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;

z 2 (�1;1)g; £à ­¨æ  ®¡« áâ¨ @
 á®¤¥à¦¨â ã£-«®¢ãî â®çªã O á ã£«®¬ ¯à®¨§¢®«ì­®© ¢¥«¨ç¨­ë.(�¥§ã«ìâ âë ¬®£ãâ ¡ëâì «¥£ª® à á¯à®áâà ­¥­ë ­ á«ãç ©, ª®£¤  ­  £à ­¨æ¥ @
 ­ å®¤¨âáï ª®­¥ç­®¥ç¨á«® ã£«®¢ëå â®ç¥ª.) �à¥¤¯®« £ ¥âáï, çâ® ¢­¥ ­¥-ª®â®à®© ®ªà¥áâ­®áâ¨ ã£«®¢®© â®çª¨ £à ­¨æ  ®¡« áâ¨@
 £« ¤ª ï,   ¢­ãâà¨ íâ®© ®ªà¥áâ­®áâ¨ ®¡« áâì 
á®¢¯ ¤ ¥â á á¥ªâ®à®¬. �ç¨â ¥¬, çâ® ¬ £­¨â­ ï ¯à®-­¨æ ¥¬®áâì ¢­ãâà¨ ¢®«­®¢®¤  � � 1 ,   ¤¨í«¥ªâà¨-ç¥áª ï ¯à®­¨æ ¥¬®áâì " á®¤¥à¦¨â «¨èì ¢¥é¥áâ¢¥­-­ãî ç áâì, § ¢¨á¨â â®«ìª® ®â ¯®¯¥à¥ç­ëå ª®®à¤¨­ â¨ ¨¬¥¥â ®£à ­¨ç¥­­ë¥ ¯¥à¢ë¥ ¯à®¨§¢®¤­ë¥. �ã¤¥¬¨áª âì à¥è¥­¨ï á¨áâ¥¬ë ãà ¢­¥­¨© � ªá¢¥««  á§ ¢¨á¨¬®áâìî ®â z ¢¨¤ E= nXk=1 zn�k(n� k)!Ek ei�z; H= nXk=1 zn�k(n� k)!Hk ei�z :� ª®¥ ¯à¥¤áâ ¢«¥­¨¥ ¨¬¥¥â ä¨§¨ç¥áª¨© á¬ëá« ­®à-¬ «ì­ëå ¢®«­ à áá¬ âà¨¢ ¥¬®£® ¢®«­®¢®¤ , ª®â®-àë¥ ¢ëà ¦ îâáï ç¥à¥§ á®¡áâ¢¥­­ë¥ ¨ ¯à¨á®¥¤¨­¥­-­ë¥ ¢¥ªâ®àë á®®â¢¥âáâ¢ãîé¥© á¯¥ªâà «ì­®© § ¤ ç¨.�à¨ ãª § ­­ëå ãá«®¢¨ïå ¢ à ¡®â å [15, 16] ¯®«ãç¥­ á¨áâ¥¬  ãà ¢­¥­¨© ¤«ï á®¡áâ¢¥­­ëå ¢¥ªâ®à®¢ ª®¬-¯®­¥­â ¯®«ï fH?; Ezg ¨ á®¡áâ¢¥­­ëå §­ ç¥­¨© �2 :8><>:grad divH?+ k2"H?+ ik" rotEz = �2H?;ik rot "H?+div " gradEz = �2"Ez;H� j@
 = 0; Ezj@
 = 0; (1)£¤¥ ¨á¯®«ì§®¢ ­ë ®¡®§­ ç¥­¨ïH? = ixHx + iyHy = irHr + i'H';divH? = @Hx@x + @Hy@y = 1r @@r (rHr) + 1r @H'@' ;rotH? = @Hy@x � @Hx@y = 1r @@r (rH')� 1r @Hr@' ;gradEz = ix@Ez@x + iy @Ez@y = ir @Ez@r + i' 1r @Ez@' ;rotEz = ix@Ez@y � iy @Ez@x = ir 1r @Ez@' � i' @Ez@r :2 ���, ä¨§¨ª ,  áâà®­®¬¨ï, ò1



