
�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò2 41��� 539.12.01 ������������� ��������� � ��������� ���������������������������� �����������.�. �ãª®¢áª¨©, �. �. �¨å ©«¨­(ª ä¥¤à  ®¯â¨ª¨ ¨ á¯¥ªâà®áª®¯¨¨)E-mail: zhukovsk@phys.msu.ru�à®¢¥¤¥­® ¨áá«¥¤®¢ ­¨¥ ¨  ­ «¨§ á¯¥ªâà  ¨§«ãç¥­¨ï à¥«ïâ¨¢¨áâáª®£® í«¥ªâà®­  ¢ ¬ £­¨â-­®¬ ¯®«¥ ¤¢ãåç áâ®â­®£® ®­¤ã«ïâ®à , ®áæ¨««¨àãîé¥£® ¢ ¤¢ãå ®àâ®£®­ «ì­ëå ¯«®áª®áâïå. �¡-áã¦¤ îâáï ®á®¡¥­­®áâ¨ á¯¥ªâà  ¨§«ãç¥­¨ï ¢ ®­¤ã«ïâ®à¥ á ªà â­ë¬ æ¥«®¬ã ç¨á«ã ®â­®è¥­¨¥¬¯¥à¨®¤®¢ ®­¤ã«ïâ®à .�¢¥¤¥­¨¥�­¤ã«ïâ®à­®¥ ¨§«ãç¥­¨¥ ¢ ¬ £­¨â­ëå ¯®«ïå à §-«¨ç­ëå ª®­ä¨£ãà æ¨© è¨à®ª® ®¡áã¦¤ «®áì ¢ «¨â¥-à âãà¥ [1{7]. �ç¥­ë¥ �®áª®¢áª®£® £®áã¤ àáâ¢¥­­®£®ã­¨¢¥àá¨â¥â  ãç áâ¢®¢ «¨ ¢ à §à ¡®âª¥ â¥®à¨¨ ®­-¤ã«ïâ®à­®£® ¨§«ãç¥­¨ï [2, 6, 8] ¨ ¢ íªá¯¥à¨¬¥­â å¯® ¨áá«¥¤®¢ ­¨î á¯¥ªâà «ì­®£® ¨ ã£«®¢®£® à á¯à¥¤¥-«¥­¨ï ¥£® ¨­â¥­á¨¢­®áâ¨ [9{13]. � ¯®á«¥¤­¥¥ ¢à¥¬ï®á®¡¥­­ë© ¨­â¥à¥á ¢ë§ë¢ ¥â ¨áá«¥¤®¢ ­¨¥ ®­¤ã«ï-â®à®¢ á ­¥âà ¤¨æ¨®­­ë¬¨ ª®­ä¨£ãà æ¨ï¬¨ ¯®«¥©,ª ª, ­ ¯à¨¬¥à, ¤¢ãåç áâ®â­ë© ®­¤ã«ïâ®à, ª®â®àë©á®ç¥â ¥â ¢ëá®ªãî í­¥à£¥â¨ç¥áªãî íää¥ªâ¨¢­®áâì áã§ª¨¬ á¯¥ªâà®¬ ¨§«ãç¥­¨ï [14, 15]. � ¯®¤®¡­ëå ®­¤ã-«ïâ®à­ëå áå¥¬ å, ­ ¯®¬¨­ îé¨å ¨§¢¥áâ­ë© £¥«¨ª®-¨¤ «ì­ë© ®­¤ã«ïâ®à, í«¥ªâà®­ ¤¢¨¦¥âáï ¢¤®«ì ®á¨,¯¥à¥á¥ª ï ¬ £­¨â­®¥ ¯®«¥, ®áæ¨««¨àãîé¥¥ ¢¤®«ìâ®© ¦¥ ®á¨ á ªà â­ë¬¨ ¯à®áâà ­áâ¢¥­­ë¬¨ ¯¥à¨®¤ -¬¨. � ¯à¨¬¥à, ­¥¤ ¢­® â ª®© ®­¤ã«ïâ®à á âà¥åªà â-­ë¬ ®â­®è¥­¨¥¬ ç áâ®â ¡ë« ¨§ãç¥­ á ¯à¨¬¥­¥­¨¥¬®¡®¡é¥­­ëå äã­ªæ¨© �¥áá¥«ï.