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Œ¥Éμ¤ SS-HORSE ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö · ¸¸¥Ö´¨Ö ´Ê±²μ´μ¢ ´  ²¥£±¨Ì Ö¤· Ì
´  μ¸´μ¢¥ · ¸Î¥Éμ¢ ¢ ³μ¤¥²¨ μ¡μ²μÎ¥± ¡¥§ ¨´¥·É´μ£μ ±μ·  ¸ NN-¢§ ¨³μ¤¥°¸É¢¨Ö³¨
JISP16 ¨ Daejeon16. ˆ¸¸²¥¤μ¢ ´Ò ·¥§μ´ ´¸´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· 5He, 5Li, 7He. �¡μ¡-
Ð¥´´Ò° ´  ¸²ÊÎ ° ¤¥³μ±· É¨Î¥¸±μ£μ · ¸¶ ¤  ³¥Éμ¤ SS-HORSE ¶·¨³¥´Ö¥É¸Ö É ±¦¥ ¤²Ö
¨§ÊÎ¥´¨Ö ¸¨¸É¥³Ò Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢ (É¥É· ´¥°É·μ´ ). � ¸Î¥ÉÒ ¸ JISP16, Daejeon16
¨ c ±¨· ²Ó´Ò³ NN-¢§ ¨³μ¤¥°¸É¢¨¥³ Ê± §Ò¢ ÕÉ ´  ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤μ¸É ÉμÎ´μ Ê§±μ£μ
·¥§μ´ ´¸  É¥É· ´¥°É·μ´  ¶·¨ ´¨§±μ° Ô´¥·£¨¨.

SS-HORSE method is applied to description of scattering of nucleon by light nuclei
based on calculations within the No-Core Shell Model with JISP16 and Daejeon16 NN
interactions. Resonant states in the 5He, 5Li, 7He nuclei are investigated. The SS-HORSE
method generalized to the case of the democratic decay is applied to the study of the
four-neutron system (tetraneutron). Calculations with JISP16, Daejeon16 and with chiral
NN interactions indicate the existence of a sufˇciently narrow low-energy tetraneutron
resonance.

PACS: 24.10.Cn; 25.40.Dn; 25.40.Cm
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´ §Ò¢ ¥³Ò¥ ¶μ¤Ìμ¤Ò ab initio, ±μÉμ·Ò¥ ´¥ ¨¸¶μ²Ó§ÊÕÉ ³μ¤¥²Ó´ÒÌ ¶·¨¡²¨¦¥-
´¨°,   ¢Ìμ¤´μ° ¨´Ëμ·³ Í¨¥° ¤²Ö ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö Éμ²Ó±μ ´Ê±²μ´-´Ê±²μ´´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ´ ¤¥¦´Ò¥ ³¥Éμ¤Ò μ¶¨¸ ´¨Ö
ab initio ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥· [1], ¸·¥¤¨ ±μÉμ·ÒÌ ³μ¦´μ ¢Ò¤¥²¨ÉÓ ³μ-
¤¥²Ó μ¡μ²μÎ¥± ¡¥§ ¨´¥·É´μ£μ ±μ·  (No-Core Shell Model Å NCSM) [2]. �ÉμÉ
¶μ¤Ìμ¤ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸μ¢·¥³¥´´ÊÕ ¢¥·¸¨Õ ³μ¤¥²¨ Ö¤¥·´ÒÌ μ¡μ²μÎ¥±, ¢
±μÉμ·μ° ¢¸¥ ´Ê±²μ´Ò Ö¢²ÖÕÉ¸Ö ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨  ±É¨¢´Ò³¨ ¨ μÉ¸ÊÉ¸É¢Ê¥É
¶μ´ÖÉ¨¥ ¨´¥·É´μ£μ ±μ· . ‚μ²´μ¢ Ö ËÊ´±Í¨Ö Ö¤·  · ¸±² ¤Ò¢ ¥É¸Ö ¢ ·Ö¤ ¶μ
³´μ£μÎ ¸É¨Î´μ³Ê μ¸Í¨²²ÖÉμ·´μ³Ê ¡ §¨¸Ê, ¶·¨Î¥³ ÔÉμ · §²μ¦¥´¨¥ ¢±²ÕÎ ¥É
¢¸¥ ¸μ¸ÉμÖ´¨Ö ¸ Î¨¸²μ³ μ¸Í¨²²ÖÉμ·´ÒÌ ±¢ ´Éμ¢ ¢μ§¡Ê¦¤¥´¨Ö ¢¶²μÉÓ ¤μ ´¥-
±μÉμ·μ£μ § · ´¥¥ § ¤ ´´μ£μ Î¨¸² . ‘ ·μ¸Éμ³ Î¨¸²  ´Ê±²μ´μ¢ · §³¥· ¡ §¨¸ 
·¥§±μ Ê¢¥²¨Î¨¢ ¥É¸Ö,   ¤μ¸É¨¦¥´¨¥ · §Ê³´μ° ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢ μ£· ´¨Î¥´μ
¢ÒÎ¨¸²¨É¥²Ó´Ò³¨ ¢μ§³μ¦´μ¸ÉÖ³¨ ¸ ³ÒÌ ¶·μ¨§¢μ¤¨É¥²Ó´ÒÌ ¸Ê¶¥·±μ³¶ÓÕÉ¥-
·μ¢ ¢ ³¨·¥. �  ¤ ´´Ò° ³μ³¥´É NCSM Ê¸¶¥Ï´μ ¶·¨³¥´Ö¥É¸Ö ¤²Ö μ¶¨¸ ´¨°
Ö¤¥· ¸ Î¨¸²μ³ ´Ê±²μ´μ¢ A ¤μ ∼ 20.

