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‚ · ¸¸³ É·¨¢ ¥³μ° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ ´ ³¨ ¡Ò²¨ · ´¥¥ ¢¢¥¤¥´Ò

Ë §Ò δ
[f ]
L (E) · ¸¸¥Ö´¨Ö ²¥£Î °Ï¨Ì ±² ¸É¥·μ¢ A + B, ±μÉμ·Ò¥ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸ÖÉ μÉ §´ Î¥-

´¨Ö μ·¡¨É ²Ó´μ° ¸Ì¥³Ò 	´£  [f ] ¨ μ¶·¥¤¥²ÖÕÉ¸Ö ¶μ ¤ ´´Ò³ ¶μ²Ö·¨§ Í¨μ´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢.
—¥·¥§ ÔÉ¨ Ë §Ò ¢Ò· ¦¥´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´-¨§μ¸¶¨´ 
¤¥°É·μ´μ¢ ¢ ¸¨´£²¥É ¨ ¶·μ ´ ²¨§¨·μ¢ ´ Ï¨·μ±¨° ¸¶¥±É· ¤ ´´ÒÌ ¶μ Ô±¸¶¥·¨³¥´ÉÊ d+ t → ds + t
((nn)s + h) (h ≡ 3He) ¢ μ¡² ¸É¨ E² ¡ ∼ 20−40 ŒÔ‚ ¨ ¶μ±  ¡¥¤´Ò¥ ¤ ´´Ò¥ d + d → ds + ds

((nn)s + (pp)s). ‚ Î ¸É´μ¸É¨, μ¡¸Ê¦¤ ÕÉ¸Ö ³¥Éμ¤Ò, ± ±, ´ ¶·¨³¥·, ¨§ É·¥ÌÎ ¸É¨Î´μ£μ ±μ´É¨´Ê-
Ê³  t + p + n ¨§¢²¥ÎÓ ¢±² ¤ ¸μ¸ÉμÖ´¨Ö t + ds. ‚ ¨Éμ£¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ìμ·μÏμ
¶μ¤É¢¥·¦¤ ÕÉ É¥μ·¨Õ, μ¸´μ¢μ° ¤²Ö ±μÉμ·μ° ¸²Ê¦¨É ¡μ²ÓÏμ¥ · §²¨Î¨¥ ³μÐ´μ¸É¨ Ê ¶μÉ¥´Í¨ ²μ¢

V
[41]
L (R) ¨ V

[32]
L (R), V

[4]
L (R) ¨ V

[22]
L (R) ¸μμÉ¢¥É¸É¢¥´´μ. �  ÔÉμ° ¦¥ ¡ §¥ ´ Ìμ¤ÖÉ ¶·μ¸Éμ¥

Ë¨§¨Î¥¸±μ¥ μ¡ÑÖ¸´¥´¨¥ ¤ ´´Ò¥ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨° d + t → 5He + γ, 4He + γ → t + p
(¢³¥¸É¥ ¸ ·¥ ±Í¨¥° ¶¥·¥§ ·Ö¤±¨ t + p → h + n) ¨ 4He + γ → d + d. � ±μ´¥Í, ¶·¥¤¸± §Ò-
¢ ¥É¸Ö Í¥²Ò° ·Ö¤ É·¥Ì±² ¸É¥·´ÒÌ μ±μ²μ¶μ·μ£μ¢ÒÌ ¸μ¸ÉμÖ´¨° É¨¶  s3p4[f ] = [331](t + t + p),
s3p5[f ] = [332](h+ t+d), s4p5[f ] = [432](α+ t+d) ¨ É. ¤., ±μÉμ·Ò¥ ¢¶μ²´¥ ³μ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö
¢ · §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.

Recently we have introduced, within the supermultiplet potential model, the lightest cluster

A + B scattering phase shifts δ
[f ]
L (E). They depend strongly on the signature of the orbital Young

tableau [f ] and can be determined in polarization experiments. The differential cross sections of
the deuteron spin-isospin 
ip into the singlet state are expressed in terms of these phase shifts. The
extended data on the d + t → ds + t ((nn)s + h) (h ≡ 3He) reaction in the energy range Elab ∼
20Ä40 MeV are analyzed as well as scarce data on the d + d → ds + ds ((nn)s + (pp)s) reaction.
In particular, we discuss how to extract, e. g., the contribution of the t + ds state from the three-
body continuum t + p + n data. Resultively, the experiment supports the supermultiplet theory based

physically on the large difference in the strength of the potentials V
[41]
L (R) and V

[32]
L (R) or V

[4]
L (R)

and V
[22]
L (R). In the same approach, we suggest a simple explanation of the photonuclear reactions

d + t → 5He + γ, 4He + γ → t + p (together with the charge-exchange reaction t + p → h + n),
and 4He + γ → d + d. Finally we predict a number of the three-cluster near-threshold states like
s3p4[f ] = [331](t + t + p), s3p5[f ] = [332](h + t + d), s4p5[f ] = [432](α + t + d), etc., which
can be observed in various nuclear reactions.
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’¥μ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ²¥£Î °Ï¨Ì ±² ¸É¥·μ¢ (´Ê±²μ´´ÒÌ  ¸¸μÍ¨ -
Í¨°) · §¢¨¢ ÕÉ¸Ö ¶μ É·¥³ μ¸´μ¢´Ò³ ´ ¶· ¢²¥´¨Ö³.

‚μ-¶¥·¢ÒÌ, ÔÉμ É¥μ·¨Ö ¸¨¸É¥³ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í [1], μ¶¨· ÕÐ Ö¸Ö ´  ¸¨-
¸É¥³Ê Ê· ¢´¥´¨° ” ¤¤¥¥¢ ÄŸ±Ê¡μ¢¸±μ£μ ¤²Ö ¸μ¢μ±Ê¶´μ¸É¨ ¸¢Ö§ ´´ÒÌ ³¥¦¤Ê
¸μ¡μ°  ´É¨¸¨³³¥É·¨§μ¢ ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¸¥³ ¢μ§-
³μ¦´Ò³ · §¡¨¥´¨Ö³ Ë¨§¨Î¥¸±μ° ¸¨¸É¥³Ò ´Ê±²μ´μ¢ ´  ¶μ¤¸¨¸É¥³Ò. ‚ ÔÉ¨
Ê· ¢´¥´¨Ö § ²μ¦¥´μ ¸Î¨É ÕÐ¥¥¸Ö ¨§¢¥¸É´Ò³ ´Ê±²μ´-´Ê±²μ´´μ¥ (NN) ¢§ ¨-
³μ¤¥°¸É¢¨¥, ¨ ´  ¨Ì μ¸´μ¢¥ ¶ÊÉ¥³ Î¨¸²¥´´ÒÌ ¸²μ¦´ÒÌ · ¸Î¥Éμ¢ (¸²μ¦´μ¸ÉÓ
¸¢Ö§ ´  ¸ ¶μ²´Ò³ ÊÎ¥Éμ³ ¢¨·ÉÊ ²Ó´μ£μ ±μ´É¨´ÊÊ³  ¢ ¸¨¸É¥³¥ ¸¢Ö§ ´´ÒÌ Ê· ¢-
´¥´¨°)  ´ ²¨§¨·ÊÕÉ¸Ö · §²¨Î´Ò¥ ±μ´±·¥É´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨. ˆ¸¶μ²Ó§Ê-
ÕÉ¸Ö ¨ ´¥¸±μ²Ó±μ Ê¶·μÐ¥´´Ò¥ ¢ ·¨ ´ÉÒ Ê± § ´´μ° É¥μ·¨¨ [2].

‚μ-¢Éμ·ÒÌ, ÔÉμ ³¥Éμ¤ ·¥§μ´¨·ÊÕÐ¨Ì £·Ê¶¶ (Œ�ƒ) [3], £¤¥ Ë¨±¸¨·μ¢ ´μ
Ëμ·³¨·μ¢ ´¨¥ ±² ¸É¥·μ¢ ¨§ ´Ê±²μ´μ¢, ¶·μ¢μ¤¨É¸Ö ¶μ²´ Ö  ´É¨¸¨³³¥É·¨§ -
Í¨Ö ¨ ¢ μ¸´μ¢¥ Éμ¦¥ ²¥¦¨É μ¶·¥¤¥²¥´´Ò° ¢ ·¨ ´É NN -¢§ ¨³μ¤¥°¸É¢¨Ö. �μ
¢¨·ÉÊ ²Ó´Ò° ±μ´É¨´ÊÊ³ ¶·¨ ÔÉμ³ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö. ‚ ¨Éμ£¥ μ¶·¥¤¥²Ö¥É¸Ö E- ¨
L-§ ¢¨¸ÖÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ±² ¸É¥·μ¢, · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¸¤¢¨£¨ Ë §, ·¥ ±Í¨¨
±² ¸É¥·´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö ¨ É. ¤.

‚-É·¥ÉÓ¨Ì, ÔÉμ ¶μÉ¥´Í¨ ²Ó´ Ö ³μ¤¥²Ó ¢§ ¨³μ¤¥°¸É¢¨Ö ±² ¸É¥·μ¢ [4], ±μÉμ-
· Ö ±μ´Í¥¶ÉÊ ²Ó´μ μ¶¨· ¥É¸Ö ´  ¡μ£ ÉÒ° μ¶ÒÉ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¨¸¸²¥¤μ-
¢ ´¨Ö ±² ¸É¥·´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ ²¥£±¨Ì Ö¤· Ì ¢ · ³± Ì ³´μ£μÎ ¸É¨Î´μ°
³μ¤¥²¨ μ¡μ²μÎ¥± [5], ÎÉμ ¶μ§¢μ²Ö¥É, ´ ¶·¨³¥·, ÔËË¥±É¨¢´μ ÊÎ¨ÉÒ¢ ÉÓ ¢²¨-
Ö´¨¥ ¶·¨´Í¨¶  � Ê²¨ Î¥·¥§ ¢¢¥¤¥´¨¥ £²Ê¡μ±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¶·¨ÉÖ¦¥´¨Ö ¸
§ ¶·¥Ð¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ [4Ä6]. �  ÔÉμ° μ¸´μ¢¥ μ¤´μ¢·¥³¥´´μ Ìμ·μÏμ
μ¶¨¸Ò¢ ÕÉ¸Ö ± ± · ¸¸¥Ö´¨¥ ±² ¸É¥·μ¢ α + α, α + d, α + t, t + h, É ± ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨¥ ËμÉμÖ¤¥·´Ò¥ ·¥ ±Í¨¨ É¨¶  7Li + γ → α + t [7]. �μ¸²¥¤´¥¥
μ¡¸ÉμÖÉ¥²Ó¸É¢μ μÎ¥´Ó ¢ ¦´μ, ¶μ¸±μ²Ó±Ê ¨³¥´´μ ËμÉμÖ¤¥·´Ò¥ ¸¥Î¥´¨Ö ¶μ§¢μ-
²ÖÕÉ · §²¨Î ÉÓ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢§ ¨³´μ£μ ¤¢¨¦¥´¨Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ -
Ð¨¥ μ¸Í¨²²ÖÍ¨Õ, Ê§¥² ¢ μ¡² ¸É¨ ¶¥·¥±·Ò¢ ´¨Ö ±² ¸É¥·μ¢ (ÎÉμ Ì · ±É¥·´μ
¤²Ö £²Ê¡μ±¨Ì ¶·¨ÉÖ£¨¢ ÕÐ¨Ì ¶μÉ¥´Í¨ ²μ¢ ¸ § ¶·¥Ð¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨) ¨
¢μ²´μ¢Ò¥ ËÊ´±Í¨¨, ¢Ò³¨· ÕÐ¨¥ ¢ ÔÉμ° μ¡² ¸É¨ (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μÉÉ ²±¨-
¢ ÕÐ¥° ¸¥·¤Í¥¢¨´¥). �Éμ ¸¢Ö§ ´μ, ¢ Î ¸É´μ¸É¨, ¸ É¥³ μ¡¸ÉμÖÉ¥²Ó¸É¢μ³, ÎÉμ
E1-¶μ£²μÐ¥´¨Õ ¸μμÉ¢¥É¸É¢Ê¥É μ¶¥· Éμ· £· ¤¨¥´É  ¶μ ±μμ·¤¨´ É¥ ¢§ ¨³´μ£μ
¤¢¨¦¥´¨Ö [7]. ‚ Éμ ¦¥ ¢·¥³Ö ´¨§Ï¨¥ Ë §Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö · §²¨Î ÕÉ¸Ö
¶·¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì Ô´¥·£¨ÖÌ ´  nπ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ ¤¢ÊÌ Ê± § ´´ÒÌ É¨¶μ¢,
¨ ¸ ³¨ ¶μ ¸¥¡¥ ¤ ´´Ò¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥ ³μ£ÊÉ μÉ²¨Î¨ÉÓ μ¤¨´ ¶μÉ¥´-
Í¨ ² μÉ ¤·Ê£μ£μ. ’ ±μ° ¸¨´É¥§ ¨¸¸²¥¤μ¢ ´¨Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ´  ¨ ¢´¥
Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¶μ§¢μ²¨² Ê¢¥·¥´´μ ¶μ¤É¢¥·¤¨ÉÓ ¸¶· ¢¥¤²¨¢μ¸ÉÓ
Ê¶μ³Ö´ÊÉÒÌ ¶μÉ¥´Í¨ ²μ¢ ¶·¨ÉÖ¦¥´¨Ö, É. ¥. ¶μ¤É¢¥·¤¨ÉÓ ÉμÉ Ë ±É, ÎÉμ ¢¸¥
Ë §Ò · ¸¸¥Ö´¨Ö Ö¢²ÖÕÉ¸Ö ¶μ²μ¦¨É¥²Ó´Ò³¨. �ÉμÉ ¶μ¤Ìμ¤ ¢¸±·Ò¢ ¥É ¶·μ¸ÉÊÕ
Ë¨§¨±Ê ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥³Ò³ ³¥Éμ¤μ³
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·¥§μ´¨·ÊÕÐ¨Ì £·Ê¶¶, ¤ ¥É μ·¨£¨´ ²Ó´ÊÕ ± ·É¨´Ê ¢§ ¨³μ¤¥°¸É¢¨Ö ±² ¸É¥·μ¢
¨ Ö¢²Ö¥É¸Ö ¶·μ¸ÉÒ³ ¢ ¶² ´¥ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢. ŒÒ ¢¨¤¨³ ¶²μ¤μÉ¢μ·´Ò¥
¢μ§³μ¦´μ¸É¨ μ¡Ñ¥¤¨´¥´¨Ö ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ ¸ Ê¶μ³Ö´ÊÉμ° É¥μ·¨¥° ¸¨-
¸É¥³ ¨§ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í ¢ Éμ³, ÎÉμ¡Ò ´  μ¸´μ¢¥ É ±μ° É¥μ·¨¨ ®¨§ ¶¥·¢ÒÌ
¶·¨´Í¨¶μ¢¯ ¸ ÊÎ¥Éμ³ ¢¨·ÉÊ ²Ó´μ£μ ±μ´É¨´ÊÊ³  μ¶·¥¤¥²¨ÉÓ, ´ ¶·¨³¥·, μ¡-
¸Ê¦¤ ¥³Ò¥ ¶μÉ¥´Í¨ ²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ±² ¸É¥·μ¢. �·¨ ±μ´±·¥É´μ³  ´ ²¨§¥
· §²¨Î´ÒÌ ·¥ ±Í¨° ÔÉμ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ ¥£μ, μ¶¨· Ö¸Ó Ê¦¥ ´  ±² ¸É¥·-
±² ¸É¥·´Ò¥ ¶μÉ¥´Í¨ ²Ò, ´¥ ¨¸¶μ²Ó§ÊÖ ± ¦¤Ò° · § ¢¸Õ Í¥¶μÎ±Ê Î¨¸²¥´´ÒÌ
· ¸Î¥Éμ¢ ¢ · ³± Ì ÔÉμ° É¥μ·¨¨. “± § ´´Ò° ¶μ¤Ìμ¤ ¸ μ¡Ð¥° ÉμÎ±¨ §·¥´¨Ö
¢¶μ²´¥ ¸μμÉ¢¥É¸É¢Ê¥É ¶· ±É¨±¥ ¨¸¶μ²Ó§μ¢ ´¨Ö μ¡ÒÎ´ÒÌ μ¶É¨Î¥¸±¨Ì ¶μÉ¥´Í¨-
 ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ´Ê±²μ´μ¢ ¸ Ö¤· ³¨, ±μÉμ·Ò¥ ÔËË¥±É¨¢´μ ¶·¥¤¸É ¢²ÖÕÉ
³´μ£μ´Ê±²μ´´ÊÕ ³¨±·μ¸±μ¶¨±Ê.

‚ 80Ä90-¥ ££. XX ¢. ¶μÉ¥´Í¨ ²Ó´ Ö ³μ¤¥²Ó ¢§ ¨³μ¤¥°¸É¢¨Ö ±² ¸É¥·μ¢ ¡Ò² 
μ¡μ¡Ð¥´  ¨ ¸Ê³¥²  μÌ¢ É¨ÉÓ É ±¨¥ ±² ¸É¥·-±² ¸É¥·´Ò¥ ¸¨¸É¥³Ò, ±μÉμ·Ò¥ · -
´¥¥ ®´¥ ¶μ¤¤ ¢ ²¨¸Ó¯ ¶μÉ¥´Í¨ ²Ó´μ³Ê μ¶¨¸ ´¨Õ: d+p, d+d, t+p, d+ t. �Éμ
¸É ²μ ¢μ§³μ¦´Ò³ ¶μ¸²¥ Éμ£μ, ± ± ¡Ò² ¸¤¥² ´ ¢ ¦´Ò° Ï £ [8] Å ¸μ¢¥·Ï¥´´μ
´¥μ¡Ìμ¤¨³Ò° ¢ ± ´ ² Ì ¸ ³¨´¨³ ²Ó´Ò³ ¶μ²´Ò³ ¸¶¨´μ³ S ÊÎ¥É ¨´É¥·Ë¥-
·¥´Í¨¨ ¤¢ÊÌ ¶μÉ¥´Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¢Ê³ · §´Ò³ ¸Ì¥³ ³
	´£  [f ] (ÔÉμ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´ Ö ¶μÉ¥´Í¨ ²Ó´ Ö ³μ¤¥²Ó Å ‘�Œ). �¥±μÉμ-
·Ò¥ ¶·¨²μ¦¥´¨Ö É ±μ£μ ¶μ¤Ìμ¤  μ¡¸Ê¦¤ ²¨¸Ó ¢ · ¡μÉ Ì [8Ä11]. ‚ Î ¸É´μ¸É¨,
É ³ ¡Ò²  Ê± § ´  ¨´É¥·¥¸´ Ö ¢μ§³μ¦´μ¸ÉÓ ‘�Œ Å ¸Ê¶¥·¶μ§¨Í¨Ö ¶μÉ¥´Í¨-
 ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¸ · §´Ò³¨ [f ] ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ´¥Ê¶·Ê£μ£μ ± ´ ² 
¸¶¨´-¨§μ¸¶¨´μ¢μ£μ ¶¥·¥¢μ·μÉ  (¶¥·¥§ ·Ö¤±¨) ¤¥°É·μ´  [10]. ˆ´ Î¥ £μ¢μ·Ö,
É ±μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ Ë §Ò Ê¶·Ê£μ£μ · ¸-

¸¥Ö´¨Ö δ
[f ]
L (E), μ¶·¥¤¥²Ö¥³Ò¥ ¨§ Ô±¸¶¥·¨³¥´É , ¥¸²¨ ¨§³¥·¥´Ò Ë §Ò δL,S(E)

¸ · §´Ò³¨ §´ Î¥´¨Ö³¨ ¶μ²´μ£μ ¸¶¨´  ¸¨¸É¥³Ò S. Š·μ³¥ Éμ£μ, ¸Ê¶¥·¶μ§¨Í¨Ö
¸Ì¥³ 	´£  μ± § ² ¸Ó μÎ¥´Ó ¶μ²¥§´μ° ±μ´Í¥¶Í¨¥° ¨ ¶·¨  ´ ²¨§¥ ËμÉμÖ¤¥·´ÒÌ
·¥ ±Í¨° ¢ μ¡² ¸É¨ ²¥£Î °Ï¨Ì Ö¤¥· [11, 12].

�¡¸Ê¦¤ ¥³Ò° Ëμ·³ ²¨§³ Ì · ±É¥·¨§Ê¥É¸Ö  ±É¨¢´Ò³ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³´μ-
£μÎ ¸É¨Î´ÒÌ ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ £¥´¥ ²μ£¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ [5, 13].

‡ ¢¨¸ÖÐ¨¥ μÉ [f ] ¶μÉ¥´Í¨ ²Ò ¤μ ¸¨Ì ¶μ· ¡Ò²¨ ¸μ¢¥·Ï¥´´μ ´¥ Ì · ±É¥·´Ò
¤²Ö · ¡μÉ ¶μ É¥μ·¨¨ ¸¨¸É¥³ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í (¨¸±²ÕÎ Ö ´ Ï¨ · ¡μÉÒ [11]),
É ± ± ± Ö·±¨¥ μ¸μ¡¥´´μ¸É¨ ¢ ¸¶¥±É· Ì É ±¨Ì ¸¨¸É¥³, ¸¢Ö§ ´´Ò¥ ¸ ´Ê±²μ´-
´Ê±²μ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ Œ °μ· ´Ò ¨ ¸μ ¸Ì¥³ ³¨ 	´£ , ±μÉμ·Ò¥ ¸ÉμÖÉ
§  ÔÉ¨³¨ ¸¨² ³¨, ¢μ§´¨± ÕÉ, ´ Î¨´ Ö ²¨ÏÓ ¸  Éμ³´ÒÌ ´μ³¥·μ¢ A = 4 ¨ 5,
±μ£¤  ¢ ¸Ì¥³¥ 	´£  ¶μÖ¢²ÖÕÉ¸Ö ¸É·μ±¨ ³ ±¸¨³ ²Ó´μ° ¤²¨´Ò Å [f ] = [4] ¨²¨
[f ] = [41] ¤²Ö Ö¤¥· 4He ¨ 5HeÄ5Li ¸μμÉ¢¥É¸É¢¥´´μ. �´¥·£¨Ö ΔE, ¸¢Ö§ ´´ Ö ¸
¢μ§¡Ê¦¤¥´¨¥³ § ³±´ÊÉμ° Î¥É¢¥·±¨ [f ] = [4] → [f ] = [31] ¨²¨ [f ] = [41] →
[f ] = [32], §¤¥¸Ó μ¸μ¡¥´´μ ¢¥²¨± : ΔE � 15−20 ŒÔ‚ (¸³. ´¨¦¥).

‡  ¶μ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö ´ ±μ¶²¥´ μ¡Ï¨·´Ò° ³ É¥·¨ ², ¤μ¸É ÉμÎ´Ò°
¤²Ö · §´μ¸Éμ·μ´´¥° ¶·μ¢¥·±¨ ‘�Œ ¨ ¢Ò¸É· ¨¢ ´¨Ö ´  ¥¥ μ¸´μ¢¥ ¥¤¨´μ°
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Ë¨§¨Î¥¸±μ° ± ·É¨´Ò ´¥¨§¢¥¸É´ÒÌ · ´¥¥ ¶·μ¸ÉÒÌ ¢§ ¨³μ¸¢Ö§¥° ³¥¦¤Ê ¸μ¢¥·-
Ï¥´´μ · §´Ò³¨, ´  ¶¥·¢Ò° ¢§£²Ö¤, Ö¤¥·´Ò³¨ ·¥ ±Í¨Ö³¨ ¢ ³¨·¥ ²¥£Î °Ï¨Ì
Ö¤¥·. �´  ´ ²¨§¨·μ¢ ²¸Ö ¢ ¸¥·¨¨ ´ Ï¨Ì ¨¸¸²¥¤μ¢ ´¨° [11, 12, 14Ä18], ·¥-
§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ ¸Ê³³¨·μ¢ ´Ò ¢ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥, £¤¥ ¸Ëμ·³Ê²¨·μ¢ ´Ò,
¢ Î ¸É´μ¸É¨, ¨ Ê± § ´´Ò¥ ¢§ ¨³μ¸¢Ö§¨. Šμ´±·¥É´μ μ¡¸Ê¦¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥
¢μ¶·μ¸Ò.

‚ · §¤. 1 ±· É±μ ¨§² £ ¥É¸Ö Ëμ·³ ²¨§³ É¥μ·¨¨ · ¸¸¥Ö´¨Ö ‘�Œ, μ¸´μ¢ ´-
´Ò° ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¶μ´ÖÉ¨Ö μ·¡¨É ²Ó´μ° ¸Ì¥³Ò 	´£  [f ] ¸¨¸É¥³Ò A+ B.
‚ ± ´ ² Ì ¸ ³¨´¨³ ²Ó´Ò³ ¶μ²´Ò³ ¸¶¨´μ³ S = Smin ¶·¨ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨
A + B ¨´É¥·Ë¥·¨·ÊÕÉ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¸ ¤¢Ê³Ö · §´Ò³¨ §´ Î¥´¨Ö³¨
[f ], É. ¥. ÔÉ¨ ± ´ ²Ò Ö¢²ÖÕÉ¸Ö ´¥¶μÉ¥´Í¨ ²Ó´Ò³¨, ¥¸²¨ ¶·¨´ÖÉÓ ¥¸É¥¸É¢¥´-
´Ò³ μ¡· §μ³, ÎÉμ  ³¶²¨ÉÊ¤  ¤²Ö § ¤ ´´μ£μ [f ] Ö¢²Ö¥É¸Ö ¶μÉ¥´Í¨ ²Ó´μ°, ¶·¨-
Î¥³ ³μÐ´μ¸ÉÓ ¶μÉ¥´Í¨ ²  V [f ](r) ¢ ‘�Œ ¤μ²¦´  ¸¨²Ó´μ § ¢¨¸¥ÉÓ μÉ ¢¨¤ 
(¸¨£´ ÉÊ·Ò) [f ]. „¥² ¥É¸Ö ¢ ¦´Ò° μ·¨£¨´ ²Ó´Ò° ¢Ò¢μ¤, ÎÉμ ¶·¨ Ô´¥·£¨ÖÌ
E¸Í³ ≈ 10−20 ŒÔ‚ ¤²Ö ¸¨¸É¥³ d + t ¨ d + p ¨ E¸Í³ ≈ 20−30 ŒÔ‚ ¤²Ö ¸¨¸É¥³
d + d (±μ£¤  Ô´¥·£¨Ö ΔEd

t−s ¢μ§¡Ê¦¤¥´¨Ö ¤¥°É·μ´  ¢ ¸¨´£²¥É (¤²Ö d + d ¸μμÉ-
¢¥É¸É¢¥´´μ 2ΔEd

t−s) Ö¢²Ö¥É¸Ö ³Ö£±μ°, É. ¥. £μ· §¤μ ³¥´ÓÏ¥, Î¥³ E¸Í³) ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´  ¤¥°É·μ´  ¢ ¸¨´£²¥É
d → ds(nn), Ì · ±É¥·´Ò¥ ¤²Ö Ê± § ´´ÒÌ ± ´ ²μ¢ ¸ S = Smin, ³μ£ÊÉ ¡ÒÉÓ ¢Ò-

· ¦¥´Ò Î¥·¥§ Ë §Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö δ
[f ]
L , ±μÉμ·Ò¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¢ · ³± Ì

‘�Œ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ë §Ò δL,S, ¨§³¥·Ö¥³Ò¥ ¢ ¶μ²Ö·¨§ Í¨μ´´ÒÌ Ô±¸¶¥·¨-
³¥´É Ì. „²Ö ¸¨¸É¥³Ò t+p  ´ ²μ£¨Î´Ò³ μ¡· §μ³ ¸ Ë § ³¨ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
¸¢Ö§Ò¢ ¥É¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ t + p → h + n.

� §¤¥² 2 ¶μ¸¢ÖÐ¥´ Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ d + t, d + p ¨, £² ¢´μ¥, ·¥ ±Í¨¨
d + t → ds + t(nn + h). ˆ§² £ ¥É¸Ö ³¥Éμ¤¨±  ¨§¢²¥Î¥´¨Ö ¨§ np-±μ´É¨´ÊÊ³ 
¢±² ¤  ¸¨´£²¥É´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ , μ¸´μ¢ ´´ Ö ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¨§-
¢¥¸É´μ£μ ¶·¨¡²¨¦¥´¨Ö Œ¨£¤ ² Ä‚ É¸μ´ . �É³¥Î ¥É¸Ö μ¸μ¡ Ö Í¥´´μ¸ÉÓ ¤ ´-
´ÒÌ μ ¶¥·¥¢μ·μÉ¥ ¸¶¨´-¨§μ¸¶¨´  ¤¥°É·μ´  ¢ ¸¨´£²¥É ¸ ¶¥·¥§ ·Ö¤±μ° d + t →
nn + h, ¶μ¸±μ²Ó±Ê ¢ nn-±μ´É¨´ÊÊ³¥ ¸ ¸¨´£²¥É´Ò³ S-¸μ¸ÉμÖ´¨¥³ ´¥ ±μ´-
±Ê·¨·Ê¥É É·Ê¤´μ μÉ¤¥²Ö¥³μ¥ É·¨¶²¥É´μ¥ S-¸μ¸ÉμÖ´¨¥ (± ± ¤²Ö np-¶ ·Ò),  
É·¨¶²¥É´μ¥ P -¸μ¸ÉμÖ´¨¥ ¤ ¥É ³ ²Ò° ¢±² ¤ ¶·¨ ´¥¡μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì ¢§ ¨³-
´μ£μ ¤¢¨¦¥´¨Ö. ‡¤¥¸Ó ‘�Œ ±μ²¨Î¥¸É¢¥´´μ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥, ¶μ¸±μ²Ó±Ê · §´¨Í  ¢ ³μÐ´μ¸É¨ ¶μÉ¥´Í¨ ²μ¢ V [41](r) ¨ V [32](r) ¤μ-
¸É ÉμÎ´μ ¢¥²¨± , ∼ 50%. ‚ Éμ ¦¥ ¢·¥³Ö ¤²Ö d + p-¸¨¸É¥³Ò É¥μ·¨Ö ²¨ÏÓ
± Î¥¸É¢¥´´μ ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´ÉÊ, ¶μ¸±μ²Ó±Ê Ê± § ´´ Ö · §´¨Í  ¤²Ö
¶μÉ¥´Í¨ ²μ¢ V [3](r) ¨ V [21](r) ´¥¢¥²¨±  ¨ ¸μ¸É ¢²Ö¥É ²¨ÏÓ 20 %. �´ ²¨-
§¨·Ê¥É¸Ö ¨´É¥·¥¸´ Ö ¶·μ¡²¥³  Å ¶μÎ¥³Ê ¶·¨ ´ ²¨Î¨¨ §´ ³¥´¨Éμ£μ É¥·³μ-
Ö¤¥·´μ£μ Ê·μ¢´Ö 3/2+(L = 0, S = 3/2) ¢ ¸¨¸É¥³¥ t + d  ´ ²μ£¨Î´μ£μ Ê·μ¢´Ö
1/2+(L = 0, S = 1/2) ´¥É.

‚ · §¤. 3 μ¡¸Ê¦¤ ÕÉ¸Ö, ¢μ-¶¥·¢ÒÌ, ¢μ¶·μ¸Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö d + d ¨
¸¶¨´-¨§μ¸¶¨´μ¢μ£μ ¶¥·¥¢μ·μÉ  ¤¢ÊÌ ¤¥°É·μ´μ¢ ¢ ¸¨´£²¥É ¢ ± ´ ² Ì ¸ S = 0,
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£¤¥ μ¸´μ¢´Ò¥ ¤ ´´Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ���
“±· ¨´Ò (ŠˆŸˆ), Š¨¥¢. �¶¨¸Ò¢ ¥É¸Ö ¡μ²¥¥ ¸²μ¦´ Ö, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²Ê-
Î ¥, ³¥Éμ¤¨±  ¢Ò¤¥²¥´¨Ö ¤¢ÊÌ ¸¨´£²¥É´ÒÌ ¤¥°É·μ´μ¢ ¢ Î¥ÉÒ·¥Ì´Ê±²μ´´μ³
±μ´É¨´ÊÊ³¥. ‡¤¥¸Ó μ¶ÖÉÓ ¢ ¦´ÊÕ ·μ²Ó ¢ ± ²¨¡·μ¢±¥ ´¥Ê¶·Ê£μ£μ Ô±¸¶¥·¨³¥´É 
¨£· ¥É ¶·μÍ¥¸¸ ¸ μ¡· §μ¢ ´¨¥³ nn-¶ ·Ò d+d → (nn)+(pp). ”¨§¨Î¥¸± Ö ¸¨-
ÉÊ Í¨Ö Ì · ±É¥·¨§Ê¥É¸Ö É¥³, ÎÉμ · §²¨Î¨¥ ¢ ³μÐ´μ¸ÉÖÌ ¶μÉ¥´Í¨ ²μ¢ V [4](r)
¨ V [22](r) Ö¢²Ö¥É¸Ö É·¥Ì±· É´Ò³, É. ¥. μ´  Ö¢²Ö¥É¸Ö ¶·μ¸Éμ ¨¤¥ ²Ó´μ° ¤²Ö
‘�Œ. „¥°¸É¢¨É¥²Ó´μ, Ëμ·³Ê²  ‘�Œ, ¢Ò· ¦ ÕÐ Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥-
Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´μ¢ μ¡μ¨Ì ¤¥°É·μ´μ¢ ¢ ¸¨´£²¥É Î¥·¥§
Ë §Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¤¥°É·μ´μ¢ δL,S , ¤ ¥É ±μ²¨Î¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ Ô±¸-
¶¥·¨³¥´É  ŠˆŸˆ. �μ ÔÉμÉ ¶¥·¢Ò°, ¶μ±  ¢¥¸Ó³  μ£· ´¨Î¥´´Ò° Ô±¸¶¥·¨³¥´É
´ ¤μ ¸ÊÐ¥¸É¢¥´´μ · ¸Ï¨·ÖÉÓ.

„ ²¥¥, ¢  ´ ²μ£¨Î´μ³ ¶² ´¥ · ¸¸³ É·¨¢ ¥É¸Ö ¥¤¨´μ¥ μ¶¨¸ ´¨¥ Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ¢ ¸¨¸É¥³¥ t + p ¨ ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ t + p → h + n. ‘μ£² -
¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ‘�Œ ¸ Ô±¸¶¥·¨³¥´Éμ³ §¤¥¸Ó Éμ¦¥ Ö¢²Ö¥É¸Ö
±μ²¨Î¥¸É¢¥´´Ò³.

� §¤¥² 4 ¶μ¸¢ÖÐ¥´ (¢ ±· É±μ³ ¨§²μ¦¥´¨¨) ËμÉμÖ¤¥·´Ò³ ·¥ ±Í¨Ö³ d+h →
5Li + γ, 4He + γ → t + p, 4He + γ → d + d ¨ 4Heγ → 3He + n ¢ μ¡¸Ê¦¤ ¥³μ°
§¤¥¸Ó μ¡² ¸É¨ ¢§ ¨³´μ£μ ¤¢¨¦¥´¨Ö ±² ¸É¥·μ¢ ∼ 10−20 ŒÔ‚. �É¨ ·¥ ±Í¨¨
¢¶¥·¢Ò¥ Ê¤ ¥É¸Ö Ìμ·μÏμ μ¶¨¸ ÉÓ ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²ÓÕ ¨ ¨³¥´´μ ¢ ¢¨¤¥
‘�Œ, ¶μÉμ³Ê ÎÉμ, ´ ¶·¨³¥·, ¢ ·¥ ±Í¨¨ d + h → 5Li + γ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ-
´¨¨ ¤μ³¨´¨·Ê¥É ¸¨³³¥É·¨Ö [f ] = [32],   ¢ ±μ´¥Î´μ³ Å [f ] = [41], ¨ ³μÐ´μ¸É¨
É ±¨Ì ±² ¸É¥·-±² ¸É¥·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÉ¸Ö (¸³. ¢ÒÏ¥).

‚ · §¤. 5, · §¢¨¢ Ö μ¶ÒÉ ‘�Œ, ´  μ¸´μ¢¥ ¤ ´´ÒÌ μ ±¢ §¨Ê¶·Ê£μ³ ¢Ò-
¡¨¢ ´¨¨ ´Ê±²μ´μ¢ ¨§ 1s-μ¡μ²μÎ±¨ ³Ò ¤ ¥³ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö
μ±μ²μ¶μ·μ£μ¢ÒÌ É·¥Ì±² ¸É¥·´ÒÌ ¸μ¸ÉμÖ´¨° t + d + d, t + t + d, t + t + t ¸
¸¨³³¥É·¨Ö³¨ É¨¶  [f ] = [322] ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤· Ì p-μ¡μ²μÎ±¨,   É ±¦¥
³¥´¥¥ Ô±§μÉ¨Î¥¸±¨Ì μ±μ²μ¶μ·μ£μ¢ÒÌ É·¥Ì±² ¸É¥·´ÒÌ ¸μ¸ÉμÖ´¨° α + d + d,
α + t + d, α + t + t ¸ ¸¨³³¥É·¨Ö³¨ É¨¶  [f ] = [422]. ’ ±¨¥ ¸μ¸ÉμÖ´¨Ö ¢¶μ²´¥
´ ¡²Õ¤ ¥³Ò ¢ Ö¤¥·´μ° Ë¨§¨±¥ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì Ô´¥·£¨°, μ´¨ ³μ£ÊÉ ¡ÒÉÓ
 ±ÉÊ ²Ó´Ò ¤²Ö Ö¤¥·´μ°  ¸É·μË¨§¨±¨.

‚ § ±²ÕÎ¨É¥²Ó´μ³ · §¤¥²¥ ¶μ¤¢μ¤ÖÉ¸Ö ¨Éμ£¨ Å ± ±¨¥ ¨³¥´´μ Ë¨§¨Î¥¸±¨¥
μ¸´μ¢Ò ‘�Œ ¶μ§¢μ²ÖÕÉ Ë ±É¨Î¥¸±¨ ´   ´ ²¨É¨Î¥¸±μ³ Ê·μ¢´¥ μ¡Ñ¥¤¨´¨ÉÓ
μ¶¨¸ ´¨¥ · §´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ cËμ·³Ê²¨·μ¢ ÉÓ ´ ¶· ¢²¥´¨¥ ¤ ²Ó´¥°-
Ï¨Ì ¨¸¸²¥¤μ¢ ´¨°. ‘μ¶μ¸É ¢²ÖÕÉ¸Ö ¶μ¤Ìμ¤Ò ‘�Œ, ³¥Éμ¤  ·¥§μ´¨·ÊÕÐ¨Ì
£·Ê¶¶ ¨ É¥μ·¨¨ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í.

