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’µ³¸±¨° ¶µ²¨É¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É, ’µ³¸±

‘ ÊÎ¥Éµ³ ´µ¢ÒÌ ¤ ´´ÒÌ ¨ ¢ · ³± Ì Ö¤¥·´µ° ³µ¤¥²¨ ¸ µ¶É¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ µ¡¸Ê¦¤ -
¥É¸Ö £¨¶µÉ¥§  ¸ÊÐ¥¸É¢µ¢ ´¨Ö η-Ö¤¥·, ¢±²ÕÎ Ö ¨ µÎ¥´Ó ²¥£±¨¥ (A = 3). �  µ¸´µ¢¥ ³¥Ì ´¨§³ 
±¢ §¨¸¢µ¡µ¤´µ£µ ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  ²¥£±¨Ì Ö¤· Ì · §¢¨É  ¶µ¸²¥¤µ¢ É¥²Ó´ Ö ³µ¤¥²Ó Ëµ-
Éµ·µ¦¤¥´¨Ö η-Ö¤¥· ¢ ·¥ ±Í¨ÖÌ γ + A → N + ηA′. ˆ¸¸²¥¤Ê¥É¸Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° É ±¨Ì
·¥ ±Í¨° µÉ µ¸´µ¢´ÒÌ ¶·¥¤¶µ² £ ¥³ÒÌ ¸¢µ°¸É¢ η-Ö¤¥· ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨
¤²Ö Ô´¥·£¨° ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢ µÉ ¶µ·µ£  ¤µ 1 ƒÔ‚.

Whithin the nuclear optical model and using the new data the hypothesis of η-nuclei is discussed.
Considerable attention is particularly given to the superlight η-nuclei (A = 3). The model for the
η-nuclei photoproduction in the reactions γ+A→ N+ηA′ on a basis of the quasi-free mechanism of
η-meson photoproduction on light nuclei (A ≤ 16) is developed. We investigate also the dependence
of the cross sections for these reactions on the main properties of η-nuclei as well as the effects of
ˇnal state interaction in the range of the photon energy up to 1 GeV.

‚‚…„…�ˆ…

‚ ¸¨³³¥É·¨Î´µ° É·¥Ì±¢ ·±µ¢µ° ³µ¤¥²¨  ¤·µ´µ¢ ¤¢¥ µ·Éµ£µ´ ²Ó´Ò¥ ¸Ê-
¶¥·¶µ§¨Í¨¨ ´ ¨´¨§Ï¨Ì ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¸µ¸ÉµÖ´¨°

η8 =
1√
6

(uū+ dd̄− 2ss̄),

η1 =
1√
3

(uū+ dd̄− ss̄), (1)

µÉ´µ¸ÖÐ¨Ì¸Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ± µ±É¥ÉÊ ¨ ¸¨´£²¥ÉÊ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢,
¶·¥¤¸É ¢²ÖÕÉ ¢Ò·µ¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö,   ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ η- ¨ η′-³¥§µ´µ¢
¥¸ÉÓ ±µ£¥·¥´É´ Ö ¸³¥¸Ó ¸µ¸ÉµÖ´¨° (1):

η = η8 cos θp − η1 sin θp,

η′ = η8 sin θp + η1 cos θp, (2)

¸ Ê£²µ³ ¸³¥Ï¨¢ ´¨Ö θp. �·¨¡²¨¦¥´´Ò° Ì · ±É¥· SU(3)-¸¨³³¥É·¨¨  ¤·µ-
´µ¢ ¶·µÖ¢²Ö¥É¸Ö ¢ Éµ³, ÎÉµ ´ ¡²Õ¤ ¥³Ò¥ ³¥§µ´Ò η(547) ¨ η′(958) · §²¨Î -
ÕÉ¸Ö ³ ¸¸ ³¨,    ¡¸µ²ÕÉ´ Ö ¢¥²¨Î¨´  θp µ¶·¥¤¥²Ö¥É¸Ö ¨§ ³ ¸¸µ¢µ° Ëµ·³Ê²Ò
ƒ¥²²-Œ ´´  Å �±Ê¡Ò. ˆ ÌµÉÖ ±¢ ·±µ¢Ò° ¸µ¸É ¢ η-³¥§µ´µ¢ ´¥ ¨¸Î¥·¶Ò¢ ¥É¸Ö
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u-, d-, s- ·µ³ É ³¨, µ¤´ ±µ ¢±² ¤ ³¨ ¡µ²¥¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ ¨Ì ¸µ¸ÉµÖ-
´¨¥ ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ. ˆ´É¥·¥¸ÊÕÐ¨° ´ ¸ η-³¥§µ´ ¸ ³ ¸¸µ°
547,45 MÔ‚/c2 ¨ ¢·¥³¥´¥³ ¦¨§´¨ 5, 5 · 10−19 ¸ [1] µÉ²¨Î ¥É¸Ö µÉ Ìµ·µÏµ ¨§Ê-
Î¥´´µ£µ π0-³¥§µ´  ´¥ Éµ²Ó±µ ³ ¸¸µ°, ´µ ¨ ¨§µ¸¶¨´µ³. �µÔÉµ³Ê ¶·¥¤¸É ¢²Ö¥É
¨´É¥·¥¸ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¢§ ¨³µ¤¥°¸É¢¨Ö ¡ ·¨µ´µ¢ ¸ π- ¨ η-³¥§µ´ ³¨
¤²Ö ¶·µ¢¥·±¨ µ¸´µ¢´ÒÌ ¶µ²µ¦¥´¨° É¥µ·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¢ Î ¸É-
´µ¸É¨, § ±µ´  ¸µÌ· ´¥´¨Ö ¨§µ¸¶¨´ . �¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ S-¢µ²´µ¢µ¥ πN -
¢§ ¨³µ¤¥°¸É¢¨¥ Ì · ±É¥·¨§Ê¥É¸Ö µÉÉ ²±¨¢ ´¨¥³ ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¨§µ¸¶¨´µ³ 1/2
¨ ³ ²Ò³ ¶·¨ÉÖ¦¥´¨¥³ ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¨§µ¸¶¨´µ³ 3/2,   ¤²¨´  πN -· ¸¸¥Ö´¨Ö
µ± §Ò¢ ¥É¸Ö ¡²¨§±µ° ± 0 ¨ ´¥µ¶·¥¤¥²¥´´µ° ¶µ §´ ±Ê [2], ¢ Éµ ¢·¥³Ö ± ±
¢§ ¨³µ¤¥°¸É¢¨¥ η-³¥§µ´  ¸ ´Ê±²µ´µ³ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ Ì · ±É¥·¨§Ê¥É¸Ö
§´ Î¨É¥²Ó´Ò³ ¶·¨ÉÖ¦¥´¨¥³. �É  µ¸µ¡¥´´µ¸ÉÓ ²¥£²  ¢ µ¸´µ¢Ê £¨¶µÉ¥§Ò ¸ÊÐ¥-
¸É¢µ¢ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° η-³¥§µ´ Å Ö¤·µ, ´ §¢ ´´ÒÌ η-Ö¤· ³¨ [3,4].
„µ± § É¥²Ó¸É¢µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö η-Ö¤¥· Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¢ ¦´ÒÌ § ¤ Î Ë¨§¨±¨
¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨°, É ± ± ± ÔÉµ ´µ¢µ¥ §´ ´¨¥ µ Ö¤·¥ ¶µ§¢µ²¨É ¢Ò¡· ÉÓ
¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³µ¤¥²¥°  Éµ³´ÒÌ Ö¤¥· ´ ¨¡µ²¥¥  ¤¥±¢ É´Ò¥. ˆ§ÊÎ¥´¨¥ ±¢ -
§¨¸É Í¨µ´ ·´ÒÌ Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ≈ 550 ŒÔ‚ ¨ ¨Ì
· ¸¶ ¤µ¢, ¶µ¤µ¡´µ ¨§ÊÎ¥´¨Õ £¨¶¥·Ö¤¥·, µÉ±·Ò¢ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¤¢¨¦¥´¨Ö
¢ ¶µ¸É·µ¥´¨¨ É¥µ·¨¨ ±µ´¥Î´ÒÌ Ë¥·³¨-¸¨¸É¥³,   ¸ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶µ§¢µ²¨É
·¥Ï¨ÉÓ ¶·µ¡²¥³Ê ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ηN -¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ· Ö ¨´É¥´-
¸¨¢´µ µ¡¸Ê¦¤ ¥É¸Ö É¥µ·¥É¨± ³¨, ´µ µ±µ´Î É¥²Ó´µ ´¥ ·¥Ï¥´  ¨§-§  µÉ¸ÊÉ¸É¢¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚Ò¶µ²´¥´´Ò° ¡µ²¥¥ 10 ²¥É ´ § ¤ ¢ �·Ê±Ì¥°¢¥´¸±µ° ² ¡µ· Éµ·¨¨ Ô±¸¶¥-
·¨³¥´É ¶µ µ¡´ ·Ê¦¥´¨Õ η-Ö¤¥· ¢ ·¥ ±Í¨¨

π +A→ p+ ηA
′ (3)

¢¡²¨§¨ ¥¥ ¶µ·µ£  ´¥ ¤ ² µ¶·¥¤¥²¥´´µ£µ ·¥§Ê²ÓÉ É  [5]. �¡´ ·Ê¦¥´´Ò° ¶¨± ¢
Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ ¶·µÉµ´µ¢ µÉ ·¥ ±Í¨¨ 16O(π+, p) µ± § ²¸Ö ´¨¦¥ ¶·¥¤-
¸± §Ò¢ ¥³µ£µ ¶¨±  µÉ ·¥ ±Í¨¨ 16O(π+, p)15

ηO ¢ É·¨ · § . �¥ ± ¸ Ö¸Ó ¤¥É ²¥°
Ô±¸¶¥·¨³¥´É , § ³¥É¨³, ÎÉµ · ¸¸Î¨É ´´Ò¥ ¢ · ¡µÉ¥ [3] Ï¨·¨´Ò η-Ö¤¥·, µÉ
±µÉµ·ÒÌ ´¥¶µ¸·¥¤¸É¢¥´´µ § ¢¨¸ÖÉ ¢ÒÎ¨¸²¥´´Ò¥ ¢Ò¸µÉÒ Ê¶µ³Ö´ÊÉÒÌ ¶¨±µ¢,
¶µ¤¢¥·£²¨¸Ó §´ Î¨É¥²Ó´µ° ±·¨É¨±¥ [6,7]. „·Ê£µ° Ô±¸¶¥·¨³¥´É ¶µ ¤¢µ°´µ°
¶¥·¥§ ·Ö¤±¥ ¶¨µ´µ¢ ¢ ·¥ ±Í¨¨

π+ + 18O→ π− + 18Ne,

¢Ò¶µ²´¥´´Ò° ¢ ‹µ¸-�² ³µ¸¸±µ° ² ¡µ· Éµ·¨¨, ¢ÒÖ¢¨² ·¥§µ´ ´¸´ÊÕ ¸É·Ê±ÉÊ·Ê
¸¥Î¥´¨Ö ÔÉµ° ·¥ ±Í¨¨ ¶·¨ Ô´¥·£¨¨, ¡²¨§±µ° ± ¶µ·µ£Ê µ¡· §µ¢ ´¨Ö η-³¥§µ´µ¢
[8], µ¤´ ±µ ³ ²Ò° ´ ¡µ· ¸É É¨¸É¨±¨ ´¥ ¶µ§¢µ²¨²  ¢Éµ· ³ ÔÉµ° · ¡µÉÒ § Ö¢¨ÉÓ
µ¡ µÉ±·ÒÉ¨¨ η-Ö¤¥·. �¥²Ó§Ö ´¥ ¸± § ÉÓ µ¡ ¨§³¥·¥´¨¨ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ d+d→
→ η+4He ¢¡²¨§¨ ¶µ·µ£ . ‘´ Î ²  ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ´¨± ±¨Ì µ¸µ¡¥´´µ¸É¥°
¢ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ÔÉµ° ·¥ ±Í¨¨ µÉ Ô´¥·£¨¨ [9], ´µ § É¥³ (¶µ-¢¨¤¨³µ³Ê,
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¶µ¤ ¢²¨Ö´¨¥³ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´Éµ¢ p+d → η+3He ¨ π−+3He → η+T
[10,11]) ¸¥Î¥´¨¥ ¡Ò²µ ¶¥·¥³¥·¥´µ ¨ ´ °¤¥´  ¥£µ  ´µ³ ²¨Ö ¢ ¶µ·µ£¥ ± ± ±µ¸-
¢¥´´µ¥ ¸¢¨¤¥É¥²Ó¸É¢µ µ¡· §µ¢ ´¨Ö ±¢ §¨¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö η −4 He [12].

‚ ¤ ´´µ³ µ¡§µ·¥ µ¡¸Ê¦¤ ÕÉ¸Ö ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ η-
Ö¤¥· ¨ µ¡· §µ¢ ´¨¥³ ¨Ì ¶µ¤ ¤¥°¸É¢¨¥³ γ-±¢ ´Éµ¢ ¢ ·¥ ±Í¨¨

γ +A→ N + ηA
′ (4)

± ± µ¤´µ° ¨§ ´ ¨¡µ²¥¥ ¶¥·¸¶¥±É¨¢´µ° ¤²Ö µ¡´ ·Ê¦¥´¨Ö η-Ö¤¥·. �µ¨¸± η-Ö¤¥·
¢ ·¥ ±Í¨¨ (4) ³µ¦¥É ¨³¥ÉÓ ¶·¥¨³ÊÐ¥¸É¢µ ¶¥·¥¤ ·¥ ±Í¨¥° (3) ¢ ¸¨²Ê ²ÊÎÏ¨Ì
Ëµ´µ¢ÒÌ Ê¸²µ¢¨°, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¶·¨ · ¡µÉ¥ ¸ ËµÉµ´´Ò³¨ ¶ÊÎ± ³¨, Î¥³ ¶·¨
· ¡µÉ¥ ¸ π-³¥§µ´´Ò³¨. Š ¤·Ê£¨³ ¶·¥¨³ÊÐ¥¸É¢ ³ ³µ¦´µ µÉ´¥¸É¨ ¡µ²ÓÏÊÕ
¶·µ£´µ§¨·Ê¥³µ¸ÉÓ ¢ÒÌµ¤  ·¥ ±Í¨¨ (4), ¶µ ¸· ¢´¥´¨Õ ¸ ¢ÒÌµ¤µ³ ·¥ ±Í¨¨ (3),
¨§-§  ¡µ²ÓÏµ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ³¥Ì ´¨§³  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¨µ´µ¢ ¸ Ö¤· ³¨
¶·¨ · ¸¸³ É·¨¢ ¥³ÒÌ Ô´¥·£¨ÖÌ.

�² ´ µ¡§µ·  ¸²¥¤ÊÕÐ¨°. ‘´ Î ²  ´  µ¸´µ¢¥  ´ ²¨§  ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¢§ ¨³µ¤¥°¸É¢¨Õ ¨ µ¡· §µ¢ ´¨Õ
η-³¥§µ´µ¢ ±µ¸¢¥´´µ ¶µ¤É¢¥·¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥·Ì²¥£±¨Ì
η-Ö¤¥·. �¸´µ¢´Ò¥ ¸¢µ°¸É¢  η-Ö¤¥·, É ±¨¥, ± ± Ô´¥·£¨Ö ¸¢Ö§¨ ¨ ¢·¥³Ö ¦¨§´¨,
· ¸¸³ É·¨¢ ÕÉ¸Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ¨ Î¨¸²  ´Ê±²µ´µ¢ ¢
Ö¤·¥,   É ±¦¥ µÉ ¤²¨´Ò ηN -· ¸¸¥Ö´¨Ö. ‚µ ¢Éµ·µ³ · §¤¥²¥ ¶·µ¢¥¤¥´µ ¨¸-
¸²¥¤µ¢ ´¨¥ ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì ¨ Ö¤· Ì ¢ µ±µ²µ¶µ·µ£µ¢µ°
µ¡² ¸É¨ Ô´¥·£¨° ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢. �µ¸É·µ¥´  ³µ¤¥²Ó ËµÉµ·µ¦¤¥´¨Ö η
´  ¶·µÉµ´ Ì ¨ ´¥°É·µ´ Ì, ¢µ¸¶·µ¨§¢µ¤ÖÐ Ö ¶µ¸²¥¤´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [13,14]. �µ²ÊÎ¥´´Ò¥ ¢ ÔÉµ° ³µ¤¥²¨  ³¶²¨ÉÊ¤Ò Ô²¥³¥´É ·´ÒÌ ¶·µ-
Í¥¸¸µ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ É¥µ·¥É¨Î¥¸±µ³ ¨¸¸²¥¤µ¢ ´¨¨ ËµÉµ·µ¦¤¥´¨Ö ³¥§µ´µ¢
´  p-µ¡µ²µÎ¥Î´ÒÌ Ö¤· Ì ¸ ¢Ò²¥Éµ³ ´Ê±²µ´µ¢. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°
ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  Ö¤· Ì ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¢ÒÎ¨¸²¥´¨°
¤·Ê£¨Ì  ¢Éµ·µ¢,   É ±¦¥ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚
¶µ¸²¥¤´¥³ · §¤¥²¥ ¤ ¥É¸Ö É¥µ·¥É¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ ³µ¤¥²¨ ËµÉµ·µ¦¤¥´¨Ö
η-Ö¤¥· ¸ ¢Ò²¥Éµ³ ´Ê±²µ´µ¢ ¨ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¸¥Î¥´¨Ö ¨Ì µ¡· §µ¢ ´¨Ö. ˆ¸¸²¥-
¤Ê¥É¸Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° µÉ µ¸´µ¢´ÒÌ ¸¢µ°¸É¢ ¨ ¸µ¸ÉµÖ´¨° µ¡· §ÊÕÐ¨Ì¸Ö
η-Ö¤¥· ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢Ò²¥É ÕÐ¨Ì ´Ê±²µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨.

1. η-Ÿ„�� ˆ ˆ• ‘‚�‰‘’‚�

1.1. �¶É¨Î¥¸± Ö ³µ¤¥²Ó ¢§ ¨³µ¤¥°¸É¢¨Ö η-³¥§µ´µ¢ ¸ Ö¤· ³¨. ‚ ´ ¸ÉµÖ-
Ð¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ¤¢  µ¸´µ¢´ÒÌ ¶µ¤Ìµ¤  ± µ¶¨¸ ´¨Õ η-Ö¤¥·. ‚ µ¤´µ³
¨§ ´¨Ì ¶µ² £ ÕÉ, ÎÉµ ³¥¤²¥´´Ò° η-³¥§µ´ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ ´Ê±²µ´ ³¨ Ö¤· 
¨¸±²ÕÎ¨É¥²Ó´µ Î¥·¥§ µ¡· §µ¢ ´¨¥ ¨ · ¸¶ ¤ ¨§µ¡ ·Ò S11(1535). ‚ ·¥§Ê²Ó-
É É¥ É ±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡· §Ê¥É¸Ö ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¤·  É¨¶ 
Î ¸É¨Í  Å ¤Ò·± , £¤¥ ·µ²Ó Î ¸É¨ÍÒ ¨£· ¥É ¨§µ¡ ·  S11(1535). ‘¢µ°¸É¢  É -
±µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Å Ô´¥·£¨Ö ¸¢Ö§¨, ¢·¥³Ö ¦¨§´¨ Å § ¢¨¸ÖÉ ´¥
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Éµ²Ó±µ µÉ ¸¢µ°¸É¢ ·¥§µ´ ´¸  S11(1535), ´µ ¨ µÉ ¢§ ¨³µ¤¥°¸É¢¨Ö ¥£µ ¸ Ö¤·µ³
[7]. ‚ ¤·Ê£µ³ ¶µ¤Ìµ¤¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¤²¥´´µ£µ ³¥§µ´  ¸ ´Ê±²µ´ ³¨ Ö¤· 
¶µ² £ ¥É¸Ö ±µ£¥·¥´É´Ò³ ¨ µ¶¨¸Ò¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² ,
± ± ÔÉµ ¤ ¢´µ ¤¥² ¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö ¶¨µ´-Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ ¦-
´µ° ¸µ¸É ¢²ÖÕÐ¥° É ±µ£µ ¶µ¤Ìµ¤  Ö¢²Ö¥É¸Ö  ³¶²¨ÉÊ¤  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ
ηN -¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ Î ¸É´µ¸É¨, É ± Ö ¥¥ ¶·¥¤¥²Ó´ Ö Ì · ±É¥·¨¸É¨± , ± ±
¤²¨´  ηN -· ¸¸¥Ö´¨Ö a0.