� ­ áâ®ïé¥© à ¡®â¥ à áá¬ âà¨¢ ¥âáï ®¡®¡é¥­­ ï¬®¤¥«ì ®­¤ã«ïâ®à  á ¬ £­¨â­ë¬ ¯®«¥¬, § ¤ ­­ë¬á«¥¤ãîé¨¬ ®¡à §®¬:H=�0; Hy cos�2�x�1 �; Hz sin�2�x�2 �� ; (1)ª®â®à ï ï¢«ï¥âáï ®¡®¡é¥­¨¥¬ £¥«¨ª®¨¤ «ì­®£® ®­-¤ã«ïâ®à . �¥©áâ¢¨â¥«ì­®, ¯à¨ ãá«®¢¨¨ çâ® ¯¥à¨®¤ë®­¤ã«ïâ®à  ®¤¨­ ª®¢ë �1 = �2 ¨ ¬ £­¨â­®¥ ¯®«¥¨¬¥¥â à ¢­ë¥ ª®¬¯®­¥­âë Hy = Hz , í«¥ªâà®­ ¤¢¨-¦¥âáï ¯® £¥«¨ª®¨¤ «ì­®© ®à¡¨â¥, ¨ â®£¤  ¢ ¯à¨¡«¨-¦¥­¨¨ ¡®«ìè®© ¤«¨­ë ¢á¥£® ®­¤ã«ïâ®à  ¨§«ãç¥­¨¥ï¢«ï¥âáï  ªá¨ «ì­® á¨¬¬¥âà¨ç­ë¬ ¨ ¥£® á¯¥ªâà¢¤®«ì ®á¨ ¯à¥¤áâ ¢«¥­ ¥¤¨­áâ¢¥­­®© ®á­®¢­®© £ à-¬®­¨ª®©.�àª®áâì ¤¢ãåç áâ®â­®£® ®­¤ã«ïâ®à � áá¬®âà¨¬ ­ ¨¡®«¥¥ ®¡é¨© á«ãç ©, ª®£¤ �1 6= �2 ¨ Hy 6=Hz . �«¥ªâà®­ë ¤¢¨¦ãâáï ¢ ¬ £­¨â-­®¬ ¯®«¥ ®­¤ã«ïâ®à  á N ¯¥à¨®¤ ¬¨ ¤«¨­ë �1 ¢¤®«ì®á¨ x ¨ à ¤¨ãá-¢¥ªâ®à ¨§ â®çª¨ ­ ¡«î¤¥­¨ï § ¤ ­á«¥¤ãîé¨¬ ®¡à §®¬:n= (cos �; sin � cos�; sin � sin�): (2)

�£à ­¨ç¨¬áï á«ãç ¥¬ ã«ìâà à¥«ïâ¨¢¨áâáª¨åí«¥ªâà®­®¢, ª®£¤  ¢ë¯®«­ïîâáï ãá«®¢¨ï
� 1; �?� 1; �?Hk�H?: (3)�­â¥£à¨à®¢ ­¨¥ ãà ¢­¥­¨© ¤¢¨¦¥­¨ï ¯®¤ ¤¥©áâ-¢¨¥¬ á¨«ë �®à¥­æ  ¯à¨¢®¤¨â ª á«¥¤ãîé¨¬ ¢ëà ¦¥-­¨ï¬ ¤«ï áª®à®áâ¨:�x � �0x + 14
2 �k21 cos(2!1t)� k22 cos(2!2t)� ; (4)£¤¥ ¯®áâ®ï­­ ï ª®¬¯®­¥­â  áª®à®áâ¨ �0x ¯à¥¤áâ ¢«¥-­  á«¥¤ãîé¨¬ ®¡à §®¬:�0x = 1� 12
2 �1 + k21 + k222 � (5)¨ !1 = 2��1 �0xc; !2 = 2��2 �0xc;k1 = eHymc2 �12� ; k2 = eHzmc2 �22� ; k1 6= k2; (6)  e ¨ m | á®®â¢¥âáâ¢¥­­® § àï¤ ¨ ¬ áá  í«¥ªâà®­ .�®¯¥à¥ç­ë¥ ª®¬¯®­¥­âë áª®à®áâ¨ ¯à¨ íâ®¬ § ¯¨áë-¢ îâáï â ª¨¬ ®¡à §®¬:�y(t) = k2
 cos(!2t)��k2
 �3 116��!2!1 �k1k2�2 [cos((2!1 �!2)t)� cos((2!1 + !2)t)]�� cos(!2t) + cos(3!2t)�;(7)�z(t) = k1
 sin(!1t) +�k1
 �3 116���!1!2 �k2k1�2 [sin((!1 + 2!2)t)� sin((!1 �!2)t)] ++ sin(!1t) + sin(3!1t)�:(8)�«¥ªâà®­ ¤¢¨¦¥âáï ¢ § ¤ ­­®¬ ¢ëè¥ ¬ £­¨â­®¬¯®«¥ ¯® á«¥¤ãîé¥© âà ¥ªâ®à¨¨:x(t) = c�0xt+ c8
2 �k21!1 sin(2!1t)� k22!2 sin(2!2t)� ;(9)



42 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò2y(t) = k2c
!2 sin(!2t) +O �(k2=
)3� ; (10)z(t) =� k1c
!1 cos(!1t) +O �(k1=