1. ”��Œ�‹ˆ‡Œ ’…��ˆˆ ��‘‘…Ÿ�ˆŸ
‚ ‘“�…�Œ“‹œ’ˆ�‹…’��‰ ��’…�–ˆ�‹œ��‰ Œ�„…‹ˆ

� §²μ¦¥´¨¥ ¶ ·Í¨ ²Ó´μ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö A + B ¢ ¶·¥¤¶μ²μ¦¥´¨¨
SU (4)-¸¨³³¥É·¨¨ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ [8Ä12]
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TL =
∑
S

TL,S =
∑

S,σ,t,τ,[f ]

(tAτA, tBτB|tτ)(SAσA, SBσB|Sσ)×

×
〈
[f̃A]SAtA, [f̃B]SBtB|[f̃ ]St

〉
T

[f ]
L

〈
[f̃ ]St|[f̃ ′

A]S′
At′A, [f̃ ′

B]S′
Bt′B

〉
×

× (Sσ|S′
Aσ′

A, S′
Bσ′

B)(tτ |t′Aτ ′
A, t′Bτ ′

B), (1.1)

£¤¥ S, t, [f̃ ] Å ¸¶¨´, ¨§μ¸¶¨´ ¨ ¸¶¨´-¨§μ¸¶¨´μ¢ Ö ¸Ì¥³  	´£  ¸¨¸É¥³Ò A+B;

σ, τ Å ¶·μ¥±Í¨¨ ¸¶¨´  ¨ ¨§μ¸¶¨´  ¸μμÉ¢¥É¸É¢¥´´μ; 〈[f̃A]SAtA,

[f̃B]SBtB|[f̃ ]St〉 Å ¨§μ¸± ²Ö·´Ò¥ ³´μ¦¨É¥²¨ ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ -
´  £·Ê¶¶Ò SU(4) (¸¶¨´-¨§μ¸¶¨´μ¢Ò¥ £¥´¥ ²μ£¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ) [5, 13];

T
[f ]
L Å ¶ ·Í¨ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò, ¨´¢ ·¨ ´É´Ò¥ ¶μ μÉ´μÏ¥´¨Õ ± ¶·¥μ¡· -

§μ¢ ´¨Ö³ £·Ê¶¶Ò SU(4), [f ] Å μ·¡¨É ²Ó´ Ö ¸Ì¥³  	´£  ¸¨¸É¥³Ò A + B.
�³¶²¨ÉÊ¤  TL,S ¢ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ § ¢¨¸¨É μÉ S
μ¶μ¸·¥¤μ¢ ´´μ, Î¥·¥§ § ¢¨¸¨³μ¸ÉÓ μÉ ¢¨¤  (¸¨£´ ÉÊ·Ò) [f ], ±μÉμ· Ö Ö¢²Ö¥É¸Ö
´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´μ°. �É  ´¥É·¨¢¨ ²Ó´ Ö Î¥·É  ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ³μ-
¤¥²¨ ¶·¨¢μ¤¨É ± Ô±μ´μ³¨Î´μ³Ê μ¶¨¸ ´¨Õ Ô±¸¶¥·¨³¥´É  Å ¢ ´¥° ´¥É Ö¢´ÒÌ
¸¶¨´-μ·¡¨É ²Ó´ÒÌ, ¸¶¨´-¸¶¨´μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨ É. ¤., ´μ ÊÎ¨ÉÒ¢ ¥É¸Ö
£² ¢´Ò° ÔËË¥±É Å Ê¶μ³Ö´ÊÉμ¥ ¢ÒÏ¥ μÎ¥´Ó ¡μ²ÓÏμ¥ (∼ 15−20 ŒÔ‚) · ¸-
Ð¥¶²¥´¨¥ Ê·μ¢´¥° ²¥£Î °Ï¨Ì Ö¤¥· p-μ¡μ²μÎ±¨ (A � 9) ¶μ ¸Ì¥³ ³ 	´£  ¢
¸²ÊÎ ÖÌ, ±μ£¤  ¢μ§¡Ê¦¤ ¥É¸Ö § ³±´ÊÉ Ö Î¥É¢¥·± , É. ¥. [f ] = [4] → [f ] = [31].
�Éμ μ¡Ê¸²μ¢²¥´μ ³μÐ´Ò³¨ ¸¨² ³¨ Œ °μ· ´Ò ³¥¦¤Ê ´Ê±²μ´ ³¨ [5]. ‚ ¨´-
É¥·¥¸ÊÕÐ¥³ ´ ¸  ¸¶¥±É¥ ¨³¥¥³  ´ ²μ£¨Î´μ¥ ¸¨²Ó´μ¥ · ¸Ð¥¶²¥´¨¥ ¶μ ¸Ì¥³ ³
	´£  É¨¶  [f ] = [41] ¨ [f ] = [32] ±² ¸É¥·-±² ¸É¥·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ V [f ](r).
ˆ´ Î¥ £μ¢μ·Ö, ‘�Œ ³μ¦¥É ¡ÒÉÓ ¢¶μ²´¥ · ¡μÉμ¸¶μ¸μ¡´μ° ¤²Ö ¸¨¸É¥³ d+ t(h)
¨ p+ t(h), ´μ ¡μ²¥¥ ¶·μ¡²¥³ É¨Î´μ° ¤²Ö ¸¨¸É¥³Ò d+p, ¶μ¸±μ²Ó±Ê · ¸Ð¥¶²¥-
´¨¥ Ê·μ¢´¥° ³¥¦¤Ê ¸¨£´ ÉÊ· ³¨ [f ] = [3] ¨ [f ] = [21] ¢ ¤¢  · §  ³¥´ÓÏ¥, Î¥³
¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²ÊÎ ¥ (¸³. ¸· ¢´¥´¨¥ ³μÐ´μ¸É¥° ¶μÉ¥´Í¨ ²μ¢ ¢ É ¡². 1 ¨ 2).

� ·Í¨ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò TL μ¶·¥¤¥²ÖÕÉ · §²μ¦¥´¨¥ ¶μ²´μ°  ³¶²¨ÉÊ¤Ò
· ¸¸¥Ö´¨Ö f(θ) ¶μ μ·¡¨É ²Ó´Ò³ ³μ³¥´É ³ L:

f(θ) = − i

2p0

∑
L

(2L + 1)TLPL(cos θ), (1.2)

p0 Å ¨³¶Ê²Ó¸ ¢§ ¨³´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í A ¨ B ¢ ¸. Í. ³.; PL Å ¶μ²¨´μ³Ò
‹¥¦ ´¤· .

‘¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¸μ ¸¶¨´-¨§μ¸¶¨´μ¢Ò³ ¶¥·¥¢μ·μÉμ³ Ê ¤¥°É·μ´ , Ê¸·¥¤-
´¥´´μ¥ ¶μ ´ Î ²Ó´Ò³ μ·¨¥´É Í¨Ö³ ¸¶¨´μ¢ σA, σB ¨ ¶·μ¸Ê³³¨·μ¢ ´´μ¥ ¶μ ±μ-
´¥Î´Ò³ σ′

A, σ′
B (· ¸¸³ É·¨¢ ¥³ · ¸¸¥Ö´¨¥ ´¥¶μ²Ö·¨§μ¢ ´´ÒÌ Î ¸É¨Í), ¨³¥¥É

¢¨¤ [11]
dσ

dΩ
(θ) =

1
(2SA + 1)(2SB + 1)

∑
σA,σB ,σ′A,σ′B

|f(θ)|2 =
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=
1

4p2
0

(2S′
A + 1)(2S′

B + 1)
(2SA + 1)(2SB + 1)

(t′Aτ ′
A, t′Bτ ′

B |tτ)2×

×
∣∣∣∣∑

L

(2L + 1)PL(cos θ)
{ 〈

[f̃A]SAtA, [f̃B]SBtB|[f̃1]St
〉
×

×
〈

[f̃ ′
A]S′

At′A, [f̃ ′
B]S′

Bt′B|[f̃1]St
〉

T
[f1]
L +

〈
[f̃A]SAtA, [f̃B]SBtB|f̃2]St

〉
×

×
〈

[f̃ ′
A]S′

At′A, [f̃ ′
B]S′

Bt′B |[f̃2]St
〉

T
[f2]
L

}∣∣∣∣2. (1.3)

‡¤¥¸Ó SB = 1, S′
B = 0, tB = 0, t′B = 1, [f̃B] = [f̃ ′

B] = [2̃], SA = 1/2, S′
A = 1/2,

tA = 1/2, t′A = 1/2, [f̃A] = [f̃ ′
A] = [1̃] ¨²¨ [3̃], t = 1/2, τ = 1/2, S = 1/2 ¤²Ö

p + d- ¨ h + d-¸¨¸É¥³; SA = 1, S′
A = 0, tA = 0, t′A = 1, [f̃A] = [f̃ ′

A] = [2̃],
t = 0, τ = 0, S = 0 ¤²Ö d + d-¸¨¸É¥³Ò. �·¨ ÔÉμ³, ¥¸²¨ ¶·μ¨¸Ìμ¤¨É ¸¶¨´-
¨§μ¸¶¨´μ¢μ¥ ¶¥·¥¢μ· Î¨¢ ´¨¥ ¤¥°É·μ´  ¡¥§ ¶¥·¥§ ·Ö¤±¨, τ ′

A = 1/2, τ ′
B = 0 ¢

¸²ÊÎ ¥ p + d- ¨ d + h-¸¨¸É¥³ ¨ τ ′
A = τ ′

B = 0 ¢ ¸²ÊÎ ¥ d + d-¸¨¸É¥³Ò; ¥¸²¨ ¦¥
¨³¥¥É ³¥¸Éμ ¶¥·¥§ ·Ö¤± , Éμ τ ′

A = −1/2, τ ′
B = 1 ¤²Ö p + d- ¨ d + h-¸¨¸É¥³ ¨

τ ′
A = 1, τ ′

B = −1 ¤²Ö d + d-¸¨¸É¥³Ò.
”μ·³Ê²Ò (1.1) ¨ (1.3) ¶μ± §Ò¢ ÕÉ (´ ¤μ ¶μ¤¸É ¢¨ÉÓ ±μ´±·¥É´Ò¥ §´ Î¥-

´¨Ö ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´  ¨ £¥´¥ ²μ£¨Î¥¸±¨Ì
±μÔËË¨Í¨¥´Éμ¢ [5,13]), ÎÉμ ¤²Ö ÔÉ¨Ì ¸¨¸É¥³, ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡ÒÎ´Ò¥ μ¡μ-
§´ Î¥´¨Ö

SÊ¶·
L,S = ηL,S exp (2iδL,S) ≡ TL,S + 1, (1.4)

¡Ê¤ÊÉ ¢Ò¶μ²´ÖÉÓ¸Ö ¸μμÉ´μÏ¥´¨Ö

δL,1/2 =
1
2
δ
[f1]
L +

1
2
δ
[f2]
L ; (1.5)

ηL,1/2 = | cos (δ[f1]
L − δ

[f2]
L )|;

δL,3/2 = δ
[f2]
L ; ηL,3/2 = 1.

(1.6)

‡¤¥¸Ó [f1] = [3] ¨ [f2] = [21] ¤²Ö ¸¨¸É¥³Ò d + p(n) ¨ [f1] = [41] ¨ [f2] = [32]
¤²Ö d + t(h),   Ë §  δ

[f ]
L Ì · ±É¥·¨§Ê¥É ¶μÉ¥´Í¨ ² V

[f ]
AB(r) ¢§ ¨³μ¤¥°¸É¢¨Ö

A + B. �É¨ ¶μÉ¥´Í¨ ²Ò, ¸¨²Ó´μ § ¢¨¸ÖÐ¨¥ μÉ ¸¨£´ ÉÊ·Ò [f ], ÎÉμ ¨ Ö¢²Ö¥É¸Ö
Í¥´É· ²Ó´Ò³ ¶Ê´±Éμ³ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ³μ¤¥²¨, ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ Ì [9Ä
12] (¸³. ´¨¦¥).

�¥Ê´¨É ·´μ¸ÉÓ  ³¶²¨ÉÊ¤Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ ¤Ê¡²¥É´ÒÌ ± ´ ² Ì (1.5)
μ¡Ê¸²μ¢²¥´  ¢±²ÕÎ¥´¨¥³ ± ´ ²μ¢ μ¶·μ±¨¤Ò¢ ´¨Ö ¸¶¨´-¨§μ¸¶¨´  ¤¥°É·μ´ 
d + p → ds + p, d + h → ds + h ¨ ¶¥·¥§ ·Ö¤±¨ d + p → pp + n, d + h → pp + t:

Sμ¶·
L,1/2 =

(
1
2

1
2
, 10|1

2
1
2

) (
1
2
T

[f1]
L − 1

2
T

[f2]
L

)
, (1.7)
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S¶
L,1/2 =

(
1
2
− 1

2
, 11|1

2
1
2

) (
1
2
T

[f1]
L − 1

2
T

[f2]
L

)
. (1.8)

�·¨ ÔÉμ³ S-³ É·¨Í  Ê´¨É ·´ :∣∣∣SÊ¶·
L,1/2

∣∣∣2 +
∣∣∣Sμ¶·

L,1/2

∣∣∣2 +
∣∣∣S¶

L,1/2

∣∣∣2 = 1,
∣∣∣SÊ¶·

L,3/2

∣∣∣2 = 1. (1.9)

‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³ ¶·μ¸Éμ¥ ¨ ´ £²Ö¤´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö
c ¶¥·¥¢μ·μÉμ³ ¸¶¨´-¨§μ¸¶¨´  ¤¥°É·μ´  ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ p + d:

dσ

dΩ
(θ) =

1
144p2

0

∣∣∣∣∣∑
L

(2L + 1)PL(cos θ)[T [21]
L − T

[3]
L ]

∣∣∣∣∣
2

. (1.10)

„²Ö ¶ ·Ò t+d (3He+d) ¸ É ±¨³ ¦¥ ³¥Ì ´¨§³μ³ · ¸¸¥Ö´¨Ö ¨³¥¥³  ´ ²μ£¨Î´μ¥
¢Ò· ¦¥´¨¥:

dσ

dΩ
(θ) =

1
144p2

0

∣∣∣∣∑
L

(2L + 1)PL(cos θ)[T [41]
L − T

[32]
L ]

∣∣∣∣2. (1.11)

‚ ¸²ÊÎ ¥ ¶¥·¥§ ·Ö¤±¨ ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö, ¨¤¥´É¨Î´Ò¥ (1.10) ¨ (1.11),
´μ ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ ³´μ¦¨É¥²¥³ 2, ±μÉμ·Ò° ¶μÖ¢²Ö¥É¸Ö ¨§-§  · §´ÒÌ §´ -
Î¥´¨° ¶·μ¥±Í¨¨ ¨§μ¸¶¨´  τ ′

B ¤²Ö ¤¥°É·μ´  ¨ ¶ · pp ¨ nn ¢ ±μÔËË¨Í¨¥´É¥
Š²¥¡Ï Äƒμ·¤ ´  (t′Aτ ′

A, t′Bτ ′
B|tτ). �Ê¦´μ ¶μ³´¨ÉÓ [11], ÎÉμ ÔÉ¨ ¢Ò· ¦¥´¨Ö

¸¶· ¢¥¤²¨¢Ò, ±μ£¤  Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¢ ¸. Í. ³. ¢ ´¥¸±μ²Ó±μ · § ¶·¥¢ÒÏ ¥É
Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö ¤¥°É·μ´  ¢ ¸¨´£²¥É, É. ¥. ¢¥²¨Î¨´Ê 2,22 ŒÔ‚.

�´ ²μ£¨Î´μ ¤²Ö Ê¶·Ê£μ£μ p + d-· ¸¸¥Ö´¨Ö ¶μ²ÊÎ ¥³

dσ

dΩ
(θ) =

1
12p2

0

{∣∣∣∣∑
L

(2L + 1)PL(cos θ)
[
1
2
T

[3]
L +

1
2
T

[21]
L

]∣∣∣∣2+
+ 2

∣∣∣∣∑
L

(2L + 1)PL(cos θ)T [21]
L

∣∣∣∣2}. (1.12)

�·¨ μ¶¨¸ ´¨¨ Ê¶·Ê£μ£μ d + t(h)-· ¸¸¥Ö´¨Ö ¢ ¢Ò· ¦¥´¨¨ (1.12) ´Ê¦´μ

¶·μ¨§¢¥¸É¨ § ³¥´Ò T
[3]
L → T

[41]
L ¨ T

[21]
L → T

[32]
L . �É³¥É¨³ ¤²Ö ¤ ²Ó´¥°Ï¥£μ,

ÎÉμ ¶¥·¢ Ö ¸Ê³³  ¢ (1.12) ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ¶μ²´μ£μ ¸¶¨´  ¸¨¸É¥³Ò
S = 1/2, a ¢Éμ· Ö Å S = 3/2.

’¥Ì´¨±  ¢μ¸¸É ´μ¢²¥´¨Ö ¶μÉ¥´Í¨ ²μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · §²¨Î´Ò³ ¤μ¶Ê-
¸É¨³Ò³ ¶·μ¸É· ´¸É¢¥´´Ò³ ¶¥·¥¸É ´μ¢μÎ´Ò³ ¸¨³³¥É·¨Ö³ [f ], ¶μ¤·μ¡´μ μ¶¨-
¸ ´  ¢ [11]. ‡¤¥¸Ó ³Ò Éμ²Ó±μ ´ ¶μ³´¨³, ÎÉμ ¤²Ö ¸¨¸É¥³ d + p(n) ¨ d + h(t)
μ´¨ ¸É·μÖÉ¸Ö ¢ ¢¨¤¥

V
[f ]
L (r) = V1 exp (−α1r

2) + V2 exp (−α2r).
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�±¸¶μ´¥´Í¨ ²Ó´ Ö ¤μ¡ ¢±  V2 exp (−α2r) ³μ¤¥²¨·Ê¥É μÉÉ ²±¨¢ ´¨¥ ´  ¶¥·¨-
Ë¥·¨¨. �·¨ ¶μ¸É·μ¥´¨¨ ¶μÉ¥´Í¨ ²μ¢ ÊÎ¨ÉÒ¢ ¥É¸Ö · ¸Ð¥¶²¥´¨¥ ¶μ Î¥É´μ¸É¨
μ·¡¨É ²Ó´μ£μ ³μ³¥´É  L [10, 11]. �Éμ ¸ÊÐ¥¸É¢¥´´μ¥ · ¸Ð¥¶²¥´¨¥ μÉ· ¦ ¥É
 ±É¨¢´ÊÕ ·μ²Ó μ¡³¥´  ´Ê±²μ´ ³¨ ³¥¦¤Ê ¶μ¤¸¨¸É¥³ ³¨ [11]. � · ³¥É·Ò ¶μ-
É¥´Í¨ ²μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1 ¨ 2. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ Ë §μ¢Ò¥ ¸¤¢¨£¨
(¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥) ¶·¨¢¥¤¥´Ò ¢ [10, 11]. ‘· ¢´¨¢ Ö ¸ ³Ò¥
¸¨²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ¶μÉ¥´Í¨ ²μ¢, μÉ³¥É¨³, ÎÉμ ¥¸²¨ ³μÐ´μ¸ÉÓ ¶μÉ¥´Í¨ ² 
V

[41]
L´¥Î¥É

(r), μ¶·¥¤¥²Ö¥³ Ö ¶·μ¸É¥°Ï¨³ μ¡· §μ³ (± ± V0R
2
0), ´  50 % ¶·¥¢ÒÏ ¥É

É ±μ¢ÊÕ ¤²Ö V
[32]
LÎ¥É

(r), Éμ ¤²Ö ¶ ·Ò ¶μÉ¥´Í¨ ²μ¢ V
[3]
LÎ¥É

¨ V
[21]
L´¥Î¥É

ÔÉμ · §²¨Î¨¥
¸μ¸É ¢²Ö¥É ²¨ÏÓ 20 %. ’ ± ³Ò ³μ¦¥³ ¶μ´ÖÉÓ ÉμÉ ¢ ¦´Ò° Ë ±É, ÎÉμ (± ±
¡Ê¤¥É ¢¨¤´μ ´¨¦¥) ¶·μÍ¥¸¸ d → ds μ¶¨¸Ò¢ ¥É¸Ö ´  Ìμ·μÏ¥³ Ê·μ¢´¥ ¶·¨ · ¸-
¸¥Ö´¨¨ d + t(h), Éμ£¤  ± ± ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸  ¶·¨ · ¸¸¥Ö´¨¨ d + p ¨³¥¥É¸Ö
²¨ÏÓ ¸Ê£Ê¡μ ± Î¥¸É¢¥´´μ¥ μ¡Ð¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´Éμ³ ¨ ‘�Œ. ’¥³
´¥ ³¥´¥¥ ¨ ´  ÔÉμ° μ¸´μ¢¥ ¢¶¥·¢Ò¥ μ± § ²μ¸Ó ¢μ§³μ¦´Ò³ μ¡ÑÖ¸´¨ÉÓ ¢¥¸Ó³ 
Ö·±ÊÕ μ¸μ¡¥´´μ¸ÉÓ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö d + p (¸³. · §¤. 3).

’ ¡²¨Í  1. �μÉ¥´Í¨ ²Ò pd-¢§ ¨³μ¤e°¸É¢¨Ö

[f ] L V1, ŒÔ‚ α1, ”³−2 V2, ŒÔ‚ α2, ”³−1 ŒμÐ´μ¸ÉÓ, ŒÔ‚ · ”³2

[21] —¥É´μ¥ −57,8 0,37 7,2 0,36 −53
[21] �¥Î¥É´μ¥ −8,8 0,06 Å Å −73
[3] —¥É´μ¥ −55,8 0,31 Å Å −90
[3] �¥Î¥É´μ¥ −13,8 0,16 1,6 0,09 −30

’ ¡²¨Í  2. �μÉ¥´Í¨ ²Ò d3He-¢§ ¨³μ¤e°¸É¢¨Ö

[f ] L V1, ŒÔ‚ α1, ”³−2 V2, ŒÔ‚ α2, ”³−1 ŒμÐ´μ¸ÉÓ, ŒÔ‚ · ”³2

[32] —¥É´μ¥ −50,0 0,15 Å Å −167
[32] �¥Î¥É´μ¥ −73,1 0,23 18,1 0,56 −123
[41] —¥É´μ¥ −57,0 0,16 8,4 0,21 −138
[41] �¥Î¥É´μ¥ −69,0 0,14 Å Å −246

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢ (1.3) Ê± § ´´ÒÌ ¢ÒÏ¥ ±¢ ´Éμ¢ÒÌ Î¨¸¥²,   É ±¦¥
±μ´±·¥É´ÒÌ §´ Î¥´¨° ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´  ¨
£¥´¥ ²μ£¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ [4, 13], ¶μ²ÊÎ ¥³ ´ £²Ö¤´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö
¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´-¨§μ¸¶¨´μ¢ ¤¢ÊÌ ¤¥°É·μ´μ¢:

dσ

dΩ
(θ) =

1
432p2

0

∣∣∣∣∑
L

(2L + 1)PL(cos θ)[T [4]
L − T

[22]
L ]

∣∣∣∣2. (1.13)

‚ ¸²ÊÎ ¥ ¶¥·¥§ ·Ö¤±¨ d+d → nn+pp ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ¶μ²´μ¸ÉÓÕ
¸μ¢¶ ¤ ¥É ¸ (1.13), ¶μ¸±μ²Ó±Ê · §´Ò¥ §´ Î¥´¨Ö ¶·μ¥±Í¨¨ ¨§μ¸¶¨´  τ ′

B ¤²Ö
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¤¥°É·μ´  ¨ ¶ · pp ¨ nn ¶·¨¢μ¤ÖÉ ± μ¤¨´ ±μ¢Ò³ (¶μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥)
±μÔËË¨Í¨¥´É ³ Š²¥¡Ï Äƒμ·¤ ´  (t′Aτ ′

A, t′Bτ ′
B |tτ).

„²Ö Ê¶·Ê£μ£μ d + d-· ¸¸¥Ö´¨Ö ¶μ²ÊÎ ¥³ ¸μμÉ¢¥É¸É¢¥´´μ

dσ

dΩ
(θ) =

1
4p2

0

{∣∣∣∣∑
L

(2L + 1)PL(cos θ)
[
1
2
T

[4]
L +

1
2
T

[22]
L

]∣∣∣∣2+
+

∣∣∣∣∑
L

(2L + 1)PL(cos θ)T [31]
L

∣∣∣∣2 +
∣∣∣∣∑

L

(2L + 1)PL(cos θ)T [22]
L

∣∣∣∣2
}

. (1.14)

�É³¥É¨³, ÎÉμ É·¨ ¸Ê³³Ò ¢ (1.14) ¸μμÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö³ ¶μ²´μ£μ ¸¶¨´ 
¸¨¸É¥³Ò S = 0, 1 ¨ 2.

‚ ‘�Œ  ³¶²¨ÉÊ¤  T
[f ]
L ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± ¶μÉ¥´Í¨ ²Ó´ Ö:

T
[f ]
L = exp (2iδ

[f ]
L ) − 1, (1.15)

£¤¥ Ë §  δ
[f ]
L Ì · ±É¥·¨§Ê¥É ¸¨²Ó´μ § ¢¨¸ÖÐ¨° μÉ ¸¨£´ ÉÊ·Ò [f ] ¶μÉ¥´Í¨ ²

V
[f ]
AB(R) ¢§ ¨³μ¤¥°¸É¢¨Ö A + B.

‘¶μ¸μ¡ ¢μ¸¸É ´μ¢²¥´¨Ö ¶μÉ¥´Í¨ ²μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · §²¨Î´Ò³ ¤μ¶Ê-
¸É¨³Ò³ ¶·μ¸É· ´¸É¢¥´´Ò³ ¶¥·¥¸É ´μ¢μÎ´Ò³ ¸¨³³¥É·¨Ö³ [f ], μ¶¨¸ ´ ¢ [11].
„²Ö ¸¨¸É¥³Ò d + d μ´¨ ¸É·μÖÉ¸Ö ¢ ¸É ´¤ ·É´μ³ ¢¨¤¥ ‚Ê¤¸ Ä‘ ±¸μ´  ´  ¡ §¥
μ¶Ê¡²¨±μ¢ ´´ÒÌ ¤ ´´ÒÌ μ Ë § Ì · ¸¸¥Ö´¨Ö ¨ ¸ ÊÎ¥Éμ³ ¨§¢¥¸É´ÒÌ · §·¥Ï¥´-
´ÒÌ ¨ § ¶·¥Ð¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò. „²Ö ¨´É¥·¥¸ÊÕÐ¨Ì
´ ¸ ¸¨£´ ÉÊ· ¢ [11] ¶μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²μ¢:

[f ] = [22], V0 = −41,5 ŒÔ‚, R0 = 1,45 ”³, a = 0,81 ”³,

[f ] = [31], V0 = −31,8 ŒÔ‚, R0 = 2,33 ”³, a = 0,76 ”³,

[f ] = [4], V0 = −70,0 ŒÔ‚, R0 = 1,92 ”³, a = 0,95 ”³.

�Í¥´¨¢ Ö ¶μÉ¥´Í¨ ²Ò ¶μ ³μÐ´μ¸É¨, ¢¨¤¨³, ÎÉμ ¤²Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ
¸¨³³¥É·¨° [f ] = [22] ¨ [f ] = [4] μ´¨ · §²¨Î ÕÉ¸Ö ¶·¨³¥·´μ ¢ É·¨ · § ,
ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶·¨¢μ¤¨É ¨ ± ¸ÊÐ¥¸É¢¥´´μ³Ê · §²¨Î¨Õ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
 ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö. ‚ ‘�Œ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´-¨§μ¸¶¨´ 
¤¥°É·μ´μ¢ (¸³. ¢Ò· ¦¥´¨¥ (1.13)) μ¶·¥¤¥²Ö¥É¸Ö ¨³¥´´μ · §´¨Í¥°  ³¶²¨ÉÊ¤

T
[4]
L ¨ T

[22]
L , ¨ ÔÉ  ³μ¤¥²Ó, É ±¨³ μ¡· §μ³, ¶·¥¤¸± §Ò¢ ¥É ¡μ²ÓÏμ° ¢±² ¤

μ¡· §μ¢ ´¨Ö ¤¢ÊÌ ¸¨´£²¥É´ÒÌ ¤¥°É·μ´μ¢ ¢ ¶·μÍ¥¸¸¥ d+d-¢§ ¨³μ¤¥°¸É¢¨Ö. „²Ö
¸· ¢´¥´¨Ö ´ ¶μ³´¨³, ÎÉμ ¤²Ö · ¸¸¥Ö´¨Ö d + p · §²¨Î¨¥ ³μÐ´μ¸É¥° μ¸´μ¢´ÒÌ
±μ³¶μ´¥´É ¶μÉ¥´Í¨ ²μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨£´ ÉÊ· ³ [f ] = [3] ¨ [f ] = [21],
¸μ¸É ¢¨²μ Éμ²Ó±μ 20% [18], ÎÉμ ¶·¨¢¥²μ ²¨ÏÓ ± ± Î¥¸É¢¥´´μ³Ê μ¶¨¸ ´¨Õ
Ô±¸¶¥·¨³¥´É  ¢ ‘�Œ [15].

�¥·¥Ìμ¤Ö É¥¶¥·Ó ± ¸¨¸É¥³¥ p + 3H, ³Ò ¶μ² £ ¥³, ÎÉμ  ³¶²¨ÉÊ¤Ò

T
[f ]
L,t,S = exp (2iδ

[f ]
L,t,S) − 1 (1.16)
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Ö¢²ÖÕÉ¸Ö ¶μÉ¥´Í¨ ²Ó´Ò³¨, ¨ ± ´ ²Ò · ¸¸¥Ö´¨Ö ¸ ¶μ²´Ò³ ¸¶¨´μ³ S = 0
μ¶¨¸Ò¢ ÕÉ¸Ö ¢Ò· ¦¥´¨¥³

TL,0 = (tpτp, ttτt|00)2T [4]
L,0,0 + (tpτp, ttτt|10)2T [31]

L,1,0. (1.17)

ŒÒ ¢¨¤¨³, ÎÉμ · §´Ò¥ ¸Ì¥³Ò 	´£  [f ] = [4] ¨ [f ] = [31] §¤¥¸Ó ¨´É¥·Ë¥·¨·ÊÕÉ.
Š ´ ² ³ · ¸¸¥Ö´¨Ö ¸ S = 1 ¸μμÉ¢¥É¸É¢Ê¥É Éμ²Ó±μ μ¤´  ¢μ§³μ¦´ Ö ¸¨£´ ÉÊ· 
[f ] = [31]:

TL,1 = (tpτp, ttτt|00)2T [31]
L,0,1 + (tpτp, ttτt|10)2T [31]

L,1,1, (1.18)

´μ μ¸É ¥É¸Ö ¨´É¥·Ë¥·¥´Í¨Ö  ³¶²¨ÉÊ¤ ¸ · §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ ¨§μ¸¶¨´  t.
” §μ¢Ò¥ ¸¤¢¨£¨ ¤²Ö · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δL,S=0 =
1
2
δ
[4]
L,0,0 +

1
2
δ
[31]
L,1,0, (1.19)

δL,S=1 =
1
2
δ
[31]
L,0,1 +

1
2
δ
[31]
L,1,1, (1.20)

  ±μÔËË¨Í¨¥´ÉÒ μÉ· ¦¥´¨Ö

ηL,S=0 =
∣∣∣cos (δ[4]

L,0,0 − δ
[31]
L,1,0)

∣∣∣, (1.21)

ηL,S=1 =
∣∣∣cos (δ[31]

L,0,1 − δ
[31]
L,1,1)

∣∣∣. (1.22)

‚ ·¥§Ê²ÓÉ É¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ³μ¦¥É ¡ÒÉÓ Ëμ·³ ²Ó´μ ¢Ò· ¦¥´μ ¢
μ¡ÒÎ´μ³ ¢¨¤¥ ´  μ¸´μ¢¥ Ê· ¢´¥´¨° (1.19)Ä(1.22), Éμ£¤  ± ± ¸¥Î¥´¨¥ ·¥ ±Í¨¨
¶¥·¥§ ·Ö¤±¨ p + 3H → n + 3He ¨³¥¥É ¢¨¤

dσ

dΩ
(ϑ) =

1
4p2

0

1
(2Sp + 1)(2St + 1)

×

×

⎧⎨⎩
∣∣∣∣∣∑

L

(2L + 1)
(

1
2
T

[4]
L,0,0 −

1
2
T

[31]
L,1,0

)
PL(cos ϑ)

∣∣∣∣∣
2

+

+ 3

∣∣∣∣∣∑
L

(2L + 1)
(

1
2
T

[31]
L,0,1 −

1
2
T

[31]
L,1,1

)
PL(cos ϑ)

∣∣∣∣∣
2
⎫⎬⎭ . (1.23)

‡¤¥¸Ó μ¶ÖÉÓ ¶¥·¢ Ö ¸Ê³³  ¢ (1.23) ¸μμÉ¢¥É¸É¢Ê¥É ¶μ²´μ³Ê ¸¶¨´Ê ¸¨¸É¥³Ò S =
0,   ¢Éμ· Ö Å S = 1. Š ± ¨ ¢¥§¤¥ ¢ÒÏ¥ ¢ ¶·¨³¥· Ì ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´-
¨§μ¸¶¨´  ¤¥°É·μ´  ¢ ¸¨´£²¥É, ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ μ¶·¥¤¥²Ö¥É¸Ö · §´μ¸ÉÓÕ
´ ¡²Õ¤ ¥³ÒÌ Ë § ´¥§ ¢¨¸¨³μ£μ ¶·μÍ¥¸¸  Å ¶·μÍ¥¸¸  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö,
μ¤´ ±μ ¢ ¸²ÊÎ ¥ S = 1 ¶μÖ¢²Ö¥É¸Ö ¨ · §´μ¸ÉÓ Ë § ¸ μ¤¨´ ±μ¢μ° ¸¨³³¥É·¨¥°
[f ] = [31], ´μ · §´Ò³¨ ¨§μ¸¶¨´ ³¨ t.
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2. �…�Š–ˆˆ d + t ¨ d + p
‘ ����Šˆ„›‚��ˆ…Œ ‘�ˆ�-ˆ‡�‘�ˆ�� „…‰’����

‡  ¶μ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö ´ ±μ¶²¥´ ¤μ¸É ÉμÎ´Ò° ¤²Ö  ´ ²¨§  ¨ ¸¨¸É¥-
³ É¨±¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² ¶μ ·¥ ±Í¨Ö³ ¸ ²¥£Î °Ï¨³¨ Ö¤· ³¨ ¸
¢±²ÕÎ¥´¨¥³ ± ± ± ´ ²μ¢ ¶¥·¥§ ·Ö¤±¨ (£¤¥ μ¡· §ÊÕÉ¸Ö ¶ ·Ò nn ¨²¨ pp c ¶μ²-
´Ò³ ´Ê²¥¢Ò³ ¸¶¨´μ³), É ± ¨ ± ´ ²μ¢ μ¶·μ±¨¤Ò¢ ´¨Ö ¸¶¨´-¨§μ¸¶¨´  ¸ μ¡· -
§μ¢ ´¨¥³ ¸¨´£²¥É´μ£μ ¤¥°É·μ´  [19Ä34]. �¤´  ¨§ Í¥²¥° ´ ¸ÉμÖÐ¥° · ¡μÉÒ
¸μ¸Éμ¨É ¢ μ¶¨¸ ´¨¨ ¸μ¢μ±Ê¶´μ¸É¨ ÔÉ¨Ì ¤ ´´ÒÌ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ¶μÉ¥´-
Í¨ ²Ó´μ° ³μ¤¥²ÓÕ, ¢ÒÖ¸´¥´¨¨ ¥¥ ¶·¥¤¸± § É¥²Ó´μ° ¸¨²Ò ¨ ¶·¥¤¥²μ¢ ¶·¨³¥-
´¨³μ¸É¨. …¸É¥¸É¢¥´´μ, ÔÉμ ¤μ²¦´μ ¤¥² ÉÓ¸Ö ¢³¥¸É¥ ¸  ´ ²¨§μ³ ¤ ´´ÒÌ ¶μ
Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ.

�Ê¦´μ μÉ³¥É¨ÉÓ, ÎÉμ Éμ²Ó±μ ¢ ´¥³´μ£¨Ì · ¡μÉ Ì [19, 20, 29, 34] ¶·¨¢¥¤¥´Ò
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° dσ/dΩ
μ¡· §μ¢ ´¨Ö ¸¨´£²¥É´ÒÌ ´Ê±²μ´´ÒÌ ¶ · ¶·¨ ³ ²ÒÌ μÉ´μ¸¨É¥²Ó´ÒÌ Ô´¥·£¨ÖÌ.
�μ²ÓÏ¨´¸É¢μ ¦¥ ¤ ´´ÒÌ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ · §´μμ¡· §´ÒÌ ¸¶¥±É·μ¢ ¤¢μ°-
´ÒÌ ¨²¨ É·μ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° (¢ · §´ÒÌ ¶·μ¥±Í¨ÖÌ, ¢ · §´ÒÌ
¸¨¸É¥³ Ì ±μμ·¤¨´ É ¨ É. ¤.) ²¨¡μ Éμ²Ó±μ ¢ ¢¨¤¥ Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥° ¸¥Î¥-
´¨° ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³ ±¸¨³Ê³ Ì ¸¶¥±É·μ¢ (¸³., ´ ¶·¨³¥·, μ¡§μ· [35]).
�μÔÉμ³Ê Ì·μ´μ²μ£¨Î¥¸±¨ ¶¥·¢μ° ¸ÊÐ¥¸É¢¥´´μ° § ¤ Î¥° ´ Ï¥° · ¡μÉÒ ¡Ò²μ
¶·¨¢¥¤¥´¨¥ ¶μ¤μ¡´ÒÌ ¤ ´´ÒÌ ± ¥¤¨´μμ¡· §´μ³Ê ¢¨¤Ê Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥°
¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö ¸¨´£²¥É´ÒÌ ¶ ·. ‚ μ¡Ð¥³ ¸²Ê-
Î ¥ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É· Ì ¤¢μ°´ÒÌ ¨²¨ É·μ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
¸¥Î¥´¨° ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢±² ¤Ò μÉ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ · ¸¶ ¤  Î¥·¥§ · §²¨Î-
´Ò¥ ·¥§μ´ ´¸Ò, μÉ μ¡· §μ¢ ´¨Ö ¶ ·Ò np ¢ É·¨¶²¥É´μ³ ¸μ¸ÉμÖ´¨¨ ¨ ¤·Ê£¨¥.
„²Ö ¢Ò¤¥²¥´¨Ö ¸μ¸É ¢²ÖÕÐ¥°, ¸¢Ö§ ´´μ° ¸ μ¡· §μ¢ ´¨¥³ ¸¨´£²¥É´μ£μ ¤¨´Ê-
±²μ´ , ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ Ìμ·μÏμ ¨§¢¥¸É´μ¥ ¶·¨¡²¨¦¥´¨¥ Œ¨£¤ ² Ä‚ É¸μ´ 
(Œ‚) [36, 37], μ¶¨¸Ò¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´Ê±²μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨
(‚Š‘) ¶·¨ Ô´¥·£¨ÖÌ ¢§ ¨³´μ£μ ¤¢¨¦¥´¨Ö, ¡²¨§±¨Ì ± ¢´ÊÉ·¥´´¥° Ô´¥·£¨¨ ¸¨´-
£²¥É´μ£μ ¤¥°É·μ´  (¡¨´¥°É·μ´ ). ŒÒ ´¥  ´ ²¨§¨·μ¢ ²¨ ·¥ ±Í¨¨ ¸ μ¡· §μ¢ -
´¨¥³ ¶ · pp, É ± ± ± ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ÔÉμ³ ¸²ÊÎ ¥ · §³ §Ò¢ ¥É
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¶¥±É·Ò ¨ ¸´¨¦ ¥É Ö¸´μ¸ÉÓ ¶μ²ÊÎ ¥³ÒÌ ¶·¨ ¨Ì  ´ ²¨§¥ ·¥-
§Ê²ÓÉ Éμ¢.

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ´ ±μ¶²¥´ ¡μ²ÓÏμ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ²
¶μ Ê¶·Ê£μ³Ê p + d- ¨ d + t(h)-· ¸¸¥Ö´¨Õ, ¨ ³Ò ¶·¨¢μ¤¨³ §¤¥¸Ó É ±¦¥  ´ ²¨§
ÔÉ¨Ì ¤ ´´ÒÌ ´  μ¸´μ¢¥ ‘�Œ. ’μ²Ó±μ μ¡·¨¸μ¢ ´´Ò° ¢ÒÏ¥ ±μ³¶²¥±¸´Ò°  ´ -
²¨§ ¶μ§¢μ²Ö¥É ´¥ Éμ²Ó±μ μ¡Ñ¥±É¨¢´μ μÍ¥´¨ÉÓ ¤μ¸Éμ¨´¸É¢  ¨ ´¥¤μ¸É É±¨ ‘�Œ,
´μ ¨ μÉ³¥É¨ÉÓ ¨´É¥·¥¸´Ò¥ ¢μ¶·μ¸Ò, ¦¤ÊÐ¨¥ ¤ ²Ó´¥°Ï¥£μ ¨¸¸²¥¤μ¢ ´¨Ö.

„²Ö ¶·μ¢¥·±¨ ¨§²μ¦¥´´μ£μ É¥μ·¥É¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ´Ê¦´μ ¸· ¢´¨ÉÓ ¢Ò-
Î¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö dσ/dΩ ± ± Ê¶·Ê-
£μ£μ · ¸¸¥Ö´¨Ö, É ± ¨ μ¡¸Ê¦¤ ¥³ÒÌ ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ¢ ¸Éμ²±´μ¢¥´¨ÖÌ
d + p ¨ d + t(h). …¸²¨ ¤²Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö É ±μ¥ ¸· ¢´¥´¨¥ ¤¥² ¥É¸Ö ´¥-
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¶μ¸·¥¤¸É¢¥´´μ, Éμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö ¸¨´£²¥É´ÒÌ ¤¨´Ê-
±²μ´μ¢ ´¥μ¡Ìμ¤¨³μ ¨§¢²¥± ÉÓ ¶ÊÉ¥³ ¨´É¥£·¨·μ¢ ´¨Ö ´¥¶·¥·Ò¢´ÒÌ ¸¶¥±É·μ¢
É·¥ÌÎ ¸É¨Î´ÒÌ ·¥ ±Í¨°, ¶μ¸±μ²Ó±Ê ¸¨´£²¥É´Ò¥ ¸μ¸ÉμÖ´¨Ö ¤¨´Ê±²μ´μ¢ ´¥ ¸¢Ö-
§ ´Ò. …¸É¥¸É¢¥´´μ, ÎÉμ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢±² ¤  μÉ ‚Š‘ ´Ê±²μ´μ¢ ¢ ¸¨´£²¥É-
´μ³ ¸μ¸ÉμÖ´¨¨ ¶·¨Ìμ¤¨É¸Ö ³μ¤¥²¨·μ¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¨ ÊÎ¨ÉÒ¢ ÉÓ ³´μ£μμ¡· §¨¥ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢, ¶·¨¢μ¤ÖÐ¨Ì ± § ¤ ´´μ³Ê
É·¥ÌÎ ¸É¨Î´μ³Ê ¸μ¸ÉμÖ´¨Õ: ±¢ §¨¸¢μ¡μ¤´μ¥ · ¸¸¥Ö´¨¥ ±² ¸É¥·μ¢, μ¡· §μ¢ -
´¨¥ ¨ · ¸¶ ¤ ·¥§μ´ ´¸μ¢ ¶μ¤¸¨¸É¥³, É·¨¶²¥É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨¨ np.

‚ ÔÉμ³ · §¤¥²¥ ³Ò ±· É±μ μ¶¨Ï¥³ ¨¸¶μ²Ó§μ¢ ´´ÊÕ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥
É¥Ì´¨±Ê ¶μ²ÊÎ¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° dσ/dΩds (¸. Í. ³.) ¨§ ¶·¨¢¥-
¤¥´´ÒÌ ¢ ²¨É¥· ÉÊ·¥ ¸¶¥±É·μ¢ É·¥ÌÎ ¸É¨Î´ÒÌ ·¥ ±Í¨°

A + B → N1 + N2 + N3. (2.1)

Š¨´¥³ É¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö É ±¨Ì ·¥ ±Í¨° ¶μ¤·μ¡´μ ¨§²μ¦¥´Ò ¢ · -
¡μÉ¥ �²¸¥´  [38], ¶μÔÉμ³Ê §¤¥¸Ó ³Ò ´ ¶μ³´¨³ ²¨ÏÓ ´¥±μÉμ·Ò¥ ¨§ ´¨Ì.

Š¨´¥³ É¨±  É·¥ÌÎ ¸É¨Î´μ£μ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Í¨¨ (2.1) μ¶·¥¤¥-
²Ö¥É¸Ö É·¥³Ö ¨³¶Ê²Ó¸ ³¨ Î ¸É¨Í Pi(i = 1−3), ´μ ¸ ÊÎ¥Éμ³ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö
Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ 

P = PA + PB = P1 + P2 + P3, (2.2)

E = EA + EB = E1 + E2 + E3, (2.3)

Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ ±μ³¶μ´¥´É ¨³¶Ê²Ó¸μ¢ · ¢´μ ´¥ 9,   5.
‚ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´ÒÌ Ô±¸¶¥·¨³¥´É Ì ·¥£¨¸É·¨·ÊÕÉ ¤¢  ±μ´¥Î´ÒÌ

¶·μ¤Ê±É  ¨§ É·¥Ì ¶μ¤ § ¤ ´´Ò³¨ Ê£² ³¨ θ1, θ2, ϕ1, ϕ2 ¨ ¨§³¥·ÖÕÉ ¨Ì ±¨´¥-
É¨Î¥¸±¨¥ Ô´¥·£¨¨ E1, E2. �·¨ ÔÉμ³ μ¶·¥¤¥²¥´μ Ï¥¸ÉÓ ±μ³¶μ´¥´É ¨³¶Ê²Ó¸μ¢,
ÎÉμ ´  ¥¤¨´¨ÍÊ ¶·¥¢ÒÏ ¥É Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸
§ ±μ´ ³¨ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  · §·¥Ï¥´´Ò¥ ±¨´¥É¨Î¥¸±¨¥ Ô´¥·£¨¨
E1 ¨ E2 ¢ ². ¸. ±. μ¶·¥¤¥²ÖÕÉ¸Ö ¨§¢¥¸É´Ò³ Ê· ¢´¥´¨¥³ Ô²²¨¶¸  [38] ¢ ¶²μ¸±μ-
¸É¨ (E1)1/2 − (E2)1/2. ‚ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨° ¶μ²ÊÎ ÕÉ ¤¢Ê³¥·´Ò¥ ¸¶¥±É·Ò
¸μ¢¶ ¤¥´¨° N(E1, E2), £¤¥ N Å ±μ²¨Î¥¸É¢μ ¸μ¢¶ ¤¥´¨°, É. ¥. μ¤´μ¢·¥³¥´´μ
§ ·¥£¨¸É·¨·μ¢ ´´ÒÌ Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨ ¢ ¶·μ³¥¦ÊÉ± Ì [E1, E1 + ΔE1] ¨
[E2, E2 + ΔE2] ¸μμÉ¢¥É¸É¢¥´´μ. „ ²¥¥, ¤²Ö ¸· ¢´¥´¨Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸-
Î¥É ³¨ ¤¢Ê³¥·´Ò¥ ¸¶¥±É·Ò · §²¨Î´Ò³¨ ¶ÊÉÖ³¨ ¶·¨¢μ¤ÖÉ¸Ö ± μ¤´μ³¥·´Ò³.
‚ ¡μ²ÓÏ¨´¸É¢¥ · ¡μÉ É·μ°´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ± ±
ËÊ´±Í¨Õ ¤²¨´Ò ES ¤Ê£¨ S ¢¤μ²Ó ±¨´¥³ É¨Î¥¸±μ° ²¨´¨¨ Ô²²¨¶¸ , É. ¥. ± ±
¶·μ¥±Í¨Õ ´  ±¨´¥³ É¨Î¥¸±ÊÕ ±·¨¢ÊÕ. ‚ ÔÉμ³ ¸²ÊÎ ¥, ¥¸²¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö
Î ¸É¨ÍÒ N1 ¨ N2, ¶μ²ÊÎ ¥³

d3σ/dESdΩ1dΩ2 = d3σ/dE1dΩ1dΩ2[1 + (dE2/dE1)2]−1/2, (2.4)
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¢ ¶· ¢μ° Î ¸É¨ ¶·¨¢¥¤¥´μ ¸¥Î¥´¨¥, ±μÉμ·μ¥ ³μ¦´μ ¸· ¢´¨¢ ÉÓ ¸ É¥μ·¥É¨Î¥-
¸±¨³¨ ³μ¤¥²Ö³¨, £¤¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ [38, 39]

d3σ/dΩ1dΩ2dE1 = (2π/v0)|Tfi|2ρ∗1l, (2.5)

v0 Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ Î ¸É¨Í A ¨ B; Tfi Å  ³¶²¨ÉÊ¤  ·¥ ±Í¨¨;
¨´¤¥±¸ l μ§´ Î ¥É ². ¸. ±.,   ρ∗1l Å ¨§¢¥¸É´Ò° Ë ±Éμ· Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢ ,
¢Ò· ¦¥´¨¥ ¤²Ö ±μÉμ·μ£μ ¶·¨¢¥¤¥´μ ¢ [38].

ˆ´É¥£·¨·μ¢ ´¨¥ ¸¶¥±É·μ¢ Ê¤μ¡´¥¥ ¶·μ¢μ¤¨ÉÓ ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É Ÿ±μ¡¨,
£¤¥ Ëμ·³  ¸¶¥±É·  μ¶¨¸Ò¢ ¥É¸Ö ¢  ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥. ‚ ±μμ·¤¨´ É´μ° ¸¨-
¸É¥³¥ ¸ μÉ´μ¸¨É¥²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ (¨³¶Ê²Ó¸ ³¨ Ÿ±μ¡¨) É·μ°´μ¥ ¤¨ËË¥·¥´-
Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶·¨´¨³ ¥É ¢¨¤

d3σ/dE1−23dΩ1−23dΩ2−3 = (2π/v0)|Tfi|2ρ1c, (2.6)

ρ1c(E1−23) = [2/(2π)6](m1m2m3/M)3/2[E1−23(Ec
tot − E1−23)]1/2, (2.7)

£¤¥ Ec
tot Å ¶μ²´ Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¢ ¸. Í. ³.; ¨´¤¥±¸ 2Ä3 ¸¢Ö§ ´

¸ μÉ´μ¸¨É¥²Ó´Ò³ ¤¢¨¦¥´¨¥³ Î ¸É¨Í N2 ¨ N3,   ¨´¤¥±¸ 1Ä23 Å ¸ ¤¢¨¦¥´¨¥³
Î ¸É¨ÍÒ N1 μÉ´μ¸¨É¥²Ó´μ Í¥´É·  ³ ¸¸ ¸¨¸É¥³Ò N2+N3. �μ¸±μ²Ó±Ê ¢¥²¨Î¨´ 
E1−23 ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ± ±

E1−23 = Ec
tot − E2−3, (2.8)

¢ ¢Ò· ¦¥´¨¨ (2.7) ¢³¥¸Éμ ¢¥²¨Î¨´Ò E1−23 ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ E2−3.
‚ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ Ô±¸¶¥·¨³¥´É Éμ·Ò Ê¤μ¢²¥É¢μ·ÖÕÉ¸Ö ¨§³¥·¥´¨¥³ ¨´-

±²Õ§¨¢´μ£μ ¸¶¥±É·  μ¤´μ£μ ¨§ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨. ’ ±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´ §Ò-
¢ ÕÉ ±¨´¥³ É¨Î¥¸±¨ ´¥¶μ²´Ò³¨, ¶μ¸±μ²Ó±Ê ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¨§¢¥¸É´Ò
²¨ÏÓ É·¨ ¨§ ¶ÖÉ¨ ´¥§ ¢¨¸¨³ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ (´ ¶·¨³¥·, Ô´¥·-
£¨Ö Î ¸É¨ÍÒ E1 ¨ Ê£²Ò θ1, ϕ1). ’¥³ ´¥ ³¥´¥¥ ¢ ¶μ²ÊÎ¥´´ÒÌ É ±¨³ μ¡· §μ³
¸¥Î¥´¨ÖÌ ³μ¦´μ ¢ÒÖ¢¨ÉÓ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¶μ¢¥¤¥´¨Ö ¸¨¸É¥³Ò N2+N3.
„¥°¸É¢¨É¥²Ó´μ, ¨§ ¸μμÉ´μÏ¥´¨°

Ec
tot = Q + [mA/(mA + mB)]El

A = E1−23 + E2−3,

E1−23 = (m1 + m2 + m3)Ec
1/(m2 + m3),

(2.9)

£¤¥ Ec
1 Å Ô´¥·£¨Ö Î ¸É¨ÍÒ N1 ¢ ¸. Í. ³.,   Q Å ÔÉμ Q ·¥ ±Í¨¨, ¸²¥¤Ê¥É, ÎÉμ

Ô´¥·£¨Ö E2−3 μ¶·¥¤¥²¥´  ¢ ± ¦¤μ° ÉμÎ±¥ ¨´±²Õ§¨¢´μ£μ ¸¶¥±É· , μ¤´ ±μ § ¢¨-
¸¨³μ¸ÉÓ ¸¥Î¥´¨° μÉ ´¥±μÉμ·ÒÌ ¤·Ê£¨Ì ¶ · ³¥É·μ¢ (E1−2, E1−3) ´¥ μ¶·¥¤¥²¥´ 
(§ ¨´É¥£·¨·μ¢ ´ ), ¶μÔÉμ³Ê ´Ê¦´  μ¶·¥¤¥²¥´´ Ö μ¸Éμ·μ¦´μ¸ÉÓ ¢ ¨´É¥·¶·¥É -
Í¨¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢. ‘¢Ö§Ó ³¥¦¤Ê ¤¨ËË¥·¥´Í¨ ²Ó´Ò³¨ ¸¥Î¥´¨Ö³¨ ¨
³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¤²Ö Î ¸É¨ÍÒ N1 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¨´É¥£·¨·ÊÖ (2.6)
¶μ dΩ2−3:

d2σ/dΩ1−23dE1−23 = (2π/v0)ρ1c(E1−23)
∫

|Tfi|2dΩ2−3. (2.10)
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‚ ². ¸. ±. ¶μ²ÊÎ ¥³

d2σ/dΩ1dEl
1 = (2π/v0)ρ1l(El

1)
∫

|Tfi|2dΩ2−3,

ρ1l(El
1)dEl

1dΩ1 =
2

(2π)6
M1/2(m1m2m3)3/2

(m2 + m3)
×

×
[
El

1

(
m2 + m3

M
Ec

tot − El
1 + 2a1(El

1)
1/2 − a2

1

)]1/2

dEl
1dΩ1, (2.11)

£¤¥ a1 = (m1mAEl
1)

1/2/(mA + mB). �É³¥É¨³, ÎÉμ ¶μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö
ρ1l(El

1)dEl
1dΩ1 μÉ²¨Î ¥É¸Ö μÉ ¶·¨¢¥¤¥´´μ£μ ¢ · ¡μÉ¥ [38], £¤¥ μ´μ μÏ¨¡μÎ´μ.

�·¨ μ¡· §μ¢ ´¨¨ ¸¨´£²¥É´μ£μ ¤¨´Ê±²μ´  ·¥ ±Í¨Ö ¶·μÉ¥± ¥É ¢ ¤¢¥ ¸É ¤¨¨:

1) A + B → N1 + (N2 + N3)∗,
2) (N2 + N3)∗ → N2 + N3.

�  ¶¥·¢μ° ¸É ¤¨¨ μ¡· §ÊÕÉ¸Ö Î ¸É¨Í  N1 ¨ ¶·μ³¥¦ÊÉμÎ´ Ö ¸¨¸É¥³  Å ¤¨´Ê-
±²μ´ (N2 + N3)∗. �  ¢Éμ·μ° ¸É ¤¨¨ ¤¨´Ê±²μ´ (N2 + N3)∗ · ¸¶ ¤ ¥É¸Ö ´  ¤¢ 
´Ê±²μ´ . Š ± ¶· ¢¨²μ, ³μ¤¥²Ó Œ‚ ¶·¨³¥´ÖÕÉ ± ¶μ¤¸¨¸É¥³¥ ¤¢ÊÌ ´Ê±²μ´μ¢:
¤¢ÊÌ ´¥°É·μ´μ¢ ¨²¨ ¤¢ÊÌ ¶·μÉμ´μ¢ ¢ ¸¨´£²¥É´μ³ 1S0-¸μ¸ÉμÖ´¨¨,   É ±¦¥ ¶ ·Ò
´¥°É·μ´Ä¶·μÉμ´ ± ± ¢ ¸¨´£²¥É´μ³, É ± ¨ ¢ É·¨¶²¥É´μ³ 3S1-¸μ¸ÉμÖ´¨¨.

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ÔÉμ° ³μ¤¥²ÓÕ ¶·¨ ³ ²ÒÌ μÉ´μ¸¨É¥²Ó´ÒÌ Ô´¥·£¨ÖÌ E2−3

Ëμ·³  É·¥ÌÎ ¸É¨Î´μ£μ ¸¶¥±É·  ¢ μ¸´μ¢´μ³ μ¶·¥¤¥²Ö¥É¸Ö ¢¨·ÉÊ ²Ó´Ò³ Ê·μ¢-
´¥³ 1S0, ¨ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ ³μ¦¥É ¡ÒÉÓ Ë ±Éμ·¨§μ¢ ´:

|Tfi|2 = |F(NN)∗ |2|F‚Š‘(E2−3)|2. (2.12)

�¥·¢Ò° ³´μ¦¨É¥²Ó ¢ (2.12) ¸¢Ö§ ´ ¸ μ¡· §μ¢ ´¨¥³ ¤¨´Ê±²μ´  ¨ ¸Î¨É ¥É¸Ö
¸² ¡μ ³¥´ÖÕÐ¨³¸Ö, É ± ÎÉμ Ëμ·³  ¸¶¥±É·  ¢ μ¡² ¸É¨ ³ ±¸¨³Ê³  Œ‚ μ¶·¥¤¥-
²Ö¥É¸Ö  ³¶²¨ÉÊ¤μ° F‚Š‘(E2−3). ‚ ¤ ²Ó´¥°Ï¥³ ±¢ ¤· É ÔÉμ°  ³¶²¨ÉÊ¤Ò ¡Ê¤¥³
¶·¥¤¸É ¢²ÖÉÓ ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ Í¨¨:

|F‚Š‘|2 = cs|Fs|2 + ct|Ft|2 + cr|Fr|2. (2.13)

�³¶²¨ÉÊ¤Ò Fs ¨ Ft μ¶¨¸Ò¢ ÕÉ ‚Š‘ ´¥°É·μ´Ä¶·μÉμ´ ¸μμÉ¢¥É¸É¢¥´´μ ¢ 1S0-
¨ 3S1-¸μ¸ÉμÖ´¨ÖÌ (¢ ¸²ÊÎ ¥ ¸¨¸É¥³Ò nn Î²¥´ Ft ¨§ (2.13) ¢Ò¶ ¤ ¥É), Fr Å
¢²¨Ö´¨¥ ·¥§μ´ ´¸μ¢ ¢ ¤·Ê£¨Ì ¶μ¤¸¨¸É¥³ Ì É¨¶  (N1 + N2)∗ ¨²¨ (N1 + N3)∗

(´ ¶·¨³¥·, ¢ ·¥ ±Í¨¨ t + d → t + p + n ÔÉμ ·¥§μ´ ´¸ 4He∗ ¢ ¶μ¤¸¨¸É¥³ Ì
t + p ¨²¨ 3He + n); csÄcr Å c¢μ¡μ¤´Ò¥ ¶ · ³¥É·Ò, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö
¢ ¶μ¤£μ´±¥ ± ² ¡μ· Éμ·´Ò³ ¸¶¥±É· ³ ¶μ ³¥Éμ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢. ‚
¶·¨¡²¨¦¥´¨¨ Œ¨£¤ ² Ä‚ É¸μ´   ³¶²¨ÉÊ¤Ò Fs ¨ Ft ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ ¢¨¤¥ [36]

Fs(t)(k) ∼ rNN (k2 + α2)/[2(−a−1 + rNNk2/2 − ik)],
(2.14)

α = [1 + (1 − 2rNN/a)1/2]/rNN ,
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k Å ¢´ÊÉ·¥´´¨° ¨³¶Ê²Ó¸ ¢ ¤¨´Ê±²μ´¥; rNN Å ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ¢§ ¨-
³μ¤¥°¸É¢¨Ö; a Å ¤²¨´  NN -· ¸¸¥Ö´¨Ö. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¨ ¶μ¤£μ´±¥
¸¶¥±É·μ¢ É·¥ÌÎ ¸É¨Î´ÒÌ ·¥ ±Í¨° ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö
¶ · ³¥É·μ¢ a ¨ rNN [40, 41]:

as
np = (−23,748 ± 0,009) ”³, rs

np = (2,73 ± 0,03) ”³,

as
nn = (−18,7 ± 0,6) ”³, rs

nn = (2,84 ± 0,03) ”³,

at
np = (5,411± 0,004) ”³, rt

np = (1,747 ± 0,004) ”³.

Fr μ¶·¥¤¥²Ö¥É¸Ö ¢ Ëμ·³¥ ·¥§μ´ ´¸  �·¥°É Ä‚¨£´¥· :

Fr(E) ∼ (Γ/2)(E − Er + iΓ/2),

£¤¥ E Å Ô´¥·£¨Ö μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¢ ¶ ·¥ p − 3H; Er Å ¶μ²μ¦¥´¨¥
·¥§μ´ ´¸  4He∗ ´ ¤ ¶μ·μ£μ³ · §¢ ²  4He → p + 3H; Γ Å ¥£μ Ï¨·¨´ .

’ ± ± ± ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ´ ¸ ¨´É¥·¥¸Ê¥É Éμ²Ó±μ
μ¡² ¸ÉÓ np- ¨²¨ nn-‚Š‘, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ³ ±¸¨³Ê³Ê Œ‚, ¢ ¤ ²Ó´¥°Ï¥³
³μ¦´μ ¶μ² £ ÉÓ, ÎÉμ Ëμ·³  ÔÉ¨Ì ¸¶¥±É·μ¢ ¢ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´ÒÌ Ô±¸¶¥·¨-
³¥´É Ì (². ¸. ±.) μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (¸³. (2.5), (2.12) ¨ (2.13))

d3σ/dΩ1dΩ2dE1 = (2π/v0)(cs|Fs|2 + ct|Ft|2 + cr|Fr|2)ρ∗1l. (2.15)

„²Ö ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·μ¢ ¨³¥¥³

d2σ/dΩ1dE1 = (8π2/v0)(cs|Fs|2 + ct|Ft|2 + cr|Fr|2)ρ1l, (2.16)

£¤¥ ρ1l μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (2.11).
� °¤¥´´Ò¥ ¶·¨ ¶μ¤£μ´±¥ ± Ô±¸¶¥·¨³¥´ÉÊ ±μÔËË¨Í¨¥´ÉÒ cs § É¥³ ¨¸¶μ²Ó-

§μ¢ ²¨¸Ó ¤²Ö ´ Ìμ¦¤¥´¨Ö ¸¥Î¥´¨° dσ/dΩds ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É Ÿ±μ¡¨. „²Ö
ÔÉμ£μ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸μμÉ´μÏ¥´¨Ö (2.6) ¨ (2.7):

d3σ/dE1−23dΩ1−23dΩ2−3 = (2π/v0)cs|Fs|2ρ1c. (2.17)

�¶·¥¤¥²ÖÖ dΩ1−23 = dΩ(N2N3)s ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¤¨´Ê±²μ´ ¢ 1S0-±μ´Ë¨£Ê-
· Í¨¨ · ¸¶ ¤ ¥É¸Ö ¨§μÉ·μ¶´μ ¢ ¸¨¸É¥³¥ μÉ´μ¸¨É¥²Ó´ÒÌ ±μμ·¤¨´ É, ¶μ²ÊÎ ¥³

d2σ/dE1−23dΩ(N2N3)s = (8π2/v0)cs|Fs|2ρ1c. (2.18)

� ±μ´¥Í, ÊÎ¨ÉÒ¢ Ö ¸μμÉ´μÏ¥´¨¥ (2.8) ¨ ¨´É¥£·¨·ÊÖ (2.18) ¶μ Ô´¥·£¨¨, ¶·¨-
Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ

dσ/dΩ(N2N3)s = (8π2/v0)cs

Em
2−3∫

0

|Fs|2ρ1cdE2−3, (2.19)
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£¤¥ Em
2−3 ¢Ò¡¨· ¥É¸Ö ¨§ ¨´É¥·¢ ²  0ÄEc

tot ŒÔ‚. ’ ±¨³ μ¡· §μ³, ¶·¨  ´ ²¨§¥
±¨´¥³ É¨Î¥¸±¨ ¶μ²´ÒÌ ¸¶¥±É·μ¢ ¨  ´ ²¨§¥ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·μ¢ ¡Ò²¨ ¨¸-
¶μ²Ó§μ¢ ´Ò ¸Ìμ¦¨¥ ¸Ì¥³Ò · ¸Î¥Éμ¢. �·¨´Í¨¶¨ ²Ó´ Ö · §´¨Í  ¸μ¸ÉμÖ²  ²¨ÏÓ
¢ ¨¸¶μ²Ó§μ¢ ´¨¨ · §´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ρ1l ¢ Ëμ·³Ê² Ì (2.15) ¨ (2.16).
�μ¤μ¡´Ò° ¶μ¤Ìμ¤ ¤²Ö · ¸Î¥É  dσ/dΩ(N2N3)s ¡Ò² · ´¥¥ ¶·¨³¥´¥´ ¢ · ¡μ-
É Ì [19, 29]. ‚ [19] ¨¸¶μ²Ó§μ¢ ´   ²ÓÉ¥·´ É¨¢´ Ö ³μ¤¥²Ó ”¨²²¨¶¸ Äƒ·¨ËË¨Ä
�¨¤¥´Ì ·´  [42], ±μÉμ· Ö ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ¥É¸Ö μÉ · ¸¶·¥¤¥²¥´¨Ö Œ‚
¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ μÉ´μ¸¨É¥²Ó´μ° Ô´¥·£¨¨ ³¥¦¤Ê ´Ê±²μ´ ³¨, ´μ ¶·¨ ¡�μ²Ó-
Ï¨Ì Ô´¥·£¨ÖÌ ¸¥Î¥´¨¥ ¶·¨ ÔÉμ³ ¶μ¤Ìμ¤¥ Ê³¥´ÓÏ ¥É¸Ö ¡Ò¸É·¥¥.

�¨¸. 1. ˆ´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò É·¨Éμ´μ¢ ( , ¢) ¨ 3He (¡, £) ¨§ ·¥ ±Í¨° 3H(d, t)np ¨
3H(d, 3He)nn ¶·¨ Ô´¥·£¨¨ EcÍ³ = 8, 31 ŒÔ‚. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¢§ÖÉÒ ¨§ [29].
“± § ´Ò Ê£²Ò ·¥£¨¸É· Í¨¨ Î ¸É¨Í (θ² ¡). �·¨¢¥¤¥´Ò · ¸Î¥É´Ò¥ ¢±² ¤Ò μ¡· §μ¢ ´¨Ö
¸¨´£²¥É´μ£μ (ÉμÎ¥Î´ Ö ²¨´¨Ö) ¨ É·¨¶²¥É´μ£μ (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¸μ¸ÉμÖ´¨° ±μ´¥Î´μ£μ
¤¨´Ê±²μ´ . Š·¨¢Ò¥ ¸ ±·¥¸É¨± ³¨ Å ¢±² ¤ μÉ · ¸¶ ¤  ·¥§μ´ ´¸  4He; ¸Ê³³ ·´Ò¥
· ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¨§μ¡· ¦¥´Ò ¸¶²μÏ´Ò³¨ ²¨´¨Ö³¨

�  ·¨¸. 1 ¤²Ö ¶·¨³¥·  ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥
¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ¨§ ·¥ ±Í¨° 3H(d, t)np ¨ 3H(d, 3He)nn ¶·¨ E¸Í³ =
8, 31 ŒÔ‚ [29]. �μ± § ´Ò · ¸Î¥É´Ò¥ ¢±² ¤Ò ¸¨´£²¥É´μ° ¨ É·¨¶²¥É´μ°
¸μ¸É ¢²ÖÕÐ¨Ì ¢ ¸¶¥±É·Ò,   É ±¦¥ ¢±² ¤ μÉ · ¸¶ ¤  ·¥§μ´ ´¸μ¢ 4He (21,1
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¨ 22,1 ŒÔ‚). “ÎÉ¥´μ Ô´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥. ‘ ·μ¸Éμ³ Ê£²  θ² ¡ ´ -
¡²Õ¤ ¥É¸Ö ¡Ò¸É·Ò° ¸¶ ¤ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö ¸¨´£²¥É´μ£μ ¤¨´Ê±²μ´  (´ 
·¨¸. 1, ¢ ¶·¨ 17◦ ¥£μ ¢±² ¤ ¶·¥´¥¡·¥¦¨³μ ³ ²) ¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢±² ¤ μÉ
¶μ¸²¥¤μ¢ É¥²Ó´μ£μ · ¸¶ ¤  Î¥·¥§ ·¥§μ´ ´¸Ò 4He. �  ·¨¸. 1, ¡, £ ´¥É · ¸-
Î¥É´ÒÌ ±·¨¢ÒÌ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¡· §μ¢ ´¨Õ É·¨¶²¥É´μ£μ 3S1-¸μ¸ÉμÖ´¨Ö,
É ± ± ± ¢ ·¥ ±Í¨¨ 3H(d, 3He)nn μ´μ ´¥ μ¡· §Ê¥É¸Ö. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì ¶·¨¢¥¤¥´´ÒÌ ¸¶¥±É·μ¢ ¶μ± §Ò¢ ¥É, ÎÉμ ³μ¤¥²Ó Œ‚
Ìμ·μÏμ μ¶¨¸Ò¢ ¥É μ¡¸Ê¦¤ ¥³Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¥¥ ¤¥°¸É¢¨-
É¥²Ó´μ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö
¶·μÍ¥¸¸μ¢ 3H + d → t + ds ¨ 3H + d → 3He + (nn)s ¨§ ¨´±²Õ§¨¢´ÒÌ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

�¤´  ¨§ ¶·μ¡²¥³, ¢μ§´¨± ÕÐ¨Ì ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±-
É·μ¢, ¸¢Ö§ ´  ¸ ¢Ò¡μ·μ³ μ¡² ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ μÉ´μ¸¨É¥²Ó´μ° Ô´¥·£¨¨
E2−3 ´Ê±²μ´μ¢. �Î¥¢¨¤´μ, ÎÉμ ¢¥·Ì´¨° ¶·¥¤¥² ¨´É¥£·¨·μ¢ ´¨Ö ¤μ²¦¥´ ¡ÒÉÓ
μ£· ´¨Î¥´ ´¥±μÉμ·μ° Ô´¥·£¨¥° Em

2−3. �¤´μ§´ Î´μ£μ ±·¨É¥·¨Ö μ¶·¥¤¥²¥´¨Ö
¢¥²¨Î¨´Ò Em

2−3 ¶μ±  ´¥ ¸²μ¦¨²μ¸Ó. ‚ ²¨É¥· ÉÊ·¥ [19, 20, 32, 43] ¢¸É·¥Î ÕÉ¸Ö
§´ Î¥´¨Ö Em

2−3, · ¢´Ò¥ 150 ±Ô‚, 700 ±Ô‚, 1 ŒÔ‚,   É ±¦¥ Em
2−3 = Ec

tot.
‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢ ± Î¥¸É¢¥ ±·¨É¥·¨Ö ¶·¨ μ¶·¥¤¥²¥´¨¨ ¢¥²¨Î¨´Ò Em

2−3

¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ μ¡Ð¥¥ ¸μ£² ¸¨¥  ¡¸μ²ÕÉ´ÒÌ ¸¥Î¥´¨° · ¸Î¥É´ÒÌ ¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° dσ/dΩ(N2N3)s

. ‚ Î ¸É´μ¸É¨, ¢ · -
¡μÉ¥ [15] ¶·μ ´ ²¨§¨·μ¢ ´Ò ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¨§ ·¥ ±Í¨¨ 2H(p, ds)p ¶·¨
θds (². ¸. ±.) = 25◦ (θp (¸. Í. ³.) = 126−129◦ ¤²Ö ·¥ ±Í¨¨ 2H(p, p)ds), ¶μ²Ê-
Î¥´´Ò¥ ¨´É¥£·¨·μ¢ ´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¶¥±É·μ¢ ¶·¨ Em

2−3 = 1 ŒÔ‚ ¨
Em

2−3 = Ec
tot (¨¸¶μ²Ó§μ¢ ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [20]). � °¤¥´μ, ÎÉμ

· ¸Î¥É´ Ö Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ¢ ¸·¥¤´¥³ ´¥¶²μÌμ ¸μ£² ¸Ê-
¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ°, ¶μ²ÊÎ¥´´μ° ¶·¨ Em

2−3 = 1 ŒÔ‚, Éμ£¤  ± ± ÉμÎ±¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´É¥£·¨·μ¢ ´¨Õ ¶μ ¢¸¥³ ±¨´¥³ É¨Î¥¸±¨ · §·¥Ï¥´´Ò³ §´ -
Î¥´¨Ö³ E2−3, ¶·¨³¥·´μ ´  ¶μ²μ¢¨´Ê ¶μ·Ö¤±  ¶·¥¢ÒÏ ÕÉ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö.
�É  ¢¥²¨Î¨´  Em

2−3 = 1 ŒÔ‚ ¨ ¡Ò²  ¢Ò¡· ´  μ±μ´Î É¥²Ó´μ° ¤²Ö μ¡μ¨Ì ¢¨¤μ¢
· ¸¸¥Ö´¨Ö.

„²Ö ¸· ¢´¥´¨Ö ´  ·¨¸. 2 ¨ 3 Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¶μ± § ´Ò ± ± ¤²Ö Em

2−3 = 1 ŒÔ‚, É ± ¨ ¤²Ö Em
2−3 = Ec

tot.
�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ ¢ÒÏ¥¨§²μ¦¥´´μ£μ ³¥Éμ¤  Ô±¸-

¶¥·¨³¥´É ²Ó´Ò¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢ ¨§ ·¥ ±Í¨¨ 2H(p, p)ds ¸
μ¡· §μ¢ ´¨¥³ ¸¨´£²¥É´μ£μ ¤¥°É·μ´ . Š ± Ê¶μ³¨´ ²μ¸Ó ¢ÒÏ¥, £μÉμ¢Ò¥ ¤ ´-
´Ò¥ ¡Ò²¨ ¢§ÖÉÒ ´ ³¨ ¨§ · ¡μÉ [19, 20], £¤¥ ¨§³¥·Ö²¨¸Ó ´¥¶μ¸·¥¤¸É¢¥´´μ pn-
¸μ¢¶ ¤¥´¨Ö ¶·¨ EcÍ³ = 8, 3, 9,1, 10 ¨ 11,33 ŒÔ‚. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¶·μÉμ´μ¢ ¶·¨ EcÍ³ = 10, 6 ¨ 20,2 ŒÔ‚ ¶μ²ÊÎ¥´Ò ¸ ¶μ³μÐÓÕ ¶μ¤£μ´±¨ ¨ ¨´-
É¥£·¨·μ¢ ´¨Ö ¸¶¥±É·μ¢ pp-¸μ¢¶ ¤¥´¨° ¨§ [21, 25] ¶μ ¶·¨¢¥¤¥´´Ò³ ¢ÒÏ¥ Ëμ·-
³Ê² ³. ‚ ¸¶¥±É· Ì ¨§ ÔÉ¨Ì · ¡μÉ μ¡· ¡ ÉÒ¢ ²¨¸Ó Éμ²Ó±μ μ¡² ¸É¨ ¶¨±μ¢ Œ‚, ¨
¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ § É¥³ ¶¥·¥¢μ¤¨²¨¸Ó ¢ ¸¨¸É¥³Ê ±μμ·¤¨´ É, ¸μμÉ¢¥É¸É¢Ê-
ÕÐÊÕ · ¸¸¥Ö´¨Õ 2H(p, p)ds. ‚ [22, 23] ¶·¨¢¥¤¥´Ò Éμ²Ó±μ Ê£²μ¢Ò¥ · ¸¶·¥¤¥-
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�¨¸. 2. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸¸Î¨É ´´ÒÌ ¶μ ‘�Œ (¸¶²μÏ´Ò¥ ±·¨¢Ò¥)
Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·μÉμ´μ¢ ¨§ ·¥ ±Í¨¨ 2H(p, p)ds ¸ μ¡· §μ¢ ´¨¥³ ¸¨´£²¥É´μ£μ
¸μ¸ÉμÖ´¨Ö np-¶ ·Ò. ˜É·¨Ìμ¢Ò¥ ²¨´¨¨ Å · ¸Î¥É Ê¶·Ê£μ£μ p + d-· ¸¸¥Ö´¨Ö ¸ ¶μ²´Ò³
¸¶¨´μ³ S = 1/2. Š·Ê¦±¨ ¨ É·¥Ê£μ²Ó´¨±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ · §´Ò³ ¢¥·Ì´¨³ ¶·¥¤¥² ³
¨´É¥£·¨·μ¢ ´¨Ö ¸¶¥±É·μ¢ (Em

2−3 = 1 ŒÔ‚ ¨ Em
2−3 = Ec

tot ¸μμÉ¢¥É¸É¢¥´´μ). �´¥·£¨¨
Ê± § ´Ò ¢ ¸. Í. ³. ‘¸Ò²±¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨¢¥¤¥´Ò ¢ É¥±¸É¥. �  ·¨¸. a
±· °´¨¥ ²¥¢Ò¥ ÉμÎ±¨ ¶μ²ÊÎ¥´Ò ¨§ ¨´±²Õ§¨¢´μ£μ ¸¶¥±É·  · ¡μÉÒ [27] ¶·¨ EcÍ³ =
9, 6 ŒÔ‚

²¥´¨Ö É·μ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ¶¨±μ¢ Œ‚. ‚ ÔÉ¨Ì
¸²ÊÎ ÖÌ · ¸Î¥É´Ò¥ ¶¨±¨ ¢ ³ ±¸¨³Ê³ Ì ¶μ¤£μ´Ö²¨¸Ó ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³
§´ Î¥´¨Ö³ ¨ ¤ ²¥¥ ¨´É¥£·¨·μ¢ ²¨¸Ó ± ± μ¡ÒÎ´μ (EcÍ³ = 12,67, 15,3 ŒÔ‚).
„ ´´Ò¥ ¶·¨ EcÍ³ = 17,3 ŒÔ‚ ¢ ¢¨¤¥ ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¸¥Î¥´¨° ¢§ÖÉÒ ¨§
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· ¡μÉÒ [20],  ¢Éμ·Ò ±μÉμ·μ° ¨¸¶μ²Ó§μ¢ ²¨ ¶·¨ ÔÉμ° Ô´¥·£¨¨ ·¥§Ê²ÓÉ ÉÒ [24].
�  ·¨¸. 2, a ¶·¨ Ô´¥·£¨¨ EcÍ³ = 9,1 ŒÔ‚ ¶·¨¢¥¤¥´Ò É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ÉμÎ±¨, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ¤ ´´ÒÌ ¨§ [27], £¤¥ ¨§ÊÎ ²¸Ö ¨´±²Õ§¨¢´Ò°
¸¶¥±É· · ¸¸¥Ö´¨Ö n + 2H ¶·¨ ¡²¨§±μ° Ô´¥·£¨¨ EcÍ³ = 9,6 ŒÔ‚. ‘· ¢´¥´¨¥
¸ ·¥§Ê²ÓÉ É ³¨ ¤²Ö EcÍ³ = 9,1 ŒÔ‚, ¶μ²ÊÎ¥´´Ò³¨ ¨§ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´μ£μ
Ô±¸¶¥·¨³¥´É , ¤¥³μ´¸É·¨·Ê¥É ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ ¸μ£² ¸¨¥. �É³¥É¨³,
ÎÉμ ·¥§Ê²ÓÉ ÉÒ ¤²Ö EcÍ³ = 8,3, 17,3 ¨ 20,2 ŒÔ‚ ´  ·¨¸. 2 ´¥ ¶·¨¢¥¤¥´Ò, ¨Ì
³μ¦´μ ´ °É¨ ¢ ´ Ï¨Ì · ¡μÉ Ì [15, 18].

�¨¸. 3. ’μ ¦¥, ÎÉμ ´  ·¨¸. 2, ´μ ¤²Ö ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¤¥°É·μ´μ¢ ´  Ö¤· Ì 3H ¨
3He

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸¨´£²¥É´ÒÌ ¤¨´Ê±²μ´μ¢
¨§ ·¥ ±Í¨° 3H(d, ds), 3He(d, ds) ¨ 3H(d, nn). �É¨ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ´ 
μ¸´μ¢¥  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [28Ä34]. ‚ · ¡μÉ Ì [28, 29, 34]
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¨§³¥·Ö²¨¸Ó ¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò É·¨Éμ´μ¢ ¨²¨ Ö¤¥· 3He (EcÍ³ = 6,55, 8,31
¨ 18,6 ŒÔ‚),   ¢ [30Ä33] (EcÍ³ = 10,2, 13, 13,85, 14,36 ŒÔ‚) ¶·¨¢¥¤¥´Ò
·¥§Ê²ÓÉ ÉÒ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ (¸ ·¥£¨¸É· Í¨¥° t− p- ¨²¨
3He−p-¸μ¢¶ ¤¥´¨°). �¥§Ê²ÓÉ ÉÒ ¶·¨ EcÍ³ = 13 ¨ 13,85 ŒÔ‚ ´  ÔÉμ³ ·¨¸Ê´±¥
´¥ ¶·¨¢μ¤ÖÉ¸Ö, É ± ± ± μ´¨ ¸μ¤¥·¦ É ²¨ÏÓ ¶μ μ¤´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ°
ÉμÎ±¥. C¥Î¥´¨Ö dσ/dΩds ¡Ò²¨ ¶·¨¢¥¤¥´Ò Éμ²Ó±μ ¢ [29, 32, 34] ¶·¨ EcÍ³ =
8,31, 13,85 ¨ 18,6 ŒÔ‚. „²Ö μ¸É ²Ó´ÒÌ Ô´¥·£¨°, Ê± § ´´ÒÌ ´  ·¨¸. 3 (EcÍ³ =
6,55, 10,2, 14,36 ŒÔ‚), ¸¥Î¥´¨Ö ¶μ²ÊÎ¥´Ò ¶μ μ¶¨¸ ´´μ° ¢ÒÏ¥ ³¥Éμ¤¨±¥.

