3� �������a_fey�

5�

 
Jbk��� 

Ih�mkeh\bx�aZ^Zqb�lj_[m_lky��\u\_klb�mjZ\g_gby��k\yau\Zxsb_�f_�
`^m� kh[hc�ebg_cgu_�iehlghklb� aZjy^h\�gZ�ijh\h^Zo� 21, 22�b�ihl_gpbZeu�
ijh\h^h\�� Hij_^_eblv� iZjZf_lju� wlbo� mjZ\g_gbc�� ihl_gpbZevgu_� b�
_fdhklgu_�dhwnnbpb_glu��qZklbqgu_�_fdhklb�b�jZ[hqmx�_fdhklv�ebgbb��
_keb�d, h1�b�h2 >> R. 

>ey� j_r_gby� ihklZ\e_gghc� aZ^Zqb�fh`gh� \hkihevah\Zlvky�f_lh^hf�
bah[jZ`_gbc��JZkij_^_e_gb_�ihey�gZ^�ih\_joghklvx�a_feb�g_�baf_gblky��
_keb�a_fex�m[jZlv��Z�ih^�ih\_joghklvx�a_feb�jZkiheh`blv�gZ�]em[bgZo�h1 
b�h2�ijh\h^Z�k�ebg_cghc�iehlghklvx�aZjy^Z�– 21�b�–22. 

Ihke_�lZdh]h�ij_h[jZah\Zgby�fh`gh�kqblZlv��qlh�\�kbkl_f_�^_ckl\m_l�
we_dljhklZlbq_kdh_�ihe_�^\mo�iZj�iZjZee_evguo�jZaghbf_ggh�aZjy`_gguo�
hk_c��jbk����� 

Ihkdhevdm�d, h�b�h >> R��kf_s_gb_f�we_dljbq_kdbo�hk_c�hlghkbl_ev�
gh�]_hf_ljbq_kdbo�hk_c�fh`gh�ij_g_[j_qv� 

d 

d 

h1 

h1 

h2 

h2 

21��31 

–�21, –�31 

22��32 

–�22, –�32 

3� �� 

 

 

Jbk��� 
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Bkihevamy�ijbgpbi�gZeh`_gby��\ujZabf�ihl_gpbZeu�ijh\h^h\�q_j_a�
ebg_cgu_�iehlghklb�aZjy^h\ 

)
2

ln(
0�02

2

)(

)(
ln

0�02
2

)(

)(
ln

0�02
2

)
2

ln(
0�02

2

2

0

2
22

12

22
21

0

1
2

22
12

22
21

0

21

0

1
1

R

h

dhh

dhh

dhh

dhh

R

h

+














+−

++
=ϕ















+−

++
+=ϕ

. 

Ba�wlbo�mjZ\g_gbc�\b^gh��qlh�ihl_gpbZeu�ijh\h^h\�y\eyxlky�ebg_c�
gufb�dhf[bgZpbyfb�ebg_cguo�iehlghkl_c�aZjy^h\ 









τα+τα=ϕ
τα+τα=ϕ

2221212

2121111
 

beb 

              







τ
τ









αα
αα

=







ϕ
ϕ

2

1

2221

1211

2

1
.    (14) 

Dhwnnbpb_glu��.ij��gZau\Zxl�ihl_gpbZevgufb�dhwnnbpb_glZfb�_^b�
gbpu�^ebgu�ijh\h^h\� 
.11��.22 –�wlh�kh[kl\_ggu_�ihl_gpbZevgu_�dhwnnbpb_glu�ijh\h^h\� 
.12��.21 –�wlh�\aZbfgu_�ihl_gpbZevgu_�dhwnnbpb_glu� 

.11 = 1/(2�000)ln(2h1/R���.22 = 1/(2�000)ln(2h2/R); 

.12� �.21 = 1/(2�000)ln 














+−

++
22

12

22
21

)(

)(

dhh

dhh
. 

DZd� \b^gh�� fZljbpZ� kbff_ljbqgZy�� agZqbl� ^ey� ebgbb� \uihegy_lky�
ijbgpbi�\aZbfghklb� 

Ba�kbkl_fu�mjZ\g_gbc������\ujZabf�21�b�22. 

    







ϕ
ϕ









ββ
ββ

=







ϕ
ϕ









αα
αα

=







τ
τ −

2

1

2221

1211

2

1
1

2221

1211

2

1
.  (15) 

Dhwnnbpb_glu��ij�gZau\Zxl�_fdhklgufb�dhwnnbpb_glZfb�gZ�_^bgb�
pm�^ebgu�ebgbb�b�baf_jyxl�\�nZjZ^Zo�gZ�f_lj��Kh[kl\_ggu_�ihl_gpbZev�
gu_�b�_fdhklgu_�dhwnnbpb_glu�\k_]^Z�iheh`bl_evgu� 

<aZbfgu_�ihl_gpbZevgu_�dhwnnbpb_glu�iheh`bl_evgu��Z�\aZbfgu_�
_fdhklgu_�dhwnnbpb_glu�\k_]^Z�hljbpZl_evgu� 
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Kbkl_fm�mjZ\g_gbc������fh`gh�aZibkZlv�bgZq_ 

.)()()(

),()()(

22212212212212212

21121112112112111

ϕ+ϕ−ϕ=ϕβ+β+ϕ−ϕβ−=τ
ϕ−ϕ+ϕ=ϕ−ϕβ−ϕβ+β=τ
CC

CC
 

 

Dhwnnbpb_glu�Kij�gZau\Zxl�qZklbqgufb�_fdhklyfb�gZ�_^bgbpm�^eb�

gu� 

?keb�ijh\h^Z�ebgbb�g_�k\yaZgu�k�a_fe_c�b�iblZxlky�hl�g_aZa_fe_g�

gh]h�bklhqgbdZ�w^k��lh�kmffZjguc�aZjy^�ebgbb�jZ\_g�gmex��l�_��22 = – 21. 

31� ��.11 –�.12��21, 

32� ��.21 –�.22��21. 

<uql_f�\lhjh_�mjZ\g_gb_�ba�i_j\h]h�b�ihemqbf 

U = 31 – 32� ��.11���.22 –�.21 –�.12��21. 

Hlghr_gb_�ebg_cghc�iehlghklb�aZjy^Z�ijh\h^Z�d�gZijy`_gbx�gZau�

\Zxl�\�^Zgghf�kemqZ_�jZ[hq_c�_fdhklvx�ebgbb�gZ�_^bgbpm�^ebgu 

CjZ[ = 2/U =�.11���.22 –�.21 –�.12)-1.                                   (16) 

Fh`gh� bah[jZablv� wd\b\Ze_glgmx� ko_fm� kbkl_fu� aZjy`_gguo� ijh�

\h^gbdh\�ebgbb��jbk������ 

1 2 

K11 

K12 

K22 

 

 

Jbk��10 

:gZebabjmy�wlm�ko_fm��fh`gh�ihemqblv�^jm]h_�\ujZ`_gb_�^ey�jZ[h�

q_c�_fdhklb�ebgbb 

     CjZ[ = C12 + C11C22/(C11 + C22).    (17) 

Fh`gh�^hdZaZlv��qlh�\ujZ`_gby������b������lh`^_kl\_ggu� 
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JZkij_^_e_gb_�aZjy^h\�b�ihl_gpbZeh\                                                
\�kbkl_f_ aZjy`_gguo�ijh\h^gbdh\ 

Imklv�bf__lky�kbkl_fZ�ba�n�aZjy`_gguo�ijh\h^gbdh\��qi (i = 1,…, n ) – 
aZjy^u�ijh\h^gbdh\��3i (i = 1,…, n ) –�ihl_gpbZeu�ijh\h^gbdh\� 

Ihl_gpbZeu�ijh\h^gbdh\�fh`gh�ij_^klZ\blv� \� \b^_�ebg_cghc�dhf�
[bgZpbb�bo�aZjy^h\� 

3i = ∑
=

n

j 1
 .ij qj 

beb 
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beb 

[3�i�] = [.] [q�i�]. 

Dhwnnbpb_glu�.ij�gZau\Zxl�ihl_gpbZevgufb�dhwnnbpb_glZfb�kbk�
l_fu�ijh\h^gbdh\�b�baf_jyxl�\���N� 

Ba�ihke_^g_]h�fZljbqgh]h�mjZ\g_gby�fh`gh�\ujZablv�aZjy^u�ijh�
\h^gbdh\ 

[q�i�] = [.]-1 [3�i�] = [�] [3�i�] 

beb 
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nnnnn

2n

n

nq

q

q

�

�

����

�

�

�

2

1

21

2221

11211

2

1

���

���

���

, 

l��_��qi = ∑
=

n

j 1
 �ij 3j. 

Dhwnnbpb_glu� ��ij� �gZau\Zxl�_fdhklgufb�dhwnnbpb_glZfb�kbkl_fu�
ijh\h^gbdh\�b�baf_jyxl�\�nZjZ^Zo� 
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Ihke_^g__�khhlghr_gb_�fh`gh�aZibkZlv�bgZq_ 

qi = Kii3i + ∑
≠
=

n

ij
j 1

Kij (3i – 3j), 

]^_� Kij –�wlh�qZklbqgu_�_fdhklb�kbkl_fu�ijh\h^gbdh\� 

Cii = ∑
=

n

j 1
 �ij –�kh[kl\_ggu_�qZklbqgu_�_fdhklb� 

Cij (j ≠  i)= – �ij –�\aZbfgu_�qZklbqgu_�_fdhklb� 
FZljbpu�>.], [�], [C@�kbff_ljbqgu_��l�_��.ij = .ji, �ij = �ji,                         

Cij = Cji�AgZqbl��^ey�kbkl_fu�aZjy`_gguo�ijh\h^gbdh\�\uihegy_lky�ijbg�
pbi�\aZbfghklb� 

We_dljbq_kdb_�wdjZgu 

Ijbgpbi� we_dljhklZlbq_kdh]h� wdjZgbjh\Zgby� we_dljbq_kdbo� b� we_d�
ljhgguo�we_f_glh\�\�ZiiZjZlmj_�hkgh\Zg�gZ�lhf��qlh�f_^e_ggh�baf_gyx�
s__ky� we_dljbq_kdh_� ihe_� g_�fh`_l� ijhgbdgmlv� \gmljv� h[t_fZ�� h]jZgb�
q_ggh]h�ijh\h^gbdhf��ihkdhevdm�ex[Zy�ih\_joghklv�we_dljhijh\h^ys_]h�
l_eZ�\�we_dljhklZlbq_kdhf�ihe_�y\ey_lky�wd\bihl_gpbZevghc� 

Dhgljhevgu_�\hijhku 

���DZdbfb�khhlghr_gbyfb�hibku\Z_l�ihe_�^\mo�jZaghbfzggh�aZjy`_gguo�
hk_c" 

��� DZdbfb� khhlghr_gbyfb� hibku\Z_l� ihe_� ©dhZdkbZevgh]hª� dZ[_ey� kh�
kf_szgghc�`behc" 

���DZdbfb�khhlghr_gbyfb�hibku\Z_l�ihe_�^\moijh\h^ghc�ebgbb�k�ijh\h�
^Zfb�jZaguo�jZ^bmkh\" 

���DZdbfb�khhlghr_gbyfb�hibku\Zxl�ihe_�^\moijh\h^ghc�ebgbb�k�ijh�
\h^Zfb�h^bgZdh\uo�jZ^bmkh\" 

���DZdbfb�khhlghr_gbyfb�hibku\Zxl�ihe_�kbkl_fu�pbebg^j�–�iehkdhklv" 
���DZdbfb�khhlghr_gbyfb�hibku\Zxl�ihe_�b�zfdhklv�^\moijh\h^ghc�eb�

gbb�k�mqzlhf�\ebygby�a_feb" 
���DZdbfb�khhlghr_gbyfb�hibku\Zxl�jZkij_^_e_gb_�aZjy^h\�b�ihl_gpbZ�

eh\�\�kbkl_f_�aZjy`_gguo�ijh\h^gbdh\" 
���GZ�qzf�hkgh\Zg�ijbgpbi�^_ckl\by�we_dljhklZlbq_kdbo�wdjZgh\" 

______________________________________ 
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=eZ\Z����WE?DLJBQ?KDH?�IHE? 
    IHKLHYGGH=H�LHD: 

______________________________________________________________________ 
______________________________________________ 

 

�������AZdhgu�we_dljbq_kdh]h�ihey�\�ijh\h^ys_c�kj_^_ 
 

We_dljbq_kdh_�ihe_�\�ijh\h^ys_c�kj_^_�oZjZdl_jbam_lky�ijhkljZgkl�

\_gguf� jZkij_^_e_gb_f� \_dlhjZ� gZijy`_gghklb� we_dljbq_kdh]h� ihey�         
b�\_dlhjZ�iehlghklb�lhdZ� 

MjZ\g_gby� we_dljbq_kdh]h� ihey� \� ^bnn_j_gpbZevghc�nhjf_� bf_xl 
\b^� 
rot (E – Ek) = 0 –�\lhjhc�aZdhg��Dbjo]hnZ�\�^bnn_j_gpbZevghc�nhjf_�   (1) 
div (/ + /ij) = 0 –�i_j\uc�aZdhg�Dbjo]hnZ�\�^bnn_j_gpbZevghc�nhjf_�   (2) 
/ij� ��E –�aZdhg�HfZ�\�^bnn_j_gpbZevghc�nhjf_�      (3) 

Ijb� khklZ\e_gbb� fZl_fZlbq_kdbo� fh^_e_c� we_dljbq_kdh]h� ihey�          
\�ijh\h^ys_c� kj_^_�bklhqgbdhf� \_dlhjgh]h�ihey�E�fh`gh� kqblZlv�ijh�
kljZgkl\_ggh_�jZkij_^_e_gb_�\_dlhjZ�klhjhgg_c�gZijy`_gghklb�we_dljb�

q_kdh]h� ihey� Ek� �h[t_fgh-jZkij_^_e_ggu_� bklhqgbdb� w^k��� bklhqgbdhf�

\_dlhjgh]h� ihey� iehlghklb� lhdZ� ijh\h^bfhklb� δij� fh`gh� kqblZlv� ijh�

kljZgkl\_ggh_�jZkij_^_e_gb_�\_dlhjZ�klhjhgg_c�iehlghklb�lhdZ�δ��h[t_f�
gh-jZkij_^_e_ggu_�bklhqgbdb�lhdZ�� 

Dhgljhevgu_�\hijhku 

���DZd�aZibku\Z_lky�\lhjhc�aZdhg�Dbjo]hnZ�\�^bnn_j_gpbZevghc�nhjf_" 
���DZd�aZibku\Z_lky�i_j\uc�aZdhg�Dbjo]hnZ�\�^bnn_j_gpbZevghc�nhjf_" 
���DZdb_� \_dlhjgu_�ihey� y\eyxlky�bklhqgbdZfb�ihklhyggh]h� we_dljbq_�

kdh]h�ihey�\�ijh\h^ys_c�kj_^_" 



 43 

�������=jZgbqgu_�mkeh\by�^ey�\_dlhjh\                                     
we_dljbq_kdh]h�ihey�ihklhyggh]h�lhdZ 

 

GZ� ih\_joghklb� jZa^_eZ� kj_^�� ]^_� �, Ek� beb� /� baf_gyxlky� kdZqdhf��

kijZ\_^eb\u�ke_^mxsb_�khhlghr_gby� 
E1t – E2t = E1kt – E2kt, 

l�_�� kdZqhd� lZg]_gpbZevghc� khklZ\eyxs_c� \_dlhjZ� gZijy`_gghklb� we_d�

ljbq_kdh]h� ihey� jZ\_g� kdZqdm� klhjhgg_c� lZg]_gpbZevghc� khklZ\eyxs_c�

\_dlhjZ�gZijy`_gghklb�we_dljbq_kdh]h�ihey��?keb�Ek  ����lh�lZg]_gpbZev�

gZy�khklZ\eyxsZy�\_dlhjgh]h�ihey�E�g_ij_ju\gZ�gZ�ex[hc�ih\_joghklb�
jZa^_eZ�kj_^� 

/ij�i – /ij�i = /�i – /�i, 
l�_��kdZqhd�ghjfZevghc�khklZ\eyxs_c�iehlghklb�lhdZ�ijh\h^bfhklb�jZ\_g�

kdZqdm�ghjfZevghc�khklZ\eyxs_c�klhjhgg_c�iehlghklb�lhdZ�k�ijhlb\hih�

eh`guf�agZdhf��?keb�/� ����lh�ghjfZevgZy�khklZ\eyxsZy�iehlghklb�lhdZ�

ijh\h^bfhklb�g_ij_ju\gZ�gZ�ex[hc�ih\_joghklb�jZa^_eZ�kj_^� 

Dhgljhevgu_�\hijhku 

���DZdbf� mjZ\g_gb_f� hibku\Zxl� ]jZgbqgh_� mkeh\b_� ^ey� \_dlhjZ� gZijy�

`zgghklb�we_dljbq_kdh]h�ihey�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 
���DZdbf�mjZ\g_gb_f�hibku\Zxl�]jZgbqgh_�mkeh\b_�^ey�\_dlhjZ�iehlgh�

klb�lhdZ�ijh\h^bfhklb�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 

 

�������:gZeh]by�f_`^m�we_dljbq_kdbf�ihe_f�ihklhyggh]h�

lhdZ�\�ijh\h^gbd_�b�we_dljhklZlbq_kdbf�ihe_f�����������������������������

\�^bwe_dljbd_ 
 

JZkkfhljbf�djZ_\mx�aZ^Zqm�ZgZebaZ�we_dljbq_kdh]h�ihey�\�ijh\h^y�

s_c�kj_^_��<�khhl\_lkl\bb�k�mjZ\g_gb_f�����fh`gh�aZibkZlv 
      E – Ek = – grad 3.       (4) 

Ih^klZ\b\�\ujZ`_gb_� ����\�nhjfmeu� �����Z�aZl_f�jZ\_gkl\h� ����\�\u�

jZ`_gb_������ihemqbf� 
     div (� grad 3) = div (/ + �Ek).      (5) 
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KjZ\gb\�mjZ\g_gb_� ����k�mjZ\g_gb_f�we_dljhklZlbdb��fh`gh�mklZgh�
\blv� ZgZeh]bx�f_`^m� we_dljbq_kdbf�ihe_f�ihklhygguo� lhdh\�\�ijh\h^�
gbd_�b�we_dljbq_kdbf�ihe_f�\�^bwe_dljbd_� 

>ey�kjZ\g_gby�aZibr_f�mjZ\g_gby��hibku\Zxsb_�wlb�ihey��b�k\_^_f�
bo�\�lZ[ebpm� 

We_dljhklZlbq_kdh_�ihe_ We_dljbq_kdh_ 
ihe_�\�ijh\h^ys_c�kj_^_ 

rot E = 0 rot (E – Ek) = 0 

div D = ! div /ij = – div / 

D =0aE + Pr /ij = �E 

E = – grad�3 E – Ek = –�JUDG�3 

D /ij 
Pr �Ek 

0a γ 

ϕ ϕ 
 
Ba�wlhc�lZ[ebpu�\b^gh��qlh�ZgZeh]hf�\_dlhjZ�iehlghklb�lhdZ�ijh\h�

^bfhklb�/ij�y\ey_lky�\_dlhj�we_dljbq_kdh]h�kf_s_gby�D��ZgZeh]hf�m^_ev�
ghc�ijh\h^bfhklb�� –�Z[khexlgZy�^bwe_dljbq_kdZy�ijhgbpZ_fhklv��ZgZeh�
]hf� lhdZ� I –�ihlhd�\_dlhjZ� we_dljbq_kdh]h� kf_s_gby�� ZgZeh]hf� aZjy^Z�\�
we_dljhklZlbq_kdhf�ihe_�y\eyxlky�klhdb�klhjhggbo�we_dljbq_kdbo�lhdh\� 

