
�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2005. ò5 39�������� � ������������ ��������� 577.3 ���������� �������� ������� ��� ������������������������� � ��������� �������� �� �����������.�. �«îå¨ , �.�. � ª®¢(ª ä¥¤à   ªãáâ¨ª¨)E-mail: yuri@makov.phys.msu.ru�   ª« áá¨ä¨ª æ¨ï ¢®§¬®¦ëå ¬¥å ¨§¬®¢  ªãáâ¨ç¥áª®£® ¢®§¤¥©áâ¢¨ï   ª«¥âª¨. �¥è¥¨¥¬®¤¥«ì®© § ¤ ç¨ ® ¢®§¤¥©áâ¢¨¨ ¯«®áª®© ã«ìâà §¢ãª®¢®© ¢®«ë   áä¥à¨ç¥áªãî ¡¨®¬¥¬¡à ã¨   «¨§ ¢®§¨ª îé¥© ¤¥ä®à¬ æ¨¨ ®¡®á®¢ë¢ îâ «®ª «ìãî § ç¨¬®áâì ªà¨â¥à¨ï à §àãè¥-¨ï ¬¥¬¡à ë ¯à¨ ¯à¥¢ëè¥¨¨ ¤®¯ãáâ¨¬®£® ã¢¥«¨ç¥¨ï ¥¥ ¯«®é ¤¨.� §«¨çë¥ § ¤ ç¨, à¥è ¥¬ë¥ á¥£®¤ï ¢ ¬¥¤¨æ¨¥á ¯®¬®éìî ã«ìâà §¢ãª  (��), ®à¨¥â¨à®¢ ë  ¯à®ï¢«¥¨¥ â¥å ¨«¨ ¨ëå íää¥ªâ®¢ ¯à¨ ¥£® ¢®§¤¥©-áâ¢¨¨   ¡¨®áâàãªâãàë. �®«ìè¨áâ¢® ¨¬¥îé¨åáïà ¡®â ¯®á¢ïé¥® à¥§ã«ìâ â ¬ ��-¢®§¤¥©áâ¢¨ï  ¬ ªà®ãà®¢¥, â. ¥.   ®â¤¥«ìë¥ ®à£ ë ¨ ãç áâª¨¡¨®âª ¥© [1, 2]. �¤ ª® ¢ ¯®á«¥¤¥¥ ¢à¥¬ï ¢á¥¡®«ìè¥¥ ¢¨¬ ¨¥ ã¤¥«ï¥âáï íää¥ªâ ¬ ¢®§¤¥©áâ-¢¨ï ��   ®â¤¥«ìë¥ ª«¥âª¨ ª ª   í«¥¬¥â àë¥,á ¬®áâ®ïâ¥«ì® äãªæ¨®¨àãîé¨¥ áâàãªâãàë¥ á®-áâ ¢«ïîé¨¥ [3, 4]. � ¯à¨¬¥à, ¢¥áì¬  ¯¥àá¯¥ªâ¨¢®©ï¢«ï¥âáï ¢®§¬®¦®áâì ¨§¬¥¥¨ï ��-¢®§¤¥©áâ¢¨¥¬¯à®¨æ ¥¬®áâ¨ ª«¥â®çëå ¬¥¬¡à  §  áç¥â  ªâ¨¢ -æ¨¨ ¨ ®¡à §®¢ ¨ï ®¢ëå ¬¥¬¡à ëå ¯®à (á®®¯®-à æ¨ï [4]) ¤«ï <¯à¨æ¥«ì®£®> ¢¥¤à¥¨ï ¢ ª«¥âª¨«¥ª àáâ¢¥ëå ¯à¥¯ à â®¢ ¨«¨ ¥®¡å®¤¨¬ëå £¥®¢.�®£®ç¨á«¥ë¥ íªá¯¥à¨¬¥â «ìë¥ ¨áá«¥¤®¢ ¨ï¯® ��-¢®§¤¥©áâ¢¨î   ª«¥â®ç®¬ ãà®¢¥ å à ªâ¥à¨-§ãîâáï ¡®«ìè¨¬ à §¡à®á®¬ ¢ ¨á¯®«ì§ã¥¬ëå à¥¦¨¬ å¨ ¯ à ¬¥âà å (ç áâ®â , ¨â¥á¨¢®áâì ��) ¨ á®®â-¢¥âáâ¢¥® ¢  ¡«î¤ ¥¬ëå íää¥ªâ å, çâ® § âàã¤-ï¥â ãáâ ®¢«¥¨¥ ¯à¨ç¨®-á«¥¤áâ¢¥ëå á¢ï§¥©¨ ¯à®£®§¨à®¢ ¨¥ ¤ «ì¥©è¨å à¥§ã«ìâ â®¢. �®í-â®¬ã  ¬¨ ¯à¥¤¯à¨ïâ  ¯®¯ëâª  á¨áâ¥¬ â¨§ æ¨¨¨¬¥îé¨åáï ¤ ëå ¯®  ªãáâ¨ç¥áª®¬ã ¢®§¤¥©áâ¢¨î  ª«¥âª¨ (à¨á. 1).