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�¥®¤®à®¤®¥ à á¯à¥¤¥«¥¨¥ â®ª  ¢ ¯®¯¥à¥ç®¬ á¥ç¥¨¨ á¢ï§ ëå ¯à®¢®¤¨ª®¢ ¬¨ªà®¯®«®áª®¢®©

«¨¨¨, ¢ë¯®«¥®©   ¯«¥ª å á¢¥àå¯à®¢®¤¨ª , ¯à¨¢®¤¨â ª áãé¥áâ¢¥®© § ¢¨á¨¬®áâ¨ ¯®â¥àì

¢ «¨¨¨ ®â ¢§ ¨¬®£® à á¯®«®¦¥¨ï á¢ï§ ëå ¯®«®á®ª. �   «¨â¨ç¥áª®¬ ¢¨¤¥ ¢ áâ â¨ç¥áª®¬

¯à¨¡«¨¦¥¨¨ ¯®«ãç¥ë ¢ëà ¦¥¨ï ¤«ï à á¯à¥¤¥«¥¨ï â®ª  ¢ á¢ï§ ëå ¯à®¢®¤¨ª å ¤«ï ç¥â®© ¨

¥ç¥â®© ¬®¤,  ©¤¥® à á¯à¥¤¥«¥¨¥ â®ª  ¢ § §¥¬«¥®© ¯« áâ¨¥. �áá«¥¤®¢ ® ¢«¨ï¨¥ ¢§ ¨¬®£®
à á¯®«®¦¥¨ï ¯à®¢®¤¨ª®¢   ¯®£®ë© ¨¬¯¥¤ á ¨ § âãå ¨¥ í«¥ªâà®¬ £¨â®© ¢®«ë ¢ áâàãªâãà¥

á¢ï§ ëå á¢¥àå¯à®¢®¤¨ª®¢ëå «¨¨© ¯à¨ ¢®§¡ã¦¤¥¨¨ ç¥â®© ¨ ¥ç¥â®© ¬®¤.

�¢¥¤¥¨¥

�¢ï§ ë¥ ¬¨ªà®¯®«®áª®¢ë¥ «¨¨¨, ¢ë¯®«¥ë¥
  á¢¥àå¯à®¢®¤¨ª®¢ëå ¯«¥ª å,  å®¤ïâ è¨à®ª®¥

¯à¨¬¥¥¨¥ ¯à¨ ¯à®¥ªâ¨à®¢ ¨¨ ã§ª®¯®«®áëå ä¨«ì-
âà®¢,  ¯à ¢«¥ëå ®â¢¥â¢¨â¥«¥© ¨ à §¤¥«¨â¥«¥©

ç áâ®âëå ª  «®¢. �á®¢ë¬ ¯à¥¨¬ãé¥áâ¢®¬ ¯¥à¥-
ç¨á«¥ëå ãáâà®©áâ¢ ¯® áà ¢¥¨î á ¢ë¯®«¥ë-
¬¨   ®¡ëçëå ¬¥â «« å ï¢«ï¥âáï ¨§ª¨© ãà®¢¥ì

¢®á¨¬ëå ¯®â¥àì, ª®â®àë¥ ®¯à¥¤¥«ïîâáï ¯®£®ë¬

á®¯à®â¨¢«¥¨¥¬ ¯à®¢®¤¨ª®¢ á¢ï§ ëå «¨¨©. �

á¢®î ®ç¥à¥¤ì ¯®£®®¥ á®¯à®â¨¢«¥¨¥ ®¯à¥¤¥«ï¥âáï

¯®¢¥àå®áâë¬ á®¯à®â¨¢«¥¨¥¬ ¯à®¢®¤¨ª®¢ ¨ à á-
¯à¥¤¥«¥¨¥¬ â®ª  ¢ ¨å [1]. � á¯à¥¤¥«¥¨¥ â®ª 

¢ ®¤¨®ç®© á¢¥àå¯à®¢®¤¨ª®¢®© ¬¨ªà®¯®«®áª®¢®©

«¨¨¨ ¡ë«®  ©¤¥® ç¨á«¥ë¬ ¬¥â®¤®¬ ¢ [2,3] ¨ ¢

  «¨â¨ç¥áª®© ä®à¬¥ ¢ [4,5]. � á¯à¥¤¥«¥¨¥ â®ª 

¢ á¢ï§ ëå ¬¨ªà®¯®«®áª®¢ëå «¨¨ïå   ¯«¥ª å

¢ëá®ª®â¥¬¯¥à âãà®£® á¢¥àå¯à®¢®¤¨ª  (����) ç¨-
á«¥ë¬ ¬¥â®¤®¬ ¯®«ãç¥® ¢ [2]. � ¤ ®© à ¡®â¥

à á¯à¥¤¥«¥¨¥ â®ª  ¢ á¢ï§ ëå «¨¨ïå ¨ ¯®£®ë©

¨¬¯¥¤ á ¯à¥¤áâ ¢«¥ë ¢   «¨â¨ç¥áª®¬ ¢¨¤¥, çâ®
¯à¥¤¯®« £ ¥â ¤ «ì¥©è¥¥ ¨á¯®«ì§®¢ ¨¥ ¯à¥¤«®¦¥-
ëå ¬®¤¥«¥© ¢ á¨áâ¥¬¥  ¢â®¬ â¨§¨à®¢ ®£® ¯à®¥ª-
â¨à®¢ ¨ï (����) ãáâà®©áâ¢   á¢¥àå¯à®¢®¤¨ª®¢ëå
¬¨ªà®¯®«®áª®¢ëå «¨¨ïå [1].
� á¢ï§ ëå «¨¨ïå ¨¬¥¥âáï âà¨ ¯à®¢®¤¨ª 

