
�¨±¼¬  ¢ ����, ²®¬ 94, ¢»¯. 9, ±. 774 { 778 c 2011 £. 10 ®¿¡°¿�²°¨¶ ²¥«¼»¥ ¨®» Ar�, Kr�, Xe� ¢ ±¢¥°µ²¥ª³·¥¬ £¥«¨¨�.�.�¾£ ¥¢+�, �. �. �°¨£®°¼¥¢+, �. �. �¥¡¥¤¥¢ �1)+�±²¨²³² ²¥®°¥²¨·¥±ª®© ´¨§¨ª¨ ¨¬.� ¤ ³ ���, 142432 �¥°®£®«®¢ª , �®±±¨¿�Max-Plank-Institut for the Physics of Complex Systems, D-01187 Dresden, Germany��±²¨²³² ´¨§¨ª¨ ²¢¥°¤®£® ²¥«  ���, 142432 �¥°®£®«®¢ª , �®±±¨¿�®±²³¯¨«  ¢ °¥¤ ª¶¨¾ 21 ±¥²¿¡°¿ 2011 £.�®±«¥ ¯¥°¥° ¡®²ª¨ 13 ®ª²¿¡°¿ 2011 £.�  ¯°¨¬¥°¥ Ar�, Kr�, Xe� ° ±¸¨°¥ ª ² «®£ ®²°¨¶ ²¥«¼»µ ¨®®¢ ¢ ±¢¥°µ²¥ª³·¥¬ £¥«¨¨. � ª¨¥®¡º¥ª²» ¥ ¬®£³² ±³¹¥±²¢®¢ ²¼ ¢ ¢ ª³³¬¥, ² ª ª ª ¯®«¿°¨§ ¶¨®®£® ¯°¨²¿¦¥¨¿ ½«¥ª²°®  ª ¨¥°²-®¬³  ²®¬³ A ¥ µ¢ ² ¥² ¤«¿ ´®°¬¨°®¢ ¨¿ ±¢¿§ ®£® ±®±²®¿¨¿ A�. �¤ ª® ¢ £¥«¨¨ ½²¨ ®¡º¥ª²»±³¹¥±²¢³¾² ª ª ±² ¡¨«¼»¥ ¨«¨ ¬¥² ±² ¡¨«¼»¥ ± ®·¥¼ ¡®«¼¸¨¬ ¢°¥¬¥¥¬ ¦¨§¨. �´´¥ª² ±¢¿§  ±«®ª «¨§ ¶¨¥© ½«¥ª²°®  ¢ ¦¨¤ª®¬ £¥«¨¨. �±«¨ ¢ £ §®¢®© ´ §¥  ¤ ¦¨¤ª¨¬ £¥«¨¥¬ ±´®°¬¨°®¢ ²¼ ±¬¥±¼¢®§¡³¦¤¥»µ  ²®¬®¢ A� ¨ ½«¥ª²°®®¢, ¢®§¬®¦  °¥ ª¶¨¿ A� + e = A��, ª®²®° ¿ ¨¤¥² ¤«¿ ¢±¥µ  ²®¬®¢A ² ¡«¨¶» �¥¤¥«¥¥¢ . � ª¨¥ § °¿¤» ¬®£³² ¡»²¼ ¢¥¤°¥» ¢ ¦¨¤ª¨© £¥«¨© ½«¥ª²°¨·¥±ª¨¬ ¯®«¥¬. �°¨½²®¬ ° ¤¨ ¶¨®»© ° ±¯ ¤ A�� = A + e, ¢®§¬®¦»© ¢ ¢ ª³³¬¥, ¬®¦¥² ¡»²¼ § ¯°¥¹¥ ¢ ¦¨¤ª®±²¨.�²® ¯°¨¢®¤¨² ª ´®°¬¨°®¢ ¨¾ ®¢»µ ³¨ª «¼»µ ®¡º¥ª²®¢ A�, ª®²®°»¥ ¬®£³² ±³¹¥±²¢®¢ ²¼ ¢ ¦¨¤ª®¬£¥«¨¨, ® ¥ ¢±²°¥· ¾²±¿ ¢ ¯°¨°®¤¥. �¯°¥¤¥«¥ ° §¬¥° ³ª § »µ § °¿¦¥»µ ®¡° §®¢ ¨©, ª®²®°»©¬®¦¥² ¬ «® ®²«¨· ²¼±¿ ®² ° ¤¨³±  ®¡»·®£® ¯³§»°¼ª®¢®£® ±®±²®¿¨¿ ½«¥ª²°®  ¢ £¥«¨¨.� 1971£. ¡»«¨ ®²ª°»²» ®¢»¥ ®¡º¥ª²» ¢ ±¢¥°µ²¥-ª³·¥¬ £¥«¨¨, ª®²®°»¥ ¯®«³·¨«¨  §¢ ¨¥ ½ª§®²¨·¥±-ª¨µ ®²°¨¶ ²¥«¼»µ ¨®®¢ [1]. � ±®¢°¥¬¥®© «¨²¥-° ²³°¥ ¨µ ¨®£¤   §»¢ ¾² § £ ¤®·»¬¨ [2, 3]. �¨µ®°®¸® ¨§³·¥»   ®¯»²¥ [4]. �®±«¥¤¿¿ ½ª±¯¥°¨-¬¥² «¼ ¿ ° ¡®²  ¢ ½²®© ®¡« ±²¨ ¤ ²¨°®¢   1987£®¤®¬ [5]. �® ²¥¬¥ \½ª§®²¨·¥±ª¨¥ ®²°¨¶ ²¥«¼»¥ ¨®-» ¢ £¥«¨¨" § ¹¨¹¥» ¤¢¥ ¤¨±±¥°² ¶¨¨ [6, 7]. �¤- ª® ³¤®¢«¥²¢®°¨²¥«¼®© ²¥®°¨¨ ½ª§®²¨·¥±ª¨µ ¨®®¢¥ ±³¹¥±²¢³¥², µ®²¿ ¯®¯»²ª¨ ¯®±²°®¨²¼ ¥¥ ¨ ¯°¥¤-¯°¨¨¬ «¨±¼ [8, 9]. �®£¨¥ ½«¥¬¥²» ² ¡«¨¶» �¥-¤¥«¥¥¢  A ¨¬¥¾² ¯®«®¦¨²¥«¼³¾ ½¥°£¨¾ ±°®¤±²¢ ª ½«¥ª²°®³, ·²® ¯°¨¢®¤¨² ª ®¡° §®¢ ¨¾ ±² ¡¨«¼®-£® ®²°¨¶ ²¥«¼®£® ¨®  A� ¢ ¢ ª³³¬¥ [10]. �¥°£¨¿±¢¿§¨ ½«¥ª²°®  ¨  ²®¬  "A ¬¥¿¥²±¿ ¢ ¸¨°®ª¨µ ¯°¥-¤¥« µ: "A = 3:62 ½� (Cl�), "A = 0.0245 eV (Ca�) [10].