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‚ ± Î¥¸É¢¥ ³¥Éμ¤  ¨¸¸²¥¤μ¢ ´¨Ö ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ£μ ³´μ£μ¸²μ°´μ£μ ¢μ²´μ¢μ¤ , Ê¤μ¢²¥-
É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Õ ¶² ¢´μ£μ ¨§³¥´¥´¨Ö ¶·μË¨²Ö ¨¸¸²¥¤Ê¥³μ° É·¥Ì³¥·´μ° ¸É·Ê±ÉÊ·Ò, ¨¸¶μ²Ó§μ-
¢ ´  ¸¨³¶ÉμÉ¨Î¥¸±¨° ³¥Éμ¤. �´ ²¨É¨Î¥¸±¨ μ¶¨¸ ´Ò É·¥Ì³¥·´Ò¥ ¶μ²Ö ¶² ¢´μ ¤¥Ëμ·³¨·ÊÕÐ¨Ì¸Ö
³μ¤ Î¥ÉÒ·¥Ì¸²μ°´μ£μ ¢μ²´μ¢μ¤ . �μ²ÊÎ¥´  Ö¢´ Ö § ¢¨¸¨³μ¸ÉÓ ¢±² ¤μ¢ ¶¥·¢μ£μ ¶μ·Ö¤±  ³ ²μ¸É¨
¢  ³¶²¨ÉÊ¤Ò Ô²¥±É·¨Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ ¶μ²¥° ±¢ §¨¢μ²´μ¢μ¤´ÒÌ ³μ¤. �·¥¤¸É ¢²¥´ ± ´μ´¨Î¥-
¸±¨° ¤²Ö  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ³¥Éμ¤  ¢¨¤ ±¢ §¨¢μ²´μ¢ÒÌ Ê· ¢´¥´¨°, μ¶¨¸Ò¢ ÕÐ¨Ì · ¸¶·μ¸É· ´¥´¨¥
±¢ §¨-’… ¨ ±¢ §¨-’Œ ³μ¤ ¢ ¶² ¢´μ-´¥·¥£Ê²Ö·´μ° Î ¸É¨ É·¥Ì³¥·´μ£μ Î¥ÉÒ·¥Ì¸²μ°´μ£μ ¨´É¥£· ²Ó´μ-
μ¶É¨Î¥¸±μ£μ ¢μ²´μ¢μ¤ . ‘ ¶μ³μÐÓÕ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¨ ³¥Éμ¤  ¸¢Ö§ ´´ÒÌ ¢μ²´ ¢ Ö¢´μ³ ¢¨¤¥
¶μ²ÊÎ¥´Ò ¸¤¢¨£¨ ±μ³¶²¥±¸´ÒÌ ¶μ¸ÉμÖ´´ÒÌ · ¸¶·μ¸É· ´¥´¨Ö ¤²Ö ±¢ §¨-’… ¨ ±¢ §¨-’Œ ³μ¤. � §· -
¡μÉ ´´ Ö É¥μ·¨Ö ¶·¨³¥´¨³  ¤²Ö  ´ ²¨§   ´ ²μ£¨Î´ÒÌ ¸É·Ê±ÉÊ· ¨§ ¤¨Ô²¥±É·¨Î¥¸±¨Ì, ³ £´¨É´ÒÌ ¨
³¥É ³ É¥·¨ ²μ¢ ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¤²¨´ ¢μ²´.

As a method of research of an integrated optical multilayer waveguide, satisfying the condition of
smooth modiˇcation of the shape of the studied three-dimensional structure, an asymptotic method is
used. Three-dimensional ˇelds of smoothly deforming modes of the integrated optical waveguide are
described analytically. An evident dependence of the contributions of the ˇrst order of smallness in the
amplitudes of the electrical and magnetic ˇelds of the quasi-waveguide modes is obtained. The canonical
type of the equations describing propagation of quasi-TE and quasi-TM modes in the smoothly irregular
part of a four-layer integrated optical waveguide is represented for an asymptotic method. With the
help of the method of coupled waves and perturbation theory method, the shifts of complex propagation
constants for quasi-TE and quasi-TM modes are obtained in an explicit form. The elaborated theory is
applicable for the analysis of similar structures of dielectric, magnetic materials.

PACS: 42.65.Wi

‚‚…„…�ˆ…

�·¨ · ¸¶·μ¸É· ´¥´¨¨ ¸μ¡¸É¢¥´´ÒÌ ³μ¤ ¢ ¶² ¢´μ-´¥·¥£Ê²Ö·´ÒÌ ¢μ²´μ¢μ¤ Ì ¢μ§³μ¦¥´
μ¡³¥´ Ô´¥·£¨¥° ± ± ³¥¦¤Ê · §²¨Î´Ò³¨ ´ ¶· ¢²Ö¥³Ò³¨ ³μ¤ ³¨, É ± ¨ ³¥¦¤Ê ´ ¶· -
¢²Ö¥³Ò³¨ ¨ · §²¨Î´Ò³¨ ¨§²ÊÎ É¥²Ó´Ò³¨ ³μ¤ ³¨. ’μ´±μ¶²¥´μÎ´ Ö ¢μ²´μ¢μ¤´ Ö ²¨´§ 
‹Õ´¥¡¥·£  Ö¢²Ö¥É¸Ö ¶·¨³¥·μ³ ¶² ¢´μ-´¥·¥£Ê²Ö·´μ° ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò.
‡ ¤ ÎÊ ¸¨´É¥§  Éμ´±μ¶²¥´μÎ´μ° ¢μ²´μ¢μ¤´μ° ²¨´§Ò ‹Õ´¥¡¥·£  ‘ ÊÉ¢¥²² [1] ·¥Ï¨² ¸
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—¨¸²¥´´ Ö ·¥ ²¨§ Í¨Ö ³μ¤¥²¨ ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ° ²¨´§Ò ‹Õ´¥¡¥·£  805

