
�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 1999. ü1 27¨áå®¤®£®, ¬®¦® ¡ë«® ¤ âì ¯à®áâ®¥ áâ â¨áâ¨ç¥á-ª®¥ ®¡êïá¥¨¥. �â¨¬ á¨¬ « áì ¥®¡å®¤¨¬®áâì ®¡-áã¦¤¥¨ï § £ ¤®ç®£® ¯à®æ¥áá  ª®«« ¯á  ¢®«®¢®©äãªæ¨¨.�®«ãç¥ë¥ ¢ëè¥, ¥ ¨¬¥îé¨¥ ª« áá¨ç¥áª®£®®¡êïá¥¨ï, á¢®©áâ¢  ��� ¨¬¯ã«ìá ,  áª®«ìª® ¨§-¢¥áâ®  ¢â®àã, ¥ ¯à®¢¥àï«¨áì ¨ ¢ ®¤®¬ ¨§ íªá¯¥-à¨¬¥â®¢.�á®¢®© â ª¨å íªá¯¥à¨¬¥â®¢ ¬®£«  ¡ë ¡ëâì ®¯¨-á  ï ¢ [9] ¨§ïé ï â¥å¨ª  íªá¯¥à¨¬¥â  á  â®¬-ë¬¨ ¯ãçª ¬¨. �  ¯®§¢®«¨«  ¤®áâ â®ç®  ¤¥¦®à¥ª®áâàã¨à®¢ âì äãªæ¨î �¨£¥à  ¯à®è¥¤è¥£® ç¥-à¥§ ¤¢¥ é¥«¨ ¯ãçª   â®¬®¢ £¥«¨ï. �á«¨ â ªãî ãáâ -®¢ªã ã¤ áâáï ¤®¯®«¨âì ª ª¨¬-«¨¡® ª®á¢¥ë¬ ¨§-¬¥à¥¨¥¬ ¯®¯¥à¥ç®© ª®®à¤¨ âë  â®¬®¢ §  é¥«ìî,â® ¬®¦® ¡ã¤¥â ¯à®¢¥à¨âì ®¯¨á ë© ¢ëè¥ íää¥ªâà¥¤ãªæ¨¨ ¢®«®¢®© äãªæ¨¨ ¯à¨ ¨§¬¥à¥¨¨.� ¡®â  ¢ë¯®«¥  ¯p¨ ¯®¤¤¥à¦ª¥ �®áá¨©áª®-£® ä®¤  äã¤ ¬¥â «ìëå ¨ááá«¥¤®¢ ¨© (£à â96-02-16391-a).
�¨â¥à âãà 1. �® �¥©¬  �. � â¥¬ â¨ç¥áª¨¥ ®á®¢ë ª¢ â®¢®© ¬¥å -¨ª¨. �., 1964.2. �¨à ª �.�.�. �à¨æ¨¯ë ª¢ â®¢®© ¬¥å ¨ª¨. �., 1964.3. �. �¥©§¥¡¥à£. �¨§¨ç¥áª¨¥ ¯à¨æ¨¯ë ª¢ â®¢®© â¥®à¨¨.�.; �., 1932.4. � ¤¥«ìèâ ¬ �.�. �¥ªæ¨¨ ¯® ®¯â¨ª¥, â¥®à¨¨ ®â®á¨-â¥«ì®áâ¨ ¨ ª¢ â®¢®© ¬¥å ¨ª¥. �., 1972.5. Braginsky V.B., Khalili F.Ya. Quantum Measurements.Cambridge, 1992.6. �®à®æ®¢ �.�. �¥®à¨ï ¨ ¬¥â®¤ë ¬ ªà®áª®¯¨ç¥áª¨å ¨§-¬¥à¥¨©. �., 1989.7. Pegg D.T., Barnett S.M. // Phys. Rev. 1989. A39. P. 1665.8. � ¤¡¥à¨ �. �¢ â®¢ ï ¬¥å ¨ª  ¨ ä¨§¨ª  í«¥¬¥â àëåç áâ¨æ. �., 1989.9. Kurtsiefer Ch., Pfau T., Mlynek J. // Nature. 1997. 386. P. 150.