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�®áâã¯¨«® ¢ �¥¤ ªæ¨î 29 ¬ àâ  1996 £.

�¥®à¥â¨ç¥áª¨ ¨ íªá¯¥à¨¬¥­â «ì­® ¯®ª § ­®, çâ® ¯à¨ ­¥ ¡àí££®¢áª®¬

áç¨âë¢ ­¨¨ ¯á¥¢¤®£«ã¡®ª®© £®«®£à ¬¬ë, § ¯¨á ­­®© ¢ â®«áâ®á«®©­®©

áà¥¤¥, ¢®ááâ ­®¢«¥­­ ï £®«®£à ¬¬®© ¢®«­  ¨§¬¥­ï¥â á¢®¥ á®áâ®ï­¨¥ ¯®-
«ïà¨§ æ¨¨.

� ¯®á«¥¤­¨¥ £®¤ë ¡ë« ¯à¥¤«®¦¥­ á¯®á®¡ § ¯¨á¨ ¨ à¥ª®­áâàãªæ¨¨

¨§®¡à ¦¥­¨© á ¯®¬®éìî â ª ­ §ë¢ ¥¬ëå ¯á¥¢¤®£«ã¡®ª¨å £®«®-
£à ¬¬ [1,2], çâ® ®¡ãá«®¢¨«® ¨­â¥à¥á ª ¨å ¤¨äà ªæ¨®­­ë¬ á¢®©áâ¢ ¬.
� ­ áâ®ïé¥© à ¡®â¥ ¯®ª § ­®, çâ® ¯à¨ ®âª«®­¥­¨¨ ã£«  ¯ ¤¥­¨ï

¢®ááâ ­ ¢«¨¢ îé¥© ¢®«­ë ­  ®¡ê¥¬­ãî ¯á¥¢¤®£«ã¡®ªãî à¥è¥âªã

®â ¡àí££®¢áª®£® ¯à®¨áå®¤¨â ¨§¬¥­¥­¨¥ ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨ ¢®ááâ -
­®¢«¥­­®© ¢®«­ë.

�ãáâì ¢ ®¡ê¥¬¥ á¢¥â®çã¢áâ¢¨â¥«ì­®© áà¥¤ë, § ª«îç¥­­®© ¬¥¦¤ã
¯«®áª®áâï¬¨ z = x ctg β ¨¨ z = x ctg β + d/ sinβ, £¤¥ β — ã£®«

­ ª«®­  áà¥¤ë ¯® ®â­®è¥­¨î ª £®à¨§®­â «ì­®© ¯«®áª®áâ¨,   d —
ä¨§¨ç¥áª ï â®«é¨­  í¬ã«ìá¨¨ (à¨á. 1), à¥£¨áâà¨àã¥âáï à¥§ã«ìâ â

¨­â¥àä¥à¥­æ¨¨ ®¡ê¥ªâ­®© S0 ¨ à¥ä¥à¥­â­®© R0 ¯«®áª¨å ¢®«­ á

ª®¬¯«¥ªá­ë¬¨  ¬¯«¨âã¤ ¬¨ S0 = exp(−jσ0x) ¨ R0 = exp(−jρ0x),
£¤¥ σ0 = (0;σoy;σoz) ¨ ρ0 = (0; ρoy; ρoz) — ¢®«­®¢ë¥ ¢¥ªâ®àë

®¡ê¥ªâ­®© ¨ ®¯®à­®© ¢®«­ á®®â¢¥âáâ¢¥­­®: |σ0| = |ρ0| = 2πn/λ;λ —
¤«¨­  ¢®«­ë ¢ ¢ ªãã¬¥; n — ¯®ª § â¥«ì ¯à¥«®¬«¥­¨ï áà¥¤ë;
x = (x, y, z) — à ¤¨ãá-¢¥ªâ®à.� á«ãç ¥ «¨­¥©­®© § ¯¨á¨ ¯®«ãç¥­­ ï
à¥è¥âª  ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¬®¤ã«ïæ¨¥© ¤¨í«¥ªâà¨ç¥áª®©

¯à®­¨æ ¥¬®áâ¨ ε ¨/¨«¨ ¯à®¢®¤¨¬®áâ¨ σ áà¥¤ë [3]:

ε = ε0 + ε1 cos(K · x); σ = σ0 + σ1 cos(K · x), (1)
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�¨á. 1. �å¥¬  à¥£¨áâà æ¨¨ à¥§ã«ìâ â  ¨­â¥àä¥à¥­æ¨¨ ¤¢ãå ¯«®áª¨å

¢®«­ á ¢®«­®¢ë¬¨ ¢¥ªâ®à ¬¨ ρ0 ¨ σ0. K — ¢¥ªâ®à à¥è¥âª¨; d — ä¨-
§¨ç¥áª ï â®«é¨­  í¬ã«ìá¨¨; β — ã£®« ­ ª«®­  à¥£¨áâà¨àãîé¥© áà¥¤ë.
�âà¨å¯ã­ªâ¨à®¬ ¯®ª § ­ë á«¥¤ë ¯¥à¥á¥ç¥­¨ï ¯¥à¥¤­¥© (1 ) ¨ § ¤­¥© (2 )
¯®¢¥àå­®áâ¥© ä®â®í¬ã«ìá¨¨ á ¢¥àâ¨ª «ì­®© ¯«®áª®áâìî XOZ.

£¤¥ ε1 ¨ σ1, ε0 ¨ σ0 — á®®â¢¥âáâ¢¥­­®  ¬¯«¨âã¤ë ¬®¤ã«ïæ¨¨ ¨ áà¥¤-
­¨¥ §­ ç¥­¨ï ¢¥«¨ç¨­ ε ¨ σ,   ¢¥ªâ®àK ®¯à¥¤¥«ï¥âáï á®®â­®è¥­¨¥¬

K = ρ0 − σ0.

�á¢¥â¨¬ ¯®«ãç¥­­ãî à¥è¥âªã ¢®«­®© á ª®¬¯«¥ªá­®©  ¬¯«¨âã-
¤®© R = R(z) exp(−jρx), à á¯à®áâà ­ïîé¥©áï ¢ £®à¨§®­â «ì­®©

¯«®áª®áâ¨; ­ ¯à ¢«¥­¨¥ ¦¥ ¥¥ à á¯à®áâà ­¥­¨ï ¨ ¤«¨­  ¢®«­ë ¢

®¡é¥¬ á«ãç ¥ ®â«¨ç îâáï ®â ¨¬¥¢è¨å ¬¥áâ® ¯à¨ § ¯¨á¨. �â  ¢®«­ 
¢®ááâ ­®¢¨â ¢®«­ã á ª®¬¯«¥ªá­®©  ¬¯«¨âã¤®© S = S(z) exp(−jσx),

¢®«­®¢®© ¢¥ªâ®à σ ª®â®à®© ®¯à¥¤¥«ï¥âáï ¢¥ªâ®à ¬¨ K ¨ ρ ¨

¢ ®¡é¥¬ á«ãç ¥ ¢ëå®¤¨â ¨§ £®à¨§®­â «ì­®© ¯«®áª®áâ¨ [1], â. ¥.
σ = (σx;σy;σz).
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�ã¬¬ à­ ï í«¥ªâà®¬ £­¨â­ ï ¢®«­  E ¢ ®¡ê¥¬¥ à¥è¥âª¨ ¥áâì

áã¯¥à¯®§¨æ¨ï ®¡ê¥ªâ­®© ¨ à¥ä¥à¥­â­®©,   ¥¥ à á¯à®áâà ­¥­¨¥ ¢ ®¡ê-
¥¬¥ á¢¥â®çã¢áâ¢¨â¥«ì­®© áà¥¤ë ®¯¨áë¢ ¥âáï ¢®«­®¢ë¬ ãà ¢­¥­¨¥¬

∇2E − grad divE +K2E = 0, (2)

£¤¥ K — ª®¬¯«¥ªá­ ï ª®­áâ ­â  à á¯à®áâà ­¥­¨ï, á¢ï§ ­­ ï á

¢¥«¨ç¨­ ¬¨ ε ¨ σ á®®â­®è¥­¨¥¬ K2 = (ω2/c2)ε− jµωσ; c — áª®à®áâì

á¢¥â  ¢ ¢ ªãã¬¥,   µ – ¬ £­¨â­ ï ¯à®­¨æ ¥¬®áâì áà¥¤ë; ε ¨ σ
®¯¨áë¢ îâáï ¢ëà ¦¥­¨ï¬¨ (1).