)3� : (11)�®«ãç¥­­ë¥ ä®à¬ã«ë ®¯¨áë¢ îâ ¤¢¨¦¥­¨¥ í«¥ª-âà®­  á â®ç­®áâìî ¤® âà¥âì¥£® ¯®àï¤ª  ¯® ¯ à ¬¥âàãk=
 . � ª ¨§¢¥áâ­®, à¥«ïâ¨¢¨áâáª ï ç áâ¨æ  ¨§«ãç ¥â¢ ã§ª¨© ª®­ãá á ã£«®¬ à áâ¢®à  ¯®àï¤ª  1=
 . �á¯®«ì-§ãï íâ®â ä ªâ,   ¨¬¥­­® çâ®k=
 � �; k=
� 1; (12)§ ¯¨è¥¬ ª®®à¤¨­ âë ¥¤¨­¨ç­®£® ¢¥ªâ®à  (2) ¢ á«¥-¤ãîé¥¬ ¢¨¤¥:n= (1� �2=2; � cos�; � sin�): (13)�à¥¤áâ ¢«ïîé¥¥ ¨­â¥à¥á ¨§«ãç¥­¨¥ ®­¤ã«ïâ®à  ¢¤ «ì­¥© §®­¥ [16] ®¯¨áë¢ ¥âáï ¨§¢¥áâ­®© ä®à¬ã«®©¤«ï ¨­â¥£à «  ¨§«ãç¥­¨ï [17]:d2Id!d
 = e24�2c ������! 1Z�1 dt[n�[n��]] exp[i!(t�nr=c)]������2 :(14)�¢®©­®¥ ¢¥ªâ®à­®¥ ¯à®¨§¢¥¤¥­¨¥ [n � [n � �]]¯à¥¤áâ ¢«ï¥â á®¡®© äã­ªæ¨î ã£«®¢ � ¨ � ¨ ¯à¨¡«¨-¦¥­­® ¢ëç¨á«ï¥âáï á â®ç­®áâìî ¤® (k=
)3 . �áæ¨««¨-àãîé ï íªá¯®­¥­â  ¢ ä®à¬ã«¥ (14) à §« £ ¥âáï ¢ àï¤¯® (k=
) . �¥§ã«ìâ â â ª®£® à §«®¦¥­¨ï á â®ç­®áâìî¤® âà¥âì¥£® ¯®àï¤ª  ã¤®¡­® ¯à¥¤áâ ¢¨âì á ¯®¬®éìî®¡®¡é¥­­ëå ¨ ¯à¨á®¥¤¨­¥­­ëå äã­ªæ¨© �¥áá¥«ïJ (m)l (u; v) , § ¢¨áïé¨å ®â ¤¢ãå (  ¢®§¬®¦­®, ¨ ¡®«¥¥) à£ã¬¥­â®¢ [18{23]. � ¤ ­­®© § ¤ ç¥ ¬ë ¨á¯®«ì§ã¥¬¯à¨á®¥¤¨­¥­­ë¥ äã­ªæ¨¨ �¥áá¥«ï J (m;p)k (x; y;u; v) ,ï¢«ïîé¨¥áï à¥è¥­¨¥¬ à áè¨à¥­­®£® ãà ¢­¥­¨ï ¤«ïäã­ªæ¨© �¥áá¥«ï [1, 24] ¨ ®¯à¥¤¥«¥­­ë¥, ­ ¯à¨¬¥à,¯®áà¥¤áâ¢®¬ á«¥¤ãîé¥© ¯à®¨§¢®¤ïé¥© äã­ªæ¨¨:1Xk=�1 tkJ (m;p)k (x; y;u; v) == exp�x2 �t� 1t�+ y2 �tm � 1tm�++ u2 �tp� 1tp�+ v2 �tmp � 1tmp�� : (15)�­â¥£à «ì­®¥ ¯à¥¤áâ ¢«¥­¨¥ ¯à¨á®¥¤¨­¥­­ëåäã­ªæ¨© �¥áá¥«ï, § ¯¨á ­­®¥ ­¨¦¥J (m;p)k (x; y;u; v) == 1� Z �0 d� cos[n�� x sin �� u sin(p�)� v sin(pm�)];(16)¯®§¢®«ï¥â ¢ëà §¨âì ¯®á«¥¤­¨¥ ¢ ¢¨¤¥ àï¤  ¯à®¨§-¢¥¤¥­¨© ®¡®¡é¥­­ëå äã­ªæ¨© �¥áá¥«ï ¤¢ãå ¯¥à¥-¬¥­­ëå:J (m;p)k (x; y;u; v) = 1Xl=1J (m)n�pl(x; y)J (m)l (u; v): (17)