4 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2002. ò1� à ¡®â å [15, 16] â ª¦¥ ¤®ª § ­® áãé¥áâ¢®¢ ­¨¥á« ¡ëå à¥è¥­¨© § ¤ ç¨ (1) ¢ £¨«ì¡¥àâ®¢®¬ ¯à®-áâà ­áâ¢¥ W = H0(div) � _H1(
); £¤¥ H0(div) == fH?jH?2 (L2(
))2 ; divH?2L2(
); Hnj@
 = 0g ,kH?k2H0(div) = kH?k2(L2(
))2 + kdivH?k2L2(
): � à -¡®â å [15, 16] ãª § ­®, çâ® á« ¡ ï ¯®áâ ­®¢-ª  § ¤ ç¨ (1) ¯®à®¦¤ ¥â ®£à ­¨ç¥­­ë© ®¯¥à â®àT : (L2(
))3 ! W , ª®¬¯ ªâ­ë© ¢ ¯®¤¯à®áâà ­áâ-¢¥ V ¯à®áâà ­áâ¢  W , ¢ë¤¥«ï¥¬®¬ ¤®¯®«­¨â¥«ì-­ë¬ ãá«®¢¨¥¬ rotH? =�ik"Ez , ª®â®à®¥ ¯®­¨¬ ¥â-áï ¢ á¬ëá«¥ ®¡®¡é¥­­ëå äã­ªæ¨©. � ª¨¬ ®¡à §®¬,á¯¥ªâà § ¤ ç¨ (1), à áá¬ âà¨¢ ¥¬®© ¢ ¯à®áâà ­áâ-¢¥ V , á®áâ®¨â ¨§ áç¥â­®£® ¬­®¦¥áâ¢  ¢®§à áâ îé¨å¯® ¬®¤ã«î á®¡áâ¢¥­­ëå §­ ç¥­¨©.�¥è¥­¨¥ § ¤ ç¨� áá¬®âà¨¬ â¥¯¥àì á¨áâ¥¬ã ãà ¢­¥­¨© (1) á ¯à®-¨§¢®«ì­®© ¯à ¢®© ç áâìî f(x; y) . �á¯®«ì§ãï ¢ à¨- æ¨®­­ãî ¯®áâ ­®¢ªã, ­  ®á­®¢ ­¨¨ â¥®à¥¬ë � ª-á {�¨«ì£à ¬  ¬®¦­® § ª«îç¨âì, çâ® ¯à¨ ä¨ªá¨-à®¢ ­­®© ¯à ¢®© ç áâ¨, ã¤®¢«¥â¢®àïîé¥© ãá«®¢¨îrot f?(x; y) = �ikfz(x; y) , ¢ ¯à®áâà ­áâ¢¥ V à¥è¥-­¨¥ áãé¥áâ¢ã¥â ¨ ¥¤¨­áâ¢¥­­®.�à¨ ¤®áâ â®ç­® £« ¤ª¨å äã­ªæ¨¨ ¤¨í«¥ªâà¨ç¥-áª®© ¯à®­¨æ ¥¬®áâ¨ "(x; y) ¨ ¯à ¢®© ç áâ¨ f(x; y)à¥è¥­¨¥ ï¢«ï¥âáï £« ¤ª¨¬ ¯à¨ ã¤ «¥­¨¨ ®â ã£«®¢®©â®çª¨ [17, 18]. �¥à¥­®áï ¢á¥ ­¥£« ¢­ë¥ ç«¥­ë á¨á-â¥¬ë (1) ¢ ¯à ¢ãî ç áâì ¨ ¨á¯®«ì§ãï ¤«ï ¨å áã¬¬ë®¯ïâì ®¡®§­ ç¥­¨¥ f , ¯®«ãç¨¬ á¨áâ¥¬ã ãà ¢­¥­¨©:8>>>>>>>>>>>><>>>>>>>>>>>>:
@2Hr@r2 + 1r @Hr@r + 1r @2H'@r@' �� 1r2 @Hr@' � 1r2Hr = fr(r; ');1r2 @2H'@'2 + 1r @2H'@'@r + 1r2 @Hr@' = f'(r; ');@2Ez@r2 + 1r @Ez@r + 1r2 @2Ez@'2 = fz(r; ') (2)