�¨¸. 1. �μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ¨¸¸²¥¤Ê¥³μ° ¨´É¥£· ²Ó´μ° ¸É·Ê±ÉÊ·Ò, μ¡· §μ¢ ´´μ° ¸²μÖ³¨ 1Ä4. ˆ´-

É¥£· ²Ó´Ò° ¢μ²´μ¢μ¤ μ¡· §μ¢ ´ ¸·¥¤ ³¨ 1, 2, 3. 1 Å μ¡· ³²ÖÕÐ Ö ¸·¥¤  ¨²¨ ¶μ±·μ¢´Ò° ¸²μ°
(¢μ§¤ÊÌ) ¸ ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö nc; 2 Å ¢μ²´μ¢μ¤´Ò° ¸²μ° (·¥£Ê²Ö·´ Ö Î ¸ÉÓ ¨´É¥£· ²Ó´μ°

¸É·Ê±ÉÊ·Ò) ¸ ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö nf ; 3 Å ¶μ¤²μ¦±  ¸ ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö ns; 4 Å Éμ´-
±μ¶²¥´μÎ´ Ö ¢μ²´μ¢μ¤´ Ö ²¨´§  ‹Õ´¥¡¥·£  (´¥·¥£Ê²Ö·´ Ö Î ¸ÉÓ ¨´É¥£· ²Ó´μ° ¸É·Ê±ÉÊ·Ò) ¸ ¶μ± § -

É¥²¥³ ¶·¥²μ³²¥´¨Ö nl; R Å · ¤¨Ê¸- ¶¥·ÉÊ·  ²¨´§Ò; d Å Éμ²Ð¨´  ·¥£Ê²Ö·´μ° Î ¸É¨ ¢μ²´μ¢μ¤´μ°

¨´É¥£· ²Ó´μ° ¸É·Ê±ÉÊ·Ò; x = h(y, z) Å £· ´¨Í  · §¤¥²  ¢μ²´μ¢μ¤´μ£μ ¸²μÖ 4 ¨ ¢μ§¤ÊÌ  1

¨¸¶μ²Ó§μ¢ ´¨¥³ £μ·¨§μ´É ²Ó´ÒÌ £· ´¨Î´ÒÌ Ê¸²μ¢¨° ¢ ÉμÎ± Ì ´ ±²μ´  £· ´¨Í (·¨¸. 1).
�· ¢¨²Ó´Ò¥ É ´£¥´Í¨ ²Ó´Ò¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ÊÎ¨ÉÒ¢ ÕÉ ²μ± ²Ó´Ò¥ ´ ±²μ´Ò £· ´¨ÍÒ
¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¨§³¥´¥´¨¥ ÔËË¥±É¨¢´ÒÌ μ¶É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±. �É¨ Ê¸²μ¢¨Ö μÉ-
²¨Î ÕÉ¸Ö μÉ £μ·¨§μ´É ²Ó´ÒÌ Ê¸²μ¢¨° ·¥£Ê²Ö·´μ° Î ¸É¨ ´  ³ ²ÊÕ ¢¥²¨Î¨´Ê δ, ¢Ìμ¤ÖÐÊÕ ¢
Ê¸²μ¢¨Ö ¶·¨³¥´¨³μ¸É¨ ³¥Éμ¤   ¤¨ ¡ É¨Î¥¸±¨Ì ³μ¤ [2Ä4] δ = max |∇y, zβ|(k0β

2)−1, ±μÉμ-
· Ö ¤²Ö Éμ´±μ¶²¥´μÎ´μ° ¢μ²´μ¢μ¤´μ° ²¨´§Ò ‹Õ´¥¡¥·£  Ê¤μ¢²¥É¢μ·Ö¥É μÍ¥´±¥ δ � 10−5.
‚ ± Î¥¸É¢¥ ³¥Éμ¤  ·¥Ï¥´¨Ö ¸Ëμ·³Ê²¨·μ¢ ´´μ° Ô²¥±É·μ¤¨´ ³¨Î¥¸±μ° § ¤ Î¨, Ê¤μ¢²¥-
É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Õ ¶² ¢´μ£μ ¨§³¥´¥´¨Ö ¶·μË¨²Ö ¨¸¸²¥¤Ê¥³μ° ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ°
¸É·Ê±ÉÊ·Ò, ¢ · ¡μÉ Ì [2, 3] ¨¸¶μ²Ó§μ¢ ´  ¸¨³¶ÉμÉ¨Î¥¸±¨° ³¥Éμ¤.

‚ · ¡μÉ¥ [4] ¶μ²ÊÎ¥´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶μ¶¥·¥Î´ÒÌ ±μ³¶μ´¥´É
¶μ²Ö Ex, Ey, Hx, Hy Î¥·¥§ Ez , Hz ¨ Ê· ¢´¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ¤²Ö ¶·μ¤μ²Ó´ÒÌ ±μ³-
¶μ´¥´É ¶μ²Ö Ez, Hz. ’ ³ ¦¥ ³¥Éμ¤μ³ · §²μ¦¥´¨Ö ¶μ ³ ²μ³Ê ¶ · ³¥É·Ê δ ¶μ²ÊÎ¥´Ò
Ê· ¢´¥´¨Ö ¤²Ö ¶·μ¤μ²Ó´ÒÌ ±μ³¶μ´¥´É ¶μ²Ö Ez, Hz ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³μ¤ ¢ ´Ê²¥¢μ³ ¶μ-
·Ö¤±¥ ¶μ δ. ˆ§ ´¨Ì ¶μ²ÊÎ¥´Ò μ¡Ð¨¥ ·¥Ï¥´¨Ö ¤²Ö Ez , Hz,   É ±¦¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ey, Hx

¨ Ex, Hy ¢ ´Ê²¥¢μ³ ¶μ δ ¶μ·Ö¤±¥.

