
11.1.2 �¨¬¬¥âà¨ç­ë¥ ¨  ­â¨á¨¬¬¥âà¨ç­ë¥ á¯¨­®¢ë¥ ¢®«-­®¢ë¥ äã­ªæ¨¨ ¤¢ãå í«¥ªâà®­®¢� á¯¨è¥¬ á¯¨­®¢ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨ ç¥à¥§ ®¤­®í«¥ªâà®­­ë¥ á¯¨-­®¢ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨�á¨¬:(1; 2) = vuut12 [��1(1)��2(2) + ��2(1)��1(2)] ;� :á:(1; 2) = vuut12 [��1(1)��2(2) � ��2(1)��1(2)] ; (11.12)£¤¥ ��(1) ¨ ��(2) | á¯¨­®¢ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨ ¯¥à¢®£® ¨ ¢â®à®£®í«¥ªâà®­  á ¯à®¥ªæ¨¥© á¯¨­  ­  ®áì z à ¢­ãî �. � (11.12) ¯à¥¤¯®« -£ ¥âáï, çâ® �1 6= �2. �«ãç © �1 = �2 âà¥¡ã¥â ®á®¡®£® à áá¬®âà¥­¨ï.�á«¨ ~̂S(i) | ®¯¥à â®à á¯¨­  i-£® í«¥ªâà®­ , â® ¢®«­®¢ë¥ äã­ªæ¨¨��(1) ¨ ��(2) ã¤®¢«¥â¢®àïîâ á«¥¤ãîé¨¬ ãà ¢­¥­¨ï¬ ­  á®¡áâ¢¥­-­ë¥ §­ ç¥­¨ï~̂S2(i)��(i) = 34�h2��(i); Ŝ3(i)��(i) = ��h2��(i); (11.13)£¤¥ � = + ¨«¨ �. �á«¨ ç¥à¥§ �y�(i) ®¡®§­ ç¨âì íà¬¨â®¢®-á®¯àï¦¥­­ãî äã­ªæ¨î ª ��(i), â® á¯¨­®¢ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨ í«¥ª-âà®­®¢ ¤®«¦­ë ã¤®¢«¥â¢®àïâì ãá«®¢¨î ­®à¬¨à®¢ª¨�y�(i)��0(i) = ���0: (11.14)�á¯®«ì§ãï (11.14) «¥£ª® ã¡¥¤¨âìáï, çâ® ¢®«­®¢ë¥ äã­ªæ¨¨ (11.12)­®à¬¨à®¢ ­ë ­  ¥¤¨­¨æã, ­ ¯à¨¬¥à�yá¨¬:(1; 2)�á¨¬:(1; 2) == 12 ��y�1(1)�y�2(2) + �y�2(1)�y�1(2)� � [��1(1)��2(2) + ��2(1)��1(2)] == 12 ��y�1(1)��1(1)�y�2(2)��2(2) + �y�1(1)��2(1)�y�2(2)��1(2)++�y�2(1)��1(1)�y�1(2)��2(2) + �y�2(1)��2(1)�y�2(2)��1(2)� : (11.15)�á¯®«ì§ãï (11.14) ¨ ãç¨âë¢ ï çâ® �1 6= �2 ¯®«ãç¨¬�yá¨¬:(1; 2)�á¨¬:(1; 2) = 1: (11.16)151



�­ «®£¨ç­® ¤®ª §ë¢ ¥âáï, çâ®  ­â¨á¨¬¬¥âà¨ç­ ï á¯¨­®¢ ï ¢®«­®-¢ ï äã­ªæ¨ï ­®à¬¨à®¢ ­  ­  ¥¤¨­¨æã.�á«¨ �1 = �2 = �, â®  ­â¨á¨¬¬¥âà¨ç­ ï ¢®«­®¢ ï äã­ªæ¨ï ®ç¥-¢¨¤­® à ¢­  ­ã«î. �¨¬¬¥âà¨ç­ ï ¢®«­®¢ ï äã­ªæ¨ï ¯à¨ íâ®¬ ¥áâì�á¨¬:(1; 2) = ��(1)��(2): (11.17)� ª ª ª � ¯à¨­¨¬ ¥â ¤¢  §­ ç¥­¨ï + ¨�, ¤«ï ¤¢ãå í«¥ªâà®­®¢ ¨¬¥¥¬ç¥âëà¥ á¯¨­®¢ëå ¢®«­®¢ëå äã­ªæ¨¨ á ®¯à¥¤¥«¥­­ë¬¨ §­ ç¥­¨ï¬¨¯®«­®£® á¯¨­  ¨ ¥£® ¯à®¥ªæ¨¨á¨¬¬¥âà¨ç­ë¥ (á ¯®«­ë¬ á¯¨­®¬ 1)�(S = 1; S3 = 1) = �+(1)�+(2)�(S = 1; S3 = 0) = vuut12 [�+(1)��(2) + ��(1)�+(2)]�(S = 1; S3 = �1) = ��(1)��(2) (11.18) ­â¨á¨¬¬¯¥âà¨ç­ ï (á ¯®«­ë¬ á¯¨­®¬ 0)�(S = 0; S3 = 0) = vuut12 [�+(1)��(2)� ��(1)�+(2)] : (11.19)11.1.3 �à¡¨â «ì­ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨ á ®¯à¥¤¥«¥­­®©á¨¬¬¥âà¨¥© ®â­®á¨â¥«ì­® ¯¥à¥áâ ­®¢ª¨ í«¥ªâà®­®¢� ®¡é¥¬ á«ãç ¥ ¨§-§  ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã í«¥ªâà®­ ¬¨ U12 ¢ ®à-¡¨â «ì­®© ¢®«­®¢®© äã­ªæ¨¨ ¯¥à¥¬¥­­ë¥ ­¥ à §¤¥«ïîâáï. �¤­ ª®¬®¦­® ¯à¨¡«¨¦¥­­® áç¨â âì, çâ® ª ¦¤ë© ¨§ í«¥ªâà®­®¢ ¤¢¨¦¥â-áï ¢ á ¬®á®£« á®¢ ­­®¬ ¯®â¥­æ¨ «¥ Uá:á:(r) ¨ ¯®íâ®¬ã ¬®¦¥â ¡ëâì¯à¨¡«¨¦¥­­® ®¯¨á ­ ®¤­®ç áâ¨ç­®© ¢®«­®¢®© äã­ªæ¨¥© ��(r), â.¥.äã­ªæ¨¥© ï¢«ï¥©áï à¥è¥­¨¥¬ ãà ¢­¥­¨ï �à¥¤¨­£¥à Ĥá:á:��(~x) = E���(~x);Ĥá:á: = � �h22Me�� Uá:á:(r); (11.20)¯à¨ç¥¬ � � fn; l;mg ¯à¥¤áâ ¢«ï¥â ­ ¡®à ª¢ ­â®¢ëå ç¨á¥«, å à ª-â¥à¨§ãîé¨å ¤¢¨¦¥­¨¥ ®¤­®£® í«¥ªâà®­  ¢® ¢­¥è­¥¬ áä¥à¨ç¥áª¨-á¨¬¬¥âà¨ç­®¬ ¯®«¥. (�  ®á­®¢ ­¨¨ ª®­â¥ªáâ  ­¥ ¡ã¤¥¬ ¯ãâ âì íâ®â¨­¤¥ªá á® á¯¨­®¢®© ¢®«­®¢®© äã­ªæ¨¥©.)152



�à¨¡«¨¦¥­¨¥ á ¬®á®£« á®¢ ­­®£® ¯®â¥­æ¨ «  ¯®§¢®«ï¥â § ¯¨á âìá¨¬¬¥âà¨ç­ãî ¨  ­â¨á¨¬¬¥âà¨ç­ãî ®à¡¨â «ì­ë¥ ¢®«­®¢ë¥ äã­ª-æ¨¨ á¨áâ¥¬ë ¤¢ãå í«¥ªâà®­®¢ ç¥à¥§ ®¤­®ç áâ¨ç­ë¥ ®à¡¨â «ì­ë¥ ¢®-­®¢ë¥ äã­ªæ¨¨ ª ¦¤®£® ¨§ í«¥ªâà®­®¢�á¨¬:(~x1; ~x2) = vuut12 [��1(~x1)��2(~x2) + ��2(~x1)��1(~x2)] ;� :á:(~x1; ~x2) = vuut12 [��1(~x1)��2(~x2)� ��2(~x1)��1(~x2)] : (11.21)�á¯®«ì§ãï ãá«®¢¨¥ ­®à¬¨à®¢ª¨Z d3x��1(~x)��2(~x) = ��1�2 (11.22)«¥£ª® ¯®ª § âì, çâ® ¢®«­®¢ë¥ äã­ªæ¨¨ (11.21) ®àâ®£®­ «ì­ë ¤àã£¤àã£ã ¨ ­®à¬¨à®¢ ­ë ­  ¥¤¨­¨æã.� (11.21) ¯®« £ ¥âáï, çâ® �1 6= �2. � á«ãç ¥, ¥á«¨ �1 = �2 = �,á¨¬¬¥âà¨ç­ ï ¨  ­â¨á¨¬¬¥âà¨ç­ ï ¢®«­®¢ë¥ äã­ªæ¨¨ ¡ã¤ãâ�á¨¬:(~x1; ~x2) = ��(~x1)��(~x2); � :á:(~x1; ~x2) = 0: (11.23)11.1.4 �á­®¢­®¥ á®áâ®ï­¨¥ £¥«¨¥¯®¤®¡­®£®  â®¬  (á®áâ®ï-­¨¥ (1s)2)� ­ã«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ ¯à¥­¥¡à¥¦¥¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬ ¬¥¦¤ã í«¥ª-âà®­ ¬¨. �®£¤  í­¥à£¨ï £¥«¨¥¯®¤®¡­®£®  â®¬  ¢ á®áâ®ï­¨¨, ª®£¤ ®¡  í«¥ªâà®­  ­ å®¤ïâáï ¢ 1s-á®áâ®ï­¨¨, ¡ã¤¥â à ¢­ E(0)(1s)2 = 2E1s; (11.24)£¤¥ E1s í­¥à£¨ï ¢®¤®à®¤®¯®¤®¡­®£®  â®¬  á â¥¬ ¦¥ § àï¤®¬ ï¤à , çâ®¨ ã £¥«¨¥¯®¤®¡­®£®  â®¬ E1s = �Z2q202a0 ; a0 � ¡®à®¢áª¨© à ¤¨ãá: (11.25)�à¨ íâ®¬  ­â¨á¨¬¬¥âà¨ç­ ï ¢®«­®¢ ï äã­ªæ¨ï � :á:(~x1; ~x2) = 0,  á¨¬¬¥âà¨ç­ ï á¢®¤¨âáï ª�á¨¬:(~x1; ~x2) = �1s(~x1)�1s(~x2); (11.26)�1s(~x) = vuut1�  Za0!32 exp(�Za0r) : (11.27)153



�®«­®¢ë¥ äã­ªæ¨¨ �1s(~xi); i = 1; 2 ï¢«ïîâáï á®¡áâ¢¥­­ë¬¨ äã­ªæ¨-ï¬¨ ®¯¥à â®à®¢ � ¬¨«ìâ®­  ĤiĤi�1s(~xi) = Es1�1s(~xi): (11.28)�âáî¤  ¤¥« ¥¬ ¤¢  ¢ë¢®¤ � á¯¨­®¢ ï ¢®«­®¢ ï äã­ªæ¨ï £¥«¨ï ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ ¤®«¦­ ¡ëâì  ­â¨á¨¬¬¥âà¨ç­  ¨ ¯®íâ®¬ã ¢ íâ®¬ á®áâ®ï­¨¨ áãé¥áâ¢ã¥ââ®«ìª® ¯ à -£¥«¨©� ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ á¯¨­ë í«¥ªâà®­®¢ £¥«¨ï  ­â¨¯ à ««¥«ì-­ë ¨ ¯®íâ®¬ã á¯¨­  â®¬  à ¢¥­ ­ã«î.�®­¥ç­®, à áá¬®âà¥­­®¥ ¯à¨¡«¨¦¥­¨¥ ï¢«ï¥âáï ¤®áâ â®ç­® £àã¡ë¬.�«ï â®£®, çâ®¡ë ®æ¥­¨âì ¢ª« ¤ ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã í«¥ªâà®­ ¬¨à áá¬®âà¨¬ í­¥à£¨î  â®¬  ª ª áà¥¤­¥¥ ®â £ ¬¨«ìâ®­¨ ­  (11.2) ¯®¢®«­®¢®© äã­ªæ¨¨ �á¨¬:(~x1; ~x2)E(1)(1s)2 = Z dV �1s(~x1)�1s(~x2)Ĥ�1s(~x1)�1s(~x2) == Z dV �1s(~x1)Ĥ1�1s(~x1)�21s(~x2) ++ Z dV �21s(~x1)�1s(~x2)Ĥ2�1s(~x2) + (11.29)+ Z dV �21s(~x1)�21s(~x2)U12(r12); dV � d3x1d3x2:�ç¨âë¢ ï ®àâ®­®à¬¨à®¢ ­­®áâì ®¤­®í«¥ªâà®­­ëå ¢®«­®¢ëå äã­ª-æ¨©,   â ª¦¥ (11.27), ¯®«ãç¨¬E1s = Z dV �1s(~x1)Ĥ1�1s(~x1)�21s(~x2) == Z dV �21s(~x1)�1s(~x2)Ĥ2�1s(~x2): (11.30)�®£¤  E(1)(1s)2 = E(0)(1s)2 +Q; (11.31)£¤¥ Q � Z dV �21s(~x1)�21s(~x2)U12(r12): (11.32)154



�®á«¥¤­¨© ¨­â¥£à « ­ §ë¢ îâ ªã«®­®¢áª®© í­¥à£¨¥©. �­ ¡¥à¥âáï ­ «¨â¨ç¥áª¨ ¨ à ¢­ï¥âáï Q = 5Zq208a0 : (11.33)� ª¨¬ ®¡à §®¬ E(1)(1s)2 = �Zq20a0  Z � 58! : (11.34)�¢®¤ï íää¥ªâ¨¢­ë© § àï¤ ï¤à  ª ªZíä = vuutZ2 � 58Z (11.35)¬®¦­® ¯¥à¥¯¨á âì í­¥à£¨î (11.34) ¢ ¢¨¤¥E(1)(1s)2 = �Zíäq20a0 : (11.36)�«ï £¥«¨ï Z = 2,   Zíä = 1; 658, â.¥. ¢§ ¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã í«¥ªâà®-­ ¬¨ ¯à¨¢®¤¨â ª ç áâ¨ç­®© íªà ­¨§ æ¨¨ § àï¤  ï¤à .�®«¥¥ â®ç­ë© à áç¥â ã¦¥ âà¥¡ã¥â ¨§¬¥­¥­ï ®¤­®ç áâ¨ç­ëå ¢®«-­®¢ëå äã­ªæ¨© �1s(~xi). �¤¥áì íâ®£® ¤¥« âì ­¥ ¡ã¤¥¬,   ®â®è«¥¬ç¨â â¥«ï ª ª­¨£¥1.11.1.5 �¥à¢®¥ ¢®§¡ã¦¤¥­­®¥ á®áâ®ï­¨¥ £¥«¨¥¯®¤®¡­®£®  â®-¬  (á®áâ®ï­¨¥ 1s2s)�¯ïâì ­ ç­¥¬ á ­ã«¥¢®£® ¯à¨¡«¨¦¥­¨ï, ª®£¤  ¯à¥­¥¡à¥£ ¥âáï ¢§ ¨-¬®¤¥©áâ¢¨¥¬ ¬¥¦¤ã í«¥ªâà®­ ¬¨. �¥¯¥àì í­¥à£¨ï  â®¬  à ¢­  áã¬-¬¥ í­¥à£¨© ¢®¤®à®¤®¯®¤®¡­ëå  â®¬®¢ ¢ á®áâ®ï­¨ïå 1s ¨ 2s:E(0)1s2s = E1s + E2s; £¤¥ E2s = �Z2q208a0 ; (11.37)  E1s ®¯à¥¤¥«¥­® ¢ (11.25). � à¥§ã«ìâ â¥E(0)1s2s = �5Z2q208a0 : (11.38)1�.�. � ¢ë¤®¢, �¢ ­â®¢ ï ¬¥å ­¨ª . �, � ãª , 1973 £.155



E(1s)2E(0)1s2s (S = 0) (S = 1)�¨á. 11.1: �å¥¬ â¨ç¥áª®¥ à á¯®«®¦¥­¨¥ í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© (1s)2 ¨ 1s2s ¢  â®¬¥£¥«¨ï.�¤­ ª® â¥¯¥àì ¨¬¥¥â ¬¥áâ® ®¤­® ¢ ¦­®¥ ®â«¨ç¨¥ ®â á«ãç ï ®á­®¢-­®£® á®áâ®ï­¨ï. �¥«® ¢ â®¬, çâ® ®¤­®ç áâ¨ç­ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨�1s(~x) ¨ �2s(~x) à §­ë¥ ¨ ¤«ï ¢®§¡ã¦¤¥­­®£® á®áâ®ï­¨ï ¡ã¤ãâ ®â«¨ç-­ë ®â ­ã«ï ®¡  â¨¯  ®à¡¨â «ì­ëå äã­ªæ¨©  â®¬  | á¨¬¬¥âà¨ç­ ï¨  ­â¨á¨¬¬¥âà¨ç­ ï�á¨¬:(~x1; ~x2) = vuut12 (�1s(~x1)�2s(~x2) + �2s(~x1)�1s(~x2)) ;� :á:(~x1; ~x2) = vuut12 (�1s(~x1)�2s(~x2)� �2s(~x1)�1s(~x2)) : (11.39)�«¥¤®¢ â¥«ì­® ¢ ®à¡¨â «ì­®¬ ¢®§¡ã¦¤¥­­®¬ á®áâ®ï­¨¨ £¥«¨¥¯®¤®¡-­ë©  â®¬ ¬®¦¥â ­ å®¤¨âìáï ª ª ¢ ¯ à -, â ª ¨ ¢ ®àâ®-á®áâ®ï­¨ïå(11.11). �à¨ íâ®¬, ¥á«¨ ¯à¥­¥¡à¥çì ¢§ ¨¬®¤¥©áâ¢¨¥¬ ¬¥¦¤ã í«¥ª-âà®­ ¬¨ (­ã«¥¢®¥ ¢§ ¨¬®¤¥©áâ¢¨¥), íâ¨ á®áâ®ï­¨ï ¡ã¤ãâ ¢ëà®¦¤¥­-­ë¬¨.�®á¬®âà¨¬ á®åà ­ï¥âáï «¨ ¢ëà®¦¤¥­¨¥ ¯à¨ ãç¥â¥ ¢§ ¨¬®¤¥©áâ¢¨ï¬¥¦¤ã í«¥ªâà®­ ¬¨. � íâ®© æ¥«ìî ¢ëç¨á«¨¬ áà¥¤­¥¥ ®â ®¯¥à â®à £ ¬¨«ìâ®­¨ ­  (11.2) ¯® ¤¢ã¬ â¨¯ ¬ ¢®«­®¢ëå äã­ªæ¨© (11.39)E(1)¯ à 1s2s = Z dV �á¨¬:(~x1; ~x2)Ĥ�á¨¬:(~x1; ~x2);E(1)®àâ®1s2s = Z dV � :á:(~x1; ~x2)Ĥ� :á:(~x1; ~x2): (11.40)�®¤áâ ¢«ïï ¢ëà ¦¥­¨ï (11.39) ¯®«ãç¨¬ ¯®á«¥ ­¥á«®¦­ëå ¯à¥®¡à -156



§®¢ ­¨© E(1)¯ à 1s2s = E(0)1s2s +Q + A;E(1)®àâ®1s2s = E(0)1s2s +Q � A; (11.41)£¤¥ Q = Z dV �21s(~x1)�22s(~x2)U (r12);A = Z dV �1s(~x1)�2s(~x2)�2s(~x1)�1s(~x2)U (r12): (11.42)� ¨­â¥£à «¥ Q ã§­ ¥¬ ªã«®­®¢áªãî í­¥à£¨î, ª®â®à ï ¢®§­¨ª «  ¨¢ á«ãç ¥ (1s)2-á®áâ®ï­¨ï. �â®à®© ¨­â¥£à « A ¯à¥¤áâ ¢«ï¥â á®¢¥à-è¥­­® ­®¢ë© ®¡ê¥ªâ ­¥ ¨¬¥îé¨©  ­ «®£  ¢ ª« áá¨ç¥áª®© ä¨§¨ª¥.�­ ­ §ë¢ ¥âáï ®¡¬¥­­®© í­¥à£¨¥©. �£® ­ «¨ç¨¥ ï¢«ï¥âáï ¯àï¬ë¬á«¥¤áâ¢¨¥¬ ¯à¨­æ¨¯  â®¦¤¥áâ¢¥­­®áâ¨ ç áâ¨æ ¢ ¬¨ªà®¬¨à¥.�¡¬¥­­ ï í­¥à£¨ï ¢å®¤¨â á à §­ë¬¨ §­ ª ¬¨ ¢ ¢ëà ¦¥­¨ï ¤«ïí­¥à£¨¨ ¯ à  ¨ ®àâ® á®áâ®ï­¨© ¨ ¯®íâ®¬ã ®­  à áé¥¯«ï¥â ¨å í­¥à£¨¨.�¥£ª® ®¡êïá­¨âì íâ®â à¥§ã«ìâ â ¨§ ç¨áâ® ª ç¥áâ¢¥­­ëå á®®¡à -¦¥­¨©. �®¯à ¢ª  ª í­¥à£¨¨ ­ã«¥¢®£® ¯à¨¡«¨¦¥­¨ï § ¢¨á¨â ®â â®£®,­ áª®«ìª® ¢ áà¥¤­¥¬ ¡«¨§ª® ¤àã£ ª ¤àã£ã \¦¨¢ãâ" í«¥ªâà®­ë. �¥¬íâ® à ááâ®ï­¨¥ ¬¥­ìè¥, â¥¬ ¡®«ìè¥ ¡ã¤¥â ¬¥¦¤ã ­¨¬¨ ®ââ «ª¨¢ -­¨¥, ¨, á«¥¤®¢ â¥«ì­®, í­¥à£¨ï ¡ã¤¥â ¡®«ìè¥. � á«ãç ¥ ®àâ®£¥«¨ïí«¥ªâà®­ë ­¥ ¬®£ãâ ¡«¨§ª® á®©â¨áì. � ç áâ­®áâ¨, ¨å ®à¡¨â «ì­ ï¢®«­®¢ ï äã­ªæ¨ï � :á:(~x1; ~x2)! 0 ¯à¨ ~x1 ! ~x2: (11.43)� ª®£® § ¯à¥â  ­¥â ¤«ï ¯ à -á®áâ®ï­¨ï ¨ ¯®íâ®¬ã ¢ áà¥¤­¥¬ ¢ ­¥¬í«¥ªâà®­ë ­ å®¤ïâáï ­  ¬¥­ìè¥¬ à ááâ®ï­¨¨. �®íâ®¬ã ¢ ¯ à -á®áâ®ï­¨¨ ¡®«¥¥ á¨«ì­®¥ ®ââ «ª¨¢ ­¨¥ ¬¥¦¤ã í«¥ªâà®­ ¬¨ ¨ í­¥à-£¨ï ã ­¥£® ¢ëè¥, ç¥¬ ã ®àâ®á®áâ®ï­¨ï.�ªá¯¥à¨¬¥­â «ì­ë¥ §­ ç¥­¨ï í­¥à£¨© ¤«ï  â®¬  He ¢ ¯ à - ¨®àâ®-á®áâ®ï­¨ïå 1s2s-¢®§¡ã¦¤¥­¨ï à ¢­ë (á¬. �¨á. 11.1)E¯ à 1s2s = �2; 146q20a0 ; E®àâ®1s2s = �2; 175q20a0 ; (11.44)çâ® ­ å®¤¨âáï ¢ ¯®«­®¬ á®®â¢¥âáâ¢¨¨ á ¯à¨¢¥¤¥­­ë¬¨ ¢ëè¥ ª ç¥-áâ¢¥­­ë¬¨ á®®¡à ¦¥­¨ï¬¨. 157



