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�  μ¸´μ¢¥ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¨¸¸²¥¤μ¢ ´Ò ¸¢μ°¸É¢  É·¥Ì Éμ³´μ° ¸¨¸É¥³Ò £¥²¨Ö.
� ¸¸Î¨É ´Ò ¸¶¥±É·Ò ¨ · ¤¨Ê¸Ò ¢¸¥Ì ¢μ§³μ¦´ÒÌ μ¤´μ·μ¤´ÒÌ ¨ ´¥μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢
¨´¥·É´ÒÌ £ §μ¢. �μ± § ´μ, ÎÉμ ¢μ ¢¸¥Ì ¤¨³¥· Ì ¨³¥ÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö ¸ Ô´¥·£¨¥°, ¡²¨§±μ°
± ¶μ·μ£Ê · §¢ ² .

Properties of helium triatomic system are studied using Faddeev approach. Spectra
and radii of all possible homogeneous and heterogeneous rare gas dimers are calculated.
It is shown that all rare gas dimers have excited states with the energy close to breakup
threshold.

PACS: 51.90.tr
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Š² ¸É¥·Ò ¨´¥·É´ÒÌ £ §μ¢ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¡μ²ÓÏμ° ±² ¸¸ ³μ²¥±Ê²,
¢§ ¨³μ¤¥°¸É¢¨¥ ±μÉμ·ÒÌ μ¶¨¸Ò¢ ¥É¸Ö ¶μÉ¥´Í¨ ² ³¨ ¢ ´-¤¥·-¢  ²Ó¸μ¢μ£μ É¨¶ .
ˆ¸¸²¥¤μ¢ ´¨¥ É ±¨Ì ±² ¸É¥·μ¢ ¢¸¥£¤  ¶·¨¢²¥± ²μ ¶μ¢ÒÏ¥´´μ¥ ¢´¨³ ´¨¥ Ë¨-
§¨±μ¢-É¥μ·¥É¨±μ¢ ¨ Ô±¸¶¥·¨³¥´É Éμ·μ¢ ¢ É¥Î¥´¨¥ ³´μ£¨Ì ²¥É ¨ ¶·μ¤μ²¦ ¥É
μ¸É ¢ ÉÓ¸Ö  ±ÉÊ ²Ó´Ò³ ¨ ¢ ´ Ï¨ ¤´¨, ¢ μ¸μ¡¥´´μ¸É¨ ¨§-§  ¨Ì ¨´É¥·¥¸´ÒÌ
¸¢μ°¸É¢, ´ ¶·¨³¥·, ÔËË¥±É  …Ë¨³μ¢  [1]. Š¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨° ÔËË¥±É
…Ë¨³μ¢  ¡Ò² ¢¶¥·¢Ò¥ ¶·¥¤¸± § ´ ¢ 1970 £. ·μ¸¸¨°¸±¨³ Ë¨§¨±μ³-É¥μ·¥É¨±μ³
‚¨É ²¨¥³ …Ë¨³μ¢Ò³. �ÉμÉ ÔËË¥±É ¶·¥±· ¸´μ ¤¥³μ´¸É·¨·Ê¥É · §´μμ¡· §¨¥
¢μ§³μ¦´μ¸É¥° ¶·¨ ¶¥·¥Ìμ¤¥ μÉ § ¤ Î¨ ¤¢ÊÌ É¥² ± É·¥ÌÎ ¸É¨Î´μ° § ¤ Î¥. •μ-
·μÏμ ¨§¢¥¸É´μ, ÎÉμ ²Õ¡ Ö ¸¨¸É¥³  ¤¢ÊÌ Î ¸É¨Í ¸ ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ Ê¡Ò¢ Õ-
Ð¨³ ¨ ´¥ ¸²¨Ï±μ³ ¸¨´£Ê²Ö·´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨³¥¥É ±μ´¥Î´μ¥ Î¨¸²μ ¸¢Ö-
§ ´´ÒÌ ¸μ¸ÉμÖ´¨°. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¶·¨ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ
·¥ ²¨§Ê¥É¸Ö ¶·μÉ¨¢μ¶μ²μ¦´ Ö ¸¨ÉÊ Í¨Ö: Î¨¸²μ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ³μ¦¥É
¡ÒÉÓ ¡¥¸±μ´¥Î´Ò³. ’ ± Ö ¸¶¥±É· ²Ó´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éμ ¢ ¸²ÊÎ ¥, ±μ£¤ 
´¨ μ¤´  ¨§ ¶ ·´ÒÌ ¶μ¤¸¨¸É¥³ ´¥ ¨³¥¥É ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°, ´μ ÌμÉÖ ¡Ò ¤¢¥
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¨§ ´¨Ì μ¡² ¤ ÕÉ ¡¥¸±μ´¥Î´Ò³¨ ¤²¨´ ³¨ · ¸¸¥Ö´¨Ö [2, 3]. � §Ê³¥¥É¸Ö, ±μ´-
±·¥É´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ¸¨¸É¥³Ò μ¡² ¤ ÕÉ ±μ´¥Î´Ò³¨ ¤²¨´ ³¨ · ¸¸¥Ö´¨Ö, ¨
¶μÔÉμ³Ê ³μ¦´μ £μ¢μ·¨ÉÓ μ ¸¨¸É¥³ Ì ¥Ë¨³μ¢¸±μ£μ É¨¶ , ¢ ±μÉμ·ÒÌ ÔÉμÉ ÔË-
Ë¥±É ¶·μÖ¢²Ö¥É¸Ö ²¨ÏÓ Î ¸É¨Î´μ. �¤´μ° ¨§ É ±¨Ì ¸¨¸É¥³, ´¥¸μ³´¥´´μ, Ö¢²Ö-
¥É¸Ö É·¨³¥· £¥²¨Ö 4�¥3, ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ±μÉμ·μ£μ ¨³¥¥É ¥Ë¨³μ¢¸±ÊÕ
¶·¨·μ¤Ê [2Ä13].

