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Œμ¸±¢ 

�  μ¸´μ¢ ´¨¨  ´ ²¨§  Ô´¥·£¨° ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨ ¨ Λp-· ¸¸¥Ö´¨Ö ´ Ìμ¤¨É¸Ö Í¥´-
É· ²Ó´Ò° ΛN-¶μÉ¥´Í¨ ² VΛN , ±μÉμ·Ò° ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μÏ¨¡μ± μ¡¥¸¶¥Î¨¢ ¥É μ¶¨-
¸ ´¨¥ Ô´¥·£¨° ¸¢Ö§¨ É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ μ¸´μ¢´ÒÌ ¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° £¨-
¶¥·ÑÖ¤¥·,   É ±¦¥ Ô´¥·£¥É¨Î¥¸±μ° ¨ Ê£²μ¢μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö. ’μÎ´μ¸ÉÓ ¨
´ ¤¥¦´μ¸ÉÓ · ¸Î¥Éμ¢ É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥·´ÒÌ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·´ÒÌ
¸¨¸É¥³ μ¡¥¸¶¥Î¨¢ ¥É¸Ö §  ¸Î¥É ´ Ìμ¦¤¥´¨Ö ± ± ¢¥·Ì´¥°, É ± ¨ ´¨¦´¥° μÍ¥´±¨ Ô´¥·£¨¨. ‚ · ³± Ì
³μ¤¥²¨ Λ+μ¸Éμ¢ VΛN ¸μ£² ¸Ê¥É¸Ö ¸ Ô´¥·£¨Ö³¨ ¸¢Ö§¨ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·.

On the basis of a conjoint analysis of binding energies of 1s hypernuclei and Λp scattering a central
ΛN potential VΛN is found that describes in the limits of experimental errors the binding energies of
three-, four- and ˇve-particle ground and excited states of hypernuclei as well as energy and angular
dependence of Λp scattering. The reliability and accuracy of three-, four- and ˇve-particle calculations
of hypernuclear and related nuclear systems are assured by estimation of not only upper but also lower
bound of energy. In the frame of the model Λ+core VΛN agrees with binding energies of heavy
hypernuclei.

‚‚…„…�ˆ…

�¥¤ ¢´¨¥ £¨¶¥·ÑÖ¤¥·´Ò¥ (π+, K+) ¨ (K−, K+) Ô±¸¶¥·¨³¥´ÉÒ ¶μ¸²Ê¦¨²¨ Éμ²Î±μ³
± ¶·μ¢¥¤¥´¨Õ Í¥²μ° ¸¥·¨¨ É¥μ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° ¸  ´ ²¨§μ³ ¶·μ¡²¥³Ò ΛN - ¨
ΛΛ-¢§ ¨³μ¤¥°¸É¢¨°. �μ¢Ò¥ ¨§³¥·¥´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥· [1Ä5], ¸ÊÐ¥-
¸É¢¥´´Ò³ μ¡· §μ³ ¤μ¶μ²´¨¢Ï¨¥ · ´¥¥ ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ [6Ä9], ¶μ§¢μ²¨²¨ ¡μ²¥¥
¢§¢¥Ï¥´´μ ¶μ¤μ°É¨ ± ¢μ¶·μ¸Ê μ ´ ¸ÒÐ¥´¨¨ Ô´¥·£¨° ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¨ ± ¶·μ¡²¥³¥
ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Í¥²μ³. �μ¢Ò¥ ¨§³¥·¥´¨Ö Ô´¥·£¨° ¤¢μ°´ÒÌ £¨¶¥·ÑÖ¤¥· 6

ΛΛHe [10],
13

ΛΛB [11] ¨ 4
ΛΛH [12] ¶μÉ·¥¡μ¢ ²¨ ¶·μ¢¥¤¥´¨Ö ¡μ²¥¥ £²Ê¡μ±μ£μ É¥μ·¥É¨Î¥¸±μ£μ  ´ ²¨§ 

¤²Ö ¸μ£² ¸μ¢ ´¨Ö ± ¦ÊÐ¨Ì¸Ö ¶·μÉ¨¢μ·¥Î¨¢Ò³¨ Ô±¸¶¥·¨³¥´Éμ¢ [13,14], ´¥μ¡Ìμ¤¨³μ£μ ¤²Ö
¶μ´¨³ ´¨Ö ¸¢μ°¸É¢ ΛΛ-¸¨².

‚¢¨¤Ê μ£· ´¨Î¥´´μ¸É¨ ¨´Ëμ·³ Í¨¨ μ £¨¶¥·μ´-´Ê±²μ´´μ³ (Y N )-· ¸¸¥Ö´¨¨ ´ ¨¡μ²Ó-
Ï¨° ¨´É¥·¥¸ ¤²Ö É¥μ·¥É¨Î¥¸±μ£μ  ´ ²¨§  ¶·¥¤¸É ¢²ÖÕÉ É¥ ¶·μ¸É¥°Ï¨¥ ¨§ Ô±¸¶¥·¨³¥´-
É ²Ó´μ ¨§ÊÎ¥´´ÒÌ £¨¶¥·ÑÖ¤¥·´ÒÌ ¸¨¸É¥³, · ¸Î¥É ±μÉμ·ÒÌ ´¥ É·¥¡Ê¥É ¶·¨¢²¥Î¥´¨Ö ¸¶¥Í¨-
 ²Ó´ÒÌ ³μ¤¥²¥° (´ ¶·¨³¥·, ±² ¸É¥·´μ°). �Éμ Λ-£¨¶¥·ÑÖ¤·  1s-μ¡μ²μÎ±¨ 3

ΛH, 4
ΛH, 4

ΛHe,
5
ΛHe ¨ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö 4

ΛH∗ ¨ 4
ΛHe∗,   É ±¦¥ ¤¢μ°´μ¥ £¨¶¥·ÑÖ¤·μ 6

ΛΛHe.
„²Ö · ¸Î¥É  £¨¶¥·ÑÖ¤¥· ´¥μ¡Ìμ¤¨³μ ¶·¥¦¤¥ ¢¸¥£μ ¢Ò¡· ÉÓ ¤μ¸É ÉμÎ´μ ·¥ ²¨¸É¨Î¥¸±¨°

NN -¶μÉ¥´Í¨ ², ±μÉμ·Ò° μ¡¥¸¶¥Î¨¢ ² ¡Ò ¶· ¢¨²Ó´μ¥ μ¶¨¸ ´¨¥ Ô´¥·£¨° ¸¢Ö§¨ ¨ · §³¥·Ò
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Ö¤¥· 2H, 3H, 3He ¨ 4He, Ö¢²ÖÕÐ¨Ì¸Ö μ¸Éμ¢ ³¨ £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨. ˆ¸¶μ²Ó§Ê¥³Ò¥
¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μÉ¥´Í¨ ²Ò ¡ ·¨μ´-¡ ·¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¸´μ¢Ò¢ ÕÉ¸Ö Î Ð¥
¢¸¥£μ ´  ¨¤¥¥ ³¥§μ´´μ£μ μ¡³¥´ . �μ¸É·μ¥´´Ò¥ ´  ÔÉμ° μ¸´μ¢¥ ¶μÉ¥´Í¨ ²Ò (´ ¶·¨³¥·,
 ·£μ´¸±¨° υ18 [15]) μ¶¨¸Ò¢ ÕÉ ´¥ Éμ²Ó±μ ¢¸Õ ¸μ¢μ±Ê¶´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶μ NN -· ¸¸¥Ö´¨Õ ¤μ Ô´¥·£¨° 350 ŒÔ‚, ´μ ¨ (¶·¨ ÊÎ¥É¥ ¢±² ¤  É·¥ÌÎ ¸É¨Î´ÒÌ
NNN -¸¨² [16] ¨ § ·Ö¤μ¢μ° § ¢¨¸¨³μ¸É¨ NN -¸¨²) Ô´¥·£¨¨ ¸¢Ö§¨ ¨ · §³¥·Ò Ö¤¥· 2H, 3H,
3He ¨ 4He [17] ¨ ¤ ¦¥ ¡μ²¥¥ ÉÖ¦¥²ÒÌ Ö¤¥· [18]. Š·μ³¥ Éμ£μ, μ¸´μ¢Ò¢ Ö¸Ó ´  SU(3)- ¨²¨
SU(6)-¸¨³³¥É·¨¨, ³¥§μ´´ Ö É¥μ·¨Ö ¶·¥¤² £ ¥É · §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ £¨¶¥·μ´-´Ê±²μ´´ÒÌ
¨ £¨¶¥·μ´-£¨¶¥·μ´´ÒÌ ¶μÉ¥´Í¨ ²μ¢, ±μÉμ·Ò¥ ±μ··¥±É¨·ÊÕÉ¸Ö ¸ ÊÎ¥Éμ³ £¨¶¥·ÑÖ¤¥·´ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢. �Éμ, ¢ Î ¸É´μ¸É¨, μÉ´μ¸¨É¸Ö ± ¶μÉ¥´Í¨ ² ³ ´¨¦³¥£¥´¸±μ° £·Ê¶¶Ò (¸
¦¥¸É±¨³ ±μ·μ³ [19,20] ¨²¨ ¸ ³Ö£±¨³ ±μ·μ³ [21Ä23]), ´  ±μÉμ·Ò¥ μ·¨¥´É¨·ÊÕÉ¸Ö ³´μ£¨¥
£¨¶¥·ÑÖ¤¥·´Ò¥ · ¡μÉÒ. ‚³¥¸Éμ ÔÉμ£μ · ¸¸³ É·¨¢ ÕÉ¸Ö É ±¦¥ ¡μ´´¸±μ-Õ²¨Ì¸±¨¥ Y N -¶μ-
É¥´Í¨ ²Ò [24] ¨ ¶μÉ¥´Í¨ ²Ò ±¢ ·±μ¢μ° ±² ¸É¥·´μ° ³μ¤¥²¨ [25].

�¤´ ±μ ¡μ§μ´´μ-μ¡³¥´´Ò¥ ¶μÉ¥´Í¨ ²Ò ¸²μ¦´Ò,   £¨¶¥·ÑÖ¤¥·´Ò¥ · ¸Î¥ÉÒ ¸ ´¨³¨
μ± §Ò¢ ÕÉ¸Ö ¢¥¸Ó³  É·Ê¤μ¥³±¨³¨, ¨ ¢μ§´¨± ÕÉ ¢μ¶·μ¸Ò μ ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢, μ¸μ¡¥´´μ
¢ ¸²ÊÎ ¥ ¸¨¸É¥³ ¶ÖÉ¨ ¨ Ï¥¸É¨ Î ¸É¨Í ( 5

ΛHe ¨ 6
ΛΛHe). �μÔÉμ³Ê ¢ ±μ´±·¥É´ÒÌ · ¸Î¥É Ì

μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ Í¥´É· ²Ó´Ò¥ ¶ ·´Ò¥ NN - ¨ ΛΛ-¶μÉ¥´Í¨ ²Ò
¨ Ê¶·μÐ¥´´Ò¥ ¢ ·¨ ´ÉÒ NN -¶μÉ¥´Í¨ ²  [26Ä31] ²¨¡μ · ¸¸³ É·¨¢ ÕÉ¸Ö ¶μÉ¥´Í¨ ²Ò ±² -
¸É¥·´μ° ³μ¤¥²¨ [32Ä35].