�±«¨ ¢ ¢ ª³³¬¥ °¥ «¨§³¥²±¿ ¨® A�, ®, ª®¥·®, ±³-¹¥±²¢³¥² ¨ ¢ ¦¨¤ª®¬ £¥«¨¨. �¥®°¨¿ ² ª¨µ ®¡º¥ª²®¢¯°¥¤«®¦¥  ¢ ° ¡®² µ [11, 12].�  ¸¥© ° ¡®²¥ [13]   ¯°¨¬¥°¥ ¨®®¢ Ca� ¨Ba�, ¨¬¥¾¹¨µ ®·¥¼ ¬ «»¥ § ·¥¨¿ ½¥°£¨¨ ±¢¿-§¨ "A, ¯®ª § ®, ·²® ±³¹¥±²¢³¥² ¥ª®²®°»© ª°¨²¨-·¥±ª¨© ° §¬¥° ¨®  Rc � 12�14�A. �°¨ "A < 0.1 ½�¬®¦® ¯®«®¦¨²¼ "A = 0 (³¨² °»© ¯°¥¤¥«). � §¬¥°² ª®£® ¨®  Ri < Rc. �ª § ®¥ § ·¥¨¥ Rc ³¦®±° ¢¨¢ ²¼ ± ° ¤¨³±®¬ ®¡»·®£® (¯³±²®£®) ½«¥ª²°®-®£® ¯³§»°¼ª  R0 ' 19�A, ª®²®°»© ¢ ¤ ®¬ ±«³· ¥1)e-mail: lebedeva@issp.ac.ru

¿¢«¿¥²±¿ \¥¤¨¨¶¥© ¨§¬¥°¥¨¿" ° ¤¨³±  ¨®  A� ¢£¥«¨¨. �®·®¥ § ·¥¨¥ Rc  ¬ ¥ ¯® ¤®¡¨²±¿. �½ª±¯¥°¨¬¥² µ [2, 7]  ¡«¾¤ «®±¼ ¯® ª° ©¥© ¬¥°¥·¥²»°¥ ª°³¯»µ ¨®  A� ¢ £¥«¨¨, ¨¬¥¾¹¨µ ° §¬¥°¡®«¼¸¨©, ·¥¬ Rc, ® ¬¥¼¸¨©, ·¥¬ R0: Ri = 16:8,15.6, 14.2, 13.6�A. � ¤¨³± ¨®®¢ Ri ¬ «® ®²«¨· ¥²±¿®² ° ¤¨³±  ½«¥ª²°®®£® ¯³§»°¼ª  R0: Ri=R0 = 0:88,0.82, 0.75, 0.72. �²® ®¡±²®¿²¥«¼±²¢® ¿¢«¿¥²±¿ ¤«¿  ±°¥¸ ¾¹¨¬ ¯°¨ ¯®±²°®¥¨¨ ²¥®°¨¨ ² ª¨µ ¨®®¢. � ¯°¨¬¥°¥ ¨®®¢ Ar�, Kr�, Xe�, ª®²®°»¥ ¥ ±³¹¥±²-¢³¾² ¢ ¢ ª³³¬¥, ¬» ° ±¸¨°¨¬ ª ² «®£ ®²°¨¶ ²¥«¼-»µ ¨®®¢ ¢ ¦¨¤ª®¬ £¥«¨¨. �«¿ ½²®£® ¥®¡µ®¤¨¬®° ±±¬®²°¥²¼ § ¤ ·³ ²°¥µ ²¥« { ½«¥ª²°® + £¥«¨© + ²®¬. �  ¯¥°¢®¬ ½² ¯¥ ¯°¨¬¥¨¬ ²¥®°¨¾ ¢®§¬³¹¥-¨©. � ³«¥¢®¬ ¯°¨¡«¨¦¥¨¨ ³·²¥¬ ¢§ ¨¬®¤¥©±²-¢¨¿ ½«¥ª²°®  ¨ ¦¨¤ª®£® £¥«¨¿ ¢ ¯°®±²¥©¸¥© ¬®¤¥«¨�¥°°¥«  [14]. �¥° ¢®¢¥± ¿ ½¥°£¨¿ ½«¥ª²°®®£®¯³§»°¼ª  E0(R) ¤ ¥²±¿ ¢»° ¦¥¨¥¬E0(R) = ~2k22m + 4��R2: (1)�¬¯³«¼± ½«¥ª²°®  k ®¯°¥¤¥«¿¥²±¿ £° ¨·»¬ ³±«®-¢¨¥¬ k = �=R,   ¥£® ®°¬¨°®¢  ¿ ¢®«®¢ ¿ ´³ª-¶¨¿ ¨¬¥¥² ¢¨¤ 2e(re) = 12�R sin2(�re=R)r2e : (2)�°¨¨¬ ¿ ¤«¿ ¯®¢¥°µ®±²®£®  ²¿¦¥¨¿ £¥«¨¿§ ·¥¨¥ � = 0.274 K/�A2 ¨ ¬¨¨¬¨§¨°³¿ E0(R) (1) ¯®774 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 9 { 10 2011