� § ¢¨á¨¬®áâ¨ ®â ¢ë¡à ëå ¯ à ¬¥âà®¢  ªãáâ¨-ç¥áª®£® ¨§«ãç¥¨ï ¬®¦® á à §ë¬ à¥§ã«ìâ â®¬ ¢®§-¤¥©áâ¢®¢ âì   ¯à®æ¥ááë ¦¨§¥¤¥ïâ¥«ì®áâ¨ ª«¥â-ª¨ ¨«¨ ¢ë§ë¢ âì ¥¥ à §àãè¥¨¥. ��-¢®§¤¥©áâ¢¨¥¯à®¨áå®¤¨â §  áç¥â ¥â¥¯«®¢ëå ( ªãáâ®¬¥å ¨ç¥á-ª¨å) ä ªâ®à®¢, ª ¢¨â æ¨¨ ¨ â¥¯«®¢ëå íää¥ªâ®¢¯à¨ ¯®£«®é¥¨¨ �� ¢ ¡¨®âª ¨. �¨áâ¥¬ â¨§ æ¨ï¨ ¢§ ¨¬®á¢ï§ì ®á®¢ëå ¬¥å ¨§¬®¢  ªãáâ¨ç¥áª®£®¢®§¤¥©áâ¢¨ï   ª«¥âª¨ ¨ ¡¨®¬¥¬¡à ë ®âà ¦¥ ¢ ¯à¥¤«®¦¥®©  ¬¨ áå¥¬¥ (à¨á. 2).�à¨ ¨§ãç¥¨¨ ¨ ¯à ªâ¨ç¥áª®¬ ¨á¯®«ì§®¢ ¨¨ â¥å¨«¨ ¨ëå íää¥ªâ®¢ ��-¢®§¤¥©áâ¢¨ï ®¯à¥¤¥«ïîé¥¥§ ç¥¨¥ ¨¬¥¥â ¢®§¬®¦®áâì ¨«¨ ¥¢®§¬®¦®áâìà §àãè¥¨ï ª«¥â®çëå ¡¨®¬¥¬¡à . � ª ç¥áâ¢¥ ªà¨-â¥à¨ï à §àãè¥¨ï ç áâ® ¨á¯®«ì§ã¥âáï à áç¥â®¥

���������	
����¨á. 1. � à ¬¥âàë ã«ìâà §¢ãª  ¨ íää¥ªâë,  ¡«î¤ ¥¬ë¥¯à¨ ¥£® ¢®§¤¥©áâ¢¨¨¯à¥¢ëè¥¨¥ ¤®¯ãáâ¨¬®£® ®â®á¨â¥«ì®£® ¨§¬¥¥¨ï¢ 3{5% ®¡é¥© ¯«®é ¤¨ ª«¥â®ç®© ¬¥¬¡à ë ¯à¨¢¥è¥¬ ¢®§¤¥©áâ¢¨¨ [5, 6]. �¤ ª® â ª®© è¨à®ª®¨á¯®«ì§ã¥¬ë© ¨â¥£à «ìë© ªà¨â¥à¨© ¬®¦¥â ¯à¨-¢®¤¨âì ª ¥¢¥àë¬ ¯à®£®§ë¬ ®æ¥ª ¬ ¨ ¢ë¢®-¤ ¬ ¯à¨ ®¯à¥¤¥«¥ëå â¨¯ å ¢¥è¨å ¢®§¤¥©áâ¢¨©.�à®¤¥¬®áâà¨àã¥¬ íâ®   ¯à¨¬¥à¥ à áç¥â  íää¥ª-â  ¢®§¤¥©áâ¢¨ï ¯«®áª®© ��-¢®«ë, ¯ ¤ îé¥©   å®¤ïéãîáï ¢ ¦¨¤ª®áâ¨ ¨ § ¯®«¥ãî ¦¨¤ª®-áâìî áä¥à¨ç¥áªãî ®¡®«®çªã à ¤¨ãá  R á â®«é¨®©h� R (à¨á. 3), çâ® ï¢«ï¥âáï ¬®¤¥«ìî ¢®§¤¥©áâ¢¨ï��   ª«¥â®çãî ¬¥¬¡à ã. �à¨ íâ®¬ ¢ï§ª®áâìî¢¥è¥© ¨ ¢ãâà¥¥© ¦¨¤ª®áâ¥© (á®¤¥à¦¨¬®¥ ª«¥â-ª¨ ¨ ¬¥¦ª«¥â®ç ï áã¡áâ æ¨ï) ¨ ¬ â¥à¨ «  ®¡®-«®çª¨ («¨¯¨¤®£® ¡¨á«®ï) ¡ã¤¥¬ ¯à¥¥¡à¥£ âì. � ®á®¢¥   «¨§  íâ®© § ¤ ç¨ ®¡®áã¥¬ ¥®¡å®¤¨¬®áâì¢¢¥¤¥¨ï ¡®«¥¥ â®ç®£® ¤¨ää¥à¥æ¨ «ì®£® ªà¨â¥-à¨ï à §àãè¥¨ï   ®á®¢¥ «®ª «ìëå ¨§¬¥¥¨©¯«®é ¤¨ ¡¨®¬¥¬¡à ë.� à¨ æ¨®ë© ¯à¨æ¨¯ � ¬¨«ìâ® , ¨á¯®«ì§®¢ -¨¥ áä¥à¨ç¥áª®© á¨áâ¥¬ë ª®®à¤¨ â ¨ á¨¬¬¥âà¨ï§ ¤ ç¨ ¯® ã£«ã ' ¯à¨¢®¤ïâ ª á«¥¤ãîé¨¬ ãà ¢¥¨ï¬20 ���, ä¨§¨ª ,  áâà®®¬¨ï, ò5
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���������	
�������������¨á. 2. � ªâ®àë  ªãáâ¨ç¥áª®£® ¢®§¤¥©áâ¢¨ï