�®á¯®«ì§ã¥¬áï á«¥¤ãîé¨¬ à §«®¦¥­¨¥¬ íªá¯®-­¥­âë ¢ àï¤ ¯® ¯à¨á®¥¤¨­¥­­ë¬ äã­ªæ¨ï¬ �¥áá¥«ïá ¨á¯®«ì§®¢ ­¨¥¬ ¨å ¯à®¨§¢®¤ïé¥© äã­ªæ¨¨:1Xn=�1 ein� J (m;p)n (x; y; z; �) == expfi[x sin�+ y sinm�+ z sin p�+ � sin pm�]g;(18)1Xn=�1 ein� inJ (m;p)n (x;�y;�z;��) == expfi[x cos �+ y sinm�+ z sin p�+ � sinpm�]g;(19)  â ª¦¥ á¢®©áâ¢®¬ á¨¬¬¥âà¨¨ ¯à¨á®¥¤¨­¥­­ëåäã­ªæ¨© �¥áá¥«ï, ª ª, ­ ¯à¨¬¥à:J (m;p)n (x; y; z; �) = (�1)nJ (m;p)�n (�x;�y;�z;��):(20)�ã¤¥¬ áç¨â âì, çâ® ®â­®è¥­¨¥ ç áâ®â ®­¤ã«ïâ®à ®¯à¥¤¥«ï¥âáï æ¥«ë¬ ä ªâ®à®¬ p :!2 = p!1 ILI �2 = �1=p: (21)�®£¤ , ¨á¯®«ì§ãï à §¢¨âë© ¢ëè¥ ä®à¬ «¨§¬, ®á-æ¨««¨àãîé ï ç áâì ¢ à ¤¨ æ¨®­­®¬ ¨­â¥£à «¥ [22]¬®¦¥â ¡ëâì à §«®¦¥­  ¢ àï¤ ¯® ¯à¨á®¥¤¨­¥­­ë¬äã­ªæ¨ï¬ �¥áá¥«ï ç¥âëà¥å ¯¥à¥¬¥­­ëå:exp[i!(t�nr=c)] = exp �i !t2
2 ��2
2 + 1+ k21+k222 ���� 1Xn=�1 inein!1tJ (2;p)n (�; �; Z;��): (22)� ª ¨ « §¥à­®¥, ®­¤ã«ïâ®à­®¥ ¨§«ãç¥­¨¥ ¯à¥¤-áâ ¢«ï¥â ¨­â¥à¥á ¯à¥¦¤¥ ¢á¥£® ­  ®á¨ ¯à¨¡®à , £¤¥®­® ¨¬¥¥â à¥§ª¨© ¯¨ª ¨­â¥­á¨¢­®áâ¨. �®« £ ï � = 0 ,¯®«ãç¨¬ ¢ëà ¦¥­¨¥ ¤«ï ïàª®áâ¨ ®­¤ã«ïâ®à  ­  ®á¨:d2Id!d
 ����=0 = e24�2c ����� 1Xn=�1!(i)nHn(!)j�=0Tn(!)j�=0�����2 ;(23)£¤¥ Hn(!)j�=0 = Z eT0 dt expfi�ntg; (24)�n = !2
2 �1 + k21 + k222 �� n!1;eT = �1N=�xc= 2�N=!1; (25)®¯à¥¤¥«ï¥¬®¥ ¤«ï £ à¬®­¨ª ¥¤¨­áâ¢¥­­ë¬ ç¨á«®¬ n .�¥§®­ ­á­ë¥ ç áâ®âë ®­¤ã«ïâ®à , á®®â¢¥âáâ¢ãîé¨¥¬ ªá¨¬ã¬ ¬ á¯¥ªâà «ì­®© ¨­â¥­á¨¢­®áâ¨ ¨ á®®â¢¥â-áâ¢¥­­® ­ã«ï¬ ä §ë ¢ íªá¯®­¥­â¥ (24), § ¯¨áë¢ îâ-áï ç¥à¥§ ç¨á«® £ à¬®­¨ª n á«¥¤ãîé¨¬ ®¡à §®¬:!n = n�; n= 0; 1; 2; 3; : : : ;�= 2!1
2=(1 + k2); k2 = (k21 + k22)=2; (26)



�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò2 43Hn(!n) = sin( eT�n=2)=(�n=2)/ eT = 2�N=!1: (27)�ëà ¦¥­¨¥ ¤«ï ¢¥ªâ®à  T , ¢å®¤ïé¥£® ¢ ¨­â¥£à «¨§«ãç¥­¨ï (23), ¢ ®¡é¥¬ á«ãç ¥ § ¢¨á¨â ®â ç¥âëà¥å¯¥à¥¬¥­­ëå ¨ ¨¬¥¥â á«®¦­ë© ¢¨¤. �¤­ ª® ¢ ¨­â¥à¥-áãîé¥© ­ á ®¡« áâ¨, â. ¥. ­  ®á¨ ®­¤ã«ïâ®à , x-ª®¬-¯®­¥­â  Tx ¨ ¤¢  ¨§ ç¥âëà¥å  à£ã¬¥­â®¢ äã­ªæ¨©�¥áá¥«ï ®¡à é îâáï ¢ ­ã«ì. �â® ã¯à®é ¥â ª®­¥ç­®¥¢ëà ¦¥­¨¥ ¤«ï T; § ¯¨áë¢ ¥¬®¥ ç¥à¥§ ®¡®¡é¥­­ë¥äã­ªæ¨¨ �¥áá¥«ï á«¥¤ãîé¨¬ ®¡à §®¬:Tj�=0 =8>><>>: 0�k2 �J (p)(n+p)=2(��; �) + J (p)(n�p)=2(��; �)�ik1 �J (p)(n+1)=2(��; �)� J (p)(n�1)=2(��; �)�9>>=>>; ;(28)�(!) = !8!1 �k1
 �2; �(!) = !8!2 �k2
 �2; !2 = p!1;(29)£¤¥ n | ­®¬¥à ¨§«ãç ¥¬®© £ à¬®­¨ª¨ ¨ p |£ à¬®­¨ç¥áª®¥ ç¨á«® ®­¤ã«ïâ®à . �â® ¢ëà ¦¥­¨¥¯à¨ ¯®¤áâ ­®¢ª¥ ¢ ä®à¬ã«ã (23) á®¢¬¥áâ­® á (27)®¯à¥¤¥«ï¥â ¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï ®­¤ã«ïâ®à  ­ ¥£® ®á¨ ­  à¥§®­ ­á­ëå ç áâ®â å, § ¤ ¢ ¥¬ëå ¢ëà -¦¥­¨¥¬ (26):E(!) = e2N2
2c 1(1 + (k21 + k22)=2)2�� 1Xn=�1 nsin( eT�n=2)eT�n=2 !2 �jTn;yj�=0j2 + jTn;zj�=0j2�:(30)�§«ãç¥­¨¥ à áá¬®âà¥­­®£® ¢ëè¥ ¤¢ãåç áâ®â­®£®®­¤ã«ïâ®à  ¢ ¯à¥¤¥«ì­®¬ á«ãç ¥, ª®£¤  í«¥ªâà®­¤¢¨¦¥âáï ¯® ç¨áâ® £¥«¨ª®¨¤ «ì­®© ®à¡¨â¥, ¨¬¥¥â£®à §¤® ¡®«¥¥ ¯à®áâ®© å à ªâ¥à. �¥©áâ¢¨â¥«ì­®,¢ á«ãç ¥ !2 = !1 , k2 = k1 = k , ¯à¨¬¥­ïï â¥®à¥¬ã�¥©¬ ­  ¤«ï äã­ªæ¨© �¥áá¥«ï, ¬ë ¯¥à¥å®¤¨¬ ®â®¡®¡é¥­­ëå ª ®¡ëç­ë¬ äã­ªæ¨ï¬ �¥áá¥«ï. �®«¥¥â®£®, ¢á¥ ç«¥­ë àï¤ , ®¯à¥¤¥«ïîé¥£® ¨­â¥­á¨¢­®áâì¨§«ãç¥­¨ï ¢ (30), ®¡à é îâáï ¢ ­ã«ì, §  ¨áª«îç¥­¨-¥¬ ¯¥à¢®£®, çâ® ¯à¨¢®¤¨â ª ¨§¢¥áâ­®¬ã ¢ëà ¦¥­¨î¤«ï ¨§«ãç¥­¨ï ­  ®á¨ £¥«¨ª®¨¤ «ì­®£® ®­¤ã«ïâ®à ­  à¥§®­ ­á­ëå ç áâ®â å, á®¤¥à¦ é¥£® ®¤­ã-¥¤¨­-áâ¢¥­­ãî £ à¬®­¨ªã:Ehel(!) = e2N2
2c k2(1 + k2)2 2 sin( eT�1=2)eT�1=2 !2 : (31)� § ¢¥àè¥­¨¥ à áá¬®âà¨¬ ¨§«ãç¥­¨¥ ®­¤ã«ïâ®à á ­¥áª®«ìª® ®â«¨ç­®© ª®­ä¨£ãà æ¨¥© ¯®«ï ¢ ®­¤ã«ï-â®à¥,   ¨¬¥­­®H=�0;Hy sin�2�x�1 );Hz sin(2�x�2 �� : (32)�á¯®«ì§ã¥¬ ®¯¨á ­­ãî ¢ëè¥ â¥å­¨ªã ¯à¨á®¥¤¨­¥­-­ëå äã­ªæ¨© �¥áá¥«ï. �®á¯®«ì§®¢ ¢è¨áì ¢ëè¥¨§-«®¦¥­­ë¬ ¬¥â®¤®¬, ¯®«ãç ¥¬ á«¥¤ãîé¥¥ ¢ëà ¦¥­¨¥