�²°¨¶ ²¥«¼»¥ ¨®» Ar�, Kr�, Xe� ¢ ±¢¥°µ²¥ª³·¥¬ £¥«¨¨ 775A L (�A) � � V0 (K) C6 � �E(K) R0(�)R0(0) E~ (K) rA �A V1 (K) VM (K)Ar �0:79 11.1 0.042 103 9.6 8.96 � 10�3 �101:6 0.969 2.28 0.89 �200 �20:1Kr �1:64 16.7 0.087 213 13 6.05 � 10�3 �206 0.936 2.26 0.62 �250 �34:5Xe �3:02 27.3 0.16 392 19 4.67 � 10�3 �368:6 0.882 2.45 0.47 �300 �55:8L { ¤«¨  ° ±±¥¿¨¿ ½«¥ª²°®     ²®¬¥ [15], � { ¯®«¿°¨§³¥¬®±²¼  ²®¬  [10], ¯ ° ¬¥²° � ®¯°¥¤¥«¥ ¢ (15), V0 { ¬ ±¸² ¡ ¯®²¥¶¨ « V +(r) (8), C6 { ¯®±²®¿ ¿ � -¤¥°-�  «¼±  He- ²®¬ [17], ¯ ° ¬¥²° � { ®¯°¥¤¥«¥ ¢ (8), �E { ½¥°£¨¿ ±¢¿§¨ ½«¥ª²°®  ¨  ²®¬ ¢ £¥«¨¨, R0(�)=R0(0) { ®²®¸¥¨¥ ° ¤¨³±  ®²°¨¶ ²¥«¼®£® ¨®  ª ° ¤¨³±³ ½«¥ª²°®®£® ¯³§»°¼ª , E~ { ½¥°£¨¿ ³«¥¢»µ ª®«¥-¡ ¨©  ²®¬  (11), rA {  ¬¯«¨²³¤  ³«¥¢»µ ª®«¥¡ ¨©  ²®¬  (12), V1 { ½¥°£¨¿ ±®«¼¢ ² ¶¨¨  ²®¬  ¢ £¥«¨¨, VM { ¬ ª±¨¬ «¼®¥§ ·¥¨¥ ¯®²¥¶¨ «  VeA(4).R,  µ®¤¨¬ ° ¢®¢¥±»¥ § ·¥¨¿ ° ¤¨³±  ¯³§»°¼ª R0 ¨ ¥£® ½¥°£¨¨ E0 = E(R0):E0 = ~2�2mR20 = 2451K; R0 = � ~2�8m��1=4 = 18:86�A:(3)�®¬¥±²¨¬ ²¥¯¥°¼  ²®¬ A ¢ ²®·ª³ r ¢³²°¨ ½«¥ª-²°®®£® ¯³§»°¼ª  (±¬. °¨±. 1) ¨ ³·²¥¬ ¤¢  ²¨¯ ¢§ ¨¬®¤¥©±²¢¨¿:  ²®¬+½«¥ª²°® (VeA) ¨  ²®¬+£¥«¨©
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�¨±. 1. �«¥ª²°®»© ¯³§»°¥ª ±® ±¢¿§ »¬ ¨¥°²»¬ ²®¬®¬ A ¢ ¦¨¤ª®¬ £¥«¨¨(VAHe), ¯® ²¥®°¨¨ ¢®§¬³¹¥¨©. �¥°¢®¥ ¢§ ¨¬®¤¥©±²-¢¨¥ ®¯°¥¤¥«¿¥²±¿ ¯±¥¢¤®¯®²¥¶¨ «®¬ �¥°¬¨:VeA(r) = 2�~2Lm  2e (r); (4)£¤¥ L { ¤«¨  ° ±±¥¿¨¿ ½«¥ª²°®     ²®¬¥. �«¿Ar, Kr, Xe ¤«¨  L ®²°¨¶ ²¥«¼  [15] (±¬. ² ¡«¨¶³).�²®°®¥ ¢§ ¨¬®¤¥©±²¢¨¥ ¨¬¥¥² ¢ -¤¥°-¢  «¼±®¢® ¯°®-¨±µ®¦¤¥¨¥ [16]:VAHe(r) = �4�3 nHeC6e2r5BR3 1(1� r2=R2)3 ; (5)£¤¥ C6 { ¯®±²®¿ ¿ ¢§ ¨¬®¤¥©±²¢¨¿  ²®¬{£¥«¨© ¢ ²®¬»µ ¥¤¨¨¶ µ [17], nHe { ¯«®²®±²¼ £¥«¨¿, rB {¡®°®¢±ª¨© ° ¤¨³±.�°¥¤±² ¢«¥¨¥ ® § ¢¨±¨¬®±²¨ ¯®«®£®  ²®¬®£®¯®²¥¶¨ «  V + ®² r:V +(r) = VeA(r) + VAHe(r); (6)¯°¨ R = R0 ¤ ¥² °¨±. 2. �¤ ª® ¡®«¥¥ ¨´®°¬ ²¨¢-  § ¢¨±¨¬®±²¼ ¯°¨¢¥¤¥®£® ¯®²¥¶¨ «  V �(x) ®²