Dhgljhevgu_�\hijhku 

���DZdhc�\b^�bf__l�mjZ\g_gb_�fZl_fZlbq_kdhc�nbabdb�hlghkbl_evgh�kdZ�
eyjgh]h�fZ]gblgh]h�ihl_gpbZeZ" 

���GZ� dZdbo� khhl\_lkl\byo� mjZ\g_gbc� b�nbabq_kdbo� \_ebqbg� [Zabjm_lky�
ZgZeh]by�f_`^m�we_dljhklZlbq_kdbf�ihe_f�\�^bwe_dljbd_�b�klZpbhgZj�
guf�we_dljbq_kdbf�ihe_f�\�ijh\h^gbd_" 

�������We_dljbq_kdh_�ihe_�\�^bwe_dljbd_�                                 
\[ebab�ijh\h^gbdZ�k�lhdhf 

 

<�^bwe_dljbd_��hdjm`Zxs_f�ijh\h^gbd�k�lhdhf��we_dljbq_kdh_�ihe_�

bf__l�lZdhc�`_�ihl_gpbZevguc�oZjZdl_j��dZd�b�we_dljhklZlbq_kdh_�ihe_��

We_dljbq_kdh_�ihe_�\g_�ijh\h^gbdZ�k�lhdhf�hibku\Z_lky�eb[h�mjZ\g_gb_f�
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EZieZkZ��eb[h�ImZkkhgZ�lZd�`_��dZd�b�we_dljhklZlbq_kdh_�ihe_��Hlebqb_�

aZdexqZ_lky�\�lhf��qlh�ih\_joghklv�ijh\h^gbdZ�k�lhdhf�g_�y\ey_lky�wd\b�

ihl_gpbZevghc�� l�_�� lZg]_gpbZevgZy� khklZ\eyxsZy� gZijy`_gghklb� we_d�

ljbq_kdh]h� ihey� gZ� ih\_joghklb� ijh\h^gbdZ� g_� jZ\gZ� gmex�� H^gZdh�         

\� ih^Z\eyxs_f� [hevrbgkl\_� bg`_g_jguo� jZkq_lh\� lZg]_gpbZevgZy� kh�

klZ\eyxsZy� hdZau\Z_lky�gZ�fgh]h�ihjy^dh\�f_gvr_�ghjfZevghc� khklZ\�

eyxs_c�gZijy`_gghklb�we_dljbq_kdh]h�ihey��ihwlhfm�lZg]_gpbZevghc�kh�

klZ\eyxs_c�fh`gh�ij_g_[j_qv��LZdbf�h[jZahf��]jZgbqgu_�mkeh\by�\�^b�

we_dljbd_�gZ�ih\_joghklb�ijh\h^gbdh\�hdZau\Zxlky�ijZdlbq_kdb�lh`^_�

kl\_ggufb� ]jZgbqguf�mkeh\byf�\� we_dljhklZlbd_��Ba� wlh]h�ke_^m_l��qlh�

ijb�ZgZeba_�we_dljbq_kdh]h�ihey�\�^bwe_dljbd_�\[ebab�ijh\h^gbdZ�k�lh�

dhf� fh`gh� bkihevah\Zlv� j_r_gby� khhl\_lkl\mxsbo� we_dljhklZlbq_kdbo�

aZ^Zq� 

Dhgljhevgu_�\hijhku 

���Q_f�hlebqZ_lky�we_dljbq_kdh_�ihe_�\�^bwe_dljbd_�\[ebab�ijh\h^gbdZ�k�

lhdhf�hl�we_dljhklZlbq_kdh]h�ihey" 

���Ihq_fm�ijb�ZgZeba_�we_dljbq_kdh]h�ihey�\�^bwe_dljbd_�\[ebab�ijh\h^�

gbdZ�k�lhdhf�fh`gh�bkihevah\Zlv�j_r_gby�khhl\_lkl\mxsbo�we_dljh�

klZlbq_kdbo�aZ^Zq" 

�������We_dljbq_kdh_�ihe_�\�g_kh\_jr_gguo 
bahebjmxsbo�kj_^Zo 

>bwe_dljbdhf�gZau\Zxl�\_s_kl\h��hkgh\guf�we_dljbq_kdbf�k\hckl�

\hf�dhlhjh]h�y\ey_lky�kihkh[ghklv�iheyjbah\Zlvky�\�we_dljbq_kdhf�ihe_�

b� \� dhlhjhf� \hafh`gh� ^ebl_evgh_� kms_kl\h\Zgb_� we_dljhklZlbq_kdh]h�

ihey��l�_��we_dljhijh\h^ghklvx�fh`gh�ij_g_[j_qv��Ijh\h^gbdb�h[eZ^Zxl�

gZklhevdh�[hevrhc�we_dljhijh\h^ghklvx��qlh�ijb�ZgZeba_�we_dljbq_kdh]h�

ihey�\�gbo�iheyjbaZpbhggufb�wnn_dlZfb�fh`gh�ij_g_[j_qv��?keb�we_d�

ljhijh\h^ghklv�\_s_kl\Z�fZeZ��gh�_x�g_evay�ij_g_[j_qv�b�g_evay�ij_g_[�

j_qv� iheyjbaZpbhggufb� wnn_dlZfb�� lh� lZdb_� \_s_kl\Z� gZau\Zxl� g_kh�

\_jr_ggufb� ^bwe_dljbdZfb�� beb� g_kh\_jr_ggufb� bahebjmxsbfb� kj_�

^Zfb� 
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<�mklZgh\b\r_fky�j_`bf_�we_dljbq_kdh_�ihe_�\�g_kh\_jr_gghf�^b�

we_dljbd_� hij_^_ey_lky� ijhkljZgkl\_gguf� jZkij_^_e_gb_f� m^_evghc�

we_dljbq_kdhc�ijh\h^bfhklb�b�bklhqgbdh\�ihey��^bwe_dljbq_kdb_�k\hckl�

\Z�gbdZd�g_� \ebyxl�gZ� jZkij_^_e_gb_� kdZeyjgh]h� we_dljbq_kdh]h�ihl_g�

pbZeZ��GZ�jZkij_^_e_gb_�k\h[h^guo�aZjy^h\�b�iheyjbah\Zgghklb�\_s_kl\Z�

hdZau\Zxl� \ebygb_� b� we_dljhijh\h^ysb_�� b� ^bwe_dljbq_kdb_� k\hckl\Z�

\_s_kl\Z� 

Dhgljhevgu_�\hijhku 

���<�qzf�aZdexqZ_lky�hkgh\gZy�we_dljhnbabq_kdZy�hkh[_gghklv�\_s_kl\Z��

[ebadh]h�ih�k\hckl\Zf�d�b^_Zevghfm�^bwe_dljbdm" 

���<�qzf�aZdexqZ_lky�hkgh\gZy�we_dljhnbabq_kdZy�hkh[_gghklv�\_s_kl\Z��

[ebadh]h�ih�k\hckl\Zf�d�b^_Zevghfm�ijh\h^gbdm" 

���Qlh�lZdh_�g_kh\_jr_gguc�^bwe_dljbd" 

���<�qzf�aZdexqZxlky�hkh[_gghklb�we_dljbq_kdh]h�ihey�\�g_kh\_jr_gguo�

bahebjmxsbo�kj_^Zo" 

 

�������We_dljbq_kdh_�fh^_ebjh\Zgb_�nbabq_kdbo�ihe_c 
 

F_lh^u�fh^_ebjh\Zgby�nbabq_kdbo�ihe_c�� hkgh\Zggu_�gZ� ZgZeh]bb�

mjZ\g_gbc��hibku\Zxsbo�ijhp_kku�\�hjb]bgZe_�b�fh^_eb��gZau\Zxl�ZgZ�

eh]h\ufb� f_lh^Zfb� fh^_ebjh\Zgby��:gZeh]h\h_� fh^_ebjh\Zgb_� k\yaZgh�     

k�ijbf_g_gb_f�jZaebqguo�fh^_ebjmxsbo�mkljhckl\��GZb[hevr__�jZkijh�

kljZg_gb_�ihemqbeb�fh^_eb��hkgh\Zggu_�gZ�ZgZeh]bb�bkke_^m_fuo�nbab�

q_kdbo�ihe_c�b�we_dljbq_kdh]h�ihey�\�ijh\h^ys_c�kj_^_��F_lh^u��hkgh�

\Zggu_�gZ�lZdhc�ZgZeh]bb��gZau\Zxl�we_dljbq_kdbf�fh^_ebjh\Zgb_f��Wlb�

f_lh^u�fh`gh�jZa^_eblv�gZ�^\_�[hevrb_�]jmiiu� 

1) f_lh^u�kiehrguo�kj_^� 

2) f_lh^u�we_dljbq_kdbo�k_lhd� 

D�f_lh^Zf�kiehrguo�kj_^�fh`gh�hlg_klb�ke_^mxsb_��bkihevah\Zgb_�

ijh\h^ys_c�[mfZ]b�–�^ey�fh^_ebjh\Zgby�iehkdhiZjZee_evguo�b�hk_kbf�

f_ljbqguo� ihe_c� \� dmkhqgh-h^ghjh^guo� kj_^Zo�� hibku\Z_fuo� mjZ\g_�
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gbyfb�EZieZkZ��^bnnmabb�beb� \hegh\uf��bkihevah\Zgb_�f_lZeebq_kdbo��

]jZnblh\uo��ijh\h^ysbo�d_jZfbq_kdbo�b�ieZklfZkkh\uo�ieZklbg��Z�lZd`_�

ijh\h^ys_c� j_abgu� b� ldZgb� –� ^ey� l_o�`_� aZ^Zq�� bkihevah\Zgb_�`b^dbo�

we_dljheblh\��Z�lZd`_�\eZ`guo�^bki_jkguo�fZkk�b�`_e_h[jZaguo�dheeh�

b^guo�fZl_jbZeh\�–�^ey�fh^_ebjh\Zgby� �lj_of_jguo�ihe_c�\�g_h^ghjh^�

guo� kemqZyo��>ey�fh^_ebjh\Zgby�nbabq_kdbo�ihe_c��hibku\Z_fuo�mjZ\�

g_gbyfb�k�g_gme_\hc�ijZ\hc�qZklvx��fh]ml�[ulv�ijbf_gbfu�lhdh\\h^u� 

<�dZq_kl\_�fh^_ebjmxsbo� we_dljbq_kdbo�k_lhd�bkihevamxl�LC, LR, 

RC�b�j_abklb\gu_�k_ldb��IjZ\Zy�qZklv�\�mjZ\g_gbyo�fZl_fZlbq_kdhc�nb�

abdb�fh^_ebjm_lky�\dexq_gb_f�bklhqgbdh\�lhdZ�\�maeu�k_ldb� 

Dhgljhevgu_�\hijhku 

���Qlh�gZau\Zxl�ZgZeh]h\uf�fh^_ebjh\Zgb_f�nbabq_kdbo�ihe_c"�Qlh�lZ�

dh_�we_dljbq_kdh_�fh^_ebjh\Zgb_" 

���GZ�ijbf_g_gbb�dZdbo�fZl_jbZeh\�[Zabjmxlky�f_lh^u�kiehrguo�kj_^"�

DZd�\�wlbo�f_lh^Zo�mqblu\Z_lky�g_gme_\Zy�ijZ\Zy�qZklv�mjZ\g_gbc" 

���DZdb_�fh^_ebjmxsb_�k_ldb�bkihevamxl�ijb�we_dljbq_kdhf�fh^_ebjh�

\Zgbb�nbabq_kdbo�ihe_c" 

 
______________________________________ 
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=eZ\Z����F:=GBLHKL:LBQ?KDH?�IHE? 

 
______________________________________________________________________ 

______________________________________________ 
 
 

�������Hkgh\gu_�aZdhgu�fZ]gblhklZlbdb 
 
 

MjZ\g_gby�fZ]gblhklZlbq_kdh]h�ihey�\�bgl_]jZevghc��������                         
b�^bnn_j_gpbZevghc�nhjfZo 

 
AZdhg�ihegh]h�lhdZ�\�bgl_]jZevghc�nhjf_� 

       ∫ Hdl = I.       (1) 

Pbjdmeypby� \_dlhjZ� gZijy`_gghklb� fZ]gblgh]h� ihey� jZ\gZ� Ze]_[�
jZbq_kdhc�kmff_�lhdh\��ho\Zlu\Z_fuo�dhglmjhf�bgl_]jbjh\Zgby��ijbq_f�
iheh`bl_evgufb�kqblZxlky�lhdb��gZijZ\e_gby�dhlhjuo�h[jZamxl�ijZ\h�
\bglh\mx�kbkl_fm�k�gZijZ\e_gb_f�h[oh^Z�dhglmjZ� 

AZdhg�g_ij_ju\ghklb�fZ]gblgh]h�ihlhdZ� 

       ∫
S

BdS = 0.       (2) 

FZ]gblguc�ihlhd�q_j_a�ex[mx�aZfdgmlmx�ih\_joghklv�jZ\_g�gmex��
Wlh� hagZqZ_l�� qlh� ebgbb� \_dlhjZ�fZ]gblghc� bg^mdpbb� \k_]^Z� aZfdgmlu��
l�_��g_�bf_xl�gZqZeZ�b�dhgpZ� 

Ba�mjZ\g_gby�����b�ba�fZl_fZlbq_kdh]h�hij_^_e_gby�jhlhjZ�\_dlhjgh�
]h�ihey�ke_^m_l�aZdhg�ihegh]h�lhdZ�\�^bnn_j_gpbZevghc�nhjf_� 

       rot H = /.       (3) 

MjZ\g_gb_� ���� aZibkZgh�\�ij_^iheh`_gbb��qlh�ijb�ZgZeba_�fZ]gblh�
klZlbq_kdh]h�ihey�\k_�we_dljbq_kdb_�lhdb�fh`gh�kqblZlv�klhjhggbfb� 
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Ba�mjZ\g_gby�����b�ba�fZl_fZlbq_kdh]h�hij_^_e_gby�^b\_j]_gpbb�\_d�
lhjgh]h�ihey�ke_^m_l�aZdhg�g_ij_ju\ghklb�ebgbc�fZ]gblghc�bg^mdpbb�\�
^bnn_j_gpbZevghc�nhjf_� 

div B = 0.                                                  (4) 

Wlhl�aZdhg�k\b^_l_evkl\m_l�h�khe_ghb^Zevghf�oZjZdl_j_�ihey�\_dlhjZ 
B��g_�kms_kl\m_l�fZ]gblguo�aZjy^h\��dhlhju_�kem`beb�[u�bklhdZfb�beb�
klhdZfb�\_dlhjgh]h�ihey�fZ]gblghc�bg^mdpbb� 

B� ��0( H + M ), 
div H = – div M. 

BklhdZfb�\_dlhjgh]h�ihey�H�y\eyxlky�klhdb�\_dlhjgh]h�ihey�gZfZ]�
gbq_gghklb�\_s_kl\Z�M��qlh�ke_^m_l�ba�mjZ\g_gby����� 

H[eZklb�ijhkljZgkl\Z��]^_�div H ≠ ���gZau\Zxl�fZ]gblgufb�ihexkZ�
fb��?keb�\�g_dhlhjhc�h[eZklb�div H�!����lh�__�gZau\Zxl�k_\_jguf�fZ]gbl�
guf�ihexkhf��?keb�\�g_dhlhjhc�h[eZklb�div H������lh�__�gZau\Zxl�x`guf�
fZ]gblguf�ihexkhf� 

MjZ\g_gb_�fZl_jbZevghc� k\yab�f_`^m� \_dlhjZfb�B�b�H��^hihegyx�
s__�mjZ\g_gby�����b������\�ebg_Zjbah\Zgghf�\b^_�fh`_l�[ulv�aZibkZgh�lZd� 
    B = �aH + Br�����beb�����H =��a( B – Br ),     (5) 
]^_��a = �a

– 1 –�m^_evgh_�fZ]gblgh_�khijhlb\e_gb_�\_s_kl\Z��<�kemqZ_�eb�
g_cguo� fZ]gblguo� k\hckl\� \_s_kl\Z� h[t_fgZy� iehlghklv� wg_j]bb� fZ]�
gblgh]h�ihey�hij_^_ey_lky�ih�nhjfme_ 

wf = (BH)/2 = (�aH2���� ���aB2)/2. 
 

=jZgbqgu_�mkeh\by�^ey�\_dlhjh\�fZ]gblgh]h�ihey 

GZ�ih\_joghklb�jZa^_eZ�kj_^��]^_�µa�beb�Br�baf_gyxlky�kdZqdhf��bf_�
xl�f_klh�ke_^mxsb_�]jZgbqgu_�mkeh\by�^ey�\_dlhjh\�B�b�H: 

(H1 – H2 )×n = 2. 

KdZqhd� lZg]_gpbZevghc� khklZ\eyxs_c� \_dlhjZ�H� jZ\_g�ih\_joghkl�
ghc�iehlghklb�lhdZ�gZ�]jZgbp_�jZa^_eZ�kj_^��?keb�2� ����lh�lZg]_gpbZevgZy�
khklZ\eyxsZy�\_dlhjZ�H�g_ij_ju\gZ� 

GhjfZevgZy� khklZ\eyxsZy� \_dlhjZ� fZ]gblghc� bg^mdpbb� gZ� ex[hc�
ih\_joghklb�jZa^_eZ�kj_^�g_ij_ju\gZ� 

B1n = B2n. 
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<_dlhjgu_�mjZ\g_gby�ImZkkhgZ�b�EZieZkZ 

Ba�mjZ\g_gby� ���� ke_^m_l��qlh�\_dlhjgh_�ihe_�B�fh`gh�ij_^klZ\blv�         
\�\b^_�jhlhjZ�g_dhlhjh]h�\_dlhjgh]h�ihey� 
       B = rot A.        (6) 

A^_kv� \_dlhjgh_� ihe_�A� gZau\Zxl� \_dlhjguf�fZ]gblguf� ihl_gpbZ�
ehf� 

Ih^klZ\b\�jZ\_gkl\h� ����\�\ujZ`_gb_� �����Z�aZl_f�nhjfmem� ����\�\u�
jZ`_gb_������ihemqbf 
      rot (�a rot A ) = / + rot (�aBr).      (7) 

<ujZ`_gb_�����y\ey_lky�mjZ\g_gb_f�fZ]gblhklZlbq_kdh]h�ihey�hlgh�
kbl_evgh�\_dlhjgh]h�fZ]gblgh]h�ihl_gpbZeZ� 

>ey� h[_ki_q_gby� _^bgkl\_gghklb� j_r_gby� wlh]h� mjZ\g_gby� djhf_�
]jZgbqguo� mkeh\bc� g_h[oh^bfh� \\_klb� mkeh\b_� dZeb[jh\db�� gZdeZ^u�
\Zxs__�h]jZgbq_gb_�gZ�^b\_j]_gpbx�\_dlhjgh]h�fZ]gblgh]h�ihl_gpbZeZ��
GZb[he__�ijhkluf�mkeh\b_f�y\ey_lky div A�  � ���Ij_h[jZam_f�mjZ\g_gb_ 
jZ\_gkl\Z� ����k�mq_lhf�wlhc�dZeb[jh\db��>ey�wlh]h�e_\mx�qZklv� ����aZib�
r_f�\�\b^_� 

rot (�a rot A ) = grad (�a div A ) – (∇�a∇ ) A 
beb    rot (�a rot A ) – grad (�a div A ) = – (∇�a∇ ) A. 