„²Ö ¨§ÊÎ¥´¨Ö ¶·μÖ¢²¥´¨Ö ÔËË¥±É  …Ë¨³μ¢  ¢ É·¥Ì Éμ³´ÒÌ ±² ¸É¥· Ì ´¥-
μ¡Ìμ¤¨³Ò Ìμ·μÏ¨¥ §´ ´¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤¨³¥·μ¢. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥
³Ò ¢ÒÎ¨¸²Ö¥³ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¨ ¸¶¥±É·Ò ¤¢ÊÌ Éμ³´ÒÌ ³μ²¥±Ê² ¨´¥·É-
´ÒÌ £ §μ¢ �¥2, Ne2, Ar2, Kr2 ¨ Xe2 ¸ · §²¨Î´Ò³¨ ³¥¦ Éμ³´Ò³¨ ¶μÉ¥´Í¨ -
² ³¨. ‘·¥¤¨ · ´´¨Ì ¶μÉ¥´Í¨ ²μ¢, μ¶¨¸Ò¢ ÕÐ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ÔÉ¨³¨
 Éμ³ ³¨, ´ ¨¡μ²¥¥ Ê¤ Î´Ò³ ¸Î¨É ¥É¸Ö Ô³¶¨·¨Î¥¸±¨° ¶μÉ¥´Í¨ ² ‹¥´´ ·¤-
„¦μ´¸  (LJ) [14]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´ ¨¡μ²¥¥  ¤¥±¢ É´Ò³¨ ¶μÉ¥´Í¨ ²Ó´Ò³¨
³μ¤¥²Ö³¨ ¸Î¨É ÕÉ¸Ö Î¨¸Éμ É¥μ·¥É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² Š.�. ’ ´£  ¨ Ÿ.�. ’μ¥´-
´¨¸  (TT) [15],   É ±¦¥ ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò LM2M2 [16],
HFD-B2 [17, 18], HFD-B [19], ¶μ¸É·μ¥´´Ò¥ �.�.�§¨§μ³ ¸ ¸μÉ·Ê¤´¨± ³¨. �É¨
¶μÉ¥´Í¨ ²Ò ¡μ²¥¥ £²Ê¡μ±¨¥ ¶μ ¸· ¢´¥´¨Õ ¸ LJ ¨ ¶μ¤¤¥·¦¨¢ ÕÉ ¸² ¡μ¸¢Ö§ ´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö, ±μÉμ·Ò¥ μ¸μ¡¥´´μ ¨´É¥·¥¸´Ò ¸ ÉμÎ±¨ §·¥´¨Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö
¥Ë¨³μ¢¸±¨Ì ·¥§μ´ ´¸μ¢ [3, 20].