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�¨±. 3. � ¢¨±¨¬®±²¨ ¯°¨¢¥¤¥®£®  ²®¬®£® ¯®²¥¶¨ « V �(x) ®² ¯°¨¢¥¤¥®© ª®®°¤¨ ²» x ¤«¿  ²®¬®¢ Ar, Kr¨ Xe¯°¨¢¥¤¥®© ª®®°¤¨ ²» x = r=R (°¨±. 3):V +(r) = V0V �(x);V �(x) = ��sin�x�x �2 � �(1� x2)3 : (7)�»° ¦¥¨¥ (7) ±«¥¤³¥² ¨§ (2), (4), (5). � ° ¬¥²°» V0¨ � ®¯°¥¤¥«¿¾² ¬ ±¸² ¡ V +(r) ¨ ª®ª³°¥¶¨¾ ±¨«¯°¨²¿¦¥¨¿  ²®¬  ª ½«¥ª²°®³ ¨  ²®¬  ª ¦¨¤ª®¬³£¥«¨¾: V0 = �2~2amR3 ; � = "4 � 13�2 C6�a� : (8)�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 9 { 10 2011



776 �.�.�¾£ ¥¢, �. �. �°¨£®°¼¥¢, �. �. �¥¡¥¤¥¢ �¤¥±¼ a { ¬®¤³«¼ ¤«¨» ° ±±¥¿¨¿ L: a � �L > 0,"4 { ¤¨½«¥ª²°¨·¥±ª ¿ ¯°®¨¶ ¥¬®±²¼ £¥«¨¿, "4 � 1 == 0:0572, � = 1:38 { ¯®«¿°¨§³¥¬®±²¼  ²®¬  He ¢  ²®¬-»µ ¥¤¨¨¶ µ, a� = a=rB { ¬®¤³«¼ ¤«¨» ° ±±¥¿-¨¿ ¢  ²®¬»µ ¥¤¨¨¶ µ. �°¨ ®¯°¥¤¥«¥¨¨ ¯ ° ¬¥²-°  � (8) ¨±¯®«¼§®¢   ±¢¿§¼ "4 ¨ ¯®«¿°¨§³¥¬®±²¨ �:"4 = 1+4��r3BnHe. �²® ±¤¥« ® ¤«¿ ¿¢®£® ¢»¤¥«¥¨¿¬ «®±²¨ � � ("4�1). �ª § »¥ ¯ ° ¬¥²°» ¯°¨¢¥¤¥-» ¢ ² ¡«¨¶¥. � ·¥¨¥ V0(R) ¤ ® ¤«¿ ° ¢®¢¥±®£®§ ·¥¨¿ R = R0 (3). � ¡«¨¶  ±®¤¥°¦¨² ¨ ¢¥«¨·¨-³ ¯®²¥¶¨ «  V +(r) ¢ ²®·ª¥ ¥£® ¬ ª±¨¬³¬  Vmax(°¨±. 2). �«¥¤³¥² ®²¬¥²¨²¼, ·²® ¬ «»© ¯ ° ¬¥²° � (8)¥ § ¢¨±¨² ®² ¬ ª°®±ª®¯¨·¥±ª®© ¢¥«¨·¨» R. � ¤¨-³± ½«¥ª²°®®£® ¯³§»°¼ª  R ®¯°¥¤¥«¿¥² ²®«¼ª® ¬ ±-¸² ¡»© ¬®¦¨²¥«¼ V0 (8). �§ (2), (8) ±«¥¤³¥² ª°¨-²¥°¨© ¯°¨¬¥¨¬®±²¨ ²¥®°¨¨ ¢®§¬³¹¥¨© ¤«¿ ¨®®¢Ar�, Kr�, Xe�: E0 � V0(R0) = E0�, � = a=R0 � 1.�¨¦¥ ¡³¤¥² ¯®ª § ®, ·²® ¢¥«¨·¨  � ¨ ¥±²¼ ¬ «»©¯ ° ¬¥²° ²¥®°¨¨. �§ °¨±. 3 ¢¨¤®, ·²® ¯°¨¢¥¤¥»©¯®²¥¶¨ « V �(x) ³¨¢¥°± «¥, ².¥. ® ±« ¡® § ¢¨±¨²®² ²¨¯  ¨¥°²®£®  ²®¬ . � ª®£® °®¤  ±ª¥©«¨£®¢ ¿¨¢ °¨ ²®±²¼ ¥±²¼ ±«¥¤±²¢¨¥ ³¨¢¥°± «¼®±²¨ § -ª®®¢ ¢§ ¨¬®¤¥©±²¢¨¿ ½«¥ª²°®  ±® ¢±¥¬¨ ¨¥°²»-¬¨  ²®¬ ¬¨. �  ®¯¨±   ¢  ¸¨µ ° ¡®² µ [16, 18].�¯°¥¤¥«¨¢ ¯®²¥¶¨ « V +(r) (4){(6), § ©¬¥¬±¿ ¢»-·¨±«¥¨¥¬ ½¥°£¨¨ ³«¥¢»µ ª®«¥¡ ¨©  ²®¬ . �®«®-¦¨¢ ¬ «»© ¯ ° ¬¥²° � = 0, ° §«®¦¨¬ V +(r) ¯°¨ ¬ -«»µ r ¯® ±²¥¯¥¿¬ r2 [19]:V (r) = �V0 + 12M!2r2; r � R0: (9)� ½²®¬ ¢»° ¦¥¨¨M { ¬ ±±   ²®¬  A, V0 ®¯°¥¤¥«¥®¢ (8),   · ±²®²  ! ±¢¿§   ± V0,M ¨ R0 ±®®²®¸¥¨¥¬! = �23 V0M �2R20�1=2 : (10)�¥°£¨¿ ³«¥¢»µ ª®«¥¡ ¨© E~ = 3~!=2 § ¢¨±¨² ®²¤¢³µ ª®ª³°¨°³¾¹¨µ ¯ ° ¬¥²°®¢, m=M ¨ 1=� =R0=a: E~ = V0 �32 mM R0a �1=2 : (11)�²¨ ¦¥ ¯ ° ¬¥²°» ®¯°¥¤¥«¿¾² ¯°®±²° ±²¢¥³¾ § -¢¨±¨¬®±²¼ ¢®«®¢®© ´³ª¶¨¨ ®±®¢®£® ±®±²®¿¨¿ ²®¬   A(r) [19]: 2A(r) = 1�3=2 1r3A exp�� r2r2A� ;rA = R0� �32 mM R0a �1=4 : (12)