?6�E2n + 1n 6�E1??6�E �E � �E1 � �E2�¨á. 11.2: �¡®«®çª¨ ¨ ¯®¤®¡®«®çª¨ ¢  â®¬¥.11.2 �¥à¨®¤¨ç¥áª ï á¨áâ¥¬  í«¥¬¥­â®¢ �¥­¤¥-«¥¥¢ �¥¯¥àì ¯¥à¥©¤¥¬ ª à áá¬®âà¥­¨î ¯¥à¨®¤¨ç¥áª®© á¨áâ¥¬ë í«¥¬¥­â®¢�.�. �¥­¤¥«¥¥¢ . �ã¤¥¬ ®á­®¢ë¢ âìáï ­  ¯®­ïâ¨¨ á ¬®á®£« á®¢ ­-­®£® ¯®â¥­æ¨ «  ¯®§¢®«ïîé¥£® £®¢®à¨âì ®¡ ®¤­®í«¥ªâà®­­ëå ¢®«­®-¢ëå äã­ªæ¨ïå ¬­®£®í«¥ªâà®­­®£®  â®¬ . �â®, ¢ á¢®î ®ç¥à¥¤ì, ¤ ¥â¢®§¬®¦­®áâì ª ç¥áâ¢¥­­® ¯®­ïâì ®á­®¢­ë¥ § ª®­®¬¥à­®áâ¨ á¢®©áâ¢ â®¬®¢.11.2.1 �«¥ªâà®­­ë¥ ®¡®«®çª¨ ¢  â®¬ å�®­¥ç­®, ­  í«¥ªâà®­ ¢ á«®¦­®¬  â®¬¥, ¯®¬¨¬® á ¬®á®£« á®¢ ­­®£®¯®â¥­æ¨ «  Uá:á:(ri), ¤¥©áâ¢ãîâ ¤àã£¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï, ­ àãè îé¨¥áä¥à¨ç¥áªãî á¨¬¬¥âà¨î. � ­¨¬ ®â­®áïâáï ®áâ â®ç­®¥ ªã«®­®¢áª®¥¢§ ¨¬®¤¥©áâ¢¨¥ U®áâ:(ri) = Xj 6=i q20rij � Uá:á:(ri) (11.45)¨ á¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥U (i)ls = v(ri)~̂Li ~̂Si: (11.46)158



£¤¥ ~̂Li ¨ ~̂Si | ®¯¥à â®àë ®à¡¨â «ì­®£® ¬®¬¥­â  ¨ á¯¨­  i-£® í«¥ª-âà®­ . �«ï ¡®«ìè¨­áâ¢   â®¬®¢ (å®âï, áâà®£® £®¢®àï, ­ ¡«î¤ îâáï¨ ®â¤¥«ì­ë¥ ®âáâã¯«¥­¨ï) £« ¢­ë¬ ®ª §ë¢ ¥âáï ®áâ â®ç­®¥ ¢§ ¨¬®-¤¥©áâ¢¨¥ ¨ ¬®¦­® ¯à¥­¥¡à¥çì á¯¨­-®à¡¨â «ì­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬.� à¥§ã«ìâ â¥ i-© í«¥ªâà®­ ¬®¦¥â ¡ëâì ®å à ªâ¥à¨§®¢ ­ ç¥âëàì¬ïå à ªâ¥à¨áâ¨ª ¬¨ | £« ¢­ë¬ ni, ®à¡¨â «ì­ë¬ li, ¬ £­¨â­ë¬ mi,ª¢ ­â®¢ë¬¨ ç¨á« ¬¨ ¨ ¯à®¥ªæ¨¥© á¯¨­  �i. �â®¡ë ¯®­ïâì à §¬¥é¥-­¨ï í«¥¬¥­â®¢ ¢ â ¡«¨æ¥ �¥­¤¥«¥¥¢  ­¥®¡å®¤¨¬® áä®à¬ã«¨à®¢ âì§ ª®­ë § ¯®«­¥­¨ï íâ¨å ª¢ ­â®¢ëå ç¨á¥«. �«ï ç¨áâ® ªã«®­®¢áª®£®¯®«ï ª ¦¤®¬ã £« ¢­®¬ã ª¢ ­â®¢®¬ã ç¨á«ã n á®®â¢¥âáâ¢ã¥â n2 á®áâ®-ï­¨©, ¢ëà®¦¤¥­­ëå ¯® ®à¡¨â «ì­®¬ã ¨ ¬ £­¨â­®¬ã ª¢ ­â®¢ë¬ ç¨-á« ¬ (á¬. ä®à¬ã«ã (9.15)). �á«¨ ¯à¨­ïâì ¢® ¢­¨¬ ­¨¥, çâ® ª ¦¤®¥¨§ íâ¨å á®áâ®ï­¨© ¬®¦¥â ­ å®¤¨âìáï ¢ ¤¢ãå á¯¨­®¢ëå á®áâ®ï­¨ïå,â® ¯®«ãç ¥¬, çâ® ®¤­®¬ã §­ ç¥­¨î n á®®â¢¥âáâ¢ã¥â 2n2 ¢ëà®¦¤¥­-­ëå á®áâ®ï­¨ï. �¤­ ª® á ¬®á®£« á®¢ ­­ë© ¯®â¥­æ¨ « ®â«¨ç ¥âáï®â ªã«®­®¢áª®£® ¨ ¢ëà®¦¤¥­¨¥ ¯® ®à¡¨â «ì­®¬ã ¬®¬¥­âã á­¨¬ ¥â-áï. �¥¬ ­¥ ¬¥­¥¥, ¬®¦­® ®¦¨¤ âì, çâ® á®áâ®ï­¨ï á ®¤¨­ ª®¢ë¬ £« ¢-­ë¬ ª¢ ­â®¢ë¬ ç¨á«®¬ n ®¡à §ãîâ £àã¯¯ë. � ª¨¥ £àã¯¯ë ­ §ë¢ îâ®¡®«®çª ¬¨. �«ï ­¨å ¢ á¯¥ªâà®áª®¯¨¨ ¯à¨­ïâë á¯¥æ¨ «ì­ë¥ ®¡®§­ -ç¥­¨ï:� n = 1 | K-®¡®«®çª � n = 2 | L� n = 3 | M� n = 4 | N� n = 5 | O.�®áâ®ï­¨ï á à §­ë¬¨ l ¢­ãâà¨ ®¤­®© ®¡®«®çª¨ ®¡à §ãîâ ¯®¤®¡®-«®çªã (�¨á. 11.2).� á¨«ã ¯à¨­æ¨¯  � ã«¨, ¢ ª ¦¤®¬ á®áâ®ï­¨¨ ­ å®¤¨âáï â®«ìª®®¤¨­ í«¥ªâà®­. �®íâ®¬ã ¢á¥£® ¢ n-© ®¡®«®çª¥ à §¬¥é îâáï ­¥ ¡®«¥¥ç¥¬ 2n2 í«¥ªâà®­®¢. �«¥¤ãîé¨© í«¥ªâà®­ ã¦¥ ¬®¦¥â ¯®¬¥áâ¨âì-áï â®«ìª® ­  ¡®«¥¥ ¢ëá®ª®© ®¡®«®çª¥. �à®¢­¨ á«¥¤ãîé¥© ®¡®«®çª¨159



� ¡«¨æ  11.1: �¨á«® í«¥¬¥­â®¢ ¢  â®¬­ëå ®¡®«®çª å.®¡®«®çª  ç¨á«® í«¥ªâà®­®¢K (1s) 2L (2s; 2p) 8M (3s; 3p; 3d) 18N (4s; 4p; 4d; 4f) 32O (5s; 5p; 5d; 5f; 5g) 50� ¡«¨æ  11.2: �¨á«® í«¥¬¥­â®¢ ¢ ¯¥à¨®¤ å â ¡«¨æë �¥­¤¥«¥¥¢ .¯¥à¨®¤ ç¨á«® í«¥¬¥­â®¢1 22 83 84 185 186 32®¡à §ãîâ £àã¯¯ã í­¥à£¥â¨ç¥áª¨å á®áâ®ï­¨©, ª®â®àë¥ à á¯®«®¦¥­ë§­ ç¨â¥«ì­® ¢ëè¥ (á¬. �¨á. 11.2). �®íâ®¬ã ¯à¨ ¯¥à¥å®¤¥ ®â ®¤­®©®¡®«®çª¨ ª ¤àã£®© á«¥¤ã¥â ®¦¨¤ âì à¥§ª®£® ¨§¬¥­¥­¨ï á¢®©áâ¢  â®-¬ . � ª ¨§¢¥áâ­®, â ª®¥ à¥§ª®¥ ¨§¬¥­¥­¨¥ á¢®©áâ¢  â®¬®¢ ¯à®¨áå®-¤¨â ¯à¨ ¯¥à¥å®¤¥ á ®¤­®£® ¯¥à¨®¤  â ¡«¨æë �¥­¤¥«¥¥¢  ­  ¤àã£®©.�®íâ®¬ã áà ¢­¨¬ ç¨á«  í«¥ªâà®­®¢ ¢ ®¡®«®çª å (â ¡«. 11.1) á ç¨-á« ¬¨ í«¥¬¥­â®¢ ¢ ¯¥à¨®¤ å (â ¡«. 11.2). �¤¨¢¨â¥«ì­®¥ á®¢¯ ¤¥­¨¥ç¨á¥« ¯®ª §ë¢ ¥â, çâ® ¯à¨¢¥¤¥­­ë¥ à ááã¦¤¥­¨ï ®âà ¦ îâ à¥ «ì-­ãî ª àâ¨­ã áâà®¥­¨ï  â®¬ . �à ¢¤ , á®¢á¥¬ ­¥¯®­ïâ­® ¯®ª , ¯®-ç¥¬ã ¯®ï¢«ïîâáï ¯¥à¨®¤ë (2-© ¨ 3-©, 4-© ¨ 5-©) á ¯®¢â®àïîé¨¬¨áïç¨á« ¬¨ í«¥¬¥­â®¢. �  íâ®â ¢®¯à®á ­¥®¡å®¤¨¬® ®â¢¥â¨âì. �à®¬¥â®£®, á«¥¤ã¥â ¤ âì ®â¢¥âë ¨ ­  ¤àã£¨¥ ¢®¯à®áë:160



7s 6d 5f : : :6s 6p 5d 4f5s 5p 4d4s 4p 3d3s 3p2s 2p1s

N = 32 + : : :N = 32N = 18N = 18N = 8N = 8N = 2�¨á. 11.3: �å¥¬ â¨ç¥áª®¥ ¨§®¡à ¦¥­¨¥ ãà®¢­¥© ¢  â®¬¥. �¢ ¤à â¨ª®¬ ®¡®§­ ç¥­ £àã¯¯  ¡«¨§ª®«¥¦ é¨å í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©. N | ç¨á«® á®áâ®ï­¨© ¢ £àã¯¯¥ãà®¢­¥©.� �®ç¥¬ã ¢ ­ ç «¥ ¯¥à¨®¤  í«¥¬¥­â «¥£ç¥ â¥àï¥â í«¥ªâà®­,   ¢ª®­æ¥ «¥£ç¥ ¯à¨á®¥¤¨­ï¥â ¥£®?� �®ç¥¬ã ª ¦¤ë© ¯¥à¨®¤ § ª ­ç¨¢ ¥âáï å¨¬¨ç¥áª¨ ­¥©âà «ì­ë¬í«¥¬¥­â®¬ (¨­¥àâ­ë¥ £ §ë)?� �®ç¥¬ã ¢®§­¨ª îâ ¤¢¥ £àã¯¯ë (¢ 6-¬ ¨ 7-¬ ¯¥à¨®¤ å) ¨§ 14 í«¥-¬¥­â®¢ ¨¬¥îé¨å ®¤¨­ ª®¢ë¥ å¨¬¨ç¥áª¨¥ á¢®©áâ¢ ?11.2.2 �¨á«® í«¥¬¥­â®¢ ¢ ¯¥à¨®¤ å�«ï ®â¢¥â  ­  ¯¥à¢ë© ¢®¯à®á, á«¥¤ã¥â à áá¬®âà¥âì à¥ «ì­®¥ à á¯à¥-¤¥«¥­¨¥ ãà®¢­¥© ¢  â®¬¥. �å¥¬ â¨ç¥áª¨ ®­® ¨§®¡à ¦¥­® ­  �¨á. 11.3.�¨¤¨¬, çâ® ã¦¥ ­ ç¨­ ï áM -®¡®«®çª¨, à á¯®«®¦¥­¨¥ £àã¯¯ ãà®¢-­¥© ­ ç¨­ ¥â ª ç¥áâ¢¥­­® ®â«¨ç âìáï ®â à á¯®«®¦¥­¨ï ¢ ¢®¤®à®¤®-161



¯®¤®¡­®¬  â®¬¥. �â® á¢ï§ ­® á â¥¬, çâ® ­ «¨ç¨¥ ¢ £ ¬¨«ìâ®­¨ ­¥¤«ï í«¥ªâà®­  íää¥ªâ¨¢­®£® ¯®â¥­æ¨ «  ®ââ «ª¨¢ ­¨ï �h2l(l+1)2Mer2 ¯à¨-¢®¤¨â ª à¥§ª®¬ã ã¬¥­ìè¥­¨î ¢¥à®ïâ­®áâ¨ ®¡­ àã¦¨âì í«¥ªâà®­ ¢¢ëáè¨å ®à¡¨â «ì­ëå á®áâ®ï­¨ïå ­  ¬ «ëå à ááâ®ï­¨ïå ®â æ¥­âà .�«¥¤®¢ â¥«ì­® í«¥ªâà®­ ¢ ns á®áâ®ï­¨¨ ­ å®¤¨âáï ¢ ®¡« áâ¨, £¤¥íää¥ªâ¨¢­ë© § àï¤ Zíä ¡®«ìè¥, ç¥¬ ¤«ï ®¡« áâ¨ à á¯®«®¦¥­¨ï á®-áâ®ï­¨ï np. �é¥ ¡®«¥¥ à¥§ª¨¬ íâ® ®â«¨ç¨¥ áâ ­®¢¨âáï ¤«ï nd ¨ nfá®áâ®ï­¨©. � à¥§ã«ìâ â¥ ¯à®¨áå®¤¨â ¯¥à¥¬¥è¨¢ ­¨¥ ¯®¤®¡®«®ç¥ª ¨§à §­ëå ®¡®«®ç¥ª: 3d ãà®¢¥­ì «¥¦¨â ¢ëè¥ 4s, 4f ãà®¢¥­ì «¥¦¨â ¢ëè¥6s ¨ â.¤.� ¯à ¢®© áâ®à®­ë �¨á. 7.3 ¯®¬¥é ¥âáï ª®«®­ª , £¤¥ ãª § ­® ¬ ª-á¨¬ «ì­®¥ ç¨á«® í«¥ªâà®­®¢, ª®â®àë¥ ¬®¦­® à §¬¥áâ¨âì ¢ ª ¦¤®©í­¥à£¥â¨ç¥áª®© £àã¯¯¥. �­® ¯®«­®áâìî á®¢¯ ¤ ¥â á ç¨á«®¬ í«¥¬¥­-â®¢ ¢ á®®â¢¥âáâ¢ãîé¨å ¯¥à¨®¤ å. � ª¨¬ ®¡à §®¬ ª¢ ­â®¢ ï ¬¥å -­¨ª  æ¥«¨ª®¬ ®¡êïá­ï¥â ç¨á«® í«¥¬¥­â®¢ ¢® ¢á¥å ¯¥à¨®¤ å â ¡«¨æë�¥­¤¥«¥¥¢ .�«ï ®â¢¥â  ­  ¤àã£¨¥ ¢®¯à®áë à áá¬®âà¨¬ ¡®«¥¥ ¯®¤à®¡­® à á¯à¥-¤¥«¥­¨¥ í«¥¬¥­â®¢ ¯® £àã¯¯ ¬.1. 1-© ¯¥à¨®¤� 1s-á®áâ®ï­¨¨ ¬®£ãâ ¡ëâì à á¯®«®¦¥­ë ®¤¨­ ¨«¨ ¤¢  í«¥ªâà®­ ,ª®â®àë¥ ®â¢¥ç îâ ®á­®¢­ë¬ á®áâ®ï­¨ï¬ ¢®¤®à®¤  H ¨ £¥«¨ï �¥. �®-®â¢¥âáâ¢ãîé¨¥ í«¥ªâà®­­ë¥ ª®­ä¨£ãà æ¨¨ ®¡®§­ ç îâ 1s ¨ (1s)2.�¤¥áì ¨ ¤ «¥¥ ¢ ®¡®§­ ç¥­¨¨ (nl)k á¢¥àåã á¯à ¢  áâ®¨â ç¨á«® í«¥ª-âà®­®¢ ¢ á®áâ®ï­¨¨ nl. � ¦­®¥ ®â«¨ç¨¥ ¢ áâ®à®¥­¨¨  â®¬®¢ ¢®¤®à®¤ ¨ £¥«¨ï á®áâ®¨â ¢ â®¬, çâ® ¢ £¥«¨¨ í«¥ªâà®­ë ­ å®¤ïâáï ¢ ¯®«¥ ï¤à á § àï¤®¬ ¢ ¤¢  à §  ¡®«ìè¥, ç¥¬ ¢ ¢®¤®à®¤¥. �à ¢¤ , í«¥ªâà®­ëç áâ¨ç­® íªà ­¨àãîâ ¤àã£ ¤àã£ , çâ® ¯à¨¢®¤¨â ª íää¥ªâ¨¢­®¬ã § -àï¤ã ï¤à  Zíä <2, â¥¬ ­¥ ¬¥­¥¥ íää¥ªâ¨¢­ë© § àï¤ ï¤à  £¥«¨ï®áâ ¥âáï ¡®«ìè¥ § àï¤  ï¤à  ¢®¤®à®¤ . (�ëè¥ ¡ë«  á¤¥« ­  ®æ¥­ª ¤«ï íää¥ªâ¨¢­®£® § àï¤  Zíä �1,658.) �«¥¤®¢ â¥«ì­®, í«¥ªâà®­ë ¢£¥«¨¨ á¢ï§ ­ë ­ ¬­®£® á¨«ì­¥¥, ç¥¬ ¢ ¢®¤®à®¤¥. �®íâ®¬ã ¯¥à¢ë© áâàã¤®¬ â¥àï¥â í«¥ªâà®­.� ¤àã£®© áâ®à®­ë, £¥«¨© ­¥ ¬®¦¥â ¯®¤å¢ â¨âì ¤®¯®«­¨â¥«ì­ë©í«¥ªâà®­, â.ª. ®­, ¢ á¨«ã ¯à¨­æ¨¯  � ã«¨, ¤®«¦¥­ ¡ëâì ã¦¥ ­  ¤àã-162



£®© ®¡®«®çª¥, à á¯®«®¦¥­­®© §­ ç¨â¥«ì­® ¤ «ìè¥, ç¥¬ ¤«ï í«¥ª-âà®­®¢ ¢ 1s-á®áâ®ï­¨¨. �à¨ íâ®¬ ¤«ï âà¥âì¥£® í«¥ªâà®­  § àï¤ ï¤à ®ª §ë¢ ¥âáï ¯à ªâ¨ç¥áª¨ ¯®«­®áâìî íªà ­¨à®¢ ­.� ª¨¬ ®¡à §®¬ ­ å®¤¨â ®¡êïá­¥­¨¥ â®â ä ªâ, çâ® £¥«¨© å¨¬¨ç¥-áª¨ ­¥©âà «¥­.�à®¬¥ â®£® ã¦¥ £®¢®à¨«®áì, çâ® á¯¨­ë í«¥ªâà®­®¢ ¢ £¥«¨¨ ¢§ ¨¬-­® ª®¬¯¥­á¨àãîâ ¤àã£ ¤àã£  ¨ ¯®íâ®¬ã ¬¥å ­¨ç¥áª¨© ¨ ¬ £­¨â­ë©¬®¬¥­âë íâ®£®  â®¬  ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ à ¢­ë ­ã«î. �â® ­ å®-¤¨âáï ¢ ¯à¥ªà á­®¬ á®£« á¨¨ á íªá¯¥à¨¬¥­â®¬.2. 2-© ¨ 3-© ¯¥à¨®¤ë� ç¨­ ï á «¨â¨ï (Li) ­ ç¨­ ¥â § ¯®«­ïâìáï ¢â®à ï í«¥ªâà®­­ ï ®¡®-«®çª  § ª ­ç¨¢ îé¨ïáï ­¥®­®¬ (Ne). �¨â¨© ¨¬¥¥â í«¥ªâà®­­ãîª®­ä¨£ãà æ¨î (1s)22s. �£® ¢­¥è­¨© í«¥ªâà®­ ­ å®¤¨âáï ¤ «¥ª® ®âï¤à  ¨ ¯®íâ®¬ã ¬®¦¥â «¥£ª® â¥àïâìáï, ¢ à¥§ã«ìâ â¥ ç¥£® «¨â¨© ¯à¥-¢à é ¥âáï ¢ ¨®­ Li+, ª®â®àë© ¢áâã¯ ¥â ¢ å¨¬¨ç¥áª¨¥ à¥ ªæ¨¨.�® ¬¥à¥ ¯à®¤¢¨¦¥­¨ï ¯® ¯¥à¨®¤ã ã¢¥«¨ç¨¢ ¥âáï § àï¤ ï¤à  ¨¯®íâ®¬ã í­¥à£¨ï á¢ï§¨ í«¥ªâà®­®¢ ¢á¥ ¡®«¥¥ ¨ ¡®«¥¥ ã¢¥«¨ç¨¢ ¥â-áï. �«¥¤®¢ â¥«ì­® ã íâ¨å í«¥¬¥­â®¢ âàã¤­® ®â®à¢ âì í«¥ªâà®­ë ¨§¢­¥è­¥© ®¡®«®çª¨, ®¤­ ª® ¤«ï ­¨å «¥£ª® ¯à¨á®¥¤¨­¨âì ®¤¨­ ¨«¨ ­¥-áª®«ìª® ¤®¯®«­¨â¥«ì­ëå í«¥ªâà®­®¢ ¨, â¥¬ á ¬ë¬, ¯à¥¢à â¨âì  â®-¬ë ¢ ®âà¨æ â¥«ì­® § àï¦¥­­ë¥ ¨®­ë. �áª«îç¥­¨¥ á®áâ ¢«ï¥â ­¥®­(ª®­ä¨£ãà æ¨ï (1s2)(2s)2(2p)6), ª®â®à®¬ã ¯à¨­æ¨¯ � ã«¨ § ¯à¥é ¥â¯à¨á®¥¤¨­ïâì ­  K ¨ L-®¡®«®çª¨ ¤®¯®«­¨â¥«ì­ë© í«¥ªâà®­. �®íâ®-¬ã ­¥®­, ª ª ¨ £¥«¨©, å¨¬¨ç¥áª¨ ­¥©âà «¥­.� ­¥®­  ¥áâì ¨ ¤àã£®¥ áå®¤áâ¢® á  â®¬®¬ £¥«¨ï: ¥£® ¬¥å ­¨ç¥áª¨© ¨¬ £­¨â­ë© ¬®¬¥­âë â®¦¥ ®ª §ë¢ îâáï ¢§ ¨¬­® áª®¬¯¥­á¨à®¢ ­­ë-¬¨. � «¥¥ íâ® á¢®©áâ¢® ¯®¢â®àï¥âáï ¤«ï ¢á¥å í«¥¬¥­â®¢, ª®â®àë¬¨®ª ­ç¨¢ îâáï ¯¥à¨®¤ë.�à¥â¨© ¯¥à¨®¤ ­ ç¨­ ¥âáï ­ âà¨¥¬ á ª®­ä¨£ãà -æ¨¥© (1s2)(2s)2(2p)63s. � ­¥£® ­ ç¨­ ¥âáï § ¯®«­¥­¨¥ M -®¡®«®çª¨.� «¥¥, ¢¯«®âì ¤®  à£®­ , ¢á¥ ¯®¢â®àï¥âáï, ª ª ¨ ¤«ï 2-£® ¯¥à¨®¤ .�¢¨¤ã ¯¥à¥¯ãâë¢ ­¨ï ¯®¤®¡®«®ç¥ª 4s ¨ 3d ­   à£®­¥ (ª®­ä¨£ãà æ¨ï(1s2)(2s)2(2p)6(3s)2(3p)6 ) ­®à¬ «ì­®¥ § ¯®«­¥­¨¥ ãà®¢­¥© ¯à¥ªà é -¥âáï. �«¥¤ãîé¨¬ ¯® í­¥à£¨¨ ï¢«ï¥âáï ãà®¢¥­ì 4s «¥¦ é¨© ­ ¬­®-163