„¨¸¶¥·¸¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥ ¢ ´Ê²¥¢μ³ ¶μ δ ¶·¨¡²¨¦¥´¨¨ Ö¢²Ö¥É¸Ö ´¥²¨´¥°´Ò³
¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨¥³ ¶¥·¢μ£μ ¶μ·Ö¤±  ¢ Î ¸É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ´μ¸¨É¥²Ó´μ
h(y, z) ¨  ²£¥¡· ¨Î¥¸±¨³ Ê· ¢´¥´¨¥³ μÉ´μ¸¨É¥²Ó´μ · ¸¶·¥¤¥²¥´¨Ö ±μÔËË¨Í¨¥´É  § -
³¥¤²¥´¨Ö β(0)(y, z), ¤²Ö ·¥Ï¥´¨Ö ±μÉμ·μ£μ ¢ Î¨¸²¥´´μ³ ¢¨¤¥ ´Ê¦´μ ¶·¨¢²¥± ÉÓ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨¥  ²£μ·¨É³Ò. ‚ ¸²ÊÎ ¥ ·¥£Ê²Ö·´ÒÌ ¢μ²´μ¢μ¤μ¢ ¢Ò¶μ²´ÖÕÉ¸Ö · ¢¥´¸É¢ 
∂h/∂y ≡ 0, ∂h/∂z ≡ 0, ¸ ÊÎ¥Éμ³ Î¥£μ ¤¨¸¶¥·¸¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥ ¸É ´μ¢¨É¸Ö  ²£¥-
¡· ¨Î¥¸±¨³ Ê· ¢´¥´¨¥³ μÉ´μ¸¨É¥²Ó´μ h, β,   ¢¸Ö ³μ¤¥²Ó  ¤¨ ¡ É¨Î¥¸±¨Ì ³μ¤ ¶μ²´μ¸ÉÓÕ
¸μ¢¶ ¤ ¥É ¸ ³μ¤¥²ÓÕ ·¥£Ê²Ö·´μ£μ ¢μ²´μ¢μ¤  ¢ ¶·μ¤μ²Ó´ÒÌ ±μ³¶μ´¥´É Ì.

	 ¶μ³´¨³ [5Ä7], ÎÉμ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° Œ ±¸¢¥²² , · ¸¶·μ¸É· ´ÖÕÐ¨¥¸Ö ¢¤μ²Ó ·¥-
£Ê²Ö·´μ£μ ¤¨Ô²¥±É·¨Î¥¸±μ£μ ¢μ²´μ¢μ¤ , ¨Ð¥³ ¢ ¢¨¤¥

E(x, y, z, t) = E(x) exp {i(ω t − k0β z)}, H(x, y, z, t) = H(x) exp {i(ω t − k0β z)}.
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�·¥¤¸É ¢¨³, ¸²¥¤ÊÖ [7], É·¥Ì³¥·´Ò¥ ¢¥±Éμ·´Ò¥ ¶μ²Ö Ô²¥±É·¨Î¥¸±μ° ¨ ³ £´¨É´μ° ´ -
¶·Ö¦¥´´μ¸É¨ ¢ ¢¨¤¥ ¸Ê³³Ò ¶·μ¤μ²Ó´μ° ¨ ¶μ¶¥·¥Î´μ° ±μ³¶μ´¥´É. …¸²¨ · ¸¶¨¸ ÉÓ ÔÉμ
· §²μ¦¥´¨¥ ¢ ±μμ·¤¨´ É´μ³ ¢¨¤¥, Éμ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¶·¨³ÊÉ ¢¨¤:
¤²Ö TM-³μ¤

d2Ez

dx2
+ k2

0(εμ − β2)Ez = 0, Hz = 0, Ex = −
(

iβk0

χ2

)
dEz

dx
,

Ey = 0, Hy = −
(

ik0ε

χ2

)
dEz

dx
, Hx = 0

¨ ¤²Ö TE-³μ¤

d2Hz

dx2
+ k2

0(εμ − β2)Hz = 0, Ez = 0, Hx = −
(

iβk0

χ2

)
dHz

dx
,

Hy = 0, Ey = −
(

ik0μ

χ2

)
dHz

dx
, Ex = 0.

‚¢¥¤¥³ ¶μ²¥§´Ò¥ μ¡μ§´ Î¥´¨Ö γc = k0

√
β2 − n2

c , γs = k0

√
β2 − n2

s. �μ²Ö · ¸¸³ É·¨-
¢ ÕÉ¸Ö ¤²Ö §´ Î¥´¨° β ¢ ¸²¥¤ÊÕÐ¥° μ¡² ¸É¨ nc < ns < β < nl, ¶·¨ ÔÉμ³ ¥¸²¨ β � nf , Éμ

χf = k0

√
n2

f − β2,   ¥¸²¨ β � nf , Éμ γf = k0

√
β2 − n2

f , ±·μ³¥ Éμ£μ χl = k0

√
n2

l − β2.