����������¨á. 3. �¥®¬¥âà¨ï ¬®¤¥«ì®© § ¤ ç¨ ¯® ¢®§¤¥©áâ¢¨î¯«®áª®© £ à¬®¨ç¥áª®© ¢®«ë   ¬¥¬¡à ã¤¢¨¦¥¨ï í«¥¬¥â®¢ â®ª®© ã¯àã£®© ®¡®«®çª¨ [7, 8]:1� �2E �sR2@2u@t2 Luuu+Luww+ = 0; (1)1� �2E �sR2@2w@t2 +Lwuu+Lwww = 1� �2Eh R2�f; (2)£¤¥ �f | ¢®§¬®¦ ï ¢¥èïï á¨« , ¤¥©áâ¢ãîé ï¢ à ¤¨ «ì®¬  ¯à ¢«¥¨¨   ¥¤¨¨æã ¯«®é ¤¨¬¥¬¡à ë, u ¨ w - ¬¥à¨¤¨® «ì ï (â £¥æ¨ «ì- ï) ¨ à ¤¨ «ì ï ª®¬¯®¥âë ¢¥ªâ®à  á¬¥é¥¨ïí«¥¬¥â  ®¡®«®çª¨. �å®¤ïé¨¥ ¢ á¨áâ¥¬ã (1), (2) ¤¨ä-ä¥à¥æ¨ «ìë¥ ®¯¥à â®àë ¨¬¥îâ ¢¨¤ e = 112(h=R)2¨ � = cos � ,Luu =�(1 + e)�(1� �2)1=2 d2d�2 (1� �2)1=2 + (1� �)�;Luw = (1� �2)1=2 �[e(1� �)� (1 + �)] dd� + e dd��� ;Lww = e�2 + e(1� �)�+ 2(1 + �);

Lwu =�n[e(1� �)� (1 + �)] dd� (1� �2)1=2++e dd�� dd� (1� �2)1=2o;�= dd� (1��2) dd� | ®¯¥à â®à � ¯« á . � ãà ¢¥¨ïå(1), (2) ¡ã¤¥¬ ¨á¯®«ì§®¢ âì å à ªâ¥àë¥ ¤«ï ª«¥âª¨¯ à ¬¥âàë: ¯«®â®áâì ¬¥¬¡à ë �s = 0:8 £/á¬3 , ¬®-¤ã«ì�£  E = 7�103 �/á¬2 , ª®íää¨æ¨¥â �ã áá® � = 0:49 , â®«é¨  ¬¥¬¡à ë h = 6 ¬, áà¥¤¨©à ¤¨ãá ª«¥âª¨ R= 15 ¬ª¬.� á¨«ã £ à¬®¨ç¥áª®© ¢à¥¬¥®© § ¢¨á¨¬®áâ¨ ¯®-«®¦¨¬: �f = �F ei!t , u= U(�) ei!t . �«ï ®¯à¥¤¥«¥¨ï¢¥è¥© á¨«ë �f , ®¡ãá«®¢«¥®© ��-¢®§¤¥©áâ¢¨¥¬¯ ¤ îé¥© ¯«®áª®© ¢®«ë, ã¤®¡® ¢¢¥áâ¨ ¯®â¥æ¨- «ë áª®à®áâ¥© 'e ¨ 'i ¢® ¢¥è¥© ¨ ¢ãâà¥¥©(¯® ®â®è¥¨î ª áä¥à¨ç¥áª®© ¬¥¬¡à ¥) ®¡« áâïå¦¨¤ª®áâ¨ á®®â¢¥âáâ¢¥®, ¯à¨ç¥¬ ¢ á¨«ã ¢à¥¬¥®©£ à¬®¨ç¥áª®© § ¢¨á¨¬®áâ¨ 'i;e = �i;e(r; �)ei!t . � ªª ª ¯®â¥æ¨ «ë áª®à®áâ¥© ï¢«ïîâáï à¥è¥¨ï¬¨ ¢®«-®¢®£® ãà ¢¥¨ï ¢ áä¥à¨ç¥áª®© (¤«ï ¤ ®© § ¤ ç¨)á¨áâ¥¬¥ ª®®à¤¨ â á ã«¥¢®©  á¨¬¯â®â¨ª®© ¢  ç «¥ª®®à¤¨ â ¤«ï 'i ¨ ãá«®¢¨¥¬ ¨§«ãç¥¨ï   ¡¥áª®-¥ç®áâ¨ ¤«ï 'e , â® íâ® ¯à¨¢®¤¨â ª ¯à¥¤áâ ¢«¥¨î:�i = 1Xn=0Bnjn(kir)Pn(�);�e = 1Xn=0Anh(2)n (ker)Pn(�); (3)£¤¥ Pn(�) | ¯®«¨®¬ �¥¦ ¤à  ¯®àï¤ª  n , jn |áä¥à¨ç¥áª ï äãªæ¨ï �¥áá¥«ï ¯®àï¤ª  n , h(2)n |áä¥à¨ç¥áª ï äãªæ¨ï � ª¥«ï ¢â®à®£® à®¤  ¯®àï¤-ª  n , ki;e = !=ci;e | ¢®«®¢ë¥ ç¨á«  ¢® ¢¥è¥©¨ ¢ãâà¥¥© áà¥¤¥ á®®â¢¥âáâ¢¥®. �¢ï§ì <á®¡-áâ¢¥ëå> ¤ ¢«¥¨© pi;e ¢® ¢ãâà¥¥© ¨ ¢¥è-¥© ¦¨¤ª®áâïå á á®®â¢¥âáâ¢ãîé¨¬¨ ¯®â¥æ¨ « ¬¨áª®à®áâ¥© 'i;e ¤«ï à áá¬ âà¨¢ ¥¬ëå £ à¬®¨ç¥áª¨å



�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2005. ò5 41¯à®æ¥áá®¢ ¤ ¥â á®®â®è¥¨ïpi;e =�i!�i;e'i;e(r; �): (4)�á«¨ §  áç¥â ¢¥è¥£® ��-¢®§¤¥©áâ¢¨ï ¢® ¢¥è¥©¦¨¤ª®áâ¨ á®§¤ ¥âáï £ à¬®¨ç¥áª¨ ¨§¬¥ï¥¬®¥ ¤ ¢-«¥¨¥ peUS =�(�; r)ei!t , â®  ¬¯«¨âã¤  á¨«ë, ¤¥©áâ¢ã-îé¥©   ¥¤¨¨æã ¯«®é ¤¨ ®¡®«®çª¨ ¢ à ¤¨ «ì®¬ ¯à ¢«¥¨¨, ¢ëà ¦ ¥âáï (á ãç¥â®¬ (4)) á«¥¤ãîé¨¬®¡à §®¬:�F =�i! ��i�i(�;R)� �e�e(�;R)���(�;R):� §«®¦¨¬ w(�; t) , u(�; t) ¨ �(�; r) ¢ àï¤ ¯® ¯®«¨®-¬ ¬ �¥¦ ¤à :W (�) = 1Xn=0WnPn(�);U(�) = 1Xn=1Un �1� �2�1=2 dPn(�)d� ;�(r; �) = 1Xn=0�n(r)Pn(�); (5)£¤¥ �n = 2n+12 R 1�1�(�; r)Pn(�) d� , Wn ¨ Un |¥¨§¢¥áâë¥ ª®íää¨æ¨¥âë àï¤®¢. �®íää¨æ¨¥âëAn ¨ Bn ¢ (3)  ©¤¥¬ ¨§ £à ¨çëå ãá«®¢¨©:à ¤¨ «ì®¥ á¬¥é¥¨¥ ç áâ¨æ ¢ãâà¥¥© ¦¨¤ª®-áâ¨ (si = 1i! @�i(r;�)@r jr=Rei!t ) ¨ ¢¥è¥© ¦¨¤ª®áâ¨(se = 1i! @�etot(r;�)@r jr=Rei!t ), ¯à¨«¥£ îé¨å ª ®¡®«®çª¥,¤®«¦ë ¡ëâì à ¢ë à ¤¨ «ì®¬ã á¬¥é¥¨î í«¥-¬¥â  ¬¥¬¡à ë w = Wei!t . �¤¥áì �etot(r; �; t) == 1Pn=0 hi�n(r)= (�e!) �n(r) +Anh(2)n (keR)iPn(�) | ¬¯«¨âã¤  ¯®â¥æ¨ «  áª®à®áâ¨ ¢¥è¥© ¦¨¤ª®áâ¨,ï¢«ïîé¥£®áï áã¯¥à¯®§¨æ¨¥© ¤¢ãå ¯®â¥æ¨ «®¢: 'e¨ á« £ ¥¬®£®, ®¡ãá«®¢«¥®£® ¯à¨áãâáâ¢¨¥¬ £ à¬®-¨ç¥áª®© ¢®«ë, ï¢®¥ ¢ëà ¦¥¨¥ ¤«ï ª®â®à®£®¬®¦® ¯®«ãç¨âì, ¨á¯®«ì§ãï á¢ï§ì ¯®â¥æ¨ «  áª®-à®áâ¨ ¨ ¤ ¢«¥¨ï ã«ìâà §¢ãª®¢®© ¢®«ë peUS ,   «®-£¨çãî (4). �âáî¤  ¯®«ãç ¥¬ á«¥¤ãîé¨¥ £à ¨çë¥ãá«®¢¨ï:Bn = i cij0n(kiR)Wn;An = i ceh(2)n 0(keR)Wn� i bn�e!keh(2)n 0(keR) ; (6)£¤¥ bn = (2n + 1)/2 R 1�1(@�(r; �)=@r)jr=RPn(�) d� ,h(2)n 0(keR) = (dh(2)n (z)=dz)jz=keR .�®¤áâ ¢«ïï ¢ ãà ¢¥¨ï ¤¢¨¦¥¨ï (1), (2) ¢ëà -¦¥¨ï ¤«ï ª®¬¯®¥â á¬¥é¥¨ï ¨ á¨«ë �f á ãç¥â®¬à §«®¦¥¨© (3), (5) ¨ ¤¥©áâ¢ãï ¢å®¤ïé¨¬¨ ¢ (1), (2)¤¨ää¥à¥æ¨ «ìë¬¨ ®¯¥à â®à ¬¨, ¯à¨å®¤¨¬ ª ¥®¤-®à®¤®© á¨áâ¥¬¥ 2n ãà ¢¥¨© ®â®á¨â¥«ì® Wn ,Un ¨ An , Bn . �à ¨çë¥ ãá«®¢¨ï (6) ¯®§¢®«ïîâ¨áª«îç¨âì ¨§ ¯®«ãç¥ëå ãà ¢¥¨© An ¨ Bn¨ á¢¥áâ¨ § ¤ çã ª á¨áâ¥¬¥ ãà ¢¥¨© ®â®á¨â¥«ì®