(à¨á. 1): ¤¢¥ ¯ à ««¥«ìë¥ ¯®«®áª¨ ¨ íªà , ª®â®àë©
¯à¨ïâ®  §ë¢ âì § §¥¬«¥®© ¯« áâ¨®© (ground
plane). � á¯à¥¤¥«¥¨¥ â®ª  ¢ ¯à®¢®¤¨ª å à §«¨ç®

¤«ï ¤¢ãå ¬®¤, ç¥â®© ¨ ¥ç¥â®©, ¢®§¡ã¦¤ îé¨åáï ¢
áâàãªâãà¥.�à¨  å®¦¤¥¨¨ à á¯à¥¤¥«¥¨ï â®ª  ¢ ¯®-
«®áª®¢ëå ¯à®¢®¤¨ª å ¡ã¤¥¬ ¨á¯®«ì§®¢ âì ¯à¥¤áâ -
¢«¥¨¥ ® ¯®¯¥à¥ç®© £«ã¡¨¥ ¯à®¨ª®¢¥¨ï ¬ £¨â-
®£® ¯®«ï ¢ ¯«¥ªã á¢¥àå¯à®¢®¤¨ª  λ⊥, ¯à¥¤¯®« £ ï,
çâ®   à ááâ®ï¨¨ λ⊥ ®â ªà ï ¯®«®áª¨ â®ª ®áâ ¥âáï

ª®¥çë¬ ¯® ¢¥«¨ç¨¥ ¨ ¯®áâ®ïë¬ [4,5]. �«ã¡¨ 

¯à®¨ª®¢¥¨ï λ⊥ ®¯à¥¤¥«ï¥âáï á®®â®è¥¨¥¬

λ⊥ =
2λ2

L

d
. (1)

£¤¥ λL — «®¤®®¢áª ï £«ã¡¨ , d — â®«é¨  ¯®-
«®áª®¢®£® ¯à®¢®¤¨ª .

� ª®¥ ¯à¨¡«¨¦¥¨¥ ¥®¡å®¤¨¬® ¤«ï ãáâà ¥¨ï

à áå®¤¨¬®áâ¨ ¯à¨ ¨â¥£à¨à®¢ ¨¨ ª¢ ¤à â  ¯«®â®-
áâ¨ â®ª  ¯® ¯®¯¥à¥ç®¬ã á¥ç¥¨î á¢ï§ ëå «¨¨© ¢

¯à®æ¥áá¥ à áç¥â  ¯®£®®£® á®¯à®â¨¢«¥¨ï ¯®â¥àì ¢

áâàãªâãà¥ á¢ï§ ëå «¨¨©.

�«ï  å®¦¤¥¨ï à á¯à¥¤¥«¥¨ï ¯«®â®áâ¨ â®ª 

¢ § §¥¬«¥®© ¯« áâ¨¥ ¢ ¬ £¨â®áâ â¨ç¥áª®¬ ¯à¨-
¡«¨¦¥¨¨ ¢®á¯®«ì§ã¥¬áï ¯®¤å®¤®¬ [5], ¢ á®®â¢¥â-
áâ¢¨¨ á ª®â®àë¬ ¢ ¯«®áª®áâ¨ ¯®¢¥àå®áâ¨ ¯®¤«®¦ª¨

®¯à¥¤¥«ï¥âáï ¬ £¨â®¥ ¯®«¥ ¢ ¯à¥¤¯®«®¦¥¨¨, çâ®
íâ  ¯«®áª®áâì ï¢«ï¥âáï ¯«®áª®áâìî §¥àª «ì®£® ®â®-
¡à ¦¥¨ï ¤«ï áâàãªâãàë, á®¤¥à¦ é¥© á¨¬¬¥âà¨ç®
à á¯®«®¦¥ë¥ á¢ï§ ë¥ ¯®«®áª¨. � ª®¥ ¯à¨¡«¨¦¥-
¨¥ ¯à ¢®¬¥à®, ¥á«¨ £«ã¡¨  ¯à®¨ª®¢¥¨ï ¯®«ï ¢
¯à®¢®¤¨ª ¬®£® ¬¥ìè¥ â®«é¨ë ¤¨í«¥ªâà¨ç¥áª®©

¯®¤«®¦ª¨ h,   ª®â®àãî  ¥á¥ë á¢ï§ ë¥ ¯à®-
¢®¤¨ª¨ ¨ § §¥¬«¥ ï ¯« áâ¨ . � ª ¯à ¢¨«®, íâ®
¯à¨¡«¨¦¥¨¥  ¤¥¦® ¢ë¯®«ï¥âáï ¢ ¯à ªâ¨ç¥áª¨

¨á¯®«ì§ã¥¬ëå áâàãªâãà å á¢ï§ ëå ¬¨ªà®¯®«®áª®-
¢ëå «¨¨©.

�®£®ë© ¨¬¯¥¤ á Z1 = R1 = jX1 á¢ï§ ëå

¬¨ªà®¯®«®áª®¢ëå ¯à®¢®¤¨ª®¢ ®¯à¥¤¥«ï¥âáï ¯®¢¥àå-
®áâë¬ ¨¬¯¥¤ á®¬ ¯®«®á®ª Zsur ¨ § §¥¬«¥®©

¯« áâ¨ë Zgpsur,   â ª¦¥ à á¯à¥¤¥«¥¨¥¬ â®ª  ¢ ¨å [5].
� ¬¥â¨¬, çâ® ¯®«®áª¨ ¢ë¯®«ïîâáï ¨§ ¯«¥®ª á¢¥àå-
¯à®¢®¤¨ª , ¢ â® ¢à¥¬ï ª ª § §¥¬«¥ ï ¯« áâ¨ 

¬®¦¥â ¡ëâì á¤¥«   ¨ ¨§ ®¡ëç®£® ¬¥â ««  (¬¥¤ì,
§®«®â®). �®£®®¥ § âãå ¨¥ ª ¦¤®© ¬®¤ë ®¯à¥¤¥«ï-