1. „‚“•—�‘’ˆ—�›… Š‹�‘’…�›

‚μ¶·μ¸ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢
³´μ£¨¥ £μ¤Ò μ¸É ¢ ²¸Ö μÉ±·ÒÉÒ³. ’ ±, ¤¨³¥· £¥²¨Ö ¡Ò² ¢¶¥·¢Ò¥ μÉ±·ÒÉ ¢
´¥§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì [21] ¨ [22],   ¶¥·¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö μÍ¥´± 
¥£μ Ô´¥·£¨¨ ¸¢Ö§¨ ¡Ò²  ¶μ²ÊÎ¥´  ²¨ÏÓ ¢ 1996 £. [23]. ‘μ£² ¸´μ ¡μ²¥¥ ¶μ§¤-
´¥³Ê Ô±¸¶¥·¨³¥´ÉÊ [24] ¸·¥¤´¥¥ §´ Î¥´¨¥ ¤²¨´Ò ¸¢Ö§¨ ¤¨³¥·  £¥²¨Ö ¸μ¸É -
¢¨²μ 〈r〉 = (52 ± 4) 	A,   ÔÉμ Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ¤¨³¥· £¥²¨Ö Ö¢²Ö¥É¸Ö
¸ ³μ° ¶·μÉÖ¦¥´´μ° ¸·¥¤¨ ¨§¢¥¸É´ÒÌ ¤¢ÊÌ Éμ³´ÒÌ ³μ²¥±Ê². ‚ ÔÉμ° ¦¥ · -
¡μÉ¥ ¡Ò²  ¤ ´  μÍ¥´±  Ô´¥·£¨¨ ¸¢Ö§¨ ¤¨³¥·  1,1+0,3

−0,2 ³K ¨ ¤²¨´  · ¸¸¥Ö´¨Ö

104+8
−18

	A. �É³¥É¨³, ÎÉμ É ± Ö ¸² ¡ Ö ¸¢Ö§Ó ¶μ§¢μ²Ö¥É ¤¢Ê³  Éμ³ ³ £¥²¨Ö
´ Ìμ¤¨ÉÓ¸Ö ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ Éμ²Ó±μ ¸ ´Ê²¥¢Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³. ‚μ§-
¡Ê¦¤¥´´Ò¥ ¦¥ Ê·μ¢´¨ (¢· Ð É¥²Ó´Ò¥ ¨²¨ ±μ²¥¡ É¥²Ó´Ò¥) Ê ÔÉμ° ³μ²¥±Ê²Ò
μÉ¸ÊÉ¸É¢ÊÕÉ. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [24], ¶·μ¢¥¤¥´´Ò° ´¥¤ ¢´μ
¢ · ¡μÉ¥ [25], ¤ ¥É ´¥¸±μ²Ó±μ ¤·Ê£ÊÕ μÍ¥´±Ê Ô´¥·£¨¨ ¸¢Ö§¨ 1,3+0,25

−0,19 ³K. �·μ-
Ö¸´¥´¨¥ ÔÉμ° ¸¨ÉÊ Í¨¨, ¡¥§Ê¸²μ¢´μ, É·¥¡Ê¥É ¤ ²Ó´¥°Ï¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ÔÉμ° ¸¨¸É¥³Ò. �¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§³¥·¥´¨Ö ¸¶¥±-
É·  ¤¨³¥·  ´¥μ´  ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¢ [26]. ‚¸¥£μ ¤¨¸±·¥É´Ò° ¸¶¥±É· ¤¨-
³¥·  ´¥μ´  ¢ s-¸μ¸ÉμÖ´¨¨ ¸μ¤¥·¦¨É É·¨ Ê·μ¢´Ö, ¤¢  ¨§ ±μÉμ·ÒÌ Ô±¸¶¥·¨³¥´-
É ²Ó´μ ¨§³¥·¥´Ò ¢ · ¡μÉ¥ [27] ¨ ¨³¥ÕÉ §´ Î¥´¨Ö Ô´¥·£¨¨ (24,22 ± 0,02) Š
¨ (4,405±0,02) Š ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö Ô´¥·£¨¨ ¢Éμ·μ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸Éμ-
Ö´¨Ö ¶μ²ÊÎ¥´  Éμ²Ó±μ μÍ¥´±  ¸¢¥·ÌÊ Å ³¥´ÓÏ¥ 0,14 Š [27].
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’ ¡²¨Í  1. ‘¶¥±É·Ò En μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢ £¥²¨Ö, ´¥μ´  ¨  ·£μ´ ,
¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ² ³¨ ’T [15], LM2M2 [16], HFD-B2 [17, 18], HFD-B [19]