¥¨§¢¥áâëå ª®íää¨æ¨¥â®¢ Wn ¨ Un ¯à¨ ¨§¢¥áâ-ëå ¢¥è¨å á¨« å:� �
2 + (1 + e)(1� � � �n)�Un ++[e(1� � � �n)� (1 + �)]Wn = 0;�n[e(� + �n � 1) + (1 + �)]Un ++�
2 � �ne(�n + � � 1)� 2(1 + �) ++ !1� �2Eh R2��ici jn(kiR)j0n(kiR) � �ece h(2)n (keR)h(2)n 0(keR)��Wn == 1� �2Eh R2 �n� h(2)n (keR)bnh(2)n 0(keR)ke! ; (7)£¤¥ 
2 = !2R2�s(1� �2)=E | ¡¥§à §¬¥à ï ç áâ®â .�®ªà¥â¨§¨àã¥¬ ¢ëà ¦¥¨¥ ¤«ï �(�; r) . � ª ã¦¥®â¬¥ç «®áì ¢ëè¥, ¢ § ¤ ç¥ à áá¬ âà¨¢ ¥âáï ®¡®«®ç-ª ,   ª®â®àãî ¯ ¤ ¥â ¯«®áª ï £ à¬®¨ç¥áª ï ¢®« á ¯®áâ®ï®©  ¬¯«¨âã¤®© (à¨á. 3). �¬¯«¨âã¤®¥¢®§¤¥©áâ¢¨¥ ¯® ®à¬ «¨ ª íâ®© ®¡®«®çª¥ (¤ ¢«¥¨¥)¡ã¤¥â § ¢¨á¥âì ®â áä¥à¨ç¥áª¨å ª®®à¤¨ â � ¨ r :�=�0ei[!t�ke(R�r cos �)]: (8)�®á«¥ à §«®¦¥¨ï �(�; r) ¢ (8) ¯® ¯®«¨®¬ ¬�¥¦ ¤à  ¯®¤áâ ¢«ï¥¬ ª®íää¨æ¨¥âë �n ¢ ®¯à¥-¤¥«ïîéãî á¨áâ¥¬ã (7). �à ¢¥¨ï ¤¢¨¦¥¨ï (7)à¥è «¨áì ç¨á«¥® á ¯®¬®éìî ¯à®£à ¬¬ë,  ¯¨-á ®© ¢ Matlab 6.0. � §«®¦¥¨ï W ¨ U ¯® ¯®-«¨®¬ ¬ �¥¦ ¤à  á ª®íää¨æ¨¥â ¬¨, ®¯à¥¤¥«ï¥-¬ë¬¨ á¨áâ¥¬®© (7), ï¢«ïîâáï áå®¤ïé¨¬¨áï àï¤ ¬¨,ª®â®àë¥ ¬®¦® ®¡®à¢ âì  ç¨ ï á n = 50 ¡¥§áãé¥áâ¢¥®£® ¨áª ¦¥¨ï ¯®«ãç ¥¬ëå à¥§ã«ìâ â®¢.� ¯®¬®éìî  ©¤¥ëå Wn ¨ Un ¬®¦® ®¯à¥¤¥«¨âìá¬¥é¥¨ï (á¬. (5)) í«¥¬¥â®¢ áä¥àë ¢ ª ¦¤®© â®çª¥¯®¢¥àå®áâ¨ ¨ ¯®«ãç¨âì ¯à¥¤áâ ¢«¥¨¥ ® ¤¥ä®à¬ -æ¨¨ ¨§ ç «ì® áä¥à¨ç¥áª®© ¯®¢¥àå®áâ¨ ¬¥¬¡à -ë ¯®¤ ¤¥©áâ¢¨¥¬ ��-¢®«ë. �  à¨á. 4 ¨§®¡à -¦¥ ¯®«ãç¥ë© ¢¨¤ ¤¥ä®à¬¨à®¢ ®© ¯®¢¥àå®áâ¨¬¥¬¡à ë (á ã¢¥«¨ç¥ë¬ ¯à®áâà áâ¢¥ë¬ ¬ á-èâ ¡®¬ ¤«ï  £«ï¤®áâ¨) ¯à¨ ¢®§¤¥©áâ¢¨¨ ¯«®áª®©£ à¬®¨ç¥áª®© ��-¢®«ë á ç áâ®â®© 500 ª�æ ¯à¨¨â¥á¨¢®áâ¨ I = 10 �â/á¬2 . �§ íâ®£® à¨áãª ¢¨¤  à §«¨ç ï áâ¥¯¥ì ¤¥ä®à¬ æ¨¨ ¬¥¬¡à ë ¯à¨à §ëå ã£« å � . � ª¦¥   «¨§ ¯®ª §ë¢ ¥â § ¢¨á¨-