�®áâã¯¨«  ¢ p¥¤ ªæ¨î26.12.97��� 539.12.01����������� ������� � ������� ����������� ����� 2+1 �����������. �. � «¨«®¢(ª ä¥¤à  â¥®à¥â¨ç¥áª®© ä¨§¨ª¨ )�§ãç ¥âáï íää¥ªâ ®¡à §®¢ ¨ï ¯ à § àï¦¥ëå ä¥à¬¨®®¢ á¨«ìë¬ ¢¥è¨¬ ªã«®®¢áª¨¬ ¯®«¥¬¢ ¤¢ãå ¯à®áâà áâ¢¥ëå ¨§¬¥à¥¨ïå. � ©¤¥ë â®çë¥ à¥è¥¨ï ãà ¢¥¨ï �¨à ª  ¢ ªã«®®¢áª®¬¯®«¥ ¢ 2+1 ¨§¬¥à¥¨ïå. �®ª § ®, çâ® ¯®¢¥¤¥¨¥ ¨¦¨å ãà®¢¥© í¥à£¨¨ í«¥ªâà®  ¢ á¨«ì®¬ªã«®®¢áª®¬ ¯®«¥ áãé¥áâ¢¥® à §«¨ç® ¤«ï á«ãç ¥¢ ¤¢ãå ¨ âà¥å ¯à®áâà áâ¢¥ëå ¨§¬¥à¥¨©.�®«ãç¥® ãà ¢¥¨¥ ¤«ï ®¯à¥¤¥«¥¨ï ªà¨â¨ç¥áª®£® § àï¤ , ª®â®à®¥ à¥è¥® ç¨á«¥® ¤«ï ®¤®©¯à®áâ®© ¬®¤¥«¨. �à¨â¨ç¥áª¨© § àï¤ ¢ 2+1 ¨§¬¥à¥¨ïå áãé¥áâ¢¥® ¬¥ìè¥ ¥£® § ç¥¨ï ¤«ï â®© ¦¥¬®¤¥«¨ ¢ 3+1 ¨§¬¥à¥¨ïå.�¢ã¬¥àë¥ á¨áâ¥¬ë ¥à¥«ïâ¨¢¨áâáª¨å § àï¦¥-ëå ä¥à¬¨®®¢, á¢ï§ ë¥ á ª «¨¡à®¢®çë¬¨ í«¥ª-âà®¬ £¨âë¬ ¨ �¥à {� ©¬®á  ¯®«ï¬¨, ¯à¨¢«¥ª -îâ § ç¨â¥«ìë© ¨â¥à¥á ¢ ¯®á«¥¤¨¥ £®¤ë ¢ á¢ï§¨ á¨å ¢¥áì¬  ¥®¡ëçë¬¨ á¢®©áâ¢ ¬¨, ª®â®àë¥ ¯®§¢®-«¨«¨ ¯à¨¬¥¨âì íâ¨ ¬®¤¥«¨ ª ¨§ãç¥¨î â ª¨å ª¢ -â®¢ëå ¬ ªà®áª®¯¨ç¥áª¨å ï¢«¥¨©, ª ª ¤à®¡ë© ª¢ -â®¢ë© íää¥ªâ �®««  ¨ ¢ëá®ª®â¥¬¯¥à âãà ï á¢¥àå-¯à®¢®¤¨¬®áâì [1, 2]. �¥ª®â®àë¥ íää¥ªâë ¢ ä¨§¨-ª¥ ª®¤¥á¨à®¢ ëå áà¥¤ ãª §ë¢ îâ   â®, çâ® ¥â®«ìª® (2+1)-¬¥àë¥ ¥à¥«ïâ¨¢¨áâáª¨¥ ä¥à¬¨®ë¥á¨áâ¥¬ë, ® â ª¦¥ (2+1)-¬¥àë¥ á¨áâ¥¬ë á® á¯¥ªâ-à®¬ í¥à£¨©, ª®â®àë© ®¯à¥¤¥«ï¥âáï £ ¬¨«ìâ®¨ ®¬ãà ¢¥¨ï �¨à ª , ¯®-¢¨¤¨¬®¬ã, áãé¥áâ¢ãîâ [3{5].�¢®©áâ¢  ª¢ â®¢ëå (2+1)-¬¥àëå á¨áâ¥¬ ç áâ¨æ ¢ë-§ë¢ îâ ¨ ç¨áâ® â¥®à¥â¨ç¥áª¨© ¨â¥à¥á ¢ á¢ï§¨ á â¥-®à¨¥©  ¨®®¢ | ç áâ¨æ, ¯®¤ç¨ïîé¨åáï ¤à®¡®©áâ â¨áâ¨ª¥ ¢ 2+1 ¨§¬¥à¥¨ïå [2]. �â® ï¢«ï¥âáï ¬®â¨-¢ æ¨¥©  áâ®ïé¥© à ¡®âë.�¤¥áì ¬ë  ©¤¥¬ â®çë¥ à¥è¥¨ï ãà ¢¥¨ï �¨-à ª  ¢ ªã«®®¢áª®¬ ¯®«¥ ¤«ï í«¥ªâà® , áç¨â ï, çâ®¥£® ¤¢¨¦¥¨¥ ®£à ¨ç¥® ¢ ¯«®áª®áâ¨, ¨ ®¡áã¤¨¬ íä-