£®. �®íâ®¬ã  à£®­ ­¥ ¬®¦¥â ¯®¤å¢ â¨âì ¤®¯®«­¨â¥«ì­ë© í«¥ªâà®­¨ ï¢«ï¥âáï â ª¨¬ ¦¥ å¨¬¨ç¥áª¨ ­¥©âà «ì­ë¬ í«¥¬¥­â®¬, ª ª £¥«¨©¨ ­¥®­. 3. 4-ë© ¨ 5-ë© ¯¥à¨®¤ë�¥â¢¥àâë© ¯¥à¨®¤ ­ ç¨­ ¥âáï ª «¨¥¬ (K, ª®­-ä¨£ãà æ¨ï (1s2)(2s)2(2p)6(3s)2(3p)64s ) ¨ ª®­ç ¥âáï ªà¨¯â®­®¬ (Kr,(1s2)(2s)2(2p)6(3s)2(3p)6(4s)2(3d)10 (4s)2(4p)6 ).�ïâë© ¯¥à¨®¤ ­ ç¨­ ¥âáï àã¡¨¤¨¥¬ (Rb), ã ª®â®à®£® ­ ç¨­ ¥â§ ¯®«­ïâìáï 5s ¯®¤®¡®«®çª , ¨ ª®­ç ¥âáï ªá¥­®­®¬ (Xe), ã ª®â®à®£®§ ¯®«­ï¥âáï 5p-¯®¤®¡®«®çª .4. 6-© ¨ 7-© ¯¥à¨®¤ë�¤¥áì ®á®¡ë© ¨­â¥à¥á ¯à¥¤áâ ¢«ïîâ í«¥¬¥­âë á  â®¬­ë¬¨ ­®¬¥à ¬¨®â 57 ¤® 71 (« ªâ ­®¨¤ë ¨«¨ à¥¤ª®§¥¬¥«ì­ë¥, 6-© ¯¥à¨®¤) ¨ ®â 89 ¤®103 ( ªâ¨­®¨¤ë, 7-© ¯¥à¨®¤). �å ®á®¡¥­­®áâ¨ á¢ï§ ­ë á § ¯®«­¥­¨¥¬f-á®áâ®ï­¨© (4f ã « ªâ ­®¨¤®¢) ¨ (5f ã  ªâ¨­®¨¤®¢). �á®¡¥­­®áâìf-á®áâ®ï­¨© á®áâ®¨â ¢ â®¬, çâ® ®­¨, á ®¤­®© áâ®à®­ë, ­¥ ¬®£ãâ ¡«¨§-ª® ­ å®¤¨âìáï ª ï¤àã. � ¤àã£®© áâ®à®­ë, ¬ ªá¨¬ã¬ à á¯à¥¤¥«¥­¨ï¢¥à®ïâ­®áâ¨ ã íâ¨å á®áâ®ï­¨© «¥¦¨â ­¨¦¥ á®®â¢¥âáâ¢ãîé¨å s-¢®«­(6s ¤«ï « ªâ¨­®¨¤®¢ ¨ 7s ¤«ï  ªâ¨­®¨¤®¢). �®íâ®¬ã ¯à¨ § ¯®«-­¥­¨¨ f-á®áâ®ï­¨© ¢­¥è­¨¬¨ í«¥ªâà®­ ¬¨ ®áâ îâáï ª®­ä¨£ãà æ¨¨(6s)2 ¨ (7s)2. �¬¥­­® íâ¨ ª®­ä¨£ãà æ¨¨ ¨ ®¡¥á¯¥ç¨¢ îâ ¨å å¨¬¨-ç¥áª¨¥ á¢®©áâ¢ , ª®â®àë¥ ®ª §ë¢ îâáï ¡«¨§ª¨¬¨. �á«¥¤áâ¢¨¨ íâ®£®í«¥¬¥­âë ¯®¬¥é îâ ¢ ®¤­ã ª«¥âªã â ¡«¨æë �¥­¤¥«¥¥¢ . �¨á«® íâ¨åí«¥¬¥­â®¢ à ¢­ï¥âáï ç¨á«ã ¢®§¬®¦­ëå í«¥ªâà®­­ëå ª®­ä¨£ãà æ¨©á ®à¡¨â «ì­ë¬ ª¢ ­â®¢ë¬ ç¨á«®¬ l = 3, â.¥. 2(2l + 1) = 14.11.2.3 �âªàëâ¨¥ £ ä­¨ï� â®¬ã ¬®¬¥­âã, ª®£¤  ¡ë«® ¯à¥¤«®¦¥­® ª¢ ­â®¢®¬¥å ­¨ç¥áª®¥ ®¡ê-ïá­¥­¨¥ ¯¥à¨®¤¨ç¥áª®© á¨áâ¥¬ë í«¥¬¥­â®¢, ¡ë«, ¢ ç áâ­®áâ¨, ­¥¨§-¢¥áâ¥­ 72-© í«¥¬¥­â £ ä­¨© (Hf). �á­®¢ë¢ ïïáì ­  â¥®à¥â¨ç¥áª¨åá®®¡à ¦¥­¨ïå, �®à ¢ 1922 £. § ª«îç¨«, çâ® « ªâ ­®¨¤ë ®ª ­ç¨¢ -îâáï ­  71 í«¥¬¥­â¥,   á«¥¤ãîé¨© (¢ â® ¢à¥¬ï ­¥¨§¢¥áâ¥ë©) í«¥¬¥­â164



¤®«¦¥­ ¨¬¥âì å¨¬¨ç¥áª¨¥ á¢®©áâ¢  æ¨àª®­¨ï (Zr). �®á«¥¤ãîé¨¥ ¯®-¨áª¨ ¢ æ¨àª®­¨¥¢ëå àã¤ å ã¢¥­ç «¨áì ãá¯¥å®¬ ¨ ¡ë« ­ ©¤¥­ í«¥¬¥­âá® á¢®©áâ¢ ¬¨, ª®â®àë¥ ¡ë«¨ ¯à¥¤áª § ­ë.
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�« ¢  12�¥å ­¨ç¥áª¨© ¨ ¬ £­¨â­ë©¬®¬¥­âë  â®¬®¢12.1 LS ¨ jj á¢ï§¨�  ¯à¨¬¥à¥  â®¬  £¥«¨ï ¢ (1s)2 ¨ (1s)(2s) á®áâ®ï­¨ïå ¢¨¤¨¬, çâ®á¯¨­ í«¥ªâà®­®¢ ¨£à ¥â ¢ ¦­ãî à®«ì ¢ ®¡êïá­¥­¨¨ á¯¥ªâà®¢  â®-¬®¢. � ç áâ­®áâ¨ ¡ë«® ¯®ª § ­®, çâ® ¤«ï ¯¥à¢®£® ¢®§¡ã¦¤¥­­®£®á®áâ®ï­¨ï £¥«¨ï ((1s)(2s) á®áâ®ï­¨ï) ¢®§­¨ª îâ ¤¢  ãà®¢­ï á à §­®©®à¨¥­â æ¨¥© á¯¨­®¢: á ¯ à ««¥«ì­®© ®à¨¥­â æ¨¥© (®àâ®-á®áâ®ï­¨ï)¨  ­â¨¯ à ««¥«ì­®© ®à¨¥­â æ¨¥© (¯ à -á®áâ®ï­¨ï).�®§­¨ª ¥â ¢®¯à®á, ª ª®© ¡ã¤¥â á¯¥ªâà á®áâ®ï­¨© íâ®£®  â®¬  ¤«ï¤àã£¨å ¢®§¡ã¦¤¥­­ëå á®áâ®ï­¨©, ¢ ç áâ­®áâ¨, ¤«ï á®áâ®ï­¨© í«¥ª-âà®­®¢ á ­¥­ã«¥¢ë¬¨ ®à¡¨â «ì­ë¬¨ ª¢ ­â®¢ë¬¨ ç¨á« ¬¨ l1 6= 0 ¨l2 6= 0. �¥«® ¢ â®¬, çâ® ¢ ®â«¨ç¨¨ ®â s-á®áâ®ï­¨©, â¥¯¥àì áâ ­®¢¨âáï ªâã «ì­®© ¯à®¡«¥¬ , ¢ ª ª®¬ ¯®àï¤ª¥ áª« ¤ë¢ âì ç¥âëà¥ ¬®¬¥­â ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï ~l1, ~l2, ~s1 ¨ ~s2?� ª ¬®¦­® á­ ç «  á«®¦¨âì ®à¡¨â «ì­ë¥ ¬®¬¥­âë  â®¬  ¢ ¥£®¯®«­ë© ®à¡¨â «ì­ë© ¬®¬¥­â:~L = ~l1 +~l2; (12.1)¤ «¥¥ á«®¦¨âì á¯¨­ë ~S = ~s1 + ~s2; (12.2)  § â¥¬ á«®¦¨âì ¨å ¢ ¯®«­ë© ¬®¬¥­â ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï  â®¬ ~J = ~L+ ~S: (12.3)166



� ªãî áå¥¬ã á«®¦¥­¨ï ¬®¬¥­â®¢ ­ §ë¢ îâ LS{á¢ï§ìî ¨«¨, ¯® ¨¬¥-­¨ ®âªàë¢è¨å ¥¥ ãç¥­ëå, á¢ï§ìî � ã­¤¥àá {� áá¥« .�­ «®£¨ç­ë¬ ®¡à §®¬ ¬®¦­® ¯®áâà®¨âì ¨ LS{á¢ï§ì ¤«ï  â®¬®¢,á®¤¥à¦ é¨å ¯à®¨§¢®«ì­®¥ ç¨á«® í«¥ªâà®­®¢. � íâ®¬ á«ãç ¥ ¯®«­ë¥®à¡¨â «ì­ë© ¨ á¯¨­®¢ë© ¬®¬¥­âë ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï à ¢­ë~L = ZXi=1~li ¨ ~S = ZXi=1~si; (12.4)¯à¨ç¥¬, ¥á«¨ Z-ç¥â­®, â® ¯®«­ë© á¯¨­ ¢á¥£¤  æ¥«ë©, ¨ ¯®«ãæ¥«ë©|ª®£¤  Z ­¥ç¥â­®. �â¬¥â¨¬, çâ® ®¡ëç­® ¯à¨­ïâ® ã¯®âà¥¡«ïâì ¡®«ì-è¨¥ ¡ãª¢ë, ¥á«¨ ¨¤¥â à¥çì ® á®áâ®ï­¨ïå  â®¬®¢, ¢ ®â«¨ç¨¥ ®â í«¥ª-âà®­­ëå á®áâ®ï­¨©, ¤«ï ª®â®àëå ã¯®âà¥¡«ïîâáï ¬ «ë¥ ¡ãª¢ë.�®§¬®¦­ë ¨ ¤àã£¨¥ ¢¨¤ë á¢ï§¨. � ¯à¨¬¥à, ¬®¦­® á­ ç «  ¯®«ã-ç¨âì ¯®«­ë¥ ¬®¬¥­âë ¤«ï ª ¦¤®£® ¨§ í«¥ªâà®­®¢~ji = ~li + ~si; (12.5)  § â¥¬ ®¡à §®¢ âì ¨§ ­¨å ¯®«­ë© ¬®¬¥­â ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï  â®-¬  ~J = ZXi=1~ji: (12.6)� ªãî á¢ï§ì ­ §ë¢ îâ jj{á¢ï§ìî.�ª §ë¢ ¥âáï, çâ® à §­ë¥ á¢ï§¨ ¯à¨¢®¤ïâ ª à §­ë¬ à¥§ã«ìâ â ¬.12.2 �¯¥ªâà®áª®¯¨ç¥áª¨¥ ®¡®§­ ç¥­¨ï� ¯à¨à®¤¥ à¥ «¨§ã¥âáï â  á¢ï§ì, ª®â®à ï ¯à¨¢®¤¨â ª ¡®«¥¥ ¯à®ç­®¬ãá®áâ®ï­¨î. �¯ëâ ¯®ª §ë¢ ¥â, çâ® ¤«ï £¥«¨ï ¡®«¥¥ ¯à®ç­®© ï¢«ï¥âáïá¢ï§ì � ã­¤¥àá {� áá¥« . �®«¥¥ â®£®, ª ª ¯à ¢¨«®, â ª ï ¦¥ á¢ï§ì¨¬¥¥â ¬¥áâ® ¨ ¤«ï ¡®«ìè¨­áâ¢  ¤àã£¨å  â®¬®¢. �®âï ¨¬¥îâáï ¨¨áª«îç¥­¨ï, ª®£¤  à¥ «¨§ã¥âáï jj{á¢ï§ì.� á«ãç ¥ LS-á¢ï§¨ ¯à¨­ïâ® ¨á¯®«ì§®¢ âì á«¥¤ãîé¨¥ á¯¥ªâà®áª®-¯¨ç¥áª¨¥ ®¡®§­ ç¥­¨ï 2S+1LJ , £¤¥ L| ®à¡¨â «ì­®¥ ª¢ ­â®¢®¥ ç¨á«®,®¡®§­ ç ¥¬®¥ ¡ãª¢ ¬¨ S; P;D; : : :,   J | ¯®«­ë© ¬¥å ­¨ç¥áª¨© ¬®-¬¥­â, ¤¥«¥­­ë© ­  �h. C«¥¢  á¢¥àåã áâ ¢¨âáï ¬ã«ìâ¨¯«¥â­®áâì á®áâ®-ï­¨ï à ¢­ ï ¢®§¬®¦­®¬ã ç¨á«ã ¯à®¥ªæ¨© á¯¨­   â®¬ .167



12.3 �â®¬ ¢® ¢­¥è­¥¬ ¬ £­¨â­®¬ ¯®«¥12.3.1 �«ãç © á« ¡®£® ¬ £­¨â­®£® ¯®«ï. � ªâ®à � ­¤¥�¥¯¥àì «¥£ª® ¯®«ãç¨âì ¬ £­¨â­ë© ¬®¬¥­â  â®¬ . � á«ãç ¥ LS-á¢ï§¨®­ à ¢­ï¥âáï áã¬¬¥ ¯®«­®£® ®à¡¨â «ì­®£® ¨ á¯¨­®¢®£® ¬ £­¨â­ëå¬®¬¥­â®¢: ~� = ~�L + ~�S = q02Mec(~L + 2~S): (12.7)�­®¦¨â¥«ì 2 ¯¥à¥¤ ~S ¯®ï¢¨«áï ¨§-§  â®£®, çâ® £¨à®¬ £­¨â­®¥ ®â­®-è¥­¨ï ¤«ï á¯¨­  ¢ ¤¢  à §  ¡®«ìè¥, ç¥¬ ¤«ï ®à¡¨â «ì­®£® ¬®¬¥­â .�â® ¯à¨¢®¤¨â ª ¢ ¦­®¬ã á«¥¤áâ¢¨î: ¬ £­¨â­ë© ~� ¨ ¬¥å ­¨ç¥áª¨©~J = ~L + ~S ¬®¬¥­âë  â®¬ , ¢ ®¡é¥¬ á«ãç ¥, ­¥ á®¢¯ ¤ îâ ¯® ­ -¯à ¢«¥­¨ï¬ (�¨á. 12.1). � à¥§ã«ìâ â¥ ¬ £­¨â­ë© ¬®¬¥­â  â®¬  ¯à¥-æ¥áá¨àã¥â ¢®ªàã£ ¬¥å ­¨ç¥áª®£® ¬®¬¥­â . �æ¥­ª¨ ¯®ª §ë¢ îâ, çâ®ç áâ®â  â ª®© ¯à¥æ¥áá¨¨ ®£à®¬­  ¨ á®áâ ¢«ï¥â ¯® ¯®àï¤ªã ¢¥«¨ç¨-­ë ! � 1011 á¥ª:�1. �®íâ®¬ã ¥á«¨ ¬ë ¨§ãç ¥¬ ãà®¢­¨ í­¥à£¨¨  â®-¬  ¢® ¢­¥è­¥¬ ¯®áâ®ï­­®¬ (¨«¨ ¬¥¤«¥­­® ¬¥­îé¥¬áï ¯® áà ¢­¥­¨îá ç áâ®â®© ¯à¥æ¥áá¨¨ !) ¬ £­¨â­®¬ ¯®«¥ ~B, â® ­ á ¬®¦¥â ¨­â¥à¥-á®¢ âì â®«ìª® áà¥¤­¥¥ ¯® ¢à¥¬¥­¨ §­ ç¥­¨¥ ¬ £­¨â­®£® ¬®¬¥­â  ~�.�®á«¥¤­¥¥, ®ç¥¢¨¤­®, á®¢¯ ¤ ¥â á ¯à®¥ªæ¨¥© ¬ £­¨â­®£® ¬®¬¥­â  ~�­  ­ ¯à ¢«¥­¨¥ ¯®«­®£® ¬¥å ­¨ç¥áª®£® ¬®¬¥­â  ~J .� ª®© \ãáà¥¤­¥­­ë©" ¬ £­¨â­ë© ¬®¬¥­â ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥~� = q02Mecg ~J; (12.8)£¤¥ ¬­®¦¨â¥«ì g ãç¨âë¢ ¥â ®â«¨ç¨¥, ¢®§­¨ª îé¥¥ ¨§-§  ­ «¨ç¨ïá¯¨­  ~S ã  â®¬ . �â®â ¬­®¦¨â¥«ì ­ §ë¢ îâ ¬­®¦¨â¥«¥¬ ¨«¨ä ªâ®à®¬ � ­¤¥. � ®¡é¥¬ á«ãç ¥ ¬­®¦¨â¥«ì � ­¤¥ ­¥ à ¢¥­ ¥¤¨-­¨æ¥ ¨ § ¢¨á¨â ®â §­ ç¥­¨© J; L ¨ S: g = gJLS.�§ ¯à¨¢¥¤¥­­ëå à ááã¦¤¥­¨© áà §ã § ª«îç ¥¬, çâ® ªà â­®áâìà áé¥¯«¥­¨ï ãà®¢­ï ¢  â®¬¥ à ¢­  ç¨á«ã á¯®á®¡®¢, ª ª¨¬ ¬®¦¥â®à¨¥­â¨à®¢ âìáï ¯®«­ë© ¬¥å ­¨ç¥áª¨© ¬®¬¥­â ¯® ®â­®è¥­¨î ª¢­¥è­¥¬ã ¯®«î ~B, â.¥. 2J + 1. �à¨ íâ®¬ ¤®¯®«­¨â¥«ì­ ï í­¥à£¨ï¯à¨®¡à¥â ¥¬ ï  â®¬ à ¢­ �EJLS = (gJLS � ��)MB; (12.9)168