“·μ¢¥´Ó
He2, ³K Ne2, K Ar2, K

TT LM2M2 TT HFD-B2 TT HFD-B

E0 1,3240 1,3036 24,1316 24,4421 121,5004 121,9369
E1 4,2777 4,5279 83,7284 84,9491
E2 0,0222 0,0327 54,0021 55,3693
E3 31,8334 32,9571
E4 16,5115 17,2461
E5 7,0383 7,4253
E6 2,1227 2,2811
E7 0,2823 0,3213

’ ¡²¨Í  2. ‘¶¥±É·Ò En (Š) μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢ ±·¨¶Éμ´  ¨ ±¸¥-
´μ´ , ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ² ³¨ ’’ [15] ¨ HFD-B2 [18]

“·μ¢¥´Ó
Kr2 Xe2

TT HFD-B2 TT HFD-B2

E0 184,7897 184,7685 267,1759 268,0782
E1 153,1110 153,9699 238,6889 239,8699
E2 124,8287 126,2006 212,0169 213,3263
E3 99,8756 101,4508 187,1428 188,4631
E4 78,1658 79,7117 164,0472 165,3147
E5 59,5926 60,9850 142,7075 143,8921
E6 44,0234 45,2075 123,0977 124,1661
E7 31,2940 32,2453 105,1879 106,1196
E8 21,2031 21,9275 88,9437 89,7246
E9 13,5088 14,0318 74,3252 74,9522
E10 7,9285 8,2844 61,2863 61,7655
E11 4,1441 4,3684 49,7742 50,1195
E12 1,8129 1,9386 39,7280 39,9593
E13 0,5801 0,6377 31,0784 31,2192
E14 0,0912 0,1080 23,7471 23,8215
E15 1,39E-04 5,63E-04 17,6446 17,6762
E16 12,6781 12,6822
E17 8,7381 8,7290
E18 5,7122 5,6992
E19 3,4831 3,4706
E20 1,9286 1,9189
E21 0,9256 0,9192
E22 0,3511 0,3476
E23 0,0837 0,0823
E24 4,80E-03 4,58E-03
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„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ±² ¸É¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢ ¡Ò²  · ¸¸³μÉ·¥´  ±¢ ´Éμ¢μ-
³¥Ì ´¨Î¥¸± Ö § ¤ Î  ¤¢ÊÌ Î ¸É¨Í, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶·¨ ¶μ³μÐ¨ Í¥´É· ²Ó-
´μ£μ ¶μÉ¥´Í¨ ²  ¢ ´-¤¥·-¢  ²Ó¸μ¢μ£μ É¨¶ . ‚ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö · ¤¨ ²Ó´μ£μ
Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸¶¥±É·Ò ¤²Ö ¤¢ÊÌ Éμ³´ÒÌ ¸¨¸É¥³
¨´¥·É´ÒÌ £ §μ¢ ¨ ¨Ì · ¤¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨.


Ò² ¢Ò¶μ²´¥´ · ¸Î¥É, ¢ ±μÉμ·μ³ ¢ ± Î¥¸É¢¥ ³¥¦ Éμ³´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸μ¢·¥³¥´´Ò¥ ¶μÉ¥´Í¨ ²Ó´Ò¥ ³μ¤¥²¨ ’’ [15], LM2M2 [16],
HFD-B2 [17, 18] ¨ HFD-B [19]. ‚ÒÎ¨¸²¥´´Ò¥ ¸¶¥±É·Ò ¸ ÔÉ¨³¨ ¶μÉ¥´Í¨ -
² ³¨ ¤²Ö ¢¸¥Ì μ¤´μ·μ¤´ÒÌ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ �¥2, Ne2, Ar2, Kr2 ¨ Xe2