Ihkdhevdm� div A�  � �� ba� e_\hc� qZklb� \ujZ`_gby� ����fh`gh� \uq_klv 
grad���a div A���agZqbl�jZ\_gkl\h�����ij_h[jZam_lky�d�\b^m 

    – (∇�a∇ ) A = / + rot (�aBr).      (8) 
Ihemq_ggh_�\ujZ`_gb_�����gZau\Z_lky�\_dlhjguf�mjZ\g_gb_f�Rlmj�

fZ-Emb\bey��Hgh�ijb]h^gh�^ey�jZkq_lZ�fZ]gblhklZlbq_kdbo�ihe_c�\�h^gh�
jh^guo� b� dmkhqgh-h^ghjh^guo� kj_^Zo�� ijbq_f� gZ� ih\_joghklyo� jZa^_eZ�
kj_^�\uihegy_lky�mkeh\b_�A1t = A2t��l�_��lZg]_gpbZevgZy�khklZ\eyxsZy�\_d�
lhjgh]h�fZ]gblgh]h� ihl_gpbZeZ� g_ij_ju\gZ��<� h[eZklyo�� ]^_� �a�  � khnst,         
�a�fh`gh�\ug_klb�aZ�agZd�^bnn_j_gpbZevguo�hi_jZlhjh\��lh]^Z�mjZ\g_gb_�
����ijbf_l�\b^� 

    ∇ 2 A = – �a/ – rot Br.       (9) 
<�h[eZklyo��]^_��/� ����b��Br�� ����jZkij_^_e_gb_�\_dlhjgh]h�ihl_gpbZ�

eZ�hibku\Z_lky�mjZ\g_gb_f 
       ∇ 2 A = 0.     (10) 

JZ\_gkl\h�����gZau\Z_l�mjZ\g_gb_f�ImZkkhgZ��Z�\ujZ`_gb_������–�\_d�
lhjguf�mjZ\g_gb_f�EZieZkZ� 
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<�^_dZjlh\hc�kbkl_f_�dhhj^bgZl�mjZ\g_gb_� �����Z�agZqbl��b� �����jZk�

iZ^Zxlky�gZ�ljb�g_aZ\bkbfuo�kdZeyjguo�mjZ\g_gby� 

y

B

z

B
A rzry

xax ∂
∂−

∂
∂

+δ−=∇ �2 , 

z

B

x

B
A rxrz

yay ∂
∂−

∂
∂+δ−=∇ �2 , 

x

B

y

B
A

ryrx
zaz ∂

∂
−

∂
∂+δ−=∇ �2 . 

 

DjZ_\Zy�aZ^ZqZ�fZ]gblhklZlbdb�^ey�g_h^ghjh^guo�kj_^ 

>ey�jZkq_lZ�fZ]gblhklZlbq_kdh]h�ihey�\�g_h^ghjh^ghc�kj_^_�g_h[oh�

^bfZ� ^jm]Zy� fh^bnbdZpby� mjZ\g_gby� ���� k� mq_lhf� mkeh\by� dZeb[jh\db��

?keb� � ba� e_\hc� qZklb� \ujZ`_gby� ���� \uq_klv� grad� ��a' div A� ��� ]^_� �a' – 

m^_evgh_�fZ]gblgh_�khijhlb\e_gb_�kj_^u��aZgbfZxs_c�gZb[hevrbc�h[t�

_f�\�jZkq_lghc�h[eZklb��lh]^Z�ihemqbf� 

   rot ((�a – �a') rot A ) – (∇�a'∇ ) A = / + rot (�aBr).   (11) 

MjZ\g_gb_� ����� iha\hey_l� ij_^klZ\eylv�fZ]gblhklZlbq_kdh_� ihe_� � \�

g_h^ghjh^ghc� kj_^_� g_ij_ju\guf� ihe_f� \_dlhjgh]h� fZ]gblgh]h� ihl_g�

pbZeZ�� Wlh� ^Z_l� \hafh`ghklv� ijbf_gylv� dhg_qghjZaghklgu_� b� dhg_qgh�

we_f_glgu_�f_lh^u�[_a�kms_kl\_gguo�h]jZgbq_gbc� 

>ey� h[_ki_q_gby� _^bgkl\_gghklb� j_r_gby� mjZ\g_gby� ����� _]h� g_h[�

oh^bfh�^hihegblv� ]jZgbqgufb�mkeh\byfb�^ey�bkdhfh]h�ihl_gpbZeZ�beb�

^ey� � lZg]_gpbZevghc� khklZ\eyxs_c� \_dlhjZ� gZijy`_gghklb� fZ]gblgh]h�

ihey�gZ�ih\_joghklb��h]jZgbqb\Zxs_c�jZkq_lgmx�h[eZklv��l�_� 

A� �ih\_joghklgh_�jZkij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=1, 

H t� �ih\_joghklgh_�jZkij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=2, 

=� �=1���=2 –�aZfdgmlZy�]jZgbqgZy�ih\_joghklv� 

Ijb�ZgZeba_�b�fh^_ebjh\Zgbb�fZ]gblhklZlbq_kdbo�ihe_c�g_h[oh^bfh�

mqblu\Zlv��qlh�ZgZeh]by�mjZ\g_gbc�fZ]gblhklZlbq_kdh]h�b�we_dljhklZlb�

q_kdh]h�ihey�bf__l�f_klh�lhevdh�\�ijhkl_crbo�kemqZyo� 
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FZ]gblgh_�ihe_�we_f_glZ�lhdZ 

Imklv� \� h^ghjh^ghc� kj_^_� gZoh^blky� [_kdhg_qgh� dhjhldbc� we_f_gl�
lhdZ� I�^ebghc�dl��Wlhl� we_f_gl� lhdZ�y\ey_lky�bklhqgbdhf�jZkij_^_e_gby�
\_dlhjgh]h�fZ]gblgh]h�ihl_gpbZeZ 
      d A = (�aIdl)/(4�R),    (12) 
]^_� dl –� \_dlhj� ^ebgu� we_f_glZ� lhdZ�� gZijZ\e_gb_� dhlhjh]h� kh\iZ^Z_l          
k�gZijZ\e_gb_f�lhdZ� 
R –�jZkklhygb_�f_`^m�lhqdhc�bklhqgbdZ�b�lhqdhc�gZ[ex^_gby� 

JZkij_^_e_gb_�gZijy`_gghklb�fZ]gblgh]h�ihey�hl�we_f_glZ�lhdZ�hib�
ku\Z_lky�ke_^mxsbf�\ujZ`_gb_f� 
      dH = (Idl×R)/(4�R3),    (13) 
]^_�R –�\_dlhj�jZkklhygby��gZijZ\e_gguc�hl�lhqdb�bklhqgbdZ�d�lhqd_�gZ�
[ex^_gby. 

Nhjfmeu������b������\ujZ`Zxl�aZdhg�;bh�–�KZ\ZjZ� 

Dhgljhevgu_�\hijhku 

���DZd�nhjfmebjm_lky�aZdhg�ihegh]h�lhdZ�\�bgl_]jZevghc�nhjf_�^ey�fZ]�
gblhklZlbq_kdh]h�ihey" 

���DZd�nhjfmebjm_lky� aZdhg� g_ij_ju\ghklb�fZ]gblgh]h� ihlhdZ� \� bgl_�
]jZevghc�nhjf_�^ey�fZ]gblhklZlbq_kdh]h�ihey" 

��� DZd� nhjfmebjm_lky� aZdhg� ihegh]h� lhdZ� \� ^bnn_j_gpbZevghc� nhjf_�
^ey�fZ]gblhklZlbq_kdh]h�ihey" 

���DZd�nhjfmebjm_lky�aZdhg�g_ij_ju\ghklb�ebgbc�fZ]gblghc�bg^mdpbb�\�
bgl_]jZevghc�nhjf_�^ey�fZ]gblhklZlbq_kdh]h�ihey" 

���DZd�k\yaZgu�bklhdb�\_dlhjZ�gZijy`zgghklb�fZ]gblgh]h�ihey�k�\_dlhj�
guf�ihe_f�gZfZ]gbq_gghklb�\_s_kl\Z" 

���Qlh�lZdh_�fZ]gblgu_�ihexkZ��k_\_jguc�b�x`guc" 
��� DZd� aZibku\Zxl� mjZ\g_gb_� fZl_jbZevghc� k\yab� f_`^m� gZijy`zggh�

klvx�fZ]gblgh]h�ihey�b�fZ]gblghc�bg^mdpb_c" 
���Bkihevamx�dZdmx�nhjfmem�jZkkqblu\Zxl�h[tzfgmx�iehlghklv� wg_j�

]bb�fZ]gblhklZlbq_kdh]h�ihey" 
���DZdbf�mjZ\g_gb_f�hibku\Z_lky�]jZgbqgh_�mkeh\b_�^ey�\_dlhjZ�gZijy�

`zgghklb�fZ]gblgh]h�ihey�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 
����DZdbf�mjZ\g_gb_f�hibku\Zxl�]jZgbqgh_�mkeh\b_�^ey�\_dlhjZ�fZ]gbl�

ghc�bg^mdpbb�gZ�ih\_joghklyo�jZa^_eZ�kj_^" 
����Qlh�lZdh_�\_dlhjguc�fZ]gblguc�ihl_gpbZe" 
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����DZdhc�\b^�bf__l�mjZ\g_gb_�fZ]gblhklZlbdb�hlghkbl_evgh�\_dlhjgh]h�
fZ]gblgh]h�ihl_gpbZeZ" 

����Qlh�g_h[oh^bfh�^ey�h[_ki_q_gby�_^bgkl\_gghklb�j_r_gby�\_dlhjgh]h�
mjZ\g_gby�fZ]gblhklZlbdb" 

����DZdhc�\b^�bf__l�\_dlhjgh_�mjZ\g_gb_�RlmjfZ–Emb\bey"�DZdh\Z�h[�
eZklv�_]h�ijbf_g_gby" 

���� GZ� dZdbo� \_dlhjguo� mjZ\g_gbyo� [Zabjm_lky� djZ_\Zy� aZ^ZqZ� ZgZebaZ�
fZ]gblhklZlbq_kdh]h�ihey�\�h^ghjh^ghc�kj_^_" 

����GZ�dZdhf�\_dlhjghf�mjZ\g_gbb�[Zabjm_lky�djZ_\Zy�aZ^ZqZ�ZgZebaZ�fZ]�
gblhklZlbq_kdh]h� ihey� \� g_h^ghjh^ghc� kj_^_"� DZdbfb� ]jZgbqgufb�
mkeh\byfb�hgh�^hihegy_lky" 

���� DZdbfb� khhlghr_gbyfb� hij_^_eyxl� jZkij_^_e_gb_� \_dlhjgh]h� fZ]�
gblgh]h�ihl_gpbZeZ�b�gZijy`zgghklb�fZ]gblgh]h�ihey�\hdjm]�we_f_g�
lZ�lhdZ" 
 

§ 4.2. Bgl_]jZevgu_�iZjZf_lju�fZ]gblhklZlbq_kdh]h�ihey 
 

<ujZ`_gb_�fZ]gblgh]h�ihlhdZ�q_j_a�\_dlhjguc�ihl_gpbZe� 

 - = ∫
S

BdS = ∫
S

rot AdS = ∫
l

Adl.   (14) 

FZ]gblguc� ihlhd�� ijhoh^ysbc� q_j_a� g_dhlhjmx� g_aZfdgmlmx� ih�
\_joghklv�� jZ\_g� pbjdmeypbb� \_dlhjgh]h� fZ]gblgh]h� ihl_gpbZeZ� \^hev�
dhglmjZ��h]jZgbqb\Zxs_]h�wlm�ih\_joghklv�� 

Djb\hebg_cguc� bgl_]jZe� ����� [_j_lky� k� g_baf_gguf� agZdhf�� _keb�
iheh`bl_evgh_� gZijZ\e_gb_� h[oh^Z� dhglmjZ� h[jZam_l� ijZ\h\bglh\mx 
kbkl_fm�k�iheh`bl_evguf�gZijZ\e_gb_f�fZ]gblgh]h�ihlhdZ� 

L_i_jv�\ujZabf� wg_j]bx�fZ]gblgh]h�ihey�q_j_a�jZkij_^_e_gb_�\_d�
lhjgh]h�fZ]gblgh]h�ihl_gpbZeZ� 

div (A×H) = H rot A – A rot H = HB – /A; 
HB = div (A×H) + /A; 

Wf = 0,5 ∫
∞V

HBdV =  0,5 ∫
∞V

/AdV +  0,5 ∫
∞V

div (A×H)dV = 

=  0,5 ∫
/V

/AdV +  0,5 ∫
∞S

(A×H) dS. 
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Ihke_^gbc�bgl_]jZe�\�wlhf�\ujZ`_gbb�jZ\_g�gmex��lZd�dZd�gZ�[hev�

rbo�jZkklhygbyo�hl�ijh\h^h\�k�lhdZfb�ijhba\_^_gb_�A×H�m[u\Z_l�[ukl�

j__��q_f�jZkl_l�ih�iehsZ^b�ih\_joghklv�bgl_]jbjh\Zgby��Ihwlhfm 

     Wf = 0,5 ∫
/V

/AdV,     (15) 

]^_�V/ –�h[t_f��aZgyluc�ijh\h^gbdZfb�k�lhdhf� 

Ihlhdhkp_ie_gb_��Kh[kl\_ggZy�b�\aZbfgZy�bg^mdlb\ghklb 

Kh]eZkgh�aZdhgm�we_dljhfZ]gblghc�bg^mdpbb�\�dhglmj_��ho\Zlu\Zx�

s_f�i_j_f_gguc�fZ]gblguc�ihlhd��bg^mpbjm_lky�w^k� 

e =  – 
t∂
Φ∂

. 

?keb�dhglmj�khklhbl�ba�w�\bldh\�h^gh]h�gZijZ\e_gby�gZfhldb�b�\k_�

hgb��kp_ie_gu�k�h^gbf�b�l_f�`_�ihlhdhf��lh�w^k�hl^_evguo�\bldh\�kmffb�

jmxlky�Zjbnf_lbq_kdb�b�j_amevlbjmxsZy�w^k�jZ\gZ 

e =  – w
t∂
Φ∂

 =  – 
t∂

∂
(w-) = – 

t∂
ψ∂

. 

Ijhba\_^_gb_��% = wN��gZau\Zxl�fZ]gblguf�ihlhdhkp_ie_gb_f� 

Imklv�dhglmj�\uiheg_g�ba�lhgdh]h�ijh\h^Z��Z�fZ]gblgh_�ihe_�\ha[m�

`^_gh�kh[kl\_gguf�lhdhf�I�wlh]h�dhglmjZ��Lh]^Z�ihlhdhkp_ie_gb_�\�wlhf�

dhglmj_�ijhihjpbhgZevgh�lhdm��_keb�hdjm`ZxsZy�kj_^Z�h[eZ^Z_l�ebg_c�

gufb�fZ]gblgufb�k\hckl\Zfb�% = LI��Dhwnnbpb_gl�ijhihjpbhgZevghklb��

L�gZau\Zxl�kh[kl\_gghc�bg^mdlb\ghklvx�dhglmjZ�beb�p_ib� 

Fh`gh�^hdZaZlv��qlh�wg_j]by�fZ]gblgh]h�ihey�wlh]h�dhglmjZ�jZ\gZ 

Wf� ����%I = 0,5LI2. 
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<�kemqZ_�^\mo�bg^mdlb\gh�k\yaZgguo�dhglmjh\�k�lhdZfb�I1�b�I2�fh`gh�

ihemqblv�\ujZ`_gb_�^ey�wg_j]bb�fZ]gblgh]h�ihey�\�\b^_� 

   Wf = 0,5∑ %I = 0,5(I1%1 + I2%2 ±  I1 %21+ I2%2),             (16) 

]^_� %1� b� %2 –� ihlhdhkp_ie_gby� dhglmjh\�� \ua\Zggu_� kh[kl\_ggufb�

lhdZfb�I1�b I2; 

%21�b�%12 –�ihlhdhkp_ie_gby�\aZbfghc�bg^mdpbb��h[mkeh\e_ggu_� lh�

dZfb��I2�b�I1�khhl\_lkl\_ggh�b�ijhihjpbhgZevgu_��bf��\�kemqZ_�ebg_cguo�

fZ]gblguo�k\hckl\�kj_^u� 

%21 = M21I2; 

%12 = M12I1; 

 M12 = M21 = M, 

]^_�M –�\aZbfgZy�bg^mdlb\ghklv�dhglmjh\�beb�p_i_c��AgZdb�©�ª�beb�©–»       

\� \ujZ`_gbb� ����� aZ\bkyl� hl� kihkh[Z� \dexq_gby� dhglmjh\� –� kh]eZkgh]h�

beb�\klj_qgh]h� 

?keb�dhglmju�hdjm`Z_l�h^ghjh^gZy�kj_^Z��lh 

M =  ��0/(4�) ∫ ∫
� �

�� GG

O O 5

OO
. 

Dhgljhevgu_�\hijhku 

���DZd�\ujZ`Zxl�fZ]gblguc�ihlhd�q_j_a�\_dlhjguc�ihl_gpbZe" 

���DZd�\ujZ`Zxl�wg_j]bx�fZ]gblhklZlbq_kdh]h�ihey�q_j_a�\_dlhjguc�ih�

l_gpbZe" 

���Qlh�lZdh_�fZ]gblgh_�ihlhdhkp_ie_gb_�b�dZd�k�gbf�k\yaZgZ�w^k�we_dljh�

fZ]gblghc�bg^mdpbb" 

���Qlh�lZdh_�bg^mdlb\ghklv�dhglmjZ�b�dZd�hgZ�k\yaZgZ�k�wg_j]b_c�fZ]gbl�

gh]h�ihey" 

���Qlh�lZdh_�\aZbfgZy�bg^mdlb\ghklv�^\mo�dhglmjh\" 

���Ih�dZdhc�nhjfme_�\uqbkeyxl�\aZbfgmx�bg^mdlb\ghklv�^\mo�dhglmjh\��

gZoh^ysboky�\�[_kdhg_qghc�h^ghjh^ghc�kj_^_" 
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�������QZklgu_�kemqZb�iehkdhiZjZee_evguo                             
fZ]gblguo�ihe_c�ihklhygguo�lhdh\ 

 

JZkij_^_e_gb_�\_dlhjgh]h�ihl_gpbZeZ�                                               
\�kemqZ_�h^bghqgh]h�ijh\h^Z�djm]eh]h�k_q_gby 

Imklv�ih�ijh\h^m�jZ^bmkhf�Z�ijhoh^bl�lhd� I �jbk������<h�\k_o�hdjm�
`Zxsbo� �lhqdZo�b�\gmljb�ijh\h^Z�Z[khexlgZy�fZ]gblgZy�ijhgbpZ_fhklv�
jZ\gZ��a; M r = 0. 