�§ (11), (12) ±«¥¤³¥², ·²® ½¥°£¨¥© ³«¥¢»µ ª®«¥-¡ ¨© E~ ¬®¦® ¯°¥¥¡°¥·¼, ¥±«¨mM R0a � 1: (13)� ·¥¨¿ E~ ¨ rA ¤«¿ ¨¥°²»µ  ²®¬®¢ ¯°¨¢¥¤¥» ¢² ¡«¨¶¥. �¨¤®, ·²® ¨¬¥¾² ¬¥±²® ±¨«¼»¥ ¥° ¢¥-±²¢  E~ � V0 ¨ rA � R0. �®« £ ¿ m=M = 0, E~ = 0¨ rA = 0, ¨§ (1) ¨ (8) ¯®«³· ¥¬ § ¢¨±¨¬®±²¼ ½¥°£¨¨E+(R) ®²°¨¶ ²¥«¼®£® ¨®  A� ®² R ¢ ¯¥°¢®¬ ¯®°¿¤-ª¥ ²¥®°¨¨ ¢®§¬³¹¥¨© ¯® ¬ «®¬³ ¯ ° ¬¥²°³ a=R0:E+(R) = �2~22mR2 + 4��R2 � �2~2amR3 : (14)�¨¨¬¨§¨°³¿ E+ ª ª ´³ª¶¨¾ R,  µ®¤¨¬ ° ¤¨³±®²°¨¶ ²¥«¼®£® ¨®  R0(�) ¨ ¥£® ½¥°£¨¾ E0(�):R0(�)R0(0) = 1� 34�; E0(�)E0(0) = 1� �; � � a=R0(0):(15)�¥°£¨¿ \¯³±²®£®" ½«¥ª²°®®£® ¯³§»°¼ª  E0(0) ¨¥£® ° ¤¨³± R0(0) ®¯°¥¤¥«¥» ¢ (3). �« ¢»© °¥§³«¼-² ² ½²®© · ±²¨ ° ¡®²» (15) ¢¯®«¥ ®·¥¢¨¤¥. �¨¤ª¨©£¥«¨© «®ª «¨§³¥² ½«¥ª²°®,   ½«¥ª²°® «®ª «¨§³¥² ¢¶¥²°¥ ¯³§»°¼ª  (r = 0) ²¿¦¥«»©  ²®¬, ¥±«¨ ¤«¨ ° ±±¥¿¨¿ L < 0 (a = �L > 0),   ³«¥¢»¥ ª®«¥¡ -¨¿  ²®¬  ¤ ¾² ¬ «»© ¢ª« ¤ ¢ ¯®«³¾ ½¥°£¨¾ ®²-°¨¶ ²¥«¼®£® ¨®  ¯°¨ ³±«®¢¨¨ (13). �®£« ±® ®¡¹¥©²¥®°¨¨ [19] ±«³· © ®²°¨¶ ²¥«¼®© ¤«¨» ° ±±¥¿¨¿®²¢¥· ¥² ±³¹¥±²¢®¢ ¨¾ ¢¨°²³ «¼®£® ½«¥ª²°®®£®³°®¢¿ ¢ ¯®²¥¶¨ «¼®¬ ¯®«¥  ²®¬ . � ±®®²¢¥²±²¢¨¨± (15) ½²®² ¢ ª³³¬»© ¢¨°²³ «¼»© ³°®¢¥¼ ±² ®-¢¨²±¿ °¥ «¼»¬ ¢ ¦¨¤ª®¬ £¥«¨¨.�²®¡» ¯°®¤¢¨³²¼±¿ ¤ «¼¸¥, ¢¥°¥¬±¿ ª ¢»° ¦¥-¨¾ (1) ¨ ¢®±¯®«¼§³¥¬±¿  ±±¨¬¯²®²¨·¥±ª¨¬ ¢»° ¦¥-¨¥¬ ¤«¿ ¢®«®¢®© ´³ª¶¨¨ ½«¥ª²°®  ¯°¨ ¡®«¼¸¨µ§ ·¥¨¿µ r:  e(r) � sin(kr + �k); (16)£¤¥ �k { ´ §  ° ±±¥¿¨¿ ½«¥ª²°®    ²¿¦¥«®¬  ²®¬¥,«®ª «¨§®¢ ®¬ ¢ ²®·ª¥ r = 0. �  £° ¨¶¥ ± ¦¨¤ª¨¬£¥«¨¥¬ (¯°¨ r = R) ¯®±² ¢¨¬ ³±«®¢¨¥ e(R) = 0; kR+ �k = �: (17)�°¨ ¬ «»µ k ´ §  ° ±±¥¿¨¿ ®¯°¥¤¥«¿¥²±¿ ®¤¨¬ ¯ -° ¬¥²°®¬ { ¤«¨®© ° ±±¥¿¨¿ L [19]:tg�k = �kL = ka: (18)�°¨ ³±«®¢¨¨ a� R ¨§ (17) ¨ (18) ±«¥¤³¥²�k = ka�1� (ka)23 � ;�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 9 { 10 2011