¶·¨¢¥¤¥´Ò ¢ É ¡². 1 ¨ 2. Š ± ¨ μ¦¨¤ ²μ¸Ó, ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸Ò  Éμ³μ¢ ¢μ§-
· ¸É ¥É Î¨¸²μ Ê·μ¢´¥° ¢ ¸¶¥±É· Ì ÔÉ¨Ì ¸¨¸É¥³. ‚ Éμ ¢·¥³Ö ± ± ¤¨³¥· £¥²¨Ö
¨³¥¥É μ¤´μ ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥, ¸¶¥±É· ¤¨³¥·  ´¥μ´  ¸μ¤¥·¦¨É É·¨ Ê·μ¢´Ö,
  ¤¨³¥· ±¸¥´μ´  Å 24 Ê·μ¢´Ö.

„²Ö ¢¸¥Ì ´¥μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢ · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¢
¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ ’’ [15]. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° Ô´¥·£¨¨ ¸¢Ö§¨ μ¸´μ¢-
´ÒÌ ¨ ´ ¨¡μ²¥¥ ¸² ¡μ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° E (Š), ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · -
¤¨Ê¸ 

√
〈r2〉 (	A) ¨ ¸·¥¤´¥£μ · ¤¨Ê¸  〈r〉 (	A) ¶·¨¢¥¤¥´Ò ¢ É ¡². 3 ¨ 4. Š ± ¨

¤²Ö μ¤´μ·μ¤´ÒÌ ¸¨¸É¥³, Ô´¥·£¨Ö ¸¢Ö§¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¸
Ê¢¥²¨Î¥´¨¥³ ³ ¸¸Ò  Éμ³μ¢, Ëμ·³¨·ÊÕÐ¨Ì ¤¨³¥·. �· ±É¨Î¥¸±¨ ¢μ ¢¸¥Ì ¸¨-

’ ¡²¨Í  3. �´¥·£¨Ö ¸¢Ö§¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö E0 (Š), ¸·¥¤´¨° · ¤¨Ê¸ 〈r〉 (�A) ¨
¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸

√
〈r2〉 (�A) ¤²Ö ¢¸¥Ì ´¥μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢ ¨´¥·É´ÒÌ

£ §μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ²μ³ ’’ [15]

�Éμ³ � · ³¥É· He Ne Ar Kr Xe

E0, Š 1,3240 ³Š 3,442 9,886 11,540 11,978
He 〈r〉, 	A 51,784 4,041 4,093 4,236 4,505

√
〈r2〉, 	A 70,618 4,138 4,137 4,274 4,541

E0, Š 24,132 47,963 53,845 55,565

Ne 〈r〉, 	A 3,331 3,627 3,777 4,015
√

〈r2〉, 	A 3,346 3,636 3,784 4,022

E0, Š 121,500 147,334 168,742
Ar 〈r〉, 	A 3,836 3,954 4,145

√
〈r2〉, 	A 3,840 3,957 4,148

E0, Š 184,790 217,189

Kr 〈r〉, 	A 4,055 2,235
√

〈r2〉, 	A 4,057 4,237

E0, Š 267,176
Xe 〈r〉, 	A 4,398

√
〈r2〉, 	A 4,399
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¸É¥³ Ì, ±·μ³¥ Ar2, ¨³¥¥É¸Ö ¸² ¡μ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ Ô´¥·£¨¥°, ¡²¨§±μ° ±
´Ê²Õ, ¶μÔÉμ³Ê ³μ¦´μ μ¦¨¤ ÉÓ ¢ É·¥ÌÎ ¸É¨Î´ÒÌ ±² ¸É¥· Ì ´ ²¨Î¨Ö ¥Ë¨³μ¢-
¸±¨Ì ·¥§μ´ ´¸μ¢ ¢¡²¨§¨ ÔÉ¨Ì ¶μ·μ£μ¢.