+�4��

D�

,�

4�

U�

�

 
Jbk��1 

Imklv� lhqdZ� gZ[ex^_gby�Q� e_`bl� \g_� ijh\h^Z� gZ� jZkklhygbb� r ≥a.      
Lh]^Z�ih�aZdhgm�ihegh]h�lhdZ 

H(Q) = 1. H. = 1. He = 1. I/(2�r); 
Be = B. = �aI/(2�r); 

B = rot A; 

B. = rot. A = 
r

Az

∂

∂
, 

agZqbl�^ey�\g_rg_]h�fZ]gblgh]h�ihey��r ≥a��fh`gh�aZibkZlv 

Ae = A. = ∫ – Be dr = –∫ ��aI����r)dr = –��aI�����OQ��r) +  Ce. 

Iehlghklv�lhdZ�\gmljb�ijh\h^Z�jZ\gZ 

/ = 1z /z = 1z I/(�a2). 

Q_j_a� ih\_joghklv�� gZlygmlmx� gZ� hdjm`ghklv� jZ^bmkhf� r ≤a� k� p_g�
ljhf�gZ�hkb�ijh\h^Z��e_`Zs_c�\�iehkdhklb��i_ji_g^bdmeyjghc�hkb�ijh\h�
^Z��ijhl_dZ_l�lhd 

I(r) = /�r2 = Ir 2/a2, 
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agZqbl�gZijy`_gghklv�fZ]gblgh]h�ihey�\gmljb�ijh\h^Z�jZ\gZ 

Hi =  I(r�����r) = Ir ����a2), 

Z�fZ]gblgZy�bg^mdpby�–  

Bi = �aIr /(2�a2). 

<_dlhjguc�ihl_gpbZe�\gmljb�ijh\h^Z 

Ai = –∫ Bidr = – �aIr 2/(4�a2) + Ci. 

AgZq_gb_�h^ghc�ba�ihklhygguo�bgl_]jbjh\Zgby�Ci�beb�Ce�fh`gh�\u�
[jZlv�ijhba\hevgh��^jm]mx�`_�gm`gh�ih^h[jZlv�lZd��qlh[u�[ueZ�h[_ki_�
q_gZ� g_ij_ju\ghklv� jZkij_^_e_gby� \_dlhjgh]h� ihl_gpbZeZ� Ai = Ae,              
ijb�r = a. 

HdhgqZl_evgh�ihemqZ_f 
Ae(r)=  – �aI/(2�)ln (r), 

Ai� ��aI������–��aI�����OQ��a) –��aIr 2����a2). 
<g_� ijh\h^Z� jZkij_^_e_gb_� \_dlhjgh]h� ihl_gpbZeZ� g_� aZ\bkbl� hl         

jZ^bmkZ�ijh\h^Z� 

FZ]gblgh_�ihe_�b�bg^mdlb\ghklv�^\moijh\h^ghc�ebgbb 

<� kemqZ_� ^\mo� iZjZee_evguo� pbebg^jh\� h^bgZdh\uo� ^bZf_ljh\� �Z          
k�lhdZfb��I1 = I, I2 = – I����jbk�������j_amevlbjmxsbc�\_dlhjguc�ihl_gpbZe�
\g_rg_]h�fZ]gblgh]h�ihey�jZ\_g� 

Ae (Q) = Ae1 + Ae2 = – �aI1/(2�) ln (r1) – �aI2/(2�)ln (r2) , 

Ae (Q�� ��aI������OQ��r2/r1). 

.�

4�

,�� ,��
D� D�

U�� U��

�

 

Jbk��2 

IjbgbfZy�Ae�  � khnst��fh`gh� ihemqblv� mjZ\g_gb_�fZ]gblguo� ebgbc�
\g_rg_]h�ihey��l��_��r2/r1 = Ke. 
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>ey�lhq_d��jZkiheh`_gguo�\gmljb�k_q_gby�i_j\h]h�ijh\h^Z��j_amev�
lbjmxsbc�\_dlhjguc�ihl_gpbZe�jZ\_g 

Ai  = Ai1 + Ae2 = �aI/(4�) – �aI/(2�)ln (a) – �aI r1
2/(4�a2) +  �aI/(2�) ln (r2). 

IjbgbfZy�Ai = const�� fh`gh� ihemqblv� mjZ\g_gb_� fZ]gblguo� ebgbc�
\gmlj_gg_]h�ihey� 

r2 = Kiexp (r1
2/2a2). 

>ey�lhq_d��jZkiheh`_gguo�\gmljb�k_q_gby�\lhjh]h�ijh\h^Z��j_amev�
lbjmxsbc�\_dlhjguc�ihl_gpbZe�jZ\_g� 

Ai = Ai2 + Ae1 = – �aI/(4�) + �aI/(2�) ln(a) + �aIr 2
2/(4�a2) – �aI/(2�) ln(r1). 

Wg_j]bx�fZ]gblgh]h� ihey� ^\moijh\h^ghc� ebgbb�fh`gh� hij_^_eblv�
ih�nhjfme_����� 

Wf = 0,5∫
V

/AdV, 

]^_�V –� h[t_f�� aZgbfZ_fuc� ^\mfy� ijh\h^gbdZfb� ebgbb� gZ� mqZkld_�
^ebghc��l��\_dlhju�/�b�A�dheebg_Zjgu�b�gZijZ\e_gu�\^hev�hkb�z��ihwlhfm 

/A = /A. 

JZkij_^_e_gb_� \_dlhjgh]h� ihl_gpbZeZ� \gmljb� \lhjh]h� ijh\h^Z� ijh�
lb\hiheh`gh� jZkij_^_e_gbx� \_dlhjgh]h� ihl_gpbZeZ� \gmljb� i_j\h]h�
ijh\h^Z�� ihwlhfm� bgl_]jbjh\Zlv� fh`gh� lhevdh� ih� h[t_fm� i_j\h]h�
ijh\h^gbdZ�b�ihemq_gguc�bgl_]jZe�m^\hblv� 

Wf = ∫
1V

/AdV = l ∫
1S

/AdS = l ∫
1S

/ArG.Gr, 

]^_�.�b� r –�iheyjgu_� �pbebg^jbq_kdb_��dhhj^bgZlu�lhqdb�gZ[ex^_�
gby� hlghkbl_evgh� p_gljZ� i_j\h]h� ijh\h^Z��Ijh\_^y�fZl_fZlbq_kdb_� \u�
deZ^db��fh`gh�^hdZaZlv�ke_^mxsb_�khhlghr_gby� 

− wg_j]by�fZ]gblgh]h�ihey�gZ�_^bgbpm�^ebgu�ebgbb� 

z

W

d

d f  ��aI2������OQ�d/a) + 0,25); 

− bg^mdlb\ghklv�gZ�_^bgbpm�^ebgu�ebgbb� 

z

L

d

d
= �a/(�)(ln(d/a) + 0,25). 
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FZ]gblgh_�ihe_�b�bg^mdlb\ghklv�dhZdkbZevgh]h�dZ[_ey 

DhZdkbZevguc�dZ[_ev�–�wlh�ljm[qZluc�ijh\h^gbd��m�dhlhjh]h�^\Z�jZa�
^_e_gguo�baheypb_c�ijh\h^ysbo�pbebg^jZ�k�kh\iZ^Zxsbfb�hkyfb�y\ey�
xlky�ijyfuf�b�h[jZlguf�ijh\h^Zfb��<�[he__�keh`guo�kemqZyo�ijyfhc�b�
h[jZlguc�ijh\h^Z�fh]ml�[ulv�fgh]hkehcgufb� 

FZ]gblgh_�ihe_�dhZdkbZevgh]h�dZ[_ey�h[eZ^Z_l�hk_\hc�kbff_ljb_c��b�
_keb�hkv�z�pbebg^jbq_kdbo�dhhj^bgZl��r, ., z��kh\f_klblv�k�hkvx�dZ[_ey��lh�
\_dlhj�H = 1.H., H. = H(r���GZijy`_gghklv�fZ]gblgh]h�ihey�H(r��\�jZaebq�
guo� h[eZklyo� ihi_j_qgh]h� k_q_gby� dZ[_ey� hij_^_ebf�� ijbf_gyy� aZdhg�
ihegh]h�lhdZ�^ey�dZ`^hc�ba�h[eZkl_c��jbk����� 

∫
O

Hdl = ∫
O

H.dl = I, 

ke_^h\Zl_evgh 

Hk =  
U

,N

�Ñ
, 

]^_�Hk –�gZijy`_gghklv�fZ]gblgh]h�ihey�\�k-h[eZklb� 
I –�iheguc�lhd��ijhl_dZxsbc�q_j_a�g_aZfdgmlmx�ih\_joghklv��h]jZ�

gbq_ggmx�dhglmjhf�bgl_]jbjh\Zgby�l.  
WlZ�ih\_joghklv�ijbgZ^e_`bl�ihi_j_qghfm�k_q_gbx�dZ[_ey��\�dhlh�

jhf�h[eZklv���–�wlh�kehc�baheypbb��dhlhjuc�jZa^_ey_l�ijyfhc�^\mokehc�
guc�ijh\h^��h[eZklb�������b�h[jZlguc�^\mokehcguc�ijh\h^��h[eZklb������� 

 

Jbk. 3 
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<_ebqbgZ�Ik�hij_^_ey_lky�ih�\_dlhjm�iehlghklb�lhdZ�δ = 1zδz. 

>ey�jZkq_lZ�iehlghklb�lhdZ�ij_^\Zjbl_evgh�hij_^_eyxl�lhdb�\�dZ`�

^hf�^\mokehcghf�ijh\h^gbd_�ih�aZ^Zgghfm�lhdm�I \�dZ[_e_� 

    












=+
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,,,

6

6

J

J
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,

��

��

��

�

�

�

�

�

�

                                           (17) 

             












=+

==

III

S

S

g

g

I

I

54

55

44

5

4

5

4
�

�

                                        (18) 

Ihke_�jZkq_lZ�lhdh\�I1, I2��Z�lZd`_�lhdh\�I4, I5�jZkkqblu\Zxl�iehlghklb�

lhdh\�δk \�wlbo�h[eZklyo�ih�nhjfme_�δk = Ik/Sk���aZl_f�jZkkqblu\Zxl�gZijy�

`_gghklb�fZ]gblgh]h�ihey�Hk�\�khhl\_lkl\mxsbo�h[eZklyo� 

2

/1
1

r
H = ,                           r∈(0, a); 

U

��D�U,
+

��

�/ �

�

�

��
�

+= ,          r∈(a1, a2); 

U

,
+

��� = ,                           r∈(a2, b); 

U

��E�U,
+

��

�/ ��

�
�

−= ,          r∈(b, c1); 

U

�FU,
+

��

���/ �

�

�

��
�

−= ,        r∈(c1, c2). 

<g_�dZ[_ey�fZ]gblgh]h�ihey�g_l� �H�  � ����Wg_j]by�fZ]gblgh]h�ihey��

aZiZk_ggZy�gZ�mqZkld_�dZ[_ey�_^bgbqghc�^ebgu��hij_^_ey_lky�dZd�kmffZ�

wg_j]bc�hl^_evguo�h[eZkl_c� 

Wf = ∑
=

=

nk

k 1
Wk, 

]^_  Wk = 9
+N G
�

�� �

�∫ .                            (19) 
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>ey� dhZdkbZevgh]h� dZ[_ey�fh`gh� ijbgylv� ^ey� \k_o� h[eZkl_c�µ = 1,       
Z�we_f_gl�h[t_fZ�_^bgbqghc�^ebgu�^ey�ex[hc�h[eZklb�dV = 2πrdr��Lh]^Z�
wg_j]by�fZ]gblgh]h�ihey�\�baheypbhgghf�keh_��h[eZklv����jZ\gZ 

W3 = 0,5
2

2
0

2
22

2
0 ln

�4

�
d�2

�4

�

a

bI
rr

r

Ib

a

=∫ . 

WlZ� wg_j]by� hij_^_ey_l� \g_rgxx� bg^mdlb\ghklv�Le� dZ[_ey� _^bgbq�
ghc�^ebgu 

W3 = We = 0,5LeI2, 
l._. 

     Le = 
2

0
2

ln
�2

�2

a

b

I

W =e .    (20) 

<� khhl\_lkl\bb� k� nhjfmeZfb� ������ ����� fh`gh� hij_^_eblv� wg_j]bb�
fZ]gblgh]h� ihey� b� khhl\_lkl\mxsb_� \gmlj_ggb_� bg^mdlb\ghklb� Li� ^ey�
^jm]bo�h[eZkl_c�dhZdkbZevgh]h�dZ[_ey� 

FZ]gblgh_�ihe_�pbebg^jbq_kdhc�dZlmrdb 

GZijy`_gghklv� fZ]gblgh]h� ihey� gZ� hkb� h^ghkehcghc� pbebg^jbq_�
kdhc�dZlmrdb�\uqbkeyxl�gZ�hkgh\Zgbb�aZdhgZ�;bh�-�KZ\ZjZ 

dH = (IdlxR)/(4�R3). 
<u^_ebf� \� dZlmrd_� djm]h\hc� \blhd� k� lhdhf� I� b� gZc^_f� gZijy`_g�

ghklv�ihey�\�lhqd_�gZ�hkb�wlh]h�\bldZ�b�dZlmrdb��jbk����� 

dH

a

I
R

R

dl

dl ′

β

dH  ′

x

 
Jbk��4 

>ey�ex[hc�lhqdb�gZ�hkb�\bldZ�\_dlhju�dl�b�R�i_ji_g^bdmeyjgu��ih�
wlhfm 

dH = (Idl)/(4�R2). 
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:gZeh]bqghc�nhjfmehc�hij_^_ey_lky�\_dlhj�dH ′
��h[mkeh\e_gguc�lh�

dhf� I� \� we_f_gl_�dl ′
��GhjfZevgu_� d� hkb� o� khklZ\eyxsb_� wlbo� \_dlhjh\�

\aZbfgh�dhfi_gkbjmxlky��Z�khklZ\eyxsb_�ih�hkb�o��jZ\gu_�sinβdH��kdeZ�

^u\Zxlky�� GZijy`_gghklv� H�� h[mkeh\e_ggZy� lhdhf� I� \� djm]h\hf� \bld_��

jZ\gZ� 

H = VLQÃ
�

Ñ�
Ñ�

VLQÃ

Ñ�

GVLQÃ
��

�Ñ

�
� 5

,D
D

5

,

5

O,
D

==∫ . 

LZd�dZd���a/R = VLQ���lh 

     H ÃVLQ
�

�

D

,= .     (21) 

Hij_^_ebf�gZijy`_gghklv�fZ]gblgh]h�ihey�\�lhqd_�gZ�hkb�h^ghkehc�

ghc� pbebg^jbq_kdhc� dZlmrdb� ^ebghc� l�� bf_xs_c�W� \bldh\� jZ^bmkhf� Z   

�jbk����� 

l/2 l/2

x
β1

β2

λ dλ

0
a

 

Jbk��5 

We_f_gl�^ebgu�G��wlhc�dZlmrdb�y\ey_lky�djm]h\uf�dhglmjhf�k�lhdhf 

GÌG
O

,:
, = . 

<�khhl\_lkl\bb�k�nhjfmehc������hij_^_ebf�gZijy`_gghklv�fZ]gblgh�

]h�ihey��kha^Zggmx�wlbf�djm]h\uf�dhglmjhf�k�lhdhf� 

dH �VLQ
�

G �

D

,= ÃGÌVLQ
�

�

OD

,:= . 



 63 

GZijy`_gghklv�H��kha^ZggZy�lhdhf�\h�\k_c�dZlmrd_��jZ\gZ� 

H = ÌG
�

ÃVLQ�

�
�

�

∫

O

O OD

,:
. 

LZd�dZd��x – �)/a = ctg �, G�/a = G�/sin2���ihwlhfm 

   H = �Ã�FRVÃ��FRV
�

GÃ�VLQÃ
�

��

�Ã

�Ã

−=∫
O

,:

O

,:
,   (22) 

]^_� �
O

[D

O
[

O
[D

O
[

��
�

��
�

�
�

�

�Ã�FRV�����

�
�

�

�Ã�FRV

−+

−
=

++

+
=  

Nhjfmem������^ey�jZkq_lZ�gZijy`_gghklb�fZ]gblgh]h�ihey�gZ�hkb�h^�
ghkehcghc�dZlmrdb�fh`gh�ijbf_gblv�b�^ey�fgh]hkehcguo�dZlmr_d��kmf�
fbjmy�gZijy`_gghklb�Hk�\�nbdkbjh\Zgghc�lhqd_�gZ�hkb�hl�dZ`^h]h�kehy�k�
i_j_f_gguf�jZ^bmkhf�ak. 

Dhgljhevgu_�\hijhku 
���Ih�dZdbf�nhjfmeZf�fh`_l�[ulv�jZkkqblZgh�jZkij_^_e_gb_�\_dlhjgh]h�

ihl_gpbZeZ� \hdjm]� h^bghqgh]h�ijyfhebg_cgh]h�ijh\h^Z� djm]eh]h� k_�
q_gby" 

���Ih�dZdbf�nhjfmeZf�fh`_l�[ulv�jZkkqblZgh�jZkij_^_e_gb_�\_dlhjgh]h�
ihl_gpbZeZ�^\moijh\h^ghc�ebgbb" 

���Ih�dZdbf�nhjfmeZf�fh]ml�[ulv�jZkkqblZgu�wg_j]by�fZ]gblgh]h�ihey�b�
bg^mdlb\ghklv�^\moijh\h^ghc�ebgbb" 

���GZ�dZdbo�khhlghr_gbyo�[Zabjm_lky�jZkqzl�fZ]gblgh]h�ihey�dhZdkbZev�
gh]h�dZ[_ey" 

���DZdb_� khhlghr_gby� hij_^_eyxl� jZkij_^_e_gb_� lhdh\� \�fgh]hkehcghc�
`be_�b�h[hehqd_�dhZdkbZevgh]h�dZ[_ey" 

���Ih�dZdbf�nhjfmeZf�jZkkqblu\Zxl�jZkij_^_e_gb_�gZijy`zgghklb�fZ]�
gblgh]h�ihey�\�kehyo�dhZdkbZevgh]h�dZ[_ey" 

���Ih� dZdhc�nhjfme_� jZkkqblu\Zxl� \g_rgxx� bg^mdlb\ghklv� dZ[_ey� gZ�
_^bgbpm�^ebgu" 

���DZdhc�nhjfmehc�hibku\Zxl�jZkij_^_e_gb_�gZijy`zgghklb�fZ]gblgh]h�
ihey�gZ�hkb�djm]eh]h�dhglmjZ�k�lhdhf" 

���DZdhc�nhjfmehc�hibku\Zxl�jZkij_^_e_gb_�gZijy`zgghklb�fZ]gblgh]h�
ihey�gZ�hkb�[_kdhg_qgh�lhgdhc�h^ghkehcghc�dZlmrdb�k�lhdhf" 
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§ 4.4. KdZeyjguc�fZ]gblguc�ihl_gpbZe 
 

KdZeyjgZy�djZ_\Zy�aZ^ZqZ�ZgZebaZ�fZ]gblhklZlbq_kdh]h�ihey 

 AZibr_f�kbkl_fm�mjZ\g_gbc�fZ]gblhklZlbdb� 
rot H = /, 
div B = 0, 
B = �aH + Br. 
div / = 0; 
/�= rot Mn; 

rot H = rot Mn; 
H = Mn –�JUDG�3H, 

]^_� Mn –�nbdlb\gZy�gZfZ]gbq_gghklv�kj_^u� 
  3H –�kdZeyjguc�fZ]gblguc�ihl_gpbZe� 

div(�a Mn – �a grad 3H+ Br) = 0, 
         GLY��a JUDG�3H�� �GLY��a Mn+ Br).   (23) 

<ujZ`_gb_� ����� y\ey_lky� mjZ\g_gb_f� fZ]gblhklZlbdb� hlghkbl_evgh�
kdZeyjgh]h�fZ]gblgh]h�ihl_gpbZeZ��Hgh�fh`_l�kem`blv�hkgh\hc�^ey�ih�
klZgh\db� kdZeyjghc� djZ_\hc� aZ^Zqb�fZ]gblhklZlbdb��MjZ\g_gb_� ����� ^h�
ihegy_lky�ke_^mxsbfb�]jZgbqgufb�mkeh\byfb� 

3H� ih\_joghklgh_�jZkij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=1; 
Bn� ih\_joghklgh_�jZkij_^_e_gb_�–�gZ�qZklb�]jZgbqghc�ih\_joghklb�=2; 
=� �=1���=2 –�aZfdgmlZy�]jZgbqgZy�ih\_joghklv� 
Wlh�mjZ\g_gb_�hkh[_ggh�m^h[gh�ijbf_gylv��dh]^Z�bklhqgbdZfb�fZ]�

gblgh]h�ihey�\�jZkq_lghc�h[eZklb�y\eyxlky�g_gme_\u_�]jZgbqgu_�mkeh\by�
b� hklZlhqgZy� fZ]gblgZy� bg^mdpby� ihklhygguo� fZ]gblh\��<� wlhf� kemqZ_���������
Mn�  ����?keb�\gmljb�jZkq_lghc�h[eZklb�bklhqgbdb�ihey�hlkmlkl\mxl��lh�
mjZ\g_gb_������ijbh[j_lZ_l�\b^ 

     div (�a grad 3H) =0.    (24) 

?keb�\gmljb�jZkq_lghc�h[eZklb�h^ghjh^gZy�ih�fZ]gblguf�k\hckl\Zf�
kj_^Z��lh�mjZ\g_gb_������k\h^blky�d�mjZ\g_gbx�EZieZkZ 

+ϕ∇� = 0. 