�μ²¥ Ez ¢ ± ¦¤μ³ ¨´É¥·¢ ²¥ ¶μ¸ÉμÖ´´μ£μ §´ Î¥´¨Ö ε ¨³¥¥É ¢¨¤: Es = As exp (γsx),
Ef = A+

f exp (iχfx)+ A−
f exp (−iχfx) ¶·¨ β � nf , Ef = A+

f exp (γfx)+ A−
f exp (−γfx)

¶·¨ β � nf , El = A+
l exp (iχlx) + A−

l exp (−iχlx), Ec = Ac exp (−γcx). �μ²¥ Hz

¢ ± ¦¤μ³ ¨´É¥·¢ ²¥ ¶μ¸ÉμÖ´´μ£μ §´ Î¥´¨Ö ε ¨³¥¥É ¢¨¤: Hs = Bs exp (γsx), Hf =
B+

f exp (iχfx) + B−
f exp (−iχfx) ¶·¨ β � nf , Hf = B+

f exp (γfx) + B−
f exp (−γfx) ¶·¨

β � nf , Hl = B+
l exp (iχlx) + B−

l exp (−iχlx), Hc = Bc exp (−γcx). ’μ£¤  ¤²Ö ¶μ¶¥·¥Î-

´ÒÌ ±μ³¶μ´¥´É ¶μ²Ö ¸μ£² ¸´μ ¢Ò· ¦¥´¨Ö³ Hy = −
(

ik0ε

χ2

)
dEz

dx
¨ Ey = −

(
ik0μ

χ2

)
dHz

dx
¶μ²ÊÎ¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö.
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‚μ ¢¢¥¤¥´¨¨ ³Ò ¶μ²ÊÎ¨²¨ ·¥Ï¥´¨Ö �„“ ¸ ¶μ¸ÉμÖ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, μ¶¨¸Ò¢ Õ-
Ð¨¥ ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ’Œ- ¨ ’…-³μ¤ ¢ ·¥£Ê²Ö·´ÒÌ ³´μ£μ¸²μ°´ÒÌ
¢μ²´μ¢μ¤ Ì. �É¨ ´ ¶·Ö¦¥´´μ¸É¨ § ¶¨¸ ´Ò ¢ ¢¨¤¥ μ¡Ð¨Ì ·¥Ï¥´¨° �„“ ¸ ´¥μ¶·¥¤¥²¥´-
´Ò³¨  ³¶²¨ÉÊ¤´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ Aj ¨ Bj . �¥Ï¥´¨¥ Ô²¥±É·μ¤¨´ ³¨Î¥¸±μ° § ¤ Î¨
μ¶¨¸ ´¨Ö · ¸¶·μ¸É· ´¥´¨Ö ¶μ²Ö·¨§μ¢ ´´μ£μ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ¸¢¥É  ¢μ ¢¸¥³ ³´μ£μ-
¸²μ°´μ³ ¤¨Ô²¥±É·¨Î¥¸±μ³ ¢μ²´μ¢μ¤¥, ¸μ¸ÉμÖÐ¥³ ¨§ ´¥¸±μ²Ó±¨Ì ¸²μ¥¢, Ö¢²Ö¥É¸Ö Î ¸É´Ò³
·¥Ï¥´¨¥³ �„“ ¢ ± ¦¤μ³ ¨§ ¸²μ¥¢ ¨ Ê¤μ¢²¥É¢μ·Ö¥É É ´£¥´Í¨ ²Ó´Ò³ £· ´¨Î´Ò³ Ê¸²μ¢¨Ö³
´  £· ´¨Í Ì · §¤¥²  ·¥£Ê²Ö·´ÒÌ £μ·¨§μ´É ²Ó´ÒÌ ¸²μ¥¢, É. ¥. ¤²Ö ±μ³¶μ´¥´É Ez ¨ Hy

¤²Ö ’Œ-³μ¤ ¨ ¤²Ö ±μ³¶μ´¥´É Hz ¨ Ey ¤²Ö ’…-³μ¤. �Ê¸ÉÓ £· ´¨Í ³¨ · §¤¥²  Ö¢²ÖÕÉ¸Ö
£μ·¨§μ´É ²Ó´Ò¥ ¶²μ¸±μ¸É¨, ¶¥·¥¸¥± ÕÐ¨¥ μ¸Ó Ox ¢ ÉμÎ±¥ x = a1 ¤²Ö £· ´¨ÍÒ ³¥¦¤Ê ¶μ¤-
²μ¦±μ° ¨ ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¨ ¢ ÉμÎ±¥ x = a2 ¤²Ö £· ´¨ÍÒ ³¥¦¤Ê ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³
¨ ¶μ±·μ¢´Ò³ ¸²μ¥³ ¢ ¸²ÊÎ ¥ É·¥Ì¸²μ°´μ£μ ¢μ²´μ¢μ¤ . ‚ ¸²ÊÎ ¥ Î¥ÉÒ·¥Ì¸²μ°´μ£μ ¢μ²´μ-
¢μ¤  ¢ ÉμÎ±¥ x = a2 ¶·μÌμ¤¨É £· ´¨Í  ³¥¦¤Ê ¶¥·¢Ò³ ¨ ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³¨ ¸²μÖ³¨,
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  £· ´¨Í  ³¥¦¤Ê ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¨ ¶μ±·Ò¢´Ò³ ¸²μ¥³ ¶·μÌμ¤¨É Î¥·¥§ ÉμÎ±Ê
x = a3. �μ²´μ¥ ·¥Ï¥´¨¥ ¶μ²ÊÎ ¥É¸Ö ¶·¨ · §·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê¸²μ¢¨° ¸μ¢³¥¸É´μ¸É¨
μ¡Ð¨Ì ·¥Ï¥´¨° ¢ ¸²μÖÌ, É. ¥. ¸¨¸É¥³Ò É ´£¥´Í¨ ²Ó´ÒÌ £· ´¨Î´ÒÌ Ê¸²μ¢¨° ´  £· ´¨Í Ì
· §¤¥²  ¸²μ¥¢.

1.1. ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö. „²Ö ’…-³μ¤Ò É ´£¥´Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ Ez ≡ 0 ¨ Hy ≡
0, ¤²Ö ´¥É·¨¢¨ ²Ó´ÒÌ ±μ³¶μ´¥´É Hz ¨ Ey ´  £· ´¨Í¥ x = a1 ³¥¦¤Ê ¶μ¤²μ¦±μ° ¨
¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¢Ò¶μ²´ÖÕÉ¸Ö £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö

Hzs(a1) = Hzf (a1) ⇔ Bs exp (γsa1) = B+
f exp (iχfa1) + B−

f exp (−iχfa1),

Eys(a1) = Eyf (a1) ⇔
ik0

γs
Bs exp (γsa1) =

k0

χf
(B+

f exp (iχfa1) − B−
f exp (−iχfa1)).