�¨á. 1. �®¯¥à¥ç®¥ á¥ç¥¨¥ á¢ï§ ëå ¬¨ªà®¯®«®áª®¢ëå
«¨¨©.
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�¨á. 2. � á¯à¥¤¥«¥¨¥ â®ª  ¢ ®¤®© ¯®«®áª¥ á¢ï§ ëå á¢¥àå¯à®¢®¤¨ª®¢ëå ¬¨ªà®¯®«®áª®¢ëå «¨¨© ¯à¨ ¢®§¡ã¦¤¥¨¨
ç¥â®© ¬®¤ë ( ) ¨ ¥ç¥â®© ¬®¤ë (¡). w = 25¬ª¬, s/w=0.5 (1 ), 1.0 (2 ), 3.0 (3 ), j0 = I/w.

¥âáï ¢ëà ¦¥¨ï¬¨

αe =
Re1

2Z0e
¨ αo =

Ro1
2Z0o

(2)

¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤ á®®â¢¥âáâ¢¥®, £¤¥ Z0e ¨

Z0o — ¢®«®¢ë¥ á®¯à®â¨¢«¥¨ï á¢ï§ ëå ¬¨ªà®¯®-
«®áª®¢ëå «¨¨© ¯à¨ ¢®§¡ã¦¤¥¨¨ ç¥â®© ¨ ¥ç¥â®©

¬®¤ á®®â¢¥âáâ¢¥®.

� á¯à¥¤¥«¥¨¥ â®ª  ¢ ¯®«®áª®¢ëå

¯à®¢®¤¨ª å á¢ï§ ëå ¬¨ªà®¯®«®áª®¢ëå

«¨¨©

 ) � ¥ â    ï ¬ ® ¤   . � á«ãç ¥ ¢®§¡ã¦¤¥¨ï ç¥â®©
¬®¤ë á¢ï§ ë¥ ¯®«®áª®¢ë¥ ¯à®¢®¤¨ª¨  å®¤ïâáï

¯®¤ ®¤¨ ª®¢ë¬ ¯®â¥æ¨ «®¬ ¯® ®â®è¥¨î ª § §¥-
¬«¥®© ¯« áâ¨¥ ¨ ¢ ¯«®áª®áâ¨ á¨¬¬¥âà¨¨ ¬®¦®

à á¯®«®¦¨âì ¬ £¨âãî áâ¥ªã. � á¯à¥¤¥«¥¨¥ â®ª 
 ©¤¥¬ ¢ ª¢ §¨áâ â¨ç¥áª®¬ ¯à¨¡«¨¦¥¨¨, ¯®«ì§ãïáì
ª®ä®à¬ë¬ ®â®¡à ¦¥¨¥¬. �®áª®«ìªã à áá¬ âà¨-
¢ ¥¬ ï áâàãªâãà  á¨¬¬¥âà¨ç , â® ¤®áâ â®ç®  ©-
â¨ à á¯à¥¤¥«¥¨¥ â®ª  ¢ ¯®¯¥à¥ç®¬ á¥ç¥¨¨ ®¤®©

¯®«®áª¨. �á¯®«ì§ãï ®à¬¨à®¢ªã ª ¯®«®¬ã â®ªã ¢

¯®«®áª¥ I, ¯à¥¤áâ ¢¨¬ ¯«®â®áâì â®ª  ¢ ®¤®© ¯®«®á-
ª¥ ª ª äãªæ¨î ¯®¯¥à¥ç®© ª®®à¤¨ âë (y > 0) ¢

á«¥¤ãîé¥¬ ¢¨¤¥:

je(y) =
2 · I

π

y√
[y2 − (s/2)2] · [(w + s/2)2 − y2]

. (3)

�¤¥áì w — è¨à¨  ¯®«®áª®¢®£® ¯à®¢®¤¨ª , s — è¨-
à¨  § §®à  ¬¥¦¤ã ¯®«®áª ¬¨ (à¨á. 1). �ëà ¦¥¨¥

(3) ¢ ¯à¥¤¥«ìëå á«ãç ïå s → 0 ¨ s → ∞ ¯¥à¥å®¤¨â

¢ ¢ëà ¦¥¨¥ ¤«ï à á¯à¥¤¥«¥¨ï â®ª  ¢ ®¤¨®ç®©

¯®«®áª¥ [4]. �«ï ãáâà ¥¨ï à áå®¤¨¬®áâ¨   ªà ïå
¯®«®áª¨ ¯à¨ ¨â¥£à¨à®¢ ¨¨ ¯® ¥¥ ¯®¯¥à¥ç®¬ã á¥-
ç¥¨î ¢¢¥¤¥¬ ®£à ¨ç¥¨¥ â®ª  ¢ á«®¥ â®«é¨®© λ⊥,
ª ª íâ® á¤¥« ® ¢ [4]. �à¨ íâ®¬

je(y)=
2 · I

π



s/2 + λ⊥√
λ⊥(s+ λ⊥)(w − λ⊥)(s+ w + λ⊥)

( s2 ) ≤ y ≤ ( s2 + λ⊥),

y√
[y2 − (s/2)2] · [(w + s/2)2 − y2]

( s2 + λ⊥) ≤ y ≤ ( s2 + w − λ⊥),

s/2 + w − λ⊥√
λ⊥(w−λ⊥)(w + s−λ⊥)(2w + s−λ⊥)

( s2 + w − λ⊥) < y ≤ ( s2 + w).