~L~S ~J~�s ~�l~��¨á. 12.1: �§-§  â®£®, çâ® £¨à®¬ £­¨â­®¥ ®â­®è¥­¨¥ ¤«ï á¯¨­  ¡®«ìè¥ ¢ ¤¢  à § ,ç¥¬ ¤«ï ®à¡¨â «ì­®£® ¬®¬¥­â , ¯®«­ë© ¬ £­¨â­ë© ¬®¬¥­â ~� ­¥ ¯ à ««¥«¥­ ¯®«­®¬ã¬¥å ­¨ç¥áª®¬ã ¬®¬¥­âã ~J.£¤¥ Jz = M�h | ¯à®¥ªæ¨ï ¯®«­®£® ¬¥å ­¨ç¥áª®£® ¬®¬¥­â  ­  ®áìz. � ª¨¬ ®¡à §®¬ ãà®¢¥­ì à áé¥¯«ï¥âáï ­  2J + 1 à ¢­®®âáâ®ïé¨åãà®¢­ï, ¯à¨ç¥¬ à ááâ®ï­¨¥ ¬¥¦¤ã ­¨¬¨, ¢ ®â«¨ç¨¨ ®â ­®à¬ «ì­®-£® §¥¥¬ ­®¢áª®£® à áé¥¯«¥­¨ï, áâ ­®¢¨âáï § ¢¨á¨¬ë¬ ®â ª¢ ­â®¢ëåç¨á¥« J , L ¨ S. � ª®¥ à áé¥¯«¥­¨¥ ­ §ë¢ îâ  ­®¬ «ì­ë¬ ¨«¨á«®¦­ë¬ à áé¥¯«¥­¨¥¬ �¥¥¬ ­ .�¥¯¥àì § ©¬¥¬áï à áç¥â®¬ ä ªâ®à  � ­¤¥. � íâ®© æ¥«ìî à áá¬®-âà¨¬ áª «ïà­®¥ ¯à®¨§¢¥¤¥­¨¥ ¬ £­¨â­®£® ¬®¬¥­â  ~�, § ¤ ¢ ¥¬®£®á®®â­®è¥­¨¥¬ (12.7), á ¯®«­ë¬ ¬¥å ­¨ç¥áª¨¬ ¬®¬¥­â®¬. � ª®¥ áª -«ïà­®¥ ¯à®¨§¢¥¤¥­¨¥ á®¢¯ ¤ ¥â á® áª «ïà­ë¬ ¯à®¨§¢¥¤¥­¨¥¬ ãáà¥¤-­¥­­®£® ¬ £­¨â­®£® ¬®¬¥­â  á ~J~� ~J = q02Mec( ~J + ~S) ~J = ~� ~J = q02McegJLS ~J 2: (12.10)�®á«¥¤­¥¥ à ¢¥­áâ¢® ¨á¯®«ì§ã¥âáï ¤«ï ­ å®¦¤¥­¨ï ¬­®¦¨â¥«ï � ­-¤¥. �¥à¥¯¨è¥¬ áª «ïà­®¥ ¯à®¨§¢¥¤¥­¨¥ ®¯¥à â®à®¢ ~̂S ~̂J ç¥à¥§ ª¢ -¤à âë ®¯¥à â®à®¢ ~̂J 2, ~̂S2 ¨ ~̂L2. �â® «¥£ª® á¤¥« âì ¢®§¢®¤ï ¢ ª¢ ¤à â¯à ¢ãî ¨ «¥¢ãî ç áâ¨ à ¢¥­áâ¢  ~̂L = ~̂J � ~̂S:~̂L 2 = ~̂J 2 + ~̂S2 � 2~̂L~̂S (12.11)169



l = 1 m = 1 � = +120 +121 �12�1 +120 �12�1 �12�¨á. 12.2: � à ªâ¥à à áé¥¯«¥­¨ï ¢ á¨«ì­®¬ ¬ £­¨â­®¬ ¯®«¥ ¤«ï á«ãç ï l = 1. �«ï­ £«ï¤­®áâ¨ á®áâ®ï­¨ï ¢ ¢ëà®¦¤¥­­®¬ ãà®¢¥­¥ á«¥£ª  à áé¥¯«¥­ë.®âªã¤  ~̂L~̂S = 12( ~̂J 2 � ~̂L2 + ~̂S2): (12.12)�®¤áâ ¢«ïï íâ® ¢ëà ¦¥­¨¥ ¢ (12.10) ¯®«ãç¨¬gJLS ~̂J 2 = ~̂J 2 + 12( ~̂J 2 � ~̂L2 + ~̂S2): (12.13)� ¬¥­ïï á®®â¢¥âáâ¢ãîé¨¥ ®¯¥à â®àë ¨å á®¡áâ¢¥­­ë¬¨ §­ ç¥­¨ï¬¨­ å®¤¨¬ ®ª®­ç â¥«ì­®gJLS = 1 + J(J + 1)� L(L+ 1) + S(S + 1)2J(J + 1) : (12.14)�á«¨ S = 0, â® J = L, ä ªâ®à � ­¤¥ gJJ0 = gLL0 = 1 ¨  ­®¬ «ì­®¥§¥¥¬ ­®¢áª®¥ à áé¥¯«¥­¨¥ á¢®¤¨âáï ª ­®à¬ «ì­®¬ã §¥¥¬ ­®¢áª®¬ãà áé¥¯«¥­¨î. � ª¨¬ ®¡à §®¬ ­®à¬ «ì­®¥ §¥¥¬ ­®¢áª®¥ à áé¥¯«¥-­¨¥ ï¢«ï¥âáï ç áâ­ë¬ á«ãç ¥¬  ­®¬ «ì­®£® à áé¥¯«¥­¨ï.12.3.2 �â®¬ ¢ á¨«ì­®¬ ¬ £­¨â­®¬ ¯®«¥�¯¨á ­­®¥ ¢ëè¥ à áé¥¯«¥­¨¥ ¨¬¥¥â ¬¥áâ® ¢ ­¥ á«¨èª®¬ á¨«ì­ëå¬ £­¨â­ëå ¯®«ïå. �à¨ ­ ¯àï¦¥­­®áâïå ¯®«ï ¯®àï¤ª  ­¥áª®«ìª¨å170



¤¥áïâª®¢ âëáïç íàáâ¥¤ ¢§ ¨¬®¤¥©áâ¢¨¥ á¯¨­  á ¯®«¥¬ áâ ­®¢¨âáïáà ¢­¨¬ë¬ ¨ ¤ ¦¥ ¯à¥¢ëè ¥â á¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥. �à¥§ã«ìâ â¥ íâ  á¢ï§ì à §àë¢ ¥âáï, á¯¨­®¢ë© ¨ ®à¡¨â «ì­ë© ¬ £­¨â-­ë¥ ¬®¬¥­âë ­ ç¨â­ îâ ¯à¥æ¨áá¨à®¢ âì ¢®ªàã£ ¯®«ï ~B ­¥§ ¢¨á¨¬®¤àã£ ®â ¤àã£ ,   í­¥à£¨ï ¢§ ¨¬®¤¥©áâ¢¨ï  â®¬  á ¯®«¥¬ áâ ­®¢¨âáïà ¢­®© �E = � q0�h2MecB(M + 2�); (12.15)£¤¥ M | ®à¡¨â «ì­®¥,   � | á¯¨­®¢®¥ ¬ £­¨â­ë¥ ç¨á« . �¥¯¥àìà ááâ®ï­¨¥ ¬¥¦¤ã á®á¥¤­¨¬¨ ãà®¢­ï¬¨, ª ª ¨ ¢ ­®à¬ «ì­®¬ §¥¥¬ -­®¢áª®¬ à áé¥¯«¥­¨¨, áâ ­®¢¨âáï à ¢­ë¬ ç áâ®â¥ � à¬®à  ã¬­®-¦¥­­®© ­  ¯®áâ®ï­­ãî �« ­ª : 
� à¬:�h.� ª ç¥áâ¢¥ ¯à¨¬¥à  à áá¬®âà¨¬, ª ª à áé¥¯«ï¥âáï á¯¥ªâà ®¤­®-£® í«¥ªâà®­  á ®à¡¨â «ì­ë¬ ª¢ ­®¢ë¬ ç¨á«®¬ l. �ç¨âë¢ ï, çâ®¯à®¥ªæ¨ï á¯¨­  í«¥ªâà®­  � = �12 , ¯®«ãç ¥¬ ç¨á«® ¢á¥å á®áâ®ï­¨©2� (2l+1). �§ ­¨å ¤¢  ¢¥àå­¨å ãà®¢­ï, ª®â®àë¥ á®®â¢¥âáâ¢ãîâ §­ -ç¥­¨ï¬ (m = l; � = +12); (m = l � 1; � = +12); (12.16)¨ ¤¢  ­¨¦­¨å ãà®¢­ï á(m = �l; � = �12); (m = �l + 1; � = �12) (12.17)­¥¢ëà®¦¤¥­ë. �áâ «ì­ë¥ ãà®¢­¨ ¤¢ãªà â­® ¢ëà®¦¤¥­ë (á¬.�¨á. 12.2, £¤¥ ¢ ª ç¥áâ¢¥ ¯à¨¬¥à  ¯®ª § ­ å à ªâ¥à ¢ëà®¦¤¥­¨ï ¤«ïl = 1). �à®¢­¨ íª¢¨¤¨áâ ­â­ë á â¥¬ ¦¥ à ááâ®ï­¨¥¬, çâ® ¨ ¢ ­®à-¬ «ì­®¬ íää¥ªâ¥ �¥¥¬ ­ �E = ��B: (12.18)� ª®¥ à áé¥¯«¥­¨¥ ï¢«ï¥âáï ®â¢¥âáâ¢¥­­ë¬ §  íää¥ªâ, ®âªàëâë© ¢1921 £. � è¥­®¬ ¨ � ª®¬ ¨ ª®â®àë© ­®á¨â ¨å ¨¬ï.171



�« ¢  13�«¥ªâà®¬ £­¨â­ë¥ ¯¥à¥å®¤ë ¢ â®¬ å13.1 �á¯ãáª ­¨¥ ¨ ¯®£«®é¥­¨¥ á¢¥â   â®¬®¬�® á¨å ¯®à à áá¬ âà¨¢ «¨áì â®«ìª® áâ æ¨®­ à­ë¥ á®áâ®ï­¨ï ¢  â®-¬¥. �¤­ ª® íâ® ¥áâì ®¯à¥¤¥«¥­­ ï ¨¤¥ «¨§ æ¨ï, â.ª. ¢  â®¬¥ ¨¬¥îâ¬¥áâ® ¯¥à¥å®¤ë á ®¤­¨å í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© ­  ¤àã£¨¥. �á«¨ â®¬ á¢®¡®¤­ë©, â® íâ¨ ¯¥à¥å®¤ë ¢á¥£¤  á¢ï§ ­ë á ¯®£«®é¥­¨¥¬ ¨«¨¨á¯ãáª ­¨¥¬ ª¢ ­â  á¢¥â , ç áâ®â  ª®â®à®£® ®¯à¥¤¥«ï¥âáï ¢ á®®â¢¥â-áâ¢¨¨ á 3-¬ ¯®áâã« â®¬ �®à . � á«ãç ¥, ª®£¤   â®¬ á¢ï§ ­ ¢ ªà¨-áâ ««¨ç¥áª®© à¥è¥âª¥, ¯¥à¥å®¤ë ¬®£ãâ ¡ëâì ¨ ¡¥§ë§«ãç â¥«ì­ë¬¨:®á¢®¡®¤¨¢è ïáï í­¥à£¨ï ¨¤¥â ­  à áª ç¨¢ ­¨¥ à¥è¥âª¨. �¤­ ª® á¥©-ç á ¡ã¤¥¬ ®¡áã¦¤ âì â®«ìª® ¯¥à¢ë© á«ãç ©.�áá«¥¤®¢ ­¨¥ ¯à®æ¥áá®¢ ¨á¯ãáª ­¨ï ¨ ¯®£«®é¥­¨ï á¢¥â   â®¬ -¬¨ ¢ ¦­�® ã¦¥ ¯®â®¬ã, çâ® ­¥¯®áà¥¤áâ¢¥­­® ¢ íªá¯¥à¨¬¥­â¥ í­¥à£¥-â¨ç¥áª¨¥ ãà®¢­¨ (â¥à¬ë) ­¥ ­ ¡«î¤îâáï. �å ¢®ááâ ­ ¢«¨¢ îâ ¨§ ­ «¨§  á¯¥ªâà®¢. �â® ¦¥ ¬®¦­® áª § âì ¨ ®¡  â®¬¥ ¢® ¢­¥è­¥¬¬ £­¨â­®¬ (¨«¨ í«¥ªâà¨ç¥áª®¬) ¯®«¥: ­  íªá¯¥à¨¬¥­â¥ ­ ¡«î¤ îâ­¥ à áé¥¯«¥­¨¥ í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©,   à áé¥¯«¥­¨¥ á¯¥ªâà «ì-­ëå «¨­¨©. � à ªâ¥à­ë¬ ¯à¨¬¥à®¬ á«ã¦¨â à áé¥¯«¥­¨¥ ®¡­ àã-¦¥­­®¥ �. �¥¥¬ ­®¬ ¢ 1896 £. ¯à¨ ­ ¡«î¤¥­¨¨ á¯¥ªâà®¢ ¯®£«®é¥­¨ï­ âà¨ï ¢® ¢­¥è­¥¬ ¬ £­¨â­®¬ ¯®«¥. �®íâ®¬ã ¯à ¢¨«ì­® ­ §ë¢ âìíää¥ªâ®¬ �¥¥¬ ­  ¨¬¥­­® à áé¥¯«¥­¨¥ á¯¥ªâà ,   ­¥ í­¥à£¥â¨ç¥-áª¨å ãà®¢­¥©, ¢  â®¬¥ ¯®¬¥é¥­­®¬ ¢® ¢­¥è­¥¥ ¬ £­¨â­®¥ ¯®«¥. �®172



¦¥ ®â­®á¨âáï ¨ ª íää¥ªâã � è¥­ -� ª .13.1.1 �à ¢¨«  ®â¡®à . �«¥ªâà¨ç¥áª¨¥ ¤¨¯®«ì­ë¥ ¯¥à¥å®-¤ë�¥ ¢á¥ í­¥à£¥â¨ç¥áª¨ à §à¥è¥­­ë¥ ¯¥à¥å®¤ë ¤ îâ á®®â¢¥âáâ¢ãîé¨¥«¨­¨¨ á¯¥ªâà®¢. �¥«® ¢ â®¬, çâ® ¨¬¥îâ ¬¥áâ® ®¯à¥¤¥«¥­­ë¥ § ª®-­ë ¯®¤ ¢«¥­¨ï ¢¥à®ïâ­®áâ¨ ¡®«ìè¨­áâ¢  ¯¥à¥å®¤®¢ ¢ § ¢¨á¨¬®áâ¨ ®â§­ ç¥­¨© ª¢ ­â®¢ëå ç¨á¥« í«¥ªâà®­  ¢ ­ ç «ì­®¬ ¨ ª®­¥ç­®¬ á®áâ®-ï­¨ïå. �á«®¢¨ï, ª®£¤  ¯¥à¥å®¤ë ­¥ ¯®¤¢«¥­ë ­ §ë¢ îâ ¯à ¢¨« ¬¨®â¡®à . �¥§ ¨å ãç¥â  ­¥¢®§¬®¦­® ¯à®¢¥áâ¨ ¯à ¢¨«ì­®¥ á®®â¢¥âáâ¢¨¥¬¥¦¤ã í­¥à£¥â¨ç¥áª¨¬¨ ãà®¢­ï¬¨ ¢  â®¬¥ ¨ á¯¥ªâà «ì­ë¬¨ «¨­¨ï-¬¨.�¥à¢®­ ç «ì­® ¯à ¢¨«  ®â¡®à  ¡ë«¨ ãáâ ­®¢«¥­ë á¯¥ªâà®áª®¯¨-áâ ¬¨ í¬¯¨à¨ç¥áª¨¬ ¯ãâ¥¬. �®á«¥ á®§¤ ­¨ï  ¯¯ à â  ª¢ ­â®¢®© ¬¥-å ­¨ª¨ ¨å áãâì áâ «  ïá­  | ¯à ¢¨«  ®â¡®à  ¯à¥¤áâ ¢«ïîâ ­¨ çâ®¨­®¥, ª ª ¯à ¢¨«  ®àâ®£®­ «ì­®áâ¨ ¢®«­®¢ëå äã­ªæ¨© í«¥ªâà®­ ¤¢¨¦ãé¥£®áï ¢ ¯®«¥ ï¤à . �¡áã¤¨¬ ¨å ¡®«¥¥ ¯®¤à®¡­®.� íâ®© æ¥«ìî ¯®§­ ª®¬¨¬áï á ®á­®¢ ¬¨ ª¢ ­â®¢®¬¥å ­¨ç¥áª¨åà áç¥â®¢ ¨­â¥­á¨¢­®áâ¨ á¯¥ªâà «ì­ëå «¨­¨© ¯¥à¥å®¤®¢ ¨§ ®¤­®£® á®-áâ®ï­¨ï  â®¬  (ª®â®à®¥ ¡ã¤¥¬ ®¡®§­ ç âì ª ª a) ¢ ¤àã£®¥ (á®áâ®ï­¨¥b). �­â¥­á¨¢­®áâì á¯¥ªâà «ì­®© «¨­¨¨ à ¢­ï¥âáï ç¨á«ã  â®¬®¢ ¢á®áâ®ï­¨¨ a ã¬®¦¥­­®¬ã ­  ¨­â¥­á¨¢­®áâì ¯¥à¥å®¤  ®¤­®£®  â®¬ Ia!b. � â®¬ á«ãç ¥, ¥á«¨ ¤«¨­­  ¢®«­ë ¨§«ãç ¥¬®£® á¢¥â  ­ ¬­®£®¡®«ìè¥ à §¬¥à   â®¬ , ¬®¦­® áç¨â âì, çâ® ¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï â®¬  ®¯à¥¤¥«ï¥âáï, ª ª ¨ ¤«ï à ¤¨® ­â¥­­ë, áª «ïà­ë¬ ¯à®¨§¢¥-¤¥­¨¥¬ ¥£® ¤¨¯®«ì­®£® ¬®¬¥­â  ­  ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ á¢¥â . � ª¨¥¯¥à¥å®¤ë ­ §ë¢ îâ ¤¨¯®«ì­ë¬¨ ¨«¨ E1-¯¥à¥å®¤ ¬¨.�¤¨­áâ¢¥­­®¥ ®â«¨ç¨¥ ¬¥¦¤ã ª« áá¨ç¥áª®© â¥®à¨¥© ¨ ª¢ ­â®¢®©¤«ï E1-¯¥à¥å®¤®¢ § ª«îç ¥âáï ¢ â®¬, çâ® ¢ ¯®á«¥¤­¥© ¤¨¯®«ì­ë©¬®¬¥­â ®¯¨áë¢ ¥âáï ®¯¥à â®à®¬ ¨ ¨­â¥­á¨¢­®áâì ¯¥à¥å®¤  ¢ëà ¦ -¥âáï ­¥ ç¥à¥§ á ¬ ¤¨¯®«ì­ë© ¬®¬¥­â,   ç¥à¥§ ¥£® áà¥¤­¥¥ §­ ç¥­¨¥.� áá¬®âà¨¬ á­ ç «  áà¥¤­¥¥ ®â ®¯¥à â®à  ¤¨¯®«ì­®£® ¬®¬¥­â  ¯®á®áâ®ï­¨î a ~"~da!a = ~"q0 Z ~r j	a(~r; t)j2d3r; (13.1)173



£¤¥ ~" | ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ á¢¥â ,   	a(~r; t) | ¢®«­®¢ ï äã­ªæ¨ïá®áâ®ï­¨ï. j	a(~r; t)j2 ï¢«ï¥âáï ç¥â­®©,  , á«¥¤®¢ â¥«ì­®, ¯®¤ë­â¥-£à «ì­®¥ ¢ëà ¦¥­¨¥ | ­¥ç¥â­®© äã­ªæ¨¥© ¯® ª ¦¤®© ¨§ ª®¬¯®­¥­â¢¥ªâ®à  ~r. �®íâ®¬ã ¨­â¥£à « (13.1) à ¢­ï¥âáï ­ã«î. �â® ®§­ ç ¥â,çâ®  â®¬ ­ å®¤ïáì ¢ ®¤­®¬ ¨§ áâ æ¨®­ à­ëå á®áâ®ï­¨© ­¥ ¨§«ãç ¥â.�¤­ ª® ¬®¦­® ®¯à¥¤¥«¨âì ¤¨¯®«ì­ë© ¬®¬¥­â ¯¥à¥å®¤ , ª ª ¬ -âà¨ç­ë© í«¥¬¥­â ®â ®¯¥à â®à  ¤¨¯®«ì­®£® ¯¥à¥å®¤  ¬¥¦¤ã áâ æ¨®-­ à­ë¬¨ (ª¢ §¨áâ æ¨®­ à­ë¬¨) á®áâ®ï­¨ï¬¨ a ¨ b~da!b = q0 Z 	�b(~r; t)~r	a(~r; t)d3r == q0 exp (�i!a!bt) Z  �b (~r)~r  a(~r)d3r; (13.2)£¤¥ !a!b = Ea�Eb�h ,   Ea ¨ Eb | í­¥à£¨¨ í«¥ªâà®­  ¢ ª¢ ­â®¢ëå á®áâ®ï-­¨ïå a ¨ b. � áá¬®âà¨¬ ãá«®¢¨ï, ¯à¨ ª®â®àëå ¢¥«¨ç¨­  áª «ïà­®£®¯à®¨§¢¥¤¥­¨ïMa!b � ~"~da!b = ~"q0 Z 	�b(~r; t)~r	a(~r; t)d3r (13.3)­¥ à ¢­  ­ã«î. �¥«¨ç¨­ã Ma!b ­ §ë¢ îâ ¬ âà¨ç­ë¬ í«¥¬¥­â®¬¯¥à¥å®¤  ¨§ á®áâ®ï­¨ï a ¢ á®áâ®ï­¨¥ b.� ¯¨è¥¬ ¨­â¥£à « (13.3) ¢ áä¥à¨ç¥áª¨å ª®®à¤¨­ â å ¤«ï ¤¢ãåá«ãç ¥¢ ¯®«ïà¨§ æ¨¨: ~"jj = (0; 0; 1) (¢¥ªâ®à ¯®«ïà¨§ æ¨¨ ­ ¯à ¢«¥­¢¤®«ì ®á¨ z) ¨ ª®£¤  ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ ¯¥à¯¥­¤¨ªã«ïà¥­ ª ®á¨ z.� ¯®á«¥¤­¥¬ á«ãç ¥, ®ç¥¢¨¤­®, ¨¬¥¥âáï ¤¢  ­¥§ ¢¨á¨¬ëå ¢¥ªâ®à ,~" (1)? = (1; 0; 0) ¨ ~" (2)? = (0; 1; 0). �ã¤¥¬ â ª¦¥ áç¨â âì, çâ® ª¢ ­â®¢®¥á®áâ®ï­¨¥ a ®¯¨áë¢ ¥âáï ª¢ ­â®¢ë¬¨ ç¨á« ¬¨ n; l;m,   á®áâ®ï­¨¥ b| ç¨á« ¬¨ n0; l0;m0.� ¯¥à¢®¬ á«ãç ¥ ¨¬¥¥¬Ma!b = q0 Z 10 dr��n0l0(r)�nl(r)r3 Z 2�0 d'�� Z 1�1 d(cos�)cos�Y �l0m0(�; ')Ylm(�; '); (13.4)£¤¥ �n0l0(r) ¨ �nl(r) | à ¤¨ «ì­ë¥,   Yl0m0(�; ') ¨ Ylm(�; ') | ã£«®¢ë¥ç áâ¨ ¢®«­®¢ëå äã­ªæ¨© í«¥ªâà®­  ¢ ­ ç «ì­®¬ ¨ ª®­¥ç­®¬ á®áâ®-ï­¨ïå. �®¤áâ ¢«ïï ¢ (13.4) ï¢­ë© ¢¨¤ áä¥à¨ç¥áª¨å äã­ªæ¨© (6.48)174