ä¥ªâ à®¦¤¥¨ï ¯ à § àï¦¥ëå ä¥à¬¨®®¢ (â. ¥. í«¥ª-âà®®¢ ¨ ¯®§¨âà®®¢) ¨§ ¢ ªãã¬  á¨«ìë¬ ªã«®®¢-áª¨¬ ¯®«¥¬ ¢ 2+1 ¨§¬¥à¥¨ïå, ¯à¥¤áª § ë© ¢ à ¡®-â¥ [6] ¨ ¢á¥áâ®à®¥ ¨áá«¥¤®¢ ë© ¢ à ¡®â å [7{13]¤«ï á«ãç ï 3+1 ¨§¬¥à¥¨©.�¥«¨è¥  ¯®¬¨âì, çâ® ¢ (3+1)-¬¥à®© ª¢ â®-¢®© ¬¥å ¨ª¥ ¢ëà ¦¥¨¥ ¤«ï í¥à£¨¨ ®á®¢®£® á®-áâ®ï¨ï í«¥ªâà®  ¢ ªã«®®¢áª®¬ ¯®«¥ â®ç¥ç®£® § -àï¤  Zjej â¥àï¥â á¬ëá«, ª®£¤  E0(Z) ®¡à é ¥âáï ¢ã«ì. �«ï  å®¦¤¥¨ï í¥à£¥â¨ç¥áª®£® á¯¥ªâà  í«¥ª-âà®  ¢ ªã«®®¢áª®¬ ¯®«¥ ¢ íâ®¬ á«ãç ¥ ¥®¡å®¤¨¬®¯®áâ ¢¨âì ¥ª®â®à®¥ £à ¨ç®¥ ãá«®¢¨¥ ¯à¨ r = 0 ,â. ¥. á«¥¤ã¥â à áá¬ âà¨¢ âì ¯®â¥æ¨ «, ®¡à¥§ ë©  ¥ª®â®à®¬ à ááâ®ï¨¨ R [13]. � â®çª¨ §à¥¨ï ä¨§¨ª¨à áá¬®âà¥¨¥ ®¡à¥§ ®£® ªã«®®¢áª®£® ¯®â¥æ¨ « íª¢¨¢ «¥â® ãç¥âã ª®¥çëå à §¬¥à®¢ ï¤à , á®§¤ -îé¥£® ªã«®®¢áª¨© ¯®â¥æ¨ «.� á«ãç ¥ âà¥å ¯à®áâà áâ¢¥ëå ¨§¬¥à¥¨© á¯¥ªâàí¥à£¨© í«¥ªâà®  ¢ á¨«ì®¬ ¯®«¥ ®¡à¥§ ®£® ( ¬ «ëå à ááâ®ï¨ïå) ªã«®®¢áª®£® ¯®â¥æ¨ «  ¢¯¥à-¢ë¥ ¡ë« ¨áá«¥¤®¢  ¢ à ¡®â¥ [13]. �ª § «®áì, çâ®á à®áâ®¬ Z ¢ ®¡« áâ¨ Z > 137 ãà®¢¨ í¥à£¨¨



28 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 1999. ü 1í«¥ªâà®  áâ ®¢ïâáï ®âà¨æ â¥«ìë¬¨ ¨ ¯à®¤®«¦ -îâ ®¯ãáª âìáï ¤® £à ¨æë ¨¦¥£® ª®â¨ãã¬  �m .� ç¥¨¥ Z = Zcr , ¯à¨ ª®â®à®¬ ¨¦¨© ãà®¢¥ìí¥à£¨¨ í«¥ªâà®  ¤®áâ¨£ ¥â £à ¨æë ¨¦¥£® ª®-â¨ãã¬ ,  §ë¢ îâ ªà¨â¨ç¥áª¨¬ ¤«ï ®á®¢®£® á®-áâ®ï¨ï [10{12]. �á«¨ Z > Zcr , â® ®á®¢®© ãà®¢¥ìí¥à£¨¨ í«¥ªâà®  \¯®£àã¦ ¥âáï " ¢ ¨¦¨© ª®â¨-ãã¬, ¨ ¥á«¨ íâ®â ãà®¢¥ì ¥ ¡ë« § ¯®«¥, â® ¢à¥§ã«ìâ â¥ ¢®§¨ªè¥£® ª¢ §¨áâ æ¨® à®£® á®áâ®ï-¨ï à®¦¤ îâáï ¤¢  ¯®§¨âà® , ª®â®àë¥ ¯®¤ ¤¥©áâ¢¨-¥¬ ªã«®®¢áª®£® ®ââ «ª¨¢ ¨ï ãå®¤ïâ   ¡¥áª®¥ç-®áâì,   ¢ ªãã¬ ª¢ â®¢®© í«¥ªâà®¤¨ ¬¨ª¨ (���),¢®§¬ãé¥ë© á¢¥àåªà¨â¨ç¥áª¨¬ ªã«®®¢áª¨¬ ¯®«¥¬,¯à¨®¡à¥â ¥â § àï¤ 2e [10{12]. � áâ âì¥ ¨á¯®«ì§ã¥âáïá¨áâ¥¬  ¥¤¨¨æ, ¢ ª®â®à®© c= ~= 1 .