(4)
�à¨¡«¨¦¥®¥ ®¯¨á ¨¥ à á¯à¥¤¥«¥¨ï ¯«®â®áâ¨

â®ª  ¢ ¯®¯¥à¥ç®¬ á¥ç¥¨¨ ¯®«®áª¨ (4) á ¨á¯®«ì§®-
¢ ¨¥¬ ®£à ¨ç¥¨ï â®ª    ªà ïå ¯®«®áª¨ ¢ á«®¥

¯à®âï¦¥®áâìî λ⊥ ãá¯¥è® ¨á¯®«ì§®¢ «®áì ¤«ï à¥-
è¥¨ï   «®£¨ç®© § ¤ ç¨ ¤«ï ®¤¨®ç®© ¬¨ªà®-
¯®«®áª®¢®© «¨¨¨ ¢ [4] ¨ ¤«ï ª®¯«  à®© «¨¨¨

¢ [6], çâ® ¤ ¥â ®á®¢ ¨¥ ¢®á¯®«ì§®¢ âìáï ¨¬ ¢ á«ã-
ç ¥ á¢ï§ ëå á¢¥àå¯à®¢®¤¨ª®¢ëå ¬¨ªà®¯®«®áª®-
¢ëå «¨¨©.
¡) � ¥ ç ¥ â    ï ¬ ® ¤   . � á«ãç ¥ ¢®§¡ã¦¤¥¨ï

¥ç¥â®© ¬®¤ë â®ª¨ ¢ á¢ï§ ëå ¯®«®áª®¢ëå ¯à®¢®¤-
¨ª å â¥ªãâ ¢ ¯à®â¨¢®¯®«®¦ëå  ¯à ¢«¥¨ïå ¨ ¢

¯«®áª®áâ¨ á¨¬¬¥âà¨¨ ¬®¦® à á¯®«®¦¨âì í«¥ªâà¨-
ç¥áªãî áâ¥ªã. �®á¯®«ì§ã¥¬áï à á¯à¥¤¥«¥¨¥¬ â®ª ,
 ©¤¥ë¬ ¢ [7] ¤«ï «¨¨¨ ¢ ¢¨¤¥ ¤¢ãå ¯«®áª¨å

¯à®¢®¤¨ª®¢   ¯®¢¥àå®áâ¨ ¤¨í«¥ªâà¨ç¥áª¨© ¯®¤-
«®¦ª¨. � ãç¥â®¬ ®à¬¨à®¢ª¨ ¯® ®â®è¥¨î ª â®ªã

¢ ®¤®© ¯®«®áª¥ ¢ëà ¦¥¨¥ ¤«ï à á¯à¥¤¥«¥¨ï â®ª 

¢ ¯®«®áª¥ (y > 0) ¢ á«ãç ¥ ¥ç¥â®© ¬®¤ë ¨¬¥¥â ¢¨¤

jo(y) =
I

K(k′)

s/2√
[y2 − (s/2)2] · [(s/2)2 − k2y2]

, (5)

á ®£à ¨ç¥¨¥¬ â®ª    ªà ïå ¯®«®áª¨ ¢ á«®¥ ¯à®-
âï¦¥®áâìî λ⊥ à á¯à¥¤¥«¥¨¥ â®ª  ¢ ¯®¯¥à¥ç®¬

á¥ç¥¨¨ ®¤®© ¯®«®áª¨ ¯à¨ ¢®§¡ã¦¤¥¨¨ ¥ç¥â®©
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¬®¤ë § ¯¨è¥¬ ¢ ¢¨¤¥

jo(y)=
I

K(k′)



w + s/2√
(s+ λ⊥)(w − λ⊥)(w + s+ λ⊥)λ⊥

( s2 ) < y < ( s2 + λ⊥),

s/2√
[y2 − (s/2)2] · [(s/2)2 − k2y2]

( s2 + λ⊥) < y < ( s2 + w − λ⊥),

w + s/2√
λ⊥(w−λ⊥)(w+s−λ⊥)(2w+s−λ⊥)

( s2 + w − λ⊥) < y < ( s2 + w).

(6)
�¤¥áì K(k′) — í««¨¯â¨ç¥áª¨© ¨â¥£à « 1-£® à®¤ ,
k′ =

√
1− k2, k = s/(s + 2w). � á¯à¥¤¥«¥¨¥ â®ª 

¢ á¢ï§ ëå ¯à®¢®¤¨ª å ä¨ªá¨à®¢ ®© è¨à¨ë w
¨ á à §«¨çë¬¨ § §®à ¬¨ s ¯à¥¤áâ ¢«¥®   à¨á. 2
¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤.

� á¯à¥¤¥«¥¨¥ â®ª  ¢ § §¥¬«¥®©

¯« áâ¨¥

�«ï  å®¦¤¥¨ï à á¯à¥¤¥«¥¨ï â®ª  ¢ § §¥¬«¥-
®© ¯« áâ¨¥ à áá¬®âà¨¬ áâàãªâãàã, ¯à¥¤áâ ¢«¥ãî
  à¨á. 3, ¢ ª®â®à®© ¯«®áª®áâì ¯®¢¥àå®áâ¨ § §¥-
¬«¥®© ¯« áâ¨ë ï¢«ï¥âáï ¯«®áª®áâìî á¨¬¬¥âà¨¨

¤«ï á¨¬¬¥âà¨ç®© «¨¨¨, á®áâ®ïé¥© ¨§ ®¤¨ ª®¢ëå
á¢ï§ ëå ¯à®¢®¤¨ª®¢ ¨ ¯®«ãç¥®© §¥àª «ìë¬

®â®¡à ¦¥¨¥¬ ¨áå®¤®© áâàãªâãàë. �®   «®£¨¨ á

®¤¨®ç®© ¬¨ªà®¯®«®áª®¢®© «¨¨¥© [5] ¬ £¨â®¥ ¯®-
«¥ ¢ ¯«®áª®áâ¨ á¨¬¬¥âà¨¨ ¢ äãªæ¨¨ ®â ª®®à¤¨ âë