¨ ¨­â¥£à¨àãï ¯® d' ¯®«ãç¨¬Ma!b = Amm0n0l0nl Z 1�1dzzPm0l0 (z)Pml (z) Z 2�0 d'ei(m�m0)' == 2��mm0Ammn0l0nl Z 1�1 dzzPm0l0 (z)Pml (z); (13.5)£¤¥ z � cos� ¨Amm0n0l0nl = q04�vuuut(2l + 1)(2l0 + 1)(l �m)!(l0 �m0)!(l +m)!(l0 +m0)! �� Z 10 drr3��n0l0(r)�nl(r): (13.6)� (13.5) ¬ë ¯®«ãç¨«¨ ¯¥à¢®¥ ¯à ¢¨«® ®â¡®à  ¯® ¬ £­¨â­®¬ã ª¢ ­â®-¢®¬ã ç¨á«ã: E1 ¯¥à¥å®¤ ¢®§¬®¦¥­, ¥á«¨ ¢ë¯®«­ï¥âáï ãá«®¢¨¥m0 = m: (13.7)�®íää¨æ¨¥­â (13.6) ¤ ¥â ¨­â¥­á¨¢­®áâì ¯¥à¥å®¤  ¨ á¥©ç á ­¥ ¯à¥¤-áâ ¢«ï¥â ¨­â¥à¥á . � ¦­® â®«ìª®, çâ® ®­ ®â«¨ç¥­ ®â ­ã«ï ¤«ï «î-¡ëå §­ ç¥­¨© £« ¢­ëå ª¢ ­â®¢ëå ç¨á¥« ¨ ¯®íâ®¬ã ¯® ­¨¬ ­¥â ¯à ¢¨«®â¡®à .�áá«¥¤ã¥¬ â¥¯¥àì ¢ (13.5) ¨­â¥£à « ¯® dz. �§ â¥®à¨¨ ¯à¨á®¥¤¨-­¥­­ëå äã­ªæ¨© �¥¦ ­¤à  ¨§¢¥áâ­®1, çâ®zPml (z) = 12l + 1[(l �m + 1)Pml+1(z) + (l +m)Pml�1(z)]: (13.8)�®«ì§ãïáì (13.8) ¨ ãá«®¢¨¥¬ ®àâ®£®­ «ì­®áâ¨ ¯à¨á®¥¤¨­¥­­ëå äã­ª-æ¨© �¥¦ ­¤à  Z 1�1 dzPml (z)Pmk (z) = (l +m)!(l + 12)(n �m)!�lk (13.9)áà §ã ¯®«ãç ¥¬ ¯à ¢¨«® ®â¡®à  ¯® ®à¡¨â «ì­®¬ã ª¢ ­â®¢®¬ã ç¨á«ãl0 = l � 1: (13.10)1�. �¥©â¬¥­, �. �à¤¥©¨, �ëáè¨¥ âà ­áæ¥­¤¥­â­ë¥ äã­ªæ¨¨, â.1, \� ãª ", �., 1973.175



�¥¯¥àì à áá¬®âà¨¬ á«ãç ©, ª®£¤  ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ ­ ¯à ¢«¥­¯¥à¯¥­¤¨ªã«ïà­® ®á¨ z. � íâ®¬ á«ãç ¥ ã¤®¡­® à áá¬®âà¥âì á«¥¤ã-îé¨¥ ª®¬¡¨­ æ¨¨ ¤«ï ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨~"� = vuut12(1;�i; 0): (13.11)�­¨ ®â¢¥ç îâ ¯à ¢®© ¨ «¥¢®© ªàã£®¢ë¬ ¯®«ïà¨§ æ¨ï¬ á¢¥â . �®£¤ ¨¬¥¥¬ ¤«ï ¬ âà¨ç­®£® í«¥¬¥­â  ¯¥à¥å®¤ Ma!b = vuut12Amm0n0l0nl Z 1�1dzp1� z2Pm0l0 (z)Pml (z) Z 2�0 d'ei(m�m0�1)' == p2��m�1;m0Amm0n0l0nl Z 1�1dzp1� z2Pm0l0 (z)Pml (z): (13.12)� ª¨¬ ®¡à §®¬ ¯®«ãç ¥¬ ­®¢®¥ ¯à ¢¨«® ®â¡®à  ¤«ï ¬ £­¨â­®£® ª¢ ­-â®¢®£® ç¨á«  m0 = m� 1: (13.13)�«ï â®£®, çâ®¡ë ¢ëç¨á«¨âì ¨­â¥£à « ¯® dz ¨á¯®«ì§ã¥¬ á¢®©áâ¢® ¯à¨-á®¥¤¨­¥­­ëå äã­ªæ¨© �¥¦ ­¤à p1� z2Pm�1l (z) = 12l + 1[Pml+1(z)� Pml�1(z)]; (13.14)®âªã¤  á«¥¤ã¥â, çâ® l0 = l � 1.� á¢ï§¨ á â¥¬, çâ® ®à¡¨â «ì­ë¥ ª¢ ­â®¢ë¥ ç¨á«   â®¬  ®â«¨ç îâ-áï ­  ¥¤¨­¨æã ¯®«ãç ¥¬ ­  ®á­®¢ ­¨¨ (6.66), çâ® ç¥â­®áâì á®áâ®ï­¨©¨¬¥¥â à §­ë© §­ ª.�â ª ¯®¤¢¥¤¥¬ ¨â®£:� �  â®¬ å ¢®§¬®¦­ë ¯¥à¥å®¤ë, ª®£¤  ¢ë¯®«­ïîâáï á«¥¤ãîé¨¥ãá«®¢¨ï �l = �1 ¨ �m = 0 ¨«¨ � 1: (13.15)�à¨ íâ®¬ ç¥â­®áâì á®áâ®ï­¨© ¬¥­ï¥â §­ ª.� � á«ãç ¥, ª®£¤  ¬ £­¨â­®¥ ª¢ ­â®¢®¥ ç¨á«® ­¥ ¬¥­ï¥âáï, ¨§«ã-ç¥­ë© (¯®£«®é¥­ë©) á¢¥â ¯®«ïà¨§®¢ ­ «¨­¥©­®. � á«ãç ¥, ª®£¤ �m = �1, á¢¥â ¯®«ïà¨§®¢ ­ æ¨àªã«ïà­®.176



�â¬¥â¨¬, çâ® á ª¢ ­â®¢®© â®çª¨ §à¥­¨ï ¨§«ãç¥­­ë© ¨«¨ ¯®£«®-é¥­­ë© á¢¥â  â®¬®¬ ¬®¦­® à áá¬ âà¨¢ ¨â ª ª ç áâ¨æã á® á¯¨­®¬S = 1 ¨ ®âà¨æ â¥«ì­®© ç¥â­®áâìî. �®£¤  áä®à¬ã«¨à®¢ ­­ë¥ ¯à ¢¨-«  ®â¡®à  ¯à¥¤áâ ¢«ïîâ ­¨ çâ® ¨­®¥, ª ª § ª®­ë á®åà ­¥­¨ï ¬®¬¥­â ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï, ¥£® ¯à®¥ªæ¨¨ ¨ ç¥â­®áâ¨.13.1.2 �àã£¨¥ â¨¯ë ¯¥à¥å®¤®¢�ä®à¬ã«¨à®¢ ­­ë¥ ¢ëè¥ ¯à ¢¨«  ®â¡®à  ­¥ ï¢«ïîâáï áâà®£¨¬¨.�®íâ®¬ã, ¥á«¨ ¬¥¦¤ã ­¥ª®â®àë¬¨ á®áâ®ï­¨ï¬¨ ª¢ ­â®¢®© á¨áâ¥¬ëE1-¯¥à¥å®¤ë § ¯à¥é¥­ë, â® ¡ã¤ãâ ¨¬¥âì ¬¥áâ® ¤àã£¨¥ ¯¥à¥å®¤ë. �â-¬¥â¨¬, çâ® ¤«ï  â®¬®¢ ¨å ¨­â¥­á¨¢­®áâì á¨«ì­® ¯®¤ ¢«¥­ .�«¥¤ãîé¨¬¨ ¯® §­ ç¥­¨î ¯®á«¥ í«¥ªâà¨ç¥áª¨å ¤¨¯®«ì­ëå ¯¥à¥-å®¤®¢ ï¢«ïîâáï ¯¥à¥å®¤ë, á¢ï§ ­­ë¥ á ¢§ ¨¬®¤¥©áâ¢¨¥¬ ®à¡¨â «ì­®-£® ¨«¨ ª¢ ¤àã¯®«ì­®£® ¬®¬¥­â®¢  â®¬  á í«¥ªâà®¬ £­¨â­®© ¢®«­®©.� ª¨¥ ¯¥à¥å®¤ë ­ §¢ îâ, á®®â¢¥âáâ¢¥­­®, ¬ £­¨â­ë¬¨ ¤¨¯®«ì­ë¬¨(®¡®§­ ç îâM1) ¨ í«¥ªâà¨ç¥áª¨¬¨ ª¢ ¤àã¯®«ì­ë¬¨ (E2) ¯¥à¥å®¤ -¬¨.� á«ãç ¥ E2-¯¥à¥å®¤®¢ ¬ âà¨ç­ë¥ í«¥¬¥­âë Ma!b ¡ã¤ãâMa!b(E2) � q0 Z 	�b(~r; t)rirj 	a(~r; t)d3r; £¤¥ i 6= j; (13.16)  ¢ á«ãç ¥ ¬ £­¨â­ëå |Ma!b(M1) � q0 Z 	�b(~r; t)L̂i	a(~r; t)d3r: (13.17)� áá¬®âà¨¬ ¡®«¥¥ ¯®¤à®¡­® ¬ £­¨â­ë¥ ¯¥à¥å®¤ë. � ª ¨ ¢ á«ãç ¥ E1-¯¥à¥å®¤®¢ ¡ã¤¥¬ áç¨â âì, çâ® á®áâ®ï­¨¥ í«¥ªâà®­  ¢  â®¬¥ å à ªâ¥-à¨§ã¥âáï ª¢ ­â®¢ë¬¨ ç¨á« ¬¨ n; l;m. �¢¨¤ã â®£®, çâ® ®¯¥à â®à ¬®-¬¥­â  ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï § ¢¨á¨â â®«ìª® ®â ã£«®¢ëå ¯¥à¥¬¥­­ëå,®­ ­¥ ¬¥­ï¥â à ¤¨ «ì­ãî ç áâì ¢®«­®¢®© äã­ªæ¨¨ �nl(r). �®íâ®¬ãáà §ã ¯®«ãç ¥¬ ¯à ¢¨«® ®â¡®à  ¯® £« ¢­®¬ã ª¢ ­â®¢®¬ã ç¨á«ãMa!b � q0 Z 10 drr2��n0l0(r)�nl(r) Z 2�0 d' � (13.18)� Z 1�1 d(cos�)Y �l0m0(�; ')L̂iYlm(�; ') � �n0n < l0m0jL̂ijlm >;177



£¤¥ ¢¢¥¤¥­® á«¥¤ãîé¥¥ ®¡®§­ ç¥­¨¥< l0m0jL̂ijlm >� Z �0d� sin � Z 2�0 d'Y �l0m0(�; ')L̂iYlm(�; '): (13.19)� ­¥¥ ¡ë«® ¯®ª § ­®, çâ® ®¯¥à â®à ¬®¬¥­â  ª®«¨ç¥áâ¢  ¤¢¨¦¥­¨ï L̂i¤¥©áâ¢ãï ­  áä¥à¨ç¥áªãî äã­ªæ¨î ­¥ ¬¥­ï¥â §­ ç¥­¨ï ®à¡¨â «ì­®-£® ª¢ ­â®¢®£® ç¨á«  (á¬. à §¤. 6.3.1). �â® §­ ç¨â, çâ® (13.19) ¯à®-¯®àæ¨®­ «ì­® �l0l.�«ï â®£®, çâ®¡ë ¯®«ãç¨âì ¯à ¢¨«  ®â¡®à  ¯® ¬ £­¨â­®¬ã ª¢ ­â®-¢®¬ã ç¨á«ã, à áá¬®âà¨¬ ®â¤¥«ì­® ¢ëà ¦¥­¨¥ (13.19) ¤«ï z ¯à®¥ªæ¨¨¨ ¯à®¥ªæ¨© x ¨ y. �¢¨¤ã â®£®, çâ® áä¥à¨ç¥áª ï äã­ªæ¨ï Ylm(�; ')ï¢«ï¥âáï á®¡áâ¢¥­­®© äã­ªæ¨¥© ®¯¥à â®à  L̂z, ¯®«ãç ¥¬< l0m0jL̂zjlm >= �hm Z �0d� sin � Z 2�0 d'Y �l0m0(�; ')Ylm(�; ') = �hm�l0l�m0m:(13.20)�¥¯¥àì à áá¬®âà¨¬ «¨­¥©­®­¥§ ¢¨á¨¬ë¥ ª®¬¡¨­ æ¨¨ ¤«ï x ¨ y ª®¬-¯®­¥­â L̂� = q12(L̂x � iL̂y). � ª ¡ë«® ¯®ª § ­® ¢ à §¤. 6.3.1, íâ¨®¯¥à â®àë, á®®â¢¥âáâ¢¥­­®, ¯®¢ëè îâ ¨ ¯®­¨¦ îâ ­  ¥¤¨­¨æã ¬ £-­¨â­®¥ ª¢ ­â®¢®¥ ç¨á«®̂L�Ylm(�; ') � Ylm�1(�; '): (13.21)�®£¤  < l0m0jL̂�jlm >� �l0l�m0m�1: (13.22)� ª¨¬ ®¡à §®¬ ¯à ¢¨«  ®â¡®à  ¤«ï ¤¨¯®«ì­ëå ¬ £­¨â­ëå ¯¥à¥å®¤®¢áãâì n0 = n; l0 = l; m0 = 0;�1: (13.23)�«¥¤ã¥â, ®¤­ ª®, § ¬¥â¨âì, çâ® íâ¨ ¯à ¢¨«  ®â¡®à  ¡ë«¨ ¯®«ãç¥­ë¡¥§ ãç¥â  á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï. �ª §ë¢ ¥âáï, çâ® ­ -«¨ç¨¥ á¯¨­  â®¦¥ ¬®¦¥â áª § âìáï ¢ M1-¯¥à¥å®¤ å, ­® íâ®â ¢®¯à®áã¦¥ ¢ëå®¤¨â §  à ¬ª¨ ­ è¥£® ®¡áã¦¤¥­¨ï.13.2 �«¥ªâà®­­ë© ¯ à ¬ £­¨â­ë© à¥§®­ ­á� áä¥à¨ç¥áª¨-á¨¬¬¥âà¨ç­®¬ ¯®«¥ á®áâ®ï­¨ï á ®¤¨­ ª®¢ë¬¨ n ¨ l¢ëà®¦¤¥­ë ¯® m ¨ ¯®íâ®¬ã, á®£« á­® ¯à ¢¨« ¬ ®â¡®à  (13.23), ¬ £-178



­¨â­ë¥ ¯¥à¥å®¤ë ¢ á¢®¡®¤­ëå  â®¬ å ¡¥§ ¨§¬¥­¥­¨ï £« ¢­®£® ª¢ ­-â®¢®£® ç¨á«  ­¥ ¬®£ãâ ¡ëâì á¢ï§ ­ë á ¯®£«®é¥­¨¥¬ ¨«¨ ¨á¯ãáª ­¨¥¬í­¥à£¨¨. �¤­ ª® ¥á«¨  â®¬ ¯®¬¥áâ¨âì ¢® ¢­¥è­¥¥ ¬ £­¨â­®¥ ¯®«¥,â® ¢ëà®¦¤¥­¨¥ á­¨¬ ¥âáï ¨ â ª¨¥ ¯¥à¥å®¤ë áâ ­®¢ïâáï ¢®§¬®¦­ë¬¨¬¥¦¤ã §¥¥¬ ­®¢áª¨¬¨ ãà®¢­ï¬¨ á �l = 0 ¨ �m = �1.�¥£ª® ®æ¥­¨âì, çâ® ¥á«¨ ¬ £­¨â­®¥ ¯®«¥ B ¨¬¥¥â ­ ¯àï¦¥­­®áâì¢ 1 �«., â® à §­®áâì ç áâ®â ¬¥¦¤ã á®á¥¤­¨¬¨ ãà®¢­ï¬¨ ¢ §¥¥¬ ­®¢-áª®¬ à áé¥¯«¥­¨¨ á®®â¢¥âáâ¢ã¥â ¤«¨­¥ ¢®«­ë 5 á¬. �«¥¤®¢ â¥«ì-­®,  â®¬, ¯®¬¥é¥­­ë© ¢® ¢­¥è­¥¥ ¬ £­¨â­®¥ ¯®«¥ á â ª®© ­ ¯àï-¦¥­­®áâìî, ¡ã¤¥â ¯®£«®é âì à ¤¨®¢®«­ë á ­â¨¬¥âà®¢®£® ¤¨ ¯ §®-­ . �â® ï¢«¥­¨¥ ¢¯¥à¢ë¥ ­ ¡«î¤ «®áì ¢ 1944 £. á®¢¥âáª¨¬ ãç¥­ë¬�.�. � ¢®©áª¨¬ ¨ ­ §ë¢ ¥âáï í«¥ªâà®­­ë¬ ¯ à ¬ £­¨â­ë¬ à¥§®-­ ­á®¬ (���).��� ­ å®¤¨â è¨à®ª®¥ ¯à¨¬¥­¥­¨¥ ¢ ­ ãª¥ ¨ â¥å­¨ª¥. � ç áâ­®áâ¨,®­ ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ¬­®¦¨â¥«ì � ­¤¥ ¯® ä®à¬ã«¥g = �h!à¥§:��B ; (13.24)(£¤¥ !à¥§: | ç áâ®â  ¯®£«®é¥­­®© ¢®«­ë), çâ®, ¢ á¢®î ®ç¥à¥¤ì, ¯®§¢®-«ï¥â ­ ©â¨ ¬ £­¨â­ë© ¬®¬¥­â  â®¬ . � ª®­¤¥­á¨à®¢ ­­ëå áà¥¤ å á¯®¬®éìî ��� ¨§ãç îâ ¢§ ¨¬®¤¥©áâ¢¨¥  â®¬®¢ ¨ áâà®¥­¨¥ ¢¥é¥áâ¢ ¢ ¦¨¤ª®¬ ¨ ªà¨áâ ««¨ç¥áª¨å á®áâ®ï­¨ïå.�à¥¤¨ áå®¤­ëå íää¥ªâ®¢ ã¯®¬ï­¥¬ ï¤¥à­ë© ¬ £­¨â­ë© à¥§®­ ­á.�­ ®¡ãá«®¢«¥­ ¬ £­¨â­ë¬ ¬®¬¥­â®¬ ï¤à  ¨ á«ã¦¨â ¨áâ®ç­¨ª®¬ ¨­-ä®à¬ æ¨¨ ® áâà®¥­¨¨ ï¤¥à.13.3 �à ¢¨«  ®â¡®à  ¨ íää¥ªâ �¥¥¬ ­ � á¯¥ªâà®áª®¯¨¨, ª®­¥ç­®, ­ ¡«î¤ îâáï ­¥ ®¯à¥¤¥«¥­­ë¥ ãà®¢­¨í«¥ªâà®­  ¢  â®¬¥,   â®«ìª® ¯¥à¥å®¤ë ¬¥¦¤ã à §«¨ç­ë¬¨ ãà®¢­ï-¬¨ á ¢ë«¥â®¬ ª¢ ­â  á¢¥â . � áâ®â  ¯®á«¥¤­¥£® ®¯¥¤¥«ï¥âáï âà¥â¨¬¯®áâã« â®¬ �®à  !mn = Em � En�h : (13.25)179



�®íâ®¬ã íªá¯¥à¨¬¥­â «ì­® íää¥ªâ �¥¥¬ ­  ­ ¡«î¤ ¥âáï ¯® à áé¥-¯«¥­¨î à §«¨ç­ëå á¯¥ªâà «ì­ëå «¨­¨©. �¤­ ª® ­¥ ¢á¥ ¯¥à¥å®¤ë¬¥¦¤ã ®â¤¥«ì­ë¬¨ á®áâ®ï­¨ï¬¨ ¢®§¬®¦­ë,   â®«ìª® â¥, ª®â®àë¥à §à¥è¥­ë ¯à ¢¨« ¬¨ ®â¡®à .13.3.1 �®à¬ «ì­ë© íää¥ªâ �¥¥¬ ­ � íâ®¬ á«ãç ¥ á ª ¦¤®£® ãà®¢­ï ¨¬¥îé¥£® ¡®«¥¥ ¢ëá®ªãî í­¥à£¨î¢®§¬®¦­ë ­¥ ¡®«¥¥ âà¥å ¯¥à¥å®¤®¢ ­  ãà®¢­¨ á ¬¥­ìè¥© í­¥à£¨¥©,ª®â®àë¥ ¢ á®®â¢¥âáâ¢¨¨ á ¯à ¢¨« ¬¨ ®â¡®à  ¨¬¥îâ â ª¨¥ ¬ £­¨â­ë¥ª¢ ­â®¢ë¥ ç¨á«  (á¬. �¨á. 13.1)m0 = m ¨«¨ m0 = m � 1: (13.26)�á«¨ á¯¨­  â®¬  S = 1, â® à áé¥¯«¥­¨¥ ãà®¢­¥© §  áç¥â ¢­¥è­¥-£® ¬ £­¨â­®£® ¯®«ï ¡ã¤¥â íª¢¨¤¨áâ ­â­ë¬ ¤«ï ª ¦¤®£® §­ ç¥­¨ïª¢ ­â®¢®£® ç¨á«  L. �®íâ®¬ã ¯®«ãç ¥¬, çâ® ç áâ®â  ¯¥à¥å®¤  a! bà áé¥¯«ï¥âáï ­  âà¨ ç áâ®âë!ab ! !ab ��!; !ab; !ab +�!; (13.27)£¤¥ �! = ��B�h = � q0B2Mec (13.28)­¨ çâ® ¨­®¥, ª ª « à¬®à®¢áª ï ç áâ®â . �®¤ç¥àª­¥¬, çâ® ¢ �! ¯®-áâ®ï­­ ï �« ­ª  á®ªà â¨« áì. �®íâ®¬ã ¯¥à¢ ï ¨­â¥à¯à¥â æ¨ï íâ®£®íää¥ªâ  ¡ë«  ¤ ­  �®à¥­æ®¬ á ª« áá¨ç¥áª¨å ¯®§¨æ¨©. �à¨¯«¥â «¨-­¨© (13.27) ­ §ë¢ îâ «®à¥­æ®¢áª¨¬ âà¨¯«¥â®¬.13.3.2 �­®¬ «ì­ë© íää¥ªâ �¥¥¬ ­ �á«¨ á¯¨­  â®¬  S ®â«¨ç¥­ ®â ­ã«ï, â® ä ªâ®à � ­¤¥ ®â«¨ç¥­ ®â ¥¤¨-­¨æë ¨ à áé¥¯«¥­¨ï ãà®¢­¥© á à §­ë¬¨ ®à¡¨â «ì­ë¬¨ ª¢ ­â®¢ë¬¨ç¨á« ¬¨ L à §«¨ç­®. �®íâ®¬ã á¯¥ªâà «ì­ ï «¨­¨ï à áé¥¯«ï¥âáï ­ áâ®«ì­® «¨­¨©, áª®«ìª® ¢®§¬®¦­® ¯¥à¥å®¤®¢. � ª¨¬ ®¡à §®¬ ãç¥âá¯¨­  í«¥ªâà®­  ï¢«ï¥âáï ¯à¨­æ¨¯¨ «ì­ë¬ ¬®¬¥­â®¬ ¢ ®¡êïá­¥­¨¨ ­®¬ «ì­®£® íää¥ªâ  �¥¥¬ ­ . 180