„²Ö μ¶¨¸ ´¨Ö ·¥§μ´ ´¸´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥· NCSM ´¥¢μ§³μ¦´μ ¶·¨³¥´ÖÉÓ
´¥¶μ¸·¥¤¸É¢¥´´μ. �´¥·£¨¨ ·¥§μ´ ´¸´ÒÌ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´Ò, ¶μÔÉμ³Ê
´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¢μ§³μ¦´μ¸ÉÓ · ¸¶ ¤  Ö¤¥· ¶μ · §²¨Î´Ò³ ± ´ ² ³. „²Ö
μ¶¨¸ ´¨Ö ·¥§μ´ ´¸μ¢ É·¥¡ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ ³¥Éμ¤Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¸¶¥Í¨-
Ë¨±Ê ¸μ¸ÉμÖ´¨° ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É· .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´ ¤¥¦´Ò¥ ³¥Éμ¤Ò μ¶¨¸ ´¨Ö ¸μ¸ÉμÖ´¨° ´¥¶·¥·Ò¢-
´μ£μ ¸¶¥±É·  ab initio, μ¸´μ¢ ´´Ò¥ ´  Ê· ¢´¥´¨ÖÌ ” ¤¤¥¥¢  ¨ ” ¤¤¥¥¢ Ä
Ÿ±Ê¡μ¢¸±μ£μ, Ê¸¶¥Ï´μ ¶·¨³¥´ÖÕÉ¸Ö ¢ Ö¤¥·´μ° Ë¨§¨±¥ ¤²Ö ¸¨¸É¥³ ¸ A � 5
(¸³., ´ ¶·¨³¥·, μ¡§μ· [1] ¨ · ¡μÉÊ [3]). ‘ÊÐ¥¸É¢ÊÕÉ μ¡μ¡Ð¥´¨Ö NCSM ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  ·¥§μ´¨·ÊÕÐ¨Ì £·Ê¶¶ [4], ¢ · ³± Ì ±μÉμ·ÒÌ ¶·μ¢¥¤¥´Ò
· ¸Î¥ÉÒ μÉ¤¥²Ó´ÒÌ Ö¤¥·´ÒÌ ¸¨¸É¥³, ¢±²ÕÎ ÕÐ¨Ì ¢ ¸¥¡Ö ¢¶²μÉÓ ¤μ 11 ´Ê±²μ-
´μ¢ [5]. �É¨ ³¥Éμ¤Ò Ö¢²ÖÕÉ¸Ö, μ¤´ ±μ, ¤μ¢μ²Ó´μ ¸²μ¦´Ò³¨ ¸ ÉμÎ±¨ §·¥´¨Ö
Î¨¸²¥´´μ° ·¥ ²¨§ Í¨¨ ¨ É·¥¡ÊÕÉ §´ Î¨É¥²Ó´ÒÌ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¢ÒÎ¨¸²¨-
É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢.

�¥¤ ¢´μ ³Ò ¶·¥¤²μ¦¨²¨ ³¥Éμ¤ SS-HORSE (Single-State HORSE) [6Ä10],
±μÉμ·Ò° Ö¢²Ö¥É¸Ö μ¡μ¡Ð¥´¨¥³ NCSM ´  μ¸´μ¢¥ μ¸Í¨²²ÖÉμ·´μ£μ ¶·¥¤¸É ¢²¥-
´¨Ö É¥μ·¨¨ · ¸¸¥Ö´¨Ö (Harmonic Oscillator Representation of Scattering Equa-
tions Å HORSE) [11] ¤²Ö ¸μ¸ÉμÖ´¨° ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É· . Œ¥Éμ¤ SS-HORSE
¶μ§¢μ²Ö¥É · ¸¸Î¨É ÉÓ S-³ É·¨ÍÊ ¨ ·¥§μ´ ´¸´Ò¥ ¶ · ³¥É·Ò μ¤´μ± ´ ²Ó´μ£μ
· ¸¸¥Ö´¨Ö ´  μ¸´μ¢¥ ¸μ¡¸É¢¥´´ÒÌ Ô´¥·£¨° NCSM, ²¥¦ Ð¨Ì ¢ÒÏ¥ ¶μ·μ£ 
· §¢ ² .

‚ ¤ ´´μ° · ¡μÉ¥ ¤ ¥É¸Ö ±· É±μ¥ μ¶¨¸ ´¨¥ ÔÉμ£μ ³¥Éμ¤  (· §¤. 1),   É ±¦¥
μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ ¤²Ö μ¤´μ± ´ ²Ó´μ£μ nα-· ¸¸¥Ö´¨Ö ¨ ·¥§μ´ ´¸μ¢ ¢ Ö¤·¥ 5He
(· §¤. 2) ¨ ¤²Ö pα-· ¸¸¥Ö´¨Ö ¨ ·¥§μ´ ´¸μ¢ ¢ Ö¤·¥ 5Li (· §¤. 3). ‡ É¥³ ¶·¨¢μ-
¤ÖÉ¸Ö ´μ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  · ¸¸¥Ö´¨Ö ´¥°É·μ´  ´  Ö¤·¥ 6He ¨ ·¥§μ´ ´¸μ¢
¢ Ö¤·¥ 7He (· §¤. 4). ‚ § ¢¥·Ï¥´¨¥ ·¥§Ê²ÓÉ ÉÒ ¶μ¨¸±  ·¥§μ´ ´¸  ¢ ¸¨¸É¥³¥
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Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢ (· §¤. 5), ¶μ²ÊÎ¥´´Ò¥ ¢ NCSM ¸ · §²¨Î´Ò³¨ NN -¸¨² ³¨,
¸μ¶μ¸É ¢²ÖÕÉ¸Ö ¸ μ¶Ê¡²¨±μ¢ ´´Ò³¨ · ´¥¥ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢ ¸ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ JISP16 [12] ¨ ¸ ¨³¥ÕÐ¨³¨¸Ö ´  ¤ ´´Ò° ³μ³¥´É Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ [13].

1. Œ…’�„ SS-HORSE

� ¸¸³μÉ·¨³ ±· É±μ ³¥Éμ¤ SS-HORSE ´  ¶·¨³¥·¥ § ¤ Î¨ · ¸¸¥Ö´¨Ö ´Ê-
±²μ´  ´  Ö¤·¥ ¸ ³ ¸¸μ¢Ò³ Î¨¸²μ³ A. �¡μ§´ Î¨³ Î¥·¥§ EA+1

ν (�Ω, Nmax)
Ô´¥·£¨Õ ´¥±μÉμ·μ£μ ¸μ¸ÉμÖ´¨Ö ν ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  ¸¨¸É¥³Ò c A + 1-´Ê-
±²μ´ ³¨, · ¸¸Î¨É ´´μ£μ ¢ ³μ¤¥²Ó´μ³ ¶·μ¸É· ´¸É¢¥ NCSM, ÊÎ¨ÉÒ¢ ÕÐ¥³ ¢¸¥
³´μ£μÎ ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¸ Î¨¸²μ³ μ¸Í¨²²ÖÉμ·´ÒÌ ±¢ ´Éμ¢ ¢μ§¡Ê¦¤¥´¨Ö
¢¶²μÉÓ ¤μ Nmax ¨ ¸ ¶ · ³¥É·μ³ μ¸Í¨²²ÖÉμ·´μ£μ ¡ §¨¸  NCSM �Ω,   Î¥-
·¥§ EA

0 (�Ω, N ′
max) Å Ô´¥·£¨Õ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ³¨Ï¥´¨ A, ¶μ²ÊÎ¥´´ÊÕ

¢ NCSM ¸ É¥³ ¦¥ §´ Î¥´¨¥³ ¶ · ³¥É·  �Ω ¨ ¸ Î¨¸²μ³ μ¸Í¨²²ÖÉμ·´ÒÌ ±¢ ´-
Éμ¢ ¢μ§¡Ê¦¤¥´¨Ö N ′

max = Nmax ¨²¨ Nmax − 1 ¢ § ¢¨¸¨³μ¸É¨ μÉ Î¥É´μ¸É¨
¸μ¸ÉμÖ´¨Ö ν.