�¢ â®¢®¬¥å ¨ç¥áª ï § ¤ ç  ® ¤¢¨¦¥¨¨ à¥«ïâ¨-¢¨áâáª®£® í«¥ªâà®  á ¬ áá®© m ¨ § àï¤®¬ e =�e0;e0 > 0 ¢ ¤¢ãå ¯à®áâà áâ¢¥ëå ¨§¬¥à¥¨ïå ¢® ¢¥è-¥¬ ªã«®®¢áª®¬ ¯®«¥, ¬®¤¥«¨àãîé¥¬ ¯®«¥ âï¦¥«®-£® ï¤à , ¬®¦¥â ¡ëâì à¥è¥  â®ç®. �¥ªâ®à-¯®â¥æ¨- « ªã«®®¢áª®£® ¯®«ï ¢ ¤¥ª àâ®¢ëå ª®®à¤¨ â å § -¤ ¤¨¬ â ª:A0(r) =�Ze0=r; Ax = Ay = 0: (1)�®áª®«ìªã (á¬.,  ¯à., [3]) ¢ 2+1 ¨§¬¥à¥¨ïå  «£¥¡à ¬ âà¨æ �¨à ª  ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥  ¢ â¥à¬¨- å ¬ âà¨æ � ã«¨, ¢ë¡¥à¥¬ ¯à¥¤áâ ¢«¥¨¥ 0 = �3 ,k = i�k ¨ § ¯¨è¥¬ ãà ¢¥¨¥ �¨à ª  ¢ ¢¨¤¥(i@t�HD)	 = 0; (2)£¤¥ HD = �P+ �m+ eA0 �� �1P2 � �2P1+ �3m+ eA0; (3)  P� = i@��eA� | ®¯¥à â®à ®¡®¡é¥®£® ¨¬¯ã«ìá í«¥ªâà® .�¥è¥¨¥ ãà ¢¥¨ï (2) ¢ ¯®«¥ (1) ¡ã¤¥¬ ¨áª âì ¢¯®«ïàëå ª®®à¤¨ â å r; ' ¢ ¢¨¤¥	(t;x) = 1p2� exp(�i�Et+ il') (r;'); (4)£¤¥ � = �1 | § ª, E > 0 |  ¡á®«îâ®¥ § ç¥¨¥í¥à£¨¨, l | æ¥«®¥ ç¨á«® ¨ (r; ')= � f(r)g(r)ei' � : (5)�®¤áâ ¢«ïï (4) ¨ (5) ¢ (2) ¨ ãç¨âë¢ ï à ¢¥áâ¢ Px � iPy =�ie�i' � @@r � ir @@'� ; (6)¯®«ãç¨¬ á«¥¤ãîéãî á¨áâ¥¬ã ãà ¢¥¨©:dfdr � lr f + (�E +m+ Z�r )g = 0;dgdr + 1+ lr g� (�E �m+ Z�r )f = 0: (7)

�®ç®¥ à¥è¥¨¥ ãà ¢¥¨ï �¨à ª  ¨ ¤¨áªà¥âë©á¯¥ªâà í¥à£¨© �E < m ¬®¦®  ©â¨ ¢ ¯®«®©   -«®£¨¨ á ¢ëç¨á«¥¨ï¬¨ [14]. �«ï íâ®£® ¡ã¤¥¬ ¨áª âìäãªæ¨¨ f ¨ g ¢ ¢¨¤¥ [14]:f =pm+E e��=2 ��1(Q1 +Q2);g =pm�E e��=2 ��1(Q1�Q2); (8)£¤¥ ¢¢¥¤¥ë ®¡®§ ç¥¨ï�= 2�r; �=pm2 �E2; = 1=2+p(l+ 1=2)2� (Z�)2; �� e2: (9)�¥«¨è¥ ®â¬¥â¨âì, çâ® ¢¥«¨ç¨ã  ¬ë  è«¨, ¨á-á«¥¤ãï ¯®¢¥¤¥¨¥ ¢®«®¢ëå äãªæ¨© ¯à¨ ¬ «ëå r , ¨çâ® á¯à ¢¥¤«¨¢® à ¢¥áâ¢® (� 1=2)2� (Z�E=�)2=(l+ 1=2)2� (Z�m=�)2 .