„²Ö µ¶¨¸ ´¨Ö ³¥§µ´-Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ¸¶µ²Ó§Ê¥³¸Ö ±µ´Í¥¶Í¨¥°
µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . �·¥´¥¡·¥£ Ö ¤¢ÊÌ´Ê±²µ´´Ò³ ¶µ£²µÐ¥´¨¥³ η-³¥§µ´ 
¢ Ö¤·¥, § ¶¨Ï¥³ µ¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ´  ¶µ·µ£¥ (q̄η → 0) ¢ ¢¨¤¥ [15]:

2µU(r) = −4πρ(r)(1 +mη/mN) · f(ηN → ηN), (5)

µ = mηM/(mη + M), £¤¥ M Å ³ ¸¸  Ö¤· -µ¸Éµ¢ ; ρ(r) Å ¸Ë¥·¨Î¥¸±¨-
¸¨³³¥É·¨Î´ Ö ¶²µÉ´µ¸ÉÓ ¶µÉ¥´Í¨ ² ; f(ηN → ηN) Å  ³¶²¨ÉÊ¤  Ô²¥³¥´É ·-
´µ£µ ¶·µÍ¥¸¸ , ¶·¨Î¥³

f(ηp→ ηp) = f(ηn→ ηn) (6)

¸µ£² ¸´µ ¨§µÉµ¶¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.
‚ µÉ²¨Î¨¥ µÉ πN -· ¸¸¥Ö´¨Ö, ηN -· ¸¸¥Ö´¨¥, ± ± Ê¦¥ Ê¶µ³¨´ ²µ¸Ó, ¶·¨

µÎ¥´Ó ³ ²ÒÌ Ô´¥·£¨ÖÌ ³¥§µ´µ¢ ³µ¦´µ ¸Î¨É ÉÓ Î¨¸Éµ S-¢µ²´µ¢Ò³ ¢ ¸¨²Ê ¤µ³¨-
´¨·µ¢ ´¨Ö ¢ ¥£µ ¸¥Î¥´¨¨, ´ Î¨´ Ö µÉ ¶µ·µ£ , ´Ê±²µ´´µ£µ ·¥§µ´ ´¸  S11(1535),
¨ ¶µÔÉµ³Ê

lim
qn→0

f(ηN → ηN) = a0. (7)

„²Ö µ¶·¥¤¥²¥´¨Ö ±µ³¶²¥±¸´µ£µ ¶µÉ¥´Í¨ ²  η-Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨¸-
¶µ²Ó§Ê¥É¸Ö ¸¢µ¡µ¤´ Ö ¤²¨´  ηN -· ¸¸¥Ö´¨Ö (Ëµ·³ ²¨§³ ÔËË¥±É¨¢´µ° ¤²¨´Ò
· ¸¸¥Ö´¨Ö, · §¢¨ÉÒ° ¢ · ¡µÉ¥ [15] ¤²Ö π-³¥§µ´µ¢, §¤¥¸Ó ´¥ ³µ¦¥É ¡ÒÉÓ ¶·¨-
³¥´¥´ ´¥¶µ¸·¥¤¸É¢¥´´µ).

‘²¥¤ÊÕÐ¨³ ¶·¨¡²¨¦¥´¨¥³ ¡Ê¤¥É ¶·¨¡²¨¦¥´¨¥ µ¤´µ·µ¤´µ° ¶²µÉ´µ¸É¨; ¢
¢Ò· ¦¥´¨¨ (5) ρ(r) ¡· ²¨ ¢ ¢¨¤¥

ρ(r) =


3

4πr3
0

, r ≤ R,
0, r > R,

(8)

£¤¥

R = r0A
1/3 (9)

¥¸ÉÓ · ¤¨Ê¸ Ö¤· , ¸µ¤¥·¦ Ð¥£µ A ´Ê±²µ´µ¢. �¶· ¢¤ ´¨¥³ ÔÉµ³Ê ¶·¨¡²¨¦¥´¨Õ
³µ¦¥É ¸²Ê¦¨ÉÓ · ¸¸³µÉ·¥´¨¥ ¢ ¤ ²Ó´¥°Ï¥³ Éµ²Ó±µ ²¥£±¨Ì Ö¤¥· ¨ µÉ¸ÊÉ¸É¢¨¥
¢ ¶µÉ¥´Í¨ ²¥ (5) Î²¥´µ¢, § ¢¨¸ÖÐ¨Ì µÉ £· ¤¨¥´É  Ö¤¥·´µ° ¶²µÉ´µ¸É¨.
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‚ ¶·¥´¥¡·¥¦¥´¨¨ ¸¶¨´µ¢Ò³¨ ÔËË¥±É ³¨ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö
η-Ö¤·  ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤[

−∇
2

2µ
+ U(r)

]
ϕn`(r) = En` ϕn`(r) (10)

¸ ±µ³¶²¥±¸´µ° ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¥°

En` =

(
−ε− 1

2
iΓ

)
n`

, (11)

£¤¥ ε ¨ Γ Å Ô´¥·£¨Ö ¸¢Ö§¨ ¨ Ï¨·¨´  Ê·µ¢´Ö, Ì · ±É¥·¨§ÊÕÐ¥£µ¸Ö ±¢ ´Éµ¢Ò³¨
Î¨¸² ³¨ n ¨ `. � §¤¥²ÖÖ, ¸ ¶µ³µÐÓÕ · §²µ¦¥´¨Ö ¶µ ¶µ²¨´µ³ ³ ‹¥¦ ´¤· 
P`(cos θ), ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ϕn`(r) ´  · ¤¨ ²Ó´ÊÕ ¨ Ê£²µ¢ÊÕ Î ¸É¨

ϕn`(r) =

∞∑
`=0

un`(r)

r
· P`(cos θ),

¶µ²ÊÎ¨³ µ¡Ò±´µ¢¥´´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö un`(r)

r2ün`(r) + b2µ r2(En` + U(r)) − `(`+ 1)cun`(r) = 0, (12)

±µÉµ·µ¥ ¶·¨ ` = 0 ¨³¥¥É Ô²¥³¥´É ·´µ¥ ·¥Ï¥´¨¥,   ¶·¨ ` > 0 Å  ´ ²¨É¨Î¥¸±¨¥
·¥Ï¥´¨Ö ¢ ¢¨¤¥ ËÊ´±Í¨° �¨±± É¨. “· ¢´¥´¨Ö ±¢ ´Éµ¢ ´¨Ö Ô´¥·£¨¨ ¶µ²ÊÎ¨³,
± ± µ¡ÒÎ´µ, ¨§ ¸Ï¨¢±¨ ²µ£ ·¨Ë³¨Î¥¸±¨Ì ¶·µ¨§¢µ¤´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
ϕn`(r) ´  £· ´¨Í¥ ¤¥°¸É¢¨Ö ¶µÉ¥´Í¨ ² .

1.2. ‘¢µ°¸É¢  η-Ö¤¥·. ‚ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨ ¸¢µ°¸É¢  η-Ö¤¥· ¡Ê-
¤ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö ¤¢Ê³Ö µ¸´µ¢´Ò³¨ ¶ · ³¥É· ³¨: ¤²¨´µ° ηN -· ¸¸¥Ö´¨Ö a0 ¨
· ¤¨Ê¸µ³ R (9) ¶µÉ¥´Í¨ ² . � ¨¡µ²¥¥ ¸¨²Ó´µ° Ö¢²Ö¥É¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ · ¤¨-
 ²Ó´µ£µ ¶ · ³¥É·  r0 (¸³.¢Ò· ¦¥´¨Ö (5) ¨ (8)). ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ ¨
Ï¨·¨´Ò 1s-Ê·µ¢´Ö η-Ö¤·  16

ηO µÉ · ¤¨ ²Ó´µ£µ ¶ · ³¥É·  ¶·¨ Ë¨±¸¨·µ¢ ´´µ³
§´ Î¥´¨¨ a0 ¶µ± § ´  ´  ·¨¸.1. ˆ¸Ìµ¤Ö ¨§ µ¡Ð¨Ì ¸µµ¡· ¦¥´¨° µ · ¤¨Ê¸¥
¤¥°¸É¢¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ

1, 3 < r0 < 1, 4 Ë³.

‚µ§´¨± ÕÐÊÕ ¶·¨ ÔÉµ³ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ε ¨ Γ ³µ¦´µ µÍ¥´¨ÉÓ ¨§ ·¨¸.1.
‚ ± Î¥¸É¢¥ R (9) ¡· ²¨ Ô±¢¨¢ ²¥´É´Ò¥ · ¤¨Ê¸Ò Ö¤¥·, RÔ±, ±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò³¨ ¸µµÉ´µÏ¥´¨¥³

R2
Ô± =

5

3
〈r2〉. (13)

„²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ÔÉµ° · ¡µÉ¥ Ö¤¥· RÔ± ¢§ÖÉÒ ´¥¨§³¥´´Ò³¨ ¨§ É ¡²¨ÍÒ
[16], ±·µ³¥ Ö¤·  11B, ¤²Ö ±µÉµ·µ£µ ¶µ² £ ²¨ r0 = 1, 35 Ë³ (¢ ¸¢Ö§¨ ¸ § ³¥Î -
´¨¥³ ¸ ³µ£µ  ¢Éµ·  µ ¢¥·µÖÉ´µ° §¤¥¸Ó µÏ¨¡±¥). „·Ê£ Ö ¢ ¦´ Ö ¸µ¸É ¢²ÖÕÐ Ö
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ ε ¨ Ï¨·¨´Ò Ê·µ¢´Ö Γ 1s-¸µ¸ÉµÖ´¨Ö Ö¤·  16
η O

µÉ · ¤¨ ²Ó´µ£µ ¶ · ³¥É·  r0 µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , ¢ÒÎ¨¸²¥´´µ£µ ¸ ¤²¨´µ° ηN-
· ¸¸¥Ö´¨Ö a0 = (0, 717 + i0, 263) Ë³

¶µÉ¥´Í¨ ²  U (5) Å ÔÉµ ¤²¨´  ηN -· ¸¸¥Ö´¨Ö. Š ± Ê¦¥ Ê¶µ³¨´ ²µ¸Ó, ¸¨-
ÉÊ Í¨Ö §¤¥¸Ó ¶·µÉ¨¢µ·¥Î¨¢ Ö, ¨ ¶µ±  ´¥¢µ§³µ¦´µ µÉ¤ ÉÓ ¶·¥¤¶µÎÉ¥´¨¥ ´¨
µ¤´µ³Ê ¨§ ·¥§Ê²ÓÉ Éµ¢. �  ·¨¸.2 ¶µ± § ´Ò §´ Î¥´¨Ö ¢¥²¨Î¨´Ò a0 ¨§ ¡µ²Ó-
Ï¨´¸É¢  ¨§¢¥¸É´ÒÌ ´ ³ · ¡µÉ [17Ä23] (¡µ²¥¥ ¤¥É ²Ó´Ò° µ¡§µ· É ±¨Ì · ¡µÉ
¸³. ¢ [22]).

‚ ±µ³¶²¥±¸´µ³ ¶µÉ¥´Í¨ ²¥ ±¢ §¨¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¢µ§³µ¦´µ Éµ²Ó±µ
¶·¨ µ¶·¥¤¥²¥´´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ ³¥¦¤Ê ¥£µ ·¥ ²Ó´µ° ¨ ³´¨³µ° Î ¸ÉÖ³¨. ‚Ò-
Î¨¸²¥´´Ò¥ £· ´¨ÍÒ µ¡· §µ¢ ´¨Ö ´¥±µÉµ·ÒÌ η-Ö¤¥· ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨
¢¥²¨Î¨´Ò a0 ¶µ± § ´Ò ´  ·¨¸.2. ‘¶· ¢  µÉ ÔÉ¨Ì ±·¨¢ÒÌ ´ Ìµ¤ÖÉ¸Ö É ±¨¥
§´ Î¥´¨Ö a0, ±µÉµ·Ò¥ ¢¥¤ÊÉ ± ¸¢Ö§ ´´Ò³ ´ ¨´¨§Ï¨³ ¸µ¸ÉµÖ´¨Ö³ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì η −A-¸¨¸É¥³. ‚¨¤´µ, ÎÉµ £¨¶µÉ¥§¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö η-Ö¤¥· ÉÖ¦¥²¥¥ 16

η O
´¥ ¶·µÉ¨¢µ·¥Î¨É ´¨ µ¤´µ §´ Î¥´¨¥ a0, ¶µ²ÊÎ¥´´µ¥ ¢ Í¨É¨·Ê¥³ÒÌ §¤¥¸Ó · ¡µ-
É Ì.

�£· ´¨Î¥´¨¥ ´  Î¨¸²µ ´Ê±²µ´µ¢ ¸´¨§Ê A ≥ 12 ¶·¨¢¥²¨  ¢Éµ·Ò [4], ±µ£¤ 
£µ¢µ·¨²¨ µ ¢µ§³µ¦´µ¸É¨ µ¡· §µ¢ ´¨Ö η-Ö¤¥·, ¨¸Ìµ¤Ö ¨§ ¶µ²ÊÎ¥´´ÒÌ ¨³¨ ¦¥
§´ Î¥´¨° a0. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ±·¨¢ Ö ´  ·¨¸.2 Ìµ·µÏµ ¨²²Õ¸É·¨·Ê¥É ÔÉµ ¶µ-
²µ¦¥´¨¥. ‚³¥¸É¥ ¸ É¥³ ¸ÊÐ¥¸É¢Ê¥É ¤µ¸É ÉµÎ´µ¥ ±µ²¨Î¥¸É¢µ · ¡µÉ, ·¥§Ê²ÓÉ ÉÒ
±µÉµ·ÒÌ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³ [18Ä23]:

| Re a0 |> 0, 55 Ë³, | Im a0 |< 0, 4 Ë³,
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�¨¸. 2. ƒ· ´¨ÍÒ µ¡· §µ¢ ´¨Ö ±¢ §¨¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¤²Ö ´¥¸±µ²Ó±¨Ì η-Ö¤¥· ¢ ±µ³-
¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ¤²¨´Ò ηN-· ¸¸¥Ö´¨Ö. „²¨´Ò ηN-· ¸¸¥Ö´¨Ö ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì:
[17] Å (◦), [18] Å (•), [19] Å (�), [20] Å (N), [21] Å (�), [22] Å (O), [23] Å (�)

ÎÉµ ¶·¥¤¶µ² £ ¥É ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö η-Ö¤¥· ¸ Î¨¸²µ³ ´Ê±²µ´µ¢ ³¥´Ó-
Ï¥, Î¥³ 12 (¸³.·¨¸.2). � ¸¶·µ¸É· ´ÖÖ ¶µ´ÖÉ¨¥ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ´ 
Ö¤·  ¸ A = 3, ³Ò ¢ÒÎ¨¸²¨²¨ £· ´¨ÍÊ µ¡· §µ¢ ´¨Ö 3

ηHe ¸ ÊÎ¥Éµ³ ·ÒÌ²µ¸É¨ ¥£µ
´Ê±²µ´´µ£µ µ¸Éµ¢  (RÔ± = 2, 45 Ë³ [16]). Š ± ¢¨¤´µ ¨§ ·¨¸.2, ´¥±µÉµ·Ò¥ ¨§
¶·¥¤¸± §Ò¢ ¥³ÒÌ §´ Î¥´¨° a0 µ¸É ÕÉ¸Ö ¸¶· ¢  ¨ µÉ ÔÉµ° ±·¨¢µ°, µ¸É ¢²ÖÖ,
É ±¨³ µ¡· §µ³, ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥·, ¢¶²µÉÓ ¤µ

ηD. ‚ ¶µ²Ó§Ê ÔÉµ° ¢¥·¸¨¨ £µ¢µ·ÖÉ ¨ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö ·¥ ±Í¨° µ¡· -
§µ¢ ´¨Ö η-³¥§µ´µ¢ ¢¡²¨§¨ ¶µ·µ£ : γ+D → η+D [24], p+D → η+ 3He [10],
π−+ 3He→ η+T [11], D+D → η+ 4He [12], p+n→ η+D [25]. Š ± Ê¦¥
Ê¶µ³¨´ ²µ¸Ó, ¨§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö ÔÉ¨Ì ·¥ ±Í¨° µ± § ²¨¸Ó  ´µ³ ²Ó´µ ¡µ²Ó-
Ï¨³¨ ¢ ¶µ·µ£¥ ¨²¨ ¢ ´¥¶µ¸·¥¤¸É¢¥´´µ° ¡²¨§µ¸É¨ µÉ ´¥£µ. ‘·¥¤¨ µ¡ÑÖ¸´¥´¨°
ÔÉµ£µ Ë ±É  ¥¸ÉÓ ¨ É ±¨¥ [19,26], ¢ ±µÉµ·ÒÌ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ·¥ ±Í¨Ö
p+D → η + 3He ¨¤¥É Î¥·¥§ S-¢µ²´µ¢Ò° ·¥§µ´ ´¸ ¸ ³ ¸¸µ°

MR = M3He +mη − 7 ŒÔ‚/¸2

(´  7 ŒÔ‚/¸2 ´¨¦¥ ¶µ·µ£  µ¡· §µ¢ ´¨Ö η-³¥§µ´  ¢ ÔÉµ° ·¥ ±Í¨¨) ¨ ³¥´¥¥
µ¶·¥¤¥²¥´´µ° Ï¨·¨´µ°

Γ = 5− 25 ŒÔ‚.

…¸É¥¸É¢¥´´µ ÔÉµÉ ·¥§µ´ ´¸ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± η-Ö¤·µ 3
ηHe ¸ Ô´¥·£¨¥° ¸¢Ö§¨

¨ Ï¨·¨´µ°

ε ≈ 7 ŒÔ‚, Γ ≈ 15 ŒÔ‚. (14)
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’ ¡²¨Í  1. ‘µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ±µ³¶²¥±¸´µ° Ô´¥·£¨¨ E = (ε+ i/2 Γ) ŒÔ‚
¢ ³µ¤¥²¨ ¸ ¶·Ö³µÊ£µ²Ó´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³µ°

Ÿ¤·µ ‘µ¸ÉµÖ´¨¥ a0 = 0, 880 + 0, 274i, Ë³ a0 = 0, 717 + 0, 263i, Ë³

3
ηHe 1s 6,2 + 7,00i 2,23 + 5,50i

4
ηHe 1s 28,3 + 18,8i 17,5 + 16,85i

11
ηB 1s 38,1 + 18,0i 27,5 + 16,75i

1p 17,4 + 12,4i 10,3 + 7,88i

12
ηC 1s 38,2 + 17,7i 28,0 + 16,65i

1p 18,4 + 13,0i 10,6 + 9,13i

15
ηN 1s 40,7 + 17,9i 30,2 + 16,85i

1p 21,9 + 14,6i 13,1 + 11,86i

16
ηO 1s 41,2 + 17,9i 30,6 + 16,82i

1p 22,8 + 14,9i 13,9 + 12,36i

1s 51,4 +19,4i 39,9 + 18,45i
40
ηCa 1p 38,8 + 18,5i 27,9 + 17,20i

2s 15,2 + 16,6i 5,3 + 14,65i

…¸²¨ η-Ö¤¥·´Ò° ¶µÉ¥´Í¨ ² ¸É·µ¨ÉÓ ´  µ¸´µ¢ ´¨¨ ¤²¨´Ò ηN -· ¸¸¥Ö´¨Ö ¨§
· ¡µÉÒ [21]:

a0 = 0, 880 + 0, 274i Ë³, (15)

Éµ ¨§ ´ Ï¥° ³µ¤¥²¨ ¶µ²ÊÎ¨³

ε = 6, 2 ŒÔ‚, Γ = 14, 0 ŒÔ‚. (16)

‡ ³¥É¨³, ÎÉµ §´ Î¥´¨¥ (15) ¢¥²¨Î¨´Ò a0 ´¥ Ö¢²Ö¥É¸Ö Ô±¸É·¥³ ²Ó´Ò³ ¸·¥¤¨
¤·Ê£¨Ì §´ Î¥´¨° (¸³. ·¨¸.2) ¨ ¢ ¶·¥¤¥² Ì ¶·¨¢µ¤¨³ÒÌ µÏ¨¡µ± ¸µ£² ¸Ê¥É¸Ö ¸
·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì  ¢Éµ·µ¢. �µ² £ Ö, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [26] Ì · ±É¥-
·¨¸É¨±¨ S-¢µ²´µ¢µ£µ ·¥§µ´ ´¸ , Î¥·¥§ ±µÉµ·Ò° ¨¤¥É ¶·µÍ¥¸¸ p+D→ η+3He,
¨ · ¸¸Î¨É ´´Ò¥ ¸¢µ°¸É¢  (16) ¤²Ö 3

ηHe ´¥ ¸²ÊÎ °´µ¥ ¸µ¢¶ ¤¥´¨¥, ¸·¥¤¨ ¶·¥¤-
¸± §Ò¢ ¥³ÒÌ ¤²¨´ · ¸¸¥Ö´¨Ö ¶·¥¤¶µÎÉ¥´¨¥ ³µ¦´µ µÉ¤ ÉÓ ·¥§Ê²ÓÉ ÉÊ (15) · -
¡µÉÒ [21]. ‘¢µ°¸É¢  ´¥±µÉµ·ÒÌ η-Ö¤¥·, ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥ ÔÉµ£µ §´ Î¥´¨Ö,
¶·¨¢¥¤¥´Ò ¢ É ¡².1. �´¥·£¨Ö ¸¢Ö§¨ ¨ Ï¨·¨´Ò ¶µ²ÊÎ¨²¨¸Ó ¡µ²ÓÏ¥, Î¥³ É¥,
±µÉµ·Ò¥ ¶·¥¤¸± §Ò¢ ²¨¸Ó ¢ ¶¥·¢ÒÌ · ¡µÉ Ì [3,4] ¤²Ö  ´ ²µ£¨Î´ÒÌ Ö¤¥·, ´µ
µ´¨ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡µÉÒ [7], ¶µ²ÊÎ¥´´Ò³¨ ¢  ²ÓÉ¥·´ É¨¢´µ°,
¨¸¶µ²Ó§Ê¥³µ° §¤¥¸Ó ³µ¤¥²¨ η-Ö¤¥· ¸ ´¥µ¤´µ·µ¤´µ° ¶²µÉ´µ¸ÉÓÕ. ‚ ÔÉµ° ¦¥
É ¡²¨Í¥ ¶µ± § ´Ò ¸¢µ°¸É¢  η-Ö¤¥· ¸ A < 40, · ¸¸Î¨É ´´Ò¥ ¸ ¤²¨´µ° ηN -
· ¸¸¥Ö´¨Ö [22]:

a0 = 0, 717 + 0, 263i Ë³. (17)
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�´¥·£¨¨ ¸¢Ö§¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì η-Ö¤¥· § ³¥É´µ · §²¨Î ÕÉ¸Ö ¢ ¶·¥¤¸É ¢-
²¥´´ÒÌ ¢ ·¨ ´É Ì, µ¤´ ±µ, ¨ ÔÉµ ¸²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, Ï¨·¨´Ò · ¸¸³ É·¨¢ ¥-
³ÒÌ ±¢ §¨¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° η-³¥§µ´ Å Ö¤·µ ´¥§ ¢¨¸¨³µ µÉ ¨¸¶µ²Ó§Ê¥³ÒÌ
¢ · ¸Î¥É Ì §´ Î¥´¨° a0 ¨ Î¨¸²  ´Ê±²µ´µ¢ ¢ η-Ö¤· Ì ¶µÎÉ¨ µ¤¨´ ±µ¢µ ¡µ²Ó-
Ï¨¥ (¸³.É ¡².1), §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥ Ï¨·¨´, ¶·¥¤¸± § ´´ÒÌ ¢ · ¡µÉ Ì [3,4].
Š ± ¸²¥¤¸É¢¨¥ ÔÉµ£µ, Ê·µ¢´¨ ¢ ³´µ£µÊ·µ¢´¥¢ÒÌ η-Ö¤· Ì ³µ£ÊÉ ¸¨²Ó´µ ¶¥·¥-
±·Ò¢ ÉÓ¸Ö, ¶·¨¢µ¤Ö ¢ ¨Éµ£¥ ± Ê³¥´ÓÏ¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ É ±¨Ì Ö¤¥·.