’ ¡²¨Í  4. �´¥·£¨Ö ¸¢Ö§¨ ´ ¨¡μ²¥¥ ¸² ¡μ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö E0 (Š), ¸·¥¤´¨°
· ¤¨Ê¸ 〈r〉 (�A) ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸

√
〈r2〉 (�A) ¤²Ö ¢¸¥Ì ´¥μ¤´μ·μ¤´ÒÌ

¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ²μ³ ’’ [15]

�Éμ³ � · ³¥É· He Ne Ar Kr Xe

E0, Š 1,3240 ³Š 3,442 9,886 0,034 0,141

He 〈r〉, 	A 51,784 4,041 4,093 13,355 9,801
√

〈r2〉, 	A 70,618 4,138 4,137 15,095 10,462

E0, Š 0,022 0,689 0,263 1,019
Ne 〈r〉, 	A 11,825 6,858 8,551 7,222

√
〈r2〉, 	A 13,040 6,995 8,712 7,338

E0, Š 0,282 0,031 0,026

Ar 〈r〉, 	A 9,601 14,878 16,274
√

〈r2〉, 	A 9,790 15,331 16,739

E0, Š 1,39E-04 0,030
Kr 〈r〉, 	A 53,339 16,693

√
〈r2〉, 	A 62,446 17,055

E0, Š 4,80E-03

Xe 〈r〉, 	A 31,111
√

〈r2〉, 	A 32,087

2,0

1,5

1,0

0,5

0
2 3 4 5 6

�

Ne ( )2 0n �

Ar ( )2 0n �

Kr ( )2 0n �

Xe ( )2 0n �

r, A
�

�¨¸. 1. � ¤¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ϕ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¨³¥·μ¢ Ne2Ä•¥2 ¤²Ö
¶μÉ¥´Í¨ ²  ’’ [15]
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�
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б

�¨¸. 2. � ¤¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ϕ ¤²Ö Î¥É´ÒÌ (a) ¨ ´¥Î¥É´ÒÌ (¡) ¸μ¸ÉμÖ´¨°
Ar2, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ²μ³ ’’ [15]

� ¤¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ϕ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¨³¥·μ¢ Ne2ÄXe2,
¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ²μ³ ’’ [15], ¶·¨¢¥¤¥´Ò ´  ·¨¸. 1. �  ·¨¸. 2,   ¨ ¡
¶μ¸É·μ¥´Ò · ¤¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ϕ ¤²Ö ¢¸¥Ì ¸μ¸ÉμÖ´¨° ¤¨³¥· 
 ·£μ´ .

2. ’�…•—�‘’ˆ—�›… Š‹�‘’…�›

„²Ö ÔËË¥±É¨¢´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ¶·¨³¥´ÖÕÉ¸Ö ¢Ò-
Î¨¸²¨É¥²Ó´Ò¥  ²£μ·¨É³Ò, μ¸´μ¢ ´´Ò¥ ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° ” ¤¤¥¥¢  [7, 28, 29].
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�μ²μ¦¥´¨¥ ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ ¶μ-
¸²¥ μÉ¤¥²¥´¨Ö ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸ μ¶¨¸Ò¢ ¥É¸Ö ¶ · ³¨ ¶·¨¢¥¤¥´´ÒÌ ±μμ·-
¤¨´ É Ÿ±μ¡¨ xα, yα, α = 1, 2, 3:

xα =
[

2mβmγ

mβ + mγ

]1/2

(rβ − rγ),

yα =
[
2mα(mβ + mγ)
mα + mβ + mγ

]1/2 (
rα − mβrβ + mγrγ

mβ + mγ

)
,

(1)

£¤¥ rα Å · ¤¨Ê¸Ò-¢¥±Éμ·Ò Î ¸É¨Í ¸ ³ ¸¸ ³¨ mα,   α, β, γ μ¡· §ÊÕÉ Í¨±²¨Î¥-
¸±ÊÕ ¶¥·¥¸É ´μ¢±Ê ¨´¤¥±¸μ¢ 1, 2, 3. � ¡μ· ±μμ·¤¨´ É α μ¶¨¸Ò¢ ¥É · §¡¨¥´¨¥
É·¥Ì Î ¸É¨Í ´  ¶ ·Ê Î ¸É¨Í βγ ¨ μÉ¤¥²Ó´ÊÕ Î ¸É¨ÍÊ α.