� «¥¥, ¯à®¢®¤ï ¯à¥®¡à §®¢ ¨ï á¨áâ¥¬ë ãà ¢¥-¨© (7) ¢ á®®â¢¥âáâ¢¨¨ á® á«ãç ¥¬ âà¥å ¯à®áâà áâ-¢¥ëå ¨§¬¥à¥¨©, ¥âàã¤® ¢ëà §¨âì ¨å à¥è¥¨¥,ª®¥ç®¥ ¯à¨ � = 0 , ç¥à¥§ ¢ëà®¦¤¥ãî £¨¯¥à£¥®-¬¥âà¨ç¥áªãî äãªæ¨î F (a; b; z) á«¥¤ãîé¨¬ ®¡à -§®¬: Q1 = AF ( � 1=2� (Z�E=�); 2; �);Q2 = BF ( + 1=2� (Z�E=�); 2;�); (10)¯à¨ç¥¬ á¢ï§ì ¬¥¦¤ã ¯®áâ®ïë¬¨ A ¨ B ®¯à¥¤¥«ï-¥âáï á®®â®è¥¨¥¬B =  � 1=2� Z�E=�l+ 1=2+Z�m=�A: (11)�¯¥ªâà í¥à£¨© ®¯à¥¤¥«ï¥âáï ¨§ ãà ¢¥¨ï � 12 � Z�E� =�nr ; (12)¯à¨ç¥¬ ¥âàã¤® ¯®ª § âì, çâ® ¤®¯ãáâ¨¬ë á«¥¤ãî-é¨¥ § ç¥¨ï ª¢ â®¢®£® ç¨á«  nr : 0; 1; 2; : : : ¯à¨l > 0 ¨ 1; 2; 3; : : : ¯à¨ l < 0 . �«¥¤®¢ â¥«ì®, ¤¨áªà¥â-ë© á¯¥ªâà í¥à£¨© í«¥ªâà®  ¢ ¯®«¥ (1) ¨¬¥¥â ¢¨¤E =m"1 + (Z�)2(nr +p(l+ 1=2)2� (Z�)2)2#�1=2 : (13)�â®â á¯¥ªâà í¥à£¨© ¯®å®¦   á¯¥ªâà í¥à£¨©áª «ïà®© § àï¦¥®© ç áâ¨æë ¢ ªã«®®¢áª®¬ ¯®-«¥ ¢ âà¥å ¯à®áâà áâ¢¥ëå ¨§¬¥à¥¨ïå, â ª ª ª ¢(2+1)-¬¥à®© ª¢ â®¢®© â¥®à¨¨ í«¥ªâà® ¢¥¤¥â á¥-¡ï ¯®¤®¡® ¡¥áá¯¨®¢®¬ã ä¥à¬¨®ã. �¤ ª® ¬¥¦¤ãá¯¥ªâà ¬¨ ¨áâ¨®£® ¡®§®  ¨ ¡¥áá¯¨®¢®£® í«¥ª-âà®  ¥áâì áãé¥áâ¢¥®¥ ®â«¨ç¨¥. � ª, í¥à£¨ï í«¥ª-âà®    ¨§è¥¬ ãà®¢¥ (l= nr = 0) à ¢ E0 =mp1� (2Z�)2: (14)�¥à£¨ï E0 ¨¦¥£® ãà®¢ï ®¡à é ¥âáï ¢ ã«ì¯à¨ Z�= 1=2 . � ¯®¬¨¬, çâ® ¢ âà¥å ¯à®áâà áâ¢¥-ëå ¨§¬¥à¥¨ïå í¥à£¨ï ä¥à¬¨®  E0 ®¡à é ¥âáï ¢



�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 1999. ü1 29ã«ì ¯à¨ Z� = 1 ,   í¥à£¨ï ¡¥áá¯¨®¢®© § àï¦¥-®© ç áâ¨æë   ¨¦¥¬ ãà®¢¥ ¯à¨ Z� = 1=2 à ¢-  m=p2 . �ëà ¦¥¨¥ ¤«ï í¥à£¨¨ ®á®¢®£® á®áâ®ï-¨ï í«¥ªâà®  ¢ ªã«®®¢áª®¬ ¯®«¥ â®ç¥ç®£® § àï¤ â¥àï¥â á¬ëá«, ª®£¤  E0(Z) ®¡à é ¥âáï ¢ ã«ì. �®-®â¢¥âáâ¢ãîé¨¥ ¢®«®¢ë¥ äãªæ¨¨ ®áæ¨««¨àãîâ ¯à¨r! 0 , ¢á«¥¤áâ¢¨¥ ç¥£® ®âáãâáâ¢ã¥â £à ¨ç®¥ ãá«®¢¨¥¢  ç «¥ ª®®à¤¨ â [10{12].