ˆÉ ±, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¶µ¸²¥¤´¨¥ É¥µ·¥É¨Î¥¸±¨¥ · ¡µÉÒ, ¢Ò¶µ²´¥´´Ò¥
³¥Éµ¤µ³ ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ¤²¨´ ηN -· ¸¸¥Ö´¨Ö
[20Ä23], Ê± §Ò¢ ÕÉ ´  É ±¨¥ §´ Î¥´¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢µ§³µ¦´o ¸ÊÐ¥¸É¢µ¢ -
´¨e η-³¥§µ´-Ö¤¥·´ÒÌ ¸¢Ö§ ´´ÒÌ ¸¨¸É¥³ ¸ A < 3 ¢¶²µÉÓ ¤µ ηD (¸³. ·¨¸.2).
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨³¥ÕÉ¸Ö, ¨ Ê¦¥ ¤ ¢´µ, ªÉ·Ê¤´µµ¡ÑÖ¸´¨³Ò¥ª ¤ ´´Ò¥ ¶µ
¶µ·µ£µ¢µ³Ê µ¡· §µ¢ ´¨Õ η-³¥§µ´µ¢ ´  ³ ²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì, ´¥§ ¢¨¸¨³µ
µÉ ¸µ·É  ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ. …¸²¨ ¤µ¶Ê¸É¨ÉÓ, ÎÉµ ¢¸¥ ÔÉ¨ ·¥ ±Í¨¨ ¨¤ÊÉ
Î¥·¥§ µ¡· §µ¢ ´¨¥ ¨ · ¸¶ ¤ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì η-Ö¤¥· (¶µ¤¶µ·µ£µ¢ÒÌ ·¥§µ´ ´-
¸µ¢), Éµ ¶µ¢¥¤¥´¨¥ ¨Ì ¸¥Î¥´¨° ¢ ¶µ·µ£¥, ¢ ¶·¨´Í¨¶¥, ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´o.
‘ÊÐ¥¸É¢µ¢ ´¨Õ η-Ö¤¥· ¸ Î¨¸²µ³ ´Ê±²µ´µ¢ A > 16 ¶µ±  ´¥É  ²ÓÉ¥·´ É¨¢Ò
(¸³. ·¨¸.2).

� ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥· £µ¢µ·¨²µ¸Ó ¨ · ´ÓÏ¥ [18,19,27,28],
´µ ÔÉ¨ ¢Ò¸± §Ò¢ ´¨Ö ± § ²¨¸Ó ¶µÎÉ¨ Ë ´É ¸É¨Î¥¸±¨³¨. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö
¸ÊÐ¥¸É¢µ¢ ´¨¥ ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥· µ¡µ¸´µ¢Ò¢ ¥É¸Ö ¢ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ Ì,
¢Ò¶µ²´¥´´ÒÌ ¢ É¥Ì´¨±¥ ËÊ´±Í¨° ƒ·¨´  [29Ä32]. ’ ±µ° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É
¸´ÖÉÓ ¢µ¶·µ¸ µ ´¥Ô·³¨Éµ¢µ¸É¨ £ ³¨²ÓÉµ´¨ ´  ¸ ±µ³¶²¥±¸´Ò³ ¶µÉ¥´Í¨ ²µ³,
¸ÊÐ¥¸É¢ÊÕÐ¨° ¢ ´ Ï¥³ · ¸¸³µÉ·¥´¨¨. ‚·¥³Ö ¦¨§´¨ ²¥£±¨Ì ¨ ¸·¥¤´¨Ì η-
Ö¤¥·, ± ± ÔÉµ ¸²¥¤Ê¥É ¨§ ´ ¸ÉµÖÐ¥£µ ¨¸¸²¥¤µ¢ ´¨Ö ¨ ¨§ Í¨É¨·Ê¥³ÒÌ · ¡µÉ,
¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥ §´ Î¥´¨°, ¶·¥¤¸± §Ò¢ ¥³ÒÌ ¢ ¶¨µ´¥·¸±¨Ì · ¡µÉ Ì
[3,4], ¤µ¸É ÉµÎ´µ Éµ²Ó±µ ¤²Ö ¶·µÖ¢²¥´¨Ö ¨Ì ¢ ¢¨¤¥ µ¸µ¡µ£µ ·µ¤  Ö¤¥·´ÒÌ
¶µ¤¶µ·µ£µ¢ÒÌ ·¥§µ´ ´¸µ¢, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ § É·Ê¤´Ö¥É ¨Ì µ¡´ ·Ê¦¥´¨¥.

„²Ö ¨§ÊÎ¥´¨Ö ËµÉµ·µ¦¤¥´¨Ö η-Ö¤¥· ¶µÉ·¥¡ÊÕÉ¸Ö ¸¢¥¤¥´¨Ö µ ËµÉµµ¡· §µ-
¢ ´¨¨ η-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì ¨ Ö¤· Ì, Î¥³Ê ¶µ¸¢ÖÐ¥´ ¸²¥¤ÊÕÐ¨° · §¤¥².

2. ”�’�����‡�‚��ˆ… η-Œ…‡���‚ �� �“Š‹���• ˆ Ÿ„��•

2.1. ”µÉµ·µ¦¤¥´¨¥ η-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì. ˆ¸¸²¥¤µ¢ ´¨¥ ËµÉµ·µ¦¤¥´¨Ö
η-³¥§µ´µ¢ ´  Ö¤· Ì ¢µ¤µ·µ¤ 

γ + p→ η + p (18)

´ ¸Î¨ÉÒ¢ ¥É É·¨ ¤¥¸ÖÉ±  ²¥É [33Ä36]. �µ¸²¥¤´¨¥ Ô±¸¶¥·¨³¥´ÉÒ [13,35] ± -
Î¥¸É¢¥´´µ ¶µ¤É¢¥·¤¨²¨ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·µÏ²ÒÌ ²¥É: ¶µ²´µ¥ ¸¥Î¥-
´¨¥ ·¥ ±Í¨¨ (18) µÉ ¶µ·µ£  ¡Ò¸É·µ · ¸É¥É, ¤µ¸É¨£ Ö ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö
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�¨¸. 3. �µ²´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ γp→ ηp (¸¶²µÏ´ Ö ±·¨¢ Ö) ¨ γn→ ηn (ÏÉ·¨Ìµ¢ Ö
±·¨¢ Ö), · ¸¸Î¨É ´´Ò¥ ¢ ¶·¥¤²µ¦¥´´µ° ³µ¤¥²¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢.
’µÎ¥Î´ Ö ±·¨¢ Ö Å ·¥§Ê²ÓÉ É ¶µ¤£µ´±¨ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  γp → ηp ¨§ [36] (·¥Ï¥´¨¥
A2). �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¶·µÍ¥¸¸  γp→ ηp ¢§ÖÉÒ ¨§ [13]

15 Ä 17 ³±¡ ¶·¨ k0 = 800 ŒÔ‚,   § É¥³ Ê¡Ò¢ ¥É, ± ± ¶µ¸²¥ ·¥§µ´ ´¸ . „·Ê£¨Ì
Ö¢´µ ¢Ò· ¦¥´´ÒÌ ·¥§µ´ ´¸µ¢ ¢ ¸¥Î¥´¨¨ ÔÉµ£µ ¶·µÍ¥¸¸  ´¥ ¶·µ¸³ É·¨¢ ¥É¸Ö
¢¶²µÉÓ ¤µ Ô´¥·£¨¨ ËµÉµ´µ¢ 2200 ŒÔ‚ (¸³. [36]). �µÎÉ¨ ¨§µÉ·µ¶´µ¥ Ê£²µ¢µ¥
· ¸¶·¥¤¥²¥´¨¥ ³¥§µ´µ¢ ¢ ¶·µÍ¥¸¸¥ (18) [13] ¨ ¡²¨§µ¸ÉÓ ³ ¸¸Ò S11(1535)-
·¥§µ´ ´¸  ± §´ Î¥´¨Õ ¥£µ ¶µ·µ£µ¢µ° ¨´¢ ·¨ ´É´µ° Ô´¥·£¨¨ Ê± §Ò¢ ÕÉ ´ 
£² ¢´ÊÕ ·µ²Ó ÔÉµ£µ ·¥§µ´ ´¸  ¨ ¢ ËµÉµ·µ¦¤¥´¨¨ η-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì. ‚Ò-
¶µ²´¥´´Ò° ¡µ²¥¥ 20 ²¥É ´ § ¤ ³´µ£µ¶ · ³¥É·¨Î¥¸±¨°  ´ ²¨§ ¶·µÍ¥¸¸  (18) ¢
Ï¨·µ±µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¸ ¶·¨¢²¥Î¥´¨¥³ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ·¥§µ-
´ ´¸µ¢ [36] ¶²µÌµ ¢µ¸¶·µ¨§¢µ¤¨É ·¥§Ê²ÓÉ ÉÒ ´µ¢ÒÌ ¶·¥Í¨§¨µ´´ÒÌ ¨§³¥·¥´¨°
¸¥Î¥´¨Ö ÔÉµ£µ ¶·µÍ¥¸¸  ¢¡²¨§¨ ¶µ·µ£  [13] (¸³. ·¨¸.3) ¨ ´¥ ³µ¦¥É ¡ÒÉÓ ¨¸-
¶µ²Ó§µ¢ ´ ´¥¶µ¸·¥¤¸É¢¥´´µ. �µ²¥¥ ¤¥É ²Ó´Ò°  ´ ²¨§ µ¡¸Ê¦¤ ¥³µ° ·¥ ±Í¨¨
µ±µ²µ ¶µ·µ£  [37,38] ¶µ± § ² ¤µ¸É ÉµÎ´µ¸ÉÓ ÊÎ¥É  Éµ²Ó±µ É·¥Ì ·¥§µ´ ´¸´ÒÌ
´Ê±²µ´´ÒÌ ¸µ¸ÉµÖ´¨°:

S11(1535), P11(1440), D13(1520) (19)

¨ ³ ²Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ µÉ ¡µ·´µ¢¸±¨Ì Î²¥´µ¢ ¨ ¤¨ £· ³³, µÉ¢¥Î ÕÐ¨Ì
µ¡³¥´Ê ¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨ [39,40]. �¥ ¢¤ ¢ Ö¸Ó ¢ ¤¥É ²¨ ¶µ·µ£µ¢µ£µ Ëµ-
Éµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì, ¢ ¤ ´´µ° · ¡µÉ¥  ³¶²¨ÉÊ¤Ê ¶·µÍ¥¸¸ 
(18) § ¶¨¸Ò¢ ¥³ ¢ Î¨¸Éµ ¨§µ¡ ·´µ° ³µ¤¥²¨ ¸ ÊÎ¥Éµ³ É·¥Ì ·¥§µ´ ´¸µ¢ (19),
¨¸¶µ²Ó§ÊÖ ¶·¨ ÔÉµ³ ¶ · ³¥É·¨§ Í¨Õ ·¥§µ´ ´¸´ÒÌ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ  ³¶²¨ÉÊ¤,
± ± ¢ · ¡µÉ¥ [36], ´µ ¸ ¤·Ê£¨³¨ ¶ · ³¥É· ³¨. ‡´ Î¥´¨Ö ¶ · ³¥É·µ¢, ¶·¨ ±µÉµ-
·ÒÌ ¤µ¸É¨£´ÊÉµ Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨Ö ¸¥Î¥´¨Ö ¢ Œ °´Í¥
(¸³. ·¨¸.3), ¶·¨¢¥¤¥´Ò ¢ É ¡².2.
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’ ¡²¨Í  2. � · ³¥É·Ò ¤²Ö ·¥§µ´ ´¸´ÒÌ ³Ê²ÓÉ¨¶µ²¥° ¢  ³¶²¨ÉÊ¤¥ ¶·µÍ¥¸¸ 
γp → ηp. ‚¥²¨Î¨´Ò γE ¨ γM ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¶·µ¨§¢¥¤¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ
Ï¨·¨´ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥§µ´ ´¸µ¢ [36]

�¥§µ´ ´¸ MR, ŒÔ‚ Γ, ŒÔ‚ γE , ŒÔ‚ γM , ŒÔ‚ Γη/Γ Γπ/Γ

S11 1537 160 2,05 Å 0,5 0,4

P11 1440 350 Å 0,25 Å Å

D13 1518 100 0,04 0,35 Å Å

„²Ö µ¶¨¸ ´¨Ö ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  ´¥°É·µ´ Ì

γ + n→ η + n (20)

·¥§µ´ ´¸´Ò¥ ³Ê²ÓÉ¨¶µ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¢Ò· ¦ ²¨¸Ó Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
³Ê²ÓÉ¨¶µ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  (18) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

S11 : E
(n)
0+ =−0, 848 E

(p)
0+ ,

P11 : M
(n)
1− =−0, 722 M

(p)
1− ,

D13 : E
(n)
2− =−0, 538 E

(p)
2− , M

(n)
2− = −2, 2 M

(p)
2−

(21)

¸µ£² ¸´µ ·¥±µ³¥´¤ Í¨Ö³ · ¡µÉÒ [1]. �  ·¨¸.3,4 ¶µ± § ´Ò ¸¥Î¥´¨Ö ¶·µÍ¥¸¸ 
(20). �´¨ § ³¥É´µ ³¥´ÓÏ¥ ¸¥Î¥´¨° ¶·µÍ¥¸¸  (18) ¨ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ Éµ³

σ(γn→ ηn) ≈ 0, 70 σ(γp→ ηp), (22)

�¨¸. 4. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ γp→ ηp (¸¶²µÏ´ Ö ±·¨¢ Ö) ¨ γn→ ηn

(ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) ¶·¨ k0 = 789, 9 ŒÔ‚. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¶·µÍ¥¸¸ 
γp→ ηp ¢§ÖÉÒ ¨§ [13]
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¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉe [14] ¶µ¸·¥¤¸É¢µ³ ¸µ¢³¥¸É´µ£µ  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¸¥Î¥´¨° ¶·µÍ¥¸¸µ¢ γp→ ηp ¨ γ+D → η+X ¢ µ±µ²µ¶µ·µ£µ¢µ° µ¡² ¸É¨
Ô´¥·£¨° ËµÉµ´µ¢. ‡ ³¥É¨³, ÎÉµ ¶·¥¤¸± §Ò¢ ¥³Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥-
´¨Ö ¶·µÍ¥¸¸  γn → ηn ¡µ²¥¥  ´¨§µÉ·µ¶´Ò¥, Î¥³ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  γp → ηp
(·¨¸.4).

Œµ¤¥²Ó ËµÉµ·µ¦¤¥´¨Ö η-Ö¤¥· µ¸´µ¢Ò¢ ¥É¸Ö ´  §´ ´¨¨ ·¥ ±Í¨¨ ËµÉµ-
µ¡· §µ¢ ´¨Ö ³¥§µ´µ¢ ´  Ö¤· Ì ¸ ¢Ò¡¨¢ ´¨¥³ µ¤´µ£µ ´Ê±²µ´ . �¨ Ô±¸¶¥·¨³¥´-
É ²Ó´µ, ´¨ É¥µ·¥É¨Î¥¸±¨ ÔÉ¨ ·¥ ±Í¨¨ ¶µ±  ´¥ ¨§ÊÎ¥´Ò ¤µ¸É ÉµÎ´µ, ¶µÔÉµ³Ê
É ±¨¥ ·¥ ±Í¨¨ ´  p-µ¡µ²µÎ¥Î´ÒÌ Ö¤· Ì ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ ¤¥É ²Ó´µ.

2.2. �³¶²¨ÉÊ¤  ·¥ ±Í¨¨ A(γ, ηN) A′ ´  p-µ¡µ²µÎ¥Î´ÒÌ Ö¤· Ì. ˆ§Ê-
Î¥´¨¥ Ô±¸±²Õ§¨¢´ÒÌ ·¥ ±Í¨° (γ, ηN) ¢ ¦´µ ± ± ¤²Ö ¢ÒÖ¢²¥´¨Ö ³¥Ì ´¨§³µ¢
ËµÉµµ¡· §µ¢ ´¨Ö ³¥§µ´µ¢ ´  Ö¤· Ì, É ± ¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¸ ³¨Ì Ö¤¥·.
�¥ ±Í¨Õ ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´  ´  Ö¤·¥ A ¸ ¢Ò²¥Éµ³ ´Ê±²µ´  N § ¶¨Ï¥³ ¢
¢¨¤¥

γ(k, ελ) +Ai(Qi)→ η(q) + N(p) +Af (Qf ), (23)

£¤¥ ¶µ¸·¥¤¸É¢µ³ k = {k0, k}, q = {q0, q}, p = {p0, p}, Qi = {Q0i, Qi},
Qf = {Q0f , Qf} µ¡µ§´ Î¥´Ò Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Î ¸É¨Í,
  λ Å ¨´¤¥±¸ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´ . ˆ¸¶µ²Ó§ÊÖ É¥Ì´¨±Ê ¢Éµ·¨Î´µ£µ ±¢ ´Éµ-
¢ ´¨Ö ¨ ÊÎ¨ÉÒ¢ Ö  ´É¨¸¨³³¥É·¨Î´µ¸ÉÓ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´ Î ²Ó´µ° (Ai) ¨
±µ´¥Î´µ° (Af , N ) ¸¨¸É¥³ ´Ê±²µ´µ¢,  ³¶²¨ÉÊ¤Ê ·¥ ±Í¨¨ (23) ³µ¦´µ ¶·¨¢¥¸É¨
± ¢¨¤Ê

〈f |T̂γη|i〉 =
√
A

〈
ψf

∣∣∣∣∣
A∑
n=1

Φ∗N (xA) ei(k−q)rn t̂nελ

∣∣∣∣∣ψi
〉
. (24)

‡¤¥¸Ó |ψi〉 ¨ |ψf 〉 Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ Ö¤·  Ai, ¸µ¸ÉµÖÐ¥£µ ¨§ A ´Ê±²µ-
´µ¢, ¨ Ö¤·  Af , ¸µ¸ÉµÖÐ¥£µ ¨§ (A − 1) ´Ê±²µ´µ¢. �¶¥· Éµ· t̂λn = t̂n · ελ ¥¸ÉÓ
µ¶¥· Éµ· ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´  ´  ´Ê±²µ´¥ Ö¤· , ±µÉµ·Ò° ¢ ¨³¶Ê²Ó¸´µ³
¶·¨¡²¨¦¥´¨¨ · ¢¥´ µ¶¥· Éµ·Ê ËµÉµ·µ¦¤¥´¨Ö ´  ¸¢µ¡µ¤´µ³ ´Ê±²µ´¥ ¨ ¨³¥¥É
¢¨¤

t̂λn = [Ks +Kvτ3 + Lsσ + Lvστ3]λn,

£¤¥ σ ¨ τ = {τ1, τ2, τ3} Å ¸¶¨´µ¢Ò° ¨ ¨§µ¸¶¨´µ¢Ò° µ¶¥· Éµ·Ò ´Ê±²µ´ 
¸µµÉ¢¥É¸É¢¥´´µ; ¨´¤¥±¸Ò s ¨ v Ê± §Ò¢ ÕÉ ´  ¨§µ¸± ²Ö·´ÊÕ ¨ ¨§µ¢¥±Éµ·´ÊÕ

Î ¸É¨  ³¶²¨ÉÊ¤Ò. ΦN (xA) = Φ
(−)
p (rA)χα(sA)χβ(tA) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö

¢Ò²¥É¥¢Ï¥£µ ´Ê±²µ´ , £¤¥ ¶µ¤ xA ¶µ´¨³ ¥É¸Ö ´ ¡µ· ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥-
³¥´´ÒÌ {rA, sA, tA}. �É¤¥²ÖÖ ¢ ¸Ê³³¥ ¶µ n ¶µ¸²¥¤´¥¥ ¸² £ ¥³µ¥, ¢  ³¶²¨ÉÊ¤¥
¶µ²ÊÎ¨³