¤«ï ¢¥ªâ®à  T :Tj�=0=8>><>>: 0�k2 �J (p)(n+p)=2(��;��)+J (p)(n�p)=2(��;��)�k1 �J (p)(n+1)=2(��;��) + J (p)(n�1)=2(��;��)�9>>=>>;;(33)ª®â®à®¥ ¯à¨ ¯®¤áâ ­®¢ª¥ ¢ ä®à¬ã«ã (30) ®¯à¥¤¥«ï¥â¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï £ à¬®­¨ª ®­¤ã«ïâ®à®¬ ­ ¥£® ®á¨.�¥£ª® ã¡¥¤¨âìáï ¢ â®¬, çâ® ¢ëª«îç ï ¬ £­¨â­®¥¯®«¥ ¢¤®«ì ®á¨ y ¨ ®áâ ¢«ïï ¥£® ª®¬¯®­¥­âã ¯® ®á¨ z­¥¨§¬¥­­®©, ®¡  ¢ëà ¦¥­¨ï (28) ¨ (33) ¯à¨¢®¤ïâ¯®á«¥ à §«®¦¥­¨ï ®¡®¡é¥­­ëå äã­ªæ¨© �¥áá¥«ï¢ àï¤ ¯® ®¡ëç­ë¬ äã­ªæ¨ï¬ �¥áá¥«ï ª ®¤­®¬ã ¨â®¬ã ¦¥ à¥§ã«ìâ âã,   ¨¬¥­­®E(!) = e2N2
2c �k2=(1 + (k21 + k22)=2)�2 �� 1Xn=�1 nsin( eT�n=2)eT�n=2 (J(n+p)=2p(�) + J(n�p)=2p(�))!2:(34)�¡áã¦¤¥­¨¥ à¥§ã«ìâ â®¢�®«ãç¥­­ë¥ à¥§ã«ìâ âë ¯®ª §ë¢ îâ, çâ® ¨§«ã-ç¥­¨¥ ¤¢ãåç áâ®â­®£® ®­¤ã«ïâ®à  ¯®«ïà¨§®¢ ­® ¢¯«®áª®áâ¨, ¯¥à¯¥­¤¨ªã«ïà­®© ®á¨ ®­¤ã«ïâ®à . � -«¨ç¨¥ £ à¬®­¨ª ¢ á¯¥ªâà¥ ¨§«ãç¥­¨ï ¬®¦­® ¯à®á«¥-¤¨âì ¯® ¨­¤¥ªá ¬ äã­ªæ¨© �¥áá¥«ï, á®®â¢¥âáâ¢¥­­®(n�p)=2 ¤«ï Y -ª®¬¯®­¥­âë ¨ (n�1)=2 ¤«ï Z -ª®¬-¯®­¥­âë, £¤¥ n | ­®¬¥à ¨§«ãç ¥¬®© £ à¬®­¨ª¨¨ p | £ à¬®­¨ç¥áª®¥ ç¨á«® ®­¤ã«ïâ®à . � ¯à¨¬¥à,¥á«¨ £ à¬®­¨ç¥áª®¥ ç¨á«® ®­¤ã«ïâ®à  ç¥â­®¥, â®ç¥â­ë¥ £ à¬®­¨ª¨ ¨¬¥îâ â®«ìª® Y -ª®¬¯®­¥­âã,  ­¥ç¥â­ë¥ £ à¬®­¨ª¨ ¨¬¥îâ â®«ìª® Z -ª®¬¯®­¥­âã.�«ï ®­¤ã«ïâ®à  á ­¥ç¥â­ë¬ £ à¬®­¨ç¥áª¨¬ ç¨á«®¬p = 3; 5; 7; : : : ; ç¥â­ë¥ £ à¬®­¨ª¨ ¡ã¤ãâ ¯®«­®áâìî¯®¤ ¢«¥­ë, ¢ â® ¢à¥¬ï ª ª ­¥ç¥â­ë¥ £ à¬®­¨ª¨ ¡ã¤ãâ¨¬¥âì ®¡¥ ª®¬¯®­¥­âë Z ¨ Y .�¯¥ªâà ¨§«ãç¥­¨ï ¤¢ãåç áâ®â­®£® ®­¤ã«ïâ®à  á®§­ ç¥­¨ï¬¨ £ à¬®­¨ç¥áª®£® ç¨á«  p = 1; 2; 3 ¨ 4¯à¥¤áâ ¢«¥­ ­  à¨á. 1, ª®â®àë© ¨§®¡à ¦ ¥â Y - (ç¥à-­ë¥) ¨ Z- (¡¥«ë¥) ª®¬¯®­¥­âë ¨­â¥­á¨¢­®áâ¨ ¨§«ã-ç¥­¨ï ®­¤ã«ïâ®à  á® §­ ç¥­¨¥¬ ¯ à ¬¥âà®¢ ®­¤ã«ï-â®à  k2 = k1 = 1 . � ¨§¢¥áâ­®¬ á«ãç ¥ ®­¤ã«ïâ®à  