‚ μ¶Ê¡²¨±μ¢ ´´ÒÌ ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò · ¡μÉ Ì ¶μ £¨¶¥·ÑÖ¤· ³ ¸É·¥³ÖÉ¸Ö ¤μ¸É¨ÎÓ ¸μ-
£² ¸μ¢ ´´μ£μ μ¶¨¸ ´¨Ö Ô´¥·£¨Ö ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨ ¨ Λp-· ¸¸¥Ö´¨Ö,   É ±¦¥
¨ ¡μ²¥¥ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥· ´  μ¸´μ¢¥ ¥¤¨´μ£μ ΛN -¶μÉ¥´Í¨ ² . �¤´ ±μ, ± ± ¶μ± § ²¨
•¥·´¤μ´, ’ ´£ ¨ „ ²¨Í [35, 36], ¨¸¶μ²Ó§μ¢ ´¨¥ Í¥´É· ²Ó´ÒÌ ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ΛN -
¢§ ¨³μ¤¥°¸É¢¨Ö ÌμÉÖ ¨ ¶μ§¢μ²Ö¥É ¤μ¸É ÉμÎ´μ Ìμ·μÏμ μ¶¨¸ ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ BΛ £¨¶¥·É·¨-
É¨Ö ¨ μ¸´μ¢´ÒÌ (0+) ¸μ¸ÉμÖ´¨° 4

ΛH ¨ 4
ΛHe,   É ±¦¥ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö, ´μ ¶·¨¢μ¤¨É

± § ¢ÒÏ¥´¨Õ BΛ( 5
ΛHe) ´  2Ä3 ŒÔ‚ ¶μ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´Éμ³,   ±·μ³¥ Éμ£μ, · ¸-

Ð¥¶²¥´¨¥ Ê·μ¢´¥° 0+ ¨ 1+ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥· μ± §Ò¢ ¥É¸Ö ¸²¨Ï±μ³ ¸² ¡Ò³.
„²Ö ·¥Ï¥´¨Ö ¶·μ¡²¥³Ò ¶¥·¥¸¢Ö§ ´´μ¸É¨ 5

ΛHe ˜¨´³Ê·  [37] ¶·¥¤²μ¦¨² ¢±²ÕÎ¨ÉÓ ¢ ¶μ-
É¥´Í¨ ² ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ É¥´§μ·´Ò¥ ¸¨²Ò,   ¢ · ¡μÉ Ì [38, 39]
¡Ò²μ μ¡· Ð¥´μ ¢´¨³ ´¨¥ ´  ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤²Ö ÔÉ¨Ì Í¥²¥° §´ ±μ¶¥·¥³¥´-
´ÒÌ ΛN -¶μÉ¥´Í¨ ²μ¢ ¡μ²¥¥ ¸²μ¦´μ° Ëμ·³Ò. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, �μ¤³¥· [40] Ê± § ², ÎÉμ
·¥Ï¥´¨¥ ÔÉμ° ¶·μ¡²¥³Ò ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¶·¨ ÊÎ¥É¥ ¸¢Ö§¨ Λ- ¨ Σ-± ´ ²μ¢ (¢ ¸²ÊÎ ¥
¤¢μ°´ÒÌ £¨¶¥·ÑÖ¤¥· ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ³μ¦¥É ¢´μ¸¨ÉÓ ¸¢Ö§Ó ΛΛ- ¨ ΛΞ-± ´ ²μ¢). �μ-
¤ ¢²¥´¨¥ ´¥±μ£¥·¥´É´μ° ΛΣ-¸¢Ö§¨ ¶ÊÉ¥³ ¸´¨¦¥´¨Ö BΛ( 5

ΛHe) ¶μ§¢μ²Ö¥É ¤μ¸É¨ÎÓ ¸μ£² ¸¨Ö
¸ Ô±¸¶¥·¨³¥´Éμ³ ¤²Ö ÔÉμ£μ £¨¶¥·ÑÖ¤· . �¤´ ±μ ¶·¨ ÔÉμ³ § ´¨¦ ÕÉ¸Ö BΛ Î¥ÉÒ·¥ÌÎ -
¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥· 4

ΛH ¨ 4
ΛHe [41, 42]. “Î¥É ±μ£¥·¥´É´μ¸É¨ ΛN -¸¢Ö§¨ [41, 43] (Ô±¢¨¢ -

²¥´É´Ò° ΛNN -¸¨² ³) Ê²ÊÎÏ ¥É ¶μ²μ¦¥´¨¥. �¤´ ±μ ¢¸¥ ¦¥ ´¨ μ¤¨´ ¨§ ´¨¦³¥£¥´¸±¨Ì
¶μÉ¥´Í¨ ²μ¢ (SC97e,f [23], SC89 [21], ND [19,20]) ´¥ μ¶¨¸Ò¢ ¥É ¶· ¢¨²Ó´μ Ô´¥·£¨¨ ¸¢Ö§¨
¸μ¸ÉμÖ´¨° 0+ ¨ 1+ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥·, ¢¥²¨Î¨´Ê ¨Ì ¸¶¨´μ¢μ£μ ¨ ¨§μ¸¶¨´μ-
¢μ£μ · ¸Ð¥¶²¥´¨Ö [44],   É ±¦¥ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ Ô´¥·£¨¨ ¸¢Ö§¨ ¢¸¥Ì £¨¶¥·ÑÖ¤¥·
1s-μ¡μ²μÎ±¨ [41,42].

� ¨¡μ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨°  ´ ²¨§ ¶·μ¡²¥³Ò £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨, ¶μ§¢μ²¨¢Ï¨°
¤μ¸É¨ÎÓ μ¶·¥¤¥²¥´´μ£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³, ¶·μ¨§¢μ¤¨²¸Ö ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨
ΛN - ¨ ΛΛ-¶μÉ¥´Í¨ ² ³¨ [26, 31]. �μ¤Ìμ¤Ò ¢ · ¡μÉ Ì [31] ¨ [26] ¡Ò²¨ · §²¨Î´Ò³¨: ¢
¶¥·¢μ° ¨§ ´¨Ì § ¢ÒÏ¥´¨Ö BΛ( 5

ΛHe) Ê¤ ¥É¸Ö ¨§¡¥¦ ÉÓ ¡² £μ¤ ·Ö ¢¢¥¤¥´¨Õ É·¥ÌÎ ¸É¨Î´ÒÌ
¸¨² NNΛ, Éμ£¤  ± ± ¢μ ¢Éμ·μ° ÔÉμ ¸¢Ö§Ò¢ ¥É¸Ö ¸ ¤¥°¸É¢¨¥³ ¶·¨´Í¨¶  � Ê²¨ ¢ ±¢ ·±μ¢ÒÌ
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±² ¸É¥·´ÒÌ ¸¨¸É¥³ Ì [45,46]. ‚ · ¡μÉ Ì [26] ¨ [31] ¢ μÉ²¨Î¨¥ μÉ ¤·Ê£¨Ì ¶Ê¡²¨± Í¨° 5
ΛHe

¨ 6
ΛΛHe · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ± ±, ¸μμÉ¢¥É¸É¢¥´´μ, ¶ÖÉ¨- ¨ Ï¥¸É¨Î ¸É¨Î´Ò¥ ¸¨¸É¥³Ò, μ¤´ ±μ

μ¸É ¥É¸Ö ¢μ¶·μ¸ μ ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢.

1. ��’…�–ˆ�‹ ΛN -‚‡�ˆŒ�„…‰‘’‚ˆŸ

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢μ¤¨É¸Ö ¤¥É ²Ó´Ò°  ´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ £¨¶¥·ÑÖ¤¥·´ÒÌ Ô±¸-
¶¥·¨³¥´Éμ¢, ±μÉμ·Ò° μ¸´μ¢Ò¢ ¥É¸Ö ´  ¨¸¶μ²Ó§μ¢ ´¨¨ Ë¥´μ³¥´²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢,
´¥ ¸¢Ö§ ´´ÒÌ ¸ ¢Ò¡μ·μ³ ¸¶¥Í¨ ²Ó´ÒÌ ³μ¤¥²¥° ¢§ ¨³μ¤¥°¸É¢¨Ö. �¸´μ¢´μ¥ ¶·¥¤¶μ²μ¦¥-
´¨¥ § ±²ÕÎ ÕÉ¸Ö ¢ Éμ³, ÎÉμ ΛN -¢§ ¨³μ¤¥°¸É¢¨¥ ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ÔËË¥±É¨¢´Ò³
¶ ·´Ò³ Í¥´É· ²Ó´Ò³ ¶μÉ¥´Í¨ ²μ³.

„¥É ²Ó´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨¢¥² ´ ¸ ± § ±²ÕÎ¥´¨Õ, ÎÉμ:  ) ΛN -
¶μÉ¥´Í¨ ² ¸¶¨´μ¢μ- ¨ § ·Ö¤μ¢μ-§ ¢¨¸¨³Ò°; ¡) ¶μÉ¥´Í¨ ² ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥¥É ±μ-
·μÉ±¨° · ¤¨Ê¸ ¤¥°¸É¢¨Ö, ¡μ²¥¥ ±μ·μÉ±¨°, Î¥³ NN -¢§ ¨³μ¤¥°¸É¢¨Ö ¨ Ö¢²Ö¥É¸Ö §´ ±μ¶¥-
·¥³¥´´Ò³; ¢) ΛN -¢§ ¨³μ¤¥°¸É¢¨¥ ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸² ¡Ò³ Ê ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·.

� ¸¶¨´μ¢μ° § ¢¨¸¨³μ¸É¨ ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö £μ¢μ·¨É ¶·¥¦¤¥ ¢¸¥£μ Éμ, ÎÉμ ¸¶¨´ ¶·μ-

¸É¥°Ï¥£μ £¨¶¥·ÑÖ¤·  3
ΛH · ¢¥´

1
2
, ¢ Éμ ¢·¥³Ö ± ± ¸¶¨´ 2H · ¢¥´ 1,   ÔÉμ μ§´ Î ¥É, ÎÉμ

ΛN -¢§ ¨³μ¤¥°¸É¢¨¥ ¸¨²Ó´¥¥ ¶·¨  ´É¨¶ · ²²¥²Ó´μ° μ·¨¥´É Í¨¨ ¸¶¨´μ¢ Λ-Î ¸É¨ÍÒ ¨ ´Ê-
±²μ´ . �ÉμÉ ¢Ò¢μ¤ ¶μ¤É¢¥·¦¤ ¥É¸Ö É¥³, ÎÉμ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ 4

ΛH ¨ 4
ΛHe ¨³¥¥É ³μ³¥´É

0+,   ¢μ§¡Ê¦¤¥´´μ¥ Å 1+.
� § ·Ö¤μ¢μ° § ¢¨¸¨³μ¸É¨ ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¡	μ²ÓÏ Ö Ô´¥·£¨Ö 4

ΛHe
¶μ ¸· ¢´¥´¨Õ ¸ 4

ΛH, ´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢ 4
ΛHe ±Ê²μ´μ¢¸±μ¥ μÉÉ ²±¨¢ ´¨¥ ¶·μÉμ´μ¢

¸´¨¦ ¥É Ô´¥·£¨Õ ¸¢Ö§¨;  ´ ²μ£¨Î´μ¥ ¨³¥¥É ³¥¸Éμ ¨ ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°, ¸²¥¤μ-
¢ É¥²Ó´μ, Λp-¢§ ¨³μ¤¥°¸É¢¨¥ ¸¨²Ó´¥¥, Î¥³ Λn.

‡´ ±μ¶¥·¥³¥´´Ò° Ì · ±É¥· ΛN -¶μÉ¥´Í¨ ²  ¢ÒÉ¥± ¥É ¨§ ¸μ¢³¥¸É´μ£μ  ´ ²¨§  Ô´¥·-
£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö, ¸ μ¤´μ° ¸Éμ·μ´Ò, ¨ Ô´¥·£¨° ¸¢Ö§¨ ²¥£-
Î °Ï¨Ì (É·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ) £¨¶¥·ÑÖ¤¥· Å ¸ ¤·Ê£μ°. …¸²¨ ¡Ò ΛN -¶μÉ¥´Í¨ ²
¡Ò² Î¨¸Éμ ¶·¨ÉÖ£¨¢ ÕÐ¨³ (´ ¶·¨³¥·, ¢ ¢¨¤¥ ¶·Ö³μÊ£μ²Ó´μ° Ö³Ò), Éμ, ± ± ¶μ± §Ò¢ ÕÉ
· ¸Î¥ÉÒ, ¤²Ö ¶· ¢¨²Ó´μ£μ μ¶¨¸ ´¨Ö Λp-· ¸¸¥Ö´¨Ö μ´ ¤μ²¦¥´ ¡ÒÉÓ ³¥²±¨³ ¨ Ï¨·μ±¨³
(≈ 2 Ë³), Éμ£¤  ± ± ¶· ¢¨²Ó´Ò¥ Ô´¥·£¨¨ £¨¶¥·ÑÖ¤¥· μ¡¥¸¶¥Î¨¢ ÕÉ¸Ö ¢ ¸²ÊÎ ¥ £²Ê¡μ±μ£μ,
´μ Ê§±μ£μ (≈ 1 Ë³) ΛN -¶μÉ¥´Í¨ ² . …¸É¥¸É¢¥´´μ μ¦¨¤ ÉÓ, ÎÉμ μ¡  É·¥¡μ¢ ´¨Ö Ê¤ ¸É¸Ö
Ê¤μ¢²¥É¢μ·¨ÉÓ, ¥¸²¨ ΛN -¶μÉ¥´Í¨ ² ¡Ê¤¥É ³¥´ÖÉÓ §´ ±.