JZ\_gkl\h� ����fh`gh�ijbf_gylv�^ey�ZgZebaZ�fZ]gblhklZlbq_kdbo�ih�

e_c��\ua\Zgguo�we_dljbq_kdbfb�lhdZfb��\�h[eZklyo��]^_�wlb�lhdb�hlkmlkl�

\mxl��ihkdhevdm�lZf����rot H� ������b����H = – grad 3H�����<�wlhf�kemqZ_�ijb�
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ZgZeba_� fh`_l� kdZau\Zlvky� g_h^ghagZqghklv� kdZeyjgh]h� fZ]gblgh]h� ih�

l_gpbZeZ�� k\yaZggZy� k� g_gme_\uf� agZq_gb_f� pbjdmeypbb� \_dlhjZ� gZijy�

`_gghklb� fZ]gblgh]h� ihey� \^hev� aZfdgmlh]h� dhglmjZ�� ho\Zlu\Zxs_]h�

we_dljbq_kdbc�lhd��FZ]gblgh_�gZijy`_gb_�f_`^m�^\mfy�lhqdZfb�aZ\bkbl�

hl�imlb�bgl_]jbjh\Zgby�gZijy`_gghklb�fZ]gblgh]h�ihey 

UMAB = ∫
B

A

Hdl =�3HA –�3HB + nI, 

]^_���n –�p_eh_�ex[h_�qbkeh� 

Nbdlb\gZy� gZfZ]gbq_gghklv� kj_^u� \� mjZ\g_gbb� ����� \\h^blky� ^ey�

ij_h^he_gby� ijh[e_fu� g_h^ghagZqghklb� kdZeyjgh]h� fZ]gblgh]h� ihl_g�

pbZeZ��<�qZklguo�kemqZyo�gZ�dZ`^uc�aZfdgmluc�dhglmj��h[jZam_fuc�dZ`�

^uf� lhdhf��gZly]b\Z_lky� lhgdZy�g_ijhgbpZ_fZy�i_j_]hjh^dZ��gZ�dhlhjhc�

ih\_joghklgh� jZkij_^_e_g� fZ]gblguc� ^bihev� b� gZ� dhlhjhc� kdZeyjguc�

fZ]gblguc�ihl_gpbZe�baf_gy_lky�kdZqdhf��?keb�ih�dhglmjm�ijhl_dZ_l�lhd�

I��lh�kdZqhd�ihl_gpbZeZ�gZ�khhl\_lkl\mxs_c�i_j_]hjh^d_�jZ\_g 

∫ Hdl = I. 

FZ]gblgh_�wdjZgbjh\Zgb_ 

FZ]gblgu_�wdjZgu�ij_^klZ\eyxl�kh[hc�iheu_�ba^_eby�ba�n_jjhfZ]�

gblgh]h�fZl_jbZeZ��ij_^gZagZq_ggu_�^ey�aZsblu�g_dhlhjhc�h[eZklb�ijh�

kljZgkl\Z� hl� \ha^_ckl\by� \g_rg_]h� fZ]gblgh]h� ihey��FZl_jbZe� wdjZgZ�

\uihegy_l�jhev�fZ]gblgh]h�rmglZ��mf_gvrZxs_]h�fZ]gblgh_�gZijy`_gb_�

f_`^m� lhqdZfb� \gmljb� ihehklb�� <� j_amevlZl_� rmglbjmxs_]h� ^_ckl\by�

fZ]gblgh]h� fZl_jbZeZ� gZijy`_gghklv� fZ]gblgh]h� ihey� \gmljb� ihehklb�

mf_gvrZ_lky�ih�kjZ\g_gbx�k�gZijy`_gghklvx�\g_�ihehklb� 

Hlghr_gb_� _H0|/|H1_� gZau\Zxl� dhwnnbpb_glhf� wnn_dlb\ghklb� wdjZ�

gbjh\Zgby�� A^_kv� H0 –� gZijy`_gghklv� \g_� wdjZgZ�� H1 –� gZijy`_gghklv�

\gmljb�ihehklb�wdjZgZ��JZkq_l�dhwnnbpb_glZ�wnn_dlb\ghklb�wdjZgbjh\Z�

gby�^ey�j_Zevghc�dhgkljmdpbb�wdjZgZ�ijhba\h^blky�iml_f�ZgZebaZ�fZ]gb�

lhklZlbq_kdh]h� ihey� k� ihfhsvx� ^bnn_j_gpbZevguo� beb� bgl_]jZevguo�

mjZ\g_gbc� 
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IjhkljZgkl\_ggu_�bgl_]jZevgu_�mjZ\g_gby�\�fZ]gblhklZlbd_ 

JZkij_^_e_gb_�gZijy`_gghklb�fZ]gblgh]h�ihey�\�\Zdmmf_��\ua\Zggh_�
kh\f_klguf� ^_ckl\b_f� we_dljbq_kdbo� lhdh\� b� h[t_fgh� jZkij_^_e_gguo�
fZ]gblguo� ^bihe_c�� hij_^_ey_lky� ke_^mxsbf� bgl_]jZevguf� khhlghr_�
gb_f� 

H = ∫
/V

(/×R)/(4�R3)dV + 1/(4�) ∫
09

(3(MR)R/R5 – M/ R3)dV = �B1(/����B2(M). 

FZ]gblgu_� k\hckl\Z� \_s_kl\Z� fh`gh� hibku\Zlv� oZjZdl_jbklbdZfb�������
M = f(H���ihwlhfm�ijhkljZgkl\_ggh_�bgl_]jZevgh_�mjZ\g_gb_�fZ]gblhklZ�
lbdb�bf__l�\b^ 

     M = f�B1(/����B2(M)).    (25) 
MjZ\g_gb_������j_rZ_lky�hlghkbl_evgh�\_dlhjZ�gZfZ]gbq_gghklb��ih�

wlhfm�jZkq_lghc�h[eZklvx�ijb� _]h�j_r_gbb�y\ey_lky�h[t_f�VM, aZgyluc�
n_jjhfZ]gblgufb�fZl_jbZeZfb��<uqbkebl_evgu_�f_lh^u��hkgh\Zggu_�gZ�
j_r_gbb� mjZ\g_gby� ������ gZau\Zxl� f_lh^Zfb� ijhkljZgkl\_gguo� bgl_�
]jZevguo�mjZ\g_gbc��IjBM���<h�fgh]bo�kemqZyo�wlb�f_lh^u�hdZau\Zxlky�
[he__� wdhghfbqgufb�� q_f� ^bnn_j_gpbZevgu_� f_lh^u�� hkgh\Zggu_� gZ�
mjZ\g_gbb������beb�gZ�\_dlhjghf�mjZ\g_gbb�fZ]gblhklZlbdb������ 

Dhgljhevgu_�\hijhku 

���GZ�dZdbo�khhlghr_gbyo�hkgh\Zgh�\\_^_gb_�\�jZkqzlu�kdZeyjgh]h�fZ]�
gblgh]h�ihl_gpbZeZ" 

���DZdhc� \b^� bf__l� mjZ\g_gb_�fZ]gblhklZlbdb� hlghkbl_evgh� kdZeyjgh]h�
fZ]gblgh]h�ihl_gpbZeZ"�DZdbfb�]jZgbqgufb�mkeh\byfb�hgh�^hihegy�
_lky�ijb�nhjfmebjh\Zgbb�djZ_\hc�aZ^Zqb" 

���K� q_f� k\yaZgZ� ijh[e_fZ� g_h^ghagZqghklb� kdZeyjgh]h�fZ]gblgh]h� ih�
l_gpbZeZ" 

���GZ�dZdhf�ijbgpbi_�hkgh\Zgh�^_ckl\b_�fZ]gblguo�wdjZgh\" 

���Qlh� gZau\Zxl� dhwnnbpb_glhf� wnn_dlb\ghklb� wdjZgbjh\Zgby�fZ]gbl�
gh]h�ihey" 

��� DZdhc� \b^� bf_xl� ijhkljZgkl\_ggu_� bgl_]jZevgu_� mjZ\g_gby�
fZ]gblhklZlbdb" 
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�������Fhsghklv��i_j_^Z\Z_fZy�ih�^\moijh\h^ghc�ebgbb                   
ihklhyggh]h�lhdZ 

 

Imklv�bf__lky�^\moijh\h^gZy�ebgby�k�ijh\h^Zfb�ijhba\hevgh]h�k_�
q_gby��Ih�ebgbb�ijhl_dZ_l�ihklhygguc�lhd� I��Ihl_gpbZeu�ijh\h^h\�31�b�
32 �jbk����� 

I

I

31

32

dS

dS
I

I

S1

S2

S

Q
Q

31

32⊗
 

Jbk��6 

Iehlghklv�ihlhdZ�we_dljhfZ]gblghc�fhsghklb�I�\�lhqd_�Q: 
I�Q) = E(Q)×H(Q)��\�^Zgghc�kbkl_f_�Ek = 0). 

Fhsghklv� P�� i_j_^Z\Z_fZy� ih� ^\moijh\h^ghc� ebgbb�� jZ\gZ� ihlhdm�
\_dlhjZ�Ihcglbg]Z�q_j_a�iehkdhklv�ihi_j_qgh]h�k_q_gby�S: 

P =  ∫
S

(E×H)dS = – ∫
S

(( ϕ∇ )×H)dS = – ∫
S

URW�3H)dS + ∫
S

3 rot HdS = 

= – ∫
∞l

3Hdl + ∫
S

3/ijdS. 

Ijb�[_kdhg_qghf�m^Ze_gbb�lhqdb�gZ[ex^_gby�hl�ijh\h^h\�3�–�[_kdh�
g_qgh�fZeZy�\_ebqbgZ��-]h�ihjy^dZ��H –�[_kdhg_qgh�fZeZy�\_ebqbgZ��-]h�
ihjy^dZ��^ebgZ�dhglmjZ�bgl_]jbjh\Zgby�–�[_kdhg_qgh�[hevrZy� \_ebqbgZ��
1-]h� ihjy^dZ��Ke_^h\Zl_evgh�� i_j\uc� djb\hebg_cguc� bgl_]jZe� –� [_kdh�
g_qgh�fZeZy�\_ebqbgZ��-]h�ihjy^dZ��l�_��hg�jZ\_g�gmex��agZqbl 

P =  ∫
6

3/ijdS = 31 ∫
�6

/ijdS + 32 ∫
�6

/ijdS = 31I – 32I =(31 – 32)I =  UI. (26) 

Dhgljhevgu_�\hijhku 
���Q_fm�jZ\gZ�fhsghklv��i_j_^Z\Z_fZy�ih�^\moijh\h^ghc�ebgbb�ihklhyg�

gh]h�lhdZ" 
���DZd�ke_^m_l�khhlghr_gb_�^ey�i_j_^Z\Z_fhc�fhsghklb������ba�l_hj_fu�

Mfh\Z–Ihcglbg]Z" 



 68 

 
 
 

 
 
 

=eZ\Z����I?J?F?GGH?�=:JFHGBQ?KDH? 
 WE?DLJHF:=GBLGH?�IHE? 

______________________________________________________________________ 
______________________________________________ 

 

�������Hkgh\gu_�mjZ\g_gby�we_dljhfZ]gblgh]h�ihey 
\�dhfie_dkghc�nhjf_��MjZ\g_gby�FZdk\_eeZ 

\�dhfie_dkghc�nhjf_ 
 

We_dljhfZ]gblgh_� ihe_�� \� dhlhjhf� lhdb�� aZjy^u�� ihl_gpbZeu� b� kh�
klZ\eyxsb_�\_dlhjh\�f_gyxlky�ih�]Zjfhgbq_kdhfm�aZdhgm�k�h^ghc�b�lhc�
`_�aZ^Zgghc�qZklhlhc��gZau\Z_lky�]Zjfhgbq_kdbf�we_dljhfZ]gblguf�ih�
e_f.� >ey� ZgZebaZ� lZdbo� ihe_c� p_e_khh[jZagh� bkihevah\Zlv� f_lh^� dhf�
ie_dkguo�Zfieblm^��dhlhjuc�ijbf_gyyxl�\�l_hjbb�p_i_c�kbgmkhb^Zevgh�
]h� lhdZ��Imklv� \� ^_dZjlh\hc� kbkl_f_� dhhj^bgZl� aZ^Zg� g_dhlhjuc� \_dlhj�
N(Q,t)�� khklZ\eyxsb_� dhlhjh]h� f_gyxlky� ih� ]Zjfhgbq_kdhfm� aZdhgm� k�
h^bgZdh\hc�qZklhlhc� 

N(Q,t) = 1xNxm(Q) sin(&t+.) + 1yNym(Q) sin(&t+�) +1zNzm(Q) sin(&t+�). (1) 
:fieblm^u�b�gZqZevgu_�nZau�khklZ\eyxsbo�fh]ml�[ulv�nmgdpbyfb�

ijhkljZgkl\_gguo�dhhj^bgZl��gh�g_�aZ\bkyl�hl�\j_f_gb��Ijb�kh\iZ^_gbb�
nZa�\k_o�lj_o�khklZ\eyxsbo�\_dlhj�[m^_l�f_gylvky�ih�aZdhgm�kbgmkZ��g_�
f_gyy� gZijZ\e_gby� \� ijhkljZgkl\_�� <� wlhf� kemqZ_� ]h\hjyl�� qlh� \_dlhj�
N(Q,t)�ebg_cgh�iheyjbah\Zg��<�h[s_f�kemqZ_��dh]^Z�.≠ �≠ ���\_dlhj�[m^_l�
\jZsZlvky�\�ijhkljZgkl\_��hibku\Zy�ijb�wlhf�weebik��<�wlhf�kemqZ_�]h\h�
jyl��qlh�\_dlhj�N(Q,t)�weebilbq_kdb�iheyjbah\Zg� 

�Dhfie_dkghc�Zfieblm^hc�\_dlhjZ�N(Q,t)�[m^_f�gZau\Zlv�\ujZ`_gb_ 

]P]\P\[P[
M

]P]
M

\P\
M

[P[P 1111111 ���� ������ ++=++= ÄÃÂ HHH . 

K� mq_lhf� \\_^_ggh]h� h[hagZq_gby� \ujZ`_gb_� ����fh`gh� aZibkZlv� \�
\b^_ 

    N(Q,t) = 1/(2j)( tj -
m

tj
m

ω∗ω − ee NN� ) .    (2) 
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Dhfie_dkguf� ^_ckl\mxsbf� agZq_gb_f� \_dlhjZ� N� [m^_f� gZau\Zlv�
\ujZ`_gb_� 

2
mN

N
�

� = . 

K�mq_lhf�wlh]h�h[hagZq_gby�\ujZ`_gb_�����^ey�f]gh\_ggh]h�agZq_gby�
\_dlhjZ�����fh`gh�aZibkZlv�\�\b^_ 

2

1
),(

j
tQ =N ( tjtj ω

∗
ω −  -ee NN� ). 

<_dlhju� mN� (Q) b� N� (Q) y\eyxlky� dhfie_dkgufb� ij_^klZ\e_gbyfb�

]Zjfhgbq_kdb� baf_gyxs_]hky� \_dlhjZ� N(Q,t)�� Bkihevamy� k\hckl\Z� dhf�
ie_dkguo� ij_^klZ\e_gbc��fh`gh� ba� mjZ\g_gbc�FZdk\_eeZ� \� ijhkljZgkl�
\_ggh-\j_f_gghc� nhjf_� ihemqblv� mjZ\g_gb_�FZdk\_eeZ� \� dhfie_dkghc�
�ijhkljZgkl\_ggh-qZklhlghc�� nhjf_�� AZibr_f� wlb� mjZ\g_gby� ^ey� ^_ckl�
\mxsbo�agZq_gbc�\_dlhjh\�we_dljhfZ]gblgh]h�ihey 

 rotH� = iδδ� ����]^_� iδδ� =δδ� + ijδδ� + kfδδ� ,    kfδδ� = j&D� , 

(3) 

 rot( cE E �� − ) = – j&B� ,    divB� = 0,    divD� =ρ� . 

Kbkl_fZ�mjZ\g_gbc� ����^hihegy_lky�mjZ\g_gbyfb�fZl_jbZevghc� k\y�
ab��dhlhju_�\�ebg_Zjbah\Zgghf�\b^_�aZibku\Zxlky�ke_^mxsbf�h[jZahf� 

     B� = �a H� , D� = 0a E� , ijδδ� = �E� .     (4) 

L_hj_fZ�Mfh\Z-Ihcglbg]Z�\�dhfie_dkghc�nhjf_ 

H[t_fgZy� iehlghklv� dhfie_dkghc�fhsghklb�� ihlj_[ey_fhc�fZl_jb�
Zevghc�lhqdhc�\�]Zjfhgbq_kdhf�WFI��jZ\gZ 

s~  = ( cE E �� − ) i
∗
δδ + j&B� ·

∗

H = ( cE E �� − )rot
∗

H  – 
∗

H rot( cE E �� − ) = 

= – div(( cE E �� − )×
∗

H ). 