�¨á. 3. �¨¬¬¥âà¨ç ï áâàãªâãà  á¢ï§ ëå ¬¨ªà®¯®«®á-
ª®¢ëå «¨¨© ¤«ï à áç¥â  à á¯à¥¤¥«¥¨ï â®ª  ¢ § §¥¬«¥-
®© ¯« áâ¨¥ ¤«ï ç¥â®© ( ) ¨ ¥ç¥â®© (¡) ¬®¤.

y ¯à¥¤áâ ¢¨¬ ¢ ¢¨¤¥

Hy(y) =
h

π

s/2+w∫
s/2

jsur[ζ − (s+ w)/2]

(y − ζ)2 + h2
dζ

±
h

π

−s/2∫
−(s/2+w)

jsur[ζ + (s+ w)/2]

(y − ζ)2 + h2
dζ. (7)

� ª + ®â®á¨âáï ª ç¥â®© ¬®¤¥, § ª − ®â®á¨â-
áï ª ¥ç¥â®© ¬®¤¥. �â¥£à¨à®¢ ¨¥ ¢ë¯®«ï¥âáï ¢

¯à¥¤¥« å ª ¦¤®© ¯®«®áª¨ è¨à¨®© w. �¢¥¤¥¬ ®¢ë¥

¯¥à¥¬¥ë¥ ¨â¥£à¨à®¢ ¨ï

ζ′ = ζ −
s+ w

2
(8)

¤«ï ¯®«®áª¨, «¥¦ é¥© ¢ ®¡« áâ¨ y > 0, ¨

ζ′′ = ζ +
s+ w

2
, (9)

¤«ï ¯®«®áª¨ ¢ ®¡« áâ¨ y < 0.
 ) � ¥ â    ï ¬ ® ¤   . � ãç¥â®¬ (8) ¨ (9) ãà ¢¥¨¥

(7) ¯¥à¥¯¨è¥âáï ¤«ï ç¥â®© ¬®¤ë ¢ ¢¨¤¥

He
y(y) =

h

π

w/2∫
−w/2

jsur(ζ
′)

[y − ζ′ − (s+ w)/2]2 + h2
dζ′

+
h

π

w/2∫
−w/2

jesur(ζ
′′)

[y − ζ′′ + (s+ w)/2]2 + h2
dζ′′, (10)

£¤¥ ¯«®â®áâì â®ª    ¯« áâ¨ å ¤«ï ç¥â®© ¬®¤ë ¢

á®®â¢¥âáâ¢¨¨ á (3) ¢ ®¢ëå ª®®à¤¨ â å ®¯à¥¤¥«ï¥âáï
¢ëà ¦¥¨ï¬¨

jesur(ζ
′) =

2 · I

π

ζ′ + (s+ w)/2√
[(ζ′+(s+w)/2)2−(s/2)2]×

×[(w+s/2)2−(ζ′+(s+ w)/2)2]

,

(11)

jesur(ζ
′′) = −

2 · I

π

ζ′′ − (s+ w)/2√
[(ζ′′−(s+w)/2)2−(s/2)2]×

×[(w+s/2)2−(ζ′′−(s+ w)/2)2]

.

(12)
�®¤áâ ¢«ïï (11) ¨ (12) ¢ (10) ¨ ãç¨âë¢ ï, çâ® ¯«®â-

®áâì â®ª    ¯®¢¥àå®áâ¨ § §¥¬«¥®© ¯« áâ¨ë ç¨-
á«¥® à ¢  ª á â¥«ì®© á®áâ ¢«ïîé¥© ¬ £¨â®£®

¯®«ï He
y ,  ©¤¥¬ ¯®¢¥àå®áâë© â®ª ¢ § §¥¬«¥®©

¯« áâ¨¥ ¤«ï ç¥â®© ¬®¤ë

Je,gp(y1) =
2 · I

π · w
[F e1 (y1, g, h1) + F e2 (y1, g, h1)], (13)
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�¨á. 4. � á¯à¥¤¥«¥¨¥ â®ª  ¢ § §¥¬«¥®© ¯« áâ¨¥ ¯à¨ ¢®§¡ã¦¤¥¨¨ ç¥â®© ¬®¤ë ¤«ï à §«¨çëå § §®à®¢ á¢ï§¨ ( ) ¨
¤«ï à §«¨ç®© â®«é¨ë ¯®¤«®¦ª¨ (¡).  : h/w = 0.5, s/w = 0.5 (1 ), 1.0 (2 ), 3.0 (3 ); ¡: s/w = 1.0, h/w = 0.125 (1 ), 0.25
(2 ), 1.0 (3 ); jo,gp = 2I/(πw).

�¨á. 5. � á¯à¥¤¥«¥¨¥ â®ª  ¢ § §¥¬«¥®© ¯« áâ¨¥ ¯à¨ ¢®§¡ã¦¤¥¨¨ ¥ç¥â®© ¬®¤ë ¤«ï à §«¨çëå § §®à®¢ á¢ï§¨ ( )
¨ ¤«ï à §«¨ç®© â®«é¨ë ¯®¤«®¦ª¨ (¡). �¡®§ ç¥¨ï â¥ ¦¥, çâ® ¨   à¨á. 4.

£¤¥

F e1 (y1, g, h1) =
2 · h1

π

×

1∫
−1

g + 1 + ξ

[(y1 − ξ − g − 1)2 + h2
1]×

×
√

[(ξ + g + 1)2− g2]·[(2 + g)2− (ξ + g + 1)2]

dξ,

(14)

F e2 (y1, g, h1) =
2 · h1

π

×

1∫
−1

g + 1− ξ

[(y1 − ξ + g + 1)2 + h2
1]×

×
√

[(ξ − g − 1)2− g2] · [(2 + g)2− (ξ− g − 1)2]

dξ,

(15)

g = s/w, h1 = 2h/w, y1 = 2y/w, ζ = 2ζ′/w = 2ζ′′/w —
®à¬¨à®¢ ë¥ ¯¥à¥¬¥ë¥ ¨ ¯ à ¬¥âàë.