�Î¥´Ó ¸² ¡ Ö Ê£²μ¢ Ö § ¢¨¸¨³μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö ¢ ¤μ¸É -
ÉμÎ´μ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° Ê± §Ò¢ ¥É ´  ³ ²Ò° ¢±² ¤ ¢ · ¸¸¥Ö´¨¥ p-¸μ¸ÉμÖ´¨Ö,  
ÔÉμ ¢μ§³μ¦´μ ¶·¨ ³ ²μ³ · ¤¨Ê¸¥ ¤¥°¸É¢¨Ö ΛN -¸¨².

—Éμ ± ¸ ¥É¸Ö μ¸² ¡²¥´¨Ö ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¢ £¨¶¥·ÑÖ¤· Ì ¸ A > 4, Éμ, ¸μ£² ¸´μ
Ô±¸¶¥·¨³¥´ÉÊ, ·μ¸É Ô´¥·£¨° ¸¢Ö§¨ Λ-Î ¸É¨ÍÒ BΛ ¢ § ¢¨¸¨³μ¸É¨ μÉ Î¨¸²  ´Ê±²μ´μ¢ A
¶·μ¨¸Ìμ¤¨É ¸ ¨§²μ³μ³ ¶·¨ 5

ΛHe, £¤¥ ¡Ò¸É·Ò° ·μ¸É BΛ ¸³¥´Ö¥É¸Ö ´  ¡μ²¥¥ ³¥¤²¥´´Ò°.
’ ±μ¥ ¶μ¢¥¤¥´¨¥ Ô´¥·£¨° ¸¢Ö§¨ Λ-Î ¸É¨ÍÒ ¢Ò£²Ö¤¨É ± ± μ¸² ¡²¥´¨¥ ÔËË¥±É¨¢´μ£μ ΛN -
¢§ ¨³μ¤¥°¸É¢¨Ö Ê 5

ΛHe ¨ ¡μ²¥¥ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·. �Éμ, ¥¸É¥¸É¢¥´´μ, μÐÊÐ ¥É¸Ö ¨ ¶·¨
¶μ¶ÒÉ±¥ É¥μ·¥É¨Î¥¸±μ£μ ¸μ£² ¸μ¢ ´¨Ö Ô´¥·£¨° ¸¢Ö§¨ ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·.

—Éμ ± ¸ ¥É¸Ö ¶·¨Î¨´ μ¸² ¡²¥´¨Ö ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¨¸É¥³ Ì, ¸μ¤¥·¦ Ð¨Ì ¡μ²¥¥
Î¥ÉÒ·¥Ì ¡ ·¨μ´μ¢, Éμ ¸ ±¢ ·±μ¢μ° ÉμÎ±¨ §·¥´¨Ö ÔÉμ ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ
¢ ¸¨¸É¥³¥, ¸μ¤¥·¦ Ð¥° ¶ÖÉÓ ¡ ·¨μ´μ¢ ¨ ¡μ²¥¥, ±¢ ·±μ¢ Ö ¸¶¨´μ¢μ-Í¢¥Éμ¢ Ö ¸¨³³¥É·¨Ö
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¸É ´μ¢¨É¸Ö μÉ²¨Î´μ° μÉ É·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³. ‚ Î ¸É´μ¸É¨, ¢ 5
ΛHe Ê¦¥ ´¥ ¢¸¥

u- ¨ d-±¢ ·±¨ ³μ£ÊÉ (¢ μÉ²¨Î¨¥ μÉ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³) ¨³¥ÉÓ ´Ê²¥¢Ò¥ μ·¡¨É ²Ó´Ò¥
³μ³¥´ÉÒ,   ÔÉμ ³μ¦¥É μ§´ Î ÉÓ ¨§³¥´¥´¨¥ (μ¸² ¡²¥´¨¥) ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö.

�¥ ¨¸±²ÕÎ Ö ¤·Ê£¨¥ ¢μ§³μ¦´Ò¥ μ¡ÑÖ¸´¥´¨Ö  ´μ³ ²¨¨ 5
ΛHe (´ ¶·¨³¥·, §  ¸Î¥É ÔË-

Ë¥±É  É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨²), ³Ò ¶μ¶ÒÉ ²¨¸Ó, ¶·¨´¨³ Ö ± ± ¸²¥¤ÊÕÐ¨° ¨§ Ô±¸¶¥·¨³¥´É 
Ë ±É μ¸² ¡²¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ ΛN -¸¨² ¶·¨ ¡ ·¨μ´´μ³ Î¨¸²¥ A > 4, ¢ÒÖ¸´¨ÉÓ ¢μ§³μ¦-
´μ¸ÉÓ μ¶¨¸ ´¨Ö Ô´¥·£¨° ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥·, ± ± ²¥£±¨Ì, É ± ¨ ÉÖ¦¥²ÒÌ ´  μ¸´μ¢¥ ¥¤¨´μ£μ
Í¥´É· ²Ó´μ£μ ¶ ·´μ£μ ΛN -¶μÉ¥´Í¨ ² , ¸μ¤¥·¦ Ð¥£μ ¢ ± Î¥¸É¢¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶ · -
³¥É·  ¸É¥¶¥´Ó μ¸² ¡²¥´¨Ö ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ A > 4.

�  μ¸´μ¢ ´¨¨ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¸μμ¡· ¦¥´¨° ³Ò ¸Î¨É ²¨, ÎÉμ ΛN -¶μÉ¥´Í¨ ² ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò ´¥§ ¢¨¸¨³μ° (c) ¨ § ¢¨¸¨³μ° (σ) μÉ ¸¶¨´  Î ¸É¥°:

VΛN = αV c(r)(1 + λT3) + V σ(r)(σΛσN ), (1)

£¤¥ V c(r) ¨ V σ(r) Å §´ ±μ¶¥·¥³¥´´Ò¥ ¶μÉ¥´Í¨ ²Ò; T3 Å ¶·μ¥±Í¨Ö ¨§μ¸¶¨´  ´Ê±²μ´ ,
  α Å ¶ · ³¥É· μ¸² ¡²¥´¨Ö ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö. �·¨ ¢Ò¡μ·¥ · ¤¨ ²Ó´μ° § ¢¨¸¨³μ¸É¨
ΛN -¶μÉ¥´Í¨ ²  ¢ ¢¨¤¥ £ Ê¸¸μ¢¸±¨Ì ËÊ´±Í¨° §´ ±μ¶¥·¥³¥´´Ò° Ì · ±É¥· ΛN -¶μÉ¥´Í¨ ² 
¶¥·¥¤ ¥É¸Ö ¸Ê³³ ³¨ ¶·¨ÉÖ£¨¢ ÕÐ¥° (a) ¨ μÉÉ ²±¨¢ ÕÐ¥° (r) Î ¸É¥° ¤²Ö V c(r) ¨ V σ(r):

V c,σ(r) = V c,σ
a exp (−μar2) + V c,σ

r exp (−μrr
2). (2)


 ¸Î¥É £¨¶¥·ÑÖ¤¥·´ÒÌ ¸¨¸É¥³ 3
ΛH, 4

ΛH, 4
ΛHe, 5

ΛHe,   É ±¦¥ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°
4
ΛH∗ ¨ 4

ΛHe∗ ¶·μ¨§¢μ¤¨²¸Ö ¸ ¶μ²Ê·¥ ²¨¸É¨Î¥¸±¨³ NN -¶μÉ¥´Í¨ ²μ³ · ¡μÉÒ [47]. ‡´ ±μ-
¶¥·¥³¥´´Ò° Ì · ±É¥· ÔÉμ£μ ¶μÉ¥´Í¨ ²  ¨ ´ ²¨Î¨¥ ³μÐ´μ° μÉÉ ²±¨¢ É¥²Ó´μ° ¸¥·¤Í¥¢¨´Ò
(±μ· ) μ¡¥¸¶¥Î¨¢ ÕÉ ´¥ Éμ²Ó±μ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ Ô´¥·£¨° ¸¢Ö§¨ ¨ · §³¥·μ¢
Ö¤¥· 2H, 3H, 3He ¨ 4He (Ö¢²ÖÕÐ¨Ì¸Ö μ¸Éμ¢ ³¨ · ¸¸³ É·¨¢ ¥³ÒÌ É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶Ö-
É¨Î ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥·), ´μ ¨ Ô²¥±É·¨Î¥¸±¨Ì Ëμ·³Ë ±Éμ·μ¢ F (q) ÔÉ¨Ì Ö¤¥· (¢±²ÕÎ Ö
¨ ¶μ²μ¦¥´¨¥ ¤¨Ë· ±Í¨μ´´ÒÌ ³¨´¨³Ê³μ¢),   É ±¦¥ Ë § np-· ¸¸¥Ö´¨Ö ¢ É·¨¶²¥É´μ³ ¨
¸¨´£²¥É´μ³ s-¸μ¸ÉμÖ´¨ÖÌ [47].

‚ ¸²ÊÎ ¥ É·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ Ö¤¥·,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì £¨¶¥·ÑÖ¤¥· ¶μ-
¸²¥ Ê¸·¥¤´¥´¨Ö ¶μ ¸¶¨´μ¢Ò³ ¸μ¸ÉμÖ´¨Ö³ ¢ · ¸Î¥ÉÒ ¢Ìμ¤¨É ¸¨´£²¥É´Ò° ¨ É·¨¶²¥É´Ò°
NN -¶μÉ¥´Í¨ ²Ò ¢ ¢¨¤¥ ¨Ì ¶μ²Ê¸Ê³³Ò, ±μÉμ· Ö, ¸μ£² ¸´μ [47], ¸μ¤¥·¦¨É ±μ³¡¨´ Í¨Õ
¶·¨ÉÖ£¨¢ ÕÐ¥° ¨ μÉÉ ²±¨¢ ÕÐ¥° Î ¸É¥°:

VNN = −2080 exp (−1,35r2) + 1530 exp (−2,0r2), (3)

£¤¥ VNN ¢Ò· ¦¥´μ ¢ ŒÔ‚,   r ¢ Ë³. ‚ · ¸Î¥É Ì ¤¥°É·μ´  ¨ £¨¶¥·É·¨É¨Ö ¢³¥¸Éμ (3)
¨¸¶μ²Ó§μ¢ ²¸Ö É·¨¶²¥É´Ò° NN -¶μÉ¥´Í¨ ²  ´ ²μ£¨Î´μ£μ ¢¨¤  · ¡μÉÒ [48].