Dhfie_dkgZy�fhsghklv��ihlj_[ey_fZy�\gmljb�h[t_fZ�V, jZ\gZ 

– ∫
V

div(( cE E �� −− )×
∗

H )dV = –∫
S

(( cE E �� − )×
∗

H )dS. 
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Bkihevamy�khhlghr_gby�����b������fh`gh�^hdZaZlv��qlh 

– ∫
S

(( cE E �� − )×
∗

H )dS = ∫
V

�E2dV – ∫
V

( kE� i

∗

δ  – E�
∗

δ ) dV +  

∫
V

( E� (j&D� )+
∗

H j&B� )dV= 

= ∫
V

pldV– ∫
V

bkl
aV dV +  j& ∫

V

(�aHm
2/2 + 0aEm

2/2)dV = Pl - bkl

~
S  + 2j&(Wf�kj – Ww�kj) 

= (Pl  – Pbkl) +  j(Qwf – Qbkl).    (5) 

<ujZ`_gb_�����–�wlh�mjZ\g_gb_�[ZeZgkZ�Zdlb\guo�b�j_Zdlb\guo�fhs�
ghkl_c�^ey�h[t_fZ�V��?]h�bgZq_�gZau\Zxl� l_hj_fhc�Mfh\Z-Ihcglbg]Z� \�
dhfie_dkghc�nhjf_��E_\Zy�qZklv�mjZ\g_gby� �����kh^_j`ZsZy�ih\_joghkl�
guc� bgl_]jZe�� jZ\gZ� dhfie_dkghc� we_dljhfZ]gblghc� fhsghklb�� ih]eh�
sZ_fhc�h[t_fhf�V�ba�hdjm`Zxs_]h�ijhkljZgkl\Z� 

BgZq_�mjZ\g_gb_�����fh`gh�aZibkZlv�lZd� 

bkl

~
S =Pbkl� +  jQbkl = Pl +  jQwf + bae

~
S , 

]^_� bae

~
S  –�dhfie_dkgZy�fhsghklv��baemqZ_fZy�h[t_fhf�V� \�hdjm`Zxs__�

ijhkljZgkl\h� 
Dhfie_dkgZy�nhjfZ� l_hj_fu�Mfh\Z-Ihcglbg]Z� bf__l� \Z`gh_� ijZd�

lbq_kdh_�agZq_gb_��?_�bkihevamxl�ijb�jZkq_l_�we_dljhfZ]gblguo�baemqZ�
l_e_c�b�gZijZ\eyxsbo�kbkl_f�\�jZ^bhwe_dljhgghc�ZiiZjZlmj_��Ihevamykv�
mjZ\g_gb_f������fh`gh�hij_^_eblv�\gmlj_gg__�Zdlb\gh_�b�j_Zdlb\gh_�kh�
ijhlb\e_gb_� ijh\h^gbdZ�� _keb� \� j_amevlZl_� ZgZebaZ� WFI� ba\_klgh� ih�
\_joghklgh_� jZkij_^_e_gb_� dhfie_dkguo� ^_ckl\mxsbo� agZq_gbc� gZijy�
`_gghkl_c�we_dljbq_kdh]h�b�fZ]gblgh]h�ihey� 

– ∫
S

( E� ×
∗

H )dS = (r +  jx)I2. 

L_hj_fZ�h�_^bgkl\_gghklb 

Imklv�\�g_dhlhjhf�h[t_f_�V��h]jZgbq_gghf�aZfdgmlhc�ih\_joghklvx�
S��ba\_klgh�jZkij_^_e_gb_�iZjZf_ljh\�we_dljhnbabq_kdbo�k\hckl\�kj_^u�b�
jZkij_^_e_gb_�klhjhggbo�bklhqgbdh\�WFI��Imklv�\�wlhf�h[t_f_�mklZgh�
\beky�kbgmkhb^Zevguc�j_`bf�WFI��\�kha^Zgbb�dhlhjh]h�fh]eb�mqZkl\h�
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\Zlv�bklhqgbdb�ihey��jZkiheh`_ggu_�\g_�h[t_fZ�V��Imklv��djhf_�lh]h��ba�

\_klgu�dhfie_dkgu_�agZq_gby�lZg]_gpbZevguo�khklZ\eyxsbo�\_dlhjZ� E�  

beb� H� �gZ�]jZgbqghc�ih\_joghklb�S��Lh]^Z�h[t_fgh_�jZkij_^_e_gb_�\_d�

lhjh\� E� �b� H� ��m^h\e_l\hjyxs__�mjZ\g_gbyf�FZdk\_eeZ�b�]jZgbqguf�mk�
eh\byf��y\ey_lky�_^bgkl\_gguf�j_r_gb_f�aZ^Zqb�ZgZebaZ�WFI� 

>hdZaZl_evkl\h 
>himklbf�� qlh� kms_kl\mxl� ^\Z� jZaebqguo� j_r_gby� �E ′� , H ′� �� b�

( E ′′� , H ′′� ���m^h\e_l\hjyxsbo�mjZ\g_gbyf�FZdk\_eeZ�b�]jZgbqguf�mkeh\b�

yf�� <\b^m� ebg_cghklb� mjZ\g_gbc� ihey� jZaghklv� wlbo� j_r_gbc� E� = E ′� –

E ′′� b� H� = H ′� –H ′′� lZd`_� m^h\e_l\hjy_l� mjZ\g_gbyf� FZdk\_eeZ� ijb� ke_�
^mxsbo�^hihegbl_evguo�mkeh\byo� 

Z�� cE�  �����b���δδ� = 0; 

[��\h�\k_o� lhqdZo�ih\_joghklb�S�beb� tE�  � ���beb� tH�  � ��� lZd�dZd�ih�

ij_^iheh`_gbx� tE ′� = tE ′′� ��D�jZaghklghfm�ihex� �E� , H� ��ijbf_gbf�

l_hj_fm�Mfh\Z-Ihcglbg]Z 

  – ∫
S

( E� ×
∗

H )dS = ∫
V

�|E� |2dV +  j& ∫
V

(�a|H� |2 – 0a|E� |2)dV.   (6) 

Ih\_joghklguc� bgl_]jZe� \� e_\hc� qZklb� jZ\_g� gmex� \� khhl\_lkl\bb�     
k� mkeh\b_f� ©[ª�� agZqbl� khhlghr_gb_� ����fh`_l� \uihegylvky� lhevdh�ijb�         

E�  ���b�H�  ����\h�\k_o�lhqdZo�h[t_fZ�V��ba�wlh]h�ke_^m_l��qlh�h[Z�j_r_gby�

( E ′� , H ′� ��b��E ′′� , H ′′� ��lh`^_kl\_ggu� 

Dhgljhevgu_�\hijhku 

���Qlh�gZau\Zxl�]Zjfhgbq_kdbf�we_dljhfZ]gblguf�ihe_f" 
���Qlh�gZau\Zxl�ebg_cgh�b�weebilbq_kdb�iheyjbah\Zgguf�\_dlhjhf" 
���Qlh� gZau\Zxl� dhfie_dkguf� Zfieblm^guf� b� dhfie_dkguf� ^_ckl\mx�

sbf�agZq_gb_f�]Zjfhgbq_kdb�baf_gyxs_]hky�\_dlhjZ" 
���DZd�k\yaZgh�f]gh\_ggh_�agZq_gb_�\_dlhjZ�k�dhfie_dkguf�Zfieblm^guf�

b�dhfie_dkguf�^_ckl\mxsbf" 
5. DZdhc�\b^�bf_xl�mjZ\g_gby�FZdk\_eeZ�\�dhfie_dkghc�nhjf_" 
���DZd�aZibku\Zxl�mjZ\g_gby�fZl_jbZevghc�k\yab�\�dhfie_dkghc�nhjf_" 
���Q_fm�jZ\gZ�h[t_fgZy�iehlghklv�dhfie_dkghc�fhsghklb��ihlj_[ey_fhc�

fZl_jbZevghc�lhqdhc�\�]Zjfhgbq_kdhf�WFI" 
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���Q_fm�jZ\gZ�dhfie_dkgZy�fhsghklv��ih]ehsZ_fZy�g_dhlhjuf�h[tzfhf�
ba�hdjm`Zxs_]h�ijhkljZgkl\Z" 

��� DZd� aZibku\Zxl� mjZ\g_gb_� [ZeZgkZ� dhfie_dkguo� we_dljhfZ]gblguo�
fhsghkl_c�^ey�g_dhlhjh]h�h[tzfZ" 

����DZd��ihevamykv� l_hj_fhc�Mfh\Z–Ihcglbg]Z��fh`gh�hij_^_eblv�\gml�
j_gg__�Zdlb\gh_�b�j_Zdlb\gh_�khijhlb\e_gb_�ijh\h^gbdZ" 

����DZd�nhjfmebjm_lky� l_hj_fZ� h� _^bgkl\_gghklb� ]Zjfhgbq_kdh]h� we_d�
ljhfZ]gblgh]h�ihey" 

����DZd�^hdZau\Z_lky�l_hj_fZ�h�_^bgkl\_gghklb�]Zjfhgbq_kdh]h�we_dljh�
fZ]gblgh]h�ihey�k�ihfhsvx�l_hj_fu�Mfh\Z–Ihcglbg]Z" 

 

�������MjZ\g_gby�fZl_fZlbq_kdhc�nbabdb�hlghkbl_evgh 
ihl_gpbZeh\�]Zjfhgbq_kdh]h�we_dljhfZ]gblgh]h�ihey 

Dhfie_dkgu_�iZjZf_lju�we_dljhnbabq_kdbo�k\hckl\�kj_^u 

Baf_g_gb_� we_dljbq_kdhc� iheyjbah\Zgghklb� beb� gZfZ]gbq_gghklb�
\_s_kl\Z�ih�]Zjfhgbq_kdhfm��\�h[s_f�kemqZ_�ih�i_jbh^bq_kdhfm��aZdhgm�
h[uqgh�khijh\h`^Z_lky�l_ieh\ufb�ihl_jyfb�wg_j]bb��<�wlhf�kemqZ_�kh�
klZ\eyxsb_� \_dlhjZ� we_dljbq_kdh]h� kf_s_gby� hlklZxl�ih�nZa_� hl� khhl�
\_lkl\mxsbo�khklZ\eyxsbo�\_dlhjZ�gZijy`_gghklb�we_dljbq_kdh]h�ihey��
Ijb� i_jbh^bq_kdhf� i_j_fZ]gbqb\Zgbb� n_jjhfZ]g_lbdh\� khklZ\eyxsb_�
\_dlhjZ� fZ]gblghc� bg^mdpbb� hlklZxl� ih� nZa_� hl� khhl\_lkl\mxsbo� kh�
klZ\eyxsbo�\_dlhjZ�gZijy`_gghklb�fZ]gblgh]h�ihey��MdZaZggu_�k^\b]b�

nZa�f_`^m�iZjZfb�\_dlhjh\�E� �b�D� , H�  b�B� �fh`gh�mq_klv�iml_f�\\_^_gby�
dhfie_dkguo�iZjZf_ljh\� we_dljhnbabq_kdbo� k\hckl\� kj_^u� \� mjZ\g_gby�
fZl_jbZevghc�k\yab 

B�  = a�� H� , D�  = aε� E� , 

]^_� a�� = a�′′  – j a� ′′′′ = a� exp(–jûf); 

 aε� = a0′  – j a0 ′′ = a0 exp(–jûe). 

:j]mf_glu�dhfie_dkghc�fZ]gblghc�b�^bwe_dljbq_kdhc�ijhgbpZ_fh�
klb� ûf� b� ûe� gZau\Zxl� m]eZfb� fZ]gblguo� b� ^bwe_dljbq_kdbo� ihl_jv�� <�
kijZ\hqghc� ebl_jZlmj_� ^ey� jZaebqguo� we_dljhl_ogbq_kdbo� fZl_jbZeh\�
^Zxlky�agZq_gby�lZg]_gkh\�m]eZ�wlbo�ihl_jv� 

tg(ûf) = a� ′′ / a�′ , 

tg(ûe) = a0 ′′ / a0′ . 
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Ijb� ihklZgh\d_� b� j_r_gbb� aZ^Zq� ZgZebaZ� ]Zjfhgbq_kdbo�WFI� \ha�

fh`gh�h[t_^bg_gb_�lhdh\�ijh\h^bfhklb� ijδδ� �b�lhdh\�kf_s_gby� kfδδ�  

ijδδ�  + kfδδ� = bδδ� , 

]^_� bδδ� –�bg^mpbjh\ZggZy�iehlghklv�lhdZ� 

K�mq_lhf�\\_^_ggh]h�h[hagZq_gby�aZdhg�ihegh]h�lhdZ�fh`gh�aZibkZlv�
\�\b^_ 

rotH�  = iδδ� =δδ� + bδδ� ; 

bδδ� = j& a0� E� +�E� = (�+j& a0� ) E� = E��γ , 

]^_� γ�  –�dhfie_dkgZy�m^_evgZy�ijh\h^bfhklv�\_s_kl\Z�gZ�^Zgghc�qZklhl_�&� 

<h�fgh]bo�kemqZyo�\f_klh�bg^mpbjh\Zgghc�iehlghklb�lhdZ�\�jZkq_lu�

\\h^yl�wnn_dlb\guc�\_dlhj�we_dljbq_kdh]h�kf_s_gby� wnD� : 

wnD� = bδ� /(j&) = ( a0� +�/(j&)) E� = wn0  a� E� . 

Ihke_^g__�khhlghr_gb_�^ey�djZldhklb�aZibku\Zxl�dZd�D� = a0� E� ��l�_��

g_fgh]h�baf_gyxl� kbkl_fm� h[hagZq_gbc� \_dlhjh\� ]Zjfhgbq_kdh]h�WFI��
<� ^Zevg_cr_f� mjZ\g_gby� fZl_fZlbq_kdhc� nbabdb� ^ey� ]Zjfhgbq_kdh]h�
WFI�[m^_f�aZibku\Zlv�k�mq_lhf�ihke_^g_]h�h[hagZq_gby� 

Kbkl_fu�we_dljh^bgZfbq_kdbo�ihl_gpbZeh\                                          
b�mjZ\g_gby fZl_fZlbq_kdhc�nbabdb                                                 

^ey�]Zjfhgbq_kdh]h�we_dljhfZ]gblgh]h�ihey 

>ey� \_dlhjZ� fZ]gblghc� bg^mdpbb� \k_]^Z� \uihegy_lky� mkeh\b_�              

div B�  ����ihwlhfm 

B� = rotA� , 

]^_� A�  –�dhfie_dkguc�\_dlhjguc�fZ]gblguc�ihl_gpbZe� 

rot( cE E �� − ) = – j&B� = – j& rotA�  = – rot(j& A� ),  

ihwlhfm 

cE E �� − = – j& A�  – gradϕ� ,  

]^_�ϕ�  –�dhfie_dkguc�kdZeyjguc�we_dljbq_kdbc�ihl_gpbZe� 

A� �b�ϕ�  –�kbkl_fZ�we_dljh^bgZfbq_kdbo�ihl_gpbZeh\� 
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<h�fgh]bo� kemqZyo� dhjj_dlgh_� aZ^Zgb_� ihey� \_dlhjZ� cE� � \� dZq_kl\_�

h[t_fgh� jZkij_^_e_ggh]h� bklhqgbdZ� WFI� \uau\Z_l� agZqbl_evgu_� aZ�

ljm^g_gby�ijb�ihklZgh\d_�aZ^Zqb�ZgZebaZ�ihey��<�wlbo�kemqZyo�\f_klh� cE�  

aZ^Zxl�\_dlhjgh_�ihe_� 

– rot cE� = fδ� ��dhlhjh_�gZau\Zxl�ihe_f�klhjhgg_c�iehlghklb�fZ]gbl�

gh]h�lhdZ��K�mq_lhf�wlh]h�h[hagZq_gby�aZdhg�we_dljhfZ]gblghc�bg^mdpbb�

fh`gh�aZibkZlv�\�\b^_ 

ff div
1

divrot ÅÅ �����

ω
−=⇒ω−−=

j
j BBE  

                                           ⇓                                    ⇓ 

ABAE ������ rot
1

grad f +
ω

−=⇐ϕ−ω−= Å
j

j . 

L_i_jv�fh`gh�ihemqblv� kbkl_fm�mjZ\g_gbc�fZl_fZlbq_kdhc�nbabdb�

hlghkbl_evgh�ihl_gpbZeh\��AZ�hkgh\m�fh`gh�\aylv�aZdhg�ihegh]h�lhdZ 

rotH�  =δδ�  + j&D� ;         H� = Z�� B� = Z�� rot A�  – Z�� fδδ� /(j&); 

D� = a0� E� = – j& a0� A�  – a0� ϕ�grad . 



















ω
=ω+ϕ

ν
ω

+=ϕω+−

�Å

ÅÅ

�����

���������

div
j
1

)0jgrad0div(

),rot(
j
1

grad0j0&)rot�rot(

aa

faaa
2

a

A

AA

       (7) 

Kbkl_fZ� ��� –� dhfie_dkgZy� nhjfZ� kbkl_fu� mjZ\g_gbc� fZl_fZlbq_�

kdhc�nbabdb�hlghkbl_evgh�\_dlhjgh]h�fZ]gblgh]h�b�kdZeyjgh]h�we_dljb�

q_kdh]h�ihl_gpbZeh\��G_ljm^gh�aZf_lblv��qlh�mjZ\g_gby�\�kbkl_f_�����eb�

g_cgh� aZ\bkbfu_� �\lhjh_�fh`gh�ihemqblv�ba�i_j\h]h� \aylb_f�^b\_j]_g�

pbb�hl�h[_bo�qZkl_c�b�^_e_gb_f�bo�gZ�j&���Ihwlhfm�^ey�h[_ki_q_gby�_^bg�

kl\_gghklb� j_r_gby� kbkl_fu� mjZ\g_gbc� ����� djhf_� ]jZgbqguo� mkeh\bc��

gm`gh�\\h^blv�mkeh\b_�dZeb[jh\db�we_dljh^bgZfbq_kdbo�ihl_gpbZeh\� 

JZkkfhljbf� kbkl_fm� ���� ^ey� kemqZy� h^ghjh^ghc� ih� we_dljhnbabq_�

kdbf� k\hckl\Zf� kj_^u� \gmljb� jZkq_lghc� h[eZklb��Lh]^Z� kdZeyjgu_�ihey�



 75 

iZjZf_ljh\� aε� �b� Zν� �fh`gh�\ug_klb�aZ�agZd�^bnn_j_gpbZevguo�hi_jZlh�

jh\�b�mfgh`blv�h[_�qZklb��i_j\h]h�mjZ\g_gby�gZ� Zµ� : 



















ω
=ω+ϕ

ω
+=ϕω+−

�Å

ÅÅ

�

�

��

����������

div
0j

1
divj)div(grad

,rot
j
1

�grad�0j0�&)rot(rot

a

faaaaa
2

A

AA

         (7) 

?keb�d�kbkl_f_�����ijbf_gblv�mkeh\b_�dZeb[jh\db�Ehj_gpZ 

A�div = – ϕω ���
DD�0M , 

�lh�ba�kbkl_fu�����fh`gh�ihemqblv�^\Z�g_aZ\bkbfuo�mjZ\g_gby� 

    ∇2 A� +
2
n

2

v�

ω
A�  = – Å�� aµ  – frot

1
Å�

ωj
,              (9) 

         ∇2ϕ�  – 
2
n

2

v�

ω ϕ�  = Å�

�
div

1

aεωj
,    (10) 

]^_�
aa

n
1

µε
=

��

�v  –�nZah\Zy�kdhjhklv�we_dljhfZ]gblghc�\hegu� 

MjZ\g_gb_� ���� gZau\Zxl� \_dlhjguf� mjZ\g_gb_f�>ZeZf[_jZ�� mjZ\g_�
gb_������–�kdZeyjguf�mjZ\g_gb_f�>ZeZf[_jZ��?keb�bklhqgbdb�WFI�hlkml�
kl\mxl�\�jZkq_lghc�h[eZklb��lh�ijZ\Zy�qZklv�wlbo�mjZ\g_gbc�jZ\gZ�gmex� 

     ∇2 A� +
2
n

2

v�

ω
A�  = 0,               (11) 

     ∇2ϕ�  – 
2
n

2

v�

ω ϕ�  = 0,     (12) 

]^_�

nv�

ω
= K�  –�ijhkljZgkl\_ggZy�qZklhlZ�WFI� 

MjZ\g_gby� �����b� �����gZau\Zxl�\_dlhjguf�b�kdZeyjguf�\hegh\ufb�
mjZ\g_gbyfb��Bo�rbjhdh�ijbf_gyxl�gZ�ijZdlbd_�^ey�jZkq_lZ�jZaghh[jZa�
guo� we_dljhl_ogbq_kdbo� b� jZ^bhl_ogbq_kdbo� mkljhckl\�� \oh^ysbo� \� kh�
klZ\�jZaebqgh]h�jZ^bhwe_dljhggh]h�h[hjm^h\Zgby�b�ijb[hjh\� 
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BaemqZl_ev�=_jpZ 

Mkeh\gh�fh`gh�kqblZlv��qlh�wlhl�baemqZl_ev�ij_^klZ\ey_l�kh[hc�fZ�
euc�hlj_ahd�ijh\h^Z��ih�dhlhjhfm�l_q_l�]Zjfhgbq_kdb�baf_gyxsbcky�lhd��
Ijb� jZkq_lZo� lZdhc� baemqZl_ev� fh`gh� kqblZlv� fZl_jbZevghc� lhqdhc� k�
]Zjfhgbq_kdb�baf_gyxsbfky�we_dljbq_kdbf�^bihevguf�fhf_glhf��:gZ�
eblbq_kdb_� \ujZ`_gby� ^ey� jZkij_^_e_gby� we_dljh^bgZfbq_kdbo� ihl_g�
pbZeh\�\hdjm]�wlh]h�baemqZl_ey�y\eyxlky��nmg^Zf_glZevgufb�j_r_gbyfb�
mjZ\g_gbc�����b���� 

),exp(
4

)exp(
4

aa RKjI
R

RKjj
R

��
�

��
�

� −−==−−−−== lPA
π

µω
π

µ
 

ωj
Il

P
�

� == , 

�H[S���
�

�
��H[S�5�

�

�
��

D

��

D

5.M
5

.M
5

5.M
55

�
�

�
�

�

��

�
� −+

επ
=−

∂
∂

επ
−=ϕ 5353

3
5

. 