á ¤®¯®«­¨â¥«ì­ë¬ ãá«®¢¨¥¬1r @@r (rH')� 1r @Hr@' =�ik"Ez � pz(r; '):�¥áª®­¥ç­ ï ®¡« áâì� áá¬®âà¨¬ á­ ç «  á¨áâ¥¬ã (2) ¢ á«ãç ¥, ª®£¤ ®¡« áâì 
 ¯à¥¤áâ ¢«ï¥â á®¡®© ¡¥áª®­¥ç­ë© á¥ª-â®à K á ã£«®¬ !0 . �à ­¨ç­ë¥ ãá«®¢¨ï ¤«ï à §­ëåª®¬¯®­¥­â ¢¥ªâ®à®¢ ¯à¨¬ãâ ¢¨¤H'j'=0 =H'j'=!0 = 0; Ezj'=0 =Ezj'=!0 = 0:�«ï ¨áá«¥¤®¢ ­¨ï á¨áâ¥¬ë, á«¥¤ãï à ¡®â ¬ [13, 14],¢¢¥¤¥¬ ¯à®áâà ­áâ¢® V l
(K) á ­®à¬®©kuk2V l
(K) = Xj+k6l ZK r2(
�l+j) ���� @j+ku@rj@'k ����2 rdrd';

£¤¥ l > 0 | æ¥«®¥, 
 | «î¡®¥ ¤¥©áâ¢¨â¥«ì­®¥ç¨á«®. �ãáâì ¯à ¢ ï ç áâì á¨áâ¥¬ë (2) ¨¬¥¥â ¢¨¤f = ffr; f'; fzg 2 �V l
(K)�3 , pz 2 V l+1
 (K) . �à®¢¥¤¥¬§ ¬¥­ã ¯¥à¥¬¥­­ëå: � = ln 1r . �®¬­®¦¨¬ ª ¦¤®¥ãà ¢­¥­¨¥ ¯®«ãç¨¢è¥©áï á¨áâ¥¬ë ­  e�2� ¨ á¤¥« ¥¬¯à¥®¡à §®¢ ­¨¥ �ãàì¥ ¯® � . �®«ãç¨¢è ïáï á¨áâ¥¬ ãà ¢­¥­¨© ¤®¯ãáª ¥â ï¢­®¥ ¯®áâà®¥­¨¥ à¥è¥­¨ï,ª®â®à®¥ ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:bHr(�; ') =� 2!0 1Xn=0 (�+i) bF crn(�)� �n!0 (��i) bP szn(�)(�� i) �(�+ i)2 + ��n!0 �2� �� cos �n!0';bH'(�; ') =� 2!0 1Xn=1 bF s'n(�)� i(�+i) bP szn(�)(�+ i)2 + ��n!0 �2 sin �n!0 ';bEz(�; ') =� 2!0 1Xn=1 bF szn(�)�2 + ��n!0 �2 sin �n!0 '; (3)£¤¥ bF s'n(�) = !0Z0 sin �n!0 'd' 1Z0 f'(r; ')r2+i�dr;bF crn(�) = !0Z0 cos �n!0 'd' 1Z0 fr(r; ')r2+i�dr;bF szn(�) = !0Z0 sin �n!0 'd' 1Z0 fz(r; ')r2+i�dr;bP szn(�) = !0Z0 sin �n!0 'd' 1Z0 pz(r; ')r1+i�dr:�á¯®«ì§ãï á¢®©áâ¢  ¯à¥®¡à §®¢ ­¨ï �ãàì¥ ¨ ¯à®-áâà ­áâ¢ V l
(K) ,   â ª¦¥ ¨§¢¥áâ­ë© ï¢­ë© ¢¨¤ à¥-è¥­¨ï, ¬®¦­® ¯®ª § âì, çâ® ®¡à â­®¥ ¯à¥®¡à §®¢ -­¨¥ ®¯à¥¤¥«ï¥â à¥è¥­¨¥ á¨áâ¥¬ë (2), ¤«ï ª®â®à®£®á¯à ¢¥¤«¨¢ë ®æ¥­ª¨kH?(r; ')k(V l+2