〈f |T̂γη|i〉 =
√
A
〈
ψf

∣∣∣Φ∗N (xA) ei(k−q)rA t̂Aελ

∣∣∣ψi〉+ ∆, (25)



”�’�����‡�‚��ˆ… ‹…ƒŠˆ• η-Ÿ„…� 1403

∆ =
√
A

〈
ψf

∣∣∣∣∣
A−1∑
m=1

Φ∗N (xA) ei(k−q)rm t̂mελ

∣∣∣∣∣Ψi

〉
. (26)

�¥·¢µ¥ ¸² £ ¥³µ¥ ¢  ³¶²¨ÉÊ¤¥ (25) µ¶¨¸Ò¢ ¥É ±¢ §¨¸¢µ¡µ¤´µ¥ ËµÉµ·µ¦¤¥-
´¨¥ ³¥§µ´µ¢ ´  Ö¤· Ì, ±µ£¤  ¢Ò²¥É¥¢Ï¨° ¨§ Ö¤·  ´Ê±²µ´ ¶µ²´µ¸ÉÓÕ Ê´µ¸¨É
¶¥·¥¤ ´´Ò° ¶·¨ ËµÉµ·µ¦¤¥´¨¨ ³¥§µ´  ¨³¶Ê²Ó¸. Ÿ¤·µ-µ¸É Éµ± Af ¶·¨ ÔÉµ³
µ¸É ¥É¸Ö ¶·µ¸ÉÒ³ ´ ¡²Õ¤ É¥²¥³ (¸¶¥±É Éµ·µ³) [41], ¤¢¨¦ÊÐ¨³¸Ö ¤µ ¨ ¶µ¸²¥
·¥ ±Í¨¨ ¸ ´¥¨§³¥´´Ò³ ¨³¶Ê²Ó¸µ³

Qf = −pi, (27)

pi Å ¨³¶Ê²Ó¸ ´Ê±²µ´  ¢ Ö¤·¥ ¤µ µ¡· §µ¢ ´¨Ö ´  ´¥³ ³¥§µ´ . �µ± 
|Qf | < 250 ŒÔ‚/c, µ¡¸Ê¦¤ ¥³ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ³´µ£µ ¡µ²ÓÏ¥ ¶µ ³µ¤Ê²Õ,
Î¥³ |∆| (26). ‘ Ê¢¥²¨Î¥´¨¥³ |Qf | Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò, µÉ¢¥É¸É¢¥´´ Ö §  ±¢ §¨-
¸¢µ¡µ¤´µ¥ ËµÉµ·µ¦¤¥´¨¥, ·¥§±µ Ê³¥´ÓÏ ¥É¸Ö, ¤¥² Ö ¢ ¦´Ò³ ¢±² ¤ ¢ ¸¥Î¥´¨¥
µ¸É ¢Ï¥°¸Ö Î ¸É¨  ³¶²¨ÉÊ¤Ò ∆. ‚Ò· ¦¥´¨¥ (26) ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ
± ±  ³¶²¨ÉÊ¤Ê ±µ£¥·¥´É´µ£µ ËµÉµ·µ¦¤¥´¨Ö η ´  (A − 1) ´Ê±²µ´ Ì Ö¤· , ¨¸-
±²ÕÎ Ö ¢Ò²¥É¥¢Ï¨° ´Ê±²µ´. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÔÉ  Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¨§ÊÎ¥´ 
´¥¤µ¸É ÉµÎ´µ, ´µ ¨§¢¥¸É´µ, ÎÉµ ¥¸²¨ |Qf | ¶µ¶ ¤ ¥É ¢ ¨´É¥·¢ ² ´ ¨¡µ²¥¥ ¢¥-
·µÖÉ´µ£µ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²µ´µ¢ ¶µ ¨³¶Ê²Ó¸ ³ ¢ Ö¤·¥ (ÔÉÊ ¸¢Ö§Ó ¢¨¤´µ ¨§
¢Ò· ¦¥´¨Ö (27)), Éµ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸¥Î¥´¨° ¢¥²¨Î¨´µ° ∆ ¢  ³¶²¨ÉÊ¤¥ (25)
³µ¦´µ ¶·¥´¥¡·¥ÎÓ [41Ä43]. ‚ ¤ ²Ó´¥°Ï¥³ ¤²Ö ·¥ ±Í¨° (23) ¡Ê¤¥³ · ¸¸³ -
É·¨¢ ÉÓ É ±ÊÕ ±¨´¥³ É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ, £¤¥ 50 < |Qf | < 250 ŒÔ‚/¸, ¶µ² £ Ö
¢  ³¶²¨ÉÊ¤¥ (25) ∆ = 0.

…¸²¨ η-³¥§µ´Ò µ¡· §ÊÕÉ¸Ö ´  ´Ê±²µ´ Ì s-µ¡µ²µÎ±¨, Éµ ¢ ·¥ ±Í¨¨ (23)
Ö¤·  Af µ¸É ÕÉ¸Ö ¢ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨ ¸ ±µ´Ë¨£Ê· Í¨¥°

|(1s)3; (1p)A−4〉,

¸µµÉ¢¥É¸É¢ÊÕÐ¥° ª¤Ò·±¥ª ¢ s-µ¡µ²µÎ±¥. ’ ±¨¥ ¸µ¸ÉµÖ´¨Ö · ¸¸³ É·¨¢ ÕÉ¸Ö ¢
Ö¤¥·´µ° ³µ¤¥²¨ µ¡µ²µÎ¥± ± ± ³¨´¨³Ê³ ¸ 1~ω ±¢ ´Éµ³ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ë¥·-
³¨µ´´µ° ¸¨¸É¥³¥, ±µÉµ· Ö ¨§²¨Ï´¥ ¸²µ¦´  ¢ ·¥ ²¨§ Í¨¨ · ¸Î¥Éµ¢ ´ Ï¥°  ³-
¶²¨ÉÊ¤Ò (25). ˆ¸¶µ²Ó§ÊÖ ³µ¤¥²Ó µ¡µ²µÎ¥± ¸ ¶·µ³¥¦ÊÉµÎ´µ° ¸¢Ö§ÓÕ [44,45],
±µÉµ· Ö Ìµ·µÏµ µ¶¨¸Ò¢ ¥É µ¸´µ¢´Ò¥ ¨ ´¨§±µ²¥¦ Ð¨¥ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ-
´¨Ö p-µ¡µ²µÎ¥Î´ÒÌ Ö¤¥· Éµ²Ó±µ ¸µ¸ÉµÖ´¨¥³ ´Ê±²µ´µ¢ ¢µ ¢´¥Ï´¥° µ¡µ²µÎ±¥,
³Ò É¥³ ¸ ³Ò³ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ ËµÉµµ¡· §µ¢ ´¨¥³ ³¥§µ´µ¢ ´  ´Ê±²µ´ Ì
s-µ¡µ²µÎ±¨ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¢¨¤  (23).

� ¸¸³µÉ·¨³ É¥¶¥·Ó ·¥ ±Í¨Õ (γ, ηp) ´  Ö¤·¥ 12C:

γ(k, λ) + 12C(Qi)→ η(q) + p(pf) + 11B
∗
(Qf). (28)

‚ µ¡¸Ê¦¤ ¥³µ° ³µ¤¥²¨ Ö¤·  ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ 12C ¤µ¸É ÉµÎ´µ ¢§ÖÉÓ ¢
¶·¨¡²¨¦¥´¨¨ ´ ¨¡µ²¥¥ ¸¨³³¥É·¨Î´µ° ¶·µ¸É· ´¸É¢¥´´µ° ¥¥ Î ¸É¨:

ψi(Ji, Mi) = |(1s)4; (1p)8[44]Li = 0, Si = 0, Ti = 0〉, (29)
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£¤¥ Ji Å c¶¨´ Ö¤·  ¸ ¶·µ¥±Í¨¥° Mi; Li, Si, Ti Å ¸Ê³³ ·´Ò¥ µ·¡¨É ²Ó´Ò°,
¸¶¨´µ¢Ò° ¨ ¨§µ¸¶¨´µ¢Ò° ³µ³¥´ÉÒ ´Ê±²µ´µ¢ Ö¤·  ¢ p-µ¡µ²µÎ±¥, [44] = [fi] Å
¸Ì¥³  �´£  [46] ¤²Ö É¥Ì ¦¥ ´Ê±²µ´µ¢. �³¶²¨ÉÊ¤Ê ·¥ ±Í¨¨ (28) ¢ ¨³¶Ê²Ó¸´µ³
¶·¨¡²¨¦¥´¨¨ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ É¥¶¥·Ó ¢ ¢¨¤¥ (LS-¶·¥¤¸É ¢²¥´¨¥)

〈f |T̂γη|i〉 =
√

8
∑

L,S,T,[f],Lf ,Sf ,Tf
Lz,Sz,Tz,Lz

f
,Sz
f
,m,τ

a
[f ]
LST δSf ,SδLf ,LδTf ,T δ[ff ],[f ]×

×〈LfLzf , 1m|00〉
〈
SfS

z
f ,

1

2
ξ|00

〉〈
TfT

z
f ,

1

2
τ |00

〉
×

×〈LfLzf , SfSzf |JfMf 〉Hαβ
ξτ (λ)D̃1m(Qf ), (30)

£¤¥ 〈. . . , . . . | . . . 〉 Å µ¡ÒÎ´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Š²¥¡Ï  Å ƒµ·¤ ´ ,

Hαβ
ξτ (λ) =

∑
s,t

χ+
β (t)χ+

α (s)tλA(s, t)χξ(s)χτ (t); (31)

a
[f ]
LST Å µ¤´µÎ ¸É¨Î´Ò¥ £¥´¥ ²µ£¨Î¥¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ p-µ¡µ²µÎ±¨ Ö¤· .

„²Ö ¢Ò¡· ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢¨¤  (29) ¥¤¨´¸É¢¥´´Ò° ´¥ · ¢´Ò° ´Ê²Õ £¥´¥-
 ²µ£¨Î¥¸±¨° ±µÔËË¨Í¨¥´É ¥¸ÉÓ

a
[43]
1 1/2 1/2 = 1,

D̃1m(Qf ) Å ¨´É¥£· ² ¶¥·¥±·ÒÉ¨Ö. ‚ ¶·¨¡²¨¦¥´¨¨ ¶²µ¸±µ° ¢µ²´Ò ¤²Ö ¢µ²-
´µ¢µ° ËÊ´±Í¨¨ ÊÌµ¤ÖÐ¥£µ ³¥§µ´  µ´ ¨³¥¥É ¢¨¤

D̃1m(Qf ) =

∫
d3rΦ(−)∗

p (r) ei(k−q)r ϕ1m(r), (32)

ϕ1m(r) Å ¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´Ê±²µ´  ¢ p-µ¡µ²µÎ±¥

Ö¤·  12C; Φ
(−)
p (r) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¢Ò²¥É ÕÐ¥£µ ´Ê±²µ´ , ¢§ ¨³µ¤¥°-

¸É¢ÊÕÐ¥£µ ¸ Ö¤·µ³. „²Ö ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ¶·µÉµ´µ¢ Tp > 60 ŒÔ‚ ¨Ì
¢§ ¨³µ¤¥°¸É¢¨¥ ¸ Ö¤·µ³ ³µ¦´µ ¤µ¸É ÉµÎ´µ ÉµÎ´µ µÍ¥´¨ÉÓ ¸ ¶µ³µÐÓÕ ¶·µ-
¸ÉÒÌ ³µ¤¥²¥°, ¢ Î ¸É´µ¸É¨, ¨¸¶µ²Ó§ÊÖ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ´Ê±²µ´  Φ(−) ¢ Ö¤·¥
¢¨¤ 

Φ(−)
pf

(r) = exp

[
1

β
(−iVR + VI)d(r)

]
exp (ipfr), (33)

Ö¢²ÖÕÐÊÕ¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ µ¤´µ·µ¤´Ò³ µ¶É¨Î¥¸±¨³ ¶µ-
É¥´Í¨ ²µ³ V (r) = VR+ iVI . ‡¤¥¸Ó β Å ¸±µ·µ¸ÉÓ,   d(r) Å ¤²¨´  É· ¥±Éµ·¨¨
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¶·µÉµ´  ¢ Ö¤·¥, ±µÉµ·ÊÕ, ¸²¥¤ÊÖ · ¡µÉ¥ [47], ¶µ² £ ²¨ ±² ¸¸¨Î¥¸±µ°, É.¥. ¶ -
· ²²¥²Ó´µ° ¨³¶Ê²Ó¸Ê pf . �µ¸±µ²Ó±Ê ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (33) ¶·¨£µ¤´  Éµ²Ó±µ
¢ ¢ÒÎ¨¸²¥´¨ÖÌ ¸ µ¤´µ·µ¤´µ° ¶²µÉ´µ¸ÉÓÕ Ö¤· , ¶µ¸Éµ²Ó±Ê ¢¥²¨Î¨´Ê D̃1m, ¤ ´-
´ÊÕ ¢Ò· ¦¥´¨¥³ (32), Ë ±Éµ·¨§µ¢ ²¨, ´  µ¸´µ¢ ´¨¨ É¥µ·¥³Ò µ ¸·¥¤´¥³, ¸²¥-
¤ÊÕÐ¨³ µ¡· §µ³:

D̃1m = fD1m,

f(VR, VI) =

∫
d3x

3

4πR3
exp

[
1

β
(−iVR + VI)d(x)

]
=

= (2z3)−1[6(1 + z) e−z + (3z2 − 3y2 − 6y − 6)e−y + y(3z2 − y2)], (34)

z = 2R

[
iVR − VI

β

]
; y = RA−1/3

[
iVR − VI

β

]
.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ÔÉµ£µ ¨´É¥£· ²  ÊÎ¨ÉÒ¢ ²¨, ÎÉµ ´Ê±²µ´, ¢Ò²¥É ÕÐ¨° ¨§ ´ -
·Ê¦´µ£µ ¸²µÖ Ö¤·  Éµ²Ð¨´µ° RA−1/3, µ¡· Ð¥´´µ£µ ¢ ¸Éµ·µ´Ê ´ ¶· ¢²¥´¨Ö
¢Ò²¥É , ´¥ ¤µ²¦¥´ ¨¸¶ÒÉÒ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¸É ¢Ï¨°¸Ö ¨´É¥£· ²

D1m(Qf ) =

∫
ei(k−q−pf )r ϕ1m(r)d3r

¥¸ÉÓ ¨´É¥£· ² ¶¥·¥±·ÒÉ¨Ö ¢ ¶·¨¡²¨¦¥´¨¨ ¶²µ¸±¨Ì ¢µ²´, ÎÉµ ± ¸ ¥É¸Ö ¢Ò²¥-
É ÕÐ¨Ì ´Ê±²µ´  ¨ ³¥§µ´ . C µ¸Í¨²²ÖÉµ·´Ò³¨ µ¤´µÎ ¸É¨Î´Ò³¨ ËÊ´±Í¨Ö³¨
Ö¤·  ϕ1m(r), ±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ · ¸Î¥É Ì, ÔÉµÉ ¨´É¥£· ² ¢Ò· ¦ ¥É¸Ö
¢ Ô²¥³¥´É ·´ÒÌ ËÊ´±Í¨ÖÌ. ‚ ·¥§Ê²ÓÉ É¥ ÔËË¥±É ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´ 
¸ Ö¤·µ³-µ¸É É±µ³ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¤²Ö ·¥ ±Í¨° (23) ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö ³´µ-
¦¨É¥²¥³ |f |2 ¶·¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ³ ¸¥Î¥´¨¨, · ¸¸Î¨É ´´µ³ ¢ ¶²µ¸±µ¢µ²-
´µ¢µ³ ¶·¨¡²¨¦¥´¨¨. ‚¥²¨Î¨´Ò ·¥ ²Ó´µ° ¨ ³´¨³µ° Î ¸É¥° ´Ê±²µ´-Ö¤¥·´µ£µ
µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  V (x) ¡Ò²¨ ¢§ÖÉÒ ¨§ · ¡µÉÒ [41] (·Ö¤ 3). ‘²¥¤Ê¥É
§ ³¥É¨ÉÓ, ÎÉµ ·¥Ï¥´¨¥ (33)  ¤¥±¢ É´µ µÉ· ¦ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ´Ê±²µ´µ¢ ¸
Ö¤·µ³ Éµ²Ó±µ ¶·¨ Ô´¥·£¨¨ ´Ê±²µ´µ¢ ¡µ²ÓÏ¥ 60 ŒÔ‚ [47]. �·¨ Ô´¥·£¨¨ ¦¥
´¨¦¥ 40 ŒÔ‚ Å Ô´¥·£¨¨ £¨£ ´É¸±µ£µ ·¥§µ´ ´¸  Å ÔËË¥±É ´Ê±²µ´-Ö¤¥·´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ´µ¢¨É¸Ö ¸¨²Ó´µ § ¢¨¸ÖÐ¨³ µÉ ¸µ¸ÉµÖ´¨Ö Ö¤· -µ¸É É±  ¨ ´¥
³µ¦¥É ¡ÒÉÓ ÊÎÉ¥´ ¢ ¶·µ¸ÉÒÌ ³µ¤¥²ÖÌ.

�µ±  ´¨Î¥£µ ´¥ £µ¢µ·¨²µ¸Ó µ ¸µ¸ÉµÖ´¨ÖÌ, ¢ ±µÉµ·ÒÌ ³µ£ÊÉ ´ Ìµ¤¨ÉÓ¸Ö
Ö¤·  ¶µ¸²¥ ¢Ò²¥É  ´Ê±²µ´µ¢ ¨§ p-µ¡µ²µÎ±¨. ‚ · ¸¸³ É·¨¢ ¥³µ° Ö¤¥·´µ° ³µ-
¤¥²¨ ³µ£ÊÉ ¡ÒÉÓ ÊÎÉ¥´Ò µ¸´µ¢´µ¥ ¨ ´¨§±µ²¥¦ Ð¨¥ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö
´µ·³ ²Ó´µ° Î¥É´µ¸É¨. ’ ±, ¤²Ö ·¥ ±Í¨¨ (28) ¢ ± Î¥¸É¢¥ É ±µ¢ÒÌ ³µ£ÊÉ ¢Ò¸ÉÊ-
¶ ÉÓ É·¨ ¸µ¸ÉµÖ´¨Ö:

1) µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ε = 0,

11B(Jp = (3/2)−, T = 1/2); (35)
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2) ¶¥·¢µ¥ ¨ ¢Éµ·µ¥ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö

11B∗(Jp = (1/2)−, T = 1/2), (35 )

11B∗(Jp = (3/2)−, T = 1/2) (35¡)

¸ Ô´¥·£¨Ö³¨ ¢µ§¡Ê¦¤¥´¨Ö ε = 2, 12 ¨ 5,02 ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ.