‘¤¢¨£¨ Ë § ³¥Éμ¤μ³ SS-HORSE ¢ μÉ¸ÊÉ¸É¢¨¥ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¶μ Ëμ·³Ê²¥ [6,7, 10]

tan δ�(Eν) = −SN+2,�(Eν)
CN+2,�(Eν)

. (1)

‡¤¥¸Ó Sn,�(E) ¨ Cn,�(E) Å ·¥£Ê²Ö·´Ò¥ ¨ ´¥·¥£Ê²Ö·´Ò¥ μ¸Í¨²²ÖÉμ·´Ò¥ ·¥-
Ï¥´¨Ö ¤²Ö ¸¢μ¡μ¤´μ£μ £ ³¨²ÓÉμ´¨ ´ , Ö¢´Ò° ¢¨¤ ±μÉμ·ÒÌ ¨§¢¥¸É¥´ [11]; � Å
μ·¡¨É ²Ó´Ò° ³μ³¥´É μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö; N Å ¶μ²´μ¥ Î¨¸²μ μ¸Í¨²-
²ÖÉμ·´ÒÌ ±¢ ´Éμ¢ ¸¨¸É¥³Ò A + 1-Î ¸É¨Í, ±μÉμ·μ¥ Ê¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
¸Ê³³Ò Î¨¸²  μ¸Í¨²²ÖÉμ·´ÒÌ ±¢ ´Éμ¢ ¢μ§¡Ê¦¤¥´¨Ö Nmax, § ¤ ÕÐ¥£μ · §³¥·Ò
³μ¤¥²Ó´μ£μ ¶·μ¸É· ´¸É¢ , ¨ ³¨´¨³ ²Ó´μ£μ ¢μ§³μ¦´μ£μ Î¨¸²  μ¸Í¨²²ÖÉμ·´ÒÌ
±¢ ´Éμ¢ ¸¨¸É¥³Ò Nmin: N = Nmax + Nmin. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ³¨Ï¥´Ó ´ -
Ìμ¤¨É¸Ö ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨, É. ¥. ¢¸¥ ±¢ ´ÉÒ ¢μ§¡Ê¦¤¥´¨Ö ¶·¨Ìμ¤ÖÉ¸Ö ´ 
Ô´¥·£¨Õ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö

Eν = EA+1
ν (�Ω, Nmax) − EA

0 (�Ω, N ′
max), (2)

μÉ¸Î¨É ´´ÊÕ μÉ ¶μ·μ£  ·¥ ±Í¨¨.
‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸¤¢¨£¨ Ë § ´  μ¸´μ¢¥ ¸μ¡¸É¢¥´´ÒÌ

Ô´¥·£¨° NCSM ³μ¦´μ · ¸¸Î¨É ÉÓ ¶μ Ëμ·³Ê²¥ [9Ä11]

tan δ�

(
Eν

)
= −

SN+2,�

(
Eν

)
Wb(n�, F�) + CN+2,�(Eν)Wb(j�, F�)

SN+2,�

(
Eν

)
Wb(n�, G�) + CN+2,�

(
Eν

)
Wb(j�, G�)

. (3)

‡¤¥¸Ó jl ≡ jl(kr) ¨ nl ≡ nl(kr) Å ¸μμÉ¢¥É¸É¢¥´´μ ¸Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨
	¥¸¸¥²Ö ¨ �¥°³ ´  [14]; Fl ≡ Fl(η, kr) ¨ Gl ≡ Gl(η, kr) Å ¸μμÉ¢¥É¸É¢¥´´μ
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·¥£Ê²Ö·´ Ö ¨ ´¥·¥£Ê²Ö·´ Ö ±Ê²μ´μ¢¸±¨¥ ËÊ´±Í¨¨ [14], η = Z1Z2e
2μ/(�2k) Å

¶ · ³¥É· ‡μ³³¥·Ë¥²Ó¤ , Z1e ¨ Z2e Å § ·Ö¤Ò · ¸¸¥¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, μ Å
¨Ì ¶·¨¢¥¤¥´´ Ö ³ ¸¸ ,   k Å ¨³¶Ê²Ó¸ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö. Š¢ §¨¢·μ´-
¸±¨ ´ Wb(φ, χ) μ¶·¥¤¥²Ö¥É¸Ö ± ±

Wb(φ, χ) =
(

dφ

dr
χ − φ

dχ

dr

)∣∣∣∣
r=b

. (4)

Š ± ¶μ± § ´μ ¢ · ¡μÉ¥ [9], μ¶É¨³ ²Ó´Ò³ §´ Î¥´¨¥³ ¶ · ³¥É·  b ¤²Ö · ¸Î¥É 
±¢ §¨¢·μ´¸±¨ ´  Wb(φ, χ) Ö¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³Ò° [11] ¥¸É¥¸É¢¥´´Ò° · ¤¨Ê¸
± ´ ²  b =

√
�(2N + 7)/(μΩ).

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´Ò° ³¥Éμ¤μ³ SS-HORSE Ë §μ¢Ò° ¸¤¢¨£ ¶·¨ ¸μ¡-
¸É¢¥´´μ° Ô´¥·£¨¨ £ ³¨²ÓÉμ´¨ ´  Eν μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ¸ ¶ · ³¥É· ³¨ μ¸-
Í¨²²ÖÉμ·´μ£μ ¡ §¨¸  NCSM Nmax ¨ �Ω, ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ μ¶·¥¤¥²¥´¨Ö ËÊ´±-
Í¨° Sn,�(E) ¨ Cn,�(E) ¢ Ê· ¢´¥´¨¨ (1) ¨ ¢ ·Ó¨·ÊÖ ±μÉμ·Ò¥ ³μ¦´μ · ¸¸Î¨É ÉÓ
Ë §Ò δ�(Eν) ¢ ´¥±μÉμ·μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨°. „ ²¥¥ ¸ ¶μ³μÐÓÕ Éμ° ¨²¨ ¨´μ°
¶ · ³¥É·¨§ Í¨¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ £² ¤±ÊÕ § ¢¨¸¨³μ¸ÉÓ δ�(E) ¢ ¨´É¥·¥¸ÊÕ-
Ð¥³ Ô´¥·£¥É¨Î¥¸±μ³ ¨´É¥·¢ ²¥ ¨ · ¸¸Î¨É ÉÓ Ô´¥·£¨¨ ¨ Ï¨·¨´Ò ·¥§μ´ ´¸μ¢.
‚ ¦´Ò³ É·¥¡μ¢ ´¨¥³ ± ¶ · ³¥É·¨§ Í¨¨ Ö¢²Ö¥É¸Ö μ¡¥¸¶¥Î¥´¨¥ ±μ··¥±É´μ£μ ¸
ÉμÎ±¨ §·¥´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ · ¸¸¥Ö´¨Ö ¶μ¢¥¤¥´¨Ö ¸¤¢¨£μ¢ Ë § ¢ μ¡² ¸É¨
´¨§±¨Ì Ô´¥·£¨°.