�«ï  å®¦¤¥¨ï í¥à£¥â¨ç¥áª®£® á¯¥ªâà  í«¥ªâà®-  ¢ ªã«®®¢áª®¬ ¯®«¥ ¢ íâ®¬ á«ãç ¥ ¥®¡å®¤¨¬®¯®áâ ¢¨âì ¥ª®â®à®¥ £à ¨ç®¥ ãá«®¢¨¥ ¯à¨ r = 0 ,â. ¥. á«¥¤ã¥â à áá¬ âà¨¢ âì ¯®â¥æ¨ «, ®¡à¥§ ë©  ¥ª®â®à®¬ à ááâ®ï¨¨ R [13], çâ® á â®çª¨ §à¥¨ïä¨§¨ª¨ íª¢¨¢ «¥â® ãç¥âã ª®¥çëå à §¬¥à®¢ ï¤à .�à¥¤¯®« £ ï, çâ® ¢ á«ãç ¥ ¤¢ãå ¯à®áâà áâ¢¥ëå ¨§-¬¥à¥¨© á à®áâ®¬ Z ¢ ®¡« áâ¨ 2Z > 137 ¯®¢¥¤¥¨¥ãà®¢¥© í¥à£¨¨ í«¥ªâà®    «®£¨ç® âà¥å¬¥à®¬ãá«ãç î, â. ¥. ®¨ áâ ®¢ïâáï ®âà¨æ â¥«ìë¬¨ ¨ ®¯ãá-ª îâáï ¤® £à ¨æë ¨¦¥£® ª®â¨ãã¬  �m , ¯®ª -¦¥¬, çâ® â ª ï á¨âã æ¨ï ¤¥©áâ¢¨â¥«ì® ¨¬¥¥â ¬¥áâ®.�«ï íâ®£® à áá¬®âà¨¬ à¥è¥¨ï ¨ á¯¥ªâà ãà ¢¥-¨ï �¨à ª  ¢ ®¡« áâ¨ 2Z > 137 ¨ ®¯à¥¤¥«¨¬ á®®â¢¥â-áâ¢ãîé¥¥ § ç¥¨¥ Zcr . �®áª®«ìªã ¤«ï ®¯à¥¤¥«¥¨ïZcr ¬ë ¤®«¦ë à áá¬ âà¨¢ âì í¥à£¨¨ ¢¡«¨§¨ £à -¨æë ¨¦¥£® ª®â¨ãã¬  �m , ãà ¢¥¨¥ �¨à ª § ¯¨è¥¬ á ãç¥â®¬ â®£®, çâ® �E � �m . �¢®¤ï äãª-æ¨¨ F (r) = rf(r) ¨ G(r) = rg(r) ¨ ¨áª«îç ï ¨§ á¨á-â¥¬ë (7) G(r) , ¯à¨å®¤¨¬ ª ãà ¢¥¨î, ®¯à¥¤¥«ïîé¥-¬ã äãªæ¨î F ¢¡«¨§¨ £à ¨æë ¨¦¥£® ª®â¨ãã¬ �m ¢ ¢¨¤¥d2F (r)dr2 +�E2�m2 + 2�EZ�r ++(Z�)2� l(l+ 1)r2 �F (r) = 0: (15)� ¬¥â¨¬, çâ® ¢¡«¨§¨ £à ¨æë ¢¥àå¥£® ª®â¨ãã¬ ,â.¥. ¯à¨ �E �m , ãà ¢¥¨¥¬ (15) ¯®á«¥ § ¬¥ë F (r)  G(r) ®¯à¥¤¥«ï¥âáï äãªæ¨ï G(r) .�¥è¥¨¥ ãà ¢¥¨ï (15), ã¡ë¢ îé¥¥ ¯à¨ r!1 ,¢ëà ¦ ¥âáï ç¥à¥§ äãªæ¨î �¨ââ¥ª¥à  ¢¨¤ F (r) =DW�;i�(2�r); (16)£¤¥ � = �EZ�=�; � =p(Z�)2� (l+ 1=2)2;�=pm2�E2: (17)�¥è¥¨¥ ¤«ï G(r) ¢¡«¨§¨ �E = �m  å®¤¨âáï ¨§ à -¢¥áâ¢  G(r) = 1Z� �(1+ l)F � dFdr � (18)á ¨á¯®«ì§®¢ ¨¥¬ à¥ªãàà¥âëå á®®â®è¥¨© ¤«ïäãªæ¨© �¨ââ¥ª¥à .�¡«¨§¨ £à ¨æë ¢¥àå¥£® ª®â¨ãã¬  à¥è¥¨¥(16) á �E = m ®¯¨áë¢ ¥â äãªæ¨î G(r) . �¢ï§ ®¥á®áâ®ï¨¥ í«¥ªâà®  (¯à¨ jEj < m ¨«¨ � > 0) ¢á¥£-¤  «®ª «¨§®¢ ® ¢ ¯à®áâà áâ¢¥, ¥§ ¢¨á¨¬® ®â â®£®,