�  à¨á. 4 ¯à¥¤áâ ¢«¥® à á¯à¥¤¥«¥¨¥ â®ª  ¢ § §¥-
¬«¥®© ¯« áâ¨¥ ¢ á«ãç ¥ ¢®§¡ã¦¤¥¨ï ç¥â®© ¬®¤ë

¤«ï à §«¨çëå § ç¥¨© § §®à®¢ ¬¥¦¤ã á¢ï§ ë¬¨

«¨¨ï¬¨ ¨ à §«¨çëå § ç¥¨© â®«é¨ë ¤¨í«¥ªâà¨-
ç¥áª®© ¯®¤«®¦ª¨.

¡)� ¥ ç ¥ â    ï ¬ ® ¤   .�®   «®£¨¨ á ¢ëà ¦¥¨¥¬
(10) ¬ £¨â®¥ ¯®«¥ ¢ ¯«®áª®áâ¨ á¨¬¬¥âà¨¨ à¨á. 3, ¡
¤«ï ¥ç¥â®© ¬®¤ë § ¯¨è¥âáï ¢ ¢¨¤¥

Ho
y =

h

π

w/2∫
−w/2

josur(ζ
′)

[y − ζ′ − (s+ w)/2]2 + h2
dζ′

−
h

π

w/2∫
−w/2

josur(ζ
′′)

[y − ζ′′ + (s+ w)/2]2 + h2
dζ′′, (16)
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£¤¥ ¢ á®®â¢¥âáâ¢¨¨ á (5)

josur(ζ
′) =

I

K(k′)

s/2√
[(ζ′ + (s+ w)/2)2 − (s/2)2]×

×[(s/2)2− k2(ζ′+ (s+ w)/2)2]

,

(17)

j0
sur(ζ

′′)=
I

K(k′)

s/2√
[(ζ′′− (s+ w)/2)2− (s/2)2]×

×[(s/2)2− k2(ξ′′− (s+w)/2)2]

.

(18)
�®¢¥àå®áâë© â®ª ¢ § §¥¬«¥®© ¯« áâ¨¥ ¤«ï

¥ç¥â®© ¬®¤ë

jo,gp(y1) =
2 · I

π · w
[F 0

1 (y1, g, h1)− F o2 (y1, g, h1)], (19)

£¤¥

F o1 (y1, g, h1) =
h1

K(k′)

×

1∫
−1

g

[(y1 − ξ − g − 1)2 + h2]×

×
√

[(ξ + g + 1)2 − g2]· [g2 − (ξ + g + 1)2 · k2]

dξ,

(20)

F2(y1, g, h1) =
h1

K(k′)

×

1∫
−1

g

[(y1 − ξ + g + 1)2 + h2
1]×

×
√

[(ξ − g − 1)2 − g2]·[g2 − (ξ − g − 1)2 · k2]

dξ.

(21)
�  à¨á. 5 ¯à¥¤áâ ¢«¥® à á¯à¥¤¥«¥¨¥ â®ª  ¢ § -

§¥¬«¥®© ¯« áâ¨¥ ¢ á«ãç ¥ ¢®§¡ã¦¤¥¨ï ¥ç¥â®©

¬®¤ë ¤«ï à §«¨çëå § ç¥¨© § §®à®¢ ¬¥¦¤ã á¢ï-
§ ë¬¨ «¨¨ï¬¨ ¨ à §«¨çëå § ç¥¨© â®«é¨ë

¤¨í«¥ªâà¨ç¥áª®© ¯®¤«®¦ª¨. �§ à¨á. 2, 4 ¨ 5 á«¥¤ã¥â,
çâ®  ¨¡®«¥¥ ¥¡« £®¯à¨ïâ ï á¨âã æ¨ï ¢ à á¯à¥-
¤¥«¥¨¨ â®ª  ¢ ¯®«®áª å ¨ ¢ § §¥¬«¥®© ¯« áâ¨¥

¢®§¨ª ¥â ¤«ï á¢ï§ ëå «¨¨© á ã§ª¨¬¨ § §®à ¬¨

¯à¨ ¨á¯®«ì§®¢ ¨¨ â®ª®© ¤¨í«¥ªâà¨ç¥áª®© ¯®¤«®¦-
ª¨. �à¨ íâ®¬ ¨¬¥¥â ¬¥áâ® § ç¨â¥«ì®¥ ã¢¥«¨ç¥¨¥

¯«®â®áâ¨ â®ª    ªà ïå ¯®«®áª®¢ëå ¯à®¢®¤¨ª®¢,
çâ® ¯à¨¢®¤¨â ª à¥§ª® ¥®¤®à®¤®¬ã à á¯à¥¤¥«¥¨î

â®ª  ¢ § §¥¬«¥®© ¯« áâ¨¥. � «¨§ à á¯à¥¤¥«¥¨ï
â®ª  ¢ ¯à¥¤¥«ì®¬ á«ãç ¥ ¡®«ìè®£® § §®à  (s/w > 10)
¯®ª §ë¢ ¥â, çâ® ¯à¨¢¥¤¥ë¥ ¢ëà ¦¥¨ï ¤«ï à á¯à¥-
¤¥«¥¨ï â®ª  ¢ § §¥¬«¥®© ¯« áâ¨¥ ¯¥à¥å®¤ïâ ¢

¯®«ãç¥ë¥ à ¥¥ ¤«ï ®¤¨®ç®© ¬¨ªà®¯®«®áª®¢®©

«¨¨¨ [4,5].