ŒÒ · ¸¸³μÉ·¥²¨ · §´Ò¥ ¢ ·¨ ´ÉÒ ¶ · ³¥É·¨§ Í¨¨ Ë §. � · ³¥É·¨§ Í¨Ö
´  μ¸´μ¢¥ ¸¢μ°¸É¢ ¸¨³³¥É·¨¨ S-³ É·¨ÍÒ [6] ´ £²Ö¤´ , ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢ Î¨¸²μ
¶μ¤£μ´μÎ´ÒÌ ¶ · ³¥É·μ¢ ¢Ìμ¤ÖÉ ´¥¶μ¸·¥¤¸É¢¥´´μ Ô´¥·£¨Ö ¨ Ï¨·¨´  ¨¸¸²¥¤Ê-
¥³μ£μ ·¥§μ´ ´¸ . „μ¸Éμ¨´¸É¢μ³ ¤·Ê£μ£μ ¢ ·¨ ´É , μ¸´μ¢ ´´μ£μ ´   ´ ²¨É¨Î¥-
¸±¨Ì ¸¢μ°¸É¢ Ì ËÊ´±Í¨¨ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  [10], Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ
¨¸¸²¥¤μ¢ ´¨Ö · ¸¸¥Ö´¨Ö ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¥¤¨´ÒÌ ¶μ§¨-
Í¨°. —¨¸²μ ¶μ¤£μ´μÎ´ÒÌ ¶ · ³¥É·μ¢ ¢ ÔÉμ³ ¸²ÊÎ ¥ ³¥´ÓÏ¥,   Ì · ±É¥·¨¸É¨±¨
·¥§μ´ ´¸  · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´μ ´  μ¸´μ¢¥ ¶·μ¢¥¤¥´´μ° ¶ · ³¥É·¨-
§ Í¨¨.

2. ��‘‘…Ÿ�ˆ… nα ˆ �…‡����‘› Ÿ„�� 5He

„²Ö μ¶¨¸ ´¨Ö · ¸¸¥Ö´¨Ö nα ¢ NCSM ¡Ò²¨ · ¸¸Î¨É ´Ò Ô´¥·£¨¨ ´¨¦ °Ï¨Ì
¸μ¸ÉμÖ´¨° Ö¤·  5He ¸ Jπ = 3/2−, 1/2−, 1/2+ ¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· 
4He ¢ ¡ §¨¸ Ì ¸ Nmax � 18 ¨ §´ Î¥´¨Ö³¨ �Ω ¨§ ¨´É¥·¢ ²  10 � �Ω �
40 ŒÔ‚. ‚ ± Î¥¸É¢¥ ´Ê±²μ´-´Ê±²μ´´ÒÌ ¸¨² ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
JISP16 [15] ¨ Daejeon16 [16].

�·μ¨²²Õ¸É·¨·Ê¥³ · ¡μÉÊ ³¥Éμ¤  ´  ¶·¨³¥·¥ · ¸¸¥Ö´¨Ö nα ¢ ¸μ¸ÉμÖ´¨¨
3/2−. �  ·¨¸. 1,   ¸¨³¢μ² ³¨ ¶μ± § ´Ò Ô´¥·£¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö
nα, · ¸¸Î¨É ´´Ò¥ ¶μ Ëμ·³Ê²¥ (2) ´  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ NCSM ¸ ¢§ ¨³μ-
¤¥°¸É¢¨¥³ JISP16 ¤²Ö Ö¤¥· 5He ¨ 4He. �  ·¨¸. 1, ¡ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸¨³-
¢μ² ³¨ ¶μ± § ´Ò Ë §Ò, · ¸¸Î¨É ´´Ò¥ ¶μ Ëμ·³Ê²¥ (1). ‘ ·μ¸Éμ³ §´ Î¥´¨Ö
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�¨¸. 1.  ) ‘¨³¢μ²Ò Å ¸μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö nα, ¶μ²ÊÎ¥´-
´Ò¥ ¢ NCSM ¸ NN-¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16 ¤²Ö ¸μ¸ÉμÖ´¨Ö 3/2−; ¢ § ÏÉ·¨Ìμ¢ ´´μ°
μ¡² ¸É¨ Å §´ Î¥´¨Ö Ô´¥·£¨¨, μÉμ¡· ´´Ò¥ ¤²Ö ¶ · ³¥É·¨§ Í¨¨ ¸¤¢¨£μ¢ Ë § ³¥Éμ¤μ³
SS-HORSE; ¸¶²μÏ´Ò¥ ±·¨¢Ò¥ ¶μ¸É·μ¥´Ò ´  μ¸´μ¢¥ ÔÉμ° ¶ · ³¥É·¨§ Í¨¨. ¡) ‘¨³-
¢μ²Ò Å ¸¤¢¨£¨ Ë §, · ¸¸Î¨É ´´Ò¥ ¶μ Ëμ·³Ê²¥ (1); §¢¥§¤μÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [17]

Nmax ¢¸¥ ¡μ²ÓÏ¥ ÉμÎ¥± ²μ¦¨É¸Ö ´  μ¤´Ê £² ¤±ÊÕ ±·¨¢ÊÕ. �´ ²μ£¨Î´μ ¸ ·¥-
§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ Daejeon16. „²Ö ¶ · ³¥É·¨§ Í¨¨
Ë § · ¸¸¥Ö´¨Ö ¨¸¶μ²Ó§μ¢ ²¨¸Ó Éμ²Ó±μ É¥ ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ Ëμ·³¨·ÊÕÉ ÔÉÊ
£² ¤±ÊÕ § ¢¨¸¨³μ¸ÉÓ. „¥É ²¨, ¸¢Ö§ ´´Ò¥ ¸ μÉ¡μ·μ³ ¤ ´´ÒÌ ¨ ¶·μ¢¥¤¥´¨¥³
¸ ³μ° ¶ · ³¥É·¨§ Í¨¨, ¶μ¤·μ¡´μ · ¸¸³μÉ·¥´Ò ¢ · ¡μÉ Ì [6, 10]. ‡¤¥¸Ó ¶·¨-
¢¥¤¥³ μ±μ´Î É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ: μÉμ¡· ´´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ´ Ìμ¤ÖÉ¸Ö ¢
§ ÏÉ·¨Ìμ¢ ´´μ° μ¡² ¸É¨ ·¨¸. 1,  ; ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ë §μ¢Ò¥ ¸¤¢¨£¨, Ëμ·³¨-
·ÊÕÐ¨¥ £² ¤±ÊÕ ±·¨¢ÊÕ, ¶·¥¤¸É ¢²¥´Ò ±·¥¸É¨± ³¨ ´  ·¨¸. 2.