 (K))2 66 C �kf?k(V l
(K))2 + kpzkV l+1
 (K)� ;kEz(r; ')kV l+2
 (K) 6 C kfzkV l
(K) :�¥¯¥àì ¯®«ãç¨¬  á¨¬¯â®â¨ç¥áª®¥ ¯à¥¤áâ ¢«¥­¨¥à¥è¥­¨ï ¢ ¡¥áª®­¥ç­®¬ á¥ªâ®à¥. �®ª  ¯®áâà®¥­­®¥­ ¬¨ à¥è¥­¨¥ (3) ®¯à¥¤¥«¥­® «¨èì ­  ¯àï¬®©Im�= h=�
+ l+1 . �«ï ¯®áâà®¥­¨ï  á¨¬¯â®â¨ª¨­¥®¡å®¤¨¬®, çâ®¡ë (3) ¡ë«® ®¯à¥¤¥«¥­® ¢ ­¥ª®â®à®©¯®«®á¥ h1 < Im� < h2 ,   ¤«ï íâ®£® âà¥¡ã¥âáï,



�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2002. ò1 5çâ®¡ë ¯à ¢ ï ç áâì ¯à¨­ ¤«¥¦ «  ¯¥à¥á¥ç¥­¨î ¯à®-áâà ­áâ¢ V l
(K) á à §­ë¬¨ ¨­¤¥ªá ¬¨ 
 . �ãáâìf?(r; ') = ffr; f'g 2 �V l
01(K) \ V l
02(K)�2 ;pz(r; ') 2 V l+1
01 (K)\ V l+1
02 (K); 
01 > 
02;fz(r; ') 2 V l
1(K)\ V l
2(K); 
1 > 
2:�§ á¢®©áâ¢ ¯à®áâà ­áâ¢ V l
(K) ¨ ¯à¥®¡à §®¢ ­¨ï�ãàì¥ ¢ëâ¥ª ¥â, çâ® ª®¬¯®­¥­âë bF(�; ') áãâì  ­ -«¨â¨ç¥áª¨¥ äã­ªæ¨¨ ¢ ¯®«®á å h01 6 Im � 6 h02;h1 6 Im �6 h2 , £¤¥ h0i =�
0i+ l+1; hi =�
i+ l+1;i= 1; 2 ,   à¥è¥­¨¥ (3) | ¬¥à®¬®àä­ ï ¢¥ªâ®à-äã­ª-æ¨ï. �¥®à¥¬  ® ¢ëç¥â å ¯®§¢®«ï¥â ¯¥à¥©â¨ ®â ¨­â¥£-à¨à®¢ ­¨ï ¯® ¯àï¬®© Im�= h1 ª ¯àï¬®© Im�= h2 ,  ­ å®¤ïé¨¥áï ¬¥¦¤ã ­¨¬¨ ¯®«îáë ¢¥ªâ®à-äã­ª-æ¨¨ (3) ¨ ¤ ¤ãâ  á¨¬¯â®â¨ªã à¥è¥­¨ï. �à¨¬¥­ïïâ¥®à¥¬ã ® ¢ëç¥â å ¤«ï ¯àï¬®ã£®«ì­®£® ª®­âãà ,®£à ­¨ç¥­­®£® ¯àï¬ë¬¨Im�= h01; Im�= h02; Re �=�N ¤«ï bH?(�; ');Im�= h1; Im�= h2; Re �=�N ¤«ï bEz(�; ');¯¥à¥å®¤ï ª ¯à¥¤¥«ã ¯à¨ N !1 ¨ ¢®§¢à é ïáì ª¨áå®¤­ë¬ ¯¥à¥¬¥­­ë¬, ¯®«ãç¨¬ á«¥¤ãîé¥¥ ¯à¥¤-áâ ¢«¥­¨¥ à¥è¥­¨ï:Hr(r; ') = Xh01<�n!0�1<h02A(r)n r �n!0 �1 cos �n!0 '+Wr(r; ');H'(r; ') = Xh01<�n!0�1<h02A(')n r �n!0�1 sin �n!0 '+W'(r; ');Ez(r; ') = Xh1<�n!0 <h2A(z)n r �n!0 sin �n!0 '+Wz(r; ');£¤¥ W? 2 �V l+2