‡ ³¥É¨³, ÎÉμ ¢ · ¡μÉ¥ [29] (EcÍ³ = 18,6 ŒÔ‚)  ¢Éμ·Ò ¶·μ¨´É¥£·¨·μ¢ ²¨
¶¨± ¸¨´£²¥É´μ£μ ¤¨´Ê±²μ´  ¢ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É· Ì ¸ ¶μ³μÐÓÕ  ¶¶·μ±¸¨-
³ Í¨¨ ¥£μ ´μ·³ ²Ó´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ƒ Ê¸¸ , ÎÉμ, μÎ¥¢¨¤´μ, ¸´¨¦ ¥É ¢¥²¨-
Î¨´Ê  ¡¸μ²ÕÉ´μ£μ ¸¥Î¥´¨Ö ¨ ¨¸± ¦ ¥É Ëμ·³Ê Ê£²μ¢μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö
¶μ ¸· ¢´¥´¨Õ ¸ ·¥§Ê²ÓÉ É ³¨ ¶·¨³¥´¥´¨Ö ¶·¨¡²¨¦¥´¨Ö Œ‚. “ ´ ¸ ´¥ ¡Ò²μ
¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¨ÉÓ ´Ê¦´Ò¥ ¸¥Î¥´¨Ö ¶ÊÉ¥³ μ¡· ¡μÉ±¨ ¶μ Œ‚ ¨Ì ¸¶¥±É·μ¢
(¶μ¸²¥¤´¨¥ ¶·¨¢¥¤¥´Ò ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì), ¶μÔÉμ³Ê ³Ò ´¥ ¨¸¶μ²Ó§μ-
¢ ²¨ ÔÉ¨ ¤ ´´Ò¥. ˆ§ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ ¤ ´´ÒÌ ´  ·¨¸. 3 ¶·¨¢¥¤¥´  Éμ²Ó±μ
Î ¸ÉÓ ´ ¨¡μ²¥¥ Ì · ±É¥·´ÒÌ ·¥§Ê²ÓÉ Éμ¢. �¸É ²Ó´Ò¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¤ ´Ò ¢ [15, 18].

C· ¢´¥´¨¥ ³¥¦¤Ê ¸μ¡μ° · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ § ¢¨¸¨-
³μ¸É¥° (·¨¸. 2 ¨ 3,   É ±¦¥ ¸³. [15,18]) ¶μ± §Ò¢ ¥É, ÎÉμ ´¥ ´ ¡²Õ¤ ¥É¸Ö ¸ÊÐ¥-
¸É¢¥´´μ° · §´¨ÍÒ ³¥¦¤Ê ¸¥Î¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¨§ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´ÒÌ
¸¶¥±É·μ¢ ¨ ¨§ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·μ¢.

�É³¥É¨³, ÎÉμ μ¶¨¸ ´´Ò° ¢ÒÏ¥ ³¥Éμ¤ ¶μ²ÊÎ¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥-
Î¥´¨° ¶μ§¢μ²¨² ¢μ¸¸É ´μ¢¨ÉÓ ¨Ì ¤ ¦¥ Éμ£¤ , ±μ£¤  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±-
É·Ò ´¥ ¶·¨¢μ¤ÖÉ¸Ö,   ¶·¥¤¸É ¢²¥´Ò Éμ²Ó±μ §´ Î¥´¨Ö ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì
¸¶¥±É·μ¢, ÎÉμ ¢ ²¨É¥· ÉÊ·¥ ¢¸É·¥Î ¥É¸Ö ´¥·¥¤±μ.

�¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ´ Î´¥³ ¸  ´ ²¨§  ¨§¢¥¸É´ÒÌ ¤ ´´ÒÌ ¶μ Ê¶·Ê-
£μ³Ê · ¸¸¥Ö´¨Õ p(n) + d ¨ d + 3He(t). �±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê£²μ¢Ò¥ § ¢¨-
¸¨³μ¸É¨ p(n) + d-· ¸¸¥Ö´¨Ö ¢§ÖÉÒ ¨§ · ¡μÉ [44Ä50] (EcÍ³ = 6,47 ŒÔ‚ [44],
9,4 ŒÔ‚ [45], 10,8, 11,4, 14,7, 23,3 ŒÔ‚ [46], 12 ŒÔ‚ [47], 15,1 ŒÔ‚ [48],
20,7 ŒÔ‚ [49], 30,9 ŒÔ‚ [50]),   ¤²Ö d + 3He(t)-· ¸¸¥Ö´¨Ö ¨¸¶μ²Ó§μ¢ ´Ò
¤ ´´Ò¥ [51Ä54] (EcÍ³ = 6,6 ŒÔ‚ [51], 7,23, 8,27, 10, 12,22, 13,84, 16,65,
17,49 ŒÔ‚ [52], 8,64 ŒÔ‚ [53] ¨ 23,5 ŒÔ‚ [54]). — ¸ÉÓ ÔÉ¨Ì ¤ ´´ÒÌ ¢³¥-
¸É¥ ¸ · ¸Î¥É ³¨ ¶μ ‘�Œ (Ëμ·³Ê²  (1.12)) ¶μ± § ´  ´  ·¨¸. 4 ¨ 5, μ¸É ²Ó´Ò¥
·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ [15].

‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥°
¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ p(n) + d-· ¸¸¥Ö´¨Ö ¶μ± §Ò¢ ¥É ¤μ¸É -
ÉμÎ´μ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ (¶μ ±· °´¥° ³¥·¥, ¶μ Ëμ·³¥) ¸μ£² ¸¨¥, ´ Î¨´ Ö ¸
³ ²ÒÌ Ô´¥·£¨° ¨ ¤μ EcÍ³ = 15,1 ŒÔ‚. ‘ÊÐ¥¸É¢¥´´μ¥ · ¸Ìμ¦¤¥´¨¥ Ô±¸¶¥-
·¨³¥´É  ¸ É¥μ·¨¥° (μ¸μ¡¥´´μ ¢ § ¤´¥° ¶μ²Ê¸Ë¥·¥ Ê£²μ¢ θp), ¶μÖ¢²Ö¥É¸Ö ¶·¨
EcÍ³ = 20,7 ŒÔ‚, ¨ ¶·¨ ¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ÔÉμ · ¸Ìμ¦¤¥´¨¥
¸É ´μ¢¨É¸Ö ¥Ð¥ ¡μ²ÓÏ¥.
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�¨¸. 4. �±¸¶¥·¨³¥´É ²Ó´Ò¥ (±·Ê¦±¨) ¨ · ¸¸Î¨É ´´Ò¥ ¶μ ‘�Œ (¸¶²μÏ´Ò¥ ²¨´¨¨)
Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¤²Ö n + d-· ¸¸¥Ö´¨Ö (a) ¨ Ê¶·Ê£μ£μ p + d-· ¸¸¥Ö´¨Ö. ‘¸Ò²±¨ ´ 
Ô±¸¶¥·¨³¥´É ¶·¨¢¥¤¥´Ò ¢ É¥±¸É¥. �´¥·£¨¨ Ê± § ´Ò ¢ ¸. Í. ³.

‹ÊÎÏ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¤²Ö · ¸¸¥Ö´¨Ö d + 3He(t) (·¨¸. 5). ‡¤¥¸Ó,
μ¤´ ±μ, Éμ¦¥ ¶·μÖ¢²Ö¥É¸Ö ´¥±μÉμ·μ¥ · ¸Ìμ¦¤¥´¨¥ ¢ μ¡² cÉ¨ ¡μ²ÓÏ¨Ì Ê£²μ¢
θd, ´ Î¨´ Ö ¸ Ô´¥·£¨¨ 16,65 ŒÔ‚, Éμ£¤  ± ± ¶·¨ ³¥´ÓÏ¨Ì EcÍ³ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ´¥¶²μÌμ μ¶¨¸Ò¢ ÕÉ¸Ö ± ± ¶·¨ ³ ²ÒÌ, É ± ¨ ¶·¨ ¡μ²ÓÏ¨Ì
Ê£² Ì ¢Ò²¥É  ¤¥°É·μ´μ¢. �·¨ EcÍ³ = 13,84 ŒÔ‚ ´  ·¨¸. 5, ¤ ÏÉ·¨Ìμ¢μ° ²¨-
´¨¥° ¶μ± § ´  É ±¦¥ É¥μ·¥É¨Î¥¸± Ö Ê£²μ¢ Ö § ¢¨¸¨³μ¸ÉÓ, ¶μ²ÊÎ¥´´ Ö ¢ [50]
´  μ¸´μ¢¥ Œ�ƒ. ‚¨¤´μ, ÎÉμ ¨ ÔÉμÉ ¶μ¤Ìμ¤ ¶·¨ Ê± § ´´μ° Ô´¥·£¨¨ ¨¸¶ÒÉÒ-
¢ ¥É ¶·μ¡²¥³Ò ¸ μ¶¨¸ ´¨¥³ Ô±¸¶¥·¨³¥´É  ´  ¡μ²ÓÏ¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö (¶·¨
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�¨¸. 5. ’μ ¦¥, ÎÉμ ´  ·¨¸. 4, ¤²Ö d + 3He-· ¸¸¥Ö´¨Ö. ˜É·¨Ìμ¢ Ö ²¨´¨Ö (¤) Å · ¸Î¥É
¶μ Œ�ƒ [55]

³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ · ¸Î¥ÉÒ ¢ [55] Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨).

„²Ö μ¡μ¨Ì ¢¨¤μ¢ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ÊÌÊ¤Ï¥´¨¥ ¸μ£² ¸¨Ö · ¸Î¥Éμ¢ ¸ Ô±¸-
¶¥·¨³¥´Éμ³ ¢ μ¡² ¸É¨ Ê£²μ¢ § ¤´¥° ¶μ²Ê¸Ë¥·Ò ¶·¨ EcÍ³ > 17−20 ŒÔ‚, ¶μ-
¢¨¤¨³μ³Ê, ¸¢Ö§ ´μ ¢ μ¸´μ¢´μ³ ¸ É¥³, ÎÉμ ¢ ÔÉμ° Ô´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨ ¢¸¥
¡μ²ÓÏÊÕ ·μ²Ó ´ Î¨´ ¥É ¨£· ÉÓ · ¸ÉÊÐ Ö (ÎÉμ ³Ò ´¥ μ¡¸Ê¦¤ ¥³ ¢ ¤¥É ²ÖÌ)
³´¨³ Ö Î ¸ÉÓ ¶μÉ¥´Í¨ ² , ±μÉμ· Ö ³ ¸±¨·Ê¥É ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ÔËË¥±ÉÒ
¨ ¤¥² ¥É ³μ¤¥²Ó ´¥ÔËË¥±É¨¢´μ°.

‘· ¢´¥´¨¥ · ¸Î¥Éμ¢ ¶μ ‘�Œ (1.10) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ Ê£²μ¢Ò³¨ § -
¢¨¸¨³μ¸ÉÖ³¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¶·μÉμ´μ¢ ´  Ö¤· Ì 2H ¸ μ¡· §μ¢ ´¨¥³
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¸¨´£²¥É´μ° np-¶ ·Ò, ¶·¥¤¸É ¢²¥´´μ¥ ´  ·¨¸. 2, ¶μ± §Ò¢ ¥É ´ ²¨Î¨¥ ²¨ÏÓ ± -
Î¥¸É¢¥´´μ£μ ¸μ£² ¸¨Ö ¢μ ¢¸¥° ¨¸¸²¥¤μ¢ ´´μ° Ô´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨. ‹ÊÎÏ¥¥
¸μ£² ¸¨¥ ´ ¡²Õ¤ ¥É¸Ö ¢ § ¤´¥° ¶μ²Ê¸Ë¥·¥ Ê£²μ¢ θp. —Éμ ± ¸ ¥É¸Ö ¶¥·¥¤´¥°
¶μ²Ê¸Ë¥·Ò, Éμ §¤¥¸Ó ³μ¦´μ μÉ³¥É¨ÉÓ ± Î¥¸É¢¥´´μ¥ ¸μ£² ¸¨¥ ¶·¨ Ô´¥·£¨ÖÌ
EcÍ³ = 8−11 ŒÔ‚, ±μÉμ·μ¥ § ³¥É´μ ¶μ·É¨É¸Ö ¸ ¤ ²Ó´¥°Ï¨³ ·μ¸Éμ³ Ô´¥·-
£¨¨. Š ¸μ¦ ²¥´¨Õ, ¢ μ¡² ¸É¨ EcÍ³ > 10 ŒÔ‚ μÉ¸ÊÉ¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶·¨ ³ ²ÒÌ Ê£² Ì θp, ÎÉμ ¸´¨¦ ¥É μ¤´μ§´ Î´μ¸ÉÓ ¢Ò¢μ¤μ¢ ¶μ  ´ ²¨§Ê
¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

�·¥¤¸É ¢²¥´´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ (¤ ¦¥ ± Î¥¸É¢¥´´μ£μ Ì · ±-
É¥· ) ¶μ§¢μ²ÖÕÉ ¶μ´ÖÉÓ É ±μ° Ö·±¨° Ë ±É (¸³. [11] ¨ ¸¸Ò²±¨ É ³), ÎÉμ
¢ ¤Ê¡²¥É´ÒÌ ± ´ ² Ì Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö d + p ¨³¥¥É¸Ö μÎ¥´Ó ¸ÊÐ¥¸É¢¥´-
´ Ö ´¥Ê¶·Ê£μ¸ÉÓ (ηL,1/2 � 0,5 ¶·¨ EcÍ³ � 7 ŒÔ‚), Éμ£¤  ± ± ´ ¡²Õ¤ ¥É¸Ö
¶μÎÉ¨ ÉμÎ´ Ö Ê´¨É ·´μ¸ÉÓ ¢ ±¢ ·É¥É´ÒÌ ± ´ ² Ì: ηL,3/2 ≈ 1 ¢¶²μÉÓ ¤μ
EcÍ³ � 25 ŒÔ‚. �Éμ, μÎ¥¢¨¤´μ, μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ±¢ ·É¥É´Ò° ± ´ ²
Ö¢²Ö¥É¸Ö ¶μÉ¥´Í¨ ²Ó´Ò³,   ¢ ¤Ê¡²¥É´μ³ ± ´ ²¥, ± ± ¨§²μ¦¥´μ ¢ · §¤. 1, ¨´-
É¥·Ë¥·¨·ÊÕÉ ¤¢¥ · §´Ò¥  ³¶²¨ÉÊ¤Ò, ÎÉμ ¨ ¤ ¥É ¶·¨ ¸· ¢´¨É¥²Ó´μ ´¨§±¨Ì
Ô´¥·£¨ÖÌ ³¨±·μ¸±μ¶¨Î¥¸±¨ μ¡μ¸´μ¢ ´´ÊÕ ´¥Ê¶·Ê£μ¸ÉÓ. ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥
μ´  ´¥ ¨³¥¥É ´¨Î¥£μ μ¡Ð¥£μ ¸ ³´¨³μ° Î ¸ÉÓÕ ¶μÉ¥´Í¨ ²  iW (r), ±μÉμ·ÊÕ
¤²Ö ¶μ²´μÉÒ ± ·É¨´Ò ³μ¦´μ ¡Ò²μ ¡Ò ¢¢¥¸É¨ ¨ ±μÉμ· Ö μÉ· ¦ ¥É ¢²¨Ö´¨¥
´  Ê¶·Ê£¨° ± ´ ² ¸μ¡¸É¢¥´´μ É·¥ÌÎ ¸É¨Î´μ£μ ±μ´É¨´ÊÊ³  ¨ ¸É ´μ¢¨É¸Ö ¸Ê-
Ð¥¸É¢¥´´μ°, ± ± ¡Ò²μ μÉ³¥Î¥´μ, ¶·¨ Ô´¥·£¨ÖÌ EcÍ³ � 20 ŒÔ‚. ’ ±μ¥ ¦¥
Ö¢²¥´¨¥ ¤μ²¦´μ ¨³¥ÉÓ ³¥¸Éμ ¨ ¤²Ö ¸¨¸É¥³Ò d + t(h), ´μ §¤¥¸Ó ¶μ±  ´¥É
´¥μ¡Ìμ¤¨³ÒÌ ¤ ´´ÒÌ ¶μ Ë §μ¢μ³Ê  ´ ²¨§Ê, ¨ ¨Ì ¶μ²ÊÎ¥´¨¥ ¶·¥¤¸É ¢¨²μ ¡Ò
¡μ²ÓÏÊÕ Í¥´´μ¸ÉÓ.

Š ± ±· É±¨° ¨Éμ£ · ¸¸³μÉ·¥´¨Ö ¸¨¸É¥³Ò d+p, μÉ³¥É¨³, ÎÉμ Ê¶μ³Ö´ÊÉμ£μ
¤¢ ¤Í É¨¶·μÍ¥´É´μ£μ · §²¨Î¨Ö ³μÐ´μ¸É¨ d−p-¶μÉ¥´Í¨ ²μ¢ ¸μ ¸Ì¥³ ³¨ 	´£ 
[f ] = [3] ¨ [f ] = [21] μ± §Ò¢ ¥É¸Ö ´¥¤μ¸É ÉμÎ´μ, ÎÉμ¡Ò ‘�Œ · ¡μÉ ²  ´ 
±μ²¨Î¥¸É¢¥´´μ³ Ê·μ¢´¥. Œ ²μ¸ÉÓ ÔÉμ£μ · §²¨Î¨Ö ¢Ò· ¦ ¥É¸Ö, ¢ Î ¸É´μ¸É¨, ¢
Éμ³, ÎÉμ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  d → ds ´  ·¨¸. 2 £μ· §¤μ ³¥´ÓÏ¥, Î¥³ Ê¶·Ê£μ¥
¸¥Î¥´¨¥ ¢ ± ´ ²¥ ¸μ ¸¶¨´μ³ S = 1/2.

‚ ·¥ ±Í¨ÖÌ ¸ ¢Ìμ¤´Ò³ ± ´ ²μ³ d + 3He(3H) (·¨¸. 3) ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²Ê-
Î ¥¢ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¶·¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì Ê£² Ì ¢Ò²¥É  ¸¨´£²¥É´ÒÌ
¶ · np ¨ nn μÉ¸ÊÉ¸É¢ÊÕÉ (¨ ¡Ò²μ ¡Ò ¢ ¦´μ § ¶μ²´¨ÉÓ ÔÉμÉ ¶·μ¡¥²), É ± ± ±
¶·¨ ¨§³¥·¥´¨¨ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·μ¢ (±μÉμ·μ¥, ¢ μ¸´μ¢´μ³, ¨ ¶·μ¢μ¤¨²μ¸Ó)
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¨±¨ ¸ ·μ¸Éμ³ Ê£²  ·¥£¨¸É· Í¨¨ Ö¤¥· 3He(3H) μÎ¥´Ó ¡Ò-
¸É·μ ®§ ³ §Ò¢ ÕÉ¸Ö¯, ± ± ÔÉμ ¢¨¤´μ, ´ ¶·¨³¥·, ¨§ ·¨¸. 1 (¢ Ô±¸¶¥·¨³¥´É¥
¨¸¸²¥¤Ê¥É¸Ö ·¥ ±Í¨Ö É¨¶  3H(d, t)ds, ¨ ¶·¨ ¶¥·¥¸É ´μ¢±¥ ³¥¸É ³¨ t ¨ ds

Ê£²Ò ·¥¢¥·¸¨·ÊÕÉ¸Ö). �·¨¢¥¤¥´´μ¥ ´  ·¨¸. 3 ¸· ¢´¥´¨¥ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ · ¸Î¥É ³¨ ¶μ ‘�Œ ¤¥³μ´¸É·¨·Ê¥É ´¥¶²μÌμ¥ ¸μ£² ¸¨¥
¢¶²μÉÓ ¤μ Ô´¥·£¨¨ 10,2 ŒÔ‚, ¶·¨ ±μÉμ·μ° Ëμ·³  É¥μ·¥É¨Î¥¸±μ£μ Ê£²μ¢μ£μ
· ¸¶·¥¤¥²¥´¨Ö Ìμ·μÏμ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É, ´μ ¤ ¥É § ¢ÒÏ¥´´μ¥ ¸¥Î¥´¨¥.
Š ¸μ¦ ²¥´¨Õ, ¤²Ö ¡�μ²ÓÏ¨Ì Ô´¥·£¨° ¤ ´´Ò¥ μÎ¥´Ó ¸±Ê¤´Ò.
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’ ±¨³ μ¡· §μ³, ± ± ¤²Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö d + t(h), É ± ¨ ¤²Ö ´¥-
Ê¶·Ê£μ£μ ¸ μ¡· §μ¢ ´¨¥³ ¸¨´£²¥É´ÒÌ ¶ · np(nn), C�Œ ¢¶μ²´¥ Ê¤μ¢²¥É¢μ-
·¨É¥²Ó´μ μ¶¨¸Ò¢ ¥É ¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ μ¡² ¸É¨ Ô´¥·-
£¨° EcÍ³ � 6−17 ŒÔ‚,   ¸ ¤ ²Ó´¥°Ï¨³ ·μ¸Éμ³ Ô´¥·£¨¨ ´ ¡²Õ¤ ¥É¸Ö μ¡Ð Ö
É¥´¤¥´Í¨Ö ¡Ò¸É·μ£μ ÊÌÊ¤Ï¥´¨Ö ¸μ£² ¸¨Ö, ¢Ò§¢ ´´ Ö, ± ± μÉ³¥Î¥´μ ¢ÒÏ¥, ´ -
· ¸É ´¨¥³ ³´¨³μ° Î ¸É¨ ¶μÉ¥´Í¨ ²  iW (r).

�μ¤¢μ¤Ö ±· É±¨° ¨Éμ£ · ¸¸³μÉ·¥´¨Ö ¸¨¸É¥³Ò d + t(h), ³μ¦´μ ±μ´¸É É¨-
·μ¢ ÉÓ, ÎÉμ μÉ³¥Î¥´´μ£μ ¶ÖÉ¨¤¥¸ÖÉ¨¶·μÍ¥´É´μ£μ · §²¨Î¨Ö ³μÐ´μ¸É¨ d− t(h)-
¶μÉ¥´Í¨ ²μ¢ ¸μ ¸Ì¥³ ³¨ 	´£  [f ] = [41] ¨ [f ] = [32] Ê¦¥ ¤μ¸É ÉμÎ´μ, ÎÉμ¡Ò
‘�Œ ¨³¥²  ¶· ±É¨Î¥¸±¨ ±μ²¨Î¥¸É¢¥´´ÊÕ ÉμÎ´μ¸ÉÓ. ‘ÊÐ¥¸É¢¥´´ Ö · §´¨Í 
³¥¦¤Ê Ê¶μ³Ö´ÊÉÒ³¨ ¶μÉ¥´Í¨ ² ³¨ ¶μ ¨Ì ³μÐ´μ¸É¨ ¢Ò· ¦ ¥É¸Ö, ¢ Î ¸É´μ¸É¨,
¢ Éμ³, ÎÉμ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ ± ´ ²¥ S = 1/2
¨ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  d → ds(nn) ´  ·¨¸. 3 ¸· ¢´¨³Ò, ¢ μÉ²¨Î¨¥ μÉ ·¨¸. 2.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ μ¸μ¡ÊÕ Í¥´´μ¸ÉÓ ¤ ´´ÒÌ μ ¶¥·¥¢μ·μÉ¥ ¸¶¨´-¨§μ-
¸¶¨´  ¤¥°É·μ´  ¢ ¸¨´£²¥É ¸ ¶¥·¥§ ·Ö¤±μ° d + t → nn + h, ¶μ¸±μ²Ó±Ê ¢ nn-
±μ´É¨´ÊÊ³¥ ¸ ¸¨´£²¥É´Ò³ S-¸μ¸ÉμÖ´¨¥³ ´¥ ±μ´±Ê·¨·Ê¥É É·Ê¤´μ μÉ¤¥²Ö¥³μ¥
É·¨¶²¥É´μ¥ S-¸μ¸ÉμÖ´¨¥ (± ± ¤²Ö np-¶ ·Ò),   É·¨¶²¥É´μ¥ P -¸μ¸ÉμÖ´¨¥ ¤ ¥É
³ ²Ò° ¢±² ¤ ¶·¨ ´¥¡μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì ¢§ ¨³´μ£μ ¤¢¨¦¥´¨Ö. �Î¥¢¨¤´μ, ÎÉμ
³μ¤¥²¨·μ¢ ÉÓ ¸¶¥±É·Ò £μ· §¤μ ¶·μÐ¥ ¶·¨ ´ ²¨Î¨¨ ²¨ÏÓ μ¤´μ£μ ¸ÊÐ¥¸É¢¥´-
´μ£μ ³¥Ì ´¨§³ , ¨ ¶μ²ÊÎ¥´´Ò¥ ¸¥Î¥´¨Ö ¶·¨ ÔÉμ³ ´ ¨¡μ²¥¥ ´ ¤¥¦´Ò. ‡´ ´¨¥
¸¥Î¥´¨Ö ÔÉμ° ·¥ ±Í¨¨  ¢Éμ³ É¨Î¥¸±¨ μ¶·¥¤¥²Ö¥É, ± ±¨³ ¤μ²¦´μ ¡ÒÉÓ ¨ ¸¥-
Î¥´¨¥ ·¥ ±Í¨¨ d + t → ds + t (ÔÉ¨ ¸¥Î¥´¨Ö ¸¢Ö§ ´Ò Éμ²Ó±μ ±μÔËË¨Í¨¥´Éμ³
2). ‚ ¸¢μÕ μÎ¥·¥¤Ó, ´ ¤¥¦´μ¥ μ¶·¥¤¥²¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶μ-
§¢μ²Ö¥É ¸ ¡μ²ÓÏ¥° ÉμÎ´μ¸ÉÓÕ μÍ¥´¨ÉÓ Ï¨·¨´Ê μ¡² ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ
μÉ´μ¸¨É¥²Ó´μ° Ô´¥·£¨¨ ´Ê±²μ´μ¢ ¢ ¸¨´£²¥É´μ³ ¤¥°É·μ´¥.

‚ § ±²ÕÎ¥´¨¥ ÔÉμ£μ · §¤¥²  ¶·μ¤¥³μ´¸É·¨·Ê¥³, ± ± ¢ · ³± Ì μ¡Ð¥£μ
Ëμ·³ ²¨§³  ‘�Œ ·¥Ï ¥É¸Ö ¶·μ¡²¥³  Å ¶μÎ¥³Ê Ê Ï¨·μ±μ ¨§¢¥¸É´μ£μ Ê§±μ£μ
μ±μ²μ¶μ·μ£μ¢μ£μ Ê·μ¢´Ö 3/2+ (L = 0) ¢ ¸¨¸É¥³¥ d+t, ±μÉμ·Ò° ²¥¦¨É ¢ μ¸´μ¢¥
Ë¨§¨±¨ É¥·³μÖ¤¥·´ÒÌ ·¥ ±Í¨° [56], ´¥É ·μ¤¸É¢¥´´μ£μ Ê·μ¢´Ö 1/2+ (L = 0).

„²Ö ¸¨¸É¥³ t + d ¨²¨ h + d ¤μ¶Ê¸É¨³Ò É¨¶Ò ¸¨³³¥É·¨¨ [f ] = [41] ¨
[f ] = [32] ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ÎeÉ´μ¸É¨ L, ¶μ¸±μ²Ó±Ê Î ¸É¨ÍÒ ´¥Éμ¦¤¥¸É¢¥´-
´Ò¥. ‘Ì¥³  	´£  [f ] = [41] ¸μμÉ¢¥É¸É¢Ê¥É ¶μ²´μ³Ê ¸¶¨´Ê S = 1/2,   ¸¨£´ ÉÊ· 
[f ] = [32] ¤μ¶Ê¸± ¥É ± ± S = 1/2, É ± ¨ S = 3/2 [4, 57]. ’ ±¨³ μ¡· §μ³, §´ -
Î¥´¨¥ S = 3/2 ¸μμÉ¢¥É¸É¢Ê¥É ¨¸±²ÕÎ¨É¥²Ó´μ ¸¨£´ ÉÊ·¥ [f ] = [32],   ¢ ± ´ ² Ì
· ¸¸¥Ö´¨Ö ¸ S = 1/2 ¨´É¥·Ë¥·¨·ÊÕÉ  ³¶²¨ÉÊ¤Ò ¸μ ¸Ì¥³ ³¨ 	´£  [f ] = [41]
¨ [f ] = [32].

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ³μ¤¥²ÓÕ ‘�Œ É¥·³μÖ¤¥·´Ò° Ê·μ¢¥´Ó 3/2+ (L = 0, S =
3/2) ¶μ ¸¢μ¥° ¶·¨·μ¤¥ ¶·¥¤¸É ¢²Ö¥É ·¥§μ´ ´¸ ¢ ¶μÉ¥´Í¨ ²Ó´μ³ · ¸¸¥Ö´¨¨,

¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸Ì¥³¥ 	´£  [f ] = [32]. „¥°¸É¢¨É¥²Ó´μ, ¶μÉ¥´Í¨ ² V
[32]
L (R)

Ìμ·μÏμ ¢μ¸¶·μ¨§¢μ¤¨É ¢¸¥ Ë §Ò · ¸¸¥Ö´¨Ö h+d ¢ ± ´ ²¥ S = 3/2 ¢ Ï¨·μ±μ°
μ¡² ¸É¨ Ô´¥·£¨° (·¨¸. 6, a), ¶·¨ ÔÉμ³ μ¶¨¸Ò¢ ¥É¸Ö ± ± μ¡Ð¨° Ìμ¤ Ë §Ò, É ± ¨
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�¨¸. 6. ” §μ¢Ò¥ ¸¤¢¨£¨ d + h-· ¸¸¥Ö´¨Ö ¢ ± ´ ²¥ ¸ S = 3/2 (a), [f ] = [41] (¡);
S = 1/2 (¢) ¨ L = 0. a) ’·¥Ê£μ²Ó´¨±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ë §μ¢μ£μ
 ´ ²¨§  ¨§ [58]; ±·Ê¦±¨ Å Ë §μ¢Ò¥ ¸¤¢¨£¨ Œ�ƒ [59]; ¸¶²μÏ´ Ö ²¨´¨Ö Å · ¸Î¥É

¨§ [8] ¤²Ö ± ´ ²  [f ] = [32]. ¡) Š·Ê¦±¨ Å §´ Î¥´¨Ö ®Î¨¸Éμ°¯ Ë §Ò δ
[41]
L=0, ¶μ²Ê-

Î¥´´Ò¥ ¶μ Ëμ·³Ê²¥ (1.5) ¨§ Œ�ƒ-Ë §Ò [59]; ¸¶²μÏ´ Ö ²¨´¨Ö Å · ¸Î¥É ¨§ [8] ´ 

μ¸´μ¢¥ ¶μÉ¥´Í¨ ²  V
[41]
L=0. ¢) Š·Ê¦±¨ Å Ë §μ¢Ò¥ ¸¤¢¨£¨ Œ�ƒ [59]; É·¥Ê£μ²Ó´¨±¨ Å

Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ë §μ¢Ò¥ ¸¤¢¨£¨ [58]; ¸¶²μÏ´ Ö ²¨´¨Ö Å · ¸Î¥É ¶μ Ëμ·³Ê²¥ (1.5)

¸ ³ ·¥§μ´ ´¸ (¥£μ ¶μ²μ¦¥´¨¥ ¨ Ï¨·¨´ ). ‚ ¸²ÊÎ ¥ S = 1/2 ¤²Ö ¸¨¸É¥³Ò t + d
¨´É¥·Ë¥·¨·ÊÕÉ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¸ ¸¨£´ ÉÊ· ³¨ [f1] = [32] ¨ [f2] = [41] ¨
¤²Ö S-³ É·¨ÍÒ ¨ Ë § · ¸¸¥Ö´¨Ö δ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡Ð¨¥ Ëμ·³Ê²Ò (1.4) ¨
(1.5). ‚ ´ Ï¥³ ¸²ÊÎ ¥, ±μ£¤  ± ´ ² ¸¶¨´-¨§μ¸¶¨´μ¢μ£μ ¶¥·¥¢μ·μÉ  ¢ ¸¨´£²¥É
d + t → ds + t § ±·ÒÉ, ¨³¥¥³ ηL,1/2 = 1 (Ê´¨É ·¨§ Í¨Ö Ê¶·Ê£μ£μ ± ´ ² ).
’ ±¨³ μ¡· §μ³,

SÊ¶·
L,1/2 = exp i

(
δ
[f1]
L + δ

[f2]
L

)
. (2.20)

‚ ¶μ²Ö·¨§ Í¨μ´´μ³ Ô±¸¶¥·¨³¥´É¥ [58] Ë §Ò δL,1/2(E) ¨ δL,3/2(E), ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö³ S = 1/2 ¨ 3/2, ³μ£ÊÉ ¡ÒÉÓ · §¤¥²¥´Ò (ÔÉ¨ ¤ ´´Ò¥
³μ¦´μ ¤μ¶μ²´¨ÉÓ Î¨¸²¥´´Ò³¨ ·¥§Ê²ÓÉ É ³¨ Œ�ƒ [59]). ‡´ Ö Ë §Ò · ¸¸¥Ö-
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´¨Ö ¤²Ö ± ´ ²μ¢ ¸ S = 3/2 ¨ μ¶¨· Ö¸Ó ´  ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´Ò° Ëμ·³ ²¨§³,

³Ò μ¶·¥¤¥²Ö¥³ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³μ¸ÉÓ Ë §Ò δ
[32]
L (E) ¨ ¢μ¸¸É ´ ¢²¨¢ ¥³

¶μÉ¥´Í¨ ² V
[32]
L (R). „ ²¥¥, ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê²Ò (1.5) ¨ Ê¦¥ ¨§¢¥¸É´μ°

Ë §Ò δ
[32]
L (E), ¨§ Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²e´´μ° Ë §Ò δL,1/2(E) ¢μ¸¸É ´ -

¢²¨¢ ¥É¸Ö ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´ Ö Ë §  δ
[41]
L (E) ¨ ¶μÉ¥´Í¨ ² V

[41]
L (R) [4].

�  ·¨¸. 6, ¡ ¶·¨¢¥¤¥´  ¢μ¸¸É ´μ¢²¥´´ Ö S-Ë §  δ
[41]
0 (E) ¢ μ¡² ¸É¨ ³ ²ÒÌ

Ô´¥·£¨°. ‚¨¤´μ, ÎÉμ μ´  ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ Ê¡Ò¢ ¥É μÉ §´ Î¥´¨Ö 180◦ ¢ ´Ê²¥.
ŒÒ ¢¨¤¨³ É ±¦¥, ÎÉμ ®¶· £³ É¨Î¥¸±μ¥¯ ¨¸¶μ²Ó§μ¢ ´¨¥ ·¥§Ê²ÓÉ Éμ¢ Œ�ƒ ¤²Ö
Ë § δ0,3/2 ¨ δ0,1/2 ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (1.5) ¶·¨¢μ¤¨É ± § ³¥É´μ μÉ²¨Î ÕÐ¥-
³Ê¸Ö ·¥§Ê²ÓÉ ÉÊ, ±μÉμ·Ò°, μ¤´ ±μ, ´¥¢μ§³μ¦´μ ¶·μ¢¥·¨ÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢
Ô±¸¶¥·¨³¥´É¥.

�É³¥Î¥´´μ£μ Ê¡Ò¢ ´¨Ö Ë §Ò δ
[41]
0 (E) μ± § ²μ¸Ó ¤μ¸É ÉμÎ´μ ¤²Ö Éμ£μ,

ÎÉμ¡Ò ¸Ê³³ ·´ Ö Ë §  δ0,1/2(E) =
1
2
δ
[32]
0 +

1
2
δ
[41]
0 ´¥ μÉ¢¥Î ²  ·¥§μ´ ´¸´μ³Ê

¶μ¢¥¤¥´¨Õ (·¨¸. 6, ¢), ´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ±μ³¶μ´¥´Éa δ
[32]
0 ·¥§μ´¨·Ê¥É.

� ¸¸³μÉ·¥´´Ò° ¶·¨³¥· ¨¸Î¥§´μ¢¥´¨Ö ·¥§μ´ ´¸  ¶·¨ ¶¥·¥Ìμ¤¥ ¢ ¸Ê¶¥·-
³Ê²ÓÉ¨¶²¥É´μ° ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ μÉ μ¤´μ± ´ ²Ó´μ° § ¤ Î¨ (S = 3/2,
[f ] = [32]) ± ¤¢ÊÌ± ´ ²Ó´μ° (S = 1/2, [f1] = [32] ¨ [f2] = [41]) ³μ¦¥É ¶·¥¤-
¸É ¢²ÖÉÓ μ¡Ð¨° ¨´É¥·¥¸ ¶·¨ μ¡¸Ê¦¤¥´¨¨ ³¥Éμ¤¨Î¥¸±¨Ì ¢μ¶·μ¸μ¢ ±¢ ´Éμ¢μ°
³¥Ì ´¨±¨ (¸³. ³μ´μ£· Ë¨Õ [60]). „μ ¸¨Ì ¶μ· ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Œ�ƒ É ±μ°
¶μ¤Ìμ¤ ±μ´Í¥¶ÉÊ ²Ó´μ ´¨±μ£¤  ´¥ Ë¨£Ê·¨·μ¢ ², μ¤´ ±μ ¥£μ ³μ¦´μ ·¥ ²¨§μ-
¢ ÉÓ, ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ Ê· ¢´¥´¨Ö Œ�ƒ, ¸¶·μ¥±É¨·μ¢ ´´Ò¥ ´  μ¶·¥¤¥²¥´´ÊÕ
¸Ê³³ ·´ÊÕ ¸Ì¥³Ê 	´£  [61].

3. “��“ƒ�… ��‘‘…Ÿ�ˆ… „…‰’���� �� „…‰’���…
ˆ �…�Š–ˆŸ ‘ �…�…‚���’�Œ ˆ• ‘�ˆ�-ˆ‡�‘�ˆ��‚ ‚ ‘ˆ�ƒ‹…’

�¥ ±Í¨¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ£μ · §¢ ²  ²¥£Î °Ï¨Ì Ö¤¥·

d + d → p + p + n + n (3.1)

Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§ÊÎ ²¨¸Ó ¢ ´¥¸±μ²Ó±¨Ì ² ¡μ· Éμ·¨ÖÌ ³¨·  (¸³. [62Ä67]).
�μ²ÓÏμ° Í¨±² · ¡μÉ ¢Ò¶μ²´¥´ ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ���
“±· ¨´Ò [68Ä72].

�¸μ¡¥´´μ¸ÉÓÕ ·¥ ±Í¨¨ ¶¥·¥¢μ·μÉ  ¤¢ÊÌ ¤¥°É·μ´μ¢ ¢ ¸¨´£²¥É Ö¢²Ö¥É¸Ö Éμ,
ÎÉμ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ (Î¥ÉÒ·¥Ì´Ê±²μ´´Ò° ±μ´É¨´ÊÊ³) ¶·¨ ¸· ¢´¨É¥²Ó´μ
´¥¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¶ÊÎ±  (E¸Í³ ∼ 10−20 ŒÔ‚) ¶·μ¨¸Ìμ¤¨É ®¢¸¥μ¡Ð¥¥ ³Ö£-
±μ¥ ¶¥·¥· ¸¸¥Ö´¨¥¯, É·¥¡ÊÕÐ¥¥ ¶μ¢ÒÏ¥´´μ£μ ¢´¨³ ´¨Ö ± ³¥Éμ¤¨Î¥¸±¨³ ¢μ-
¶·μ¸ ³ ¶·¨ ¨§¢²¥Î¥´¨¨ ¨§ Ô±¸¶¥·¨³¥´É  Ê± § ´´ÒÌ ¸¥Î¥´¨°. �É¨ ¢μ¶·μ¸Ò
É ±¦¥ μ¸¢¥Ð ÕÉ¸Ö ´¨¦¥.
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—¥ÉÒ·¥ÌÎ ¸É¨Î´ Ö ·¥ ±Í¨Ö (3.1) Ö¢²Ö¥É¸Ö ¶·μ¸É¥°Ï¥° ·¥ ±Í¨¥°, ±μÉμ·ÊÕ
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¨§ÊÎ¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ´  ¶ÊÎ± Ì § ·Ö¦¥´´ÒÌ
Î ¸É¨Í. � ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´Ò³¨ ¤²Ö É ±μ° ¶·μ£· ³³Ò Ö¢²ÖÕÉ¸Ö ±¢ §¨¡¨-
´ ·´Ò¥ ³¥Ì ´¨§³Ò: ‚Š‘ ¨ ±¢ §¨¸¢μ¡μ¤´μ¥ · ¸¸¥Ö´¨¥ (Š‘�) ´Ê±²μ´μ¢. �¤´ 
¨§ ¶μ¶ÒÉμ± ·¥ ²¨§ Í¨¨ ¶¥·¢μ° ¢μ§³μ¦´μ¸É¨ μ¶¨¸ ´  ¢ · ¡μÉ¥ [62]. ‚ Ô±¸¶¥-
·¨³¥´É¥ ¨§³¥·Ö²¨¸Ó ¤¢Ê³¥·´Ò¥ ¸¶¥±É·Ò ¸μ¢¶ ¤¥´¨° ¶·μÉμ´μ¢ N(E1, E2) ¶·¨
Ô´¥·£¨¨ ¶ÊÎ±  ¤¥°É·μ´μ¢ ¢ ². ¸. E0 = 23,15 ŒÔ‚ (E¸Í³ = 11,6 ŒÔ‚). “£²Ò
Ô³¨¸¸¨¨ Î ¸É¨Í θ1/θ2 ¢Ò¡· ´Ò · ¢´Ò³¨ 18◦/36◦ ¨ 25◦/43◦ ¢ ¶²μ¸±μ¸ÉÖÌ
ϕ1 = ϕ2 = 0. ‚ ÔÉμ° £¥μ³¥É·¨¨ ·¥ ²¨§Ê¥É¸Ö ±¨´¥³ É¨Î¥¸± Ö ¸¨ÉÊ Í¨Ö ‚Š‘
± ± pp-, É ± ¨ nn-¶ · μ¤´μ¢·¥³¥´´μ, É. ¥. Ê¸²μ¢¨Ö ±¢ §¨¡¨´ ·´μ° ·¥ ±Í¨¨
2H(d, pp)nn.