�®¤áâ ¢«ïï ãª § ­­ë¥ ¢¥«¨ç¨­ë ¢ ¢ëà ¦¥­¨¥ (2), ¯à¥­¥¡à¥£ ï
¢â®àë¬¨ ¯à®¨§¢®¤­ë¬¨,   â ª¦¥ ¢®«­ ¬¨, à á¯à®áâà ­ïîé¨¬¨áï
¢ ­ ¯à ¢«¥­¨ïå ρ + K ¨ σ − K [3], ¯®«ãç ¥¬ á«¥¤ãîéãî á¨áâ¥¬ã

ãà ¢­¥­¨© á¢ï§ ­­ëå ¢®«­ ¯¥à¢®£® ¯®àï¤ª  [4]:
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£¤¥ v = (ρ2 − σ2)/2ρ; Rx, Ry, Rz ¨ Sx, Sy, Sz — x-, y- ¨

z-ª®¬¯®­¥­âë ¢®ááâ ­ ¢«¨¢ îé¥© ¨ ¢®ááâ ­®¢«¥­­®© ¢®«­ á®®â¢¥â-
áâ¢¥­­®: cR = ρt/ρ; cs = σz/ρ; κ — ª®­áâ ­â  á¢ï§¨; α — áà¥¤­ïï

ª®­áâ ­â  ¯®£«®é¥­¨ï [3],   èâà¨å¨ ®¡®§­ ç îâ ¤¨ää¥à¥­æ¨à®¢ -
­¨¥ ¯® z.

�­ «¨§ ¤ ­­®© á¨áâ¥¬ë ¯®§¢®«ï¥â á¤¥« âì á«¥¤ãîé¨¥ ¢ë¢®¤ë:
1. �à¨ ¡àí££®¢áª®¬ ã£«¥ ¯ ¤¥­¨ï à¥ä¥à¥­â­®© ¢®«­ë, ª®£¤ 

σx = 0, á¨áâ¥¬  (3) à á¯ ¤ ¥âáï ­  ¤¢¥: ¯¥à¢ë¥ ¤¢  ãà ¢­¥-
­¨ï á®®â¢¥âáâ¢ãîâ TE-¯®«ïà¨§ æ¨¨ ¢®ááâ ­ ¢«¨¢ îé¥© ¢®«­ë,  
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�¨á. 2. � ¢¨á¨¬®áâì ®â­®á¨â¥«ì­®© ¤¨äà ªæ¨®­­®© íää¥ªâ¨¢­®áâ¨

η/ηmax ¯á¥¢¤®£«ã¡®ª®© ®¡ê¥¬­®© à¥è¥âª¨ ¤«ï ¢¥àâ¨ª «ì­®© (1) ¨ £®à¨-
§®­â «ì­®© (2) ª®¬¯®­¥­â ¯®«ïà¨§ æ¨¨ ¢®ááâ ­®¢«¥­­®£® ¨§«ãç¥­¨ï ®â

¨§¬¥­¥­¨ï ­ ¯à ¢«¥­¨ï à á¯à®áâà ­¥­¨ï à¥ä¥à¥­â­®© ¢®«­ë ­  ã£®« ∆Θ
¢ £®à¨§®­â «ì­®© ¯«®áª®áâ¨ Y OZ.

®áâ «ì­ë¥ — á«ãç î TM-¯®«ïà¨§ æ¨¨; ®¡¥ íâ¨ á¨áâ¥¬ë á®¢¯ ¤ îâ

á ¯®«ãç¥­­ë¬¨ ¢ [3].