 å®¤¨âáï «¨ íâ® á¢ï§ ®¥ á®áâ®ï¨¥ ¢¡«¨§¨ ¢¥àå¥-£® ¨«¨ ¨¦¥£® ª®â¨ãã¬ . �â® «¥£ª® ãáâ ®¢¨âì,¨á¯®«ì§ãï  á¨¬¯â®â¨ç¥áª®¥ ¯à¥¤áâ ¢«¥¨¥ ¤«ï äãª-æ¨© �¨ââ¥ª¥à  ¤«ï ¡®«ìè¨å § ç¥¨©  à£ã¬¥â  jzj¢ ¢¨¤¥ W�;�(z)� e�z=2(z)�: (19)� ª®¥ ¯®¢¥¤¥¨¥ ¢®«®¢ëå äãªæ¨© á¢ï§ ®£® á®-áâ®ï¨ï í«¥ªâà®  «¥£ª® ®¡êïá¨âì, à áá¬ âà¨¢ ïãà ¢¥¨¥ (15) ª ª ®¤®¬¥à®¥ ãà ¢¥¨¥ �à�¥¤¨£¥-à , ®¯¨áë¢ îé¥¥ ¥ª®â®àãî ç áâ¨æã á íää¥ªâ¨¢®©í¥à£¨¥© E0 = (E2�m2)=2m ¢ ¯®«¥ á íää¥ªâ¨¢ë¬¯®â¥æ¨ «®¬Ue�(r) =��EZ�=mr� (Z�)2=2mr2:�â¬¥â¨¬, çâ® ¢ á«ãç ¥ �E = �m íää¥ªâ¨¢ë© ¯®-â¥æ¨ « ï¢«ï¥âáï ¯®â¥æ¨ «®¬ á è¨à®ª¨¬ ¡ àì¥à®¬(® ¯®¢¥¤¥¨¨ íää¥ªâ¨¢®£® ¯®â¥æ¨ «  ¢ (3+1)-¬¥à-®¬ á«ãç ¥ á¬.,  ¯à., [12]). �¥«¨è¥ ¯®¤ç¥àªãâì,çâ® ¢ 2+1 ¨§¬¥à¥¨ïå íää¥ªâ¨¢ë© ¯®â¥æ¨ « ¥ á®-¤¥à¦¨â ç«¥  �s(s+ 1) � �3=4 , § ¢¨áïé¥£® ®â á¯¨-  í«¥ªâà® . �â¬¥â¨¬ â ª¦¥, çâ® ¢®«®¢ë¥ äãªæ¨¨®áæ¨««¨àãîâ ¯à¨ jEj>m .� ç¥¨¥ Zcr ¬®¦®  ©â¨ á ¨á¯®«ì§®¢ ¨¥¬ ¯®-«ãç¥ëå â®çëå à¥è¥¨©. �¤¥« ¥¬ íâ® ¤«ï ¯à®áâ®©¬®¤¥«¨, § ¤ ¢ ï ¯®â¥æ¨ « ¢ ¢¨¤¥AZ0 (r) =�Ze0=r; r> R;AZ0 (r) =�Ze0=R; r 6 R: (20)� ®¡« áâ¨ r 6R ãà ¢¥¨¥ ¤«ï äãªæ¨¨ F (r) ¨¬¥¥â¢¨¤d2Fdr2 � dFrdr++ ��E + Z�R �2�m2 + 1� l2r2 !F (r) = 0; (21)à¥è¥¨¥ ª®â®à®£® ¢ëà ¦ ¥âáï ç¥à¥§ äãªæ¨¨ �¥áá¥«ï(Jn(z)) ¨ äãªæ¨¨ �¥©¬   (Nn(z)) æ¥«®ç¨á«¥®£®¨¤¥ªá  n á«¥¤ãîé¨¬ ®¡à §®¬ [15]:F (r) = r(A1Jjlj({r) +B1Njlj({r)); (22)£¤¥ { =s��E + Z�R �2 �m2: (23)�«ï ª®¥ç®áâ¨ F (r) ¯à¨ r = 0 ¥®¡å®¤¨¬®, çâ®¡ëB1 = 0 .�«ï  å®¦¤¥¨ï á¯¥ªâà  ãà ¢¥¨ï �¨à ª  ¥®¡-å®¤¨¬® áè¨âì à¥è¥¨ï ¢ â®çª¥ r= R :�G(r)F (r)�r=R�0 = �G(r)F (r)�r=R+0 : (24)