‚ · ¸Î¥É Ì, ¢Ò¶μ²´¥´´ÒÌ ¢ ¶·¨¡²¨¦¥´¨¨ Œ‚,  ¢Éμ· ³ Ê¤ ²μ¸Ó ¢μ¸¶·μ-
¨§¢¥¸É¨ Ëμ·³Ê Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨°, μ¤´ ±μ ¶μ²ÊÎ¥´´Ò¥ §´ -
Î¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ann μ± § ²¨¸Ó ´¥μ¤¨´ ±μ¢Ò³¨ ¢ · §´ÒÌ
£¥μ³¥É·¨ÖÌ (¶·¨³¥·´μ −15 ”³ ¤²Ö Ê£²μ¢ θ1/θ2 = 18◦/36◦ ¨ −50 ”³ ¤²Ö
25◦/43◦ ¸μμÉ¢¥É¸É¢¥´´μ). �¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°
d2σ/dΩ1Ω2, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¶μ Ô´¥·£¨Ö³ Î ¸É¨Í μÉ ¶μ·μ£  ·¥£¨¸É· Í¨¨,
· ¢´μ£μ 3 ŒÔ‚ ¨ ¢ÒÏ¥, · ¢´Ò (0,84 ± 0,04) ¨ (0,63 ± 0,03) ³¡/c·2 ¸μμÉ¢¥É-
¸É¢¥´´μ.

‚μ§³μ¦´Ò ¤¢  ¢ ·¨ ´É  ·¥ ±Í¨¨ (3.1) ¶·¨ ´ ²¨Î¨¨ ¢ ´¥° np-‚Š‘. �¥·-
¢Ò° Å ÔÉμ μ¡· §μ¢ ´¨¥ ¤¢ÊÌ ¸¨´£²¥É´ÒÌ ¤¥°É·μ´μ¢ ¨ ¶μ¸²¥¤ÊÕÐ¨° ¨Ì · ¸¶ ¤:

d + d → ds + ds → p + n + p + n. (3.2)

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ ¢ ¶μ²Ó§Ê ¢Ò¸μ±μ°
¢¥·μÖÉ´μ¸É¨ ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´μ¢ ¤¢ÊÌ ¤¥°É·μ´μ¢, ¡Ò²¨ ¶μ²ÊÎ¥´Ò ´ 
·Ê¡¥¦¥ 1980-Ì ££. [62Ä64]. �μ§¤´¥¥ ÔÉμÉ ÔËË¥±É ¡Ò² ¶μ¤É¢¥·¦¤¥´ ‘�Œ [11],
¢ · ³± Ì ±μÉμ·μ° μ´ ´ Ìμ¤¨É ¥¸É¥¸É¢¥´´μ¥ μ¡ÑÖ¸´¥´¨¥ ± ± ·¥§Ê²ÓÉ É ¤¥°¸É¢¨Ö
μ¡³¥´´ÒÌ ¸¨² Œ °μ· ´Ò. �·μÍ¥¸¸ np-‚Š‘ ¢ ·¥ ±Í¨¨ (3.2) ´ ¡²Õ¤ ²¨, ´ -
¶·¨³¥·, ¢ · ¡μÉ¥ [69] ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  ¤¥°É·μ´μ¢ E0 = 50 ŒÔ‚ ¨ ¢ ±¨´¥³ -
É¨Î¥¸±¨ ¶μ²´μ³ Ô±¸¶¥·¨³¥´É¥ [65] ¶·¨ E0 = 15,7 ŒÔ‚, μ¤´ ±μ  ¡¸μ²ÕÉ´Ò¥
§´ Î¥´¨Ö ¸¥Î¥´¨° ´¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò. ”μ·³  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ¢
μ¡Ð¨Ì Î¥·É Ì ¸μ£² ¸Ê¥É¸Ö ¸ · ¸¶·¥¤¥²¥´¨Ö³¨ ³μ¤¥²¨ Œ‚.

‚Éμ·μ° ¶·μÍ¥¸¸ Å ÔÉμ μ¡· §μ¢ ´¨¥ ¤¢ÊÌ É·¨¶²¥É´ÒÌ np-¶ ·. �¶·¨μ·¨
¶·¥´¥¡·¥£ ÉÓ ¨³ ´¥²Ó§Ö, ¨ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¢¥·μÖÉ´μ¸ÉÖ³¨ Ê± § ´´ÒÌ ¤¢ÊÌ
¶·μÍ¥¸¸μ¢ ¤μ²¦´μ ¡ÒÉÓ ¶·¥¤³¥Éμ³ μÉ¤¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ μ¡· §μ¢ ´¨¥ μ¤´μ° ¸¨´£²¥É´μ° ¶ ·Ò ¢ d + d-
·¥ ±Í¨¨ § ¶·¥Ð¥´μ ¶· ¢¨² ³¨ μÉ¡μ·  ¶μ ¨§μÉμ¶¨Î¥¸±μ³Ê ¸¶¨´Ê ¶·¨ Ê¸²μ-
¢¨¨, ÎÉμ ÔÉμ ÉμÎ´μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ. ˆ§¢¥¸É´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ, ÎÉμ ¥¸²¨ ´ ·ÊÏ¥´¨Ö ¶· ¢¨² μÉ¡μ·  ¨ ¨³¥ÕÉ ³¥¸Éμ, Éμ μ´¨
´¥§´ Î¨É¥²Ó´Ò [69].

„·Ê£¨³ §´ Î¨³Ò³ ±¢ §¨¡¨´ ·´Ò³ ³¥Ì ´¨§³μ³ ·¥ ±Í¨¨ (3.1) ³μ¦¥É ¡ÒÉÓ
Š‘� ´Ê±²μ´μ¢, ¢ ±μÉμ·μ³ ¤¢  ´Ê±²μ´  (μ¤¨´ ¨§ ¤¥°É·μ´  ¢ ¶ÊÎ±¥,   ¤·Ê£μ°
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¨§ ¤¥°É·μ´  ¢ ³¨Ï¥´¨) ´¥ ¨§³¥´ÖÕÉ ¸¢μ¨ ¶¥·¢μ´ Î ²Ó´Ò¥ ¨³¶Ê²Ó¸Ò. � -
¤¥¦´ Ö ¨¤¥´É¨Ë¨± Í¨Ö ³¥Ì ´¨§³  Š‘� ¢μ§³μ¦´  ¢ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´μ³
Ô±¸¶¥·¨³¥´É¥, ¢ ±μÉμ·μ³ ´¥μ¡Ìμ¤¨³μ ·¥£¨¸É·¨·μ¢ ÉÓ ¸¶¥±É·Ò ¸μ¢¶ ¤¥´¨°
³¥¦¤Ê É·¥³Ö ¶·μ¤Ê±É ³¨ ·¥ ±Í¨¨ (3.1) ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨: ´¥°É·μ´μ³-
´ ¡²Õ¤ É¥²¥³, ¨¸¶Ê¸± ¥³Ò³ ¶μ¤ Ê£²μ³ 0◦, ¨ ¤¢Ê³Ö · ¸¸¥Ö´´Ò³¨ ¶·μÉμ´ ³¨.
‚ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  ·¥£¨¸É·¨·ÊÕÉ¸Ö ¸¶¥±É·Ò Éμ²Ó±μ ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨° pp
(±¨´¥³ É¨Î¥¸±¨ ´¥¶μ²´Ò° Ô±¸¶¥·¨³¥´É), ¨´É¥·¶·¥É Í¨Ö ·¥§Ê²ÓÉ Éμ¢ Ê¸²μ¦-
´Ö¥É¸Ö ¨§-§  ±μ´±Ê·¥´Í¨¨ ·¥ ±Í¨° ¸ ‚Š‘ ¨ · §²¨Î¨ÉÓ ÔÉ¨ ³¥Ì ´¨§³Ò ´¥¶·μ-
¸Éμ.

‘·¥¤¨ É ±μ£μ ·μ¤  ¨§³¥·¥´¨° μ¤´¨³ ¨§ ¶¥·¢ÒÌ ¡Ò² ±¨´¥³ É¨Î¥¸±¨
´¥¶μ²´Ò° Ô±¸¶¥·¨³¥´É ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  ¤¥°É·μ´μ¢ E0 = 80 ŒÔ‚ [63].
‘¶¥±É·Ò pp-¸μ¢¶ ¤¥´¨° ·¥ ±Í¨¨ 2H(d, pp)nn ¡Ò²¨ ¨§³¥·¥´Ò ¢ ¸¨³³¥É·¨Î-
´μ° ±μ³¶² ´ ·´μ° £¥μ³¥É·¨¨ ¤²Ö ´¥¸±μ²Ó±¨Ì ¶ · Ê£²μ¢ ¢ ¨´É¥·¢ ²¥ 34−52◦.
‘ Ê³¥·¥´´Ò³ Ê¸¶¥Ìμ³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö
d4σ(E1, E2)/dΩ1Ω2dE1dE2 Ê¤ ²μ¸Ó ¢μ¸¶·μ¨§¢¥¸É¨ ¶ÊÉ¥³ · ¸Î¥Éμ¢, ¢Ò¶μ²´¥´-
´ÒÌ ¢ ¡μ·´μ¢¸±μ³ ¶·¨¡²¨¦¥´¨¨ c ¶²μ¸±¨³¨ ¢μ²´ ³¨.

‚ · ¡μÉ¥ [64] ¶·¥¤²μ¦¥´   ²ÓÉ¥·´ É¨¢´ Ö É· ±Éμ¢±  ¤ ´´ÒÌ [63], ÊÎ¨-
ÉÒ¢ ÕÐ Ö ²¨ÏÓ np-‚Š‘, É. ¥. ¨£´μ·¨·ÊÕÐ Ö ¢μ§³μ¦´Ò° ¢±² ¤ μÉ Š‘� ¶·μ-
Éμ´μ¢. ‚ ¶·¨¡²¨¦¥´¨¨ Œ‚ ¤²Ö É·¨¶²¥É´ÒÌ ¨ ¸¨´£²¥É´ÒÌ  ³¶²¨ÉÊ¤ Ê¤ ²μ¸Ó
¶μ²ÊÎ¨ÉÓ · §Ê³´μ¥ μ¶¨¸ ´¨¥ ¸¶¥±É·μ¢ ¶μ¤ ¢¸¥³¨ Ê£² ³¨. ‚±² ¤Ò μÉ ¸¨´£²¥É-
´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ¸¶¥±É· Ì ¸μ¸É ¢¨²¨ 33 ¨ 56 % ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶μ¤ Ê£² ³¨
36,5 ¨ 43◦ ¸μμÉ¢¥É¸É¢¥´´μ, ÎÉμ § ³¥É´μ ¢ÒÏ¥ ¸É É¨¸É¨Î¥¸±μ£μ ¢¥¸  (10 %)
1S0-¸μ¸ÉμÖ´¨Ö ¢ ¶μ²´μ° ¸³¥¸¨ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨°.

�¥ ±Í¨Ö 2H(d, pp)nn É ±¦¥ ¨§ÊÎ ² ¸Ó ¶μ¤ ¸¨³³¥É·¨Î´Ò³¨ Ê£² ³¨ θ =
34,8◦ ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  Ed = 34,7 MÔ‚ ¢ · ¡μÉ¥ [66] (Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¸¶¥±É·Ò ´¥ ¶·¨¢¥¤¥´Ò). �¥§Ê²ÓÉ ÉÒ ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ±μ¸¢¥´´μ¥ ¸¢¨-
¤¥É¥²Ó¸É¢μ ¢ ¶μ²Ó§Ê ¢μ§³μ¦´ÒÌ ÔËË¥±Éμ¢ np-‚Š‘ ¢ ÔÉ¨Ì ±¨´¥³ É¨Î¥¸±¨Ì
Ê¸²μ¢¨ÖÌ.

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¨§¢¥¸É´  Éμ²Ó±μ μ¤´  ¶μ¶ÒÉ±  ¨§³¥·¥´¨Ö ¸¥Î¥-
´¨Ö Š‘� ¶·μÉμ´μ¢ ¢ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´μ³ Ô±¸¶¥·¨³¥´É¥ [70]. �·¨ Ô´¥·£¨¨
¶ÊÎ±  ¤¥°É·μ´μ¢ 46,7 ŒÔ‚ ¡Ò²¨ ¨§³¥·¥´Ò ¸¶¥±É·Ò ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨° pp
¨ É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨° ppn, ÎÉμ ¶μ§¢μ²¨²μ ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ³¥Ì ´¨§³ Š‘�
¶·μÉμ´μ¢ ¢ ·¥ ±Í¨¨ 2H(d, pp)nn. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [70]  ´ ²¨§¨·ÊÕÉ¸Ö ¸ ÊÎ¥Éμ³ ± ± Š‘� ¶·μÉμ´μ¢, É ± ¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥°É·μ´Ä¶·μÉμ´ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. � ³ Ê¤ ²μ¸Ó ¤μ¢μ²Ó´μ ÉμÎ´μ ¸³μ¤¥-
²¨·μ¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¤¢Ê³¥·´Ò° ¸¶¥±É· pp-¸μ¢¶ ¤¥´¨° ¨ μ¶·¥¤¥²¨ÉÓ
¸¥Î¥´¨¥ ± ¦¤μ£μ ¶·μÍ¥¸¸  ¢ μÉ¤¥²Ó´μ¸É¨, ¢ Î ¸É´μ¸É¨, ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤¢μ°-
´μ£μ ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´ . �μ¸²¥¤´¥¥ ¸· ¢´¨¢ ¥É¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³,
¢ÒÎ¨¸²¥´´Ò³ ¢ · ³± Ì ‘�Œ [11].

� ¸¸³μÉ·¨³ ±· É±μ ¶μ¸É ´μ¢±Ê Ô±¸¶¥·¨³¥´É  ¢ ŠˆŸˆ (“±· ¨´ ).
‘¶¥±É·Ò ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨° pp ¨ É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨° ppn ¨§³¥·¥´Ò

¶·¨ μ¡²ÊÎ¥´¨¨ ¤¥°É¥·¨°-É¨É ´μ¢μ° ³¨Ï¥´¨ Ê¸±μ·¥´´Ò³¨ ¢ Í¨±²μÉ·μ´¥ “-240
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ŠˆŸˆ ¤¥°É·μ´ ³¨, Ô´¥·£¨Ö ±μÉμ·ÒÌ ¢ Í¥´É·¥ ³¨Ï¥´¨ ¸μ¸É ¢²Ö²  46,7 ŒÔ‚.
‡ ·Ö¦¥´´Ò¥ ¶·μ¤Ê±ÉÒ Ö¤¥·´μ° ·¥ ±Í¨¨ ·¥£¨¸É·¨·μ¢ ²¨¸Ó ¤¢Ê³Ö É¥²¥¸±μ¶ ³¨
ΔEÄE-¤¥É¥±Éμ·μ¢, · ¸¶μ²μ¦¥´´Ò³¨ ¸¨³³¥É·¨Î´μ ¶μ μÉ´μÏ¥´¨Õ ± μ¸¨ ¶ÊÎ± .
“£²Ò Ô³¨¸¸¨¨ ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í, · ¢´Ò¥ 38,75◦, ¸μμÉ¢¥É¸É¢ÊÕÉ ±¨´¥³ -
É¨±¥ ±¢ §¨¸¢μ¡μ¤´μ£μ · ¸¸¥Ö´¨Ö ¶·μÉμ´μ¢ ¢ ·¥ ±Í¨¨ (3.1). ’¥²¥¸´Ò¥ Ê£²Ò
¤¥É¥±Éμ·μ¢ μ¶·¥¤¥²Ö²¨¸Ó ¶·Ö³μÊ£μ²Ó´Ò³¨ ¤¨ Ë· £³ ³¨ · §³¥·μ³ 18 × 5 ³³,
Ê¸É ´μ¢²¥´´Ò³¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶¥·¥¤ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ΔE-¤¥É¥±Éμ· ³¨
´  · ¸¸ÉμÖ´¨¨ 80 ³³ μÉ ³¨Ï¥´¨. �¥°É·μ´Ò, ¨¸¶Ê¸± ¥³Ò¥ ¢¤μ²Ó μ¸¨ ¶ÊÎ± 
(É. ¥. ¶μ¤ Ê£²μ³ 0◦), ·¥£¨¸É·¨·μ¢ ²¨¸Ó ¶² ¸É¨Î¥¸±¨³ ¸Í¨´É¨²²ÖÉμ·μ³ ¢ Ëμ·³¥
¶ · ²²¥²¥¶¨¶¥¤  ¸ · §³¥· ³¨ 10 × 10 × 20 ¸³. � ¸¸ÉμÖ´¨¥ μÉ ³¨Ï¥´¨ ¤μ
¶¥·¥¤´¥° £· ´¨ ¤¥É¥±Éμ·  · ¢´μ 1,3 ³.

�μ²ÊÎ¥´´Ò° ¢ Ô±¸¶¥·¨³¥´É¥ ¤¢Ê³¥·´Ò° ¸¶¥±É· ¤¢μ°´ÒÌ pp-¸μ¢¶ ¤¥´¨°
¶μ¸²¥ ¢ÒÎ¥É  Ëμ´  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° ¨ ¢±² ¤  μÉ ·¥ ±Í¨¨ 1H(d, pp)n
´  ¶·¨³¥¸ÖÌ ²¥£±μ£μ ¢μ¤μ·μ¤  ¢ ³¨Ï¥´¨ ¸μ¤¥·¦ ² ¡μ²¥¥ 30000 ¸μ¡ÒÉ¨° Npp.
�¤´μ¢·¥³¥´´μ ¢ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´μ³ Ô±¸¶¥·¨³¥´É¥ ¡Ò²μ § ·¥£¨¸É·¨·μ¢ ´μ
¡μ²¥¥ 100 ¸μ¡ÒÉ¨° É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨° Nppn. �·¨ ÔÉμ³ ¶μ²ÊÎ¥´μ Ô±¸¶¥·¨-
³¥´É ²Ó´μ¥ μÉ´μÏ¥´¨¥ ¢ÒÌμ¤μ¢ Nppn/Npp = 0,0061±0,0007. �μ²¥¥ ¤¥É ²Ó´μ
³¥Éμ¤¨±  Ô±¸¶¥·¨³¥´É  ¶·¥¤¸É ¢²¥´  ¢ · ¡μÉ Ì [69, 70].

�Î¥¢¨¤´μ, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
2H(d, ds)ds ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨ ³μ¤¥²¨·μ¢ ´¨¥ ¶μ²ÊÎ¥´´ÒÌ ¸¶¥±É·μ¢ ¨ ¨´-
É¥£·¨·μ¢ ´¨¥ ³μ¤¥²Ó´ÒÌ ¸¶¥±É·μ¢ ¨´É¥·¥¸ÊÕÐ¥° ´ ¸ ·¥ ±Í¨¨. ‘μμÉ¢¥É¸É¢Ê-
ÕÐ Ö ³¥Éμ¤¨±  μ¡· ¡μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¥¤¸É ¢²¥´  ´¨¦¥.

‡ ¶¨Ï¥³ § ±μ´Ò ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  ¤²Ö Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ°
·¥ ±Í¨¨ (3.1) ¢ Ëμ·³¥

E0 + Q = E1 + E2 + E3 + E4, (3.3)

p0 = p1 + p2 + p3 + p4, (3.4)

£¤¥ E0 ¨ p0 Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ Î ¸É¨Í ¶ÊÎ±  ¢ ². ¸.; Q =
−4,449 ŒÔ‚ Å Ô´¥·£¨Ö ·¥ ±Í¨¨; E1, E2, p1, p2 Å Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸Ò ¶·μ-
Éμ´μ¢; E3, E4, p3, p4 Å Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸Ò ´¥°É·μ´μ¢. ’μ£¤  ¤¨ËË¥·¥´-
Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ dσ ·¥ ±Í¨¨ (3.1) ¢ § ¤ ´´Ò° μ¡Ñ¥³ Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢ 
³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ [39]:

dσ =
(2π)4

υ0
δ3

(
p−

4∑
i=1

pi

)
δ

(
E −

4∑
i=1

Ei

)
|F |2

4∏
i=1

dpi, (3.5)

£¤¥ v0 = (E0/m)1/2 Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ Î ¸É¨Í ¢μ ¢Ìμ¤´μ³ ± ´ ²¥;
m Å ³ ¸¸  ´Ê±²μ´ ; |F |2 Å ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤ . ˆ´É¥£·¨·ÊÖ ¤ ²¥¥
¶μ ´¥ μ¶·¥¤¥²¥´´Ò³ ¢ Ô±¸¶¥·¨³¥´É¥ ¨³¶Ê²Ó¸ ³, ¤²Ö ¸¥Î¥´¨Ö ¤¢μ°´ÒÌ pp- ¨²¨
É·μ°´ÒÌ ppn-¸μ¢¶ ¤¥´¨° ¢ ². ¸. ¶μ²ÊÎ ¥³

dσ(θ1, ϕ1, θ2, ϕ2, E1, E2)/dΩ1dΩ2dE1dE2 =
(2π)4

υ0

∫
ρ|F |2 sin θdθdϕ. (3.6)
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‡¤¥¸Ó θ1, ϕ1, θ2, ϕ2 Å Ê£²Ò Ô³¨¸¸¨¨ ·¥£¨¸É·¨·Ê¥³ÒÌ ¶·μÉμ´μ¢; ρ Å ³´μ¦¨-
É¥²Ó Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢  [73]:

ρ = (m)9/2(E1E2εnn)1/2,

εnn = E0 + Q − E1 − E2 − |p0 − p1 − p2|2/(4m);

¨´É¥£·¨·μ¢ ´¨¥ ¢Ò¶μ²´Ö¥É¸Ö ¶μ Ê£² ³ θ ¨ ϕ, μ¶·¥¤¥²ÖÕÐ¨³ μ·¨¥´É Í¨Õ ¢¥±-
Éμ·  μÉ´μ¸¨É¥²Ó´μ£μ ¨³¶Ê²Ó¸  ´¥°É·μ´μ¢ qnn = (p3 −p4)/2. ‚ ¢ÒÎ¨¸²¥´¨ÖÌ
¸¶¥±É·  ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨° Npp(E1, E2) μ¡² ¸ÉÓ ¨´É¥£·¨·μ¢ ´¨Ö μÌ¢ ÉÒ-
¢ ¥É ¢¸¥ ¢μ§³μ¦´Ò¥ μ·¨¥´É Í¨¨ ¢¥±Éμ·  qnn (É. ¥. ¢ ¶·¥¤¥² Ì 4π),   ¤²Ö
É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨° Nppn(E1, E2) μ´  μ¶·¥¤¥²Ö¥É¸Ö É¥²¥¸´Ò³ Ê£²μ³ ¤¥É¥±-
Éμ·  ´¥°É·μ´μ¢. Œ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤  |F |2 ¡Ê¤¥³  ¶¶·μ±¸¨³¨·μ¢ ÉÓ
´¥±μ£¥·¥´É´μ° ¸Ê³³μ°:

|F |2 = c1|FQF |2 + c2|F1s|2|F2s|2 + c3|F1t|2|F2t|2, (3.7)

£¤¥ ci Å ¸¢μ¡μ¤´Ò¥ ±μ´¸É ´ÉÒ; FQF Å  ³¶²¨ÉÊ¤  Š‘� ¶·μÉμ´μ¢; F1s ¨
F2s Å  ³¶²¨ÉÊ¤Ò ‚Š‘ ¸¨´£²¥É´ÒÌ np-¶ ·, ±μÉμ·Ò¥ ¨§²ÊÎ ÕÉ¸Ö ¸μμÉ¢¥É-
¸É¢¥´´μ ¶μ ²¥¢ÊÕ ¨²¨ ¶μ ¶· ¢ÊÕ ¸Éμ·μ´Ê μÉ ¶ÊÎ± ; F1t ¨ F2t Å  ´ ²μ£¨Î´μ
μ¶·¥¤¥²Ö¥³Ò¥  ³¶²¨ÉÊ¤Ò ‚Š‘ É·¨¶²¥É´ÒÌ np-¶ ·.

’¥Ì´¨±  ³μ¤¥²¨·μ¢ ´¨Ö ¸¶¥±É·μ¢ Š‘� ¤μ¸É ÉμÎ´μ ¶μ¤·μ¡´μ μ¶¨¸ ´  ´ ³¨
¢ [16] ¨ §¤¥¸Ó ³Ò · ¸¸³ É·¨¢ ÉÓ ¥¥ ´¥ ¡Ê¤¥³.

�³¶²¨ÉÊ¤Ò np-‚Š‘ ¢ÒÎ¨¸²Ö²¨¸Ó ¢ ¶·¨¡²¨¦¥´¨¨ Œ‚:

F1s(t)(q13) = [r(q2
13 + η2)]/[2(−1/a + rq2

13/2 − iq13)], (3.8)

F2s(t)(q24) = [r(q2
24 + η2)]/[2(−1/a + rq2

24/2 − iq24)],
(3.9)

η = (1/r)[1 + (1 − 2r/a)1/2],

£¤¥ q13 ¨ q24 Å ¢¥²¨Î¨´Ò ¨³¶Ê²Ó¸μ¢ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¢ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì np-¶μ¤¸¨¸É¥³ Ì. „²¨´  np-· ¸¸¥Ö´¨Ö a ¨ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸
r ¸μμÉ¢¥É¸É¢¥´´μ ¨³¥ÕÉ §´ Î¥´¨Ö −23,748 ¨ 2,75 ”³ ¤²Ö ¸¨´£²¥É´μ£μ ¸μ¸Éμ-
Ö´¨Ö np-¶ ·Ò ¨ 5,424 ¨ 1,759 ”³ Å ¤²Ö É·¨¶²¥É´μ£μ [40]. ˆ´É¥£·¨·μ¢ ´¨¥
¢ ¢Ò· ¦¥´¨¨ (3.5) ¢Ò¶μ²´¥´μ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ, ¶·¨ ÔÉμ³ ¸²ÊÎ °´Ò³¨
¢¥²¨Î¨´ ³¨ ¡Ò²¨ ±μμ·¤¨´ ÉÒ ÉμÎ±¨ ´  ³¨Ï¥´¨ ¨ ¤¥É¥±Éμ· Ì,   É ±¦¥ Ê£²Ò
θ, ϕ, μ¶·¥¤¥²ÖÕÐ¨¥ μ·¨¥´É Í¨Õ ¨³¶Ê²Ó¸  μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¢ ¤¨´¥°-
É·μ´¥ qnn.

�¶¶·μ±¸¨³ Í¨Ö (3.7) ³μ¦¥É ¢Ò§¢ ÉÓ ¢μ§· ¦¥´¨Ö ¢ ¸¢Ö§¨ ¸ ¶·¥´¥¡·¥¦¥-
´¨¥³ ¨´É¥·Ë¥·¥´Í¨¥°  ³¶²¨ÉÊ¤, ´μ ¥¥ ·μ²Ó ³μ¦´μ ¸Î¨É ÉÓ ¶·¥´¥¡·¥¦¨³μ
³ ²μ° ¢ · ¸¸³ É·¨¢ ¥³μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥, ÊÎ¨ÉÒ¢ Ö · §²¨Î´Ò¥ Ê£²μ-
¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ´¥°É·μ´μ¢ ¢ ¶·μÍ¥¸¸ Ì Š‘� ¨ ‚Š‘. ‚
¶¥·¢μ³ ¨§ ´¨Ì μ¤¨´ ¨§ ´¥°É·μ´μ¢ ¨§²ÊÎ ¥É¸Ö ¸ Ô´¥·£¨¥° ∼ 24 ŒÔ‚ ¢ Ê§-
±μ³ ±μ´Ê¸¥ ¢μ±·Ê£ μ¸¨ ¶ÊÎ± ,   ¤·Ê£μ° μ¸É ¥É¸Ö ¸ ³ ²μ° Ô´¥·£¨¥°, Éμ£¤  ± ±
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¶·¨ ‚Š‘ ¨³¶Ê²Ó¸Ò μ¡μ¨Ì ´¥°É·μ´μ¢ ¡²¨§±¨ ± ¨³¶Ê²Ó¸ ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
¶·μÉμ´μ¢.

�μ²´μ¥ ±μ²¨Î¥¸É¢μ ¸μ¡ÒÉ¨° ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ³ ¸¶¥±É·¥ É·μ°´ÒÌ ¸μ-
¢¶ ¤¥´¨° ppn Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μÍ¥´±¨ ¢±² ¤  ³¥Ì ´¨§³  Š‘� ¢ ¸¶¥±-
É·¥ ¤¢μ°´ÒÌ pp-¸μ¢¶ ¤¥´¨°. „²Ö ÔÉμ£μ ¢ ¨³¶Ê²Ó¸´μ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¸ ÊÎ¥Éμ³
Éμ²Ó±μ ¶¥·¢μ£μ ¸² £ ¥³μ£μ ¢ ¸Ê³³¥ (3.7) ¡Ò²¨ ¸³μ¤¥²¨·μ¢ ´Ò ¸¶¥±É·Ò ¤¢μ°-
´ÒÌ ¨ É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨°. ‘ ÊÎ¥Éμ³ ÔËË¥±É¨¢´μ¸É¨ ·¥£¨¸É· Í¨¨ ´¥°É·μ´μ¢
k ¢ÒÎ¨¸²¥´´μ¥ ¶μ ÔÉ¨³ ¸¶¥±É· ³ ¤²Ö Š‘� μÉ´μÏ¥´¨¥ kNppn/Npp ¸μ¸É ¢¨²μ
0,026, ÎÉμ ¶·¨³¥·´μ ¢ Î¥ÉÒ·¥ · §  ¶·¥¢ÒÏ ¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ô±¸¶¥·¨³¥´-
É ²Ó´μ¥ §´ Î¥´¨¥ 0,0061± 0,0007. ’ ±μ° ·¥§Ê²ÓÉ É ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ,
¶·¥¤¶μ² £ Ö, ÎÉμ ¢±² ¤ Š‘� ¶·μÉμ´μ¢ ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ³ ¸¶¥±É·¥ ¤¢μ°-
´ÒÌ pp-¸μ¢¶ ¤¥´¨° ¸μ¸É ¢²Ö¥É ²¨ÏÓ μ¤´Ê Î¥É¢¥·ÉÓ μÉ ¶μ²´μ£μ ±μ²¨Î¥¸É¢ 
¸μ¡ÒÉ¨°.

„ ²¥¥ ¢ Éμ³ ¦¥ ¶·¨¡²¨¦¥´¨¨ ¡Ò² ¸³μ¤¥²¨·μ¢ ´ ¸¶¥±É· ¸ ÊÎ¥Éμ³ ¢¸¥Ì
É·¥Ì ¸² £ ¥³ÒÌ ¢ ¸Ê³³¥ (3.7). �μ¤£μ´±  ¶·μ¢μ¤¨² ¸Ó ´  ³ ¸¸¨¢¥ ¨§ 2694 Ô²¥-
³¥´Éμ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ° ³ É·¨ÍÒ. �¡² ¸ÉÓ ¶μ¤£μ´±¨ ¢ ¶²μ¸±μ¸É¨ E1 −E2

μ£· ´¨Î¥´  ¶μ·μ£ ³¨ E1, E2 = 7,8 ŒÔ‚. CμμÉ´μÏ¥´¨¥ ¢±² ¤μ¢ μÉ μÉ¤¥²Ó´ÒÌ
Î²¥´μ¢ ¸Ê³³Ò (3.7) ¢ ¶·¥¤¥² Ì ¢Ò¤¥²¥´´μ£μ ÊÎ ¸É±  ¸μ¸É ¢¨²μ (0,20± 0,04) :
(0,65±0,07) : (0,15±0,03). �¥·¥¸Î¨É ´´Ò¥ ´  ¢¸Õ ±¨´¥³ É¨Î¥¸±¨ · §·¥Ï¥´-
´ÊÕ μ¡² ¸ÉÓ ¢±² ¤Ò ¸μμÉ´μ¸ÖÉ¸Ö ± ± (0,24±0,04) : (0,61±0,05) : (0,15±0,03).
� ¸Î¥É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ´  ¤¨ £μ´ ²¨ E1 = E2 ¶μ± § ´Ò ´  ·¨¸. 7. Š·¨¢Ò¥ ¶μ± §Ò¢ ÕÉ ¢±² ¤Ò
Š‘�, ¸¨´£²¥É´μ° ¨ É·¨¶²¥É´μ° ¸μ¸É ¢²ÖÕÐ¨Ì ‚Š‘.

�¨¸. 7. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó-
´μ£μ ¸¶¥±É·  pp-¸μ¢¶ ¤¥´¨° ¸ · ¸-
Î¥Éμ³. �·¨¢¥¤¥´Ò ¤ ´´Ò¥ [71] ¤²Ö
·¥ ±Í¨¨ 2H(d, pp)nn ¶·¨ Ô´¥·£¨¨
E0 = 46,7 ŒÔ‚ ¨ Ê£² Ì ·¥£¨¸É· -
Í¨¨ ¶·μÉμ´μ¢ θ1 = θ2 = 38,75◦,
ϕ1 − ϕ2 = 180◦. �  Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ÉμÎ± Ì Ê± § ´Ò ¸É -
É¨¸É¨Î¥¸±¨¥ μÏ¨¡±¨. ˜É·¨Ì¶Ê´±-
É¨·´ Ö, ÏÉ·¨Ìμ¢ Ö ¨ ÉμÎ¥Î´ Ö ²¨-
´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ · ¸Î¥É ³ ¤²Ö
pp-Š‘�, ¸¨´£²¥É´μ³Ê ¨ É·¨¶²¥É-
´μ³Ê np-‚Š‘, ¸¶²μÏ´ Ö ²¨´¨Ö ¸μ-
μÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢

ˆÉ ±,  ´ ²¨§ ¸¶¥±É·μ¢ ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨°, ¨§³¥·¥´´ÒÌ ¢ ±¨´¥³ É¨Î¥¸±¨
´¥¶μ²´μ³ Ô±¸¶¥·¨³¥´É¥, É ±¦¥ ¶μ§¢μ²Ö¥É ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ³¥Ì ´¨§³Ò ·¥-
 ±Í¨¨ ¶·¨ Ê¸²μ¢¨¨ ¤μ¸É ÉμÎ´μ ÉμÎ´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. � ¨¡μ²¥¥
¢ ¦´Ò³ ·¥§Ê²ÓÉ Éμ³ ÔÉμ£μ  ´ ²¨§  μ± §Ò¢ ¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´Ò° ¢Ò¢μ¤, ÎÉμ
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μ¶·¥¤¥²ÖÕÐ¨³ ³¥Ì ´¨§³μ³ ·¥ ±Í¨¨ (3.1) Ö¢²Ö¥É¸Ö ¶¥·¥¢μ·μÉ ¸¶¨´-¨§μ¸¶¨´μ¢
¤¢ÊÌ ¤¥°É·μ´μ¢. …£μ ¢±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 2H(d, pp)nn ¸μ¸É ¢²Ö¥É μ±μ²μ
¤¢ÊÌ É·¥É¥° ¤ ¦¥ ¢ ±¨´¥³ É¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ Š‘� ¶·μÉμ´μ¢. ‚±² ¤ ¶μ¸²¥¤-
´¥£μ (∼ 20%), μ¶·¥¤¥²¥´´Ò° ¢ ¶μ¤£μ´±¥ ¤¢Ê³¥·´μ£μ ¸¶¥±É·  pp-¸μ¢¶ ¤¥´¨°,
¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ ±¨´¥³ É¨Î¥¸±¨ ¶μ²´μ£μ Ô±¸¶¥·¨³¥´É .

„²Ö ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ¶·¥¤¸± § ´¨Ö³¨ ‘�Œ ´¥μ¡-
Ìμ¤¨³μ ¶¥·¥¸Î¨É ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¤¢μ°´μ£μ
¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´  ¢ ¸. Í. ³. ¨ ¶·¥¤¸É ¢¨ÉÓ ¥£μ ¢ Ëμ·³¥ ¸¥Î¥´¨Ö dσ/dΩ
¡¨´ ·´μ° ·¥ ±Í¨¨ 2H(d, ds)ds. �Éμ Ê¤μ¡´¥¥ ¤¥² ÉÓ, ¶¥·¥¶¨¸ ¢ § ±μ´Ò ¸μÌ· -
´¥´¨Ö (3.3) ¨ (3.4) ¢ ¸. Í. ³. ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

E13 + e13 + E24 + e24 = E0C + Q,

p13 + p24 = 0,

£¤¥ E0C = E0/2 Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¤¥°É·μ´μ¢ ¢μ ¢Ìμ¤´μ³ ± ´ ²¥; E13,
E24, p13, p24 Å Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸Ò Í¥´É·μ¢ ³ ¸¸ Î ¸É¨Í 1, 3 ¨ 2, 4 (¶μ¤-
¸¨¸É¥³ np) ¸μμÉ¢¥É¸É¢¥´´μ; e13, e24 Å ±¨´¥É¨Î¥¸±¨¥ Ô´¥·£¨¨ μÉ´μ¸¨É¥²Ó´μ£μ
¤¢¨¦¥´¨Ö ´Ê±²μ´μ¢ ¢ ÔÉ¨Ì ¶μ¤¸¨¸É¥³ Ì. ‚Ò· ¦¥´¨¥ (3.5) ¤²Ö ¤¨ËË¥·¥´Í¨-
 ²Ó´μ£μ ¸¥Î¥´¨Ö ¢ ¸. Í. ³. ¶·¨μ¡·¥É ¥É ¢¨¤

dσ = [(2π)4/v0]dp13dp24dq13dq24|F |2×
× δ(E0C + Q − E13 − e13 − E24 − e24)δ(−p13 − p24), (3.10)

£¤¥

q13 = (me13)1/2, q24 = (me24)1/2,

|F |2 = c2|F1s(q13)|2|F2s(q24)|2.

�³¶²¨ÉÊ¤Ò F1s ¨ F2s ¨³¥ÕÉ ¢¨¤ (3.8) ¨ (3.9),   ³´μ¦¨É¥²Ó c2 μ¶·¥¤¥²¥´
¢ ¶μ¤£μ´±¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¤¢Ê³¥·´μ£μ ¸¶¥±É·  ¸μ¢¶ ¤¥´¨° ¶·μÉμ´μ¢ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¢Ò· ¦¥´¨° (3.6), (3.7). ‘¥Î¥´¨¥ (3.10) ¤ ²¥¥ ¨´É¥£·¨·Ê¥³
¶μ ¢¸¥³ ¶¥·¥³¥´´Ò³, ±·μ³¥ Ê£²μ¢ Ô³¨¸¸¨¨ μ¤´μ£μ ¨§ ¸¨´£²¥É´ÒÌ ¤¥°É·μ´μ¢,
´ ¶·¨³¥· dΩ13, ¨ μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

dσ/dΩ13 = [(2π)6/v0]m9/221/2

e max13∫
0

c2|F1s(q13)|2e1/2
13 de13×

×
e max24∫

0

[e24(E0C + Q − e13 − e24)]1/2|F2s(q24)|2de24. (3.11)

…¸²¨ ¨´É¥£·¨·μ¢ ÉÓ ¶μ ¢¸¥³ ¤μ¶Ê¸É¨³Ò³ ±¨´¥³ É¨±μ° μÉ´μ¸¨É¥²Ó´Ò³
Ô´¥·£¨Ö³ e13 ¨ e24, Éμ e max13 = E0C + Q, e max24 = E0C + Q − e13.
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—¨¸²¥´´μ¥ ¨´É¥£·¨·μ¢ ´¨¥, ¢Ò¶μ²´¥´´μ¥ ¢ ÔÉ¨Ì ¶·¥¤¥² Ì, ¤ ²μ ¤²Ö ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 2H(d, ds)ds ¶·¨ E0 = 46,7 ŒÔ‚ §´ Î¥-
´¨¥ dσ/dΩ(90◦) = (1,1 ± 0,1) ³¡/¸·. �·¨¢¥¤¥´  Éμ²Ó±μ ¸É É¨¸É¨Î¥¸± Ö
μÏ¨¡± , μ¶·¥¤¥²¥´´ Ö ¢ ¶μ¤£μ´±¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¸¶¥±É·  ¤¢μ°´ÒÌ pp-
¸μ¢¶ ¤¥´¨°. Š ´¥° ´Ê¦´μ ¤μ¡ ¢¨ÉÓ μÏ¨¡±Ê Ï± ²Ò (∼ 25%) ¤¨ËË¥·¥´Í¨-
 ²Ó´ÒÌ ¸¥Î¥´¨° [70]. …¸²¨ μ£· ´¨Î¨ÉÓ ¶·¥¤¥²Ó´Ò¥ μÉ´μ¸¨É¥²Ó´Ò¥ Ô´¥·-
£¨¨ §´ Î¥´¨¥³ em, Éμ ¶μ²ÊÎ¨³ e max13 = min (E0C + Q; em), e max24 =
min (E0C + Q − e13; em).

�¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ´ Î´¥³ ¸  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ
Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ d+d. �É¨ ¤ ´´Ò¥ ¢³¥¸É¥ ¸ · ¸Î¥É ³¨ ¶μ ‘�Œ (Ëμ·³Ê² 
(1.14)) ¶·¨¢¥¤¥´Ò ´  ·¨¸. 8. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¢§ÖÉÒ ¨§ · ¡μÉ [74Ä
76] (EcÍ³ = 17,45, 19,9 ŒÔ‚ [74] (a, ¡), 25,0 ŒÔ‚ [75] (¢), 29,3 ŒÔ‚ [76] (£)).

�¨¸. 8. �±¸¶¥·¨³¥´É ²Ó´Ò¥ (±·Ê¦±¨) ¨ · ¸¸Î¨É ´´Ò¥ ¶μ ‘�Œ Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨
Ê¶·Ê£μ£μ d + d-· ¸¸¥Ö´¨Ö. Š·¨¢Ò¥ 1, 2 ¨ 3 ¸μμÉ¢¥É¸É¢ÊÕÉ ¸¥Î¥´¨Ö³ ¤²Ö ¶μ²´μ£μ
¸¶¨´  ¸¨¸É¥³Ò S = 0, 1 ¨ 2; 4 Å ¸Ê³³  ÔÉ¨Ì É·¥Ì ¢±² ¤μ¢. „²Ö ¸· ¢´¥´¨Ö ±·¨¢ Ö 5
¶μ± §Ò¢ ¥É · ¸Î¥É´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 2H(d, ds)ds ¸ μ¡· §μ¢ ´¨¥³ ¸¨´£²¥É´μ£μ
¸μ¸ÉμÖ´¨Ö np-¶ ·. ‘¸Ò²±¨ ´  Ô±¸¶¥·¨³¥´É ¤ ´Ò ¢ É¥±¸É¥. �´¥·£¨¨ Ê± § ´Ò ¢ ¸. Í. ³.

‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥°
dσ/dΩ(θ) ¶μ± §Ò¢ ¥É ¢ Í¥²μ³ ´¥¶²μÌμ¥ ¸μ£² ¸¨¥, ÌμÉÖ ¢ μÉ¤¥²Ó´ÒÌ Ê£²μ¢ÒÌ
μ¡² ¸ÉÖÌ ¨ ´ ¡²Õ¤ ÕÉ¸Ö ´¥±μÉμ·Ò¥ · §²¨Î¨Ö ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ·¥§Ê²Ó-
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É É ³¨ ¨ Ô±¸¶¥·¨³¥´Éμ³. • · ±É¥·´μ, ÎÉμ ¢ μ¡² ¸É¨ ³ ²ÒÌ Ê£²μ¢ ¸Ê³³ ·´μ¥
¸¥Î¥´¨¥ (¸ ÊÎ¥Éμ³ ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨° S) μ¶·¥¤¥²Ö¥É¸Ö, ¢ μ¸´μ¢´μ³,
±μ³¶μ´¥´É ³¨ ¸ S = 0 ¨ 1,   ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì Ê£²μ¢ Å ±μ³¶μ´¥´Éμ° ¸
S = 2. — ¸ÉÓ ¸¥Î¥´¨Ö, ¸¢Ö§ ´´ Ö ¸ S = 0, ± ± ¶· ¢¨²μ, ¤μ¸É ÉμÎ´μ ¢¥²¨±  ¨
´¥ μÉ²¨Î ¥É¸Ö μÉ · ¸Î¥É´μ£μ ¶μ²´μ£μ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö (±Ê¤  ¤ ÕÉ
¢±² ¤ ¢¸¥ ±μ³¶μ´¥´ÉÒ ¸ S = 0, 1 ¨ 2) ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ±. Œμ¦´μ μÉ³¥-
É¨ÉÓ É ±¦¥, ÎÉμ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ Ed É¥μ·¥É¨Î¥¸±¨¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
±μ³¶μ´¥´ÉÒ Ê¶·Ê£μ£μ ¸¥Î¥´¨Ö ¸ S = 0 ¨  ´ ²μ£¨Î´Ò¥ Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨
¤²Ö ·¥ ±Í¨¨ d + d → ds + ds ¸É ´μ¢ÖÉ¸Ö ¢¸¥ ¡μ²¥¥ ¶μÌμ¦¨³¨ ¶μ Ëμ·³¥.

�¨¸. 9. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸¸Î¨É ´´ÒÌ ¶μ ‘�Œ (¸¶²μÏ´Ò¥ ±·¨¢Ò¥)
Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¸¨´£²¥É´ÒÌ ¤¨´Ê±²μ´μ¢ ¨§ ·¥ ±Í¨¨ 2H(d, ds)ds ¶·¨ Ô´¥·£¨¨
E¸Í³ = 23,35 ŒÔ‚ (a) ¨ ·¥ ±Í¨¨ 2H(d, (pp)s)(nns) ¶·¨ Ô´¥·£¨¨ E¸Í³ = 11,6 ŒÔ‚ (¡).
‘¸Ò²±¨ ´  Ô±¸¶¥·¨³¥´É ¶·¨¢¥¤¥´Ò ¢ É¥±¸É¥. “± § ´Ò ¸É É¨¸É¨Î¥¸±¨¥ μÏ¨¡±¨. �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ · §´Ò³ ¢¥·Ì´¨³ ¶·¥¤¥² ³ ¨´É¥£·¨·μ¢ ´¨Ö ¸¶¥±-
É·μ¢: ±·Ê¦±¨ Å em = emax13 = E0C + Q; É·¥Ê£μ²Ó´¨±¨ Å em = 7 ŒÔ‚

�¥·¥Ìμ¤¨³ ± ¸· ¢´¥´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¤²Ö ·¥ ±Í¨¨ d+d → ds +ds((nn)s +(pp)s) ¸ μ¡· §μ¢ ´¨¥³
¤¢ÊÌ ¸¨´£²¥É´ÒÌ ¤¨´Ê±²μ´μ¢. �  ·¨¸. 9,   ± Ô±¸¶¥·¨³¥´É ²Ó´μ° ÉμÎ±¥, ¶μ-
²ÊÎ¥´´μ° ´ ³¨ ¢ÒÏ¥ (θ¸Í³ = 90◦, dσ/dΩ = 1,1 ³¡), ¤μ¡ ¢²¥´  ¶μ¸·¥¤¸É¢μ³
μÉ´μ¸¨É¥²Ó´μ° ´μ·³¨·μ¢±¨ ÉμÎ±  ¨§ · ¡μÉÒ ŠˆŸˆ [72] ¶·¨ θ¸Í³ = 83,3◦. „²Ö
·¨¸. 9, ¡ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò Ê¶μ³Ö´ÊÉÒ¥ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ · -
¡μÉÒ [62] ¶·¨ E¸Í³ = 11,6 ŒÔ‚. �·¨¢¥¤¥´´Ò¥ ¢ ÔÉμ° · ¡μÉ¥ ¨´É¥£· ²Ó´Ò¥
¸¥Î¥´¨Ö (³¡/c·2) ³Ò ¸· ¢´¨²¨ ¸ ¢ÒÎ¨¸²¥´´Ò³¨ ¶μ ¨§²μ¦¥´´μ° ¢ÒÏ¥ ³¥Éμ-
¤¨±¥ (¸ ¤μ¶μ²´¨É¥²Ó´Ò³ ÊÎ¥Éμ³ ±Ê²μ´μ¢¸±¨Ì ¶μ¶· ¢μ±) ¨ ¶μ²ÊÎ¨²¨ ´¥μ¡Ìμ-
¤¨³Ò¥ ±μÔËË¨Í¨¥´ÉÒ ´μ·³¨·μ¢±¨ ¤²Ö · ¸Î¥É  ¸¥Î¥´¨Ö ¤¢μ°´μ° ¶¥·¥§ ·Ö¤±¨
¢ ¸. Í. ³. ‚ ·¥§Ê²ÓÉ É¥ ¡Ò²¨ μ¶·¥¤¥²¥´Ò §´ Î¥´¨Ö ¸¥Î¥´¨° 0,57 ¨ 1,01 ³¡/¸·
¤²Ö Ê£²μ¢ θ¸Í³ = 62,5 ¨ 79,7◦ ¸μμÉ¢¥É¸É¢¥´´μ.

‚ Í¥²μ³ ³Ò ¢¨¤¨³, ÎÉμ ¨³¥¢Ï¨¥¸Ö ¢ ²¨É¥· ÉÊ·¥ ´¥³´μ£μÎ¨¸²¥´´Ò¥ ¤ ´-
´Ò¥ ¶μ¤É¢¥·¦¤¥´Ò ¨ ¤μ¶μ²´¥´Ò ¨§³¥·¥´¨Ö³¨, ·¥§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ ¨§²μ¦¥´Ò
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§¤¥¸Ó. �Éμ ¶μ§¢μ²Ö¥É ¨§ ¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ ‘�Œ μ¶·¥¤¥²¨ÉÓ Ë¥´μ³¥-
´μ²μ£¨Î¥¸±¨° ¶ · ³¥É· em Å ¶·¥¤¥²Ó´μ¥ §´ Î¥´¨¥ μÉ´μ¸¨É¥²Ó´μ° Ô´¥·£¨¨
e13 ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ¸ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö ¸¥-
Î¥´¨Ö ·¥ ±Í¨¨ d + d → ds + ds ¶μ μ¶¨¸ ´´μ° ¢ÒÏ¥ ¶·μÍ¥¤Ê·¥. ‡´ Î¥´¨¥ em,
± ± ¶μ± §Ò¢ ÕÉ ¤ ´´Ò¥ ·¨¸. 9,   ¨ ¡, μ± §Ò¢ ¥É¸Ö · ¢´Ò³ ¶·¨³¥·´μ 7 ŒÔ‚
(¶·¨ E¸Í³ = 11,6 ŒÔ‚ em ≈ e max13, ¶μÔÉμ³Ê ÉμÎ±¨ ´  ·¨¸. 9, ¡ ¸μ¢¶ ¤ ÕÉ).
� ¶μ³´¨³, ÎÉμ ¤²Ö ·¥ ±Í¨¨ d+t → ds+t ÔÉ  ¢¥²¨Î¨´  ¸μ¸É ¢²Ö²  1 ŒÔ‚ [15].
’ ±μ¥ ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ μÉ· ¦ ¥É, ¶μ-¢¨¤¨³μ³Ê, ¡μ²ÓÏμ° ÔËË¥±É ®³Ö£-
±¨Ì ¶¥·¥· ¸¸¥Ö´¨°¯ ¢ Î¥ÉÒ·¥Ì´Ê±²μ´´μ³ ±μ´É¨´ÊÊ³¥ ¨ Ö¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³
¶·¥¤³¥Éμ³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨° ” ¤¤¥¥¢ ÄŸ±Ê¡μ¢¸±μ£μ
(ÌμÉÖ ¡Ò ¸ ¸¥¶ · ¡¥²Ó´Ò³¨ NN -¶μÉ¥´Í¨ ² ³¨). ˆ¸¶μ²Ó§μ¢ ´´Ò¥ ´ ³¨ ³¥Éμ-
¤¨Î¥¸±¨¥ ¶·¨¥³Ò ¤²Ö ¢Ò¤¥²¥´¨Ö ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  d + d → ds + ds Ö¢²ÖÕÉ¸Ö,
¶·¨ ¡μ²ÓÏμ³ §´ Î¥´¨¨ em

∼= 7 ŒÔ‚, ²¨ÏÓ ¶¥·¢Ò³ ¶·μ¸É¥°Ï¨³ Ï £μ³. ’¥³ ´¥
³¥´¥¥ Ô±¸¶¥·¨³¥´É ¶μ²´μ¸ÉÓÕ ¶μ¤É¢¥·¦¤ ¥É ¶·¥¤¸± § ´¨¥ ‘�Œ μ ¡μ²ÓÏμ³
¢±² ¤¥ ³¥Ì ´¨§³  ¤¢μ°´μ£μ ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´  ¢ ¨§ÊÎ ¥³μ° ·¥ ±Í¨¨.

4. ‘�Œ ˆ �ˆ����›… ”�’�Ÿ„…��›… �…�Š–ˆˆ
‘ “—�‘’ˆ…Œ ‹…ƒŠˆ• Š‹�‘’…��‚

”μ·³ ²¨§³ É¥μ·¨¨ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨° ¢ · ³± Ì ‘�Œ ¢±²ÕÎ ¥É μ·¨£¨-
´ ²Ó´Ò° ¨ ¤μ¸É ÉμÎ´μ ¸²μ¦´Ò° ³μ³¥´É Å ±μ´¸É·Ê¨·μ¢ ´¨¥ ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨° ±μ´É¨´ÊÊ³ , μ¡² ¤ ÕÐ¨Ì § ¤ ´´μ° ¶¥·¥¸É ´μ¢μÎ´μ° ¸¨³³¥É·¨¥° [f ] [11].
„²Ö ÔÉμ£μ ¶·¨ ¶μ¸É·μ¥´¨¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¨¸¶μ²Ó§Ê¥É¸Ö ´¥μ·Éμ£μ´ ²Ó´Ò°
¸ÉμÌ ¸É¨Î¥¸±¨° £ Ê¸¸μ¨¤´Ò° ¡ §¨¸, · §· ¡μÉ ´´Ò° ‚.ˆ.ŠÊ±Ê²¨´Ò³ ¸ ¸μÉ·Ê¤-
´¨± ³¨ [77].

�μ²ÊÎ¥´´μ¥ ´ ³¨ μ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ± § ²μ¸Ó ¢¶¥·-
¢Ò¥ ¤²Ö ¶μÉ¥´Í¨ ²Ó´ÒÌ ³μ¤¥²¥° Ê¸¶¥Ï´Ò³ ¡² £μ¤ ·Ö ¤¢Ê³ ¶·¨´Í¨¶¨ ²Ó´Ò³
Ë ±Éμ· ³.

1. ‘�Œ, ¢¸²¥¤¸É¢¨¥ ¨¸¶μ²Ó§μ¢ ´¨Ö  ¶¶ · É  ¸Ì¥³ 	´£ , Î¥É±μ Ë¨±¸¨·Ê¥É,
ÎÉμ, ± ± ¶· ¢¨²μ, ±² ¸É¥·-±² ¸É¥·´Ò¥ ¶μÉ¥´Í¨ ²Ò ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î-
´μ£μ ¸μ¸ÉμÖ´¨° · §²¨Î ÕÉ¸Ö ¶μ ³μÐ´μ¸É¨, ¶μ¸±μ²Ó±Ê · §²¨Î ÕÉ¸Ö ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ ¸Ì¥³Ò 	´£ . �Éμ · §²¨Î¨¥ μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´μ, ±μ£¤  ¶¥·¥¸É· -
¨¢ ¥É¸Ö ¸¨³³¥É·¨Ö α-±² ¸É¥· . � ¶·¨³¥·, ¤²Ö ËμÉμ· ¸Ð¥¶²¥´¨Ö 4He + γ →
t + p ´ Î ²Ó´ Ö μ·¡¨É ²Ó´ Ö ¸Ì¥³  	´£  Å ÔÉμ [f ] = [4],   ±μ´¥Î´ Ö Å
[f ] = [31], ¨ ³μÐ´μ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì tp-¶μÉ¥´Í¨ ²μ¢ · §²¨Î ÕÉ¸Ö ¡μ²¥¥
Î¥³ ¢ ¶μ²Éμ·  · §  [11, 12]. ®‚ÒÎ²¥´¨ÉÓ¯ ¦¥ ¨§ Ô±¸¶¥·¨³¥´É  ¶μ t + p- ¨

h + n-· ¸¸¥Ö´¨Õ Ë §Ò δ
[31]
L ¨ μ¶·¥¤¥²¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢

±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ V [31](r) ¡¥§ ‘�Œ ´¥²Ó§Ö! �´ ²μ£¨Î´ Ö ± ·É¨´  [11] ¤²Ö
·¥ ±Í¨¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  d + 3He → 5Li + γ, £¤¥ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ-
´¨¨ ¤μ³¨´¨·Ê¥É [f ] = [32],   ¢ ±μ´¥Î´μ³ Å [f ] = [41] (ÔÉ¨ ¤¢  ¶·¨³¥·  ³Ò ¨
¶·¨¢¥¤¥³ ¤²Ö ¨²²Õ¸É· Í¨¨).
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2. �Ò² ¨¸¶μ²Ó§μ¢ ´ μÌ · ±É¥·¨§μ¢ ´´Ò° ¢ÒÏ¥  ¤¥±¢ É´Ò° Ëμ·³ ²¨§³
μ¶¨¸ ´¨Ö · ¸¸³ É·¨¢ ¥³ÒÌ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨°.

�¨¸. 10. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 4Heγ → p+3H ( ) ¨ 4Heγ → n+3He (¡)
¶·¨ Eγ = 29 ŒÔ‚. Š·Ê¦±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ [78]

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö ·¥ ±Í¨° 4He(γ, p)3H ¨ 4He(γ, n)3He ¶·¥¤¸É ¢-
²¥´Ò ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³ ´  ·¨¸. 10 [78]. ˆ§ ´¥£μ ¢¨¤´μ, ÎÉμ ¢±² ¤
E2-¶μ£²μÐ¥´¨Ö, ¢Ò§Ò¢ ÕÐ¨°  ¸¨³³¥É·¨Õ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ËμÉμ¶·μ-
Éμ´μ¢ μÉ´μ¸¨É¥²Ó´μ 90◦, ¢¨¤¥´, ´μ μ´ ¸μ¢¸¥³ ³ ² ¶μ ¸· ¢´¥´¨Õ ¸ ¢±² -
¤μ³ E1-¶μ£²μÐ¥´¨Ö. ‘�Œ ±μ²¨Î¥¸É¢¥´´μ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É, ¢±²ÕÎ Ö

�¨¸. 11. �μ²´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨
4He(γ, n)3He ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨
γ-±¢ ´Éμ¢. P ¸Î¥É ¶μ ‘�Œ Å c¶²μÏ-
´ Ö ²¨´¨Ö; Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥:
±¢ ¤· ÉÒ Å [79]; É·¥Ê£μ²Ó´¨±¨ Å [80];
±·Ê¦±¨ Å [81]; ±·¥¸É¨±¨ Å [82]

Ê± § ´´Ò° ´Õ ´¸. ˆ§ ·¥§Ê²ÓÉ -
Éμ¢ ¤²Ö (γ, n)-·¥ ±Í¨¨ ³Ò ¢Ò¡· ²¨
É ±¦¥ E-§ ¢¨¸¨³μ¸ÉÓ ¶μ²´μ£μ ¸¥Î¥-
´¨Ö (·¨¸. 11) [79Ä82]. �·¨ · §¡·μ¸¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ É¥μ·¨Ö
Î¥É±μ ¸μμÉ¢¥É¸É¢Ê¥É ´¥±μ¥³Ê ¸·¥¤-
´¥³Ê §´ Î¥´¨Õ ¸¥Î¥´¨Ö ¨ Ìμ·μÏμ
¢μ¸¶·μ¨§¢μ¤¨É ¥£μ E-§ ¢¨¸¨³μ¸ÉÓ.

�¥·¥°¤¥³ ± ·¥ ±Í¨¨ d + 3He →
5Li + γ (·¨¸. 12) [83]. ‡¤¥¸Ó Éμ-
¦¥ ¸ÊÐ¥¸É¢¥´´μ ¶·¥μ¡² ¤ ¥É E1-¶μ-
£²μÐ¥´¨¥ ¸ ´¥¤¨ £μ´ ²Ó´μ° ¶μ [f ]
 ³¶²¨ÉÊ¤μ° [f ] = [32] → [f ] = [41].
’¥μ·¨Ö, ¢ Î ¸É´μ¸É¨, Ìμ·μÏμ μ¶¨¸Ò-
¢ ¥É É ±ÊÕ ¨´Ëμ·³ É¨¢´ÊÕ ¤¥É ²Ó,
± ± ¶¥·¥Ìμ¤ μÉ ®¢μ£´ÊÉμ°¯ Ëμ·³Ò
Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Eγ =
19,9 ŒÔ‚ ± ®¢Ò£´ÊÉμ° ¢¢¥·Ì¯ Ëμ·³¥
¶·¨ Eγ = 23,2 ŒÔ‚. �Éμ, ± ± ³Ò ¢ÒÖ¸´¨²¨, ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¶·¨
Eγ = 19,9 ŒÔ‚, ±μ£¤  E¸Í³ ¸¨¸É¥³Ò d + 3He ¸μ¸É ¢²Ö¥É Eγ − Q = 3,3 ŒÔ‚
(Q = 16,6 ŒÔ‚ Å Ô´¥·£¨Ö ¸¢Ö§¨ Ö¤·  5Li ¢ ± ´ ²¥ d + 3He), ¢ ÔÉμ° ¸¨¸É¥³¥
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¶·¥μ¡² ¤ ¥É ¢²¨Ö´¨¥ μ¡¸Ê¦¤ ¢Ï¥£μ¸Ö ¢ÒÏ¥ ·¥§μ´ ´¸  ¸ [f ] = [32], L = 0.
’ ±¨³ μ¡· §μ³, ¶·¨ Ê± § ´´μ° Ô´¥·£¨¨ ¢ · ¸¸³μÉ·¥´´μ³ ¶·μÍ¥¸¸¥ μ·¡¨É ²Ó-
´Ò° ³μ³¥´É L ¸¨¸É¥³Ò ¶μ¢ÒÏ ¥É¸Ö: (L = 0) → (L = 1). �·¨ ¶¥·¥Ìμ¤¥ ±
¡μ²¥¥ ¢Ò¸μ±μ° Ô´¥·£¨¨ Eγ = 23,2 ŒÔ‚, É. ¥. ± E¸Í³(d + 3He) = 6,6 ŒÔ‚,
¤μ³¨´¨·ÊÕÉ ¶¥·¥Ìμ¤Ò Ê¦¥ ¨§ D-¢μ²´Ò ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¸ ¶μ´¨¦¥´¨¥³
§´ Î¥´¨Ö L: (L = 2) → (L = 1). ‚ Í¥²μ³, ¥¸²¨ ¨³¥ÉÓ ¢ ¢¨¤Ê Ê± § ´´Ò¥
´  ·¨¸Ê´±¥ μÏ¨¡±¨ Ô±¸¶¥·¨³¥´É , É¥μ·¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ μ¶ÖÉÓ Ö¢²Ö¥É¸Ö
±μ²¨Î¥¸É¢¥´´Ò³. �μ ¥¸ÉÓ ¨ ¨´É¥·¥¸´Ò° ¶·μÉ¨¢μ¶μ²μ¦´Ò° ¸²ÊÎ ° [11]: ·¥-
 ±Í¨Ö ËμÉμ· ¸Ð¥¶²¥´¨Ö 4He + γ → d + d Ì · ±É¥·¨§Ê¥É¸Ö £² ¢´Ò³ ¢±² ¤μ³
E2-¶¥·¥Ìμ¤μ¢, ¤¨ £μ´ ²Ó´ÒÌ ¶μ ¸Ì¥³¥ 	´£  [f ] = [4], É. ¥. §¤¥¸Ó Ê¸¶¥Ï´μ
¶·μÌμ¤¨É ¶·μ¢¥·±Ê ²¨ÏÓ dd-¶μÉ¥´Í¨ ² V [4](r), ±μÉμ·Ò°, ± ± μÉ³¥Î¥´μ ¢ÒÏ¥,
¢ dd-· ¸¸¥Ö´¨¨ ¶·μÖ¢²Ö¥É¸Ö Éμ²Ó±μ ¢ ±μ³¡¨´ Í¨¨ ¸ ¶μÉ¥´Í¨ ²μ³ V [22](r).

�¨¸. 12. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ·¥ ±Í¨¨ d + 3He → 5Li + γ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö 5Li Ex = 19,9 ŒÔ‚ ( ) ¨ 23,2 ŒÔ‚ (¡). �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [83]

5. ‘“�…�Œ“‹œ’ˆ�‹…’��Ÿ ‘ˆŒŒ…’�ˆŸ ˆ “��‚�ˆ
‚�‹ˆ‡ˆ ����ƒ�‚ ‚ ‘ˆ‘’…Œ�• ˆ‡ „‚“•

ˆ ’�…• ‹…ƒ—�‰˜ˆ• Š‹�‘’…��‚

�μ²¥§´Ò³ ± Î¥¸É¢μ³ ‘�Œ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ  ¶¶ · É ¸Ì¥³ 	´£  ¤ eÉ
¶μ¸²¥¤μ¢ É¥²Ó´ÊÕ ³ É¥³ É¨Î¥¸±ÊÕ Ëμ·³Ê²¨·μ¢±Ê μ·Éμ£μ´ ²Ó´μ¸É¨-´¥μ·Éμ£μ-
´ ²Ó´μ¸É¨ · §²¨Î´ÒÌ ±² ¸É¥·´ÒÌ ± ´ ²μ¢ ¤·Ê£ ± ¤·Ê£Ê. � ¶·¨³¥·, ¢ ¸¨¸É¥³¥
t + t ¸μ¸ÉμÖ´¨Ö ¸ μ·¡¨É ²Ó´Ò³¨ ³μ³¥´É ³¨ L = ´¥Î¥É. ¨³¥ÕÉ ¸Ì¥³Ê 	´£ 
[f ] = [33] ¨ μ·Éμ£μ´ ²Ó´Ò ± ´ ²Ê αnn ¸ ¡μ²ÓÏ¨³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³, Éμ£¤ 
± ± ¸μ¸ÉμÖ´¨Ö ¸ L = ÎeÉ. ¸μμÉ¢¥É¸É¢ÊÕÉ [f ] = [42] ¨ ¤²Ö ´¨Ì · §·¥Ïe´ ¶¥-
·¥Ìμ¤ ¢ αnn-± ´ ² (μ ¶· ¢¨² Ì μÉ¡μ·  ¶μ ¸Ì¥³ ³ 	´£  ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ
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¸³. [5, 84]). �´ ²μ£¨Î´μ ¸¨¸É¥³  t + d ¸μ ¸Ì¥³μ° 	´£  [f ] = [32] μ·Éμ£μ-
´ ²Ó´  ±² ¸É¥·´μ³Ê ± ´ ²Ê αn, É. ¥. · ¸¶ ¤ td → αn μ± §Ò¢ ¥É¸Ö ®§ ¶·¥Ð¥´-
´Ò³¯, ¶μ¤ ¢²¥´´Ò³, ¨ Ê¶μ³Ö´ÊÉÒ° ·¥§μ´ ´¸ 3/2+, μÉ¢¥Î ÕÐ¨° ¸¨³³¥É·¨¨
[f ] = [32] [8, 11, 12, 57], Ö¢²Ö¥É¸Ö Ê§±¨³, É. ¥. ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¤μ²£μ¦¨¢Ê-
Ð¥¥ ¸μ¸ÉμÖ´¨¥. ’ ±¨¥ ¸¢μ°¸É¢  ¢ ¦´Ò ¶·¨  ´ ²¨§¥ É¥·³μÖ¤¥·´ÒÌ ·¥ ±Í¨°,
·¥ ±Í¨° ´Ê±²¥μ¸¨´É¥§  [85],   É ±¦¥ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´-
´ÒÌ ¸μ¸ÉμÖ´¨° ²¥£±¨Ì Ö¤¥·. �μ¸²¥¤´¥¥ ¡Ò²μ ´ £²Ö¤´μ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ
´¥¤ ¢´μ ¢ [86], £¤¥ ¶·¨ Ô´¥·£¨¨ 6Li 93 ŒÔ‚ ¡Ò²¨ ¨¸¸²¥¤μ¢ ´Ò ·¥ ±Í¨¨ μ¤-
´μ´Ê±²μ´´μ£μ ¶μ¤Ì¢ É  (6Li, 7Be) ¨ (6Li, 7Li) ´  Ö¤· Ì 6Li, 7Li. ‚ ¸¶¥±É· Ì
ÔÉ¨Ì ·¥ ±Í¨° ¶μ³¨³μ ¨§¢¥¸É´ÒÌ Ê·μ¢´¥° Jπ = 3/2+ ¸ Ex = 16,75 ŒÔ‚
(5He) ¨ 16,66 ŒÔ‚ (5Li) ´ ¡²Õ¤ ¥É¸Ö ·¥§μ´ ´¸ ¶·¨ Ex ≈ 20 ŒÔ‚ ¸ Ï¨·¨´μ°
∼ 5 ŒÔ‚, ±μÉμ·Ò° ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ¸μ¸ÉμÖ´¨¥ Jπ = 1/2+. �¢Éμ·Ò
μÉ³¥Î ÕÉ, ÎÉμ ‘�Œ ¶μ§¢μ²Ö¥É ¶μ´ÖÉÓ, ¶μÎ¥³Ê ¸μ¸ÉμÖ´¨¥ 1/2+ ¸ÊÐ¥¸É¢¥´´μ
¡μ²¥¥ Ï¨·μ±μ¥, Î¥³ 3/2+. �·¨Î¨´  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ¸²¥¤´¨° ¸²ÊÎ ° μÉ-
¢¥Î ¥É Éμ²Ó±μ μ¤´μ³Ê É¨¶Ê ¸¨³³¥É·¨¨ ([f ] = [32]), Éμ£¤  ± ± ¶·¨ Jπ = 1/2+

(S = 1/2, L = 0) ¤μ¶Ê¸± ¥É¸Ö ± ± [f ] = [41], É ± ¨ [f ] = [32].
‚μ¶·μ¸ μ Éμ³, ¨³¥ÕÉ¸Ö ²¨ ¤μ²£μ¦¨¢ÊÐ¨¥ ¸μ¸ÉμÖ´¨Ö ±² ¸É¥·´μ£μ É¨¶  ¢

¸¨¸É¥³ Ì É·¥Ì ²¥£±¨Ì ±² ¸É¥·μ¢ (d + d + d, t + d + d, t + t + d, t + t + t),
¤μ ¸¨Ì ¶μ· ´¥ ¨§ÊÎ ²¸Ö ¸¨¸É¥³ É¨Î¥¸±¨, ´¥¸³μÉ·Ö ´  ³´μ£μÎ¨¸²¥´´Ò¥ É¥μ·¥-
É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¸¨¸É¥³ ¨§ ¤¢ÊÌ ¨ É·¥Ì ²¥£Î °Ï¨Ì ±² ¸É¥·μ¢ [87Ä90].
Œ¥¦¤Ê É¥³ ¨³¥´´μ ¸¨¸É¥³ É¨Î¥¸±μ¥ · ¸¸³μÉ·¥´¨¥ ¤ ¥É μ¡ÐÊÕ ± ·É¨´Ê ¨ ¶μ-
§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ, ¶·¨ ± ±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  ³μ¦´μ μ¦¨¤ ÉÓ
¶μÖ¢²¥´¨Ö μ±μ²μ¶μ·μ£μ¢ÒÌ Ê·μ¢´¥° μ¶·¥¤¥²¥´´μ° É·¥Ì±² ¸É¥·´μ° ¶·¨·μ¤Ò.
‘¨¸É¥³ É¨±Ê É ±¨Ì ¸μ¸ÉμÖ´¨° ³Ò ¸É·μ¨³ ´  μ¸´μ¢¥ ¸μμ¡· ¦¥´¨° ¸¨³³¥É·¨¨,
¶·¥¤¸É ¢²¥´´μ° ¢μ§¡Ê¦¤¥´´Ò³¨ ¸Ì¥³ ³¨ 	´£ , ¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ±¢ §¨Ê¶·Ê£μ³Ê ¢Ò¡¨¢ ´¨Õ ´Ê±²μ´μ¢ ¨§ ¢´ÊÉ·¥´´¥°
1s-μ¡μ²μÎ±¨ ²¥£±¨Ì Ö¤¥·. “± § ´´ Ö ¸Ì¥³  ¶·¨´Í¨¶¨ ²Ó´μ μÉ²¨Î ¥É¸Ö μÉ É¥-
μ·¨¨ ¶μ·μ£μ¢ÒÌ ¸μ¸ÉμÖ´¨° ‚¨£´¥· Ä� §Ö [91], ¢μ-¶¥·¢ÒÌ, ³¨±·μ¸±μ¶¨Î¥¸±¨³
³´μ£μÉ¥²Ó´Ò³ μ¶¨¸ ´¨¥³ ¸¨¸É¥³Ò (Î¥·¥§ ¸¢μ°¸É¢  ¸¨³³¥É·¨¨) ¨, ¢μ-¢Éμ·ÒÌ,
É¥³, ÎÉμ ¢ ´ ¸ÉμÖÐ¥³ ¸²ÊÎ ¥, ¢μμ¡Ð¥ £μ¢μ·Ö, £·Ê¶¶  ¸μ¸ÉμÖ´¨° μ¶·¥¤¥²¥´-
´μ£μ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  · §¡·μ¸ ´  ¶μ ¤μ¢μ²Ó´μ Ï¨·μ±μ° μ¡² ¸É¨ ¢Ò¸μ±¨Ì
¢μ§¡Ê¦¤¥´¨° Ö¤· . �Éμ ¶μ¢ÒÏ ¥É ÔËË¥±É¨¢´μ¸ÉÓ ¸Ì¥³Ò, É ± ± ± μ¶·¥¤¥²¥-
´¨¥ ¶μ²μ¦¥´¨Ö Î ¸É¨ ¸μ¸ÉμÖ´¨° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  ¶μ§¢μ²Ö¥É ´ ¤¥¦´μ ¶·¥¤-
¸± § ÉÓ ¶μ²μ¦¥´¨¥ ¨ É¥Ì ¸μ¸ÉμÖ´¨°, ±μÉμ·Ò¥ ¶μ¶ ¤ ÕÉ ¢ ¨´É¥·¢ ² Ô´¥·£¨°
μ±μ²μ ¶μ·μ£  É·¥ÌÎ ¸É¨Î´μ£μ · §¢ ²  ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸μ¸É ¢´μ£μ Ö¤· . � -
¶·¨³¥·, ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨ Ö¤·  8Li ¸ ¶¥·¥¸É ´μ¢μÎ´μ° ¸¨³³¥É·¨¥°
[f ] = [332] ¨ μÉ·¨Í É¥²Ó´μ° ÎeÉ´μ¸ÉÓÕ, ³ ²Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ L = 1
¨ ¸¶¨´μ³ S = 2 Ì · ±É¥·¨§ÊÕÉ ¸¨¸É¥³Ê t + t + d, É. ¥. ¤μ³¨´¨·ÊÕÐ¨° ¢¨·-
ÉÊ ²Ó´Ò° · ¸¶ ¤ ¢ ÔÉμÉ ± ´ ² · §·¥Ï¥´ ¸Ì¥³μ° 	´£  [f ]. �´¨ ´¥¡¥§Ò´É¥-
·¥¸´Ò ¨³¥´´μ ¸μÎ¥É ´¨¥³ ¶μ²μ¦¥´¨Ö ¢¡²¨§¨ ¶μ·μ£  ¤²Ö μ¤´μ£μ ¨§ §´ Î¥´¨°
J (J = L + S) ¨ ¸¢μ¨³ ®§ ¶·¥Ðe´´Ò³¯ ·¥ ²Ó´Ò³ · ¸¶ ¤μ³ 8Li∗ → 7Li + n ¸
§ ³¥É´Ò³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³.
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‚ ÔÉμ³ ¶·¨³¥·¥ ¤¥°É·μ´ ®¸¢Ö§Ò¢ ¥É¯ ¶ ·Ê t + t ¸ [f ] = [33], ¤²Ö ±μÉμ·μ°
´¥ ¨³¥¥É¸Ö ·¥§μ´ ´¸μ¢, ¨ ¸μ§¤ ¥É ·¥§μ´ ´¸ ¢ É·eÌ±² ¸É¥·´μ° ¸¨¸É¥³¥ ¸ É¥·-
³μÖ¤¥·´Ò³ ¥e · ¸¶ ¤μ³. �´ ²μ£¨Î´ÊÕ ·μ²Ó ¨£· ¥É É·¨Éμ´ ¢ ¸¨¸É¥³¥ t+d+d,
[f ] = [322]. ‘Õ¤  ¦¥ μÉ´μ¸ÖÉ¸Ö ¸¨¸É¥³Ò α + d + d, [f ] = [422] ¨ α + t + t,
[f ] = [433] ¸μ ¸¢Ö§Ò¢ ÕÐ¥° α-Î ¸É¨Í¥°. ’¥μ·¥É¨Î¥¸±μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ´μ-
¢μ£μ ¶μ¤Ìμ¤  § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ï¨·μ±μ ¨§¢¥¸É´Ò¥
·¥§Ê²ÓÉ ÉÒ ¶μ ¢ÒÎ¨¸²¥´¨Õ ¸¨¸É¥³ Ê·μ¢´¥° ¢ ³´μ£μÎ ¸É¨Î´μ° ³μ¤¥²¨ μ¡μ²μ-
Î¥± [92] ¤²Ö ±μ´Ë¨£Ê· Í¨° s4pn. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¸¶¥±É¨¢Ò ¸¢Ö§ ´Ò ¸
É¥³, ÎÉμ ÔÉ¨ ¸μ¸ÉμÖ´¨Ö ³μ£ÊÉ ¨´É¥´¸¨¢´μ ¢μ§¡Ê¦¤ ÉÓ¸Ö ¢ ·¥ ±Í¨ÖÌ ¶¥·¥¤ Î¨
±² ¸É¥·μ¢ É¨¶  (3He, p), (6Li, α) ¨ (7Li, α) ¶·¨ É ±¨Ì Ô´¥·£¨ÖÌ, ±μ£¤  ¸ ¡μ²Ó-
Ïμ° ¢¥·μÖÉ´μ¸ÉÓÕ ¨³¥¥É ³¥¸Éμ ¶·Ö³μ° ¶·μÍ¥¸¸ (¶·¨¡²¨§¨É¥²Ó´μ 20 ŒÔ‚ ¤²Ö
¶ÊÎ±  3He ¨ 50Ä60 ŒÔ‚ ¤²Ö Ö¤¥· Li). Š ± ´¨ ¸É· ´´μ, μ¡Ð¥¥ ±μ²¨Î¥¸É¢μ
É ±¨Ì ¤ ´´ÒÌ, ¶μ²ÊÎ¥´´ÒÌ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨, ¢¸¥ ¥Ð¥ ´¥¢¥²¨±μ.

„²Ö ¢¸¥Ì μ¡¸Ê¦¤ ¥³ÒÌ É·¥Ì±² ¸É¥·´ÒÌ Ê·μ¢´¥° ¸ÊÐ¥¸É¢¥´´  ÉμÎ´μ¸ÉÓ
±¢ ´Éμ¢μ£μ Î¨¸²  [f ], μ¶·¥¤¥²ÖÕÐ Ö, ¢ ± ±μ° ¸É¥¶¥´¨ ÔÉ¨ ·¥§μ´ ´¸Ò ³μ-
£ÊÉ ¡ÒÉÓ Ê§±¨³¨ ¨ Ìμ·μÏμ ¸Ëμ·³¨·μ¢ ´´Ò³¨. ‘μ£² ¸´μ μ¡μ²μÎ¥Î´Ò³ · ¸-
Î¥É ³ [92], ÔÉ  ÉμÎ´μ¸ÉÓ ´¥¢Ò¸μ±  ¨ ¸μ¸É ¢²Ö¥É 70Ä80%, μ¤´ ±μ μ´  § -
¢¥¤μ³μ ¸´¨¦¥´  ¨§-§  ¸ÊÐ¥¸É¢¥´´μ£μ ¢²¨Ö´¨Ö μ¡μ²μÎ¥Î´μ£μ ÔËË¥±É  ¸¶¨´-
μ·¡¨É ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ ·ÒÌ²ÒÌ ±² ¸É¥·´ÒÌ ¸¨¸É¥³ Ì É ±μ° ÔËË¥±É
§ ³¥É´μ ¶μ¤ ¢²¥´. � ¶·¨³¥·, Ï¨·¨´  Ê·μ¢´Ö 3/2+ ¢ ¸¨¸É¥³¥ t + d, ± ± ¶μ± -
§Ò¢ ¥É Ô±¸¶¥·¨³¥´É, Ë ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ Ï¨·¨´μ° ¶μÉ¥´Í¨ ²Ó´μ£μ ·¥§μ-
´ ´¸ , ¨ ®§ ¶·¥Ð¥´´Ò°¯ · ¸¶ ¤ ¢ ± ´ ² α+n ´  ÔÉÊ Ï¨·¨´Ê ¶μÎÉ¨ ´¥ ¢²¨Ö¥É.
ŒÒ ¥Ð¥ ¢¥·´¥³¸Ö ± ¢μ¶·μ¸Ê μ ÉμÎ´μ¸É¨ ¸Ì¥³Ò 	´£  [f ] ¢ · §¤¥²¥ μ ·¥ ±Í¨ÖÌ
¶¥·¥¤ Î¨ ±² ¸É¥·μ¢.