2. �à¨ ®âª«®­¥­¨¨ ãá«®¢¨© ¢®ááâ ­®¢«¥­¨ï ®â ¡àí££®¢áª¨å ¯à®-

ï¢«ï¥âáï á¢ï§ì ¬¥¦¤ã ¢¥àâ¨ª «ì­®© ¨ £®à¨§®­â «ì­®© ª®¬¯®­¥­â -
¬¨ ¯®«ïà¨§ æ¨¨ ¢®ááâ ­®¢«¥­­®© ¢®«­ë. �á«¥¤áâ¢¨¥ íâ®£® ¢¥ªâ®àë

¯®«ïà¨§ æ¨¨ ®¡ê¥ªâ­®© ¨ à¥ä¥à¥­â­®© ¢®«­ ¤®«¦­ë ®â«¨ç âìáï

¤àã£ ®â ¤àã£  ¯® ªà ©­¥© ¬¥à¥ ¢ ¯à¥¤¥« å ­¥ª®â®à®£® ¤¨ ¯ §®­ 

¨§¬¥­¥­¨ï ã£«®¢ ¯ ¤¥­¨ï.

3. � â® ¦¥ ¢à¥¬ï á¢ï§ì ¬¥¦¤ã ¢¥àâ¨ª «ì­®© ¨ £®à¨§®­â «ì­®©

ª®¬¯®­¥­â ¬¨ ¯®«ïà¨§ æ¨¨ à¥ä¥à¥­â­®© ¢®«­ë ®âáãâáâ¢ã¥â; á«¥¤®-
¢ â¥«ì­®, ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ à¥ä¥à¥­â­®© ¢®«­ë ¨§¬¥­ïâìáï ­¥

¤®«¦¥­.
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�«ï ¯à®¢¥àª¨ ¤ ­­ëå ¢ë¢®¤®¢ ¡ë«¨ ¯à®¢¥¤¥­ë íªá¯¥à¨¬¥­âë,
¢ ª®â®àëå ¤¨äà ªæ¨®­­ ï à¥è¥âª  § ¯¨áë¢ « áì ¢ á¨¬¬¥âà¨ç­®©

¤¢ãå«ãç¥¢®© áå¥¬¥ ­  ä®â®¯®«¨¬¥à­ëå ¯«¥­ª å ä¨à¬ë ”Du Pont”.
� â¥¬ ¨§¬¥àï« áì § ¢¨á¨¬®áâì ¨­â¥­á¨¢­®áâ¨ ¢¥àâ¨ª «ì­®© ¨ £®-
à¨§®­â «ì­®© ª®¬¯®­¥­â ¢®ááâ ­®¢«¥­­®£® ¨§«ãç¥­¨ï ®â ¨§¬¥­¥­¨ï

ã£«  ¯ ¤¥­¨ï. �ë¤¥«¥­¨¥ ¨§¬¥àï¥¬®© ª®¬¯®­¥­âë ®áãé¥áâ¢«ï«®áì

¯®«ïà¨§ æ¨®­­ë¬ ä¨«ìâà®¬. �à®áâà ­áâ¢¥­­ ï ç áâ®â  à¥è¥âª¨ ¢
¢®§¤ãå¥ á®áâ ¢«ï«  ®ª®«® 500¬¬−1. �«¨­  ¢®«­ë ¨á¯®«ì§ã¥¬®£® ¨§-
«ãç¥­¨ï, ¨áâ®ç­¨ª®¬ ª®â®à®£® á«ã¦¨« He–Ne « §¥à, λ = 0.4416¬ª¬,
ã£®« ­ ª«®­  ä®â®¬ â¥à¨ «  β — ®ª®«® 20◦. �à¨ § ¯¨á¨ ¨ ¢®ááâ ­®-
¢«¥­¨¨ ¨á¯®«ì§®¢ «®áì ¨§«ãç¥­¨¥ á TE-¯®«ïà¨§ æ¨¥©. �¥§ã«ìâ âë
¨§¬¥à¥­¨© ¤«ï ¯«¥­ª¨ ”Omni-dex” á â®«é¨­®© á¢¥â®çã¢áâ¢¨â¥«ì-
­®£® á«®ï 25¬ª¬ ¯à¨¢¥¤¥­ë ­  à¨á. 2, £¤¥ ªà¨¢ ï 1 á®®â¢¥â-
áâ¢ã¥â ¢¥àâ¨ª «ì­®©,   ªà¨¢ ï 2 — £®à¨§®­â «ì­®© ª®¬¯®­¥­â ¬