á®¤¨­ ª®¢ë¬¨ ç áâ®â ¬¨ !2 = !1 ¨§«ãç¥­¨¥ ¯à®¨á-å®¤¨â ­  ®¤­®©-¥¤¨­áâ¢¥­­®© ç áâ®â¥ (à¨á. 1,  ). �¨-áã­ª¨ 1, ¡{£ ¤¥¬®­áâà¨àãîâ, ª ª ­ ¨¡®«¥¥ ¨­â¥­á¨¢-­® ¨§«ãç ¥âáï £ à¬®­¨ª  á ­®¬¥à®¬ n= p ¨ ç áâ®â®©! = p!1 , ¢ â® ¢à¥¬ï ª ª ¬« ¤è¨¥ £ à¬®­¨ª¨ á n < p®ª §ë¢ îâáï á¨«ì­® ¯®¤ ¢«¥­­ë¬¨. �¥¬ ¤ «ìè¥¤àã£ ®â ¤àã£  ®âáâ®ïâ ç áâ®âë ®­¤ã«ïâ®à  !2 ¨ !1 ,â¥¬ á¨«ì­¥¥ ¯®¤ ¢«¥­ë ¬« ¤è¨¥ £ à¬®­¨ª¨. � ª®©¦¥ íää¥ªâ ¨¬¥¥â ®á« ¡«¥­¨¥ ¯®«ï ¨, á«¥¤®¢ â¥«ì­®,ã¬¥­ìè¥­¨¥ ¯ à ¬¥âà®¢ ki ®­¤ã«ïâ®à . �¢¥«¨ç¥­¨¥£ à¬®­¨ç¥áª®£® ç¨á«  ®­¤ã«ïâ®à  p ãá¨«¨¢ ¥â ¨§«ã-ç¥­¨¥ ¢ëáè¨å £ à¬®­¨ª. � â®¬ã ¦¥ ¯à¨¢®¤¨â ã¢¥-«¨ç¥­¨¥ ¯ à ¬¥âà®¢ ki . �®­¥ç­®, íâ¨ à ááã¦¤¥­¨ï¢¥à­ë, ¯®ª  §­ ç¥­¨¥ ¯ à ¬¥âà®¢ ki ­¥ ¯à¥¢®áå®¤¨â



44 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò2

�¨á. 1. Y - (¡¥«ëe) ¨ Z- (ç¥à­ëe) ª®¬¯®­¥­âë ïàª®áâ¨ £ à¬®­¨ª ­®¬¥à  n ¢ ¤¢ãåç áâ®â­®¬ ®­¤ã«ïâ®à¥ á k1 = k2 = 1¨ £ à¬®­¨ç¥áª¨¬ ç¨á«®¬ ®­¤ã«ïâ®à  p= 1 ( ), p= 2 (¡), p= 3 (¢) ¨ p= 4 (£)
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���������	
��
������������������ !"#$%&'()*+,-./0123456789:;<=>?@A�¨á. 2. Y - (¡¥«ë¥) ¨ Z- (ç¥à­ë¥) ª®¬¯®­¥­âë ïàª®áâ¨ £ à¬®­¨ª ­®¬¥à  n ¢ ¤¢ãåç áâ®â­®¬ ®­¤ã«ïâ®à¥ á k1 = k2 = 2 :( ) !2 = 2!1 , (¡) !2 = 3!1 ; (¢) á¯¥ªâà ¨§«ãç¥­¨ï ¢ á«ãç ¥ ¢ëª«îç¥­¨ï ¬ £­¨â­®£® ¯®«ï ¢¤®«ì ®á¨ Z : k1 = 0¨ k2 = 2



46 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò2§­ ç¨â¥«ì­® ¥¤¨­¨æã ¨, á«¥¤®¢ â¥«ì­®, ª ç¥áâ¢¥­­®á®åà ­ï¥âáï â¨¯¨ç­ ï ä®à¬  á¯¥ªâà  ®­¤ã«ïâ®à .� à®áâ®¬ ¨­â¥­á¨¢­®áâ¨ ¯®«ï ¨ §­ ç¥­¨© ki > 1¨§«ãç¥­¨¥ ­  ¢ëáè¨å £ à¬®­¨ª å áâ ­®¢¨âáï ¯à¥®¡-« ¤ îé¨¬, ¨ á¯¥ªâà â ª®£® ®­¤ã«ïâ®à  áâ ­®¢¨âáï­ áâ®«ìª® è¨à®ª¨¬, çâ® ¯®¤®¡­ë© à¥¦¨¬ ¨§«ãç¥­¨ïâ¥àï¥â ¯à ªâ¨ç¥áª¨© á¬ëá«. �¨áã­ª¨ 2, , ¡ ¤¥¬®­-áâà¨àãîâ â ªãî á¨âã æ¨î, ª®£¤  ®á­®¢­ ï £ à¬®­¨-ª  ¯®¤ ¢«¥­  ¯à¨ ki = 2 . � «ì­¥©è¥¥ ã¢¥«¨ç¥­¨¥¯ à ¬¥âà®¢ ®­¤ã«ïâ®à  ki ã¢¥«¨ç¨¢ ¥â ïàª®áâì ®­-¤ã«ïâ®à  ¨áª«îç¨â¥«ì­® §  áç¥â ¢ëáè¨å £ à¬®­¨ª.