� ¸¸³μÉ·¨³ É¥¶¥·Ó ¶ ·Ò ±² ¸É¥·μ¢ d + d ¨ t + t. „²Ö ¸¨¸É¥³Ò d + d ¸
¸¨³³¥É·¨¥° [f ] = [22] ¢μ¸¸É ´μ¢²¥´´Ò° dd-¶μÉ¥´Í¨ ² [8, 11, 12] μ± §Ò¢ ¥É¸Ö
¸²¨Ï±μ³ ³¥²±¨³ ¤²Ö μ¡· §μ¢ ´¨Ö ¸¢Ö§ ´´μ£μ Ë¨§¨Î¥¸±μ£μ S-¸μ¸ÉμÖ´¨Ö ¨²¨
·¥§μ´ ´¸ , ÌμÉÖ ¢ ´e³ ¨³¥¥É¸Ö § ¶·¥Ðe´´μ¥ S-¸μ¸ÉμÖ´¨¥ (¸¨³³¥É·¨Ö [f ] = [4]
¢ dd-¸¨¸É¥³¥ ¸μμÉ¢¥É¸É¢Ê¥É μ¸´μ¢´μ³Ê ¸μ¸ÉμÖ´¨Õ 4He).

„ ²¥¥, ¥¸²¨ ¸ÊÐ¥¸É¢Ê¥É ·¥§μ´ ´¸ ¢ ¸¨¸É¥³¥ t + d ([f ] = [32]), Éμ Î¥³ μ¡Ê-
¸²μ¢²¥´μ ¥£μ μÉ¸ÊÉ¸É¢¨¥ ¢ ¸¨¸É¥³¥ t + t ([f ] = [33])? Šμ´¥Î´μ, μ´ ¨³¥²¸Ö ¡Ò
¤²Ö S-¸μ¸ÉμÖ´¨Ö, μ¤´ ±μ ¸¨³³¥É·¨Ö [f ] = [33] ¸μ¢³¥¸É¨³  ²¨ÏÓ ¸ ´¥ÎeÉ´Ò³¨
¢μ²´ ³¨ (L = ´¥ÎeÉ.), ¨ Ê¦¥ ¤²Ö L = 1 ³μÐ´μ¸É¨ ¶μÉ¥´Í¨ ²  ´¥¤μ¸É ÉμÎ´μ
¤²Ö μ¡· §μ¢ ´¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨²¨ ·¥§μ´ ´¸  (´¥¸³μÉ·Ö ´  § ³¥É´Ò°
¶μ¤Ñ¥³ P -Ë §Ò ¶·¨ E¸Í³ ∼ 3 ŒÔ‚) [5, 8, 11, 12]. ‘¨³³¥É·¨Ö ¦¥ [f ] = [42] ¤²Ö
¸¨¸É¥³Ò t + t ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¶μÉ¥´Í¨ ²¥ ¶·¨¢μ¤¨É ± ¸¨²Ó´μ¸¢Ö§ ´´μ³Ê
Ë¨§¨Î¥¸±μ³Ê S-¸μ¸ÉμÖ´¨Õ Å μ¸´μ¢´μ³Ê ¸μ¸ÉμÖ´¨Õ Ö¤·  6He (¸¶¥±É·μ¸±μ¶¨-
Î¥¸±¨° ³´μ¦¨É¥²Ó Stt

6He � 0,5 [5]). �μ¤μ¡´μ ÔÉμ³Ê ¸¨³³¥É·¨Ö [f ] = [41] ¤²Ö
· ¸¸³μÉ·¥´´μ° ¢ÒÏ¥ ¸¨¸É¥³Ò t + d ¶·¨¢μ¤¨É ± ¸¨²Ó´μ¸¢Ö§ ´´μ³Ê Ë¨§¨Î¥-
¸±μ³Ê ¤Ê¡²¥É´μ³Ê ¸μ¸ÉμÖ´¨Õ ¢ ¶μÉ¥´Í¨ ²¥ V [41](R) Å μ¸´μ¢´μ³Ê ¸μ¸ÉμÖ´¨Õ
3/2− Ö¤·  5He ¨ ¡²¨¦ °Ï¥³Ê Ê·μ¢´Õ 1/2−. �É¨ Ìμ·μÏμ ¨§¢¥¸É´Ò¥ ¸μ¸ÉμÖ-
´¨Ö §¤¥¸Ó ´¥ · ¸¸³ É·¨¢ ÕÉ¸Ö.
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O¡¸Ê¤¨³ É¥¶¥·Ó ¢μ§³μ¦´μ¸ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨Ö μ±μ²μ¶μ·μ£μ¢ÒÌ É·¥Ì±² -
¸É¥·´ÒÌ ¸μ¸ÉμÖ´¨°, ±μÉμ·Ò¥ Ì · ±É¥·¨§ÊÕÉ¸Ö ¢μ§¡Ê¦¤¥´´Ò³¨ ¸Ì¥³ ³¨ 	´£ 
É¨¶  [f ] = [332] ¨ μ·Éμ£μ´ ²Ó´Ò ± ´ ² ³ ¸ α-Î ¸É¨Í ³¨. ‚ ¶·¨´Í¨¶¥, μ´¨
³μ£²¨ ¡Ò ¸ÊÐ¥¸É¢μ¢ ÉÓ ± ± Ê§±¨¥ ·¥§μ´ ´¸Ò ¸ ®§ ¶·¥Ðe´´Ò³¯ · ¸¶ ¤μ³ ¢
Ê± § ´´Ò¥ α-± ´ ²Ò, ±μÉμ·Ò° ¸μ¶·μ¢μ¦¤ ¥É¸Ö ¡μ²ÓÏ¨³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³.
‚ ÔÉμ³ ¸²ÊÎ ¥ μÎ¥´Ó ¶μ²¥§´Ò ¤ ´´Ò¥ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨° ¨ ·¥ ±Í¨° ±¢ -
§¨Ê¶·Ê£μ£μ ¢Ò¡¨¢ ´¨Ö ´Ê±²μ´ , ±μÉμ·Ò¥ · ´¥¥ ¤²Ö É ±μ£μ ·μ¤  § ¤ Î ´¥ ¶·¨-
¢²¥± ²¨¸Ó.

‚ ± Î¥¸É¢¥ ¶·μ¸É¥°Ï¥£μ ¶·¨³¥·  É·eÌ±² ¸É¥·´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ´¥¶·¥·Ò¢-
´μ³ ¸¶¥±É·¥ ¢¡²¨§¨ É·eÌÎ ¸É¨Î´μ£μ ¶μ·μ£  · ¸¸³μÉ·¨³ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥-
¸±ÊÕ Î ¸ÉÓ (£·Ê¶¶  �) ¤¨¶μ²Ó´μ£μ £¨£ ´É¸±μ£μ ·¥§μ´ ´¸  („ƒ�) ¤²Ö Ö¤¥· 6Li ¨
7Li, |s3p3[321]L = 1; S = 1; T = 1〉 ¨ |s3p4[331]L = 0, 2; S = 1/2; T =
1/2, 3/2〉 (É¥·³¨´μ²μ£¨Ö ¤¥É ²Ó´μ · §ÑÖ¸´Ö¥É¸Ö ¢ μ¡§μ· Ì [93, 94]). �¨§-
Ï¨¥ ¨§ ÔÉ¨Ì ¸μ¸ÉμÖ´¨° (¥¸²¨ μ£· ´¨Î¨ÉÓ¸Ö Éμ²Ó±μ ¡²¨¦ °Ï¥° ± ¶μ·μ£Ê Î -
¸ÉÓÕ £·Ê¶¶Ò �) ²¥¦ É ¢ÒÏ¥ ¶μ·μ£μ¢ É·eÌ±² ¸É¥·´μ£μ ®§¢¥§¤´μ£μ¯ · ¸¶ ¤ 
6Li∗ → t(h) + d + p(n) ¨ 7Li∗ → t(h) + t + p(n) ´  2Ä4 ŒÔ‚ ¨ 4Ä6 ŒÔ‚ ¸μ-
μÉ¢¥É¸É¢¥´´μ [93] (¸³. É ±¦¥ ¤ ´´Ò¥ ËμÉμ³¥§μ´´ÒÌ ·¥ ±Í¨° [94]). „²Ö ´¨Ì
Ê± § ´´Ò° É¨¶ · ¸¶ ¤  ¶μ ¸É·μ± ³ ¸Ì¥³Ò 	´£  Ö¢²Ö¥É¸Ö ®¸¢¥·Ì· §·¥Ï¥´-
´Ò³¯, ¨ ¶μÔÉμ³Ê ¤ ¦¥ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ ¶μ·μ£  E � 3 ŒÔ‚ ÔÉ¨ ¸μ¸ÉμÖ´¨Ö
¸μμÉ¢¥É¸É¢ÊÕÉ ¤μ¸É ÉμÎ´μ Ï¨·μ±¨³ ³ ±¸¨³Ê³ ³ ¸¥Î¥´¨Ö. � ¸, μ¤´ ±μ, ¨´É¥-
·¥¸ÊÕÉ § ³¥É´μ ´¨¦¥ ²¥¦ Ð¨¥ ¸μ¸ÉμÖ´¨Ö É¨¶  |s3p3[321]L = 1; S = 2; T = 0〉
¨ |s3p4[331]L = 0, 2; S = 3/2; T = 1/2〉, ¤²Ö ±μÉμ·ÒÌ μÉ¸ÊÉ¸É¢Ê¥É § ¶·¥É
´  α-· ¸¶ ¤ ¶μ ¨§μ¸¶¨´Ê. �μ¸²¥¤´¨° μ± §Ò¢ ¥É¸Ö § ³¥É´μ ¡μ²¥¥ ¦¥¸É±¨³,
Î¥³ § ¶·¥É ´  α-· ¸¶ ¤ ¶μ ¸¶¨´Ê. �¶¨· Ö¸Ó ´  · §²¨Î¨¥ Ô´¥·£¨° Ê·μ¢´¥°
|s4p3[421]L = 1; S = 1/2; T = 3/2〉 ¨ |s4p3[421]L = 1; S = 3/2; T =
1/2〉 (ÔÉ¨ Ê·μ¢´¨ ²¥¦ É ´¨¦¥), ¸μ¸É ¢²ÖÕÐ¥¥ ¢ ¸·¥¤´¥³ 3,5 ŒÔ‚ [92], ¨
´   ´ ²μ£¨Î´μ¥ · §²¨Î¨¥ ³¥¦¤Ê Ê·μ¢´Ö³¨ |s4p4[431]L = 1; S = 0; T = 1〉
¨ |s4p4[431]L = 1; S = 1; T = 0〉 μ±μ²μ 4 ŒÔ‚, ³Ò ¶·¨Ìμ¤¨³ ± ¢Ò-
¢μ¤Ê, ÎÉμ Ê± § ´´Ò¥ ¸μ¸ÉμÖ´¨Ö |s3p3[321]L = 1; S = 2; Jπ = 3−; T = 0〉
¨ |s3p4[331]L = 0; S = 3/2; Jπ = 3/2+; T = 1/2〉 ²¥¦ É ¢ μ¡² ¸É¨ É·¥ÌÉ¥²Ó-
´μ£μ ¶μ·μ£  t + d + p ¨ ¢ÒÏ¥ ¶μ·μ£  t + t + p ¸μμÉ¢¥É¸É¢¥´´μ (¨  ´ ²μ£¨Î´Ò¥
Ê·μ¢´¨ 6Li [f ] = [321] ¸ L = 1; S = 2; T = 0; Jπ = 2− ¨ 1− Éμ¦¥ ¢ÒÏ¥
¶μ·μ£ ).

‚μ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò° ¢μ¶·μ¸ μ Éμ³, ± ± ¨§³¥´¨É¸Ö Ô´¥·£¨Ö E ¸¨¸É¥³Ò
(μÉ¸Î¨ÉÒ¢ ¥³ Ö μÉ ¶μ·μ£  É·¥ÌÎ ¸É¨Î´μ£μ · ¸¶ ¤  μ¡¸Ê¦¤ ¥³μ£μ É¨¶ ), ¥¸²¨
¶¥·¥°É¨ μÉ ¸¨¸É¥³Ò t + d + p ([f ] = [321]) ± ¸¨¸É¥³¥ t + d + d ([f ] = [322])
¨²¨ μÉ ¸¨¸É¥³Ò t + t + p ([f ] = [331]) ± ¸¨¸É¥³¥ t + t + d ([f ] = [332]) ¨ ¤ ²¥¥
± ¸¨¸É¥³¥ t + t + t ([f ] = [333])?

‡¤¥¸Ó, ± ± ¨ ¢ É¥μ·¨¨ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨°, ¸ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó ¨£· ÕÉ
¸¨¸É¥³ É¨Î¥¸±¨¥ ¤ ´´Ò¥ μ¡ Ô´¥·£¨ÖÌ ¸¢Ö§¨ ´Ê±²μ´μ¢ ¢ 1s- ¨ 1p-μ¡μ²μÎ± Ì, ¶μ-
²ÊÎ¥´´Ò¥ ¢ 1970-¥ ££. ¸ ¶μ³μÐÓÕ ¶·μÍ¥¸¸μ¢ ±¢ §¨Ê¶·Ê£μ£μ ¢Ò¡¨¢ ´¨Ö (p, 2p)
¨ (e, e′p) ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ (´¥¸±μ²Ó±μ ¸μÉ¥´ ŒÔ‚) [95]. ˆ§¢¥¸É´μ, ÎÉμ ¶μ
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³¥·¥ § ¶μ²´¥´¨Ö p-μ¡μ²μÎ±¨ Ô´¥·£¨Ö ¸¢Ö§¨ ¶·μÉμ´  ¢ 1s-¸μ¸ÉμÖ´¨¨ ¢μ§· ¸É ¥É
¶μ § ±μ´Ê

E¸¢
1s(1sn1pn) � E¸¢

1s(
4He) + 2n ŒÔ‚. (5.1)

‚ Î ¸É´μ¸É¨, ¤²Ö Ö¤·  10B ¶μ²ÊÎ ¥³ E¸¢
1s(

10B) � 31 ŒÔ‚. �·¨ ÔÉμ³ ¢ ¦´μ
μÉ³¥É¨ÉÓ, ÎÉμ ¸ ·μ¸Éμ³ n ¸ÊÐ¥¸É¢¥´´μ ³¥´ÖÕÉ¸Ö É¨¶ ¸¨³³¥É·¨¨ ±μ´Ë¨£Ê-
· Í¨¨ pn (´ ¶·¨³¥·, [f ] = [3] Ê Ö¤·  7Li, [f ] = [41] Ê Ö¤·  9Be ¨ É. ¤.) ¨
Ô´¥·£¨Ö ¸¢Ö§¨ ´ ·Ê¦´ÒÌ ´Ê±²μ´μ¢,   Ëμ·³Ê²  (5.1) ¸μÌ· ´Ö¥É ²¨´¥°´Ò° Ì -
· ±É¥·, ¨ Ô´¥·£¨Ö ¸¢Ö§¨ 1s-´Ê±²μ´  ´¥ § ¢¨¸¨É μÉ Ê± § ´´ÒÌ μ¸μ¡¥´´μ¸É¥°
¢μ²´μ¢μ° ËÊ´±Í¨¨ ±μ´Ë¨£Ê· Í¨¨ pn. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¨ ¤²Ö Ë¨±¸¨·μ-
¢ ´´μ£μ Ö¤·  ¢ ¶·¥¤¥² Ì ±μ´Ë¨£Ê· Í¨¨ pn ¸ § ¤ ´´Ò³ n Ëμ·³Ê²  (5.1) É ±¦¥
¸¶· ¢¥¤²¨¢  ´¥ Éμ²Ó±μ ¤²Ö μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨°, ´μ ¨ ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ (¢
Î ¸É´μ¸É¨, ¨ ¸ ¶¥·¥¸É·μ¥´´μ° ¸¨³³¥É·¨¥° [f ]). ’ ±¨³ μ¡· §μ³, ¶·¨ μÍ¥´±¥
¤²Ö Ö¤·  10B ³Ò ¨¸¶μ²Ó§Ê¥³ ÉÊ ¦¥ ¢¥²¨Î¨´Ê 31 ŒÔ‚ ¨ ¤²Ö ´¨§Ï¥£μ ¸μ¸Éμ-
Ö´¨Ö ¸ ¸¨³³¥É·¨¥° [f ] = [433] |s4p6[433]33P2〉 (E∗ = 11,6 ŒÔ‚) [92], É. ¥. ¸
¶¥·eÌμ¤μ³ |s4p6[433]33P2〉 → |s3p6[333]44P5/2〉 ¸μ¶μ¸É ¢²Ö¥É¸Ö Ô´¥·£¨Ö ¸¢Ö§¨
¶·μÉμ´  E¸¢

1s(
10B) � 30−31 ŒÔ‚. �μ¸±μ²Ó±Ê ÔÉμ ¸μ¸ÉμÖ´¨¥ Ö¤·  10B ²¥¦¨É

¢ÒÏ¥ ¶μ·μ£  Ô³¨¸¸¨¨ ¶·μÉμ´  ´  5 ŒÔ‚ [96], ¨´É¥·¥¸ÊÕÐ¥¥ ´ ¸ ¸μ¸ÉμÖ´¨¥
|s3p6[333]44P5/2〉 Ö¤·  9Be ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E∗([333]) =
35−36 ŒÔ‚, ÎÉμ ²¨ÏÓ ´  1Ä2 ŒÔ‚ ¶·¥¢ÒÏ ¥É ¶μ·μ£ 9Be → h+ t+ t. �μ¸²¥¤-
´ÖÖ ¢¥²¨Î¨´  ¶μ¤Ìμ¤¨É (¶μ¸±μ²Ó±Ê T = 3/2) ¨ ¤²Ö  ´ ²μ£¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö
Ö¤·  9Li, ±μÉμ·μ¥ ´ ¸ ´¥¶μ¸·¥¤¸É¢¥´´μ ¨´É¥·¥¸Ê¥É, ¸ · ¸¶ ¤μ³ 9Li → t+ t+ t.
’ ±¨³ μ¡· §μ³, ¸¨¸É¥³  t + t + t ³μ¦¥É ¨³¥ÉÓ μ±μ²μ¶μ·μ£μ¢Ò¥ ¸¢Ö§ ´´Ò¥
¨²¨ ·¥§μ´ ´¸´Ò¥ ¸μ¸ÉμÖ´¨Ö |s3p6[333]44PJ〉 ¸ Jπ = 5/2+, 3/2+, 1/2+ ¨
¡¥§Ê¸²μ¢´μ É·¥¡Ê¥É ¡μ²¥¥ ¤¥É ²Ó´μ£μ ±μ²¨Î¥¸É¢¥´´μ£μ É¥μ·¥É¨Î¥¸±μ£μ ¨¸¸²¥-
¤μ¢ ´¨Ö (³μ¦¥É ²¨ ¨³¥ÉÓ¸Ö Î¥É±¨° É·¥ÌÉ¥²Ó´Ò° ·¥§μ´ ´¸ ¶·¨ μÎ¥´Ó ¸² ¡μ
¢Ò· ¦¥´´μ³ ¤¢ÊÌÉ¥²Ó´μ³).

‡¤¥¸Ó, ¢ ¶·¨´Í¨¶¥, ¶·¨³¥´�̈³ (± ¸μ¦ ²¥´¨Õ, £·μ³μ§¤±¨°) ®É·¥Ì±² ¸É¥·-
´Ò°¯ ³¥Éμ¤ ·¥§μ´¨·ÊÕÐ¨Ì £·Ê¶¶ ¢ μ¡ÒÎ´μ° Ëμ·³¥, É ± ± ± ³ ±¸¨³ ²Ó´μ
¢μ§³μ¦´Ò¥ ¸¶¨´ S = 3/2 ¨ ¨§μ¸¶¨´ T = 3/2 ¸¨¸É¥³Ò ¸μ¢³¥¸É¨³Ò Éμ²Ó±μ ¸
μ¤´μ° μ·¡¨É ²Ó´μ° ¸Ì¥³μ° 	´£  [f ] = [333] (¢ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥ ¡Ò²μ ¡Ò
´¥μ¡Ìμ¤¨³μ ¶·μ¥±É¨·μ¢ ´¨¥ Ê· ¢´¥´¨° Œ�ƒ ´  § ¤ ´´ÊÕ ¸¨³³¥É·¨Õ [f ] [61]).
„μ¶Ê¸É�̈³, μ¤´ ±μ, ¨ ¡μ²¥¥ ¶·μ¸Éμ° ¶μ¤Ìμ¤ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨§¢¥¸É´μ£μ tt-
¶μÉ¥´Í¨ ²  ¤²Ö ¸¨³³¥É·¨¨ [f ] = [33] (´¥Î¥É´Ò¥ μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ ¢§ -
¨³´μ£μ ¤¢¨¦¥´¨Ö) [8, 11, 12] ¨²¨ ¤ ¦¥ ¶¥·¢μ£μ Î²¥´  ¥£μ ¸¥¶ · ¡¥²Ó´μ£μ · §-
²μ¦¥´¨Ö [97] ¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ ¸²ÊÎ ¥ ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¸
§ ¶·¥Ð¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ [8, 98].

�¥·¥Ìμ¤Ö ± ¸¨¸É¥³¥ t + t + d c μ·¡¨É ²Ó´μ° ¸¨³³¥É·¨¥° [f ] = [332],
³Ò,  ´ ²μ£¨Î´μ ¶·¥¤Ò¤ÊÐ¥³Ê, ¨³¥¥³ ¢ ¢¨¤Ê ´¨§Ï¨¥ ¸μ¸ÉμÖ´¨Ö Ö¤·  9Be ¸
¸¨£´ ÉÊ·μ° [f ] = [432],   ¨³¥´´μ ³Ê²ÓÉ¨¶²¥É |s4p5[432]24PJ 〉, Jπ = 1/2−,
3/2−, 5/2− (E∗ = 9,8, 10,6 ¨ 11,5 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ) [92]. �¥·¥Ìμ¤
± ¤Ò·μÎ´Ò³ ¸μ¸ÉμÖ´¨Ö³ |s3p5[332]35PJ 〉, Jπ = 1−, 2− ¨ 3− ¢ Ö¤· Ì 8LiÄ
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8Be μÉ¢¥Î ¥É Ô´¥·£¨¨ ¸¢Ö§¨ 1s-´Ê±²μ´  E¸¢
1s(

9Be∗) � 28−29 ŒÔ‚, Éμ£¤  ± ±
¶¥·¥Ìμ¤ ´  μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  8Be c Ê·μ¢´¥° ³Ê²ÓÉ¨¶²¥É  ¸μ¶·μ¢μ-
¦¤ ²¸Ö ¡Ò Ô³¨¸¸¨¥° ´¥°É·μ´  ¸ Ô´¥·£¨¥° 8, 9 ¨ 10 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ.
’ ±¨³ μ¡· §μ³, ¸μ¸ÉμÖ´¨Ö |s3p5[332]35PJ 〉, ¶μ ´ Ï¥° μÍ¥´±¥, · ¸¶μ² £ ÕÉ¸Ö
¢ μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ΔE∗([332]) = 36−39 ŒÔ‚ Ö¤·  8Be, Éμ£¤ 
± ± ¶μ·μ£ É·¥Ì±² ¸É¥·´μ£μ · §¢ ²  8Be → h + t + d ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨
E¶ = 38,1 ŒÔ‚. ŒÒ ¢¨¤¨³, ÎÉμ §´ Î¥´¨¥ E¶ ¶μ¶ ¤ ¥É ¶μÎÉ¨ ¢ Í¥´É· ¨´É¥·-
¢ ²  ΔE∗(1s−1). �ÉμÉ ¦¥ ¢Ò¢μ¤ μ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¤²Ö ¶μ·μ£  ¸¨¸É¥³Ò
t + t + d ¶μ μÉ´μÏ¥´¨Õ ± μ¡² ¸É¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ΔE∗(1s−1) Ö¤·  8Li,
É ± ± ± ±Ê²μ´μ¢¸±¨¥ ¶μ¶· ¢±¨ ± ¢¥²¨Î¨´ ³ E¶ ¨ E∗(1s−1) ¤²Ö Ö¤¥· 8Be ¨
8Li μ¤¨´ ±μ¢Ò. ’ ±¨³ μ¡· §μ³, ¢¥·μÖÉ´μ¸ÉÓ ¶μ¶ ¤ ´¨Ö ¸¨¸É¥³Ò t + t + d ¸
¸¨³³¥É·¨¥° [f ] = [332] ¢ μ¡² ¸ÉÓ ¶μ·μ£  É·¥Ì±² ¸É¥·´μ£μ · §¢ ²  Ö¤·  8Li,
¶μ-¢¨¤¨³μ³Ê, § ³¥É´μ ¢ÒÏ¥, Î¥³ ¤²Ö μ¡¸Ê¦¤ ¢Ï¥°¸Ö ¢ÒÏ¥ ¸¨¸É¥³Ò t + t + t
c ¸¨³³¥É·¨¥° [f ] = [333], ¨ É·¥¡Ê¥É ¡μ²¥¥ ¤¥É ²Ó´μ£μ É¥μ·¥É¨Î¥¸±μ£μ · ¸-
¸³μÉ·¥´¨Ö. �μÉ¥´Í¨ ² dt-¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ¸¨³³¥É·¨¨ [f ] = [32] Ìμ·μÏμ
¨§¢¥¸É¥´ (¸³. ¢ÒÏ¥).

� ±μ´¥Í, ¤²Ö  ´ ²¨§  ¸¨¸É¥³Ò t + d + d, [f ] = [332] · ¸¸³μÉ·¨³ ´¨§-
Ï¨° Ê·μ¢¥´Ó ¸ ¸¨³³¥É·¨¥° [f ] = [422] Ö¤·  8Be: |s4p4[422]15P4〉 (E∗ =
19,5 ŒÔ‚) [92]. �´ ´ Ìμ¤¨É¸Ö ´  2,2 ŒÔ‚ ¢ÒÏ¥ ¶μ·μ£  · ¸¶ ¤  8Be → 7Li +
p [22]. �Ê¤¥³ ¨³¥ÉÓ ¢ ¢¨¤Ê É ±¦¥, ÎÉμ E¸¢

1s(
8Be∗) � 27−28 ŒÔ‚ [95], ±μ£¤ 

¢ ·¥§Ê²ÓÉ É¥ ¢Ò¡¨¢ ´¨Ö 1s-´Ê±²μ´  ¨§ Ê± § ´´μ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö
Ö¤·  8Be μ¡· §Ê¥É¸Ö ¨´É¥·¥¸ÊÕÐ¥¥ ´ ¸ ¤Ò·μÎ´μ¥ ¸μ¸ÉμÖ´¨¥ |s3p4[322]26D9/2〉
Ö¤·  7Li. ’ ±¨³ μ¡· §μ³, μ¡¸Ê¦¤ ¥³μ³Ê ´¨§Ï¥³Ê ¸μ¸ÉμÖ´¨Õ Ö¤·  7Li c ¸¨³-
³¥É·¨¥° [f ] = [322] ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö E∗([f ] = [322]) =
29−30 ŒÔ‚, ÎÉμ ¶·¨³¥·´μ ´  3 ŒÔ‚ ¢ÒÏ¥ ¶μ·μ£  É·¥Ì±² ¸É¥·´μ£μ · ¸¶ ¤ 
7Li → t + d + d (E∗

¶ = 26,3 ŒÔ‚) [96]. �É  ¸¨ÉÊ Í¨Ö Éμ¦¥ ¶·¥¤¸É ¢²Ö¥É
¨´É¥·¥¸ ¤²Ö É¥μ·¥É¨Î¥¸±μ£μ  ´ ²¨§ , μ¤´ ±μ μ´  ³¥´¥¥  ±ÉÊ ²Ó´ , Î¥³ ¤²Ö
¸¨¸É¥³Ò t + t + d, ´ ¨¡μ²¥¥ ¨´É¥·¥¸´μ° ¤²Ö ±μ²¨Î¥¸É¢¥´´μ£μ É¥μ·¥É¨Î¥¸±μ£μ
¨¸¸²¥¤μ¢ ´¨Ö.

�Î¥¢¨¤´μ, ¸¨¸É¥³  d + d + d ´¥ ·¥ ²¨§Ê¥É¸Ö ¢ ¢¨¤¥ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö,
  ²¥¦¨É ¢Ò¸μ±μ ¢ ±μ´É¨´ÊÊ³¥.

� ¸¸³μÉ·¨³ É¥¶¥·Ó μ±μ²μ¶μ·μ£μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³,
¸μ¤¥·¦ Ð¨Ì μ¤´Ê α-Î ¸É¨ÍÊ. …¸²¨, ± ± ³Ò μÉ³¥É¨²¨, ¸¨¸É¥³  d+d ([f ] = [22])
¨²¨ t+t ([f ] = [33]) ´¥ ¸¢Ö§ ´ , Éμ ¤μ¡ ¢²¥´¨¥ ´¥ Éμ²Ó±μ É·¨Éμ´  ¨²¨ ¤¥°É·μ´ 
(ÎÉμ · ¸¸³μÉ·¥´μ ¢ÒÏ¥), ´μ ¨ α-Î ¸É¨ÍÒ ¢ ± Î¥¸É¢¥ É·¥ÉÓ¥£μ ±² ¸É¥· , ¢
¶·μÍ¥¸¸ Ì £μ·¥´¨Ö §¢¥§¤ ³μ¦¥É ¨£· ÉÓ ·μ²Ó ¸É ¡¨²¨§ Éμ·  ¨²¨ ¸¢Ö§Ò¢ ÕÐ¥£μ
Í¥´É· , ¸¶μ¸μ¡¸É¢ÊÕÐ¥£μ ¶μÖ¢²¥´¨Õ μ±μ²μ¶μ·μ£μ¢ÒÌ ¸μ¸ÉμÖ´¨° α + d + d
([f ] = [422]), α+t+d ([f ] = [432]) ¨ α+t+t ([f ] = [433]) ¸ Ë¨§¨Î¥¸±¨ ¢ ¦´Ò³
®§ ¶·¥Ðe´´Ò³¯ · ¸¶ ¤μ³ 7Li + p, 8Be + n, 8Be + 2n ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
Ô´¥·£μ¢Ò¤¥²¥´¨¥³. �·¨ ÔÉμ³, μ¤´ ±μ, ¸ÊÐ¥¸É¢¥´´μ ¢μ§· ¸É ¥É ±Ê²μ´μ¢¸±¨°
¡ ·Ó¥·, ÌμÉÖ μ´ ´¥ ¶·¥¢ÒÏ ¥É É ±μ£μ ¦¥ ¡ ·Ó¥·  Ê£²¥·μ¤´μ£μ Í¨±²  �¥É¥
α + α → 8Be(0+), 8Be(0+) + α → 12C(0+

2 ) [99].
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‚ ¤ ´´μ³ ¸²ÊÎ ¥ μ¸´μ¢´ Ö É¥μ·¥É¨Î¥¸± Ö ¨´Ëμ·³ Í¨Ö ¸μ¤¥·¦¨É¸Ö ¢
¸É·Ê±ÉÊ·¥ ³´μ£μÎ ¸É¨Î´ÒÌ μ¡μ²μÎ¥Î´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¨ ¨Ì ¸¢μ°¸É¢ Ì
¸¨³³¥É·¨¨, μÉ· ¦¥´´ÒÌ ¢ · ¸Î¥É Ì [92], ¨, ÎÉμ μ¸μ¡¥´´μ ¢ ¦´μ, ¨´É¥·¥¸ÊÕ-
Ð¨¥ ´ ¸ É·¥Ì±² ¸É¥·´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· ¢¡²¨§¨ ¶μ·μ£  ³μ£ÊÉ ¡ÒÉÓ ´¥¶μ¸·¥¤-
¸É¢¥´´μ ¨§ÊÎ¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ¶¥·¥¤ Î¥ ±² ¸É¥·μ¢ É¨¶  6Li(3He, p)8Be∗

¨²¨ 7Li(7Li, α)10Be∗ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ∼ 30−50 ŒÔ‚. �·¨
ÔÉμ³ ¤²Ö ¶μ²ÊÎ¥´¨Ö ´ ¤¥¦´μ° ¸¨¸É¥³ É¨Î¥¸±μ° ± ·É¨´Ò É·¥Ì±² ¸É¥·´ÒÌ ¸μ-
¸ÉμÖ´¨° ¸ É·¥Ì¸É·μÎ´Ò³¨ ¸Ì¥³ ³¨ 	´£  £· ´¨ÍÒ ¨¸¸²¥¤Ê¥³μ° Ô´¥·£¥É¨Î¥-
¸±μ° μ¡² ¸É¨ ¢ ¸¶¥±É· Ì ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ¤μ²¦´Ò ¸μμÉ¢¥É¸É¢μ¢ ÉÓ, ¶μ
±· °´¥° ³¥·¥, ±5 ŒÔ‚ μÉ´μ¸¨É¥²Ó´μ É·¥Ì±² ¸É¥·´μ£μ ¶μ·μ£ . �¤´ ±μ ¤μ ¸¨Ì
¶μ· É ±¨¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¨§³¥·¥´¨Ö ´¥ ¢Ò¶μ²´¥´Ò, ¨³¥ÕÉ¸Ö ²¨ÏÓ μÉ¤¥²Ó-
´Ò¥ Ë· £³¥´ÉÒ [100Ä105]. � ¶·¨³¥·, ¢ μ¡§μ·¥ [100] μ¡¸Ê¦¤ ÕÉ¸Ö ´¥¶μ-
¸·¥¤¸É¢¥´´μ ¶μ·μ£μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¨¸±²ÕÎ¨É¥²Ó´μ ¢ ¸¢Ö§¨ ¸ É¥μ·¨¥° ‚¨£´¥· Ä
� §Ö [91] ¡¥§  ´ ²¨§  μ¡μ²μÎ¥Î´μ° ¸É·Ê±ÉÊ·Ò ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥·,
¸¢Ö§ ´´ÒÌ ¸ ´¥° ±² ¸É¥·´ÒÌ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì ³´μ¦¨É¥²¥° Sx, ¸¨³³¥É·¨°
¨ É. ¤. ‚ · ¡μÉ Ì [101Ä103] ¸μ¤¥·¦¨É¸Ö ´¥±μÉμ·Ò° ¶¥·¢¨Î´Ò° Ô±¸¶¥·¨³¥´-
É ²Ó´Ò° ³ É¥·¨ ², μ¤´ ±μ ´¥ Ê¸É ´μ¢²¥´μ ¶¥·¥¤ ´´ÒÌ μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢
¨ §´ Î¥´¨° Sx § Ì¢ ÉÒ¢ ¥³ÒÌ Ö¤·μ³ ±² ¸É¥·μ¢ ¢ · ³± Ì ³¥Éμ¤  ¨¸± ¦¥´´ÒÌ
¢μ²´.

�·μ¨²²Õ¸É·¨·Ê¥³ ¸± § ´´μ¥ ´  ¶·¨³¥·¥ Ê·μ¢´¥° ±μ´Ë¨£Ê· Í¨¨ s4p4 Ö¤· 
8Be ¸μ ¸Ì¥³μ° 	´£  [f ] = [422] (¶μ·μ£ · ¸¶ ¤  8Be → α + d + d ²¥-
¦¨É ¶·¨ Ô´¥·£¨¨ E¶ = 23,8 ŒÔ‚). �·μ¸É¥°Ï¨³ ¨§ É ±¨Ì ¸μ¸ÉμÖ´¨° Ö¢²Ö-
¥É¸Ö |s4p4[422]11S〉, μ¤´ ±μ μ´μ · ¸¶μ²μ¦¥´μ ¢Ò¸μ±μ (¶·¨ Ô´¥·£¨¨ E∗ =
32,3 ŒÔ‚) [92]. � ¸ ¨´É¥·¥¸Ê¥É · ¸¶μ²μ¦¥´´μ¥ ´¨¦¥ S-¸μ¸ÉμÖ´¨¥ 15S ¸μ
¸¶¨´μ³ S = 2 (Jπ = 2+, T = 0) ¨ Ô´¥·£¨¥° E∗ � 20,6 ŒÔ‚ [92]. ‘· ¢´¨¢ Ö
¸μ¸ÉμÖ´¨Ö [422]11S ¨ [422]15S, ¸Éμ²Ó · §´Ò¥ ¶μ Ô´¥·£¨¨, ³Ò ³μ¦¥³ ¥Ð¥ · §
μÍ¥´¨ÉÓ Ìμ·μÏμ ¨§¢¥¸É´ÊÕ ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ³´μ£μÎ ¸É¨Î´μ° É¥μ·¨¨
μ¡μ²μÎ¥±, ±μÉμ· Ö · ´¥¥ ´¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ ¶μ¤μ¡´ÒÌ § ¤ Î Ì. � ¸¸³ É·¨¢ -
¥³μ¥ ¸μ¸ÉμÖ´¨¥ 15S ¤μ²¦´μ ¢μ§¡Ê¦¤ ÉÓ¸Ö ¸ ¡μ²ÓÏ¨³ ¸¶¥±É·μË ±Éμ·μ³ Sd � 1
¢ ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ¤¥°É·μ´  É¨¶  (3He, p) Ö¤·Ê 6Li (¶¥·¥¤ ´´Ò° μ·¡¨É ²Ó-
´Ò° ³μ³¥´É Ld = 0) ¨ ¸² ¡μ ¢μ§¡Ê¦¤ ÉÓ¸Ö ¢ ¶·μÍ¥¸¸ Ì É¨¶  7Li(d, n)8Be∗ ¨
9Be(d, t)8Be∗. �Éμ ¸²¥¤Ê¥É ¨§ ¶· ¢¨² μÉ¡μ·  ¶μ ¸Ì¥³ ³ 	´£  [84] ¨ ¸μμÉ¢¥É-
¸É¢Ê¥É · ¸ÎeÉ ³ ¸¶¥±É·μË ±Éμ·  ±² ¸É¥·μ¢ [92], μ¸´μ¢ ´´Ò³ ´  μ¡μ²μÎ¥Î´μ°
É¥μ·¨¨  ¸¸μÍ¨¨·μ¢ ´¨Ö ´Ê±²μ´μ¢ [5, 106]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, μÉ-
¢¥Î ÕÐ¨¥ Ê± § ´´Ò³ ±·¨É¥·¨Ö³, É·¥¡ÊÕÉ¸Ö ´¥ Éμ²Ó±μ ¤²Ö Ê·μ¢´Ö 15S, ´μ ¨
¤²Ö Ê·μ¢´¥° 15DJ ¸ Jπ = 0+(E � 26,8 ŒÔ‚), Jπ = 1+(E∗ � 26,2 ŒÔ‚),
Jπ = 2+(E∗ � 24,4 ŒÔ‚; ÔÉμÉ Ê·μ¢¥´Ó ´  0,6 ŒÔ‚ ¢ÒÏ¥ ¶μ·μ£  · §¢ ² 
8Be → α + d + d), Jπ = 3+(E∗ � 22,1 ŒÔ‚) ¨ Jπ = 4+(E∗ � 19,5 ŒÔ‚),
É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨³³¥É·¨¨ [f ] = [422]. „²Ö ¢¸¥Ì Ê·μ¢´¥° ³Ê²ÓÉ¨-
¶²¥É  15DJ Ì · ±É¥·´μ §´ Î¥´¨¥ Ld = 2.

ˆ§ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¢Ï¨Ì¸Ö ¸μ¸ÉμÖ´¨° ¸ Ê·μ¢´¥³ 15S2 ´ ¨²ÊÎ-
Ï¨³ μ¡· §μ³  ¸¸μÍ¨¨·Ê¥É¸Ö ¸μ¸ÉμÖ´¨¥ 8Be ¸ Ô´¥·£¨¥° E∗ = 19,9 ŒÔ‚. �Éμ



‘“�…�Œ“‹œ’ˆ�‹…’��Ÿ ��’…�–ˆ�‹œ��Ÿ Œ�„…‹œ ‚‡�ˆŒ�„…‰‘’‚ˆŸ 933

¸μ¸ÉμÖ´¨¥ ¸¨²Ó´μ ¢μ§¡Ê¦¤ ¥É¸Ö ¢ ·¥ ±Í¨ÖÌ ¶¥·¥¤ Î¨ ¤¥°É·μ´´μ£μ ±² ¸É¥· 
6Li(6Li, α)8Be∗ ¨ 6Li(3He, p)8Be∗ [101] (£¤¥, μ¤´ ±μ, §´ Î¥´¨¥ Ld = 0 ´¥
μ¶·¥¤¥²¥´μ),   É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¢ ·¥ ±Í¨¨ 6Li(α, d)8Be∗ [102], £¤¥ μ´μ ¢μ§-
¡Ê¦¤ ¥É¸Ö § ³¥É´μ ¸² ¡¥¥, ¢μ§³μ¦´μ, ¨§-§  ¡μ²ÓÏμ° Ô´¥·£¨¨ ¸¢Ö§¨ α-Î ¸É¨ÍÒ.
C ¤·Ê£μ° ¸Éμ·μ´Ò, ± ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, μÉ¸ÊÉ¸É¢Ê¥É ± ± Ö-²¨¡μ ¨´Ëμ·³ -
Í¨Ö μ § ³¥É´μ³ ¢μ§¡Ê¦¤¥´¨¨ É ±μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ·¥ ±Í¨¨ 7Li(d, n)8Be∗ [96].