�²°¨¶ ²¥«¼»¥ ¨®» Ar�, Kr�, Xe� ¢ ±¢¥°µ²¥ª³·¥¬ £¥«¨¨ 777k = �R + a �1 + �2a33(R+ a)3� : (19)�§ (1) ¨ (19) ± ²®·®±²¼¾ ¤® ¬ «»µ ¯®¯° ¢®ª a3=R3¯®«³· ¥¬ ¢»° ¦¥¨¥ ¤«¿ ½¥°£¨¨ ®²°¨¶ ²¥«¼®£® ¨®- : E(R) = �2~22m(R+ a)2 + 4��R2: (20)�§ (20), ¬¨¨¬¨§¨°³¿ E(R) ¯® R,  µ®¤¨¬ ° §«®¦¥-¨¿ E ¨ R ¯® ¯ ° ¬¥²°³ � = a=R0(0):E0(�)E0(0) = 1� ��1� 38�� ;R0(�)R0(0) = 1� 34��1� 18�� : (21)� ¯¥°¢®¬ ¯®°¿¤ª¥ ¯® � (21) ¯¥°¥µ®¤¨² ¢ ¯®«³·¥-»© ° ¥¥ °¥§³«¼² ² (15). �«¿ ¨¥°²»µ  ²®¬®¢ ¯ -° ¬¥²° � ¬ « ¨ ¯°¨¡«¨¦¥¨¿ (21) ¤®±² ²®·» ¤«¿®¯°¥¤¥«¥¨¿ R0(�) ¨ ° §¨¶» E0(�) � E0(0) ½¥°-£¨© ®²°¨¶ ²¥«¼®£® ¨®  ¨ ½«¥ª²°®®£® ¯³§»°¼ª .� ² ¡«¨¶¥ ¯°¨¢¥¤¥» § ·¥¨¿ R0(�)=R0 ¨ �E =E0(�) �E0(0).�²¥°¥±¥ ³¨² °»© ¯°¥¤¥« L = �1 (� = 1),ª®£¤  ´ §  ° ±±¥¿¨¿ ¤®±²¨£ ¥² ¬ ª±¨¬ «¼®£® § -·¥¨¿, �k = �=2. � ½²®¬ ±«³· ¥ ¨§ (18) ±«¥¤³¥²k = �=(2R),   ¨§ (1) ¯®«³· ¥¬E(R) = �2~28mR2 + 4��R2: (22)�¨¨¬³¬ ½¥°£¨¨ (22) ¤®±²¨£ ¥²±¿ ¯°¨R0(� =1) = R0(0)p2 ; E0(� =1) = 12E0(0): (23)�«¥¤®¢ ²¥«¼®, ¯°¨ ¨§¬¥¥¨¨ ¯ ° ¬¥²°  � ¢ ¨²¥°-¢ «¥ 0 < � < 1 ° ¤¨³± ®²°¨¶ ²¥«¼®£® ¨®  R0(�)¬¥¿¥²±¿ ¢ ®¡« ±²¨ R0(0) > R0(�) > R0(0)=p2,   ¥£®½¥°£¨¿ ¬¥¿¥²±¿ ¢ 2 ° § , E0(0)=2 < E0(�) < E0(0).�ª ¦¥¬   ±®£« ±®¢ ®±²¼ °¥§³«¼² ²®¢, ¯®«³·¥-»µ  ¬¨ ° ¥¥ ¤«¿ Ca� [13]: R0 = 14:1�A,   ² ª¦¥³¨² °®£® ¯°¥¤¥«  R0(� =1) = R0(0)=p2 = 13:3�A.� ¥¤ ¢¥© ° ¡®²¥ [3] ± ¯®¬®¹¼¾ ·¨±«¥»µ ¬¥²®-¤®¢ § ·¥¨¥ ° ¤¨³±  ®²°¨¶ ²¥«¼®£® ¨®  Ca� ¡»«®®¯°¥¤¥«¥® ª ª R0 = 14.7 �A. �·¨² ¥¬ ¯®«¥§»¬ ³ª -§ ²¼ ®¡« ±²¼ ¯°¨¬¥¨¬®±²¨  ±¨¬¯²®²¨·¥±ª®£® ¯°¥¤-±² ¢«¥¨¿ ¤«¿ ½«¥ª²°®®© ¢®«®¢®© ´³ª¶¨¨  e(r)(16). �®£« ±® [19] ²°¥¡³¥²±¿, ·²®¡» ª¨¥²¨·¥±ª ¿½¥°£¨¿ ½«¥ª²°®  K ¡»«  ¬®£® ¡®«¼¸¥ ¥£® ¯®²¥-¶¨ «¼®© ½¥°£¨¨   £° ¨¶¥ ± £¥«¨¥¬:K � V (R0); K ' �2~22mR20 ; V (R0) = ��r3be22R40 : (24)

�¥° ¢¥±²¢® (24) ®£° ¨·¨¢ ¥² § ·¥¨¿ �:�� ��R0rB �2 ' 104: (25)�«¿ ¨¥°²»µ  ²®¬®¢ (25) ¢»¯®«¿¥²±¿ ± ¡®«¼¸¨¬§ ¯ ±®¬ (±¬. ² ¡«¨¶³).�¥²°³¤® ·¨±«¥®  ©²¨ ®¡¥ ´³ª¶¨¨, E0(�) ¨R0(�). �«¿ ½²®£® ¤®±² ²®·®   ®±®¢¥ (1), (17), (18)®¯°¥¤¥«¨²¼ ½¥°£¨¾ ®²°¨¶ ²¥«¼®£® ¨®  ª ª ´³ª-¶¨¾ k: E(k) = ~2k22m + 4���� � �kk �2 ; (26)¨  ©²¨ ¬¨¨¬³¬ ´³ª¶¨¨ (26) ¯® k ¯°¨ § ¤ ®¬ �.� ¢¨±¨¬®±²¨ E0(�) ¨ R0(�) ¯°¨¢¥¤¥»   °¨±. 4, 5.