We_f_glZjguc�fZ]gblguc�baemqZl_ev 

Mkeh\gh� fh`gh� kqblZlv�� qlh� wlhl� baemqZl_ev� ij_^klZ\ey_l� kh[hc�
dhglmj�k�]Zjfhgbq_kdb�baf_gyxsbfky�lhdhf��Ijb�jZkq_lZo�lZdhc�baem�
qZl_ev� fh`gh� kqblZlv� fZl_jbZevghc� lhqdhc� k� ]Zjfhgbq_kdb� baf_gyx�

sbfky�fZ]gblguf�^bihevguf�fhf_glhf� SM I�� = ��:gZeblbq_kdh_�\ujZ�
`_gb_�^ey�jZkij_^_e_gby�\_dlhjgh]h�fZ]gblgh]h�ihl_gpbZeZ�\hdjm]�wlh�
]h�baemqZl_ey�y\ey_lky�nmg^Zf_glZevguf�j_r_gb_f�mjZ\g_gby������ 

)exp()(
4 23

a RKj
R

Kj
R

�
�

�
��

� −−××++××−−== RMRM
A

π
µ

. 

Dhgljhevgu_�\hijhku 

��� DZdb_� y\e_gby� \� ]Zjfhgbq_kdhf� we_dljhfZ]gblghf� ihe_� hibku\Zxl�
dhfie_dkgu_�iZjZf_lju�we_dljhnbabq_kdbo�k\hckl\�kj_^u" 

��� Qlh� lZdh_� m]he� fZ]gblguo� b� ^bwe_dljbq_kdbo� ihl_jv"� Qlh� gZau\Zxl�
lZg]_gkhf�wlbo�m]eh\" 

���Qlh�lZdh_�bg^mpbjh\ZggZy�iehlghklv�lhdZ�b�dhfie_dkgZy�m^_evgZy�ijh�
\h^bfhklv�\_s_kl\Z" 

���Qlh� lZdh_� wnn_dlb\gh_� we_dljbq_kdh_� kf_s_gb_� b� dhfie_dkgZy� Z[kh�
exlgZy�^bwe_dljbq_kdZy�ijhgbpZ_fhklv�\_s_kl\Z" 
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���Qlh�lZdh_�\_dlhjguc�fZ]gblguc�b�kdZeyjguc�we_dljbq_kdbc�ihl_gpbZe�
]Zjfhgbq_kdh]h�we_dljhfZ]gblgh]h�ihey" 

���Qlh�lZdh_�klhjhggyy�iehlghklv�fZ]gblgh]h�lhdZ" 
��� DZd� \ujZ`Zxl� dhfie_dkgu_� \_dlhju� we_dljhfZ]gblgh]h� ihey� q_j_a�

we_dljh^bgZfbq_kdb_�ihl_gpbZeu" 
���DZd� aZibku\Zxl�dhfie_dkgmx�nhjfm� kbkl_fu�mjZ\g_gbc�fZl_fZlbq_�

kdhc�nbabdb�hlghkbl_evgh�\_dlhjgh]h�fZ]gblgh]h�b� kdZeyjgh]h� we_d�
ljbq_kdh]h� ihl_gpbZeh\� ^ey� g_h^ghjh^ghc� kj_^u� [_a� mkeh\bc� dZeb[�
jh\db" 

���DZd� aZibku\Zxl�dhfie_dkgmx�nhjfm� kbkl_fu�mjZ\g_gbc�fZl_fZlbq_�
kdhc�nbabdb�hlghkbl_evgh�\_dlhjgh]h�fZ]gblgh]h�b� kdZeyjgh]h� we_d�
ljbq_kdh]h�ihl_gpbZeh\�^ey�h^ghjh^ghc�kj_^u�[_a�mkeh\bc�dZeb[jh\db" 

����DZd� aZibku\xl�dhfie_dkgmx�nhjfm�kbkl_fu�mjZ\g_gbc�fZl_fZlbq_�
kdhc�nbabdb�hlghkbl_evgh�\_dlhjgh]h�fZ]gblgh]h�b� kdZeyjgh]h� we_d�
ljbq_kdh]h�ihl_gpbZeh\�^ey�h^ghjh^ghc�kj_^u�k�mkeh\b_f�dZeb[jh\db�
Ehj_gpZ" 

����DZd�aZibku\Zxl�\_dlhjgh_�b�kdZeyjgh_�mjZ\g_gby�>ZeZf[_jZ" 
12. DZd�aZibku\Zxl�\_dlhjgh_�b�kdZeyjgh_�\hegh\u_�mjZ\g_gby" 
����Ih�dZdbf�nhjfmeZf�jZkkqblu\Zxl�jZkij_^_e_gb_�\_dlhjgh]h�fZ]gbl�

gh]h� b� kdZeyjgh]h� we_dljbq_kdh]h� ihl_gpbZeZ� \hdjm]� we_f_glZjgh]h�
we_dljbq_kdh]h�baemqZl_ey" 

����Ih�dZdhc�nhjfme_�jZkkqblu\Zxl�jZkij_^_e_gb_�\_dlhjgh]h�fZ]gblgh�
]h�ihl_gpbZeZ�\hdjm]�we_f_glZjgh]h�fZ]gblgh]h�baemqZl_ey" 

 

�������QZklgu_�ijbeh`_gby�l_hjbb�]Zjfhgbq_kdh]h 
we_dljhfZ]gblgh]h�ihey 

Ihgylb_�h�ih\_joghklghf�wnn_dl_�b�wnn_dl_�[ebahklb 

Imklv� we_dljhfZ]gblgZy� \hegZ� ijhgbdZ_l� \]em[v� ijh\h^gbdZ� q_j_a�
_]h�]jZgbqgmx�ih\_joghklv�ba�hdjm`Zxs_]h�^bwe_dljbdZ��Lh]^Z�ih�f_j_�
ijhgbdgh\_gby�\hegu�\�ijh\h^gbd�qZklv�__�wg_j]bb�ihkl_i_ggh�jZkk_b\Z�
_lky� \� \b^_� l_ieZ�� <ke_^kl\b_� wlh]h� Zfieblm^u� \k_o� \_dlhjh\� WFI�
mf_gvrZxlky�ijb�ijhgbdgh\_gbb� \]em[v�ijh\h^gbdZ��Wlhl� wnn_dl� m[u�
\Zgby�Zfieblm^�\_dlhjh\�ihey�hl�ih\_joghklb�ijh\h^gbdZ�\]em[v�ih�gZ�
ijZ\e_gbx� ^\b`_gby� \hegu� gZau\Zxl� ih\_joghklguf� wnn_dlhf�� beb�
kdbg-wnn_dlhf� 
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Ijb�ih\_joghklghf�wnn_dl_�jZkij_^_e_gb_�bg^mpbjh\Zgghc�iehlgh�

klb�lhdZ�ghkbl�ij_bfms_kl\_ggh�ih\_joghklguc�oZjZdl_j�\�ijh\h^gbd_��

;ebahklv�^jm]bo�ijh\h^ysbo�l_e�lZd`_�\eby_l�gZ�jZkij_^_e_gb_�iehlgh�

klb�lhdZ�\�ijh\h^gbd_��Wlh�y\e_gb_�gZau\Zxl�wnn_dlhf�[ebahklb� 

IehkdZy�\hegZ�\�h^ghjh^ghf�ijh\h^gbd_ 

JZkkfhljbf�we_dljhijh\h^ys__�ihemijhkljZgkl\h�z≥���gZ�dhlhjh_�ba�
^bwe_dljbq_kdh]h�ihemijhkljZgkl\Z�z���gZ[_]Z_l�iehkdZy� ]Zjfhgbq_kdZy�

we_dljhfZ]gblgZy�\hegZ��jbk����� 

y 
z 

x 
xx EE �� �=  

I
~

 

Hy
�� �=H  

 

 
Jbk��3 

MjZ\g_gby�WFI�\gmljb�ijh\h^gbdZ�[_a�mq_lZ�lhdh\�kf_s_gby�bf_xl�

\b^� 

    rotH� = �E� ;         rotE� = – j& Z�� H� ,            (13) 

� = const; Z�� = const. 

Ba�mjZ\g_gbc������ke_^m_l��qlh�������� div E� = 0;     divH� = 0.           (14) 

Ba� mjZ\g_gby� �����fh`gh�ihemqblv�g_aZ\bkbfu_� mjZ\g_gby�fZl_fZ�

lbq_kdhc�nbabdb�hlghcbl_evgh�H� �b�E�  

rot rotH� = – j&� Z�� H� ;          rot rotE� = – j&� Z�� E� . 

Mqblu\Zy�khhlghr_gby�������ihemqZ_f� 

∇2 H� – j&� Z�� H� = 0;           ∇2 E�  – j&� Z�� E� = 0, 
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hlkx^Z 

 
2

2

z

H y

∂

∂ �

– j&� Z�� yH� = 0;         
2

2

z

Ex

∂

∂ �

– j&� Z�� xE� = 0. (15) 

?keb�h[hagZqblv�p = (j&� Z�� )0,5 = (0,5&� Z�� )0,5 + j(0,5&� Z�� )0,5 = b+jb��lh�

j_r_gb_�mjZ\g_gbc������fh`gh�aZibkZlv�\�\b^_ 

S]
�

S]
\ H&H&+ ++

��� += − ;             S]
�

S]
[ H&H&( ??

��� += − ; 

pz
y HH −== e)0(�� ;              pz

x EE −== e)0(�� ; 

jbzbz
y HH −−== ee)0(�� ;              jbzbz

x EE −−== ee)0(�� . 

Fh`gh�^hdZaZlv��qlh 

%

��D

�

�&

�
=H

S

+

( M

\

[ ===
$�

�

�

. 

<hegh\h_� khijhlb\e_gb_�ijh\h^ys_c� kj_^u�bf__l�bg^mdlb\guc�oZ�

jZdl_j�� <_ebqbgm 
γµω

=
a

21
�b

� gZau\Zxl� ]em[bghc� ijhgbdgh\_gby� WFI�

\]em[v�ijh\h^gbdZ��GZ�wlhc�]em[bg_�\_dlhju� E� �b� H� �aZlmoZxl�ih�Zfieb�

lm^_�beb�ih�^_ckl\mxs_fm�agZq_gbx�\�e�jZa� 

Ih\_joghklguc�wnn_dl�\�ijh\h^ys_c�ieZklbg_ 

Imklv�\g_rgbc�bklhqgbd�WFI�kha^Z_l�\�ieZklbg_�fZ]gblguc�ihlhd�

gZ�_^bgbpm�^ebgu�
xd

dΦ�
��jbk������lh]^Z�\_dlhj�H� �\h�\k_o�lhqdZo�x�[m^_l�

bf_lv�h^gm�khklZ\eyxsmx� yH� . 

z 

y 

)(aH�

H�  

x 

0 

- a 

 a 

 

 
Jbk��2 
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;m^_f� kqblZlv��qlh� yH� (a) = yH� (–a��� lh]^Z� \� khhl\_lkl\bb� k�i_j\uf�

mjZ\g_gb_f����� 

yH� = yH� (a)
)ch(

)ch(

pa

pz
;     yB� = yB� (a)

)ch(

)ch(

pa

pz
; 

yB� (a) = Zµ� yH� (a);        
pa

pa
aHzpz

paa

aB
B

a

a-
y

y
y 

)th(
)(d)ch(

)ch(2

)(
akj ∫ ==== ��

�

� µ . 

<h�fgh]bo�l_ogbq_kdbo�ijbeh`_gbyo�\_ebqbgm� 

wna
kjm� )th(

)(
µµ ��

�

�

====
pa

pa

aH

B
a

y
 

gZau\Zxl�wnn_dlb\ghc�Z[khexlghc�fZ]gblghc�ijhgbpZ_fhklvx�ieZklbgu�
beb�iZd_lZ�ieZklbg� 

�5H�

��,P�
�WJ�

Zwn

Zwn
fwn µ

=∆
�

�
 – wlh�lZg]_gk�m]eZ�fZ]gblguo�ihl_jv�wg_j]bb�\�fZ]gb�

lhijh\h^_��ba]hlh\e_gghf�\�\b^_�iZd_lZ�ieZklbg� 
Ijbf_gyy� l_hj_fm� Mfh\Z-Ihcglbg]Z�� fh`gh� ^hdZaZlv�� qlh� kj_^gyy�

h[t_fgZy� iehlghklv�fhsghklb� ihl_jv� wg_j]bb�pB� gZ� \boj_\u_� lhdb� ijb�
i_j_fZ]gbqb\Zgbb�lZdh]h�iZd_lZ�jZ\gZ 

pB =  
V

P

d

d B  

beb� 

pB =
)cos()ch(

)sin()sh(

Z

2
kj

bdbd

bdbd|B|ZE

−−
−−

µ
ω �

. 

<�[he__�h[s_f�\b^_ 

)th(2

d

d

d

d

a

2

ap

p

x
hj

y

S

∗∗

∗

==

µ

Φω
��

 . 

Wlh� dhfie_dkgZy� fhsghklv�� ihlj_[ey_fZy� _^bgbp_c� ^ebgu� ebklZ            
�\�gZijZ\e_gbb�hkb�y��rbjbghc�h �\�gZijZ\e_gbb�hkb�x���lhesbghc��a. 
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Ih\_joghklguc�wnn_dl�\�djm]ehf�ijh\h^_ 

Imklv�ih�ijyfhebg_cghfm�ijh\h^m�djm]eh]h�k_q_gby�jZ^bmkZ��Z��ijh�

l_dZ_l�dhfie_dkguc�lhd� I� �jbk����� 

z

r

α

a

 
Jbk. 4 

     αH� (a) = H� (a) = I� /(2πa);   (16) 

E�  = 1zE� ;              rotH�  ��E� ;            EHr
rr

�� γ=)(
d

d1
; 

      E
r

H

r

H
�

��

γ=+
d

d
;    (17) 

rotE� = H�� a�&j- ; 

      =
r

E

d

d �

Hj �� aµω .    (18) 

?keb�ba�\ujZ`_gby� �����\ujZablv� +� �b�ih^klZ\blv�\�mjZ\g_gb_� ��7), 
lh�ihemqbf� 

     0�&
d

d1

d

d
a2

2
=µ−+ Ej

r

E

rr

E
��

��

.   (19) 

<\_^_f�h[hagZq_gb_� 

q = ( ��& a�j− )0,5 = ( ��& a� )
$45e j− = K

$45e j− . 

Lh]^Z�mjZ\g_gb_������ijbf_l�\b^ 

     0
)d(

d1

)d(

d
2

2
=++ E

qr

E

qrqr

E
�

��

.   (20) 

?keb�h[_�qZklb�mjZ\g_gby� �����ijh^bnn_j_gpbjh\Zlv�ih� r�b�ih^klZ�
\blv� lm^Z� \ujZ`_gb_� ������ lh� \� khhl\_lkl\bb� k� \\_^_gguf�h[hagZq_gb_f�
ihemqbf� 

    0)
1

1(
)d(

d1

)d(

d
222

2
==−−++++ H

rqqr

H

qrqr

H
�

��

.  (21) 
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MjZ\g_gby������������y\eyxlky�qZklgufb�kemqZyfb�mjZ\g_gby�;_kk_ey 

0)1(
d

d1

d

d
2

2

2

2
==−−++++ y

x

n

x

y

xx

y
, 

qZklgu_� j_r_gby�� dhlhjh]h� y = Jn(x�� gZau\Zxl�nmgdpbyfb� ;_kk_ey� n-]h�

ihjy^dZ��>ey�\uqbke_gby�wlb�nmgdpbb�fh]ml�[ulv�aZibkZgu�\�\b^_ 

;
)(

)(

�2 1

0

qaJ

qrJ

a

Iq
E

π
=

�
�      ;

)(

)(

2 1

1

qaJ

qrJ

a

I
H

π
=

�
�  

)(

)(

2
�/

1

0
ij qaJ

qrJ

a

Iq
E

π

�
�� == . 