�·¨ ¥Ð¥ ¡μ²ÓÏ¨Ì ¢μ§¡Ê¦¤¥´¨ÖÌ ¢ ·¥ ±Í¨¨ 6Li(6Li, α)8Be∗ Ìμ·μÏμ ¶·μ-
Ö¢²Ö¥É¸Ö Ê·μ¢¥´Ó ¸ Ô´¥·£¨¥° 22,8 ŒÔ‚ [101], ±μÉμ·Ò° ³μ¦¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ
Ê¶μ³Ö´ÊÉμ³Ê ¸μ¸ÉμÖ´¨Õ 15D3 (ÌμÉÖ §´ Î¥´¨¥ Ld = 2 ¨ ¢¥²¨Î¨´  ¸¶¥±É·μ¸±μ-
¶¨Î¥¸±μ£μ ³´μ¦¨É¥²Ö Sd ¢ · ¡μÉ¥ [101] ´¥ Ê¸É ´μ¢²¥´Ò). ‚Ò§Ò¢ ¥É Ê¤¨¢²¥´¨¥
ÉμÉ Ë ±É, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É¥ ´¥ ´ ¡²Õ¤ ÕÉ¸Ö μ¸É ²Ó´Ò¥ Ê·μ¢´¨ ³Ê²ÓÉ¨¶²¥É 
[422]15DJ .

‚ ·¥§μ´ ´¸´μ° μ±μ²μ¶μ·μ£μ¢μ° ·¥ ±Í¨¨ 6Li + d → α + α μÉÎ¥É²¨¢μ ¶·μ-
Ö¢²Ö¥É¸Ö Ê·μ¢¥´Ó ¶·¨ E∗ = 25,2 ŒÔ‚ [103], ±μÉμ·Ò° ³μ¦´μ ¥¸É¥¸É¢¥´´Ò³
μ¡· §μ³ ¸¢Ö§ ÉÓ ¸ ¸μ¸ÉμÖ´¨¥³ 15D2, ¶·¨¢¥¤¥´´Ò³ ¢ÒÏ¥. Š ¸μ¦ ²¥´¨Õ, Ô±¸-
¶¥·¨³¥´É ²Ó´ Ö ¶·μ¢¥·±  §´ Î¥´¨° Ld ¨ Sd ¢ · ¡μÉ¥ [103] É ±¦¥ μÉ¸ÊÉ¸É¢Ê¥É.

�¥·¥°¤¥³ É¥¶¥·Ó ± ¸μ¸ÉμÖ´¨Ö³, μÉ¢¥Î ÕÐ¨³ ±μ´Ë¨£Ê· Í¨¨ s4p5 c ¸¨³³¥-
É·¨¥° [f ] = [432], £¤¥ Ô´¥·£¨Ö E∗ ¶μ·μ£  · §¢ ²  9Be → α + t + d ¸μ¸É ¢²Ö¥É
19,2 ŒÔ‚. ‡¤¥¸Ó μ¸´μ¢´ Ö ·μ²Ó μÉ¢μ¤¨É¸Ö ³Ê²ÓÉ¨¶²¥É ³ 22PJ c Ê·μ¢´Ö³¨
Jπ = 1/2− (E∗ = 17,8 ŒÔ‚) ¨ Jπ = 3/2− (E∗ = 18,2 ŒÔ‚), 22DJ c Ê·μ¢-
´Ö³¨ Jπ = 5/2− (E∗ = 19,5 ŒÔ‚) ¨ Jπ = 3/2− (E∗ = 21,6 ŒÔ‚), 22FJ

c Ê·μ¢´Ö³¨ Jπ = 7/2− (E∗ = 22,4 ŒÔ‚) ¨ Jπ = 5/2− (E∗ = 23,5 ŒÔ‚),
24FJ c Ê·μ¢´¥³ Jπ = 7/2−(E∗ = 17,4 ŒÔ‚) ¨ 24DJ ¸ Ê·μ¢´¥³ Jπ = 1/2−

(E∗ = 15,5 ŒÔ‚) (¸³. · ¡μÉÒ [92]).
ˆ§ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¢Ï¨Ì¸Ö ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤-

·  9Be ¸ ÉμÎ±¨ §·¥´¨Ö É·¥Ì±² ¸É¥·´μ° ¸É·Ê±ÉÊ·Ò μ¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É -
¢²ÖÕÉ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [101], £¤¥ ¢ ·¥ ±Í¨ÖÌ 6Li(7Li, α)9Be ¨ 7Li(6Li, α)9Be
¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ´ ¨¡μ²¥¥ ²¥£±μ (¸ ³Ò¥ ¨´É¥´¸¨¢´Ò¥ £·Ê¶¶Ò ¢ ¸¶¥±-
É· Ì) ¢μ§¡Ê¦¤ ÕÉ¸Ö Ê·μ¢´¨ 9Be ¶·¨ E∗ = 17,8 (22P1/2) ¨ 21 ŒÔ‚ (¶μ¸²¥¤´¨°
³μ¦¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ Ê¶μ³Ö´ÊÉμ³Ê ¸μ¸ÉμÖ´¨Õ 22D3/2 ¶·¨ E∗ = 21,6 ŒÔ‚).
�É¨ Ê·μ¢´¨ ´ ¡²Õ¤ ÕÉ¸Ö É ±¦¥ ¢ ·¥ ±Í¨ÖÌ 7Li(α, d)9Be ¨ 6Li(α, p)9Be [99],
´μ ¢¥·μÖÉ´μ¸ÉÓ ¨Ì ¢μ§¡Ê¦¤¥´¨Ö, ± ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ¢¸²¥¤¸É¢¨¥ ¡μ²Ó-
Ïμ° Ô´¥·£¨¨ ¸¢Ö§¨ ¢ ± ´ ² Ì ¢¨·ÉÊ ²Ó´μ£μ · ¸¶ ¤  α → d + d ¨ α → t + p,
μ± § ² ¸Ó ¢ 5Ä6 · § ³¥´ÓÏ¥, Î¥³ ¢ ·¥ ±Í¨ÖÌ ¸ ¶ÊÎ± ³¨ ¨μ´μ¢ ²¨É¨Ö.

‚ · ¡μÉ¥ [101] μ¡´ ·Ê¦¥´μ § ³¥É´μ¥ ¢μ§¡Ê¦¤¥´¨¥ Ê·μ¢´¥° ¶·¨ ³¥´ÓÏ¥°
Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E∗ = 15,2 ¨ 11,8 ŒÔ‚. �¥·¢μ³Ê ¨§ ´¨Ì ³μ¦´μ ¸μ¶μ¸É -
¢¨ÉÓ (± ± É·¥Ì±² ¸É¥·´μ¥) ¸μ¸ÉμÖ´¨¥ [432]22P (Jπ = 1/2−, E = 15,5 ŒÔ‚),
¶·¥¤¸± § ´´μ¥ ¢ [92],   ¢Éμ·μ³Ê Å ¶μ ±· °´¥° ³¥·¥ É·¨ ¸μ¸ÉμÖ´¨Ö: [432]24P
(Jπ = 3/2−, E∗ = 10,6 ŒÔ‚), [432]24P (Jπ = 5/2−, E∗ = 11,5 ŒÔ‚) ¨
[432]24D (Jπ = 7/2−, E∗ = 11,4 ŒÔ‚).

� ±μ´¥Í, ¤²Ö Ö¤¥· 10B − 10Be ¨ ¸¨³³¥É·¨¨ [f ] = [433] Ì · ±É¥·´Ò Ê·μ¢-
´¨, μÉ¢¥Î ÕÐ¨¥ ±μ´Ë¨£Ê· Í¨¨ s4p6 ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ 11P, Jπ = 1+
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¶·¨ Ô´¥·£¨¨ E∗ = 18,0 ŒÔ‚ ¤²Ö Ö¤·  10B, 33P ¸ Jπ = 0+ ¶·¨ Ô´¥·£¨¨
E∗ = 14,6 ŒÔ‚ ¤²Ö Ö¤·  10Be, 33P ¸ Jπ = 2+ ¶·¨ Ô´¥·£¨¨ E∗ = 10,1 ŒÔ‚ ¨
¸ Jπ = 1+ ¶·¨ Ô´¥·£¨¨ E∗ = 11,3 ŒÔ‚. Š·μ³¥ Éμ£μ, ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸
Ê·μ¢´¨ ³Ê²ÓÉ¨¶²¥É  33FJ c Jπ = 4+ (E∗ = 17,1 ŒÔ‚), 3+ (E∗ = 17,8 ŒÔ‚)
¨ 2+ (E∗ = 20,9 ŒÔ‚) [92]. �¤´μ° ¨§ ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨Ì ¤²Ö μ¡· §μ¢ ´¨Ö
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³ Ö¢²Ö¥É¸Ö ·¥ ±Í¨Ö 7Li(7Li, α)10Be.
�¤´ ±μ μ± § ²μ¸Ó [101], ÎÉμ ¢ ÔÉμ° ·¥ ±Í¨¨ ¸μ¸ÉμÖ´¨Ö Ö¤·  10Be ¶·¨ Ô´¥·-
£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¢ μ¡² ¸É¨ 10Ä15 ŒÔ‚ ²¨¡μ ´¥ ¶·μÖ¢²ÖÕÉ¸Ö, ²¨¡μ ¢μ§¡Ê-
¦¤ ÕÉ¸Ö ´ · ¢´¥ ¸ ´¨§Ï¨³¨ ¸μ¸ÉμÖ´¨Ö³¨ [101]. ‚ ÔÉμ° ·¥ ±Í¨¨ μ¡´ ·Ê-
¦¥´μ ¸¨²Ó´μ¥ ¢μ§¡Ê¦¤¥´¨¥ μ±μ²μ¶μ·μ£μ¢ÒÌ Ê·μ¢´¥° ¸ E∗ = 17,9 ŒÔ‚ (ÔÉμÉ
Ê·μ¢¥´Ó ¢μ§¡Ê¦¤ ¥É¸Ö ¢ 30 · § ¸¨²Ó´¥¥ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  10Be) ¨
18,8 ŒÔ‚. “·μ¢´Õ 17,9 ŒÔ‚, ¶μ-¢¨¤¨³μ³Ê, ¸μμÉ¢¥É¸É¢Ê¥É Ê¶μ³Ö´ÊÉμ¥ ¸μ-
¸ÉμÖ´¨¥ [433]33F3,   Ê·μ¢¥´Ó 18,8 ŒÔ‚ ³μ¦´μ μÉμ¦¤¥¸É¢¨ÉÓ ¸ ¸μ¸ÉμÖ´¨¥³
Jπ = 3+(E∗ = 19,5 ŒÔ‚), £¤¥ ¸¨³³¥É·¨Ö [f ] = [433] ÌμÉÖ ¨ ´¥ ¤μ³¨´¨·Ê¥É,
μ¤´ ±μ ¨£· ¥É § ³¥É´ÊÕ ·μ²Ó [92] (Ô´¥·£¨Ö ¶μ·μ£  E∗

¶ · ¸¶ ¤  10Be∗ → α+t+t
¸μ¸É ¢²Ö¥É 19,7 ŒÔ‚ [95]).

�·μ¢¥¤¥´´ Ö ¢ [104] μÍ¥´±  μÉ´μ¸¨É¥²Ó´ÒÌ §´ Î¥´¨° ¸¶¥±É·μ¸±μ¶¨Î¥-
¸±¨Ì Ë ±Éμ·μ¢ ¤²Ö ³¥Ì ´¨§³  ¸·Ò¢  ¢ ·¥ ±Í¨¨ 7Li(7Li, α)10Be ¶μ± § ²  μÎ¥´Ó
Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨. ˆ³¥ÕÉ¸Ö É ±¦¥ ¨ ³¥-
´¥¥ Ö¸´Ò¥ ¶μ Ì · ±É¥·Ê, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö
·¥ ±Í¨¨ 7Li(α, p)10Be [104, 105].

’ ±¨³ μ¡· §μ³, Ô±¸¶¥·¨³¥´ÉÒ ¶μ¤É¢¥·¦¤ ÕÉ É¥μ·¥É¨Î¥¸±μ¥ ¶·¥¤¸± § ´¨¥
μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ²¥£±¨Ì Ö¤· Ì É¨¶  8Be, 9Be ¨ 10Be μ±μ²μ¶μ·μ£μ¢ÒÌ É·¥Ì-
±² ¸É¥·´ÒÌ ¸¨¸É¥³, ¢ ±μÉμ·ÒÌ α-Î ¸É¨Î´Ò° ±² ¸É¥· ¨£· ¥É ¸É ¡¨²¨§¨·ÊÕÐÊÕ
·μ²Ó. �·¨³¥Î É¥²Ó´μ, ÎÉμ ¡μ²ÓÏ¨´¸É¢Ê Ô±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´´ÒÌ
μ±μ²μ¶μ·μ£μ¢ÒÌ Ê·μ¢´¥° ³μ¦´μ ¶μ¸É ¢¨ÉÓ ¢ ¸μμÉ¢¥É¸É¢¨¥ É·¥Ì±² ¸É¥·´Ò¥
¸¨¸É¥³Ò ¸ ¡μ²ÓÏ¨³¨ ¢±² ¤ ³¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ³¶μ´¥´É ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨°, ¶μ²ÊÎ¥´´ÒÌ ¢ ³´μ£μÎ ¸É¨Î´μ° ³μ¤¥²¨ μ¡μ²μÎ¥±. �Éμ ¶μ¤É¢¥·¦¤ ¥É Í¥´-
´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´´μ° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ° ¸Ì¥³Ò Å μ¡¸Ê¦¤ ¥³Ò¥ ¸μ¸ÉμÖ´¨Ö
´¥ Éμ´ÊÉ ¢ ÏÊ³¥ Ê·μ¢´¥° ¤·Ê£μ° ¶·¨·μ¤Ò. � §Ê³¥¥É¸Ö, Ê± § ´´Ò¥ É·¥Ì±² -
¸É¥·´Ò¥ ¸μ¸ÉμÖ´¨Ö É·¥¡ÊÕÉ ±μ²¨Î¥¸É¢¥´´μ£μ É¥μ·¥É¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö,
ÎÉμ ³μ¦´μ ¸¤¥² ÉÓ ¸ ¶μ³μÐÓÕ ±μ³¡¨´¨·μ¢ ´´μ£μ μ¡μ²μÎ¥Î´μ-±² ¸É¥·´μ£μ
¶μ¤Ìμ¤  [107], Œ�ƒ (£¤¥ ¥¸ÉÓ μ¶ÒÉ ¨¸¸²¥¤μ¢ ´¨Ö 3α-¸¨¸É¥³Ò [108]), Ê· ¢´¥-
´¨° ” ¤¤¥¥¢  ¤²Ö É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³ [8, 98] ¨, ´ ±μ´¥Í, ¸ ¶μ³μÐÓÕ ¸Éμ-
Ì ¸É¨Î¥¸±μ£μ ¢ ·¨ Í¨μ´´μ£μ ³¥Éμ¤  ŠÊ±Ê²¨´ Ä‚ ·£¨ [109,110] ¢ ¶·¨³¥´¥´¨¨
± É·¥Ì±² ¸É¥·´Ò³ ¸¨¸É¥³ ³ [111]. „²Ö ·ÒÌ²ÒÌ ¸¨¸É¥³ ³μ£ÊÉ ¡ÒÉÓ É ±¦¥
¶μ²¥§´Ò Ê¶·μÐ¥´¨Ö ¶ ·´μ° t-³ É·¨ÍÒ É¨¶  Ê´¨É ·´μ£μ ¶μ²Õ¸´μ£μ ¶·¨¡²¨-
¦¥´¨Ö [112].

Š ¸μ¦ ²¥´¨Õ, ±μ²¨Î¥¸É¢μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡μÉ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ
É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³ É¨¶  α + d + t ¢¥¸Ó³  μ£· ´¨Î¥´´μ, ÎÉμ ´¥ ¶μ§¢μ²Ö¥É
¶μ±  ¸ Ê¢¥·¥´´μ¸ÉÓÕ ¸μ¶μ¸É ¢²ÖÉÓ ± ¦¤μ³Ê ¨§ ´ °¤¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥
¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥° μ¶·¥¤¥²¥´´Ò¥ ¨ ¤ ¢´μ ¶·¥¤¸± § ´´Ò¥ É¥μ·¥É¨-
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Î¥¸±¨¥ ¸μ¸ÉμÖ´¨Ö. ‚ Î ¸É´μ¸É¨, μ¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¤ ²Ó´¥°Ï¥¥
¨§ÊÎ¥´¨¥ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ ·¥ ±Í¨° ¸ ¨μ´ ³¨ 6Li, 7Li ¨ ¤·. ’ ±¨¥ ·¥ ±-
Í¨¨ ¶·¨¢²¥± É¥²Ó´Ò ¸¢μ¥° Ê´¨¢¥·¸ ²Ó´μ¸ÉÓÕ, ¶μ¸±μ²Ó±Ê μ´¨ ÔËË¥±É¨¢´Ò ± ±
´¨¦¥, É ± ¨ ¢ÒÏ¥ ¶μ·μ£  É·¥Ì±² ¸É¥·´μ£μ · §¢ ² . �¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨ ¨§-
³¥·¥´¨¥ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·μ¤Ê±Éμ¢ ÔÉ¨Ì ·¥ ±Í¨° ¸ Í¥²ÓÕ μ¶·¥¤¥²¥´¨Ö
¶¥·¥¤ ´´ÒÌ μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì
³´μ¦¨É¥²¥°. ’ ±μ¥ ¸¨¸É¥³ É¨Î¥¸±μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ§¢μ²¨É ·¥Ï¨ÉÓ ¨ μ¡¸Ê-
¦¤ ¢Ï¨°¸Ö ¢ÒÏ¥ ¢μ¶·μ¸ μ ÉμÎ´μ¸É¨ ±¢ ´Éμ¢μ£μ Î¨¸²  [f ] ¤²Ö μ±μ²μ¶μ·μ£μ¢ÒÌ
É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³, ±μÉμ· Ö, ± ± μ¦¨¤ ¥É¸Ö, ¤μ²¦´  ¸μ¸É ¢²ÖÉÓ 80Ä90%.

‚ ¶² ´¥ É¥μ·¥É¨Î¥¸±μ£μ · §¢¨É¨Ö ¥¸É¥¸É¢¥´´Ò° ¶μ¤Ìμ¤ § ±²ÕÎ ¥É¸Ö,
¶μ-¢¨¤¨³μ³Ê, ¢ ¨¸¶μ²Ó§μ¢ ´¨¨ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö É·¥Ì±² ¸É¥·´ÒÌ ¸¨-
¸É¥³ [8, 98], ±μ£¤  ¶·¨³¥´ÖÕÉ¸Ö ¶ ·´Ò¥ ¶μÉ¥´Í¨ ²Ò ¸ § ¶·¥Ð¥´´Ò³¨ ¸μ¸ÉμÖ-
´¨Ö³¨ [5, 8, 11, 12]. �·¨ ÔÉμ³ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶·μ¸ÉÒÌ μÍ¥´μ± ¤μ¸É ÉμÎ´μ
μ£· ´¨Î¨ÉÓ¸Ö ¶·¨¡²¨¦¥´¨¥³ ¸¥¶ · ¡¥²Ó´ÒÌ ¶μÉ¥´Í¨ ²μ¢ [112, 113], ±μÉμ·Ò¥
Ö¢²ÖÕÉ¸Ö μ¸Í¨²²¨·ÊÕÐ¨³¨ [114] ¡² £μ¤ ·Ö ´ ²¨Î¨Õ § ¶·¥Ð¥´´ÒÌ ¸μ¸ÉμÖ-
´¨°. �μ²¥¥ ¸²μ¦´Ò³, ´μ ¢³¥¸É¥ ¸ É¥³ ³¨±·μ¸±μ¶¨Î¥¸±¨³ ¨ Ö¢´μ ÊÎ¨ÉÒ¢ Õ-
Ð¨³  ´É¨¸¨³³¥É·¨§ Í¨Õ ¶μ ´Ê±²μ´ ³ Ö¢²Ö¥É¸Ö ¸ÉμÌ ¸É¨Î¥¸±¨° ¢ ·¨ Í¨μ´-
´Ò° ³¥Éμ¤ ŠÊ±Ê²¨´ Ä‚ ·£¨ [109Ä111].

‡�Š‹	—…�ˆ…

�μ¤¢μ¤Ö ¨Éμ£¨, ³Ò ³μ¦¥³ μÉ³¥É¨ÉÓ, ÎÉμ ‘�Œ ¸μ§¤ ¥É ¥¤¨´ÊÕ Ë¨§¨Î¥-
¸±ÊÕ ± ·É¨´Ê, ±μÉμ· Ö ¸¢Ö§Ò¢ ¥É ³¥¦¤Ê ¸μ¡μ° ¸ ³Ò¥ · §´Ò¥ ¨³¥ÕÐ¨¥¸Ö Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¶μ§¢μ²Ö¥É Ëμ·³¨·μ¢ ÉÓ ´μ¢Ò¥ § ¤ Î¨,   ¨³¥´´μ: ´ 
¶¥·¢Ò° ¶² ´ ¢ÒÌμ¤ÖÉ Ë §Ò · ¸¸¥Ö´¨Ö δLS , ¨§³¥·Ö¥³Ò¥ ¢ ¶μ²Ö·¨§ Í¨μ´´ÒÌ
Ô±¸¶¥·¨³¥´É Ì ¨ Ö¢²ÖÕÐ¨¥¸Ö μ¸´μ¢μ° ¤²Ö ¶μ¸É·μ¥´¨Ö ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ

Ë § δ
[f ]
L . „ ²¥¥ ¢μ§´¨± ÕÉ ¤¢  ¢§ ¨³μ¸¢Ö§ ´´ÒÌ ¶·μ¤Ê±É¨¢´ÒÌ ¶·μ¤μ²¦¥´¨Ö.

‚μ-¶¥·¢ÒÌ, ¢ Ëμ·³ ²¨§³¥ ‘�Œ Ê± § ´´Ò¥ Ë §Ò δ
[f ]
L (É. ¥. ¤μ²¦´Ò³ μ¡· §μ³

μ·£ ´¨§μ¢ ´´Ò¥ ¤ ´´Ò¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö) ¶μ§¢μ²ÖÕÉ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ-
²ÊÎ¨ÉÓ Ì · ±É¥·´Ò¥ ¤²Ö ± ´ ²μ¢ ¸ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨¥³ ¶μ²´μ£μ ¸¶¨´ 
¸¨¸É¥³Ò S ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° ¶¥·¥¢μ·μÉ  ¸¶¨´-¨§μ¸¶¨´ 
¤¥°É·μ´  ¢ ¸¨´£²¥É d + t → ds + t(nn + h), d + d → ds + ds(nn + pp) (¨,
± Î¥¸É¢¥´´μ, d + p → ds + p) ¶·¨ Ô´¥·£¨ÖÌ E¸Í³ ¢ Ï¨·μ±μ ¤μ¸ÉÊ¶´μ° μ¡² -
¸É¨ 10Ä20 ŒÔ‚,   É ±¦¥ ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ t + p → h + n. �·¨´Í¨-
¶¨ ²Ó´μ¥ Ë¨§¨Î¥¸±μ¥ μÉ²¨Î¨¥ ·¥ ±Í¨° ¶¥·¥¢μ·μÉ  ¸¶¨´ -¨§μ¸¶¨´  ¤¥°É·μ´ 
μÉ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ · ³± Ì ‘�Œ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¸¥Î¥´¨¥ §¤¥¸Ó ¢
± ¦¤μ° ¶ ·Í¨ ²Ó´μ° ¢μ²´¥ μ¶·¥¤¥²Ö¥É¸Ö ´¥ ¶μ²Ê¸Ê³³μ° Ë § · ¸¸¥Ö´¨Ö ¸

¤¢Ê³Ö · §´Ò³¨ ¤μ¶Ê¸É¨³Ò³¨ ¸Ì¥³ ³¨ 	´£ 
1
2
(δ[f1]

L + δ
[f2]
L ),   ¶μ²Ê· §´μ¸ÉÓÕ

1
2
(δ[f1]

L − δ
[f2]
L ).
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’ ±¨³ μ¡· §μ³, ¢¥²¨Î¨´  ¸¥Î¥´¨Ö Ê± § ´´μ° ·¥ ±Í¨¨ Ö¢²Ö¥É¸Ö ¶·Ö³μ°
³¥·μ° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´μ£μ · ¸Ð¥¶²¥´¨Ö Ë § · ¸¸¥Ö´¨Ö. �É  ´μ¢ Ö ¢μ§³μ¦-
´μ¸ÉÓ É¥μ·¥É¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ Ê± § ´´ÒÌ ·¥ ±Í¨° (±μÉμ· Ö ¢ Î¨¸²¥´-
´μ³ ¶² ´¥ Ö¢²Ö¥É¸Ö μÎ¥´Ó ¶·μ¸Éμ°, ¶μ¸±μ²Ó±Ê ´  ¶¥·¢μ³ ¶² ´¥ ¸ÉμÖÉ ¸¢μ°-
¸É¢  ¸¨³³¥É·¨¨) ¢Ò§¢ ²  ¶μ¢ÒÏ¥´´Ò° ¨´É¥·¥¸ ± ´¥¶·μ¸Éμ³Ê ³¥Éμ¤¨Î¥¸±μ³Ê
¢μ¶·μ¸Ê μ ¢Ò¤¥²¥´¨¨ ¸¨´£²¥É´μ£μ S-¸μ¸ÉμÖ´¨Ö ¶μ ¢§ ¨³´μ³Ê ¤¢¨¦¥´¨Õ ¢
np-±μ´É¨´ÊÊ³¥. ŒÒ μÉ· §¨²¨ ÔÉμÉ ¢μ¶·μ¸ ¢ μ¡§μ·¥. ‚ ¨Éμ£¥ ¶μ²ÊÎ¥´μ ±μ²¨-
Î¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ ¨ Ê± § ´Ò ±¨´¥³ É¨Î¥¸±¨¥ Ê¸²μ¢¨Ö
¤ ²Ó´¥°Ï¨Ì  ±ÉÊ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢.

‚Éμ·μ¥ ´ ¶· ¢²¥´¨¥ ¸¢Ö§ ´μ ¸ ¶μ²ÊÎ¥´¨¥³ ´  ¡ §¥ E-§ ¢¨¸¨³μ¸É¨ ¸Ê¶¥·-

³Ê²ÓÉ¨¶²¥É´ÒÌ Ë § · ¸¸¥Ö´¨Ö δ
[f ]
L ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ-

¤¥°¸É¢¨Ö ±² ¸É¥·μ¢ V [f ](r). ‚μ§´¨± ¥É Î¥É±¨° ±·¨É¥·¨° Å ‘�Œ ¸¶· ¢¥¤²¨¢ 
Éμ£¤ , ±μ£¤  ³μÐ´μ¸É¨ ¶μÉ¥´Í¨ ²μ¢ V [f ](r) ¤²Ö · §´ÒÌ §´ Î¥´¨° [f ], Ì · ±É¥-
·¨§ÊÕÐ¨Ì · ¸¸³ É·¨¢ ¥³Ò¥ ± ´ ²Ò, ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÉ¸Ö (·¥ ²Ó´μ · §-
²¨Î¨¥ ¢ 50% μ± §Ò¢ ¥É¸Ö ¢¶μ²´¥ ¤μ¸É ÉμÎ´Ò³). ˆ´ Î¥ £μ¢μ·Ö, ¤μ²¦´μ ¡ÒÉÓ
¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨³, ± ± μÉ³¥Î¥´μ ¢ÒÏ¥, ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥¢μ·μÉ  ¸¶¨´-
¨§μ¸¶¨´  ¤¥°É·μ´  ¢ ¸¨´£²¥É (  ¤²Ö ·¥ ±Í¨¨ d + p → ds + p μ´μ ± ± · §
³ ²μ). �μ ¸¨ÉÊ Í¨Ö ¸ ¡μ²ÓÏ¨³ · §²¨Î¨¥³ ¶μÉ¥´Í¨ ²μ¢ ¤²Ö ¤¢ÊÌ ¸Ì¥³ 	´£ 
[f1] ¨ [f2], ÊÎ ¸É¢ÊÕÐ¨Ì ¢ μ¶¨¸ ´¨¨ ¶·μÍ¥¸¸ , μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¨ ¢ ËμÉμÖ¤¥·-
´ÒÌ ·¥ ±Í¨ÖÌ 4He + γ → t + p(h + n) ¨ d + 3He → 5Li + γ, £¤¥ ·¥ÎÓ ¨¤¥É
¨³¥´´μ μ ¡μ²ÓÏμ³ · §²¨Î¨¨ ±² ¸É¥·-±² ¸É¥·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¢ ´ Î ²Ó´μ³ ¨
±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, μ¡Ê¸²μ¢²¥´´μ³ · §²¨Î¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸Ì¥³ 	´£ 
[f ] = [4] ¨ [f ] = [31] ¤²Ö ¸¨¸É¥³Ò t + p ¨ [f ] = [32] ¨ [f ] = [41] ¤²Ö ¸¨¸É¥³Ò
d+3He. “Î¥É ¤ ´´μ£μ μ¡¸ÉμÖÉ¥²Ó¸É¢  ¢ ‘�Œ ¨ μ¡¥¸¶¥Î¨¢ ¥É, ¢ μ¸´μ¢´μ³, ±μ-
²¨Î¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ Ê± § ´´ÒÌ ËμÉμÖ¤¥·´ÒÌ ¤ ´´ÒÌ. Š·μ³¥ Éμ£μ, É ±μ°
¢ ¦´Ò° Ô²¥³¥´É ‘�Œ, ± ± ¨´É¥·Ë¥·¥´Í¨Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¸ · §´Ò³¨
§´ Î¥´¨Ö³¨ (¸¨£´ ÉÊ· ³¨) [f ] = [32] ¨ [f ] = [41] ¨ ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÐ¨-
³¨¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶μÉ¥´Í¨ ² ³¨ ¢ ± ´ ² Ì ¸ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨¥³
¶μ²´μ£μ ¸¶¨´  S ¸¨¸É¥³Ò d+t, ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¢ ± ´ ²¥ S = 1/2, L = 0
¶·¨ Ê¶·Ê£μ³ d+t-· ¸¸¥Ö´¨¨ ´¥É ·¥§μ´ ´¸ , Éμ£¤  ± ± ¢ ± ´ ²¥ S = 3/2, L = 0
(£¤¥ ¨³¥¥É¸Ö ¥¤¨´¸É¢¥´´μ¥ §´ Î¥´¨¥ [f ] = [32] ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¶μÉ¥´Í¨ -
²μ³) ¢μ§´¨± ¥É ¶·¨ ³ ²μ° Ô´¥·£¨¨ Ï¨·μ±μ ¨§¢¥¸É´Ò° É¥·³μÖ¤¥·´Ò° ·¥§μ´ ´¸
Jπ = 3/2+. …¸²¨ ¸· ¢´¨ÉÓ ¸ · ¸¸³μÉ·¥´¨¥³ Œ�ƒ [3], Éμ μ´μ (ÎÉμ Ö¢²Ö¥É¸Ö
§¤¥¸Ó É¨¶¨Î´μ° Î¥·Éμ°) μÉ²¨Î ¥É ± ± Ë ±É Ê± § ´´μ¥ · §²¨Î¨¥, ´μ ¸μ¢¥·-
Ï¥´´μ ´¥ μ¡ÑÖ¸´Ö¥É, ¶μÎ¥³Ê ÔÉμ ¶·μ¨¸Ìμ¤¨É, ¢ ´¥³ ´¥É μ¡¸Ê¦¤ ¥³μ° §¤¥¸Ó
Ï¨·μ±μ° ¶ ´μ· ³Ò.

‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ¸¨¸É¥³ É¨Î¥¸±¨ ¨§²μ¦¥´ ¢μ¶·μ¸ μ¡ μ±μ²μ¶μ·μ£μ¢ÒÌ
¸μ¸ÉμÖ´¨ÖÌ ¤¢ÊÌ- ¨ É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³. �·¨ ÔÉμ³  ±É¨¢´μ ¨¸¶μ²Ó§μ¢ ´Ò
±² ¸¸¨Ë¨± Í¨Ö ¸μ¸ÉμÖ´¨° ¶μ μ·¡¨É ²Ó´Ò³ ¸Ì¥³ ³ 	´£  (ÎÉμ  ¢Éμ³ É¨Î¥¸±¨
·¥Ï ¥É ¢μ¶·μ¸ μ¡ μ·Éμ£μ´ ²Ó´μ¸É¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¸ · §´Ò³¨ ±² ¸É¥·-
´Ò³¨ · §¡¨¥´¨Ö³¨), ¤ ´´Ò¥ ·¥ ±Í¨° ±¢ §¨Ê¶·Ê£μ£μ ¢Ò¡¨¢ ´¨Ö ´Ê±²μ´μ¢ ¨
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· ¸Î¥ÉÒ ¸Ì¥³ Ê·μ¢´¥° ²¥£±¨Ì Ö¤¥· ¢ · ³± Ì ³´μ£μÎ ¸É¨Î´μ° ³μ¤¥²¨ μ¡μ²μ-
Î¥±. Œμ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¸·¥¤¨ É·¥Ì±² ¸É¥·´ÒÌ ¸¨¸É¥³, ¶·¥¤-
¸É ¢²ÖÕÐ¨Ì  ±É¨¢´Ò° ¨´É¥·¥¸ ¤²Ö Ö¤¥·´μ°  ¸É·μË¨§¨±¨, ¶μ²´μ¥ ±μ²¨Î¥¸É¢μ
μ±μ²μ¶μ·μ£μ¢ÒÌ Ê·μ¢´¥°, ¤²Ö ±μÉμ·ÒÌ Ì · ±É¥·´Ò ·¥ ±Í¨¨ ¸ Ô´¥·£μ¢Ò¤¥-
²¥´¨¥³, ³μ¦¥É ¡ÒÉÓ ¤μ¸É ÉμÎ´μ ¢¥²¨±μ. ‘²ÊÎ ¨, ±μ£¤  μ¤´¨³ ¨§ ±² ¸É¥·μ¢
Ö¢²Ö¥É¸Ö α-Î ¸É¨Í , ³μ£ÊÉ ¡ÒÉÓ Ìμ·μÏμ ¨§ÊÎ¥´Ò ¢ ¶·Ö³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ
¶¥·¥¤ Î¨ ±² ¸É¥·  É¨¶  (h, p), (6Li, α), (7Li, α). ’ ±¨¥ ·¥ ±Í¨¨ ¶·¨¢²¥± -
É¥²Ó´Ò ¸¢μ¥° Ê´¨¢¥·¸ ²Ó´μ¸ÉÓÕ, ¶μ¸±μ²Ó±Ê μ´¨ ÔËË¥±É¨¢´Ò ± ± ´¨¦¥, É ± ¨
¢ÒÏ¥ ¶μ·μ£  É·¥Ì±² ¸É¥·´μ£μ · §¢ ² . ’ ± ± ± ¶μ ÔÉμ³Ê ¢μ¶·μ¸Ê, ¸ÊÐ¥¸É¢¥´-
´μ³Ê ± ± ¤²Ö ¸μ¡¸É¢¥´´μ Ö¤¥·´μ° Ë¨§¨±¨, É ± ¨ ¤²Ö Ö¤¥·´μ°  ¸É·μË¨§¨±¨,
¨³¥ÕÉ¸Ö ²¨ÏÓ μÉ·Ò¢μÎ´Ò¥ ¤ ´´Ò¥, ¡Ò²μ ¡Ò Í¥²¥¸μμ¡· §´μ ¶·μ¢¥¸É¨ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´  Ê¸±μ·¨É¥²ÖÌ.

’¨¶¨Î´Ò³ Ö·±¨³ ¶·μÖ¢²¥´¨¥³ μÉ³¥Î ¥³ÒÌ §¤¥¸Ó ± Î¥¸É¢ ‘�Œ Ö¢²Ö¥É¸Ö
Ê± § ´´μ¥ ¢ · ¡μÉ¥ [86] · §²¨Î¨¥ ¢ ¸¶¥±É· Ì ¢μ§¡Ê¦¤¥´¨Ö ¤Ò·μÎ´ÒÌ ¸μ¸Éμ-
Ö´¨° Ö¤·  5HeÄ5Li ¸μ ¸¶¨´ ³¨ S = 3/2 ¨ 1/2 ¶·¨ ¶μ¤Ì¢ É¥ s-´Ê±²μ´  ¨§
Ö¤·  6Li. ˆ³¥´´μ ¸¶¥±É· ¢μ§¡Ê¦¤¥´¨Ö ¤²Ö ¸²ÊÎ Ö S = 1/2 £μ· §¤μ ¡μ£ Î¥,
Î¥³ ¤²Ö S = 3/2, ¨ ÔÉμ  ¢Éμ·Ò ¸¶· ¢¥¤²¨¢μ ¨´É¥·¶·¥É¨·ÊÕÉ Î¥·¥§ ‘�Œ,
Ê± §Ò¢ Ö, ÎÉμ ¢ ¸²ÊÎ ¥ S = 1/2 ¢μ§¡Ê¦¤ ÕÉ¸Ö ¤Ò·μÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤·  5HeÄ
5Li ± ± ¸ ¸¨³³¥É·¨¥° [f ] = [41], É ± ¨ ¸ ¸¨³³¥É·¨¥° [f ] = [32],   ¢ ¸²ÊÎ ¥
S = 3/2 Å Éμ²Ó±μ ¸ ¸¨³³¥É·¨¥° [f ] = [32]. � ±μ´¥Í, ¢ ¸¢Ö§¨ ¸ μ¡¸Ê¦¤¥´¨¥³
É·¥Ì±² ¸É¥·´ÒÌ μ±μ²μ¶μ·μ£μ¢ÒÌ ¸μ¸ÉμÖ´¨° É¨¶  t + d + d ¸μ ¸Ì¥³μ° 	´£ 
[f ] = [322] ¢ · §¤. 5 ´  ¡ §¥ ‘�Œ ¢μ§´¨± ¥É § ¤ Î  ´¥ Éμ²Ó±μ Ô±¸¶¥·¨³¥´-
É ²Ó´μ£μ μ¡´ ·Ê¦¥´¨Ö, ´μ ¨ § ¤ Î  ·¥Ï¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì É·¥ÌÉ¥²Ó´ÒÌ
Ê· ¢´¥´¨° ” ¤¤¥¥¢ , ¶μ¸±μ²Ó±Ê ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶ ·´Ò¥ ±² ¸É¥·-±² ¸É¥·´Ò¥
¶μÉ¥´Í¨ ²Ò ¸ § ¶·¥Ð¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¢ ‘�Œ ¨§¢¥¸É´Ò (¤²Ö Ê± § ´´μ£μ
¶·¨³¥·  ÔÉμ td-¶μÉ¥´Í¨ ² V [32](r) ¨ dd-¶μÉ¥´Í¨ ² V [22](r)).

…¸É¥¸É¢¥´´μ, ÎÉμ ‘�Œ μÌ¢ ÉÒ¢ ¥É μÉ´Õ¤Ó ´¥ ¢¸¥ ¨´É¥·¥¸´Ò¥ Ö¤¥·´Ò¥
·¥ ±Í¨¨ ¢ μ¡² ¸É¨ ²¥£Î °Ï¨Ì Ö¤¥·, ´μ μ´  Ö¢²Ö¥É ¶·¨³¥· ¶·μ¤Ê±É¨¢´μ£μ
 ´ ²¨É¨Î¥¸±μ£μ ¶μ¤Ìμ¤ , ±μÉμ·Ò° ³μ¦¥É ¶·μÖ¸´ÖÉÓ ¨ Ë¨§¨Î¥¸±μ¥ ¸μ¤¥·¦ ´¨¥
Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ ´  μ¸´μ¢¥ ·¥Ï¥´¨Ö [2] Ê· ¢´¥´¨° μ¡Ð¥°
É¥μ·¨¨ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í.
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