�¥§Ê²ÓÉ ÉÒ ¶ · ³¥É·¨§ Í¨¨ ¶·¥¤¸É ¢²¥´Ò ±·¨¢Ò³¨ ¤²Ö ¸¤¢¨£μ¢ Ë § ´ 
·¨¸. 2. Š·¨¢Ò¥ § ¢¨¸¨³μ¸É¥° E0(�Ω) ¢ · §´ÒÌ ³μ¤¥²Ó´ÒÌ ¶·μ¸É· ´¸É¢ Ì
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�¨¸. 2. ‘¤¢¨£¨ Ë § ¤²Ö · §²¨Î´ÒÌ ¸μ¸ÉμÖ´¨° · ¸¸¥Ö´¨Ö nα, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤μ³
SS-HORSE ´  μ¸´μ¢¥ · ¸Î¥Éμ¢ NCSM ¸ NN-¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16 ( ) ¨ Dae-
jeon16 (¡). Š·¥¸É¨±¨ Å · ¸Î¥ÉÒ ¶μ Ëμ·³Ê²¥ (1) ¸ μÉμ¡· ´´Ò³¨ ¤ ´´Ò³¨; §¢¥§¤μÎ±¨ Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ë §Ò · ¸¸¥Ö´¨Ö [17]. ‘¶²μÏ´Ò¥ ±·¨¢Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ·¥§Ê²ÓÉ É
¶ · ³¥É·¨§ Í¨¨. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ´¥·¥§μ-
´ ´¸´μ£μ · ¸¸¥Ö´¨Ö 1/2+ ¸¤¢¨´ÊÉÒ ¢¢¥·Ì ´  20◦. ˜É·¨Ìμ¢Ò³¨ ±·¨¢Ò³¨ (¡) ¤ ´Ò ¤²Ö
¸· ¢´¥´¨Ö ¶ · ³¥É·¨§ Í¨¨ Ë §, ¶μ²ÊÎ¥´´Ò¥ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16

´  ·¨¸. 1,   ¸μμÉ¢¥É¸É¢ÊÕÉ ¶ · ³¥É·¨§μ¢ ´´μ° Ë §¥ ¤²Ö NN -¢§ ¨³μ¤¥°¸É¢¨Ö
JISP16. ‚¨¤´μ, ÎÉμ ÔÉ¨ ±·¨¢Ò¥ Ìμ·μÏμ ¢μ¸¶·μ¨§¢μ¤ÖÉ ¶μ²ÊÎ¥´´Ò¥ ¢ NCSM
§´ Î¥´¨Ö Ô´¥·£¨¨ ¨§ § ÏÉ·¨Ìμ¢ ´´μ° μ¡² ¸É¨, ±μÉμ·Ò¥ ¡Ò²¨ μÉμ¡· ´Ò ¤²Ö
¶ · ³¥É·¨§ Í¨¨ Ë §.

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¶μ²ÊÎ¥´Ò Ë §Ò · ¸¸¥Ö´¨Ö ¢ ¤·Ê£¨Ì ¸μ¸ÉμÖ´¨ÖÌ.
�¥§Ê²ÓÉ ÉÒ  ´ ²¨§  Ë § · ¸¸¥Ö´¨Ö nα ¢ ¸μ¸ÉμÖ´¨ÖÌ 3/2−, 1/2− ¨ 1/2+ ¶μ μÉμ-
¡· ´´Ò³ ¤ ´´Ò³, Ëμ·³¨·ÊÕÐ¨³ £² ¤±ÊÕ § ¢¨¸¨³μ¸ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ë §Ò
μÉ Ô´¥·£¨¨, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2 ±·¥¸É¨± ³¨. �¥§Ê²ÓÉ ÉÒ ¶ · ³¥É·¨§ Í¨¨,
¶μ ±μÉμ·Ò³ ¶μ¸É·μ¥´Ò ±·¨¢Ò¥, ´ Ìμ¤ÖÉ¸Ö ¢ · §Ê³´μ³ ¸μ£² ¸¨¨ ¸ ·¥§Ê²ÓÉ -
É ³¨ Ë §μ¢μ£μ  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [17]. �É³¥É¨³ ¶·¨ ÔÉμ³,
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’ ¡²¨Í  1. ‡´ Î¥´¨Ö ·¥§μ´ ´¸´ÒÌ ¶ · ³¥É·μ¢, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤μ³ SS-HORSE ¤²Ö
Ö¤¥· 5He, 5Li ¨ 7He ¸ NN -¢§ ¨³μ¤¥°¸É¢¨Ö³¨ Daejeon16 ¨ JISP16. „²Ö ¸· ¢´¥´¨Ö
¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ: ¤²Ö 5He ¨ 5Li ¨§ · ¡μÉÒ [18], ¤²Ö 7He
¨§ · ¡μÉÒ [19]

Ÿ¤·μ ‘μ¸ÉμÖ´¨¥ Daejeon16 JISP16 �±¸¶¥·¨³¥´É

5He
3/2− Er 0,68 0,89 0,80

Γ 0,52 0,99 0,65

1/2− Er 2,45 1,86 2,07
Γ 5,07 5,46 5,57

5Li
3/2− Er 1,52 1,84 1,69

Γ 1,05 1,80 1,23

1/2− Er 3,21 3,54 3,18
Γ 5,63 6,04 6,60

7He

3/2− Er 0,28 0,71 0,44
Γ 0,13 0,60 0,15

1/2− Er 2,80 3,00 1,20
Γ 4,30 5,00 1,00

5/2− Er 3,30 4,20 3,36
Γ 1,40 1,30 1,99

ÎÉμ ¢ ·¥§μ´ ´¸´μ³ ¸μ¸ÉμÖ´¨¨ 3/2− Ë §Ò, · ¸¸Î¨É ´´Ò¥ ¸ Daejeon16, § ³¥É´μ
²ÊÎÏ¥ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É, Î¥³ Ë §Ò, · ¸¸Î¨É ´´Ò¥ ¸ JISP16, ÌμÉÖ ¢
·¥§μ´ ´¸´μ³ ¸μ¸ÉμÖ´¨¨ 1/2− ¨ ¢ ´¥·¥§μ´ ´¸´μ³ · ¸¸¥Ö´¨¨ 1/2+ Ë §Ò, ¶μ-
²ÊÎ¥´´Ò¥ ¸ ÔÉ¨³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨, ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê. �μ¤Î¥·±´¥³, ÎÉμ
³¥Éμ¤ SS-HORSE ¶μ§¢μ²Ö¥É Ìμ·μÏμ μ¶¨¸ ÉÓ ´¥ Éμ²Ó±μ ·¥§μ´ ´¸´μ¥, ´μ ¨
´¥·¥§μ´ ´¸´μ¥ · ¸¸¥Ö´¨¥ nα ¢ ¸μ¸ÉμÖ´¨¨ 1/2+, ÌμÉÖ ¶μ²ÊÎ¥´´Ò¥ ¢ Ö¤¥·´μ°
³μ¤¥²¨ μ¡μ²μÎ¥± ´¨§±μ²¥¦ Ð¨¥ ¸μ¸ÉμÖ´¨Ö ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  É· ¤¨Í¨-
μ´´μ  ¸¸μÍ¨¨·ÊÕÉ¸Ö Éμ²Ó±μ ¸ ·¥§μ´ ´¸´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨.