2.3. ‘¥Î¥´¨Ö ·¥ ±Í¨° A(γ, ηN)A′. �¸É ´µ¢¨³¸Ö É¥¶¥·Ó ´  ¨§ÊÎ¥´¨¨
¸¥Î¥´¨° ·¥ ±Í¨° ËµÉµ·µ¦¤¥´¨Ö ³¥§µ´µ¢ ´  Ö¤· Ì ¸ ¢Ò¡¨¢ ´¨¥³ ´Ê±²µ´µ¢.
� ¸¸³µÉ·¨³ ·¥ ±Í¨Õ (28) ¸ Ö¤·µ³-µ¸É É±µ³ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ (35):

γ + 12C→ η + p+ 11Bµ.¸. (36)

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ÔÉµ° ·¥ ±Í¨¨, Ê¸·¥¤´¥´´µ¥ ¶µ ¶µ²Ö·¨§ Í¨Ö³
ËµÉµ´  ¨ ¶·µ¸Ê³³¨·µ¢ ´´µ¥ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ±µ´¥Î´ÒÌ Î ¸É¨Í, ¨³¥eÉ ¢¨¤

d3σ

dΩηdΩpdq0
=

64

9
K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2, (36 )

£¤¥ Kp = Ks + KV , Lp = Ls + LV ; ¢¥²¨Î¨´Ê F (Qf ) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¸Éµ-
Ö´´µ£µ ³´µ¦¨É¥²Ö ´ §Ò¢ ÕÉ ËÊ´±Í¨¥° µÉ±²¨± . ‚ ´ Ï¥³ ¸²ÊÎ ¥

F (Qf ) = π3/2r3
0(Qfr0)2 exp (−Q2

fr
2
0), (37)

Qf = k − q − pf ; r0 Å µ¸Í¨²²ÖÉµ·´Ò° ¶ · ³¥É·, ±µÉµ·Ò° ¤²Ö Ö¤·  12C
¢Ò¡¨· ²¸Ö · ¢´Ò³ 1,67 Ë³;

K3 = (2π)−5
|q|q0p

2
fp0fQ0f

|pf |Q0f − p0f (|k − q| cos θ − |pf |)
(38)

¥¸ÉÓ ±¨´¥³ É¨Î¥¸±¨° ³´µ¦¨É¥²Ó ¤²Ö · ¸¶·¥¤¥²¥´¨Ö d3σ
dΩηdΩpdq0

,   θ Å Ê£µ²

³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ k−q ¨ pf . ‚ÒÎ¨¸²¥´´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (36 )
¶µ± § ´µ ´  ·¨¸.5 ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  É ±¨Ì ¦¥ ¸¥Î¥´¨° ¨§
· ¡µÉ [48,49]. ”µ·³  ¨ ¢¥²¨Î¨´  · ¸¸Î¨É ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö Ìµ·µÏµ ¸µ-
£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡µÉÒ [49]. ’ ± ¦¥, ± ± ¨ ¢ ÔÉµ° · ¡µÉ¥, ´ Ï¥
¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨¦¥´¨¥ ª·¥²ÖÉ¨¢¨§µ¢ ´µª, ¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ µ¤´µ-
´Ê±²µ´´µ£µ µ¶¥· Éµ·  ËµÉµ·µ¦¤¥´¨Ö t̂λ ¢ Ëµ·³¥, ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¢ ¶µ²´µ°
³¥·¥ ÊÎ¥¸ÉÓ ¢´ÊÉ·¨Ö¤¥·´µ¥ ¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢ ¸ ¸µÌ· ´¥´¨¥³ £· ¤¨¥´É´µ°
¨´¢ ·¨ ´É´µ¸É¨ Ö¤¥·´µ°  ³¶²¨ÉÊ¤Ò ËµÉµ·µ¦¤¥´¨Ö ¢ Í¥²µ³ [50]. � ¸¸Î¨É ´-
´Ò° ÔËË¥±É ¢§ ¨³µ¤¥°¸É¢¨Ö ¢Ò²¥É¥¢Ï¥£µ ¶·µÉµ´  c Ö¤·µ³-µ¸É É±µ³ ¡²¨§µ±
± ÔËË¥±ÉÊ, ±µÉµ·Ò° ¶·¨¢µ¤ÖÉ  ¢Éµ·Ò [49] ¤²Ö ÔÉµ° ¦¥ ·¥ ±Í¨¨.
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�¨¸. 5. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(γ, ηp)11Bµ.¸. ¤²Ö Ô´¥·£¨¨ ËµÉµ´µ¢
k0 = 750 ŒÔ‚ ¨ Ê£²µ¢ ¢Ò²¥É  ³¥§µ´  θη = 20◦ ¨ ¶·µÉµ´  θη = 15◦ ¢ µ¤´µ° ¶²µ¸±µ¸É¨
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ η-³¥§µ´  ¢ ² ¡.¸¨¸É¥³¥. ‘¶²µÏ´Ò¥ ±·¨¢Ò¥ Å ·¥§Ê²ÓÉ É, ¶µ-
²ÊÎ¥´´Ò° ¢ ÔÉµ° · ¡µÉ¥. ˜É·¨Ì¶Ê´±É¨·´µ° ¨ ÉµÎ¥Î´µ° ±·¨¢Ò³¨ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥É  ÔÉµ£µ ¦¥ ¸¥Î¥´¨Ö ¨§ [49] ¨ [48] ¸µµÉ¢¥É¸É¢¥´´µ

�µ¤¸É ¢¨¢ ¢  ³¶²¨ÉÊ¤Ê (30) Jf = 1/2 ¨ Tf = 1/2, ¶µ²ÊÎ¨³ ¤¨ËË¥·¥´-
Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (γ, ηp) ´  12C c ¢µ§¡Ê¦¤¥´¨¥³ ¶¥·¢µ£µ Ê·µ¢´Ö ¢
Ö¤·¥ 11B (35 ):

d3σ

dΩηdΩpdq0
=

32

9
K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2. (39)

� §¤¥²¨ÉÓ ¶µ Ô´¥·£¨Ö³ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· -µ¸É É±  ·¥ ±Í¨¨ ¢¨¤  (23) ´¥ ¢¸¥£¤ 
¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³, ¶µÔÉµ³Ê ¨§³¥·Ö¥³Ò¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ ·¥-
 ±Í¨ÖÌ (γ, ηN ) ¥¸ÉÓ ¸Ê³³  µÉ ·¥ ±Í¨° ¸ · §´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ±µ´¥Î´ÒÌ Ö¤¥·.
„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (28) ¸ Ö¤·µ³-µ¸É É±µ³ ¢µ ¢¸¥¢µ§³µ¦´ÒÌ
¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

d3σ

dΩηdΩpdq0
= K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2 ×

×
[

64

9
(1 + α) +

32

9
(1 + β)

]
,

α =
1

Sα(0)

∑
ε

Sα(ε), β =
1

Sβ(2, 13)

∑
ε

Sβ(ε), (40)
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£¤¥ Sα(0), Sα(ε) Å ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò ´Ê±²µ´µ¢ [45] p-µ¡µ²µÎ±¨
Ö¤·  12C ¤²Ö µ¡· §µ¢ ´¨Ö µ¸´µ¢´µ£µ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  11B ¸
±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ JpT = (3/2)−1/2; Sβ(ε) Å Éµ ¦¥ ¤²Ö ¸µ¸ÉµÖ´¨° 11B
¸ JpT = (1/2)−1/2. ‚¥²¨Î¨´Ò α ¨ β ¤²Ö ·¥ ±Í¨¨ (28) ³µ¦´µ ¢§ÖÉÓ ¨§
· ¡µÉÒ [45]:

α =
0, 756

2, 5
≈ 0, 3; β = 0.

‡ ³¥É¨³, ÎÉµ ¢Ò· ¦¥´¨¥³ (40) ³µ¦´µ ¶µ²Ó§µ¢ ÉÓ¸Ö ¶·¨ Ô´¥·£¨ÖÌ ËµÉµ´µ¢
´¥¸±µ²Ó±µ ¢ÒÏ¥ ¶µ·µ£µ¢ÒÌ, ÎÉµ¡Ò ³ ¸¸  (Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö) Ö¤· -µ¸É É± 
´¥ ¢²¨Ö²  ¸¨²Ó´µ ´  ¢¥²¨Î¨´Ò ¸¥Î¥´¨°. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°
¸ · §´Ò³¨ Ê·µ¢´Ö³¨ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤·  ´ ¤µ ¢ÒÎ¨¸²ÖÉÓ ¶µ µÉ¤¥²Ó-
´µ¸É¨ ¸ · §´Ò³¨ ±¨´¥³ É¨Î¥¸±¨³¨ ³´µ¦¨É¥²Ö³¨ K3.

Ÿ¤·µ ¸ § ¶µ²´¥´´µ° 1p-µ¡µ²µÎ±µ° 16O ¨³¥¥É ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ, ¶µ-
¤µ¡´ÊÕ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (29) ¤²Ö Ö¤·  12C ¸ µ¤´µÎ ¸É¨Î´Ò³¨ £¥´¥ ²µ£¨-
Î¥¸±¨³¨ ±µÔËË¨Í¨¥´É ³¨, · ¢´Ò³¨ ¥¤¨´¨Íe. �µÔÉµ³Ê ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥ ·¥ ±Í¨¨

γ + 16O→ η + p+ 15Nµ.¸ (41)

¢ÒÎ¨¸²Ö¥É¸Ö ¶µ  ²£µ·¨É³Ê · ¸Î¥É  ¸¥Î¥´¨° ¤²Ö ·¥ ±Í¨¨ (28). ‚ ·¥§Ê²ÓÉ É¥
¶µ²ÊÎ¨³

d3σ

dΩηdΩpdq0
=

16

3
K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2. (41 )

�¸Í¨²²ÖÉµ·´Ò° ¶ · ³¥É· r0 ¤²Ö Ö¤·  16O ¶·¨´¨³ ²¸Ö · ¢´Ò³ 1,80 Ë³. �¥-
§Ê²ÓÉ É · ¸Î¥É  ¶µ± § ´ ´  ·¨¸.6 ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ Éµ£µ
¦¥ ¸¥Î¥´¨Ö ¨§ · ¡µÉÒ [49]. ˆ´É¥·¥¸´µ, ÎÉµ ¸¥Î¥´¨e ·¥ ±Í¨¨ (41) µ± §Ò¢ ¥É¸Ö
³¥´ÓÏ¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (36),   É ±¦¥ ¸¥Î¥´¨Ö ´¥Ê¶·Ê£µ° ·¥ ±Í¨¨

γ + 16O→ η + p+ 15N∗((3/2)−, 1/2), (42)

c ¢µ§¡Ê¦¤¥´¨¥³ Ê·µ¢´Ö ¢ Ö¤·¥-µ¸É É±¥ 15N ¸ Ô´¥·£¨¥° ε = 6, 3 ŒÔ‚, ±µÉµ·µ¥
³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

d3σ

dΩηdΩpdq0
=

32

3
K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)F (Qf )|f |2. (42 )

‘¢¥¤¥´¨Ö µ ¤·Ê£¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ Ö¤·  15N ¸ ±¢ ´Éµ¢Ò³¨
Î¨¸² ³¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö µÉ¸ÊÉ¸É¢ÊÕÉ. ‚ ·¥§Ê²ÓÉ É¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°
(γ, ηp) ´  Ö¤· Ì 12C ¨ 16O ¶·¨¡²¨§¨É¥²Ó´µ µ¤¨´ ±µ¢Ò, ´¥¸³µÉ·Ö ´  §´ Î¨-
É¥²Ó´µ¥ · §²¨Î¨¥ Î¨¸²  ´Ê±²µ´µ¢ ¢ 1p-µ¡µ²µÎ± Ì ÔÉ¨Ì Ö¤¥·.
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�¨¸. 6. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 16O(γ, ηp)15Nµ.¸. ¤²Ö Ô´¥·£¨¨ ËµÉµ´µ¢
k0 = 750 ŒÔ‚ ¨ Ê£²µ¢ ¢Ò²¥É  ³¥§µ´  θη = 30◦ ¨ ¶·µÉµ´  θp = 30◦ ¢ µ¤´µ° ¶²µ¸±µ¸É¨
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ η-³¥§µ´  ¢ ² ¡.¸¨¸É¥³¥. Š·¨¢Ò¥ 1 Å ·¥§Ê²ÓÉ É · ¸Î¥É  ¤ ´-
´µ° · ¡µÉÒ ¡¥§ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö (ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) ¨ ¸ ÊÎ¥Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö
¶·µÉµ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨ ´ ²¨Î¨¨ ·¥ ²Ó´µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨-
 ²  (ÏÉ·¨Ì¶Ê´±É¨·´ Ö) ¨ ¡¥§ ´¥¥ (¸¶²µÏ´ Ö ±·¨¢ Ö). Š·¨¢Ò¥ 2 Å ·¥§Ê²ÓÉ É · ¸Î¥É 
ÔÉµ£µ ¦¥ ¸¥Î¥´¨Ö ¨§ · ¡µÉÒ [49], ¸µµÉ¢¥É¸É¢¥´´µ, ¸ ÊÎ¥Éµ³ (¸¶²µÏ´ Ö) ¨ ¡¥§ ÊÎ¥É 
¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ (ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö)

ˆ¸¶µ²Ó§Ê¥³ Ö ¶·µ¸É Ö ³µ¤¥²Ó ´Ê±²µ´-Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ µ¡² ¸É¨
¸¢µ¥° ¶·¨³¥´¨³µ¸É¨ (Tp > 60 ŒÔ‚) ¢¥¤¥É Éµ²Ó±µ ± Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨Ö
¤²Ö ·¥ ±Í¨° É¨¶  (23), ¶·¨Î¥³ ± ± ¢ µÉ¸ÊÉ¸É¢¨e ·¥ ²Ó´µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ
¶µÉ¥´Í¨ ² , É ± ¨ ¸ ´¥° (¸³. ·¨¸.6). …¸²¨ ¢ ± Î¥¸É¢¥ ±·¨É¥·¨Ö ¢§ÖÉÓ ÔË-
Ë¥±É ¢§ ¨³µ¤¥°¸É¢¨Ö ÊÌµ¤ÖÐ¥£µ ¶·µÉµ´  ¸ Ö¤·µ³ 15N, ¶µ²ÊÎ¥´´Ò° ¢ · ¡µÉ¥
[49], Éµ ¶·¥¤¶µÎÉ¨É¥²Ó´¥° ¢ ´ Ï¥° ¶·µ¸Éµ° ³µ¤¥²¨ ¢Ò¡¨· ÉÓ ´Ê±²µ´-Ö¤¥·´Ò°
¶µÉ¥´Í¨ ² Î¨¸Éµ ³´¨³Ò³ (¸³. ·¨¸.6). �µÔÉµ³Ê ´¨¦¥, ¥¸²¨ ¸¶¥Í¨ ²Ó´µ ´¥ µ£µ-
¢µ·¥´µ, ¢ ¢Ò· ¦¥´¨¨ (34) ¤²Ö f ¡Ê¤¥³ ¶µ² £ ÉÓ VR = 0.

…¸²¨ ¤²Ö µ¶¨¸ ´¨Ö Ö¤·  ¸ § ³±´ÊÉµ° 1s-µ¡µ²µÎ±µ° 4He ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µ-
¸ÉÊÕ µ¡µ²µÎ¥Î´ÊÕ ³µ¤¥²Ó ¸ ¶µÉ¥´Í¨ ²µ³ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , Éµ ¤²Ö
¸¥Î¥´¨Ö ·¥ ±Í¨¨

γ + 4He→ η + p+ T (43)

²¥£±µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥, ±µÉµ·µ¥ ¢ µ¡µ§´ Î¥´¨ÖÌ (37), (38) ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ É ±:

d3σ

dΩηdΩpdq0
= 8K3

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)
F (Qf)

(Qfr0)2
|f |2, (43 )
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�¨¸. 7. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(γ, η)X µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì
γ-±¢ ´Éµ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡µÉÒ [14]

¸ µ¸Í¨²²ÖÉµ·´Ò³ ¶ · ³¥É·µ³ r0 = 1, 38 Ë³ ¤²Ö Ö¤·  4He. ’· ´¸²ÖÍ¨µ´-
´ Ö ´¥¨´¢ ·¨ ´É´µ¸ÉÓ ¨¸¶µ²Ó§Ê¥³ÒÌ µ¸Í¨²²ÖÉµ·´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Ö¤¥·
ÊÎ¨ÉÒ¢ ² ¸Ó ¢ ´ ¸ÉµÖÐ¨Ì · ¸Î¥É Ì ¶µ¸·¥¤¸É¢µ³ § ³¥´Ò µ¸Í¨²²ÖÉµ·´µ£µ ¶ -
· ³¥É·  r0 ´ 

r̃2
0 = r2

0

A

A− 1
(44)

¤²Ö ± ¦¤µ° ¨§ µ¡¸Ê¦¤ ¥³ÒÌ ·¥ ±Í¨°.
‚Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ·¥ ±Í¨° (γ, ηn) ´  · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤· Ì É ±¨¥

¦¥, ± ± ¨ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ·¥ ±Í¨° (γ, ηp). ˆ§ ¤·Ê£¨Ì · ¸¶·¥¤¥²¥´¨°

¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° (23) ´ ³ ¶µÉ·¥¡Ê¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ d3σ
dΩηdΩpdTp

, ¤²Ö ±µÉµ-
·µ£µ ²¥£±µ ¶µ²ÊÎ¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ±¨´¥³ É¨Î¥¸±¨° ³´µ¦¨É¥²Ó

K̃3 = (2π)−5 q2|pf |P0fQ0fq0

|q|Q0f − q0(|k− pf | cos θ̃ − |q|)
,

£¤¥ θ̃ Å Ê£µ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ k− pf ¨ q.
�µ ª·¥Í¥¶ÉÊª, ¤ ´´µ³Ê ¢ · ¡µÉ¥ [48], ¡Ò²¨ µÍ¥´¥´Ò É ±¦¥ ¸¥Î¥´¨Ö ¨´-

±²Õ§¨¢´ÒÌ ·¥ ±Í¨° ËµÉµ·µ¦¤¥´¨Ö η-³¥§µ´µ¢ ´  Ö¤· Ì 12C ¨ 16O. ‘· ¢´¥-
´¨¥ ¢ÒÎ¨¸²¥´´µ£µ ¢ ¶²µ¸±µ¢µ²´µ¢µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
12C(γ, η)X ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ [14] µÉ ¶µ·µ£  ¤µ k0 = 790 ŒÔ‚ ¶µ± § ´µ
´  ·¨¸.7. �¥§´ Î¨É¥²Ó´µ¥ ¶·¥¢ÒÏ¥´¨¥ ·¥§Ê²ÓÉ É  · ¸Î¥É  ´ ¤ Ô±¸¶¥·¨³¥´-
Éµ³ ¶·¨ k0 > 700 ŒÔ‚ µ¸É ¢²Ö¥É ´  ÔËË¥±É ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³
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¸µ¸ÉµÖ´¨¨, ¶µ´¨¦ ÕÐ¨° ¸¥Î¥´¨¥, Éµ²Ó±µ 20Ä25%. „¢Ê±· É´µ¥ ¶·¥¢ÒÏ¥´¨¥

¢ÒÎ¨¸²¥´´µ£µ ´ ³¨ · ¸¶·¥¤¥²¥´¨Ö d2σ
dΩηdq0

¶·¨ k0 = 720 ŒÔ‚, θη = 10◦ ´ ¤

·¥§Ê²ÓÉ Éµ³  ´ ²µ£¨Î´µ£µ · ¸Î¥É  ¨§ · ¡µÉÒ [51] Î ¸É¨Î´µ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ
É¥³, ÎÉµ ¢ ¨Ì · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ¥É¸Ö µ¡· §µ¢ ´¨¥ η-³¥§µ´  Î¥·¥§ S11(1535)-
¨§µ¡ ·Ê ¨ ¥¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ Ö¤·µ³. ˆ, ´ ±µ´¥Í, ·¥§Ê²ÓÉ É ´ Ï¥£µ · ¸Î¥É 
¸¥Î¥´¨Ö d2σ

dΩηdq0
·¥ ±Í¨¨ 16O(γ, η)X ¶·¨ k0 = 800 ŒÔ‚, θη = 25◦ ¶µÎÉ¨ ¢

É·¨ · §  ¢ÒÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ·¥§Ê²ÓÉ É  · ¡µÉÒ [52]. ’ ±µ¥ · ¸Ìµ¦¤¥´¨¥
´¥¢µ§³µ¦´µ Ê¸É· ´¨ÉÓ ¤ ¦¥ ¸ ¶µ³µÐÓÕ ¡µ²¥¥  ¤¥±¢ É´µ£µ ¢Ò¡µ·  ¸¥Î¥´¨Ö
ËµÉµ·µ¦¤¥´¨Ö η ´  ´¥°É·µ´¥, Î¥³ ÔÉµ ¸¤¥² ²  ¢Éµ· · ¡µÉÒ [52].

3. ”�’���†„…�ˆ… ‹…ƒŠˆ• η-Ÿ„…�

3.1. Œµ¤¥²Ó ËµÉµ·µ¦¤¥´¨Ö η-Ö¤¥·. η-Ö¤·  ³µ£ÊÉ ¢µ§´¨± ÉÓ ¢ · §´µµ¡· §-
´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¶·µÉ¥± ÕÐ¨Ì ¸ µ¡· §µ¢ ´¨¥³ η-³¥§µ´ , ¶ÊÉ¥³ ª¶·¨-
²¨¶ ´¨Öª ¶µ¸²¥¤´¥£µ §  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ÉÖ¦¥´¨Ö ± Ö¤¥·´Ò³ ¶·µ¤Ê±-
É ³ ·¥ ±Í¨¨. ’µ ¥¸ÉÓ ËµÉµ·µ¦¤¥´¨¥ η-Ö¤¥· ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¶µ ¸Ì¥³¥:

γ +A→ η +A′ + . . .→ ηA
′ + . . . ,

£¤¥ A′ Å ± ±µ°-²¨¡µ Ö¤¥·´Ò° Ë· £³¥´É, ¨³¥ÕÐ¨° ³ ²ÊÕ ¸±µ·µ¸ÉÓ µÉ´µ¸¨-
É¥²Ó´µ η-³¥§µ´ . � ¨¡µ²¥¥ ¶·µ¸ÉÒ³¨ ¤²Ö É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ê¤ÊÉ
·¥ ±Í¨¨ ËµÉµ·µ¦¤¥´¨Ö η ´  Ö¤·¥ ¸ µ¡· §µ¢ ´¨¥³ Éµ²Ó±µ ¤¢ÊÌ Ö¤¥·´ÒÌ µ¸±µ²-
±µ¢, ¨, ¢ Î ¸É´µ¸É¨, ±µ£¤  µ¤¨´ ¨§ ´¨Ì ¶·µ¸Éµ ´Ê±²µ´ (4):

γ +A→ N + ηA
′.