02 (K)�2 ; Wz 2 V l+2
2 (K):�®­¥ç­ ï ®¡« áâì�ãáâì O | ã£«®¢ ï â®çª , O 2 @
 , ¢­¥ «î¡®©®ªà¥áâ­®áâ¨ â®çª¨ O ª®­âãà @
 £« ¤ª¨©,   ¢ ªàã£¥Bd = f(r; ') : 0 < r < d; 0 < ' < 2�g ®¡« áâì 
á®¢¯ ¤ ¥â á á¥ªâ®à®¬ K . � áá¬®âà¨¬ á¨áâ¥¬ã8>>>><>>>>:grad divH? = f?;div gradEz = fz; f 2 (L2(
))3 ;H� j@
 = 0; Ezj@
 = 0; pz 2 _H1(
);rotH? = pz: (4)� ¯®¬®éìî áà¥§ îé¥© äã­ªæ¨¨ [14] �(r) 2 C1 :�(r) =(1; r 6 d=2;0; r > d;§ ¤ çã ¢ ª®­¥ç­®© ®¡« áâ¨ ã¤ ¥âáï á¢¥áâ¨ ª § ¤ -ç¥ ¢ ¡¥áª®­¥ç­®¬ á¥ªâ®à¥. �á¯®«ì§ãï à¥§ã«ìâ â ®

¯à¥¤áâ ¢«¥­¨¨ à¥è¥­¨ï ¢ ¡¥áª®­¥ç­®¬ á¥ªâ®à¥, ¤«ïá«ãç ï ª®­¥ç­®© ®¡« áâ¨ ¬®¦­® ¯®«ãç¨âìHr(r; ') = � X0<�n!0<2C(r)n r �n!0 �1 cos �n!0 '+W (1)r (r; ');H'(r; ') = � X0<�n!0<2C(')n r �n!0�1 sin �n!0 '+W (1)' (r; ');Ez(r; ') = � X0<�n!0 <2C(z)n r �n!0 sin �n!0 '+W (1)z (r; ');£¤¥ W(r; ') 2 �V 20 (
)�3 .�« ¢­ë¥ ç«¥­ë  á¨¬¯â®â¨ª¨ ¤«ï ª®¬¯®­¥­â ¯®«ïH? ¨ Ez ¯à¨ � < !0 < 2� ¨¬¥îâ ¢¨¤H? � r�1 ; �1 = �!0 � 1; �1< �1 < 0; H? 2 L2(
);Ez � r�2 ; �2 = �!0 ; 0< �2 < 1; Ez 2H1(
):�à¨ 0< !0 < �H? � r�1 ; 0< �1 < 1; H? 2H1(
);Ez � r�2 ; 1< �2; Ez 2H1(
);çâ® ¯®«­®áâìî á®®â¢¥âáâ¢ã¥â ãá«®¢¨î �¥©ªá­¥-à  [1] ­  à¥¡à¥. �®íää¨æ¨¥­âë C(r)n , C(')n , C(z)n®¯à¥¤¥«ïîâáï ï¢­® ç¥à¥§ ¯à ¢ë¥ ç áâ¨ ãà ¢­¥­¨©á¨áâ¥¬ë (4):C(r)n =�C(')n = (f?; �n?)L2(
) � (rot pz; �n?)L2(
)2(!0 � �n) ;C(z)n =�(fz; �n)L2(
)�n ;£¤¥ �n? = �(r)r�(�n=!0�1) ncos �n!0 ';� sin �n!0 'o ++Zn?(r; '); Zn?(r; ') 2 �V 10 (