‡´ Î¥´¨Ö Ô´¥·£¨¨ Er ¨ Ï¨·¨´Ò Γ ·¥§μ´ ´¸´ÒÌ ¸μ¸ÉμÖ´¨° 3/2− ¨ 1/2−

Ö¤·  5He, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤μ³ SS-HORSE ´  μ¸´μ¢¥ · ¸Î¥Éμ¢ ¢ NCSM
(É ¡². 1), É ±¦¥ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [18],
¶·¨Î¥³ ¶ · ³¥É·Ò ·¥§μ´ ´¸  3/2− ´¥¸±μ²Ó±μ ²ÊÎÏ¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¢§ ¨³μ¤¥°-
¸É¢¨¥³ Daejeon16,   ·¥§μ´ ´¸  1/2− Å ¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16.

3. ��‘‘…Ÿ�ˆ… pα ˆ �…‡����‘› Ÿ„�� 5Li

„²Ö μ¶¨¸ ´¨Ö Ë § · ¸¸¥Ö´¨Ö pα ¨ ·¥§μ´ ´¸μ¢ Ö¤·  5Li ³¥Éμ¤μ³
SS-HORSE ¢ NCSM ¡Ò²¨ · ¸¸Î¨É ´Ò Ô´¥·£¨¨ ´¨¦ °Ï¨Ì ¸μ¸ÉμÖ´¨° ¸ Jπ =
3/2−, 1/2−, 1/2+ Ö¤·  5Li. Š ± ¨ ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö nα, · ¸Î¥ÉÒ ¢ NCSM
¶·μ¢μ¤¨²¨¸Ó ¸ ¤¢Ê³Ö NN -¢§ ¨³μ¤¥°¸É¢¨Ö: JISP16 ¨ Daejeon16.

�  ·¨¸. 3 ±·¥¸É¨±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ · ¸Î¥É ³ Ë § ¶μ Ëμ·³Ê²¥ (3) ¤²Ö μÉμ-
¡· ´´ÒÌ §´ Î¥´¨° Ô´¥·£¨° ¶¥·¥Î¨¸²¥´´ÒÌ ¸μ¸ÉμÖ´¨°. Š·¨¢Ò¥ ´  £· Ë¨± Ì
¶·¥¤¸É ¢²ÖÕÉ ·¥§Ê²ÓÉ ÉÒ ¶ · ³¥É·¨§ Í¨¨ Ë §Ò ´  μ¸´μ¢¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ°
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�¨¸. 3. ‘¤¢¨£¨ Ë § ¤²Ö · §²¨Î´ÒÌ ¸μ¸ÉμÖ´¨° · ¸¸¥Ö´¨Ö pα, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤μ³
SS-HORSE ´  μ¸´μ¢¥ · ¸Î¥Éμ¢ NCSM ¸ NN-¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16 ( ) ¨ Dae-
jeon16 (¡). Š·¥¸É¨±¨ Å · ¸Î¥ÉÒ Ë § ¶μ Ëμ·³Ê²¥ (3) ¸ μÉμ¡· ´´Ò³¨ ¤ ´´Ò³¨; §¢¥§-
¤μÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´Ò¥ Ë §Ò · ¸¸¥Ö´¨Ö [20]. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ´¥·¥§μ´ ´¸´μ£μ · ¸¸¥Ö´¨Ö 1/2+ ¸¤¢¨´ÊÉÒ
¢¢¥·Ì ´  20◦. �¸É ²Ó´Ò¥ μ¡μ§´ Î¥´¨Ö Å ± ± ´  ·¨¸. 2

ËÊ´±Í¨¨ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  [10]. C ¶μ³μÐÓÕ ÔÉμ° ¶ · ³¥É·¨§ Í¨¨ · ¸-
¸Î¨ÉÒ¢ ² ¸Ó S-³ É·¨Í  ¨ ¡Ò²¨ Î¨¸²¥´´μ ´ °¤¥´Ò ¶μ²μ¦¥´¨Ö ¥¥ ¶μ²Õ¸μ¢, ÎÉμ
¶μ§¢μ²¨²μ μ¶·¥¤¥²¨ÉÓ Ô´¥·£¨¨ ¨ Ï¨·¨´Ò ·¥§μ´ ´¸μ¢ 3/2− ¨ 1/2− Ö¤·  5Li,
¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1. ‚§ ¨³μ¤¥°¸É¢¨¥ Daejeon16 ¢ Í¥²μ³ μ¶¨¸Ò¢ ¥É ¨ Ë §Ò,
¨ ·¥§μ´ ´¸Ò ´¥¸±μ²Ó±μ ÉμÎ´¥¥, Î¥³ JISP16.

4. ��‘‘…Ÿ�ˆ… n−6He ˆ �…‡����‘› Ÿ„�� 7He

„²Ö μ¶¨¸ ´¨Ö · ¸¸¥Ö´¨Ö n−6He ¨ ·¥§μ´ ´¸μ¢ ¢ 7He ¢ NCSM · ¸¸Î¨-
É ´Ò Ô´¥·£¨¨ ´¨¦ °Ï¨Ì ¸μ¸ÉμÖ´¨° ¸ Jπ = 3/2−, 1/2−, 5/2−, 1/2+ Ö¤· 
7He ¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 6He. � ¸Î¥ÉÒ ¢ NCSM ¶·μ¢μ¤¨²¨¸Ó ¸ NN -¢§ ¨-
³μ¤¥°¸É¢¨Ö³¨ JISP16 ¨ Daejeon16 ¢ ¡ §¨¸ Ì ¸ Nmax � 17 ¨ §´ Î¥´¨Ö³¨ �Ω ¨§
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�¨¸. 4. ‘¤¢¨£¨ Ë § ¤²Ö · §²¨Î´ÒÌ ¸μ¸ÉμÖ´¨° · ¸¸¥Ö´¨Ö n−6He, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ-
¤μ³ SS-HORSE ´  μ¸´μ¢¥ · ¸Î¥Éμ¢ NCSM ¸ NN-¢§ ¨³μ¤¥°¸É¢¨¥³ JISP16 ( ) ¨ Dae-
jeon16 (¡). �¡μ§´ Î¥´¨Ö Å ± ± ´  ·¨¸. 2

¨´É¥·¢ ²  10 � �Ω � 50 ŒÔ‚. „²Ö ·¥§μ´ ´¸´ÒÌ ¸μ¸ÉμÖ´¨° 3/2−, 1/2−, 5/2−

¨ ´¥·¥§μ´ ´¸´μ£μ · ¸¸¥Ö´¨Ö 1/2+ ´¥°É·μ´  ´  Ö¤·¥ 6He ¸Ìμ¤¨³μ¸ÉÓ ·¥§Ê²Ó-
É Éμ¢ SS-HORSE ¤²Ö Ë § · ¸¸¥Ö´¨Ö ¢ Í¥²μ³ ¤μ¸É¨£´ÊÉ , ¶·¨ ÔÉμ³ ¸Ìμ¤¨³μ¸ÉÓ
· ¸Î¥Éμ¢ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ Daejeon16 ²ÊÎÏ¥, Î¥³ ¸ JISP16.