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l�¨±. 5. � ¢¨±¨¬®±²¼ ®² ¯ ° ¬¥²°  � ®°¬¨°®¢ ®£® ° -¤¨³±  ®²°¨¶ ²¥«¼®£® ¨®  R0(�)=R0(0)�®¯®«¨¬ (23)  ±¨¬¯²®²¨ª ¬¨ E0(�) ¨ R0(�) ¯°¨�� 1:R0(�)R0(0) = 1p2 + 12�2�; E0(�)E0(0) = 12 + p2�2�: (27)�²¨ ´®°¬³«» ¨¬¥¾² ¡�®«¼¸³¾ ®¡« ±²¼ ¯°¨¬¥¨-¬®±²¨, ·¥¬ ¤®¯³±ª ¥²±¿ ¯°¥¤¯®«®¦¥¨¿¬¨, ±¤¥« -»¬¨ ¯°¨ ¨µ ¢»¢®¤¥ [19]. �¨ ¯®§¢®«¿¾² ¢»¯®«¨²¼¯¥°¥µ®¤ ®² ¢¨°²³ «¼®£® (L < 0) ª °¥ «¼®¬³ ¢ ª³-³¬®¬³ (L > 0) ³°®¢¾, ·²® ®²¢¥· ¥² ¨§¬¥¥¨¾§ ª  ¯ ° ¬¥²°  � = �L=R0(0) ¢ (27). �°¥¡³¥²±¿²®«¼ª® ¡«¨§®±²¼ ª ³¨² °®¬³ ¯°¥¤¥«³, j�j � 1. � -·¥ £®¢®°¿, ´®°¬³«» (26), (27) ®¯¨±»¢ ¾² ¢±¾ ®¡« ±²¼³¨² °®£® °¥¦¨¬ .�«¿ ®¯°¥¤¥«¥¨¿ ¢°¥¬¥¨ ¦¨§¨ Ar�, Kr�, Xe�¢ ¦¨¤ª®¬ £¥«¨¨ ¥®¡µ®¤¨¬® ±° ¢¨²¼ ¤¢¥ ¢¥«¨·¨»:4 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 9 { 10 2011



778 �.�.�¾£ ¥¢, �. �. �°¨£®°¼¥¢, �. �. �¥¡¥¤¥¢ ½¥°£¨¾ ±¢¿§¨ ®²°¨¶ ²¥«¼®£® ¨®  �E ¨ ½¥°£¨¾±®«¼¢ ² ¶¨¨  ²®¬  ¦¨¤ª®±²¼¾ E1 (±¬. ² ¡«¨¶³).� ·¥¨¿ E1 ¬» ®¶¥¨«¨   ®±®¢¥ °¥§³«¼² ²®¢ ° -¡®²» [20]. �°¨ �E < E1 ®²°¨¶ ²¥«¼»© ¨® ±² ¡¨-«¥ (Xe�). �¤ ª® ¥±«¨ �E > E1, ¨® ° ±¯ ¤ ¥²±¿  ½«¥ª²°® ¢ ¯³§»°¼ª®¢®¬ ±®±²®¿¨¨ ¨  ²®¬, ®ª°³-¦¥»© £¥«¨¥¢®© ¸³¡®©, §  ¢°¥¬¿ � , ª®²®°®¥ ®¶¥¨-¢ ¥²±¿ ¯® ´®°¬³«¥ [21]1� � !2� e��V=T ; (28)£¤¥ ! � 1011 ±�1 { · ±²®² , ®¯°¥¤¥«¥ ¿ ¢ (10),  ¢»±®²  ¯®²¥¶¨ «¼®£® ¡ °¼¥°  �V = V0 + Vmax(±¬. °¨±. 2 ¨ ² ¡«¨¶³). �«¿ Ar �V ' 80K. �®½²®-¬³ ¯°¨ £¥«¨¥¢»µ ²¥¬¯¥° ²³° µ (T � 1 K) ±®£« ±®(28) � ®ª §»¢ ¥²±¿ ¡®«¼¸¥ ¢°¥¬¥¨ ¦¨§¨ �±¥«¥®©(�B ' 1018 ±).�ª ¦¥¬   ¯¥°±¯¥ª²¨¢®±²¼ ¨±±«¥¤®¢ ¨¿ ¨ ¤°³-£¨µ ®²°¨¶ ²¥«¼»µ ¨®®¢ ¢ £¥«¨¨, ª®²®°»¥ ¥ ¬®£³²±³¹¥±²¢®¢ ²¼ ¢ ¢ ª³³¬¥ [10]: Mg�, Mn�, Zn�, Cd�.�²¥°¥±» ¨ ª« ±²¥°» ²¨¯  Xe�n , H2O�n ¢ ª ¯«¿µ £¥-«¨¿ [22, 23].�ª±¯¥°¨¬¥² «¼ ¿ ¬¥²®¤¨ª  ®¡ °³¦¥¨¿ ¨±±«¥-¤®¢ »µ  ¬¨ ®¡º¥ª²®¢ ¯® ±³²¨ ³¦¥ ®¯¨±   ¢ [1{9].� £®°¿·¥© ¯« §¬¥  ¤ ¦¨¤ª¨¬ £¥«¨¥¬ ¯°¨±³²±²¢³-¾² ¯°¨¬¥±»¥  ²®¬» ¢ ®±®¢®¬ (A) ¨ ¢®§¡³¦¤¥-®¬ (A�) ±®±²®¿¨¿µ,   ² ª¦¥ ½«¥ª²°®» (e). �±«¨±³¹¥±²¢³¥² ¢ ª³³¬»© ¨® A�, ²® ® ¬®¦¥² ¡»²¼¢¥¤°¥ ¢ ¦¨¤ª®±²¼. � ¤¨³± ² ª®£® ®¡º¥ª²  ¢ £¥-«¨¨ R < Rc, £¤¥ Rc ®²¢¥· ¥² ³¨² °®¬³ ¯°¥¤¥«³(23). �±²¥±²¢¥®, ·²® ² ª®£® ²¨¯  ¨®» (H�, O�,O�2 , Cu�) ±«¥¤³¥² ±·¨² ²¼ ®°¬ «¼»¬¨. �±«¨ ¦¥¨® A� ¥ ±³¹¥±²¢³¥² ¢ ¢ ª³³¬¥, ²® ¢ ¥¬ ¬®¦¥²±³¹¥±²¢®¢ ²¼ ¨® A��. �®±«¥ ¢¥¤°¥¨¿ ¢ £¥«¨© ¨° ¤¨ ¶¨®®£® ¯¥°¥µ®¤  A�� ! A� ® °¥ «¨§³¥²±¿ª ª ±² ¡¨«¼»© ¨«¨ ¬¥² ±² ¡¨«¼»© ¨® ± ° ¤¨³-±®¬ R ¬¥¼¸¨¬, ·¥¬ R0 (3), ® ¡®«¼¸¨¬, ·¥¬ Rc(23). � ª¨¥ ®¡º¥ª²» ³±«®¢® ¬®¦®  §¢ ²¼ ½ª§®-²¨·¥±ª¨¬¨. �«¿ ¨µ ±³¹¥±²¢®¢ ¨¿ ²°¥¡³¥²±¿ ±« ¡®¥³±«®¢¨¥ �k > 0 (±¬. (16), (26)). � ª¨¬ ®¡° §®¬, ¯®«®-¦¨²¥«¼»© § ª ´ §» ° ±±¥¿¨¿ ½«¥ª²°®     ²®¬¥®²¢¥· ¥² ¯°¨²¿¦¥¨¾, ¯³±²¼ ¤ ¦¥ ¨ ±« ¡®¬³. �« ¢- ¿ ´®°¬³«  ° ¡®²» ¥ § ¢¨±¨² ®² ¤«¨®¢®«®¢®£®¯°¥¤±² ¢«¥¨¿ ´ §» �k (18). �§¢¥±²® [24], ·²® ¯°¨-¡«¨¦¥¨¥ (18) ¬®¦® ³«³·¸¨²¼. �¤ ª® ¬» ¥ ±² «¨½²®£® ¤¥« ²¼, ·²®¡» ¥ § ²¥¨²¼ £« ¢®£® °¥§³«¼² ² ° ¡®²».