)�2 | à¥è¥­¨¥ § -¤ ç¨ 8>>>>>><>>>>>>:r
2Zn? =� �r2; �� r�(�n=!0�1) ���cos �n!0 ';� sin �n!0 '� ;Zn� j@
 = 0; @Zn�@� ����@
 = 0;�n = �(r)r��n=!0 sin �n!0 ' + Znz(r; '); Znz(r; ') 22 V 10 (
) | à¥è¥­¨¥ § ¤ ç¨(�Znz =� [�; �] r��n=!0 sin �n!0 ';Znzj@
 = 0:�ã¤¥¬ áç¨â âì, çâ® ¤¨í«¥ªâà¨ç¥áª ï ¯à®­¨æ ¥¬®áâì¯®áâ®ï­­  ¢ â®© ç áâ¨ ®¡« áâ¨, ª®â®à ï á®¢¯ ¤ ¥âá á¥ªâ®à®¬, ¨ ¤®áâ â®ç­® £« ¤ª ï ¢ ®áâ ¢è¥©áïç áâ¨ ®¡« áâ¨ 
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6 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2002. ò1¯à ¢ãî ç áâì (4). �®£¤  ¯®«ãç¨¬ ¡®«¥¥ ¯®¤à®¡­®¥¯à¥¤áâ ¢«¥­¨¥ à¥è¥­¨ï:H?(r; ') = (�2 � k2")�(r)�� X0<�n!0 <2C(r)n r�n=!0+1 ncos �n!0 ';� sin �n!0 'o2�n!0 ��ik"�(r) X0<�n!0<212C(z)n r�n=!0+1�cos �n!0 ';� sin �n!0 '�++�(r) X0<�n!0<4D(r)n r �n!0�1�cos �n!0 ';� sin �n!0 '�++W (2)? (r; ');Ez(r; ') = �(r) X0<�n!0<4D(z)n r�n=!0 sin �n!0 '++ ��2 � k2"��(r) X0<�n!0 <2 C(z)n r�n=!0+2 sin �n!0 '4�1 + �n!0 � ++W (2)z (r; ');£¤¥ W (2)? (r; ') 2 �V 40 (
)�2 ; W (2)z (r; ') 2 V 50 (
) ,D(r)n = (g?; �n?)L2(
)2(!0 � �n) ; D(z)n =�(gz; �n)L2(
)�n ; £¤¥g? = ��2 � k2"� �r2; ���� X0<�n!0<2 C(r)n r�n=!0+1 ncos �n!0';� sin �n!0 'o4�n!0 ++ ��2 � k2"�W (1)? (r; ');gz =� ��2 � k2"� ��2; �� X0<�n!0 <2C(z)n r�n=!0+2 sin �n!04�1 + �n!0 � ++ ��2 � k2"�W (1)z (r; '):� ª¨¬ ®¡à §®¬, ¯®áâà®¥­  á¨¬¯â®â¨ç¥áª¨© àï¤,¯à¨¡«¨¦ îé¨© à¥è¥­¨¥ ¢¡«¨§¨ ®á®¡®© â®çª¨ £à -­¨æë ®¡« áâ¨.
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