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò Ë §Ò, · ¸¸Î¨É ´´Ò¥ ³¥Éμ¤μ³ SS-HORSE. � 
·¨¸. 4, ¡ ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ · §´Ò³¨ ¢§ ¨-
³μ¤¥°¸É¢¨Ö³¨: Daejeon16 ¨ JISP16.

�´¥·£¨¨ ¨ Ï¨·¨´Ò ·¥§μ´ ´¸μ¢ Ö¤·  7He, ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1, ´ °¤¥´Ò
¶ÊÉ¥³ Î¨¸²¥´´μ£μ μ¶·¥¤¥²¥´¨Ö ¶μ²μ¦¥´¨Ö ¶μ²Õ¸μ¢ S-³ É·¨ÍÒ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¥¥ ¶ · ³¥É·¨§ Í¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ · ³¥É·¨§ Í¨¨ Ë § · ¸¸¥Ö´¨Ö.
‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ ·¥§μ´ ´¸μ¢, · ¸¸Î¨É ´´Ò¥ ³¥Éμ¤μ³ SS-HORSE, ¡²¨§±¨
± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ [19]. ‚ Í¥²μ³ Daejeon16 ¤ ¥É ·¥§μ´ ´¸Ò ¸
´¥¸±μ²Ó±μ ³¥´ÓÏ¥° Ô´¥·£¨¥°, Î¥³ JISP16, ÎÉμ ²ÊÎÏ¥ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨-
³¥´Éμ³.
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5. �…‡����‘ ‚ ‘ˆ‘’…Œ… —…’›�…• �…‰’����‚

„²Ö ¶μ¨¸±  ·¥§μ´ ´¸μ¢ ¢ Ô±§μÉ¨Î¥¸±μ° ´Ê±²μ´´μ° ¸¨¸É¥³¥, ¸μ¸ÉμÖÐ¥° ¨§
Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢ (É¥É· ´¥°É·μ´¥), ³¥Éμ¤ SS-HORSE ¡Ò² μ¡μ¡Ð¥´ [12] ´ 
¸²ÊÎ ° ¨¸É¨´´μ ³´μ£μÎ ¸É¨Î´μ£μ · ¸¸¥Ö´¨Ö [21,22] ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³ -
²¨§³  · ¡μÉÒ [23]. ‚ ¶·μ¸É¥°Ï¥³ ¶·¨¡²¨¦¥´¨¨ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö É¥É· ´¥°-
É·μ´  μ¶¨¸Ò¢ ¥É¸Ö Éμ²Ó±μ μ¤´μ° £¨¶¥·¸Ë¥·¨Î¥¸±μ° £ ·³μ´¨±μ° ¸ ´ ¨³¥´Ó-
Ï¨³ ¢μ§³μ¦´Ò³ §´ Î¥´¨¥³ £¨¶¥·³μ³¥´É  K = 2. ‚ É ±μ³ μ¤´μ± ´ ²Ó´μ³
¸²ÊÎ ¥ S-³ É·¨ÍÊ ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ Ë §Ê δ
· ¸¸¥Ö´¨Ö 4 → 4:

S = e2iδ. (5)

�É  Ë §  ³μ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´  ³¥Éμ¤μ³ SS-HORSE ¶·¨ ¸μ¡¸É¢¥´´ÒÌ Ô´¥·-
£¨ÖÌ Eν £ ³¨²ÓÉμ´¨ ´  É¥É· ´¥°É·μ´ , ¶μ²ÊÎ¥´´ÒÌ ¢ NCSM:

tan δ(Eν) = −SNmax+4,L(Eν)
CNmax+4,L(Eν)

. (6)

‡¤¥¸Ó Sn,�(E) ¨ Cn,�(E) Å ËÊ´±Í¨¨, ¢¢¥¤¥´´Ò¥ ¢ · ¡μÉ¥ [23], ±μÉμ·Ò¥ ¢
¤ ´´μ³ ¸²ÊÎ ¥ ¸μ¢¶ ¤ ÕÉ ¸ ËÊ´±Í¨Ö³¨, ¨¸¶μ²Ó§Ê¥³Ò³¨ ¢ Ëμ·³Ê²¥ (1); ³¨´¨-
³ ²Ó´μ¥ Î¨¸²μ μ¸Í¨²²ÖÉμ·´ÒÌ ±¢ ´Éμ¢ ¢ ¸¨¸É¥³¥ Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢ · ¢´μ
¤¢Ê³, ¶μÔÉμ³Ê N = Nmax + 2; ÔËË¥±É¨¢´Ò° Ê£²μ¢μ° ³μ³¥´É L = K + 3 = 5
¸ ÊÎ¥Éμ³ ¨¸¶μ²Ó§μ¢ ´¨Ö ¥¤¨´¸É¢¥´´μ° £¨¶¥·¸Ë¥·¨Î¥¸±μ° £ ·³μ´¨±¨ ¸ £¨¶¥·-
³μ³¥´Éμ³ K = 2.