����������¨á. 4. �®¢¥àå®áâì ¬¥¬¡à ë, ¤¥ä®à¬¨à®¢  ï ¯®¤¤¥©áâ¢¨¥¬ ã«ìâà §¢ãª  (f = 500 ª�æ)



42 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2005. ò5¬®áâì áâ¥¯¥¨ ¤¥ä®à¬ æ¨¨ ¬¥¬¡à ë ®â ç áâ®âë¯ ¤ îé¥© ¢®«ë.� áá¬®âà¨¬ ª®«¨ç¥áâ¢¥ë¥ å à ªâ¥à¨áâ¨ª¨ ¨§-¬¥¥¨ï ¯«®é ¤¨ ¨§ ç «ì® áä¥à¨ç¥áª®© ¬¥¬¡à -ë ¯à¨ ¥¥ ¤¥ä®à¬ æ¨¨ ¯®¤ ¢®§¤¥©áâ¢¨¥¬ ��-¢®«ë.�æ¥¨¬ ®â®á¨â¥«ì®¥ ¨§¬¥¥¨¥ ®¡é¥© ¯«®é ¤¨¤¥ä®à¬¨à®¢ ®© ¯®¢¥àå®áâ¨ ¬¥¬¡à ë, â. ¥.  ©-¤¥¬ å à ªâ¥à¨áâ¨ªã, «¥¦ éãî ¢ ®á®¢¥ ¨á¯®«ì-§ã¥¬®£® ªà¨â¥à¨ï à §àãè¥¨ï ¡¨®¬¥¬¡à . �¢¥¤¥¬á«¥¤ãîé¨¥ ®¡®§ ç¥¨ï: ~R=Rb+w , Rb =R+w0 |áà¥¤¨© à ¤¨ãá ¯® ã£« ¬ � ¨ ' , R | à ¤¨ãá¥¤¥ä®à¬¨à®¢ ®© áä¥àë, w0 =W0ei!t | à ¤¨ «ì-®¥ á¬¥é¥¨¥, ®¯à¥¤¥«ï¥¬®¥ ã«¥¢®© £ à¬®¨ª®©,w(�; t) = ei!t 1Pn=1WnPn(�) | à ¤¨ «ì®¥ á¬¥é¥¨ïç áâ¨æ ¡¥§ ã«¥¢®© ¬®¤ë ®â®á¨â¥«ì® áä¥àë à ¤¨-ãá®¬ Rb . � ª¨¬ ®¡à §®¬, u ¨ w ®¯¨áë¢ îâ ®âª«®¥-¨ï ®â ¯®¢¥àå®áâ¨ áä¥àë (à¨á. 5). � á®®â¢¥âáâ¢¨¨á ¨§¢¥áâë¬¨ ä®à¬ã« ¬¨ ¤¨ää¥à¥æ¨ «ì®© £¥®¬¥â-à¨¨ [9] í«¥¬¥â ¯«®é ¤¨ ¤¥ä®à¬¨à®¢ ®© ¯®¢¥àå-®áâ¨ á ãç¥â®¬ ª¢ ¤à â¨çëå á« £ ¥¬ëå ¯à¥¤áâ ¢¨¬¢ ¢¨¤¥dS =R2b�1 + 1Rb @u@� + uRb ctg �+2 wRb + 12 u2R2b ++ 12R2b �@w@� �2 + wR2b @u@� + 1Rb uRb @u@� ctg �++ wRb uRb ctg�+� wRb�2� sin � d� d': (9)�á«¨ ¯à¨ ¨â¥£à¨à®¢ ¨¨ ¯® ¯®¢¥àå®áâ¨ ¤«ï ¢ëç¨á-«¥¨ï ¢á¥© ¯«®é ¤¨ ®¡®«®çª¨ ¨á¯®«ì§®¢ âì â®«ìª®«¨¥ à¨§®¢ ë© ¢ à¨ â ¢ëà ¦¥¨ï (9), ¯®«ãç¨¬à¥§ã«ìâ â S = 4�R2b , ª®â®àë© ®âà ¦ ¥â ¨§¬¥¥¨¥¯«®é ¤¨ §  áç¥â ®¡é¥£® á¨¬¬¥âà¨ç®£® à §¤ã¢ ¨ï¨ á¦ â¨ï áä¥àë. � ª ª ª W0 � R ¨ W0 � Wn¯à¨ n < 30 , â® ®á®¢®© ¨â¥à¥á ¯à¥¤áâ ¢«ï¥â ¨§-¬¥¥¨¥ ¯«®é ¤¨ ¬¥¬¡à ë §  áç¥â ®¡à §®¢ ¨ï<áª« ¤®ª>   ¥¥ ¯®¢¥àå®áâ¨ (á¬. à¨á. 4)   ä®¥¬¥«ª®¬ áèâ ¡®£® ®¡é¥£® à áè¨à¥¨ï-á¦ â¨ï. �â®¨§¬¥¥¨¥ ®¯à¥¤¥«ï¥âáï ª¢ ¤à â¨çë¬¨ á« £ ¥¬ë-¬¨ ¢ (9). �«ï ã¯à®é¥¨ï ¤ «ì¥©è¨å ¢ëç¨á«¥¨©®â¬¥â¨¬, çâ® ¨§ (7) á«¥¤ã¥â Un=Wn � 1�n ¯à¨ n> 3 ,¯®íâ®¬ã ¬®¦® ¯®« £ âì u(�) = 0 . �á¯®«ì§ãï íâ®¯à¨¡«¨¦¥¨¥ ¨ à §«®¦¥¨¥ (5) ¤«ï W ¢ ¢ëà ¦¥-¨¨ (9), ¯®«ãç¨¬ ¯à®áâ®¥ ¢ëà ¦¥¨¥ ¤«ï ¯«®é ¤¨¤¥ä®à¬¨à®¢ ®© ¬¥¬¡à ë:S = 4�R2b + 2�e2i!t 1Xn=1 n2 + n+ 22n+ 1 W 2n :