�¥·¢Ò¥ · ¡µÉÒ ¶µ µÍ¥´±¥ ¢¥·µÖÉ´µ¸É¨ µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ ·¥ ±Í¨¨ (4)
[53,54] ¢Ò§¢ ²¨ ·Ö¤ ¢µ¶·µ¸µ¢, ¸¢Ö§ ´´ÒÌ ¸ ´¥¤µ¸É ÉµÎ´Ò³ µ¡µ¸´µ¢ ´¨¥³ ·¥-
§Ê²ÓÉ Éµ¢ · ¸Î¥É . ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö, ±µ£¤  η-Ö¤·  ¨§ £¨¶µÉ¥É¨Î¥¸±¨Ì ¸É -
´µ¢ÖÉ¸Ö ¢¸¥ ¡µ²¥¥ ·¥ ²Ó´Ò³¨ Î ¸É¨Í ³¨, ¢µ§´¨±²  ¶µÉ·¥¡´µ¸ÉÓ ¢ ¡µ²¥¥ ¤¥-
É ²Ó´µ³ µ¡µ¸´µ¢ ´¨¨ ³µ¤¥²¨ ¨Ì ËµÉµ·µ¦¤¥´¨Ö ¢ ·¥ ±Í¨¨ (4). Œ¥Ì ´¨§³
µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¶µ± § ´ ¤¨ £· ³³µ° ´  ·¨¸.8. ‘µ£² ¸´µ É¥µ·¨¨ · ¸¸¥-
Ö´¨Ö ´  ¤¢ÊÌ ¶µÉ¥´Í¨ ² Ì [55],  ³¶²¨ÉÊ¤Ê ·¥ ±Í¨¨ (4) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ

�¨¸. 8. ‘Ì¥³  ³¥Ì ´¨§³  ËµÉµµ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ ·¥ ±Í¨¨ γ + A→ N + ηA
′
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¢ ¢¨¤¥ ¸Ê³³Ò ¤¢ÊÌ  ³¶²¨ÉÊ¤ ¸ ¶µÉ¥´Í¨ ²µ³ ËµÉµ·µ¦¤¥´¨Ö ¨ ¶µÉ¥´Í¨ ²µ³
· ¸¸¥Ö´¨Ö ³¥§µ´  Ö¤·µ³. ’ ± ± ± ¢ ¶·µÍ¥¸¸¥ ËµÉµ·µ¦¤¥´¨Ö ª¸µ·Éª Î ¸É¨ÍÒ
³¥´Ö¥É¸Ö, Éµ ¨§ ¤¢ÊÌ  ³¶²¨ÉÊ¤, ±µÉµ·Ò³¨ µ¶¨¸Ò¢ ÕÉ¸Ö ¶·µÍ¥¸¸Ò · ¸¸¥Ö´¨Ö
´  ¤¢ÊÌ ¶µÉ¥´Í¨ ² Ì, ¢ ËµÉµ·µ¦¤¥´¨¨ µ¸É ¥É¸Ö µ¤´  Å ËµÉµ·µ¦¤¥´¨¥ ³¥§µ´ 
´  Ö¤·¥, ¢ ±µÉµ·µ° ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ÊÌµ¤ÖÐ¥£µ ³¥§µ´  § ³¥´Ö¥É¸Ö ¢µ²´µ¢µ°
ËÊ´±Í¨¥° η-³¥§µ´ , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ Ö¤·µ³ Af [55]. ’ ± ± ± µ¡· §µ-
¢ ´¨¥ ±¢ §¨· ¢´µ¢¥¸´µ£µ ¸µ¸ÉµÖ´¨Ö η-³¥§µ´ Å Ö¤·µ ¶·µ¨¸Ìµ¤¨É §  ±µ´¥Î´µ¥
¢·¥³Ö,   ¢Ò¡¨¢ ¥³Ò¥ ´Ê±²µ´Ò ¡Ò¸É·Ò (¨¸±²ÕÎ Ö ¶µ·µ£ ·¥ ±Í¨¨ (4)), Éµ ¨
¢§ ¨³µ¤¥°¸É¢¨¥ ´Ê±²µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¸
µ¡ÒÎ´Ò³¨  Éµ³´Ò³¨ Ö¤· ³¨.

’ ±¨³ µ¡· §µ³, ¢ ± Î¥¸É¢¥ ³¥Ì ´¨§³  ËµÉµµ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ ·¥ ±Í¨ÖÌ
É¨¶  (4) ¨¸¶µ²Ó§Ê¥É¸Ö ±¢ §¨¸¢µ¡µ¤´µ¥ ËµÉµ·µ¦¤¥´¨¥ η-³¥§µ´µ¢ ´  ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì  Éµ³´ÒÌ Ö¤· Ì,   ¶·¨¡²¨¦¥´¨Ö ¶µ¸²¥¤´¥£µ µ¡¸Ê¦¤ ²¨¸Ó ¢ ¶·¥¤Ò-
¤ÊÐ¥³ · §¤¥²¥.

3.2. ”µÉµ·µ¦¤¥´¨¥ ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥·. �µ² £ Ö, ¢ ¸¢Ö§¨ ¸ ¢ÒÏ¥¸± § ´-
´Ò³, ÎÉµ ¸¢¥·Ì²¥£±¨¥ η-Ö¤·  ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ, · ¸¸³µÉ·¨³ ËµÉµ·µ¦¤¥´¨¥
3
ηHe ¨ ηT ¢ ·¥ ±Í¨ÖÌ

γ + 4He→ p+ ηT , (45)

γ + 4He→ n+ 3
ηHe. (46)

‘µ£² ¸´µ ¨§µÉµ¶¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¤²¨´Ò
ηp- ¨ ηn-· ¸¸¥Ö´¨Ö ¤µ²¦´Ò ¡ÒÉÓ · ¢´Ò³¨. …¸²¨ ´¥ ¤¥² ÉÓ · §²¨Î¨Ö ³¥¦¤Ê
· ¤¨Ê¸ ³¨ η-Ö¤¥· 3

ηHe ¨ ηT , Éµ ¨Ì ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¡Ê¤ÊÉ µ¤¨´ ±µ¢Ò³¨.
„²Ö ´ Ìµ¦¤¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° η-³¥§µ´  ¢ Ö¤·¥ ¢µ¸¶µ²Ó§Ê¥³¸Ö ¤²¨´ ³¨
ηN -· ¸¸¥Ö´¨Ö ¨§ ¶µ¸²¥¤´¨Ì É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ ¶µ ¨Ì ¢ÒÎ¨¸²¥´¨Õ[22,23].
‡´ Î¥´¨Ö a0 ¢ ÔÉ¨Ì · ¡µÉ Ì · §²¨Î ÕÉ¸Ö ´¥¶·¨´Í¨¶¨ ²Ó´µ, ¶µÔÉµ³Ê ¢ · ¸Î¥-
É Ì ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ Éµ²Ó±µ µ¤´µ §´ Î¥´¨¥ (17) ¨§ · ¡µÉÒ [22]. ‚Ò¡¨· Ö
· ¤¨Ê¸Ò µ¡¸Ê¦¤ ¥³ÒÌ ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥· RÔ± = 2, 45 Ë³, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
¸·¥¤´¥±¢ ¤· É¨Î´µ³Ê · ¤¨Ê¸Ê 〈r2〉1/2 = 1, 9 Ë³, ¶µ²ÊÎ¨³ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥
¸ ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ Ô´¥·£¨¨

E = (2, 30 + i5, 50) ŒÔ‚.

‚ ¶·µ¸Éµ° Ö¤¥·´µ° ³µ¤¥²¨ µ¡µ²µÎ¥±  ³¶²¨ÉÊ¤  ·¥ ±Í¨¨ (45) ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

〈f |T̂ηA|i〉 = (−1)α+ξ+1
∑
s

χ+
α (s)t̂λp (s)χξ(s)G00(Qf ), (47)

G00(Qf ) = f(VR, VI)

∫
d3r eiQf r ϕ00(r)ϕ1s

η (r), (48)
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£¤¥ Qf = k − pf Å ¶¥·¥¤ ´´Ò° η-Ö¤·Ê ¨³¶Ê²Ó¸; ϕ00 = R00

(
r
r0

)
N0√
4π

Å

¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´Ê±²µ´  ¢ 4He ¢ µ¸Í¨²²ÖÉµ·-
´µ° ³µ¤¥²¨ µ¡µ²µÎ¥± ¸ ´µ·³¨·µ¢µÎ´Ò³ ³´µ¦¨É¥²¥³ N0; ϕ1s

η (r) Å ´µ·³¨·µ-
¢ ´´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö η-³¥§µ´  ¨ Ö¤· -µ¸Éµ¢ ;
f Å Ë ±Éµ· ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´  ¸ Ö¤·µ³ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¢
Ëµ·³¥ (34) ¸ VR = 0. ‚¥²¨Î¨´Ê G00 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

G00(Qf ) = f

√
16π

Q2
fr

3
0

∞∫
0

dr · r sin(Qfr) e
− r2

2r20 ϕ1s
η (r) = f

√
16π

Q2
fr

3
0

I0s(Qf ).

(49)

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (45), Ê¸·¥¤´¥´´µ¥ ¶µ ¶µ²Ö·¨§ Í¨Ö³
ËµÉµ´  ¨ ¶·µ¸Ê³³¨·µ¢ ´´µ¥ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ¢Ò²¥É ÕÐ¥£µ ¶·µÉµ´ , ¡Ê¤¥É
¨³¥ÉÓ ¢¨¤

dσ

dΩp
=

16
√
π

Q2
fr

3
0

K2

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)|I0s(Qf )|2|f(VI)|2 (50)

¸ ±¨´¥³ É¨Î¥¸±¨³ ³´µ¦¨É¥²¥³ K2 ¢ ² ¡.¸¨¸É¥³¥:

K2 = (2π)−2
p2
fp0fQ0f

|pf |(k0 +Q0i)− k0p0f cos θp
. (51)

‚Ò· ¦¥´¨¥,  ´ ²µ£¨Î´µ¥ (50), ¶µ²ÊÎ¨³ ¨ ¤²Ö ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (46), ¢ ±µ-
Éµ·µ³ ¢³¥¸Éµ  ³¶²¨ÉÊ¤Ò ËµÉµ·µ¦¤¥´¨Ö ³¥§µ´  ´  ¶·µÉµ´¥ ¢Ìµ¤¨É  ³¶²¨ÉÊ¤ 
ËµÉµ·µ¦¤¥´¨Ö ´  ´¥°É·µ´¥.

�  ·¨¸.9 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨°
(45), (46) ¸ ÊÎ¥Éµ³ ¨ ¡¥§ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ´Ê±²µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ-
¸ÉµÖ´¨¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢. ‘¥Î¥´¨Ö µ¡¥¨Ì ·¥-
 ±Í¨° ¤µ¸É¨£ ÕÉ ´ ¨¡µ²ÓÏ¥£µ §´ Î¥´¨Ö ¶·¨ Ô´¥·£¨¨ ËµÉµ´µ¢ k0 = 770 ŒÔ‚.
�·µÖ¢²¥´¨¥ ¢ Ö¤¥·´ÒÌ ¸¥Î¥´¨ÖÌ ·¥§µ´ ´¸  S11(1535) ¸£² ¦¥´µ ¶µ ¸· ¢´¥´¨Õ
¸ ¸¥Î¥´¨Ö³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ô²¥³¥´É ·´ÒÌ ¶·µÍ¥¸¸µ¢, ¡² £µ¤ ·Ö ÊÎ¥ÉÊ ¶µ
³µ¤¥²¨ ¸¶¥±É Éµ·  [41] Ë¥·³¨¥¢¸±µ£µ ¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢ ¢ Ö¤·¥. ‚§ ¨³µ-
¤¥°¸É¢¨¥ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ (¤²Ö ±µÉµ·ÒÌ ¡· ²¸Ö
µ¤¨´ ¨ ÉµÉ ¦¥ ´Ê±²µ´-Ö¤¥·´Ò° ¶µÉ¥´Í¨ ²) ¢¥¤ÊÉ ± ´¥§´ Î¨É¥²Ó´µ³Ê Ê³¥´Ó-
Ï¥´¨Õ ¸¥Î¥´¨° ·¥ ±Í¨° (·¨¸.9). ˆ§-§  · §²¨Î¨Ö ¸¥Î¥´¨° ËµÉµ·µ¦¤¥´¨Ö
η-³¥§µ´µ¢ ´  ¶·µÉµ´ Ì ¨ ´¥°É·µ´ Ì ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (45) µ¦¨¤ ¥É¸Ö ¡µ²ÓÏ¥
¸¥Î¥´¨Ö ·¥ ±Í¨¨ (46) ¶·¨ · ¸¸³ É·¨¢ ¥³ÒÌ Ô´¥·£¨ÖÌ γ-±¢ ´Éµ¢. � ¸¸Î¨É ´-
´Ò¥ Ï¨·¨´Ò η-Ö¤¥· 3

ηHe ¨ ηT (≈ 10 ŒÔ‚) µ± § ²¨¸Ó É ±¨³¨, ± ±¨¥ ¶·¥¤-
¸± §Ò¢ ²¨¸Ó ¶¥·¢µ´ Î ²Ó´µ ¢ · ¡µÉ Ì [3,4], ´µ ¤²Ö η-Ö¤¥· ÉÖ¦¥²¥¥ 16

η O. �·¨
É ±µ³ §´ Î¨É¥²Ó´µ³ ¢·¥³¥´¨ ¦¨§´¨ ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥·, ¥¸É¥¸É¢¥´´µ, ¢µ§-
·µ¦¤ ¥É¸Ö ¨¤¥Ö ¨Ì µ¡´ ·Ê¦¥´¨Ö ¢ ·¥ ±Í¨ÖÌ (45), (46) ¶µ ¶¨±Ê ¢ ¸¶¥±É·¥
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�¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨° 4He(γ, p)ηT (±·¨¢Ò¥ 1) ¨ 4He(γ, n)3
ηHe

(±·¨¢Ò¥ 2) µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢ ¸ ÊÎ¥Éµ³ (¸¶²µÏ´Ò¥ ±·¨¢Ò¥) ¨ ¡¥§ ÊÎ¥É 
(ÏÉ·¨Ìµ¢Ò¥ ±·¨¢Ò¥) ¢§ ¨³µ¤¥°¸É¢¨Ö ´Ê±²µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨

¢Ò²¥É ÕÐ¨Ì ´Ê±²µ´µ¢ ¨´±²Õ§¨¢´ÒÌ ·¥ ±Í¨° 4He(γ, N). � ¨¡µ²¥¥ ¸¨²Ó´µ
µÉ Ô´¥·£¨¨ ´Ê±²µ´µ¢ (¶·¨ Ë¨±¸¨·µ¢ ´´µ° Ô´¥·£¨¨ ËµÉµ´µ¢) ¡Ê¤ÊÉ ³¥´ÖÉÓ¸Ö
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°

γ + 4He→ p+ η + T, (52)

γ + 4He→ n+ η + 3He (53)

ËµÉµ·µ¦¤¥´¨Ö ³¥¤²¥´´ÒÌ, ´µ ´¥ ¸¢Ö§ ´´ÒÌ η-³¥§µ´µ¢. �µÔÉµ³Ê ¢ ¦´µ §´ ÉÓ
Ê£²µ¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ É ±¨Ì ·¥ ±Í¨ÖÌ. �µ²¥¥
¶µ¤·µ¡´µ µ¸É ´µ¢¨³¸Ö ´  µ¡¸Ê¦¤¥´¨¨ ·¥ ±Í¨¨ (45) ± ± ± ´¤¨¤ É¥ ´  µ¡´ ·Ê-
¦¥´¨¥ ²¥£±¨Ì η-Ö¤¥·.

‚ÒÎ¨¸²¥´´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (45) ¤²Ö Ô´¥·£¨¨
γ-±¢ ´Éµ¢ k0 = 760 ŒÔ‚ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ê£²  ¢Ò²¥É  ¶·µÉµ´  ¶µ± § ´µ
´  ¢·¥§±¥ ·¨¸.10. ‡¤¥¸Ó ¦¥ ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ ¤¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó-
´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (52) µÉ Ô´¥·£¨¨ ¢Ò¡¨¢ ¥³µ£µ ¶·µÉµ´  ¤²Ö Ê£²  ¢Ò²¥É 
θp = 10◦ ¨ ¶·¨ Éµ° ¦¥ Ô´¥·£¨¨ ËµÉµ´µ¢. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨
(45), ¢§ÖÉµ¥ ¶·¨ Ê£²¥ ¢Ò²¥É  ¶·µÉµ´  θp = 10◦ ¢ ² ¡.¸¨¸É¥³¥ ¨ ª· §³ § ´´µ¥ª
¶µ Ï¨·¨´¥ Ê·µ¢´Ö η-Ö¤·  ηT ¶µ ´µ·³ ²Ó´µ³Ê § ±µ´Ê, ¨§µ¡· ¦¥´µ §¤¥¸Ó ¦¥.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  µ¡´ ¤¥¦¨¢ ÕÉ. �Í¥´±  µÉ´µÏ¥´¨Ö ¸¨£´ ²/Ëµ´ § -
¢¨¸¨É µÉ Ê£²  ¢Ò²¥É  ¶·µÉµ´µ¢ ¨ ¸µ¸É ¢²Ö¥É ¤²Ö θp = 5◦, 10◦ ¨ 15◦, ¸µ-
µÉ¢¥É¸É¢¥´´µ, 3,7/1; 2,9/1 ¨ 2/1 (·¨¸.10). �µ²¥¥ ÉÐ É¥²Ó´Ò¥ · ¸Î¥ÉÒ ³µ£ÊÉ
¨§³¥´¨ÉÓ ÔÉµ µÉ´µÏ¥´¨¥ ¢ ÉÊ ¨²¨ ¨´ÊÕ ¸Éµ·µ´Ê, ´µ ´¥ · ¤¨± ²Ó´µ. ˜¨·¨´ 
ª¶·µ¢ ² ª ³¥¦¤Ê ±¢ §¨Ê¶·Ê£¨³ ¶¨±µ³ ¢Ò¡¨¢ ¥³ÒÌ ¶·µÉµ´µ¢ ¢ ·¥ ±Í¨¨ (52)
¨ ¶¨±µ³ ¶·µÉµ´µ¢ µÉ ·¥ ±Í¨¨ (45) µ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¨¥° ¸¢Ö§¨ ¨ Ï¨·¨´µ°
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�¨¸. 10. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨° 4He(γ, ηp)T ¤²Ö Ô´¥·£¨¨ ËµÉµ´µ¢
k0 = 760 ŒÔ‚ ¨ Ê£²  ¢Ò²¥É  ¶·µÉµ´µ¢ θp = 10◦ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¶·µ-
Éµ´µ¢ ¢ ² ¡.¸¨¸É¥³¥. ‘¶²µÏ´Ò¥ ±·¨¢Ò¥ Å ·¥§Ê²ÓÉ É · ¸Î¥Éµ¢ ¸ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶·µ-
Éµ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ÏÉ·¨Ìµ¢Ò¥ Å ¡¥§ ÊÎ¥É  ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¨±
¶µ± §Ò¢ ¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 4He(γ, p)ηT ¶·¨ ´ §¢ ´´ÒÌ ±¨´¥³ -
É¨Î¥¸±¨Ì Ê¸²µ¢¨ÖÌ, ª· §³ § ´´µ¥ª ¶µ Ï¨·¨´¥ Ê·µ¢´Ö η-Ö¤·  ¶µ ´µ·³ ²Ó´µ³Ê § ±µ´Ê.
�  ¢·¥§±¥ ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 4He(γ, p)ηT µÉ
Ê£²  ¢Ò²¥É  ¶·µÉµ´  ¶·¨ Ô´¥·£¨¨ ËµÉµ´µ¢ k0 = 760 ŒÔ‚

Ê·µ¢´Ö η-Ö¤·  ηT (¸³.·¨¸.10). ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ Ê´¨± ²Ó´µ¸ÉÓ η-Ö¤¥· 3
ηHe ¨

ηT . ˆ³¥´´µ µ´¨ (³µ¦¥É ¡ÒÉÓ, ¥Ð¥ ηD) ³µ£ÊÉ ¨³¥ÉÓ É ±¨¥ ³ ²¥´Ó±¨¥ Ï¨-
·¨´Ò Ê·µ¢´¥° ¨ Ô´¥·£¨¨ ¸¢Ö§¨ ¨§-§  ³ ²µ° ¶²µÉ´µ¸É¨. ’ ±, ¸²¥¤ÊÕÐ¥¥ ¶µ ¢¥¸Ê
η-Ö¤·µ 4

ηHe ¡Ê¤¥É ¨³¥ÉÓ Ê¦¥ ¸µ¡¸É¢¥´´ÊÕ Ô´¥·£¨Õ

E = (17, 5 + i16, 9) ŒÔ‚

¤²Ö §´ Î¥´¨Ö ¤²¨´Ò ηN -· ¸¸¥Ö´¨Ö (17), Ê³¥´ÓÏ Ö µÉ´µÏ¥´¨¥ ¸¨£´ ²/Ëµ´ ¢
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ·¥ ±Í¨¨ ËµÉµµ¡· §µ¢ ´¨Ö 4

ηHe ¡µ²ÓÏ¥ Î¥³ ¢ É·¨ · § , ¶µ
¸· ¢´¥´¨Õ ¸ µ¡· §µ¢ ´¨¥³ 3

ηHe.
„²Ö ¨¤¥´É¨Ë¨± Í¨¨ η-Ö¤¥· ¢ ·¥ ±Í¨¨ (45) ¶µÉ·¥¡ÊÕÉ¸Ö ª³¥Î¥´Ò¥ª Ëµ-

Éµ´Ò ¢Ò¸µ±µ° ¨´É¥´¸¨¢´µ¸É¨ ¸ · §·¥Ï¥´¨¥³ ¶µ Ô´¥·£¨¨ ´¥ ÌÊ¦¥ 2Ä3 ŒÔ‚.
’ ± ± ± ·¥ ±Í¨Ö (45) ¤¢ÊÌÎ ¸É¨Î´ Ö, Éµ ¸ÊÐ¥¸É¢Ê¥É ¦¥¸É± Ö ¸¢Ö§Ó ³¥¦¤Ê Ê£²µ³
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¨ Ô´¥·£¨¥° ¢Ò²¥É ÕÐ¥£µ ´Ê±²µ´ , ¶µÔÉµ³Ê ¥¸²¨ ¢ µ¦¨¤ ¥³µ³ ³¥¸É¥ ¸¶¥±É· 
´Ê±²µ´µ¢ µÉ ¨´±²Õ§¨¢´µ° ËµÉµ·¥ ±Í¨¨

γ + 4He→ p+ . . . (54)

´ ¡²Õ¤ ¥É¸Ö ¶¨±, Éµ ÔÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ¡ µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ ·¥ ±Í¨¨
(45). ‚Ò¸µÉ  ¶¨±  ¶·µ¶µ·Í¨µ´ ²Ó´a ¸¥Î¥´¨Õ ·¥ ±Í¨¨ (45) (¥¸²¨ ·¥£¨¸É·¨-
·µ¢ ÉÓ ´¥°É·µ´Ò, Éµ ¸¥Î¥´¨Õ ·¥ ±Í¨¨ (46)),   Ï¨·¨´  Å Ï¨·¨´¥ Ê·µ¢´Ö
η-Ö¤· .