„²Ö ¶μ¨¸±  ·¥§μ´ ´¸μ¢ ¡Ò²¨ · ¸¸Î¨É ´Ò Ô´¥·£¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¸¨-
¸É¥³Ò Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢ ¢ NCSM ¢ ¡ §¨¸ Ì ¸ Nmax � 20 ¨ §´ Î¥´¨Ö³¨ �Ω ¨§
¨´É¥·¢ ²  1 � �Ω � 50 ŒÔ‚ ¸ · §²¨Î´Ò³¨ NN -¸¨² ³¨: JISP16, Daejeon16 ¨

�¨¸. 5. ” §  δ · ¸¸¥Ö´¨Ö 4 → 4 ¤²Ö ¸¨¸É¥³Ò Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢, ¶μ²ÊÎ¥´´ Ö ³¥Éμ¤μ³
SS-HORSE ¸ · §²¨Î´Ò³¨ NN-¢§ ¨³μ¤¥°¸É¢¨Ö³¨
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’ ¡²¨Í  2. �´¥·£¨¨ Er ¨ Ï¨·¨´Ò Γ ·¥§μ´ ´¸  É¥É· ´¥°É·μ´ ,   É ±¦¥ Ô´¥·-
£¨¨ Ef ²μ¦´μ£μ ¶μ²Õ¸  S-³ É·¨ÍÒ, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤μ³ SS-HORSE ¸ · §²¨Î´Ò³¨
NN -¢§ ¨³μ¤¥°¸É¢¨Ö³¨

� · ³¥É· JISP16 Daejeon16
Idaho N3LO, SRG

Λ = 1,5 Ë³−1 Λ = 2,0 Ë³−1

Er , ŒÔ‚ 0,844 0,997 0,783 0,846
Γ, ŒÔ‚ 1,38 1,60 1,15 1,29
Ef , ±Ô‚ −54,9 −63,4 −52,1 −54,5

¶μÉ¥´Í¨ ²μ³ Idaho N3LO [24], ¶μ²ÊÎ¥´´Ò³ ¢ ±¨· ²Ó´μ° ÔËË¥±É¨¢´μ° É¥μ·¨¨
¶μ²Ö ¨ ®¸³Ö£Î¥´´Ò³¯ ¶·¥μ¡· §μ¢ ´¨¥³ SRG [25, 26] ¸ ¶ · ³¥É· ³¨ Λ = 1,5
¨ 2,0 Ë³−1.

�¥§Ê²ÓÉ ÉÒ ¶ · ³¥É·¨§ Í¨¨ · ¸¸Î¨É ´´ÒÌ ¶μ Ëμ·³Ê²¥ (6) Ë § δ ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 5 (¶·μÍ¥¤Ê·  ¶ · ³¥É·¨§ Í¨¨ ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´  · ¸-
¸³μÉ·¥´´μ° ¢ · ¡μÉ¥ [12]). ‚¸¥ ¨¸¶μ²Ó§μ¢ ´´Ò¥ ³μ¤¥²¨ NN -¢§ ¨³μ¤¥°¸É¢¨Ö
¶·¨¢μ¤ÖÉ ± ¶μÌμ¦¨³ § ¢¨¸¨³μ¸ÉÖ³ Ë § δ μÉ Ô´¥·£¨¨, ±μÉμ·Ò¥ ¶·¥¤¶μ² £ ÕÉ
´ ²¨Î¨¥ ¤μ¸É ÉμÎ´μ Ê§±μ£μ ·¥§μ´ ´¸ . 	μ²¥¥ Éμ£μ, ³¥Éμ¤ SS-HORSE Ê± §Ò-
¢ ¥É ´  ´ ²¨Î¨¥ ´¥ Éμ²Ó±μ ·¥§μ´ ´¸´μ£μ, ´μ ¨ ²μ¦´μ£μ ¶μ²Õ¸  S-³ É·¨ÍÒ ¢
¸¨¸É¥³¥ Î¥ÉÒ·¥Ì ´¥°É·μ´μ¢, ¶ · ³¥É·Ò ±μÉμ·ÒÌ ¶·¨¢¥¤¥´Ò ¢ É ¡². 2. �μ²μ-
¦¥´¨Ö ÔÉ¨Ì ¶μ²Õ¸μ¢ ´¥ ¸¨²Ó´μ ³¥´ÖÕÉ¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨
Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ´¥¤ ¢´¥£μ Ô±¸¶¥·¨³¥´É  [13], ¢ ±μÉμ·μ³
¡Ò²μ ¶μ²ÊÎ¥´μ, ÎÉμ Ï¨·¨´  ·¥§μ´ ´¸  É¥É· ´¥°É·μ´  ´¥ ¶·¥¢ÒÏ ¥É 2 ŒÔ‚,
  ¥£μ Ô´¥·£¨Ö Er = (0,83 ± 0,65 (¸É É.) ± 1,25 (¸¨¸É.)) ŒÔ‚.

�² £μ¤ ·´μ¸É¨. � §· ¡μÉ±  ¨ ¶·¨²μ¦¥´¨¥ ³¥Éμ¤  SS-HORSE μ¸ÊÐ¥¸É-
¢²¥´Ò ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ Ëμ´¤ , £· ´É º16-12-10048.
�É  · ¡μÉ  ¶μ¤¤¥·¦ ´  É ±¦¥ Œ¨´¨¸É¥·¸É¢μ³ Ô´¥·£¥É¨±¨ ‘˜� (U. S. De-
partment of Energy), £· ´ÉÒ ºDESC00018223 (SciDAC/NUCLEI) ¨
ºDE-FG02-87ER40371, � ÊÎ´Ò³ ¶·μ¥±Éμ³ ¶μ ·¥¤±¨³ ¨§μÉμ¶ ³ ˆ´¸É¨ÉÊÉ 
ËÊ´¤ ³¥´É ²Ó´ÒÌ ´ Ê±, Ë¨´ ´¸¨·Ê¥³μ£μ Œ¨´¨¸É¥·¸É¢μ³ ´ Ê±¨ ¨ ¨´Ëμ·³ -
Í¨μ´´μ-±μ³³Ê´¨± Í¨μ´´ÒÌ É¥Ì´μ²μ£¨°, ¨ � Í¨μ´ ²Ó´Ò³ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨³
Ëμ´¤μ³ Šμ·¥¨ (National Research Foundation of Korea), £· ´É
º2013M7A1A1075764,   É ±¦¥ � Í¨μ´ ²Ó´Ò³ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨³ Ëμ´¤μ³,
Ë¨´ ´¸¨·Ê¥³Ò³ ¶· ¢¨É¥²Ó¸É¢μ³ Šμ·¥¨ (MSIT), £· ´É º2018R1A5A1025563.
‚ÒÎ¨¸²¨É¥²Ó´Ò¥ ·¥¸Ê·¸Ò ¶·¥¤μ¸É ¢²¥´Ò � Í¨μ´ ²Ó´Ò³ Ô´¥·£¥É¨Î¥¸±¨³
´ ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±¨³ ¢ÒÎ¨¸²¨É¥²Ó´Ò³ Í¥´É·μ³ (National Energy Rese-
arch Scientiˇc Computing Center) Œ¨´¨¸É¥·¸É¢  Ô´¥·£¥É¨±¨ ‘˜�, ±μ´É· ±É
ºDE-AC02-05CH11231, ¨ ‘Ê¶¥·±μ³¶ÓÕÉ¥·´Ò³ Í¥´É·μ³ Šμ·¥°¸±μ£μ ¨´¸É¨-
ÉÊÉ  ´ Ê±¨ ¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° (Supercomputing Center/Korea In-
stitute of Science and Technology Information), ±μ´É· ±É KSC-2015-C3-003.
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