	  £· ´¨Í¥ x = a2 ³¥¦¤Ê ¶¥·¢Ò³ ¨ ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³¨ ¸²μÖ³¨ ¢Ò¶μ²´ÖÕÉ¸Ö £· ´¨Î-
´Ò¥ Ê¸²μ¢¨Ö

Hzf (a2) = Hzl(a2) ⇔
⇔ B+

f exp (iχfa2) + B−
f exp (−iχfa2) = B+

l exp (iχla2) + B−
l exp (−iχla2),

Eyf (a2) = Eyl(a2) ⇔

⇔ k0

χf
(B+

f exp (iχfa2) − B−
f exp (−iχfa2)) =

k0

χl
(B+

l exp (iχla2) − B−
l exp (−iχla1)).

	  £· ´¨Í¥ x = a3 ³¥¦¤Ê ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¨ ¶μ±·μ¢´Ò³ ¸²μ¥³ ¢Ò¶μ²´ÖÕÉ¸Ö
¸²¥¤ÊÕÐ¨¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö:

Hzl(a3) = Hzc(a3) ⇔ B+
l exp (iχla3) + B−

l exp (−iχla3) = Bc exp (−γca3),

Eyl(a3) = Eyc(a3) ⇔
k0

χl
(B+

l exp (iχla3) − B−
l exp (−iχla3)) = − ik0

γc
Bc exp (−γca3).

„²Ö ’Œ-³μ¤Ò É ´£¥´Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ Hz ≡ 0 ¨ Ey ≡ 0, ¤²Ö ´¥É·¨¢¨ ²Ó´ÒÌ ±μ³¶μ-
´¥´É Ez ¨ Hy ´  £· ´¨Í¥ x = a1 ³¥¦¤Ê ¶μ¤²μ¦±μ° ¨ ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¢Ò¶μ²´ÖÕÉ¸Ö
£· ´¨Î´Ò¥ Ê¸²μ¢¨Ö

Ezs(a1) = Ezf (a1) ⇔ As exp (γsa1) = A+
f exp (iχfa1) + A−

f exp (−iχfa1),

Hys(a1) = Hyf (a1) ⇔
ik0εs

γs
As exp (γsa1) =

k0εf

χf
(A+

f exp (iχfa1) − A−
f exp (−iχfa1)).

	  £· ´¨Í¥ x = a2 ³¥¦¤Ê ¶¥·¢Ò³ ¨ ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³¨ ¸²μÖ³¨ ¢Ò¶μ²´ÖÕÉ¸Ö £· ´¨Î-
´Ò¥ Ê¸²μ¢¨Ö

Ezf (a2) = Ezl(a2) ⇔
⇔ A+

f exp (iχfa2) + A−
f exp (−iχfa2) = A+

l exp (iχla2) + A−
l exp (−iχla2),

Hyf(a2) = Hyl(a2) ⇔

⇔ k0εf

χf
(A+

f exp (iχfa2) − A−
f exp (−iχfa2)) =

k0εl

χl
(A+

l exp (iχla2) − A−
l exp (−iχla1)).
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	  £· ´¨Í¥ x = a3 ³¥¦¤Ê ¢Éμ·Ò³ ¢μ²´μ¢μ¤´Ò³ ¸²μ¥³ ¨ ¶μ±·μ¢´Ò³ ¸²μ¥³ ¢Ò¶μ²´ÖÕÉ¸Ö
¸²¥¤ÊÕÐ¨¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö:

Ezl(a3) = Ezc(a3) ⇔ A+
l exp (iχla3) + A−

l exp (−iχla3) = Ac exp (−γca3),

Hyl(a3) = Hyc(a3) ⇔
k0εl

χl
(A+

l exp (iχla3) − A−
l exp (−iχla3)) = − ik0εc

γc
Ac exp (−γca3).

1.2. �¥Ï¥´¨¥ μ¤´μ·μ¤´ÒÌ ¸¨¸É¥³ ²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö ’…- ¨
’Œ-³μ¤. ‚ Î¥ÉÒ·¥Ì¸²μ°´μ³ ¢μ²´μ¢μ¤¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ’…-³μ¤Ò μ¡· §ÊÕÉ μ¤´μ-
·μ¤´ÊÕ ¸¨¸É¥³Ê Ï¥¸É¨ ²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö Ï¥¸É¨ ´¥μ¶·¥¤¥²¥´´ÒÌ
 ³¶²¨ÉÊ¤´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ Bs, B

±
f , B±

l , Bc:

M̂6
TE(β)B = 0. (1)

�·¨ ÔÉμ³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ § ¢¨¸ÖÉ μÉ ±μÔËË¨Í¨¥´É  Ë §μ¢μ£μ § ³¥¤²¥´¨Ö β. ‘¨-
¸É¥³  (1) · §·¥Ï¨³  ¶·¨ Ê¸²μ¢¨¨

det (M̂6
TE(β)) = 0. (2)

ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ’Œ-³μ¤Ò μ¡· §ÊÕÉ μ¤´μ·μ¤´ÊÕ ¸¨¸É¥³Ê Ï¥¸É¨ ²¨´¥°´ÒÌ
 ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö Ï¥¸É¨ ´¥μ¶·¥¤¥²¥´´ÒÌ  ³¶²¨ÉÊ¤´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ As,
A±

f , A±
l , Ac:

M̂6
TM(β)A = 0. (3)