� · ³¥É·Ò ΛN -¶μÉ¥´Í¨ ²  (1), (2) ´ Ìμ¤¨²¨¸Ó ¶ÊÉ¥³ ·¥Ï¥´¨Ö μ¡· É´μ° £¨¶¥·Ñ-
Ö¤¥·´μ° § ¤ Î¨ ¸ NN -¶μÉ¥´Í¨ ²μ³ (3), É. ¥. ¶ÊÉ¥³ μ¶·¥¤¥²¥´¨Ö É ±¨Ì §´ Î¥´¨° ¶ · -
³¥É·μ¢ V c

a , V c
r , V σ

a , V σ
r , μa, μr ¨ λ, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ²¨ ¡Ò ¶· ¢¨²Ó´Ò¥ Ô±¸¶¥·¨³¥´-

É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨° ¸¢Ö§¨ μ¸´μ¢´ÒÌ ¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° 4
ΛH, 4

ΛHe, Ô´¥·-
£¨Õ ¸¢Ö§¨ 3

ΛH,   É ±¦¥ Ô´¥·£¥É¨Î¥¸±ÊÕ ¨ Ê£²μ¢ÊÕ § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö.
Š·μ³¥ Éμ£μ, ¨¸±μ³Ò° ΛN -¶μÉ¥´Í¨ ² VΛN ¶·¨ ¢Ò¡μ·¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ §´ Î¥´¨Ö α
¤μ²¦¥´ ¡Ò² μ¡¥¸¶¥Î¨¢ ÉÓ ¶· ¢¨²Ó´μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨ 5

ΛHe ¨ (¢ · ³± Ì ³μ¤¥²¨
Λ-Î ¸É¨Í + ´¥¤¥Ëμ·³¨·μ¢ ´´Ò° μ¸Éμ¢) Ô´¥·£¨¨ ¸¢Ö§¨ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·.


 ¸Î¥ÉÒ É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥·,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·
¶·μ¨§¢μ¤¨²¨¸Ó ¢ ·¨ Í¨μ´´Ò³ ³¥Éμ¤μ³ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ¡´ÒÌ ËÊ´±Í¨° £ Ê¸¸μ¢¸±μ£μ



�´¥·£¨¨ ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¨ ΛN -¢§ ¨³μ¤¥°¸É¢¨¥ 11

É¨¶ , ¤²Ö ±μÉμ·ÒÌ ¢¸¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö · ¸Î¥É  ± ± ¢¥·Ì´¥° (EU ),
É ± ¨ ´¨¦´¥° (EL) μÍ¥´±¨ Ô´¥·£¨¨ ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ¥ [47]. Œ¥Éμ¤ ¨ ¶·μÍ¥¤Ê·  ¶·μ-
¢¥¤¥´¨Ö ¢ÒÎ¨¸²¥´¨° ¡Ò²¨ É ±¨³¨ ¦¥, ± ± ¢ · ¡μÉ Ì [47, 49] ¨ [50]. ’μÎ´μ¸ÉÓ É·¥Ì-,
Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ · ¸Î¥Éμ¢ £ · ´É¨·μ¢ ² ¸Ó ´ Ìμ¦¤¥´¨¥³ ± ± ¢¥·Ì´¥° (EU ), É ±
¨ ´¨¦´¨Ì (EL ¨ EQ) μÍ¥´μ± Ô´¥·£¨¨ (¸³. [49, 51]) ¨ μÍ¥´¨¢ ¥É¸Ö ¢ ´¥¸±μ²Ó±μ ¸μÉÒÌ
¤μ²¥° ŒÔ‚.


¥Ï¥´¨¥ μ¡· É´μ° § ¤ Î¨ ¶·¨¢¥²μ ± ¸²¥¤ÊÕÐ¥³Ê ´ ¡μ·Ê ¶ · ³¥É·μ¢ ΛN -¶μÉ¥´-
Í¨ ²  [51]:

V c
a = −297 ŒÔ‚, V c

r = 517 ŒÔ‚, V σ
a = 152 ŒÔ‚, V σ

r = −500 ŒÔ‚,

μa = 2,5 Ë³−2, μr = 6,0 Ë³−2, λ = 0,054, (4)

α = 1 ¶·¨ A < 5 ¨ α = 0,854 ¶·¨ A � 5.

�É³¥É¨³, ÎÉμ ¤²Ö ΛN -¶μÉ¥´Í¨ ²  μa ¨ μr §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥, Î¥³  ´ ²μ£¨Î´Ò¥ ¢¥-
²¨Î¨´Ò ¤²Ö NN -¶μÉ¥´Í¨ ² , ÎÉμ Ê± §Ò¢ ¥É ´  ¡μ²¥¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨° Ì · ±É¥·
ΛN -¸¨² ¶μ ¸· ¢´¥´¨Õ ¸ NN -¸¨² ³¨.


¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ £¨¶¥·ÑÖ¤¥· ¸ ΛN -¶μÉ¥´Í¨ ²μ³
(1) ¸ ¶ · ³¥É· ³¨ (4) ¨ NN -¶μÉ¥´Í¨ ²μ³ (3),   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·´ÒÌ ¸¨¸É¥³
¶·¨¢¥¤¥´Ò ¢ É ¡². 1. „²Ö Ö¤¥· ¤ ´Ò ¶μ²´Ò¥ Ô´¥·£¨¨ ¸¢Ö§¨ (B), ¤²Ö £¨¶¥·ÑÖ¤¥· Å Ô´¥·£¨¨
¸¢Ö§¨ Λ-Î ¸É¨ÍÒ (BΛ). „²Ö ´ Ìμ¦¤¥´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ Λ-Î ¸É¨ÍÒ BΛ ¨§ ¶μ²´μ° Ô´¥·£¨¨
¸¢Ö§¨ £¨¶¥·ÑÖ¤·  ¢ÒÎ¨É ² ¸Ó Ô´¥·£¨Ö ¸¢Ö§¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ μ¸Éμ¢ . „²Ö ¢¸¥Ì ¸¨¸É¥³
¶μ¤¸Î¨É ´Ò ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¸¸ÉμÖ´¨Ö p, n ¨ Λ μÉ Í¥´É·  ³ ¸¸, ¸μμÉ¢¥É¸É¢¥´´μ
Rp, Rn, RΛ. „²Ö ¸· ¢´¥´¨Ö ¢ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò É ±¦¥ (¸ ÉμÎ´μ¸ÉÓÕ ¤μ É·¥Ì §´ Î -
Ð¨Ì Í¨Ë·) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ô´¥·£¨¨ ¸¢Ö§¨ Ö¤¥· B (¸μ£² ¸´μ É ¡²¨Í ³ [52]), Ô´¥·£¨¨
£¨¶¥·ÑÖ¤¥· BΛ (¸μ£² ¸´μ μ¡§μ· ³ [2, 3, 53]),   É ±¦¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ § ·Ö¤μ¢Ò¥ · -
¤¨Ê¸Ò Ö¤¥· Rch, ´ °¤¥´´Ò¥ ¨§ Ô²¥±É·μ³ £´¨É´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ (¸³. μ¡§μ· [54]). Š ±
¶μ± §Ò¢ ¥É ¸· ¢´¥´¨¥ ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° Ô´¥·£¨° ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¸ Ô±¸¶¥·¨³¥´Éμ³,
· ¸Ìμ¦¤¥´¨¥ ²¥¦¨É ¢ ¶·¥¤¥² Ì μÏ¨¡μ± Ô±¸¶¥·¨³¥´Éμ¢. „μ¸É ÉμÎ´μ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´Éμ³ ¨ ¢ÒÎ¨¸²¥´´Ò¥ Ô´¥·£¨¨ ¸¢Ö§¨ ¨ · §³¥·Ò Ö¤¥· Å μ¸Éμ¢μ¢ £¨¶¥·ÑÖ¤¥·.
ˆ¸±²ÕÎ¥´¨¥ ¸μ¸É ¢²Ö¥É ²¨ÏÓ Ô´¥·£¨Ö ¸¢Ö§¨ Ö¤·  4He, £¤¥ μÉ±²μ´¥´¨¥ μÉ Ô±¸¶¥·¨³¥´É 

’ ¡²¨Í  1. �´¥·£¨¨ ¸¢Ö§¨ ¨ · §³¥·Ò ²¥£±¨Ì £¨¶¥·ÑÖ¤¥· (A � 5) ¨ Ö¤¥· μ¸Éμ¢μ¢∗

� · -

³¥É·
2H 3

ΛH 3H 4
ΛH 4

ΛH∗ 3He 4
ΛHe 4

ΛHe∗ 4He 5
ΛHe

Bcalc
Λ Å 0,15(2) Å 1,99(2) 0,93(2) Å 2,37(2) 1,23(2) Å 3,10(6)

Bexp
Λ Å 0,13(5) Å 2,04(11) 1,00(12) Å 2,39(3) 1,21(5) Å 3,12(2)

Bcalc 2,226 Å 8,46 Å Å 7,77 Å Å 29,51 Å

Bexp 2,224 Å 8,48. . . Å Å 7,72. . . Å Å 28,29. . . Å
Rp 1,98 3,21 1,66 1,72 1,81 1,69 1,71 1,79 1,47 1,51

Rn 1,98 3,23 1,66 1,74 1,83 1,66 1,71 1,79 1,47 1,51
RΛ Å 4,53 Å 2,13 2,46 Å 2,03 2,30 Å 1,77

Rexp
ch 2,095 Å 1,65(6) Å Å 1,67(6) Å Å 1,50(4) Å

ÅÅÅÅÅÅÅÅÄ
∗�´¥·£¨¨ B ¨ BΛ ¢Ò· ¦¥´Ò ¢ ŒÔ‚, · ¸¸ÉμÖ´¨Ö Rp, Rn, RΛ, Rch Å ¢ Ë³.
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¸¢Ö§ ´μ ¸ ´¥¶μ²´Ò³ ¸μ¢¥·Ï¥´¸É¢μ³ ¨¸¶μ²Ó§Ê¥³μ£μ NN -¶μÉ¥´Í¨ ² . �É³¥É¨³, μ¤´ ±μ,
ÎÉμ ¨¸¶μ²Ó§Ê¥³Ò° ¶μÉ¥´Í¨ ² NN -¢§ ¨³μ¤¥°¸É¢¨Ö VNN [47,48] μ¶¨¸Ò¢ ¥É Ô´¥·£¨¨ ¸¢Ö§¨
¨ · §³¥·Ò Ö¤¥· 1s-μ¡μ²μÎ±¨ ´¥ ÌÊ¦¥, Î¥³  ´ ²μ£¨Î´Ò° ¶μ ¸É·Ê±ÉÊ·¥ Í¥´É· ²Ó´Ò° ³¨´-
´¥¸μÉ¸±¨° ¶μÉ¥´Í¨ ² [55].


¨¸. 1. �μ²´μ¥ ¸¥Î¥´¨¥ Λp-· ¸¸¥Ö´¨Ö 
¨¸. 2. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ F/B Λp-· ¸¸¥Ö´¨Ö


¨¸. 3. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ P/E Λp-· ¸-

¸¥Ö´¨Ö


 ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö Λp-· ¸¸¥Ö´¨Ö ¢ ¶·¥-
¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μÏ¨¡μ± ¸μ£² ¸ÊÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´Éμ³ [56], ± ± ÔÉμ ¢¨¤´μ ´  ·¨¸. 1
¤²Ö ¶μ²´ÒÌ ¸¥Î¥´¨° Λp-· ¸¸¥Ö´¨Ö ¢ § ¢¨¸¨-
³μ¸É¨ μÉ ¨³¶Ê²Ó¸  Λ-Î ¸É¨ÍÒ ¢ ² ¡μ· Éμ·´μ°
¸¨¸É¥³¥ ¨ ¤²Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° F/B ¨
P/E, ¸μμÉ¢¥É¸É¢¥´´μ, ´  ·¨¸. 2 ¨ 3.

‚ ¤μ¶μ²´¥´¨¥ ± É ¡². 1 ¢ É ¡². 2 ¶·¨¢¥¤¥´Ò
¸·¥¤´¨¥ §´ Î¥´¨Ö ¶μ²´μ° ±¨´¥É¨Î¥¸±μ° ¨ ¶μ-
É¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ £¨¶¥·ÑÖ¤¥· 3

ΛH, 4
ΛH, 4

ΛHe
¨ 5

ΛHe,   É ±¦¥ ¸·¥¤´¨¥ §´ Î¥´¨Ö ¶μÉ¥´Í¨ ²Ó-
´μ° Ô´¥·£¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö np, nn, pp, nΛ
¨ pΛ ¨ ¸·¥¤´¥¥ §´ Î¥´¨¥ ±Ê²μ´μ¢¸±μ° Ô´¥·-
£¨¨ 〈V Coul〉.