�����¨á. 5. �áª ¦¥¨¥ áä¥à¨ç¥áª®© ä®à¬ë ¬¥¬¡à ë ®â®á¨-â¥«ì® áà¥¤¥£® à ¤¨ãá  Rb

� ááç¨â ®¥   ®á®¢¥ ¢ëè¥¯à¨¢¥¤¥ëå ä®à¬ã«¬ ªá¨¬ «ì®¥ ®â®á¨â¥«ì®¥ ¨§¬¥¥¨¥ ®¡é¥© ¯«®-é ¤¨ ¯®¢¥àå®áâ¨ ¬¥¬¡à ë � = 100% � (S � S0)=S0(S0 ¨ S | ¯«®é ¤ì ¥¤¥ä®à¬¨à®¢ ®© ¨ ¤¥ä®à¬¨-à®¢ ®© ¯®¢¥àå®áâ¥© á®®â¢¥âáâ¢¥®) ¢ ¨á¯®«ì§ã-¥¬®¬ ¤¨ ¯ §®¥ ç áâ®â (500 ª�æ{2 ��æ) ¯à¨ ¨â¥-á¨¢®áâ¨ ¯ ¤ îé¥© ¢®«ë 10 �â/á¬2 ¥ ¯à¥¢ëá¨«®¤¥áïâëå ¤®«¥© ¯à®æ¥â , çâ® § ç¨â¥«ì® ¨¦¥ ¯®-à®£®¢®£® § ç¥¨ï 3{5%, ¨á¯®«ì§ã¥¬®£® ¢ ª ç¥áâ¢¥ªà¨â¥à¨ï à §àãè¥¨ï ¡¨®¬¥¬¡à . � â® ¦¥ ¢à¥¬ïíªá¯¥à¨¬¥âë ¯®ª §ë¢ îâ [10], çâ® ¢®«ë â ª®© ¨-â¥á¨¢®áâ¨ à §àãè îâ ª«¥â®çë¥ ¬¥¬¡à ë. �«ïãáâà ¥¨ï íâ®£® ¯à®â¨¢®à¥ç¨ï ¯à¨¬¥¬ ¢® ¢¨¬ -¨¥ ¥®¤®à®¤ãî áâ¥¯¥ì ¤¥ä®à¬ æ¨¨ ¬¥¬¡à ë(á¬. à¨á. 4) ¯à¨ à áá¬ âà¨¢ ¥¬®¬ ��-¢®§¤¥©áâ¢¨¨¨ ®¯à¥¤¥«¨¬ «®ª «ìë¥ ®â®á¨â¥«ìë¥ ¨§¬¥¥¨ï¯«®é ¤¨ í«¥¬¥â  ¯®¢¥àå®áâ¨ áä¥àë ¢ § ¢¨á¨¬®áâ¨®â ¥£® ¬¥áâ®¯®«®¦¥¨ï ¯® ã£«ã � . �£à ¨ç¨¢ ïáì«¨¥©ë¬¨ ¯® w=R0 ¨ u=R0 á« £ ¥¬ë¬¨ ¢ (9)¨ ¯®¤áâ ¢«ïï áî¤  à §«®¦¥¨ï (5) ¤«ï w ¨ u , ¯à¨-å®¤¨¬ ª á«¥¤ãîé¥¬ã ¢ëà ¦¥¨î ¤«ï ¬ ªá¨¬ «ì®£®®â®á¨â¥«ì®£® ¨§¬¥¥¨ï í«¥¬¥â  ¯«®é ¤¨:(dS�dS0)=dS0 = 1=R 1Xn=1Pn(�)(�nUn+2Wn)+2W0=R;(10)£¤¥ dS0 = R2 sin � d� d' ¨ dS | í«¥¬¥âë ¯«®é ¤¨¤® ¨ ¯®á«¥ ¤¥ä®à¬ æ¨¨ á®®â¢¥âáâ¢¥®. � ¢ëà ¦¥-¨¨ (10) Rb § ¬¥¥   R , ¯®áª®«ìªã W0 �R . � (10)àï¤ ®¯¨áë¢ ¥â ®â®á¨â¥«ì®¥ ¨§¬¥¥¨¥ í«¥¬¥â à-®© ¯«®é ¤ª¨, á¢ï§ ®¥ á ®¡à §®¢ ¨¥¬   ¤¥ä®à-¬¨à®¢ ®© áä¥à¨ç¥áª®© ¯®¢¥àå®áâ¨ áª« ¤®ª («®-ª «ìë¥ ¬ ªá¨¬ã¬ë ¨ ¬¨¨¬ã¬ë), ¢â®à®¥ | ¨§¬¥¥-¨¥ ¯«®é ¤ª¨, ¢ë§¢ ®¥ ã¢¥«¨ç¥¨¥¬ à ¤¨ãá  áä¥-àë, â. ¥. íää¥ªâ ®¡é¥£® à §¤ã¢ ¨ï-á¦ â¨ï áä¥àë.�ëç¨á«¥ ï § ¢¨á¨¬®áâì ®â®á¨â¥«ì®£® ¨§¬¥¥-¨ï í«¥¬¥â  ¯®¢¥àå®áâ¨ �= 100% � (dS�dS0)=dS0®â ã£«  ¯à¨¢¥¤¥    à¨á. 6, ®âªã¤  ¢¨¤®, çâ® ¨§-¬¥¥¨¥ ¯«®é ¤¨ í«¥¬¥â®¢,   ª®â®àë¥ ã«ìâà §¢ã-ª®¢ ï ¢®«  ¯ ¤ ¥â ¯à ªâ¨ç¥áª¨ ¯¥à¯¥¤¨ªã«ïà®,