�·¨ ÔÉμ³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ § ¢¨¸ÖÉ μÉ ±μÔËË¨Í¨¥´É  Ë §μ¢μ£μ § ³¥¤²¥´¨Ö β. ‘¨-
¸É¥³  (3) · §·¥Ï¨³  ¶·¨ Ê¸²μ¢¨¨

det (M̂6
TM(β)) = 0. (4)

’· ´¸Í¥´¤¥´É´μ¥  ²£¥¡· ¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ (2) ¤μ¶Ê¸± ¥É ¤¨¸±·¥É´μ¥ ³´μ¦¥¸É¢μ ±μ·-
´¥° β̃E

1 , β̃E
2 , . . . , β̃E

j , . . . ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ Éμ²Ð¨´ ¶¥·¢μ£μ ¢μ²´μ¢μ¤´μ£μ
¸²μÖ d = a2 − a1 ¨ ¢Éμ·μ£μ ¢μ²´μ¢μ¤´μ£μ ¸²μÖ h = a3 − a2. ’· ´¸Í¥´¤¥´É´μ¥  ²£¥¡· -
¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ (4) ¤μ¶Ê¸± ¥É ¤¨¸±·¥É´μ¥ ³´μ¦¥¸É¢μ ±μ·´¥° β̃H

1 , β̃H
2 , . . . , β̃H

j , . . . ¶·¨
Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ Éμ²Ð¨´ ¶¥·¢μ£μ ¢μ²´μ¢μ¤´μ£μ ¸²μÖ d = a2 − a1 ¨ ¢Éμ·μ£μ
¢μ²´μ¢μ¤´μ£μ ¸²μÖ h = a3 − a2. �·¨ ¶² ¢´μ³ ¨§³¥´¥´¨¨ Éμ²Ð¨´ μ¸´μ¢´μ£μ d = a2 − a1

¨ ¤μ¶μ²´¨É¥²Ó´μ£μ h = a3 − a2 ¢μ²´μ¢μ¤´ÒÌ ¸²μ¥¢ ¶² ¢´μ ¨§³¥´ÖÕÉ¸Ö ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ ·¥Ï¥´¨Ö β̃E

j (d, h) ¨ β̃H
j (d, h). �É¨ ¶² ¢´Ò¥ § ¢¨¸¨³μ¸É¨ Ö¢²ÖÕÉ¸Ö ¤¨¸¶¥·¸¨μ´´Ò³¨

¸μμÉ´μÏ¥´¨Ö³¨, Ê ±μÉμ·ÒÌ ¸ÊÐ¥¸É¢ÊÕÉ Éμ²Ð¨´Ò μÉ¸¥Î¥± d̃E
cr ¨ d̃H

cr .
�μ¸²¥ ¢ÒÎ¨¸²¥´¨Ö β(0) (y, z) ¢Ò· ¦¥´¨Ö ¤²Ö ¶ · ³¥É·μ¢ ¶μ²¥° ¢ · §´ÒÌ μ¡² ¸ÉÖÌ

¶μ¸ÉμÖ´¸É¢  ¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨ ¶μ²ÊÎ ÕÉ ±μ´±·¥É´Ò¥ Î¨¸²¥´´Ò¥ §´ Î¥-
´¨Ö. �¤´ ±μ ´¥μ¶·¥¤¥²¥´´Ò¥  ³¶²¨ÉÊ¤´Ò¥ ³´μ¦¨É¥²¨ ¶μ±  ´¥ ¶μ²ÊÎ¨²¨ ¸¢μ¨Ì Î¨¸²¥´-
´ÒÌ §´ Î¥´¨°. “± § ´´Ò¥  ³¶²¨ÉÊ¤Ò Ê¤μ¢²¥É¢μ·ÖÕÉ μ¤´μ·μ¤´μ° ¸¨¸É¥³¥ ²¨´¥°´ÒÌ  ²£¥-
¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°. „²Ö ·¥Ï¥´¨Ö μ¤´μ·μ¤´μ° ‘‹�“ ¢μ¸¶μ²Ó§Ê¥³¸Ö ³¥Éμ¤μ³ ÉμÎ´μ°
ÏÉ· Ë´μ° ËÊ´±Í¨¨ [8] ¨ ³¥Éμ¤μ³ É¨Ìμ´μ¢¸±μ° ·¥£Ê²Ö·¨§ Í¨¨ [9].

„²Ö ·¥Ï¥´¨Ö μ¤´μ·μ¤´μ° ‘‹�“ ¨¸¶μ²Ó§μ¢ ´ ³¥Éμ¤ ·¥£Ê²Ö·¨§¨·ÊÕÐ¥£μ ËÊ´±Í¨μ´ ² 
�.	. ’¨Ìμ´μ¢ 

|M̂6
TM(β)A|2 + |A − A0|2 → min, |M̂6

TE(β)B|2 + |B − B0|2 → min .
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„²Ö ´¥¨§¢¥¸É´μ° ³μÐ´μ¸É¨ ¢Ìμ¤ÖÐ¥£μ ¨§²ÊÎ¥´¨Ö ¶·¨³¥´¥´ ³¥Éμ¤ ÉμÎ´μ° ÏÉ· Ë´μ°
ËÊ´±Í¨¨

|M̂6
TM(β)A|2 + (|A| − 1)2 → min, |M̂6

TE(β)B|2 + (|B| − 1)2 → min .