�μ²´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ψ É·¥ÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ³μ¦´μ § ¶¨¸ ÉÓ ¢
¢¨¤¥ ¸Ê³³Ò ±μ³¶μ´¥´É ” ¤¤¥¥¢  Φα:

Ψ(xα,yα) =
∑

α

Φα(xα,yα), (2)

±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ¸¨¸É¥³¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°

(−Δxα − Δyα + Vα(xα) − E) Φα(xα,yα) = −Vα(xα)
∑
β �=α

Φβ(xβ ,yβ), (3)

£¤¥ Vα Å ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¶ ·¥ α ¨ E Å ¶μ²´ Ö Ô´¥·£¨Ö ¸¨-
¸É¥³Ò. „²Ö Éμ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ³¥¦¤Ê ±μ³¶μ´¥´É ³¨ ” ¤¤¥¥¢  ¢μ§´¨± ¥É
¶·μ¸É Ö ¸¢Ö§Ó, ±μÉμ· Ö μ¶¨¸Ò¢ ¥É¸Ö ¸ ¶μ³μÐÓÕ μ¶¥· Éμ·μ¢ Í¨±²¨Î¥¸±μ° ¶¥-
·¥¸É ´μ¢±¨ Î ¸É¨Í P ,   ¸¨¸É¥³  Ê· ¢´¥´¨° (3) ¸¢μ¤¨É¸Ö ± μ¤´μ³Ê Ê· ¢´¥-
´¨Õ [28]. �μ¸²¥ Ê£²μ¢μ£μ  ´ ²¨§  ¤²Ö ¸²ÊÎ Ö ´Ê²¥¢μ£μ ¶μ²´μ£μ μ·¡¨É ²Ó´μ£μ
³μ³¥´É  ¶μ²ÊÎ ¥É¸Ö É·¥Ì³¥·´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥° ¶·μ¥±Í¨¨ ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  [7, 29]

(
− ∂2

∂x2
− ∂2

∂y2
−

(
1
x2

+
1
y2

)
∂

∂z
(1 − z2)

∂

∂z
+ V (x) − E

)
φ(x, y, z) =

= −V (x)Pφ(x, y, z), (4)

£¤¥ x, y ¨ z ¸¢Ö§ ´Ò ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±μμ·¤¨´ É ³¨ Ÿ±μ¡¨:

x = |x|, y = |y|, z =
(x,y)

xy
, xy ∈ (0,∞), z ∈ (−1, 1).

‚¶¥·¢Ò¥ ¸ÊÐ¥¸É¢μ¢ ´¨¥ É·¨³¥·  £¥²¨Ö ¡Ò²μ Ê¸É ´μ¢²¥´μ ¢ Ô±¸¶¥·¨³¥´É¥ [22],
¶μ§¤´¥¥ ¡Ò² ¨§³¥·¥´ ¸·¥¤´¨° · ¤¨Ê¸ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ²¥±Ê²Ò
〈r〉 = 1,1+0,4

−0,5 ´³ [30], ÎÉμ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± -
§ ´¨Ö³¨ [4, 6]. Œ ²μ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ ¤¨³¥·  £¥²¨Ö ¶μ§¢μ²Ö¥É ¶·¥¤¶μ² £ ÉÓ
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’ ¡²¨Í  5. �´¥·£¨Ö ¸¢Ö§¨ (³Š) μ¸´μ¢´μ£μ E0 ¨ ¢μ§¡Ê¦¤¥´´μ£μ E∗
1 ¸μ¸ÉμÖ´¨° É·¨-

³¥·  £¥²¨Ö 4�¥3, ¢ÒÎ¨¸²¥´´ Ö ¸ ¶μÉ¥´Í¨ ²μ³ LM2M2 [16]

‘μ¸ÉμÖ´¨¥ LM2M2 [3] [7] [8] [9] [10] [11] [12] [13]