�®£®ë© ¨¬¯¥¤ á á¢ï§ ëå ����

¬¨ªà®¯®«®áª®¢ëå «¨¨©

� ãç¥â®¬ ¥à ¢®¬¥à®£® à á¯à¥¤¥«¥¨ï â®ª  ¢

á¢ï§ ëå ¯®«®áª®¢ëå ¯à®¢®¤¨ª å ¯®£®ë© ¨¬-
¯¥¤ á ¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤ ®¯à¥¤¥«ï¥âáï

�¨á. 6. �ãªæ¨¨ Φe2 ¨ Φo2 ¢ § ¢¨á¨¬®áâ¨ ®â ®â®è¥¨ï

s/w ¤«ï h/w = 0.25 (1 ), 0.5 (2 ), 1.0 (3 ). �¥ç¥â ï ¬®¤  —
á¯«®èë¥ «¨¨¨, ç¥â ï ¬®¤  — èâà¨å®¢ë¥ «¨¨¨.

áã¬¬ àë¬ ¢ª« ¤®¬ ¯®£®®£® ¨¬¯¥¤ á  ¯®«®á®ª ¨

§ §¥¬«¥®© ¯« áâ¨ë

Ze,o1 =
∑
i

Zsur,i

I2

y′′∫
y′

[je,oi (y)]2dy, (22)

£¤¥ i = 1, 2 ¤«ï ¯®«®á®ª ¨ § §¥¬«¥®© ¯« áâ¨ë

á®®â¢¥âáâ¢¥®.

�®¢¥àå®áâë© â®ª je,oi (y) ¨ ¯®¢¥àå®áâë© ¨¬¯¥-
¤ á Zsur,i ®¯à¥¤¥«ïîâáï ¤«ï ¯®«®á®ª ¨ § §¥¬«¥®©

¯« áâ¨ë ¯à¨ ¢®§¡ã¦¤¥¨¨ ç¥â®© ¨ ¥ç¥â®© ¬®¤

á®®â¢¥âáâ¢¥®. �®£®®¥ á®¯à®â¨¢«¥¨¥ ¯à¨ íâ®¬

®¯à¥¤¥«ï¥âáï ¢ëà ¦¥¨¥¬

Re,o1 =
Rsur

I2

s/2+w∫
s/2

[je,o(y)]2dy +
Rg.psur

I2

∞∫
0

[je,o,g,p(y)]2dy,

(23)
£¤¥ ¢ ª ç¥áâ¢¥ ¯®¤¨â¥£à «ìëå äãªæ¨© ¨á¯®«ì§ã-
îâáï ¢ëà ¦¥¨ï ¤«ï ¯«®â®áâ¨ ¯®¢¥àå®áâ®£® â®ª 

¢ ¯®«®áª å (4) ¨ (6) ¨ ¢ § §¥¬«¥®© ¯« áâ¨¥ (13) ¨
(19) ¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤ á®®â¢¥âáâ¢¥®.

�ëà ¦¥¨¥ (23) ¬®¦¥â ¡ëâì ¬®¤¨ä¨æ¨à®¢ ® ¨

¯à¥¤áâ ¢«¥® ¢ á«¥¤ãîé¥¬ ¢¨¤¥:

Re1 =
Rsur

w
Φe1 +

Rg.psur

w
Φe2, (24)

Ro1 =
Rsur

s
Φo1 +

Rg.psur

w
Φo2, (25)

£¤¥

Φe1 =
4p1

π2

[
1

2p1
+ln

(
λ⊥

w
p1

)
+

w + sp1

w(s+ 2w)
ln

(
s+ 2w

λ⊥
p2

)]
,

(26)
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Φo1 =
1

K2(k′)

{
(w + s

2 )2

w + s

[
1

w + λ⊥(w
s
− p1)

+
s/w

s+ 2w+ λ⊥(p2 + p−1
2 )

]
+

1

k′2

[
ln
( s

λ⊥
p2

)
+ k ln

(s+ 2w

λ⊥
p2

)]}
, (27)

Φe2 = π2

∞∫
0

[
F e1 (y1, g, h1) + F e2 (y1, g, h1)

]2
dy1, (28)

Φo2 = π2

∞∫
0

[
F o1 (y1, g, h1) + F o2 (y1, g, h1)

]2
dy1, (29)

p1 =
s

s+ w
, p2 =

w

s+ w
. (30)

�  à¨á. 6 ¯à¥¤áâ ¢«¥ë £à ä¨ª¨ äãªæ¨© Φe2 ¨ Φo2
¢ § ¢¨á¨¬®áâ¨ ®â ®â®è¥¨ï s/w ¤«ï à §ëå â®«é¨
¯®¤«®¦ª¨. �ãªæ¨¨ ®¯à¥¤¥«ïîâ ¢ª« ¤ § §¥¬«¥®©
¯« áâ¨ë ¢ ¯®£®®¥ á®¯à®â¨¢«¥¨¥. � ã¢¥«¨ç¥¨¥¬
â®«é¨ë ¯®¤«®¦ª¨ h äãªæ¨¨ Φe2 ¨ Φo2 ã¬¥ìè îâ-
áï, çâ® ¯à¨¢®¤¨â ª ã¬¥ìè¥¨î ¢ª« ¤  § §¥¬«¥®©
¯« áâ¨ë ¢ ¯®£®®¥ á®¯à®â¨¢«¥¨¥.
�¥ ªâ¨¢ ï ç áâì ¯®£®®£® ¨¬¯¥¤ á  ®¯à¥¤¥«ï-

¥â ¯®£®ãî ª¨¥â¨ç¥áªãî ¨¤ãªâ¨¢®áâì, ª®â®à ï
¤«ï á¢ï§ ëå á¢¥àå¯à®¢®¤¨ª®¢ëå ¬¨ªà®¯®«®áª®-
¢ëå «¨¨© ¬®¦¥â ¡ëâì à ááç¨â   ¯® ä®à¬ã« ¬

Le1k = µ0
λ⊥

2w
Φe1, (31)

Lo1k = µ0
λ⊥

2w
Φo1 (32)

¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤ á®®â¢¥âáâ¢¥®.