� á«ãç ¥ ª®£¤  £ à¬®­¨ç¥áª®¥ ç¨á«® ®­¤ã«ïâ®à p > 2 ¨ k2 � k1 , á¯¥ªâà ¯à¨®¡à¥â ¥â á«®¦­ãî ä®à¬ãá å à ªâ¥à­®© ¯®á«¥¤®¢ â¥«ì­®áâìî ¬ ªá¨¬ã¬®¢ ¨¬¨­¨¬ã¬®¢ (à¨á. 1, ¢, £ ¨ 2, ¡). �ëª«îç¥­¨¥ ¬ £­¨â-­®£® ¯®«ï ¯® ®¤­®© ¨§ ®á¥© (à¨á. 2, ¢) ¢®§¢à é ¥â

á¯¥ªâàã ¨§¢¥áâ­ãî ãè¨à¥­­ãî ä®à¬ã ¢ á¢¥àåá¨«ì-­®¬ ¯®«¥.�à¥¤áâ ¢«¥­¨¥ ® ¢ª« ¤¥ à §«¨ç­ëå ¯®«ïà¨§ æ¨©¢ ¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï ¤¢ãåç áâ®â­®£® ®­¤ã«ï-â®à  ¤ ¥â à¨á. 3. � ¯à¨¬¥à, ¢ª« ¤ë Z - ¨ Y -ª®¬¯®-­¥­â ¨§«ãç¥­¨ï ®á­®¢­®© £ à¬®­¨ª¨ á n= p= 3 ª ªäã­ªæ¨¨ ®­¤ã«ïâ®à­ëå ¯ à ¬¥âà®¢ ki ¢ ®­¤ã«ïâ®à¥á ®â­®è¥­¨¥¬ ç áâ®â p= 3 ¯à¨¢¥¤¥­ë ­  à¨á. 3,  , ¡.�®áâ ¨­â¥­á¨¢­®áâ¨ ¯®«ï (ki < 1) á¯®á®¡áâ¢ã¥â ãá¨-«¥­¨î ¨§«ãç¥­¨ï ®á­®¢­®© £ à¬®­¨ª¨.� á«ãç ¥ ª®£¤  ç áâ®âë ®­¤ã«ïâ®à  à ¢­ë, ­®¯ à ¬¥âàë ®­¤ã«ïâ®à  ki à §«¨ç­ë, ¨§«ãç¥­¨¥ ¯à®-¨áå®¤¨â ­¥ â®«ìª® ­  ®á­®¢­®©, ­® ¨ ­  ¢ëáè¨å­¥ç¥â­ëå £ à¬®­¨ª å. � ¯à¨¬¥à, ¨§«ãç¥­¨ï ¯ïâ®©£ à¬®­¨ª¨ ¢ ®­¤ã«ïâ®à¥ á ®â­®è¥­¨¥¬ ç áâ®â p = 3¯à®¤¥¬®­áâà¨à®¢ ­® ­  à¨á. 3, ¢, £. �à¨ k1 > k2 ¨­-
�����������������������	
����������������������	
����������������¨á. 3. Y - ¨ Z-ª®¬¯®­¥­âë ¨§«ãç¥­¨ï ¤«ï ¯®«¥¢ëå ¯ à ¬¥âà®¢ ki : (a) ¨ (¡) | ¤«ï £ à¬®­¨ª ­®¬¥à  n = 3¢ ¤¢ãåç áâ®â­®¬ ®­¤ã«ïâ®à¥ á £ à¬®­¨ç¥áª¨¬ ­®¬¥à®¬ p= 3 ; (¢) ¨ (£) | ¤«ï £ à¬®­¨ª ­®¬¥à  n = 5 ¢ ®­¤ã«ïâ®à¥á à ¢­ë¬¨ ç áâ®â ¬¨ á £ à¬®­¨ç¥áª¨¬ ­®¬¥à®¬ p = 1 ; (¤) ¨ (¥) | ¤«ï £ à¬®­¨ª ­®¬¥à  n = 7 ¢ ¤¢ãåç áâ®â­®¬®­¤ã«ïâ®à¥ á £ à¬®­¨ç¥áª¨¬ ­®¬¥à®¬ p= 3
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