E0 126,5 125,9 126,4 126,4 126,2 126,4 126,5 126,5 126,4

E∗
1 2,277 2,282 2,271 2,268 Å 2,265 2,278 2,278 2,271

´ ²¨Î¨¥ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¥Ë¨³μ¢¸±μ£μ É¨¶  ¢ É·¥Ì Éμ³´μ° ³μ²¥±Ê²¥.
�  ¶·μÉÖ¦¥´¨¨ ¶μ¸²¥¤´¨Ì ²¥É ¡Ò²μ ¶·μ¢¥¤¥´μ ³´μ¦¥¸É¢μ É¥μ·¥É¨Î¥¸±¨Ì · ¸-
Î¥Éμ¢ ¸¨¸É¥³Ò 4He3 ¸ · §²¨Î´Ò³¨ ·¥ ²¨¸É¨Î¥¸±¨³¨  Éμ³- Éμ³´Ò³¨ ¶μÉ¥´-
Í¨ ² ³¨ (¸³. μ¡§μ·Ò [2, 3]). ˆ ¤¥°¸É¢¨É¥²Ó´μ, ¢μ ¢¸¥Ì ÔÉ¨Ì · ¸Î¥É Ì ¡Ò²μ
¶μ²ÊÎ¥´μ ¤¢  Ê·μ¢´Ö ¸ Ô´¥·£¨Ö³¨ μ±μ²μ 126 ³Š ¤²Ö μ¸´μ¢´μ£μ ¨ 2,28 ³Š
¤²Ö ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨°. 
μ²¥¥ Éμ£μ, ¢ Í¥²μ° ¸¥·¨¨ · ¡μÉ [3, 20] ¶μ-
± § ´μ, ÎÉμ ´ ²¨Î¨¥ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸¢Ö§ ´μ ¨³¥´´μ ¸ ÔËË¥±Éμ³
…Ë¨³μ¢  [1]. �¤´ ±μ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶μ¤É¢¥·¦¤¥´¨Ö ÔÉμ£μ Ë ±É  ´¥
¡Ò²μ ¤μ ¸μ¢¸¥³ ´¥¤ ¢´¥£μ ¢·¥³¥´¨. ‚ [31] Ê¤ ²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥-
·¨ÉÓ Ô´¥·£¨Õ ¸¢Ö§¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  £¥²¨Ö μÉ´μ¸¨É¥²Ó´μ
¶ ·´μ£μ ¶μ·μ£  · §¢ ² , ±μÉμ· Ö ¶μ²ÊÎ¨² ¸Ó · ¢´μ° (0,92 ± 0,2) ³Š.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤²Ö · ¸Î¥É  ¸¶¥±É·  É·¨³¥·  £¥²¨Ö ¨¸¶μ²Ó§μ¢ ´Ò
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  (4). „²Ö μ¶¨¸ ´¨Ö ³¥¦ Éμ³´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö V ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶μÉ¥´Í¨ ²Ò LM2M2 [16] ¨ HFD-B2 [17].
‚ É ¡². 5 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Ô´¥·£¨¨ ¸¢Ö§¨ É·¨³¥·  £¥²¨Ö, ±μ-
Éμ·Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì  ¢Éμ·μ¢ ¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

‡�Š‹�—…�ˆ…

‚ · ¡μÉ¥ ¨¸¸²¥¤μ¢ ²¨¸Ó ¸¢μ°¸É¢  ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢,   ¨³¥´´μ ¡Ò²¨
¢ÒÎ¨¸²¥´Ò ¸¶¥±É·, ¸·¥¤´¨° · ¤¨Ê¸ ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ¢¸¥Ì ¢μ§-
³μ¦´ÒÌ μ¤´μ·μ¤´ÒÌ ¨ ´¥μ¤´μ·μ¤´ÒÌ ¤¨³¥·μ¢ ¨´¥·É´ÒÌ £ §μ¢ ¢ · §²¨Î´ÒÌ
¶μÉ¥´Í¨ ²Ó´ÒÌ ³μ¤¥²ÖÌ. �μ± § ´μ, ÎÉμ ¢μ ¢¸¥Ì ¤¨³¥· Ì, ±·μ³¥ Ar2, ¨³¥-
ÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö ¸ Ô´¥·£¨¥°, ¡²¨§±μ° ± ¶μ·μ£Ê · §¢ ² . �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ
¶μ§¢μ²Ö¥É ¶·¥¤¶μ²μ¦¨ÉÓ ´ ²¨Î¨¥ ¥Ë¨³μ¢¸±¨Ì ·¥§μ´ ´¸μ¢ ¢ É·¥Ì Éμ³´ÒÌ ¸¨-
¸É¥³ Ì ¨´¥·É´ÒÌ £ §μ¢. ‚ · ³± Ì ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢
¶·¥¤¸É ¢²¥´¨¨ ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  ¢Ò¶μ²´¥´ · ¸Î¥É ¸¶¥±É·  É·¨³¥· 
£¥²¨Ö.
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