� âãå ¨¥ í«¥ªâà®¬ £¨â®© ¢®«ë

¢ á¢ï§ ëå ���� ¬¨ªà®¯®«®áª®¢ëå

«¨¨ïå

� âãå ¨¥ í«¥ªâà®¬ £¨â®© ¢®«ë ¤«ï ª ¦¤®©
¬®¤ë ®¯à¥¤¥«ï¥âáï ¢ëà ¦¥¨ï¬¨ (2), £¤¥ ¯®£®ë¥
á®¯à®â¨¢«¥¨ï ¢ á¢®î ®ç¥à¥¤ì ®¯à¥¤¥«ïîâáï ¢ëà ¦¥-
¨ï¬¨ (24) ¨ (25). �®«®¢ë¥ á®¯à®â¨¢«¥¨ï ¤«ï ª -
¦¤®© ¬®¤ë à ááç¨âë¢ îâáï á ¨á¯®«ì§®¢ ¨¥¬ ¨§¢¥áâ-
ëå í¬¯¨à¨ç¥áª¨å á®®â®è¥¨© [8]. �  à¨á. 7 ¯à¥¤-
áâ ¢«¥ë à¥§ã«ìâ âë à áç¥â  ¯®£®®£® § âãå ¨ï
¯à¨ T = 77 K ¢ á¢ï§ ëå ¬¨ªà®¯®«®áª®¢ëå «¨¨ïå,
¢ë¯®«¥ëå ¨§ ¯«¥ª¨ YBCO â®«é¨®© 0.4¬ª¬
á è¨à¨®© «¨¨© 200¬ª¬   ¯®¤«®¦ª¥ â®«é¨®©
0.5¬ª¬ á ¤¨í«¥ªâà¨ç¥áª®© ¯à®¨æ ¥¬®áâìî ε = 9.8.
� âãå ¨¥ ¢ á¢ï§ ëå «¨¨ïå ¯à¨ ¢®§¡ã¦¤¥¨¨ ¥-
ç¥â®© ¬®¤ë ¯à¥¢ëè ¥â § âãå ¨¥ ç¥â®© ¬®¤ë ¨
ã¬¥ìè ¥âáï á ã¢¥«¨ç¥¨¥¬ § §®à  ¬¥¦¤ã á¢ï§ -
ë¬¨ ¯®«®áª ¬¨. � âãå ¨¥, á®®â¢¥âáâ¢ãîé¥¥ ç¥â-
®© ¬®¤¥, ¯à ªâ¨ç¥áª¨ ¥ ¨§¬¥ï¥âáï ¯à¨ ¨§¬¥¥¨¨
§ §®à  á¢ï§¨. �¥§ã«ìâ âë ¬®¤¥«¨à®¢ ¨ï á¢¨¤¥â¥«ì-
áâ¢ãîâ ®  «¨ç¨¨ áãé¥áâ¢¥®© § ¢¨á¨¬®áâ¨ ¯®â¥àì

�¨á. 7. �®íää¨æ¨¥â § âãå ¨ï ¢ á¢ï§ ëå ¬¨ªà®¯®-
«®áª®¢ëå «¨¨ïå ¢ § ¢¨á¨¬®áâ¨ ®â ®â®è¥¨ï h/w ¤«ï

s/w = 0.5 (1 ), 1.0 (2 ), 3.0 (3 ). �¥ç¥â ï ¬®¤  — á¯«®èë¥

«¨¨¨, ç¥â ï ¬®¤  — èâà¨å®¢ë¥ «¨¨¨.

¢ ���� á¢ï§ ëå «¨¨ïå ®â â®«é¨ë ¯®¤«®¦ª¨.
�®â¥à¨ ã¬¥ìè îâáï á ã¢¥«¨ç¥¨¥¬ ¥¥ â®«é¨ë, çâ®
®¡êïáï¥âáï ã¬¥ìè¥¨¥¬ ¢ª« ¤  § §¥¬«¥®© ¯« -
áâ¨ë ¢ ¯®£®®¥ á®¯à®â¨¢«¥¨¥. � ¯à¥¤¥«¥ ¤«ï â®«-
áâ®© ¯®¤«®¦ª¨ (2h/w� 1) ª®íää¨æ¨¥âë § âãå ¨ï
¤«ï ç¥â®© ¨ ¥ç¥â®© ¬®¤ áâ ®¢ïâáï ®¤¨ ª®¢ë¬¨
¨ à ¢ë¬¨ ª®íää¨æ¨¥âã § âãå ¨ï ¢ ®¤¨®ç®©
¬¨ªà®¯®«®áª®¢®© «¨¨¨.

� ª«îç¥¨¥

� áâ â¨ç¥áª®¬ ¯à¨¡«¨¦¥¨¨ ¯®«ãç¥ë ¢ëà ¦¥-
¨ï ¤«ï à á¯à¥¤¥«¥¨ï â®ª  ¢ áâàãªâãà¥ á¢ï§ ëå
á¢¥àå¯à®¢®¤¨ª®¢ëå ¬¨ªà®¯®«®áª®¢ëå «¨¨©, ¯®§¢®-
«ïîé¨¥ à ááç¨âë¢ âì ¯®â¥à¨ ¢ ¯®«®áª®¢ëå ¯à®¢®¤-
¨ª å ¨ ¢ § §¥¬«¥®© ¯« áâ¨¥.

� ¡®â  ¢ë¯®«¥  ¯® ¯à®¥ªâã ò 93223 �®áã¤ à-
áâ¢¥®© ¯à®£à ¬¬ë ”�ëá®ª®â¥¬¯¥à âãà ï á¢¥àå-
¯à®¢®¤¨¬®áâì”.
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