‚ É ¡². 3 ¢ ¤μ¶μ²´¥´¨¥ ± É ¡². 1 ¤ ´Ò ·¥-
§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö £¨¶¥·ÑÖ¤¥·´ÒÌ ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·´ÒÌ ¸¨¸É¥³ ¸·¥¤´¥±¢ ¤· -
É¨Î´ÒÌ · ¸¸ÉμÖ´¨° ³¥¦¤Ê ´¥°É·μ´ ³¨ (Rnn),
³¥¦¤Ê ¶·μÉμ´ ³¨ (Rpp), ³¥¦¤Ê ´¥°É·μ´μ³ ¨

¶·μÉμ´μ³ (Rnp), ³¥¦¤Ê ´¥°É·μ´μ³ ¨ Λ-Î ¸É¨Í¥° (RnΛ), ³¥¦¤Ê ¶·μÉμ´μ³ ¨ Λ-Î ¸É¨Í¥°
(RpΛ). Š·μ³¥ Éμ£μ, ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ · ¸¸ÉμÖ´¨° ´¥°É·μ´μ¢ μÉ
Í¥´É·  μ¸Éμ¢  R′

n ¨  ´ ²μ£¨Î´ÒÌ · ¸¸ÉμÖ´¨° ¤²Ö ¶·μÉμ´μ¢ R′
p,   É ±¦¥ · ¸¸ÉμÖ´¨° μÉ

Λ-Î ¸É¨ÍÒ ¤μ Í¥´É·  μ¸Éμ¢  R′
Λ.
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’ ¡²¨Í  2. ‘·¥¤´¨¥ §´ Î¥´¨Ö ±¨´¥É¨Î¥¸±μ° ¨ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¢ ŒÔ‚∗

ƒ¨¶¥·ÑÖ¤·μ 〈H〉 〈T 〉 〈V 〉 〈Vpn〉 〈Vpp〉 〈Vnn〉 〈VnΛ〉 〈VpΛ〉 〈V Coul
pp 〉

3
ΛH Ä2,36 19,82 Ä22,18 Ä18,11 Å Å Ä2,17 Ä1,90 Å
4
ΛH Ä10,44 57,97 Ä68,41 Ä18,63 Å Ä18,50 Ä4,00 Ä4,65 Å
4
ΛHe Ä10,09 59,06 Ä69,16 Ä18,65 Ä18,54 Å Ä4,25 Ä4,90 0,74
5
ΛHe Ä32,55 109,04 Ä141,60 Ä21,17 Ä21,01 Ä21,19 Ä3,89 Ä3,87 0,79
ÅÅÅÅÅÅÅÅÄ

∗
 ¸Î¥ÉÒ ¶·¨ Î¨¸²¥ ¶·μ¡´ÒÌ ËÊ´±Í¨° n = 500.

Š ± ¢¨¤´μ ¨§ É ¡². 1, ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ Rp Ê¡Ò¢ ¥É ¸ ·μ¸Éμ³ A ± ± ¤²Ö
Ö¤¥·, É ± ¨ ¤²Ö £¨¶¥·ÑÖ¤¥·, ¶·¨ ÔÉμ³ ¤²Ö £¨¶¥·ÑÖ¤¥· μ´ ³¥´ÓÏ¥ ¤²Ö ¨§μ¡ · ¸ ¡μ²ÓÏ¨³
Z,   ¤²Ö Ö¤¥· Å ¸ ³¥´ÓÏ¨³ Z. �´ ²μ£¨Î´μ¥ ¸¶· ¢¥¤²¨¢μ ¨ ¤²Ö Rn, ¶·¨ ÔÉμ³ Rp � Rn

¤²Ö Ö¤¥· ¨ Rp � Rn ¤²Ö £¨¶¥·ÑÖ¤¥·,   RΛ §´ Î¨É¥²Ó´μ ¶·¥¢μ¸Ìμ¤¨É Rp ¨ Rn. 
 ¤¨Ê¸
Λ-μ·¡¨ÉÒ μ¸μ¡¥´´μ ¢¥²¨± Ê 3

ΛH.

’ ¡²¨Í  3. ƒ¥μ³¥É·¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨ ¨ ¨Ì μ¸Éμ¢μ¢∗

‘¨¸É¥³  2H 3
ΛH 3H 4

ΛH 4
ΛH∗ 3He 4

ΛHe 4
ΛHe∗ 4He 5

ΛHe

Rpn 3,96 3,55 2,88 2,62 2,67 2,91 2,61 2,66 2,40 2,30
Rnn Å Å 2,88 2,63 2,68 Å Å Å 2,41 2,30
Rpp Å Å Å Å Å 2,931 2,62 2,68 2,39 2,31
RnΛ Å 7,43 Å 3,34 3,76 Å 3,22 3,57 Å 2,69
RpΛ Å 7,44 Å 3,32 3,75 Å 3,21 3,56 Å 2,69
ÅÅÅÅÅÅÅÅÄ

∗‚¸¥ · ¸¸ÉμÖ´¨Ö ¢Ò· ¦¥´Ò ¢ Ë³.

ˆ§ É ¡². 3 ¢¨¤´μ É ±¦¥, ÎÉμ ¤μ¡ ¢²¥´¨¥ Λ-Î ¸É¨ÍÒ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ Rpn, Rnn

¨ Rpp, É. ¥. ± ¸¦ É¨Õ μ¸Éμ¢ . �¤´ ±μ ¡² £μ¤ ·Ö ¸³¥Ð¥´¨Õ Í¥´É·  ³ ¸¸ ¶·¨ ¶¥·¥Ìμ¤¥ μÉ
Ö¤·  ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê £¨¶¥·ÑÖ¤·Ê Rp ¢μ§· ¸É ¥É, μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´μ Ê 3

ΛH, ÎÉμ
³μ£²μ ¡Ò Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ÉÓ¸Ö ¢  Éμ³´μ³ ¸¶¥±É·¥ 3

ΛH ± ± ¢É·μ¥ ¡μ²ÓÏ¨°, Î¥³
Ê 2H, ÔËË¥±É μ¡Ñ¥³  Ö¤· .

2. Œ�„…‹œ Λ+�‘’�‚ ˆ ’Ÿ†…‹›… ƒˆ�…�šŸ„��

�´¥·£¨¨ ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¡μ²¥¥ ÉÖ¦¥²ÒÌ, Î¥³ 5
ΛHe, · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¨§ ³μ¤¥²Ó´ÒÌ ¸μ-

μ¡· ¦¥´¨°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì μ¸² ¡²¥´¨¥ ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ NN -¢§ ¨³μ-
¤¥°¸É¢¨¥³,   É ±¦¥ ¥£μ ¡μ²¥¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨° Ì · ±É¥·. �·¨ · ¸Î¥É Ì Ô´¥·£¨° ¸¢Ö§¨
Λ-Î ¸É¨ÍÒ BΛ ¢ · ³± Ì ¤¢ÊÌÉ¥²Ó´μ° (folding) ³μ¤¥²¨ (Λ+μ¸Éμ¢) ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°-
¸É¢¨Ö Λ-Î ¸É¨ÍÒ ¸ ´Ê±²μ´´Ò³ μ¸Éμ¢μ³ VΛO ´ Ìμ¤¨É¸Ö ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ¶μÉ¥´Í¨ ² 
ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö VΛN ¶μ ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢ ¢ μ¸Éμ¢¥ ρ(r):

VΛO(r) =
∫

VΛN (|r − r1|)ρ(r1)d3r1 + ΔV (r), (5)
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£¤¥ ΔV (r) Å ¶μ¶· ¢±  §  ¸Î¥É ¸¶¨´μ¢μ° ¨ § ·Ö¤μ¢μ° § ¢¨¸¨³μ¸É¨ ΛN -¸¨² (¸³., ´ ¶·¨-
³¥·, [57]). …¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ¤¥Ëμ·³ Í¨Õ μ¸Éμ¢  Λ-Î ¸É¨Í¥°, Éμ ¢ ± Î¥¸É¢¥ ρ(r) ¸²¥¤Ê¥É
¡· ÉÓ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢ ¤²Ö ¸¢μ¡μ¤´μ£μ μ¸Éμ¢ .

„²Ö Éμ£μ, ÎÉμ¡Ò ¨³¥ÉÓ ¶·¥¤¸É ¢²¥´¨¥ μ ÉμÎ´μ¸É¨ ³μ¤¥²¨ Λ + μ¸Éμ¢ ¨ ¥¥ § ¢¨¸¨³μ¸É¨
μÉ ³ ¸¸Ò μ¸Éμ¢ , ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²Ó´ÒÌ · ¸Î¥Éμ¢ BΛ ¤²Ö ¢¸¥Ì £¨¶¥·ÑÖ¤¥· 1s-μ¡μ²μÎ±¨
( 3
ΛH, 4

ΛH, 4
ΛHe ¨ 5

ΛHe) ¸· ¢´¨¢ ²¨¸Ó ¸ ÉμÎ´Ò³¨ · ¸Î¥É ³¨. �·¨ ÔÉμ³ ¢ ³μ¤¥²Ó´ÒÌ · ¸Î¥-
É Ì ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶²μÉ´μ¸É¨ ´Ê±²μ´μ¢, ´ °¤¥´´Ò¥ ¢ ÉμÎ´ÒÌ · ¸Î¥É Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
Ö¤¥· (2H, 3H, 3He ¨ 4He). 
¥§Ê²ÓÉ ÉÒ É ±¨Ì · ¸Î¥Éμ¢ BΛ ¶μ ³μ¤¥²¨ Λ+μ¸Éμ¢ ¶·¨¢¥¤¥´Ò
¢ É ¡². 4 ¸ μ¡μ§´ Î¥´¨¥³ B′

Λ. Š ± ¢¨¤´μ ¨§ É ¡². 4, §´ Î¥´¨Ö B′
Λ μ± §Ò¢ ÕÉ¸Ö §´ Î¨-

É¥²Ó´μ § ´¨¦¥´´Ò³¨ ¶μ ¸· ¢´¥´¨Õ ¸ ÉμÎ´Ò³ · ¸Î¥Éμ³ BΛ,   3
ΛH ¢μμ¡Ð¥ μ± §Ò¢ ¥É¸Ö

´¥¸¢Ö§ ´´μ° ¸¨¸É¥³μ°.

’ ¡²¨Í  4. Œμ¤¥²Ó Λ+μ¸Éμ¢. �´¥·£¨¨ ¸¢Ö§¨ ¨ ¸¦¨³ ¥³μ¸ÉÓ μ¸Éμ¢ 

‘¨¸É¥³  3
ΛH 4

ΛH 4
ΛH∗ 4

ΛHe 4
ΛHe∗ 5

ΛHe

R′
p, Ë³ 1,775 1,507 1,538 1,512 1,544 1,414

R′
n, Ë³ 1,773 1,515 1,546 1,504 1,535 1,411

R′
Λ, Ë³ 7,183 2,959 3,428 2,842 3,209 2,292

ξ, % 10,4 9,5 7,7 10,4 8,5 3,9

χp = R′
Λ/R′

p 4,05 1,96 2,22 1,88 2,88 1,62

B′
Λ, ŒÔ‚ Å 0,47 0,21 0,58 0,30 2,16

B′′
Λ, ŒÔ‚ Å 0,75 0,34 0,96 0,54 2,48

BΛ, ŒÔ‚ 0,15(2) 1,99(2) 0,93(2) 2,37(2) 1,23(2) 3,12(6)

η 1,490 1,256 1,177 1,266 1,179 1,084

�¤´μ° ¨§ ¶·¨Î¨´ § ´¨¦¥´¨Ö BΛ ³μ¦´μ ¸Î¨É ÉÓ ´¥ÊÎ¥É ¤¥Ëμ·³ Í¨¨ μ¸Éμ¢  ¢ £¨¶¥·Ñ-
Ö¤·¥. „¥Ëμ·³ Í¨Õ μ¸Éμ¢  ³μ¦´μ Ì · ±É¥·¨§μ¢ ÉÓ ¸·¥¤´¨³ ±μÔËË¨Í¨¥´Éμ³ ¸¦¨³ ¥³μ¸É¨
μ¸Éμ¢  ξ, μ¶·¥¤¥²¨¢ ¥£μ ± ± μÉ´μ¸¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ · §³¥·μ¢ μ¸Éμ¢  ¢ § ¢¨¸¨³μ¸É¨ μÉ