Ijb�r∈[0;a] | )(0 qrJ _�y\ey_lky�\hajZklZxs_c�nmgdpb_c��Wlh�hagZqZ_l��

qlh�^_ckl\mxsb_�agZq_gby�gZijy`_gghklb�we_dljbq_kdh]h�ihey�b�iehlgh�

klb�lhdZ�m[u\Zxl�hl�ih\_joghklb�ijh\h^Z�d�_]h�hkb��<�wlhf�b�kdZau\Z_lky�

ih\_joghklguc�wnn_dl�\�djm]ehf�ijh\h^_��Ih\_joghklguc�wnn_dl�ijb\h�

^bl�d�lhfm��qlh�k�jhklhf�qZklhlu�lhdZ�\hajZklZ_l�Zdlb\gh_�khijhlb\e_gb_�

ijh\h^Z�gZ�_^bgbpm�^ebgu�b�mf_gvrZ_lky�\gmlj_ggyy�bg^mdlb\ghklv�ijh�

\h^Z�gZ�_^bgbpm�^ebgu� 

�Dhfie_dkgh_�khijhlb\e_gb_�ijh\h^Z�gZ�_^bgbpm�^ebgu�jZ\gh 

.
)(

)(

�2d

d

1

0

qaJ

qrJ

a

q

I

E

z

Z

π
==

�

�

 

Dhgljhevgu_�\hijhku 

���Qlh�lZdh_�ih\_joghklguc�wnn_dl�b�wnn_dl�[ebahklb" 

���DZdbfb�mjZ\g_gbyfb�hibku\Zxl�ih\_joghklguc�wnn_dl�\�h^ghjh^ghf�

ijh\h^gbd_��\�ijh\h^ys_f�ihemijhkljZgkl\_�" 

���Ih�dZdbf�nhjfmeZf�jZkkqblu\Zxl�jZkij_^_e_gb_�dhfie_dkghc�gZijy�

`zgghklb� we_dljbq_kdh]h� b�fZ]gblgh]h� ihey� \� ijh\h^ys_f� ihemijh�

kljZgkl\_" 
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��� Qlh� lZdh_� ]em[bgZ� ijhgbdgh\_gby� we_dljhfZ]gblgh]h� ihey�� Z� lZd`_�

\hegh\h_� khijhlb\e_gb_� b� dZd� hgb� k\yaZgu� k� we_dljhnbabq_kdbfb�

k\hckl\Zfb�ijh\h^gbdZ" 

���Ih�dZdbf�nhjfmeZf�jZkkqblu\Z_lky�jZkij_^_e_gb_�gZijy`zgghklb�fZ]�

gblgh]h� ihey� b� fZ]gblghc� bg^mdpbb� ijb� ih\_joghklghf� wnn_dl_� \�

ijh\h^ys_c�ieZklbg_" 

���Qlh� lZdh_�dhfie_dkgZy� Z[khexlgZy� wnn_dlb\gZy�fZ]gblgZy�ijhgbpZ_�

fhklv�ieZklbgu�b�iZd_lZ�ieZklbg��Z�lZd`_�wnn_dlb\guc�lZg]_gk�m]eZ�

fZ]gblguo�ihl_jv" 

���Ih�dZdhc�nhjfme_�jZkkqblu\Zxl� kj_^gxx�h[tzfgmx�iehlghklv�fhs�

ghklb� l_ieh\uo� ihl_jv� \� ieZklbg_�� Z� lZd`_� dhfie_dkgmx� fhsghklv��

ihlj_[ey_fmx�_^bgbp_c�^ebgu�ieZklbgu" 

��� DZdbfb� mjZ\g_gbyfb� hibku\Zxl� ih\_joghklguc� wnn_dl� \� djm]ehf�

ijh\h^_" 

���Ih�dZdbf�nhjfmeZf�jZkkqblu\Zxl�jZkij_^_e_gb_�dhfie_dkghc�gZijy�

`zgghklb�we_dljbq_kdh]h�b�fZ]gblgh]h�ihey��Z�lZd`_�iehlghklb�lhdZ�\�

djm]ehf�ijh\h^_" 

���� Ih� dZdhc� nhjfme_� fh`gh� jZkkqblZlv� dhfie_dkgh_� khijhlb\e_gb_�

djm]eh]h�ijh\h^Z�gZ�_^bgbpm�^ebgu" 

 

______________________________________ 
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A:DEXQ?GB? 

<�i_j\hc� ]eZ\_�mq_[gh]h�ihkh[by� kljh]h�hij_^_e_gu�hkgh\gu_� �kb�
eh\u_��\_dlhju�we_dljhfZ]gblgh]h�ihey��\_dlhj�gZijy`_gghklb�we_dljb�
q_kdh]h�ihey�b�\_dlhj�fZ]gblghc�bg^mdpbb��Wlh�g_h[oh^bfZy�hkgh\Z�^ey�
bamq_gby�^Zgghc�^bkpbiebgu�b�ihklb`_gby�kh\j_f_gghc�l_hjbb�kbeh\uo�
\aZbfh^_ckl\bc� \� we_dljhfZ]gblguo� iheyo�� bf_xs_c� \Z`g_cr__� ijb�
deZ^gh_� agZq_gb_��<�ihkh[bb�^Zgu� kljh]b_�fZl_fZlbq_kdb_�hij_^_e_gby�
bklhqgbdh\� we_dljhfZ]gblgh]h� ihey�� we_dljbq_kdbo� lhdh\� lj_o� lbih\�
�ijh\h^bfhklb�� kf_s_gby�b�i_j_ghkZ��� Z� lZd`_� we_dljbq_kdbo�b�fZ]gbl�
guo� ^bihe_c�� K� h[sbo� fZl_fZlbq_kdbo� ihabpbc� hij_^_e_gu� gZb[he__�
jZkijhkljZg_ggu_� ^bnn_j_gpbZevgu_� hi_jZlhju� \� l_hjbb� we_dljhfZ]�
gblgh]h�ihey� �]jZ^b_gl��^b\_j]_gpby��jhlhj���JZkkfhlj_gu�lZd`_�^bnn_�
j_gpbZevgu_� hi_jZlhju� \lhjh]h� ihjy^dZ� b� g_h[oh^bfu_� bgl_]jZevgu_�
l_hj_fu�� bkihevam_fu_� \� mq_[ghf� dmjk_��<� ihkh[bb� hibkZgu� hkgh\gu_�
aZdhgu�l_hjbb�we_dljhfZ]gblgh]h�ihey�\�bgl_]jZevghc�b�^bnn_j_gpbZev�
ghc�nhjfZo��aZdhg�ihegh]h�lhdZ��aZdhg�we_dljhfZ]gblghc�bg^mdpbb��l_h�
j_fZ�=ZmkkZ��aZdhg�g_ij_ju\ghklb�ebgbc�fZ]gblghc�bg^mdpbb��Wlb�aZdh�
ghf_jghklb� y\eyxlky� nbabq_kdhc� hkgh\hc� jZ[hlu� \Z`g_crbo� b� fgh]h�
qbke_gguo�we_dljhl_ogbq_kdbo�b�we_dljhwg_j]_lbq_kdbo�mkljhckl\�b�kbk�
l_f�� <� ihkh[bb� baeh`_gu� kh\j_f_ggu_� khhlghr_gby� f_`^m� \_dlhjZfb�
ihey�b� we_dljhnbabq_kdbfb� k\hckl\Zfb�jZaebqguo� kj_^��FZl_fZlbq_kdb�
kljh]h�hij_^_e_gu�ihgylby�h[t_fghc�iehlghklb�wg_j]bc�we_dljbq_kdh]h�
b� fZ]gblgh]h� ihe_c�� m^_evghc� fhsghklb� l_ieh\uo� ihl_jv� b� m^_evghc�
fhsghklb�klhjhggbo�bklhqgbdh\��Ihke_^g__�hij_^_e_gb_�knhjfmebjh\Z�
gh�\i_j\u_�\�hl_q_kl\_gghc�mq_[ghc�ebl_jZlmj_��JZkkfhlj_gu�]jZgbqgu_�
mkeh\by�^ey� \_dlhjh\�WFI� k�mq_lhf� klhjhggbo�bklhqgbdh\��jZkkfhlj_g�
aZdhg�khojZg_gby�aZjy^Z��<�ihkh[bb�^ZgZ�kh\j_f_ggZy�lhqgZy�fZl_fZlbq_�
kdZy�nhjfmebjh\dZ� l_hj_fu�Mfh\Z-Ihcglbg]Z�� mqblu\ZxsZy� jZaebqgu_�
\b^u�klhjhggbo�bklhqgbdh\� 

<h�\lhjhc� ]eZ\_�^Zggh]h�ihkh[by�jZkkfhlj_gu�hkgh\gu_�mjZ\g_gby�
we_dljhklZlbq_kdh]h�ihey��k\yab�f_`^m�\_dlhjZfb�wlh]h�ihey�b�]jZgbqgu_�
mkeh\by�� Knhjfmebjh\ZgZ� djZ_\Zy� aZ^ZqZ� ZgZebaZ� we_dljhklZlbq_kdh]h�
ihey�hlghkbl_evgh�kdZeyjgh]h�ihl_gpbZeZ�^ey�g_h^ghjh^gh]h�b�h^ghjh^�
gh]h�jZkij_^_e_gby�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�\�jZkq_lghc�h[eZklb��
JZkkfhlj_gZ� wg_j]by� kbkl_fu� aZjy`_gguo� ijh\h^gbdh\�� ^Zgh� ihgylb_� h�
f_lh^_� bah[jZ`_gbc�� M^_e_gh� \gbfZgb_� nmg^Zf_glZevghfm� j_r_gbx�
mjZ\g_gbc�ImZkkhgZ�b�EZieZkZ��:gZebabjm_lky�ihe_�we_dljbq_kdh]h�^bih�
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ey�gZ�hkgh\_�ijZ\be�^bnn_j_gpbjh\Zgby�\�\_dlhjghf�ZgZeba_��>Zgu�deZk�
kbq_kdb_�aZ^Zqb�jZkq_lZ�ihey�[_kdhg_qgh�^ebgghc�aZjy`_gghc�hkb�b�ihey�
^\mo�jZaghbf_ggh�aZjy`_gguo�hk_c��jZkkfhlj_gu�ihey�b�_fdhklb�jZaebq�
guo�\ZjbZglh\�ihey�^\mo�hk_c��:gZebabjm_lky�jZkij_^_e_gb_�ihl_gpbZeh\�
b�aZjy^h\�\�kbkl_f_�aZjy`_gguo�ijh\h^gbdh\� 

<�lj_lv_c�]eZ\_�b^_l�j_qv�h[�we_dljbq_kdhf�ihe_�ihklhyggh]h�lhdZ��
Knhjfmebjh\Zgu�aZdhgu�wlh]h�ihey�\�^bnn_j_gpbZevghc�nhjf_��\�dhlh�
juo� lhqgh� mql_gZ� jhev� klhjhggbo� bklhqgbdh\� \� mjZ\g_gbyo� Dbjo]hnZ��
Jhev�wlbo�bklhqgbdh\�mql_gZ�lZd`_�\�]jZgbqguo�mkeh\byo�we_dljbq_kdh]h�
ihey�ihklhyggh]h�lhdZ��JZkkfhlj_gZ�djZ_\Zy�aZ^ZqZ�ZgZebaZ�wlh]h�ihey��b�
gZ� hkgh\_� kjZ\g_gby� khhl\_lkl\mxsbo� mjZ\g_gbc� ^Zggh]h� b� we_dljhklZ�
lbq_kdh]h�ihe_c�lhqgh�hij_^_e_gu�bo�h[sb_�b�hlebqbl_evgu_�ijbagZdb��
:gZebabjm_lky�we_dljbq_kdh_�ihe_�\�^bwe_dljbd_�\[ebab�ijh\h^gbdZ�k�lh�
dhf�b�\�ihe_�\�g_kh\_jr_gguo�bahebjmxsbo�kj_^Zo��JZkkfhlj_gu�\Zjb�
Zglu� fh^_ebjh\Zgby� jZaebqguo� nbabq_kdbo� ihe_c� gZ� hkgh\_� ZgZeh]bb�
mjZ\g_gbc��hibku\Zxsbo�wlb�ihey��k�mjZ\g_gbyfb�we_dljbq_kdh]h�ihey�\�
ijh\h^ys_c�kj_^_� 

<�q_l\_jlhc�]eZ\_�ijb\_^_gu�hkgh\gu_�aZdhgu�fZ]gblhklZlbq_kdh]h�
ihey� \�bgl_]jZevghc�b�^bnn_j_gpbZevghc�nhjfZo��^Zg� kh\j_f_gguc� \Z�
jbZgl�mjZ\g_gby�fZl_jbZevghc�k\yab�f_`^m�\_dlhjZfb�fZ]gblgh]h�ihey��
JZkkfhlj_gu�]jZgbqgu_�mkeh\by�^ey�\_dlhjh\�wlh]h�ihey��Knhjfmebjh\Z�
gZ� djZ_\Zy� aZ^ZqZ� fZ]gblhklZlbdb� hlghkbl_evgh� \_dlhjgh]h� fZ]gblgh]h�
ihl_gpbZeZ�gZ�hkgh\_�aZdhgZ�ihegh]h�lhdZ�b�mjZ\g_gby�k\yab�f_`^m�\_d�
lhjZfb�fZ]gblgh]h�ihey��K�mq_lhf�mkeh\by�dZeb[jh\db�ihemq_gh�\_dlhj�
gh_�mjZ\g_gb_�RlmjfZ-Emb\bey��ijb]h^gh_�^ey�jZkq_lZ�fZ]gblhklZlbq_�
kdbo� ihe_c� \� h^ghjh^guo� b� dmkhqgh-h^ghjh^guo� kj_^Zo��IhdZaZgh�� qlh�
qZklgufb�kemqZyfb�wlh]h�mjZ\g_gby�y\eyxlky�mjZ\g_gby�ImZkkhgZ�b�EZi�
eZkZ��JZkkfhlj_gZ�[he__�h[sZy�djZ_\Zy� aZ^ZqZ�fZ]gblhklZlbdb�^ey�g_h^�
ghjh^guo� kj_^�� ij_^klZ\e_gh� khhl\_lkl\mxs__� mjZ\g_gb_� fZl_fZlbq_�
kdhc�nbabdb�^ey�\_dlhjgh]h�ihl_gpbZeZ�ihey��dhlhjh_�iha\hey_l�ijbf_�
gylv�^ey�_]h�j_r_gby�kh\j_f_ggu_�dhg_qghjZaghklgu_�b�dhg_qghwe_f_gl�
gu_�f_lh^u��JZkkfhlj_gh�fZ]gblgh_�ihe_�we_f_glZ�lhdZ� 

<�^Zgghc�]eZ\_�hij_^_e_gu�lZd`_�bgl_]jZevgu_�iZjZf_lju�fZ]gblh�
klZlbq_kdh]h� ihey�� fZ]gblguc� ihlhd�� ihlhdhkp_ie_gb_�� kh[kl\_ggZy� b�
\aZbfgZy�bg^mdlb\ghklb��:gZebabjmxlky�qZklgu_� kemqZb�fZ]gblguo�ih�
e_c�ihklhygguo�lhdh\��ihe_�h^bghqgh]h�ijh\h^Z�djm]eh]h�k_q_gby��ihe_�b�
bg^mdlb\ghklv�^\moijh\h^ghc�ebgbb�dhZdkbZevgh]h�dZ[_ey��ihe_�pbebg^�
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jbq_kdhc� dZlmrdb�� >ey� ZgZebaZ� fZ]gblguo� ihe_c� ijbf_g_g� kdZeyjguc�
fZ]gblguc�ihl_gpbZe��knhjfmebjh\ZgZ�khhl\_lkl\mxsZy�djZ_\Zy�aZ^ZqZ�b�
hij_^_e_gu� ]jZgbqgu_� mkeh\by� wlhc� aZ^Zqb��>ey� j_r_gby�ijh[e_fu�g_�
h^ghagZqghklb�kdZeyjgh]h�fZ]gblgh]h�ihl_gpbZeZ�\�jZkq_lgh_�mjZ\g_gb_�
\\_^_gZ� nbdlb\gZy� gZfZ]gbq_gghklv� kj_^u�� DjZldh� jZkkfhlj_g� \hijhk�
fZ]gblgh]h�wdjZgbjh\Zgby��<�ihkh[bb�ihdZaZgZ�\hafh`ghklv�ijbf_g_gby�
\�fZ]gblhklZlbd_�ijhkljZgkl\_gguo�bgl_]jZevguo�mjZ\g_gbc��\�dhlhjuo�
mqblu\Z_lky� kh\f_klgh_� ^_ckl\b_� we_dljbq_kdbo� lhdh\� b� h[t_fgh-
jZkij_^_e_gguo�fZ]gblguo�^bihe_c��IhdZaZgZ�i_jki_dlb\ghklv�ijbf_g_�
gby�wlbo�mjZ\g_gbc�^ey�j_r_gby�aZ^Zq�fZ]gblhklZlbdb��GZ�hkgh\_�l_hj_�
fu�Mfh\Z-Ihcglbg]Z�jZkkfhlj_g�\Z`guc�\hijhk�h�fhsghklb��i_j_^Z\Z_�
fhc�ih�^\moijh\h^ghc�ebgbb�ihklhyggh]h�lhdZ� 

<�iylhc�]eZ\_�ZgZebabjm_lky�i_j_f_ggh_�]Zjfhgbq_kdh_�we_dljhfZ]�
gblgh_� ihe_�� JZkkfhlj_gu� mjZ\g_gby� FZdk\_eeZ� b� l_hj_fZ� Mfh\Z-
Ihcglbg]Z�\�dhfie_dkghc�nhjf_��>ZgZ�l_hj_fZ�_^bgkl\_gghklb��M^_e_gh�
\gbfZgb_�dhfie_dkguf�iZjZf_ljZf�we_dljhnbabq_kdbo�k\hckl\�kj_^u��b�
hgb�bkihevah\Zgu�^ey�ihkljh_gby�kh\j_f_gghc�kbkl_fu�mjZ\g_gbc�fZl_�
fZlbq_kdhc�nbabdb� ^ey� \_dlhjgh]h�fZ]gblgh]h� b� kdZeyjgh]h� we_dljbq_�
kdh]h� ihl_gpbZeh\� ]Zjfhgbq_kdh]h� ihey��WlZ� kbkl_fZ� mjZ\g_gbc� ijbf_�
g_gZ� ^ey� qZklgh]h� kemqZy� ZgZebaZ�ihey� \� h^ghjh^ghc� kj_^_��Ijb� dZeb[�
jh\d_�Ehj_gpZ�ba�wlhc�kbkl_fu�mjZ\g_gbc�ihemq_gu�\_dlhjgh_�b�kdZeyj�
gh_�mjZ\g_gby�>ZeZf[_jZ��Z�lZd`_�\hegh\u_�mjZ\g_gby��JZkkfhlj_g�baem�
qZl_ev� =_jpZ� b� ijb\_^_gu� ZgZeblbq_kdb_� \ujZ`_gby� ^ey� \_dlhjgh]h� b�
kdZeyjgh]h� dhfie_dkguo� ihl_gpbZeh\� wlh]h� baemqZl_ey�� DjZldh� hibkZg�
we_f_glZjguc�fZ]gblguc�baemqZl_ev� 

<�ihkh[bb�ZgZebabjmxlky�qZklgu_�ijbeh`_gby�l_hj_fu�]Zjfhgbq_�
kdh]h�we_dljhfZ]gblgh]h�ihey��>Zgh�ihgylb_�h�ih\_joghklghf�wnn_dl_�b�
wnn_dl_�[ebahklb��JZkkfhlj_gu� aZdhghf_jghklb�ijhgbdgh\_gby�iehkdhc�
\hegu� \� h^ghjh^guc� ijh\h^gbd�� b� gZ� hkgh\_� ihemq_gguo� j_r_gbc� ^Zg�
ZgZeba�ih\_joghklgh]h�wnn_dlZ�\�ijh\h^ys_c�ieZklbg_��Ijb\_^_gu�ZgZ�
eblbq_kdb_�khhlghr_gby��hibku\Zxsb_�ih\_joghklguc�wnn_dl�\�djm]ehf�
ijh\h^_��GZa\Zggu_�ih\_joghklgu_�wnn_dlu�g_ij_f_ggh�mqblu\Zxl�ijb�
ijh_dlbjh\Zgbb� b� wdkiemZlZpbb� jZaghh[jZaguo� we_dljhl_ogbq_kdbo��
we_dljhwg_j]_lbq_kdbo� b� jZ^bhwe_dljhgguo� mkljhckl\� b� kbkl_f�� jZ[h�
lZxsbo�gZ�i_j_f_gghf�lhd_� 

 

_______________________________ 
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