�±«¨ ¦¥ �k < 0 (±¬. (26)), ²® ¨®  A� ¥ ±³¹¥±²-¢³¥² ª ª ¢ ¢ ª³³¬¥, ² ª ¨ ¢ £¥«¨¨. �²® ¯®¤²¢¥°¦¤¥®·¨±«¥»¬ ° ±·¥²®¬ ¤«¿ Ne� [3] ¨ ®¯»²®¬ ¤«¿ H�2

[25]. � [25] ¯®ª § ®, ·²® ¨®» H� ¬®£³² ±³¹¥±²¢®-¢ ²¼ ¯®±«¥ ¤¨±±®¶¨ ¶¨¨ ¬®«¥ª³«¿°®£® ¢®¤®°®¤  H2¢ £ §®¢®© ´ §¥  ¤ ¦¨¤ª¨¬ £¥«¨¥¬, ®¤ ª® ¨® H�2 ¥°¥ «¨§³¥²±¿.� ¡®²  ¢»¯®«¥  ¯°¨ ¯®¤¤¥°¦ª¥ ����.1. G.G. Ihas and T.M. Sanders, Phys. Rev. Lett. 27, 383(1971).2. H. J. Maris, J. Phys. Soc. Jpn. 77, 111008 (2008).3. F. Ancilotto, M. Barranco, and M. Pi, Phys. Rev. B 80,174504 (2009).4. V. L. Eden and P.V. E. McClintock, Phys. Lett. A 102,197 (1984).5. C.D.H. Williams, P. C. Hendry, and P.V.E.McClintock, Jpn. J. Appl. Phys. 26(3), 105 (1987).6. G.G. Ihas, PhD Thesis, University of Michigan (1971).7. V. L. Eden, M. Phil. Thesis, University of Lancaster(1986).8. T.M. Sanders and G.G. Ihas, Phys. Rev. Lett. 59, 1722(1987).9. C.D.H. Williams, P. C. Hendry, andP.V.E. McClintock, Phys. Rev. Lett. 60, 865 (1988);T.M. Sanders and G.G. Ihas, Phys. Rev. Lett. 60, 866(1988).10. V.P. Shevelko, Atoms and Their SpectroscopicProperties, Springer, Berlin, 1997.11. �. �. �° ¯ ª, �¨±¼¬  ¢ ���� 86, 282 (2007).12. �.�. �®«»µ¨, �. �. �° ¯ ª, �.�. �¬¨¤², ����108, 1642 (1995).13. �. �. �°¨£®°¼¥¢, �.�. �¾£ ¥¢, ���� 115, 593 (1999).14. R.A. Ferrel, Phys. Rev. 108, 167 (1957).15. �.�. �¬¨°®¢, ��� 172, 1411 (2002).16. �.�. �¾£ ¥¢, �. �. �°¨£®°¼¥¢, �. �. �¥¡¥¤¥¢ , �¨±¼¬ ¢ ���� 91(6), 324 (2010).17. A. Dalgarno, Adv. Chem. Phys. 12, 143 (1967).18. �. �. �¥¡¥¤¥¢ , �.�. �¾£ ¥¢, �. �. �°¨£®°¼¥¢, ����137(4), 789 (2010).19. �. �. � ¤ ³, �.�. �¨´¸¨¶, �¢ ²®¢ ¿ ¬¥µ ¨ª , �.:�¨§¬ ²«¨², 2001.20. F. Dalfovo, R. Mayol, M. Pi, and M. Barranco, Phys.Rev. Lett. 85, 1028 (2000).21. H.A. Kramers, Physica 7, 284 (1940).22. M. Farnik and J. P. Toennies, J. of Chem. Phys 118,4176 (2003).23. G.H. Lee, S. T. Arnold, J.G. Eaton et al., Z. Phys. D:At., Mol. Clusters 20, 9 (1991).24. L. Spruch, T. F. O'Malley, and L. Rosenberg, Phys. Rev.Lett. 5, 375 (1960); T. F. O'Malley, L. Spruch, andL. Rosenberg, J. Math. Phys. 2, 491 (1961).25. T. Arai, H. Yayama, and K. Kono, Low Temp. Phys.34, 397 (2008).�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 9 { 10 2011