� ¸Î¥ÉÒ ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (54) ¶·¨ k0 ≈ 800 ŒÔ‚ ± ±  ¡-
¸µ²ÕÉ´µ£µ Ëµ´  ¤²Ö ·¥ ±Í¨¨ (45) ¸²µ¦´Ò. �É³¥É¨³ Éµ²Ó±µ, ÎÉµ ¨´±²Õ§¨¢´µ¥
¸¥Î¥´¨¥ ¡Ê¤¥É ¸±² ¤Ò¢ ÉÓ¸Ö ¨§ ¸¥Î¥´¨° ¤¢ÊÌ-, É·¥Ì-, Î¥ÉÒ·¥ÌÎ ¸É¨Î´µ° Ëµ-
Éµ¤¥§¨´É¥£· Í¨¨ Ö¤·  4He, ¸¥Î¥´¨° µ¤¨´µÎ´µ£µ ¨ ¤¢µ°´µ£µ ËµÉµ·µ¦¤¥´¨Ö
¶¨µ´µ¢ ¨, ´ ±µ´¥Í, ¸¥Î¥´¨Ö ¨¸¸²¥¤µ¢ ´´µ° ·¥ ±Í¨¨ (52).

3.3. ”µÉµµ¡· §µ¢ ´¨¥ η-Ö¤¥· ¢ 1s-¸µ¸ÉµÖ´¨ÖÌ. ‚ µÉ²¨Î¨¥ µÉ ËµÉµ·µ¦-
¤¥´¨Ö ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥· ¸ Î¨¸²µ³ ´Ê±²µ´µ¢ A < 4, η-Ö¤·  ¸ ´Ê±²µ´´Ò³¨
µ¸Éµ¢ ³¨ A > 6 ³µ£ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö ´¥ Éµ²Ó±µ ¢ 1s-¸µ¸ÉµÖ´¨¨ (¸³. É ¡².1).
Š·µ³¥ Éµ£µ, ¤²Ö Ö¤¥· ¸ A > 6 ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ´¨§±µ²¥¦ Ð¨¥ ¢µ§¡Ê-
¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ³¨Ì ´Ê±²µ´´ÒÌ µ¸Éµ¢µ¢, ¢µ§¡Ê¦¤¥´¨¥ ±µÉµ·ÒÌ (¥¸²¨
¨Ì Ï¨·¨´Ò ³¥´ÓÏ¥ 1 ŒÔ‚), ± ± ³Ò ¶µ² £ ¥³, ´¥ ¡Ê¤¥É µ± §Ò¢ ÉÓ ¢²¨Ö´¨Ö
´  µ¡· §µ¢ ´¨¥ ¨ ¸ÊÐ¥¸É¢µ¢ ´¨¥ η-Ö¤¥·. ‚ ÔÉµ° ¸¢Ö§¨ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ
¢Ò¡¨¢ ´¨¥ ´Ê±²µ´µ¢ ¨§ s-µ¡µ²µÎ±¨ Ö¤¥· ¸ A > 5 ¶·¨¢µ¤¨É ± ¢Ò¸µ±µ¢µ§¡Ê-
¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³  Éµ³´µ£µ Ö¤·  ¢¨¤  ªÎ ¸É¨Í  Å ¤Ò·± ª, ¢·¥³Ö ¦¨§´¨
±µÉµ·ÒÌ Éµ£µ ¦¥ ¶µ·Ö¤± , ÎÉµ ¨ η-Ö¤¥·. ‘¢µ°¸É¢  η-Ö¤¥· ¸ ´Ê±²µ´´Ò³¨ µ¸Éµ-
¢ ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ¢ ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, ¡Ê¤ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö ¨
´¥¸É ¡¨²Ó´µ¸ÉÓÕ ´Ê±²µ´´µ£µ ±µ· ,   ¶µÉµ³Ê É·¥¡ÊÕÉ ¸¶¥Í¨ ²Ó´µ£µ ¨§ÊÎ¥´¨Ö,
¢ÒÌµ¤ÖÐ¥£µ §  · ³±¨ ¤ ´´µ£µ. � ¸¸³µÉ·¨³ ·¥ ±Í¨¨ (4) ´  Ö¤· Ì 12C ¨ 16C,
¢¥¤ÊÐ¨¥ ± µ¡· §µ¢ ´¨Õ η-Ö¤¥· ¢ 1s-¸µ¸ÉµÖ´¨¨.

�³¶²¨ÉÊ¤Ê ·¥ ±Í¨° (4) ´  p-µ¡µ²µÎ¥Î´ÒÌ Ö¤· Ì (4 < A < 16) ¢ µ¡¸Ê¦¤ -
¥³ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ § ¶¨Ï¥³ ¶µ¤µ¡´µ  ³¶²¨ÉÊ¤¥ ¤²Ö ·¥ ±Í¨° ËµÉµ·µ¦¤¥´¨Ö
η-³¥§µ´µ¢ ´  Ö¤· Ì ¸ ¢Ò¡¨¢ ´¨¥³ ´Ê±²µ´µ¢ (¸³.¢Ò· ¦¥´¨Ö (24) Ä (26)):

〈f |T̂ 1s
ηA|i〉 =

√
A− 4

〈
ψf |ϕ

∗1s
η (r1)f ei(k−pf )r1 t̂λ1 (s1, t1) |ψi

〉
=

=

√
A− 4

12

∑
m,ξ

(−1)ξ−Jf+m

〈
1m,

1

2
ξ

∣∣∣∣ Jf −Mf

〉
Hαβ
ξτ (λ)G0

1m(Qf ), (55)

£¤¥

G0
1m(Qf ) = f

∫
d3r1 eiQf r1ϕ1m(r1)ϕ

∗1s
η (r1) =

= f · i4πN1Y
1
m(Q̂f )

1

Q2
f

· I0p(Qf ); (56)
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N1 =

[
8

3r5
0

√
π

]1/2

, (57)

I0p(Qf ) =

∫
dr1r1[sin(Qfr1)−Qfr1 cos(Qfr1)]ϕ∗1sη (r1) e−r

2
1/2r

2
0 , (58)

ϕ1s
η Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö η-³¥§µ´  ¢ Ö¤·¥.

„¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°

γ + 12C→ p+ 11
ηBµ.¸(1s), (59)

γ + 16O→ p+ 15
ηNµ.¸(1s), (60)

±µ£¤  ´Ê±²µ´´Ò¥ µ¸Éµ¢Ò µ¡· §ÊÕÐ¨Ì¸Ö η-Ö¤¥· 11
ηB ¨ 15

ηN ´ Ìµ¤ÖÉ¸Ö ¢ µ¸´µ¢-
´µ³ ¸µ¸ÉµÖ´¨¨, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

dσ

dΩp
= K2

z
√
π

Q4
fr

5
0

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2) · |I0p(Qf )|2|f |2, (61)

¶·¨Î¥³ ¤²Ö ·¥ ±Í¨¨ (59)
z = 128/9,

  ¤²Ö ·¥ ±Í¨¨ (60)
z = 32/3.

’ ± ± ± ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ·¥ ±Í¨° (59) ¨ (60) · §²¨Î ÕÉ¸Ö Éµ²Ó±µ
¶µ¸ÉµÖ´´Ò³ ³´µ¦¨É¥²¥³, Éµ ¤µ¸É ÉµÎ´µ µ¸É ´µ¢¨ÉÓ¸Ö ´  ¨§ÊÎ¥´¨¨ µ¤´µ£µ ¨§
´¨Ì. �  ·¨¸.11 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö 11

ηBµ.¸(1s)
¢ ·¥ ±Í¨¨ (59) µÉ Ô´¥·£¨¨ ËµÉµ´µ¢ ¸ ÊÎ¥Éµ³ ¨ ¡¥§ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ-
´¥Î´µ³ ¸µ¸ÉµÖ´¨¨. �µ·µ£¨ ·¥ ±Í¨° (4) µ¶·¥¤¥²ÖÕÉ¸Ö ³ ¸¸µ° µ¡· §ÊÕÐ¨Ì¸Ö
η-Ö¤¥·. � ¸¸Î¨É ´´Ò° ¶µ·µ£ ·¥ ±Í¨¨ (59) ¶µÎÉ¨ ´  60 ŒÔ‚ ´¨¦¥ ¶µ·µ£ 
·¥ ±Í¨° (45) ¨ (46); ¸µµÉ¢¥É¸É¢¥´´µ, ¥¥ ¸¥Î¥´¨¥ ¤µ¸É¨£ ¥É ³ ±¸¨³Ê³  ¶·¨
k0 ≈ 670 ŒÔ‚. —Éµ¡Ò µÍ¥´¨ÉÓ, ± ± § ¢¨¸ÖÉ ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éµ¢ µÉ
¶ · ³¥É·µ¢ ³µ¤¥²¨ η-Ö¤· , ´  ·¨¸.12 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö
·¥ ±Í¨¨ (59) µÉ ¢¥²¨Î¨´Ò · ¤¨Ê¸  µ¶É¨Î¥¸±µ£µ η-Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² . „²Ö
±· °´¨Ì §´ Î¥´¨° r0 = 1, 2 ¨ 1,5 Ë³ µÉ±²µ´¥´¨¥ µÉ ¶·¨¢¥¤¥´´µ£µ ¢ÒÏ¥ ·¥-
§Ê²ÓÉ É  ¸µ¸É ¢²Ö¥É +9% ¨ −17% ¸µµÉ¢¥É¸É¢¥´´µ. „·Ê£µ° ¢ ¦´Ò° ¶ · ³¥É·
³µ¤¥²¨ Å ÔÉµ ¤²¨´  ηN -· ¸¸¥Ö´¨Ö. �  ·¨¸.13 ¶µ± § ´µ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±-
Í¨¨ (60) ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢ ¶·¨ · §´ÒÌ £²Ê¡¨´ Ì η-Ö¤¥·´µ£µ
¶µÉ¥´Í¨ ²  ¶·Ö³µÊ£µ²Ó´µ° Ëµ·³Ò (5), ¶µ²ÊÎ¥´´µ£µ ´  µ¸´µ¢¥ · §´ÒÌ §´ -
Î¥´¨° a0 [21Ä23]. �¥§´ Î¨É¥²Ó´µ¥ · §²¨Î¨¥ ¸¥Î¥´¨° ´ ¡²Õ¤ ¥É¸Ö Éµ²Ó±µ ¢
µ±µ²µ¶µ·µ£µ¢µ° µ¡² ¸É¨ Ô´¥·£¨° γ-±¢ ´Éµ¢.
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�¨¸. 11. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(γ, p)11
η Bµ.¸. µÉ Ô´¥·£¨¨ ´ ²¥É -

ÕÐ¨Ì γ-±¢ ´Éµ¢ ¡¥§ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ (ÏÉ·¨Ìµ¢ Ö) ¨ ¸
ÊÎ¥Éµ³, ± ± ¸ ¶µ²´Ò³ Ö¤¥·´Ò³ µ¶É¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ (ÉµÎ¥Î´ Ö), É ± ¨ ¡¥§ ·¥ ²Ó-
´µ° ¥£µ Î ¸É¨ (¸¶²µÏ´ Ö ±·¨¢ Ö). ‚§ ¨³µ¤¥°¸É¢¨¥ ¶·µÉµ´µ¢ µ±µ²µ ¶µ·µ£  ·¥ ±Í¨¨ ¢
µ¡µ¨Ì ¸²ÊÎ ÖÌ ÊÎ¨ÉÒ¢ ²µ¸Ó ¶µ ·¥§Ê²ÓÉ É ³ [56] ¸¶µ¸µ¡µ³, ¶·¥¤²µ¦¥´´Ò³ ¢ [57]

�¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(γ, p)11
η Bµ.¸.(1s) (¸¶²µÏ´ Ö) ¨

12C(γ, p)11
η B∗(1p) (ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) µÉ · ¤¨Ê¸  r0 = RÔ±A

−1/3 η-Ö¤·  ¶·¨ Ô´¥·£¨¨
γ-±¢ ´Éµ¢ k0 = 700 ŒÔ‚. ‘É·¥²±µ° ¶µ± § ´µ §´ Î¥´¨¥ r0, ±µÉµ·µ¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¢
¤ ´´ÒÌ · ¸Î¥É Ì
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�¨¸. 13. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 16O(γ, p)15
η Nµ.¸.(1s) µÉ Ô´¥·£¨¨ ´ -

²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢ ¤²Ö §´ Î¥´¨° ¤²¨´Ò ηN-· ¸¸¥Ö´¨Ö ¢ η-Ö¤¥·´µ³ ¶µÉ¥´Í¨ ²¥ (5)
a0 = (0, 880 + i0, 274) Ë³ [21] Å ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö; a0 = (0, 717 + i0, 263) Ë³
[22] Å ¸¶²µÏ´ Ö ±·¨¢ Ö; a0 = (0, 751 + i0, 274) Ë³ [23] Å ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö

„²Ö ¤¥³µ´¸É· Í¨¨ ¢µ§³µ¦´µ£µ ÔËË¥±É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ-
¸ÉµÖ´¨¨ ¢¡²¨§¨ ¶µ·µ£  · ¸¸³µÉ·¥´  ³µ¤¥²Ó, ±µÉµ· Ö µ¶¨¸Ò¢ ¥É ¢§ ¨³µ¤¥°-
¸É¢¨¥ ´Ê±²µ´µ¢ ¶·¨ Tp < 40 ŒÔ‚, £¤¥, ± ± ¨§¢¥¸É´µ, ´Ê±²µ´Ò ¸ Ö¤· ³¨
¢§ ¨³µ¤¥°¸É¢ÊÕÉ Î¥·¥§ £¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³
·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [56] ¢µ¸¸É ´µ¢²¥´ ÔËË¥±É µ¡¸Ê¦¤ ¥³µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¤²Ö ·¥ ±Í¨¨ (59) ¶µ ³¥Éµ¤Ê [57] ¢¶²µÉÓ ¤µ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢
k0 = 580 ŒÔ‚ (·¨¸.11). ‡ ³¥É¨³, ÎÉµ ÔÉµÉ ·¥§Ê²ÓÉ É ´ ¤µ · ¸¸³ É·¨¢ ÉÓ ± ±
± Î¥¸É¢¥´´Ò°,   ¨³¥´´µ, ÎÉµ ³µ¦´µ µ¦¨¤ ÉÓ µÉ ÔËË¥±É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ-
´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¢ ¶µ·µ£¥ ¤²Ö ·¥ ±Í¨° É¨¶  (4). � Î¨´ Ö ¸ Ô´¥·£¨¨ ¶·µÉµ´µ¢
Tp > 50 ŒÔ‚, ÊÎ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¤²Ö ·¥ ±Í¨¨ (59)
¶·¨¢µ¤¨É Éµ²Ó±µ ± Ê³¥´ÓÏ¥´¨Õ ¥e ¸¥Î¥´¨Ö. “Î¥É ¢ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨
¶µ²´µ£µ Ö¤¥·´µ£µ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¶·¨¢µ¤¨É ± ¡µ²ÓÏ¥³Ê ¶µ¤ ¢²¥´¨Õ
¸¥Î¥´¨Ö, Î¥³ ÊÎ¥É Éµ²Ó±µ ¥£µ ³´¨³µ° Î ¸É¨ ¢¶²µÉÓ ¤µ Ô´¥·£¨¨ ¢Ò²¥É ÕÐ¨Ì
¶·µÉµ´µ¢ 300 ŒÔ‚. �·¨ ¥Ð¥ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ´Ê±²µ´µ¢ ·¥ ²Ó´µ° Î ¸ÉÓÕ
µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ (¸³.·¨¸.11). “£²µ¢µ¥ · ¸¶·¥¤¥-
²¥´¨¥ ¶·µÉµ´µ¢ µÉ ·¥ ±Í¨¨ (59) ¶µ± § ´µ ´  ·¨¸.14. �´µ Ì · ±É¥·¨§Ê¥É¸Ö
´ ¶· ¢²¥´´µ¸ÉÓÕ ¢¶¥·¥¤. ‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢ ¢
Ê£²µ¢µ³ · ¸¶·¥¤¥²¥´¨¨ ¶µÖ¢²Ö¥É¸Ö ³ ±¸¨³Ê³ ¶·¨ θp ≈ 12◦, ±µÉµ·µ£µ ´¥É ¢
Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ·¥ ±Í¨° (45) ¨ (46) ¨ ¶µ²µ¦¥´¨¥ ±µÉµ·µ£µ Ê¸Éµ°Î¨¢µ
± ¨§³¥´¥´¨Ö³ Ô´¥·£¨¨ ËµÉµ´µ¢ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¤¨ ¶ §µ´¥ (·¨¸.14).

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨

γ + 12C→ p+ 11
ηB∗(1s), (62)
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�¨¸. 14. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢ ·¥ ±Í¨¨ 12C(γ, p)11
η Bµ.¸. ¢ ² ¡.¸¨¸É¥³¥ ¶·¨

· §´ÒÌ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢: 1 Å k0 = 600 ŒÔ‚; 2 Å k0 = 700 ŒÔ‚;
3 Å k0 = 800 ŒÔ‚. „²Ö ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨¸¶µ²Ó§µ¢ ²¸Ö
Ö¤¥·´Ò° µ¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¡¥§ ·¥ ²Ó´µ° Î ¸É¨

±µ£¤  η-Ö¤·µ µ¡· §Ê¥É¸Ö ¸ ´Ê±²µ´´Ò³ µ¸Éµ¢µ³ ¢ µ¸´µ¢´µ³ (35) ¨ ¢µ§¡Ê¦¤¥´-
´ÒÌ (35 ), (35¡) ¸µ¸ÉµÖ´¨ÖÌ, Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

dσ

dΩp
= K2

z
√
π

Q4
fr

5
0

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2) · |I0p(Qf )|2|f |2 (63)

¸ z = (192 + 128α)/9.
�µ¤µ¡´Ò³ µ¡· §µ³ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨

γ + 16O→ p+ 15
ηN∗(1s), (64)

±µ£¤  ´Ê±²µ´´Ò° µ¸Éµ¢ 15
ηN µ¸É ¥É¸Ö ¢ µ¸´µ¢´µ³ ¨ ¶¥·¢µ³ ¢µ§¡Ê¦¤¥´´µ³

¸µ¸ÉµÖ´¨¨, ¸¢µ¤¨É¸Ö ± ¢Ò· ¦¥´¨Õ (63) ¸ z = 32.
�µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° (62) ¨ (64) ¶·¨¢¥¤¥´Ò ´  ·¨¸.15 ¨ 16 ¢ § ¢¨¸¨³µ-

¸É¨ µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢. ‘¥Î¥´¨Ö ÔÉ¨Ì ·¥ ±Í¨° ¢ ¤¢ -É·¨ · § 
¶·¥¢µ¸Ìµ¤ÖÉ ¸¥Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥ ±Í¨° (59), (60), ¢ ±µÉµ·ÒÌ Ö¤¥·-
´Ò¥ µ¸Éo¢Ò µ¸É ÕÉ¸Ö Éµ²Ó±µ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨. �µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É,
¶· ¢¤ , ³µ¦¥É ¡ÒÉÓ ´¥¸±µ²Ó±µ § ¢ÒÏ¥´, ¨§-§  ¨¸¶µ²Ó§Ê¥³ÒÌ Ê¶·µÐ¥´¨° É¨¶ 
(29) ¢ ¶·¨³¥´Ö¥³µ° Ö¤¥·´µ° ³µ¤¥²¨. ˆ Ô´¥·£¥É¨Î¥¸±µ¥, ¨ Ê£²µ¢µ¥ · ¸¶·¥¤¥-
²¥´¨Ö ¶·µÉµ´µ¢, ¨³¥ÕÐ¨¥ Ëµ·³Ê, ± ± ´  ·¨¸.14, ´¥ ¶µ§¢µ²ÖÉ, ¶µ-¢¨¤¨³µ³Ê,
¢Ò¤¥²¨ÉÓ ËµÉµµ¡· §µ¢ ´¨¥ η-Ö¤¥· ¸ · §´Ò³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨
´Ê±²µ´´ÒÌ µ¸Éµ¢µ¢,   ¶µÉµ³Ê É ±¨¥ ·¥ ±Í¨¨ · ¸¸³µÉ·¨³ ± ± ¥¤¨´Ò¥. ‡ ³¥-
É¨³, ÎÉµ Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢ µÉ ·¥ ±Í¨° (62), (64) ¡Ê¤¥É
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�¨¸. 15. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° γ+ 12C→ p+ 11
η B∗(1s) ¨ γ + 12C→ p+ 11

η B∗(1p)
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢, · ¸¸Î¨É ´´Ò¥ ¸ ÊÎ¥Éµ³ (¸¶²µÏ´Ò¥)
¨ ¡¥§ ÊÎ¥É  (ÏÉ·¨Ìµ¢Ò¥ ±·¨¢Ò¥) ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨

�¨¸. 16. ’µ ¦¥, ÎÉµ ´  ·¨¸.15, ¤²Ö Ö¤· -³¨Ï¥´¨ 16O

ª· §³ § ´µª ´¥ Éµ²Ó±µ ¶µ ¡µ²ÓÏ¨³ Ï¨·¨´ ³ µ¡· §ÊÕÐ¨Ì¸Ö η-Ö¤¥· 11
ηB(1s))

¨ 15
ηN(1s), ´µ ¨ ¶µ Ô´¥·£¨Ö³ ¢µ§¡Ê¦¤¥´¨Ö ¨Ì ´Ê±²µ´´ÒÌ µ¸Éµ¢µ¢. �µÔÉµ³Ê

¸¶µ¸µ¡ ·¥£¨¸É· Í¨¨ η-Ö¤¥· ¶µ ¢Ò¤¥²¥´¨Õ ¶¨±µ¢ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥
¶·µÉµ´µ¢ (´¥°É·µ´µ¢) ·¥ ±Í¨¨ (4) ¸ Ö¤· ³¨ ÉÖ¦¥²¥¥ 4He ¡Ê¤¥É ³¥´¥¥ ÔËË¥±-
É¨¢¥´, Î¥³ ¢ ·¥ ±Í¨ÖÌ (45), (46). ‚ ÔÉµ° ¸¢Ö§¨ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¸¶µ¸µ¡
·¥£¨¸É· Í¨¨ η-Ö¤¥· ¶µ ±µ·p¥²¨·µ¢ ´´Ò³ ¶·µ¤Ê±É ³ ¨Ì · ¸¶ ¤  (¸³. [58]) ¸µ-
¢³¥¸É´µ ¸ ª¡Ò¸É·Ò³¨ª ´Ê±²µ´ ³¨ µÉ ·¥ ±Í¨¨ (4).