· §³¥·  ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ Ö¤· . ‘·¥¤´¨¥ §´ Î¥´¨Ö ξ =
1
2
(ξp + ξn) (ξp =

Rp − R′
p

Rp
¨

ξn =
Rn − R′

n

Rn
) ¶·¨¢¥¤¥´Ò ¢ É ¡². 4. ξ ¸´¨¦ ¥É¸Ö ¶·¨ Ê¢¥²¨Î¥´¨¨ A μÉ 10,4 % ¤²Ö 3

ΛH

¤μ 3,9 % ¤²Ö 5
ΛHe. �²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢ ¢ £¨¶¥·ÑÖ¤·¥ ³μ¦´μ ¶μ¤¸Î¨É ÉÓ,

¶·μ¨´É¥£·¨·μ¢ ¢ ±¢ ¤· É ³μ¤Ê²Ö ÉμÎ´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ £¨¶¥·ÑÖ¤·  ¶μ ±μμ·¤¨´ É ³
Λ-Î ¸É¨ÍÒ, ¶μ¸²¥ Î¥£μ (¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê²μ° (5)) ³μ¦´μ ´ °É¨ VΛO ,   § É¥³ BΛ.
�·¨ ÊÎ¥É¥ ¤¥Ëμ·³ Í¨¨ μ¸Éμ¢  Λ-Î ¸É¨Í¥° Ô´¥·£¨Ö ¸¢Ö§¨ BΛ ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥ (¢ É ¡². 4
μ´  μ¡μ§´ Î¥´  B′′

Λ) ¨ ¶·¨¡²¨¦ ¥É¸Ö ± ÉμÎ´μ³Ê §´ Î¥´¨Õ.
�¤´ ±μ ÊÎ¥É ¤¥Ëμ·³ Í¨¨ μ¸Éμ¢  μ± §Ò¢ ¥É¸Ö ´¥¤μ¸É ÉμÎ´Ò³ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¢ · ³± Ì

¤¢ÊÌÉ¥²Ó´μ° ³μ¤¥²¨ ÉμÎ´μ£μ §´ Î¥´¨Ö Ô´¥·£¨¨ BΛ, ¶μ¸±μ²Ó±Ê ¸ÊÐ¥¸É¢¥´´Ò° ÔËË¥±É
¤ ¥É ÊÎ¥É ±μ··¥²ÖÍ¨¨ ¢ ¤¢¨¦¥´¨¨ Λ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´μ¢. �²μÉ´μ¸ÉÓ ´Ê±²μ´μ¢ § ¢¨¸¨É
μÉ ¶μ²μ¦¥´¨Ö Λ-Î ¸É¨ÍÒ. Š·μ³¥ Éμ£μ, ´ ¤μ ÊÎ¥¸ÉÓ, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö Λ-Î -
¸É¨ÍÒ § ¢¨¸¨É μÉ ¥¥ Ê¤ ²¥´´μ¸É¨ μÉ Í¥´É·  μ¸Éμ¢ . …¸²¨ ÊÎ¥¸ÉÓ μ¡  ÔÉ¨ Ë ±Éμ· , ¶·¨
¶μ¤¸Î¥É¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö Λ-Î ¸É¨ÍÒ ¸ μ¸Éμ¢μ³ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ (5), Éμ · ¸Î¥É BΛ ¶·¨¢μ¤¨É ± ¶· ±É¨Î¥¸±μ³Ê ¸μ¢¶ ¤¥´¨Õ ´ °¤¥´´ÒÌ §´ Î¥´¨° BΛ ¸
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´¥¶μ¸·¥¤¸É¢¥´´Ò³¨ · ¸Î¥É ³¨ £¨¶¥·ÑÖ¤¥· 3
ΛH, 4

ΛH, 4
ΛHe ¨ 5

ΛHe ± ± ¸¨¸É¥³ É·¥Ì, Î¥ÉÒ·¥Ì
¨ ¶ÖÉ¨ Î ¸É¨Í (¸³. ¤¥É ²¨ ¢ [51]).

�¤´ ±μ ¤²Ö ¶· ±É¨Î¥¸±¨Ì Í¥²¥° μ± §Ò¢ ¥É¸Ö ¡μ²¥¥ ¶μ²¥§´Ò³ ±μ··¥±É¨·μ¢ ÉÓ ³μ¤¥²Ó
Λ-Î ¸É¨Í + ´¥¤¥Ëμ·³¨·μ¢ ´´Ò° ´Ê±²μ´´Ò° μ¸Éμ¢ ¶ÊÉ¥³ Ê£²Ê¡²¥´¨Ö ¶μÉ¥´Í¨ ²  ΛN -
¢§ ¨³μ¤¥°¸É¢¨Ö VΛN É ±, ÎÉμ¡Ò ¶μ¤¸Î¥É ¸ ¶μÉ¥´Í¨ ²μ³ Λ-μ¸Éμ¢ (5) ¶·¨¢μ¤¨² ¶·¨ · ¸Î¥É¥
¶μ ¤¢ÊÌÉ¥²Ó´μ° ³μ¤¥²¨ ± ÉμÎ´μ³Ê §´ Î¥´¨Õ Ô´¥·£¨¨. �¥μ¡Ìμ¤¨³Ò° ¤²Ö ÔÉμ£μ ±μÔËË¨-
Í¨¥´É η Ê£²Ê¡²¥´¨Ö ΛN -¶μÉ¥´Í¨ ²  ¶·¨¢¥¤¥´ ¢ É ¡². 4 ¢ ¶μ¸²¥¤´¥° ¸É·μ±¥. Š ± ¢¨¤´μ
¨§ É ¡². 4, ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ¸ ³μ£μ ²¥£±μ£μ £¨¶¥·ÑÖ¤·  3

ΛH ± 5
ΛHe ÔËË¥±ÉÒ ¤¥Ëμ·³ Í¨¨

¨ ±μ··¥²ÖÍ¨¨ μ¸² ¡¥¢ ÕÉ,   ÉμÎ´μ¸ÉÓ ³μ¤¥²¨ Λ+´¥¤¥Ëμ·³¨·μ¢ ´´Ò° μ¸Éμ¢ ¢μ§· ¸É ¥É,
¨ ¥¸²¨ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶· ¢¨²Ó´μ£μ §´ Î¥´¨Ö BΛ ¢ ¸²ÊÎ ¥ 3

ΛH É·¥¡μ¢ ²μ¸Ó Ê¢¥²¨Î¨ÉÓ VΛO

´  49 % (¨²¨ ¨´ Î¥ ¢¢μ¤¨ÉÓ ¤²Ö ¶μÉ¥´Í¨ ²  VΛN ±μÔËË¨Í¨¥´É Ê£²Ê¡²¥´¨Ö (Ê¸¨²¥´¨Ö)
η = 1,49), Éμ ¤²Ö 4

ΛH ¨ 4
ΛHe ¤μ¸É ÉμÎ´μ Ê¢¥²¨Î¨ÉÓ VΛN ´  25 % (η ≈ 1,26),   ¤²Ö 5

ΛHe Å
²¨ÏÓ ´  8 % (η = 1,084).

�Éμ ¤ ¥É μ¸´μ¢ ´¨¥ · ¸¸Î¨ÉÒ¢ ÉÓ, ÎÉμ ¤²Ö £¨¶¥·ÑÖ¤¥· ÉÖ¦¥²¥¥, Î¥³ 5
ΛHe, ³μ¤¥²Ó

Λ + μ¸Éμ¢ ¸³μ¦¥É μ¡¥¸¶¥Î¨ÉÓ  ¤¥±¢ É´μ¥ μ¶¨¸ ´¨¥ Ô´¥·£¨° ¸¢Ö§¨ BΛ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
Éμ£μ ¦¥ ΛN -¶μÉ¥´Í¨ ² , ±μÉμ·Ò° ¡Ò² ´ °¤¥´ ¤²Ö 5

ΛHe ¶·¨ Ê¸²μ¢¨¨ ¢¢¥¤¥´¨Ö ¢ Ëμ·³Ê²Ê
(1) Ë ±Éμ·  ³μ¤¥²Ó´μ¸É¨ ¤¢ÊÌÎ ¸É¨Î´μ£μ (Λ+μ¸Éμ¢) · ¸Î¥É .

�¨¦¥, ¶·¨ · ¸Î¥É¥ ± ± £¨¶¥·ÑÖ¤¥· 1p-μ¡μ²μÎ±¨, É ± ¨ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥· ¢ · ³± Ì
³μ¤¥²¨ Λ+μ¸Éμ¢ ¡Ò²μ ¶·¨´ÖÉμ μ¤´μ ¨ Éμ ¦¥ μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ Ë ±Éμ·  ³μ¤¥²Ó´μ¸É¨
η0 = 1,068. �·¨ ÔÉμ³ ¶μÉ¥´Í¨ ² ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö (1) μ¸É ¥É¸Ö ¶·¥¦´¨³ ¸ ¥¤¨´¸É¢¥´-
´μ° · §´¨Í¥°, ÎÉμ ¢ (1) ¢³¥¸Éμ α ¢¢μ¤¨É¸Ö ³´μ¦¨É¥²Ó α0 = αη0 = 1,068 · 0,854 = 0,912.
‡´ Î¥´¨Ö ¢¸¥Ì μ¸É ²Ó´ÒÌ ¶ · ³¥É·μ¢ ¢ (4) μ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨. „²Ö É ±μ£μ ³μ¤¥²Ó´μ-
¶μ¤±μ··¥±É¨·μ¢ ´´μ£μ ΛN -¶μÉ¥´Í¨ ²  μ¡Ñ¥³´Ò° ¨´É¥£· ² ´¥§ ¢¨¸¨³μ° μÉ ¸¶¨´  Î ¸É¨
(α0Vc(r)) · ¢¥´ ΩΛN = 203 ŒÔ‚ ·Ë³3,   ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ RΛN = 0,953 Ë³1.
Š ± ¡Ò²μ ¶μ± § ´μ ¢ · ¡μÉ Ì [57, 58], ¢¥²¨Î¨´Ò ΩΛN ¨ RΛN É ±μ£μ ¶μ·Ö¤±  μ¡¥¸¶¥Î¨-
¢ ÕÉ (¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ · §³¥· Ì Ö¤¥·-μ¸Éμ¢μ¢) μ¶¨¸ ´¨¥
Ô´¥·£¨° ¸¢Ö§¨ BΛ £¨¶¥·ÑÖ¤¥· 1p-μ¡μ²μÎ±¨ ¨ ¡μ²¥¥ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥·.