la = 1
lb = 2

ma
mb

+10-1
+2+10-1-2�¨á. 13.1: �¥à¥å®¤ë, à §à¥è¥­­ë¥ ¯à ¢¨« ¬¨ ®â¡®à  ¤«ï ¤¨¯®«ì­ëå ¯¥à¥å®¤®¢, ¢­®à¬ «ì­®¬ íää¥ªâ¥ �¥¥¬ ­  ¬¥¦¤ã á®áâ®ï­¨ï¬¨ á l = 1 ¨ l = 2.�à¨ ¯¥à¥å®¤¥ ª ¯®«ï¬ ¢ëá®ª®© ­ ¯àï¦¥­­®áâ¨ á¯¨­-®à¡¨â «ì­®¥¢§ ¨¬®¤¥©áâ¢¨¥ ¢  â®¬¥ à §àë¢ ¥âáï ¨ ¬ë ¯¥à¥å®¤¨¬ ª íää¥ªâã� è¥­ -� ª . � íâ®¬ á«ãç ¥ ®¯ïâì ¨¬¥¥â ¬¥áâ® íª¢¨¤¨áâ ­â­®¥ à á-é¥¯«¥­¨¥ í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© ­¥§ ¢¨á¨¬® ®â á®áâ®ï­¨© ¨ ç áâ®â ®¯ïâì à áé¥¯«ï¥âáï ­  âà¨¯«¥â.13.4 �à¥¬ï ¦¨§­¨ ¢®§¡ã¦¤¥­­®£® á®áâ®ï­¨ï ¨è¨à¨­  í­¥à£¥â¨ç¥áª®£® ãà®¢­ï�®, çâ® ª¢ ­â®¢ ï á¨áâ¥¬  ¬®¦¥â á ¬®¯à®¨§¢®«ì­® ¯¥à¥å®¤¨âì ¨§¢®§¡ã¦¤¥­­®£® á®áâ®ï­¨ï ¢ á®áâ®ï­¨¥ á ¡®«¥¥ ­¨§ª®© í­¥à£¨¥©, ¯à¨-¢®¤¨â ª ¢ ¦­®¬ã á«¥¤áâ¢¨î: ã¦¥ ­¥«ì§ï áç¨â âì ¢®§¡ã¦¤¥­­®¥ á®-áâ®ï­¨¥ áâà®£® áâ æ¨®­ à­ë¬. �à ¢¤ , ¥á«¨ ¯®«­ ï ¢¥à®ïâ­®áâì ¯¥-à¥å®¤  ¨§ ¢®§¡ã¦¤¥­­®£® ¢ í­¥à£¥â¨ç¥áª¨ ¡®«¥¥ ­¨§ª¨¥ á®áâ®ï­¨ï¬ « , â® â ª®¥ ¢®§¡ã¦¤¥­­®¥ á®áâ®ï­¨¥ ¬®¦­® à áá¬ âà¨¢ âì ª ªª¢ §¨áâ æ¨®­ à­®¥ á®áâ®ï­¨¥. �®£¤  ¨¬¥¥â á¬ëá« £®¢®à¨âì ® § ª®­¥à á¯ ¤ , â.¥. ® ¯®¢¥¤¥­¨¨ ¢¥à®ïâ­®áâ¨ L â®£®, çâ® ª¢ ­â®¢ ï á¨áâ¥¬ ¯à®¤®«¦ ¥â ­ å®¤¨âìáï ¢ ­ ç «ì­®¬ á®áâ®ï­¨¨ ç¥à¥§ ¢à¥¬ï t. �â®â§ ª®­ ¬®¦­®  ¯¯à®ªá¨¬¨à®¢ âì íªá¯®­¥­æ¨ «ì­®© § ¢¨á¨¬®áâìîL = e��t; (13.29)181



£¤¥ � ¨¬¥¥â à §¬¥à­®áâì ®¡à â­®£® ¢à¥¬¥­¨ ¨ ¯®íâ®¬ã ¢¥«¨ç¨­ã ��1­ §ë¢ îâ ¢à¥¬¥­¥¬ ¦¨§­¨ ¢®§¡ã¦¤¥­­®£® á®áâ®ï­¨ï.�§ ¯à¨­æ¨¯  ­¥®¯à¥¤¥«¥­­®áâ¥© áà §ã á«¥¤ã¥â, çâ® ¥á«¨ ¢à¥¬ï¦¨§­¨ ��1 ª®­¥ç­®, â® í­¥à£¨î ãà®¢­ï ­¥¢®§¬®¦­® ¨§¬¥à¨âì á â®ç-­®âìî, ¯à¥¢ëè îé¥© ¢¥«¨ç¨­ã�E = �h�: (13.30)�â®, ¢ á¢®î ®ç¥à¥¤ì, ¯à¨¢®¤¨â ª â®¬ã, çâ® á®®â¢¥âáâ¢ãîé ï á¯¥ª-âà «ì­ ï «¨­¨ï ¨¬¥¥â ª®­¥ç­ãî è¨à¨­ã, â.ª. \à §¬ëâ®áâì" ¥¥ ç -áâ®âë à ¢­  �! = �E�h = �. �¥«¨ç¨­ã � ­ §ë¢ îâ è¨à¨­®© á¯¥ª-âà «ì­®© «¨­¨¨.�ãáâì Wa(E=�h) | äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï í­¥à£¨¨ ¤«ï ª¢ §¨áâ -¡¨«ì­®£® ãà®¢­ï a. �¥ äãàì¥-¯à¥®¡à §®¢ ­¨¥ R d!e�i!tWa(!) § ¤ ¥â ¬¯«¨âã¤ã ¢¥à®ïâ­®áâ¨ ­ ©â¨ ¢ ¬®¬¥­â ¢à¥¬¥­¨ t á¨áâ¥¬ã ¢ ª¢ ­â®-¢®¬ á®áâ®ï­¨¨  . �«¥¤®¢ â¥«ì­® § ª®­ à á¯ ¤  ¡ã¤¥âL(t) = ����Z e�i!tWa(!)d!����2 ; (13.31)¯à¨ç¥¬ ­¥®¡å®¤¨¬® ¯®âà¥¡®¢ âì, çâ®¡ëZ Wa(!)d! = 1: (13.32)�ã­ªæ¨î à á¯à¥¤¥«¥­¨ï ç áâ® ®¯¨áë¢ îâ ¤¨á¯¥àá¨®­­®© ä®à¬ã«®©Wa(!) = ��[(! � !a)2 + (�=2)2]: (13.33)�­  ¯à¨¢¥¤¥­  ­  �¨á. 13.2. �¨¤¨¬, çâ® ¢¥«¨ç¨­  à á¯à¥¤¥«¥­¨ï¬¥­ï¥âáï ¢ ¤¢  à § , ª®£¤  j�!j � j! � !aj = �=2.�¯¥ªâà «ì­ ï è¨à¨­  ¨¬¥¥â ¤¢®ïªãî ¯à¨à®¤ã: ¢®-¯¥à¢ëå, ®­  ®¡-ãá«®¢«¥­  ç¨áâ® ª¢ ­â®¢ë¬¨ íää¥ªâ ¬¨ ¢§ ¨¬®¤¥©áâ¢¨ï á ¢ ªãã¬-®¬. � ªãî è¨à¨­ã ­ §ë¢ îâ ¥áâ¥áâ¢¥­­®© è¨à¨­®©. �ãé¥áâ¢ã¥â,®¤­ ª®, ¤àã£¨¥, ¢­¥è­¨¥ ¯à¨ç¨­ë, ª®â®àë¥ ¯à¨¢®¤ïâ ª ¥¥ ãè¨à¥­¨î.� ç áâ­®áâ¨ ¢  â®¬ å â ª®¥ ãè¨à¥­¨¥ (ª®â®à®¥ § ç áâãî ­ ¬­®£®¯à¥¢ëè ¥â ¥áâ¥áâ¢¥­­ãî è¨à¨­ã) ¡ë¢ ¥â ¢ë§¢ ­® ¢§ ¨¬®¤¥©áâ¢¨¥¬á ¤àã£¨¬¨  â®¬ ¬¨. 182
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�¨á. 13.2: �ã­ªæ¨ï à á¯à¥¤¥«¥­¨ï í­¥à£¨¨ Wa(!) ¤«ï ª¢ §¨áâ ¡¨«ì­®£® á®áâ®ï­¨ïa.
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�« ¢  14�¥«ïâ¨¢¨áâáª¨¥ íää¥ªâë ¢ â®¬­ëå á¯¥ªâà å14.1 �®­ª ï áâàãªâãà   â®¬­ëå á¯¥ªâà®¢14.1.1 �ã«ìâ¨¯«¥â­®áâì â®­ª®© áâàãªâãàë á¯¥ªâà®¢�ªãà¯ã«¥§­ë¥ ¨áá«¥¤®¢ ­¨ï á¯¥ªâà®¢  â®¬®¢ ¯®ª § «¨, çâ® ª ª ¯à -¢¨«® ª ¦¤ ï ¨§ ¨å «¨­¨© ¨¬¥¥â á«®¦­ãî áâàãªâãàã ¨ ¯à¥¤áâ ¢«ï-¥â á®¢®ªã¯­®áâì ­¥áª®«ìª¨å ¡«¨§«¥¦ é¨å «¨­¨©. � ª ï áâàãªâãà ­ §ë¢ ¥âáï â®­ª®© áâàãªâãà®© á¯¥ªâà®¢. �®¢®ªã¯­®áâì ¡«¨§«¥-¦ é¨å «¨­¨© ­ §ë¢ îâ ¬ã«ìâ¨¯«¥â®¬,   ç¨á«® ®â¤¥«ì­ëå «¨­¨©¬ã«ìâ¨¯«¥â  | ¬ã«ìâ¨¯«¥â­®áâìî. � á«ãç ¥, ª®£¤  ¢ ¬ã«ìâ¨¯«¥â¢å®¤¨â ®¤­  «¨­¨ï, £®¢®àïâ ® á¨­£«¥â­®© «¨­¨¨, ¬ã«ìâ¨¯«¥â á®áâ®ï-é¨© ¨§ ¤¢ãå «¨­¨© ­ §ë¢ îâ ¤ã¡«¥â®¬, ¥á«¨ ¬ã«ìâ¨¯«¥â­®áâì à ¢­ âà¥¬ | âà¨¯«¥â®¬ ¨ â.¤. �â¤¥«ì­ë¥ «¨­¨¨ ¬ã«ìâ¨¯«¥â  ­ §ë¢ îâ¥£® ª®¬¯®­¥­â ¬¨.� à ªâ¥à­ë¬ ¯à¨¬¥à®¬ ï¢«ï¥âáï ­ ¨¡®«¥¥ ïàª ï «¨­¨ï £« ¢­®©á¥à¨¨ ­ âà¨ï (â ª ­ §ë¢ ¥¬ ï ¦¥«â ï D-«¨­¨ï). �­  á®áâ®¨â ¨§¤¢ãå «¨­¨©, ®¡®§­ ç ¥¬ëå D1 ¨ D2, á ¤«¨­ ¬¨ ¢®«­ �1 = 5889; 953�A¨ �2 = 5895; 930�A ¨, á«¥¤®¢ â¥«ì­®, ï¢«ï¥âáï ¤ã¡«¥â®¬. � ª¨¬ ®¡à -§®¬ ¯®àï¤®ª â®­ª®£® à áé¥¯«¥­¨ï ¤«ï D-«¨­¨¨ á®áâ ¢«ï¥â 0,1% ®â¥¥ ¤«¨­ë ¢®«­ë.�®¤®¡­ ï ª àâ¨­  ­ ¡«î¤ ¥âáï ¤«ï £« ¢­®© á¥à¨¨ ¢á¥å é¥«®ç-­ëå ¬¥â ««®¢. �¤¨­áâ¥­­ë¬ à §«¨ç¨¥¬ ï¢«ï¥âáï â®, çâ® à ááâ®ï­¨¥¬¥¦¤ã ª®¬¯®­¥­â ¬¨ ¤ã¡«¥â  à¥§ª® ¢®§à áâ ¥â ¯® ¬¥à¥ ã¢¥«¨ç¥­¨ï184



 â®¬­®£® ­®¬¥à  í«¥¬¥­â .�àã£¨¥ á¥à¨¨ é¥«®ç­ëå ¬¥â ««®¢ â®¦¥ ¨¬¥îâ á«®¦­ãî áâàãªâã-àã á¯¥ªâà®¢. � ª ¤«ï à¥§ª®© á¥à¨¨ ­ âà¨ï ¨¬¥¥â ¬¥áâ® \á«®¦­ë©¤ã¡«¥â": ªà®¬¥ ¤¢ãå ïàª¨å «¨­¨© ¤ã¡«¥â  ¢ á¯¥ªâà¥ ­ ¡«î¤ ¥âáï¥é¥ á« ¡ë© á¯ãâ­¨ª.14.1.2 �¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ ¢  â®¬¥�á¥ áâ ­®¢¨âáï ­  á¢®¨ ¬¥áâ , ¥á«¨ ¢á¯®¬­¨âì, çâ® ¤® á¨å ¯®à ¯à¨ ®¡-áã¦¤¥­¨¨ á¯¥ªâà®¢ ¬ë ¨£­®à¨à®¢ «¨ á¯¨­®¬ í«¥ªâà®­ . �á«¥¤áâ¢¨¨¢§ ¨¬®¤¥©áâ¢¨ï ®à¡¨â «ì­®£® ¨ á¯¨­®¢®£® ¬ £­¨â­ëå ¬®¬¥­â®¢ ¢®§-­¨ª ¥â á¯¨­-®à¡¨â «ì­ ï á¢ï§ì. �­  ¯à¨¢®¤¨â ª à áé¥¯«¥­¨î ãà®¢-­¥© á ®¤­¨¬¨ ¨ â¥¬¨ ¦¥ n ¨ l, ­® à §­ë¬¨ j. � à¥§ã«ìâ â¥ ¢¬¥áâ®®¤­®£® á®áâ®ï­¨ï á l 6= 0 ¨¬¥¥¬ ¤¢  á®áâ®ï­¨ï á ¯®«­ë¬¨ ¬®¬¥­â ¬¨j = l � 12 ¨ j = l + 12,   s á®áâ®ï­¨¥ ®áâ ¥âáï á¨­£«¥â­ë¬ á j = 12.�âà®£ ï â¥®à¨ï á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï á«¥¤ã¥â ¨§ à¥-«ïâ¨¢¨áâáª®£® ãà ¢­¥­¨ï �¨à ª  ¤«ï í«¥ªâà®­  ¢® ¢­¥è­¥¬ í«¥ª-âà®¬ £­¨â­®¬ ¯®«¥ ¨ ¯®íâ®¬ã á¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ï¢«ï¥âáï ç¨áâ® à¥«ïâ¨¢¨áâáª¨¬ íää¥ªâ®¬. �¤­ ª® ¥£® ¬®¦­® à á-á¬®âà¥âì ¨áå®¤ï ¨§ ­¥ª®â®àëå ª ç¥áâ¢¥­­ëå á®®¡à ¦¥­¨©.�ãáâì í«¥ªâà®­ ­ å®¤¨âáï ¢® ¢­¥è­¥¬ ªã«®­®¢áª®¬ ¯®«¥. �®®¯à¥¤¥«¥­¨î ¥£® á¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ à ¢­® áª «ïà­®-¬ã ¯à®¨§¢¥¤¥­¨î �~�s ~Bl, £¤¥ ~�s | á¯¨­®¢ë© ¬ £­¨â­ë© ¬®¬¥­â,   ~Bl| ¬ £­¨â­®¥ ¯®«¥, á®§¤ ¢ ¥¬®¥ ®à¡¨â «ì­ë¬ ¤¢¨¦¥­¨¥¬ í«¥ªâà®­ .�«ï ®¯à¥¤¥«­¨ï ¯®á«¥¤­¥£® ¯¥à¥©¤¥¬ ª á¨áâ¥¬¥ ª®®à¤¨­ â, ¢ ª®â®à®©í«¥ªâà®­ ¯®ª®¨âáï,   ï¤à® ¤¢¨¦¥âáï á® áª®à®áâìî ç¨á«¥­­® à ¢­®©áª®à®áâ¨ í«¥ªâà®­  v, ­® ¯à®â¨¢®¯®«®¦­® ­ ¯à ¢«¥­­®© (á¨áâ¥¬ í«¥ªâà®­ ). � ­¥©, ¢ á®®â¢¥âáâ¢¨¨ á § ª®­®¬ �¨®-� ¢ à -� ¯« á ,ï¤à® á®§¤ ¥â ¬ £­¨â­®¥ ¯®«¥~B = �q0Z~v � ~rcr3 = q0Z~LMecr3 ; (14.1)  §­ ç¨â ¢ á¨áâ¥¬¥ í«¥ªâà®­  ¯®¯à ¢ª  ª £ ¬¨«ìâ®­¨ ­ã §  áç¥â185



á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¥áâì�Há¨áâ: í«:ls = q20ZM 2e c2r3 ~̂L~̂s = 4�2�Z�h2r3 ~̂L~̂s: (14.2)�¤¥áì ¬ë ãç«¨, çâ® ~�s = � q0Mec~s.� ª ¯®ª § « �. �®¬ á ¨ ­¥áª®«ìª® ¯®§¦¥ �.�. �à¥­ª¥«ì, ¯à¨¯¥à¥å®¤¥ ª á¨áâ¥¬¥ ª®®à¤¨­ â á¢ï§ ­­®© á ­¥¯®¤¢¨¦­ë¬ ï¤à®¬ íâ®¢ëà ¦¥­¨¥, ¢ á®®â¢¥âáâ¢¨¨ á ¯à¥®¡à §®¢ ­¨¥¬ �®à¥­æ , ¨§¬¥­ï¥âáï:¯®ï¢«ï¥âáï ¤®¯®«­¨â¥«ì­ë© ¬­®¦¨â¥«ì 12 ¨ ¢ëà ¦¥­¨¥ ¤«ï á¯¨­-®à¡¨â «ì­®© ¯®¯à ¢ª¨ ª £ ¬¨«ìâ®­¨ ­ã áâ ­®¢¨âáï à ¢­®©�Hls = 2�2�Z�h2r3 ~̂L~̂s: (14.3)�«¥¤ãâ áª § âì, çâ® íâ®â ¤®¯®«­¨â¥«ì­ë© ¬­®¦¨â¥«ì (§  ª®â®àë¬ãáâ ­®¢¨«®áì ¯®«ãèãâ®ç­®¥ ­ §¢ ­¨¥ \â®¬ á®¢áª ï ¯®«®¢¨­ª ") áë-£à « çà¥§¢ëç ©­® ¢ ¦­ãî à®«ì ¢ ¯à¨­ïâ¨¨ £¨¯®â¥§ë á¯¨­ 1. � ç áâ-­®áâ¨ ¯® íâ®¬ã ¯®¢®¤ã �. � ã«¨ ¯¨á « á«¥¤ãîé¥¥: \�®âï á­ ç « ï á¨«ì­® á®¬­¥¢ «áï ¢ á¯à ¢¥¤«¨¢®áâ¨ íâ®© ¨¤¥¨ (á¯¨­ , �.�.), ¯®-áª®«ìªã ®­  ­®á¨«  ª« áá¨ç¥áª¨© ¬¥å ­¨ç¥áª¨© å à ªâ¥à, ¢ëç¨á«¥-­¨ï ¢¥«¨ç¨­ë ¤ã¡«¥â­®£® à áé¥¯«¥­¨ï, ¢ë¯®«­¥­­ë¥ �®¬ á®¬, ¢ª®­æ¥ ª®­æ®¢ á¤¥« «¨ ¬¥­ï ¥¥ áâ®à®­­¨ª®¬"2�¥«¨ç¨­  (14.3) ï¢«ï¥âáï ¬ «®© ¯®¯à ¢ª®© ª £ ¬¨«ìâ®­¨ ­ã í«¥ª-âà®­  ¨ ¯à¨¢®¤¨â ª ­¥¡®«ìè¨¬ á¤¢¨£ ¬ í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©.�«ï à áç¥â  â ª¨å ¯®¯à ¢®ª ¢ ª¢ ­â®¢®© ¬¥å ­¨ª¥ à §à ¡®â ­ á¯¥-æ¨ «ì­ë© ¬¥â®¤, ­ §ë¢ ¥¬ë© â¥®à¨¥© ¢®§¬ãé¥­¨©. �®£« á­® íâ®©â¥®à¨¨ ¢ ­¨¦ ©è¥¬ ¯®àï¤ª  ¯®¯à ¢ª  ª í­¥à£¨¨ à ¢­  áà¥¤­¥¬ã §­ -ç¥­¨î ®â ®¯¥à â®à  (14.3) ¯® á®¡áâ¢¥­­ë¬ äã­ªæ¨ï¬ 	(0)(~r) £ ¬¨«ì-â®­¨ ­  á \¢ëª«îç¥­­®©" ¯®¯à ¢ª®© (­¥¢®§¬ãé¥­­ë© £ ¬¨«ìâ®­¨- ­): �Els = Z 	(0)�(~r )�Hls	(0)(~r )d3r: (14.4)� á¢®î ®ç¥à¥¤ì, ¢®«­®¢ë¥ äã­ªæ¨¨ 	(0)(~r ) ï¢«ïîâáï á®¡áâ¢¥­­ë¬¨äã­ªæ¨ï¬¨ ®¯¥à â®à®¢ ª¢ ¤à â  á¯¨­  ~̂s 2, ª¢ ¤à â  ®à¡¨â «ì­®£®1�¬. ª­¨£ã �. �¦¥à¬¥à \�¢®«îæ¨ï ¯®­ïâ¨© ª¢ ­â®¢®© ¬¥å ­¨ª¨", �.:\� ãª ", 1985.2�. � ã«¨. �à¨­æ¨¯ § ¯à¥â  ¨ ª¢ ­â®¢ ï ¬¥å ­¨ª  (�®¡¥«¥¢áª ï «¥ªæ¨ï, ¯à®ç¨â ­­ ï ¢ �â®ª-£®«ì¬¥ 13 ¤¥ª ¡àï 1946 £.) | � ª­. �. � ã«¨ \�¨§¨ç¥áª¨¥ ®ç¥àª¨", �.:\� ãª ", 1975.186