3.4. ”µÉµµ¡· §µ¢ ´¨¥ η-Ö¤¥· ¢ 1p-¸µ¸ÉµÖ´¨¨. η-Ö¤·  ¸ Î¨¸²µ³ ´Ê±²µ´µ¢
¡µ²ÓÏ¥ 6 ³µ£ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö ¶ÊÉ¥³ § Ì¢ É  η-³¥§µ´  ´  1s- ¨ ´  1p-µ·¡¨ÉÊ
(É ¡².1). ”µÉµµ¡· §µ¢ ´¨¥ η-Ö¤¥· ¢ 1p-¸µ¸ÉµÖ´¨¨ ¡Ê¤¥É ¨´Ò³, Î¥³ µ¡· §µ¢ -
´¨¥ ηA(1s) ¢ ·¥ ±Í¨ÖÌ ¢¨¤  (4),   ¶µÉµ³Ê É·¥¡Ê¥É µÉ¤¥²Ó´µ£µ · ¸¸³µÉ·¥´¨Ö.
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—Éµ¡Ò ¸¢¥¸É¨ ± ³¨´¨³Ê³Ê £·µ³µ§¤±ÊÕ  ²£¥¡·Ê Ê£²µ¢µ£µ ³µ³¥´É , ·¥ ±Í¨¨
¢¨¤ 

γ +Ai → N + ηA
′(1p) (65)

· ¸¸³µÉ·¨³ ´  Ö¤· Ì ¸ ´Ê²¥¢Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨, ± ±µ¢Ò³¨ Ö¢²ÖÕÉ¸Ö
12C ¨ 16O. �³¶²¨ÉÊ¤Ò É ±¨Ì ·¥ ±Í¨° § ¶¨Ï¥³ ¶µ¤µ¡´µ  ³¶²¨ÉÊ¤ ³ ·¥ ±Í¨°
(γ, ηN) ´  ÔÉ¨Ì ¦¥ Ö¤· Ì (¸³. ¢Ò· ¦¥´¨¥ (30)):

〈f |T̂ 1p
ηA|i〉 =

√
A− 4

12

∑
m,ξ,ν

(−1)ξ+m〈1−m, 1ν|lν−m〉〈lν−m, 1/2−ξ|JfMf〉×

×Hατ
ξτ (λ)G1ν

1m(Qf ). (66)

‚ ¶·¥¤¸É ¢²¥´¨¨ Ê£²µ¢µ£µ ³µ³¥´É  É¥´§µ· G1ν
1m ¥¸ÉÓ

G1ν
1m(Qf ) = 4πNlNη

∞∑
κ=0

κ∑
n=−κ

(i)κY κn (Ĝf )

∫∫
Ωr

[Y κn (r̂)]∗Y 1
m(r̂)Y 1

ν (r̂)dΩr×

×
∞∫

0

jκ(Qfr)r e−r
2/2r2

0
u1(r)

r
r2dr. (67)

‘ ¶µ³µÐÓÕ ¸É ´¤ ·É´µ°  ²£¥¡·Ò ¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± G1ν
1m ³µ¦´µ ¶·¨-

¢¥¸É¨ ± ¢¨¤Ê

G1ν
1m(Qf ) = NlNη

[
I10(Qf )−

√
24π

5
Y 2
m+v(r̂)〈1m, 1ν|2m+ ν〉 · I12(Qf )

]
.

(68)

� ·Ö¤Ê ¸ · ´¥¥ ¨¸¶µ²Ó§µ¢ ´´Ò³¨ µ¡µ§´ Î¥´¨Ö³¨, ¢ ¢Ò· ¦¥´¨¨ (67) ¢¢¥-
¤¥´Ò ¨ ´µ¢Ò¥. �Éµ · §³¥·´ Ö ¢¥²¨Î¨´ 

I1κ(Qf ) =

∞∫
0

jκ(Qfr) e−r
2/2r2

0 u1(r)r2dr, (69)

£¤¥ jκ(z) Å ¸Ë¥·¨Î¥¸± Ö ËÊ´±Í¨Ö �¥¸¸¥²Ö,   u`(r) Å ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö
(12) ¨ · ¤¨ ²Ó´ Ö Î ¸ÉÓ ¢µ²´µ¢µ° ËÊ´±Í¨¨ η-Ö¤·  ¢ 1p-¸µ¸ÉµÖ´¨¨

ϕ1ν
η (ṙ) = Nη

u1(r)

r
Y 1
ν (r̂), (70)
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´µ·³¨·µ¢ ´´µ° ´  ¥¤¨´¨ÍÊ ¸ ¶µ³µÐÓÕ ´µ·³¨·µ¢µÎ´µ£µ ³´µ¦¨É¥²Ö Nη. � ¸-
¸³µÉ·¨³ ¸²ÊÎ ° µ¡· §µ¢ ´¨Ö 1p− η-Ö¤¥· ¸ ´Ê±²µ´´Ò³¨ µ¸Éµ¢ ³¨ ¢µ ¢¸¥¢µ§-
³µ¦´ÒÌ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ:

γ + 12C→ p+ 11
ηB∗(1p), (71)

γ + 16O→ p+ 15
ηN∗(1p), (72)

ÎÉµ ¤ ¸É ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ²´µÉÊ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ ¢Ò-
Î¨¸²¥´¨¨ ±¢ ¤· É  ³µ¤Ê²Ö ¨Ì  ³¶²¨ÉÊ¤ (¸³. ¢Ò· ¦¥´¨¥ (66). ‘ ¶µ³µÐÓÕ
¤µ¢µ²Ó´µ £·µ³µ§¤±µ°  ²£¥¡·Ò Ê£²µ¢µ£µ ³µ³¥´É  ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö
·¥ ±Í¨° (71) ¨ (72) ³µ¦´µ § ¶¨¸ ÉÓ µ¤´¨³ ¢Ò· ¦¥´¨¥³

dσ

dΩp
= z · K2

|Nη|2
r5
0

√
π

∑
λ

(|Kp(λ)|2 + |Lp(λ)|2)×

×
{

5|I10(Qf )|2 + [
√

2 (9 cos2 θ − 5)− 6 cos2 θ − 2]Re [I10(Qf ) · I∗12(Qf )]+

+
26 + 2

√
2(5− 9 cos2 θ)

3
|I12(Qf )2

}
, (73)

£¤¥ θ Å Ê£µ² ¢Ò²¥É  µ¡· §ÊÕÐ¥£µ¸Ö η-Ö¤· . „²Ö ·¥ ±Í¨¨ (71)

z = 16/9,

  ¤²Ö ·¥ ±Í¨¨ (72)
z = 8/3.

�  ·¨¸.15,16, ´ ·Ö¤Ê ¸ ¸¥Î¥´¨Ö³¨ ·¥ ±Í¨° (62) ¨ (64), ¶µ± § ´Ò ·¥§Ê²Ó-
É ÉÒ ¢ÒÎ¨¸²¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° (71), (72). ‚¨¤´µ, ÎÉµ ¸¥Î¥´¨Ö
µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ 1p-¸µ¸ÉµÖ´¨¨ ³´µ£µ ¡µ²ÓÏ¥ ¸¥Î¥´¨° ËµÉµµ¡· §µ¢ ´¨Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì η-Ö¤¥· ¢ 1s-¸µ¸ÉµÖ´¨¨. �¤´  ¨§ ¶·¨Î¨´ ÔÉµ£µ Å · §´Ò¥
µ¡Ñ¥³Ò Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ±µ´¥Î´ÒÌ Î ¸É¨Í, ±µÉµ·µ¥ ¤²Ö ·¥ ±Í¨° (65)
µ± §Ò¢ ¥É¸Ö ¡µ²ÓÏ¥, Î¥³ ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥ ±Í¨°

γ +Ai → N + ηA
′(1s). (74)

„·Ê£ Ö µ¸µ¡¥´´µ¸ÉÓ µ¡· §µ¢ ´¨Ö 1p− η-Ö¤¥· ËµÉµ´ ³¨ Å ÔÉµ ¸³¥Ð¥´¨¥ Ï¨-
·µ±¨Ì ³ ±¸¨³Ê³µ¢ ¢ ¨Ì ¸¥Î¥´¨ÖÌ ¢ ¸Éµ·µ´Ê ¡µ²ÓÏ¨Ì Ô´¥·£¨° (≈ 80 ŒÔ‚)
¶µ ¸· ¢´¥´¨Õ ¸ ³ ±¸¨³Ê³ ³¨ ¢ ¸¥Î¥´¨ÖÌ ·¥ ±Í¨° (74) (·¨¸.15,16). �µ²Ó-
Ï Ö ¸±µ·µ¸ÉÓ ¢µ§· ¸É ´¨Ö ¸¥Î¥´¨Ö µÉ ¶µ·µ£  ¤²Ö µ¡· §µ¢ ´¨Ö η-Ö¤·  ¢ 1p-
¸µ¸ÉµÖ´¨¨ ¶µ ¸· ¢´¥´¨Õ ¸ 1s-¸µ¸ÉµÖ´¨¥³ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ, §  ¸Î¥É ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ± Ê§±¨³ ¢Ò¸µ±¨³ ¶¨± ³ ¢ ¸¥Î¥´¨ÖÌ ·¥ ±Í¨°
A(γ, N)ηA

′(1p) ¢¡²¨§¨ ¶µ·µ£  (±·¨¢Ò¥ 1p ´  ·¨¸.15, 16).
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�¨¸. 17. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢ ·¥ ±Í¨¨ 16O(γ, p)15
η N∗(1p) ¢ ² ¡.¸¨¸É¥³¥

¤²Ö Ô´¥·£¨° γ-±¢ ´Éµ¢: 1 Å k0 = 600 ŒÔ‚; 2 Å k0 = 700 ŒÔ‚; 3 Å k0 = 800 ŒÔ‚.
‚§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ÊÎÉ¥´µ ¸ ¶µ³µÐÓÕ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 
¡¥§ ·¥ ²Ó´µ° Î ¸É¨

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (72) ¶·¨ · §´ÒÌ Ô´¥·£¨ÖÌ ´ ²¥É Õ-
Ð¨Ì γ-±¢ ´Éµ¢ ¶µ± § ´µ ´  ·¨¸.17. �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ¥Ð¥ ¡�µ²ÓÏ Ö,
Î¥³ ¢ ¸²ÊÎ ¥ µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ 1s-¸µ¸ÉµÖ´¨¨, ´ ¶· ¢²¥´´µ¸ÉÓ ¢¶¥·¥¤ ¢Ò-
²¥É  ´Ê±²µ´µ¢. ‘¥Î¥´¨Ö ´ ¨¡µ²ÓÏ¨¥ ¶·¨ θp = 0◦ ¨ ·¥§±µ Ê³¥´ÓÏ ÕÉ¸Ö ¸
Ê¢¥²¨Î¥´¨¥³ Ê£²  (·¨¸.17). ‘¥£µ¤´Ö  ±ÉÊ ²Ó´µ° § ¤ Î¥° Ö¢²Ö¥É¸Ö Ô±¸¶¥·¨-
³¥´É ²Ó´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö η-Ö¤¥· ¸ A > 6,   ¶µÔÉµ³Ê ¢ ¦´µ
§´ ÉÓ ¸¥Î¥´¨¥ ¨Ì µ¡· §µ¢ ´¨Ö ¢ · §²¨Î´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ. ’ ±µ¥ ¸¥Î¥´¨¥ ¡Ê¤¥É
¸±² ¤Ò¢ ÉÓ¸Ö ¨§ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö η-Ö¤¥· ¢ 1s- ¨ 1p-¸µ¸ÉµÖ´¨ÖÌ ¢ ¸¨²Ê
µ·Éµ£µ´ ²Ó´µ¸É¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ÔÉ¨Ì ¸µ¸ÉµÖ´¨° η-Ö¤¥·. “£²µ¢µ¥ · ¸¶·¥-
¤¥²¥´¨¥ ¶·µÉµ´µ¢ ¤²Ö µ¡· §µ¢ ´¨Ö 15

ηN ¢ · §²¨Î´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¶µ± § ´µ ´ 
·¨¸.18 ¶·¨ · §´ÒÌ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢. •µÉÖ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ¥ ¸¥Î¥´¨¥ ´ ¨¡µ²ÓÏ¥¥ ¸´µ¢  ¶·¨ ´Ê²¥ £· ¤Ê¸µ¢, ´µ ¸¨²Ó´µ Ê³¥´ÓÏ ÉÓ¸Ö
µ´µ ´ Î¨´ ¥É ¸ ·µ¸Éµ³ Ê£²  ¢Ò²¥É  ¶·µÉµ´µ¢ Éµ²Ó±µ ¶µ¸²¥ ¶¥·¥Ìµ¤  Î¥·¥§
θp ≈ 12◦. ‡ ³¥É¨³, ÎÉµ ¸¥Î¥´¨Ö ¢ ¨´É¥·¢ ²¥ Ê£²µ¢ θp ≈ 0 ÷ 12◦ ¡µ²ÓÏ¨¥.
ˆ, ´ ±µ´¥Í, ¶µ²´Ò¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö η-Ö¤¥· ηT, 11

ηB∗, 15
ηN∗ ¢µ ¢¸¥¢µ§-

³µ¦´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, ÎÉµ ± ¸ ¥É¸Ö ¨Ì ´Ê±²µ´´ÒÌ µ¸Éµ¢µ¢ ¨ Ê·µ¢´¥° ¢µ§¡Ê¦¤¥-
´¨Ö, ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸.19. •µÉÖ ¸¥Î¥´¨Ö
ËµÉµµ¡· §µ¢ ´¨Ö η-Ö¤¥· ¡Ò¸É·µ ¢µ§· ¸É ÕÉ ¸ Ê¢¥²¨Î¥´¨¥³  Éµ³´µ£µ ´µ³¥· 
Ö¤¥·-³¨Ï¥´¥°, Ï¨·¨´Ò µ¡· §ÊÕÐ¨Ì¸Ö η-Ö¤¥· É ±¦¥ ¸¨²Ó´µ Ê¢¥²¨Î¨¢ ÕÉ¸Ö ¸
·µ¸Éµ³ A, ¤¥² Ö É·Ê¤´Ò³ µ¡´ ·Ê¦¥´¨¥ η-Ö¤¥· ¸ Î¨¸²µ³ ´Ê±²µ´µ¢ A > 12.
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�¨¸. 18. ‘Ê³³ ·´µ¥ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢ ·¥ ±Í¨¨ 16O(γ, p)15
η N∗ ¤²Ö µ¡· -

§µ¢ ´¨Ö η-Ö¤·  15
η N∗ ¢ 1s- ¨ 1p-¸µ¸ÉµÖ´¨ÖÌ. �¸É ²Ó´Ò¥ µ¡µ§´ Î¥´¨Ö, ± ± ´  ·¨¸.17

�¨¸. 19. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° 4He(γ, p)ηT , 12C(γ, p)11
η B∗(1L) ¨

16O(γ, p)15
η N∗(1L) µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì γ-±¢ ´Éµ¢ ¸ ÊÎ¥Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ-

´¥Î´µ³ ¸µ¸ÉµÖ´¨¨



1426 ’�Ÿ‘“—Þ‚ ‚.A.

‡�Š‹�—…�ˆ…

‘²µ¦¨¢Ï Ö¸Ö ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¸¨ÉÊ Í¨Ö ¸ η-Ö¤· ³¨ ¤µ¢µ²Ó´µ ¶·µ-
É¨¢µ·¥Î¨¢ Ö. η-Ö¤·  ¶µÖ¢²ÖÕÉ¸Ö É ±¨³¨ ¨ É ³, ± ±¨³¨ ¨ £¤¥ ¨Ì ´¥ µ¦¨¤ ÕÉ!
�·¥¤¸± §Ò¢ ¥³Ò¥ ¢ · ´´¨Ì · ¡µÉ Ì ÉÖ¦¥²Ò¥ η-Ö¤·  ¸ A > 12, ¢¨¤¨³µ, µ¡² -
¤ ÕÉ ¸ÊÐ¥¸É¢¥´´µ ¤·Ê£¨³¨ ¸¢µ°¸É¢ ³¨, Î¥³ · ´¥¥ ¶·¥¤¶µ² £ ²µ¸Ó ¢ · ¡µÉ Ì
[3,4], ÎÉµ § ³¥É´µ § É·Ê¤´¨²µ ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¡´ ·Ê¦¥´¨¥. ‚³¥¸É¥ ¸
É¥³ ¢µÉ Ê¦¥ ¤¥¸ÖÉ±¨ ²¥É ÉÖ´¥É¸Ö ª¸²¥¤ª µÉ  ´µ³ ²¨¨ ¢ ¸¥Î¥´¨ÖÌ µ¡· §µ¢ ´¨Ö
η-³¥§µ´µ¢ ¢¡²¨§¨ ¶µ·µ£  ´  ³ ²µ´Ê±²µ´´ÒÌ ¸¨¸É¥³ Ì. „¥¸ÖÉ±¨ É¥µ·¥É¨±µ¢
¶ÒÉ ²¨¸Ó µ¡ÑÖ¸´¨ÉÓ Ê¢¥²¨Î¥´¨¥ ¸¨²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ η-³¥§µ´- Ö¤¥·´µ° ¸¨-
¸É¥³¥ ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨, ´µ ¢¸¥ ÔÉ¨ · ´´¨¥ ¶µ¶ÒÉ±¨ ¡Ò²¨ ´¥Ê±²Õ¦¨³¨,
¡¥§ ¶·¨¢²¥Î¥´¨Ö £¨¶µÉ¥§Ò ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥·Ì²¥£±¨Ì η-Ö¤¥·. �µ-¢¨¤¨³µ³Ê,
¶·¥¤¸± § ´¨¥ ¸¢µ°¸É¢ η-Ö¤¥· ¸ A > 6 ¨ ¨Ì µ¡´ ·Ê¦¥´¨¥ ¶µ ¶·¥¤¸± § ´´Ò³
¸¢µ°¸É¢ ³ ¶µ§¢µ²¨É ¤ ÉÓ µ±µ´Î É¥²Ó´Ò° µÉ¢¥É ´  ¢µ¶·µ¸ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨
η-Ö¤¥· ¨ ¶¥·¥°É¨ ± ¨Ì ¸¨¸É¥³ É¨Î¥¸±µ³Ê ¨§ÊÎ¥´¨Õ. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶µ-
É·¥¡Ê¥É¸Ö µÉ¢¥É ´  ¡µ²¥¥ É·Ê¤´Ò° ¢µ¶·µ¸ µ Éµ³, ¶µÎ¥³Ê η-Ö¤·  ´¥ ¸ÊÐ¥¸É¢ÊÕÉ.

�¢Éµ· ¢Ò· ¦ ¥É ¡² £µ¤ ·´µ¸ÉÓ �.ˆ.‹¥¡¥¤¥¢Ê §  ¶·¥¤²µ¦¥´´ÊÕ É¥³Ê ¨¸-
¸²¥¤µ¢ ´¨Ö, �.ˆ.‹Ó¢µ¢Ê, ƒ.Œ.� ¤ÊÍ±µ³Ê, �.ˆ.”¨±¸Ê §  ¶²µ¤µÉ¢µ·´Ò¥ ¤¨¸-
±Ê¸¸¨¨, �.‚.Šµ²Î¨´Ê §  ¶µ²¥§´µ¥ § ³¥Î ´¨¥ ¨ �.”.Š·¥Î¥Éµ¢Ê §  ¶µ¤¤¥·¦±Ê
¤ ´´µ° · ¡µÉÒ.
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