Œ¥Éμ¤ É¨Ìμ´μ¢¸±μ° ·¥£Ê²Ö·¨§ Í¨¨ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ Ê¸Éμ°Î¨¢Ò¥ ·¥Ï¥´¨Ö. ‚ ¸¢μÕ μÎ¥-
·¥¤Ó, ³¥Éμ¤ ÉμÎ´μ° ÏÉ· Ë´μ° ËÊ´±Í¨¨ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ·¥Ï¥´¨¥, ´μ·³¨·μ¢ ´´μ¥ ´ 
³μÐ´μ¸ÉÓ ¢Ìμ¤ÖÐ¥£μ ¢ ¢μ²´μ¢μ¤ ¨§²ÊÎ¥´¨Ö. „²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ Ê¸Éμ°Î¨¢μ¥ ´μ·³¨-
·μ¢ ´´μ¥ ·¥Ï¥´¨¥, ´  μ¸´μ¢¥ Ê± § ´´ÒÌ ³¥Éμ¤μ¢ ¡Ò² ¸μ¸É ¢²¥´ ¸²¥¤ÊÕÐ¨° ËÊ´±Í¨μ´ ²

|M̂6
TM(β)A|2 + |A− A0|2 + (|A| − 1)2 → min,

|M̂6
TE(β)B|2 + |B− B0|2 + (|B| − 1)2 → min .

‚ ·¥§Ê²ÓÉ É¥ ±μ³¶ÓÕÉ¥·´μ° ·¥ ²¨§ Í¨¨ ¤ ´´μ£μ ³¥Éμ¤  ¶·¨¡²¨¦¥´´μ ¢ÒÎ¨¸²ÖÕÉ¸Ö ±μ´-
±·¥É´Ò¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´ {Aj} ¨ {Bj}. ’ ±¨³ μ¡· §μ³, ¢¸¥ ±μ³¶μ´¥´ÉÒ
¢¥·É¨± ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ±¢ §¨¢μ²´μ¢μ¤´ÒÌ ³μ¤ E (x; y, z) ¨ H (x; y, z) ¢ÒÎ¨¸²¥´Ò
¢ ´Ê²¥¢μ³ ¶μ δ ¶·¨¡²¨¦¥´¨¨ ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ £μ·¨§μ´É ²Ó´ÒÌ ±μμ·¤¨´ É (y, z) ¸
§ ¤ ´´Ò³ · ¸¶·¥¤¥²¥´¨¥³ (¶·μË¨²¥³) Éμ²Ð¨´Ò h(y, z) ¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ¢¥·É¨± ²Ó´μ°
±μμ·¤¨´ ÉÒ x.

�É³¥É¨³, ÎÉμ ¢ μ¡² ¸É¨, £¤¥ Éμ²Ð¨´  ²¨´§Ò ‹Õ´¥¡¥·£  ³¥´ÓÏ¥ ±·¨É¨Î¥¸±μ£μ §´ -
Î¥´¨Ö, ´ ¡²Õ¤ ¥É¸Ö ´¥±μÉμ· Ö ´¥μ¡ÒÎ´ Ö ¤¥Ëμ·³ Í¨Ö ± ± ¤¨¸¶¥·¸¨μ´´ÒÌ § ¢¨¸¨³μ¸É¥°,
É ± ¨ ¸É·Ê±ÉÊ·Ò ³μ¤, É·¥¡ÊÕÐ Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¶¥·¢μ£μ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ¨Ì ±μ··¥±É´μ£μ
 ´ ²¨§ .

2. �…‡“‹œ’�’› Š�Œ�œ�’…���ƒ� Œ�„…‹ˆ��‚��ˆŸ

	  ·¨¸. 2 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ Ë §μ¢μ£μ § ³¥¤²¥-
´¨Ö β TŒ0-³μ¤Ò μÉ Éμ²Ð¨´Ò ¢μ²´μ¢μ¤´ÒÌ ¸²μ¥¢ Î¥ÉÒ·¥Ì¸²μ°´μ° ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸-
±μ° ¸É·Ê±ÉÊ·Ò, ¸μ¸ÉμÖÐ¥° ¨§ É·¥Ì¸²μ°´μ£μ ·¥£Ê²Ö·´μ£μ ¶² ´ ·´μ£μ ¢μ²´μ¢μ¤  ¨ Î¥ÉÒ·¥Ì-
¸²μ°´μ£μ ¶² ¢´μ-´¥·¥£Ê²Ö·´μ£μ ¢μ²´μ¢μ¤ .

	  ¤¨¸¶¥·¸¨μ´´ÒÌ § ¢¨¸¨³μ¸ÉÖÌ β = β (d/λ; h/λ) ¶μ ¢¥·É¨± ²¨ μÉ²μ¦¥´Ò §´ Î¥-
´¨Ö ±μÔËË¨Í¨¥´É  Ë §μ¢μ£μ § ³¥¤²¥´¨Ö β,   ¶μ £μ·¨§μ´É ²¨ Å Éμ²Ð¨´Ò ¢μ²´μ¢μ¤´ÒÌ

�¨¸. 2. „¨¸¶¥·¸¨μ´´Ò¥ § ¢¨¸¨³μ¸É¨ ¤²Ö TE0-³μ¤Ò ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò
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�¨¸. 3. �·μË¨²¨ ¸¨´É¥§¨·μ¢ ´´ÒÌ Éμ²Ð¨´ μ¡μ¡Ð¥´´ÒÌ ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±¨Ì ²¨´§ ‹Õ´¥¡¥·£ .