¬®¬¥­â  ~̂L 2, ª¢ ¤à â  ¯®«­®£® ¬®¬¥­â  ~̂J 2 ¨ âà¥âì¥© ¯à®¥ªæ¨¨ ¯®«-­®£® ¬®¬¥­â  Ĵ3. �®íâ®¬ã ¨å ¬®¦­® å à ªâ¥à¨§®¢ âì á®¡áâ¢¥­­ë¬¨§­ ç¥­¨ï¬¨ íâ¨å ®¯¥à â®à®¢ 	(0)(~r ) = 	(0)nlsjj3(~r ):~̂s 2	(0)nlsjj3(~r ) = �h2s(s + 1)	(0)nlsjj3(~r ); (14.5)~̂L2	(0)nlsjj3(~r ) = �h2l(l + 1)	(0)nlsjj3(~r ); (14.6)~̂J 2	(0)nlsjj3(~r ) = �h2j(j + 1)	(0)nlsjj3(~r ); (14.7)Ĵ3	(0)nlsjj3(~r ) = �hj3	(0)nlsjj3(~r ); (14.8)�¢¨¤ã â®£®, çâ® ­¥¢®§¬ãé¥­­ë© £ ¬¨«ìâ®­¨ ­ ­¥ á®¤¥à¦¨â á¯¨­®¢ëå¯¥à¥¬¥­­ëå ¨ ¤®¯ãáª ¥â à §¤¥«¥­¨¥ ã£«®¢ëå (� ¨ ') ¨ à ¤¨ «ì­®©(r) ¯¥à¥¬¥­­ëå, â® ¢®«­®¢ãî äã­ªæ¨î 	(0)nlsjj3(~r ) ¬®¦­® ¯à¥¤áâ ¢¨âì¢ ¢¨¤¥: 	(0)nlsjj3(~r ) = �lsjj3(�; ')�nl(r); (14.9)£¤¥ �nl(r) | à ¤¨ «ì­ ï ¢®«­®¢ ï äã­ªæ¨ï. �®¤áâ ¢«ïï (14.9) ¢(14.4) ¯®«ãç¨¬�Els = 2�2�Z�h2 Z 2�0 d' Z �0 d� sin ���lsjj3(�; ')~̂L~̂s�lsjj3(�; ')�� Z 10 drr �2nl(r): (14.10)�®á¯®«ì§®¢ ¢è¨áì â¥¬, çâ® ~̂J = ~̂L+ ~̂s, § ¯¨è¥¬ ®¯¥à â®à ~̂L~̂s ¢ ¢¨¤¥~̂L~̂s = 12( ~̂J 2 � ~̂L 2 � ~̂s 2): (14.11)�®£¤  ­  ®á­®¢ ­¨¨ (14.5)-(14.7) ¨ ãá«®¢¨ï ®àâ®­®à¬¨àã¥¬®áâ¨ ¢®«-­®¢®© äã­ªæ¨¨ �lsjj3(�; ')Z 2�0 d' Z �0 d� sin ���l0sj0j03(�; ')�lsjj3(�; ') = �ll0�jj0�j3j03 (14.12)¯®«ãç¨¬ Z 2�0 d' Z �0 d� sin ���lsjj3(�; ')~̂L~̂s�lsjj3(�; ') == �h22 [j(j + 1) � l(l + 1)� s(s+ 1)] (14.13)187



¨ �Els = �2�Z[j(j + 1) � l(l + 1)� s(s + 1)]�� Z 10 drr �2nl(r): (14.14)�¥¯¥àì à áá¬®âà¨¬ ¢®¤®à®¤®¯®¤®¡­ë¥  â®¬ë. �«ï ­¨å ¨­â¥£à « ¢(14.14) ¢ëç¨á«ï¥âáï â®ç­® 3Z 10 drr �2nl(r) = Z3a30n3l(l + 12)(l + 1); (14.15)£¤¥ a0 | ¡®à®¢áª¨© à ¤¨ãá. �®¤áâ ¢«ïï íâ®â à¥§ã«ìâ â ¢ (14.14) ¨¯à®¨§¢®¤ï ­¥á«®¦­ë¥ ¯à¥®¡à §®¢ ­¨ï ¯®«ãç¨¬ ¢ á«ãç ¥, ª®£¤  l 6= 0�Els = Z4q20Me�22�h2n2(l + 12)�8>>>>>><>>>>>>: 1l + 1 ; ¥á«¨ j = l + 12�1l ; ¥á«¨ j = l � 12 (14.16)£¤¥ � = q20�hc � 1137: (14.17)�®­áâ ­â  � ­ §ë¢ ¥âáï ¯®áâ®ï­­®© â®­ª®© áâàãªâãàë.� á«ãç ¥, ª®£¤  í«¥ªâà®­ ­ å®¤¨âáï ¢ s á®áâ®ï­¨¨ ¯®¯à ¢ª  § áç¥â á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ®ç¥¢¨¤­® à ¢­  ­ã«î.14.1.3 �àã£¨¥ à¥«ïâ¨¢¨áâáª¨¥ ¯®¯à ¢ª¨�®¬¨¬® á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¨¬¥îâáï ¨ ¤àã£¨¥ à¥«ï-â¨¢¨áâáª¨¥ ¯®¯à ¢ª¨ â®£® ¦¥ ¯®àï¤®ª ¬ «®áâ¨ ¢ à §«®¦¥­¨¨ ¯® ª®­-áâ ­â¥ â®­ª®£® à áé¥¯«¥­¨ï �. � íâ®© æ¥«ìî à áá¬®âà¨¬ á­ ç « ¯®¯à ¢ªã ¢®§­¨ª îéãî §  áç¥â à¥«ïâ¨¢¨áâáª®© § ¢¨á¨¬®áâ¨ í­¥à-£¨¨ ®â áª®à®áâ¨. �¥«ïâ¨¢¨áâáª®¥ ¢ëà ¦¥­¨¥ ¤«ï ­¥ª¢ ­â®¢ ­­®£®£ ¬¨«ìâ®­¨ ­  ç áâ¨æë ¬ ááë Me ¥áâìH = qM 2e c4 + c2~p 2 �Mec2 + U (r): (14.18)3E.U. Condon and G.H. Shotley, The Theory of Atomic Spectra. Cambridge, At the University Press,1953. �¬¥¥âáï àãááª¨© ¯¥à¥¢®¤ �. �®­¤®­ ¨ �. �®àâ«¨. �¥®à¨ï  â®¬­ëå á¯¥ªâà®¢, �.:��, 1961.188



�ç¨â ï ¢¥«¨ç¨­ã ~p 2M2e c2 = �vc�2 ¬ «®© à §«®¦¨¬ ª®à¥­ì ¢ àï¤ ¨ ®£à -­¨ç¨¬áï ¯¥à¢ë¬¨ âà¥¬ï ¥£® ç«¥­ ¬¨ (ª¢ §¨à¥«ïâ¨¢¨áâáª®¥ ¯à¨¡«¨-¦¥­¨¥) H � ~p 22Me � ~p 48M 3e c2 + U (r); (14.19)£¤¥ ¢â®à®© ç«¥­ ¯à¥¤áâ ¢«ï¥â âà¥¡ã¥¬ãî ¯®¯à ¢ªã ª ­¥à¥«ïâ¨¢¨áâ-áª®¬ã £ ¬¨«ìâ®­¨ ­ã. �¢ ­â®¢ë© ª¢ §¨à¥«ïâ¨¢¨áâáª¨© £ ¬¨«ìâ®-­¨ ­ ¯®«ãç¨âáï ¨§ (14.19) § ¬¥­®© ¨¬¯ã«ìá  ~p ­  ®¯¥à â®à ¨¬¯ã«ìá ~̂p Ĥ = ~̂p 22Me � ~̂p 48M 3e c2 + U (r) = ~̂p 22Me +�Ĥ1 (14.20)¨ áâ æ¨®­ à­®¥ ãà ¢­¥­¨¥ �à¥¤¨­£¥à  ¯à¨¬¥â ¢¨¤Ĥ	 = E	: (14.21)�¯ïâì à áá¬®âà¨¬ à¥«ïâ¨¢¨áâáªãî ¯®¯à ¢ªã ¯® â¥®à¨¨ ¢®§¬ãé¥­¨©áç¨â ï ­¥¢®§¬ãé¥­­ë¬ £ ¬¨«ìâ®­¨ ­®¬ Ĥ0 = ~̂p22Me + U (r):�E1 = � Z 	(0)�nlsjj3(~r ) ~̂p 48M 3c2	(0)nlsjj3(~r )d3r; (14.22)£¤¥ 	(0)nlsjj3(~r ) | á®¡áâ¢¥­­ ï äã­ªæ¨ï ®¯¥à â®à  Ĥ0, á®®â¢¥âáâ¢ãî-é ï á®¡áâ¢¥­­®¬ã §­ ç¥­¨î í­¥à£¨¨ E(0)nl . � á«ãç ¥ ¢®¤®à®¤®¯®¤®¡-­ëå  â®¬®¢ ¨­â¥£à « ¢ëç¨á«ïâáï â®ç­® (á¬. ª­¨£ã4)�E1 = � q20Z22n2a0 � �2Z2n 0@ 34n � 1l + 121A : (14.23)�¤­ ª® íâ¨¬ ­¥ ¨áç¥à¯ë¢ îâáï ¢á¥ à¥«ïâ¨¢¨áâáª¨¥ ¯®¯à ¢ª¨.�é¥ ¨¬¥¥âáï â ª ­ §ë¢ ¥¬ ï ¯®¯à ¢ª  � à¢¨­ :�E2 = q20Z22n2a0 � �2Z2j�nl(r = 0)j28a0 == 8>><>>: 0 ; ¥á«¨ l 6= 0q20Z22n2a0 � �2Z2n ; ¥á«¨ l = 0 (14.24)4E.U. Condon and G.H. Shotley, The Theory of Atomic Spectra. Cambridge, At the University Press,1953. �¬¥¥âáï àãááª¨© ¯¥à¥¢®¤ �. �®­¤®­ ¨ �. �®àâ«¨. �¥®à¨ï  â®¬­ëå á¯¥ªâà®¢, �.:��, 1961.189



�¨§¨ç¥áª ï ¨­â¥à¯à¥â æ¨ï íâ®£® ç«¥­  á¢ï§ ­  á ª¢ ­â®¢®¬¥å ­¨-ç¥áª¨¬ ¤à®¦ ­¨¥¬ í«¥ªâà®­ , ª®â®à®¥ ¯à®¨áå®¤¨â ­  à ááâ®ï­¨ïå¯®àï¤ª  ª®¬¯â®­®¢áª®© ¤«¨­­ë ¢®«­ë í«¥ªâà®­  �r � �hMec. � íâ®¬á«ãç ¥ í«¥ªâà®­ ¢§ ¨¬®¤¥©áâ¢ã¥â á à §¬ § ­ë¬ ªã«®­®¢áª¨¬ ¯®«¥¬.�«ï £àã¡®© ®æ¥­ª¨ â ª®£® íää¥ªâ  ¬®¦­® ®æ¥­¨âì ãáà¥¤­¥­­®¥ §­ -ç¥­¨¥ ®âª«®­¥­¨ï ¯®«ï ­  â ª¨å à ááâ®ï­¨ïå5h�V i � hV (r + �r)i � hV (r)i == *�~r@V@~r + + 12Xij *�ri�rj @2V@ri@rj + : (14.25)� «¥¥ ¯¥à¢ë© ç«¥­ ¯®á«¥ ãáà¥¤­¥­¨ï ¤ ¥â ­®«ì,   ¢â®à®© ¯à®¯®àæ¨-®­ «¥­h�V i � (�r)2�V =  �hMec!2�V = 4��(~r )q20Z  �hMec!2 : (14.26)�¤¥áì ¡ë«® ¨á¯®«ì§®¢ ­® ¨§¢¥áâ­®¥ à ¢¥­áâ¢®�1r = 4��(~r): (14.27)�®á«¥ ãáà¥¤­¥­¨ï (14.26) ¯® ¢®«­®¢ë¬ äã­ªæ¨ï¬ ¢®¤®à®¤®¯®¤®¡­®£® â®¬  ¯®«ãç ¥¬ ¯®¯à ¢ªã ®â«¨ç îéãîáï ¬­®¦¨â¥«¥¬ ®â ¯®¯à ¢ª¨� à¢¨­  �E2.�ã¬¬¨àãï ¢á¥ à¥«ïâ¨¢¨áâáª¨¥ ¯®¯à ¢ª¨ ¯®«ãç¨¬�E = �Els +�E1 +�E2 == q20Z22n2a0 � �2Z2 0@ 34n � 1j + 121A (14.28)�âáî¤  ¢¨¤¨¬, çâ® ¯à¨ ª ¦¤®¬ §­ ç¥­¨¨ £« ¢­®£® ª¢ ­â®¢®£® ç¨-á«  n > 1 á¯¨­-®à¡¨â «ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ á­¨¬ ¥â ¢ëà®¦¤¥­¨¥,®¤­ ª® â®«ìª® ç áâ¨ç­®. �¥©áâ¢¨â¥«ì­®, ¯®¯à ¢ª  (14.28) § ¢¨á¨â®â n ¨ j, ­® ­¥ § ¢¨á¨â ®â ®à¡¨â «ì­®£® ª¢ ­â®¢®£® ç¨á«  l. �®íâ®¬ãª®¬¯®­¥­âë ¬ã«ìâ¨¯«¥â , ¨¬îé¨¥ ®¤¨­ ª®¢ë¥ §­ ç¥­¨ï n ¨ j, ­®5J.D. Bjorken and S.D. Drell. Relativistic Quantum Mechanics, Mc-Graw-Hill Book Company, 1964.�¬¥¥âáï àãááª¨© ¯¥à¥¢®¤ �¦.�. �ìñàª¥­ ¨ �.�. �à¥««. �¥«ïâ¨¢¨áâª ï ª¢ ­â®¢ ï â¥®à¨ï, â.1.�.:\� ãª ", 1978. 190



1s1=22s1=2 2p1=22p3=23s1=2 3p1=23p3=2 3d3=23d5=2
�¨á. 14.1: �å¥¬ â¨ç¥áª ï áâàãªâãà  â®­ª®£® à áé¥¯«¥­¨ï ãà®¢­¥© ¢®¤®à®¤  á® §­ -ç¥­¨¥¬ £« ¢­®£® ª¢ ­â®¢®£® ç¨á«  n =1,2 ¨ 3. �®çª ¬¨ ãª § ­ë ­¥à áé¥¯«¥­­ë¥ãà®¢­¨. �¨áã­®ª ¢ë¯®«­¥­ ¡¥§ á®¡«î¤¥­¨ï ¬ áèâ ¡ .à §­ë¥ l, ¨¬¥îâ ®¤¨­ ª®¢ãî í­¥à£¨î (�¨á. 14.1). � áá¬®âà¨¬ ¤¢ ¯à¨¬¥à . � á«ãç ¥ n = 2 ¨¬¥¥¬ âà¨¯«¥â á ª®¬¯®­¥­â ¬¨ 2s1=2, 2p1=2¨ 2p3=2. �à¨ íâ®¬ ¯®¤ãà®¢­¨ 2s1=2 ¨ 2p1=2 ¨¬¥îâ ®¤¨­ ª®¢®¥ j = 12¨ ¯®íâ®¬ã á®¢¯ ¤ îâ. � á«ãç ¥ n = 3 ¨¬¥¥¬ ¯ïâì ª®¬¯®­¥­â 3s1=2,3p1=2, 3p3=2, 3d3=2 ¨ 3d5=2; á®¢¯ ¤ îé¨¬¨ ¯®¤ãà®¢­ï¬¨ ï¢«ïîâáï 3s1=2,3p1=2 ¨ 3p3=2, 3d3=2.�«¥¤ã¥â áª § âì, çâ® ¢¥«¨ç¨­  á¯¨­-®à¡¨â «ì­®£® à áé¥¯«¥­¨ï®¡à â­  ¯à®¯®àæ¨®­ «ì­  n3 ¨ ¯®íâ®¬ã ¡ëáâà® ã¡ë¢ ¥â á à®áâ®¬£« ¢­®£® ª¢ ­â®¢®£® ç¨á« . �®íâ®¬ã ®­  áâ ­®¢¨âáï ­¥áãé¥áâ¢¥­-­®© ¤«ï á®áâ®ï­¨© á ¡®«ìè¨¬¨ §­ ç¥­¨ï¬¨ n.�§ (14.28) â ª¦¥ á«¥¤ã¥â, çâ® à áé¥¯«¥­¨¥ ¯à®¯®àæ¨®­ «ì­® Z4.�®íâ®¬ã íªá¯¥à¨¬¥­â «ì­® ¥£® ¯à®é¥ ¨§ãç âì ¤«ï ¢®¤®à®¤®¯®¤®¡-­ëå  â®¬®¢, ç¥¬ ¤«ï ¢®¤®à®¤ .14.2 �é¥ ® ¯®¯à ¢ª å ª ãà®¢­ï¬  â®¬  ¢®¤®à®¤ �®«ãç¥­­ë© ¢ëè¥ á¯¥ªâà í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©  â®¬  ¢®¤®à®¤  áãç¥â®¬ â®­ª®£® à áé¥¯«¥­¨ï ª ç¥áâ¢¥­­® å®à®è® á®£« áã¥âáï á ®¯ë-â®¬. �¤­ ª® ­ ¡«î¤ îâáï ¨ ­¥ª®â®àë¥ ®â«¨ç¨ï ®â ­¥£®. �®-¯¥à¢ëå,¢á¥ ãà®¢­¨ ®ª §ë¢ îâáï ¤¢®©­ë¬¨. �â® ï¢«¥­¨¥ ­ §ë¢ ¥âáï á¢¥àå-191



â®­ª¨¬ à áé¥¯«¥­¨¥¬. �­® á¢ï§ ­® á ¢§ ¨¬®¤¥©áâ¢¨¥¬ ¬ £­¨â­®£®¬®¬¥­â  ï¤à  á ¬ £­¨â­ë¬ ¬®¬¥­â®¬ í«¥ªâà®­ . � á«ãç ¥  â®¬  ¢®-¤®à®¤  á¯¨­ ï¤à  I à ¢¥­ 12 (¢ ¥¤¨­¨æ å �h) ¨ ¯®íâ®¬ã ¯®«­ë© ¬®¬¥­â â®¬  F , ª®â®àë© ï¢«ï¥âáï áã¬¬®© á¯¨­  ï¤à  ¨ ¯®«­®£® ¬®¬¥­â í«¥ªâà®­  ~F = ~I + ~J , ¯à¨­¨¬ ¥â ¤¢  §­ ç¥­¨ï F = j + 12 ¨ F = j � 12.� á¢ï§¨ á â¥¬, çâ® ¬ £­¨â­ë© ¬®¬¥­â ¯à®â®­  ¯® ¯®àï¤ªã ¢¥«¨ç¨­ë¢ 1000 à § ¬¥­ìè¥, ç¥¬ ¬ £­¨â­ë© ¬®¬¥­â í«¥ªâà®­ , á¢¥àåâ®­ª®¥à áé¥¯«¥­¨¥ ®ª §ë¢ ¥âáï ¯à¨¡«¨§¨â¥«ì­® ¢® áâ®«ìª® ¦¥ à § á« ¡¥¥â®­ª®£®.� á¢¥àåâ®­ª®¬ã à áé¥¯«¥­¨î ¥é¥ ¢¥à­¥¬áï ¢ «¥ªæ¨ïå ¯® ï¤¥à­®©ä¨§¨ª¥.�â®à ï ®á®¡¥­­®áâì á¯¥ªâà  á¢ï§ ­  á â ª ­ §ë¢ ¥¬ë¬ á¬¥é¥­¨-¥¬ �í¬¡ . � 1947 £. â®ç­ë¥ ¨áá«¥¤®¢ ­¨ï áâàãªâãàë á¯¥ªâà  ¢®¤®-à®¤ , ¯à®¢¥¤¥­­ë¥ �. �í¬¡®¬ ¨ �. �¨§¥àä®à¤®¬, áâà®£® ¯®ª § «¨ ­ -«¨ç¨¥ á¬¥é¥­¨¥ ãà®¢­ï 2p1=2 ®â­®á¨â¥«ì­® 2s1=2. �ªá¯¥à¨¬¥­â «ì­®¥§­ ç¥­¨¥ ¢¥«¨ç¨­ë «í¬¡®¢áª®£® á¤¢¨£  (¢ ¥¤¨­¨æ å ç áâ®âë) à ¢­®�� = �E�í¬¡=h = 1057,86(2) ��æ. �é¥ ¤® íªá¯¥à¨¬¥­â  �í¬¡  ¨�¨§¥àä®à¤  ¡ë«® ¢ëáª § ­® ¯à¥¤¯®«®¦¥­¨¥ ® áãé¥áâ¢®¢ ­¨¨ â ª®£®íää¥ªâ , ­® â®£¤  â®ç­®áâì íªá¯¥à¨¬¥­â  ¡ë«  ­¥¤®áâ â®ç­ , çâ®¡ëá¤¥« âì ®¤­®§­ ç­ë© ¢ë¢®¤.� à¥§ã«ìâ â¥ á¯¥ªâà ãà®¢­¥© ¢®¤®à®¤  á ãç¥â®¬ â®­ª®£® ¨ á¢¥àå-â®­ª®£® à áé¥¯«¥­¨© ¨ á¤¢¨£  �í¬¡  ¢ë£«ï¤¨â â ª, ª ª íâ® ¯®ª § ­®­  �¨á. 14.2.�í¬¡®¢áª¨© á¤¢¨£ ®¡êïá­ï¥âáï ¢ à ¬ª å ª¢ ­â®¢®© í«¥ªâà®¤¨­ -¬¨ª¨, ª ª à¥§ã«ìâ â ¢§ ¨¬®¤¥©áâ¢¨ï í«¥ªâà®­  á ä¨§¨ç¥áª¨¬ ¢ ªã-ã¬®¬. � ª¢ ­â®¢®© í«¥ªâà®¤¨­ ¬¨ª¥ ¢ ªãã¬ ¯à¥¤áâ ¢«ï¥â \áà¥¤ã",á®áâ®ïéãî ¨§ í«¥ªâà®¬ £­¨â­®£® ¯®«ï, ª®â®à®¥ á®¢¥àè ¥â â ª ­ §ë-¢ ¥¬ë¥ ­ã«¥¢ë¥ ª®«¥¡ ­¨ï, ¨ í«¥ªâà®­-¯®§¨âà®­­ëå ¯ à. � à¥§ã«ì-â â¥ ¢§ ¨¬®¤¥©áâ¢¨ï á í«¥ªâà®­®¬ íâ¨ ¢ ªãã¬­ë¥ áâ¥¯¥­¨ á¢®¡®¤ë¢®§¡ã¦¤ îâáï ¨ ¯à¨¢®¤ïâ ª ­ ¡«î¤ ¥¬ë¬ íää¥ªâ ¬, ¢ ç áâ­®áâ¨ ª¨áª ¦¥­¨î ªã«®­®¢áª®£® ¯®â¥­æ¨ «  ï¤à  ­  à ááâ®ï­¨ïå ¯®àï¤ª ª®¬¯â®­®¢áª®© ¤«¨­ë ¢®«­ë í«¥ªâà®­ .�¥®à¥â¨ç¥áª¨¥ ®æ¥­ª¨ ¢¥«¨ç¨­ë «í¬¡®¢áª®£® á¤¢¨£  ¢®¤®à®¤  ¨¤àã£¨å ¢®¤®à®¤®¯®¤®¡­ëå  â®¬®¢ ­ å®¤ïâáï ¢ ¡«¥áâïé¥¬ á®£« á¨¨192