30 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 1999. ü 1� ç áâ®áâ¨, ¢ á«ãç ¥ ®á®¢®£® á®áâ®ï¨ï l= 0 ¯à¨�E = �m , ãç¨âë¢ ï, çâ® ¯ à ¬¥âà R ¬ « ¯® áà ¢-¥¨î á ª®¬¯â®®¢áª®© ¤«¨®© í«¥ªâà®  1=m , â ªçâ® ¬®¦® ¯®« £ âì { � Z�=R , ¯®«ãç¨¬ âà áæ¥-¤¥â®¥ ãà ¢¥¨¥, ®¯à¥¤¥«ïîé¥¥ (¯à¨ ä¨ªá¨à®¢ -®¬ R ) ªà¨â¨ç¥áª¨© § àï¤ [16]:J1(X)J0(X) = 1� xW 0�;i�=2(x)W�;i�=2(x) ! ; (25)£¤¥ X = Zcr� , � = p(2X)2� 1 , � = �mZ�=� ,x= �R ¨ èâà¨å ®§ ç ¥â ¯à®¨§¢®¤ãî ¯®  à£ã¬¥âãäãªæ¨¨ �¨ââ¥ª¥à  x .�¨á«¥®¥ à¥è¥¨¥ (25) ¯à¨ Rm= 0; 03 ¨ 0,02 ¤ -¥â á®®â¢¥âáâ¢¥® Zcr � 89; 84 [16], çâ® § ç¨â¥«ì®¬¥ìè¥, ç¥¬ ¤«ï   «®£¨ç®© ¬®¤¥«¨ ¢ 3+1 ¨§¬¥à¥¨-ïå, £¤¥,  ¯à¨¬¥à, § ç¥¨¥ ªà¨â¨ç¥áª®£® § àï¤  ¯à¨Rm= 0; 03 à ¢® Zcr � 170 [10{12]. �â¬¥â¨¬ â ª¦¥,çâ® á ã¬¥ìè¥¨¥¬ R ã¬¥ìè ¥âáï ¨ Zcr .�«¥¤®¢ â¥«ì®, ¢ ªãã¬ (2+1)-¬¥à®© ��� ¢ á¨«ì-®¬ ªã«®®¢áª®¬ ¯®«¥ ¤®«¦¥ ¯à®ï¢«ïâì ¥ãáâ®©ç¨-¢®áâì ¯® ®â®è¥¨î ª ®¡à §®¢ ¨î í«¥ªâà®-¯®§¨-âà®ëå ¯ à ¯à¨ áãé¥áâ¢¥® ¬¥ìè¨å § ç¥¨ïåªà¨â¨ç¥áª®£® § àï¤ , ç¥¬ ¢ (3+1)-¬¥à®© ���. �¢®©-áâ¢  ¢ ªãã¬  (2+1)-¬¥à®© ��� ¨ á¢ï§ì ¬®¤¥«¨ á â¥-®à¨¥© �¥à {� ©¬®á  ¡ã¤ãâ à áá¬®âà¥ë ¢ ¤àã£®©áâ âì¥.
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¬¨ å ¨â¥à æ¨©, xn+1 = f(xn; a):�à¨ íâ®¬ á¢ï§ì ¬¥¦¤ã ®â®¡à ¦¥¨ï¬¨ ¬®¦¥â ®áã-é¥áâ¢«ïâìáï ¯®-à §®¬ã. � ¨¡®«¥¥ ç áâ® ¨á¯®«ì§ã¥â-áï ¤¨ääã§¨®ë© ¢¨¤ á¢ï§¨ (á¬.,  ¯à., [1{6]), ª®£¤ ª ¦¤ë© í«¥¬¥â (i; j) ¢ á¥â¨ ¢§ ¨¬®¤¥©áâ¢ã¥â á á®á¥¤-¨¬¨ ¯® ¤¨ääã§¨®®¬ã § ª®ã. � ¤¢ã¬¥à®¬ á«ãç ¥â ª ï á¢ï§ì ¬®¦¥â ¡ëâì § ¯¨á   ª ªxi;jn+1 = f(xi;jn ; a) ++ d1hf(xi�1;jn ; a)� 2f(xi;jn ; a) + f(xi+1;jn ; a)i++ d2hf(xi;j�1n ; a)� 2f(xi;jn ; a) + f(xi;j+1n ; a)i;