���������	
��¨á. 6. �à ä¨ª § ¢¨á¨¬®áâ¨ ¬ ªá¨¬ «ì®£® ®â®á¨â¥«ì®£®¨§¬¥¥¨ï í«¥¬¥â  ¯«®é ¤¨ ¬¥¬¡à ë � ®â ã£«  � .� áâ®â  f = 500 ª�æ



�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2005. ò5 43á®áâ ¢«ï¥â ¥¤¨¨æë ¯à®æ¥â®¢ ¨ ¬®¦¥â ¯à¥¢ëè âìªà¨â¨ç¥áª®¥ § ç¥¨¥, çâ® ¯®ª §ë¢ ¥â ¢®§¬®¦ë©à §àë¢ ¬¥¬¡à ë ¢ íâ¨å ®¡« áâïå. �®áâà®¥¨¥ ä®à-¬ë ¤¥ä®à¬¨à®¢ ®© áä¥àë (à¨á. 4), £¤¥ ¯à®ï¢«ï¥â-áï áãé¥áâ¢¥ ï <áª« ¤ç â®áâì> ¢ íâ¨å ¦¥ ®¡« áâïå,¯®¤â¢¥à¦¤ ¥â à¥ «ì®áâì â ª®£® à §àë¢ .�á®¢®© ¢ª« ¤ ¢ ¨§¬¥¥¨¥ dS ¢ (10) ¤ îâ á« -£ ¥¬ë¥, áâ®ïé¨¥ ¢ àï¤ã. �§ íâ®£® ¬®¦® § ª«îç¨âì,çâ® § ç¨â¥«ìë¥ ¨§¬¥¥¨ï à §¬¥à®¢ dS á¢ï§ ëá ¯à¨áãâáâ¢¨¥¬ áª« ¤®ª, ®¡ãá«®¢«¥ëå áã¯¥à¯®§¨-æ¨¥© £ à¬®¨ª. � â® ¦¥ ¢à¥¬ï áã¬¬ à®¥ ¨§¬¥¥-¨¥ S á®áâ ¢«ï¥â ¤®«¨ ¯à®æ¥â . �â® ¬®¦® ®¡®á-®¢ âì ¬ â¥¬ â¨ç¥áª¨, ¢ëç¨á«ïï ¢ëè¥¯à¨¢¥¤¥ë¥¨â¥£à «ë, ª®â®àë¥ ¯®ª §ë¢ îâ, çâ®   ¨§¬¥¥¨¥¢á¥© ¯«®é ¤¨ áä¥àë ¡ã¤ãâ ¢«¨ïâì á« £ ¥¬ë¥ ¢â®à®£®¯®àï¤ª  ¬ «®áâ¨, ¤ îé¨¥ ¥áãé¥áâ¢¥ë© ¢ª« ¤.� ª¨¬ ®¡à §®¬,   «¨§ ¤¥ä®à¬ æ¨¨ ª«¥â®ç®©¬¥¬¡à ë ¢ à¥§ã«ìâ â¥ ¢®§¤¥©áâ¢¨ï   ¥¥ ¯«®á-ª®© £ à¬®¨ç¥áª®© ��-¢®«®© ¤®áâ â®ç® ¡®«ìè®©¨â¥á¨¢®áâ¨ (10 �â/á¬2 ) ¯®ª § «, çâ® ®â®á¨-â¥«ì®¥ ¨§¬¥¥¨¥ ®¡é¥© ¯«®é ¤¨ ¢á¥© ¬¥¬¡à ë¢ à¥§ã«ìâ â¥ íâ®£® ¯à®æ¥áá  á®áâ ¢«ï¥â ¤®«¨ ¯à®-æ¥â  ¨ § ç¨â¥«ì® ¬¥ìè¥ ®¡é¥¯à¨ïâ®£® ¨ ¨á-¯®«ì§ã¥¬®£® ¢  áâ®ïé¥¥ ¢à¥¬ï ¯®à®£®¢®£® § ç¥¨ï(3{5%) ¤«ï à §àãè¥¨ï ¡¨®¬¥¬¡à . � â® ¦¥ ¢à¥¬ïíªá¯¥à¨¬¥âë ¯®ª §ë¢ îâ ¡¥§ãá«®¢®¥ à §àãè¥¨¥¡¨®¬¥¬¡à  ¯à¨ â ª¨å ¨â¥á¨¢®áâïå �� [10].�¯à¥¤¥«¥®¥ ¢ à ¡®â¥ � ¤«ï ®â¤¥«ìëå ãç áâª®¢¬¥¬¡à ë, £¤¥ ¤¥ä®à¬ æ¨¨ ¬ ªá¨¬ «ìë (à¨á. 4),¯à¥¢ëè ¥â ãª § ë¥ 3{5%, â. ¥. ªà¨â¥à¨© à §àã-è¥¨ï ¢ë¯®«ï¥âáï «®ª «ì® ¨ á®®â¢¥âáâ¢ã¥â à¥- «ì®¬ã íªá¯¥à¨¬¥â «ì®¬ã ¨áå®¤ã | à §àãè¥¨î
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