1s1=22s1=23s1=2 2p1=23p1=23p3=2 3d3=23d5=22p3=2�¢¥àåâ®­ª®¥ à áé¥¯«¥­¨¥�í¬¡®¢áª¨©á¤¢¨£�¨á. 14.2: �å¥¬ â¨ç¥áª ï áâàãªâãà  á¢¥àåâ®­ª®£® à áé¥¯«¥­¨ï ãà®¢­¥© ¢®¤®à®¤  ¨«í¬¡®¢áª®£® á¤¢¨£ . �¨áã­®ª ¢ë¯®«­¥­ ¡¥§ á®¡«î¤¥­¨ï ¬ áèâ ¡ .á íªá¯¥à¨¬¥­â®¬. �â®, ¢ á¢®î ®ç¥à¥¤ì, ¯®¤â¢¥à¦¤ ¥â ¯à ¢¨«ì­®áâì®á­®¢­ëå ¯®«®¦¥­¨© ª¢ ­â®¢®© í«¥ªâà®¤¨­ ¬¨ª¨, ¢ ç áâ­®áâ¨, ¥¥¢ë¢®¢®¢ ® áâàãªâãà¥ ¢ ªãã¬ .14.3 �à ¢¨«  ®â¡®à  ¯® ¯®«­®¬ã ¬®¬¥­âã ª®«¨-ç¥áâ¢  ¤¢¨¦¥­¨ï�«ï â®£®, çâ®¡ë à §®¡à âìáï á ¯¥à¥å®¤ ¬¨ á ãç¥â®¬ â®­ª®© áâàãª-âãàë, ­¥®¡å®¤¨¬®, ¯®¬¨¬® ãáâ ­®¢«¥­­ëå ¢ëè¥ ¯à ¢¨« ®â¡®à  ¯® l¨ m, ¢ëïá­¨âì ¯à ¢¨«  ®â¡®à  ¯® ¯®«­®¬ã ¬®¬¥­âã ª®«¨ç¥áâ¢  ¤¢¨-¦¥­¨ï j. �­ «¨§ ¯®ª §ë¢ ¥â, çâ® ¯¥à¥å®¤ë à §à¥è¥­ë, ¥á«¨ j ­¥¨§¬¥­ï¥âáï ¨«¨ ¬¥­ï¥âáï ­  �1:�j = 0; �1: (14.29)�¥«® ¢ â®¬, çâ® ¯à¨ ¤¨¯®«ì­ëå ¯¥à¥å®¤ å á¯¨­ ­¥ ¬®¦¥â ¯¥à¥¢¥à-­ãâìáï. �®íâ®¬ã, á ãç¥â®¬ â®£®, çâ® �l = �1 ¯à ¢¨«® �j = �1áâ ­®¢¨âìáï ®ç¥¢¨¤­ë¬. � ¤àã£®© áâ®à®­ë ¯à ¢¨«® �j = 0 ®¡ãá«®-¢«¥­® â¥¬, çâ® ­¥á¬®âàï ­  â®, çâ® ®à¡¨â «ì­ë© ¬®¬¥­â ¬¥­ï¥âáï,193



2p3=22p1=22s1=2�¨á. 14.3: �¥à¥å®¤ë ¬¥¦¤ã p ¨ s ãà®¢­ï¬¨ á ãç¥â®¬ â®­ª®£® à áé¥¯«¥­¨ï.¢®§¬®¦­ë á¨âã æ¨¨, ª®£¤  ¢§ ¨¬­®¥ à á¯®«®¦¥­¨¥ ®à¡¨â «ì­®£® ¬®-¬¥­â  ¨ á¯¨­  ­¥ ¬¥­ï¥âáï.�­ ç «  ¯®á¬®âà¨¬, ª ª íâ® áª §ë¢ ¥âáï ­  ¯¥à¥å®¤ å ¬¥¦¤ã s ¨ pâ¥à¬ ¬¨. �  áç¥â â®­ª®£® à áé¥¯«¥­¨ï p-ãà®¢¥­ì à áé¥¯¨âáï ­  ¤¢ 2p1=2 ¨ 2p3=2,   s-ãà®¢¥­ì ­¥ à áé¥¯¨âáï (�¨á. 14.3). � ãç¥â®¬ áä®à-¬ã«¨à®¢ ­­ëå ¯à ¢¨« ®â¡®à  ¢®§­¨ª îâ ¤¢  ¯¥à¥å®¤  2p3=2 ! 2s1=2¨ 2p1=2 ! 2s1=2. �¬¥­­® íâ¨ ¯¥à¥å®¤ë ¨ ®¡¥á¯¥ç¨¢ îâ à áé¥¯«¥­¨¥¦¥«â®© D-«¨­¨¨ ­ âà¨ï.�¥¯¥àì ®¡áã¤¨¬ ¯¥à¥å®¤ë ¬¥¦¤ã d ¨ p â¥à¬ ¬¨. � íâ®¬ á«ãç ¥§  áç¥â á¯¨­-®à¡¨â «ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ®¡  â¥à¬  à áé¥¯«ïîâáï®¡à §ãï ¤¢¥ £àã¯¯ë (�¨á. 14.4). �¤­ ª® ¢á«¥¤áâ¢¨¨ ¯à ¢¨« ®â¡®à ¯¥à¥å®¤ à §à¥è¥­ â®«ìª® ¬¥¦¤ã âà¥¬ï ¨§ ­¨å(2d5=2 ! 2p3=2); (2d3=2 ! 2p3=2) ¨ (2d3=2 ! 2p1=2): (14.30)� à¥§ã«ìâ â¥ ®¡à §ãîâáï âà¨ «¨­¨¨ | ¤¢¥ ïàª¨¥ ¨ ®¤­  á« ¡ ï.�â® ¨ ¥áâì ã¯®¬¨­ ¢è¨©áï ¢ëè¥ á«®¦­ë© ¤ã¡«¥â.
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2d5=22d3=22p3=22p1=2�¨á. 14.4: �¥à¥å®¤ë ¬¥¦¤ã d ¨ p ãà®¢­ï¬¨ á ãç¥â®¬ â®­ª®£® à áé¥¯«¥­¨ï. �¥à¥å®¤2d5=2!2 p1=2 § ¯à¥é¥­ ¯à ¢¨«®¬ ®â¡®à  ¯® j.
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�« ¢  15�¥­â£¥­®¢áª¨¥ á¯¥ªâàë15.1 �¥­â£¥­®¢áª¨¥ á¯¥ªâàë ¨§«ãç¥­¨ï ¨ ¯®£«®-é¥­¨ï. � ª®­ �®§«¨.�¥­â£¥­®¢áª¨¬¨ á¯¥ªâà ¬¨ ­ §ë¢ îâ á¯¥ªâàë ¨§«ãç¥­¨ï ¨ ¯®£«®-é¥­¨ï à¥­â£¥­®¢áª¨å «ãç¥©, â.¥. í«¥ªâà®¬ £­¨â­ëå ¢®«­ á ®ç¥­ìª®à®âª®© ¤«¨­®© ¢®«­ë | ®â 10�4 ¤® 103 �A.�¥­â£¥­®¢áª¨¥ á¯¥ªâàë ¨§«ãç¥­¨ï ¢®§­¨ª îâ ¢ à¥­â£¥­®¢áª®©âàã¡ª¥ ¢ à¥§ã«ìâ â¥ ¡®¬¡ à¤¨à®¢ª¨  ­®¤  í«¥ªâà®­ ¬¨ ¨ ¯à¥¤áâ -¢«ïîâ á®¡®© ­ «®¦¥­¨¥ ¤¢ãå á¯¥ªâà®¢ | á¯¥ªâà  â®à¬®§­®£® ¨§-«ãç¥­¨ï í«¥ªâà®­  ¨ â ª ­ §ë¢ ¥¬ëå å à ªâ¥à¨áâ¨ç¥áª¨å à¥­â£¥-­®¢áª¨å á¯¥ªâà®¢.�®à¬®§­®¥ ¨§«ãç¥­¨¥ íâ® ¨§«ãç¥­¨¥ § àï¦¥­­ëå ç áâ¨æ ¯à¨ ¯à®-å®¦¤¥­¨¨ ¨å ç¥à¥§ ¢¥é¥áâ¢®. � ª ¨§¢¥áâ­® ¨§ ª« áá¨ç¥áª®© í«¥ªâà®-¤¨­ ¬¨ª¨ ¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï § àï¦¥­­®© ç áâ¨æë ¯à®¯®àæ¨- ­ «ì­  ¥¥ ãáª®à¥­¨î I � a2: (15.1)� á¢®î ®ç¥à¥¤ì á®£« á­® ¢â®à®¬ã § ª®­ë �ìîâ®­  ãáª®à¥­¨¥ a ®¯à¥-¤¥«ï¥âáï ª ª ®â­®è¥­¨¥ ªã«®­®¢áª®© á¨«ë ¢§ ¨¬®¤¥©áâ¢¨ï ¨§«ãç -îé¥© ç áâ¨æë á ï¤à®¬ ª ¬ áá¥ ç áâ¨æë m. �®£¤ I �  Zq0m !2 (15.2)¨ ¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï ¬ ªá¨¬ «ì­ , ª®£¤ m| ¬ áá  ­ ¨¡®«¥¥«¥£ª®© § àï¦¥­­®© ç áâ¨æë. � ª®¢®© ï¢«ï¥âáï í«¥ªâà®­ ¨ ¯®íâ®¬ã196



I 50 KB40 KB30 KB�, �A0246
8101214
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7�¨á. 15.1: � á¯à¥¤¥«¥­¨¥ ¨­â¥­á¨¢­®áâ¨ â®à¬®§­®£® ¨§«ãç¥­¨ï ¯® ¤«¨­ ¬ ¢®«­ ¯à¨à §«¨ç­ëå ­ ¯àï¦¥­¨ïå ­  à¥­â£¥­®¢áª®© âàã¡ª¥.¤«ï ­¥£® ¨­â¥­á¨¢­®áâì á¯¥ªâà  â®à¬®§­®£® ¨§«ãç¥­¨ï ¬ ªá¨¬ «ì­ .�¯¥ªâà â®à¬®§­®£® ¨§«ãç¥­¨ï ­¥¯à¥àë¢¥­ ¨ ®¡àë¢ ¥âáï ¯à¨ ç -áâ®â¥ ! = !max = E�h ; (15.3)£¤¥ E | í­¥à£¨ï í«¥ªâà®­ . � ª« áá¨ç¥áª®© â®çª¨ §à¥­¨ï £à ­¨æ !max ­¥ ¬®¦¥â ¡ëâì ®¡êïá­¥­ . �  �¨á. 15.1 ¨§®¡à ¦¥­® à á¯à¥¤¥-«¥­¨¥ ¨­â¥­á¨¢­®áâ¨ I â®à¬®§­®£® ¨§«ãç¥­¨ï ¯® ¤«¨­ ¬ ¢®«­ � ¯à¨à §«¨ç­ëå ­ ¯àï¦¥­¨ïå ­  à¥­â£¥­®¢áª®© âàã¡ª¥.� à ªâ¥à¨áâ¨ç¥áª¨¥ á¯¥ªâàë ¤¨áªà¥â­ë. �­¨ ¯à¥¤áâ ¢«îâ ¨§«ã-ç¥­¨¥  â®¬®¢ ¯à¨ ¢®§¡ã¦¤¥­¨¨ ¨å ­¨¦ ©è¨å ®à¡¨â.�® ¢­ãâà¥­­¨å ®¡®«®çª å í«¥ªâà®­ ¨¬¥¥â ¡®«ìèãî í­¥à£¨î. �â®á¢ï§ ­® á â¥¬, çâ® â ª®© í«¥ªâà®­ ­ å®¤¨âáï ¢ ªã«®­®¢áª®¬ ¯®«¥¯à®¯®àæ¨®­ «ì­®¬ Z ¨, â ª¨¬ ®¡à §®¬, ¥£® ®à¡¨â  ¨¬¥¥â à ¤¨ãá ¢Z à § ¬¥­ìè¥, ç¥¬ ã ¢­¥è­¥£® í«¥ªâà®­ . �à¨ ¢ë¡¨¢ ­¨¨ ¨«¨ ¯à¨¯¥à¥å®¤¥ í«¥ªâà®­  á ¢­ãâà¥­­¨å ®¡®«®ç¥ª ­  ¢­¥è­¨¥  â®¬ áâ ­®-¢¨âáï ®ç¥­ì ­¥ãáâ®©ç¨¢ë¬. �ë¡¨¢ ­¨¥ ¬®¦­® ®áãé¥áâ¢¨âì, ¢ ç áâ-­®áâ¨, ¡®¬¡ à¤¨àãï  â®¬ ¯ãçª®¬ í«¥ªâà®­®¢ á ¤®áâ â®ç­® ¢ëá®ª®©í­¥à£¨¥©. � ª ­á¨î, ®¡à §®¢ ¢èãîáï ¯®á«¥ ¢ë¡¨¢ ­¨ï í«¥ªâà®­  á¢­ãâà¥­­¥© ®¡®«®çª¨, ¯à¨­ïâ® ­ §ë¢ âì \¤ëàª®©". �«¥ªâà®­ë, ­ -197



å®¤ïé¨¥áï ­  ¡®«¥¥ ¢ëá®ª¨å ®¡®«®çª å, áâ à îâáï § ­ïâì ¤ëàªã,  ¢ëá¢®¡®¤¨¢èãîáï í­¥à£¨î ¨§«ãç¨âì ¢ ¢¨¤¥ ª¢ ­â  á¢¥â .�®®â¢¥âáâ¢ãîé¨¥ ãà®¢­¨ ¢­ãâà¥­­¨å í«¥ªâà®­®¢ ­ §ë¢ îâ à¥­â-£¥­®¢áª¨¬¨ â¥à¬ ¬¨. �«ï ¨å ª« áá¨ä¨ª æ¨¨ ãª §ë¢ îâ ­  ®¡®«®ç-ªã, ­  ª®â®à®© ®¡à §®¢ « áì ¤ëàª : K, L, M ¨ â.¤. (á¬. à §¤. 11.2.1).�®«­ë© ¬®¬¥­â ¨¬¯ã«ìá  ¢á¥å í«¥ªâà®­®¢, ª®â®àë¥ ¯®«­®áâìî § -¯®«­ïîâ ¢á¥ á®áâ®ï­¨ï á ®¤­¨¬ §­ ç¥­¨¥¬ £« ¢­®£® ª¢ ­â®¢®£® ç¨á« n, à ¢­® ­ã«î. �à¨ ®¡à §®¢ ­¨¨ ¤ëàª¨ á®®â¢¥âáâ¢ãîé ï ®¡®«®çª ¯à¨®¡à¥â ¥â ¬®¬¥­â j = l � 12. �®íâ®¬ã ¤«ï ¤ëàª¨ ¬®¦­® ¨á¯®«ì§®-¢ âì âã ¦¥ ª« áá¨ä¨ª æ¨î, çâ® ¨ ¤«ï í«¥ªâà®­­ëå á®áâ®ï­¨©: nlj.� ¯à¨¬¥à, ­¨¦ ©è¨¥ á®áâ®ï­¨ï ¡ã¤ãâ1s12 2s12 2p12 2p32 3s12 3p12 3p32 3d32 3d52K LI LII LIII MI MII MIII MIV MV (15.4)£¤¥ ¢ ¢¥àå­¥© áâà®çª¥ ¤ ­ë ®¡ëç­ë¬ á¯¥ªâà®áª®¯¨ç¥áª¨¬ ®¡®§­ ç¥-­¨ï¬,   ¢­¨§ã ãª § ­ë á®®â¢¥âáâ¢ãîé¨¥ ¨¬ á¨¬¢®«ë, ª®â®àë¥ ¨á-¯®«ì§ãîâáï ¢ á¯¥ªâà®áª®¯¨¨ à¥­â£¥­®¢áª¨å â¥à¬®¢.�¢¨¤ã ¡«¨§®áâ¨ ¢­ãâà¥­­¨å ®¡®«®ç¥ª ª ï¤àã ªã«®­®¢áª®¥ ¯®«¥¤«ï ­¨å ®ª §ë¢ ¥âáï ¯à ªâ¨ç¥áª¨ ­¥ íªà ­¨à®¢ ­ë¬. �®íâ®¬ã á¯¥ª-âàë ¨¬¥îâ ¢®¤®à®¤®¯®¤®¡­ë© å à ªâ¥à, â.¥. ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥­¨¨§ ¢¨áïâ â®«ìª® ®â £« ¢­®£® ª¢ ­â®¢®£® ç¨á« En = � Z22n2 � �h2Mea20 ; (15.5)£¤¥ Me | ¬ áá  í«¥ªâà®­ , a0 | ¡®à®¢áª¨© à ¤¨ãá. �«¥¤®¢ â¥«ì­®,¢á¥ ãà®¢­¨ á ®¤¨­ ª®¢ë¬ n £àã¯¯¨àãîâáï ¡«¨§ª® ¤àã£ ª ¤àã£ã.� §«¨ç¨¥ â¥à¬®¢ ¢­ãâà¨ ®¡®«®çª¨ ¯® ®à¡¨â «ì­®¬ã ª¢ ­â®¢®¬ãç¨á«ã l á¢ï§ ­® á ®âª«®­¥­¨¥¬ á ¬®á®£« á®¢ ­­®£® ¯®«ï Uá:á®£: ®â ªã-«®­®¢áª®£®. �á­®¢­®© ¢ª« ¤ ¢ ®âª«®­¥­¨¥ ¢­®á¨â ¢§ ¨¬®¤¥©áâ¢¨¥í«¥ªâà®­  á ¡«¨¦ ©è¨¬¨ á®á¥¤ï¬¨, çâ® á¢®¤¨âáï ª ã¬¥­ìè¥­¨î íä-ä¥ªâ¨¢­®£® § àï¤  ï¤à  Z ! Z0 = Z � �nl; (15.6)¯à¨ç¥¬ Z � �nl. �®£¤  í­¥à£¨ï á®®â¢¥âáâ¢ãîé¥£® ãà®¢­ï ¡ã¤¥â à ¢-198



KLILIILIII
MIMIIMIVMVMIIIE=0

| {z }K-á¥à¨ï | {z }L-á¥à¨ï �ë¡¨¢ ­¨¥í«¥ªâà®­ á K-ãà®¢­ï�¨á. 15.2: K, L ¨ M â¥à¬ë ¨ ¯¥à¥å®¤ë ¬¥¦¤ã ­¨¬¨.­  En = �(Z � �nl)22n2 � �h2Mea20 ; (15.7)¨ ¤«ï ç áâ®â ¨§«ãç¥­¨ï ¯à¨ ¯¥à¥å®¤ å ­  £«ã¡®ª¨å ®¡®«®çª å ¯®«ã-ç¨¬ ä®à¬ã«ã !n2n1 = (Z � �nl)2R  1n21 � 1n22! : (15.8)�âáî¤  ¤«ï ®â¤¥«ì­®© á¥à¨¨ (¯à¨ ä¨ªá¨à®¢ ­­®¬ n1) á«¥¤ã¥â «¨-­¥©­ ï § ¢¨á¨¬®áâì ª®à­ï ª¢ ¤à â­®£® ¨§ ç áâ®âë ®â Zp!n = Cn(Z � �): (15.9)�¤¥áì ®¯ãé¥­ ¨­¤¥ªá n1 ¨ n2 § ¬¥­¥­ ­  n. �âã § ¢¨á¨¬®áâì ¢¯¥à¢ë¥ãáâ ­®¢¨« �. �®§«¨ ¢ 1913 £. íªá¯¥à¨¬¥­â «ì­ë¬ ¯ãâ¥¬. �®íâ®¬ã®­  ­ á¨â ­ §¢ ­¨¥ § ª®­  �®§«¨.� ª®­ �®§«¨ ¯®§¢®«¨« ®ª®­ç â¥«ì­® ¯®¤â¢¥à¤¨âì, çâ® ¯®àï¤ª®-¢ë© ­®¬¥à í«¥¬¥­â  ®¯à¥¤¥«ï¥âáï § àï¤®¬ ï¤à ,   ­¥ ¥£® ¬ áá®©, ¨,â ª¨¬ ®¡à §®¬, áë£à « ¢ ¦­ãî à®«ì ¢ ¯à ¢¨«ì­®áâ¨ à á¯®«®¦¥­¨ïí«¥¬¥­â®¢ ¢ ¯¥à¨®¤¨ç¥áª®© á¨áâ¥¬¥ �¥­¤¥«¥¥¢ .�®£« á­® á ¯à ¢¨« ¬¨ ®â¡®à  à §à¥è¥­­ë¬¨ ï¢«ïîâáï ¤¨¯®«ì-­ë¥ ¯¥à¥å®¤ë á l0 = l� 1 ¨ ¡¥§ ¨§¬¥­¥­¨ï ®à¨¥­â æ¨¨ á¯¨­ . �âªã¤ 199



á«¥¤ã¥â, çâ® ¯¥à¥å®¤ë LI ! K ¨ MI ! LI § ¯à¥é¥­ë, â.ª. ¢ íâ¨å á®-áâ®ï­¨ïå l = l0. � ¯à¥é¥­ë â ª¦¥ ¯¥à¥å®¤ë ¨§ â¥à¬®¢ MV ¨ MIV¢ â¥à¬ë LI ¨ K ¢¢¨¤ã â®£®, çâ® ¤«ï ­¨å l0 = l � 2. �«ï ¯¥à¥å®¤ LII ! MV l0 = l�1, ®¤­ ª® ®­ ¬®¦¥â ¯à®¨§®©â¨ â®«ìª® á ¯¥à¥¢®à®â®¬á¯¨­  í«¥ªâà®­ . �®íâ®¬ã íâ®â ¤¨¯®«ì­ë© ¯¥à¥å®¤ â®¦¥ § ¯à¥é¥­.�  �¨á. 15.2 ¯®ª § ­ë ­¨¦ ©è¨¥ (K, L ¨M) â¥à¬ë ¨ à §à¥è¥­­ë¥¯¥à¥å®¤ë ¬¥¦¤ã ­¨¬¨.�¯¥ªâà ¯®£«®é¥­¨ï à¥­â£¥­®¢áª¨å «ãç¥© ¯®«ãç îâ ¯à®¯ãáª ï ­¥-¯à¥àë¢­ë© á¯¥ªâà â®à¬®§­®£® ¨§«ãç¥­¨ï ç¥à¥§ ¢¥é¥áâ¢®. � íâ®¬á«ãç ¥ ­ ¡«î¤ ¥âáï ¨§¬¥­¥­¨¥ ¨­â¥­á¨¢­®áâ¨ ¯à®å®¤ïé¨å «ãç¥© ®â¨å ç áâ®âë. �à¨ç¥¬ ­ àï¤ã á ¯« ¢­ë¬ ¨§¬¥­¥­¨¥¬ ¨­â¥­á¨¢­®áâ¨¨¬¥îâ ¬¥áâ® áª çª®®¡®à §­ë¥ § ¢¨á¨¬®áâ¨. �â® ¯à®¨áå®¤¨â, ¥á«¨ç áâ®â  ¯à®å®¤ïé¨å «ãç¥© á®®â¢¥âáâ¢ã¥â à¥§®­ ­á­®©! = !à¥§: = �Enl=�h; (15.10)£¤¥ Enl | í­¥à£¨ï á®®â¢¥âáâ¢ãîé¥£® à¥­â£¥­®¢áª®£® â¥à¬ .
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