¯®«ïà¨§ æ¨¨ ¢®ááâ ­®¢«¥­­®£® ¨§«ãç¥­¨ï. � ª ¨ ®¦¨¤ «®áì, ®­¨
á¢¨¤¥â¥«ìáâ¢ãîâ ® â®¬, çâ® ª®¬¯®­¥­âë ¢¥ªâ®à®¢ ¯®«ïà¨§ æ¨¨

¨áå®¤­®© ¨ ¢®ááâ ­®¢«¥­­®© ¢®«­ á®¢¯ ¤ îâ «¨èì ¤«ï ¡àí££®¢áª®£®

ã£«  ¯ ¤¥­¨ï ¢®ááâ ­ ¢«¨¢ îé¥© ¢®«­ë ­  à¥è¥âªã.
�â®¡ë ¨áª«îç¨âì ¢«¨ï­¨¥ ­  ¯®«ãç¥­­ë¥ à¥§ã«ìâ âë ­ ¢¥¤¥­-

­®© ¢ ¬ â¥à¨ «¥  ­¨§®âà®¯¨¨, ¢®«­®© á TE-¯®«ïà¨§ æ¨¥© ¢®ááâ -
­ ¢«¨¢ « áì à¥è¥âª , § ¯¨á ­­ ï ¯à¨ ãª § ­­ëå ¢ëè¥ ãá«®¢¨ïå

¨§«ãç¥­¨¥¬ á TM-¯®«ïà¨§ æ¨¥©. �®«ãç¥­­ë¥ à¥§ã«ìâ âë ¡ë«¨ ¯®«-
­®áâìî  ­ «®£¨ç­ë ¯à¨¢¥¤¥­­ë¬ ­  à¨á. 2. �¥ªâ®à ¦¥ ¯®«ïà¨§ æ¨¨
à¥ä¥à¥­â­®© ¢®«­ë ¢ ®¡®¨å á«ãç ïå ­¥ § ¢¨á¥« ®â ã£«  ¯ ¤¥­¨ï.

�¥®¡å®¤¨¬® ®â¬¥â¨âì, çâ® ®¯¨á ­­®¥ ï¢«¥­¨¥ ­¥ ¡ë«® ®¡­ àã-
¦¥­® ¯à¨ ¨áá«¥¤®¢ ­¨¨ â®­ª¨å ¯á¥¢¤®£«ã¡®ª¨å à¥è¥â®ª, ª ª  ¬-
¯«¨âã¤­ëå, â ª ¨ ä §®¢ëå, § à¥£¨áâà¨à®¢ ­­ëå ­  ä®â®¯« áâ¨­ª å
��-�.

� ª¨¬ ®¡à §®¬, ­  ®á­®¢ ­¨¨ ¢ëè¥¨§«®¦¥­­®£® ¬®¦­® ãâ¢¥à-
¦¤ âì, çâ® ¯®«ïà¨§ æ¨ï ¢®«­ë, ¢®ááâ ­®¢«¥­­®© ®¡ê¥¬­®© ¯á¥¢-
¤®£«ã¡®ª®© ¨§®âà®¯­®© à¥è¥âª®©, á®¢¯ ¤ ¥â á ¯®«ïà¨§ æ¨¥© à¥-
ä¥à¥­â­®© ¢®«­ë «¨èì ¯à¨ ãá«®¢¨¨ â®ç­® ¡àí££®¢áª®£® ¯ ¤¥­¨ï

¯®á«¥¤­¥© ­  à¥è¥âªã, ¯à¨ç¥¬ íâ® ï¢«¥­¨¥ ­¥ å à ªâ¥à­® ¤«ï

à¥è¥â®ª, ¯®«ãç¥­­ëå ­  â®­ª¨å ä®â®¬ â¥à¨ « å.

� § ª«îç¥­¨¥  ¢â®àë å®â¥«¨ ¡ë, ¯®«ì§ãïáì á«ãç ¥¬, ¢ëà §¨âì
¡« £®¤ à­®áâì �.�. �¥­¨áîªã §  ¯®«¥§­ë¥ ®¡áã¦¤¥­¨ï à¥§ã«ì-
â â®¢ à ¡®âë,   â ª¦¥ §  «î¡¥§­® ¯à¥¤®áâ ¢«¥­­ãî ¢®§¬®¦­®áâì

¯à®¢¥¤¥­¨ï íªá¯¥à¨¬¥­â®¢.
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