”μ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ²¨´§Ò F = 5. Š·¨¢ Ö Å ´ Ï · ¸Î¥É; ±·¥¸É¨±¨ Å ¤ ´´Ò¥ ‘ ÊÉ¢¥²² 

�¨¸. 4. „¨¸¶¥·¸¨μ´´ Ö § ¢¨¸¨³μ¸ÉÓ ¤²Ö TE3-³μ¤Ò ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò. � · ³¥É·Ò
¸É·Ê±ÉÊ·Ò: d = 0,35, h = 6 (¢ ¥¤¨´¨Í Ì λ)

¸²μ¥¢ ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì (d/λ ¨ h/λ), £¤¥ λ = 0,9 ³±³. ’ ±¨³ μ¡· §μ³, ²¥¢ Ö
Î ¸ÉÓ ·¨¸Ê´±μ¢ (¶·¨³¥·´μ μÉ 0 ¤μ 3,0) Ö¢²Ö¥É¸Ö ¤¨¸¶¥·¸¨μ´´μ° § ¢¨¸¨³μ¸ÉÓÕ É·¥Ì¸²μ°-
´μ£μ ·¥£Ê²Ö·´μ£μ ¢μ²´μ¢μ¤ ,   ¶· ¢ Ö (μÉ 3,0 ¤μ 3,8) Å ¤¨¸¶¥·¸¨μ´´μ° § ¢¨¸¨³μ¸ÉÓÕ
Î¥ÉÒ·¥Ì¸²μ°´μ£μ ¶² ¢´μ-´¥·¥£Ê²Ö·´μ£μ ¢μ²´μ¢μ¤ , ¢±²ÕÎ ÕÐ¥£μ ²¨´§Ê ‹Õ´¥¡¥·£ . �´ -
²μ£¨Î´Ò¥ ¤¨¸¶¥·¸¨μ´´Ò¥ § ¢¨¸¨³μ¸É¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò  ¢Éμ·μ³ ¨ ¤²Ö ¤·Ê£¨Ì É¨¶μ¢ ³μ¤.
	  ·¨¸. 3 ¶·¨¢¥¤¥´ ·¥§Ê²ÓÉ É ·¥Ï¥´¨Ö § ¤ Î¨ ¸¨´É¥§  ¨´É¥£· ²Ó´μ-μ¶É¨Î¥¸±μ° μ¡μ¡Ð¥´-
´μ° (F > 1) ¶² ´ ·´μ° ²¨´§Ò ‹Õ´¥¡¥·£  Å ¶·¨ ¨§³¥´¥´¨¨ ´μ·³¨·μ¢ ´´μ£μ · ¤¨Ê¸ 
r ²¨´§Ò μÉ 0 ¤μ 1 ¡Ò² ´ °¤¥´ ¢¨¤ · ¸¶·¥¤¥²¥´¨Ö ¶·μË¨²Ö h(r) ¤²Ö ´μ·³¨·μ¢ ´´μ£μ
Ëμ±Ê¸´μ£μ · ¸¸ÉμÖ´¨Ö F = 5 (¢ ¥¤¨´¨Í Ì λ). „ ´´ Ö ²¨´§  μ¶¨¸Ò¢ ¥É¸Ö · ¤¨ ²Ó´Ò³
· ¸¶·¥¤¥²¥´¨¥³ Ë §μ¢μ£μ § ³¥¤²¥´¨Ö β(r, F ) ¶μ r ∈ [0, 1] ¢ ¡¥§· §³¥·´ÒÌ ¥¤¨´¨Í Ì
r = R/Rmax, £¤¥ Rmax Å · ¤¨Ê¸ ²¨´§Ò ¸ § ¤ ´´Ò³ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨¥³ (¢ É¥Ì ¦¥
¡¥§· §³¥·´ÒÌ ¥¤¨´¨Í Ì). Š ± ¢¨¤´μ ¨§ ·¨¸. 3, ¢ ´Ê²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¶· ±É¨Î¥¸±¨
´¥É · ¸Ìμ¦¤¥´¨° ³¥¦¤Ê ´ Ï¨³¨ ¤ ´´Ò³¨ ¨ ¤ ´´Ò³¨ ‘ ÊÉ¢¥²² . �¤´ ±μ ´ Ï¥ ·¥Ï¥-
´¨¥ μ¡² ¤ ¥É ¸ÊÐ¥¸É¢¥´´μ ¡μ²¥¥ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ, ÎÉμ μ¸μ¡¥´´μ ¢ ¦´μ ¶·¨ ¸¨´É¥§¥
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μ¡μ¡Ð¥´´ÒÌ ²¨´§ ‹Õ´¥¡¥·£ , É·¥¡ÊÕÐ¨Ì ÊÎ¥É  ±· ¥¢ÒÌ ÔËË¥±Éμ¢, ±μÉμ·Ò¥ μ± §Ò¢ ÕÉ
¢²¨Ö´¨¥, ´ ¶·¨³¥·, ´  ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨¥, ¸μ¢¥·Ï ¥³μ¥ ¸ ¶μ³μÐÓÕ ²¨´§Ò.

�·¨¢¥¤¥³ ¶·¨³¥· ¤¨¸¶¥·¸¨μ´´μ° § ¢¨¸¨³μ¸É¨ ¢ ®§ ±·¨É¨Î¥¸±μ°¯ μ¡² ¸É¨, ¢ÒÎ¨¸²¥´-
´μ° ¢ ´Ê²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ (·¨¸. 4).

’ ±μ¥ ´¥μ¡ÒÎ´μ¥ ¶μ¢¥¤¥´¨¥ ¤¨¸¶¥·¸¨μ´´ÒÌ § ¢¨¸¨³μ¸É¥° ¨ ¶μ²¥° ³μ¦¥É ¡ÒÉÓ μ¡Ñ-
Ö¸´¥´μ ´¥¤μ¸É ÉμÎ´μ¸ÉÓÕ ´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö ¤²Ö μ¶¨¸ ´¨Ö ¢ÒÉ¥± ÕÐ¨Ì ³μ¤.

�μ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤¥³μ´¸É·¨·ÊÕÉ ¢Ò¸μ±μÉμÎ-
´μ¥ ¸μ¢¶ ¤¥´¨¥ ´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö μ¶¨¸Ò¢ ¥³μ£μ ³¥Éμ¤  ¸ ·¥§Ê²ÓÉ É ³¨ ‘ ÊÉ¢¥²² .
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