„²Ö Ö¤¥· 1p-μ¡μ²μÎ±¨ Ô±¸¶¥·¨³¥´ÉÒ ¶μ · ¸¸¥Ö´¨Õ Ô²¥±É·μ´μ¢ ´  Ö¤· Ì μ¡ÒÎ´μ ¨´-
É¥·¶·¥É¨·ÊÕÉ¸Ö ¸ ¶μ³μÐÓÕ μ¸Í¨²²ÖÉμ·´ÒÌ ¶²μÉ´μ¸É¥° · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢, ±μÉμ·Ò¥
¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¨³¥ÕÉ ¢¨¤

ρcm = π−3/2a−3
1

(
Z ′

s +
2
3
Z ′

p

(
r

a1

)2
)

exp
(
− r2

a2
1

)
. (6)

Z ′
s ¨ Z ′

p ¸¢Ö§ ´Ò ¸ Î¨¸²μ³ ¶·μÉμ´μ¢ ¢ 1s-μ¡μ²μÎ±¥ (Zs) ¨ Î¨¸²μ³ ¶·μÉμ´μ¢ ¢ 1p-

μ¡μ²μÎ±¥ (Zp) ¸μμÉ´μÏ¥´¨Ö³¨ Z ′
s = Zs −

Zp

A − 1
, Z ′

p = Zp

(
1 − 1

A

)−1

[58]. �²μÉ´μ¸ÉÓ

1�·¨ ÊÎ¥É¥ ³ ²μ¸É¨ · ¤¨Ê¸  ¤¥°¸É¢¨Ö ΛN -¸¨² ¶μ ¸· ¢´¥´¨Õ ¸ · §³¥· ³¨ Ö¤·  ³μ¦´μ ¶·μ¨§¢¥¸É¨ ¢
(5) · §²μ¦¥´¨¥ ¶μÉ¥´Í¨ ²  VΛN ¶μ ¸É¥¶¥´Ö³ μÉ´μÏ¥´¨Ö · ¤¨Ê¸  ¤¥°¸É¢¨Ö ¶μÉ¥´Í¨ ²  ΛN -¢§ ¨³μ¤¥°¸É¢¨Ö

RΛN ± · ¤¨Ê¸Ê Ö¤· . �·¨ μ£· ´¨Î¥´¨¨ ¤¢Ê³Ö Î²¥´ ³¨ · §²μ¦¥´¨Ö VΛO =

∫
VΛN (|r − r1|)ρ(r1)d3r1 ≈

−ΩΛN

(
1 +

〈R2
ΛN 〉
6

∇2

)
ρ(r), £¤¥ ΩΛN = −

∫
VΛN (r)d3r, RΛN =

√
〈R2〉, 〈R2n〉 =

∫
VΛN (r)r2nd3r∫

VΛN (r)d3r

.
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¦¥ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ρch = π−3/2b−3

(
Z ′′

s +
2
3
Z ′′

p

r2

b2

)
exp

(
−r2

b2

)
, £¤¥ b ¸¢Ö§ ´μ ¸μ

¸·¥¤´¥±¢ ¤· É¨Î´Ò³ § ·Ö¤μ¢Ò³ · ¤¨Ê¸μ³ ¶·μÉμ´  Rp ¸μμÉ´μÏ¥´¨¥³ b =

√
a1 +

2
3
R2

p,  

Z ′′
s = Zs + Zp

(
1 − a2

b2

)
, Z ′′

p = Zp
a2

b2
¨ a1 = a

√
1 − 1

A
.

‚ Ô²¥±É·μ³ £´¨É´ÒÌ Ô±¸¶¥·¨³¥´É Ì μ¶·¥¤¥²Ö¥É¸Ö (¨§ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ¨²¨ ³¥-
§μ Éμ³´ÒÌ ¸¶¥±É·μ¢) ¸·¥¤´¥±¢ ¤· É¨Î´Ò° § ·Ö¤μ¢Ò° · ¤¨Ê¸ Rch, ±μÉμ·Ò° ¸¢Ö§ ´ ¸ b

¸μμÉ´μÏ¥´¨¥³ Rch = b

√
3
2

+
Z ′′

p

Z
. ‡´ Ö Ô±¸¶¥·¨³¥´É ²Ó´μ¥ (´ °¤¥´´μ¥ ¢ Ô²¥±É·μ³ £´¨É-

´ÒÌ Ô±¸¶¥·¨³¥´É Ì) §´ Î¥´¨¥ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  Ö¤·  Rexp
ch , ³μ¦´μ (¶μ¤¸Î¨É ¢ ¢´ Î ²¥

a1) ´ °É¨ Ô´¥·£¨Õ BΛ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ £¨¶¥·ÑÖ¤· , ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥-
²¥´¨Ö ´Ê±²μ´μ¢ ¢ μ¸Éμ¢¥ ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ°

ρ(r) = π−3/2a−3
1

(
A′

s +
2
3
A′

p

r2

a2
1

)
exp

(
− r2

a2
1

)
, (7)

£¤¥ A′
s = As− Ap

A − 1
, A′

p = Ap

(
1 − 1

A

)−1

; As ¨ Ap Å Î¨¸²  ´Ê±²μ´μ¢, ¸μμÉ¢¥É¸É¢¥´´μ,

¢ 1s- ¨ 1p-¸μ¸ÉμÖ´¨ÖÌ.

¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Bcalc

Λ ¸μ¤¥·¦ É¸Ö ¢ É ¡². 5 ¢ ¸Éμ²¡Í¥ 3 ¨ É ³ ¦¥ Ê± § ´μ, ¢ ± ±¨Ì
¶·¥¤¥² Ì ¨§³¥´Ö¥É¸Ö BΛ ¶·¨ ÊÎ¥É¥ ¶μ£·¥Ï´μ¸É¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨ÖÌ Rexp

ch .
�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ Rexp

ch , § ¨³¸É¢μ-
¢ ´´Ò¥ ¨§ μ¡§μ·  [54], ¶·¨¢¥¤¥´Ò ¢ ¸Éμ²¡Í¥ 2 É ¡²¨ÍÒ,   Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö
Bexp

Λ (¨§ μ¡§μ·μ¢ [2Ä4, 53]), ¸ ±μÉμ·Ò³¨ ¸· ¢´¨¢ ²¨¸Ó Bcalc
Λ , Å ¢ ¸Éμ²¡Í¥ 4. �·¨ μÉ-

¸ÊÉ¸É¢¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Rch (¥¸²¨, ´ ¶·¨³¥·, Ö¤·μ-μ¸Éμ¢ · ¤¨μ ±É¨¢´μ)
μ´μ ¢ÒÎ¨¸²Ö²μ¸Ó ¶μ Ô³¶¨·¨Î¥¸±μ° Ëμ·³Ê²¥ R0

ch = 0,59 + 0,834A1/3 [59]. ‚ÒÎ¨¸²¥´´Ò¥
¶μ ÔÉμ° Ëμ·³Ê²¥ §´ Î¥´¨Ö R0

ch ¶·¨¢¥¤¥´Ò ¢ ¸Éμ²¡Í¥ 6 É ¡²¨ÍÒ,   ´ °¤¥´´Ò¥ ¶μ ´¨³
§´ Î¥´¨Ö Bcalc

Λ Å ¢ ¸Éμ²¡Í¥ 3 É ¡²¨ÍÒ § ±²ÕÎ¥´´Ò³¨ ¢ ¸±μ¡±¨. �·¨ ´ Ìμ¦¤¥´¨¨ Bcalc
Λ

¶μ Rch ÊÎ¨ÉÒ¢ ² ¸Ó ¸μ¡¸É¢¥´´ Ö Ô²¥±É·μ³ £´¨É´ Ö ¸É·Ê±ÉÊ·  ¶·μÉμ´  ¨ ¤¢¨¦¥´¨¥ Í¥´É· 
³ ¸¸,   É ±¦¥ ¢±² ¤ ¸¶¨´μ¢ÒÌ ¸¨². 
 ¸¶·¥¤¥²¥´¨¥ ´¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ¶·¥¤¶μ² £ ²μ¸Ó
μ¤¨´ ±μ¢Ò³, § ·Ö¤μ¢ Ö § ¢¨¸¨³μ¸ÉÓ ΛN -¸¨² ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó.

Š ± ¢¨¤´μ ¨§ É ¡². 5, ´¥¸³μÉ·Ö ´  £·Ê¡μ¸ÉÓ ³μ¤¥²¨, ¢ÒÎ¨¸²¥´´Ò¥ §´ Î¥´¨Ö Bcalc
Λ ¢

Í¥²μ³ ¸μ£² ¸ÊÕÉ¸Ö ¸ Bexp
Λ , §  ¨¸±²ÕÎ¥´¨¥³ ²¥£±¨Ì £¨¶¥·ÑÖ¤¥· 1p-μ¡μ²μÎ±¨ 6

ΛHe, 7
ΛLi,

8
ΛLi, μ¸Éμ¢Ò ±μÉμ·ÒÌ ¨³¥ÕÉ  ´μ³ ²Ó´μ ¡μ²ÓÏ¨¥ · §³¥·Ò (¸· ¢´¨³ Rexp

ch ¨ R0
ch). �Éμ

¸¢Ö§ ´μ, μÎ¥¢¨¤´μ, ¸ ±² ¸É¥·´μ° ¸É·Ê±ÉÊ·μ° ÔÉ¨Ì £¨¶¥·ÑÖ¤¥·,   ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö · ¸Î¥É 
BΛ ³μ¤¥²Ó Λ+μ¸Éμ¢ ´¥¶·¨£μ¤´  (¨Ì ¸²¥¤μ¢ ²μ ¡Ò · ¸¸Î¨ÉÒ¢ ÉÓ ± ± ¸¨¸É¥³Ò Λαn, Λαnp,
ΛαnnΛ).

ˆ§ É ¡². 5 ¢¨¤´μ, ÎÉμ Ô´¥·£¨Ö Bcalc
Λ ³¥´Ö¥É¸Ö μÎ¥´Ó §´ Î¨É¥²Ó´μ (´  ¢¥²¨Î¨´Ê ¶μ·Ö¤± 

1 ŒÔ‚) ¶·¨ ¨§³¥´¥´¨¨ Rexp
ch ¢ ¶·¥¤¥² Ì μÏ¨¡μ± Ô±¸¶¥·¨³¥´É . �Éμ ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ±

¶·¥¢ÒÏ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ μÏ¨¡±¨ ¢ μ¶·¥¤¥²¥´¨¨ BΛ ¸ ¶μ³μÐÓÕ Ô³Ê²Ó¸¨μ´´μ°
É¥Ì´¨±¨. �μ ¢ É ±μ³ ¸²ÊÎ ¥, ¨§³¥·ÖÖ Ô´¥·£¨Õ ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¸ ÉμÎ´μ¸ÉÓÕ ¶μ·Ö¤± 
0,1 ŒÔ‚, ³μ¦´μ μ¶·¥¤¥²¨ÉÓ · §³¥·Ò Ö¤¥·-μ¸Éμ¢μ¢ ¸ ÉμÎ´μ¸ÉÓÕ ´  ¶μ·Ö¤μ± ¢ÒÏ¥, Î¥³
¢ Ô²¥±É·μ³ £´¨É´ÒÌ Ô±¸¶¥·¨³¥´É Ì. �¸μ¡¥´´μ Í¥´´μ Éμ, ÎÉμ, ¨¸¶μ²Ó§ÊÖ £¨¶¥·ÑÖ¤¥·´Ò¥
¨§³¥·¥´¨Ö BΛ, ³μ¦´μ ´  μ¸´μ¢ ´¨¨ · ¸Î¥Éμ¢ μÍ¥´¨ÉÓ · §³¥·Ò · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·, ±μ£¤ 
μ´¨ Ö¢²ÖÕÉ¸Ö μ¸Éμ¢ ³¨ £¨¶¥·ÑÖ¤¥·. ‚ É ¡². 5 ¢ ¸Éμ²¡Í¥ 5 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 



�´¥·£¨¨ ¸¢Ö§¨ £¨¶¥·ÑÖ¤¥· ¨ ΛN -¢§ ¨³μ¤¥°¸É¢¨¥ 17

’ ¡²¨Í  5. ƒ¨¶¥·ÑÖ¤·  1p-μ¡μ²μÎ±¨

ƒ¨¶¥·ÑÖ¤·μ Rexp
ch Bcalc

Λ Bexp
Λ Rcalc

ch R0
ch

1 2 3 4 5 6
5
ΛHe 1,6733(10) 2,80(1) 3,12(1) 1,641(1) 1,887
6
ΛHe Å (3,01) 4,25(10) 1,859(1) 1,990
7
ΛLi 2,574(440) 2,7± 1,7 5,58(3) 2,031(2) 2,079
7
ΛBe Å (4,60) 5,16(8) 2,029(7) 2,079
8
ΛHe Å (6,27) 7,16(70) 2,09(5) 2,159
8
ΛLi 2,4221(1000) 3,7± 0,7 6,8(3) 2,121(2) 2,159
8
ΛBe Å (6,27) 6,84(3) 2,118(2) 2,159
9
ΛLi Å (8,03) 8,53(15) 2,203(8) 2,232
9
ΛBe Å (7,33) 6,71(4) 2,279(3) 2,232
9
ΛB Å (8,03) 7,88(15) 2,241(9) 2,232
10
ΛBe Å (8,68) 9,11(22) 2,273(13) 2,299
10
ΛB Å (8,68) 8,89(12) 2,286(7) 2,299
11
ΛB 2,4315(431) 8,9± 0,7 10,24(5) 2,353(3) 2,361
12
ΛB 2,4171(240) 10,6± 0,4 11,37(6) 2,378(3) 2,419
12
ΛC Å (10,61) 10,78(19) 2,410(11) 2,419
13
ΛC 2,4826(15) 11,14(3) 11,69(12) 2,452(7) 2,474
14
ΛC 2,4635(35) 13,36(7) 12,17(33) 2,524(18) 2,526
15
ΛN 2,5556(79) 13,34(16) 13,59(15) 2,543(7) 2,575
16
ΛO Å (13,49) 13(2) 2,66(11) 2,622

§ ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ Rcalc
ch ¢ ¸²ÊÎ ¥ ¨¸¶μ²Ó§μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Bexp

Λ , a
Ê± § ´´μ¥ É ³ μÉ±²μ´¥´¨¥ μÉ ¶·¨¢μ¤¨³ÒÌ §´ Î¥´¨° Rcalc

ch ¢μ§´¨± ¥É §  ¸Î¥É μÏ¨¡μ± ¢
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨ÖÌ Bexp

Λ .
‚ ¸²ÊÎ ¥ ÉÖ¦¥²ÒÌ £¨¶¥·ÑÖ¤¥· (A > 16) ¶·¨ ¨´É¥·¶·¥É Í¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ Ô±¸-

¶¥·¨³¥´Éμ¢ ´ ¨¡μ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨³¨ ¸Î¨É ÕÉ ´¥ μ¸Í¨²²ÖÉμ·´Ò¥ ¶²μÉ´μ¸É¨ · ¸¶·¥-
¤¥²¥´¨Ö § ·Ö¤  (  É ±¦¥ ¨ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢),   ¶²μÉ´μ¸É¨ Ë¥·³¨¥¢¸±μ£μ (¨²¨
³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ë¥·³¨¥¢¸±μ£μ) É¨¶ :

ρ(r) = ρ0

{
1 + exp

(
r − c

z

)}−1

(I),

ρ(r) = ρ0

(
1 + w

r2

c2

){
1 + exp

(
r2 − c2

z2

)}−1

(II),

ρ(r) = ρ0

(
1 + w

r2

c2

) {
1 + exp

(
r − c

z

)}−1

(III),

ρ(r) = ρ0

{
1 + exp

(
r − c

z

)}−1

+ w
r2

c2

{
1 + exp

(
r2 − c2

z2

)}−2

(IV).
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‚ É ¡². 6 ¶·¨¢¥¤¥´Ò (§ ¨³¸É¢μ¢ ´´Ò¥ ¨§ μ¡§μ·μ¢ [54] ¨ [60]) §´ Î¥´¨Ö ¶ · ³¥É·μ¢
¶²μÉ´μ¸É¨ É¥Ì Ö¤¥·, ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì £¨¶¥·ÑÖ¤¥· ±μÉμ·ÒÌ ¨§³¥·¥´Ò Bexp

Λ . �Éμ
£¨¶¥·ÑÖ¤·  28

ΛSi, 32
ΛS, 40

ΛCa, 51
ΛV, 89

ΛY, 139
ΛLa ¨ 208

ΛPb, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ ¶μ¸²¥¤´¨¥
£μ¤Ò ¸ ¶μ³μÐÓÕ (K−, π−)- ¨ (π+, K+)-·¥ ±Í¨° [1Ä7]. 
 ¸Î¥ÉÒ BΛ ¶·μ¨§¢μ¤¨²¨¸Ó ¢
¸μμÉ¢¥É¸É¢¨¨ ¸ ¤¢ÊÌÉ¥²Ó´μ° ³μ¤¥²ÓÕ (Λ+μ¸Éμ¢) ´¥ Éμ²Ó±μ ¤²Ö μ¸´μ¢´ÒÌ (1s) ¸μ¸ÉμÖ´¨°
£¨¶¥·ÑÖ¤¥· 28

ΛSi, 32
ΛS, 40

ΛCa, 51
ΛV, 89

ΛY, 139
ΛLa ¨ 208

ΛPb, ´μ ¨ ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°
1p, 1d, 1f . ‚ É ¡². 6 ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ · §²¨Î´Ò³¨ ¢ ·¨ ´É ³¨ ¶²μÉ´μ¸É¨
§ ·Ö¤ , ¨¸¶μ²Ó§μ¢ ¢Ï¨¥¸Ö ¤²Ö  ´ ²¨§  Ô²¥±É·μ³ £´¨É´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢. �·¨ ÔÉμ³ Ê± § ´
¢ ·¨ ´É ¶²μÉ´μ¸É¨ ´Ê±²μ´μ¢ (I, II, III ¨²¨ IV). �·¨ ¶·μ¢¥¤¥´¨¨ · ¸Î¥Éμ¢ ¶·¥¤¶μ² £ ²μ¸Ó,
ÎÉμ · ¸¶·¥¤¥²¥´¨¥ ´¥°É·μ´μ¢ É ±μ¥ ¦¥, ± ± ¶·μÉμ´μ¢. ‚ É ¡²¨Í¥ ¢ μÉ¤¥²Ó´μ° ¸É·μ±¥ ´¨¦¥
·¥§Ê²ÓÉ Éμ¢ · ¸Î¥Éμ¢ Bcalc

Λ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Bexp
Λ ¨§ · ¡μÉ [1Ä9].

’ ¡²¨Í  6. ’Ö¦¥²Ò¥ £¨¶¥·ÑÖ¤·  (A > 16)

ƒ¨¶¥·ÑÖ¤·μ ‚ ·¨ ´É � · ³¥É·Ò ¶²μÉ´μ¸É¨ �´¥·£¨¨ ¸¢Ö§¨

¶²μÉ´μ¸É¨ c z w Rexp
ch 1s 1p 1d 1f

28
ΛSi (I) 3,1600 0,5370 Å 3,158 16,41 5,73 Å Å
28
ΛSi (II) 1,9500 2,0860 0,2860 3,122 16,77 5,83 Å Å
28
ΛSi �±¸¶¥·¨³¥´É [4] 16,6(2) 7,0(2)
32
ΛS (II) 2,5400 2,1910 0,1600 3,238 18,158 7,282 Å Å
32
ΛS �±¸¶¥·¨³¥´É [7] 17,5(5)
40
ΛCa (III) 3,7660 0,5860 Ä0,1610 3,481 19,37 9,56 0,39 Å
40
ΛCa �±¸¶¥·¨³¥´É [4] 18,7± 1,1
51
ΛV (I) 3,9400 0,5050 Å 3,583 22,91 13,76 4,23 Å
51
ΛV (I) 3,9100 0,5320 Å 3,617 22,75 13,52 4,00 Å
51
ΛV �±¸¶¥·¨³¥´É [4] 19,9± 1,0
89
ΛY (II) 4,4500 2,5260 0,2500 4,240 26,03 18,96 11,08 2,88
89
ΛY (I) 4,7600 0,5710 Å 4,254 26,34 19,14 11,16 2,88
89
ΛY (I) 4,8600 0,5420 Å 4,270 25,37 18,53 10,86 2,84
89
ΛY �±¸¶¥·¨³¥´É [4] 22,1± 1,6 ≈ 15,5 ≈ 9 ≈ 2
139

ΛLa (I) 5,7100 0,5350 Å 4,849 27,42 22,13 15,96 9,15
139

ΛLa �±¸¶¥·¨³¥´É [1] 23,8± 1,0 20,1(4)
208

ΛPb (II) 6,3032 2,8882 0,3379 5,501 28,01 24,25 19,51 14,02
208

ΛPb (II) 6,2773 2,9110 0,4345 5,535 27,35 23,78 19,17 13,79
208

ΛPb (IV) 6,4745 2,9750 0,3610 5,502 28,01 24,25 19,51 14,01
208

ΛPb (IV) 6,4831 3,0319 0,4909 5,539 27,30 23,74 19,15 13,77
208

ΛPb �±¸¶¥·¨³¥´É [1] 26,5(5) 21,3(7)

A = 40−100 
 ¸Î¥É 20Ä26

A = 40−100 �±¸¶¥·¨³¥´É [8],   É ±¦¥ [9] 22,8Ä26,6


¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Bcalc
Λ ¸· ¢´¨¢ ÕÉ¸Ö ¢ É ¡². 6 ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨§³¥·¥´¨-

Ö³¨ Bexp
Λ . “Î¨ÉÒ¢ Ö ¤μ¸É ÉμÎ´ÊÕ £·Ê¡μ¸ÉÓ ³μ¤¥²¨ Λ+ μ¸Éμ¢ ¨ μÉ¸ÊÉ¸É¢¨¥ ¸¢μ¡μ¤´ÒÌ

(¤μ¶μ²´¨É¥²Ó´ÒÌ) ¶ · ³¥É·μ¢ ¢ ÔÉμ° ³μ¤¥²¨, ¸μ£² ¸¨¥ ³¥¦¤Ê ¢ÒÎ¨¸²¥´´Ò³¨ ¨ Ô±¸¶¥·¨-
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³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ BΛ ¸²¥¤Ê¥É ¸Î¨É ÉÓ Ìμ·μÏ¨³. �¥±μÉμ·μ¥ § ¢ÒÏ¥´¨¥ · ¸¸Î¨-
É ´´ÒÌ §´ Î¥´¨° Bcalc

Λ Ê 89
ΛY ¨ 139

ΛLa ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ¸ ¤¥Ëμ·³ Í¨¥° μ¸Éμ¢μ¢, ÎÉμ ¶·¨
· ¸Î¥É¥ Bcalc

Λ ´¥ ÊÎ¨ÉÒ¢ ²μ¸Ó. �ËË¥±É ¤¥Ëμ·³ Í¨¨ μ¸Éμ¢  ³μ¦¥É μ± § ÉÓ¸Ö ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨³ ¢¢¨¤Ê ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ BΛ ± · §³¥·Ê μ¸Éμ¢  ¨ ¥£μ Ëμ·³¥.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ Ô²¥±É·μ³ £´¨É´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´¥ ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ μ¤´μ-
§´ Î´μ£μ ¢Ò¢μ¤  ¢ ¶μ²Ó§Ê μ¶·¥¤¥²¥´´μ£μ ¢¨¤  ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢ ¨ ¤ ¦¥
μ¤´μ§´ Î´μ ¸¤¥² ÉÓ ¢Ò¡μ· ¶ · ³¥É·μ¢. ‚ ÔÉμ° ¸¢Ö§¨ ¶·¨¢²¥Î¥´¨¥ £¨¶¥·ÑÖ¤¥·´ÒÌ ¤ ´´ÒÌ
¢¥¸Ó³  ¶μ²¥§´μ. ‚μ§³μ¦´μ Ê¤ ²μ¸Ó ¡Ò μÉ¢¥É¨ÉÓ ´  ¢ ¦´Ò° ¢μ¶·μ¸ μ Éμ³, ¢ ± ±μ° ¸É¥¶¥´¨
· ¸¶·¥¤¥²¥´¨¥ ´¥°É·μ´μ¢ ¢ Ö¤·¥ ¸μ¢¶ ¤ ¥É ¸ · ¸¶·¥¤¥²¥´¨¥³ ¶·μÉμ´μ¢.

	² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ‚.�. �¥²Ö¥¢Ê, ‚. ƒ. �¥Ê¤ Î¨´Ê,
‘. ’. �¥²Ö¥¢Ê, ‚. „. �Ë·μ¸Ê, �. ‚. „ ´¨²¨´Ê, „. …. ‹ ´¸±μ³Ê, ‚.�.”¥É¨¸μ¢Ê, �.�.�¤¨´Ê,
ƒ. Ÿ. Šμ·¥´³ ´Ê, ‚.ˆ. ’ · ¸μ¢Ê ¨ �. ƒ. „μ´Î¥¢Ê,   É ±¦¥ ÊÎ ¸É´¨± ³ ¸¥³¨´ ·μ¢ ¢ ‹’”
�ˆŸˆ, ˆ�� ¨ �ˆˆŸ” Œƒ“ §  μ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ ¨ Í¥´´Ò¥ § ³¥Î ´¨Ö.
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